arXiv:0901.4960v1 [math.NA] 30 Jan 2009

Mortar Boundary Elements

Martin Healey * Norbert Heuer

Abstract

We establish a mortar boundary element scheme for hypersingular boundary integral equations
representing elliptic boundary value problems in three dimensions. We prove almost quasi-optimal
convergence of the scheme in broken Sobolev norms of order 1/2. Sub-domain decompositions can
be geometrically non-conforming and meshes must be quasi-uniform only on sub-domains. Numerical
results confirm the theory.
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1 Introduction and model problem

In the finite element framework, mortar methods are used to discretize a given problem independently
on sub-domains. It is a non-overlapping domain decomposition method. Necessary continuity require-
ments on interfaces of the sub-domains are implemented via Lagrangian multipliers. The motivation is
to facilitate the construction of finite element meshes on complicated domains and to allow for paral-
lelization. Bernardi, Maday and Patera introduced this technique and gave first analyses in [3, 4]. Later,
geometrically non-conforming sub-domain decompositions and problems in R? have been studied by Ben
Belgacem and Maday [2, [1]. There is a large number of publications on mortar methods, all dealing with
the discretization of differential equations of different types and with related numerical linear algebra.
The first papers, just mentioned, derive a priori error estimates in the framework of non-conforming
methods involving a Strang type estimate.

In this paper we establish a mortar setting for the boundary element method (BEM) and prove almost
quasi-optimal convergence for a model problem involving the hypersingular operator of the Laplacian.
The advantages of this domain decomposition scheme (easier construction of meshes and availability of
parallel techniques) also apply to the BEM. To be precise, we apply the mortar technique directly to
the boundary element discretization, not as a coupling procedure between boundary and finite elements
as in [9]. The analysis of finite elements for the discretization of boundary integral equations of the
first kind goes back to Nédélec and Planchard [21], and Hsiao and Wendland [I7]. Stephan [22] studied
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boundary elements for singular problems on open surfaces. Hypersingular boundary integral equations
are well posed in fractional Sobolev spaces of order 1/2 and conforming Galerkin discretizations require
continuous basis functions. Due to the non-existence of a trace operator in these Sobolev spaces, needed
for the analysis of interface conditions, mortar boundary elements give rise to a variational crime. Indeed,
it turns out that there is no well-defined continuous variational formulation of the mortar setting for the
BEM. Instead we will analyze the discrete mortar scheme as a non-conforming method for the original
un-decomposed integral equation. We follow the analysis presented in [I] where projection and extension
operators are used to bound the approximation error in the kernel space (of functions satisfying the
Lagrangian multiplier condition). Note that there is a shorter presentation by Braess, Dahmen and
Wiener [7] where the simpler argument [0, Remark II1.4.6] is used to bound this error by a standard
approximation error (in un-restricted spaces). Nevertheless, in our case the Strang type error estimate
has a more complicated structure and it is not straightforward to follow the argument [6, Remark I11.4.6].

We will make use of some preliminary results in [I3] 16]. In [I3] we studied the discretization of
hypersingular operators on open surfaces using functions that vanish only in a discrete weak sense on the
boundary of the surface. Such functions in general do not belong to the energy space of the operator and
require a different variational setting. This setting will be used also for the mortar boundary elements.
In [I6] this setting served to establish (non-conforming) Crouzeix-Raviart boundary elements and to
prove their quasi-optimal convergence. Main tool in that paper is a discrete fractional-order Poincaré-
Friedrichs inequality. It serves to show ellipticity of the principal bilinear form of the discrete scheme.
In this paper we generalize this inequality to the geometrically non-conforming case, needed for general
mortar decompositions. Again, it is needed to prove (quasi-) ellipticity of the principal bilinear form.
Our model problem is defined on an open flat surface I' with polygonal boundary. We prove that,
up to logarithmical terms, the mortar boundary element method converges quasi-optimally, subject to
a compatibility condition of the boundary meshes and the meshes on the interfaces for the Lagrangian
multipliers. Here we rely on the known Sobolev regularity of the exact solution leading to almost O(hl/ -
convergence where h is the maximum mesh size. Our techniques are applicable also to polyhedral surfaces
and include meshes of shape-regular triangles and quadrilaterals.

An overview of this paper is as follows. In the rest of this section we recall definitions of fractional
order Sobolev norms and formulate the model problem. In Section 2] we define the mortar scheme
and present the main result (Theorem 2.]) establishing almost quasi-optimal convergence of the mortar
boundary element method. Technical details and proofs are given in Section Bl In Section 4] we present
some numerical results that underline the stated convergence of the mortar BEM.

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

ullFre sy = lullZz(s) + [ulzs (s
with semi-norm () ( )|2 y
o u(x) — u(y 1/2
|’LL|H5(3) = </S S—|$_y|2s+n d!Edy) .

For 0 < s < 1 the space H*(S) is defined as the completion of C§°(S) under the norm

12 u(z) 1/2
ol = (e + |, o oz 42)
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For s € (0,1/2), | - HﬁS(S) and || - ||gs(s) are equivalent norms whereas for s € (1/2,1) there holds

H*(S) = H§(S), the latter space being the completion of C§°(S) with norm in H*(S). Also we note that
functions from H* (S) are continuously extendable by zero onto a larger domain. For details see, e.g.,
[18, [14]. For s > 0, the spaces H~*(S) and H~*(S) are the dual spaces of H*(S) and H*(S), respectively.
Let I" be a plane open surface with polygonal boundary. In the following we will identify I' with a
domain in R2, thus referring to sub-domains of I rather than sub-surfaces. The boundary of I is denoted
by or.
Our model problem is: For a given f € L*(T) find u € H/*(TI") such that

1 0 0 1

Here, n is a normal unit vector on I', e.g. n = (0,0,1)7. We note that W maps ﬁl/?(f‘) continuously
onto H~1/2(I") (see [23]). We have the following weak formulation of (LI)). Find v € HY?(T') such that

(Wu,v)r = (f,v)r Yo e HY2(I). (1.2)

Here, (-, -)r denotes the duality pairing between H~/2(T") and H/2(T"). Throughout, this generic notation
will be used for other dualities as well, the domain mentioned by the index.

A standard boundary element method (BEM) for the approximate solution of (L2]) is to select a
piecewise polynomial subspace X, ¢ H'/2 (T") and to define an approximant iy € X}, by

(Wi, v)r = (f,o)r Yo € Xp.

