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0 Complex Analysis Is Cool!

We know a lot about R, the set of real numbers. It has some very cool structures. For
example, it has an algebraic structure called Field. That means, we have an addition
operation (4) and a multiplication operation (-), and they have some really nice properties.
They are:

(a) Associativity of addition and multiplication: For every a,b,c € R
a+(b+c)=(a+b)+canda-(b-c)=(a-b)-c

(b) Commutativity of addition and multiplication: For every a,b € R

at+b=b+aanda-b=0>b-a

(c) Additive and multiplicative identity: There exist two different elements 0 and
1 in R such that for every a € R

a+0=canda-1=a

(d) Additive inverses: For every a € R, there exists an element in R — denoted by
—a and called the additive inverse of a — such that

a+(—a)=0

(e) Multiplicative inverses: For every a # 0 € R, there exists an element in R —
denoted by a~! and called the multiplicative inverse of @ — such that

a- (a_l) =1
(f) Distributivity of multiplication over addition: For every a,b,c € R

a-(b+c)=a-b+a-c

R also has a geometric structure called Metric or Distance. Topologically speaking, it
has Smooth Manifold' structure. For these rich structures, we can do Geometry and
Analysis on R. That’s all about Real Analysis.

§0.1 C is discovered or invented?

Real numbers were fine and people were happy. But then some madlad introduced some
crazy number i, whose square is —1. Histroically speaking, the “invention” (or discovery?)
of 7 is related with solutions of cubic equation. If 2% 4+ pz + ¢ = 0 is a cubic equation,
then its real root is given by

sl q l¢> P> s q l¢>  p?
\/2+ 4+27+\/2 1T o7

gnore if you don’t know what that means.
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We know that an odd-degree polynomial must have at least one real root. So even if we

have % + g—i < 0, the quantity stated above should yield some real number. That’s how

square root of negative numbers were discovered.

Introducing this little “imaginary” number lead to some seemingly crazy (and beautiful)
things. The space where all these crazy things happen is the set of complex numbers,
denoted by C. In our high school days, C was introduced as

C={a+ib : a,b R}

But actually you can define C in several different ways (depending on your purpose).
Here we shall use the notion that C is a 2-dimensional real vector space. That is C is

9GAG @
@9GAG

The fact that there are imaginary numbers in maths is a
proof that humans create their own problems and then
cry.

10:02 AM - Oct 14, 2018 - Buffer
6,090 Retweets 328 Quote Tweets  11.9K Likes
Source: https://twitter.com/9gag/status/1051322203533430784

isomorphic to R2.

C = R? as vector space
If we use the vector space notion, then we can define addition and scalar multiplication
on C. But vector spaces need not have multiplication. So we need a stronger structure.
Turns out we can actually make C a Field. Not just any ordinary field, C is an Algebraic

Field. Meaning, any polynomial with coefficients in C must have all its roots in C. But
it lacks some features. We know that R is an ordered field. That is

(a) For every a,b € R, exactly one of the following is true: a >b or b<a or a=5
(b) If a < b, then for every ¢ we have a+c < b+ ¢
(c) If 0 <a,and 0 < b then 0 < ab

But C is not an ordered field.
Let’s go back to R?. Suppose we defined multiplication on it, and it’s a field now. We
wish to show that, there must exist some member z € R? such that 22 = —1.

Theorem 0.1.1

Suppose we defined multiplication on R?, and it’s a field now. Then there must exist
some member z € R? such that z? = —1.

Proof. We shall construct such z. As R? is a 2-dimensional vector space, it is spanned
by a basis set with 2 elements. Let the basis set be {1,e}. Here 1 basically means the
pair (1,0).


https://twitter.com/9gag/status/1051322203533430784
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Take z € R? such that it’s not on the z-axis. It’s an element of the vector space, so it
can be written as a linear combination of the bases. That is,

z=x-14+y-e where z,y € Rand y #0
Then we can calculate 22, using the identity (p + ¢)? = p* + ¢* + 2pq.
2=z 1+y-e’=a>1+1y*-2+2y-e

e? € R?, so it can be written as a linear combination of the bases. Let €2 =a-1+b-e.
Plugging this, we get
=2 1+y* e’ +2ry-e

=22 1+ay®> 1+by% e+22y-e

= (x2 + ayQ) -1+ (by2 + 23:3/) e

Now, we choose x such that by? 4+ 2y becomes 0. In other words, we choose z = =%

2
(we shall fix y later). So we have,

_ 2 2
22 = <<%) +ay2> 1+0-e= (a+bz)y2-1

Claim — a—|—§<0.

Proof. Assume for the sake of contradiction that a + % > (. Then we have a notion

of square-root of non-negative real numbers. So let ¢ = {/a + %. Now we have,

2=c 1 = 22— 1°=0

— (z—cy-1)(z24+cy-1)=0
= z2—cy-1=0or 24+cy-1=0
= z=cy-1 or z=—cy-1

They both contradict the assumption that z does not lie on the z-axis. 0
So we have — (a+ %) > 0. Let c=4/— (a—l— %) Taking y = %, we get
1
2 2L
2" =—c = -1
as desired |

So if we really wish to give R? a field structure, then we must have some 4 in our space
such that 72 = —1. However, apart from R? no other Euclidean space R" can be given
field structure (yeah this had been proven). For higher dimensions, the best we can have
is a skew field on R*. This is called the space of Quarternions. Other than commutativity,
it has all other properties of a Field. Also on R®, you can construct Octonions, but they
won’t have commutativity and associativity.
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§0.2 Some cool examples

Now that we have constructed the field of C, let’s witness some games that are being
played on this field.

Example 0.2.1
Consider this R — R function:

0 <0

This function is smooth (meaning it’s infinitely differentiable, or C*°), but this is not
analytic. Because f(™ = 0 for every n. So the Taylor series about 0 gives us

10+ L0 — 0.4y

But this is not the case for functions with complex variables. Every smooth functions
on C is also analytic (Taylor expandable).

Example 0.2.2
Consider this R — R function:

) a?sin (1) r#0
o-{; ool

This function is once-differentiable on R, but the second derivative does not exist.
However, for functions with complex variables, if a function is once-differentiable
then it is infinitely differentiable.

Weierstlras‘s

= I've just constructed

a function which
is continuous everywhere

3 Then it has to be
differentiable somewhere, right?
-

i€
-

Weierstrass‘ 7

/
~ 4

$ Then it has to be
L|:Iiﬂ’r-_-'renﬁable somewhere, right?

&

Source: Mathematical Mathematics Memes
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Example 0.2.3

Let f be the Weierstrass function. This function is continuous everywhere, but
differentiable nowhere. We construct the following function:

Flz) = /0 F(t) dt

By the Fundamental Theorem of Calculas, F' = f. But F” = f’ does not exist.
However, such pathological functions does not exist in complex plane. Complex
differentiability is kinda like motivational speakers saying, “If you can do it once,
you can do it again.” (and hence recursively infinitely many times)

In complex analysis, C! implies C*, and C* implies analyticity. Hence differentiable,
smooth, analytic mean the same thing in complex analysis. If you're tired of finding
counterexamples in a real analysis class, complex analysis might be the place for you ;)

Example 0.2.4

Suppose we have a smooth function f : [0,1] — R, and you are given the value of
f(0) and f(1). Just from this little piece of information, can you find out the value
of f(x) for every x € (0,1)? If you did real analysis before, this question is likely to
sound nonsense. In real analysis sense, you can’t figure out f just from two boundary
values.

But in complex analysis, you can use Cauchy integral formula you can determine f
just from this little information (with some mild assumptions) :0

Example 0.2.5

If T ask you to give me an example of bounded differentiable function R — R, you
have many options. Among all other nontrivial answers, f(x) = ¢ seems to be a
naive choice, doesn’t it?

Well, Liouville’s theorem says that on complex plane, the only bunded differentiable
function is everywhere constant function :0

Example 0.2.6

Consider a function f : R — R that is non-constant and differentiable on R. An
example might be

f(z) = sin(z)

In this case, the range of f is [—1,1]. This is just a tiny piece of R. In many cases,
the range of non-constant differentiable function is just a subset of R, not the whole
set R.

But for non-constant differentiable functions on C, the range is either the whole C, or
C excluding a singleton set. This result is known as Picard’s theorem. In particular,
one cannot construct a non-constant differentiable function f on C such that

range(f) = C\ {p,q} wherep # ¢



https://en.wikipedia.org/wiki/Weierstrass_function
https://en.wikipedia.org/wiki/Cauchy's_integral_formula
https://en.wikipedia.org/wiki/Liouville's_theorem_(complex_analysis)
https://en.wikipedia.org/wiki/Picard_theorem
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Example 0.2.7

Suppose you have an ugly looking set U. Despite being ugly, it’s a non-empty simply
connected® open subset of the complex number plane. If you want to do some
geometry /analysis on this set, it’s gonna be super hard.

But there is a cool theorem in complex analysis, namely Riemann mapping the-
orem. This theorem suggests that there exists a biholomorphoc (bijective con-
tinuous map, whose inverse is also continuous) map from U to the unit disk
D:={z€C : |z|] <1}

Using this thoerem, one can do geometry/analysis on the unit disk D and then
convert the results back into the ugly looking set U.

°If you don’t know what that means, you can just ignore for now.

Example 0.2.8

Maybe the most famous function of complex vairables is the Riemann Zeta function
(:C — C. It is defined as follows:

1
C(s) = ; = when Re(s) > 1
Note that, this function is not defined on the whole C, it’s defined on a subset of
C. This function has some really cool properties. One of them is it’s holomorphic
(complex differentiable). It follows from the fact that, “If a sequence (f,), oy of
holomorphic funnctions uniformly converge to f, then f is also holomorphic.” (but
this is, in general, not true in real analysis) So we choose f,, as follows:

n
fn(s) = % and f,, — ¢ uniformly
k=1
The most interesting fact about this function is probably its roots. There is an
unsolved problem named Riemann hypothesis. The hypothesis suggests that, all the
non-trivial roots of ¢ can be written as %—k th. That is, the real part of any non-trivial
root is just % This hypothesis gives a lot of informations about the density of prime
numbers. Many works in modern analytical number theory have been done assuming
Riemann hypothesis is true.

However, Riemann zeta function along with the Basel problem gives a very nice proof
of the infinitude of primes.

Theorem 0.2.1

There are infinitely many prime numbers.

Proof. Suppose P denotes the set of prime numbers. Assume for the sake of contradiction
that #(PP) = k < oo. Let n be a positive integer. Then it can be written as prime power

factorization as follows:

e1 e2 e e;
n=pi'py p = Hpi

where p; € P and e; € Z>(. Then ni can be written as ni =11 pL This can be found in

7
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the quantity

1 1 1 1 1 1
1—|——5—|—TS+~" 1+—S+TS+'-- 1—0——8+Ts+"'
pP1 D1 P> D3 P Pi

Also, this quantity contains every single #, because all natural numbers are composed

of primes py, pa, ..., pr. Using this, we can rewrite the (-function.
11 =1
=14+ —4—4...= -
() =1+ 5 + 5 >

1 1 1 1 1 1
= 1+_S_|_§+... 1+_8+?+... 1+_s+@+"'
b1 Pr Py P Dy Py

=[[@+p+p>+-)

peP
-TI 1
peP 1 _p*S
1
peP p

This is a finite product of rational numbers, hence rational. But the Basel problem
2 . . . . .
suggests us that ((2) = %, which is irrational. Contradiction! [ |

10



]. Metric Space Crashcourse

There is a quote by Grant Sanderson that says, “Abstractness is the price of generality.”
I think this sums up pure mathematics in a nice way. Mathematicians tend to generalize
things so much that at some point things start to become abstract. Metrics are a
good example for this. At first, we have the notion of distance on R. Using that and
Pythagorian theorem, we can get the distance for R2. Then it can be generalized for any
Euclidean space R™.
But what about some random set? A random set need not be consisting of elements from
R™. So we don’t can’t calculate the distance between two elements there. That’s why we
need to generalize the notion of distance. The generalized distance is called Metric.

8§1.1 Metric - The Generalized Distance

Now, what properties a distance function should have? Or what properties of a distance
function do we want? It should take two elements as input, and one real number as
output. From our intuition, the output should always be positive if we calculate the
distance of two different elements. Also, the distance should not depend on the order of
the inputs. The final thing we want in a distance function is triangle inequality. We shall
call any function obeying these properties a metric. Let’s look at the formal definition.

Definition 1.1.1 (Metric). Let X be a non-empty set. Then a metric on X is a map
d: X x X — R which satisfies the following:

(i) (Non-negativity) For every p,q € X, d(p,q) > 0; d(p,q) =0 iff p = gq.
(ii) (Symmetry) For every p,q € X, d(p, q) = d(g, p).

(ili) (Triangle inequality) For every p,q,r € X, d(p,q) + d(q,7) > d(p,7).

Oftentimes we encounter some distance functions d that obey all the properties of
metric, except they might give us d(p,q) = 0 even if p # ¢. Such functions are called
pseudo-metric. Alright, let’s see some examples of metrics.

Example 1.1.1

On R, we define d(x,y) = |r —y|. This satisfies non-negativity, symmetry and
triangle inequality. So this is a metric.
Similarly, we can define a metric on R" using the standard Euclidean norm.

n

d(x,y) = |z —yll = \ > lzi— il

i=1

It’s easy to check that this has the desired properties of a metric.

11



1 Metric Space Crashcourse 12

Definition 1.1.2 (Metric Space). A metric space (X, d) consists of a non-empty set
X together with a metric d on X.

We shall often say, “X is a metric space” in short. But there is always a metric d
associated with X, which we recall when necessary.

§1.2 Open and Closed sets

We can extend the notion of open and closed sets to any metric spaces. For that, we
need the definitions of Open and Closed balls first.

Definition 1.2.1 (Open Balls and Closed Balls). Let M be a metric space, © € M,
r > 0.

Open ball of radius r around z is B.(z) :={y € M : d(z,y) <r}
Closed ball of radius r around z is B,(z) := {y € M : d(z,y) < r}

Now we can define open sets.

Definition 1.2.2 (Open Sets). Let M be a metric space. We shall call a subset
S C M open if for every point = € S, there is some r > 0 such that B,(x) C S.

Example 1.2.1
If you look at R, all open intervals are open. If you take any union of them, the

resulting set will be an open set.
In fact, there is a famous lemma that, any open set in R can be expressed as a

countable union of disjoint open intervals.

Topologically, closed sets are defined to be the complement of open sets. But there are
some alternate equivalent definitions. We shall define closed sets by limit points.

Definition 1.2.3 (Limit Points). Let X be a metric space and E C X be a nonempty
subset of X. Then p € X is a limit point of E if for every € > 0, B.(p) contains at
least one point of E (other than p).

Example 1.2.2

Any real number is a limit point of Q. Same goes for R \ Q. Because if we take any
open interval centered at a real number, it is bound to contain some other rational
and irrational numbers, no matter how small the interval is.

Example 1.2.3

Z and N do not have any limit points in R. For any integer n, if we take 0 < e < 1
then B.(n) does not contain any integer other than n itself. If we take some non-
integer z, then we can choose 0 < € < min{|z — |z]|, |z — [z]|}. In this way B.(x)
does not contain any integer.

12
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Definition 1.2.4 (Closed Sets). Let M be a metric space. We shall call a subset
S C M closed if S contains all its limit points.

Definition 1.2.5 (Perfect Set). A set is called perfect if each point of the set is a
limit point.

Example 1.2.4

Consider the set

1
S:{— g nGN}
n

This is not a closed set in R. Because 0 is a limit point of S, but 0 € S. If we
consider S U {0}, then it’s a closed set.

Example 1.2.5

The singleton set {1} is a closed set in R. Because it has no limit points, so the set
of all limit points is @. And @ C {1}.

Example 1.2.6

N and Z are also closed in R. Because they have no limit points.

Example 1.2.7

Q is not closed in R. Because any real number is a limit point of QQ, but Q does not
contain any irrational real numbers. In a similar manner, one can show that R\ Q is
also not closed in R.

There is an opposite notion of limit point. It’s called isolated point.

Definition 1.2.6 (Isolated Point). Let X be a metric space and £ C X be a nonempty
subset of X. Then p € X is a isolated point of F if it’s not a limit point. That is,
there exists € > 0 such that

(ENBc(p) \{p} =2

Definition 1.2.7 (Dense Set). Let M be a metric space and £ C M be a subset. We
shall call F is dense in M if every point of M is a limit point of E.

Example 1.2.8

We have seen before that any real number is a limit point of both Q and R\ Q.
Therefore, both Q and R \ Q are dense in R.

13
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§1.3 Compactness

Definition 1.3.1 (Open Cover). Let (X, d) be a metric space. An open cover of a set
E C X is a collection of open sets {U, : « € I} such that

Ec|]JU.

Definition 1.3.2 (Subcover). A subcover of an open cover is just a subcollection of
it that covers the set.

Definition 1.3.3 (Compact Set). A set M C X is called compact if every open cover
of M in X has a finite subcover.

Example 1.3.1

The singleton set {1} is compact. Because you can cover it with only one open set.
By a similar argument, every finite set is compact.

Example 1.3.2

The set S = {% ne N} is not compact. Because one can construct a cover of this
set that does not have any finite subcover. For example,

l 1 11 1
U,=B|—,r,| where 0<r, <min .
n n—1 n'n n+1

Every U, contains exactly one element from S, so there does not exist any finite
subcover. However, if we take S U {0} then it becomes compact. Because 0 is the
limit of the sequence a, = %, so any open neighborhood of 0 would contain all but
finitely many points. Therefore we can cover the all the points with a finite cover.

Example 1.3.3

N is not compact in R. If we take U,, = (n — %, n+ %), each U, contains exactly one
element from N. As a result, no finite collection would cover the whole N.

So you can guess that compactness has something to do with closedness. Also intuitively,
an unbounded set should not be compact.

Proposition 1.3.1

Compact subsets of a metric space are closed.

Proof. Assume the contrary. Let (X, d) be a metric space and M be a compact subset
of X and M is not closed. Thet means there exists a limit point  of M that is not in
M. We consider the collection

Un:X\W:{yeX : d(ﬂfay)>%}

14
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Let p € M, and r = d(z, p). Then there exists some n such that r > % Therefore p € U,.
As a result M is contained in |J U,.

Since x is a limit point, U,, contains at least one point in M. If we consider only a finite
collection of open sets from {U, }, it would not cover the whole M. Therefore, M does
not stay compact. Contradiction. |

Proposition 1.3.2

Closed subsets of a compact set are compact.

Proof. Let M be a compact set and K C M be closed. We need to show that K is
compact. K is closed, so M \ K is open. We choose any open cover {U,} of K. Then
we have,

MC (M\ K)U <UU>

Since M is compact, this open cover of M must have a finite subcover. This finite subcover
contains a finite collection of {U,}, and this finite collection covers K. Therefore, K is
compact. [}

Corollary 1.3.3

Suppose F'is compact and K is closed in a metric space. Then F' N K is compact.

Proof. Trivial. |

Theorem 1.3.4

Suppose {K,} is a collection of compact sets in a metric space such that every finite
intersection of sets from this collection is nonempty. Then () K, is nonempty.

Theorem 1.3.5 (Heine-Borel)
A set S C R"™ is compact if and only if it’s closed and bounded.

15



2 Algebra on Complex Numbers

We defined C to be the field extension of R2. We showed in Chapter 0 that there must
exist some z such that 22 = —1. We denote that number by 7. In that way we can write
every complex number as a + ib, where a and b are real numbers. Now addition and
multiplication can be defined on C.

§2.1 Basic Arithmetic

Suppose z = a + tb is a complex number. Then we say a to be the Real part of z and
denote it by Re(z); and we say b to be the Imaginary part of z and denote it by Im(z).
Now we can define addition and multiplication on C.

Definition 2.1.1. Let z = a + ¢b and w = ¢ + id be two complex numbers. Then we
define addition and multiplication of these two complex numbers as follows:

z+w=(a+c)+i(b+d)
2w = (ac — bd) + i(ad + be)

We choose 0 + 0z as the additive identity, and 1 + 0:¢ as the multiplicative identity. Then
we can also define subtraction (additive inverse) and division (multiplicative inverse).

1 a—1b a )

a+ib (a+ib)(a —ib)  a + b IRPTEN®

—z=(—a)+i(—b) and 27! =

To see they are inverses indeed,
2+ (—z) = (a+1ib) + ((—a) +i(=b)) =0+ 0i
— b a b
o b a—1 _ .
= (a+i >((a+ib)(a—ib) e+t a0

B a®>  b(-b) y a(—b)_i_ ab
- a2 + b2 a2 + b2 a2 + b2 a2 + b2

=1+0

It’s easy to check that these definitions are consistent with the other field axioms.
It’s often useful to think about the conjugation of a complex number, which is nothing
but negating the imaginary part.

