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Lecture 2.1 (revision)
1. WHAT 1S COMPLEX ANALYSIS?

The central objects of this course are functions f: C — C which are holomorphic at z € C. This means

that the limit

C+W-1E) o
h
exists. This turns out to be a much stronger condition that asking that f be differentiable when viewed as
real function on R? by writing any complex number as z + iy with z,y € R, and the resulting holomorphic
functions have many beautiful and surprising features. For example, later in the course we will prove:

y /
1Mp 0

Theorem. A holomorphic function f:C — C which is zero on an open subset of C is zero on the whole

of C.

Clearly this would be false for real differentiable functions and indicates that holomorphic functions are
far more rigid.

2. COMPLEX NUMBERS
2.1. Cartesian coordinates. The set of complex numbers is
C={z+iy|z,yecR}

where 7 satisfies the relation i2 = —1.
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Figure 1. The complex plane

As an R vector space the complex numbers is isomorphic to R?. However, they have more structure.
For example, C is also a ring: if z =z + 4y and w = a + b’ then
22" = (z+iy) (2" +iy') = (za’ —yy') +i(zy’ +2'y)

If we express w as a row vector (a,b) then the above multiplication by z corresponds to the linear map

(2.1) (a,b) — (a,b) (_xy i) = (za - yb,ay + bx)

If z = x + 4y then we say Re(z) = x is the real part of z and Im(z) = y is the imaginary part of z. If
z = x + iy then the complex conjugate Z of z is defined by

Z=x -1y
2.2. Polar coordinates. Using basic trigonometry we can also write any complex number z = x + iy € C

as
z = |z|(cosf +isinf)

where |z| = /22 + y? and 6 is the argument arg(z):

z = re’?

Figure 2. The polar form of a complex number

Using Eulers theorem gives: for every 6 € R one has

¥ = cosf +isinf

Therefore, every complex number can be written as
5= |Z|ezarg(z)

This shows that, in terms of polar coordinates, multiplication is given by
22 = |Z||Z/|ei(arg(z)+arg(z’))
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In other words, multiplication by z identifies with rotation by arg(z) composed with a dilation by |z|.

2.3. Metric structure. Using Cartesian coordinates to identify C = {z +iy | 2,5 € R} = R? we can
transfer the usual metric on R? to C. In other words, the distance between two complex numbers z, w is

d(z,w) = |z —w|
This gives the notion of open and closed disks of radius r > 0 centred around z € C:
Dy(z)={weC||lw-z<r}
and o
Dy (2) ={weCllw-2<r}
The D,(z) form a basis of the topology on C induced by this metric. Therefore

o A subset U c C is open if for any z € U there exists an r > 0 such that D,(z) c U.
e A subset V c C is closed if C\V is open.

In particular, a subset V' c C is closed if the limit of every convergent sequence in V is contained in V.

2.4. Convergence properties. Recall the notion of convergent and Cauchy sequences

Definition 2.2. e A sequence z, € C converges to z € C if |z, — z| > 0 as n — oo.
e A sequence z, € C is Cauchy if for every e > 0 there exists an N > 0 such that |z, — z,,| < € for all
n,m>N.

Theorem 2.3. C is a complete metric space (i.e. every Cauchy sequence is convergent)

Proof. Suppose z, € C is a Cauchy sequence. Then Re(z,) and Im(z,) are Cauchy sequences in R because
the triangle inequality implies

|Re(zn) — Re(zm)| € |2n — 2m
and likewise for the imaginary part. Since R is a complete metric space both sequences Re(z,) and Im(z,,)
converge to limits z and hy in R. If z = z + iy then

|zn — 2| <|Re(zyn) — x| + | Im(zy,) — |
(again by the triangle inequality) converges to zero n — 0. ]

Definition 2.4. If 2, € C is a sequence then the series ) 7> 2, converges if the sequence of partial sums

m = Z Zn
n=0

is convergent in C. The series Y0 zy, is absolutely convergent if Y77 |z, | is convergent in R.
Corollary 2.5. Any absolutely convergent series is convergent.
Proof. Any absolutely convergent series is Cauchy and therefore converges by Theorem 2.3. g
Example 2.6. e For z € C define
(oo} ZTL
For z € R this definition coincides with the usual exponential function. Since |§| = E* the absolute
converges of the exponential on R implies absolute convergence on C and hence e converges on

C.
e For z € C define

ZI

2n 2n+1

cos(z) = Z( (2 )', sm(Z)_Z( )n(2 1)

The same argument as for e” shows there series converge absolutely and so converge. From this
one deduces Euler’s formulas:

e’LZ + e—ZZ e’LZ _ e—ZZ

cos(z) = 5 , sin(z) = 5
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Lecture 2.2
3. COMPLEX DIFFERENTIABILITY

Here we define the key concept in this course:

Definition 3.1. Let U c C be an open set and let f : U — C be a function. Then f is holomorphic
(alternatively, complex differentiable) at zg € U if

f(Z)—f(Zo)7

zZ— 20

zelU

lim,_, ,,

exists. In this case the limit is denoted f’(z2) and called the derivative of f at zo.

Definition 3.2. Let U c C be an open set. Then a function f : U - C is holomorphic on U if it is
holomorphic at every point zg € U.

Example 3.3. e The constant function is holomorphic on C.
e The identity function f(z) = z is holomorphic on C with derivative the constant function 1.
e Complex conjugation f(z) = Z is not complex differentiable at any point zy € C. Indeed

J() - f(z0) T

h=2z-2
Z— 20 h’

SIS

However, the limit of + does not exist at h — 0 because if h converges to zero along the real axis

then % =1 but if h converges to zero along the imaginary axis then % =-1.

The next lemma confirms that complex differentiation satisfies all the usual basic properties that are
familiar from differentiation of real functions in one variable.

Lemma 3.4. Let f and g be holomorphic functions on an open subset U c C. Then complex differentiation
satisfies the following:

(1) Linearity: f+ g is holomorphic on U and (f +g) = f"+4'.

(2) Product rule: fg is holomorphic on U and (fg)' = fg'+ f'g.

(3) Quotient rule: f(zo) #0 for zg € U then 1/ f is holomorphic at zy and (%)'(zo) = gézo)%
(4) Chain rule: f:Uy — Us and g: Uy — Us then go f is holomorphic on Uy and
(g0 ) (2)=(d" 2 f(2)) f'(2)
for z e Uy.
Proof. One argues exactly as in the case of functions of one real variable. O

Corollary 3.5. If p,q € C[X] are complex polynomials then f(z) = % is complex differentiable at any

20 € C with q(zp) #0

4. RECALLING REAL DIFFERENTIABILITY

Here we begin to explore the difference between complex differentiation of f: C — C and real differen-
tiability of the function F : R? - R? given by
F(z,y) = (Re f(z +iy), Im f(z + iy))
Definition 4.1. Let F = (Fi,...,Fy,) :R" > R™ be a function. Then F' is real differentiable at = € R if
there exists a linear map
L:R" - R™

such that
|F(a+h) ~ F(a) - L]

7]
as h — 0 in R™. If such L exists then all the partial derivatives gf L exist and L is given by the Jacobian
J
of F

OL

or 0P
ox1 ox1

L(z1,. . xn) = (21,...,x0) | :
OF OFm

Oxrn,, 7 Oxn
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One obvious difference between complex differentiability is that the complex derivative is a complex
number while the real derivative is a matrix. However, we have seen in (2.1) that only specific linear
transformations of R? correspond to multiplication by a complex number, namely those of the form

X Y

-Y XJ
identifies with multiplication by a complex number.

We will see shortly that complex differentiable functions are those whose real derivative

Example 4.2. We have already seen the function f(z) = Z is not complex differentiable anywhere.
However, as a function F: R? - R? it is given by

(l’,y) g (CC, _y)

0 -1
does not identify with multiplication by any complex number.

which, being linear, is real differentiable with derivative (1 0 ) Since 1 # —1 this linear transformation

5. THE CAUCHY-RIEMANN EQUATIONS
Here we make the observations from the previous section precise.

Proposition 5.1. Let U c C be an open set and f : U - C holomorphic at z € U. Then f is real
differentiable at z and its partial derivatives satisfy the Cauchy—Riemann equations

0 5} 0 0
(5.2) =5, @ =5 )
where u = Re(f) and v =Im(f). Moreover
%} 0
J'(2) = 5 () +ig(2)

ou v
In other words, f is holomorphic if it is real differentiable and its real derivative (Qﬁ 3%) identifies
dy By
with multiplication by a complex number.

Proof. For z,y € R write F/(x,y) = (u(x,y),v(x,y)) and write f'(z) = a+ib. As f is holomorphic we know

[G+m) -1 - Db,
0 h

limh_,
This implies
[1F(z+h) = F(2) = f'(2)h]]
17
and so to show F is real differentiable we only need to observe that L(h) := f'(z)h defines a linear map

-0

limh_)o

R? — R2. But we saw that that was the case in (2.1) and that the matrix of this linear map is (_ab 2)
We conclude that L(h) is the derivative of F' and so, since this derivative is given by the Jacobian of F,

we have
(%(l’o?yo) a—z(xoayo)) _ ( a b)

3y (0;90) 5y (zo,00)) \-b @
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Lecture 3.1

6. CAUCHY RIEMANN EQUATIONS

Recall that if f: C - C has real part v and imaginary part v then the partial derivatives 8“ g; 2;27 g—z

are, if they exist, defined as the limits

(z) - lim h—»o u(z+h)—u(z)

h
@(z) iy u(z +ih) —u(z)
oy heR h

and likewise with v replaced by u.

Theorem 6.1. Let U c C be an open subset and f: U — C a function. Set u = Re(f) and v = Im(f).
Suppose that

(1) the first partial derivatives of u and v exist on U,
(2) are continuous on U,
(3) and satisfy the Cauchy—Riemann equations
ou ov ou ov
9z Z)—a—y(z), %(Z)__%(z)
at zeU.
Then f is complex differentiable at z € U and

f'(z )——( )H—(Z)

Remark 6.2. Later we will prove a converse to Theorem 6.1. More precisely, we will show that if
f is holomorphic in an open neighbourhood of z € U then conditions (1)-(3) hold. We have already
seen f holomorphic implies (2) and (3) in Proposition 5.1. What is more difficult is to show that if
f is holomorphic in a neighbourhood of U then the partial derivatives of u and v are continuous in a
neighbourhood of U.

The following example shows why it is not enough that f satisfy the Cauchy—Riemann equations at
z € U in order to deduce complex differentiability (the continuity of the partial derivatives of u and v is
also important).

