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1. THE ORIGIN OF COMPLEX NUMBERS

1.1. Solving quadratic equation. The simplest quadratic equation
having no real solutions is

22 +1=0.

Trying to solve it, we have to introduce the symbol i = v/—1. As we also
want to add and multiply, we are lead to consider formal expressions

z=a+1b, a,beR,

where a and b are arbitrary real numbers. We call z a complex number
and write
a=Rez, b=Imz

for the real and imaginary parts of z.
More formally, the expression a + ib is a way to write the pair (a,b),
that is more convenient to define algebraic operations than using pairs.
Introducing ¢ may appear artificial and is not relevant to the problem
of finding real solutions. In fact, solution of quadratic equation was known
to the ancient Greeks, who never came across complex numbers nor felt
any need for it.

1.2. Cubic equation and Cardano’s formula. In contrast to qua-
dratic equations, solving a cubic equation even over reals forces you to
pass through complex numbers. In fact, this is how complex numbers
were discovered.

Consider the general cubic equation

asx® + asx® + a1x + a9 =0, ag#0.

Dividing by a3 we can reduce it to
a a a
x3+—2x2+—1x—|——0=0.
as as as
Using binomial formula (x+vy)? = 2%+ 322y +3zy* + 4, we can eliminate
the term with 22 by rewriting it as
az as
3&3 3&3

for suitable p and ¢, or after the change of variable y = = + 3%23,

(z+ =) +plx+-—=)+q¢g=0

(1.1) v’ +py+q=0.



Cardano’s formula for solving (1.1) is

2 3
e S C OO

such that wu, v satisfy

(1.2) w = —73.
Condition (1.2) is sometimes forgotten when Cardano’s formula is stated,
but is essential and cannot be dropped, or else the formula gives other
values of y that are not among solutions of (1.1).

The main difference from the quadratic equation formula is the fact
that, in Cardano’s formula, we may need to use in our calculations com-
plex numbers even when the final result is real. We illustrate this by a
simple example.

1.3. Example of using Cardano’s formula. Consider the cubic equa-
tion

23— 32 =0.
Since 3 — 3z = z(x — V/3)(z + V/3), we have 3 real solutions

z=0,+V3.

Now in Cardano’s formula we have p = —3, ¢ = 0, D = —1, and hence

w= VI, v={-vT

Thus, even if all solutions are real, we need to evaluate /—1 and then
take cubic roots! We shall now introduce the necessary tools to complete
the calculation.

2. ALGEBRAIC OPERATIONS FOR COMPLEX NUMBERS

2

2.1. Addition and multiplication. Using the rule :* = —1 we can

define addition and multiplication of complex numbers:
(a1 + Zbl) + (CLQ —|— Zbg) = (a1 + CLQ) —|— Z(bl + bg),
(a1+ib1)(a2+i62) = (a1a2)+i(a1b2+a2b1)+i2(blbg) = (alag—b1b2)+i(a1b2+a2b1).
Both addition and multiplication are commutative and associative
(1) commutativity: z; + 22 = 22 + 21, 2122 = 2921;
(2) associativity: (21 + 22) + 23 = 21 + (22 + 23), (2122)23 = 21(2223).
Both addition and multiplication have the identity elements - 0 and 1
respectively, i.e.

(1) additive identity: z+0 =0+ z = z;
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(2) multiplicative identity: 1z = 21 = z.
Every z = a + tb has the additive inverse
—z=(—a)+i(-b) = z+(—2)=(a—a)+i(b—>b)=0,

showing that complex numbers form a commutative group with respect
to addition. For the multiplicative inverse, it is convenient to use complex
conjugates.

2.2. The complex conjugate. The complexr conjugate of z = a + b is
given by
Z=a—1b,

from where we have formulas for the real and imaginary parts:

a=Rez= Z;Z, b=Imz= 22—iz.
We also have the important formula
(2.1) 22 = (a +1ib)(a — ib) = a® + b*.

The conjugation defines both additive and multiplicative automorphism
in the sense that

21t 2 =21+ 22, iz = 2%,
and is an involution, i.e. applying conjugation twice returns z:
zZ=z

These properties of the conjugation often significantly simplify compu-
tations.

2.3. Division. We can use conjugates and formula (2.1) for division:

aq + ibl . (a1 + ib1)<a2 — Zbg) B (alag + blbg) + i(ale — albg)
as + Zbg (CLQ + ibg)(ag — Zbg) a% + b%
Thus we can always divide by the complex number as + b, different from
zero for which a3 + 03 # 0.

In particular, every z = a + ib # 0 has the multiplicative inverse

1 z as — ib
z’lz—:—_:H = zz l=zl2=1.
z 2z a5+ b;
Finally, the distributive law holds as well for complex numbers:
21(22 + 23) = 2122 + 2123.

Consequently, complex numbers together with addition and multiplica-
tion form a field, denoted by C.



3. THE COMPLEX PLANE

3.1. Cartesian coordinates. Since formally the complex number z =
x + 1y is the pair (z,y), we can identify z with the point (z,y) of the
2-dimensional coordinate plane:

Imaginary axis

z=x+iy «— (z,y)

Real axis

With that geometric interpretation, the addition of complex numbers
corresponds to the vector addition:
o

T 24w

/

The conjugation z — Zz of complex numbers corresponds geometrically
to the reflection about the z-axis:

z=x+1y

Z=x—1y

While cartesian coordinates are convenient for addition, multiplication
is move conveniently expressed by means of the polar form.

3.2. The polar form. Using polar coordinates in the complex plane,
any complex number z = a + b can be written in its polar form as
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z =r(cosf +isinf)

where
(3.1) r=lzl=va2+b0=+vzz>0

is the modulus or absolute value of z and 6 is the argument of z, defined
for z # 0 and satsifying

cosf) = g, sinf) = 9, tanf = b (for a # 0).
r r a
Note that for z = 0, the argument @ is not defined, and for z # 0, the
argument is not unique! It is defined up to a multiple of 27. In particular,
for z # 0, we can always choose 6 uniquely in the interval (—m, 7|, which
we call the principal argument and denote by Arg z. By arg 2z we denote
the set of all possible arguments, i.e.

argz = {Argz +2rk : k € Z}.
The modulus |z| given by (3.1) satisfy the important properties of a
norm:

(1) positivity: |z| > 0 and |z] =0 <= z=0;
(2) multiplicativity: |zw| = |z||w];
(3) triangle inequality: |z + w| < |z| + |w|.

Proof. Here (1) follows directly from (3.1) and (2),(3) follow from the
automorphism properties of the conjugation

|zw| = \/ZU)W = \/ZU)?J) = Vzzvww = |Z||w|7

lz4+w)? = (z+w)(z+w) = (z+w)(Z+ D) = 22+ wd + 20 + Zw

= [z Hw[*+2Re(2@) < |2+ w*+2[zi] = |2+ w[*+2]z][w] = (|2|+]w])?,
where we used the inequality

Re( =a < Va?+ b =|(|

for any complex number ¢ = a + ib. 0



3.3. Euler’s formula. We can use the Fuler’s formula
(3.2) e = cosf +isin),

to rewrite the polar form as

2 =re".

Here (3.2) can be viewed as the definition extending the exponential
function of imaginary arguments i, preserving the basic homomorphism

property

0+¢) 0 iy

el =e"e'?,

which expands to
(3.3) cos(0 + ) + isin(f + @) = (cosf + isinf)(cosp + isin ),
with the right-hand side

(cos @ cos p — sinfsin ) + i(sin 6 cos ¢ + cos O sin )

equal to the left-hand side of (3.3) by standard trigonometric identities.
In polar form, multiplication and division look particularly simple:

0,

. . . rie’ T1 p

(7’16101)<7’26102) = 7’1T2€1(91+92), —iG = —61(01 92).
roet’2 T9

The first formula can be iterated to obtain de Moivre’s formula:
(re®)" = rrein?,
which can be used for calculating the nth roots:
(3.4)
Vreif = ret TR = (cos@ +z'sin9+T27rk> , kel

Note that 6 is always defined up to a multiple of 27, i.e.

e =e¥ —= =y +2rk, ke,

and hence the addition of 27k is essential in the formula, but it suffices
to take in (3.4) only finitely many values

k=0,....,n—1,

to obtain all n values of the nth root {/z.

These n values have all the same modulus, while their arguments are
distinct for z # 0. Thus, the nth root of z # 0 has precisely n values all
contained in the circle with center 0 and radius W .
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An important special case is that of the nth roots of unity, which are
the nth roots of 1, i.e. complex numbers z satisfying 2" = 1. From (3.4)
for z = 1, we compute all nth roots of unity as

(3.5) 5k::ei¥, k=0,1,...,n—1.
Geometrically the roots of unity are located on the unit circle:

€3 €2

N

Using (3.5), we can rewrite (3.4) as

Uz = Uretney, k=0,1,...,n—1,
i.e. all n values of the root {/z can be obtained by taking one root’s value
wy 1= {’/?ei% and multiplying with all nth roots of unity ex:

Woe1 9
WoE2 retn = wy
WoE3 WoEn—1
wo&k//

3.4. Completing our example of using Cardano’s formula. We
can now complete our calculation in the example of using Cardano’s
formula in §1.3. We have the polar form

i =¢'2
and hence
2+ 27k 2+ 2mk
w= iz cos T2EZE L T2EE e e
Calculating we obtain the values
:\/_g_i_z'l’ —ﬁ—i—il, —i.
2 2 2 2
Similarly,
—7/2 + 27k —7/2 + 27k
v:\?/—_i:cos—w/—i_ﬂ + i si m/2 2 k=0,1,2,

3 zsmT,
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which yields

V3 1 V31
V= — —i=, —— —i=, 1.
2 2 2 2
Finally, according to the rule (1.2), we only consider = u + v for u,v
satisfying uv = —p/3, i.e. uv = 1 in our case. Hence we can only combine

the first, second and third values of u with the first, second and third
values of v respectively, which yields the three solutions

x:u+vz\/§, —\/3, 0.

Note that without the rule (1.2), we would e.g. add the first value of u
with the third value of v giving
V3 3

T Ty

which is not a solution of our equation (1.1).

4. ELEMENTARY FUNCTIONS OF A COMPLEX VARIABLE

4.1. Polynomials and rational functions. Similar to real polynomi-
als, using complex addition and multiplication, we can define a complex
polynomial function

f(z)=a2"+ ...+ a1z +ap, ag,...,an,2€C,

which has degree n if a,, # 0. In particular, a polynomial of degree 1 is
an affine function f(z) = a1z + ao.
A rational function is a ratio of two polynomials

f<z>=%, 1 £0,

which is defined whenever ¢ is not zero, i.e. for z € C with ¢(z) # 0.

4.2. Exponential and logarithm functions. The exponential func-
tion of complex variable z = x + iy can be defined by Euler’s formula

"t = e%(cosy +isiny) = e*e”.
For y = 0, we obtain the real exponential function e”, i.e. e* extends e*
to the complex plane.
The fundamental homomorphism property e 722 = %1 e*2 extends to
complex variables:

e(a:1+iy1)+(:rz+iy2) — e$1+$2€i(y1+y2) T1 ,%2 ,1Y1 ,1Y2 T1+1iY1

= el = ¢ Tatiyz

e
ie.
1t — g2 4 2 € C.
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The (natural) logarithm function is defined as inverse of the exponen-
tial function, i.e.
w=1logz <= z=c¢".
Writing w = x + iy and z = re'?,

z=e" <= re = "W =% «—= r=¢"y=0+2rk ke

Since r = |z| and {0 + 27k, k € Z} = arg(z), we obtain the explicit
formula for the logarithm function

logz=1In|z| +iargz, ze€ C\{0}.

Note that log z is multi-valued since arg z is! Taking the principal value
Argz we can define the principal value of the logarithm

Logz := In|z| + iArgz.

4.3. General power function. Using exponential and logarithm we
can define the general power

2V i=evl8 2 weC,z#0.

Since log z is multi-valued, so is 2%, at least a priori. That is, it may hap-
pen that after substituting multiple values of w log z into the exponential
function, the result may be single-valued. This happens when w = n is an

integer, in which case all values coincide with the nth power of z = re®:

P enlogz _ en(lnr+19+27rzk) _ elnr en19627rzkn _ (reza)n _ Zn’ ke Z,

i.e. the integer power agrees with the usual definition of the power. More
generally, a rational power of z = re? attains finitely many values that
can be computed as roots:

2 10+-27ik p/a P (i94-2mik ;
Zp/q _ 6plogz/q _ 6q(nrJrz +2mik) _ 6lnr 6q(z +2mik) _ ( q/’f‘ele)p _ (%)p.

Here some of the pth powers of different values of ¥/z may coincide when
p and ¢ have nontrivial common divisors.

Ezxample 4.1. Writing 2 = —1 in the polar form —1 = €™ we have

(_1)2/4 — (4/_1)2 — (ei(w+27rik)/4)2 — 62i(7r+27rik)/4 _ ei(7r+27rik)/2 — :teiw/Q — :tl,

since €™ = 41 for k € Z. To obtain all 4 roots v/—1 we need to take
k=0,1,2,3 but only 2 values remains after taking the square.
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4.4. Trigonometric and inverse trigonometric functions. In real
analysis, trigonometric functions sin and cos are very different from the
exponential functions. In complex analysis, they are closely related. From
Euler’s formula, we have

e =cosx +isinx, e =cosx —isinz.
Adding and subtracting, we obtain

eix + e—ia: ] eix _ e—ix
COSX = ————— smr = ————
2 ’ 21

Using these formulas we can extend sin and cos to arbitrary complex
argument z:
eiz + e—iz eiz _ e—iz

(4.1) CO8 2 1= ———, sin z := 5

Now standard trigonometric identities can be proved directly, e.g.

%1 —i2\2 iz ,—1z)\2
COSQZ-i-SiIlQZ:(e +4e ) +(e Z )

B (627jz + 2 + 6—2iz> _ (e2iz -9 + 6—27jz) _y
= 1 =1.
Restricting cosine and sine to the imaginary axis z = 1y, we obtain

respectively the hyperbolic cosine and sine:

eV +eY o eV —el
5 = coshy, sin(iy) = — = i sinh y.
i

This shows that the behavior of cos and sin along the imaginary axis
is very different from the real axis. In particular, both cos and sin are
unbounded on the y-axis because the hyperbolic cosine and sine are un-
bounded on the real axis.

Using the exponential function e* for z € C, we also can define the
hyperbolic sine and cosine for complex arguments reusing the same for-
mulas:

cos(iy) =

e +e”? ) e —e
coshz .= ——, sinhz = ——
2 2
Finally, formulas (4.1) allow to compute the inverse trigonometric
functions, e.g.
eiw + e—iw ] )
W = arccos z <= 2z = CoOsW = — = ¥ —2z¢™ +1=0.

Solving the quadratic equation, we obtain an explicit formula for arccos z:

, 1
(4.2) e“=24+V22—-1 <= w=arccosz = —log(z + vz2 —1).
i
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Note that we don’t need + before the square root when solving the
quadratic equation, since the square root of a complex number already
takes 2 values of the form 4a, where a is one of the root values. In
addition, taking log in (4.2) yields infinitely many values for each value
of the square root.

5. METRIC AND TOPOLOGY IN COMPLEX PLANE

5.1. Metric space structure. We have seen that the modulus |z| de-
fines a morm on C. Then, every norm defines a metric, in our case the
distance between z,w € C is given by
d(z,w) = |z — w|.

We can now use the properties of the norm to show that the standard
metric axioms are satisfied:

(1) positivity: |z —w| >0 and |z —w| =0 <= 2z = w;

(2) symmetry: |z —w| = |w — z|;

(3) triangle inequality: |z — 23] < |21 — 22| + |22 — 23]

5.2. Open disks. In the sequel denote by
Ay(a) ={z€C:|z—a| <1}
the (open) disk with center a € C and radius r > 0.

5.3. Open sets.

Definition 5.1. (1) A subset U C C is open (in C) if every point
20 € U can be surrounded by disk A.(z9) C U for some ¢ > 0.
(2) More generally, a subset A C S is open in a set S C C (briefly
open in S, also open in the relative topology of S) if for every
zo € A, there exists ¢ > 0 with

A-(z) NS C A.
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It is straightforward to check that arbitrary unions |J, ., U. and finite
intersections Uy N - -- N U, of open sets (in a set S) are open (in a set 5).
On the other hand, infinite intersections of open sets may not be open.

Ezample 5.2. Every open disk A, (a) with r > 0 is open. Indeed, for every
20 € Ay(a), take € := 1 — |29 — a|. Then

z2€A(z) = |z—a| <|z—2|+]|20—a| <e+]|z—a| =T,
proving that zy is surrounded by the disk A.(zp) C A, (a).

Ezxample 5.3. The infinite intersection of open disks

() Avyn(0) = {0}

is not open, since 0 cannot be surrounded by a disk A.(0) with ¢ > 0
contained in this intersection.

Ezample 5.4. Any interval (a,b) is open in R but not in C. Indeed, for
every = € (a,b), taking € := min(|z — al, |z — b|), we have

RN A(x) C (a,b),

proving that (a, ) is open in R. On the other hand, (a, b) cannot contain
an entire disk A.(z), ¢ > 0, proving that (a,b) is not open (in C).

