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Abstract

On open surfaces, the energy space of hypersingular operators is a fractional order Sobolev
space of order 1/2 with homogeneous Dirichlet boundary condition (along the boundary curve
of the surface) in a weak sense. We introduce a boundary element Galerkin method where
this boundary condition is incorporated via the use of a Lagrangian multiplier. We prove the
quasi-optimal convergence of this method (it is slightly inferior to the standard conforming
method) and underline the theory by a numerical experiment.

The approach presented in this paper is not meant to be a competitive alternative to
the conforming method but rather the basis for non-conforming techniques like the mortar
method, to be developed.
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1 Introduction

Lagrangian multipliers are very convenient to incorporate non-homogeneous essential boundary
conditions into the finite element method (FEM). The basic setting goes back to the early paper
by Babuska [1]. A recent approach in connection with mixed finite elements is analysed in [2].
There is no theory on the use of Lagrangian multipliers within the framework of the boundary
element Galerkin method (BEM). There are two immediate reasons for this. Firstly, there are
no boundary value problems with representation by boundary integral equations where non-
homogeneous essential boundary conditions (for the solutions of the integral equations) appear.
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When dealing with hypersingular operators on open surfaces, boundary element functions of a
conforming method (non-conforming methods have not yet been studied) need to vanish at the
boundary of the surface [17]. This homogeneous condition can be easily implemented without
Lagrangian multiplier. Secondly, in the case of hypersingular operators, the analysis of essential
boundary conditions is problematic since there is no well-defined trace operator in H/2 (the
critical space for hypersingular operators).

There are wide reaching implications of the unavailability of a weak treatment of boundary
conditions in the BEM: non-conforming and discontinuous and mortar-type domain decompo-
sition methods are all unknown for hypersingular integral operators. The principal reason for
this is that one does not know how to deal with interface conditions in the space H/2.

The use of finite element technology for boundary integral equations of the first kind goes
back to Hsiao and Wendland [12]. This required the use of fractional order Sobolev spaces.
Later, Stephan [17] analysed the BEM for boundary integral equations of the first kind on
open surfaces. Here, essential ingredients were fractional order Sobolev spaces consisting of
functions which can be continuously extended by zero onto a larger surface. In this paper we go
a step further in analysing and implementing this extendibility condition in the framework of
Lagrangian multipliers. In this way we provide the missing analysis for weak interface conditions
in H'/2 and show that they can be incorporated into discrete subspaces of HY/? in a quasi-
optimal way. Quasi-optimal means that the resulting method converges slightly slower than a
conforming method (there is a logarithmical perturbation in the mesh size) and this is due to
the non-existence of a trace operator. We consider the model situation of homogenous boundary
conditions for the hypersingular operator (of the Laplacian) on an open surface. An extension of
this analysis to other methods (like mortar-type domain decomposition) is under investigation.

The main procedure and result of this paper can be described as follows. We consider the
hypersingular operator W on a flat open surface I' in IR®. The energy space is H'/ 2(T) (for
an exact definition see below) and any conforming boundary element space must satisfy ho-
mogeneous boundary conditions along the boundary curve v of I'. We discretise, instead of
HY/ 2(T), the space H 1/ 2(') and add a Lagrangian multiplier for the approximate implementa-
tion of the boundary condition. The space for the Lagrangian multiplier consists of piecewise
constant functions on . Assuming a compatibility condition for quasi-uniform meshes on I" and

~ we prove that the scheme with Lagrangian multiplier converges like O(log?’/ 2(1/h)n/ 2_5) in

H'Y2(T") (see Theorem 3.1) whereas the conforming method converges like O(h'/?) in H'/?(T")
(see [4]). Here, h < 1 indicates the mesh size on I' and € is a positive and arbitrarily small but
fixed number. We note that the parameter € appears due to the unavailability of an appropriate
regularity theory, and the term log®/ 2(1/h) is due to the non-conformity of the method and the
non-existence of a well-defined trace operator in HY/2(I).

In the next section we introduce the model problem along with Sobolev spaces and some
technical results for surface differential operators. In Section 3 we present the BEM scheme
with Lagrangian multiplier and state the main result (Theorem 3.1) on the convergence of the
discrete scheme. Section 4 provides several technical results. Moreover, a Strang-type error
estimate for the BEM with Lagrangian multiplier (Theorem 4.1) and a proof of Theorem 3.1 are



given there. In Section 5 we discuss the evaluation of errors in H'/? and report on a numerical
experiment which underlines the quasi-optimal convergence of our method.

Throughout the paper, C' denotes a generic positive constant which is independent of mesh
sizes and the appearing parameter ¢ > 0.

2 Sobolev spaces and model problem

In this section we define our model problem, introduce a BEM formulation with Lagrangian
multiplier for it and state the main result (Theorem 3.1) on the convergence of the BEM with
Lagrangian multiplier. In order to present the discrete scheme we need to recall definitions of
surface differential operators and an integration-by-parts formula. Also we need some technical
results on the surface curl-operator. This is all done in this section.

