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MATH 466

Instructor: Valentino TOSATTI

Lecture 1: September 3

Fall 2020

Scribe: Alexander Kroitor

1.1 Introduction to Complex Numbers

The set of complex numbers C is essentially R? but with extra structure, notably that

72

1.

2.

10.

11.

(al + bli) + (CLQ + bgi) = (CLl + CLQ) + (b1 + bQ)i

Aa + bi) = Aa + Abi

.Z=a—bi
2zl = Va? + b2

Lz Z=a2+ b =]z

.21t =21+ 22
L2120 =21 22

CR(z) =a= ==

S(z) = b= 252 = —i- 57

%:%forz#()

||

. (a1 + bli)(CLQ + bgi) = (a1a2 — blbg) + (albg + CLle)i

i® = —1. Here are some basic facts about complex numbers (with z = a + bi):

Facts 1 to 3 make C a field with the additive identity (0 + 0:) and the multiplicative
identity (1+0¢). The complex conjugate (from 4) ’flips’ the number across the real line.

Fact 11 is implied directly by fact 6.

Polar Form

Consider z = a+bi. Then you can express the same z in polar form (r,6), with z = re?,
r >0, and 0 € [0,27). To convert:

e a=rcos(f),b=rsin(0)

o r=|2|, 0 = arg(2)

1-1
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Lecture 1: September 3

Which lead to: z = a + bi = r(cos(f) +isin (#)). This leads to the multiplication
tricks:
with 2y =7y (cos (61) + isin (61))
and zp = 73 (cos (62) + isin (62))
® 2129 =17T1"T9 (COS (91 + 02) + i sin (91 + (92))
o 1 =1{(cos(—0)+isin(-0))

o 2" =7"(cos (nf) + isin (nd)).

1.2 Introduction to Complex Functions

The big idea of complex analysis is to study functions that are differentiable in the
complex sense. We study functions f : Q@ — C with Q C C, Q open and connected
(called a domain).

Definition 1.1 (Holomorphism) f : Q — C is said to be holomorphic if Vzy € €,
the following limit exists:

lim f(z0+h) — f(z0)

_. !
h—>0 h = f(z) €C

The fact that h € C is crucial; h can approach zy from anywhere, and the limit must
be the same and exist no matter the approach. Here is an example of a non-holomorphic
function:

Counterexample 1.2 f(z) = R(z), Q = C is not holomorphic as (letting z = z1 + iz2
and h = hy + Zhg)

I C)

h—0 h
_ gy At
" h—0 hy+ihy  h—0hy + iho
0
(it = 0)= Jim 77, =0

: .
(if h2 = 0)—}}@0}1—1—1

which are not equal.

Lemma 1.3 If Q C C, f,g : Q — C holomorphic, then the following are holomorphic
and expand in the following ways:

o fH+g (f+g)=Ff+{d

1-2



Lecture 1: September 3
o frg:(fr9)=f-9+f¢

/ ! !
° %; (%) = fgg%’cg for every xo such that g(xo) # 0

o if f:Q—=>Q CcCandg:Q — C are hol'c
then (go f) is also hol’c and (go f)'(z) = ¢'(f(2)) - f(2)

Proof: The proof of these facts are identical to the real case, and as such excluded. m

We can view a complex function f : Q — C as a function f : U — R? with U C R2.
In this sense then we can write

f(2) = fle+yi) = f(z,y) =R(f(z,y)) +iS(f(z,y))
=u(x,y) +iv(z,y)

Note that u(z,y),v(x,y) € R, and that when added together (along with the i) they
map from R? to R2.

1.2.1 Cauchy-Riemann Equations

We now want to see what f(z,y) being holomorphic implies for u(x,y) and v(x,y). The
idea is to copy what was done in counterexample (1.2), and consider the limit from the
horizontal axis and from the vertical axis.

For now we only consider one direction: what is implied about u(x,y) and v(zx,y)
when f(x,y) is holomorphic?

Theorem 1.4 (Cauchy-Riemann Equations) Let f : U — R? holomorphic with
U CR2 Let f(z,y) = u(z,y) + iv(z,y). Then 3 = %Z and % = -0
Proof: Let f(z) be holomorphic. Then:
TR~ 1)

exists.
h—>0 h

Now let h = h; 4 0i ("horizontal’ limit). This yields:

: h 7y)_f(x7y) af ou ,(%
F(z) hllgo hy ox (2) ox + Z(?a:
Doing the same with h = 0 + ihg ("vertical’ limit) yields:
Y +he) = flzy) _10f Of Ou v
() = lim LY T _Lo5 y_ oF y_ 0n, 9v
1) ha—0 iho i Oy (2) Zay (2) Zﬁy * oy

1-3



Lecture 1: September 3

Since f(z) is holomorphic, these two different approaches must yield equal results.
Note also that two complex expressions are only equal if their real parts are equal and
their complex parts are equal. This yields:

ou v

_ ; : or — 0y’
f = u+ iv holomorphic = ou _ ou
9y — Oz
And we are done. ]

These are called the Cauchy-Riemann equations, and they are very important for
this class and will be studied in the future. This implies that if f(x,y) is holomorphic,
then its components u(z,y) and v(x,y) must satisfy this system of 2 partial differential
equations.

Remark 1.5 Recall from section (1.1), facts 9 and 10, that given a complex number
z = x + 1y and its complex conjugate Z = x — 1y, we can recover the full information
about = and y using x = ZTJFZ and y = b = %=, We can thus think of a function f(x,y)
as a function "f(z,Z)”. This class will not use this form.

This way of writing leads to the question of the value of f(z) differentiated with respect
to z and z:

0f _0for 0oy 105 i0f
0z 0xdz Oydz 20x 20y

of Ofdx _9fdy 185  idf

9z 010z oyoz: 20z 20y
. o 1/ 0
which lead to 2 =3 ((% Z(‘)y)

2. _L(9 ;90
Mz T2 \ar "oy

These are called the Wirtinger Derivatives. They are useful only for the following
corollaries:

Corollary 1.6 % =0 & f(z) satisfies the Cauchy-Riemann equations.

Proof: By the Wirtinger Derivatives we get:

0z 2\ 0x Oz oy oy)

1-4
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Matching up the real and the imaginary portions leads to:

ou_ o
or Oy
ou v
d — = 2=
My T o
The Cauchy-Riemann equations. [ |

This suggests that a function f(z) is holomorphic if % =0, or if f(z) does not depend
on Z. An example of this in action is the fact that f(z) = Z is not holomorphic.

In the same vein we have the following corollary:
Corollary 1.7 Assume f(z) to be holomorphic. Then % = f'(2).

Proof: By the Wirtinger Derivatives then:

af 1 (0u Ov Ou Ov
82:2<6x+28x 28y+8y>
1 /0u Ou Ov Ov
:2<8JJ+&L‘+Z&L‘+Z&L‘>
_Ou . Ov
~ o 'or
_of
T Oz
(apply holc) = f'(2)

And we are done. n
These two corollaries can be combined to the following theorem:

Theorem 1.8 Let f = u+iv:Q — C and assume f is C* (implies that v’ and v’ are
continuous and exist). Assume that f(z) satisfies the Cauchy-Riemann equations. Then
f(2) is holomorphic.

Proof: u(z,y) and v(x,y) are assumed to be continuous. This gives, using the Taylor
Expansion formula:

ou ou

uw(z + hy,y + ha) —u(x,y) = T gyhz +|h|1(h)
ov ov

v(z + h1,y + h2) —v(z,y) = a5t @hz +|h|v2(h)

where h = hy + ihy and ¥y (h), ¥a(h) 2= 0.

1-5
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fz4h) = f(z) = w(x + hi,y + h2) = u(z, y) +i(v(z + hi,y + he) —o(z,y))

= Pt g;‘f@ i <§Zh1 ; g:hg) 1B (1 (h) + (k)
(apply CR) = (G =35 ) (i -+ ) +1A] (01 (0) + v ()
— (G i) (0 +1Al () + iva()
\
LIRS (G <az 2) ) + BT
This implies that f(z) is holomorphic. n

Remark 1.9 Combining theorem (1.4) and theorem (1.8) shows that f holomorphic
< f satisfies the Cauchy-Riemann equations.

Remark 1.10 If you view f(2) as (u(z,y),v(x,y)) and assume f(z) is holomorphic.
Computing the Jacobian matriz of (u,v) times a vector containing hi and ihy gives:

Ju  Ju
<‘3§i 2““’) <£j> Ty
2

or oy - Oz oy O oy

— b+ e (‘%hl + ‘%hg)

0 0 ox oy
ou . Ou
(5 o)
= f'(2)h

This implies that provided f is holomorphic, the action of the Jacobian on this vector
1 approximately the same as the mess up above.

Remark 1.11 We have that:

du  Ou Ju Ju
or oy|CR| Bz Gy(
Qv Qv| T |_Ou Ou
or Oy dy Oz
[ Ou 2 n ou\?
-\ oz Y
=[r'e) 20
since we saw earlier that f'(z) = (g—z - z%) This shows that the determinant of the
Y

Jacobian is non-negative, and is thus orientation-preserving (as long as the determinant
is not equal to 0).
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Lecture 2: September 8

Instructor: Valentino TOSATTI Scribe: Alexander Kroitor

2.1 Complex Power Series

Definition 2.1 Consider a sequence {an}3>, C C. Then the complex series defined
by this sequence is y - apz" € C.

Proposition 2.2 Given a power series f(z) =Y ,° ;anz" then 3R € [0, 00] such that
1. If|z| < R then f(z) converges absolutely (i.e. Y 7 i|an||z|" < c0),
2. If |z| > R then f(z) diverges.

Furthermore:

1
R=

lim sup \an\% '
n—o0

This R is called the radius of convergence of f(z).

Proof: Let L = limsup |an|%. Assume 0 < L < co. Let R = 1.

n—o0

1. Suppose |z| < R = 7. Since the inequality is strict 3z > 0 s.t. r:= (L +¢)|z| < 1.
By definition |an|% < L + ¢ for large n. Then:

((L + z—:)\z|)n ="

|an||2["

<
4
N N
Z\anHzln < Zr" + converges.
n=0 n=0

2. Suppose |z| > R. Choose € > 0 s.t. r := (L —¢)|z| > 1. By definition 3n; s.t.
1
|an,|™ > (L —¢€) Vj. Hence:
|an,|l21" > (L =€) 2))" =™
4
Z }ansz|nj > Zr”j + diverges.

J J



Lecture 2: September 8

And we are done. ]

Theorem 2.3 Let f(z) =Y 2 anz" withRf = R > 0. Let Dp = Dr(0) ={z € C:|z| < R}.
Then f(z) is holomorphic on Dg, with f'(z) =Yo7 na,z"~' and Ry = Ry.

Proof: Let g(z) = > o°  na,z"~'. Then R, = Ry since:

lim sup |nan|ﬁ = limsup ( \nanﬁ )ﬁ
n—00 n—00

1
n 1
= limsup (|/n/\/{|an|% y~1 =limsup |an|% .

Given zy € Dg choose r > 0 s.t. |zg] < < R. Then for every N > 1 let:

N

Sn(z) = Z anz" < converges
n=0
(o)
En(z) = Z anz" < converges on Dp
n=N-+1

Then f(z) = Sy(z) + En(z) on Dg. If h is such that |29 + h| < r, then
h) — h) —
f(ZO + ]z/ f(ZO) o 9(2’0) — SN(ZO + ) SN(ZO) . S}V(ZO)

h

+ Sy (20) — g(20)

N En(z0 +h) — En(20)
h

We now show that for large N, these lines all go to zero.

@ :

© © O

EN(Zo+h)—EN(Zo) (z0+h)"—zg

h
an—br=(a—b)(an—14---4bn—1)

(20 +h—20)((z0 + h)" L+ + (20)"71)

o0
< Z |an|

n=N+1

[e.o]
= 2 ol

h
n=N+1
) [eS)
h’l”n_l—l—'--—f—T‘n_l _
< Z lan| ( ; ) = Z |an||nr” 1}.
n=N-+1 n=N+1

This is the tail of the power series g(z), but we know that g(z) converges absolutely

on Dg. Thus:
En(20 + h) — En(20) = ~1] N—oo
< g |a | |nr" | == 0.
‘ h n=N-+1

2-2



Lecture 2: September 8

N 00
‘SEV(zO) - Q(ZO)‘ = Znanzg“l — Znanzgfl
n=1 n=1

o
= g nanzg_l

n=N-+1

which goes to 0 for big N.
@ : Note that Sy (z) is holomorphic at z = z, as it is a polynomial. Thus:

SN(ZO + h) — SN(Z())
h

— S}V(Zo) —0

Combining these three points, we see that for IV sufficiently large,

f(z0 +h) — f(20)
h

- g(Z()) — 07

and we are done. ]

Corollary 2.4 A power series with R > 0 is infinitely many times complex differentiable
on the disk Dg, and the higher derivatives are obtained by term-wise differentiation of
the elements in the power series.

Remark 2.5 We can consider power series centered at some point zg € C (until now
we have been considering the special case zg = 0) with the form:

F(2) =) an(z — 2)"
n=0
with f'(z) = Znan(z — )" !
n=1

This has the same radius of convergence as you would expect, but it is convergent on

Dr(z0) ={2€C:|z— 2| < R}.

Example 2.6 (Geometric Power Series) A standard example of a power series is:

x
flz) =3 ="

n=0
- R=1,

N N+1

1—-2 N—o0 1
_ n _ 0 )

f(20) = nz%(zo) 2 T

2-3



Lecture 2: September 8

Example 2.7 (Exponential Power Series) A second standard power series is:

o0 Zn
z.__ ~
= Z n!’
n=0
R = .
€” is a holomorphic function on C. Clearly if x € R C C then €* is the usual exponential
function. Note that:

n — n
z\/ __ z /’VL/ Z i _ Z
SR PO Z% W 2
Further note that:
ez-l—w _ €Z ew

2.2 Properties of ¢*

We now consider some interesting aspects of the function e®.

2.2.1 Definition of cos(z) and sin(z)

Consider 6 € R. Then it is a well-known fact that:

G0 i (Zg')n

n=0
0 . f2n ' i~ . g2n+1
- ;(_1) an)t | T nz:%(_ (2n +1)
cos(0) sin(0)

= cos(f) + isin(0).
Remark 2.8 If z #0, let 0 = arg(z). Then z =|z| - ¢®.
Remark 2.9 Consider now the function €%, z € C. Then:
00 o 00 S2n+1

= G ) S G

=:cos(z) =:sin(z)

The functions cos(z) and sin(z) are both holomorphic functions Vz € C, which gives
us the complex version of Euler’s formula:

¢ = cos(z) + isin(z)

2-4



Lecture 2: September 8

Note that:

cos(—z) = cos(z)
sin(—z) = —sin(z)

4

e = cos(z) — isin(z)

4
62‘2 4 e—iz
2
eiz o e—iz
d si =
and sin(z) 57

cos(z) =

Definition 2.10 (Analytic Functions) Q C C a domain, f : Q@ — C. We say that
f is analytic (on Q) if Vzo € Q, Ir > 0 s.t. Dy(z9) C Q and FH{an}32, C C s.t.
f(z) =307 gan(z—20)" and this power series converges absolutely on D, (zo) (i.e. f(z)
is analytic if locally it is equal to an absolutely convergent power series).

Remark 2.11 Since power series are holomorphic, then f(z) analytic on Q@ = f(2)
holomorphic on §2.

Theorem 2.12 Holomorphic functions are analytic.
Proof: To be done in a following lecture. [ |

Remark 2.13 This is one way in which complex analysis veers away from real analysis.
This theorem is not true in real analysis; there is a big gap between differentiable and
analytic in R, but none in C.

2.3 Contour/Line Integrals

A contour integral is an integral of a function along a curve.

2.3.1 Parameterized Curves in C

Consider a function ~ : [a,b] — C with |

a,b] € R. We assume that ~(¢) is at least
piece-wise smooth. We often write v(t) = z(t)

with t € [a, b].

Definition 2.14 (Piece-Wise Smooth) A function y[a,b] — C is called piece-wise
smooth if 3a = ap < a1 < --- < ay = b such that y(t) is continuous on [a,b], and that
Y(t) restricted to [aj,aji1] is infinitely differentiable with v'(t) # 0 Vt € [aj, ajt1].
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~(b)
An example of a piece-wise smooth function.

Example 2.15 (CCW Circle) Let z(t) = 29 + €. This traces a circle in C.

2.3.2 Reparameterization of Curves

Definition 2.16 (Reparameterization) A reparameterization of a curve v(t) is a
Junction 5(s) = y(t(s)) where s € [¢,d] and the map s — t(s) is a smooth and strictly
increasing bijection [c,d] — [a,b]. The map s — t(s) is called the change of parameter
from the interval [c,d] to [a,b].

Note 2.17 The mapping must be strictly increasing to ensure that the initial point of
the first curve is the same as the initial point of the second curve, and the same with the
end points. The curve can however be inverted:

Example 2.18 Consider v(b+ a —t) = 3(t). This reverses the direction of the curve.

ares

An example of a curve and its reversed equwalent.

Example 2.19 (CW circle) Consider the parameterization z(t) = zg + e of a circle.
The reparameterization Z(t) = zg + e~ is the same circle but traced CW.

2.3.3 Contour Integrals

Definition 2.20 (Contour Integral) Given a parameterized (parameterized by z(t))
curve y(t) s.t. y([a,b]) C Q C C, and a continuous function f : Q — C, we define the
contour integral of f(z) over v as:

b
/f(z)dz ::/ f(z@) -2 (t)dteC

if v is smooth. If it is only piece-wise smooth, then:
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For now a contour integral is a ’black box’ which takes in a parameterized curve ~ and
a complex function f(z) and outputs a complex number. It has some nice properties
that come along with it:

e The value of the integral is not dependant on the parameterization.
b
[ #Gras= [ seeten -2 at
¥ a
d

= | fQ(t(s) - 2'(ts)) - #'(s) ds
—_—

c
Z'(s) by chain rule

d
- / F(3(s)) - 2'(s) ds.

More properties will come in future lectures.

2-7
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Lecture 3: September 10

Instructor: Valentino TOSATTI Scribe: Alexander Kroitor

3.1 Complex Power Series Continued

Recall the concept of complex power series discussed in the previous lecture: a function
1
f(z) =320° ) anz™ with a, € C, z € C. Recall that Ry = (limsup |a,|»)~!, and that if

n—oo

z < Ry, f(z) converges absolutely, and if z > Ry, f(z) diverges.

Example 3.1 (Logarithm)

22 23 A

l 1 w», 2 c
og(1+2)“="z 2+3 4+

o0 (71)n+lzn

:ZT

n=1
1 1
R = T = T = 1.
limsup |a,|»  limsup nn»
n—o00 n—00

Note that the complex logarithm is more complicated than the real logarithm; it won’t be
a single function, but a family of functions. This power series is only one of the family.
An example of the non-simplicity of the logarithm is as follows: given 0 # z € C, we
want w = log(z) s.t. €¥ = z. Given w we can easily find z. Given z, can we find w?

z=re" r=|2|>0,0<6<2m, 0= Arg(z)

w=x+1y, x,y €R

eac—Hy — T W — 7"619
—~
eR €C

= " =r = 1z =log(r)
and eV = — y=0+2rk, kel

That is to say that given z # 0, there are infinitely many w that solve eV = z:
log(z)“="w =log(|z|) +i- (Arg(z) + 27k), k € Z

which differ by adding multiples of 2mi.
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3.2 Contour Integral Properties

We now continue some of the properties of contour integrals:

1.

The value of the integral is not dependant on the parameterization (as long as
orientation is preserved).

. If 4 is «v with reverse orientation then:

Let z(t), a <t < b be a parameterization of . Let 2(t) = z(b+a—t), a <t < b be
a parameterization of 4. Assume 7 is smooth (piece-wise smooth yields a similar
argument on the different smooth intervals).

b
[f(z)dz—/ fzb+a—1t) - (=Z(b+a—t))dt
o a

B #(t)

b
(change variablet - b+a—1t) = —/ fz@) -2 (t)dt = — / f(z)dz
a Y

. The integral operator is linear, ie VA, u € C, f, g continuous on C:

/7 (MF(2) + pg(2) ds = A / F(=)de + 1 / g(2) dz

. For any v and f(2):

b
with L(vy) = arclength(y) = / ‘z'(t)| dt

[yf(z) dz

b
/ F(2(1) (1) dt

b
< [l 2o
b
sup ‘f(z)|/ |2/ (t)| dt
z€v[a,b] a
L(v)

— sup |7(2)]- L. (3.1)
z€7v[a,b]

IA

3.3 Complex Antiderivatives

We now consider the complex equivalent of antiderivatives.

Definition 3.2 (Antiderivatives) Let Q@ C C open f: Q — C holomorphic. F : Q —
C is an antiderivative of f(z) on Q if F(z) is holomorphic and F'(z) = f(2)Vz € Q.

3-2
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n+1

Example 3.3 F(z) = 2

-1 s an antiderivative of f(z) =2" on any Q C C.

Example 3.4 f(z) = €* is an antiderivative of itself.

Theorem 3.5 (Fundamental Theorem of Calculus ) Suppose that F(z) is an an-
tiderivative of f(z) on some Q C C. Let vy be a piece-wise smooth path in Q). Then:

[ £z = FO0) - Fota).
gl
Corollary 3.6 If v is a closed curve (a curve v with y(a) = (b)) then:

A F(z)dz = 0.

Proof:[3.5] Assume that v is smooth.
b
[ #eras= [ sz
Y a
b

_ / F'(2(6)2 (1) dt
—_———

FRACO)

_ /ab <(;ltF(z(t))> at

(apply real FTC) = F(z(b)) — F(2(a))

If v is only piece-wise smooth:

N1 raj
f(z)de = S ()= (1) dt
¥ =0 /aj
N-1
(apply above) = » (F(z(ajt1)) — F(z(a;)))
7=0

Corollary 3.7 If f: Q — C is a holomorphic function on €1 open and connected, then
f'(z)=0V2€Q = f(2) is constant.

Proof: Since Q is open and connected it follows (by elementary topology) that €2 is
path-connected (ie given zp,21 € Q3 : [a,b] — Q st v(a) = zp and v(b) = z1).

3-3
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Apply FTC to f'(z):

Remark 3.8 Connectedness is important here, as if we don’t have it we could have a
function f(z) defined on two sets, and constant locally on both, but not globally constant.

Next week we’ll continue with the proof for f(z) holomorphic = f(z) analytic.

3-4
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Lecture 4: September 15

Instructor: Valentino TOSATTI Scribe: Alexander Kroitor

4.1 Integrals over Closed Curves

4.1.1 Goursat’s Theorem

We start by presenting the following theorem:

Theorem 4.1 (Goursat’s Theorem) Open Q C C, f : Q@ — C holomorphic. Let
T C Q be a (solid) triangle (the boundary is piecewise smooth). Then:

/8Tf(z)dz:0.

Proof: Consider a triangle T in an open set €.

Subdivide T as follows: pick the midpoints of the sides, and form 4 smaller triangles
by joining these points, then label these triangles T, T2, T3, T* such that T = T UT?U
T3UT:

4-1
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T! T3

We use the positive orientation (CCW) for boundaries of triangles.

T! T3

Let I = [, f(z)dz. Observe that (since integrating over a curve backwards cancels
with integrating over a curve forwards):

I= f(z)dz
oT

4
= Z f(z)dz.

n=179T"

Let T{ =T i=1,2,3,4:

T 7

4-2
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/c’?T"

one of these is 2' |

WLOG we say that this is the first triangle:

> ]

flz)dz) = =

o}

We then subdivide T} into 4 more triangles Ty, T2, T3, Ty

o

i

We then repeat the argument just performed on the sub-triangles as well. This yields:

17l

f(z)dz| > 2

f(z)dz| >

T} o}

/ f(z)dz| = 1
or}

Repeating this we get:

=

for the nested triangles T D T} D T3 D --- D T}t D ---. We also know that:

with diam(K) = sup{|z —w| : z,w € K}
dZ(I’I?’L(T) as k—oo

2k 0

then diam(T}) =

4-3
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Since we have a nested sequence of compact sets whose diameter shrinks to zero (means
that there cannot be two points in the intersection), we have:

o0
(Th={2c} €T
k=1

We now work near zo, and try to Taylor expand. Since f(z) is holomorphic:

f(Z)_f(Zoo

Zlﬁhgloo Z — Zco em'_sts f/(zoo)
— f(zz)__zf(zoo = f,(ZOO) + ¢(Z - Zoo) (Where ¢(z - Zoo) Z—izﬁ% 0)

= f(2) = f(200) + [ (200)(2 = 200) + 1h(2 = 200) (2 — 200)-
We can try to estimate now (for k large such that Vz € 0T}, |z — zoo| < 5%):
(2)dz = f(200) dz + I (200) (7 — 200) dz + V(2 = 200) (2 — 200) d2.
or} or or} or}

Now f(zs) is a constant holomorphic function, which thus has an antiderivative.
Hence since 0T, kl is a closed curve then by FTC:

f(200)dz = 0.
or}

Similarly:

I (200) (2 — 200) dz = 0.
a7}

Thus, taking the modulus of both of our remaining terms, and by recalling eq. (4.1):

I
ULl peyas| =] [ (= ) (o — 2) 2
4 o} o}
(apply eq. (3.1)) < L(9T}) sup (2 — 200)|  SUP |2 — 200
2€0T} 2€0T}
_ L(oT) ,
ok <er Sdiam(Tkl):dia'er;C(T)
L(oT) diam(T)
S 92k 6k 2k
€ - L(OT) - diam(T)
1| < € - L(AT) - diam(T) £22% 0
I
|I| = 0.
And we're done. u
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4.1.3 Local Existence of Antiderivatives

Corollary 4.2 (Local Existence of Antiderivatives) Consider open Q@ C C, f a
holomorphic function. Then ¥ disks D C  3F : D — Q holomorphic C' s.t. F'(z) =
f(2)Vz € D. That is to say that F is a C' antiderivative of f on D.

Note 4.3 F a C! function = F holomorphic and F' continuous. This must be true,
since if F' is not continuous, f is not continuous and thus not holomorphic.

Proof: The proof uses Goursat’s Theorem in a clever way. Let D,, C 2 be a disk
centered at zo. Let L7 C D be the line segment from z to z.

For all z € D let:

F(z)= f(w) dw.

