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Abstract. A straightforward method is presented for computing three-dimensional
Stokes flow, due to forces on a surface, with high accuracy at points near the sur-
face. The flow quantities are written as boundary integrals using the free-space Green’s
function. To evaluate the integrals near the boundary, the singular kernels are regu-
larized and a simple quadrature is applied in coordinate charts. High order accuracy
is obtained by adding special corrections for the regularization and discretization er-
rors, derived here using local asymptotic analysis. Numerical tests demonstrate the
uniform convergence rates of the method.
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1 Introduction

Low Reynolds number flows are fundamental in a large class of problems, for example,
particle and drop motion, the swimming of microorganisms, vesicle flows [8, 15,20, 22].
These phenomena are modeled by the Stokes equations, and a wide variety of numer-
ical techniques have been employed to find solutions, among which boundary integral
equation and singularity based methods are most popular. Boundary integral equation
methods have several well-known advantages, such as reduction in the dimensionality
of the problem and high achievable accuracy of the solution. They have been used effec-
tively to simulate the behavior of drops or vesicles in Stokes flow; comprehensive work
includes [19, 22, 25].
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The numerical treatment of integrals similar to the Stokes problem is studied exten-
sively in many works. The discretization of integral equations in three dimensions is
usually based on Galerkin or collocation methods, where basis functions are defined and
an integration method is used to construct the matrix coefficients. This often involves
a product integration rule or a change of variables. High accuracy solutions can be ob-
tained at points on the boundary and far away from it. When the solution is evaluated on
dense grids, the integrals become nearly singular if the evaluation point is close to the sur-
face. This issue is often overlooked; the few works that address it include [2,3,10,12,23].
In [4], partitions of unity were used along with an analytical resolution of the singularity
by a change to polar coordinates, in the context of surface scattering problems. These
local quadrature methods were extended in [23] to various elliptic problems; for points
close to the boundary, interpolation from the solution at far away points was used to
achieve higher accuracy.

In Stokes flow simulations, the boundaries, e.g., two drops, often get close to each
other, and computing values at nearby points accurately becomes a non-trivial problem.
The method of regularization and correction of [2,3] is well suited to handle this difficulty,
since it is simple to implement and the work needed does not increase with proximity to
the surface. In [2], harmonic functions written as single and double layer potentials on
curves were computed with uniformly high accuracy with respect to the evaluation point.
The free-space Green’s function for the Laplacian is regularized using a small parameter,
and the integrals are discretized by a simple quadrature rule. Asymptotic analysis for
the integral near the singularity leads to closed form expressions for the leading terms in
error due to regularization, and also due to the discretization quadrature. These expres-
sions are then added as corrections to yield higher accuracy of the numerical solution.
This integration technique was applied to 2D Stokes flow with a moving elastic inter-
face in [14]. Related integration formulas for double layer potentials for the Laplacian
on closed surfaces in 3D were derived in [3]. Two-dimensional boundary integral cal-
culations for a scalar problem from electromagnetics with several boundaries close to
each other were done in [24]. In [16], 3D doubly periodic electromagnetic scattering was
computed using regularization and corrections for points on the surface.

In this paper, we overcome the issue of near singularity in Stokes flow by extend-
ing the method of [3] to evaluate the integrals for velocity and pressure due to forces
on closed surfaces in three dimensions. The surface is represented by several overlap-
ping patches, each parametrized in a rectangular system. The method is based on a
direct, or Nystrom, discretization and partitions of unity, where the Green’s function for
the Laplacian is regularized. To evaluate the integrals near the surface, correction terms
for the error are added to achieve high accuracy; these corrections are derived here and
in [3] using local asymptotic analysis. The corrections are local and therefore the high
order convergence is achieved without increasing the overall computational complexity.
Another important aspect of this method is that the integrals are computed with regu-
larly spaced quadrature points, without special gridding or cut-off near the singularity
as in [4, 23], and the spacing does not change when the evaluation point is close to the
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boundary or on it. This offers a great advantage when solving time-dependent problems,
where the integral equations have to be solved at each time step. The specific results
are summarized in Theorem 3.1. Numerical examples in Section 6 exhibit third order
accuracy, uniformly for points near the surface.

For a material interface in Stokes flow, the motion of the interface can be determined
by computing the velocity only on the interface. The formulas derived here for comput-
ing the velocity and pressure in Stokes flow apply directly to a closed interface with one
fluid (i.e., the viscosity is the same inside and out), with surface tension or more general
elastic force on the interface. The velocity is given by the single layer potential of Stokes
flow as in (2.3). The velocity should be accurate even if two interfaces are close. The
representation of the surface and the corresponding motion of markers seriously affect
the accuracy, and careful methods have been developed to deal with these issues. Of-
ten the surface is triangulated [19, 25] while in other work a spectral approximation is
used [22]. The integration method presented here requires regular grids in coordinate
charts. In principle the surface could be represented by regular grid points which are
moved with the fluid velocity, followed by a remeshing to a new regular grid. An al-
ternative, made possible by the systematic treatment of nearly singular integrals, is to
represent the surface as the zero set of a level set function, which is computed on a rect-
angular three-dimensional grid. The surface can be recovered from the grid values of
this function; the level set function could be advected by computing the velocity at the
grid points near the surface, leading to the updated surface location. Such a procedure
is commonly used with level set methods when the velocity depends on the surface in a
simpler way. We hope to explore this approach in future work.

