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Chapter 1

Introduction

The boundary element method (BEM) is an approach to solve partial dif-
ferential equations (PDEs) by appropriately discretized boundary integral
equations (BIEs). These integral equations act only on the boundary of the
computational domain and are derived using a fundamental solution accord-
ing to the differential operator under consideration. The solution of the BIE
is used to reconstruct the solution of the original PDE in the whole domain.
In this introduction we briefly sketch this approach in two examples and we
give an overview on the whole lecture.

In the following we consider a simple well-known model problem. Let
Q C R? (d = 2 or 3) be a domain with “smooth” boundary I' (we will discuss
smoothness later on). Find u : 2 — R such that

—Au = 0 in Q,

uw = gp onl.

(1.1)

This is the pure Dirichlet problem for Laplace’s equation.

The fundamental solution to the Laplace operator —A is given by

—s=loglz —y| ford=2
* — 2m ’
U(x,y)—{ L1 ford = 3.

4r [a—y]
As a characteristic property of this fundamental solutions we have that

in the distributional sense, where §, denotes Dirac’s delta distribution. We
also have that

AU (xz,y) = 0 Vy#ux

in a strong sense (note that U*(x, y) is C'* unless z = y).
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Example 1.1 (indirect approach) We make the ansatz that the solution
wof (1.1) fulfills

u(z) = /FU*(x, y)w(y)ds, forzeQ, (1.2)

for some (yet unknown) density w : I' — R. Then u satisfies indeed the
homogeneous Laplace equation. Proof:

—Au(z) = —A, / U*(z, y)w(y)ds, = /—AIU*(.%', y) w(y)ds, = 0.
Here we could swap integration and differentiation because = # y. We now
define the boundary integral operator

(Vw)(z) = /FU*(x, y)w(y)ds, forzel.

In order to fulfill our Dirichlet boundary conditions, the density w : I' — R
has to satisfy

Vw =gp onl. (1.3)

This is a boundary integral equation (BIE) of the first kind. Once we have
solved this equation, i.e., we have w, formula (1.2) defines the solution u of
(1.1).

Example 1.2 (direct approach) Green’s second formula reads

/—quH—UAudx = /—u—+v—dsw.
Q r n
Setting v(z) := U*(z, y) with y € Q we obtain

/—AJCU*(L y) u(x) dav—{—/U*(:v, y) Au(z) dx
2 —~— ™ 0
o . Ju
= —/Fu(:c) 8nmU (x, y) dsz—ir/FU (x, y) an(:ﬁ) ds,

Without worrying about correctness, we interpret the first integral as an
evaluation of Dirac’s delta distribution and obtain

u(y) = /QU*(x, y) [ — Au(z)] d —/F [aixU*(m, y)} @ ds,

=0 =You

ou

—|—/U*(:p, y) —(x) ds, Yy € Q.
r on

=y1u
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This identity is called Green’s third formula or representation formula. It
represents the value of u in the interior of €2 in terms of the so-called Cauchy

(ryu> ((u)u’ll>
’)/u

i.e., the trace of u and the normal derivative. By making a careful (non-
trivial) transition y — T, one obtains an equation of the form

) = —F o))+ (Vi) wer, a9
=g9p(y) —Ip

where K can be represented by an integral operator (more details are given
in subsequent chapters), and V' is the operator from before. We see that in
case of our pure Dirichlet problem, the unknown normal derivative du/dn
can be determined directly via the above BIE that is similar to (1.3).

Other approaches

e The ansatz

u(z) = / 0 U'(xz, y)v(y)ds, foraz e,
r anm

for some density v : I' — R also fulfills —Au = 0, and it leads to a BIE

of the second kind.

e Formula (1.5) was something like “y0(1.4)”. We can also use “y;(1.4)”,
which also leads to a BIE of the second kind.

In this lecture we will clarify in which spaces we have to work, and if and
in which sense the integral equations are solvable. Secondly, we will discuss
numerical methods to solve the discretized equations.

Overview on numerical methods Similarly to the finite volume method
(FVM), the finite difference method (FDM), and in particular the finite ele-
ment method (FEM), we will discretize our BIE

Bv =g

(having in mind equations (1.3) or (1.5)) using a mesh of the boundary T,
consisting of boundary elements I';.
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e In the collocation method we make the piecewise constant ansatz

n

Uh(x) = Z Vj Xr;

j=1

for our approximate solution vy, where xr; denotes the characteristic
function. Of course we cannot expect B v, = g on the whole boundary.
Instead we chose a set of test points {y;};=1., C I' and seek for the
coeflicients (v;),=1.., to satisfy

(Bun)(y;) = g(y;)  Vi=1...n,
which leads to a linear system of algebraic equations.

e In the more general Galerkin method, a projection method, we fix a
space V where the solution v of the BIE is sought (i. e., some function
space we did not yet specify). Then we choose a discrete subspace
Vi, € V and seek an approximate solution v, € V}, such that

<B Uh, wh> = <97 wh> vlwh € Vh-

This is a projection of the continuous equation on V' to the discrete
space V.

Other topics of this lecture include the correct treatment of (mixed)
boundary conditions, error estimates, and pros and cons compared to the
finite element method. Obviously, a huge advantage is the reduction in di-
mension: instead of an equation on 2 C R¢, we get an equation on I' C R4~
It will turn out that BEM system matrices are dense, but that they can be
approximated by data-sparse matrices and/or that their application to a vec-
tor can be done in quasi-linear time. These techniques which we will briefly
touch are covered by the keyword fast BEM.

Among typical applications of BEM are exterior field problems, screen,
and crack problems. We do not cover these problems, but only give some
hints how exterior field problems can be treated.
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PDEs, Fundamental solutions,
Green’s formulae, and a first
boundary integral equation

2.1 Notations and definitions

In the following let Q@ C R¢ (with d = 2 or 3) be a domain (open and
connected) with boundary I' = 9€). Very often, 2 will be bounded too.
Nevertheless, we will also work with unbounded domains, e.g., with the
complement of a bounded domain. If €2 is bounded, we will implicitly assume
that it is also simply connected (i. e., any closed curve in {2 can be contracted
to a point, where the whole process of contraction occurs in §2) and that its
boundary has only one connected component. However, this restriction is not
essential. More important is the restriction to the class of Lipschitz domains
that will be defined in the sequel.

Definition 2.1. (a) The set
Q:={zeR?: 2, <~(@) forZ=(x1,...,04_1) € R}

is called a Lipschitz hypograph if v : R¥~! — R is Lipschitz continuous,
i.e., there exists a constant M > 0 such that

V@) @) < M-yl VI FeRT.
Note that T := 9Q = {z € R% : 24 = ~(Z) for some 7 € R},

(b) The open set Q C R is a Lipschitz domain if its boundary I is compact
and there exist finite families {W,} and {Q;} such that

5
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Figure 2.1: Sketch of Definition 2.1.

Figure 2.2: Examples of non-Lipschitz domains.

(i) {W;} is a finite open cover of T, i.e., W; C R are open sets and
rcy,w,

(ii) each €, can be transformed to a Lipschitz hypograph by a rigid
motion (a rotation plus a translation),

(iii) W; NQ = W; Ny for all j.

(c) If the parameterizations ~; of each hypograph 2; in the above definition
satisfy v; € CH(R™1) we simply write I € C*. If v; € C*(R?!) (the
k-th derivative Lipschitz) we write I' € C*!. With this notation, the
boundary I" of a Lipschitz domain fulfills I' € C%!. If these conditions
hold only piecewise (on a finite non-overlapping partition of I' = JT})
we write ' e Cf, or T' € Cf;l.

Many polygons and polyhedra are Lipschitz domains. Some counterex-
amples are shown in Figure 2.1: in the leftmost domain, the graph fails to be
Lipschitz, in the second domain, the boundary fails to be on one side, and in
the last domain, the boundary fails to be a graph at all.

Note that € is Lipschitz if and only if R?\ Q is Lipschitz.

Lemma 2.2. Let Q2 be a Lipschitz domain. Then it has a surface measure
(denoted s) and an outward unit normal vector (denoted n) s-almost every-
where on .
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Proof. The proof follows from Rademacher’s theorem. [

Notation. We introduce the following differential operators,
du
ox1

e the gradient Vu := : of a scalar field u : Q — R,

Ou
Oxg

the divergence div F' := Z?Zl gf?' of a vector field F' : ) — R,

the normal derivative g—z = Vu-n,

the Laplace operator Au = divVu = Y4  2u

=1 Bzf ’

o the Helmholtz operator —Au — k*u for some k € R,
e the Lamé operator of linearized elasticity —u Au — (A + p)Vdivu.
In order to indicate the differentiation variable we write V,, A,, etc.

Theorem 2.3 (Gauss). Let Q be a bounded Lipschitz domain and let the
vector field F : Q — R? be differentiable. Then

/dz’deat = /F~nds.
Q r

In this lecture we will mainly work in the world of Laplace and Poisson.
Our standard problem is to find u : @ — R such that

—Au = f inQ,

u = gp onlp, (2'1)
ou r
— = on
on gn N,

where the Dirichlet boundary I'p is a part of I', and the Neumann boundary
[y =T\Tp. f 'y =T, we have the compatibility (solvability) condition

/Qfdx—l—/rgNds = 0. (2.2)



CHAPTER 2. PDES, FUNDAMENTAL SOLUTIONS, GREEN, ETC. 8

2.2 Fundamental solutions

Definition 2.4. Let C§°(Q2) := {¢ € C®(Q) : suppp CC Q}, i.e., the
infinitely many times differentiable functions with compact support in €.
Let {¢,} be a sequence in C§°(£2). We write

vn — 0 sequentially
if and only if for all K’ CC €2 and for all multi-indices «,
0%p, — 0 uniformly on K .

We denote by D(£2) the space C3°(2) equipped with this convergence. This
is no metric space, but we can define continuity via the above sequential
convergence. We set

D'(Q) :={¢:D(Q) — R: ¢ linear and continuous} ,

and denote the evaluation of such linear forms by (¢, ) := ¢(¢). The con-
tinuity says that ¢, — 0 sequentially implies (¢, ¢,,) — 0. D'(Q) is called
space of Schwartz distributions on €.

Example 2.5. e Each function u € L{_(Q) (i.e., |u| is integrable on

each compact subset of ) defines a distribution u € D’'(Q2) by

(@, p) = /ngodx for ¢ € D(12).
In the following we identify u and @. If a distribution ¢ € D’'(2) has a
representation by an L () function, it is called reqular distribution.
e The Dirac delta-distribution for a point y € €2 is defined by
0y € D'(Q) {0y, @) = (y) for p € D(Q).
This distribution is not regular, it cannot be represented by a function.

Definition 2.6. Let L be a scalar elliptic differential operator. Then U*(-, ) :
Q x Q0 — R is called fundamental solution if

LU (z, y) =9,
(in the distributional sense).

Fundamental solutions do not necessarily exist for any differential oper-
ator. Even if they do, they might be difficult to construct. In the following
we discuss a few well-known operators.
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Example 2.7. 1. Laplace operator: L = —A:

t1—]z—yl) ford=1,
U(x,y) =

2. Helmholtz operator: L = —A — k%I and d = 3:

iklz—yl 1
Uz, y) = 47i|a: — " Ty [cos(k|z — y]) +1 sin(k|z — y)] -

3. Further operators: For the Lamé operator and the Stokes system see,
e.g., [Steinbach]. For Lu = —div(AVu) 4+ 2b- Vu + cu see, e.g.,
[Sauter/Schwab)]. Very general elliptic systems are treated in [McLean)].

Lemma 2.8. Let L be strongly elliptic with constant coefficients. Then

U*(z, y) is C® in R x R\ {(z,2) : © € R}. We have
LU (xz,y)=0 Ve #y

(in the strong sense).

Remark 2.9. For d = 2 we can use
r

|z —y|

1
Ur =—1
as fundamental solution, for all » > 0.

In the following we restrict ourselves to L = —A.

2.3 Green’s formulae
Lemma 2.10. Let Q C R? be a bounded Lipschitz domain. Then Green’s

first formula,

/uAvdx = —/Vu-Vvda:—i—/u@ds Yu € C1(Q), v e C*(Q)
Q Q r on

and Green’s second formula,

/uAv—vAudx:/u@—v@ds Vu, v € C*(Q)
Q r on on

hold.
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Note that we can relax C*(Q) and C2(f2) a bit such that all involved
quantities are well defined. Using density arguments we can replace C¥
above by H*; we will treat this in detail in Chapter 4.

We now set v(z) := U*(z, y), do not worry about non-smoothness and
obtain Green’s third formula (also called representation formula),

u(y) = —/U*(x, y)Agu(z) da:—/ai U*(z, y) u(x) ds, +
+/FU*(x, y)g—n(:zc)alsz Yy € Q.

A sketch of a proof is found in the introduction. We will provide a careful
proof in Chapter 4.

Remark 2.11. 1. In Green’s first formula above, we can assume that u €
H'Y(Q) and v € H?(Q), such that the traces 7o := ur and y1 = Vo -n
are well-defined. If v € H'(Q) with Av € L*(2), one can show that
v

5, remains well-defined and a further generalization is possible, see

Chapter 4.

2. The proof of (2.3) cannot be performed like

/Q w(@) = AUz, y)]de = (6, u) = uly),

because u # C$°(2) (u has not necessarily a compact support). Instead
we can use Dirac’s delta distribution on the entire space R?, but then
we have to formally set —Au = 0 on R?\ Q, i.e., we loose smoothness.
We therefore need a careful treatment which will involve distributions,
and which is for now postponed to Chapter 4.

3. Formula (2.3) only holds for y € €. In general, we have

o(y)uly) = — / U*(z, ) Agu(z) de — / aizv*@c, y) u(z) ds, +

ou _
U~ —(x)ds, A Q
+/F (@, y) 5 () ds y e,
with
1 ifye,
o(y) =3 #=0(y) ifyel, d=2, (2.4)

ﬁ@(y) ifyel,d=3,



CHAPTER 2. PDES, FUNDAMENTAL SOLUTIONS, GREEN, ETC. 11

r

Figure 2.3: Sketch of o from (2.4).

and .
0(y) = ll_r)r(% =) / ds
z€Q: ly—x|=¢
For sufficiently smooth T' (e.g., Cj,,), 0 = § almost everywhere on T,

see Figure 2.3.

We will now derive a simple boundary integral equation for a boundary
value problem of Laplace’s equation. For the time being we do not worry
about spaces and solvability, and we assume that the representation formula
holds. We continue with a numerical method, the collocation method, in
Chapter 3. Later on, we will investigate everything more precisely.

2.4 A first boundary integral equation

Consider problem (2.1) with I'p = I" and f = 0, i.e., the pure Dirichlet
problem for Laplace’s equation. From the representation formula above we
obtain

ou

st)uly) = — [ Uy ute)ds,+ [ 0w

r Ong r Ny

(z)ds, VyeQ.

