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Preface

As is well-known, calculus in the complex plane, more often known as complex
analysis, is a rich subject, with thousands of interesting and applicable results,
developed over the last two centuries, and with progress continuing at the forefront
of research today.

The modest goal of this textbook is to provide both the necessary background,
and the core few dozen results, enough to appreciate the richness of the subject.

There are many, many excellent books on this subject, so why another book? In
our case, we needed a source that included precalculus material, and also arrived
quickly at the core results in as elementary a manner as possible.

Historically, complex numbers first appeared as murky algebraic quantities. As is
well-known, these quantities were only fully accepted after they were interpreted as
points in the plane.

In chapter 1, we reverse the historical development, and show the arithmetic
operations — addition, subtraction, multiplication, and division — can be defined
directly on points in the plane. By this, we mean exhibiting the arithmetic opera-
tions as the result of synthetic [4] geometric constructions, that lead to the known
coordinate formulas. In particular, complex multiplication and division appear as
consequences of angle stacking.

Ironically, Descartes [2], who in 1637 coined the term “imaginary”, and dis-
covered the correspondence between points in the plane and pairs of real numbers,
missed! the fact that points within his cartesian plane are quantities possessing an
arithmetic, i.e. they are numbers. Two hundred years later, complex numbers were
firmly embedded in the plane, and in 1831 Gauss ended the confusion, saying [3]

If one formerly contemplated this subject from a false point of view and therefore found a
mysterious darkness, this is in large part attributable to clumsy terminology. Had one not
called +1, -1, V=1 positive, negative, or imaginary (or even impossible) units, but instead,
say, direct, inverse, or lateral units, then there could scarcely have been talk of such darkness.

Because of the connection between complex numbers and angle stacking, the
basic results of trigonometry follow. This is carried out in Chapter 2, which covers

! hindsight is 20/20.
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the fundamental theorem of trigonometry, the roots of unity, the binomial theorem,
and the core properties of real exponentials and real Taylor series.

Chapter 3 covers complex series and complex elementary functions, leading to
Euler’s identity.

Chapter 4 covers complex derivatives, the Cauchy-Riemann equation, differentia-
bility of complex power series, and the principal logarithm and the principal square
root.

Chapter 5 covers contour integration, winding numbers, and branches.

Chapter 6 covers Cauchy’s theorems in the standard sequence: First for rectan-
gles, then for disks, then for arbitrary open sets. Zeros, poles, and other standard
applications follow. This material I learned from Ahlfors [1].

Chapter 7 covers the residue theorem and examples of evaluation of real infinite
integrals.

Apart from the elementary topology of the real line, and the two-variable real
chain rule, the text is self-contained.

Omar Hijab
Spring 2022
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Chapter 1
The Complex Plane

In secondary school, one learns that an angle is the “space” between two intersecting
lines, and learns to assign a numerical value to each angle. In degrees, the value of
an angle varies between 0 and 360, while in radians, the value varies between 0 and
2n. The assignment angle — value is not explained, or explained so badly, that the
use of & is seemingly reduced to a choice of units, degrees or radians.

In fact, the angle-to-value assignment problem is so fundamental, it lies at the
heart of the meaning of measurement and number. In particular, this underlines the
fundamental nature of the absolute constant z. This problem, faced by the greeks,
was solved by Archimedes more than 2200 years ago by his bisection method.

The greeks understood how to assign quantities to intervals that are commensu-
rate: intervals that are multiples of a single base unit interval. The first indication of
the limitations of commensurability was the discovery, by the Pythagoreans, of V2
and the incommensurate nature of the length of the diagonal of the square.

Building upon this, it was Archimedes who realized that angle measure involved
the measurement of arcs on circles, quantities that are even more incommensurate
than V2, and that angle stacking reduced to addition of arclength.

Ultimately the key to these issues was recognized in the nineteenth century as the
completeness property' of the real numbers. In effect, the first use of this property
was the Babylonian algorithm for V2, and the second was the Archimedes bisection
method for 7.

Angle additivity is our intuitive understanding that the measure of stacked angles
is the sum of their measures. As we shall see, making this intuition precise leads
to multiplication and division of points in the plane. This exposes a surprising fact:
points in the plane possess an arithmetic, they behave like numbers. Because of this,
when endowed with this arithmetic, points in the plane are called complex numbers,
and the plane becomes the complex plane.

1 Every increasing bounded sequence of real numbers has a limit.



2 1 The Complex Plane

1.1 Arithmetic of Points

In the plane, each point P has a shadow. This is the triangle constructed by dropping
the perpendicular from P to a reference line, and joining P to a reference point O on
the line, as in Figure 1.1.

P

|

o o

Fig. 1.1 Points P and P’ and their shadows in the plane

In the cartesian plane, points P = (x,y) and P’ = (x’,y’) are added by adding
their coordinates,

Addition of points

P'=P+P =(x+x",y+y’). (1.1)

This is the same as combining their shadows as in Figure 1.2. Addition of points
depends on the choice of reference line and reference point. In the cartesian plane,
this is not an issue, because these, the x-axis and the origin, are fixed at the outset.

P

o

Fig. 1.2 Adding P and P’

For example, P = (=3, 1) and Q = (-2, -2) yields
P+Q0=(-31D+(2,-2)=(-3+2,1-2)=(-1,-1) =R.

It is easy to check that this addition satisfies the commutative law
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P+P =P +P

and associative law
P+ (P +P")=(P+P)+P".

Distance Formula

If P = (x,y) and P’ = (x’,y’), then the distance between P and P’ is

P =P/ = y(x—x)2+ (3 — y)2.

The distance of a point P = (x, y) to the origin O = (0, 0) is its absolute value

or radius
r=|P|=|P-0|=4/x*+)2

P=(x,y)

O X
Fig. 1.3 The absolute value » = |P| of P
Thus the absolute value of P is the length of the hypotenuse of the shadow of P.

A point P = (x, y) in the plane may be stretched by stretching the shadow as in
Figure 1.4. This is dilation by ¢. Note when ¢ is negative, the shadow is also flipped.

o

Fig. 1.4 Dilation withz =2 and r = -2/3
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Given a point P, the dilates of P form a line passing through O (Figure 1.5).

Dilation of points

tP = (tx,ty).

If t and s are real numbers, it is easy to check
t(P+P)=tP+tP and t(sP) = (ts)P.
Thus multiplying P by s, and then multiplying the result by #, has the same effect as

multiplying P by ts, in a single step.
We set —P = (—1) P, and define subtraction of points by

P-Q0=P+(-0).

This gives

Subtraction of points

P'=P-P =(x-x",y-y). (1.2)

The unit circle consists of the points which are distance 1 from the origin O.
When P is on the unit circle, the line formed by the dilates of P intersects the unit
circle at +P (Figure 1.5).

The unit circle intersects the horizontal axis at the points 7 = (1,0), and (-1, 0),
and intersects the vertical axis at the points (0, 1), and (0, —1). These four points are
equally spaced on the unit circle (Figure 1.5).

By the distance formula, a point P = (x, y) is on the unit circle when

.xz + y2 =1.
More generally, any circle with center C = (a, b) and radius r consists of points
P = (x,y) satisfying [P — C| = r, or

(x—a)+(y-b)?*=r>

While we call both |¢| and |P| the absolute value, note the former is the absolute
value of a number, while the latter is the absolute value of a point in the plane.
Even though these quantities refer to different objects, we use the same terminology
because |¢| and |P| have similar properties.

Given this, it is easy to check
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Fig. 1.5 P and its antipode —P

[tP| = ] |P|

for any real number ¢ and point P.

From this, if a point Q is on the unit circle and r > 0, then rQ is on the circle of
radius r and center O, and C + rQ is on the circle of radius r and center C. Thus P
is on the circle of radius r and center C iff P is of the form C + rR, for some R on
the unit circle.

If P is any point not equal to the origin, then = |P| is positive, and

1
-P
r

1 1
:—|P|:—r:1’
r r

so P/r is on the unit circle.

1.2 Angle Stacking

In the cartesian plane, points may be added, subtracted, and dilated. To multiply and
divide points, we first need to learn how to stack angles.

An angle is an ordered pair of lines (“rays”) starting from a common point, which
is called the vertex of the angle. If the vertex is the origin O, then an angle is
determined by the intersection of its rays with the unit circle. In other words, an
angle is determined by an ordered pair of points P, P’ on the unit circle.

We want to measure angles. Whatever method one takes for the measure 8 of the
angle, it should be additive: When angles are stacked, their measures should add
(Figure 1.8).
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/N

Fig. 1.6 Angles

Fig. 1.7 Intersection of angle with unit circle

Fig. 1.8 Angle additivity

Additive angle measure 6 was introduced by the greek mathematician Archimedes
2200 years ago, as part of his work leading to his famous estimate of the measure of
the half-circumference of the unit circle

223 22

<<

ETE x (1.3)

By contrast, the greek mathematicians Hipparchus and Ptolemy used chord measure
61, which is simpler than 6 but not additive, to build their trigonometric tables.
Archimedes’s method, 6, and 6, are in §1.4.

We now explain how to stack angles. We call an angle anchored if its first point
is I = (1,0). Then an anchored angle is determined by the second point P on the
unit circle.
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To stack anchored angles, let P = (x,y) and P’ = (x’,y’) be on the unit circle,
and let P”” be obtained by stacking P’ atop P, as in Figure 1.9. We seek the formula

for P”.

P/
A
0} 1

P’/
1
P//

(0] I

The above description of stacking is imprecise, because we do not yet know how
to measure angles, and in particular do not yet know what a right angle is.

To make precise the stacking construction, assume P’ = (x’,y’) is in the first
quadrant x” > 0, y’ > 0, and draw the circle with center Q = x’P and radius y’, as in
Figure 1.9. Then this circle intersects the unit circle at two points, both denoted P
(Figure 1.9).

We think of the first point P’ as the result of multiplying P and P’, and we write
P” = PP’, and we think of the second point P”’ as the result of dividing P by P’,
and we write P”” = P/P’. Then we have the

P

P

o 1

Fig. 1.9 Stacking anchored angles

[ Angle Stacking Formulas

P" =PP = (xx" —yy',x"y +xy’), (L4)
P”"=P/P" = (xx"+yy',x'y —xy'). ’

The angle stacking formulas show multiplication and division of points in the
cartesian plane are forced upon us as soon as we attempt to answer the simplest
question: How do we make Figure 1.8 precise?

To derive (1.4), let P+ = (-y, x) (pronounced “P-perp”). Then
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X'P+y' Pt = (xx,x'y) + (=y'y,y'x) = (xx” = yy' Xy +xy7),
X'P—y' Pt = (x"x,x"y) = (=y'y,y'x) = (xx” + yy" . x"y - xy'),

so the angle stacking formulas are equivalent to P”” = x’P + y’ P+,

To establish this, since P” is on the circle of center Q and radius y’, we may
write P” = Q + y’R, for some point R = (a,b) on the unit circle (§1.1). Then
P” = x’P + y’R is on the unit circle iff

1=x'P+yRP?=|(xx+y'a,x"y+y'b)?
= ('x+ya)+(x'y+y'b)?
=x2(x2+y) +y2(a® +b?) + 2x'y (ax + by)
=x2 4y +2x'y (ax + by)
=1+2x"y'(ax + by).
But this happens iff ax + by = 0, which happens iff R is a dilation of P*. Since R is
on the unit circle, this forces R = £P+ (Figure 1.5), establishing (1.4).

Notice the formula P” = x’P + y’ P+ refers P” to the axes through P and P+ as
in Figure 1.10.

P+ Pt

o

Fig. 1.10 P and P+

The angle stacking formulas are valid only when P and P’ are on the unit circle. To
derive the formulas for multiplication and division of points in general, we proceed
as follows.

Letr =|P| and ' = |P’|. Then (§1.1)

I I
Pir=-pP=(52) ad  Pp=—p = (x—,y—)
r r

r r

are on the unit circle.
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If we insist multiplication should satisfy (¢P)(sP’) = (ts)(PP’), it is natural to
write

xx' _yy xy xy

PP =rr’'(P/r)(P'[r") =rF ,
rrvr’ rr r'r rr’

1
=rr’ — (xx" = yy" x'y +xy") = (xx’ = yy" x"y +xy"),
rr
Thus the general formula is the same, and stacking of points may be carried out in

general? (Figure 1.11). In this case, however, the second point P’ is not P/P’, it is
PP’, where P’ = (x’, -y").

Fig. 1.11 Stacking P and P’ in general

Multiplication of Points

P” = PP’ = (xx" - yy',x'y +xy"). (1.5)

We now turn to division of two points in general. If we insist division should
satisfy (¢tP)/(sP’) = (t/s)(P/P’), it is natural to write

P _r Plr r xx’+yy’ x'y xy
P PUr o \rr e
r 1 ’ ’ ’ ! 1 ’ ’ ’ ’
== — x4+ yy Xy —xy) = —(x" +yy Xy —xy).
roorr r?

Thus the general formula is different,

2 Here the circle with center Q = x’ P has radius ry’.
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[ Division of Points ]

1
P’ =P/P = 2 +y7? (xx"+yy', x"y —xy"), (1.6)

for P’ # O.

Of course, if P’ is on unit circle, then x’% + y’2 = 1, so the general formula for
division agrees with the angle stacking formula for P/P’.

Even if we ignore the angle stacking justification for (1.5) and (1.6), one can check
readily that the four arithmetic operations (1.1), (1.2), (1.5), (1.6) satisfy the usual
rules of arithmetic: subtraction is the inverse of addition, O is the additive identity,
division is the inverse of multiplication, / is the multiplicative identity, and we have
commutativity, associativity, and distributivity.

1.3 Complex Numbers

Points in the cartesian planes may be added, subtracted, multiplied, and divided
(1.1),(1.2), (1.5), (1.6). When we consider points with these arithmetic operations,
they behave like numbers, so we view them as new kinds of numbers. These are the
complex numbers. With this viewpoint, the cartesian plane becomes the complex
plane, which we denote C.

We begin our study of complex numbers by introducing the standard notation for
them. Instead of writing (0, 0), (1,0), (2,0), etc, the horizontal axis is called the
real line and points on it are written 0, 1, 2, etc.

2i

Fig. 1.12 The complex plane

Also, instead of writing (0,0), (0, 1), (0,2), etc, the vertical axis is called the
imaginary line and points on it are written 0i, i, 2i, etc. Of course, the origin is the
point corresponding to 0 = 01 = 0i.

Writing
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(x,y) = (x+0,0+y) = (x,0) + (0,y) =x(1,0) + y(0,1) = x1 + yi = x +iy,

we see every point (x,y) may be written x + iy. In the complex plane, points are
denoted z, and every complex number is of the form z = x + iy.

Points in the plane are complex numbers

P=(x,y) is the same as zZ=x+1iy

In particular, every real number x is a complex number x +i0, and every imaginary
number iy is a complex number O + iy.

Fig. 1.13 Complex numbers

Adding complex numbers is easy, just add the coordinates: If z = 3+2i, 7’ = 1-5i,
then
72+ =@B+2)+(1-5)=@+1)+(2-5)i =4 -2i.

[ Addition of Complex Numbers ]

If z =x+iyand z’ =x" +iy’, then

72+ =(x+x)+i(y+y’).

Of course, this is the same as (1.1) in §1.1. Similarly, (1.2) in §1.1 becomes
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Subtraction of Complex Numbers

If z=x+iyand z’ =x’ +iy’, then

2= =x=-x)+i(y-y").

To multiply, it is best to start by computing i> following the angle stacking
formula. Since the complex number i is the point (0, 1), to compute i2 = i, we set
P=(x,y)=(0,1)and P’ = (x’,y") = (0, 1), and use the angle stacking formula

i>=ii = PP' = (xx’ - yy’,x'y +xy’) = (00 — 11,01 + 01) = (-1,0) = 1.

We conclude i> = —1, or i is the square root of —1. Since (—i)> = i® = -1, —i is also
the square root of —1, so —1 has two square roots +i.

Now we multiply complex numbers using standard algebra, then replacing i> by
—1:Ifz=3+2i,z/ =1-15i, then

22" = (B+2i)(1 = 5i) = 3(1) + 3(=5i) + (20)1 + (2i)(=50)
=3—15i+2i — 10i* =3 - 13/ — 10(-1) = 13 — 13i.

In general, if we repeat the same procedure, the product of z = x + iy and
7 =x"+iy’is

Multiplication of Complex Numbers

If z=x+iyand z’ =x’ +iy’, then

27 = (x+iy)(x" +iy") = (xx" = yy") +i(x"y +xy").

Of course, this is the same as (1.5) in §1.2. Just like before, the absolute value of

a complex number z = x + iy is
r=|z| = A/x% +y2,

P = |z|2 =|x +iy|2 =x? +y2.

SO

Every complex number z has a real part Re(z) = x and an imaginary part
Im(z) = y. These parts are real numbers: The real part of z = x + iy is x, and the
imaginary part is y (not yi). So Re(3 + 2i) = 3 and Im(3 + 2i) = 2 (not 2i).

Also Re(5) = 5 and Im(5) = 0, since 5 = 5 + 0i. The real part of i is 0, and the
imaginary part of i is 1, since i = 0 + 1i.

An important formula is
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lzz'| = lzl1Z'l,  or  |zZIF =z |-

This says the absolute value of the product is the product of the absolute values. This
looks less obvious when written out in detail using the angle stacking formula,

(xx’ = yy)2 + (x'y +xy")? = (x2 + y2) (x'2 + y’z) , (1.7)

but this is easily checked by multiplying out the terms.

Fig.1.14 z and iz

Remember (Figure 1.10) if P = (x, y), then P+ = (-y, x) (pronounced “P-perp”).
In terms of complex numbers, this is z = x + iy and

iz =i(x +iy) =ix +iy> = —y +xi.

Thus if z is the complex number corresponding to P, then iz is the complex number
corresponding to P+ (Figure 1.14).

We interpret the multiplication of complex numbers z and w geometrically. To be
specific, we take w = 2 + 3i. Multiplying,

7w =2z(2+3i) =2z + 3iz =2z + 3(iz),

and Figure 1.15 displays the outcome: The product zw is obtained by placing the
shadow of w along the line through z, and dilating it by the factor |z].

Above we saw =i are the square roots of —1. Now we give a formula for the square
root of z = x + 1y, as long as z is not a negative real number or zero. When |z| =1, z
is on the unit circle, and the formula is
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iz\ <
3i w243 D
U
0 2

Fig. 1.15 Multiplying z and w =2+ 3i

_(x+ 1) +iy

V2 V2 +2x

(1.8)

In general, the formula is

_(x+r)+iy

‘/z )
V2r +2x

(1.9)

where r = |z| = \/x% + y2.
Note these formulas for /7 are not valid when z is a negative real number or zero,
because then the denominator is zero. From (1.9), it follows /7 is continuous.? Since

(Vz)? = z, y/z is injective.*
Since 5 s
(\/5\/?) = (V2)° (\/?) =z,

VzVz’ is a square root of zz’. Since zz” has at most two square roots, we must have
Vzz’ = £4/zV7'. In fact, when z, z’ are in the unit circle first quadrant, it is easy to

check that it is the + sign, so
Vzz' = V7. (1.10)

This says the product of the square roots is the square root of the product, when z
and z’ are in the first quadrant.
If z = x +1iy, let Z = x — yi. This is the conjugate of z. Then

3 zn — z implies vz, — z.
4z # 7/ implies vz # Vz'.
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2z = (x+iy)(x — yi) =x>+)” = |z

So, the product of a complex number and its conjugate equals its absolute value
squared.

We evaluate the reciprocal 1/z of z by multiplying by the conjugate Z,
1 1 x—iy x-—iy X iy

x+iy x+iy x—iy x2+y2 xZ4+y?2  x24y2

1
2z

For example,

1 1 2-3i 2-3i 2 3

2430 2430 2-3i 2+3 13 13

So the real part of 1/(2 + 3i) is 2/13, and the imaginary part is —3/13.
More generally, to divide z = 1 +2i by w = 2 + 3i,

< 2t

2+3i 13 13 13

S| =

=z :(1+2i)-L:(1+2i)(%_3’)=§+L,

In general,

4 R

Division of Complex Numbers

Ifz=x+iyandz’ =x"+iy’ and 7’ # 0, then

7 x+iy  x+iy x'—iy’  (x'+yy)+i(x’y —xy’)

77 x’ +iy’ Bz +yi x' =iy’ x’2 +y’2

Of course, this is the same as (1.6) in §1.2.

1.4 Angle Bisection

From Figure 1.16, we see a natural measure of an angle is the length of the arc along
the unit circle. Let P be a point on the unit circle. How do we measure the length
of the arc joining P and I = (1,0)? This measure, which we call 0, tells us how far
along the circle the point P is.

Similarly, let z be a complex number on the unit circle. How do we measure the
length of the arc joining z and 1? This measure, which we call 0, tells us how far
along the circle z is.

These are the same question because, as we saw, there is a natural correspondence
between a point P = (x,y) and a complex number z = x +iy.
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Fig. 1.16 6 is the length of the arc

Archimedes answered this question more than 2200 years ago using his bisection
method. This goes as follows.
Let z = x + iy be on the unit circle, and define, as in Figure 1.17,

z+1 m

When z = -1, we are dividing by |m| = 0, so we assume z # —1. Then

_(x+ 1) +iy

V2 +2x

21 =Xx1 +iy;]. (1.11)

By (1.8), 21 = V2.

0 1

Fig. 1.17 Bisection

With z; = x; +iy1, x1 > 0, hence /7 is in the right-half unit circle. Moreover, the
map +/z is injective on the punctured unit circle z # 1, and the imaginary parts of
z and +/z have the same sign.

Let 6 = 6;(z) = |z — 1] be as in in Figure 1.17, with z in the unit circle first
quadrant. Then 6 is chord measure, and it is easy to check 6; = 2y, and
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2
AR (1.12)
X

y<2y1< —<
X1

Similarly, let zo = xo+iy> = 4/z1 and let 6, = 0,(z) = 26, (z1) be the chord-length
sum in Figure 1.17. Then 8, = 4y, and

4y, 2
2yp < dyy < 22 2L (1.13)
X2 X1

when z is on the upper-half unit circle y > 0.

We repeat this process indefinitely as follows. If we define 8,, and z,, = x,, + iy,
recursively by 6,,41(z) = 20,(yz) and 2,41 = \Zn, 1 > 2, then 0y, 02, 63, ... are
obtained by repeated bisection of the subtended arc, and it is easy to check

01 =2y, 02 = 4y2, 63 = 8ys, 04 = 16y, . (1.14)
Repeating (1.13) gives y < 2"y, and

16 8 4 2
o 8y3 42 _2n

2y1<4y2<8y3<16y4<”-< .
X4 X3 X2 X1

Inserting (1.14) gives the Archimedes sequence

0 0 (7 0
b 0 6 01

01 <0, <b3<0s4<:--- s (1.15)
X4 X3 X2 X1
when z is on the upper-half unit circle y > 0.
Let z be in the unit circle first quadrant. Theny —x — 1 < 0, so
y—-x—-1 1
yi—x=——<=(y—-x-1),
V2+2x 2
leading to
2(l=x1+y) <1l—x+y.
Repeating this, we obtain
y<2ty, <2"(1=x,+y,) <1—-x+y, (1.16)

forn > 1. Hencey < 8, <1—-x+y,n > 1, as suggested by the dashed lines in
Figure 1.17.
Since the sequence 6,, is bounded, by (1.14), y, — 0 as n — co. Since, for

O0<x<l,
1+
X1 =4/ 2x>\/)_c>x,

the sequence x,, is increasing. It follows x,, — 1 as n — oo.
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By (1.15), the sequence 6, is increasing and bounded. By the completeness
property> of the real numbers, this sequence has a limit. By (1.15) again, the sequence
0, /x, is decreasing and bounded. By the completeness property of the real numbers
again, this sequence has a limit. Since x,, — 1 as n — oo, these limits coincide,
thus the sequences in (1.15) have a common limit 6 = 6(z). By construction,
0(z) = 26(4/z) follows, when z is on the upper-half unit circle y > 0.

