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Abstract

In this paper we present an adaptive boundary-element method for a transmission prob-
lem for the Laplacian in a two-dimensional Lipschitz domain. We are concerned with
an equivalent system of boundary-integral equations of the first kind (on the transmission
boundary) involving weakly-singular, singular and hypersingular integral operators. For
the h-version boundary-element (Galerkin) discretization we derive an a posteriori error
estimate which guarantees a given bound for the error in the energy norm (up to a multiplic-
ative constant). Then, following Eriksson and Johnson this yields an adaptive algorithm
steering the mesh refinement. Numerical examples confirm that our adaptive algorithms
yield automatically good triangulations and are efficient.

1. Introduction

The problem of constructing an adaptive mesh-refining procedure is of practical
importance in the numerical analysis of partial differential equations. Since the
pioneering work of BabuSka and Miller [1] and Eriksson and Johnson [10, 11] adaptive
finite-element methods are well established. We extend our analysis of adaptive
boundary-element methods [3, 4] to boundary-integral equations for elliptic interface
problems. We prove a posteriori error estimates for the Galerkin boundary-element
solution and develop various adaptive mesh-refinement algorithms.

In this paper we convert the interface problem for harmonic functions &; in €2, and
u, in $2, into a system of boundary-integral equations on the interface boundary I’
between the bounded interior domain €2, and the unbounded exterior 2, := R?/ Q.
We prescribe the jumps u; —u; and %% — 22 o the interface I' (2 denotes the normal
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derivative) and obtain a system of boundary integral equations of the first kind for
the unknown traces u,|r and %Lh. Our solution procedure for the original interface
problem consists now in solving this system of integral equations for u;|r and %}lr,
then using the values for the jumps to compute u,|r and %}lr and finally computing
u;(x) for x € ; with the representation formula as a combination of single-layer
and double-layer potentials acting on the traces u;|r and %lr- This procedure is
explained in detail in [7], where we analyzed the solvability of the system of boundary
integral equations (see also Theorem 1 below). This system, (4) below, consists of the
operators of the single-layer potential and the double-layer potential and their normal
derivatives. Thus, the corresponding integral operators have weakly-singular, singular
and hypersingular kernels, respectively. The system can be solved approximately by
the Galerkin method (see [7]). For the implementation of this method see Section 7
below. Since our system of boundary-integral operators is a strongly-elliptic system
of pseudodifferential operators on I" [7] (note that the single-layer potential operator
V is a strongly-elliptic operator from H~'/2(T") into H'/>(I") and the normal derivative
of the double layer potential W is a strongly elliptic from H'/2(I") into H~'/?(TI")) the
Galerkin boundary-element solution converges quasioptimally (see Theorem 2 below)
towards the exact solution of our system of integral equations on I'.

It was shown in [7] that the rate of convergence of the corresponding boundary-
element Galerkin solution is restricted by the regularity of the exact solution of the
boundary-integral equations. In [7], the h-version of the boundary-element method
was analyzed on quasi-uniform meshes where the trace of the solution of the original
interface problem was approximated by piecewise-linear continuous elements and
its normal derivative by piecewise-constant functions. Here, we present an adaptive
scheme for the h-version where a local mesh refinement is performed and therefore
higher accuracy is achieved for the computed Galerkin solution than with quasi-
uniform meshes. Our adaptive refinement strategy is related to Eriksson and Johnson’s
approach for FEM and is based on an a posteriori estimate (Theorem 5) which endows
the weighted residues in the H'(I") x L2(I")-norm. The proof of the a posteriori error
estimate is different from that in [3, 4]. Applying this error indicator our adaptive
process is steered by first computing a new mesh and then a corresponding Galerkin
solution which is afterwards used to create a new mesh via local residues and so forth.
This technique had turned out to be successful for integral equations of the first kind
(with weakly singular and hypersingular kernels) in [4]. Our numerical results show
improved convergence of the Galerkin solution and underline the efficiency of the
adaptive method.
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2. The transmission problem

In this section we study the solvability of the boundary integral equation for a
transmission problem of harmonic functions in R2. First let us introduce some notation
before we formulate the transmission problem. Let ; € R? be a bounded domain
with Lipschitz boundary I' and let 2, := R?\ Q, be its complement. Let H*(I")
be the usual Sobolev spaces on the interface I' [15] such that H°(Q) = L*(I") and
H~(I") is the dual space of H*(I"), s > 0, with respect to the duality (, ) which is
defined for smooth functions u, v by

(u,v)=/u~vds.
r

Note that H'/2(T") is the trace space of H'(£2,) and H! ().
Then the transmission problem under consideration reads as follows:

Given f ¢ H'/*(T) and g € HV*(T") find

(U1, uy) € Hl(Ql) X H;Lc(Qz)

with
Au; =0 in Q (=12 (D

and
u, = u; + f, %:%%+g on T 2)

such that there exists b € R with

. b
Iim (u,(x) — T log|x]) = 0. 3)

|x|—o00

REMARK 1. (i) The trace u;r is defined for u;|r € H} (€2;) with the well-known trace
theorems.

(i1) The normal derivatives a—afni, n being the normal on I" pointing from €, into €,, is
defined via Green’s formula

3uj

f (v-Au+ Vv - Vu)dx = (—1)f+'<
Q}_ 3n

s v|r> (j = 1’2)’
r

where u; € H).(;) and v € H'(S;) have compact support defining %‘ilr €
H=YY(T) (7).
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(iii) The condition (3) is given detailed consideration in [7].

(iv) Transmission problems of this type are analyzed in [7] in a quite general setting
including scattering problems arising in electrostatics. The transmission problem
(1)-(3) is a model problem in this field and the results below carry over to other
transmission problems in [7, 8].