First let us briefly define the needed Sobolev spaces. We consider standard Sobolev spaces
where the following norms are used: For  C IR" and 0 < s < 1 we define

ullFrs ) = llellZ2 () + lulFr @)

with semi-norm

|ulms(e) = (/Q i dedy>l/2.

|z — y[>tn

For a Lipschitz domain Q and 0 < s < 1 the space H*(Q) is defined as the completion of C§°(12)
under the norm u(a)? e
[ull sy = <|u|§15(9) +/§2de) :

Fior s€(0,1/2), || ”FIS(Q) and ||- HHS(Q) are equivalent norms whereas for s € (1/2,1) there holds
H*(Q2) = H{(Q), the latter space being the completion of C§°(2) with norm in H*(Q2). Also
we note that functions from H?®(Q) are continuously extendible by zero onto a larger domain.
For all these results we refer to [13, 9]. For s > 0 the spaces H~*(Q) and H~*(f2) are the dual
spaces of H*(Q) and H*(Q), respectively.

Now we introduce the model problem. For simplicity let I be the plane open surface (0, 1) x
(0,1) x {0}. We will identify it with the square (0,1)? C IR?.

Our problem is: For given f € H-Y*(T") find ¢ € HY?(T) such that

1 0 0 1
Wolw) =~ -5 | ) g [y % = F@), T (2.1)

Here, n is a normal unit vector on T, e.g. n = (0,0,1)”. Note that W maps ﬁ1/2(F) continuously
on HY2(T") (see [7]). Nevertheless, we require f to be slightly more regular, f € H-'/2(') c
H~'/2(I'). This will be needed below when testing f with elements of H/2(I").

The variational formulation of (2.1) is: Find ¢ € H'/?*(T') such that

(Wo,d)r = (f,)r Vo € HYA(D). (2.2)



Here, (-, -)r denotes the L?(I") inner product and is also used for its generic extension to the dual-
ity between negative order Sobolev spaces and their dual spaces (in this case between H —1/2 ()
and HY2(I')). Later we will indicate just the support where the duality is taken (on I' or its
boundary 7).

A standard boundary element method for the approximate solution of (2.2) is to select a
piecewise polynomial subspace H, c HY 2(T") and to define an approximant <;~Sh e H, by

(Won,)r = (f,)r Vi € Hy.

The conformity condition Hj, C H'/? (T") requires that any ¢ € Hj, vanishes on the boundary ~
of I. In this paper we study, instead, a non-conforming discretisation of (2.2) by using subspaces
Hj, whose elements do not necessarily vanish on . Our subspaces will satisfy H;, ¢ H'/? (") but
Hy, ¢ HY? (T"). The boundary condition is incorporated weakly by using a Lagrangian multiplier.
Note that the natural domain of definition of the hypersingular operator W is H/? (") and not
HY 2(T'). We therefore need to deal with boundary data for an appropriate definition of W and
this amounts to an integration-by-parts formula.

First let us consider the situation of the conforming continuous formulation (2.2). After that
we will study a non-conforming discrete setting. There will be no non-conforming continuous
formulation (i.e. a version of (2.2) with H'/?(T') replaced by H'Y/?(I')). This is due to the
fact that integration by parts involves the trace operator which is not well defined on H/ 2(1).
Integration by parts on I' involves surface differential operators which will be introduced next.

We associate with any function ¢ on I' a function @ defined in (0,1)% x (—1,1) by ®(x1, z2, 23)
= ¢(x1,x2). Then we define on I' for a smooth function ¢

gradp ¢ := (grad @)|r, curlp ¢ := (gradr ¢ x n)|p.
Accordingly, we define for any sufficiently smooth tangential vector field ¢ on I'
curlp p :=n - (curl ®)|r.

Here, ® is the component-wise extension of ¢ as defined before. The definitions of gradr, curlp
and curlp are appropriate for a non-flat smooth surface (using a coordinate direction normal to
I" instead of x3 to define the extensions ® and ®) whereas, in our case of the flat surface I, they
obviously reduce to

gradl“ Y= (81‘1 @, 81‘2 @, 0)7 CurlF Y = (81‘2@7 _a:cl @, 0)7 Curlr(‘pla ©2, O) - a:(:1902 - a:cz ©1-

In the following we often extend I to a closed surface I. To distinguish between operators on
different surfaces we add the notation of the corresponding surface as index to the operator, i.e.
curly is defined on the plane open surface I' and curl; is defined on the (closed) surface I. For
results in this paper it is enough to consider a smooth closed surface L. But in order to develop
techniques that are applicable to polyhedral Lipschitz surfaces I' we do not assume smoothness
of T but rather allow it to be a polyhedral Lipschitz surface. The surface differential operators
can be defined in this case as well, but for details we refer to [6].



