VYKpalHChKUil MATEMATUIHUN BiICHUK
Tom 19 (2022), Ne 3, 434 — 443 M

https://doi.org/10.32782/1810-3200-2022-19-3-9

Taylor series of biharmonic Poisson integral for
upper half plane

ARSEN M. SHUTOVSKYI, VASYL YE. SAKHNYUK

(Presented by O. Douvgoshey)

Abstract. The fourth order partial differential equation for the bi-
harmonic Poisson integral is presented in the case of the upper half
plane (y > 0). To solve this equation, the two boundary conditions
must be taken into account. The boundary value problem is solved
by a way to transform the presented boundary value problem for the
biharmonic Poisson integral into the two boundary value problems for
the two-dimensional functions A (q,y) and B (q,y). After that, the bi-
harmonic Poisson integral for the upper half plane is obtained. It was
found that the derived Taylor series of biharmonic Poisson integral for
the upper half plane contains the remainder in the integral form.
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1. Introduction

The properties of the biharmonic Poisson integral for the unit disk
were first studied in the paper [1]. The further investigations were per-
formed in the papers [2-10]. It is significant to note that the properties
of the biharmonic Poisson integral can also be studied in the case of the
upper half plane [11,12].

In our theoretical investigation, we are going to derive the Taylor
series of the biharmonic Poisson integral for the upper half plane. Let a
two-dimensional function U (z,y) be a general solution to the following
boundary value problem:

V?(V?U) =0, limU (z,y) = f(z), lm U (x,y) =g(x). (1.1)
y—0 y—0 Y
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In the formula (1.1), the functions f (z) and g (x) are the bounded

uniformly continuous functions for z € R. The formula (1.1) contains

0? 0?

the Laplacian V? = 922 + 8—y2

important to note that y > 0, because we are going to solve the boundary
value problem (1.1) for the upper half plane.

in the two-dimensional case. It is also

The presented boundary value problem (1.1) can be solved by a way
to introduce the new variables z =  + ¢y and zZ = x — 4y. This enables

0? 0?
one to represent the Laplacian V? = —— + —— via the second order
0x?  0y?
2

partial derivative ——— [13-15].
Z0z

In this paper, the problem will be solved by a way to apply the integral

representation

—+00

+oo
1 O
Ulw,y) =5 / /A(q,y) @) g & f (2') da’ +

—00 —o0
1 +oo +oo
+ or / B(q,y) €1 *)dg b g (') dz’ (1.2)
T
—00 —00

that can enable one to transform the boundary value problem (1.1) for a
two-dimensional function U (z,y) into the boundary value problems for
the functions A (¢,y) and B(q,y).

The boundary value problem for a function A (g, y) is the following:

0*Alq, 9?Alq,
(qy)_2qz (qy)+q4A(q7y):07

oy* Oy?
lim A (q,y) = 1,
y—0
. OA(q,y)

The boundary value problem for a function B(q,y) is the following:

64‘8 (Q>y) 2828 (qu) 4
_ 92l 2\ ) -
oy L +4¢"B(q,y) =0,
lim B (q,y) =0,
y—0

. 0B(qy) _
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2. Closed form solution

The solutions to the boundary value problems (1.3) and (1.4) are
presented by the following expressions:

A(q.y) =1 +yla) e, B(gy) =ye ¥l (2.1)

After that, the obtained solutions (2.1) to the boundary value prob-
lems (1.3) and (1.4) must be used with the aim to evaluate the integrals of
the two functions A (g,y) ¢“=*) and B(q,y) e 4®=*) over the interval
—00 < q < +4oo. Substituting the obtained results into the integral
representation (1.2) of a two-dimensional function U (z,y), we can derive
a closed form solution

23—1—00 N dz' 2—|—oo " dx'
U(ry) = 2 f(2))da +g/ g (2')dz
B O AR ) S Gt S
— 0o o

to the boundary value problem (1.1). The obtained result is a sum of the
two integrals that contain the delta-shaped kernels [16-19]. Taking into
account the substitution 2’ = t +z, the integral (2.2) can be transformed
into the integral

(2.2)

U (x ft—l—:c dt _/ g(t+x) dt‘

2.3
(2 + y2)° 2 +y? 23

The integral (2.3) is called the biharmonic Poisson integral for the
upper half plane. It is also important to note that the integral (2.3) can
be transformed into the integral

fx+t+fu—w

U(z dt +
(t2 4 y2)?
2
y glx+t)+g(xz—1t)
— dt 2.4
+7T / t2—|—y2 ( )

0
that contains the integrals on the semiaxis ¢ > 0.
3. Taylor’s theorem

Let us now prove that the biharmonic Poisson integral (2.4) can be
considered to be a Taylor series with the remainder in the integral form.
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Theorem 3.1. Let a function f(z) be a triple differentiable function
at the point © € R. Let a function g (x) be a differentiable function at
the point x € R. If the derivatives of the functions f (x) and g(x) are
the bounded uniformly continuous functions at the point x € R, then
the biharmonic Poisson integral (2.4) for the upper half plane can be
transformed into the Taylor series expansion

*f(x) y*
dz? 2

+ +/OO{IC (t—x,y) dBC‘ZngT) +L(T—x,y) dg (7) } dr —

U(z,y)=f(2)+g@)y+

dr

T

_/{IC(J:—T,y) d3jTgT)+L(x—T,y) dgd(:)}df (3.1)