Such a scheme is known to converge quasi-optimally in the energy norm, cf. Remark 2.1] below. In the
numerical section we will compare such a conforming approximation with a mortar approximation, for
the case where the meshes are globally conforming.

2 Mortar method and main result

In this section we introduce the mortar boundary element method for the approximate solution of the
model problem (L2]). First we discuss the decomposition of I" into sub-domains. Then we introduce the
discrete approximation spaces. The main result of this paper is given at the end of this section.

2.1 Sub-domain decomposition

We consider a decomposition of I' into non-intersecting sub-domains I';, ¢ = 1,..., N, giving rise to a
coarse mesh

T :={T1,...,In}.

For ease of presentation we assume that each I'; is either a triangle or quadrilateral. More general
decompositions into polygonal sub-domains can be dealt with by further decomposing into triangles and
quadrilaterals and by considering conforming interface conditions on additional interfaces. The mesh T
can be non-conforming but must satisfy the assumption (A1) below. The diameter of a sub-domain T';
is denoted by H;, and H := max;—1 .~ H;. The interface between two neighboring sub-domains I';, I';



(i #7, Ty ﬁfj contains more than a point) is denoted by 7;;. For our analysis below we need the following
assumption.

(A1) Each interface 7;; consists of an entire edge of I'; or T';.

The (relatively) open edges of a sub-domain I'; are ’yg ,j=1,...,m. Here, m is a generic number
(m = 3ifT'; is a triangle and m = 4 otherwise). Using the symbol OI" for the boundary of I, and similarly
OI'; for the boundary of I';, the skeleton of the sub-domain decomposition is

v = UN 0T\ ar.

According to assumption (A1) the skeleton is covered by a set of non-intersecting edges v;;. We number
the edges like 1, ..., 71, giving a decomposition of the skeleton like ¥ = Ulelf’n. In the following we will
denote this decomposition of the skeleton by

T = {71,... ,’yL}.

We will refer to these edges as interface edges. Each interface edge ; is the interface between two sub-
domains I';, I'; and is an entire edge of one or both of them. Given an integer [ (1 <! < L) we denote
by liag (respectively, lmor) the number of a sub-domain which has ~; as an edge (respectively, the number
of the other sub-domain),

"= /yllagvlmor‘

As mentioned before, the selection of the index pair (liag,lmor) for [ € {1,..., L} is not unique but will
be fixed for a specific sub-domain decomposition of I'. Below, we will introduce a Lagrangian multiplier
on the interfaces and on 7; we will use a mesh related to the mesh on I'; . The side of v; stemming from
I';,... is usually called mortar side in the finite element literature and this explains our notation. The side
defining the Lagrangian multiplier is often called non-mortar side.

Corresponding to the decomposition of I' we will need the product Sobolev space

N
HT) = [[ H*(K) =[] H*(Ty)
=1

KeT

with usual product norm.

2.2 Meshes and discrete spaces

On each of the sub-domains T'; (i € {1,..., N}) we consider a (sequence of) regular, quasi-uniform meshes
7; consisting of shape regular triangles or quadrilaterals, I'; = Upe7; 7. The maximum diameter of the
elements of 7; is denoted by h; and we use the symbols

h:= min h;, h:= max h;.

i=1,...,N i=1,...,N
Throughout the paper we assume without loss of generality that h < 1. This makes the writing of
logarithmic terms in h easier.

In the case of I being a square, Figure 2] shows a conforming sub-domain decomposition (a) and a
non-conforming sub-domain decomposition (b), both with globally non-conforming meshes.
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Figure 2.1: Sub-domain decompositions with non-conforming meshes.

Now we introduce discrete spaces on sub-domains consisting of piecewise (bi)linear functions,
Xpi={ve C(T;); v|r is a polynomial of degree one VT € T;, v|orror, =0}, i=1,...,N.
The global discrete space on I is

N
X, = H Xi-
i=1

Note that functions v € X}, do satisfy the homogeneous boundary condition along OI' but are in general
discontinuous across interfaces. Therefore, X}, is not a subspace of the energy space HY 2(T"). Functions
from different sub-domains will be coupled via a discrete Lagrangian multiplier on the skeleton. To this
end we introduce a mesh on the skeleton v as follows.

On each interface edge ~; there is a trace mesh ’Hlag |, inherited from the mesh ’Hlag on the sub-domain
Fllag- (We recall that by definition, 7; is an entire edge of the sub-domain with number /j,,.) This trace
mesh is quasi-uniform with mesh width %, . Now we introduce a new (coarser) quasi-uniform mesh G,

on 7; in such a way that the following assumption is satisfied.

(A2) For any [ € {1,..., L} there holds: the mesh G is a strict coarsening of the trace mesh 7y, [+,. In
particular, any interior node of ﬁlag"}/l together with its two neighboring elements (intervals) is covered
by one element of G;.

The mesh width (length of longest element) of G; is denoted by k;, and k := max;—; 1 k;. On each
interface edge we define a space of piecewise constant functions,

My :={v € L*(v); v|y is constant V.J € G}, 1=1,...,L.

The space for the discrete Lagrangian multiplier then is
L

Mk = H Mk,l-
=1



Notations. The symbols “<” and “>” will be used in the usual sense. In short, ap(v) < by(v) when
there exists a constant C' > 0 independent of the discretization parameter h and the involved function
v such that ap(v) < Cbp(v) for any v of the given set. The double inequality ap(v) < bp(v) < ap(v)
is simplified to ap(v) ~ bp(v). The generic constant C' above is usually also independent of appearing
fractional Sobolev indexes € > 0, but this will be mentioned. We note that these notations usually do
not mean independence of involved constants on the decomposition 7 of I'. In this paper we consider a
generic decomposition 7 which is fixed and estimates will in general depend on T .

Throughout the paper we also will use the notation v; for the restriction of a function v to the
sub-domain I';.

2.3 Setting of the mortar boundary element method and main result

For the setup of the mortar boundary element method we need some operators. We introduce the surface
differential operators

curl p := (95,0, —02,0,0),  curl := 0y 00 — Onyip1 for @ = (1,92, ¢3).

The definitions of the surface curl operators are appropriate just for flat surfaces (as in our case) but
can be extended to open and closed Lipschitz surfaces, cf. [8, [13]. We define corresponding piecewise
differential operators curly v and curly ¢ by

N

N
curlyv:= Z (curlr, vi)o , curly ¢ := Z (curlr, qSZ-)O .

i=1 =1

The notations curlr, and curly, refer to the restrictions of curl and curl, respectively, onto I';, and (+)°
indicates extension by zero to I'. We made use of the notation introduced before, v; = v|r,, ¢; = ¢|r,.
Furthermore, we need the single layer potential operator V' defined by

1 ey r—1/2 7\ 3
Ve(x) = 477/1“ P— ds,, pe(H /D)), xzel.

