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Abstract

Using an appropriate fundamental solution, Dirichlet boundary value problem is reduced
to some direct Boundary Integral Equations (BIEs). Although the theory of BIEs in 3D
is well developed, the BIEs in 2D need a special consideration due to their different
equivalence properties. Consequently, we need to set conditions on the domain for
the invertibility of corresponding fundamental based integral layer potentials and hence
the unique solvability of BIEs. The properties of corresponding potential operators are
investigated. The equivalence of the original BVP and the obtained BIEs are analyzed
and the invertibility of the BIE operators is proved.
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Introduction

Many equations of physics are second-order PDEs e.g. wave equation, diffusion (heat)
equation, Helmholtz equation, equation of fluid-dynamics, Maxwell equations, Schrodinger
equation. These PDEs can describe a wide variety of phenomena such as sound, heat,
electrostatics, electrodynamics, fluid flow and elasticity.

There are various methods for solving BVPs for PDE analytically e.g. methods of
separation of variables, Fourier and Laplace transforms, integral transforms and variation
of parameters. However, many problems encountered in applications cannot be solved
using analytical methods. Therefore, it is necessary to resort to approximate solution
methods. Many methods have been developed for the numerical solution of partial
differential equations and amongst the commonly used are volume-discretization methods
e.g. finite difference method, finite volume method and finite element method.

Another numerical method that can give a comparable efficiency to volume-discretization
methods is the Boundary Element Method (BEM). In order to use the BEM, we need
to have representation formulas. Such representation formulas are well known for the
classical boundary value problems of mathematical physics, e.g. Green’s third identity
for potential theory, Betti’s formula for elasticity theory, and the Stratton-Chu formula
for electrodynamic (Costabel (1988b)).

Boundary integral equations are a classical tool for boundary value problems for partial
differential equations. Many boundary value problems of mathematical physics and
engineering can be reduced to integral equations over the boundary of the domain of
interest. Particularly, boundary integral equations are often used to solve numerically the
Dirichlet and Neumann problems and also the mixed boundary value problem (Dirichlet-Neumann).
One of the methods for the approximate numerical solution of these boundary integral
equations is called "boundary element method” (BEM). The approximate solution of the
boundary value problem obtained by using BEM has the distinguishing feature that it is
an exact solution of the differential equation in the domain and is parametrized by a finite
set of parameters living on the boundary. Thus, the problem dimensionality is reduced
by one which requires only a line mesh around the boundary of the domain in 2-D and
a surface mesh for 3-D geometries. This implies huge reduction in mesh generation efforts.

There are two approaches to derive BIEs of BVPs for PDE with constant coefficients. The
first integral formulation is often named as a direct method and the integral equations
are derived through the application of the second Greens identity. The second integral
formulation known as an indirect method is founded on single or double layer potentials.
The method of boundary integral equations has always had two important applications in
the theory of boundary value problems for partial differential equations: as a theoretical
tool for proving the existence of solutions and as a practical tool for the construction of
solutions.

The main part of this paper is divided into three chapters. In Chapter 1 and 2, we go
through some preliminary results concerning Laplace’s Equation, formulation of Fundamental
Solution, Poisson’s Equation, Divergence Theorem, Reciprocal relation, Green’s Identities



and Representation Formula. These results are supposed to help to get into the subject
and later on, also convince from the validity of some rather complicated proofs. In
Chapter 2, we discuss the main result of this thesis, which is the Analysis of Boundary
Integral Equations for constant coefficient (the case of Dirichlet boundary value problem
in 2D). First, we formulate the boundary value problem, construct the fundamental
solution and potential operators, then investigate the invertibility of these operators as
well as analyze the corresponding BIEs.



Chapter 1

Laplace’s Equation

1.1 Laplace’s Equation

The n-dimensional Laplace’s Equation:

Au=0 (1.1)

and its inhomogeneous version, Poisson’s Equation

Au=f (1.2)

A function u satisfying Laplace’s equation is a harmonic functions.

Au=0
AU = Uy gy + Ugyay +*+ + Ugy e, r=x(ry,Te,+ ,x,) €R" (1.3)

Laplace equation is used to calculate the density of the fluid in equilibrium. To look for
the solution this equation, just like 2" order ODEs for example e or €™ that played a
certain role, it is useful to find may be easier kind of solution.

Fact 1 Awu(Laplacian) is invariant under rotation.

If Au=0,V = u(Rzx), where R is a rotation in R"(you may say orthogonal matrices),
then AV = 0 as well, that is, suppose you have a solution and rotate it and then
get another solution which is in fact the same function. One kind of function which,
when rotated and get another solution, which is in fact the same function, is a Radial
function. Radial function only depends on how far is from the origin and it is invariant
under rotation.



Goal 1 To look for a solution of the form u(x) = V(|z|)(only depends on |z|), where
V:Rt - R.

Step 1. To turn the pde into ODE, that is, to an equation of one variable which is actual
have a hope of solving.

Let r = |z|, since V depends on 1 only, we have an ODE and find a differential that V
satisfies. That is, once we find the differential equation, it is easy to find the solution
since u(xz) = V(|z|), but V is only one solution that satisfies the Laplacian equation

Au =0

uxlasl + UIQIQ + e + uﬁnﬁn = O

Note that

2| = Va2 F x4 -+ 3,2

1 _1
58|§| = 5[3012 + x4 —|—...+xn2] 2. 2x; forie{1,2,--- ,n}
1
- T T
[:E12 + :1522 4+ -4 xn2]§
T
~ Ja]
By chain rule,
ou 0 .
v = =—(V —V b
Uai = Bz = a0 U2 = Villel) - o
= = V'(Jal)
Solving for u,,,,
— auﬂﬁz
— V/l . a2 V/ ) Ti
(=) 5, Eh (jal) - 5, x’)
' i 2] — &
= V" (af) - o eV (fa]) (e
(l=]) o To T (lz)( o )
af? = 22
= V” . ? V/ —’L
({ED) e () T )
V() - (B 4 V) (L — T

For Laplacian, we need to sum up all for i =1,2,....n



Au =0
n
CL’Z‘Q

—Z (V" (J=) - (—|) +v’(|a:\)(| | W»

—Z [(V*(J=]) - |) FV(Ja) - = V(Jal) )]

]
- 'V]/QE,',;ED Z 22 + Vll(ng?D Z:: V"x|‘9§| Z;

=1 1
" /
=l g e
"(l=) v’
=V T

= (i) + S -

0= A= v(ja)) + 20D,y

]

qu+VYNn—m:o, r= 2|

So far we have turned the pde into ODE(an equation of one variable which is actual have
a hope of solving).

Step 2:Solving the above ODE

V" (r) + V’ﬁr) (n—1)=0
V"'(r) = _V’ﬁr) (n—1)
Vir)  n-1
Vi(r) r
n—1

(In(lz)))" = —(—
n|V|=—n-1)In|r|+ A
V'] = el LA
‘V/’ _ €A . ,r—(n—l)
VI — :|:€A _rf(nfl)
——
a generic constant, say A

Vi=A.p~ ()



When anti-differentiating V', we have 2 cases.

For n = 2,
V(r)= /Ar("l) dr
A
:/—dr
r
=Alnr+ B
V(r)=Alnr+ B (1.4)
For n > 2,

Vr)= /Ar_("_l) dr

T,—(n—l)—i—l
A B
I
'r_(n_Z)
A 4B
-2 "

= —_— ,,,.—(n—Q) + B

—A
(n—2)

Therefore, the anti-differentiation of V’ is given by:

= V(r)= r~ =2 4 B (1.5)

v Alnr+ B for n=2 L6
(r) = _?T:(_Q;)n) +B for n>3 (1.6)
Summary:
Alnr+ B for n=2
V(T):{ ek + B for n>3 (1.7)

for x € R" x # 0 is a solution of Laplace’s equation in R™ — {0}. We notice that the
function u defined in (1.7) satisfies Au = 0 for = # 0, but Awu is undefined for x = 0.

Definition 1 Fundamental Solution
Let L be a linear partial differential operator with constant coefficients in R™. ®(p), p €
R™ is called a fundamental solution of L if ® satisfies the equation

4



L(®)=6(p) peR” (1.8)

where the operator L has a form E ao, D% a = (ay,a9, - ,ap), is a multi-indez, o, ’s
la|<m
are non-negative integers, |a| =a1tag+ -+ Qp, Qo an, 0, aT€ CONStant coefficients,
o _ (0 d o\ _ el < < i TRm
and D* = (55-): (525)s » (327) = gormr mgmen and 6(p) is the dirac delta function in R

1.2 Formulation of Fundamental Solution

1.2.1 2D Laplace’s Equation
According to the definition, the fundamental solution ® of the 2D Laplace’s equation

0?u O
— \72,, — —
Au_vu_8x2+8y2_0 (1.9)
should satisfy
V20 = §,(q) (1.10)

where 0,(q) is the Dirac delta function centered at a point p € Q in a 2D domain, see

figure [1.1]

o€}
®/1

Figure 1.1: A 2D domain 2 with boundary 02

We can take a fundamental solution which we proved already, i.e,

V(r):{ Alnr+ B for n=2
(

—4 + B for n>3

n—2)r(n—2)

It is actually the same to the following derivation mode.

Taking p as the origin and expanding the Laplacian equation in polar coordinates, we
analyze the circularity symmetric solution ¢ = ¢(r).

Thus, with ¢ only dependent of r and 6,(¢) = 0if r # 0, the equation (1.9) can be written
in the form



Clearly ¢ satisfies

:%.%(T.Z_f)zo, for r # 0
1
;-%(ré—f)ﬂ
—(r-=5) =0
/d%(r Ccll—go)dr—(),
Z_f A
dgo A

/dgodr—/—dr

o(r)=Alnr+ B for r #0

where A and B are integration constants

V¢ = oo for r = 0.

The surface integral of V¢ should also satisfy

/VQQOdQ:/ép(q)dQ:l
Q Q

where €2 is an arbitrary 2D domain surrounding p.

//v%on:/ V - Ve dQ
Q
//dw (Vp)d

/ (Vo) - nidl
Ie
[ A

= — . dr
r. ’

= é 1dl’
T Jr,

= é(?m’)

/ V3 dQ =21 A
Q

(1.11)

(1.12)

Again et T'. be a small disk centered at p(see figure of area A, = £. Then using
the divergence theorem the integral in (1.12) is transformed into a line integral over the
boundary of the disk I';, which we denote by I'.