We now restrict this equation to the boundary I' and observe that then
only the known Dirichlet trace ur = yu and the unknown Neumann trace

% = y1u appear in the equation. We define the boundary integral operators

(Vw)(y) = /FU*(QS, y) w(x) ds, foryel,

(Kv)(y) :== /F 3ix U*(z, y)v(z)ds, foryel.
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The operator V' is called single layer potential operator, and K is called double
layer potential operator. For smooth functions v and w the integrals are well-
defined as a weakly singular surface integrals. With the above equation we
get

ou

V% = ou+ Ku, (2.5)

which is a weakly singular boundary integral of the first kind for the unknown

Neumann trace g_Z'



Chapter 3

A simple collocation method

3.1 A pointwise boundary integral equation

We consider the domain € with boundary I' € C? for simplicity, i. e., o(y) = %
for all y € I'. In this chapter we treat the mixed boundary value problem of
Laplace’s equation,

—Au =0 in 2,
u = gp onlp, (3'1)
0
8—;6:9]\[ OHFN:F\FD.

Splitting the integrals in (2.5) into Dirichlet and Neumann part, and ordering
with respect to what is known and what is unknown, we obtain

. 0
Find v = ur, and t := 8—Z|[‘D ; (3.2)
0
Uz, ) ula)ds, = [ UM(o, ) t(o)ds, = foly) ¥y € T,
Ty 9N I'p

510+ [ U s~ [ Ui s = i) Yy e T,

with
o) i= —3900) — [ U anla)dse+ [ UG gl .

'y

fuly) = — / O (. y) gola) ds, + / U* (2, y) g (z) ds,

anx Tx

13



CHAPTER 3. A SIMPLE COLLOCATION METHOD 14

Figure 3.1: Discretization of the boundary of a two-dimensional domain.

3.2 Discretization in two dimensions

Boundary discretization

We introduce nodes x4, ...,z, € I' with x; # x; for i # j.
Notation. x,.1 == 11

Ui={z;+t(xj1—2;) eER?:0<t <1} (element)
hj = |zj41 — ] (mesh size)

Tp=Ujo Ty (approximated boundary)

We assume that both parts I'p and I'y have only one connected compo-
nent and that we have chosen our enumeration such that

k
FhD = U Pj and FhN = U Fj
j=1 j
approximate I'p and I'y, respectively, see Figure 3.1.

Piecewise constant approximation

We approximate the Cauchy data (u, t) = (ur, 2%|r) by piecewise constant
functions,

o u(z)~u;forreljand j=1,...,n,
up(x) = ijl u; Xr; () for x € Ty, ,

o t(x)~tjforxel;and j=1,...,n,

th(x) == ijl t; xr,(z) forx € Ty,
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where xr; is the characteristic function on I'j, that equals 1 on I'; and 0
elsewhere.

The values uy,...,u; (on I'yp) and tyq, ..., ¢, (on ['yy) are usually ap-
proximated from the known boundary data gp and gy, €. g.,

1 .
u; = §[QD(5L’3>+9D<Q7J+1” fOl“j = 1’ 7k (On FhD)a
1
tj = 5 lgn () + gn(541)] for j=k+1,...,n (on Ipy).
Collocation

Our boundary integral equation (3.2) cannot be fulfilled exactly, since this
would lead to infinitely many equations for k + (n — k) = n unknowns.
Therefore, we choose a set of test points, the collocation points {y;}i=1,. n,
e.g., chosen to be

1
Yi = §(ﬂfi+$i+1)-

Tit1
ZT; ot

T

J

Evaluating (3.2) only at {y; }i=1._» we obtain a system of linear equations.

With

.....

= /F]. 8ixU*(I7 yz) d8z7 Q5 1= /I: U*(ZU, yz) de,

J

the system reads

Vi=1,... k: Z bijuj — Z% = szjuﬂr Z aijty |

Jj=k+1 j=k+1

Vi=k+1,...,n u3+ Z bijuj — Za” meuj—i— Z a;jt;

j=k+1 j=k+1
With . B
bij == §5ij + bij ,
where §;; = 1 if i = j and else zero (Kronecker delta), the matrices

BD: AD:((I"

(bij)lgign By = (bij)lgign Z])lgign Ay = (aij)lgign
1<5<k k+1<j<n 1<5<k k+1<j<n



CHAPTER 3. A SIMPLE COLLOCATION METHOD 16

and the vectors
up = (uj)icj<k  UN = (Uj)rri<i<n  to = (tici<e  tn = (t)kr1<j<n

we can write the system in the compact form

[By| - Ap] [;‘ﬂ - \[—BD\AN} [uD] ,

Iy

=:CeRnxn ~~
=:feR"

In general, the matrix C' is dense and non-symmetric.

3.3 Computation of matrix entries in two di-
mensions

1. The diagonal entry a;

‘mz+l yz
@i / U*(z, y;) ds, = ——/ log |z—y;|ds, = ——/ log |n| dn
r;

‘xz yz

where in the last step we have used the line integral parameterization sketched
below.

7 7
n= =Y

We treat this as a weakly singular integral, i.e.,

lim log |z — vi| ds.
“0JIrAB ()
where B.(y;) is the open unit ball with center y; and radius . This means,

in the parameterized integral we have to exclude the region [—¢,¢]|. Recall
that h; = |r;01 — x;| and y; = %(xl + x;41). Thus,

hi

[Tiv1 — Y| = |2 — yil = 9
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The integral with [—e, €] being excluded equals the sum of the following two
integrals,

hi/2 hz hz

hi/2
/ log [nldn = n(logn —1)|."" = Z(log 5 — 1) —(loge — 1),

- h; h;
/ log |n|dn = E(logg—l) —e(loge — 1).
e

Using de ’'Hospital’s theorem, one easily finds that

« 99 —1

loge —00

limeloge = lim = = lim = lim—e = 0.

e—0 e—0 g1 —+00 e—0 —g—2 e—0
Hence,

1 h;
¢ o lillos 5 =2)
2. The diagonal entry ZM
~ 0 1 0
[ gt s = o [ 5 togle — s
Using that 22 = Vv -n and Vy|z —y| = Vo /(z —y) - (z —y) = (;:Z'), we
obtain . .
by = ——/ (z = y:) -n(x)ds,
2w Jr, |e = wil Jo — il

However, one easily sees that the normal vector is always perpendicular to
the vector x — y;, therefore

3. The off-diagonal entry a;;, ¢ # j with z;, =41, y; not collinear

We introduce a coordinate transformation, see Figure 3.2.

a = |z—y .
. — |T —Y;| =
cosf = L’ifgl\ | vil cos
n = a tané
(%) a ()

ds, = dn = a%(tan@)d@ = d) =" a(1+tan®0)do
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X
N ./x//

Iy
0wy
PN
1

Y

Figure 3.2: Coordinate transformation for Case 3.

Vi

1 (%) a [ a {c\i
o= —— [ 1 —yilds, = —— 1( )— 0)do
aij 2W~K¥ og |z —yil ds o )y 8 \eosa) a0 (\22:)

“cos 6

—+

a a 02 a [%cosf (—a)(—sinf) sinf
o () ] 2 i
2m [ & \cosg) 01 + 21 Jo, @ cos? 0 cosf

-~

= [P tan?0d9 2 [tan6 — 6]}

- —%{tang [log (coas€> - 1} +0}:

4. The off-diagonal entry a;;, ¢ # j with z;, x;,1, y; collinear

J/

For simplicity we treat only the case that y; is on the side of x;, see the figure
below, the other case is of course analogous.

Lj+1 x T Yi
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Then,

1 |5 4+1—vi

1
g o= - log|n|dn = ——[n(logn —1)]
Qij 2 S og |n| dn 5 n(logn—1)

|2 4+1—vil

|z —yil

5. The off-diagonal entry Zij, 1#£ ]
Using what we have already obtained in Case 2 we get

~ 1 — ) -

by — - w ds, |
2r Jo, o — il

If xj, 41, and y; are collinear, n(z) L (r—y;) and thus Eij = 0. In the other

case, we can use the coordinate transformation introduced in Case 3. There,

r—y; = (a,n)" and |z — y;| = =%, the normal vector equals (1, 0)7, and

cosf
ds, = —&5 df. Hence,
T 1 (*2a-14n-0 a 6 — 1 elde— 1<9 o)
Y 2w Jy, & cos?d 2w g, T~ oop 2 TV
Remark 3.1. 1. We see that we can compute the entries of A, B an-

alytically. However, the following numerical issues have to be taken
into account: (i) one needs stable evaluations of the formulae, and (ii)
the case distinction (e.g., the collinear test) must be done properly.
Clearly, in implementations one needs to introduce relative criteria,
taking the size of the domain/element into account.

2. In some rare situations, where the above issues cause problems, one
may switch to numerical integration.

3. The matrix B represents the operator %I + K. If we have I'p = I" and
wr = 1, then % = 0 because the solution is constant. Let 1 denote
the constant function of value 1 on I'. Then

1 u
—I+K)1 =V— =0.
(2 +K) on

This means 1 is in the kernel of %I + K. Often this property is also

desired in the discrete setting. Let 1 := (1,...,1)T € R™. Then we

would like to have
B1=0
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i.e., preserve the kernel of %] + K. This can be achieved by redefining

i bij forz':l,...,n,

j=1,j#i

which is known as the row sum trick. The values b;; are then usually
close to %

Before we move to three-dimensional problems, we shortly summarize
what we have obtained so far, and draw a comparison with a standard finite
element method.

Summary of the collocation method

e Discretization of the boundary
e Generation of A, B, leading to the system C' [ ; } =f
D

e Solve the system

e Post-processing (optional), e.g., calculate some values u(y) for y € Q
using the representation formula.

Comparison with FEM

Assume that for both the boundary and the finite element method we have
a quasi-uniform triangulation such that the mesh sizes fulfill

h<h;<ch Vi

with a uniform constant ¢ > 0. Then for the BEM, the number of unknowns
behaves as n = O(h™!) and for the FEM, the number of unknowns N =
O(h™?). In the following table we assume that a direct solver for the FEM
exploits the band structure of the stiffness matrix, and that we have an
optimal iterative solver, like multi-level or multi-grid.

direct iterative
2D unknowns | mem ops mem \ops
FEM | O(h™?) O(h=3 O(h™?)
BEM | oty | g b

In the table “mem” indlcates the storage amount and “ops” the number
of floating point operations. We see a clear advantage of BEM over FEM
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Figure 3.3: Left: plane triangular boundary element, right: part of a BEM
mesh.

when using direct solvers. Since the BEM matrix C' is dense, we need O(h™?)
memory cells to store it and at least the same complexity to apply it. Using
a fast BEM and approximating the matrix in some data-sparse form, the
storage and computational complexity can be lowered to O(h~!log®(h™1)),
which then outperforms the FEM, at least asymptotically.

3.4 Three-dimensional problems

Boundary discretization in three dimensions

In the three-dimensional case we approximate the boundary I' by a triangu-
lation .
Iy =JT;
i=1

where each I'; is a plane, regular triangle with its vertices lying on I', see
Figure 3.3.

Notation. The vertices of the triangles (the nodes of the triangulation) are
denoted by x;. The three nodes of a fixed triangle (element) I'; are denoted
by 21, T2, and z3. For each triangle I'; we define the mesh size h; := |T;|%/2.

Again we assume that the elements approximate the Dirichlet and Neu-
mann part separately, and that we have an enumeration of the elements such
that

n

k
FhD = Ufj and th = U fj.
j=1

j=k+1
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Piecewise constant approximation

Again, our variables are (u, t) = (yr, %). We choose the approximations
up(x) = Zuj xr, () for x € 'y, a.e.,
j=1
th(z) = th Xxr, () for x € I'y, a.e.
j=1

The values uyq,...,u;x (on I'yp) and txyq,...,t, (on I'yy) are usually con-
structed from the known boundary data gp, gn, €. g.,

1 .
u; = g[gD(fL’jl)‘}'QD(ij)‘}'gD(xj?))} forj=1,...,k,
1 .
Collocation

We choose n collocation points {y;}!,, e.g., the center of gravity of each

element,

1
Yi = g(%l + Tig + %‘3) .

Evaluating (3.2) at these collocation points we obtain the linear system

n

1 0
§U¢+Zuj/ %U*(:v, y)dsx_ztj/ Uz, y)ds; = 0.

j=1 Ly

[\ J/

=:iQ4j

In short, with b;; = %5”» —|—E~j, this can be written as Bu — At = 0. Splitting
the matrices and vectors as before we get

el — 0] [ ] = [~ Bolan] [ 2]
—C . ~ -

Computation of the matrix entries a;;, b;;

The integrals

1 1
CLij = —/ —dSm
Am Jr, |z — yil
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and

g..zi/ 0 v o __1 [ @y n@),
Y A Jr, Ong [ — yil ‘ dm Jr, |-yl ’

can be computed analytically and several cases have to be taken into ac-
count. As in two dimensions, numerical integration is sometimes chosen as
an alternative. Also, b; = 0 (because y; € I';) but one can use the row sum
trick to preserve the kernel of %I + K.

Comparison with FEM

We assume shape-regular, quasi-uniform triangulations of €2 and I'. This
means in particular for the boundary element mesh that A < h; < C'h and
that the radius of the largest inscribed circle of each boundary element is
comparable to hj, i.e., the triangles do not degenerate. Then n = O(h™?).
For the finite element method the number of unknowns behaves then as
O(h™3). Since the BEM system matrix C' is dense, we need O(h~*) memory
cells to store it. Assuming again that a direct solver for FEM exploits the
band structure of the stiffness matrix, and that we have an optimal iterative
FEM solver (multi-level or multi-grid), the comparison reads as follows.

direct iterative
3D unknowns | mem ‘ ops mem ‘ ops
FEM | O(h™3) Oh=>) | O™ || O(h™3) | O(h™3)
BEM | O(h™?) O |OHR || O™ |>0Mh*)?

As in two dimensions, direct solvers for BEM have a better complexity
than those for the FEM, however, it is not really satisfactory. Using dense
BEM matrices, no iterative method can outperform optimal iterative meth-
ods for FEM, because the storage amount is already larger than for FEM.
Using fast BEM and good preconditioners, both the storage and computa-
tional complexity can be lowered to O(h~2log® h™?).



Chapter 4

Boundary integral operators

In this chapter we first introduce Sobolev spaces on the computational do-
main and its boundary and briefly give some important results on these. Then
we derive and prove a representation formula for functions in the Sobolev
space H' that satisfy a Poisson equation in weak sense. As briefly outlined
in Remark 2.11, we will do this on the whole space R? and allow the function
to be discontinuous across the boundary (and only there). This technique
is summarized under the keyword transmission property. The discontinuity
will require the use of some distributional spaces that we will also introduce
in the following first section. The representation formula that we derive can
be expressed in terms of so-called volume and surface potentials which in-
volve the fundamental solution. Taking traces of these potentials we obtain
boundary integral operators and two boundary integral equations which re-
late the Cauchy data, i.e., the trace and the normal derivative. Finally, we
show some properties of the boundary integral operators.

4.1 Sobolev spaces and distributions

In this section we try to be self-contained at the risk of repeating earlier
lectures. The proofs of the following results are omitted. Most of them can
be found in standard textbooks, and for all of them proofs or references to
proofs are found in [Steinbach].

Recall that ) is always assumed to be a Lipschitz domain. As stated
before, €2 can therefore be the (bounded) interior of its boundary, or its
(unbounded) exterior. For the following Sobolev spaces defined on €2, we can
also replace Q by R¢.

