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ON ADAPTIVE FINITE ELEMENT METHODS FOR
FREDHOLM INTEGRAL EQUATIONS OF THE SECOND KIND*

MOHAMMAD ASADZADEH! AND KENNETH ERIKSSON'

Abstract. A posteriori and a priori error estimates are derived for a finite element discretization
of a Fredholm integral equation of the second kind. A reliable and efficient adaptive algorithm is then
designed for a specific computational goal with applications to potential problems. The reliability of
the algorithm is guaranteed by the a posteriori error estimate and the efficiency follows from the a
priori error estimate, which shows that the a posteriori error bound is sharp.
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Introduction. We consider the problem of finding an approximate solution of a
Fredholm integral equation of the second kind, i.e., of the form

(0.1) () - / k(z,9)o(y) d0(y) = f(z), z €T,

where f and k are given data. In this paper we will have that k(z,y) = O(Jz —y|*~9),
where d is the dimension of I, i.e., k(x,y) will only be weakly singular.

There are many examples of problems that lead to an equation of this form. In
this note we shall specifically consider the Neumann problem for Laplace’s equation
in a domain  in R%*! with boundary I. This problem has a single layer potential
solution that can be determined by solving an equation of the form (0.1). Similarly
the corresponding Dirichlet problem can be solved by considering a similar equation
for the double layer potential solution. A second-order elliptic equation in R¢ with
smooth coeflicients can also be reduced to an equation of the form (0.1) with k(z,y)
the fundamental solution of Laplace’s equation and T' = R%.

The purpose of this note is to demonstrate a method for designing reliable and
efficient adaptive finite element procedures for equations of the type (0.1) based on
sharp a posteriori and a priori error estimates. Finite element methods for integral
equations have been studied by many authors. See, e.g., Atkinson [1], Ikebe [9],
Nedelec [10], Sloan [13], and Wendland [14]. Adaptive finite element methods for
integral equations have been considered more recently; c.f., e.g., [8], [11], [14], and
[15].

The general idea of an adaptive mesh-refinement finite element procedure is the
following; see also [3] and [8]: Given a continuous problem with exact solution ¢, a
norm || - ||, and an error tolerance 6, the adaptive algorithm should construct (typically
through a sequence of successive mesh refinements and information obtained from the
corresponding approximate solutions) a mesh T}, and compute the corresponding finite
element solution ¢y such that

(0.2) o = @nll <.
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Also, the total number of degrees of freedom involved in the computational process
should be (nearly) minimal. The problem of designing such an algorithm thus has
two main ingredients. First we want the algorithm to be reliable in the sense that
the desired error control (0.2) is guaranteed. Secondly, we want the algorithm to be
efficient in the sense that the constructed meshes are (nearly) optimal and nowhere
overly refined for the given error tolerance. By an optimal mesh (given the order of
approximation of the elements) we mean a mesh with a minimal number of elements
for which there exists an interpolant ¢ € Vj, such that || — @|| < 6, where V}, is the
corresponding finite element space.

Our refinement strategy and stopping criterion will be based on an a posteriori
error estimate that will guarantee the reliability of the algorithm. The derivation of
this estimate is one of the essential parts of the analysis. In order to demonstrate
the efficiency of the algorithm, we also derive a corresponding a priori error estimate.
The purpose of this estimate is to show that the a posteriori error estimate used for
the adaptive error control is of optimal order and thus that the adaptive method will
be efficient.

In order to be concrete, we have chosen to consider, specifically, one of the given
examples leading to an equation of the form (0.1), namely, the single layer potential
problem for Laplace’s equation with Neumann boundary conditions. Results similar
to the ones we obtain for this particular case can be derived for a fairly broad class
of problems of the form (0.1) and in more general situations as well.

Motivated by our particular example, we shall consider error control in a weighted
Ly-norm. Again, this should be viewed as an example; generalizing our results to error
control in other norms should present no problem; cf. Remark 4.3 below.

In this note we consider the case of a weakly singular kernel k(z,y). In a future
paper we plan to analyze the (more interesting) case of a kernel that degenerates
(at certain points) to order O(|z — y|~%) as in potential problems for Neumann and
Dirichlet problems on nonsmooth domains in R4+1.

The rest of this note is organized as follows: In §1 we introduce the boundary
value problem under consideration and recall the derivation of the corresponding single
layer potential problem of the form (0.1). In §§2 and 3 we specify our computational
goal and formulate an adaptive finite element method for the problem that is proved
to be both reliable and efficient. In §84 and 5 we derive the a posteriori and a priori
error estimates underlying the design of the adaptive procedure. Finally, in §6 we
present some numerical results.

1. The continuous problem. Consider the exterior Neumann problem (cf. Re-
marks 1.1-1.3 below)

Au=0 in(/,
(1.1) ou =g onl,
on

u,|Vu| = 0 as |z| — oo,

where € is the complement of a closed bounded, simply connected domain Q C R?
with smooth boundary I' = 99, and n is the exterior (with respect to €2, interior with
respect to ') unit normal to I

Given ¢ defined on T', we define the corresponding single layer potential

(1.2) u(z) = - / o IdP(y) re RS
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Since

1

mm=07 x;éy’

we have at once that u is harmonic, i.e., satisfies Au = 0 in . Also, u satisfies the
given conditions at infinity. Hence problem (1.1) has been reduced to the problem of
finding a function ¢ such that du/0n = g on I'. The normal derivative du/dn of u
can be expressed in terms of ¢ as (cf., e.g., [7])

Ou 1 1 0 1
1.3 —(z)=—-= — —————dIl’ r
(13)  Gr@=-3e@+ = [Pz dw), <l
where 9/0n,, denotes differentiation with respect to x in the direction of n. Defining
the integral operator 7" by

To)@) = 3= [ o) g e W)

our problem thus can be written in compact form as follows: Given f = —2g defined
on I, find ¢ defined on I' such that

(1.4) p—Tp=f.

