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Abstract

When using the boundary integral equation method to solve a boundary value problem, the
evaluation of the solution near the boundary is challenging to compute because the layer potentials
that represent the solution are nearly-singular integrals. To address this close evaluation problem,
we apply an asymptotic analysis of these nearly singular integrals and obtain an asymptotic ap-
proximation. We derive the asymptotic approximation for the case of the double-layer potential in
two and three dimensions, representing the solution of the interior Dirichlet problem for Laplace’s
equation. By doing so, we obtain an asymptotic approximation given by the Dirichlet data at the
boundary point nearest to the interior evaluation point plus a nonlocal correction. We present
numerical methods to compute this asymptotic approximation, and we demonstrate the efficiency
and accuracy of the asymptotic approximation through several examples. These examples show
that the asymptotic approximation is useful as it accurately approximates the close evaluation of
the double-layer potential while requiring only modest computational resources.

Keywords: Asymptotic approximation, close evaluation problem, potential theory, boundary
integral equations.

1 Introduction

The close evaluation problem refers to the non-uniform error produced by high-order quadrature rules
used in boundary integral equation methods. In particular, the close evaluation problem occurs when
evaluating layer potentials at evaluation points close to the boundary. These high-order quadrature
rules attain spectral accuracy when computing the solution, represented by layer potentials, far from
the boundary whereas they incur a very large error when computing the solution close to the boundary.
It is well understood that this growth in error is due to the fact that the integrand of the layer potentials
become increasingly peaked as the point of evaluation approaches the boundary. In fact, when the
distance between the evaluation point and its closest boundary point is smaller than the distance
between quadrature points on the boundary for a fixed-order quadrature rule, the quadrature points
do not adequately resolve the peak of the integrand and therefore produce an O(1) error.

Accurate evaluations of layer potentials close to the boundary of the domain are needed for a wide
range of applications, including the modeling of swimming micro-organisms, droplet suspensions, and
blood cells in Stokes flow [41, 8, 31, 22], and to predict accurate measurements of the electromagnetic
near-field in the field of plasmonics [30] for nano-antennas [3, 34] and sensors [33, 39].

Several computational methods have been developed to address this close evaluation problem.
Schwab and Wendland [40] have developed a boundary extraction method based on a Taylor series
expansion of the layer potentials. Beale and Lai [10] have developed a method that first regularizes
the nearly singular kernel of the layer potential and then adds corrections for both the discretization
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and the regularization. Beale et al. [11] have extended the regularization method to three-dimensional
problems. Helsing and Ojala [18] developed a method that combines a globally compensated quadrature
rule and interpolation to achieve very accurate results over all regions of the domain. Barnett [9] has
used surrogate local expansions with centers placed near, but not on, the boundary. Klockner et al. [27]
introduced Quadrature By Expansion (QBX), which uses expansions about accurate evaluation points
far away from the boundary to compute accurate evaluations close to it. There have been several
subsequent studies of QBX [15, 1, 38, 43, 2] that have extended its use and characterized its behavior.

Recently, the authors have applied asymptotic analysis to study the close evaluation problem. For
two-dimensional problems, the authors developed a method that used matched asymptotic expansions
for the kernel of the layer potential [12]. In that method, the asymptotic expansion that captures the
peaked behavior of the kernel (namely, the peaked behavior of the integrand of the layer potential)
can be integrated exactly and the relatively smooth remainder is integrated numerically, resulting in a
highly accurate method. For three-dimensional problems, the authors have developed a simple, three-
step method for computing layer potentials [13]. This method involves first rotating the spherical
coordinate system used to compute the layer potential so that the boundary point at which the
integrand becomes singular is aligned with the north pole. By studying the asymptotic behavior of
the integral, they found that integration with respect to the azimuthal angle is a natural averaging
operation that regularizes the integral thereby allowing for a high-order quadrature rule to be used for
the integral with respect to the polar angle. This numerical method was shown to achieve an error
that decays quadratically with the distance to the boundary provided that the underlying boundary
integral equation for the density is sufficiently resolved.

In this work, we carry out a complete asymptotic analysis of the double-layer potential for the
interior Dirichlet problem for Laplace’s equation in two and three dimensions. By doing so, we derive
asymptotic approximations for the close evaluation of the double-layer potential. These asymptotic
approximations provide valuable insight into the inherent challenges of the close evaluation problem
and an explicit method to address it. We find that the leading-order asymptotic behavior of the double-
layer potential in the close evaluation limit is given by the Dirichlet data at the boundary point closest
to the evaluation point plus a nonlocal correction. It is the nonlocal correction that has made the close
evaluation problem challenging to address. Since this asymptotic analysis explicitly finds this nonlocal
correction, we are able to develop a simple and accurate numerical method to compute the double-layer
potential and thus, address the close evaluation problem systematically. We compute several numerical
examples using the asymptotic approximations to evaluate their efficacy and accuracy.

The asymptotic analysis used here to study the close evaluation problem also provides valuable
insight (and useful asymptotic approximations) for other problems. In particular there is an interesting
connection with forward-peaked scattering in radiative transfer, which is used to describe the multiple
scattering of light [14, 20]. Forward-peaked scattering is an important problem for several applications,
and is challenging to study. We draw this connection and apply the asymptotic analysis developed in
this paper to forward-peaked scattering in radiative transfer.

The remainder of this paper is as follows. We precisely define the close evaluation problem for
the double-layer potential in Section 2. We compute the leading-order asymptotic behavior of the
double-layer potential in two and three dimensions in Sections 3 and 4, respectively. We describe
numerical methods to evaluate the asymptotic approximations for the close evaluation of the double-
layer potential in Section 5. We give several examples demonstrating the accuracy of this numerical
method in Section 6. Section 7 describes the connection between the close evaluation problem and
forward-peaked scattering in radiative transfer. Section 8 gives our conclusions. The Appendix provides
details of the computations for the three-dimensional case: Appendix A gives details of how we rotate
spherical integrals and Appendix B gives a useful derivation of the spherical Laplacian.



2 Close evaluation of the double-layer potential

Consider a simply connected, open set, denoted by D C R"™ with n = 2,3, with an analytic close
boundary, B, and let D = DUB. Given some smooth data f, we write the function u € C?(D)NC*(D)
satisfying the interior Dirichlet problem,

Au=0 in D, (2.1a)
u=f on B, (2.1b)
as the double-layer potential,
1 vy - (z —y)
u(z) = =1, /B P w(y)dey, €D, n=23. (2.2)

Here, v, denotes the unit outward normal at y € B, do, denotes the boundary element, and p, the
density, is a continuous function. This double-layer potential satisfies the following jump relation [17],

: * 1 *

lim  u(z) = u(y*) — s puly"). (23)
r—y €EB 2

zeD

By requiring that u satisfies (2.1), we find that, in light of jump relation (2.3), u must satisfy

1 vy (Y —y) 1
: do, — —p(y*) = *), y* € B, 2.4
2”*17T/B P wly)doy = su(y™) = fly"). y (2.4)
the boundary integral equation for pu.

Here, we seek to evaluate (2.2) at points close to the boundary. To define a close evaluation point
precisely, let 0 < € < 1 denote a small, dimensionless parameter, and consider

x=y* —elv*, (2.5)

with y* € B denoting the closest point to x on the boundary, v* denoting the unit, outward normal
at y*, and ¢ denoting a characteristic length of the problem such as the signed (2D) or mean (3D)
curvature at y* (see Fig. 1).

B

Figure 1: Sketch of the quantities introduced in (2.5) to study evaluation points close to the boundary
in 2D (left) and in 3D (right).