Definition 2.1.2 (Complex Conjugate). Let z = a + b be a complex number. Then
it’s conjugate — denoted by Z — is defined as follows:

Z=a—1b

Proposition 2.1.1 (Properties of Conjugate)

16



2 Algebra on Complex Numbers 17

Let z; and 29 be complex numbers. Then
ntun=zm+t%h, n =%, H=2"%, 2/n=2/7

Proof. Trivial. |

§2.2 Geometric Interpretation of Complex Numbers

Since C is the extension of R?, we can actually express each complex number as a point
in the 2-dimensional plane. The complex number a + ¢b will be denoted by the point
(a,b). The points on the z-axis are of the form ¢+ 0i, so they are essentially real numbers.
And similarly, the points on the y-axis have real part 0. That’s why the z-axis is called
the Real axis, and the y-axis is called the Imaginary axis. Then this plane is called
the Complex Plane.

AImaginaury axis

4i

3i 2+ 3i
21

-4 -3 -2 -1 1 2 3 4 \

7
Real axis

—3i

—4i

g

Figure 2.1: The Complex Plane

The distance from the origin to the point is said to be the modulud of the complex
number.

Definition 2.2.1 (Modulus). Let z = a + ib be a complex number. Then its modulus
or magnitude — denoted by |z| — is defined by

|z| := Va? + b?
It’s easy to check that 27z = ||

Theorem 2.2.1

z1 and 2o are two complex numbers, then

|21] + |22] = |21 + 22|

Proof. One can easily prove it with long and tedious calculation. But there is a visual
solution that uses the triangle inequality from Euclidean geometry.

Let z; = a +ib, z = ¢+ id. Let A and B denote the points (a,b) and ¢, d respectively,
and O is the origin. It’s clear that |z;] = OA and |z3] = OB. Let C be the point

17



2 Algebra on Complex Numbers 18

denoting the complex number 21 + 2z5. Then C' will have coordinates (a + ¢, b+ d). Also,
|21 + 22| = OC'. It’s easy to check that OAC B forms a parallelogram.

AImaginary axis
Cla+c,b+d)
A(a,b
B(c,d)
) 0(0,0) Real axis’

Figure 2.2: Triangle Inequality

Since OACB is a parallelogram, OA = BC. We take the triangle OBC and apply
triangle inequality on it.

OB+ BC >0C — |ZQ| + |Zl| > |Zl —|—ZQ|

Hence, we are done. |

§2.3 Polar Coordinates

Cartesian coordinate and polar coordinate comes hand in hand. We’ve seen before that
the complex number z = x + 1y can be expressed on the cartesian plane by the point
(z,y). The distance from the origin to this point is called the modulus of z. If we join
the origin and the point x, y, this segment creates some angle with the positive real axis.
This angle is called argument of z.

Definition 2.3.1 (Argument). Let z = = + iy be a complex number, and |z| = .
Then it’s argument arg z is a real number 6 for which x = rcosf and y = rsinf are
satisfied. The principal argument — denoted by Arg z — is an argument that lies in
[0, 27).

Let z = x + iy, r = |z|, 0 = arg(z). So
z=rcosf+irsinf =r(cosh+isinb)
This gives us a geometric interpretation for complex multiplication.

Proposition 2.3.1

|z122] = |21 |22] and Arg (2122) = Arg (21) + Arg(zz), where the sum is taken modulo
2m.

18



2 Algebra on Complex Numbers 19

Proof. Let r1 = |z1| , 61 = Arg(z1) and ry = |z3| , Oy = Arg(22).

2129 = 11 (cos 0y +isinby) ro (cos by + isin Oy)
= 1179 (cos 01 cos O — sin 6 sin Oy + i sin 0y cos Oy + i cos Oy sin b)
= r1r2(cos (61 + 05) +isin (0; + 05) )

Therefore, |z120| = r179 = |21] |22], and Arg (z122) = (61 + 02) = Arg (z1) + Arg(z2). W

This means, when you multiply one complex number by another, you're basically scaling
the length and then rotating it.

Now, what’s the attribute of a number that gets added when you multiply? The
simplest such example one can think of is exponent. That is, e® - e’ = e***. Euler showed
that, argument of complex number really works like exponents.

Proposition 2.3.2 (Euler's formula)

e = cosh + isiné

Proof. Complex exponent is defined by the Mclaurin series for e*.

- 2 28 N
e :1+x+§+§+~-zzom
Substituting x = 0,
0 C (29)"
e _nz:% g
_i (20>2k +i (0)2]€+1
S (2k) & (2k+ )
o 2k 00 2k+1
Nk 1+ 0)
=2V e T D

Corollary 2.3.3 (De Moivre's Theorem)
(cos@ +isinf)" = cos (nf) + isin (nb)

De Moivre proved it way before Euler’s formula, and that proof is a bit complicated. But
this is just a simple exercise using Euler’s formula.

§2.3.i Branch of Argument

On definition 2.3.1 we defined the principal argument Arg(z) to be the unique argument
that lies in [0, 27). However, this is not the only way to define the arg function. We know
that, if  is an argument of a complex number z, then so is 6 + 2n7 for n € Z. Depending
on our need, we can take any interval of length 27, with one side closed and the other
side open, and define argument function that gives output on that “half-open-half-closed”
interval. This is called branch of argument.

19



2 Algebra on Complex Numbers 20

For example, suppose we are defining argument on the branch (—m,7]. In that case,
arg(—i) = —%, and arg (‘/75 - z%ﬁ) = —%. Or we could have defined it on the branch

29
5 %)
44 )
This idea is extremely useful when we work with complex logarithm. We’ve seen that,

if z is a complex number,
5 = |Z| ezarg(z)

If we take log on both sides,
log(2) = log ([2]) + log (¢*5)) log (|2]) + i ara(2)

Depending on what range of logarithm we are seeking, we choose branch of argument
accordingly.

§2.4 Exponentiation and Roots

Euler’s formula gives us a way to define exponents and roots in C. Suppose z = x + 1y is
a complex number. Then we have

e” =" =¢e" ¥ = e (cosy + isiny)

Also, the modulus of e* is e”, and the argument of e* is y.
Now we want to find the n-th roots of a complex number c. Algebraically this means
solving the equation
Zt=c
Let ¢ = Re*® and z = re’®. We need to find r and 6.
g (T_eie)n — ,rnei(nG)
— Re'¢ = el
— r=RY" and nf = ¢+ 2kn , where k € Z

2%k
— r:Rl/"andee{?Jr—W : keZ}
n n

In this way one can easily compute the n-th roots of a complex number ¢. However,
when ¢ = 1 the roots are called roots of unity. When ¢ =1, we have R =1 and ¢ = 0.

Therefore, r = 1, and
2
ee{ﬁ : 0§k§n—1}
n

So all the n-th roots of unity are of the form % . So it is evident that the roots will lie
evenly on the unit circle. Figure 2.3 contains an example with n = 5.

§2.5 Matrix Representation of Complex Numbers

Let Ry be the rotation of the plane R? that rotates with an angle of §. By definition, it
is a linear map. So, how can we write the map explicitly?

20



2 Algebra on Complex Numbers 21

A . .
Imaginary axis

\
N4
Real axis

A

g

Figure 2.3: 5-th roots of unity on unit circle

First of all, the question doesn’t make any sense if we don’t have any basis. So we
need a basis for R%. Let’s just take the usual basis B = {e; = (1,0),e3 = (0,1)}. Then

Ry ((x,y)) = R ((1,0) +y(0,1)) = 2Ry ((1,0)) + y R ((0,1))

= et oot = |35 S [

= (xcosf —ysinf, xsinf + y cos )

Observe that, each such rotation Ry can be presented by multiplication of a complex
number zg € C, where zy = cosf + 7sin ). Because

zp (x +iy) = (cos O +isinf) (z +iy) = (xcosf —ysinf) + i (rsinf + y cos )

Note that, Ry o Ry = Ry o Ry. Each Ry represents multiplication by a 2 x 2 matrix.
Usually matrix multiplication is not commutative. But why does it happen here?

The answer lies in complex plane. Ry is associated with multiplication by a complex
number 2. Since C is a field, multiplication is commutative. That’s why Rgo R4 = Rg0 Ry
happens.

The set of all such Ry forms a group, it is denoted by SO(2). The set {z € C : |z| =1}
forms a group denoted by S'. Then S is isomorphic to SO(2). An explicit isomorphism
is

. cosf) —sind
cosf +isinf — | .
sinf cos®

Abusing notation, let Ry be the same 2 x 2 matrix that represents the linear map.

[cos f —siné
0 f—

10 .10 =1 oo
sin 6 COSH}ZCOSQ[O J—l—sm@[l O}-cos@l—i—smﬁl

These 1 and i behave like 1,7 € C (because i> = —1, and 1 is the multiplicative identity).

This is another way of convincing yourself that zy and Ry are basically the same.
If we forget about the condition |z| = 1,

a —b 10 0 -1 ]
lb a}:a[o 1}%—(){1 O]zal—i—bl
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2 Algebra on Complex Numbers 22

So, there is a one-to-one correspondence between C and the set of all 2 x 2 real matrices
a —b
b a |’

In this correspondence, the square of the norm corresponds to determinant of the
matrix, because

of the form

a —b
b

And the multiplicative inverse of a complex number corresponds to the inverse matrix,
since .
-1 a—ib a —bl 1 a b
(a+3b) a2 4b2 {b a} a2 4 b2 {—b a

§2.6 Quaternions

=a® + 1 = |a+ b’

In the previous section, we represented complex numbers with 2 x 2 real matrices.

. [a —b}
a+ib +—
b a
What if we allow the entries to be complex numbers? If we take the set H of all 2 x 2
complex matrices of the form
Z1 —RX9
Z 7z

then H forms an abelian group under matrix addition. Also H \ {0} forms a group under
matrix multiplication (multiplication is, in general, not commutative). So H is not a
field. This H is called the set of all quaternions.

If ¢ € H,

_|la+id —b—uc| . .
q_[b—ic a_id]—al—l—bl—i-c.]—i-dk

10 . 0 -1 . 0 —i t 0
Wher61:|: 1:| ,1_[1 0:| 7J_[_Z 0:| 7k_|:0 _Z:|

Verify that i2 = j2 = k? = —1 and ij = k, jk = i, ki = j. Also, we can define the norm as
follows:

=}

detq=a®+b*+ 2+ d* = |q?
Furthermore, we can define the conjugate of g:
g=al+bi+cj+dk = g=al—-bi—cj—dk

Using the corresponding matrix inverse, one can verify that

1
1 . .
S aipraggtlTbizeimdk)

This gives us the identity qq = qq = |q\2. But the conjugate of product is different from
what we can expect.

092 = @ q
Likewise unit complex numbers, the set of all unit quaternions form a group uner
multiplication. It is denoted by S3.

SP={qeH : |q| =1}

We will see later that this S helps us understand rotations in R3.
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2 Algebra on Complex Numbers 23

§2.7 Rotations

Let v,w € C, then for any u € S' we have
lv —w| = Jvu — wul

This means, multiplication by u is an isometry (distance preserving map). Also, note
that this isometry fixes the origin. There is a unique such isometry in R?, it’s a rotation.
Similarly, for any u, w € R*,

lu —w| = |ug —wq| for q € S°.

We can explain rotation in R? similarly, but we need to be a bit tricky.
If a quaternion has 0 as the coefficient of 1, we shall call it a “pure imaginary”
quaternion. We can consider R? to be the set of all pure imaginary quaternions.

R? = Ri + Rj + Rj

If u = wyi+ usj + usj and v = v1i + voj + v3j are two pure imaginary quaternions, the
product of them has a nice representation. Let w - v be the dot product of the vectors u
and v. Likewise, u x v is the cross product. The quaternion product is uv. Then

w=—(u-v)1+ (uxv)

This shows that, uv € R? iff u- v = 0, which is equivalent to u and v being perpendicular.
For unit u, u x u = 0 gives us u> = — (u-u) = —1. Thus we get, > + 1 = 0 has
uncountably many solutions in quaternions. This is a counterexample of fundamental
theorem of algebra (FTA). In general, since H is not a field, FTA does not hold in
H.

Theorem 2.7.1
Let t = cosf + usin 6, where u is a pure imaginary quaternion (u € R?). Consider
the map f : H — H given by

q— tqt_l.

Then f rotates R?® = Ri + Rj + Rj through angle 26 about u.

Sketch of proof. If r € R, then
f(ry=trt™ =7

So f preserves the real line. Now choose a unit vector v with v L w. Then
w=uXv=uv.

So {u,v,w} forms a basis. Then show that

tot ™t =wvcos20 — wsin20 and twt™' = vsin 20 + w cos 20

Also, f preserves all point on the line through u. So using these, one can easily conclude
the result. [}

This is a ground-breaking result in game development and computer graphics. Previously
game engines used to use Euler angles to portray rotation. But that leads to some
inconveniences, such as Gimbal lock. Rather, this method just requires multiplication
by two quaternions. This is not only computationally efficient, but also free from
all sorts of ambiguity. More about that in th following 3bluelbrown video: https:
//youtu.be/zjMulxRvygQ

23


https://youtu.be/zjMuIxRvygQ
https://youtu.be/zjMuIxRvygQ

3 Differentiation

As a vector space C is isomorphic to R2. One can think of the ordered pair (z,y) as a
way of representing the complex number x + iy. But the notion of linear map is not the
same in C and R?. In C, the underlying field for the vector space is C. On the other
hand, the underlying field for the vector space R? is R.

Recall the definition of linear maps. A linear map preserves the notion of vector
addition and scalar multiplication between vector spaces. In other words, a map T
between vector spaces is called linear if for every vector vy, vy and scalar c,

T (v +vg) =T (v1) + T (vg) and T (cvy) = T (vy)
Using this, we can define linear map in C.

Definition 3.0.1 (Linear Map). A map 7' : C — C is called R-linear if for every
z,w € Cand ce R

T(z4+w)=T(z) + T(w) and T(cz) = cT'(2)

We call the map C-linear if this equation is satisfies for every ¢ € C too.

Proposition 3.0.1

Let T': C — C be R-linear. Then it’s C-linear if and only if T'(iz) = iT'(z) for every
z e C.

Proof. (=) Assume T is C-linear. Then we choose ¢ = i and T'(iz) = iT(z) follows
immediately.

(<) Now assume T'(iz) = iT(z) for every z € C. We need to show that T'(cz) = ¢T'(z)
for every ¢,z € C. Let ¢ = a + ib where a,b € R.

T(cz) =T ((a+1ib)z) = T(az + ibz)
=T(az)+ T(ibz) = aT(2) + bT(iz)
=aTl(z) +ibT(z) = (a +1ib)T(z) = cT'(2)
So T'is a C-linear map. |

In general, for any real vector space V', if we want to make it complex vector space, the
only thing that determines the C-vector space is ie;; where e; is a basis. In other words,
how the scalar i acts on the vector space.

Lemma 3.0.2
If T:C — Cis a C-linear map, then 7'(z) = ¢z for some fixed ¢ € C.

Proof. Let c=T(1). T(2) =T(z-1) =z-T(1) = cz. [ |
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3 Differentiation 25
§3.1 Differentiability

Complex differentiability is very much similar to differentiability in R.

Definition 3.1.1 (Differentiable Function). Suppose V is an open subset of C and
z € C. We call a function f : V — C differentiable at 2, if the following limit

exists:
Flaa) — tim FE) =10

220 zZ— 2

The limit can also be written in the following way:

lim f(z0+h) — f(20)

h—0 h

We often denote this differentiability by C-differentiable. Here we need to address the
significance of V' being open. Since V is open, given z5 € V we can find a open ball
B (zp,7) C V. That is 2o+ h € V whenever |h| < r. So while computing the limit, zo + h
is free to approach zy from any direction as h — 0. If we get two different values of the
limit while approaching h — 0 via two different directions, then the limit does not exist.

Since C = R?, we can compare C-differentiability with R?-differentiability. Recall that,
if V' is an open subset of R?, then a function f: V — R? is said to be differentiable at
z € V if there exists an R linear map T : R? — R? such that

f(z+h)=f(z) + Th+o(h) ash—0

In this case, the operator T is known as the Frechet derivative of f at z. It’s also written
as Df(z). Here o(h) basically means the error term, that satisfies 0(0) = 0 and

lo(R)[]
T

For now we shall call such a function R-differentiable. Using the limiting property of
o(h), we can rewrite R-differentiability as follows:

lf(z+h) = f(z) = Thl
171

—0 ash—0

Proposition 3.1.1

Suppose V' is a open subset of C, f: V — C and z € V. Then f is C-differentiable
at z € V if and only if f is R-differentiable at z and the map Df(z) is complex
linear.

Proof. (=) Assume f is C-differentiable at z.

Fo) — tim FEED = 1)

N 3 — f(z+h) = f(2)+ f'(z2)h+o(h) ash—0

The map Df(z)(h) = f'(2)h is clearly C-linear, so it is also R-linear. As a result f is
R-differentiable.
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3 Differentiation 26

(<) Now assume f is R-differentiable at z, with Df(z) being a C-linear map. By
Lemma 3.0.2 , Df(z)(h) = ch for some ¢ € C. Therefore, by the R-differentiability
condition,

f(z+h)=f(z2)+ Df(2) (h) + o(h) as h—0
= f(z+h)=f(z)+ch+o(h) ash—0

e EER — 1)
h—0 h

So the limit exists and f is C-differentiable at z. [ ]

§3.1.i Cauchy Riemann Equations

Let f:V — C, where V C C is open. We write f = u + v, where u = Re(f) : R? - R
and v = Im(f) : R? — R. We define the partial derivatives of u and v in the usual way:

u—@ u—%andv—@ v—@
Yo Y oy Yo Y oy

Then the Cauchy-Riemann equations, or CR equations in short, are

Uy = v, and u, = —v, (3.1)

Proposition 3.1.2

Let VC Cbeopen. f:V — Cand z € V. Then f is C-differentiable at z if and
only if f is R-differentiable at z and the CR equations hold at z.

Proof. f is R-differentiable at z, so D f(z) represents a R-linear map described by the
2 x 2 matrix
Uy Uy
Die)~ [ ]
By Proposition 3.1.1, we only need to verify that D f(z) being a C-linear map is equivalent
to satisfying CR equations at z. Also by Proposition 3.0.1, Df(z) being a C-linear
map is equivalent to Df(z) (ic) = i Df(z)(c). So it’s enough for us to show that
Df(z) (ic) =i Df(z)(c) is equivalent to satisfying CR equations. Let ¢ = x1 + iy;.
We've seen earlier that, multiplication by ¢ has the same effect as multiplicatio by

0 —1
L 0 } Therefore,

D e =i D@ = | w1 =1 e e

L Y1 Vg Uy Y1
— [0, Uy 0 —1 0 =1 Juy uy
ve vy (1 0] {1 0] |v. vy

Uy —Ug| _ | =V —Uy
Uy Uy

= Uy = vy and uy, = —v,

So we are done! [}
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3 Differentiation 27

Corollary 3.1.3

Let V. C Cbeopen. f:V — Cand z € V. If fis C-differentiable at z, then CR
equations are satisfied at z.

This corollary shows us that CR equations are a necessary condition for differentiability.
However, it is NOT a sufficient condition.

Example 3.1.1

Consider the function

, 0 ifr=0o0ry=0
Tr+y) =
g 2 { 1 otherwise
In this case, v is always 0; u =0 if x =0 or y = 0 and u = 1 otherwise. So we have

Uy = Uy = Uy = Uy = 0

But f is not differentiable at 0. Because the limit limy_ M fails to exist. To
prove this, one can just approach h — 0 via z-axis and the identity line x = y. The
former one gives the limit 0, while the latter one yields 1.

4 )
Corollary 3.1.4
Let VC Cbeopen. f:V — Cand z € V. Then f is C-differentiable at z if and
only if the partial derivatives u,, u,, v;, v, are continuous at z and the CR equations
hold at z.

\- J

Proof. From Clalculus of several variables, we know that having continuous first order
partial derivatives is equivalent to being R-differentiable. Then by Proposition 3.1.2; we
are done! [ |

Proposition 3.1.5
If f:V — C is C-differentiable at zy € V, then f is continuous at z.

Proof. We wish to prove that lim |f(z) — f (20)] = 0.

. . z)— f (= . ,
i 11(:) ~ £ o)l = (i P LN (i 2o =17 -0 =0
Z—20 Z—20 — 20 Z—r20
So f is continuous at z. [ |

Definition 3.1.2 (Holomorphic Function). We call a function f : C — C holomor-
phic at z; € C if it is differentiable at all points in a neighborhood of z5. We call f
holomorphic on a set V' if it is differentiable at all points of V.