For the formulation of the mortar boundary element method we define, for sufficiently smooth functions
v, w, p, the bilinear forms a(-,-) and b(-,-) by

N
a(v,w) = (Vcurlyv, curlyw)r := Z(chrle,curlpi w)r,,
i=1

L
b(o, ) = ([v], w)r ::Z<[U]7N>’n'

=1

Here, as mentioned before, for a domain S C T or an arc S, (-,-)s denotes the L?(S)-inner product and
its extension by duality, and [v] is the jump of v across -, more precisely

[v]]4, = Ullag’w — Vlporlys 1=1,..., L.
Of course, for sufficiently smooth functions v, w, u there holds

a(v,w) = (V curly v, curly w)r, b(v, ) = ([v], 1)~-



Note that we will use the introduced notations (-, )7 and (-,-), for duality pairings of product spaces
corresponding to the given decompositions (7 and 7). We also define, for a sufficiently smooth function

v, the linear form
N

F(v) == Z<fi;vi>Fi = (f,v)7

=1

where f € L?(T) is the function given in (LT). The mortar boundary element method for the approximate
solution of (I.2]) then reads: Find up € Xp, and N\, € My, such that

a(up,v) +b(v, ) = F(v) Vv e Xy, (2.1)
b(up, ) =0 Vb € M. :
This scheme is equivalent to: Find up, € V3, such that
a(up,v) = F(v) Yo eV
where
Vi ={v € Xp; b(v,00) =0 Vo € My}. (2.2)

The main result of this paper is as follows.

Theorem 2.1. There exists a unique solution (up,A\g) of R.J). Assume that the solution u of (L.2)
satisfies w € H'/?47(T) (r € (0,1/2]). Then there holds

lu = unll ey S (Hog *h” + [log A*2K") [ull g1 /20 1y
For proportional mesh sizes h and k this means that

lu = unllgerogry S 1og BPR 1724 -

The appearing constants in the estimates above are independent of h and k provided that the assumptions
on the meshes, in particular (Al) and (A2), are satisfied.

A proof of this theorem is given at the end of Section [l

Remark 2.1. Asin [13] we note that, in our case of an open surface T', the solution u of (LI has strong
corner and corner-edge singularities which cannot be exactly described by standard Sobolev regularity. It
is well known that w € H*(T') for any s < 1 (see, e.g., [24]) so that the error estimate by Theorem 2.1
holds for any v < 1/2. In general u & H}(T) but a more specific error analysis for the conforming BEM
yields for quasi-uniform meshes the optimal error estimate

lw = wnll a2y S B,
see [B]. The logarithmical perturbations in h of our error estimate are due to the non-conformity of the

mortar method. They stem from the non-existence of a trace operator within H 1/ 2(T) and from non-local
properties of the fractional order Sobolev norms (the difference between HY? and H1/2—3paces).



3 Technical details and proof of the main result

We start by citing some technical results (Lemmas B.IH3.4]) which are needed to deal with the fractional
order Sobolev norms. Afterwards we study a discrete Poincaré-Friedrichs inequality (Proposition [B.])
which will be applied to prove ellipticity of the bilinear form a(-,-) on V}. Afterwards an integration-by-
parts formula for the hypersingular operator is recalled from [I3] and adapted to our situation of many
sub-domains. Then, Lemma BBl states the well-posedness of integration by parts. Lemmas study
requirements for the Babuska-Brezzi theory and provide details for a Strang-type error estimate which is
given by Theorem [B.11 Later, Lemmas [3.14] and are needed to analyze the bound of the Strang-type
estimate and lead to Theorem which gives a general a priori error estimate for the mortar BEM. The
section is finished by giving a proof of the main result (Theorem 2.1]).

Lemma 3.1. [I5, Lemma 5] Let R C R? be a Lipschitz domain. There exists C > 0 such that
¢ s
[0l sy < WHUHHS(R) Vs € (—1/2,1/2), Yv € H*(R).

Lemma 3.2. Let R C R? be a Lipschitz domain, and let v be a piecewise linear function defined on a
quasi-uniform mesh on R with mesh size h < 1. There exists a constant C > 0 which is independent of
h (but may depend on R) such that there holds

”U”ﬁ]*l/Z(R) < C|logh| HUHH71/2(R)'
Proof. By [15, Lemma 6] there holds for a piecewise polynomial function of degree p the estimate

s

vl g-1/2() < C'log [vllg-1/2(r)y, P =0,k <1.

Fixing p gives the claimed bound. The proof of [I5, Lemma 6] gives full details for rectangular meshes.
For triangular meshes the proof applies as well by making use of Schmidt’s inequality for triangles, cf. [11]
Lemma 5.1]. Nevertheless, we are considering only polynomials of low degrees where Schmidt’s inequality
is not needed. O

Lemma 3.3. [13, Lemma 4.3] Let R C R? be a bounded Lipschitz domain. There exists C > 0 such that,
for any € € (0,1/2), there holds
lollz2om) < ~ ol vo € BV (R)
VIIL2(8R) = 61/2 v H'/2+¢(R) v .
Here OR is the boundary of R.
Lemma 3.4. For S being one of the sub-domains I'; € T or I there holds
0l ir205) S curlsvHH;l/g(S) Vo € HY2(S). (3.1)

The restriction of curlg onto H'/2(S) is continuous,

curlg : HY2(S) = H, *(9). (3.2)

Moreover, there holds the continuity

curlg : HY2T5(8) — HY*™(S) Vs e[0,1/2). (3.3)



Proof. The bounds ([B1]) and (B.2]) are proved by Lemmas 4.1 and 2.2 in [13], respectively. By Lemma 2.1
in [13], curlg : HY?(S) — H;1/2(S) is continuous, and curlg : H'(S) — L?(S) = HY(S) is continuous
as well. Estimate (3.3) then follows by interpolation. O

The following result is a generalized version of a discrete Poincaré-Friedrichs inequality in fractional
order Sobolev spaces, cf. Theorem 8 in [16].

Proposition 3.1. There exists a constant C' > 0, independent of the decomposition T as long as sub-
domains are shape-regular, such that for all € € (0,1/2] there holds

L
loll22y < C (e—wv@,mm 3 / ] ds>2> Vo € HY2H(T), vlor = 0.
=1

o/
Here, || denotes the length of ;.