Because the solution of (2.1) continuously approaches its boundary data from within D, we write

u(z) = u(y” —elv*) = f(y*) +eU(y";¢). (2.6)



To determine an expression for U, we substitute (2.2) evaluated at (2.5) for u(y* —efv*) and (2.4) for
f(y*) into (2.6), and find that

1 1 vy - (Yya —elv*) vy -y
U(y*;e :51[ *) + /[U - do, |, 2.7
(y ) 2/’6(?/ ) 2”*17[' B |yd _ EEV*VL |yd|n /’(’(y) Y ( )
where we have introduced the notation, y; = y* — y. Next, we make use of Gauss’ theorem [17]
1 ( ) -1 zeD,
vy (z—y 1
do, = ¢ =1 2.
on—lg /B |z — y|™ Ty 2 TE ?’ (2.8)
0 xz¢ D,
to write ) ) ( ) )
* Vy - \Ya — LV * Vy " Yd *
= =— d —_— do,. 2.9
2/’(‘(y ) 2”*171'/3 ‘yd _EEV*|n /’l/(y ) Uy + Znilﬂ-/B ‘yd|n iu’(y ) Uy ( )
Substituting (2.9) into (2.7) yields
1 vy (ya —etv*) v,y
Uy*;e) = /sl{y - — u(y*)]do,. 2.10
(v"e) = g : e — el yaln (1(y) — p(y*)ldoy, (2.10)

We seek to determine the asymptotic expansion of U given in (2.10) in the limit as e — 07. To
determine this asymptotic expansion, we make use of explicit parametrizations for B. Therefore, we
consider the two and three-dimensional problems separately.

3 Asymptotic analysis in two dimensions

Suppose B is an analytic, closed curve on the plane. For that case, we introduce the parameter
t € [—m,n] such that y = y(¢) and y* = y(0). In terms of this parameterization, (2.10) is given by

Uly'se) = 5 [ e Rl a) — o), ()
with fi(t) = u(y(?)), (0) = u(y(0)) = p(y*), and
v(t) - —elv* v(t) -
K(t;g):{ (t)yd((f)dgt)eéufp - i;)d(fﬁgt) 7, (32

with 7(t) = v(y(t)), ya(t) = y(0) — y(t), and J(t) = |y'(t)]. Note that v* = (0).
To determine the asymptotic expansion for U, we introduce the small parameter ¢ satisfying 0 <
€ € § < 1, and write

Uy*;e) = U™ (y*;e,0) + U (y*; €, 0). (3.3)
Here, the inner expansion, U™", is given by
. 1[92
Unytied) = 5 [ e K [a(0) - ), (3.4)
2 ) _s/2

and the outer expansion, U°", is given by

1 —46/2 T

e K(tie) [a(t) — a0)] dt + — e K(tie) [a(t) — p(0)] dt.  (3.5)

Uout *; 75 —
(y™:€,0) 27 Jy o

2 J_,
The inner expansion involves integration over a small portion of the boundary about y*, whereas the
outer expansion involves integration over the remaining portion of the boundary.

We determine the leading-order asymptotic behaviors of U™ and U°" in the sections below. Then,
we combine those results to obtain the asymptotic approximation for the double-layer potential in two
dimensions, and discuss higher-order asymptotic approximations. We have developed a Mathematica
notebook that contains the presented calculations, available in a GitHub repository [23].



3.1 Inner expansion

To determine the leading-order asymptotic behavior of U™, we substitute ¢t = 7 into (3.4), and obtain

6/2e
U (y'5,0) = o / 1 KT HET) = O] a7 (3.6)

Recognizing that 7(eT) = v* + O(e) and y4(eT) = —Ty'(0) + O(e?) with v* - 3//(0) = 0, we find that
by expanding K (eT’;¢) about € = 0 that

e=10J(0)

KETse) = ~mpo

+0(1). (3.7)

Using the fact that this leading-order behavior is even in T, and expanding ji about € = 0, we can
substitute into (3.6) to get, after expanding about § = 0,

U™ (y*se,0) = 217r /2//2: [ szzl(ww } (0)]dT
- % 05/28 ‘szl(&g(ﬁgz +0( )} [1(eT) + fi(—eT) — 21(0)] dT
B % 06/28 T;]zlfm +0(1>} (2721 (0) + O(e")] AT (3.8)
:% 06/25 m ﬂu(o)+0(52)] dr
5

= 747TJ(0)/1//(0) + O(e).

This result gives the leading-order asymptotic behavior of U™,

3.2 Outer expansion
To determine the leading-order asymptotic behavior of U°%, we expand K (¢;¢) about € = 0 and find
that K (t;e) = [eK1(t) + O(e?)]J(t), with

Ky (t) = (200 ) -‘ 5;((;))34— () - v lya@®)? (3.9)

Substituting this expansion into (3.5), we find that

—5/2 ™
U ies) = 5o [ RO )~ FOLIOd + o [ K0 RO -0 0+0),
(3.10)
To eliminate 0 from the integration limits, we rewrite (3.10) as
Ui = 5 [ KO0 - GO TOd - Ve s £ 06 @)
with 52
Ve s) = o [ K@) latt) - (0] IOk (312)
™ J-5/2



To determine the leading-order behavior for V°u we proceed exactly as in section 3.1. We substitute
t = ¢T into (3.12) and obtain

1 6/2e
VOu(y*ie, ) = o /_6/2 K1(eT) [p(eT) — p(0)] J(eT)edT (3.13)

Again, by recognizing that 7(eT) = v* + O(e) and yq(eT) = —eTy'(0) + O(£?) with v* - ' (0) = 0, we
find that
Ky(eT) = ———L 1 o) (3.14)
! T2J2(0) ' '
Using the fact that this leading-order behavior is even in T, and that J(eT) = J(0) + O(e), when we
substitute it into (3.13), we find, after expanding about § = 0, that

6/2¢e 2
Vo) = o | [—-ffé’+<9@~1ﬂ[a&ﬂw—-ﬂ«»1J&ﬂwsdT

T2 e | TP2(0)
- % 06/25 —T;;(KO) + 0(61)] [1(eT) + i(—eT) = 241(0)] [J(0) + O(e)] edT
- % 06/25 szl(%) +O(1)] (272" (0) + O(eh)] AT (3.15)
_ % 05/26 :Jié)g”(o) + 0(52)] a7
5,

= 747”(0)# (0) + O(e).

Substituting this result into (3.11), we find that the leading-order asymptotic behavior for U°" is
given by

U)o [ KO0 - HO1 I+ LSS0 0. (316)

47 J(0)

3.3 Two-dimensional asymptotic approximation

We obtain an asymptotic approximation for U by summing the leading-order behaviors obtained for
U and U given in (3.8) and (3.16), respectively. Substituting that result into (2.6), we obtain the
following asymptotic approximation,

u(y* —etw*) = f(y*) +eLi[u] + O(e?), (3.17)
with L g
Ll = o= [ K0 a) - #(0)] Tt (3.18)

where K is given by (3.9). Naturally, the obtained asymptotic approximation doesn’t depend on the
arbitrary parameter 4.

Asymptotic approximation (3.17) gives an explicit approximation for the close evaluation of the
double-layer potential in two dimensions. According to the asymptotic analysis, the error of this
approximation is O(e?). It gives the double-layer potential as the Dirichlet data at the boundary point
y* closest to the evaluation point z plus a nonlocal correction. This nonlocal correction is consistent
with the fact that solutions to elliptic partial differential equations have a global dependence on their
boundary data. The leading-order asymptotic expansion indicates that the nonlocal correction only
comes from the outer expansion, and the inner expansion doesn’t contribute to the lower order terms.



3.4 Higher-order asymptotic approximations

By continuing on to higher order terms in the expansions for U™ and U°", we can obtain higher-order
asymptotic approximations. This process will not be demonstrated here, because the calculations
become unwieldy, details can be found in the developed Mathematica notebook [23]. The result from
these calculations is

y'(0) -y"(0) _, 4
474(0)

u(y* — et*) = Fy*) + eLau] + & [LQM -

with Lj[p] given in (3.18), and

Lalpl = 5 [ Kalt) [a(t) ~ 5(0) S0k, (3.20)

where
(v - ya) [4v* - ya)?® = lyal*] = 2lyal* (v - v*) (v - yd)_

Ko(t) = 12
2(1) vl

(3.21)

This asymptotic approximation has an error that is O(e?). In addition to nonlocal terms, this approx-
imation includes local contributions made by first and second derivatives of the density, u, evaluated
at the boundary point y*. The local contributions come from the inner expansion.