Lgo

This defines a well-defined function F(z) with F(zy) = 0. We now will show that F'
is holomorphic, C', and an antiderivative of f.
Given z € D and h small s.t. z+ h € D, compute:

F(z+h)-F(z) 1
A =4 /Liafh flw)dw — . f(w) dw

20

Consider the resulting triangle T inscribed in D,:

4-5
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Then note that, by theorem (4.1) we have that (integrating in the positive direction):

O;' /L”h dw—i—/z f(w) dw + 0 f(w) dw

z+h

[t [ o= [ fw)de
LEfh Lzth Lz

1 1
7 (/Li*h f(w)dw) =% </L§O+h flw) dw — . f(w) dw)

F(z+h) — F(2)
- .

We then parameterize L2 by z(t) = z + th,t € [0, 1] with 2/(¢) = h:
F(z+h)— /
h f
1 1
/ f(z+th)

(feC%let h—0) = f(z

P

This proves that F' is holomorphic, that F/ = f (on D), and that F is C! (since f is
continuous).

4-6
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|
Recall that by theorem (3.5) (FTC), if f is holomorphic and admits an antiderivative
on an open set 2, then for any closed curve v then f7 f(z)dz=0.

Corollary 4.4 Q C C open, f : Q — C holomorphic. Then VD C C disc, Vv : [a,b] —
D piecewise closed curve:

A F(z)dz = 0.

Proof: Combine corollary (4.2) and theorem (3.5). Then by (4.2) we find F an
antiderivative for f on D. Then by (3.5):

Lf(z) dz =0.

Remark 4.5 Not every holomorphic function f : Q — C has an antiderivative on 2.

Counterexample 4.6 Q = C* = C)\ {0}, f(z) = % This function is holomorphic on
Q.

If there were a function F : Q — C holomorphic with F'(z) = 1 (an antiderivative on
C*) then with v being the CCW unit circle:

/7 F(2)dz = 0.

But by hand (example not done in the notes) you can calculate that in fact:

A f(2)dz = 2ri.

The mistake is assuming we have an antiderivative on C*. However by the previous
theorem, if we restrict ourselves to any disc D C C* then % does have an antiderivative.

Remark 4.7 (Uniqueness of the antiderivative) If f : Q — C holomorphic, and
F, G are antiderivatives of f, then F = G + ¢ for some ¢ € C. Thus the antiderivative
18 unique up to a constant.

Proof: Indeed (F — G) = (f — f) =0. Thus F — G is holomorphic on ? and F — G
is constant. [

Remark 4.8 (Antiderivative of 1 on D) Parallel to the real case, an antiderivative
of  is log(z).

This will be proved later when we have more powerful tools to work with.
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4.2 Multivariate Calculus Review

We present a quick recap of multivariable calculus in R? = C.

Consider © C R? = C open. Consider a continuous vector field F on €, ie a vector
valued function F : Q — R2. F(xz,y) = (P(x,), Q(z,y)) with P,Q € C}(Q,R) (ie P,Q
are C'! functions from € to R).

If v is a parameterized piecewise smooth curve in  then you can define various line

Lde,Lde,Lde,LQdy.

For example if v(t) = (z(t), y(t)),t € [a,b], then:

integrals:

b
/ Pda = / P(a(t),y(t)) - 2/(t) dt,
! b
/ Pdy— / P(a(t), y(1)) - o/ (t) dt.

Theorem 4.9 (Green’s Theorem) Suppose Q C R? is open and connected, with 09
given by a piecewise smooth paramterized curve with positive (CCW) orientation. Then
given F(x,y) = (P(z,y),Q(x,y)) a C* vector field as above on Q, then:

_ [ (9@ _9oF
frasam= [(2-2) o

Note 4.10 Note that these two notations are the same:

/(de—iery):j{ F-dr
o oN

0oQ or\ = o
and ((%.—ay> =V XF—C’LLT‘Z(F).

4-8
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Lecture 5: September 17

Instructor: Valentino TOSATTI Scribe: Alexander Kroitor

5.1 Cauchy’s Theorem

We begin with a short discussion on what positive orientation means:

5.1.1 Orientation
Consider a blob € with 2 holes in it:

If you are at a point on the curve, the positive direction is the direction such that the
domain is on your left.

5.1.2 Cauchy’s Theorem

Proposition 5.1 (Complex Green’s Theorem) Q C C bounded open, f : Q —
C,C'f = u+iv,u,v: Q — R. Assume that OQ can be parameterized by piecewise
smooth curves.

Then (with the parameterization in the positive direction):

[ Of
f(z)dz=2i | —=dA.
09 ) o 0z

This can be interpreted as a complex version of Green’s Theorem.
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Proof: 2 = J;_, Cj, each smooth:

” f(z)dz = ;/C] f(z)dz

Parameterize each C; separately by z(t),t € [a,b]. Then:

[ 1= [ sean-Swa:
Waite 2(1) = (2(1),y(1)) = 2(0) + iy (1), 2/(6) = /(1) + /(0.
/f dz—/f
—/wmwm»ﬂw<mw»mm+wwMt

b b
=/ummw»www—/wmmw»¢mw

+1

b b
/MWMWyM&f/wmmmwwﬂ

:/ udm—/ vdy + ¢ / udy—i—/ vdz| .
CJ CJ CJ CJ

- f(z)dz:/ (udx—vdy)+i/ (udy + vdx).
onN oN onN

Then both [y, (udz — vdy) and [y, (udy + vdz) are line integrals of real-valued
functions. We can then apply Green’s Theorem to them:

(let F = (u, —0)) /BQ(ud:E _udy) = /Q <—g;f _ ‘;Z) dA.
(let F = (v,u)) /89(udy +odz) = /Q <gz - gz> dA.

=

5-2
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We now get to the key result of this chapter:

Theorem 5.2 (Cauchy’s Theorem) Q C C open, connected, f : Q — C. Then the
following are equivalent:

1. fis holomorphic (in ).
2. feCYQ) and % =0 on Q (CR equation).
3. feCl Q) and VY cc Q ( ¥ C Q and compact) then

/m/ F(2)dz = 0.

4. f€CHQ) and VD = D,(z) CC Q and Vz € D we have

Fz) = —— ) qw, (5.1)

© 27 Jopw— 2

known as Cauchy’s Integral Formula.

5. VD = D,(z9) CC Q and Vz € D we have

F2) =3 an(z — 20)",
n=0

and this power series is absolutely convergent on D (ie f is analytic on Q) and

F™(z0) _ 1/ f(w)
0

n! 27 Jop (w— )"t

ayn —

dw Vn > 0.

Note 5.3 Note that (1 <> 2) gained us some depth compared to before. As discussed f
holomorphic implies that f is C°, but now we know it is C1 (in fact (5) implies that f
is C™).

Note that (3) is a much stronger version of theorem (/.1). Theorem (/.1) is for
triangles only, but this applies to many more cases (theorem (4.1) is the same statement
with Q' =T triangle). We also proved this for disks.

Statement (4) is very important; it tells us that if you want to know the value of f(z),
we can find the value by computing an integral on a disk containing z.

Statement (5) contains a generalization of equation (5.1) in the formula for a,. State-
ment (4) can be recovered by letting n = 0.

Proof: We will prove (1) = (2) & (3) = (4) = (5) = (1).

(2) = (3) : This is an immediate result of theorem (5.1).
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(3) = (2) : Suppose not, ie Jzy s.t. 82(zg) # 0. Consider D = D,(z9) cC Q. Apply (3) to
give:

0= f(z)dz

oD

ﬂé&%@—i(»M+?%%ﬁA
[ (Zo- ) aa
[ (- Few) )

Now f € C! = %EC’O — 30 > 0 s.t. 1f\z—zo\<6then‘a—f() ﬂ(zo)‘<

(reverse triangle ineq) >

DO
‘ Q
[y
o
<
S
oL
S
|
DO

of
5(20)

>0 assumed

=27r? -2

%%(zo)‘ Thus:
of of of of
oA [ (5~ L) aa| <2 [ 19 - P e a4
< mr? gi(zo)
\
0> (27r'r2 —7r7“2> %(zo) > 0,

which is absurd.

(3) = (4) : Assume (3). Then (2) holds. Hence cr =01in Q. Fix z € Q. Let g(w) = fw)=7()

w—=z

for w € Q\ {z}. Then g € C}(Q\ {2}) and 5—%( ) = 0. Thus g satisfies (2) and
thus (3) on 2\ {z}. Apply (3) on @ = {e <|w —2| < |0 < € < §}, with d small
enough that ' cC Q. Then € is an annulus centered at z:

5-4



Lecture 5: September 17

Applying (3) we get by (and taking the integral going clockwise on both curves):

0= [ gtwaw= [ o) du - / 9w du.
N2

/8 olw)dw= /a o) dw

We need a “Taylor expansion” for f € C1.

Lemma 5.4 For f € C', w sufficiently close to z, we have that:

fw) = f() + S () w = =)+ o2

82 (2)(@ — %) + o(|z - w)).

This is the Taylor expansion of a C! function of a complex variable. Note that
o(f) is a function such that ‘OI(TJIC)‘ — 0.

Proof: Use the real Taylor Expansion as follows:

z=x+1y
w=a+1b
(Taylon) f(w) = F(2) + G-(2)a =)+ G ()0 = 9) + o(fz - wl).

9-9



Lecture 5: September 17

Then:
of of 1 /of of . .
5(2)(11)—27) + g(z)(w—z) B <8$ —zay> (a+1ib—x — 1y)
1/of Of
+2<am+lay>(a—zb—m+ly)
of

Then we apply this lemma to f. f is holomorphic so we get (after some rearrang-
ing):

fw) = f(2) of o]z — wl)

PO =12 gy = Sy + 222D

w—z E w—z
(let w be close to z) = %(z)

Now g can be extended to a continuous function on all £ (before it was defined for
w # z) by letting g(z) = %(z). Thus:

/ g(w) dw| < L(C.) - sup |g(w)|
oC.

’LUECE

= 27e - sup |g(w)|.
wEC€

—_———
bd. by (5.4)
(letting € — 0) |

0= /a o) du = /8  ow)dw.

Then:

/Mg(w) dw= [ I g [

BCJU}—Z Céw—z

compute

Letting w = z + de' ¢ € [0, 27]:

dw T iset
= —dt
o W — 2 o de

Thus:
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This proves (4) when z = z. To finish the proof we assume zy # z.

Let D = Ds(z0) and D.(z) with e small such that D.(z) C Ds(z). Let Q' =
Ds(20) \ De(z) cC Q.

Consider the function in w € @', given by%. This is holomorphic and C* in €
(since z ¢ ). Applying (3) gives us:

o= [ S g [ S, [ Sw,
oy W — z ODs(z) W — 2 OD.(z) W — 2

=27if(z) by above
_ / I Gy — omif(2)
dDs(z) W — 2
I
1 (w)

f(z) =5

- 2mi oc; W — 2

dw,

Which proves it in all cases.

(4) = (5) : Fix adisc D = D,(z9) CC Q. Let z € D. By (4) then:

f(z) = 1 de.

27 Jop w — 2

1
w—2z

We expand in a power series centered at zy (so we look for a power series in

o-7
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(z — 20)). First note that:

(since w € OD) |w — zo| =7
(since z € D\ 9D) |z — zp| <7

Z — 20

<1

w — 20
Thus:
1 1 1 1

w—2z w—2—(2—2) w-—2 1 Z— 20
w — 2o

—_———
<1

1 [ z—z\"
o — 20
_’LU—Z()Z<U)—Z()>

n=0

absolutely convergent

=

Applying this to equation (5.1) gives us:

n=0
[ fw) n
(sum ab. conv.) = nzzo [27” /aD W dw} (z — 20)".

Thus f is analytic and is given by the formula claimed in (5). Finally a,, = ! (":LEZO) :

Indeed if f(2z) =Y 07 an(z — 20)™ absolutely convergent on some disc D > z, then
we proved that f(z) is holomorphic and you can differentiate this power series term




()= (1):
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by term. This gives:

fz) = i an(z — z0)"
= f(20) =n;§

fl(z) = i n-an(z — 2)" !
— f'(20) :n;l

o0

['(2) = n(n—1)-an(z = 2)""

n=2
— f”(Z()) =2-as

fRE) =Y nn—-1)...n—k+1) an(z— 2)" "
n=k
— f®)(z) = k! az.

This result holds for all convergent power series, thus it holds for this one in
particular.

: Assume f holomorphic on Q. f satisfies the CR equations by (1.4). We must now

prove that f € C'. We use corollary (4.2).

Vz € Q3D = D,(z) cC Q, by corollary (4.2), 3F : Q@ — C holomorphic and
F' = f. F is holomorphic and C! (both it and its derivative are continuous) since
%—g =0 and %—5 = f(2) which is C? (since holomorphic functions are continuous).
Thus F satisfies (2) on D, and thus F satisfies (5) and is analytic on D. Thus so
is f = F’ (since the derivative of a convergent power series is also a convergent

power series). Power series are C'' and so we're done.

This was discussed when complex power series were discussed, and is a direct
application of theorem (2.3).

And so we are done the proof. [

Note 5.5 In statements (2), (3), and (4), f € C*(Q) means that f € C1(Q) in the real
sense. That is to say that for u,v such that f = u +iv then u,v € C1(Q).
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Instructor: Valentino TOSATTI Scribe: Alexander Kroitor

6.1 Cauchy’s Theorem Continued

This lecture the proof of Cauchy’s Theorem was continued. The rest of the proof was
put with the first part of the proof in lecture 5.

We start this lecture with a corollary of Cauchy’s Theorem, preceded by a rewording
of a previous theorem.

Corollary 6.1 (Local Existence of Antiderivatives version 2) Q C C open, f :
Q — C continuous such that [y f(z)dz =0,V T C Q triangle. Then ¥ disks D C Q
3F : D — C holomorphic C! s.t. F'(z) = f(2)Vz € D. Thus an antiderivative of f
exrtsts.

Proof: The proof for corollary (4.2) works just as well using these assumptions. m

Corollary 6.2 (Morera’s Theorem) Q C C open connected, f : Q — C continuous
such that [0 f(2)dz =0,V T triangle. Then f is holomorphic.

Note 6.3 This is the converse of theorem (4.1) (Goursat’s Theorem). The proof is
similar to to the proof of corollary (6.1) with some slight modifications.

Proof: Now Morera follows. Since corollary (6.1) applies to f, we get that it has
antiderivatives, so 3F s.t. F'(2) = f(z). We know that F is analytic, thus so is f. It
follows that f is holomorphic.

|

We now use Cauchy’s Theorem to compute some real variable integrals. Comput-
ing real integrals is one of the original motivations for exploring complex analysis and
complex integrals.

Example 6.4 (Fourier Transform of Gaussian) The goal here is to compute the
Fourier transform in R of the Gaussian e~ That is to say given £ € R we want
to compute:

0 ) ]
/ e e—27rw§ dz.

— 00
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First let us dispense with the case where & = 0, that is to say compute:

o0 2
/ e ™ dx.
— 0

Observe that if you square it, it becomes a double integral:

2
(/ e~ da;) :/ e @Y 4 4.
—00 RQ
2

Changing it to polar coordinates, with dA = rdfdr and 2% + y? = r?:

27
/ e (@) 44 = / / " df dr
R2
—27T/ e~ dr
0

Now let £ > 0. Consider f(z) = e_”ZQ, holomorphic on C. We use Cauchy’s Theorem
for f on a well chosen contour:

—R+ i€ 73 R+ i€
Yay Qg Y2
"R > 'R

YR is a piecewise smooth closed curve, and Qg is the rectangle inside yr. f(z) is
holomorphic on C, so in particular f(z) is holomorphic on Qr. By Cauchy’s Theorem
then:

Thus: 0 =

0= [ 1@

TR

/ e ™ dz+/ —m? dz+/ e dz+/ e ™ dz.
7 ¥2 ¥3 o

Using z(t) =t, 2/(t) =1, t € [-R, R]:

R
/ e ™ dy = / —mt? gy 2oy
71 —R
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Using z(t) = R+ it, 2/'(t) =4, t € [0,&]:
2 é -1\ 2
/ e ™ dz = / e TR Qg
72 0
_ /é o~ T(R?P—t?+2itR); 41
0

_ Z-/£ o T(R2—t%) —2mitR 34
0

Then:
2 ¢ R?—t?) —2mitR
/e_m dz :/ e T o m2mitR gy
Y2 0
€ 2 2 :
< / e—w(R —t%) .’6—271'2151%‘ dt
0 —— ——
e*>0VzeR =1
- [ferra
0
= /E e R e qt
0
2 5 2
<e ™R / e dt
0
_ efTrR2 7r§2§ R—o00
Similarly:

22 R—
/e T 4z =55 0.
Y4

Finally using z(t) = 1§ +t, 2'(t) = 1, t € [-R, R] (this is a reverse parameterization):

R
/ e—7r,z2 dy = _/ e—rr(t+i§)2 dt
V3 —R

R .
_ / o) gy
-R

R 12—£2) _—2mit
= —/ e~ 8T g 2mite gy
-R
— _€7r§2 / e—ﬂ't2€—27rit§ de.
-R

Letting R — oo, we get exactly what we wanted to evaluate in the beginning of the

6-3
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example. By the fact that the four integrals summed give zero we get that for £ > 0:
(o.9]
—em’ / e~ e 2mE 4y — ]
—00

\
0o
/ e—ﬂt2e—27rit$ dt = €—7r§2.
—00

Similarly for € <0 (apply a similar rectangle below the azis instead of above it):
oo
/ efmﬁ26727rit£ dt = ef7r§2.
—00

This implies that the Fourier transform of the Gaussian is itself.

Example 6.5 In this example we want to compute:
o0
1—
/ cc;s(q:) d
0 X
We use f(z) = 1;—5”, which is holomorphic on C\ {0}. Then with x € R:

1-— ei”") 1 — cos(z)

22 22

R(f(z)) =R (

Now apply Cauchy to the following contour yge:

A

-

—R :’Yl —€

f is holomorphic on Qp VR > € > 0. Thus Cauchy’s Theorem applies and gives:

0= [ f(») dz+/ f(z)dz + (z)dz+ | f(2)d=.
7 V2 73 Y4

The v1 and 3 terms are useful to us since taking the real part and € — 0, R — oo
gives us the integral we’re looking for over the real line (useful to us since this function
is symmetric).
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Now consider the 4 term, fm f(z)dz

Consider z = x + 1y, y > 0. Then ‘eiz‘ = |ei$He_y| = ‘€_y| <1 (does not apply if z is
in the lower half-plane). Then:

[1—e”|
‘f(Z”— |Z|2
1—1—‘6”‘ <i
ElE

Now since 4 is contained in the upper half-plane:

f(2)dz| < L(v) sup | f(2)]

ZE€Y4

V4

R—o0

2
<7mR - — 0.

< R2

Now consider the v, term, fw f(2)dz. Paramaterize 72 (backwards) by z(t) = ee®, t €
[0,7]. Now:

: o (i2)? | (62)°
=1 e
e +1z+ 5 + 3 +
: (i2)? _ (iz)°
1 1z — NS NS
R T T
4
1—e*” i (iz)?  (iz)?
22z 222 3122
1
=——+4(2),

with |g(z)| < C for some C as z — 0.

Note that, since sup,c.,(g(2)) is bounded:

™
/ g(z) - iee™ dt‘ < sup(g(z)) - em =% 0.
0 ZE€72

And thus:

1
/ ” / f(ee) - qee’ dt
V2 L

™
it - it
dt — . dt
/0 = —iee /0 g(z) - iee
(letting e - 0) = —

6-5
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Thus finally, noting that f% f(z)dz + f,yg f(z)dz = [p 1;3"‘” dzx:

4
OZZ f(z)dz

i=1""%

1— 1T
(e—)O,R—)oo):/ c

S dx — .
(3

1 — e o 1 _
%(/ 26 d:c) :W:/ Lj(mda}.
R T — 00 X

And we are done.

6-6
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Lecture 7: September 24

Instructor: Valentino TOSATTI Scribe: Alexander Kroitor

We start with a method for bounding the derivatives of a holomorphic function.

7.1 Cauchy’s Estimates

Theorem 7.1 (Cauchy’s Estimates) f : Q — C holomorphic function on Q C C.
Let zo € Q,r >0 s.t. D = D,(z9) CC Q. Then ¥n > 0:

nl
(z0) = -5 Suplfl

=

Note 7.2 This is linked closely to the coefficients of the power series representation of
f- If r is small (usually this is the case) then it gives you an upper bound for the growth
of the derivatives, and thus for the coefficients. If r is large then then these coefficients
will decay.

Proof: This is a straightforward application of equation (5.1). Parameterize D by

2(t) = 29 + re't:
|
:@/ﬂ@dz
210 Jop (2 — z9)"t!

= /27r ( fla -+ re’) et dt
0

o 20 + rett — zp)ntl

‘ Q)

IN

n!| [P f(zo + rett)

it
— : re’ dt
27| Jo rrtlei(nt1)t

IA

| 2™ f(zo + ret)
o1 0 rneint

nl 2| f( zo~l—re”)‘
277/

27r1
mw/wwm

27 oD

IA

dt

| /\

dt

| A

Note 7.3 This theorem is the same as putting a bound on a,, with|a,| < %ﬁ'ﬂ.
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Definition 7.4 (Entire Functions) A function f : C — C, f holomorphic on C, is
called an entire holomorphic function.

Corollary 7.5 (Liouville) Consider f : C — C entire holomorphic with Supzec}f(z)‘ <
C for some C. Then f is constant.

More generally, f : C — C entire holomorphic with ‘f(z)‘ < C|z|k for some C,k and
for all z € C. Then f is a polynomial in z with degree d < k.

Note 7.6 This corollary says that if f entire holomorphic grows slower than a polyno-
mial, it is a polynomial. This implies that if f entire holomorphic is not a polynomial, it
must grow faster than any polynomial. Some examples are €*, cos(z), and sin(z) (unlike
the real case where cos(z) and sin(z) are bounded).

Proof: Since f entire holomorphic, we know that it can be written as a power series
that converges everywhere:

f(z) = Z apz" (this converges for all z € C).

n=1

We have an estimate for the growth of this a,; applying theorem (7.1) on D, (0) for
any r > 0 gives:

‘f(n) (0)‘ - SuPyp, (o)l /|

|an| = -

Crk

rn

n!

<

r—00

If n > k this implies that|a,| ——— 0. Thus: f(z) = 22:1 anz" and f is a polynomial
of degree at most k.
[ ]

Corollary 7.7 (Fundamental Theorem of Algebra) Given any polynomial P(z) =
Zflzl anz" of degree d > 0, a, € C, ag # 0. Then 3zy € C s.t. P(z9) = 0 (it has a

root).

Note 7.8 This is equivalent to saying that C is an algebraically closed field. This is
false for R.

Proof: Suppose that P has no roots. Then the reciprocal is defined. % is an entire

- 1 — .d ad—1
= PO Then P(z) = z%(aq + =2+ +

holomorphic function. We want to bound ‘%

7-2
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-+ 93). For|z[ > 1, we can examine Pz(f) = (aqg + adZ;l + o+ 2 m agq. That is

to say that 3R > 0 s.t. V|z| > R we have:

P(z)| _[P(z)] _ |adl
~d = ‘Zd’ >7>O.
a2
L 2 L owsnr

|P(2)] ~ lad| |z

Then outside the disk Dr(0) f is bounded. f is bounded inside the disk since %

is holomorphic, thus continuous on Dg(0), and thus bounded inside the compact disk.
Thus on C:

1

'P(Z) <c

By corollary (7.5), % is a constant. Thus P(z) is a constant. This is a contradiction
since we assumed that P(z) had positive degree. ]

Note 7.9 By repeating this argument we can show that P(z) of degree d has exactly d
roots in C, possibly non-distinct. That is to say that P(z) = ag(z — z1) -+ (2 — 2q).

Theorem 7.10 (Zeroes of Holomorphic Functions) f : Q@ — C holomorphic, Q
open and connected, f Z 0 on Q. Then the zeroes for f inside Q0 are isolated. That is
to say that if f(z0) =0, zo € Q then 3V C Q open such that f(z) # 0Vz € V \ {0}.

Proof: Suppose zg is a non-isolated zero of f. We claim that f = 0 in some neigh-
bourhood of zp. To show the claim, we let f(z) = > 7, an(z — 20)", which is ab-
solutely convergent near zg. Then if the claim is false, In > 0 s.t. a, # 0. Define

g(2) = an + ani1(z — 29) + - - -. Then:

f(z) = (2= 20)"(an + any1(z = 20) + -+ -)
= (2 —20)"g(2).

g(z) is the power series for f, but with coefficients shifted by n. Thus g(z) is holomorphic

on some small disk centered at zy (an absolutely convergent power series with shifted
cont

coefficients is still absolutely convergent on the same disk). g(zp) = a,, # 0 == g(z) # 0

for z close to zg. Since f(z) = (2 — 20)"g(2) we get that zp cannot be a non-isolated zero
of f.

We return to the theorem. Let Q' = {z € Q| f =0 in some neighbourhood of z }.
The claim shows that zp € €/, and thus Q' # @. Q' is open (since for any point, f is
zero around that point). €' is also closed. .

n—oo

To see this, suppose you have a sequence {z,}22, € ¥, 2z, —— 200 € Q. f(z) =

0L, f (200) = 0. Then z4 is a non-isolated zero of f (because it is a limit of zeroes).

7-3
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By the claim f = 0 around zs, thus 25, € . Thus ' is closed. This implies, applying
connectedness, that Q' = Q. Thus f = 0 on 2, contradiction.
|

Definition 7.11 (Order of Vanishing) In the proof we showed that if f holomorphic
in Q3 2z, f#0, then we can write f(z) = (z — 20)Ng(2), where g # 0 near zy. Then
N is called the order of vanishing of [ at zg.

Corollary 7.12 (Identity Principle) Suppose you have f,g : Q@ — C holomorphic
such that 3{z;}52,, z; I e € Q (with z # zj for i # j) such that f(z;) = g(z;) Vj.
Then f =g on €.

Proof: If f — g # 0 then the zeroes of f — g must be isolated, but they are not by the
assumption (the assumption says to assume that f — g has a non-isolated zero). [ |

Definition 7.13 (Analytic Continuation) Suppose you have Q1 C Qo open con-
nected. Suppose f : Q1 — C holomorphic and F : Qo — C holomorphic such that
f="Fla, (ie f(z) = F(2)Vz € Q1) then F is called an analytic continuation of f to
Qs.

Note 7.14 (Uniqueness of Analytic Continuations) Corollary (7.12) shows that
if F and F' are both analytic continuations of f to Qa, then F = F' (since F and
F' will agree on Q1 and thus are equal).