Example 6.3. Consider f:C — C defined by
5
f(2) = {'24

Then f satisfies the Cauchy—Riemann equations at z = 0 because

f(h) P
limy,_. o
g A

if 20

ifz=0

while

f(ih) _®(h)*
1 — = =
M0y Ik

If f(2) =u(z)+iv(z) then g—: is the real part of the first limit and g—z is the imaginary part of the second.
Thus

ou ov
%(O) =1= a—y(o)

and similarly 8” (0)=0= (0) However, f is not complex differentiable at z = 0. If it was complex
differentiable then Proposmon 5.1 would imply

f(0)=1
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f(Z)

However, we can write = ,2 > and so
f(h(i+1))  (1+4)?
h(i+1)  (1-1)2
for h € R. Therefore limy,;,1)-0 f(h(;zli)l;f(o) = Elljgi # 1. The reason that Theorem 6.1 does not apply

€.
here is because the partial derivatives of v and v are not continuous at 0. To see this use the binomial
expansion to write (z +iy)® = 2° + bizty — 1023y? - 10iz2y> + 5zy* + iy, Then

5 3,2 4
e (x,y) #(0,0)

u(z +iy) = {0

(z,y) = (0,0)
and (using the quotient rule) we compute
x4_ 332 2 4 x5_ IB 2 T 4 T $2 2
Ou - [P - G (2,y) £ (0,0)
N () = (0,0)

However, this function is not continuous at (0,0) because 32(0,9) =5and so 5 = lim, g ag (0,y) # ;f((), 0).
The assumption that the partial derivatives of f are continuous are required to apply the lemma:

Lemma 6.4. Let U c R" be open and ¢ : U - R™ a function with continuous partial derivatives. Then
¢ is real differentiable.

Proof. First assume m = 1 and, for any vector h = (hy,...,h,) € R” write o;(h) = (h1,...,h;,0,...,0).
Also write D;¢ =

Let a € U and set L (D1¢(a),...,Dpp(a)). Continuity of D;¢ around a ensures that for each € > 0
there exists d > 0 such that

|D;¢ (i) - Dip(a)| < €

whenever ||z; — a|| < 4. The triangle inequality gives

[¢(a+h) - ¢(a) - thI‘IZ(¢(a+al(h)) ¢(a+ai1(h)) - Dig(a)hi)|

i (6(a-+ () - 6(a-+ a1 (1)) - Did(a)h

where we write L! for the column vector obtained by transposing the row vector L. The mean value
theorem asserts the existence of x; on the line segment between a + a;(h) and a + a;-1(h) so that

Pla+a;(h)) - ¢(a+ai-1(h)) = Dig(z:)hi
If h is sufficiently small then we must have ||z; — al| < § and so

6(a+h) - é(a) - hL!| < 3 | Die (s s — Dygb(a)

i=1

= > |Did(xi) — Dip(a)|| g
i=1

< enmax |hy|

This proves that ¢ is real differentiable with derivative L!. The case m > 1 follows easily from the case
m = 1. ]

Proof that conditions (1)-(3) in Theorem 6.1 imply holomorphy. Set F(z,y) = (u(z +1iy),v(x +iy)) and
suppose z € U. Lemma 6.4 implies that F' is real differentiable at z and so
|1F(z+h) - F(z) - L(h)||

-0
1Al

1iInh—)O
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Ou o
for L(x,y) = (z,y) (% Ez; 8_95 Eg) Since u and v satisfy the Cauchy—Riemann equations it follows from
Y y
(2.1) that
ou OV .
(= (2) +i5=(2))(wo +iw1) = L(wo, w1 )
ox oy
Therefore

ou -0
fla+h) - f(2) - (G (2) + 5, (GDh 0
h
In other words, f is complex differentiable at z with derivative f'(z) = (%(z) + zg—Z(z)) O

limy, ¢
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Lecture 3.2
7. POWER SERIES

Definition 7.1. A power series over C is a series of the form ) 7, a,2" with a, € C.
Such power series are a large source of holomophic functions, at least on regions where they converge.

Example 7.2. The series ) ;22" has sequence of partial sums converging to i whenever z € C with

N . .
2| < 1. Indeed 1+ z+...+2"" = 1222 Since 2" — 0 as n - oo whenever |z| < 1 it follows that
1+z+...+z”’1—>ﬁ as n — oo whenever |z| < 1.

Theorem 7.3. For any power series Y.,—yanz" there exists 0 < R < oo such that
(1) If |z| < R then the series converges absolutely.
(2) If |z| > R the series diverges.

Morevoer, if we use the convention that 1/0 = co and 1/oo =0 then

..

B lim sup |a,|'/™

Proof. We refer to Theorem 2.5 and its proof from Lectures in analysis, Volume II, Complex Analysis by
Stein and Shakarchi. O

Remark 7.4. Notice that this theorem does not give information about the convergence or divergence
of the series on the boundary Dg(0) — Dr(0) = {z € C | |z| = R}. In fact, it is possible that the series is
divergent on the whole boundary, is convergent on the whole boundary, or is only convergent on part of
the boundary.

Theorem 7.5. Any power series Yoo anz" defines a holomorphic function f(z) = Yo yanz™ on Dr(0)
where R denotes the radius of convergence. The power series

o0
2 napz""!
n=0

has radius of convergence R and f'(2) = Y000 na,z""* for any z € Dp(0).

Proof. Since lim,, o0 nt/™ = 1 we have

limsup |an| "™ = lim sup [na, |V = lim sup [na, |/ "+

Therefore Theorem 7.3 shows that g(2) = Y02, na,2z"* and f(z) have the same radius of convergence.
To prove that g(z) is the complex derivative of f(z) at z € Dr(0) choose |z| < < R. We have to show

f(Z+h})L_f(Z) —g(z)—>0

as h — (0. For this we are going to use the bound:
Claim. Let n,d >0 and suppose h,z € C with |h| <. Then
h

2
SNERE

|(z+h)" = 2" = hz""V| <

Proof of Claim. Using the binomial formula we have

(z+h)" = 2" — hnz""' = h? > z”_khk_Q(n)
k=2 k

Therefore, the triangle inequality gives

n 2
(24 h)" = 2"~ h < 3 |z|"-k5k(”) ‘ﬁ‘
k=2 k/ 1o

(B ()

2

2

h
- P
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Now return to the proof of the theorem. The claim gives, for any 6 > 0 with |h| < 4,

f(z+h})l_f(z) —g(z)

[ee]

) (an((z +h)" - hnz"_l))

IN
>~

n
2

(I +48)"

| —~

M8 HMS

|an|

= L S lanl(el + )"

Now choose 01 so that |z|+d; < R for R the radius of convergence of f. Then Y07 |an|(|z|+01)" converges
to a real number C > 0. Therefore, for any ¢ > 0 we have

‘f(z - ONNE

fG+h)-f(2)
h

Il
—_

n

|h|—2 <

whenever |h| < min (51, 502) In other words, -g(z) > 0as h— 0 as desired.

g

Corollary 7.6. A power series is infinitely complex differentiable on its disk of convergence and the
derivatives are computed by termuwise differentiation.

8. ANALYTIC FUNCTIONS

More generally one can consider power series of the form Y07 ay,(z — 29)™ for zg € C. Such a series is
said to be centred around zg € C and Theorem 7.3 and Theorem 7.5 also applies to these more general
series. This can be deduced easily by observing that f(z) = Y02y an(z—20)" can be written as f o g with
g(z) =z -2z and fi1(2) = X2y anz". In particular, the chain rule shows that

f'(2) = fi(z - 20)

Definition 8.1. Let U c C be an open set and f : U — C a function. Then f is analytic at zg € U if there
exists a power series Yoo an(z — z0)"™ with positive radius of convergence such that

f(z) = i an(z - 20)"

n=0
in an open neighbourhood of 2y in U.
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Lecture 4.1
9. INTEGRATION ALONG CURVES

Definition 9.1. e A parametrised curve is a map z : [a,b] > C where [a,b] ={z eR|a <z <b}is
the closed interval. We say that z is smooth if it is differentiable and has continuous derivative
2'(t). Note that for ¢ = a (respectively, ¢ = b) the complex numbers z'(t) are interpreted as the
left-handed (respectively right handed) limits

z(x+h) - z(x) z(z+h) —z(:v))
h ’ h

A parametrised curve is piecewise smooth if there are a = ap < a3 < ... < a, = b so that z(t) is
smooth when restricted to each [a;-1,a;].

e Two parametrised curves z1(t) : [a1,b1] > C and z3(t) : [a2,be] - C are equivalent if there exists
a continuously differentiable bijection ¢ : [a1,b1] = [a2,b2] so that

limp, 0,450 ( resp. limy_0,x<0

z1 =290t

and t'(s) > 0. This last condition ensures that the curve is traced in the same direction by z; and
z9. In particular, z1(a1) = 22(ag) and z1(b1) = 22(b2).

e The end points of a parametrised curve z : [a,b] - C are f(a) and f(b) and a curve is called
closed if f(a) = f(b).

e A parametrised curve z : [a,b] - C is called simple (or non-intersecting) if ¢ # ¢’ then z(t) = 2(t')
if and only if t =a and ¢’ =b (or t =b and ¢’ = a).

For brevity we will usually refer to a smooth or piece-wise smooth parametrised curve simply as a
curve.

Definition 9.2. If v : [a,b] — C is a smooth curve and f is a continuous function on 7 (i.e. on the image
of ) then we define

b b b
J @z [T rGe) W= [ TRe G0N @t [ Im f((0) (s
If ~v is instead a piecewise smooth curve then we define
[iyi=3 [ sy o
Y i=1 7 di-1

for any sequence a =ag < aj <...<ay, =b for which v is smooth on each [a;_1,a;]. Note that f,y f(2)dz is
independent of the choice of a =ag<ay<...<a,=>.