It is well known that the operator T is regularizing and, e.g., maps functions in L,(T")
into the corresponding first-order Sobolev space Wz} (). In particular, T is a compact
operator on L,(I') for any p > 1, and so is its adjoint T* to appear below.

Remark 1.1. The underlying problem (1.1) can be formulated more generally in
R, of course. The fundamental solution (1/4m)(1/|z — y|) in (1.2) is then replaced
by (1/27)log(1/|z — y|) for ¢ = 2 and by 1/(cglz — y|(9=?) for ¢ > 3, with ¢, the
q — l-dimensional surface measure of the boundary of the unit ball in R?. All our
theoretical results can easily be obtained also for ¢ = 2 (the cases ¢ > 3 may not be of
comparable physical interest). So far, we have implemented our adaptive algorithm
only for ¢ = 2. Numerical results are given in §6 below.

Remark 1.2. For the interior Neumann problem corresponding to (1.1), a solution
exists only if fF gdl’ = 0, and in order to filter out a unique solution we must add a
constraint such as, e.g., fn udS) = 0. The counterpart of (1.4) then reads

v+ Ty =2g,

/(pdl"=0,
r

and our analysis can easily be carried over to this case as well. (For another way of
dealing with the nonuniqueness, see [2].)

Remark 1.3. The double layer potential problems for the interior and exterior
Dirichlet problems also lead to Fredholm integral equations of the second kind. The
solution of the Dirichlet problem, in this case, is given by the double layer potential

uw) = 3= [ o) g ),

ony |z —y|
The Dirichlet boundary condition « = up on I now leads to the equation

=T =2up
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for the unknown ¢, where

1 0 1
T dar
o(@) = 5 [ o) g )
It is easy to see by examining the proofs that our results can be carried over to this
situation as well. In a forthcoming paper we plan to consider the latter problem in
the case of a nonsmooth boundary, e.g., with re-entrant corners.

2. Finite element discretization. Equation (1.4) may be written in varia-
tional form as

(2.1) (0, 0) = (Tp,v) = (f,v) Vv € Loo(T),

where (-, -) denotes the Ly(T") inner product.
We consider the simplest possible (cf. Remark 3.2 below) finite element method
for this problem, which is to seek ¢y € V3 such that

(2.2) (on,v) = (Tepn,v) = (f,v) Vv € Va,

where V, = {v € Lo(I"):v|g = constant for all K € Cy} and C, = {K} is a
partition of I into a finite number of elements K. The subscript parameter h, which
usually denotes the maximal diameter of the elements K, will in this paper denote the
piecewise constant function defined by h|x = hg, K € Cp, where hg is the diameter
of K. The approximate solution ¢p, of problem (1.4) determined by (2.2), of course,
defines a corresponding approximate solution of problem (1.1), namely,

1 1
(23) (@) = 1= [ oty =T ).
From (1.2) and (2.3) we easily get the error estimate
1
(24) =)@ < = [ o= o) rar )

The error analysis for ¢ — ¢y, is most often carried out in Lo(I'). For  bounded away
from I', this is adequate because

1

. lle = enllry ) -

La(T)

|~ un)(@)| < o

For z close to I', however, the factor ||1/|x — -|||1,(r) may become arbitrary large.
Below we shall therefore analyze the error ¢ — @y, in a more appropriate norm, which
in this case, focusing on error control at a given point x, is a weighted Lj-norm with
the weight w;(y) = 1/|z — y|. In cases of several points z; of particular interest we
may simply change the weight function to w(y) = max; 1/|z; — y|. For related results
on error estimation at particular points, see, e.g., [4]. See also Remark 4.3 below
where we consider control of u — up, in the maximum norm.

Remark 2.1. The method of approximation (2.3) is generally referred to as the
boundary element method, because we use finite elements on the boundary of ' to
solve problem (1.1). In this note we focus on the approximation of the solution of
the resulting Fredholm integral equation, and shall therefore use the more general
terminology finite element method. Also, there are integral equations of the form
(1.1) that do not originate from boundary potential problems (cf. above).
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3. An adaptive algorithm. We have adopted the computational goal to find
an approximate solution w, of problem (1.1) through (2.3) and (2.2) such that

(3.1) (u —un)()| <6,

where z is a given (fixed) point in ' UT and 6 > 0 is a given error tolerance. Below
(Theorem 4.1) we shall show that

min {|r|, Cinth [Vira|} ||
o—

(3.2) / (e = 1)) ———dT(y) < Cuend
|z ~y| Ly(T)

where 7, is the residual of the approximate solution p, of problem (1.4), i.e., rp =
wn — Ty — f. Moreover, Vj, is a mesh dependent gradient defined on the surface
manifold T' (cf. below), Cstap, and Ciyt are constants only depending on T', and

I min {|r4|, Cinth |ViTa|} — Z min Th Cuus hV 1y _
Il’ - | Li()  Kec, I.TJ - I Li(K) ICIJ - l Li(K)
In particular, from (3.2) we have that
1 Th
(3.3) / ©—on)(y ) < Cstab || .
Fl( )( )I |.’L’—y| t Ix_l L)

