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Abstract

For optical waveguides with high index contrast and sharp corners, high
order full-vectorial mode solvers are difficult to develop, due to the field sin-
gularities at the corners. A recently developed method (the so-called BIE-
NtD method) based on boundary integral equations (BIEs) and Neumann-
to-Dirichlet (NtD) maps achieves high order of accuracy for dielectric waveg-
uides. In this paper, we develop two new BIE mode solvers, including an
improved version of the BIE-NtD method and a new BIE-DtN method based
on Dirichlet-to-Neumann (DtN) maps. For homogeneous domains with sharp
corners, we propose better BIEs to compute the DtN and NtD maps, and new
kernel-splitting techniques to discretize hypersingular operators. Numerical
results indicate that the new methods are more efficient and more accurate,
and work very well for metallic waveguides and waveguides with extended
mode profiles.
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1. Introduction

Optical waveguides [1, 2, 3] are structures that can guide the propagation
of light. They are widely used as basic components in integrated optical
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circuits and optical communication systems. In recent years, many com-
plicated optical waveguides have appeared, such as photonic crystal fibers
[4], plasmonic waveguides [5], etc. These new waveguides have attracted
much attention due to their unique abilities in confining light. For an optical
waveguide, the most important mathematical problem is the computation
of waveguide modes. For a waveguide which is invariant along its axis z, a
guided mode is a special solution of Maxwell’s equations that depends on z
as exp(ifz) and decays exponentially away from the waveguide core, where
[ is the so-called propagation constant. Open waveguides also have leaky
modes which exhibit outgoing wave behavior away from the waveguide core.
Throughout this paper, we consider only guided modes.

Classical optical fibers can be studied using a scalar model, since the re-
fractive indices of the core and the cladding are nearly equal. There are also
semi-vectorial models that are applicable to some waveguides. For waveg-
uides with high index contrast, such as silicon waveguides, plasmonic waveg-
uides and photonic crystal fibers, full-vectorial methods are necessary. Cur-
rently, there exist many different full-vectorial mode solvers, including the
finite difference method [6, 7, 8, 9, 10, 11, 12, 13, 14], the finite element
method [15, 16, 17, 18, 19, 20, 21, 22|, the multi-domain pseudospectral
method [23, 24, 25], etc. However, for waveguides with sharp corners, it is
very difficult to find any high order numerical method, since the electromag-
netic field may be singular at the corners.

Boundary integral equation (BIE) methods have been used to analyze
optical waveguides [26, 27, 28, 29, 30, 31, 33, 32]. They are highly competi-
tive, since they can easily handle general refractive-index discontinuities (i.e.,
interfaces), discretize on the interfaces only, and give rise to small matrices.
Existing BIE methods reported in [26, 27, 28] exhibit low convergence orders
due to their use of boundary elements. For waveguides with smooth inter-
faces, high order BIE methods with exponential convergence are available
29, 30, 31]. However, these high order methods need to solve four func-
tions on each interface. In a recent work [32], we developed a high order
BIE method that solves only two functions on each interface. Our method
also has exponential convergence, and is almost eight times faster than other
BIE methods. We call this method BIE-DtN method, since it relies on the
Dirichlet-to-Neumann (DtN) map for each homogeneous domain (with a con-
stant refractive index). However, all these high-order BIE methods encounter
difficulties when the waveguide has sharp corners, since the methods used in
these papers for discretizing boundary integral operators could fail. In [33],
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we developed a high order full-vectorial BIE mode solver for waveguides with
sharp corners. We call this method the BIE-NtD method, since it relies on the
Neuman-to-Dirichlet (NtD) map for each homogeneous domain. The method
achieves high order convergence for dielectric waveguides with corners, but
it needs to solve four functions on each interface.