4 Asymptotic analysis in three dimensions

Suppose B is an analytic, closed, and oriented surface. We introduce the parameters s € [0, 7] and
t € [—m,n] such that y = y(s,t) and y* = y(0,-). In terms of this parameterization, (2.10) is given by

Uy*se 4W// e 1K (s, t; ) [f(s, t) — (0, )] sin(s)dsdt, (4.1)

with fi(s,t) = :u(y(sa t))a /1(07 )= :u(y(ov ))’ and
ce) = 9(8,15) ) (yd<s>t) — EEV*) _ D(Sat) i yd(sat)
Ko = | A waop |7 2

with D(s,t) = vy, ya(s,t) = y(0,-) —y(s,t), J(s,t) = |ys(s,t) x y+(s,t)|/sin(s). Note that v* = (0, -).
Just as we have done for the two dimensional problem, we introduce the small parameter d satisfying
0 <e kK1, and write

U(y*;e) = U™ (y*;e,0) + U™ (y;€,0). (4.3)
Here, the inner expansion is given by

U™ (y*;¢,0) = [ﬂ/ (s,t;€) [i(s,t) — @(0, )] sin(s)dsdt, (4.4)

and the outer expansion is given by
U™ (y*;¢,0) 471-/ / K(s,t;¢) [(s,t) — (0, -)] sin(s)dsdt. (4.5)

Again, we determine the leading-order asymptotic behaviors for U™ and U°"* separately. Then, we
combine those results to obtain an asymptotic approximation for the close evaluation of the double-
layer potential in three dimensions and discuss higher-order asymptotic approximations. Some details
can be found in the developed Mathematica notebook available on GitHub [23].



4.1 Inner expansion

To find the leading-order asymptotic behavior of U™, we substitute s = S into (4.4), and obtain
d/e
U (y*;¢,6) / K(eS,t;¢) [a(eS, t) — (0, )] sin(eS)dSdt. (4.6)

Recognizing that 7(eS,t) = v* + O(¢), and y4(eS,t) = —eSys(0,-) + O(e?) with the vector y,(0, )
lying on the plane tangent to B at y*, we find by expanding K (&S5, t;e) about £ = 0 that

£720J(0,-)

K(ES,t;E) = 7(52|ys(07 )|2 +€2)3/2

+0(e7h). (4.7)

Since this leading-order asymptotic behavior for K (£S,t;¢) is independent of ¢, we write

1n o _2&]( ) —1
U™ (y*;e,9) 47T/ / [ (57520 )|2+£2)3/2+O(€ )

[(28,t) + (=S, t + 1) — 20(0, )] sin(cS)dSdt.  (4.8)

Next, we use the regularity of fi over the north pole to substitute fi(eS,t + 7) = fi(—eS,t), so that

f(eS,t) + fi(eS, t + ) — 21(0, ) = ji(eS, t) + u(—eS,t) — 27(0, -)

4.9
= e25%]i45(0,-) + O(eh). (4.9)
Thus, we find after substituting (4.9) and sin(eS) = &S + O(e?) into (4.8) that
y Ve eS%J(0, )
Ured) 4w/ / -~ 09+ 060 asa
” i (4.10)
= A 2 u(y* +0(?)| dS,
75 [ gm0
where we have used the fact that
1 [ 1 X
2 [ 0,9 = S Aty (4.11)
T 0 2

with Agzpu(y*) denoting the spherical Laplacian of p evaluated at y* (see Appendix B). Furthermore,
when expanding about 6 = 0 we have

é/e £S3 , 5
/0 {(Szlys(a.ﬂ2 Ty T 0| 45 = o + 0), (4.12)

we determine that
U™ (y*;,0) = —m s2uly™) +O(e). (4.13)

This result gives the leading-order asymptotic behavior of U™.

4.2 Outer expansion

To determine the leading-order asymptotic behavior of U°" we expand K(s,t;&) about € = 0 and
find K(s,t;¢) = [eKi(s,t) + O(e?)] J(s,t), with

_ 3(D(Svt) Y (s,t))(u* Y (S>t)) B ‘y (Sat)|2p(37t) a
Ki(s,t) =¢ d ‘yj(s’w d . (4.14)



Substituting this expansion into (4.5), we obtain
U (s e, 6) = / /}Gst (5,8) — (0, )] J(s, 1) sin(s)dsdt + O().  (4.15)

To eliminate § as a limit of integration in (4.15), we write

U0 = o [ TR s 0) = 7091 (s sin(s)dsdt— V(2,6 -0, (110
with
Vout(y*;e, ) / / Ki(s,t) [fu(s,t) — @(0,-)] J(s,t) sin(s)dsdt. (4.17)

To determine the leading-order asymptotic behavior of VoU (y*; e, §), we proceed as in section 4.1.
We substitute s = &S into (4.17), and obtain

1 5/6
VOt (y*e,8) = y= / Kq(eS,t) [p(eS,t) — (0, )] J (€S, t) sin(eS)ed Sdt. (4.18)
T 0
Recognizing that ©(eS,t) = v* + O(¢), and y4(eS,t) = —eSy,(0,-) + O(?) with the vector y4(0,-)
lying on the plane tangent to B at y*, we find by expanding K;(eS,t) about e = 0 that
e3¢
53y, (0,)P

Since the leading-order behavior of K is independent of ¢, we use (4.9), plus knowing that J(eS5,t) =
J(0,-) + O(e) and sin(eS) = &S + O(£?) to obtain, after expanding about § = 0

Ki(eS,t) = +0(e7?). (4.19)

S

/e T 20J(0,)
VOt (y*; e, 6) 2 igs(0,4) + O(£?) | dSdt
47T6{J / { lys(0, ) (4.20)

= 78|ys( |3A52N( y*) +O(e).

Note that we have used (4.11) in the last step. Substituting this result into (4.16), we find that

GO 5 p(y)+0().

ot (y* e, ) / / Ki(s,t) [i(s, t) = (0,-)] I (s, t) sin(s)dsdt+5m
(4.21)

This result gives the leading-order asymptotic behavior of U°ut,

4.3 Three-dimensional asymptotic approximation

We obtain an asymptotic approximation for U by summing the leading-order behaviors obtained for
U™ and U°" given in (4.13) and (4.21), respectively. Substituting that result into (2.6), we obtain
the following asymptotic approximation

u(y* —elv*) = f(y*) + eLi[p] + O(e?), (4.22)
with

Lifp) = % /j /OTr Ki(s,t) [(s,t) — (0, )] J(s,t) sin(s)dsdt. (4.23)

The structure of this asymptotic approximation for the close evaluation of the double-layer potential in
three dimensions is exactly the same as what we found for the two-dimensional case: the leading-order
asymptotic approximation is composed of the Dirichlet data and a non-local term coming from the
outer expansion. Similarly, high-order asymptotic approximations could be obtained by continuing on
to higher order terms in the expansions U™ and U°" after cumbersome calculations.



5 Numerical methods

Numerical methods to compute the asymptotic approximations for the close evaluation of the double-
layer potential must be sufficiently accurate in comparison to O(g). Otherwise, the error made by the
numerical method will dominate over the error of the asymptotic approximation. On the other hand, if
the numerical method requires restrictively high resolution to compute the asymptotic approximation
to sufficient accuracy, the numerical method suffers from the very issue of the close evaluation problem.
In what follows, we describe numerical methods to compute the asymptotic approximations derived
above at high accuracy with modest resolution requirements.