5.4. Closed sets. A set F' C S is closed in S if S\ F is open in S.
Using analogous properties of open sets it is easy to see that arbitrary
intersections and finite unions of closed sets in S are closed in S. The
proof is based on the formulas

S\([) Fa) = [J(S\F.), S\(F1U---UF,) = (S\F)N---N(S\ F,).

a€A acA

5.5. Interior, exterior and boundary of a subset. The following
fundamental notions are defined for every subset in C:

Definition 5.5. Let A C C be a subset and z, € C.

(1) z is an interior point of A if A.(z) C A for some ¢ > 0; the
interior of A is the set of all interior points;

(2) z is an exterior point of A if A.(z) C C\ A for some € > 0; the
exterior of A is the set of all exterior points;

(3) z is a boundary point of A if it neither interior nor exterior, i.e.
if for all € > 0, the disk A.(z) contains points of both A and the
complement C\ A; the boundary OA of A is the set of all boundary
points;

(4) the closure A of A is the union of its interior and boundary.
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It follows directly that interior and exterior are unions of disks, hence
is always open, while the closure is the complement of the exterior, hence
is always closed.

Ezample 5.6. Let A = A,(a) = {2z : |z —a|] < r} be a disk. Then the
interior of A is A, the exterior is {z : |z — a| > r}, the boundary is the
circle

0A={z:|z—a|l =71},
and the closure is the closed disk

A={z:|z—a| <1}
5.6. Connected sets.

Definition 5.7. A set S C C is connected if it cannot be covered by
disjoint open sets U and V such that UNS # 0, VNS # 0.

Example 5.8. The union of disks
A(—1) U A(1)
is not connected, because it is covered by the disjoint open sets

U:Al(—l), V:Al(].) .

Lemma 5.9. Any closed interval I = [a,b] C R is connected.

Proof. Assume by contradiction, I can be covered by disjoint open subsets
U,V as in Definition 5.7. Without loss of generality, b € V' and set

(5.1) ¢ :=sup(UN|a,b]) € [a,b].

Then either ¢ € U or ¢ € V. If ¢ € U, since U is open, there is a disk
A.(c¢) C U, which contradicts (5.1). Alternatively, if ¢ € V, since V
is open, there is a disk A.(¢) C V, which again contradicts (5.1) since
unv=90. O

5.7. Bounded sets.

Definition 5.10. A subset B C C is bounded if it is contained in some
disk A, (a).
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Ezxample 5.11. An interval [a,b] C R and a rectangle
{z:C:21 <Rez<uxg,n <Imz <y}

are bounded, while R, C and the upper half-plane
{z€eC:lmz >0}

are not bounded.
5.8. Compact sets.

Definition 5.12. Let S C C be a subset.
(1) An open cover of S is a collection of open subsets U, C C whose
union contains S, i.e. S C Y, Us.
(2) A subcover of a cover S C |J, 4 Ua is any subcollection that still
forms a cover, i.e. a subset of indices B C A with .S C |J,cp Ua-
(3) S is said to be compact if every open cover S C |J,c4 Us has a

finite subcover,i.e. S C Uy, U---UU,, for somen and oy, ..., q, €
A.

Theorem 5.13. Any compact set in C is bounded.

Proof. Let S C C be compact. Consider the cover S C J,.q Ai(2) by
open disks with radius 1 and centers in S. Since S is compact, this cover
has a finite subcover

S C Al(Zl) U---u A1<Zn).
Without loss of generality, S is nonempty and hence n > 1. Setting
R:=max{|z; — 2| : 1 <k <n}, it follows that
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z2€ANi(zr) = |z—21| < |z—z| +|zk—21] <24+ R = 2z € Agrya(21)

proving S C Agio(z1) = S is bounded. O

The role of compactness is passing from local to global as is well illus-
trated by the following lemma.

Lemma 5.14 (uniform radius for disks). Let U C C be an open subset,
K C U a compact set. Then there exists r > 0 such that A, (z) C U for
all z € K.

Proof. By definition, every point z of the open set U is surrounded by
a disk A,.y(2) C U, where the radius r(z) > 0 may depend on z. In
particular, the set i C U is covered by the disks A,(;)(z) for z € K, and
even by the half-radius disks

K c ] Aw().

zeK
By definition of compactness, we can pass to a finite subcover
K C Ay p(z) U UD,) 2(20)
for some points z1, ..., 2z, € K. Then we claim that
ro=min{r(z)/2,...,7(z,)/2}

satisfies the conclusion of the lemma. Indeed, each z € K is covered by
at least one A,(.,)/2(2;) and then, since r < r(z;)/2,

AT(Z) - Ar(zj)/g(z) C Ar(zj)(zj) cU,
where the 2nd inclusion follows from the triangle inequality

r(z) | (%)
2 + 2

weEAcH(2) = |[w—z] < |w—z+]|z—2] < =7r(zj).
2

U

Without proof we quote the following fundamental result proved in
modules on metric spaces and topology:

Theorem 5.15 (Heine-Borel theorem in C). A subset S C C is compact
if and only iof S is both bounded and closed in C.
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6. SEQUENCES OF COMPLEX NUMBERS

6.1. Limits of sequences of complex numbers. A sequence of com-
plex numbers (z,),>1 converges to zp, written

zo = lim z,, or z, — 29, n — 0O,
n—oo

if the distance |z, — zo| converges to 0. Here the important difference
is that |z, — zo| is a sequence of real numbers, whose convergence is be
defined in real analysis. More explicitly, expanding the definition, we
obtain:

Definition 6.1. A sequence (z,) converges to zp as n — 0o whenever
for any € > 0 there exists integer N > 1 such

(6.1) n>N = |z, — 2| <e.
Ezxample 6.2. Consider the sequence of powers z, = a, n > 1, of a fixed
complex number a. If |a| < 1, then z, — 0:

|zn, — 0| = |a"| = |a|* = 0, n — occ.

Convergence of sequences of complex numbers is equivalent to conver-
gence of both sequences of their real and imaginary parts:

Lemma 6.3. A sequence of complex numbers (z,) converges to zy as
n — oo if and only if

Rez, > Rez, Imz, —>Imz, n— oc.
The proof follows from the estimates
|IRez, — Rezg| < |z — 20|, [Imz, —Imzy| < |z, — 20/,

and the formula

|20 — 20| = V/|Re 2, — Re 2|2 + |Im 2, — Im 2|2,
6.2. Limits of sums, products and ratios of sequences.

Lemma 6.4. Let
a, = a, b, —b, n— o0,
be convergent sequences. Then
(an+bn) = (a+0b), (an,—"0,) — (a—0>), ayb, — ab, n — .
If in addition b # 0 and b, # 0 for all n, then

N —
- - n Q.
by b’

The proof is analogous to the case of real sequences from real analysis.
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6.3. Bounded sequences.

Definition 6.5. A sequence (z,) is bounded if there exists C' > 0 with
|z,| < C for all n.

Lemma 6.6. Any convergent sequence is bounded.

Proof. Let z, — 2y, n — 00, be a convergent sequence. Taking ¢ = 1
in Definition 6.1, there exists N such that (6.1) holds. Then the triangle
inequality yields
|2n| = |20 — 20 + 20| < |20 — 20| + |20] < €+ |20] =1+ |20
for n > N, and we can take
C =1+ |z +max{|z,| : 1 <n < N}

in Definition 6.5 to conclude (z,) is bounded. O
Ezample 6.7. The sequence of powers z, = a™ is unbounded for |a| > 1,

since in this case |a"| = |a|™ — 00, n — co. Therefore, the sequence (z,)
is divergent, i.e. cannot have a finite limit.

On the other hand, we can define the notion of convergence to oo which
is satisfied in this case:

Definition 6.8. A sequence of complex numbers (z,) is said to converge
to 0o as n — oo, written

Zp — 00, N — 00,
whenever |z,| — oo, n — 0.

6.4. Cauchy sequences and Cauchy’s criterion. A sequence is con-
vergent if it has a limit. However, the definition of convergence requires
knowledge of the limit.

Cauchy’s criterion is an elegant way of expressing convergence without
referring to the limit.

Definition 6.9. A sequence (z,) is a Cauchy sequence if for every € > 0
there exists IV such that

m,n >N = |2, — 2| < e.

Theorem 6.10 (Cauchy’s criterion). A sequence (z,) is convergent (con-
verges to some limit) if only if it is a Cauchy sequence.

This criterion for a complex sequence (z,) can be derived from the
analogous criterion from real analysis for the sequences of real numbers

(Rez,) and (Im z,).
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7. SERIES OF COMPLEX NUMBERS

7.1. Convergence of series. A complex series is a formal sum
(7.1) Zan:a1+a2+...
n>1
where a,, are arbitrary complex numbers.
Definition 7.1. The sequence of partial sums of (7.1) is
Spi=ay1+ ...+ ay,

and the series (7.1) is said to converge to a complex number z, whenever
the sequence (s,) of partial sums converges to zp as n — oo. A series
which is not convergent to any finite complex number is called divergent.

Ezample 7.2. Let a € C. The complex geometric series y - ,a™ con-
verges to 1Tla when |a| < 1. The proof is based on the formula

1-a)l+a+...+a")=1—a"""

When |a| < 1, the right-hand side converges to 1, which implies s, — T,
n — oo, for the sequence

Sp,=14a+...+a"
of partial sums, as desired.

7.2. nth term test. The nth term test can be convenient when proving
divergence.

Theorem 7.3 (nth term test). If the series > a, is convergent, the nth
term a,, must converge to 0.

For a proof, write the nth term as the difference of partial sums
Qp = Sp — Sp—1
and use the convergence of s, and s,,_; to the same limit as n — oo.

Example 7.4. The geometric series ) ., a" is divergent when |a| > 1.
Indeed, otherwise the nth term test would imply |a"| = |a|* — 0, n — oo,
which is not the case since |a|" > 1.

7.3. Cauchy’s criterion for series. The following is a direct conse-
quence of Cauchy’s criterion for sequences applied to the sequence of
partial sums:

Theorem 7.5. A series ) a, is convergent if and only if for every
€ > 0 there exists N such that

N<m<n = |ami1+...+a,] <e.
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7.4. Comparison test. Comparison test is an important method of re-
ducing the question of convergence of complex series to that of their
real-valued majorant series:

Theorem 7.6. Let > 2, and ) x, be respectively complex and real
series satisfying the magjorant condition

|2n] < @y
Then if Y x, is convergent, so is Y zy,.
Proof. The proof is based on the estimate
|Zma1 + oo 2o < zmaa] + o+ |20] S @par + .o+ 2,

and Theorem 7.5. O

7.5. Absolute convergence.

Definition 7.7. A series Y z, converges absolutely if the series of abso-
lute values of its terms > |z,| converges.

Lemma 7.8. An absolutely convergent series is convergent.

This follows immediately from the comparison test with the majorant
series > |z,

7.6. Ratio test.

Theorem 7.9. Consider a series ) 2, such that for n sufficiently large
zn # 0 and there exists a real number q satisfying

Zn+1

(7.2)

<g<l1.

Zn

Then the series ) . z, converges absolutely. If ’%! > 1 it diverges.

Proof. 1f |Z’;—:1‘ > 1, then for all n > N |z,| > |zy| > 0, violating the
nth term test, hence the series diverges. The convergence part is based
on comparison with geometric series. If (7.2) holds for all n > N, then

(7.3) |2N4p| < Jenlg?, p> 1

Since ¢ < 1, the geometric series »_ |2n|g” converges and the conclu-
sion follows from the comparison test. O
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7.7. Root test.

Theorem 7.10. Consider a series ), z, such that for every n suffi-
ciently large and some real number q,

(7.4) Vil < g <1,

then the series converges absolutely. If {/|z,| > 1 for all n sufficiently
large, it diverges.
Proof. (7.4) is equivalent to |z,|] < ¢" and the convergence of ) ¢"

implies the absolute convergence of )z, by comparison test. On the

other hand, the estimate {/|z,| > 1 contradicts the nth term test z, — 0,
n — 00, hence the series diverges. 0

8. LIMITS AND CONTINUITY OF FUNCTIONS OF A COMPLEX VARIABLE

8.1. Limit points of subsets. Limits of functions can be considered
for functions defined on subsets S C C at their limit points.

Definition 8.1. A point a € C is a limit point of S if every punctured
disk A.(a)\{a} contains a point of S (which implies that every punctured
disk contains infinitely many points of S). Note that a limit point of S
does not need to belong to S.

Ezample 8.2. 0 is the only limit point of the set {< : n € Z}.
8.2. Limits of functions.

Definition 8.3. If a is a limit point of S, then L is the limit of a function
f: S — C, written as
L = lim f(2)

if and only if for every € > 0, theréz;ists 0 > 0 such that
|z —a|<d,z#a,2€S = |f(z)—L|<e.
If @ is a limit point of .S, the set on the left-hand side
{z:|z—a|<d,z#a,z€ S} =(As(a)\{a}) NS
is always nonempty.

The following is an important example illustrating the depence on the
domain of the function:

Example 8.4. Recall that Argz is the principal argument of z # 0 defined
by the condition —7 < Argz < 7. Consider the upper and lower half-
planes

S,y ={z€C:lmz>0}, S_:={ze€C:Ilmz<0},
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and functions
f: S+_>(C7 f(Z) :Argzv

and
g:S-—C, g(z)=Argz.
Then
lim f(2) = lim g(z) = 0,
while

lim f(z)=m, lim g(z)= —m.

z——1 z——1
Also note that the value Arg(—1) = 7 does not matter for the limits of
fand gsince —1¢ S, —1¢5,.

Similar to sequences, we have analogous algebraic properties of limits
of functions:

Lemma 8.5. Let f,g: S — C be functions defined over subset S C C
with limit point a. Suppose there exist limits
L=1lim f(z), M = limg(z).

Then
(L+M) = lim(F(2)+9(2)),  (L-M) = lim(f(=)—g()). LM = lim f(2)g(=).
If in addition M # 0 and g(z) # 0 for all z € S, then

L )

= lim )
M z-ag(z)
8.3. Continuous functions.

Definition 8.6. A function f: S — C is continuous at zy € S if for
every € > 0 there exists 0 > 0 such that

z€ 8, |z—2| <d = |f(2) = f(z0)| <&,

or equivalently,

(SN As(20)) € Ac(f(20))-
The function f is continuous on S whenever it is continuous at every
20 € S.

As a direct consequence of the defintions, we obtain:

Lemma 8.7. A function f: S — C is continuous on S if and only if
lim, ., f(2) = f(z0) for every limit point zy of S.
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Lemma 8.8. Let f,g: S — C be functions defined over subset S C C
that are continuous at some zy € S. Then f + g, f — g, fg are also
continuous at zo. If in addition g(z) # 0 for all z € S, then the ratio f/g
s also continuous at zp.

Lemma 8.9 (Composition of continuous functions). Let S, T C C be
subsets and f: S — C, g: T — C be functions such that f(S) C T.
Suppose that f is continuous at zg € S and g is continuous at wy = f(2o).
Then the composition function

gof:S—=C, (gof)(z):=g(f(2))
18 continuous at zg.

Proof. Let € > 0 be given. Since g is continuous at wy = f(2g), there
exists 7 > 0 such that

w e T, |w—w| <n = [g(w) — g(wo)| <e.
Since f is continuous at 2y, there exists § > 0 such that
z€ 5,z —a| <d = [f(2) = f(20)] <n.
Combining above implications, we obtain
z€5,|z— 2| <0 = [9(f(2)) —g(f(20))] <€
as desired. ]

8.4. Examples of continuous functions.

Ezample 8.10. The constant function f(z) = ¢ and the identity function
f(z) = z are continuous by a direct verification. Taking their sums and
products, it follows from Lemma 8.8 that a polynomial function p(z) =
anz™+...+ag is continuous on C. Taking ratios, it follows that a rational
function Z% is continuous on its domain {z : ¢(z) # 0}.

Ezample 8.11. The exponential function f(z) = e is continuous on C.
Indeed, the real and imaginary parts Re z,Im z are continuous functions
of z since

|z — 20| <e = |Rez—Rezl,|Imz—1Imz| <e.

From real analysis, we know that e”, sinx,cosx are continuous, hence
also their compositions with Re z and Im z,

eRe? cos(lmz), sin(Im2)

are continuous, and hence Lemma 8.8 implies that

z _ eRez(

e cos(Im z) + isin(Im 2))
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1S continuous.

Ezample 8.12. The modulus function f(z) = |z| is continuous. Indeed,
using triangle inequalities

2| < lzof + 12 = 20l = [2] = |20] < [z — 20,

20| < |z +[20 — 2| = [20] = 2] < |z — =
and hence

£ (2) = f(20)| = 2] = |20l] < |2 = 2.

Then |z — 20 < e = |f(2) — f(20)| < € proves the continuity of f.
Example 8.13. The principal argument —7 < Argz < 7 of 2z # 0 is con-

tinuous at every z € C\ (—o0, 0] and is discontinuous (i.e. not continuous)
at every z € (—00,0).

z =r(cosf +isind)

cos™! % for Imz >0
Argz = { sin™! "“Tf for Rez > 0,
—costBz forlmz <0

where each function is continuous as composition of continuous functions.
On the other hand, Argz = 7 for z € (—00,0), while the restriction
Argz|im .<o has limit —7 at each z € (—o0,0), implying that Argz is not
continuous at z € (—o0,0).
Thus, to obtain a continuous function, we need to restrict Argz to
C\ (—00,0], i.e. on the complex plane with the negative real axis cut
out:
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8.5. Branches of multi-valued function. In the previous example we
constructed a so-called branch of the multi-valued argument arg z:

Definition 8.14. A branch of a complex multi-valued function F(z) in
on a subset S is any continuous function f: S — C with f(z) € F(z) for
all z€ S.

