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Abstract We consider a (possibly) nonlinear interface
problem in 2D and 3D, which is solved by use of vari-
ous adaptive FEM-BEM coupling strategies, namely the
Johnson-Nédélec coupling, the Bielak-MacCamy coup-
ling, and Costabel’s symmetric coupling. We provide a
framework to prove that the continuous as well as the
discrete Galerkin solutions of these coupling methods ad-
ditionally solve an appropriate operator equation with a
Lipschitz continuous and strongly monotone operator.
Therefore, the coupling formulations are well-defined,
and the Galerkin solutions are quasi-optimal in the sense
of a Céa-type lemma. For the respective Galerkin dis-
cretizations with lowest-order polynomials, we provide
reliable residual-based error estimators. Together with
an estimator reduction property, we prove convergence of
the adaptive FEM-BEM coupling methods. A key point
for the proof of the estimator reduction are novel inverse-
type estimates for the involved boundary integral oper-
ators which are advertized. Numerical experiments con-
clude the work and compare performance and effectivity
of the three adaptive coupling procedures in the presence
of generic singularities.

1 Introduction
1.1 Model problem

Let 2 C R? (d = 2,3) be a bounded Lipschitz domain
with polyhedral boundary I := 92 and normal vec-
tor v. For given data (f,ug, ¢o) € L*(2) x HY?(I') x
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H~Y2(I'), we consider the nonlinear interface problem

—div(>AVu) = f in 2, (1a)
—Au™t =0 in 29, (1b)
u—u®™* = ug on I (1c)

(RAVu — Vu™*) - v = ¢y on I, (1d)
ut = O(lz| ™) as || = oo (le)

As usual, these equations are understood in the weak
sense, i.e. we seek for a solution (u,u®*) € H() x
Hl}ac(‘QeXt)v with Hlloc(“QEXt) = {’U|’U € Hl(K)vK C
0t compact}, and 2°%t ;= R4\ (2. It is well-known that
problem (1) admits a unique solution in 3D. In 2D, the
given data have to fulfill the compatibility condition

(fs )+ (o, 1)r =0, (2)

to ensure the right behaviour of the solution at infin-
ity. Moreover, in 2D we assume diam(f2) < 1 to en-
sure ellipticity of the simple-layer potential U defined
below. The assumptions on the strongly monotone oper-
ator 2 : R? — R? will be given in Section 2.2. We denote
by HY?(I') the trace space of H'(2) and by H~/2(I")
its dual space. For simplicity, we will write u for the trace
of a function u € H'(£2), if the meaning is clear.

1.2 Coupling of FEM and BEM

Because of the presence of the unbounded exterior do-
main 29 in (1b), it is numerically attractive to rep-
resent u®* in terms of certain integral operators. This
leads to a contribution on the coupling boundary I in-
stead of the exterior domain £2°**. For the interior do-
main {2 in (1la), the (possible) nonlinearity of 2( as well
as the (possible) inhomogeneity f # 0 favours the use
of a finite element approach. This led to the develop-
ment of certain coupling procedures, and we focus on
the Johnson-Nédélec coupling [19], the Bielak-MacCamy
coupling [8], and Costabel’s symmetric coupling [13] in



the following. All of these approaches lead to a varia-
tional formulation

b(u,v) = £(v) for all v e H := H(2) x H-Y*(I") (3)

with unknown solution u € H, which is in a certain sense
equivalent to (1). We equip H with the norm

(4)

for v = (v,v) € H. Here, b(-,-) is a continuous form on
‘H x H which is linear in the second argument, and £(-)
is a linear and continuous functional on H. The original
works [8; 19; 13] focussed on linear 2 and hence bilinear
b(-,-), and proved existence and uniqueness of the solu-
tion u € H of (3). In the framework of the symmetric
coupling well-posedness for nonlinear 2l has first been
considered in the pioneering work [12].

For the Galerkin discretization, one considers a finite-
dimensional and hence closed subspace H; of H and seeks
U, € Hy such that

b(Uy, Vi) = £(Vy) (5)

For linear 2, existence and uniqueness of the Galerkin
solution Uy € H, for the symmetric coupling is already
found in [13]. Moreover, Galerkin solutions are quasi-
optimal in the sense of the Céa-type lemma

vl = ||UH12H1(Q) + |W||§rl/2(r)

for all V, € Hy.

(6)

where the constant Ccg, > 0 depends only on the geom-
etry and on %I, but is independent of the given data, the
continuous solution u, and the Galerkin solution Uy. The
analysis of the symmetric coupling has been generalized
to nonlinear 2 in [12], but the proof required the under-
lying mesh to be sufficiently fine, i.e. the maximal mesh-
size had to be sufficiently small. Finally, for the nonsym-
metric coupling strategies from [8; 19] and even linear
problems, the analysis relied on the compactness of a
certain integral operator K involved. However, this com-
pactness restricted the coupling boundary to be smooth
instead of piecewise polynomial.

Only very recently, Sayas [23] proved that the Johnson-
Nédélec coupling is equivalent to an elliptic problem, in-
dependently of the compactness of K. For linear 2, more
precisely the Yukawa or the Laplace equation, he thus
derived that the variational formulation (3) as well as
the discrete formulation (5) admit unique solutions and
that the discrete solutions are quasi-optimal in the sense
of (6). His analysis has been simplified by Steinbach [26].
For quite general linear 2, the latter work introduces a
stabilized bilinear form

[u— Ul < Ccsa Vrl}fleiggllu — Volla,

b(W,v) := b(W,v) + o1, v)

(7)

which is proved to be elliptic provided the smallest eigen-
value of 2 is larger than 1/4. Up to some algebraic pre-
/postprocessing, the solution u of (3) coincides with the
solution u € H of

b(u,v) = E(v) for all v e H,

(8)

i.e. u = u + ug. Steinbach thus proposed to approxi-
mate the unique solution of (8) by some Galerkin solu-
tion Uy € H,y and to obtain an approximation of u by
U + ug. One drawback of this method is, however, that
the computation of the stabilization o(-,-) as well as of
the (constant) offset ug requires the (numerical) solution
of an additional integral equation U¢peq = 1. Firstly, this
might lead to artificial error contributions from generic
singularities of ¢oq. Secondly, the first Strang lemma
comes into play which imposes the assumption that the
underlying (boundary) mesh is sufficiently fine.

Finally, we mention the recent work [16], where for
the (linear) Yukawa equation ellipticity of the bilinear
form b(-,-) is proved for both the Johnson-Nédélec cou-
pling as well as the Bielak-MacCamy coupling.

1.3 A posteriori error estimation

A posteriori error analysis aims to provide computable
quantities gy which measure the Galerkin error |u —
Uy||% from above (reliability) and below (efficiency). The
local information provided by oy can then be used to
refine the mesh locally, where the Galerkin error ap-
pears to be large. For the symmetric coupling, a pos-
teriori error estimation was initiated by [12] for 2D and
is well-established since then, cf. e.g. [10; 20; 27] and the
references therein. To the best of our knowledge, only
residual-based error estimators provide unconditional up-
per bounds. On the other hand, for this type of estima-
tors the lower bounds still require the mesh to be globally
quasi-uniform although efficiency is also observed em-
pirically on locally refined meshes [9]. For the Johnson-
Nédélec coupling and the 2D Laplacian, different types of
a posteriori error estimators have recently been provided
and compared in [5].

1.4 Contributions of current work

Adapting the results and proofs of [16; 23; 26], we present
a framework which allows us to prove existence and unique-
ness of the three coupling procedures for certain nonlin-
ear 2. Roughly speaking, the idea is as follows: Each form
b(u,v) on H which is linear in v, induces a nonlinear op-
erator B : H — H*, where H* denotes the dual space of
‘H. Then, the variational formulation (3) is rewritten in
operator formulation

Bu = L. 9)

For each coupling, we introduce an appropriate stabi-
lization o(+,-) and consider the nonlinear operator B in-
duced by b(-,-) from (7). This is done in a way which
ensures equivalence

Bu=g < Bu=4L (10)



Under appropriate assumptions on 2, the operator B
is Lipschitz continuous and strongly monotone (or: el-
liptic). Therefore, the continuous operator formulation

Bu = £ as well as its Galerkin formulation admit unique
solutions u € H resp. U, € H, which also solve (3)
resp. (5) and satisfy the Céa-type estimate (6). For the
Johnson-Nédélec coupling and the Bielak-MacCamy cou-
pling, our analysis requires that the ellipticity constant
cen > 0 of 2 is larger than 1/4, which reflects the same
restriction as for the linear case in [26]. For the symmet-
ric coupling, we avoid any restriction on ce;; > 0. We thus
obtain the same results as in [12], but without any re-
striction on the mesh-size and with a much simpler proof.
We stress that, unlike the approach of [26], the stabilized
variant is only employed for theoretical reasons to guar-
antee unique solvability of the non-stabilized equations.

Finally, for lowest-order piecewise polynomials, we
derive residual-based a posteriori error estimators which
provide reliable upper bounds for the respective Galerkin
errors. For the Bielak-MacCamy coupling, we adapt the
arguments from our recent preprint [4] to prove that the
usual adaptive algorithm drives the residual error esti-
mator to zero.