Lemma 9.3. If v : [ag,bo] = C is a reparametrisation of v, i.e. if v =90t for a differentiable bijection

t:[a,b] = [ag,bo], then
[ 1@z [ 1)

Proof. Using substitution for real integrals gives

[ ez = [ Re o)+ i [ m o)
= [ Re POt (s +i [ f 0N ()i

Here we use that ¢ has positive orientation, i.e. that t(ap) = a and t(bp) = b. The chain rule says
7'(s) = 7h(t(s))t'(5) and so

b b
[ #@z= [ Rep() (s wi [T f(()) (8)ds
which equals fﬂ/ f(2)dz. O

Definition 9.4. For a piecewise smooth curve v : [a,b] - C set

tength(y) = [ 1/ ()ldt
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Proposition 9.5. Integration of continuous functions along any piece-wise smooth curve v in C satisfies:

(1) Linearity, i.e. [ (af(z)+Bg(z))dz=a [, f(z)dz+p [ g(z)dz.
(2) Orientability, i.e. if v~ is the reverse parametrisation v~ (z) =y(a+b—z) then

f’yf(z)dz = —/7_ f(2)dz

| [ f(2)dz| < sup,., | £(2)| length(7)

Proof. (1) follows from linearity of the usual Riemann integral and (2) follows from the change of variables
formula, noting that, unlike in Lemma 9.3, the orientation of v and 4~ are opposite. For (3) write
[, f(z)dz = re?. Then

[ 1@el=1 [ sa@y @ =r=e [ i@ o= [t raan o

Since [ e f(v(#))y' (1)t = [P Re (e F(y(£))Y/ (1)) dt +i [T (7 f(v(£)))y'(£)) dt is real, it follows

that fab Im (e f(v(¢))y/(t)) dt = 0. Since Re (™ f(v(£))7'(t)) < |e™® f(v(t))¥'(t)| known properties of
the real integral imply

[ 1@el= [TRe(e @y @)ar< [T iG@n W= [ GE)I @l

< supyega sy PO [ (1)1t
= SUDgey |f(Z)| 1ength(’7)

(3)

Example 9.6. Let 7 :[0,27] — C be the circle y(t) = re? of radius 7 > 0 and consider the integral

If”dz

By definition, I = fo%'y(t)"v'(t)dt. Since the derivative of e is e* we have 4/(t) = ire’. Using that
e” = cos(x) + isin(x) we find

2 2r
I= / (r"emt ire’ )dt = "1 f e+t gy
0

rntl ( cos((n +1)t)dt+1 fo% sin ((n+1)t) dt)

STt + i [T 0dt =1
27 27
sm(fﬁl)t) +i [ cosgl(ﬁu)t) ]0 -1

2mir™tl ifn=-1
o ifn+-1
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Lecture 4.2
10. PRIMITIVES

Just as with real integration it is easy to compute the integral of a complex function along a curve if
one can find a primitive of that function:

Definition 10.1. Let U c C be open and f:U — C a function. Then F': U — C is a primitive of f on U
if it is holomorphic on U and satisfies

F'(2) = f(2), zeU

Example 10.2. Any polynomial function f(z) = ag+ a1z + ...+ a,z" admits a primitive F(z) = apz +

“2—12'2 + ... 4 Guntl
n

We then have the following complex version of the fundamental theorem of calculus.

Theorem 10.3. Suppose U c C is open and F : U - C is a primative of f:U — C. Then
[ )z = F(0) ~ F(r(0))

for any piece-wise smooth curve v : [a,b] — C.

Proof. 1f ~ is smooth then
b
[ 1@ydz= [T 1) b
y a
bd
- [ ZFGW)

- [ re @i [C L (Pe(0) i

a dt bodt
=Re(F(v(0)) - F(v(a))) +ilm (F(7(b)) - F(7(a)))
= F(v(b)) - F(v(a))

where the second equality follows from the chain rule %F(V(t)) = f(v(t))y'(t) and the fourth equality
follow from the fundamental theorem of calculus for real valued functions.

If instead v is only piece-wise smooth then write [a,b] = U} ;[as,ai+1] so that the restrictions ; :
[ai,ai+1] = C are smooth. Then

J@az=3 [ )iz = 3 (P - FO@) = FaE) - FO (@)

where the second equality follows from the theorem for smooth « proved above. O

Corollary 10.4. If f : U - C admits a primitive on the whole of U then

fv F(2)dz=0

for any piece-wise smooth closed curve 7 : [a,b] — C.

Proof. Since 7 is closed one has vy(a) = v(b). Thus, if F' is the primitive of f then f7 f(2)dz=F(~(b)) -
F(+(a)) = 0. n

n+1

Example 10.5. The function f(z) = 2" has a primitive F'(z) = on C when n # -1. Therefore

fz"dz =0
¥

for any closed curve in C. In particular, this recovers our calculation from Example 9.6.

z
n+1
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11. GOURSAT’S THEOREM

We saw last time that if v is a closed curve in an open set U c C on which a function f has a primitive
then f,y f(z)dz=0.

Theorem 11.1 (Goursat’s Theorem). Let U c C be an open set and T c U any Euclidean triangle whose
interior is contained in U. Then
fT f(2)dz=0

for any f:U — C which is holomorphic on U.

The rough idea of the proof is that, since f is holomorphic, it can be approximated by the linear
function z — f(w) + f'(w)(z —w) in a small neighbourhood of w € U. The theorem is true for linear
functions (because linear functions admit primatives) and the argument proceeds by bounding [ f(z)dz
in terms of [, f(z)dz for a triangle 7" in the interior of 7" which is sufficiently small that in the interior
of T" the approximation of f(2) by f(w) + f'(w)(z —w) (for some w in the interior of T") is a good
approximation.

Proof. It suffices to show that | [ f(z)dz| < € for any € > 0. We do this by subdividing the triangle. Let

T denote the original triangle and define four new triangles Tl(l),TQ(I),Tél) and T4(1) by drawing the
four triangles between the vertices of 7(®) and the the 3 midpoints of the edges of T(©).

A /TB(I) \

70 =y
\ Z o \\* Ry Z o A\

With this construction the perimeter pg.l) of each Tj(l) is 2_1p(0) and similarly the diameters (i.e. Supg, |x—

y| for all 2,y on T and its interior) satisfy d§1) = 271d(9), We can choose an orientation of each T](Z) SO

that
ﬁ(o) f(2)dz = /;l(l)f(z)dz+/T2(l) f(z)dz+[Tél) f(2)dz + ﬁil)f(z)dz
We can therefore find j € {1,2,3,4} with

| Jro @< [, 1)a
Set Tj(l) =7, Repeating this process with 70 replaced by T(?) we obtain T = Tj(2) with
2
| Jro @4 [l 1 <2 [ 1

Doing this repeatedly we obtain, by induction, triangles T(" for n > 0 such that

| [ FGl <4 [ 1)z

Moreover, if p{™) and d(™ denotes respectively the perimeter and diameter of T(") then we also know

P Z g np(©) ) gen g(0)

Let €™ be the union of T(") together with its interior. Then (™) is a closed and bounded subset of C
and so is compact. This implies that

REAREYZ

n=0

so we can choose w € U so that w € T for each n > 0. Write

f(z) = f(w) + f'(w)(z - w) + $(2) (2 - w)
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for a function ¢ : U - C with ¢(2) — 0 as z » w (by definition of the derivative of f at w). Then
/T(n) f(z)dz = fT(”) (f(w)+ f'(w)(z -w))dz + /T<n> d(2)(z—w)dz
= fT(n) d(2)(z —w)dz

because the function z — f(w) + f'(w)(z — w) is polynomial in z and hence has a primitive. Since z in
this integral lies on 7" and w € T it follows that

|z —w| < d™
Therefore, part (3) of Proposition 9.5 implies
- _ (n),,(n)
| [ o FEA=1 [ 6()(z - w)de) < Cudp
where C,, = sup, ;) |¢(2)|. Here we use that p(™ is the length of 7). We conclude that
| fT f(z)dz] <4"| fT o F(2)dz < Cra™d™p™ = ¢, 47 (277d) (27pD) = ¢, p( D a®

Now, because ¢(z) - 0 as z - w there exists § > 0 so that |z — w| < § implies |¢(2)| < m. On the

other hand, for sufficiently large n, we will have |z —w| < § for all z € T(™. Therefore, C), < m for
sufficiently large n and so | [, f(2)dz| <e. O

For applications it is also useful to having the following slight generalisation of Goursat’s Theorem:

Theorem 11.2. Let U c C be open and let p € U. Suppose that f : U N\ {p} - C is holomorphic and
bounded on an open set in U around p. Then for any triangle T c U whose interior is also contained in

U one has
[Tf(z)dz=0

Proof. Let ¥ be the union of T" and its interior. There are four possible cases:
Case 1. If p ¢ ¥ then the theorem follows by applying Goursat’s theorem to U \ {p}.

Case 2. If p lies on a vertex of T' then we can subdivide T as follows:

oo,

Then
fo(z)dz=[Tl f(z)dz+[T2 f(z)dz+[T3 £(2)d>
= [ 1)z <sup.ap, 112 [ 10z

where the second equality uses Goursat’s theorem to show [ f(2)dz = [, f(2)dz =0. Since [, 1dz -0
as the size of T} goes to zero and sup, ., |f(2)| is bounded by assumption, we conclude [, f(z)dz = 0.
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Case 3. If p lies on a side of T then we instead subdivide 7" as follows:

Then

[Tf(z)dz - [T F(2)dz + fT £(2)d>
and both [ f(2)dz = [, f(2)dz =0 by Case 2.

11.1. Case 4. If p lies in the interior of T" then we can subdivide T" as follows:

T

Then

fo(z)dz = le f(2)dz+ ng f(2)dz+ ng f(2)dz
and [, f(2)dz = [, f(2)dz = [, f(2)dz =0 by case 2. O
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Lecture 5.1
12. A LocAL CAucHY’S THEOREM

Definition 12.1. A subset U c C is convex if and only if for any two points z,y € U the straight line
segment between z and y is contained in U.

Example 12.2. Any open or closed ball is convex.
Theorem 12.3. Any holomorphic function f:U — C on a convex open set U c C has a primitive.

Proof. Fix zp € U and, for any z € U, let (20, 2) : [0,1] = C denote the straight line segment between z
and z. In other words,

v(z0,2)(t) = (1 —t)zp + tz
Since U is convex we have (2o, z)([0,1]) c U. Define

Fe)= [ e
for all z € U. We want to show that

i Fa) - F(2)
[(2) = F'(2) = Jim ===

for all z € U. To do this take z; € U with z; # z. Since U is convex the triangle T between zg, z1 and z is
contained in U. Therefore, Theorem 11.1 (Goursat’s theorem) implies

0= fT Fw)dw = L o )+ L o ) s L o Ty
:F(zl)—F(z)+/( I ()

Y(z1,2

In other words, F(z1) - F(z) = _fv(

Fe)=F@E) = [ fayde=fG) [ dos [ ()= 1G)de

Now [ (221) dw = z1 — z, because of Theorem 10.3 and because the constant function has z as an anti-
derivative. Therefore

f(w)dw :fw )f(w)dw. Therefore,
z,21

[ ooy (F(w) = £(2))do

Z1—Z

F(z1) - F(2)

21—z

-16)|-

1 h
<SPy () f(2)] BRI (21)

= Supwe'y(zﬁzl) |f(w) - f(z)l

|21 - 2|

where the inequality uses Proposition 9.5. Since f is continuous at z it follows that supce, (. .,) |f (w) -
f(2)] = 0 as 21 — z. This ensures

o Fz) - F(z)

21—>0 21— %

F'(2) = = f(2)

as required. O

Theorem 12.4 (Cauchy’s Theorem for convex sets). If f is holomorphic on a convex open set U c C
then fvf(z)dz =0 for every closed curve v in U.

