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Abstract

We present a method for computing nearly singular integrals that occur when single or
double layer surface integrals, for harmonic potentials or Stokes flow, are evaluated at
points nearby. Such values could be needed in solving an integral equation when one
surface is close to another or to obtain values at grid points. We replace the singular
kernel with a regularized version having a length parameter é in order to control
discretization error. Analysis near the singularity leads to an expression for the error
due to regularization which has terms with unknown coefficients multiplying known
quantities. By computing the integral with three choices of §, we can solve for an
extrapolated value that has regularization error reduced to O (%), uniformly for target
points on or near the surface. In examples with /4 constant and moderate resolution,
we observe total error about O (h°) close to the surface. For convergence as h — O,
we can choose § proportional to 29 with ¢ < 1 to ensure the discretization error is
dominated by the regularization error. With ¢ = 4/5, we find errors about O (h*). For
harmonic potentials, we extend the approach to a version with O (8”) regularization;
it typically has smaller errors, but the order of accuracy is less predictable.
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1 Introduction

The evaluation of singular or nearly singular surface integrals, on or near the surface,
requires special care. Here, we are concerned with single and double layer integrals
for harmonic potentials or for Stokes flow. One of several possible approaches is to
regularize the singular kernel in order to control the discretization error. A natural
choice is to replace the 1/r singularity in the single layer potential with erf(r/5)/r,
where erf is the error function and § is a numerical parameter setting the length scale of
the regularization. This replacement introduces an additional error due to smoothing.
For the singular case, evaluating at points on the surface, we can modify the choice of
regularization so that the new error is O (87) (see [3, 6, 30]). The nearly singular case,
evaluation at points near the surface, could be needed, e.g., when surfaces are close
together or to find values at grid points.

For this case, in the previous work, we used analysis near the singularity to derive
corrections which leave a remaining error of O (83). It does not seem practical to extend
the corrections to a higher order. In the present work, we show by local analysis that
the simpler regularization can be used with extrapolation, rather than corrections, to
improve the error to O (8°) in the nearly singular case. For y on or near the surface, at
signed distance b, if S is the single layer potential with some density function and Sj
is the regularized integral, we show that

Ss(y) = S(y) + C1819(b/8) + C28° L (b/8) + O(5%) ey

uniformly for y as § — 0, where I and I, are certain integrals, known explicitly, and
C1, C; are coefficients which depend on y, b, the surface, and the density function.
We can regard S, C1, and C» as unknowns at one point y. Our strategy is to calculate
the regularized integrals Ss for three different choices of § and then solve for S,
within O(8%), from the system of three equations. We treat the double layer potential
in a similar way, as well as the single and double layer integrals for Stokes flow.
We comment on the Helmholtz equation. For the harmonic potentials, we extend the
approach to a method with O (87) regularization error; it requires four choices of &
rather than three.

To compute the integrals, we use a quadrature rule for surface integrals for which the
quadrature points are points where the surface intersects lines in a three-dimensional
grid and the weights are determined by the normal vector to the surface. It is high-
order accurate for smooth integrands; for the nearly singular integrals, the accuracy
depends on §. The regularization enables us to make the integrand smooth enough
to discretize without special treatment near the singularity. Other quadrature methods
could be used if desired. The total error consists of the regularization error and the error
due to discretization. The discretization error is low order as & — 0 if §/h is fixed,
where £ is the grid spacing, but it rapidly improves as § /h increases; this is explained in
Sect. 4. In our experiments with §/A constant, we typically observe errors about O (h°)
near the surface with a moderate resolution, i.e., 4 not too small, indicating that the
regularization error is dominant. However, this trend cannot continue as 4 — 0. For
rapid convergence as i — 0, we need to increase §/h to ensure that the discretization
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error is dominated by the regularization error. To do this, we choose § proportional
to h?, e.g., with ¢ = 4/5, resulting in an error about O (h*). To test the uniform
convergence, we measure errors at grid points varying from O to % in distance from
the surface. With the fifth-order regularization, we see the predicted orders, while for
the seventh-order method, we typically see smaller errors but the order in 4 is less
predictable, presumably because of discretization error.

Considerable work has been devoted to the computation of singular integrals such
as layer potentials. Only a portion of this work has concerned nearly singular integrals
on surfaces. Often, values close to the surface are obtained by extrapolating from
values further away [35], sometimes as part of the quadrature by expansion (QBX) or
hedgehog methods [1, 15, 16, 19, 28]. In [29], sources are placed on the opposite side of
the surface to produce a kernel-independent method. With the singularity subtraction
technique [12], a most singular part is evaluated analytically leaving a more regular
remainder. In [21], for the nearly singular axisymmetric case, the error in computing
the most singular part provides a correction. In [22], an approximation to the density
function is used to reduce the singularity. Regularization has been used extensively to
model Stokes flow in biology [8, 9] (see also [30]). Richardson extrapolation has been
used for Stokes flow [10].

With Ewald splitting [2, 13, 14, 25, 26], the kernel is written as a localized singular
part plus a smooth part so that the two parts can be computed by different methods.
Regularization as used here could be thought of as a limit case which reduces the
singular part so that it becomes a correction, as in [3, 6, 30] or treated as an error in
the present case. Integrals for the heat equation were treated in this way in [11], with
the history treated as a smooth part. There is an analogy between the present method
and QBX. In the latter, the value at a specified point near the boundary is extrapolated
from values at points further away along a normal line; increasing the distance is a
kind of smoothing, analogous to the regularization here. However, the two techniques
for making the integral smoother are different in practice.

While the choice of numerical method depends on context, the present approach
is simple and direct. The work required is similar to that for a surface integral with
smooth integrand, except that three (or four) related integrals must be computed rather
than one. No special gridding or separate treatment of the singularity is needed. The
surface must be moderately smooth, without corners or edges. Geometric information
about the surface is not needed other than normal vectors; further geometry was needed
for the corrections of [3, 6, 30] and in some other methods. It would be enough for the
surface to be known through values of a level set function at grid points nearby. For
efficiency, fast summation methods suitable for regularized kernels [27, 31, 34] could
be used. The approach here is general enough that it should apply to other singular
kernels; however, a limitation is discussed at the end of the next section.