1.5 Outline

We start with a preliminary Section 2 which collects the
precise assumptions on 2, the integral operators U, R,
and U involved, as well as the notation used in the
remainder of the paper. Section 3 then considers the
Bielak-MacCamy coupling. We sketch the derivation of
the coupling equations and prove existence and unique-
ness of the continuous as well as of the Galerkin formu-
lation as outlined above. Finally, we state and prove a
residual-based a posteriori error estimator. In Section 4
and Section 5, the same is done for the Johnson-Nédélec
coupling as well as for Costabel’s symmetric coupling.
However, for the sake of brevity and since the proofs are
very similar to that of the Bielak-MacCamy coupling,
we only sketch the details. Emphasis is laid, however,
on the fact that no restriction on the ellipticity constant
cenn > 0 of 2 is imposed in the case of the symmetric cou-
pling. Section 6 states the usual adaptive mesh-refining
algorithm. Using the concept of estimator reduction and
recent results of [4], convergence of Uy to u is proved as
{ — oo, where £ denotes the step counter of the adap-
tive loop. A final Section 7 provides some numerical ex-
periments. Emphasis is laid on the comparison of the
three coupling procedures with respect to accuracy and
computational time. Moreover, we numerically investi-
gate the restriction coy > 1/4 in case of the Johnson-
Nédélec and Bielak-MacCamy coupling. Finally, we see
that the proposed adaptive schemes are much superior
to the usual approach, where the mesh is only uniformly
refined.

2 Preliminaries
2.1 Boundary integral operators

Throughout, K denotes the double-layer potential with
adjoint &7, 9 denotes the simple-layer potential, and
20 the hypersingular operator. With the fundamental
solution of the Laplacian

— 5= log ||
G(z) = { 127r1

ar Tz

for z € R?\{0},
for z € R3\{0},

these integral operators formally read as follows,
We)le) = [ Gla = u)etw)ar,,

() = /F Dyt Gl — y)ly) T,
(We)(z) = —0y(a) /F Oy Gl — y)oly) dIy,

for x € I' and with 0,(,) denoting the normal derivative
at y € I'. By continuous extension, we obtain bounded
linear operators

Ve L(HYX(I); HY2(I")),

(
R e L(HY2(I); HY*(I)), a1
&' e L(HY*(I), HY*(I),

(

W e LIHY2(I); H~Y2(IN)).

Finally, we stress the ellipticity of the simple-layer po-
tential (¢, VP)r = H¢||§I,1/2(F). Together with symme-
try and continuity of U, this implies norm equivalence
(6, D) =~ H¢||§rl/2(r)' For further properties of the

integral operators, the reader is referred to the litera-
ture, e.g. the monographs [18; 21; 22; 25].

2.2 Strongly monotone operators

An operator B H > H s Lipschitz continuous pro-
vided that there is a constant Cr, > 0 such that

[Bu — Bl < Cipllu— v (12)

holds for all u,v € H, where || - ||~ denotes the usual
norm on the dual space H*. With (-, -) the duality brack-

ets on H* x H, the operator B is strongly monotone
provided that there is a constant Cgp; > 0 such that

(Bu—Bv,u—v) > Co lu—vl3 (13)

holds for all u,v € H. We refer to [29, Section 25.4]
for the following standard results on strongly monotone

operators: Under (12)—(13), the operator B is bijective,



and the inverse B! is Lipschitz continuous with Lip-
schitz constant 1/Cey. Consequently, for every £ € H*,
there is a unique u € H with
(Bu,v)=£(v) forallveh, (14)
and u depends Lipschitz continuously on L. Moreover,
for every closed subspace Hy of H, there is a unique
Uy, € Hy such that

<%U¢,V@> = E(V@) for all V, € Hy. (15)
Finally, U, depends also Lipschitz continuously on E,

and there holds the Céa-type quasi-optimality (6), where
Ccsa = CLip/Cen.

Remark 1 Provided that the discrete spaces Hy satisfy

He € Hoaq forall£ >0 and U;’;O’He =*H, (16)
the quasi-optimality (6) implies convergence Uy — u of
the Galerkin solutions as ¢ — oo. In practice, the condi-
tions (16) are satisfied if the underlying meshes are suc-
cesswely refined and the corresponding mesh-sizes tend
to zero everywhere.

To apply the framework of strongly monotone oper-
ators to the FEM-BEM coupling formulations presented
in Section 3, 4, and 5, we have to make some assump-
tions on the coefficient function 2 : R — R?. Firstly, we
consider 2 to be Lipschitz continuous, i.e. there exists a
constant cyjp such that
2y — Az| < cuply — 2] (17)
holds for all 3,z € R?. Integrating the square of (17),
one obtains

2 2 2
[2AVY = AVwl|T2() < cipll Vo = Vw72 (18)
for all v,w € H(§2). Secondly, we assume 2 to be

strongly monotone in the following sense: There exists
a constant ce;; > 0 such that there holds

cen|| Vo — VwH%z(Q) < (Vv —AVw, Vv —Vuw)g (19)

for all v,w € H'(82). Here, (-,-) denotes the L?({2)-
scalar product, i.e. (v,w)o = fQ vw dx. Similarly, we
shall write (-,-)r for the L?(I")-scalar product which is

extended by continuity to the duality bracket between
HY2(I') and H=Y2(T).

Remark 2 We stress that conditions (18) and (19) are
sufficient for solvability considerations, see Sections 3.2
8.8, 4.2-4.3, and 5.2-5.3. Anyhow, in our a posteriori
analysis we need that A is pointwise Lipschitz continu-

ous (17).

Remark 3 As far as existence and uniqueness of con-
tinuous solution u and discrete solution Uy from (14)-
(15) is concerned, our analysis only requires that the in-

duced operator B is strictly monotone, i.e.
<%uf%v,ufv> > 0 for all u,v € H with u # v, (20)

i.e. (13) is replaced by (20). Then, the Browder-Minty
theorem applies and, in particular, proves weak conver-
gence Uy — u in H as £ — oo under assumption (16).
In this framework, however, the Céa-type estimate (6)
cannot hold in general and a posteriori error estimates
can hardly been derived. Therefore, we leave the details
to the reader. However, we stress that (20) holds if the
nonlinearity A satisfies

0< AV —2AVw, Vv — Vw)p (21)
for all v,w € HY(2) with Vv # Vw instead of (19).

2.3 Discrete spaces

In Sections 3-5, the model problem (1) is reformulated
as variational equality (3) in the Hilbert space H :=
H'(2)x H='/2(I). For the respective discretizations, let
T be a regular triangulation of £2 and let £/ be a regular
triangulation of I, where regularity is understood in the
sense of Ciarlet. We approximate a function u € H({2)
by continuous, 7y-piecewise affine functions on 2. For a
function ¢ € H~Y2(I'), we use &/ -piecewise constant
functions, i.e. our discrete spaces read H, := S'(T;) x
POUED) CH.

Let EZQ denote the set of all interior faces, i.e. for
E € &£ there exist unique elements TF, T~ with £ =
T+ NT~. We define the patch of E € £ by wep :=
T+ UT~. Furthermore, we define the local mesh-width
function hy by

1
hé(T) = {lTll/(d—l)

where || denotes the volume resp. surface measure. A
triangulation 7y is called ~-shape regular, if there holds

for 7 € Ty,
forTEEZQUE[,

diam(T)4¢
= 22
o(Te) = max 7| (22)
Analogously we call £/" y-shape regular, if
diam(FE)?
(&) := max ——— < ~, 23
( 14 ) EGS{ |E| > ( )

for d = 3. For d = 2, the y-shape regularity of £/ reads

[E|
Eh { |E]
The definition of hy and shape regularity implies equiv-
alence diam(7) ~ hy(7) =~ he(7') for all 7,7 € Ty resp.
7,7 € & with 7 N7 # ), where the hidden constants
depend only on 7.

a(Ef) (24)

E’ﬂE#@}SW.



Remark 4 (i) We stress that Ty and £} are formally
independent triangulations of £2 and I", respectively. For
the numerical implementation, however, we restrict to
the case that 5[ is the restriction Telp of Te on the
boundary, which indeed is a regular triangulation of I.
In this case, we finally remark that ~y-shape reqularity of
Te also implies y-shape regqularity of EF == To|r.

(ii) In 2D, the radiation condition (le) of u®* can also
be adapted to u¥™*(z) = alog|z| + O(1) for x — oo and
fized a € R. In this case, the compatibility condition (2)
can be dropped. The analysis of the following sections
still holds true for that case.

3 Bielak-MacCamy coupling

We can reformulate problem (1) with the help of the
Bielak-MacCamy FEM-BEM coupling, which first ap-
peared in [8]. This section is build up as follows: Firstly,
we give a short sketch of the derivation of the Bielak-
MacCamy coupling equations. Then, we investigate well-
posedness of their continuous and discrete formulations.
And last, we derive an residual-based error estimator for
the Bielak-MacCamy coupling method.