Proof. Theorem 12.3 implies the existence of a holomorphic F' on U with F'(z) = f(z). The fundamental
theorem of calculus (Theorem 10.3) therefore implies

ﬁ f(2)dz = F((b)) - F(v(a)) =0

if v is parametrised as [a,b] — C. O
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13. A SLIGHT GENERALISATION OF CAUCHY’S THEOREM

The proof of Theorem 12.3 actually gives the stronger result:

Corollary 13.1. Let U c C be a convex open subset and suppose f : U — C is continuous and holomorphic
on U~ A{p}. Then f admits a primitive on U \ {p}.

Proof. Since f is continuous at p it is bounded in an open neighbourhood of p. Therefore, one can repeat
the proof from Theorem 12.3 but replacing the use of Goursat’s theorem by the more general version in
Theorem 11.2. 0

Applying the fundamental theorem of calculus yields:

Corollary 13.2. Let U c C be a convex open subset and suppose f : U — C is continuous, and holomorphic
on U~ {p}. Then fvf(z)dz =0 for any closed curve v in U \ {p}.

14. WINDING NUMBERS

Definition 14.1. Let 7 : [a,b] - C be a piecewise smooth curve and p a point not on v. The winding
number of v around p is defined as

W(%p)=if7 L= fb ()

omi Jyz—p  2miJa y(t)-p
Example 14.2. If v is a circle y(t) = p + €% for ¢ € [0,27] then Example 9.6 shows that W (v,p) = 1.

For general curves v we should view W(~,p) as counting the number of times v wraps around p. To
demonstrate why this is reasonable we assume p = 0 for simplicity and consider the complex logarithm

Log(z) = log|z| + i Arg(z)

where log denotes the real logarithm. The argument Arg is only well defined up to a multiple of 273
and this ambiguity means that Log cannot be defined as a holomorphic function on the whole of C.
Nevertheless, it can be defined locally and when defined its derivative is 1/z (as follows from the identity
el02(*) = 7). This means the derivative of Log(v(t)) is % and so the Fundamental theorem of calculus
gives:

b (1)
a (t)
(since v is a closed curve and the real part of Log(vy(¢)) has no ambiguity these reals parts cancel in the

by (t)
above formula). In other words, |, N0
the path ~.

(14.3) dt = Log(7(b)) - Log(v(a)) = i (Arg(y(b)) - Arg(7(a)))

dt measures the change of the argument of v(t) as we go around

Warning 14.4. In (14.3) is it important to note that the formula only makes sense if we define Arg locally
in a continuous way. For example, if we defined the argument to jump to back to 0 as it approaches 27
then the formula would be wrong because the right hand side would be zero).

15. CAUCHY’S INTEGRAL FORMULA

Theorem 15.1. Let f be holomorphic on an open convexr set U and let v be a piecewise smooth closed
curve in U. Then

WanIe) =5 [ 12
for any pe U~ ~([a,b]).
Proof. Set

F(2)-f(p)

D20 2#p
g(z)=4, 77

f'(p) z=p
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Then g(z) is continuous on U and holomorphic on U\ {p}. By the improved versions of Cauchy’s theorem
we have [ g(2)dz =0 and so

f(z)-f(p) L /), f) .
0_2772/7 dz = /_

zZ-p 27rz zZ-p 2mmi v Z- p

ff(z dz = W(v,p)f(p)

2m

As a special case we obtain:

Theorem 15.2 (Cauchy’s integral formula). Let f be holomorphic on an open set U containing a circle
v, oriented in the counter clockwise direction, and its interior. Then

fp) = 27i ﬁ(z])o

for any p in the interior of .

Proof. This follows from Theorem 15.1. Since « is a circle we can find a convex open subset U’ ¢ U
which contains v and its interior. If p lies in the interior of v then we know W(v,p) = 1, and so

F(0) = F)W (7,p) = 5 [, L2 1= D
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Lecture 5.2
16. UNIFORM CONVERGENCE AND LIMITS OF INTEGRALS

Recall that if one has a sequence of functions f, — f then in general it is a subtle question whether
J f =1lim[ f,. One case where one can interchange the limit and the integral is when the f, — f
uniformly. This means:

Definition 16.1. For any subset X c C we say that a sequence of functions f,, : X — C converges to
f: X - C uniformly if for any € > 0 there exists an N > 0 such that

[fn(2) = f(2)] <€
for any n > N and any z € X. This is equivalent to asking that

sup,ex | fn(2) = f(2)[ >0

as n — 00.

Lemma 16.2. Let 7 : [a,b] = C be a piecewise smooth curve and suppose fr, f are continuous functions
on vy with fn, = f uniformly on Im(v). Then

Lfn(z)dz - Lf(z)dz
as z —> o0,
Proof. We have
n(2)dz — dz| = "= d
| [ u@dz= [ 1) = [ (fum D)z
<SUPey |fn(2) = f(2)[length(y) - 0
as n — oo. O
17. MORE ON CAUCHY’S INTEGRAL FORMULA

Theorem 17.1 (Cauchy’s integral formula for derivatives). If f is holomorphic on an open set U then f
has infinitely many holomorphic derivatives. Moreover, for any circle C c U oriented counter clockwise
whose interior is also contained in U one has

f(”)(z) =5 [ (wf(w)n+1

for n >0 for all z in the interior of C.

Proof. Argue by induction. When n = 0 the statement is Theorem 15.2. For n > 0 assume that the first
n — 1-th derivatives of f exist and that

27 (w=2z)"
Then (n-1) (1)
n—1 n—1
h) - -1 1 1
Rl CR) EF il TS U ) .
h 2t Je h(w-z-h)"  h(w-2z)"
Now choose a sequence hy € C converging to zero as N — oo. To prove the theorem we have to understand
im0
_ 1 1

where Fy(w) = 3 e Ll e e L Now

d 1 n

Fn(w) — ( ) =

(w Z)n (’U) _ Z)n+1
as N — oo. We claim this convergence is uniform on C'. This claim allows us to use Lemma 16.2 to deduce
that

limN_wo w

)dw:n—l!/ f(w)n p _nl flw)n
c (

2mi w—z)" T 2 Jo (w - z)nt
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which finishes the proof. Therefore, it only remains to check the claimed uniform convergence. This can
be done by showing that:

( 1 _ 1 )_ n .
hy(w-z-hn)* hy(w-2)"] (w-z)"+!

as N — 0. To see this recall the expansion

k=0

SUDPyweC

which converges for |z| < 1. We find that

1 1 ( 1 _1)
h(w-z-h)"  h(w-2z)" h(w-2z)" (1_£)n

w20 @)

whenever h € C has | ~| < 1. Now C' is compact and so there is a constant A > 0 with | —| < A for all
w € C. This means that

1 B 1 n
hMw-z-h)" hw-2z)" (w- z)"“

An+2 Z (n +k- 1)|hA|k—2

whenever |hA| < 1. In particular, if B = A""2 Y72, (m;]:_l)%%, then

<hnyB

( 1 ~ 1 ) n
hn(w=z=hy)" hy(w=-2)"] (w-z)"+

whenever |hy Al < 1/2. We conclude that the left hand side converges to zero as N — co which was what
we wanted.

SUPyeC

g

Example 17.2. Let v be the unit circle. We can use Cauchy’s integral formula for derivatives to calculate
the integral
cos(z
[ g )dz
[0 z

Applying Theorem 17.1 with f =cos, n =2, and z =0 gives
c08(2) ;- @) - _ -
L 3 dz = f**(0) T cos(0)mi = —mi

18. CAUCHY’S ESTIMATE

Theorem 18.1 (Cauchy’s estimate). Let U c C be an open subset and f : U — C holomorphic. If U
contains a circle vy centered at z and of radius R > 0, and its interior, then
nlsup,e, |f(w)]

IRIBTRE
Proof. Theorem 17.1 (Cauchy’s derivative formula) implies

(n) f(w)
el

n' f(w)
< 2_7I'Z SupwE'y ‘ ( )n+1 | length(f)/)

1M ()] =

_lsup,e, | (w)
Rn
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19. LIOUVILLE’S THEOREM
Definition 19.1. A function f:C — C is entire if it is holomorphic on C.
Theorem 19.2 (Liouville’s Theorem). Any bounded entire function f:C — C is constant.

Proof. We show that f’(z) = 0. This will imply f(z) is constant because C is a connected topological
space. Let w € C and let v be the circle around w of radius R. Then Cauchy’s estimate (Theorem 18.1)
implies
1
[f (W)l < 2 8uPey £ (2)]
Since f is bounded we have sup,, . |f(2)| < B for some constant B >0 and all R. Letting R — oo shows
|f'(w)| =0 and so f'(w) =0. O
Theorem 19.3 (Fundamental theorem of algebra). Every non-constant polynomial
f(z)=ap+arz+...+anz",a, €C
has a root in C (i.e there exists z € C such that f(z)=0).

Proof. Suppose that f has no roots. Then % is an entire function. On the other hand, if we assume the
leading coefficient a,, in f(z) is non-zero then

f(z):z”(an+an_1 +...+@)
z
ag

and the term *%2 +...+ 2% — 0 as |z| - co. We can therefore choose an R > 0 such that if |z| > R > 0 then

an-1 ag |an|
foo+—|<—=
z P 2
Note that for a,b € C the triangle inequality gives |a| =|a+b—-b| < |a+b| + |b] and so |a| - |b| < |a +b]. In
particular, if |b| < |a|/2 then

lal/2 < al = [b] < |a +b|
Applying this with a = a,, and b= 2=t + ... + 7% gives

<[f(2)l

|an||2"|
2
when z > R. We conclude that 1 5 5

< <
T el ol
when |z| > R. On the other hand, since % is continuous on the compact set Dg(0) = {z € C|z| < R} it
follows that

(Theorem 19.

is bounded on Dg(0). We conclude that % is bounded on C and so Liouville’s theorem

o el

) implies 1 and hence f, is constant on C. This is a contradiction. ]
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Lecture 6.1
20. MORERA’S THEOREM

Theorem 20.1 (Morera’s Theorem). Let U c C be a convex open subset and suppose f :U — C is a
continuous function. If [ f(z)dz =0 for any triangle T c U whose interior is also contained in U then f
is holomorphic.

Proof. In the proof of Theorem 12.3 we showed that if [ f(z)dz = 0 for each triangle then, if zg € U is
fixed, the function

F(z):= [y(zmdf(z)dz

(recall y(zp, z) is the straight line from z to z) is holomorphic on u with complex derivative f(z). Cauchy’s
integral formula for derivatives (Theorem 17.1) then implies that F’'(z) = f(z) is also holomorphic. O

Corollary 20.2. If U c C is convexr and open and f, : U — C is a sequence of holomorphic functions
converging uniformly to f: U — C then f is also holomorphic.