Results are described more specifically in Sect. 2. The analysis leading to (1) is
carried out in Sect. 3. In Sect. 4, we discuss the quadrature rule and the discretization
error. In Sect. 5, we present numerical examples which illustrate the behavior of the
method. In Sect. 6, we prove that the system of three equations of the form (1) is
solvable, and Sect. 7 has a brief conclusion. The source code for numerical examples
is available for download (github.com/stlupova/extrapolated-regularization).
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2 Summary of results

For a single layer potential

Sy = /r Gx—-yfx)dSx), Gr)=- @)

4 |r|

on a closed surface I, with given density function f, we define the regularized version

Ss(y) =/FG5(X—Y)f(X)dS(X), Gs(r) = G(r)s1(|r|/d) 3)

with 5 .
2
s1(r) =erf(r) = —/ e ds 4
v Jo
Then Gy is smooth, with G5(0) = —1/(273/%8), and erf(r/8) — 1 rapidly as r /8
increases. Typically S5 —S = O(8). If y is near the surface, then y = xo + bn, where

X is the closest point on I', n is the outward normal vector at X, and b is the signed
distance. From a series expansion for x near xo and b near 0, we show in Sect. 3 that

S(y) + C18Ip(1) + C28° L () = Ss(y) + 0(8°) )

uniformly for y near the surface, where A = b/§; C, Cy are unknown coefficients;
and Iy and I are integrals occurring in the derivation that are found to be

Io() = e /7 — [Mlerfe|| ©)

L) = % ((% eV T+ |x|3erfc|x|) 7

Here, erfc = 1 — erf. To obtain an accurate value of S, we calculate the regularized
integrals Ss for three different choices of §, with the same grid size A, resulting in
a system of three equations with three unknowns. We can then solve for the exact
integral S within error §5. We typically choose §; = p;h with p; =2,3,40r3,4,5.

To improve the conditioning, we write three versions of (5) in terms of p rather
than §,

S) + c1pilo(hi) + 203 (M) = S5, (y) + 0(8), i=1,2,3 (®)

with A; = b/§;. It is important that ¢, ¢ do not depend on § or A. We solve this 3 x 3
system for S. The ith row is [1 p; Io(A;) ,oi3 I>(X;)]; the entries depend only on A; as
well as p;. The value obtained for S has the form

3
S) =Y aiSs(y) ©)
i=1
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Foreach A,a; +ax+a3 =1. AtA =0,a; = 14/3,a, = —16/3, a3 = 5/3 provided
pi = 2,3,4. As A increases, the coefficients approach (1, 0, 0), allowing a gradual
transition to the region far enough from I" to omit the regularization. It is not obvious
that the system (8) is solvable, i.e., that the matrix is invertible. In Sect. 6, we prove
the solvability for any distinct choices of the p;. To ensure the smoothing error is
dominant as 7 — 0, we may choose § = ph? with ¢ < 1, rather than ¢ = 1, to obtain
convergence O (h77) (see Sect. 4).
For the double layer potential

G (x —
D(y) = / 969 ) dsx) (10)
r on(x)

the treatment is similar after a subtraction. Using Green’s identities, we rewrite (10)
as
0G(x —y)
D(y) = / ————[8(x) — g(x0)1dS(x) + x(y)g(x0) (11)
r on(x)

where again X is the closest point on I and x = 1 for y inside, x = O for y outside,
and x = % on I'. Toregularize we replace VG with the gradient of the smooth function
G, obtaining

VGs(r) = VG(X)sa(|r|/8) = ﬁsmrv& (12)
with )
s2(r) = erf(r) — 2//m)re™" (13)
Thus,

Ds(y) = /F Zn‘rﬁ? $2(Ir1/8)[8(X) — g(x0)]dSX) + x Vg (X0) . r=x—1y (14)

The expansion for Dy — D near X is somewhat different but coincidentally leads
to the same relation as in (8) with S and S; replaced by D and Djs. Thus, we can solve
for D to O(8°) in the same way as for S.

There is a straightforward extension to a method with ICH) regularization error.
In equation (5), there is now an additional term C3 83 I,. There are four unknowns, so
that four choices of § are needed. Otherwise, this version is similar to the original one.
On the other hand, we could use only two choices of §, omitting the 83 term in 5),
obtaining a version with error 0(83).

The special case of evaluation at points y on the surface is important because it
is used to solve integral equations for problems such as the Dirichlet or Neumann
problem for harmonic functions. We could use the procedure described with b = 0
and A = 0. However, in this case, we can modify the regularization to obtain 0(85)
error more directly [3, 6]. For the single layer integral, in place of (3), we use

f
Gs(r) = —21 (Ir1/9) . shr) = erf(r) + iﬂ(sr 2} (15)

47|r| 3T
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For the double layer, we use (14) with x = % and (13) replaced by

) = erfr) — = (7= 2 )7 (16)
sy(ry=erf(r) ——=|r—— e
2 NG 3
We typically use 6 = 3k with these formulas for evaluation on the surface [6, 30].
They were derived by imposing conditions to eliminate the leading error [3], and the
error can be checked using the analysis in the next section. Formulas with O (87) error
could be produced with the same approach.

The equations of Stokes flow represent the motion of incompressible fluid in the
limit of zero Reynolds number (e.g., see [24]). In the simplest form, they are

Au—Vp=0, V.-u=0 (17)

where u is the fluid velocity and p is the pressure. The primary fundamental solutions
for the velocity are the Stokeslet and stresslet,

8ij i —xi)(yj —xj)
ly — x| ly —x[3
60 = xi)(yj — xj) Ok — Xi)
ly —x[°

Sij(y,x) = (18a)

(18b)

Tijr(y, x) =

where §;; is the Kronecker delta and i, j, k = 1,2, 3. They are the kernels for the
single and double layer integrals

1

uwbw—/%mmﬁwww (192)
T Jr
1

mw=;jﬁmmm@®mwwa> (19b)
T Jr

where f; and g; are components of vector quantities f and q on the surface and ny is
a component of the normal vector n. A subtraction can be used in both cases (e.g., see
[24], Sect. 6.4). With x as before, we rewrite (19a) as

ui(y) = Sln /r Sij (¥, X)[fj () = fe(Xo)nk(Xo)n j (x)]dS(x) (20)
The subtracted form of (19b) is
vi(y) = % fr Tiji(y, X)[q (x) — q; (x0) Ink (X)d S (x) + x (¥)gi (X0) 2
To compute (20), we replace S;; with the regularized version

D8y, r=ly—xl (@2

8ij (i —xi)(yj —x
S = =Lsi (/) 4 =3
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with 51 and s as in (4),(13), resulting in a smooth kernel.