Example 8.15. Recall that the principal logarithm is given by
Logz = In|z| + iArgz.
Since Argz is continuous on S := C\ (—o0, 0], Logz is also continuous on
S and hence is a branch of log z.
Furthermore, since arg z is defined up to a multiple of 27,
fr(2) = Logz + 2mik € In |z| + iarg z = log =
is a branch of log z for every k € Z.

Ezample 8.16. With S := C\ (—o0, 0] as before, we can define branches
on S of the nth root {/z by

Jok(z) = ¥/ |z\e%(Argz+2”k), 2€8,

for each fixed n and k = 0,1,...,n — 1. Here f, is the kth branch of
the multi-valued nth root.

8.6. Open set criterion for continuity. Recall that for every function
f: X =Y and subset U C Y, its preimage is defined by

) ={zeX: f(x)eU}CX.

Theorem 8.17 (open set criterion for continuity). A function f: S — C
with S C C s continuous if and only if for every open subset U C C, its
preimage f~Y(U) is (relatively) open in S.

Note the important distinction between being open (in C) and open in
S. In general, the preimage f~'(U) may not be open in C. For example
take S :=R, f(z) = 2, U =C, then f~}(U) = R is open in S but not in
C.

Proof. = : Assume f is continuous, let U C C be open and fix zg €
f~YU). By definition of preimage, f(zy) € U and since U is open, there
exists a disk A.(f(z0)) C U. But then the continuity of f implies

30 >0 f(SNAs(20)) € A(f(20)) C U,

and hence S N Ag(z) C f~1(U) proving f~1(U) is open in S since zq €
f7Y(U) is arbitrary.
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<: Suppose “U is open” implies “f~1(U) is open in S” for all U, and
fix zo € S, € > 0. Since every disk U := A.(f(20)) is open, its preimage
FHU) = F7HA(f(20))) > 20
is open in S by our assumption, hence there exists a disk As(zy) with
As(z0) NS C f~YU) which implies

F(S N As(z0)) C A f(20));

hence f is continuous at zy since ¢ > (0 was arbitrary. Since zp € S is
arbitrary, f is continuous. 0

8.7. Continuity and connectedness.

Theorem 8.18 (continuous images of connected sets are connected). If
f: S — C is a continuous function and S s connected, then the image
f(S) is also connected.

Proof. Suppose by contradiction, f(X) is contained in a union of disjoint
open sets A, B with

(8.1) ANf(X)#0, BN f(X)#0.
Then the continuity of f implies that the sets

U:=["Y(A), V:=[(B),
are open in S. In addition, (8.1) implies U,V # &, and AN B = () implies
UNV = 0. Hence S is covered by the disjoint nonempty open subsets
U, V', which contradicts its connectedness. Hence f(X) is connected. [

We now provide an application of Theorem 8.18 for which we introduce
a stronger notion of path-connectedness that is often easier to use to
establish connectedness.

Definition 8.19. Let S C C be a subset.
(1) A path in S is any continuous map ~v: [a1,a2] — S, where
[CLl, CLQ] C R.
(2) S is called path-connected if for any two points sj,s2 € S there
exists a path v: [a1, as] — S with y(a1) = s1, y(az) = sa.

Theorem 8.20. Any path-connected subset of C is connected.

Proof. Let S C C be path-connected and assume by contradiction it is
not connected. Then S is contained in a union of disjoint open sets Ay, As
with

ANS#0, AynNS#D.
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Fix some s1 € A;NS, so € A;NS. Since S is path-connected, there exists
a path v: a1, as] — S with y(a;) = s1, y(az) = so. But then the image
v([a1, as]) is contained in the union of disjoint open sets sets Ay, Ay with

Ainry(lar,as]) #0,  AsnNy(lar, ao]) # 0,

which implies that v([ai,as]) is not connected. On the other hand,
v([a1, az]) is the image of the connected interval [a;, as] under the con-
tinuous map 7, hence is connected by Theorem 8.18. Thus we reached a

contradiction proving that S is connected.
O

8.8. Applications of connectedness to branches of multi-valued
functions. We here illustrate how connectedness can be used to com-
pute all branches of arg z. The main argument is given by the following
uniqueness lemma:

Lemma 8.21. Let S C C\ {0} be connected and g1, go: S — C branches
of arg z. Then
g2 = g1 + const.

Proof. Let g :== go — g1. Then for every z € S,
91(2), 92(2) € arg 2
implies
(8.2) 9(z) = g2(2) — g1(2) =27k, k€ Z,

where a priori £ may depend on z. We want to use the connectedness of
S to prove that k is in fact independent of z € S. Fix 2y € S and ky € Z
with g(z) = 2wk and consider the set

U:={z¢€S5:9(z) =2mko}.

Since ¢, g2 are continuous on S by the definition of a branch, so is g(z).
Then the continuity of g implies that, for any z; € S and ¢ = 27, there
exists 0 > 0 such that

(83) ze S |z—z|<d = |g9(2) —g(z1)] < 2r = g(2) = g(=1),

where we used (8.2), since |27wk| < 27 for k € Z implies £k = 0. In
particular, for z; € U, it follows that g = 2mky on S N As(z1), i.e.

SNAs(z1) C U

which proves that U is open in S. Similarly, for z; ¢ U, it follows that
g # 2mko on S N Ag(z), i.e.

SN As(z1) C S\,
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which proves that S \ U is also open in S. Hence we have represent
S =UU(S\U) as disjoint union of open subsets. By continuity of
S, these sets cannot be both nonempty. Since U # (), it follows that
S\ U = 0, hence U = S proving that g(z) = 27ky for all z € S as

desired. 0
Corollary 8.22. All branches of argz on S = C\ (—o00,0] are of the
form

(8.4) fu(z) = Arg(2) + 27k, k€ Z.

Proof. Tt is easy to see that S is path-connected. In fact, for every point
z1 € S, the path

1) =1 =tzn+1, te[0,1], = 7(0) =2z,7(1) =1
and ~ is a path in S:

21

Z9

Then combining line segments for any two points z1, 29, it follows that S
is path-connected. Hence S is connected by Theorem 8.20.
Now, let f: S — C be any branch of Argz and fix zy € S. Then

f(20) € argzy implying
(8.5) f(z0) = Argzo + 2mko = fi,(20)

for some ko € Z. Then f(z) — fi,(2) = const by Lemma 8.21 and (8.5)
implies f(z)— fx,(2) = 0, i.e. the branch f is of the form (8.4) as claimed.
U

8.9. Continuity and compactness.

Theorem 8.23 (continuous images of compact spaces are compact). If
f:S — C is a continuous function and S is compact, then the image
f(S) is also compact.

Proof. To show that f(S) C Cis compact, consider an open cover f(S) C
U,, Ua- Then each preimage

f_l(Ua> ={z:f(s) elU,)} CC
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is open by the open set criterion of continuity and

f9)cU,Ua = Scl,f(U),

i.e. the preimages f~1(U,) form an open cover of S. We now can use the
compactness of S to conclude the existence of a finite subcover

SCf Ua) U Uf (Ua,) = f(S) CUs U+ UU,,
proving the existence of a finite subcover for f(S) as claimed. O

8.10. Uniform continuity. Uniform continuity is a stronger condition
that continuity that is sometimes needed in applications:

Definition 8.24. A function f: S — C is called uniformly continuous if
for every € > there exists 0 > 0 such that

(8.6) zzwe S, |z—w| <0 = |f(z) — f(w)| <e.

It is easy to see from definitions that any uniformly continuous function
is continuous (i.e. continuous at every point). The key difference is that
continuity of f is defined at a fixed point z, hence § > 0 in (8.6) may
depend on z. However, on compact sets both notions turn out to be
equivalent:

Theorem 8.25 (Uniform continuity of continuous functions on com-
pacta). Let S C C be compact and f: S — C be continuous. Then f is
uniformly continuous.

Proof. By definition of continuity, for every z € S and € > 0, there exists
d = d§(z) > 0 such that
(8.7) weS, |z—wl <d(z) = |f(z)— flw)| < g
Then
SclJAaw(2),
z€S :
where as before we use the notation

A(z)={ueC:|lu—z| <1}
is an open cover, which, by compactness, has a finite subcover
S C A¥(z1)u...UA5<;7n)(zn).

Hence every z € S is covered by some A (z;). Taking 6 := mini<;<, L;ﬂ
=

we conclude for w € S:
d(z;) 6(z)  0(z) _
5 5 + 5 = 3(%)-

|z—w| <0 < = |w—z;| < |lw—z|+|z—2;| <
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Now using (8.7) for z; yields
€ €
[f(z) = fRl <5 [f(z) = flw)l <5 = [f(2) = flw)] <e
by the triangle inequality, as desired. 0

9. FUNCTION SEQUENCES AND SERIES

9.1. Terminology. A function sequence is simply a sequences of func-
tions

fn: S = C,
where the domain of definition S is the same for all functions. Similarly,
a function series is a series
o
Z fa(2)
n=1

whose terms are functions defined on the same domain.

If the terms of a series are initially not defined on the same domain,
the intersection of their domains is to be considered as the maximum
subset where all terms are defined:

Example 9.1. The series

1
;z—n

is defined for z € S := C \ N, which is the intersection of all domains of
its terms.

9.2. Pointwise convergence of function sequences. There are two
main notions of convergence for function sequences and series - pointwise
and uniform.

Definition 9.2. A function sequence f,: S — C converges pointwise to
a function f: S — C (with the same domain) as n — oo if for each
z € S, their values f,(z) converge to f(z):

Vze S fulz) = f(2), n— oo
Ezxample 9.3. The function sequence
fulz)=2" z€8:=A0)U{l},

converges pointwise to the function

O b
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On the other hand, since (—1)" does not have a limit, the same sequence
is not pointwise convergent on S = A;(0) U {—1} (where z = —1 is the
only point where the sequence diverges).

In the above example all functions f, are continuous on S, whereas
their pointwise limit f(z) is not continuous at z = 1. This phenomenon
motivates the stronger notion of uniform convergence, which preserves
continuity.

9.3. Uniform convergence of function sequences.

Definition 9.4. A function sequence f,,: S — C converges uniformly to
a function f: S — C (with the same domain) as n — oo if for every
€ > 0 there exists NV such that

(9.1) Ve Ssn>N = |fu(z) — f(2)| <e.

The key difference between uniform and pointwise convergence is that
the number N in (9.1) is chosen independently of z, whereas for a point-
wise convergence the choice of N is made for a fixed z, hence may depend
on z.

Ezample 9.5. We have seen that the sequence of powers f,(z) : "

=z
converges pointwise to 0 on the unit disk S = A;(0). In this case (9.1)
becomes

Vz|z| <l,n >N = [2"] <e.
In particular, for n = N, we would have

Vzlzl <1 = |2 <YV,

which cannot hold if e < 1 == /¥ < 1. This shows that there is no
N such that (9.1) holds, hence the convergence is not uniform.

An equivalent way of defining uniform convergence is given by the
following lemma following directly from the definition:

Lemma 9.6. A function sequence f,: S — C converges uniformly to a
function f: S — C asn — oo if and only if

sup |fn(2) = f(2)] = 0, n— 0.
z€S

Ezxample 9.7. In the above example with
falz)=2" f(2) =0, z€85=~2(0),

we compute

sup | fu(2) — f(2)] = sup [¢"| =1#0, n — oo.
z€S |z|<1
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9.4. Convergence of function series. Similarly to number series, both
pointwise and uniform convergence of function series are reduced to re-
spective convergence for the sequence of their partial sums:

Definition 9.8. A function series ) -, g,(z) converges pointwise (resp.
uniformly) to a function s(z) (with the same domain) if the sequence of
corresponding partial sums

su(2) = Y au(2)

converges pointwise (resp. uniformly) to s(z).

9.5. Weierstrass M-test. A central result providing uniform conver-
gence of function series is theWeierstrass M-test (“M” is for "majorant”):

Theorem 9.9. Let Y f.(2), z€ S, and ), x, be respectively complex
function series and real number series satisfying the (uniform) majorant
condition

Vz e S|fu(2)| < .
If 3~ xn converges, then )  f.(z) converges uniformly.

Proof. By the Comparison Test for number series, fixing z € S, conclude
that > f.(2) converges pointwise to some limit function s(z), i.e.

(9.2) VzeS Y filz) = s(z), n— oo

Fixing ¢ > 0 and using the convergence of ) z,, we can find N with

an<g.

n>N
Then for m > N, z € S,
m+n m m-+n m+n +oo c
DR =Y ARG = X RS D m<y m<s,
k=1 k=1 k=m-+1 k=m+1 k=N

and taking the limit as n — oo for each fixed z € S, we obtain

s(2) = ) ful2)

k=1

<=-<eg m2>N,

N ™

proving the desired uniform convergence, since N is independent of z. [
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Example 9.10. The series
Z?’L
>
n>1

converges uniformly in S = {z : 2| < 1}. Indeed, we have the uniform

majorant estimate
1 1
S 2t

n

n
n2

2| <1 =

and the uniform convergence on S follows from the Weierstrass M-test.
9.6. Continuity of uniform limits.

Theorem 9.11. Let f,: S — C be a sequence of functions converging
uniformly to a function f: S — C. If each f, is continuous on S, so is
the uniform limit f.

Proof. We need to show for a fixed zg € S that f is continuous at z.

Fixing € > 0 and using the uniform convergence, we conclude there exists
N such that

(9.3) seSn>N = |fu(2) - f(2)] < %
By the continuity of fy at zy, there exists 6 > 0 with
£
z€S8|z—2| <0 = |fn(z) — fn(20)] < 3

Then using (9.3) for z and z = 2 and the triangle inequality,

[f(2) = f(z0)] < |f(2) = [n(2)[ + [[n(2) = fn(20) + [ (20) = fv(20)| <,
which holds for all z € S with |z — 25| < d, proving the continuity of f
at zp as desired. ]

10. HOLOMORPHIC FUNCTIONS

Of fundamental importance is the notion of differentiability for func-
tions f(z) with both arguments and values in C. Here there are two basic
notions of differentiability: complex and real differentiability.

10.1. Complex-differentiable and holomorphic functions.

Definition 10.1 (complex differentiability). A function f: U — C,
where U is open, is called complez-differentiable or C-differentiable at
a point zg € U if there exists the limit

f(z) = f(=)

z—20 z— 2

e C.

The limit f’(zg) is called the (complex) derivative of f at z.
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Note that since U is open, every point zy is automatically a limit point
of U, hence the limit makes sense.

Definition 10.2 (holomorphic functions). A function f is holomorphic
on an open set U C C if it is C-differentiable at every point of U.

Ezample 10.3. Let f(z) = ¢ be a constant function for some ¢ € C. Then

lim M — lim c-c 0
2—20 Z— 2 z—20 Z — 2

for all zy € C, hence f is C-differentiable at every point with the deriva-
tive f'(z9) = 0, and therefore is holomorphic on C.

Ezxample 10.4. Let f(z) = z be the identity function. Then
lim f(z) = f(=) — lim

Z—20 2 — ZO zZ—20 2 — ZO

Z — 20
9

for all zy € C, hence f is C-differentiable at every point with the deriva-
tive f'(z0) = 1, and therefore is holomorphic on C.

Ezample 10.5. Let f(z) = Z be the conjugation. Then f is not C-
differentiable at any point zy € C. To show this, write

z — 29 = re'?

in the polar form, and compute

) = fG) _T=T _re
z— 2 z—z9  re? ’

which has no limit as z — zy. Indeed, suppose by contradiction that limit
is some L € C. Then for every € > 0 there exists 6 > 0 with

lz—zl=r<d = |e2¥

—Ll<e.
Choosing r = 6/2, § = 0, we obtain
1—L|<e,
and similarly for r = §/2, 6§ = w/2, we obtain
|—1—L| <e,
which together with triangle inequality yields
2=|1-L)—(-1-L)|<|1—L|+|—1—L| < 2e.

The latter is clearly impossible for € < 1, a contradiction.
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10.2. Continuity of complex-differentiable functions.

Lemma 10.6. Let f: U — C be C-differentiable at zy. Then f is con-
tinuous at 2.

Proof. Direct consequence of the computation:

lim (f(z) — f(z0)) = lim JE =) gy (z—20) = f'(20) -0 = 0.

Z—r20 Z—r20 z — ZO Z—20

U

10.3. Real differentiability. We have identified complex numbers z =
x + 1y with points (z,y) in the real plane R?. This identification turns
every function f: U C C into R%-valued function of two real variables.
Then Analysis of Several Real Variables provides us with different notion
of differentiability that we call real differentiability:

Definition 10.7 (real differentiability: standard in Real Analysis). A
function f: U C R™ — R", where U is open, is called real-differentiable
or R-differentiable at a point 2 = (29,...,2%) € U if there exists a
real-linear map L: R™ — R" with

_ 0 _ I(r — 20
o) i @) =169 = L =)

A, o] - el= g,

Here “real-linear” means linear over real scalars, i.e.
L(tx + sy) = tL(zx) + sL(y), =,y €R™ t,s€R.