Proof. The uniform limit of continuous functions is again continuous by a problem on the exercise sheets.
Therefore, f is continuous and we can deduce that f is holomorphic by showing [ f(z)dz = 0 for each
triangle in 7" and applying Morera’s theorem (Theorem 20.1). By Goursat’s theorem (Theorem 11.1) we
know [ fn(2)dz =0 and so, using Lemma 16.2, we find

Ozlimn_,oofon(z)dz:'/:;f(z)dz

21. TAYLOR’S THEOREM

Theorem 21.1 (Taylor’s theorem). If f: U — C is a holomorphic function on an open subset U c C and
peU. Then for any open disk D c U centred at p one has

/(2) = io an(z - p)"

where

AR

=
n!

Proof. Using a linear change of variable we can assume p = 0 (replace f(z) by the function z — f(z—p)).
Let R > 0 be the radius of D. Since f is holomorphic in an open neighbourhood of D Cauchy’s integral

formula gives
ACO
1(z) = 27 -[7 w — z

for v the boundary of D (oriented counterclockwise). We can write

R )

w-z w(l-z/w)

S(w)

whenever |z/w| < 1. In particular, this is valid whenever z lies in the interior of D and w € 7. Now fix
such a z and, for N >0, set

v =3 (2)
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Notice that for w € v one has

5 - Sw()l =13, > (2]
2\V & (=
() 26

Z| Z |_|n _ |Z|N 1 |Z|N 1
RITIRER: RN*U (1= 2/R) RN (R~ |z])
Therefore, |S(w) — Sy(w)| - 0 independently of w € v and so the sequence of functions Sy converges

uniformly to S. It follows that f(w)Sy(w) also converges uniformly to f(w)S(w) and so Lemma 16.2
implies

1 1
im0 — f F(w)Sy (w)dw = —— f F(w)S(w)dw
2w Jy 2wt Jy
We know already that the right hand side of this expression is f(z). The left hand side is

flw)=" = f(w)
nO(Qm[ wntl ) nz%)z (2m wntl )

By Cauchy’s integral formula for derivatives (Theorem 17.1) each term in the right hand sum equal !
Thus

">(o>
7™ (0)

as required. O
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Lecture 6.2
22. ISOLATED ZEROES

Theorem 22.1. Let f be a holomorphic function on a connected open set U and wy, ts a non-constant
sequence in U converging to pe U. If f(w,) =0 then f(2)=0 for all z€U.

Proof. Let D be an open disc centered at p and contained in U. By Taylor’s theorem (Theorem 21.1), f
admits a power series expansion on D

oo

f(2) =% an(z-p)"

n=0
for any z € D. Since f is continuous we have f(p) = lim f(w,) = 0. Therefore ag = 0. We want to show
an =0 also for all n > 0. If not we can find a smallest m > 1 with a,, #+ 0. Then

o0

JG) =anz=p)" |1+ 3 Z(z-p)" "
n=m+1 “m
9(2)
with g(z) a convergent power series on D and so holomorphic. Since g(p) = 0 continuity implies the
existence of a neighbourhood Uy of p such that |g(z)| < 1 for all z € Uy. This means 1+g(z) # 0 on Uy and
so f(2) =am(z-p)"(1+9g(2)) #0 on Uy \ {p}. However, this is a contradiction because by assumption
f(wy) =0 and since w, — p and is non-constant we have w, € Uy for large n and not all w,, equal p. We
conclude that a, =0 for all n >0 and so f =0 on D.
It remains to check that this implies f =0 on the whole connected set U. To see this let

V ={zeU| f=0 in an open neighbourhood of z}

Then V is non-empty and by definition it is also open. On the other hand V is also closed because we’ve
just shown that if z, - z with f(z,) =0 then f is also zero in an open neighbourhood of z and so z € V.
Since U is connected the only open and closed subset of U is U itself. Therefore f=0 on U. U

23. THE IDENTITY PRINCIPLE

Theorem 23.1 (The identity principle). If f and g are two holomorphic functions on a connected open
subset U c C and the set of z € U where f(z) = g(z) contains a non-constant sequence converging to a
point in U then f=g on U.

Proof. Apply Theorem 22.1 to f — g to deduce f—g=0o0n U, and so f=g on U. 0

Example 23.2. Let f: Do(0) - C be a holomorphic function such that f(1/n) = 1/n? for all n € Zs;.
What is f(i)? To compute this set g(z) = 2. Then g(z) is holomorphic and the set of z € Dy(0) for
which f(z) = g(z) contains the convergent sequence 1/n. Therefore, the identity principle implies f =g
on D5(0) and so f(i) =i = —1.

24. SINGULARITIES

Definition 24.1. We say that f has an isolated singularity at p € C if f is defined on an open neighbour-
hood of p but not at the point p itself. In particular, if U c C is an open subset of C and p € U then any
function f: U \ {p} — C has an isolated singularity at p.

Example 24.2. Then function f(z): C~\ {0} - C defined by f(z) = 1/z has an isolated singularity at
z =0. Similarly the function g(z): C \ {0} - C defined by g(z) = z has an isolated singularity.

There are three possible kinds of isolated singularity:

Definition 24.3. If f has an isolated singularity at p € C then either:
(1) p is a removable singularity if f extends to a holomorphic function on a neighbourhood of p. This
implies f(z) - f(p) at z - p.
(2) pisapoleif |f(z)] = o0 as z > p.
(3) pis an essential singularity otherwise.
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Example 24.4. (1) The function 1/z has a pole at z = 0.
(2) Since sinz = z + 23/3! + 25/5! - 27/7! + ... we have
sinz=z(1+2%/3!-...)
and so 1/sinz = 271 (1 + 2%/3! - ...)71. Since A is holomorphic on an open neighbourhood of 0 it
(A)
follows that 1/sin z has a pole at z = 0.
(3) Since €* =1+ 2+ 22/2!+ 23/3! + ... we have

e* -1 z+22[20+ 2231+,

z z

=1+2/20+2%/3+...

Z_
S0 & 1
z

has a removable singularity at z = 0.

(4) Consider the singularity of the function f(z) = e'/* at z = 0. This singularity is not a removable
singularity because f(1/n) = e™ and so f(1/n) - oo as n - co. However, it is also not a pole
because if w,, = 1/2min then w, - 0 but |f(wy,)|=1. Therefore f(z) has an essential singularity.

25. RIEMANN’S THEOREM ON REMOVABLE SINGULARITIES

Theorem 25.1 (Riemann’s theorem on removable singularities). Let U c C be open and p e U. If f is
holomorphic on U ~ {p} and bounded then p is a removable singularity.

Proof. Set
2 .
z-p z ifz+p
P [ESON
0 ifz=p
Then g is holomorphic on U \ {p}. We also have

29D ooy
z-p

Since f is bounded on U \ {p} there exists an M > 0 such that |f(z)| < M for all z € U ~ {p}. Therefore

9(2) - g(p)

= |z = pllf(2)[ < Mz - pl

It follows that g is holomorphic at p with ¢’(p) = 0. Let D be an open disk in U centred at p. Then
Theorem 21.1 (Taylor’s theorem) allows us to write

[ee] [ee]

9(2) = Y an(z=p)" = (z-p)* X an(z-p)"°
n=2 n=2
Therefore f(2) = X2 qa,(z—p)" 2 on D~ {p}. However, the series ¥°°, a,(z — p)" 2 has a radius of
convergence R > 0 for which it converges when |z — p| < R and diverges when |z — p| > R (Theorem 7.3).
Since the series converges for z € D \ {p} we have R greater than or equal the radius of D. In particular,
R > 0. Therefore Theorem 7.5 implies f is holomorphic in an neighbourhood of z and so f has a removable
singularity at p. O
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26. LOCAL FORMS OF SINGULARITIES

Here we consider a holomorphic function f with an isolated singularity at p € C.

e If f has an isolated zero at p (i.e. removable singularity at p with the extension f(p) =0) and is
not identically zero in a neighbourhood of p then there exists a holomorphic g with g(p) # 0 and
an n > 1 such that

(26.1) f(z)=(z-p)"g(2)
in a neighbourhood of p.

Proof. Since p is a removable singularity we can extend f to a holomorphic function in a disk D
around p. We can then use Taylor’s theorem (Theorem 21.1) to write

F) =S an(z—p)"

n=0

for z € D. Since f(p) =0 we have ap = 0. Since f is not identically zero there is a smallest n > 1
with a, # 0. Then

f(2)=(z=-p)" 3 amn(z-p)"
m=0
and we can take g(z) = Yr0_g @m4n(z —p)™ which is holomorphic on D by Theorem 7.5. O

Definition 26.2. The order of an isolated zero at p is the integer n in the expression (26.1).

e If f has a pole at p then there exists a non-vanishing holomorphic function g and n > 1 such that
g(p) # 0 and

9(2)
(z=p)"

(26.3) f(z) =

on D\ {p} for D a disk around p.

Proof. Since f has a pole at z = p we have that 1/f(z) - 0 as z - p. Therefore 1/|f(z)] is
bounded in a neighbourhood of p and so Riemann’s removable singularity theorem allows us to
extend 1/f(z) to a holomorphic function h(z) on a neighbourhood around p. Since h(p) =0 the
local form of isolated zeroes tells us that h(p) = (z — p)"h1(z) for a holomorphic function hq(z)
with hi(p) #0. Then g(z) = 1/h1(z) is holomorphic in a neighbourhood of p (since h1(p) # 0) and

L ym) ()
IO 3 " oy " Gop

as claimed. O

Definition 26.4. The order of a pole at p is the integer n in the expression (26.1).

27. RESIDUES

The local form of a holomorphic function f with a pole at p asserts that f(z) = ;n with g holomorphic

in a neighbourhood of p and g(p) # 0. If we write g(2) = X2 a_n+i(z = p)" then

_ A_n+1 a—1 ~
U e e A P R

where G(z) is the holomorphic function 5%, a;(z - p)’. We call G p)n + (Z“‘p")*;} T+t (Z:;)) the principal

part of f at p.

Definition 27.1. The coefficient a_; in the principal part of f at p is called the residue of f at p and
denoted res,—p(f).

We can also compute the residue of f directly if we write f(z) = € (p;n with h(p) # 0.
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Lemma 27.2. If (:_(;;n with h(p) # 0 then

~h D (p)
res,—p(f) = o)

Alternatively,

n—1

1 ) d n
res,—p(f) = -1y lim,,;, T T ((z=-p)"f(2))
Proof. If h(z) has Taylor expansion Y52, a_y+i(z —p)* then

R (2) = 2(1_,1”@ ) () (i-1)...(i-m+1)

Therefore
R (D) = apm(m)(m=1) ... (1) = a_pemm!
In particular, K" (2) = a_1(n - 1)! = res,-,(f)(n - 1)!I. The second expressions follows from the first
since the n — 1-th complex derivative of (z — p)" f(z) is continuous. O
Example 27.3. (1) Consider f(z) = 2—; This has a pole at zero of order n. Since e* = Y2 %L it
follows that the principal part of f(z) is
1 1 1 1

— + bt
Zn gl pnm29) z(n-1)!