(1.13)



where (V) - 71 is the projection of the normal component of the gradient of ¢ along the
contour OI';.
Thus substituting equation (1.13) into equation (1.12) yields

//V2g0dQ:2WA:1
Q

1
— A=—
2w

Setting B = 0 in equation(1.11), we obtain the fundamental solution to the 2-D Laplace
equation,

1
o(r)=Alnr+ B WithA:2—andB:O
T

1
= ¢(r) =g _Inr (1.14)

Note: 2-D Divergence Theorem

. a small ball
Curve '¢' (a small chunk of
of area dA)

Figure 1.2: A 2D domain 2 with boundary 02

/C(F“-ﬁ)dr://Rdw-ﬁdA (1.15)

1.2.2 3-D Laplace’s Equation

According to the definition , the fundamental solution of ¢ of the 3-D Laplace’s Equation

0%*u N o%*u N Pu
ox2 Oy 022
should satisfy V2 = 6,(q) where d,(q) is th Dirac delta function centered at a point
p € Q in a 3-D domain. Thus, the volume integral of V290 should satisfy

Vu =

0 (1.16)



[l fff o~

(1.17)

where € is arbitrary 3-D domain surrounding p. Again, let I'. be a small ball centered at
p of volume V. = . Then using the divergence theorem the integral(1.17) is transformed
into surface integral over the boundary of a small ball Iy, which we denote by I'. Thus,

Note: from previous formula of fundamental solution of n-D.

Vi) { Alnr+B for n=2
’," =
m + B for n>3
And hence, for n = 3,
—A
r
de(r) A
Vo= —
14 or r2
AY
region in 3D a small ball

(a small chunk of
of volume dV)

Boundary 992 of the region
in 3D (surface area of region ()

Figure 1.3: A 3D domain €2 with boundary 0f2

Thus,

//QVngdQ://QV-Vgde
://de.(w)dsz
// V- ndl
/r P2

=3 (47r7’ )

/// V2pdQ) = 41 A
Q

(1.18)

(1.19)

(1.20)



Thus substituting (1.20) into equation (1.17) yields

1
// Vzgon:47rA:1 == 4d1A=1 — A= -——
Q 47
Setting B = 0 in equation (1.18), we obtain the fundamental solution to the 3-D Laplace’s

Equation.

—A 1
o(r)=—+218 with A=—and B=0
r 4m
— ) =——  forn=3

plr) = —1— ormn =

Note: 3-D Divergence Theorem

//S(F“-ﬁ)dsz///}%dw-ﬁdv

1.2.3 n-D Laplace’s Equation

According to the definition, the fundamental solution ¢ of the n-D Laplace equation.

0w 0%u 0*u
2y = =0 1.21
Viu= g T g b g (1.21)
should satisfy
Vi = 6,(q) (1.22)

where d,(¢) is th Dirac delta function centered at a point p € 2 in a n-D domain. Thus,
the volume integral of V2 should satisfy

/Q.../Qv%dgz/Q.../Qap(q)dgzl (1.23)

where Qis arbitrary n-D domain surrounding p. Again, let I, be a small ball centered at
p of volume V, = €. Then using the divergence theorem the integral(1.23) is transformed
into surface integral over the boundary of a small ball I'., which we denote by I'.

Note: from previous formula of fundamental solution of n-D.

V(T):{ Alnr+ B for n=2
(

—A s +B for n>3

n—2)r(n—2

And hence, for n = 2 and n = 3, we have shown above.

Let’s now develop for any n > 3. To do this we need to know the surface area of the
volume with radius r in n-D. Let’s now see the volume of the ball in n-D with radius r.



A (x9.,X3,.....xp)

Region in n-D

"y

Boundary 9¢} of the region
in n-D (surface area of region §2)

n-D

Figure 1.4: A n-D domain ) with boundary 052

Remark 1 Volume of Ball in R"

The volume of the ball with radius r in R™ is given by

Va(r) =1r" V(1)

where V,,(1) is the volume of the ball with radius r = 1 in R™ (called unit volume).

(1.24)

If we differentiate it with respect to r we get the surface area from the volume of the ball

with radius r in R"™. That is,

Vo(r) =" V,(1)
d d, . . n—1
- (Va() = (" Va(1) =n "1 V(1)

= A,(r)=nr""1V,(1)

where A, (r) is the surface area of the ball in R™ with radius r.

Thus,
—A
o(r) = (n ) + B and
0 0 —A A B —n A
Ve = (97"(@(70)) 5’7‘((71 — 2)rn—2 +B) = (n—2) (2=n)r" = rn—1
Thus,

10

(1.25)

(1.26)

(1.27)



/---/V2¢dQ=/---/V-V¢dQ
Q Q Q Q
——
:/.--/dw-(w)dg
Q Q

n—integrals
I e

—_——

(n—1) integrals

- / A . dl
Te . rr-t

/.”/1.ﬂ
r)

— - An(

yn—1
A
= n "V, (1)

,,nn—l

=nV,(1) A
/m/v%mznmmA (1.28)

A
,,an—l
A

Thus, substituting (1.28) into equation (1.23) yields

1
[ V2pdQ=nV,(1)A=1 = nV,(1)A=1 — A= ———
L] () 1) e

Setting B = 0 in equation (1.26), we obtain the fundamental solution to the n-D Laplace’s
Equation.

—A
=——+B ith A = B =
o(r) (n =22 + wit TR and 0
— o(r) = 1 !
A V) (n— 2)r2
—1

n(n—2) V,(1) rm—2

Note: n-D Divergence Theorem

/.../S<ﬁ.ﬁ)dsz/---/Rdi’u-ﬁdv

11



1.3 Poison’s Equation
Definition 2 A fundamental solution ®(x) to Laplacian equation can then be defines by

1 —9
P(x) = { : I nlm }CZ: Z >3 where a(n)is a unit volume in R™  (1.30)

n(n—2)a(z)  |z|*2

Thus, this fundamental solution gives a non-trivial Laplace’s equation and also with this
fundamental solution, we can actually solve an equation called Poisson’s Equation.

Here is a fundamental fact,

Fact 2 If fis given and u(x) = @ f = [, ®(x —y)f(y) dy (Phi convolved with f), then
u(z) solves Au = f.

If we take this fundamental function u(x) which involves f and a fundamental solution
®(x), it turns out that it solves equation Au = f called Poisson’s equation. In other
word this process of convolution allows us to go from the solution of Laplace’s equation
to the solution of more general equation called a Poisson’s equation.

12



Chapter 2

Boundary Value Problem Governed
by 2-D Laplace’s Equation

2.1 Introduction

As a starting point consider solving Equation (2.1)

Po ¢

— T4 2T 0. 2.1

0x? + 0y? (2.1)
in the two-dimensional region R (on the xy plane) bounded by a simple closed curve C'
subject to the boundary condition

¢ = fl(x7 y) for (JI, y) S C? (22)

where f; is prescribed functions. See Figure for a geometrical sketch of the problem.

The normal derivative d¢/0n in Eq. (2.2) is defined by

99 _ 09 99
on~ "or T oy’ (2:3)

where n, and n, are respectively the x and y components of a unit normal vector to the
curve C. Here the unit normal vector [n,,n,] on C is taken to be pointing away from
the region R. Note that the normal vector may vary from point to point on C. Thus,
[N, Nyl is a function of = and y.

In the following section we see how a boundary integral solution can be derived for the
boundary value problem under consideration Eq. (2.1) .

13



YA [ne.ny % .
(1. ] G (g(}; is specified here)

C; (dis specified here)
> x

Figure 2.1: Region 'R’ bounded by a curve 'C’

Fundamental Solution
If we use polar coordinates r and 6 centered about (£, 1) , as defined by x = r cos and
y = rsinf, and introduce ¥ (r, 0) = ¢(rcosf,rsinf), we can rewrite Eq.(2.1) as

10, 0¢

ror o)t g
For the case in which ¢ is independent of @, that is, if ¢ is a function of r alone, Eq.
(2.4) reduces to the ordinary differential equation

Lo (2.4)

d, d
%(ra[@b(r)]) =0 for r # 0. (2.5)

The ordinary differential equation in Eq. (2.5) can be easily integrated twice to yield the
general solution

Y(r) = Aln(r) + B, (2.6)

where A and B are arbitrary constants.
From (2.6), it is obvious that the two-dimensional Laplace’s equation in Eq.(2.1) admits
a class of particular solutions given by

¢z, y) = Alnva?+y*+ B for (z,y) # (&, n). (2.7)

The particular solution of Eq.(2.1) which we call it fundamental solution for n-D was
formulated and given in previous chapter. In particular for 2-D the fundamental solution
of Eq.(2.1) is

o m) =5 VE P E G F  for )£ E ) (28)

Note that ®(z, y;&, n) satisfies Eq.(2.1) everywhere except at (£, 1) where it is not well
defined.

14



2.2 Divergence Theorem

According to the two-dimensional version of the Gauss-Ostrogradskii (divergence)
theorem, if ' = u(x,y)i + v(x, y)j is a well defined vector function such that V- F =
Ou/dx + Ov/dy exists in the region R bounded by the simple closed curve C' then

/ﬁ~ﬁds(x,y)://v-ﬁd$dy,
c R

that is,

/[ungC + ony) ds(x,y) // d:z dy,
where n = [f,, n,| is the unit normal vector to the curve C’, pointing away from the
region R.

And therefore application of this theorem converts the double integral over R into a line
integral in 2-D.

2.3 Reciprocal Relation

If ¢; and ¢y are any two solutions of Eq.(2.1) in the region R bounded by the simple
closed curve C' then it can be shown that

0oy 02
@~ a5 dsta ) =o. (29)

Eq.(2.9) provides a reciprocal relation between any two solutions of the Laplace’s equation
in the region R bounded by the curve C'.
The derivation of the above reciprocal relation is as follows:

Since ¢; and ¢9 are solutions of Eq.(2.1), we may write

0 0
{ aﬁl+a(€1 =0

{ vo + Oy =0
Multiplying the first equation by ¢? and the second by ¢!, we have
2 11 2 1 _
{ ¢ xrx + ¢ yy O

1 42 142 _
¢ v T ¢ vy 0
Subtracting them yields

(0% bre + 07 by, — [0 03, + 0" O]
[(/b2 i":p - ¢1 (biz] + [¢2 - (/bl ]

(2.10)

Note that:

15



0
%(W e ) I N e A
— ¢2 ¢1 _¢1 ¢2
and
v Gy by + & by — by 85— ¢ By

0
(5 6y 0t ) =
:¢2 gbl —¢1 ¢2

Thus, equation (2.10) can be written in the following form

(0% @3, — 6" %)+ 19”6y, — 0" 62,1 =0

0 0
%(ﬁbz bp— @' 92) + %(Cb? ¢y, — @' 7)) =0
This can be integrated over R to give

// (¢° ¢y — 0" ¢2) +

Recall Divergence Theorem

/ﬁ~ﬁd$($,y)—//V~ﬁdxdy,
c R

0
(6% 0 — 6 )] ds(ey) = 0

that is,
/[unm + vnylds(z,y) = // (U + vy) dz dy,
c R

where

n =[Ny, Ny

F=u it 5

- OJu Ov

V- F=—+4_—=u,
o7 + oy Uz + Uy

16
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//R[a%f“bz ¢i‘¢1¢> (¢ 0L — o' )] ds(,y) = 0

7J

/ —U—I——v ds(z,y) =0
/C[Wlx +won,]ds(z,y) =0

/C (6 6L — &' P)na+ (8 6L — & @)n,] ds(z,y) = 0 (2.12)

Note that:

(0% by — ' O2)a + (¢ by — @ )ty = ¢ by na — O B na + O By — B! B
:( ? (/5; ﬁx+¢2 (/5; ﬁy>_(¢l ¢92c ﬁw+¢1 ¢32/ ﬁy)
N— —— ————

! D?
2 i 1 b
=¢ on ¢ On

Therefore substituting this in equation (2.12),

16 62— )i+ (@ 0} = 0 )i ds(a.g) =0

~-
$2 %L}_d)l M
n

/ 0 2 1 %) ) =0
C

which is the reciprocal relation.