3.1 Derivation of Bielak-MacCamy coupling

The first Green’s formula for the interior part (1a) reads

A_AVu,Vo)g — AVu-v,v)p = (f,v)0 (25)
for all v € H!(£2). We plug in the jump condition (1d)
for the normal derivative and obtain

(AVu, Vo) o—(Vu™" v o) = (f,v)o+{do,v)r. (26)

For the exterior solution u®** of (1b), we make an indirect
potential ansatz with the simple-layer potential
ut = Vg in 2 (27)
where the integral operator 9 is defined as 0, but is now
evaluated in £2°*% instead of I'. We stress that the density
¢ € H-'/2(I") is unknown. Then, we use properties of
the simple-layer potential operator: Firstly, by use of the
continuity of the simple-layer potential in R?, i.e. W¢ =
U¢ on I', and the trace jump condition (1c), we see

—u+Up=—ug on I. (28)
Secondly, we use the jump condition of the exterior conor-
mal derivative of the simple-layer potential to see
Vu™t .y = 90 = — (L — /). (29)
Plugging the last equation into (26) and supplementing
the system with the variational formulation of (28), we

end up with the variational formulation of the Bielak-
MacCamy coupling: Find u = (u, ¢) € H such that

AV, Voyo + (5 — &No,v)r = (f,v)a + (¢o,v)r,
—(,u)r + (¥, Vp)r = — (1, uo)r, (30)

holds for all v = (v,9) € H.

From now on, let &y be a closed subspace of H'(2)
and )y be a closed subspace of H‘l/Q(F). We define
He := Xy x Vy. Note that the entire space H = Hy is a
valid choice, and hence the following analysis applies to
both, the continuous formulation (30) and the Galerkin
discretization. In the latter case, u € H in (30) is re-
placed by Uy, € H,, and v € H is replaced by arbitrary
V€ Hy.

3.2 Stabilization

We define the linear form bypc
u=(u,¢),v=(v,8) € H by
bbme(0, v) := (AVu, Voo + (3 — &N, v)r

- <1/}au>F + <7/)7m¢>r

Note that bpme(+, -) is only linear in the second argument.
Furthermore, we define linear functionals a; and as on

HY(£2) and H~Y/2(I") by
a1(v) := (f,v)e + (¢, v)r
G’Q(w) = <¢ ) _UO>F

for all v = (v,¢) € H. For ag, we also use the notation
az (1) = (¢, az) p. With these definitions, the continuous

formulation of the Bielak-MacCamy coupling is equiva-
lently written as follows: Find u € H such that

bome(w, v) = £(v) := a1(v) + a2(¢)

for all v € H. Moreover, the Galerkin formulation of
problem (30) reads: Find U, € H, such that

bbmc(Ul; Vl) - S(Vé)

holds for all Vy = (Vp,¥y) € H,.
Throughout the remainder of this section, we need
the following assumption.

:H xH — R for any

(31)

(32)
(33)

(34)

(35)

Assumption 5 There is a fized function £ € méeNo Ve
with <§ 5 1>F 7& 0.

Remark 6 The discrete space Yy = 7)0(8[), ntroduced
in Section 2.3, fulfills Assumption 5 with £ = 1.

Now, we try to show ellipticity of a linear form which
is equivalent to bpmc(-, +). Firstly, note that we have to
take care of the fact that byme(-, ) is not elliptic since

bome((1,0), (1,0)) = (AV1, V1)g = 0. (36)

Therefore, we introduce a new linear form gbmc(', -) which
is equivalent to bpmc(+ +)-



Theorem 7 With & from Assumption 5, the linear form

bime(Us, Vi) := bpme(Ur, Vi)

(37)
+ <§7m¢l - UE>F<§ 5 ij@ - ‘/Z>F

is equivalent to the linear form bumc(-,+) in the following
sense: The pair Uy = (Up, Py) € Hy solves problem (35)
if and only if it solves

bome(Ur, Vi) = £(Vy) + (£, a2) 0 (€, 00, — Vi)
for all Vo = (Vi, W) € Hy.

(38)

Proof Step 1. Let Uy = (Uy, ®y) be a solution of (34).
Testing with (V, @) = (0,£) € He, we see bpme(Uy, (0,£))
= az(&). With the definition of bpmc(+, ), we infer

0= bme(Uéa (055)) - a2(£) = <£am¢€ - UZ - a/2>F-

Hence, (£,0Py — Uy — a2)r (&, V¥, — Vo)r = 0 for all
V, € Hy. Clearly, this is equivalent to

(§,0De — Ue)r(§, 0% — Vi)r = (§,a2)r (&, V¥ — Vi)r

for all Vy = (Vi, %) € Hy. Therefore, Uy = (Up, Py) €
H, also solves problem (38).

Step 2. For the converse implication, let Uy = (U, @) €
H, solve (38). The choice of V, = (0,&) in (38) gives

a(€) + (€, a2) 1 (€, BE) 1 = bome(Ue, B2), (0,€))
= (£, 0Dy — Up)r + (£, 0P, — Up)r (£, BE)r,
which is equivalent to

(&, 0Py —Up —a2)r(1+(£,0&)r) =0.

Since U is H~'/?(I')-elliptic, the last equation implies
(€,0®) — Uy — az) = 0. We thus infer

gbmc(Uév Vé) - bbmc(Ul; Vl)
= (£, = Up)r (€, D% — Vi) r
= <£aa2>F<€amWZ - W>F

which, together with (37) and (38), proves that U, =
(Ug, ®y) is also a solution of problem (34). O

3.3 Existence and uniqueness of solutions

The linear forms bpme(, ) and byme (-, -) induce operators
DBbmes Bome : H — H* by

(Bbmel, V) := bpme(u,v) for all u,v e H,

~ ~ 39
(Bbmc, V) := bpme(u,v) for all u,v € H. (39)

The main result of this section reads as follows:

Theorem 8 Under Assumption 5 and provided that the
ellipticity constant con of A fulfills coy > 1/4, the opera-

tor Byme is strongly monotone and Lipschitz continuous.

The proof requires the following lemma which is proved
by means of a Rellich compactness argument.

Lemma 9 Foru = (u,$) € H, let
ull® == Vull2(q) + (¢, Bd)r + (&, Vo —u)r|?, (40)

where & is provided by Assumption 5. Then, || -|| defines
an equivalent norm on H.

Proof Clearly, there holds |Ju| < ||ully for all u = (u, ¢)
€ H. To see the converse estimate, we argue by con-
tradiction and assume that ||u,||z > nfu,| for certain
u, = (un, ¢pn) and all n € N. We define v,, = (vp,, ¥,,) by

p— un
IR e

and obtain || (vp, ¥n)||ln = 1 as well as || (vn, ¥n)|| < 1/n.
By definition of )|| - || and ellipticity of U, this implies
by — 0 € H™Y3(I') and Vv, — 0 € L?*(£2). More-
over, by extracting a subsequence, we may assume that
(U, ) = (v,1) in H. Clearly, this implies ¢» = 0 and
v, — v € HY(), whence v, — v € L?(£2). Moreover,
weak lower semi-continuity of || - || implies ||(v,¥)] = 0,
whence Vo = 0 and [({,v)p| = 0. From the choice
of ¢ and since v is constant, we infer v = 0 and thus
v, — 0 € HY(Q). Altogether, v, = (vn,¥,) — 0 € H
contradicts || v, ||y = 1. O

Vi

The following proof of Theorem 8 is very much influ-
enced by the investigations of [23; 26]. We recall some ba-
sic facts on the boundary integral operators, cf. e.g. [25,

Chapter 6]: For given x € H~/2(I'), let u, = Ux. Then
there holds

o Jyu, = (% +‘QT)X;

o (Jyu,v)r = (Vu.,Vuv)g for all v € H(12),

o (X, Vx)r = (O], Vx)r = |Vl 72 (ray;
where the last equation is only valid for d = 2, if x €
H,'Y2(I) = {¢ € H-2(I)| (¢, 1)1 = 0}. For arbitrary
x € H-Y/2(I"), we therefore introduce the splitting
X = Xx t Xeqs (41)
with x. € H™Y2(I') and Xeq = (X, 1)1 ¢eq-Here, ¢oq =
U~11/(B~11,1)r is the so-called equilibrium density
(or: natural density). Note that y. € H*_l/Q(F). More-
over, with the commutativity relation 810~ = U~/
and the equality (3 4+ £)1 = 0, we infer

(3 +&NT "1, 0)r = (T (5 +R)1,0)r =0

for all v € H'Y?(I"). Together with the splitting (41),
this proves

(42)

(3 + &N v)r = (53 + &N, v)r (43)
Finally, there holds

X+ s BXeq)r = (X, ) r (X, /(T 11,1)p =0

and therefore

0GBX)r = (e s Bxa)r + (Xeq s VXea) - (44)



Proof (of Theorem 8) Lipschitz continuity of %bmc sim-
ply follows from the Lipschitz continuity of 2l and the
continuity of the boundary integral operators.