For an interface separating two Stokes fluids, with different viscosities, the velocity
must be found by solving an integral equation (see e.g., [17], Chapter 5 or [25]). This
equation includes a double layer Stokes integral, whose kernel is the normal stress corre-
sponding to the fundamental solution or Stokeslet which appears in the single layer (2.3).
The present formulas do not apply to this kernel. However it is qualitatively similar to
the double layer for the Laplacian, and we expect that analytical calculations similar to
those given here and in [3] would lead to correction formulas for regularized integrals in
this case.

2 Mathematical formulation

In dimensionless form, the incompressible Stokes equations are
—Vp+Au=0, V-u=0, (2.1)

where p is the pressure and u is the flow velocity. One fundamental solution in three
dimensions is the Stokeslet and is given by

f (f-x)x f-x

W)= T P T 22)
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where x= (x,1,z) and f is a constant vector. Other fundamental solutions can be derived
by differentiating the Stokeslet; see [18] for a comprehensive review. For a volume of
fluid bounded by the surface 0Q), the velocity u(y) due to a distribution of forces f(x) on
the surface is the single layer potential obtained by integrating the Stokeslet,

u(y):/ f<x) +<f<x)'(y_x))<y_x)ds(x), p(Y):/ f<x)'(y_x) dS(X). (2.3)

20 87|y — x| 87|y —x|? a0 4|y —x[?

Boundary integral equation methods are extremely powerful in solving many differential
equations, and have been extensively applied to solve Stokes problems [9,11,17]. To deal
with situations when the velocity is singular (e.g., as an integral over a curve in R® or
points in R?, or over non-smooth surfaces), the method of regularized Stokeslets was
introduced in [6]. It is based on smoothing of the forces, and can be used when the
force is distributed over a surface as well as over lines and disconnected points in space.
The accuracy of the method for surface integrals was analyzed in [7], and demonstrated
numerically for a Stokes-Darcy system in 2D in [21]. Evaluating the integrals accurately at
points near the boundary remains a challenge, and high resolution or special techniques
such as [2,10] have to be used.

In this work, we develop a method for evaluating the Stokes integrals (2.3) in a re-
gion in IR® with a smooth boundary. For points near the surface, the integrals become
nearly singular, and special care is required to achieve high accuracy. We first rewrite the
integrals as follows. Let G(x) = —1/47|x| be the Green’s function of the Laplacian in R3.
Noticing that VG =x/47|x|?, and x- VG =1/47|x|, we write the velocity in (2.2) as

(x-VG)+3 (£ VG).

N[ =~

u(x)=
We use a shorthand notation
u=F-VG,

where
F= (Fl,Fz,F3) = (f1X+x1f,f2X+fo,f3X+X3f) /2.

Using this, (2.3) becomes

w(y)= [ Fy-VGy-xdsx), ply)=[ fx)-VG(y-x)ask), @4
where
Fi(y,x) = (fi(x)(y —x) + (vi —x;)f(x)) /2. (2.5)

In the next section, we describe the method of computing the integrals in (2.4) for points
y near o).
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3 Numerical method

Consider the integral,
o(y) = /a _£(x)-VG(y—x)d5(x), 3.1)

where ) C R? is a bounded domain with a smooth boundary 9Q), G(x) = —1/4m|x| is
the free-space Green’s function for the Laplacian in IR?, and f is a given function on 9Q).
Integrals of this form are widely used in fluid dynamics, electromagnetics, and other en-
gineering areas. To evaluate (3.1) for y near the surface, we first split (3.1) into the normal
and tangential components. Using the decomposition f= (f-n)n—n x (n x f), where n is
the outward unit normal vector, we write (3.1) as

o(y) = | _[£x)-n(x)]In(x)- VG(y=x)dS(x)
+ [ 156 xn(0)]- VG (y—x) xn(0JdS ()

We can use identities from the classical potential theory (see [5,13], Theorem 2.1)

-1, ye,
/ n(x)-VG(y—x)dS(x)={ —1/2, yeaQ, (3.2a)
o0 0, yeR3/Q,
VG(y—x)xn(x)dS(x) =0, (3.2b)

Q)

and rewrite the integrals to reduce the singularity,

o(y)=v"(y)+v"(y), (33)

where we defined
v"(y)= [ _[£0x)n(x)~F(x0) n(x0) [1(x)- VO (y—x)}d5() ~ x(y)f(x0) m(x0),  (3a)
0 (y) =/aQ [£(x) xn(x) —f(x0) xn(x0)]- [VG(y—x) xn(x)]dS(x), (3.4b)

with x(x) =1 for x€ Q) and 0 otherwise, and X is the boundary point closest to y. A
numerical method for computing the double layer potential for the Laplacian (3.4a) with
high accuracy in 3D was developed in [3], and it is similar to the method of [2] for evaluat-
ing layer potentials near a boundary in 2D. The method consists of replacing the Green’s
function with a regularized version and discretizing the integrals by a simple quadra-
ture. For points close to the boundary, the integrals are nearly singular, and high accu-
racy is achieved by adding corrections for the regularization and discretization errors.
The Green’s function is regularized as