2.4 Green’s Identity
In the theorey of boundary value problems for the Laplace and other elliptic equations a

fundamental role is played by the so-called Green’s identities.
Since

V. (u Vo) = (Vu Vv) +u Av
u (Vv)-n=uV,v

we apply the divergence theorem to u (Vv) and establish the first identity

17



V- (u Vo) = (Vu Vv) +u Av
/V-(u VU)dQ:/[(Vqu)+uAv]dQ
Q Q
/(u Vv)-fzdF:/[(Vu Vo) +u Av]dQ

/u Vyvdl = /[(Vu Vo) +u Av] dQ
r Q

We obtain

/(Vu Vo +u Av)dQ) = /u V,vdl (2.13)
Q r

This expression is called Green’s first identity.

Interchanging u and v in it, we obtain

/(VU Vu+v Au)dQ) = /v V,udl (2.14)
Q r

and subtracting this from the first identity, we obtain Green’s second identity

/[u Av — Au v]dQY = /[u Vv = Vyu v]dl. (2.15)
Q r

2.5 Green’s Representation Formula

Formulation for Laplace’s equation
Au =0 in Q (2.16)

using the generic variable u for the potential
First Weighting Laplace’s equation (2.16) with a test function w, we obtain

/ Auwd=0 (2.17)
Q

Next, we eliminate the partial derivatives of the potential function u from the domain
integral. This is achieved as follows: integration by parts of (2.17) leads to

0 8u ou Ow
Au wdS) = / —df 2.18
/ AT 0 08 OE, (2.18)

and by applying the Gaus theorem to the first term on the right-hand side of (2.18) to
replace the domain integral by a boundary integral, we obtain Green’s first identity

ou ou Ow
Au wdf) = dl — df)
/ r 0§ o0& 0

/Au wdQ—/Vnuw dF—/VqudQ (2.19)
0 r 0

18



To eliminate the remaining partial derivative u; in the domain integral on the right-hand
side, we have to again apply integration by parts and Gaus’ theorem. This yields

au ow
Auwdﬂz/ — U — n,dT+/qudQ 2.20

which is known as Green second identity.
By substituting the differential equation (2.17) into (2.20), we eliminate the first domain
integral and obtain

/qudQ /3& 3fz)n2dr
/qudQ: _/(8u —u aw)nzdlﬁ
0

r agz afz
ow Ou
AwdS) = — ;dl’
Jpowao = [ G G win
/ uAw dS) = /(u Vo, w — Vy,uw)dl (2.21)
Q r

The Dirac distribution d(x, ) by its sifting property /f(:c)d(x, &) dr = f(§) . This

allows us to filter out a specific functional value f(£) from an integral, thereby eliminating
this integral.

In general, a fundamental solution w of the differential operator £ is defined as a solution
of the equation

Lw =6z, €) (2.22)

in the full space (2, where the minus sign in front of the Dirac distribution is used for
convenience. We will now employ this property to eliminate the domain integral in (2.21)
by choosing

Aw = §(z, &) (2.23)

which yields

/ u Aw dQ) = u(§) (2.24)

Employing now as test function w the fundamental solution u, we obtain from (2.21)

ul€) = / fu(2) Vow(e, € — Vyu() w(z, €)] dT, (2.25)

This equation is called representation formula, which in this particular case is also
known as Green’s representation formula. The representation formula allows us to
calculate unknown values of the potential u inside the domain (£ € € ) when the boundary
solution of the problem (potential v and flux V,u) is known.
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2.6 Fundamental Solutions

In 2-D, the fundamental solution of the Laplace operator as defined in previous section,
is given by

1 1
w(z, §) = o In|z; —&| = 5 Inr, (2.26)
1

where r denotes the Euclidean distance |xz; — &;| = \/(z; — &;)? between the load point &;
and field point z;.
In the 3-D case, we have

1 1
= = 2.2
1 1

The fundamental solution w of the Laplace operator is well known from electrostatics,
where it describes the electric potential due to a point charge at the load point &;.

2.7 Preparative Example for the Limiting Process

If we solve the integral

b
1
/ —dz =In|b| —In| — al, a,b>0 (2.30)
T
as shown, the correct result is obtained. However, on second thoughts, we note that this
must have been by chance, since the presence of the 1/z-singularity in the integration

interval has not been taken into account property. The problem at x = 0 becomes
b

1
apparent when trying to calculate the improper integral / — dz, which is undefined.
z=0 T

If we approach the singularity in (2.30) by a limiting process, we obtain

b —€ b
1 1 1
/ —dz = lim ( —d:c—i—/ —dz)
x a0 |, x x

—a a €2

= lim (Ine; —Ina+1Inb—Iney)

61,62—)0
= lim (lni) +1Inb—Ina. (2.31)
£1,e2—0 €9

We see that the result depends on €; and ¢y if they approach zero with different values.
However, by choosing €, = 5 = £, we obtain

lnlenlz()
€

20



and thus (2.31) yields the correct result

b
/ = de = lné (2.32)

a a
The integrand f(z) = 1/z in (2.30) is strongly singular at = 0, which means that its
integral F'(z) = [ f(x)dx is singular at = 0, too. The value of the integral as calculated

with the limiting process in (2.31) is called a Cauchy principal value(CPV) of the
strongly singular integral and is denoted by

jf "l (2.33)

X

—a
In addition to the strongly singular integrands, we also encounter weakly singular
integrands in the Boundary Element Method. In contrast to the strong singularity, the
integral over a weakly singular integrand exists and is continuous at the singularity point.
An example for this is the In |z|-function. At z = 0 the function is singular but the integral

/ln]x|da::xln|3:| —z4c (2.34)
is continuous, which can be confirmed by applying the rule of L’Hospital:
1 1
lim zIn |z| = lim nl|x| = lim - = 0. (2.35)
z—0 z—0 s z—0 —2
Type Property 2-D  3-D
integral is finite at
weak singularity 1r.1 bt ,lg nte a Inr L
singularity r

interpretation as Cauchy

3 | =
|

strong singularity -
principal value

Figure 2.2: Classification of singularities in the Boundary Element Method

2.8 Boundary Integral Solution of the 2-D Problem

Method 1. Formulation using reciprocal relation

Consider the above reciprocal relation defined with ¢, = ®(z, y;&, 1) (the fundamental
solution as defined in Eq.(2.8) and ¢o = ¢, where ¢ is the required solution of the interior
boundary value problem defined by Equ.(2.1) — (2.2) .

Since ®(x, y;¢&, n) is not well defined at the point (£,7), the reciprocal relation in Eq.
(2.9) is valid for ¢; = ®(z, y; &, n) and ¢y = ¢ only if (£, 1) does not lie in the region
RUC. Thus,

21



[ 16ta, 5@ & )=, 126, mg (0o, lds(a ) =0 for (€, m) & RUC,

on
(2.36)
For the case in which (£, n) lies in the interior of R, Eq. (2.36) is valid if we replace C'
by C'UC,., where C.. is a circle of center (£, 1) and radius € as shown in Figure . This
is because ®(x, y; &, n) and its first order partial derivatives (with respect to x or y) are

well defined in the region between C' and C.. Thus, for C' and C.. in Figure [2.8 we can
write

0l (@G 6 ) = B, gm0l w)]ds(a, 9) =

that is,

16, 95 @6, ) — e, 6 w500 v)lds(e. o)

C

= —/ [o(z, y)(%(@(x, & ) — @z, &, n)(%(czﬁ(x, y)lds(z, y)  (2.37)
Ce

Figure 2.3: (&, n) lies in the interior of R

Eq. (2.37) holds for any radius € > 0, so long as the circle C. (in Figure lies
completely inside the region bounded by C. Thus, we may let ¢ — 07 in Eq.(2.37). This
gives

ot 5@, 6 )~ (o v n) (6l )] ds(a v
=i [ (6o, v (@ & )~ B & Mg (, y)ds(e, ) (239

e—0t Ce

Using polar coordinates r and 6 centered about (£, 1) as defined by x — & = rcosf and
y—mn = rsin @, we may write the fundamental solution and its normal derivative as follows
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1 1

. _ _ )2 2 —
Oz, i m) = -/ (@ =2+ (y-n? = 5-In(),
O e, i, m)) = na (0o, g6 )]y (B, g6, )
an x? y7 M) n - nxax 'ZE’ y? ) /’7 nyay a’:’ y? ) 77
~ ngcost +nysind
N 2mr
Note that:
0 1 1 1 1
Oz 2z =2+ (y—n)? 2 V(@—8+(y—n)
I
=5 7 COS
B cos
- 2r
and
0 1 1 1 1
—O(x, y;6,n) = — S 2(z —§)
Z Y VR Y Ce e VR
1 1 )
= _— — rsinf
21 12
B sin 6
27
Therefore,
0 0 0
%fb(x, y;& m) = nx%q%x, y;f,n)+nya—y@(:v, Yy; &,1)
B cos n sin 6
M 2rr My 27@“
_ Ny cos 0 + n,, sin 6 (2.39)

2rr

The Taylor’s series of ¢(x, y) and ai[gb(x, y)| about the point (£, 1) are given by

n

P, y) = Z Z(W”(z,w:(m) El(m — k)!

9 S, e (D r - Oy — )
%[ﬁb(% y)] = Z Z(Wyﬁn_;ﬁ)[%[(/b(% y)]|(ac,y)=(€m)( ljzﬂgy_ ];)71)

3
]
o
bl
I
=)

On the circle C,, r = . Since
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(z—&)F(y —n)" " = (e cosh)*(esing)™ "

= ek cos? 0 emFsin™ 0

=¢c"cos™ 0 sin™ " g
and

(x —y) = ecosb

r —y) =esind

And hence, ¢(z, y) and Z[¢(x, y)] are given as follows for (z, y) € C.