Definition 4.1. (i) We define
Li () :={u:Q — R: |u] is integrable over every compact set in Q}.

loc

24
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Given u € L} (), a function v € Li () is called weak derivative of

loc
u with respect to x; if

0
/ngdx:—/u ? dx Vo € C5°(Q) .
Q o Oz
We write v = g—;. Higher derivatives are defined recursively.
(ii) For k € Ny we define
H¥(Q) = {u € L*(Q) : Vo, |a| < k: 0% € L*(Q)},

equipped with the norm

1/2
lulliry = (3 10%ule)) -

|| <k

(iii) For s € R let |s]| denote the largest integer smaller than s. For s =
|s] + 0 € RT with o € (0, 1) we define

H°(Q) :={ue HE(Q) : ||u)

Hs(Q) < OO} )
equipped with the norm

0%u(x) — 0%u(y)|? 1/2
s = (lull?. + //| d:L’dy) )
@ = ([l oy 2 Jodo g

lal<ls

[l

(iv) For s € R} we define
. s e
H(Q):=Ce(Q) ™™ and  H(Q):= [Hy(Q)]",

i.e., H3(Q) is the closure of C§°(§2) with respect to the norm || - || =),
and H~*°(Q) is the dual space of H(2), equipped with the usual dual
norm. We will sometimes also use H*(Q2)*, the dual of H*(€2). Then,
Hs(Q)* ¢ H*(Q) for s > 0.

It can be shown that all of these spaces own an inner product and that
they are complete, i.e., they are Hilbert spaces. One can also show that
provided (2 is compact then C*(Q) is dense in H*(Q) for all s > 0. Note
that sometimes in the literature, the spaces H*((2) are defined via the Fourier
transform. For Lipschitz domains, however, the definition can be shown to

be equivalent to the one above.
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Remark 4.2. 1. Recall if € is Lipschitz then I' = 02 has a surface mea-
sure (s). Therefore,

L*T) := {u:F—>R:/F|u|2ds<oo}

is well-defined. With the inner product (u, v)2ry := [puvds it can
be shown to be a Hilbert space.

2. As an alternative definition, we can also parameterize I' using J suf-
ficiently smooth and bijective functions y; : 7, — I'; with a smooth
parameter domain 7; C R, such that I' = U;;l [';, Then we can
define

Ly () ={u:Ty > R:u:=uox; € L*(;)},

equipped with the norm ||u||L§<l := ||u|| t2(+,). Using suitable partition
of unity functions this can be used to give an alternative definition of
L*(T') which can be shown to be equivalent to the one above. The
concept of parameterization and partition of unity would be suitable
to define H*(T') for s > 0. However, we will mainly work in H/2(T")
and use the alternative definition below.

Definition 4.3. (i) For o € (0, 1) we define
H(T) := {u e LX) : ||ul| go(r) < o0}

with the Sobolev-Slobodeckij norm

]u 1/2
]| oy = <I|UI|%2( // —y|d 1+2 " ds dsy> .

(ii) Note that Cg°(I" )” lrem = H(T") since I' is a closed manifold. We
define
H=(T) := [H(T)]

Remark 4.4. 1. For the definition of higher order Sobolev spaces on I,
we can either use parameterization and partition of unity (see the re-
mark before) or tangential derivatives. These definitions are in general
not equivalent, unless the boundary is sufficiently smooth, I" € C'ls):!,

2. For an open sub-manifold I' C T, the space L2(f) is well-defined and
we can also define H?(I") for 0 € (0, 1) analogous to Definition 4.3.

Then, Cg°(T I) = H°(I) ifo € [0, 3], otherwise the spaces differ
from each other.

T
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Theorem 4.5 (Trace theorem). The trace operator

Y : C(Q) = C(L) s u— upp
has a unique extension to a continuous linear operator
Yo HY(Q) — H'(T),
i. €., there exists a constant cr > 0 such that

oullmreey < erllullme — Yue H(Q).

Furthermore, there exists a continuous linear operator
E:-HYVAT) - HY(Q)  with ~yEw=w Ywe HY*T),
1. €., there exists a constant cyp > 0 such that
vl < e lullmee Yo e HYAT).

The operator £ 1is often called extension operator and is obviously a right
inverse of .

Remark 4.6. The above lemma basically states that H'/?(I') is the trace
space of H'(Q). For higher order Sobolev spaces we have the following result.
If I' € C* ! then

Yo H(Q) — HVXT)  Vse (L, k]

1 3).

If I is the boundary of a Lipschitz domain the same holds even for s € (3, 3

The next lemma characterizes Hj () to consist of the H'-functions with
vanishing trace (which is a-priori not clear).

Lemma 4.7. (i) H}(Q) = {ue H'(Q):yu=0}.
(i1) The norm

lull grrzry == inf 16| 1 ()
7 H'(9)
YoUu = U
is well-defined and equivalent to || - || gr1/2(r).-

The second part of the above lemma states that the norm of the minimal
extension is equivalent to the H'/2 norm. Indeed the minimum is attained.
The operator E in the trace theorem does not necessarily give this minimum.
For convenience, if it is clear from the context, we may sometimes write ur
or even u instead of you.

Finally, we introduce some distributional spaces. In the following defini-
tions the domain € can be replaced by its complement R? \ Q or by R%
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Definition 4.8. (i) Recall that D(Q) is the space C5°(Q2) equipped with

the sequential convergence, where
vn — 0 sequentially <—= VK CC Q Va: 0%, — 0 uniformly in K .

D'(Q2) is the dual of D(S2), where the definition of the continuity (which
is necessary for defining the dual space) is not based on a norm but on
the sequential convergence only.

We define £(£2) to be the space C*(2) equipped with the sequential
convergence (defined exactly as above).

We define the Schwartz space of rapidly decreasing functions

SRY) = {p € C™(Q) : sup [z* (0°¢p)(z)| < 0oV multi-indices o, 3}.
z€R4

Above, for a multi-index o = (ay, ..., ay) we have used the notation

z® =z x5? - - 25%. Functions in the above Schwartz space and their

derivatives decrease faster than any polynomial. We equip S(R¢) with

the following sequential convergence,

©n — 0 sequentially <= Vo, 3 : 2%(0°¢,) — 0 uniformly in R?.

With this convergence, we can define the dual S’(R?), which is called
the space of temperate distributions.

Example 4.9. Whereas it is easy to imagine functions in D(2) and functions
which lie only in £(€2) (not having compact support), it is not a-priori clear
if there exist functions that lie in S(RY) but not in D(R?). However,

o(z) == e 1*° — ¢ € S(RY).

Lemma 4.10. The following statements hold.
D(R?) C S(RY) C E(RY)

E'(RY) c S'(RY) c D'(RY)

S(R?) C H*(R?) Vs >0

Note, that any derivative of a distribution is again a distribution. Assume
that v € D'(§2), then we can define % by

Ju . Op

aa?i? SO> = _<u7 axz

( ) for p € D(Q).

If u is a regular distribution, the distributional derivative coincides with the
weak derivative. This concept works similarly for £'(Q2) and &'(R?).
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4.2 Green’s identities revisited

In this section we first derive Green’s first identity for H?(Q2). Then we
introduce a generalization of the normal derivative, which allows us to have
Green'’s first identity in the larger space H' ().

First, recall that for a function u € H?({), its normal derivative is well-
defined in the sense that

ou

v V) n.

on — oVu)
EH1/2(F)d

Depending on the smoothness of the boundary this function is piecewise
smooth. In any case we can integrate it because due to Cauchy-Schwarz,

—ds < /|(70Vu)| In| ds < oo.
F —

=1

Lemma 4.11. Foru € H*(Q) and v € H' () we have Green’s first formula,

/Vu-Vvdx = /(—Au)vdx%—/@vds.
Q Q r on

Proof. With the same arguments as above the boundary integral in the as-
sertion of the lemma is well-defined. First, we note that the formula holds
for u, v € C=(Q). Secondly, all expressions are well-defined and continuous
with respect to ||u|| g2(q) and [|v]|g1(q). For instance, [, Vu - Vudz is linear

and continuous in both v and v, as
| Vurvude < Va1Vl < Tl ol
Q

implies that if u or v converges to zero, also the expression converges to zero.

Finally, since C*°(2) is dense in H*(Q2) the closuring principle implies the

identity: u and v can be approximated by sequences u,, v, € C*(£2) and
the identity holds as well for the limit. Il

It can be shown that for u € H?*(Q), g—z € H~'Y%(T). The next lemma
states that we can generalize the definition of the normal derivative to less
regular functions such that Green’s first identity still holds.

Lemma 4.12. Suppose that uw € H'(Q) and Au € L*(Q2). Then there exists
a unique linear and continuous form g € H='/2(T) such that

/Vu-Vvdx = /(—Au)vdx—l—(g, Yov) Yo € HY(Q).
Q 0
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Moreover
gl -2y < crr {|U|H1(Q) + HAUHL?(Q)} :

Proof. First, recall that (-, -) above denotes the dual pairing between H /(")
and HY2(T). Sometimes we will write (-, -)r in order to emphasize the ma-
nifold under consideration. Note also that Au € L?*(Q) means that the
distributional Laplacian of w is in L*(Q2). By the trace theorem we have
Yo€Ew = w for all w € HY?(T'). We define g € H~'/%(T") by

(g, w)y = /QVu -V(Ew) dx + /Q(Au) Ewdx for w € HY?(T).

Obviously, g is well-defined and really in H~'/2(T"). We first show that this g
fulfills the identity stated in the lemma. In a second step we will show that
g 1s unique.

Let v € H'(Q) and set vy := v — Eyv. Then, by the trace theorem,
Yvo = 0 and thus, vy € H}(Q) due to Lemma 4.7. Since C§°(Q) is dense
in H}(Q), we can approximate vy by a sequence (¢,) € C5°(€2) such that
0, — vy in the H'-norm. Using this sequence we can conclude from the
definition of the distributional derivatives of u that

/ Vu-Vuyder = lim | Vu-Ve,dr = lim [ (—Au)p,dr = /(—Au) vo dx .
Q

From this identity and the definition of ¢ we can conclude that
/QVu Vodr = /QVu - V(v + Eyov) dx
= /QVU - Vg dx + /QVU -V(Evpv) dx
= /Q(—Au) vodx + (g, Yov) — /Q(Au) Evpvdx

= /(—Au) vdx + (g, Yov) .
Q

Assume now that g;, g» € H~Y/?(I') meet the requirements of the lemma.
Then the above identities imply that

(go— g1, v) = 0 Yve H(Q).
However, 7o : H'(Q) — HY?(T) is surjective. Hence,

<92_glaw> =0 VwEHl/Q(F) — go = g1,
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which means that ¢ is unique.
Finally, we show that ¢ is bounded in terms of u. The definition of g, the
trace theorem, and the Cauchy-Schwarz inequality yield

_ (g, V)]
lgllgr-12qry = sup
veH/2(T\{0} ||U||H1/2(r)
1
< sup 1—’/VU'V(8U) dx+/Au(Sv)dx’
ver/2mn oy Crr [Ev][m@) 1 Ja Q
C
< sl [Eolme + [ Vullzz €00 |
ve HL/2(T)\{0} ||5U||H1(Q)

Since |Ev|ma) < [|EV||m) and ||Ev]r2) < ||Ev||a1@) the denominator
finally cancels and we obtain the desired bound for ||g||;-1/2(r- O

Corollary 4.13. Let u € H'(Q) and f € H'(Q)* such that —Au = f weakly

mn €2, i.e.,

/Vu-Vgodx = (f, p) Vo € D(R).
0

Then there exists a unique linear form g € H=Y2(T') such that
/ Vu-Vodr = (f,0)o+ (g, v)r Vo H(Q).
Q

Moreover,

lgllar-rvzy < err {ulme + 1l §

Proof. The proof follows the line of the proof of Lemma 4.12, except that we
replace [,,(Au)Evdx by —(f, Ev) and we use the above assumptions as well
as the fact that the linear form f is continuous. O]

Note that g in Lemma 4.12 depends on u and on Au. In Corollary 4.13 it
depends on v and on f which is somehow —Auw. Since the identities generalize
Green’s first identity, we write

nu= g,
being aware that we can only use this operator when Au € L2(Q2) or if u
fulfills a weak Poisson equation. Occasionally, we may also write g—z = g.

With the definitions of ¢ and the bounds in terms of u, Au, and f, we see that
the operator v, is linear and continuous. The following examples illustrate
this generalized normal derivative.
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Example 4.14. 1. We consider a pure Dirichlet problem with f € L?(€2).
Starting from the classical formulation
—Au = f in Q, u =0 onT
we derive as usual that we wish to find v € Hj(Q) satisfying
—Au = f weakly in ).

The normal derivative vy;u is then characterized by the identity

(mu, w) = /QVu -V(Ew)dx — /Q f(Ew)dx for w € HY*(T"),

and it is independent of the choice of the extension £ as long it fulfills
the requirements from the trace theorem.

2. We now consider a pure Neumann problem with f € L*(Q) and gy €
H~Y2(T). Staring from the classical formulation

@
on

we look for a function u € H'(2) that satisfies

—Au = f in Q, = gy onl
—Au = f weakly in 2.

Due to Lemma 4.12, u has a normal derivative v;u € H~/2(T") defined
by

(mu, yv) = /Vu-Vvdx—/fvdm Yo e HY(Q).
Q Q

Requiring that y,u = gy in the sense of H~'/2(T") this yields to the
equation

/Vu-Vvdx = /fvdx—l—(gN, v) Vv e HY(Q),
0 0

which is the usual variational formulation for the pure Neumann prob-
lem.

3. Later on we will mostly consider the case f = 0, for which Corol-
lary 4.13 is not needed. For advanced readers only: assume that

f € HY(Q)* is defined by

(f, v) ::/Qflvda:—i—(fg,’yowp for v € H'(Q),



CHAPTER 4. BOUNDARY INTEGRAL OPERATORS 33
with f; € L?(Q) and f, € HY/3(T"). Then

(g, w)y = /QVu -V (Ew) dz _/Qfl Ewdx — (fy, w) Yw € Hl/Q(F),

which implies the Green type identity

/Vu-Vvdx = /flvdx+<f2+g, YoU)T Yo € H(Q).
Q Q

In that sense g equals to what is needed to complete Green’s identity.

4.3 The transmission property

In this subsection we derive the prerequisites for the representation formula,
Green’s third identity.

Assume first that € is bounded and define by Q¢ := R%\ Q its com-
plement, also called the exterior domain. Recall, that since 2 is Lipschitz
also Q°** is Lipschitz, that the Sobolev spaces H*(Q**) are well-defined and
that H'/%(T) is the trace space of H'(Q2*) as well. In order to emphasize
expressions related to €2, the interior of I', we write

int

Q" =0, = NE=mn.