Following [7] we rewrite the transmission problem as a boundary-integral equation
where we use some pseudodifferential operators. Given v € H'Y?(T') and ¢ €
H~'2(T"), define for z € T" the boundary-integral operators

1
V@) = —— f $(@)log |z — ¢lds,,
T Jr

1 0
(Kv)@) = == /r V()5 ogle — Sl

9
an,

1
K@) 1= = / S = log |z — ¢lds;,
r

1 o ]
W@ = o fr V(e 3o logle — S,

which are bounded and linear in the spaces (see [6, 7])

V:HTVAT) - BV,
K : H*YA(T) - H*VA(T,
K': H'X(T) - H VAT,
W H*X(T) - HVA(I),

where (since we allowed I' to be a Lipschitz boundary) s € [—1/2, 1/2]. Moreover
the single-layer potential V is symmetric, the double-layer potential K has the dual
K' and the hypersingular operator W is symmetric. Note that V and W are strongly
elliptic in the sense that they satisfy a Garding inequality (in the above spaces with
s = 0; see [7]).

Define H : H'*(I') x H™V*(I') - HY*(I") x H™'2(T") by

-K Vv
H : .
(v )
The operator H is linear, bounded and a Fredholm operator of index zero [7]. The
following theorem describes the connection between the operator H and the original

problem (1)-(3).

THEOREM 1. (&) The transmission problem (1)—(3) is equivalent to the boundary
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v 1 f)
H =—-(1+H
( ¢> 51+ H) (g €Y
in the following sense:

(1) If (uy, u) € H'(R2)) x H}! (82,) solves the transmission problem (1)—(3) then

d
(v, ¢) = (ul, %)

solves the boundary integral equation (4).
(i) If (v,¢) € H'(T') x H™'"2(T") solves the boundary integral equation (4)
then the transmission problem (1)-(3) has a solution (u,, u,) satisfying (5).

integral equation

&)

r

(b) The operator H is bijective so that the transmission problem (1)—(3) as well as
the integral equation (4) have unique solutions.

(¢c) Given f € H'(I") and g € L*(I") the solution (v, ¢) of (4) satisfies (v, ¢) €
H' (") x L¥(I").

PROOF. The theorem follows from the results in [7] by settinga = 0, A; = A, and
w = 1. In particular H is bijective if and only if the two conditions (A) and (A) are
satisfied (see [7]). In our model problem this is easily verified. For f € H'(I") and
g € L*(T") the right-hand side of (4) lies in H'(I") x L*(I") [6] such that [7, Theorem
6.1] yields (v, ¢) € H'(I') x L*(I").

We conclude the following result which is important for the derivation of a posteri-
ori error bounds for the boundary-clement Galerkin solution of the system of integral
equations (4).

COROLLARY 1. The linear operator H maps H'(I") x L*(TI") bijectively and continu-
ously onto itself. Its inverse is also bounded, mapping H'(T') x L*(T") onto itself.

PROOE. From the above-mentioned properties of V, K, K', W (proved in [6, 7]) we
have that H maps H!(I") x L%(I") continuously into itself. Let (;) € H'(I') x L¥(IN).
If H(;) = 0 then (;) = Osince H : H'/*(I') x H™V*(T') - H'*(I') x H™"*(") is
injective. Since H : H'/*(T") x H™'*(I") - HY*(I") x H~'/*(T") is bijective, given
(;) € H'(T) x LX(T') then some () € H'/*(") x H™'/*(T") with H(}}) = (;). Due
to Theorem 1(c), (';) € H!(I") x LXT"). Thus, H maps H'(I") x L*(T") onto itself
and the claimed properties of H are already proved. The properties of its inverse are
then included using the inverse mapping theorem.
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3. A boundary-element method for the transmission problem

In order to obtain quasi-optimal convergence of a Galerkin discretization of the
boundary-integral equation (4), the strong ellipticity of the single-layer potential and
the hypersingular operator is sufficient.

Let (H,”>x H,'”* : h € I) be afamily of finite-dimensional subspaces of H'/?(I") x
H~Y2(I") such that U,e; H)? x H, ' is dense in H'/2() x H~"/*(T"), 1 C (0, c0)
with 0 € /.

For h € I consider the following Galerkin procedure introduced and analyzed in

[7]:

Find (v, ¢p) € H,,”2 X H,l_'/2 such that

Vn 1 f Wy
H ——(1+H)( )( )> =0 ©
< ( h> 2 8 Ui/ [ weqyxu-nr

for all (wy, Yry) € H,,l/2 X H,,_l/z.

Here (, )Hl/Z(r)XH—l/Z(r) IS deﬁned by

<(”) (“’)) = (¢, w) + (¥, v)
¢ ’ w Hs(D)xH-s(T") o ’ ’

for v,w € H*(I') and ¢, ¥ € H*(I') where 0 < s < | and (,) denotes duality
between H*(I') and H*(I"). The following result holds which shows the quasi-
optimality of the Galerkin error.

THEOREM 2 ([7]). There exists hg > O such that forallh € I withh < hy the Galerkin
equation (6) has a unique solution (v, ¢n). If (v, @) solves the boundary-integral

equation (4) then
(6-%)
& — Vi

1G=5)
¢ —on
holds with ¢y > 0 independent of h.

From Theorem 2 the Galerkin solution in H,,l Iy x H,'*(T") is only unique for
sufficiently small h. This is not appropriate for an adaptive method where the mesh
size h may vary substantially. In the following we will show how to modify the
Galerkin procedure to obtain a unique Galerkin solution for all #. The key is to
eliminate the constant solutions; this is achieved by demanding that v and v, have
integral mean zero; for ¢ and ¢, this property holds automatically as Lemma 1 below
shows.

