SJALVSTANDIGA ARBETEN I MATEMATIK

MATEMATISKA INSTITUTIONEN, STOCKHOLMS UNIVERSITET

On holomorphic functions; analytic continuation, boundary values
on the disk of convergence and the Hardy spaces.

av

Markus Gustafsson

2021 - No K23

MATEMATISKA INSTITUTIONEN, STOCKHOLMS UNIVERSITET, 106 91 STOCKHOLM






On holomorphic functions; analytic continuation, boundary values
on the disk of convergence and the Hardy spaces.

Markus Gustafsson

Sjalvstiandigt arbete i matematik 15 hogskolepoéng, grundniva
Handledare: Annemarie Luger

2021






Abstract

In this thesis we are looking at holomorphic functions, their connection to
power series and behaviour on the boundary of the disk of convergence. We
investigate analytic continuation with several examples, displaying how one
can use the Poisson kernel to analyse values on, or restore a function from,
the boundary of the disk of convergence. We are also going to explore some
theory of the Hardy spaces on the unit disk.
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INTRODUCTION

We will look at properties of holomorphic functions within their domain of being
holomorphic. As we are going to see, if a function f is holomorphic, then this im-
plies that f is infinitely differentiable. We will then alternatively define holomorphic
functions as converging power series about each point within its domain of holo-
morphicity. Questions arises concerning behaviours on the boundary of the disk of
convergence. Does it converge? Does it diverge? Are there some points on the
boundary where it converges and other where it does not. Here, Niels Henrik Abel
is going to provide us with some tools for where we can further investigate the be-
haviour on the boundary of the disk of convergence. So far we’ve only been working
inside and up to the circle of convergence. However, is it possible to go further?
The chapter about analytic continuation will show us that we sometimes can extend
the domain for where a function is holomorphic. This section is pretty technical
with some interesting examples of what can happen when a function is analytically
continued around a singularity. On the other hand there are conditions for where
it doesn’t matter along which curve we go. We are still going to arrive at the same
function. This is known as the Monodromy theorem. After we've explored analytic
continuation we go back to the unit disk. Introducing approximate identities, in
particular the Poisson kernel, and see how we can use it to restore a function from
values on the unit circle. E.g. if f is in the class of continuous functions defined on
the unit circle, is it possible for us to restore a function inside the unit circle that
is equal to f on the unit circle? This is the Dirichlet problem. With help from the
Poisson kernel we will also show that if a function f is holomorphic in the unit disk
then the radial limits exists for almost all points on the unit circle. The last section
explore some theory about the Hardy spaces on the unit disk.
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BASiIcCS

Throughout the text we are going to denote the unit disk as
D={zeC:|z<1|}
and the boundary of the unit disk with
T={z€C:l|z| =1} = {e" : t € R/27Z}.

More general domains will most commonly be denoted as B, D or GG and as for more
general circles or curves we will mostly use C'; v or I'.

2.1 POWER SERIES

Definition 2.1 ([1], page 38). A series of the form
Z an(z — zo)"
n=0

with a,, 2y € C is called a power series centered at zg. For each power series there
exists a number R € [0, oo], called the radius of convergence, such that

(i) the series converges uniformly on every closed disk |z — zo| < R’ < R,
(i) the series diverges if |z — 29| > R.

If R = oo the series is said to have an infinite radius of convergence and thus
converges for all points in the whole complex plane. If R = 0 the series diverges for
any z # 2.

We consider some simple examples.

Ezxample 2.1. We begin with
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We have a,, = % and thus by the ratio test we get

n! 1

Ant1 : li
—— | = lim =
(n—l—l)! n—oon + 1

Qn

— = lim

R n—00

0.

= lim
n—oo

That implies that R = oo and the series converges for all z in C.

Ezxample 2.2. Let us continue and consider the power series

o
Z nlz".
n=0
So we have a,, = n! and again using the ratio test we get

(n+1)!
n!

an+1
G,

— = lim

R  nooo

= lim

n—oo

= lim n+ 1 = oo.
n—o0

That is R = 0 which implies that the series is divergent for every z except at one
point, z = 0.

Example 2.3. Finally we look at

2",

S|

oo
n=0

This time we use Cauchy-Hadamard’s formula to compute the circle of convergence
and we get

1

n

1.

! 1
= J]1lm — =
n—00 ”/h”
And thus the radius of convergence is 1 and it follows that the series converges
uniformly for all |z| < 1.

1
== lim {/|a,| = lim {

n—o0 n—oo

2.2 (CONTOUR INTEGRALS

Consider a function defined over a directed smooth curve + with initial point «
and terminal point S (possibly coinciding with «). For any positive integer n, we
define a partition P, of v to be a finite number of points 2z, 21, ..., 2, on v ordered
in accordance to the direction and where a = zg and 8 = z,. If we compute the arc
length along v between every consecutive pair of points, the largest of these lengths
provides a measure of the fineness of the partition; this maximum length is called
the mesh of the partition and is denoted u(P,). Now let ¢y, ..., ¢, be any points on
~ such that c¢; lies between zg and 2z, ¢y lies between z; and zy, etc. Then the sum

S(Py) is defined by

S(Pa) = flew)(zr — 21-1),

is called the Riemann sum of the partition P,,.
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Definition 2.2 ([8], page 162). Let f be a complex-valued function defined on the
directed smooth curve 7. We say that f is integrable along ~ if there exists a complex
number L that is the limit of every sequence of Riemann sums

S(P1),S(Pz), ... S(Pn), ..
corresponding to any sequence of partitions of 7 satisfying lim,, ., u(P,) =0, i.e.
lim S(P,) =L whenever lim p(P,)=0.
n—oo n—oo

The constant L is called the integration of f along v, and we write

N—oo

N
L= lim Zf(cn)Azn = /f(z)dz

Theorem 2.1 ([8], page 165). Let f be a continuous function on the directed smooth
curve y. Then if z = z(t), a <t <b, is any parametrization of v consistent with its
direction, we have

Lf(z)dz: /abf(z(t))z’(t)dt_

Definition 2.3 ([8], page 167). Suppose that I" is a contour consisting of the directed
smooth curves (1, ..., 7,), and let f be a continuous function on I'. Then the contour

integral of f along I' is denoted by
[ feyaz,
r
and is defined by the equation
/f(z)dz = / f(z)dz+--- —|—/ f(z)dz.
I Y1 Tn

We will now look at an example.

1
/ dz,
r <20

where I is the circle |z — zg| = r going twice in the counterclockwise direction start-
ing from the point zy + r.

Example 2.4. Compute

Let C,. denote the circle |z — zy| = r going around the circle once in the counter-
clockwise direction. Then we have two directed smooth curves and by definition 2.3
we write I' = (C,,, C;). Then

1 1 1
/ dz:/ dz—i—/ dz
r < — 20 C,. % T %0 C. % TR0
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From theorem 2.1 let z = zy 4 re with dz = rie’dt, 0 < t < 27 then

2m 2m
/ ! dz +/ L g - / %m’e“dt —I—/ %m’e“dt
c,. % — 20 c, Z— 20 o ret A
2m 2m
=1 / dt +1 / dt
0 0

= 27t + 271

= 413,

2.3 HOLOMORPHIC FUNCTIONS

Definition 2.4 ([8], page 70). A complex-valued function f(z), defined on an open
set D, is said to be holomorphic in D if it has a derivative at each point of D.

In essence, the limit

iy JEHh) = f(2)
f'(z) = lim h

h—0

must exist for all z € D.

As a first consequence f must necessarily be continuous. And indeed, from (1)
we have

lim f( 4+ B) — f(2) = lim 2SR = JZ)

h—0 h—0 h

=0-f'(z)=0.

If f(2) =u(x,y) +iv(x,y) for z = x + iy then it follows that u(z,y) and v(z,y) are
both continuous. We also have that the limit of (1) must be equal regardless of the
way in which A — 0. Let us start by first consider h = k, then the imaginary part
is kept fixed and the derivative becomes a partial derivative with respect to x,

of f(z+k)—f(z):ﬁ_8u v

— = lim —

Oz k=0 k or  or @ or

If we instead choose to substitute h with purely imaginary values h = ik then we
keep the real part fixed and the derivative becomes a partial derivative with respect
to y and we obtain,

For the limit (1) to exist, the condition

of ~.of
8x+28y =0,
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must be met. That is,

—ti =ttt = — ti| =+ =
oxr 0Oy

af of Ou Odv Ou v  Ou Ov ov  Ou _0
dr Oy Ox Odr Oy Oy Or Oy -

So in particular, the real and imaginary part of a complex-valued function f(z) =
u(z,y) + 1w(x,y) must satisfy

ou_ov o o
or 9y’ Oxr Oy’

for every point in D to be holomorphic there. These equations in (2) are known as
the Cauchy-Riemann equations.

We emphasize that holomorphicity is a property defined over open sets while
differentiability could possibly hold at one point. So when we say, ” f(z) is holo-
morphic at the point z,”, we mean that f(z) is holomorphic in some neighborhood
of zp. A point where f is not holomorphic but is the limit of points for which f is
holomorphic is called singular point. An example would be a rational function f
for which is holomorphic at every point except when the denominator is zero, the
zeroes of the denominator are then the singular points or singularities. If a function
is holomorphic on the whole complex plane we say that the function is entire. We
are also going to see that we can define a holomorphic function using power series.
This relation will be treated after we have derived the Cauchy Integral formula and
showed that a holomorphic function is infinitely differentiable.

Before we get to Cauchy’s Integral formula we have Cauchy’s Integral theorem
([8],page 191 — 194), which says that if a function f is holomorphic in a simply
connected domain D and I' is any closed contour, in D then

/F f(2)dz = 0.

The result can be obtained from Greens theorem that says that a contour integral can
be computed as a double integral over the region contained inside the contour. When
you then apply Green’s theorem to a holomorphic function the Cauchy-Riemann
equation shows up and cancel out both the real and imaginary part. For a full proof
we refer to Saff and Snider ([8], page 193 —194). From this result we will now derive
Cauchy’s Integral formula.