When applying the trace theorem, Lemma 4.12, and Corollary 4.13 on Q*

we obtain trace operators 7§ and $**. To this end we consider a function

u € HY(QM U Q™) where
HY (O™ U Q™) = {u e L*(RY): Ujgyint € HY (™), ujgexe € H'(QY)}.
Moreover, assume that

—Auy = fin weakly in Q™

4.1
—Au = [ weakly in Q% | (41)

for some linear forms " € H*(Q™)* and f&* € H'(Q™")*. Then, by slightly
modifying Corollary 4.13, we have

Vi Vods = (f™, v)+ (4, 40) Vo e HAQ™),
(Qint (42)
/ Vu-Vodr = (f*) v) — (7%, y§* ) Yo € H(Q™).
Qext
Note the sign flip in the second line. Here, v{**u generalizes g—;ﬁ with n being
the outward unit normal vector to I, i.e., inward with respect to Q.
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Definition 4.15. Suppose that u € H'(Q™ U Q) such that (4.1) holds.
Then we define

f € Hl(Rd)* : <f, U> = <fint, UlQint) + <f6Xt, 'U‘Qext)
Mou] := &% — it € H'A(D),
] = A7 — " € HVA(T).

for v € H'(R?),

We refer to [you] and [y,u] as the jump of the trace and the normal derivative,
respectively. If [yov] = 0 (which is the case if v € H'(R?)) we have yv =

int,, __ ~ext
Yo V=00

Using the above definitions we can conclude from (4.2) that

/ Vu-Vvdx+/ Vu-Vodr = (f, v) — ([nul], vov) Vv e H'(RY).
Qint Qext

With the next definition and lemma we slowly approach the representa-
tion formula.
Definition 4.16. We define the adjoint trace operators

% HTAD) = ERY) (5w, @) = (w, 70p)  for p € ERY),

P HVT) S ERY (v, 9) = (g 0) for g € E(RY).

Note further that a function u € H*(Q" U Q°*) can be seen as a distri-
bution in D'(R?) and also in &'(R?). Hence, its distributional Laplacian Au
is in D'(RY) and also in D'(R?), and it fulfills

(Au,g) = (u Ag) Vo€ D(RY or S(RY).
Lemma 4.17. Assume that u € H'(Q™ U Q™) fulfills (4.1). Then

(—Au, @) = (f, o)+ (Fihoul, @) — (lnul, ) Ve € DRY).

In short:
—Au = f+ou] —glnu]  in D'(RY).

Proof. Consider ¢ € D(R?). In the following we use the distributional defi-
nition of —Aw and the fact that the distribution « is defined by integrating
the piecewise H!'-function u against the test function over Q™ and Q°* sep-
arately.

(—Au, ) = (u, —Ayp) = /Qint u(—A@)d:U—i—/ u(—Agp) dr .

Qext
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For both terms we use Lemma 4.11 (Green’s first identity) and formula (4.2),

<—AU, 90>
_ / Vu - Vodz — (v, 78u) + Vu - Vodz + (e, 75 u)
Qint

Qext
= ("™, ©) + (M™u, 19) — (11, W u) +
+ (7 0) — (U, o) + (11, 1§ W)
= (f, ) — {nu], 109) + (ne, houl) .

=7 [;;% ®) =07 [:/gUL ®)

In the last steps we just used the definitions of f, the trace jumps, and the
adjoint trace operators. O]

We will now convolute the distributional equation obtained in Lemma 4.17

with the fundamental solution, in order to obtain u instead of —Aw on the
left hand side.

4.4 Volume and surface potentials, Green’s
third identity

We define the Newton potential

G i= [ U)oty torp e SEY,

The integral above is understood as a weakly singular integral: if we would
just integrate over a bounded set, the integral is well-defined as a weakly
singular one (at least for the fundamental solution we consider), and one can
also show that the resulting function is continuous. Since the test function ¢
is rapidly decreasing, the integral over the whole set R? is also well-defined.
Moreover since our fundamental solutions fulfill U*(x, y) = U*(x — y,0), we
can conclude that Gy € C1(R%):

0 0 . B
G- = 5 [ U= 0y -
0 . B

= o RdU (2,0)p(x — 2)dz =

- - [ U0 e = @550,
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where we have substituted z for x — y. Applying this argument recursively
yields that Gy € C®(R?). One can also show that G itself is rapidly
decreasing. Summarizing,

G : S(RY) — S(RY).
We define the more general Newton potential
G:S'RY) = S'RY): (GY, ¢) = (4, Gp) for p € S'(RY), p € S(RY).
Lemma 4.18. Let u € S'(R?). Then
~AGu = G(-Au) = u.
Proof. Let ¢ € S(R?).
(—AGu, p) = (Gu, —Ap) = (u, G(-Ayp)) =
= (ula). [ U@ ) (=A0)0 )

We now interpret the inner integral as a distributional evaluation of U*(z, y)
for a fixed x. Using the distributional Laplacian, the symmetry of the fun-
damental solution, and the fact that —A,U*(y, ) = 0,(y), we obtain

(~aGu, ¢) = (u@), (=&, U@ ) o), ) = {u ).

=U*(y,z)

= (6z,9) = ¢(z)

The proof of the second assertion works analogously, one just has to exploit
that 0,(x) = 0, (y). O

Exercise. Prove the second assertion of Lemma 4.18.

Lemma 4.19. If the function v € H'(Q™ U Q™) has compact support in
R? and (4.1) holds, then

u € S'(RY) and  feS(RY).

Proof. Let ¢ € S(RY) and assume that v is supported on K CC R?. Then

(u, py = / updr = /ug@dm < 0
R K

because u and ¢ are square-integrable over K. Obviously (u, ¢) is linear in (.
Furthermore, (u, ¢,) converges to zero if ¢, converges sequentially to zero,



CHAPTER 4. BOUNDARY INTEGRAL OPERATORS 37

which is already seen from the fact that o, € C(K) converges uniformly

to zero. Thus, u is well-defined as a temperate distribution. Secondly, since
S(R?) is dense in H'(R?),

<f7 g0> = <fint> P|Qint >+ <feXt7 P|Qext > < 00,
N~~~ S—~—
€H1 (Qint) eHl (Qext)
and so f is well-defined as a temperate distribution too. O

Theorem 4.20. Let u € H (™ UQ™Y) have compact support in R® and let
(4.1) hold. Then the abstract representation formula

u = Gf+Grihoul = Gyl
holds in the sense of S'(R?).

Proof. Thanks to Lemma 4.19, u, f € S’'(R?%). Since &'(R?) C §'(R?), also
Yi[voul, 75 [viu] € S'(RY). Under the assumption of the compact support the
statement of Lemma 4.17 also holds for test functions in S(R?) (the proof is
analogous). Hence,

—Au = f+ihou] —glnu]  in S'RY).
Applying G to the whole equation, Lemma 4.18 implies the assertion. O]

We will now define two surface potentials and decode the statement of
the above theorem.

Definition 4.21. We define the single layer potential

V=G H YY) — S'RY,
and the double layer potential
W:=Gy: HYXI)— S'(RY).

For ¢ € S(R?) and w sufficiently smooth we have
<‘~/w, Plsixs = (W, WGP g-1/25 12 = /w(m) (0Ge)(z)ds, =
r
= [w@) [ U wedsds = [ [0 e ds o) ds.
r R4 R JT
i.e., we have the integral representation

(Vw)(y) = / U*(z, y) w(z) ds, ,

r
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provided that this integral is well-defined. We discuss this in more detail in
Lemma 4.25 below. A similar representation can be derived for the double
layer potential operator. There, however, the story is more complicated and
it will be made clear with Lemma 4.26 and Lemma 4.27 below.

It is immediate from the definitions of V and /VIV/, and from the properties
of G that
“AGf =f,  —AVw = vw, —AWv = ~w.

Having a closer look to the definitions of the adjoint trace operators we find
that the distributions yjw, vjv act only on the traces of their test functions,
not on the values away from I'. We can write

~AVw = 0, —AWv = 0, in Q™ UQ™ =RI\T,

see also the proof of Lemma 4.23 below. With Theorem 4.20 we have that
(4.1) implies that

u = Gf + Wiyu] + V[nul in S'(RY).

We also call this equation Green’s third identity. The two identities above
imply that Green’s third identity is consistent: the represented function in-
deed fulfills Poisson’s equation in Q™ and Q. If we are only interested in
Laplace’s equation in Q = Q™ we can formally set f™* = f* = 0, yjgex =0
and obtain

u = —Wrlu+ Vy™y  in (). (4.3)

In order to obtain boundary integral equations we will apply trace op-

int

erators ", 71" to (4.3). Before we can do that we must ensure that both
surface potentials are really in H!.

Lemma 4.22. Let ¢ € C(RY) be a function which equals 1 in a neighbor-
hood of Q™. Then

CV:HV2T) - HY(RY),
CW . Hl/Q(F) _ Hl(Qint U Qext)

are continuous linear operators. Note that Y is_continuous across I'. This is
in general not the case for W. Moreover, V., W are C*° in R\ T,
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Proof. Tt is rather easy to see that 7% : H~Y/2(T') — H*(R%)* by exploiting
that S(R?) is dense in H'(R?). Therefore, the proof is reduced to showing
that (G : HY(R?)* — H!(R%), which can be done, e.g., using the Fourier
transform as in [Steinbach|. For the double layer potential, it turns out that
vi: HYA(D) — HY(QMUQ™) only, which finally results in the discontinuity.
An alternative prove can be found in [McLean]. O

The following lemma clarifies in which sense the surface potentials are
(dis)continuous.

Lemma 4.23. The operators

WV HTVAT) - HYAT), AV HOVAT) — HOVA(D),
WW s HY(D) = HY(T), AW HYA(D) — HOVA(D)

and the corresponding ones with the exterior traces are linear and continuous.
The following jump relations hold,

[oVw] = 0, Vw] = —w VwEH’lﬂ(F),
[YoWv| = v, [71Wv] =0 Vv e HYA(I).

Proof. The traces ™Vw, ™Wuv (and also the exterior ones) are well-
defined in H'/2(T") due to Lemma 4.22 and the trace theorem. Recall that

~AVw =~w, —AWv =~fv  in &'(RY).
Also,

(w, ») = (w, np) =0 |
1% ) ~-

because ¢ has compact support. The same holds of course for ¢ € D(Q*).
Therefore, each of Vw and Wo satisfy the weak Laplace equation in 2™ and
Q= and so their trace " and v¢** are well-defined in H~'/%(T").

The jump relation [Vovw] = 0 follows immediately from Lemma 4.22.

We prove now that [y, Vw] = —w. A proof of the two other relations can
be found in [McLean]|. Let ¢ € D(R?) with (y = 1 where U is a bounded
domain such that Q™ ccC U. Then Lemma 4.17 implies that

(=Au, ) = 0—(ymnul, v) = —([nul, vp) Yo eDU).
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Since —AG~; = 75 we have

(=Au, ) = (pw, p) = (W, wp) VeeDU).

Since C*(T") is dense in H'/2(T") the two identities imply that [y,u] = —w.
[

Next we discuss integral representations of the traces of V and W.

4.5 Boundary integral operators and their prop-
erties

Definition 4.24. We define the single layer potential operator
VHVAT) - H2T): V=V,

Lemma 4.25. For w € H™Y/2(I') N L>(T') we have the representation

(Vw)(x) = /FU*(x, y) w(y) ds, Ve el

as a weakly singular surface integral.

Proof. Following the paragraph after Definition 4.21 and using that U*(z, y) =
U*(y, x) we obtain that for all ¢ € S(R?),

Vo) = [l [ U ) pla) do ds,

€S(RY)
_ /w( ) i [ 0@ ) pla) dads,
:/ hm U (Z, y)w dsy dz .

cH(K) VKCCRY

The last line must be interpreted as follows. The function inside the limit is
continuous provided that x ¢ I'. Thanks to Lemma 4.22 the limit for 7 —
x € T exists at least the sense of HY/2(T). Following, e.g., [Sauter/Schwab]
it is even C(I'). We now show that excluding a ball of radius ¢ around the
singularity in the integral in the assertion of the lemma, we converge to the
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same term as ¢ — 0. To this end, let x € I and € > 0 be fixed and choose
T € Q with |z — z| < e. In then suffices to show that

[ U@ et ds, - / o U ) s,
S' / [U(Z, y) = U*(z, y)] wly) ds,| + ‘ / U*(Z, y) w(y) ds,

yel™ yel™
lz—y|>e lz—yl|<e

N

=) = (m
converges to zero as ¢ — 0 and T — z. Since everything is continuous in the
first term, we get that
lim (I) = 0.

T—x

The remaining term can be estimated as follows.

W) < flomgoney [ UG Dldsy < Jolowey [ 10 )l ds,.

I'NB-(z) I'NBa. (7)

In case of our fundamental solutions, the integral on the right hand side can
be shown to converge to zero as ¢ — 0. Here we surrender a precise proof
but only present a plausible argument.

For d = 2, we consider the case that x = z and that I' is a straight line.

VE

Then we have
1
I < —

2T Jyeriy—7|<2e

1 2e 2 -
= ——/ log |z| dz = ——g(log(Qs)—l) =% o,
T Jo T

_ 1 2e
|log |y — 2| | ds, = %/2€‘log|z|‘dz

where we have used the anti-derivative of the logarithm and de 1’'Hospital in
the last step. Thus, if ¢ — 0 and ¥ — z, then (I) + (II) — 0.

For d = 3, we consider the case that x = x and that I is a plane, i.e.,
the intersection of I' and Bs.(7) is a disc. Introducing polar coordinates we
obtain

1 1 1
(I — / | ds, = / / —rdrdp = ¢ — 0.
am yel:|ly—7|<2e ly — Y 4z

IN



CHAPTER 4. BOUNDARY INTEGRAL OPERATORS 42

]

The integral representation in Lemma 4.25 will help us when discretiz-
ing boundary integral equations. There, we will discretize the trace space
H'Y2(T") with continuous piecewise affine linear functions (the trace of typi-
cal finite element functions on €2), and the space H~'/2(I"), which is the space

containing normal derivatives, with piecewise constant functions. These are
for sure in L>(T).

Lemma 4.26. For w € H-Y/2(I') N L>(T") we have the representation
(VM V w, v) = (cw+ K w, v) Yo e HY*(T),

with o defined according to (2.4), i.e., 0 = % almost everywhere, and

(K'w)(x) := lir% / 8?1 Uz, y)w(y)ds,  forxzel.
yel:|ly—z|>e ’

Proof. Note first that K'w := "V w — ow is well-defined in H=/2(T"), i.e.,
it remains to show that K'w obeys the above integral representation. Due
to the fact that C>(T") is dense in H'Y2(T) it suffices to show the identity

for v = "o with ¢ € C*°(Q). Set uw := V w. Then the definition of vi"* (cf.
Lemma 4.12) and Lemma 4.22 imply that

(i, At ) = / V- Veds + 0
Q

=U*(z,y) |
e (Q)
= [V, [lin% / U(z, y) w(y) dsy] - Vap(x) d
Q &
yel|z—y|>e
= /w(y) lim V.U (2, y) - Vap(x)dr ds, .
r e—=0 zeQ:|z—y|>e

=
@
(@)
=
-
=
&
-+
AN
M
O
8
2
&
=
(o
S
S
M
Q
8

(Q\ B-(y)). Hence we can use
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Green’s identity on Q\ B.(y).

