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OPTIMAL ORDER COLLOCATION
FOR THE MIXED BOUNDARY VALUE PROBLEM
ON POLYGONS

PASCAL LAUBIN

ABSTRACT. In usual boundary elements methods, the mixed Dirichlet-Neu-
mann problem in a plane polygonal domain leads to difficulties because of the
transition of spaces in which the problem is well posed. We build collocation
methods based on a mixed single and double layer potential. This indirect
method is constructed in such a way that strong ellipticity is obtained in high
order spaces of Sobolev type. The boundary values of this potential define a
bijective boundary operator if a modified capacity adapted to the problem is
not 1. This condition is analogous to the one met in the use of the single layer
potential, and is not a problem in practical computations. The collocation
methods use smoothest splines and known singular functions generated by the
corners. If splines of order 2m — 1 are used, we get quasi-optimal estimates in
H™-norm. The order of convergence is optimal in the sense that it is fixed by
the approximation properties of the first missed singular function.

1. INTRODUCTION

The resolution of elliptic problems by boundary elements techniques already
has a long history, see for example [20]. If the boundary is smooth and there is
only one boundary condition, stability and convergence have been proved in rather
general settings for Galerkin and collocation methods. Collocation methods are the
most widely spread in practical computations because of their simplicity and their
efficiency. However, stability and convergence are not automatic, and are more
difficult to prove than for Galerkin methods. Recent works are concerned with the
collocation methods for nonsmooth boundaries and use different strategies to deal
with the singularities of the solution generated by the irregularities of the boundary.
In [7] and [14], optimal rates of convergence have been obtained for the Dirichlet
problem in a plane polygonal domain.

In this paper, we build collocation methods for the mixed Dirichlet-Neumann
problem, which is a widespread model in several domains of mathematical physics.
A classical reference for numerical methods in this problem is [3]. In that paper,
Costabel and Stephan use the direct Fix method to build Galerkin procedures.
The boundary unknowns are the parts of the Dirichlet and Neumann data which
are not given. The main point is to prove the strong ellipticity of the numerical
schemes. The difficulty comes essentially from the transition of the spaces where
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the problem is well-posed, H'/2 on the Dirichlet part of the boundary and H~1/2
on the Neumann part.

The pseudodifferential calculus which reduces this condition to the positivity
of a symbol cannot be used, since the boundary is not smooth and since there
are changes in the boundary conditions. The Mellin transform leads to a complex
symbol without a good positivity property. The coerciveness of the bilinear form
defining the energy norm of the variational formulation cannot be used, since it is
not defined on the spaces used by the Galerkin method. To avoid this problem,
the authors perform a Gaussian type elimination procedure near each mixed corner
on the matrix of boundary operators they use. This problem leads to a modified
method involving compositions of boundary operators. Coerciveness is guaranteed
in L? but not for stronger norms. This limits the orders of convergence indepen-
dently of the choice of the test functions and of the number of singular functions
used at the corners. Some higher orders of convergence can be obtained in Sobolev
spaces with negative indices, see [5].

Another approach is presented in [8]. The authors use the single layer potential
and cosine approximation spaces, and build collocation methods based on a mesh
grading transformation procedure. Using an intricate Mellin analysis, the authors
prove convergence with a rate as high as allowed by the mesh grading. However,
some invertibility in LP-spaces for any p > 1 is assumed, and stability is proved
only if the possibility is allowed of cutting off by zero the approximate solution in
some intervals near each corner.

Here, we construct an optimal order Fix collocation method without mesh grad-
ing and with full numerical stability. It is based on smoothest splines. One new
tool is an indirect method based on a modified ansatz (3) for the boundary poten-
tial. The main results of [2] show that it defines an H! function if the data are in
suitable Sobolev spaces and the data on the Dirichlet part of the boundary vanishes
at the mixed corners. It is chosen in such a way that coerciveness holds in spaces
with high regularity. It consists of a single layer potential on the Neumann part
of the boundary and of a double layer potential on the Dirichlet part. Moreover,
in the collocation equations, we use the tangential derivative of the unknown on
the Dirichlet part. This method can be applied to the interior problem and to the
exterior one. ,

Since our method is not the direct one nor a classical one, we have to prove
the bijectivity of the boundary operator that we obtain. It turns out that the
vanishing condition required on the Dirichlet part in the ansatz is balanced by an
additional singular function appearing at each mixed corner. Contrary to the case
of the pure Dirichlet or Neumann problem, we get boundary unknowns which are
not L2. However, they have the H~1/2 regularity which is the limit allowed by the
variational setting. The study of the invertibility leads to a condition involving a
modified capacity associated to the open set and the decomposition of the boundary.
This condition is similar to the one met in the use of the single layer potential for
solving the Dirichlet problem.

The next section contains the description of the method and the main results.
Section 3 describe the variational setting of the problem and some properties of the
H'/2? spaces. In Section 4, we adapt the notion of capacity to the mixed problem
The local Mellin analysis near the corners is performed in Section 5. In Section 6,
we prove that the boundary operator is bijective when the mixed capacity is not 1.



COLLOCATION FOR MIXED PROBLEM 609

Section 7 is devoted to the proofs of the main theorems. The last section presents
numerical tests of the method.

2. MAIN RESULTS AND NUMERICAL METHODS

Let us consider a bounded polygonal open subset 2 of R? with a connected
boundary

M-1
r=o00=J1,

=0

Here I';, 0 < j < M, is a closed straight line segment. For convenience, we define
Tjim = Ty for any j. We denote by P; the corner point where I';_; and I';
meet. The interior angle at P; is denoted by w;. It is assumed that this angle
belongs to 10,27 [\{n}. Denote by v the unit inward normal vector and by ¢ the
unit tangent vector on the boundary. They exist outside the corners. We fix the
orientation in such a way that (¢,v) is a positive basis. In the definitions of the
singular exponents and of the associated spaces and operators, we use the index +
for the interior domain and — for the exterior one.

Assume that we have a decomposition I' = I'p U 'y, where I'p = UjeeD Ty,
'y = UjeeN Ij,epNey =0 and ep Uey = {0,1,... ,M — 1}. We assume that
en # 0 since this simplifies the exposition. The pure Dirichlet problem has already
been considered by a similar method in [14].

We denote by eyp the set of indices j € ep such that j — 1 (M -1 if j = 0)
belongs to ey. Let p be the number of elements of eyp. It follows that I'p has p
connected components I'p 1,...,I'p p.

We consider the interior mixed Dirichlet-Neumann problem

1) {—Au:(] in Q,

U, =uo, OLUr, = Ui,

and also the exterior problem

—Au=0 in R?2\Q,
(2) ur, =uo, Gury, =u1,

u(z) = alog|z| + O(1), = — oo,

with a singularity at infinity. Here ug, u; and a are given. This formulation of the
exterior problem with a # 0 contains the Green’s function with pole at infinity. It
is useful for the presentation of our results below.

If I'p is not empty, these problems have a unique variational solution u for any
data ug € HY/?(T'p), vy € H™'/?(I'y) and a € C. If Tp = 0, then the solution
exists and is unique modulo a constant if u; € H~/?(T'y) has mean value 0 in the
interior case and satisfies

1
a+—/u1dcr=0
27T T

in the exterior case.
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2.1. The spaces. Let s > 0. With C = I',T'p or 'y, we consider the usual
Sobolev spaces
H*(C) ={uc:ue HoHY2(R?)}
and the spaces of functions that have the H®-regularity on each side without con-
tinuity at the corners
HZ(C)=A{f € L*(C) : fory; € H*(10,45]), j € ec}

with ec = {0,1,...,M — 1},ep or e, respectively. Here ~, : [0,t;] — I'; is the
parameterization by arc length. We use the norm

1oy = >, Wfirs 0 ill3re oty -
j€ec
We also consider

H5(C) ={f € H*(C) : fir, € H5(T;), j € ec}

with the induced norms, where

Hi(Tj) = {f € L*(Ty) : foy; € H5(10,¢;)}
and H{(]0,t;() is the closure of C§°(]0,t;[) in H*(]0,¢,[).

The case s = % is of particular use in our constructions, and its special nature
requires some care. See for example [10] for basic properties and some characteri-
zations of H'/2(R).

