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Abstract

This thesis has been written under the supervision of my mentor, Prof. dr. Milos
Arsenovié at the University of Belgrade academic, and my co-mentor dr. Viadimir
Bozin in year 2015. The thesis consists of three chapters. In the first chapter we start
from definition of harmonic functions (by mean value property) and give some of their
properties. This leads to a brief discussion of homogeneous harmonic polynomials, and
we also introduce subharmonic functions and subharmonic behaviour, which we need
later. In the second chapter we present a simple derivation of the explicit formula for the
harmonic Bergman reproducing kernel on the ball in euclidean space and give a proof that
the harmonic Bergman projection is LP bounded, for 1 < p < oo, we furthermore discuss
duality results. We then extend some of our previous discussion to the weighted Bergman
spaces. In the last chapter, we investigate the Bergman space for harmonic functions bP,
0 <p<ooonR"NZ". In the planar case we prove that bP # {0} for all 0 < p < oo.
Finally we prove the main result of this thesis b4 C bP for n/(k+1) < q < p < n/k,
(k =1,2,...). This chapter is based mainly on the published paper [44]. M. Arsenovié,
D. Keckié,[5] gave analogous results for analytic functions in the planar case. In the
plane the logarithmic function log |x|, plays a central role because it makes a difference

between analytic and harmonic case, but in the space the function |x|>~™,n > 2 hints at
the contrast between harmonic function in the plane and in higher dimensions.

Scientific field (naucna oblast): Mathematics (matematika)
Narrow scientific field (uZa naucna oblast): Complex Analysis (kompleksna analiza)
UDC: 517.57+517.54(043.3)



Podaci o mentoru i ¢clanovima komisije:

MENTOR:
vanredni profesor dr Milo§ Arsenovié

Matematicki fakultet,
Univerzitet u Beogradu

Clanovi komisije:
docent dr Vladimir Bozin
Matematicki fakultet,

Univerzitet u Beogradu

redovni profesor dr Miodrag Mateljevi¢, akademik
Matematicki fakultet,

Univerzitet u Beogradu

docent dr Vesna Manojlovi¢
Fakultet organizacionih nauka,

Univerzitet u Beogradu

vanredni profesor dr Olivera Mihi¢
Fakultet organizacionih nauka,

Univerzitet u Beogradu

Datum odbrane:

ii



Acknowledgements

First and foremost, I would like to express my deepest and sincere gratitude to my men-
tor, Professor Dr Milo§ Arsenovié for his skilful, patient and encouraging guidance and
his guidance helped me in all the time of research and writing of this thesis.

I would also like to thank my Prof.Dr.Miodrag Mateljevi¢, for all his help and support in
writing this thesis who has given me a lot of advice and support in my research during
the years of my PhD study. and allowing me to work on this thesis.

I am thankful to my co-mentor Dr. Vladimir Bozin for his collaboration and contribu-
tion to many ideas in this dissertation.

I would like to thank the other members of my committee: Dr. Vesna Manojlovi¢ from
the University of Belgrade, and Dr. Olivera Mihi¢ from the University of Belgrade, for
their suggestions and their detailed review in this dissertation.

Besides, I would like to thank the Department of Mathematics for providing me the
opportunity to study here.

Last but not the least, I would like to thank my family: brothers and sisters for their
love, especially my parents for giving birth to me at the first place and supporting
me spiritually throughout my life and for supporting me throughout all my studies at
University. I am thankful to my wife for her social support. Finally, my daughter has
been, always, my pillar, my joy and my guiding light, and I thank her.

iii



Contents

Abstract

Acknowledgements

1 Harmonic functions and subharmonic functions in space

1.1 Harmonic functions in space . . ... .. ... ... ... .......
1.1.1 Introduction . ... ... ... ... ... Lo
1.1.2 Mean value property . . . . .. ... ... ... ...
1.1.3 Harmonic functions . . . . . . .. ... oo
1.1.4 Green’s identity . . . .. ... .. .o
1.1.5 Maximum/Minimum Principle . ... ... ... ..... ...
1.1.6 The Poisson Kernel . . . . . . .. ... ... ... ... ....
1.1.6.1 Some properties of the Poisson kernel . . . . . . ..

1.1.6.2 Extended Poisson kernel . . ... ... ........

1.1.6.3 Some properties of the extended Poisson kernel .

1.1.7 Dirichlet problem . . . . ... ... ... ... ... ...,
1.1.7.1 Dirichlet problem for the ball . . . . . ... ... ..

1.1.8 Interior derivative estimates for harmonic functions . . . .
1.1.8.1 Interior derivative estimates . . . . . ... ... ...

1.1.8.2 Cauchy’s estimates for harmonic function . .. ..

1.1.9 Some properties of harmonic function . . . . ... ... ...
1.1.10 The Classical Harnack inequality . ... ... .. .. .. ...
1.1.10.1 Harnack’s Inequality for Q@ . . . . ... ... ... ..

1.1.10.2 Harnack’s Principle . . ... ... ... ... ... ...

1.1.11 Homogeneous harmonic polynomials . . . . . ... ... ...

1.2 Subharmonic functions in space . . . . ... ... ... ........
1.2.1 Introduction. . . . . . . ... ... . oo
1.2.2 Definition for subharmonic . ... ... ... .. ........
1.2.3 Some properties of subharmonic function . . . . . . ... ..
1.2.4 Subharmonic behavior of [ulP,0<p<1 ... ... .......

1.3 Analytic definition of planar quasiconformal mapping . . . . . ..

2 Harmonic Bergman space and reproducing kernels
21 LPspacesfor 0 < p<oo. . .. .. . i e



SHKHEAM 2

2.1.0.1 Some properties for the space L’ :p>0 .. ... .. 28

2.2 Hilbert space . . . . . . . ... 29
2.2.1 Orthogonal projection on a closed subspace of a Hilbert

SPACE . . . .o e e e e e e 31

2.2.2 Characterization of orthogonal projections . . . . . ... .. 32

2.3 Banach space . . . . . . . . . . . ... 32

2.3.0.1 Quasi-Banach space . ... ... ... .. .. ..... 34

2.4 Bergman space bP(2),Q CR™ . .. ... Lo oL 34

2.4.1 Harmonic Bergman kernel . . . ... ... .. .. .. ..... 36

2.4.1.1 Reproducing Bergman kernel of & . . . . . ... .. 36

2.4.1.2 Bergman kernel for the ball . . . ... ... .. ... 37

2.4.2 Harmonic Bergman projection . . . . . .. ... ... ... .. 39

2.5 Weighted Bergman spaces bg(B), e 41

2.5.1 Reproducing kernel Rg for the ball . . . . .. ... ... ... 44

2.5.2 Weighted Bergman Projection . . . . . . ... ... ... ... 46

3 Harmonic Bergman spaces on the complement of a lattice 49

3.1 Classification of singularities of harmonic function . ... ... .. 49
3.1.1 Laurent series expansion of harmonic function on annular

region in R™ . . . . . .. L 49

3.1.2 Isolated singularities of harmonic functions in  C R . . . 51
3.1.3 Harmonic conjugate of harmonic functions in finitely con-

nected domains Q CC . . .. ... ... ... ... ... 53

3.2 Bergman space bP(Q2), Q=R"\Z" . . . ... ... .. 54

3.2.1 Imtroduction . . .. ... ... ... ... 54

3.2.2 Inclusions between b’ spaces on R™\Z" . . . . ... ... ... 95

3.2.3 Asymptotics at infinity of functions in 6P(2) . . .. ... .. 57

Bibliography 57



Chapter 1

Harmonic functions and
subharmonic functions in space

1.1 Harmonic functions in space

1.1.1 Introduction

Harmonic functions are important functions in complex analysis, partial differential
equations, electromagnetics, fluids, etc. Over the years many methods have been dis-
covered to prove the existence of a solution of the Dirichlet problem for Laplace equation.
Quote collection of proofs is based on representations of the Green’s function in terms
of the Bergman kernel function or some equivalent linear operator.

Throughout this thesis n > 2 denotes a positive integer and R™ denote n-dimensional
Euclidean space so that R! is the line, R? is the plane, etc.

Let 2 be an open nonempty subset of R, where n is a fixed. If 2 is open and connected,
then € is called a domain. A real valued function u on an open set 2 C R" is called
harmonic on € if u is twice continuously differentiable function on 2 (that is, all first and
?:1 % =0
on 2. The operator A is called the Laplace operator or Laplacian, and the equzation
Au = 0 is called Laplace’s equation. We shall derive some further important facts about
harmonic functions, including the Poisson kernel for the unit ball in R™ where n > 2.
We denote the Euclidean open ball in R™ of center a € R™ and radius r > 0 by B(a,r) :=
{z € R" : |z —a|] < r} (which we will sometimes write B"(a,r) to emphasize that
its dimension is n), its closure is the closed ball B(a,r), the corresponding sphere by
S(a,r) = 0B(a,r) ={£ € R" : |£ —a| = r}, the unit ball B(0,1) by B, and its boundary
(unit sphere) by S = 9B.

second partial derivatives of u exist and are continuous on 2), and Au := )

1.1.2 Mean value property

Let w,, denotes volume of the unit ball in R™ which define by

/2 . .
% if n is even
Wn = (n+1)/27(n—1)/2 e
R if n is odd.
1.3.5..n

And let w}_; denotes the (unnormalized) surface area of the unite sphere in R" define by
wy_; = nwy. Then the volume measure of the ball B(a,r) in R" is V(B"(a,r)) = r"wp,
and the surface area of the sphere S(a,r) in R" is Area(S" *(a,r)) = " tnw,.

1



SHKHEAM 2

Definition 1. (Mean values). Let u be a Borel function on B(a,r) which is bounded
above or below, the mean value of u over the sphere is :

1
Area(S(a,r)) / u(§)ds(8),

S(a,r)
and over the ball is
ET / w(@)dV (z).
B(a,r)

where ds denotes surface-area measure, dV = dV,, = dz1...dzx,, denotes Lebesgue volume
measure on R™.

The first expression gives u as an average over the boundary of the ball, and the second
as an average over the ball.

Now we may write the mean value properties in the following equivalent ways:
A continuous real valued function v in a domain 2 C R™ has mean value property over
spheres, if

u(a) = 1 /u(a+r§)ds(§) ::/u(a+rf)da(§),
S

NWn,
S

for every ball B(a,r) C 2, where o denotes the normalized surface-area measure on S
(so that o(S) =1).
And u has the mean value property for balls, if

u(a) = — /u(a +ra)dV(z), (1.1)

Wn,
B

for every ball B(a,r) C Q. In particular (when n=2):

for every disk D(a,r) C Q C R2.

It will be convenient to use polar coordinates to integrate functions over balls.

Lemma 1. ([4]/, [41] Polar coordinates formula for integration on R"). For a
Borel measurable, integrable function f on R™, we have

R[ fdV = nwy, 0/ rl 5/ f(ré)do(€)dr.
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Choosing f to be the characteristic function of B, we have
o | o / fis =, [ f(r€)do(€)
B(0,r) S

Integrating with respect to r» we obtain the polar coordinates formula for integration on

ball
p
/ f(x)dV (z) :nwn/rn_l/f(rﬁ)da(g)dr. (1.2)
B(0,p) 0 S

More generally

1.1.3 Harmonic functions

Suppose that u has continuous second order derivatives on a domain 2 C R™. Recall
that a function u :  — R is harmonic on 2 if and only if Au = 0 in 2. We can also
consider complex valued harmonic functions f = v+ iv : 2 — C, we say that such
function f is harmonic if both u = Ref and v = Imf are harmonic functions in 2.
Since the definition of harmonicity involves taking second order partial derivatives, we
must of course impose smoothness conditions on such a function f.

It is an important fact that the Mean value properties are equivalent to harmonicity of
real harmonic functions

Definition 2. (Harmonic function). Let {2 be an open subset of R and u € C(£2, R).
u is harmonic on € if and only if u satisfies the mean value equality

u(a)zm / u(z)dV (z); (1.3)

B(a,r)
for all B(a,r) C Q.

Or equivalently

1
u(a):m / u(x)ds(x); (1.4)

S(a,r)

for all B(a,r) C Q. In fact, if u is harmonic on Q and B(a,r) C ©, then

1
u(a):7V(B(a,'r)) / w(@)dV (z) =

_ n 1
- r”.Ar@a (a,r) / / ds(&)dp.

0 S(a,p)
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Which implies

T

" =n ! "lu(€)ds
r u(a) - /AT’@G(S(B(CL, 7’)) / P (g)d (f)dp

0 S(a,p)

Taking derivatives with respect to r on both sides it follows that

nr1
nr" lu(a) = Area(S(B(a. 1) / u(§)ds(§).
’ S(a,r)
Hence
1
u(a) = “W‘I(SWS(G/T) u(§)ds(§).

This means u(a) equals the average of u over the sphere S(a,r).

2—n 3
Example 1. Let u(z) = { E‘g 2| E Z i ;

Then u is harmonic in R™\{0}

The function u(x) = |z|>~™,n > 2 is called the fundamental solution of the Laplacian(or

the potential Kernel, or Newtonian potential), and the function log |z| plays the same
role when n = 2 that |z|>~" plays when n > 2. Notice that log|z| — oo as z — oo;
but log |2|>~™ — 0 as x — 0o, note also that log |z| is neither bounded above nor below,
but |z|?>~" is always positive. This fact hints at the contrast between harmonic function
theory in the plane and in higher dimensions .

Note that sums and scalar multiples of harmonic functions are harmonic, but in general
multiples of harmonic functions need not be harmonic. In fact if v and v are real-valued
harmonic functions then u.v is harmonic function if and only if Vu.Vu = 0. Also note
that every partial derivative of a harmonic function is harmonic. So every harmonic
function has continuous partial derivatives of all orders.

1.1.4 Green’s identity
Green’s Identity form an important tool in the analysis of Laplace equation. It is derived

from divergence theorem. we start from the divergence theorem now.

Let w = (wi, ..., wy) be a vector field in R™, we define the divergence of w by Y | Dy,
and denotes by divw. Let u be function, we define gradient of u by (Dyu, ..., Dyu) = Vu.
Suppose v denotes unit outward normal vector, then the directional derivative in the
direction v is D,, := 0/0v such that D,u = Vu.v.

Theorem 1. ([25] Divergence theorem in R" -Greens Theorem). Let Q be a
bounded domain with C* boundary 0S2 in R™. Then for any vector field w € C1(Q) we

have
/div(w)dV: /w.l/ds

Q o0

where v the unit outward normal vector to 992, ds is the area element in OS2 .
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Theorem 2. (Greens identity [3]). Let Q be a bounded subset of R™ with smooth
boundary 0S). Let u and v are C?-functions on a neighborhood of Q . Then

/(uAv —vAu)dV = /(uDyv —vDyu)ds
Q o0

Proof. Apply Greens theorem with w = uVv — vVu and compute. O

Corollary 1. Suppose @ C R™ be a bounded domain with smooth boundary 0S). Let
u € C*(QQ), Then

/AudV: /Dyuds. (1.5)
Q [2/9]

Corollary 2. Suppose u € C%(Q). Then u is harmonic on ) if and only if

Dyuds =0
S(a,r)

for every closed ball B(a,r) C Q.