Appealing to (1.14), and passing to the limit in (1.16), as n — oo, when z is in
the unit circle first quadrant, we obtain

y<0(z) <l-x+y, z=x+1iy, (1.17)

as suggested by the dashed lines in Figure 1.17.

Extend 6(z) to the lower-half unit circle y < 0 by 6(z) = —6(1/z), and set
0(1) = 0. Then 6(1/z) = —6(z) and 6(z) = 20(+/z) for every z # —1 on the unit
circle.

This completes the construction of the Archimedes angle measure 6 = 6(z), for
every z on the unit circle, other than z = —1.

Let z be in the unit circle first quadrant. From (1.11), y; is an increasing function
of y. Similarly, with y, playing the role of y{, y, is an increasing function of y, hence
an increasing function of y. Continuing in this manner, y,, n > 1, are increasing
functions of y. By (1.14), 8,,, n > 1, are increasing functions of y. Passing to the
limit, it follows 6(z) is an increasing function of y, when z is in the unit circle first
quadrant. Since 6(Z) = 0(1/z) = —06(z), 6(z) is an odd function of y. Thus 6(z) is
an increasing function of y, when z is in the right-half unit circle.

1.5 Angle Additivity

For any nonzero complex number z, let r = |z| be its absolute value. Then

Z

z 1
:)—|:—~|Z|:1’
|z| r

r

so z/r has absolute value 1, so z/r lies on the unit circle (see Figure 1.18).
Extend the definition of 6(z) to any z that is not a negative real number nor zero,
by setting

0(z) :a(f), r=|z.

Then r = |z| and 6 = 6(z) are polar coordinates: r is the distance of z to 0, and 6 is
the length of the arc along the unit circle between 1 and z/r.

Since 6 is defined for all z except for z = x < 0, (i) is defined. We call this
measure 7r/2: /2 is defined as the (measure of the) angle of i.

5 Every increasing bounded sequence has a limit.
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Fig. 1.18 Polar coordinates

Definition of &

/2 =6(i) or 7w =260(i).

Since 6(—i) = 8(1/i) = —r/2, and 6(z) is an increasing function of y when z is
in the right-half unit circle (§1.4), it follows 6(z) varies from —x/2 to 7/2 when z
is in the right-half unit circle. Using 6(z) = 26(~/z), it follows 6 varies between —n
and 7 when z is in the punctured unit circle z # —1.

~

Tr/
O | x HK |

Fig. 1.19 6 = 6(z) is defined for all z exceptforz = x <0

The key property of 6(z) is its angle additivity. By the angle stacking formula,
this is the same as additivity as in Figure 1.8.
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[ Angle Additivity ]

l 0(zz) =0(z) +0(z)), x>0,x">0. (1.18) J

Proof (Proof of additivity) Letz = x+iy, 7z’ = x’+iy’ be in the right-half unit circle,
x> 0and x” > 0, and let 7"’ = zz’ = x” +iy”. Let 0 = 6(z), 0’ = ('), and let
0” = 06(z”). Since (1.18) is immediate when yy’y”” = 0, we may assume yy’y”” # 0.
There are two cases.

First, if yy’ > 0, using 6(1/z) = —0(z), we may assume y > 0 and y’ > 0. Let
z5, =X, +iy,, z) = x; +iy,, n > 1, be the Archimedes sequences starting from
7', 7" respectively, and let 6, 6;/, n > 1, be the corresponding chord-length sums.
Then, by (1.10), z)) = zuz),, thus ¥, = x,,y, + x,y,,, hence, by (1.14),

n n
14 ’ ’
0, =x,0, +x,0,, n>1.

Now let n approach co. Then x,, approaches 1, and x;, approaches 1, so we obtain
9" =0+ 60’, which is (1.18).

Second, if yy” < 0, we have x” = xx’ — yy’ > 0. Since yy’ < 0, y”’(-y) and
y"'(—y’) have opposite signs. By switching the roles of z and z’ if necessary, we may
assume y”’(—y) > 0. Applying the first case to z’” and 1/z = x — iy,

0(z) =0(z"/2) =6(z")+6(1/z) = 0(z7) — 0(2),
and we obtain (1.18). O

By (1.17), 68(z) # 0 when x > 0 and y > 0. It follows 8(z) # 0 when x > 0 and
y # 0. Using 6(z) = 20(~/z), it follows 6(z) # 0 for z # %1 in the unit circle.
If z and 7’ are in the right-half unit circle with z # z’, then z/z" # £1. By (1.18),

0(z2) —0(z)=0(z) +6(1/7) =6(z/7') # 0.

Thus 0(z) # 0(z’). In short, 8(z) is injective® on the right-half unit circle. Since v/z
is injective on the punctured circle z # —1, by 6(z) = 20(+/z) again, 6(z) is injective
on the punctured circle z # —1.
By (1.17),
[6(2)] < 1T—-x+]yl, z=x+iy,x > 0.

Hence z,, = x,, + iy, — 1 implies 6(z,) — 0. Thus 6(z) is continuous at z = 1. If
Zn — 2z, then z,,/z — 1. By (1.18),

0(zn) — 6(z) = 0(zn) +6(1/2) = 0(z0/2) — 0.

6 z # z/ implies 6(z) # 0(2)).
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Thus 6(z) is continuous? on the right-half unit circle. Since /7 is itself continuous on
the punctured circle z # —1, by (z) = 20(4/z), 6(z) is continuous on the punctured
circle z # —1.

Writing
0(z)=9(x+iy)=0(\/1—y2+iy), -l<y<l, (1.19)

it follows 6(z) is a continuous strictly increasing function of y on the right-half unit
circle x > 0. By the intermediate value theorem,® 6(z) maps the right-half unit circle
x > 0onto [-n/2,7/2]. By 6(z) = 20(+/z), 8(z) maps the punctured unit circle
z # —1onto (—m, ).

To summarize,

[ Angle Measure ]

Angle measure 6(z) is a one-to-one continuous map of the punctured unit
circle z # —1 onto the interval (—x, 7).

6=0(z)

Fig. 1.20 The function 6 = 0(z)

Recall 7 = 26(i). To achieve (1.3) using (1.15), Archimedes effectively calculated

206 (i) = 64 2—4\/VVV§+2+2+2+2. (1.20)

In what follows, we refer to 6(z) as “the angle of z”, even though strictly speaking
0(z) is the measure of the angle of z.

7z, — z implies 0(z,) — 6(z).
8 The image of an interval under a continuous function is an interval.
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Exercises

Problem 1.1 Let P = (1,0) and Q = (3,2) and R = (0, 1). Calculate PQ, P/Q, PR,
P/R,QOR, Q/R.

Problem 1.2 Label the edge lengths x, y, x’, ¥” in Figure 1.10. What are the areas of
the two squares in Figure 1.10, and the areas of the triangles in Figure 1.10? Figure
1.10 is the basis for a classical proof of the Pythagoras theorem.

Problem 1.3 Verify equation (1.7).

Problem 1.4 We say a point P’ is the reciprocal of a point P if PP’ = I, where
I = (1,0). Show the reciprocal of (x, y) is

X -y
x2+y2 x24+y2)’
Problem 1.5 Show that there are only two complex numbers z = x + iy satisfying
z2=1,and they are z = 1 and z = —1.

Problem 1.6 Show +/z given by (1.9) satisfies (vz)* = z.

Problem 1.7 Let w be a complex number not equal to zero. Show there are at most
two complex numbers z satisfying z> = w. Hint: If z; and z, both satisfy Z% =wand
z% = w, then z = 71 /z, satisfies 2 =1,507==+1.

Problem 1.8 Let w be a complex number not equal to zero. Show there are at least
two complex numbers z satisfying z> = w.

Problem 1.9 Given a, b, c complex, witha # 0, show the solutions of az2+bz4+c =0
satisfy the quadratic formula

- -b + Vb2 - 4ac
B 2a '

Problem 1.10 Show that 1/z = 7 when z is on the unit circle.

Problem 1.11 Assume z and z’ are in the first quadrant. Show zz” and vzVz’ and
Vzz’ are in the upper-half plane. From this, conclude (1.10).

Problem 1.12 Using z; +iy; = vz and zp = xp +iy2 = /21, verify (1.12) and (1.13).
Problem 1.13 Verify (1.14).

Problem 1.14 Let z = x + iy be in the first quadrant unit circle. Use (1.11) to show
thaty <2(1—x;+y;) <1l—x+y.



Chapter 2
Real Elementary Functions

In the previous chapter, the measure 8 of an angle was defined and its additivity was
shown to be intertwined with complex multiplication. Building on this, the usual
secondary school definition of sin 6 as the “opposite over the hypotenuse” now makes
sense, paving the way for the study of trigonometry, the circular functions sine and
cosine.

The fundamental result of trigonometry states there is only one way to assign
points z on the unit circle to real numbers 6 in an additive manner, and this assignment
is given by the circular functions. Here additivity means the complex product zz’
corresponds to the sum 6 + 6’, when z and 7’ correspond to 6 and 6’.

This leads to the n-th roots of unity w, which play a fundamental role not only
in complex analysis, but also in extending the notion of commensurability (greatest
common divisor) to other algebraic number systems in the complex plane.

In this chapter we also review, as preparation for the next chapter, additivity of
the real exponential function, which is the real law of exponents. This in turn builds
on the binomial theorem, and leads to real Taylor series.

2.1 Trigonometry

Let z be a complex number and let § = 6(z) be the angle (§1.4) of z. Then 6 is
defined for z = x + iy not on the non-positive real half-line x < 0.

Since 6(z) is a one-to-one map between the punctured circle z # —1 and the
interval (—m, ), we may define cos 6 and sin 6 by setting them equal to x and y
respectively (Figure 2.1).

More precisely, let z(6) be the inverse of 6(z), and let cos 8 and sin  be the real
and imaginary parts of z(6), so

z(6) =cosf +isinf. (2.1)

Then z(0), cos 8, and sin 0 are defined on (-7, 7).

23



24

(=+) (+.+4)

iy z=x+I1y

(o]
=6

(_9 _) (+9 _)

Fig. 2.1 x =cos 0 and y = sin 6

Since z(#) is in the unit circle,
sin® 0 + cos? 6 = 1,

hence the values sin # and cos 6 range in [—1, 1].

z=2(6)

-13

Fig. 2.2 The function z = z(8) is the inverse of 6 = 0(z)

2 Real Elementary Functions

From Figure 2.1, when z is in the first quadrant, sin 8 and cos 6 are both positive,
and when z is in the third quadrant, sin 6 and cos 6 are both negative. When z is
in the second quadrant, sin 6 is positive and cos 6 is negative, and when z is in the

fourth quadrant, sin 6 is negative and cos 6 is positive.

From 6(z) = 26(+/Z), we have 6(z) = 6(z%)/2. Since z(6) is the inverse of 6(z),

this implies
2(0) = 2(0/2)%.

(2.2)

From this, it follows sin8 and cos 8 are continuous functions on (—m, ). In
more detail, on the right-half circle, 6(z) is a continuous strictly increasing function
of y (1.19), hence! the inverse y = sinf is continuous on (—n/2,7/2). It follows

U The inverse of a continuous bijection on an interval is itself continuous.
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cos = V1 —sin?6 is continuous on (—7/2,7/2), hence z(6) is continuous on
(=m/2,m/2). By (2.2), it follows z(8), sin 8, and cos 6, are continuous on (-, 7).

The above defines sin 6 and cos 6 only on (-, 7). That we can extend their
definition to all real 6, preserving additivity, and in a unique manner, is the content
of the

2.1. Fundamental Theorem of Trigonometry

There is a continuous non-constant map z(6) of the real line into the unit
circle, unique up to rescaling, satisfying

2(0)z(0") = z(6+6"), (2.3)

for all real 6, 6.

If @ is a real number, and a map z(0) satisfies (2.3), then the rescaled map z(a6)
satisfies (2.3). Thus we can only expect uniqueness up to rescaling.

There are two aspects here, existence of z(0), and uniqueness of z(6). Let z(6)
be the inverse of 6(z). To establish existence, we extend the domain of z(6) from
(=, ) to the whole real line.

To begin, we claim additivity implies the validity of (2.3) for 8, 6" in (-x /2, 7/2).
To see this, insert z = z(0), z’ = z(6’) into (1.18). Since 0(z(0)) = 6, we obtain
0(zz') = 0 + 0’, establishing the claim.

To establish existence, we use (2.2) repeatedly to define z(6) on successively
larger intervals. Define z(8) on (-2, 27r) by (2.2). This extends the domain of z(8)
from (—m, ) to (—2x,2x). If @ and 8" are in (-, ), then 6+ 6’ is in (—2x, 27), and

2(0)z(8") = (2(0/2))*(2(0'/2))* = (2(0/2)z(6'/2))?
=2((0+6)/2)%=2(0+6).

Thus the extended map z(6) satisfies (2.3) on (—x, 7). Repeating this procedure,
use (2.2) to extend z(0) to (—4m,4x). Then the same argument shows z(6) satisfies
(2.3) on (=2m, 27). Continuing in this manner, we extend z(6) to (-2"x, 2" ), and
establish (2.3) on (=2""!7,2""!7), successively for n = 1,2,.... Since z(6) is
continuous on (-, 7r), the extension is continuous on the entire real line.

This establishes the existence of a continuous non-constant map of the real line
into the unit circle, satisfying (2.3) for all real 6, 6’. In particular, since z(+7/2) = =i,
by (2.3), z(£m) = —1. It follows every point z on the unit circle is of the form z(0),
with 0 in [-m, r].

Before we establish uniqueness, we look at the periods of the extended map z(6).
A period of z(0) is a positive number @ such that

z2(0 +a) = z(6),
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for all real 6. By (2.3), ais aperiodiff z(«) = 1. Since z(7) = —1,z(27) = (=1)?> =1,
hence 2r is a period. If @ is a period, then z(a/2) = +1. Since z(6) # =1 when
0 < 6 < 7, the smallest period is 2.

If @ is a period, then any positive integer multiple na is a period. Thus 2nn,
n=1,2,3,..., are periods. Conversely, if « is any period, then @ > 2m; let n be
the greatest integer < @/2n. Then 8 = @ — n - 2 satisfies 0 < B < 2x. If B > O,
since the difference of two periods is a period, 8 is a period. But this contradicts the
minimality of 27. It follows 8 = 0, hence the periods of 7(8) are 2nm,n = 1,2,3, .. ..

The constant map z(0) = 1 satisfies (2.3) for all real 8, 6’. Therefore, to rule
this uninteresting case out, when establishing uniqueness, we assume z(6) is non-
constant.

We now establish uniqueness. Let zo(6) = cos 8 + i sin 8 be the map constructed
above, and let z(0) = x(8)+iy(0) be any continuous non-constant map of the real line
into the unit circle, satisfying (2.3) for all real 6, 6’. Then (2.3) implies z(0)? = z(0),
hence z(0) = 1.

Since z(0) is non-constant and z(0) = 1, there is an @ # 0 with x(a) < 1.
Since cos 0 = 1, by continuity, there is an n > 1 such that x(a) < cos(27/n) < 1.
By the intermediate value theorem, there is a 8 with x(8) = cos(2n/n), hence
7(B) = zo(£2x/n). By (2.3), z(nB) = zo(£2m) = 1, hence z(0) has at least one
period.

Let 6 be a positive number. If « is a period, there is an integer n with na < 6 <
(n+1)a. Since na is a period, it follows there is a period within (6 —a, 0+ ). If z(6)
has arbitrarily small periods, it follows there are periods that are arbitrarily close to
6. By continuity, this implies 6 is a period, or z(6) = 1. Since 6 was arbitrary, this
implies z(#) is constant, which contradicts our non-constancy assumption. Thus the
greatest lower bound « of the set of periods of z(6) is positive. By continuity, « is
itself a period, hence is a smallest period. This establishes the existence of a smallest
period «a for z(6).

Now rescale z(0) to z1(0) = z(a@6/2r). Then z1(0) has smallest period 2.
Thus, without loss of generality, we may assume @ = 2x. With this assumption,
z2(xm) = =1, z(n/2) = i or z(-n/2) = i, and z(0) # =1 for 0 < |0] < #. In
particular, /z(60) is defined for -7 < 6 < &. By (2.2), z(6/2) is a square root of
z(8), hence

2(0/2) =+z(0), -n<@<nm, (2.4)

up to sign.? We claim (2.4) is correct as written. This is immediate when 6 = 0, so
assume 6 # 0. If the imaginary parts of z(6) and z(6/2) have opposite signs, by the
intermediate value theorem, z(6") = 1 or z(6") = —1, for some 8’ between 6 and
6/2. Since this can’t happen, the imaginary parts of z(#) and z(6/2) must have the
same sign. It follows the imaginary parts of 4/z(8) and z(8/2) have the same sign,
establishing the claim.

By rescaling again z(6) to z(—0) if necessary, we may also assume z(7/2) = i.
Using (2.3) and (2.4) repeatedly, we conclude z(6n/2) = i? for all dyadic ratio-
nals 8 = k27", Since the dyadic rationals are dense and z(#) is continuous, this

2 This means z(68/2) = £+/z(8).
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determines? z(6) uniquely. This completes the proof of the fundamental theorem of
trigonometry.
If we write z(0”) = cos 8’ +i sin §’, then (2.3) reduces to the

Trigonometric Addition Formulas

For all real 6, ',
sin(@ +0") = sinfcos @’ + cosGsinf’,

and
cos(f+0") =coshcosf’ —sinhsinh’.

Moreover, replacing 6 by 26 in (2.2), we obtain the

Trigonometric Doubling Formulas

For all real 6,
sin(20) = 2sin @ cos 9, cos(20) = cos® 6 — sin’ 6,

and
1 — cos(20) 5 1 + cos(20)
_ 08" = ———=.

97
0= ,
sin > c >

To compute the derivatives of sin 6 and cos 6, we first establish the following limit

sin 0

lim — = 1. 2.5
913}) 0 23)
For this, it is enough to show
3 | sin 6| sin 0 <1 2.6)
1+cosé 0

for 0 < |@| < m/2, since taking the limit § — 0 in (2.6) yields (2.5).

In (2.6), all sides are even functions, so we may assume 0 < 6 < 7/2. In this case,
we may insert z = z(6) into (1.17). Since z(6) = cos 6 + i sin 8, this is the same as
inserting x = cos 6 and y = sin 6. Since z(60) is the inverse of 6(z), we obtain

sinf <0 <1-cosf +sind.

Dividing the left inequality by 6 yields

3 Continuous functions that agree on a dense set agree everywhere.
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sin @

— <1

0
Dividing the right inequality by 6 yields

! 1—cosf siné
0 6’
or
sin @ 1—cos?0 sinf  sin@ sin 6

—_— -1 — > - —
0 6(1 + cos 9) 6 1+cosf 1+cos6

Thus ) )
sin @ < sin 6
1+cos® 0
which is (2.6). Taking the limit as & — 0, we obtain 2.5.

<1,

Since | 0 0 0 0
lim L= cost _ lim sinf  sin -1.%90,
0—0 6 6—0 6 1+cosf 2
we have also shown ! P
lim — %% _ g, 2.7
6—-0 (7]

By the addition formula,

sin(f + h) —sinf | cosh—1 sin &
————— =sinf- —— +cosf-

Taking the limit as 4 — 0 yields
sin(@ + h) —sin 6

(sinf)’ = lim ——————— =sin6 -0 +cosf - 1 = cosh.
h—0 h
Similarly,
cos(@ + h) —cos 0 cosh—1 . sin h
A = 0s9~——sm6’~T.

Taking the limit as & — 0 yields

6+ h) —cos @
&= +h) O —cosf-0—sinf-1=—sin.

0) =1l
(cos 8) hli%
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7

Trigonometric Derivatives

For all 6 real,
(sinf)’ = cos 6, (cos @)’ = —sin®,

hence
(cos@ +isinf) =i(cos@ +isin0).

It follows that sin @ and cos 6 have derivatives of all orders, with

sin 8, n=0,4,812,...
(sine)(") _ cos @, n=15913,...
—-sinf, n=2,6,10,14,...
—-cosf, n=2,6,11,15,...
and
cos 6, n=0,4,8,12,...
(cos@)(”) _ —sind, n=1,5913,...
—cosf, n=2,6,10,14,...
sin @, n=2,6,11,15,...

These may be combined into
n

aon

(cosO +isinf) =i"(cos +isinh), n>0.

2.2 Roots of Unity

Since w = 1 and w = —1 both satisfy w? = 1, w are the square roots of 1. They are
the square roots of unity. Since —1 = i> and the angle of 7 is 77/2 (by definition of ),
by angle additivity, the angle of —1is 7/2 + 7/2 = «.

Similarly, since

= —— 4+ '_, 2.8
w=-5+i7 (2.8)
satisfies w? = 1, we say w is a cube root of unity. Since w® = 1 and the angle of 1 is
27, by angle additivity, the angle of w is 27/3.
To see where the formula for the cube root comes from, write w = x + iy.
Multiplying,
3

1 = = w?w = (x+yi)*(x+yi) = (3 - 3xy?) +i(3x%y — y?).
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Fig. 2.3 The square roots of unity

w

w?

Fig. 2.4 The cube roots of unity

Since 1 has imaginary part 0, we have 3x?y — y> = 0. Canceling y, we obtain
3x% = y2. But x> + y? = 1,50 4x2 = 1, or x = +1/2. Since w is in the second
quadrant, x = —1/2. From this, we get y> = 3/4 or y = V3/2. This shows

1
x=cos(2x/3) = -5 and  y=sin(2r/3) = ?

which justifies (2.8).
Similarly, if w equals 1 or +i, then w* = 1, so these are the fourth roots of unity.
In general, a complex number z satisfying z” = 1 is an n-th root of unity. By
(2.3), multiplying complex numbers corresponds to adding their angles. From this,
the angles of the n-th roots of unity equal the integer multiples of 27 /n.
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w3

Fig. 2.5 The fourth roots of unity

Fig. 2.7 The twelfth roots of unity

31
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The n-th roots of unity

Letn =1,2,3,... be a natural number. An n-th root of unity is a complex
number z on the unit circle satisfying

t=1.
There are n distinct n-th roots of unity, of the form 1, w, w?, . .., w""!, where
w = cos(2m/n) +isin(27/n)

is the principal n-th root of unity.

w w

Fig. 2.8 The sixth roots of unity

Thus the angles of the square roots of unity are O and 7, the angles of the cube
roots of unity are 0, 271/3, 47/3, the angles of the fourth roots of unity are 0, /2,
7, 31/2, the angles of the fifth roots of unity are 0, 27/5, 47/5, 67/5, 87/5, and the
angles of the sixth roots of unity are 0, 7/3, 27 /3, n, 4n /3, 5x/3.