The real-linear map L(z — z°) is then uniquely determined from (10.1)
and is called the differential of f at xy satisfying the well-known formula

102)  Le—a%) = df(e") e - 2*) = 3 2L @9)@; - a2),

du;
where % is the partial deriwative of f in the variable z;:
J
ﬂ(ajo) -— lim f(CU(f, e ,$?—17I9 + t,IE-)_H, - ,xgn) _ f(wO)
Ouj = = ¢ .

Lemma 10.8 (C-differentiability = R-differentiability). Let f: U C
C — C be complex-differentiable at zy. Then it is also real-differentiable
when viewed as map between points of the real plane R?.

Proof. By definition, if f is complez-differentiable at zy, there exists

o) — i LG 1) = S~ P = )

Z2—20 2 — 20 z—20 Z— 20

=0
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and we conclude that f is real-differentiable whose differential L = df (2o)
is given by the complex multiplication with derivative f’(zp):

L=R*~2C—-R*=C, wr f(2)w.
0

Not all R-differentiable functions are C-differentiable! Here is a simple
counter-example:

Ezample 10.9. We have seen that the conjugate f(z) = Z is not C-
differentiable at any z.
On the other hand, f is real-linear:

tz+sw=tz+sw, zweC, tseR,

hence its real differentiability at every point follows from the definition
with L = f.

10.4. Decomposition of the differential. We write Ax = = — x,
Ay = y — yo for the increments of each variable and Az = z — 2z,
where z = = + iy, z9 = xo + 1yo. As conjugation is more convenient for
computations (being a field automorphism), we perform the substitution

Azt Az
R
where Az = Az + iAy, Az = Az — iAy.

Now compute the differential L = df of f by the formula (10.2) (drop-
ping the reference point zy for brevity):

P B f Az+ Az Of Az— Az
df(Ax,Ay):a—foJr / :a_iTﬂ‘)_gT

oy
_L(of 1of L(of 10f\x; _Of\, 0%
_2(8x+i8y)Az+2( )Az_azA”azAz’

where we group terms with Az, Az, and introduce the formal partial
derivatives:

B Az — Az

A
xz 2 )

Ay

Ay

(10.3) or _1 (5f+13_f)7 of ._1<3f 18f)‘

02z 2\ox " idy)’ 0z 2
Using (10.3) for L = df, we can rewrite (10.1) as

9 Of A
(104) lim flzo+Az) = f(z0) — (gEAz + gfAz)
Az—0 AZ
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10.5. Comparison of real and complex differentiability.

Theorem 10.10. Let f be real-differentiable at zy. Then the following
are equivalent:

(1) f is complex-differentiable at zy;
(2) % (z0) = 0.

If (1) (and hence (2)) holds, then f'(zy) = g—’;(zo).

Proof. (2) = (1): Assuming %(zo) = 0, we have df,,(Az,Ay) =
%(zo)Az. Then (10.4) becomes

_ flo+Az) = f(2°) of,
Aliglo Az - %(ZO) =0

proving C-differentiability (1) with f'(z) = %(zo).
(1) = (2): Rewriting (10.4) we have

lim <f(Zo+AZ)—f(Zo)_ﬁ _of E>:O

Az -0 Az 0z (20) 0z (zO)A_z

By (1) the Ist term has a limit, hence the 3rd term must also have a
limit. However, we have seen that % has no limit as Az — 0. Then
of

the only way the 3rd term has a limit is when 3Z(zp) = 0, i.e. when (2)

holds. O

10.6. Cauchy-Riemann equations. Splitting f = u + v into real and
imaginary parts, compute

2%_8(u+iv)_18(u+w)_ du v L @—i—@
0z Ox i Oy  \O0r Oy or 0Oy)’

hence, identifying real and imaginary parts, we obtain

a_f:()(:}{ux:vy ,

0z

where on the right-hand side we obtain the Cauchy-Riemann equations.
With that equivalence, Theorem 10.10 can be rewritten as

Corollary 10.11. Let f be real-differentiable at zy,. Then the following
are equivalent:
(1) f is complex-differentiable at zo;
(2) the partial derivatives of f = u + iv at zy satisfy the Cauchy-
Riemann equations u, = vy, Uy = —,.

If (1) (and hence (2)) holds, then f'(z0) = fu(20) = ux(20) + 1v(20).



40 D. ZAITSEV

The last claim follows from the computation

_ fleo+A2) = f(zo) . flzo+Ax) — f(20)
A, Az = A, Az = Jalz0)
The following important result from Real Analysis provides a conve-

nient way to show R-differentiability:

Theorem 10.12 (Sufficient condition of R-differentiability from Real
Analysis). Let U C R™ is open and f: U — R™ a function such that all
partial derivatives

od 4

a0 =1,...,m,

aﬂlj J
exist and are continuous in U. The f is R-differentiable at every point
of U.
Ezample 10.13. The complex exponential function f(z) = e* was defined
as

f(z) = €e®(cosy +isiny),
so that we have for the real and imaginary parts
u(z,y) =e"cosy, v(x,y)=e"siny,

and we can directly verify the Cauchy-Riemann equations at every point:
(10.5) Uy = €°cosy = vy, U, =—e"siny = —v,.

Furthermore, both partial derivatives f,, f, exist and are continuous on

R? in view of (10.5). Hence f(z) = e* is real-differentiable at every

point of C by Theorem 10.12. Then by Corollary 10.11, f(z) = €* is

C-differentiable at every point and therefore is holomorphic on C.
Furthermore, by Corollary 10.11,

(e*) = a—e“’”(cosy +isiny) = e*(cosy + isiny) = €°.
x

10.7. Algebraic properties of C-differentiability. Algebraic prop-
erties of C-differentiability are analogous to those of differentiability of
functions of one real variable with the same proofs:

Theorem 10.14. Let U C C be open and f,g: U — C be C-differentiable
at zop € U. Then

(1) f+ g is C-differentiable at zy with
(f +9)(20) = f'(20) + g'(20);
(2) fg is C-differentiable at zo with
(f9)'(20) = f'(20)9(20) + f(20)9 (20);
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(3) if g(z) # 0 for z € U, the ratio 5 is C-differentiable at zy with

(f)/ _ f'(20)9(20) — f(20)g'(20)
=) (%) = -
g (9(20))?

Example 10.15. We have seen that the constant and the identity functions
are holomorphic on C. Taking products and sums, we conclude that any
polynomial function P(z) = a,2" + ... + ag is C-differentiable at every
zo € C, hence is holomorphic on C. Taking ratios of polynomials, we
conclude that any rational function f(z) = % is holomorphic on the
open set U :={z € C: Q(z) # 0}.

10.8. Compositions and inverses of C-differentiable functions.
Theorem 10.16. Let U,V C C be open and
f:U—=C, ¢g:V—=C, fUCV,

so that the composition g o f: U — C is defined. If f and g are C-
differentiable at zy and wy == f(zy) respectively, then h is C-differentiable
at zg with derivative given by the chain rule

(90 f)(20) = g'(wo) f'(20)-

Proof. We have

(o) DR D) _ g L 2T
where T
[ty oy,
G( ) . {g/(wo) w = wy :

Since g is C-differentiable at wy, G is continuous at wy and hence G(f(2))
is continuous at zg as composition of continuous functions and

lim G(f(2)) = g/ (o).
Since f is C-differentiable at zo, (10.6) yields
lim (g ° f)(Z) _ (g o f)(Zo) _ g/(wo)f/(zo)

Z—20 zZ — 20

as desired. O

Theorem 10.17. Let U,V C C be open subsets, f: U — C a function,
and f~1:V — U a right inverse, i.e.

(10.7) f(f {w)=w, weV.

Assume that
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(1) f~! is continuous at wy € V.
(2) f is C-differentiable at zy = [~ (wo) € U;
(3) f'(z0) # 0;
Then f=! is C-differentiable at wy with derivative
1 1

U = 0 = Py
Proof. For w # wy € V set z = f~}(w). Then f(z) = w, f(z) = wp by
(10.7) and

fHw) = fHwo) = — 20
(10.8) F— ~f(2) = f(z0)

By (2) and (3), we have

) Z— 2 _ 1
(109) ZILHQO f(z) — f(Zo) B fI<ZO) ‘

To show that the left-hand side of (10.8) converges to the same limit as

w — wp, we need to use (1). Indeed, (10.9) means for every € > 0 there
exists n > 0 with

Z— 2y _ 1
z) = f(z0)  [f'(20)

Since f(f~Yw)) = f(2) = w, w # wy implies z # z. Since f~! is
continuous at wy and there exists § > 0 with

<eE.

2% 20,|2 — 20l < = ‘
| | T

w # wo, jw—wp| <6 = 2z # 20, |2 — 20| <,

and therefore

w # wo, |w —wp| <§ = ’f‘l(w)—f_l(wo) ! <e

w — Wy B f'(20)

proving the desired conclusion. O

Ezample 10.18. Let V' C C\ {0} be open and g: V — C a branch of the
logarithm log(w). Then

flg(w)) = w,
holds for
f(z)=¢€¢*, 2ze€eU=C,
i.e. ¢ = f~!is a right inverse in the sense that f o f~! = id. Then by
Theorem 10.17, the branch g = f~! is C-differentiable at every wy € V
with ) . )

9000) = Fsta)) = Tlgtun)) ~ wo
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since f'(z) = (e*) = €* = f(z) and f(g(w)) = w.

For example, the principal logarithm Logz is a branch over the open
set V := C\ (—00,0]. (Note that we defined Logz for all z # 0 but it
is continuous, hence a branch, only over V.) Then we have shown above
that Logz is holomorphic on V' with

(Log(w) ==, weV.

w
11. PATHS IN COMPLEX PLANE

Definition 11.1. (1) A path in a subset S C C is a continuous map
v: [a,b] = S, where [a,b] C R is an interval with a < b.
(2) The point y(a) is called the beginning point and ~y(b) the end point
of .
(3) A path ~ is called closed whenever it has the same beginning and
the end point, i.e. y(a) = v(b).

v(0)

7(-60)\;; 7 v(t)/

Note that we can write
V(1) = aft) +if(t), at) =Rex(t), A(t)=Img(t).
Lemma 11.2. A function y(t) = a(t) +i8(t), t € [a,b], is continuous if
and only if both «(t) and B(t) are continuous.

Proof. If ~4(t) is continuous, and since Rew and Imw are continuous in
w, their compositions «(t) and B(t) are continuous.

Vice versa, if a(t) and f(t) are continuous, then (t) is continuous as
a sum of products of continuous functions. O

11.1. Differentiability of paths.

Definition 11.3. (1) A path v: [a,b] — C is differentiable at t, €
[a, b] if there exists
. '7(75) - V(to) o
}gg i, 7 (to) € C,
which we call the derivative of v at .
(2) A path 7: [a,b] — C is piecewise continuously differentiable of
piecewise C' if there exists a partition

a=th<ti1<...<t,=0b
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such that each restriction path
Vo= /7|[tj,1,tj] : [tj—h t]] — C

is differentiable at every t € [t;_1,t;] and its derivative v;(t) is
continuous on [t;_1,t;].

Taking real and imaginary parts, we obtain:
Lemma 11.4. A path
V() = a(t) +if(1)

is differentiable at to (resp. piecewise continuously differentiable) if and
only if both a(t) and B(t) are differentiable at ty (resp. piecewise contin-
uously differentiable). If v is differentiable at ty, its derivative is

v (to) = o' (to) +if' (o).

If both a(t) and S(t) are piecewise continuously differentiable with
respective partiions a = tp < ... <t, =banda =59 < ... < s,, = b,
we can use the refined partition given by the set of all ¢; and s; to show
that ~(t) is piecewise continuously differentiable.

11.2. Affine and piecewise affine paths.
FEzample 11.5 (Affine path). For A, B € C, let
v(t) :=At+ B, t¢€]a,bl],
whose image 7y([a, b]) is the line segment between v(a) and (b):

V(a)
\ v(b)

Clearly ~ is continuously differentiable as a sum of products of contin-
uously differentiable functions.

Ezample 11.6 (Piecewise affine path). More generally, consider a parti-
tion
a=ty<t1 <...<t,=b
and for each j = 1,...,n an affine linear path
() = Ajt+ By, € [t 1],
such that

7 (t) = Y2(t1), v2(t2) = v3(t2), - - -, Y1 (tn—1) = Yul(tn-1)-
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Then combining all ;, we define the piecewise affine path v: [a,b] — C
by

’y(t) = "}/](t) for tj—l S t S t]’,
which is piecewise C*:

T (to) = v(a)
Y1(t1) = Ya(t1)
Ya(t2) = (D)

11.3. Integrals of C-valued functions. The Riemann integral of C-
valued functions ¢: [a,b] — C is defined analogously to the Riemann
integral of R-valued functions as limit of integral sums

(11.1) / (t)dt = lim ng s;)( 1),

max] (t4 G—ti— 1)—0

where a =ty < ... <t, = bis a partition and s; € [t;_1,1;].
As for the derivative, separating real and imaginary parts we obtain:

Lemma 11.7. A function ¢ = «a +if: [a,b] — C is integrable if and
only if both real and imaginary parts o, B are integrable. If ¢ = o + 13

15 integrable,
b b b
/go(t)dt:/ a(t)dt+z’/ B(t)dt

Taking absolute values in (11.1) and using the triangle inequality, we
obtain:

Lemma 11.8 (Basic estimate).

/ bw(t)dt\ < sup (D)6 — )

t€la,b]

Again, separating al and imaginary parts, the Fundamental theorem
of calculus can be extended to C-valued functions:

Theorem 11.9 (Fundamental theorem of calculus). Let ¢: [a,b] — C
be continuously differentiable. Then
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11.4. Integral of a function along a path. If f: § — C is a con-
tinuous function and v: [a,b] — S is a continuously differentiable path,
define the integral of f along v by

b
(11.2) [ 1z = [ rowne

Since the composition f(v(¢)) and the derivative ~/(¢) are continuous,
the integral in (11.2) always exists (as the Riemann integral).

More abstractly, f7 f(2)dz can be defined for more general v and f as
the limit of the integral sums

(11.3) D F(s) () = A (t-1)),

J
as max;(t; —t;—1) — 0, where a =ty < ... < t, = b is a partition and
Sj S [tj—latj]-

Lemma 11.10. Let f: S — C be a continuous function andy: [a,b] — S
a continuously differentiable path. Then the integral sum (11.3) converges
to (11.2) as max;(t; —tj_1) — 0.

Proof. By Theorem 11.9,
tj
V(tj)—v(tj_l):/ ~(t)dt.
tj—1

j—

We need to estimate

<3 D6 =) = [ feen o
<Yt [ o [ s
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where we used the basic estimate in Lemma 11.8. We next use the com-
pactness of interval [a,b], the boundedness of the continuous function
|7/ (t)| on the compact set [a, b]:

YOI < M, telab],

for some M > 0, and the uniform continuity of the continuous function
f(y(t)) on [a, b] by Theorem 8.25, i.e. given € > 0, there exists § > 0 such
that

si —tl <0 = [f(7(s;)) = F(y(D))] <e.

Then max;(t; —t;_1) < ¢ implies

A<25M 1) =eM(b—a),

which proves A — 0 as max;(t; —t;_1) — 0 as desired. O

11.5. Piecewise C' paths. For our purposes, it will suffice to consider
only integrals of continuous functions along C' and piecewise C! paths.
In order to define it for piecewise C' paths, observe that (11.2) satisfies
the important additivity property:

Lemma 11.11. Let f: S — C be a continuous function andy: [a,b] — S
a continuously differentiable path. Then for every partitiona =ty < ... <
t, = b, we have

/f(z)dz = Z/ f(2)dz, ;= ’V|[tj717tj]‘
Y yi Vi

Proof. The proof follows from (11.2) and additivity of the Riemann in-

tegral
b t
/ g(t)dt = Z/ g(t)dt
a j tj—1

where g(t) = f(v(£))7'(2). m

Definition 11.12. Let f: S — C be a continuous function and
v: la,b] = S a piecewise C' path. Consider any partition

a=ty<...<t,=05b

such that each 7; := 7[p,_, 4, is C!. Then the integral of f along v is
defined by

(11.4) /f dz—z f dz—Z/ F(i0);(t)dt.
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Note that we need to show the integral is well-defined by proving that
(11.4) is independent of the choice of the partition by ¢;. To show this,
consider another partition by points s € [a, b] such that each restriction
Y] ise_1,5x) 18 O and take the refinement partition defined by the union of
all £; and s;. Then it follows from Lemma 11.11 that the sum in (11.4)
for each of the partitions (¢;) and (s;) equals the corresponding sum for
the refinement. Hence all sums are equal as desired.

We can extend Lemma 11.10 to piecewise C* paths:

Lemma 11.13. Let f: S — C be a continuous function andy: [a,b] — S
a piecewise C path. Then

S 5 (6 016) = (tw-1)

maxy (tg—tr— 1 —>0

where a =ty < ... <t, =0bis a partition and sy € [tx_1,tx].