< inf
HV2(Tyx H-V2(T) (w;,.x//;,)EH,,"z(l‘)xH,,"/z(r)

HVY(T)x H-VX(T)
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DEFINITION 1. Define
Hy(T) :={w e H' (') : (1, w) =0},
Hy*(T):={y e H[) : (¢, 1) =0},

for 0 < s < 1. We define H°(I') by (complex) interpolation [2). Given the above
Sfamily of finite-dimensional subspaces ( H,,l/ ? x H, V2. hel) let
| Hol? = H, 0 Hy (D),
Hy'? == Hy ' 0 Hy'A(I).
The following lemma shows that the integral of ¢ (which is the normal derivative

of the potential #, on the inner side of the boundary I') around T is zero and it gives
the corresponding result for the Galerkin descretization ¢, of ¢.

LEMMA 1. If (v, ¢) € H'2(I") x H™Y/2(T") solves the boundary-integral equation (4)
and (v, ¢dn) € th 2 % H,,_'/ 2 solves its discretization (6), then
¢ € Hy (D),  ¢u e H,'"”,

provided 1 € H}*.

PROOF. We only give the proof for the discrete case ¢, € H,, Y 2(I’), ¢ € Hy 12 ()
being proved analogously. Letting w;, := 1 and ¢, = 0in (6), then from the definition
of H

1
O = (W‘Uh, 1) +<K/¢h, 1) - 5{(g’ 1) + (Wf’ 1) +(Klg’ 1)}

1
= (W1 u) + (8, K1) — S{(g, 1) + (WL, f) + (g, K1)}.

Note that (1, 0) are Cauchy data for the constant function 1 so that its Calderdon
projector maps (1, 0) onto (1, 0) (see [7, Theorem 3.11]), that is, () = H (}), proving
Kl=—-land W1 =0.

Using this, we get from the above that

= —(¢n, 1),  whence ¢, € Hy"*().

REMARK 2. In view of Lemma 1 we are led to reduce the trial functions for the
tractions to H,," ? because the tractions belong to this space automatically.

Consider the piecewise-constant solution #; = 1 and u, = 0 of the problem (1)—(3)
for f = 1and g = 0. By Theorem 1 H(;) = (;), which yields

(7o) ()=
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for all w € H'2(T') and ¥ € H;'*(T"). Consequently, the displacements of the
corresponding Galerkin solutions are then determined only up to an additive constant.
In order to fix this constant (as zero in the integral mean) we are led to the trial spaces
H)A(T) x H;*(D).

Lemma 1 and Remark 2 motivate the following modified Galerkin procedure.

Find (y, ¢n) € Hy> x Hy,"? such that

'l_)h 1 f Wh
H ——(1+H)( )( )> =0 D
< (¢h) 2 8 Yn HVX(TYx H-/2(T)

for all (w, Y1) € Hyy® x Hg, ™.

The relation between the Galerkin procedures (6) and (7) are given in the following
theorem.

THEOREM 3. (a) If (s, ¢4) € H)'* x H " solves (6), then (vy, ¢3) € Hyl” x Hg,'?
solves (1), where v, := v, — Vg, € Hol,fz with the constant vo, := (v, 1) / (1, 1) € R.
(b) Conversely, if (vn, dn) € Hol,,/2 X HO;'/Z solves (7), then (vy, ¢n) € H,,'/2 X H,,"/2
solves (6), where v, = Uy + vy, and the constant vy, is given as
(LIK—1Df—3Veg+ Ve — Ky

= R.
ook (1, 1) <

PROOF. If vy, € R is constant and v, = v, + vg, then

o) -2+ m()-(50))
H -=-(14+H , 8)
< (¢h) 2( ) 8 Y/ [ wnayxu-er (

o) =30+ m(0)- ()
=(H —=(1+H , + 1,
< (¢h> 2( ) 8 wh HV2(T)x H~V/(T) ook ( 1//")

for any (wy, ¥;) € H,,'/2 X H,,_'/z. Hence, if (v,, ¢) € H,,'/2 X H,,_l/2 solves (6), then
(7) is satisfied by (74, @) as well, and this proves (a), because ¥, ¢ € Hy,'* (see
Lemma 1) in (8).

Conversely, if (U, ¢) € Hyl* x Hg,* solves (7), then define v, as in (b). Due to
(8), (6) is satisfied whenever (wy, ¥;) € HO',{Z X Hojll/ 2. Thus, it remains to directly
check (6) for (wy, Y1) = (1,0) and (wy, ¥) = (0, 1). Using H(;) =101+ H)(g),
we have in the first case

Up— v 1
H — _ i
< (¢" - ¢) ’ <0)>HI/Z(F)><H—I/2(I‘) (W(v,, V) + K& = 9), 1)
={pn—¢,K1) =0,
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since K1 = —1 and (¢,, 1) = 0 by the present choice of the trial functions and
(¢, 1) = 0 by Lemma 1. In the second casz

T 1 f 0
n (™) =za+m()- (1)
( &n 2 4 1 HIP(Tyx H-/2(r)

1 1
= <1, —K (v, — vpo) + Vo — 5(1 -K)f - 5V8>

= vpo (1, 1)+<1,V¢,, —Kﬁ,,+%(1(_ Df - %Vg)

which is zero due to the definition of v,o. Altogether, (6) is satisfied for all (w,, ¥,) €
H,”* x H; ' which proves (b).

The proof of the following lemma can be concluded from [13, 19, 16].