N am €™ cosk @ sin™* 6
Z Z 8x’“8ym k l’ y>]) ‘(I y)=(&mn) k'(m _ k)' (240)

=0 k=0

am 8 ™ cosk Osin™ % 9

Ms

a¢($y =y

m=0

(2.41)

e
I

0

Using the folowing already formulated Eqs.(2.39), (2.40) and (2.41) and writing ds(zx, y) =
edf with 6 ranging from 0 to 27, we may now attempt to evaluate the limit on the right
hand side of Eq.(2.38). On C, the normal vector [n,, n,| is given by [—cosf, —sin#d)].
Thus,

Note:

0 0 0 0
gm0 =05 d)dsa, ) == lim [ (@ =@ 0) ds(a )

e—=0t /. on
€

1 1
) _ — o2 2
Oz, yi& m) = o-nV@ =2+ y—n® = 5-In(r),
0 . _ ngcost +mnysind
a_n[q)(ma y?éu 77)] - Xy (242)

€™ cos” fsin™—k g

o(x, y) =D =0 Dk o3 Ikaym 3oy 2@, W) @y)=em El(m—Fk)!
e™ cos® f sin

oz,
%[QS(L vl =m0 e O(axkdym k(ai[qb(a? YDl @w=em kl(m — k)!

m—k 0
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/w )L @, i€, gl ds(z, y) =

ngcosf +n sm@ o™ ™ cosk @ sin™ % 0
I —cos@cos@—sm&sm@ am ™ cos® @ sin™*
_ - do
/0 | o mZZ a9 ) leten i
T om ™ cosk O sin™ %
_ _ - _ do
| -5 mZZ a9 V) lewr-en —irm—igr—
—— h _ ;& H g
kot Thoo+ oo+
PO 1 2
z/ —2—(Z+Z+Z+ )(H) do
0 k=0 k=0 k=0
9 0 1 2
z/ —%(Z+Z+Z+ )(H) do
0 k=0 k=0 k=0
Zm:lzzn:o
2 1 0 oo m
z/ —5= Q> > )H)d
0
k=0 m=1k=0
2T 1 0 2 1 o m
= - H) do - H)do
| g [ -5
k=0 m=1 k=0
——
#(&m)
2 2 1 o m
= - do - H)do
| aotewans [ 3230
=1 k=0
1 2 oo m m am 21 . L
:—%qf)(g’n /0 d@——zz m k; 8$k8ym k|xy (577)/ cos” 0sin™™" 6 df
1 2 1 co  m om am o
_ do— — _ F0sin™ " 0 db
27r¢(€’77>/0 27TmZ:1 g(l@!(m—k)!)(axk(?ym_kkx’y)(é’n)/o cos U
I — 0 a;,s—>0+
— —¢(&,n) as e — 0T
Therefore,
/d)x Y) - [®(x, y; €, nlds(z, y) = —6(§,n) as as e — 07
and 5
/ B, yi&, ) 519l P)]ds(z, y)
1 o= — om 9, e n(e) [ ..
= gzzwz; ar (5, 12@ 9 l@y=tn m/ﬂ cos” 0/sin™ " fdb
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— 0 ase— 0T, (2.43)

(since e In(e) - 0ase - 0" form=0,1,2, )
Consequently, as ¢ — 07, Eq.(2.38) yields

o, 1) = [16@, 950356 1) — B, &, )L (6o, v ds(e. o)

on
for (&, n) € R (2.44)

For the case in which the point (£, n) lies on C, Eq.(2.36) holds if we replace the curve
C by DU D.., where the curves D and D.. are as shown in Figure . (If C. is the circle
of center (§,n) and radius ¢, then D is the part of C' that lies outside C,. and D.. is the
part of C.. that is inside R.). Thus,

[0 05 (@G i€ m) = 0, i )0l w)]dsle, 9
= — [ e D)o@ 6 ) = O € WG ) dsles ) (249

Let us examine what happens to Eq.(2.45) when we let ¢ — 0.
As e — 07, the curve D tends to C. Thus, we may write

Jota, @, 6 m) — 0. €m0l )] dsta, )

9 (o, y)ds(z, y)  (2.46)

= — lim [ [¢(x, y)i(d)(:v, yi& ) = 2@, yi & )

e—0+ D, 877/

D

Figure 2.4: (£, n) lying on a smooth part of C

To evaluate the limit on the right hand side of Eq. (2.46), we need to know what happens
to D.. when we let ¢ — 07. Now if (§, 1) lies on a smooth part of C' (not at where the
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gradient of the curve changes abruptly, that is, not at a corner point, if there is any), one
can intuitively see that the part of C inside C.. approaches an infinitesimal straight line
as e — 0%. Thus, we expect D.. to tend to a semi-circle as ¢ — 07, if (£, n) lies on a
smooth part of C. It follows that in attempting to evaluate the limit on the right hand
side of Eq.(2.46) we have to integrate over only half a circle (instead of a full circle as in
the case of Eq. (2.38)).

Modifying Eqgs.(2.42) and (2.43), we obtain

lim /D o(z, y)%[‘b(% y; & lds(z, y) = —%é(ﬁ, n,

e—0+

0
lim [ ®(z, y;¢, n)a—n[qﬁ(% y)lds(z, y) = 0.

e—0t D.

Hence Eq.(2.46) gives

3006 = [166e 13- @6, 0) = Bla. 436, )0l v)ds(a, v)  (24)

C

for (¢, n) lying on a smooth part of C.
We may write Eqs.(2.36), (2.44) and (2.47) as a single equation given by

9 (o, y))lds(z, y) (2.48)

N o) = (166 D506 )=, 5iE )

C

if we define

0 if (5, n) g RUC,
A&, n) =14 1/2 if (& n) lies on a smooth part of C, (2.49)
1 if (& n)eR.

Method 2. Formulation
Note that:
In 2-D, the fundamental solution of the Laplace operator is given by

1 1
w(z, §) = %lnm - & = glnr, (2.50)
1

1
Vaw(z, &) =V,wn, = —nrn

where r denotes the Euclidean distance |z; — &| = v/ (x; — &;)? between the load point &;
and field point z;.

Using Green’s second replacing v by the fundamental solution w, we have the following:
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u Av — v AudQ:/ uV,v—_ v Vyu|ldl.
Jrae - suae = [ pg- o V.

Aw w Vaw w

/[u Aw, —w Au |dQ) = / [uV,w — wV,u] dT.
Q o0

/[u d—w f]dQ = / [uV,w —wV,u] dI'.
Q o0

/uddQ:/ [uV,w —wV,ul dF—l—/wfdQ
0 o9 0

Note that the sifting property of the Dirac distribution is not defined when the source/load
point lies on the boundary

f(§) for e
/f(:p)5(x, £)d2=<¢ 0 for £ €Q, £&1 . (2.52)
undef. for £ € T

Therefore,
1. For £ € QF
/uédQ:/ [uV,w —wV,ul dF+/wfdQ
Q o0 Q
u(§) = [uV,w —wVyu] dI' + / w fdQ (2.53)
o9 Q
2. For £ € Q™

/u5dQ:/ [uV,w — wV,ul dF—i—/wfdQ
Q G Q

0= / [uV,w —wV,ul dI' + / w fdQ (2.54)
o0 Q

3. For £ € 9Q and Q C R?
We need to start first by considering & € ()

/uédQ:/ [uV,w —wV,ul dF—l—/wfdQ
Q o9 Q

u(é) = /69[uvnw —wV,u] dI" + / w f dQ

0
u(é) = /89 uVyw dIl - /vanu dr —i—/ﬂw fdQ (2.55)

Strongly Singular Integral  Weakly Singular Integral

And then we need to have some modification so as to calculate the limit when £ — T°
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Calculation of the Limit £ — T’

To move the source/load point to the boundary, we first modify the original boundary
I', augmenting it by a small circular region with radius € around the load point ¢ € I" as
shown in Figure The modified boundary I" is then given by

I'="-— I+,
so that
I =limI"’

e—0

D-B D

r r-r: I

Figure 2.5: Boundary extension around load point &

By this process, the load point £ again comes to lie inside the domain and the representation
formula (2.53) remains valid.

As shown in Figure 2.6 the line element dI'. along the boundary extension can be
parametrized by

dr, = edf), (2.56)

where

€ =|z; — &l (2.57)
is the Euclidean distance between the load point £ and the field point x. With this, we
can perform the limiting process when moving the load point to the boundary.

Weakly Singular Integral

Using the 2-D fundamental solution Pn = w and T' = V,, given in (2.49), we obtain for
the first term in (2.55)

l ) [
/Vnuw dl’ =lim | V,u nlzi — & dl’
r e—0 I Qm
1 K] 3 . 1 K3 (2
= lim v =G [y S (2.58)
=0 Jr_rs 2w e=0 Jp. 2T

29



Figure 2.6: Geometry of the augmented boundary

The first integral(*) in (2.58) is weakly singular, so its calculation requires no special
care. For the second integral(**), we obtain with (2.56), (2.57) and I’'Hospital’s rule

lim Vnulnkl;i—_gi| dl' = lim L / Vau(lne)e dd
0

=0 Jp. T =0 2T Jo—g

1 / (0%
= L, W g e

1. Ly e
— lim —% V,udf
) (——2) 0=0
1 «
= ——Ilime V,udf
27 e—0 0=0

=0 (2.59)

Since the integral / V,uwdl is continuous at the (weak) singularity of w, the term in

r
(2.59) over the boundary extension I', becomes zero for € — 0.

Strongly Singular Integral
For the strongly singular integral in (2.55), we have

/ WV dl = tim [ a5 S
r e—0 I’ 27T|33Z — 61’2
— lim (=& gy [ W8I (2.60)
0 Jr_pe 27|z — &2 0 Jr, 2wz — &2

Since / uV,w dI is strongly singular, the integral(***) over the modified boundary I'—I"%

r
represents its Cauchy principal value:
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lim u Vywdl = /u Vywdl. (2.61)
r

e—0 r-r*

For the second integral(****) in (2.60), we obtain

Vs B
lim UM,F = lim
=0 Jp. 27|x; — &2 =0 Jo_o 27T€2
|
= lim u — df

e—0 =0 T

edb

= 5-ul(§) (2.62)

In contrast to (2.60), this term does not vanish but remains finite, since the integrand

is singular at ¢ = 0. The strongly singular integral / uV,wdl is therefore given by the
r

sum of its Cauchy principal value and the contribution from (2.62).

By inserting the results of the weakly and strongly singular integrals into (2.55), we obtain
the boundary integral equation

u(€) = ﬁu(g)+7€u( i = &n ”’ _dr — /v ln’m‘ &l dF+/Qw £dQ, (2.63)

2w 271"{1:1 Z

or

<1 — —) j{v u(x) dF—/FVnu(cc)w(x, £) dl“+/ﬂw fdQ.

a(&)u(é) —%Vn(x, &u(x) dF—/FVnu(x)w(x, €) dF—i—/Qw fdQ. (2.64)

T

The factor ¢(§) is the free term coefficient and can be interpreted as the fraction of u(&)
that lies inside D:

a({):l—% for £ e
c(§) =14 1 for £ € Q
0 for £, ££Q
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2.9 Boundary Potentials and Boundary Integral Operators

Consider the following representation formula:

C(y)uly) = / ()T, Pa(z, y)dT - / Tou(e)Pa(e, y)dl + / Pa(e, y) f dQ. (2.65)

_ By)
aly) =1-5% foryel

clyy =<1 fory e Q (2.66)
0 forygl, y<&Q

If u is the solution that satisfies the Laplace equation as in (2.1) with f = 0, then the
third Green formula in (2.65) becomes

i) = [ [T Par, ) = Tul)Pa (o y)T) (2.7
o0
The representation formula (2.67) consists of two boundary potentials,
the single layer potential

Vag(y) = — / Pale 9e@)dra) . y ¢ o0, (2.68)

and
the double layer potential

Wad(y) = — / [TuPa(e, 9)alv(e)dr(a) . y ¢ o0 (2.69)

The corresponding boundary integral (pseudo differential) operators of the direct values
of the single layer potential VA and the double layer potential Wa, the adjoint double
layer potential WX and the double layer potential Ei are

Vaoly) = — /d Palo, w)e()(e) (2.70)
Wab(w) = — / TuPala, @I (). (2.71)
Wre(yo) = —/aQ[TyPA(:L', yo)]e(x)dl(z) (2.72)
LXU(yo) = [T,Wat(yo)]*, (2.73)

where yo € 0€2.