1.1.5 Maximum/Minimum Principle

If u is harmonic in the region €2, then it does not have a weak relative maximum or
minimum in Q. A special yet important case of the above maximum /minimum principle
is obtained when considering bounded regions. The maximum principle says if u is a
real-valued harmonic function on 2 and v < M at the boundary of €2, then © < M on
Q.

Theorem 3. (Weak maximum and minimum Principles). If u is harmonic
function on a bounded domain 2 C R™ and continuous on ). Then its extreme values
must occur on the boundary

min = minu, maxu = maxu
Q 29 Q 9Q

Proof. Let a € Q such that u(a) > u(x) for all x € Q. Choose B(a,r) C Q. By volume
mean value property we get

ue) = [ u(@)dv(e)
B(a,r)
here V' is normalised (so V(B(a,r) = 1). Which implies
/ (u(a) — u(z))dV (z) = 0.
B(a,r)
But u(a) is maximum, then we have

/(M@—u@»mmwzm

B(a,r)
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and hence must vanish, consequently u(x) = u(a) on B(a,r). So we have shown that

A={x € Q:u(r) =supu},
Q

is open. But it is also closed because u is continuous. Since {2 is connected, then A = ¢
or A = (). Hence supu is achieved on the boundary 0f). O
Q

Corollary 3. If u,v are harmonic in the bounded domain 2, which are continuous on
Q and agree on the boundary 9%, then u(x) = v(x) for all x € Q) .

1.1.6 The Poisson Kernel

The (extended) Poisson kernel will play a major role when we study Bergman space.
Lemma 2. ([20]) If z,y € R",z # 0, and |y| = 1, then
|z —y| = [Je] "z — |aly]

Recall that, if « be harmonic on an open set containing B, then by the mean-value
property (1.4) , we have

u(0) = [ u©do(€)

S

Now we need to show that for any 2 € B, u(x) is a weighted average of u over S. In
other words, we will show there exists a function namely P on B x S such that

Wﬂ=/%®ﬂ%@w@)

S

For n > 2, suppose that u is harmonic on B C R™. Fix =z € B\{0}, choose 0 <
r<l-—|z|,andlet Q = {y € R" : v < |y — 2| < 1}. Put v(y) = |y — z*™, and
w(y) = |z|>~"y — x/|z|>|> ™. Since w is harmonic on B, and w = v on S. Thus from
Greens identity Theorem 2 (with w,w), we obtain

/uDywds = /wDyuds = /vDyuds.

S S S

Since v is harmonic on R"\{z}, and Vu(y) = (2 — n)|y — z|7"(y — z), consequently
Dyv = (2 —n)rt=" on S(z,r), then by Greens identity

/(uDl,v —uDyw)ds = /(uDyv —vDyu)ds
S S

= / (uDyv —vDyu)ds
S(z,r)
=(2—n)rt ™ / uds = (2 — n)nV (B)u(x)
S(z,r)
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Hence
u(z) = ! /u(Dv—Dw)d
=5, (D, v o.
S
Setting
D,v—D,w
P =
(2,6 = 20—
we obtain the required formula:
u(w) = [ u(©)P(r.do(© (16)
S
By calculation of D,,, we get the formula
1—|zf?
P(x,&) = , 1.7
(@6 = =g (17)

for (z,£) € B x S. This function is called the Poisson kernel for the ball B.

Now for n = 2, suppose that u is a real-valued harmonic on the closed unit disk D C R?,
then there exists a function f analytic in D, such that Ref = u. therefore u can be

represented in the form

o0

m=—0Q

with 0 <7 < 1, and || = 1. Taking r = 1, and then integrate over the unit circle, we

get

ar = / (&) do(€)

S

For any point z € D, we can write z as x = rn with 0 <r < 1 and || = 1. Then

o0

urn) = Y ( / u(&)&mdo@))rmnm

m=—00 g

[e.e]

- S/ U(£)< S r'm'nma—m>do—<s)

m=—0oQ

We conclude that
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Setting

_1-af
|z — &>

This function is called the Poisson kernel for the disk . We obtain the required formula:

P(x,¢)

u(z) = / u()P(z,€)do(€).

S

Remark 1. For £ € S, we can write the Poisson kernel for the unit ball B"™ in form

1—|zf?
(1 —2z.& + |z|2)w/2’

Ple,€) = (18)
For x € B(a,r) and § € S(a,r), the Poisson kernel for the ball B"(a,r) in R™ is defined
by

r? — |z — a|?

P(x,8) = (1.9)

Wyl — E7

1.1.6.1 Some properties of the Poisson kernel

Proposition 1. The Poisson kernel P for the ball B(a,r) has the following properties:
(i)- The Poisson kernel P is a positive function in B(a,r).
(it)- [ P(z,§)do(§) =1 for all z € B(a,r).
S(a,r)
(#i7)- for every n € S and every e >0

/ P(x,&)do(§) — 0 as T — 1,

|E—n|>e

from within B (here P is the Poisson kernel for the unit ball B).

Proof. Part (i) is clear from definition of P. part (ii) follows formula (1.6) with u = 1.
To prove (iii), fix n € S and € > 0. Consider x with |z — 7| < &/2. Thus for [ —n| > ¢
and |z — &| > /2, we have P(x,¢&) < (nw,)~(2/¢)"(1 — |z|?). Hence

. f‘ P(z,€)do(€) < (nwp)~1(2/e)"(1 — |z|*)o(S) = 0 as T —n. O
—n|>e

Lemma 3. The Poisson kernel P is a harmonic function of x in B(a,r).

Proposition 2. ([//Proposition 1.18) Suppose & € S. Then the Poisson kernel P(x,§)
for the unit ball B is harmonic on R™\{{}.
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1.1.6.2 Extended Poisson kernel

We extend the domain of Poisson kernel P to a function on B x B by setting P(x,y) =
P(z/|x|,|x|y), for z,y € B we get

1— |zlyl?
(1 =22y + [2|2[y|?)"/2

P(z,y) = for x,y € B. (1.10)

This function is called the extended Poisson kernel.

Remark 2. For all (z,y) € R™ x R", we have

1— |z]?]y[?
(1 —2z.y + |z[2]y[?)"/?

P(z,y) =
provided the denominator above is not zero.

1.1.6.3 Some properties of the extended Poisson kernel

1-The extended Poisson kernel P(z,y) is a symmetric function on B x B.
3-For z fixed, the function P(z,y) is harmonic. In particular, for any fixed z € B the
function F' :y — P(z,y) is harmonic on B.

1.1.7 Dirichlet problem

Let ©2 be a bounded domain in R™(n > 2), let u be a continuous real-valued function
on its boundary 9{2. The classical Dirichlet problem consists in the determination of a
harmonic function u on €2 which can be continuously extended into 9€2 by u. Thus the
Dirichlet problem is a boundary value problem for Laplace’s equation.

Suppose that v is a given continuous function on the boundary 02 of a domain 2 C R".
The Dirichlet problem is to extend v (which is only defined on the boundary 92 of Q) to
a function u defined inside the domain €2 such that (i)Au =0 in © (i.e. w is harmonic)
and (i7)u = v on I (more precisely for all y € 9Q we want u(x) — v(y) as ¢ — y where
x € Q). The Poisson kernel plays a key role in Dirichlet problem .

The Dirichlet problem can always be solved on domains with smooth boundaries, like
the ball (or disk ). Now we introduce a famous problem:

1.1.7.1 Dirichlet problem for the ball

Let v be integrable in the sphere S(a,r) with respect to the surface measure ds, we
define the Poisson integral of v in B(a,r), denoted P[v](x), to be the function given by

Plo](x) = / P, €)0(€)dS (),
S(a,r)

for all z € B(a,r), where P(z,£) is the Poisson kernel for the ball B(a,r).



SHKHEAM 10

Now we can state the Dirichlet problem on the unit ball: suppose that v is a continuous
function on S. Then the Dirichlet problem on the unit ball B is given by :

{AU:O in B

u=v on S

and the solution of the above problem in B is given in the fowling theorem :

Theorem 4. (Dirichlet problem for the ball ([9] Theorem 1.2.6)). Suppose v is
continuous on S, Define u on B by

| P)(x) if x€B
u(w) = { v(z) if xeb.

Then u is continuous on B, harmonic on B, and u |s= v where u |s denote the restric-
tion of the function u to the boundary S. The function u is said to solve the Dirichlet
Problem with boundary data v.

Proof. For x € B, set u(z) = (nw,) ™! [z — &1 — |2[*)v(§)do (). For z € B, all
S

derivatives (of first or higher order) of |z —&|~"(1— |z|?) with respect to 2 are continuous
functions of £ on S, and for each derivative, the family of all such functions, as x ranges
over a compact subset of B, is uniformly bounded. So we may differentiate under
the integral and use Lemma 3 to conclude v is harmonic on B. To prove that u is
continuous on B, fix n € S and let ¢ > 0. Choose § > 0 such that [v(£) —v(n)| < €
whenever | —n| <4, £ € S. Then for x € B, we have

SN{&:|E—n|<d}
+ / P(x,&)[o(€) — v(n)|do (€)
SN{&:|E—n|>d}
< e/P(x,g)da(g) + 2|7 ]l0o / P(z,&)do(§),
S SN{&:[€—n|>d}

where [|v]|s denotes the supremum of of |v| on S. Choose a neighborhood E of 1 thus
by Proposition 1(#ii) with z € E, we have

€

P, €)do(€) < 5o,

SN{&:|g—n|>d}
Hence |u(z) — u(n)| < 2¢ whenever = € E, this shows that u is continuous at 7. O

Corollary 4. Suppose u is continuous on B and harmonic on B. Then u = Plu |s].
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Theorem 5. (/9] Theorem 1.2.8) Suppose w is continuous on a domain Q. if for each
a € Q, there is a sequence of positive numbers r,, — 0 (which may depend on a) such
that

(o) = — L / u(€)ds(€)

o area(S(a,rm))
S(a,rm)

for each m, then u is harmonic on €.

Proof. Without loss of generality, we can assume that u is real valued. Pick a € ,
r > 0 such that B(a,r) € Q. Let v = Plu [g(q,)]. We need to show that u = v
on B(a,r). Suppose that v — u is positive at some point of B(a,r). Let E = {x €
B(a,r) : (v —wu)(x) = sup{(v —u)(y) : y € B(a,r)}}. Since v — u is continuous,
E # ¢. Since E is compact, we may choose zg € F with |z¢ — a| a maximum, that is,
|zg — a] = max{|x —a| : x € E}. Then x¢ € B(a,r) since v —u = 0 on S(a,r) and the
supposition that v — u is positive at some point of F(a,r). So there exists an rg > 0
(ro = rp, for some m) such that B(zg,rg) C B(a,r) and so that

u(wo) = ! / u(€)ds(€).

area(S(zo,ro))
S(zo,r0)

Since v is harmonic, such an inequality also holds for v, hence

(v — u)(a0) = ! / (u — 0)(€)ds(€) (111)

area(S(xo,ro))
S(x,ro0)

But (v —u)(zg) = max{(v —u)(&) : £ € S(a,r)} and by choice of x(, there exists points
n € S(xo,ro) at which (v —u)(n) < max{(v—u)(§) : £ € S(a,r)}. So the equality above
(1.11) is not possible. Thus, v — u cannot be positive in B(a,r), reasoning similarly one
concludes it cannot be negative either. So v = u on B(a,r), that is, u is harmonic on a
neighborhood of a. Since a is arbitrary. Hence u is harmonic throughout (2. O

1.1.8 Interior derivative estimates for harmonic functions

Recall, that harmonic functions are C*°. By using the mean value formula, we can
obtain good estimates for the derivatives of harmonic function. We start from definition
for multi-index. A multi-index o € N™ is an n-tuple of nonnegative integers (ayq, ..., ay ),
with |a] = a1 + ag + ...ap, and a! = ajlagl..ay! . If 8 = (5,...,6,) € R™, and
x = (21,...,xn) € R", then we define a4+ = (a1+01, ..., an+0p), and 2 = 2" 5% .. a0,
Let D; denote the partial derivative with respect to the 4% coordinate variable, then

the partial differentiation operator D is defined to be D{*...D§" := - (D?

a1 a ’
Oz, "...0xp"

denotes the identity operator).

Recall, that if u is a continuous on B and harmonic on B, then

u(z) = / u(€)P(z, €)do ()

S
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for every = € B, where P(z,€) is the Poisson kernel for the ball B. Moreover, for every
multi-index « the formula

Dula) = [ (@)D" P(z.€)do (e (1.12)

S

holds, whenever x € B.

1.1.8.1 Interior derivative estimates

Lemma 4. ([27]Lemma 1.10) If u is continuous function on B(a,r) C R™, and har-
monic on B(a,r), then

Proof. Since the gradient of harmonic function is also harmonic, then by the mean value
of Du (1.3), and divergence theorems 1 we have

1 1
Du(a) = — / Dudr = — / uvds.
W, Wy,

Bl(a,r) 9B(a,r)
Hence
|Du(a)| < ann.agl(%ﬁ) |7 T, < :“lg(lij«() lul.
O

Corollary 5. If u is harmonic function on QQ C R™, then

IDu(@) < gy s (1.13)
for all x € Q.
Proof. For each z € Q, apply the lemma above with r = dist(z, 0Q). O

1.1.8.2 Cauchy’s estimates for harmonic function

The Cauchy’s estimates for analytic function stated as follows: if f is analytic function
and bounded by M on a disk D(a,r) C C, then

F @) < ™,

,rm
The next theorem gives comparable results for harmonic functions defined on a ball in

R™.

Theorem 6. (Cauchy’s Estimates for harmonic function [4]). For every multi-
index « there exists a positive constant C,, such that

|D%u(a)| < &M (1.14)

- r|a‘

for all functions u harmonic and bounded by M on B(a,r).
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Proof. We can assume that a = 0. If u is harmonic and bounded by M on B, then by
(1.12) we have

DPu(0)] = ] [u@p P, a0(6)| <
S

<M / IDP(0,£)[do(£) = CaM,
S

where C,, = [ |DYP(0,&)|do ().
S
If u is harmonic and bounded by M on B(0, ), then applying the result in the previous

paragraph to the r-dilate u, shows that

C
|D*u(0)] < =M.
7“|04|
Replacing r by r — ¢ and letting ¢ decrease to 0, we obtain the same conclusion if u is
harmonic on the open ball B(0,r) and bounded by M there. O

Corollary 6. Let o be a multi-indexLet, and let uw a harmonic bounded function on Q.
Then there exists a constant C' such that

C

D* < ——m
ID%u()] < dist(x,00Q)lel

for allx € Q.

Theorem 7. ([25] Theorem 2.10). Suppose that 2 is a subset of R™, and let K be any
compact subset of Q. If u is harmonic function on 2, Then for any multi-index o we
have

||
sup | D] < (”‘“') sup
K ) Q

Proof. By successive application of the estimate Corollary 1.13 in equally spaced nested
balls we obtain an estimate for higher order derivatives: O

1.1.9 Some properties of harmonic function

We have observed, amongst other properties, that the mean value property and the
maximum principle play very important roles in the theory of harmonic functions. Many
of the general properties of harmonic functions on R™ are more easily proved by using the
mean-value property of harmonic functions than by using the definition of harmonicity
directly. Properties such as the mean-value theorem, the maximum modulus principle
and the infinite-differentiability of two-variable harmonic functions are also true in the
n dimensional case.

