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REGULAR SELF-ADJOINT PROBLEMS FOR THE LAPLACE EQUATION

The construction of solutions of regular boundary value problems for the Laplace equation
has great theoretical and applied significance. Therefore, it is an urgent problem, and numerous
studies have been devoted to this problem. Unlike other researches, in the work of T.Sh. Kalmenov,
when performing a priori estimates for solving correctly solvable problems, using Riesz’s theorem
for a Hilbert space with a scalar product with a parameter, the potential of a simple layer
was transformed into an integral operator over the domain, depending on the right-hand side.
Using this, integral representations of solutions of coercively solvable problems were constructed,
including criteria for their boundary value. In this paper, Green’s functions of self-adjoint problems
are explicitly obtained through the fundamental solution of the Laplace equation.

Keywords: Green function, boundary value problems, Laplace equation, integral representations,
self-adjoint problems.
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1 Introduction

The theory of boundary value problems for elliptic equations occupies a central place
in modern analysis and mathematical physics. In particular, the Laplace equation is one
of the fundamental models in the study of potential theory, spectral theory, and the
qualitative analysis of partial differential equations. The construction of solutions to regular
boundary value problems for the Laplace equation is therefore of both theoretical and applied
importance.

An important role in the analysis of boundary value problems for the Laplace equation
is played by potential theory and Green functions. Green functions provide integral
representations of solutions and allow one to describe the influence of boundary conditions
explicitly.

In particular, coercively solvable problems for the Laplace equation were studied in [1],
where integral representations of solutions were obtained by using a priori estimates and the
Riesz representation theorem in a Hilbert space with a parameter-dependent scalar product. A
method for constructing the Green function of the Dirichlet problem for the Laplace equation
was proposed in [2]. In [3], a method for transforming the double layer potential into a volume
potential was developed and applied to the description of coercive problems for the Laplace
equation.

The general theory of elliptic boundary value problems has its roots in classical
works devoted to generalized boundary conditions and operator methods. Some simple
generalizations of linear elliptic boundary value problems were considered in [4]. General
boundary value problems for elliptic differential equations were studied in [5]. Questions
concerning extensions and restrictions of operators were investigated in |6]. A criterion for the
boundaryness of integral operators was obtained in [7], and spectral questions related to the
volume potential were studied in [8]. Eigenfunctions of the Laplacian and their applications
to data analysis and representation on general domains were considered in [9].

Boundary value problems for partial differential equations are closely related not only
to elliptic equations, but also to hyperbolic, parabolic, and nonlocal problems. Initial-
boundary value problems for the wave equation were investigated in [10]. Nonlocal boundary
value problems for the multidimensional heat equation in noncylindrical domains were
studied in [11]. The Sommerfeld problem and inverse problems for the Helmholtz equation
were considered in [12]. Solvability questions for the mixed Cauchy problem for the
multidimensional Gellerstedt equation were analyzed in [13].

Potential theory and integral operators also play an essential role in the study of
qualitative properties of solutions. Isoperimetric inequalities for the heat potential operator
were obtained in [14]. A method for solving ill-posed nonlocal problems for elliptic equations
with data on the whole boundary was proposed in [15]. The overdetermined Cauchy problem
for the hyperbolic Gellerstedt equation was studied in [16]. A representation of the solution
of the Dirichlet problem for the Laplace equation in the form of a generalized convolution
was obtained in [17].

Inverse and abstract Cauchy problems form another closely related direction.
Multidimensional inverse Cauchy problems for evolution equations were investigated in [18],
while inverse abstract Cauchy problems were studied in [19]. Explicit formulas for Green
functions are also important in concrete boundary value problems. In particular, an explicit
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form of the Green function of the Robin problem for the Laplace operator in a circle was
obtained in [20]. Green’s formula for integrodifferential operators was considered in [21].

Further developments include fractional elliptic problems and boundary value problems
with integral conditions. Lyapunov, Hartman-Wintner and De La Vallée Poussin-type
inequalities for fractional elliptic boundary value problems were studied in |22|. Lyapunov-
type inequalities for nonlinear fractional boundary value problems were obtained in [23|. The
Gellerstedt equation with integral perturbation in the Cauchy data was considered in [24].
Well-posed problems for the fractional Laplace equation with integral boundary conditions
were investigated in [25].