Proof. For the case of conforming decompositions 7 of T into triangles, [16, Theorem 8| proves that there
holds

L

2 —1,,12 —1-2 2 2 1/24€/F
JolBzy < C <e 0Py veir, + 3 bl E(/w[v] ds) —i—\/dea:\ ) Yo e HY2H (). (3.4)

I=1

It is easy to see that the mean zero term can be avoided by assuming the homogeneous boundary

condition for v. To obtain the result for our non-conforming decomposition 7 including quadrilaterals

we introduce further edges to reduce quadrilateral sub-domains to triangles and to transform 7 into a

conforming decomposition 7. By definition of the Sobolev-Slobodeckij semi-norm there holds

‘U‘H1/2+€(7-) < ’U’H1/2+5(7—).

We note that for new edges 7’ there holds [v]|,, = 0 by the trace theorem and the regularity v € H 1/2+€(T)
for any T' € T. The result then follows from (B.4]). O

Following [13] we now examine an integration-by-parts formula for the hypersingular operator. For a
smooth scalar function v and a smooth tangential vector field ¢, integration by parts gives

(curlp, v, @)1, = (v, curlp, @)r, — (v, - ti)or,, @=1,...,N.

Here, t; is the unit tangential vector on OI'; (oriented mathematically positive when identifying I'; with
a subset of R? which is compatible with the identification of T' as a subset of R?). Applying this formula
to ¢ = (V curlr u)|r,, we obtain for smooth functions v and u

(t; - Veurlp u, v;)gr, = (curly, V curlp u, v;)r, — (V curlr u, curly, v;)r

it

Now we sum over ¢ and take into account that ¢; = —t; on 7;;. Further we let 7o := 0I', use the convention
for the jump [v]|,, = v|,,, denote by t( the unit tangential vector along OI' (again mathematically positive



oriented) and let Ojpy := 0 (remember the notation /s and Iy for the numbers of the Lagrangian
multiplier side and mortar side of v;, respectively). This yields

L N N
Z<tllag -Veurlpu, v)),, = Z(curlpi V curlr u, v;)r, — Z(V curlr u, curlr, v;)r,
=0 =1 i=1

= (curlp V curlp u,v)7 — (V curlr u, curly v) 1

for a piecewise (with respect to 7) smooth function v on I with v; := v|r,, as defined before. In the last
step we used the fact that
curlyw = curlrw  Vw € H§/2(F),

which holds by a density argument and the continuity of curlp : H tl/ 2(I‘) — H~Y2(I') as the adjoint

operator of curly : HY/2(T) — I~{t_1/2(F), cf. (B2).
Now we use the relation .
Wu = curlp Veurlpu  (u € HY?(I)),

see [19, 20] and [13, Lemma 2.3]. Then choosing a piecewise smooth function v with v|gr = 0 we obtain

L

M [o)e =D (0 )y, = (Wu,v)7 — (V curlp u, curly v) 7. (3.5)
=1

Here, A\ denotes our Lagrangian multiplier on the skeleton ~ defined by
Aly = ty,, - (Veurlpu)|y,, 1=1,... L (3.6)

Relation (3.5) does not extend to v € HY2(T) since the trace of such a function v onto 7 is not well
defined. However, there holds the following lemma.

Lemma 3.5. Foru € HY/2(T) with Wu = f € L*(T'), 5] defines A € Hlel H=5(y;) for any s € (0,1/2].

Remark 3.1. The above lemma can be extended to values of s larger than 1/2. Though small values of
s represent the interesting cases, the limit s = 0 being excluded. Also, the condition on f can be relazed
but excluding the case f € H_l/Q(F) which is the standard reqularity using the mapping properties of the
hypersingular operator.

Proof of Lemma We must show that A\ defined by (B3] is a bounded linear functional on
Hlel H?*(%;), the dual space of Hlel H=5(y).

Let v € Hlel H*(7;) be given. We continuously extend v to an element & € H*TV/2(T) with o = 0
on I such that []],, = v|,,. (Simply extend v on each interface edge 7; to a function in H*+'/2 (Tu,,)
vanishing on 8Fl1ag \7; and extend by zero to the rest of I'. Then sum up with respect to I.) The definition
of A is independent of the particular extension 0, see [13] for details in the case of one sub-domain. Using
a duality estimate we obtain from (B.5])

L
S Ny = (f,0)7 — (V curlp u, curly ©)7
=1
N
< IIfIILz(me)HLz(r)+ZIIchrlrullﬁyzfs(Fi)Hcurlri Uill g1/, (3.7)
=1
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Now, for s € (0,1/2] the norms in IEIE/2_8(FZ-) and Htl/z_s(Fi) are equivalent (cf., e.g., [18]) so that
together with the mapping property of V' [10],

~ —1/2—s

V=TT - =D,

and ([B.2) we obtain

N
Z||chrlpu||~1/28 , ZHchrlpuHi[z/z,s

< ||V curlp u||i{1/2,s
t
i=1 i=1

< 2
(Fi) (F) ~ HuHHl/Z(F)-
Here, the appearing constants are independent of w but may depend on s. Also, using (3.3]) we are able
to bound (with constant independent of ¥)

N
Z H curlr UzH s 1/2(F S Z H’UzHHs+1/2(F — ||UHH5+1/2(7‘)
i=1 =1

Taking the last two estimates into account, (3.7]) proves that

~

S S (M 2y + el ey ) 1ol gesarar,

=1

Using the continuity of the extension (with constant independent of v)

L
o) 5 2 Wi

finishes the proof. U

Lemma 3.6.

leurly oll%, s 2 Noghl ™ [olfpuar, Vo€ Vi
t

™)
Proof. By (B8] there holds

N
Jeurly ol s, >Zucurlwu iy 2 S iy =il W HEAMN. - (38)

For v € V}, there holds fw [v]ds = 0 for any interface edge ; since by construction M contains the
piecewise constant function which has the value 1 on ~; and vanishes on v \ ;. For the definition of V},
(the discrete kernel of b(-,-)) see (2.2]). Therefore, Proposition 3] proves that

||’U||%2(F) /S 6_1|U|§{1/2+e(7—) V'U S Vh

Here, the appearing constant is independent of € € (0, 1/2]. Making use of the inverse property we bound

Z |U|H1/2+e < Z h_2E|U|H1/2 Vv eV,

11



so that, with the previous estimate,
2 —17—2€),,2
HUHL2(F) S € ﬁ E|’U|Hl/2(7-) Vv € Vh- (39)

Selecting € = |log h|~! (for h being small enough) and combining (3.9) with (3.8) proves the statement.
U

Lemma 3.7. The bilinear form a(-,-) is almost uniformly Vy-elliptic. More precisely there hold the lower
bounds

a(v,v) 2 ]logm_leH Yo eV,

2
Hl/Z(T)

and

a(v,v) 2 |logﬁ|_1/2||v||H1/z(7-)H curly U”g*W You € V. (3.10)

(T)
Proof. First we note that for v € Vj, € L*(T) there holds V curly v € L?(I") so that
(V curly v, curly v)7 = (V curly v, curly v)r.