Many basic properties of harmonic functions follow from Green’s identity (which we
will need mainly in the special case when € is a ball). The mean-value theorem which
characterises harmonic functions is in turn a consequence of an n-dimensional version
of Greens theorem that plays a similar role in n dimensions to Cauchys theorem in the
two dimensional case.

Theorem 8. ([}6] Theorem7) If f = u + iv is analytic in a domain Q@ C C, then each
of the functions u and v is harmonic in )
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In this case the imaginary part of a analytic function f is called a harmonic conjugate
of the real part of f.

Theorem 9. ([/] Theorem 1.28) If u is harmonic on a domain Q@ C R™, then u is real
analytic in Q.

Suppose that 2 is simple connected domain and let u be harmonic on 2. Then there is
an analytic function f on 2 with Ref = u. This means that for such a function w there
exists a harmonic function v defined on €2 such that f = u + v is analytic on 2. Now
we can prove next theorem.

Theorem 10. (/7] Theorem 4.31). If f = u + v is harmonic in a simply-connected
domain €2, then f = g+ h, where g and h are analytic.

Proof. Since v and v are real harmonic functions on a simply-connected domain, then
the discussion before the statement of this theorem shows that there exists analytic
functions f; and f5 such that u = Ref; and v = Imf,. Hence,

_f1+ﬁ+if2fﬁ f1+f2+f1*f2 -

f=u+iv=Refi +ilmfo 5 5 5 5 g+

O
Example 2. The harmonic function f(x,y) =z + 5”22;92 +iy(1 —x) in the unit disck D
can also be written in the form

22 — 02

22 — 42
fl@y) =z +iy+ —iwy=w+iy+< 5 +ixy>
Theorem 11. Let 2, Q) € C. Suppose f: Q — Q' is an analytic function andu : Q" — R
is a harmonic function. Then the function h :=wo f is harmonic on €.

Proof. Take z €  and let 2/ = f(z). By continuity of f, there exist open disks B C
Q, B" C O, around z, 2’ respectively such that f(B) C B’. Choose a conjugate v to u in
B’ so that g = u + v is analytic on B’. But then go f is analytic at z so wo f := h is
harmonic at z. 0

Theorem 12. (Liouville’s Theorem). If u is harmonic on R™ and bounded from
above or below then u is a constant function on R™ .

Theorem 13. (Identity principle-harmonic version). Let u,v be harmonic on a
domain QQ C R™. If u=wv on an open, non-empty set £ C §2, then u = v throughout €.

Proof. Assume that h = w —v. Let x € E, then D*h(z) = 0 for all multi-indices .
This means that all derivatives vanish identically as well on E. Define Ay = {z € Q :
D%h(z) =0; Va} and Ay = Q\A;. If y € Ay then D*h(y) # 0 for some multi-index «
and by continuity of all derivatives of A there is also an open neighborhood of iy where
D%h(x) # 0, hence Aj is open. If y € A;, then by using a Taylor expansion of h around y
that A = 0 in some neighborhood of y, thus A; is open. Since A1 NAy = ¢, A{UA =€,
and € is connected, thus either A; = ¢ or As = ¢. But h = 0 on F, we have A # ¢,
and hence h = 0 on  As desired. O

Corollary 7. (Identity principle-harmonic version, n = 2). Let u be harmonic
on a domain  C C. If u =0 on an open, non-empty set £ C Q, then u = 0 throughout
Q.
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Theorem 14. (Closure under uniform limits)([4]Theorem 1.23). Suppose that
U 1S a sequence of harmonic functions on an open subset @ C R™ such that u,, converges
uniformly to a function u on each compact subsets of 2 . Then w is harmonic on €.
Moreover, for every multi-indexr o , D%u,,, converges uniformly to D®u on each compact
subsets of ).

Proof. First assume that B C . Then for every € B and every m, we have

S

Because u,, uniformly to a function u on B, so (after take the limit of both sides), we
obtain

u(z) = / u(€)P(z, €)do ()

S

for all x € B, and hence u is harmonic on B. Let o be a multi-index, then fore every
T € B, we get

Dy () = / U (€) D Pz, €)dor (€),

S

which converges to

/ u(€)D* Pz, €)do ().
S

By the argument used before this theorem the last integral equals to D®u(z). Suppose K
is a compact subset of B, then D P is uniformly bounded on K x .S, and the convergence
of D%u,, to D%*u is uniform on K.

Now If B(a,r) C €, we can use the same argument to prove that u is harmonic on
B(a,r), and D*u,, converges uniformly to D“u on any compact subset of B(a,r), which
completes the proof. ]

1.1.10 The Classical Harnack inequality

Nonnegative harmonic functions satisfy an important inequality which restates the max-
imum principle in strong terms, call Harnack’s inequality. It tells us that a positive
harmonic functions cannot oscillate too much on a compact subset of connected set.
We begin with Harnack’s inequality for the ball:

Theorem 15. (Harnack’s Inequality for ball) ([14] Theorem 1.1). Let u be a
nonnegative harmonic function on an open set Q@ C R"™. Let B(a,r) C B(a,R) C Q.
Then for all x € B(a,r) we have

R"2(R—7) R 2(R+r)
Wu(a) <u(z) < Wu(a).
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Proof. . Set p = |z — a|, and choose " with » < ' < R. Since u is continuous on

B(a, "), the Poisson formula for harmonic function can be applied, yielding

_7“/2—/)2 o
um—‘/u@m y|"do(y), (1.15)

S(a,r’)

nwn Rg

where do denotes the surface measure on S(a,r’)
Tﬂ _ ,02 ,,,,12 . p2 74/2 _ p2
R A T

(1.16)

combining (1.15)-(1.16), and using the mean value of harmonic function we have
n—2
Gy

Owa4M®SM@<W (' + )

=

Letting v — R and realizing that the bounds are monotone in p which complete the
proof. O

Corollary 8. (Harnack’s Inequality for ball). If u is a positive harmonic function
on B(a,r) C R"™. Then

n=2( " 2(r + |v — al)

(r=le—a)™

r r— |z —al)
(r+]z —al)n!

u(a) < u(x) <

u(a),

for |z —a|] <.

1.1.10.1 Harnack’s Inequality for (2

Let 2 be any domain(connected open set) and x,y be points of €2, then there exists a
constant C* = C*(x,y) such that u(x) < C*u(y) for every positive function u harmonic
on 2. In fact such an inequality holds uniformly on compact sets, although the constant
will blow up if we hold x fixed and let y approach the boundary. If z,y € K, where K
is a compact subset of €2, then there is a constant C' = C (2, K) < oo may depend upon
Q) and K, but that C' is independent of z,y, and u such that C* < C.

Theorem 16. (Harnack’s Inequality for §2). Let ) be connected and that K is a
compact subset of Q0. Then there is a constant C € (1,00) such that

1 _u)
G u) =¢

for all points x,y € K and all positive harmonic functions u on €.

1.1.10.2 Harnack’s Principle

Harnack’s Inequality leads to an important convergence theorem for harmonic functions
known as Harnack’s Principle which: An increasing sequence of harmonic functions ei-
ther tends to infinity or converges to a harmonic function (in either case the convergence
is uniform on compact sets). Consider a monotone sequence of continuous functions on
Q) . The pointwise limit of such a sequence need not behave well it could be infinite
at some points and finite at other points. Even if it is finite everywhere, there is no
reason to expect that our sequence converges uniformly on every compact subset of €.
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Harnack’s Principle shows that none of this bad behavior can occur for a monotone
sequence of harmonic functions.

Theorem 17. (Harnack’s Principle [4]). Suppose Q is connected and u,, is a
pointwise increasing sequence of harmonic functions on . Then either w,, converges
uniformly on compact subsets of Q to a function harmonic on  or um(x) — oo for
every x € €.

Proof. Suppose first that u,, > 0. Let u(z) = lim wu,, for each z € Q. If u(z) = oo

m—r0o0

for some z € . Let y € , then by Harnack’s Inequality with the compact set
K = {x,y} there exist a constant C' € (1,00) such that u,,(x) < Cun(y) for all m.
Because u,(z) — oo, we also have u,,(y) — oo, and hence u(y) = oo, which implies
that u(z) = oo for all z € 2 and that convergence is uniform on compact sets.

If u(z) < oo for all z € Q, we assume that K C € is compact. Fix y € K. Then
by Harnack’s Inequality there exist a constant C' € (1,00) such that wu,(z) — ug(z) <
C(um(y) —uk(y)) for all x € K, whenever m > k. This implies uy, is uniformly Cauchy
on K and hence uniformly convergence on K. By Theorem 14 the limit function u is
harmonic on 2. That finishes the proof in the case u,, > 0. In general, let v,;, = Uy, —u.
Then v,, is an increasing sequence of non-negative harmonic functions, so we have either
Uy, — 00 uniformly on compact sets, in which case u,,, — oo as well, or v, converges to
a harmonic function v uniformly on compact sets, in which case u,,, — v + uy. ]

1.1.11 Homogeneous harmonic polynomials

Suppose that m is nonnegative integer, and « denotes multi-index. A polynomial p of
the form

p(z) = Z Cax®

laj=m

is said to be homogeneous of degree m. Equivalently, a polynomial p is homogeneous of
degree m if for every A € R and every x € R", we have

p(Az) = A"p(x).

Theorem 18. ([//Theorem 1.31) Suppose u is a harmonic function on Q and a € .
Then there exist harmonic homogeneous polynomials p,, of degree m such that

u(z) = Z Pm(x — a) (1.17)
m=0

for all x near a, the series converging absolutely and uniformly near a.

Proof. We may assume w is harmonic near 0, then by Theorem 9 u is real analytic, and
it has a homogenous expansion converging to « in a neighborhood of 0.

(@) = > pnla)
m=0
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where

for z near 0. Since u is harmonic near 0, thus
oo
Au(z) = Z App(x) =0
m=0

for « near 0. Since Ap,, is homogeneous of degree m — 2 for m > 2, and Ap,, = 0 for
m < 2, then by uniqueness of homogeneous expansions , we have Ap,, = 0 for every m,
that is meaning p,, is harmonic for every m, and hence we can represent the harmonic
function u near 0 as an infinite sum of homogeneous harmonic polynomials. Translating
this local result from 0 to the point a € 2, we obtain the desired expansion. ]

The expression (1.17) is called a homogeneous expansions of the function u at the point
a € R™

Suppose that H,,(R™) denoted the space of all complex-valued homogeneous harmonic
polynomials of degree m in R™. The next corollary states any function harmonic on the
ball may be expressed uniquely as a sum of homogeneous harmonic polynomials.

Corollary 9. : Suppose u is a harmonic function on B(a,r). Then there exist p,, €
Hpm (R™) such that

u(z) = Z Pm(x — a) (1.18)
m=0

for all x € B(a,r), the series converging absolutely and uniformly on compact subsets of

B(a,r).

1.2 Subharmonic functions in space

1.2.1 Introduction.

In mathematics, subharmonic functions are important classes of functions used exten-
sively in partial differential equations, complex analysis and potential theory.

A fundamental example of subharmonic function is given by the Newton kernel (the
elementary solution of the usual Laplace operator A = 3 % in R™), which is actually

harmonic on R™\{0}.

Intuitively, subharmonic functions are related to harmonic function as follows. If the
values of a subharmonic function are no larger than the values of a harmonic function
on the boundary of a ball, then the values of the subharmonic function are no larger
than the values of the harmonic function also inside the ball. Subharmonic functions
are of a particular importance in complex analysis, where they are intimately connected
to holomorphic functions.

Before we can define subharmonic functions we need to recall upper semi-continuous
function.
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Definition 3. (Upper semi-continuous function ). Let Q@ C R", a function u :
) — [—o0,+00) is said to be upper semicontinuous at a point a € € if for any number
C > u(a) there exists a number § = §(a, C) such that u(z) < C whenever |z —a| < ¢
and z € . A function u is said to be semicontinuous on the set € if it is upper
semicontinuous at each point of

An equivalent definition for u to be upper semicontinuous on 2 is to require the sets
{z € Q:u(x) < C} be open in Q for every C € R . Another equivalent definition for
upper semicontinuous h_r)n supu(x) < u(a) for all a € Q.

X a

Remark 3. Note that upper semi-continuous functions are allowed to take value —oo.

Clearly if f,g are upper semicontinuous functions, and C is a non-negative constant,
then all the functions C'f, f+g, max{f, g}, and min{ f, g} are also upper semicontinuous.
Upper semi-continuity implies local boundedness from above.

Theorem 19. Let f be upper semi-continuous. Then f is bounded above on compact
sets and attains its upper bound in every compact set.

1.2.2 Definition for subharmonic

Definition 4. (Subharmonic). Let {2 be an open subset of R”, and u : @ — RU{—00}
be an upper semi-continuous function. We say that u is subharmonic function on € if u
satisfy the following mean value inequality:

u(a) < !

_m / u(§)ds(§), (1.19)

S(a,r)
for all B(a,7) C Q.

An equivalent definition is obtained using property:

o) < G / w(@)dV (z), (1.20)

for all B(a,r) C Q.

Remark 4. Note that from the definition the subharmonic functions are allowed to take
value —oo, for an important example the function log|z — a|. Also note that from the
definition follows that every harmonic function is subharmonic.

—|z|?" itn>2
log |x| ifn=2"
Then u is subharmonic in R™

Example 3. Let u(x) = { u(0) = —o0 .

Example 4. Suppose that f is analytic on a domain €2 in C. Then In | f| is subharmonic
on 2. Since In|f] is upper semi-continuous, so one only needs to verify the local sub-
mean property. Let z € Q. If f(z) # 0, then In|f| is harmonic near z and from the
mean value property of harmonic functions we obtain

2

1 .
f(z) = 27T/U(Z+pew)d9; 0<r<p;
0
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for some p > 0. If f(z) = 0 then In|f| = —oo and hence the following inequality is
satisfies anyway
1 2
flz) < 2/u(z+pei9)d9 0<r<p.
T
0

Notice that, in general, | f| will not be harmonic when f is harmonic. For example, take
f(z) =2F k€N,

Theorem 20. Let u € C?(Q). If Au >0, then
1
u(a) < W / u(§)ds(§),

S(a,r)

for every B(a,r) C .

Proof. Note that the outward normal v at £ € S(a,r) isn = é:Z'. Then

/D w(€)ds(€) / u(a +rn)d

S(a,r) |77| 1

:j( / U(f)d8(€)>

S(a,r)

By Corollary 1, we have

r" nwn/ /Au )dV(z) > 0.
B(a,r)

S(a,r)

Thus, the mean value |, S(ar) u(§)do(€) is increasing. Since u is continuous, we have
lin’(l] fs(a »y u(&)do(€) = u(a). This proves the theorem. O
r— ’

Corollary 10. Let u € C%(Q). If Au >0, then

IN

(@) € —— / w(@)dV (x),

for every B(a,r) C .

