Adaptive boundary element method for the exterior Stokes
problem in three dimensions
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Abstract

We present an adaptive refinement strategy for the h-version of the boundary element
method with weakly singular operators on surfaces. The model problem deals with the exte-
rior Stokes problem, and thus considers vector functions. Our error indicators are computed
by local projections onto one-dimensional subspaces defined by mesh refinement. These in-
dicators measure the error separately for the vector components and allow for component
independent adaption. Assuming a saturation condition the indicators give rise to an efficient
and reliable error estimator. Also we describe how to deal with meshes containing quadri-
laterals which are not shape regular. The theoretical results are underlined by numerical
experiments. To justify the saturation assumption, in an appendix we prove optimal lower
a priori error estimates for edge singularities on uniform and graded meshes.
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1 Introduction and formulation of the problem

In this paper, we continue the investigation of adaptive strategies for Galerkin approximation
based on indicators related to subspace decompositions. For initial ideas and the finite element
method (FEM) see [12, 2]. For extensions to the boundary element method (BEM) with weakly
singular and hypersingular operators in two and three dimensions, see [18, 20, 19, 17]. Here,
we analyze this strategy for vector functions in three dimensions and the weakly singular op-
erator. The Stokes problem serves as the model situation. Weakly singular operators act on
the dual of the trace space of H!-functions. This makes the analysis more technical than that
for hypersingular operators (which act on the trace space of H!-functions). This difference in
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the analysis applies to the three-dimensional situation since in two dimensions one may simply
use differentiation and integration (on curves with respect to the arc length) to map between
both energy spaces. For the three-dimensional case and weakly singular operators (and subspace
decomposition based indicators) we only know of the references [18, 20]. In [18], however, no
proofs for the weakly singular operator on surfaces are given, and in [20] only the scalar situation
for rectangular quasi-uniform meshes is analyzed. Here, we give an analysis for vector functions
on triangular/quadrilateral meshes. This analysis includes distorted quadrilateral elements if
appropriate subspace decompositions are considered. We need to assume a saturation property.
For a typical edge singularity, in an appendix we prove asymptotically optimal lower error es-
timates, analyzing the approximation on uniform and graded rectangular meshes. Using these
lower bounds one can prove that the saturation property is satisfied for a sufficient refinement
of the mesh. The error indicators we propose give local information on elements for different
refinement directions and for the vector components separately. Our analysis of the stability of
the subspace decompositions is based in part on [16] where the p-version for the weakly singular
operator (of the Laplacian) is studied. There, the focus is on the p-version and rectangular
quasi-uniform meshes. Here, we elaborate all the mesh dependent details and consider meshes
consisting of quadrilateral and triangular elements.

In [6] several a posteriori error estimates for the BEM are studied. In particular, efficiency
of a two-level estimator on curves is proved. The proof can be generalized to show efficiency of
our estimator on surfaces (as has been indicated by one referee) for the case of the enrichment
space T (see (2.4)) comprised of piecewise constants. In this paper we base our analysis on
the additive Schwarz framework which is not restricted, a priori, to T being piecewise constant
functions.

Let us describe our model problem. In what follows I' € R? can be an open or closed
piecewise smooth obstacle. For ease of presentation, and since we will present numerical results
only for a special situation, we restrict our presentation to an open plane polygonal screen. The
homogeneous exterior Stokes problem reads as follows: Find a velocity field u and a pressure
field p such that

—vAu+Vp = 0 inQr=R3\T,
divu = 0 in Qr and (1.1)
u = g onl.

where v is the given constant viscosity of the fluid. The pressure p is not unique. Extending I" to
a smooth closed surface 02 with interior domain €2 one finds that p is determined within € only
up to a constant. In the exterior domain Q' := R3\ Q, p is unique when requiring an appropriate
decay condition. For uniqueness of u one also needs a decay condition. Following Wendland
& Zhu [25] (see also, e.g., [15]) we incorporate such a condition by requiring p € L?(Qr) and
assuming finite energy of the velocity in a weighted space, u € W(A,Qr) := (W(A,Qr))3,
where
WA, Qr) = {u e WY(Qr); V1+r2Au e L*(Qr)}

with

Y e L2(Qp), Ou

Lor) = {fu;, ——
WHor) =t s bz,

€ L*(Qr),r = |z|,i = 1,2,3}.




The fundamental solution of (1.1) is given by (with identity I)

1 1 (z—y) (z—y)T
E(z,y) = 817rux<:vy1+ lz—y|3 )’ (1.2)
P(r,y) = mpp

Let v € I:Ia 1 2(I‘) be the solution of the following boundary integral equation with single layer
potential operator V:

Vv(z) = /F E(z,y)v(y) dS, = g(z), z el (1.3)

Then a variational solution (u,p) of (1.1) with given g € H'/2(T') is

u(z) = [pE(z,y)v(y)dSy, z € R3,

p(a:) = fFP(.%',y)V(y) dSy; HAS QF, (14)

see [25, Theorem 2.1].
The operator V is positive definite on

H; (1) == {w € H™'2(); (w,n) =0},

see [25]. Here,
H2(1) = (B2(r))

n is the normal vector on I' (in a specified direction) and (-, -) = (-, ) 12(r) denotes the extension
of the (L?(T))3-inner product by duality. Also, HY2(I") is the space of vector functions with
components in H'/2(T"). For a definition of H~'/2(T") and H'/?(T") see §3. In the following, we
use the symbol || - [[v to denote the norm induced by the operator V. This norm is equivalent

to the ﬂal/Q(F)—norm,

(Vw,w) = [[w|% e VW e Hy (D), (1.5)

)

see [25].

The remainder of the paper is organized as follows. In §2 we define the boundary element
spaces for the approximate solution of (1.3). We define error indicators based on projections onto
local subspaces defined by mesh refinement and state the main results, Theorems 2.1 and 2.2.
Theorem 2.1 proves stability of the underlying subspace decomposition and Theorem 2.2 con-
cludes efficiency and reliability of the resulting error estimator, assuming a saturation property
and shape regular elements. In Theorem 2.2’ we extend the results in Theorem 2.2 to include
meshes containing distorted quadrilateral elements. All the technical details and the proof of
Theorem 2.1 are given in §3. In §4 we present some numerical results for adaptive methods based
on our error indicators. Moreover, the stability property stated by Theorem 2.1 is demonstrated
for highly non-uniform rectangular and triangular meshes. In §5 we give asymptotically optimal
error estimates for the approximation of an edge singularity which typically appears as part of
the solution on open surfaces. Moreover, we comment on the saturation assumption.



2 Adaptive boundary element method

We solve (1.3) by the Galerkin method. To this end we introduce three sequences of shape
regular meshes of triangles and/or quadrilaterals {T';;; j € J;}, I = Uje 5 (i = 1,2,3). Here
J; is the index set {1,2,..., N;} with N; being the number of elements of the corresponding mesh.
By shape regular meshes we refer to meshes which need not be quasi-uniform (not even locally)
but where the elements are shape regular, i.e. the smallest diameter of exterior circles can be
uniformly bounded by a constant times the largest diameter of interior circles. For quadrilaterals
one also bounds the interior angles away from w. The case of meshes which contain distorted
quadrilateral elements (fulfilling the angle condition but not being shape regular) is considered
at the end of this section. We do not need continuous basis functions. That means our basis
functions (piecewise constants) are related with elements and not nodes or sides. Therefore, we
do not use regular meshes. Our ansatz space consists of piecewise constant functions in each of
the components. Formally we have three spaces of scalar functions

S; := {v € L*(I); v|r,; is constant Vj € J;}, i=1,2,3. (2.1)

In our numerical experiments we implement the constraint condition (v,n) = 0 by a Lagrangian
multiplier. The boundary element space then is