LEMMA 2. The single-layer potential V is positive definite on HO_'/ (") and the hyper-
singular operator W is positive definite on Hol / 2([‘),. that is, there exists some constant
¢ > 0 such that

(l//, VW) Z C- "‘//”3-1—1/2(1"), (st w) Z C- "w”illﬂ(r)
forallw e Hy*(T") and all Y € H;"*(T").

As an application of Lemma 2 we obtain the quasi-optimality of the modified
Galerkin procedure (7).

THEOREM 4. There exists cy > 0 such that for all h € I the (modified) Galerkin
equation (1) has a unique solution (v,, ¢,) and
(6-%)
& — Y

I6-5)
b — &

holds, where (v, @) is the solution of (4) and v :=v — (1,v) /(1,1) € Hol/z(l").

<c0

f
112 =172

1
H'\I2((TYyx H-V(T) (wy, ¥n)EHy," X Hy, HV2(MYx H-'/2(T)

PROOF. Note that, due to Lemma 2, the bilinear form
(H', ')HI/Z([‘)XH—ln(r) . (Hol/z(r) X 110_1/2(1‘))2 d [R

is (symmetric and) positive definite. For all (v, ¢) € Hol/ 2 I x Ho'l/ Z(F),

() () ven 22()

The proof is concluded by standard arguments.

HyP(Tyx Hy A (r)
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REMARK 3. Combining Theorem 4 with Theorem 3 we get in Theorem 2 that hy = o0,
that is, there is no restriction on h in order to guaranteee a unique solution of the
Galerkin procedure and the error estimate.

4. An a posteriori error estimate

In order to state the a posteriori estimate for the h-version of the boundary-element
method (7) we need some notation about the mesh used, that is, on the discrete function
spaces.

DEFINITION 2. Let ' = 32 be a polygonal boundary. Given k > 0, ¢, > 0 and
integers py > 1 and py > 0, the class Ty, ,,.p, is the set of all triples (T, S0, Sp)

where
@) T =({I; :i =1,...,n7} is a set of interval domains (that is, straight lines)
of I which partition . Let h; > O be the Euclidean length of the element I';, j =
1,...,nr. Definel, ; =T, and h,,; = h; for any integer j, that is, use the
indices modulo ny. Then, assume that for any integers i, j

h; .

— <, -kl 9

hj = Gk )
holds.

(a2) S} and S} are piecewise polynomials of degree p\ and py, respectively, that is,

S,‘l = {n € C(I') : nlr, is a polynomial of degree < p,, j=1,...,nr}
S,? :={n € L*(T) : nlr, is a polynomial of degree < p,, j=1,... ,nr}.

Given (T, SO, S;t) € Zk.ck,plvpo let
Pl LX) —> S,  j=0,1,

be the L? projection onto S} and let h(T) € L>®(I") be piecewise constant with the
value of the element length, that is, h(T)Ir, == h;, j =1, ..., ny. With S} and S| we
associate the trial spaces Hy)" := Hy/*(T) N S} and Hg,"? := Hy'*(M) N S0

REMARK 4. Note that quasi-uniform meshes are included in %, ,, , for which it is
well known that P} is stable in L? and H', that is, the mappings

P/ :LX")—» LX) and P:H'(T)—> H'Y()

are continuous. It is proved, for example in [9], for the one-dimensional case that this
holds for meshes with (9) as well. Compare {9, Theorem 2] and the references therein
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for former results. In our one-dimensional case (without homogeneous but with
periodic boundary conditions) the stability of the L2-projection follows immediately
from that result.

For the above-mentioned meshes we have the following a posteriori estimate.
THEOREM 5. Let (v, ¢) € H, (') x L*(T") solve the boundary integral equation (4)
andlet v := v—(1,v) /{1, 1). Let (3, ) € Hy]* x Hy,""* solve the discrete boundary
integral equation (7), where Hyl” = Hy’(T)YN S}, Hg"? := Hy"*(T) N S° and

(T’ Sg' SI!) € zk't‘kvphpo’
Then, there exists a constant ¢ > 0 depending only on k, ¢y, p;, po with

"'t-) - 5h”3{|/2(r) + "¢ - ¢h "i['“(l‘) (10)
< ¢ (1h(T) - Ryl Rz + 1A(T) - Rallizy | Rallry)

where

1
R, = E(f— Kf+Vg)— Ve, + Kuy,

1
Ry = 5(8 +K'g+Wf)— Wy, — K'¢,.

5. Proof of the a posteriori estimate

The proof of Theorem 5 is related to Lemma 3 and Lemma 5.

LEMMA 3. There exists a constant ¢ > 0, depending on I, ,, . such that for all
(T, S2, S € Tecoprpy f € HN)and g e H(T)

(f, g — P;.lg) = C||g”H'/2(r)\/||f||L2(r) Na(T) - fllezey -

PROOF. We start proving that the continuous function e := g — g, g, := P,)ghas at
least one zero at the closure of I'; U T4, forany j = 1, ..., n (recall that we use the
lower indices here modulo n := n;). Assume that this is false, that is, assume that e
is positive, say, on I'; UT';,,. Since eis continuous we easily construct a nonnegative
function n € S} (for example, piecewise linear), n # 0, with support in the closure of
I; UT 4, such that e — 7 is still positive on I'; U T';;;. Then we have that

fle—nlzds < /Ielzds
r r

which contradicts g, ( and not g, — 1) being the L2-projection of g onto S}.
) 8 h
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Hence we may define a second partition I', ... , [',, of " ( not necessarily straight
lines, but at least a union of two straight lines) such that the endpoint of I~“ is the
begmmng of T ;+1 and is a zero of e. We may assume that m is chosen maximal such
that ['; has positive length. Then, we have proved above that the length of F is smaller
than ¢, h,;, where k(j) € {1, ..., nr} is fixed with minimal A, and F NTy # @, that
is,

by = min {h, : T, N T; # ).