Gs(x) =G (x)erf(|x|/0) = —erf(|x| /) /4m|x]|, (3.5)
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where erf is the error function, so that
VGs(y—x)=VG(y—x)¢(ly—x|/5),

with a regularization parameter § and a shape factor

¢(r)=erf(r)— (Z/ﬁ)re_rz. (3.6)

With VG replaced by VG, the integrals are written in a rectangular coordinate system.
The surface is parametrized using overlapping coordinate patches X : U, — d(), where
U, is an open subset of R2. We assume that each map X7 :U, — R3 is smooth and nonde-
generate, i.e., 0X”(«)/da has rank 2 at each point, with a = (a1,a7). The integrals are then
written as sums over the patches using a partition of unity {¢”},

S FOSO=1 [ EOX () p(X° () A° ),

where ¢7:0Q0— R are smooth functions with compact support in U, that satisfy }_, 7 (x)=
1 for each x€0Q), and A7 («)dw is the element of surface area in the o-th patch. To get the
discrete form of the integrals, we choose a grid spacing / on the coordinate patches, so
that the o-th patch has grid points x}f = XY(jh) for j € Z?> with xj € Vi, where V; is the
interior of the support of 7. We then assume y = xo+bny, for a point xo on the surface,
with some b and ng =n(xp). The integrals in (3.4a) and (3.4b) are now approximated by
the corresponding sums

§" =) f(x]) n(x]) —fo-no] [n(x]) - VG5 (y —x]) |47 AT — x(y)fo-mo, (3.7a)
jo

ST:Z[f( x7) xn(x{ ) —fo xng]- [VG(g(y—x}’)xn(x}’)]tp;-’A;-’hz, (3.7b)
1.0

where fo=£(xo), pi=y7 (x X 7), and A"h2 AY(jh)h? is the discrete element of surface area
in the patch ¢. The error in the sums (3.7a) and (3.7b) is large for y near d() and has
two parts, the regularization error from replacing VG with VGs, and the discretization
error from replacing the integrals with VG; by the sums. It was shown in [3] that these
errors for the double layer sum (3.7a) are O(62) and O(h), respectively, and corrections
were derived to increase the accuracy to O(6%) and at least O(h?), uniform with respect
to location; see Theorem 3.1 below. We state the corrections for the double layer sum
(3.7a) here for completeness and refer the reader to [3] for the derivation. We then give
corrections for the sum (3.7b), which will be derived in this paper.

The corrections are derived by asymptotic analysis near xp, and therefore involve
the surface geometry there. There is at least one ¢ so that xg is in the cth patch; i.e.,
xo = X7 (ao) for some ag € U,. Let T; be the tangent vector (9X7/0du;)(ao) at xp, i=1,2,
and n=T; x Ty/|T1 X T| be the unit normal. The regularization correction represents the
largest error in regularizing the kernel in (3.4a), and is given by

Ni=—8*(A(fn)(x0)) (A/4) (|Alerfec|A| —e Y /v/7T), (3.8)
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where A =b/6, erfc is the complementary error function, and the surface Laplacian is
defined as

j3(woX?)
A Z\fa“]( ]Ti>’ (3.9)

ij=1

where the metric tensor g;;=T;-T}, its determinant g=det(g;j), and the inverse g/ =(g;j) !
are used. The discretization correction comes from the Poisson summation formula ap-
plied to the regularized kernel, and is computed for every patch that xo belongs to. In the
oth patch, xp = X(«g) for some ag depending on o. Let ag =ih+vh for some i € Z? and
v=(v1,1n), with 0<vs <1, s=1,2. The correction for cth patch is

2 . o X7

:hzwwww%@g¥§%%» (3.100)
EZsm (27mtn-v) H H E(A,mp||n]|), (3.10b)
s=1neQ

where Q= {n=(n1,n;) €Z*:n,>00r (ny=0and n; >0)}, p=56/h, |n||= /g nn;, and
E(a,b)=e*"erfc(a+b)+e Perfc(—a+b). (3.11)

The sum converges very rapidly provided p is not small, so that only a few terms are
needed. These correction formulas correspond to (1.21)-(1.25) in [3].