From now on we shall use the letter C' to denote various positive constants but not
necessarily the same at each occurrence. Thus, recalling (2.4), we find that (3.1) is
guaranteed if

Th

(3.4) T

<é
Ly (T)

y

where C' = Cgtap/(47). In practice, in order to attain (3.4) we proceed as follows.
Clearly, (3.4) holds if

DA
For each element K in the partition we would thus like to have

<2
L)  ON

|$ - | oc,(K)

Th

(3.5) h% || ——
Kl -]

where N is the number of elements in Cp. That is, our strategy is to adapt the mesh
size hi to the size of rj so as to equidistribute the element contributions to the global
error. We then note that (3.5) may be impossible to obtain for some K when z € T
To get around this technical complication we note that (3.4) also follows from

thz

provided ¢ (with ¢ = O(hk)) and maxkec,hk are sufficiently small. This follows
easily from the fact that for plane elements

™

<6
lz—|+e | +€ll,

—_ )

Loo (K)

|t —|+¢e

< h + wehgk.
lz — |

Li(K) =1




836 M. ASADZADEH AND K. ERIKSSON

Thus we may replace (3.5) by

6

Th < b
L) ON

2
(3.6) M| e

e.g., with € = chg, ¢ a small constant.
An algorithm designed to accomplish (3.1) through the control (3.6) would then
look, roughly, as follows:
1°. Start with a (coarse, quasi-uniform) mesh C,(EO).
2°. Given a mesh c’(j ) compute the corresponding <pflj ) and its residual
Pl = ) _ ) _ g,

3°. If
1/2
. lr—yl+e

—— inf 5 VK € ¢V,
CN yek Irl(lj)(y)l

(3.7) hix <

then stop and accept wff) (and the corresponding uff) defined by (2.3)). Otherwise,
refine all elements K for which (3.7) does not hold (or remesh completely) in order
to obtain a new partition C,(lJ *1 for which the inequality in (3.7) holds for all K in
the new mesh (given rﬁf ) and ¢), and then go back to step 2° and recompute with j
replaced by j + 1.

Following the program in [5] (see also [6]) we would now like to investigate the
performance of the proposed algorithm. First we note that the method will be reliable
in the sense that once the algorithm has reached a successful stop then we know from
the a posteriori error estimate, on which the method is based (Theorem 4.1), that
(3.1) will hold for the corresponding uy. Concerning the efficiency of the method we
would like to know first of all that it is operational in the sense that (3.1) can be
realized through mesh refinement. Note that r, depends on h so that theoretically it
could happen that min {|ry|, Cinth|Varn|} increases as h decreases in such a way that
the quantity Csiab||min {|r4|, Cinth|Varr|}/|z — -|||7,, which we try to control, never
gets small. Below (Theorem 5.1) we shall prove that

hVp
|z — |

Th
|z — |

L) Ly(T)

This estimate shows not only that the method is operational, but also that it is efficient
in the sense that large values of Vi can be locally compensated for by choosing h
locally small and that, indeed, the a posteriori error estimate in (3.2) is of optimal
order since, for a general class of functions ¢, we cannot expect to have a bound for
the error better than C||hVy/|x — -|||1, ). In fact, our proofs show that

Th

_Th P
lz — ]

< C inf
|z — |

L P

Ly(T)

Concerning the efficiency of the method we also refer to the numerical examples in
86, which show that
estimated error

< 1+ small constant.
exact error
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Remark 3.1. To have the algorithm based on the more precise estimate (3.2)
rather than on (3.4) we simply replace (3.6) by

L inf eyl +e
CN yek min{|rs|, Cinth |[Vira|}

1/2 .
(3.8) hi < [ } VK ecY).
See also Remark 4.1 below.

Remark 3.2. The generalization of the results of this paper to methods using
higher-order polynomial approximation is straightforward.

4. The a posteriori error estimate. This section is devoted to the proof of
the a posteriori error estimate (3.2). For simplicity we shall assume that each element
K € Cp, can be equipped with a local coordinate system (Z1,%2), i.e., a one-to-one
mapping Fg : (21, &2) — (21,22, 3) from the plane reference element

K = {(£1,82) € R? : &1 > 0,25 > 0,3, + &, < 1},

onto K such that

3371 . .

4.1 < =1,2 =1,2
( ) 35:] = ChK) ? ) )3) J )
and
(4.2) Jg' <Chg? on K,

where (z,x2, z3) are the Cartesian coordinates on K, hg is the diameter of K, and

<6m1 Ozo 0x3) y (6:1:1 Oz2 3:1:3)

) 7=z, 02, 98, ) * \ 9, 02, 95

With any function w defined on K we associate the function @ = w o Fk defined on
the reference element K.

THEOREM 4.1. There are constants Cyap and Ciyg independent of x and h such
that

*

1

/P (0= o)W =T () < G

min{|ra|, Cineh |Viral}
lz — |

’

L (T)

where Vprp|g = h;{l (Vf‘h)FEI.
Proof. For the error e = ¢ — ¢p, we have from (2.1) and (2.2) that

(4.4) (e,x) — (Te,x) =0 Vx eV,

Now let z be the solution of
(4.5) (v,2) — (Tv, 2) = (v, %) Vo € Loo(I),
or, equivalently,

w
z2—T*2=—— ae.onl,
T
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where T* is the adjoint of the operator T' and |w| < 1 on I'. Here different points x

and functions w give rise to different solutions z. From (4.5) with v = e and using
(4.4) we obtain

(4.6) (e, I—a—:—li—T) =(e,2) — (Te,z) = (e,2 — 2z;) — (Te, z — z;),

where z; € V}, is any interpolant of z. We now choose w = sign(e) = e/|e| and write

(4.6) as
el o (v
/r|w—-|‘”‘(’1w—-|>
=(p—Typ, 2~ 2)~ (pn — Tpn,z — 2)

=(f—on+Tonz—2)=(rn, 2z —2).