We can thus refer to F' as the (unique) analytic continuation of f to Qs.

We now present a bit of review material in preparation for a discussion of normal
families.

7.2 Ascoli-Arzela’s Theorem

Proposition 7.15 Suppose that 3f : Q@ — C such that f,, — [ uniformly on compact
subsets of Q. Then f is holomorphic on 2.

Proof: Uniform convergence on compact subsets means that for any K C 2 compact
then sup,c | fn(2) — f(z)] 7%0.

Using theorem (4.1) and corollary (6.2), let z € Q. It suffices to show that f is
holomorphic on D = D,(z) cC Q for some r > 0. We check that f is holomorphic on D.

Let T C D a triangle. Then by theorem (4.1) [, fu(2) dz = 0. On the other hand, for

D C K C Q compact, then if f, = f it is easy to see that [y, fo(z)dz = [5, f(2) dz.
Thus [, f(z)dz = 0. ]

Note 7.16 This proposition says that if f is a uniform limit of holomorphic functions,
then f is also holomorphic. This is quite bizarre; a uniform limit of smooth functions
on a compact set need not be smooth. Stone-Weierstrass says that every continuous
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function can be uniformly approximated by polynomials (both smooth and analytic), and
thus that every continuous function is a uniform limit. This is quite different compared
to the complex case.

Theorem 7.17 (Ascoli-Arzelad) Let Q open. Let {fn}72, fn : & — C holomorphic
on Q. Suppose that

o fn is uniformly bounded (ie sup,cq|fn(2)| < C for some C),

o { fn} are uniformly equicontinuous on Q (ie Ve3d s.t. if|x —y| < 6, z,y € Q, then

| fu(@) = fuly)| < € for all n).

Then 3f : Q — C continuous (and holomorphic by the previous proposition) such that
In; L f for some subsequence n; on compact subsets of ).

Note 7.18 Usually Ascoli-Arzela is assumed on K compact, which results in the uni-
form convergence on K. This is an extension of the usual form. If you have the as-
sumptions on all of Q, then in particular you have them for all compact subsets. Thus
for every compact set you obtain a uniform limit, and by exhaustion you can see that
the limit will always have to be the same function.

Ascoli-Arzela tells you that on a compact set you have a uniform limit, which is there-
fore continuous, and the previous proposition tells you that this limit is holomorphic.
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We begin with a small remark, inspired by a previous homework set.

Remark 8.1 Let v1,v2 be parameterized piecewise smooth curves, with the same initial
points and end points, and such that they do not cross except at endpoints (they enclose
a region ). If f holomorphic on ) then fﬂﬂ f(z)dz = fw f(z)dz. This follows easily
by theorem (5.2) (Cauchy’s Theorem), since 0 =[5 = [ — [ .

This does not hold if f is not holomorphic on Q. Consider f(z) = % Then we have
calculated (in an excluded example) that with ~, the upper half unit circle and o the
lower half unit circle that fapl(o) f(z)dz = — f% f(z)dz+ fvz f(z)dz =2mi # 0.

We now look at a comparatively non-trivial theorem. Montel’s Theorem give us a
sufficient an necessary condition for a family of holomorphic functions on a domain to
converge uniformly on compact sets to some limit.

8.1 Montel’s Theorem

Theorem 8.2 (Montel’s Theorem) Let f, : Q@ — C holomorphic functions, n € N.
Suppose that they are uniformly bounded on compact subsets of Q (ie VK CC Q compact
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ACk > 0 s.t. sup,cx|fu(z)| < CxVn). Then 3 subsequence nj — oo, 3f : @ — C

holomorphic s.t. fn; % f on compact subsets of Q and f,(l];) 2 &) on compact subsets
of Q, Vk > 0.

Definition 8.3 (Normal Family) A set of functions is called a normal family if 3
subsequence nj — oo and 3f : Q@ — C holomorphic s.t. fn, % f on compact subsets of

Q and f,(llj) 2 %) on compact subsets of Q, Yk > 0.

Note that the case where k = 0 is simply the first sentence, and that if the k = 0 case
holds the k > 0 case is implied. Thus, it is sufficient to ignore the k > 0 case when
writing the definition.

Remark 8.4 Theorem (8.2) states that for a set of functions, uniformly bounded on
compact subsets implies normal.

If fn = f holomorphic on compact subsets then f, is uniformly bounded on compact
subsets. Without the subsequence part, being a normal family is essentially equivalent to
being uniformly bounded on compact sets.

Remark 8.5 {f,} uniformly bounded on compact subsets of Q@ <= {fn} locally uni-
formly bounded (ie ¥ zy € Q, 3r,C >0 s.t. D,(z9) CC Q2 and supzeDT(ZO)‘fn(z)‘ <C).

The right direction is simple, as each disk is covered by a compact set that is still in €.
To see the left direction, cover a compact set with disks. By compactness, we can reduce
the cover to finitely many disks. Take the maximum of the finitely many constants, and
you are done.

Remark 8.6 The content of theorem (8.2) is that it strengthens theorem (7.17) by re-
moving the assumption of equicontinuity. It also strengthens it by proving the statement
for all the derivatives.

Conversely, theorem (7.17) doesn’t need holomorphic (merely continuous), while the-
orem (8.2) does.

Proof:[8.2] This is a consequence of equation (5.1) and theorem (7.1). Let us first
prove that { f,,} is equicontinuous on compact subsets of 2. We must show that VK CC 2
compact Ve > 036 s.t. if 2,y € K|z — y| < & then|fn(z) — fn(y)| <€, Vn.

Since K compact and Q closed, dist(K,0€) > 3r > 0 for some r. Let z,w € K s.t.
|z —w| < r. Take a disk z € D = Dy, (w) C Q of radius 2r around w.

8-2
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Apply equation (5.1) to w and z and subtract:

Fal2) = fulw) = = de( Lo )dc (8.1

= 2m oD C—Z_C—w

By assumption then since D C K’ C § for some K’, f, is uniformly bounded inde-
pendent of n. Then:

¢ =2r
lw—z| <r
dr >|¢C— 2| =|¢ —w+w — 2|
> —w|—|jw—z| >r.
e ——

=2r <r
Thus:
’ 1 1 ‘ 2=l
(—z (—w| [(—z]C-w
|z —w| |z —w
< = .
- 2r.r 2r2

8-3
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Taking the modulus of equation (8.1):

1a2) = fulw)] < 5 [ 0]

ubd<C

IZI

d¢

(for some constant C) < C|z — w|Vn

This shows that the family { f,, } is equicontinuous and uniformly bounded on compact
subsets of Q. Thus we can apply theorem (7.17). Thus, VK CC Q compact, In; — oo

subsequence, 3f € C°(K) s.t. fn, % f on K. By note (7.18), f is holomorphic on K°.

We must now show that f, — f on all compact subsets (now we have proved that
for any compact set, there is some subsequence that converges on that compact set) and
that the derivatives converge.

We apply a diagonal argument. We can find an exhaustion { K; } of Q by compact
subsets:

K1CK2C"'CKJ'CKJ‘+1C"'CQ

such that K; C K7, Vj and that U K =9,

K
Ko

Q

eg. Kj={zeC]|dist(z,00) > %} N D;(0) (the disk of radius j around the origin is
to ensure boundedness). Now apply the first part of the proof to K; to get { fn1} a

subsequence of { f, } s.t. fn1 —— f f € C°(Ky), f holomorphic on K. Now apply

the first part of the proof to K» and the family { f,, 1 }. This yields a sub-subsequence

Jn2 —Kﬂ) f, fe C°(K3) holomorphic on K9. The uniform limit is unique, thus f = f

on Kj by uniform convergence.

Repeat this procedure to { f,, 2 } on K3 to get { fn 3} etc. Finally take the sequence
{ fan }ory- By construction, fyn % f on all compact subsets of Q.

This proves the first part of theorem (8.2). The statement about the derivatives
remains to be proved. For convenience, relabel so that f,, — f on all compact subsets
of Q. Vk > 0, given any point zg € Q, take D = D,(z) cC  for some r > 0. Apply

theorem (7.1) to the function fék) — f®:

|
Vz € Dr(2) 2| fP(2) — fP(2)| < ’i,;supun ine
2 ™ 8D
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where supgp|fn — f| — 0 since f,, = f on D. Hence f,(Lk) — f) locally uniformly =

fy(bk) — %) uniformly on all compact subsets of . This is what we wanted to prove,
hence we are done.
| |

8.1.2 Some Examples

Example 8.7 For C* real functions this fails. Consider f,(x) = sin(nz) on [0,1] C R.
Each f, is a uniformly bounded smooth function, but they are not equicontinuous, and
in fact have no convergent subsequence on any compact subset of [0,1].

Example 8.8 Consider Q C C open, Q' C C open and bounded. Define
F ={f:Q— Q| fholomorphic}.
Then F is normal, asVf € F, supg|f| < diam(Q), which is finite since ' is bounded.

Note 8.9 The concept of normal families extends very easily to uncountable sets in the
obvious way (still looking at countable sequences).

Remark 8.10 Part 3 of the proof of theorem (8.2) shows that if F is a normal family
of holomorphic function Q — C, then Vk > 0, FF) = { f(B) | f € Z} is also normal.
This will be used later in the course.

We now move backwards in the textbook, back to our original location of chapter 3.

8.2 lIsolated Singularities, Poles

Recall from last time: 2 C C open connected, f : Q — C holomorphic, f # 0. Then
given zg € , 3D disk containing zp. 3N > 0 and holomorphic s.t. g(w) # 0Vw € D s.t.
F(20) = (= — 20)™ - g(2) on D.

Recall that we defined the unique NV in the previous section to be the order of vanishing,
and that when N = 1 we call zg a simple zero.

Say now that instead of a zero we have a singularity, zo € Q, f : Q\ {2} — C
holomorphic on \ {z}.

8-5
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Definition 8.11 (Poles) We say that f has a pole at zy if 3D = D, (z9) C Q2 for some
r>0 st f(z)#0Vz€ D\ {z} and the function:

- . fl ZGD\{ZQ}
' 0 z =2z

18 holomorphic on D.

To have a pole means to have a holomorphic function that is not defined at zg but is
holomorphic outside, and must be non-zero on some punctured disk around zj.

Lemma 8.12 Suppose that f has a pole at zy. Then ID > zy disk, 39 : D — C
holomorphic, g(z) # 0¥z € D and 3IN > 1 such that ¥z € D\ {z0}:

1) = 2

(z — 20)NV°
Example 8.13 % at zg = 0 is the prototype of a pole.

Example 8.14 Zin, n>1 at zo =0 is also a pole.

Proof:[8.12] Since f has a pole, let f be the function described above. f :D — C
holomorphic. By assumption f is never 0. Thus by construction, f is non-zero except
at the isolated zero zg. By theorem (7.10) from last time we can write:

f(z) = (z = 20)Vh(2)

on some possibly smaller disk at zg, N > 1 and h : D — C holomorphic and non-zero.
Now we let:

9(2) = L

h(2)
and we are done.
]

Definition 8.15 (Order of Pole) We call the unique N in lemma (8.12) the order
of the pole. This is the analog to the order of the zero (the order of vanishing) defined
in definition (7.11). When N =1 we call it a simple pole.

Lemma 8.16 (Laurent Series for Poles) Suppose that f has a pole of order N at
20 € Q (f is implicitly holomorphic on the punctured disk). Then 3D > zy disk such that
for z€ D\ {z}:

o a—N aG_N+1 a—3 a—1
1) = (z — z0)N + (z — z9)N-1 Tt (z — 20)? + z— 20 +G()

8-6
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with aj € C, G(z) holomorphic on D. Thus we can effectively write for z € D\ {zo}:

o0

flz) = Z an(z — 20)".

n=—N

This is the Laurent series of f centered at zy (a pole).

Proof: Take lemma (8.12). Then on D \ {z}:
__9(2)
e

Expand g in power series on D:

9(z) = Y An(z = 20)"
n=0

and plug it in:

1 2
f(z)—i(z_ZO)N-(A0+A1(Z—Zo)+A2(Z—Zo) +--)
(letting a; = Aj+n) = Z an(z — 20)",
n=—N
and we are done. u

Definition 8.17 (Principal Part and Residue) When f has a pole at zy we can
write:

-1

f(z) = Z an(z — 20)" + Z an(z — 2z9)"
n=0

n=—N

The first sum is called the principal part of f at zp. a_1 =: Res,,(f) is called the
residue of f at zy. Note that|N| < cc.

Example 8.18 The function

has a pole at zo = —5. The order of the pole is 1. This is the Laurent Series of f at zp,
and thus Rez_5(f) = 1.
Example 8.19 The function
1
(24 5)2

has a pole at z9 = —5. The order of the pole is 2. This is the Laurent Series of f at 2,
and thus Rez_5(f) = 0.

f(z) =

8-7
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Example 8.20 The function

1 1
2241 (z—i)(z+1)

f(2)

has two poles: z = £i. By plugging in z = £i and ignoring the division by zero we get
that:

Resi(f) = %
Res_i(f) = ;—;
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Lecture 9: October 1

Instructor: Valentino TOSATTI Scribe: Alexander Kroitor

We spend more time on poles this lecture.

9.1 Poles and the Residue Formula

Note 9.1 Recall that a holomorphic function f has a pole at zg if:

iy fl z€ D\ {2}
' 0 zZ =2

is holomorphic on D (a disk around zy). Naturally this implies that limzﬁz()ﬁ =0.
This means that lim,_,, f(2) = Loo. This is to say that a pole is somehow a point
where f goes to +oo.

We revisit an example from last lecture:

Example 9.2 The function

1 1
2241 (z—i)(z+1)

f(z)

has two poles: z = %i. Consider the pole i. Then:

1

I 1 _ o 9(2)
2241 (z—i)(z+1) z—i z-—2
for zg = 1. Z%_l is indeed a non-vanishing and holomorphic function around i. We then

expand g(z) in a power series at zo = i:

9(z) = Zan(z—i)” =ag+---
n=0

2% '

Thus a_1 = o in the Laurent series expansion, so Res;(f) = 5. Similarly, Res_;(f) =
—1

2
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Lemma 9.3 Say f has a pole at zg € Q of order N > 1. Then:

Resz(f) = Jim lwl_l). (f)N [CEEDAE f<z>}] .

Note 9.4 Multiplying by (z — 2z0)" makes your function holomorphic. We then take the
derivative and divide by (N — 1)! to readjust it after taking the derivative.

Proof:[9.3] Expand f by lemma (8.16). Then:

—7(1_]\[ a-1
f(Z)_(Z—ZO)N+ +Z—ZQ+G(Z)

(z—20)Vf(2)=a_n+-+(z—20)"Ta1 + (z — 20)VG(2).

Then note that (z — 29)VG(z) vanishes to order at least N at the point zp. Since
taking the derivative reduces the order of vanishing by 1, the N — 1’th derivative of
(z — 20)VG(z) vanishes to order at least 1 at the point zg. Thus:

lim [(i)Nl [(z - zo)Nf(z)]] = a_i(N = D!+ lim [(i)Nl [(z - zO)NG(z)]

= a_1(N — 1)' +0
= a_l(N — 1)‘
|
Example 9.5 Consider:
*_9(2)
f(z) = 55 = 5

Then the denominator vanishes at 0, and the numerator never vanishes. Thus [ has
a pole of order 5 at zg = 0. We approach this in two ways:

1. We directly compute the residue. Ezxpand e = Z, as a power series around

zo = 0. Then:
1 1 1 1 1
flz) = 7+7+7+ﬁ+7+
We can directly observe that the residue is ﬂ.

2. Use lemma (9.3). Then N =5:

4
Reso(f) = lim L <88> e*

2—0 4!

9-2
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Lemma 9.6 Suppose f has a pole at zg € 2 and expand f(z) =D 7y an(z — 20)" in
Laurent series around zy for some D = D,(zy) CC Q. Then Vn:

1 f(2)

an = 5 5 7(2 EpSATES dz.
Proof: On D\ {z}:
f(2) - e
(z — z)" T > ajlz =20

j=—N

f(z) _ = ] O
/D (2 — 20)"H! == jZ_N “ /D( o) ¢

27t if j—nm—1=—1; 0 else

= ay, - 2mi.

|
We now present a theorem that is theoretically not very powerful, but is very useful
for calculations:

Theorem 9.7 (Residue Formula) Suppose f holomorphic on Q\{z1,--- ,2n}, 25 €
Q. Suppose that f has poles at z1,--- ,zn. Let Q' CC Q open subset with piecewise
smooth boundary with z1,--- ,zy € Q. Then:

1 N
— f(z)dz:ZReszi(f).
i=1

211 o0
Note 9.8 Note that you don’t have to have Q' CC Q, just that it’s holomorphic on the
closure of Q). Note that this also contains theorem (5.2) as a trivial case (when N = 0).
In general there is no reason for the sum of the residues to be zero.
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Proof: Apply theorem (5.2) to some small disks around each pole. By assumption, f
is holomorphic on Q' \ Ufil D, (z;) for some small > 0. Theorem (5.2) applies on this
new domain (parameterizing 9D, (z;) counterclockwise to achieve a negative):

oY

N
0= dz — d
f(2)dz g /8 oy O

N
(apply lemma (9.6)) = (z)dz — Z 2mi - Res,; (f).

oq s

9.2 Applications of Residue Formula

Example 9.9 D = Dy(z). Compute faD % dz. This is hard to compute directly, but
easy to do with residues. f has two simple poles at zg = +i:

z+1 . z+1 z+1
/aDMdZ_2WZ <R€Si <2’2—i—1> +R€S_Z‘ <2;2—i—1>>

147 —i+41
(from example (9.2)) = 2mi ( ;—,Z + = —21— > = 2mi.
i —2i

Example 9.10 FEvaluate ffooo %. We use the contour of the semicircle on the upper
half plane of radius R.

A
v R
"R i R
—1
Now note that:
1 2 2
Z = <7:7’
7| la+22| T2 R
dz 2 2 R—o0
<L R— 0
/7214-22 <L) g =mlp

9-4
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Thus:
0

/ dz / dz N d ori - R ( 1 )
_— = = 47T es; =T
or 1+ 22 oy 1422 T+ 22 "\ 22

/ dz / dz
o = = .
oy 1422 r 1+ 22

Example 9.11 Consider ffooo ﬁf; dz. Note that (szz) 22EX ) Thus 0 < a < 1
(otherwise the integral will diverge at +00).
We propose to use f(z) = f:; This has poles when e = —1, thus when z =
wi + 2mik, k € Z.
We propose this contour:
—R + 27 Y3 R+ 2mi
Y4y & ) 90
“R = R

By the residue formula:

/71+/72+/Y3+/Y4:27”'.R68ﬂ-i(f)'

Since these are simple poles:

Resr;i (f) = lim (z — i) f(2)
Z—T
g T
Z2—Th 1+ e

We expand the denominator using h(z) = €* at zp = mi :

h(z) = h(zo) + h'(20)(z — 20) + o(|z — 20])
=e™ +e™(z — mi) + o(|z — mil)
=—1—(z — i)+ o(|z — mi]).

e +1=—(z—mi)+o(|z — mil).

Thus:

= lim (—e" +0(1)) = —em,

2T
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FEvaluating the 1 term:

(z)dz—/R e dz B2 /oo o dz
" CJ_pl+er oo L +em

Evaluating the 3 term, remaining conscious of the fact that s is v1 evaluated back-

wards but shifted up 2mwi:
/f(z)dz:/ ¢ ~dz
73 73 l+e

/ ea(z+27ri) q
= 5 dz
" 1 +e(z+27rz)

= e [ f(2)dz.

71

Where the minus sign is because we parameterize 3 in the opposite direction compared
to v1, and the factor of €*™® comes from the fact that the parameterization of v3 involves
adding 2mi to the parameterization of 1.

Evaluating the o term with parameterization z(t) = R+ it, t € [0, 27]:

21 pa(R+it)
———tdt
A 1+ eR+it
2m | pa(R+it)
<),
0
27 aR
— [ e
0 ‘1 + eR-Ht‘

27 eaR
< dt
- /0 el —1
R—o0

2m
(for some constant C) < / Cele=DE g 22 .
0

(2)dz

72

Ty et | 4

Similarly for v4 with parameterization z(t) = —R — it, t € [0, 27]:
2m e—a(R—i—it)
/ e
o 1+ e—(R+it)

2m e—a(R—i—it)
< -
_/0 1+67(R+it)

2 R—o0

(for some constant C) < Ce B dt === 0.
0

(z)dz

Y4

dt

9-6
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et? etz

27

Finally this implies that, since sin(z) =

eCLLE

1+e”

e q 2me 7r
— T = — — = — .
r1+e€” emia — e=ma  gin(wa)

And thus we are done.

dx.

_27m~€a7ri _ (1 _ e?m’a)/
R

9-7



MATH 466 Fall 2020

Lecture 10: October 6

Instructor: Valentino TOSATTI Scribe: Alexander Kroitor

We go into more depth on isolated singularities of functions.
Let Q C C open, zp € Q, f: Q\ {20} = C holomorphic. Then zj is a possible isolated
singularity of f.

Definition 10.1 (Singularity) Let ) C C open, zp € 2, f: Q\{z0} — C holomorphic.
zo 18 said to be a singularity of f if f cannot be extended to a holomorphic function
over all of Q (especially at zp).

Theorem 10.2 Let 0 <r < R. Consider A={z€C | r<|z—2) <R} (whenr =20
this gives you a punctured disk). Let f : A — C holomorphic. Then for every r < r’ <
R’ < R, we can write f as a Laurent series:

o

f(z):Zan(z—zo)” v <|z— 2| <R,

—00

and this series is absolutely convergent on this smaller annulus { z € C | ' <|z — 29| < R’ }

and Yu € (r, R):

Note 10.3 When we say that > an(z — 20)" is absolutely convergent we mean that
both > o7 an(z — 29)" and ZO_OO an(z — z0)™ are absolutely convergent.

10-1
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Example 10.4 Consider f(z) = ez onC* = C\{0}. The Laurent series on any annulus
{r <lz| < R} is given by:

—n

OB

n=0

Proof: On smaller annulus, f is holomorphic by assumption, so we apply equation
(5.1). Noting that ' <|z — 29| < R":

1 f(w) 1 f(w)
= 2mi A—ZM_R w==z o 2mi /w—zo_r w==z e

Using the fact that w — 2z =w — 20 — (2 — 20) = (2 — 20) <M—1>:

zZ—20
S 1 f(w)

=Yz 20)" — du,

ORI M-t

1
2700 Jw—zp)=r (W — 20)

Note that we cannot use the same trick for the second term since f is not holomorphic
inside the disk (so the power series does not converge in it). We can still do something
similar. Noting that:

=y

10-2
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w—z=—(z— z) <1—“’_ZO>,

zZ — 20
and that 0 < 1/ <1,
z— 2 T
we get that:
1 1 1
_w—z:z—zo 1 - &%

Z o
(z — zp)t1

(relabel) = f w
n=0 (w B Zo)n

(relabel) = f (2'—720)”1'
n=-—1 ('IU - ZO)TH_

This new representation of w;fz has strictly negative powers of (z — 2p), exactly what
we want:

= Z an(z — 2p)" — = J(w) dw

270 Jjy—zg=r W — 2

—E anz—zU "4 E anz—zo ,

n=-—1

where the a,, in the second part of the sum comes from the same formula that gave us

ay, in the first part of the sum: a, = ﬁ f|w sol=r % dw. Note that you can use

any radius you want that is in the annulus, especially 7 and R. The integral evaluates
to the same thing by theorem (5.2). [ ]

Remark 10.5 In the case of poles we get the same Laurent series that we had before
(ie Y Fn an(z — 20)™). This theorem says that for a general holomorphic function the
index of the sum can extend backwards to —oo.

Laurent series allow us to study isolated singularities.

10.1 Classification of Singularities

Theorem 10.6 (Riemann Extension Theorem) Let @ C C open , 29 € Q, f :
2\ {20} — C holomorphic. Suppose that supo, (;3|f| < oo. Then 3If : @ — C

holomorphic s.t. f lo\{z0}= [

10-3
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Definition 10.7 (Removable Singularities and Holomorphic Extensions) We call
this f a holomorphic extension of f across zy, and we will say that zg is a removable
singularity of f.

Remark 10.8 If f : Q — C holomorphic and we call f = f |Q\{ZO} then obviously
SUPD, (z0)\ {20} || < 00 for v small, thus boundedness of |f| is necessary and sufficient for
zo being a removable singularity.

Proof:[10.6] Let R > 0 small enough such that Dp(z9) CC €2, and so |f(z)| < C for
some C' > 0, Vz such that 0 <|z — 29| < R. Expand f in Laurent series on this annulus:

1) =3 au(z — zo)m,

|lw—z0|=R (w - Zo)n

So for n = —m, m > 0 (ie n < 0):

|afm| < —-

fw)
L—zOR (w — zo)~m+L 4

- / F(w) (w — 20)™ " duw
lw—z0|=R

let (w(t) = 20 + Re') =

/ f(z0 + ReM)R™ 1 + Re'™m~ D Rie™ dt
lw—2z0|=R

<Rr™.c %0
Where the final line comes from the fact that|f| is bounded, and the fact that }e“’ =1.
Thus letting R — 0 we get that |a_,,| = 0¥m > 0. Thus the Laurent series has no
negative powers.
Let f(2) = 320° g am(z — 20)" on Dpg(zp). This agrees with f on Dg(z0) \ {20}, so we
get a holomorphic extension of f across zy. The uniqueness of f was already discussed
(compare to analytic continuation). [ |

Z—20

Corollary 10.9 f:Q\ {20} — C holomorphic. f has a pole at z iﬁ‘f(z)‘

Proof:

Z—r20

L_| 2750,

= By definition of pole, ﬁ (well-defined near zp) has a zero at zyp. Thus ’ o]

which implies that | f(z)] 2250, 50
< Since f goes to infinity near zp, f(z) # 0 Vz € D,(20) \ {20} for some r > 0

1 - . 1 .
small. Thus s is holomorphic on Dy (20) \ {20} and supp_(2)\ 120} 7 < C'since

|f| = oc.

10-4
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Since ﬁ is holomorphic and bounded, theorem (10.6) applies to it. Thus z = 2

is a removable singularity of ﬁ, and since |f| — oo then ’% 2720, 0. Thus the

holomorphic extension of ﬁ at zg has value 0. Thus zg is a pole of f.

We can now examine the 3 different kinds of poles.

10.1.2 Types of Poles

Definition 10.10 (Classification of Singularities) zp € Q, f : Q\ {20} — C holo-
morphic (zg is a singularity of f).