/ V.U (z,y)  Vep(x)de = / —A U (z, y) o(x)de +
——_— —
ON\B:(y) ON\B:(y) =0
* a *
/‘ U @it [ U ) e@) - o] ds, +
B(y) 0B:(y)NQ2 ’

) =: (I)
J
+ sO(y)/a U*(x, y)ds,,

B.(y)ne ONa

::‘E]]I)

where we have artificially introduced the last term by subtracting and adding
©(y). The term (I) will lead to the operator K’. For the second term we
have

0
I < max x) — U*(x, ds, .
(I) < feaBg(ymM ) = o(y)] N (2, y)

=09 =: (ITa)

A side computation shows that

1 1 1 T =y
d=2:V,U (2, y) = —-Valogle —y| = — P
VaU'(, y) = =5 Ve loglz —y| ST hp—
1 1 11 -
d=3:V,U"(x, y) = -V -

o=yl dmje—yPlr—y|

Using that n, = ﬁ for z € 0B.(y)N< (the normal vector must be outward

to Q\ B:(y)), this implies a%mU*(a:, y) = mW' Hence,
1 1
ITa) < ds; = 1,
(Ia) < / 2n(d — 1) |z — y|d-! B
zeQ:|z—y|=¢ \T

and so (I) — 0 as ¢ — 0. For the remaining term we obtain

1 1
m = / ds,
W)= 0) | o 1) o= gl

1 1 / e—0
= oy ds, — o(y)p(y).
o) g T (1) ¢(v)

27(d —

Collecting all the terms the assertion follows with € — 0. m
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Lemma 4.27. For v € HY?(T') N L>(T") we have the representation
(YW v)(z) = (—1+0(2))v(z)+ (Kv)(z) forx e,

with o(x) defined as before and

0
(Kv)(z) = lim [—U*(m, y)]v(y) ds, forxzel.
€20 Jyeriy—a|>e ony
Proof. The proof is similar to the one before. O]

Exercise. Show that K : H/2(I') — HY?(I") and K’ : H~Y/2(T") — H~Y/*(I")
are adjoint to each other, i.e.,

(w, Kv) = (K'w, v) Yo € HY2(T), we HY3(T).

We call K the double layer potential operator and K’ the adjoint double
layer potential operator.

Lemma 4.28. The hypersingular (boundary integral) operator
D= —"W . HYA(T) — H™Y(T)

has the following representation for v € HY*(I') N C(I),

(Do)(x) = —

—{U*(x, y) [v(y) —v(x)}}dsy forx el

to be understood as a Cauchy principal value integral.

Proof. We give only a sketch of a proof. First we show that a straightforward
technique fails. For = € €2, we have
1 (@ —y)-ny

W)@ = @D ™% J e Tl

v(y) ds, .

In order to obtain (D wv)(x) we have form n, - V of the expression and send
Z to x. Exchanging formally the limits © — x and ¢ — 0 and computing the
normal derivative we obtain

1 Ng * N (x—y) ns(r—y) n

D = — _ Doy v .

D) = a7 /| CEr A T
'\ B (z)

However the limit € — 0 of this integral does not exist.
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As a trick, we apply Green’s third identity (4.3) from page 38 to the
constant function v = 1 on €. Then we get that

1 =-W1+0 =  V:(W1)@ =0 Vieq.

Here and in the following 1 denotes the constant either on I' or on 2 (which
one should be always clear from the context).

Since (Dv)(z) = — Qli~m ng - Va(W)(F) for smooth functions v, we have
2T —x
D1 = 0.

Thus we can write

Do) = Jim v Vs [ {0l e - )]s

Q3z—x ~—~
const w.r.t. Z,y
o 0 .
=~ | G g AU @ @) — )] sy,
where we omit details for the last part. O

We also discuss an alternative representation of the hypersingular opera-
tor which is often used in implementations. First, let d = 2. For v € C*(Q)

define
9
~._ Ox2
curlv := s .
ox1

Let T' € C},, with the smooth boundary parts {I'x}. For v € C'(I'y) we can
find an extension v € C'(£2) such that 9|p, = v. Then we define

curlp, v(x) := n(z) - curlv(x) for x € T'y.

We show that the definition of curlp, v is independent of the extension.
Let I'y = {yk(t) : t € (tg, tys1)}. Then ds, = |y,(t)|dt and n(zr) =

‘y/l(t” (Yh2(t) | — i, 1(t))T in case of positive orientation. We obtain
z : :

/F curlp, v ds, = /tk+1 /1(t)| [yfcg(t)g—;;(yk(t)) +?J%,1(®§—Z(yk(t))} |y, (t)] dt

k

Since we can make the pieces I'y, arbitrary small, this means that curly, is a
tangential derivative. Finally, for v € C} (') (with respect to the partition
into the I'y) we define

curlpo(z) := curlp v(z) forz e I'y.
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Lemma 4.29. Ford=2,T € C} andu, v e H/*T)NC()NCL(T), we
have

1
(Du, v)r = ——/curlpv(x)/log|x — y| curlpu(y) dsy ds, ,
2 r r

with weakly singular integrals.

The proof that can be found in [Steinbach] is based on the following
integration by parts formula,

tr+1

ti

S

/ o(y) cwrlpw(y) ds, = — / curlyo(y) wly) ds,+ 3 v () w (o))
N I k

=0 if veC(T)

For d = 3 we define the surface-curl of v € Cp(T') analogously to the
case d = 2, but we have to set

curlp v(z) := n(z) x Vo(z) for z € 'y,

for an arbitrary extension 7 € C*(Q) of v. Note that this is now a vectorial
quantity. However, curlpv L n, so we can view it as a two-dimensional
quantity. For almost each x € T, curlpo(z) is a rotated projection of Vv to
the tangent plane to x. We see (and one can prove) that the definition is
independent of the particular choice of the extension.

Lemma 4.30. For d=3,T € C, and u, v e H/*(I)UC(I) U CL (L) we

have ) | |
(Du, v)r = — // curlro(@) - curlru(y) dsy ds, ,
Am Jr Jr ’x - 3/’

with weakly singular integrals.
For a proof see [Steinbach].
Remark 4.31. In short we can write
(Du, v) = (curlpu, V curlpo).
This form is often used in implementations of the Galerkin boundary method.

Exercise. Show that V and D are self-adjoint operators, i.e.,

(w, Vv) = (v, Vw) Yo, w e H-VY4(T),
(Dv, w) = (Dw, v) Yo, w e HY*(T).



CHAPTER 4. BOUNDARY INTEGRAL OPERATORS 47

Consider now the weak equation
~Au =0 inQ=0Q", (4.4)

Then with (4.3) and the previous results we get

in in in intyy . in : 1/2
Wu = =W otttV in H'(T),
S—— S—~—
=(1-0)I-K =V
int int7r7 - int inty, _int . —1/2
nu=-—nWyutnVyntu in H-'/2(T).
—— S~~~
=D =ol+K'

These are two integral equations relating vi"™u and ~i"u (the Cauchy data).

Recall that o0 = % almost everywhere. Summarizing,

wuel _ (-K V o (4.5)
,Yilntu - D %I — K ,Yilntu ; .

S

~~

=:C
with the block operator C named after Calderon.
Lemma 4.32. The Calderén operator C is a projection, i.e., C*> = C.

Proof. We fix (¢, ¢) € HY2(T')x H-Y2(T). Then the function u := Vi)+We
fulfills —Au = 0 weakly in Q, is in H'(Q), and

Wu = Vitio-Keg WuY _ o ®
{w%,=§w+ww+0w = ) = Ne )
You Yotu ) ( @ ) 2 ( @ )
But also - =C - and so C =C . ]
() () mime (1) e

Remark 4.33. 1. Owing to Lemma 4.32, C is called Calderdén’s projector.
From the projection properties we get the algebraic identities
VD = 3+ K)3iI-K), VK = KV,
DV = (%I—FK’)(%I—K), K'D = DK.

2. If replace the right hand side in (4.4) by f"* we have to add

(37 )= (35f)
N ) TGy
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to the right hand side of (4.5), where (f, @) = (f™, @qm) for ¢ €
D(RY). If fi is an integrable function we get the weakly singular
integral representations

Naf)(o) = [ U ) ) b,
Mf)@) = [ S0 w) £ ) dy.

In general, these domain integrals are of course costly. Only for some
functions ™ these integrals may be computed analytically or approx-

int

imated using smoothness or a special structure of f™.

Exercise. Show the algebraic identities in the remark above.

Before discretizing the two BIEs, we study further properties of the
boundary integral operators, among them the ellipticity of the single layer
potential operator V', which makes the Lax-Milgram lemma applicable.

4.5.1 The ellipticity of V' and D

We first consider the ellipticity of V' and give a proof thereof via the single
layer potential V on R<. _
Fix w € H~Y2(T"). Then u := Vw solves

—Au = 0 weakly in Q™

int _
Yo u = Vw onI,

and we know from Lemma 4.22 that u € H*(Q™). Moreover, from Lemma 4.12
we get that

. . 1/2
H,yintuHHAp(p) < C}Il_,tv (/Q t |Vu’2 dx) , (4.6)

where ¢ is the constant in the interior trace inequality. We will use this in-

equality for the following ellipticity proof. There it is of essential importance

that the energy
/ IVVwl|? da
Qint

is finite, and this is for sure true since Vw € H'(Q). However, if we
integrate over the exterior domain Q%' this energy could go to infinity.
Nevertheless, assuming that it is finite, we get that

ext ext 2 1/2
I ullg-12y < cop . t\Vu\ dr)
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where ¢5%' is the constant in the exterior trace inequality. The following

lemma shows the ellipticity of V' under the assumption of finite energy.

Lemma 4.34. Define the subspace
H = {we H YD) : |VVw| 2 < 00} .

Then the single layer potential operator V is H-elliptic, 1. e., there exists a
constant ¢y > 0 such that

(w, Vw) > cy ||w||§{,1/2(r) Vwe H.

Proof. With the definitions of vi"® and +¢** we obtain for u = Vw that

vu * VU dCL’ = </y:ilntu7 ,y(ijnt/U> ’
Qint

Vu-Vodr = —<’Ythu, 'YSXtU> :
Qext

for all v € H'(RY), cf. Lemma 4.12. As a matter of fact the same formula
holds true if we replace v by u even though u ¢ H'(R?). This can be seen from
the proof of Lemma 4.12: the extension £vyu can be chosen such that it van-
ishes outside a ball U D Q" such that still ||Eyoull g @ay < T 70wl g2y
The fact that w € H ensures that |u|z1ge) < 0o. From all this and from the
jump relations from Lemma 4.23 we can conclude that

RdIVUP = —(lnu, vow) = (W, u) = (w, Vw).

The expression on the left hand side is often refered to as the total energy.
Using the two inequalities in the paragraph preceding this lemma, we get

(w, Vw) = / |Vu|2dx—|—/ |Vul? dz
Qint Qext

> () I ullg gy + (F8) 7 Il ey -

From the jump relations we can conclude that

Hsz—l/z(r) = H’Yintu—”ﬁmu”%—w(r) < 2[!I7§“UH?{—1/Q(F)+H’ﬁ”uHiI—m(r)
2 .
< — — —— (w, Vw) = 2 max(c C?}t)Q (w, Vw)
min{ () 2, () 2} T S dn e e
-V

which shows the ellipticity. O]
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The next lemma shows that the subspace H is not empty, in fact it is
rather large.

Lemma 4.35. Define the subspace

H7VA1) = {we HY*T): (w, 1) =0} .

Then
(i) For all subsets K CC R we have that Vw € H'(K).

(ii) If d =2 and w € H;, "*(T") we have Vw € H, i.e., ||V‘N/w||L2(Rd) < 00.
If d = 3 this holds for all w € H-'/%(T).

Proof. (i) follows immediately from Lemma 4.22. A proof of (ii) can be found
in [Steinbach] and it involves the concrete fundamental solutions and their
decay behaviour as |z| — oc. O

This implies that V is H~Y/2(I')-elliptic for d = 3 and H;l/Q(F)—eHiptic
for d = 2. In order to see what happens on the “rest” of H~/2?(I") we do the
following construction. We seek ¢t € H~/2(T") such that

t, Vwyp = 0 Ywe HYXID)

and normalize the solution such that (¢, 1)r = 1. It turns out that we

can decompose t = t + ol with t € H;1/2(F) and a € R, and that this

decomposition is unique: from

1= (1) = @+a<1, 1)r

we get that o = |I'|~!. Hence, we search ¢ € H*_l/z(l"):
t, Vw) = =071 @, Vw)  VYwe HVX(ID).

Due to the Lax-Milgram lemma (see Lemma 4.40 below) this variational
equation is uniquely solvable. We define the natural density

Weq :=t + |7 1.
Note that this functional depends only on I". We summarize
o (Vwey, w) = 0 for all w € Hy *(T),

o (Weq, 1) = 1.
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Exercise. Show that V we, is constant and compute (Weq, Vweq). Show also
that for w € H~'/2(T') there exists the unique decomposition

W = W+ [ Weq with @ € H;Y*(T") and 5 € R.

If V is elliptic on the one-dimensional space spanned by the natural den-
sity weq, we have a chance to conclude the full ellipticity. The next lemma
(here presented without a proof) gives a sufficient condition.

Lemma 4.36. If d =2 and diam(Q2) < 1 then (Weq, Vweq) > 0.

A proof can be found in [HsiaoWendland]. The constant A := (wWeq, VWeq)
depends only on I'. Sometimes one makes use of the logarithmic capacity
capp = e 2™, Lemma 4.36 states that this capacity is less than one.

Corollary 4.37. Ifd = 2 and diam(Q) < 1 then V is H='/>(T)-elliptic. The
same holds for d = 3 without any restriction on €.

Proof. The three-dimensional case follows immediately from Lemma 4.34 and
Lemma 4.35. For d = 2 let w € H~Y/*(T'). We know that w = 0 + [ Weq

with @ € H, Y 2(F) and 3 € R. Hence, by an elementary inequality,

ol oy < 20 2snqey + 6 leally2/mqry |-

Recall that (weq, VW) = 0 (i. e., the decomposition is orthogonal with respect
to the V-form) and that V is self-adjoint. Thus, we can conclude from
Lemma 4.34 and Lemma 4.35 that

(w, Vw) = (@, V) + 28 (Weq, V) +5% (Weq, VWeq)
=0
> Cy H@H?{,W(F) + (Weqs VWeq) 3

(Weq, Vtweq)

> min {cv, } [Hﬂﬁrlﬂ(r) + ‘|weq”?f*1/2(F)]

”wequ]—l/z(F)
> 3 0l 1nqr) -

. ~ . eq, V We
with ¢ := £ min {cy M} Il
2 " JJweqll
H-1/2(T)

In the following we assume that if d = 2 then diam(€2) < 1 such that V'
is always elliptic.

Remark 4.38. 1. In order to ensure that the condition diam({2) < 1 is
satisfied, a simple coordinate scaling suffices,

R 1

e 2 diam(2) v
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2. Why do we need this condition for d = 2 at all? The reason is the
logarithm appearing in the fundamental solution. Assume that 2 is
such that V is H~'/?(I')-elliptic. With a scalar parameter H > 0 we
define new coordinates

T =Hux,

then ds; = H?ds,. Let T’ denote the transformed boundary, and for
w e H VT, let @w(7) := w(z/H). If w is smooth we have
1
Vw)(x) = —— log|$—y|w(y)dsy

— ——/log e —yl) w(y)H* dsy

H —2
_ /1og|x—y| 9) ds+

12 (V)(3)

—log(t1) [ ) ds;.