1.2.3 Some properties of subharmonic function

The subharmonic functions are a much more flexible tool than holomorphic, or even
harmonic functions. An immediate consequence of the sub-mean value property is the
maximum principle for subharmonic functions. There is no minimum principle for sub-
harmonic functions, in other words subharmonic functions do not satisfy the minimum
principle, for example u(z) = |x|* is subharmonic function on R"™ which attains it’s
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minimum at x = 0, but it is not harmonic .

1- If w is subharmonic on €2, then Cu is subharmonic in €2 for any constant C' > 0.
2- If the functions uy(z), ..., um(z) are subharmonic in a domain 2 C R”, then the func-
m
tions > wu;, and max wu;(x) are also subharmonic in €2 .
i=1 1<i<m
3- The limit of a uniformly convergent sequence of subharmonic functions is subhar-
monic function.
4- The limit of a monotone decreasing sequence of subharmonic function is subharmonic
function.

Theorem 21. (Weak maximum Principle for subharmonic functions). If u is
subharmonic function on a bounded domain 2 C R™, and continuous on ). then

maxu = maxu
Q Q)

Proof. If this is not so, there exists g € Q such that u(zg) > mggu(x) Since € is
TE

bounded there exists ¢ > 0 such that u + ¢|x|? also has its maximum in Q. If this
is not so, there exists a sequence, {e,} of positive numbers converging to zero and
a point z., € OQ such that u(z.,) + en|re,|? > u(x) + eulx|? for all z € Q. Then
using compactness of 0f), there exists a subsequence, still denoted by &, such that
Te, — 21 € 0N and so, taking the limit, we obtain u(x1) > u(z) for all € Q, contrary
to what was assumed about xg.

Now let 1 be the point in Q at which u(z) + |z|* achieves its maximum. Therefore,
we must have 2ne < 2ne + Au(z;) < 0 a contradiction. This proves the theorem. [

Lemma 5. . Let Q,Q be domains in C. If f : Q — Q' is analytic, one-one and
g: Q' — R is subharmonic. Then the function g o f is subharmonic.

The next proposition will allow us to identify many subharmonic functions which are
only continuous, not C?2, so that Vu > 0 criterion is not applicable. But if u is not of
class C2, then u is subharmonic if and only if it is the limit of a decreasing sequence of
subharmonic functions of class C2.

o0

Also there are discontinuous subharmonic functions, for example: u(z) = Y. 27%log |z —
k=1

27%| is subharmonic in the entire plane and is discontinuous at zero.

Proposition 3. Suppose that Q C C, and u : Q@ — R be continuous function. If

21

1 ,
u(z) < — [ u(x +re?)ds, (1.21)
27r0/

for every disk D(z,r) C Q, then u is subharmonic. Conversely, if a continuous function
u: Q — R is subharmonic, then the inequality above (1.21) holds for D(xz,r) C €.

1.2.4 Subharmonic behavior of |u[’,0 < p <1

The importance of subharmonic functions for spaces of analytic and harmonic functions
lies in the fact that if f is analytic (resp.harmonic), then |f|? is subharmonic for every
p >0 (resp. p > 1).
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Definition 5. (Subharmonic behaviour). An upper semicontinuous function u on
a domain 2 C R" is said to be have subharmonic behaviour, if there exists a constant
C = Cy 0 , depending only on n and {2, such that

w5 [ utay (1.22)
r
B(z,r)
for all x € Q and r > 0 such that B(z,r) C Q.

Clearly every subharmonic function u has subharmonic behaviour. Furthermore if u > 0
has subharmonic behaviour, then u? also has subharmonic behaviour for all p € (0, c0).
We can use the subharmonicity of |u|P, where u is harmonic to prove the harmonic
Bergman space is complete for 0 < p < oo.

Let u is harmonic function on a domain 2 in Euclidean space R™, and suppose that
p > 0. If p > 1, then the function |ulP is subharmonic on 2, and therefore has the
sub-mean value property over balls

pe L ()P
o)l < gy [ @l
B(a,r)

where B(a,r) C Q. If 0 < p < 1, then the function |u|? need not be subharmonic, but it
behaves like subharmonic function. This fact was established by Hardy and Littlewood
[26] for n = 2 and generalized by Fefferman and Stein [[22], Section 9, Lemma 2] for
n > 2 . This ” subharmonic behaviour ” of |u|P is given by

Theorem 22. [26], [22]. Let 0 < p < oo. Then there exists a positive constant Cy, )
such that

o)l < oy | Il (123

B(a,r)

for every real harmonic function u in B(a,r) C R™.

Proof. Of course Cy,;, = 1 for p > 1, so we assume 0 < p < 1. We can assume a = 0 and

r=1.
_ ezl
nWne Ifc - yl

for z € B. = B(0,¢), 0 < e < 1. Hence

82— 2 u 1
i) < =L [ W gy = L [l
Se

NWne (e —p)n nwpe(e

€

for 0 < |z| = p < e < 1. Hence

Malp) < (14 D <
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1/p
where M, (p) = (1 S |u|pd0> , My (p) = sup|ul
S,

nWwn, pn— 1
s, p

it suffices to obtain :|u(0)| < Cp , under normalization condition

1
/p”_lMI’)’(p)dp <1. (1.26)
0

Using (1.25) and (1.24) we get, for 0 <t <e < 1:

My() € ME(OML™(8) < ME()MYP()2177(1 — £)A-n)0-m),

so

log My(t) < plog My(t) + (1 — p)log Mi(e) + (1 — p)log 2 + (1 — p)(1 — n)log(1 — 1).
We get ¢ =t for some 0 < a < 1 (then t < €) and obtain

log Mi(t) < plog My(t) + (1 —p)log Mi(t*) + (1 — p)log 2 + (1 — p)(1 — n) log(1 — t'~%),
hence

dt
t

1
<(-p)log2+ (1-p1-n) [log1 -]
72

1
/ log M (t)
/2

1 1

1

1
dt dt
40 [ 102,05 + (1= p) [ogdae)
1/2 1/2

1

1
dt 1-— d
=C(p,n,a) +p / log Mp(t) - + — : / IOng(P)?p-
/2 (1/2)e

1

Now we choose a = 1 — p?. If M1(27%) < 1 then we have |u(a)| < 1. So we assume
M1(27a) > 1.
From the above estimates we obtain

1 1
P dt dt
[ log M, ()= < C log MP(t)—
Ty ) o8 1()t < (p,n)+/og p()t
1/2 1/2

1

dt

<Com+ [0
1/2

1

< C(p,n)+2" / UMD () dt
1/2
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and we get

1

[ o005 < Kw.p).
1/2

Since M (t) is increasing in 0 <t < 1 we get Mi(y2) < C(u,p), so
u(0)] < Mi(y2) < C(u, p).
As desired. O

Remark 5. :

(i) This proof shows that it is true also for complex valued u.

(ii) More generally the theorem remains true if |u| is replaced by an arbitrary nonnegative
subharmonic function on Q.

(i1i) When 0 < p < 1 the volume mean

7‘/(3(@’ T))B(a . |u(x)Pdx

in the theorem 22 can not be replaced by the spherical mean

1
ey | Ora©.

S(a,r)

Corollary 11. Suppose that 0 < p < oco. Then there exists a constant C = C), depending
only on p such that

uO)P <G, [ lupds
D
for every harmonic function u on unit disc D. When p > 1, the inequality holds with
Cp=1.

Remark 6. More generally this inequality remains valid if we assume that u > 0 is an
arbitrary subharmonic function in D.

1.3 Analytic definition of planar quasiconformal mapping

Definition 6. (Sense-preserving homeomorphisms). A homeomorphism f: Q —
Q' is called sense-preserving if f preserves the orientation of the boundary of every
Jordan domain D such that D C €.

Definition 7. (regular mapping). A map f: Q — Q' is called regular at the point z
if z lies in the interior of 2 , f is differentiable at z, and Jf(z) # 0.

Lemma 6. If a homeomorphism f : @ — Q' possesses a reqular point z where J¢(z) > 0
then f is sense-preserving. Conversely, the Jacobian of a sense preserving homeomor-
phism is positive at every reqular point.
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Definition 8. (The directional derivative). Let f be regular throughout €2 and the
partial derivatives f, and f, are continuous in €2. Then the directional derivative of f
at z in the direction of 6 is

o0t (2) — tim LEE TN =)

r—0 ret?

= e (f.(2) cos O + f,(2)sin )

exists at every point z € ).

Definition 9. (Dilatation quotient). Let f be regular at z € Q. If f has directional
derivative at z, then the dilatation quotient D, is

mas [0, (2)|

P = i, 1

is bounded in every compact subset of 2.

Definition 10. (Absolutely continuous functions on an interval). The function
f:(a,b) = R™ is absolutely continuous on the interval (a,b) if for all € > 0 there exist
0 > 0 such that

S F ) = flan)ll <e,
=1

then for every finite sequence of non-intersecting intervals a; < x < b;,¢1 = 1,...,n
contained in (a,b), such that

n

Z|bi—ai|<5

=1

Remark 7. (Equivalent definition). The following conditions for a real-valued function
f on a compact interval [a,b] are equivalent

(1) f is absolutely continuous;

(2) [ has a derivative f' almost everywhere, the derivative is Lebesgue integrable, and

F@) = f(a) + / F)dt Vo € [a,b.

(3) there exists a Lebesgue integrable function g on [a,b] such that

T

f(z) = f(a)+ /g(t)dt Vz € [a,b].

a

Now before define ACL, we consider a closed 2-interval I = {z = x +iy € C : x €
[a,b],y € [c,d]} with a function f : I — R™, continuous, for almost any (ci,c2) € 1.
Let g : [a,b] — R™, and h : [¢,d] — R™ where g(z) = f(z,c2), h(z) = f(c1,2), are
absolutely continuous.

Definition 11. (ACL on an interval). A function f |7 is called absolutely continuous

on lines (ACL) if f |7 is continuous and it is absolutely continuous on almost every line
segment in [ parallel to the coordinate axes.
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Definition 12. (ACL): Let Q C C be a domain, I C Q. A function f : Q — R™, is
ACL if for every 2-interval I C , the function f |; is ACL.

Remark 8. A complex valued function f = u +iv is ACL in Q C C if u,v are both
ACL in Q.

Definition 13. (Analytic definition). Let Q, Q' are subsets of C. A sense-preserving
homeomorphism f : Q — Q' is called K-quasiconformal mapping of the domain Q if
satisfy the following two conditions:

1. f is absolutely continuous on lines in €.

2. The dilatation condition

[f2(2)] + [ f2(2)
f2(2)] = [f=(2)

; <K (1.27)

holds almost everywhere in €.

A map is quasiconformal if it is K-quasiconformal for some K.

Remark 9. Let f be regular at z € Q and let f.(z) = 3[fs(2) —ify(2)] and fz(z) =
%[fx(z) +ify(2)], be the complex derivatives. Then the directional derivative of f at z
in the direction of 0 can be expressed in terms of the complex derivatives as

9o f (20) = f=(20) + f=(z0)e ™",

and for the Jacobian we get

J(20) = | f=(20)” — | fz(z0)[*.

Since f is sense-preserving, J(z) > 0, and so |f.(2)| > |fz(2)|. Therefore

max |9 f(2)] = |f2(2)| +[fz(2)],  min|0pf(2)] = |[:(2)] = | f=(2)]-



Chapter 2

Harmonic Bergman space and
reproducing kernels

Introduction.

A norm on a (complex) linear(vector) space X is a function ||.|| : X — R satisfying the
following conditions:

(D] f]l = 0 for all f € X (nonnegative),

(#)||f]] = 0 if and only if f =0, where f € X (strictly positive),

(@) || A f]| = M|l f]| for every f € X and scalar A € C (homogeneity),

()| f + gl < Il + llgll for every f,g € X (triangle inequality).

The couple (X, ||.||) is called normed space.

The function ||.|| which satisfying the properties: (i), (i7), and (iii) of a norm, and satisfy
If+gll <CUfll+lgll) (C-triangle inequality) where C'(> 1) is a constant independent

of f,g € X is called a quasi-norm on X, and the couple (X, ||.||) is called quasi-normed
space.

2.1 L? spaces for 0 <p < oo .

One of the most important examples of a function space is the space of measurable
functions whose absolute values are p!* power integrable where 1 < p < co.

Definition 14. (L space). Suppose that 1 < p < oo. Let  be a measurable subset
of R", and  is a Borel measure. then the space LP(2) is the set of Lebesgue measurable
function f: Q — R (or C) whose p'" power is Lebesgue integrable ie:

/Q (@) Pdp(z) < +oo; (2.1)
with the norm
1/p
1l = I Fllp = ( /Q If(x)l”du(rv)> | (2.2)

When p = 1 the space L'(£2) consists of all integrable functions on €.

A function f, measurable on (2 is said to be essentially bounded on 2 if there exists a
constant C' such that |f(z)| < C almost everywhere in 2. The greatest lower bound of

27
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C is called the essential supremum of |f| on © and is denoted by esssup | f(z)].
xeQ)

esssgp\ﬂ =inf{k:p{zeQ: f(z)>k} =0} (2.3)

When p = oo, we denote by L>*°(Q2) the space of all functions essentially bounded
Lebesgue measurable on €2 with the essential supremum as the norm. Hence

1flloc = esssup|f] (2.4)
is a norm on L*°(2).

Now when p € (0, 1) the functional is not norm, but satisfies || f +gll, < Cp(||fllp+lgllp)
(with C,, = 21/P=1). In fact it is a quasi-norm.

2.1.0.1 Some properties for the space L? : p >0

DIIfll, > 0 for any measurable f.
2)||f|l, = 0 if and only if f =0 a.e in Q.
ALy = Al fllp for any A is a scalar.

We call the positive real numbers 1 < p, ¢ < oo a pair of conjugate exponents if %—i—% =1.
We naturally regard 1, oo as a pair of conjugate exponents.

Theorem 23. (Holder’s inequality). Let p € [1,00]| and q be its conjugate expo-
nents. Then for any f € LP(Y) and any g € LY(Q), we have fg € L*(Q) and

[ vsgtan < ( [ isvan) W( [ tloan) " (25)
Q Q Q

or equivalently

1fallry < 1fller@llgllze)
Moreover, equality holds only if there exists a constant C' such that

|lf(@)|P =C|g(x)|? for a.e.x €

Proof. . The inequality is obviously true if p = 1 or oo, or || f||zr) = 0. For p € (1, 00)
and || f|lz»(q) # 0, we use the following inequality

ab < 22 4 e b

i . > €>0,qis aconjugate of p € (1,00) ,with a = |f| ,b = |g|, we obtain

/|fg|du < 5||f||1£p(9) N El_qHQHqu(Q).
Q

p q ’

for all € > 0. Choice & = |yg||Lq(Q)/\|f||§;gQ). O
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Corollary 12. (Schwarz inequality). When p = q = 2 the inequality

1/2 1/2
/Ifgldu < (/\f|2dﬂ> (/Iglzdu>
Q 9 Q

is known as the Schwarz inequality .

Theorem 24. (Minkowski inequality [41]). Let f,g € LP(Q2), for some p € [1,].
Then f+ g € LP(Q2) and

1f + gllzr) < [1fllLr@) + 19llr @)
Moreover, equality holds only if there exists a constant C' such that

f(z) =Cg(z) for aexecfQ. Or g(z)=Cf(zx) for aexec.