In the following sections, we compute correction terms for the tangential sum (3.7b)
to achieve the same accuracy in the combined integral. The correction for regularization
is

Ti= 2 (14 HAS) (V) (o) ([ exfel A ¢~ /7). (3.12)

Here H is the mean curvature at xg, H= (k1 +x2) / 2, where k1, k; are the principal curva-
tures. We compute the mean curvature as 2H=Y? =18 if L;j, where L;;=x;;-n is the second
fundamental form, and x;; = X7/ du;dn; (see [1], Section 9.37). Also, we compute the
surface divergence as (see [1], (9.41.1))

V=Y (g, (6.13)
i= 1\/_8% ‘

where f()=(foX?)-T}, with T} being the dual basis to T;. The correction for discretization
error is

E—hZC]yl/J (x0)Fl(ag), Fl= ai (fOT+fDT)-T;, (3.14)
jr=1 r
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with
5 2
c]r_—nggcos (27n- v)[annH (A7) 2n||n”2(¥ ) (A7)
(L ap e nelet) = i (L™ o) 2], 09
where E is defined as in (3.11), and
E_(a,b)=e*"erfc(a+b) —e *Perfc(—a+Db). (3.16)

We can rewrite F} using Christoffel symbols as
a . .
R im0,

Theorem 3.1. Let v(y) be given by (3.3), (3.4a), (3.4b), with £ and 0Q) both smooth, and let 5(y)
be an approximation found as

o(y)=S"+S"+ N +Ti+Y NS +) T, (3.17)

where S", ST, N1, T1, N, and Ty are given by (3.7a), (3.7b), (3.8), (3.12), (3.10a), and (3.14),
respectively. Then the error has the form 9(y) —v(y) = €1+€2, where the reqularization error €,
and the discretization error € can be estimated as

le1| <Ci18°, ez < Coh2e 0/ 4 a1,
uniformly for y near 9Q), where ¢y depends only on the coordinate patches.

These error estimates were shown in [3] for the normal component v", defined in
(3.4a) (also see [2] for the two-dimensional case). We follow the same approach and prove
the theorem for the tangential component v" in (3.4b).

4 Correction for regularization

In this section we derive the correction to the error in the integral (3.4b), due to regular-
izing the Green’s function as in (3.5). The correction includes the O(6) and O($?) terms,
and the remainder is O(4%). Since the error is localized, we assume that f=0 outside one
coordinate patch, and write the error as an integral in this patch,

e= [ [(w) xn(2)~fo x10]- [V (G~ G) (y—x(a)) x n(w) ]S ). (4.1)

Assume that x(0) =0 and y is along the normal line from x(0), so that y=0bny for some b,
where ny is the unit normal at x(0).
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Proposition 4.1. Let € be the regularization error defined in (4.1). Then e = —T; +O(4°),
as 6 —0, with 77 given by (3.12).

Proof. We assume that f has the following components,

£(o) = ) (@) Ty (a) + £ () Ta(a) + £ (@) (), (4.2)

where f() = f.n and f0) =f -T}, with T} the dual basis to T;. The normal component
£ contributes zero in the cross product, and we denote the tangential component by
7 = fT; 4 fA)T,. Since

19 1 r

737 (Co= O =334 (5):

we can write

1 /[fT(“)xn(“)_fgxm]' [(Y—X(Dé))xn(ﬂé)]q)(f)ds(“),

T ar r3 6

where r = |y—x(a)|. As in Section 2 of [3], the dominant contribution to € is found us-
ing Taylor expansions at « = 0. For simplicity, this is done first for a specially chosen
coordinate system and then extended to a general system. With tangent vectors to sur-
face T = ox/ aoc]-, j=1,2 at « =0, assume the metric tensor gij=T;-T; is the identity, and
agij/ dag=0ata=0, 1,j,k=1,2. Also, rotating if necessary, T1,T, have the directions of
principal curvature, and ng=T; X T,. Then, using the expansions

1 1
x(zx) =Tia1+Toar+ —K1noa%+ —Kzno“%‘i' O( ‘“‘3)r

2 2
n(a)=ng—r, Tiay — o Toay +O(|af?),
where «1, k7 are the principal curvatures, we get

(y—x(a)) xn(a)=—(1—brp)agTy+ (1—bxy)ay To— (k1 — K2 )y aamy
+O(|aP+5%). (4.3)

Using the Taylor expansion of f7,

1
£7 (a) xn(a) — £1 xnp= [fﬂ)+fi<1>ai+Efig.%iaﬁoqaﬁ)}Tl<a) xn(a)
1
- [f(z) +ﬂ(2)wf+iﬂg‘z)wi“ﬁrO(!wF)} To(a) xn(a)
_ [f(l)Tl +f(2)T2] X g
1 1
= |:fi(1)041‘+ Efi(jl)ai“]'] Ty + |:fi(2)0£i+ Efi(jz)ﬂéilx]} Ty

- [f(l) +f,‘(1)06i]7€2n0062 + [f(z) +fi(2)“i]xln0“1 +0(la ’3)’ (4.4)
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where fi(k) =af® /9a;(0) and fi(jk) =0%f) /9a,;0a;(0). Combining (4.3) and (4.4), we get