In this paper, we develop new versions for both BIE-DtN and BIE-NtD
methods. The new BIE-DtN method still solves two functions on each in-
terface, but now handles waveguides with sharp corners. The DtN map for
a general domain with corners is computed using a BIE with a hypersin-
gular integral operator and extra terms corresponding to the corners. For
the hypersingular integral operator on a smooth boundary, Kress [34] de-
veloped a high-order kernel-splitting technique for its discretization, but the
method fails on boundaries with corners. We develop a new kernel-splitting
technique to overcome this difficulty. Our new BIE-NtD method still handles
waveguides with sharp corners, but solves three (instead of four) functions on
each interface. Although it still solves one more function than the BIE-DtN
method, the BIE-NtD method is simpler to implement. Furthermore, many
optical waveguides have interfaces extending to infinity, leading to domains of
constant refractive index with unbounded boundaries. We also develop well-
approximated BIEs to compute both DtN and NtD maps for these domains.
Overall, these new BIE mode solvers are more general and solve minimum
number of unknowns on each interface. As illustrated by the numerical ex-
amples, these new methods bring a large saving in the computational cost
and a significant improvement in the accuracy.

2. Problem formulations

To illustrate the basic ideas clearly, we start with a simple case where
the optical waveguide involves a finite core surrounded by a homogeneous
medium (the cladding) as shown in Fig. 1. The waveguide structure is in-
variant in the z-direction, and its cross-section in the zy-plane consists of two
homogeneous domains, a bounded domain €2; with refractive index n; and
an unbounded domain €2, with refractive index mny, which share a common
boundary I'. Both the core and the cladding are assumed to be non-magnetic.
For dielectric waveguides, the refractive indices satisfy n; > ny. We also
consider metallic waveguides for which n; is complex. Here {z,y, z} is the
standard Cartesian coordinate system. In the following, we only consider
homogeneous domains with Lipschitz and piecewise smooth boundaries. For
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Figure 1: Waveguides with a single core surrounded by a homogeneous medium: (a) a
dielectric waveguide with a trapezoidal core; (b) a metallic waveguide with a rectangular
core.

time harmonic waves with the time dependence exp(—iwt) where w is the
angular frequency, the governing Maxwell’s equations are

VxE = ikH, (1)
VxH = —ikfoSE. (2)

In the above, V denotes the gradient operator, E is the electric field, H is
the magnetic field multiplied by the freespace impedance, kg = w/c = 27 /A
is the freespace wavenumber, ¢ is the speed of light in vacuum, A is the
free space wavelength, ¢ = n? is the dielectric function, and it is piecewise
constant and independent of z. On the interface I'; the four components F,,
H,, H, and H, are continuous where I/, denotes the z-component of E, etc.

A guided mode of the waveguide is a special solution of Eqgs. (1) and
(2) such that both E and H depend on z as exp(ifz) and decay exponen-
tially to zero as /a2 + y* — oo, where 3 is called the propagation constant.
To find 3, BIE methods typically work on only two components: {E,, H,}
or {H,, H,}. For waveguides with non-magnetic media and domains with
corners, we prefer to use {H,, H,}, since they are smoother than other com-
ponents, and finite even at corners. In each domain §2;, both H, and H,
satisfy the following Helmholtz equation

ou+ Oju+yju =0, (3)
where %2 = kie;, — B*and g; = n? for 7 = 1,2. On the interface I'; H, and

H, themselves are continuous. From Maxwell’s equations, the continuities of
E. and H, imply that

0,H, +0,H, and é(&pHy—Gny) (4)
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are also continuous. Writing (4) as linear combinations of the tangential and
normal derivatives of H, and H,, it is easy to see that

1
V0 Hy + 1,0, H,, and B (v.0,H, — v,0,H,) — (v,0-H, + v,0-H,)] (5)

are continuous across I', where v = (v, 1) denotes the unit normal vector
of I' pointing to the exterior domain €y, and 7 = (—v,, v,;) denotes the unit
tangential vector along I'.

Existing waveguide mode solvers based on BIE formulations can be clas-
sified as indirect methods (see [29, 30, 31]) and direct methods (see [26, 27,
28, 32, 33]). In an indirect method, each of the two components (such as H,
and H,) is written as layer potentials with two (exterior and interior) density
functions defined on the interface I'. These methods are not so convenient for
computing tangential derivatives and need to solve four functions on I'. We
prefer to use direct methods, since they are more convenient for computing
the tangential derivatives and may lead to less functions on I'.

