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Abstract
In this paper, we prove that if the positive part u+(z) of a harmonic function u(z) in a
half-plane satisfies a slowly growing condition, then its negative part u–(z) can also be
dominated by a similarly growing condition. Further, a solution of the Dirichlet
problem in a half-plane for a fast growing continuous boundary function is
constructed by the generalized Dirichlet integral with this boundary function.
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1 Introduction andmain theorem
Let R be the set of all real numbers and let C denote the complex plane with points z =
x+ iy, where x, y ∈ R. The boundary and closure of an open set� are denoted by ∂� and�,
respectively. The upper half-plane is the set C+ := {z = x + iy ∈ C : y > }, whose boundary
is ∂C+ = R.
We use the standard notations u+ = max{u, }, u– = –min{u, }, and [d] is the integer

part of the positive real number d. For positive functions h and h, we say that h � h if
h ≤Mh for some positive constantM.
Given a continuous function f in ∂C+, we say that h is a solution of the (classical)

Dirichlet problem inC+ with f , if�h =  inC+ and limz∈C+,z→t h(z) = f (t) for every t ∈ ∂C+.
The classical Poisson kernel in C+ is defined by

P(z, t) =
y

π |z – t| ,

where z = x + iy ∈C+ and t ∈ R.
It is well known (see []) that the Poisson kernel P(z, t) is harmonic for z ∈ C – {t} and

has the expansion

P(z, t) =

π
Im

∞∑
k=

zk

tk+
,

which converges for |z| < |t|. We define a modified Cauchy kernel of z ∈C+ by

Cm(z, t) =

{

π


t–z when |t| ≤ ,


π


t–z –


π

∑m
k=

zk
tk+ when |t| > ,

wherem is a nonnegative integer.

©2014Zhao and Yamada Jr.; licensee Springer. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction
in any medium, provided the original work is properly cited.

http://www.journalofinequalitiesandapplications.com/content/2014/1/497
mailto:yamadaayu71@yahoo.com
http://creativecommons.org/licenses/by/2.0


Zhao and Yamada Jr. Journal of Inequalities and Applications 2014, 2014:497 Page 2 of 10
http://www.journalofinequalitiesandapplications.com/content/2014/1/497

To solve the Dirichlet problem in C+, as in [], we use the modified Poisson kernel de-
fined by

Pm(z, t) = ImCm(z, t) =

{
P(z, t) when |t| ≤ ,
P(z, t) – 

π
Im

∑m
k=

zk
tk+ when |t| > .

We remark that the modified Poisson kernel Pm(z, t) is harmonic in C+. About modified
Poisson kernel in a cone, we refer readers to papers by I Miyamoto, H Yoshida, L Qiao and
GT Deng (e.g. see [–]).
Put

U(f )(z) =
∫ ∞

–∞
P(z, t)f (t)dt and Um(f )(z) =

∫ ∞

–∞
Pm(z, t)f (t)dt,

where f (t) is a continuous function in ∂C+.
For any positive real number α, We denote byAα the space of all measurable functions

f (x + iy) in C+ satisfying

∫∫
C+

y|f (x + iy)|
 + |x + iy|α+ dxdy < ∞ (.)

and by Bα the set of all measurable functions g(x) in ∂C+ such that

∫ ∞

–∞
|g(x)|
 + |x|α dx <∞. (.)

We also denote by Dα the set of all continuous functions u(x + iy) in C+, harmonic in C+

with u+(x + iy) ∈ Aα and u+(x) ∈ Bα .
About the solution of theDirichlet problemwith continuous data inC+, we refer readers

to the following result (see [, ]).

TheoremA Let u be a real-valued function harmonic inC+ and continuous inC+. If u(z) ∈
B, then there exists a constant d such that u(z) = dy +U(u)(z) for all z = x + iy ∈C+.

Inspired by Theorem A, we first prove the following.

Theorem  If α ≥  and u ∈Dα , then u ∈ Bα .

Then we are concerned with the growth property of Um(f )(z) at infinity in C+.

Theorem  If α – ≤m < α –  and f ∈Dα , then

lim|z|→∞,z∈C+
y|z|–αUm(f )(z) = . (.)

We say that u is of order λ if

λ = lim sup
r→∞

log(supH∩B(r) |u|)
log r

.