The proof is then a direct consequence of the following two lemmas. 0
LEMMA 4.1. There exists an interpolant z; € Vi, of z such that

min{|ry| , Cingh |Varn|}
|z — |

*

|(rn, 2 — 2:)| < I |“w_‘|z||L°Q(r)’

L(T)
where Ciy only depends on T' and the constants in (4.1) and (4.2).
LEMMA 4.2. There is a constant Csayp independent of x and w such that
fllz — | ZHLOO(I‘) < Cstab-

Proof of Lemma4.1. Let F : K — K be the bijective mapping from the reference
element K in R? onto K defining the local coordinate system (£1,%2) on K. With
= wo Fx and Jg as above, we then define the piecewise constant interpolant z; of
z by

2z |k = % = constant =/2JK dK/[JK dK.
R R

Now let v be the solution of
~AY=(5-%)Jxk K,

(4.7 % _0 on oK,
on )
[x% dK =0.

The existence of a unique solution ¢ of this problem is guaranteed by the fact that
J& (2—%)Jk dK = 0. We find, using (4.7) and Green’s formula, that

/ rh(z—zi)dK=/ (32— ) Jk dK
(4.8) K K

= / r (~A) dK = / Viy - Vip dK.

K K

The solution 1) of problem (4.7) may be represented in terms of the associated Green’s
function and the data n := (2 — 2;)Jxk in the usual way. Differentiating this represen-
tation and using well-known bounds for the derivatives of the logarithmic singularity
of the Green’s function for a two-dimensional problem, we get, for any y in K ,

V() < C /K QL_”,d
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and consequently with ¢(y) = |x — Fx(y)| (cf. (5.4)),

ds
) |V <C /——————qn o < Clanllp &) -
Thus, also using (4.1) we have

||qv¢’||Loo(f<) < Cllg(z - %) JK”LOQ(R)
(4.9) < Ch Nz = (2 = 2l x)
< Chigllle =1 2llp (k) -

Here, in the last step, we have used the fact that z;|x is constant and

e — 12l ey = Ml — Al cre j [ ancak [ [ dk]

. JK 5
<M= M ol iy [ 2] / [ ax ak
7 liL, (&) K
<Cllz =12l x)-
Furthermore, we have that
(4.10) I Vin < Cht || Ynrn :
q L (k) lz — | Li(K)
Now (4.8)—(4.10) give
\Y% &
[ornmsar|< |2 javel,
(4.11) g::
< Chk || 4 e~ 2l ) VK €Cn
lz—-| L1(K)
Clearly we also have that
T
/ Th (Z—Zi)dKl < I—L e =12l k) VK €Ch
K T - L1 (K)

Together our estimates now show that

thrh
lz — |

Th

’/ rh(z—zi)dK'Smin{ —_—
K

,C
|z~

Li(K)

} Iz — 'IZ“LOO(K) .
Li(K)

By summation over all K the desired result now follows. |

Remark 4.1. Obviously, one can have that |ry| < h|Vjry|, for instance, if f is
highly oscillatory. Locally one can also have that h|Vp7,| < |r1|. On the other hand,
it is not clear that the latter inequality can hold globally. In practice, it is probably
enough to consider the simple estimate (set z; = 0 above)

Th
|z — |

P~ Ph
|z — |

<C

L(T)

Ly (T)
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Note also that computing V7, is somewhat more involved than just computing 7.
In our numerical tests below we have used an algorithm based on the latter simplified
estimate.

We now return to the proof of the stability Lemma 4.2.

Proof of Lemma 4.2. Recall the dual equation

w
z2—T*'2=-—— a.e.onTl,

|z —|

where

T = 5 [ #(6)5 g )

Ons ly — s
Let y € I and M be given by

M =sup |z — y| |z(y)| = |z — §]|2(7)|-
yer
Furthermore, let d > 0 be the largest constant such that

Cs(|lns|+1) < for 0 < s <d,

N =

where C is the final constant (only depending on I') in the estimate

IT*2(5)] < / 12(

22 Y ars
2n/p|x—sl|g—sl (s)
<CM(|Injz—g||+1).

dr'(s)

6ns Iy — 8|

Then, if |z — 7| < d, we have that

= |z — g|2(9)] < |lw@)| + |z —g|(T*2) (y
(4.12) lz = gl1z(@)] < lw(@)] + |z — gl ( )(Z;\)ll
<S1+CMle—g|(Infe—gll+1) <1+ 5

On the other hand, if [z — §| > d, we set Mp = sup,cp |2(y)|, where

B={yel:|ly-g|<d}, d’sg.
We have that
My = sup 12— ¥ 120)]
veB |z -yl
< e WD < % e — 3l 120)]