Therefore,

1. For y ¢ 01, the representation formula(2.67) can written in terms of V and W,
ie.,
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(y)uly) = /a (@) TuPa(e, 3) = Pae. p)Tu(@)ldr(a)
—/ w(z)T,Pa(x, y)dl'(z / Pa(x, y)Tu(z)dl(x)
o0 o0

:/ u(z)Tp Pa(z, y)dl(x /PA$ y)Tu(z)dl'(x)
0 o0

J/

Double layer potentzal( WAu(y)) Single layer potentml( VaTu(y))
= —Wau(y) — (=VaTu(y))
= —Wau(y) + VaTu(y)

c(y)u(y) = =Wauly) + VaTu(y). (2.74)
2. For y € 02 (by extension), (2.67) can be written in terms of Va and Wh, i.e.,

c(y)u(y) = LQ[U(QS)TIPA(QZ, y) — Pa(z, y)Tu(z)]dl(z)
= [ @) TePale, a0 — [ Pale, p)Tu()r )
o0 o0
— / w(x)TyPa(x, y)dl(z) — / Pa(z, y)Tu(x)dl(z)
JoQ _ Jo0 .

-~

Wau(y) VaTu(y)
= —Wau(y) + VaTu(y)

c(y)u(y) = —Wauly) + VaTu(y). (2.75)
Here ¢(y) is defined as in (2.66).

Any boundary value problem can be reduced to Boundary Integral Equation by using
several different approaches. The main classifications would fall into two broad categories:
direct method and indirect method. The direct method is based on Green formula
while the indirect method is based on the single or double layer potentials. However, the
density function obtained from the indirect method, in general, has no physical meaning.

2.10 Formulation of Direct boundary integral equations
The following well-known jump relations might be useful for further discussions, see in
e.g. (Hsiao and Wendland (2008)):

Theorem 1 (Jump Relations)
a) Let p € C(0) and yo € 0. Then

Vabl(yo) = [Vael™(yo) = [Vavl™ (%), (2.76)
O Vawllwo) = Waglwo) + 50(w), 2.77)
0, Valwo) = Waglw) — 5(w0). (2.78)
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b) Let o € C(0R) and yo € 0. Then

(W] (50) = Wt (s0) — 500, (2.79)
W]~ (v0) = Winth(un) + 50/(s0), (2.80)
—LaY(yo) = 0 [Watl(yo) = 0, Watb(yo), (2.81)

where + and — are the the limiting boundary values on O from QF and Q~, respectively.

Derivation of the above theorem

1. Single layer potential(Approaching I' from both interior and exterior)

Vael(wo) = [Vael (vo) = [Vaw]l™ (%)

Vael* (o) = lim  [Vag](y) y e

QEsy—yoeoN

VaVaul*(yo) = —  lim VauPp dr

QE>5y—y0cdQ Jp

VaVaul*(§) = —lim | V,uPa(x, £)dl
1"/
— tim [ vy
=0 Jp 2

- / Vn’LLPA dr’
r

=0 Jp 27T

— [lim vnuln|x2 gz|dr+hm Vol

e—0 P_T: 2 =0 Jp. s

) In|z; — & )
= —lim V,u———— J2: Z’ — lim Vu———
e—0 r_r: 2 . =0 Jp_ o

= —lim V,u

e—0 - 27

= —lim VouPp dl' + 0

e—0 r-I*

= —lim VouPp dl’

e—0 r-I*

= [Va¢l(§)

= Vagl(o) = Vapl™(vo) = Vagl™ (vo),

Note that The first integral(*) is weakly singular, so its calculation requires no special
care. For the second integral(**), we obtain with (2.56), (2.57) and I’'Hospital’s rule
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1 «
—L ST = lim — / Vyu(lne)e dd
0=0

e—0 r. T e—0 27
1 (Ine) [
27T e—0 (%)’ 0=0

Vyudo

2 e—0
=0

= ilim —e/ V,udf
0=0

Since the integral / V,uPa dI' is continuous at the (weak) singularity of Pa, the term

r
in (2.59) over the boundary extension I', becomes zero for € — 0.

2. Double layer potential(Approaching I' from interior)

Wl (v0) = Watluo) — 5(w)

_l’_ . .
Wavl" (o) =, lim _ [Wagl(y) y€Q
Wa] (o) = — i WP dl
Warl* (o) = = tim [ 09,
(Wav]™(§) = =lim | ¥V, Padl
Fl
T B C Tt L
e—~0 Jp ' 2m|x; — &)?
= —lim (o =& ar—ling | v Gt VLTS
=0 Jp_ps 27|z — & —0 2m|z; — &2

1
— —lim U VP dl = Zu(é)

e—0 r-TI*

= Wad(e) - 5u(6)
Wl (a0) = Wa (o) = 50(s0)

Since / YV,wdl is strongly singular, the integral(***) over the modified boundary

r
I' — I'Z represents its Cauchy principal value:

lim ¥ W, Pp dl = / ¥ V,Pa dl.
I

e—0 I

For the second integral(****) in (2.60), we obtain
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. (zi — &)ng Y g €
S e, Vorl— g Ty 2
o
= — dbf
v [ 5
1 B
=5l [ as
1
= 5-(6) Oli
1
= (6) f
B
= Z(e)
If 0N) is a smooth boundary, then we have § =7
. (xz - gz)nz T
lg% . 27_(‘3;1 — 61‘27 %@Zj(g)
1
= 200

In contrast to (2.59), this term does not vanish but remains finite, since the integrand is

singular at ¢ = 0. The strongly singular integral / YV, Padl is therefore given by the

r
sum of its Cauchy principal value and the contribution from (2.63).

3. Double layer potential(Approaching I' from exterior)

[(Wa¥]™ (yo) = Wath(yo) + %w(%%

Wa] (yo) = lim  [Way|(y) y e

Q= 3y—yo€o

Q= 3y—yo€df)

Wa]™ (yo) = —  lim /F WV, Pa dT

(Wae]™(€) = —lim | 4V, Pydl

e—0 I
— _lim (i — &)
e—0 Jp " 2m|x; — &)?
— i [ T8 ey / MG DL
=0 Jp_ps 27|z — & 0 Jp,  2m|z; — &

dar

N

1
= —lim Y V,Padl + §u(f)

e—0 r-I*

= Wab(€) + 58(6)

W] () = Wath(un) + 56 (v0)
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Since / YV,wdl is strongly singular, the integral(***) over the modified boundary

r
I' — I'Z represents its Cauchy principal value:

lim ¥ V,Pp dl = / ¥ V,Pa dl.
I

e—0 r-I*

For the second integral(****) in (2.60), we obtain

i [ vt =g [ v (0 e
=@ [
=00 [ a0
= — -0 Ay
= () 6
= e

If 092 is a smooth boundary, then we have § =7

: (zi—=&)ni . w
ll—E% T, w27T|£Cz — fiyzzr N _%u<€)
1
= 59l

In contrast to (2.59), this term does not vanish but remains finite, since the integrand is
singular at € = 0. The strongly singular integral / YV, Padl is therefore given by the

r
sum of its Cauchy principal value and the contribution from (2.62).

4. Normal Derivative a Single layer potential(Approaching I' from interior)

IrVael(yo) = WZ@O(yo)Jr%sO(yo),
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Oy [Vapl(yo) =  lim  9,[Vael(y) ye

Qtsy—yoed)

O Vaellyo) =—  lim 9, / ¢ Ppdl
r

QFt5y—yocdN

0;Vagl(©) = —lim [ ¢V, Pale, )T
1"/

e—0

=—lim [ ¢ V, Pa(z, §)dl

e—0 T’
=—lim [ ¢ V, Prdl
e—0 I
— _Im (ZEz - &)ni dr

=0 Jr " 27|x; — &2

— _lim o (ﬂfi—fi)ni dF—lim/ o (xi—fi)”i dr
r

0 Jp_p: © 27|z — &2 0 Jp, " 2m|z — &[?

—tim [ VPl — (—hu(©)

e—0 r-TI*

1
= Wae(yo) + gw(yo)

Since / ©V e Pn dl is strongly singular, the integral(***) over the modified boundary

r
I' — I't represents its Cauchy principal value:

lim [ ¢V, Padl = / ¢ Vo Padr.
r

e—0 r-I*

For the second integral(****) in (2.60), we obtain

B
lim w,lj = lim ©
0 Jp " 2m|z; — &2 =0 Jo_o " 2me?

Zw(ﬁ)/f —Lap

—o 2m

edf

1 B
= —ﬁﬂf) /90 db

If 0L) is a smooth boundary, then we have § =7
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_(iUz' - fz’)nz’ ™

il e ey T 0
1
- —Lu

In contrast to (2.59), this term does not vanish but remains finite, since the integrand is
singular at ¢ = 0. The strongly singular integral / YV, Padl is therefore given by the

r
sum of its Cauchy principal value and the contribution from (2.62).

5. Normal Derivative a Single layer potential(Approaching I' from exterior)

0; Vawl(w) = Wirluo) — 5(s0)

O Vagllyo) = Tim - On[Vagl(y) y€Q
- =— 1 Py dl
O, [Vael(yo) ooopimt o Ong /F ¢ Pnd

OrVadlle) =ty [ TSR

=0 2m|z; — &l

— _lim — (i — 51)721 dr —lim [ o — (@ — 5@)2@ dr
=0 Jp_pr: " 27|z — & o YJr 2|w; — &

1
= —lim © Vi Pndl — iu(g)

e—0 r-I*

= Wie(y) — %s@(yo)

>I<>l<>l<)

Since / ©Vne Pn dl is strongly singular, the integral( over the modified boundary

r
I' — I'Z represents its Cauchy principal value:

lim © Vi P dl = /(p Ve P dl.
r

e—0 I

For the second integral(****) in (2.60), we obtain
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e—0 e—0 =0

. —(z; = &)ny . g —€

1 — =TI =1 —1)edb
o /F 4 2wz — &) S0 4 27r52< )e
71

= ¢(¢) /eogde

1 B
= %90(5) /e—o do

If 0L) is a smooth boundary, then we have § =7

lim —(zi = &)n dl — lgo(f)

0 Jp, " 27|z — &[? 2

In contrast to (2.59), this term does not vanish but remains finite, since the integrand is
singular at ¢ = 0. The strongly singular integral / ©V, PAdl is therefore given by the

r
sum of its Cauchy principal value and the contribution from (2.62).