Holomorphicity is clearly a stronger condition than differentiability. There are functions

that are differentiable at a point, but not differentiable at any neighborhood of that
point.
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3 Differentiation 28

Example 3.1.2

Consider the function f(z) = |z|* = 2® + ¢2. f is differentiable on z = 0, but not at
any neighborhood of 0 (check this using CR equations).

Proposition 3.1.6 (Chain Rule)

Let f and g be holomorphic on G and €2 respectively and suppose f(G) C Q2. Then
g o f is holomorphic on G' and

(90.f) (2) =g (£(2)) f'(2)

for all z € G.

Proof. Since f and g are differentiable on G and {2 respectively,
f(z+h)=f(z)+f(2)h+o(h) and g(w+h)=g(w)+g (w)h+o(h) for z € G, w e N
Let 2o € G. Wre wish to compute (g o f)" (20).

(g0 ) (20) = lim L G 1) = 9 (f(z0))

h—0 h

s U o) + I Go) o) = 9 (f(20))
h—0 h

_ i 9 (20)) + 9" (f (20)) (f" (20) b + 0(h)) + 0 (f' (20) b+ 0o(h)) — g (f(20))
h—0 h

oy f'(z0)h+o(h) .. o(f (20)h+o(h))

B R S L —

=9 (f(20)) f' (20)

as desired. ]

§3.2 Wirtinger Derivative Operators

Definition 3.2.1 (Wirtinger Derivative). Let f : V' — C be a fucntion. The Wirtinger
derivatives are defined as the following linear partial differential operators:

9 _Lig @
0z 2\ 0x Z@y

9 _1(9 0
0z 2\ 0z Zay

Previously we considered f to be a function of z and y and we partially differentiated
with respect to x and y to get Cauchy-Riemann equations. Now we are basically
considering f to be a function of z and z. There is a catch though. Unline x and y, 2
and Z are not really independent. So the partial derivative doesn’t make any sense. But
this newly defined operators kinda “behave like” partial derivatives.

This operators are very useful. If f is differentiable, then % is exactly equal to f(2).
Also, Cauchy-Riemann equations can be rewritten using this notation % =
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3 Differentiation 29

of 1(0f Of\ 1[0u+i) Ou+iv)

-3 (g -ig) -5 (B -2
—%(ux—irivm—iuy—i%y)—%(ux+ivx—iuy+vy)
= Uy + v, = f'(2)

% % %+Z,c3_£>:%(8(u8—;w)+i8(ua—gw))
= % (us + vy + duy + i*vy) = % (uy — vy) + i (uy + vy))
=0

Sometimes it’s much more convenient to check % = 0 than checking Cauchy-Riemann
equations. Even though z and Z are not independent variables, the Wirtinger derivatives
treat them like independent variables. It’s easy to check that

0z 0z 0z 0z
5—1 and 5—0, £—1 and @—O

That’s why Wirtinger derivatives behave like partial derivatives.
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4 Power Series

What do we mean when we say y_~ , x, converges, where x, € X for some space X?
Note that this question makes absolutely no sense when X is an arbitrary space, say
random topological space. Because the operation of addition might not be defined in an
arbitrary space. This is not the only reason; we can’t talk about convergence untill we
have a topological space.

But the good news is, our space C is a super nice guy. Meaning C is a 2-dimensional
real vector space, so we have a notion of addition here. Moreover, there is a notion of
norm (modulus); with help of this norm we can make C a metric space. So we can just
relax and talk about convergence here.

Definition 4.0.1 (Convergence and Absolute convergence). If a,, € C for every n > 0,
then the series ) a, converges to z iff for every € > 0, there is an integrer N such
that

m

g Ap — 2

n=0

< ¢ whenever m > N

The series Y a, converges absolutely if > |a,| converges.

Lemma 4.0.1

C is complete, i.e, every Cauchy sequence in C has a limit in C.

Proof. Let z, = x, + iy, be a Cauchy sequence, with x,,,y, € R. We claim that both z,,
and y,, are Cauchy sequences in R. Let £ > 0. Since z, is Cauchy, we can find k,m € N
such that |z, — zx| < e. Now,

2> |2m — 21> = |Zm — 62+ [Ym — k" = |zm —mp) < = |z —ap| < e

Hence z,, is a Cauchy sequence in R. Similarly y, is also a Cauchy sequence in R. Since
R is complete, x,, — x and y,, — y. Therefore,

Zn =T, +iy, > x+iy e C

So C is complete. [ ]

Proposition 4.0.2

If > a, converges absolutely, then > a, converges.

Proof. Let ¢ > 0 and 2, = ag + a; + - -+ + a,. Since Y |a,| converges, there exists a

positive integer N such that ) " . |a,| <e. Now, for m >k > N,

m m (o]
|2m — 2x| = E an| < E la,| < E la,| < e
n=k+1 n=k+1 n=N
So (z,),—, is a Cauchy sequence. Since C is complete, this sequence has a limit in C.
Hence ) a,, converges. [ |
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4 Power Series 31

84.1 Power Series

Definition 4.1.1 (Power Series). A power series is a series of the form Y a, (z — a)",
n=0
where a,,a € C

Let’s talk about its convergence. This power series has a beautiful property. For the sake
(0]

of simplicity, let’s assume a = 0. Then our power series is Y a,2".
n=0

Proposition 4.1.1

Suppose there exists w € C such that > 7 a,w" converges. Then for any z € C
with |z] < w|, Y02 a,z" converges.

Proof. We claim that _°  a,2" converges absolutely. Notice that the sequence z; =
ZZ:O |a,,z"| is monotonically increasing. So it converges if and only if it is bounded.
Hence we only need to prove that > |a,2z"| is bounded.

Since Y >, a,w™ converges, there exists a real number M such that |a,w"| < M for
every n. Now,

o0 o0
D lanz" =) Jagu”|

n=0 n=0

= ) = (&)
2 < M(— — M iids
wl =2 (ar) =72 ()
|z|

n
By the given condition, To] < 1. So Y <, (%) is a convergent geometric series. Hence

Y oo lanz™| is bounded, and we are done. [}

Observe that, > 7 a,w™ convergent is a much stronger condition than |a,w"| < M.
Because, convergence of > ° - a,w™ automatically implies |a,w"| < M; but the converse
is not always true. For example, !%! < 1 for all n, but Z% diverges. However, this
weaker condition of |a,w™| < M is enough for us to prove Proposition 4.1.1.

Now, what’s the moral of Proposition 4.1.17 It gives us an intuitive idea about the
concept of “radius of convergence”. If there exists a point on which the power series
converges, then the series converges on a disk. Later we will see that radius of convergence
is the radius of the maximal such disk. Also this result tell us about the “bounded
implies convergent” property of power series. It motivates the following definition.

Definition 4.1.2 (Radius of Convergence). Suppose (¢,),-, is a sequence of complex
numbers. We define R € [0, 00| by

R:=sup{r >0 : thesequence (¢,r") ", is bounded }

We call R the radius of convergence of the power series y ¢, (2 — 20)".

Proposition 4.1.2

Yo oCn (2 — 20)" converges absolutely and uniformly on every compact subset of
the disk D(zg, R); and diverges at every point z with |z — z| > R.

Proof. The second part follows immediately. If |z — z| > R, then the terms ¢, (z — 29)"
aren’t even bounded. So the summation )" ¢, (2 — 2)" clearly diverges.
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4 Power Series 32

But the first part is a bit trickier. Because the compact subsets of D(zy, R) might be
(are likely to be) weird and ugly sets. And working with those ugly sets is gonna be
difficult. Instead we will prove a stronger result. Notice that, if S is a compact subset of
D(zp, R), then S must be contained in some closed ball D(z,r) for some r < R. So we
now want to show that the power series converges uniformly and absolutely in D(zg, ).

As r < R, we can choose a number p such that r < p < R (if you're not sure about
how to choose that number, or you need an explicit construction of p, just take p = %‘2)
By the definition of R, since p < R, ¢,p™ is bounded. That is, |c,| p"* < A for every n.
Now for any z € D(z,7),

n=0 n=0 P n=0 P n=0 P

n
Asr<p, >, (%) is a convergent geometric series, hence it is pointwise absolutely

convergent in D(zg,r). Observe that, D(zo,r) itself is a compact set. By Dini’s theorem,
pointwise absolute convergence of monotone sequence of functions on a compact set is
uniform convergence. Hence, we are done! ]

o0

n=0

So, the radius of convergence is indeed the radius of the maximal disk on which the
power series converges. In other words,

R =sup {|z — 20| : ch (z — 29)" converges }

n=0
But this definition is not good for finding an explicit value of R. For that, we need the
following lemma.

Lemma 4.1.3

Let >, cn(z — 20)™ be a power series and R be its radius of convergence. Then
the following are true:

(a) £ =limsup |cn|%

(b) £ =liminf |cn]%

(c) R= lim |-=| if the limit exists.
n—oo | “n+

Proof. (a) Let % = limsup \cn|%. We can assume R’ < oo, because if R’ = oo, then it
can easily be shown that R must also be co. WLOG, we assume z; = 0. So we wish
to prove that Y > ¢,2" converges if |z| < R', and diverges if |z| > R’. That would
prove that R’ is indeed the radius of convergence.

Assume |z| < R'. Let ¢ > 0. By the definition of lim sup, there are only a finitely
1 n .
many n such that 4 + ¢ < [¢,|". This gives us, |c,| > (# +¢)" for finitely many n.
In other words,
1 n
len| < (ﬁ + €) for all but finitely many n

If |z| < R, then there exists some € such that, |z| < (% + 6)71. In other words,
(% - 8) |z| < 1. Now, for all but finitely many n, we have

n n 1 "
el = kel 1" < (35 +2) 141)
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4 Power Series 33

As a result, the power series becomes is a convergent geometric series for all but
finitely many n, so it converges.

Now, if [z| > R/, then |z| = (4 — 5)_1 for some € > 0. In a similar manner, one can
now show that the power series is a geometric series for all but finitely many n. But
this time, the common ratio is greater than 1. So the series diverges.

Let R = <lim inf|cn|%) = lim inf|cn|_% < o0o. We shall prove that »r < R iff
r < R'. That would result in R' = R. Assume r < R’. By the definition of liminf,

1 1 1
r < R' =liminf |¢,|”" = sup <inf ]ck|_k) —> IN € N such that r < inf |ex|™*
neN \ k=n k>N

Therefore, r < |Cn\7% for every n > N. So we have, for n > N,
< en| Tt = Jenr™| <1 = (¢ar™)nen is bounded = r < R
Now let’s assume r < R. So ¢,r™ is bounded, i.¢, |c,r"| < M for every n. Therefore,
leyr™| < M = ™" < Mle,| " = r< M \cn]_%

We know that, if x < y, for every n, then < liminf y,, (the proof follows immediately
from the definition of liminf). Asaresult, r < liminf <M% ]cn|7%> = lim inf \an% =
R'. So we are done!

Cn

n+1

Assume that the limit exists and R’ = lim . We wish to prove that R’ = R.

n—oo
Again we assume WLOG that zg = 0.

Cn
Cn+1

Assume |z| < R/, so we can find 7 such that |z| <r < R'. As R’ = lim

, We can

Cn

find an integer N such that r <

for every n > N. Let B = |ey|7V. So

Cn+1
c
e[ M = Jen| ™ < Jen] ~|rN =B
CN+1
CN+1

Similarly, |enya| TV 4?2 = |engo| 1PV < Jen o] PN ey |V < B

Inductively, |c,|r™ < B for every n > N. Now, for every n > N, we have

n n
len 2| = |en| r" (M) <B (M)
r r

So the series is bounded a convergent geometric series for all but finitely many n.
Therefore, the power series converges whenever |z| < R'.

Cn

Now assume [z| > R', so we can find r such that |z| > r > R As R’ = lim | ;%=

?

Cn

Cn+1

before, |c,|r™ > B = |cy|r™ for every n > N. This gives us

n n
len2™| = |en| r" (M) > B (M)
r r

@ > 1, so this is not bounded. Therefore, the power series does not converge for
|z| > R'. Hence we are done!

we can find an integer N such that r > for every n > N. In a similar way as
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4 Power Series 34

If you notice carefully, we are talking about convergence in |z| < R and divergence in
|z| > R. But what happens at the boundary, i.e, at |z| = R? The answer is we don’t
know. In fact, no one knows. Anything can happen at the boundary. Let’s consider the
following three examples:

[ee] [e.e] o0
n 2" 2"

2.7 X Xm

n=0 n=0 n=0

It’s easy to check that all of them have radius of convergence 1. The first one converges
at no point of the boundary; the third one converges at every boundary point. But the
second one only converges at one boundary point and diverges at other.

§4.2 Differentiating Power Series

In an intuitive sense, it’s kinda clear that differentiating > ¢, 2™ “should” yield > nc, 2"

We shall now proceed to prove this.

Lemma 4.2.1

The power series Y ¢,2z" and Y nc,z" ' have the same radius of convergence.

Proof. We first prove that if Y |c,2"| converges for |z| < R, then Y |nc,z""!| also
converges for |z| < R. Similar as before, we choose p such that |z| < p < R, and we

assume z # 0. Then we have
w_ (N s
nen2"l = — ) lealp
2l \ p

n n
Since % < 1, the series > n (%) converges'. Thus there exists M such that n (%‘) <

M for every n. Hence,
M

|Cn|pn
|2

|ne,z"| <

cup™ converges as p < R, so > |nc,2" | also converges for |z| < R.
Now, conversely assume that > |nc,z""!| converges for |z| < R. Then

|cn2"| < |2 |ne,z" 7|

As |¢,z"| is bounded by a convergent series, so it is also convergent.
Therefore, > ¢,2" and > nc,z""! have the same radius of convergence. [ |

Proposition 4.2.2

Suppose that the power series » ~  ¢,2" has radius of convergence R > 0. Then
the function f(z) =Y 2, c,2" is differentiable on D(0, R), with the derivative

f'(z) = chnz”_l = Z(n + 1)epgr2”
n=1 n=0

n fact, Y nr" = e for -1 <r <1
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4 Power Series 35

Proof. For |z| < R, we define g(z) = >.°7  n¢,z""'. Take any w € D(0, R). We claim
that f’(w) exists and f'(w) = g(w). We define s,,(z) and R,(z) as follows:

= chzk , Ru(2) = Z it = s (2) = Zk‘ckzk_l = lim $/,(2) = g(2)
k=0 k=1

n—00
k=n+1

Therefore, f(2) = sn(z) + Rn(2). Since [w| < R, we can choose 7 such that |w| <r < R.
Also, we can pick § > 0 such that D(w,d0) C D(0, R). Let’s take z € D(w,d). Let £ > 0.

=l 2ol g ) 1 ) — ) 4 T Tl
FELZI g < [ 222 )] 1) = g + | L)

Since lim,, o 8,(2) = g(2), there exists N; € N such that for every n > Ny, |/, (w) — g(w)| <
sn(2)=snw) _ o (w)‘ < 5. Now,

zZ—w n

5. Since s, i

R,(z) — R,(w 1 > 2k — wk
() ():Z_chkz—w ch

row k=n+1 henpr 2 W
R.(2)— R = — wk
‘ 2) ”(“’)’ < 3 a2 ’
Z—w —w
k=n+1
oo (o)
- Z |ck|‘zk_1+zk_2w+...+wk_1‘ < Z |eg| k=t
k=n-+1 k=n-+1

Since r < R, the series Y |cx| kr*~1 converges. So we can find Ny € N such that for every
n > Ny, 300 ek krf~! < 2. Putting all these together, for n > max(Ny, Ny),

FOZI ] <255 = — iy L0EI0y
So we are done! "

By this proposition, a power series is infinitely differentiable. Also, one can easily verify

that
J®(0)
k!

C =

are the coefficients of the power series.

Definition 4.2.1 (Analytic Function). Let IV C C be open. A function f:V — Cis
called analytic if for all zy € V' there exists » > 0 such that there is a power series

[o.¢]
E cn (2 — 29)"

n=0

converges to f(z) on D(z,r).

Proposition 4.2.2 basically tells us that analytic functions are holomorphic. The converse
is also true, but that requires some more tools. We wish to prove it later.

35



5 Integration

Let V C C be open and f : V — C be holomorphic. Suppose D(z,7) C V for some
29 € V and r > 0. We will see that there exists a sequence (c,),,cy such that

f(z)= ch (z—20)" , VzeD(zr)

n=0

. (n)
How can we find these ¢,? If we know that such ¢, exists, then ¢, = fn—szo) for every n.

But what about their existence? We don’t yet know that whether they always exist or
not. In fact, they do exist, and they can be found using the formula

1 d |
Cn = 5o /W % , where v : [0,27] — V is given by y(t) = 2o + re"

But what do these even mean? We shall get back to these after we build up how
integrations work in C.

§5.1 Contour Integral

Definition 5.1.1 (Curve/Path). A curve or path is a continuous map 7 from a closed
interval [a, b] to the complex plane C. In other words, v : [a,b] — C is continuous. If
v(a) = v(b), we shall call it a closed curve.

We shall always assume 7 is piecewise C! (continuous differentiable).

Definition 5.1.2 (Piecewise C' Curve). A piecewise C' curve in C is a curve 7 :
la,b] — C, which is continuously differentiable except at finitely many exceptional
points.

Also, the range of v is also called the trace of 7; it is often denoted by v* =~ ([a, b]).

Abuse of Notation. People often write v when they are actually refering to v*. For
example, one may say something like, “the curve v C V”. But actually they mean
yrCV.

For a function f : [a,b] — C, we can define its integral as the integral of its real and
imaginary parts. Let u(t) = Re f(¢) and v(t) = Im f(¢).

/abf(t) dt:/abu(t) dt+i/abv(t) dt

Now we are ready to define contour integration.

Definition 5.1.3. Let 7 : [a,b] — C be a piecewise C' curve and f : v* — C be a
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5 Integration 37

continuous function. The contour integral of f at v is defined by

Af@dmzlvh@»ﬂﬂﬁ

The integral on the RHS of the equation is our favorite Riemann integral. The map

t— f(v(t))~'(t) is a map from [a,b] to C. So its integral can be splitted into real and
imaginary parts.

Example 5.1.1
Let 7 : [0,27] — C is given by 7(t) = re®, for some fixed r > 0. Then

/ " ik ifn=-1
2" dz = ]
7 0 otherwise

The proof is pretty straightforward. Here f(z) = 2. Let’s do the n = —1 case first.

27 2
/2_1 dz = / (reit)_l ire dt = / i dt = 2im
¥ 0 0

Now let’s do the n # —1 case.
2m ] ) 2w )
/z" dz = / (reﬁ)nire” dt = ir"“/ ettt gy
o 0 0
2m
= ™t / (cos((n+1)t) +isin((n+1)t)) dt =0
0

The final integral is 0 because both cos ((n + 1)t) and sin ((n + 1)) has 0 integral
on the interval [0, 27| (left as an exercise for the reader).

Definition 5.1.4 (Primitive/Antiderivative). Let V' C C be open, and f : V' — C be
continuous. Then f is said to have antiderivative or primitive on V if there exists
a holomorphic function F': V — Cand f = F' in V.

Proposition 5.1.1 (Fundamental Theorem of Calculus)

VCCisopen f:V — C. Let v: [a,b] = V with v(a) = 2, and y(b) = z». If f has
an antiderivative F' on V', then

/f(z) dz =F (z) — F (1)

Proof. We shall use FTC for real variables and Chain Rule here.

b b b
/ﬂwwz/fmmvwwz/Fwwwwﬂz/@wwwﬁ

Let Foy =g. So g is a function from [a,b] to C. Let g(t) = u(t) + iv(t), where u(t), v(t)
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are functions from [a, b] to R. Then we have, ¢'(t) = u/(t) + iv'(t). Therefore,

/abg'(t) dt = /abu'(t) dt—l—i/abv’(t) dt

— [ (1) dt = u(b) —u(a) +iv(b) —iv(a) = g(b) — g(a)

Corollary 5.1.2 (Cauchy’s Theorem for Derivatives)

VCCisopen f:V — C. Let v : [a,b] = V be a closed curve on V. If f has an
antiderivative ' on V, then [ f(z) dz =0.