Moreover,

R R e

dr(s)
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1 1 7] 1
<=t ( [+ [ ) ROl )
=3l ' 2 ( s F\B) =) | 3n, 7=
1 Mp C C 0 1
< — | ——dI — —_——
“T-g " on /B a1 O+ 3 ) 1% 5
1 } 1
< Ep +CMpd + C 2|l 7
For d’ sufficiently small this gives
~ 1 1, C
(£ < s + 5 @1+ G el
and hence
. Cle—g
(113) o= al1z@) < 2+ 2Ty
We now claim that there is a constant C independent of x such that
(4.14) l2llL, @y < €
In fact, since ||w/|z — -|||z,r) < C, this follows from the more general estimate
(4.15) Izl o < C |2~ 1<p<oo
B0 ==l TP

For x bounded away from infinity, the desired stability estimate of Lemma 4.2 now
follows from (4.12) and (4.13)-(4.14). For |z| large (z away from I'), the desired
estimate follows directly from (4.15) with p = co. Thus it suffices to prove (4.15). We
then note that (I — T*)z = w/|z — -|, so that (4.15) follows from the fact that I — T
has a bounded inverse as an operator on L,(I'),1 < p < oo. In fact, since the integral
kernels of T and T™ are weakly singular, both operators are compact on L,(I"). Thus
if we can show that I — T* is one-to-one it follows from Fredholm theory that it is
also onto; consequently I —T* is invertible with (I —7*)~* : L,(I') — L,(I") bounded
and (4.15) follows.

To prove that I — T* is one-to-one it suffices to show that I — T is one-to-one
(see, e.g., [12], Theorem 4.25), i.e., we want to prove that

(I -T)p=0 implies ¢ =0.
We recall that with u defined by
1 1
ue) = 1= [ o))
we have that (I — T)yp = —2g implies

ou®
an 7
Thus, if (I —T)p =0 (i.e., g = 0) we have that
Au=0 inf,
M _0 onr
on ’

u—0  as|z| > oo,
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which implies that v = 0 in Q. In particular, u vanishes on I', and since u is also
harmonic in the interior of § it follows that v = 0 in all of R3. Consequently, ¢ =
(Ou®/dn) — (Out/On) = 0. We have thus demonstrated that I — T is one-to-one and
the proof is complete. O

Remark 4.2. Implementation of the adaptive algorithm outlined in §3 involves,
in particular, finding an appropriate numerical value (the smaller the better) for the
stability constant Cgiap from Lemma 4.2. One could try to backtrack Csta, through
the proof of Lemma 4.2, but this procedure would probably lead to a rather pessimistic
(too large) value. A more practical approach would be to try to estimate Cstap from
an approximate solution of the dual problem (4.5). One complication then is that
the data in this problem depends on the unknown error; recall from the proof of
Theorem 4.1 that we consider (4.5) with w = sign(y — ¢p) where ¢ is unknown. In
the present situation it is reasonable to believe that |||z — -|z||._ (r) should be more
or less independent of w for |w| = 1 (cf. below and the corresponding discussion
in [6]). It would then suffice to solve the dual problem numerically with one or a
few different choices of w to get a reasonable estimate of the constant Cigap,. In fact,
it may not even be necessary to estimate Csiap at all since |[|lz — -|z||z_ (r) should
be close to one for small h. To justify this statement we consider for simplicity the
two-dimensional counterpart of our given potential problem with I" the unit circle. In
this case it is possible to solve the dual problem analytically. We find that T*¢(y) =
—1/2m [ ¢(s) ds = constant and from this that

#(0) = 5= o8 Iz Dl w(w) ~ gz | wls) ok (fo — shlds.

Here, for w = sign(y — @), the integral term should be much smaller than the first
term because w is oscillatory, and thus we expect to have 27z(y)/|log |z —y|| = w(y)
for small h in this case. We believe that this should not be specifically related to the
particular situation we have considered here but hold fairly much in general as long
as the kernel is weakly singular and T is smooth.

In the general case of an algorithm based on (3.8), we also need to find an ap-
propriate numerical value for Cj,. This constant is basically an interpolation error
constant (although this is not quite transparent from the derivation; cf. also [6]). A
reasonable estimate for Cipy can thus be obtained by seeking the smallest possible
constant for which [|2 - 2| %) < C||VZ||p, &), where Z; is the mean value of 2, i.e.,
for ¢ = 2 one may put Ciy, = 1/2 whereas for ¢ = 3 (and triangular elements) simple
calculations indicate that it should be possible to put Ci,; = 1/4. It should be clear
that these values are based on somewhat heuristic arguments; to obtain a full proof
value we have to backtrack the constant through the proof of Lemma 4.1, which may
lead to a somewhat more pessimistic estimate.

Remark 4.3. Above we have considered control of u — uy at a particular point x
through control of ¢ — ¢, in a weighted Li-norm. A posteriori estimates for error
control in other norms can be obtained similarly. For example, let us consider maxi-
mum norm control of u — uy, i.e., as our computational goal, to find an approximate
solution wuy, of (1.1) such that

(4.16) ”’LL - uh"Loo(Ql) S 6.
From (1.2) and (2.3) we obtain for any p € (2,00] and ¢ = p/(p — 1),

llo - ‘Ph“L,,(r) <Glle- ‘Ph”L,,(r) .

1
lw —wallL (@) < 7= sup
4n Ly(D)

zeQ ‘IL‘ - |
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In order to obtain an estimate for [|¢o—pn||1,,(r), we consider now for a given w € Lq(I')
the dual problem

z—T*2=w a.e.onT.