Proof. Fix a partition by to as in Definition 11.12. The each integral
f f(2)dz is the limit of its 1ntegral sums. Taking their sum for all k =
0,...,n, we obtain we obtain f f(2)dz as limit of integral sums over

partltlons that include all #°. A more general partition can be refined
to one including all t° and can be shown to be arbitrary close to its
refinement as in the proof of Lemma 11.10. U

11.6. Linearity of the integral. Another important property of the
integral the linearity:

Lemma 11.14. Let f,g: S — C be piecewise continuous functions,
v: la,b] = S a piecewise C path, and A, B € C. Then

(11.5) /(Af(z) + Byg(z))dz = A/f(z)dz + B/g(z)dz

Proof. Using a partition as in (11.4), it suffices to show (11.5) for ~
continuously differentiable, which follows from the linearity of integral
sums

> (Af(y(sy) + Bg(v(s) (v(t;) = 7(tj-1))

_AZf ) —y(ti_1) +BZg —(tj1))

and Lemma 11.10. O
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11.7. Example: integral along the unit circle.

Ezample 11.15. Consider the function f(z) = 1 defined on U = C\ {0}
and the closed path '
y(t) =€, te|o,2n],

parametrizing the unit circle:
N

Since ¢** is C-differentiable with (e'*)’ = ie’* by the chain rule, we
compute the derivative of v by restricting the limit to the real axis

it it iz it

; .oet—e . e¥ —geito

(€Y (ty) = lim =5 = lim &% — jeito,
t—=to ¢ — 1o z=to 2 — 1

and the integral of f along v as

1 2 1 ) 2w - gt 2
/—dz:/ T(G’t)'dt:/ Ze.t dt:/ idt = 2mi.
N 7 o ¢ o ¢ 0

11.8. Antiderivatives and integrals.

Definition 11.16. Let U C C be open. An antiderivative of a function
f: U — C is any holomorphic function F': U — C with

F'(2) = f(2), ze€Ul.

The following analogue of the fundamental theorem of calculus can be
a convenient way to compute integrals:

Theorem 11.17. Let U C C be open, and f: U — C a continuous
function with an antiderivative F. Then for every piecewise C' path
v: la,b] = U,

/ F(2)dz = F(3(b)) — F(7(a)).

v

Proof. We first assume ~y is C'. By the chain rule, for ¢(t) := F(v(t)),

P'(t) = F'(y()'(t) = f(v ()7 ().
Then by Theorem 11.9,

b b
/f(Z)dZZ/ f(v(t))v'(t)dtZ/ ' (t)dt = p(b)—p(a) = F(y(b))—F(v(a)),
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proving the claim for any = of class C*.
More generally, for « piecewise C!, consider any partition a = ¢, <
... <t,=0bas in Defintion 11.12, so that

[ 1= =3 [ s

where each ~; is C''. Then we have proved that
[ 16 = Fa() = Pt
Y

and taking the sum over 7 = 1,...,n, we obtain the claim. 0

Ezample 11.18. The power function f(z) = z" has the antiderivative
F(z) = Zr:ll in the entire complex plane U = C. Then for every piecewise
C! path v: [a,b] — U,

/ gy = @) = (v(@)™

n+1

11.9. Reparametrizations of paths.
Lemma 11.19. Let v : [a,b] — C be a piecewise C path and
Vo, B = [a, b]

an increasing piecewise C1 bijection. Then

f(2)dz = | f(z)dz,
Yot y

for any continuous function f.

Proof. Taking a partition of [a, 5] and corresponding partition of [a, b],
the statement is reduced to the case when f and v are C'*. Then

(v o) () =~ (L ()y'(t)
by the chain rule and

B8
/ f(2)dz = / Fr ()Y (W (8 ()dt
youp «

= [ r6tieias = [ st

by the change of variable in the integral. 0
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Lemma 11.20 (orientation reversing reparametrization). Let v: [a,b] —

C be a piecewise C* path and
Vi o, B] = [a, b]

a decreasing piecewise C bijection. Then

/7 RELES / f(2)dz,

for any continuous function f.

Proof. Consider the increasing bijection

2 [_B: —Oé] - [&, b}a s ¢(—t)
Then by Lemma 11.19,

/ﬂyocpf(z)dz:/vf(z)dz.

L=ty <...<t,=—aq, Sj € [tj—latj]a

Taking a partition

we obtain

D F(r(els))(r(e(ty) = 2 (e(ti))
== FO@(=s)) (v (@(—t;-1) = YW (=t;)))

for the corresponding integral sums, proving

l fez = - / REE

and the conclusion follows.

11.10. Length of path and basic estimate of integral.
Lemma 11.21. Let : [a,b] — C be a path. Then

/ bgo<t>dt\ < [ tetoa

b
/ o(t)dt = re®

Proof. Write

in the polar form. Then

/ab o(t)dt

b b
=7 = e_w/ (t)dt :/ e p(t)dt.
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The right-hand side is a real number, hence it is equal to

b b b
/ Re (¢~ o(t))dt < / e~ 0(t) dt = / o(t)dt.

Definition 11.22. The length of a C' path 7: [a,b] — C is

b
L(y) = / () dt.

The length of a piecewise C' path is the sum of the lengths of its C*
pieces:

L(y) =Y L),
where each v; = 7[jt,_, ¢, 15 C! for a partition a =ty < ... < t, = b.

Theorem 11.23 (Basic estimate for integral along path). Let f: S — C
be continuous and v: |a,b] — S a piecewise C' path. Then

/7 F(2)dz

Proof. If v is C!, we have

[f(z)dz

< [ N ous s e [ 1o

2€7([a,b]) 2€7([a;b])

< sup [f(2)[L(7).
zex(fa.b)

/ f(’y(t))v’(t)dt‘é JRICIGal

in view of Lemma 11.21. Then the right-hand side equals sup, (.4 [f(2)|L(7)
as desired.

More generally, if v is piecewise C', let 7; be as in Definition 11.22.
Then the statement holds for each «; and the conclusion follows by taking
the sum for all j. O

12. CAUCHY’S THEOREM

12.1. Oriented boundary. In the following we shall consider open re-
gions D whose boundary can be represented as unions of images of piece-
wise C! paths:
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Yo(t)

—eiv(t)

Yo(t)

We have seen that the integral along path v: [a,b] — C does not change
under increasing reparametrizations [«, 5] — [a, b], but changes sign un-
der decreasing reparametrizations. Hence, need to specify an orientation
for the paths representing the boundary. Intuitively, our convention will
be that the region D remains on the left of each boundary path.

In the above illustration, we use the path g, v, 72 to represent the
oriented boundary of D and define the integral

- f(z)dz = Z f(z)dz

k=0 Y Vk
for any continuous function f defined on the boundary 9D.

Definition 12.1. Let U C C be open and ~: [a,b] — C. We say that

(1) D is on the left of a piecewise C' path with v([a,b]) C 9D, if for
every t € (a,b) where /(t) exists,

V() #0, ~H(t)+eiy(t)e D, ~(t)—eir/(t) e C\D,

holds for every ¢ > 0 sufficiently small.
(2) a finite union of closed paths v;: [a;, b;] — C represents the ori-
ented boundary of D, if D is on the left of each v;, and

OD = Ujy;([aj, b)), v5(las, b)) Nw[a, bi]) = 0.

(3) if a finite union of ~; represents the oriented boundary of D, we
define the integral

RCCEDS / ey,

where f is any continuous function on 9D.
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12.2. Cauchy-Goursat Theorem for triangle.
Theorem 12.2 (Goursat). Let U C C be open, f: U — C be holomor-

phic, and T a triangle whose closure T is contained in U. Then

f(z)dz =0,
ar

where JT is the oriented boundary.

/ < — \\
Proof. We denote our original triangle by T, = T" and assume by contra-
diction

(12.1) = M > 0.

f(z)dz
or

Then bisect each edge of the triangle and create four new triangles,
A 234, see the above illustration. With our choice of orientation, the
edges in the interior have opposing orientations as oriented boundary
for the triangles on each side. Because of this, the contributions from
integrals along these edges cancel in the sum of |, o, f(2)dz, and

f(z)dz = Z » f(2)dz.

0Ty

Then there is at least one triangle 7 among A 534 such that

M
> —.
-4

f(2)dz

0T

We keep repeating the same process to obtain a sequence of triangles
Too>1T1D...D0T, ...
with

M

12.2 > —
( ) - 411

f(2)d=

Ty

Next we choose a sequence z, € T, for n > 1, and claim that (z,) is
Cachy. Writing L(0T,,) for the perimeter of 7},, we have
L(0T)

LOT,) = 5=
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Then for m > n, we have T,, C T,, and hence
L(oT)
—on
To show that (z,) is a Cauchy sequence, for every € > 0, choose N with
L(;T) < e for n > N. By Cauchy’s criterion, z, converges to some z, € 7.
Since z,, € T,, for all m > n, we also must have zy € T,,.

We next use C-differentiability of f at zg,

lim R(z) =0, R(z):= f(2) = f(20) — f'(20)(2 — 2’0).

Zms 2n € Ty = |zm — 2z,| < L(OT,) =

Then .
f(2) = f(z0) + f'(20)(2 — 20) + R(2)(2 — 20)
(12.3)
= [ reas- / o)+ £ )z = )+ / R )

To compute the first integral on the right, observe that the function
9(2) = f(z0) + f'(20)(z — 20) is affine and therefore has an antiderivative

G, e.g.
G(z) = f(20)(z — 20) + ! (220) (2 = 20)*.

Since JT,, can be represented by a closed path v, [a,, b,] — C, i.e. with
’Yn(an) = ’Vn(bn), we have

OTn Tn

for the 1st integral in (12.3). On the other hand, we use the basic estimate
in Theorem 11.23 for the 2nd integral:

(12.4) R(2)(z — zo)dz

Ty

< sup |R(2)(z — 2)|L(OT5).

2€0Ty,

Since R(z) — 0, z — =z, for every £ > 0 there exists N such that

n>N = sup |R(z)| <e.
z2€0Ty,

Since zy € T, for every n, we have
z€ 0T, = |z — 2| < L(T,).

Hence

sup [R(2)(z — 20)|L(OT,) < eL(0T,)? = SXOT)

z€0Ty, 4qn
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In view of (12.3) and (12.4), this yields

L(OT)?
f(2)dz| < EHOTS
O, 4n
Finally, for e sufficiently small, we obtain a contradiction with (12.2),
completing the proof. O

12.3. Cauchy’s Theorem for star-shaped sets. For fixed z,w € C,
denote by [z, w] the line segment connecting z and w, i.e.

[z,w] ={(1—t)z+tw:tel0,1]}.
Definition 12.3. A subset U C C is called start-shaped if there exists
2o € U such that [z, 29] C U for all z € U.

Ezample 12.4. Any disc A,(a) = {2z : |z — a|] < r} is star-shaped with
29 = a, since [a, z] C A,(a) for every z € A.(a).

Lemma 12.5. Let U C C be open and star-shaped and f: U — C a
continuous function. Suppose

(12.5) f(z)dz=0

orT

for all triangles T with T C U. Then f has an antiderivative in U, i.e.
a holomorphic function F: U — C with F'(z) = f(2) for all z € U. In
fact, we can take

(12.6) F(z)= f(w)dw,

[2012]

where zo € U satisfies [zo, z] € U for all z € U as per Definition 12.3.
Proof. Fix z € U and h small enough so that z+h € U. We need to show
that F(z) is C-differentiable at z and that its derivative equals f(z). In
other words, we need to show that

lim F(z+h)— F(z)

h—0 h
From the definition (12.6) of F', we find

F(z+h)—F(z):/[ +h]f(w)alw— [ ]f(w)dw,

= f(2).
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where both integrals are taken over the line segments. If we now consider
the third integral f[z th] f(w)dw, then these three line segments form a

triangle T"

z+h
z
<0
By our assumption (12.5),
(12.7)
0= fw)dw = (w)dw + / fw)dw + / fw)dw.
oT [20,2] [z,2+h] [z+h,z0]

The segment [z + h,zy] can be obtained by an orientation reversed
reparametrization of [zg, 2z + h], hence

[t = [ e
[z+h,z0] [20,2+h]
by Lemma 11.20 and (12.7) becomes

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

F(z+h)— F(z) :/[ o f(w)dw.

To show that F'is an antiderivative of f, consider

F(z+h)— F(2) 1 B
R ICEE Y I )

1.e.

It will be convenient to replace f(z) by another integral along the same
segment [z, z + h]. For this, take the affine parametrization

y(it)=(1—=t)z+t(z+h), te]|0,1],

1 1
/ dw = / v (t)dt = / hdt = h.
[z,2+h] 0 0

and compute
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F(z+ h})L —F(z) f(z) = % (/[Zﬁh} f(w)dw — f(z) /[Z’Hh] dw)

—i |t = s,
[z,2+h]
and by the basic estimate,

F(z+h) — F(z)
1))

It suffices to observe that the continuity of f at z implies that the right-
hand side converges to 0 as h — 0, proving F’(z) = f(z) as desired. [

<3 swp [f)—fElh = swp [fw)-f()]

[z,2+h] [2,2+h]

Corollary 12.6 (Cauchy’s theorem for star-shaped sets). Let U C C be
open and star-shaped and f be holomorphic in U. Then for every closed
piecewise C' path ~v: [a,b] — U, we have

[ 1

Proof. By the Cauchy-Goursat theorem,
f(z)dz =
oT

for any triangle 7 C U. Then Lemma 12.5 implies that f has an anti-
derivative F' in U. Applying the fundamental theorem of calculus, The-
orem 11.9, we compute

[ #2)dz = Fo(®) = Foa)) =0,
since 7 is a closed path. 0

12.4. Cauchy’s theorem for polygonal sets.

Definition 12.7. An open set D is polygonal if a union of piecewise affine
paths represents its oriented boundary in the sense of Definition 12.1.

Definition 12.8. Let D be a polygonal set.
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(1) A diagonal of D is an open line segment connecting two vertices
of D that lies inside D.

(2) A triangulation of D is a decomposition of D into disjoint union
of triangles by means of removing from D several diagonals.

D

Lemma 12.9 (Existence of triangulations). Every polygonal set D ad-
mits a triangulation into a finite collection of triangles Ty, ..., T, , such
that every edge of each T} is either part of the oriented boundary 0D or
a diagonal which also occurs as edge of another T} with reversed orien-
tation.

Proof. Remove from D a maximal number of diagonals. Then D splits
into finitely many polygonal sets T7,...,T, as in the lemma. Assume by
contradiction that T} is not a triangle for some j.

u

Let v be the leftmost vertex of T; (take one if there are several), and
u, w are two neighboring vertices of v. If the segment connecting u, w is
a diagonal of Tj, it is another diagonal of 7', a contradiction with the
maximality of the number of diagonals.

Otherwise, there must exist vertices v inside the triangle with vertices
v, w,u. Let v' to be the farthest one from the line segment uw, we obtain
another diagonal of T' connecting v with ¢/, again a contradiction.

O
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Theorem 12.10 (Cauchy’s theorem for polygonal sets). Let U C C be
open and f be holomorphic in U. Then for every polygonal set D with
D C U, the integral of f over its oriented boundary vanishes:

f(z)dz =0.
oD
Proof. Choose triangles 77, ...,T, as in Lemma 12.9. Taking the sum of
integrals

Ejj - f(2)dz,

observe that contributions along cuts are counted twice with opposite
orientation, hence cancel each other. What remains are the boundary
edges of D, whose contributions’ sum is [, f(z)dz. Therefore

- f(z)dz = ; o f(2)dz.

Now each integral in the sum vanishes by the Cauchy-Goursat theorem,
proving the conclusion. 0

12.5. Winding numbers. We would like to generalize Cauchy’s theo-
rem for general closed paths . If v = 9D for a polygonal set D, we
require that the entire set D is contained in the domain of definition of
the given holomorphic function. If v is more general, we need a replace-
ment for the set D.

For this, we introduce the winding number and show that the winding
number of D around a point zg is nonzero if and only if zy € D.

Definition 12.11 (winding number). Let v: [a,b] — C be a closed piece-
wise C! path and 2y ¢ v([a, b]). Define the winding number of v around
Zo by

1 dz
W (z) = —

2mi ),z — 2o

Intuitively, W, (20) equals the total number of times ~y travels counter-
clockwise around zy. To see this, we shall compute winding numbers by
means of local antiderivatives of ﬁ as branches of log(z — zp).

Lemma 12.12. Let~y: [a,b] — C be a path and zo ¢ v(|a,b]). Then there
exists a partition

(12.8) a=th<t; <...<t,=b
and open disks Ay, ..., A, such that for all j=1,...n:
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Proof. We apply Lemma 5.14 on the existence of a uniform radius of

disks to the compact set v([a, b]) contained in the open set U := C\{zo}.
By the Lemma, there exists r > 0 such that

(12.9) z € Y([a,b])) = A.(z) CU.

Next, since [a,b] is compact and v is continuous, it is also uniformly
continuous by Theorem 8.25. Hence, there exists 6 > 0 such that

(12.10) t,s € [a,b], [t—s| <0 = |y(t) —~(s)| <.

Now choose any partition (12.8) with [t;_; — ¢;| < ¢ for all j. Then
(12.10) implies
V([t-1:5]) € Ar(y(ty) =2 Ay,
and A; C U by (12.9) implies 29 ¢ A;, as desired. O

Lemma 12.13. Let y: [a,b] — C be a piecewise C* path, and zo, t; and
A; satisfy the conclusion of Lemma 12.12. Then for each j, there exists
a branch of log(z — 2),
Fji Aj —C
such that
(1) Ej is holomorphic in A; with Fl(z) =

z—z0’

(2) [, s%5 = Fi(n(ty) — F(y3(tj-1)), where 75 2= g, 1,1

Proof. Assume zy; = 0 and A; = A,(z) for some real x > 0. Then
A; C C\ (—00,0], where we can choose Fj;(z) := Logz. Then we have
proved that F; is holomorphic with F/(z) = % and (2) holds by the
complex fundamental theorem of calculus Theorem 11.9.