Proof. The inequality is obviously true for p = 1 and p = oo. For p € (1,00), we
applying Holder inequality, we obtain

1+ alluy < [ 1+ 9P fldu [ 1f + 9P gla
Q Q
1/q
< ( / |f+g|(”‘1)q> (I Loy + o)
Q

1-1/p
_ ( / |f+g|p> o + I9llooen)-
Q

2.2 Hilbert space

Inner product space. We define |z| = (w,a:)l/ 2. An inner product on a complex
vector space X is a function, (.,.) : X x X — C, such that: (x,z) > 0 with equality
(x,x) =0 if and only if z =0, (A\z + py, z) = XNz, 2) + p(y, 2) i.e. © — (x,z) is linear,
(x,y) = (y,x). The couple (X, (.,.)) is called an inner product space.

Lemma 7. (Parallelogram Law). Let (X,(.,.)) be an inner product space, then

1f +gll? + 1F =gl = 2] F1? + 2]l
forall f,g e X.

Theorem 25. :(Schwarz Inequality [12]). Let (X, (.,.)) be an inner product space,
then

[ L < Il

for all f,g € X, and equality holds if and only if f, g are linearly dependent.

Definition 15. (Hilbert space). A Hilbert space is an inner product space (H, (., .))
such that the induced Hilbertian norm is complete.



SHKHEAM 30

For example the spaces L?(£2) with inner product
(f.9)= /f'gdﬂ
Q

are Hilbert spaces.

Suppose that H is a Hilbert space, then for every bounded linear operator T : H — H
we have [|T|| = sup{(Tz,y) : ||z]| < 1,|ly|| < 1}. A dual space of a normed linear space
(X, ]].]]) is set (namely X*) of all continuous linear functions 7" : X — C(orR). The dual
norm is a function ||.|[* : X* — R defined by ||T'||* := sup{|T'(u)|/||u| : v € X\{0}}.

Theorem 26. (Riesz Theorem). Let H* be the dual space of a Hilbert space H.
Then the function defined by T(x) = (.,z)Vx € H is an element of H*. Every element
of H* can be written uniquely in this form. The map T : H — H* is a conjugate linear
isometric isomorphism.

Theorem 27. (The Riesz-Fréchet theorem)[17]. Let H be a Hilbert space. Let T
be a continuous linear function T’ : H — C. Then there exists a unique vector v in H
such that T'(u) = (v,u) for all u in H.

Proof. : Define F : H— C by
Lo
F(w) = §||wH — ReT'(w).

The functional T is Lipschitz because it is continuous. So there exists a constant C' such
that [T(w)| < Cllw|. It follows that F(w) > i[|lw|? — C|lw]||. If we set p := ||Jw|, and
differentiate F'(p) we find that the minimum of F' occurs when ||w| = C, and hence
when T(w) = ||w|®. So F(w) > —3C?. Thus F(w) is bounded from below. Assume
that a be the infimum of the F(w). Let w,, be a sequence in H such that F(w,,) — a
as m — oo. By the parallelogram identity and the linearity of T', we have

wm+wk

lwm = wel|* = 2lwin]* = lwm + wil* + 2/|wg]|* = 4F (w) — 8F( 2

) + 4F(wk).
Hence
W — wi||* < 4(F(wp,) + F(wy)) — Sa.

The right hand side tends to zero, so wy, is Cauchy sequence and hence has a limit v by
the completeness of H. Since F is continuous, F'(v) = a, so F' assumes its minimum.
For any vector v € H and any real number ¢ > 0, we have F(v) < F(v+tu). By a long
computation we get

1
0 < Re (v,u) — ReT(u) + §t||uH2

Since this is true for arbitrary ¢t > 0, we have ReT'(u) < Re (v,u) for all u. The same
argument applied to —u shows that —ReT'(u) < —Re (v, u). Hence ReT'(u) = Re (v, u).
The above reasoning applied to —iu shows that ReT'(u) = Re (v,u). We conclude that
T(u) = (v,u). O
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2.2.1 Orthogonal projection on a closed subspace of a Hilbert space

Let (X, (.,.)) be an inner product space, we say f,g € X are orthogonal and write f L g
iff (f,g) = 0. More generally we say f € X is orthogonal to a set E C X and write
fLEIf (f,g)=0for all g € E. We denote the set of all elements in X which orthog-
onal to theset E C X by EX = {f € X : f L E} . We also say that a set £ C X is
orthogonal if f L g for all f,g € F with f # g.

We say that £ C X orthonormal if it is orthogonal and satisfies || f|| =1 for all f € E.

Every Hilbert space has an orthonormal basis.

Theorem 28. ([31].Theorem 2.6.) Suppose H is a Hilbert space with reproducing kernel
Rq and that {e};°_; is an orthonormal basis for H. Then

Ro(z,y) = > em(2)em(y)

m=1

Lemma 8. : Let X be an inner product space and E be a subset of X. Then E*- is a
closed linear subspace of X.

In fact B+ = NyepKer({., f)), where Ker({.,f)) := {g € X : (g, f) = 0} is a closed
subspace of X.

Definition 16. (Projection operators). Let X be a vector space. AmapT : X — X
is a projection operator if it is linear and satisfies 72 = T.

Note that for any element f in X can be written as sum a + b, where a € I'mT and
be Ker(T).

Now suppose that X = H be a Hilbert space and Y be a closed subspace(linear) of H.
The orthogonal projection of H onto Y is the function T': H — H such that for any
x € H, there is a unique point (namely T'(z)) in Y closest to = such that x — T'(x) is
orthogonal to Y.

Definition 17. (Adjoint). Let 7': X — X be a bounded operator. The adjoint of T
denote T™, is the unique operator T : X — X such that (T'z,y) = (x,T*y). A bounded
operator T : X — X is self - adjoint if 7% = T'. It is normal operator if it commutes
with its adjoint T, that is TT* = T*T.

Proposition 4. ([12/Proposition 14.13). Let H be a Hilbert space and Y C H be a
closed subspace. Then the orthogonal projection T : H — H satisfies:

(i). T is linear.

(ii). T is projection.

(iii). T is self-adjoint.

(iv). Ker(T) =Y.

Proof. To prove (i). Let z,y € H and « € C, then Tz + aTy € Y and

Toe+aoTy— (r+aoy) =Tz —x+a(Ty—y)] € Y. Thus Tz + oTy = T(x + ay) which
means 7 is linear.

To prove (iii). Let ,y € H. Since x — Tz and y — Ty are in Y. Then

(Tx,y) = Tz, Ty+y—Ty) = (Tx,Ty) = Tz + (x — Tx),Ty) = (z,Ty). O
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The following corollary shows that for each element y € Y can be written uniquely as a
sum a + b with a € Im(T') and b € Ker(T). More precisely a = T'(y) and b =y — T'(y).
The point T'(y) is the point in Y closest to y.

Corollary 13. Let Y be a closed subspace of a Hilbert space H. Then for anyy € Y
there is a unique a € Y and b € Y+ such that y = a + b.

Proof. Let x € X and let y = T'(x), then z—y € Y+ and hence z = y+(z—y) € Y +Y L.
O

Note that for any € H we have |z|?> = |Tz|? + |z — Tz|?> which implies, in particular,
that T' is a bounded linear map.

Proposition 5. Let H be a Hilbert space and T : H — H be a linear map (not nec-
essarily bounded) such that there exists T* : H — H with (Tz,y) = (x,T*y) for all
x,y € H. Then T is bounded . Conversely, Let H, H' be Hilbert spaces and T : H — H’
be a bounded operator. Then there exists a unique bounded operator T* : H' — H such
that (Tx,y) = (x, T*y) 5 for allz € H and ally € H'

2.2.2 Characterization of orthogonal projections

Recall, that if Y is a closed subspace of a complex Hilbert space H, then there is a
bounded linear operator T : H — H such that T(H) = Y with 72 = T and T* = T.
Conversely if T : H — H is any bounded linear operator for which 72 = T then the
following are equivalent: (i) T is normal, (i7) T is self-adjoint, (#i7) T is an orthogonal
projection onto a closed subspace.

Lemma 9. Suppose H be a complex vector space with a Hermitian inner-product (., .).
Let T : H— H be a bounded linear operator. Then

(i) If (Tx,x) =0 for all z € H then T = 0.

(ii) the operator T is normal iff |Tx| = |T*x|. In particular, if T is normal then
Ker(T) = Ker(T*).

Now the following proposition gives a characterization of orthogonal projections:

Proposition 6. Let T': H — H be a bounded linear map on the complex Hilbert space
H such that T?> = T. Then the following are equivalent:

(i) T is self-adjoint

(ii) T is normal

(iii) © — Tz is orthogonal to Tx for all x € H.

If these conditions hold then T is the orthogonal projection onto its image (closed sub-

space).

2.3 Banach space

A Banach space is a normed linear space that is a complete metric space with respect
to the metric d derived form its norm d(z,y) = || — y||. For example finite-dimensional
linear space R™(or C") is a Banach space with respect to the Euclidean norm. Another
important example: the spaces LP(2) are Banach spaces for 1 < p < oo, but when
0 < p < 1 the space L? is not Banach.
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Definition 18. (bounded linear operator on Banach space). Let X and Y be
Banach spaces and let T : X — Y be a linear operator defined on X. T is called bounded
if there exists C' < oo such that ||Tz|ly < C||z|/x for all z € X. If T is bounded, define

e
= sup )

17l

The number ||T|| is called the operator norm of T. Clearly, if |Tz| < C for every
x € X with ||z|| = 1, then ||T'|| < C. Moreover, the family of bounded linear operators
is a linear space with respect to the addition and multiplication of operators by scalars.
From the definition of the norm ||T'||, it follows that || Tz| < ||T|.||x| for every z € X.
Any bijection (one-one and onto) bounded linear mapping between two Banach spaces
has a bounded inverse.

Lemma 10. A linear functional is continuous if and only if it is continuous at the
oTigin.

Proposition 7. A linear functional T on a Banach space is continuous, if and only if
it is bounded. ie ||T| = sup{||Tz| : ||z| <1} < +oc.

Proof. Let T denotes the linear functional and let X be a Banach space. First suppose
that T : X — R is continuous, then for f € X, and € = 1 there exists § > 0 such that
|T(f)| <1 whenever ||f|| < 0. Let g € X\{0}, then ||0g/||g]||| = 0, which implies that
|T(0g/llg]l)] < 1 and hence |T'(g)| < ||g]|/d. Conversely, if T is bounded it is clearly
continuous at the origin, hence continuous. O

Theorem 29. (Banach-Steinhaus/uniform boundedness theorem). Let T, :
X — Y be a continuous linear map from a Banach space X to a normed space Y for
each o in an index set A. Then either there is a uniform bound M < oo so that |T,| < M
for all a € A, or there is x € X such that sup |T,(z)| = +o0.

acA
Theorem 30. (Open mapping theorem). Let X,Y be Banach spaces andT : X — Y
be a bounded linear operator. If T is a surjective map, then T is an open mapping, ie
T(E) is open in Y for all open subsets E C X.

Corollary 14. Let X,Y be Banach spaces and T : X — 'Y be a bounded linear operator.
If T is a a bijective, then the inverse map, T, is bounded linear operator.

Theorem 31. (Closed graph theorem). Let X,Y be Banach spaces. A linear map
T:X =Y is continuous iff T is closed.

Proof. Suppose T is continuous. Let I' := {(z,y) : T'(z) = y}. If (z,Tzpn) — (x,y) €
X xY as n — oo then T'x,, — Tv = y which implies (z,y) = (x,Tz) € I'(T'). Hence
I'(T) Cc X xY is closed.

Conversely suppose 1" is closed. Let I'(xz) = (x,T'z). Since the product of Banach spaces
is a Banach space, thus the space X x Y with norm | (u,v) | = |u|.|v| is a Banach. And
since I' is a closed subspace of X x Y, it is a Banach space itself with the restriction of
this norm. The projection F': X XY — X is a continuous linear map and the restriction
G \F(T): I['(T) — X is continuous bijection and hence by the open mapping Theorem
30 G |1?(1T) is bounded. Therefore T' = F o G |1?(1T) is bounded and expresses 1" as a
composite of continuous functions. The proof is completed. O

Let Y be a vector subspace of X and let T' : Y — Z a linear map to another vector
space Z. A linear map 7" : X — Z is an extension of T' to X when the restriction 7" |y
of T"toY is T.
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Theorem 32. (Hahn-Banach theorem). Let X be a normed vector space with scalars
R (or C), and let Y be a subspace. If T be a continuous linear functional on Y, then
there is an extension T' of T to X such that ||T"|| = ||T||.

2.3.0.1 Quasi-Banach space

A vector space X equipped with a quasi-norm (resp. p-norm) is called a quasi-Banach
(resp. p-Banach) space if it is complete (with resect to the invariant metric d). The
most important class of quasi-Banach spaces which are not already Banach space is the
class of LP(Q2) spaces for 0 < p < 1 with the usual quasi-norm.

Let X,Y be quasi-Banach spaces and let T : X — Y be a linear. As in the Banach
space case, T is called bounded or continuous if ||T']| = sup{||Tz|| : ||z] < 1} < oc.

2.4 Bergman space b(2),) C R"

The Bergman spaces of harmonic functions bP(2) are named in honor of Stefan Bergman
(1895-1977), who studied analogous spaces of holomorphic functions belonging to LP
with respect to volume measure [6], with emphasis on the case p = 2.

Suppose that p denotes a number satisfying 1 < p < co. The Bergman space bP((2) is
the set of all harmonic functions u on  that are p** power integrable with respect to
volume measure .ie:

1/p
fulhoioy o= ([ 1arav) ™ < o (2.6

where dV denotes the usual n-dimensional Lebesgue measure on {2

Several properties of Bergman spaces of harmonic functions on the unit ball in R” are
analogous to the Bergman spaces of analytic functions on the unit ball in C™.

When p = 2 the Bergman space B?(f2) is a Hilbert space which played a fundamental
role in much of his work [Bergman 1970].

The following proposition shows that the point evaluation is continuous on b”(12).

Proposition 8. (/4] Proposition 8.1) Suppose that 0 < p < oo and x € Q. Then there
exists a positive constant C such that

()] < ——Z

< [[ullor
d(x,@Q)”/pwrl/p @

for every u € bP(Q2), where d denotes Euclidean distance. Moreover when 0 < p < 1, the
constant C > 1, when p > 1, the constant C = 1.

Proof. For 0 < p < 1, recall subharmonic behavior of |ulP see Theorem 22, there exists
a constant Cp , > 1 such that
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for every harmonic function u in B(x,r) C R™.
For each x € Q, apply this theorem with r = d(z,0Q2), we get

Cr
Wl < s [ P
B(z,r)

Taking p!” roots to both sides we obtain the required inequality.

For p > 1, suppose that x € Q and let r be a positive number with r < d(z,9), then
by the volume version of the mean-value property (1.3) to u on the ball B(z,r) we have

u() = — / u(y)dV (y).

