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A SINGULAR FUNCTION BOUNDARY INTEGRAL METHOD FOR
LAPLACIAN PROBLEMS WITH BOUNDARY SINGULARITIES*
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Abstract. A singular function boundary integral method for Laplacian problems with boundary
singularities is analyzed. In this method, the solution is approximated by the truncated asymptotic
expansion for the solution near the singular point and the Dirichlet boundary conditions are weakly
enforced by means of Lagrange multiplier functions. The resulting discrete problem is posed and
solved on the boundary of the domain, away from the point of singularity. The main result of this
paper is the proof of convergence of the method; in particular, we show that the method approxi-
mates the generalized stress intensity factors, i.e., the coefficients in the asymptotic expansion, at an
exponential rate. A numerical example illustrating the convergence of the method is also presented.
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1. Introduction. In many engineering problems (e.g., fracture mechanics ap-
plications) governed by elliptic partial differential equations (PDEs), boundary singu-
larities arise when there is a sudden change in the boundary conditions and/or on the
boundary itself. Singularities are known to affect adversely the accuracy and the con-
vergence of standard numerical methods, such as finite element, boundary element,
finite difference, and spectral methods. Grid refinement and high-order discretizations
are common strategies aimed at improving the convergence rate and accuracy of the
above-mentioned standard methods. If, however, the form of the singularity is taken
into account and is properly incorporated into the numerical scheme, then a more
effective method may be constructed (see, e.g., [10, 15]). (For a recent survey of treat-
ment of singularities in elliptic boundary value problems see [17] and the references
therein.)

In the case of the two-dimensional Laplace equation, for example, the form of the
singularity is visible through the asymptotic expansion for the solution u near the
singular point. When the boundaries sharing the singular point are not curved, u is
given by [12]

(1.1) u(r,0) =" a;r%¢;(0),
j=1

where (r,§) are polar coordinates centered at the singular point, a; € R are the un-
known singular coefficients, and §; € R, ¢;(0) are the eigenvalues and eigenfunctions
of the problem, respectively, which are uniquely determined by the geometry and the
boundary conditions along the boundaries sharing the singular point. The constants
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a; are often called generalized stress intensity factors (GSIFs) or flux intensity fac-
tors. In the case of elasticity problems with cracks, these constants are called stress
intensity factors (SIFs) and serve as a measure of the stress at which failure occurs.
In most commonly used methods, such as the finite element method (FEM), the SIFs
are calculated as a postsolution operation (see, e.g., [4, 26, 27]). If, however, the
goal of the computation is the calculation of the SIFs, then methods which calculate
these quantities directly may be preferable. The singular function boundary integral
method (SFBIM), which we will analyze in this article, falls in the latter category.
(See also [19, 20, 22, 23] and the references therein for additional information on the
determination and importance of the aforementioned coefficients.)

The SFBIM was originally developed by Georgiou and coworkers [10, 11] and was
subsequently refined and expanded by Elliotis, Georgiou, and Xenophontos [6, 7, 8, 9].
The method uses the leading terms in the local asymptotic expansion for the solution
near the singular point as an approximation, while any Dirichlet boundary conditions
are weakly enforced by means of Lagrange multiplier functions. The resulting problem
is posed on the boundary of the domain; hence the dimension of the problem is reduced
by one, leading to considerable computational cost reduction. We should also mention
here the works of Li et al. [14, 15, 16] and Arad et al. [1], who also developed similar
methods. (See also [21] for a review of SIF evaluation and modeling of singularities
in boundary integral methods.)

The SFBIM has been successfully applied to a number of problems in solid and
fluid mechanics and excellent numerical results have been obtained thus far [6, 7, 8,
9]. In particular, it was observed that the method (i) approximates the SIFs at an
exponential rate of convergence, (ii) is very efficient, and (iii) compares extremely well
with other accurate methods found in the literature. Our main goal in this article is
to prove the observed convergence rates of the method.