Following [3], we define H'/2(C) as the set of elements of L2(C') whose extensions

by 0 outside C belong to H/2(T'). Of course H/2(I') = HY/2(I'). We also need
the dual spaces

E[—l/Z(C) — H1/2(C)/

and
H-2(C) = HY*(CY.

We define H, */*(C) as the subspace of H~1/2(C) formed by the elements whose
integrals on each connected component of C' vanish.

The previous spaces have to be refined to take into account the singularities
generated by the corners. The singular exponents can be defined in the following
way. They are close to the ones described in [10], but some modifications occur

since we are considering singularities of boundary data and not of the solution itself.
For a mixed corner P with interior angle w, let

egfg):{(Zk—%)g—l:keN\{O}}U{(Zk:—%) T _1.keN\{0}},

2m —w

1

1 s
(m) _ ok + )% _ 1. Z

2m —w

—-1:keN}
and

elm = eg?e) Uel™.

el

If s— L ¢el™, denote by £, the linear hull in L*(T') of the functions
2 w,s,+

z* if (m) 1 1
° L Tacewe, 1 <a<s—j3,
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(e}

. (fxa>ln(m)ifaeeg?e),—1<a<s—%andae%-’rN,
(e

. <qfxa> ifaeelly, ~1<a<s—1,

(e}

. (qfxa>ln(x) faecel™ —1<a<s-— landaei+N,
where x is the distance to P. Here, the vector notation means that the first com-
ponent is the value of the function on the segment preceding P in the direction of
the tangent vector ¢ and the second one is the value on the segment following P.
The function is equal to zero on the other sides.

Note also that if n is an integer and n — 1/2 ¢ e{™ | then dim Ew ne =2n+ 1.

If P; is a mixed corner, the set of singular exponents is ew; = e&J The associated

singular functions space is [li = E(ms L ifj—1¢€eyandj € ep. In the other
case, j —1 € ep and j € ey, we have to use [li = Eg?s +- We remind the reader
that the + (resp. —) corresponds to the 1nter10r (resp. exterior) problem.

We proceed in the same way for the pure Dirichlet and Neumann corners. Let

)7
op = (2T g, keN}U{M—lzkeN},
w w
2
ewp,)o={(_]ﬁjl“1 keN}U{ 2km —1:k:eN}

and ) = e&p)e U e(p) Ifs—1¢ P , denote by Eff,)s,i the linear hull in L2(T") of
the functions

o (P _1 1

) L0 1fa€ew,e,—§<a<s—§,
¢ . (p) 1 1

L In(z)ifa€eye, 0<a<s—zandac€ 5 +N,
(e}

. (;xxa> if o €el), —1 l<a<s—3,

o - (v)
. (Dan)ln(x)lfaeewp,o,0<a<s—%andae%JrN

with the same notatlons as above.

Clearly ~1/2 ¢ ™ ifwe 10,27 [\{7}. Hence dim Ew 0,+ = 1. This one dimen-
sional space is not included in L*(T"). However it is included in H~!/2(T"), since
e HV2(R,) if -1 <a < —1/2.

Note that if n is an integer and n— 1 ¢ eff), then dim [l&pz@ 1+ = 2n. Hence there
is a shift in the dimension of the spaces of singular functions between the two types
of corners.

If P; is a pure Dirichlet or Neumann corner, then the set of singular exponents
is e, = eff? and the associated singular functions space is Ei = ‘ij,s 4

For each j, choose a function x; on I' which is the restrlctlon of an element of
C§°(R?) and equal to &5 near Py for every k. Denote by H5 (I'p,T'x) the subspace
of

M—1
H3(Tp) x Hy(Tw) + D x:L5,
7=0
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formed by the elements (f, g) such that the integral of f on each connected com-
ponent of I'p is 0. This space does not depend on the choice of the functions
Xj-

Note that H% (I'p,'y) is not a subspace L?(I'p) x L?(T'y) if there is at least one
mixed corner P;. Indeed, —1/2 ¢ e ifwe 10, 27[\{7}. Hence dim Ejfo = 1. The
one dimensional space Xjﬁj’fo = 1 is not included in L%(T"). However it is included
in H=1/2(T), since z® belongs to H~Y/?(Ry) if -1 < a < —1/2. This additional
degree of freedom in the unknown function at the mixed corners is balanced by the
requirement that the integral of f vanishes on each connected component of I'p.

We can of course see the elements of H% (I'p,I'y) as a pair of functions, one on

T'p and one on 'y, or as a single function on I'. For every j, let u;,, 0 <k < Kj,
be a basis of E;%s. If

M-1 K;—-1
u=v+ E X E CikUjk
=0 k=0

with v € H§(T'p) x H§(T'y), then HS.(I'p,I'y) is a Hilbert space for the norm

M-1K;-1

2 2 2
”u”H;(rD,rN) = Z Z lcjl +”U”Hg(rp)><Hg(FN)~
7=0 k=0
The choice of the basis of singular functions does not matter for the asymptotic
estimates, since the space is finite dimensional. However, a well designed basis close
to orthogonality is important for the condition number in practical computations.

2.2. The boundary operators. To solve (1), we use the following ansatz:
1

B Kone) =0 [ sogle-slaow) + 5 [ E ) oty

for x € R?2\ T It is quite different from the one used in the direct method. In this
case the two previous integrals contain the known boundary data u; and ug, and

the boundary unknowns appear in the single layer potential on I'p and the double
layer potential on I' .

To solve (2), we use the similar ansatz
(4)
1

K(ghd)(o) = c+ o [ atogle yldot) + 5~ [ S heaoty)

for x € R? \ . The constant c is required to get surjectivity of the boundary
operators defined below.

Let (f,g) € Hy /*(Tp) x H~Y/2(T'y). By Corollary 5, there is a unique h €
H'/2(T'p) such that 8;h = f. By Theorem 1 of [2], the function (3) defined by g
and h belongs to H'(Q2). In the same way, the function (4) is H! in any bounded
open subset of R? \ Q and has the asymptotic behavior required in (2).

We consider the operators

Ty H7Y2(Tp) x HV2Ty) — H Y2Tp) x HV(Ty),
(f>g) - (atu\l"p,al/uﬂ"[v)v
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where u is defined by (3) for the interior problem, by (4) for the exterior one, and
h € HY2(T'p) satisfies 8;h = f. The subscript + (resp. —) means that we consider
the interior (resp. exterior) problem and that the boundary values are taken from
inside (resp. outside).

The existence of the boundary values and of the normal derivative in the space
HY?(Tp) x H-Y?(T'y) is a consequence of Lemmas 3.2 and 3.6 of [2], since u is
in the maximal domain of A. This shows that the operators T. make sense, since
the tangential derivative maps H'/?(T'p) into H~'/?(I'p) (see for example [10]).

If (f,9) € L>(Tp) x L?(T'y), it follows from the results of [12] and [13] that the
function u defined by (3) belongs to H>/?(Q) and that the one defined by (4) is
H3/? in any bounded open subset of R? \ Q. Hence the traces are continuous on
the closure of each side I';. This remains true if (f,g) € H%(I'p,Tn), but then it
is a consequence of these results and of Proposition 7.

For each j =1,... ,p, we fix a point Q; on I'p ;. We can for example take the
points P; with j € eyp. We use the finite rank operators

S+ N HE)*_(FD,FN) - Cp : (f,g) = (U(Ql), . ,u(QP))a

S_:HL(Tp,Tn) X C = CP: (f,g9) = (w(@1),. .., u(Qp)),
where u is defined as above by (3) and (4) respectively.
2.3. The mapping properties. If I'p = 0, our ansatz (3) is the single layer

potential. It defines a one to one boundary operator if and only if the capacity of

Q is not one, see for example [9]. In the general case, denote by G the solution of
the mixed problem

AG=0 in R?\Q,
(5) Giry =0, 8,Gr, =0,
G(z) =log|z| +0(1), = — +oo.

The existence and some properties of this function are presented in Section 4. We

define the mixed capacity 7y of 2 with respect to the decomposition (I'p,T"x) of the
boundary T" by the limit

logy = lim G(z) — log|x|.

The central mapping properties of the boundary operator defined by (3) are
summed up in the following result.