5.1 Two dimensions

Suppose we have parameterized B by y = y(p) with —7 < ¢ < 7 with y* = y(¢*). For that case, we
need to compute

% (y*) = % /j Fi(p;0")dp, (5.1)
with
Fi(p; ") = Ki(p)J () [1(p) — i(e™)] (5.2)

where K is given in (3.9). The function, K7, is singular at ¢ = ¢*. Consequently, applying a high
order accurate numerical quadrature rule to compute %4 will be limited in its accuracy even though F}
vanishes identically at ¢ = ¢* due to the factor of fi(¢)—fi(¢*). To improve the accuracy of a numerical
evaluation of (5.1), we revisit the asymptotic expansion obtained for Vo% (y*; ¢, d) in (3.13)-(3.15). By
rewriting that result for the present context, we find

1 6/2 5 EM//(

Fi(p9")dp = ————=~

")
5 1= I HOE) (5.3)

This result suggests the following method to compute % (y*) numerically using the N-point periodic
trapezoid rule (PTR). Suppose we are given the grid function, fi(y;) for j = 1,--- , N with ¢; =
—m+27w(j —1)/N, and suppose ¢* = ¢y, is one of the quadrature points. We introduce the numerical
approximation

L (or)

T NT(pn) (5:4)

AUBES ZFl ©j5 k)
J;ﬁk
where we have replaced the quadrature around ¢* with (5.3) where § = 27/N. We compute " (¢x)
with spectral accuracy using Fast Fourier transform methods. Using this numerical approximation, we
compute the O(g?) asymptotic approximation for the close evaluation of the double-layer potential in
two dimensions through evaluation of

uly” —etv*) = f(y*) + Ul (y*) + O(e?). (5:5)

To compute the O(e?®) asymptotic approximation, in addition to %4, we need to compute

U(y*) = % /j Fy(p; 9")dg (5.6)
where
Fay(p;9%) = Ka(p)J () [i(p) — f(¢™)], (5.7)

and K3 given in (3.21). By using the higher-order asymptotic expansion for V°" (computed on the
Mathematica notebook available on the GitHub repository [23]), we apply the same method used for
2 (y*) and arrive at

U(y*) = ZFz (5 %K) _ i), (5.8)
N2 NIp)

10



with £* denoting the signed curvature at y*. Using this numerical approximation, we compute the
O(g?) asymptotic approximation for the close evaluation of the double-layer potential in two dimensions
through evaluation of

" = et) )+ U ) + e |0 ) - PR o+ ] o).
(5.9)

Since the boundary is given, we are able to compute y'(¢) and y” (), explicitly. We use Fast Fourier
transform methods to compute i’(¢) and i’ (¢) with spectral accuracy.

5.2 Three dimensions

Suppose we have parameterized B by y = y(0, ¢) with 6 € [0, 7] and ¢ € [—m, 7] with y* = y(6*, ¢*).
For that case, we seek to compute

1 T[T .
w1 (y*) = E/ /0 F1(6, ; 0%, ") sin(6)d0dp, (5.10)

with

Fl (9, ®3 9*7 80*) = Kl(ev QO)J(& 90) [ﬁ(97 90) - /7'(9*7 QP*)] ’ (5'11)
where K is given in (4.14). Just as with the two-dimensional case, the function K; is singular at
(0,0) = (6*,9*), so any attempt to apply a quadrature rule to compute %4 will be limited in its
accuracy even though Fy vanishes identically at (6*,¢*) due to the factor of (0, p) — @(6*, ¢*).

To numerically evaluate (5.10), we apply a three-step method developed by the authors [13]. This
method has been shown to be effective for computing the modified double-layer potential in three
dimensions resulting from the subtraction method. We first rotate this integral to another spherical
coordinate system in which y* is aligned with the north pole. The details of this rotation are given in
Appendix A and lead to 6 = (s, t) and ¢ = ¢(s,t) with s € [0,7] and ¢ € [—7, 7] where 6* = (0, -)
and ¢* = ¢(0,-). We apply this rotation and find that

U (y*) = i /j /OTr F(s,t)sin(s)dsdt, (5.12)

with F(s,t) = F1(0(s,t),¢(s,t); 0%, ¢*). Now K1(0(s,t),¢(s,t)) is singular at the north pole of this
rotated coordinate system corresponding to s = 0. To improve the accuracy of a numerical evaluation
of (5.12), we revisit the asymptotic expansion obtained for V°ut(y*;¢,4) in (4.20). By rewriting that
result for the present context, we find

;/05 {;T/_:F(S,t)dt] sin(s)ds:/: [—WASW@*) ds + O(e). (5.13)

Suppose we compute
_ 1 ™ .
F(s)=— F(s,t)dt. 5.14
(5) =5 o (s,1) (5.14)
The result in (5.13) suggests that F(s) smoothly limits to a finite value as s — 0. Although we could
use this result to evaluate F'(s) in a numerical quadrature scheme, it will suffice to consider an open
quadrature rule for s that does not include the point s = 0 such as the Gauss-Legendre quadrature.
This result suggests the following three-step method to compute % (y*) numerically.
Let ty = —n+m(k—1)/N fork=1,--- ,2N, and let z; and w; for j = 1,--- , N denote the N-point
Gauss-Legendre quadrature abscissas and weights such that

1 N
/1 fla)dz =~ Y f(z)w;. (5.15)
_ =

11



We perform the mapping: s; = n(z; +1)/2 for j = 1,--- , N, and make appropriate adjustments to
the weights as will be shown below. For the first step, we rotate the spherical coordinate system so
that y* is aligned with its north pole as described in Appendix A. For the second step, we compute

2N

_ _ 1 - )

F(s;) = FN = ﬁZF(sj,tk), j=1,---,N. (5.16)
k

=1

For the third step, we compute the numerical approximation
N
W) ~ U (") = 3 D Fw;. (5.17)
j=1

In (5.17), a factor of 7/2 is introduced to scale the quadrature weights due to the mapping from z; to
s, and a factor of 1/2 remains from the factor of 1/4x in (5.10).

Using the numerical approximation U{¥, we compute the O(g?) asymptotic approximation for the
close evaluation of the double-layer potential in three dimensions through evaluation of

u(y* — etv*) = f(y*) + eUN (y*) + O(e?). (5.18)

6 Numerical results

We present results that show the accuracy and efficiency of the asymptotic approximation and the
corresponding numerical method for the close evaluation of the double-layer potential. For all of the
examples shown, we prescribe Dirichlet data corresponding to a particular harmonic function. With
that Dirichlet data, we solve the boundary integral equation (2.4) numerically to obtain the density, x.
We use that density to compute the double-layer potential using different methods, for comparison. The
results below show the error made in computing the harmonic function at close evaluation points. The
Matlab codes used to compute all of the following examples are available in a GitHub repository [23].

6.1 Two dimensions

For the two-dimensional examples, we use the harmonic function,
() = — 5 log|z — (6.1)
u(z) = —=—log |z — o], )
o g 0

with 2y € R2\ D and prescribe Dirichlet data by evaluating this function on the boundary. We solve the
boundary integral equation (2.4) using the Nystrom method with the N-point Periodic Trapezoid Rule
(PTR) resulting in the numerical approximation for the density, i, ~ fi(y;) with ¢; = —7+2(j—1)7/N
forj=1,---,N.

We compute the close evaluation of the double-layer potential at points, z = y* — ev
following four methods:

*, using the

1. PTR method — Compute the double-layer potential,

1 ™ N * *
u(y* _ 51/*) _ 7/ Yy (y ev 23/)
o )y —ev—y

w(y)doy,

using the same N-point PTR used to solve (2.4) .
2. Subtraction method — Compute the modified double-layer potential,

1 /” vy - (y* —ev* —y)

2m ly* —evr —yl?

u(y™ —ev*) = —pu(y*) + (1(y) — p(y*)] doy,

using the same N-point PTR used to solve (2.4) and as in the first method.

12



3. O(¢?) asymptotic approximation — Compute the O(g?) asymptotic approximation given by
(3.17) using the new numerical method given in (5.5) using the same N-point PTR used to solve
(2.4).

4. O(¢?®) asymptotic approximation — Compute the O(e3) asymptotic approximation given by
(3.19) using the new numerical method given in (5.9) using the same N-point PTR used to solve
(2.4).

We consider two different domains:
e A kite domain whose boundary is given by

y(t) = (cost + 0.65cos 2t — 0.65,1.5sint), —m <t <. (6.2)

e A star domain whose boundary is given by

y(t) =r(t)(cost,sint), r(t)=140.3cosdt, —mw<t<m. (6.3)

For both examples we pick zg = (1.85,1.65) which lies outside the domains. We consider N fixed, here
N =128, and study the dependence of the error on € as ¢ — 0.