It thus only remains to show ellipticity of %bmc. Let
u=(u,¢),v=(v,¢) € H. Then

<%bmcu - %bmcvau - V>
= AVu —AVv,Vu — V)
+ (L -8 (p—),u—v)r—(p—Y,u—0v)r
+ (0=, B(p—¥))r + (£, B(¢p — ¢) — (u—v))r|?
=11+ Iy + I3+ Iy + I5. (45)

Below, we show

LA+ I+1 2 [[Vu=Vo| e + (0=9, B(6—¥))r.

With Lemma 9 and the definition of I5, this implies

Bimev,u—v) 2 JJu—v|?

<%bmcu -

and thus concludes the proof.

Step 1. To abbreviate the notation, we write w = (w, x)
=u—v. The term [; is estimated by strong monotonic-
ity (19) of 2,

RAVu — AV, Vw) o > ceu||Vw||%2(Q). (46)

Step 2. With the splitting (41) of x and u, = ‘i?x*, the

terms Iy + I3 can be estimated by
(3 +8D)x,w)r = —(( + 8)xe, w)r
_<61/u* ,’UJ)[’ = _<V'U/* s V’LU>_Q

=Vl 2(2) |Vl 22(2)
_Hvu*||L2(Rd)vaHL2(Q)-

I+ 13 =—

AVARLY,

Step 3. We recall Young’s inequality For arbitrary a,b €
R, 6 > 0 there holds ab < $a® + £-b. We infer

= IVt 2y [V 22
(®R) ) )

_gvaH%Z(Q) - %HVU*H%Z(]}W)'

‘We combine the second term with I, and see

+ (V) r
76;1<X* 7Q3X*>F + <X* aQ]X*>F + <Xeq7mXeq>F

-1
%HVU*H%Q(W)

=(1- 5_)<X* Ox)r + <Xeq’mxeq>
> (1—2) (x, B)r, (48)
Step 4. We combine (45)—(48) and obtain

(Cell - é) ||V7~U||i2 ?)

(1 - 25 (x,Vx)r
1€, ‘BX w)p|?.

<%bmcu - %bmcv ) W> >

_|_

+

We have assumed that cey > 1/4. Hence, there exists
some 6 > 0 with 1/4 < 6/2 < ¢o. Furthermore, such a

0 implies ce — g > 0 as well as 1 — % > 0. We define

Cen := min{cey — g, 1- %} and end up with

(Bimet — Bmev, w) > Coy W],

With Lemma 9, this proves ellipticity of %bmc. O

Remark 10 (i) In the case d = 3, there holds
IVl Lo gey = O Bx)r

for all x € H-Y?(I') and u. = Vx. Then, the proof
of Theorem 8 simplifies, because the splitting (41) is not
needed and one may simply choose X = Xx.

(i) The assumption cen > 1/4 is sufficient, but may not
be necessary. Numerical experiments for a linear opera-
tor 2 have shown that the bound 1/4 is not sharp, i.e.
solvability seems to be given also for 0 < con < 1/4.

Finally, we may apply the standard results from the
theory on strongly monotone operators, see Section 2.2,
to prove in conjunction with Theorem 7 the following
corollary.

Corollary 11 Under the assumptions of Theorem 8, the
Bielak-MacCamy coupling (34) admits a unique solution
u € H. Moreover, Galerkin approximations U, € H,
of (35) are quasi-optimal in the sense of (6).

Proof We define B := By, and let £ be the right-
hand side of (38). According to the main theorem on
strongly monotone operators, the operator equation (14)
and its Galerkin discretization (15) admit unique so-
lutions u € H and U, € Hy. Moreover, these satisfy
the quasi-optimality (6). Finally, Theorem 7 proves that
u € H is the unique solution of (34), and U, € H, is the
unique solution of (35). O

3.4 Residual-based error estimator

Our aim is to derive a reliable residual-based error es-
timator for the Bielak-MacCamy coupling in the same
manner as in e.g [12] or [5].

Let [AVU;-v]|g denote the jump of AV U, -v over the
interior face F € SZQ. We assume additional regularity
¢o € L*(I') and ug € H'(I") from now on.

Theorem 12 Suppose that u € H is the unique solution
of the Bielak-MacCamy coupling (30), and U, € H, :=
SU(Te) x PUEL) is its Galerkin approzimation. Then,

there holds
Crtlu=Uel3, < pf o= D poT)*+ > pelE).
Eeefuel

TeT,



The volume contributions read

pe(T)? = W7\ flZory for T €Te,

pe(E)? = hp||[AVU, - V]H%Z(E) for E € £,

whereas the boundary contributions read

E)? = hpll¢o + (R — 3)®0 — AVU, - v| 725
+ he|| V(U — ug — B0)||72 )

pe(

for E € EF'. The constant Cre1 > 0 depends only on 12,
I' and the ~y-shape regularity of T; and 5[. The sym-
bol V() denotes the surface gradient (resp. arclength
derivative for d = 2).

Proof Recall the definitions (32)—(34) and (39) of Bpme,

£, and %bmc. Problem (30) for the exact solution and
its Galerkin approximation are equivalently written as

(Bomeu,v) = £(v) forall veH,
and
<%bmcUg , V4> = £(Vg) for all V, € Hy.

We stress that (%bmcu — %meUg ,u—Up) — (Bpmeu —
BimUr,u—Uy) = [(§,B(¢ — D) — (u—Us))r|* =0,
which follows from the second equation of the Bielak-

MacCamy coupling, cf. (30). With ellipticity of %bmc,
we obtain

||u - UEH ,S <%bmcu %bmcUe y — Ul>
= (Bpme — Bpmc Uy, u — Up)

H%bmcu %bmcUeH'H*HuiUl”H'

This leads us to

lu—Uglln S BimeUp|| 74+
1£(v) = (BbmcUs, V)|
vlla

|£(V — Vg) —

||%bmcu

= sup
veH\{0}

(BimcUr, v — V)|
vlla

= sup
veH\{0}

for arbltrary V¢ € Hy. We choose Vi = (Jv,0) € Hy,
where J, : H'(02) — SY(T;) denotes a Clément-type
quasi-interpolation operator, which satisfies a local first-
order approximation property

[w = Jewl|r2(r) S diam(T)||Vw|| 2wy (51)
and local H!-stability
IV(w = Jew)|2(r) S [IVwllL2@r) (52)

for all w € H'(£2) and T € T;. Here, wp = J{T" €
Te|T'NT # 0} denotes the patch of an element T € Ty.
An example for such an operator J, is the Clément op-
erator [1] or the Scott-Zhang projection [24]. Note that

the constants in the estimates (51)—(52) only depend on
{2 and the 7-shape regularity of 7;. An immediate con-
sequence of these properties and the trace inequality is
that

[w = Jow| 2 () S diam(E)||w] g1 (o), (53)

where E is a face of the element T' € T, with £ C T.
Note that
L(v—=Vy) = (Bpm U, v —Vy)
=(f,v—=Jw)o — AVU,, V(v —Jev)) o
+ (po — (3 — &Py, v — Jev)r
+ (W, Up — ug — VD) .

(54)

The first term on the right-hand side is estimated by use
of Cauchy inequalities and (51). This gives

(f,v=TJmw)o = Z(fav_3€U>T

TeT
<O ey o = Jevll ey
TeTe
<D diam(D)|| fll 2 IV 22 (or)
TeT,
1/2 1/2
S (D Mheflery) (D190
TET, TeT;

S refllL2 ) IVl L2 0)-

Piecewise integration by parts of the second term on the
right-hand side of (54) yields

(QAVU;, V(v = Jev))o = Y (AVU, V(0 = Jov))7

TeT:
= Z <— divAVU;,v — 3Z’U>T + <Q[VU@ VLU — 3@U>5T
TeTe
= (AVU;-v,v—Jowhr+ Y (AVU], 0 = Jev)p,
Eegf

since div AV U, vanishes elementwise because of AVU, €
PO(T;). The second and third term on the right-hand side
of (54) can thus be estimated by

(¢o — (3 — &N, —AVU, - v, v — Jpv)r

— Z QlVU@ ’U—Jﬂ)>
Eegf?
< Z o — (3 — &NDy — AVU - v 25y v — Jev| L2y
Eecel
+ > RAVU: - V| 2myllv = Jevll z2m)
Eegf?
=J1+J>



For each boundary face E we fix the unique element Tg
with £ C Tg and infer by use of (53)

NS Y diam(E)Y?
Eeef
o — (5 — &) Be = AVU, - V|| 2 () [0 11 0y )
S (@0 -

For an interior face E we fix some element Tr with E C
Tr and estimate the term J, analogously by

1/2
25 (X I RVU ) ol o).
Eecg]?
To estimate the fourth term in (54) we observe
<1,U[_U0_m¢Z>E =0

for any F € 5[ , which follows from the second equa-
tion of (30) tested with the characteristic function of E,
which belongs to P°(EF). Now, [11, Corollary 4.2] can
be applied and proves

1Ue — uo — Q]@H?HW(F)

< Cuoe Y diam(E) [V (Ur — o — 080) 321
Eeef

where Cloc > 0 depends only on I" and the y-shape reg-
ularity of 5[ . This leads us to

W, Uy —ug — V@)
S la-172myUe — wo — VPel| 12
SNl 12y 1BV 1 (U — o — BPe)|| 121y

In 2D, the same estimate can also be obtained by use
of the continuity of Uy — ug — U®, € H(I), cf. [12].
Altogether, we have

1L(v = Vi) = (BomcUe, v = Vo) /|[v][n
S Ihefllacoy + 102 RVUe - vl 2 eg)
+ by (b0 — (3 — &NBe — AVU - )| 121y
+ 1>V (Ug —uo — 0B0) || 121y

which concludes the proof. ]

(% - ﬁT)@ —AVU; - V)HLZ(F)H”HHl(Q)-

4 Johnson-Nédélec coupling

In this section, we present the Johnson-Nédélec coupling,
which first appeared in [19]. As in the previous section,
we state the continuous and discrete formulation of this
method and discuss existence and uniqueness of the cor-
responding solutions. Finally, we provide a reliable resi-
dual-based error estimator.