Theorem 1. If s > 0, then the operator Ty maps H5.(I'p,T'n) into H:(I'p) x
HE(Ty).
Assume that s > 0 and s — % ¢ e, for every j. It follows that:
o IfTp # 0 and the mized capacity of Q with respect to the decomposition
(T'p,T'n) is not 1, then the operator
T :HL(Up,Tn) — HZ(I'p) x H(Tw) x €= (f,9) = (T%(f,9), 5+(f.9))
is bijective.
o IfT'p # 0, then the operator
T IHi(PD,PN) xC — Hf(PD) X Hg(PN) X (Cp+1 .

(.9:€) = (T—(£,9), 5_(f. ), / gdo)

T'n
is bijective.
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o IfT'p =0, then T are Fredholm operators with index O and one dimensional
kernel; T, has the same property if U'p # 0 and the mized capacity is 1.

The proof is given in Section 6.

The condition on the capacity is analogous to the one met in the use of the single
layer potential for the pure Dirichlet problem and should not be a real problem.
Any dilation by a factor r multiplies the capacity by . Hence, for any open subset
Q of R?, there is one and only one r > 0 such that rQ has capacity 1. Moreover,
in this case, the addition of a good operator of rank one gives a bijective boundary
operator. For example, if the mixed capacity is 1, we can replace (3) by

1

Klgh)@) = o= | 9ly)log |z —yldo(y)
1 (x —y).vy 1 /
o R h(y) do(y) + o I, gdo.

It follows from Proposition 6 that the corresponding boundary operator is bijective.
To avoid lengthy discussions, we describe the numerical methods only in the cases
where 7, or 7_ is bijective. Hence, we assume in what follows that I'p # 0.

2.4. The numerical methods. Let us describe the collocation methods. They
are built using splines of odd degree. For simplicity, we only consider meshes that
are uniform on each side. This is natural in our framework, since the singularities
occurring near the corners are already taken into account by the method. We are
looking for a Galerkin method which reduces to collocation equations, and adapt
the trial and test spaces to the results obtained in Theorem 1.

For any j such that 0 < j < M, let n; > 0 be the number of subdivisions of the
sides I'; and consider the points

0 1 n;
Py = P = 5;(0), PV = 55(hy), ... . ;" = 5(nihy) = Py
with h; = t;/n;. The set of these points is called a mesh A with meshwidth
Fix a strictly positive integer m and a mesh A. Assume that

3
n; >2m and 2m—§§éewj

for every j. Denote by S(E;O the set of smoothest splines of degree 2m — 1 on I';
subordinated to the mesh A that vanish to order 2m — 1 at the corners P; and

Pj 1. Extend these functions by 0 on the other sides. The dimension of this space
is n; — (2m — 1). Define

M-1
SO =3 S

7=0
and

M—-1

VDI = ST + Y Lk,
7=0

where the functions x; are chosen as in the definition of the spaces H*(I'p, I'n).
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Denote by VX)’;{ . (I') the subspace of VX,W:L) (T") formed by the elements whose
integral on each connected component of I'p is 0. By construction, we have

VAL (D) C HZ N (Tp,Ty)

and

M—1

dmVI (D) = 3 (ny—(@m-1)+2@2m-1)) +
§=0
M—1
= > nj+M@2m-1)+p.

j=0
Indeed, in a nonmixed corner we have 2(2m—1) singular functions. For each compo-
nent I'p ; of I'p, we have to add the two additional singular functions generated by
the mixed corners, and subtract one because the integral of the boundary unknown
has to vanish on I'p ;.

Our space of trial functions for (3) or (4) is the space W™ I') of functions
A+
(9,;h) € frl/Q(PN) X ﬁl/Q(PD)

such that (0;h,g) € VX?) +(I"). This means that we take an approximation of g in
the linear hull of the singular functions and of the splines of order 2m — 1, whereas
we use the linear hull of the antiderivatives of the same singular functions and of the
splines of order 2m for the approximation of h. This shift of regularity corresponds
exactly to the shift of spaces in the variational setting.

Assume that ug € H™(I'p) and u; € H*(T'w), and denote by v the function
equal to Oiug on I'p and uy on I'y. If f is a smooth function on I';, denote by
85% f (resp. 0* ;f) the derivative of order k of f at P; (resp. Pj.1) in the direction
of the unit tangent vector of T';. To solve (1), we consider the following collocation
equations.

Find (g,h) € WXQ(F) such that
0.K (g, n)(P") =v(P")), jeep, 0<k<n,

0,K(g,R)(P) =o(PY), jeey, 0<k<ny,

6) K(g,h)(Qy) = ( i) 1<j<p,
e+1K(g? ) jeeD, 0<£<ma
8i7j81,K(g, h) = 8i7jv, jE€en, 0<t<m.

By construction, the number of equalities in (6) is equal to the dimension of

WA;(F). The derivatives that are used at the corners are exactly the ones that
make sense for the boundary values of K(g,h) in view of Theorem 1 if ug €
H™(Tp) and uy € H™(Ty).

As explained in Section 6 and 7 (see (13), (14) and also (16), (17)), all the
derivatives that occur in these collocation equations can be performed analytically
on the formula giving K and hence can be easily computed.

To solve (2), we use essentially the same method. Let a € C, ug € H™"(T'p),
u; € H"(Ty), and denote as above by v the function equal to d;up on I'p and
u; on I'y. We consider the solution (g,h,c) € Wém_)(I‘) x C of the collocation
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equations
0K (g,h,)(P) =v(P[™), jeep, 0<k<my,
0,K(g,h,0)(PM) =v(PM), jeey, 0<k<ny,
1) K(g,h,c)(Qj) = uo(Qy), 1<j<p,
3ifj1K(g,h,c) =04 v, j €ep, 0<Ll<m,
0% ;00K (g,h,c) = 0% v, jeen, 0<f<m,
> Jp, 9do =a.

Here again, we get a square linear system.
Our main convergence result is the following quasi-optimal estimate.

Theorem 2. Let  be a bounded polygonal open subset of R? and (U'p,T'x) a de-
composition of the boundary defining a mized capacity v # 1. If m is a strictly
positive integer such that m — 5 & e, and 2m — % ¢ ey, for every j, then there
are C, 8 > 0 such that, for every mesh A with meshwidth o less than 6 and every
functions (ug,u1) € H™H(T'p) x H™(T'n), the solution (ga, ha) of the collocation
equations (6) is unique and satisfies

[(8:h, g) = (Bcha, ga)llmp o Tw)

< C _ inf [k, ) — (Beh, @)l (.0
(@.R)EWL(T)

where (g,h) € HV/2(Ty) x H/?(Tp) satisfies (0th,g) € HT(T'p,T'n) and is the
solution of

K(.g?h)lFD = Uo, aI/K(g? h)lFN = U1.
The same result holds for the exterior problem with data
(ug,u1,a) € H™(Tp) x H"(Ty) x C

and approximation (ga,ha,ca) € ng_) () x C.
As a consequence of this result and of the approximation properties of splines,
we obtain the following orders of convergence. We state it for the interior problem.

Theorem 3. Under the conditions of Theorem 2, there are constants C(s) > 0
such that

[(:h, g) = (Otha, ga)llas (rp,ry) < C(8)35% (o, wi) || ge+i (p) x e (T)

if k is an integer, k — 3 & ey, for every j, 0 <k <m<s <o+ 1, where a is the
smallest element of Ué\]:_ol ew,; such that oo > 2m — %, s — % ¢ ey, for every j and
(uo,ul) € HS+1(FD) X HS(FN).

The exact value of the first missed singular exponent depends on the polygon.
However, we always have 2m — % <a<?2m-1
Theorems 2 and 3 are proved in Section 7.
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3. THE VARIATIONAL FRAMEWORK

We fix the general functional framework of our problem and give some references
for the convenience of the reader. The notations are the same as in Section 2.
Denote by C~ (Q) the set of restrictions to Q of the C functions in R?, and let

E(A LA Q) = {uec H(Q): Auc L*(Q)}

be the maximal domain for the Laplacian. Any element u € E(A, L*(Q)) has a

boundary value you € H/2(T'). The set C° (Q) is dense E(A,LP()), and the
trace map

1u = (u)00

defined on C™° () extends as a continuous linear operator from E(A, L?(£)) into
H~1/2(0Q). Moreover, if u € E(A, L*(Q)) and v € H'(Q), we have

2
(8) / Auﬂd)\—k/ Zijqujvd)\= — {y1u, Yov) .