In Fig. 2 we show results for the kite domain. The error, using a log scale, is presented for each
of the four methods described above. The results show that the PTR method exhibits an O(1) error
as € — 0. The subtraction method and the asymptotic approximations all show substantially smaller
errors.

To compare the four methods more quantitatively, in Fig. 3 we plot the errors made by the four
methods at y4 — eva (left) and yg — evp (right) with 1076 < e < 10~! where v4 and vp are the unit
outward normals at y4 = (—1.3571, —1.0607), and yp = (0.0571, 1.0607), respectively. The points ya
and yp are shown in each plot of Fig. 2. From the results in Fig. 3 we observe that, the error when
using the PTR method increases as € — 0T, while the error in the other three methods decreases. The
errors made by the asymptotic approximations are monotonically decreasing as ¢ — 07. However,
the error made by the subtraction method presents a different behavior: it reaches a maximum at
e ~ 1072 after which it decreases as ¢ increases. For larger values of ¢, the double-layer potential
is no longer nearly singular, so the N-point PTR (and therefore methods 1 and 2) become more
accurate. The error is at a maximum for the subtraction method when ¢ = O(1/N), which is why
we observe the maximum error occuring at € ~ 1072, The results in Fig. 3 show a clear difference in
the rate at which the errors vanish as ¢ — 07 between the subtraction method and the asymptotic
approximation methods. The O(e®) asymptotic approximation decays the fastest, followed by the
O(g?) asymptotic approximation, and then the subtraction method. For ¢ < 1074, the error incurred
by the O(g%) asymptotic approximation levels out at machine precision. We estimate the rate at which
the subtraction method and the asymptotic approximation methods decay with respect to € from the
slope of the best fit line through the log — log plot of the error versus € in Fig. 4. We compute the slope
for each evaluation point y(t;) —er(t;) where t; = —m+2(j —1)m/N for j =1,--- , N, and we vary e.
For the subtraction method, we consider e values such that 1076 < ¢ < 1072, and for the 0(52) and
O(g?) asymptotic approximation methods, we consider the same range but only include values where
the error is greater than 10!°. The results shown in Fig. 4 indicate that the subtraction method
decays linearly with e, and the rates of the asymptotic approximations are consistent with the theory
presented in Section 3.

For the second example of computing the double-layer potential in the star domain, Figures 5, 6,
and 7 are analogous to Figures 2, 3, and 4 for the kite domain. The characteristics of the errors for
this second domain are exactly the same as described for the kite domain.

Summary of the results

In the case of two dimensional-problems, the subtraction method yields a method whose error decays
linearly with the distance away from the boundary. The O(¢?) and O(g?) asymptotic approximations
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Figure 2: Plots of log; of the error for the evaluation of the double-layer potential in the kite domain
defined by (6.2) using four methods: the PTR method (upper left), the subtraction method (upper
right), the O(g?) asymptotic approximation method (lower left), and the O(e?) asymptotic approxi-
mation method (lower right). In each of these plots, boundary points y4 = (—1.3571,—1.0607) and
yp = (0.0571,1.0607) are plotted as red x’s.
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Figure 3: Log-log plots of the errors made in computing the double-layer potential by the four methods
shown in Fig. 2 at y4 — cva (left) and at yp — evp (right) for 1076 < e < 1071

methods are much more accurate for close evaluation points. Moreover, only relatively modest reso-
lution is required for these asymptotic approximations to be effective. However, the error for these
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Figure 4: Estimated order of accuracy in computing the double-layer potential in the kite domain
when using the subtraction method (blue o), the O(g?) asymptotic approximation method (red x),
and the O(e®) asymptotic approximation method (yellow +) for varying values of ¢.

asymptotic approximations are monotonically increasing with the distance to the boundary, so they
are not accurate for points further away from the boundary. The error estimates provided by the
asymptotic theory provide guidance on where to apply these asymptotic approximations effectively.
For all of these reasons, we find that the asymptotic approximations and corresponding numerical
methods are quite useful for two-dimensional problems.

6.2 Three dimensions

Let (x1,x2,x3) denote an ordered triple in a Cartesian coordinate system. To study the computation
of the double-layer potential in three dimensions, we consider the harmonic function,
1

Y (T EEa roerEa o 64

in the domain whose boundary is given by
y(0,¢) = R(0)(sinfcos p,2sinfsinp,cosf), 0<0<7, —nm<p<m, (6.5)
with
1

9)=2— )
k() 1+ 100(1 — cos 0)?

(6.6)

This boundary surface is shown in Fig. 8 (left) along with its intersection with the vertical x;zs-plane
(center) and the horizontal z;zs-plane (right).

We solve boundary integral equation (2.4) using the Galerkin method [4, 5, 6, 7]. The Galerkin
method approximates the density according to

N-—-1 n

n=0 m=-—n

with {Y},,,} denoting the orthonormal set of spherical harmonics. For these results, we have set N = 48.
We have computed the close evaluation of the double-layer potential at points © = y* — ev*, using the
following two different methods for comparison.
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defined by (6.3) using four methods: the PTR method (upper left), the subtraction method (upper
right), the O(g?) asymptotic approximation method (lower left), and the O(e?) asymptotic approxi-
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Figure 7: Estimated order of accuracy in computing the double-layer potential in the star domain
when using the subtraction method (blue o), the O(g?) asymptotic approximation method (red x),
and the O(e®) asymptotic approximation method (yellow *) for varying values of .
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Figure 8: The boundary surface defined by (6.5)-(6.6) that is used to exemplify the evaluation of
the double layer potential in three dimensions (left), and the intersections of this boundary with the
z1x3-plane (center), and x1zo-plane (right).

using the three-step numerical method given by Carvalho et al. [13]. For the first step, the
modified double-layer potential is written as a spherical integral that has been rotated so that
y* is aligned with the north pole. For the second step, the 2/N-point PTR is used to compute
the integral in the azimuthal angle. For the third step, the N-point Gauss-Legendre quadrature
rule mapped to [0, 7] is used to compute the integral in the polar angle.

2. O(g?) Asymptotic approximation — Compute the asymptotic approximation given by (4.22)
using the method given in (5.18) (with NV = 48).

The error of the numerical method has been shown to decay quadratically with e when e < 1/N [13].
This quadratic error decay occurs because, in the rotated coordinate system, the azimuthal integration
acts as an averaging operation yielding a smooth function of the polar angle that is computed to high
order using Gaussian quadrature. However, this asymptotic error estimate is valid only when the
numerical approximation of the density is sufficiently resolved. If N in (6.7) is not sufficiently large
that |fim| for n > N is negligibly small, then the truncation error associated with (6.7) may interrupt
this quadratic error decay. For the domain here, with N = 48, we find that the estimated truncation
error for (6.7) is approximately 10~%. While this error is relatively small, it is not small enough to
observe the error’s quadratic rate of decay. We would have to consider a much larger value of N to
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observe that decay rate. However, computing the numerical solution of boundary integral equation
(2.4) with N > 48 becomes restrictively large. Hence, we evaluate below what the subtraction method
and the O(g?) asymptotic approximation do in this limited resolution situation.

Error results for the computation of the double-layer potential in this domain for each of the
two methods described above appear in Fig. 9. The top row shows the error on the slice of the
domain through the vertical z;x3-plane for the numerical method (left) and the O(¢?) asymptotic
approximation method (right).The point y4 = (1.7830,0,0.8390) is plotted as a red x symbol in both
plots. The bottom row shows the errors of the same methods (left for the numerical method, right for
the O(g?) asymptotic approximation) on the slice of the domain through the horizontal x;z2-plane.
The point yp = (1.7439,1.19175, 0) is plotted as a red x symbol in both plots.

In Fig. 10, we show the errors computed at ya — eva (left) and yp — evp (right) for varying e,
where v4 and vp are the unit outward normals at y4, and yg, respectively. In contrast to the two-
dimensional results, we find that the error for the numerical method is approximately 108 for all
values of €. This error is due to the truncation error made by the Galerkin method. Because the
truncation error dominates at this resolution, we are not able to see its quadratic decay as ¢ — 0.
If a higher resolution computation was used to solve the boundary integral equation, the error of the
numerical method would exhibit a similar behavior to that made by the subtraction method for the
two-dimensional examples. In particular, the error would have a maximum at ¢ = O(1/N) about
which the error decays. We observe that the O(e?) asymptotic method decays monotonically with e
even when N = 48.