Let us calculate the eighth root of unity z = w = x +iy, which lies exactly halfway
between 1 and i (Figure 2.6), with angle 6 = 7/4. Since w? = i, we have

i=w® = (x+iy)* =x* - y* +i2xy,

which implies x> — y?> = 0. Since x and y are both positive, we see x = y. But
x2+y2=1,502x* = 1, orx = y = 1/V2. This shows

sin(z/4) = and cos(m/4) =

Sl
5l

Since
2(0+7/2) =iz(0) = i(x + yi) = —y +ix,
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Fig. 2.9 The tenth roots of unity

w

wt

Fig. 2.10 The fifth roots of unity

we have
sin(@+7/2) =cos @ and cos(6 +m/2) = —sind.
For example,
sin3r/4) =1/V2  and  cos(3n/4) = -1/V2.

Since the twelfth root unity w has angle 27/12 = 7/6, the angle of iw is 7/6 +
7/2 =2r/3, hence iw = z3. From this we obtain

x =cos(n/6) = ? and y =sin(n/6) = %

To derive the formula for the tenth root of unity, write w = x + iy = cos(x/5) +
i sin(z/5). By the binomial theorem 2.2 with n = 5,

w = (x+iy)’ =x° +5ixty —10x3y? = 10i 2y + 5xy* +iy°.
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Since w> = —1, the imaginary part vanishes,
5x%y —10x%y3 4y =0.
Canceling y and substituting x> = 1 — y2,
16y* —20y? +5 = 0.

By the quadratic formula,
2 S+ V5
-8
Since y = sin(27/10) = sin(x/5) < sin(x/4) = 1/V2, we take the minus sign.
Hence

S

3+5
B

Using the trigonometric doubling formulas, the fifth root of unity is

sin(2r/5) =y = > +8\/§’ cos(2n/5) = \/%

Since 6(1) = 0, we have cos0 = 1 and sin0 = 0. Table 2.11 summarizes the
results of this section.

5 -

sin(n/5) =y = , cos(m/5) =

” ‘

6 |degrees cos 6 sin 6 root
0 0° 1 0 Zoo
/6| 30° V3/2 1/2 212

x/5| 36" | \(3+V5)/8]/(5-V5)/8| z10

n/4| 45° 1/V2 1/V2 28
x/3| 60° 1/2 V3/2 26

2n/5| 720 | (54 V5)/8|\(B-V5)/8| zs

n/2| 90° 0 1 2
27/3| 120° -1/2 V3/2 23
x| 180° =1 0 2
21 | 360° 1 0 z1

Fig. 2.11 The standard angles
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2.3 Binomial Theorem

Let x and a be variables. A binomial is an expression of the form
(x+a)?, (x+a), (x+a)*,

The degree of each of these binomials is 2, 3, and 4.
When binomials are expanded by multiplying out, one obtains a sum of terms.
The binomial theorem specifies the exact pattern or form of the resulting sum.
Recall that

(a+b)(c+d)=a(c+d)+b(c+d)=ac+ad+bc+bd.
Similarly,
(a+b)(c+d+e)=a(c+d+e)+b(c+d+e)=ac+ad+ae+bc+bd+be.

Using this algebra, we can expand each binomial.
Expanding (x + a)? yields

(x+a)’ = (x+a)(x+a) =x* +xa+ax +a* = x> +2ax + da°. 2.9)

Similarly, for (x + a)?, we have

(x+a) =(x+a)(x+a)’ = (x+a)(x*+2ax +d?)

2+ ax* +2axa+a’ (2.10)

=x3 +3ax® +3a’*x + d°.

=x>+2x%a +xa

For (x + a)*, we have

x+a) = (x+a)(x+a) = (x+a)(x® +3ax® +3a%x + a®)

=x*+3ax’ +3d*3% + &’x + ax® + 3a*x% + 3a’x + a* 2.11)

=x* +4ax> + 6a%x* + 4ax’ + a*.

Thus

(x+a)’ =x>+2ax+a’

(x+a)® =x* +3ax® + 3a*x + d° 2.12)
(x+a)* = x* + 4ax® + 6a*x% + 4a’x + a* -

5 4 2.3 2

+ xax? + *a*x> + xa’x 4

(x +a)’ = *x +%a*x + xa’
where * means we haven’t found the coefficient yet.
There is a pattern in (2.12). In the first line, the powers of x are in decreasing

order, 2, 1, 0, while the powers of a are in increasing order, 0, 1, 2. In the second
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line, the powers of x decrease from 3 to 0, while the powers of a increase from 0
to 3. In the third line, the powers of x decrease from 4 to 0, while the powers of a
increase from O to 4.

This pattern of powers is simple and clear. Now we want to find the pattern for the
coefficients in front of each term. In (2.12), these coefficients are (1,2, 1), (1,3, 3, 1),
(1,4,6,4,1), and (%, x, %, %, %, %). These coeflicients are the binomial coefficients.

Before we determine the pattern, we introduce a useful notation for these coeffi-

cients by writing
2 2 2
= 1 = 2 = 1
o= >

e B B B
e e B B B

o)== (== G)=n )= () ()=

With this notation, the number

(”) (2.13)

is the coefficient of x when you multiply out (x + a)". This is the binomial
coefficient. Here n is the degree of the binomial, and k, which specifies the term in
the resulting sum, varies from O to n.

It is important to remember that, in this notation, the binomial (x + a)? expands
into the sum of three terms x2, 2ax, a2. These are term 0, term 1, and term 2.
Alternatively, one says these are the zeroth term, the first term, and the second
term. Thus the second term in the expansion of the binomial (x + a)* is 6a%x?,
and the binomial coefficient G) = 6. In general, the binomial (x + a)" of degree n
expands into a sum of n + 1 terms.

Since the binomial coefficient (}}) is the coefficient of x
out (x + a)”, we have the binomial theorem.

n—kak

"=k gk when you multiply

( R

2.2. Binomial Theorem

The binomial (x + )" equals

(g)x” + (T)x"la + (;)x”za2 +oe (n i 1)xa"] + (:)a”. (2.14)
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It is important to remember that x and a are variables, so they can be any numbers
whose arithmetic is commutative, associative, and distributive. In particular, x and
a may be complex numbers.

The binomial coefficient (}) is called “n-choose-k™, because it is the coefficient
of the term corresponding to choosing k a’s when multiplying the n factors in the
product

x+a)"=x+a)(x+a)(x+a)...(x+a).

For example, the term (3)a2x corresponds to choosing two a’s, and two x’s, when

multiplying the four factors in the product

2

(x+a) = (x+a)(x+a)(x+a)(x+a).

The binomial coefficients may be arranged in a triangle, Pascal’s triangle (Figure
2.12). Can you figure out the numbers x in this triangle before peeking ahead?

0: 1

1 1 1

2: 1 2 1

3: 1 3 3 1

4: 1 4 6 4 1

5: 1 5 10 10 5 1

6: * 6 15 20 15 6 *

7: 1 * 21 35 35 21 * 1

8: 1 8 * 56 70 56 * 8 1
9: 1 9 36 * 126 126 * 36 9 1
10: 1 10 45 120 * 252 * 120 45 10 1

Fig. 2.12 Pascal’s triangle

In Pascal’s triangle, the very top row has one number in it: This is the zeroth
row corresponding to n = 0 and the binomial expansion of (x + a)° = 1. The first
row corresponds to n = 1; it contains the numbers (1, 1), which correspond to the
binomial expansion of (x +a)! = 1x + la. We say the zeroth entry (k = 0) in the
first row (n = 1) is 1 and the first entry (k = 1) in the first row is 1. Similarly, the
zeroth entry (k = 0) in the second row (n = 2) is 1, and the second entry (k = 2)
in the second row (n = 2) is 1. The second entry (k = 2) in the fourth row (n = 4)
is 6. For every row, the entries are counted starting from k£ = 0, and end with k = n,
so there are n + 1 entries in row n. With this understood, the k-th entry in the n-th
row is the binomial coefficient n-choose-k. So 10-choose-2 is
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10
=45.
%)
We can learn a lot about the binomial coefficients from this triangle. First, we

have 1’s all along the left edge. Next, we have 1’s all along the right edge. Similarly,
one step in from the left or right edge, we have the row number. Thus we have

R

Note also Pascal’s triangle has a left-to-right symmetry: If you read off the
coefficients in a particular row, you can’t tell if you’re reading them from left to right,
or from right to left. It’s the same either way: The fifth row is (1,5, 10, 10,5, 1). In
terms of our notation, this is written

n n
= < < n:

the binomial coefficients remain unchanged when k is replaced by n — k.
The key step in finding a formula for n-choose-k is to notice

)n+1

(x+a =(x+a)(x+a)".

Let’s work this out when n = 3. Then the left side is (x + a)*. From (2.12), we get

4 4, (4.3 A2 (4, 5, (4 4
(O)x +(1)xa+(2)xa+3xa+4a
3 3

[ Gl G

Equating corresponding coefficients of x, we get,

(=06 C-G-Ch 6-6-6)

In general, a similar calculation establishes
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n+1 n n
( L ):(k)+(k—1)’ 1<k<n. (2.15)

This allows us to build Pascal’s triangle (Figure 2.12), where, apart from the ones
on either end, each term (“the child”) in a given row is the sum of the two terms
(“the parents”) located directly above in the previous row.

Insert x = 1 and a = 1 in the binomial theorem to get

o (g)+(’f)+(§)++(nfl)+(2) 2.16)

We conclude the sum of the binomial coefficients along the n-th row of Pascal’s
triangle is 2" (remember n starts from 0).
Now insert x = 1 and a = —1. You get

o~ B)- -+ )

Hence: the alternating# sum of the binomial coefficients along the n-th row of
Pascal’s triangle is zero.
Here is a formula for n-choose-k:

n\ n-m-1)----- (n—k+1)
()_ 1:2-+... k ’

7 7-6-5 7 10 10-9 10
= =35= d =——=45= .
(3) 123 (4) an (2) 12 (8)
The formula (2.17) is easy to remember: There are k terms in the numerator as well
as the denominator, the factors in the denominator increase starting from 1, and the
factors in the numerator decrease starting from 7.

Now we express the binomial coefficients in terms of factorials. Given a positive
integer n, n-factorial is the product

1<k<n, 2.17)

nl=n-(n—-1)-(n=2)----- 4.3.2, n>2. (2.18)

So2!'=2,3!=6,4! =24, and so on.
We defined n! for n > 2. If we set 0! = 1! = 1, then the binomial coefficient
formula (2.17) may be rewritten

n n!
= < <
(k) Mooy Oskse

as may be verified by cancellation of common factors from the numerator and
denominator. For example,

4 Alternating means the plus-minus pattern + —+ —+—. . ..
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7-6:5-4-3-2-1 7-6-5 (7
3(7-3)! 3-2-1-4-3.2-1 3-2-1 \3)

It is important to know roughly the size of n! for large n. By knowing the size of
n!, we mean being able to compare n! with more familiar quantities.

\
Bounds for n!

3(%)" < n! sz(f)", n>1 (2.19)

This is derived in a series of steps.
Step 1 Use the binomial theorem to derive

1n
(1+—) > 2, n>1.
n

Step2 Lets; = 1,5, =3/2,53 =7/4, s4 = 15/8, and, in general,

=1+-+ ! + ! + 4+ ! >1
TR it MEE
Show s,, never exceeds 2. (Multiply s, by 2 to obtain

1

2Sn=2+Sn—F,

then solve for s,,.)
Step 3 Use the binomial theorem and the previous step to derive

ln
(1+—) <l+s,<3, n>1.
n

(Insertx =1 and a = 1/nin (2.14).)
Step 4 Combining the previous steps, we get

ln
2§(l+—) <3, n>1 (2.20)

n

Step 5 Let a,, = n! and b,, = 2(n/2)". Use the left side of (2.20) to derive

a a
n+l < Yn
bn+l n
Since a; = b, we obtain
a a a
1==>2>2 5
1 by b3
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Thus a, < b,, for all n > 1, which is the right side of (2.19).
Step 6 Let a,, = n! and b,, = 3(n/3)". Use the right side of (2.20) to derive

a a
“n < n+l
n bn+l
Since ay = b, we obtain
a a a
1= <2 <2<
by 2 3

Thus a,, > b, for all n > 1, which is the left side of (2.19).

2.4 Real Exponential

' )

Exponential Function

The exponential function is the following limit,

X : X n
¢* = expx = lim (1+-) , 2.21)

n—oo n

valid for all x real.

The exponential function expx is not a power, like 3", nor a root, like 3l/n,

However, because exp x satisfies the law of exponents (below), we denote expx = e”*.
Since (1 + x/n)" increases when x increases, ¢* is an increasing function, as
soon as the limit exists. To establish the existence of the limit, we use the binomial
theorem, and the geometric sum identity
l-x"=(1=-x)1+x+x>+---+x"71), nxl, (2.22)

which can be easily verified by multiplying out the factors.
Since ¢ = 1, we assume first x > 0. We use the binomial theorem to show the
sequence in (2.21) is increasing and bounded, hence has a limit e*.

For k fixed,
1 (n 1 1 2 k-1
— =—|[1-=]|1-=]...[1-
el = (=) (=305

is an increasing function of n. By the binomial theorem,
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Thus? the sequence in (2.21) increases to a possibly infinite limit.
When 0 < x < 1, by (2.20), the sequence in (2.21) is bounded by 3. Thus the limit
e* in (2.21) exists for 0 < x < 1. In particular, e = ¢! is between 2 and 3. When®
0<x <N,
lim (1 + )—C)" = lim (1 + i)"N = (eX/N)N.
n—oo n n—co nN

Thus the limit ¢* in (2.21) exists for x > 0, and e* = (e*/N)N.
When 0 < x < 1, the identity (2.22) implies

1-x"<n(l-x).

Replacing x by 1 — x/n? results in

X\ X
1>(1——2) >1-2,

when 0 < x < n?.

As a consequence,

zl’l
lim (1-2)" = lim * " = —
n n—oeo (1+_) e

n—oo

This shows the limit in (2.21) exists for x < 0, and

Thus the limit e* exists and is positive for all real x.
Above we derived (e¥/N)N = ¢* when x > 0. This is also true when x < 0, since

(ex/N)N — 1/(e—x/N)N — 1/e—x =¥,

5 An increasing sequence always has a (possibly infinite) limit.
6 If a sequence converges to a limit, then any subsequence converges to the same limit.
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Replacing x by Nx, (e¥)N = ¢V~ follows. We conclude
(eX)n — enx’ (ex)l/m — ex/m’ n,m> 1,

when x real. As a consequence, when x = n/m is a rational, e* = "™ s the n-th
power of the m-th root of e.
Since a'/™ — 1 asn — oo for any a > 0,

lim ¢/ = lim ()" = 1. (2.23)

n—oo n—oo

Forx >0andy >0andn > N,

(=) = () () = (=) (0 55)-

Raising to the n-th power and passing to the limit n — oo,
Y < <N x>0,y>0,N > 1. (2.24)

Taking the limit as N — oo in (2.24) yields the

Real Law of Exponents

For all x and y real,
ereY = eV,

We established this when x > 0 and y > 0. To establish the case x < O and y < 0,

L1 1

= = Xty
e Xe™Y  e(=x)+(-y)  o—(x+y)

When x and y have opposite signs, since the law of exponents is symmetric, we
may assume x > 0 and y < 0. Here there are two sub-cases. If x + y > 0, then
Y /eY = VeV =X Ifx+y < 0, e¥/eX = eXe~ ) = ¢7Y = 1/¢¥. This
establishes the law.

Forl <k <mn,

R B
(22 (45

B 1 n
Topkt\k—1)

so (7)/ nk is decreasing in k, for n fixed. By the binomial theorem, for x > 0,
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Passing to the limit n — oo,
0<e¥—1-x<x?e", x> 0. (2.25)
We claim
le¥ — 1 — x| < x%e! (2.26)

for x real. When x = 0, this is clear. For x > 0, this is (2.25). For x < 0, insert —x for
x in (2.25) and multiply by e*, to obtain

0<1-e*+xe* <x%

Since e* < 1 and x < 0, this implies

0>e —1-x>xe* —x—x2>—x2> %™,

which is (2.26) for x < 0. Dividing by x then passing to the limit x — 0 in (2.26),
we obtain

x—0 X

hence the derivative of e* at x = 0 exists and equals 1. By the law of exponents,

) ex+h — X ) exeh — X . ) eh -1
lim ———— = lim ———— =¢* - lim
h—0 h h—0 h h—0 h

= ex’

for all x real. We have derived

Exponential Derivative

For all x real,
(%) =e*.
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It follows that e* has derivatives of all orders, with

dn

X __ X
dx"e —e n>0.

2.5 Real Taylor Series

Let f(x) be areal function of a real variable x, and suppose we have derivatives of all
orders f”, f”, f'”, .... We are most interested in the cases f(x) = e*, f(x) = sinx,
f(x) =cosx.

For such a function, we can write the polynomial

2 3 n
FO) + /O + (O + (O F +--+ F7(0) .

This is the Taylor polynomial 7}, (x) of degree n. The simplest example is f(x) =
x" /n!. In this case, check that T}, (x) = f(x).

Taylor Polynomial

For each n > 0, we have
fx) =Ta(x) + Ry(x),

where the remainder is

x x| Xn
R, ()C) = ‘/0‘ A o /0‘ f(n+1) (xn+1) dxn+ldxn ce dX1 . (227)

This is valid whether x is positive or negative.

Proof Apply the real fundamental theorem of calculus

b
£(b) - fla) = / () dx (228)

repeatedly. For example, with b = x, a = 0,

F) = £(0) + /0 ) .

Now repeat this with f” playing the role of f, and with » = x; and a = 0, to get

) = £1(0) + /0 ) d.
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Plugging the last equation into the previous one yields

F) = F(0)+ F/(O)x + /0 /O () diad.

If we repeat this with f’/ playing the role of f, and with b = x; and a = 0, we get

£ = FO) + £/ O+ 05 / / / 7 (x3) dsdadiy

and so on. O

The simplest example is f(x) = x™*'/(n + 1)!. In this case, check that 7),(x) = 0
which implies R, (x) = f(x). Since for this f(x), f*1 (x) = 1, this is saying

n+1
/ / / 1dxpdx, ...dx1 = ( o (2.29)

The Taylor polynomial is the n-th partial sum of the real Taylor series

2 3
SO = O+ O+ 705 + 170 +

n=0

Asa consequence,

Real Taylor Series

Let R, (x) be as in (2.27). If

lim R, (x) =0, (2.30)
n—oo

then the Taylor series converges to f(x),

fx) = Zf(")(o)— = f(0) + f’ (0)x+f”(0) +f"'(0)

n=0

The Taylor polynomials of cosx and sin x are

3 5

L x> X R
Sinx =x-—y+or ot 1 (X)
and ) .
X7 X
cosx=1—2—!+4—!—---+Rn(x).

Now write the Taylor polynomial for e*,
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2 3 n
X AN
et =1+x+ T + 3 +-0 4 p + R, (x).
If x > 0, then R, (x) is positive [look at its formula in detail: if a function is positive,
the area under the graph is positive]. If you remove R, (x) from this last equation,
you get
* o1 X2 53 - X
e + X+ 5 + 5 + + m
for x positive and any n > 0. Let s, be the sum in (2.31). When x is positive, the
sequence (s,) is increasing and bounded by e*. By the completeness property of
real numbers, (s,) has a limit. Since s,, is the n-th partial sum of the series

2.31)

2,3
1+x+§+§ s (2.32)
this means the series (2.32) converges. This for x > 0.
By the n-th term test (Theorem 3.1), it follows
lim — =0, x> 0. (2.33)

n—oco p!
Let x be a positive real. Look at the formula for R, (x) for ¢*. In this formula,
Xntl < Xp <Xp-1 < <Xx1 <X,

so e’ < ¢*, Therefore by (2.29),

X X1 Xn xn+]
0<R x<ex/ / / 1dxpdxy ...dxy = e+ ———.
"() 0 0 0 n+1dAn 1 (}’l+1)'

Now we deal with the case of x negative. Instead of writing R, (x) for e¢* for

X negative, we write R, (x) for e™ for x positive. This will make the calculation
clearer. Then

x X1 Xn
Ru(x) = (—1)™*! / / / e dx,dx,, . .. dxy,
o Jo 0

so, since e™* < 1, by (2.29) again,

x X1 Xn xn+1
R = T dx i dxy, .. d .

Combining these results, for any real x, positive or negative, we have

|x|"+1

Il .
IRa(x)] <e CESI

n=0,1,2,... (2.34)

Of course, when x = 0, R, (0) = 0, so there is nothing to check there.
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For f(x) = sinx and f(x) = cosx, since |f" (x)| < 1 for any real x and any
n > 0, by (2.29), we have

|x|n+l

(n+1)°

[Rn(x)] < n=0,1,2,...

By (2.33), in each of the three cases e*, sinx, cos x, (2.30) is valid, for any real x.
From this we conclude the everywhere convergent Taylor series

23

X — —_ —_

e —1+x+2!+3!+... (2.35)
for all x real and

. X

Slnx—x—§+§—
for all x real and

2 4
.
CcoSx = 2!+4!

for all x real.

Exercises

Problem 2.1 Verify w3 = 1.

Problem 2.2 Show the square of a twelfth root of unity is a sixth root of unity. Use
this to compute the principal sixth root of unity.

Problem 2.3 (2.35) shows

gl 1
e=1+ +2_!+§+4T!+.“

Show 2.5 < e < 3.
Problem 2.4 Let w be the n-th root of unity. Show

l+w+w+ -+ =0.



Chapter 3
Euler’s Identity

The goal of this chapter is to define the complex exponential and to derive

[ Euler’s Identity ]

e'? = cos O +isiné. 3.1

This implies _
e'"+1=0,

which relates the five numbers O, 1, i, ¢, 7 in one equation.
Using his identity, Euler makes the fundamental theorem of trigonometry trans-
parent, by reducing it to the complex law of exponents,

. s’ - ’
619819 :el(9+9)‘

Ultimately, this law reflects the symmetry of the unit circle, each point z of which
corresponds to a rotation 6 of the plane.

It is natural to search for laws of exponents that reflect other symmetries, such as
rotations in three dimensional space. Here, rotations e'? are matrices, and the law of
exponents fails. Correction terms must be inserted,

%67 = ei(z+z’+[z,z']+...)’
the first term being the so-called bracket [z, z’] of z and z’. Because symmetry lies at
the basis of many phenomena, this and other generalized laws are widely applicable.
Of course, in this text, we derive only the law of exponents in the complex plane.

49
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3.1 Triangle Inequality

Let z = x +iy and w = u + iv be complex numbers. Let w = u — iv be the conjugate

of w, let Re(w) be the real part of w, and let |z| = 4/x2 + y2 be the absolute value of
z. Then w +w = 2Re(w) and zZ = |z|*.
Since

w=(x+iy)(u—iv) = (xu+yv)+i(yu —xv),
we have
Re(zw) = xu + yv,
which is the standard dot product of two vectors (x, y) and (i, v) in the plane.
Expanding |z + w|? yields
lz+wl® = (z+w)(T+w)
=(Z+w)(Z+W) =22+ 2w +wZ+ww

= |z|*> + 2Re(2w) + |w|*.