The rest of the paper is organized as follows: In section 2 we present the for-
mulation of the method for a two-dimensional Laplacian problem with a boundary
singularity. In section 3 we present the convergence analysis, and in section 4 we
comment on how the method can be efficiently implemented. Finally, section 5 in-
cludes the results of some numerical computations illustrating the convergence of the
method. Throughout the paper the usual notation H*(Q) will be used for spaces
containing functions on the domain  C R? with boundary 9€), having k generalized
derivatives in L2(Q); the norm and seminorm on H*(Q) will be denoted by ||-||x.q and
|| o, respectively. Also, the letters C and ¢ will be used to denote generic positive
constants independent of any discretization parameters and possibly having different
values in each occurrence.

2. The model problem and its formulation. For simplicity we consider the
Laplacian problem stated below and depicted graphically in Figure 2.1. Find u such
that

(2.1) Ay =01in Q,
0
(22) (97:’121, =0 on Sl,
(2.3) u =0 on Sq,
(2.4) u= f(r,0) on Ss,
0
(2.5) a% = g(r,0) on Su,

where 02 = U?Zl Si.
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n

du _
on u=f(r,6)

Fic. 2.1. A two-dimensional Laplace equation problem with one boundary singularity.

In (2.1)-(2.5), A denotes the Laplacian operator, the variables (r,6) denote polar
coordinates centered at O, and the functions f and g are known. It is assumed that
f, g, and the boundary 02 are such that there is only one boundary singularity at O.
The local solution near O is given by an asymptotic expansion of the form (1.1) [12].

Note. Even though the presentation and analysis of the method will be restricted
to the type of boundary singularity shown in Figure 2.1, any type of boundary singu-
larity for which an asymptotic expansion (1.1) exists can be treated.

Multiplying (2.1) by a test function v € V; (to be specified shortly) and integrating

over ), we get
// vAu =0,
Q

and then, by means of Green’s theorem, we obtain

—// VU~VU+/ u%:o.
Q oo On
ou

Since g =0 on S; and % = g(r,0) on Sy, we further have

ou ou
(26) //QV’UVU_ SQ’U%_ Savan_/&vg'

Suppose v is chosen to satisfy

(2.7) Av:OinQ,szonSg,%:OonSl,

one such choice being v = r%1¢;(0) (see (1.1)). Then (2.6) becomes

ou
2.8 // Vv~Vu—/ v—:/ vg.
(2.8) . s Uan s, g

Now, since u = f on S3 we have

o
Ss 8TL

(u—1)=0,
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so adding this to (2.8), we get

ou Ov
VU'VU7/ U——/—uff /vg
//Q s, On S3 37"0( ) Sa
or, equivalently,

ou ov ov
//QVvoVu/sgvan SS%UL4vg/g3%f.
Letting

(2.9) A

the above equation becomes

//QVU'VU/SSUA/SS'LM/3409/53#}0'

Hence, the variational problem to be solved reads as follows: Find (u,\) € Vi x V3
such that

(2.10) B(u,v) +b(u,v; A\, pn) = F(v,pu) V (v,p) € Vi x Vg,
where
(2.11) B(u,v) = //Q Vv - Vu,
. PA ) = — A—
(2.12) b(u, v; A, ) /33 v /S3 L,
(2.13) Flo) = | - / o

The spaces V; and V5 are chosen as follows. Let the trace space of functions in H! (Q)
be denoted by

(2.14) HY?(0Q) = {u € H' (Q) : ulpn € L* (09)}.

With 7 : H* (Q) — H'Y? (98) denoting the trace operator, the norm of H'/2(9Q) is
defined as

(2.15) 190200 =, inf  {lull g Tu= v}

Then, we define H~1/2 (9Q) as the closure of H® (9Q) = L? (9) with respect to the
norm

Joq w0
(2.16) ol Z1/2,00 = sup T
wer1/200) 1¥l1)2,00
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(See, e.g., [24] for more details.) We then define

(2.17) H! () ={ue H (Q):ulg, =0},
and we take

(2.18) Vi=H!NQ), Vo= H /2 (8s).