Wy,
B(z,r)

Taking the absolute values to both sides, and then applying Jensen’s inequality we get

1
W@P < e [P <l

W,
B(z,r)

Wy,

Taking p'* roots, and letting the limit as r — d(z, 99), we get

1
u(x)] < [[ullor (2)-
d(x,@Q)"/pw,l/p ©@

Corollary 15. For every multi-index « there exists a constant Cy such that

a CO‘
|D%u(z)| < W

[l e
for all z € Q and every u € PV

Corollary 16. For each fized x € Q the functional
T, :u—u(z), ucb’ Q)
is a continuous linear functional on b(£2).
Proposition 9. The Bergman space bP(Q2) is a closed subspace of LP(€2)

Proof. Suppose u,, is a sequence in b (£2) which converges to a function u in LP(2). Let
K be compact subset of ). By Proposition 8, there exists constant C' < oo such that

um () = wj(2)| < Cllum — w;llor

for all z € K and all m.j. Since u,, is a Cauchy sequence in bP(2), thus the inequality
above implies that wu,, is a Cauchy sequence in C'(K) and therefore the sequence u,,
converges uniformly on K. Hence by Theorem 14 the sequence u,, converges uniformly
on compact subsets of 2 to a function v harmonic on Q. Because u,, — u in LP(Q),
then there exists subsequence of u,, converges to u pointwise almost everywhere on €.
We conclude that u = v a.e on Q and hence u € bP(€2) which completes the proof. [
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Corollary 17. The Bergman space b(2) is a Banach space for p > 1.

Note: it can be proved that bP(B) is a quasi-Banach space for 0 < p < 1.

2.4.1 Harmonic Bergman kernel

Certainly the Bergman kernel construction was one of the great ideas of modern complex
function theory. It not only gives rise to a useful and important canonical reproducing
kernel, but also to the Bergman metric. The Bergman kernel deals with integration over
the solid region.

The Bergman kernel has, in the past fifty years, become an important tool in the complex
analysis of both one and several complex variables (see: [29] [18] [32]). Its reproducing
properties, its bi-holomorphic invariance, and its relationship to the Bergman metric
are all of fundamental importance. This it is important to obtain concrete information
about the Bergman kernel. An explicit formula for the harmonic Bergman reproducing
kernel has only been determined recently; see [4]. The name for Bergman kernel function
of © (in the next theorem 33) comes from Stephan Bergman (1895-1987) who introduced
its study in 1922; [6]]

Now we give a simple derivation for such a formula.

2.4.1.1 Reproducing Bergman kernel of {2

When p = 2, the Proposition 9 shows that the Bergman space b*(Q2) is a Hilbert space
with inner product

(u,v) = /uvdV

Q

for u,v € L?(2). Let Q be a bounded domain, and let 2 be any fixed point in 2 . Define
the linear functional T' by

T(u) = u(x), ucb*(Q).

Then the Proposition 8 implies that 7" is bounded on the Hilbert space b?(Q2). Therefore,
by the Fréchet-Riesz theorem 27 there is a unique function
Rq(z,.) € b*(Q) such that

u() = (u, Ro(x, ) = / u(y) Bz, v)dV (y) (2.7)
Q

for every u € b*(Q2). The function Rq as a function on Q x Q is called the (harmonic)
Bergman kernel function of 2 (or the reproducing kernel of ). Now we have the
following theorem :

Theorem 33. (Reproducing kernel). Let Q be a bounded domain of finite connec-
tivity, and let x be any fized point in Q. Then, the Hilbert space b*(S)) has a unique
reproducing kernel Rq(x,.) such that

(u, Ro(z,.)) = u(z), Yu e b*(Q)
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Proposition 10. (/}].Proposition 8.4) The reproducing kernel of Rq has the following
properties:

(i) Rq is real valued.

(ii) If (um) is an orthonormal basis of b*(S2), then

Ro(z,y) = Y U (2)um(y)

m=1

for all x,y € Q
(iii) Rq is a symmetric function on €

(iv) ||Ra(x,.)|lp2 = /Ral(x,x) for all x € Q
Proof. To prove (i), suppose that u € b?(€2) is real valued and x € 2. Then

Imu(z) = I / u(y) Bz, y)dV (y) = — / u(y)ImRa (. y)dV (y).
Q Q

Choose u = ImRq(z,.), we get

/ (ImRa(z,y))2dV (y) = 0,
Q

which implies ImRg = 0.
To prove (ii), suppose Uy, is any orthonormal basis of b?(Q2), By standard Hilbert space
theory 28,

Ro(x,y) = > (Ra(x,.), tm) tm = Y _ T ()t ()
= m=1

m=1

for each = € €, where the infinite sums converge in norm in b2(£2). Since point evaluation
is a continuous linear functional on b?((2), the equation above shows that the conclusion
of (i7) holds.

To prove (iii), using (ii), we obtain Rq(z,y) = Rq(y, ), and using (i), we obtain
Ra(z,y) = Ro(z,y) for all z,y € Q.

To prove (iv), let x € . Then

|Ra(w, )2 = (Ra(w, ), Rz, ) =
= Rq(z,x).

2.4.1.2 Bergman kernel for the ball

In this subsection we will derive an explicit formula for the harmonic Bergman repro-
ducing kernel R on the ball B in Euclidean space. We will not make use of so-called
zonal and spherical harmonics used in [4] to calculate the Bergman kernel R, but instead
use Green'’s identity to relate R to the extended Poisson kernel P [3].
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Let u,v be harmonic functions on B, and fix y € B = B(0,1). Assume that
w(z) = (Jz|?> — 1)v(z), then the function

Aw(z) = Al|z[*)v(z) + 2V |22 Vo(z) + |z*Av(z) = 2nv(z) + 42.Vo(z) (2.8)
is harmonic on B.
Vw(z) = 2zv(z) + (Jz|* — 1)Vo(z).
So that
Dyw(z) = Vw(z).z/|z| = 2v(z)|z| + (|z|* — 1)D,v(z).

Clearly D,w(z) = 2v(z) on S = 0B(0,1), w =0 on S, and Au = 0 on B. Thus from
Greens identity (with u,w), we obtain

/qudV = /uDywds = 2/uvds = 2nwn/uvd0

B S S S

For x € B,, choose v(z) = P(x,y), where P(x,y) is extended Poisson kernel (1.10).
Hence

/qudV = ann/u(g)P(f,y)da(é) = 2nwnu(y).

B S

We conclude that the harmonic function Aw/(2nV (B)) is the reproducing kernel at y.
using (2.8) we obtain the following formula for the Bergman kernel

Ri(a,y) = nln(nm, y) + 2.V, Pz, 1))

Now by elementary calculation, we can formulate the following theorem
Theorem 34. [3]. Let x,y € B. Then

(n — 4)|z|*|y|* + (8z.y — 2n — 4)|z?|y|? +n

Rp(z,y) =
5(@,9) num(L — 22,y + [Py )2

where x.y denotes the Euclidean inner product in R™

Corollary 18. Let x,y € B. Then

4
wn(1 =22y + |x|2|y[2)"/2

|Rp(2,y)| <
Proof. By elementary calculation, we can write Rp in the form

1 n(l — |z?ly*)? 21 12
Rp(z,y) = . |
p(y) nwn (1 — 22y + |2[2[y[2)"/2 (1 — 22y + [z[2[y[2 =yl

By Cauchy-Schwarz (z.y < |z||y|), we get

(1—|zlly))? =1 =2z||y| + |[z[*|y]* < 1 — 2z.y + [z[*|y/?,
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thus

(1= |zPly*)? = @+ [2lly))® (@ = |zlly)? < 401 = 22y + [2*[y]?).

And hence, we get the result. O

2.4.2 Harmonic Bergman projection

As in the analytic case, there is a reproducing kernel and associated projection. Duality
results follow once we know that the projection is LP-bounded. Coifman and Rochberg
[10] used deep results from harmonic analysis to establish LP-boundedness of the har-
monic Bergman projection.

Let Q denote the orthogonal projection of L?(B) onto b*(B). If f € L?>(B) and x € B,
then Q[f](z) = (Qf, Rz) = (f, Ry) and we have the following formula:

Q@) = [ R Vi) (2.9)

B

For fixed x € B the function R(z,.) is bounded, so that we can use the formula above
for Q[f] to extend the domain of @ to LP(B), where 1 < p < co.

The following theorem 35 shows that the harmonic Bergman projection is LP-bounded
for 1 < p < co. The proof of this theorem 35 is similar to Forelli and Rudin’s proof of
LP-boundedness of the analytic Bergman projection [21], [40], but as in Axler’s argu-
ment [1] in the context of the analytic Bergman spaces on the unit disk, we will avoid
the use of the binomial theorem, the gamma function and Stirling’s formula.

Before prove the following theorem we introduce the following lemma:

Lemma 11. Let q be the conjugate index of p € (1,00). Then there exists a positive
function h and a constant C' such that

/ 19 (@) | R(z, )|dV (z) < Chi(y) (2.10)
B

forally € B, and
/hp )R(z,y)|dV (y) < Ch?(z) (2.11)
B

for all x € B.
Proof. We claim that the function h(x) = (1 —|z|?)~"/ (9 works, that is, satisfies (2.10)
and (2.11) . By symmetry in p and ¢, it will suffice to find a constant C), for which

/(1 — &) VPR (2, y)|dV (y) < Cp(1 — [y 7'/ (2.12)

B
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for all y € B.
Fix y € B\{0}. For 0 <r <1 and £ € S it follows from Corollary 18 that

4 4

R(r&,y)| < = :
R, y)l < wn(l—ryL+r2yl2)/2  wlé —ry

By (1.2) and Proposition 1 (ii), we have
1
/(’R(dex) :nwn/ 11— r?) 1/P/|R ré,y)|do(€)dr
B
1

1= [o]) 7
4n/r l—r 1/p/ dr
J !f—ry\” 7&)

1
< 2n/27‘(1 — T2)—1/p71 — r2|y\2dr

Now

2

=

|y

/1—t )TVP(1 —ty)tdt < / )~ Vrar < p(1 — |y[?)~UP
0 0

and hence

1

1
/a—wmm—mﬁlwgu—m%l/u4>wﬁ

ly|2 ly]2
= (1—[yP) g1 — |yHt-Vr
=q(1—|y[»)~/r

Addition yields
1
/&—t”p )t < (p+ q)(1— [y]?) VP
0

Hence (2.12) is proved with C), = 2n(p + ¢). The proof is completed. O

The Fubini’s theorem to reverse the order of integration says: if f > 0 then

/(/fxyd“ ) /(/ffﬂydu > (y)- (2.13)

Theorem 35. [3]. If 1 < p < co. Then Q maps LP(B) boundedly onto b?(B).
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Proof. Let f be given function in space LP(B,dV), applying Holder’s inequality (2.5)
and Lemma above 11 we have

|_/'f W)V (z)

= (B o ()‘) Rz, y)|dV (z )>1/p<B/hq(:c)IR(:n,y)|dV(m)>l/q

)P 1/p
<) [ G iav )

B

Thus, applying Fubini’s theorem (2.13), and using Lemma above 11 we obtain

/ QUMY (y) < Cv/e / ( e R lav (@) ) av)

= v [ HF ( / hp<y>rR<x,y>dv<y>)dv<x>

B B

P/q ’f(l.)’p P
<cr/ () (ChP(z))dV (z)

e / (@) PV ().
B

EE

From the above estimates and the observation that C}, = C; we conclude the proof of
the LP-boundedness of Q). In fact, we obtain the following bound on the norm of Q:
Q| < 2np?/(p — 1) as an operator from LP(B) onto b”(B). O

Remark 10. Theorem above does not hold for p =1 or p = .

Corollary 19. Let q denotes the conjugate index of p € (1,00). Then the spaces bP(B)
and b1(B) are dual to each other.

Proof. 1t follows from of the LP-boundedness of the Bergman projection: if u € bP(B),v €
b?(B), then the function T' defined by T'(u) = (u,v) defines a bounded linear func-
tional on bP(B), and every bounded linear functional on b(B) is of the form above.
In fact if we assume that T € bP(B), then by the Hahn-Banach theorem 32 , T ex-
tends to a bounded linear functional 77 on LP(B). There exists a gg € L(B) such that
T'(f) = (f,g0) for all f € LP(B). In particular, if u € b’(B), then T(u) = (u, go).
Note that v = Q[go] € Q(L(B)) = b4(B). Using Fubini’s theorem (2.13) it can then be
shown that (u,v) = (u, go), and we have T'(u) = (u,v), for all u € b?(B). O

2.5 Weighted Bergman spaces by(5), 5 > —1

There has been a great deal of work done in recent years on weighted Bergman spaces
on the unit ball B". Bergman spaces with standard weights on the unit ball have been
studied by numerous authors in recent years.

Assume that —1 < § < oo is a given real number and suppose n > 2 is a fixed inte-
ger number. A weighted Lebesgue spaces on B denotes by Lg(B) is the space of all
measurable functions v in B with norm weight
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1/p
ullp.s = (/B lu(z)P(1 — |x\2)ﬂdV(:U)> <400, 0<p< o (2.14)

where dV(x) is the Lebesgue measure. A weighted harmonic Bergman space b%(B) is
the space of all harmonic functions 2 (B) in Lj(B).

In the following we always assume § > —1.
The following proposition shows that the point evaluation is continuous on bg(B)

Proposition 11. (/37] Proposition 2) For any function u € bg(B), 1 <p< oo and any
point x € B, we have

1

2n/p - N -1/p
(I+|=))/2
Proof. For x € B, £ € S, we obtain
1 — |z|? 1+ |z 2
P(z,¢) := < (2.16)

Tle—al S TRl S A=l

Let x € B and |z| <7’ < 1. Using the subharmonicity of the function |u(r’x)|? in the
neighborhood of the ball B and (2.16), we get

()P < / (€ PP (2, €)dor (€)
S

< u_‘iDM/u(r’g)Wda(g). (2.17)
S

Let z = r&, where r = |z|, £ € S. The integral means M(r') = [¢|u(r'E)[Pdo(€) is
nondecreasing in r’, so by using the expression of the volume element in polar coordinates
dV (z) = nw,r" tdrdo(€) (see (1.2)) , we get

/

1
nwn/rnl(l —r2)5dr/|u(r’§)\pda(§) <
S

T

1
nw w(ro)Prvt (1 = r2)Pdrdo
< n/s/us)r (1~ 1) drdo(€)

T/

= [ W@Pa - Py ave
r'<|z|<1

< lully - (2.18)

By (2.17) and (2.18), we have
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1

9 -1
lu(r'z)|P < W(nwn/rnl(l — rQ)ﬁdr) [[ull} 5-

!