Cauchy-Schwarz inequality

For any complex numbers z, w, we have

[Re(zw)| < |z]| [w]. (3.2)

Proof Let t be a real number. If we replace w by rw in the last equation, we get
|z +tw|? = |z + 2tRe(zw) + £ |w|>.

Since this is a quadratic in ¢ which is always nonnegative, it has at most one root.
Hence its discriminant must be < 0. But the discriminant is

4 (Re(zw))? — 4z 2 w3,

so we get (3.2). m]

Triangle Inequality

For any complex numbers z, w, we have

|z +w| < |z| + |w|. (3.3)

Proof By the Cauchy-Schwarz inequality,
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|2+ wl* = |2’ + 2Re(2w) + [w]” < |2I” + 20z [w] + [w|* = (I2] + [w])?.
Taking square roots yields (3.3). O

In general, if z1, 22, . . ., 2, are complex numbers, then the triangle inequality is
|21+ 22+ +zal < il + 22+ + |zal.

This is derived by applying (3.3) repeatedly.

A sequence is an infinite list of complex numbers zg, z1, 22, - - . . Sequences are
denoted (z,). We say a sequence (z,,) approaches a complex number z, or converges
to z, or the limit of (z,,) is z, if

lim |z, —z| = 0.
n—oo

The sum of finitely many convergent sequences is convergent, with limit equal to
the sum of their limits. The same result is valid for the difference, the product, and
the quotient, under the usual conditions. We use these properties in what follows
without comment.

We say a sequence (z,,) is Cauchy if the terms approach each other, in the sense

lim |z, —zm| =0.

n,m—oo

If a sequence (z,) converges to a limit z, then it’s clear the sequence is Cauchy,
because, by the triangle inequality,

lim |z, —zm| £ lm (Jzp—z|+|z—zw]) =0+0=0.
n,m—oo

n,m—oo

The converse is a basic property of complex numbers.

[ Completeness Property ]

Let (z,,) be a sequence of complex numbers. If the sequence is Cauchy, then
the sequence has a limit.

Informally speaking, if the terms of the sequence approach each other, then the
terms of the sequence approach something.

Proof Let z,, = x,, +1y,. Since

|%n = Xml < |20 = Zmls [yn = Yml < lza = zml,

the real sequences (x,) and (y,) are Cauchy. By the completeness property of the
real numbers, there are reals x, y with x, — x and y,, — y. Let z = x + {y. Since

lzn = 2| < |xn = x|+ |yn =yl
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zn — z follows. O

3.2 Polynomials

A complex function w = f(z) can be thought as two real functions w = u + iv, each
a function of two real variables z = x + iy,

w=u+iv=[f(z)=f(x+iy).

Thus w = f(z) can be thought of as two real functions (u,v) of two real variables
(x,y).

deg n poly has at most n roots. p and g deg n and p and g have same roots implies
p=q.

n—1
I -1=][-wh
k=0
Zn—l n—1
1+Z+Z2+...+Zn_1: :I_I(Z—a)k).
21 k=1

Not complete ...

3.3 Series

If (z,,) is a sequence, for each n > 0, let
Sp=20+Z21+22+ -+ 2,

Then s, is called the n-th partial sum. So

S0 = 20
S1=20+21
S2=z0+21+22 (3.4)

s3=20+21+22+23

This way, from the sequence (z,), we obtain another sequence (s,).
A series ) z,, is an expression of the form

(o)

Zzn=ZO+Zl+Z2+Zg+...
n=0
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Let (s5,) be the sequence of n-th partial sums of the sequence (z,), and let z be a
complex number. We say the series ] z,, sums to z, or converges to z, or has limit
z,if

lim s, = z.

n—oo

In this case, we write

(o]
z=2zn=zo+m+12+za+m
n=0

The term-by-term sum of finitely many convergent series is convergent, with
limit equal to the sum of their limits. We use this property in what follows without
comment.

Let (s,) be the sequence of n-th partial sums of the sequence (z,), and suppose
the series ), z,, converges to z. The n-th tail of the series is

(o]

k=n+1

Since t,, = z — s, t,, vanishes as n — oo,

(o]
tn=ZZk=Z—Sn—>0, n — oo.
k=n+1

The most basic seriesis the geometric series

n

Sz + 2+ +. ., lz] < 1. (3.5)

1 ~ (e8]
I-z n=0

To see this, by cross-multiplying, check

1 __Zn+l
sp=1l+z+22+ 47—, (3.6)
1-z2
hence X
1 n+
'——(1+z+zz+-~~+z") = 2 .
1-z [1-z

When |z| < 1, the limit of |z|*! as n — oo is 0. Thus the n-th partial sum s,, of the
series (3.5) converges to 1/(1 — z) for |z| < 1.
From (3.6), the n-th tail of the geometric series is

1
tnzl__(1+Z+Z2+...+Zn): . (37)

A basic fact is the
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3.1. n-th Term Test

If a series ) z, converges, then

lim z, = 0.

n—oo

Proof Let (s,) be the partial sums of the series. Since the series converges to some
limit z, we have s5,, — z as n — oo. Also we have s,,_; — z as n — oo. Hence

Zn = Sp —Sn-1 — 0
asn — oo, O

Informally, this says if you stack infinitely many boxes on top of each other, and
the top box never reaches the ceiling, then the limit of the box heights is zero. Of
course the converse of the n-th term test is not true.

( h

3.2. Absolute Convergence

Let zo, 21, 22, . . . be complex numbers. If the positive series

(o)
21l
n=0

is finite, then the complex series

(e8]
>
n=0
converges, and
[o0] (o]
Zn S |Zn | .
n=0 n=0
\ 7

Proof Let r, = |z,| and let (s,) be the sequence of the partial sums of )’ z,,. Since
the series ), r, converges, the sequence of its partial sums is Cauchy, so

n
rry — 0, m,n — oo,

k=m+1

Then, for n > m,

n
Sn = 8Sm =Zmel + o+t Zn = Z Zk-
k=m+1
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By the triangle inequality,

n n n
lsn=sml = | D7 2| < D laud= D) e
k=m+1 k=m+1 k=m+1
Hence
|sn, — sm| — O, m,n — oo..

Thus (s,,) is Cauchy. By the completeness property, (s,,) is convergent, hence ' z,,
is convergent. O

When the positive series ), |z,| is finite, we say the series ), z,, converges abso-
lutely.

Next we discuss multiplication of series. Suppose we have two sequences z, z1,
Z2,... and z(’), z{, zé, . ... How do we multiply the series

(zo+zi+22+z3+...)(zp+2 +25+25+...)?
The simplest way to multiply is term-by-term to get
o +z vz v+,
where

2o = 2020
" ’ ’
21 =203y + ZIZO’
7y = 2025 + 212] + 2220
7y = 2025 + 2125 + 222 + 232,

and in general
K =202 + 22y + o+ Tk-12] + 22

Thus, to obtain z;’, we are grouping together all terms z,,z,, with n +m = k.

Therefore we obtain a third series }; z;/, the product series. When does the
product series converge, and when does it equal the product of }’ z,, and }’ z,,,?

Assume first the terms z,, z,,, n = 0, are positive, let s,, s;, be the n-th partial
sums of the series X z,, 2. z;,, and let s, s, be the sums of the series. Let z}/
be as above, let s, and s be the n-th partial sum and the sum of the series }; z,,
respectively. Then (s,), (s;,), (s,/) are increasing sequences with limits seo, S5, So
respectively.

Let N > 0. Multiplying out the terms in the product sy s}, every term in sy,
appears as a term in the expansion of sy s}, . In more detail, if n+m < N,thenn < N
and m < N. Since the terms are positive, sy s;V > s;\’] follows. Passing to the limit
N — oo, we obtain ses., > s, or

(e8]

(o] [ee)
Sal[Salz 33 v

n=0 m=0 k=0 \n+m=k
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Conversely, if n < N and m < N, then n + m < 2N. Thus every term in the
expansion of sy s}, appears as a term in s7,,, hence sy s}, < s, . Passing to the
limit N — oo, we obtain se,s., < s, or

e)l&e) £z <)

This establishes (3.8) below, when the series are positive. For complex series,
when the series converge absolutely, we can derive the same result.

3.3. Products of Series

Let (z,), (z;,) be sequences of complex numbers. If these sequences are
positive, then

If the sequences are complex, and both series on the left of (3.8) converge
absolutely, then the series on the right of (3.8) converges absolutely, and the
equality (3.8) holds.

When the series are positive, as we have seen above, (3.8) holds even if one side
is infinite, in which case so is the other side.

Proof Letr, = |z, ), = |z,,|, n = 0. By assumption, the n-th partial sums of the
series ), rp, 2, Iy, converge, so the tails vanish

(o) (o)

rm— 0, rn, — 0, N — oo. (3.9)
2 2

n=N+1 m=N+1

By the triangle inequality and (3.8) in the positive case,

p3{ DIRRAES f (A B VA RN
k=0 |n+m=k k=0 \n+m=k n=0 m=0
By Theorem 3.2, it follows the series 3’ z;’ converge absolutely.

Letsy, s}v, s;\’,, Sco» Sho St be as above. The goal is to establish s.s7, = 5. Since
every term in the expansion of s s}, appears in 57, after canceling, the remaining
terms z,z,, in the difference

SIN TSNSy
satisfy n > N or m > N. These terms appear in the expansion of (sony — sy )55, Or
in the expansion of sy (55, — s). By the triangle inequality,
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2N 2N 2N 2N
AP Y | (Z ( 5 m)
n=N+1 n=0 m=N+1

Now let N — oo. By (3.9), we obtain

[ — Scost| S0~(ir;)+(irn)~020.

n=0 n=0

This establishes (3.8). m]
The simplest application of the series product formula is the square of the geo-

metric series. Since
k
Z 7" = sz = (k + 1)z,
n=0

n+m=k

by (3.8), we have

(o] 2 (o]
1
WZ(ZZH) :Z(k+1)zk=1+21+312+413+..., (3.10)
—Z

n=0 k=0

valid for |z| < 1. By the n-th term test, this implies

lim nz" =0, |z] < 1. (3.11)
n—oo

3.4 Complex Elementary Functions

By (2.35), the positive series

2 3
2l Iz, 1P
e“'=1+|z|+ o + T

converges for every complex z. By Theorem 3.2, it follows the complex series

2 3

expz:eZ=1+z+%+§+... (3.12)

and .
sinz=z—§+§—... (3.13)

and ) .
cosz=1—%+%—... (3.14)

all converge for any complex z.
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We define exp z = €%, sin z, cos z by these series, for z complex. Then, by the
results in §2.5, when z = x is real, the complex functions e?, sin z, cos z equal the
real functions e*, sinx, cosx discussed in Chapter 2. We now derive the law of
exponents for complex exponentials.

Complex Law of Exponents ]

For every z and w complex,

where

kY k! k!
(n)_ nl(k—-n)!  nlm!

is the binomial coeflicient. Since the exponential series converges absolutely, by
(3.8),

m=0 k=0 \n+m=k
DI PRHE BRI
k=0 n+m=k n k=0

Let e,(z), 5,(2), and ¢, (z) be the n-th partial sums of the series e?, sinz, and
cos z respectively. Then

en(iz) = cp(2) +isp(2).

Passing to the limit n — oo yields

[ Euler’s Identity ]

For z complex,
e'* =cosz+isinz.

When z = 6 is real, this is (3.1). From Euler’s identity, we have
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Exponential Form of sin and cos

For z complex,

. et —e™? et +e
smz:T, cosg= ——

‘We also have

Polar form

Every complex number z except 0 may be written in the form

6

zZ=Xx+1iy =re'? = rcos@+irsiné,

where r = |z| and 6 is real, determined uniquely up to an integer multiple of
2x. In particular, z is on the unit circle iff

-

z-plane

re

Fig. 3.1 A point on the unit circle

Recalling the roots of unity from §2.2, we obtain
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Roots of Unity

Fix n > 1. Then
w = e2mim (3.15)

is the principal n-th root of unity, and the » complex numbers
Lw,w o, ... o]

are the roots of the degree n polynomial equation

7t=1.

Also, we can write

Z _  X+y _

w=el=e e*e'” = e*(cosy +isiny).

Therefore we can write
w=e* — w=re'? where r=e*,0=y. (3.16)
Use this to show e* is periodic with period 27i:
et =¢e" = z — w is an integer multiple of 27i.
Because of this, the natural domain for w = e? is the region
G={z=x+iy:-n<y<m—00<x< oo}
Then the image e is the region (Figure 3.2)

0

e ={w=re? - <0 <mr>0}

Notice e? is never zero, e* # 0, so w = 0 is not in the range of e*. Also the red
lines y = i are mapped to the red negative real axis.

3.5 Complex Integrals

Let f(¢) be a real-valued continuous function on a closed interval (7, ;]. Then,
from real calculus, the integral

/ " F() di (3.17)
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w-plane

im

z-plane

Fig. 3.2 The map w = e? from G to e®

is well-defined. When f () = u(r) +iv(¢) is complex-valued, we define the integral

? /ttz f() dt:/ttzu(t) dt+i/tt2v(t) dt.

n/2 /2
/ e dt = / (cost +isint)dt
0 0

/2 /2
/ costdt+i/ sint dt
0 0

/2 /2
+i (—cost) =1+

For example,

sint

0 0

Then the real part of the integral is the integral of the real part, and the imaginary
part of the integral is the integral of the imaginary part,

Re (/ZZ f@@) dt) = /12 Re(f (1)) dt, Im (/th(t) dt) = /tz Im(f(2)) dt.

Just like the real integral, the complex integral is linear: For any complex constants
a and b, we have

/2(af(t)+bg(t))dt:a/2f(t)dt+b/Zg(t)dt.

We already know the following for real integrals.
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3.4. Triangle Inequality for Complex Integrals

Let f(f) be a complex-valued continuous function on a closed interval

[t1,22]. Then
/ f(t)dts/ |f(2)|dt.

Proof Let I be the integral (3.17). Since [ is a complex number, we can write
I = re'?. Then r = e7*?]. Taking the real parts of both sides, |I| = r = Re(e™?1I).
Since e~ is a constant,

VE e_iB/l2 f(o)dt = /tz e (1) dr.

1

Taking the real part of both sides,
o 5] R
] = Re (/ e 0 (1) dt) - / Re (e_’gf(t)) d.
1 1

But for any complex number a, Re(a) < |al. Since |e*?| = 1, we obtain

= [ Refe ) ar< [M1esnar= [Cironar

n n n

3.5. Complex Fundamental Theorem of Calculus

If f(¢) is a continuous function and F’(¢) = f(t) on a closed interval [¢{,#,],
then

/ " F(0)dt = F() - F(10).

Proof This is an immediate consequence of the real fundamental theorem of calculus
(2.28). Let f(t) = u(t) +iv(¢) and F(t) = U(t) +iV(¢). Then U’(t) = u(t) and
V'(t) = v(t), so

/ Cf(tydi = / Cur) di +i / V() di = (Ut) - Um) +i(V(i2) = V),

4l

which equals F(t;) — F(ty). O
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3.6. Substitution Under the Integral

If f(¢) is a continuous function on a closed interval [¢1,#,], and ¢ in [z}, t5]
is a continuously differentiable function #(s) of s in [sy, s2], then

/ " p(eyde = / ’ t(5)) ¢ (5) ds.

1

Proof Let F(t) be an anti-derivative for f(t), F’(z) = f(t). By the chain rule,

dip(t(s)) = F/(1())1" (s),
S

so F(t(s)) is anti-derivative for f(¢(s))t’(s). Now ¢(sy) = ¢; and t(sp) = t2, hence

/ CF()di = F(i2) - F(1y) = F(t(s2)) — F(t(s1)) = / " F () (s) ds.

S1

3.7. Switching the Order of Integration

Let f(¢,s) be a continuous function of ¢ in [#1,#;] and s in s, 52]. Then

SO ) aue [ ([ 0]

Proof Define

F(s) = /tltz (/SISf(u,v) dv) du.
F(s2) = F(s1) = /tlt2 (‘/Slszf(u,v) dv) du,

F(s+h)—F(s)—h/t2f(u,s)du

_ /tltz (/sﬁh[f(u,v) — F(w,9)] dv) du.

Let (/) be the maximum error

€(h) = max [f(u,v) = f(u,s)]

Then

and
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over u in [ty, ], s and v in [s1, 53], and |v — 5| < A. Then, by continuity, e(2) — 0
as h — 0.
By the triangle inequality for integrals,

F(s+h) —F(s)—h/t2 f(u,s)du| < h(T —to)e(h).

Dividing by 4 and passing to the limit as # — 0, we conclude
4]
F'(s) = / f(u,s)du.
1
By the fundamental theorem of calculus,

Pl -Fon= [ Foav= [ ( / tzf(u,V)du) v,

establishing the result. O

Exercises

Problem 3.1 Join n equally spaced points on the unit circle consecutively by line
segments to obtain a regular polygon P. Use

Zn—l k
1+z+z2+~~~+z”‘1=—=n(z—w ).

to show the product of the lengths of the lines joining the vertices of P to a given
vertex equals 7.
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Complex Derivatives

4.1 Contours

Let [#1, 1] denote the closed interval 11 < ¢t < . A connected contour is a function
C: z(1) = x(2) +iy(1), 1 <t <ty 4.1)

that is continuously differentiable on [}, #;]. Continuous differentiability means z(t)
has a derivative
@) =x'O+iy' (1), n<1<n,

and z’(z) is itself a continuous function on [#,#;]. So a connected contour is a
function of a real variable  whose domain is an interval [#(, ;] and is complex-
valued.

The length of a connected contour C is

IC| = /tt2 |z’ (1)| dt = [Iz \X ()% + Yy (1)? dt.

We say the connected contour (4.1) starts at z(#1) and ends at z(t;). Let a and
b be complex numbers. The simplest connected contour C starting at a and ending
at b is the line segment z(¢) = (1 —#)a+tb,0 <t < 1. Then 7’(t) = b — a so the

length is
1 1
|C|=/ |z'(t)|dt=/ |b—aldt=1b-al.
0 0

This contour is denoted [a, b].

Let a be a real number. If C; is a connected contour z;(¢), t; <t < tp, and C; is
the connected contour given by z>(s) = z1(s+a), t1 —a < s < t, —a, we say C
and C; are equivalent. In this case, it is easy to see C; and C, have the same length.

Similarly, if a is a positive real number, and C3 is given by z3(s) = zi(as),
t1/a < s < t/a, we say Cy and Cs are equivalent. In this case, C; and C3 have the
same length.

65
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Fig. 4.1 The contour [a, b]

It is important that a be positive in this last example. When a is negative, we do
not consider C; and C3 to be equivalent, as C; starts where C3 ends, and C3 starts
where C; ends. In this case, we write —C for the connected contour C3. Nevertheless,
we still have | — C| = |C]|.

The connected contour given by

2(0) =c+re'? =c+rcosf +irsinb, 0<6<2n,

is the circle C(c,r) with center ¢ and radius r traversed in the counter-clockwise
direction. Then —C/(c, r) is the circle traversed in the clockwise direction.

Fig. 4.2 The contour C(c,r)

For C = C(c,r), 7/ (0) =ire'?, 0 < 6 < 2r, so
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2 2 2r
|C|=/ |z’(9)|d9=/ lire"?| de:/ rdf =2nr.
0 0 0

In general, when ¢ in [#1, #;] is a continuously differentiable function #(s) satisfy-
ing t’(s) > O for s in a closed interval [sy, s7], and Cy is given by z4(s) = z1(2(s)),
s1 < s < sp, we say C| and Cy are equivalent.

In this case, by the chain rule,

74 (s) = 2] (1(s)1' (s), hence lz3 ()] = |27 (t(s))| ' (s).

By integral substitution (Theorem 3.6),

23 52 52
cil= [ Eola= [CEeoire = [Celas=cl
1 S1 S
Thus equivalent connected contours have the same length.
Summarizing informally, we think of a connected contour as a road, and it does
not matter how we drive along this road (as long as we do not go backward in time).
For example, the connected contour

1—t2+, 2t
L
1+2 14122

2(t) = “1<t<1, 4.2)

is equivalent to the connected contour z(#) = e’? = cost +isint, -n/2 < 6 < /2,
because ¢ = tan(6/2) transforms z(¢) into z(6). In fact, both yield the right-half unit
circle, and both start at —i and end at i. However, following z(6) we are driving at a
uniform speed, while, following z(¢), we are driving fastest at z = 1 and slowest at
7=,

A contour C is a finite collection Cq, C», ..., C, of connected contours. In this
case, it is natural to define the length |C| to be

IC| = |Ci|+[Ca| + - +|Cyl.
Because of this, we write
C=Ci+C+---+Cy 4.3)

and we call C the sum of the connected contours Cy, Cs, ..., C,.
In particular, we write

n-C=nC=C+C+---+C, (n times).

Then |nC| = n|C|.
If C = C(c,r), the contour 2C

z2(0) =c+ ret?, 0<60<4n,

also gives the same circle, but now winding twice. This contour can also be written
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_ 2i0
72(0) =c+ret?, 0<6<2n.

The connected contours C and 2C are not equivalent, as they have distinct lengths,

4
[2C| = / lire'| do = 4nr = 2|C].
0

‘We now broaden the definition of connected contour. A contour C is connected
if C is given by a sum (4.3) of connected contours, as defined previously, with
the additional requirement that C, starts where C; ends, Cs starts where C, ends,
and so on, up to and including C,,, which starts where C,_; ends. Here there is no
requirement that C start where C,, ends.

Fig. 4.3 C} =C*(c,r) + [c —r, c +r] is a connected contour

For example, let C*(c, r) be the upper half-circle z(0) = c+re'?, 0 < 6 < 7, and
let C} be
CI=C*(c,r)+[c—r,c+r].

Then C; is connected contour (Figure 4.3).

Inpractice, all our contours will be circles, or arcs, or rectangles, or line segments,
or sums of these.

We now define closed contours. A connected contour is closed if the last point
equals the first point. For example C(a, r) and C; are closed while [a, b] is not, at
least when a # b. A contour C is closed if it is the sum of closed connected contours.

If a is a complex number, the closed contour z(¢) = a,t; <t < 1, is the constant
contour.

The closed contour

C=C0,1)+C(,1)

is made up of two counter-clockwise circles. The first circle has center O and radius
1, and the second circle has center i and radius 1.
The closed contour
C(0,5)-C(0,1)
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Fig. 4.4 A closed contour C

Fig. 4.5 The contour C (0, 1) + C (i, 1)

consists of two concentric circles, with the first circle taken counter-clockwise, and
the second circle clockwise.

4.2 Open Sets and Regions

Let a be a complex number. The open disk with radius r and center a is the set
D(a,r)={z:|z—al <r}.
The circle with radius r and center a is the set

Cla,r)={z:|z—a|=r}.
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Fig. 4.6 The contour C(0,5) — C(0, 1)

Fig. 4.7 A closed rectangle contour

Open Set

A set G in C is open if every point a in G can be surrounded by an open
disk D = D(a, r) centered at a and completely contained in G.

Clearly, the complex plane C is an open set. Examples of open sets are in Figures
4.9 and 4.10.