Proof. This is just F'TC, but here we have z5 = 21 as v is closed. |
Since F' = f on V, FTC can be rephrased as following:

/F’(z) dz = F (2) — F ()

Lemma 5.1.3

Let f:V — C where V is a connected open subset of C. If f'=0 on V, then f is
constant

Proof 1. The first proof follows directly from FTC. Let 21,2, € V and v : [a,b] — C be
a path connecting them. Then,

0= /f’(z) dz = f(z2) — f(z21) = f(z1)=f(22)

Therefore, f is constant. |

Proof 2. This proof uses the fact that if X is connected and A C X is both open and
closed, then A = @ or A = X.
Let’s fix zg € V, and take wg = f(2p). Consider the set A={z€V : f(2) =wp}. Alis
obviously nonempty. We wish to prove that A is both open and closed, that would imply
A =V. We choose a sequence {z,},.y € A with z = lim z,,. Since z, € A, f(2,) = wo
for every n. As f is continuous,

wo = lim wy = lim f(zn):f<lim zn) =f(z) = z€ A

n—oo n—oo n—oo

So A is closed. Now we will show that A is open. We take z; € A. We choose ¢ > 0
such that B (z1,e) C V. Such ¢ always exists because V' is open. Take z € B (z,¢). We
define ¢ : [0,1] — C as g(t) = f (tz + (1 — t)z1). Then by Chain Rule,

JgO) =f(tz+1=)zn)(z—2)=0
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g can be splitted into real part and imaginary part. Both real part and imaginary part
has 0 derivative, and they are real valued functions. So g is constant. Therefore,

f(z)=9g(1) =g(0) = f (1) =wo = 2€A = B(z,6) C A

So A is open and we are done. |

Lemma 5.1.4 (ML Inequality)

Suppose 7 : [a,b] — C is a smooth curve, and f is continuous on v*. If | f| < M on
~v* and L is the length of v, then

<ML

z) dz

Proof. The length of v is given by

L=/ Iy (&) dt

Using the definition of integral,

ML inequality is just a fancier name of triangle inequality. Because, if f : [a,b] — C,
then triangle inequality gives us
b
0 < [l a

But if we are integrating about some contour that is not a part of the real line, then
triangle inequality basically says
< [1r@) 1ae
Y

This is essentially the same as ML Inequality.

z) dz

§5.2 Goursat’s Theorem

Let T' is be a (solid oriented) triangle with the vertices a, b, ¢ (counterclockwise oriented),
we write T = [a, b, ¢]. Then the boundary 0T of T is the line segments that enclose 7.
In other words,

OT = [a,b] + [b,c] + [, a]

Here [a, b] means the directed line segment from a to b.
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@)

Theorem 5.2.1 (Goursat's Theorem)

Let V' C C be open, and f : V' — C be a holomorphic function. If T" is a (solid
oriented) triangle in V/,

f(z) d2=0
aT

Proof. We split T into four congruent triangles 7%, T2 T°, T*.

OT = OT' + 0T? + 071° + OT*

/aij(Z) dz

Then we choose k such that

f(z) dz

Tk
and we define T} to be T*. Then we have

= max
1<;<4

<Z

Now we repeat the same argument for 77 instead of T'. Similar as before, we choose k

such that
/ f(z) dz
ori

f(z) dz
oT

2 <4

f(z) dz

Ty

Z dz

BTJ aTJ

= Imax
1<;<4

f(z) dz

oTf

and we define T to be TF. Then we have

f(z) dz < 42

0T

<4 f(z) dz

oT>

—

f(z) d=z

oT>

If we keep continuing this process, T),,; is the triangle among T}, T2, T3, T? that gives

n) n)’ n)on

the maximum integral along the boundary. Then, by induction, we have

f(z) dz f(z) dz
oT

oTy

<4

40



5 Integration 41

If S C C, we define its diameter to be

diam (S) = sup |z; — 29|
Z1,ZQ€S

Then by the construction of T}, diam (77) = 5 diam (T'). Inductively,
diam (T,,) = 27" diam (T)

The triangles T,, are closed. Also, T'2> Ty D 15 D ---, so the triangles are nested. Since
diam (7},) — 0, by the Nested Interval Theorem, there exists a unique point z; € C such
that

{20} = ﬂ T,
n=1
f is holomorphic on V, so f is differentiable at zy. Let o = f (20) and 8 = f’ (29). Then
f(z)=a+p(z—2)+E(2),

where the error term E (z) is a continuous function on V' satisfying

lim E(2)

= 0.

Now, o 4+ (2 — 29) is a polynomial, and thus it has an antiderivative a (z — zp) +
B (z — z)*. By Cauchy’s Theorem for Derivatives, faTn a+ f(z = z) dz = 0. Therefore,
f(z) dz

for each n,
f(z) dz / E(z) dz
T T, Ty,

For each n, let M,, be the supremum of |E (2)| on 0T,,. If [ is the length of 0T, then the
length of 0T, is 27 "I. By ML Inequality, we have

/BTHE@) dz

Now we want to show that 2" M, — 0.

Since J7T,, is compact and F (z) is continuous, there exists z, € T, such that |E (z,)| =
M,,. Then

<4 <4

<27"IM, = < 2"M,l1

f(z) dz
ar

|z — 20| < diam (7,) = 27" diam (T) — 0

So z, — z9. Then

E E E(z,
im 2 g gim [P g g [ BB
Z—r20 |Z — Zo| zZ—2z20 | & — ZO n—oo Z’VL — ZO
E (2, n :
M| = (2B (z)] = 20 | EE | <on | B | gen iam (1)
Zn — 20 Zn T 20
E(z,
- lim [2M,] < diam () Tim | 2G| _ g
n—00 n—oo | 2y — 20
So 2"m,, — 0. Since [ is a constant,
f(z) dz| <2"M,l -0 = f(z) d2=0
oT oT
Hence, we are done! |
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Using Goursat’s Theorem, one can conclude that if f : V' — C is holomorphic, then for
any (solid oriented) polygon P in V,

f(z) dz2=0
apP
Because OP is the finite sum of some 0T;’s where T;’s are triangles.

Proposition 5.2.2
Suppose V' is a convex open subset of C. Let f: V' — C be continuous and

f(z) dz=0, for any triangle T' C V.
or

Then f has an antiderivative on V.

Proof. Since V is convex, for every a,b € V', [a,b] C V. We fix a 29 € V and define F' by

F(z)= f(w) dw

[ZO 7Z]

We claim that F' is the desired primitive of f. We choose z € V. Since V' is open, we can
find r > 0 such that D(z,r) C V. So we take h # 0 with 0 < |h| < r, then z+ h € V.
Consider the triangle T' = [z, z, z + h]. Then 0T = [z, 2| + [z, 2 + h] + [z + h, 2.

- dw = d d d
0= [ sy dw= [ s dos /[ s / f(w) duw

[z+h,z0]

/ f(w) dw:/ f(w) dw — f(w) dw=F (z+h)— F(2)
[z,2+h] [z0,2+h] [20,2]

Claim — [, dw = h; also length of [z, 2 + ] is |A|.

Proof. Here we are integrating fi(w) = 1 over that path [z,z + h]. The path is
v:[0,1] =V, with v(t) = (1 —t)z+t(z+ h); so ¥ (t) = —2z+ 2+ h=h.

1 1 1 1
/ dw:/ 1-9/(t) dt:/ hdt=h, andL:/ |7 (t)] dt:/ |h| dt = |h
[2,2+h] 0 0 0 0

O

Claim — Illli% z Sz (fw) = f(2)) dw =0

Proof. Let € > 0. Since f is continuous, there exists 4 > 0 such that whenever
|lw—z| <0, |f(w) — f(2)] <e. We choose h with |h| < 4. So if w € [z,z + h], we
have |z —w| < |h| < 0. As aresult |f(w) — f(2)| < e. By ML Inequality,

1 1 .
‘g/[mh] (f(w) — £(2)) dw‘ _ H /[] (f(w) — £(2)) dw‘ < ‘ﬁ bl = ¢
Taking € — 0, we are done. 0
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1
lim — — dw =0
g | )= 5 du
—dm [ f@)de=lme [ f)d
= [2,2+h] R [2,24+] S
1
= lim — f(w) dw = lim M/ dw
- Flzt+h)-F) . f(2),
I
= F'(2) = f(2)
Therefore F' = f on V. So F' is the desired antiderivative of f. |

4 N
Corollary 5.2.3

Let V be an open subset of C and f : V — C be holomorphic. Then f has an

antiderivative on every open convex subset of V.
. J

4 )
Corollary 5.2.4 (Cauchy's Theorem in a Convex Set)

Let V' be an open convex subset of C and f : V' — C be holomorphic. Then for any

closed curve v in V/,
/f (2) dz=0
gl

. J

Proof. By Goursat’s Theorem, for any triangle 7" in V/,

f(z) dz2=0
oT
V' is convex, so by Proposition 5.2.2, f has an antiderivative on V. Then by Cauchy’s

Theorem for Derivatives, fv f(z) dz=0. |

Definition 5.2.1 (Star Convex). A subset A of R" is said to be star convex if for
some point ag of A, all the line segments joining ag to other points of A lie in A.

Whenever we say “V is a domain”, we actually mean that V' is an open connected
subset of C.

Proposition 5.2.5 (Cauchy's Theorem in a Star-Convex Set)
Let V be a star-convex domain, and f : V' — C be a holomorphic function. Then

Af(z) dz =0

for any closed contour v in V.

Proof. By Goursat’s Theorem, for any triangle 7" in V/,
f(z) d2=0
oT
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Now, let zy be the point that is connected to every other point of V by a line segment.
Then we define a new function F' by

F(z2)= f(w) dw

[ZO ’Z]

Mimicing the proof of Proposition 5.2.2, we get that F' is a primitive of f. Then by
Cauchy’s Theorem for Derivatives, f7 f(z) dz=0. |

Proposition 5.2.6
Let V C C be a domain, and f : V' — C be a continuous function with the property

Af(z) dz = 0

for any closed contour v in V. Then f has an antiderivative on V.

Proof. Firstly, note that the integral does not depend on the choice of path. This means,
if 21,20 € V and v,y are two paths from z; to z5, then

Lﬂamzéﬂaw

To prove this, notice that v; — ¥ is a closed loop based at z;. Given that, the integral
over any closed loop is 0. Hence,

/Yl—vzf(Z)dZZO — /%f(z)dz—/wf(z)dz:o — /71f(Z)dZ:/y2f(z)dz

In other words, the integral does not depend on the choice of path. It only depends on
the endpoints.

Now we shall just mimic the proof of Proposition 5.2.2. Fix zg € V. For z € V, take
any path v, from 2y to z, and define

szljmwm

Then F' is the antiderivative of f. The details are left for the reader to fill in. |
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D (zp,r) means the open ball centered at zy with radius . 9D (2, r) means the circle
centered at zp with radius . We give this circle counterclockwise orientation. So it can
be expressed as the path v : [0,27] — C given by v (t) = 2o + re®. Also, we would use
the shorthand symbol D for the unit open ball D (0, 1).

§6.1 Cauchy Integral Formula

Lemma 6.1.1

Given a,b € C and z € C, one can construct a continuous function f : C — C such
that f (z) = b and
1 (w)

211 Jop w — 2

dw =a

Proof. We define f as follows:
fw) = (a—=0b)(w—z)w|+b

Then obviously f is continuous and f (z) = b. Also, if w € 9D, |w| = 1.

O L I S R e [t I R
21t Jop W — 2 21 Jop w—z
1 1 b
= — (a—b)|w| dw+ — dw
21t Jap 21t Jop w — 2
a—>b / b dw
= - dw + —
2 Jap 21t Jop w — 2
=a—-b+b=ua
So this f is our desired continuous function. [ |

Theorem 6.1.2 (Cauchy Integral Formula for Disks)

Let V C C be a domain and f : V' — C be holomorphic. Suppose D (zg,7) C V for
some zg € V and r > 0. Then for every z € D (2, 7),

fe)=o [ T

271 dD(z0,r) w—z

dw.

Proof. Let v be the circular path 0D (zg,r) oriented counterclockwise. Take any point
z € D (29,7). Then there exists s > 0 such that D (z,s) C D (zo, 7). Let a be the circular
path 0D (z, s) oriented counterclockwise. In other words,

v(t) =20 +re" and a(t) =z +se’, fort€|0,2n]

Then we draw a diagonal line through the two centers, and it gives us two curves C and

022
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These curves have the property that
01—1-02:’}/—@ — 'y:C’l+Cg+oz
And i (“2 is holomorphic on the images of C;, Cy, o, y. Therefore,

/f(w) dw _ [ f(w) dw [ f(w) dw+/f(w) dw
Yy W=z o, W—2 cy, W—2 « W—

Now, we can find a star convex, open set that contains C'; and the space enclosed by Cf,
and that star convex set does not contain z. Similarly, we can find one for C5 also. An
example for C} is given below:

Here £ ( is holomorphic on U (because U does not contain z). U is star convex. So

by Cauchy s Theorem in a Star-Convex Set,

f(w) dw

c,w—2=0

Similarly, fo - Zdw = 0. Therefore,
T
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Therefore,

1 1 1 2m it )
_f/mwm:f/ﬂmm___ St set) it gy
y 2mi J,w— z
1 21

2 J, w— z 2mi Jy 2+ sett —z

f(z+se") dt

If we choose a even smaller positive value for s, it would stil be true.

1 1 [ .
—./dezlim—/ f(z+se’t) dt
2mi ), w—z 2m Jo

s—0t 27

As s — 0T, f(z + se') converges uniformly to f (z). Therefore,

ﬁl%dw L e at=r2)

:27r0

Example 6.1.1

Let’s say we want to calculate the following integral:

/ cosz? + 2z
— dz
o 2 (2 — /T)
We denote this by I.

COSZ2 4
1 1 cosz® + z 1 —z_\/;
2 2w Jap 2 (2 — /T) 270 Jop 2 —0

f(z)= % is holomorphic on D. So we can apply the Cauchy Integral Formula.
Therefore,

271

Lemma 6.1.3 (Mean Value Property)

Let V be a domain and f : V — C be holomorphic. Suppose 2z, € V with
D (zp,r) C V. Then

1

27
Fa) =g [ FGotret) d

Proof. Let v be the circular path 0D (z, ) oriented counterclockwise. In other words,
v (t) = 29 + re® for t € [0,2x]. Then by Cauchy Integral Formula for Disks,

f(ZO)_L Mdz

© 2mi 42— 20
L [* f(z+re?)

211 Jy  zo+ret — 2z
1 21

ire' dt

f (20 +re) dt
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Mean Value Property basically says that the value at the center of a circle is the average
of the values at the boundary. There is a generalization of Mean Value Property, which
says that the value at the center of a disk is the average of the values at the interior of
the disk. See Problem 6 of Midterm 1.

Theorem 6.1.4 (Cauchy Integral Formula for Derivatives)

Let V C C be a domain and f : V' — C be holomorphic. Suppose D (zg,7) C V for
some 2zp € V and r > 0. Then for every z € D (zg,r),

(n) _ L' f(w)
=5 /8D(zo,7') (w—2)"" -

Proof. We shall approach by induction on n. The base case n = 0 is just Cauchy Integral
Formula for Disks. Suppose inductively that f is n — 1 times differentiable at z, and

(n—1)zz(”—1)! f(w) w
f(z) —/8 L d

2mi D(z0,r) (w - Z>n

If 2 f=1 (2) is a defined expression, it’s equal to f™ ().

f( | <Z) a éf( )(Z) a & < 2m /GD(ZQ,T) (U) - Z>n dw)

5 ! )

R L (P —

270 Jop(om (w— 2)"*

Here the integrand does not depend on z. That’s why we could switch integral and
d

5 [ |
One can conclude from this theorem that if f is once differentiable in V', then f is
infinitely differentiable in V.

§6.2 Some Consequences

Theorem 6.2.1 (Morera’s theorem)

Let V' C C be a domain and suppose that f : V' — C is a continuous function. If for

any closed curve v in V
/ f(z)dz=0
.

then f is holomorphic.

Proof. For any closed curve v the integral over v is 0. So by Proposition 5.2.6, f has
an antiderivative I’ in V. Since F' is holomorphic, it is infinitely differentiable in V. So
F' = f is differentiable in V. So f is holomorphic. |
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Proposition 6.2.2

Holomorphic functions are analytic.

Proof. Let V' be a domain and f : V' — C be holomorphic. Choose some z; € V' and
r > 0 such that D (zo,7) C V. Suppose v = 9D (2, ) oriented counterclockwise. Then
for z € D (zp, ), Cauchy Integral Formula for Disks gives us

1 [fw)dw 1 f(w) dw
)—27Ti/7 w—z  2mi ), (w—z)—(z— )
= — ! 1z Zof(w) dw

2m w—2z9 1—
w—2zo

/ ()
dw
27rz —zo wW — 2o

B 1 f(w) dw
—Z(Z—Zo) %/(—nﬂ

n=0 vy (W — ZO)

N 1 (n)
cn(z—20)" , where ¢, = — f(w) d:il _f (20)
i ), (w — 2) n!

[e=]

n—=
So f can be expressed as power series, hence it’s analytic. |

But there are a couple of issues with this proof. First of all, we need to make sure that
Yoo o Cn (2 — 20)" is a valid power series. In other words, it converges on D (z,r). To
make sure of that, we need the following cool result:

Lemma 6.2.3 (Cauchy Estimates)

Let V be a domain and f : V — C is holomorphic. Let v be the circle |z — 29| = r
in V. Suppose |f| < M on v*. Then

Mn!
T.n

| F™ (20)| <

Proof. This follow immediately from Cauchy Integral Formula for Derivatives and ML
Inequality. The length of ~ is 27r.

n n! f(z) n! f(2)
[F™) (20)] = T/—mrldz‘ZZ_ /—nJrldz
T Jy (2 = 20) T |Jy (2 — 20)
nl M _Mn!
27 prtl = rn

Now, back to the proof of Proposition 6.2.2. Observe that,
n’: f(n)(zo SM(’Z—Z(J’)?%
n! r

Clearly, > (M) converges uniformly on D (z,7). So >~ ¢, (z — )" converges

on D (zy,r).

_ ZD)"

len (2 — 20)
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Now, there is another issue with the proof of Proposition 6.2.2. We swapped summation
and integral without any justification. There are a couple of ways to justify this. One
can use either DCT or UCT. However, using DCT requires some amount of work.

One can apply Weiestrass M-test to show that the sum

~ (=)
— 20
— =] (w)

nzg (w o ZO) +1
converges uniformly on v*. The argument is similar to the proof of Cauchy Estimates.
Then UCT justifies swapping summation and integral.

Now our proof of Proposition 6.2.2 is complete. We previously showed that ana-
lytic functions are holomorphic. So, we have finally established the equivalence of
holomorphicity and analyticity.

Theorem 6.2.4 (Liouville’s Theorem)

If f is entire and bounded, then f is constant.

Proof. 1t’s enough to show that f" = 0. Let z € C. Choose any r > 0 and consider v to
be the circle centered at z with radius . Then ~ is contained in D(z,r). As a result,
the length of 7 is 27r. Since f is bounded, | f(w)| < M for every w. By Cauchy integral
formula for derivatives,

1! f(w) dw 1 M M

! = | L <=

£ ()] 2mi /7 (w—2)H| = 271 2 -
Since f is entire, this is true for every r > 0. So we can take r — oo and we get f'(z) = 0.
Therefore, f/ =0 and f is constant. ]

Note that, Liouville’s Theorem is a consequence of Cauchy Estimates. Now we will see a
consequences of Liouville’s theorem.

Theorem 6.2.5 (Fundamental Theorem of Algebra)

If P € Clz] (P is a polynomial with complex coefficients), then P has a complex
root.

Proof. Assume the contrary. Then P (z) # 0 for every z € C. So f(z) = ﬁ is entire.
Note that, as |z| — oo, |P (2)] — o0. So

agf =0
Therefore, for M > 0 we can find R > 0 such that |f(z)| < M when |z| > R. fis
continuous on the compact set D (0, R). So it is bounded by some N > 0 in D (0, R).
Therefore, f is bounded by max (M, N).
f is entire and bounded. So by Liouville’s Theorem, f is constant. Therefore, f (z) =0

for every z. But that’s not possible since f (z) = P%Z). [ |

Corollary 6.2.6
If P € C|[z], and the degree of P is n, then P has exactly n roots.
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Proof. We shall proceed by induction. The 1-degree polynomials have exactly 1 root is
trivial. Suppose P is a n-degree polynomial,

P(2)=ap2"+ap_ 12" "+ -+ a1z +ag

By FTA, P has at least one root w;. Then writing z = (z — wy) + wq, plugging this into
the expression of P, and using the binomial formula we get

P(2)=by(z—w)" +bp1(z—w)" "+ by (2 —wi) + by

where by, by, ...,b,_1,b, are the new coefficients, with b, = a,. Since P (w;) =0, by = 0.
Therefore,

P(z)=(z—w) (bn (z — wl)n_l + b, o(z— wl)n_l + -t by (z—wy) + bl)

= (z—w1)Q(2)
@ is a n — 1 degree polynomial. Therefore, by inductive hypothesis, it has exactly n — 1
roots. Therefore, P has exactly n roots. So, by induction, we are done. |
Lemma 6.2.7

Let V C C be a domain and D C V. Let f: V — C be holomorphic, and

(2)z"dz=0
oD

for every n > 1. Then f = 0.