Using the ellipticity of V : H, Y 2(1“) — H tl/ 2(F) and Lemma [3.6] we then obtain for v € Vj,

a(v,v) = (V curly v, curly v)r > || curly v|* YNy |logﬁ|_1||v||ip/2(7—),
H, '"(I)

which is the first assertion. The estimate ([B.I0) is obtained by bounding || curly v|| a2 only once
t
with the help of Lemma O

Lemma 3.8. The bilinear form a(-,-) is almost uniformly continuous on Xy. More precisely there holds
a(v,w) 5 [loghf? ”U”H1/2(T)H"UHH1/2(T) Vo, w € Xp.
Proof. As in the proof of Lemma 3.7 we note that for v, w € X;, C L?(T") there holds
(V curly v, curly w)r = (V curly v, curly w)p.

Then, using the continuity of V : H, 1/2(I‘) — H tl/ *(T') and the estimate for fractional order Sobolev

norms || - Hﬁ;l/z(m NE Hﬁ;l/z(ﬂ, we obtain for v,w € X},

a(v,w) = (Veurlgv,curlgw)r < | curly '[)HI:—I;1/2(F) || curly wHﬁ;l/g(F)
S |lcurly U‘|ﬁ;1/2(T)|| curly w”ﬁlfl/z(T)' (3.11)
Now making use of Lemma and (3.3]) we bound
| curl, U"ijrg”z(ri) < |log hif*|| curlr, U"Hil;l/z(ri) < Nog hil*|vill 312 r,
giving
| curly U||H§1/2(T) S [log b ||U||H1/2(T) Vv € Xp,.
Combination with (3I1]) proves the statement. O
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For the eventual error estimate we need the boundedness of the bilinear form a(-,-). However,
Lemma [3.8 is not applicable to non-discrete functions. Instead we will use the next lemma.

Lemma 3.9. Assume that u € HY/?>T7(T') (r > 0). Then there holds

alu—v,w) S s u— Ol gra/24s (|| curly w”I:'I—l/Q Yo,w € Xp, Vs € (0, min{r,1/2}].
t

(7)
In particular, the appearing constant is independent of s.

Proof. First we note that ([B.II]) holds also for continuous functions, so that

alu —v,w) < |lcurly (u — U)Hfifl/z(T)H curly w||ﬁ;1/z Vo, w € Xp.

(T)

. . C e ~—1/2+
Using the continuous injection H /2+s

() — ﬁ;l/z(Fi) and Lemma [3.1] we bound for i € {1,...,N}

| curlp, (u; — < leurlp (ui = vi)ll g-ves ) S s~ 1| curlr, (u; — Vil gr=r/2es -

villl gz, (ry) i

The continuity of curly, : HY2t5(T;) — H;1/2+S(Fi) for any ¢« € {1,...,N} by (B3) finishes the
proof. O

In order to analyze the error bound of the Strang-type estimate by Theorem [3.I] below, we need to
extend functions from interface edges to sub-domains. This is also required to prove an inf-sup condition
for the bilinear form b(-,-).

To this end let us define extension operators that extend piecewise linear functions from interface
edges to piecewise (bi)linear functions on the corresponding Lagrangian sub-domain,

E;: Xthag‘:” — Xthag, [ = 1, - ,L. (3.12)

Here, for v € Xh,llag‘% the extension Ejv is defined as the function of X h.li,e that coincides with v in the
nodes on 7 stemming from the mesh 7;,,, and is zero in the remaining nodes of 7Ty, _.

Lemma 3.10.

1/2—
1Bl ey, ) S hllig lollzzeyy Vv € Xnlzs Vs €[0,1], 1=1,... L.

In particular, the appearing constant is independent of s.

Proof. Using the equivalence of norms in finite dimensional spaces and scaling properties of the L?-norm
one obtains, by taking into account the construction of Ej,

2 2
||EIU||L2(rllag) < hllagHUHp(«ﬂ) Vv e Xh,llag|~7;-
Analogously we find

2 _ 2 2
HElUHHl(leag) = ||E1U||L2(rllag) + |ElU|H1(rllag)
2 —1 9,112 —1 1,112
S hllagHUHLZ(w) + hllagH’UHLZ(w) S hzlag”U”Hl(w) ACRS Xh,llag"n-

The result then follows by interpolation. O
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Lemma 3.11. The bilinear form b(-,-) satisfies the discrete inf-sup condition

b
38 >0: sup (v, 1)

veXp\{0} ”U”Hl/z(T) el ()

Here, the constant (3 is independent of h and k subject to the assumptions made on the meshes.

Proof. Let u € My, be given. On each interface edge v;, i is a piecewise constant function on G;, a mesh
that is coarser than the trace mesh 7y, |5, stemming from the Lagrangian side Iy, cf. assumption (A2).
On ~; we construct a piecewise linear function w; € Xh,llag’w in the following way. For each element
J € Gj, w; vanishes at the endpoints of J, coincides with p at one interior node of J and is linearly
interpolated elsewhere on ;. See Figure 3] for an example where p is represented by the dashed line
and w; by the solid line. The bullets indicate the nodes of the mesh for the Lagrangian multiplier and
the dashes indicate additional nodes of the trace mesh (from the Lagrangian multiplier side).

We then extend w; to w; in Xj, by first extending to Ejw; € Xpyy,,, cf. (B12), and then further by
zero onto I'. Eventually we define v := Zlel wy.