The discrete problem corresponding to (2.10) then reads as follows: Find (un, Ap) €
VN x V] € [HX(Q) x H=/2(S3)] such that

(2.19) B(un,v) + b(un,v; Ap, ) = Fo,p) ¥ (v,p) € V¥ x Vi,

with B(u,v),b(u,v; A\, ), and F(v, i) given by (2.11)—(2.13), and with V¥, Vi finite
dimensional spaces to be chosen shortly.

Remark 1. The above formulation will be used in the analysis of the method; for
the implementation, we will use an equivalent boundary integral formulation in which
all integrations will be one-dimensional and carried out away from the point causing
the singularity. Details will be given in section 4.

3. Error analysis. We begin by defining the finite dimensional spaces V;¥ and
V4§ which will be used in the approximate problem (2.19). First, with

(3.1) vi = ¢(0)
denoting the singular functions, we define the finite dimensional space
(3.2) VY = span {vi}fil .

Next, let S3 be divided into quasiuniform sections I';,4 = 1,...,n, such that S5 =
Ui, Ti. Let h; = |T;| and set h = maxi<;<n h;. We assume that for each segment
T';, there exists an invertible mapping F; : I — I'; which maps the interval T = [—1, 1]

to I';, and we define the space
(3.3) Vi ={X:Nlr, o FheP,(I),i=1,...,n},

where P, (I) is the set of polynomials of degree < p on I = [—1,1]. In practice,
the representation of the boundary S3 determines the mappings F;; i.e., if S3 is
represented by a polynomial, then an isoparametric mapping may be used, and if Ss
has some (general) parametric representation, then the blending map technique may
be used (see Ch. 6 in [25]).

We have the following theorem.

THEOREM 3.1. Let (u,\) and (un,\n) be the solutions to (2.10) and (2.19),
respectively. Suppose there exist positive constants co,c, 3, and v, independent of N
and h, such that the following hold:

(34)  B.w) 2ol g and [Buw,o)| < cllul, g o], o Yo € VY,

(35)  F0£uy eV st ] /S uth‘ > 8 lnll_1 a5, ol Vion € V2
3

(3.6) ‘ /S o

<YMy 2.8, 10l o Vo € VY.
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= uthio N =Ml s, < €4 int lumvlo+ inf =1y,

1

with C € RY independent of N and h.

This is similar to the classical result for saddle point problems (cf. [5]), and its
proof for our problem appears in the appendix; see also Theorem 6.1 in [14].

Before verifying that (3.4)—(3.6) hold for the problem under consideration, we will
make certain assumptions that will aid in the analysis. First, we note that for any
function w which can be expressed in the form given by (1.1), we can always write

w=wN + TN,
where
N o0
(3.8) wN = g ajv; € VN, ry = g a;juv;.
=1 j=N+1

We will assume that there exists a € (0,1) such that

(Al) |7"N| < CaN

and

(A2) IN | < oNaN
or | — a

If r < 1in (1.1), assumptions (Al), (A2) may be replaced with the assumption that
laj| < 0o V j, since then, by (3.1) and the fact that ¢; is harmonic,

e BN+1
. r N
v §j§r1|aj\rﬁf < 071 — < Ca",

with 7 < @ < 1, and C € RT independent of @ and N. Similarly,

67‘]\/ s > d T d > r

< Y oyl Th= Y oyl */Pﬁj_ldp =— > oyl /p"-”‘ldp
or . ) dr 0 d’l’_ ;

j=N+1 j=N+1 J=N+1

d > d [ rBy+1
< | <0 < CNa".
<z 2 lalr Cdr(l—T>C !
Jj=N+1

If r > 1, one may partition the domain {2 into subdomains in which separate approxi-
mations may be obtained, including one near O which is valid for r < 1. The solution
over the entire domain can then be composed by combining the solutions from each
subdomain and properly dealing with their interactions across the interfaces separat-
ing them (see, e.g., [18]).