4.1 Derivation of Johnson-Nédélec coupling

Unlike the Bielak-MacCamy coupling, we represent the
exterior solution u®** by use of the third Green’s identity
in the exterior domain £2°%¢,
uext — :éuext _ %Qﬁ, (55)
where we define ¢ = 9,u®*. As above 0 and f are de-

fined as U and &, but are now evaluated in 2°* instead
of I'. Taking the trace in (55), we see

u™" = (R + H)u™" — Vo (56)
Using the trace jump condition (1c¢), we obtain
(3 — B)u+Bo = (3 ~ Kuo. (57)

Together with (26), the variational formulation of the
latter equation provides the Johnson-Nédélec coupling:
Find u = (u, ¢) € H such that

AVu,Vov)g — (¢, v)
(W, (5 —Ru)r + (¥, V)

holds for all v = (v,9) € H.

r
r

4.2 Stabilization

For the Johnson-Nédélec equations, we can apply similar
techniques and derive similar results as for the Bielak-
MacCamy coupling, see Section 3. For the sake of com-
pleteness, we state these results in the following.
We define the linear form bj, (-, -) for u,v € H by
bin(u,v) := AVu,Vuv)o — (¢, v)r
+ (w,(% —R)u+VP)r.

Furthermore, we define linear functionals a; and as by

a1(v) == (f,v)a + (¢o,v)r,
az(¥) := (¢, (5 — R)uo)r

for all (v,4) € H. Then, problem (58) can be reformu-
lated: Find u € H such that

bin(u, v) = £(v) := a1(v) + a2(¥)

holds for all v = (v,v) € H. Moreover, the Galerkin
discretization of (59) reads: Find Uy, € H, such that

(59)

bin(Up, Vi) = £(Vy) (60)
holds for all V, € H,, where Hy = X, x Yy is a closed
subspace of H. Similarly to Theorem 7, one proves the
following result:



10

Theorem 13 With £ of Assumption 5, the linear form

(61)
+ (&, (3 — R)u+To)r (€, (3 — K)v+TY)r,

is equivalent to the linear form by, (-,-) in the following
sense: The pair Uy = (Up, Py) € Hy solves problem (60)
if and only if it solves

ij(Ufa VZ) = al(W) + ag(Wg)

(62)
+ (&, a2)r (€, (5 — B)Ve + V) r

for all Vo = (Vi, W) € Hy. |

4.3 Existence and uniqueness of solutions

We stress that there is a close link between the Johnson-
Nédélec and the Bielak-MacCamy coupling, since

bin(u, 1) = bpmc(u,u) for all u e H.
This indicates that the analytical techniques to prove
ellipticity of the two coupling methods are similar.

The stabilized bilinear form bj, (-, ) of (61) induces a
nonlinear operator Bj, : H — H* by

(Bjau, v) = bin(u,v) (63)
for all u,v € H. The following theorem states strong
monotonicity of Bj, under the same assumptions as for
Theorem 8. Instead of Lemma 9, we need the following
result: Under Assumption 5, the definition

Iall? = [Vul3a0) + (&,06) r

(64)

+1(€, (5 — Ru+ Vo) r|?
for u = (u,¢) € H provides an equivalent norm on H.
The proof is achieved by a Rellich compactness argument
as in the proof of Lemma 9.

Theorem 14 Under Assumption 5 and provided that
the ellipticity constant con of 2 fulfills con > 1/4, the

operator By, is strongly monotone and Lipschitz contin-
UOUS. O

As above, Theorem 13 and standard theory on strong-
ly monotone operators now prove the following corollary.

Corollary 15 Under the assumptions of Theorem 14,
the Johnson-Nédélec coupling (59) and its Galerkin dis-
cretization (60) admit unique solutions u € H resp. U, €
He. Moreover, there holds quasi-optimality (6). a

4.4 Residual-based error estimator

We recall a residual-based error estimator for the Johnson-
Nédélec coupling. The proof of the following result can
be achieved with similar techniques as in the proof of
Theorem 12. The linear case for d = 2 is found in [5].
Theorem 16 Suppose that u € H is the unique solution
of the Johnson-Nédélec coupling (58) and U, € Hy =
SHTo)xPYUEL) is its Galerkin approzimation (60). Then,
there holds reliability in the sense of

Z ne(E)?.

Cotlu—Ugl3 < nf = 3 me(@)? +
TET, BeefUET

The volume contributions for Ty and EZQ are the same as
above, cf. (49) and (50), but are denoted by ne(T') resp.
ne(E). The boundary contributions read

ne(E)? = hgl|¢o + D¢ — AVU; - VH%Z(E)
+he|Vr((z — 8)(uo — Ur) — 0P)||72

for E € EZF. The constant Cre > 0 depends only on {2,
I" and the ~y-shape reqularity of Ty and 5[. O

5 Costabel’s symmetric coupling

In this section, we treat the symmetric FEM-BEM cou-
pling method, which first appeared in [13]. First, we
consider the continuous and discrete formulation. Af-
terwards, we investigate well-posedness of the coupling
equations, where we give a simpler proof of unique solv-
ability than in the pioneering work [12]. Finally, we recall
a residual-based error estimator from the latter work.

5.1 Derivation of symmetric coupling

We start from the Johnson-Nédélec coupling (58) and
modify the first equation: With the ansatz (55) for u®®*,
we use the second Calderdén identity

¢ = 0 u™" = —(R& — 1) — Wu™". (65)
The trace jump condition (1c¢) eliminates u®** and gives
¢ =—(8" - 1)p — Wu + Wa,. (66)

We plug this identity into the first equation of (58) and
move Wug to the right-hand side. Altogether, the vari-

ational formulation of the symmetric coupling reads as
follows: Find u = (u, ¢) € H such that

(AVU, Vo) + (& — D)o, v)r + (Wu,v)r
= (f,v)e + (do + Wuo ,v)r,
@, (3 = Ru)r + @, Vo)r = ¥, (5 — Kuo)r

hold for all v = (v,¢) € H. Note that the second equa-
tion of (67) is just the same as for the Johnson-Nédélec
coupling (58).

(67)
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5.2 Stabilization

Unique solvability for the symmetric coupling (67) as
well as for its discretization can be found in [12] for
our nonlinear model problem (1). Nevertheless, here we
present a much simplified proof of this result. We pro-
ceed as before and define the linear form bgym (-, -) for all
u,v e H by

bsym (0, V) 1= (AVu, Vo) o + (& — L)p,v)r

+ (Wu,v)p + (w,(% —R)u+VP)r.
(68)

Moreover, we define linear functionals a; and as by

ar(v) == (f,v)n + (¢o + Wuo ,v)r,
az () == (¥, (5 — Kuo)r-

Then, problem (67) can equivalently be stated as: Find
u € H such that

bsym(u,v) = £(v) = a1(v) + a2(¥) (69)
holds for all v = (v,9) € H. For the discretization, let
He = Xy X Vy be a closed subspace of H. The Galerkin

discretization of (69) then reads: Find U, € H, such
that

bsym(Ula Vl) = S(VE) (70)
holds for all V, € H,.
The following theorem states equivalence of~ the lin-

ear form bgym(-, ) to some new stabilized form bsym (-, -)
which will turn out to be elliptic. The proof is achieved
by similar techniques as used for proving Theorem 7 and
is thus omitted.

Theorem 17 With £ of Assumption 5, the linear form

bsym (U, V) 1= bgym (U, v) (71)
+ (€T + (5 = R)u)r€, VY + (5 — K)v)r

is equivalent to the linear form bgym (-, ) in the following
sense: The pair Uy = (Up, Py) € Hy solves problem (70)
if and only if it solves

bsym (Ue, Vi) = £(V)
+ <€7a2>F<€7(

N[ =
|
)
=
+
3
S
=

for all Vo = (Vi, W) € Hy. |

5.3 Existence and uniqueness of solutions

The stabilized bilinear form Esym(-, -) from (71) induces
a nonlinear operator By, : H — H* by

<%Symu V) = Esym(u, V) (73)

for all u,v € H. The following theorem states strong
monotonicity of By without any further restriction on
the ellipticity constant ce > 0 of the nonlinearity .