If λ <∞, then u is said to be of finite order. See Hayman-Kennedy [, Definition .].
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Our next aim is to give solutions of the Dirichlet problem for harmonic functions of
infinite order in C+. For this purpose, we define a nondecreasing and continuously differ-
entiable function ρ(R)≥  on the interval [, +∞). We assume further that

ε = lim sup
R→∞

ρ ′(R)R logR
ρ(R)

< . (.)

Remark For any ε ( < ε <  – ε), there exists a sufficiently large positive number R such
that r > R, by (.) we have

ρ(r) < ρ(e)(ln r)ε+ε .

Let E(ρ,β) be the set of continuous functions f in ∂C+ such that

∫ ∞

–∞
|f (t)|

 + |t|ρ(|t|)+β+ dt < ∞, (.)

where β is a positive real number.

Theorem  If f ∈ E(ρ,β), then the integral U[ρ(|t|)+β](f )(x) is a solution of the Dirichlet
problem in C+ with f .

The following result immediately follows fromTheorem  (the case α =m+) and The-
orem  (the case [ρ(|t|) + β] =m).

Corollary  If f is a continuous function in C+ satisfying

∫ ∞

–∞
|f (t)|

 + |t|m+ dt < ∞,

then Um(f )(z) is a solution of the Dirichlet problem in C+ with f satisfying

lim|z|→∞,z∈C+
|z|–m–Um(f )(z) = .

For harmonic functions of finite order in C+, we have the following integral representa-
tions.

Corollary  Let u ∈Dα (α ≥ ) and let m be an integer such that m +  < α ≤m + .
(I) If α = , then U(u)(z) is a harmonic function in C+ and can be continuously

extended to C+ such that u(z′) =U(u)(z′) for z′ ∈ ∂C+. There exists a constant d
such that u(z) = dy +U(u)(z) for all z ∈C+.

(II) If α > , then Um(u)(z) is a harmonic function in C+ and can be continuously
extended to C+ such that u(z′) =Um(u)(z′) for z′ ∈ ∂C+. There exists a harmonic
polynomial Qm(u)(z) of degree at mostm –  which vanishes in ∂C+ such that
u(z) =Um(u)(z) +Qm(u)(z) for all z ∈C+.

Finally, we prove the following.
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Theorem  Let u be a real-valued function harmonic in C+ and continuous in C+. If u ∈
E(ρ,β), then we have

u(z) =U[ρ(|t|)+β](u)(z) + Im�(z)

for all z ∈ C+, where �(z) is an entire function in C+ and vanishes continuously in ∂C+.

2 Main lemmas
The Carleman formula refers to holomorphic functions in C+ (see [, ]).

Lemma  If R >  and u(z) (z = x+ iy) is a harmonic function inC+ with continuous bound-
ary in ∂C+, then we have

m–(R) +

π

∫ R



(

x

–

R

)
g–(x)dx

=m+(R) +

π

∫ R



(

x

–

R

)
g+(x)dx – d –

d
R ,

where

m±(R) =


πR

∫ π


u±(

Reiθ
)
sin θ dθ , g±(x) = u±(x) + u±(–x),

d =

π

∫ π



(
u
(
Reiθ

)
+

∂u(Reiθ )
∂n

)
sin θ dθ

and

d =

π

∫ π



(
u
(
Reiθ

)
–

∂u(Reiθ )
∂n

)
sin θ dθ .

Lemma  For any z = x + iy ∈C+, |z| > , and t ∈ R, we have

∣∣Cm(z, t)
∣∣� y–|z|m+|t|–m–, (.)

where  < |t| ≤ |z|,
∣∣Cm(z, t)

∣∣� |z|m+|t|–m–, (.)

where |t| >max{, |z|},
∣∣Cm(z, t)

∣∣� y–, (.)

where |t| ≤ .

Proof If t ∈ R and  < |t| ≤ |z|, we have |t – z| ≥ y, which gives

∣∣Cm(z, t)
∣∣ = 

π

∣∣∣∣ 
t – z

–
 – ( zt )

m+

t – z

∣∣∣∣ = 
π

| zt |m+

|t – z| �
|z|m+

y|t|m+ .
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If |t| >max{, |z|}, we obtain

∣∣Cm(z, t)
∣∣ = 

π

∣∣∣∣∣
∞∑

k=m+

zk

tk+

∣∣∣∣∣�
∞∑

k=m+

|z|k
|t|k+ �

|z|m+

|t|m+ .

If t ∈ R and |t| ≤ , then we also have |t – z| ≥ y, which yields

∣∣Cm(z, t)
∣∣� y–.