Theorem 2.2 ([8], page 204). Let I' be a simple closed positively oriented contour.
If f is holomorphic in some simply connected domain D C C containing I' and z
15 any point inside I", then

1
- Mdz. (3)

21 Jr 2 — 29

f(20)
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Proof. Define g(z) = ZEZZ)O Since f is holomorphic on and inside I' so is g except for
the point z = 2y, that means that I can be continuously deformed without passing
through the point 2 into the positively oriented unit circle v around zy. Thus, from

([8], page 182) and by Deformation Invariance theorem ([8], page 183)

9(z)dz = [ g(2)dz. (4)
o= |

Now by letting z = 25 + re? with dz = rie?®df, 0 < 0 < 27, we can write the right
side of equation (4) as

2 + 6 ' 2m '
/g(z)dz = ﬁdz = f(zo—i;e)m‘el@dg — Z/ f (Zo + Teze) do.
v v < TR0 0 re 0

As f is holomorphic for every point in a simply connected domain in D we can,
without changing the value of the integral, let r tend to 0:

r—0

1imi/2w f (20 + 7€) do = i/% f(20)df = 2mif(z)
0 0

It now follows that

/F o(2)dz = 2mif(z) = flz) = — [ L) g4

21 Jr 2 — 29

]

The conclusion of Cauchy’s Integral formula is that if f is holomorphic in a sim-
ply connected region containing a simple closed positively oriented contour then the
behaviour of f inside the contour is completely determined by its behaviour on that
contour.

We continue by showing that if f is holomorphic then f is infinitely differentiable.
The property of a holomorphic function f to be infinitely differentiable is going to
be a necessity in the construction of an infinite Taylor expansion of f defined above
as a power series.

Theorem 2.3 ([8], page 211). If f is holomorphic inside and on a simple closed
positively oriented contour I' and if z is any point inside I", then

Fo(z) = /F&dg n=1,23,.. (5)

2mi e (C— 2

Proof. For z inside I' we know from Cauchy’s Integral formula that

10 =5 [ 2ac
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We differentiate both sides with respect to z:

-2 (3o

Since we integrate with respect to ¢ and the interval of the integration is between 0
and 27, i.e. two constants, and we want to differentiate with respect to z, then by
Leibniz' integral rule we can interchange the order of differentiation and integration:

O
“omi hoc— 2™

A similar computation yields the second derivative:

f//<Z)_1'2/F(f(C) 3d<

o 2mi ¢—2)
ey 2 f(©)

And for the third derivative:
" 1-2-3
ey = 22 [ Ty

2mi Jp (€ —2)*
1 . 3! f(C)
16 = 5 f e

Now suppose that it holds for n = k, that is

) = o [ A

When differentiating f*)(z) with respect to z we can again interchange the order of
differentiation and integration by the same reason as before, which yields

) K[ 0
0 = o |7 (e )
RS9

- omi r (C—z)kt?

LRSS (G
IS

2mi —2)

And thus we conclude that if f is holomorphic inside and on some simply closed
positively oriented contour then f is infinitely differentiable at each point inside that
contour. N

'Leibniz integral rule can be found in the appendix.
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It is a remarkable result since just knowing a function is holomorphic in some
domain D, i.e. satisfies the Cauchy-Riemann equations in D, we get that it is also
infinitely differentiable at every point in D.

From this result we establish the relation between holomorphic functions and
power series as follows;

Claim. If f is a holomorphic function in a simply connected domain D C C and
C' is an open disk contained in D with radius » € R centered at z;. Then for any
z € C, f(z) can be represented as a convergent power series with positive radius of
convergence.

Let | — zo| = r, then by the assumption z € C, we get the inequality
|2 = 20| < | — 2. (6)

We write

1 1

(=2 C—z+a-—2z
1 1 (7)
(—z 1- 52

20

By the assumption on z we observe that the second factor on the last line in (7) can
be written as a geometric sum, this implies that

1 = (z—2)"
Loy e 0
(=2 % (C—z)""
Continuing by substituting (8) into equation (3)

1 = (z—2)"
flz) = 5 /C f(()nz_o—( T

and notice that since the series is uniformly convergent we can interchange the
summation and integration and thus integrate term by term,

f<zo>—i/0 f<) dC+-~-+(Z_Z.O)n/C(C MO ey ()

2w Jo ¢ — 2 211 — zp)"t1

From Cauchy’s Integral formula we use the equality

1 (=0) 1/ f(©)
c

N (¢ — zo)"tt

n! 271

dg
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and write f as

/ (n) %0
£ = £+ T80 gy T S e
n=0
where
on = L2200,

We can conclude that a holomorphic function f has a convergent power series rep-
resentation for all z inside C'. And thus we’ve arrived at the following theorem.

Theorem 2.4. If f is holomorphic in a simply connected domain D C C, then f
has a convergent power series representation at every point of D.

Remark. From Cauchy’s Integral formula we get that the restriction |z —zg| < [ — 20|
is a necessity for us to derive theorem 2.4. This however, also implies that the largest
disk for where a power series converges representing a holomorphic function, is the
disk of radius equal to the distance from the center (zy in our case) to the closest
singularity of f.

Remark. We also note that the power series of all derivatives of f can be obtained
by termwise differentiation of the power series of f and moreover, all its derivative
expansions converges in the same disk as the power series of f.

Remark. On the other hand there might be other points z # 2, inside the circle
of convergence for where we can construct a new circle of convergence that goes
beyond the circle of convergence around zy and thus extend the domain for where
the function is holomorphic. This is called analytic continuation, which we will come
back to later.

We are now going to look at two examples. The first one is a simple demon-
stration of how one can determine the radius of convergence of a function just by
observing the distance to the closest singularity.

Ezample 2.5. Let f(z) = H% Straight away we see that f is undefined at £¢ and
the distance from 0 to ¢ is 1. Without using any formula to determine the radius
of convergence of the power series representing f, we can by just looking at the
function conclude that the radius of convergence is 1. Moreover, this implies that
f can be represented as a convergent power series for |z| < 1. We can write the

function as

1 1 2 4 6 8 - n . 2n
i ey =1—-2"42"—2"+2 —...:;(—1) z
Thus the function f(z) = ﬁ has the power series representation y - (—1)"z*"

for |z| < 1.
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In our second example we want to display that differentiating f by the standard
method yields the same result as termwise differentiating the power series of f.

Example 2.6. Consider the well known geometric series

o0

Zz”:1+z+z2+...+z”+... (10)

n=0

whose partial sum Sy(z) = 27]:[:0 2" can be written as

1 — N+
1+z+22 4. 2N =—"—
1—-=2
which for |z| < 1 converges to the function f(z) = ;& as n — oco. It is clear that

the radius of convergence for (10) is 1, however we can do the same observation as in
the previous example which confirms the radius of convergence to be 1. By termwise
differentiation of the partial sum of the geometric series we get

N
142243224423+ ..+ N2V = an”_l.
n=1

If we now apply the ratio test to the termwise differentiated partial sum we see that
they have the same radius of convergence,

1 . An41 . n+1
— = lim = lim = 1.
R n—oo | Qp, n—oo N
And by differentiating the function f(z) = L it comes as no surprise that f’ as

well has the same radius of convergence as f,

ron 1
f(Z) - (1_2)27

0 on—1; - - oy — 1
where > >, nz"~! is the power series respresentation of f’'(z) = o

By different methods like the Cauchy-Hadamard’s formula and the ratio or the
root test, we’ve been able to investigate for where a power series is uniformly con-
vergent. However, there might be points on the circle of convergence for where the
power series converges as well. Abel’s limit theorem will give us a tool to investigate
pointwise convergence on the boundary.

2.4 ABEL’S LIMIT THEOREM

Abel’s limit theorem refers to where a power series converges on its circle of conver-
gence.
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Theorem 2.5 (Abel’s limit theorem ([1], page 41). Let f(z) = > ", a,z" be a power
series, let z; be a point on the boundary of the disk of convergence and assume that
the series Y " a,2y = s is convergent. Then f(z) converges to s if z approaches
21 in such a way that |2y — z|/(|z1] — |z]) remains bounded.

Proof. Without loss of generality we assume that R = 1 and that the convergence
takes place at z; = 1.
Define

(V)

I
NE

$

S
I
o

and the k:th partial sum of s as

»
ol
[
(1~
S
:

i
o

n

Then the k:th partial sum of the power series s, sx(2) = ZLO anz", is

sp(2) = ag 4+ arz + a2 + ... + ap2". (11)

We can rewrite (11) as

si(2) = 80+ (51— 80)2 + oo 4+ (S — Sp_1)2"
=50(1 —2) +51(2 = 2%) + ..+ sp_1 (2P = 2F) 4520
= (1= 2)(s04 512 + ... + 55_12°71) + 532"

Assume |z| < 1 then 2*¥ — 0 as k — oo, hence s,2* — 0 and we arrive at

f(z)=(1-2) Z Sp2".

n=0

Now, the formula of the geometric series implies that

1=(1-2) iz”,
n=0

and by multiplying both sides with s yields

s = (l—z)Zszn.

n=0
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Assume |1 — z| < K(1 — |z|). Since s, — s we have that given an € > 0 we find an
N € N such that [s, — 5| < 5% for n > N. We have

f(2) =8l =1 =2) Y suz" = (1—2)) s2"
= (1_2)Z(Sn—8)z”
”;0 0 (12)
oy O DI
<= (s =92+ |1 =2) Y (50— 9)"

Since s, — s and |z| < 1 we get the inequality for the second term on the last line
in (12) as

o oo
1= 3 Gams)[ <=2 3 s slloI"
n=N+1 n=N+1
€ o
n
§|1—Z\ﬁ Z ]
n=N+1
T =[N e €

1—|z] 2K = 2K 2

And for the first term on the last line in (12) we can make (1 — z) arbitrary small
by choosing z sufficiently close to 1. Namely, there exists an M € R such that

Zgzo(sn — s)z”‘ < M for all |z] < 1. So for any given ¢ > 0 we can choose z

sufficiently close to 1 such that
€
1—2M < -.
12 < 2
Thus we have

£ (2) = s| < [1—2|M + =

2
< < + - €
2 2
and it follows that lim, ,;- f(2) = s. O
Remark. The condition of |11__|j to be bounded when z approaches 1 means that z

needs to approach the vertex inside an angle of < 7. One say, z must tend to the
vertex non-tangentially or - be inside a Stolz angle of the vertex. According to the
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figure below, if z is approaching the vertex within the grey area then z is said to be
approaching the vertex within a Stolz angle.

Figure 1: Stolz angle.

Lets look at two examples.