Proof. When z € 0D,

l=z2’=22 = "= —

Z?’L
So, the integral condition becomes
i
FE) g so = 2T e ()
oD Al (Tl — 1)'

If we consider power series around 0, we get that all the coefficients of the power series
are 0. Hence, f = 0. |

§6.3 Some More Consequences

To avoid writing “f : V' — C is holomorphic” again and again, we shall write f € H (V)
instead.

Proposition 6.3.1

Let V C C be a domain, and f € H (V). Suppose f™ (2) = 0 for every n € N for
some (. Then f is a constant.

Proof. Our strategy is to show that f’(z) = 0 for every z € V. Then by Lemma 5.1.3,
we can conclude that f is a constant.
We take the following subset of V:

A={zeV : f™(z)=0 ¥YneN}
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A is clearly non-empty. To show that A is closed, suppose (2,),,cy is a sequence in A
that converges to zy. Then by the continuity of £

0= lim f™(z,)=f" ( lim zm> =" (%) = fM(20)=0 = zncA
m—00
Therefore, A is closed. Now we shall show that A is open.
Choose some zy € A. Since V' is open, there exists r > 0 such that D (z,7) C V.
Then we take the power series around zy. This gives us for w € D (2, 1),

0 (n) >0 o
P =3 =0 T = 1 o)+ 3 o T = 1 )

So f(w) = f(z) for every w € D (z9,7). Therefore, f (w) = 0 for n € N. Hence
D (z9,7) C A, and thus A is open.

A is a nonempty clopen subset of the connected set V. Therefore, A = V. Therefore,
f'(z) =0forall z€ V. So f is constant. [ |

However, Prposition 6.3.1 is not true in real analysis. For example, if we take the function
f iR — R defined by

bl

e ifx#0
0 ifx=0

f has all derivatives 0 at z = 0. But f is non-constant.

Definition 6.3.1 (Order of Zero). Suppose f is holomorphic at 0 and f (z) = 0. If
there exists a positive integer N with the property that

f™()=0 Yo<n<N and f& (2) #£0

Then we say that IV is the order of zero at z. If there does not exists such positive
integer N, we say that the order of zero at z is infinity. Otherwise, when f (2) # 0,
we say that the order of zero at z is 0.

-
Corollary 6.3.2

Any zero of a nonconstant holomorphic function on a domain must be of finite order.
.

Proposition 6.3.3 (Factorization of Holomorphic Functions)

Let f € H (V) and 2y € V be a zero of f with order ng. Then there exists g € H (V)
such that g (zo) # 0 and

fe)=(z=2)"g(z) , VzeV

Proof. We choose r > 0 such that D (zy,r) C V. We take the power series around z.

(o]
E cn (2 — 29)"

n=0
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Since the zero at zy has order ng, ¢, = 0 for 0 < n < ng and ¢,, # 0. Therefore,

f(z) = Z cn (2= 20)" = (2 — 20)" Z Cng+n (2 — 20)"

n=ng

This gives us that

fz) = Z Cnotn (2 — 20)"

(z — 2)"™

on D (z0,7) N (V\ {20}). Now we define a function ¢ that is —Z— on V' \ {2}, and

(z—z0)"0
Yoo o Cnotn (2 — 20)" on D (2o, 7).
By pasting lemma, g is continuous. Also ¢ is analytic on D (zg, ), so it is holomorphic
on D (zg,7). Also, g is holomorphic on V' \ {z}. So g is holomorphic. Furthermore,

g(ZO) = Cny 7&0

So we are done! [ |

n=0

Suppose f € H (V). Then the zero set of f, denoted by Z (f), is defined by
Z(f)={z€V : f(z)=0}

Theorem 6.3.4

If V C Cis adomain and f € H (V) and f is non-constant, then Z (f) does not
contain any limit point.

Proof. Let w € V be a limit point of X, therefore it is the limit of some non-constant
sequence in X. Let the sequence be {z,} >, € X. Since f is continuous,

Py =1 (Jim 2) = Jim £ () =0 — we X

Since V' is open, there exists r > 0 such that D (w,r) C V. We claim that f = 0 on
D (w,r). Consider the power series of f around w.

f)=) ealz—w)"

Assume for the sake of contradiction that f is not identically 0 on D (w,r). So not all
c,’s are 0. Let ¢, be the first nonzero coefficient.

ch(z—w)":cm(z—w)m <1+ Z Cc—n(z—w)"_m)

n=m n=m+1 "M

m (2 —w)" (1+g(z—w))

f(2)

I
o

Notice that, if z — w, then g (z — w) — 0. Now take z = z,, # w.
f(z) =cm(zn—w)" (14 g (2, —w))

Cm (20 —w)™ # 0 as 2z, # w. Also z, — w gives us 1 + g (z, — w) — 1. This means, for
a suitable n, this quantity is arbitrarily close to 1. As a result, 1 + g (2, — w) # 0. So
this gives us f (z,) # 0, contradiction! Therfore, D (w,r) C X.
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Let U be the interior of X. U contains D (w,r), so it’s nonempty. U is open because
it’s interior. Now we will show that U is also closed.

Let a, € U with a,, — a. By continuity, f(a) = 0. Then by the argument above, f is
0 in a neighborhood of a. Thus, a € U, so U is closed. As U is both open and closed,
and U is nonempty, so U = V. Therefore, f(z) =0 for every z € V. [ |

Corollary 6.3.5

Let V. C Cbeadomain and f,g€ H(V). f X ={z €V : f(z) = g(2)} has a limit
point in V', then f =gon V.

Proof. X is Z (f —g). Z (f — g) contains a limit point, so f — ¢ = 0. [ |

Proposition 6.3.6 (Maximum Modulus Principle)

Let V' C C be a domain, and f € H (V). If there exists zp € V such that
|f (20)] > |f (2)] for every z € V, then f is constant.

Proof. We shall use Mean Value Property here. Choose r > 0 such that D (zo,7) C V.
Then let v be the path 9D (z,r) oriented counterclockwise. Then by Mean Value
Property,

1

2 )
f(20) = %/0 f (20 +re) dt

2
S f (z0)| = % /o f (20 +re) dt
27
< % ; |f(z0+re“)| dt
1 27
< o, |f (20)| dt =|f (20)|

So all the inequality signs must be equality. Therefore,

27 27 27
it dt| = it dt = d
/o f(z0+re) t‘ /0 |f(z0—|—7’e )| t /0 |f (z0)] dt

Now, when does the first equality hold? It holds when f (zy + re') lies on the same ray
from origin. In other words, when f (29 + re®) has the same argument for all ¢ € [0, 27].

Also, when does the second equality hold? It holds when |f (2o + 7e")| = |f (20)|. In
other words, when f (29 + re) has the same modulus for all ¢ € [0, 27]. Therefore, in
order to satisfy the equalities, we must have f (2 + re®) constant for ¢ € [0, 27]. In other
words, f is constant on v*.

f (20) is the average of values at v*. Since f is constant on v*, f (2) = f (20) for z € 7*.
Now, consider g (z) = f (2) — f(20). g € H (V) and Z (g) contains the circle D (z, ).
0D (zg,r) is closed, so it must have some limit points. Therefore, by Theorem 6.3.4,
g = 0. In other words, f (2) = f (29) for every z € V. [ |

However, Maximum Modulus Principle is not true in real analysis. One simple coun-
terexample is f : R — R given by f (z) = cosz. Then |f (z)| has maximum at z = 0,
but f is definitely non-constant.
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Corollary 6.3.7 (Minimum Modulus Principle)

If f is a non-constant holomorphic function on a domain V', then there does not
exist any zop € V such that f(z9) # 0 and |f (20)| < |f (2)] for every z € V.

Proof. Assume the contrary. f(z9) # 0 gives us f(z) # 0 for any z € V. So g (z) = o
is well-defined, and holomorphic on V. Then we have

1 1
J(20)| < |f(2)] = ‘ Z‘ = [9(20)] = |9 (2
|/ (z0)| < [f (2)] ARG |9 (20)| = |g (2)]
Then by Maximum Modulus Principle, g is constant, which gives us that f is constant.
Contradiction! [ ]

Proposition 6.3.8

Let V' C C be open, and ¢ : V x [0, 1] be continuous such that for each fixed ¢ € [0, 1],
z + ¢ (z,t) is holomorphic. Then

M@:A¢@ﬁdt

is a holomorphic function on V.

Proof. Let T'C V be a triangle in V. We claim that faTg = 0.

/BTQ(Z) dzz/aT/Olqﬁ(z,t) dtdz:/oldt aT(b(Z’t) d=

Here we used Fubini’s theorem to swap integrals. The integral over 0T can be translated
into an integral over a closed interval and the integrand is continuous. So we can apply
Fubini’s theorem. Since ¢ (z,t) is holomorphic for all ¢, by Goursat’s Theorem,

¢(z,t) dz=0
oT
As a result,
1
/ g(2) dz:/ 0dt=0
oT 0
So by Morera’s theorem, g is holomorphic. [ |

4 )
Corollary 6.3.9

Suppose V' C C is open, I' is a chain, and ¢ : V x I'* is a continuous function such
that for each fixed w € T'*, the function z — ¢ (z,w) is holomorphic. Then

9= [ 6z 0) du

is a holomorphic function on V.
\- J

The proof is exactly similar to that of Proposition 6.3.8.
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§6.4 Homotopies and Simply Connected Domain

Definition 6.4.1 (Homotopy). If f and f’ are continuous maps of the space X
into the space Y, we say that f is homotopic to f’ if there is a continuous map
F: X xI—Y such that

F(x,0) = f(z) and F(z,1)= f'(2)

for each x € X. (Here I = [0, 1]) The map F is called a homotopy between f and
f'. If f is homotopic to f’, we write f ~ f’.

We considered a continuous function f : X — Y. Now we consider a special case where
f:0,1] = X is a continuous map such that f(0) = 2o € X and f(1) = x; € X. We say
that f is a path from zy (the initial point) to z; (the final point) in X.

If f and [’ are 2 paths in X, there is a stronger relation between them than hometopy It
is defined as follows:

Definition 6.4.2 (Path Homotopy). Two paths f, f' : I — X, are said to be path
homotopic if they have the same initial and final points, dented by xy and z;
respectively, and if there is a continuous map F': I x I — X such that

F(s,0)= f(s) and F(s,1) = f/(s),
F(0,t) = xg and F(1,t) = xy,

for each s € I and each t € I. We call F' a path homotopy between f and f’. If f
is path homotopic to f’, we write f ~, f'.

Lemma 6.4.1

Let (X, d) be a metric space, and K C U C X where K is compact and U is open.
Then there exists € > 0 such that for every k € K, B (k,e) C U.

Proof. For every x € K, since K is a subset of an open set U, there exists r, > 0 such
that B (z,7,) C U. This gives us an open cover for K.

ke Un(e)

zeK

Since K is compact, there is a finite subcover.

KeUn(e’y)
=1

We take € to be the smallest of these r;

o5 s )
£ = 1min 1= N £
2 )= )

We claim that this € is our desired €. Let k € K. Take any y € B (k,c). We need to

show that y € U.
T,

2

y€ B(k,e) = d(k,y) <e<
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Suppose k is in B (:cl-, %)

ke B <g; Ti) — d(z k) < &
2 2

Using triangle inequality, we get
Hence, B (k,e) C U. [ |

Proposition 6.4.2
Let V C C be open in C, and 73,72 be two contours in V' with y; ~, 7. Then

[ﬂf(z) dz:LQf(z) dz

for any holomorphic function f: V — C.

Proof. 71,72 : I — V are homotopic paths, with fixed endpoints; let 71 (0) = v (0) = a
and 71 (1) =7 (1) =b. Let F': I x I — V be a path homotopy between ~; and .

F(s,0) =n(s), F(s,1) =(s) and F(0,t)=a, F(1,t)=10

for every s,t € I. Now, I x I is a closed bounded subset of R?, so it’s compact. Image of
compact set under continuous map is compact, so K = F (I x I) is a compact subset of
V. By Lemma 6.4.1, there exists € > 0 such that for every z € K, D (z,e) C V.

Continuous function on a compact set is uniformly continuous (Heine-Cantor theorem).
So F is uniformly continuous. Therefore, there exists > 0 such that for x,y € I*

whenever ||z —y|| <6, we must have |F (z) — F (y)| <e

By the Archimedian property, there exists N € N such that N6 > 1. This can be
rewritten as ]lv < 0. We divide I into N equal pieces, so we get

O=t0<t1<t2<---<tN:1,tj:%forjzo,l,...,]\f

We apply this division to both dimensions of I?. Thus we get N? squares of side length
%, they make 2. Also, we get N + 1 different paths from F by

fYtj(S) = F(S7tj)

In this way, 71 = v, and v2 = 7, . We claim that for every j =0,1,..., N

/%‘f(z) dz = ] £(2) dz

Jj+1

Let’s consider the rectangular strip I X [t;,t;+1]. By our previous construction, it is
composed of N squares. Consider two sequences wq, w1, . .., wy and zg, 21, . . . , 2y defined
by

Wy = Vi, (ti) and z = 7 (t:)

Obviously, wy = 29 and wy = zy because they are the endpoints.
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21
ZN

—_— Wy

tO tl ... tN

Let Sy denote the square [ty_1,t] X [t;,t;41] and ¢, be the center of the square Sy.
Let Dy, be the open disk centered at F'(¢x) with radius €, i.e. Dy = D (F (¢g),€). Using
Lemma 6.4.1, D, C V.

Claim — 2z, zp_1, wg, wi_1 € Dy.
Proof. Let x be any of the corners of Si. Since Sy has side length %,

11 1
Nﬁ<ﬁ<5 = |F(z) — F ()| <e = F(z)€ Dy

Sk = [tk—latk] X [tj,tj+1]. If we take z = (tk_l,tj),

lex — =l =

Dy 3> F(z) = F (tr-1,t5) = v, (tr—1) = We—1
If we take © = (tg—1,tj11),
Dy 3 F(x) = F (th-1,tj41) = Vi1 (te-1) = 2621
If we take = = (tx, t;),
Dy 3> F(z) = F (ty, t;) = v, (te) = wie
If we take z = (tg,t41),
Dy 3> F(z) = F (tr, tjs1) = Y10 (te) = 2

The claim is proved. O

Now, Dy is a convex subset of V. So f has a primitive g, on Dj. Therefore, both g, and
gr+1 are primitives of f on Dy N Dyy1. So grr1 — gr must be a constant on Dy N Dy.q.
By the above claim, z, wy € (Dg N Dyy1). Therefore,

Gev1 (26) — gk (21) = grr1 (Wr) — g (k) = | Grr1 (2x) = Gey1 (wi) = gr (2x) — gr (wi)

for every k = 1,2,..., N — 1. Now we can compute the integral using fundamental
theorem of calculus.

f(2) dz = (g1 (21) — 91 (20)) + (92 (22) — g1 (21)) + -+ + (g~ (2n) — gn (25-1))

(9 (2) = gr (28-1))

N
k=
We get a similar expression for f%_ f(2) dz, with wy, instead of z;. Now subtracting them,

J
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we get

N

(g1 (2k) — gk (21-1)) — Z (gr (wr) — gr (we—1))

1 k=1

WE

1(2) dz - / Sz =

i1 k

((gx (21) = gk (W) = (g (z6-1) — gk (Wr-1)))

WE

Il
—

[

gn (2n) = g (wn)) = (91 (20) = 91 (wo))

I
o

Here we could do telescoping because of the boxed equation stated above. And the final
quantity is 0 because zy = wy and zy = wy.
We have proved that f% f(z) dz = f% f(z) dz. Continuing this way, one can
i+ j

/%0 F(2) dz = /%N F(2) dz

Vi, 18 just vy, and 4, is just ;. So we are done. |

conclude that

Definition 6.4.3 (Simply Connected Domain). A domain V is called simply con-
nected if any two pair of curves in V' with the same endpoints are homotopic.

Proposition 6.4.3

Any holomorphic function in a simply connected domain has a primitive.

Proof. Suppose f € H (V), where V is simply connected. From the simply connected-
ness, we get that the integral does not depend on the choice of path. It only depends on
the endpoints.

Now we shall just mimic the proof of Proposition 5.2.2. Fix zg € V. For z € V| take
any path 7, from zy to z, and define

F(z):/zf(w) dw

Then F' is the antiderivative of f. The details are left for the reader to fill in. [ |
4 N

Corollary 6.4.4 (Cauchy’s Theorem in a Simply Connected Domain)

Let V be a simply connected domain, and f € H (V). Then

/ f(z)dz=0
2!

for any closed contour v in V.

. J

Proof. Proposition 6.4.3 tells us that f has an antiderivative. Then the conclusion follows
from Cauchy’s Theorem for Derivatives. |

Simply connected set is usually a topological notion. But there are a couple of complex
analytic characterization of simply connected sets.
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(i) Suppose V' C C is a domain with the property that for every f € H (V') and for all
smooth closed curve v in V|

Lf(z) dz=0.

Then V' is simply connected.

(ii) If V is a domain where every holomorphic function has a holomorphic square root,
then V' is simply connected.

The proof of these two results are omitted.
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7 Winding Numbers and Logarithms

In this chapter, we will try to answer the following question:

Question. Given an open set V' C C and a cycle (a cycle is a chain composed of closed
curves) I' in V| when is it true that

Af@)wz

There is a similar question, which we can answer using the tools we have till now.

for every f € H(V)?

Question. Given an open set V' C C and f € H (V), when is it true that

Af@)w=

The answer to this question is provided by the following theorem:

for all cycles I in V7

Theorem 7.0.1
Suppose V' C C is open and f € H (V). Then for every smooth curve v in V'

/f

if and only if f has a primitive.

Proof. One direction is given by Cauchy’s Theorem for Derivatives. The other direction
is Proposition 5.2.6. |

In search for the primitive of %, we encounter complex logarithms.

§7.1 Logarithm

We say that w is a logarithm of z if
e’ =z.

Notice that, we said a logarithm, not the logarithm. That’s because complex logarithm
is not unique. For example, any complex number of the form 2min with n € Z is a
logarithm of 1. Furthermore,

e’ =z = w=logl|z| +argz.

But the problem is, arg is not a well-defined function. That’s why we need the notion of
branch of logarithm.
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7 Winding Numbers and Logarithms 62

Definition 7.1.1 (Branch of Logarithm). Let V' C C be open. A branch of loga-
rithm on V is a function L € H (V') such that

for every z € V.

One thing to note that, there certainly exists discontinuous functions f that satisfies
ef?) = 2. f(2) = log|z| + Arg z is one such example. But we need not only continuous,
but also holomorphic function to be a branch of logarithm. The following result tells us
that continuity is enough.

Proposition 7.1.1
Suppose V' C C is open and f € C (V) that satisfies e/*) = 2 for every z € V. Then
feH(V).

Proof. Firstly, note that f is injective. To prove that let f(z) = f (w). Then

L= ) G w)

So f is injective. In particular, for every small nonzero h, f (z + h) — f (z) # 0. Therefore,

; _ _ _ f(z) _
ey s Sy sl L o s Ly ey B o B
CEan—fE) 1
h—0 h oz

Since z = /), 2 is not equal to 0. Therefore, for z € V, f’(z) exists and it is equal to
1
1 [ |

z

The following result gives us a characterization of branches of logarithm on a domain.

Proposition 7.1.2
Let V C C be a domain and L € H (V). Then the following are equivalent:

(i) L is a branch of logarithm in V.

(ii) eX(0) = 2, for some zg € V, and L' (z) = 2 for every z € V.

Proof. (i)=(ii) is trivial, so let’s prove (ii)=>(i). We define a new function f (z) = e %)z
Then f € H (V). Then for any z € V,
f'(z)=et® 2L (2)e & =0
So f"=0 on V. Therefore, by Lemma 5.1.3, f is constant. Then for any z € V,
f(z)=f(20)= e @) =1 = M3 =,
Therefore, L is a branch of logarithm in V. |
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7 Winding Numbers and Logarithms 63

Proposition 7.1.3

Let V C C be a domain. There exists a branch of logarithm in V' <= there exists
f € H (V) such that f'(z) =1 forall z € V.

Proof. = is trivial. Let’s prove <=. We choose some zy € V. Since zy # 0, we can find

¢ € C such that
f(z0)+c

(& = 20
We define L (z) = f (z) +c¢. Then L' (z) = £ and L is a logarithm at zy € V. Therefore,
by Proposition 7.1.2, L is a branch of logarithm. |

Corollary 7.1.4
If V' is a convex open subset of C\ {0}, then there exists a branch of logarithm in V.

Proof. V' does not contain 0, so z +— l is holomorphic on V. V is convex, so by
Corollary 5.2.3, L has an antiderivative. So we can find f € H (V) with the property that
f(z)= i for all z € V. Hence, by Proposition 7.1.3, there exists a branch of logarithm
inV. |

In fact, Corollary 7.1.4 still holds if we have a simply connected set instead of convex set.
Because, Proposition 6.4.3 tells us that any holomorphic function on a simply connected
domain has an antiderivative. So there is some f € H (V) with f’(z) = 1. Hence, there
exists a branch of logarithm.