Thus this lemma is proved. �

Lemma  (see [, Theorem ]) Let h(z) be a harmonic function in C+ such that h(z)
vanishes continuously in ∂C+. If

lim|z|→∞,z∈C+
|z|–m–h+(z) = ,

then h(z) = Qm(h)(z) in C+, where Qm(h) is a polynomial of (x, y) ∈ C+ of degree less than
m and even with respect to the variable y.

3 Proof of Theorem 1
We distinguish the following two cases.
Case . α = .
If R > , Lemma  gives

m–(R) +



∫
<x<R/

g–(x)
x

dx

�m–(R) +
∫
<x<R

g–(x)
(


x

–

R

)
dx

�m+(R) +
∫
<x<R

g+(x)
x

dx + |d| + |d|. (.)

Since u ∈ C, we obtain
∫ ∞



m+(R)
R

dR �
∫∫

{z∈C+:|z|>}
y|f (x + iy)|
|x + iy| dxdy

�
∫∫

z∈C+

y|f (x + iy)|
 + |x + iy| dxdy

< ∞

from (.) and hence

lim inf
R→∞ m+(R) = . (.)

Then from (.), (.), and (.) we have

lim inf
R→∞

∫
<x<R/

g–(x)
x

dx <∞,
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which gives

∫ ∞



g–(x)
 + x

dx < ∞.

Thus u ∈ B from |u| = u+ + u–.
Case . α > .
Since u ∈ Cα , we see from (.) that

∫ ∞



m+(R)
Rα– dR �

∫∫
{z∈C+:|z|>}

y|f (x + iy)|
|x + iy|α+ dxdy

�
∫∫

z∈C+

y|f (x + iy)|
 + |x + iy|α+ dxdy

< ∞, (.)

and we see from (.) that

∫ ∞




Rα–

∫ R


g+(x)

(

x

–

R

)
dxdR

=
∫ ∞


g+(x)

∫ ∞

x


Rα–

(

x

–

R

)
dRdx

�
∫ ∞



g+(x)
xα

dx

< ∞. (.)

We have from (.), (.), and Lemma 

∫ ∞


g–(x)

∫ ∞

x


Rα–

(

x

–

R

)
dRdx

≤ π
∫ ∞



m+(R)
Rα– dR – π

∫ ∞




Rα–

(
d +

d
R

)
dR

+
∫ ∞




Rα–

∫ R


g+(x)

(

x

–

R

)
dxdR

< ∞.

Set

I(α) = lim
x→∞xα

∫ ∞

x


Rα–

(

x

–

R

)
dR.

We have

I(α) =


α(α – )

from the L’Hospital’s rule and hence we have

x–α �
∫ ∞

x


Rα–

(

x

–

R

)
dR.
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So
∫ ∞



g–(x)
xα

dx �
∫ ∞


g–(x)

∫ ∞

x


Rα–

(

x

–

R

)
dRdx

< ∞.

Then u ∈ Bα from |u| = u+ + u–. We complete the proof of Theorem .

4 Proof of Theorem 2
For any ε > , there exists Rε >  such that

∫
|t|≥Rε

|f (t)|
 + |t|α dt < ε (.)

from Theorem . For any fixed z ∈C+ and |z| > Rε , we write

Um(f )(x) =
∑
i=

Vi(x),

where

V(x) =
∫
≤|t|<

Pm(z, t)f (t)dt, V(x) =
∫
<|t|≤Rε

Pm(z, t)f (t)dt,

V(x) =
∫
Rε<|t|≤|z|

Pm(z, t)f (t)dt and V(x) =
∫

|t|>|z|
Pm(z, t)f (t)dt.

By (.), (.), (.), and (.), we have the following estimates:

∣∣V(z)
∣∣ � y–

∫
≤|t|<

∣∣f (t)∣∣dt
� y–, (.)

∣∣V(z)
∣∣� y–|z|m+

∫
<|t|≤Rε

|t|–m–∣∣f (t)∣∣dt
� Rα–m–

ε y–|z|m+
∫
<|t|≤Rε

|t|–α
∣∣f (y′)∣∣dx

� Rα–m–
ε y–|z|m+, (.)

∣∣V(z)
∣∣ � |z|m+y–

∫
Rε<|t|≤|z|

t–m–∣∣f (t)∣∣dt
� εy–|z|α , (.)