Following [6], curl; can be extended to a continuous linear mapping from H 1/2(T)
Ht_l/2(f) where T' is the boundary of a Lipschitz domain with I' ¢ T". Here, Ht_l/2(f) is a
tangential subspace of (H~1/2 (f))?’, see [6] for a precise definition.

We use this extension to H/?(I") to define curlp on H'/?(I):

L [P - HIP) = (e e (HPI)Y pon=0}
curlr :
r @ — <curlfgb Ir

onto

(2.3)

where ¢ € HY/2(T') is an extension of ¢. In Lemma 2.1 below we will show that curlyp is well-
defined. To be precise, the definition of H, v 2(F ) in (2.3) is to be understood as the trace of
Ht_l/z(f‘) onto I'.

In the following we need the single layer potential operator V. It is defined by

Ve(x) = %/F ’;p(_y;‘ ds,, e (HY*D))?, zel.
It is well-known, and widely used in the boundary element literature, that weakly singular
operators (e.g. the single layer potential operator V) can be used to represent hypersingular
boundary integral operators (e.g. W), and that their bilinear forms relate like an integration-by-
parts formula. This goes back to Maue [14] who studied the Helmholtz and Maxwell equations
in three space dimensions, see also Nédélec [16]. The Lamé system in three dimensions has been
dealt with by Nédélec [16], and Han [10] presented a simpler formula. All the mentioned authors
studied closed smooth surfaces. Since we did not find a reference for open surfaces we recall this
situation in Lemma 2.3 below. For its proof we need to study the mapping properties of curlr.
This is done in the following two lemmas.

Lemma 2.1. The operator curly : HY?(I') — H;1/2(F) defined by (2.3) is continuous.
Proof. The continuity of curlp holds by the existence of an extension operator HY/ 2T) —
HY2(T), the continuity of curly : HY?(T) — Ht_l/2(f) (see [6, Proposition 3.6]) and the
continuity of the restriction Ht_l/z(f) — Ht_l/2(F). The definition of curlp on H'Y/?(T) is
independent of the particular extension since, for given ¢ € H 1 2T )~ and two extensions @1,
@9 € HY2(T), there holds (with 1° denoting the extension by 0 onto I of 1 defined on I")

(curlp (@1 — $2), ¥°)5 = (P1 — o, cwrlp ¥0)5 = (@1 — o, cwrlp Y)r = 0 Vip € CF(T)
where s

ox(@) ={v e (C°(I))"; ¥ n=0}
/

which is dense in the dual space (H;l/z(F)> . O

L : . .= ~ —1/2
Lemma 2.2. The restriction curlp |ﬁ1/2(r) is continuous as a mapping H'/*(T) — H, /

where

()

= 1/2

H, ") :={we (E D) v -n=0}



Proof. Let us introduce the space
3
H(D) = {y € (H'*(1)% ¢ -n =0}

and for a function ¢ on I' let ¢)° denote its extension onto I by 0. For ¢ € C§°(I") there holds
(curlp cp)o = curly . Therefore, using the continuity of curls : HY2(T) — Ht_l/2(f), we
obtain

0 ~
1 Ir )’ )=
leurlyof ~ e =  sup oo o (ewrlrg) 9

= lleurls @) gy 12y < Clelmagey = Nl Ve € GE(D).

Here, ~ denotes the equivalence of norms. The assertion follows by the density of C§°(I') in
HY2(D). O

Lemma 2.3. There holds
W =curlp Veurlp in L(HY?(T), H~V?(I)). (2.4)

Moreover
(W, )r = (curlp i, V eurlp ¢)p Vo, p € HY(T). (2.5)

Proof. Using the surface differential operators introduced before, there holds in the distributional

sense W¢ = curlp V curlp ¢, see [14, 16]. This formula extends from C§(T) to ¢ € HY?(I)
since curlp : HY2(I') — IfIt_l/z(F) by Lemma 2.2, V : IfIt_l/z(F) — Ht1/2(F) by [7], and
curlr : Hi/z(F) — H~Y2() since it is the adjoint operator of curlr, cf. [6]. The relation (2.5)
follows by integration by parts. O

An immediate consequence of Lemma 2.3 is that an equivalent variational formulation of
(2.1) is: Find ¢ € HY*(T') such that

(curlp ¥, V curlp ¢)r = (f, ) Vip € HY2(D). (2.6)

This formulation forms the basis of our boundary element method with Lagrangian multiplier.

3 Discrete variational formulation with Lagrangian multiplier

In this section we formulate a discretisation with Lagrangian multiplier of the continuous problem
(2.1) and state its quasi-optimal convergence (Theorem 3.1 below).