Note that ¢, depends only on k and ¢, (see (9)). Note also that fr e'ds = 0dueto

the construction of the partition Ty, ... , T'.

Since {f, 1) = 0 we may define F € H'(I") by piecewise integration of f along
I'. Note that, if we start with F (xy) =: ¢g at xy € I';, then F is continuous and we can
determine ¢, uniquely such that F € Hj(T') and F' = f.

Next we construct a simple function n € L2(I") which is constant on any I~“,- with the
value of the continuous function F at the beginning of I' ;. Hence, by the fundamental
theorem of calculus,

|F — 77"L°°(f‘,-) =< "f"L'(f‘j) = \/Clhk(j)||f"1.2(1'“,-)-

Due to fﬁ e'ds = 0 we have fr e’ - nds = 0. Using this and integration by parts we
have

(fye)=<F/ e):—(F e/)=(7)—F,e')
Xm: (U—F)e'ds

m
Z et f agiplle e,

< ailleliea Zh oI g

by Cauchy’s inequality. Next we define h := h(T) which is constant with value ; on
I'; and h constant with value A, on I';. By the construction of k(j) we have & > h
a.e. onTI'. Thus

th(,)llfllu(r) = f3ary < RS2y
which leads to

(frg—gn <clg — gllemlh(T) - fller.
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Because of this and Cauchy’s inequality, we conclude from the stability of P, (compare
Remark 4) that, for fixed f € H(T), the linear mapping

T, H'T) >R, g (f.g— Pl

is bounded for s = 0, 1. Interpolating the corresponding bounds gives the bound

a1 £y IACT) - fllzr,

for the norm of T in the case s = 1/2 [2]. Note that ¢, depends on ¢, and on
the stability constants of the L2-projections, that is, on k, ¢, po, pi. This proves the
lemma.

We need also an analog of Lemma 3 where the projection works in the first
component, that is, a projection on S acting in H~!(I"). In order to do this we
need further notation.

LEMMA 4. After changing to an equivalent norm in Hy ' ("), there exists an isomorph-
ism I : H;'(I') — L*(T") with
I@) =¢

forall ¢ € L*(TI"), where prime denotes differentiation. In other words, differentiation
is an isomorphism between L*(I") and Hy '(T") with an inverse I.

PROOF. Let I : H)(I') - H,(T") denote the integration used in the proof of Lemma
3, that is, for all ¢ € HY(I"), (I(¢))' = ¢ and I(§) € H/(T') holds. It is easily
seen that [ : H)(I') — H,(T') is linear and bounded if we consider the H~'-norm in
HY(T") and L*-norm in H; (I'). Hence we may extend / uniquely to a bounded linear

mapping
1:H' - H)(Q).

It is not hard to see that / is the inverse of differentiation and hence 7 is an isomorphism
if we endow Hy (") with the equivalent norm

1ol oy = M Dll2wy, ¢ € Hy'(D).

DEFINITION 3. Given (T, S0, S}) € Tic,.p1.p, let P be the L?-projection on
5',: := {n € C(T) : nlr, is a polynomial of degree < py+1, j=1,...,nr}.
We define P? : H;'(T') — S9 by

Pl:=I"0P'ol
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REMARK 5. Note that P? : H;'(T') — S? is a projection and, according to the stability
of P/ (see Remark 4), we have that the norm of P? : H;*(I") —» H,*(T) is bounded
by a constant which depends on Z; , p, p, fors =0, 1.

LEMMA 5. There exists a constant ¢ > 0 depending on Xy, p, p, Such that for all
feH))and g € H(I)

<f - ﬁ;?f, 8) =< C||f||H-'/2(r)\/||g'||L2(r) NA(T) - g'll 2y -

PROOF. The proof is quite similar to the proof of Lemma 3 and is outlined using the
above notation.

Let fy := POf and e := If — If, = If — P!If,. As in the proof of Lemma 3
we conclude that the continuous functions e has some zeros which leads to a partition
Iy, ..., [, of I'. Concerning the values of the continuous function g we find a
function n constant on each f‘,- with (f — f. 8) = (f — fx, g — n) and

g = nllieqr,y < Verheplg'llag,-
Arguing as in the proof of Lemma 3 we then conclude that
(f = fu 8) = allf = fulleaylh(T) - g'll 2y
Integration by parts shows that
(f=fr8) = —(e, g’) <I|f- fh”Ho"(l“)”g/"U(l‘),
since I is an isomorphism.

Thus, using the stability of 15,? (see Remark 5) we have proved that, for fixed
g € H'(T), the linear mapping

T, : H*(T') - R, fH(f—ﬁ,?f,g)

is bounded for s = 0, 1. Interpolating the corresponding bounds yields the bound

6‘3\/||8'||L2(r) NA(T) - g'll2ry

for the norm of Ty in the case s = 1/2 [2].

PROOF OF THEOREM 5. Define d := v — v, € H'(['), d := 9 — v, € H} (") and
e =¢—¢, € H(?(F). According to Lemma 2 we have a constant ¢, > 0 such that
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(recall W1 = 0)

1 - - -
C_(”dllzl/?(r) + ”e"i[—vz(r)) < (e, Ve)+ (Wd, d)
1

d\ (d
=(e,Ve) +(Wd,d) = <H( ) ( )>
e e
(0 (2)
e e — ey
where the projection property of the Galerkin procedure is used for arbitrary d;, € H,’?
and e, € H, '”>. According to the definition of H we have

- d\ (d - d,

=(e—en Ve~ Kd) +(Wd + K'e,d — d;)
=(e—en Ve— Kd) +(Wd + K'e,d — dy).