S = {V = (Ul,vg,vg)T; V; € Si,i = 1,2,3, (v,n) = 0}. (2.2)

Of course, the three meshes {I';;; j € J;} (i = 1,2,3) may coincide and then we have a space of
vector functions being piecewise constant with respect to the same mesh.
The boundary element method then reads as follows: Find vy, € S such that

(Vvp,w) = (g,w) VweS. (2.3)

In order to define an a posteriori error estimator we need a refined ansatz space that gives
an improved approximation. To this end we divide all the triangles and quadrilaterals as in
Figures 1, 2 and add the functions indicated on the right sides of the figures. The “4+” and “-”
signs mean positive and negative values which are constant on the respective elements. They
are chosen such that the additional functions have integral mean zero. This is done for all
components in the space S. The enriched space is denoted by S and can be represented by the
direct decomposition

S=SaT. (2.4)

To obtain local error indicators we fully decompose T, i.e. with respect to the vector components,
with respect to the elements and with respect to the individual additional functions indicated
on the right hand sides of Figures 1, 2. Formally we write this decomposition as

S=S® 69?:1 Djer; @ke{a,b,c}Tik(Fij)- (2.5)

Here, Tl-k(I’ij) is the span of the vector function whose components different from ¢ are zero and
whose ith component has support I';; and is piecewise constant of the type (k) (indicated by
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Figure 1: Division of triangles

(a), (b), or (c) in Figures 1, 2). By construction all the subspaces T/ (I';;) consist of functions
with integral mean zero. This is an important property that will be used in the analysis below.

Note that the construction of S is such that, on triangles, all the sides are halved in-
dependently and, on quadrilaterals, the sides are halved simultaneously. Thus, S contains
at least all the piecewise constant functions on a mesh that comes from the previous mesh
{T'; xTop xT3y; j € Ji,k € Ja,l € Jg} by halving the longest sides. For a typical problem
with singularities it is therefore likely that the following saturation assumption is satisfied (for
more details see §5):

(A1) Let v; € S be the Galerkin solution defined by (2.3) and let v), € S be the improved
Galerkin solution (by solving (2.3) within S). Then there exists a constant ¢ < 1 being
independent of h (a characteristic mesh size) such that

v —=vhlv <ollv—vallv.
Here, v is the exact solution of (1.3).
Note that the decomposition (2.5) implicitly gives a component-wise decomposition, i.e.,
Si =5 ® Djes, Brefapey Iy Tyy), 1=1,2,3, (2.6)

with S = (®3_,5;) N {v; (v,n) = 0}. In order to define error indicators and the error estimator
we introduce for each of the subspaces a projection operator: Py: S — S by

(VPyr,w) = (Vr,w) VYweS
and Py, : S — Tf(I’Z]) by
(VP pr,w) = (Vr,w) Vwe TF(T;). (2.7)



Figure 2: Division of quadrilaterals

The sum P := Py + 33, > jed; 2ke{ap,e} Pijk 1s known as the additive Schwarz operator and
corresponds to a preconditioned stiffness matrix for V. Now local error indicators are defined
by using the projections Pj; (j € Ji, i = 1,2,3, k € {a,b,c}):

07 = (VPyi(vih = V1), Pj (Vi — V1))

The sum 6% := 3% | >jed; 2okefabe} 63] 1. is the square of our a posteriori error estimator. Note
that the analogous indicator 8y for the space S for Py vanishes since Py(vy) = Pyo(Vp) = .
Also note that, since the subspaces Tik(I’ij) are one-dimensional, the error indicators can simply
be calculated via
01 = (Vi Gije) 5 -

Here, ¢, is the basis function spanning TF(I';;) and Pijx(vy, — Vi) = cijrdijk- For the
calculation of ¢;; 1 only a scalar equation must be inverted. In order to do so one does not need
explicitly the improved approximation v,,. By the Galerkin orthogonality of v — ¥, to S, the
right hand side in (2.7) for r = v}, can be calculated by (Vvy, w) = (g, w) where g is the given
function in (1.3).

It is well known that, depending on the parameter o of the saturation assumption (Al),
reliability and efficiency of the error estimator © can be estimated by using the minimum and
maximum eigenvalues of the operator P (see, e.g., [2, 20]):

Proposition 2.1 Let the assumption (A1) be satisfied and let Apin(P) and Amax(P) be the
minimum and maximum eigenvalues of the additive Schwarz operator P implicitly defined by
the decomposition (2.5). Then there holds

@2
Amax (P)

@2
Amin(P)(1 — 02)’

< v =il <



The main results are stability of the decomposition (2.5) and, consequently, an estimate for
the efficiency and reliability of our a posteriori error estimator.

Theorem 2.1 (stability) Assume that the meshes {I';;; j € J;}, i = 1,2,3, are shape regular.
Then there exist constants c1, ca > 0 which are independent of the meshes (as long as they are
shape regular) such that

Anin(P) > 1 and Apax(P) < co.

Theorem 2.2 (efficiency and reliability) Let the assumption (A1) be satisfied and assume
that the meshes {I';;; j € J;}, i = 1,2,3, are shape regular. Then there exist constants C1,
Cy > 0 which are independent of the meshes (as long as they are shape regular) such that

)
CiO<||v—v <Oy——.
1Y > || hHV > 2m
Proof. Apply Proposition 2.1 selecting C; = 1/,/¢3 and Co = 1/,/c7. O

Meshes with distorted quadrilateral elements

Theorem 2.2 assumes shape regularity of the elements which is used to prove stability of the
underlying decomposition defining the local error indicators. However, to approximate efficiently
edge singularities distorted elements (affine images of rectangles with high aspect ratio) are
needed. Therefore, it is desirable to be able to deal with such elements in a posteriori error
analysis. To this end we note that in our analysis shape regularity is needed just for the enriched
ansatz space which is decomposed. Since no continuity of the basis functions is necessary one
can easily ensure the shape regularity by subdividing the stretched quadrilaterals appropriately.
In the following we describe which steps need to be changed.

First we use a different notation for the meshes used to define the ansatz space S. The
three meshes for the three components now are denoted by {f’ij; j € ji}, 1 =1,2,3. They may
contain shape regular triangles and quadrilaterals which just satisfy the angle condition. Then
the spaces S; and S in (2.1), (2.2) are defined as before, using the elements T;.

In order to define the enriched ansatz space S we perform a previous mesh refinement. All the
distorted quadrilateral elements are subdivided into shape regular quadrilaterals (see Figure 3),
whereas the shape regular elements are not divided. After this refinement step the meshes are
denoted by {I';;; j € J;}, i = 1,2,3, and they are shape regular. The new meshes define, as
in (2.2) and using (2.1), a space of piecewise constant vector functions with integral mean zero.
This space will be denoted by Ty and there holds S C Ty.

With the space Ty we proceed as previously described for S. All the elements I';; are divided
as in Figures 1, 2, thus defining the spaces TZ-]“(I’Z-]'), k € {a,b,c}. Corresponding to (2.5), we
then have the following decomposition of the enriched ansatz space S:

S = To ® &}y Bjes, Drefapa Ty Tij)- (2.8)



Figure 3: Division of distorted quadrilaterals

As in (2.6), this means decomposing component-wise as
S; i=Toi ® ®jey, Drefab,c) TH(Ty), i=1,2,3,

with S = (©2_,8;) N {v; (v,n) =0} and Ty = (@3_,Tp;) N {v; (v,n) = 0}.
i The error indicators ijk are as before, and 03 = (VPy(vy — V1), Po(vy, — V) with Py :
S — Ty defined by

(VPyr,w) = (Vr,w) VYw € T,.