We recall from the discussion in the proof of Lemma 4.2 that I — 7™ has a bounded
inverse on L4(T"), so that, in particular,

l2llL, @y < Cllwllg, @ -

We thus obtain with e = ¢ — p,

/ewds=/e(z—T*z)ds:/(e—Te)zds=/rhzds
r r r r

< ”ThHL,,(r) HzIILq(r) <C ||7"h||L,,(F) ”w“Lq(F) )

and consequently, by duality,

lellr, @y < Cllirallp, ) -

If we summarize, we thus have
lu = unlly @y < Cplirnll, @y » p € (2,00].

From this estimate we can easily set up an adaptive scheme similar to that in §3 for
obtaining (4.16).

5. Efficiency and an optimal a priori error estimate. In this section we
shall verify the efficiency of the constructed adaptive algorithm. As a by-product we
will also get an optimal a priori error estimate for the finite element method under
consideration. Our main result is the following.

THEOREM 5.1. There is a constant C such that for h sufficiently small,

hV
|z — |

Th
|z |

Ly(T)

L (T)

This estimate shows, in particular, that the a posteriori error bound in Theorem
4.1 is of optimal order and thus indicates that our adaptive method will be efficient
(cf. the discussion in §3 above). Combining the a posteriori error estimate of Theorem
4.1 with Theorem 5.1 we get as a corollary the following a priori error estimate.

THEOREM 5.2. There is a constant C such that for h sufficiently small,

hV
lz —

P~ Ph
]

L) L)

To prove Theorem 5.1 we shall need a few technical lemmas.
LEMMA 5.1. The residual rp, can be represented as

Th= I = Pp)T (¢~ pn)~ (I - Prn)p,

where Py, is the usual Lo-projection onto Vj,.
Proof. The variational equation

(¢n,v) = (Ton,v) = (f,v) YveV,
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can equivalently be written in the form

on = PhTon + Prf.

Thus
th =¢h —Ton — f = (Pn—I)(f + Tpn)
=(Pn—=I)(p—To+Tepn)
=I-P)T(p—pn)—(I—-Pr)yp
which is the desired result. ]

Now we give a weighted L estimate for the Ly-projection, which we shall use to
estimate each term of the above representation.
LEMMA 5.2. There is a constant C such that

Py P

|z — | |z —-|

<C

L1 (T)

Ly(T) '
Proof. For the Lo-projection Pj, we have
(Putp,v) = (¢,v) Vv € V.

Thus, setting v =1 on K,v = 0 elsewhere, we get
Publaem(K) = [ T,
K

where m(K) = O(h%) is the surface measure of K. Using this we get

/Kllphw'dr [Ere] [ e < gy [ Wi [ g

/ |zpld1“<max[x— |/ 'W)'

and, for dist(z, K) > Chg,C > 0,

[t mK) o, m(K)
|z — } - man |z —« =  maxg |z — |

whereas, for dist(z, K) = O(hk), [, 1/|z — | dT' = O(hk), and therefore the proof is
complete. O

We shall also need the following error estimate in L;.

LEMMA 5.3. There is a constant C such that for h sufficiently small,

Now,

llo = ‘Ph”Ll(F) <C "hVS"“Ll(F) :
Proof. From the equations

(I-T)p=f
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and
(I = PuT)pn = Punf,

we have that

(T = PuT)(p—pn) = — Po) (f +Tp) = (I — Py) .
Thus if we can show that
(5.1) (I = PaT) ™ |y () < C
then we will have

lo = enllp, @y < CIUT = Pu) el < ClURVelL )

and the proof will be complete. 0
Thus it only remains to prove (5.1).
LEMMA 5.4. There is a constant C such that for h sufficiently small,

I =T) " 2y < C

where Ty, = P,T.
Proof. In the proof of Lemma 4.2 we demonstrated that

(5.2) (I - T)—1||L1(L1) <C.
Assume now that
(I =Th) =g.
We then have
I-Dy=I-Th)y+(Th-T)Y=9+ T -T)%¢,
and using (5.2) we obtain

(5.3) lllz, < C (lgllz, +1(Th = T) %Iz, ) -
Recalling the L;-stability of the La-projection, we have that
(T = Tn) Yl ) = I = Pr) T, ry < CINTY = Ty (1),
where ’1’"\1//1 € Vp is an interpolant of T% determined by 7,’\7:1)| k = Ty(z) for some

z, € K.
On the other hand, with k(z,y) = (1/27)(9/0nz)(1/|z — -|),

.pw—www=;ﬂywwdwwww
<Y [ | [ - bemiarw)| o)

S/Fltb(y)l (Z/K Ik(w,y)—k(mi,y)tdl‘(x)> dl'(y).
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For a fixed y we let B4(y) = {z : |x —y| < d}, where d is a sufficiently small and fixed

positive constant. Recall that k(z,y) = O(|z —y|™!); hence for x € B4(y) using polar
coordinates we have that

2 fK,nB oy F@y) k(o yldh@) < Z / (Ik (z,9)| + [k (i, y)]) dT' ()

K;NBa(y)

whereas for other points z, i.e., z € I'/B,(y), we have that

> /K RO

g/ h(z)—C— dr(e) < Ch(|Ind| + 1),
M\Ba(y) |z -yl

where h = maxr h. Since d is assumed to be sufficiently small, we get from (5.3) for
h sufficiently small that

- _ 1
W1z, < Clglls, +C (d+hlnd +5) [ b1dX < Claly, + 5 101,

This gives the desired result. 0

We may now give the following.