Therefore, res,—o(f) = ﬁ

(2) Consider the function f(z) = Z‘ifi) This has a pole at z = 0 of order 1 and we can compute its
2

residue in two says. First, one can use the binomial expansion —— = 1+z+ 2z

T +... which converges
for |z| < 1. Therefore,

22+1

1—
It follows that the principal part of f(z) is 1/z and so res,.o(f) = 1. Alternatively, one can use
the formula

=(P+D)(A+z+22+. ) =1+2+222+25+ .

1 241
res,_o(f) = — lim,q (2f(2)) = lim,g —— = 1
0! 1-2
(3) Consider the function f(z) = Zzs(i;l_zl). Since sinz = z — g—? + 25—? — ... we see that f(z) has a pole of
order 2 at z = 0. Again using the binomial expansion i =1+z+2%+... we see that

sin 2 1 23 2 9 1 9 1, 3
mzz—z(z—§+a—...)(l+z+z +...):Z—2(z+z +(1—§)z +)

for |z| < 1. It follows that the principal part of f(z) is % and so res,—o(f) = 1. Alternatively,

1 . B
resa() = gy limn I (1 (2)) = lim S22 o)
Note that the first calculation also shows that —$22< has residue 1 at z = 0 while —S22< has

23(1-2) 24(1-2)

residue 1 - % at z = 0.

28. CAUCHY’S RESIDUE FORMULA

Theorem 28.1 (Cauchy’s residue formula). Let U c C be a conver open subset and suppose f is holo-
morphic on UN{p1,...,pn} and has a pole at each p; € U. Then for every closed curve vy c UN{p1,...,pn}

ﬁ F(2)dz = 2ﬂi§resz=pi(f)W(v,pi)

where W (~y,p;) is the winding number of v around p; (see Definition 14.1).
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In particular, if v is a simple closed curve oriented counterclockwise and all the poles p; are contained
inside v then

fyf(z)dz =2mi ireszzpi(f)
i=1

Proof. For each pole p; let S;(z) denote the principal part of f at p;. Then S;(z) is holomorphic on
U~ {p;} and f - S; has a removable singularity at p;. Therefore

f- isi
i1

extends to a holomorphic function on U and so Cauchy’s theorem for convex domains (Theorem 12.4)
implies

f F(2) -3 Si(2)dz =0
¥ i=1
In other words,

/;f(z)dz:izzlj;Si(z)dz

(%) ()
Now suppose a( D ¢ C are such that Si(z) =

— M 4. ..+ —=L. We have already seen that
(z=pi)™i (z=pi)

[(z—lp)jd'z:0

for j # 1 (since W has a primitive) and so

z 3 71 zZ=a ()m
| #ya E;fm |z =al 2w (1,p:)
2mi )

resz=p; (F)W (7, pi)

g

Note that this generalises both Cauchy’s theorem (Theorem 12.4) because if f has no poles then the
right hand side is zero. It also generalises Cauchy’s integral formula for derivatives (Theorem 17.1) because

f(w)

if f has no poles then CE has residue equal !f(”)(z) at z.
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29. USING THE RESIDUE FORMULA

Example 29.1. We can use Cauchy’s residue formula (Theorem 28.1) to compute

2
ze+1
JE=a
v z(1-2)
for « the circle of radius 2 centred at the origin and oriented counterclockwise. Since f has two poles in
the interior of 7, namely z =0 and z = 1, we just need to compute the residue’s at these two poles. Since
they are both poles of order 1 we have
2
z¢+1
res,-o f =lim,,g —— =
2=0 f z—0 (1 _ Z)

and

. 2-1)(22+1
res,-1 f =lim, % =-2

Therefore,

2

+1

f N ge = 2mi(1 - 2) = ~2mi
vz(1-2)

Example 29.2. Consider the integral _[ﬂ/ %dz with ~ the circle of radius 1 centred at the origin and

sin z
23(2-2)
these is contained in the interior of v, Cauchy’s residue formula implies

f f(2)dz =2mires,—o(f)
gl
The binomial expansion computes the Taylor series of ﬁ as

Lo L Aaiepyeeme.)

for |2| < 1. Since sin z has Taylor expansion z — z3/3! + 2°/5! — ... we have

parametrised counter clockwise. Since f(z) = has two poles at z = 0 and z = 2, and only one of

2-2 21-(2/2) 2

2L (1 (o) e G2 ) (s 3 )

To compute the residue of f(z) we need to compute the 2% term in this product, and this is
-1 1 -1
2 2 4

Thus res.—o(f) = -1/4 and [ f(2)dz = 2mi-(-1/4) = —im/2.

30. MEROMORPHIC FUNCTIONS

Let U c C be an open subset. Recall that P c U is discrete if for every p € P there exists an open
neighbourhood p € U’ ¢ U not containing any other point of P.

Definition 30.1. Let U c C be an open set. We say that a function f is meromorphic on U if there is a
discrete closed subset P c U such that f: U \ P — C is holomorphic and f has an isolated pole at each
peP.

Note P has no limit points in U, but it could have limit points on the boundary of U.

Example 30.2. (1) If p(z),q(z) are polynomials then the rational function % is a meromorphic

function on C.

(2) More generally, if f,g : U - C are holomorphic and g is not identically zero on a connected
component of U then 5 is meromorphic on U. This uses the fact that g only has isolated zeroes
(Theorem 22.1).

(3) f(z) = # is meromorphic on C\ {0} but not on C (since the singularity at z = 0 is an essential
one).
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31. THE ARGUMENT PRINCIPLE

Theorem 31.1 (The argument principle). Suppose that U c C is open and f is meromorphic on U. If
U contains a counterclock wise oriented circle v and its interior and f has no zeroes or poles on 7y then

L f(Z) zZ = or - or
Lrcyt= X o= X ondy(f)

2mi peZeroes(f) pePoles(f)

where ordy,(f) denotes the order of a zero or pole p of f and the sums run over zeroes and poles of f
which are contained in the interior of ~y.

Proof. By Cauchy’s residue formula (Theorem 28.1) we can compute the integral by describing the poles
of f'/f in terms of the zeroes and poles of f. To do this we observe that if f; and fo are meromorphic
functions then the product formula for differentiation gives

fife  f1 fo

Now suppose f has a zero of order n at z = p. Then f(z) = (2 —p)"g(2) in a neighbourhood of p with ¢
holomorphic (by Section 26) and g(p) # 0. The above formula gives

S £GP g n g
fz)  (z-p)»  g9(z) z-p g(2)

in a neighbourhood of p. Also, since g(p) # 0 we have %' holomorphic in a neighbourhood of p. It follows

that f'/f has a pole of order 1 at z = p and res,—, f'/f =n = ord,-,(f). Similarly, if f has a pole at z=p

of order n then f(z) = 9(=)_ iy 5 neighbourhood of p with g(z) holomorphic and g(p) # 0. Thus

(z=p)™
[ _&G-n" ¢GE)_ - )
= + = +
fz)  G-p)*  g(z) (2-p) g(2)
Therefore, if f has a pole of order n at p then f’/f has a pole of order one at p and res,—,(f'/f) =-n =
—ord,—p(f).

Finally, note that if f’/f has a pole at z = p then either p is a pole or zero of f, or p is a pole of
f'. However, if f’ has a pole at z = p then f must have a pole also, because otherwise f would be
holomorphic in a neighbourhood of p and so f’ would be also by Cauchy’s integral formula for derivatives
(Theorem 17.1).

To put this all together, choose a disk D inside of U which contains + and its interior. Cauchy’s residue
formula (Theorem 28.1) implies

LT S e (f
mi L5 4 = Sressal19)

By the above we know
> resp(fI/f)= Y ordy(f) - ) ordy(f)
pePole(f'/f) peZeroes(f) pePoles(f)
and the theorem follows. O

Example 31.2. Consider the integral [ . z;f—:dz where + is the circle of radius 2 centred at the origin and

parametrised counterclockwise. Notice that 423 = di(z4 ~1) and z* -1 has four zeroes at z = 1,-1,i,-1.

z
Therefore, the argument principle implies

4 3
© dz=2mi ord; (2 - 1) +ord_y(z* = 1) + ord; (z* - 1) + ord_;(z* - 1)
y 2’4 -1

Since z* —1= (2 -1)(2z+1)(2 - i) (2 +1) each of these zeroes is of order one. Therefore

43
2 dz=2mi-4=8mi
724—1

and so
3

c dz=2mi
724—1
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32. ROUCHE’S THEOREM

Theorem 32.1 (Rouché’s theorem). Suppose U c C is open and contains a closed disk D = D, (z) with
boundary 0D ={z e C ||z — 20| =r}. Suppose f,g:U — C are holomorphic and

1f(2) —g(2) < |f(2)

for every z € 9D. Then f and g have the same number of zeroes in D (counting multiplicities) and no
zeroes on 0D.

The assertion that f and g have the same number of zeroes in D with multiplicity can be expressed as
saying

Z ord,(f) = Z ord,(g)

peZeroes(f) peZeroes(g)
Proof. The inequality ensures neither g(z) = 0 nor f(z) = 0 for any z € dD. Therefore h = %, which is
meromorphic on U, has no zeroes or poles on dD. The Argument principle (Theorem 31.1) therefore

ensures that

B (2
]@D h((z)) dz = 2mi ( Yoo ordp(g9) - D ordp(f))

peZeroes(g) peZeroes(f)

when 9D is traversed counter clockwise. Therefore, we will be done if we can show |, oD %dz =0. To
do this let v be a parametrisation of 0D and rewrite the inequality in the hypothesis as

_9(2)
f(2)

for z = y(t). Since h(7y(t)) # 0 it follows that the curve h o+ is contained in the open disk D;(1). Since
D;(1) is convex and % is holomorphic on D;(1) it follows from Theorem 12.4 that

2 ’ /
0= [ la:= [ P0E) g, / W) gy
hovy 2 0 h((?)) v h(t)
which finishes the proof. O

1 <1

[1=h(y(t))] =

The following is a standard application of this result:

Example 32.2. How many roots does f(z) =1+ 2z + 72% + 32° have in the unit disk? To solve this take
g(2) = 72%. Then for z on the unit circle one has

1f(2) —g(2)[<1+2+3=6<7=[g(2)|

Therefore, Theorem 32 applied with D equal the closed unit disk implies that f(z) and g(z) have the
same number of zeroes in D. Since g(z) clearly has two (0, with multiplicity two) the same is true of f.