Changing 'z by x, we obtain

1
9l/p . —1/p
lu(z)| < (r' — |z|)(n=D/p (nwn/r M1 - Tz)ﬁdr> ]| p,5-

r

Choose " = (1 + |z|)/2 we obtain the desired estimate. O

Corollary 20. For any multi-index o there is a constant C = C(«) such that

. c - i
ID*u(@)l < = |x‘)|oc|+(n—1)/p< / £ s (1 — tQ)ﬁdt> lullps (2.9
(3+]al)/4

Proof. Apply, the Cauchy inequalities 1.14 for the ball B(z) = {y : |[y—z| < (1—|z|)/2},
we get

Du(a)] < — M (), (2.20)
(1= [z])l
where M (x) = mg(x)u(y). By Proposition 11, for any y € B(x)
yeb(x
2n/P : ne1 N —1/p
lu(y)] < A= g7 / " nwy (1 = t7) dt) l[ullp,5- (2.21)
(1+[yl)/2

Besides, the inequalities 1 — |y| > (1 — |z|)/2 and (1 + |y|)/2 < (3 + |z|)/4 obviously
follow from y € B(z), and taking the maximum over all y € B(x) we get

1
9(2n—1)/p . 23 -1/p
< = n— _
M(x) < = ’x‘)(n_l)/p< / " nw, (1 — t%) dt) l|lullp,8- (2.22)
(B+lx])/4
Hence from (2.20) and the last inequalities we obtain the desired result. O

Proposition 12. The weighted Bergman space bg(B) is closed subset of Lg(B) for all
1<p<oo.

Proof. Suppose u,, is a sequence of functions in bg(B) such that ||um, — ull, 3 — 0 as
m — oo, where u € Lfé(B). Let K be a compact subset of B. Then by Proposition 11
there is a constant C' = C(K, p, 3) such that

<C
gleaéqu(xﬂ < Cllullp,s

for any u € bg(B). Hence |up,(z) — up(x)| < Cllum — ugllpp for any z € K and
m, k. The sequence u,, is fundamental in bg(B), and hence u,, converges uniformly on
compact subsets of B to a function harmonic on B namely v. Moreover u,, — wu in



SHKHEAM 44

L‘Z(B). Therefore, by Riesz theorem 26 there exists a subsequence of u,, converging
to u pointwise almost everywhere in B. Thus, u = v almost everywhere in B, and

u € b (B). O

Corollary 21. The weighted Bergman space bg(B) 1s a Banach space for all1 < p < 0.

Note: it can be proved that bg(B) is a quasi-Banach space for 0 < p < 1. Also, all of
the above results can be extended to bg(Q) spaces, where {2 C R™.

2.5.1 Reproducing kernel R for the ball

When p = 2, the Proposition 12 shows that the weighted Bergman space b%(B) is a
Hilbert space with the inner product in the space L%(B) given by the expression

(1, v) = /uv.(l ~ 2P)Pav(a).

B

For any fixed point x € B, the Proposition 11 implies that the point evaluation functional
u — u(x) is a bounded linear functional on the Hilbert space b%(B), so (it follows from
the Riesz Theorem 26) that there exists a unique function Rg(z,.) € b%(B) such that
u(z) = (u, Rg(x,.)). As in the Proposition (10)(¢) the function Rg is real valued, and
hence

u(x) = / u(y) R, y) (1 — [y2)PdV (y) (2.23)
B

for every u € b% (B). The function Rg(z,y) as a function on B x B is called the repro-
ducing kernel of b%(B).

Recall, H,,(R™) is the space of all complex-valued homogeneous harmonic polynomials
of degree m in R™. By homogeneity, a u € H,, is determined by its restriction to S. The
restrictions of functions from #,,(R™) on the sphere S are called spherical harmonics of
degree m, and we denoted by H,,(.5).

The spaces H., are finite-dimensional. Hence each H,, is a closed subspace of L? and thus
a Hilbert space with respect to the inner product of L?. For m # k, H,, is orthogonal
to Hy in b%, with respect to the inner product of L%. Then the evaluation functional
at each point n € S is a bounded linear functional on H,,. Thus H,, is a reproducing
kernel Hilbert space . Now by the Riesz representation theorem of Hilbert space theory
27 there exists a unique function (namely) Z,,(&,.) € H,n(S) such that

pm(§) = /pm(n)Zm(&n)dn, Pm € Hum. (2.24)
S

In other words, Z,, is the reproducing kernel of H,,, it is called the zonal harmonic of
degree m. It is real-valued (when m = 0, Zy = 1) and symmetric (in its two variables)
on B, consequently, Z,, is harmonic in either of its variables since it lies in H,,. So
Zm(&,.) € Hm(S). By homogeneity zonal harmonics can be extended to functions on
B x B as Zy(x,y) = r™p™Zy,(€,n), where x = rf,y = pn € B, and £, € S.
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We are going to use the dilatation. For a number A > 0 and u a function on €2,
we defined a A-dilatation of u, denoted wuy, is the function uy(z) = u(Az) defined for
z € 30 := {3y :y € Q}. For any function v in bg(B) , we have

lux —ullpg =0 as X—1-0. (2.25)

This means the continuity of A-dilatation in bg(B). By using this fact (2.25) and Corol-
lary 18, we can state the following lemma

Lemma 12. Harmonic polynomials are dense in b’é(B)

Theorem 36. (/37] Theorem 1.) If x,y € B. Then

o0

2 (% +m+/a’+ 1)

F T'(B+1)

Ryl Zin(2,y), (2.26)

where the zonal harmonics Z,, are harmonically extended on R™ x R™. Moreover the
series on the right-hand side of (2.26) converges absolutely and uniformly on the set
{(z,y) € R : |z||ly| < &,0 < e < 1}. In particular the series in (2.26) converges
absolutely and uniformly on K x B, where K is any compact subset of B.

Proof. Let x = r&, y = pn, where £,n1 € S. We consider that the zonal harmonics
Zy(z,y) is homogeneous by both variables, we obtain

|\ Z(, )| = %% Zi (&, m)| < rFpFdimy, (2.27)

where dimy, is the dimension of H(S). The desired convergence follows from (2.27) in
view of the estimate dimy < Ck™ 2 and Stirling’s formula (?). Assume F(z,y) denotes
the right-hand side of (2.26), then F'(z,.) is a bounded harmonic function on B for each
x € B. In particular, F(x,y) € b%(B) for each v € B. Fix x € B. Since the zonal
harmonics are reproducing kernels for the space H,,(R™). Thus for, we have

u(x) = / () Zon(2, ) (), 1 € Hon(RY) (2.28)
S

for each € R™. We derive the analogue of (2.28) for integration over B with respect to
the measure (1 — |2|?)%dV. For every u € H,,(R"™) we have

/ w(y) Zon (2, 9)(1 — |22)PdV = neoy
B

P [ e, o)

S

S o

Tn71+2m(1 _ T2)5/u(§)Zm(ﬂ?,§)dU(€)dr

= nwy,
s
1
— m"" / stm=1(1 _ 4)fat
0
_ nwn (g +m)l(a+1) u(z)
2 I'N(§+m+a+l)
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for every x € R™. Taking into account the orthogonality in b%(B) of homogeneous
harmonic polynomials of different degrees, we receive that u(x) = (u, F'(x,.)) whenever u
is harmonic polynomial. Because point evaluation is continuous in b% due to Proposition
11 and the lemma 12, we have u(z) = (u, F(x,.)) for all u € b%(B). Hence F is the
reproducing kernel. O

From above Theorem 36, we conclude the series on the right-hand side of (2.26) converges
absolutely on B x B, and uniformly if one variable lives in a compact subset of B.
Therefore the kernel Rg is symmetric in his variables and harmonic as a function of
each.

2.5.2 Weighted Bergman Projection

The integral representation (2.23) is true for all 1 < p < oco. i.e. for any fixed point
x € B, we have

u(z) = / u(y) R, 1) (1 — [y)Pdv (). (2.29)

B

where u € b‘g(B), 1 <p < oo. In fact if py, € H,,(5), then by using (2.26) we get

/ pr(y)Rp(z,y)dVs(y) =

B
oo

or(2 +m+ﬁ+1
:Zon% BH/pk (@, y)dVs(y),  (2:30)

where dVa(y) = (1 — ly[2)8dV (y). Put z = r¢, y = pn, where £, € S, then the
expression of the volume element in polar coordinates is dV (y) = p" ‘nw,dpdo(n).
Thus by homogeneity of the functions pi(y) and Z,,(z,y) we have

/ Pe(Y) Zm (2, y)dVa(y) = / P ok()r™ 0™ Zin (€,m) (1 = p*)P " nwndpdo (n)

B B
1
_m / PFHEL(1 2 dp / D1 () Zon (€, m)dor (1)
0 S

The last integral vanishes for m # k by orthogonality and is equal to pg(§) for m = k
in accordance to (2.24) . Hence
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1
/ k() Z1 (@, y)dVs(y) = r*pr(€ / P11 = p?)Pnw,dp
B 0

1
:pk(x)% /t”/2+k_1(1 —t)fdt
0

nw,I'(5 +k)T(B+1)
= 2F(%2+ FrB D) pr(z). (2.31)

By (2.30) and (2.31), we obtain

/ pr(y) Rz, 1)dVi () = pr(a). (2.32)

B

Suppose uy(z) = u(Ax) with 0 < A < 1. By the uniform convergence of the expansion
u(Az) = . pr(Az) in B and by (2.32), we have

) = 3 W) = N / Y Rale,y)dVa(y)

0 =0

A’fpk@))Rﬁ(x,y)dvﬂ(y)

pkuy))Rg(x,y)dvﬁ(y)

By using the fact (2.25) for u € bg(B), the passage A — 0 we get the formula (2.29).
The right-hand side integral of (2.29) defines the orthogonal projection of L%(B) onto
its subspace b%(B) which implies that the following theorem
Theorem 37. The operator
Qplu](z) = /U(y)RB(fE,y)(l —y*)’dv(y), weL}(B), z€B (2.33)
B
is the orthogonal projection of L%(B) onto b%(B).

Proof. As L%(B) = b%(B) @ (b%(B))J-, any u € L%(B) can be written in the form
u = v+ w, where v € b%(B) and w € (b%(B))J-. Hence Qslu] = Qslv] + Qglw], where
Qplv] = v by formula (2.29) and

Qplw](z) = /W(y)Rﬁ(fE,y)(l —lyI*)?dV(y) = (w, Rs(x,.)) = 0 (2.34)

B
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since due to Theorem 36 for a fixed z € B the function Rg(x,y) is harmonic in y on a
domain containing B, and w is orthogonal to b%(B), Thus Qglu] = v. Hence Qg is the
orthogonal projector L%(B) — b%(B). O



Chapter 3

Harmonic Bergman spaces on the
complement of a lattice

In this chapter we present results from [44] which extend previously obtained results
from [5]. We begin with some preliminary results.

3.1 Classification of singularities of harmonic function

3.1.1 Laurent series expansion of harmonic function on annular region
in R”

Suppose that 0 < r < R < 0o, K = B, C C, and Q = Bg C C. Assume f is analytic
on the annulus Q\K, and let >-*° ;2" be the Laurent expansion of f on Q\K. Setting
9(2) = S20%a;z* and h(z) = Y7L a;2?, we see that f = g+ h on Q\K, that g, and h
extend to be analytic on €2, and (CU{o0})\ K, respectively. The Laurent series expansion
therefore gives us a decomposition for analytic functions. The decomposition theorem
is the analogous result for harmonic functions.

Theorem 38. (Decomposition theorem of harmonic function). Let Q C R”,
and let K be a compact subset of Q. If u is harmonic function on Q\K, then u has a
unique decomposition of the form

u=v+w

where v is a harmonic function on Q and w is a harmonic function on R™\ K satisfying
: C'log || when n = 2

1 =

xgglow(x) { 0 when n > 2

for some constant C'.

By Theorem 38 we obtain an analogous Laurent series expansion development for har-
monic functions on annular domain in R".

Before we prove next theorem we introduce Kelvin transform and its properties. Let
u be a given function defined on a set 2 C R"\{0}. For such set Q, we defined
QO = {z* : © € Q}, where 2* = z|z| %,z # co. Then the function K[u] on Q* de-
fine by Ku](x) = |z|""2u(z*),n > 2 is called the Kelvin transform of u. When n = 2
the Kelvin transform of u is defined by Klu|(z) = u(z*).

The Kelvin transform K is its own inverse, ie [K[u]] = u for every function u defined on
Q2 C R™\{0}, the Kelvin transform K is linear, the Kelvin transform preserves uniform

49
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convergence on compact sets, the Kelvin transform of every harmonic function is har-
monic, if p,, is homogeneous polynomial on R™ of degree m, then K[p,,] = |z]|> 2™ p,,.

Theorem 39. (Laurent series theorem of harmonic function in R? [}]). As-
sume that A is an annular region in R%. If u is harmonic function on A, then there
exist unique homogeneous harmonic polynomials pm, and g, of degree m such that

u(z) = Z Pm () + qo log |z| + Z [o2m
m=0 m=1

on A . The convergence is absolute and uniform on compact subsets of A .

Proof. Let A =: {z € R?:r < || < R}, with 0 <7 < co and 0 < R < co. By the
decomposition theorem u has unique written in the form v = v+ w, where v is harmonic
on RB and w is harmonic on (R?U {oo})\rB. Since v is harmonic on the ball RB, then
by Corollary 9 u has a unique homogeneous expansion of the form

v(x) = Z Pm(T) (3.1)
m=0

on RB, where p,, are homogeneous harmonic polynomials of degree m, and this series
converges absolutely and uniformly on compact subsets of A. Since w is harmonic, then
The Kelvin transform of K[w] is harmonic on the ball 7~! B, and hence then by Corollary
(9) there are homogeneous harmonic polynomials ¢,, of degree m such that

Klwl(@) = Y am(@)
m=0

on r~'B. Taking the Kelvin transform to both sides of this equation, and then applying
properties of the Kelvin transform we get

wle) = mlogle] + Y- 427) (3.2
m=1

on R2\rB, and this series converges absolutely and uniformly on compact subsets of
A. Now by combining the series expansions (3.1) and (3.2) we obtain that the desired
Laurent series unique expansion for u on A, and this expansion converges absolutely
and uniformly on compact subsets of A. O

Corollary 22. Assume that Q C R?, and a € Q. If u is harmonic function on Q\{a},
then there exist unique homogeneous harmonic polynomials p,, and g, of degree m such
that

. gm(z —a)

3.3
|z — al?™ (3.3)

u(x) = Z pm(x —a) + qolog |z — a| +

m=0 m=1
for x in a deleted neighborhood of a.

Since the Theorem 38 takes a different form in case n > 2, thus the Laurent series
expansion for harmonic function in that case takes another form which is given by the
next theorem.
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Theorem 40. (Laurent series theorem of harmonic function in R",n > 2).
Assume that A is an annular region in R™ n > 2. If u is harmonic function on A, then
there exist unique homogeneous harmonic polynomials p,, and q., of degree m such that

o0
= me Z 2 + 2
m=0 |3§‘| e

on A. The convergence is absolute and uniform on compact subsets of A.

Corollary 23. Assume that 2 C R™",n > 2, and a € Q . If u is harmonic function on
Q\{a}, then there exist unique homogeneous harmonic polynomials p,, and q, of degree
m such that

x
gm(x —a
= E pm( E: ma‘2m+n 2 (3'4)
m=0

for x in a deleted neighborhood of a.