[£7 (&) xn(a) —£§ xm]-[(y —x(«)) xn(a)]
=— (1—1?7{1)&1 [fi(l)zxi—i— %fi(]-l)lxil)é]} — (1—1?7(2)&2 [fi(z)zxi—l— %fi(].z)zxiocj}
—l—f(l) (k1 —10) Ko 05 —f(z) (k1 — K2 K1aFan+O(|af* 4+-b%). 4.5)

We define a new parameter ¢ to replace a so that 1> =b?+|&|? and &;/|&| =a;/|a|. Then

w=(140)g+ 0+ Ow),
G, 8
e

near o =0 (see (2.8)-(2.11) in [3]). The regularization error is now written as

1 ¢(\/[S17+b2/0
e=- [wED) ((ygyZ+b2)3/2)d€’ (4.6)

where w(¢,b) includes the nonradial terms,

qg=x1 + K2

ow
w(&b) = [fT xn—£] xng]-[(y—x) xn]\a—g(m XTo).
Using (4.5), we get in the new parameter

[£7 xn—£] xng]-[(y—x) xn] =— (1+bg—bry ) £ 161 — %fig'l)éiéjs’l
~(1+b0-bi) f5E— 3 f P80
+ W (11 —102) 28185 — 12 (k1 =12 1 G182+ O (JE[* +1).
Since ¢ depends only on &/|g|, for the Jacobian we have [3a/3¢| = 1+bg+O(|Z2+1?),
and also |T; X To| =1+ O(|¢|?). Therefore,
w(Z,b) = — (1+2bg— by ) f V2, - %fig'l)éiéj’gl
(14200 b P8 2 [P 6
+ W (k1 —12) 28185 — F12) (11 =2 1 G182+ O ([E[* +1*).

The only terms in w(¢,b) that make non-zero contribution to the integral have even pow-
ers,

W(E,b) = — (142bg — by ) f & — (142bg—bio) f2 G+ O(E +0Y).  (47)
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Substituting (4.7) into (4.6), and making the substitutions { =67, b=90A, |{| =1, 9=
K1C0820+ K, 8in% 6, we get

e:_i/zn/oo [ (1—1—2bK1C0529—|—2bK25in29—bKl)f(l)WZCOSZQ
4rtJo Jo !

. . V12 HA?
+ (142bi; cos?0+2biy sin®6 — bic,) f2<2>,725m29] 5%1#%“0(53 ),

which simplifies to

) 1 o0 / 2_|_A2
GZ_Z(1+§(K1+K2)A5> (f1(1)+f2(2))/0 W3wd7+0(53). (4.8)

The integral in (4.8) was computed on pp. 607 in [3], to give

* 34’(7\/’72"')‘2) — A2
/0 U) (7’]2+)\2)3/2 dﬂ—Z(M\erfcM\ e /ﬁ)

Finally,

e=—2 (145 0540)08) (FV+ A7) (Mlerfel |~/ V) +O(). (49)

This gives the correction expressed in a special coordinate system. It is extended to an
arbitrary system using the surface divergence operator given by (3.13). In the special

system at « =0, it reduces to fl(l) + fz(z). Therefore, e = —T; +O(5°), where T is given by
(3.12). 0
5 Correction for quadrature
For the discretization error in (3.4b), start by adding and subtracting f* (x) x n(x),
1:/aQ [£7(0) % ()~ (x0) x1(x) +£7 (x0) x1(x)
£ (x0) xn(x0) | [V Gsly—x) xn(x)]dS (x),
which we write as

1= [ [ () ~£) xn(@)+ £ x (n(a) ~n0)] - [VGa(y—x(a)) xn(a)] r(e)de, (5.1

where fT zszzlf(f)Tj is the tangential component of f, T(x) =|T;(a) x T2(«)|, and n(a) =
(T1() xTa(a))/T(a). In discretizing (5.1), the largest contribution to the error comes
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from the lowest order in a and y near the singularity, so we first simplify the integrand.
We replace fT —f] =T (a) —£7(0) and n—ng=n(a) —n(0) by their linear approximations,
ofT
£1( Z G, = A

0)~ r; aTr:rrxr =qo.
Using the cyclic property of the scalar triple product we can write
[qu xn+£] x qo]- [VGs xn] =nx [q; x n+£} x qo]- VGs.
Since both fg and q are tangential vectors, fg X q2 will contribute zero. Thus, we get
nxq xn=qi—(q-n)n=qj,
the tangential component of q;. The original integrand (without Tdx) becomes

[(£7(a) —£5) xn(a) +£5 x (n(a) —no) | -[V G5 x n(a)]

quT.VG(s:i {(afT TJTH—(% T2>T2] M ven (5.2)

Since qlT is tangential, we can use
VGs= E T* +normal part

to write

oG
[(£7 (&) —£7) x n(a) +£] x (n(2) —ng)] - [VGys xn(a Nz( ) i

azxr 8 ]
Further, suppose y = bny, for a near 0, T(«) ~ 7(0) = 7, and we replace x(«) with its
projection Ja = Tya; +Toay in the tangent plane, where | =ox/ dx(0). Then, as the first
approximation to (5.1) we let

of’ P
0_ JR—
o aﬂjz (al’ér T >8 ]G‘S(M bng)a, T du

2 afT
:,E 9, // o Gs(Ja—bn)a,(a)Tda, (5.3)
jr=1 "7

where () is a cut-off function with { =1 near a =0, and 9f’ /9a, and T; are replaced by
their values at « =0.