Operator-theoretic approaches to boundary value problems are also important for
understanding self-adjointness, correct extensions, and restrictions. The correctness of the
definition of the Laplace operator with delta-like potentials was studied in [26]. Hyponormal
and dissipative correct extensions and restrictions were investigated in [27]. Classical
foundations of equations of mathematical physics are presented in |28]. More recent works
include the study of the Klein-Gordon potential in characteristic coordinates [29] and
modified Cauchy problems with nonlocal boundary conditions for degenerate hyperbolic
equations [30]. Overdetermined problems for elliptic equations were considered in [31].

The present paper is devoted to regular self-adjoint problems for the Laplace equation.
The main purpose is to construct Green functions for these problems explicitly in terms
of the fundamental solution of the Laplace equation. This approach makes it possible to
obtain integral representations of solutions and to describe regular self-adjoint boundary
value problems through their corresponding Green kernels.

2 Main results

Let Q C R" is a simply connected finite domain with a smooth boundary, u(r) = Ly'f is
the Newtonian (volumetric) potential

u(z) = / () f(9)dy, (1)

Q

where e(x,y) is the main fundamental solution of the Laplace equation

_Ax€<x>y> = (S(Z',y), (2)

represented as

—stInlr—y|, n=2
N ®

)
o Dl > 2

Theorem 1 (1. Let for any f € Ly(Q) there is a solution u(x) € WZ(Q) of the equation
—Au = f, satisfying the inequality

[ullwz) < cllfllo, (4)
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then there are functions (&, y) € Wy'2 () N La() w pio(y) € La(S2) such that this solution
u(x) is given as an integral operator L™

u(e) = L' f = /( iy + [ [ e on&nrwisey+ [y ©)

Inversely, for any functions (&, y) € Wy > (0Q)N Ly () and po(y) € La(Q) there is a solution
u € W2(Q) of the equation —Au = f, given by formula (@ and satisfying the inequality

lellwzion < €Il (1+ ol + 1A )y 22y (6)

Here is a brief proof.
Proof. The general solution u(x) € W2(Q) of the equation —Au = f has the form

u= Ly f+u,(r) +uy, te u,(z)=u—Lyf— up, (7)

where ug is constant and

— [ [0 rwisea,

o Q

Ly f = /‘xy (y)dy € W(9),

1Ly fllo < eill fllo. (8)

Functions u, u ug are linearly independent, and since ug = const € WZ(), it follows that
u, € W3(€). Moreover, both u,, and u depend linearly and continuously on f, that is, there
exists po € Lo(€2) such that

uo = (po; o, [uollwz @) < llmollollflo- (9)
Taking into account and @, and from the inequality
lwallwz) < Cllfllo (10)
we conclude that u, € W(Q), by virtue of it follows that
Ml on) < lullwze) < cllfllo, (11)

which shows the linear and continuous dependence of p on f.
Using inequality (1)), based on Theorem 4.1 from [1], there exists a function V(&) a(§,y) €

W;/Q(aﬁ) N Lo (£2) such that

ma:/V@m@wﬂw@

Q
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and

up(x) = / c(2.) / V()€ y) f(y)dydSe. (12)

onN Q

||:u||W21/2(aQ) < ||V(€)ﬁ(€’y)||W21/2(8Q)r“|L2(Q)||f||07

HuMHWQQ(Q) < C4HV(5)IEL(£7y>HW21/2(6Q)mL2(Q)Hf”o' (13>
Based on [0 and [12] equality [7]is written as

u(z) = / (2, y) F(y)dy + / £(2,) / V(€)il€. v)  (y)dydSe + / o) f@)dy.  (14)

Q o0 Q Q

Considering the inequalities , @D, from we obtain the validity of the inequality
etz < 171l (14 1V EAE D2 0ynrae + ltollo) (15)

Since the core of the integral operator L™!, according to , is given by the formula

K(z,y) = e(,y)+ / (. E)V(ERE, y)dE +oly) = (., y)+ / V(€)e (e, E)i(€. y)dE+po(y).

o) o0
(16)
the kernel of the operator conjugate to L~! has the following form
K*(a,) = K(y.2) ==(0.2) + [ (0. OV(OR(E ) + palz). a7)

o0

Here fi(§, ) = V(£)e(&, z).
Thus proved

Theorem 2 Let L™ is a coercively self-adjoint operator. Then the Green’s function of
this operator is given by the formula:

G(z,y) =e(x,y) + /V(f)s(m,f)s(f,y}d&. (18)

9
Here V() is a linear operator in the spaces of the corresponding generalized functions.

Proof. The Green’s function K (z,y) of an arbitrary coercive solvable problem and its
adjoint problem are given by formulas —, respectively, therefore, by virtue of self-
adjointness, we have K(z,y) = K*(x,y), hence we have p(§,x) = (&, x) and po(x) =
to(y) = 0. Taking these equalities into account, we will make sure that

Gla.y) = K(a,y) = =(.9) + [ V(. el v)dSe.

o0
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Theorem 2 is proved.
Let us find the boundary condition of the self-adjoint operator

u(z) = / Gl y)(y) dy = / G, y)(— ) dy =

Q Q

- / (u(y)%(%y) _G(xay)%) d5y+/AyG($,y)U(y) dy. (19)

Y
o0 Q

Taking into account

(AyG(2,y), u(®)) 1) = (0(z = y), uly)) = ulz),

from we find the boundary conditions of the general self-adjoint problem:

[ (405 = Gl ) s, =o. (20
o0

Here
Glay) =<(e.) + [ V(Qela O=(€.) . 2

o0

The boundary condition is an analog of the boundary condition of a one-dimensional
problem:

iyM(x) = f(x),  y(0) = py(1),

where p is a complex number, |u| = 1, p*u = |u| = 1 gives all self-adjoint boundary
conditions for the equation 77! )= Lz e (0,1).
Define the operator V(&) as follows:
V(f) 8(1‘,5)‘906697 £€O0 = —6(1' - 5) (22)
Then the function
Glay) ==(r.9) + [ VIO =(w.€)=(€.v) S, (23)

oN

is the Green’s function of the Dirichlet problem.
Indeed, to do this, we will check the boundary condition for the function G(x,y) using
the method from |28]:

Gl09) o = D)+ [ VIO (. 8)] (6.1 S =

o0N
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= 5(%9)‘9;689 + /(V(£)7 €<x’£)‘m€89) e(6,y) dSg =

o0N

=&(2,9)| o0 — /(5@ — 0, el6y) dse =

o0

- 8(1’7 y)‘meaﬂ o 6(1:’ y)’meaﬂ =0.
Note that in [1] the operator V() is defined through the spectral decomposition of the

function 5(x,£)|x€m’ ccon

Using the methods of adjoint problems, the properties of the Newtonian potential and the
potential of the double layer, it is possible to obtain a representation of the Green function
of the Dirichlet problem, that is, the following is proved.

Theorem 3 The Green function of the Dirichlet problem in the domain of S is given by
the formula

G(SL’, y) = X*Gi(az y) - X+G+($, y)7 (24>
where
_ 0 _
6wy =clwn)+ [ e ey, we =0, (25)
+ 9 + n
GT(z,y) = | ——=ze(,8e(€y), v€Q" =R"\Q, (26)
here ai— is the derivative on the external normal to 02—, and % 1s the derivative on the
e e
normal to 00T,
1 €0
_ = 27
X {0 reQt 27)
1 ze€Qt
= 28
X+ {0 e (28)

Proof. By direct verification, we can verify that the function is the Green function
of the Dirichlet problem in the domain of €2, i.e.

—A,G(z,y) =0(x —y), €, (29)

Glreon = 0. (30)

Remark 1 Using the property of the function 6(x—&), where x € Q, & € 99, the Green’s
function G(x,y) of the Dirichlet problem can be represented in the form

Glz,y) = e(a,y) = (0(z =€), €(§,9)) La00): (31)
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3 Conclusion

In this paper, regular self-adjoint boundary value problems for the Laplace equation were
considered. Using the fundamental solution of the Laplace equation and the representation of
coercively solvable problems, an explicit form of the Green function for self-adjoint problems
was obtained.

The obtained representation makes it possible to describe regular self-adjoint boundary
value problems in terms of their Green functions and the corresponding boundary operators.
In particular, the boundary condition of the general self-adjoint problem was derived in
integral form. This condition reflects the symmetry of the Green function and gives a natural
characterization of the self-adjointness of the corresponding operator.

As an important special case, the Dirichlet problem for the Laplace equation was
considered. By choosing the operator V' (§) appropriately, the Green function of the Dirichlet
problem was recovered and its boundary condition was verified directly.
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