Let us now verify that (3.4)—(3.6) hold for the problem given by (2.19). First,
note that B(v,v) = |v|?Q so that, by Poincaré’s inequality,

(3.9) B(v,v) > co|v]|f o Vv € HE ().
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By the Cauchy-Schwarz inequality,
(3.10) B(u,v) < cllully g vl o Yu,v € Hy (),

so that (3.9) and (3.10) give (3.4). To verify (3.5), consider the following auxiliary
problem (for which a unique solution exists): Find w such that

(3.11) Aw =01in ,

ow
(3.12) 5y, = Hhon Ss,
(3.13) w =0 on S,
(3.14) g—:: =0 on 51 U Sy,

where y;, € VJ* in (3.12). From (3.11) and (3.12) we obtain (using Green’s formula
and Poincaré’s inequality)

ow
(3.15) LMw=Luggaﬁ;wm+/ﬂmeﬂM%2mwﬁm
3 3

with cg € RT. Also (cf. [2])

ow
(3.16) il vyass = |5 . < Clulhe.
Nll—1/2,85
so that by (3.15) and (3.16)
2
(3.17) .Luwz%WMm25M%@MN4mw
3

with 3 € Rt independent of w and h. Now, let wx € VIN be such that w = wy + 7y,
as given by (3.8). We have

(3.18) / HRWN = / LW —/ HATN
S3 S3 Ss
and also
(3.19) /S N < lpnll 2y 2, Irnll g2, < Crllanll o, 171l o)
3
so that, combining (3.17)—(3.19), we get

(3.20) / prwn > B |w]

Ss

1,0 ||H}LH_1/2753 -Gy ||.Uh||_1/2,s3 ||7"N||1,Q~
Now, using the reverse triangle inequality, we have

||7~U||1,Q = [lwn + TN||1,Q 2 ||wN||1,Q - ”TNHLQv
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which along with (3.20) gives

/S prwy > 3 (HU)N

3

(3.21) > Bllwnlly ol 12,5, = (Cr+B) el -1 /2.5 vl g -

o~ IITNlll,Q) el 12,5, = Crllenll —1 2.5, Il o

Since by assumption (Al), rn converges to 0 exponentially (or, equivalently, wy
converges to w exponentially), we have

r
li H N |1,Q

= ()7
N=oo [Junlly o

which means that for any € > 0 there exists N* such that

w0

lwnlly o

whenever N > N*. Hence, for N sufficiently large we may write

||7’N||1,Q B
lwnllig ~2(Ci+8)°

(3.22)
where Cy and ( are the constants from above. Combining (3.21) and (3.22) leads to

B
[y = G llnll o, ol
S3
which in turn gives (3.5) once we replace wy by vy and (/2 by 3. Condition (3.6)
follows directly from the definition of the H~'/2-norm (see also (3.19)). The preceding
discussion leads to the following theorem.

THEOREM 3.2. Let (u,\) and (un,Ap) be the solutions to (2.10) and (2.19),
respectively. If X € H* (S3) for some k > 1, then there exists a positive constant C,
independent of N, h, and a € (0,1), such that
(3.23) = un g+ 1A= Al jps, < C {WGN n hmp_k}

where m = min{k, p + 1}.
Proof. From Theorem 3.1 we have
o= vl + 1A=l s, < O inf = olhg + int 1A= 0l_yns,
Now,
viel\l/l;\’ Jlu— UHl,Q < lu— U’NHLQ = HTNHLQ )
with wy,ry given by (3.8). Using (A1) and (A2) we get

(324)  inf Jlu=vlyo < vl +Irnlie <C {aw + \/NGN} < CVNa",
o : , :
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with C € RT independent of N. Next, let A; be the pth-order interpolant of A on the
partition {I';}?; of S5. We have (cf. [3])

(3.25) 1A= Xtllg,s, < CR™p™ Iy, s,
where m = min{k,p+ 1}, and C' > 0 a constant independent of h and p. Now,

(3.26) inf} [A— 77”71/2,53 <|[Ar- )‘IH71/2,53 <|r- )\IHO,S:;’
nevy!

so that, since A € H¥ (S3), (3.24)(3.26) give the desired result. |

Remark 2. The above theorem shows that if the number of singular functions N
is increased then upy converges to u at an exponential rate. The theorem also shows
that the convergence of A, to A can occur in one of three ways: (i) by keeping p fixed
and reducing h, (ii) by keeping h fixed and increasing p, or (iii) by doing both. These
three “options” loosely correspond to the three versions of the FEM, namely, the h,
p, and hp versions (cf. [3]).