Theorem 18 Under Assumption 5, the operator %Sym
1s strongly monotone and Lipschitz continuous.

Proof Lipschitz continuity of By, simply follows from
the Lipschitz continuity of 2 and the continuity of the
boundary integral operators.

It thus only remains to show ellipticity of Beyr,. We
write w = u— v = (w, x). Recall that the hypersingular
operator J is positive semi-definite. With the ellipticity
constant ce;p > 0 of 2, we see

(Bgymu — %Symv,w)

= (AVu — AV, Vuw) o + (R — %)X,w>r
+{(Ww, wyr — (x, (R = 3)w)r + (x,Vx)r
+ (€, Bx + (3 — Kw)r|?

> cal ValZa(oy + (0 B0 )
+(€. Vx + (3 — K)w)r[*
> min{cen, 1} (| V|| 720y + (X, Vx)r
+(&. Vx + (3 — K)w)r[*).
Norm equivalence for the norm || - || defined in (64) thus

concludes the proof of ellipticity of the operator Bgym.
O

As above, Theorem 17 and standard theory on strong-
ly monotone operators prove the following corollary.

Corollary 19 Under Assumption 5, the symmetric cou-
pling (69) and its Galerkin discretization (70) admit
unique solutions u € H and Uy € Hy, respectively. More-
over, there holds the quasi-optimality (6). O

Remark 20 (i) Note that there is no restriction on the
monotonicity constant ce > 0 of A as is the case for the
Bielak-MacCamy and the Johnson-Nédélec coupling.
(i) In contrast to [12], our analysis does not need the
mesh-size hy to be sufficiently small to prove ellipticity
of the coupling equations.

5.4 Residual-based error estimator
The proof of the following result can be found in [12] for

d = 2 and is achieved by similar techniques as in the
proof of Theorem 12. It is therefore omitted.
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Theorem 21 Suppose that u € H is the unique solution
of the symmetric coupling (69) and Uy € Hy = S (£2) x
POEL) is its Galerkin approzimation (70). Then, there
holds reliability in the sense of

> w(BE)

Crotllu = U3, < pf =D pelT)* +
TeT, Eegfuel

The volume contributions for Ty and Ef are the same as
above, cf. (49) and (50), but are denoted by pe(T') resp.
we(E). The boundary contributions read

ug(E)2 ZhEH(bO —AVU, - v + QU(UO —Uy)
— (8" = 3Pl 72)
+hellVr((5 — 8)(uo — Us) — T))|| 72

for E € EF. The constant Cre) > 0 depends only on 12,
I, and the ~y-shape reqularity of Ty and 5[. O

6 Convergence of adaptive scheme

In this section, we state an adaptive algorithm for the
three different coupling methods and prove convergence
of the adaptive scheme for the Bielak-MacCamy cou-

pling.

6.1 Adaptive algorithm & Mesh-refinement

In the following, we fix one particular coupling and let
Uy € He == SY(Ts) x P°(EL) denote the correspond-
ing Galerkin solution, i.e. Uy solves either problem (35),
(60), or (70). By (¢, we denote the corresponding residual-
based error estimator, cf. Sections 3.4, 4.4, and 5.4. Un-
der these assumptions, the standard adaptive scheme
reads as follows:

Algorithm 22 INPUT: Initial triangulation (To,EL),
counter £ := 0, and adaptivity parameter 0 < 6 < 1.

(i) Compute discrete solution Uy € Hy.
(i) Compute local refinement indicators (o(T) for all T €
TeUEPUEL.
(iii) Find (minimal) set My C ToUEL UEL such that the
error estimator (p fulfills the Dorfler marking

Sowmr+ Y am>

TeMNT; EeMN(EFLVEL)

0¢; < (75)

Obtain new mesh (724-1’5@1;1) by refining at least all
elements of the set M.
Increase counter £ by one and goto (i).

(i)
(v)

OutpuT: Sequence of Galerkin solutions (Up)een, and
sequence of error estimators (Cr)ren, - O

To prove convergence of the adaptive algorithm, we
need certain assumptions on the mesh-refining strategy
used in step (iv).

Assumption 23 (Mesh-refinement) Let (7;,E]) be

a sequence of regqular triangulations, where Ty11 is o0b-

tained from Ty and 581;1 from SZF by local mesh-refinement.
Then, there are £-independent constants 0 < v < oo and

0 < g < 1 such that the following holds

e The triangulations (T, EL) are y-shape regular.

o A refined element T € Ty resp. face E € E is the
union, of its sons T' € Toy1 resp. B € £/, ;.

e The sons T' € Toi1 of a refined element T € Ty sat-
wsfy |T'| < q|T|. The sons E' € Eé(il of a refined
interior face E € E satisfy |E'| < q|E|.

e The sons E' € SZFJFI of a refined boundary face E €
EF satisfy |E'| < q|E). O

We note that Assumption 23 implies nestedness of
the discrete spaces, i.e. Hy C Hy4+1. Moreover, we get

healr < ¢"/helr - for T € T\Tewn, (76)
+1lT < he| 7 for '€ Tor1 N'Te,
1/(d=1)p,| for B € EL\EL
q B or A 041>
. _ s
41| < {he|E for E € 5@21 N Eéov 7
and
hesile < g/ Dhy| g for E' € &/ \E/ 1, (78)
< he|E for E € 5@11 N 5['

We stress that 2D and 3D newest vertex bisection, e.g. [28],
satisfy Assumption 23.

6.2 Convergence of adaptive algorithm

In this subsection, we show convergence of the adaptive
scheme presented above. With the quasi-optimality (6)
at hand, one can prove convergence of the sequence Uy to
a limit Uy, € Hoo, where H is the closure of U;’;O He
and where U, is the unique Galerkin solution in H.o.
In particular, this implies || U1 — Uy||lyy — 0 as £ — oo.
A priori, it is unclear if u = Uy, since adaptive mesh-
refining may lead to meshes, where the local mesh-size
he does not tend to zero in L% (£2) and L*°(I").

To prove convergence, u = U,,, we follow the esti-
mator reduction principle of [3] as is done in [6] for (h —
h/2)-type error estimators and the symmetric coupling:
By use of the Dorfler marking and the mesh-refinement
strategy, we verify a perturbed contraction estimate
Cé2+1 < HC? + CredHUé-H - Uf”%{a (79)
with certain {-independent constants 0 < x < 1 and
Creq > 0. Together with the a priori convergence, el-
ementary calculus proves (, — 0 as ¢ — oco. Finally,
reliability of the error estimator (; proves U, — u as
{— 0.
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One main ingredient for the proof of the estimator
reduction estimate (79) are the following novel inverse-
type estimates from [4] for the boundary integral opera-
tors involved.

Lemma 24 There exists a constant Ciyy > 0 such that
the estimates

”hé/QvFﬁVeHLZ(F) < Cinv”Vl”Hl/z(r),
Hh;/QmWHLZ(F) < CiHVHwHHl/z(F)a

Hhé/Qva%HLZ(F) < Cinv”%”Hflm(r),
"8l 2y < ComlWelli1-272r,

hold for all discrete functions V, € S (Ty) and W, €
7)0(5[). The constant Ciny depends only on I' and the
y-shape regularity of 5[. ]

With this lemma, we can prove the main result of
this section, which states convergence of the adaptive
Bielak-MacCamy coupling. The same result also holds
for the adaptive Johnson-Nédélec coupling as well as the
adaptive symmetric coupling. The latter is treated in [4].

Theorem 25 Let u € H be the solution of the Bielak-

MacCamy equations (30). Let Uy be the sequence of Ga-

lerkin solutions generated by Algorithm 22. Then, the se-

quence of corresponding error estimators (p = pg fulfills

the estimator reduction estimate (79). In particular, this

implies convergence, i.e. lim ||ju— Uyl =0 = lim py.
{— 00 {—00

Proof To abbreviate notations, we define

oo™+ D)

TeFNT, EeFn(Efuel)

pe(F)? = pe(E)?

for any subset F C T, U Sf U 5[. We aim to estimate
each contribution of the error estimator

Pri1 = pes1(Tes1)? + pes1(E40) + pes1(EL1)%. (80)

Step 1. By use of (76), we can estimate the first
volume contribution pyy1(7¢+1)? by

pes1(Te1)” = [hera fl T2y = D lhent fll7zer)
TET;
< D heflia
TeTiNTosn
+q Z e f N2 )
TeT\Tet1 (81)
= > |hef 3
TET;
—= > Nheflie
TeT\Te+1
= pe(To)* = (1= ¢ ) pe( T\ Tira)?,

where ¢ denotes the mesh-reduction constant from As-
sumption 23.