Proof of Theorem 5.1. Recall from Lemma 5.1 the representation of the residual
Th:

th=I—=Pu)Te—(I—-PFn)y
Let ¢ € V}, be an interpolant of ¢. Then, since

(I-Pr)o=1(p—@)+ Pun(p—¢),

we have, using Lemma 5.2,

I(I—Ph)w p=@ Py (o — ) <colle=2 '
lz—-1 N, ~ lHe=1le,m lz—-1 oo~ lz =[Nl .
Moreover,
'I (I—Py)Te <c Te .
lz—-1 N, |z =, ()
Here
Te Te 1 0
= [Tl - [ [ ()0 2 d0E) ).
lz =g,y Jrle—yl rle— ny |y—zl

Now, since (0/0n,)(1/]y — 2|) = O(1/|y — 2|), we obtain, using Fubini’s Theorem,

1 1
=€ [l [ o pgar) are)

SC/r|e(z)l(|1n|x—z||+1)dF(z).

Te
|z — |
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Finally we have that

= + | <ol
|z — - L(D) lz — | L) |z = Ly(T)
h
<c||hVe +C/le(z)|(|ln|x—z}|+l)dF(z)
|z — | Ly(T) r
h 1
<co| e ==l +Cliell, -
lz =M, 2l =iz, @
It follows that
hV
s <c(=E] +lelw )
lz =iz, lz =L, ()
Using Lemma 5.3 we have that
hVp
lellz, @ < CIhVellL, @ <C ] .
and consequently,
I Th < C‘ hV(P ’
lz = llL, ) lz =1l @)

which proves the efficiency (Theorem 5.1) and also the a priori error estimate

e
|z =

hV
lz -

<C
Ly(T)

Ly(T)

of Theorem 5.2. 0

847

6. Numerical experiments. For simplicity we consider here the two-dimen-
sional counterpart of problem (1.1) and seek, for a simple closed curve I in the plane,

the single layer potential

wa) = 5 [ ontw)tog (-1 ) arw),

|z —|
where @p, € V}, is the solution of (2.2) now with

1 o 1
Tol) =1 [ o5 o g (E—_|) dr(s),

and V}, consisting of all piecewise constant functions on a partition of I' into curve
segments of length proportional to h. As before, z is a fixed point in which we want
to control the error in up, and 6 is the given error tolerance. The counterpart of the
error estimate (3.3) for the present two-dimensional case shows that the desired error
control will follow if Cstap || werh || L, (r) < 6, where 1 = @ —T'@p, — f is the residual and
wy(y) = (1/2m)|log (1/|x —y|)| is the weight function originating from the single layer
potential representations of 4 and wy in two dimensions. Unless otherwise stated the
tolerance 6 was set to 0.01. The stability constant Cyia, Was put to one (cf. Remark

42).
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Computed solution

.20 1 2 3 4 s 6 1
f=v
(a)
Mesh size
0075

0.07f

aosr

0.045+

004+

°'°30 2 3 4 s 6 7

1
z=(-1,0) f=v 6 =10.01
n =130 ex = 0.0069 e = 0.0070.

(b)

FiG. 1.

In the first set of experiments discussed in Examples 1-3 below, we have taken I to
be the unit circle, parameterized in the usual way using the polar angle v,0 < v < 27.
In this case it is possible to solve the problem analytically (cf. Remark 4.2) so that
we may compare computed errors with exact errors. The exact error will be denoted
by ez and the estimated error by e. A comparison of the two on the accepted meshes
(see Figs. 1-3) indicates that our adaptive method is both reliable and efficient. Note,
however, that the difference between e and ex may be larger in the early stages of
the adaptive process when the meshes are not yet properly refined. For definiteness,
note also that by “the exact error” we here mean [|(¢ — @p)wg||z,(r) (rather than

(v — up)(@))).

In each case the algorithm started from a uniform partition with mesh size of
order one. The number of iterations (successive remeshings) required to reach the
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Computed solution

15t

u -
o L
.oj s
-1
o 1 2 3 7] s s )
f=Vlv-x/2|
(a)
Mesh size
oz
a2} J
018 :
016}
014} ]
012 :
o1} :
o008}
005

1 2 3 P s 3 )
z=(-1,0) f=+|lv—=/2] 6§=0.01
n =60 ex = 0.0067 e = 0.0067.
(b)

FiG. 2.

0

desired error control ranged from five to thirteen. The number of elements on the
final mesh is denoted by n.

In our first example we have isolated the effect on the mesh size due to the
singularities in the weight function w;. In the following examples we will see combined
effects of the singularities in w, and in the solution.

Ezample 1. We first consider the case f(v) = v and z = (-1, 0) with a singularity
in w; at v = 7. Note that the discontinuity in the data f at (1,0) is not important
here, because it is located at a mesh point and we use piecewise discontinuous poly-
nomial approximation. Thus, here the solution is (uniformly) smooth on each mesh
subinterval and only the singularities in w, will influence the variation in the local
mesh size.

Figure 1a shows the computed solution ¢p. Note that, for convenience, we have not
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Mesh size

014}

0121 E

01}t 1

0.08 L

0.06+

0.04+

0.020

2

1 3 4 s 6
z=(0,1) f=+/lv-7/2] 6=0.01

n = 66 ez = 0.0090 e = 0.0095.
(c)

Mesh size

2 7

1 3 4 s 6
z=(0,1) f=/lv-=/2] 6=0.002
n = 358 ex = 0.0015 e = 0.0015.