We easily show that

H
2
= m*{(w, Vu)r - log;WH) (/ﬁ@@ d3g>2}.

We see that by choosing H sufficiently large, we can make the additive
term large enough such that (w, Vw) gets negative for [z@ds # 0

which is if and only if w & H, 1/Z(F).

@ Vo) = [ue {2 e - A0 [ o) s} i,
)

3. In order to compute the natural density (or an approximation thereof),
we can first solve

Viteg = 1 in HYX(I),

and then set weq 1= 735~ Weq-

The next lemma discusses the ellipticity properties of the hypersingular
operator. Therefor, we need to define the subspace

HYT) = {ve HAD) : (weq, v) =0}
={ve HY*I): (V" 11, vy =0}.
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Lemma 4.39. The hypersingular operator D 1is Hi/z(f‘)-elliptic, i. €., there
exists a constant cp > 0 such that

(Dv,v) = cp HUqul/z(r) Vo e H*(T).
Moreover, D1 =0 and there exists a constant cp > 0 with

(Dv,v) > Cplvfippr Vo€ H'?(T).

In the context of elliptic operators (like V and D) we can make use of the
following well-known lemma.

Lemma 4.40 (Lax-Milgram). Let X be a Hilbert space and let A : X — X*
be linear, bounded, and elliptic, i. e., there exist constants ¢4, ¢, > 0 such

that )
(Av, v) > cyllvll%
[Av|x- < Callvlx

Then, for all f € X*, the problem
findue X: Au = f in X~

} Yve X.

has a unique solution and

1
fullx < —[|fllx~

Cp

For a proof see, e.g., the lecture on numerical methods for partial dif-
ferential equations. Note that the lemma states that A=! : X* — X is
well-defined (obviously linear) and continuous.

We can summarize that the single layer potential operator V' induces
a norm |jw|ly = /(w, Vw) on H~Y3(T), and |jv||y-1 := /(V-1v, v) on
H'2(I'), whereas the hypersingular operator induces a semi-norm |v|p :=
V(D wv, v) on HY?(T).

It is straightforward to show that V' is an isomorphism between H, Y 2(F)
and H)/ ().

4.5.2 Properties of K and K’

If I' is a smooth surface, then K and K’ are compact operators. This is,
however, not anymore true for a general Lipschitz domain. We only remark
that the operators %I + K, %I + K’ can be shown to be contractions, at least

in the subspaces Hi/Q(F) and H*_l/Q(F). Therefore, Banach’s fixed point
theorem guarantees the (unique) solvability of equations involving one these
operators, see also [Steinbach].
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4.5.3 Mapping properties

The operators V., K, K’, and D are so-called pseudo-differential operators of

integer order: for s € [—%, %] the mappings

V- H—l/Q—i—s(F) N H1/2+S(F),
K - H1/2+5(F) N H1/2+8(P),
K- H_1/2+S(F) _ H_1/2+8(F),
D - H1/2+5(F) N H—1/2+5(F)
are continuous. Hence, K and K’ are pseudo differential operators of order 0,

V' is of order +1 (a smoothing operator), and D is of order —1 (a differential
type operator). A proof is found in [Costabel].

4.6 Boundary integral equations

4.6.1 The Dirichlet boundary value problem

Consider the classical formulation of a pure Dirichlet problem: for a given
function g on I find ¢t = % where

—Au = 0 in 2,

U = g on .

Translated into an abstract framework we wish to find ¢+ € H~/?(T") such
that

Vt = AI+K)g in H/(T). (4.7)
As we have seen before, V : H™V/2(I') — HY?(T') is self-adjoint, linear,
bounded, and elliptic. The spaces H*/2(T") are reflexive (i. e., the dual of the

dual is the original space), and so (314 K)g is really in the dual of H~/?(T).
Due to the Lax-Milgram lemma, equation (4.7) is uniquely solvable and

1
HtHH*W(F) < EH(%[‘FK)QHHW(F) < CHQHHW(F)a

where in the last step we have used the boundedness of %I + K. In other
words, t depends continuously on the data g.
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4.6.2 The Steklov-Poincaré operator

In the above setting we can write ¢ = Vﬁl(%[ + K)g and define the Steklov-
Poincaré operator
S:=VI'GI+K).

Obviously, this operator is linear and bounded. Since ¢t = S g above, S is
also called Dirichlet-to-Neumann map. Using the second Calderén equation
in (4.5), we find that
t = Dg+ (31+K')t,
and so
S =D+ @EI+K)WEI+K).

This shows that S is self-adjoint. It can also be shown that S has the same
ellipticity properties as D, i.e., it induces a semi-norm on H/2(T).

4.6.3 The Neumann boundary value problem

Using the second equation in (4.5) the Neumann boundary value problem
can be written the following way. Given t € H~V/2(T'), find g € H'/?(T"):

Dg = (LI — K"}t

Since D is only semi-elliptic and ker(D) = span{1}, we obtain the solvability
condition (37 — K')t € range(D) which can be shown to be equivalent to

{t, Hr =0.

The above equation is then solvable up to a constant. As a regularization
one can use B

(Du, v) = (Du, v) + & (Weq, U) (Weq, V)
with a positive regularization parameter a. We can also replace weq above
by 1. In both cases, D is bounded and elliptic on the whole of H*/2(I') and

therefore invertible. The unique solution g of D g = (31 — K')t also solves
D g = (31 — K')t, provided that (¢, 1)r = 0.

4.6.4 Exterior problems

For simplicity consider first the exterior Dirichlet problem. For a given func-
tion g on I, find t = g—z such that

—Auy = 0 in Q=

ext

Yo u = g onl.
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If we pose this equation in H'(Q°") we face two problems. First, the surface
potentials V and W are in general not in H'(Q%) (cf. Lemma 4.22) and so
it will be difficult to represent the solution. Secondly, solutions in H'(2°*)
decay very fast, usually not like solutions of physical problems (e. g., acous-
tic or electromagnetic waves propagation). For d = 3 a typical radiation
condition for Laplace’s equation is

u(@)] = O(l2[7")  as |a — oo.
Enlarging the space to
HI Q™) = {u € D'(Q™) : — Au = 0 weakly in Q™"
u€ H'(U) YU CC Q™ and

[u(z)] = O(Jz| ™) as |z — oo}

we can derive the same tools (e.g., Green’s third identity), and obtain the
boundary integral equations

Yotu %I + K -V Vet

ey N —-D %I — K’ Yy )
Note that there is only a sign-flip in V and D compared to an interior prob-
lem. We see that with the radiation condition above, the treatment of exte-

rior problems is analogous to interior ones. A precise treatment of radiation
conditions can be found in [McLean].

4.6.5 Mixed boundary value problems

Let I'p and I'y be disjoint non-trivial parts of I' such that I' = I'p UT'y.
Given gp on I'p and gy on I'y find u with

—Au = 0 in Q,
u = gp onI'p,
0
a—z = (Jgn OIlFN.

Translating this classical formulation to a variational framework, we should
clarify in which spaces the traces v{"ur, and y"'ur, have to lie. To this
end we fix an extension u € H'(Q) with wr,, = gp and homogenize the

problem: we wish to find u — u =: ug € H}(2) such that

/Vuo-Vvdx = / ngdx—/Vﬂ-Vvdx Vv € HH(Q),
Q I'n Q
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/\x

Iy

r

Figure 4.1: Illustration of the space HY/2(T'y).

where H5(Q) = {v € H'(Q) : v, = 0}. We find that 7{™u, 7irtv € HY*(T)
and they vanish on I'p. In order to characterize this property we introduce
the space

FIUQ(FN) — mll-\\m/zm ’

which can easily be shown to be a subspace of HY2(I'y). More precisely
H'*(T'y) contains all functions from H'/?(I'y) that can be extended by zero
to I' such that the resulting function is still in H'/2(T") (see Figure 4.1). We

set
H™YX(Ty) = HY*(Ty)",  H Y*(Ty):= HY*(Ty)*,
and repeat the same definitions replacing I'y by I'p. Note that
H'V2(Ty) E HYV2(Ty),  HVA(Ty) 5 HV2(Ty).
We find that in the homogenized variational formulation above, i uy,
yinty € HY2(T'y). Thus we can assume

gy € H_l/Q(FN) _ ﬁ1/2(FN>*7

and replace the integral over I'y by the corresponding duality product. Fur-
thermore, we construct the following extensions

gp € HY* () : (gp)rp, = 9D,
gy € HT'A(T) - Gy, v)r = (gn. v)ry Yo € H'/?(Ty),
and set

w =y'u—gp € H*(Iy),
ty = ’yil“tu — EN S H71/2(FD) .

Then we obtain the following system from Calderén’s equations,

vV -K to ) -V I+ K TN
K' D w ) \ 3 -K  -D go )
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This system can be shown to be block-skew symmetric and coercive, i.e.,
Lax-Milgram ensures the existence of a unique solution. Multiplying the last
line by —1, we obtain a block-symmetric and indefinite system, a saddle-
point problem. Such systems are well-treated in the lecture on numerical
methods for continuum mechanics.



Chapter 5
Galerkin BEM

5.1 Abstract projection methods

Let X and Y be reflexive Hilbert spaces and let A : X — Y* be a linear,
bounded, and bijective operator. For f € Y* given we consider the operator
equation

findue X: Au = f inY”*,

which is equivalent to the variational formulation
findue X: (Au,v) = (f, v) YoeY.

In order to define a projection method we consider finite dimensional sub-
spaces X, C X and Y}, C Y with the following bases,

Xn = Span{@z P Y, = Span{d’i :L:hl
We now restrict the above variational formulation to these subspaces.
Find u, € X}, : <A Up, ’Uh> = <f, Uh> Yo, €Y}, .

Apparently, the resulting residual f—Au;, € Y™ is then orthogonal to Y} with
respect to the duality-product. In that sense we have projected the residual
to the complement of Y},. Due to linearity it is sufficient that the variational
equation holds for the basis functions ¢; only. Since u, = Y " u;¢; for
some coefficients {u;} this yields the system

Zu] @]71/}2 - <f7 ¢>7
=:[Ap]ij ::[ih]i

29
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which is linear in the coefficients u;. With w, = [u;]7", we get the matrix-
vector form
Ah U, = ih'

Here, X}, is called trial space, and Y} the test space. Most of the time,
Y = X and Y, = X}. Then we speak of a Galerkin method. If X}, and Y},
differ from each other, we speak in general of a Galerkin-Petrov method. If
Y* = X and if we choose ¢; = A p; we obtain a least-squares method, being
equivalent to minimize ||Aw;, — f||% for uy, € Xp,.

The following two examples illustrate Galerkin methods for two of the
boundary integral equations we have discussed before.

Example 5.1 (Dirichlet problem). For a fixed g € HY?(I'), consider the
equation
findte H'2): Vit = 31+ K)g

(X ==Y = H'Y?T), A=V, and f := (2] + K)g). If we fix X), =
span{y; } ", we obtain the linear system

Vhth =TIy,

with [Vh]ij = <(,0j, VQDZ> and [Eh]i = <(IO’L7 (%]+ K)Q)

Example 5.2 (Neumann problem). For a fixed ¢t € H~'/%(T'), consider the
equation _
Du = (- K"t

(X ==Y := H/2T), A = D, and f := (A — K")t). If we fix X; =
span{; } ", we obtain the linear system

Dyuy, = 1y,

with [ﬁh]ij = (D @;, iy and [r,]; = (31 — K')t, ;). Here, D is a suitable
regularization of D, see Section 4.6.3.

The next example draws a connection to the collocation method discussed
in Chapter 3.

Example 5.3 (Collocation method). Suppose that X C C(I') and Y* C
C(T'), and that 6, € Y for arbitrary points y € I'. Let X, = span{¢;}.",.
For a fixed set of collocation points {y;}.*; we define the basis for Y}, to be

’QDZ' = 5% .
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The problem of the collocation method is that we need the variables and
expressions under consideration to be continuous. Ford =2 or 3 and I' € C*!
we have the regularity result u € H?(Q) C C(Q) only for suitable boundary
data. Here we see that the collocation method is limited, and indeed only
little theory is known.

In the following we treat Galerkin methods only. There we have the
following important result.

Lemma 5.4 (Céa). Let the operator A : X — X* be linear, bounded, and
elliptic and fix f € X* and X}, C X. Let furthermore u € X and u, € Xy, be
such that

(Au, v) = (f, v) Yve X,
<Auh, Uh> = <f, Uh> Yo, € X, .

Then we have the estimates

1
lunllx < —I[[fllx+,
Ca

and

lu—wunllx < 22 inf fu—onllx-
QA ’UhEXh

The proof is based on the result of the Lax-Milgram lemma and the
Galerkin orthogonality

(A(u — uh), Uh> =0 VUh € Vh,

see, e. g., the lecture on numerical methods for partial differential equations.

5.2 'Trial spaces

Suppose first that 2 is polygonal (polyhedral if d = 3), i.e.,

J
r =y,
j=1

where I'; are line segments (plane polygons if d = 3).
Consider a family {I', }reo of regular meshes

1
ny,

Iy = Uﬂ,z’ ,
i=1
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where the elements 1,; are line segments (plane triangles if d = 3). Since
we will only treat one mesh at the time, we simply write 7; := 73,;. Let

{x]}ﬁdl be the nodes of the mesh. Note that due to our assumption that
is polygonal (polyhedral) we have I'y, =T,
For each element we define the local mesh size

el

hi i= ||V @0 and set h := max,

=1

where |7;] denotes the length (area) of the element. We assume shape regu-
larity (i.e., for d = 3 the radius p; of the largest inscribed circle in 7; fulfills
pi > ch; with a uniform constant ¢ > 0) and a quasi-uniform mesh:

hi > ch VYi=1,...,n.

Now we can define the basis functions

()020 = X forizl,...,nzl,
1 if v =x;
ap} = 0 ifx=uap, k#7 forjzl,...,nzd,

continuous p.w. affine linear elsewhere

where x,, is the characteristic function, and we define the spaces
nsl . .
SP(T) := span{pf}" (p.w. constant, discontinuous),

nhd . .
Sp(T) := span{p;} ", (p.w. affine linear, continuous).

Like in the FEM, the basis functions can be constructed via reference ele-
ments. Via an affine linear transformation, each element 7; can be mapped
to the reference element 7 (the interval (0, 1) for d = 2, and the well-known
reference triangle for d = 3), cf. Figure 5.1. The shape functions on the
reference element read

~1 1 @é(f) =1- fl - 52
{2927 {ee-«
! P3(8) =&

for the interval and the triangle, respectively. We remark that using suit-
able transformations the spaces SP(I'), S}(T) can also be defined for curved
boundaries.

In the following we briefly discuss the approximation properties of these
spaces; for more details see, eg., [Steinbach].
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interval

triangle
1~ Al Al
\PO \P Al
1~ Po 1
[
0 " 0 0 X
0 T 1

Figure 5.1: Reference elements, sketches of affine linear basis functions.