Remark 3. Based on the above theorem, one may obtain the “optimal” matching
between N and h, i.e., the relationship between the number of singular functions and
the number of Lagrange multipliers used in the method, by choosing them in such a
way so that the error in (3.23) is balanced. For example, in the case when p is kept
fixed and h — 0, we take h?T! ~ /Na®. This leads to the following approximate
expression for N:

Inh

2 N ~ 1
(3.27) b+ 1) e

The approximation of the GSIFs is given by the following corollary.
COROLLARY 3.3. Let

u= Z ;% ¢;(0)
j=1
and

N
uy = Z a?rﬁw)j(@)
j=1

satisfy (2.10) and (2.19), respectively, with o, aé\’ denoting the true and approximate
GSIFs. Then, there exists a positive constant C, independent of N and a € (0,1),
such that
(3.28) |o; — aj—V| < Cal.

Proof. This is a direct consequence of (Al) and the fact that

la; —a) | < Cllu—unlloq-

(See also (3.24).) 0
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4. Implementation. We now give a description of the implementation in order
to emphasize the properties of the method. As mentioned in Remark 1, the discretized
equation will be solved on the boundary of the domain; here we describe how this
is done. Recall the discrete version of the problem given by (2.19), which may be
rewritten in mizved form as follows: Find (un, An) € [ViY x V3] such that

(4.1) / VU-VUN—/ v)\hz/ vgVve VY,
Q Ss Sa
(42) [ ntux-p=0vuev.
S3

We wish to reduce the double integral in (4.1) to a boundary one. To this end, using
Green’s theorem, we have

/ Vv -Vuy = @UN—// uNAv:/ @UN
Q aa On Q aa On

by (2.7). Moreover, since % s, =0by (2.7), and un|g, = 0 by (2.17), we get
avu 8vu . Gvu
FTUN = SOUN SUN,
50 on Ss on S on

and (4.1)-(4.2) may be written as follows: Find (un, A\,) € [V{Y x V] such that

ov ov
4. — —un — Ay = N
(4.3) SB@nuN+ 54871UN /ngh /94ng11€‘/'1,
(4.4) /u(uN—f):owev;.
S3

Obviously if (un, ) € [ViY x Vi solves (2.19) (or (4.1)—(4.2)), then it also solves
(4.3)—(4.4); it is straightforward to reverse the above steps and see that the two-
dimensional formulation analyzed in the previous section is in fact equivalent to the
one-dimensional formulation given by (4.3)—(4.4). The latter are the equations which
we discretize, since they are posed on the boundary of the domain ). This reduces
the dimension of the problem by one and leads to significant computational savings.
Now, to obtain the linear system of equations corresponding to (4.3)—(4.4), we write

N
(45) unN = Zoz;-vvj € VlN,
j=1
and
M
(4.6) A= vihi € VY,
i=1
with aév and +, the unknowns in the system, and VN = span {vj}j.vzl7 Vi =

span {1/11}?]:1 Upon inserting these into (4.3)-(4.4), we obtain the (N +M) x (N +M)
linear system

a & T][F]-1%]
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where @ = [a{v,...,amT,V = [fyl,..."yM]T, and

Ov; v,
/’Ukﬂ—*'/ v ’Uj j:l7,,,,N,k:1,...,N,

K.l '
[ 1]],]@ S kan )