Example 2.7. Consider the series

—1)n1

n=1

for |z] < 1. We note that by differentiating we get the geometric series

4 [Z &] S

n=1

Let m =n — 1 then

(-1 = (=2)”

m=0
1

T 1tz
By integrating both sides along some curve v, from 0 to z, such that both v and z

are contained in D:
z O z 1
/ > (=nmemdt = / ——dt

Computing both sides yields

i ED™ g1+ 2) + Tog(1) = Log(1 + 2)
2 g g g )
by the definition of the multivalued logarithm function.

Now by changing back the index we arrive at

n—1.n

(-1

E H—z:Log(l—i—z), |z| < 1.
n

n=1
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By Abel’s limit theorem; if we can show that

o0
g an 2y

n=0

converges for a point 2z; on the circle of convergence then
f(z) s as z— 2.
So for z; = 1 and by the alternating series test, the series

00 00 1 n—1
Be-Eer

n=1

converges. Thus by Abel’s limit theorem it follows that

> =D Log(2).

n
n=1
Instead of z; = 1, consider z; = —1. Then we have
e e -1 n—1 —1)"
I I
n=1 n=1
B i (_1)2n—1
N n=1 n
n=1 n

which we recognize as the harmonic series which we know diverges.

We conclude that the series representing Log(1 + z) converges as z tends to 1 which
tells us that we can extend the function to be well defined at z = 1 as well, on the
other hand as z tends to —1 the series diverges and the function in our case (Log(0))
is undefined. However, the function in a general case does not need to be undefined.
Since look at the example of

which is no where convergent on the circle of convergence. However, f is a well-
defined function at z = —1.

However, as we going to see, there are conditions that guarantee pointwise con-
vergence for all points on the boundary of convergence except for possibly z = 1.
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Theorem 2.6 (Abel’s criterion). Let f(z) = > " a,z" have radius of convergence
equal to 1. 1If there is an N € N such that {a,}nen is monotonically decreasing
forn > N and lim,,_,o a,, = 0 then the power series f(z) = >~ a,z" converges
pointwise on the boundary except for possibly z = 1.

Proof. Let

In(z) =) an" (13)
denote the N:th partial sum of f(z) = > a,2". By multiplying by (1 — z) on
both sides in (13) we obtain

N

(- 2)fu(z) =Yl - 2)"

n=0
N N

= g a2 — E a,z" !
n=0 n=0

N+1

N
=ay+ E anz" — g Ap12"
n=1 n=1

N N
=ag—anzVt 4 E a2 — E Ap1 2",
n=1 n=1

where ag is a constant and ayz¥ "t — 0 for |2] < 1 as N — co. We are left to show
that

N
Z(an T
n=1
converges. We have
N N
D (= a01)2"| <Y an = anllz]",
n=1 n=1
and since a,,_1 > a, we have
N N
Z |an - an—1||Z|n S Z(an—l - an)a
n=1 n=1

which is a convergent telescoping sum. We conclude that the sum Y >°  a,2" is
converging pointwise on the boundary except for possibly z = 1. O
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Example 2.8. Consider the following two power series

oo o
2" Z"
g — and E —
n n

Both power series have monotonically decreasing sequence {a, } with lim,,_,,, a,, = 0.
Thus both power series converging pointwise on the boundary except for possibly
z =1 by Abel’s criterion. For the first series with z = 1 we have

(o.9]
1
; R (14)
which we recognize as a p-series. From basic knowledge about p-series we know
that they converges for p > 1, and thus it follows that (14) is pointwise convergent
for every point on the boundary. For z = 1 in the second power series we get the
harmonic series

=1
2w

which we know is divergent. The power series >, % is thus pointwise convergent
for every point on the boundary except for z = 1 by Abel’s criterion.

So far we’ve been looking at holomorphic functions and their relation to power
series within the circle of convergence. Furthermore, from the theorems provided
by Abel we’'ve been able to investigate points on the circle of convergence. We saw
that there is no general fact about the convergence on the boundary. Namely, there
are power series for which diverges everywhere on the boundary as well as there
are power series that converges pointwise everywhere on its circle of convergence.
Onwards in this section we are going to look at properties of holomorphic functions
within its radius of convergence.

2.5 MEAN VALUE PROPERTY

Let f(z) be a real-valued continuous function defined on an interval [a,b] with
F'(xz) = f(x) throughout [a,b]. Then the average value of f(x) over [a,b] is given by

1 b _ F(b) - F(a)
Jaw. = b—a/a flz)dx = —

Furthermore, by the mean value theorem, we have that f,, = F'({) for some
¢ € [a,b]. Our next theorem will show us that if f is holomorphic inside and on a
circle, say C, contained in a domain for which f is holomorphic, then the average
value of f on the circle C' is equal to f’s value in the center of the circle. It should
not come as a surprise, since from Cauchy’s Integral formula we know that the
behaviour of f inside C is completely determined by its behaviour on C'. From
Cauchy’s Integral formula we derive the following theorem.
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Theorem 2.7 (Gauss’s Mean Value Theorem ([5], page 275)). Suppose f(z) is
holomorphic in the closed disk |z — zo| < r. Then

2
f(20) = % /0 f(zo + 7€) db.

Proof. By Cauchy’s Integral formula we have

o L 19 4
£(z0) /IC n ¢

211 ¢ — 2o
With the parameterization ¢ = zo + re® with d¢ = rie?df, 0 < # < 27. Then

27 0
f(zo):i f(zo +re’)

27 J, rei

, 1 [ ,
rie’?dh = —/ f(zo + 7€) db.
2 Jo

We therefore conclude that holomorphic functions possess the mean value property.
O

The obvious example is when f equals the constant function K. Then

2 1 2

1 0 1
= — "Ndf = — Kdl=—2rK -0-K)=K.
feo) =50 | S+ retas =5 | 5 (2 )
2.6 MAXIMUM MODULUS THEOREM

The Maximum Modulus theorem shows us that for a non-constant function, there
must be points on the circle |z — zy| = r for which

[F(2)] > [f(z0)]-

We will now prove it in two parts.

Theorem 2.8 (Maximum modulus theorem part I ([5], page 275)). If f(z) is holo-
morphic in an open domain D C C, then |f(z)| cannot attain a mazimum in D
unless f(z) is constant.

Proof. Suppose |f(z)| attains a maximum in a point zg € D. Then we choose a disk
|z — 29| < r contained in D and by Gauss’s mean value theorem we have the equality

21
f(z0) = %/0 f(zo + 7€) db.

If we take the absolute value of both sides we get the inequality,

1 2

| f(20)| =

— fzo0+ rew)de‘
iﬂ 0 (15)
| f(z0 + Tei9)|d9.

_%0
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But by assumption we have

|f(z0 + 7€) < |f(20)],

SO

1 2 ) 1 2
o [ 1o+ relan < o [ ftea)las = 1)) (16)

From (15) and (16) we get

o [ 07l = 156+ repan = o

Since | f(zo + 7€) < |f(20)| it follows that the integrand is non-negative and there-
fore

|f(20)] = [ f(20 + reie)|

for all 6 € [0, 27]. Hence, f(z) = f(zo) for every z on |z — zy| = r and by the Identiy
theorem, which is stated and proven further down in this section (page 28 theorem
2.14), | f(2)| = |f(20)]| for all z € |z — 29| < r. In fact, by the Identity theorem f(z)
is constant in the whole domain D and therefore f(z) cannot attain a maximum at
a point z € D unless f(z) is constant. ]

Theorem 2.9 (Maximum modulus theorem part II ([5], page 276)). If f(z) is holo-
morphic in a bounded domain D and continuous on its closure D, then | f(2)| attains
mazximum on the boundary 0D. Furthermore, |f(z)| does not attain a mazimum at
an interior point unless f(z) is constant.

Proof. We observe that D is a compact set because D is bounded. Since it is compact

and |f(z)| is a continuous real function on D, |f(z)| attains a maximum somewhere

on D. But by the first part of the Maximum modulus theorem, theorem 2.8, the

maximum cannot be attained at an interior point, hence the maximum must occur

on the boundary dD. O
Two remarks:

Remark. We display by an example that the domain D does not need to be simply
connected.

Example 2.9. Let f be a holomorphic function in the open annulus
1
- < |z| < R,
”
and continuous on the closed annulus
1
- <|z| <R.
,

Then by theorem 2.9, f must attain its maximum on the boundary. If f(z) = z then
the maximum is attained at the outer boundary and if f(z) = 1 then maximum is
attained on the inner boundary.
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Remark. Note also the necessity for D to be bounded. For example; if
f(z)=e* D={ze€C: Re(z) >0},

then D is the imaginary axis and |f(iy)| = |e¥| = 1. But |f(z)] = |e*] — oo as
x — oo and thus the condition for D to be bounded is essential for 2.9.

2.7 LIOUVILLE’S THEOREM

Interesting facts occur when we consider upper bounds of the moduli of holomorphic
functions. As we apply it to the Cauchy integral formula we get what is called the
Cauchy estimates for the derivatives of a holomorphic function.

Theorem 2.10 (Cauchy estimates ([8], page 215)). Let f be holomorphic inside and
on a circle C, of radius r > 0 centered about zy. If | f(2)| < M for all z on C,, then
the derivatives of f at zy satisfy

| £ (20)] <

Proof. Let C,. be positively oriented. Then we have by the Cauchy Integral formula
|
myo [ fO
[ (20) o Lr (¢ — z9)™t! ¢

By assumption |f(z)] < M for any ¢ on C,, and the length of C,. = 2xr. Let C, be
parametrized as ¢ = zy + re? with d¢ = rie?®df, 0 < 0 < 27 then

n_! T f(z + ret?)

Mn!
n n=123 ..

TTL

(n) — : z@de
| 27 0 ]
<M TGt reT) ol g
27 J, (rei)ntl
| 2 60
_nl |[f(zo +re)] 1y
27 J, rm|en?|
| 27 0
2m J, rn

Since |f(z)| < M, the theorem now follows,

I [P M Mn!
fO () < == [ Zdp=——.

2 Jo ™ rm

[]

Consider the case where f is holomorphic and bounded by some number M over
the whole complex plane. Then f is bounded for any point zyg € C and any r > 0.
If we choose n to be equal to 1 and let 7 — oo we see that f’ vanishes everywhere
and thus f must be constant. This result is known as Liouville’s theorem.