For the Stokes double layer integral, we need to rewrite the kernel so that it will be
compatible with the analysis of Sect. 3 (see the last paragraph of this section for further
discussion). For y near the surface, we havey = xo+bng withxg € I"and ngp = n(xg).
In T;j; we substitute y; — x; = bn; — X; where n; and x; are the ith components of ng
and X = x — X and similarly for j and k. The product (y; — x;)(y; — x;)(yx — xx)
becomes a sum. We need to avoid terms in the kernel such as b3 /r> or b%x; /r>, with
r = |y — x|. To do this we replace b>/r> with 1 — (r> — b*)/r? to introduce factors
in the numerator which vanish at xy. We obtain

[§)) 2 2 2y, (D)

L t, — (r= = bt

(D) 2 _ Yijk ijk ijk
Tijk = Tjj + Tijp = —6 ( 3T 5 ) 23)

where 1
ti(jlz =bninjng — (Xinjng + niX jng + ninjxXy) (24)
2 A A A A A A JODNN

ti(jk) = b(X;Xjng + XinjXx + niXjXp) — XX jXg (25)

and we substitute 7> — b> = |X|2 — 2b% - ng. We compute (21) with T} jk replaced with
the regularized version of (23)

T = T 52(r/8) + T, s3(r/5) (26)
where
2 (2,4 2
s3(r) = erf(r) — ﬁ gr +r)e 27

For both Stokes integrals, calculated in the manner described, we find in Sect. 3 that
the error has a form equivalent to (8), and we extrapolate with three choices of § as
before. Again, for the special case of evaluation on the surface, we can obtain an O (5°)
regularization directly. Formulas were given in [30], and an improved formula for the
stresslet case was given in [5].

A strategy similar to that for the Laplacian could be used for single or double layer
integrals for the Helmholtz equation, Au + k?u = 0, which describes waves of a
definite frequency. The usual fundamental solution is G = —e/*" /4r. We could
regularize the most singular part, —1/47r or —(1 — k?r%/2)/4mr or —coskr /4w,
multiplying by erf(r/§), and extrapolate as for the Laplacian. We would not modity
the remaining part of G. For the double layer potential, we need to use a subtraction
again. We could do this using a plane wave and Green’s third identity (e.g., see [20]
Thm. 3.1.1) as has been done before (e.g., see [23]). We choose a vector k so that
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k| = k and, for convenience, k - n(xg) = 0. With xo and x (y) as in (11), we rewrite
the double layer potential as

IG(x —y) _ [9Gx—Yy) _ik-(x—X0)
/ () g(x)ds(x)_/ g £ —¢F g0 | dse)

+ g(xo) / ik-nx) Gx —y) M X0 g§(x) + x (y)eF Vg (xg) (28)

If we regularize only the 1/r term, we could instead use (11) for that part alone.

It appears this method would not be successful if applied directly to the double layer
potential or the Stokeslet integral without the subtraction. There would be a term in
the integrand proportional to 1/r3. The equation (5) for the regularization error would
then have an additional term which, to first approximation, does not change as § is
varied. As a result, the extrapolated value of the integral becomes unstable as b — 0,
i.e., the coefficients in the linear combination replacing (9) become large as b — O.
A similar consideration motivates the expression for T;j; above. For other kernels,
general techniques to reduce the singularity could be used if necessary, e.g., [22].

3 Local analysis near the singularity

We derive an expansion for the error due to regularizing a singular integral, when
evaluated at a point y near the surface I'. The error is uniform with respect to y. The
expression obtained leads to the formula (5) and the extrapolation strategy used here.
The first few terms of the expansion were used in [3, 6, 30] to find corrections to
0(83).

We begin with the single layer potential (2). The error € is the difference between
(3) and (2). Given y near I', we assume for convenience that the closest point on I is
x = 0. Then y = bng, where ng is the outward normal at x = 0 and b is the signed
distance from the surface. We choose coordinates @ = (1, &) on I' near x = 0 so
that x(0) = 0, the metric tensor g;; = §;; at @ = 0, and the second derivatives X;;
are normal at « = 0; e.g., if the tangent plane at x = 0 is {x3 = 0}, we could use
(o1, a2) = (x1, x2). Since the error in the integral is negligible for x away from 0, we
can assume the density f is zero outside this coordinate patch, regard it as a function
of «, and write the regularization error as

¢ = / [Gs(x(@) — ) — G(x — Y)1f (@) dS@) (29)

Then,

€ =
4

We can expand x near O as

1 1fi )
/ “i#ﬂa)dS(a), r = Ix(@) —yl (30)

x(@) = TiO)es + T2z + Y @’ D'x0) + 0(al’) (31
2<v|=4
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Here, T; = 0x/0«;, the tangent vector at x(«), and we use multi-index notation:
v = (v, m), @’ = a;'ay’, D" is mixed partial derivative of order (vy, v»), and
[v] = v1 + vp. We will use the notation ¢, for generic constants whose value will not
be needed. We first get an expression for r2. We start with

X@P=ai+o3+ Y. ca’+0(al® (32)
[v|=4,5

There isno term with |v| = 3 since the first- and second-order terms in x are orthogonal.
Also,
x(@)-mg= Y ca’+0(al’) (33)

2<v<4

Then,

rP=lx@) —bnol = lal* + 6>+ > e’ +b Y cha’+ 0(el®+|bllal’)
[v]=4,5 2<|v|<4
(34)
We assume I is smooth, so that the error terms are uniform with respect to the location.
We will make a change of variables o« = (a1, @2) — & = (&1, &) defined by

152 +b0% =r%, &/IEl = a/la (35)

This allows us to write the error as

1 erfc(y/|€|2 + b2/8)

€= — w(§, b)d§ (36)