There are three mutually exclusive cases:

1. 2y is a removable singularity of f <= |f| < C near zy (iff by theorem (10.6)),

2. 2y 15 a pole of [ <— \f|H—Z°>oo,

3. zg is an essential singularity of f <= zy is neither removable nor a pole.

Example 10.11 f(z) = e* has an essential singularity at zg = 0. Consider ez

z—0:

as

1
0<zelR: 62ﬂ>+oo

1
0>zecR: ex 2%

z=1y, y € R: ev| =1 (however the argument varies wildly)

Thus this is neither a pole nor a removable singularity.
You can detect the type of singularity by examining the Laurent series:

Note 10.12 Let f(2) = >0 an(z — 20)"™. Three distinct cases:

n=—o0o
1. f(z) =302 gan(z — 20)". This implies zy is a removable singularity.
2. f(z) =300 _nan(z—20)". This implies zo is a pole.

3. f(2) =00 an(z — 20)"™. This implies zy is an essential singularity.

Theorem 10.13 (Casorati-Weierstrafl) Suppose f : Q\ {20} — C holomorphic and

20 an essential singularity. Then ¥r > 0 small such that D,(zp) C Q, we have that
f(Dy(z0) \ {20}) is dense in C.
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Proof: Suppose that A = f(D,(20) \ {20}) is not dense. Then A # C. Thus Jw € C,
w ¢ A. Then w has positive distance from A, ie 3§ > 0 s.t. |f(z) - w! > 4§, Vz € A.
Let g(z) = m, z € A (this is okay since we know that |f(z) —w| > 0). This is
holomorphic on A with g # 0 on the punctured disk.

Then ‘ g(z)‘ < %Vz € A, so zp is a removable singularity for g. Two cases follow:

#0: g(z) = f(z%w, g(z) # 0 near zp, thus we take ﬁ +w = f(z). Since this is a sum
of two holomorphic functions, f is also holomorphic at zy. Thus zg is a removable
singularity of f, which is absurd.

= 0: Then since g # 0, zg is an isolated zero of g with an order of vanishing of N > 1.
So f(z) =w+ ﬁ. This is holomorphic on A as the sum of two functions that are
holomorphic on A. Since le) has a pole at zg, so does f(z), which is absurd.

Remark 10.14 We have a trichotomy of singularities. Removable singularities are in
a sense not real singularities. Poles are our friends; they have residues and we can use

the residue formula on them. FEssential singularities are wild and bad, and behave very
badly.

Poles are special enough that we give a name to functions that are composed of only
poles for singularities.

Definition 10.15 (Meromorphic Functions) A function f on Q open is called mero-
morphic if there is a countable collection {z;}5°, C Q of points with no accumulation
point inside ¥ (accumulation points on the boundary is possible), and f : Q\U;Zo{2;} —
C holomorphic function such that z;’s are all poles of f.

10-6
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Lecture 11: October 8

Instructor: Valentino TOSATTI Scribe: Alexander Kroitor

11.1 Meromorphic Functions

We start by giving an examples of meromorphic functions (defined at the end of last
class).

Example 11.1 (Meromorphic Functions)

1. Anything that we have already seen with a pole.

1 1 1
e.g. z’ 22 22417 (z— 5)

2. Rational functions (a ratio of two finite polynomials)

e z 142422 2-4
9 251 (z—1)2 7 2457

3. Ratio of two holomorphic functions (with denominator % 0)

e? 2542
€9 2211» cos(z)’

Note 11.2 Case 2 follows from case 3 as a special case. We will now prove case 3.

Proposition 11.3 The ratio of two holomorphic functions o) with g(z) # 0,
meromorphic function.

Proof: f, g holomorphic. Thus % is holomorphic at all z s.t. g(z) = 0. The zeroes
of g are isolated. Let zy be a point where g vanishes. Let N > 1 be the order of vanishing
of g at zg. If f =0 we are done. Thus there are three cases to consider:

L | f(z0) # 0}
Then we can consider the reciprocal %. This is non-zero in D,(z9) \ {20} for
some 7 > 0. This new function has a zero of order NV at z. , jgc ((2 has

a pole at zg of order V.

2. ‘f(zo) = 0 with order M < N‘:

Then we write f(z) = hi(z) - (z — z9)™ and g( ) = ha(2) - (2 — 20)™ near zy with
hi(z)- ((z 200 hi(z)

M
h1, he holomorphic on D, (zy). Then fgzg )N = ha(a) (z—zol)N*M’ which

is a pole of order N — M.
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3. ‘f(zo) =0 with order M > N |

Then, following exactly from case 2, we write £ 8 = Z;Ejg (2 — 20)M~N which is

holomorphic at zg with a removable singularity.

Thus % is meromorphic with every pole being a zero of g(z). [ |

Note 11.4 This is the most general formulation of a meromorphic function.

11.2 Point at Infinity

Consider C. C is not compact, but we can add a single point (our so called “c0”) and
define a topology on C U { oo } such that it is compact.

Definition 11.5 (Neighborhood of o) A neighborhood of ~o is a set U C C open
such that {|z| > R} C U for some R >0

|z| > R

If f: U — C holomorphic where U is a neighborhood of oo, we can consider F(z) =
ﬁ, a holomorphic function on {|z| < %} \ {0}, a punctured neighborhood around 0.

This set is obtained by taking the reciprocal of |z| in the above definition on U. Thus
switching z with % in some way swaps oo with 0.

11-2
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Definition 11.6 (Behaviour at oco) Consider a function f(z) and the function F(z) =
f(}). We say that:

z

e f is holomorphic at co if F' has a removable singularity at 0.
e f has a pole of order N at oo if F' has a pole at O of order N.
e f has an essential singularity at co if F' has an essential singularity at 0.

e f meromorphic on U is meromorphic at oo if f does mot have an essential
singularity at oo.

Example 11.7 [t is easy to get lost in the definition of F'; take care not to.

° e%, which has an essential singularity at 0, is holomorphic at co. This is because
F(z) = €* is holomorphic at 0.

e 22, and entire holomorphic function, has a pole at oo of order 2. This is because
F(z) = Z% has a pole of order 2 at 0.

e ¢ has an essential singularity at co.

Theorem 11.8 (Characterization of Rational Functions) Suppose f meromorphic
on C and f meromorphic at co. Then f is a rational function (f(z) = ggz, PQ e

Clz], @ #0).

Note 11.9 This theorem means that we can classify meromorphic functions as rational
iff they are meromorphic at oco. This is significant since the set of polynomials is much
smaller than the set of all meromorphic functions. This also implies that almost all
meromorphic functions will have an essential singularity at oo (since few are rational,
and all others must have an essential singularity at o).

Proof:[11.8] Let f meromorphic on C. Then the poles of f do not accumulate in C.
The poles of f cannot accumulate at co since f is meromorphic at co (since f(1) has a
pole or removable singularity at 0, it will be holomorphic and non-zero in D, (0) \ {0}
for some r > 0, so f has no poles in some punctured neighborhood of co).

It follows that since they cannot accumulate anywhere, f has finite poles { z1,--- , 2, }
(and possibly c0). Let z be a pole in C. Write for z near zj:

f(z) = fi(2) +or(2)
=~

principal hol’c

L We do the same at oco:

with gx(z) a polynomial in

Z—zp "
1 5 -
fl=)= fo(2) +do0(2).
z N—— N——
principal hol’c
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Note that fao (z) could be equal to 0 if there is no pole at co. Note further that goo(2)
is holomorphic in a neighborhood of 0.

Let foo(2) = foo (%) Since fx is a polynomial in %, foo is a polynomial in z. Let:

H(z) = f(2) = fool(2) = >_ ful2).
k=1

H is a holomorphic function on C\ |J,_;{zx}. Near z; we have that fo is bounded
(as it is a polynomial), that f — fi is bounded (since it is equal to g, a holomorphic
function), and that f; (for i # k) is bounded. Thus H is bounded near z;. Near oo we

ave: HC):JCC)fOO C)kzn:_lf’“ C)

(P(z) := “a polynomial in x”) = f <1> — fo (2) —Zpk (1 ! ) :

z = —
k=1 z %k

Goo(2)

—0
1 2200

Both of these are bounded since g, is bounded for z close to 0 and | +

z

(hence the rightmost sum of polynomials is bounded). Thus H is bounded in a neighbor-
hood of co and bounded in some union of neighborhoods Jj_; Dr(z;) \ {#;}. But H is
holomorphic (and thus bounded) on the complement of these neighborhoods (since H is
meromorphic with all possible poles caught by our neighborhoods). H is thus bounded
on C. By corollary (7.5), H(z) = ¢ € C is constant. Thus:

F=) e+ fotc

k=1 polynomial
rational

Thus f is a rational function. [ |

11.3 Argument Principle/Logarithmic Derivative Formula

The main usefulness of meromorphic functions is their applicability to this following
theorem:

Theorem 11.10 (Argument Principle/Logarithmic Derivative Formula) f mero-

morphic on Q C C open, Q' cC Q open subset with piecewise smooth boundary. Suppose
that f has no zeroes and no poles on OY. Then:

1 f'(2)

2mi Joor f(2)

dz = #{zeroes of f in Q' (with multiplicities) }

—#{ poles of f in Q' (with multiplicities) } .
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f

tiplicities” means that a zero/pole of order N counts like N.

Note 11.11 (f—/) is called the logarithmic derivative, naively “(log(f))'” . “With mul-

Proof:[11.10] Let us investigate the behaviour of <f7l) Let zp be either a zero of

order N or a pole of order —N of f inside . We want to expand in a Laurent series;
f(2) =300 Ny an(z — 20)" with an, N # 0.

We can write f(z) = (z—20)" - g(z) for z near 2y where g is holomorphic and non-zero
in a neighborhood of zp. Thus on D,(zp) \ {z0}:

f'(2) _ N(z—20)""g(2) + (2 — 20)" g ()
f(2) (2 —20)Ng(2)
N d(=)

T 2—z2  g(2)

The second term is holomorphic. The first term is a simple pole with residue V. Thus

Res, (’%) = N. The same computation on % yields a similar equation, but with

N = 0, indicating that there are no poles along the boundary. Applying theorem (9.7)
gives us:

1 f') 4, _ M\ _
et 0 92~ S e (7) = 2 -3

zeroes poles

where S is the set of all poles of fTI in . This is the same as the set of all zeroes and
poles of f.
[

Theorem 11.12 (Rouché) f,g holomorphic on Q, Q' cC Q, Q' piecewise smooth
boundary. Suppose that |f(z)‘ > ‘g(z)‘ Vz € 09'. Then f and f + g have the same
number of zeroes in Q' (counted with multiplicities).

Note 11.13 The logic of this theorem is that g is some kind of perturbation such that
on the boundary g has less effect than f. Then the number of zeroes does not change.
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Proof:[11.12] Use a “homotopy argument”.

Connect f and f + g via fi(z) = f(z) + tg(z), t € [0,1]. Then f; holomorphic on
QVt. Let ny = # {zeroes of f; inside Q' } (we want to show that ng = nq). We shall
show that n; is constant in ¢ by applying theorem (11.10). To apply it, we must have
that f has no zeroes on the boundary (it has no poles since it is holomorphic). Then for
z € 0:

|i(2)] =] f(2) + tg(2)| = |F(2)] —t]g(2)]
(since t € [0,1]) 2’ z |—’g(z)|
>

(apply assumption) > 0.

Thus f; has no zeroes on the boundary, so:

1 f'(z)
270 Joor f(2) 4

Now note that f; is a CY function in both z and t. Thus the contour integral in z is
a CY function of ¢. It follows that the map [0,1] — Z, t — ny is continuous. Since Z is
disconnected, n; must be constant.
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Instructor: Valentino TOSATTI Scribe: Alexander Kroitor

12.1 Applications of Rouché’s Theorem

Recall theorem (11.12) (Rouché’s Theorem) from last lecture. There is a useful rephras-
ing which is useful in practice:

Corollary 12.1 (Rouché Rephrased) |f —g| < |f| on 00 = f and g have the
same number of zeroes in €.

Proof:
This follows by renaming g as f — g in theorem (11.12).

Example 12.2 How many roots does P(z) = 2% — 523 + 2z — 2 have in D = D1(0)?
We want to compare g = P with f suitably chosen, so that we know that number of
zeroes of f in D, and we can prove|f — g| <|f| on 0N.

Try f = —523:
—d =]
S‘zg‘ +]z| +2 = 4.
If] = 5‘;23‘ = 5.
So this works, and thus we know that P(z) has 3 zeroes in D1(0).

Example 12.3 How many roots does P(z) = 2° — 523 + 2 — 2 have on the annulus
D = Dy(0)\ D1(0)?

The number of roots in D is equal to the number of roots in D2(0) minus the number
of roots in D1(0) (which has 3 roots).

Try f = —28:
lf — gl :‘—523—1—2—2’
§‘5z3‘ Yz 42 =44,

K :‘28‘ — 256.
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So this works, and thus we know that P(z) has 8 zeroes in D2(0). It follows that
P(z) has 5 roots D.

Note 12.4 The tactic here is to pick the single term that will be the largest, and hope
that it will work.

12.2 Residue at Infinity

Remark 12.5 Theorem (9.7) holds for functions that have arbitrary isolated singulari-
ties, not just for poles.

Theorem 12.6 Q C C open, ' CC Q with piecewise smooth boundary, f holomorphic
on Q except for finitely many points z1,--- ,zy € Q. Then:

N
1

— z)dz = Res,, .

77 Jo, /) Zl = (f)

Note 12.7 When we first defined this formula, we did not have a concept of Laurent
series at all points. In following classes we showed that you can consider a Laurent series
at any point (possibly extending backwards to —oo), so naturally you can consider a_q
in the Laurent expansion at any point.

Proof:[12.6] Exactly the same as the proof for theorem (9.7). ]

Definition 12.8 (Simple Curve) A simple curve is a curve that has no intersec-
tions, save for the beginning and end of the curve (if it is closed).

Definition 12.9 (Residue at Infinity) Suppose f: C\{z1,---,2n } = C holomor-
phic. Let v be a simple piecewise smooth closed curve which encloses all z;’s in its inside
(ie v = O for some open bounded Q C C). Then the residue at oo of f is defined to
be:

211

Ress (f) := —1/f(z) dz.

This notation (ie the LHS not depending on v) is fine, as Reso (f) does not depend on
the choice of vy provided that v contains { z1,--- ,zn }. Usually we will let v = 0Dgr(0)
for large R.
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Note 12.10 By theorem (12.6):
N
Resoo (f) = =) Ress, (f).
i=1
Thus if f : C\ {21, -+ ,2n } = C holomorphic, then:
N
ZReszi (f) + Res (f) = 0.
i=1
Proposition 12.11 f:C\ {2z, --,zn } — C holomorphic. Then:

Resw () = —Resg (;f C)) .

Proof: Basically just a change of variables, w = % Take v = 0Dg(0) and 4 = D
z+ 1 maps Dg(0) to C\ D%(O) and flips the orientation on 9D.

Say z(t), t € [a,b] is a CCW parameterization of v. Then w(t) = ﬁ, t € [a,b] is a
1

parameterization of 4. Then w'(t) = -20 Z/(t). Thus:

i i
1 1 1,
“omi ), ! (w(t)) Wiy %

1 1\ 1
= 3 Af<w>wzd“"

v

b
Resno (f) = — - / f(z)dz = —— / F(2(8)2' () dt
b

Then noting that ﬁ f (%) is holomorphic inside 4 except possibly at 0:

1 1 1

— _Res (;f <;>> 7

with the minus sign coming from the fact that the orientation of 4 is negative.
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Example 12.12 Compute:
52 — 2
/ D272
aDs(0) (2 — 1)

f(z) = ;é:% is meromorphic in C with simple poles at z =0 and z = 1. By theorem
(12.6):

/ 5272 4.~ omi(Reso (f) + Res: (f)
D2 (0) z(z —1)

= —2miRess (f)

= 2miResq (;f <i>>
5— 2z
(

= 2miResq <> = 1072.
z2(1—2)

12.3 The Open Mapping Theorem

Theorem 12.13 (Open Mapping Theorem) [ : Q — C holomorphic and non-constant
with  open and connected. Then f is an open map, eg VU C Q open, f(U) C C is open.

Note 12.14 This is in some way “backwards continuity,” in that if [ is invertible, then
f~1 being continuous is equivalent to f being open.

Proof: The idea here is to apply theorem (11.12) and examine the order of vanishing
of the function minus a constant. Given U C 2 open, zg € U, let wg = f(29). We must
show that 3 some open neighborhood of wg which is contained in f(U).

Examine f(z) — wp, a holomorphic function of z, which vanishes at z = zp, but is not
identically 0 since f is not identically constant. zp is an isolated zero of f(z) — wp of
order N > 1, thus Je,0 > 0 s.t. Ds(z0) C Q and | f(z) — wo| >¢e >0 for |z — 29| = 9.

For w € C let us write:

9(z) = f(2) —w = f(2) —wo +wo —w
= F(z) + G(z), with F(2) = f(z) — wo,

and G(z) := wg — w.
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Note that G(z) is constant since w,wy are both fixed.

We hope to now use theorem (12.1) to show that |F(2)| > |G(2)| when |z — 2| = .
This is in fact true, since |F(2)| =|f(z) — wo| > & >|w — wo| (letting w sufficiently close
to wp). Thus F' and F' + G have the same number of zeroes in Ds(zp). Since F' has N
zeroes, '+ G = g has N zeroes inside Ds(zp).

We have thus proved that Vw sufficiently close to wg, 3N > 1 roots z1,---,2zy of
f(2) —w. Thus f(z;) = w, sow € f(U). [ ]

Corollary 12.15 (Maximum Modulus Principle v1) Let Q@ C C open and con-
nected, f : Q@ — C holomorphic and non-constant. Then |f| cannot obtain a local
mazximum at any point in §2.

Proof: Suppose not. Then |f| obtains a maximum at some zp. Applying theorem
(12.13), 3D c Q disc, 29 € D, s.t. f(z0) € f(D) open.

f(D)

Since f(D) is open, we can find some sequence {z;} € D, z; — 2 s.t. |f(z,)} > !f(zo)‘.
Since we can find such a sequence, zg is not a maximum. [ |

Corollary 12.16 (Maximum Modulus Principle v2) Q C C open, bounded, and
connected, f : Q — C holomorphic and continuous up to 0 (ie continuous on ).
Then:

sup|f| = sup|f| < oc.
Q 20

Note 12.17 The boundedness and continuity up to OS) tells us that supg|f| = supg]|f]|
which is finite as the sup over a compact set. For the same reason the RHS is also finite.

Proof: By assumption, supg|f| < oo. Since f is continuous up to 99, supgl|f| =
supq|f| (this is since any point in € is a limit of some sequence inside €, and the
continuity of f ensures that lim f(z;) = f(lima;)). Clearly supg|f| > supgq|f]|, since
Q D 9. Tt thus suffices to show that supg|f| < supyqlf|-

If this is false then

sup|f| > suplf] (12.1)
Q o0

Then let = € Q where supg]|f| is achieved (it is achieved since 2 is compact). By (12.1),
x € Q, hence | f| has a global maximum in Q and is thus constant by corollary (12.15),
an absurdity since for a constant function (12.1) makes no sense. [ ]
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Instructor: Valentino TOSATTI Scribe: Alexander Kroitor

Recall from last lecture corollary (12.16). In the assumption, we require that Q is
bounded. We will provide an example where the Maximum Modulus Principle v2 does
not hold when €2 is unbounded.

13.1 Applications of MMP

Counterexample 13.1 Take Q = quarter plane = {z € C|R(2),3(z) >0}. Then
0N={ze€C|R(z)=0VS3(2)=0}.

Let F(z) = e~# (holomorphic on C thus on ) as well). It is easy to check that
z €00 = ‘F(z)‘ = 1. But letting z =re'i € Q — |F(z)’ = ¢ which is unbounded
(in particular this is larger than 1). Thus the Maximum Modulus Principle v2 fails.

Example 13.2 Say D = D1(0), f : D — C holomorphic non-constant s.t. ‘f(z)’ <
1Vz € 9D. We will show that f(D) C D.

By corollary (12.16), supp|f| = supgplf] < 1. Then f(D) C D. To prove that
f(D) C D, let us use corollary (12.15): if this fails, then 3zy € D s.t. }f(zo)‘ =1, thus
|f| achieves a mazx at zy and must be constant, which is a contradiction.

13.2 Automorphisms

We turn to the topic of automorphisms — holomorphisms that map to a function’s own
domain.

Theorem 13.3 Let Q C C open, f: Q2 — C holomorphic and injective. Then:

1. f(9) is open.
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2. f:Q — f(Q) is bijective.
3. f'(z2) £0 Vz € Q.
4. f71: f(Q) — Q is holomorphic.

Note 13.4 This does not hold in the real case. Compare point 3 with the function
f(x) = x3. This is a smooth injective function from R to R, but its derivative vanishes
at the origin.

Proof:[13.3]
1. f injective = f non-constant = f open map. Thus f(£2) is open.
2. f is injective, so obviously bijective.

3. f/#£0on Q (if it was, f would be locally constant and thus not injective). Thus
since f’ is holomorphic and f’ # 0, the zeroes of f are isolated. Let us show that
f! is never 0.

Suppose that 3z s.t. f(z0) = 0. Let wg = f(20) and Let F(2) = f(z) — wp.
Then F' has an isolated zero at zp (if not isolated, f = wy 4). We have that
F'(z0) = f'(20) = 0, so zp is a zero of F of order N > 2. For z close to z,
F'(z) #0.

We argue exactly the same as in the proof of the theorem (12.13) and get that
(using theorem (12.1)) for w close to wg, f(z) = w has exactly N solutions close
to zo. But at all such z, f/(z) # 0, so these are all distinct (since if two coincide,
f at that point has a zero of order at least two, thus f” at that point is 0). Since
N > 2, we get that f is not injective (since there are at least two distinct zeroes
of f(z) — w, thus two points that are mapped to w).

Hence f’ never vanishes on €.
4. To show that f~! is holomorphic, for any wo € f(Q), write wo = f(z0) (uniquely)

and for w near wy, write w = f(z) (uniquely). Then, noting that since z, zo are
unique and since f~! is continuous, then as w — wo, z — 2o:

-1 _ 1 —
i W) = f(wo) ) 220
w—wo w — Wo 220 f(z) - f(ZO)
. 1
= I o
Z—2z0
B 1
f'(z0)

Since this limit exists, f~' is holomorphic.
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Definition 13.5 (Automorphism) An automorphism of Q is a function f : Q —
Q C C open, f holomorphic bijection. Note that by theorem (13.3), f~1 is holomorphic
and bijective from € to €.

Definition 13.6 (Automorphism Group) We define:
Aut(Q) :={f:Q — Q| f automorphism of Q} .
This is called the automorphism group of ().

Note 13.7 Aut(QQ) has a natural group structure. Indeed:
o Identity is: Id: Q) — Q.
e Group lawis: f-g= fog.

o Inverse is: (f)~'=f1

Example 13.8 (Aut(C)) We showed in homework 5 (Stein-Shakarchi, Ezercise 3.14)
that f : C — C holomorphic injective —> f =az+0b,a,b € C,a # 0. The converse
is true trivially. Functions of the form az + b are also obviously bijective. We conclude
that:

Aut(C) ={az+bla,beC,a#0}.
Notation 13.9 C*:=C\ {0}.

Example 13.10 (Aut(C*)) Aut(C*):={f:C* — C* | f holomorphic and bijective }.
To calculate Aut(C*), let us look near 0. 0 is an isolated singularity of f, so there are
three cases:

1. 0 is a removable singularity

Thus 3 f : C — C holomorphic s.t. f |c+= f. We shall show that necessarily
f(0)=0.

Suppose that f(0) = z # 0. Then since f is bijective 3w #0s.t. f(w)=2z= f(0).
Let e > 0 s.t. D-(0) N Dz(w) =0. By theorem (12.13) f (D<(0)) and f (De(w))
are open, and z € f (De(0)) N f (De(w)). f (D:(0)) N f (De(w)) is open and non-
empty, thus 32 # z, Z € f(DE(O)) N f(DE(w)). Thus Ja # 0, a € D.(0) and
b#0,b€ D(w) with a #b s.t. f(a) = f(b) = Z. This is in contradiction to the
condition that f is injective on C*. It follows that f(0) = 0.

Thus f : C — C s bijective.

Thus f € Aut(C) with f(0) = 0. It follows that f(z) = az, z # 0. Clearly
f(z) =az, a # 0 is an automorphism of C*.
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2. 0 is a pole

Let g(z) = ﬁ g(z) : C* — C* is also bijective and holomorphic as a composition
of two holomorphic bijections. Thus g(z) € Aut(C*), but since 0 is a pole of f, 0
is a removable singularity of g.

By case 1, g(z) = az, a # 0. It follows that f(z) = é, a # 0. Clearly
f(z)= a—lz, a # 0 is an automorphism of C*.
3. 0 is an essential singularity
This cannot be. This can be seen by applying theorem (10.13) and theorem (12.153)
to an open neighborhood around 0.

It follows that Aut(C*) = { f(2) =az or L, a#0}.

az’

Much later we will discuss Aut(D), Aut(D*), and Aut(H) where H is the upper half
plane.

13.3 Riemann Sphere

We turn our attention now to a topic quite different from what we have seen before. We
want to be able to describe the relationship between a sphere and the complex plane.
Intuitively, we would like to take the 1-point compactification C LI {oo} = S? sphere.

00 oo = North Pole
— R

N

13.3.1 Stereographic Projection

Consider a sphere intersected with a plane. Then given any point P € S2\ {N} there is
a unique line containing P and N. This line intersects the xy-plane in a point Q.
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{up

Definition 13.11 (Stereographic Projection from N) The map that takes P to Q
is called the stereographic projection from N, denoted by Stry.

Remark 13.12 This is a bijection between S?\ {N} and R? = C.

Now taking the stereographic projection from S gives you a different bijection Strg
between S2\ {S} and R? = C that takes P to some point R € R?.