The weak formulation (2.6) is the appropriate basis for the non-conforming method we have
in mind. Note that we will consider discrete subspaces of HY/ 2(T') where the hypersingular
operator W is not well defined. The formulation (2.6) does make sense for continuous discrete
functions which do not vanish on 7 (the boundary of I'). Nevertheless, for the error analysis of



our scheme we must relate a discrete version of (2.6) with the original problem (2.1), i.e. with
(2.2). This requires an integration-by-parts formula that corresponds to (2.5) but is valid for
functions which do not vanish on 7. This will be studied in Section 4 (see formula (4.1) and
Lemma 4.2).

In order to introduce the discrete scheme let us define a regular, quasi-uniform mesh 7; of
shape regular elements 7' € 7y, such that I = UTeThT. As usual, h denotes the mesh size (being
proportional to the diameters of the elements). Throughout this paper we assume that h < 1.
This is no restriction of generality and is just needed to simplify the writing of logarithmic terms.
FElements can be triangles or quadrilaterals. Using this mesh we define the boundary element
space

Hj, := {p € C°(T); ¢|r is a polynomial of degree one VT € Tj,}.

Note that Hj, ¢ H'/?(T), but H), ¢ H'Y/?(T).

For the definition of a discrete Lagrangian multiplier space we introduce a quasi-uniform
mesh Gy on v = I that consists of straight line pieces J € Gg: v = Ujeg, J. The parameter k
refers to the mesh size of Gy (being proportional to the lengths of the elements). The discrete
space for the Lagrangian multiplier is

My, == {q € L*(%); q|; is constant ¥.J € Gy }.
We also define the bilinear forms

a(p, ) := (curlp ¢, V curlp p)p (p, 0 € JZII/Q(F) U Hp),

b(.q) = (p,q)y == / pqds  (glna € La(v)),
Y

the linear form
L(g) = {f.o)r (¢ € HY*(T))

and the space
Vi, :={¢ € Hp; b(e,q) =0 Vg € M}.

The boundary element scheme with Lagrangian multiplier for the approximate solution of (2.6)
then is: Find (¢, \,) € Hp x My, such that

a(ﬁbhﬂ/)) + b(¢7Ak) = L(¢) \V/TIZ) € Hha

b(én, q) ~ 0 Vq € M, (3:1)

This scheme is equivalent to

bn € Vi o alon, ) = L(y) Y € V.

Scheme (3.1) has the typical saddle point structure of a variational formulation with Lagrangian
multiplier. In the finite element case such a scheme is usually analysed by the Babuska-Brezzi
theory, see also [1]. Our situation, however, is not standard in the sense that there is no



corresponding continuous saddle point formulation. Also, we do not intend to derive an error
estimate for the Lagrangian multiplier since the corresponding continuous unknown has no
physical meaning or relevance in applications. Moreover, this unknown (it is t - V curlp ¢ with
t being the unit tangential vector along ~ in mathematically positive sense, see (4.1)) is not
well-defined for ¢ € HY/?(T') in general.

Our main result is the following quasi-optimal error estimate for the approximation of ¢ €
ﬁl/Q(F) by ¢n € V.

Theorem 3.1. Let Tp,| be a refinement of G (i.e. any node of Gy is a boundary node of Ty,
and any element of Gy has a node of Ty, in its interior) and let k be sufficiently small. Then
system (3.1) is uniquely solvable and there exists a constant C, independent of h, such that for
any small € > 0 there holds the error estimate

”(b _ ¢h”H1/2(1") S C <logl/2(1/h)h1/2—5 + 10g3/2(1/h)k1/2—5> |’¢HI—~117€(F)
In particular, selecting k to be proportional to h, there holds for any small € > 0

16 = énll1seqry < C log?2(L/MRY2 8] 1 o
A proof of this result will be given at the end of Section 4.

Remark 3.1. The solution ¢ of (2.1) has strong corner and corner-edge singularities such that
¢ & HYT) in general, see [18]. A refined error analysis for the conforming BEM yields for
quasi-uniform meshes an optimal error estimate

H¢ - <Z5hHﬁ1/2(p) < Ch1/27

see [4]. Such an error analysis makes use of an explicit knowledge of the appearing singularities.
When using only the Sobolev regularity ¢ € H'~¢(T") with € > 0, standard approzimation theory
proves

H¢ - ¢h‘|]~{1/2(1") é Ohl/2_€”¢||f{175(1—\).

Our proof of Theorem 3.1 makes use of standard Sobolev regularity and, thus, cannot be opti-
mal. Without taking into account specific knowledge of the solution ¢, the appearing parameter e
perturbing the rates of convergence O(h'/2) and O(kY?) is unavoidable. The logarithmical per-
turbation in 1/h in the error estimate is due to the non-conformity of the method. In particular,
the non-ezistence of a trace operator HY/?(T') — L%() leads to such a perturbation.

4 Technical results and the proof of the main theorem

In this section we prove various technical results. In particular we study an integration-by-parts
formula for curlr and the continuity and ellipticity of the bilinear form a. We finish this section
with the Strang estimate by Theorem 4.1 and the proof of Theorem 3.1.