Note that w; vanishes on all interface edges except ;. The trace of w; onto ; from Pllag equals w;
whereas the trace coming from the other side I';  vanishes. This yields

W] = [w)] =w; on 7, l=1,...,L. (3.13)
By the construction of w; there holds, uniformly for y € My,
HMH%?(«/Z) = <wlvlu>’n = leH%?(«ﬂ)’ l= 17"'7L' (314)

Also, taking into account that each sub-domain I'; has a limited number of (interface) edges, determined
by the relation I € {1,..., L} : ljag = i, Lemma 310l yields

N
”U”ip/?(’r) - ZH Z Ellej{W(Fi)

i=1 1€{1,..,L}: llag=i

~

N L
Y > 1B}z, = > HElle§11/2(rll S lwilfe, (3.15)
o8 =1

i=11e{1,..,L}: lag=i 1=1

Now, using (3.13), (3.14)) and ([B.13]), we finish the proof by bounding

L L 1/2
b(v, 1) = D[] 1)y = D (s = illzzy (3 IwnlEer) 2 Mallzz ol vz
=1 =1

=1

Lemma 3.12.
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Figure 3.1: Construction of w; in the proof of Lemma B.111

Proof. By the triangle inequality and Lemma [3.3] there holds uniformly for € € (0,1/2)

~

12y S 3 (HonaelBay + 1ot lZ2a))

=1
Z (iiwlagi@p/He%) + ||vlm||zl/2+emm>> S Mol orery Yo € Xne
=1

The inverse property, applied separately to v; = v|r,, yields
HUH?—II/%W(T) S h‘zeHvH?p/zm Vv e Xy
and selecting € = |log h|~! (for h being small enough) finishes the proof. O
Lemma 3.13. The bilinear form b(-,-) is almost uniformly discretely continuous, in the sense that
b(v, 1) S Nog kY2 |[vll yrse ey ltll 2y Yo € Xn, Vi € M. (3.16)
Moreover, for given 1 € L*(7), there holds

b(v,v) < |logh| Hlel}\gk % — pll g2 |l curly ’UHFI;1/2 Yo € V. (3.17)

™)
Proof. There holds

Mh

’Yl = ” ]|’L2(’y)HNHL2('y) Vo € Xp, V€ M.
l:l

Estimate (3.106]) follows with the help of Lemma To prove ([BI7) we start as before and note that
by definition of V}, there holds b(v, ) = 0 VYu € My, Yv € V3. Therefore, for any p € My, and v € Vj, we
find that

b(v, ) < [[[v]llr2eylle — pllL2()- (3.18)
The proof of [BI7) is finished by noting that combination of Lemmas and [3.0] yields

0l S o8 &Y oll 172 ) S Nog b | curlis vl gy, Vo € Vi

15



We are now ready to prove the following Strang-type error estimate.

Theorem 3.1. System (2I)) is uniquely solvable. Let u and up, be the solutions of (L2) and 2.I)),
respectively. Assuming that u € HY/**7(T) (r € (0,1/2]) there holds

-1 . alu — up,w
lu = unll g2y S Nog hV? | 571 inf lu— vl gaeesry +  sup ( ) :
veEV), weV,\{0} H CurlH w”ﬁ;1/2(r)

uniformly for s € (0, min{1/2,r}].

Proof. The existence and uniqueness of (up, ;) € Xp x My follows from the Babuska-Brezzi theory.
Indeed, the bilinear form a(-,-) is continuous on X} by Lemma 3.8 and Vj-elliptic by Lemma [B.7] and
the bilinear form b(,-) is continuous on X} x My by ([B.I6) and satisfies a discrete inf-sup condition by
Lemma 3.1l The continuity and ellipticity bounds depend on h but that does not influence the unique
solvability of the discrete scheme.

The error estimate is obtained by the usual steps. Combining the triangle inequality, the non-standard
ellipticity and continuity properties of a(-,-), cf. ([B8.10) and Lemma [3:9] we obtain for any v € V},

lw = unll g2y < llw=vllgrzey + v = unll g
a(v — up, w)

< lu =l g2 —|—|logﬁ|1/2 sup
H/2(T) weVy\{0} || CuI'lH U)HI::I;I/Z(F)

< llw=vllzzen + [logh'/* | sup alv — u, w) + sup a(u — up, w)
wevi\(o} | eurlawl g gy wevivgoy lleurla wll g gy

a(u — up, w)

< u— “log b)Y |u — . log h|'/? ‘
S u=vllgizey + s [log Al Zllu = vl gijzes () + [log B weViA(0) Feurly w] gz
t

This proves the stated error bound. O

In order to analyze the upper bound provided by Theorem Bl we need, apart from the extension
operators F; defined before, projection operators 7; acting on L?(+y;) and mapping onto special continuous,
piecewise linear functions on v, I = 1,..., L. We recall that on each ; we have two meshes: the trace
mesh ’ﬁlaghl stemming from the mesh on the sub-domain I';  of the Lagrangian side, and the mesh g
for the Lagrangian multiplier. For each element J € G; we consider a hat function ¢; ; that vanishes at
the endpoints of J and has the tip at a node of 771ag|“/z that is interior to J. This choice is not unique if
J contains more than two elements of the trace mesh. In that case we select an arbitrary but fixed node

for the definition of ¢; ;. Using this notation we define
m: L*(y) — span{¢; s; J € G} C Xnhaglsr 1=1,...,L, (3.19)
such that the integral mean zero conditions
(v—mu,1); =0 VYJegG,l=1,...,L,

hold. This operator satisfies the following properties.
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Lemma 3.14. For any v € L%(v;), mv vanishes at the endpoints of v, | = 1,..., L, and there holds
(v =T, )y =0 Yo € L*(y), Yu € My, 1=1,...,L, (3.20)
Imvllz2¢) S Ivllp2y,) Vv € L*(y), l=1,...,L. (3.21)

Proof. For 1 € {1,...,L} let v € L?(v;) be given. By definition of m;, m;v vanishes at the endpoints of 7,
and the orthogonality (3:20]) follows by noting that any p € My is constant on any J € G.

To show B.21) let J € G; be given. With ¢; ; being the hat function defined previously (with height
1) there holds

U = 7l (/vds) ¢y on J
so that
Imoliagsy = 37| 05 < Sl
Summing over J € G finishes the proof. O

We are now ready to analyze the first term of the upper bound provided by Theorem [B.11
Lemma 3.15. For r € (0,1/2] let u € H'/**"(I"). There holds

vlél‘ﬁ Ju— U||H1/2+s( T) S llu— w||?{1/2+5 + Z h_2s(||u - wllagH%?('n) +lu— wlmor”%Q('yz)) Yw € X

uniformly for s € (0, min{1/2,r}].

Proof. Let w € X}, be given. We adapt w such that the new function satisfies the jump conditions
defining V4, cf. (2.2). We set

L
= Z € Xy

with 3
,,,,l = Elﬂ'l (wllag |'Yl — Winer |’Yl ) on Fllag )
0 elsewhere.