The complement of a set C in the complex plane is the set of points z that are
not in C. Fo example, the complement of the contour x < 0 is G, which is an open
set (Figure 4.10). More generally,
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Fig. 4.8 An open set G
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Fig. 4.9 The open set G| = G% and its image G, = V
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Fig. 4.10 The open set G3 = log Gy and its image G = ¢©>
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[ 4.1. The Complement of a Contour is Open ]

l Let C be a contour, and let G be the set of points z not in C. Then G is open. J

Proof If z is not in C, then there is a minimum distance between z and C. Let C be
z(1), 1 <t < ty, and let

r = min
1 <t<n

|z —z(2)].

By continuity of z(¢), the minimum r is positive. Then the open disk D (z,r/2) does
not touch C, hence lies in G. O

Let G be a setin C and let a and b be points in G. We say a and b are connected
within G if there is a connected contour starting at a and ending at b, and lying
entirely in G.

If every two points in G are connected within G, then G is a connected set. A
connected open set is a region.

An open disk D is a region, since any point z in D can be connected within D to
the center ¢ by the contour [c, z].

Sets G and G’ are disjoint if they have no point in common.

If we write a ~g b when a and b are connected within G, then we have the
following properties. The constant contour z(¢) = a starts at a and ends at a. If C
starts at a and ends at b, then —C starts at b and ends at a. If C starts at ¢ and ends at
b, and C’ starts at b and ends at ¢, then C + C’ starts at a and ends at c. Summarizing,
~¢ 1s an equivalence relation,

1. a ~g a,
2. a ~g b implies b ~g a, and
3.a~gband b ~g cimply a ~g c.

It follows that G is a disjoint union
G=Gi1UG,UG3U...

of connected sets G, G», ..., the connected components of G.

Suppose G is open, and let @ and b be in G. Then there is a disk D centered at
b and contained in G. If @ ~g b, then a ~g z for any z in D. Hence the connected
components G, G, ..., are themselves open.

By the following theorem, the decomposition of an open set into a disjoint union
of regions is unique, except possibly for the ordering of the regions.

[ 4.2. Theorem ]

If G| and G, are disjoint open sets, then the open set G = G| U G, is not
connected.
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Proof Argue by contradiction: Suppose a; and a; are points in G| and G, respec-
tively, and there is a connected contour z(¢), defined on an interval I = [t,1,],
starting at a; and ending at a,. Let I; be the set of times ¢ such that the initial
segment z([71,¢]) lies in G, and let I; be the set of times 7 such that the terminal
segment z([z, #2]) lies in G;. Then ¢; is in [} and t; is in I5.

If s is a fixed time in (71, £,), by continuity of z(¢), z(¢) is near z(s) when 7 is near
s. Since G is open, some interval (s — §,s + ) is in [} if s is in /;. By the same
token, since G, is open, some interval (s — &, s + §) is in I, if s is in I. Thus I; is
an interval of the form [z, s1), and I is an interval of the form (s», #3].

But, since /| and I, are disjoint and their union is /, this is impossible. O

4.3 Differentiable Functions

Throughout, we consider complex functions f(z) defined only on open sets, or
functions whose domains are open sets.

Let f(z) be a function defined on an open set G, and let z be a point in G. We
say f(z) is differentiable at z if the limit

f(“h;)z_f(Z) @.4)

f'(z)= %13%

exists. Here / is a complex number, so 4 — 0 means |#| — 0. When the limit f’(z)
exists (and is unique), we call f’(z) the (complex) derivative at z.

For f’(z) to exist, by definition of limit, f(z + &) must be defined for z + & near
z. This explains we restrict the domains of our functions f(z) to open sets.

The simplest example of a differentiable function is f(z) = constant. This f(z) is
differentiable at every point z with f’(z) = 0. The next simplest example is f(z) = z.
This f(z) is differentiable and f’(z) = 1.

4.3. Complex Derivative Rules

Let f(z) and g be differentiable. Then so are f + g, fg, and f/g, at least
where g # 0, and we have

(f+e) =f+g, (fe) =fg+fg, (§)=fgg;zfg'

Moreover if & is differentiable at g(z), then the composition #(g(z)) is
differentiable with

dih(g(z)) = 1'(g(2)8’ (2).
Z
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The proof of this result is exactly like the proof of the corresponding result in real
calculus. In the following, we use it without comment.

Using Theorem 4.3, we see every polynomial function and every rational function
is differentiable at all points except where we are dividing by zero. For example,

2+1
3 -2z+1

f(z) =

is differentiable on the open set G = C — {a, b, c}, where a, b, c are the roots of
2 -2z+1=0.
Also

fr)=e'l
is differentiable on G = C — 0.

Let C be a connected contour z(¢), t; < t < t,, and suppose f(z) is differentiable
at each point z(¢) of C. Let & be a real number. If 7 — 0, then z(z + h)) — z(z). By

differentiability,
, [zt +h) - f(z(1)
Fa®) =l =0

SO

d o fG ) — £z(0)
) = lim -

i L&) = f2(@0) 2+ h) —2(0)

oo 2(t+ h) — 2(1) h
o S R) = fE0) 2 ) =20
L S h
= f'(z(1)Z'(1).
This is the
[ 4.4. Contour Chain Rule )

Let C be a connected contour z(z), t; < t < tp. If f(z) is differentiable at
each point of C, then

£ Fe0) = £ =)0 @5)

fort) <t <1

Let f(z) be acomplex function. Recall (§3.2) f(z) = f(x+iy) may be viewed as a
function f (x, y) of two real variables (x, y). When hisreal, f(z+h) = f((x+h)+iy)
corresponds to f(x+h,y), and f(z+ih) = f(x+i(y+h)) corresponds to f(x, y+h).
Hence
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i L&A - f@) L SOt hy) - floy) _Of

h—0 h h—0 h 0x
h real h real

(2), (4.6)

and

i LGt -r@ L ferih) - f(2)

h—0 h 71—0 ih
h imag h real

l lim f(x,y +h) - f(x’y) (47)

i h—0 h
h real

_laf
T 6y(z)'

We will use the following result often to establish existence of f’(z).

4.5. Theorem

Let f(z) and g(z) be continuous functions on an open set G. Then

1. f’(z) exists at z and equals g(z) for all z in G iff for all 2 complex and
z such that the contour [z, z + /] lies in G,

1
f(z+h) - f(z)=h -‘/0 g(z +th)dt, (4.8)

2. 0f/0x exists at z and equals g(z) for all z in G iff for all 4 real and z
such that the contour [z, z + 4] lies in G, (4.8) holds, and

3. (1/i)0f /0y exists at z and equals g(z) forall z in G iff for all 4~ imaginary
and z such that the contour [z, z + /] lies in G, (4.8) holds.

Proof Suppose (4.8) holds. Then

f(z+h) - f(z)

1
7 —g(Z)=/0 (g(z+1th) — g(z)) dt.

Let €(h) be the variation in g(z) over the contour [z, z + &],

€(h) = max |g(z+1h) - g(2)].

<t<

Since g(z) is continuous, €(h) — 0as h — 0. By the triangle inequality for integrals,

f(z+h) - f(z)

A -g(2)

< /01 lg(z+1th) — g(z)| dt < e(h).
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Passing to the limit 7 — 0, by (4.4), f’(z) exists and equals g(z). If (4.8) holds only
when £ is real, passing to the limit 7 — 0, by (4.6), 3 f/0x exists at z and equals
g(z). If (4.8) holds only when £ is imaginary, by (4.7), passing to the limit 4 — 0,
(1/i)af /0y exists at z and equals g(z).

For the converse, if f'(z) = g(z), by the contour chain rule applied to z(z) = z+th,
and the fundamental theorem of calculus,

1 1
Fa+h) - f(2) = /0 FO) () di = h- /0 ¢(2(1) dr.

The other two cases are similar. ]

Asa consequence,

4.6. Theorem

If f(z) is differentiable on an open set G and f’(z) = 0 everywhere on G,
then f(z) is a constant on each connected component of G.

Proof 1If [a, b] is in G, by (4.8) with g(z) = f’(z) =0, we have f(a) = f(b). Fixa
point a in G, and let G be the set of points » in G connected to a by a multi-segment
contour (Figure 4.11)

[ao,a1] + [a1,az] + -+ -+ [an-1,an], ap=a,an =b.

Then f(a) = f(b), thus f(z) is constant on G . If b is in G| and z is near b, then z
isin G;. If b is not in G; and z is near b, then z is not in G1. Thus G and G — G,
are open sets, hence G is the connected component of G containing a. O

Fig. 4.11 A multi-segment contour
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4.4 Complex Taylor Series

A power series centered at a point c is a complex series of the form

()

Zan(z—c)"=a0+a1(z—c)+a2(z—c)2+... 4.9
n=0

When ¢ = 0, the series

e8]

Zanz"=a0+a1z+azzz+...,
n=0

is similar to the Taylor series in §2.5.
Recall (3.5) the geometric series

n

o B (4.10)

1 _OO
1-z -

n=0

converges in the open unit disk |z| < 1. Replacing z by z — c,

1

mZnZ:(:)(Z—C)nZ1+(Z—C)+(Z—C)2+...

converges in the open disk D(c, 1).

Fig. 4.12 If the power series converges at a, it converges in the disk enclosed by a
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([ 4.7. Power Series Converge in a Disk ]

Let ¢ be a complex number. Then the power series (4.9) (1) converges only at
¢, or (2) converges everywhere, or (3) , for some R > 0, converges absolutely
if |z — ¢| < R and diverges if |z — c¢| > R.

The disk D(c, R) is the disk of convergence. For example, for the geometric
series, R = 1, and the disk of convergence is D (0, 1).

Proof Suppose the series converges at some a # c. By the n-th term test, the
sequence of terms is bounded, hence there is a constant M with

lanlla—cl" <M,  nx=0.

Suppose r = |z — c|/|a — ¢| < 1 (Figure 4.12). Then

[y [y IZ—C| n [y M
Z|an||z—c|"=2|an||a—c|"( ) <MY =,
n=0 n=0 |(l - C| n=0 -r

Thus (4.9) converges absolutely at all points in the open disk centered at ¢ with
radius |a — c|.

Now let R be the least upper bound of the distances |a — ¢| to ¢ of the points a
at which the power series converges. Then there are three possibilities. If R = 0, the
series converges only at c. If R = oo, the series converges everywhere. If 0 < R < co,
then the series converges absolutely when |z—c| < R and diverges when |z—c| > R.O

4.8. Power Series are Differentiable

Suppose the power series (4.9) converges for z in a disk D centered at ¢, and
call the sum f(z). Then all derivatives £ (z), n > 0, exist in D, and are
given by differentiating the series (4.9) term-by-term, with

F™(e) = nlay, n > 0.

As a consequence of this theorem, a power series f(z) may be written as a
complex Taylor series

o0 _an Y
F@ =3 0L por poc-a oL

| |
o n! 2!

at any point z in the disk of convergence D.
The geometric series (4.10) may be differentiated term-by-term, yielding
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=an"*‘=1+2z+3z2+..., lz| < 1. “.11)

n=1

_
(1-2)?

In fact, this particular result was already derived as (3.10). We can now prove
Theorem 4.8.

Proof We first show the differentiated power series

o)

Z nan(z —c)™! (4.12)

n=1

converges for z in D.

Let z be in D. Then (Figure 4.12) there is an @ in D and an 0 < r < 1 satisfying
|z = ¢| < rla — c|. Since the series (4.9) converges at a, by the n-th term test, the
sequence of terms is bounded. Hence there is a constant M with

lan|la—c|* < M, n > 0. (4.13)

Then by (4.11),

[

1 = z—c[\"!
S nlanl Iz = el = —— 3 nlaglia - e - (224
la —c| & la —c|

n=1 n=1

M M 1
< = ¢« —,
_|a_C|an la—c| (1-r)2

n=1

Thus (4.12) converges absolutely at z.
By the binomial theorem,

(z+h—c)" = Z (j)(z —co)" It

J=0

=(z-0)"+n(z-¢)"'h+ Z (n) (z—c)"h,
I\
j_
thus for 4 # 0,

(z+h- C):l - (z-0o)" —n(z =) = Z (};)(Z — )" IR

Jj=2

Now choose any ¢ > 0. Then for 4 satisfying 0 < |h| < 6,
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(z+h-o)"—(z=0o)"
h
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- n
(fe-orn

(”.)|z e

n(Z _ C)n—]

<y (’?)|z — eI
=Y
S )
0 =AY
|A|
< §(|Z—C| +6)",

where we have used the binomial theorem again. To summarize,

(z+h-0c)"=(z-0)"
h

for 0 < |h| < 6.

Al

n(z—c)"_l < §(|z—c|+6)" (4.14)

Now we show that f’(z) exists and equals (4.12). Choose 6 such that |z —c|+6 <
|a — c|. Since (4.9) converges absolutely at a, the series g(w) = . |a,|w" converges
for |w| < |a — c|. By the triangle inequality and (4.14), for 0 < |h| < 6,

h

'f(Z+h)—f(Z) B

Z nan(z — C)n—]

n=1

(z+h-o)"-(z-o)"

= Z |an| W n(z—c)"!
n=1
N |Al
< D lanl 5 (2= el +6)"
n=1
|A]
= gg(lz—CI +0)

Letting 7 — 0 in the last inequality establishes f’(z) exists and equals (4.12). In

particular, f’(c) = a;.

Repeating the argument with (4.12) playing the role of (4.9) establishes

(&9

2,

n=1

f(2) =

nan(z - C)n_l)

e8]

D n(n=Dan(z-e)"?,

n=2

hence f”’(c¢) = 2!a,. Continuing in this manner, we obtain the result for all deriva-

tives of f(z).

[m]
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As a consequence, the complex functions e?, sin z, cos z given by (3.12), (3.13),
(3.14) are differentiable everywhere on the complex plane. Differentiating their series
definitions term-by-term,

(e?) = e*, (sinz)’ = cos z, (cosz)’ = —sinz.

An alternate proof of Theorem 4.8 is to use Theorem 4.5. But this requires the
differentiated series (4.12) to be continuous, which in turn requires discussions of
uniform convergence. The above proof avoids these issues. Of course, as a conse-
quence of Theorem 4.8, (4.12) is in fact continuous.

4.5 Cauchy-Riemann Equation

Let f(z) be a complex function. Recall (§3.2) f(z) = f(x +iy) may be viewed as a
function f(x,y) of two real variables (x, y). With this viewpoint, we may compute
df/0xand 0f/dy.

Cauchy-Riemann (CR) equation

Let f(z) = f(x + yi) be a complex function. The Cauchy-Riemann equation

is
gy _ Léf
dx i dy’

The CR equation is valid for some functions f(z), and not valid for other functions
f(z). For example, if

f(z) =22 = (x +iy)? = (x* — y?) + 2xyi,

then P . 18
s =2x+2yi = - (2xi - 2y) = —,—f,
ox i i dy
so the CR equation is valid for this f(z) at every point z.
On the other hand, if
() =2 =@ =iy)? = (7 =y*) - 2xyi,
then P | 14
or =2x —2yi = ——(-2xi - 2y) = ——,—f,
ox i i dy

so the CR equation is not valid for this f(z), for any point z # 0.
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Let z be a point in G and suppose the derivative f’(z) exists at z. In the definition
(4.4), the limit f’(z) is taken as h approaches O from any direction. In particular,
if 4 approaches 0 along the horizontal direction, then 4 is real, and if 4 approaches
along the vertical direction, then /4 is imaginary. From (4.6) and (4.7), we conclude

4.9. Theorem ]

If f’(z) exists at every point in an open set G, then f(z) satisfies the CR
equation and f’(z) = df/dx at every point in G.

Now suppose f(z) is defined and the partial derivatives df/dx, df/dy are
continuous on an open set G. Let C be a connected contour z(¢) = x() +iy(t) in G.
Then z(t) = x(t)+iy(¢) corresponds to the pair of functions (x(¢), y(¢)), and f(z(¢))
corresponds to f(x(¢), y(¢)). By the chain rule! for functions of two real variables,

d d
- /(@) = f(x(0),y(1)

= 2 a0y 0+ L 0.0 0
X ay

= Lo+ L wy o,
X y

If moreover f(z) satisfies the CR equation on G, this reduces to

d _ a_f ’ . _ a_f ’
= f@(0) = 2= (2(0) (1) +iy' (1)) = 2= (2(0))2 (). (4.15)

In this case, we may obtain the converse of Theorem 4.9.

f 4.10. Theorem ]

If f(z) satisfies the CR equation at every point in an open set G, and 9 f /dx
is continuous at every point in G, then f’(z) exists and equals df/dx at
every point in G.

Proof Let z be a point in G and suppose the contour [z,z + /] lies in G. Since
Z’(t) = h on this contour, by the fundamental theorem of calculus (Theorem 3.5)
and (4.15),

sy =@ =h [ Lasma
0 ox
By Theorem 4.5, f’(z) exists and equals 0 f/0x at z. O

1 Continuity of df /dx, df /Oy is needed for this chain rule.
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For example, let
f(2) = e* = ™Y = ¥ = ¢¥(cosy +isiny).

Then
a_f 0

e aex(cosy+isiny) = e%,

and 10 10 1
—,—f =—-—e"(cosy+isiny) = —e*(—siny +icosy) = e°.
idy idy i
Hence the CR equation is valid for e* everywhere, so e is differentiable at every
point in C, with
(e?) = e*.

Of course we already know this, but this time we are illustrating the CR equation.
The function f(z) = f(x +iy) = y? satisfies

8 Ly, 9L

= 2
ax dy Y

everywhere. Therefore this function is differentiable at all points on the real line, and
nowhere else.

When f(z) is differentiable at every point in an open disk about a point a, we say
f(z) is holomorphic at a. So a function is differentiable at every point of an open
set G iff it is holomorphic at every point of G.

Polynomials (in z) and e?, sin z, cos z are holomorphic on G = C, and rational
functions are holomorphic everywhere except at the roots of the denominator.

The function f(z) = y? is differentiable on the real line but nowhere holomorphic,
as the real line is not an open set.

A function that is holomorphic at every point in C is entire. So every polynomial
(in z) is entire and e, sin z, cos 7 are entire.

4.6 The Principal Logarithm

From real calculus, the logarithm is defined to be the inverse of the exponential. We
want to do the same for e¢*. We want to define a holomorphic inverse f(z) to e?,

ef D =¢ and f(e?) =z
Because e? = ¢¥*27  the second equation implies
2= f(e%) = f(e¥*™)) = z + 2ni,

which is impossible. Hence no such function f(z) can satisfy the second equation.
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As for the first equation, inserting z = 0 yields e/ (¥ = 0, which can’t happen
since e* is never zero. So we will not be able to define the logarithm of 0.

Even if we stay away from 0, we still have problems. Below, using integration, we
see that we will not be able to define a holomorphic logarithm on all of G = C - 0.
But we will be able to define a holomorphic logarithm on all of G as in Figure 4.10.

Let G be an open set. A branch of log z on G is a holomorphic function f(z)
satisfying

S =z, zin G.

When there is a branch of log z on G, we say log z is holomorphic on G.

Notice if there is a branch f(z) of log z on G, then we can’t have 0 in G, since e*
is never 0.

If f(z) is a branch of log z on G, then by the chain rule

1=z7= (ef(z))/ =e D f'(2) = 2f'(2),
so f'(z) =1/z.

Conversely, suppose we have a holomorphic function f(z) on G whose derivative
is 1/z on G. Then by the quotient rule,

z 72 ’

(ef(z) )’ et @ f'(2)z - ef @ o
SO ef(Z)/z is a constant ¢ on G, or
el (A = ¢z, zinG.

If we choose any complex number d satisfying e¢ = c, then we see f(z) — d is a
branch of log z on G. Thus

4.11. Derivative of log 7

Let G be an open set in C — 0 and let f(z) be a holomorphic function on G.
Then f(z) plus a constant is a branch of log z on G if and only if

1
f’(z): E’ ZinG'

Every nonzero complex number z = x + iy can be written as re’? for some r and
6, so it makes sense to define

logz =logr +1i6.
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This is not well-defined because 8 is only determined up to multiples of 2. However,
if we restrict z to be in the open set G in Figure 4.9, then we can restrict 8 to be in
(—m, ), giving us a well-defined function log z. We will show

( h

4.12. Principal Logarithm

Let G be the open set in Figure 4.9. Then
logz =logr +1i6, r>0,-r<6<m,

is a branch of log z on G, with

(logz) = % (4.16)

Let G| and G, be as in Figure 4.9. By definition, the principal logarithm is a

function satisfying

elogz = 7 z1in Gy.

We show log z is holomorphic on G, using the CR equation. On G,, we have

r=q/x2+y2, 0=arctan(z), r>0,-n/2<6<n/2
X

Hence
or x 00y
x r’ x 2
which leads to
dlogz 0 X y 7z 1
:_1 +.6 = — -] = — ==
Ox 8x(0gr i) 2l 7z
Similarly,
lodlogz 10 1,y X z 1
- =-=q +'e=-(—+-_)=___
i dy i@y(Ogr i6) 2T T T

This shows log z is holomorphic on G, and establishes (4.16). To extend this result
to G, we bring in /z.
Let G be an open set. A branch of 4z on G is a holomorphic function f(z)
satisfying
(f(2)? =z, zin G.

When there is a branch of 4/z on G, we say /z is holomorphic on G.
We will also show
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4.13. Principal Square Root

Let G be the open set in Figure 4.9. Then
Vz = Vret??, r>0-1<0<m,

is a branch of 4/z on G, with

o
(B =52 4.17)

By definition, the principal square root is a function satisfying (yz)?> = z. To
show +/7 is holomorphic on G, we first establish

. +r
et = 277 r>0,-1<60<n. (4.18)
V2x +2r

Since both sides square to z, they are either equal or negatives of each other. But
both sides lie in G», so cannot be negatives of each other. This establishes (4.18).
Using the CR equation, we derive (4.17). If D = V2x + 2r, then we can write

_ _Z+}"
w=NT=
Then
oD 19 l+x/r (x+7r)
w b ="D "o
and
oDy
ay ~ Dr’
Moreover we have
ww = |w|? = [w?| = |z| = 7.

We introduce notation that streamlines the computation. The CR equation may
be rewritten
of of
——+i—— =
ox  dy

It is useful to give the left side a name.

0.
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The d-bar Operator ]
The CR equation is B
af =0,
where P P
0=—+i—
ox lay
is the d-bar operator.
For example,
5p =t +r
Dr
We compute
= 0 0
az=6—Z+ia—Z=1+i~i=1—1=0
X y
and x z
d(z+r)=0r= Thil=t
ror r
Then
G Dz/r—(z+r)(z+r)/Dr _zD?—(z+r)* 2z(x+r)—(z+7)?
B D? B rD3 B rD3 '
Because % = x> + y2,

21(x+r)—(z+r)2=21x—22—r2=—(z—x)2—y2=0,

hence w = 0. This shows w = +/Z satisfies the CR equation, hence /z is holomorphic
on Gq.
Since

0 X
a(z+r)—l+;,

we have

6_w_ (1+x/r)-D—=(z+r)-(x+r)/Dr

7

Ox D?
B 2(x+7)2 = (z+7)(x+7)
B 2rD(x +r)
_ 2x+2r—z-r
B 2rD
_Z+r W w 1

%D 2 2ww 27

This establishes (4.17).
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It remains to be shown that log z is holomorphic on G . For this, we use the chain
rule. By definition of +/z and log z on G1, 2log /7 equals

. 0 1 G
2log (\/Fe"’/z) =2 (log\/7+ ii) =2 (E logr +i§) =logr +i0 = logz,

so we have
logz =2log vz

on G. Since /7 lies in G», this expresses log z as a composition of a holomorphic
function 4/z on G with a holomorphic function logz on G,. By the chain rule
(Theorem 4.3), log z is holomorphic on G, with

o1
Vi 24z oz

Recall arctan takes values in (—7/2, 7/2), and

(logz)’ = (2logVz2)' =2

arctan (X) + arctan ()—C) = z, x>0,y>0.
X y 2

Another way to show log z is holomorphic on G is to check

log (\/x2 + yz) + i arctan (X) , x>0,
X
e X
logz = logr +i6 = {10g (w/xQ +y2) +i (5 — arctan (;)), y >0,
log (\/xz +y2) —i (g — arctan (i)) , y<O.
-y

is consistently defined on the overlaps, and to check the CR equation directly.