(0

We want to find a map ¢ : C — C, @ — R. Consider @ = (x,y,0) and N = (0,0, 1).
To find P we parameterize QN by:

t-(0,0,1)+ (1 —t) (z,5,0) = ((L—t) -z, (1 —1t) -y, t) =(¢).
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N = (0,0,1)

S =(0,0,-1)

Now P is (one) intersection of v and S? such that:
1=|y®)|" = (1 - 1)%2® + (1 — t)%® + 2
(letting A := 2 +9?) =t?(A+1) — 24t + A.
This is quadratic in ¢. Thus:

At JAZ — (A2 1)

t =
A+1

A-1
(ignore t = 1; this is N) = AT

Thus, with (1 —¢) = +

2y ety -1
x2+y +1 22 +y2+1 22 +y2+1

2 3
=(%,9, 3)-
Now take 7 = SP = ((1 —1t) - 3€ (1- t) ,(1—1t)-3—1t). Ris the intersection of
4 and the zy-plane. Thus t = ﬁ and 1 —¢ = % It follows (after some arithmetic)

that:

X 2 _ x y
= <3 '3+ 0>_<w2+y2’x2+y2’0>'

So ¢ = Strg o (Stry)~! maps Q = (x,y,0) to R = (xny% xgi_%iyg, O). Now we can

13-6



Lecture 13: October 15

think of @, R as elements of R? = C:

Q=z=x+1y
.Y
= 1
$2+y2+ .’E2+y2
B z
o242
oz
||
_1
==

If we compose one of the two projections with Z, we get that to obtain S? you can
take two copies of C and glue them on C* C C via the map z — %

Remark 13.13 Those familiar with manifolds will recognize this as one of the more
popular choices of atlases with two charts for the 2-dimensional manifold S%, where
zZ > % 1s the transition between the two charts. Following what one might think in this
framework, we use this chart and transition map structure to properly define functions

on S2.
We can use this to define holomorphic functions to and from S2.

Definition 13.14 (Holomorphisms from S? to C) Consider f : S — C a map of
sets. f is called holomorphic if on Uy, f o Stry : C — C is holomorphic and on Us,
foStrg: C — C is holomorphic.
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14.1 Riemann Sphere Continued

Let S? = {(%,9,3) | 24+ 9% + 32 =1} C R? be the unit sphere centered at 0. Last
lecture we talked about the stereographic projection from N = (0,0,1) and S = (0,0, —1).
Let Uy = S?\ {(0,0,1)} and Uy = S?\ {(0,0,—1)}. These are both open subsets of S2.

N =(0,0,1)

S =(0,0,—1)

Define ¢1 : Uy — C, P — @ to be the stereographic projection from N. We showed
last time that:
X 2

$1(X,9),3) = T3 i3

_ . 2x 2y 2?2+ -1
1 —
o (@ tiy) = <x2+y2—|—1’ PPl 2?4 1)

Define ¢ : Uy — C, P — R to be the stereographic projection from S composed with
complex conjugation. Then:

X )
xX9,3)= —— —i——.
Ui NUy =82\ {N,S}. It is clear that ¢1(U; NUy) = ¢o(Uy N Us) = C*. We showed
in the last lecture that:

poo 7! C*— C¥,
1

Z = —.

z

Note 14.1 (If you know about manifolds already) { (Ui, ¢1), (Uz, ¢2)} is an at-
las for S as a Riemann surface, since ¢y o gbfl(z) = % s holomorphic.
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14.1.1 Holomorphic Maps on 5?

We now want to define the concept of holomorphic maps from and to S2.
Definition 14.2 (Holomorphic Functions from S? to C) Q € S? open (can be S?
itself). Let f : Q — C a map of sets. We say that f is holomorphic if on ¢1(U1NQ) C

C open, Fy := fo ¢1_1 1 91(U1 N Q) — C is holomorphic and if on ¢p2(UaNQY) C C open,
Fy:=fo gb;l t o2 (U2 N Q) — C is holomorphic.

Equivalently, f is holomorphic if I have Fy holomorphic on Q C C holomorphic and
= foqb;l =Fo¢ o¢51 =F (%) is holomorphic near 0 (ifQ contains a neighborhood

of ).
\E
\E

Definition 14.3 (Holomorphic Functions from C to S?) If Q C C open, f: Q —
52 a map of sets, we say that f is holomorphic if both p10f : Q@ — C and ¢paof : Q@ — C
are holomorphic.

$1

Equivalently, F' = ¢1 o f holomorphic and ¢o 0 f = ¢ 0 ¢1_1 oF = % holomorphic on
QN{F #0} ie F has only poles, where poles = f~'(north pole) = f~1(“c0™).
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52

Definition 14.4 (Holomorphic Functions from S? to S?) Q C S? open, f : Q —
S? a map of sets. f is holomorphic if:

profogr! o1 (UinUy) — é1 (U1 NUY),
profogy! g (UiNUs) — ¢1 (U1 NUs),
poo fogr! i1 (UanUy) = ¢ (U2NUy),
pao fody' o (UaNUs) = ¢2 (U2 NUs),

are all holomorphic.
FEquivalently, letting F = ¢10 f o gbfl then f holomorphic as a map S* — S? if:

e F holomorphic,
e f:2z— 00 then F has a pole at z,
e f:00+ z then F' holomorphic at oo,

o f:00+> 00 then F' has a pole at co.
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6 : -

Remark 14.5 It follows that f : S? — S? holomorphic <= F = ¢10 fo ¢1_1

meromorphic in C and meromorphic at co. By theorem (11.8) this is equivalent to
F being a rational function ie F' is the ratio of two complex polynomials.

Exercise 14.6 Compute Aut(S?). That is to say, characterize the bijective holomorphic
maps from S? to S?.
14.2 Homotopy and Contour Integrals

Homotopies are often discussed in an introduction to algebraic topology. We will give a
simple-minded yet perfectly rigorous introduction to homotopies.

A homotopy is in a sense a “continuous family of continuous paths.” This must be
defined, but in our treatment we will insist on having piecewise smooth paths. Say ~9, 11
are two piecewise smooth curves in C. Up to reparameterization we may assume that

both are parameterized by the same interval ¢ € [a,b] C R. Assume that vy(a) = y1(a) =
zo and o (b) = 71(b) = z1.

71

20 <1

Y0

Definition 14.7 (Homotopic Curves) Suppose that vo,v1 C Q are two such curves.
We say that o and 1 are homotopic in Q if IF : [0, 1] X [a,b] — Q continuous such
that:
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1. Vs €[0,1], As(t) :== F(s,t) is a piecewise smooth curve s : [a,b] — €,
2. 50 = F(0,t) =70 and 51 = F(1,t) =71,
3. 4s(a) = zo and ¥s(b) = 21 Vs € [0,1].

24!

20 <1

Y0

We can think of 45 as an interpolating family of piecewise smooth curves with similar
beginning and ending points which “vary continuously in S”, where the “continuous
variation” is encoded in the condition that F' is continuous.

Counterexample 14.8 (Moral Counterexample) Let Q2 = C*.

24!

Y0

These two curves should not be homotopic in 2, since F' must map into €.

Proposition 14.9 (Homotopy Invariance of Contour Integrals) 2 C C open, f :
Q — C holomorphic, vo,7 : [a,b] — Q piecewise smooth curves that are homotopic in
Q. Then:

L feaz= [ 1)
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Example 14.10 Consider the unit circle in Q = C*.

Then o and 71 are not homotopic by the above proposition as if they were, letting

fz) =1

but we already know that:

1 1 1
/dz/ dz:/ —dz = 2mi.
Y # Mm% aD1(0) #

It follows that vo and vy, are not homotopic.

Proof:[14.9] Let F' be a homotopy between vy and ~; in . let K = F([0,1] x [a,b]) C
Q. [0,1] x [a,b] is compact and F' is continuous, so K is compact.

Since K is compact and €2 is open, 3¢ > 0 such that Vz € K, Ds.(z) C € (ie thickening
K by 3e still lies in §2). Also, since F' is continuous and [0, 1] X [a, b] is compact, then
F' is uniformly continuous on [0, 1] x [a,b]. Thus 30 > 0 s.t. for any s1, s2 € [0, 1] with
|51 - 52| < we have Supte[a,b]")/m (t) — Vs (t)‘ <E.

This means that -y, and s, lie within distance epsilon of each other (for si, so suffi-
ciently small):

Fix any such si,s3. We choose disks of radius 2¢: Dy, -+, D,, n large, which cover
Vs U Yso:
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We choose consecutive points on each curve:

{ZO = 781(a)7217‘ Ty Rn4l = 751(1))} on sy,

{U)() = VSg(a)ywlv o, Wp4l = 752(17)} on vs,,
such that z;, zj41, w;, wit1 € D;, i € {0,--- ,n}.
D,
Dy Dy,

On each disk D; let F; be an antiderivative of f. Then on D; N D, we have F;
and F;y; as antiderivatives of f. These must differ from each other by a constant ie.
Fiy1=F;+ ¢ on D; N D;yq for some ¢; € C. Thus:

Fit1(zit1) — Fi(zin1) = Fip(wip) — Fi(wie) = 0.
J

Fit1(2iv1) — Fira(wi1) = Fi(ziv1) — Fi(wita).

(Fig1(zig1) = Fipa(wir)) = (Fi(z) — Fz’(wi))}
(telescopic sum) = (Fy(2n41) = Fn(wnt1)) — (Fo(z0) — Fo(wo))

Thus we have proved that with s1,s2 € [0,1] and |s; — s2| < d:

(2)dz = f(z)d=.
Vs1 Vsg

14-7
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71

20 21

Y0

Let then s; = 0, s small, then repeat finitely many times (around % times) until you
get to so = 1.
|

Definition 14.11 (Simply Connected) Q@ C C open subset shall be called simply
connected if () is connected and every two 1, y2 piecewise smooth curves in §) with
same initial and end points are homotopic in Q.

Corollary 14.12 f : Q2 — C holomorphic and ) simply connected. Then ¥,y piecewise
smooth closed curve in €):

L f(z)dz = 0.

Proof:
Pick any point on the curve v(c), with ¢ € (a,b). Let:

=7l
—2 =7 |[c,b]
= y=mU(—2).

Where —7- is just a reverse orientation.

14-8



Lecture 14: October 20

V2

il

Then:
/f(z) dz = / f(z)dz —/ f(z)dz=0.
Y 7 72
|
Remark 14.13 This is not the same as Cauchy, though similar. This is different be-

cause in this corollary, €2 is assumed to be simply connected, but v is not assumed to be

v=0Q, Q cc Q.

14-9
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Lecture 15: October 22

Instructor: Valentino TOSATTI Scribe: Alexander Kroitor

Recall from last lecture our discussion on homotopies. Recall the last corollary — the
integral over any close curve in a simply connected domain evaluates to 0.

15.1 Convex Sets

We now cover some examples of this corollary.

Definition 15.1 (Convex Sets) Q C C is called convex if Vx,y € 2, the line Ty lies
in Q.

An example of a convexr shape and a non-convex shape.
Proposition 15.2 Q C C open and convex = §2 simply connected.

Proof: Let 2 C C be open and convex.

1. Q convex = (2 connected.

This is since connected is the same as path-connected for open sets in the plane.
Path-connected is obviously implied by convex.

2. Let 79, 71 two piecewise smooth curves in 2 with the same initial and end points,
without loss of generality characterized on [a,b]. Then let v,(¢) := (1 — s)vo(t) +
sy1(t), s € [0,1]. This is a continuous function in s and ¢, as a linear combination
of products of continuous functions.
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Note that fixing s = sg, the line from ~vy(sg) to 71(sp) is contained in € by the
convexity of 2. This implies that s C Q for any s.

Thus these two curves are homotopic.

Example 15.3 We present some examples of open sets that are conver, and thus simply
connected:

1. Q=C.

2. Q= D,(z) for anyr >0, zp € C.

3. Q=H={zeC|Y(z)>0}.

A useful generalization of convex set are so-called “star-shaped” sets.

Definition 15.4 (Star-Shaped Sets) We call Q star-shaped if 3z € C s.t. Vz € Q,
the unique line segment joining z and zy lies in €.

Remark 15.5 Q C C open and star-shaped. Then Jzg € Q s.t. Vz € Q, Zzg C . Note
that z = zg + re'? for the unique r =|z — zo| and some unique 0. Parameterize Zzy by
v =z +se? s€0,r].
Given two paths ~vo(t),y1(t) in Q, write:
Yo(t) = 20 + ro(t)e'
N(t) = 20 +ri(t)e®
\

Vs(t) = s0 + ((1 — s)ro(t) + sry (t))ei((1—8)9o(t)+561(t))‘

15-2



Lecture 15: October 22

We may assume that vo and 1 don’t pass through zy (no proof is given of this fact).
Then ~s is a homotopy between vy and 1 in Q.

Example 15.6 (Slit Plane) Let v be a ray (a closed half-line). Then C\ v is a slit
plane. Up to translation and rotation, we may assume that the slit plane is C\{ (—o0, 0] }.
This set is star-shaped with respect to the origin, and thus simply connected (but not
convez,).

Counterexample 15.7 C* is not simply connected, as was seen last lecture. Similarly
D, (z0)\{z0} is not simply connected. Similarly any domain with finitely many punctures
is not simply connected. Similarly domains with holes that are not just points (such as
annuli) are not simply connected.

Note 15.8 Intuitively, a domain with holes is not simply connected, and a domain with
no holes is simply connected. This requires algebraic topology beyond the scope of this
class to prove.

15.1.1 Characterization of Simply Connected Sets

Theorem 15.9 Q C C open and connected, f holomorphic on Q. Then the following
are equivalent:

1. f has an antiderivative on €.

2. f7 f(z)dz =0 Vv C Q piecewise smooth closed curve.

3. f% f(z)dz = fm f(z)dz V0, 11 C Q piecewise smooth curves with same initial
and end points.

Furthermore:
4. § simply connected

implies statements 1, 2, and 3.

Remark 15.10 In fact, in the above theorem, statement 1 holding true for all f holo-
morphic in Q implies statement 4. We will not prove this yet — it can be proven now
using some difficult algebraic topology, but the standard approach in this course is to
prove it as a corollary of the Riemann Mapping Theorem (theorem (18.11)).

Proof:[15.9]

(4) = (2) : Already done in corollary (14.12).

(1) = (2) : By theorem (3.5): [, f()dz = F((8)) — F(3(a)) = F(y(a)) — F(v(a)) = 0.
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(2) = (3) : Given 7, 71, let ¥ = U —7y1. Then ~ is piecewise smooth and closed. By (2):

O:Lf(z)dz: Vof(z)dz—/ﬂf(z)dz.
U

(z)dz = [ f(2)d=.
0 "

(3) = (1) : We must construct F' an antiderivative for f. Fix zyp € 2. Given z € (Q, since  is
connected we can let v : [a,b] — € piecewise smooth with v(a) = zp and (b) = z.

Define F(z) := f,y f(w)dw. Note that the LHS doesn’t depend on +, since by
(2) different ~ yield the same value. Thus this formula above defines a functions
F:Q—C.

We claim that F' is an antiderivative for f on €2, ie that F' is holomorphic and
F'(z) = f(2) Yz € Q. Then, with h small such that D, (2) CC ©, and letting o be
a path from zg to z + h:
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Flz+h)—F(2)= | flwydw— [ f(w)d
G+m)=FE) = [ fw)du / (w) dw

_ /U . Flw) dw

-/ )

Recalling that L?*" is the line from z to z + h.

Thus, remembering that %fLZM f(w)dw = f(z) (this was shown in the proof of
theorem (4.2)):

Flz+h)—F(z) 1
h _h/Lerhf(w)dw
= f(2).

And we are done, since we have found an antiderivative of f on (.

15.2 Complex Logarithm

We now turn our attention to the question of the complex logarithm. We discovered
that there are infinitely many solutions which differ by 2wik, k € Z.

Theorem 15.11 Q2 C C open and simply connected, with 0 & §, then AF : Q — C
holomorphic (called a branch of the complex logarithm on Q) such that:

eF@) — 4 Vz e Q.

Furthermore, this F' is unique up to adding 2wik, k € Z. That is to say that two
different branches differ by an integer multiple of 27i.
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Proof: Let f(z) = % This is holomorphic in €2 since 0 € €. € is simply connected —
by theorem (15.9) there exists an antiderivative F'(z) on Q. Note that we can add any
complex number to F' and still get an acceptable antiderivative. Then:

(ze*F(z)y = Fl) zF/(Z)efF(Z)

(since F'(2) =1/2) =0.

ze 3 = 20 € C, 2 #£0.

Thus, ef'(®) = %, Vz € Q. Since zg # 0, we can pick wg € C s.t. €% = z3. Then let
F(z) = F(2) + wo. Then:

eﬁ(z) — F(®) L gwo —

Now assume that F}, F5 are two holomorphic functions on € which satisfy e’ i(2) = 2.
Then:

eFl(z)—Fz(z) - 1.
It follows that, since { z | e* =1} = {27wik | k € Z }, that:
Fi(2) — Fy(z) = 2mik(z).

However the LHS is continuous, so the RHS is too. Since Z is disconnected, it follows
that k(z) is constant. Thus, for some k € Z:

Fi(z) — Fy(z) = 2mik.
|

Remark 15.12 In theorem (15.11), if furthermore 1 € ), then letting z9 = 1 in the
above proof, and adding a constant to F such that F(1) = 0 we get that ze F(2)
evaluating now at z =1, we get zo = 1. Thus F' = F and F(1) = 0.

= 20-

This is called the principal branch of log, denoted by log(z), with the property that
log(1) = 0.
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Recall the discussion of the complex logarithm from last lecture.

16.1 Complex Logarithm Continued

Remark 16.1 In theorem (15.11) from last time, note that we did not actually need
simply connected. All we needed was the existence of an antiderivative. It thus suffices
to assume any of items 1,2,3 in theorem (15.9). That is to say, it suffices to assume the
existence of an antiderivative F of f holomorphic on Q.

Assume now that 0 ¢ Q simply connected, 1 € Q. Let log(z) be the principal branch
of log, ie log(1) = 0. Then, consider r € R, r close to 1 (suffices that the segment from
1 to r is contained in ):

Then take v = [1,r] (or [r,1] if 7 < 1). Then:

log / — ln

comple:p real

Thus the principal branch agrees with the usual natural logarithm on the real axis
close to 1. Additionally, we can write down the power series of log(1+ z) for z € Q close
to 0 as:

o
log(1 + 2) Z = =
n=1

Indeed, this power series has a radius of convergence of 1. Thus the power series:

o0

G =Y (s

n=1
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defines a holomorphic function on D;(0), with

G(0) =0,
o0 o 1
G'(z) =) (=1)"Tln=t =N (1) = .
nz:l nz:() 1+2

Thus G is also a branch of log(1 + z) and they agree at z = 0, so they are equal by

the uniqueness of log.

Example 16.2 Let Q = C\{(—00,0]}. Then0 £ Q, 1€ Q, and Q

drawing a path ~v1 from 1 to|z| and letting v be the arc of radius|z|

origin that connects|z| and z. We parameterize vo by y2(t) =|2| ¥,

‘arg(z){ <

Then:

1
=]
y W ¥

dw / dw
- _l’_ _
p w v W
/ZI dz / dw
= — 4 -
1 X 2 w
arg(z) Z’Z‘ eit
=1 — dt
o)+ [5G

=log(|z|) +i - arg(z).

It follows that the principal branch on the slit plane is:

log(z) = log(|z|) + i - arg(z).

Note however that unlike the real equivalent, log(z122) # log(21) + log(z2). This can

2mi 4mi

be seen by letting z1 = 20 = e 3 . Then 2129 = €3 . However, it is a condition that

‘arg(zﬂ < m, thus we must pick z129 = e~5". Then:

21 2w y
? . ? = log(21) IOg(ZQ) 7é log(zle) = log <672T) —

16-2

18 simply connected.
Thus there is a principal branch of log(z) on Q. To find log(z), we take any path ~ from

1 to z inside Q2 and let log(z) = fv % dw. This satisfies log(1) = 0. We construct v by
centered around the

t € [0,arg(z)], with
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16.1.1 Logarithm of Functions

We can further generalize the log function to be able to take the logarithm of functions,
not just complex numbers.

Theorem 16.3 Let Q be simply connected, f : Q — C holomorphic and f(z) # 0, Vz €
Q. Then 3g : Q — C holomorphic s.t. 9 = f(2),Vz € Q. This g is unique up to
adding 2mik, k € Z.

Proof: Proof is left largely as an exercise to the reader. The idea of the proof is to

replace f,y % dz with fw ];:((ZZ)) dz. [ |

16.2 Mean Value Property

First we formally present a preliminary result:

Proposition 16.4 f: Dg(z9) — C holomorphic, R > 0, zy € C, with

flz) = Z an(z — 2zp)".
n=0

ThenVO<r<R,Vn>0:

1 2

an f(z0 + rei?)e d,

2mrn

and V0 <r < R,Vn<0:

1 2m ) )
f(z0 +re®)e 0 dg = 0.

2rr™ Jo
Proof: This is an easy consequence of equation (5.1):

1 f(w)
W= o w0 — gyt -
i JoD,(z) (W — 20)

Parameterizing 0D, () as w(#) = zg + re?, 0 < 6 < 27

1 2 flzo+ 7“6“9)
©2mi J (reif)nt+l
1 27

an, rie? 4o

f(z0 + re?)e=0 dg.

2mrn

16-3



Lecture 16: October 27

Then let n < 0 < n < 1. Then f(w)(w — z9)~™*1) is holomorphic since f is holomor-
phic in the whole disk. Thus:

1 2

=5 ; f(z0 4+ re?)e ™0 dp
1
L S C)/
21 Jap, (z) (W — 20)"
=0.

Note 16.5 If we let r = 1, then f(zo + €) is f restricted to S* = D;1(0), and ,n =

% 027r f(z0 + €)e™ A0 is known as the n-th Fourier coefficient of f restricted to S'.

Corollary 16.6 (Mean Value Property) Let f = u + iv holomorphic on Dg(z).
Then V0 < r < R, we have:

1 2

f(20) = f(zo + 7€) df.

2 Jo

Furthermore, for the harmonic function u = R(f):

1 2w )
u(zp) = 277/0 u(zo + ret?) do.

That is to say that the value of f at the center of any disk (on which f is holomorphic
up to the boundary) is equal to the average value of f restricted to the boundary of the
same disk.

Proof: In proposition (16.4) let z = zp. Then f(z0) = ap = 5 027r f(zo + re'?) do.
The second statement follows by taking the real part of each side of the first equation.
|

Remark 16.7 It turns out that for any harmonic function on a disk, it is the real part
of some holomorphic function on the disk. Thus this corollary holds for every harmonic

function, not just the real parts of holomorphic functions.

We now begin a separate section, with the ultimate goal of proving theorem (18.11).

16.3 Upper Half Plane

Definition 16.8 (Upper Half Plane) We define the upper half plane to be H :=
{z€C|S(2) >0}.
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Definition 16.9 (Biholomorphisms) Let f : Q1 — Qo, Q1,Q9 open, be a holomor-
phic and bijective map. We say that f is btholomorphic, and that f is a btholomor-
phism between Qq and Qs.

Proposition 16.10 There is a biholomorphic map F : H — D = D1(0). In fact:

1 — 2z

(Z)_z'—i—z’
1—=2
Flz)=i- .
(2) =i T2

R

Proof: F : H — C holomorphic is clear, since the denominator is never 0 (since we
are restricted to the upper half plane). Then write z = = + iy, y > 0. Then note that:

1—z|=|z+i(y—1)|
ARG
=22 +y2 -2y +1,
li +z| =]z +i(y+1)|
=22+ y2+ 2y + 1.
\

11— 2| <|i+ 2.

It follows that ’F (z)’ < 1,80 F: H — D. To check that F' is holomorphic, we check
that F~! is holomorphic and in fact the inverse of F.
F~1: D — C holomorphic is clear. Let z = x4+ iy, 2 € D < 22 + 4% = 1. Then we
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examine (F 1) (if this is positive, F~!: D — H):
1—
S (F—l(z)) By <z Z>
142
1—=2
1+2
1—2—1y
1+ +1y

(mult. and div. by conj.) =R <(1 — :Lél_:l/x))(Qljg;_ zy))

5 1—a22—9%—2iy
(1+2)2 +y?
_ 1—372—y2 >0
(I+x)2492 "

Il
=

|
=

Thus F~! maps to H. Then (with some short yet tiresome arithmetic) one can show
that:

F (F*%z)) = F 1 (F(2)) = =

It follows that F' is bijective. [ |
F and F~! are both rational functions, but are a special type, and both examples of
fractional linear transformations.

Definition 16.11 (Fractional Linear Transformations) A fractional linear trans-

formation is a rational function with z — %3 4. b ¢ d € C.
Cz+d7 b ) )

We present an important example of fractional linear transformations:

Definition 16.12 (Mo6bius Transformations) Let D = D1(0), a € D. Define, with
z € D:

These are collectively called Mobius Transformations.

Proposition 16.13 Let o € D. Then 1p, € Aut(D). That is to say that 1, is biholo-
morphic.

Proof: Since|a| < 1, if|z| <1 then:
|1 —a@z| >1—|az| > 0.

Thus the denominator of 1, does not vanish on D, thus 1), is holomorphic on D,
Yo 1 D — C.
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Observe that:

$a(0) = @, Pa(a) =0.

Consider z € 9D (so|z| = 1). Then z = ¢:

0

| | a—€
ol = | T
a — e

eie(efie —a

a — et
Tla—e0
‘a_eia
— = 1.
‘a—eia

Thus:
e o maps 9D into D (e |1q(2)| = 1 whenever |z = 1),
e 1, : D — C holomorphic,
® 1, is non-constant.

We can thus apply example (13.2) to get that ¥, (D) C D. We now want to show
that v, is bijective by finding an inverse. Since ¥, maps 0 to « and « to 0, our natural
guess is that 1! = 1),. Checking this:

a— =
_ —az
Vo l0eld) =7
2(1=|af’) _
1—]al?
Thus v, is its own inverse, hence 1), is bijective. Thus 1, € Aut(D) [

Remark 16.14 Note that rotations, namely z + €z, are elements of Aut(D). By
0 a—z

composition we get that z — e == are elements of Aut(D).
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Today we will discuss rational linear functions in more depth. Recall that last class we

ended with a discussion on 1y, the M&bius functions, finding that z — €1, = eiQ%

are elements of Aut(D). We will prove that every element of Aut(D) is of this form,
first starting with an important theorem.

17.1 Automorphisms of D

Theorem 17.1 (Schwarz Lemma) Let D = D1(0) C C and f : D — D holomorphic
such that f(0) =0. Then:

1| f(2)] <l

2. if‘f(zoﬂ =|zo| for some zg € D\ {0}, then f(z) = Az for some A € C s.t. [\| =1
(ie f is a rotation).