—0o0
with the integral form of the remainder that contains the notations for
the integral kernels

+0o0

3 2
Ko =L [ LA g
T ) (24 y?)
1 9 o (T A
=5 {()\ + %) (5 — arctan §> — )\y} (3.2)
and
2 1 dt y [ A
_¥ _J(Z_ z
L(N\y) = - / - <2 arctan y) . (3.3)

Proof. The theorem can be proved by a way to apply the following Taylor
series expansions:

T+t

2 T

fat)=1@+ @t/ @5+ [(@rt-nPr T,
a:-l—td :

g(:v—i—t):g(m)—l—/ gdg_T)dT,

2 7 -
fa—=f@-r@it @5~ [ @t-1 "7,
gle—0)=g@) - [ Lar (34
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The Taylor series expansions (3.4) must be substituted into the bi-
harmonic Poisson integral (2.4) for the upper half plane. As a result, we
need to evaluate the integrals

+
/”f<x+t>+f<5:—t>dt:wf<§>+7rf"<a:>+
(2 +y?) 2y 4y
1+<>o J T+t
t 2 e
+—/7/($+t—7') 7 (r)dr —
2. (2 4y
—1/ /a:—t—T () dr (3.5)
2 t2+y (2 + y2)?
—t
and
Toa+t)+g@—1 @ [ dt fdg(r)
g\xr g\r — T™g\xr g\T
dt = dr —
/ t? +y? y +/t2+y2/ ar
0 0 T
Toa Fdg(n)
g\T
/ R / 1D g (3.6)
0 x—t

The double integrals of the formulas (3.5) and (3.6) must be transfor-
med by a way to change the order of integration. So, we can obtain the

results
. 7
f @) +f(a: t)dt:wf(;c)+7rf (@) |
(t2 4 y2)? 2y 4y
N T g
+—/ f(T)dT/7(+$_Tg dt —
2/ dr (2 +y?)
xr T—X
U TP T (b —a)?
_ —/ dT/72dt (3.7)
2J dr (2 +42)
and
Tt rg@—1 ()  [dg(r) [t
g X g xr — 7Tg X g T
dt = d
/ 2 492 Yy +/ dr T/t2+y2
0 x T—x
Fdg(ry [ dt
g T
/ AT 4 / TS (3.8)

— 00 T—T
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After that, we need to substitute the obtained results for the integrals
(3.7) and (3.8) into the biharmonic Poisson integral (2.4) for the upper
half plane. Taking into account the notations (3.2) and (3.3), we obtain
the Taylor series expansion (3.1). The theorem is proved. O
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Figure 1: The dependencies of the integral kernels on A for various values
of the parameter y.

The contributions of the integral terms to the values of the biharmo-
nic Poisson integral U (z,y) are significantly determined by the integral
kernels K (A, y) and £ (A, y). The dependencies of these kernels on the
variables A and y are presented on the figures (1) and (2). The analysis of
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Figure 2: The dependencies of the integral kernels on y for various values
of the parameter .

the figure (2) shows that the dependencies of the integral kernels on the
variable y for the constant values of the parameter A are the increasing
functions. This means that the dependencies of the integral terms in the
formula (3.1) are also increasing functions. Moreover, the increasing rate
of the integral kernels K (\,y) and £ ()\,y) depends on \: the integral
kernels increase more slowly for the larger values of the parameter \. It
is also important to note that the increase of the integral kernel K is one
order of magnitude faster than the increase of the integral kernel L. It is
significant to note that the2 asymptotic results in the case A = 0 can also
be presented: K (0,y) = yz and £(0,y) = %

It is significant to note that an interesting conclusion can be made
considering the figure (1) that presents the dependencies of the integral
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kernels on the variable A = |z — 7|. In fact, the variable A characterizes
the proximity of the variable x to the variable 7. We can see that the
values of the integral kernels decrease rapidly for the larger values of
the parameter A\. This means that the main contribution to the integral
terms in the formula (3.1) can be obtained for the values of the integration
variable 7 that are close to x. Moreover, this is more tangible for small
values of the parameter y. The value range of the integration variable 7
with a prominent contribution to the integral terms is more extensive for
the larger values of the parameter y.

Conclusion

In our theoretical investigation, the boundary value problem (1.1) is
solved for the upper half plane (y > 0). It was found that a general so-
lution of the boundary value problem (1.1) can be represented by the
double integral (1.2). As a result, the presented boundary value prob-
lem (1.1) is replaced by the boundary value problems (1.3) and (1.4)
for the two-dimensional functions A (q,y) and B (q,y). The solutions of
the above-mentioned boundary value problems are presented by the for-
mula (2.1). The two-dimensional functions (2.1) are substituted into the
double integral (1.2). As a result, the closed form solution (2.3) to the
boundary value problem (1.1) is obtained.

To derive the Taylor series of biharmonic Poisson integral for the
upper half plane, the closed form solution (2.3) is replaced by the closed
form solution (2.4) that contains the integrals on the semiaxis ¢t > 0.
It was found that the Taylor series expansions (3.4) can enable one to
transform the closed form solution (2.4) into the Taylor series (3.1) that
contains the remainder in the integral form.
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