Exercises

Problem 4.1 With f(z) = u(x,y)+iv(x, y), show the CR equation becomes the pair

of equations,
u 3 ov ou a ov

ax dy  dy  ox
Problem 4.2 Let F(u, v) be a differentiable non-constant function of two real vari-

ables u and v. If u = u(x,y) and v = v(x, y) are the real and imaginary parts of a
holomorphic f(z) on an open set G, then F(u,v) = 0 on G implies f’(z) =0on G.



Chapter 5
Contour Integration

5.1 Contour Integrals

If C is a connected contour z(¢), t; <t < tp, as in (4.1) and f(z) is a continuous

function on C, the contour integral is

/Cf(Z) dz=[12f(z(t))z'(t) dr.

Note the integral on the right is a complex integral as in §3.5. Thus a contour integral

is a particular kind of complex integral.

Since z inside the integral is a dummy variable, we may use any other variable,

/C f(z)dz = /C Fow) dw.

The simplest contour is [a, a + h]. Over this contour, z(t) =a+1th,0 <t < 1, so

7' (t) = h, leading to

1
/ f(Z)dz:h'/ f(a+th)dt.
la,a+h] 0

If C = C(c,r),we have z(8) = c +re'?,0 < 0 < 2, and 7/ () = ire'?, so

dz 1 21 - 060
/ Z =/ dz:/ 2 46 = 2ni.
ci—-¢ Jcz-c o re
More generally, for any sum of connected contours (§4.1)
C=Ci+C+---+Cy,

we set

(5.1)

(5.2)

89
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/Cf(Z)dZ=/Clf(z)dz+/czf(z)dz+'--+/cnf(z)dz.

This we call contour additivity. In particular, we have

/ f(2)dz = n/ f(2) dz,
nC C
for any contour C.

When ¢ in [#1, ;] is a continuously differentiable function #(s) of s in [s1, 53],
and Cj is the contour given by z;(s) = z(#(s)), s1 < s < s2, by Theorem 3.6,

/ C ) 2 () di = / C P50 2 ()1’ (s) ds = / C F(21(8)) 2 (s) ds,

SO
/ f(@)dz= [ f(2)dz.
C Ci
Thus the contour integrals over equivalent (§4.1) connected contours agree.

For example, the contour integral over '/, 0 < ¢ < 2n, is the same as the contour
integral over e, —r < t < . However,

[cf(Z)dF—/cf(Z)dz,

[ ) (i = - / C P 2 (1(s))dr.

because

Thus
C+(-C)=C-C=0,

/Cf(z) d“[c F2)dz =0,

for any f(z) continuous on C.

We begin with a simple but fundamental observation. Let f(z) be a continuous
function defined on an open set G. We say the contour integrals of f(z) are path-
independent in G if for any two points a and b in G and for any two connected
contours C, C’ in G starting at a and ending at b,

in the sense

/ Fydz= [ f2)de
C C’
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5.1. Path-Independence of Contour Integrals

Let f(z) be a continuous function defined on an open set G. Then the contour
integrals of f(z) are path-independent in G if and only if

/Cf(z)dz=0

for every closed contour C in G.

Proof Let a, b be in G and suppose C, C’ are connected contours starting at a and
ending at b. Then C — C’ is a closed connected contour. If the integrals over closed
contours vanish, then

[r@a- [ faa= [ red=o

so the contour integrals of f(z) are path-independent in G. Conversely, suppose the
contour integrals of f(z) are path-independent in G, let C be a closed connected
contour in G, and let a be a point on C. Then C starts and ends at a. By path-
independence, the integral over C equals the integral over the constant contour
z(t) = a, which is zero. Since a closed contour is the sum of connected closed
contours, the result follows. O

Let f(z) be a function on an open set G. If F(z) is holomorphic and satisfies
F'(z) = f(z) on G, we say F(z) is an anti-derivative of f(z) on G. When this
happens, we have path-independence.

5.2. Contour Fundamental Theorem of Calculus

Let C be a connected contour starting at a, and ending at b. Let f(z) be a
continuous function defined on an open set G containing C, and let F(z) be
an anti-derivative of f(z) on G. Then

/Cf(z) dz = F(b) - F(a).

Proof This follows from the contour chain rule (4.4) and the complex fundamental
theorem of calculus, since

& ’ ’ _ & d
[r@a= [T remzoa= [CLreoa

n n

= F(z(t2)) — F(z(11)) = F(b) — F(a).
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Let G be an open set containing the unit circle C and suppose we have a branch
f(z) of logz on G. Then

/ﬂ=/f'<z)dz=f<1)—f(1)=0,
c < C

which contradicts the answer 277 in (5.2). Therefore an open set containing the unit
circle cannot support a branch of logz. This is another illustration why G = G,
(Figure 4.9) is cut along the negative reals.

Here is a result that will be used frequently.

5.3. Path-Independence iff the Anti-Derivative Exists

Let G be an open set, and let f(z) be continuous on G. Then there is an
antiderivative F(z) on G if and only if

/ f(z)dz=0, (5.3)
c

for every closed contour C in G.

Proof If f(z) = F’(z) on G, by Theorem 5.2, (5.3) holds for every closed con-
nected contour C, hence for every closed contour C. Conversely, suppose (5.3) holds
for every closed contour C. We define an anti-derivative F(z) separately on each
connected component G| of G.

Fix a point ¢ in G . For z in G, define

F(z) = /Cf(w) dw, (5.4)

following any connected contour C starting at ¢ and ending at z. By assumption,
integrals over closed contours vanish. By Theorem 5.1, we have path-independence,
hence F(z) is well-defined. We show F’(z) = f(z).

Assume £ is such that the contour [z, z + &] lies in G. By definition, F(z) is
the integral over any connected contour C starting at ¢ and ending at z. Pick one
such connected contour C. Since F(z+ h) is the integral over any connected contour
starting at ¢ and ending at z + h, we may assume F(z + h) is the integral over the
connected contour C + [z, z + k], i.e., over C followed by the segment [z, z + h].
With this choice of connected contour, F(z+ h) — F(z) is the integral over [z, z+ 4],
hence by (5.1),

1
F(z+h)-F(z)=h / f(z+1th)dr.
0
By Theorem 4.5, F’(z) exists and equals f(z). ]

To be consistent with contour integral notation, we write
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[dz] = Idx +idy| = \Jdx? + dy? = \J¥/(1)2 + /(1) di = |2/ (1) d.

|a=/u4
C

( h

5.4. Triangle Inequality for Contour Integrals

Then the length of a contour C is

Let M be the maximum value of | f(z)| over a contour C. Then
' / f(z)dz
c

Proof By contour additivity and the triangle inequality, it is enough to derive the
inequality when C is connected as in (4.1). Let C be given by z(7), t; < t < f,. By
Theorem 3.4,

‘/Cf(z) dz

SAvwwmsMWL

/Uumwmm

s/ﬂﬂdmﬂmm=/ﬂﬂdmmwnm:Luvme

n n

Since |f(z)| < M on C,

memuLMmhMm

Using contour integrals, we can construct many examples of holomorphic func-
tions.
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5.5. Differentiation Under the Contour Integral

Let f(z) be a continuous function on a contour C. Then

3 fw)dw
a c wW-—2

F(z) (5.5)

has derivatives F " (z) of all orders for all z not on C, with

F(2) = n! / Sw)dw (5.6)
C

(W _ Z) n+l

forn > 1.

Proof The complement G of C is open (Theorem 4.1). For 6 > 0, let G s be the set
of points z with distance from C greater than 9,

|z —w| > 6, winC.

Then G s is open, and z not in C implies z is in G s for some ¢ > 0. This is the same
as saying G is the union of G 5 over all § > 0.

Let F,,(z) denote the right side of (5.6), and let M be the maximum of f(w) on
C. By the triangle inequality,

|C|n!M

IFa(2)] < 05

for zin G s, so F,(z) is bounded on G 4, for every n.
By (5.5), Fo(z) = F(z). We establish (5.6) by showing F} (z) = F,+1(z). Then

Fu(2) = (Fpe1(2) = (Fa2(2))) = (Fasa(2)) = -+ = F" (2),

which establishes (5.6).
Suppose z and & are such that the contour [z, z + 4] lies in G s. Differentiating,
d n! B (n+1)!
dt (w—z—thy™! " (w—z—th)n?’

By the fundamental theorem of calculus,

n! n! B b (n+ 1)
L _ _ \n+l h- oy n+2 dt.
(w—z-h) (w=-2) o (w—z—th)

Multiplying by f(w) and integrating over C, then switching the order of integration
(Theorem 3.7),
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1

Fo(z+h)—Fa(2)=h / Foa1 (2 + th) dt. (5.7)
0

Since F,,(z) is bounded on G s, for every n, (5.7) implies F},(z) is continuous on G 4,
for every n. By Theorem 4.5 (applied on G = G ), F,,(z) exists and equals F4(z),
on G ¢, for every n. |

For example, if f(x) is a continuous function of 0 < x < 1, the integral

1
d

F(a) = fx) x’ ain Gy,
0 X+a

is holomorphic. When f(x) = 1, we already know this, since

1
d
/ al =log(1+a) —loga, ainGy.
0o X+ta

5.2 Winding Numbers

Let C be any contour and let ¢ be a number not on C. We define

N(c,c)zifc dz

2mi 7z—-c¢

Then, by contour additivity,
N(Ci+Cy+---+Cp,c) =N(Cy,c) + N(Cy,c) +-- -+ N(Cy, ©),
whenever ¢ does not lie on any of Cy, Cy, ..., C,, and
N(-C,c) =-N(C,0),

whenever ¢ does not lie on +C. When C is closed, we call N(C, ¢) the winding
number of C around c.

For example, if C = C(c, r) is the circle with radius r and center ¢ (Figure 4.2),
(5.2) shows N(C, c) = 1. So a circle winds once in the counter-clockwise direction
about its center.

Another example is a rectangle centered at the origin 0. Let R be a rectangle
centered at the origin 0, and let C be the perimeter of R taken in the counter-
clockwise direction. Following Figure 5.1, the substitution z — —z shows

/ dz dz

Cc, < a c. % ’

soN(C4,0) = N(C_, 0). With log z the principal logarithm on G|, we have (log z)’" =
1/z. By Theorem 5.2,
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d
ey logi —log(—i) = (log 1 +i£) - (logl _,'E) =in.
c, < 2 2

Since C = C, + C_, this implies N(C,0) = 1. Since the substitution 7 — z + ¢
translates a rectangle centered at ¢ to a rectangle centered at 0, the same conclusion
holds in general, or the perimeter of a rectangle winds once in the counter-clockwise
direction about its center.

Fig. 5.1 A rectangle with perimeter C = C, + C_

For a general closed contour, we have

5.6. Winding Number is an Integer

If C is a closed contour, and ¢ is not on C, then the winding number N (C, ¢)
is an integer.

Proof By contour additivity, we may assume C is a closed connected contour. Let
C be given by z(¢), #; <t < tp, and let

t ’
h(t)=/ O 4 n<t<n
n 2(s)—c
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Then h(t) =27iN(C,c), h(t1) =0, z(t1) = z(t2), and

;oo Z()
h(z)_z(t)_c, t1 <t <.
Now
%e-hm (z(t) = ¢) = ™" (=h' (1) (z(1) = ¢) + (1)) =0,
SO

e (2(1y) = ¢) = 7" (2(1y) - 0).
Since z(t1) = z(tp), this implies

e ) — 1,

so N(C, c) = h(tp)/2ni is an integer. O

If C is a closed contour, then the complement G = C—C is an open set. Therefore
(§4.2) C - C is a disjoint union of connected components

C-C=G,UG,UG3U...

When C is a closed contour, we show N(C, a) is a constant function of a on each
connected component of the complement of C.

' )

5.7. Winding Number is Constant

Let C be a closed contour. Then N(C, z) is constant on each connected com-
ponent of the complement of C. Moreover, N(C, z) = 0 on the unbounded
component of the complement of C, which we write as N(C, o) = 0. In
particular, when C is the perimeter of a disk, or C is the perimeter of a
rectangle, both taken counter-clockwise,

N(C.7) = {1 z inside 5.8)

0 z outside.

Proof Let f(w) = 1/2ni and let F(z) be as in (5.5). Then F(z) = N(C,z). By
Theorem 5.5, N(C, z) is holomorphic on the complement of C. Since C is closed,
by Theorem 5.3,

d ! iy
2ti— e w=22"7 Joaw -
yndZN(C,Z) /C(W_Z)2 dw de (W_Z) dw=0

By Theorem 4.6, N(C, z) is constant on connected components of C — C.
Now, for any contour C, we have
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d
lim N(C,z) = lim <
z7—00 a—-x Joz—a

=0.

Since N(C, z) is constant on the unbounded component of the complement of C,
this shows N(C, z) = 0 for z in the unbounded component of the complement of C.

Let C be the perimeter of a disk or a rectangle, both centered at ¢. The complement
of C consists of two connected components, the inside, and the outside. Since we
already showed N(C, c¢) = 1 and N(C, z) is constant on the inside, N(C, z) = 1 for z
inside. Since N(C, z) = 0 is constant on the outside and N(C, o) =0, N(C,z) =0
for z outside. O

Fig. 5.2 The closed contour C;'

Let C be a closed contour and let z be a point not on C. Then the winding number
N(C,z) is aninteger 0, +1,+2,.... We say C winds around « if N(C, z) # 0, and
C does not wind around «a if N(C, z) = 0. With this terminology, we may say no
closed contour winds about co.

Let C*(c,r) be the upper half-circle z(6) = ¢ +re’?, 0 < @ < x, and let C;} be
the closed connected contour in Figure 5.2,

CI=C*(c,r)+[c—r,c+r].

We show N(C;, z) = 1 when z is inside C}, and N(C}, z) = 0 when z is outside C}.
Let C~(c, r) be the lower half-circle z(6) = ¢ + re'?, —m < 6 < 0, and let C; be
the closed connected contour

C,=C (¢,r)+[c+r,c—r]=C(c,r)—[c—r,c+r].

Then
C(c,r) =C*(c,r) +C (c,r) =Cl +C;.

When z is outside C*, we have N(C5,z) = 0, because z can be connected to oo
and N(C%, ) = 0. Let z be inside C;". Then N(C;, z) = 0 because a is outside C;,
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and
N(Cf,z) =N(C!,z) + N(C,,z) = N(C(c,r),z) = 1. (5.9

In short, when we combine C; and its reflection C;, the contours along the diameters
cancel, and we obtain C(c, r).

5.3 Branches

Fig. 5.3 The contour C in G,

Given two complex numbers a and b, let [a, b] denote the line segment contour
(I =t)a+1tb,0 <t < 1 (Figure 4.1). Using winding numbers, we will see which
open sets G carry branches of the logarithm. When this happens, we say log z is
holomorphic on G. For example, the principal logarithm (Theorem 4.12) is a branch
of logz on Gy.

5.8. Theorem

Let G be an open set not containing 0. Then log z is holomorphic on G if
and only if N(C,0) = 0 for every closed contour C in G.

Proof By Theorem 4.11, f(z) is a branch of the logarithm if and only if f(z) is an
anti-derivative of 1/z on G. By Theorem 5.3, an anti-derivative exists if and only if
27iN(C,0) = i =0.

c <
For example, since no closed contour winds around the origin in G (Figure 4.10),
Theorem 5.8 implies there is a branch of log z on G 1. Also, since the unit circle winds
about the origin, Theorem 5.8 implies there is no branch of log z on C — 0. We now
show how we can recover the principal logarithm on G| from Theorem 5.8.
Let F(z) be any branch of logz on Gy, and fix a point z = re'?, -1 < 0 < n,
r > 0,1in G1. Then F(z) — F(1) equals the integral
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dw
c W

over any contour C starting at 1 and ending at z. If we use the contour C in Figure
5.3, we obtain

d rd 0 - itdt 0
F(z)—F(l):/ —W=/ —x+/ e =10gr+/ idt = logr + 6,
cw 1 x  Jo ret 0

so we recover the principal logarithm.

We now extend Theorem 5.8 to more general logs like log(z* — 1) or log(sin z).

We say f(z) is continuously holomorphic if f(z) is holomorphic and f’(z) is
continuous. Theorem 6.4 shows a holomorphic function is continuously holomor-
phic, so this definition is superfluous. In other words, this section may be placed after
Theorem 6.4 without affecting the logical development, in which case this definition
would not be needed or mentioned. We present the material in this section at this
point as a source of examples for the theory.

5.9. Theorem

Suppose f(z) is continuously holomorphic and never zero on G and let C
be a closed contour in G. Then

2ri Jo Fi)

equals the winding number N ( f(C), 0) of the image f(C) about the origin.

L[ @),

Because f(z) is continuously holomorphic and nonzero, f’(z)/f(z) is continu-
ous, so the integral is well-defined. Note we are not saying 0O is not in G. We are
saying 0 is not in the image f(G).

Proof Let Cbe z(1),t; <t < tp. Then f(C)is w(t) = f(z(t)), t; <t < tp. Since
w(t) = f'(z2()z' (1),

£(2) L P (a(0)2 (1) 2 (1) dw
dz= | L2 g dt = =
cf T ) iy ¢ / win & /f@ W

The result follows. ]

Let f(z) be a holomorphic function on an open set G, and suppose f(z) is never
zero on G. A branch of log(f(z)) is by definition a holomorphic function g(z)
satisfying

e8@ = £(2), zinG.

If there is such a branch, we say log( f(z)) is holomorphic on G.
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Fig. 5.4 C and its image f (C) with f (z) #0

5.10. Theorem

Let f(z) be a continuously holomorphic function on an open set G, and
suppose f(z) is never zero on G. Then log(f(z)) is holomorphic on G if
and only if N(f(C),0) = 0 for every closed contour C in G.

Proof 1f g(z) plus a constant is a branch of log( f(z)), then ¢2(2) / f(z) is a constant
on G. Taking the derivative, this happens iff

_ SO0f () - I ()
f(2)? ’

which happens iff

1’ (@)

f(z)

on G. Thus log(f(z)) is holomorphic on G iff f’(z)/f(z) has a holomorphic anti-
derivative on G. By Theorems 5.3 and 5.9, this happens iff N(f(C), 0) = 0 for every
closed contour C in G. O

g'(z) =

We now show log(z? — 1) is holomorphic on G4 (Figure 5.5). To see this, note
f(z) = 2% — 1 is never zero on G4, and
f@_ % 11
flm) 2-1 z-1 z+1

If C is a closed contour in G4, then integrating this last equation over C and recalling
Theorem 5.9 yields

N(f(C),0)=N(C,1)+N(C,-1).
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But C is in G4 so C doesn’t touch (—co, —1]. By continuity, N(C,—-1) = N(C, ) =
0. Similarly, N(C, 1) = 0. Hence N(f(C),0) = 0. By Theorem 5.10, log(z*> - 1) is
holomorphic on G4.

Fig. 5.5 log(z? — 1) is holomorphic on G4

We now turn to square roots. To deal with them, we need to modify Theorem 5.3.

5.11. Theorem

Let G be an open set and let f(z) be continuous on G. Then there is a
nonzero holomorphic g(z) on G satisfying

g'(2) = g(2)f(2)

if and only if

exp (/ f(2) dz) (5.10)
c
is path-independent in G.

If f(z) has an anti-derivative F(z) in G, then g(z) = exp(F(z)) satisfies g’(z) =
g(z) f(z). This theorem covers cases where this is not so.

Proof Suppose a nonzero holomorphic g(z) satisfying g’(z) = g(z) f(z) exists on
G. Let C and C’ be connected contours in G having the same endpoints. Then

B _ §'(z)
exp (Lf(z)dz ./c'f(Z)dZ) =exp (/C_O e dz)

=exp (27iN(g(C - C"),0)).

Since C—C" is aclosed contour, g(C—C") is a closed contour, hence N(g(C-C"),0)
is an integer. We conclude (5.10) is path-independent in G.
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Conversely, suppose (5.10) is path-independent in G. We define g(z) separately
on each connected component G of G. Fix a point ¢ in G and define

g(z) =exp (/C f(w) dw) , (5.11)

over any connected contour C starting at ¢ and ending at z in G;. By path-
independence, g(z) is well-defined. Choose a contour C starting at ¢ and ending
at z. Let & be such that the contour [z, z+ /] lies in G . Then we may define g(z + &)
by integrating over the contour Cj, = C + [z, z + h]. Since

g(z+th) =exp(/c f(w)dw) =eXp(‘/Cf(w)dw+h/0tf(z+sh)ds),

we have!

t
M = exp (h/ f(z+sh) ds) .
8(2) 0

Differentiating,

d

Eg(z +th) = hg(z+th) f(z+th).
Thus |

glz+h)—g(2) = h/ g(z+1th) f(z+th)dt.
0

By Theorem 4.5, g’(z) exists and equals g(z) f(2). O

Let f(z) be a holomorphic function on an open set G, and suppose f(z) is
never zero on G. A branch of /f(z) is by definition a holomorphic function g(z)
satisfying

2(2)* = f(2), zin G.

When this happens, we say +/f(z) is holomorphic on G. For example, the principal
square root (Theorem 4.13) is a branch of 4z on G;.

5.12. Theorem

Let f(z) be a continuously holomorphic function on an open set G, and
suppose f(z) is never zero on G. Then +/f(z) is holomorphic on G if and
only if N(f(C),0) is even for every closed contour C in G.

Proof Suppose C and C’ are connected contours in G having the same endpoints.
Then C — C’ is a closed contour, hence

I Since f (z) is bounded in a disk centered at z, this shows g (z) is continuous at z, hence continuous
on G.
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re r@ ., Lrore,
e"p( 70 %72 )e o ) exp( /co 7@ )

=exp (miN(f(C - C"),0)).

By assumption, N(f(C — C’),0) is even, so exp(miN(f(C - C’),0)) =1, so

- ( '@, )
c f@)
is path-independent in G. By Theorem 5.11 with f replaced by f’/2f, there is a
nonzero holomorphic function g(z) on G satisfying

8'(2) = —g( )J}((Z)) (5.12)
Since
(g(Z)z) 288"/ (2) ~ 2@ 1" @) _
f(2) f(2)? ’
g(z) is a branch of +/c f(z), for some constant c. It follows that g(z) /+/c is a branch
f(2).