Lemma 4.1. There exists a positive constant C' such that

el gr1/2ry < C| curlp (pHH’l/Q(p) Vo € HY2(T).

Proof. By Lemma 2.1, curlp : HY*(T) — H, 1/2( I') is continuous. Moreover, the range
of curlp is closed in H, o 2(F). This follows from the closedness of the range of curly :
HY2(T) — H, o 2( ') (see [6, Remark 5.2]) where I' is a closed Lipschitz surface containing
I'. Since the range of curlp : HY?(I') — H_1/2(F) is the restriction onto I' of the range of

curl; : H1/2(f‘) — Ht_l/2( I'), the closedness of the range of curly follows, see, e.g., [15, pp.
76f.]. Further we note that the kernel of curly in H'/?(T") consists of constant functions. This
follows by noting that any ¢ € Hl/z(F) with curlp ¢ = 0 satisfies ¢ € H!(T') such that curlp ¢
is defined in the usual weak sense. The kernel of curlr |1 (1) is given by the constant functions.
Therefore, an application of the closed graph theorem yields the estimate

£%M¢—qmﬂmwgcnmuh¢hiwz Vo € HY2(D),

@)

and the assertion follows by the Poincaré-Friedrichs inequality. O

We now turn our attention to an integration-by-parts formula. For a smooth scalar function
v and a smooth tangential vector field ¢, integration by parts gives

(curlp v, @)r = (curlp @, v)r — (@ - t,v),.

Here, t is the unit tangential vector on 7 (in mathematically positive orientation when identifying
I with (0,1)%). Applying this formula to v = 9, ¢ = V curlp ¢, and using (2.4) and (2.5) we
obtain, for sufficiently smooth ¢ and 1,

(t-Vecurlp ¢,9), = (Wo,)r — (curlp ¢,V curly ¢)r. (4.1)

This formula does not extend to ¢» € HY?(T) since the trace of such a 1 onto ~y is not well
defined in general. However, there holds the following lemma.

Lemma 4.2. For ¢ € HY*(I') with W¢ = f € H-Y*(I), (4.1) defines t-V curlp ¢ € H=1/?(7).
Proof. Let us denote )
L}(T) == {¢ € (I*())"; ¥ -n =0}
Extending ¢ € H'/?(7) to an element of H'(T') (using the same name) there holds
|(t -V curlp ¢,9),| = [(f,4)r — (curlp ¢, V curlp ¢)r|
ey Y = P 1 chrlpwum)

< Ul g-v2qey + IV curlp & gz () 191 e )

The result follows by using the continuity of curly : HY/2(I') — H, /2( I') (see Lemma 2.2) and

V- Ht 1/2( r)— H%/2( I') (cf. the proof of Lemma 2.3), and by the continuity of the extension
of Y € HY?(v) to ¢ € HY(T). -



Obviously, continuity and Vj-ellipticity of a(-,-) are critical for the error analysis of (3.1).
Lemma 4.4 below shows the continuity and then Lemma 4.6 proves that a(-, -) is almost uniformly
Vi-elliptic. For its proof we need the following result on the trace operator.

Lemma 4.3. There exists C > 0 such that, for any € € (0,1/2), there holds

¢ ¢
[0l Ee(yy < mHUHHl/%e(F) Vo € HY*T(T).

Proof. The trace theorem is usually proved by applying local mappings onto the half-space case
where the Fourier transformation is used. This yields the estimate

0l em12(y < C My [[0ll3gery Vo € HA(T), 1/2< s <1

with C' depending only on I' and with

Msz/ (1+1t%)~%dt,
R

see, e.g., [15, Lemma 3.35, Theorem 3.37]. Noting that M, o4 = O(e™!) finishes the proof. [

Lemma 4.4. There exists a constant C' > 0 such that there hold

av,w) < C 1oB(1/M)ol 12yl ewele ol g vre Vo0 € Hi

t

and
a(v,w) < Clog?(1/h)[[vll gryeeyllwll ey Yo, w € Hp,.

Proof. By the continuity of V' : I~{t_1/2(F) — Him(F) there holds

a(v,w) < C'| curlp UHFI;UZ - || curlp w||I~{;1/2

Then we use [11, Lemma 6] which says that for any piecewise polynomial on a quasi-uniform
mesh the energy norm of V' can be bounded by

ol -2y < C log (1 /)@l g-1/2ry-
Here the constant C is independent of h. Therefore,

|| curlp UHI~{71/2(F) < C log(1/h)| curly UHH[W Vv € Vp, (4.2)

t

)

and the continuity of curly : H'Y/?(T) — H;1/2(F) proves both assertions. O

The next result will be needed to prove ellipticity of the bilinear form a.
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Lemma 4.5. There exists C > 0 such that for any h € (0,1) and for sufficiently small k there
holds
olinray > Clog™ (1 /m) ol gy Vo € Vi

If k is proportional to a positive power of h then k satisfies the assumption if h is sufficiently
small.