Theorem 2.11 (Liouville’s theorem ([8], page 215)). The only bounded entire func-
tions are the constant functions.
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2.8 UNIQUENESS/IDENTITY

In this last section of basics we are going to look at the uniqueness/identity theorems
for a holomorphic function within its domain of holomorphicity. We are actually lay-
ing the foundation for analytic continuation where the upcoming properties will play
a vital role.

The next theorem is about how the behaviour of a holomorphic function at a
sequence of points influences its behaviour elsewhere.

Theorem 2.12 ([5], page 269). Suppose f(z) is holomorphic in the open disk D =
{z € C: |z — 2| < R}, and that there is a sequence {z,} of distinct points with
accumulation point zy. If f(z,) =0 for each n € N, then f(z) =0 for all z € D.

Proof. Since f is holomorphic inside the disk |z — 29| < R it can be represented as
a power series,

f(z)=ap+ Zan(z —20)" |z — 2| < R.
n=1

For ay we have

ap = f(z0) = f(lim 2,).

n—oo

Since f is holomorphic, and hence continuous on D, by continuity

f(lim z,) = lim f(z,) =0. (17)

n—oo n—oo

So from (17) we know that the series does not have a constant term. Therefore we
can write

f(2) = (z = 2) |a1 + Zan(z )

n=2

We divide both sides with (z — zp) which yields

1z _ a; + Z an(z — 29)" %

zZ— 20 N "
We get the value for a; at z = 2y by applying the same kind of argument as in the
first case,

a; = lim &) = lim )
E2R0 2 —Zp m—o0 Zp — 2

z2#£20
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Now assume a; = 0 for j < k. Then we have

f(2) = (2 — z)F! (ak_i,_]_ + Z an(z — zo)”_(k+1)> )

n=k-+2

k+1

Like in the previous case dividing both sides with (z — zp)"*" yields

n=k+2

And again from continuity it follows that

- S (z — 2)FT1 a5 (2, — 29)F 1
Thus f has a power series representation that vanishes in the open disk |z — 29| < R
and therefore we conclude that f(z) = 0 for every point on |z — 2| < R. O

Corollary 2.1 ([5], page 270). Suppose f(z) is holomorphic at a point z = zy. Then
either f(z) = 0 in a neighborhood of zy, or there exists a real number R’ such that
f(2) # 0 in the punctured disk 0 < |z — z| < R'.

Proof. Assume there is no such R’. That means in each punctured disk 0 < |z—z| <
% there exists a point z, such that f(z,) = 0. Since z, — 2o, theorem 2.12 implies
that f(z) = 0 in some neighborhood of z. O

In other words, if there is a z in every neighborhood of zy where f(z) = 0 then
f(2) = 0. The uniqueness theorem will now follow from theorem 2.12 and corollary
2.1.

Theorem 2.13 (Uniqueness theorem ([5], page 270)). Suppose f is holomorphic in
a domain D, and that {z,} is a sequence of distinct points with accumulation point
20 € D. If f(z,) =0 for each n, then f(z) =0 throughout D.

Proof. Since zj is an accumulation point of {z, } there is at least one point z € {z,}in
every neighbourhood of zy where f(z) = 0. The theorem now follows from corollary
2.1 and is just a generalisation of theorem 2.12. O]

Theorem 2.14 (Identity theorem ([5], page 271)). Suppose {z,} is a sequence of
points with accumulation point zy in a domain D. If f and g are holomorphic in D,
with f(z,) = g(z,) for each n, then f = g throughout D.

Proof. Let h(z) = f(2)—g(z) then h is holomorphic in D and h(z) = f(zr)—g(zx) =
0 for all points {z;}. Then by the uniqueness theorem h = 0 throughout D which
implies that f = ¢g throughout D. O

Remark. The Identity theorem is often referred to as the principle of analytic con-
tinuation.
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ANALYTIC CONTINUATION

We have so far been examining holomorphic functions and their power series repre-
sentation inside the circle of convergence as well as done some investigation of the
behaviour on the boundary of the disk of convergence. We will now see if we can
go beyond that boundary. That is, let f be a holomorphic function in a domain
Dy C C. Is there a way for us to extend f to a larger domain Dy U D; where
Do N Dy # (7 More concretely, if fy is holomorphic in a domain Dy, is there a
holomorphic function f; in a different domain D; that agrees with fo in Do N D17
Analytic continuation deals with the problem of properly redefining a holomorphic
function so its domain of holomorphicity gets bigger.

3.1 ANALYTIC CONTINUATION BY WEIERSTRASS 2
Let

o0
P, = Z an k(2 — 21)"
n=0

be a power series centered at z;, € C with positive radius of convergence denoted
R(Py) > 0. The series is determined by its center z, and the sequence (G )n ken
of complex coefficients. As we have seen, a power series P, with R(P;) > 0 defines
a holomorphic function f; in the open disk

Dy ={2€C:|z—z| < R(P)}.

Now let fy be the holomorphic function in Dy for which Py with R(Fy) > 0 is the
power series representation centered at zg. For any point z; # 2y € Dy there is a
power series expansion P;, centered at z;, for which P, converges uniformly in the
disk D; with positive radius of convergence

R(Pl) Z R(Po) - |Zl - Zo|.
The new power series, P;, defines a holomorphic function f; in D; where

fo(2) = fi(2) Vz € DyN Dy.

2We follow closely Lars Ahlfors reasoning about Analytic continuation by Weierstrass which
can be found in [1], page 283-284.
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We say that f; is obtained from fy by direct analytic continuation. Together f, and
f1 define a holomorphic function in DyU Dy. If Dy € Dy then the new function f; is
an extension of fy into Dy, which is the purpose of the construction. In the general
case we have to consider a succession of power series, Py, P, ..., Py,

Figure 2: Analytic continuation.

each of which is a direct analytic continuation of the previous one,
fr—1=fr Vz € Dy_1N Dy,

then we say that P, is an analytic continuation of Fy. The set of all power series
P, that can be obtained from analytic continuation from F, is called an analytic
function in the sense of Weierstrass.

Remark. Tt is important to understand that it does not always follow that fo, ..., fn
defines a single-valued function in DyU...UD,,, because if DN Dy # O with h # k—1
or h # k + 1, there is no guarantee that

fk:fh Vz e DN Dy,

We are going to see examples of this later on but it is precisely this possibility that
leads beyond the notion of a function to have just one value at each point of its
domain.

Instead of thinking about analytic continuation in terms of power series and their
circle of convergence we introduce a more direct approach.

3.2 ANALYTIC CONTINUATION BY FUNCTION ELEMENTS

Definition 3.1. ([5],page 447) A function f, together with a domain D in which
f is holomorphic is said to be a function element (f, D). Two function elements
(fo, Do) and (f1, D) are called a direct analytic continuation of each other if and
OIlly if DO ﬂDl ?é Q) and fo = f1 on DO ﬂDl

Whenever there is an analytic continuation of (f;, D;) into D; it must be uniquely
determined since two analytic continuations have to agree on D; N D; and therefore
by the Uniqueness and Identity theorem 2.13 and 2.14 would consequently agree
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throughout D;. That means that there is at most one way to analytic continue a
function f from one domain to another. Suppose {(fo, Do), ..., (fn, Dn)} is a finite
set of function elements such that (fx, Dy) and (fxi1, Dgs1) are direct analytic con-
tinuations of each other for £ = 0,1,...,n — 1. Then the set of function elements are
said to be analytic continuations of one another. Such a set of function elements is
called a chain.

Ezample 3.1. As a trivial example of analytic continuation let f(z) = 2" for
|z| < 1. Thus we have the function element (f,D) with

f(z):iz”: ! D={zeC:|z| <1}

1—2’

A direct analytic continuation of (f,D) to (g, D) where D = C\ {1} is

@0 = (;cvm).

Then we have f = g on D and g is the direct analytic continuation of (f,D) to the
punctured complex plane C \ {1}. Note that this is the maximal continuation of
(f,D) and f can not be analytically continued to z = 1 since it is not a removable
singularity:.

Let’s continue by another example but this time looking at an analytic contin-
uation along a smooth curve v. Let v : [0,1] — C be a smooth curve and assume
there exists a chain {(fi, D;) }1<i<n, of function elements such that

then we say that the function element ( f,,, D,,) is an analytic continuation of ( fy, Do)
along the curve . We define (f, D) to be the function analytically continued along
the curve « if there is a chain {(fi, D;)}1<i<n such that each point on the curve is
contained in the domain of some function element of the chain.
Given a chain {(fi, D;) }o<i<n, is it possible for a function f(z) to be defined such
that f(z) = fi(z) for z € D;? Indeed, for n = 2 and Dy N Dy # () we can write the
function

f(2) = {fo(z), %f z € Dy

fi(z), iftze Dy

which is holomorphic in D;UDs. However, as was mentioned in the previous remark,
the general case fails as we are going to see now in the upcoming examples.

Ezample 3.2. Consider the chain (fi, D1), ..., (f1, D4) of function elements that is
analytically continued along the unit circle in the counterclockwise direction starting
at z = 1 and such that no domain contains the origin and Dy N Dy # ().
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Figure 3: Continuation around the origin.

For a fixed branch of the multi-valued logarithm function we have fi(z) = log(z)
in Dy. Since (fy, D) is an direct analytic continuation of (f, Dp) it is uniquely
determined by f; in D;. That is f; = fo in D1 N Dy. Further we have that (fs, Ds)
determines (f3, D3) uniquely which in turn determines (fy, D) uniquely. When we
again arrive at the starting point we have that even though the domains D; and
Dy overlap, fi; # f4 in Dy N Dy since there are not an direct analytic continuation
between them. Actually, fy = fi + 2w for all points in Dy N D4, which is the
difference of the argument of the multi-valued logarithm function going around the
origin one time. Note that if we instead gone in the clockwise direction we would
have end up with fy = f; — 27 for all points in Dy N Dy.

Lets consider another multi-valued example, namely f(z) = /2.
Example 3.3 ([9], page 120). Let fo(z) = /2 be defined on the disk Dy = {z € C :

|z — 1| < 1}. Also, let v : [0,27] — C be the closed contour given by (t) = e
starting from zg = v(0) = 1. Then f(z) has an analytic continuation along ~.