Before presenting the direct BIE formulations, we define some operators
for each homogeneous domain €2; and the corresponding Helmholtz equation
(3). The DtN operator A; maps u to dyu, ie., Aju = dyu, on I' for all u
satisfying Eq. (3). The NtD operator N; maps dyu to u, i.e., Njdyu = u, on
I" for all u satisfying Eq. (3). Clearly, N is the inverse of A;, and both are
related to 5. In the following, we also need the tangential derivative operator
O, on I'.

In [32], we developed a two-function BIE-DtN formulation for waveguides
with smooth interfaces. When I' has corners, the formulation can still be used
provided that both A; and Ay are calculated accurately. More specifically,
from (5), we have

I/:BAQ — VzAl VyA2 — I/yAl Hz o
pv0r + 1,11 pu,0r — 1,11 H, | 0 on T, (6)
where

M=c'A;—e3'Ny, p=e;'—erl (7)

The matrix operator in the left hand side of (6) depends non-linearly on £.
Once 0; and A; are approximated, we can find 3 numerically. As mentioned
before, the key step of this formulation is to compute the DtN operators for



domains with corners. The details of this step will be presented in the next
section.

The BIE-NtD method developed in [33] uses a four-function formulation.
On the interface I', the method makes use of the continuities of H,, H, and
the two terms in (4). Writing all of them in terms of 9, H;, 0, H,, 0, H
and 0, H, (where the superscripts '+" and '—' indicate limits taken from the
exterior domain {2y and the interior domain €, respectively), the following
nonlinear eigenvalue problem on I' is established:

AQ BQ —./41 —Bl 8,,H;_
—55182 €§1A2 8;181 —€I1A1 8,,]‘.]; —0 (8)
Nz 0 —Nl 0 8,,]—]; -
0 NQ 0 —Nl 8,,Hy*

In the above, the tangential derivative operator 0, and the NtD operators
N5 and N; are needed, and

Aj=v, —1,0-0N;, Bj=v,+ 1,0, 0N; 9)

for j =1,2.
It is possible to reduce the number of required functions for the BIE-NtD
approach. In fact, from (5), we can see that

VO, H + Vya,,H; =v,0,H, +v,0,H,. (10)

This allows us to establish a new nonlinear eigenvalue problem involving
three functions only. More precisely, let f = v,0, HX + I/y&,Hyi and gt =
—v, 0, Hy + 1,0, H;, then the continuities of H,, H, and the two terms in
(5) give rise to

61_1,71 — 82_1f2 82_152 —61_161
(Na = Ni) () —Na(vy)  Ni(yy) g
(No = M)(vp)  No(vp)  —Ni(ve) g

where
&= Aj(ve) + Bivy),  Fj=—A;(vy) + Bj(ve), (12)

for j = 1,2 and Ny(v,)f = Ni(v.f), ete. Therefore, we can find § after 0,
and N are approximated. Compared with Eq. (8), the new three-function
BIE-NtD formulation reduces the matrix size by 25%.



3. DtN and NtD operators
In this section, we present the BIEs for computing the DtN and NtD
operators. The fundamental solution of Eq. (3) is

N N _
GO (r,7) = ZHél)(vjh“ —F)), r#T (13)

for j = 1,2, where r = (z,y), ¥ = (Z,9), and H[()l) is the first-kind Hankel
function of zeroth order. The BIEs involve the following four boundary
integral operators:

(S;p)(r) = 2 /F GO (r, #)p(F)ds(7), reT, (14)
D(p. 7
o) = of X B owise), rer. (15)
Dy 7
o) = of X owise), rer. (16)
) = of FCVTT) ey
Tolr) = 2f e, rer (7

where { denotes the Cauchy principle value integral and f denotes the
Hadamard finite part integral.