∣∣V(z)
∣∣ � |z|m+

∫
|t|>|z|

|t|–m–∣∣f (t)∣∣dt
� |z|α–

∫
|t|>|z|

|t|–α
∣∣f (t)∣∣dt

� ε|z|α–. (.)

Combining (.)-(.), (.) holds. Thus we complete the proof of Theorem .
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5 Proof of Theorem 3
Take a number r satisfying r > R, where R is a sufficiently large positive number. For any
ε ( < ε <  – ε), we have

ρ(r) < ρ(e)(ln r)(ε+ε)

from the remark, which shows that there exists a positive constant M(r) dependent only
on r such that

k–β/rρ(k+)+β+ ≤M(r) (.)

for any k > kr = [r] + .
For any z ∈C+ and |z| ≤ r, we have |t| ≥ |z| and

∞∑
k=kr

∫
k≤|t|<k+

|z|[ρ(|t|)+β]+

|t|[ρ(|t|)+β]+

∣∣f (t)∣∣dt

�
∞∑
k=kr

rρ(k+)+β+

kβ/

∫
k≤|t|<k+

|f (t)|
 + |t|ρ(|t|)+β/+ dt

�M(r)
∫

|t|≥kr

|f (t)|
 + |t|ρ(|t|)+β/+ dt

< ∞

from (.), (.), and (.). Thus U[ρ(|t|)+β](f )(z) is finite for any z ∈ C+. P[ρ(|t|)+β](z, t) is
a harmonic function of z ∈ C+ for any fixed t ∈ ∂C+. U[ρ(|t|)+β](f )(z) is also a harmonic
function of z ∈C+.
Now we shall prove the boundary behavior of U[ρ(|t|)+β](f )(z). For any fixed z′ ∈ ∂C+, we

can choose a number R such that R > |z′| + . We write

U[ρ(|t|)+β](f )(z) = X(z) – Y (z) + Z(z),

where

X(z) =
∫

|t|≤R
P(z, t)f (t)dt,

Y (z) = Im
[ρ(|t|)+β]∑

k=

∫
<|t|≤R

zk

π tk+
f (t)dt,

Z(z) =
∫

|t|>R
P[ρ(|t|+β)](z, t)f (t)dt.

SinceX(z) is the Poisson integral of f (t)χ[–R,R](t), it tends to f (z′) as z → z′. Clearly, Y (z)
vanishes in ∂C+. Further, Z(z) = O(y), which tends to zero as z → z′. Thus the function
U[ρ(|t|)+β](f )(z) can be continuously extended to C+ such thatU[ρ(|t|)+β](f )(z′) = f (z′) for any
z′ ∈ ∂C+. Then Theorem  is proved.
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6 Proof of Corollary 2
We prove (II). Consider the function u(z)–Um(u)(z). Then it follows fromCorollary  that
this is harmonic in C+ and vanishes continuously in ∂C+. Since

 ≤ (
u(z) –Um(u)(z)

)+ ≤ u+(z) +Um(u)–(z) (.)

for any z ∈C+ and

lim inf|z|→∞ |z|–m–u+(z) =  (.)

from (.), for every z ∈ C+ we have

u(z) =Um(u)(z) +Qm(u)(z)

from (.), (.), Corollary , and Lemma , where Qm(u) is a polynomial in C+ of degree
at mostm –  and even with respect to the variable y. From this we evidently obtain (II).
If u ∈ C, then u ∈ Cα for α > . (II) shows that there exists a constant d such that

u(z) = dy +U(u)(z).

Put

d = d –

π

∫
t≥

f (t)
|t| dt.

It immediately follows that u(z) = dy + U(u)(z) for every z = x + iy ∈ C+, which is the
conclusion of (I). Thus we complete the proof of Corollary .

7 Proof of Theorem 4
Consider the function u(z)–U[ρ(|t|)+β](u)(z), which is harmonic inC+, can be continuously
extended to C+ and vanishes in ∂C+.
The Schwarz reflection principle [, p.] applied to u(z) –U[ρ(|t|)+β](u)(z) shows that

there exists a harmonic function �(z) in C+ satisfying �(z) = �(z) such that Im�(z) =
u(z) –U[ρ(|t|)+β](u)(z) for z ∈C+. Thus u(z) =U[ρ(|t|)+β](u)(z) + Im�(z) for all z ∈C+, where
�(z) is an entire function in C+ and vanishes continuously in ∂C+. Thus we complete the
proof of Theorem .
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