) Qi
These results are proved in [10] or [6] for any bounded Lipschitz domain. It follows
that, if u € H'(Q) and Au = 0, then u defines an element y;u € H~/2(T), hence
an element of H=/2(I'y).

If I'p is not empty, ug € H/?*(T'p) and u; € H~/2(T'y), then there is one and
only one u € H'() such that vour, = uo and

/ gradu.gradv dA = u1 (Yov|r, )
Q

for every v € H'(Q) satisfying yovjr, = 0. If I'p is empty and u; € H-Y/3(T)

satisfies
/ U1 do = 0,
T

then there is a unique solution to the same problem in H'(Q)/R. This is the
variational solution of the mixed problem

Au=0 in £,
{ Urp = U0, 8,,’LL|1—*N = Uj.
The exterior problem is solved in the same way.

Let us consider the boundary potentials. It follows from Theorem 1 of [2] that
if h € HY/2(Ip) and g € H-'/2(Ty), then the function u defined by (3) belongs
to E(A,L*(Q)). Hence, it has a boundary value you € H'Y?(T') and a normal
derivative yiu = d,u € H~/2(I"). However, the functions g and h do not belong to

the same spaces and the transition leads to problems in the collocation methods.
We shift to other spaces.

As above, we define H~/2(]0,1[) as the dual of H/2(]0,1[) and H~/2(]0,1]) as
the dual of H/2(]0,1[). It is known, [10] pp.31-32, that the derivative defines a
continuous operator from H/2(]0,1[) into H~1/2(]0, 1[) but not into H~1/2(J0, 1]).
We also have the following dual result. We give a proof for the sake of completeness.

Lemma 4. The derivative D defines a bijective continuous operator from the space

HY2(]0,1[) onto the subspace of H~1/2(]0,1]) formed by the elements whose integral
15 0.
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Proof. Let f € H*/2(]0,1]). By definition, the zero extension f belongs to H'/2(R).
Hence g = Df € H-Y/2(R). If ¢ € H'/2(]0,1]), then h(p) = () is independent, of
the extension & of ¢ as an element of H'/2(R). Indeed, g vanishes on C§°(R\ [0, 1])
since its support is included in [0,1]. Moreover the difference of two extensions
belongs to HY/2(R \ [0,1]) and C§°(R \ [0,1]) is dense in this space, [10], p.24.
Since there is a continuous linear extension operator from H'/2(]0,1[) to H'/2(R),
h belongs to H~1/2(]0,1[). It coincides with g in ]0,1]. Hence
Df = gjoa = h € H/2(0,1).

Moreover, if x € C§°(R) is equal to 1 near [0, 1], we have

<Df7]~> = <h,1> = <g,X> = <D}T’X> =- <f,DX> =0.
The operator is one to one since the nonvanishing constants do not belong to
H'2(J0,1]).
Let us prove that it is onto. Let f € H~'/2(]0, 1]) be such that (f,1) = 0. Define
u=H"Y2(R) by
u(p) = flepoar), » € HYA(R).

The Fourier transform u of v is an entire function vanishing at 0. By the Paley-
Wiener theorem, there is v € H'/?(R) such that 9(¢) = u(€) /i€ and suppv C [0, 1].
The restriction of v to ]0, 1] belongs to H'/2(]0,1[), and its derivative is f. O

Let o; : [0,L;] — I'p ; be the parameterization by arc length of the j-th con-
nected component of I'p. For each j, the space H'/?(T p,j) is formed by the func-

tions u such that uoo; € HY2(]0,L;[). Hence, as a corollary of Lemma 4, we
obtain the following result.

Corollary 5. The derivative with respect to the unit tangent vector maps the space
HY*(T'p) onto the space H_l/Q(FD).

4. THE MIXED CAPACITY

As in Section 2, let Q be a bounded polygonal open subset of R?. We fix a
partition I' = I'p UT'y of its boundary.We assume that I'y # (. There is a unique
harmonic function in R? \ € such that

G e H' ((R*\Q) n{z € R? : || < R})
for any R > 0 and
AG =0 in R%\Q,
9) Gry =0, 9,Gr, =0,
G(z) =log|z| + O(1), = — +o0.

This is the Green function G with pole at infinity. By a classical theorem of
Riemann, the function G(z) — log |z| is harmonic at infinity. We define the mized
capacity v of Q with respect to the decomposition (I'p,T'n) by the limit

logy = lim G(z) — log |z|.
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Proposition 6. Let G be the Green function of ) associated to a decomposition

(I'p,T'x) of the boundary of Q, and let  be the mized capacity of Q. Ifx € R?\ Q,
then

1 (z — )Vy 1
Gz) =logvy - o N Gly)do(y) — o FNauG(y)logu y| do(y).
If £ € Q, then
1 (z—y)vy 1
— | TGy do(y) + o- [ 8,G(y)loglx —y| do(y) = log.
or Jo, Je—yp CWdW oo | (y)logle —y|do(y) = logy

Moreover, if g € H™Y/2(T'y), h € HY/2(I'p) and

1 1 (x —y).vy
- y)log |z — y|do +——/ AL st ¥/ o(y
o FNg() glz —yldo(y) + o S P (y) do(y)
18 constant in ), then
g= —&/G gdo, h=—— gdo
2 Ty us Ty

Proof. Assume that Q is included in the open ball with center 0 and radius R. If
z € R?\ Q and |z| < R, the Green formula gives

0w = 5 [ A W)+ o [ 0,60 sl - sldoty)
5 [ R cw oty - 5 [ 2.6l ogle — sl doty

with v, = —y/|y| on |y| = R. By construction of G, we have
1 1 1
G(x) :1og7"+10g7+0(;), 0,G(z) = ;—FO(T—Q)

with 7 = |z|. Using this asymptotic behavior in the first integrals and considering
the limit for R — +o00, we get

1 (x —y).vy 1
G(z) =logy — o ey Gly)do(y) - o . 0,G(y)log |z — y| do(y)
in R2\ Q. The right hand side defines a harmonic function in . On I'p, its
normal derivative vanishes since the normal derivative of the double layer potential
is continuous across I'p; see Lemma 4.1 of [2]. On T'y, it vanishes since the single
layer potential is continuous across I'y. The mixed problem in 2 has a unique
solution hence the right hand side vanishes in .
Assume that g € H-Y/2(I'y), h € H/?(I'p) and that the function

we) = g [ owogle—vldoty)+ oo [ TN b aoty), = B\ 00,

is equal to a constant c in Q. If z € R2\ Q, let

o) = u(z) — 2 /P gdo.

2m
By construction
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Using the Green formula (8), we obtain

/ lgradv|® dA = (d,vjr,vr —¢) .
R2\Q

This expression is 0. Indeed, on I'y we have u — ¢ = G = 0, since the single layer
potential is continuous across the boundary. On I'p, we have d,u = 9,G = 0,
since the normal derivative of the double layer potential is continuous across the
boundary. It follows that v is a constant. Since it is equal to ¢ on I'y, we obtain

_ log'y/
c= o FNgda.

c in Q,
u(z) = G(z)

c+—57r—/1;Ngdo in R2\ o0N.

Computing the jump on I'p and the jump of the normal derivative on I'y of this
expression of u, we obtain

0,G G
g=- / gdo, h=—— gdo.
27'(' Ty 27T T'n
This proves the proposition. O

It follows that

5. MELLIN ANALYSIS IN A CORNER

We are looking for a bijective boundary operator between spaces of high regu-
larity. This will be a consequence of the previous global properties of the potential
as well as of local properties near each corner. In this section, we perform a Mellin
analysis to obtain the singularities generated by these corners and to prove the
coerciveness of the boundary operator in suitable spaces.

5.1. Mixed corner. Let us consider the unbounded corner
Q={re? :r>00<0<w}
with 0 < w < 27 and w # 7. Here again v denotes the unit inward normal vector.

Assume that I'p is the real axis and I'y the other part of the boundary.

Let (g,h) € H-Y/2(Ry) x HY2(Ry) and u = K (g, h) with the notations of (3).
Its boundary values are given by

a (o) =208 7)(5)
with
1

+oo
Vg(z) = ;/0 g(y) log /22 + 42 — 2zy cosw dy

and

1 [T 22y — (22 + y?) cosw
Sh(z) = = / - (2 5 h(y) dy.