CAn ) R+

where

w(,b) = f(a)

011y x 1) 37)
3E 1 2

The expression (36) will enable us to expand the error in the form we need. An estimate
of (36), bounding w by a constant, shows that € decays faster than e=*/% and so is
negligible for |b| larger than O (§). Thus, we can regard |b| as being at most O (§).
The mapping § = & («) is close to the identity, but it is not smooth at @ = 0, so that
we cannot write w directly in a power series in (£, b). We will see that w is a sum of
terms of the form 6”&V /|£|2P with |v| > 2p, and such a term makes a contribution to
the error € of order §”+VI=2PF1 For this purpose, we need a qualitative understanding
of the inverse of the mapping « — &. Thinking of polar coordinates in (35), we do not
change the angle but we make a change along each ray depending on the angle. Thus,
it is enough to consider the inverse of the mapping |«| +— |&|. We will do this using
the Lagrange Inversion Theorem [17, 32]; the theorem is usually stated for analytic
functions, but for CV functions, it can be applied to the Taylor polynomial.
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We start by rewriting (34) as

EP/lal> =14 Y ca”/la+b Y ca’/lel+0U@b)lY)  (38)

Iv|=4.5 2<|v|<4

Here, O(|(c, b)[*) means O (|ae|* + b*). With u = /|| = &/|£|, we can substitute
o’ = u’|a| in (38). We then regard (38) as a power series in |«| in which the
coefficients depend on b and u. We will say that such a series is of type A if the
coefficient of the nth power is a polynomial in b and u with terms u" such that [v| —n
is even. Then, (38) is of type A. Multiplication of series preserves type A; thus, powers
of |£|%/|a|? have series of type A. We note that the kth term in a product series depends
only on the first k terms in the factors. Using the power series for (1 4+ x)~!/2, we
can write a similar expression for |«|/|&| with terms as in (38) and their products.
This series is also of type A; the same is true for powers of |«|/|£]. We now apply
the Lagrange theorem to the function F(|a|) = |&|. According to the theorem, F~!
has a series in |£|, with remainder, such that the coefficient of |£|" is proportional to
the coefficient of |a|"~! in the series for (|a|/F (J|))" = (|a|/|€|)". This quantity has
factors 1" with [v| — (n — 1) even. We now divide this expression for F~1(|&]) = |«
by |&] so that the earlier parity is restored. We have shown that |«|/|&| has a series in
|€| which is type A. Finally, we rewrite u”|£|" as £"|&|"~"!, and in summary, we have
shown that

||
— = Cmy 0 b 39
€| = Ccmpb |$|2p + 0, b)) (39)

where m > 0, [v] > 2p, and m + |v| — 2p < 3. With «; = (Ja|/|§])&; we get a
similar expression for « as a function of &.

The function f(«) and the factor |77 x T3| in w have series in @ which can be
converted to &. The Jacobian is

o B
— | = — = — 40
‘%‘ %m ST “0

It has terms of the same type as those in |«|/|£]|. The Jacobian has leading term 1 and
is bounded but not smooth as & — 0. We conclude that w has the expression

w(E.b) = Z%M”WN—@M (1)

where m > 0, [v| > 2p,m + [v| —2p < 3,and R(£,b) = O(|(&, b)|*).

To find the contribution €, to the error (36) from a term in (41) with a particu-
lar (m, v, p), we will integrate in polar coordinates. The angular integral is zero by
symmetry unless v and v, are both even. Let n = |v| — 2p, the degree of £. With
the restriction m + n < 3, the possible nonzero terms have n = 0and 0 < m < 3 or
n = 2 with m = 0, 1. To carry out the integration, we rescale variables to & = §¢,
b = §A, and write ¢ in polar coordinates. With s = ||, we obtain

€mvp = C/nvpbm8n+11n()\) = Cmvp)hmsm+n+lln A) 42)
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where

00 /o2 2
Ii(}) = / eV £ ontt g (43)
0

/S2 +)L2

In a similar way, we see that the remainder R leads to an error which is 0(8°). In
summary, we can express the error as

€ =8po(b)Io(A) + 8 pa(b)L (M) + 0(8°) (44)

where pg and p; are polynomials in b with deg po = 3, deg p» = 1. They depend
only on the surface and b, not é or A. For fixed b and £, they are unknown coefficients.
To normalize the equation, we set 6 = ph and rewrite it as

e =ciplo() + 20’ L(A) + 0(8%) (45)

This conclusion is equivalent to (8), which we use with three choices of § to solve for
the single layer potential within O (8°).

For the double layer potential, in view of (14) and (11), we can write the error from
regularizing as

1 —v)-
‘=i / ¢<V/B>M<g(a) — g(0)) dS(@) (46)

where

¢(r) = —erfc(r) — (2/\/5)1”(2_’2 (¢

and after changing from « to &,

_ 1 [ e(IEPF+D2/)

T ) agp ey VEPE @
where now ;
w(,b) =[(x—y) -n][g(x) — g(0)] ‘%‘ [Ty x 17 (49)
We find
(x—y)-n=-b+0(E b (50)

and note g(o) — g(0) = O(|&]). Thus, each term in w now has at least two additional
factors. We expand w as in (41) but now include terms with m + n < 5, where again
n = |v| — 2p. The term (m, v, p) now contributes an error of order 8"~ rather
than §™"+1 ag before. From the last remark, each nonzero term must have m > 1
andn > 1 orm = 0 and n > 3. By symmetry, a term that contributes a nonzero error
must have m > 1l andn > 2 orm = 0 and n > 4. The possible terms withm +n <5
are (m, 2) withm = 1, 2, 3 and (m, 4) with m = 0, 1. Rescaling the integrals, we find

€ = 8po(b)Jo(M) + 8 pa(b) 2 (A) + O(8°) (51)
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with deg po = 3, deg p» = 1, and

00 /<2 AZ
J,(0) = MS"H ds (52)
0 (s2 + )\2)3/2
In fact
Jo=—-21, J = -4, (53)

so that (51) is equivalent to (44), and we can solve for the double layer as in (8).
The expansions can be carried further in the same manner. For the single layer
integral, we can refine the error expression (44) to

€ = 8po(b)Io(A) + 8 pr(B) LX) + 8 pa(b) I4(2) + O(87) (54)
For the double layer, (51) is replaced by
€ =8po(b)Jo(h) + 83 pa(b) (1) + 8 pa(b)Ja(L) + O(87) (55)

Each of these expressions leads to a system of four equations in four unknowns, using
four different choices of §. In fact, J4 = —614, so that again we may use the same
equations for both cases.