(d)

Fic. 2. (continued).

plotted the piecewise constant function ¢y but rather its piecewise linear interpolant.
Figure 1b shows the corresponding mesh size h similarly represented by a piecewise
linear interpolant as a function of v. We note that the mesh has been refined near
v = 7 to compensate for the singularity in the weight function w, = w;(y(v)) at
v = 7. (One can also see that the mesh size is comparatively large near v = 2r/3 and
v = 47 /3 due to the fact that the weight function w, happens to be small near these
two points.)

Ezample 2. We shall now consider two examples with (genuine) singularities also
in the data f to see the combined effect on the local mesh size of adaptation with
respect to singularities both in w, and f.

We first take f(v) = +/|v— 7n/2|. Figure 2a shows the computed solution. We
note in particular the singularity at v = 7/2. Figures 2b—c show the mesh function h



Computed solution

25
2}
15}
10} ]
.
(@) % 1 2 3 Y s 6 2
f= e,
Mesh size
025
a2}
o1s}
o1}
008t
(b) o5 Y 3 ‘4 s 6 2

1
— — 1 —
2—(0,1) f—m 6 =0.01

n =109 ez = 0.0076 e = 0.0086.

Mesh size

(c) % 2 3 4 s 6 7

1
= (— — 1 —

n =290 exr = 0.0097 e = 0.0100.

Fi1c. 3.
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for two different locations of the point z. In Fig. 2b we have put z = (—1,0). We note
the refinement near the singularity in f at v = /2 and the refinement near v = =
due to the singularity in w,. In Fig. 2c we have chosen z = (0, 1) so that we now have
two singularities to account for at v = w/2. Additional refinement is now required to
compensate for the combined singularities of f and w,. Figure 2d shows the mesh
size for the same problem setting the error tolerance somewhat lower (6§ = 0.002). We
now see two levels of refinements reflecting the fact that two different singularities are
involved in the refinement process.

Ezxample 3. This example is similar to Example 2. Here we consider the case
f(v) = 1/+/|v — n| + 0.001. Figure 3a shows the computed solution. In Fig. 3b we
have taken z = (0, 1). We note the refinement near v = m caused by the singularity in f
and the somewhat less pronounced refinement near v = 7/2 caused by the singularity
in w,. In Fig. 3c we have taken x = (—1,0) and again we see that the mesh has been
additionally refined near the point of combined singularities.

In our second set of experiments we shall take into account also the effect of I'
being nonsmooth, and will thus have up to three sources of singularities influencing
the adaptively chosen local mesh size. We consider the case when I' consists of the
two circular arcs bounding the lens-shaped region:

0= {(scl,:cz):[).f)—\/l—wf <zy < —O.5+\/1—x%,\/§/2§x1 < \/5/2}

Note that our theoretical results do not cover this case, since in our analysis we have
assumed I' to be smooth. We plan to return to this problem for a detailed study in a
forthcoming paper.

In our two examples below we have assumed all relevant data to be symmetric
with respect to the x5 variable. Consequently, the mesh size and solution will show
the same type of symmetry. We may thus reformulate the given problem as a problem
on the upper circular arc segment z; = cos(v), 2 = —0.5 + sin(v), 7/6 < v < 57/6.

Ezample 4. In this example we take f = 1 and § = 0.002. We first consider the
case z = (0,0). Figure 4a shows the computed solution. Note the singularities in the
solution at both endpoints corresponding to the two points of nonsmoothness on I
Figure 4b shows the mesh-size h. We note the refinements at both endpoints, which are
now caused by the singularity in I" alone. Figure 4c concerns the case z = (1/3/2,0). In
this case we have again a combined effect of two sources of singularities and additional
refinement is required near v = /6 because of the singularity in the weight function
Wy.

Example 5. We now consider the case f(v) = log(Jlv — n/6]) and 6 = 0.005.
Figure 5a shows the computed solution. In Fig. 5b we have z = (0,0). We note
the refinements at both end-points and the somewhat more pronounced refinement
to the left near v = 7/6 from the combined effect of the singularity in f and the
singularity in I'. Finally, in Fig. 5c we consider the effects of combining all three
sources of singularities in I', f and w, by choosing = (1/3/2,0) requiring even
further refinement near v = /6.

Remark 6.1. Our simple examples have been intended to illustrate the general
ideas, especially for three-dimensional problems; note for instance that for planar
problems and I smooth, the kernel of the integral operator T is in fact smooth (con-
stant in our case) in which case the given potential problem may be solved more easily
by other methods.
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04SH

04}

03st+
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(a) 013"

Mesh size
0.036

0.035

0.034+

0.033+

0.032
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0.03+

(CYR Y.

X 1 15 2 25
z=(0,00 f=1 §=0.002
n = 64 e = 0.0014.

Mesh size
0.05
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0.015+
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(a) .%.5 1 15 2 25 3
f=loglv-n/6l.

Mesh size
0

0.068
0.06+
0055+
005+
00451
0.04}
0.035+
003+

0.0254

(b) oggg 1 15 2 25 3
z=(0,0) f=loglv—=/6] 6=0.005
n = 64 e = 0.0039.

Mesh size
0.045

0.04

0.035

0.03+

0.025+

0.02p
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0.01+

0.005 +

© 8 13 2 23 3

1
z = (v3/2,0) f=loglv—m/6] &=0.005
n=129 e=0.0047.

Fic. 5.
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