Note that we now have a global contribution 6y which usually does not vanish. The dimension of
the system for the calculation of Py(vy — v},) depends on the number of distorted elements one
needs to subdivide, and on their aspect ratio. Using this global contribution, the a posteriori
error estimator now is © := (63 + 37, Y jed; 2oke{abic} Hizjyk)l/Q.

With these changes we obtain efficiency and reliability of © as before.

Theorem 2.2’ Let the assumption (A1) be satisfied and assume that the meshes {Tyj; j € J;},
i = 1,2,3, consist of shape regular triangles and/or quadrilaterals which satisfy a mazimum
angle condition. Then there exist constants C1, Co > 0 which are independent of the meshes

such that
C)

Cl@ < HV — Vh”V < 027.
1—02

Proof. Apply Proposition 2.1 using the decomposition (2.8) instead of (2.5). Bounds for the
eigenvalues of the additive Schwarz operator P are given, as before, by Theorem 2.1. a



3 Technical details and proof of Theorem 2.1

First let us introduce the norms we will use. On T" we take the standard L2 and H'-norms and
define intermediate spaces by the K-method of interpolation (cf. [3]):

H*T) = [L*(T),H'T)], (0<s<1)
with norm

[ee) _ dt 1/2
[l sy = (/0 t QSK(tv’U)Qy) -

Here, the K-functional is defined by

. 1/2
K(tv) = inf (fonl3ay + Plloaldne) -

v=v1+v2

The semi-norm in H*(I') is denoted by [v|gs(r). It is defined by interpolation as before, using
the semi-norm instead of the norm in H!(T"). Also we need the spaces

H() == [LA(T), H{(D)]s (0 <s<1)

where H{(T) is the completion of C§°(T') in H'(T') and the norm || - ||Hg(1‘) is given by the
semi-norm | - |1 (py in H YT'). For negative s we define the Sobolev spaces by duality:

HS(D):= (H (), HT):=HI)) (-1<s<0).

For a subdomain y C I' of diameter h, we analogously define the spaces H® (7) for0 < s <1, and
H*(y) :== (H%(y))" for —1 < s < 0. Proceeding in the same way to define H*(y) for negative s
(as the dual space of H*(y)) one does not get scalable norms. Therefore, we define

Hy(v) == (), HE ()]s (0<s<1) using |- [ == (072 (32 + 1+ )2

with norm || - |7z (). For negative s we define, as before by duality,

Hi () = (Hy*(7)) (-1<s<0),

where the norm || - ”H;S(w) is taken in H, °(y). Note that the index h in the notation of the
norms always refers to the diameter of the subdomain under consideration.

The norms defined above on local subdomains are scalable under affine transformations onto
a reference subdomain (or element). For ease of presentation we also use the notation Hj(v) for
s < 0 and Hj(y) for s > 0 with norms || - 117 () and || - Hﬁf;(v) (where no L?-terms occur which
need a weight factor depending on h). The scaling properties of the norms are summarized by
the following lemma.



Lemma 3.1 Let v and v, be two affine-equivalent open subsets of R?, Ty(y) = ~n for an
invertible affine mapping Ty. Assuming shape regularity of ~y, with diam(vy,) = h and fized
with diam(vy) = 1, there holds for v € H*(y) and v, :=v o Th_1 the equivalence of norms

||UhH%{}SL('yh) = hz_QSHUH%Y{S(fy)a s € [_17 1]
uniformly for h > 0. Moreover, for v € I:Is(fy) and with the above notation, there holds

lonllFs ) = P Il0I

som) s S €11

Again, the equivalence is uniform for h > 0.

Proof. Let the affine mapping be given by T}, (z) = Bz + by, for B, € R**? and b, € R
Standard estimates give, see, e.g., [8, Theorem 3.1.2],

0]y < llBall™ [ det(Bu)| ™2 onl grm(y,),  m =0,1
and
[onl i () < €l By ™[ det(Br) V2 [vlgm sy, m = 0,1.

Both constants ¢ are independent of ;. Also one finds
| By || < diam(v)/sup{diam(S); S is a ball contained in v}

and
|B;, || < diam(v)/ sup{diam(S); S is a ball contained in v},

see [8, Theorem 3.1.3]. Due to the relation |det(By,)| = |yx|/|y| and the shape regularity of s,
this gives, by definition of the norms,

||Uh‘|?{g(%) = h272s||v||§{s(,y), 5=0,1,

and

~ ¥ ||y s=0,1.

2 2
”Uth{;SL(’Yh) Hgs(,y)a
Interpolation yields the analogous results for s € (0,1). Using the definition of the norms for

s < 0 by duality, these relations also hold for s € [—1,0). O
Before dealing with domain decompositions for the scalable norms let us recall estimates for
the standard norms from [1] (see also [22] where these estimate are given for the J-method of

interpolation): Let I' be partitioned into nonoverlapping Lipschitz subdomains I';, j =1,...,J.
Then, for s € [—1, 1], there hold

J
Do Moles ey < Wollfsey Vo€ H(T) (3.1)
j=1

10



and

J
oy < Mol ey Vo € BP(D) with vlr, € H*(T)). (3.2)
j=1

For the scalable norms introduced above one needs additional assumptions in order for these
estimates to hold. We prove the following lemma.

Lemma 3.2 Let I' be partitioned into shape regular convex polygonal subdomains I'j, j =
1,...,J, which are affine transformations of a fized set of polygons. Then, for all v € H*(T),
s € [0,1], with frj vdr =0, j=1,...,.J, there holds

1% (3.3)

J
2 2
Zl HU|F]~||H;(F]~) < C||U||Hs(r) <[l s(r)’
=

The constant c is independent of v and the number of subdomains. Moreover, for v € fIS(F),
s € [-1,0], with v|r; € H*('j) and fFj vdex =0, j=1,...,J, there holds

J
2 2
oty < 22 e Vg, (3.4)

Again, the constant c is independent of v and J.

Proof. The second inequality in (3.3) is due to the definition of the norms. In order to prove
the first estimate in (3.3) we show that, for v; := 1/|T}] frj vdx, j=1,...,J, there holds

J
> lvlr; = 5jlld o) < cllolfpsry Vo€ HA(D). (3.5)
j=1

Note that 7; is well defined for s > 0 since 1|p, € L*(T;) C H,*(T;) = (H{(T;))'. On a fixed
star shaped subdomain v C I' there holds by the Poincaré-Friedrichs’ inequality

1
v — m / vdz| g1y < C)[] a1 (), (3.6)
.

see, e.g., [5, Lemma 4.3.14]. By affine transformations, this yields for v = I'; being one subdo-
main of I' with diameter h the equivalence

1
_12 —112 2 2
v — UHH}L('y) = ﬁH’U - UHL2(7) + ’U’Hl(fy) = ’U’Hl(fy)

with v := 1/|y| [, vdz. This equivalence is uniform under affine transformations which ensure
shape regularity. Noting that ||v — 9|12,y < ||v]|z2() We obtain by interpolation

v ="0llmsy) < clvlms) < cllvllpsy Vv e H(v), s€0,1]. (3.7)

11



The constant ¢ > 0 is independent of the subdomain v =I'; of the partition. Then (3.5) follows
by combining (3.7) and (3.1).

For s € [—1,0] one obtains (3.4) by duality from (3.5) for —s as follows. Let v € H*(I") with
vlr; € H*(T;) and fr vdx =0 be given. Taking ¢ € H*(T") we find

2

™M~

J
(elr;, ’Z elr; — @5,vlr;) 2,

(o0 = |

Il
—

J

< (

< Z ||U|F HHS ) Z HSD|F @j”?’{;s(r‘j)

M~

2
1||U|F HHS(F lelr; SDjHH}:S(FJ))

<.
Il

.
—_

J
Z 1010 s,y elleoll =y

hence

‘(907U>L2(F)’2 4 2
[0l = sup = < e Y |lvln 1%
He(D) 0#£pcH—3(I) ”‘PH%{— Zl 7 HR (L)

This proves (3.4). O

Remark 3.1 Lemma 3.2 holds for more general partitions (than those described in §2) of T.
Central point to its proof is establishing the Poincaré-Friedrichs’ inequality on subdomains (3.6).
See [13, 11] for generalizations.