[?}; Fs i=1,..., M.
K3 5'3

It is easily shown that the coefficient matrix in (4.7) is symmetric. This matrix,
however, is singular if N < M. Hence, we should choose N larger than M, but not
too large since for excessively large values of N the linear system (4.7) becomes ill
conditioned and the results obtained are unreliable. The relationship between N and
h (hence M) described in Remark 2 should be our guide in deciding how large to
choose these values; see also section 5. As a final remark in this section, we should
point out that all integrals involved in the determination of the coefficient matrix
(and right-hand side) in (4.7) are along the sides of the domain that do not contain
the singularity. Moreover, they are one-dimensional and can be approximated by
standard techniques, such as Gaussian quadrature.

5. Numerical results. Even though the analysis of the method was carried out
for the rather general case of a domain having curved boundaries (except the ones
intersecting at the singular point), and the nonhomogeneous boundary conditions can
be given by any smooth function, we will consider for simplicity the model problem
depicted in Figure 5.1, originally studied in [13]. The numerical results presented
here correspond to the following choices of all relevant parameters: The Lagrange
multiplier function A, used to impose the Dirichlet condition along S5 is expanded in
terms of quadratic basis functions v; (see (4.6)), and boundary Ss is divided into 2n
quadratic elements of equal size. For the integration, boundary Sy is also subdivided
into n intervals of equal size. All integrals involved are calculated numerically by
subdividing each interval above into 10 subintervals and using a 15-point Gauss—
Legendre quadrature over each one. In computing the coefficient matrix in (4.7), its
symmetry is taken into account.

To determine the relationship between the number of singular functions N and
the number of Lagrange multipliers M, we proceed as follows: Since for A\, we are
using p = 2 and h = 2/n, we have M = 2n + 1. For the moment, we fix n = 8 (say),
which amounts to M = 17, and solve the linear system (4.7) for various values of
N > M (e.g., N =19,21,23,...). We concentrate only on the calculation of the first
GSIF of and record our results in Table 5.1. From the table we see that, for this
choice for M, the value of a} is converged up to 14 significant digits once N = 35.
Moreover, from (3.27) we have

Inh In(2/n)

1)— = 1
+ )lna (p+1) Ina
+

1 2 2 N
élnazpln( P )éaz( P :

N = (p

N M—-1 M — ’
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Ju
=0
%y 0.1
Si
Sa
g—’;:n u=0
r 4
u=0
Viu=0 u=0
u=1 ,
‘
+ Symmetry
e
e
e

u=1

(=1.=1

Fic. 5.1. Geometry and boundary conditions for the model problem.

TABLE 5.1
Approximate GSIF a{\’ with M = 17.

N allv

19 | 1.12797929883135
21 | 1.12798071689013
23 1.12798444682112
25 | 1.12798040013968
27 | 1.12798040107216
29 1.12798040105877
31 1.12798040105983
33 | 1.12798040105939
35 | 1.12798040105939

TABLE 5.2
Approzimate GSIFs a;-v, j=1,...,5.

J o} (SFBIM) ol (hp-FEM) | aff (Ref. [13])
1 | 1.12798040105939 1.12798010 1.1280
2 | 0.16993386650225 0.16993387 0.1699
3 | —0.02304097399348 | —0.0230419 —0.0230
4 0.0034711966582 0.0034755 0.0035
5 0.0009151570991 0.0009126 0.0009

hence, using M = 17 and N = 35, we find that a ~ 0.89. With a known, we may now
compute the rest of the GSIFs and/or any other quantities of interest by choosing N
and M via (3.27). For example, for M = 41 (i.e., h = 1/10), we find that N = 60.
Table 5.2 above shows the converged approximate values for the first five GSIF's
obtained using the SFBIM (with M = 41 and N = 60), as well as the hp version
of the FEM, which is considered to be the state-of-the-art method for problems with
singularities [25]; the values from reference [13] are also included for comparison.
These results suggest that the SFBIM can be an attractive (and often preferable)
method for problems in which the GSIF's are the main goal of the computation. Figure
5.2 shows the convergence of the leading GSIFs with N; in particular, the figure shows
a semilog plot of the estimated percentage relative error in oz;»v, j=1,...,5; since no
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~ GSIFs using the SFBIM
10 T

[ NN
L

Estimated percentage relative error

5 10 15 20 25 30 35
Fic. 5.2. Convergence of aéy, j=1,...,5, using the SFBIM.

exact values exist for the true GSIFs, we use oz?o as our reference/ “exact” value. Since

each error curve is essentially straight, this illustrates the exponential convergence of
the method, as predicted by Corollary 3.3.