For the Stokes single layer integral, calculated in the form (20), (22), the first
term is equivalent to the single layer potential (2). The second term resembles the
double layer (10). We note the integrand has a factor f(x) - (y — x) with fx) =
f(x) — (f(xp) -n(xp))n(x). Thus, f-n = 0atx = xo, and since y—x = bn(xg)+ 0 (&),
the numerator of the integrand is O (£). The discussion above for the double layer now
applies to this second term, leading to the same expression for the error.

For the Stokes double layer integral, with the subtraction (21) and the kernel rewrit-
ten as in (26), the first term is again like the harmonic double layer. For the second
term, regularized with s3, the numerator in the expansion will have terms O (¢ 3) or
higher. By symmetry, the terms that contribute nonzero error have O (&%) or higher.
We get an expansion for the error in the second term in the form

€ = 8po(b)Ko(A) + 8 pa(b) K2 (1) + 0(8°) (56)

with
® P3(Vs2+ A2 15
———5
NGRSO
and ¢3 = 1 — s3. We find that Koy = (8/3)1p and K> = 81>, so that once again we can
use (8) for extrapolation.

K,(A) = ds (57)

4 Surface quadrature and the discretization error

We use a quadrature rule for surface integrals introduced in [33] and used in [3, 6, 30].
We cover the surface with a three-dimensional grid with spacing /. The quadrature
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points have the form x = (i&, jh, x3), i.e., points on the surface I whose projections
on the (x1, x2) plane are grid points, and similarly for the other two directions. We
only use points for which the component of the normal vector in the distinguished
direction is no smaller than cos 6 for a chosen angle 6. In our case, we take 8 = 70°.
The weights are determined by a partition of unity ¥{, ¥, {3 on the unit sphere; it is
applied to the normal vector at each point. We define three sets of quadrature points
', I, 'z as

I's ={x=(ih, jh,x3) € T :|n3(x)| > cosb} (58)

where n3 means the third component of the normal vector, and similarly for I'y, I'>.
The quadrature points of the set I3 are shown for two ellipsoids in Fig. 1. To construct
the partition of unity, we start with the bump function

b(r) =explar’/(r* = 1)), |rl<1; b@r)=0, |rl>1 (59)

Here, a is a parameter. For a unit vector n = (n1, nz, n3), we define

3
Bi(m) = b(cos™" |n;)/0), i) = pim)/ Y B;m) (60)

j=1

The quadrature rule for a surface integral with integrand f is

Yi(n(x))

h? 61
|n; (X)| oD

3
/F fEASE) ~ Y N fOowi (), wi(x) =

i=1 xel;

It has high-order accuracy as allowed by the smoothness of the surface and the inte-
grand. The weights cut off the sum in each plane, and each sum has the character of
the trapezoidal rule without boundary (see [33]).

Fig.1 The rotated (1,.8,.6) ellipsoid (left) and the (1,.5,.5) spheroid (right)
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61 Page 14 of 27 J.T. Beale and S. Tlupova

In earlier work, we chose the parameter a to be 1. Here, we use @ = 2. We have
found from error estimates in [4], discussed below, as well as numerical experiments,
that the discretization error is controlled better with this choice. We do not recommend
using a > 2 because of increased derivatives.

The full error in this method consists of the regularization error plus the discretiza-
tion error; symbolically,

s =L =5 =)+ (s =5 (62)

For either the single layer potential (2) or the double layer (11), the discretization error
arbitrarily close to I' can be written as

cth + Cah?exp(—cod%/h%) + 0(8%), c1 = c1(b/8,8/h) (63)

which at first appears inaccurate. Formulas for the first term were given in [3, 6], based
on approximating the surface locally as a plane. They can be used as corrections.
Estimates for these formulas were given in [4]. With the parameter choices here, in
particular with §/h > 2, it was shown that

¢ <2110 max | f]. ¢{” <8310 max |Vg| 4

for the single and double layer, respectively, and they decrease rapidly as §/h increases.
Here, Vg means the tangential gradient. The 72 termin (63) evidently decreases rapidly
as &/h increases, as does c1. With 8 = 707, ¢ ~ 1.15 (see [6], Sect. 3.4). However,
C> depends on the surface and integrand and could be large. With moderate resolution,
we expect that the discretization error is controlled by the regularization. If desired
the formulas for c1/ in [6] could be used as corrections with the present method;
they are infinite series, but only the first few terms are significant. To ensure that the
regularization error dominates the discretization error for small #, we can choose §
proportional to 29, with ¢ < 1, so that §/h increases as h — 0.

5 Numerical examples

We present examples computing single and double layer integrals at grid points within
O (h) of a surface, for harmonic potentials and for Stokes flow. The points are selected
from the three-dimensional grid with spacing & which determines the quadrature points
on the surface, as described in Sect. 4. With the fifth-order regularization, the results
are in general agreement with the theoretical predictions. With moderate resolution
and &/h constant, the errors are about O (h5). With § proportional to h*3  the error is
about O (h4). For the harmonic potentials, we also test the seventh-order method; the
errors are typically smaller, but the order of accuracy is less predictable. It is likely
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that the discretization error is relatively more significant with the smaller errors of the
seventh-order case. We report maximum errors and L? errors, defined as

1/2
nduz=(§jw@nHN) (65)

y

where e(y) is the error at y and N is the number of points. We present absolute errors;
for comparison, we give approximate norms of the exact solution.

Harmonic Potentials. We begin with known solutions on the unit sphere. We test
the single and double layer separately. We compute the integrals at grid points first
within distance & and then on shells at increasing distance. In the latter case, we
also find values computed without regularization. We then compute known harmonic
functions on three other surfaces which combine single and double layers.