Here, E; and m; are the extension and projection operators specified in ([3.12)) and (B.19), respectively.
Note that, since 7 (wy,, |y, — Wiy, |y, ) vanishes at the endpoints of ;, the extension Eym(wy,, |y, — Wi, |y,)
vanishes on 9y, \ . Therefore, using (3.20) one obtains

l
<[U]7 M>'Yl = <Ullag = Ulmor> M>'Yl = <wllag +r = Winmor M>'Yl
= (Wi = Wi + (Wi, 1y — Wigpor )5 )5, =0 Vpe My, 1=1,...,L.

That is, v € V},. We start bounding the error by

2
Ju— U”H1/2+s(7~) =

> M,

le{1,.. 7L}'llag:i
N

5 Z Hul wZ”Hl/ZJrs + Z ”T HH1/2+5(Fl ) (322)
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Applying Lemma B.10] (B:2I)) and the triangle inequality we find that there holds

I _ _
||T ||H1/2+S(Fllag) S hll:g H7Tl (wllag |'Yl = Wior |“/l ) ||L2 ('YL) S h‘llasg ||wllag = Winor ||L2 ('yl)

S Iy, (”“ — Wi 22 () + 1w = Wi, IILQ(W))- (3.23)
Combining ([B:22]) and (3:23]) one obtains the assertion. n

The next result provides an a priori error estimate for the mortar BEM.

Theorem 3.2. Let u and up, be the solutions of (L2) and R.II), respectively. Assuming that u €
HY?(T) (r € (0,1/2]) there holds \ € Hlel H"(v;) and we have the a priori error estimate

L
[u— Uh”?ql/z(fr) < s7%|logh (”U - U”%{l/HS(T) +h7 Z(Hu N UllagH%Z(w) +lu— vlmorWLQ(w)))
1=1

+ [log b3 ||\ — NH%z(V) Vo € Xy, Yu e My
uniformly for s € (0,r]. Here, X is the Lagrangian multiplier defined by (B.5), (36]).
Proof. Since u € HY/**"(I") there holds
Aly =ty,, - (Veurlru)ly, € H (y), 1=1,...,L.

To this end note that curlp : HY?*(I') — ﬁ:_l/z(F) (combine ([B2]) with the continuity curlp :
HMNT) — LX) and V : ﬁ:_l/z(F) — Ht1/2+T(F). The trace theorem concludes the claimed regularity

of . In particular there holds A € L2(v).
By definition of V},, and making us of Lemma B.5, we find

a(u — up,w) = alu,w) — F(w) = =b(w,\) Yw € V},.
Application of [B.I7) yields

a(u —up,w) < |log b Mler}\f/’[k IA = pill 22y || curly wHﬁ;l/z Yw € V.

I )
Therefore, combining Theorem B.1] with Lemma [3.15] we obtain

L
lu—unlBprjsiry S logh {8-2 <||u—v||§,1/2+sm + 3712 (= v 3y + ||u—wmor||%zm))
=1

+ [log h)? | A — ,u||%2(«,)} Yo € Xy, Y € My,
This proves the statement. O

Proof of Theorem [2.7l By Theorem Bl system (2.I]) is uniquely solvable. We employ the general a
priori estimate by Theorem to show the given error bound. By standard approximation theory there
exist v € Xj, and p € My, such that

L
= w2y S B2l en gy and 1A= il S RS A,
=1
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and as in the proof of Theorem one concludes that S | H)\H%ﬁ.(%) < Hu”?}l/zw(r)' By Lemma [3.3]
one bounds
~1/2 —1/2pr—
flw — Ullag”LQ(fn) Ss / Ju— U”Hl/“s(l“zlag) Ss 2pr SHUHHUHT(F),

and accordingly the mortar part ||u — vy, |lr2(,,)- Using these bounds in Theorem and selecting
s = |log h|~! one obtains the assertion. O
4 Numerical results

We consider the model problem (L2)) with I' = (0,1) x (0,1) and f = 1. In this case there holds
u € HY?>7(T') for any r < 1/2 so that by Theorem 2] we expect a convergence of the mortar method
close to h'/2, the convergence of the conforming BEM, cf. Remark 211 This assumes that the mesh sizes
h (of the sub-domain meshes) and k (of the meshes for the Lagrangian multiplier on the skeleton) are
proportional, which will be the case in all our experiments. In fact, the elements of the mesh for the
Lagrangian multiplier will always consist of two or three elements of the trace mesh.

Since the exact solution u to (LI is unknown we approximate an upper bound for the semi-norm
|u — up| /2 (7). Here, we follow the strategy from [13]. Let us recall the procedure and discussion.

By the ellipticity of V' and ([B.8]) there holds

a(u — up,u —up) 2 \u—uhﬁ{m(ﬂ. (4.1)
On the other hand, using that u solves (L)) and uy € V}, solves (Z1), one finds
alu —up, u—up) = a(u, u) = 2a(u, up) + alup, up) = (Wu, u)r — 2a(u, up) + F(up).

By (B3] there holds
a(u,up) = F(up) = ([un], A)y

such that, with the previous relation,
a(u —up, u —up) = (Wu,u)r — F(up) + 2 ([un], Ay < (Wu, w)r — F(up) + 2[[[un]ll 2 [ 22(5)- (4:2)
Like in the proof of Theorem [3.2] one sees that [|A[|12(,y is bounded. Therefore, by (4.1]) we find that
u —unl3p1 2y S KW, ube = F(up)| + || [un]ll 2.

The terms F(up) and ||[up]||z2(,) are directly accessible and (Wwu,u)r can be approximated by an ex-
trapolated value that we denote by |lu||2, (cf. [12]). Therefore, instead of the relative error

lw = wnll gy /lwll gy,

we present results for the expression

(1l = Fm) + lwllzz) /il (43)

which is, up to a constant factor, an upper bound for [u — up|g1/2(7)/[[w/ex-
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In the figures below we show different error curves, indicated by numbers (n) (n = 1,...,4) as follows.