The above expression (3.4) is called Laurent series expansion of u at a, and the function
gm(z — a)
Z o~ apen (35)

is called the principal part of Laurent series of u at a. Also (see (3.3)) the principal part
of Laurent series of u at a € R? is

x—a)

I
w(z) = qolog|z — a| + Z |x(a|2m (3.6)
m=1

3.1.2 Isolated singularities of harmonic functions in 2 C R"

A set Q C R"U{o0o} is open if it is an open subset of R™ or = {oco} U(R™\K), where K
is a compact subset of R". We call a point a € (2 an isolated singularity of any function
u defined on Q\{a}. When u is harmonic on Q\{a}, the isolated singularity a is said to
be removable if v has a harmonic extension to €.

We say that u has a removable singularity at a if each term in the principal part (3.5)
is zero; u has a pole at a if the principal part is a finite sum of nonzero terms; u has
an essential singularity at a if the principal part has infinitely many nonzero terms. If
a € R", n > 2 is a pole of u, then we say that the pole a of order k + n — 2 if there is a
largest positive integer k such that g, # 0. We call a pole of order n — 2 a fundamental
pole (because the principal part is then a multiple of the fundamental solution). when
n = 2, we say that the pole a € R? has order k if ¢;, # 0,we say that u has a fundamental
pole at a if the principal part is a nonzero multiple of log |x| .

Theorem 41. ([4/Theorem 10.5.) If w is harmonic with an isolated singularity at
a € R",n > 2, then u has
(i)a removable singularity at a if and only if

. o n—2 —0-
T [ — a]"2Ju(x) = 0;
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(ii)a pole at a of order k +n — 2 if and only if
0 < lim sup |z — a/**"2|u(z)| < oo,

Tr—a
(iii)an essential singularity at a if and only if

. N .

lim sup |z — a|” |u(z)| = 0o

Tr—a
for every positive integer N.

Proof. To prove (i1), first suppose that u has a pole at a of order k+ n — 2. since g, is
homogeneous for every m, then we have

lim sup |z — /""" 2|u(z)| = sup |gm)-
T—a S

But 0 < sup|gm| < oo which completes the proof one direction of (ii). Conversely,
S

suppose 0 < lii)n sup |z — a|/**t"2|ju(x)| < oo, then for small » > 0 and & € S, we get
r—a

‘ a+7“§ ‘ _ ‘ Z 7“2 n— 2m Tf)‘ anfkcv7

where C' < oo is a constant. Let j be an integer with j > k, then by the orthogonality
of spherical harmonics of different degree we have

2 |Qj(f)|2d0(f)§i7"4_2n_2m |gm (&)|*dor(€)
/ ]

= / lw(a + fr’f)|2d0(€) < pid2n=2k 02,

Letting r — 0, we get fS \quda = 0, which implies that g; = 0. Thus u has a pole at a
of order at most k + n — 2. Since lim, 4 sup |z — a/**"~2|u(z)| > 0, then the order of
the pole is at least kK +n — 2.

To prove (#i4), first suppose that lim,_, sup |z —a|™ |u(z)| = oo for every positive integer
N. By (i), and (%), u can have neither a removable singularity nor a pole at a, and thus
u has an essential singularity at a. Conversely, suppose there is a positive integer IV such
that lim,_,, sup |z — a|V|u(x)| < co. By the argument used in proving (i), this implies
that ¢; = 0 for all sufficiently large j. Thus u does not have an essential singularity at
a. O

Theorem 42. If u is harmonic with an isolated singularity at a € R2, then u has
(i)a removable singularity at a if and only if

)]

a—aloglz —al

(ii)a fundamental pole at a if and only if




SHKHEAM 93

(iii)a pole at a of order k if and only if
0 < lim sup |z — a|¥|u(z)| < oo,
Tr—a
(iv)an essential singularity at a if and only if
lim sup |z — a|N|u(z)| = oo,
Tr—a

for every positive integer N.

Remark 11. The real-valued harmonic function may have an isolated(non-removable)
singularity; for example, uw(x) = |z|>~™,n > 2 has an isolated singularity at 0. But a
real-valued harmonic function cannot have isolated zeros. In fact if u is a real-valued
harmonic function defined on a domain Q, and u(a) = 0 where a € Q, then the mean
value property over S(a,r) and continuity of u imply that uw must vanish at least once on
S(a,r) whenever B(a,r) C Q. consequently, the zeros of real-valued harmonic function
are never isolated. It is also not true that analytic functions of several complex variables
have isolated zeros. For a number of years, these difficulties thwarted efforts to extend
these ideas to higher dimensions.

3.1.3 Harmonic conjugate of harmonic functions in finitely connected
domains Q) C C

We say that a domain (open connected) Q C R? is finitely connected if R?\(2 has finitely
many bounded components. The domain (2 is simply connected if R?\(2 has no bounded
components. Recall that a real-valued harmonic function on simply connected 2 always
has a harmonic conjugate.

The following theorem shows that a real-valued harmonic function on a finitely connected
domain has a harmonic conjugate provided that some logarithmic terms are subtracted.

Theorem 43. (Logarithmic Conjugation Theorem). Suppose that a domain 2 C
R? is a finitely connected domain. Let Q,,, m = 1,...,k be the bounded components of
R2\Q, and let ay, € U, for m = 1,....k. If u is real valued and harmonic on ), then
there exist function f holomorphic on Q and b,, € R, m =1, ...,k such that

k
u(z) = Ref(z) + Z b log |z — ap)

m=1
for all z € Q.

Any function harmonic in an annulus r¢y < |z| < r1 can be written in the form

u(z) =a+blog|z| + Z (emz™ + c_mz™). (3.7)

m=—0Q

Theorem 44. (Harmonic Classification Theorem). If u is real valued and har-
monic on the annulus A =: {z € R? : g < |z| < 71}, then u has a series development of
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the form

(0.9]
u(re) = blogr + Z (emr™ + Cr ™) ei™?,

m=—00

The series converges absolutely for each re’’ € A and uniformly on compact subsets of

A.

Proof. By the logarithmic conjugation Theorem 43 with Q = A, Q1 = {z € R? : |2] <
ro}, and a; = 0, there is function f holomorphic on A such that

u(z) = blog |z| + Ref(z).

The function f has a Laurent series expansion on A

This series converges absolutely and uniformly on compact subsets of A. Since

RIICEYC)

Replacing f with its Laurent series, we obtain

u(z) = blog |z| + io: 2™+ i Cm2™.

m=—0o0 m=—00

0

Setting z = re? we get desired. O

3.2 Bergman space *(Q2), Q = R"\Z"

3.2.1 Introduction

In this section we investigate harmonic Bergman spaces bP(£2), where = R™\Z". In
the planar case the analytic Bergman spaces on @ = C\(Z + iZ), namely BP(Q) were
studied in [5].
The presence of the logarithmic factor in Laurent series expansion of harmonic function
in R? makes a difference between analytic and harmonic case, see for example Proposi-
tion 16 below.

We set, for x € R", ||z[lc = maxi<j<n |z;]. Also, Q(z,1) = {w : |lw — 2| < 1/2}
denotes an open cube centered at x € R™ of side length [ > 0 and Q(z,[) = Q(z,1)\ {z}.

We start from some known facts.

Proposition 13. If f : R™ — C is a harmonic function, not identically equal to zero,
then f & bP(R™), p > 0. Moreover:

1/p
(/ 1f(y) !pdy) > CpnR"P|f(x)],  z€R™ (3.8)
B(z,R)
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Proof. Indeed, (3.8) follows from subharmonic behavior of | f|P for 0 < p < oo, see [43].
Therefore

1/p
(/n |f(y)|de> 2 Hm Copn| f(2)|R™P = +00

whenever f(z) # 0 for some z € R™. O

It is a standard fact that for f € bP(V), V C R™, 0 < p < 400 we have

|f(z)| < Cpn Hf‘);’, where 7 =d(z,V°). (3.9)
,r.n
In fact, using (3.8), we get
[f (@) < L / [flPdm < Cppr™" | I}
T rTwn B(z,r) B * P

and (3.9) easily follows. Note that the this allows one to conclude that convergence in
bP(V') implies locally uniform convergence on V.

There is an alternative, but equivalent way to expand u € h(V \ {a}), V C C, namely
to use analytic and conjugate analytic functions. We assume, for simplicity, that a = 0.
Then we have

u(z) =ag+bologlz| + > (en2" +dnz"),  0< |z < (3.10)
n#0

Note that ag = ag(u), bp = bo(u), ¢, = cp(u) and dy, = dy,(u).

Proposition 14. The functionals ag, bo, ¢, and d,, n # 0, are continuous on the
Frechet space h(V'), V! =V \ {0}.

Proof. Using
1 ou :
bo(u) = — —ds, 0 < p < dist(0,0V), (3.11)
2w C, on
where C,, is the circle centered at 0 of radius p, we conclude, using continuity of deriva-
tives on the space h(V’) that by is continuous on h(V’). Now we fix 0 < p; < p2 <

dist(0,0V). For any k # 0 we have

o (u) = 27T1p1 /Cp1 u(2)z "ds = cp(u) + py2*d_j(u) (3.12)
and
wel) = g [ ul(z)Fds = o) + d_i(w). (3.13)

Both ¢y and )y are continuous on h(V'), since (3.12) and (3.13) represent a system of
linear equations with determinant 1 — (p2/p1)* # 0 it follows immediately that ¢z and
dy. are continuous. The case of ag is left to the reader. ]

3.2.2 Inclusions between V¥ spaces on R"\Z"

We start with an auxiliary proposition.
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Proposition 15. Assume f € b?(V'), where V! = V\{a} for some a € V. C R™. Then
f(@) =o(lz—a|™?), z—a. (3.14)

In particular, a is either a removable singularity of f or a pole of order k < n/p. If
n >3 and p > -5, then a is a removable singularity.

Proof. Applying (3.9) to V = B(x, |x — a|) one gets (3.14) and that suffices in view of
the above classification of isolated singularities. O

Combining the last proposition and Proposition 13 we obtain the following;:
Corollary 24. If f € b*(Q2), p > 5 and n > 3, then f is identically zero.

Our first result demonstrates a basic difference between harmonic and analytic Bergman
spaces on €2 in the planar case BP(§2) = {0} for p > 2, see [5]. However we have Propo-
sition 16 which shows difference between harmonic and analytic case.

We are going to use Lagrange’s theorem. Let a, b be distinct points in R, and we defined
a (closed) segment as Sfa,b] = {z(t) = (1 —t)a+tb: 0 <t < 1}. The Lagrange mean
value theorem stated as follows: let u : 2 C R™ — R be defined and continuous at any
point of S[a, b], and differentiable at any point of S[a, b] with the (possible) exception of
the endpoints a and b. Then there exists a £ € S[a, b] different from a, b such that

u(b) — u(a) = Vu(§).(b — a). (3.15)

Proposition 16. If n =2, then b?(Q) # {0} for 0 < p < oc.

Proof. For 0 < p < 2, the analytic Bergman space BP(2) # {0}, where Q = C\(Z + iZ)
see [5]. In fact if P(z),Q(z) are relatively prime polynomials, z € C, and R(z) =
P(z)/Q(z) is a (nontrivial) rational function, then by asymptotic relations R(z) ~
|z|degP=deg@ 12| — 400 and R(z) ~ |z —a|™, 2 — a € (Z + iZ), where k is the
order of zero a of Q). Hence we conclude the zeroes of @ belong to the lattice (Z + iZ),
deg@ — degP > 2/p and each zero of @) has order k < 2/p which implies that R(z) €
BP(Q). Finally, using the fact BP(Q) C bP(Q).

For p = 2, the function u(z) = log|z — 1| — 2log|z| + log|z + 1| is harmonic in © and,
by Lagrange’s theorem 3.15, |u(z)| = O(]z|72) as z — oo. Therefore u € b*(Q).

For 2 < p < oo, similarly, u(z) = log |z + 1| — log|z| is harmonic in €2 and, by Lagrange’s
theorem 3.15, |u(z)| = O(|z|~1). Therefore u € bP(2) for 2 < p < co. O

Lemma 13. Let k € N and n/(k+ 1) < ¢ < p < n/k. Then there is a constant
C = Cpqgn such that

el (3a)) < Cllullyaasrzy — for every uweb!(Q(a,3/2)), aeZ®

Proof. This lemma states that the restriction operator R : b4(Q(a,3/2)) — bP(Q(a, 1))

given by Ru = U|Q(a ) is continuous. Since both spaces b9(Q(a,3/2)) and b*(Q(a, 1)) are

complete it suffices, by the closed graph theorem, to prove that R maps b%(Q(a,3/2))

into bP(Q(a,1)). Let u € b?(Q(a,3/2)). Since ¢ > n/(k+ 1) Proposition 15 implies that
the order of pole of u at a is at most k. Therefore, |u(2)[P = O(|a— z|7*P) where kp < n.

Hence |ulP is integrable in a neighborhood of a and that implies u € b?(Q(a, 1)). O
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The main result of this section is the following result.
Theorem 45. Ifn/(k+1) <g<p<n/k (k=1,2,...), then b1(Q) C bP().

Proof. Set Q, = Q(w, 1) for w € Z". Let u € b4(2). The poles of u have orders at most
k hence u(z) = O(|]z — w| %) as z — w. Therefore u|g, € LP(Q,,). Using Lemma 13 we
get

Hu||p—/ lulPdm = Z/ ufPdm < €y

wel wel

p/q
<C / |u|qdm>
< wlag (Z/ u\qczm) — /aC
wel

because p/q > 1 and almost every point in C lies in precisely 4 squares Q(w,3/2). O

p/q
</ u|qdm>
(w,3/2)

We note that the above proof can be used to prove Theorem 1 from [5], in fact it presents
a simplification of the proof given in [5].

3.2.3 Asymptotics at infinity of functions in ()

One might conjecture that on the set Q. = {z € C : d(z,Z") > ¢} we can control the
size of functions f € bP(f2), for example that we can prove f(z) = O(|z|~2/?), |z| — oo,
z € Q.. However, this is never true in general. The following theorem was proved in the
case 0 < p < 2 for analytic Bergman spaces BP(2) in [5], and the same method of proof
works in the present situation. We present this proof for reader’s convenience.

Theorem 46. Implication f € bP(Q2) = f(z) = O(]z|7%) as |z| = o0, z € Q does not
hold for any 0 < p < oo, a > 0,0 < e < 1/V/2.

Proof. Assume this implication holds for some 0 < p < 00, @ > 0 and 0 < € < 1/v/2.
One easily proves that

hea ={f € 1(Q) : | fllea = Sup |2|%[f ()] < 400}

is a Banach space. The restriction operator R : bP(€2) — h. o has closed graph because
convergence in both (quasi)-norms || - ||, and || - ||c,o implies pointwise convergence.
Hence R is bounded, that is || f|le,o < C||f|lp for all f € bP(Q2). Let us pick a non-trivial
f e bP(2). Then

[f(z0)l = [fn(z0 = )| < |20 = 0|~ fullea < Clzo = n|™[| fullp
= Clzo — 0| fl

for all n € N, 29 € Q¢ (fn, denotes a function f,(z) = f(z 4+ n)). This gives, as n — oo,
f(z0) =0, hence f(z) =0 on €, and therefore on 2 as well. Contradiction. O

Remark 12. The same proof works for a function ¢(|z|) instead of |z|~%, where ¢(r)
is strictly positive and lim, 1 ¢(r) = 0.
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