TJo (2?4 y?—2zycosw)
Using the direct method, a similar operator is obtained in [3]. It is strongly elliptic
in the energy norm. However, it is not even continuous in the natural space for the
Galerkin procedure. This problem is partially avoided in [3] by using a Gaussian

type elimination near the mixed corners. Here, we perform collocation on the
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tangential derivative of the Dirichlet data and on the normal derivative of the

solution on the Neumann part of the boundary. Moreover, we use f = Dh and g as

unknown. This leads to a strongly elliptic operator in high order Sobolev spaces.
If z >0, we get

1 [T T —ycosw
DV = - dy.
(Vg)(z) W/O x2+y2_2xycoswg(y) y

On the other hand,
2zy — (22 +y?) cosw T —1ycosw
(2% 4+ y? — 2zy cosw)?

It follows that

).

z2 4+ y2 — 2Ty cosw

1 [t T —ycosw
== D
Sh(z) ™ /0 x? +y? — 2xy cosw hly)dy,

since this is true for h € C§°(R.) and this space is dense in HY 2(Ry). Of course,
in the general case the integrals are taken in the sense of duality.
This means that

w () =mue= (3t )3 (o V) (9)

1 [ree T —ycosw
= -— d .
Wi == [ e ) dy

with

If Ty is the real axis and I'p the other part of the boundary, we have to replace
W by —W. If we consider the exterior case, we have to replace I by —I. Since
these modifications are only sign changes and the definition of [Zji,s takes care of
this, we can restrict ourselves to W, in the next result.

Proposition 7. If w €]0,27r[\{n}, s > 0 and x € C(R) is equal to 1 in a
neighborhood of 0, then the operator

Wt H§ (R )2+ x L0 | — H(R4)?

is continuous. Moreover, if s—% ¢ e&m), it is onto and its kernel is the linear hull of
the function (z®,—x®), where « is the element of el™ satisfying —1 < a < —1/2.
If m is an integer and m — % ¢ eg,m), then there is ¢ > 0 such that
(D™ W0, D™0) 2, y2 = | D™0l[7ar, )2
for any v € H* (R4 )2.
As usual in the Fix method, we have to avoid that a singular function lies exactly

at the boundary of the Sobolev regularity under consideration. This should not be
a real restriction in practical computations.

Proof. From a classical lemma of Hilbert, see [11], p.229, it follows that W is

continuous from L%(R,) into itself. To obtain more precise results, we use the
Mellin transform

+oo
Mf(z):/o L f(x)dz, feCP(Ry).
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The operator mapping f to ¢ — M f(-+it) extends as an isomorphism from L?(R..)
onto L?(R). Indeed, this is the composition of the operator mapping f € L?(R.)
to s — e */2f(e”*) and the Fourier transform in L?(R). Let us prove that if
f € L?(R.) and Rz = £, we have

~cos((z— 1)(m—w))
By density, we can assume that f € C§°(R4). In this case, we can write

1 [ro° Feo T — 1y cosw
M — ==1q d
WHe = o[ e [ T ) ay

1 [t oo za=l(x — ycosw
= —/0 f(y)dy/o woyoose) g,

™ 2+ y? — 2zy cosw

Using the method of residues to compute the integrals of Euler type, see for exam-
ple [1] p. 157, we get

/+oo J;Z_l(l‘ _ ycosw) o eiw(z—l) + ei(27r—u.))(z—1)
dx
0

= iny

z? + y? — 2zy cosw 1 — e2inz

S (CERVLE)
sin(mz)
if 0 < Rz < 1 and y > 0. This proves the required formula.
This shows that, on the Mellin side, the operator W,, is the multiplication by

cos((z — 1)(m — w))

. - 1 sin(7z)
w(z) = cos((z — 1)(m —w)) 1
sin(mz)

Since w # m, this matrix is invertible on the line Rz = % and has a bounded inverse.
Hence W,, is an isomorphism from L? onto itself.
Let us prove the mapping properties in H§(Ry)? + xﬁgﬁ)’ 1. By construction,
the elements of e&m) are the real numbers o > —1 such that z = —« is a root of
cos((z — 1)(m — w))? —sin(rz)? = 0.

All these roots are real and 1/2 is never a root. Such a root is double if and only
if it can be written z = ¢/2 with £ € Z. It never has the multiplicity 3.
We first remark that the function (z%, —2®) is in the kernel of W, if —1 < o <

—1/2 and o € e&m). Indeed, using again the method of residues, we get in this case

l/“’o ﬁ(:c—ycosw)yo‘ Gy — xacos(a—i—l)(w—w) _
0

+y? — 2zy cosw sin(ma)

™
If @ > —1/2, the previous argument cannot be used since 2 does not belong to L?
at infinity. We use the characterization of the Sobolev spaces H*(R..) by the Mellin
transform (see Theorem 4 in [14] or Theorem 1.1.23 in [17]) and the following fact.
The Mellin transform of z%x(z) extends as a meromorphic function in C with a
simple pole at —a. Moreover, for every M > 0, there are constants Cj;, > 0 such
that the estimation

Ck 1
(1+1(S2|)F |z + af

|M(z*x)(2)] <
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holds if |Rz| < M. This follows from the equality
+oo
z+a)z+a+l)...(z+a+ % T x(x) dx
( ( 1) k z4+a—1 d
(11) . 0
= / zFTatR(_D)*y(2) da.
0

Since D**1y vanishes near 0 if £ > 0, the right hand side is bounded in any vertical
strip of the complex plane. In the same way

(z+a) /0+00 z*To M og(z)x(z) dz

+o0 +oo
= —/ z#ter Iy (2) dx—/ 2*t*log(z) Dx(x) d.
0 0

Hence, for the function z*log(z)x(z), we have a pole of order 2 at —a and the
same estimation with |2 + o| replaced by |z + 2.

Let E‘(Ums) + be the space EEZ;)) 4, Where in the linear hull we omit the singular
function defined by @ € | — 1, —1/2[. An easy computation shows that if (f,g) €

HE(R;)? + XL | then
Su(2) <Mg(z)>

w,s,+
satisfies the hypothesis of Theorem 4 in [14] and hence is the Mellin transform of
an element of H*(R..)2. In the same way, if s — 1 ¢ ™ and (f, g) € H*(Ry)?, we

obtain that
1 Mf(z)
S.(2) (Mg(z) )

is the Mellin transform of an element of H§(R;)% + Xﬁgﬁ 4

Let us prove the inequality. By density, we can assume that v = (f,g) €
Cs°(R4)%. We have

(D™W,v, D™v) L2(Ry)?

= D" T2, ye + 1D gl 72w, e
+(D"Wg, D™ f) 2,y + (DmWf,Dmg>L2(1R+) .

Moreover
M(D™W f)(2)
= (1-2)2-2) - (m—2)M(Wf)(z—-m)
= (1=2)2=2)-(m=2) COS((;&?(; _1)7:;)_ e = m
_ m cos((z —m —1)(m —w)) m
- (_1) sin(ﬂz) M(D f)(Z)
Hence
m 1 cos((2 +m —ix)(m —w)) moesl
"Wl = 5 [ gy MDA i)
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Let us prove that

| cos((3 +m — iz)(m —

w)) W |
i iy | <0 = (1= Tl fsin(m + g)0)])

2

This is obvious if = 0 or if = is large enough, since the left hand side converges
to 0 at infinity. We have

| cos((5 +m —iz) (7 —w)) ‘2 _ cosh(2z(r —w)) — cos((2m + 1)w)
sin(m(% + iz)) B 1+ cosh(27z) '
At a point where the derivative of this function vanishes, the value is

sinh(2(7m — w)z) 9
NN Y < (1= 2
(1 7r) sinh(2rz)  — (1 77) ’
since sinh(a)/sinh(b) < a/bif 0 < a < b.
Ifm—1¢ e™ the bound § is strictly smaller than 1. We get
(D™ Wov, D™0) 12 2 (L= 8)(ID™f]|* + | D™ g?).
This proves the proposition. [

w

5.2. Dirichlet and Neumann corners. We proceed in the same way in the case
of a pure Dirichlet or Neumann corner. The results and the proofs are similar to
the ones obtained above, but we give the precise results for the sake of completeness
and later use.