1/2
(1) (1l = Fn)l + unlliz)) ~ “mortar BEM®
9 1/2 .
@ (luli3 — Fw)) “errorl
(3) llunllA) “error?”
(4)  a(u — dp,u — ay)"/? “conforming BEM”

Here, @y, denotes a conforming boundary element solution. Additionally, all curves are normalized by
[[t] exc-

Therefore, to resume, an error curve (1) represents the upper bound (43]) for the (normalized) error
|u —up|g1/2(7y of the mortar BEM. Curves (2) and (3) are the two components of (1). Here, (3) controls
the non-conformity of the mortar approximant uj,. Curve (4) represents the error of the conforming
BEM. In this case it is equivalent to the error in energy norm ||u — || 712 (r):

All results are plotted on double logarithmic scales versus 1/h. For our numerical experiments we
always use rectangular meshes and in this section, h; refers to the length of the longest edge on I';, and
h := max; h; as before.

Conforming sub-domain decomposition.

Experiment 1 (conforming mesh, results in Figure .1]). First let us consider a conforming decom-
position of I' into four sub-domains as indicated in Figure [2.I[(a). Moreover, let us first test the case
where the separate meshes on the sub-domains form globally conforming meshes (we take uniform meshes
consisting of squares). The corresponding results are shown in Figure @Il Along with the curves (1), (2),
(4) we plot the values of h'/2. The numerical results indicate a convergence of the order O(h!/?), for the
conforming as well as the mortar BEM. According to the discussion above this is the best one can expect.
The curves (1) and (2), referring to our upper bound ([£3]) and the first term in (&3], respectively, are
almost identical. This means that the second term in (4.3]), which in the next plots will be labeled by (3),
is negligible in comparison. Indeed, in this symmetric case the jumps [u;] disappear and the numerical
results vanish at the order of single precision. Therefore, in this plot, we do not show the curve (3).

We do not observe a logarithmical perturbation of the convergence in this range of number of un-
knowns. This may be caused by the fact that we are not including the L?-parts in the error since our
results are, up to constant factors, upper bounds only for the semi-norm |u — up|g1/2 Gk Also, we do not
know whether our bounds including the logarithmic terms are sharp.

Experiment 2 (non-conforming mesh, results in Figure[d.2]). Now let us test globally non-conforming
meshes. Again we use uniform meshes consisting of squares on each sub-domain. We mesh as in Fig-
ure 2.1l(a) starting with 2, 3, 4, and 5 “slides” on I'y, 'y, I's, and Ty, respectively and increase the
number of slides in each sub-domain by one in each step of our sequence of meshes. The corresponding
results are shown in Figure Again, a convergence of the expected order O(hl/ 2) is confirmed. Curve
(3) indicates very fast convergence of the jumps [/[up][|z2(yy — 0. In the experiments below, however,
we observe a slower convergence. In this particular sequence of meshes, where we increase the slides
on the sub-domains by the same amount, the trace meshes from different sides on a particular interface
edge approach each other in a certain sense. We conjecture that this specific situation (“approaching”
conforming meshes) causes the fast convergence of the jumps.

Experiment 3 (non-conforming mesh, results in Figure [£3]). For the next experiment we start with
a mesh of four squares on each sub-domain (the sub-domains are again as in Figure 2.I(a)), and increase
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Figure 4.1: Conforming sub-domain decomposition with conforming meshes.

the numbers of slides on different sub-domains by different steps (increase by 2, 3, 4, 5 slides on I'y, I's,
I'3, I'y, respectively). In this case both error parts, curves (2) and (3), behave like O(h'/?), confirming
our a priori error estimate and thus the good performance of the mortar BEM. Let us note, however,
that the part H[uh]H}/ % of the error expression ([#3) is an overestimation. Indeed, our substitution (Z.3])
for [u — up| /27y /||[ullex is not precise. On the one hand we replaced the term 2|[|A[|f2(,) in (E2) by 1
(and the generic constant in (@.I]) by 1). On the other hand the term ([uy], \), is of higher order than
[[unlll£2(y)- According to (B.I8]) and by standard approximation theory there holds for any r < 1/2

L

[([un], Nyl S Nunlllzz(y) wienl\gk A= llr2em) SE O |)‘|%Ir(yl))1/2||[uh]HL2(~/)-
=

This shows that ([u], A) is of higher order than ||[up][|z2(,). Note that, by the proof of Theorem [3.2] and
since u € HY?*"(I"), one has the regularity \ € Hlel H"(vy;) Vr < 1/2. Therefore, by (4.2) the term

1/2
(‘ ”Ung - F(“h)’) /llwlex (curve (2), “errorl”)

is asymptotically equal to
a(u = up,u —up)?/|[ullex

and this dominates the error.
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Figure 4.2: Conforming sub-domain decomposition with non-conforming meshes, same refinement steps
on sub-domains.

Non-conforming sub-domain decomposition.

Experiment 4 (non-conforming mesh, results in Figure [£5]). Finally, we consider the fully non-
conforming mortar method, i.e. with non-conforming sub-domain decomposition and non-conforming
meshes. We decompose I' into three sub-domains as in Figure [£.4] and use the initial mesh given there on
the left. Then slides on sub-domains are increased in each direction by 3, 2, 1 on I'y, I'y, I's, respectively,
in each step. The second mesh is on the right in Figure[4.4l Note that in each second step the cross-point
(0,0) between the sub-domains is a hanging node and our theory includes this case. The numerical results
are shown in Figure and again confirm the expected convergence of the mortar BEM.

In this case, the meshes for the Lagrangian multiplier are coarsenings of the trace meshes from I'y on
~v12 and 793, and of the trace mesh from I'y on v13. We always join two elements of the respective trace
mesh to form an element of the Lagrangian multiplier mesh, except for an odd number of elements of
the trace mesh when one set of three elements is joined. The corresponding numbers of unknowns for
the steps are listed in Table [Tl
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Figure 4.4: Conforming sub-domain decomposition with non-conforming meshes.
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Figure 4.5: Non-conforming sub-domain decomposition with non-conforming meshes, different refinement
steps on sub-domains.

h = hg hl h2 dim(Xh) dlm(Mk)
0.5000 | 0.1250 0.1667 27 4
0.3333 | 0.0625 0.0833 80 7
0.2500 | 0.0417 0.0556 161 11
0.2000 | 0.0313 0.0417 270 14
0.1667 | 0.0250 0.0333 407 18
0.1429 | 0.0208 0.0278 572 21
0.1250 | 0.0179 0.0238 765 25
0.1111 | 0.0156 0.0208 986 28
0.1000 | 0.0139 0.0185 1235 32
0.0909 | 0.0125 0.0167 1512 35
0.0833 | 0.0114 0.0152 1817 39
0.0769 | 0.0104 0.0139 2150 42

Table 1: Dimensions and mesh sizes for experiment 4.
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