Step 2. To estimate the second term in (80), we use
the Young inequality (a+b)? < (1+6)a®+ (146 1)b? for
arbitrary a,b € R and § > 0. With this and the triangle
inequality, we see

pe1(E%1)°
1/2
= Y InARAVUr vl
EeER,
1/2
<@+8) Y ARV V2 (82)
EeER
+(1+07Y
ST A @AV Uiy = AVUE) - ][22 ).
Ee$Hl

Recall that AVU, € (P°(T;))?. Therefore, [AVU-v]| g =
[AVU, - V]| gy for all sons Ej, By € 2, of a refined el-

ement F € SZQ . Furthermore, jumps over new interior
faces vanish. With this and (77), we can estimate the
first sum on the right-hand side of (82) by

1/2
ST A RAVU V)32 )
241

Ee&f’
< >

|h 2 [AV U, - v
EeEfnES

41

+ ql/(dfl)
EeEP\EP

=pe(E? —(1—¢ J(ENEL)?

The summands in the second sum on the right-hand side
of (82) are bounded from above by use of the pointwise
Lipschitz continuity of 2 and a scaling argument, i.e.

MZe )

lhy [ AV U - V][22

241

1/(d—1) )

12 [(AVUps1 — AVTE) - ][22

(83)
S Apl VU1 = Uo7z

(Wet1,8)°

We sum (83) over all interior faces and get

pe1(E741)°
< (1+0)(pe(€8)? = (1= ¢ D)pu(EP\EE L)) (84)
+ (1 + 0 NCIV(Ursr = U720y

where the constant C' > 0 depends only on the ~y-shape
regularity of 7y4+1 and the Lipschitz constant of 2.
Step 3. We consider the boundary contributions of

P, and introduce the splitting pe(E)* = (B2 +

pf) (E)?, where

PV (E) = 1/ (0 + (8 = 1)be =AYV, - )| 121,
pf)(E) = ||hé/2VF(Ug — Uug — még)HLz(E)
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for £ € 5[ . Again we use the triangle inequality and

estimate pgi)l (E) by

PN (B) <[Ihy2 (d0 + (BT — )&,

1/2
+ [1he 3 8 (@eia

1
3 ||heJ/r1@e+1

+ b5 @AV Uiy

—AVU; - v)|[12(m)
= P0)|2(m)

+ = P0)|2(m)
—AVUy) - V| L2(m)

for E € £/, . Summing /)Er)l(E)Q over all boundary faces

and applying the Young inequality, we end up with

1
péﬁl@im
1/2
1+6) > 1hy"% (¢ —3)Pe = AVUe - V)2
Eegl,,
B1+571) Y AR (Besr — @0l m
Beel,,
+31+67Y Y Hhm@m D0)||Z2 ()
peet, |
31+ Y b3 AVUir —AVU) - V]2 g
Ee&]]

£+1

(85)

where the factor 3 stems from the inequality (3, z;)?
ny i, zZ. With the help of (78), we argue similarly as

before and estimate the first sum in (85) by

S IngA (o — D)y — AV, - v) |22y
Eez‘:Hl
< ST I (¢0 — (BT = 1By — AV, 1) |2

EeelneL,,
+ ¢ ENELL)
_ 1
(€1 = (1 =g/ )V EN\ELL )
An inverse-type estimate from Lemma 24 can be applied
to the second sum of (85). This yields

1
— )

1/2
ST AR @ — 8032 m)
EeEl,
1/2
= |hy |38 (Pesr — Bo)[|22 1
SN ®er1 — DellF-1/2py-

Here, the hidden constant depends only on I' and the
~v-shape regularity of Eﬁrl. For the third sum, we use an
inverse estimate from [17, Theorem 3.6] to see

)

1/2 1/2
S I (@it — By = Iy (Berr — Bl 2ary
E€51+1
S ||g[)e+1 - @el\ifl/zm,

where, as before, the hidden constant depends only on
I" and the ~-shape regularity of Eﬁ_l. For the last term
n (85), we again use a scaling argument and infer

Z Hhe+1 AVUp1 = AVU) - 12y

Eegl

SIVUetr = U172 (0

where the hidden constant depends only on the Lipschitz
constant of 2 and the ~-shape regularity of Tpy1. Alto-
gether, we see

Pe+1(5e+1)
< (148)(pS(EN)? = (1= ¢/ @) (e\EL)?)
+ (1 + 0 YOIV Usgr — U020

+ | Pet1 — @H%{fl/z(r))
(86)

It remains to estimate the second boundary contribution
i1 Arguing as before, we get

pe+1(5e+1)
(1+8) > hg3VrUe — uo — B8y)|[32 )

Ee$Hl

Z ||h¢+1Vp Upr1 — UE)Hiz(E)
Beel

2146 (87)

+1

DY WAV IOy -
Eeel

2(14+0- D0)||7 ()

+1

We use (78) and estimate the first sum in (87) by

Z Hhe+1vf UZ*UO*Q]@)HLZ(E)

Eegl,
< > ||h1/2Vp(Ue—Uo—‘l@e)H%Z(E)
EBegfnel,,

+ gD
2
=p (€~ (1 —q

For the second sum in (87), an inverse estimate from [7,
Proposition 3] can be applied, which yields

(83)

EN\EL)
VAP EN\EL ).

Z Hhe+1VF Uer1 = U072

Eegl (89)
1/2
= 1hg} 3V P Uerr = Ua)22r
S NUer = UellFas2 -

Here, the hidden constant depends only on I' and the
~v-shape regularity of 56F+1' Finally, the inverse estimate
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for U of Lemma 24 proves

Z ||h;_/i_21VFm (Piy1 — éé)H%z(E)
EeEl,
- (90)
= HheileQJ(@H = Po)ll72r)

S et = BellZ e

for the third sum in (87). Again, the hidden constant
depends only on I" and the 7-shape regularity of 5ZF+1
Combining (87), (88), (89), and (90) gives
Pe+1(56+1)
< (1L+0) (o7 (€)= (1= ¢/ P (EN\ELL)?)

+ 1 +6NC(||Ups1 — U€H§{1/2(F)

+ | Poy1 — @H?qﬂ/z(r))

(91)

Step 4. We combine the estimates (81), (84), (86),
and (91) for the different contributions of the estimator.
This results in

Pii1 = pes1(Te1)? + pes1(EL21) + pes1(E41)?
< (1+0)(pelT)* + pe(ER)? + pul ) )?
= (1= /D) (pe( T\ Ter)?
T P ER\ERL)? + pel€\EL)?))
+ (140 HC(IVUe1 = U720
[ Ue41 —

where we have used ¢%/¢ < ¢'/(@=1 since ¢ < 1. We
define Z, :== T, U E; U & r Then the norm equivalence

IV0l|Z2) + I0l5/2 () = [0l30 (o) for v e H' ()
yields

¢/ po(T\To41)?)
)C | Upy1 — Uyl

(L+0)(p7 — (1
+ 1+t

2
<
Pet1 = (92)

The constant C' > 0 depends on {2, the y-shape regular-
ity of Ty41 and 5é+1a and the Lipschitz constant of 2.
Step 5. Recall the Dorfler marking

0p; < pe(Me)? < pe(Z\Ter)?,
where My C Zy\Z;11 denotes the set of marked elements.
Incorporating the last inequality in (92) gives
(1+6)(p7 = (1= ¢""")0p})
+ (1407 HC| Uy — U3,
=1+ -0 - ¢ V))p;
+ (1 +07N)CUrr — Uy,

2
Prv1 =

UZ”?LP/Z(F) + [ Pes1 — @8”2—1/2@))7

Since 0 < ¢*/@=1 < 1 and 0 < 6 < 1, we have 0 <
1—-0(1—¢"/4=1) < 1. Choosing § > 0 sufficiently small,
we get 0 < & := (1+0)(1 — (1 —¢"/@1)) < 1, and
Estimate (93) becomes
Po1 < 6p; + Creal|Ust1 — Ugl|3,,

with Creq = (1 +6-1)C.

Step 6. Recall that quasi-optimality (6) implies that
limy—, oo Uy € H exists and thus |[Upy1 — Uyl — 0 as
¢ — co. Together with the estimator reduction (79), ele-
mentary calculus predicts convergence py — 0 as £ — oo,
cf. [3, Section 2]. The reliability ||u— Uyl S pe of The-
orem 12 then proves Uy — u for £ — oc. O

7 Numerical experiments

In this section, we present some numerical 2D experi-
ments, where we compare the three different FEM-BEM
coupling methods on uniform and adaptively generated
meshes. In particular, we emphasize the advantages of
adaptive mesh-refinement compared with uniform refine-
ment.
Firstly, we investigate a linear problem with 2 =

on an L-shaped domain. In the second and third ex-
perlment we choose a linear operator 2 with AVu =

u

(Cen 61;7 6_) and ellipticity constant ce;; > 0. We under-

line numerically that the assumption co; > 1/4 in The-
orem 8 and Theorem 14 for the unique solvability of the
Bielak-MacCamy and Johnson-Nédélec coupling is suf-
ficient, but not necessary. Finally, we deal with a non-
linear problem on a Z-shaped domain. Throughout, we
consider lowest-order elements, i.e. Hy = Xy x )y with
X, = SY(Ty) and Yy = POEL).