First, the binomial series formula lets us write
1 o= [1/2 .
folz)=vz=(+(z=1)2 =) (z—=1)", (18)

which is the power series expansion of the principal branch of y/z. We apply the
ratio test to the sum in (18) which yields

1/2 (1/2)(=1/2)...(1/2—n+1)(1/2—(n+1)+1)
lim (n+1) — lim (n+1)! ~ lim 1/2—n|
00 (1/2) T oo (1/2)(—1/2)..'A(1/2—n+1) =L, 1 =

Now let us choose a point z; on ~ that lies within the circle of convergence of fy
and see if we can extend the domain for which f is holomorphic. Since we know
that every point inside the circle of convergence of a power series has again a power
series expansion with radius of at least R(zp) —|z — zo|. Again by the binomial series
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formula we can write

R = V= v [

= V7 1+Zi—1
1

= \/Z_li 2" <1/2) (2 —21)".

n
n=0

Now let z; = e™9 , then the power series expansion about z; is

fi(z) = 5 3 e (1/ 2) (s — 5y,

n
n=0

Computing the radius of convergence for fi(z1) by the ratio test yields

—27mi(n+1) —2mi(n
T o ) | DO P et )
w7
1/2
e | ()
= | 17
n
()
=y | =t
n

That means that we have extended fy tQka larger domain with fo = f; in Do N Dy.
Now for £k =0,1,...,9 we define z;, = e”5". From

we get that
Dy={z€C:|z—z| <1},

and thus all power series have radius of convergence equal to 1. They also form a
chain of function elements {(f;, D;) }o<i<o as seen in figure 4 where Dy N Dy = Dy,
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Figure 4: A chain of function elements each centered at a point on the unit circle
with radius of convergence equal to 1.

each of which is a direct analytic continuation of the previous one. However
(fo, Do) is not a direct analytic continuation of neither (fs, D¢)(f7, D7)(fs, Ds), in
particular

fo(2) # fo(z) Yz € DynN Dy.

In fact

o) = (S () - ey

S e

we’ve reached the other branch of the square root. Therefore we have
fO(Z) = —fg(Z) Vz € DO N Dg.

With these two examples on our mind one might ask if there are conditions for
where we can perform analytic continuation along different paths with common end
points and be sure that at the terminal point we have the same function. And indeed,
the condition is that two paths, in a region D, need to be continuously deformable
into each other, one say; two paths need to be homotopic in D. A more precise
definition of two curves being homotopic will follow further down in the following
section.

3.3 MONODROMY

Definition 3.2 ([3], page 214). For a given function element (f, D) define the germ
of f at zy to be the collection of all function elements (g, B) such that zy € D and
f(2) = g(z) for all z in a neighborhood of z;. We denote the germ by [f].,.
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Note that (g, B) € [f],, if and only if (f, D) € [g].,-

Definition 3.3 ([3], page 214). Let v : [0,1] — C be a path and suppose that for
each t € [0, 1] there is a function element (f;, D;) such that

(1) ~(t) € Dy,

(ii) for each t € [0, 1] there is a 6 > 0 such that |s — t| < J, s € [0, 1], implies that
v(s) € Dy and

[fS]’Y(S) = [ft]v(S) :

Then {(f;, D;) : 0 <t <1} is an analytic continuation of (fy, Dy) along the path ~;
or, {(fi, D) : 0 <t < 1} is obtained from (fy, Dp) by analytic continuation along .

Whether or not there is an analytic continuation along a curve and a given
function element is not always an easy question. However for a fixed curve the
following proposition is going to show us that two different analytic continuations
along the same curve results in the same function elements.

Proposition 3.1 ([3], page 215). Let vy : [0,1] — C be a path from a to b and let
{(fe,Dy) : 0 <t <1} and {(g+, By) : 0 < t < 1} be analytic continuations along -y
such that [fola = [gola- Then [fily = [g1]p-

Proof. The proposition follows if we can show that the set
T =A{t€0,1]: [filyw = lgelv}

is both open and closed in [0, 1]. Since 0 € T" so T' is nonempty and it will follow
that 7" = [0, 1] so that in particular 1 € T

To show that T is open we fix t € T'. By the definition of analytic continuation there
is a 0 > 0 such that for |s —t| < 0, then v(s) € B; N D; and

{[fs]’y(s) = [filys) (19)
[95]7(s) = [9t]09)-
But since t € T,
fi(z2) = g:(2) Vz e BN Dy,
hence
[filvs) = [9t)2s) V() € By Dy
It follows from (19) that

[fs]v(s) = [Qs]y(s) whenever |s —t| <.
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That is, (t — 0,t + )N [0,1] C T and T is open.

To show that T' is closed let ¢ be an accumulation point of 7. Then there exists a
d > 0 such that v(s) € B; N D; and (19) is satisfied whenever |s — t| < 0. Since ¢ is
an accumulation point of 7', there is a point s in 7" with |s — ¢| < §, so that (s) is
contained in

G =B,ND;N BsN Dy,
and therefore G is a nonempty set. Then

fs(z) =gs(z) Vzeq
by the definition of T'. But that means that

fi(z) = gi(2) Vze€eQG,
and because G has an accumulation point in B; N D; we obtain

iy = [9idy)-

That is ¢ in T" and thus T is closed. O]

Lemma 3.1 ([3], page 218). Let~ : [0, 1] — C be a path and let {(fy, D;) : 0 <t < 1}
be an analytic continuation along v. For 0 < t < 1 let R(t) > 0 be the radius
of convergence of the power series expansion of f; about z = ~(t). Then either
R(t) =00 or R:[0,1] — (0,00) is continuous.

Proof. If R(t) = oo for some t € [0, 1] we are done since then f; can be extended
to an entire function. Because by the definition of analytic continuation we can
conclude that

fs(z) = fi(z2) forall z € D,
which implies that
R(s) = oo for each s € [0,1] and R(s) = oc.

Let R(t) < oo for all ¢ € [0,1]. Then fix ¢ and define z; = y(¢) and let

oo
ft = Z an,t(z - Zt)n
n=0

be the power series expansion of f; about z;. Now let 6; > 0 be such that |s—¢| < &;
implies that

v(s) € Dy N B(z; R(t)) and  [filys) = [filys)-
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Fix s with |s — t| < 0; and let 0 = 7(s). Now f; can be extended to a holomorphic
function on B(z; R(t)). By the Identity theorem, f; agrees with f; on a neighbor-

hood of o, thus f, can be extended to a holomorphic function on B(z;, R(t)) U D;.
If f; has power series expansion

oo
fs= Z on(z — o) about z=o,
n=0

then the radius of convergence R(s) must be at least as big as the distance from o
to the circle I' = {|z — z;| = R(t)}. That is,

R(s) > d(o,T') > R(t) — |z — 0.
Which implies that
R(t) — R(s) < |zt — 0|
and thus
R(t) — R(s) < [7(t) —(s)].
A similar argument yields that
R(s) — R(t) < [7(t) —(s)]
and it follows that
max {R(t) — R(s), —(R(t) = RB(s))} < |[y(t) —(s)| (20)
for |s — t| < 6;. Since 7y is continuous and defined in a compact domain, then = is
uniformly continuous and thus we have that: for a given € > 0 there exists a §; > 0
such that
v(s) € Dy N B(z, R(t)),
fs is holomorphic in B(z;, R(t)) and
|s —t] < 6; implies |y(t) —v(s)| <e.
From (20) it follows that if |s — t| < d; then
|R(t) — R(s)| <€

and thus R is uniformly continuous in a neighborhood |s —t| < ¢, of . O
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By using the result of lemma 3.1, the next lemma is going to show us that if two
paths are lying sufficiently close, then the analytic continuation along any of the two
paths are going to result in the same function elements.

Figure 5: Two paths lying sufficiently close to each other such that analytic contin-
uation along the paths results in the same function elements.

Lemma 3.2 ([3], page 218). Let v : [0,1] — C be a path from a to b and let
{(ft, Dy) : 0 <t < 1} be an analytic continuation along v. Then there is an € > 0
such that if o : [0,1] — C is any path from a to b with |y(t) — o(t)| < € for all
t € 10,1], and if {(g:, By) : 0 < t < 1} is any analytic continuation along o with
[90la = [fola, then [g1]o = [fi]b-

Proof. Let the power series expansion of f; about z;, = y(t), 0 <t <1 be
fi(z) = Z an (2 — 20)"
n=0
let R(t) > 0 be the radius of convergence. By preceding lemma R(t) is a continuous

function and since R(t) > 0 for all ¢. Let

L.
0<e< 5 in R(t) (21)

and suppose o and {(g;, B;)} are as in the statement of the lemma. Furthermore
suppose that D, is the disk given by

Di={z€C:|z—z| < R(t)}.

Since |y(t) — o(t)| < € < R(t), then o(t) € By N D, for all ¢ in [0,1]. To show that
gt(2) = fi(z) for all z € By N D; we show that this is precisely the case for t = 1. To
do so we define the set

T={te[0,1]: fi(z) = ai(z) Vz€ BnD},
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and show that 1 € T. We show that 1 € T" by showing that 7" is nonempty, opened
and closed subset of [0,1]. From the hypothesis of the lemma we have

[fola = [90]a and thus fo(2) = go(2) Vz € DN By,

so 0 € T and thus 7' is nonempty. To show that 7T is open, fix ¢t in 7" and choose
0 > 0 such that

v(s) = <€, [fshs) = [filys)
lo(s) —o(@)] <€ [gslos) = [9t)o(s), and (22)
o(s) € By

whenever |s—t| < 6. We will now show that G = B;NB,ND;N D, # 0 for |s—t| < 9;
in fact, o(s) is in the intersection. If |s — ¢| < ¢ then

|o(s) = ()] < e < R(s)
so that o(s) € D,. Also
|o(s) =7(O)] = lo(s) —v(s) +7(s) = (D)l
< lo(s) =v(s)[ + [v(s) =7(1)]

< 2¢
< R(t),

by (21), so o(s) in D;. Since we already have that o(s) € Bs N B; by (22),
o(s) €G.

Because t € T it follows that f;(z) = g;(2) for all z € G. Also from (22) we have
that

fs(z) = fi(z) and  g,(2) = gu(s) Vz€G,

which implies fs(z) = gs(z) for all z € G. But since G has an accumulation point
in Bs; N Dy, it must follow that s € T. That is, (t — d,t +0) N [0,1] C T and thus T’
is open.