We use the same notations as in the previous section, and first consider a pure

Dirichlet corner. In the boundary values of (3), the contribution of the integral on
one side to the value on the other side is

rsinw /+°° h(y)
0

T 72 + Y2 — 2zy cosw
Since
( rsinw ) _ ( ysinw )
Tl22 492 —2wycosw’ Y a2 4y —2xycosw’’
we get
D (xsinw /+°° h(y) dy) = sinw /+°° yDh(y) p
* T o 2?4+ y?—2zycosw 7 Jo o2+ y%—2zycosw Y

for any h € Cgy (R. ), and hence by density for any h € H'/?(R.).
Since (¢,v) is a positive basis, we have 0, = —D, on I'y and 0; = D, on I';.
Hence, the previous computations show that the equality

iy _( Our, \ _ 1 I —-N fi
Dw( £ ) =T (f1, f2) = ( dyur, ) =5\ -N I £
holds with I'y =R, I'; = R, u = K(g,h), 8ih = f, f; = fir, and

. 400

™ z? + 3?2 — 2zy cosw

We get exactly the same operator in a pure Neumann corner. For T_, we just
have to change the sign of the identity.
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Proposition 8. If w €]0,27[\{r}, s > 0 and x € C§°(R) is equal to 1 in a
neighborhood of 0, then the operator

D, Hy(Ry)? +xLE) . — H(R})?

w,s,+

is continuous. Moreover, if s — 5 ¢ eP) | it is bijective. If m is an integer and
m— 3¢ e then there is a ¢ > 0 such that

(DmeU,DmU>L2(R+)2 2 c|levl|%2(R+)2
for any v € H'(Ry)?.

The proof is analogous to that of Theorem 7. For later references, let us compute
the Mellin transform of N f. Using the same techniques as above, we obtain

inw [T Foo
M(Nf)(z) = sin /O xz_le/O yf(y)

m x? + y? — 2zy cosw

. +oo oo z—1
sinw x
d d .
- /0 yf(y) y/o 2 4+ y2 — 2zycosw !

(12) M) = e N

Hence

if Rz = L.

We also need a commutation property with the multiplication by a smooth func-
tion.

L)

Proposition 9. If w €]0,27[\{7}, m € N and x € C§°(R), then the operators
W — Wox and XD, — D,x map HF*(R.)? continuously into H™ (R, )2.

Proof. We treat the case of W,,. The other one is similar. Since W is continuous
from HJ*(R,) to H™ (R, ), we have to prove that there is C' > 0 such that

D(xD™W f — D"™W (xf)lr2@y) < Cllfllame,)
for every f € C5°(R;). By definition of W, we get

1 +oo tw
D"(Wf)z) = ;D?/O %(@i—_—y) fy)dy
1 oo i(m+1)w
= ;/0 %((—Dy)mie—w_—y)f(y)dy

T Tei

1 [teo i(m+1)w
—/0 %(E——_—E)Dmf(y)dy.

Hence, we have to estimate the derivative of

+oo et(m 1w
[ ST L) = x @)D () — (D™ () — x (@) D™ Fw))] du.

T —y

The last two terms involve derivatives of f of order strictly less than m. We can
make a further integration by parts and conclude by a classical lemma concerning
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the continuity of operator with —1-homogeneous kernel ([11], p. 229). For the first
two terms, we notice that, since the function x is a Lipschitz function,

+o0 ei(m+l)w
JRCORNOEE: (m) D f(y)dy|

—I-oo (m+2)w
<cf . )l = ylID™ )

eZUJ — y
and we use the same lemma. O

6. THE FREDHOLM PROPERTY OF THE BOUNDARY OPERATOR

In the remaining sections, we fix a bounded polygonal open subset  of R? with
a connected boundary I' and use the notations of Section 2.
If z,y € T are not corners and = # y, then

(x —y)vy — 4, (x—y)te
Ve - .
lz —y? Vol -yl

This follows easily from the fact that if (u1,us) and (v1,vse) are two positive bases
of R?, then

(ug.v1 + ug.v9)|z|? = 2(zurz.vy + TUT.vy).

It follows that the operator Ty maps (f,g) to

P LIS B R E

L[ -yt
2 e e S e 5 v) do(y)

9y
or Jr, Jz -y
on I'p, and to

g 2804 L [ EEe ggyany) - o [ S0 ) oty

T — a2
rp 1Tyl
on I'y. In some sense, we have gotten a symmetry for the contributions of f and
g.

As in Section 2, let us denote by L2(T'p) the subset of L?(I'p) formed by the
functions whose integrals on each connected component of I'p vanish.

Proof of Theorem 1. It follows from Propositions 7 and 8 that T maps H(T'p,I'n)
into H3(Tp) x H3(T'y) if s > 0.
Choose functions %; on the boundary I' which are restrictions of functions of
C§°(R?) and such that v; is equal to &, near Py for every k. We may assume that
M-1
supp(v;) CT; UL, 1, Y %2 =1,
7=0
Let (f,g) € L2(I'p) x L?(T'x). We can identify the pair (f, g) to a unique function
F € L*(T). Using Proposition 9, we write

<T:l:(f» ) (f» >>L2 (Tp)xL2(Tn) — = (T.F, F>L2(1"
M—1
= Z <Tﬂ:(’lp]2F>9¢zF>L2(F)
j,k=0
M-1
= (Ti(¢j¢kF), ¢j¢kF>L2(r) - <KF7F>L2(1") ’
7,k=0
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where K is a continuous operator from L?(I') into H*(T'). Since w; # 7 for any
j, it follows that —% ¢ {J ; €w;. Denote by W; the matrix of operators of Propo-
sitions 7 or 8 associated to the j-th corner according to the nature of this corner,
see Section 5. In the interior (resp. exterior) case the diagonal blocks are I (resp.
—1I). Using the second part of Propositions 7 and 8, we get

+(T(f,9), (f, 9)>L2(FD)><L2(FN)

M-—1
= > (EW R F), b F) oy — (KF, F) oy
7,k=0
M—-1
> ¢ Z 5ok F |22y = (KF, F) oy
7,k=0
>

C(||f||2L2(rD) +glZ2ry) — (KF,F)pa
for some ¢ > 0.
The operator K is compact from L?(T) into itself. Moreover, L2(I'p) x L?(I'y)

has codimension 2p in ‘HY(I'p,I'y) and also in L2(Tp) x L*(T'y) x CP. Using
Lemma 10, it follows that

T :HO(Up, Ty) — LA(Tp) x LA(Tn) x €7 : (£,9) = (T4 (£, 9), S+ (£, 9))
and

T :H'(Tp,I'y) xC — L%(p)x L?(Ty) x CPH,
(F9.0) = (T-(9).5-(f.9), [ gdo),

T'n
are Fredholm operators with index 0.

If I'p = 0, it is well known, see [18], that the kernel of 7, is one dimensional.
Assume that I'p # () and that (f, g) is in the kernel of this operator. It follows that
the function (3) defined by (f,g) solves the mixed problem with null data. Hence
it vanishes in 2. By the last part of Proposition 6, we get

g=—8yG/ gdo, h=—§— gdo.
Ty 2

2m T Jry

By the first part of the same proposition, it follows that

logy/ gdo = 0.
T'n

This shows that 7 is one to one if v # 1, and that the kernel is one dimensional
if y=1.

Let us consider the case of 7_. If I'p = 0, it follows from the results of [18] that
the kernel of 7_ is {(0,¢) : ¢ € C}. Assume that I'p # () and choose (f,g,¢) in
the kernel of 7_. It follows that the function u defined by (4) vanishes in R? \ Q,
since it satisfies the mixed boundary conditions and is bounded at infinity. Let us
consider the same function inside . On I'p, its normal derivative vanishes, since
it vanishes outside £ and the normal derivative of the double layer potential is
continuous across I'p; see Lemma 4.1 of [2]. On T'y, it vanishes since it vanishes
outside € and the single layer potential is continuous across I'y. Since I'y # 0,
the mixed problem in  has a unique solution; hence (4) also vanishes in Q. Using
Proposition 6 and the fact that the integral of g is zero, we obtain f =g =c¢=0.
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It follows from the local results of Propositions 7 and 8 that the inverse of 7
(resp. 7_) maps H:(I'p) x HS(Ly) x CP (resp. H:('p) x HS(y) x CPH1) into
H.(Ip,T'n) (resp. H? (I'p,T'n) x C). This proves the theorem. O

We have used the following elementary lemma in Fredholm theory.