Before proving Theorem 2.1 let us identify the Sobolev norm which is uniformly equivalent
(under scalings) to the norm given by the integral operator V.

Lemma 3.3 Let v C R? be a Lipschitz domain with diameter 1, and for an invertible affine
transformation Ty, let vy, = {T(z); = € v} be the transformed domain with diameter h. Let

us assume that vy is shape regular uniformly for h > 0. Then, for v € H -1/ 2(7), with integral
mean zero normal component, and vy (z) := v(T, *(x)) (x € v4) there holds the equivalence of
norms

2
(VVh, Vi) £2(,) = ||Vh\|ﬂ;1/2(%)

uniformly for 0 < h < H. Here, H is a positive constant and the norm ||-|| g-1/2 . | is the product
h

(vn)
norm in ﬁ;l/z(vh) using || - HH;”Q(%) for the components. The bilinear form (Vvp, Vi) r2(y,)

is to be understood in the sense that 'V is defined for functions on ~yp.

12



Proof. For a fixed domain 7, the equivalence of the norms is given by (1.5). Neglecting
translations, any affine transformation 7} maintaining shape regularity can be written as a
composition of a transformation 7y (mapping 7 to a shape regular domain g of diameter 1) and
a scaling x — hx. We show the uniform equivalence of

<VVO’VO>L2(’YO) ~ HVOH%I;UQ(’YO) (38)

under affine transformations T which keep the diameter of 7o (= 1) and its shape regularity.
Then, the assertion follows by proving the equivalence of

(VVh, Vi) 12(y,) = HVhH%I;m (3.9)

(vn)

under scalings x +— hz uniformly for A > 0.
To prove (3.8) we assume without loss of generality that v C I" and v C I'. We consider

v € 11151/2(7) with transformed function vo(z) := v(T; '(z)) on v9. We denote by v the
extension by 0 of v onto I'. By the equivalence (1.5) for any w € H, Y 2(F) there holds

2
<VV0aV0>L2(70) = <VVS’V8>L2(F) = ||V(>§Hﬁ71/2(p)-
Therefore, in order to prove (3.8), we only have to show the uniform equivalence of the norms

||V8HI:I—1/2(F) = ||VOHI:I_1/2(’YO)'

Writing v = (v 1,75 2,5 3) there holds

3
HV8H2~ -1/2(ry — Z “Ug,i“%—l/Q(F)
i=1

and

<w US '>L2 T <’LU,UO,‘>L2
Hvainﬁ*l/?(r) = sup A0/ LA sup AP0/ L2 (y0)
0#w€H1/2(1‘) ||w||H1/2(F) O#WEHI/Q(F) ||w||H1/2(F)

Since |||l g1/2(ry 2 W]l g1/2(,) We directly obtain

<w UO,'>L2
logill sz < sup 00
0F£wE H/2(~p) Hw”Hl/Q(%)

= ||/U0,i||f—f_1/2(f\/0)’

On the other hand, for the Lipschitz domain -y there exists an extension operator E : H/2 (70)
— HY? (T") which is bounded and whose bound depends only on the number of Lipschitz map-
pings used to describe the boundary of ¢ and their Lipschitz constants, see, e.g., [21]. More
precisely, by Theorem 5 in [21, Chapter VI, Section 3] there exists a bounded operator E :
H*(v9) — H*(R?) (k = 0, 1) such that, by interpolation, E : HY?(vg) — H'/?(R?). Then one
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obtains, by taking the restriction H'/2(R?) — HY?(T'), an operator E : HY?(~g) — HY?(T)
with bound ||E||. Therefore,

. - (w,v6 ;) r2(r) (Ewo, vg ;) L2(1)
HUO,iHH—l/Q(F) = sup TN sup z
ozwer2my 1Wlmremy ~ ozweer/2(v) I1EWoll g2y

- (wo UO,z‘>L2 ) _
||E|| 1 sup ’—(’Y — ||E|| 1||’UO7Z'HI"{_1/2(,YO),
0woer /2(y0) [1Woll1/2()

Y

For affine transformations to shape regular domains g, | E||~! is uniformly bounded from below
by a positive constant. This finishes the proof of (3.8).

It remains to prove (3.9) for scalings « +— hz. Transforming 7 to vy, := hyy and using the
homogeneity of the kernel E(hz, hy) = h~'E(z, y), we compute

(VVh, Vi) 2(y,) = //E(%Z/)Vh(w)vh(y)dydx
Yh Y YR
= ' [ [ Bl hyvo(avoly) dyds
Yo Y70
- hg/ / E(z,y)vo(z)vo(y) dy dz = h® (Vvo,V0)2()-
Y0 /70

On the other hand, due to Lemma 3.1, there holds for a single component vy of v on ~y (and
with vy, being the transformed component)

2
||Uh‘|?:[;1/2(’yh) = h3‘|v0||f{71/2(,y())

which, together with (3.8), proves (3.9). O

Proof of Theorem 2.1. By standard results of the additive Schwarz theory (see, e.g., [7]),
and since the decomposition (2.5) is direct, one has to show that there exist constants c1, ca > 0
such that

i,5,k 0,5,k i,5,k

c (<VW0,W0> + Z<Vwij,kawij,k>) < <V(Wo + Y wiin), (wo+ Y Wij,k)> (3.10)
and

<V(W0 + Z Wij,k)a (WO + Z Wij,k)> <c ((VW(), W0> + Z<Vwij,k7 Wz‘j,k>) (3.11)

i7j7k i7j7k /[:7j7k

for any wo € S and any wy;x € TF(L;), 7 € Jiy i = 1,2,3, k € {a,b,c}.
Let us denote the ith component of w;; by w;j (the other components of w;;  vanish by
construction), the ith component of wg by w;p and w; := w;o + djed; Zke{a,b,c} Wijk, 1= 1,2,3.
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Then, using the equivalence of (Vwg, wo) and ||wol/% due to (1.5), the equivalence of the

H-1/2()
norm in ﬂ;l/ % and the norm given by V for functions with integral mean zero (by Lemma 3.3),

and recalling the product structure of the space I:Ial/Q(F), one finds that (3.10), (3.11) are
equivalent to the existence of positive constants c¢1, ¢o such that

(Z szOHH 1/2(r) + Z wa kH 1/2 (I, )> < Z sz”H 1/2( (3.12)

1,9,k

and
Z”U)ZHH 1/2(p (Z”szHH 1/2(T) + Z me k” 1/2(1“ ) . (3.13)
.5,k

It therefore suffices to estimate

(”sz”H 1/2(p +ZHU)2J k”2 1/2 ) < Hwi”%{—1/2(r) (3.14)
i,k
and
HwZ”H 1/2(T) < Ci2 (”szHH 1/2(T) +ZHU)2J k” 21y )> (3.15)
7.k

for any wi € S; and any w;;, € TE(T), 7 € Ji, i = 1,2,3, k € {a,b,c}. Then setting
¢1 = min{cy1, 21,31} and co := max{cia, co2, c32} we obtain (3.12), (3.13) and the theorem is
proved.