To show that T is closed, let t be an accumulation point in 7". Then there is a
d > 0 such that (22) holds whenever |s —¢| < 0. Since ¢ is an accumulation point,
there exists a point s in 7" such that |s — ¢| < §; so that y(s) is contained in G and
therefore; G is a nonempty set. By definition of T" we have that

fi(2) = gs(2) VzeG.
From (19) we have that

fs(2) = filz) and gs(2) = q(2) Vzeq,
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which implies
fi(z) =aq(2) VzeqG.
And since G has an accumulation point in B; N D, we obtain
[fihw = gy
That is t € T and thus T is closed since it contains all its accumulation points. [

Definition 3.4 ([3], page 219). Let (f, D) be a function element and let G be a
region which contains D; then (f, D) admits unrestricted analytic continuation in
G if for any path v in G with initial point in D there is an analytic continuation of

(f, D) along 7.

Definition 3.5. Let G C C and let v, : [0,1] — G and v : [0,1] — G be two
curves. Assume ,(0) = 71(0) = a and 79(1) = 11(1) = . We say that vy and 7,
are homotopic in G (with fixed endpoints) if there is a continuous function

r:[0,1 x1[0,1] - G
such that
(i) T'(¢,0) = 70(t) for all t € [0, 1],
(i) I'(¢,1) = 7(¢) for all t € [0, 1],
(iii) T'(0,s) = « for all s € [0,1],

(iv) T'(1,s) = B for all s € [0, 1].

Figure 6: Homotopic paths. Figure 7: Non-homotopic paths.
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Theorem 3.1 (Monodromy ([3], 219)). Let (f, D) be a function element and let
G be a region containing D such that (f, D) admits unrestricted continuation in
G. Let o in D and B in G and let vy and v, be paths in G from o to B. let
{(ft, D) : 0 <t <1} and {(g, Dy) : 0 < t < 1} be analytic continuations of (f, D)
along o and vy, respectively. If v and v, are fived-end-points homotopic in G then

[/1ls = lgils-

Proof. Since vy and ~; are fixed-end-points homotopic in G there is a continuous
function I": [0, 1] x [0,1] — G such that

F(t7 0) = ’70(75)’ F(t’ 1) = ’Vl(t)7
['0,u) =«a, I'(l,u)=7,

for all t and w in [0,1]. Fix 0 <u < 1 and consider the path ~,, defined by
Tu(t) =T(t, ),
from « to 5. By hypothesis on G there is an analytic continuation
{(htu, Dru) : 0 <t <1}

of (f,D) along 7,. It now follows from proposition 3.1 that [¢g1]z = [hi1]s and
[filg = [h1o]s- Hence, it is sufficient to show that [hy 1]z = [h10]s. To do so we
introduce the set

U={uel0,1]:[hus = [hrols}.

and showing that U is a nonempty open and closed subset of [0,1]. Since 0 € U,
U # (). To show that U is both open and closed we have the following claim.

Claim. For 0 < u <1 there is a 0 > 0 such that if |u — v| < § then

[hiulp = [P10]p-

Proof. Fix 0 < u <1 and apply lemma 3.2 to find a € > 0 such that if ¢ is a path
from « to [ with

Yu(t) —o(t)] <e vt e[0,1],
and if {(k:, E})} is any continuation of (f, D) along o, then
[ uls = k1.

Now since I" is a uniformly continuous function, there isa é > 0 such that if ju—v| < &
then

7 (t) — 1 ()] = |T(t,u) — T'(t,v)| <€, Vte][0,1].

The claim now follows by applying that [k .|z = [k1]s. ]
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So suppose u € U and let § > 0 be the number given by the previous claim. By
the definition of U,

(u—3d,u+d)CU.
So U is open.

If u € U, then from the claim there is a § > 0 and a v € U such that if [u —v| < §
then

[h1,u]p = (M-
And since v € U it follows that
[711,0]5 = [ha0]s-
Therefore [hy )3 = [h1,0]s so that u € U and hence U is closed. O

Figure 8: Two paths starting in D ending in G.

The most important consequence of the Monodromy theorem is that given a func-
tion element (f, D) which admits unrestricted continuation in a simply connected
region G. If zy € D, z € G and + is a path from zy to z and {(f/,D;: 0 <t < 1)}
is an analytic continuation of (f, D) along . Then let F(z,v) = f{(z) and since G
is simply connected it follows that

F(z,7) = F(z,0)

for any two paths v and ¢ in G from 2z to z.

Another obvious question would be if there are conditions under which we can’t
analytically continue a function outside its domain. And indeed, a power series is
under certain conditions due to Ostrowski-Hadamard’s gap theorem and Fabry’s
gap theorem, ”"badly behaved” in the sense that it cannot be extended to be a
holomorphic function anywhere on the boundary of its disk of convergence. These
theorems are left out but we have the following definition of a natural boundary and
an example of a power series that cannot be extended outside its domain.
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Definition 3.6 ([6], page 320). If f is a holomorphic function in a region G C C
then OG is said to be the natural boundary of f if f has no holomorphic extension
to any domain which properly contains G.

Consider the following example with G =D and 0G = T.
Ezxample 3.4. Let

f(z) = Zz2n.

n=0
We want to show that this function cannot be analytically continued beyond its disk
of convergence. It is sufficient to show that the singularities of f are dense on T.
2min
Let t and N be positive integers and let z = re 2V for some r < 1, then

N-1

2min \ 2" s 2mit \ 2" 2min \ 2" e on
<T62N> —|—Z<re2N> = <r62N> —1—27“ .
n=N n=N

But as 7 tends to 1~ then the sum Y -\ r*" is unbounded. So for each choice of
2mi
positive integers t, N, z = re N s a singularity of f and since this gives a dense set

of singular points on the unit circle and hence a natural boundary to f.

3
Il
=)

HARMONIC VS HOLOMORPHIC FUNCTIONS

In this section we will investigate the relation between holomorphic functions and
harmonic functions. As we are going to see, both the real and imaginary part of a
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holomorphic function are harmonic functions. As already been implied, this section
will be about facts of harmonic functions that are closely related with Cauchy’s
theorem. Lets start with the definition of a harmonic function.

Definition 4.1 ([1], page 162). A real valued function u(z) or u(x,y) where z =

x+1y, defined on a domain D, is said to be harmonic in D if it is continuous together

with its partial derivatives of the first two orders and satisfies the Laplace’s equation
Pu 0%u

Au=—+ — =0.
“ 0x2+0y2 0

Further, if f is a complex-valued function f: D — C then f is harmonic if

Re(f): D — R,
Im(f): D =R

are both harmonic.

We continue by showing that real valued harmonic functions are the real part of
holomorphic functions.

Theorem 4.1 ([4], page 2). If u(x,y) is harmonic on a simply connected region D C
C, then u(z,y) is the real part of an holomorphz’c function f(z) = u(z,y) +iv(z,y).

Proof. Let g(x,y) = 3% — z - and put p = 52 and ¢ = —a—;‘ Then we have g(z,y) =

p + 1q and
dp _ 0q 0*u 0*u

or 6y < o2 or? _(9_y2
dq  Op Pu  Pu
dr oy dwdy  Oyox

thus g satisfies the Cauchy-Riemann equations which implies that g is holomorphic
and can be denoted g(z). Now for two points zp and z in D, connected via a simple
curve vy contained in D, we define f by f(z f g(¢)d¢. Since f is holomorphic in
D, and D being a simply connected reglon we can choose to go from zy = (o, yo)
to z = (z,y) by integrating over the two straight lines; (xo, yo) to (z,yo) and (z,yo)

to (x,y). That is

Re[f(2)] = Re U (g“ (t, y0) — ZZ@ yo)) dt + /yy (%(m) - ig—Z(x,t)) z’dt}

:/8 tyodt+/a (x,t)d

= u(z,yo) — u(xo, o) + u(z,y) — u(x, yo)
= u(z,y) — u(zo, yo)

where u(xg, yo) is a constant. And thus the theorem follows from Ref(z) = u(x,y) —
u(o, Yo)- 0



4.1 Mean Value property 43

In fact, as the following theorem will show; both the real and imaginary part of
a holomorphic function are harmonic functions.

Theorem 4.2 ([4], page 2). Let z = x + iy and write f(2) = u(z,y) +iv(z,y). If f
s holomorphic in a region D C C then both u and v are harmonic functions on D.

Proof. By the Cauchy-Riemann equations we know that

ou B ov ov ou

L ad =2 23
or 0Oy a ox dy (23)
From the Cauchy-Riemann equations in (23) it follows that
Pu %
Z =0 24
0x?  Oydx (24)
v O%u
Z =0 25
0xdy + oy? (25)
and now combining (24) and (25) yields
Pu  Pu D 0*v (26)

Ox? + oy? B ordy  Oydx =90,

which implies that « is harmonic on D. Similarly we can do the same for v which
implies that both the real and imaginary part of a holomorphic function are harmonic
on the region where its defined. O]

4.1 MEAN VALUE PROPERTY

We now derive the mean value property for a harmonic function u, from u being the
real part of a holomorphic function.

Theorem 4.3 (Mean value property). If u is a harmonic function then u satisfies
the mean value property. That is, suppose u is harmonic on and inside a circle of
radius r > 0 centered at zo = xo + 1y9. Then

1

27
u(zg, yo) = %/ u(zo + re)df.
0

Proof. Let f = u+iv be an holomorphic function with u as its real part. The mean
value property for f says

) 1 27 :
u(xo, Yo) + (o, yo) = f(20) = 7 f(zo +re®)do
0
1 27

= — [u(zo + 7€) + iv(zo + re)] df
2 Jo

and the theorem now follows by looking at the real parts of the equation. O
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Moreover, the following holds;

Theorem 4.4. If a continuous function w : D — C possesses the mean value
property, then u is harmonic.

The proof is left out.

POISSON KERNEL

5.1 APPROXIMATE IDENTITY

We are now going to introduce the concept of approximate identity. We will use the
notation

T={:cC:|z]=1}={": —n<0 <7}
for the unit circle and
D={zeC:|z| <1}
for the open unit disk.