Lemma 5.5 (approximation by SY(T')). Let 0 € [—1,0], s € [0, 1] and
t e H*(I'). Then

inf Mt = wnllamy < B e

(NS h(

where the norm on the right hand side can be replaced by the seminorm |t|gsr)
if s > 0. The same holds if replace I by a part I' C I

Lemma 5.6 (approximation by S}(T')). Let o € [0, 1], s € [0, 2] and u €
H*(I'). Then

inf flu—wpllgery < ch®77|ul

vn€S}(I) H)

where the norm on the right hand side can be replaced by the seminorm
|U Hs() ZfS > 0.

5.3 Error estimates for the Dirichlet BVP

First, we discuss the error in the normal derivative. Therefor we need to
define

H () :={veLl’T):yr, € H(T;) Vji=1,...,J},

where I'; are the smooth edges (faces) of the polygon (polyhedron) I', equipped

with the norm
J , 1/2
gy = (3 Weleyy)
j=1

Analogously we can define the seminorm |¢ s, (r)- We need this because the

normal vector is discontinuous and so is the normal derivative ¢t = iy,



CHAPTER 5. GALERKIN BEM 64

Let now t € H-Y/2(T") and t,, € S)(T") fulfill

(0, Vi) = o, GI4K)g) Ve HPT),
(wr, Vtn) = (wp, (31 +K)g) vy, € Sp(T). .
Then Céa’s lemma implies that
t—1t —1/2 < ¢ 1nf t—w —1/2 .
e = tllrsey < e inf = wnllgeeg
From Lemma 5.5 we can conclude that
1
6= bl < b2 iy, forsel-51),  (52)

of course assumed that the normal derivative of the solution fulfills this reg-
ularity. In the optimal case, if t € HgW(F), we obtain the convergence rate
O(h%2) as h — 0.

Remark 5.7. We have the following regularity result for the Dirichlet prob-
lem due to [Dauge]. Let © be convex and let w denote the largest angle
between the parts I';. Then

ge I () = wue H*"(Q) foroe (-4, mn{3 Z-1}).

We see that if w < 27 and g € H?(T'), then u € H*?(Q) which implies
that Vu € [H*?(Q)]?. It can be shown that vy : H**(Q) — H} (T) for
polygonal (polyhedral) Lipschitz domains. Thus, we can expect that t €
Y = (wVu) -n € H5 (D) for s € [—3, 1], and we obtain the optimal
convergence rate O(h*?) for the assumptions on g and I' above.

Finally, we discuss the error in the interior of €. Let t, t;, solve (5.1) and
let u € H'() be harmonic such that iy = g and ~i™u =, i.e.,

U = 1715—/1/179.

Due to Lemma 4.22 we know that ujg € C*°(Q) (note that u & C>(2), but
only u € H*(Q2)). We set

Up, = \N/th—ﬁ;g,

i.e., the harmonic function such that ™u;, = g and y™u;, = t;. Also

up) € C(£2). Hence, for a point = € €, we can investigate the error

[u(@) = un(@)| = |V (t—tn)@)].
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Recall that for smooth functions we have

Vit —tn)(F /U* z,y) [tly) — tw(y)] ds, -
Assume now that ¢, t, € H7(I') for some o (e.g., 0 = —1). Then, since
U*(z, -) € C=(I") ¢ H7(I"), we get by duality that

() = un(2)] < WU, o It = tallmo) -

Due to a result by Aubin and Nitsche (see e.g., [Steinbach]), the statement
of Lemma 5.5 holds also for o € [-2, —3], s € [—3, 1]. Thus, we can choose
o = —2 and obtain

(@) —un(@)] < ch* U@, )z Nl

where again |[|¢|| s, r) may be replaced by the corresponding seminorm if
s > 0. This means, for our Lipschitz polygon (polyhedron) we get the optimal
convergence rate O(h?).

Remark 5.8. We can also give a bound for the H!-error using variational
techniques (see, e.g., [Steinbach]). Let u;, be defined as above, then

1
e~ unlley < ellt—tallgowy < ch** |

Ho (1)

for s € [—1, 1]. Thus, the optimal convergence rate is O(h*?). This is in
contrast to the FEM where we obtain only a rate of O(h) for linear elements!

5.4 Computation of matrix entries

In principle the computation of the matrix entries

[Vh]ij = 9037 V@z> fori, j=1,.. 21

://U*xydsxdsy

is very similar to what we have seen in Chapter 3. The double integrals
can be computed analytically where [V}];; involves a weakly singular sur-
face integral if ¢ = j or if 7;, 7; touch each other. For details we refer
to [Rjasanow/Steinbach| and [Sauter/Schwab]. The following boundary ele-
ment matrices are also often needed:

Knlie = (), Kopr

Mie = (2 ol } fore=1,.. nh,k:—l nd.
hlik = ir PrIT
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We can make use of these in our Dirichlet problem when we represent the

Dirichlet data by a continuous piecewise affine linear function. The matrix

M, is a mass matrix; note that it does not equal the identity matrix. How-

ever, in contrast to the other boundary element matrices, the mass matrix

My, is sparse. The operator %[ + K is then obviously discretized by %M nt+ K.
For other boundary value problems, we need the matrix

[Dilee = (D ey, v for k, ¢ =1, ..., np
= (curlpg;, V' curlp o),

€so(T) eso(r)

where we have used Lemmas 4.29 and 4.30; the fact that curlp ¢}, € S)(T) is
easily seen. Let w;, € S}(T') with the coefficient vector w, € R™ (we write
w,, < wy), and let v, <> v, € S}(T'). Then it turns out that there exists a
sparse matrix (', such that

wp, = curlpvy, <= w, = Chu,.

Thus,
Dy, = GV, Cy.

The adjoint of K’ corresponds of course to K, . We see that we basically need
to compute entries of V}, and K, in order to discretize the BVPs discussed
in Section 4.6.

Exercise. Give an explicit description of the matrix C},.

5.5 The conditioning of V),

In this section we briefly investigate the spectral condition number of Vj.
The condition number of a typical FEM stiffness matrix is O(h™2) as h — 0.
The next lemma shows that (V) = O(h™1) only.

Lemma 5.9. Let w, € SUT) with w, < w, € R™. Then there exist
constants ¢, co > 0 such that

c1 h? ||Qh||§2 < (Vhwy, wy)e < o it ||wh|’§2 :
Hence the spectral condition number of Vj, fulfills

k(Vi) = Oh™Y).
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Proof. Surprisingly, the following proof is not based on the actual entries of
V. Instead we use boundedness and ellipticity of the single layer potential
operator V and properties of the spaces H~Y/2(I') and SY(I'). First, we
observe that

(Ve wp, wy) = (wn, Vws) .

Upper bound: Using the fact that

wp, U
lwall -2y = sup wn v) < sup (wn, V)z2r)
UEHI/E(F) HUHH1/2(F) UeHl/Q(F) HUHLQ(F)
Wp, U
S sup M S ||wh||L2(F)

veL2(T) ||U||L2(F)
and the boundedness of V' we obtain

(wn, V) < cllwnllfrseey < cllwnllzaq
= cy w} |nl < ehHlw,lk,

where in the last steps we have used the definitions of h; and h.

Lower bound: Matters are more complicated here. In fact we need some
tools.

(i) We define the space of local bubble functions
SP(T) = span{pP}i,  C HYA(T)
with the basis functions p? defined via the reference element and

b [ E1-¢) ifd=2,
w8 = {&@(1—&—&) ifd=3.

(ii) We have the inverse inequality
HU}LHHUQ(F) S Ch71/2 ||UhHL2(F) VU}L - S;?(F) .

This inequality can e.g. be obtained from an interpolation of corre-
sponding estimates of the L2- and the H'-norm.

(iii) We define the L2-projection Q¥ : L*(T') — SP(T) by the relation

/(wa)dsx = /wdsx Vi=1,...,ny forw e L*I).

Ti Ti
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(iv) We have the stability estimate
IQFwl2wy < V2wl Vwe LAT),
cf. [Steinbach)].

With the help of the above tools we can conclude that

_ <wh’ U> <wh7 wah>
|’wh”H*1/2(F) = sup z i3
vert2(ry [0l a2y 1Q% wnll 12y
N 2
(Z) f[‘(wh)2 ds (n),Z(w) Ehl/z HwhHLQ(F)
1QF Wil =172y lwn |l z2(r)

where in the penultimate step we have used that w, is piecewise constant
(thus wy, € L*(T")), and so

el

(wp, wah) = /th (wah) ds = ;whm /TZ wahds = /F(wh)QdS.

—_————
=[_ wpds

This concludes the proof. n



Chapter 6
Fast BEM

6.1 Motivation

We have seen that the crucial problem is the storage of the matrices Vj,, K},
etc. For a quasi-uniform mesh we need O(h?@~Y) memory where we have
only O(h?=1) unknowns. The basic idea of fast boundary element methods
is to approximate the matrices with less storage amount. Here we give a
motivation why this can be possible. Let I' be the boundary of a three-
dimensional domain, let 7;, 7, 74, etc. be elements, where 7; is far away from
7 and all the remaining elements touch 7, see the figure below.

With our definition of V}, we have

1 1
Vilie = // — ———ds, ds, .
T J TR 47 |$—y| Y

Since 1/|z —y| decays very fast if |z —y| becomes large, we can write |x —y| ~
|zf — ;| where x} and z}, are the centers of 7; and 7y, respectively. Thus the
double integral is approximated by a constant. For an element 7, touching
T, we have

[Vh]w ~ [Vh]ik

69
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because the difference |xf —z;| ~ |2} —}|. In the figure above we can approx-
imate siz double integrals (six entries of the matrix) by one constant, which
leads to a reduced storage amount. Using some tricks one can generalize this
concept.

Among many fast BEM approaches are

e wavelets (here one constructs a special basis which leads to a sparse
representation),

e the fast multipole method (using taylor expansion one can realize at
least a fast application of the matrices),

e hierarchical matrices and data-sparse approximation

For more details see e.g., [Steinbach] and [Bebendorf]. We will follow the
last approach. There the main tricks are

e low-rank matrices, and
e hierarchical clustering.

The hierarchical matrices were introduced by Hackbusch and Khoromskij.

The data-sparse approximation that we will discuss is named adaptive cross

approximation (ACA) and was introduced by Bebendorf and Rjasanow. Other
techniques and references can be found in [Bebendorf], [Steinbach], and also

online at www.hlib.org.

6.2 Low-rank matrices
For a matrix A € R™*" we define
range(A) := {Ay:y € R"}, rank(A) := dim(range(A)) .
Lemma 6.1. (i) rank(A) < min(m, n) VA € R™*"
(11) rank(A B) < min(rank(A), rank(B)) VA € R™? B e RP™
(iii) rank(A + B) <rank(A) +rank(B) VA, B € R™*"

Definition 6.2. We define the set of matrices with rank at most k (in short:
rank-k matrices),

Ry ™ :={A € R™" : rank(A) < k}.
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Attention: R]"™™ does not form a linear space because addition of two
rank-k£ matrices can increase the rank beyond k.

Lemma 6.3.
AeR™™ = FJUeR™F VeR" . A=UV'

The above representation U V' ' of a rank-k matrix is called outer product
form. Note that if we have such a representation, the matrix-vector multi-
plication

Ay = U(V'y)
———
ERFK

can be computed in O(k(m + n)) operations. Also, the storage amount of U
and V' is only k(m + n).

Definition 6.4. A matrix A € R is said to have low rank if
E(m+n) < mn.

Obviously we should represent (in particular store) low-rank matrices in
outer product form.

Remark 6.5. Two low-rank matrices can be multiplied and added in low
complexity. Also the singular value decomposition (SVD)

A=UxV’

(with U € R™* 'V € R™* orthogonal and X € R*** diagonal) of a low-rank
matrix can be computed cheaply. Using that one, for A, B € R]"*", the best
approximation C' of the sum A+ B with respect to the Frobenious norm, i. e,

|A+B—C|r — min
CeRp*™

can be computed also efficiently. We refer to this approximated addition by
rounded addition. It is a similar concept to the rounded addition of fixed
floating point operations in processors, but here we do not cut the precision
of a number but the rank of a matrix. The computational complexity of the
rounded addition is O(k*(m + n)).
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6.3 Degenerate kernels

Unfortunately, boundary element matrices cannot be approximated by low-
rank matrices (but as will turn out certain matrix blocks can). They would,
if the kernel of the underlying integral operator had a different form.

Definition 6.6. Let D;, D, be subsets of R? or a manifold I'. An integral
kernel k : Dy x Dy — R is called degenerate if there exists a constant £ € N
and functions vy : D1 — R, vp: Dy — R for / =1, ...,k such that

k

k(z, y) = Zw(x) ve(y) Ve e Dy, y € Dy.
=1

The number k is called degree of degeneracy.

Suppose we have a matrix A defined by

Ay = //H(% Y) ¥i(y) wi(z) ds, ds,
rJr
and suppose we have index sets I and J and submanifolds Dy, Dy C I" with
supp(g;) C D1 Viel, supp(¢;) C Dy Vj e J.

If K (restricted to Dy x Ds) is degenerate of degree k then

k
Ay =Y | w@)eix)ds, | vly)(y)ds, Viel jel,
=17 D1 Dy

and so the block [A;jicr, jes has rank k.
The kernels appearing in our boundary integral operators are not degen-
erate. However, we can try to approrimate them by degenerate kernels.

6.4 Asymptotically smooth kernels

Definition 6.7. An integral kernel s : D; x R? — R with s(z, -) € C®(R?\
{z}) for all z € Dy is called asymptotically smooth in D; with respect to y if
there exist constants v, ¢ > 0 such that for all x € D; we have

|| |"{($7 y)|

P— Vmulti-indices a Yy € R\ {z}.

‘8‘;,‘1(% y)| < clally
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Remark 6.8. The kernels U*(x, y) and %U* (x, y) appearing in V and K
can be shown to be asymptotically smooth.

We want to exploit this smoothness for a Taylor expansion. However, in
the vicinty of the singulary we cannot expect good convergence. Therefore
we will assume that x and y are sufficiently far away from each other.

Definition 6.9. For sets Dy, Dy and x € D; we define the distances
dist(z, Do) := inf |z — vy, dist(Dy, Dy) :== inf |z —yl.
yEDo

z€D1,y€D2
Assume now that a kernel k : D; x Dy — R is analytic with respect to
the second argument (y) and assume at least that dist(D;, Dy) > 0. Then
by Taylor’s expansion we have

Mo y) = Y0 S On(, €0,) (4 — €0, Ryl )

laf<p
A

J/

= T[] ()

where ]
Rp(x7 y) = Z aag(j’%@j? €D2) (y - €D2>a
loe|>p
and &p, is the Chebyshev center of Do, defined as the center of the ball of

minimum radius that contains D,. We denote the minimum radius by pp,,
see below.

The next lemma clarifies how much error we make when cutting the Taylor
series.

Lemma 6.10. Let k : Dy X Dy — R an integral kernel which is analytic with
respect to y and let k : D; x R — R be asymptotically smooth. Furthermore,
suppose that the condition

ndist(§p,, D2) > pp,
holds for some n > 0 with 2y +v/dn < 1. Then

(2 Vdn)?

‘li(.%‘, y) - TP[’KL](J@ y)‘ < m

|k, €p,)|-
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The lemma states that if D, is sufficiently far away from D,, we have
exponential convergence of the Taylor series as p — oo. l.e. there is hope
that we can cut the series for a rather small p (which leads to a low rank
representation) and to make only a small error.