3. |f(0)] <1.
4. if‘f/(O)‘ =1, then f is a rotation.
Proof: Note that by assumption,

1. Consider g(z) := @ g is holomorphic on D \ {0}. Thus ¢ has an isolated

singularity at 0. We expand f (noting that ag = 0 since f(0) = 0):

f(Z) = Z anzn’
n=1

(o) oo

n—1 n

g9(z) = E an? = E Gp_12".
n=1 n=0

This is the Laurent series of g on D\ {0}, which has no negative powers of z. This
implies that 0 is a removable singularity for g. Thus g extends to a holomorphic
function on D, still called g : D — C.

f(z)| <1vz € D.

For any z € D\ {0}, recalling that | f(z)| < 1, and letting 2| = r, we observe that:

ol =[F2| - <
— sup }g(z)} < 1
0<r<1 r
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Corollary (12.16) tells us that:

1
sup |g(z)| < =.
|z[<r r
Now letting r — 1:
sup|g(z)| <1,
z€D
ieVz € D, |g(z)| = f(zz) < 1. Thus |f(2)| <|z].
f(20)

20
’g(z)! on D. By corollary (12.15) we get that g is constant. That is to say that for
some A € C, g(z) = A. Then 1 =|g(z)| =|A|. Thus f(z) = Az with [\| = 1.

2. Suppose now that ) ‘ = 1 for some zp € D\ {0}. Then z is a local max for

3. Now we note that:

9(0) = lim g(z) = lim /(z) = lim J&) = /) = f'(0) = ay.

z—0 z—0 z z—0 z—0

Then | f/(0)| =|g(0)] < 1.

4. Let ‘f’(O)‘ =1= ’g(())‘ Then |g| achieves a local max at z = 0. Similar to the
proof of statement 2, it follows that f is a rotation.

|
We can now prove that Aut(D) is exactly comprised of compositions of rotations and
Mébius functions as a corollary to theorem (17.1).

Corollary 17.2 Let f € Aut(D). Then 30 € R, 3o € D s.t.:

f(z) =2

1—az

Proof: Let f € Aut(D). By assumption, f is bijective. Thus 3'a € D s.t. f(a) = 0.
Let g := f o1,. Then g € Aut(D) and g(0) = 0. Note that since g is bijective, then
g~': D — D is biholomorphic with g=1(0) = 0.

We then apply the Schwarz Lemma to g and g~! to get that:

l9(2)| <|2l, 2 € D,
97! (w)] <|w|, we D.

Letting w = g(z) we get that Vz € D:

2l =97 (9(=))| < lg(2)] <21,
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Thus ¢ satisfies the condition in the second statement of theorem (17.1) and is thus
a rotation. That is to say that g(z) = ¢z for some § € R. Thus we have shown that
f (¥a(2)) = (f o) (2) = €?2. Letting z = ¢o(w) for any w € D, we get that:

F@) = £ (Va (aw))) = “pa(w).

And we are done. ]
We now turn our attention to finding Awut(H).

17.2 Classifying Aut(H)

Recall that we found a biholomorphic map F': H — D with:

1 — 2z
F =
() =,
1—=2
Flz)=i- .
(2) =i 152

Say now that f € Aut(H). This, along with F' and F~!, can be visualized with a
commutative diagram:

H & D
lf F \LFofoF_1

H -5 D

Then since f, F, F~! are all biholomorphisms, FF o f o F~! : D — D is a biholomor-
phism. That is to say that F o fo F~! € Aut(D). Thus:

FofoF t=¢Y0q,.
)
f=F"lo (ew ° wa) oF.
That is to say that Aut(H) ={FlogoF|g¢& Aut(D)}.
This is a completely satisfactory description of Aut(H), but we may want to find a
more concrete description of the same group. This can be obtained as follows:

Let SL(2,R) :={ (‘CI Z) | a,b,c,d € R, with ad —bc = 1}. Readers who are not con-
vinced this is a group may check that it is.

Definition 17.3 (Fractional Linear Transformation wrt A) Let (2%) = A€ SL(2,R).

Then we define the fractional linear transformation with respect to A as

az+b
cz+d

Fy(z) :=

17-3
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Theorem 17.4 (Characterization of Aut(H)) We have that:

1. A€ SL(2,R) = F4 € Aut(H).

2. fe Aut(H) = JA € SL(2,R) s.t. f=Fy4 .

3. Aut(H) = SL(Q’R)/ib =: PSL(2,R) (“projectivized” special linear group).
Note 17.5 Note that £1y = (—1I2) = { I, — 12 } <SL(2,R).

Proof:

1. F4 is meromorphic in C, with one simple pole at z = —%l € R. Since this pole is
not in H, F4 : H — C is holomorphic.

Next we check that F4(H) C H. Let z = 2 + 4y € H (ie 3(2) > 0). Then:

JEe)
N ((az—i—b)(cz—i—d))

ez + d|?

S (Fa(2))

N ac)z|? + adz + bez + bd
3
ez + d|?

3 (adz + bcz)
ez + d|?
~ (ad — bc)(2)
ez +d?
S(2)

B lcz + d|

> 0.

Thus F4 : H — H holomorphic.

Note that Fj,(z) = z. Let A = (¢%), B = (; i) It is straightforward (yet
tedious) to check that:

(ae+bg)z + af + bh

Fx. =
4-8(2) (ce+dg)z+cf +dh

=Fyo0Fp.

It follows that (F4)~' = F4-1. Thus Fj is a biholomorpism from H to H. Thus
Fy € Aut(H).

2. Let z,w € H. Our first step will be to show that 34 € SL(2,R) such that
Fa(z) = w. We do this by finding A, B such that Fu(z) = Fp(w) = i. Then
FBfl,A(Z) = w.
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Let 0 # ¢ € R. Consider A = (2 _0% ) Then:

_1 =
Fanle) = 25 ==
U
S (Fa, (2)) S(2)
|cz|

We then take the translation Fla,, A2 = ((1) ll’), with Fa,(2) = z+0b. Let b =
—R (Fa,(2)). Then:

Fa,.a, (Z) = 1.

Our next step is to consider the rotation matrix:
A — cos(f) —sin(6)
7 \sin(6) cos() |-
Then Fa, € Aut (D). Thus F o Fa, 0 F~1 € Aut (H). One can calculate that:

FoFuo0F (z)=e%

ie F o Fa, 0 F~!is the rotation by —26.

Now let f € Aut(H). Fzp € H s.t. f(z9) = i. Now let A € SL(2,R) s.t.
FA(i) = zp. Define the composition g := f o F4 € Aut(H). Note that g(i) =
f(Fa(i)) = f(z) =i.

Then define the composition h := F o go F~! € Aut(D). Note that h(0) =
FogoF~1(0) = Fog(i) = F(i) = 0. By corollary (17.2), h is of the form e 2==

1—az
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Since h(0) = 0, it follows that h is a rotation by —26 for some 6 € R. Thus:

FogoF '=h=FoFy,oF '

Y
foFy=g=Fjy,.

Y

f=Fa a1

And we have proved statement 2.
. Consider the map « : SL(2,R) — Aut(H), A — F4. We showed (earlier in the
proof) that:
e (in part 1) a is a group homomorphism (or a morphism of groups) ie
a) Fup=FjoFp,
b) (Fa)~' = Fa-1.

e (in part 2) « is surjective ie SL(2,R) % Aut(H) — {e} is an exact sequence
of groups.
Then it follows by the first isomorphism theorem, with K := ker(a) < SL(2,R),
that:

Aut(H) = SLZR) 4

That is to say that we have the exact sequence:
{¢} — K — SL(2,R) —— Aut(H) — {c}

Thus it suffices to determine K = ker(a) = {A € SL(2,R) | F4 = (x +— z) }. Let
A= (9%) such that Fy = (z +— z). Then:

az+b
cz—i—d:
\
2+ (d—a)z+b=0 VzcH

z Vz € H.

This is a polynomial with infinite roots (all of H). However, a polynomial of degree
2 may have at most 2 roots, unless it is the 0 polynomial. Thus c=b=d—a = 0.
Thus A = (88) with the caveat that ‘82‘ =a? = 1. Thus A = +1,. Since
K = {1y, -1} we are done.
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Lecture 18: November 3

Instructor: Valentino TOSATTI Scribe: Alexander Kroitor

We begin this lecture with a brief discussion on the function

18.1 Square Roots

Consider z € C, « € C. What does z% mean?
Example 18.1 If a € Z, 2z is known to us.

Example 18.2 Ifa = %, z% is not known to us.

We do not have a solid idea of what 22 is. We would like to call this V/z, however if
w = /z = w? = 2, there are two distinct possibilities for w (for a non-zero z). This is
since if wy is a solution, so is —wy.

Definition 18.3 (Powers of z) Let o, z € C with z # 0. Then we define the a-th

power of z as:
2 — 6ozlog(z)

Remark 18.4 This definition is fine as z varies in ) simply connected with 0 & €, since
in this case we can take log(z) to be one branch of the complex logarithm of Q, and define
2% by e®18(2) - However, changing the branch of log changes log(z) — log(z) + 2mik, k €
Z, which will change z% as well. This is not desirable.

Thus z“ can be defined on €2 simply connected, 0 &€ 2. They gives you holomorphic
functions on 2, but there are many branches in general.

Example 18.5 /z = e3108(2) If I change the branch of log, I get a new \/z given by:

\/2 — e%(log(z)Jer'k) _ 6%log(z) Tk (_1)k . e%IOg(z)'
Thus for Q simply connected, 0 & Q) there are exactly two branches of \/z on €.

Remark 18.6 If Q simply connected but 0 € Q, then in general \/z can’t be defined as
a holomorphic function on Q.

Counterexample 18.7 D = D;(0). Assume that f(z) := \/z existed, a holomorphic
function on D such that f?(z) = z, Vz € D. Then, noting that f(0) = 0:

d

1= —
dzz

=2/(0)70) =0 4

— d o
—&f (Z)z=0

z=0
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Remark 18.8 If  is simply connected and 0 & ), let \/z be any branch of square root
on om. Then Vz € Q:

VEl = VI

Indeed, letting z = re':

Vi) -

6% log(re®?) 6% log(r)

=Vl = v = VI

o3 log(r)+3i(6+2mk) ‘ _

18.2 A closer look at SL(2,R)

Recall from last lecture our treatment and definition of SL(2,R). Some elements of
SL(2,R) are more interesting than other ones:

e (translations) T, = (§ %), b€ R = Fr,(z) = z + b ie Fy, is translation by b.
H

0

H

Observe that:
SL(2,Z):={A=(2%) |a,bc,d € Z, with ad—bc=1} C SL(2,R).
Similarly one can define PSL(2,Z) := SL(2, Z)/j: I, (called the "modular group”).
Theorem 18.9 Let T =T, = (}1) € PSL(2,Z). Then (S,T) = PSL(2,7Z).

Proof: Consider A = (2%) € PSL(2,Z). We cane freely assume that ¢ > 0 (other-
wise multiply by —I2). We consider several cases:
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1. ¢ = 0} By the condition that |A| = 1, ad = 1. Since a,d € Z, a = d = +1. Then,
recalling that since we are working in PSL(2,Z) we can freely multiply by —Is:

C(E1 b (1 b
A‘(o j:l)_<0 1>_T '
Thus A € (S,T).

2. [e=1}

By determinant condition ad — b = 1. Thus:

_(a ad—=1Y\ (1 a\(0 =1\ 1 d\ _ 4 o d
A_<1 d )‘(0 1)(1 0)(0 1>_T 517

Thus A € (S,T).

3. : We proceed by induction on ¢, with the base case being ¢ = 1. By
determinant condition ad — bc = 1. This is equivalent to ged(c,d) = 1. We can
write d = cq + r with r € N, 0 < r < ¢. Then:

g o_ (@ b\ (1 —¢\(0 -1\ _[(—ag+b —a\ _(—ag+b —a
A-T S_<c d)(() 1><1 0) \-cqg+d —c) r —c)’
Since 0 < r < ¢, by induction it follows that A-79-S € (S,T). Thus A € (S, T).

|

We present one more example of the computation of an automorphism group. So

far we have computed Aut(C), Aut(C*), Aut(H), Aut(D), and Aut(S?). We will now
compute Aut(Dx) = Aut(D1(0) \ {0}).

Example 18.10 (Aut(D*)) Aut(D*) ={F : D* — D* | F holomorphic and bijective }.
By definition ‘F(z)‘ <1, Vz € D*. Thus 0 € D is a removable singularity for F. By
theorem (10.6) 3F : D — C holomorphic s.t. F |p== F. It follows from taking a limit
as z — 0 that ‘F(z)‘ <1,VYze D. Thus F': D — D. Let us show first that F(D) C D.
Clearly F(D*) C D, so we only need to check that F(0) =: z € D.

Assume that z € dD = |z| = 1. Then note that F is non-constant. By theorem
(12.13), F(D) is open and contains z € OD. Then D,(z) C F(D) for some r > 0.
D,(z) contains points outside of D, a contradiction. Thus F : D — D. Now F(0) = 0
by the same argument in section 1 of example (13.10). Thus F: D — D is bijective. So
F € Aut(D) and F(0) = 0. By corollary (17.2):

F(2) =€z for some 0 € R.

It follows that Aut(D*) = {e®2 |0 <6 < 21} (rotations).
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18.3 Riemann Mapping Theorem

We now move to one of the more important results in complex analysis, the Riemann

Mapping Theorem. This theorem gives a description of the simply connected open sets
in C.

Theorem 18.11 (Riemann Mapping Theorem) 2 C C open, simply connected such
that Q ¢ {@, C}. ThenVzy € Q, 3 f:Q — D = D1(0) holomorphic and bijective (ie Q
is biholomorphic to the unit disk) s.t. f(z9) = 0. Furthermore, such f is unique up to
composition with rotations of D.

Remark 18.12 This theorem tells us that up to biholomorphism, there are precisely
two non-empty non-empty, open, simply connected subsets of C (namely D and C). We
already know that there is no biholomorphism between C and D, since by corollary (7.5),
since f is an entire bounded holomorphic map, it is constant (which is not bijective).

Note 18.13 Simple connectedness is a property preserved by a biholomorphism.

Remark 18.14 Instead of assuming €2 simply connected, we can replace it by any of
the statements from theorem (15.9) applying to all f holomorphic. That is to say that
we may replace “Q) simply connected” by any of the following:

1. for every f : Q — C holomorphic, AF : Q — C an antiderivative of f on €,

2. for every f: Q — C holomorphic, and for every v piecewise smooth closed path in
Q, fvf(z) dz =0,

3. for every f : Q — C holomorphic, and for every 7o, y1 piecewise smooth closed
path in Q with similar end and initial points, fvo f(z)dz = f% f(z)dz.

So we conclude that if Q C C open, non-empty and satisfies any of the above condi-
tions, then € is simply connected.

Proof: If Q = C, we are done (since C is simply connected). If Q # C, we apply
theorem (18.11) to get a biholomorphism f : Q — D. D is conver and hence simply
connected. Since simple connectedness is preserved by biholomorphisms, it follows that
Q is simply connected. [

Proof:[Uniqueness in 18.11] Let f, g : 2 — D be two biholomorphisms s.t. f(zg) =
g(20) = 0. Then consider h := fog~': D — D. h is a biholomorphism from D to D,
thus h is an automorphism of D. Since h(0) = 0, h must be a rotation. Thus f = g o h.
]
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Scribe: Alexander Kroitor

We dedicate this lecture to the proof of existence in theorem (18.11).

19.1 Proof of RMT

Proof:[Existence in 18.11] Let Q@ C C non-empty, Q # C, satisfying that V f : Q —
C, 3F : Q — C antiderivative for f (in particular, this is satisfied if Q is simply
connected). We want to find a biholomorphism f : © — D such that for some fixed

20 € Q, f(z0) = 0. We reduce this proof into 3 steps.

19.1.1 Step 1

. In this step we will reduce €2 to a subset of D by showing that there is a biholo-
morphism between () and a subset of D. Furthermore, this biholomorphism can
be constructed in such a way that Q 5 25 — 0.

To do this, note that 2 # C. Thus Ja € C\ Q. Then z — « is a holomorphic
function on €2 that is never 0, so since we assume that € satisfies the previously
stated antiderivative property, it follows from theorem (15.11) and theorem (16.3)
that 3¢ : 2 — C holomorphic function such that:

9% = 2 —q, Vz € Q.

That is to say that g is a branch of log(z — a) (g(z) is an antiderivative of —L-).

[e%
Some properties of g include:

e g is injective. To see this let g(z1) = g(22). Then z; — o = e9*1) = 9(22) =
29 — (¢, SO 21 = 29.

e givenw € Q, g(2) # g(w)+2mi, Vz € Q. To see this assume not. Then Iz €
sit. g(2) = g(w) +2mi. Then z —a = e9() = 9(W)+27 — £9(w) — 4y — . Thus
z=w, so g(z) = g(w) # g(w) + 2mi 4.

This means that given any w € Q, g(w) + 27 & g(£2).
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(4

g(w) + 2mi

9()

In fact, 3 D.(g(w) + 27i) with g(Q2) N D(g(w) + 27i) = 0. Indeed, if this doesn’t
hold, then g(w) 4+ 27 is not in the image, but is not separated by any disc from the
image, and is therefore in the boundary of the image. Thus 3{z,}°2,, 2z, € Q s.t.
9(z) = g(w)+2mi. But z, —a = e9n) — e9(W)+270 — 9(w) — 4 _ o, This implies
that z, — w, thus g(z,) = g(w). However by construction g(z,) — g(w) + 27i #
g(w).

Remark 19.1 Since g : Q — g(Q) is holomorphic and bijective, and since g(2) is
open by the Open Mapping Theorem, Q is biholomorphic to g(2) which “misses a
whole disk”.

This is notable, in that there are simply connected sets that do not “miss a whole
disk”, such as the slit plane. Applying this procedure to the slit plane, we get that
the slit plane is biholomorphic to some set that misses a disk.

Now that we know that we have missed a disk, we will naively apply “%” to “flip
the inside and the outside of the disk. More precisely, pick any w € ). Let:

Then F' has the following properties:
e F'is holomorphic on €2, since g(z) # g(w) + 2mi, Vz € Q.
e [ is injective on , since F'(z1) = F(z2) = g(z1) = g(z2) = 21 = 22 (since g
is injective).
e Since g(Q) N D.(g(w) + 2mi) = @, then |g(z) — (g(w) + 27i)| > €, Vz € Q.

That is to say that all points in the image of g must lie at least ¢ away from
g(w) + 2mi. Thus it follows that:
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Thus F : Q — F(Q) C D1(0) C D2(0) is holomorphic, bijective, and F'(2) is open
by the Open Mapping Theorem. Applying a biholomorphic rescaling G : z +— 5z
we get:

Q5 F) S GFEQ) c D).

Since F' and G are both biholomorphic, so is F' o G. It follows that € is biholo-
morphic to G(F(2)) C D with zp — G(F(z0)).

Finally we can scale and translate the image so that zp maps to 0.

We are now done step one. We can relabel F(G(2)) as €2, and similarly relabel
F(G(Zo)) as zp.

19.1.2 Step 2

. In this step we will find our biholomorphism f : Q — D. The idea here is to look
at a certain class of holomorphic functions and to maximize a certain property. f
will be found by solving a maximization problem over a well-chosen class of admis-
sible holomorphic functions (this argument comes up frequently in the Calculus of
Variations).

Let # = {f:Q — D | f holomorphic and injective, f(0) =0}. Note that since
Q C D, by step 1, % is not empty (as (z — z) € Z). The f we want to find will
be in this class, since we want to find a holomorphic and bijective function f such
that f(0) = 0. It thus makes sense to look for our desired biholomorphism among
the elements of .. We shall find it by solving a maximization problem in .# (at
this point it is unclear what maximization problem to solve).

Observe that .# is a normal family of holomorphic functions from Q — D. Indeed
VfeZ, f(z)‘ < 1,Vz € D by definition, and thus .# is a uniformly bounded
family. By theorem (8.2), .% is a normal family.
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Observe that V z € €, choose some ¢ > 0 s.t. D¢(z) C 2. Then note that:

L(0D.(z)) = 2me,
O

weaD. (z) (w—2)% = 2’

Then by equation (5.1) we have that V f € .%:

f/(z) i de’

- 211 dD.(z) (w — 2)2
: 1 f(w)
= 1O 5|, Tz

= or
< L(0D.(z sup
(9D:(2)) weADe(2) (w — 2)?

Applying this to z = 0 we get that:

= sup|f'(0)| < oc.

feF

Thus we shall maximize the functional:

9. F —)RZO
e f0)],

with

sup? = . < 0.
F

n—oo

By the definition of sup, 3{f,}22,, fn € Z s.t. |f1(0)] — 7.

Recall that by theorem (7.17), % normal implies that if you have a sequence in
%, you can pick a subsequence that converges uniformly on compact subsets to
some limit function which is holomorphic, and in fact all the derivatives converge
in the same fashion. Thus 3 a subsequence f,,; s.t. fp; 2 f and f;lj = f" on
compact subsets of Q where f : Q — D (the closure comes from the fact that
taking a limit possibly destroys our strict inequality, so |f| < 1) is holomorphic.
Since | f7,(0)] 2%, 7 and | f1(0)] e, |f/(0)|, we have that | f'(0)| = ..

Note that since Id € .# and ’Id’(())‘ = 1 we have that . > 1, so . # 0. It follows
that f cannot be constant (otherwise | f/(0)| = 0). By example (13.2), f(Q) C D
(ie f maps to the disk, not the closure).

We claim that f € .Z:
e f:Q — D is holomorphic is done.
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e f(0) = lim; fy,;(0) = lim; 0 = 0 is done.
e f is injective is not done.
It thus remains to check that f is injective.

Lemma 19.2 Q C C open, {fn}2, fn : & — C holomorphic and injective.

Suppose that f, — f on compact subsets of Q, where f : Q& — C holomorphic.
Then either f is injective or f is constant.

Example 19.3 Q =C, f,(z) = Z. Then f, 2 0 which is constant.

Proof: For a contradiction suppose that f is neither injective nor constant. In
particular 321 # 2z € Q s.t. f(21) = f(22). Let gn = fu(2) — fu(z1) = f(2) —
f(z1) = g(z). Then g # 0 since f is non-constant. Note that g(z2) = 0. Then 29 is
an isolated 0 for g of order N > 1. By theorem (11.10) (for some £ > 0 small such
that g(w) Z0V0 <|w — 22| < €):

/
1§N:1,/ g(w)dw.
270 Jop. (z) 9(W)

Since g, — g locally uniformly, thus g/, — ¢’ locally uniformly. Thus:

gn(w)  g'(w)

— uniformly for w € 0D.(z
ga(w) " g(w) ()
1.
1 ! 1 !
N In(@) 40 1 ACH > 1
27 Jop. (z9) In(W) 270 Jop. (z) 9(W)

The LHS is equal to the number of zeroes of g, inside D.(z2). But since f, is
injective, g, has no zeroes in D.(z1), thus the LHS =0 4. [

It follows that our f is injective, and hence f € .%.

19.1.3 Step 3

. In this step we show that f must be surjective. In the last step we picked f injective
such that ! I (O)! is as large as possible (it is not clear yet how surjectivity follows
from this).

Suppose for a contradiction that f is not surjective, thus 3o € D s.t. o ¢ f(9).
Consider 1,(2) = {=;. Consider then ¢)o0f : & — D. Then 9, (f(2)) satisfies our
assumption about the existence of antiderivatives (since 1, (f(€2)) is biholomorphic
to 2). Further note that o ¢ f(Q) <= 0 ¢ ¥o(f(2)). By the antiderivative
assumption, 3 a branch of log(z) on ¥, (f(€2)). Then define g(z) := e2l08(2)

branch of v/z on 1, (f(Q2)).
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The key trick is to now examine:

Fi:%(a)ogoiﬁaof-

This is a holomorphic function from Q — D with F(0) = 0 (recalling that f(0) =
0). The goal will be to show that F' € .#, and that|F’(0)| > |f’(0)|, a contradiction
(since by construction | f/(0)| is maximized). To show that F' € .#, we must show
that F'is injective.

We claim that F is injective. Since f is injective, and since g, 1y(q) are bijective,
it remains to show that ¢ is injective. Suppose that g(z1) = g(z2). Then:

e%log(m) — eélog(?«'?)’
U
1 1
3 log(21) = B log(z2) + 2mik.

Since the two branches of log(z) are the same, k = 0. Thus:

log(z1) = log(22),
(8

(exponentiate) z; = zs.

Thus g is injective. Thus F' is injective. Thus F' € 7.

We now claim that |[F’(0)| > |f’(0)|. Then, remarking that ¢2 = Id, letting
h:D — D, z+ 2%, and letting ® := 1), 0 ho Yy(a) We have that:

PoF=Ff
Then note that ® : D — D holomorphic. Then:
P(0) = ta 0 h 0 1hy(a)(0) = Yo 0 h 0 g(r) = tha(a) = 0.
® is not injective since h is not injective and tq, 1y(q) are bijective. By theorem
(17.1), |®(0)| < 1 with [®/(0)| = 1 implying that ® is a rotation. Since ® is not

injective, it cannot be a rotation. Thus ‘@'(0)’ < 1. Differentiating at 0 then taking
the modulus we get:

|£/(0)] =[®" o F(0)] -|F'(0)| =|®'(0)] -|F'(0)| <|F'(0)].

This is a contradiction, since by construction Vg € .%, | f/ (0)} > ‘ q (0)‘ It follows

that f is surjective.

Thus our constructed f is a biholomorphism between €2 and D, and we are done.
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Lecture 20: November 10

Instructor: Valentino TOSATTI Scribe: Alexander Kroitor

Last lecture we proved the Riemann Mapping Theorem. Usually the proof relies on
Q) simply connected, but in fact replacing simply connected with the condition of f
holomorphic having an antiderivative works.

20.1 Examples of Riemann Mappings

The biggest problem with the proof for the Riemann Mapping Theorem is that the proof
is not constructive. That is to say that given €2 # C simply connected, we do not have
a given procedure for finding a biholomorphism f : 2 — D, merely that f exists. It
is thus meaningful to examine some explicit examples of Riemann mappings (our name
for these biholomorphisms) f : Q@ — D where 2 is some explicit simply connected open
set. Stein and Shakarchi discuss the Riemann mapping from the interior of a polygon
to D by using elliptic integrals. This is too complicated for us, but we will discuss other
examples.

Example 20.1 (Upper Half Plane) Let:

Q=H.
We already found an explicit Riemann mapping F' : H — D, z — ;jr—i along with the
mverse z — i - %;;

Example 20.2 (First Quadrant) Let:
N={ze€C|S(2) >0 and R(z) >0}.