Definition 5.1 ([7], page 13). Let {¢, },<1 be a family of integrable functions on T.
We say that they form an approximate identity as r» — 17 if

(i) Jqler(t)]dt < C for some constant C' and 0 < r < 1
(ii) fper(t)dt =1for 0 <r <1

(iii) for every é > 0

lim |0, (t)]dt = 0.

r—1- s<|t|<m

Before we justify the concept of an approximate identity, we introduce the notion
of convolution.
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Definition 5.2. The convolution of two 2m-periodic functions f and ¢ is a third
function denoted f * g defined as

) = (F+)w) = [ Flolgte =it = [ fla = g(o)ie

where equality holds due to periodicity.

Proposition 5.1 ([7], page 15). Let {¢,}, 0 < r < 1 be an approzimate identity on
T. If f € C(T), then

lim fx*xp, = f
r—1—

uniformly on T.

Proof. Suppose f is continuous and let ¢ be fixed. Then for any € > 0 there exists a
0 > 0, not depending on ¢ since f is continuous on a compact set and thus bounded,
such that

|f(t—u) = f(O)] <€, Jul <0 (27)
Note that by the second condition we can write

£t = £ / r(u)ds = / F(Her(w)du,

and by the third condition we have for ry sufficiently close to 1, ry < 1, such that if
rog < r < 1 then

/ o el < e (28)
So for ryp < r < 1 we have
(700 = 101 = [ e - g wau = 100)
= || == 50 [ oo
= | [ (= 0) = @) or ()

< [ 1fE=u) = FO)] lpr(u)] du.

T

(29)

We are now splitting the integral into two as

/ M=) = Ol + / FE—w) — 7] oo (W) du. (30)

s<ul<r
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For the first integral in (30) we have by (27) that

/| M0 = 0]l @) e < el

For the second integral in (30) we have from (28) and by applying Holders® inequality
twice

/ F(E—w) — F(0)] oo (w)ldu < 2sup |£(1)] x / oo (w)ldu < 2||f e
o<u<m teT

o<u<m

And thus it follows that
|fxer(t) = f)] < e(C+2][flls)
which proves that f x ¢, — fasr — 17 for f € C(T). O

We are now continuing by looking at an example of an approximate identity.

5.2 POISSON KERNEL
Definition 5.3. The function

Pr(ew) _ Z ?,,|n\ein€

for 0 <7r <1and —o0o < 0 < 0o is called the Poisson kernel.

We are sometimes going to denote the Poisson kernel as P(r,0) since it is a
function depending on both r and 6.

Lemma 5.1. The Poisson kernel equals

4 1—r?
P (") = .
(e”) 1 —2rcosf +r?

forr <1 and P,(e") is harmonic in D.

Proof. From the definition we have

o
Pr(ew) = Z plnlgin?
n=—oo
which we can write as
00 —1 00
Z rinleind — Z r et 1 Z et

n=—o0 n=-—00 n=0

o o0

= (re‘i(’)n -1+ Z (T’ew)n :
n=0 n=0

3Holder inequality can be found in the appendix.
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Since each of the two sums are convergent geometric series we have

o0 o0

) . 1 1
—i0\ ™ O\
— 1= - — —
— (re ) + — (re ) 1 —re + 1 —re?
1 re? +1—re ® — (1 —re?)(1 —re %)
N (1 —re=)(1 —re?)
11— re® +1 —re @ — 1+ re? 4 re=0 — 2
N (1 —re=® — reif 4 r2)
B 1—172
1 —2rcosf + 12
and thus

1—r?

Pr 10 —
(e”) 1 —2rcosf + r?’

forr <1in D.

The harmonicity of the Poisson kernel is shown with the help of the following
lemma.

Lemma 5.2. For z=re", r €(0,1) and —oo < § < 00

P(r,0) = Re Gfi) .

(22l
B 1—z—2z+|22

0

Proof. We have

By substituting z = re? and z = re”

1—re 4+ rel? — |ret|? 1+ 2isin(f) — r?|e?|?
Re : : : = Re :
1 —re ® —re? + |re|? 1 — 2rcos(0) + r2|e?|?
B 1—1r2
1 —2rcos(d) +r?

we get

O

From lemma 5.2 and theorem 4.1 it now follows that the Poisson kernel is har-
monic. O

Properties of the Poisson kernel are given in the following proposition.
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Proposition 5.2. For 0 <r <1 and —oo < 6 < oo we have
(i) o= [ P(r,0)d0 = 1
(i) P(r,60) >0 for all 0
(i1i) P(r,—0) = P(r,0)
(iv) P(r,0) < P(r,d) if0<d < |0 <
and for each 6 > 0 we have that

lim P(r,6) =0

r—1-

converges uniformly for 6 < 6| < .

Proof. By uniform convergence of Y>>0 _ rl"lei? it is justified to interchange the
summation and the integration

/7r i rlnle™d qh = i /7T rimle™ g

n=—oo n=—oo

so that we can integrate termwise. We note that for n # 0 the integral will be 0 and
for n = 0 we have

1 T 1 7r 1
_/ 01009 — _/ 1df = — [x — (—m)] =1,
o 2 . 2

-7 —

and thus (i) is proven.
The second part (ii) follows from

1—2rcosf+r°=|1— 2z

for z = re® and r < 1.

The third claim is immediate from cos(—0) = cos(0).

The fourth claim follows from the fact that the derivative of P(r,#) with respect to
6 is less than or equal to 0,

/ —(1 —7r?)(2rsinb)

Py(r,0) = <0 31
(1. 0) (1 —2rcos@ +1r2)2 — (31)

for 6 < 0 < 7. And finally the limit relation holds pointwise for § # 0 and by (iv)

hence uniformly in the region 6 < |0| < 7. O
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5.3 THE DIRICHLET PROBLEM

The Dirichlet problem consists of finding a harmonic function in a bounded domain
given boundary values. For the unit disc we have the following theorem.

Theorem 5.1. Let D be the open unit disc and assume that f € C(T). Then there
exists a continuous function u on the closure of D such that uw = f on T and u is
harmonic in ID. Moreover, u is unique and is defined by

u(r,0) = L /7r P(r,t —0)f(e")dt

2 J_.
for0<r<1andfe|[—m, x|

Proof. To show that u is harmonic in the interior of D we note that the integration is
over t and the limits of the integration are constants and since we want to apply the
Laplacian with respect to r and @ it allows us by Leibniz integral rule to bring the
Laplacian inside the integral sign. That means, applying the Laplacian with respect
to r and 6 to the integral is the same as applying the Laplacian to P(r,t — 0) f(e®)
which in turn is the same as the Laplacian applied on P(r,t — 0) times f(e®). So
let t be fixed and from lemma 5.2 it follows that

A <2i /T P(r,t —0) f(e“)dt) _ % /T A(P(r,t — 0)) f(e)dt

m
1 it
=— [0 f(e")dt
21 T
=0

And for continuity to the unit circle we have the upcoming lemma.

Lemma 5.3. Let tg € [—7, ] and € > 0 be given. Then for f and u as above there
ezist p € (0,1) and an arc v of the unit circle with center e"® such that forp <r <1
and any point € on v the inequality

[u(r, 0) — f(e™)| < e (32)

holds.

Proof. We need to show that given any € > 0 we can find a § > 0 such that whenever
[re? — 0| < § then inequality (32) holds.
First off we have that

ulr.6) — f(e") = = / " P(r6— ) f(e)dt — f(c)

2 J_.
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From proposition 1 it follows that we can write

= _ﬁ P(r.0 — t)f(e")dt — f(c™)

1 " it ito 1 " .
=5 [ Pro—oreha - s )%/_WP(T,G t)dt
— 5 | PEO- 07 - fe )i

From continuity of f there exists an « such that
|f(e) — f(e™)] < g whenever |t — o] < . (33)

Now if we break up the integral into two pieces

1

2m [t—to|<cx

1

2m a<l|t—to|<7

P(r,0 —t)(f(e") — f(e™))dt+

P(r,0 —t)(f(e") — f(e™))dt = I + I,

we get two integrals which we can estimate.

For I; we have by (33)

1 it ito
=g [ PO0=00E e
< gr [ IPEO =0l — s a
<

(% /_: P(r,0 - t)dt)

Nl Do

For I, we note that |f(e) — f(e'®)| is bounded on the unit circle, |f(e") —
f(e™)| < 2M. Now assume |0 —to| < $ and if t € [—7, 1y — ] U [tg + o, 7] then we

have |0 —t| > § and so the denominator of P(r,6) is bounded away from zero say
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by a constant C' then we have

1 . ,
Bl= o [ Pmo— 00 - s
T Ja<|t—to|<m
1 A .
< — P(r,0 —t) [(f(e") — f(e™)| dt
27 a<ll|t—to|<m
1
< — P(r,0 —t)2Mdt
27 a<ll|t—to|<m
.2
<1 =) o prar
27 a<ll|t—to|<m
(I—=r)(1+r)
< - CIOM?2
- 2rC n
2M
< —)
- C

€

provided |1 —r| < § and § = £€.
The lemma now follows by

u(re”) — f(e")| = |1y + L]

< |Lf + |1
<€ N €
-+ =-==¢
2 2
O
The continuity u to the unit circle now follows from lemma 5.3. [

So given a continuous function on the boundary of the unit disk then by the
Poisson kernel we can restore a harmonic function inside the unit disk and which is
continuous and equal to the continuous function on the boundary.

5.4 FATOU’S THEOREM

Theorem 5.2 (Fatou’s theorem). Let F' be holomorphic and bounded on . Then
for almost all € on T the radial limit F(e) exists, i.e. lim,_,- F(re). A bounded
holomorphic function on D has radial limits almost everywhere.

Remark. Almost everywhere means that the set of which the limit does not exist
must be a set of measure zero. l.e., a property holds almost everywhere on a set D
if there is a subset S C D whose measure, m(S) = 0, and such that it holds on all
D\ S.
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Proof. ([2], page 3) If F/: D — C is a holomorphic function, let it have the power
series representation

o
= E a,z", a,¢€C.
n=0

By the Cauchy integral formula for n > 0 and any 0 < r < 1 with v,() = re®, we
have

i 27?2 C”“

Let ¢ = 7€, d¢ = rie??df over 0 < 0 < 27 then

_ 1 [ FQ
=g [ e

2m 10
= L/ —(F(.Te ) ried (34)
0

21 reif)ntl
1 2 ) )
— / F('r’ew)efmede.
0

2mrm

Then, for n > 0 we have
1 2m

anpr’t = —
2T

F(re?)e=mq0, (35)

and since CFR(S is a holomorphic function on D for n < 0, by Cauchy’s Integral

theorem and (35) it yields

1 o iy —ing 1y L[ Q) .
/0 Fre®)emdp — - /TT e =0 (36)

2mrn 211

Now let ' : D — C be holomorphic and suppose there is a constant M such that
|F(2)] < M for all z € D. For 0 < r < 1 define f. : T — C by f.(0) = F(re®).
From (35) and (36) we have

. a,r" ifn>0
0 if n <0.