Example 32.3. Show that all the roots of g(2) = 2 + z + 1 are contained in the annulus
1
{ze(C|§<|z|<2}

First set f(z) = 2% and note that for |z| = 2 one has

/() =g(2)| =]z +1] <3< 2° = | f(2)|

Therefore Rouché’s theorem implies g has the same number of zeroes as f in Dy (0). In other words all 6
zeroes of g are contained in Do (0). It remains to show that g has no zeroes on D;5(0). For this compare
g with h(z) =1 for |z| = 1/2:

|h(2) = g(2)| = |2+ 2| < (1/2)° +1/2=1/64 + 1/2 < 1 = |h(2)]
Again Rouch’e’s theorem implies g and h have the same number of zeroes on D;/5(0) and no zeroes on
0D1/5(0) so g(z) #0 for [2] < 1/2.
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33. OPEN MAPPING THEOREM
Definition 33.1. A map of topological spaces f: X — Y is open if U ¢ X open implies f(U) c Y is open.

Theorem 33.2 (Open mapping theorem). A non-constant holomorphic function f : U — C on a connected
open subset U c C is an open map.

Proof. Tt suffices to show that f(U) c C is open because if U’ c U then we can repeat the argument with
f replaced by its restriction to U’. For this we choose w = f(p) for some p € U and show that

D.(w) c Image(f)
for some € > 0. Consider the function

F(z) = f(z) -w

Since f is non-constant so is F. Thus Theorem 22.1 implies p is an isolated zero of F' and so there is a
closed disk D around p upon which F' only vanishes at p. Set

€ = min,esp |F(2)]
Since F'(z) # 0 for z € D it follows by compactness of 9D that € > 0. We can therefore choose ¢ € D (w)
not equal w. Define G(z) = f(z) — ¢. Then for any z € 9D we have

[F(2) - G(w)| = lw—q| <e<[F(2)]

Therefore, Rouché’s theorem implies F' and G have the same number of zeroes in D. Since F' has exactly
one zero so does G. It follows that there exists z € D such that G(z) =0, i.e.

f(z)=q
and so ¢ € Image(f). Since g was any point in D, (w) it follows that D.(w) c Image(f) as required. [

Example 33.3. There exists no non-constant holomorphic function on any connected open subset U c C
such that

Re(f) = Im(f)
If such an f existed then Image(f) would be contained inside the line L = {z =y} in C = {z+iy | x,y € R}.
However, L is not open in C and therefore the Image(f) is not open in C. This contradicts the open
mapping principle.

34. MAXIMUM MODULUS PRINCIPLE

Theorem 34.1 (Maximum modulus principle). Let f:U — C be holomorphic with U c C connected and
open. If f is non-constant then |f| cannot obtain a mazimum on U.

Proof. Suppose p € U attains a maximum for |f|. Let ¢ = f(p). The open mapping theorem (Theorem 33.2)
implies f(U) is open and therefore contains an open disk around ¢. However, any open disk around ¢
contains points whose modulus is strictly greater than ¢. In particular, there exists z € U with |f(2)| >
|f(p)| which is a contradiction. O
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35. MORE ON ESSENTIAL SINGULARITIES

In the last few lectures we’ve looked at the structure of holomorphic functions with singularities which
are either removable singularities or poles. Now we’ll see what can be said about the remaining kind of
singularity, essential singularities.

Theorem 35.1 (Casorati-Weierstrass). Suppose that U c C is an open subset and that f:U ~ {p} - C
is holomorphic with an essential singularity at p. Then Image(U ~ {p}) is dense in C.

Proof. Argue by contradiction. If the image is not dense then there exists w € C and § > 0 such that

[f(2) —w[ >0

for all ze U \ {p}. We can therefore define a new function
1
9(2) = ——<—
f(z)-w

which is holomorphic on U \ {p} (since f(z) - w # 0) and is bounded by §~!. Riemann’s removable
singularity theorem (Theorem 25.1) therefore implies that g has a removable singularity at p and so can
be extended to a holomorphic function g : U - C. If g(p) # 0 then f(z) —w = ﬁ is holomorphic in a

neighbourhood of p which implies f(z) — w (and hence f also) has a removable singularity at p. This
contradicts the fact that f has an essential singularity at p. If g(p) = 0 then |f(2) - w| = |$| — 00 as

z > pand so f(z) —w (and hence f also) has a pole at p. This again contradicts the fact that f has an
essential singularity at p. Therefore, the ImageU \ {p} must be dense. g

Combined with the open mapping theorem (Theorem 33.2) this shows that the image under a holo-
morphic function of any disc around an essential singularity is ”almost” everything. In fact, this can be
stated in a very strong way:

Theorem 35.2 (Great Picard’s theorem). With hypotheses as in Theorem 35.1 the image of U ~ {p}
contains every z € C with at most one exception. Moreover, if p € ImageU \ {p} then f(z) = p for
infinitely many z € U \ {p}.

Proof. The proof of this is more difficult and we won’t cover it in this course. O

For example, f(z) = e!/* attains every complex number for z in a neighbourhood of 0, except for 0 € C.

36. CONFORMAL MAPPINGS

Definition 36.1. Let U and V be open subsets of C. A conformal isomorphism is a holomorphic bijection
f:U->V.

Example 36.2. (1) The non-constant affine maps f(z) = az + b for a,b € C,a # 0 are conformal
isomorphisms of C with itself. The inverse of f is g(z) = 2(z - b).
(2) The map f(z) = e” is a conformal isomorphism of the strip

{zeC|0<Im(z) <7}
onto
H={zeC|Im(z) >0}
The inverse if the complex logarithm on H given by Log(re'?) = log(r) + i for 6 € [0, 7] for log
the real logarithm.
(3) f(z)= —%(z +271) is a conformal isomorphism of D* = {z €D |Imz > 0} onto H.

(4) The map F(z) = =2 is a conformal isomorphism H — D with inverse is given by G(w) =i1-%.
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Proposition 36.3. Suppose f:U — V is a conformal bijection. Then f'(z) #0 for all z € U and the set
theoretic inverse f~1:V — U is holomorphic with

(@) = 5

U (w))
Proof. Suppose that f'(p) =0 for some p e U. Then f has Taylor expansion
f(z)=ap+ Z an(z -p)"
n2m

around p with m > 2 and a,, # 0. Therefore F(z) := f(z) — ap has an isolated zero of order m > 2 at p.
Since the zero is isolated we can find ¢ > 0 such that F has no other zero in Ds(p). We can also choose §
so that f/(2) # 0 on Dg(p) (if this were the case then all higher derivatives of f would vanish on Ds(p)
and so f would be constant, contradicting the fact that fis a bijection). Let

€= minzeaD(;(p) |F(2)|
and consider a non-zero q € D.(0). We then apply Rouché’s theorem to G(z) = F(z) — ¢ and deduce, since
lal = 1G(2) = F(2)[ < [F(2)]

for all z € dDs(p), that G and F have the same number of zeroes in Dgs(p). Therefore G has m zeroes in
this disc. It these zeroes were repeated then G(z) = (z—w)™G1(z) for w € Ds(p) and G1(z) holomorphic.
But then G'(2) = m(z —w)™ 1G1(2) + (2 - w)™G'(2) and so G'(w) = 0. However, G'(w) = f'(w) and we
assumed f'(2) #0 for all z € Dg(p). It follows that the zeroes of G are all distinct which contradicts the
assumption that f, and hence G also, is injective.

To finish we have to show that f~! is holomorphic. The open mapping theorem (Theorem 33.2) applied
to f gives that if U’ c U is open then

(fH7HU) = (V)

is open also. Therefore f~! is continuous and so if w = f(2) and wo = f(2o) then if w — wy then z - z.

Since
fHw) = N wo)  z-z
w — Wy f(z) = f(20)
it follows that, as w — wp, this converges to 1/f’(29). As f'(z) # 0 this limit exists and so f~! is
holomorphic and (f~1)"(w) = m -

37. SCHWARZ’S LEMMA

Theorem 37.1 (Schwarz’s Lemma). Recall D = D1(0). Let f : 1D — I be holomorphic with f(0) = 0.
Then

(1) |f(2)| <|z| for all z € D.

(2) If | f(p)| = |p| for some p e D\ {0} then f(z) = €z for some 6 € [0,27). In other words f is a

rotation of D.
(3) 1f(0)| <1 and if |f'(0)| =1 then f is also a rotation of D.

Proof. Define

z
£(0) z=0
Then g is holomorphic on D\ {0} and continuous at 0. Riemann’s removable singularity theorem (The-
orem 25.1) implies g is holomorphic at z = 0. For any 0 < r < 1 the maximum modulus principle
(Theorem 34.1) ensures

@) @O L
9(z) = { =0

f(2)

maXzem |g(Z)| = MaX;eaD, (0)
Therefore mMax.<b,(0) l9(2)] < % Letting r — 1 gives that

sup,eplg(2)| <1
This shows that
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e If ze D\ {0} then % <1 which proves (1).

e |9(0)|=|f"(0)| <1 which proves the first part of (3).

o If for some p € D one has |g(p)| = 1 then |g| achieves its maximum in the interior of D so the
maximum modulus principle (Theorem 34.1) implies g is constant. As |[g(p)| = 1 we must have
g(2) = € for all z €D and some 6 € [0,27). This implies

f(z)=¢€"2
for all ze D\ {p}. If pe D~ {0} this proves (2). If p = 0 then this proves the last part of (3).
U
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Lecture 10.1
38. CONFORMAL AUTOMORPHISMS OF THE DISK

Definition 38.1. If U c C is open then a conformal isomorphism f : U — U is called a conformal
automorphism.

Note that the set of conformal automorphisms of U form a group under composition.

Proposition 38.2. If a €D then
z

a_
1-az

fa(2) =

1 a conformal automorphism of D.

Proof. We see that f, is holomorphic on C \ {%} Since |af = [a] if |a| < 1 then % > 1. In particular, f, is
holomorphic on D.
Next, we have to show that f,(z) €D for all z € D. For this note that f, is defined on 9D and
f ( i@) a_eie a_eie “1w
e”) = — = =——
o 1 - met? 610(6719 _ a) e w

for w = e — a. Therefore |f,(¢?)| =1 for all € and so, since f, is not constant, the maximum modulus

principle implies |fo(2)| <1 for all z € D. In other words f,(z) € D for all z € D.
Finally, one shows that f, is its own inverse. Indeed

oa—z

a—- 1= zZ- ooz
l1-az
o fa(2) = = =z
faco fal2) 1—&—10‘12 1-aoa
-z
In particular, it follows that f, is a bijection and hence a conformal isomorphism. O

Theorem 38.3. Any conformal automorphism of D has the form
i X— 2

f(z)=e"—+

1-az
for some 0 €[0,27) and o € D.
Proof. Let o = £71(0). Since f,(0) = o we see that if
g=fofa
then g(0) = f(f2(0)) = f(a) = f(f71(0)). Schwarz’s Lemma then implies |g(z)| < |2|. Since g is a

composition of two conformal automorphisms it is also a conformal automorphism. Therefore so is g~!.
Since g~1(0) = 0 Schwarz’s lemma also implies |g!(2)| < |z|. Therefore

l9(2)l < Izl =19~ (g(2)I < lg(2)]

and so |g(z)| = |2| for all z € D. Therefore Schwarz’s lemma implies g(z) = €z and so
H X—Z2

PG = o fa(2) 0 fal2) = g0 fulz) =
=Id

39. RIEMANN MAPPING THEOREM
Definition 39.1. We say that two curves 7,1 : [a,b] = U in an open set U c C are homotopic if
Yo(a) =m(a)=a, (b)) =7(b) =8
and there exists curves 7, : [a,b] = U for all s €[0,1] so that each vs(a) = a, v5(b) = 5 for each s so that
[a,b] x[0,1] > U
given by (t,s) — vs(t) is continuous.