Proposition 7.1.5

Suppose that V is an open subset of C. There exists a brach of logarithm in V' if

and only if

d
d _
’YZ

for all closed path v in V.

Proof. Using the proof of Corollary 7.1.4, branch of logarithm exists if and only if there
is a primitive of % By Theorem 7.0.1, primitive of % exists if and only if the integral of
i over any closed path is 0. ]

§7.2 Winding Numbers

We’ve seen before that p
o ,  where vy = 90D

v #

If we take 7 : [0,27] — C given by ~ (t) = e, then we get that
dz

— = =2

,YZ

Furthermore, if we take 7 : [0, 27] — C given by v (t) = €*!, then the integral would be
47i. So we see that if v revolves around 0 n-times (counterclockwise rotation is positive,
and clockwise is negative), the integral of % over 7 is 2mni. Also, if we translate things,
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7 Winding Numbers and Logarithms 64

we can find how many times a curve revolves around any point. This gives us motivation
to define winding number or the index of a curve. We can define it as follows:
1 dz

Ind(’y,a) = %Z—a

Then Ind (v, a) will give us the number how many times v winds around a. But this
definition only works if we can integrate over v. Whenever v is not piecewise smooth, we
can’t integrate, so this definition of winding number doesn’t work. So we need a better
definition that works for continuous paths too. The following lemma allows us to do
SO.

Lemma 7.2.1

Let 7 : [0,1] = C\ {0} be continuous. Suppose 0y € R such that ¢ = %. Then

there exists a unique continuous function € : [0,1] — R such that

7 () = by (6)]

for all ¢ € [0,1] and 0 (0) = 6,.

Proof. ~ (t) # 0, so there exists € > 0 such that D (0, €) does not intersect v*. [0,1] is
compact, so vy is uniformly continuous. Therefore, we can find > 0 such that

|7 (s) —v(t)] < e whenever |s—t|<¢

By the Archimedian property, there exists n € N such that nd > 1. Now we divide [0, 1]
into n equal parts.
Let [; = [3%1 l]. Then for s,t € I,

1
s—tls—<d = py(s) =7l <e

So v (I;) is contained in a disk D; of radius € not containing the origin. Since 0 ¢ D;, L
is holomorphic on D;. Dj is convex, so there is a branch of logarithm in D;. In other
words, there exists L; € H (D;) such that ¢2i*) = z for all z € D;. Now, v (0) € Dy, so

OO =5 (0) = | (0)] ™

Therefore, Re L; (7 (0)) and 6y differ by an integer multiple of 27.
Adding 27 to a branch of logarithm yields another branch. So we can replace L; by
Ly + 27n, in such a way that Re Ly (7 (0)) = 6y. As a result,

7 (0) = ™00 = e |y (0))
Now we shall approach inductively. Note that, for 7 > 2, v (%) €D;NDj. L (7 (%))
and L1 (v (L)) exists.

a%@u»:7(1>:emﬂmu»
n
So Re L; (fy (%)) and Re L1 (”y (%)) differ by an integer multiple of 2.
Adding 27 to a branch of logarithm yields another branch. So we can replace L1 by
L1+ 2mn 44 in such a way that Re L, (7 (%)) =ReL;y (7 (%)) Therefore,

Q)0 )
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7 Winding Numbers and Logarithms 65

for all j € {1,2,...,n— 1}.

Now we can just define 6 (¢) = Re L; (v (¢)) if ¢ € I;. Then this 6 satisfies our condition
v (t) = |y (t)]e®®. Also, 0 is continuous on the closed pieces I;, and agrees at the
intersection of the pieces. Therefore, by pasting lemma, 6 is continuous.

Now we are left with the uniqueness of 6. Suppose that there are two such continuous
maps 6; and 6. Then we have

Y ()] W =5 (t) = |y (t)| ) = OD=0:0) =1

So %ﬂem) € Z. Now, t — %ﬂ%(” is a continuous map from [0, 1] to Z. Since [0, 1] is

connected, the map must be constant. As 6, (0) = 6y = 6 (0), 6, (t) — 02 (t) = 0 for all
t € [0, 1]. Hence, the map @ is unique. [ |

Now we are ready to define winding number.

Definition 7.2.1 (Winding Number). If - : [0,1] C is a continuous closed curve, and
a ¢ v*, then the winding number or index of v about a is

Ind (v,a) = —0(1)2;0(0) ,

where 6 : [0,1] is a continuous function such that
10 —a =l ()~ ol 2

Existence of such 0 is guaranted by Lemma 7.2.1.

Now we will show that this definition agrees with our “idea” of winding numbers.

Lemma 7.2.2
If v is a closed path, and € is that unique continuous function of Lemma 7.2.1, then

6(1)—06(0) - g
% 1S an integer.

Proof. Since 7 is a closed path, v (1) = 7 (0) = 2. Both 6 (0) and 0 (1) are arguments of
zo. Hence, these arguments differ by an integer multiple of 2. That’s why

6(1) —6(0)

=néezl
21 "

0(1)—0(0)=2mn, wherene€Z —

Proposition 7.2.3

If v is a smooth closed curve and a ¢ ~*, then

1 dz
Ind('y,a):%/z_a
5

Proof. ~v:10,1] — C, so we can write

v(t) =a+r(t)eD
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7 Winding Numbers and Logarithms 66

where 7 (t) = |y (t) — a] > 0. Since r # 0, r is differentiable. Also, differentiablity of ~
guarantees differentiability of 6.

/ dz /1 v (t) dt /1 ' (1) e +ir () PO (1) "
o 0 0

z—a Jo y({t)—a r(t)e?®
= ) il’ =In(r —In(r i -
_/0 -t /Oe(t) dt = In (r (1)) = In (r (0)) 4+ (6 (1) — 6 (0))
1 [ de 0)-0(0)
"%/vz—a_ —— = Ind(7.q)
[ ]

Corollary 7.2.4

If 44,72 are two homotopic smooth curves in C \ {a}, then

Ind (71, a) = Ind (72, a)

Proof. Trivial from Proposition 7.2.3 and Proposition 6.4.2.

Proposition 7.2.5
Suppose V' is an open subset of C. There exists a branch of logarithm in V' if and
only if 0 ¢ V' and

Ind (7,0) =0

for any closed curve v in V.

This is a restatement of Proposition 7.1.5. From this, we can conclude that there cannot
be any branch of logarithm in the whole punctured plane C\ {0}. But if you get rid of
the negative real axis, then we have a branch of logarithm. In a similar manner, if you
delete any ray from 0, then there exists a branch of logarithm in that set.

There is a branch of logarithm in C\ {re” : r € [0,00)}

This is not hard at all to prove. Because S = C\ {re? : r €[0,00)} is a star convex
set, so it’s simply connected. So we have a branch of logarithm in S.

In fact, a stronger result is true. There are no other set S’ that contains S and there
is a branch of logarithm in S’. The proof is also pretty simple. Because if S’ is a strictly
larger set than S, it contains at least one point of the form 7e?. Then if we integrate %
over 0D (0,rp), the integral is not 0.

§7.3 Branch of Logarithm of Function

Proposition 7.3.1

Let V' be a simply connected subset of C. If f € H (V') and f has no zeroes on V,
then there exists L € H (V') such that

eb=f inV
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Proof. f is nonzero, f’ is holomorphic, therefore f7/ is holomorphic. Since V' is simply

connected, by Proposition 6.4.3, fT, has a primitive F. Now fe~" is holomorphic. Hence,

(fe_F)/ — f/e—F+f€—F (—F/) _ f/e—F_fe—FfF, =0

So fe~I" is constant. Both f and e™% are nonzero, so fe ' = e¢ # 0.
F)eTO et = £ () = e
So L = F' + ¢ is our desired holomorphic function. [ |

Similar to logarithm, taking n-th root is also a problem in C. Because there are n
different values for the n-th root of 1 (known as the n-th roots of unity). That’s why
there is no well-defined function, in general, for taking n-th root. But things are so
smooth when we have a simply connected set.

Proposition 7.3.2

Let V' be a simply connected subset of C and n € N. If f € H (V) is nonvanishing,
then there exists g € H (V') such that ¢g" = f.

Proof. f is nonvanishing holomorphic in a simply connected domain. Therefore, by
Proposition 7.3.1, there exists L € H (V) such that

el = f(2) , forevery z €V

L(z)

n

Now,

is a holomorphic function. So we can just take g (z) = exp (Lff)) Then we

have

g(2)" = () = e = 1 (2)

§7.4 Cauchy’s Theorem

In this section we shall see some generalization of Cauchy’s theorems for cycles.

Lemma 7.4.1

Suppose I' is a cycle in C. The function I (a) = Ind (I',a) is an integer valued
continuous function on C \ I'*.

Proof. For a closed curve «, Ind (7, a) is an integer. Since a cycle is a chain of closed
curves,

P=> v = Ind(la)=) Ind(y,a) €Z

Now we need to show that I is a continuous function. Let’s fix some py € C\ I'*. Let
d = d(I"*, pp) be the distance from py to I'*. To put it concretely,

d(T*,po) =inf{|z —po| : z€T}.

Since ['* is compact, d > 0. Therefore,

, for z eI™

|

d
pen(pg) = l-nzl-ml-lp-nlz
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Let € > 0. We choose § > 0 in such a way that

0 < min c_i€7r_d2
27 1

where [ is the length of T'. Now, for [p — po| < 6,

1 1 1 Do — D
) = I po)l = 27Ti/r(z—p Z—po> ¥ = o /r(z—p) )
1 lpo — p| |dz| < LQ_‘”
~ 2w Jplz—pllz—po| T 2w d?
< i <e
— wd?
So I is continuous at po. Similarly, I is continuous at every point of C \ I'*. |

Corollary 7.4.2

Ind (T, a) is constant on the components of C \ I'*, and vanished on the unbounded
component.

Proof. The components are maximal connected subsets of C \ I'*. Since Ind (I', a) is
continuous integer valued, it’s constant on the connected subsets. Hence, Ind (T, a) is
constant on the components of C\ I'™*.

For any p € C\ I',
/ dz‘ 1/ |dz| l
— | < = <
rZ—0p 21 Jr |z —p| ~ 27 d(T*,p)

If p is in the unbounded component, d (I'*, p) can be arbitrarily large. So Ind (I, p) is
bounded by arbitrarily small numbers. Therefore, Ind (T, p) = 0. [ |

1
Ind (T, p)| = —
Ind (', p)| o

Lemma 7.4.3
Let V C C be open and f € H (V). We define g : V x V — C by

f(z)=f(w) if 2 4w
g(z,w) = v

f'(z ifz=w

Then ¢ is continuous on V' x V. If we define g, (2) = g (z,w), then g, € H (V) for
allw e V.

Proof. 1t is clear that g is continuous at (z,w) for z # w. Also, g, is holomorphic at z
for z # w. The fact that g is continuous at (z, z) follows directly from the holomorphicity
of f. Now we need to show that g, is holomorphic at z.

f is holomorphic, so it has power series expression at some disk D (z, 7).

f(w):ch(w—z)n , forwe D(z,r)

g9: (w) — g. (2) [ p () >

lim = lim —%= = lim E Cnaz (W—2)" = ¢y
w—z w — z w—z w — z —Z
-
So g, is differentiable at z. ]
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Theorem 7.4.4 (Cauchy Integral Formula, Homology Version)
Let V C C be open, f € H (V). I'is a cycle in V' with the property that

Ind(I'ya) =0, foreveryaec C\V.

Then for every f € H (V) and z € V' \ ',

f(w
27?2/ =Ind(T,2) f(2) .

Proof. We define g as Lemma 7.4.3. Now we define a new function h :

h(z)= fr dw ifzeV
< 'LU ’U} . *
fr f( if 2z T and Ind(I',2) =0

w—z

Since Ind (T, z) = 0 for every z € C'\ V, h is defined on the whole C. We need to show
that h is well-defined. Suppose z € V and z ¢ I'* and Ind (', z) = 0. Then

/rg(w’z) dw:/Fde:/r%—f(z)Awdfz

d d
:/F% —2mi f (2) Ind (T, 2) :/r%
So h is well-defined.

z — g (w, z) is holomorphic on V as proven in Lemma 7.4.3. Also, when z ¢ T'*,
z s LW (_Z is holomorphic since w # z. Therefore, the pieces of h are holomorphic due to
Corollary 6.3.9. Hence h is holomorphic everywhere. In other words, h is entire.

['* is compact, so f is bounded on I'*. In other words, |f| < M on I'*. Let [ be
the length of I'. The unbounded component of C\ I'* is contained in the set where
Ind (T, z) = 0. So in this component, h is defined by the second expression. Consider z

in this component.
/ |f (w |dw| Ml
w—2 a2

As z — o0, d(I'™*,z) = c0. So h(z) — 0.
In other words, h is a bounded entire function. By Liouville’s Theorem, A is constant.
Since h (z) — 0 for z — oo, h must an identically zero. Therefore, for z € V' \ ',

/f DS gy [ LAy [

/f —2mi f (z) Ind (T, 2)

1 f(w) dw
%/Fﬁ—lnd(lj,z)f(z)

69



7 Winding Numbers and Logarithms 70

Theorem 7.4.5 (Cauchy's Theorem, Homology Version)
Let V C C be open, f € H (V). I'is a cycle in V' with the property that

Ind(I'ya) =0, foreveryaec C\V.

Then for every f € H (V),

/rf(Z) dz=0.

Proof. We fix some z € V' \ I'*. Then we apply Homology version of Cauchy integral
formula on the map w — (w — z) f (w) at w = z:

271 wW —

(z—z)f(z)lnd(F,z):L,/F(w_z)f(w) dw — /Ff(w) dw =0
|

Definition 7.4.1 (Homologous Cycle). Suppose V' C C. Two cycles I'y and I'; in V'
are said to be homologous in V' if Ind (I'y, 2) = Ind (I'y, 2) for all z € C\ V.

This definition can be rephrased as
Ind(Ty—T4,2) =0, forallze C\V

In particular, when we say that a cycle I' is homologous to zero in V', we basically
mean that

Ind(T,2) =0, forallze C\V

4 )
Corollary 7.4.6

Let V C C be open and f € H (V). If two cycles 'y and I'y in V' are homologous in
V', then

f(2) dz= | f(z) dz
Fo 1—‘1
\- J

Proof. Homology version of Cauchy’s theorem on the cycle I'y — I'y. |
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8 Singularity Points and Residue

We shall write D’ (zg,7) to denote the punctured disk:

D' (z0,7) = D (20,7) \ {20} ={2€C : 0< |2 —2| <7}

§8.1 Classification of Singularities

Definition 8.1.1 (Isolated Singularity). The function f € H (V) has an isolated
singularity at z if D’ (z,r) C V for some r > 0 but z ¢ V.

Definition 8.1.2. Suppose f has an isolated singularity at z.

1. The singularity is removable if f can be defined at z such that f becomes
holomorphic in a neighborhood of z.

2. The singularity is a pole if lim f (w) = oo.

w—z

3. The singularity is essential if it is neither removable nor a pole.

Proposition 8.1.1

Let V be a domain, and a € V. Suppose f is holomorphic on V \ {a}. If

lim (z —a) f () = 0, then f has a removable singlarity at a.
z—a

Proof. We define g : V' — C as follows

g(z):{(z—a) flz)  ifz#a

0 if z=a

Then ¢ is holomorphic on V' \ {a}, because f is. We claim that ¢ is holomorphic on V.
For that we need to show that ¢ is differentiable at a.

limwzhmm:hm(z—a)f(z)zo

z—a zZ—a z—a A z—a

So ¢’ (a) exists, and it is equal to 0. Hence, g is holomorphic on a. So g has a power
series about a on the ball D (a,r) for some r > 0.

g(2) :ch(z—a)" , for z € D(a,r)

n=0

g(a) =g (a) =0 gives us ¢g = ¢; = 0. So for z € D' (a,r),

f(Z): :CQ+03(2—G)+C4(2’—@)2+...
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So we can define f (a) = ¢3. Thus f is analytic on D (a,r). Analytic functions are
holomorphic, so f is holomorphic on D (a,r).

Therefore, we can define f (a) in such a way that f is holomorphic on a neighborhood
of a. So the singularity at a is removable. |

Proposition 8.1.1 can be rephrased as: “If a holomorphic function is bounded near an
isolated singularity, then the singularity is removable.”

Proposition 8.1.2

Suppose f € H (D' (z,7)). Then f has a pole at z if and only if there exists N € N
and complex numbers (c,),,»_y such that c_y # 0 and

(e °]

f(w) = ch(w—z)n, for w e D' (z,7)

n=—N

Proof. The if direction is trivial, because

o0

f(w) = Z en(w—2)" = lim f(w) =00

w—rz
n=—N

For the converse, suppose f has a pole at z. Since f is unbounded near z, there exists
p € (0,7) such that |f| > 1in D’ (z, p).

If we take g = %, since f is nonzero on D' (z,p), g € H (D' (z,p)). Also |g| < 1,s0 g is
bounded near its isolated singularity z. Therefore, by Proposition 8.1.1, the singularity of
g at z is removable. Since f has a pole at z, g (z) = 0 makes g holomorphic on D (z, p).

Certainly, g is not identically 0. So there exists N € N and h € H (D (z, p)) such that

g(w)=(w—2)"h(w) , forweD(zp) and h(z) £0.

g has no zeroes in D' (2, p), so h has no zeroes in D (z, p). As a result, 3 is holomorphic
on D (z,p). Since holomorphic functions are analytic,

1 oo
- = a, (w—2)", forwe D(z,p
) = 0= (2.0)

Note that ag = ﬁ # 0. As a result,

flw) = ——==(w-2) W:(M—Z)_Nzan(w—@"

n=0
for w € D' (z, p). This can be rewritten as

o

f)= 3 culw—2)"

n=—N

where c_y = ag # 0. This series representation is true in D’ (z, p). D’ (z, p) has plenty
of limit points in D’ (z,r). Therefore, by Corollary 6.3.5, the series representation is true
in D' (z,7). [ |
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Proposition 8.1.3

Suppose f € H (D' (z,r)). Then f has an essential singularity at z if and only if
f (D' (z,p)) is dense in C for all p € (0,7).

Proof. We shall prove the contrapositive statements in both directions.

(=) If f does not have an essential singularity at z, then either z is a pole, or the
singularity at z is removable. Either way f (w) has a finite or infinite limit as w — z.
Hence, it’s not true that f (D’ (z,p)) is dense in C for all p € (0,7).

(<) Now suppose that f (D’ (z,p)) is not dense in C for some p € (0,7). We shall
show that f does not have an essential singularity at z.

f (D' (z,p)) is not dense in C, so there exists a € C which is not a limit point of
f (D' (z,p)). Hence, we can find § > 0 such that

(D' (5,p)) N D(0,0) =5 = |f(w)—al > 6 forwe D (zp)
In particular f — « has no zeroes in D’ (z, p). So f_% € H(D'(z,p)). We have

1 1 ,
m Sg fOI"lUED(Z,p)

So f_La is bounded near its isolated singularity z. Therefore, by Proposition 8.1.1, the

singularity of f_La at z is removable. In other words, there exists g € H (D (z, p)) such

that
1

g (w) ) —a

Hence [ = a+§ in D' (z,p). If g(2) # 0, then oH—é € H(D(z,p)). So f has a removable
singularity at z.

Otherwise if g (z) = 0, then f approaches infinity at z. So f has a pole at z in this

case. Either way, f does not have an essential singularity at z. |

for w € D' (z,p)

To summarize, if f has an essential singularity at zy, then for every o € C, you can
choose a sequence (z,), oy that converges to zg, but

lim f(20) =«

So f behaves really wildly near z.

When we have a removable singularity, then we can just assign a new value at that
point and the function becomes holomorphic. When we have a pole, then we can just
take % and it is holomorphic at some neighborhood of thet pole. But if we have an
essential singularity, we can’t really do anything at all to make a holomorphic function.

That’s why it’s called “essential” singularity.

§8.2 Laurent Series

We shall write A (zg,r, R) to denote the annulus:

A (20,7, R) = D (20, R) \ D (20,7) ={2€C : r<|z—2| <R}

where 0 < r < R < co. It turns out that if f is holomorphic on an annulus A (zy, r, R),
then f has a Laurent series expansion:

o

f(z)= Z en(z—2)", forze€ A(z,r R)

n=—oo
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Theorem 8.2.1

Suppose a € Cand 0 < r < R < oo. If f € H(A(a,r,R)) then there exists a
sequence of complex numbers (c,),, o, such that

o0

f(z)= Z cn(z—a)" , forz€ A(a,m, R) .

n=—0oo

This series converges uniformly on compact subsets of A (a,r, R). Also, the coefficients

are given by , fw) d
w) dw
=50 T el
2m /E’D(ayp) (w—a)™*!