The single and double layer potentials, (2) and (10), are harmonic inside and outside
the surface I". They are characterized by the jump conditions

[S®)]=0, [0S(x)/on]= f(x) (66)

[PX)]=—gx), [0D(x)/dn] =0 (67)

where [-] means the value outside I minus the value inside.
For the unit sphere, we use the spherical harmonic function

fx)=1.75(x; — 2x2)(7.5x§ —-15), |x|=1 (68)
for both the single and double layer integrals. The functions

u_(y) =r>fy/ry, us@y)=rfy/ry, r=lyl (69)

are both harmonic. We define S(y) by (2) and D(y) by (10) with g = f. They are
determined by the jump conditions,

Sy =-A/NDu-(y), Iyl<1l; S =-1/Dusy), lyl>1 (70)

D(y)=@/Du-(y), lyl<1l: Dy =-C/Dus(y), lyl>1 (71)

We present errors for the single and double layer potentials at grid points at various
distances from the sphere. We begin with the single layer. We compute the integral
as in (3) and extrapolate as in (8). Near the sphere the maximum of |S| is about 1.15
and the L2 norm is about .50. Figure 2, left, shows the L? and maximum errors for
grid points within distance / of the sphere, using fifth- or seventh-order extrapolation.
For the fifth order, we take §/h = 2, 3, 4 as previously described, and for the seventh
order, we take §/h = 2, 3, 4, 5. The expected order of accuracy is evident in the fifth-
order case; the seventh-order method has somewhat smaller errors but does not have a
discernible order of accuracy, probably because the discretization error is significant.
In subsequent figures, we display the errors at nearby grid points at distance between
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—¥—5th order max err

4 [ |78 5th order L2 err
10" f|——7th order max err

—&-7th order L err

error

error

104

—¥-no reg max err
~~no reg L2 err

--=-0(h)
i —Oo() —o(h)
Le -~ o’ - o
0»10 | I ( ) 10 L L7 : ( )
1/128 1/64 1/32 1/128 1/64 1/32
h h

Fig.2 Errors for the single layer potential on the unit sphere, (left) at grid points within distance /2, computed
with the fifth- and seventh-order regularization, and (right) evaluated at distance between & and 2h, without
regularization and with the fifth- and seventh-order methods

mh and (m + 1)h from the sphere, both inside and outside, for m = 1,2,3. We
compute the integral with no regularization as well as the fifth- and seventh-order
methods. Figure2, right, shows errors for m = 1 and Fig. 3 for m = 2 and 3. The
values without regularization in Fig. 2 appear to be about O (h) accurate. The fifth-

10'6 El——no reg L2 err 3 10'6 H = no reg L2 err E
~©-5th order L2 err -6~ 5th order L2 err
—-7th order L2 errzcci——""""/ —-7th order L2 err
107 3 107 :
. 10%F i _ 108 J
e o )
@ o R 0 A
109 ] 109 57 ]
10710 . ——om i 107 ——om |
d
,/ —or) —Oo(h°)
‘ -- o -- o’
Al 2 ‘ ( ) -11 | ( )
1/128 1/64 1/32 1/128 1/64 1/32
h h

Fig. 3 L2 errors in the single layer potential on the unit sphere, evaluated at distance between 2 and 3h
(left) or 34 and 4 (right)
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—¥—5th order max err
-©-5th order L err

—+—7th order max err
—&7th order L err

error

_O(hs) 3
~- o)
1/128 1/64 1/32
h

error

1072

—*—no reg max err

-

10°¢ ]
~=-0(h)
107} —o)]
~~ o)
1128 1/64 1/32
h

Fig. 4 Errors for the double layer potential on the unit sphere, (left) at grid points within distance #,
computed with the fifth- and seventh-order regularization, and (right) evaluated at distance between # and
2h, without regularization and with the fifth- and seventh-order methods

order method again has the expected order of accuracy at least for m = 1 but becomes
less steady with distance. The errors become smaller overall as the distance increases.
Beyond 44, the error without regularization is quite small, suggesting that we can
discontinue the regularization for points at least 44 from the surface.

~~noreg L? err
105 ¢ -©-5th order L err |
B 7thorderL’err] -
108 3
<]
S 107t ]
5 10
108} :
--=-0O(h)
9l 4 5,4
10 L —Oo(h)
‘ AT
‘ ! ‘ O(h )
1/128 1/64 1/32
h

error

~~no reg L2 err
-©-5th order L2 err
—&-7th order L err

107 ¢

——0(h)
10°¢ —Oo(h);
~- om)
1/128 1/64 1/32
h

Fig.5 L2 errors in the double layer potential on the unit sphere, evaluated at distance between 24 and 3h

(left) or 34 and 4h (right)
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In Figs. 4 and 5, we present results of the same type for the double layer potential,
computed as in (14). They are similar in behavior to those for the single layer. The
maximum of |D| is about 4.6 and | D||;> ~ 1.8.

For the remaining tests on other surfaces, we use a procedure as in [6] which allows
us to have known solutions with an arbitrary surface I". This provides a test of the single
and double layer combined, rather than separately. We choose harmonic functions u
outside and u_ inside. We set f = —[u] and g = [du/0dn], the jumps across I' as
above. Then, assuming u decays at infinity, u(y) = S(y) + D(y) on both sides,
where S and D are defined in (2) and (10). We choose

u_(y) = (siny; +sinyz)expys, uy(y) =0 (72)

In these tests, we again use §/h = 2, 3, 4 with the fifth-order method and §/h =
2,3, 4,5 with the seventh order. We also choose § proportional to h*/3 with the fifth-
order method and h*/7 with the seventh-order method, so that the predicted order
of error is O(h*). We choose constants so that § agrees with the earlier choice at
1/h = 64.