Proof. We decompose any v € V}, into v = vo+d with [ vo(2) dS; = 0and d = [T [ v(z) dS,.
In order to estimate d we note that there holds ”d”ﬁrl(y) = |d| ”1”151*1@)7 that is

sup <d7 q>’*{

d] = ||1| TR
gem oy lallm )

-1
H=1(v) (43)

Since v € Vp, i.e. b(v,qr) = 0 for any g € My, we find

|<d7 Q>’Y| = |<U - UOaQ>’y| = |<U7q - q]€>’*/ - <U07q>’*f|
<|wllzeiplla = arllzz2yy + lvoll 2y lall 2y Yar € M.

For € > 0 we embed L?(v) into H¢(y) and apply Lemma 4.3. Together with the error bound
i — <
qklg]\f/[k lg = arllz2(y) < Ckllallarey

the previous estimate then yields

C C
(d, )| < mkHUHHl/Hé(F)HQHHl(«/) + mHUOHHU?ﬁ(F)HQHHl(fy)-

Applying the inverse property |[v|[g1/2teqry < Ch™||v|[g1/2ry (see, e.g., [11, Lemma 4]) and
selecting € := 1/log(1/h) for h < 1, we conclude that there holds

s abs ] < Clog 2 (1/m) (Kol ey + ol ) Nl
Making use of (4.3) this yields
d] < Clog"2(1/h) (Kllol sz + ol vz ) - (4.4)
Therefore, using the triangle inequality, we estimate
10l ) < OOl +d2) < C log(1/h) o272 + € log(1/AVK[0]Zp1s5 -
so that
(1~ CR1og(1/M)][0]Z1/2 0y < C log(1/m) 002120y
= C 1og(1/h) ([vo 3 aqry + inf [[v = clfaqr))
<C log(l/h)‘?}ﬁ{l/z(r). (4.5)

In the last step we made use of the Poincaré-Friedrichs inequality. Selecting k small enough
such that 1 — C k%log(1/h) > 0 this proves the lemma. O

11



The next lemma states three variants of ellipticity for the bilinear form a. Part (i) will be
used to establish our computable error bound (5.1) needed for the numerical experiment, and
part (ii) is essential for proving the Strang-type error estimate by Theorem 4.1. Part (iii) proves
the Vj,-ellipticity with HY/ 2(I')-norm needed for the Babuska-Brezzi theory. We note that part
(iii) would be enough to prove a Strang estimate and eventually an a priori error bound. But
the ellipticity provided by (ii) leads to a sharper result.

Lemma 4.6. (i) There exists a constant C' > 0 such that
a(v,0) 2 C o}y Vo€ HY2(T)u HY().
(ii) There exists C > 0 such that for any h € (0,1) and for sufficiently small k there holds
a(v,v) > ClOg_l/Q(l/h)H’UHHUQ(F) ” curlp U”I:-I71/2(1") Yo € V.

t
If k is proportional to a positive power of h then k satisfies the assumption if h is sufficiently
small.
(iii) Under the conditions of part (ii) there holds

a(v,v) > Clog_l(l/h)Hvﬂipm(r) Vv € V.

Proof. First we note that a(v,v) is well-defined for any v € H'/?(T') U H'(T). This follows from
the mapping properties of V and the continuities curlp : HY2(I') — I~{t_1/2(F) by Lemma 2.2
and curlp : HYTI') — L*(I"). (In fact, one can show that the bilinear form is well-defined on
H'Y?*¢(T") for any € > 0.)

The ellipticity of V' and Lemma 4.1 prove that there holds

a(v,v) > C' || curlp o[> _ > C' || curlpv||%, > C |v]? Yo e HY2(I')u HY(T).
(0,0) 2 Cllewrls ol 2 Cllewleolfy vy = Cloliag () U H(T)
This is the first assertion. Now, to prove the second assertion, we conclude as before

a(v,v) > C || curlpv|[%. _ > C'||lcurlrv|| ~ - curlrv _
(v,v) > C'| curlp HHt e 2 | curlp HHtuz(F)H r HHtW

@)
> C'|| curlp 'I)Hﬁ—l/Q(F)"U’Hl/Q(F) Yo eV, ¢ HY(T).

t

An application of Lemma 4.5 finishes the proof of part (ii). The proof of part (iii) is analogous.
O

We are now ready to establish the following Strang-type result.