Lemma 10. Let E, F be two Hilbert spaces, L a Hilbert space which is a closed

subspace of E and F with finite codimensions, and T € L(E; F). If there is ¢ > 0
such that

(Tf, 1) >l fII?
for any f € L, then T is a Fredholm operator and
ind(7T") = codimgL — codimpL.

7. CONVERGENCE OF THE METHODS

Proof of Theorem 2. We give the proof for the interior problem. The exterior case
is similar. We apply Lemma 11 to the operator

T HY(Tp,I'n) = H*(Ip) x H(Tn) x C7: (f,9) = (T (f,9), 5+(f,9)).

By Theorem 1, this is an isomorphism. We use the spaces VA7O)¢(F) as trial spaces.
The test spaces are defined in the following way. On
Y., = H*(Tp) x H*(I'y) x CP,
we consider the norm
m—1
I(wv, ), = I+ > (> 104

j€ep k=0

+ > ( Zlak D2+ 107 0] e r,)) -

j€en k=0

PP + 107 ullZz(r, )

Denote by S(Am)(l“) the space of functions which are smoothest splines of degree
2m — 1 subordinated to the mesh A on each side I';. As test space, we use the

linear hull U™ (T') of the linear forms
HMIp) x H*(Ty) x C? — C: (u,v,¢) = ((uw,v,¢), (51, S2,a))y,
with
(51,85, a) € ST x ST x CP.

The dimension of this space is

M-1
dmUL () =p+ > (ny +1+2(m — 1)) = dim V{5, (D).
7=0

The collocation equations (6) are equivalent to

(15) W(To (Biha,gn)) = w(T(Bih, g)), w € UL (D).

Indeed, a linear form w involves a scalar product in Y,, with a function which is
a smoothest spline on each side. Let us perform m integrations by parts in the
L? parts of the scalar product to obtain derivatives of order 2m of the splines.
We get sums of multiples of the Dirac masses at the collocation points and also
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of derivatives 623- of order strictly less than m at the points P;. The equations
involving the points @); are generated by the |c| part of the Y,,, norm. This shows
that the equations (15) are consequences of the equations (6). Since the dimension
of U(m)( T') is the number of equations in (6), we have equivalence.

Let A be a sequence of meshes whose meshwidths converge to 0. It follows from
the approximation properties of splines in Sobolev spaces, see for example [16], that
the orthogonal projections onto UX:) (T") converge strongly to the identity of Y. It

remains to prove that there are § > 0 and a compact operator K on H7(I'p,T'x)
such that

- sup | (v, Teu) | 2 6l|ullrenrp,rn) = [Kullip o o)
veULY (D), lvlly,, =1

for any k and u € VA(k0+( )

The argument is similar to the one used in the first part of the proof of Theo-
rem 1. Choose functions v; on the boundary IT' as in that proof. Let u = (f,g) €

VA (T). Write

M-—1
u=S+F with S§=(Sp,Sy)€SVy(T) and Fe Y x;LIpn 1,
j=0

and consider the form

w:H'(Tp) x H'(T'n) x C? — C: (fp, fn,¢) = ((fp: fn,¢), (Sp, SN, 0))y,,

Since the function S vanishes at the corners to order 2m — 1, it follows that

<W’T+u>
= (OPTLS, OS) gy + (OF T F, OS) oy
M-1
= > (09T, (¥3S), 07 (i3S >L2 + O T F, 0" S) pary -
4,k=0

By Proposition 9, the commutators T'.¢; — ;T are continuous operators from
H(T) into HHH(T). Using the explicit form (13) and (14) of Ty, Propositions 7
and 8 and the fact that ZJ —0 XJ‘C+2m—1 is finite dimensional, we obtain

(w, Ty u)
M-1
= > OPT(eS), 07 (W59kS) 1oy
5,k=0
+ <6mT+F,8?‘LS>L2(F) - ”KlSHH?(FD’FN)HBZHSHL%F)
M-1
>

g Ham(%wks)ny(r - “Kzunﬁm (T'p,T'n) 1oy S“L2

J,k=1

o
Il
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where K7, Ky are compact operators on H(I'p,I'v) and 0 > 0. We have
M-1

107 SFery = I D Wiy
=0
JM—I

< MY RS am,

j=0
and

lwlly,, <1167*S||L2(ry-
It follows that

)
sup o, Tvw) | 2 77107 S22y = [ K2ullngp oo,
veU{ (1), [[olly;, =1
> ullwprp,ry) — 1Ksullapep,r)
since HJ*(I'p) x Hi*(I'p) has finite codimension in H’(I'p,I'y) and the norm in
H{i'(T';) is equivalent to ||0}" f||z2(r;). This proves the theorem. O

We have used the following formulation of Céa’s lemma. For the sake of com-
pleteness we give a short proof, see also [4] or [16].

Lemma 11 (Céa). Let X and Y be Banach spaces, let A € L(X;Y) be continu-
ous and bijective, and let V,, C X, T,, C Y’ be sequences of subspaces satisfying
dimV,, = dim T}, < +o00. Assume that

(i) there are linear continuous operators P, from Y’ on T, satisfying Pof — f
Y’ for every f €Y', and
(ii) there are 6 > 0 and a compact operator K € L(X;X) such that

sup [ (v, Au)| = 0 ullx — | Kullx
VETy,|Ivlly/ =1

for every u € V,,.
Then, there is ng > 0 such that, if n > ng, the equation

(v, Auy) = (v, Au), veT,,
has a unique solution u, € V,, for every u € X. Moreover, there is C > 0 such that
lu~unllx <C inf |lu—wlx.

Proof. If K = 0, condition (ii) shows that the equation defining u, has a unique
solution. Moreover

S llunllx < sup | (v, Aun) |
V€T, ||vllyr=1
= sup | (v, Au) | < [|A[[ [Jullx-

vETy,||v|ly /=1

Hence, for every w € V,,, we have

Il

llu = unllx lu—w— (u—w)|x

@+ 180 o .

IA

This proves the lemma if K = 0.
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Let us show that, for large n, the estimation (ii) is valid with K = 0 and a
smaller constant . Let u € V,,. There is v € T}, such that |v[|ys =1 and

(v, Au) = §|lullx — [|Kul[x.

By the Hahn-Banach theorem, there is w € X’ such that ||w||x: < 1 and (w, Ku) =
|Kullx. Write

(v + P, A" K w, Au) = (v, Au) + | Kul|x — (I — P,)A* ' K*w, Au) .

Since I — P, converges strongly to 0 and K* is compact, it follows that the operators

A*(I — P,)A*"1K* converge to 0 in operator norm. If d, is the norm of this
operator, we get

| (v + Pa A" K w, Aup | > (6 — 6n) lullx.
Moreover, since the operators P, are uniformly bounded, we have
lv+ P A K wllyr <1+ CIIATHIE].

This proves the lemma. O

For the proof of Theorem 3, we use an adaptation of the Aubin-Nitsche type
estimates.

Proof of Theorem 3. We keep the same notations as in the proof of Theorem 2 and
consider the interior case.

Let € € H% (T'p,T'n). Since m — 1,k — 5 ¢ e, for every j, it follows that the
operator T, is an isomorphism from H?(I'p,T'y) onto

Vi = H(I'p) x H*(T'v) x CP

and H7(Tp,I'y) € H5(Tp,Ty). Hence T'7' (§pen(rpry)) € Yoo Using (15),
write

<£7 (6thvg) - (athA’gA»
= (T € o) T (Bih, 9) ~ (0cha,92)) )

= <T-}/—_1(€]H:S(FD,FN)) —w, T, ((0:h,g) — (8thAagA))>

for every w € U(Am) (T). It follows from Theorem 2 that

I <£7 (athvg) - (8thAng)> l
< 1T (@hg) — @ehasgadllve inE T (Epeprora) ~ vy
wGUAm ()

< ¢ _iof 1(8th, g) = (8ch, @)l (T o)
(3,R)eWLm(T)

. 1
x inf (7] (ﬁ\H¢(rD,rN)) —wilyy,.
wEU(Am)(F)

Let us transform the second factor. By the Riesz representation theorem, there
is n € Y, such that

-1
<Tfr fmgn(rD,rN),tP> =9y, ,» EYnm.
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Since the operator 7. is also an isomorphism from H% (I'p, I'y) onto Yy, = H*(I'p) x
H*(T'y) x CP, we get

(T 0) | =1(6 T )
C||€”H’j_(FD,FN)' ||(‘P||Yk

|{n, )y, |

IA

for every ¢ € Y,,. Now, for every u € Yy, there is one and only one v € Y,, such
that

<U,(P>yk = <U>‘P>ym , pEYn.