We may choose d, := P/d and e, := Ple as in Lemma 3 and Lemma 5, which
concludes the proof since

R =Ve—Kd, Ry=Wd+K'ee H)().

6. The adaptive procedure

In this section the class £ := X, ., of discretizations (T, Sy, S}) of T is
considered and the adaptive procedure explained. Throughout this section we fix
k, ¢k, po, p1, writing X instead of Xy ., ,, 5,

REMARK 6. Given TOL > 0, we cannot look for (7, Sy, S}) € X such that

lv — vellareey + 119 — dullg-12qry < TOL (11)

because in general we do not know (v, ¢). Instead Theorem S leads us to look for
(T, S, S}) € = such that

I1B(T) - Rill 2oy I Ryl 2y + 1A(T) - Rall 2y | Rall 2y < TOL?

which guarantees (11) up to a multiplicative constant ¢ > 0. Since the constant ¢
in the a posteriori estimate in Theorem 5 is unknown we cannot compute an error
estimate. Hence, the goal of this contribution is only to hint how to obtain good
meshes in practice.

https://doi.org/10.1017/50334270000000722 Published online by Cambridge University Press


https://doi.org/10.1017/S0334270000000722

[16] Adaptive boundary-element methods for transmission problems 351

We are concerned with the following problem in order to steer the mesh refinement.

DEFINITION 4. Given TOL > 0 find (T, S?, S}) € T such that ny is minimal and the
related Galerkin solution (v, ¢y) of (7) satisfies

IR(T) R |2y | Ryl zry + AT Rell 2y | Rl 2y < TOL?, 12)

where R, R, are defined as in Theorem 5. If such optimal (T, SE, S)) € T exists it is
called an efficient discretization (with respect to the error estimator of Theorem 5).

REMARK 7. The notion of efficient meshes is to compare two discretizations satisfying
the estimate (12) with the same TOL. In view of Theorem 5 the same guaranteed
error estimate is obtained with the a posteriori error ¢ - TOL. Clearly, ¢ - TOL is
unknown, but our goal is to compare the two meshes in view of computational costs
for the related Galerkin solutions. That is, to compare the related number of degrees
of freedom (for simplicity) of two meshes which yield the same guaranteed (but
unknown) error ¢ - TOL. Hence, a mesh is optimal (with respect to the error estimator
of Theorem 5) if it is related to an efficient discretization in the sense of Definition 4.

The following theorem shows that the adaptive discretization method based on (12)
is operative in the sense of [11, 14] (and the work of Eriksson and Johnson quoted
there).

THEOREM 6. For any TOL we can find (T, S}, S}) € X such that the related Galerkin
solution (v, ¢n) of (7) satisfies (12), where R,, R, are defined as in Theorem S.

PROOF. Because of Theorem 1 for quasi-uniform meshes we get from [7, p.407] that

()~ (&) (%)

that is, stability of the Galerkin projector in the space H'(I") x L*(T"). Consequently,
(U1, ¢») is bounded in H'(I") x L%(I") uniformly in A so that (R;, R;) are uniformly
bounded in H'(T") x L*(TI"). Hence, the left-hand side of (12) tends towards zero if
12| Lo(ry tends towards zero.

< C-

HY(T)xL*(I")

1]

H'(T)xL*(I")

It remains to show how the minimization problem (4) can be solved, at least
approximately. We follow the procedure as introduced in the finite-element case by
Eriksson and Johnson (see the literature in [14]) and obtain the following scheme for
the boundary-element case.

Adaptive procedure. Given TOL > O and k, ¢, po, p1, start with a quasi-
uniform mesh where ¢, bounds the quotient of all mesh-sizes and k > 1. Given
(T, S}, $;) € T we compute some new mesh (T, 5P, §)) € I as follows:
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(1) Compute the Galerkin solution of the integral equation (7) with respect to the
discrete spaces H,,” := Hy”>([') N S} and Hy,"* := Hy /(') N S? using some
standard boundary-element program.

(2) Use some postprocessing to compute, at least approximately, the residues R, and
R; (as explained in detail in Section 7). Thereby, for any element I'; € T, obtain
the summands

(AR | Rz [l L2y
of the estimate (12). Compute || R} || .2y and || R, || 2r). If TOL > 0 is the given

tolerance (such that the unknown value ¢ - TOL should be the prescribed error)
choose #; > 0 maximal such that h;/ h; is a natural number and

Vi (IR Ny IR iy + /I Rell iz I Rell iz ) < TOL /.

If i-zj = h; forall j =1, ..., nr we stop the process or change TOL.

(3) Given h ; we construct a new triangulation T of T' such that we keep all knots
and possibly refine the mesh on some element I'; if #; < h;. This gives a new
partition T of .

(4) Check (9) and refine the mesh again such that (9) is satisfied. For simplicity,
assume ¢, = 1, k > 1 and check all the neighbor elements in 7 in order that
they satisfy

T}i,—fk (G=1,....,n3).

i
If hj/hj1 > k (hjy1/h; > k) then refine T; (T 1))

(5) If one has found a new mesh which satisfies (9) then this defines T. Restart with
(1).

7. Numerical example

We present numerical results for the solution of the integral equation (4) using
the h-version of the Galerkin method (7). In all cases we take, as the simplest case,
continuous piecewise-linear constant trial functions corresponding to p, = 0 and
p1 = 1. We start with some remarks on the numerical realization. As in [3, 4] we
omit the restrictive condition (9) on the mesh and run a modified adaptive procedure,
namely the algorithm (A4) and compare with further modifications (A1)—(A3).