For a general disk A; = A, (z;) with 0 ¢ A;, choose a branch ¢;: A; —
R of arg z, e.g. the one determined by

Argz; —m < p;(z) < Argz; + 7.
Then
Fj(z) == In|z[ + ip;(z)
defines a branch of log z satisfying the conclusion of the lemma.
Finally the case of general z; is obtained from z; = 0 by translation:

Fi(2) = Fj(z = 20), 2€8;=00(z), 2 ¢4,
where ﬁ} is a branch of logz on A, (z; — 2zp) with 0 ¢ A, (z; — 2p). O

Corollary 12.14. For every closed piecewise C* path ~y: [a,b] — C and
20 ¢ v([a, b)), the winding number W, (2o) is an integer.
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Proof. Choosing the data as in Lemma 12.13, we compute

/ e Z / Y (B - B

Vi 7j=1

= (F(y(tr)) = (v (t o))) (F2(y(t2)) = Fa(v(t)+- - A (Fu(y(tn)) = Fn (v (tn-1)))

Using y(a) = 7(b) since v is closed and setting F,, 1 := F; we can regroup
the sum in the right-hand side as

(Fr(y(0)) = B (v(t) 4+ A (Fna (V1)) = Fn (Y (En2)) +(En (v () = F1 (v (o))

= Z — Fia(v(#))) -

Here each summand is a difference between values at v(¢;) of different
branches of log(z—zp). Since log(z—zg) consists of values up to an integer
multiple of 27, there exist integers n; such that

Fi(v(t;)) = Fja(0(t)) = 2ming,  n; € Z,
proving that W, (2) is an integer as desired. O

Using the construction of branches of logarithm on disks as in the proof
of Lemma 12.13, we obtain:

Lemma 12.15. Let A be a disk and v a closed path in A. Then
WW(ZQ) =0
for all zo & A.

Next we investigate the dependence of W, (z) on z.

Lemma 12.16. Let «v: [a,b] — C be a closed piecewise C' path. The
winding number W, (zo) depends continuously on zy € C\ v([a,b]).

Proof. Fix

20 € U :=C\ v([a, b)).
Since y([a, b]) is compact and hence closed, U is open. Then there exists
¢ > 0 with A.(z9) C U. Taking z; with |z; — 29| < ¢/2, we have

11 B 21 — 2 4|z — zo|
z2—z21 Z—2 (z—21)(z—20)| ~ I
and . . .
W, (21) — W, (20)] = — - d
W) =Wl = 52| [ (25 - =) &
4’21—Zo|

L(v)

272
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by the basic estimate Theorem 11.23, and the continuity follows as

claimed.

O

Corollary 12.17. Letv: [a,b] — C be piecewise C' and S C C\7([a, b])

is connected. Then the winding number W.,(z,) is constant for zy € S.

Proof. Indeed, f(z9) := W,(2o) is continuous on S and takes values in

Z. Hence f(S) C Z is connected, which is only possible when f(.9) is
single point, i.e. f = const on S.

12.6. Winding numbers for oriented boundaries.

Lemma 12.18. Let T be either

(1) an open triangle or
(2) an open disk,
and let v be the oriented boundary of T'. Then

1 zeT
W, (2) = .
() {0 2% €C\T

Proof. Assume first T is a triangle. If zp € C\ T, we have T C U :
C\ {20} and the function

1

Z— 20

f(z) =

is holomorphic in U, hence
1
Wi(z0) = 5 / f(z)dz =0

by Cauchy-Goursat.
On the other hand, when 2, € T', there exists a branch F(z) of
log(z — 29), z€C\R,

where R is a ray starting at zg and passing through the vertex v of T

A

If v: [a,b] — C represents the oriented boundary of 7" with 7(a)
v(b) = v, then for § > 0 sufficiently small,

Y5 = Yljarsp-s, Vs:la+09,b—0] = C\R,

a
U
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and

/ Py — ) — Fly(a+ ).

vs © T ~0

Taking the limit as 6 — 0 and using the fact that the limits of the branch
F differ by 27i, we obtain the conclusion for zy € T

Now assume 7' = A, (z;) is a disk. If 2y € T, the proof of W, (z) =1
is analogous to the above case when T is a triangle.

The conclusion for points z, in the complement of T follows from
Lemma 12.15. ]

Theorem 12.19. Let D be a polygonal set with oriented boundary rep-
resented by the disjoint union of closed paths vi,...,v,. Then

z0 €D
%
Z o (70) {0 % €eC\D’

Proof. By Lemma 12.9, D admits a triangulation with triangles Ty, ..., T),.
If 2 € C\ D, the function -2~ is holomorphic in the open set C\ {2}

containing D and the winding number is zero by Cauchy’s theorem.
Assume next zy € D does not belong to any edge of any 7). Then

W. =
Z w(20) 27rz/aDz—zo ZQm/aT 2—zy

Since 2z, belongs to precisely one triangle 7}, this sum equals 1 in view
of Lemma 12.18.

Finally if zg € D belongs to an edge of some Tj and choose any z; € Tj.
Then we have already shown that ) >, W, (21) = 1. Since the line segment
S connecting zy with z; is connected and S C C\ 9D, Corollary 12.17

implies that
ZW%(ZO) = ZW%(Zl) =1
k k

as desired. 0

12.7. Cauchy’s Integral Formula for polygonal sets. While it can
be difficult to compute specific integrals, it is often easier to compute
their limits when the paths “converge to a point”:

Lemma 12.20. Let U C C be open with zo € U, f: U — C be continuous
function, and v: [a,b] — C a piecewise C* path such that

(1) f(ZO) - 07'

(2) 0¢ y([a,b]).
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Define

Ve(t) := 20 + ey(t).
Then

lim () 4. — 0.

e—0 e Z— 2

Proof. Since 0 ¢ ~v([a,b]), there exists ¢ > 0 with |y(t)| > ¢ for all
t € [a, b], hence by scaling,

1

Z— 20

1
<.
ec

sup
Ze’}’s([a:b})

Also the length of 7. can be estimated by
L(’ya) <eC

for some C' > 0. Then using the basic estimate Lemma 11.23 for the
integral,

z z C
i< s [ L0 <@ e
ve 2= 20 seve(lat]) |2 = %0 C seve([ab)
which converges to 0 since lim,_,,, f(z) = 0. O

Theorem 12.21 (Cauchy’s Integral Formula for polygonal sets). Let
U C C be open, f: U — C holomorphic and P an open polygonal set
with P C U. Then )
1 f(z)dz
f(20) = 5=

21t Jop 2 — 2o

for any zy € P.

Note that the denominator z — zy never vanishes for zg in the open set
P and z in the boundary 0P.

Proof. Let T" be an open triangle with 0 € T and 7 be the oriented
boundary of T'. Fix zy € P. Then by Lemma 12.20,

lim (2) = f(20)

dz=0, 1T.:=z +¢T.
e—0 oT: zZ— 20

Here T is a triangle containing zy. Next,

f(#0) dZ_f(ZO)/a

aT. # — <0

dz = f(20) - 2miWar, (20) = 2mi f(20),

T. # — <0

by Lemma 12.18, implying

. z .
(12.11) ll_r}(l) - E iodz = 2mif(29)
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Furthermore, for € > 0 sufficiently small,
P :=P\T.CU\{z}
is a polygonal set and the function

f(z)

zZ— 20

is holomorphic in U \ {z}. Then the oriented boundary of P’ consists
of the oriented boundary of P and the oriented boundary of 7, with re-
verse orientation. Applying Cauchy’s Theorem for polygonal sets (Theo-
rem 12.10), we conclude that

()25

Using (12.11) and taking limits as € — 0, we obtain
f(z)dz

aP % T 20
as desired. 0

—2mif(z) =0

12.8. Cauchy’s theorem for arbitrary paths.
Definition 12.22. Let

’yj:[aj,bj]—MC, jzl,...,n,
be closed piecewise C! paths in C. Define their interior by

Int(y1,..., ) o= {20 € C\ Ujv;([ay, bs]) - Zij(ZO) # 0}

Theorem 12.23 (Cauchy’s Theorem: general case). Let U C C be open,
f: U — C holomorphic, and ., ...,7v, closed piecewise C' paths in U
such that

(12.12) Int(y1,...,7.) C U.

Then
Z/vf(z)dz =0.

The main condition (12.12) is clearly equivalent to

(12.13) 20U = Y W, (20)=0.
J
We shall need the following lemma:
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Lemma 12.24. Let U C C be open and K C U be compact. Then there
exists an open polygonal set P with

KcPcPcU.
Proof. By Lemma 5.14, there exists r > 0 such that
(12.14) ze K = A, (2) CU.
Set 0 :=r/2 and consider the squares
S ={2€C:k0<Rez<(k+1)J, 6 <Imz< (I+1)§}, kle€Z.

Since K is bounded, there exists finitely many Sy intersecting K. Let P
be the union of all such squares Sy;, and P be the interior of P. Then P
satisfies the desired conclusion. U

Proof of Theorem 12.23. We would like to apply Lemma 12.24 to the set
K = Int(y, ... v) [ JUii(las. b))

For this, observe that the complement

C\K = {0 € €\ Unyllasbl) : 32 W, (z0) = 0%

is open as consequence of Corollary 12.17, since each point in V :=
C\ U, v;([aj, bs]) is surrounded by a connected open disk in V', where all
winding numbers are constant.

Furthermore, since U;7;([a;, b;]) is compact, it is contained in a disk
A and all winding numbers W, (2) = 0 for 2y ¢ D by Lemma 12.15,
implying K C A. Then K is closed and bounded, hence it is compact by
Heine-Borel’s theorem.

Now we can apply Lemma 12.24 to obtain an open polygonal set P
with

KcPcPcU.
Next, by Cauchy’s integral formula Theorem 12.21, for every z € K,

fo) = o [ TN

21 Jop w—2z

Since 7;([a;, b;]) C K for all j,

Z/%f(z)dz:Z/w <% 8P%> dz

:2%;/% <A%) dw:%;/wf(w) (/7 wd_zz> duw.
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-~/ 1w (Z Ww)) dw,

where we used the standard result on switching the order of integration
for continuous functions.
Finally, since 9P N K = (), for w € 9P, we must have w ¢ K, hence

> W, (w) =0
J
and the above integral vanishes proving the desired conclusion. U
Ezxample 12.25. Let Ay, Ay be open disks in C,

20 € AlﬂAQ,

and consider the holomorphic function

zZsin z

f(z) = , z2€U:=C\ {2}

Z— 20

Denote by 71 the oriented boundary of A; and by 7, the boundary of A,
with reverse orientation. Then by Lemma 12.18,

W’Yl (ZO) = 17 W’Yz (20> =-1 = W’Yl (ZO) + W’Yz (ZO) =0

= Int(y1,72) ={z € C: W, (2) + W,,(2) #0} CC\ {2} =U.
Hence all assumptions of Cauchy’s Theorem are satisfied and we conclude

/% F(2)dz + L F(2)dz = 0.

13. CAUCHY’S RESIDUE THEOREM

13.1. Residues. In Cauchy’s theorem, the function is assumed holomor-
phic in the given open set. However, in many applications, functions are
only holomoprhic outside a finite sets of points. A simple example is the
ration function f(z) = P which is holomorphic outside the zero set of

Q(2)
Q.

Definition 13.1. A point 2 is called an isolated singularity for a function
f if f is holomorphic in a punctured disk A,(z) \ {z0} for some r > 0.

Definition 13.2 (Residue). Let f be holomorphic in a punctured disk
A, (20) \ {20} The Residue of f at zj is given
1
Res.,f = —/ f(z)dz,
dA«(20)

21

where 0 < e < r.
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Note that Res,, [ is well-defined, i.e. is independent of €. Indeed, if
0 < e < &g <r,let 42 be the oriented boundary of A.,(zy) and v; the
oriented boundary of A, (zg) with reverse orientation. Then

Int(71,72) = Ac,(20) \ Ay (20) C Ar(20) \ {20},
and by Cauchy’s theorem,

/ f(z)dz — / f(z)dz =0,
9« (20) 9A, (20)

hence the integral in Definition 13.2 is indeed independent of ¢.
As warming-up example, consider the simplest situation:

Lemma 13.3. Let the function f be holomorphic in the disk A, (zp).
Then

€2

Res,,f = 0.
Proof. Indeed, A,(z) is star-shaped and by the Cauchy’s Theorem,

1
Res,, f = —/M( )f(z)dz:O,
(20

211

hence the residue of f is always 0 at every point of an open set where f
is holomorphic. [

In view of this lemma, only points where function is not holomorphic
(or not defined) are those where the residue may not be zero.

Example 13.4. Using our computation of the winding number in
Lemma 12.18, we obtain

1 1 1
Resz _— = dz = W . _ 17
OZ — 20 271 A (20) Z— 2 o OA( 0)(20)

which explains the division by the constant 27i in Definition 13.2.
We have the following generalisation of the above example:

Lemma 13.5. Let f be holomorphic in the punctured disk A.(zo) \ {20}
and continuous in A,(29). Then:

(1)

ReszoLZ) = f(20);

(2) if g is holomorphic in A,,_(z[?) with g(z0) = 0, ¢'(20) # 0, and
g(z) #0 for z € Ar(20) \ {20},
f(z) _ f(=)

"9 o




70 D. ZAITSEV

Proof. For (1), compute
1
Res, J) _ L / 1) g,
OAc(z0)

z—2zy 2m zZ— 2

_ f(20) f(z) = f(20) )
a 2m </¢9A5(z0) Z =20 dz + /3As(zo) Z— 2o dz ’

where € > 0 is sufficiently small. By the above example, the first integral
is

2mi f (20)
independently of €. Then the second integral is also independent of ¢,
and hence it is equal to its limit as € — 0. Now Lemma 12.20 implies
that the second integral must vanish, proving the conclusion in (1).
To show (2), since g(zp), we can write

f(z) _ W) . Z = 20

O o ErTE)
Here h(z) is defined for z # 2z, and we can extend it to a continuous
function in A,(z9) by setting h(z) = g,(é‘;)) Then the extension of h
satisfies the assumptions of (1) and (2) follows from (1) applied to this
case. O

Example 13.6. For every 2z € C and n € Z, n > 2, the function
1 —-n
f(Z)—m—(Z—ZO)
has the antiderivative
1
F =
() = S D

Hence the integral of f vanishes along any closed path, in particular,

1 1 1
Res,, —— = —/ ——dz = 0.
(z—20)" 270 Jon. (o) (2 — 20)"
13.2. Cauchy’s Residue Theorem.

Theorem 13.7 (Cauchy’s Residue Theorem). Let U C C be open,
210y 2m €U,

z€C\ {2}

f:U\{z,...,2m} = C
be holomorphic, and ~i,...,7v, be closed piecewise C' paths in U \
{z1,..., 2m} such that

(13.1) Int(y1,...,7) C U.
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Then
Z/ f(z)dz = 2mi Z W, (zx)Res., f.
j Vi 7,k

Proof. The main idea is to add to 7; small circles around z; and apply

Cauchy’s theorem in U\ {z1, ..., 2z, }. For each 2z, k = 1,...,m, consider
a disk A.(zg). Choose £ > 0 sufficiently small so that A.(z;) C U and
(132) AE(Zk) N AE(Zl) = @, k 7é l.

In order to apply Cauchy’s theorem in U \ {z1,...,2n}, we need to
construct closed paths ¢; so that

|nt(717-~77n79017~--,g05) CU\{217,Zm}

For every k =1,...,m, set

lk = Z W%. (Zk),
J

and let @gs for s = 1,..., |lg], be either |l;| copies of the oriented bound-
ary of A.(zx) if I, < 0 or |lg| copies of the oriented boundary of A.(zy)
with reverse orientation if [, > 0. Then in each case

> W (zk) + Y Wy (2) = 0.
j s
Collecting such ¢y, for all k£ and using (13.2), we obtain
Z Wy, (ze) + Z We,.(zr) = 0
j ks
for all k. On the other hand, if zg ¢ U, (13.1) implies
Z W, (z0) + Z Wy (20) = 0.
J

k,s

Hence

Int(y1, -y Yo, P15+« 0s) CUN{z1, .+, 2m}s
where 1, ..., p, are all s reindexed.
Applying Cauchy’s theorem to f in U \ {z1,..., 2} we conclude

(13.3) Z/y f(z)dz+;[plf(z)dz:0,

and by our choice of ¢y,

> / f(z)dz = =27y " IkRes., f = —2mi Y W, (z)Res,, f,
l ¥ k 4.k
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which together with (13.3) proves the desired conclusion. O
Example 13.8. The function

f( ) 2e” 2e”? e? e®
Z = = = —
22—1 (z=1(z4+1) =z—-1 =z+1

is holomorphic in
C\{-1,1}.

By Lemmata 13.3 and 13.5, we compute the residues

Res_;f = Res_ — Res_ =0—el=-=
es_ 1 f es 1 es T e "
z 62
R =R -R =el—0=c.
esy f eslz_1 eslzle e e

Now we use the Residue Theorem for U = C to compute integrals of
f along boundaries of disks.