4. Normal Derivative a Double layer potential(Approaching I' from both
interior and exterior)

Lx(yo) = 0 [War](yo) = 0, Wat (o),

Oy Wal(yo) = . lim 9, [Way](y) y €1

QE 3y—yocoN

I

QE3y—yo€oN
= Eiw(yo)
0 [Wat(yo) == LAY (y0)

The formulation of the boundary integral equation by using Green formula (2.67) which
is known as ”direct method” admits two ways of approaching the boundary based on
the traces |* and on the normal derivative oF.
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First way is by considering traces.
For the interior Dirichlet, ¢(y) = 1. Therefore equation (2.67) gives

u=—Wyiu" + V(9 u) on Q. (2.82)

The notation nt in (2.82) denotes that the direction of n is outward to €.
Substituting (2.76) and (2.79) into the trace of (2.82), we obtain

1
ut = §u+ — Whsu™ + V(9] u) on O9). (2.83)

For the exterior region {2~ equation (2.67) gives

u=—Wy_u +V(0,_u) on Q. (2.84)

Here the notation n~ indicates that the direction of n is inward with respect to Q.
Equation (2.84) is true if u satisfies the additional condition at infinity.
Since n~ = —n™, we can write (2.84) as follows:

u=Wyru — V(0  u) on 2. (2.85)
Substituting (2.76) and (2.80) into the trace of (2.85), we obtain

1
u = §u7 +Whru™ —V(0,, u) on 0S. (2.86)

Second way based on the normal derivative 0
For the interior problem, taking normal derivative (2.82) from (2, we obtain

oy = _3:; [Wn+u+] + (’):Lgr [V(@;ﬁm] on 0. (2.87)

n

Therefore, taking into account the jump relations in (2.77) and (2.81) and substituting
them into (2.87), we obtain

1
I u(yo) = —Lu™(yo) + Wi (97 ulyo)) + 58:;+u(y0), Yo € O9). (2.88)

For the exterior Dirichlet problem, taking the normal derivative of (2.85) from Q~, we
arrive at the following equation:

O u=0  [Wyr(u )] =0, [V(0 ,u) on 0f). (2.89)

n n n n

Substitution (2.78) and (2.81) into (2.89), gives

1
Oy u(yo) = Lu™ (yo) — W0, u(yo)) + §8g+u(y0), Yo € OS2 (2.90)
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2.10.1 Interior Dirichlet Problem

We will look for the solution w which satisfies the Laplace equation (2.1) in y € Q with
Dirichlet boundary condition (2.2). Equation (2.83) can be written as

(% + Wy )ut = V((‘?;Zru) on 0f). (2.91)

Substituting the boundary condition (2.2) into (2.91), we obtain an integral equation of
the first kind w.r.t. 9, u:

VO uw)) = (5 +Wasulye)  uo € 09 (2.92)

Besides, we can also reduce the interior Dirichlet problem to another integral equation
by using (2.87). Substituting the boundary condition (2.2), equation (2.87) can also be
written as the following integral equation of the second kind w.r.t. 8;’+u:

1

(5= Was) (O,ulyo)) = Lulyo) » yo € O (2.93)

2.10.2 Exterior Dirichlet Problem

Now we consider the exterior Dirichlet problem which consists of finding v which satisfies
the Laplace equation (2.1) in y € Q~ with Dirichlet boundary condition (2.2) and
condition at infinity.

Rearranging, equation (2.86) can be written as

1

(5 — Wyt )u™ = =V(0 ,u) on 09. (2.94)
Substituting the boundary condition (2.2) into (2.94), we obtain the following integral
equation of first kind w.r. t.0, u:

VO uw)) = (5= Wasuluo) , uo € 09 (2.95)

As in interior Dirichlet case, we can also reduce the exterior Dirichlet problem to another
integral equation by taking normal derivative 0, . Substituting the boundary condition
(2.2) into equation (2.90) yields the following integral equation of the second kind w.r.t.

o u:

(5 + Wis) (05 ul)) = ~Lulyo) , 4o € 09 (2.96)

42



Chapter 3

Analysis of Boundary Integral
Equation in a sense of Distribution

3.1 Introduction

In this chapter, the Dirichlet boundary value problem for the second order ”stationary
heat transfer” elliptic partial differential equation with constant coefficient is considered
in 2D. Using an appropriate fundamental solution which was stated and proved in chapter
1, the problem is reduced to some direct systems of Boundary Integral Equations (BIEs).
Although the theory of BIEs in 3D is well developed, the BIEs in 2D need a special
consideration due to their different equivalence properties. Consequently, we need to
set conditions on the domain for the invertibility of corresponding fundamental based
integral layer potentials and hence the unique solvability of BIEs. The properties of
corresponding potential operators are investigated. The equivalence of the original BVP
and the obtained BIEs are analyzed and the invertibility of the BIE operators is proved.

Let © be a domain in R? bounded by simple closed infinitely differentiable curve 0%,
the set of all infinitely differentiable function on €2 with compact support is denoted by
D(Q2). The function space D’'(2) consists of all continuous linear functionals over D((2).
For s € R, we denote by H*(R?) the Bessel potential space. Note that the space H'(R?)
coincides with the Sobolev space W, (R?) with equivalent norm and H~*(R?) is the dual
space to H*(R?) . For any non-empty open set 2 € R™ we define H*(Q2) ={u € D'(Q) :
u = Ulg for some U € H*(R™)}. The space H*(Q) is defined to be the closure of D(Q)

1 1
with respect to the norm of H*(R") . For s € (— 3 5) , H*(2) can be identified with
H*(Q), see e.g.[8].
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3.2 Formulation of Boundary Value Problem

Let © be a bounded open domain of R?. For simplicity, we assume that the boundary
0L is a simply connected, closed, infinitely smooth curve.

Let us denote Ox; = %(] =1, 2), 0z = (0x1, Oxs).
J

For a linear operator L, (either L, or A), we introduce the subspace of H'({2)

(HY(Q) = {u € Ly(Q) : 8?6 u(z) € La(Q)})

HY (L) ={g:9e€ H(Q), L,g € Ly(Q)},
endowed with the norm
||g||§{170(Q;L*) = ||9||f111(9) + ||L*9||%2(Q)-

Definition 3 For any u € C*(Q), define the trace operator v by ! u(r) = u(x),
x € 0.

Theorem 2 Trace Theorem
If s > o then v has a unique extension to a bounded linear operator

N HY(Q) = H2(09)

and we have

< Cl|ul

||fy+u||Hs—%(aﬂ) H3(Q)>

H*2(09Q) = {vTu:u e H (Q)}.

Note that the trace operator v* has a bounded right inverse
v HTE(09) —» HY(Q)

ie. vyt w=w,we H2(8Q) and

vl < Cllilly oo,

From the trace theorem for u € H'(2), it follows that ut := 4 u € Hz(9Q), where v/,
is the trace operator on 0€) from (2.

Definition 4 For u € H*(), the normal derivative is defined as

T e, 0t @), (o) = Yot (o) ()
. Ou(x)
B [Ovﬁ(:z:)rr

where n(x) is the exterior (to Q) unit normal vectors at the point x € OS).
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In general the boundary differential operator 7" is continuous mapping from H*({2) to
H*=2(8Q). That is

f 3

T+ HY(Q) = H2(09) , s > 5

We shall consider the scalar elliptic differential equation with constant coefficient 1.

Au(x) :Z 0 [agg)

— (9.7:1

| = f(x) in Q (3.1)

7

Given functions g, € H2(99Q) and f € Ly(Q) , we will consider the Dirichlet boundary
value problem for function u € H'(Q) ,

Au=f in €, (3.2)
yru = o on 0N. (3.3)

Here equation (3.2) is understood in the distributional sense and (3.3) in the trace sense.
For u € H'(€)) the normal derivative operators on 92 do not generally exist in the trace

sense. However if u € H(Q; A) one can correctly define the generalized (canonical)
normal derivative T7u € H~Y2(082) with the help of the first Green’s identity.

We define as in [5],[6],[11], the subspace

HY (% A) ={ge H(Q) : Ag € Ly(N)}
endowed with the norm ||g[[70q.0 = 191310y + 129117, For u € HMO(Q A) we

can define the (canonical) normal derivative Ttu € H~2(9€) in the weak form (see,
e.g.[0],[I1] and the references therein),

(T*u, w) = /Q () Au+ B, vHw)lde Ywe HYOQ),  (34)

where v, : H2(99) — H'(Q) is a continuous right inverse of the continuous interior
trace operator v+ : H(Q) — H2(9Q) , while E(u, v) := Vu(z) . Vo(z) is the symmetric
bilinear form.

For uw € H*(Q2) , s > 3/2, the canonical normal derivative defined by (3.4) coincides with
the classical one, defined in the trace sense, i.e.,

TYu=n-v"Vu, (3.5)
where n(x) is the exterior unit normal vector.

Remark 2 . The first Green identity holds for any v € H"(;A) and v € H'(Q)
([6],[11]) i.e,

E(u, v)dr = —(Au, v)q + (TTu, v v)aq
Q
and the second Green identity holds for any u,v € HY(Q; A) ,

/(vAu —ul\v)dr = (TTu, v v)oq — (T v, v u)eq.
Q
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3.3 Fundamental Based Potential-type Operators

A function Pa(z, y) is a fundamental solution for the operator A if

AyPa(z, y) = 0(x —y),

where ¢ is the Dirac-delta distribution.
In particular, see e.g. [9], the function

1
PA(I, y): %10g|$—y|, x, y€R2

is a fundamental solution for the Laplacian operator A.

Ifu € HY(Q; ), then from the second Green’s identity, we have the following fundamental-based
third Green identity for y € €, [9],

u(y) = /m[fu(a;)TjPA(:v, y) — Palz, )T u(z)] d:v+/ Pa(x, y)f(z)dz, y € Q.

N (3.6)
Note that the direct substitution of v(z) by P(x, y) in the Second Green Identity is
not possible as it has singularity at « = y. This difficulty is avoided by replacing 2 by
O\B(y, ) , where B(y, €) is a disc of radius € centered at y; taking the limit ¢ — 0 we
then arrive at (15.6), cf. e.g. [12].

The fundamental-based logarithmic operator is defined, similar to [I] in the 3D case, as

Pagly) = / Palz, y)g(z) dr, (3.7)

The single and double layer potential operators, corresponding to the fundamental Pa(z, y),
are defined for y ¢ 0 as

Vag(y) == —/m Pa(z, y)g(x) ds,,

Wagly) == — /a . T Pa(z, y)g(z)ds,.

The following boundary integral (pseudo-differential) operators are also defined for y €
011,

Vagly) = —/m Pa(z, y)g(x) ds,,
Wagl) == | TIPale pglo) s,
Wigly) = —/m T, Pa(z, y)g(x)ds,,

Ligly) = T Wagly) = —T7 / TS Pa(e. y)gla)ds.
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Theorem 3 For s € R, the following operators are continuous,

VA H?
Wa: H
Va: H

Wa, WA : H®
LA H

Proof: We have the corresponding mappings for the corresponding constant- coefficient
operators.