On each side I';, we have D*™v = D?!v in the distributional sense. Hence, v €

Yo—r. Moreover, by the closed graph theorem, the operator Y, — Yo, :u— v
is continuous. It follows that

n€Yom-r and |[nllv,, . < ClEllyrp,ryy

where C' > 0 is independent of €.

The linear forms belonging to U(Am) (T") are defined as scalar products in Y,, with
spline functions. The norms are preserved. Hence, using the rate of convergence of
smoothest splines in Sobolev spaces, see [14] or [16], we obtain

| <£7 (athvg) - (athAng)> |

< ¢ inf 1(8sh, g) = (Beh, §) I3 (0o 1)
(3.R)eW ™) (T)

X inf In = (S, ).,
(8,0)eS{™ (TyxCP

IA

C ()65 ™ 1(8ehs 9) 1430 .0 ) SR 11y

< CC(S)5Z_k||(U0>U1)||Hs+1(rD)st(rN)||§||H§r(rD,rN)/

for every ¢ € H% (I'p,I'y)’. Taking the supremum of the left hand side with respect
to the normed elements of H% (I'p,T'y)’, we obtain the required estimate. a

8. NUMERICAL RESULTS

We have performed some numerical computations to test the efficiency of the
methods. We consider an interior mixed Dirichlet-Neumann problem in the L-
shaped region defined in the Figure 1. The sizes of the sides are 1 and 2. The
boundary conditions are also specified in the same figure. This example has been
considered in [3], where Galerkin methods are considered.

Solving the same mixed problem with 0 as Neumann data, 1 as Dirichlet data and
using Proposition 6, we can compute the Green function and the mixed capacity.
Figure 2 represent the functions (0;G|r,,0,G|r,) on the boundary. We have taken
100 points on each side, and the origin corresponds to the obtuse angle of the
polygon. This is a typical behavior for the boundary unknowns of the problem.
Of course, the singular terms at the corners are explicitly known. In this case, the
most singular one is z~2/3, where z is the distance to a corner. The value of the
mixed capacity is v = 1.19761...

The numerical computation of the integrals, which is the most time consum-
ing task, can be performed using high order Gaussian type methods. Indeed, all
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Ou/on =0
Au=0 u=0
w1 du/On =0
Ou/0n =0
Ou/on =0

FIGURE 1. L-shaped domain

FIGURE 2. Boundary unknown for the Green function

the derivatives involved in the methods can be reduced explicitly to simple inte-
grals, and the functions that we have to integrate are smooth or present a known
singularity.

For example, we have the following formulas. Let o € 687, LU ec(f, ) and g(z) =
x*x(z). With the — sign if o € egﬁl and the + sign in the other case, we have

: o0
1 iw /+ 2 Dy(z)dz if a#d,

DY(IF N)g(0) = m(a—1£)  Jo

(16) =
o — cos((¢ + 1w) if a=4¢

1;7r
™
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Let a € e(m U e&, ¢ and g(z) = z%x(z). With the + sign if a € efffe) and the —
sign in the other case, we have

cos((e+ ) [* e
(17) —D’Z(I + W)g(0) = + ﬂ(g ) /0 2* “Dx(z)dz if a#,
1+ 2" Yn((¢ + 1w) d a=2

Let us prove (16). The Mellin transform of a function f € Cp (R, ) extends as
a meromorphic function in C with simple poles at 0, —1,—2,.... This follows from
the identity

2(Mf)(z) = —-M(Df)(z +1).

The residue at —£ is D’ f(0)/£!. By density, this remains true for any f € H*(R,)
if s > 1/2 + £; see Theorem 4 in [14] or Theorem 1.1.23 in [17]. By Proposition 8,
(I ¥ N)g belongs to H*(R.) for any s > 0. Using (11) and (12), we get

EDE(I:F N)g(0)
= Res,——¢«(M(I F N)g)(2)

_ sin((z — 1)(m — w))
= Res,—¢[(1F sn(n(e = 1) ) Mg(2)]

sin((z — 1)(7m —w +oo
= Res.— [(1 - (sgn(ﬂ'(lz)(— 1)) ))) z j— e /0 P (=D )d:c]

sin w) [T
= :I:—é%i__—l%—)/o z**Dx(z) dz

if a # £. If @ = £, the denominator has a double root at —¢, but the numerator
also vanishes and we still have a simple pole which gives the other expression since
x(0) = 1. We proceed in the same way for (17).

Tables 1 and 2 present results on the experimental rate of convergence obtained.
The boundary unknowns involve singular functions which belong to H~*/2 but not
to L?. To obtain finite norms of L? and H' type, we use weighted spaces. The
weights chosen are of the form (s(L —s))®, where s is the arc length on a side and L
the corresponding length. Of course, the norms depend on «, but the computations
show that the rates of convergence are essentially independent of a.

We present estimates for @ = 1/2 in the case of the L2-norm. In the case of the
H'-norm, the derivative leads to even stronger singularities, and we use o = 3/2.
These exponents make the integrals finite, but are strictly smaller than the exponent
which defines the most singular functions occurring in the solution.

The theoretical rates of convergence appear somewhat pessimistic except in the
case of the L2-type norm for the linear splines. Even in this case the H'-type norm
has a very good behavior. A possible explanation for this improvement is that the
theoretical rates of convergence are limited only by the approximation of the first
missed singular function in the corners. This is a small region, and outside the
corners we have a slightly larger order corresponding to approximation of smooth
functions by splines.

Computation of the interior potential is of course one essential goal of the
method. We have tested the convergence of (3) to the solution at the interior
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TABLE 1. L-shaped polygon, linear splines

n L%-norm | eoc || Hl-norm | eoc
4 8.27e-2 3.37e-1
8 2.04e-2 2.02 1.63e-1 1.05
16 5.29%e-3 1.94 8.29%e-2 0.97
32 1.77e-3 1.58 4.16e-2 0.99
48 1.01e-3 1.38 2.78e-2 1.00
64 6.99e-4 1.29 2.08e-2 1.00
96 4.39e-4 1.15 1.39e-2 1.00
128 3.08e-4 1.23 1.04e-2 1.00

TABLE 2. L-shaped polygon, cubic splines

n L2-norm | eoc || H-norm | eoc |
4 4.06e-2 1.38e-1
8 1.37e-3 4.89 1.35e-2 3.35
16 4.26e-5 5.01 8.14e-4 4.05
32 2.25e-6 | 4.24 8.79e-5 3.21
48 4.12e-7 4.19 2.45e-5 3.15
64 1.31e-7 3.98 1.02e-5 3.07
96 2.63e-8 | 3.96 2.98e-6 3.03
128 8.05e-9 4.12 1.25e-6 3.02

TABLE 3. Interior potential

n || linear spline | eoc || cubic spline | eoc
4 2.92¢-3 1.66e-4
8 5.83e-4 2.33 3.64e-6 5.50
12 3.20e-4 1.48 1.90e-7 7.29
16 2.31e-4 1.13 5.62e-8 4.23
24 1.37e-4 1.28 9.66e-9 4.34
32 9.72e-5 1.20 3.15e-9 3.89
48 6.07e-5 1.16 4.79¢-10 4.64

point (—0.2,0.6) when (g, h) is replaced by the numerical approximations. The re-

sults are presented in Table 3, and are also in good agreement with the theoretical
estimations.

Some parts of this work were performed when the author was visiting the WIAS
in Berlin. The author would like to thank Prof. S. Prossdorf and J. Elschner for
this opportunity. He also thanks the referee for valuable remarks and comments.
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