Appendix. Proof of Theorem 3.1. Here, for completeness, we give a proof
of Theorem 3.1. First, we note that since (u, A) also satisfy (2.19), we have V (v, u) €
VN x Vi

(A1) B(u—un,v) ==blu—up,v;\— A, pt) :/
S3

v(A — Ap) —l—/ wlu —un).

S3

Since u = f on S5 and ng pluy — f) =0V u € VI, we have

(A.2) / puN = / pu N € Vi,
Ss3 Ss3
and thus the last integral in (A.1) is zero. Hence,
(A.3) B(u —un,v) :/ V(A = Ap).
S3
Letting w = uy —v,v € V{¥, we get

B(uy —v,w) = B(uy — u,w) + B(u — v, w) =B(u—v,w)—/s w(A — Ap)

:B<u—v,w>—/53wu—n>—/Sgw(n—m

By means of (A.2), the above equation becomes

(A.4) B(uy — v,w) = B(u — v,w) _/s

w(h—n) —/S (e — ) — v).
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Now, from (3.4), (3.6), and (A.4) we get
2 2
collun —ully o = collwlli o

<lu— ”||1,Q ||wH1,Q +7 ||wH1,sz A — 77||71/2,53 + 7 llu— U”LQ [An — n||71/2,53

< C{(”U - v||1,Q + 1A= 77”-1/2,53) ||wH1,Q + flu— v||1,Q [An — 77”—1/2,83 }
This is an inequality of order 2:

cor? <bx+d, b,d >0,

where

z=llwlly g, b=C(lu—vll; o + 1A =7nll_1/2.5,),

¢
2

2
1
d=Cllu=olha = liyas, < 5 (21—l yas, + T lu=vlq) >0

Therefore, we obtain the bound

_ b VPP Fdad

- 2co

X
or, equivalently,
(A.5)
fulho <€ {lu=vl0+ N =lyjgs, + 3= vl p+ Celln =y,

Next, using (3.5) with p, = Ap, — n, we find that there exists 0 # vy € V{¥ such that

|f53 ()‘h - n)UN‘ -

(A.0) =7l ya, < 8
/25 =P on g

Also, it follows from (A.3) that
[ u=mox = [ Ow=Now+ [ = nox = B = uw,on) + [ (o
53 S3 S3 SS
(A7) <cllu—unllyollonllyo +r ol o IX =2l /25, »
so that by (A.6) and (A.7),
=l s, < €= unlly g+ 1A=y, }
<C{lu=vl o+ v —unllig+ 1A =7l 1/, }-
Since [[v — unll; o = [[wl|; o, we have from (A.5)

10n = 7l 12,5, < Co {lu=vlly o+ 1A= ml_y o5, + 7 =il 0}
elAn = lly2.5,
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with C; € RT independent of v, 7, and €. Letting C1e < 1/2 we get

(A8) 12w =2l 1 a5, < C {llu=vlly o+ 1A=l j2,s,
Using the triangle inequality, we immediately get

A= AhH*l/Q,Sg <A 77”71/2,5‘3 + | An — 77”71/2,33
(A.9) < {lu=vlla+ A=y, }-

Similarly, using (A.5) and (A.9), we get

flu — uNHl,Q <lu— UHLQ + [lv — UNHLQ =lu— U“LQ + Hw”l,ﬂ
< C{llu= vl g+ 1A= 1l_1jn,s, }

which gives the desired result.
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