Theorem 4 Let u € H’%(aﬁ) and v € H%(ﬁﬂ) . Then the following jump relation hold
on OS2

7 Vau(y) = Vau(y) (3.8)
T Wanly) = ~50(y) + Warly) 39
T Vau(y) = uly) + Wau(y) (3.10)

Proof: For the constant coefficient case, this theorem is well known.

Theorem 5 Let Q) be a bounded open domain in R? with closed, infinitely smooth boundary
0€). The following operators are continuous.

Pa: H(Q) — H2(Q), s € R; (3.11)
CH5(Q) — HT(Q), s> —%; (3.12)

V' Pa Q) HH0), 5> (3.13)
CHY Q) — HT2(0Q), s> —%; (3.14)

THPa : H(Q) = H2(5Q), s> —%; (3.15)
CHNQ) — HT2(0Q) , s> —%; (3.16)

Proof: The operator Pa is a homogeneous pseudo-differential operator of order —2 on
R?, mapping Pa : H: . (R?) — H{f?(R?) continuously for any s € R. Hence the

comp loc
application of trace theorem, the operators (3.11), (3.13) and (3.15) are continuous. For

1 1, -
s € (— 2 =), H*(Q) is identified with H*(Q2), and (3.12) directly follows from (3.11).

2
1
To prove the case s € (5, 5), we implement the Gauss divergence theorem and the fact
0 0
that — log |z — y| = ——=—log |z — y| and obtain
O; Iy,
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) 1 B
— - — 1 _
a0, (Pag)(y) o /Q 9(x) o, og |z —y|dx

1 0 1
= 5 /Qlog |z — y|a—xjg(x)dx ~ 5 ” log |z — y|nﬂ+g(:zc)0lsgC

= Pa(9;9)(y) + Va(nyv"g9)(y). (3.17)

1 3
Now for s € (5, 5), since 9; : H*(Q) — H*(Q) is continuous, we have

Pad; : H*(Q) — H*(Q) is continuous, and from trace theorem g € H*~3(8Q) and
the properties of the single layer potential, we conclude that VP : H*(Q2) — H*T1(Q)

is continuous. This implies that Pa : H*(Q2) — H*2(Q) is continuous for s € (5, 5)

Further, with the help of these results and the relation (3.17), we can verify by induction
1 1
that the operator (3.12) is continuous for s € (k — 2 k + 5) , where k is an arbitrary

1
nonnegative integer. For the values s = k + 5 the continuity of the operator (3.12) then

follows due to the complex interpolation properties of Bessel potential spaces.

The trace theorem will give the continuity proof for the operators (3.13) and (3.14). The
continuity of the operators (3.15) and (3.16) follows if we remark that for the chosen s
the normal derivative can be understood in the classical sense (15.5).0]

By the Rellich compact embedding theorem (see e.g [§], Theorem 3.27]), Theorems 3 and
5 imply the following assertion.

Corollary 1 Let s € R. The following operators are compact,

Va: H*(0Q) — H*(9) (3.18)
Wa : H*(89) — H*(9) (3.19)
Wa : H¥(09) — H*(99) (3.20)

3.4 Invertibility of the Single Layer Potential Operator

The boundary integral operator Vo : H~Y2(0Q) — HY?(0Q) is Fredholm operator of
index zero ([4], theorem 7.6). For the three dimensional case, the following holds. For
v € HY2(00) , if Vav*(y) = 0,y € Q, then ¥* = 0, which implies the invertibilty of
single layer potential operator mapping from H~1/2(9Q) to HY/2(0Q). But it is not true
the two dimensional case. It is well know ([4], Remark 1.42(ii), [13], proof of theorem 6.22)
for some 2D domains the kernel of the operator V, is non-zero for the same domains.
The following example illustrates this fact.

Example 1. Take the density function ¢ =1 and 2 = B(0, R) to be a disc of radius R
centered at the origin and 02 = 0B(0, R) be the circular boundary of the disc. We can
show that

_ | Rlnly|, for |yl >R,
Vadly) = { Rln R, for |y <R.
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In the above example, if we take the value of R = 1, then Va¢(y) = 0 in Q. This shows
that the kernel of the operator Va : H~2(8) — H2(9N) contains non zero element for
a unit ball, i.e., KerVa # {0} for Q = B(0;1), which means, the operators VA is not
one to one for this particular domain. In order to have invertibility for the single layer
potential operator in 2D, we define the following subspace of the space H: (092), see e.g.
[13], Eq.(6.30),

1

H.2(09) ={pe H20Q) : (4, 1)an =0},
where the norm in H, %(89) is the induced by the norm in H _%(09) )
Theorem 6 If 1) € H*_%(GQ) satisfies Va = 0 on 0X), then ¢ = 0.
Proof: (sce e.g. [§], Corollary 8.11 ii}).0]

Theorem 7 Let Q) C R? have the diameter diam () < 1. Then the single layer potential
Va - H™2(8Q) — H2(09) is invertible.

Proof: By [[13], Theorem 6.23], for diam (€2) < 1 the operator Va : H~2(9Q) — Hz(9)
is H~2(0Q)-elliptic and since it is also bounded, c.f. Theorem 1 for s = —1/2, the
Lax-Milgram theorem implies its invertibility.

3.5 The Third Green Identity

For u € H"(A;Q), let us write the third Green’s identity (3.6) using the surface and
volume potential operator notations,
u— VAT u + WayTu = Palu in €. (3.21)

Applying the trace operator to equation (3.21) and using the jump relations from
Theorem 4, we have

Y u = VAT u+ Waytu = Palu] in Q.
yru — ATVAT Yu + \7+WA7+1£ =y Palu on 0f)
VaT+u ity S Wartu

1
Y u — VAT u — =y u + Waytu = yTPalu

2
1
§fy+u — VAT u+ Way"u = y"Palu.
1
§7+u — VAT u + Wavytu = yTPalAu on O9). (3.22)

Similarly, applying the normal derivative operator to equation (3.21), and using again
the jump relation, we obtain
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u— VAT u+ WayTu = Palu in Q.

THu— VAT u + WayTu = PaAu] on 0N
THu— TTVAT u +\T+WA7+1£ =T PrAu
%T'*'UJ;!;/’AT"'U Lg;ru

1
THu — (§T+u + W AT u) + LAy u = THPalu
1
THu — §T+u —W AT u+ LIy u =T Pal\u

%T*u — W AT u+ LIy u =T Palu.

1
§T+u — W AT u+ LIy u =T Palu, on 9. (3.23)

For some functions f, ¥ and ® let us consider a more general indirect integral relation
associated with equation (3.21) .

U— VAV + WAD = 'PAf, in €. (3.24)

Lemma 1 Let u € HY(Q), f € Ly(Q), U € H2(dQ), and ® € Hz(9Q) satisfy equation
(3.24). Then u belongs to H'°(Q; A) and is a solution of PDE Au = f in Q and

VAT — THu)(y) — Wal(® — v u)(y) =0, ye Q

Proof. The proof follows word by word the corresponding proof in 3D case in [[1], Theorem
4.1].0

Lemma 2 )

(i) Let either U* € H=2(0) and diam () < 1, or U* € H, 2(9Q) . If Va¥* = 0 in €,
then ¥* =0 on 0S.

(ii) Let ®* € Hz(8Q). If Wa®* =0 in €, then ®* =0 on 0.

Proof:

(i) Taking the trace of equation in Lemma 2(i) on 0%, by the jump relation (3.8) we have

VU*(y) = 0 on Q. If U* € H2(9N) and diam () < 1, then the result follows from

the invertibility of the single layer potential given by Theorem 7. On the other hand, if
1

U* € H, ?(99Q) , then the result is implied by Theorem 5.
(ii) Let us take the trace of equation in Lemma 2(ii) on 0f2, and use the jump relation
(3.9) to obtain,

1
— 5@* + Wad* =0 ond. (3.25)

It is well known that this equation has only the trivial solution. It is particularly due to

1
the contraction property of the operator 5] + Wh, see [[14], Theorem 3.1].0]
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3.6 Boundary Integral Equations (BIEs)

To reduce the Dirichlet BVP (3.2) — (3.3) to a boundary integral equation system, let us
denote the unknown normal derivative as ¢ := TTu € H™2 (02) and will further consider
1 as formally independent on wu.

Assuming that the function w satisfies PDE Au = f, by substituting the Dirichlet
condition into the third Green identity (3.21) and either into its trace (3.22) or into
its normal derivative (3.23) on 0f2, we can reduce the BVP (3.2) — (3.3) to two different
systems of Boundary Integral Equations for the unknown function v € H9(Q; A) and
¢ =T"u e H2(50).

BIE system (D1)obtained from equations (3.21) and (3.22) is

u—Vay = Fy mn €2,
—Va =7 Fy — ¢o on 0f),

where
F() = PAf - WAQO(] mnf). (326)
The system can be written in matrix form as AU = F!, where U = [u, Y| €
HY0(Q; A) x H™2(8Q) and
I —VA FO
Al = , Fl=
{0 —VA] {fFo—soo}

From the mapping properties of Wa in Theorem 3 and Pa in Theorem 5, we get the
inclusion Fy € H'0(€; A), and the trace theorem implies v+ Fy € Hz(8S2). Therefore,
Fle HY(Q) x Hz(09). Due to the mapping properties of the operators involved in A,
the operator A : HY0(Q; A) x H™2(8Q) — HY(Q) x Hz(89) is bounded.

BIE system (D2) obtained from equations (3.21) and (3.23) is

u—Vay = Fy s,
1
§w — Wi =T"F,  ondQ,

where Fj is given by (3.26) . In matrix form it can be written as AU = F?, where

, (1 —Va . [ Fy
A_[O yowy | T T R

Note that the operator A2 : HY(Q; A) x H=2(9Q) — HY(Q) x H2(99) is bounded.

3.7 Equivalence and Invertibility Theorems

In the following theorem we shall see the equivalence of the original Dirichlet boundary
value problem to the boundary integral equation systems.
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Theorem 8 Let ¢y € H2(9Q) and f € Ly(R) .
(i) If some u € HY(Q) solves the BVP(5.2)-(5.3), then the pair (u, 1) , where

=T e H 2(09), (3.27)

solves BIE systems (D1) and (D2).

(ii) If a pair (u, ¥) € HY(Q) x H™2(9Q) solves BIE system (D1), and diam (Q) < 1,
then w solves BIE system (D2) and BVP (3.2)-(3.3), this solution is unique, and v
satisfies(3.27).

(iii) If a pair (u, ¥) € HYQ) x H2(0Q) solves BIE system (D2), then u solves BIE
system (D1) and BVP(3.2)-(3.3), this solution is unique, and 1 satisfies (3.27).