S. Tlupova and J. T. Beale / Commun. Comput. Phys., 14 (2013), pp. 1207-1227 1219

Proposition 5.1. Let S° be the sum corresponding to (5.3) with a = jh—vh. Then

2 afT
SO_10=p Z Cj,r (— T]*> —|—C2h2€_C0(5/h)2—|-C3h3,

P on,
where ¢;, are given by (3.15).
Proof. First, define
KY (a,b) = 9 Gs(Ja—bny). (5.4)

atX]'

To find ¢;,, we need to compute the Fourier transform of

K9 (a,b) =KV (a,b)a, (5.5)

in a alone. The 3D Fourier transform of G, (x) = —erf(|x|/p) /4m|x] is

N

Gp(k) = —(271) /2 [k| 2 NP4 K= (ky ey ks) € R (5.6)

Since G,(Ja—bny) is a radial function, it depends on a only through |] |?, and thus it
can be written as a composition G,(Ja—bng) = (G,oM)(«,b), where M(«a,b) = (Ba,b),
B=(]*)Y?, |Ba|? = |Ja|? =Y gijaiej. The 3D transform of Gpo M is then computed as

(GooMY(k) =|detM| 'G,((M*) "'k) =7 'G, (B (ky,k2),k3) =7 G, (L ks),
where [2= 1'2,]‘:1 gl kik;. Therefore,

(i ? s .
gf)(k):(achoM)xk):zkjr 1GoLks), j=12,

and the transform of Kéj ) (a,b) in « alone is

KY) (- bk ko) =(277) /2 [ R ks )e ks

——(2m) 2k / L

2012412 ;
o0 (I54k3) /4 ,iksb gp
P ’

_ 2.7 —1,—p%%/4
=—(2m) “ikjt e /007124-](%

”

:—(87‘(1’)_117][e’berfc(b/p—l—lp/Z)—|—e"berfc(—b/p—|—lp/2)]
iki /bl

—_ (2

B 87TTZE<p’ 2 )’
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where E was defined in (3.11). This is similar to (3.15) in [3]. Since K" =k

. p]’r = éj)ay, we get
an extra derivative in the Fourier transform,
o) 0 p)_ 1 01k
P (kl'kz'b)_lak P 87n'ak[ E(b/p,lp/Z)}

1 9 [kj kj 2 s
~gae o, (1) ECe/o1072 T HEEOR)]
1 ki & ks
8_[ E(b/p,lp/2)— (2 T) (b/p,lp/2)

o g
l
(ZZZ = )oE-(b/p,lp/2)~ —j(ZZZ R )
4 ' [ Ve Vi '
with E_ defined as in (3.11).

The discretization error S — IV is a linear combination of terms of the form

Y Ky (jh—vh,b)p(jhi—vh)h / Ks(a,b)yp (5.8)
jez?
where K; is a homogeneous kernel of degree —1, multiplied by a regularizing factor

scaled with 6. The leading term in (5.8) as 1 — 0 can be found using the Poisson Summa-
tion Formula; it is

2rtp(0) Y e 2K, (27tn,b/ 1),
n#0

where p=6/h and n € Z2. This was shown in Lemma 3.1 of [2] and the slightly more

general Lemma 3.1 of [3]. Applying this result to (5.3), we have the discretization error
SO—1°=eh+O(h?), where

e=2mt Z ( ;) Lo RS (27m b/ ).

jr=1 n#0

Letting A=0b/6 and ||n| = \/gifninj in (5.7), this becomes

e:— Z <g%i T*) Y e —2m'm/|:

] n#0

el EA el = 5t (L g ) el

¢ nnn)w_p* et

Combining the terms with £n, we get 622]2-’7:1 cj,rPZ , where ¢;, are given by (3.15). There-
fore, the correction for cth patch is (3.14).

Tl <Zgrsu ) AeE-(A el = <Z

O
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It remains to establish the estimate for €, in Theorem 3.1. Since we have just found
the quadrature error in the simplified integral I° of (5.3), €, amounts to the quadrature
error in the remainder I—I°, with I as in (5.1). It can be estimated by applying Lemma
3.1 of [3] to the quadrature of the leading contributions to I —1 0. see page 611 of [3].

6 Numerical examples

Example 6.1. Our first example will demonstrate the corrections for the tangential inte-
gral. We compute v™(y) from (3.4b) along the sphere with unit radius with f=(3/2,0,0),
evaluated at the point y=(1,0,0). The exact value of the integral is 1. Analogous to [3],
we represent the surface Q) of the sphere x7+x3+x3 =1 using two stereographic pro-
jections on the equatorial plane by rays through the south (0,0,—1) and the north (0,0,1)
poles. The first gives a coordinate system, X' :IR> — U =90 —{(0,0,—1)}:

204 20y 1—|al?