Note that the numbers ¢;1, ¢;2 in (3.14) and (3.15) are bounds for the extremum eigenvalues
of the additive Schwarz operator which belongs to the decomposition (2.6). The set of functions
{wijr; j € Ji, k € {a,b,c}} consists of triples of functions which are non-zero on the same
element. These functions span the three-dimensional spaces T;(I';;) := @ke{a,b,c}T@'k (L), 7 € Js,
where TF(T;;) is the span of the function (over I';;) denoted by (k) on the right side of Figure 1
(if I';; is a triangle) or of Figure 2 (if I';; is a quadrilateral).

We prove stability of the splitting of w; with respect to the elements, i.e., the existence of
constants ¢;1, ¢;o > 0 such that

(szoHH vy + 2 Il e, )) - (3.16)
jed;
and
i3 -2y < i (wauH T Y 1 ) (3.17)
jed;
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where wij = Y reabe} Wijk € Ti(Li;) in the representation (3.14), (3.15). Since the functions
wijk, k = a,b,c, are linearly independent the expressions

1/2
2 2 2
||winIZI;1/2(Fij) and (sz‘j,aug;l/?(nj) + ||wij,b‘|f{;1/2(rij) + ||wij7C||gh—1/2(Fij))

are equivalent norms. The uniformity of this equivalence with respect to the elements I';; can
be seen by considering affine transformations of a fixed element to shape regular elements using
Lemma 3.1. It therefore suffices to prove (3.16) and (3.17). This is the scalar situation presented
in [20] (without giving a proof) for the situation of quasi-uniform rectangular meshes (see also
[16, Corollary 1] for an improved estimate under the same restrictions).

Here we show that (3.16) and (3.17) can be proved under the only assumption of shape
regularity of the elements. Estimate in (3.17) is a combination of the triangle inequality and
Lemma 3.2:

||wl"|?f[—l/2(r‘) < 2 (‘|wi0‘|?f[—l/2(r‘) + || Z wij‘|?f[—l/2(r‘))

JjeJi
< el Hlwiollyeq + Do i1 | -
( ® JeJ; Hy T T)
To prove (3.16) we show that
2 2
J&Ji

The assertion then follows by the triangle inequality and (3.4). Denoting by Q;; the L*(T;)-
projection operator onto the constants we can write w;; = w; — Qj;(w;) on I';;. Using the
orthogonality (Q;;(w;),v — Q;j(v)) = 0 for arbitrary functions v € L*(T';;), this gives

<wij’v>L2(F¢j) = <wi,v — Qij(v»LQ(Fij) Vv € LQ(FU)

Therefore, we can bound the dual norm of w;; by

_ (wij,v)
Hwij”ffl/ﬂé(r,) = sup Tl
h J UEHI/Q—e(Fij) H}ll/Q—e(F”)
v = Qi ()l 172
(T'ij)
< lwill g-r/zvep, ) sup L 2 (3.19)
h K U€H1/2*€(Fi]’) ||’U||H,11/2*5(Fij)

Here, € > 0 is arbitrary but sufficiently small and we used that H, L/2te (I'5) is the dual space

of H fll/ 276(1“”») with uniformly equivalent norms (under scalings).
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It is well known that the norms in H® and H*® on Lipschitz domains are equivalent for
|s| < 1/2, see [14]. More precisely, by [16, Lemma 5] there holds

C
o = Q@) gore-eqe, < o = Q@) raeqr,

Here, the constant ¢ does not depend on € nor the diameter of I';; since the norms in H 2/ 276(1}-]')
and Hé/Q_E(Fij) both scale the same way due to Lemma 3.1. This, of course, hings on the shape
regularity of the elements I';;. The operator Q;; is continuous from L?(I';;) — L*(I';;) and from
HY(T;;) — HY(Tyj), see [16, (24)]. The latter continuity simply follows from Qij (V)| (ryy) =
0. Therefore, one also obtains Q;; : H}L (Ty5) — H}L (I'45), such that, by interpolation, Q;; :
H,i/Q_e(Fij) — Hé/Q_E(I’Z’j). Then we obtain from (3.19) and the previous observation the
estimate

C
||wl’j‘|g;1/2+5(r ) S E||wl’||H*1/2+€(F )

ij h ij

Using this estimate one finds

. Cc ..
Hwij ||g}:1/2(rij) < cdiam (Fiﬂ')EHwij”f{;l”“(mj) < E diam (Fij)EHwi||H}:1/2+€ (3.20)

Tiz)"
Here, for the first estimate, one simply transforms back and forth to a reference elements and

7—1/2+€

uses the scaling properties of the norms in H b V2 and H b on shape regular elements. Using

again Lemma 3.1, now for the norms in Hh_l/2+6 and Hh_l/Z(I’ij), one finds by the same argument

C
| — . < — Wi, - .
leoill e, < Gam (Fij)EH“)Z”Hh VAry) (3:21)

which is an inverse property for piecewise constant functions. Combining (3.20) and (3.21) we
obtain
c
Hwij ”ﬁ;l/Q(Fij) < EHwiHH}Zl/Q(FU).
Taking a fixed, sufficiently small ¢ > 0 and summing the squares of the last estimation this
yields
S i arn ey < € 30 Nl v < ellwnlyagngy:

JE€J; JE€J;
The last upper bound is due to (3.1) by noting that || - HH’”Q(FH) = |l lz-172(r,,) by definition
h i B
of H%(7y) for s € [-1,0] at the beginning of Section 3. This proves (3.18) and the proof of the

theorem is finished. |

4 Numerical results

4.1 Example 1: polygonal surface

We solve the integral equation (1.3) on the plane surface piece I' indicated by Figure 4 with right
hand side function g = (g1, g2, 93) where g1 = g2 = 1 and g3(z1,22) = 1 + 22, © = (z1,22) € T
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We did not take g3 = 1 since testing with functions with mean zero normal component, here the
third component, would give the trivial solution for the third component of v. The horizontal
and vertical sides of T, as subdomain of R?, have length 1. Since I' is an open surface piece
the solution v of (1.3) usually exhibits strong singularities at the edges and corners. Due to the
chosen shape of I' it is not obvious what an optimal mesh for the boundary element method
looks like (which, for a rectangle, just needs rectangular elements). We start with the initial
mesh indicated in Figure 4, consisting of quadrilaterals and triangles, and use piecewise constant
trial functions. The scheme (2.3) then gives an approximation for the true solution v and we use
our indicators to refine the mesh thus giving improved approximations. For simplicity we do not
subdivide distorted rectangles into shape regular sub-elements (as is necessary for the proof of
Theorem 2.2%). The efficiency of the estimator in our numerical experiments is still convincing,
see Figure 6.

Our adaptive algorithm is as follows. We determine the maximum of all the elemental
indicators

Omax = max aij
i,J

where
91']' = 9%78‘ + 9i2j,b + 91'2]',6

according to the full decomposition (2.5), and refine the element I';; (the jth element for the ith
component) whenever 6;; > %Hmax. The refinement of I';; is done anisotropically as follows. For
a triangle I';;: if 0.70;; is larger than the sum of the other two indicators then the element is
halved as referenced by (k) in Figure 1. If none of the indicators fulfills this condition then the
element is divided into four triangles by connecting the midpoints of the sides. Additionally we
restrict halving elements by a minimum angle condition. For a quadrilateral: if 0.76;; , is larger
than both the other indicators then the element is halved along the bold line in Figure 2(a),
and analogously in the case (b). Otherwise the element is divided into four quadrilaterals
by connecting opposite midpoints of the sides. This is the standard strategy and indicated
by “indicators w.r.t. directions” in the figures. To underline its efficiency we also study
pure elemental indicators by just using the terms 6;; and performing isotropic refinement, i.e.
subdivision into four elements where 6;; > %Hmax. This strategy is referred to by “indicators
w.r.t. elements”. Finally, to demonstrate the influence of the individual adaption of the
components, we also perform an adaption which is uniform with respect to the three vector
components, but still uses the anisotropic refinement from the first strategy. This is realized by
joining the indicators for the components,