Proof. We choose ry,rs such that r < r; <ry < R. Now we take the cycle

for any p € (r, R).

I'=0D (a,r3) — 9D (a,r)

Now we claim that Ind (y,z) =0 for z € C\ A(a,m, R) = (C\ D (a,R))U D (a,r).

If z € D(a,r), then Ind (0D (a,r3),2) =1 =1Ind (0D (a,r1), z). Hence Ind (v, z) = 0.
Now if z € C\ D (a,R), then Ind (0D (a,r3),z) = 0 = Ind (0D (a,r1),2). Hence
Ind (v, 2) = 0. So our claim is proved.

Therefore, I' is homologous to zero in A (a,r, R). On the other hand, if z € A (a,r1,72),
then Ind (0D (a,rs),2) =1 and Ind (0D (a,r1),2) = 0. So Ind (I, z) = 1.

Let v1 = 0D (a,r;) and v = 9D (a,ry), By Homology version of Cauchy integral
formula, for z € A (a,r, ),

27m/f —z _2m/f —z _%/M%

‘ |za\<1

Now let’s expand the integrals separately. If w € ~3,

w—a

S(w) dw 1 fw) 1
2772/ —z %/ww—al—ﬁdw
1 fw) (< (z—a\"
T 2mi ,Y?w—a<;(w—a)>dw
1 d
o g [ 2

[
NE

0 211 w—a)

SIEEE

n=0

3

Here swapping integral and summation is justified because of UCT. The argument is
similar to that of power series.
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< 1. Hence,

In a similar manner, if w € v ‘ =
’ 'l z—a |z a|

1
__./M flw) 1
21 ), w—z i Mz—al—z(‘;

-5 f_< <z—a>>dw

:i(z—a 2m/f — )™ dw

n 1 f(w) dw
R e

1w

1

-2 ()

Here, too, swapping integral and summation is justified because of UCT.
Given any p € (r, R), the cycle D (a, p)—0D (a, 1) is homologous to zero in A (a,r, R).
Also, the map w — —Z (I)U,ZH is holomorphic on A (a, r, R). Therefore, by Homology version

(w—a
of Cauchy’s theorem,
/ f<w>n+1 dz=0 = f(w)n+1 dw :/ f(w)n+1 dw
aD(a,p)-0D(a;r) (W — a) oD(a,p) (W — a) n (w—a)

Similarly, for v,, we have

/aD(a,p) W@% dw = /72 % dw

Therefore, combining the two sums, we have

0 S L ) e (L ) oo

n=—oo

Now, about convergence the geometric series used in the first sum converges uniformly
and absolutely when ‘ ‘ = |zT2al < 1. In other words, the first sum converges uniformly
absolutely in compact subsets of D (a,rg).

Similarly, the geometric series used in the second sum converges uniformly and ab-

solutely when |7j:;‘} = < 1. In other words, the second sum converges uniformly

oa]
absolutely in compact subsets of C\ D (a,r;).

Therefore, the Laurent series expansion converges uniformly absolutely in compact
subsets of D (a,r2) NC\ D (a,r) = A(a,r,72). r1 and ry were arbitrary satisfying
r < ry < ro < R. So the Laurent series expansion converges uniformly absolutely in
compact subsets of A (a,r, R).

Now we are left with the uniqueness part. Suppose there are another sequence (dy),,c;,
that satisfies

= Z dy(z—a)" , forze€ A(a,m, R),

converging absolutely uniformly on the compact subsets of A (a,r, R). Then

dw
Z d B CL . n+1
27TZ 8D (a,p) — (w a)

—00
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Since the sum converges uniformly, we can swap summation and integral.

1 - m—n—1
cn—%de/ (w—a) dw

n=—o00 0D(a,p)

When m # n, each terms of the form (w—a)™ "'

conbtribute anything to the integral. Therefore,

have primitives. So they don’t

1
T
0D(a,p)

w—a
So, the coefficients are unique. [ |

Note that D' (zg,7) = A (20,0,7). So if a function is holomorphic on the punctured disk
D' (zy,r), then it has a Laurent series expansion.

Proposition 8.2.2

Suppose f € H (D' (zg,7)), so it has the Laurent series expansion

(o)

f(z)= Z en(z—2)", for z € D' (2,7)

(i) f has a removable singularity at 2, if and only if ¢, = 0 for all n < 0.

(ii) f has a pole of order N > 0 at z; if and only if ¢_y # 0 and ¢,, = 0 for every
n < —N.

(iii) f has an essential singularity at zo if and only if there exists infinitely many
values of n < 0 such that ¢, # 0.

Proof. (i) If f has a removable singularity at zg, then we can define f (zy) such that f €
H (D (z9,7)). Then f has a power series representation about zo. The coefficients
of power series agrees with the coefficients of Laurent series (Theorem 8.2.1). Hence,
for n < 0, ¢, cannot be nonzero.

For the reverse direction, suppose all the ¢, are zero for n < 0. Then if we define
f (20) = co, then f is analytic on D (zy,r). Hence, f is holomorphic on D (zy, 1),
and the singularity at zy is removable.

(ii) This is just a restatement of Proposition 8.1.2.

(iii) If n < 0, we shall call ¢, a “negative index coefficient”. If f has an essential
singularity at zp, then 2 is neither a removable singularity nor a pole. Thus not
all the negative index coefficients can be 0. Furthermore, it cannot happen that
finitely many negative index coefficients are nonzero (because that would mean that
2o is a pole). So it must be the case of infinitely many negative index coefficients
are NONZzero.

For the reverse direction, suppose infinitely many negative index coefficients are
nonzero. Then z; cannot be a removable singularity because not all the negative
index coefficients are 0. Also zp cannot be a pole since infinitely many negative
index coefficients are nonzero. So zj is an essential singularity.
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88.3 Residue

By this time , you're probably convinced that holomorphic functions are the nicest
possible function. They have lots of cool properties. We have the second nicest kind of
function, namely meromorphic function.

Definition 8.3.1 (Meromorphic Function). A function f on an open set V is said to
be meromorphic if there exists a sequence of points {z1, 2o, ...} that has no limit
points in V', and

i. f is holomorphic in V' \ {z1, 29, .. .}.

ii. f has poles at the points {2, 29, ...}.

It’s of no surprise that Cauchy’s theorem does not hold for meromorphic functions. The
motivation between defining “residue” is to measure how much the meromorphic function
deviate from satisfying Cauchy’s theorem.

Definition 8.3.2 (Residue). Suppose f has an isolated singularity at zg, and it has
the Laurent series expansion in D’ (zg,r) for some r > 0.

o0

f(z)= Z cn (2 —20)" , for z € D' (z,7) .

n=—oo

Then the residue of f at z is defined as

Res (f, z0) = c_1 = the coefficient of
Z— 20

Now, why does this thing measure how much Cauchy’s theorem fails? If we integrate f
over some closed curve 7, then all the terms (z — zg)" (where n > 0) have primitives. So
they contribute 0 to the integral. Also, all the terms ZO) for n > 2 have primitives.
So they also contribute 0 to the integral. The only thlng which has issues with having
primitive is the term ﬁ So, you should expect to get

Lf(Z) dz —

That’s why this coefficient is of importance.

If f has a removable singularity, then obviously Res (f, z9) = 0 (Proposition 8.2.2). If
f has a pole of order N at 2y, we have

FER =Y etz z)

near zo. Let g (z) = (z — 20)" f (z). Then g has a removable singularity at z, since

oo

g(z):(z—zo)Nf(z):(z—zo)NchZ—ZO chNz—zo

n=—N n=0
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8 Singularity Points and Residue 78

Then Res (f, 20) = c_; is equal to the coefficient of (z — )™ " in the power series of g
about zy. As a result,
g(N—l) (ZO>

(N —1)!

In particular, if f has a simple pole (pole of order 1) at zy, then the residue of f at zj is
equal to g (2o).

Res (f,20) = c_1 =

Res (f,20) = g(20) = lim (2 — 20) f (2)

Z—r20

We've seen before that if f has a removable singularity at zp, Res(f,z) is 0. By
Proposition 8.1.1,
Res (f,20) =0= lim (2 — 20) f (2)

Z—20

Thus we have the following result:

Lemma 8.3.1

If f has either a removable singularity or a simple pole at zy, then

Res (f, z0) = lim (2 — 29) f (2)

Z—20

Now let’s calculate some residues.

Example 8.3.1. Suppose f, g are holomorphic near zy and f has a simple zero (zero of
order 1) at zp. We want to calculate Res (g/f, z0).

If g (20) = 0, then g/f has a removable singularity at zy. Otherwise, g/f has a simple
pole at zy. Either way, we can apply Lemma 8.3.1.

= lim (2 — 2 (z)zim Z—Z &
Res(g/f.20) = lim (= = 20) oy = i (== 20) 53r s

. 2= 20 . g (20)

= lim — limg(z) ]| = =——=%

<Z—>ZO fz)—f (Zo)> <Z—>Zﬂg( )> I (#0)
Note that, f’(zo) is nonzero. Because if f’ (z) were 0, it would mean that f is identically
0 in a neighborhood of zy. This contradicts with the fact that f has a simple zero at zj.

s

Example 8.3.2. Suppose ¢ is holomorphic near zy and f has a simple pole at z,. We
want to find Res (fg, 20).

If g (20) = 0, then fg has a removable singularity at zy. So Res (fg, z9) = 0.

But if g (z9) # 0, then fg has a simple pole at zy. Then using Lemma 8.3.1, we get
that

Res (f9.20) = Jim (= 20) () 9(2) = (fim (= =) £ ) (Jim g ) )
= Res (f,20) 9 (20)

Therefore, in all the cases Res (fg, z0) = Res (f, z0) g (20).

Example 8.3.3. Suppose f has an isolated singularity at zo. Let v : [0,27] — C be a
curve given by 7 (t) = 2o + re'™ for some fixed n € Z. We want to compute the following

integral:
/ f(z) dz
-
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Since f has an isolated singularity at zp, it has a Laurent series expression about z.

/f dz—/Wch(z—zo)" dz:rilcn(z—zo)" dz

n=oo

Here we swapped integral and summation. Since Laurent series converges uniformly,
UCT allows this swap.

/f dz-Z/ EETE /Ziii#—i/ycn(z—zo)" dz

Now, each of the terms ﬁ has a primitive for n > 2. So the integral of them over

v is 0. Also, each terms of the form (z — zp)" has a primitive for n > 0. So, they also
contribute 0 to the integral. Therefore,

/f(z) dz = c_l/ dz = Res (f, 20) 2miInd (7, 20)
.

,YZ—ZO

5 /f ) dz =1Ind (v, z0) Res (f, z0)

This is a special case of a famous result called Residue theorem.

§8.4 Residue Theorem and Residue Calculus

Definition 8.4.1 (Principal Part). Suppose f is holomorphic on D’ (a,r). Then it has
a Laurent series expression:

o0

f(z)= Z cn(z—a)" , for ze€ D'(a,r)

Then we define -
n=1

to be the principal part of f at a.

Theorem 8.4.1 (Residue Theorem)

Let V C C be open, and S be a finite subset of V. Suppose a cycle I' in V is
homologous to zero. Suppose f € H (V' \ S). Then

2m/f dz—ZInd (I',p) Res (f,p)

peES

Proof. Let wy,ws,...,w, be the elements of S. We take positive numbers r{,ry,..., 71,
such that the closed disks D (wj,r;) are all pairwise disjoint and D (w;,r;) C V for all
j=1,2,...,n. Let v, = 0D (w;,r;), and m; = Ind (I', w;). We define a new cycle A as
follows:

A=T —myy1 —mavya--- —MmpTn
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We claim that Ind (A,z) =0forall z€ C\ (V\S)=(C\V)US
Ind (A, z) = Ind ([, 2) — my Ind (71, 2) — mo Ind (79, 2) - - - — my, Ind (9, 2)

If ze C\V, then Ind (T, ) = 0 since I' is homologous to zero in V. D (w;,r;) €V, so
Ind (5, 2) = Ind (0D (wj,7;) ,2) = 0. So Ind (A, 2) = 0.

If z €5, 2 = wy for some k. Then Ind (v, wy) = 0 if j # k, because D (w;,r;) does
not contain wy. Also Ind (v, wg) = 0.

Ind (A, wy) = Ind (T, wy) — my Ind (7, wg) = Ind (T, wy) — Ind (T', wg) = 0

So our claim holds. Therefore, A is homologous to zero in V'\ S. f is holomorphic in
V'\ S, so applying Homology version of Cauchy’s theorem, we get

/Af(z dz:():>2—m/f
2m/f dz——z /f

2m/f dz—ZIndeJ 22/f

Using Example 8.3.3,
i / f(2) dz=1Ind (v;, w;) Res (f,w;) = Res (f, w;)

Therefore, we get

27rz/f dz—ZInd I, wj) Res (f, w;) Zlnd [',p)Res (f,p)

peS

Residue theorem is a powerful tool to compute integrals.

Example 8.4.1. We shall compute the following integral:

/°° dx
oo 1+ a2

This is a well-known integral, so it’s probably not a great example to illustrate residue
theorem’s power. But we will see a “better” example soon.

Consider f (z) = Z%, we shall integrate f over the following contour I' = vg + [— R, R],
where g is the semicircular arc.

TR
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Now, f(2) = leg = (zH)l(Z_i). f has a simple pole at ¢+ and —i. The region enclosed
by I' contains one singularity point i. So we need to find Res (f, 7).
1 1

Res (f,i) =lim (2 — i) f (z) = lim

22— 2 z—}—l o 21

Also Ind (', i) = 1. Therefore, by Residue Theorem,

/Ff(z) dz = 2mi Ind (T, i) Res (7, _w:>/ 1”2 /f

Taking R — oo, we get
/ 1+x2+1%1:£1go/ Iz

Now we shall show that f fgoesto0as R— oo. |f(2)] < i for some suitable B. So

| z

f is bounded by 2 #z on Yg. Also, the length of g is 7R. So by ML Inequality,

< dx
<_ __ =
k=g = i [ f@ =0 — | [ e

) dz

Example 8.4.2. Now we want to generalize Example 8.4.1. We shall compute the

following integral
> dx
—— , wheren > 2
0

1+a2’
It’s not a surprise that we would consider the function f(2) = 5 Jrlzn 2" 4+ 11is 0 when
2= ™" where m = 0,1,...,n—1. So f has a simple pole at each e Now we

need to choose a suitable contour. We shall integrate f over the following “sector of
circle” contour (colored in blue).

Re%ri/n

e3i7r/n

eiﬂ'/'ﬂ.

We name this contour I'r. So I'r = [0, R] + g + [ReQm/ " 0}, where g is the circular
arc. Let ¢ = ¢™/™. Then ( is a singularity of f. Ind (I'g,¢) = 1. So by Residue Theorem,

B dy ,
FRf(z) dz-/o / f(z dz_/[oRe2m/n]f(Z> dz = 2miRes (f, ()
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Let’s compute the third integral now. [0, Re*™/"] can be paramtrized by v (t) = te*™"/"
for 0 <t <R.

/ f( ) p /R 627ri/n dt omi/n /R dt
Z z = — %, n — €
[07R627Ti/n] 0 ]_ + (t627rz/n) 0 ]_ + tn

On g, |2" + 1| > |2"| =1 = R™ — 1. The length of g is smaller than 2rR. Therefore,

by ML Inequality,
2
WR lim / f(z

R—o0

If R — oo, Res(f, () does not change. Therefore,

) =1 dz = _ v 2mi/n —(1— 2mi/n /
piRes(f,0) = i, S () ¢z /0 T+an © /0 i G A e

Now we need to compute Res (f,(). 1+ 2" has a simple zero at (. Therefore, by
Example 8.3.1,
1 ¢

Res(f,() = —= ==

n¢n—1 n

e?™/" = (2 s0 we have

/°° dx 1 ¢ ™ 2
= 27m —
o 14z 1-¢2 Cnz—2zl

After simplifying things, we get

z—z7b em/n  emin/m ) <7r> /°° dz T/n
= =sin(—) = =
2i 2i n o L4z sin(n/n)

Lemma 8.4.2

Suppose f is holomorphic on D’ (zp,7) and f has a simple pole at zg. For € > 0, let
C. : [0, 7] — C be defined by C, (t) = z + ee¢”. Then

lim / f(2) dz =imRes(f, 20)

e—0t C

Proof. The pole on z; has order 1, so there exists g : D (zp,7) — C such that

f(z)= 9(2) , and ¢ is holomorphic on D (z, 7).
zZ— 20

Since f has a simple pole on 2,

Res (f, 20) = lim (z — 2) f (2) = lim g (z) = g (20)

/ f(2) dz:/ 9(2) dz:/ Wo—tee)zee”dt—z/ g (20 +ee) dt
2 . Z— 2 0 ee’ 0
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/ f(z) dz —imRes(f, z0)
Ce

= z'/o7r g (20 +e€’) dt —img (2)
= /Owg(zojLeeit) dt—/oﬂg(zo) dt‘
= /07r (g (zo + 66”) —g (zg)) dt‘

S/ |9 (20 + €€”) — g (20)| dt
0

As e — 0T, g (20 + €€™) — g (20). Also, C. is compact, so g (zy + ee') is bounded. Hence,
lg (20 + €€™) — g (20)] is bounded. Hence, switching limit and integral is valid. Therefore,

lim
e—0t

/ f(2) dz —imRes (f, z0)
Ce

< sl—i>%l+/0 |9 (20 + €€™) — g (20)] dt

:/ lim ‘g(zo—i—eeit)—g(zo)‘ dt =0
0

e—0t

Example 8.4.3. Now we shall compute the following integral:

o
sin x
/ dx
oo T

Consider the function f (z) = “=. Then f has a pole at z = 0. The order of this pole is
exactly 1, because (z — 0) f (2) = €% is entire.

, where g (z) = € is entire

so 0 is a simple pole.
Consider the following contour 7:

D

where the bigger semi-circular arc has radius M and the smaller semicircular arc has
radius . In other words,

v=Cy+[-M,—¢] —C. + [g, M]
We claim that ]\/llgnoo I, f=0.
Using the definition of integral,

™ 6iMcosthsint ] T )
(2) dz = / —— iMe dt = z/ gtM cost=Msint g
Cu 0 M@ 0
™

< /7r ‘eiMcost—Msint} dt = /7T e—Msint dt = 2/2 e—Msint dt
0 0 0
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8 Singularity Points and Residue

84

sin” = — sin, so sin is concave on [0

s
72

. . 2t 2t 2t . 0w 2t\ . 2t
sint=sin{——=+(1——)0) > —sin—4+(1——)sin0=—
T 2 T T 2 T T

_2Mt

}, so we have

Therefore, —M sint < —QTMt, so e~ Msint < o=

3 , 3 . . ]2
f(z) dz §2/ g~ Msint dt§2/ e dt =2 [6—21;4 _ﬂ}
Cum 0 0 2M 0
T .y . T T Y T
- - (= <
e tar Tt Sy
. : < : R
) ]\/llgnoo Cur f (Z) dz - A/llgnoo 0

So our claim is proved.
Using Lemma 8.4.2, we get

lim /csf(Z) dz:'mRes(f,O)ZZWigrg)zf(z)ZZWL%e =7

e—0t

f is holomorphic on v* and on the region enclosed by . Therefore, we can find a star
convex open set containing v* and the region enclosed by +, such that f is holomorphic
on that open set. Therefore, [ f = 0. As aresult [ f(z) dzis 0 as M — oo and

e —0F.

M—00,e—0T1

lim (CMf(z) dz—i—/;f(x) dr — Caf(z) dz—i—/st(x) dm)

lim (2) dz — lim Cgf(z) dz+/_iof(:v) da:—l—/(:)f(x) dx

M—=oo Jo e—0+t

) > cosx +isinx *® coszxdr . [ sinzdr .
00—+ ——dx — +1 =T

T T T

—00 o0 [e.9]

Equating the imaginary parts, we get

p—
sinx
/ de =
o0 L
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9 Open Mapping Theorem

In Problem 2(b) of HW2, we proved that f is constant on a domain V' C C if either of
these are satisfied:

(i) Re f is constant.
(ii) Im f is constant.
(iii) |f| is constant.

(iv) arg f is constant.

In this chapter we shall see a theorem, namely the “open mapping theorem”, that
trivializes the problem.

§9.1 Counting Zeros

If f is a holomorphic function, the zero set of f is denoted by Z;. In this section, we
shall consider Z; to be a “multiset” rather than a set. This means that if an element
occurs multiple times in Z, we shall count it multiple times.