Usually, we consider integral kernels which are analytic and asymptot-
ically smooth with respect to both variables z and y. Then we use the
symmetric condition

min(le, PDQ) S ndlSt(Dh D2) (61)

instead of the condition in Lemma 6.10.

6.5 Admissible blocks

For index sets [ = {1,...,n} and J ={1,...,m} we denote by t C I, s C J
(index) blocks. Note that the entries need not be contiguous (a block can
also look like {2, 5, 7}). For A € R™™ = R/ we define

At><s = [Aij]iet,kES,

i.e., the restriction to the block ¢ x s. Finally, we denote by [t| the number
of indices in the block ¢.

Definition 6.11. Let A;., correspond to

/ / k(z, y) ¥ (y) pi(x) ds, ds, foriet, jes,
Dy J Dy

with (J;e, suppy; C D; and Ujes suppy; C Dy. Then we call the block ¢ x s
admissible if (6.1) is fulfilled.

Lemma 6.12. For an admissible block t X s and x : Dy X Dy — R analytic
and asymptotically smooth in both variables, the matriz block A, (defined as
above) can be approximated by a low-rank matriz leth € R**. Let ¢ denote
the approximation error (with respect to || - ||r), then

k< p? =~ |loge|’,
where p denotes the order of the Taylor expansion.

The ultimate goal is to find a partition of I x J into blocks where we can
use the Taylor expansion and the low-rank approximation.
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Definition 6.13. A set P C P(I x J) (where P(-) denotes the power set) is
called partition of I x J if

IxJ=|Jb, and bi#£beP = bnb=0.

A block b = t x s of a partition is called small if min(|¢|, |s|) < no where
ng is a positive parameter. Finally, we call a partition P admissible if each
block b € P is either admissible or small.

In the next two sections we construct admissible partitions of I x.J. There
we restrict ourselves to a special class of partitions which are constructed by
organizing the index sets I and J separately in a hierarchical tree structure.

6.6 Cluster trees

Definition 6.14. (i) Let T'= (V, £) be a tree (i.e., a simple, directed,
and connected graph with no cycles). Here V and & are the set of
vertices and edges of the graph, respectively. For a vertex t € V we
define the set of sons

Sit):={t'eV:(tt)e&}.

The root of the tree is a unique vertex which is not a son of any other
vertex. We call a vertex a leaf if it has no sons. The set of leaves is

L(T):={teV:S8t)=0}.

We define the level of a vertex t: if ¢ is the root, level(t) := 0, for all
other vertices ¢, level(t) is the minimal number of edges connecting ¢
and the root. Finally, the depth of the tree is then defined as

h = level 1.
depth(T") max leve (t) +

(i) A tree T; = (V, &) is called cluster tree of a finite index set [ if the
following conditions hold:

(a) I is the root of T7,

(b) for each vertex t € V we have that ¢ is a non-empty subset of I,
its sons are pairwise disjoint, and t = |J, . () t,

(c) all vertices which are not leaves have at least two sons.
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{1,2,3,4,5,6,7,8} «—— root
{1,2,7,8} {3,4,5,6}

/\ / N\
{1,8} {2,7} {3,4} {5,6}

/N /NN N
) {8 2 {7 8 @ B} {6 leaves

Figure 6.1: Example of a (binary) cluster tree.

Notation: For cluster trees we identify the tree with its vertices and
write t € T instead of ¢t € V.

(iii) We call a cluster tree T balanced if

. (It
R:= min mm{—:t,tGSt
teTAL(T)) gy 1 2 €S

is bounded from below by a positive constant, independently of |I].
Figure 6.1 shows an example of a cluster tree for the set I = {1, ...,8}.

Lemma 6.15. Let T; be a balanced cluster tree. Then depth(T;) = O(log |1).
The storage complexity of Ty is then O(|I| log|I]).

For an index set I which represents a collection of elements {7;};c;, we
want to generate a cluster tree 17 which will eventually lead to an admissible
partition of I x I (or I x J for another cluster tree T;). Here, we use the
principal component analysis (PCA). To this end we associate to each element
7; a point y; (e.g., its center of gravity).

Definition 6.16. Let ¢ C I be a block.

: o |7 ,
o We define the centroid m; = Ziet STl Y
e A vector w; € R |wy| = 1 where the maximum

max Z v+ (yi —me)
€t

veR? |v|=1 ;

is attained is called main direction of t.
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“hyperplane

Figure 6.2: Example of block subdivision by the principal component analysis

(d=2).

e We define the covariance matriz Cy ==Y, (y;—my) (y;i—my) " € R

Obviously, the computation of m; can be done in linear time. But how to
get the main direction? It is rather easy to see that w; is a main direction of
t if and only if |w;| = 1 and wy, is an eigenvector to the maximal eigenvalue
of C;. Thus, in order to compute w; we can form the covariance matrix C}
(in linear time) and compute its eigensystem.

Having m; and w; at our disposal we now subdivide the block ¢ (which
represents a collection of elements {7;};c;) using the hyperplane through m
with normal w;. We define the sons of ¢ in the cluster tree by

S(t) := {t1, ta}
tr:={iet:w-(yy —my) >0}
t2 I:t\tl,

see also Figure 6.2. We apply this recursively to the set I and stop if a block
contains less than n,;, elements, where n,;, is a fixed parameter. This way
we get a cluster tree which we call geometrically balanced. Recall that we
assume a shape-regular and quasi-uniform mesh. Then it can be shown that
the cluster tree is also balanced in the sense of Definition 6.14(iii).

Lemma 6.17. The construction of a cluster tree Ty for a collection of ele-
ments {7; }icr using the principal component analysis as described above re-
quires only O(|I| log|I|) operations.

6.7 Block cluster trees

We now use the cluster trees from the last section to construct an admissible
partition for I x J. Let T} and T cluster trees for I and J, respectively, as
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constructed above. We define the block cluster tree Try; by specifying the
root to be I x J and defining for each block ¢ x s the sons,

0 if t x s is admissible
S]XJ(tXS> = or Sl<t):®01' SJ(S):@,
Si(t) x Sy(s)  else.

Above, S7y; indicates that the sons are to be understood with respect to
the tree Ty, s, and S; with respect to the tree 77 etc. Obviously, by this
construction,

depth(77«;) < min{depth(77), depth(T})}.

If T; and T are binary trees (each vertex has two sons or is a leaf), T} is
a quadtree (each vertex has four sons or is a leaf).

Most importantly, by this construction the partition generated by the
leaves of the block cluster tree Ty is admissible. This is because a leaf
t X s is either admissible, or we have that ¢ or s is itself a leaf of T or T},
respectively, which implies that min(|¢|, |s|) < nmin, and so the block is small
if we choose n,;, accordingly.

A measure for the complexity of a block cluster tree is the so-called spar-
sity constant. Here, we introduce this concept only briefly, as we will just
use it once on page 80. For a block t € T} we define

CrOW(T[XJ, t) = |{S CcCJ:txse TIXJ}

Sp

Y

i.e. the number of blocks ¢ X s in the block cluster tree T;; with ¢ being
fixed. Similarly, for s € T); we define
C?OI(T]XJ, 3) = |{t CcCl:txse TIXJ}| .

Sp

Finally, we define the sparsity constant of 77, ; by

R TOW col
Csp(Trx.s) 1= max { Max Cop (Trxs, t) max Cp (Trxs, 8)} :
One can show that if T and T); are geometrically balanced (e. g. constructed
by the PCA) and the original mesh is shape-regular and quasi-uniform, the
sparsity constant is bounded.

Lemma 6.18. Let T and T'; be balanced cluster trees. Then the construction
of the block cluster tree Try; as described above requires only O(|I| log || +
|J| log|J|) operations.



CHAPTER 6. FAST BEM 79

Figure 6.3: Example of a typical H-matrix. Approximation of the single
layer potential on a half-sphere discretized by 932 triangles. Green blocks:
low-rank blocks (black numbers: local rank used by ACA). Red blocks: dense
blocks.

6.8 The set of Hierarchical Matrices

We will now work with the partition generated by our block cluster tree and
define a special kind of matrix related to it.

Definition 6.19. The set of hierarchichal matrices on the block cluster tree

Tr«y with an admissible partition P = L(17xs) and block-wise rank k is
defined as

H(Trwg, k) == {A e R/ . rank(A;xs) < k V admissible blocks txs € P} )
In short we call this set the set of H-matrices.
An H-matrix is stored as follows:

e for an admissible block ¢ X s we use the outer product representation;
the storage amount is then k(|t| + |s]),

e for all other blocks we use the conventional entry-wise storate; the
storage amount is then bounded by npi ([t] + [s])-

A typical H-matrix is shown in Figure 6.3 (for the ACA see the next section).
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We now sketch how to prove that the total storage amount Ny (A) of an
H-matrix A € H(T« s, k) fulfills

Ny = (’)(max(k:, Nmin) (|| log |I] + |J| log|J|)) )

In order to get the storage amount we have to sum up the individual storage
amounts of each leave. In fact we will bound this by a sum over all blocks in
the tree and use the sparsity constant (see page 78):

N < ) max(h, ng) (Jt] +1s]) < > max(k, nan) (¢] + [5])

txse€L(TrxJ) txs€Trx g

< max(k, nmin {Z Z ]+ Z Z |S|}

teTr s€Tyitxs€Tr« g seTyteTrtxse€Trx g

S Csp(TIxJ) maX k' N'min {Z |t| + Z | |}

tET] SGTJ

< C max(k, nuin) (1] log |I| + |J| log |J])) .

Many algorithms in the context of H-matrices perform the same kind of
operations blockwise. The above technique can be used to estimate the total
complexity of these algorithms.

Remark 6.20. H-matrices generalize sparse matrices. One can e.g. show
that a FEM stiffness matrix can be stored as an H-matrix even with O(n)
storage requirements. In constrast to sparse matrices, we call H-matrices
data-sparse.

Lemma 6.21. The computational complexity of the H-matriz by vector mul-
tiplication is O(max{k, nmu} (/1] log|I| + |J| log|J])).

This means that we can not only use H-matrices to represent approxi-
mations of BEM matrices, but also for iterative solver, as for instance CG,
where only the application of the matrix to a vector is required. To get
quasi-optimal solvers one needs of course preconditioners, and one can in
fact generalize the known multi-level preconditioners for FEM (such as BPX
type preconditioners) also for this purpose.

However, we will not discuss that issue, but instead point out that a
whole H-arithmetic is available, similar to the floating point arithmetic in
processors. E.g. we can add two H-matrices which are defined on the same
block cluster tree by using conventional addition in the dense blocks and
rounded addition in the low-rank blocks. This way, we obtain again an H-
matrix which is an approximation of the exact sum. Multiplication is rather
straigtforward and can be based on the multiplication and rounded addition
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of low-rank matrices. With the following idea one can even approximate the
inverse of an H-matrix by an H-matrix. Consider a block ¢ split into two
sub-blocks t; and ¢ and suppose that

Ant, Ane
A — 1l1 12 .
. ( At2t1 At2t2
Then by block-elimination, we have

A—l — ( A;il +A;1%1‘1’4t1t23_i‘14t2t114t7111 _A;;AtlthS_l )
& ST A A, S™ ’

with the Schur complement S := Ay, — Ay Ary, Anr,.  Using rounded
addition, multiplication and recursive H-inverse approximations for all the
involved operations, one reaches some point where blocks are small and where
one can use and form the conventional inverses exactly. With the same idea
one can derive an H-LU decomposition.

The following lemma summarizes the computational complexities.

Lemma 6.22. 1. Rounded addition of two H-matrices requires
O(|1| log || + [J]| log |]])
operations.

2. For I = J, rounded multiplication of two H-matrices requires
O(k* 1] log |T] + & |1])
operations.

3. For I = J, the H-inverse of an H-matrixz can be formed in
O(k* 1] log |T] + & |1])
operations.

4. For I = J, the H-LU decomposition of an H-matrix can be computed
m

O(k* |1 log |1])

operations. Once the decomposition is computed, solving can be done
by forward-backward substitution.
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6.9 The Adaptive Cross Approximation (ACA)

Prescribing a maximal rank and using the Taylor expansion, on could ap-
proximate our BEM matrices by suitable H-matrices. However, (i) an error
control is hard to be achieved, and (ii) we have to write new code for the
integrals due to the Taylor expansion. In this final section we describe an
algorithm where one can reuse existing code and where one has error control.

In order to introduce this technique we formally run the following algo-
rithm for a matrix A € R™*",

Ro =A
For¢=0,1,...
Find a non-zero pivot-element (i, jy)
1
R =R — —— (R ~m'Ri:n
011 TR (Be)1im,j (Re)io1
Until ?

Here, (R¢)1.m,;, denotes the jy-th column and (Ry);, 1., the ip-th row of Ry.
Example 6.23.

[ 0431 0.345 0.582 0417 0.455 - 0582 7 [ 0431 7"
0491 0.396 0.674 0.449 0.427 S e, | 0674 || 0.354
Ry = | 0446 0358 0.583 0413 0.441 S0 2| o583 | | 0582
0.380 0.328 0.557 0.372 0.349 0582 1 0557 | | 0.417
| 0412 0340 0516 0.375 0.370 0.516 | | 0.455
[0 0o 0 0 0 - 0 —0.008 1"
~0.008 —0.014 0 —0.033 —0.100 o, | 0100 | | —0014
Ry = | 0014 0003 0 —0.004 —-0.014 = 2| o014 0
~0.032 —0.011 0 —0.026 —0.087 011 o087 | | —0.033
| 0.020 002 0 0005 —0.034 —0.034 | | —0.100
[0 0 0 0 0 s 0 0.016 ] "
0 O 0 0 0 T 0 0.005
R, = | 0.016 0.005 0 0.000 0 = | 0016 0
~0.020 0.001 0 0.002 0 0016 1 _5.020 | | 0.000
| 0032 0030 0 0017 0 0.032 0

In the (only illustrative) example we see that we formally subtract a
“cross” build by the row and column we have chosen. Also, the absolute
values of the remaining matrix entries get smaller and smaller.

Suppose that we stop the iteration after k steps, we have

k
A = Sk—i-Rk, with Sk = ZUZU;'
(=1
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The matrix Sy (which is naturally provided in outer-product representation)
will be used as an approximation. Obviously, for the computation of S; we
only need to know some matrix entries on demand, i. e., we can reuse existing
code.

The remaining two questions are how to chose the pivot elements and
when to stop. We will only answer partially them. There exist algorithms to
choose the right pivot elements such that when we use the stopping criterion

e(l—mn)

S
T 1Skl

|ue| [ve] <

for a prescribed tolerance € and the parameter 7 from the admissibility con-
dition, we get the guaranteed error bound

A= Skllr < ellAllr.

The total computational complexity of the approximation is
O(n logn|loge[*)

with n = |I| ~ |J] for building the approximation. The storage amount and

the complexity of the matrix-vector multiplication is

O(n logn |loge|?).

The ACA can also used for preconditioning (by choosing ¢ large, e.g., 0.1).
The software package AHMED (developed by Mario Bebendorf) implements
‘H-matrices and ACA. H-matrices and alternative approximation techniques
can be found in the package H1ib, see www.hlib.org.
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