Let h(z) := 2%. Then notice that h(2) = H. This follows from examining the polar form

and noticing that h : \/Feig — e’ which corresponds to any arbitrary element in H for
0 € (0,%). Since Q doesn’t include 1, the inverse of h can be taken to be the principal
branch of \/z. Especially, h is bijective, and thus h is a biholomorphism between the first
quadrant and H.

Then F oh :Q — D is a biholomorphism from Q to D.

Example 20.3 (Slice of C of Size 7) Let:

Q= 8= ::{zEC\Arg(z)E(O,%)}.
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Similarly to the previous example (which is the special case n = 2), we let h(z) := 2.
The inverse map s z +— 2w = en198() with log(z) as the principal branch of log. Then

as before Foh:Q — D is a biholomorphism from Q to D.
Example 20.4 (Slice of C of Size ar) Let:
N="Sur={2z€C|Arg(z) € (0,am) } forac(0,2).

. . . 1. .
Then z w— z% is a biholomorphism from  to H and z — z= is the inverse where:
LY — o log(z)’

b ohlos),
and log(z) is some branch of log on C\ [0,00) ie if z = re? then 2® = r®e'®?. As before,
the composition of these two maps provides a biholomorphism from Q to D.

Example 20.5 (Upper Half Disk) Let
Q={2e€D=D1(0)|(2)>0}.

2. This doesn’t work since Q is missing the line

The naive thought is to take f : z — z
[0,1), and thus f(Q2) = D\ [0,1). )
Instead we find a biholomorphism from € to the first quadrant (denoted Q). We claim

that f: z — %J_r‘z is a biholomorphism between ) and Q2. Then, with z = x + iy:

14 z+iy (T+z+iy)(1 — o +iy)

&) =1 = = 1—2)2+2
1—532—3/2 w 2y
= - .
I-a)+y? - (a2 +y?

Clearly then f(Q) C ?2, since y > 0 and since x* +y* < 1. Since the only pole of f is
at z=1&Q, f:Q — Q is holomorphic. One can calculate that:
) =

z—1
241

Then f=1: Q — C is holomorphic since the only pole is at z = —1 ¢ H. Then:

z—1
z+1

'<1 — |z -1 <|z+1].

which clearly follows from this picture:
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And thus f~1() c D.
Then with some calculation we find that, letting z = x + iy:

3 (f—l(z)) - (%Lf)yhryQ > 0.

Thus f~'(Q) ¢ H. It follows that f~*(Q) C Q, thus f has a well defined inverse
and is thus bijective. Thus f is btholomorphic. It follows that F o f : Q — D is a
btholomorphism, so we are done.

Example 20.6 (Infinite Strip) Let Q = {z € C | (z) € (0,7) }.

Then f: Q — H, z — € is a biholomorphism with f~! : z + log(z) as an inverse,
where log is the branch on H that takes z to log(r) + i with z = re®, 0 € (0, 7). Thus
S(log(z)) € (0,7) for z € H. Thus f~'(H) C Q.

Then, noting that sin(y) > 0 for y € (0,7), f(Q) C H since:

=3 <ex6iy>
= 3 (e®(cos(y) + isin(y)))
= e"sin(y) > 0,

3 (%)

thus the H and Q are biholomorphic, and thus we have found a biholomorphism between
Q and D.

We now move to a new topic — the study of the Euler Gamma Function.

20.2 Euler Gamma Function

The Gamma function is usually studied in real analysis, but we will generalize it to C.
This leads to the Zeta function, which has many applications in fields such as number
theory.
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Definition 20.7 (Positive Gamma Function) Let s € (0,00) C R. Then we define
the positive gamma function as:

oo
I'(s) ::/ e it de.
0
Remark 20.8 This integral is improper. To check for convergence we mote that:

e Near oo, the integrand < Ce? (since et shrinks fast), thus it converges at cc.

e Near 0, the integrand < t5~1 (which converges for s > 0), thus it converges at 0.

So this integral converges.

571 and

ol

Note 20.9 The bound of Ce;?t comes from the fact that e~ 't~ = ez e
noting that fort € [1,00), e 2t>~1 < C for some C € R.

Proposition 20.10 I' has an extension to a holomorphic function I'(s) defined on the
half plane {s € C | R(s) > 0} given by the same formula where t5=1 = (571081 " yith
log(t) the usual natural log (since 0 <t < 00).

Proof: It suffices to show that T'(s) = [;° e~'t*~1dt is a holomorphic function on
{s € C|R(s) >0}, since it’s obviously equal to the real equivalent (where the real
version is defined).

Let F.(s) := fsl/e e t5~1dt. Then we are trying to define:
1

I'(s) = lim F.(s) :=lim | et~ 1dt.
(5) = lim F(s) := lim e

We firstly claim that F(s) is holomorphic in {s € C | R(s) > 0}.

Lemma 20.11 (General Fact) If Q C C open, F(z,t) a continuous function on Q X
[a,b] which for each t € [a,b] is such that F(z,t) is holomorphic in z € Q. Then
f(z) = fab F(z,t)dt is holomorphic in €.

Proof:[20.11] To prove this fact, it suffices to check that VD cC €, f is holomorphic
on D. By corollary (6.2), it is enough to check that VT' C D triangle the integral over
the boundary of the triangle is 0. Then:

b
BTf(Z)dZ:/BT/a F(z,t)dtdz
b

(Fubini) — / < /8 PG dz) at

b
(equation (5.1)) :/ (0)dt = 0.

And we are done. [
To apply this lemma, let Q@ = {s € C|R(s) >0}, [a,b] = [¢, 1], F(z,t) = e7 =71
Then F; is holomorphic on €. Fix any M > § > 0. Then consider:

Qs ={s€C|d<R(s)<M}.
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Note that for o = R(s) we have:
‘e—tts—l‘ :‘e—te(s—l)log(t)‘ :’e—te(a—l)log(t)‘ — oty

Then on this strip (ie points s such that § < o < M) we can estimate:

€ o0
/ e s dt + / e sl de
0 1
€ o0
< / e ot dt + / e ot de.
0 1

ID(s) — Fe(s)| =

Noting that:

And that:

o0

We have that for all s:

It follows that F. = T on Qs ., and thus that I' is holomorphic on €5 57. It follows

that I is holomorphic on 2. [
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Lecture 21: November 12

Instructor: Valentino TOSATTI Scribe: Alexander Kroitor

Now we go into more detail on the Gamma function.

21.1 Gamma Function Properties
Proposition 21.1 For every s € C with R(s) > 0 we have that:
I(s+1)=s-T(s).
It follows that ¥Yn € N we have that:

I'n+1)=nl

I(z+1)
6,,

IK

Proof: We apply theorem (3.5):

ot (i) e (o)

If 0 = R(s) > 0, then we have:

1 1 1
1>

d € e
— (e*tﬁ) dt = —/ e s dt + s/ e s dt.

3 &g

Il
nx
o,
~
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By taking the limit as € goes to 0, we have that:
[ee] oo
I'(s+1)= / e 't dt = 8/ e te 57 dt = 5 - T'(s).
0 0
To prove the case for n € N, we note that:

o0 00
(1) = / e tdt = —e_t‘ =1=0.
0
Applying induction we get that:
F'n+1)=
|

We have so far seen that I" acts nicely on the right complex plane. We will now prove
that in fact it can be extended to a nice function on C.

Theorem 21.2 3! a meromorphic function (also denoted T') on C, which extends T' on
{R(s) > 0}, whose poles are simple poles at s € —N ={0,—-1,—-2,-3,---} with
(="
RBS,n (F) = T
Proof: The uniqueness of the extension follows from the uniqueness of the analytic
continuation.
Since the convergence at oo was very fast (exponential), this suggests the following

for R(s) > 0, we write:
1 0
I'(s) :/ e it dt +/ e 't dt.
0 1

We claim that f e~!t5~1 dt defines an entire holomorphic function in s € C. Indeed,

this follows from the same argument that was used to prove proposition (20.10). We
1

write F-(s) = [ e """t dt. Then F. is an entire holomorphic function, since e #¢5~! =

et . els=Dlog(®) i an entire holomorphic function in s (this is true since it’s essentially

e®). The holomorphicity of F; for all s € C follows from lemma (20.11). For o = R(s) <
0o € R we have that ‘floo et dt — F.(s)| <| [ ettt dt‘ < Cgoe_% — 0. Since oy
is arbitrary, it follows that it is holomorphic evergywhere.

Now we must deal with fol e 't*~1dt. It is not holomorphic, and we thus want to
extend it to a meromorphic function on C. First we expand e~ as a Taylor series (with
R(s) > 0, otherwise the integral is divergent):

0

tn+s 1
xl (@L
_Z n' .n+s)

n=0
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We can see that the first term in this sum is just the complex exponential. The second
term suggests that there will be some issues when s is a negative integer.
Now fix some R > 0, and pick 2R < N € N, and write:

i (- 1 _i (y" 1 i - 1

! - r r :
~ nl (n+s) ‘= nl  (n+s) W, ™ (n+s)
We examine these two terms for s € Dg(0). 25:0 (_nﬁ . ﬁ is obviously a meromor-
phic function with simple poles at every negative integer in this disk (with the correct
residue as well). > > 1 % . ﬁ has no poles on this disk, and converges absolutely

on Dg(0) since for n > N 4+ 1, N > 2R and s € Dg(0), noting that:
In+s|>n—|s|]>N+1—-R>R,

we have that:

- |1 1
nl(n+s)| nln+s| ~ nlR’
and thus:
oo oo
—1)" 1 1
> S < X e
n=N+1 ’ n=N+1

Now, letting R € RT, for s € Dg(0) and taking N > 2R, we define:

F( ) N (—1)" N o] (—l)n N /oo —tts—l d&t
S) = _— _— e .
| |
nZ:O nl(n+s) nZN_H nl(n + s) 1
meromorphic holomorphic

Where the meromorphic part has the desired poles and residues.

This defines the meromorphic extension of I' to Dg(0). The choice of N is irrelevant,
since for $(s) > 0 they all agree with I' (the holomorphic function before), so they are
all equal by uniqueness of analytic continuation. That is to say that the choice of N
makes no difference, since any choice of N will yield functions that agree on the right
half plane. By the uniqueness of analytic continuation, these will be equal.

Finally, R is arbitrary, which implies that this will work for any point in C (extensions
with a different value of R will agree based off of the same argument as before).

|
We now want to prove that I' does not vanish. We begin with a preparatory lemma.

Lemma 21.3 Fora € (0,1), we have:

00 xa—l T
/ de = — .
0o 1+ sin(ma)
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Proof: We apply a change of variables:

r=¢€Y <= y=1log(x)

dx = e¥ dy.
Then:
0 a—1 0 (a=1)y o ay
/0 f+$dx:/w€1+ey ’eydy:/oo 1ieydy
(apply example (9.11)) = sin?ﬂa)'

Theorem 21.4 (Gamma Functional Equation) Vs € C:

s

I(s)-T(1—s)= Sn(rs)’

Note 21.5 Recall that the complex sin is defined as:
TS __ e—Tris
21

sin(7s) = ¢

Proof:[21.4] We will first check that both sides have the same poles with the same
order.

The poles of the RHS are the zeroes of sin(ws). That is to say that the poles are all s
such that e™* = ¢~ & 2™ = ] & s € Z. Thus the RHS has simple poles at all s € Z.
To find the poles of the LHS, note that I'(s) has simple poles at s € {0,—1,—2,---} and
that I'(1 — s) has simple poles at s € {1,2,---}. It follows that I'(s) - I'(1 — s) has (at
worst) simple poles at s € Z. That is to say that I'(s) - I'(1 — s) has no poles outside of
the integers.

Thus both the LHS and RHS are holomorphic for R(s) € (0,1). To prove equality, it
suffices to prove it for s € (0,1) C R (since if they're equal on this segment, they are
equal on R(s) € (0,1) by analytic continuation).

Now let s € (0,1) C R. Then:

'l—s)= / e "u"* du
0

oo
(let w=vt,t >0) = t/ eV (vt) "5 do.
0
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Then:

oo

e 't TID(1 — s) dt

et ( / eV (vt)~* dv> dt
/ 7t 1+U =S qu dt

( —t(1+’u dt> s do
( > S dv

I'(s)-T'(1—s)
0

(convergent, so Fubini applies) /

1 + v
1 21. ha=1- 1
(lemma (21.3), with a = s€(0,1)) = i W(l—s))
o
~ sin(7s)
And we are done. u

Corollary 21.6 Vs € C\ {0,—1,-2,---}, we have that I'(s) # 0.

Proof: To prove this we apply the formula proven in the last theorem. For s €
C\{0,—-1,-2,---} we have:

r . sin(ms)
I'(s) T —s) T

Note that I'(s) # 0 < %S) has no poles. I'(1 — s) has simple poles at {1,2,3,---}.

M has simple zeroes at Z. These two cancel out, so it follows that ( ) has no poles

(thus it is entire), and has simple zeroes at {0, —1,—2,--- }. It follows that I'(s) # 0 for
s€C\{0,-1,-2,---} (and additionally that I‘(s) has poles at {0,—1,—2,---}, which
we already know). ]

21.2 Motivation for Riemann Zeta Function

Recall that the Gamma function is defined as, for R(s) > 0

F(S):/ et dt.
0

We now insert an n € N5 into the exponent of the exponential:

o] . [e%e) usfl 1

— — U="n —

e Ml g = e v 1-—du
0 0 nfThon
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This gives us:

11 -/ooe—”tts—ldt.
n* T(s) Jo

Note that since I' is entire, this is fine as a denominator. Then Riemann’s idea was to
sum this over n, letting ¢(s) = >.°° , L = ﬁ S Ooo e ts—1 4.

n=1 ns

Next lecture we will continue discussing the Riemann Zeta function, and its proper-
ties.
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Lecture 22: November 17

Instructor: Valentino TOSATTI Scribe: Alexander Kroitor

This lecture we will discuss the Riemann Zeta function in more detail.

22.1 The Riemann Zeta Function
Definition 22.1 (Riemann Zeta Function) We define:

(=3~

ns’
n=1

This is called the Riemann Zeta function.

Remark 22.2 Recall from last lecture that = = F(ls) S e s At It follows that:

_ 1 . > —ntys—1
C(s) = T(s) nE:1/0 e "ML dt.
[ee) 1

Note that we cannot say this for certain since we do not know whether or not ) " 4 —<
is finite. We will show later that for this converges for R(s) > 1, and thus that this is
rigorously true for R(s) > 1.
Note that Vs € C, where log is the natural log, we have:
1 . —slog(n)
E =€ .

More precisely, one notices that if we want this integral to converge absolutely, it’s
enough to take R(s) > 1. Let R(s) = ¢ > 1. Then:

00
— E ’e—slog(n)
n=1
00

— Z e 7 log(n)

n=1
[eS)

[e.9]

1

no
n=1

(since 0 > 1) < oo.

To summarize:
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e For n € Ny then % = e*108(") ig an entire function.

e For R(s) > 1 then ((s) = 3.°° | L is absolutely convergent, thus:

n=1 ns

1 i 1
Z — = lim —,
ns N—oo ns

n=1 n=1

and Vn, SV . L is holomorphic for all R(s) > 1.

n=1 ns

It follows that limy_,e0 nyzl L is holomorphic on R(s) > 1 (since absolutely conver-

gent series of holomorphic functions on 2 are also holomorphic on ). We conclude that
¢(s) is holomorphic on {s € C | R(s) > 1}.

We will now show that there is a meromorphic extension of ((s) on C.

Theorem 22.3 (Riemann) ( has a unique extension as a meromorphic function on
C, with a single pole at s = 1. This pole is simple, with Resy (¢) = 1.

Proof: To prove this we will leverage the observation made in remark (22.2).
Then for R(s) > 1 we have:

o0

((s) = r(ls) Z/OOO e 4t

=1

Recall that ﬁ is entire and has simple zeroes at s € {0,—1,—2,---} and that
ﬁ = 1. It is thus sufficient to find a meromorphic extension of Y 7, fooo e st

for R(s) > 1. The sum and integral are both absolutely convergent, so we can switch
them to get:

o0 00 [e's) o0
Z/ e_"tts_ldt:/ Ze—“t 51 at.
n=1 0 0 n=1

Then:

n=1 n=1

n=0
( tric series) ! 1
metri Tl = —
geometric series 1_€_t

e—t

00 0o
§:€—nt:§:
[e's]

n
n
-1
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Thus we are seeking a meromorphic extension of:

[e.e] tsfl
/ — dt,
0 et —1

which is defined and holomorphic for $(s) > 1. This function looks suspiciously similar

to I'(s) = OOO tzl dt. Thus we shall apply the same technique that we used for the
meromorphic extension of I'(s) (this was done last lecture in the proof for theorem
(21.2)). That is to say that we will split this integral into two parts — one will be
meromorphic, and one will be entire.

Now, for R(s) > 1, we say that:

o ts—l 1 ts—l o0 ts—l
dt = —dt dt.
/0 et —1 /0 et —1 + /1 et —1

Exactly as in the case for I', then 100 é:—:ll dt is an entire holomorphic function of s.

Indeed, we argue as last time. For € € (0,1) we write:

z tS—l
F.(s) :/1 o dt.

Then F.(s) is an entire holomorphic function of s (since ét_ll is entire in s and [1
bounded and closed, we can apply lemma (20.11)). Then we can estimate:

[ee] ts—l oo ts_l
dt — F, = dt.
/1 el — 1 =(s) / of 1

Noting that e! —1 > %et for t > 2 and letting 0 = R(s) < o for any fixed oy then for
te [%, o0) we can estimate:

1
Ve

| is

o =

ts_l —t -1 —t —1 =t =1 =0

; <2e 7T <2et07 < (Ce2 < Cye2ze —— 0.

e J—
Thus F.(s) are entire and for all oy > 1, we have that F. converges to floo %dt
uniformly on {s € C | R(s) < 09 }. Thus [° éf—:ll dt is entire holomorphic.

We are thus left with finding a meromorphic extension of fol % dt. To do this, we
et£1 near t = 0 (this is the only place where the integrand

acts badly). To do this we apply Taylor expansion of e! at t = 0:

examine the behaviour of

2

t
t t2
S I
e —|—2+
1 1 1

1 il 1 ED
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Where E(t) (the error) is a real analytic function with no (non-removable) singularities:

1 ) —
E(t) = o 1 — E = z;)antn
n=

Plugging this in yields:

1t571
/t 1dt /tSQdH—/E )5t de
0o ¢ —

/E t)tsLde.

While for any N > 1 fixed, we can write (Taylor series with remainder):

N
= ant" + Fy(t)
n=0

with [Fy(t)| < CntN*t Vit € [0,1].

Then:
1 N oo 1
/ Bt tdt = Z/ ant™ s dt +/ Fxn(t)ts~tdt
0
En(t)t* ! dt.
n + S / N

Where En 0 s is a meromorphic function on C with (at worst, since a,, could be 0)
simple poles at {0, —1,—2,--- ,—N }, while:

1 1
'/ Fn(t)ts~tde </ |En(t)]t 1 de
0 0

1
(use estimate of Fy) < CN/ otV dt
0

(foro > —-N—1) < o0.

Thus fol Fy(t)t*~! dt is a holomorphic function on {s € C | R(s) > —N —1}.
Then for all N > 1 we have:

00 tsfl o) tsfl 1 an 1 1
dt = dt Fy()t* " de. 22.1
/0 et —1 /1 et —1 +s—1+zn+s+/0 n () ( )
N , n=

entire

. holomorphic for
simple poles at
s€{1,0,—1,---} R(s) >—-N -1
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Thus the RHS defines our meromorphic extension on { R(s) > —N —1}. Since N
is arbitrary, we can raise the value of N, giving us a new formula which gives us a
new extension on an even larger region that agrees with the previous extensions on the
smaller regions. Then [ % dt =307, [o7 e ™~ dt has a meromorphic extension
to C, with at worst simple poles at s € {1,0,—1,-2,---}.

Finally, the meromorphic extension of ((s) is obtained by dividing the above mero-

morphic function by I'(s). Since % is entire holomorphic and has simple zeroes at

S
s € {0,—1,-2,---}, it follows tha(t)(since a simple zero cancels out a simple pole)
F(ls) - (22.1) is also a meromorphic extension on C, and has removable singularities at
s€{0,-1,-2,---}.

Then we have found a meromorphic extension of ((s) with a single pole at s = 1,
which is simple. Note that the residue of equation (22.1) at 1 is 1. Then the residue of
our extension at 1 is ﬁ -1 =1. Thus we have found a meromorphic extension of {(s)
with exactly one pole, which is at 1. Furthermore, this pole is simple, and has a residue

of 1. We have thus proven our claim.

|
¢(s) is a truly remarkable object! Going forward we will dedicate some time to showing
some of the interesting properties of it.
We know that ((s) is holomorphic everywhere except s = 1.

Remark 22.4 A common misconception is that:

o0

1

0= 5=S"1=1+1+1+1+ -,
n:ln n=1
o0 1 oo
andthat((—l):zj:Zn:1+2+3+4+....
n
n=1 n=1

These are both nonsense. Both of these sums clearly diverge, while ((s) is finite every-
where except s = 1. The misconception comes from idea that we can use the definition
of ((s) that is reserved for R(s) > 1 for these numbers. In fact:

1
0)=—=
() =3,
d¢(-1)=—
and ((—1) = ——
12’
facts which we will show soon.
Note 22.5 In fact the “equations”:
1
1+1+1+1+---=C(0):—§,
1
L4243 44+ =((-)=—1.

are both used extensively in physics (specifically in quantum field theory).
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Remark 22.6 It turns out that ((2n) is known (they are powers of ), while ((2n + 1)
is a total mystery. In 1977, Roger Apéry found that ((3) is irrational. This is the only

value of ((2n + 1) that has been proved to be irrational. The proof is apparently quite
cool!
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Lecture 23: November 19

Instructor: Valentino TOSATTI Scribe: Alexander Kroitor

We want to now pivot to a different representation of (.

23.1 Euler Product Formula
23.1.1 Infinite Products

Given {a, }22 ,, an € C, we shall say that their infinite product [], ;| a,, converges if the
sequence Ay = Hﬁ;l ayn, € C converges to some A € C as N — oo. In this case we will
write A =[02, an.

Lemma 23.1 Suppose {an}22, an € C, such thaty o |an| < 0co. Then [[72, (1 + ap)
is convergent and [[,; (1 + an) = 0 happens if and only if Im > 1 s.t. 1+ a,, = 0.

Proof: Clearly if 3m > 1 s.t. 1+ ay, =0 then HnN:1(1 +ap) =0 VN > m. Thus the
infinite product converges, and converges to 0. Now assume that 1+a, # 0Vn > 1. Since
Yool lan| < oo, then|a,| 2%, 0. Thus for all n sufficiently large, |a,| < $V¥n > ng. We
shall disregard the a,’s for n < ng (this doesn’t affect the convergence since there are a
finite number of these terms). WLOG assume that|a,| < 5 Vn > 1. Then 1+a, € D% (1).

Note that 0 ¢ D1(1). We can thus use the principal branch of log on this disk. Then
2
we can calculate log(1 + ay,). This is well defined by the usual power series:

22 23

log(1 — L,
og(l+z2)==z 2+3

We also have that for|z| < 1:

142= elog(l—l—z).

We further have for |z| <  that:

z 23

llog(1 + z)| = 5 T3

< 2|7].

Then let b, = log(1 + a,). Then |b,| < 2|ay|. Then > 07 |bn] <2307 |an| < co. Then

Zivzl by, 2% B. Now:

N N N N
H(l +a,) = H elog(lan) — H ebn = e<2":1 b"> Ao, B e \ {0}.
n=1 n=1 n=1

Thus [[72 (1 + a,) < 0o, and we are done.
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23.1.2 Euler Product Formula

Let p be a prime number (p > 2). Then let s € C. We have defined the complex power
p~ % as:

p—s — 8 log(p)

where log is the natural log. Then we can consider 1 —p~5. This is not zero for R(s) > 1.

Indeed:

:>‘1—p s

Then, for R(s) > 1 we consider 1% We want to consider the infinite product of these

where p ranges over all primes. Now consider the partial product:

1
= log(l —p 23.1
I (- Smor)
P> p=
prime prime

Where log is the principal branch. Note that 1 — p~™® € Di(1). Then we check that
2

Y prime 108(1 — p~%) is absolutely convergent. If it is, the sum in equation (23.1) has a
limit, so the LHS converges as well. Then applying lemma (23.1) it suffices to see that,
for R(s) > 1 we have:

Z ‘p—s _ p R Si

p prime P prime

Thus for R(s) > 1, [, prime 1 ; is convergent, and it defines a holomorphic function of
s for R(s) > 1 (since [« 1= ; is holomorphic for R(s) > 1, and Y |p~*| < co implies

uniform convergence).
Thus

H 1

1—ps
p prime p

defines a holomorphic function on R(s) > 1.

Theorem 23.2 (Euler Product Formula) For R(s) > 1 we have that:

= I —

1—p=s
p prime p
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Proof: We know that both sides are holomorphic on R(s) > 1. It suffices to prove
the equality for s € (1,00) C R (by corollary (7.12) these will be the same, since each
point will be an accumulation point).

We employ the fundamental theorem of arithmetic (n € N can be decomposed
uniquely into primes). Fix M > N, M, N € N. We claim that:

> L <1+—1 + = +- 4 . ) (23.2)
< el rpm—— _
— ns P <N ps ps P S

prime
Indeed, for any 2 <n < N we can write, where 0 < a,, < M:
n = H pP.

p<N
prime

1 H 1
ns ap s’
pSNp
prime

It follows that (since a, < M) every term in the LHS of equation (23.2) appears on
the RHS of equation (23.2). This follows by expanding out the RHS into a big sum,
and seeing that no two element in the LHS will be represented by the same element in

the RHS (by the uniqueness of prime factorization). Since each element in the RHS of
equation (23.2) is positive, our claim is proven. Then:

N
1 1 1 1
= < 14—+ -+ )
1; ns pl;[N < ps p2s pMs
pr?me
. . 1
(geometric series) < H s
p< N
prime
1
. —s
(since 1 —p~° < 1) < H =
p prime

Thus we have achieved half the equality we want:

The other half follows similarly. We claim that:

11 1 =1
<N p b n
p=
prime
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This is again because every term on the LHS of equation (23.3) appears on the RHS
of equation (23.3). This follows from expanding the LHS as a big sum, then noticing
that by unique prime factorization, every term in the LHS multiplies out to a unique
#. The inequality follows by noting that any term of the RHS that is not in the LHS
is necessarily positive.