Let (y be a placeholder for any of the presented error
estimators of Theorem 12, 16, or 21, i.e. (s € {pe, Ne, pre}-
The error estimator ( is split into volume and boundary

contributions:
DG+ G = (P ) (99)
TETUES reel

Recall that the variable ¢ € H~Y?(I') has different
meanings in the three coupling methods: In the Johnson-
Nédélec and symmetric coupling ¢ = Vu®**.v stands for
the normal derivative of the exterior solution, whereas ¢
is just a density with u®** = ¢ in the Bielak-MacCamy
coupling. Quasi-optimality (6) of the coupling methods
implies

o= Uellae S llu = Uell o)

~

+ min

,
W, PO gF)H¢> ez

(95)

=: err% + errg =: erry.

Since the variable ¢ is not comparable between the dif-
ferent coupling strategies, we only consider the volume
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terms ¢ f and err%2 for comparison in the following exper-
iments. Anyhow, we stress that one may expect that the
finite element contribution dominates the overall conver-
gence rate. Optimality of errg and the corresponding es-
timator contribution ¢/ is numerically investigated in [5]
for the Johnson-Nédélec coupling and some linear Lapla-
cian in 2D.

In the following, we plot the quantities QQ and err%2
versus the number of elements N = #7,, where the se-
quence of meshes 7y is obtained with Algorithm 22. We
consider adaptive mesh-refinement with adaptivity pa-
rameter § = 0.25 and uniform refinement, which corre-
sponds to the case # = 1. For all quantities we observe
decay rates proportional to N~ for some o > 0. We
recall that a convergence rate of & = 1/2 is optimal for
the overall error with P1-FEM.

Moreover, we plot the error quantities err$ resp. ¢’
versus the computing time ¢,. The time measurement is
different for the uniform and adaptive mesh-refinement:
In the uniform case t;, consists of the time which is used
to refine the initial triangulation ¢-times, plus the time
which is needed to build and solve the Galerkin system.
In the adaptive case, we set t_1 := 0. Then, ¢, consists
of the time t;,_1 needed for all prior steps in the adaptive
algorithm, plus the time needed for one adaptive step on
the ¢-th mesh, i.e. steps (i)—(iv) in Algorithm 22.

All computations were performed on a 64-Bit Linux
work station with 32GB of RAM in MATLAB (Release
2009b). The computation of the boundary integral oper-
ators is done with the MATLAB BEM-library HILBERT,
cf. [2]. Throughout, the discrete coupling equations are
assembled in the MATLAB sparse-format and solved with
the MATLAB backslash operator.
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Fig. 1 L-shaped domain as well as initial triangulation 7o
with #70 = 12 triangles and initial boundary mesh & with
#EL = 8 boundary elements.
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Fig. 2 Volume error err$ versus number of elements N for

Laplace problem of Section 7.1.
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Fig. 3 Volume error estimator ¢;° versus number of elements
N for Laplace problem of Section 7.1.

7.1 Laplace transmission problem on L-shaped domain

In this experiment, we consider the linear operator 2 =
Id. We prescribe the exact solution of (1) as

3

u(z,y) = r?/ (96)

(97)

sin(2¢),
u™ (z,y) = $log(|lz + 31> + Iy + £ %)

on an [-shaped domain, visualized in Figure 1. Here,
(r, p) denote polar coordinates. These functions are then
used to determine the data (f, g, o). Note that Au =
0 = Au®**. We stress that u has a generic singular-
ity at the reentrant corner. Therefore, uniform mesh-
refinement leads to a suboptimal convergence order o =
1/3. However, adaptive mesh-refinement recovers the op-
timal convergence rate o = 1/2. In Figure 2 resp. 3, we
observe optimal rates for all error and error estimator
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N for Laplace problem of Section 7.1. The z-axis is scaled
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Fig. 5 Comparison of the error versus the computing time
for adaptive and uniform refinement strategy for Laplace
problem of Section 7.1.

quantities of the different coupling methods correspond-
ing to the adaptive scheme, whereas all quantities corre-
sponding to uniform mesh-refinement converge with or-
der o =1/3.

The quotients Ctzo / err?, plotted in Figure 4, indicate
that the residual-based estimators of Theorem 12, 16
and 21 are not only reliable but also efficient: We see
that Ctzo / err§2 is constant for sufficiently large N.

When we compare the computing time, see Figure 5,
we observe that the adaptive strategy is superior to the
uniform one. Moreover, we see differences between the
adaptive versions of the three coupling methods. The
Bielak-MacCamy coupling needs significantly more com-
puting time than the other coupling schemes. We also

observe that the Johnson-Nédélec coupling is the fastest
of all coupling methods, at least in this experiment.

7.2 Linear transmission problem on L-shaped domain
We consider a linear problem with 2 = (ceu%, g—Z) on
an L-shaped domain. We again prescribe the solutions

(u, u*) by (96)~(97). Then, divAVu = (coan — 1) 2%, In
Figure 6, we plot the error quantities err%2 of the adap-
tive schemes for different values of ce. We observe good
performance of both the Bielak-MacCamy and Johnson-
Nédélec coupling also for co € (0,1/4], which was ex-

cluded by our analysis.
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Fig. 6 Convergence of the volume errors for different values
of the ellipticity constant of the operator 2 of Section 7.2 and
adaptive mesh-refinement.

7.3 Linear transmission problem with unknown solution

We present another experiment to underline the results
of the aforegoing subsection. Again, we consider the op-
erator A with AVu = (ceng—g, g—Z), but now on a Z-
shaped domain, visualized in Figure 8. The data is set
to (f,uo, o) = (1,0,0), and we stress that the exact so-
lution is not known. Therefore, we plot only the error
estimator quantities (; in Figure 9 resp. 10. An opti-
mal convergence order o = 1/2 for the estimators corre-
sponding to the adaptive schemes is observed, whereas
uniform refinement methods lead to suboptimal conver-
gence rates. As in Section 7.2, Figure 9 resp. 10 indi-
cates a good performance of both the Johnson-Nédélec
and Bielak-MacCamy coupling for ce € (0,1/4].
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Fig. 7 Convergence of the volume errors for different values

of the ellipticity constant of the operator 2 of Section 7.2 and
uniform mesh-refinement.
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Fig. 8 Z-shaped domain as well as initial triangulation 7o
with #70 = 14 triangles and initial boundary mesh £ with
#&F =10 boundary elements.

7.4 Nonlinear experiment on Z-shaped domain

In the last experiment we consider a Z-shaped domain,
visualized in Figure 8, and a nonlinear operator 2l with
AVu = g(|Vu|)Vu, where g(t) =2+ 1/(1+1t) for t > 0.
Note that the ellipticity constant of 2 is cep = 2. The
prescribed solution

u(z,y) = r*/"sin(1p), (98)
ex x+y—+0.25
u™(z,y) = (z+0.125)g+(y+0.125)2 (99)

of (1) fulfills Au®** = 0. The interior solution u has a
generic singularity at the reentrant corner. As can be
seen in Figure 11, resp. 12, the uniform strategy leads
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Fig. 9 Convergence of the respective error estimators ¢, for
different values of the ellipticity constant of the operator 2
of Section 7.3 and adaptive mesh-refinement.
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Fig. 10 Convergence of the respective error estimators ¢, for
different values of the ellipticity constant of the operator
of Section 7.3 and uniform mesh-refinement.

to a suboptimal convergence rate « = 2/7, whereas the
adaptive strategy leads to the optimal convergence rate
a=1/2.

The results of Figure 13 argue for the efficiency of the
reliable error estimator ¢; € {pe, n¢, (¢}, which matches
our observations of the first experiment. As in Section 7.1,
we obtain from Figure 14 that the adaptive strategy is
superior to the uniform one.

7.5 Conclusion
In all our experiments, we observe that the adaptive

mesh-refinement strategy empirically leads to optimal
convergence rates for the error as well as for the error
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Fig. 12 Convergence of the volume error estimator quanti-
ties ¢{* for the nonlinear experiment of Section 7.4.

estimator quantities, whereas uniform refinement is in-
ferior to the adaptive ones. Moreover, we see that the
error quantities for the three different coupling meth-
ods differ only slightly. From this point of view, one
cannot favour a certain coupling method. But we stress
that there are significant differences in the computing
times, where the Johnson-Nédélec coupling is superior
to the other two coupling methods. Although the Bielak-
MacCamy coupling is just the transposed problem of the
Johnson-Nédélec coupling in the linear case, it needs the
most computing time of all three coupling schemes. Fur-
thermore, we have numerical evidence that the reliable
error estimators corresponding to the different coupling
schemes are also efficient.

Finally, we remark that our numerical experiments
have shown that the assumption co; > 1/4 from Theo-
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Fig. 13 Efficiency index (f/erri2 versus number of elements
N for the nonlinear experiment of Section 7.4. The z-axis is
scaled logarithmically.
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Fig. 14 Comparison of the volume error versus the com-
puting time for the nonlinear experiment of Section 7.4 and
uniform resp. adaptive mesh-refinement.

rem 8 and 14 is sufficient for the solvability of the Bielak-
MacCamy coupling and Johnson-Nédélec coupling, but
not necessary.
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