7.1. The discrete problem As explained in [12, 17], the inner integral of the single-
layer potential and the inner integral of the adjoint of the double-layer potential can
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be computed explicitly for piecewise polynomials. Hence, the stiffness matrix of the
single-layer potential operator V with a typical entry

//loglx—yldsydsx
re Jr;

can be computed using 32-point Gaussian quadrature over I'; which requires 32
evaluations of frj log |x — y|ds,. Similarly, the inner integral of the adjoint of the
double-layer potential K’ can be implemented explicitly so that the stiffness matrix
of K’ (which is the transpose of K) can be computed numerically by using a 32 point
Gaussian quadrature rule for the outer integration. Using W = —%V:—s [16] the
entries of the stiffness matrix of the hypersingular integral operator can be reduced
to the terms appearing in the integration of the stiffness matrix of the single-layer
potential. Thus, (Wn;, n;) = (Vn;, n}) for piecewise-constant functions »; and n.

The right-hand sides of the integral equations appearing in the previous sections
are computed with 32-point Gaussian quadrature formulas.

The resulting linear systems of Galerkin equations are solved by a direct Gaussian
elimination solver.

7.2. Energy norms and residuals Because of Lemma 2 we compute the “energy”
norm,

I¥lv :==V(Vy,¥) e HVAI)),

is computed, which is an equivalent norm on H~'/2(T"). Also, we compute the energy

norm
Pollw :=V(Wo, v} (ve H/X())

which is an equivalent norm on H, 2(I"). Then we combine both equivalent norms and
consider the norm [[vflw + [|¥ ||y for (v, ¥) € Hy’> (') x H~/*(T") being equivalent
to that in Hy/>(C) x H™'*(T). If

—

vVi=v—

1, v) - (1, vy)
) and D= T

then [|(D — B4, ¢ — W) 31y -1n2(ry 18 €Quivalent to
(V(d = 1), (@ — &) + (W (v — vp), (v — vp))
~(#(620) (Z3))
¢—&n) \&— &
= (¢ -¢h, Rl) + (U ~ Up, RZ) ’

where R,, R; are the residuals defined in the previous section. Given f, g and knowing
v, ¢ the L?(T") scalar products of (¢ — ¢,) with f, Ve, Kf, Kv,,and Vg and (v —v3)
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with g, K'g, Wf, Wu,, and K'¢, are computed with 32-point Gaussian quadrature
rules. Here v — vy, ¢ — ¢, and f and g are given directly, whereas the evaluation of
Kf, Vf', and Vg again involves an integration over I which is done approximately
with a 32-point Gaussian quadrature rule. Finally, using W = —2V £ again [16],
W and W, are rewritten as derivatives of —V f’ and —V v; computed by numerical
differentiation with respect to the arc length.

The norms of the appearing residuals || R, || .2,y and || R} || .2r;) are computed ele-
mentwise with a 10-point Gaussian quadrature rule, where the derivative in || R] || .2(r;
is evaluated by numerical differentiation.

7.3. Numerical examples Let ©; be the L-shaped domain with vertices (0, 0),
0, 1), (-1, 1), (—1,-1), (1, —1) and (1, 0). The data f and g in the transmission
problem are given by (2) and

2 1
u; :r2/3.sin (—-(p), 753 =10g (X|,x2)+§(1,—1)

3

with polar coordinates (r, ¢) and Cartesian coordinates (x;, x3).

We consider four adaptive algorithms as motivated in [4]. The first is considered for
the present example in [3]. For a given “triangulation” of the boundary I' = U,]-V=| r;
we can compute an approximation of the contribution a; := || R} || .2cry + l| R2l| 2(r;) of
one element I'; as explained in the previous subsections.

Then, ignoring the constant ¢ > 0, we have that the error in the energy norm is

bounded by
N 174 N 1/4
(Zaf) -(th~af) , (13
j=1 j=1

where h; := |T';| is the length of the element I';. Using this notation our numerical
experiments are performed with the following algorithms (A1), (A2), (A3), and (A4)
which depend on the parameters 6,0 < 6 < 1, and TOL > 0.

Adaptive Algorithm (Ak).

Starting with a given quasi-uniform coarse initial mesh, take the actual partition

Iy, ..., Tn, and perform (1)—3) until termination.

(1) Solve the Galerkin equations with a trial space of piecewise polynomials with
respect to the actual partitionT, ..., [n.

(2) Compute ay, ... ,ay, hy,...,hy and the related quantities in (13). Decide:
stop and terminate or refine and continue with (3).

(3) Forj=1,...,N refineT'; by the rule (Ak) and continue with the new mesh in
1:
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(A1) HalveT;ifandonlyifa; - h; > 6 - maxe_; s - hy
(A2) HalveT;ifandonlyifa; - \/h; > 0 - maxe,,.. v ax - /hx.
(A3) Divide T in k; pieces of the same length, where k; is the smallest integer

> 1 with
TOL?
hj/kji £ ————, a:.=
J/ a; -« N-a
(A4) Divide T; in k; pieces of the same length, where k; is the smallest integer
> 1 with

h;/k; < (TOL/Na;)’.

REMARK 8. (i) Algorithms (A1) and (A2) are motivated by the goal to reach a uni-
form distribution of the element contributions a;. Note that § = 0 gives a uniform
triangulation and with increasing 8 the number of refined elements in the present step
decreases. Algorithms (A3) and (A4) are motivated in the previous section.