First, consider the disk A3(0) with center 0 and radius 3, which con-
tains both points —1 and 1. If 7, is the oriented boundary of A3(0), we
have shown in Lemma 12.18 that

Way(=1) = Wi, (1) = 1.

Then by Cauchy’s Residue Theorem,

/ f(z)dz = / f(2)dz = 2mi(W,,(—1)Res_ f + W.,, (1)Res; f)
0A3(0) o1

= 2mi(Res_1 f + Res; f) = 2mi(e — 1/e).

Next, consider the disk Aj(—1) with center —1 and radius 1, which
contains only —1 but not 1. If 75 is the oriented boundary of A;(—1), by
Lemma 12.18,

w, (1) =1, W’Yl(l) =0,
hence by Cauchy’s Residue Theorem,

/ f(2)dz = [ f(z)dz = 27i(W,,(—1)Res 1 f + W, (1)Resy f)
0A1(—1) Y2

o
= 2miRes_, f = o
e
Finally, consider the disk A;(1) with center 1 and radius 1, which
contains only 1 but not —1. If 73 is the oriented boundary of A;(1), by
Lemma 12.18,
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hence by Cauchy’s Residue Theorem,
/ f(z)dz = / f(z)dz = 2mi(W,,(—1)Res_; f + W.,(1)Res; )
AL (1) V3
= 2miRes; f = 2mie.

14. APPLICATION OF CAUCHY’S RESIDUE THEOREM TO INTEGRALS

The Residue Theorem is a powerful tool that can be applied to evaluate
real integrals of real functions.

14.1. Trigonometric integrals. Consider integrals of the form
2
(14.1) / R(cost,sint)dt,
0

where R is a rational function.
To evaluate (14.1), rewrite (14.1) as the complex integral along the
path

y(t) = cost +isint = e, t€|0,2n],

and use the substitution

—1 1
(14.2) z=¢" cost= e , sint = S
2 21
27 2m 1
/ R(cost,sint)dt = / R(cost,sint)——~'(t)dt
0 0 V' (t)

—1 _ -1 1
() e
DAL (0) 2 21 1z

where the latter integral can be evaluated by means of the Residue The-
orem.

FExample 14.1. Consider the integral

[_/27r dt
Jo 1—2pcost+p?

where p is a real or complex parameter. Substituting (14.2) as above, we
obtain

[_/ 1 dz_l/ dz
aD1(0)1—2p%+p2iz i Jopyo) z — 22 —p+pPz

1/ dz 1/
= - = - deZ,
F oo CoP =52 1 Jopy )
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where
1

(z—p)(1 —pz)

is holomorphic in C\ {p,p~*} if p # 0. (If p = 0, the integral is easy to
calculate: I = 27.)

Now with + being the oriented boundary of the unit disk A;(0), we
compute the winding numbers

f(z) =

1 peA(0) < [p| <1

WV(p):{O p¢ A(0) <= |p|>1"

and
1 pteA(0) — |pl>1

W,(p™) = PN :
v 0 plgA0) = ol <1
When |p| = 1, the function f is not continuous on the unit circle, the
integral is improper and we cannot apply our method directly. Otherwise,
by the Residue Theorem,

1
(14.3) I = ;2m’ (W, (p)Res, f + W, (p~")Res,-1 f) .
By Lemma 13.5, calculate the residues
1 g(z) 1
Res = Res =g(p) = ,
"(z—p)(1 —pz) "(z—p) 9(p) 1—p?
where
() = —
g - 1 . pz7
and
1 k(z k(p~) 1 1 1
Res,-1 = Res,—1 = — = ,
P (z=p)(1—p2) PUh(z) WY ptl-p —p p?-1
where
1
k(z) = hiz) =1—
()= A =1-p:

Then finally, (14.3) becomes

2
o 1—p2 |p| <1
I—{ o .

-1
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14.2. Improper integrals.

Definition 14.2. The principal value of the improper integral is defined
by

. /_ Z F(@)dz = Tim /_ f(w)de.

c—+00
Lemma 14.3. Let U be an open set in C,
2y zm €{z:Imz >0} C{z:Imz>0} CU,

and F a holomorphic function in U\ {z1,...,2m}. Assume
(14.4) lim zF(z) = 0.

Z—00
Then

p.v. / F(x)dx = 2mi Z Res,, F.
o -

Proof. Consider the half-disk
D :={z¢€ Ag(0):Imz>0}, R>0.
72

.2{1

-R "N R
Let v be the oriented boundary of D consisting of the line segment ~;
and the half-circle v5. We choose R > 0 sufficiently large such that
D>z, 2m
which implies W, (z) = 1 for all k. The by the Cauchy’s Residue Theo-

rem,

(14.5) / F(z)dz +/ F(z)dz = 2m'z Res., F.
k

71 Y2

The half-circle integral can be estimated as
< sup  |F(2)]- L(72)

/ F(z)dz
Y2 |z|=R,Im z>0

< 2wR sup |F(z)| =27 sup |zF(z)] -0, R — +o0,
|z|=R |z|=R
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by the assumption (14.4). Since the right-hand side in (14.5) is inde-
pendent of R, the first integral must converge to the right-hand side as
R — +00 and we obtain

R—+o00 " oo B

lim F(z)dz = p.w. / F(z)dx = 2mi Z Res,, F

as desired. U
Example 14.4. Consider the integral

[e) 2
1:/ S —
U e

We extend the function under the integral to
2
F(z):

oz
142V
which is holomorphic everywhere except zeroes of 1 + z*. Solving

4 it+2iwk

142" =0 = 2'=—-1 << z=¢ =+ , k=1,23,4,

we find precisely two zeros
i 3im

21 =e4, 22:€T

in the upper-half plane:

3im i
€ 4 €4
[ ] L]
Y"\ ;(
N 7
N 7
N 7
N 7
N 7
N ,
NI %
¥
2
, N
7 N
7 N
7 N
7 N
Sim Tim
7 N
e 4 v N e 4
[ ] [ ]

Then F' is holomorphic in
3im 5im 7im

U\ {z, 2}, zlze%, zg=e4, U:=C\{ed,e1}.

Furthermore,

— 0, z— o0,
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proving the assumption (14.4) in Lemma 14.3. By the lemma,

o2
p.v./ . f_ x4d:c = 27mi(Res,, ' + Res,, I).

Finally, use Lemma 13.5 to compute the residues:

2 2 —in .
z z 1 e 4 1—1
Res,, ' = Res ir —— = =

6T1+Z4 4_Z?’z:eizfr 7Ez:e%r n 4 4\/57
Res.,F' = Res s G = & _ 1 = e i
i - 6%1 1 +Z4 - 423 z:e&g(7T N 4z z:e%ilE N 4 N 4\/§ ’

and

4 4 41/2 V2

14.3. Fourier transform. Recall that the Fourier transform of a func-
tion f(x) is given by

) = \/% / " fa)e .

The following general lemma provides conditions when the Fourier
transform can be calculated by means of the Residue Theorem:

—iT —3im
o
Izzm(ijﬁe - )zzm (=) _ m

Lemma 14.5. Let U be an open set in C,

2,y Zm €{z:Imz >0} C {z:Imz >0} CU,

and F a holomorphic function in U\ {z1,...,2m}. Assume
(14.6) zlirgo F(z)=0.

Then for A > 0, we have

/ F(z)e™dr = 2mi Y _ Res., (F(2)e™).
. -

The case A < 0 can be reduced to A > 0 by the substitution x — —uz.

Proof. We shall apply the Residue Theorem to the oriented boundary of
a rectangle, where we denote the edges by o, V1, V2, V3:
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—r+1iq Yo 5 4+1q

V3 ) 94!
. Zl

-7 Yo S

Choose r, s, g sufficiently large to ensure the rectangle contains all given
points 2y, ..., 2,. Then the Residue Theorem yields

3
(14.7) Z/ F(2)e™dz = 2mi Z Res., (F(2)e™?).
j=0 773 k
Consider the integrals

I; ::/ F(z)e™dz,

i
where .
Iy :/ F(z)e™dx.
We next estimate [, I5, I3. Parametrizing () = s +it, t € [0, q], we
calculate

q o q
|| = / F(s —|—it)eM(5+Zt)dt‘ < sup |F|/ e Mdt
0 image(y1) 0
1—e M 1
= sup |F|———< sup |F|-—=0, s— o0,
image (1) A image(v1)

in view of the assumption (14.6). Similarly, we have
1
|I3] < sup |F|= —0, r— oc.
image(y3) A

Finally, for the top edge, we have by the basic estimate,

(14.8) || <  sup |F(2)e™|(r+s)= sup |Fle(r+ s).
[—r+ig,s+iq] [—r+ig,s+iq]

Now fixing € > 0, for r, s sufficiently large, we have
|| <e/3, |I3] <e/3.
Next, fixing such r, s and choosing ¢ sufficiently large, we have by (14.8),
|| < e/3.
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Substituting into (14.7), this yields

/ F(x)e?*dx — 2mi Z Res., (F(2)e™)| < ¢
- -
for s,r sufficiently large. Since € > 0 is arbitrary, we obtain the desired
formula for the improper integral. O

Example 14.6. Let us compute

0 AT
I:/ e—da: a >0,

2 27
o T4+ a

which is the Fourier transform of the function f(z) = ﬁ The real
function f is defined and continuous for all x € R, and extends to the

complex function

1 1
F s p—
(2) 22+a?> (2 —ia)(z+1ia)’
which is holomorphic in C \ {ia, —ia}. Since a > 0, only ia is contained
in the upper-half plane Imz > 0.
Then we can apply Lemma 14.5 with

U=C\{—ia}, FeOU\/ia}),
where O stands for holomorphic. Indeed, the assumption
1

lim —— =0
z—00 22 —+ a?

is satisfied and the lemma yields

[e'¢) 61)\36 . e'L/\z ,GMZ e Aa
I = ﬁdx = QWZReSiaﬁ = 27 = .
z? +a 2?4+ a 22 lz=ia a

14.4. Mellin transform. The Mellin transform of a function f(x) is
given by

(Mf}(s) = / " f@)e e,

The following lemma demonstrates how Residue Theorem can be used
to calculate the Mellin transform. A difficulty encountered here is due
to the multi-valued nature of the power function z°~! = e(s=1182 when
extending the real power z°71.

Convention: We shall use the branch (z) = In|z| + ip(z) of logz in
C\ Rxp with 0 < ¢(z) < 2m, so that

lim (z)=Ilnz, lm I(z)=Inz+ 271, 2z €& Ry,

z—x, Imz>0 z—z, Im 2<0
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Then by a slight abuse of notation, we shall write 2° = e*(®) for the
branch of the power function satisfying

lim 2*=2° lim 2% =¢e*™2% € Ryy.
z—x,Imz>0 z—ax,Im z<0

Lemma 14.7. Let
Zlyeveym ¢R20

and F a holomorphic function in C\ {0, z1,...,2n}.
Assume s € R\ Z is such that

(14.9) lim [F(2)||z]* = lim [F(2)]|z]* = 0.
Then we have
T F(@)e e = — 2 Res., (F(z)z*"
; (l’)l’ T = m ; eszk( (Z)Z )
Note that the choice s ¢ Z guarantees that the denominator does not

vanish.

Proof. We apply the Residue Theorem to the oriented boundary of the
annulus with a sector removed as shown below:

We obtain

(14.10)

4
/ F(2)z*'dz = 2mi Z Res., (F(2)2°h).
=17 k

J

J

Write
I; ::/ F(2)z* tdz

i
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and estimate by (14.9)
L] < sup |F(2)z5'-2rR=21 sup |F(2)||z]* =0, R— oo,
image(y2) image(7y2)
and similarly,
L] < sup |F(2)z5-2nr =21 sup |F(2)||z]* =0, r—0.
image(y4) image(vya)

Fixing » and R and shrinking the sector to 0, so that both v, and ~4
approach the full circles, the path =, approaches the interval [r, R] and
hence

R R
L _>/ F(x)a*tde, I3 — —GQWi(S_l)/ F(z)z* tde,

as the angle 6 between ~; and 73 tends to 0.
Fixing € > 0, we have |I5| < /2 for R sufficiently large, and |I4| < €/2
for r sufficiently small. Then for § — 0, (14.10) yields

<&,

R
(1 — e¥rils=h) / F(z)z* tdo — 27 Z Res,, (F(2)2°h)
r k

and taking the limit as r — 0, R — +o0,
(1= e2nits=) / F(a)rlde = 213 Res., (F(2)21),
0 k

from which the desired formula follows. U

Ezxample 14.8. Consider the Mellin transform

oo .s—1
I:/ * dr, 0<s<l1.
0

1+
Then F(z) = 1—J1rz is holomorphic in C\ {—1} and

[2I° N El

1 = l1m =
z%O‘l—Fz‘ zﬁoo‘l—kzl

Y

hence we can apply Lemma 14.7 to obtain

2mi 251 271 a1
I= 1 — 62m’(s—1) ReS,1 142 = 1 — €2m’(s—1) (_1)
= L (s—1)I(-1) _ 2mi wi(s—1)
1 — e2mi(s—1) 1 — e2mi(s—1)
271 T

e—ﬂi(s—l) _ eﬂi(s—l) o _sin 7T(S _ ]_) :




82 D. ZAITSEV

15. CAUCHY’S INTEGRAL FORMULA AND APPLICATIONS

15.1. Cauchy’s Integral formula: general case. We have previously
established the Cauchy’s Integral formula for polygonal sets. Now we use
Cauchy’s Residue Theorem to obtain the following more general version.

Theorem 15.1 (Cauchy’s Integral formula). Let U C C be open, zy € U,

f:U—=C
holomorphic function, and 1, ...,7, paths in U \ {z} such that
(15.1) Int(y1,...,7) C U.
Then

ZW%(ZO (0) 2%@2/32—20

Proof. We apply Cauchy’s Residue Theorem in U \ {z} to the function

_ f(®)
g(Z) - y ZO’
which yields
= QWZZW 20 Reszo /(z) ,

zZ— 20 — 20

s

i
and the conclusion follows from Lemma 13.5. 0
The following special case arises in many application:

Corollary 15.2 (Cauchy’s Integral formula for disks). Let Dy, Dy, ..., D,
be open disks with

bjCDO, 5Jﬂﬁk:(l), j#k,j,kE{l,...,n},
U C C an open set with
UDDg\(DyU...UD,)

and
f:U—=C

a holomorphic function. Then

n/ >M, 20 € Do\ (D1 U...UD,).
aD;

f(ZO):QLm.(/{(})Do—g1 o

J
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Proof. Consider the special case of Theorem 15.1, where 7, is the oriented
boundary of Dy and +; is the reverse oriented boundary of D, for j =
1,...,n. Since

|nt(707717~~77n) = DO\(EI U... UE,,;) C U,
we can apply Theorem 15.1 to obtain

g)ww(zo)f(zo) _ QLm </6D _i/aDJ) J;(i)ij,

J=1

which yields the desired conclusion for
ZoEDo\(Elu...UEn)

since

W’YO(ZO) = 1, nyj (Zo) = 0, j = 1, oo, n.

15.2. Mean value property.

Corollary 15.3 (Mean value property for holomorphic functions). For
every function f holomorphic in an open set containing the closed disk
A, (z0), the value at the center zy of the disk equals the mean value over

the circle OA,(z), i.e.

27
f(z0) = %/0 f(zo +ret)dt.

Proof. Applying Corollary 15.2 to the disk A,(zp), we obtain

1 f(2)dz
f(Zo) = %/QAT(Zo) — 2

Parametrizing 0A,(z) as

Y(t) =20 + e, te]0,27],

we calculate

1 2w it )
f(20) = 5— o tref) )rie’tdt,

2mi J, rett

which yields the desired formula. 0
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15.3. Maximum modulus principle.

Theorem 15.4 (Local maximum modulus principle). Let f be a holo-
morphic function in an open set U such that the modulus function

2= |f(2)]

achieves a local maximum at zo. Then f is constant in some disk A;(z),
e > 0.

Proof. Choose any € > 0 such that A.(zy) C U. Then

1 2

f(z0) = Py i f(zo +eet)dt

by the mean value property, which implies

2
Gl < 5= [ 1o+l

(15.2) = %/0 7T(]f(zo)\ — |f(20 +ee™)])dt < 0.

On the other hand, if 2y is a local maximum for |f(z)|, then
(15.3) |f(z0)| — | f(z0 +e™)| >0, t€]0,2n]

for any sufficiently small € > 0. Since f is continuous, both (15.2) and
(15.3) can only hold if

|f(20)] = |f (20 +e€)|, t€[0,2q],

ie. |f(2)] = const in A (z).
If |f(2)] = ¢ =0, then f = 0 as desired. Otherwise, ¢ := f(z) # 0,
and

oz) = Log(- () = n LN incg rc) = imvg 12

C

is a well-defined local branch of log( f(2)) in A.(z0) for € > 0 sufficiently
small. Then g¢(z) is a holomorphic function with Reg = 0, hence also
Img = const by the Cauchy-Riemann equations. Therefore g = const

implying
f(2) = ced® = const

as desired. O
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15.4. Power series expansion.

Definition 15.5. A power series centered at zy is any series of the form

ch(z —2)", ¢, €C.

n>0
Theorem 15.6. Let f be a holomorphic function in a disk

AR(Z[)>, 0 < R < +o0.