Theorem 4.1. Let Tp,| be a refinement of G (i.e. any node of Gy is a boundary node of Ty,
and any element of Gy has a node of Ty, in its interior) and let k be sufficiently small. Then
system (3.1) is uniquely solvable and there holds

. a(p — on,v
6= nllpay < Clog2/m)( inf o= vllguagy + sup oo nWL Y
VeV, NH/2(T) vevi\{o} Il curlp HFTW(F)

t
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Proof. The existence and uniqueness of (¢p, A\x) € Hp x My follows from the Babuska-Brezzi
theory. The bilinear form a is continuous on Hj, by Lemma 4.4 and Vj,-elliptic by Lemma 4.6(iii).
(The continuity and ellipticity numbers depend on h but this does not matter here.) Moreover,
the bilinear form b satisfies an inf-sup condition (not necessarily uniformly) since there holds
the implication

(quk: b(p,q) = (¢, q)y =0 VsDEHh) = q=0

(for a given interval J € Gy select the nodal hat function associated with a node of 7}, interior
to J leading to ¢ = 0 on J). Therefore, there exists a unique solution (¢, A\x) € Hp, x My, of
(3.1).

To prove the Strang-type error estimate we follow the standard procedure, see, e.g., [5].
Using the triangle inequality and the quasi-uniform Vj-ellipticity of a (see Lemma 4.6(ii)) we
find that for any i € V3, there holds

¢ — ¢hHH1/2(F) <l¢- ¢||H1/2(F) + v — ¢h||H1/2(r)

a — , U
< H¢_¢HH1/2(F)+Clog1/2(1/h) sup | (¢ on )|
vev\{oy |l eurlp vl ~ —1/2
H, @

< ¢ =¥l @yt

Clog2(1/h) | sup Hcliiwv]qw s HL(fﬁ ;\\d)h’v)' - 19
veV\{0} r FI;UQ(F) veV,\{0} r ﬁ;l/z(r)

Selecting ¢ € Vi, N HY/2(T") (i.e. 1 = 0 on 7) we can use the boundedness curlp : HY?(T') —

Ht_l/z(F) (see Lemma 2.2) and obtain (by also using the continuity of V')

o = 6.0)] < C leurlr(v = )] g [l curlrol oo
< = Gl eurtrol] v (4.1
A combination of (4.6) and (4.7) finishes the proof. O

Proof of Theorem 3.1. We apply Theorem 4.1. By assumption, the given function f is in
H~'Y2(I'). Therefore, by Lemma 4.2, (4.1) holds for any 1) € H'/?(v). In particular, we can
apply (4.1) to elements of Hj, C H'(T'). This yields for any g, € My and v € V},

|a(¢ = on, v)| = la(d,v) = L(v)[ = [(t - V curlr ¢, v), |
= |(t - Veurlr ¢ — qx, v)y| < [[t -V eurlr ¢ — qrll 224 [v]] 22 () (4.8)

By Lemma 4.3 and the inverse property one obtains, as in the proof of Lemma 4.5,
[0l 225y < C log"(1/h) 0]l 172 ry-
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Assuming that the mesh size k is small enough we thus obtain with (4.5) and Lemma 4.1 the
bound

[v]lr2(y) < C log(1/Rh)|v] /2y < C log(1/h)|| curlp UHI:I;UQ(F). (4.9)
Noting that ¢ € H'~¢(T) for any € > 0 (see [18]) we conclude that t -V curlp ¢ € H/?=¢(~) for
any e € (0,1/2). This follows from the continuity of curlp : H'~¢(I') — H, "(T') (see [3, Lemma
3.1]), V: H (') — H'"¢(I), and the tangential trace H} ¢(I') — H'/27¢(y). Therefore, a
standard approximation estimate gives

i . — 1/2—€ -
qklélj‘ka [t -V curlr ¢ — qillz2) < Ck H(ﬁHHl,é(F). (4.10)

We conclude from (4.8), by using (4.9) and (4.10), that
(6 = . 0)] < C R~ og(1 /)0l sy ewslr ol v

t

that is
’a(¢ - ¢hav)‘ 1/2_
sub < CE72 log(1/h)|| ¢l gae (Ve € (0,1/2).
evitoy Teurlr vl 2 o1 AR ey Ve € (0.1/2)
t

On the other hand, a standard approximation estimate yields

i — vl A 1/2—¢ )
v 16 =Vl < OBl ey,

Therefore, the theorem is proved by application of Theorem 4.1. O

5 Numerical results

We consider the model problem (2.1) with I = (0,1) x (0,1) and f = 1. The meshes 7}, are
uniform consisting of squares of side-length h and for each 7; we select the mesh G; which is
compatible with 7},|, (as required by Theorem 3.1) with k = 2h, see Figure 5.1 where the bullets
indicate the nodes of Gy.

These meshes define the boundary element space Hj and the space M} for the Lagrangian
multiplier. Implementing the scheme (3.1) we calculate the approximation ¢, € V,, C Hp to
the exact solution ¢ of (2.1). Since ¢ is unknown there is no direct way to calculate the error
|l — qﬁhHHl/g(r). Instead, we approximate an upper bound to the semi-norm |¢ — ¢h‘H1/2(I‘)' By
Lemma 4.6(i) there holds

a(p — dn,  — én) > C|¢—¢h|§11/2(F)- (5.1)
Moreover, since ¢ solves (2.1) and ¢y, solves (3.1), one finds that there holds

a(p — bn, @ — o) = a(d, @) — 2a(¢, on) + a(dn, dn)
= (Wo,d)r —2a(9p, én) + (f, on)r — b(Pn, Ai)
= (Wo,o)r + (f, én)r — 2a(9, on)-
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Figure 5.1: Uniform meshes 7; and Gy.