Proof:

(i) Let u € H'(Q) be solution of the BVP(3.2) — (3.3). Since f € Ly(2), we have that
u € HY(Q; A). Setting 1 by (3.27) and recalling how BIE systems (D1) and (D2) were
constructed, we obtain that (u, 1) solve them. That is,

Since (u, ¥) = (u, TTu) solves the BVP (3.2)-(3.3) implies
Au=f

and
Yo = ’Y+U
And now for u € H°(2; A) and from the second Green’s identity, we have the fundamental

based Green’s third identity for y € 2 using surface and volume potential operators
notation:

u— VAT "u+ Waytu=Palu in Q.
_ T _ +
Uu— VAT u=Pr Au —Warvy"u
TZ) f Po
u—Vath=Paf —Wayp,
—_—
Fy

u—Vay =Fy where Fy = Prf — Wap,
— (u, ¥) = (u, TTu) solves the first equation of the BIE systems D; and Ds.

Applying trace simply to the above equation or applying trace to this third Green’s
identity and using the jump relations, we have

u—Va = Fy on 0f)
Y u — Varh = Fy on 05
vru— VA =R
~N =
Po VA’LZJ

Po — VA@Z) = ’7+F0
VA =7"Fy — ¢,
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u— VAT u + WayTu = Palu in Q.
YU — VAT u+ " WayTu = v Palu on 09

1
Yru — VAT u — §7+u + WavTu =y Palu

1
§7+u — VAT 'u+Waytu=~"Palu
1
3%~ VAt + Wago =7 Paf
1
—Vath =7 Paf — 3%0 ~ Wao
. 1
=v"Paf+ 5%0— Wa®o — @o
1
= "Paf — (—5% + Wago) — o

= 7+PAf - 7+WA§00 — %o
= 7+<’PAf - WA()OO) — Po
=7 (Paf = Wapo) — ¢o
= 7+Fo — %o
— (u, ¥) = (u, T"u) solves the second equation of the BIE of system D;.

Applying normal derivative simply to the first equation of BIE or to the third Green’s
identity and using jump relation, we have

u—Vay = Fy on €
THu—Vay = Fy) on OS2
THy— T Vat = THF,
Yo Ipwiay

b~ (50 + Wab) =T*Fy

1
(e §¢ Wy =T"F
1

§¢ — WAy =T"F,

Or
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u— VAT u+ Waytu = Palu in Q.

THu— VAT u + WayTu = Palu on 0.
+ ., Tt + + +,, Tt
]:p u—"T VATwujLT Wa~yTu =T"Pa Au
Po f

Y+ T Va) — Wap, =T Paf
1 /
P — (5%0 +WAY) + T Wap, = TTPaf
1
'¢ — §¢ — W/Al/J -+ T+WAQOO = T+PAf

1 ,
51# —Wath =T Paf =T Wayp,
1 /
577/) - W A@b == T+<PAf — WA(,DO)

Fo

1
id) - W/Aquj - T+Fo
— (u, ) = (u, TTu) solves the second equation of the BIE of system Dj.

Or

If (u, ¥) = (u, TTu) solves BVP (3.2) and (3.3), that is, Au = f and vTu = ¢,

First we want to show that (u, 1) = (u, T7u) solves the first equation of both systems
(D and D)

Using Green’s third identity (u— VAT u+WayTu = Pa/Au) and jump relations, we have

u—Vay =u—VaT u
= Pal\u — WavyTu
= PAf - WASOO

— (u, ¥) = (u, T"u) solves the second equation of both systems D; and Dy

Second we want to show that (u, ¥) = (u, T%u) solves the second equation of BIE
system D
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—VA@D = —VAT+U
= VAT u
= —y T [=Palu +u + Waytu]
=T [Palu —u — WayTu]
= YT [Palu —u — WayTu]
=tTPa Au —yTu —yTWayTu
- =~ N
f ®o Po
=" Paf — o =7 Waw,
=7"Paf =7 Wavo — ¢,
=7 Paf = Waps] — ¢o
Fo

= ’Y+Fo — Yo
— (u, ¥) = (u, T"u) solves the second equation of system D;

Third we need to show that (u, ¥) = (u, TTu) solves the second equation of BIE system
D,

1 1
51/) — WA = §T+u — W/ AT u
1
=T u— §T+u — W AT

1
=T u— [§T+u + W AT ]
= T+u — T+VAT+U
=T [u— VAT ]
= TJr [u — VATJru]
= T+['PA Au —WAw

f Po
=T [Paf — Wag,]
=T"F,

— (u, ¥) = (u, T u) solves the second equation of system Do
And therefore, = (u, ¥) = (u, T u) solves BIE system D; and Dj

For (ii) and (iii),
Let now a pair (u, 1) € H'() x H2(99) solves system (D1) or (D2). Due to the first

equations in the BIE systems, the hypotheses of Lemma (1) are satisfied implying that u
belongs to H(2; A) and solves PDE (3.2) in 2, while the following equation also holds,

Va(@ =TT u)(y) = Walpo — 7" u)(y) =0,  ye. (3.28)
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(ii) Let (u, ¥) € HY(Q) x H~2(0R) solves system (D1). Taking the trace of the first
equation in (D1) and subtracting the second equation from it, we get vTu = ¢y on
0. Thus, the Dirichlet boundary condition is satisfied, and using it in (3.28) , we have
V(Y —T%u)(y) =0, y € Q. Lemma 2(i) then implies ¢p = T u. That is,

Let (u, 1) € HY(Q) x H~2(9%) solves system (D1). That is,

u— Vap = F, in §
—Vath =7 F, — ¢, in 09

Taking the trace of the first equation in (D1) and applying the jump relation, we have

Ytu — 4 Vath =~7F,
ytu — Vap =+F,

and subtracting the second equation from it, we get

[ Tu=Va =77F,
_VA¢ = ’YJFFO — Yo

= YTu=1¢p, ondf
= vy u—p,=0 on OS2

Thus, the Dirichlet boundary is satisfied.
And using this in (3.28), we have

Va( = THu)(y) = Walpo =7 u)(y) =0,  ye.

-~

Va(t =TT u)(y) = 0

And then by Lemma 2(i), since ¢ € H™2 and diam(Q) < 1,

VA —THu)(y) =0, fory € Q = v =T u=0, on 90 = ¢ =T u on I

— Tru=1 € H 2 on 9Q and hence (3.27) satisfied.

And also if (u, ) solves BIE system (D), then (u, ) solves BIE system (D) since they
are identical in their 1*! equation, and 2" equation of (Dy) comes from the 1% equation
of (Dy) by taking the normal derivative.

(.

(iii) Let now (u, ) € H(Q) x H2(99) solve system (D2). Taking the normal derivative
of the first equation in (D2) and subtracting the second equation from it, we get 1) = T u
on J9. Then inserting this in (3.28) gives Wa(vo —ytu)(y) = 0,y € Q and Lemma 2(ii)
implies ¢y = v"u on 9. That is,
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Let now (u, ¢) € HY(Q) x H~2(09) solve system (D2).
Taking the normal derivative of the first equation in (D2) and applying the jump relation,
we have

u—Vay =F, in €
Ty — T;VAw =T7"F, on 0f)

1
Ttu— 50— Wa =T*F,

and subtracting the second equation from it, we get

[ Tru—3¢0—-Wayp =TTF,
U =Wt =TTF,

= Ttu—¢=0
— TTu=1 on 0f)
— Tru=1¢€ H_%(OQ), (3.27) satisfied.

Inserting this in (3.28), we have

Va( =TT u)(y) — Walpo =7 u)(y) =0, ye.
Since ¢ — T u = 0, we have
Walpo — 7 u)(y) =0, ye
And hence by Lemma 2(ii), since ¢y € Hz and Wa(py — 7y u)(y) =0, y e Q
— , =y u on 00

The uniqueness of the BIE system solutions follows from the fact that the corresponding
homogeneous BIE systems can be associated with the homogeneous Dirichlet problem,
which has only the trivial solution. Then paragraphs (ii) and (iii) above imply that the
homogeneous BIE systems also have only the trivial solutions. [

Theorem 9 If diam (2) < 1, then the following operators are invertible,

AL HY Q) x H2(09) — HY(Q) x H2(09), (3.29)
AL HY(Q:A) x H2(0Q) — HY(Q; A) x H2(09)). (3.30)

Proof. Theorem 8(ii) implies that operators (3.29) and (3.30) are injective. Let us denote

A= { é _]‘jA } . Then A' : HY(Q) x H™2(8Q) — H'(Q) x Hz(8Q) is bounded. It
—Va

is invertible due to its triangular structure and invertibility of its diagonal operators I :
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HYQ) — HY(Q) and =V : H2(9Q) — H2(dQ) (see Theorem 7) .

To prove invertibility of operator (3.30) , we remark that for any F' € H0(Q;A) x
H2(09), a solution of the equation A = F' can be written as U = (AY)"1F?,
where (AY) : HY(Q) x Hz(dQ) — HYQ) x H™2(dQ) is the continuous inverse to
operator (3.29). But due to Lemma 1, the first equation of system (D1) implies that
U=(AY1FL € HYO(Q; A)x H~2(99) and moreover, the operator (A') ! : HY(Q; A)x
H2(09) — HY(Q; A) x H-2(9Q) is continuous, which implies invertibility of operator
(3.30).0

The following similar assertion for the operator A2 holds without the limitation on the
diameter of €.

Theorem 10 The following operators are invertible.

A2 HY Q) x H™2(0Q) — H'(Q) x H™2(59), (3.31)
A2 HYO(Q: A) x H™2(0Q) — HYO(Q; A) x H 2(59). (3.32)

Proof: Theorem 6(iii) implies that operators (3.31) and (3.32) are injective. Since
A% = é V. r . | Then A% H'(Q)x H=2(0Q) — HY(Q) x H~2(99) is bounded.

2+ T VYA
It is invertible due to its triangular structure and invertibility of its diagonal operators I
c HY(Q) —» HY(Q) and § T - W' : H~2(99) — H~2(8Q)(Since W is compact, sI-W
is Fredholm with zero index). The invertibility of operator (3.32) is then proved similar
to the last paragraph of the proof of Theorem 7. That is,

To prove invertibility of operator (3.32), we remark that for any F? € H“(Q;A) x
H~2(8Q) , a solution of the equation A% = F2 can be written as U = (A2)"'F?,
where (A2)7! : HY(Q) x H2(0Q) — HYQ) x H 2(8Q) is the continuous inverse
to operator (3.31). But due to Lemma 1 the first equation of system (D2) implies
that U = (A2)"'F2 € HY(Q;A) x H2(9Q) and moreover, the operator (A2)~! :
HYO(Q: A)x H™2(8Q) — HY(Q; A) x H~2 () is continuous, which implies invertibility
of operator (3.32).00
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Chapter 4

Conclusion and Future Work

In this paper, we have considered the interior Dirichlet problem for constant coefficient
PDE in a two-dimensional domain, where the right hand side function is from Ly(€2)
and the Dirichlet data from the space H %((‘)Q). The BVP was reduced to two systems
of Boundary Integral Equations and their equivalence to the original BVP was shown.
The invertibility of the associated operators in the corresponding Sobolev spaces was also
proved.

In a similar way one can consider also the 2D versions of the BIEs for the Neumann
problem, mixed problem in interior and exterior domains.
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