For 0 < r < 1 we note that ||f,||3. < M? and thus by Parseval’s* identity,

Z |fr(n)]? < M2,

n=—oo

4For definition see appendix.
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On the other hand

S AP =S faa
n=0

n=—oo

It follows that
Z|a’n|2 S M27 (37)
n=0

since 7 € (0,1). So now define f € L*(T) by the Fourier coefficients

. a, ifn>0
f(")_{o if n < 0.

This defines an element of L?(T) if and only if

and indeed since

which if we do the substitution f(n) = a, yields

Jm D aare™ = 1(0)

And finally we can conclude that

lim F(re?) = f(6),

r—1-

and thus we’ve proved that if f is a bounded holomorphic function on the unit disk
then f has radial limits at almost every angle. O]
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HARDY SPACE

We are going to present some of the main properties of Hardy spaces on the unit
disk D. The natural identification between T and R/27Z is going to be assumed
and hence functions defined on T will be identified with functions on R/27Z, i.e.
with functions on the real line, periodic with period 27. Integrals on T will be un-

derstood with respect to the normalized Lebesgue measure %dt. We will also use

the notation of D, defined as the disk with radius r centered at the origin.

Let f be a holomorphic function on D. Given r € [0,1) and p > 1 we define

= (5 | |f(7“6“)|”dt>; ,

™

and for p = oo we define

Moo (f,r) = sup | f(re")].

eiteT
If we set f,(e) = f(re) for 0 < r < 1, we can then say that
My(f,r) = [[frllp-

Definition 6.1 ([7], page 4). Let 1 < p < co. We denote by H?(D) the vector space
of holomorphic functions f on I such that

sup My(f,r) = [|fllar < oo. (38)
0<r<1
Let us confirm that supy.,.; M,(f,7) = || f||z» really defines a norm.

First of all we note that by definition M,(f,r) > 0. We then observe that any
f € H?(D) is continuous on D, so that || f,||, = 0 implies that f, =0, if » < 1 which
implies that f =0 in D.
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We continue by showing supy<,.; My(af,r) = |a|supyc, .1 My(f,7), we have

1
1 2 ) P
sup My(af,r) = sup (—/ |af(re”)\pdt>
0<r<1 0<r<1 2T 0
1 2m
= la| su — re’ pdt)
ol sop (5 [ 1se)

= |a| sup My(f,r).

0<r<1

Lastly we need to show that

sup M,(f +g,7) < sup M,(f,r)+ sup M,(g,r).

0<r<1 0<r<1 0<r<1

From Minkowski’s inequality, ||f + g|l, < |||, + ||g]lp, we have

0<r<1 0<r<1 \ 2T

1 2 ) % 1 2 ) %
< — Pt — D Pdt
—02551[(%/0 rean) s+ (52 [ latre) )]

< sup M,(f,r)+ sup My(g,7),

0<r<1 0<r<1

1 2 ) ) %
sup My(f +g,7) = sup ( / |f(re“)+g(7“e”)|”dt)

thus we’ve confirmed that (38) defines a norm.
We want to show that H?(D) is complete, i.e. H?(D) is a Banach space.

Definition 6.2 (Banach space °). A Banach space is a complete normed vector
space.

And to help us with that we have the following lemmas where the first one is
stated with out proof.

Lemma 6.1 ([7], page 5). For s > 1 fized, consider the integral

T 1
IS<7") = /;ﬂ— —’1 — reit‘sdt’

as a function of r € [0,1). Then forr — 1,

Is(r)
(1—7r)=6-D

is bounded from above and below by a positive constant on a neighborhood of 1.

5For a more detailed description see appendix.
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Lemma 6.2 ([7], page 6). Let f € HP(D). Then, for every z € D and p > 1,

|| f]|ze
|f(2)] < C——.
(1—1z)»

Proof. Assume p is finite and take r such that |z| < r < 1. Let 7, be the circle of
radius r, centered at the origin with counterclockwise orientation. Then by Cauchy’s
Integral formula we have

1) = 5 ]{ Cf%dc.

Setting ¢ = re' with d¢ = rie®®dt, —r <t < 7 so that

B 1 " f(reit) . gt
f(Z) = % - TG“—_Z’F'L€ dt
1 [T f(re™)

dt

T on — Ze—it
2 J_1—ze

If 2 = |z]e", we have

JC(Z):L/7r ﬂidt

271' — M ei(eft)

Let

1

_ it _
f=f(re")and g = g0

then from Holder’s inequality, || fg|l1 < ||fllpl|gllq, We get

1 [" 1 7
FE) < My(fm) (%/ 11— ilei<e_t)|th> '

We do the substitution u = 6 — ¢t with du = —dt, and using the periodicity of the
integrand which yields

i 1 B 1 ||
dt= [ —— aqu=1, (2.
/7r |1 — Lﬂei(a—t”q /77 |1 — |i_|€l(u)|q B ! ( r )




o7

Since ¢ > 1 we have by lemma 6.1

1f(2)] < M,(f,r) (%Iq (Iri!))é

(=D ¢
=Hf7~|!p0<<1—m) )
:

_(g=1)

2y e
~l1sdhe (1- 2
B
~lisle (1- 2
The proof now follows if we let r — 1. O

The next corollary is about uniform convergence on compact subsets of .

Corollary 6.1 ([7], page 6). Convergence in HP(D) implies uniform convergence on
compact subsets of D.

Proof. Let K C D be compact. Then there is an r < 1 such that K C D, of radius
r centered at the origin. From lemma 6.2 we concluded that if

fo— f in H?(D),

then

1= flli

||fn—f||OO,K:SUp|fn(Z)—f(Z)| <C T
z€K (1 _T)p

If we let n — o0, then

lim CM —0.

n—00 (1 _ ,'n);
And thus f,, converges uniformly to f on compact subsets of D. O]
Theorem 6.1 ([7], page 7). H?(D) is a Banach space.

Proof. Let {f,} be a Cauchy sequence in H?(DD). For every r < 1 and by lemma
6.2, {f,} is a Cauchy sequence in C(D,) with uniform norm. By the completeness
of C(D,), there is a g, € C(D,) such that f, — g, uniformly on D,. For r; < ry < 1
corresponding to g,, and g,, respectively, then g,, and g,, coincide on D,, since all
various ¢g,, with r < 1, are all restrictions of a unique function g continuous on D.

To prove that g is holomorphic in D we use Morera’s theorem which states that; a
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continuous complex-valued function defined on an open set G in the complex plane

that satisfies
% g(z)dz=0
-

for every closed piecewise C! curve « in G must be holomorphic on G.
Now let v be such a curve. Since v is contained in D, for some r € (0, 1), then
fn — g uniformly on ~. Therefore

n—oo
v

]{g(z)dz = lim ¢ f.(2)dz =0,
gl
since f,, is holomorphic for every n.
Finally we show that f,, — ¢g in H?(D). Given any € > 0, let N € N be such that
[|fo — fnl|lme <€ for n,m > N.
Let r < 1 and since f,, — ¢ uniformly on the circle |z| < 7, if n > N we have
My(fu = gor) = T My(fy — finr) < lim [[fy — fully < c.

And since this holds for every r < 1, ||f, — ¢||u» < €, and thus H?(D) is a Banach
space. [
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APPENDIX

In this appendix we will mostly provide results without proofs and definitions that
we used throughout the text.

Theorem 7.1 (Leibniz integral rule). Let the function f(x,y) and its partial deriva-
tives with respect to x and y be coninuous in some domain in the complex plane such
that

a(z) <y <blz) and z; <z <.

Also suppose that a(x) and b(x) and their respectively derivatives are continuous for
11 < x < xo5. Then for x; < x < x9 we have

’ ( " fed )
a_ x,y)ay =
ox a(z)

= b)) S b)) — f(r,ala)) 2 (a(a)) + / @)

b(x) )
Ere (z,y)dy

Definition 7.1. For Lebesgue integrable functions f on T we define

Il = (52 [ rcopar)”

for 1 <p < oo and

[[flleo = esssup|f],
where esssup f = inf{k : k > fa.e.}.

Definition 7.2 (LP-space). We define the L”(T)-space as the space containing all
functions f such that

11l < oo,

which is valid for all 1 < p < cc.
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Definition 7.3. A Banach space is a vector space V' with a vector space addition
and scalar multiplication equipped with a norm, (V,+,-,||-]|). A vector space norm
is a map

I-1:V =R

And even though we are looking at a complex vector space the map that defines a
norm takes us into the real numbers. To be a map that defines a norm the following
must be satisfied for the f and g in V.

(1) [[AfI[ = [A[-[IF]] where A € C,

(1) [+ gll < [[f]] +& llgll, and
(iii) ||f|] > 0 if and only if f =0 .

So a Banach space is a vector space with a norm which is complete with respect to
the norm and by complete means that every Cauchy sequence in the space converges
to another element within the space. So if we know we are dealing with a Banach
space we know that a sequence in this space converges to an element in the space.

Theorem 7.2 (Holder inequality). Let 1 < p,q < oo and % + % =1. If fe LP and
g € L9 then

Fglly < [1£1lpl1gllq
Theorem 7.3 (Parseval’s theorem). Let f,g € L*(T) then
/ 0 Z anbn

and

1 27T

— dt = |
= [ a3

n=—oo

where a, and b, is the coefficients of f and g respectivly, given by
1 2m

:27T

F(t)e .

Qn

Definition 7.4 (Minkowski’s Inequality). The Minkowski inequality is

1F =+ gllp < 1[f1lo + llgllp-



Proof. We have

||f+g||§=/|f+g|pdt
T
_ / F+gllf +gPdt
T
< 115+ gt [ 1olr + g-ta
T T

[y (o] sy

_ 1S+ 9llp
= (A1, + ||9||p)—||f+g||p,

[1f+gllp
IIf+gl5

and by multiplying both sides with

yields the result we were looking for.
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