As in (4.8) we can apply (4.1) and obtain
(I(Qb, th) = <f7 ¢h>1—‘ - <t % CllI'll" ¢7 ¢h>’y

so that, with the previous relation,

a(p — dn, ¢ — dn) = (W, d)r — (f, dn)r + 2(t - V curlr ¢, ¢p), (5.2)
< [(Wo, ¢)r — (fs on)r| +2[[t - V eurlr ¢l g2 [|8nll L2 () - (5.3)

As in the proof of Theorem 3.1 one establishes that [|t-V curlp ¢||2(,) is bounded by a constant
depending on ¢. Therefore, by (5.1) there exists a constant C' > 0, independent of h, such that

6= n2aey < C (W6, 0)r — (£, 0m)r] + lInlz2r) )

The terms (f, ¢n)r and ||¢p||2(,) can be easily calculated and (W, ¢)r can be approximated
by an extrapolated value that we denote by ||¢||%, (cf. [8]). Therefore, instead of the relative
error ||¢ — <Z5hHH1/2(F)/ |’¢HH1/2(F), we present results for the expression

(11612 = (£ andrl + Ionlzze)” /ibles (54)

which is, up to a constant factor, an approximative upper bound for |¢ — ¢ H/2(T) normalised

by (W ¢, <;5>1£/2 ~ |]¢HH1/2(F). The corresponding curve is indicated by (2) in Figure 5.2. Here a
double logarithmic scale is used and all numbers are plotted versus the dimension of Hj,. As can
be seen, curve (2) is parallel to the curve indicated by (1) which gives the errors in H'/2(I") for
the corresponding conforming method (i.e. for the case V}, C HY 2(I") using the same meshes).
Actually, for o € HY2(I), H(p”i}m(m and a(y, ) are equivalent and the latter expression is

used. Both errors, (1) and (2), behave like O(h'/?) whose curve is also given. In this way the
result of Theorem 3.1 is confirmed. Note, however, that we do not observe an e-perturbation
(reduced convergence O(h'/?7€)) nor a logarithmic perturbation in 1/h. The absence of an e-
perturbation is expected, cf. Remark 3.1. The absence of a logarithmic perturbation in 1/h in
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this range of unknowns is likely influenced by the fact that we did not present upper bounds for
the full norm of the error but rather for a semi-norm, cf. Lemma 4.6.

Considering the results in Figure 5.2 it appears that the errors of the BEM with Lagrangian
multiplier are much larger than those of the conforming method This is not true for our model
problem. Our substitution (5.4) for |¢ — ¢p|g1/2(r)/(W &, ¢> is far from being precise. Not
only did we replace the term 2|t - V curlr ¢|| 12 (4 1n (5.3) by 1 (and the constant C' in (5.1) by
1) but indeed the term (t - V curly ¢, ¢p,) is of higher order than [|¢p[z2(,). According to the
proof of Theorem 3.1 (see (4.8) and (4.10)) there holds

|tV curlr ¢, ¢n)| < Okl g1e | 6nll 2
= C' 2h)2 | ¢ll gr-ery lbnll L2y (€ > 0).

Therefore, by (5.2) the term

/
(1wo.ayr — (f.anrl) 1o ot ~ (JI61% — (Fonrl) ol “part 1 of error”

is asymptotically equal to
1/2

alé = on, & — o) 2/ (W, 0/,
The former numbers are the ones given by curve (3) (“part 1 of error”) and curve (1) (“con-
forming BEM”) presents the numbers a(¢ — én, ¢ — ¢1)"/?/||¢|lex Where ¢y, is the conforming
BE-approximation of ¢. Both curves seem to coincide asymptotically indicating the good per-
formance of the BEM with Lagrangian multiplier. We also include the values of ||<;5h\|1/ 2 / ||| ex
(curve (4) “part 2 of error”) to confirm that they dominate our expression (5.4). The behav1our
of this curve, indicating ||¢p || z2(y) = O(h), demonstrates that our non-conforming BEM very ef-
ficiently approximates the conformity condition that (conforming) ansatz functions must vanish
on 7.
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- conforming BEM (1|) —— 1
£ BEM with Lagrange (2) - -+ -+ 1
- ~ part 1 of error (3) —5— -
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0.1 bl ' —
100 1000
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Figure 5.2: Relative error curves (normalised by the extrapolated value ||¢|lex): (1) error in

- . 1/2 1/2

V(L) for conforming BEM, (2) ([I¢llec— {£.0nr] + ol (3) Il — (£.0mr|
1/2

(4) H(ZshHL/z(ﬁ/)
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