Definition 39.2. A set is simply connected if it is connected and any two paths with the same end points
are homotopic.
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This is a more refined version of our notion of convexity, and in fact one can prove an improved version
of Cauchy’s theorem (Theorem 12.4) where U is only assumed to be simply connected.

Example 39.3. Any convex set U if simply connected. Indeed, if 79 and 1 are two contours in U then
set

Vs(t) =0 () (1= s) +71(t)s
For any ¢ and s € [0,1] we see that v5(¢) lies on the line between vo(t) and v;1(t). Therefore, v5(t) € U
for any s and t.

Theorem 39.4. Let U ¢ C be a simply connected open set. Then there exists a conformal isomorphism
f:U—->D.

Sketch of proof. First one constructs an injective holomorphic map ¢ : U — . For this one takes wg ¢ U
(which is possible since U # C) and considers the squareroot f of the function z —» z —wp on U. Thus
f(2)? = z —wg and that such a square root exists uses the fact that U is simply connected. Clearly f is
injective because f(z1) = f(z2) implies z; —wp = 22 —wp. To produce an injective function taking values in
D use the open mapping theorem (Theorem 33.2) to find a disk D, (a) c f(U) with 0 <r <|a| (so a #0).
Notice that if f(z1) = —f(22) then we also have z; = 29 and so f(z) # —a for any z € U. In particular
T
2)= ——
¥(z) 7o) +a
is holomorphic on U. We also have [1)(z)| < 1 and, since f is injective, so is 9. In particular, the set
F={¢:U - D|1 is injective and holomorphic}

is non-empty.
The second step is to show that if 1) € F with ) (U) # D then for each zg € U there exists 1 € F with

[1(20)] 2 [ (20)]

This is done by using the automorphisms f, = 7=-. Indeed, if & € D\ (U) then consider g: U — D with
9(z )2 = faot

(again the simply connectedness of U is used to take the square root of the function). Then g € F and
one takes ¢ = fgog for = g(z). The desired inequality is then a consequence of Schwarz’s lemma.
Finally, one fixed zy € U and sets
1) = SUDyeFr |1/1’(ZO)|
To finish the proof it suffices to find ¢ € F for which |¢)'(2¢)| = n because the previous paragraph implies
there can not then exist an element of D\ ¢(U).

g
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Lecture 10.2
40. CONSTRUCTING ENTIRE FUNCTIONS WITH PRESCRIBED ZEROES

Definition 40.1. If a sequence a,, € C for n > 1 is given then we say that the product

[1(1+an)
n=1
converges if the limit

N
limy oo [ [(1+an)

n=1
of partial products exists.

o0

Proposition 40.2. If the series Yoo |an| converges (i.e. Y02 ay is absolutely convergent) then Tro,(1+
ap) converges. Additionally, the product converges to zero if and only if 1+ a, =0 for some n.

Proof. If 3.7 |an| converges then there exists an NV > 0 such that |a,| < 1/2 for n > N. It follows that

1 1+n:=°°—1m*1ﬁ
og(1+an) mZzl( ) -

converges for n > N (because the radius of convergence of this power series is 1) and one has 1+ a,, =
els(1+an) “This means for M > N we can write

M M
Py=]](Q+a,)=CT] elos(l+an) — ceBu
n=1 n=N

where By = ZQJ:N bp with b, =log(1 +a,) and C = [JY71(1 + a,). Note that if || < 1/2 then

g1+ )< S E (3 L) - L g
N n - 7] 1-1/2

n=1 n=0

and so |by| < 2|a,|. Therefore the sequence B) converges to a complex number B. Since the exponential
function is continuous it follows that e®M — eB. Therefore the sequence Py; converges.

Finally note that if 1+ a,, # 0 for all n then C' is non-zero and the limit of the partial products is Ce?
is also non-zero since e # 0. g

Proposition 40.3. Suppose that F,, : U - C is a sequence of holomorphic functions on an open subset
U c C. If there exists ¢, >0 such that Y.;o |cn| converges and

|Fn(2) -1 < ¢y forall zeU
then

(1) The product T1y2q Fn(z) converges uniformly in U to a holomorphic function F(z).
(2) If F,,(z) #0 for any z € U and n > 1 then

Fiz) & Fi)
F(Z) n=1 Fn(z)

Proof. For the first part write F,(z) = 1 + a,(2z) with |a,(2)| < ¢,. Then the previous argument shows
there exists N > 0 such that for M > N we have

M
Py(2) Ij[l(l +anp(z)) = C(Z)eBM(Z)

with C(z) = [TN51(1 + an(2)) and By(2) = £M \ b, (2) with [b,(2)] € 2|an(2)| < 2¢,. This shows that
Zﬁ/i ~ bn(z) converges uniformly in z. Since the integer N depends only on the ¢, it is also independent of
z. Tt follows that the Py;(2) converges uniformly on U. Since the uniform limit of holomorphic functions
is holomorphic (Theorem 20.2) it follows that [],~; F,,(2) is also holomorphic.

The second part uses that if a sequence of holomorphic functions f,, converges uniformly to f then the
sequence of derivatives f; converges uniformly to f’ on any disk in U. This implies that

F'(z) 1 LTIl Fu(2)
F(z) T Fa(2)
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But the product rule gives

d N N
ERG- 2R (AC)
n=1 k=1

n+k

and so
F'(z) & Fi(z)

F(z) ) k=1 Fi(2)

41. WEIERSTRASS INFINITE PRODUCTS

Theorem 41.1. (Weierstrass infinite products) Suppose that a, € C is a sequence with |a,| — oo as
n — oo. Then there exists an entire function f: C — C such that f has zeroes only at each a,, and these
zeroes are of order n;. Moreover, any other such function with this property has the form f(z)eg(z) for
an entire function g(z).

Note here the sequence a, can have repetitions, and in this case we say f has multiple zeroes at the
same a, if the order of the zero equals the multiplicity of a, in the sequence.

Sketch of proof. The naive guess to construct f would be as [1,2;(1 - z/a,). However, one cannot guar-
antee this product converges. Instead, takes

f(z)=2m ﬁ B, (2fam)

where m is the multiplicity of 0 in the sequence a,, and we define

j(1=2) ifk=0
Ek(z) - {(1 _ Z)ez+22/2+,..zk/k ifk>1
To check convergence of this infinite product one argues in a disk of radius R > 0. One shows that if
|z| < 1/2 then
1= Ep(2)| < el
for a constant ¢ not depending on k. In particular, if |a,| > 2R then

C
2n+1

|1 - En(z/am)‘ <
and so the product converges uniformly. ([l

Example 41.2. A key example of this construction is the formula

: o 2
Slnﬂ'Z:zI—I(l_Z_)

2
s e n

To show this first consider the function on C \ Z defined by
>, 1 1 1 & 2z

F(z)= ) = lim ==+ 5

niTeo ZTM Nooo dduz4n 2 i 2% -n?

This function satisfies the properties:
(1) F(z+1)=F(2)
(2) F(z) = % + Fy(z) with Fy(z) holomorphic in a neighbourhood of zero.

(3) F(z) has simple poles at the integers and no other singularities.

These three properties are also satisfied by the function 7 cot(7wz) = 7<% and so

A(z) =mcot(mz) - F(2)

is periodic (i.e. A(z+1) = A(z)) and has a removable singularity at the origin (and so also at all the
integers). It follows that A is entire. One then shows (by arguments that we don’t give here) that A is
bounded on C. Therefore Liouville’s theorem (Theorem 19.2) gives

x 2z



42 ROBIN BARTLETT

Now we can use this to prove our product formula for sin. Set G(z) = % and P(z) = z[Iy2, (1 -

Note P(z) converges because the series 3°°; 1/n? converges. We also have:
P(z) 1 & 22
EERHE
by Proposition 40.3. Since G'(z)/G(z) = wcot 7z it follows that G'(2)/G(z) = P'(z)/P(z) and so
(G(z))’ _P(2) (P’(z) B G’(z)) 0
P(z)) G(z)\ P(z) G(2)
Thus P(z) = ¢G(z) for a constant ¢ and dividing by 7 and letting z — 0 shows ¢ = 1.

2

n2

z).



	Lecture 2.1 (revision)
	1. What is Complex Analysis?
	2. Complex Numbers

	Lecture 2.2
	3. Complex differentiability
	4. Recalling real differentiability
	5. The Cauchy–Riemann equations

	Lecture 3.1
	6. Cauchy Riemann equations

	Lecture 3.2
	7. Power series
	8. Analytic functions

	Lecture 4.1
	9. Integration along curves

	Lecture 4.2
	10. Primitives
	11. Goursat's Theorem

	Lecture 5.1
	12. A Local Cauchy's Theorem
	13. A slight generalisation of Cauchy's theorem
	14. Winding numbers
	15. Cauchy's Integral formula

	Lecture 5.2
	16. Uniform convergence and limits of integrals
	17. More on Cauchy's integral formula
	18. Cauchy's estimate
	19. Liouville's Theorem

	Lecture 6.1
	20. Morera's theorem
	21. Taylor's theorem

	Lecture 6.2
	22. Isolated zeroes
	23. The identity principle
	24. Singularities
	25. Riemann's theorem on removable singularities

	Lecture 7.1
	26. Local forms of singularities
	27. Residues
	28. Cauchy's residue formula

	Lecture 7.2
	29. Using the residue formula
	30. Meromorphic functions
	31. The argument principle

	Lecture 8.1
	32. Rouché's theorem
	33. Open mapping theorem
	34. Maximum modulus principle

	Lecture 9.1
	35. More on essential singularities
	36. Conformal mappings

	Lecture 9.2
	37. Schwarz's lemma

	Lecture 10.1
	38. Conformal automorphisms of the disk
	39. Riemann mapping theorem

	Lecture 10.2
	40. Constructing entire functions with prescribed zeroes
	41. Weierstrass infinite products