(ii) Algorithms (A2) and (A4) can be justified connecting the results in [4] with
Lemmas 3 and 5.

(iii) Although pseudodifferential operators are non-local we hope that a refinement of
I"; leads to improved bounds for the error.

The numerical results of the adaptive algorithms are shown in Table 1 for the
uniform mesh and our four adaptive algorithms (A1), (A2), (A3), (A4) related to the
paremeters 8 = 0.5, 6 = 0.5, TOL = 3.4, and TOL = 15.0, respectively.

In Table 1, N denotes the number of degrees of freedom (chosen by the algorithm;
a new row corresponds to a new refinement step in the adaptive algorithm), ey
denotes the corresponding relative error in the energy norm (see above) and ay is the
experimental convergence rate computed as

ay = log (ex'/en)/log (N/N"),

where N’ and e}, are the corresponding values of the previous row. We define an
experimental approximation for the constant ¢ > 0 in (10)

_ @ =&, R) + (v —us, Ry)
- 1/4 1/4°
(ZLa) - (Thn-a)

where notation from Section 7.2 and Section 7.3 has been used. Values for y» are
given for the uniform meshes, (A1), and (A3) which are related to (10). The values
yw are bounded, as claimed in Theorem 5.

From Table 1 we see also that a uniform mesh yields a convergence rate near the
expected value 2/3. The convergence achieved by the adaptive algorithm is improved:
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TABLE 1. Numerical results

Uniform mesh

N 2% oy VYN
16 0.3802 082
32 0.1994 093 067
64 0.1244 068 .06l
128 00783 067 .056
256 0.0448 0.81 .046
(Al for6 = 0.5 (A2)for 6 = 0.5
N (Y] [+ 4Y; YN N (Y oy
16 0.3802 082 16 0.3802
28 02122 104 063 28 02122 1.04
44 01322 105 054 44 01322 1.05
68 00806 1.14 .043 64 0.0814 1.30
124  0.0458 0094 .034 104 0.0468 1.14
208 00232 131 022 184 0.0231 1.23
(A3) for TOL= 3.4 55‘4) Z"r TOLzals 0
N__ew Iy W 16 0N3802 2
16 0.3802 082 :
20 0.2391 2.08
32 0.1678 1.18 .053
28 0.1671 1.07
52 00820 148 .036
32 0.1318 1.78
84 00462 119 025
116 00184 2385 012 52 0.0616  1.56
' 0 - 84 0.0254 185
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for example, to obtain a relative error of 5/100 we need 256 degrees of freedom with
a uniform mesh but only 124, 108, 84 and 84 degrees of freedom using the adaptive
algorithms with the mentioned parameters in 5, 5, 4 and 5 refinement steps. From this
we conclude that the meshes obtained by our adaptive schemes are of high interest
not only to improve asymptotic convergence rates but also to improve the error with
only a few degrees of freedom. The most efficient algorithm in this example is (A3).
The corresponding meshes for this situation are shown in Figure 1.

In order to compare the adaptive algorithms for various parameters the data is
compressed using figures. Each of the four adaptive algorithms has a different figure,
namely Figure 2 for (A1), Figure 3 for (A2), Figure 4 for (A3), and Figure 5 for (A4).
In the figures an entry corresponds to a symbol (like A, V, < etc.) depending on the
parameter. The entries belonging to the same parameter are connected by a straight
line. The x-coordinate of a symbol is log (N), where N is the number of degrees
of freedom corresponding to a mesh, and the related Galerkin solution has a relative
error ey. Then, the y-coordinate of the symbol is log (ey). However, the numbers
shown on the axis are ey and N.

The values for TOL are chosen after some experiments. From Figures 2 - 5 we
see that the convergence rates are improved for all adaptive algorithms presented in
this paper: the mean experimental convergence order for (A1) and (A2) is nearly 1.2
while the order for (A3) and (A4) approaches the optimal value 1.5.

7.4. Conclusion From the numerical experiments, we coriclude that adaptive meth-
ods are important tools for an efficient numerical solution of transmission or interface
problems. Compared with a coupling of finite elements and boundary elements, we
claim from the experiments in [5] that the adaptive numerical treatment of the trans-
mission problem via the boundary integral element method considered here is more
efficient. The asymptotic convergence rates are improved as well as the quality of the
Galerkin solutions corresponding to only a few degrees of freedom. This points to
the efficiency of the adaptive algorithm and hence to the significance and sharpness
of the a posteriori error estimate.
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FIGURE 1B Meshes for Al, where 8§ = 0.5

https://doi.org/10.1017/50334270000000722 Published online by Cambridge University Press


https://doi.org/10.1017/S0334270000000722

360 Carsten Carstensen and Ernst P. Stephan [25]

FIGURE 1C Meshes for A2, where 8§ = 0.5
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FIGURE 1D Meshes for A3, where TOL= 3.4
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—

FIGURE 1E Meshes for A4, where TOL= 3.0
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FIGURE 2. Error with Algorithm (A1)

https://doi.org/10.1017/50334270000000722 Published online by Cambridge University Press


https://doi.org/10.1017/S0334270000000722

364

Carsten Carstensen and Ernst P. Stephan

(29]

0.370
0.330 -
0.290
0.250 ~
0.210
0.170~
0.130 4
£
=
S
z
Sy
0.090
j2d
@
<
i
k=
-
2
& 0.0s0
®
=
s
D
e g
0010 | T T T T T 717
16 156 296 436 576 716 856 9961136276
Number of Unknowns
a thetn=0.0
v thetas0.3
<o theta=0.5
o thetas=0.6
A Theta=0.7
v theta=0.8
L 4 theta=0.9
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