Conversely, suppose g(z) is holomorphic and satisfies g(z)? = f(z). Then (5.12)
holds, hence

1 @ o L [28@ 0 onie(c).0).

f(z) 27i Jo g(2)
Since N(g(C),0) is an integer, N(f(C),0) is even. O

N(f(C),0) =

The simplest case is f(z) = z. Then Theorem 5.12 says +/z is holomorphic on G
iff N(C,0) is even for every closed contour C in G. For example, since no closed
contour winds around the origin in G (Figure 4.10), Theorem 5.12 implies there is
a branch of 4/z on G. Also, since the unit circle winds about the origin, Theorem
5.12 implies there is no branch of v/z on C — 0. We now show how we can recover
the principal square root on G; from Theorem 5.12.

Let g(z) be any branch of 4z on G, and fix a point z in G. If z = re
—-n <6 <mr>0,isapoint in G, then by (5.11),

g(1) 2Jc w ]’
over any contour C starting at 1 and ending at w in G. If we use the contour C in
Figure 5.3, we obtain

10

(Z((_T)) = exp (%(logr + ie)) = el

so we recover the principal square root.
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The next simplest case is a quadratic with roots a and b,

V(@) =+ (z-a)(z-b), a#b.

We show +/(z — a)(z — b) is holomorphic on Gs = C — [a, b] (Figure 5.6).

Fig. 5.6 +/(z — a)(z — b) is holomorphic on G5

To see this, note f(z) is never zero on G5, and

f@) _ 2e-(axb) 1 1
f(z)  (z-a)z-b) z-a z-b’

If C is a closed contour in G'5, then integrating this last equation over C and recalling
Theorem 5.9 yields
N(f(C),0) =N(C,a) +N(C,b).

But C is in Gs so C doesn’t touch [a, b]. By continuity, N(C,a) = N(C, b). Thus
N(f(C),0) is even. By Theorem 5.12, 4/(z — a)(z — b) is holomorphic on Gs.

Fig. 5.7 Computing Vz2 — 1 on opposite sides of [-1, 1]

For example, consider VzZ — 1 on Gs. Let x be in (=1,1), and look at circle
C(1,1 —x) with center 1 and radius 1 —x as in Figure 5.7. Let € be a small positive
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number, and let z. be on C(1, 1 —x) with z, — z_ = 2ie. By the same logic as for v/z,

V2 -1 (1/ 2ZdZ) (1 dz 1/ dz )
=eX - = eX — - 4 — R
c c

o1 P22 P2 Jez=172 Jcz+1

-1

over any contour C starting at z_ and ending at z, in G5. Let C¢ be the contour in
Figure 5.7; if we use C¢ in the exponent, then Cyp = C(1, 1 — x), and we obtain

lim Y1
€—0 \/Z%——l

=exp(niN(Co, 1) + niN(Cp, —1)) = exp(mi(1 +0)) = —1.

Thus the values of Vz2 — 1 are opposites across the cut [—1, 1].

The same logic shows Vsinzz is holomorphic on G¢ (Figure 5.8). Let f(z) =
sinnz. Then f(z) = 0if and only if z is an integer. Let C be any closed contour in C
not passing through any integer. Since C is contained in D (0, R) for R large enough,
C winds only around finitely many integers.

Fig. 5.8 +/sin(7z) is holomorphic on Gg

Fig. 5.9 Vz3 — 1 is holomorphic on G;

In §7.1, we show (see (7.4))
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_L f(2) _L TCOSTZ
N(f(€).0) = 7~ c f@ 7 2xi Jo Tsinnz

dz= ) N(C,n). (5.13)

n=—0oo

Now, if C is in Gg, then C does not touch any of the line segments [2n, 2n + 1], so
by continuity, N(C,2n) = N(C,2n + 1), for every integer n. This shows the sum in
(5.13) is even. By Theorem 5.12, +/sin(7z) is holomorphic on Gg.

The same logic shows Vz3 — 1 is holomorphic on G7 (Figure 5.9).

Exercises






Chapter 6
Cauchy’s Theorems

6.1 The Perimeter of a Rectangle

We start with the simplest version of Cauchy’s theorem.

6.1. Cauchy’s Theorem for the Perimeter of a Rectangle

Suppose f(z) is holomorphic in an open set containing a rectangle R, and
let C be the perimeter of R. Then

/Cf(z) dz=0.

Proof Let C be the perimeter of R and let

1= / f(2)dz.
c
Our goal is to show I = 0.

Divide R into four sub-rectangles R’, R”, R"’, R"""",1let C’, C"”’, C""", C"""" be the
perimeters of R’, R”, R"”’, R”” ,and let I, I"’, I'", I"""" be the integrals over C’, C"”,
C'”, C"" respectively. Since the inside paths are traversed twice, their contributions
to the integrals cancel, and (Figure 6.1)

I — Il + I/l +II/I +I”N
By the triangle inequality,

|I| S |I/|+|Ill|+|I//l|+|I///l|,

109
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Fig. 6.1 A rectangle R divided into four rectangles

so at least one of the numbers |I’|, |I”|, |[I’”’|, |I"""’| is not less than |I|/4. In other
words, for at least one of the four sub-rectangles, call it R; with perimeter C; and
corresponding integral /;, we have

1
e

Now divide the sub-rectangle R; into four sub-sub-rectangles, and repeat the
same logic: For at least one sub-sub-rectangle, call it R, with perimeter C; and
corresponding integral I, we have

1 1 s SO 1 l .

Repeating this process indefinitely, we have rectangles R > Ry D Ry D Rz D ...,
with perimeters Ci, Cy, C3, ..., and corresponding integrals

I, = Lﬂ f(2)dz,

satisfying
1
nl 2 11, n2 1 (6.1)

Let L and d be the lengths of the perimeter C and diagonal of R, and let L,, and
d,, be the lengths of the perimeter C, and diagonal of R,,. Then

L,=2"L and d, =27"d, n>1. (6.2)

Since the coordinates of the lower left corners of R,, are increasing with n, and
the coordinates of the upper right corners of R,, are decreasing with , it follows the
rectangles R, and their perimeters C,, converge to a specific point a in R, as n — oo.
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Since 1 and z have holomorphic anti-derivatives z and z>/2, the contour integrals
of 1 and z over the closed contours C,, are zero, hence

I, :Lnf(Z)dZ:Ln[f(z)_f(a)_f/(a)(Z—a)] dz, a1,

Let ¢, be the maximum value of the error

‘f(Z) ~F@ i 63
Z—a

as z varies over the perimeter C,,. Since C, converges to a, by definition of the
derivative f’(a), the error converges to zero,

€ —0 as n— oo,
Since (6.3) implies
|f(2) = f(a) = f'(a)(z - a)| < exlz—al

for z on C,, we have by the triangle inequality for integrals (Theorem 5.4),
i< [ 100 - f@-f @G-l <6 [ -l
Cn Cn

But |z — a| < d,, on C,,, and the length of C,, is L,,, so from (6.2) and Theorem 5.4,
|| € €,Lnd, =4 "€,Ld.

From (6.1), we get
47| < |I,| < 47", Ld
which implies
1] < €,Ld.

Since this is true for all n > 1 and ¢, — 0, we conclude I = 0. O

If R is arectangle and a is a point inside R, then R with a removed is a punctured
rectangle. More generally, a punctured rectangle is a rectangle with several puncture
points removed.
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Fig. 6.2 A punctured rectangle R’ divided into nine rectangles

6.2. Cauchy’s Theorem for the Perimeter of a Punctured Rectangle

Let R’ be a rectangle punctured by finitely many points a. Suppose f(z) is
holomorphic in R’, and suppose

lim (z - a)f(2) =0 (6.4)

at each puncture point a. If C is the perimeter of R’, then

/Cf(z)dzzo.

Proof First, by dividing R’ into sub-rectangles, we may assume there is only one
puncture a. Next, divide R’ into nine sub-rectangles, with a at the center of one of
them, as in Figure 6.2, in such a way that the sub-rectangle R,, centered at a is a
square with side length 1/n. If the perimeter of R, is C,,, then we can apply Theorem
6.1 to every sub-rectangle but R,,, obtaining

I=/Cf(Z)dz=/Cnf(z)dZ-

If we let €, be the maximum value of |z—a| | f(z)| on C,,, then by assumption €, — 0
as n — oo. Then by the triangle inequality for integrals (Theorem 5.4),

i e
’/Cnf(Z)dz | a)f(z)z_a’m/qlz_M.

If zis in C,, then |z — a| > 1/2n. Since the length of C,, is 4/n,
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d
/ 42| <8,
, |2 —al

f(z)dz

Cn

to conclude

1| = < 8e,.

Since €,, — 0, this shows I = 0. |

Now we derive

6.3. Cauchy’s Integral Formula for the Perimeter of a Rectangle

Suppose f(z) is holomorphic in an open set containing a rectangle R, and
let C be the perimeter of R. If z is inside R, then

F@) = [ L) 4 6.5)
2 cW—2

Notice what Cauchy’s integral formula says: If you know f(z) along the perimeter,
then you know f(a) at any point a inside!

Proof Fix z inside R and define

fw) = f(2) w2
gw) = w-—z '
f'(2), w=z.

Then g(w) is holomorphic at all points of R, except possibly at z, where it satisfies

leiLnZ(w -2)g(w) =0.

Applying Theorem 6.2 to g(w), we obtain
[0 4,
c

w—=2z

But a rectangle winds once around its center, so N(C, z) = 1. Rewriting this, using
N(C, z) = 1, yields (6.5). O

Asa consequence,
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[ 6.4. Holomorphic Functions are Infinitely Differentiable ]

Suppose f(z) is holomorphic in an open set G. Then all derivatives f " (z),
n > 2, exist at all points of G.

Proof Fix a point ¢ in G and let R be a small rectangle centered at ¢ completely
contained in G. Then by (6.5) and Theorem 5.5, we may differentiate under the
integral arbitrarily many times. Thus f (" (z) exist at all points z inside R, for all
n > 2. Since ¢ was any point in G, the result follows. O

6.2 The Disk and the Rectangle

Now we show what was true for the perimeter of a rectangle is true for any closed
contour in a rectangle, and in a disk.

s ")

6.5. Cauchy’s Theorem in a Disk and in a Rectangle

Suppose f(z) is holomorphic in an open disk G or in an open rectangle G.

Then
/ f(z)dz =0,
c

for every closed contour C in G.

Proof The proof is similar to that of Theorem 5.3, except here we can only use
contour segments [a, z] that are vertical or horizontal. Because of this, here we must
appeal to the CR equation.

Suppose c is the center of G. Given z in G, let

F(2) = /C FOw) dw,

where C is the contour [c, b] + [b, z] (Figure 6.3). Then, for & real, F(z + h) is the
contour integral along [c, b] + [b, z+ h]. Thus F(z+h) — F(z) is the contour integral
of f(w) over [z,z + h],

1
F(z+h)-F(z) = h/ f(z+1th)dt. (6.6)
0

Since 4 is real, by Theorem 4.5, d f /dx exists at z and equals f(z).



6.2 The Disk and the Rectangle 115

Fig. 6.3 Proof of Cauchy’s theorem in a disk

Fig. 6.4 Proof of Cauchy’s theorem in a punctured disk

By Theorem 6.1, we may replace the contour in the definition of F(z) by [c, d] +
[d,a] (Figure 6.3). Then, for & imaginary, F(z + h) is the contour integral along
[c,d]+]d, z+h]. Thus F(z+h) — F(z) is the integral over [z, z+ h], and (6.6) holds.
Since & is imaginary, by Theorem 4.5, (1/i)0 f/dy exists at z and equals f(z). By
Theorem 4.10, F’(z) exists and equals f(z). By Theorem 5.2, the integral of f(z)
over any closed contour is zero. O

If D is a disk and a is a point inside D, then D with the point a removed is a
punctured disk. More generally, a punctured disk is a disk with several puncture
points removed.
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6.6. Cauchy’s Theorem in a Punctured Disk and in a Punctured Rect-
angle

Let G’ be an open disk or open rectangle punctured by finitely many points
a. Suppose f(z) is holomorphic in G’, and suppose

lim (z —a)f(z) =0, (6.7)
Zz—
at each puncture point a. Then

‘Af&ﬁk=a

for every closed contour C in G'.

Proof Suppose first the center c is not a puncture point. This time let

F@=Ajwwm

where C is either of the four-segment contours shown in Figure 6.4. By Theorem 6.2,
F(z) does not depend on the choice of the middle segments, as long as the contours
do not pass through any of the puncture points. By Theorem 6.2, we may use either
of the two four-segment contours to define F(z).

If the center c is a puncture point, then start instead at a non-puncture point ¢’
near ¢, and draw the same contours. The rest of the proof is as in Theorem 6.5. O

Now we derive

6.7. Cauchy’s Integral Formula in a Disk and in a Rectangle

Suppose f(z) is holomorphic in an open disk G or open rectangle G, and let
z be a point in G. If C is a closed contour in G not passing through z, and
n=N(C,z),

1 f(w)

n-f(z) = — dw. (6.8)
21 Jew -z

Proof Define

fW-Q@
gwy={ w-z =~ "7°
f'(2), W=z

Then g(w) is holomorphic at all points of G, except possibly at z, where it satisfies
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lim (w — z)g(w) =0.
w—z

Applying Theorem 6.6 to g(w), we obtain

JECETC
C w =2z

Rewriting this, using n = N(C, z), yields (6.8). O

6.8. Cauchy’s Integral Formula in a Punctured Disk and in a Punctured
Rectangle

Let G’ be an open disk or open rectangle punctured by finitely many points
a. Suppose f(z) is holomorphic in G’, and suppose

Z1i_1331(z -a)f(z) =0,

at each puncture point a. Let z be a point in G, let C be a closed contour in
G’ not passing through z, and let n = N(C, z). Then

n-f(z) = L fw) dw. (6.9)
2ri Jew—z2

The proof is identical to the previous version, except we use Cauchy’s theorem
in a punctured disk and in a punctured rectangle. We now apply Cauchy’s integral
formula to the case when C is a circle.

( B

6.9. Mean Value Property

Let f(z) be holomorphic on the open disk |z — ¢| < R. Then f(c) is the
average of f(z) over C(c,r) for any r < R,

2
f(c) = % : f(c+re'?) de.

Proof Apply Cauchy’s integral formula with C = C(c,r). Then n = N(C,c) = 1.
OnC,z=c+re'?, 0 <6 < 2n. Inserting this into (6.8) yields the result. O

Let f(z) be holomorphic on a disk D centered at ¢, and let C = C(c, r) lie in D.
If |z — ¢| < r, then z is inside C, so N(C, z) = 1. By (6.8),

_ 1 fw)
f(Z)_Z_ﬂi/Cw_—de’ lz—c| <r.
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By Theorem 5.5,

( R

6.10. Cauchy’s Integral Formula for Derivatives

Let f(z) be holomorphic on a disk D. If » > 0 is such that C(c, r) lies in D,
the derivatives are given by

F(g =L / S 4, (6.10)

2mi C(c,r) (W - Z)n+1 ’

for|z—c| <randn > 0.

This implies

a W

6.11. Cauchy’s Estimates

Let f(z) be holomorphic on the disk D(c,R) and letr < R. If |f(z)| < M
on C(c,r), then

M
fP@l<T= nzo
r

Proof Using Theorem 6.10 with @ = ¢, and the triangle inequality for integrals
(Theorem 5.4),

n! Z n! Z
£ (¢)] = _/ L)ldz‘ﬁ—/ L)ll|d2|
2mi C(c,r) (Z - C)n+ 2r Cl(c,r) |Z - C|n+
! 4 ! ‘M
_n |f(Z)||dZIS nt g™
21 Je(e,y 2rrntl rh

As a corollary, we have

6.12. Liouville’s theorem ]

A bounded entire function is constant. J

Proof Assume |f(z)| < M on all of C. By Cauchy’s estimates,

I

for all » > 0. Letting r — oo yields f’(c¢) = 0. Since c is any point, we conclude
f’(z) =0onall of C, so f(z) is constant. O
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Liouville’s theorem leads to a proof of the

[ 6.13. Fundamental Theorem of Algebra ]

If f(z) is anonconstant polynomial, then f(a) = 0 for some complex number
a. Consequently, a degree n polynomial has n complex roots.

Proof Suppose not. Then 1/f(z) is analytic on all of C, hence entire. Since

_ _ aq aj an
fF@Q="+ai" " v+ ta, =" L+ =+ =+
z  z

we have f(z) — oo as z — oo. Hence 1/f(z) is a bounded entire function, hence
constant, which is a contradiction. O

From §4.4, a power series is a holomorphic function, on any disk of convergence.
We now prove the converse.

Suppose f(z) is holomorphic on an open disk D centered at ¢. By Theorem 6.4,
we know all derivatives £ (z) exist in D. Hence it is meaningful to write the Taylor
series

F@+ (=) + 3 /(@)= + 5 (@ = 4.

at c. It is natural to ask where is this series convergent, and where does it sum to
f(z)? We show that this is so at every z in D.
Choose r > 0 such that the circle C = C(c,r) lies in D, and let

I S Sf(w)
fn = n!f ()= 27Ti,/c (w — c)n+l dw

Given |z — ¢| < r, let 6 be the minimum distance of z to C. Then
lw—z| =6, win C.

Let M be the maximum value of | f(z)| on C.
Now write

1 1 1 1
w—z (WwW-¢)—(z—=¢) w-c l—=(z=¢)/(w=2¢)

If #,,(z) is the n-th tail of the geometric series, then replacing z by (z — ¢)/(w — ¢)
in (3.7), we obtain

n

1 1 z—c\k w-c [z-c\nl
= + s
e (B )

k=0
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Fig. 6.5 A holomorphic function may be expanded into powers of (z — ¢) at ¢

SO

Z((Z_c)k ! (fv_c)"”. ©.11)

w—c)k‘“1 w-—z\w-c

Multiply both sides of (6.11) by f(w) and integrate over w in C. By (6.10), we

obtain i
f@ =Zak(z—c)k+i, f(w) (j,_c)nﬂ ”

o 2ni Jew -z -c

Since |w — c¢| = r, by the triangle inequality for integrals,

|Z _ Cl n+l
—r .

Since |z — ¢|/r < 1, this goes to zero as n — oo. Thus

f2) - Zak(z —ofl <

0

F@) =) az=c)"

n=0

for zin D(c, r). Since r > 0 is any radius for which C(c, r) lies in D, we established
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6.14. Holomorphic Functions are Power Series

If f(z) is holomorphic on a disk D centered at ¢, then f(z) equals its Taylor
series,

@ = F@+ F@ =) % i (O e = O 5 f7 (@)= ..

for zin D.

From this, we see the disk of convergence of the Taylor series of a holomorphic
function extends to the nearest singularity. For example, the function

7(z) =

et —1

is holomorphic at the origin, since (Theorem 6.17)

im =1.
z—0e? — 1

Since ™ = 1, 2ni is the singularity of 7(z) nearest to the origin. Hence 7(z) may
be expanded into a complex power series in D (0, 27),

2 3
Z Z
_+B3_

T(Z)=1+BIZ+BZZ! 30

+..., |z| < 2nm.

This is the Bernoulli series and the coefficients B,, are the Bernoulli numbers.
Also, from the above derivation, we obtain an explicit formula for N-th tail of the
complex Taylor series,

tn<z>:(i /C SO ) (2= ey,

27t Jo (w —2)(w — c)ntl

Now we use Theorem 6.14 to derive a converse of Cauchy’s theorem.

r

6.15. Morera’s Theorem

Suppose f(z) is a continuous function on an open set G, and suppose

‘/Cf(z)dz=0

for every closed contour C in G. Then f(z) is holomorphic in G.
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Proof By Theorem 5.3, f(z) has a holomorphic anti-derivative F(z). By Theorem
6.14, F’(z) = f(z) is holomorphic. O

6.3 Zeros and Poles

We start with zeros of a holomorphic function, then study poles of a holomorphic
function.

A zero of a holomorphic function is a point ¢ with f(c¢) = 0. A zero c is isolated
if there is a disk D centered at ¢ with f(z) # Oon D —c.

6.16. Theorem

Let f(z) be holomorphic on an open set G and let ¢ be a zero of f(z). Then
there are two possibilities. Either (1) ¢ is an isolated zero, and there is a
unique n > 1 such that

f(z)

(z—o)"
is nonzero and holomorphic at a, or (2) f(z) = 0 on the connected component
G of G containing c.

Proof This follows from Theorem 6.14. We have two possibilities. Either all deriva-
tives f (n) (¢) =0, n = 0, or there is at least one derivative that is not zero at c,
F™(c) #0.

Let G be the set of points @ in G such that all derivatives are zero, f M (a) =0,
n > 0. By Theorem 6.14, if a is in G|, then f(™(z) = 0, n > 0, for all z in a disk
about a. Hence Gi is open. On the other hand, if a is not in Gi, then, for some n,
f™(a) # 0, which implies £ (z) # 0 for z near a, so G| = G; - G is also
open. But G is connected, so cannot be written as a disjoint union of two open sets
G| U G/ (Theorem 4.2). Hence one of G| or G{ is empty.

If G/ is empty, for some 7, £ (c) # 0. If we let N be the least such n, then

f(2)= %f“v)(c)(z —oN + —(Ni LAMGICEIO LR

1

mf(N-H) (C)(Z - C) +...],

= =N (/M) +

which implies f(z)/(z — ¢)" is nonzero and holomorphic for z near c, so ¢ is an
isolated zero. If G’ is empty, then f(z) = 0 on G;. O

This theorem shows that, near an isolated zero ¢, a holomorphic function looks
like (z — ¢)" for a unique n > 1. This integer n > 1 is the order of the zero c. When
n = 1, the zero c is simple.
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Now we look at points where f(z) is not defined. An isolated singularity is! a
point ¢ such that f(z) is defined and holomorphic in a punctured disk D — ¢ centered
about c. For example, O is an isolated singularity for

1
f(z) = 3

At an isolated singularity, there are three possibilities:

* The point c is a removable singularity if
lim(z —¢)f(z) =0.
zZ—C

e The point c is a pole if lim,_,. | f(z)]| = .
* The point c is an essential singularity if otherwise.

Note the condition for a removable singularity is exactly what we had for puncture
points in Cauchy’s theorem and Cauchy’s integral formula.

For example, 0 is a pole for f(z) = 1/z°, and 0 is an essential singularity for
f(z) = e'/%. The following theorem shows removable singularities are no cause for
concern.

6.17. Theorem ]

Let ¢ be a removable singularity for f(z) in the disk D = D(c, R). Then
f(z) is well-defined and holomorphic at c.

Proof By assumption, c is a puncture point for f(z), so Cauchy’s integral formula
in a punctured disk (Theorem 6.8) applies. Hence

f(a)ZL./ &dz, a#c.
fo

() 2—4a

But the right side is a holomorphic function also at a = ¢ (Theorem 5.5), hence so

is f(2). O

Now we examine non-removable singularities. Note if f(z) is bounded near an
isolated singularity c, then c is a removable singularity. Hence, near a non-removable
singularity, a holomorphic function is unbounded. Then there are two possibilities:
either c is a pole, or ¢ is an essential singularity.

1 According to this definition, f (z) could be holomorphic at c.
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6.18. Theorem

Let ¢ be a pole of a holomorphic function f(z) in a disk D = D(c, R). Then
there is a unique n > 1 such that

(z=0)"f(2)

is a nonzero and holomorphic at c.

Proof If ¢ is apole of f(z), then ¢ is a zero of 1/ f(z), so this follows from Theorem
6.16.