Then let M — oo. Then:

Ill_irsgcwl

p<N
prime
I let N =
1
11 < ((s).
1—p=s
p prime p

And thus we have both sides of the equality we desire. Thus the claim has been proven.
|

Corollary 23.3 Vs € C with R(s) > 1, we have that ((s) # 0
Proof: Indeed, for R(s) > 1, p prime, we have that $ # 0. By lemma (23.1) then,

; —s .
since Zp prime‘p ’ < 00:

Corollary 23.4 The following sum is divergent:
>,
p prime

Note 23.5 As N increases, the number of primes less than N increases more and more
slowly. This result is unintuitive, since the “density” of primes is low.

Proof:[23.4] Let us use theorem (23.2) for R(s) > 1. Consider the principal branch of
log. Since ((s) # 0 on R(s) > 1, we can take log({(s)). Then:

log(¢(s) = > (~log(1—p7).

p prime

Now let s € R, s > 1, s close to 1. Then, noting that:

SUQ $3
log(1 =r——4+—=——---.
og(l+z)=z 2+3
$2 1’3
:>}10g(1+$)*l‘|:*?+?*

(for |z < 1) < 2|z|*.

== ‘log(l —p °)+p°
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We have that:

o= ) (—1053;(1—19’8)) <Y

<—10g(1 —p’s)> - (p’s)
p prime p prime p prime

< Z 2p—2s

p prime

(indep. of s for s close to 1) < C.

This implies that in some sense the sums Zp p~° and Zp (— log(1 — p_s)) act similarly
for s close to 1. We then let s — 17. Then we notice that:

log(¢(s)) = Y (~logl—p™)).

p prime

+
That is to say that - p~* will diverge as s — 17 if and only if log({(s)) 22 oo
We know already that ((s) has a simple pole at s = 1 with residue 1, it follows that for
s near 1 we can write:

C(s) = —— 1 h(s).

s—1 N~~~
hol’c
+
However for s € (1,00) C R we have log (i) = —log(s—1) 221 oo, Since h(s) is

s—17t

bounded it follows that log({(s)) —— +oo.

Thus >, p~* diverges to +oo as s — 1*. Thus:

p prime

And the claim is proven. [
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Lecture 24: November 24

Instructor: Valentino TOSATTI Scribe: Alexander Kroitor

24.1 Functional Equation for Riemann Zeta Function

Theorem 24.1 (Zeta Functional Equation) Vs € C, we have that:
C(s) = 2° -1 sin (;) T(1—s)-C(1—s).

Note 24.2 This relation compares the value of ((s) with ((1 —s). These are not equal,
but they are instead related through a “nice” multiplication factor.

Proof: To be discussed later. [ |
Before the proof, we derive several consequences of this theorem. We begin with a
proposition.

24.1.2 Values of ((s)
Proposition 24.3 (Lindel6f) For all z ¢ Z, we have that:

1 o= 22
7TCOt(7TZ) = ; + Z m
n=1

, o : : 1 1 _ 2 .
Proof: Define f(z) := mcot(rz). First we notice that . + ;= = »=>. Thus:
I & 22 R 1 1
;—i_ZzQ—n? _Z+Z(z+n+z—n>'
n=1 n=1
While it is tempting to write ) > Z}rn, we cannot manipulate the sum casually since

it is very nearly divergent (since ) is divergent). We can however apply a limit.

Then we have that:

oo 1
n=1 z+4n

The we want to compare f(z) and ¢g(z). Both functions are meromorphic in C. Both have
simple poles precisely at z € Z. Note also that Resg (f) = Resp(g) = 1. Furthermore
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they are “periodic” with period 1, namely that Vz ¢ Z, f(z +1) = f(z) and g(z + 1) =
g(z). This is clear for f by the definition of cos and sin. This follows for g as:

1 1 1 1
1) = 1l E —— =1 - E
9(z+1) N z+14n N z+1+N z—NjL z+n
In|<N In|<N
1
=0—-0+ i g
+NE>I<1><> z+n

In|<N
=9(2).

It follows that f(z) — g(z) is also periodic with period 1. Since f and g both have a
simple pole at z = 0 with residue 1, then f — g has a removable singularity at z = 0. By
periodicity it follows that all singularities of f — ¢g are removable. Thus f — g is entire
holomorphic and 1-periodic (periodic with period 1).

We now show that f — g is bounded in C. Since f — g is 1-periodic, f — g is uniquely
determined by its restriction to the strip S := {2 € C| |R(2)| < 1}ieVze C3zxn e S
st. (f—9)(z) = (f —g)(z0) with z = zo + k for some k € Z. Thus it suffices to show
that supg|f — g| < C for some C. It further suffices to show that supg|f —g| < C for
some C' where S :={z e C | |R(2)| < %,[S(2)| > 1} (since S\ S is relatively compact,
and thus f — g is bounded on it). We will show that supg|f| < C and supg|g| < C for
some C'.

f: Tt suffices to show that supg|cot(rz)| < C. Let 2 =z + iy € S. Then |z| < 3 and
ly| > 1. Note that:

’67271'3,( + 67271'11 =14+ 6727ry’

< ’67271'3;

4 ‘67271’1:1:

and that ‘e_%y — e 2wz

> ‘6_2” — 1‘ .
We have that:

e'L’Tl'Z + e—Zﬂ'Z

|COt(7TZ)‘ =7 m

ML TY 4 o—imT oY

eiMTe—TY _ o—iTT Ty

e—27ry 4 e—27rix

e~ 2Ty _ p—2mix
1+ e 2my

S ]
If y > 1 we have that e 2™ < % Thus e~?™ — 1 < 0 and thus:

1
1 —27y (1 —+ 5)
|cot(mz)| < te < = 3.

1—e2my — (;)
2
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If y < —1 we have that e=™ > 1. Thus e~ 2™ — 1 > 0 and thus:

1 + e—27ry

‘COt(?TZ)‘ S m

These two exponential terms may blow up if y is very small. Thus we need to
fiddle around a little more. Note that in fact if ¥ < —1 then e=2™ > 2. Then
%6_2”9 > 1. Then:

_ _ 1 _
e 27ry_1>e 27"9_,6 21y

1

ey,

2

Thus we have, for y < —1, that:

1 e—27ry l6—27ry +6—27ry
|cot(mz)| < i < 2 =3
T eT2my — 1 T e—2my _ %e—Qﬂy

Thus f is always bounded.

: We must show that supg|g| < C for some C. Note that z € S means that z is not
an integer. Let 2 = z 4+ iy € S. Then|z| < 1 and|y| > 1. Note that:

1 3
|z| = Va? + y? <|z| +]y| < §|y! +ly| = §|y|,
and
_ 1
2| =z +iy| > |y| —|z] > 3

and, noting that 2% — n? = (z + iy)? — n? = (22 — y* — n?) +i(22y):

‘22 — n2‘ = /(22 — y? — n2)2 + 4222

> =y =)
2

=y’ +n? -z
1
(z* < 3y%) > §y2+n2

1
> 5 ().
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Then:
1 1 o 22
‘g(z)‘:]\}gnoo z4+n :;+Zz2+n2
Inl n=1
1 | 2z
SZ +Z 22 4+ n?
n=1
<2+2§:V2 M\

Now consider the case that y > 1. We then have that:

— vl —
—(y2+n?) = (v +n?)
<y
(summand increasing in n) < / 5 dz
o Y +x
=00
T
= arctan <>
Yy x=0
_T
=3
Thus:
|g(= <2+6§: <2+3w

Now we must consider the case where y < —1. We leave this as an exercise to the
reader.

Thus f — g is bounded. By corollary (7.5) then f — g is constant. Since f — g is odd,
it follows that f — g = 0. Thus, f = g and we are done.
|

Corollary 24.4 ¢(0) = —

N[ =
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Proof: First we use the functional equation:

(1—s5)-C(s)=2%-7°"1 sin <2> (1—=9)-T(1—=s)-C(1—y5)

done already

(proposition (21.1)) = 2% 7! .sin (7;8> T(2—35)-¢(1—s).

Recall that ¢ has a simple pole at s = 1 with residue 1. Thus lims_;(s — 1) - {(s) = 1.
Then:

—1=lim(1—s)-C(s) = lim 2° - 7°~ - sin (?) T(2—s)C(1—s)

s—1 s—1

=21 7% sin <72T> -T(1) - ¢(0)

Corollary 24.5 ((2n) = (—1)"*+! 22(7;);; Bay,, n > 1, with By, the Bernoulli numbers.

Note 24.6 Finding ((2) was called the “Basel problem”.

Proof:[24.5] We shall use the complex cotangent, defined as:

cot(z) := :i);((ji z € C.

Both cos and sin are entire holomorphic, and sin has simple zeroes at z € {7k | k € Z }.
Thus cot(z) is a meromorphic function with simple poles at z € {7k | k € Z }. Consid-
ering cot(mz) we have a meromorphic function with simple poles at z € Z.

Now we take 0 <|z| < 1. Note that then ’2—2| < 1. Then by proposition (24.3) we
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have:
o(n2) y+“ 2z
TCot\TT2) = — E %
z 22 —n?
n=1
1 2z 1
= _— -9 E — 5
z n _ 2
n=1 n?
N——
sum of
geo. series
1 ZOO 2 = [ 22 o
z n
n=1 k=1

(abs. conv.) = L QZZ S

1 o0
== -2 2k=1¢(2k).
. ; C(2k)

Further note that for|z| < 1 (this time 0 is included) we have:

mzcot(mz) =1 — 22 C(2k) - 2%
k=1

The RHS is a power series in z with the coefficients being the values that we want to
find. We thus expand the LHS as a power series and equate the terms to find ((2k).
: Mz —iTZ
wzcot(mz) =z sin(z) = iﬂ'z%
cos(z) ez — eTimz
e2i7rz +1
editz _ 1

. 2
=1z <1+ 62271_2_1>

2
e2imz _ 1

=z

=z +

We define the Bernoulli numbers B, € Q as the unique sequence satisfying (for = € R):

Calculating these terms is computationally tedious. It is is true however that m >
lodd == B, = 0. This follows from the fact that %5 + § is an even function.

e’ —1
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Indeed:
x v x(l+e¥)
er—1+§_2(efv—1)
oz 1+e”
T2 1"
oz e t+1
T2 e
o x 24+e 7 -1
T2 er—1
B T T
T e —1 2
(—2) | (-a)
_e(_z)—l—i_ 2

So this function is even.
Now we continue from

|
m—0 m.
1 > B
— i+ 1— 2M+m22m(zm)m

> B
=1-2 2m 9 2m -1 m—+1 2m.

These power series are equal, thus we can equate coefficients. Thus for all m > 1 we
have that:

m+1 (QW)zm

¢(2m) = (-1) mBzm-

Example 24.7 Noting that By = %, we have that ((2) = % By =72 % = %f.

Corollary 24.8 ((—(2n+1)) = —gi’f;, n > 1, with B,, the Bernoulli numbers.
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Proof: Note that if n is a negative odd integer, then 1 — n is a positive even integer.
We use the functional equation. Let m = 2n + 1. Then:

Gem) =2 in (S5 D m) (1)
=97 @n4l)  p=2n=2 (9 4 1)1 C(2n + 2)

9 )2n+2
(corollary (24.5)) = 27 Cn+D . z=20=2 (_1)n+1 (9 4 1)1 ((—1)" . 2(7r)>'Bgn+2>

-(2n+2
. . B2n+2
lify) = ————=.
(simplify) o 1 2
]
— B 1
Example 24.9 ((-1) = -3 = —45.

What is missing now for ((Z)?
° C(l) — 440077.
e ((—2n) =0 for n > 1 (this will be shown later).

o ((2n+1) =777 for n > 1 (this is still a mystery).
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Lecture 25: November 26

Instructor: Valentino TOSATTI Scribe: Alexander Kroitor

25.1 Duplication Formula

We begin by introducing a theorem.
Theorem 25.1 (Legendre Duplication Formula) For all s € C, we have that:

() (42) -+

Proof: Let a,b € C with ®(a) > 0 and R(b) > 0. Let

1
B(a,b) = / (1 — )bt de.
0

As an aside this is known as the Beta function. This is sometimes an improper integral
(when a or b are close to 0), but this is prevented by the condition on R(a) and R(b).

Lemma 25.2 Va,y € C with R(z) > 0 and R(y) > 0, we have that:
I(x) -T(y) =T(z +y) - Blx,y)

Proof:[25.2] Indeed, using change of variables in double integrals, we have:

00 00
F(x) . F(y) = / / tglc_ltg_leftlih dtq dts.
0 0

Now let t; = ut, to = u(1—t) such that (t1,t2) ~ (u,t). t1,t2 € [0,00), sou € [0,00), t €
[0,1]. Calculating the determinant of the Jacobian we have:

o Aty
ou ot| | t o,
Oty Oty 1—t —u ’
ou ot

Then using the fact that d¢; dty =|det(Jac)| dudt we have that:

oo rl
I(z) -T'(y) = /0 /0 ut YTl vy dudt

— </O uttyTlemw du) : (/Oltw—l(l —t)y—ldt>

=T(z+y) - B(z,y).
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]
Now let R(s) > 0. Then:
['(s)-T'(s)
=B
F(28) (57 5)
1
:/ uS—l(l _ u)s—l du
0
1
obu=p) =2 [0
1
— 215/1(1 . xZ)sfl dx
1
(even function) = 2- 21—8/ (1— x2)5_1 da
0
1
(subt=a?) = 21_28/ (1—t)* "1tz dt
0
_pnp(y)
1
_ 21728 T <§> ' F(S)
r <s + %)
I
D(s) T (s+3) =271 (3) T(2s). (25.1)
Using theorem (21.4), we have that, by letting s = 3, (I'(3))> =7 = I'(3) = V7
Thus, letting s = 5 in (25.1), we have that:
s s+1 L
r 5 -T 5 =72 -2 S'F(S).
Recalling that $%(s) > 0, and thus that %(5) > 0, then the claim is proven. m

25.2 Functional Equation 2

Recall the functional equation for the Riemann Zeta Function:

T8

((s) =2° 751 sin <2> T(1—5)-¢(1—s).

25.2.1 The Xi Function

We will find a second formulation of this. First we define the Riemann Xi Function.
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Definition 25.3 (Riemann Xi Function) We define the Riemann Xi Function
&(s) as:

This is clearly meromorphic in C.

Theorem 25.4 £ only has simple poles at s = 0 and s = 1, and theorem (2/.1) is
equivalent to:

E(s)=¢(1—-s) VseC.

To prove this we apply theorem (25.1).
Proof: Note that:

and that

g(1—s):wz.r< > )-g(1—s).

Then we want to see if equality of these two statements is equivalent to theorem (24.1).
Thus we let £(s) = £(1 — s). Noting that:

r (2> T <12) _ Sm@;).

4
_T(—3)-sin(%)
) :
And that, letting s = 1 — s in theorem (25.1), we have

r<153>-r(1—;>_wé-QS-ru—s).

Then we have that:
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Which is the Functional Equation for the Riemann Zeta Function. Thus:
functional equation for ¢ = functional equation for ¢

The converse follows by the exact same steps in the reverse order. Thus:
functional equation for ¢ <= functional equation for (

And the claim has been proven. [ |

Corollary 25.5 The only zeroes of ¢ outside of the “critical strip” {0 < R(s) <1} are
simple zeroes at s € { —2,—4,—6,---}.

Proof: By corollary (23.3) we have that ((s) # 0 for R(s) > 1. We now need to check
only on the other side of this strip.
Assume that R(s) < 0. We use the functional equation for £&. Then:

5<s>=w—3.r<§)-<<s>=w‘3“-r<1;8)-<<1—s>=5<1—s>.

: Since R(s) < 0, ®(1 —s) > 1. Thus (1 —s) # 0.

: wt = B £ 0. Thus 3 £Oand 7 2 #0.

F(%) : T'(s) has no zeroes, and has simple poles at s € {0,—1,—2,---}. It follows that

r (%) is holomorphic and non-zero for R(s) < 0.

T (%) : Similarly, I’ (%) is non-zero and has simple poles at s € {0,—2, —4,--- }. Note that
s # 0 since we assume that R(s) < 0.
Thus:
77712“-1“(%)'{(1—5) 1
s) = _ .
o I
holomorphic and non-zero 0 at
—2N

And thus the claim is proven.
[
We can thus conclude that ¢ has only the trivial zeroes on the left of the critical strip,
none on the right of it, and a mysterious amount in the critical strip.
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1
2

In fact there are infinite zeroes in the critical strip (a non-obvious fact). The relation-
ship between ((s) and ((1 — s) in the functional equation, a reflection across the line
R(s) = %, prompted Riemann to conjecture that every zero of ¢ lies on the line R(s) = %
25.2.3 The Riemann Hypothesis

One of the best-known conjectures is the Riemann Hypothesis.

Hypothesis 25.6 (Riemann) All zeroes of ¢ in the critical strip {s € C|0 < R(s) <1}
lie on the line {s € C | R(s) = 3 }.

This is a very important problem in math, mostly because of its relation with prime
numbers, which we barely scratched.

Remark 25.7 While it is tempting to attempt to prove or disprove this hypothesis using
only the methods of this class, it is very unlikely that there is one. Any proof will likely
involve much more advanced techniques. We know that there are infinite zeroes on the
critical line R(s) = %, but not whether there are any off of it. Using computer techniques,
we have found many zeroes of (; so far all are on the critical line.
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MATH 466 Fall 2020

Instructor: Valentino TOSATTI Scribe: Alexander Kroitor

We now finally prove the functional equation for &. First we start with several pre-
liminary results.

26.1 Functional Equation 3

Let f : R — C a smooth function that decays at least quadratically at oo, so that
S f(0 4+ n) converges V6 € R. Then recall that the Fourier transform of this

n=—oo

function, for all £ € R, is:
fo = [ et an

This integral converges since e 2™ has modulus 1, and since f(z) decays quadratically.

Proposition 26.1 (Poisson Summation Formula) Let f be a function that has a
defined Fourier transform. Then V0 € R:

S SO = Y fn) e

n=—oo n=—oo

Proof: Let 0 € R. Let ¢(0) := > fn+80). ¢ : R — C is smooth, and has the

n=-—o0o0
property that ¥ (6 4+ 1) = ¥(0). We use without proof that we can write ¢ as a Fourier
Series:

W)= Y e,

n=—oo
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where
1 .
Cn = / Y(B) - e 49
0

:/1 i f(k+6)-e ™ df
0

k=—o00
e} 1 ]
= > / f(k+6)-e ™ df
k=—00 "0

o0 k1 ‘
(change var 0 — 0+ k) = E / £() - e 2™ 40
k

k=—o0

— /OO f(e) . 6—27rin9 do

= f(n).
Thus we have that:
Yo fnt0) =vm)= Y fln)-Sm

And we are done. ]

26.1.1 The Theta Function

Definition 26.2 (Theta Function) We define, for u € (0,00) C R, the theta func-
tion as:

—+00
n=-—00

The summand decays to 0 super-exponentially fast, and thus this infinite sum converges.
Recall the definition of &:

Note 26.4 Notice that this definition is similar to the Gamma Function. The 6(u) — 1
takes the role of the e~ in the definition of T', while the uz~" is some slightly different
power of the u that we find in the definition of I
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Proof:[26.3] We first note that

+oo [ee]
2 2
O(u) = E eiﬂn“:2-g T
n—=——oo n=1

S —mnu __ 9(“) -1
— nzz:le ==

Notice that for n # 0 (otherwise the change of variable is not well-defined), using the

change of variable t = mn?u, du = % we have:

o0 2 s o0 s _%
/ e Ly dy = (/ e tta! dt) . (7rn2)
0 0
—_—

Then summing » 7, yields:

s o) 00 o)
S 2 S
f(s):I‘<2>-7r_2-Zn_S:/0 (Ze‘mu)-zw_ldu
n=1 n=1
S
O(u)—1
2
1 [
= / u?fl (Q(U) — 1) du
2 Jo
And we are done. [ |
Proposition 26.5 For all u > 0 we have
0(%) = u? - O(u).
Proof: We wish to show, for all © > 0, that:
= 2 1 = n2 1
O(u) = Z e ™Y =2 Z e =uTz-0(1).
n=-—oo n=—o00

We apply proposition (26.1). Consider the special case § = 0 in the formula, which
yields:

> f)= > fn).

n=—oo n=—oo

We let f(z) = e~™*" with u > 0. Then recall that we found in example (6.4) that:

o0 2 ; 2
/ e 6—2m:c§ dr = e—rr{ )

—0o0
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Then change variable, letting y = % Then:

—0o0

Renaming {\/u — £ and y — x yields:

oo u

. o0 . 1 2
f(&) = / e g2 gy — 76_“%.

Then applying proposition (26.1) for f(z) = e~ mue’ gives that:

[e o]

1 n2
O(u) = Z e—mun® PSF ﬁ Z T =T

n=—oo n=—oo

And we are done.

Remark 26.6 We can rewrite proposition (26.5) as (for u > 0):

Ow) -1 _ _ 9(5)—1Jr 1

1
2 2 ous 2

N

We now finally prove the functional equation for &.

Proof:[24.1] By lemma (26.3) we write:

£(s) = /Ooouél (9(“)2_1> du

o0 o0
/ e—7’l’x2€—27rix§ dr = \/a/ e—ﬂ'uy2€—2ﬂ'iy§\/ﬂ dy
—0o0

o (o [ ()

1, 0(%) -1 S _
(rmk (26.6)) :/ wr s () i 11 1 du+/ R <G(U)1
0 2 uz 2 1 2

We consider each part of the left integral:

[SIES
_l_

|

[

1, 05 -1 1 1 1, .02 -1
/oWl(“ '(u)z 2ut 2)d“:/0“21<”;' (U)2

then we solve each individually.
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@ : We use the change of variable v = 1, dv = —3; du.

u’ u

v, o(L) -1 o
/ uz "t (ué . (")> du = / )
0 2 1
[T 0,
1 2

Note that this is almost exactly the same as the second part of the integral above.

[
lo
+
—

@ : This is straightforward to compute.

@ : This is also straightforward.

Thus we have, for R(s) > 1, that:

S(s)z/loouii-e(“élduju ! _1+/1°ou§1<9(“)1>du

s—1 S

— OO 0('&)—1 —s_1 s_q 1 1
—/1 <2> (u 2 2 twu2 >du+s—1_§'

Clearly :11 - % is meromorphic with simple poles at s = 0 and s = 1. Then note that

floo (%) (u‘g_% + ug_l) du is an entire function of s. The logic here is the same

as the logic used in the proof of theorem (22.3), where it was shown that floo % dt is
an entire holomorphic function in s.

Hence we have found the meromorphic extension of £ on C (with simple poles at
0,1). Furthermore, the RHS of this formula is symmetric under (s <+ 1 —s). Thus
&(s) =&(1 — s), and we have proven that the functional equation for & holds.

|

26.1.3 Locations of zeroes of Riemann Zeta

We finish by proving the non-vanishing of ¢ on the boundary of the critical strip
{zeC|0<R(2) <1}

Theorem 26.7 If R(s) =0 or R(s) =1, then ((s) # 0.
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Note 26.8 s =1 is a pole of , so it is not defined at it, but in any case it is certainly
not a zero.

Proof:[26.7] First assume that we have proved the theorem for R(s) = 1. Let R(s) = 0.
Then R(1 — s) = 1. Then we apply the functional equation ((s) = 2° - 7*~! - sin (Z£) -
I'(1—s)-¢(1—s). 2540, 7 1#0,and I'(1 —s) # 0. {(1 — s) # 0 by the assumption

S

that we already proved the statement for R(s) = 1. sin (%£) only vanishes (for R(s) = 0)
at s =0, but (1) is a pole, and cancels it out (that is to say that sin (%) - ((1) # 0).
It follows that {(s) # 0 on the line R(s) = 0.

Now let R(s) = 1. We introduce two lemmas.

Lemma 26.9 Fiz the principal branch of log(z) on R(z) > 0. Then for R(s) > 1, we
have:

o0

log (¢(s)) = ch -n~°  where ¢y, > 0.

n=0
Taking the log of ((s) is okay, since ((s) # 0 for R(s) > 1.

Proof: This follows from Euler’s Product Formula. Noting that for |z| < 1:

1 2. 2"
1 = —
Og(l—z> mZ::lm

we have that:

if n = p™, p prime,

otherwise.
Notably, ¢, > 0, and thus we are done. [ |

Lemma 26.10 Let s = o + it, with 0 = R(s) > 1. Then:

log‘{g(a) (Mo +it) - (o + 2it)] > 0.
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Proof: Note that:

log|¢3(0) - Co +it) - C(o + 2it)‘ = 3log|¢(o)]
+410g‘§(0+it)‘
+ log|¢(o + 2it)|

= 3R (log(¢(0)))
+ 4% (log(¢ (o +it)))
+ R (log(¢ (o +it))) .
But then note that:
R(((s)) =D _R(n™)
n=1
= S R (e~ (o+it) log(n)
> ( )
_ R e—alog(n) . e—itlog(n)
> )
= Z n~ 7 cos(tlog(n)).
n=1

Now if we let 6,, = tlog(n), we have that, by lemma (26.9), that:

log|¢3(0) - CHo +it) - C(o + 22'75)’ = Z cn 17 (34 4cos (6y) + cos (20,,))
n=1

= Z non 72 (1+ cos(Gn))2
n=1
> 0.
Where the last equality comes from the fact that cos (26,,) = 2 cos?(6,,) — 1. [ ]

Now suppose for a contradiction that ¢ has a zero on { R(s) = 1}. That is to say that
C(1 +itg) = 0 for some ty € R. Certainly then ¢y # 0, since ¢ has a pole at s = 1.

Consider ‘C(O‘ + ito)’4. Then by assumption, ((o + itg) vanishes as ¢ — 17. Thus as
o — 17 we have that:

C(o +ito)|" < C(o — 1)%

Now consider ‘C (O’)‘g. Similarly, since (1) is a simple pole, we have that as o — 17:

C

’C(U)‘?) < m-
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Finally, consider ‘( (o + 2it)‘. We know that this point is not a pole since tg # 0. Thus
as 0 — 17 we have that:

(0 +2it)| < C.

All together, we have that:

‘Cs((’) Mo +it) (o + 2it)‘ <Co—1) 2=,

Thus:
10g‘§3(a) (Mo +it) - (o + 2it) LM
Which is a clear contradiction to lemma (26.10). Thus we are done. ]
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