Then f has the power series expansion

= ch(z —20)", 2z € Agr(z0),

n>0

where

1
Cn:_./ Lﬂdz, O<r<R, n=0,1,....
27 Jon, (z) (2 — 20)"

Proof. By Cauchy’s integral formula for the disk A, (2),

(15.4) £(z) = = Jwldw = o A (z).

2T Jon,(z) W2

The idea is to expand in a power series centered at zy the function under
the integral for each fixed w. For this, write

(15.5) S N _y (z — 2)"

— — _ 2ZZ0 _ n+1’
w—z w—z 1-3= (w — zp)

for which we have the majorant series

Z (z — 20)

= (’LU _ ZO)nJrl

that converges since

z—2| |z —

2 € Ap(z),w € 0A,(20) = <1

w — 2o r

Since also f is bounded on the compact set 9D, (2),
f(w)(z = 20)"| _ Subsa, (z) I /1 '
(w — zo)"t1 r
the Weierstrass M-test implies that
Z f(w Z — 2p)"
— zp)

n>0

n
zZ— 20

r
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converges uniformly for w € 0A,(z)) and z € A,(2) fixed. Then the
basic estimate for the integral implies that the sum of the integrals of
summands converges to the integral of the sum:

Lo S i an =3 [
w — 2 n+1 U)—’Z n+1 )
9Ar(0) ;>0 0) >0 7 OA( 0)

and (15.4) becomes
LU s,
&)= om /m (0) !

2mi = (w — zp)"*!
1
:Z(—/ f(—w)nﬂdw) z—2z)" chz—zo ,
>0 2ﬂ1 aATm)(U)—-Zo) n>0
where the coefficients
1
(15.6) Cp = — ﬂdw, n=0,1,...,

27 Jon, (z) (W — 20)" !

are as in the theorem. This shows the power series expansion for z €
A, (z9). However, for every z € Ag(zp), there exists 0 < r < R with
z € Ay(zp). Since the right-hand side in (15.6) is independent of r by
Cauchy’s theorem, the power series expansion

= Z en(z — 20)"
n>0
holds for all z € Ag(z) as stated. O

15.5. Laurent series expansion. A Laurent series is a generalization
of a power series with both negative and positive powers:

Definition 15.7 (Laurent series). A Laurent series centered at z is any

series of the form
o0

(15.7) Z cn(z—20)", ¢, €C.

Convergence for Laurent series is defined by taking separately parts
with positive and negative powers:

Definition 15.8. A Laurent series (15.7) is said to be convergent if both
series

(15.8) chz—zo , chz—zo
n>0 n<0

are convergent, in which case the sum of both limits is by definition the
sum of the Laurent series (15.7).



87

Similarly to power series expansions for holomorphic functions in disks,
we have Laurent series expansions for holomorphic functions in rings:

Theorem 15.9. Let f be a holomorphic function in a ring
Ar(z0) \Ar(20) ={z€C:r<|z—2| <R}, 0<r<R<+c0.

Then f has the Laurent series expansion

o

f2)= ) enlz—2)", z€ An(z0)\ Arlz0),

n=—oo

where

1 f(z)
15.9 Cn:_./ ——dz, r<t<R, nelz.
(15.9) 278 Jon,(z) (2 — 20)" 11

Proof. Considers disks
A (20), Aril(z), r<r' <R <R,

so that
AR/<Z()) \ Aw(Zo) cU:= AR(Z()) \ AT(Z())

Then by Cauchy’s integral formula in the form of Corollary 15.2,
(15.10)

1 f(w)dw
f<2> - % (/8AR,(ZO) - /@Ar,(20)> m, z e AR/(Z()) \ Aw(ZO).

We next follows the argument of the of Theorem 15.6 for each integral.
For the first integral, we consider, as before, the expansion

asay = T < X

which converges for
|z — 20| < |w— 20| =R

since

z—2| |z — 2|

R/

Then, as before, the Weierstrass M-test implies that
f(w Z —2)"

Z _ ZO n+1

n>0

< 1.

w — 2y
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converges uniformly for w € 0Ag/(z9) and z € Ag/(z) fixed, and by
the basic estimate for the integral, the sum of the integrals of summands
converges to the integral of the sum:

zZ—z (2 — 2
[ oyfwlear, s fwlear,
AR (0 n>0 — %) n>0 Y 0AR (0 - ZO)

and we obtain the expansion of the first integral in (15.10):

7l
o an_z() )
2 aA,(o Z

(15.12) Cn = = &dw.

2700 Jon () (W — 20)™

where

On the other hand, for the second integral over JA,/(z), we have the
inequality

(15.13) |z — 20| > |w — 20| =17,

hence consider the expansion

(15.14) flw) _ flw) T _ —tw) Y ((w—zo)” |

w—Zz z—zy 1—%=%
zZ—20 n>0

which converges since (15.13) implies

,r,/

= < 1.
|2 — 20|

w — 2y

zZ— 20

Again, using the boundedness of f on 0A,/(z) and the Weierstrass M-

test,
I e Dy R e L
08,0 555 (2= 20)"* on,0) (2= 20)""

n>0

and we obtain the expansion of the second integral in (15.10):

1 f(w) +
— d E{ (n _ (n+1),
Qi/ar,()w ~ow = C—(nt1)(2 — 20)~

n>0

where
1
(15.15) C_na1) = — f(—w>_dw, n=0,1,....
211 Jon,,(z0) (W — 20) 7"
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Finally, substituting both integrals into (15.10), we obtain

o

(15.16) f(z) = Z em(z—20)", 1 <l|z—2| <R,

where all coefficients satisfy
1
Cm:_./ —f(z) -dz, m € Z,
270 Jon,(z) (2 — 20)™F

for all » < t < R, since these integrals are independent of ¢t by Cauchy’s
theorem.
We conclude the proof by observing that for every

z € Agr(20) \ Ar(20),
we can choose 7 < 1’ < R’ < R such that ' < |z — 29| < R’ implying the
expansion (15.16), which therefore holds for all z in the ring. U
16. PROPERTIES OF POWER AND LAURENT SERIES

For simplicity we shall consider power series centered at (. The general
case of arbitrary center can be reduced to the center 0 by translation.

16.1. Abel’s lemma and applications.

Lemma 16.1 (Abel’s lemma). Assume that a power series

(16.1) i 2
n=0

converges for z = zy. Then

(1) the series (16.1) converges absolutely for every z with |z| < |zo|;
(2) the series (16.1) converges uniformly on every disk A,(0) with
r < |zl

Proof. Since (16.1) converges for z = zy, by the nth term test,
cnzy — 0, n— oo.

In particular, the sequence (c,z{) is bounded, i.e. there exists M > 0
with
lenzg ]l <M, n=0,1,....

Then for |z] < r < |z,
<M (L) |
|20

ya
ez = lenzl]- 'z—o
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> ()

n>0

Since r < |z|, the series

converges and (1) and (2) follow respectively from the comparison and
Weierstrass M-test. U

Corollary 16.2 (Uniform convergence of Laurent series). Let
= Y e 0<r<l|<R<o,

be a Laurent series expansion in the ring Ar(0)\ A, (0). Then the Laurent
series converges uniformly in every strictly smaller closed ring

Ar(0)\ A (0), r<7 <R <R,

Proof. Recall that the convergence of the Laurent series > °-
means that both positive and negative parts

Yot Ye =Y e (1>m

n>0 n<0 m>0

n
n=—o0 ‘n%

Then Abel’s lemma, part (2), implies that the positive part converges
uniformly for |z| < R', R’ < R, and the negative part converges uniformly
for |1/z] < 1/r', i.e. for |z| > r’. Then both positive and negative parts
converge in the smaller closed ring as desired. U

16.2. Laurent series and residues. The following result provides a
general method of calculating residues.

Theorem 16.3. Let

o0
= Z cn(z—20)", 0<|z— 2| <R < 400,

n=—0oo

be a Laurent series expansion in the ring Ag(z0) \{z0}. Then the residue
of f equals to the coefficient of (z — z)~*

Res.,f = c_;.

Proof. In view of the uniform convergence in every smaller ring by Corol-
lary 16.2, we can calculate the residue by integrating the Laurent series
expansion term-wise:

1
Res, f = — / E / (z—z0)"dz, 0<t<R.
0 27TZ aAt(ZO) 27TZ (9At ZO) )
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Each power function p,(z) = (z — 29)" for n # —1 has the antiderivative

o — ZO)nJrl

Pn(z):( n+1

Y

hence each respective integral vanishes. The only remaining integral is

1 C_1

211 OA(20) Z — 20

dz = c_q,

proving the desired formula. O

16.3. Radius of convergence.

Definition 16.4. The radius of convergence of the power series
Z 2"
n>0
is given by
R := sup{|z| : chzn converges}, 0 < R < +o0.

Corollary 16.5. Let R be the radius of convergence of the power series

E 2"

n>0
Then:

(1) the series converges absolutely for |z| < R;
(2) the series diverges for |z| > R.

Proof. Let z satisfy |z|] < R. By Definition 16.4, there exists zy such
that |z| < |z20] < R and )_ ¢,z{ converges. Then (1) follows from Abel’s
lemma.

Now let z satisfy |z| > R. Suppose by contradiction that the series
converges at z. Then by Abel’s lemma, ) c¢,w" converges for |w| < |z|.
In particular, we can find w with R < |w| < |z| where the series converges,
which contradicts Definition 16.4. U

Example 16.6. The geometric series
2.

converges for |z| < 1 and diverges for |z| > 1. Hence its radius of conver-
gence is 1.



92 D. ZAITSEV

Example 16.7. The series

n

z
2

is convergent for all z € C by the ratio test, since
Zn+l

—/

(n+1)!

Hence its radius of convergence is +o0.

E nlz"
n

is divergent for all z # 0 by the nth term test, since

Z = |Z| —0, n— oo.

n+1 ’

n!

Ezxample 16.8. The series

[nlz"| = o0, n— 0.
Hence its radius of convergence is 0.
16.4. Differentiation of power series.

Theorem 16.9. Let
Yo

be a power series with radius of convergence R > 0. Then for |z| < R,
the sum of the series is C-differentiable with the derivative obtain by
term-wise differentiation:

(16.2) (Z cn2"> = Z ne, 2"t

n>0 n>1
Proof. We first prove that the power series of the term-wise derivatives

E ne, 2"t

converges for |z| < R. For this, choose any zy with

|Z|<|Zd <.R,

E Cn?y
n

so that

converges absolutely. Then

Inc,z" 1 < T
kN

20
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Since
n—1

n z

— 0, n— o0,

ENES
the series of the term-wise derivatives converges absolutely by the com-
parison test.

Next for any |z|,|20] < r < R, we estimate the increments of powers
as

(16.3) |2" — 20| = |z — 20||2" " + 2" 220+ ...+ 207 < |z — 2| -
Then comparing their ratios with the nth term derivatives and using
(16.3), we obtain

n n
2= % n—1

-1 -2 -2 -1 -1
— Nz :‘z” + 2"+ g T2y — e ’

Z — 20

e I e e e (e R e

<" =T A ol = g Tl — 2ol + LI - 1
< |z — 2| -nn —1)r" 1,

and therefore

2" — Z(T)L n—1
E Cp—————— — E cpnZ
zZ— 20

n n

(16.4)

< |z = 2 Zn(n —1)|ep|r™ .
n

We have proved that the series with term-wise derivatives

E ne, 2"t

converges absolutely in the same disk |z| < R, hence also the series with
twice term-wise derivatives

1
-1 . n—2 _ — -1 . n—l.
E n(n—1)c,z . En n(n —1)c,z

n

Since r < R, this shows that the series
Z n(n —1)c,r™ !
n

converges. Then the rigth-hand side of (16.4) converges to 0 as z — 2o,
hence the left-hand side does, proving the desired conclusion. O

Combining with the power series expansion for holomorphic functions,
we obtain the following important result:

Corollary 16.10. Let f be holomorphic in an open set U C C. Then
the derivative f' is again holomorphic in U. In particular, f is infinitely

C-differentiable.
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Proof. Since U is open, for every zy € U, there exists a disk A,(z) C U.
By Theorem 15.6, f has a power series expansion

f(2) =) ealz—2)", 2 €A (z).
n>0
Then by Theorem 16.9,
flz) = nea(z = 20)"",
n>0

which is another convergent power series. Applying Theorem 16.9 again,
we conclude that f” is holomorphic in A, (zp). Since z is arbitrary, this
shows that f’ is holomorphic in U as desired. U

16.5. Morera’s theorem.

Theorem 16.11 (Morera). Let U C C be open and f: U — C a contin-
uous function satisfying
f(z)dz=0
oT
for every closed triangle T'C U. Then f is holomorphic in U.

Proof. Let zp € U with a disk D := A,(z9) C U. Then D is star-shaped
and by Lemma 12.5, the restriction f|p has an antiderivative F': D — C,
i.e. F' = f|p. Since F is holomorphic, it is infinitely C-differentiable by
Corollary 16.10. In particular, fp is also C-differentiable. Since the disk
is arbitrary, f is holomorphic as desired. 0

Morera’s theorem can be seen as a converse of the Cauchy-Goursat
theorem. Corollary 16.10 is the last missing ingredient we need to prove
it.

16.6. Taylor’s formula. Another important consequence of Theo-
rem 16.9 on differentiation of power series is the Taylor’s formula for the
coefficients:

Corollary 16.12 (Taylor’s formula). Let
f(Z) = ch(z - zO)na FAS AT(ZD)7 r > 0.
n>0
be a convergent power series. Then
f(n) (20)
n!

In particular, the coefficients in any power series expansion of f are
uniquely determined by f.

Cp —
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Proof. By Theorem 16.9, calculating the mth derivative by term-wise
differentiation,

M (2) = Z nn—1)...(n —m+ e, (z — 20)" " |ozzy = mlcm.

n>m

g

16.7. Examples of power series expansions. We use Taylor’s for-
mula to calculate some important examples of power series expansions.

Ezample 16.13. The exponential function f(z) = e* is holomorphic in C
and satisfies f(") = e*. Hence by the power series expansion e* = Yo 2"

for all z with
J™o) e
:O‘E = ¢ =Y S
z n>0 n>0

C, = = —
" n! n!

Example 16.14. Similarly, calculating the nth derivatives of cosz and
sin z and using Taylor’s formula, we obtain their expansions
(—1)k 2+

B (—1)k2k o _
cosz = Z W, sinz = Z W

k>0 k>0

Ezample 16.15. Let f(z) = Log(z+ 1), where Log is the principal branch
of log z. Then f is holomorphic in U = C \ R<_;, where A{(0) C U is
the maximal disk with center 0, where f has a power series expansion

f(z) = Z 2"

Then c¢q = f(0) = Logl = 0 and differentiating we obtain

—chn Lo < 1.

n>1

On the other hand,

1 E 1
= _|_ 1 n>1( Z) Y ‘Z’

By Taylor’s formula, the power series coefficients are determined by the
sum of the series, hence

(_l)n—l
n
and we obtain the power series expansion of the logarithm function

ne, = (—1)"! = ¢, =

n—1.n

Log(l+2) = Z <_1)—Z

n
n>1
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We could have used Taylor’s formula directly by calculating all higher
order derivative of f but the present method is somewhat shorter.

16.8. Cauchy’s estimates. Cauchy’s estimates are important estimates
for the derivatives of holomorphic functions:

Theorem 16.16 (Cauchy’s estimates). Let f be holomorphic in a disk
Agr(z9). Then

|
o <l

Proof. By Theorem 15.6 on power series expansion,

flz) = ch(z —20)", 2z € Agr(z),

n>0

1
& 4 o<r<nr

= % DA (20) (Z o Zo)n+1 )

where

Cn

Estimating the integrals, we obtain
1s s
_ Lswlfl, _swlf
2 rntl rn
Since r is arbitrary with 0 < r < R, taking the limit as » — R, we obtain

sup | f
len| < RT|L |

Now the estimate for the nth derivative follows from Taylor’s formula:

|
70zl = Inles] < 221

as desired. 0

|cnl

16.9. Liouville’s theorem.

Theorem 16.17 (Liouville’s theorem). Let f be a holomorphic function
in C, which is also bounded. Then f = const.

Proof. Since f is bounded in C,
M :=sup|f(2)] < +o0.

zeC
Since f is holomorphic in any disk Ag(0), Cauchy’s estimates yield
! fl _ n!M
() < ™ sup | <
7o) < TR < B
Since R is arbitrary, letting R — oo we obtain
[F70)]=0 = f™(0) =0, n=12..,

n=12....
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and the conclusion follows from the power series expansion and Taylor’s

formula:
(n)
1) =3 0 e

n!
n>0

Corollary 16.18 (Fundametal theorem of algebra). Let
P(z)=a,z2"+...4+ag, a,#0, n>0,

be a polynomial of a positive degree. Then P has a root in C, i.e. there
exists z € C with P(z) = 0.

Proof. Assume by contradiction that P(z) # 0 for all z € C. Then

1
f(z) = %
is defined and holomorphic in C. Factoring out the dominant term,
1 1 1
A = = s
£ |P(2)] ]an|\z|"1+ang,ﬁ_1 +ot

we see that

lf(z)| =0, z— o0
In particular, f is bounded in C\ Ag(0) for some R > 0. On the other
hand, f is continuous on the compact set Ag(0), hence is also bounded
on Ag(0). Then f is bounded on C and therefore, by the Liouville’s
theorem, is constant. But then also P(z) = 1/f(z) is constant, which
contradicts the assumptions, proving the claim. 0
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