932‘,19 = e%j,k + ng,k: + 932,j,k;7 k € {a,b,c},

defining

7,C? max

02 =02 +0% +62 . 0 = 0.
J J,a+ ]=b+ I?g} s

(the index sets are equal, J := J; = J; = J3) and performing as in the standard situation: refine
I';; according to the directional strategy by using the direction indicators @, 1, k =a,b,c, whenever
J Js

0; > 0%, This adaption is referred to by “indicators w.r.t. directions (uniform)”.
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In order to present the relative errors in energy norm for the different methods we approxi-
mate the norm of the true solution v by extrapolation and use the symmetry of the operator V
to obtain

v =il = VIR = lIvalR-

Of course, substituting ||v|v by an extrapolated value, we only obtain approximations for the
errors. Our results underline the expected behavior of the strategies. Figure 5 shows the errors
for the uniform h-version (initial mesh as in Figure 4 and subsequent uniform element divisions),
and for the adaptive versions. Obviously, the adaptive versions converge faster than the uniform
version and, moreover, anisotropic refinements based on indicators for directions lead to better
convergence than isotropic refinements. This is reasonable since our problem exhibits edge
singularities which can be best approximated by anisotropic meshes. It also becomes clear that
component independent adaption further reduces the number of unknowns and leads to better
convergence. Of course, we cannot expect a better convergence rate for this method since we
save asymptotically at most two thirds of the unknowns (e.g., when two of the components of
the true solution are smooth).

Figure 6 plots the error estimator © (belonging to the full decomposition) divided by the
error in energy norm (its approximation by extrapolation), for sequences of meshes obtained
by the uniform h-version and the three adaptive strategies. The results are almost constant
and reflect good efficiency of the estimator, as stated by Theorem 2.2 for shape regular meshes.
The statement of Theorem 2.2, however, depends on assumption (Al), i.e. on the saturation
parameter . Table 1 lists numerical approximations for this parameter, for the uniform method
and the adaptive versions based on elemental and directional indicators. Here, N denotes the
dimension of the actual ansatz space and N is the dimension of the enriched ansatz space.
Except the second value for the uniform method (which needs the norm of the boundary element
solution on a quite fine mesh) all the values are around 0.7. This is the value which one expects
in the presence of edge singularities of the type dist(x,dI')~%5. 1In fact, the a priori error
estimate O(hl/ 2) in this case indicates for mesh halving an asymptotic saturation parameter
o~ (1/2)1/2 ~ 0.7. We refer to §5 for more details. In Figures 7, 8, 9 we present the meshes
(always one for each of the three components of v;,) obtained by the three adaptive strategies
for the step when the error in the approximation is approximately 10% in the energy norm.
All the meshes exhibit refinement towards edges and corners. Note that the incoming corner
does not exhibit a strong singularity since we are dealing with the problem exterior to I'. The
mesh refinements work well for rectangular and triangular elements. Also note that the meshes
for the three components are different in Figures 7 and 9. We do not have a regularity theory
for the individual components of the solution at hand. But the different meshes (with different
refinement priorities) indicate at least different dominant terms in the singularity expansions of
the components of v.
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Figure 4: The surface with initial mesh of rectangles and triangles.

0.3

relative error in energy norm

quasiuniform mesh —+—

indicators wrt elements --—x--—-

indicators wrt directions (uniform) ------
indicators wrt directions (indep comp) -8~

100 1000
N (dimension)

Figure 5: Relative error in energy norm: uniform and adaptive methods.
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Figure 6: Testing efficiency /reliability:

N (dimension)

error estimator divided by error in energy norm.

N NI @M | 2|6
45 180 | 0.759 | 0.760 | 0.760
68 272 0.725
72 288 0.726
127 508 0.722
150 600 0.723
180 720 | 0.857
193 772 0.712
260 1040 0.698
300 1200 0.707
343 1372 0.675
627 2508 0.659

Table 1: The saturation parameter o for uniform refinement (1), shape regular refinement using
indicators w.r.t. elements (2), and refinement using indicators w.r.t. directions (3).
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306 elements 291 elements 396 elements

Figure 7: Adaptively refined meshes (for three components) using indicators w.r.t. elements,
10.8% error for 993 unknowns.

186 elements 186 elements 186 elements

Figure 8: Adaptively refined mesh (same mesh for the three components) using indicators w.r.t.
directions (uniform), 10.1% error for 558 unknowns.
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122 elements 123 elements 186 elements

Figure 9: Adaptively refined meshes (for three components) using indicators w.r.t. directions,
10.5% error for 431 unknowns.
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4.2 Example 2: testing stability.

The numerical results presented in the previous section underline the statement of Theorem 2.2
for the reliability and efficiency of the error estimator © on shape regular meshes. In this
section we numerically investigate the theoretical basis of Theorem 2.2. This is the stability
of decomposition (2.5) on shape regular meshes, stated by Theorem 2.1. Here, we do not
approximate a real problem but artificially create highly non-uniform meshes. Then, assembling
the corresponding stiffness matrices for the integral operator V, we calculate the minimum
and maximum eigenvalues of the corresponding additive Schwarz operator P and those of the
stiffness matrix A. Figure 10 shows the types of meshes used to generate a sequence of non-
uniform rectangular meshes. The left, middle and right meshes together are an example in
this sequence of meshes used for the first, second and third components, respectively, of the
unknown function. Table 2 lists the corresponding results, depending on the maximum mesh
ratio (being the same for the three components): maximum side length divided by minimum side
length. As before, N denotes the dimension of the ansatz space formed by the three non-uniform
meshes. Analogously, we study a sequence of highly refined triangular meshes as in Figure 11.
The corresponding results are given in Table 3. All the results demonstrate independence of
the extremum eigenvalues of P on the mesh ratio, as described in Theorem 2.1. We have
also performed numerical experiments (not presented here) which indicate that the extremum
eigenvalues of P do indeed depend on the aspect ratio of the elements.

7 7 7

Figure 10: Test meshes: shape regular rectangular elements.
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N hmax/hmin )\min(A) Amax(A) )\mln(P) )\max(P)
27 1 0.474E-01 0.501 0.447 1.83
45 2 0.692E-02 0.451 0.370 1.89
63 4 0.865E-03 0.449 0.329 1.88
81 8 0.108E-03 0.449 0.326 1.89
99 16 0.135E-04 0.449 0.332 1.88
117 32 0.169E-05 0.449 0.338 1.88
135 64 0.211E-06 0.449 0.340 1.88
153 128 0.264E-07 0.449 0.341 1.87
171 256 0.330E-08 0.449 0.342 1.87
189 512 0.413E-09 0.449 0.342 1.87

Table 2: Test meshes like in Fig. 10: extremum eigenvalues of the stiffness matrix and of the
additive Schwarz operator for enriched spaces.

Figure 11: Test meshes: shape regular triangular elements.
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N hmax/hmin )\min(A) Amax(A) )\mln(P) )\max(P)
54 1 0.135E-01 0.252 0.409 2.15
72 2 0.207E-02 0.243 0.396 2.16
90 4 0.254E-03 0.242 0.378 2.16
108 8 0.318E-04 0.242 0.366 2.15
126 16 0.397E-05 0.242 0.360 2.15
144 32 0.496E-06 0.242 0.355 2.15
162 64 0.621E-07 0.242 0.352 2.15
180 128 0.776E-08 0.242 0.350 2.15
198 256 0.970E-09 0.242 0.349 2.15

Table 3: Test meshes like in Fig. 11: extremum eigenvalues of the stiffness matrix and of the
additive Schwarz operator for enriched spaces.