Our first surface with this procedure is a rotated ellipsoid shown in Fig. 1, left,

2 2 2
77y | 23
—+5+5=1 (73)
a? b2 2
d=ch §=ch*® or5=ch?”
—¥—5th order max err —¥—5th order max err
104+ —©-5th order L2 err i 10 |-~ 5th order L2 err
——7th order max err —+—7th order max err
—&-7th order L2 err —&-7th order L2 err
-6
1076 10
S S
5} )
10° 10°F
¢ —o(n°)
T - - 7 J—
10710} ‘ ‘ O(h }— 10710 ¢ ; ‘ O(h )"
1/128 1/64 1/32 1/256 1/128 1/64 1/32
h h

Fig. 6 Errors for the single and double layers on a rotated ellipsoid at grid points within distance &, with
the fifth-order and seventh-order methods, § proportional to / (left). Errors for the rotated ellipsoid, at grid
points within distance /4 in the first octant, fifth- and seventh-order methods with § chosen to correspond to
0(h4) accuracy (right)
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1 1
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Rl 0 e 0
0 ; 0 ]
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Fig.7 The Cassini oval surface and the four-atom molecular surface

wherea = 1,b = .8, c = .6 and z = MXx, where M is the orthogonal matrix
M=0/VOIV2 0 —2: V2 V3 1; V2 =3 11 (74)

We present results in Fig. 6. In Fig. 6, left, we evaluate at all grid points within distance
h with both regularizations. Figure 6, right, has values at points y within distance % in
the first octant, i.e., those with y1, y2, y3 > 0. The accuracy of the fifth-order version
is close to the prediction; the seventh-order version has smaller errors in Fig. 6, right,
and perhaps approximates the predicted order O (h*) but not clearly so. For the left
figure, the L? norm of the exact solution is about .5 and the maximum is about 1.7.
For the right figure, within the first octant, they are about .76 and 1.4.
The next example is a surface obtained by revolving a Cassini oval about the x3
axis,
(x4 x5+ 3 +ad)? —4a* (3 +xH) =b* (75)

with a = .65 and b = .7. The final surface represents a molecule with four atoms,
4
2,2\
> exp(—Ix —x¢*/r?) = ¢ (76)
i=1
with r = .5, ¢ = .6, and x4 given by

(V3/3,0, =v6/12), (—/3/6,+.5, —/6/12), (0,0, /6/4) (77)

These surfaces are shown in Fig. 7.

We compute the solution for grid points in the first octant as before for the ellipsoid,
with § related to % in the same way. We present errors with fifth- or seventh-order
regularization, with & proportional to & or fractional. The results, reported in Figs. 8
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Fig. 8 Errors for the Cassini oval surface, at grid points within distance % in the first octant; fifth- and
seventh-order method with & proportional to & or corresponding to ol accuracy

and 9, are generally similar to those for the rotated ellipsoid. For both surfaces, we see
roughly the predicted orders of accuracy in the fifth-order case. For seventh order, the
errors are smaller, but the accuracy in the fractional case is somewhat less than fourth

d=ch

—¥—5th order max err
4 [|75th order L2 err
10" F|——7th order max err ]
—&-7th order L2 err
. 10°¢ 3
o
5]
108 ¢ 3
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h

error
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Fig.9 Errors for the molecular surface, at grid points within distance / in the first octant; fifth- and seventh-
order method with é proportional to / or corresponding to o accuracy
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order in k. For the Cassini surface, the L2 norm for the exact values is about .78 and
the maximum is about 1.45. For the molecular surface, they are about .57 and 1.0.

Stokes flow. We present examples of three types. First, we calculate the velocity near
a translating spheroid in Stokes flow, given as a single layer integral. We then compute
a standard identity for the double layer integral. Finally, we compute a velocity that
combines single and double layer integrals on an arbitrary surface, as in the examples
above with harmonic potentials. We have increased p to (3, 4, 5) to make the order of
accuracy more evident, even though errors are typically smaller with (2, 3, 4). In each
case, we report errors at grid points within distance £ of the surface.

In our first example, we compare the single layer or Stokeslet integral with an exact
solution. We compute the Stokes flow around a prolate spheroid

X244 +4xg =1 (78)

with semi-axes 1, .5, .5, shown in Fig. 1, right, and translating with velocity (1, 0, 0).
The fluid velocity is determined by the integral (19a) from the surface traction f.
Formulas for the solution are given in [7, 18, 30]. The surface traction is

Fo
J1=3x}/4

where Fj is a constant. We compute the fluid velocity u as in (20) and (22) and
extrapolate as before. Results are presented in Fig. 10. The exact solution has maximum
amplitude 1 and L? norm about 1.

Next, we test the double layer integral (19b) using the identity (2.3.19) from [24]

tx) = (/1),0,0), fix) =

1
i [ Tk 0 0 OSX) = XG0 (79)
r

Fig. 10 Errors for the Stokes + TR
single layer on a prolate _5_6 =ch P ol
spheroid, at grid points within 10°¢ +§ - :::E m;‘X :rrrr
distance & outside the spheroid - ; ch L2er
10 F
g10°
@
10°®
7 i
10 - - O(h4)
—or)
10-8 L L L L
1/256 1/128 1/64 1/32
h
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where x =1, 1/2, 0 when Xg is inside, on, and outside the boundary. We set/ = 1 and
define g (X) = €j1mxm = (0, —x3, x2). We compute the integral according to (21),
(23), and (26) and extrapolate. We report errors for a sphere and for the spheroid (78)
in Fig. 11. For the sphere, the maximum value is 1 and the L? norm is about .57. For
the spheroid, the maximum is & .5 and the L? norm is ~ .3.

In order to test integrals on general surfaces we again use a formula combining the
single and double layer integrals. If u is the velocity of Stokes flow outside and inside
a surface I', with suitable decay at infinity, then

1 1
) == o [ @050 = [ T 00 (om0 x)
8 r 8 r
(80)
Here, [f] = fT — f~ is the jump in surface force, outside minus inside, and [u] is
the jump in velocity. The surface force is the normal stress, f* = o* - n, where n the
outward normal. The jump conditions are derived, e.g., in [24]. As a test problem, we

take the inside velocity to be the Stokeslet due to a point force singularity of strength
b = (4m, 0, 0), placed at yp = (2, 0, 0). The velocity is

uy ) = =Sy = (=L + 25 ) (81)

and the stress tensor is

—63i; 5k

b, 82
8z r5 (82)

_ 1
O','k(y) = gTijkbj =

103 =5 =ch*® maxerr 103 =5 =ch*5 maxerr
—5=ch*S L2err —5=ch*S L2er
—#—§=ch maxerr —#—§=ch maxerr
10-4,'9'6=ch L2 err 10-4,'9'6=ch L err
_10%¢ _10°
e <]
@ 5]
10°¢ 10°®
107} 107
- o) - - o)
—or® —Oo(r®
108k i i () 108 i i )
1128 1/64 1/32 116 1/256 1/128 1/64 1/32
h h