We estimate the order of accuracy in Fig. 11. The results for the esimated order of accuracy over
the points intersecting the vertical z;z3-plane are shown in the left plot of Fig. 11. For those results we
determine the estimated order of accuracy by determining the best fit line through the log — log plot
of the error versus ¢ for several values of the extended polar angle, sy € [0,27]. This extended polar
angle parameterizes the circle on the unit sphere lying on the xjx3-plane that starts and ends at the
north pole. The results for the esimated order of accuracy over the points intersecting the horizontal
x1x2-plane are shown in the right plot of Fig. 11. For those results we determine the estimated order
of accuracy by determining the best fit line through the log — log plot of the error versus e for several
values of the azimuthal angle, tg € [0, 27]. Because of the resolution limitation in the Galerkin method,
we are not able to see that the order of accuracy for the numerical method is two. In fact, the error is
nearly uniform with respect to e because it is the truncation error of (6.7) that is dominating. Despite
the resolution limitation in the Galerkin method, we find that the O(¢?) asymptotic approximation
has an order accuracy of nearly two.

Summary of the results

For three-dimensional problems, the subtraction method is more effective when computed in an ap-
propriate rotated coordinate system than for two-dimensional problems. The subtraction method is
more effective in three dimensions because in this rotated coordinate system, integration with respect
to the azimuthal angle is a natural averaging operation that regularizes the integral thereby allowing
for the use of a high-order quadrature rules for integration with respect to the polar angle. Provided
that the density is sufficiently resolved, the subtraction method has been shown to decay quadratically
with the distance away from the boundary [13]. The O(¢?) asymptotic approximation also decays
quadratically. However, it is not as sensitive to the accuracy of the density. For this reason, we find
that the asymptotic approximation is still useful for three-dimensional problems, especially when the
density is not highly resolved.

7 Extension to forward-peaked scattering in radiative transfer

The asymptotic approximations developed here for the close evaluation of the double-layer potential
can be extended to other problems. In particular, there is an interesting connection between the close
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Figure 9: Plots of log; of the error made in computing the double-layer potential by the numerical ap-
proximation (left column) and the O(?) asymptotic approximation (right column) in the domain whose
boundary is shown in Fig. 8. The top row of plots show the error on the x;x3-plane, and the bottom
row of plots show the error on the 1 z5-plane. In the top row of plots, the point y4 = (1.7830, 0, 0.8390)
is plotted as a red x, and in the bottom row of plots, the point yp = (1.7439,1.19175,0) is plotted as
ared X.
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Figure 10: Log-log plots of the errors made by the two methods shown in Fig. 9 at y4 —eva (left) and
at yp — evp (right) for 1076 < ¢ < 0.5.

evaluation problem in potential theory and forward-peaked scattering in radiative transfer. We first
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eterizes the circle on the unit sphere lying on the x;x3-plane that starts and ends at the north pole.
Results on the zqzo-plane are given in terms of the azimuthal angle, ¢y € [0, 27].

establish this connection and then, we apply the asymptotic analysis used above to this problem.

Radiative transfer describes the multiple scattering of light [14, 20]. This theory has several appli-
cations for light propagation and scattering in geophysical media [32, 42], biological tissues [44], and
computer graphics [21], among others. Let ¢ : %2 x R? x (0,T) — R* > 0 denote the specific intensity.
The specific intensity gives the flow of power in direction Q € S?, at position r € R3, at time ¢t € [0, T].
The radiative transfer equation,

¢+ Q- VO gt — L = Q, (7.1)

governs v in a medium that absorbs, scatters, and emits light. Here, ¢ denotes the speed of light in
the background medium, p, > 0, pus > 0 denote absorption and scattering coefficients, respectively,
and (Q denotes a source. The scattering operator, L, is defined by

78

Lo(r 1) = 4i [S PO Y (Y, t) — (7, 8)] doer, (7.2)

where p denotes the scattering phase function which gives the fraction of light incident in direction €’
that is scattered in direction 2.

In forward-peaked scattering media, p is sharply peaked about 2 = €’ so that most of the scattering
occurs in a small angular cone about the incident direction. This problem is important for several
applications, especially light propagation in biological tissues [24]. Mathematically, forward-peaked
scattering corresponds to the case in which (7.2) is a nearly singular integral.

There have been several studies on the asymptotic behavior of (7.1) with forward-peaked scat-
tering leading to the Fokker-Planck approximation [35] and its generalizations [37, 29]. Solving the
radiative transfer equation (7.1) with these approximate scattering operators has led to useful physical
insight [25, 26, 16]. However, for most scattering models used for applications, the Fokker-Planck
approximation is inaccurate. The error made by the Fokker-Planck approximation is due to neglecting
the tail away from the sharply peaked behavior of the kernel p, corresponding to large-angle scattering.
That tail typically decays too slowly to make a local approximation appropriate. In fact, it has been
shown that for several specific scattering kernels, the leading order behavior is nonlocal and given by
a pseudo-differential operator [36, 28].

We study forward-peaked scattering using the same asymptotic analysis used to study the close
evaluation of layer potentials discussed above. For this study, we consider the specific choice of the
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Henyey-Greenstein scattering phase function [19],

2
il 1<g<1

pHG(Q'Q/):(1+g2_2gQ.Q/)3/2’ —-1<g<1,

(7.3)
as the kernel. The Henyey-Greenstein scattering phase function is extensively used in applications
since it provides a simple model with enough sophistication to study multiple scattering of light. The
anisotropy factor, g, is the mean cosine of the scattering angle. It sets the amount of scattering that
is forward peaked. When g = 0, scattering is istropic, and when g = +1, scattering is restricted to
only the forward/backward direction. Forward-peaked scattering corresponds to the asymptotic limit
as g — 1.
Henyey-Greenstein scattering is directly related to Poisson’s formula for the unit sphere,

1 1—|z/?
u(x) = 2]

= — doy, <1, 7.4
which gives the solution of the boundary value problem for Laplace’s equation:

Au=0 in|z| <1, (7.5a)
u=f onlz|=1. (7.5b)

For the close evaluation point z = (1 — €)y* with |y*| =1 and 0 < ¢ < 1, we find that

= b 1—(1—¢)? ”
=)= g [ o @ (7.6)

Notice that the kernel in (7.6) is the same as (7.3) with ¢ = 1 — . Consequently, the asymptotic limit
of forward-peaked Henyey-Greenstein scattering is closely related to the close evaluation of Poisson’s
formula for the unit sphere.

To evaluate L given in (7.2) using (7.3) as the scattering phase function, we use a spherical coordi-
nate system with € defining its north pole. In this coordinate system, 6 denotes the polar angle and
¢ denotes the azimuthal angle. For that case, we have

Ly(Q) = % / ! prc(cos 0; €)Y (6) sin Od0 (7.7)
with Q- Q' =cosf, g=1—¢,
1—(1-¢)?
pu(cosfe) = [1+(1—¢)2—2(1—¢)cosf]3/2’ (7.8)
and ) -
30 = o [ [0.6) - vl0.))dp. (79)

Due to the regularity of the solution at the north pole, we have (0, o + 7) = (=6, ). As a result,

we write
50) = 5= [ 0.0+ v(=0,) ~ 2600, d. (7.10)

Note here ¥(0,-) = (). To study forward-peaked scattering we study the asymptotic limit corre-
sponding to e — 0.