— _ . = 1
1+’a’2/ X2 1+‘IX‘2’ X3 1+‘IX‘2’ (6 )

X1

while the other gives a system X?:IR?— U?=00—{(0,0,1)} as in (6.1) but with x3 — —x3.
We consider discs of radius 1.25 in the plane, so that the two systems overlap, and define
the partition of unity as in [3], by setting first ¢° (X (a)) =exp(—1.25?/(1.25% — |a|?)) for
|| <1.25 and ¢”=0 otherwise, so that ¢ is smooth and has the support { X7 («a):|a|<1.25}.
Then the partition of unity {¢!,1?} is defined by 7 (x) =¢7 (x) /(¢! (x) +¢$>(x)).

The integral is first approximated by the sum S* in (3.7b), then the corrected solu-
tion is obtained by adding the correction for regularization 77, defined in (3.12), and for
discretization 7, defined in (3.14). The geometric quantities and surface derivatives
were computed analytically. We choose a grid size h in the coordinate systems and let
0 =ph. Figs. 1 and 2 show the error, computed as |07 (y)—S7|, labeled "not corrected”,
and 0" (y) —(ST™+T1+Y,7T))|, labeled “corrected”. In Fig. 1, we set h =1/32 and vary

=] a °
=]
10 2 =] o =]
*
. *
2 10™
(] L]
* L ] *
10°F .
O not corrected
. # corrected
10 : :
107 107 107 10" 10°
d

Figure 1: Tangential component of velocity (3.4b). Error at (1,0,0) for 6 =ph with h=1/32.
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10 10
10 2 ((n/ﬂ/n 0 , n/u/u/u)
»
4
5, . 5,4 .
£ 10 * =10 ‘
@ R ) o @ Rd
~ x'
6 ," O not corrected 6 . O not corrected
10 . L) — 1 10 ‘ — ) 1
L’ # corrected . & corrected
L ] ———p? » ———?
-8 -8
10 - - 10 - -
10° 107 10" 10° 107 107 10 10°
h h
(a) (b)

Figure 2: Tangential component of velocity (3.4b). Error at (1,0,0) with §=0.01% and §=Hh.

0/h=0.01,---,10 to see the effect of the two sources of error, regularization and discretiza-
tion. For larger values of §/h (typically, 1 and higher), the regularization error is domi-
nant. The discretization error is small, and the terms in the infinite sum (3.15) in 7, decay
very fast. When 6/h is small, the discretization error dominates, and many terms in the
sum (3.15) are needed to reduce it. Fig. 2 shows the convergence rates of the solutions
for varying discretization size h. Regularization was set to 6 =0.01h (left graph) and é=h
(right graph). Both show the errors are first order without corrections, and corrections
improve the accuracy to third order. To compute the sum (3.15), 7max =200 terms were
taken when 6/h=0.01, and only 11yax =2 terms were used when é6/h =1. It is therefore
more desirable to choose values of 6 /1 at 1 or higher in practice.

Example 6.2. Next we compute the well-known Stokes flow around a solid sphere of
unit radius translating with velocity U= (U,0,0), where we set U =1. We compute the
pressure and velocity defined in (2.4), where the hydrodynamic traction on the sphere
is —f = —3U/2. The integrals are first approximated by sums in (3.7a) and (3.7b). To
obtain the corrected solution, we add corrections as in (3.17). For a chosen grid size h, the
regularization is set to 6 =2h. We illustrate the accuracy for points of evaluation close to
the surface, the case in which the integrals are nearly singular. To choose such points, we
cover R® with a three-dimensional mesh of size &, and select points y outside the sphere
that are within distance / from the surface. As a comparison, we also compute the flow
using the regularized Stokeslets [7],

f(x)) 17,+20° 1 y—x

uRS(y):];,: 81 (r]za+(52)3/2+8—ﬂ[f(?)-(Y—X?)]W
f(x7)-(y—xj)
pRS(y)ZZW

J

2
YoAIR,

T A01,2
i ATH,
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where 7/, = ]y—x}’ |. The exact velocity and pressure fields outside the sphere are

=2 (3 DNV 3 (1= LYYy

ui(y) =4 (3+ 3 Ut 1 (1- ) =52 Uj, (6.2a)
3U.

PY) =poto—3, (6.2b)

with pp an arbitrary constant and r the distance from the point y to the center of the
sphere.

With the points of evaluation chosen near the surface, we define the error in velocity
ata point y; as €;:=Ucomputed(y;j) —Uexact (¥;) and the error in pressure as ej:=pomputed(y;) —
pemct(yj). Then the maximum, or [*-norm, error in each approximation (not corrected,
corrected, and regularized stokeslets) is defined as

error =max |e;|. (6.3)
]

This is a stringent measure, since it gives the largest error in the most difficult case of
evaluation near the surface. We also compute the errors using the />-norm,

1 1/2
_ |2 12
error = [njgle]] ] ,

where ¢; is again the error at a point y; and 7 is the total number of nearby points. The
maximum errors, shown in Fig. 3, are only first order without corrections, and display
the combined order O(h?) in the corrected case. Results shown in Fig. 4 show that the
I2-norm errors are slightly smaller that the [*-norm errors.