Fig. 11 Error for the Stokes double layer on the unit sphere, at grid points within distance & on either side
of the sphere (left). Errors for the Stokes double layer on a prolate spheroid, at grid points within distance
h on either side of the spheroid (right)
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Fig. 12 Errors for the Stokes single and double layers on the unit sphere, at grid points within distance / on
either side of the sphere (left). Errors for the Stokes single and double layers on an ellipsoid, at grid points
within distance % on either side of the ellipsoid (right)

where §y =y — yo, 7 = |§¥|. We choose the outside velocity and stress to be zero. We
compute the two integrals in the same manner as above. We present results for three
surfaces: the unit sphere, Fig. 12, left; an ellipsoid with semi-axes 1, .8, .6, Fig. 12,
right; and the molecular surface (76), Fig. 13. For the first two surfaces, the errors are
at all grid points within %, but for the molecular surface, the points are in the first
octant only. For the sphere or ellipsoid, the maximum velocity magnitude is &~ 1 and
the L2 norms are &~ .35 and .37, respectively. For the molecular surface, they are ~ .9

and ~ 4.

Fig. 13 Errors for the Stokes
single and double layers on the
four-atom molecular surface, at
grid points in the first octant
within distance % on either side
of the molecule

error
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6 Proof that the three extrapolation equations can be solved
We prove that the system of three equations (1) or (8) can always be solved provided
0<p1 <p2<p3 (83)
To do this, we show that the 3 x 3 determinant D whose ith row is
(1 pilo(x/p) o7 1a(x/p)] (84)

is positive, where x = b/h. For x = 0, the case of evaluation on the surface, we see
directly that

D = (p3 — p2)(p2 — p1) (3 — p1)(p1 + p2 + p3)/(B7) (85)

In general, we can assume x > 0 since Iy and /5 are even in x. First, we note from (6)
and (7) that

2, I
L(x) = —Zx"Io(x) + e (86)

3 37

Inserting this expression in the last entry of the ith row, we obtain

2 1 2,2
— Zpix’lo(x/pi) + —=pie /P (87)

3 e

The third column is now a sum where the first term is a multiple of the second column.
This first part contributes zero, and the determinant becomes

27,2
L pilo(x/p1) ,01367’62/’)12

D === |1 p2lo(x/p) pge_xz/"i (88)
1 p3lo(x/p3) p3e™ /P

Next, we subtract row 1 from rows 2 and 3, resulting in the 2 x 2 determinant

—x27,2 2,2
3D = | P0G D) = prlox/pr) - p3e 102 — pem /7

3 ,—x2

) 2 (89)
p3lo(x/p3) — pilo(x/p1) p3e /P — ple=>/Pi

We can assume that p; = 1, since we could replace arbitrary x with x/p1. The new
determinant has the form

A@. p2) _A(x,p3)>

B(x,p2) B(x,p3)
(90)

A(x, p2)B(x, p3)—A(x, p3)B(x, p2) =B(x, p2) B(x, p3) <

where . s
A, r) =rlo(x/r) — Ip(x), Bx,r)=re /" —¢™* 91)
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Clearly, B(x,r) > Oforr > 1.Forr =1,A=0and B =0and asr — 1 from
above, A(x,r)/B(x,r) — A'(x,1)/B'(x,1) = 1/ (/7 (2x> +3)), as seen from
(93) below. Hereafter,” means d/dr. To show D > 0, it suffices, according to (90), to
show that A(x, r)/B(x, r) decreases as r > 1 increases. To verify this, we will show
that (A/B)’ < 0 or equivalently

Fx,ry=e" " (A, r)B'(x,r) — A'(x, DB, 1)) >0, r>1 (92)
Atr =1, F = 0since A = B = 0. We find after some cancellation that
SN =1 Jm, B =22 +32, F =6raA (93)

Then, A > 0 for r > 1, since A’ > 0 and A(x, 1) = 0. Finally, F' = 6rA > 0, and
since F(x, 1) = 0, we conclude that F(x, r) > 0 for r > 1, as claimed in (92).

7 Conclusions and future work

We have developed a simple, self-contained method for computing surface integrals,
such as single or double layer integrals for harmonic functions or for Stokes flow, when
evaluated at points close to the surface, so that these integrals are nearly singular. The
integral kernel is replaced by a regularized form. The modified integral expressions are
given in Sect. 2. Asymptotic analysis in Sect. 3 provides a formula for the leading error
due to this regularization, uniform for target points near the surface. This formula can
be used with extrapolation to obtain high-order regularization. The high order allows
the modified integrands to be smooth enough so that a conventional quadrature can be
used (see Sect. 4). Numerical tests in Sect. 5 verify the accuracy by evaluating known
solutions at points near the surface.

The tests in this work used direct summation so that errors are measured unam-
biguously. To reduce the high computational cost for large systems, fast summation
methods such as treecodes or fast multipole methods can be used. In the present work,
the integrals are computed for several values of the regularization parameter § to obtain
the extrapolated value. Since the contribution from § decays rapidly away from the
near singularity, the evaluation of the integrals for additional § values might need to
be done only in a certain neighborhood of the target point. This approach will be
investigated in future work.

Surface integrals considered here are nearly singular when values are needed at
grid points near the surface, which was the focus of our tests. The near singularity
also occurs when multiple surfaces are close to each other. One such example was
presented in our earlier work with Stokes surface integrals [30], where corrections were
added to improve the accuracy. The correction formulas are found using asymptotic
analysis somewhat similar to the analysis presented here, and they have complicated
expressions. Furthermore, the corrections improve the accuracy only to O (h?) in the
nearly singular case. The extrapolation method presented here is more accurate and
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much easier to use. We therefore expect the current method to work better in multi-
surface cases.

This method could be used to simulate moving interfaces in Stokes flow. A possible
approach is to represent the surface by a level set function. To move the surface, the
current velocity can be computed at grid points nearby, then the level set function is
updated at these grid points, and finally, the new surface is recovered. The method
developed in this work is well suited to find the velocity at the grid points, and its
simplicity should be an advantage.
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