We let .
LY(Q) = L(Q) + LW(0), (7.11)
where
. 1 9 N )
L"Mp(Q2) = 5/ prg(cos ;) (6) sin 6d6, (7.12)
0
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is the inner expansion, and

1" -
L") (Q) = 5/ pra (cos 0; ) (6) sin 0d6, (7.13)
s
is the outer expansion. Just as we have done for the double-layer potential, we consider the asymptotic
limit in which 0 < ¢ € § < 1. Details of the calculations below can be found in a developed
Mathematica notebook available on GitHub [23].
To find the leading-order behavior for L', we substitute (7.8) into (7.12) and make the substitution
0 =¢eO,

LMp(Q) = /5/5 - L-(1—¢) Y (£0) sin eOedO
o 2] 1+(17€) —2(1 —€) coseB]3/2 714
6/5 o 3 ( ’ )
_E 97297 | )| d(e0)do
1+@2 3/2 7 2(1+ ©2)5/2
Next, we compute the expansion
- 1 7
J(0) = o / 00, ¢) + (20, ¢) — 26(0, )] dy
2@2 (7.15)
/ beo(0,-)dp + O(e).
Substituting (4.11) (see Appendix B) into this result, we find that
B 202 ™ 2@2
P(eO) = 5 / Vo0 (0,-)dp + O(*) = Ag29(Q) + O(eh), (7.16)
0
Substituting (7.16) into (7.14), we determine by integrating and then expanding about & = 0 that
) é/e 82@3 53 @3 . 2@5
LMp(Q) = Ag21h(Q2 - = Hld
o0 = 200t0) [ | 3G = e + Ol de .17)
ed  e* &% 3 '
= [4 Y + 1 } Ag29p(Q2) + O(e”).
To compute the outer expansion, we expand (7.8) about € = 0 then substitute the result into (7.13),
and obtain
Lo () = / ' e et $(0) sin0d6 + O(e?) (7.18)
s 2v2(1 — cos 0)3/2 ' .

To remove ¢ from the lower limit of integration, we write

€+ &2 J €+ &2

LOMap(Q) = / b(0) sin 0d6O —
v 0 2v2(1 —0059)3/2¢( ) 0 2v/2(1 — cos6)3/2
For the second term in (7.19), we substitute § = ¢© and find that

¥(0)sin0dl + O(e).  (7.19)

é/e e +€2 _ )
/o V(1 — cos 56)3/2¢(e@) sin e0edO

_ /05/5 ng + 0(52)] 3(c0)de

&/e 2 3
:Aszw(Q)/O [5 f +0(g4)} de

&, £
4 4

(7.20)

] As2(@) + O(),
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where we have made use of (7.16) Thus, the leading-order asymptotic behavior for L°%)(£2) is given

by

+e* [T () . ed 25

Lout Q) = 9 0do — %] 4 q o s ‘ o1
v 22 Jo (1—cosf)3/2 S =7t 529(92) + O(e”) (7.21)

By summing (7.17) and (7.21), and substituting (7.10), we find that

2
L(Q) = (e +57) Loah(©) — S Ag2b(Q) + O(). (7.22)
where
Lg 29 (Q = \[ﬂ / / 10 1_((:05’;)3/2 240, )sin0d9d<p. (7.23)

The integral in (7.23) appears to be singular, but since

2¢(0, - 1
4\[7T / U +1w_(cos 9))3/2 Y0 i pag = 1A520(Q) +0(6%), (7.24)
L3 /9%(2) is well defined.

The leading-order asymptotic behavior of L given in (7.22) is equivalent to a result by Larsen [28,
Eq. 31] who derived an asymptotic approximation for L using a spectral analysis. In contrast to that
asymptotic approximation, the asymptotic analysis given above directly addresses the balance between
the forward peak given by the inner expansion, and the long tail given by the outer expansion of the
scattering operator with the Henyey-Greenstein scattering kernel.

8 Conclusion

We have computed the leading-order asymptotic behavior for the close evaluation of the double-layer
potential in two and three dimensions. By developing numerical methods to evaluate these asymptotic
approximations, we obtain effective methods for computing double-layer potentials at close evaluation
points. Our numerical examples demonstrate the effectiveness of these asymptotic approximations and
corresponding numerical methods.

The key to this asymptotic analysis is the insight it provides. The leading-order asymptotic behavior
of the close evaluation of the double-layer potential is given by its local Dirichlet data plus a correction
that is nonlocal. It is this nonlocal term that makes the close evaluation problem challenging to
address using only numerical methods. It is consistent with the fact that solutions of boundary value
problems for elliptic partial differential equations have a global dependence on their boundary data.
By explicitly computing this correction using asymptotic analysis, we have been able to develop an
effective numerical method for it. Moreover, the asymptotic error estimates provide guidance on
where to apply these approximations, namely, for evaluation points closer to the boundary than the
boundary mesh spacing. The result of this work is an accurate and efficient method for computing the
close evaluation of the double-layer potential.

The asymptotic approximation method can be extended to other layer potentials and other bound-
ary value problems. In this paper, we show how these methods discover valuable insight for forward-
peaked scattering in radiative transfer theory. Future work will entail of extending these methods to
applications of Stokes flow and plasmonics.

A Rotations on the sphere

We give the explicit rotation formulas over the sphere used in the numerical method for the asymptotic
approximation in three dimensions. Consider y,y* € S%2. We introduce the parameters 6 € [0, 7] and
¢ € [-m, 7] and write

y=y(0,0) = sinf cos o1+ sinfsinj + cos O k. (A1)
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The parameter values, 8* and ¢*, are set such that that y* = y(6*, ¢*).
We would like to work in the rotated, uvw-coordinate system in which

0l = cos 0" cos * 1 + cos 0% sin p* j — sin 0" k,
V= —sinp*i+ cosy*], (A.2)
W = sin 0* cos ¢* 1 + sin 6* sin ¢* j + cos 6* k.

Notice that w = y*. For this rotated coordinate system, we introduce the parameters s € [0, 7] and

t € [—m,m] such that
y=1y(s,t) =sinscosti + sinssint v + cos s w. (A.3)

It follows that y* = y(0,-). By equating (A.1) and (A.3) and substituting (A.2) into that result, we
obtain

sin 6 cos ¢ cos0* cos p*  —sinp* sinf* cosp*| [sinscost
sinfsing| = [cosf*sinp* cosep* sinf*sinp* | [sinssint| . (A4)
cos 6 —sin 0* 0 cos 6* cos s

We rewrite (A.4) compactly as 4(6, ¢) = R(0*, ¢*)§(s,t) with R(6*,¢*) denoting the 3 x 3 orthogonal
rotation matrix.
We now seek to write § = 6(s,t) and ¢ = ¢(s,t). To do so, we introduce

E(s,t;0%,0%) = cos0* cos p* sin s cost — sin p* sin s sint + sin 8 cos p* cos s, (A.5)
n(s,t,0%, ") = cos6* sin ¢* sin s cost + cos @™ sin ssint + sin 6* sin p* cos s, (A.6)
C(s,t,0%,0%) = —sin§* sin s cost + cos 6* cos s. (A.7)

From (A.4), we find that

0 = arctan (W) ) (A.8)

and

o = arctan (g) . (A.9)

With these formulas, we can write 8 = 0(s,t) and ¢ = (s, ).

B Spherical Laplacian

In this Appendix, we establish the result given in (4.11). We first seek an expression for §2[]|s=¢ in
terms of § and ¢. By the chain rule, we find that

Pl _[(0) 2, () 0000 O %0 &0 (B.1)
02 _, | \0s/) 062 ds) 0p? ~0s 0s 000p  0s2060 = 0s ¢ | |,_, '
Using 6 defined in (A.8) and ¢ defined in (A.9), we find that
69((;’ 2 = cost, (B.2)
s s=0
0%0(s,t cos0* .
822 ) = e sin?¢, (B.3)
s=0
Op(s,t) sint
= B.4
s |,_o sing*’ (B4)
0%p(s,t cos 0*
% = —m sin 2¢ (B5)
s=0
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Note that at s = 0, we have 6* = 6.

Substituting (B.2) — (B.5) into (B.1) and replacing 6* by 6, we obtain

782 [] —cosgta—2+sin2t (9—24—2costsintiai2
9s2 |y 062 sin? 0 Op? sin 6 900
. o, cos6 0 . cos@ 0O
; = _sin2t—— . (B
+ sin tsin@@@ sin 2609 (B.6)

from which it follows that

1 (" 92 1[0% cosh O 1 92 1
_ — . dt = = | — _ — — | = = Aco. B.7
T /0 0s? J <0 2 [892 + sin 9 00 + sin? § 0?2 2 = (B.7)
References
[1] L. AF KLINTEBERG AND A.-K. TORNBERG, A fast integral equation method for solid particles in

[2]

3]

viscous flow using quadrature by expansion, J. Comput. Phys., 326 (2016), pp. 420-445.