10 T 10 -
a =]
3
=]
nn/ D/E/E/E)
107 - ] 107 % R
’ ’
- ’ . .
: - : ¢
5] r&' (3] '¢'
1074 .’ i 107 ," O not corrected |
‘,' O not corrected P % reg stokeslets
P —-h ¢" —-h
e # corrected », P # corrected
L 4 Ep— ’ -3
6 -6
10 . 10 .
107 10" 10° 107 10" 10°
h h
(a) (b)

Figure 3: Stokes flow around sphere. Maximum error at nearby points: (a) pressure, (b) velocity.
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-6

[=]
[=]
[=]
d x;
.
.
.
4
4
¢" .
.
.
. ]
e O not corrected
.
. —-h
4
R . # corrected
’ 3
===~h
[ ] .
) —
10" 10
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(a)

error

10

2

10

101

10°°

x
x
x
x e
.
.
’
’
A
.
¢ 4
R O not corrected |
. Pae % reg stokeslets
’ " — ~h
# corrected
--——p3
-2 -1 0
10 10
h

Figure 4: Stokes flow around sphere. Error at nearby points using [2-norm: (a) pressure, (b) velocity.

Example 6.3. For our third example, we consider the ellipsoid x?+x3+x3/2=1 to be
an interface in one fluid, where the jump in normal stress is constant as in the previous
example. We use coordinate systems as in (6.1), with x; multiplied by v/2. To compute
the surface derivatives, a cubic polynomial interpolation in « is used, although quadratic
interpolation seems to suffice as well. To estimate the order of accuracy at a nearby point
y=(14h/2,0,0), we define the error as

10°
10° n//
5.4 -,
£ 10 &’
) L
[ X4
1076 ;g;" =] Tgl corrected |
-l;" & corrected
————p?
-8
10 - -
107 107 107 10°
h
(a)

error (u) =|uy(y) —uy/2(y)| ~O(h7),
error (p) = pu(y) —pu/2(y) |~ O(h7),

where g is expected to be 1 without corrections and 3 with corrections. The results with
0 =2h are shown in Fig. 5 and confirm the expected rates.

error

10°

—2

10

10F

10

4|

L 4
R
-’
R

10

4
" O not ted
. not correcte:
. »‘ ——h 1
[ 24 # corrected
--—pd
N 107 107 10°
h

Figure 5: Stokes flow around ellipsoid. Error at (144/2,0,0): (a) pressure, (b) velocity.

Example 6.4. Next we illustrate the accuracy of the integration method for Stokes flow
resulting from two surfaces which are close to each other. We construct an example with
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NN~—— . =

Figure 6: Flow field for two spheres at a distance € for e=1/8,1/16,1/32,1/64.

known velocity and pressure by combining two versions of the flow past a sphere in the
previous example. Let y(!) and y(?) be two points at distance slightly greater than 2, and
let S® be the unit sphere centered at each point, k=1,2. In the following calculations, we
set y!) to be the origin and y(?) = (0,0,2+¢). We choose two constant velocities U!) =
(0,0,1) and U® =(1,0,0). Let u® (y) =u® (y—y®) —U® for |y—y*|>1, and u® (y)=0
for |y—y®| <1, where u'? is the velocity field given in (6.2a). Thus u(¥) is defined in
all space and continuous across S*). We define u(y) = uV(y)+u®(y), and similarly
define a combined pressure field p(y) by translation. Fig. 6 shows the flow fields for this
example as the distance between the two spheres decreases. Finally, let f be the jump in
normal stress on the spheres:

f=[—pn+(Vu+Vu')n].

Then u and p are given by the integrals (2.3) on S US?), with the velocity at infinity
—UM —U® added to the integral for u(y). To illustrate the most difficult case of com-
puting the integrals numerically, we evaluate them at a point on S?) that is closest to S(!)
(denoted by the red dot in Fig. 6). We then compare the result with the exact solution,
first for the case where the spheres are € ~ O(h) apart, see Fig. 7. As before, we get an
error that is O(h®) for both the pressure and velocity. Furthermore, the computations are
accurate even if the distance between the spheres is € < h. This is shown in Fig. 8, where
the errors are computed for spacing & and distance € =h® between the spheres. This ex-
ample demonstrates the important case of two surfaces that become close in Stokes flow.
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R4 # corrected e # corrected
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Figure 7: Stokes flow with two spheres. Error at the point on $(2) with distance e=h from S(1): (a) pressure,
(b) velocity.
10° 10°
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107 | Pt
Pra - -
4 PR [ ] 10 x ’¢ﬁ-
N 10 ¢ P - .
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o s @ R
107 -4 ‘. O not corrected |
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Figure 8: Stokes flow with two spheres. Error at the point on 52 with distance e=h3 from S(1): (a) pressure,
(b) velocity.
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