The integer # is the order of the pole c. When n = 1, the pole c is simple.
If we write the Taylor series of (z — ¢)" f(z) atc,

(z=0)"f(x)=ap+ai(z—c)+ax(z—c)* +...,
we obtain the Laurent series of f(z) at a,

1
(z=o)"

f(2) =

(ao+al(z—0)+az(z—c)2+...).
For example, for the function
eZ
f2)=—, n=0x1,+2,...
Zn

the origin ¢ = 0 is

e apole of order n whenn > 1,
¢ a zero of order —n when n < —1, and
¢ neither when n = 0.

In this case the Laurent series at 0 is

1 1 1

1
— —_—t — =+ —+ ...
n Zn—l Z!Zn—z 3!2”_3

"z

6.4 The General Theorems

Now we go from a disk to a general open set. Let G be an open set, let C be a closed
contour in G, and let a be a point not in G.

In previous sections, we measured how C wound around the point a by integrating
1/(z — a) over C, obtaining the winding number N(C, a).

We also studied showed how the vanishing of the winding number over all closed
contours in G related to the existence of a branch of logz on G.
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Fig. 6.6 An open set G containing a closed contour C

Now we consider a more general question. Fix a closed contour C in G. What
conditions should we require on C so that

/Cf(x)dz=0

for every holomorphic f(z) on G?
Since 1/(z—a) is holomorphic on G whenever a is not in G, a necessary condition
is the vanishing of the winding number

1 dz
N(C,a) = — =0
(€.a) 27ri,/cz—a

for all a not in G. The following asserts this condition is sufficient.

6.19. Cauchy’s Theorem

Let C be a closed contour lying in an open set G. If C does not wind around

any point not in G, then
[ r@az=o
c

for every f(z) holomorphic on G.

To rephrase, Cauchy’s theorem is saying: If

d
it
ci—a
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for every point a not in G, then

/Cf(z)dzzo

for every holomorphic function f(z).

Proof Draw an infinite grid over the whole complex plane of closed squares Q of
edge-lengths 6 > 0. This divides C into closed squares. For each square Q, let 0Q
denote its perimeter, taken as a closed contour in the counter-clockwise direction.
Now let Cs be the sum of the contours dQ, over all squares Q contained in G,

Cs = Z 90.

QcG

If 6 is small enough, there is at least one Q completely contained in G. Let G 5 be
the interior of the union of these squares Q,

Gs = interior( U Q) .

QcG

Then G is open and has no point in common with Cy; in fact, C; is the boundary
of G 5. Choose ¢ small enough so C is contained in G .
Now pick a point a in the inside of one of the squares Qy completely contained
in G. Then
1 f@, [f@ e=0
27i Jop z—a 0 0 # Qo.

It follows | @
b4
fay=— [ g
2ni Je, z2—a
for all @ in the insides of the squares Q completely contained in G. Since both sides
are continuous functions of @ on G s, this holds for all a in G 5. Needs to be completed

after figure is drawn O

We say an open set G is simply connected if every closed contour in G does not
wind about any point not in G. For a simply connected G, Cauchy’s theorem holds
for any closed contour C in G.

If G = D(¢,R) — D(c,r), r < R, is the region between two concentric circles,
then G is not simply connected, because any circle C(c, 1), r < t < R, winds about
the center ¢, which is not in G.

Every holomorphic f(z) on a simply connected G necessarily has a holomorphic
anti-derivative. In particular, if f(z) # 0 on such a G, then f’(z)/f(z) has an
anti-derivative F(z). By Theorem 5.10, we have the following.
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[ 6.20. Theorem ]

Let G be simply connected and let f(z) # O be holomorphic on G. Then
log(f(z)) is holomorphic on G, and +/f(z) is holomorphic on G.

We say a set G is star-shaped if there is a point a in G such for any z in G, the
line segment [a, z] lies in G.

[ 6.21. Theorem ]

l A star-shaped open set G is simply connected. J

Proof Let a in G be a point such that [a, z] lies in G for every z in G. Let b be
a point not in G, and let [b, o) be the segment of the ray emanating from a and
passing through b. Then [b, co) lies entirely outside G. Let C be a closed contour
in G. Since N(C, o) = 0, we have N(C, z) = 0 for every z on the segment [b, o),
hence N(C, b) = 0. O

We say a set G is convex if the line segment [a, b] lies in G for any two points a
and b in G. Since a convex set is star-shaped,

f 6.22. Theorem ]

l A convex open set is simply connected. J

The open set G, (Figure 4.9) is convex, hence simply connected. The holomorphic
function w = z?> maps G, to G, and has a holomorphic inverse z = v/w. We show
G is also simply connected.

Let C be a closed contour in G, and let f(w) be a holomorphic function on G.
Then by Theorem 3.6,

/ Fw) dw = / F(2)22dz =0,
C \C

since VC is a closed contour in G;. Inserting f(w) = 1/(w — a) with a not in G,
we conclude C does not wind about any point not in G, or G is simply connected.
This argument is valid more broadly.

A biholomorphism is an injective holomorphic function f(z) whose inverse is
holomorphic. Open sets G| and G, are biholomorphic if there is a biholomorphism
f(z) with domain G| and image G, = f(G). Then we have
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Simple Connectedness is a Biholomophic Invariant

A biholomorphic image of a simply connected open set is simply connected.

Now we state the general

6.23. Cauchy’s Integral Formula

Let C be a closed contour lying in an open set G and let a be a point in G not
on C. If C does not wind around any point not in G and n = N(C, a), then

1 @ ,
5= | T dz
27i Jocz—a

n-fla)=

for every f(z) holomorphic on G.

The simplest case is f(z) = 1, in which case the integral formula becomes the
definition of winding number N(C, a).

Fig. 6.7 Proof of Cauchy’s integral formula

Proof The idea (Figure 6.7) behind the proof is to replace C by a small circle C(a, r)
about a, and then use Cauchy’s integral formula on D (a, ). To start, since G is open,
there is a small disk D(a, r) contained in G. With n = N(C, a), let

C’'=C-n-C(a,r),

where n - C(a,r) is C(a, r) traversed n times.
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We want to apply Cauchy’s theorem to the contour C” and the punctured open set
G’ = G — a, so we need to check that C” does not wind around any point not in G’.

If a point is not in G’, it is either a or it is a point b not in G. In the first case, we
know from (5.8) that

N(C’,a)=N(C-n-C(a,r),a) =N(C,a) —N(n-C(a,r),a) =n—-n=0,
while in the second case, b is not in D(a, r) and not in G, so from (5.8) again
N(C’,b) =N(C,b)—n-N(C(a,r),b)=0-0=0.

By Cauchy’s theorem applied to the holomorphic function f(z)/(z — a) on G’,

ACa—
cri—a
This implies
1 1 1
— f(Z) dz:—./ &dz:n._. f(Z) dZ,
2ni Jcz—a 27i Jn.clar) 2@ 2ri Je(ary 2—a
which, by Cauchy’s integral formula for a disk, equals n - f(a). O

When G is simply connected, Cauchy’s theorem holds for any closed contour in
G, so when G is simply connected, Cauchy’s integral formula holds for any closed
contour in G.

Exercises






Chapter 7
The Residue Theorem

7.1 Residue Theorem

In this section we rewrite Cauchy’s integral formula in a manner useful for explicitly
computing integrals.

A function that is holomorphic on an open set G except for poles is meromorphic
on G. The simplest meromorphic function is a rational function p(z)/q(z), the ratio
of polynomial functions p(z) and ¢(z).

Since sin(zz) = 0 at the integers z = n,

cos(nz)
sin(7z)

cot(nz) =

has poles at the integers. Since (sin(7z))’ = mcos(nz) is nonzero at the integers,
these poles are simple. In particular, cot(rz) is meromorphic on C.
More generally, if p(z) and ¢(z) are holomorphic functions on an open set G,

then the ratio
£ =22
q(2)
is not defined at the zeros of ¢(z). By Theorems 6.16 and 6.18, these points must
be poles of f(z). Thus the ratio of holomorphic functions is meromorphic, provided
the denominator is not identically zero.
Care must be exercised in computing the order of poles. For example, although
the origin O is a simple zero for both sin z and z, 0 is not a pole for the meromorphic
function sin z/z, since

Z

sing 1 z z Z Z
.

hence

131
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Suppose p(z) and ¢g(z) are holomorphic with p(c) # 0 and g(c) = 0. Then c is
apole of f(z) = p(z)/q(z). Since
lim(z — ¢) f(z) = lim e -p(z) = ple)
ze ze q(2) = q(c) q'(c)’
we see c is a simple pole iff in addition g’(c) # 0.
Let f(z) be a meromorphic function in an open set G. Let ¢ be a pole in G of
order n > 1. The residue at c is

1 n-1

d
e )" f(2)

Res(f,c) =

zZ=c
For example, if p(z) and ¢g(z) are holomorphic with p(c) # 0, g(¢) =0, g’(c) #
0, then
p(2) ) p(c)
Res|——,c| = . (7.1)
(q(z) q'(c)

If instead c is a double pole (pole of order 2), so p(c) # 0, g(¢) = ¢’(¢) = 0, but
q"” (¢) # 0, then

q(z) = (z - a)* (%q"(a) + éq'"(a)(z —a)+... |,

SO

LW 2@

= 4"(0) 3q”(c)?

Res(& )_ d (z=¢)*p(2)

o] =
q(2) dz q(2)

In particular, if ¢ is a simple zero for ¢(z), g(c) = 0, ¢’(¢) # 0, and p(c) # 0,
then c is a double pole for p(z)/g(z)>. Replacing g by ¢ in (7.2), we get

. ( () ): p'©)  p(e)g”(©)
q(2)*’ q'(c)* q'(c)

(7.3)

r D

7.1. Cauchy’s Residue Theorem

Let f(z) be meromorphic in an open set G, and let C be a closed contour in
G not winding about any point not in G, and not passing through the poles
of f(z). Then

dz = 2mi a” ,a),
/Cf(z) Z mZa:n Res(f,a)

where n, is the winding number of C about a, and the sum is over all poles
a.
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In applications, the contour is very explicit and the winding numbers are usually
1, or the open set G is simply connected, so the winding condition is automatic. The
proof is similar to that of Cauchy’s integral formula.

Proof For each pole a, let D, be a small disk contained in G and centered at a,
such that there is no other pole in D,. If C, is the perimeter of D, taken counter-
clockwise, then as before we check that the contour

c/:c-Zna.ca
a

does not wind about any pole a, nor does it wind about any point not in G, so, by

Cauchy’s theorem,
(z)dz = n / (2) dz.
/C f S [ s

Now, if a is a pole of order n, then g(z) = (z — a)" f(z) is holomorphic on D,
so we may apply Cauchy’s integral formula on D, for derivatives [with g(z) instead

of f(2)],

s _ 1 8 1 ey,
27i /c fRdz= /a ooy BT o (@ =Res(fa),

obtaining the result. O

For example, the meromorphic function

TCcosSmz

Tcotmz = —;
sIn 7z

has simple poles at the simple zeros of sin 7z, which are the integers. Hence

TCOS 7z
=1, n=0,%x1,%2,...

Res(mcotmz,n) =

(sinmz)'|,._,

Let C be any closed contour in C not passing through the integers. Then C winds
around at most finitely many integers, and, by Theorem 7.1,

00

1 (<)
i Cncotﬂzdz: Z N(C,n) -Res(ncotnz,n) = ZN(C,n). (7.4)

n=—00 n=oco

7.2 Evaluation of Real Integrals

Let

-1
g()=7"+a1"7 + - +apn1z+ay

be a polynomial. Assume the degree n is at least 2. We evaluate the integral
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=

We use the residue theorem applied to the green rectangle G and the closed contour
Cr=C*0,r) + [-r,r]

in Figure 7.1. Since G is simply connected, the residue theorem applies to any closed
contour in G.
Suppose ¢g(x) has a real zero r. Factoring, we may write

q(x) = (x =r)*p(x)
for some polynomial p(x) with p(r) # 0, and some k > 1, the order of the zero r.

Since

k-1 d -1
X = ,
(x —r)k (x —r)k-1

/d—leog(x—r) and k> 1,
xX—r
the integral I will diverge at x = r.
By the fundamental theorem of algebra (Theorem 6.13), ¢(z) has n complex zeros.
If the degree n is odd, then g(x) — +co as x — +o0. By the intermediate value
theorem, there is at least one real zero r of ¢(x). Hence, to guarantee convergence
of I, we assume the degree n > 2 is even, and q(x) has no real zeros. In this case,
the polynomial g(x) is positive on the real line.
To evaluate I, we evaluate a contour integral over C;, for r sufficiently large.
Since .
I = lim .
roe ), q(x)

we need to first show

and

lim dz =0. (7.5)
r—=e Jc+(0,r) q(z)
This is shown as in the proof of the fundamental theorem of algebra.

To estimate the integral in (7.5), by the triangle inequality, we need to estimate
the maximum of the integrand absolute value over the contour. Since ¢(z) is in the
denominator, we need to estimate the minimum of |g(z)| over C*(0, r).

Let €(r) be the minimum value of |g(z)|/r" over C*(0,r). Then |g(z)| = e(r)r"
for z on C*(0, r). Since

. Z . ai a a
hmwzhm l+—+—=S++—]|=1,
z—oo 7N z—00 z Z2 n

we have €(r) — 1 as r — oo. By the triangle inequality,
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/ dz </ |dz| LT
cror) 4|~ Jeron la@)| T re(r)’

Since n > 2, (7.5) follows. This establishes

d
I = lim —Z.
r—e Jer q(z)

By the residue theorem (the winding numbers here are all 1 — see (5.9)),

dz 1

Im(a)>0

Here the sum is over the zeros of ¢(z) (¢(a) = 0) lying in the upper-half plane
(Im(a) > 0). Since there are finitely many zeros, for r sufficiently large, these zeros
all lie inside C;.

When the zeros a of g(z) are simple, p(a) = 0 and g(a) = 0 and ¢’(a) # 0, by
(7.1), the last equation reduces to

/ dz Z 1
crq@) G, da'(a)
Im(a)>0

where again the sum is over the zeros of ¢(z) lying in the upper-half plane.

27i/3

Fig. 7.1 Computing I3 with w = e

‘We conclude



136 7 The Residue Theorem

7.2. Evaluation of a Real Integral I

Let g(x) be a polynomial with even degree n > 2 and with no real zeros.

Then ;
= 1
/ % =iy Res((—,a), (1.6)
e 4 Jam 190
Im(a)>0

where the sum is over the zeros of ¢(z) lying in the upper-half plane. If these
zeros are simple, this reduces to

© g |
/ %zzm > TR 1.7)
—o 4X q(a):O q\a
Im(a)>0

The integral of any rational function is handled in the same manner. Let p(z),
¢(z) be poynomials with no common zeros, and suppose none of the zeros of ¢(z)
are real.

( h

7.3. Evaluation of a Real Integral 1T

Let p(x), g(x) be polynomials with no common factors and with deg(g) >
deg(p) + 2, and with no real zeros for g(x). Then

7 p) =2mi & a
/_w q(x)dx—Z Z Res(q(z), ) (7.8)

q(a)=0
Im(a)>0

where the sum is over the zeros of ¢(z) lying in the upper-half plane. If these
zeros are simple, this reduces to

“ p(x) ) p(a)
= dx = 2ni —, (7.9
[m q(x) Iq((;))zoo q'(a)

We use (7.7) to evaluate

Iy = /0o _ A (7.10)

o 1 +x+x2

and

Is = /m dx (7.11)

o 1+x+x24+x3+x4
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27i/5

Fig. 7.2 Computing Is with w = e

More generally, let
n—-1

pn(2) =142+ 4+ +2

We evaluate

00 dx o dx
I = = . 7.12
" .[oo T+x+x2+x3 4+ +xm 0 o pa(x) 712
Since
=l=(=D(1+z+2++7") = (2= Dpa(2),
we have
" =1
pal(2) = . (7.13)
z—1

Thus the zeros of p,(z) are exactly the n-th roots of unity that are not 1. In particular,
the zeros of p,(z) are simple.

It follows that the only possible real zeros of p,(z) are +1. Clearly 1 is never a
zero of p, (z), while —1 is a zero iff n is even. Thus, to guarantee convergence of I,,,
we assume n > 3 and n is odd.

Now z" — 1 has n zeros (3.15),

It follows that p, (z) has the n — 1 zeros

w0, o
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Since we assume n is odd, these zeros are all non-real (Figures 7.1 and 7.2 and 7.3).

27i/11

Fig. 7.3 Computing I;; with w = e

Thus the zeros of p,(z) lying in the upper-half plane are

w, 0%, ..., 0" V2

When r > 1, these zeros are inside C;'.
Using (7.13), check that

nan—l

pn(a) =

i)

a-1
for any zero a of p,(z). Then, by (7.7),
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. 1 . a-1
I, = 2ni Z p;(a)'_zm Z e

P (@)=0 a"=l

Im(a)>0 Im?§)1>0
_ 2mi a(a-1)
on o a
u;l
Im(a)>0
2mi
= — -1
. Zl a(a-1)
a;&_l
Im(a)>0
2mi &
=— Z Wk (w* - 1)
oA
. (n-1)/2
2 w*(WF - 1).
=

By definition of p,(z), this equals

2mi
=0 W —

(P(n+1)/2(w2) - P(n+1)/2(w)) . (7.14)

n

. [((n+1)/2-1 (n+1)/2-1
2mi X
w
n

k=0 k=0

To arrive at an explicitly real expression, we use the exponential form of sin and
cos (§3.4). Set 0 = /n; then w = 7.
By (7.13),

(OJZ)(nH)/Z -1 b2 _1

P(ns1)2(07) = puanyp(@) =

w? -1 w-1
2w w(n+l)/2
-1 w-1
But
2w 2 1 2% 11
W—1 w-wl  ie%0—e20 | sin(20)
and
™2 N 1 11
w-1  w-1 yo-1/yo 2 sin’
Hence
2mi (1 1 1 1 20 %)

IL=—1-- + = = + .
" n \i sin(20) 2i sinf sin(260) sinéd

Summarizing,
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7.4. Evaluation of a Real Integral 111

Suppose 7 is a positive integer with n > 3 and odd, and let 6 = 7/n. Then

/°° dx
o L +x+x2+x3 4+ x0Tl

coverges and equals

26 0
: + 7.
sin(20)  sinf

When # is even, the integral diverges at x = —1.

In particular (Table 2.11)

/°° dx 2
oo Tx+x2 V3

/°° dx 2r 8 Pl 8
= —_— +_ .
o T+x+x2+3+x* 5 \5+45 5\5-45

This can be generalized.

and

( h

7.5. Evaluation of a Real Integral IV

Suppose m and n are positive integers with n > m + 2. Let 8 = n/n. Then

/"" T+x+x2+x3+- - +xm1
oo T+x+x2+x3+- - 4 xn7]
converges and equals
20 sin(m0)
sin @ sin((m + 1)6)

when n and m are both even, and equals

0 sin(m8) . 0 (—1)m 0
sin@sin((m +1)8)  sind sin((m +1)6)°
when 7 is odd. When r is even and m is odd, the integral diverges at x = —1.

The integral (7.6) may be modified by an exponential factor ¢'Z. Since

|eiZ| — |ei(x+iy)| — |eixe—y| <1
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on the upper-half plane y > 0, we also have

/ Zp(z) z—0 asr — oo,
C+(0,r) CI(Z)

as long as deg(g) > (p) + 2. Thus the same procedure as before works, and we
obtain

( '

7.6. Evaluation of a Real Integral V

Let p(x), g(x) be polynomials with no common factors and with deg(q) >
deg(p) + 2, and with no real zeros for g(x). Then

® lzp(x) 1Zp(z)
/_we ()dx—21 Z Res(e oL ) (7.15)

q(a)=0
Im(a)>0

where the sum is over the poles of p(z)/q(z) lying in the upper-half plane.
If these poles are simple, this reduces to

lxp(x) . iaM
[m oo =2 D e Pl (7.16)

q(a)=0
Im(a)>0

Exercises
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anchQred, 6 punctured disk, 116
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measure, 6, 21 punctured rectangle perimeter, 112

stack%ng, 6 rectangle, 114
stacking formula, 7 rectangle perimeter, 109
vertex, 5

Cauchy-Riemann equation, 81

anti-derivative, 91 Cauchy-Schwarz inequality, 50

Archimedes, 6

circle, 4
ar.lgle,.6 unit, 4
b1s'ect10n, 16 completeness property
estimate, 6 for C. 51
sequence, 17 for R, 18
biholomorphism, 127 complex
binomial imaginary part, 12
coefficient, 37 number, 10
theorem, 35 real part, 12
branches, 99 connected
points, 72
Cauchy’s estimates, 118 set, 72
Cauchy’s integral formula contour, 67
derivatives, 118 additivity, 90
disk, 116 chain rule, 74
in general, 128 closed, 68
punctured disk, 117 connected, 65, 68
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equivalent, 67, 90

constant, 68
integral, 89
length, 65
path-independence, 90
sum, 67

cosine, 23

CR equation, 81

d-bar operator, 87
derivative

chain rule, 73

rules, 73
disk of convergence, 78, 121
distance formula, 3

entire, 83
Euler’s identity, 49
exponential
real, 41
derivative, 44

fundamental theorem of
algebra, 119
calculus
complex, 62
contour, 91
real, 45
trigonometry, 25

geometric
series, 53, 77, 119
sum, 41, 53, 137

holomorphic, 83
anti-derivative, 91
continuously, 100

integral
complex, 61
differentiation under the, 94
substitution under the, 63
switching the order, 63
isolated zero, 122

law of exponents

complex, 58
real, 43
Liouville’s theorem, 118
logarithm
branch, 84
derivative, 84
principal, 85

mean value property, 117
meromorphic, 131
Morera’s theorem, 121

number, 10
m, 19
e, 42
i, 10,12
absolute value, 13
addition, 11
complex, 10
imaginary, 11
multiplication, 12
real, 11
square root, 14
subtraction, 12

open
disjoint sets, 72
disk, 69
set, 70
simply connected, 126

partial sum, n-th , 52
Pascal’s triangle, 37
period, 25
points
absolute value, 3
addition, 2
dilation, 3
distance between, 3
division, 10
multiplication, 9
radius, 3
shadow, 2
subtraction, 4
polar
coordinates, 19
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form, 59
pole, 123

order of, 124

simple, 124
punctured

disk, 115

rectangle, 111

unit circle, 16

region, 72

residue, 132

root of unity, 30, 60
n-th, 30
principal, 32

sequence, 51
cauchy, 51
convergent, 51

series, 52
absolute convergence, 54
Bernoulli, 121
convergent, 53
power, 77
product, 56
tail, 53

set
complement, 70
convex, 127
open, 70

open simply connected, 126

star-shaped, 127
sine, 23
singularity

essential, 123
isolated, 123
removable, 123
square root
branch, 85
derivative, 86
principal, 86

Taylor
polynomial, 45
series

complex, 77
real, 45

triangle inequality, 50
for complex integrals, 62
for contour integrals, 93
trigonometric
addition formula, 27
derivatives, 29
doubling formula, 27

unit circle, 4
punctured, 16, 23

vertex, 5
winding number, 95

of a disk, 97
of a rectangle, 97

zero, 122
order of, 122
simple, 122
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