L. AF KLINTEBERG AND A.-K. TORNBERG, Error estimation for quadrature by expansion in
layer potential evaluation, Adv. Comput. Math., 43 (2017), pp. 195-234.

G. M. AkseLroD, C. ArRGYRoOPoOULOS, T. B. HoaNc, C. Ciraci, C. Fang, J. HUANG,
D. R. SMITH, AND M. H. MIKKELSEN, Probing the mechanisms of large Purcell enhancement in
plasmonic nanoantennas, Nat. Photonics, 8 (2014), pp. 835-840.

K. E. ATKINSON, The numerical solution Laplace’s equation in three dimensions, SIAM J. Numer.
Anal., 19 (1982), pp. 263-274.

K. E. ATKINSON, Algorithm 629: An integral equation program for Laplace’s equation in three
dimensions, ACM Trans. Math. Softw., 11 (1985), pp. 85-96.

K. E. ATKINSON, A survey of boundary integral equation methods for the numerical solution of
Laplace’s equation in three dimensions, in Numerical Solution of Integral Equations, Springer,
1990, pp. 1-34.

K. E. ATKINSON, The Numerical Solution of Integral Equations of the Second Kind, Cambridge
University Press, 1997.

A. BARNETT, B. WU, AND S. VEERAPANENI, Spectrally accurate quadratures for evaluation
of layer potentials close to the boundary for the 2d Stokes and Laplace equations, SIAM J. Sci.
Comput., 37 (2015), pp. B519-B542.

A. H. BARNETT, Fvaluation of layer potentials close to the boundary for Laplace and Helmholtz
problems on analytic planar domains, STAM J. Sci. Comput., 36 (2014), pp. A427-A451.

J. T. BEALE AND M.-C. LAI1, A method for computing nearly singular integrals, SIAM J. Numer.
Anal.; 38 (2001), pp. 1902-1925.

J. T. BEALE, W. YING, AND J. R. WILSON, A simple method for computing singular or nearly
singular integrals on closed surfaces, Commun. Comput. Phys., 20 (2016), pp. 733-753.

C. CARVALHO, S. KHATRI, AND A. D. KM, Asymptotic analysis for close evaluation of layer
potentials, J. Comput. Phys., 355 (2018), pp. 327-341.

C. CARVALHO, S. KHATRI, AND A. D. KiM, Close evaluation of layer potentials in three dimen-
stons, arXiv:1807.02474, (2018).

25



[14]
[15]

[16]

[17]

[18]

[19]

[20]

[21]
22]

[23]
[24]

[25]

[26]

[27]

28]

[29]

[30]

[31]

[32]

[33]

[34]

S. CHANDRASEKHAR, Radiative Transfer, Dover Publications, 1960.

C. L. EPSTEIN, L. GREENGARD, AND A. KLOCKNER, On the convergence of local expansions of
layer potentials, STAM J. Numer. Anal., 51 (2013), pp. 2660—2679.

P. GoNzZALEZ-RODRIGUEZ AND A. D. KiMm, Comparison of light scattering models for diffuse
optical tomography, Opt. Express, 17 (2009), pp. 8756-8774.

R. B. GUENTHER AND J. W. LEE, Partial Differential Equations of Mathematical Physics and
Integral Equations, Dover Publications, 1996.

J. HELSING AND R. OJALA, On the evaluation of layer potentials close to their sources, J. Comput.
Phys., 227 (2008), pp. 2899-2921.

L. G. HENYEY AND J. L. GREENSTEIN, Diffuse radiation in the galaxy, Astrophys. J., 93 (1941),
pp. 70-83.

A. IsHIMARU, Wave Propagation and Scattering in Random Media, IEEE Press, Piscataway, NJ,
1997.

H. W. JENSEN, Realistic Image Synthesis Using Photon Mapping, AK Peters, Ltd., 2001.

E. E. KEAVENY AND M. J. SHELLEY, Applying a second-kind boundary integral equation for
surface tractions in Stokes flow, J. Comput. Phys., 230 (2011), pp. 2141-2159.

A. D. Kim, Asymptotic-DLP. https://github.com/arnolddkim/Asymptotic-DLP, 2018.

A. D. Kim AND J. B. KELLER, Light propagation in biological tissue, J. Opt. Soc. Am. A, 20
(2003), pp. 92-98.

A. D. KiMm AND M. M0scoso0, Backscattering of beams by forward-peaked scattering media, Opt.
Lett., 29 (2004), pp. 74-76.

A. D. Kim AND M. M0sScoso, Beam propagation in sharply peaked forward scattering media, J.
Opt. Soc. Am. A, 21 (2004), pp. 797-803.

A. KLOCKNER, A. BARNETT, L. GREENGARD, AND M. O’NEIL, Quadrature by expansion: A
new method for the evaluation of layer potentials, J. Comput. Phys., 252 (2013), pp. 332-349.

E. W. LARSEN, The linear Boltzmann equation in optically thick systems with forward-peaked
scattering, Prog. Nucl. Energy, 34 (1999), pp. 413-423.

C. L. LEAKEAS AND E. W. LARSEN, Generalized Fokker-Planck approximations of particle trans-
port with highly forward-peaked scattering, Nucl. Sci. Eng., 137 (2001), pp. 236-250.

S. A. MAIER, Plasmonics: Fundamentals and Applications, Springer, 2007.

G. R. MARPLE, A. BARNETT, A. GILLMAN, AND S. VEERAPANENI, A fast algorithm for simu-
lating multiphase flows through periodic geometries of arbitrary shape, STAM J. Sci. Comput., 38
(2016), pp. B740-B772.

A. MARSHAK AND A. Davis, 8D Radiative Transfer in Cloudy Atmospheres, Springer Science &
Business Media, 2005.

K. M. MAYER, S. LEE, H. Liao, B. C. RosTrO, A. FUENTES, P. T. ScuLry, C. L. NEHL,
AND J. H. HAFNER, A label-free immunoassay based upon localized surface plasmon resonance of
gold nanorods, ACS Nano, 2 (2008), pp. 687-692.

L. NovorNY AND N. VAN HuLST, Antennas for light, Nat. Photonics, 5 (2011), pp. 83-90.

26



[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

G. C. POMRANING, The Fokker-Planck operator as an asymptotic limit, Math. Models Methods
Appl. Sci., 2 (1992), pp. 21-36.

G. C. POMRANING, Higher order Fokker-Planck operators, Nucl. Sci. Eng., 124 (1996), pp. 390—
397.

A. K. PrRINJA AND G. C. POMRANING, A generalized Fokker-Planck model for transport of
collimated beams, Nucl. Sci. Eng., 137 (2001), pp. 227-235.

M. RacHH, A. KLOCKNER, AND M. O’NEIL, Fast algorithms for quadrature by expansion i:
Globally valid expansions, J. Comput. Phys., 345 (2017), pp. 706-731.

T. SANNOMIYA, C. HAFNER, AND J. VOROS, In situ sensing of single binding events by localized
surface plasmon resonance, Nano Lett., 8 (2008), pp. 3450-3455.

C. ScHwWAB AND W. WENDLAND, On the extraction technique in boundary integral equations,
Math. Comput., 68 (1999), pp. 91-122.

D. J. SmITH, A boundary element regularized Stokeslet method applied to cilia-and flagella-driven
flow, Proc. R. Soc. Lond. A, 465 (2009), pp. 3605-3626.

G. E. THOMAS AND K. STAMNES, Radiative Transfer in the Atmosphere and Ocean, Cambridge
University Press, 2002.

M. WALA AND A. KLOCKNER, A fast algorithm for Quadrature by Expansion in three dimensions,
arXiv:1805.06106v1, (2018).

L. V. WANG AND H.-I. Wu, Biomedical Optics: Principles and Imaging, John Wiley & Sons,
2012.

27