5 Appendix

In this section we analyze the saturation assumption (A1) in the presence of strong singularities
and for uniform and graded meshes. The solution v of (1.3) is, up to a normal vector of constant
length, the jump of the stress vector across I', see [25, (2.15)]. Even for smooth data, this stress
vector in general exhibits corner and corner edge singularities, see [25, 10, 9] and the references
cited there. For representations of these singularities in tensor product form see [23].

We consider T' = {(z1,22,0); 0 < x1,2z92 < 1} and assume that the solution v of (1.3) is,
close to the lower edge and the corner (0,0,0), of the form

v(zy,xe) = w(xy, acg)xi‘flﬂx;lp (5.1)

with A > 0 and a smooth vector function w whose components are equal to 1 close to the edge
x9 = 0 (for small angles in polar coordinates with center (0,0)). We assume that the singular
behaviour of v at the other corners/edges is analogous. Of course, there are more singularities
of different types, but the one assumed above is the strongest for an open surface and smooth
data [10, 25, 4]. This singularity therefore dominates the convergence of the boundary element
approximation, which is studied now.

We consider sequences of rectangular meshes which are graded towards the edges. For a
precise definition we divide I' into four squares and map each square to @ = (0,1) x (0,1) x {0}
such that the part of the boundary of I' is mapped to the edges x1 = 0 and x5 = 0 of Q). For a
grading parameter § > 1, integer N > 0 and h = 1/N we introduce the graded mesh generated

by the lines
i\PB i\?
$1:<N) ,$2:<N) ,’L',jZO,...,N.

This mesh on @ defines a mesh on I' which is graded towards the edges for 3 > 1. For g =1
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the mesh is uniform. Considering vector functions with piecewise constant components on the
given mesh, this defines the boundary element space S, cf. (2.2).
Then we have the following asymptotically optimal error estimate.

Theorem 5.1 LetT' = (0,1)x(0,1)x{0} and assume that the singular behaviour of the solution
v of (1.3) is as described in (5.1). Define the Galerkin approximation vy, by (2.3) with ansatz
space S as defined before. Then there exist constants cg, c1 > 0 such that

coh® < ||lv —wvpllv < e1h®
with o =1/2 for =1 and o = 3/2 for > 3.

Proof. By the quasi-optimal convergence of the Galerkin method, the a priori error estimate
is, up to constant factors, a result of best approximation in the Sobolev space H™Y/ 2(T). The
upper bound of the approximation error for the assumed singularity is given by [24, Lemma
3.1] with detailed proofs cited from [22]. (The appearing € > 0 in that result is for technical
reasons due to another type of singularity.) It remains to prove the lower bound. Let 7y :=
(a,b) x (0,d) x {0} € I" with 0 < a < b,d < 1/2 denote a surface piece which touches the
boundary of I' at (a,b) x {0} x {0}. We assume that « is so small that the function w from
(5.1) satisfies w|, = 1 (the constant vector with components 1). It follows from (1.5) and the
definition of H*(I') that

v =vhllv = cllvi = vnill g-1/2(5)-
Here, for i € {1,2,3}, v; and vy ; are the ith components of v and vj,. We choose an arbitrary
1. It suffices to prove that

A—1/2 —1/2

|y 2252 = Gl r-a/2(y) > ch® (5.2)

for any piecewise constant function ¢ (with respect to a given mesh) and a constant ¢ > 0.
Without loss of generality assume that, for a given mesh grading parameter 3 > 1, the

subdomain is v = ((1/3)7, (1/2)7) x (0, (1/3)?) x {0} and that the mesh on ~ (which is induced
from the one on I') is given by the lines

Tl = S84, T2 = 8§y, i=2N,...,3N,j=0,...,2N

. (L)ﬂ

7T\6N )
The elements of the mesh are v;; 1= (s;—1, ;) X (5j—1,5;) x{0}, i =2N+1,...,3N,j=1,...,2N.
Their lengths in x1- and xs-directions are h; and hj, respectively, with h; := s; — s;_1. By the

selection of v (depending on ) their holds h; > h; for any element ~;; on ~.
In order to establish (5.2), we begin by showing that

with

190l =172y = hi Rl 512 (5.3)
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where “~

” denotes the affine transformation of a function from ~;; to @ = (0,1) x (0,1) x {0}:
Y(x1,20) 1= d)((l —21)8i—1 + 2154, (1 —22)s5-1 —i—x25j). (Here and in the following, a(h) = b(h)
means that there exists a constant ¢ > 0 which is independent of h such that a(h) > ¢b(h) for all
h, and analogously for “<”. For expressions a(h), b(h) involving general functions the constant

¢ does not depend on them. The relation a(h) ~ b(h) means a(h) = b(h) and a(h) < b(h).)
Since h; > hj;, we have

1/2
B h; s
91l L2(y,;) = hi/zh;/QHQSHL?(Q), 9111 (i) =2 <h_]> 1Dl ()

and by interpolation,
1/2) 7
1611 4172y, % 2”116l 172
By duality this gives

<w7¢>L2 id

Wiy = s g

e H/2(~;5)\{0} HY/2(vi5)
hihi($,0)120) B

s S VST il Pl -1/2(g)
¢>eH1/2<Q)\{0}h H¢HH1/2(Q)

which is (5.3).
Let us estimate the error on the elements ;1,1 = 2N +1,...,3N, which are adjacent to the
edge x2 = 0. By (5.3) we obtain for any ¢;; € R

23225 = il 1720 = Bl (sicn + hiaa Y2 (s122) 72 = it s g

= B P20 e (5.4)
with constant ¢;; = 51/ s; 1 ¢;1. There holds
h; _ - -
inf H( —.%'1)>\ 1/21'2 1/2 - CilHH—l/Q(Q) = dN,il >c>0 (5.5)

¢1€R S;i—1

for a constant ¢ which is independent of ¢ and N for i = 2N + 1,...,3N (we write dy 1 to

emphasize the dependence on N). In fact, for any i, the function (1 + ;’7}1361)’\*1/29152_1/2 is not

constant such that dy;1 > 0 for any N and ¢ € {2N +1,...,3N}. If (5.5) did not hold then

there must exist subsequences N,, and i, — oo such that dy, ;,1 — 0 for n — oo (note that

N,, — oo if and only if 7,, — c0). Since h;/s;—1 — 0 for i — oo we then obtain the existence of a

constant ¢ such that x;1/2 —c¢=0in H'/?(Q) which is a contradiction. Therefore, (5.5) holds.
Next, hy = s1 = hP, s;_1 > (1/3)ﬁ for i > 2N + 1, and we conclude from (5.4) that

A—1/2 —1/2 1/2
1227225 = citll iy, = b 2RO (5.6)
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uniformly for i = 2N +1,...,6]V.
Now we estimate the norms on the remaining elements v;;, ¢ > 2N + 1, j > 1. As before we
obtain by transformation

ey ™20 = cigll a2 R (sim1 + hia) 2 (sjm0 + hjea) ™2 = cigll oz g)
1/2 ~1/2 ~1/2\ A-1/2 hi (s 1+h962)1/2 ~
= B2 = s s )P e — Gl
Si-1 Sj—1 — 95
1/2, , —1/2  —1/2\ A—1/2 .
= 1y 17 = 5780 P 0ita) s (@) = Byl (57)
with constant ¢;; = ¢;;s 21/21 )‘/(sjil{2 —5;1/2) and functions ¢;(z1) = (1+ 3 i -z DATY2 4 (20) =
(sj—1 4+ hjza)™ 1/2/( 1/2 5;1/2). We prove that there holds
5jjflefR [¢i(21)¥j(x2) = Eijll r-1/2(q) =1 dnyij = € >0 (5.8)

for a constant ¢ which does not depend on i, j and N (i € {2N +1,...,3N}, j € {2,...,2N}).
As for (5.5) we note that dy;; > 0 for any ¢ and j in the above mentioned ranges. If (5.8) did
not hold then there must exist subsequences Ny, (in,jn), n = 1,2,..., such that dn,, 4,5, — 0 as
n — o0o. As above, since as n — oo N,, — 00, then i,, — oo also. Hence

qﬁln(ml) = (1 + ﬂxl)Ail/z — 1 (n — OO)
Sip—1

If the sequence jy, is bounded then there must exist a 7* such that a subsequence of j,,, jn,, = 7*.