Theorem 9.1.1

Suppose f € H (V). Let v be a curve in V such that Ind (v, z) is either 0 or 1 for
z€C\~* and Ind (v, 2) =0 for z € C'\ V. Suppose f has no zeroes on v*, and let
Q={z€V : Ind(y,2) =1}. Then

$(Z;0Q) = % / UG ¢ /J(,:Z()Z)dz

Proof. We define g € H (V' \ Z;) by

f'(2)
f(z)

Zy is closed in V' with no limit points. Therefore, by Residue Theorem,

9(z) =

1 [f(z) dz 1

2mi )., f(2) T 2mi

g(2) dz= Z Ind (7, z) Res (g, s) = Z Res (g, s)

v z€QNZy Z2€EQNZy

Suppose z € Zy is a zero of f with order n. Since Z; is isolated, there exists a small disk
D (z,r) such that f is nonzero on D' (z,7). So g is holomorphic on D’ (z,7).

Also, the zero at z has order n. Hence, there exists h € H (V) such that f(w) =
(w—2)"h(w), where h(z) # 0. f is nonzero on D’ (z,7), so h is nonzero on D (z,7).
Therefore, h'/h is holomorphic on D (z,r). For w € D' (z,r),

frlwy o W(w)

g(w) f(w):w—z+h(w)




9 Open Mapping Theorem 86

Therefore, Res (g, z) = n. Each zero in 2 contributes its order to the sum » ¢, 7, Res (g,5).
Hence, the number of zeroes (counting multiplicity) in  is
I
d
Z Res (g, s / f'(2) dz
T 2mi (2)
ZEQﬂZf
|

However, we can extend this result for meromorphic functions. If f has a pole of order n
at z, then f (w) = (w — 2)"" h (w) near z, where h is holomorphic with h (z) # 0. Then
carrying out the same computations, we can prove that

!/
number of zeroes — number of poles = — / —f (2) dz
2mi f(z)

Corollary 9.1.2 (Argument Principle)

Suppose f,~, etc. are as in Theorem 9.1.1. We define a curve 5 by 7 (¢) = f (7 (¢)).
Then the number of zeroes in € is Ind (7, 0).

Proof. v : [a,b] — C. Then by the definition of Ind,

1 [fdz 1 bi’(t)dt

Ind (7,0) = — = — —
nd (5,0) = 21t )~ 2z 2mi 7
/ (v / I'(2) dz
" 2mi " 2mi (2)
By Theorem 9.1.1, we are donel! [ ]

There is a reason why this result is called “argument” principle. Suppose 7 is
parametrized by [0, 1]. Then we have a continuou function 6 : [0,1] — R that returns an
argument of ¥ (¢). Then

0(1)—0(0) argf(y(1)) —argf(y(0))

Ind (7,0) = =

Informally speaking, Ind (7, 0) basically measures the change in argument of f as we
move around 7. That’s why this result is called “argument” principle.

Lemma 9.1.3
Suppose |z —w| < |z] + |w]| for w, z € C. Then 0 does not lie

Proof. 1f we take the triangle with vertices 0, z, w, by triangle inequality,
lz—w| < |z =0+ |w—-0] = |z—w|<|z] + |w]

Here we have the strict inequality. That means the triangle is cannot be a degenerate
triangle. So 0, z, w are not collinear. |
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9 Open Mapping Theorem 87

Proposition 9.1.4

Suppose o and 7 are two closed curves in C\ {0} with the same parameter interval
la,b]. If

71 () =0 ()] < 71 ()] + [0 (2)]
for all t € [a,b], then vy ~, 1. And in particular Ind (79,0) = Ind (7, 0).

Proof. We shall construct a homotopy F' : [0, 1] x [a,b] — C\ {0} as follows:

F(s,t)=sm(t)+ (1 —5)v(t)

For a fixed ¢, |71 (£) — v (t)| < |71 (£)] + |70 (t)| gives us that 0 does not lie in the line
segment joining 7o (t) and v, (¢) (Lemma 9.1.3). Therefore, F' is a homotopy between 7

and 1. So 79 >, M.
Furthermore, since 7o and v; are homotopic, by Corollary 7.2.4, Ind (v, 0) = Ind (4, 0).
|

Theorem 9.1.5 (Rouche's Theorem)

Let v be a curve in V such that Ind (v, z) is either 0 or 1 for z € C\ ~*; and
Ind(v,2) =0for z€e C\V. Let Q={z€V : Ind(y,2) =1}. If f,g € H(V) and

£ (2) =g ()] < [f ()] + |9 (2)]

for all z € v*. Then f and g have the same number of zeroes in €.

Proof. Let vy = f oy and vy, = g oy. By the given condition,

75 (&) =% (O] < 177 ()] + 7 (8)]

Then by Proposition 9.1.4, Ind (77,0) = Ind (7,,0). But the number of zeroes of f in
2 is just Ind (77, 0) (Argument Principle). Similarly, the number of zeroes of g in €2 is
Ind (,,0).

Therefore, f and g have the same number of zeroes in ). |

There is another version of Rouche’s Theorem that assumes a stronger hypothesis:

1f(2) =g (2)| <[f (2)]

The proof of this version is left as an exercise for the reader.

§9.2 Open Mapping Theorem

Theorem 9.2.1 (Open Mapping Theorem)

Let V C C be a domain and f € H (V) be non-constant. Then f is an open map
(maps open sets to open sets).

Proof. Suppose S C V is open, we want to show that f (S) is open. Let 2y € S, and
g(2) = f(2) — f(20). We choose r > 0 such that D (zp,r) C S and ¢ has no zeroes on
0D (zp,7r). We can choose such r because we’ve proved that the zeroes of a holomorphic
function are isolated.
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9 Open Mapping Theorem 88

Let v = 0D (zo,7) and § = inf {|g (2)| : z € y*}. § > 0 as g has no zeroes on 7*.
Let h € C with |h| < 6. Then

(g (2) =h) =g (z)] = |h] <d <|g(2)]

for all z € v*. By Rouche’s Theorem, g and g — h have the same number of zeroes in
D (zg,7). g(20) =0, so it has at least one zero in D (z,r). Therefore, g — h has at least
one zero in D (zp, 7). In other words, there exists z € D (zp,r) such that

0=g(z)=h=[f()—f(2)—h = g(z) = f(20)+h

This is true for every h € D (0, ). Therefore,

D (f (20),0) = [ (20) + D (0,0) € f (D (20,7)) € f (5)

For every f (z9) € f (S), we can find a ball around f (zo) that is contained in f (5). So
f(S) is open. [ |

However, Open Mapping Theorem is not true in real analysis. For example, let’s take
f:R — Rgiven by f(z) =22 (—a,a) is an open subset of R. But its image [0, a?) is
not open, despite f being differentiable.

In the beginning of this chapter, we said that Open Mapping Theorem trivializes
Problem 2(b) of HW2. Let’s see how.

Suppose f is holomorphic in a domain V. If Re f is constant, then f (V) is a line
parallel to the imaginary axis. This is not open, since open sets contain some open disks.
V is open, but f (V') is not. So f is not an open map. This contradicts Open Mapping
Theorem, so f cannot be non-constant.

Now suppose Im f is constant. Then f (V) is a line parallel to the real axis, which is
not open. V is open, but f (V') is not. So f is not an open map. This contradicts Open
Mapping Theorem, so f cannot be non-constant.

If | f| is constant, then f (V') is a circular arc, which is not open. V' is open, but f (V)
is not. So f is not an open map. This contradicts Open Mapping Theorem, so f cannot
be non-constant.

Finally, if arg f is constant, f (V') is a ray through the origin. This does not contain
any open disk, so it’s not open. V' is open, but f (V) is not. So f is not an open map.
This contradicts Open Mapping Theorem, so f cannot be non-constant.

In general, from Open Mapping Theorem, one can conclude that if f is nonconstant
holomorphic on V' and D (zg,r) C V, then f (D (z0,7)) cannot be a one-dimensional
submanifold! embedded in C. In other words, dim f (V) cannot be 1.

Open Mapping Theorem gives us an elegant proof of Maximum Modulus Principle.

Theorem 9.2.2 (Maximum Modulus Principle)

If f is non-constant holomorphic is a domain V', then |f| cannot attain a maximum
in V.

Proof. Assume for the sake of contradiction that |f (2)] > |f (V)] for all z € V. Since
f is non-constant holomorphic, it’s an open mapping. Take r > 0 with D (zq,7) C V.
Then f (D (zp,7)) is an open set containing f (o). So there exists ' > 0 such that

D (f (20),7") € f(D (20,7))

You can ignore it if you don’t know what it means.
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9 Open Mapping Theorem 89

Let f(20) = a+ib. If a <0, we take z; = f(29) —%/ € D (f(z),r"). Otherwise, if a > 0,
we take z; = f (20) + %/ € D (f(z0),r"). Then a quick check shows that |z1| > |f (z0)]-
Since z1 € D (f (20),7") C f (D (20,7)), there exists zo € D (zq,r) such that f (z2) = 2.
Hence

|f ()] = [21] > | (20)]

which contradicts the assumption that |f (zo)| is maximum. So |f| cannot attain a
maximum. |

Theorem 9.2.3 (Inverse Function Theorem)

Suppose f : V — C is injective and holomorphic, and f’(z) # 0 for every z € V. If

g: f(V) =V is the inverse of f, then g is holomorphic with ¢’ (z) = m.

Proof. Firstly, let’s show that ¢ is continuous. Let U C V be open. Then by Open
Mapping Theorem, f (U) is open. Therefore,

g ' (U)=f(U) isopen = g is continuous.

To see that g is holomorphic, let wy € f (U), and 2y = g (wp). Since both ¢ and f are
continuous, if w — wq then g (w) — 2. If g (w) = z, then f(2) = w.

- B _ 1

i S Z90) oy g 0y EmE

w—wo w — Wy g(w)—zo W — f (ZO) z2—20 f (2) — f (Zo> f (ZO)
Therefore, ¢’ (wy) exists, and it is equal to o) g(lwo))- u
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]. O Homeworks and Exams

§10.1 Homework 1

i

Problem 1. Let w = ¢35 . Suppose a,b,c € Z. They are nonzero, and not all equal.
What is the minimum value of
‘a + bw + ch‘

Problem 2. Show that SO(2) is isomorphic to S' where the group operation in SO(2)
is the matrix multiplication and the group operation in S! is the complex number
multiplication.

Problem 3. ¢t = cos(#) + usin(f) where u is a “pure imaginary” unit quaternion. Show
that the map

Ct:H—>H
q>—>t_1qt

rotates R3(= Ri + Rj + Rk) through angle —20 about the axis u.

Problem 4. Show that
f: St — gt

z = 2"

is a group homomorphism. What’s its kernel?

Problem 5. Let z; € C and |z| < a for some positive real number a. Observe that
E={2€C : |z— 2|+ |2+ 20| = 2a}

represents a very familiar graph. Identify the graph and write a couple of facts about
the graph.

§10.2 Homework 2

Problem 1. Find the radius of convergence of the following power series

9] _1)
Z( ) Zn(n+1)
n

n=1

What happens if z = i?
Problem 2. Prove that

(a) A holomorphic function f on domain 2 whose derivative vanishes identically is a
constant.

(b) The same conclusion holds if
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10 Homeworks and Exams 91

(i) real part is constant.
(i) imaginary part is constant.
(iii) modulus of f is constant.

(iv) the argument of f is constant.

Problem 3. Let V be open in C and I'y, 'y be two piecewise C! paths from o € V to
£ € V. Suppose the map f : V — C has a primitive in V. Show that

) dz= [ f(2) dz
Fl F2
Problem 4. Given k € Z and z,w € C satisfying 2k < Im(z) < 2(k + 1)7 and

2km < Im(w) < 2(k + 1)7. Then e* = e if and only if z = w.

Problem 5. Define H = {z € C : Im(z) > 0} as the upper half plane in C and
D = {z € C: |z| < 1} as the unit disk of C. Consider, the Cayley map, C(z) = j—jrz
Provide explicit description of the following sets:

(a) C(R)
(b) C(H)
(c) (D)
Problem 6. Prove the following;:

(i) f(0) =0, f(z) = e* ", when z # 0. Prove that the partial derivatives exist at
every point (including the origin) and f satisfies the CR-equations at every point.
Then prove that f is not complex differentiable at the origin.

(i) Prove that f(z) = iz — 2zy — iy + 3z + 3iy + i can be written as a function of z,
and show that f is holomorphic. (z = z + iy)

(iii) Consider the function f(z) = z™(Z)" for non-negative integers m and n. Is f
holomorphic in any open subset of C?

Problem 7. Compute dz_ where y(t) = 2z +re?t,0 <t <27 and r > 0. Using this
Y

z—z0’

conclude that —— doesn’t have a primitive in {z : [z — 2| < r}.
0

Problem 8. Suppose V' C C be open and convex, and f : V — C is a continuous
function with |, op f(2)dz = 0 for every triangle T' C V. Then show that there exists a
function g : V' — C such that ¢’ = f in V.

Problem 9. Compute the simplicial homology groups of the triangular parachute
obtained from A? (standard 2-simplex) by identifying its three vertices to a single point.

Problem 10. Consider the following A-complex structure of T (torus):

b
V V
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Compute the cellular homology groups of T2. Follow the exact procedure that we did for
simplicial homology groups computation.

§10.3 Midterm 1 / Homework 3

Problem 1. Prove the following:

(a) Let Q be a domain in C, and f : Q2 — C be a C* function such that

af  of

e oy
Is f holomorphic?
(b) Consider V ={z€ C : Rez > 1}. Show that

is holomorphic on V.

o oo
Problem 2. Show that Y n"2"" has radius of convergence 1, but > n"z" is not
n=0 n=0

convergent at all.
Problem 3. Prove the following:

(a) Let V C C be a domain, and f : V' — C be a continuous function with the property

/Vf(z) dz=10

for any closed contour v in V. Show that f has an antiderivative on V.

(b) Does f(z) = % have antiderivative on C\ {0}?

Tz

Problem 4. Let 2,z be two nonzero complex numbers. A holomorphic function
f: C — Cis defined in a way so that

f(z)=f(z4+mz+ nzp)
for any z € C, for all m,n € Z. Show that f is constant.

Problem 5. Let n € N. Find all entire functions f for which there exist M, R > 0 such
that |f (z)| > M |z|" whenever |z| > R.

Problem 5 (Alternate). Let f be an entire function with the property that ‘ f (%)| <n™"
for n € N. Show that f is constant.

Problem 6. Let f be an entire function such that f (iz) = f (x) for all z € (1,2) C R.
Prove that

f(z)=f(=2) V:zeC
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Problem 6 (Alternate). Let U be a non-empty open connected subset of C. Let p € U
and A, (p) be the disk of radius r (> 0) centered at p. A.(p) C U, and f:U — C be
holomorphic. Prove that the average of f on A.(p) is f(p). In other words,

L e aa= )

2
T J A (p)

[Hint: Convert the integral suitably into a double integral and use the “mean-value
property”. Recall dA = dxdy = rdr df, where z = re? = z + iy ]

Problem 7. Let V be a star-convexdomain, and f : V' — C be a holomorphic function.

Prove that
/f(z) dz =10
v

for any closed contour v in V.

Problem 8. Let V C C be open in C, and 71, 7, be two contours in V' that are homotopic
with fixed end points. Then show that

Aﬂ@@:Lﬂ@M

for any holomorphic function f:V — C.

/P@ﬁkzo

for any polynomial P and any chain v with the property: 0 (v) = 0 where 0 : C; — Cy
is the usual boundary map.

Problem 9. Prove that

Problem 10. Compute the following integral for the following contours:

2
/cos(z)+zdz
, z=T

(a) v (t) =2€" for 0 <t <27
(b) v (t) =e*™ for 0 <t <1

(c) v(t) = (14+1)+5e*™ for 0 <t <1

§10.4 Midterm 2 / Homework 4

Notations:
1. f € H(V) means f is holomorphic on V.
2. f € C(V) means f is continuous on V.

. feC(V)NH(V) means f € C (V) and f‘v e H(V).

w

4. D' (z,r) =D (z,m)\{z} ={weC : 0< |w—2z| <7}
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Problem 1. Suppose that f € H(C) and |f(z)] < eR°Z for all 2. Show that f(z) = ce?
for some constant c.

Problem 2. Suppose that f € H(C). n is a positive integer and |f(z)| < (1 + |z])™ for
all z. Show that f is a polynomial.

Problem 3. Suppose that f,g € H(D(z,7)), 1 <m < n, f has a zero of order n at z
and ¢ has a zero of order m at z. Show that f/g has a removable singularity at z.

Problem 4. Suppose that f € H(C) and f(n) = 0 for all n € Z. Show that all the
singularities of f(z)/sin(mz) are removable.

Problem 5. Suppose that f € H(C), f(z + 1) = —f(2) for all z, f(0) = 0, and
|f(2)] < e™™=l for all z. Show that f(z) = csin(7z) for some constant c.

Problem 6. Let V' = C\ {0}. Show that there does not exist f € H(V') such that
ef) =z forall z € V.

Problem 7. Suppose that V' is a bounded open subset of the plane and f € C' (V) NH((V).
Show that if M >0 and |f(z)] < M for all z € V, then |f(z)| < M for all z € V.

Problem 8. Let V = D(0,1). Suppose that f € C (V)NH(V), f(0) =0and |f(z)| < 1
for all z € V. Show that |f(2)| < |2| for all z € V.

Problem 9. Let V = D(0,1). Suppose that f € H(V), f(0) =0 and |f(2)| <1 for all
z € V. Show that |f(z)| < |z| for all z € V.

Problem 10. Suppose that o < 1 and f € H (D’ (20,7)) satisfies
If ()] < clz— 20|

Show that f has a removable singularity at z.

§10.5 Homework 5

Problem 1. Let a,b,c € C be three non-collinear complex numbers. Show that they
form an equilateral triangle iff a® + b* + ¢ = ab + be + ca.

Problem 2. Let a,b € C be two complex numbers with the property: Rea < 0 and
Reb < 0. Show that |e* — €*| < |a —b].

Problem 3. Consider the following power series > a,z". The coefficients a,, are real,
n=0
and given by the following recurrence relation:

3a, +4a,_1 —a,o=0, Vn>2

ap = 1 and a; = —1. Find the radius of convergence of this power series and the function
to which this series converges.

Problem 4. Show that

") =z2f(z), f(0)=r(0)=1

has a unique entire solution.
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Problem 5. Find a conformal map! f such that
f{z : ]zl <land Rez>0})={z : |2| < 1}.
Problem 6. Find the area of the image of D (0,1) under tha map f (z) = z + %

Problem 7. Suppose f is holomorphic on D (0,1), f(0) = 3 + 44, and |f (2)| < 5 for
every z € D (0,1). Find f'(0).

Problem 8. Suppose f € H (C) such that
2m ) 1
/ |f (rew)‘ do <rs | for every r > 0.
0

Show that f = 0.
Problem 9. Let f € H (C) with the property
|f(2)] < |Re zlf% off the imaginary axis.
Prove that f is constant.
Problem 10. Suppose f € H (C), f(0) =0, and
{z ¢ |f(2)] < M} isconnected ¥ M > 0.

Show that f (z) = ¢z" for some ¢ € C and n € N.

§10.6 Homework 6

Problem 1. Suppose f is holomorphic on D = D (0,1), and f : D — . Show that

() < —

R
Problem 2. Suppose f,h € H (C), and for every z € C, we have
1f ()] <lg ()]

Show that f (2) = ¢ ¢ (z) for some constant ¢ € C.

Problem 3. If f,h € H (C), and
Re f <k Reg for some k,

then show that there exists a,b € C such that f(2) =a ¢g(2) +0.

Problem 4. Suppose f is complex valued continuous function on [0, 1], and

1
g(z):/of(t)etzdt7 VzeC.

Show that g € H (C).

LA conformal map is a function that preserves angle.
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Problem 5. Let f € C°(C) be holomorphic on {z : Rez # 0}. Show that f is entire.

Problem 6. Suppose u,, + u,, = 0 for some positive function u on R?. Show that w is
constant.

Problem 7. Show that P (z) = 247 — 2% + 221 — 2% 4422 + 1 has at least one zero in D.
Problem 8. How many zeroes does f (z) = 32'% — ¢# have in D? Are all distinct?
Problem 9. How many zeroes does f (z) = 3294820+2°+2z3+1 havein {z : 1 < |z| < 2}?
Problem 10. If f € H (C), then show that f (C) is dense in C.

Problem 11. Find all entire functions such that f (%) = (f (2))" for k > 1.

Problem 12. Find all holomorphic functions on D that satisfy

f”(%>+f(%):o Vn>2.

Problem 13. Let f be a holomorphic function, and
1
flz)=1f 2 Vz#0.

Suppose [ is real on dD. Show that f (z) is real for all nonzero real z.
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