Then ¢i,, (21);,, (32) = ¢s,,, (£1)1hj+ (v2) — b= (2) in H/2(Q) (m — o0), but

(8j0o1 + hpen) 2
Hlf H J —1/2 J 12 _cij*HH—l/Q(Q) > 0.

f o (o) — 2
It 19 (2)

Thus, if (5.8) fails the sequence j,, must be unbounded. Without loss of generality we may
assume that the sequence j, is strictly increasing. We estimate

bi, — ¢i, — 1 _
() L= (G
Note that
Pj(w2) (sjm1 + hyaa) 2 (L4 [(757)7 = o)™/
j\L2) — — — - : )
! st =t 1— (55) 072
thus 1
V), (v2) — —x2  (n — o0) (5.10)



and

(Vs (20) — s (o) — @) =1

Pin (£1) 5, (22) — ¥, (22) 1_ (jf—il)iﬁ/z
($i0 (1) = 1) (1, (a2) — —————2) = 0 (n — o0)
ey - ()

——z2 (n—00)

Therefore, continuing with (5.9),

liminf inf  {|¢i, ¥5, = Cinjulli-1/2(Q)

CinjneR
o : bi, — .
> liminf 5in1£feR‘|¢j" + 1_ ( N CingnllH-12(Q)
TnT1
. : Pi,, .
= lglnglogfémlﬁfeRH%n + 1_ ( - ),5/2 — Cinjunll-1/2(q) (5.11)
JuT

Now, a direct calculation shows that for i,, € {2N,, + 1,...,3N,} and j, € {2,...,2N,,} there
exists a sequence of constants {c,} such that

Din(21) 7 = @A - D22 -0 (n— oo).
o\ n
1= (ji—l)

. ®i,, _
lﬂgﬁﬁiawh+l_(h)%n—%mW%W@>
Jn—1

= liminf inf || — a9+ (2\ — 1)‘17,—%1 ~Gininllg-12()- (5.12)
n

n—oo Einjn cR

Asi, € {2N, +1,...,3N,} and j, € {2,...,2N,}, jn/in € (0,1). Hence,

- . J .
lim inf 5in1£f6R | — 22+ (2\ — l)i:cl = Cinjull 172y 2
inf inf ” — ZT9 + (2)\ — 1)6[131 - Einjn”H—l/Q(Q) > 0. (513)

c€(0,1) iy jn ER

Combining (5.11)-(5.13) yields a contradiction to the assumption dp, ;,5, — 0. Hence (5.8)
holds.
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Noting that s;_1 > (1/3)% for i > 2N + 1, then from (5.7) we obtain, for another constant
&> 0,

A—1/2 —1/2 ~31/2 —-1/2 —1/2

2y~ 225 = cijll sy = e Phi(s 1 = 5% (5.14)
- (@) (-5 ) ()
= h25E2N (5.15)

fori=2N+1,...,3N, j=2,...,2N. Using (3.1) and combining (5.6) with (5.15) we obtain

3N 2N
A-1/2 —1/2 A—1/2 —1/2
e / Lo / _¢H§171/2(7) = Z Z”xl / Lo / _¢H§rl/2(m)

i=2N+1 j=1
3N 2N
- Y (hﬁ +NTN jﬁ‘*) = hP + NPNP3 = pf g3,
i=2N+1 j=2

Choosing 8 =1 and 3 > 3 we obtain the smallest lower bounds for the uniform mesh and the
optimally graded mesh, respectively, as stated in the theorem. O

Remark 5.1 Using the optimal a priori error estimate of the theorem one obtains

ho\©
v = Vhallv < e (h—) v = Vil

for the solution v and Galerkin approzimations vy, of (1.3) in the presence of the strong edge
singularities where o € [1/2,3/2] depends on the mesh grading. Therefore, choosing a sufficiently

fine mesh for the definition of the enriched ansatz space S in (2.4) one obtains a constant
parameter o < 1 in the saturation assumption (Al), in the case of graded or uniform meshes.

Remark 5.2 A posteriori error estimation and adaptive mesh refinement are different tasks.
In order to guarantee the saturation property asymptotically (in the presence of singularities)
for adaptively refined meshes additional refinement criteria seem to be necessary.

For instance, convergence for problems with solutions that behave like (5.1) requires that
every element will be refined eventually. When starting with rectangular elements, our adaptive
algorithm refines them by halving in one or both directions, thus giving meshes where quotients
of widths (in a certain direction) of neighboring elements (longer length divided by shorter or
equal length) are integer powers of 2.

Let us consider an edge defined by x = 0 and let us exclude corners such that the dominant
behaviour of the unknown solution is x4 Y2 Our numerical results show that, in the preasymp-
totic range and close to the edge (e.g. on the subdomain v = (0,1) x (0,1) x {0}) the algorithm
produces a mesh that is geometrically graded towards the edge. It is of the type ¥ = Uj:llf’yj for a
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certain integer J with v; = (0,1) x (sj_1,5;) x {0} and s9 =0, s; = 1/2779+L (G =1,... J+1).
Designing the algorithm such that the width of the largest elements is bounded from above (here
only in direction x), e.g. hj = sj—5;_1 < 1/2" for an integer 1 < J (where | — 0o is necessary
to guarantee convergence), we obtain a mized graded-uniform mesh. The xo-coordinates of the
element edges are

S0, S1, 82, v Sy—iy SJ-i41=SJ-i4+1, SJ-142, *° Sj_jio
0. L 1 1 1 2 28 _
bl J J—1» I+1 9 ) IR .
T . ] : .o 2

That means that {v; = (0,1) x (sj_1,5;) x {0}; j=1,...,J =1+ 1} constitutes a geometrically
graded mesh whereas {v; = (0,1) x (5;-1,8;) x {0}; j=J =1 +2,...,J =1 +2'} form a (in
xo-direction) uniform mesh.

Direct application of the estimates of this section (substituting the old mesh data s;, hj by
1/2

7

the new data s;, 5; and h;), and considering the particular case of the edge singularity o
yields (cf. (5.14))

~1/2 1 .
|E / _cj”H_l/Q(W)im j=1,....,J=1+1)

and
1

])1/2) (G=2,...,2Y.

~1/2 . _
oz = cill 1o, oy = gl = D7V = (1=
This gives

J—=1+1 1

2l
—1/2 Z 1 Z . _
7j=1 j=2

1

1
)1/2)2 - o = maxhj
7 2

J
Therefore, the uniform part of the mesh dominates the convergence which is linear in h =
max; hj. Since the mived graded-uniform mesh is a refinement of the uniform mesh of width
h (in xo-direction), the approximation error for the mixed mesh can only be less than or equal
to the error for the uniform mesh. For uniform meshes linear convergence is obtained such
that, together with the lower bound above, the convergence for the mired mesh is linear in h.
Therefore, we conjecture that the analysis of this section applies to the meshes generated by our
algorithm (if one incorporates an upper bound for the mazimum elements’ width) if singularities
of the mentioned types (5.1) are present. In particular, the saturation assumption then follows
for sufficiently fine meshes from Remark 5.1 with o = 1.
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