Consider the bounded domain €2, first. If I' is smooth and u € C*(8,),
we have the following boundary integral equations

(1+Ky)u =810,u, on T, (18)
(Ky —1)0pu = Tiu, on T. (19)

Note that this regularity assumption on u can be weakened (see [35]). There-
fore, if 4? is not an eigenvalue of the associated homogeneous Dirichlet or
Neumann problem of Eq. (3), then the NtD and DtN operators are given by

Nl - (1 + ,C1>_181, Al = (IC’l - 1)_17‘1. (20)

For the more general case where I' is piecewise smooth and has corners,
Egs. (18) and (19) are not valid at the corners. The modified BIE related to
the NtD operator is

(K1 = Kol)u = S10,u, on T, (21)
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where Ky is the operator defined by

(Koo)(r) =2

][ aG“ (".7) s(#yds(7), rel. (22)

and G is the Green’s function of Laplace equation, that is
_ 1 - _
Go(r,7) = ——log|r — 7|, r#T.
2
Therefore, the NtD operator is given by
Nl = (]Cl - ’Col)ilsl. (23)

Eq. (21) has been used in [33] for computing the NtD operators for domains
with corners. A very weak sufficient condition on u and a rigorous derivation
of this BIE is given in Appendix. Notice that

(Kol)(r) = ———,

where 6(r) is the interior angle of Q at » € I". Thus, Eq. (21) is the same as
7
Ki+—|u=8du, on T.
T

Although /1 is known explicitly, we prefer to use Eq. (21) and evaluate
it numerically. The reason is that when r is extremely close to a corner
point, the discretization of the improper integral (}Cyu)(r) has numerical
errors which appear to be cancelled out to some extent through a consistent
numerical evaluation of Kyl. We present numerical evidences for this claim
in section 6.

The BIE (19) related to the DtN operator remains valid only for smooth
points of I, i.e.,

(K1duu)(r) = dyu(r) = (Tru)(r), (24)

where r can be any smooth point of I'. Once again, significant numerical
errors appear when 7 is extremely close to a corner point when the two im-
proper integrals in (24) are discretized. Our approach is to use the following

BIE
(K10 u)(r) + (Ko1)(r)dpu(r) = (So1)(r)dru(r) + (Tiu)(r),  (25)
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where r is any smooth point on I' and

(Sio)r) = 2f, T ot ds(r). (26)

A very weak sufficient regularity condition on u and a derivation of Eq. (25)
are presented in Appendix. Therefore, the DtN operator can be calculated
by

Ay = (K} 4+ Kol) " H(Sy10, + Th). (27)

Actually, it is easy to verify that (S)1)(r) = 0 and (fCo1)(7) = —1 on the
smooth part of I', thus the two BIEs (24) and (25) are exactly the same away
from the corner points. As before, Iyl and S)1 are evaluated numerically
together with the other integral operators. Numerical evidences for their
usefulness are presented in section 6.

For the unbounded domain €2, each field component of the guided mode
decays exponentially to 0 as r = /22 + y> — oco. If R > 0 is large enough
so that the open disk Bo(R) = {(z,y)|z* + y* < R?} contains ), we can
establish BIEs like (21) and (25) for the truncated domain Q5 N Bo(R). As
R — o0, we obtain

(Ko =Kol —2)u = S0,u, on T, (28)
(Kol + K5+ 2)0,u = Sylo,u+ Tau, on smooth points of T, (29)

Therefore, the NtD and DtN operators for €2, are given by

Ny = (Ky— Kol —2)71S,, (30)
Ny = (Ky— Kol —2)"1(S)10, + T2). (31)

To approximate A; and A;, we need to approximate the involved integral
operators first. We present the details in the following sections. Since u
represents H, or H,, in the rest of this paper (except for Appendix), we will
assume u and d,u are smooth at smooth points on I' and u is continuous at
the corners [9, 10, 27, 28]. Note that the one-sided limits of d,u and O,u
may diverge at the corners.

4. Kernel-splitting technique: smooth case

In this section, we briefly review the Nystrom method with kernel-splitting
techniques for the case when I' is smooth, and introduce a new stabilized
splitting technique to prevent numerical instability for metallic waveguides.
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Without loss of generality, we consider the bounded domain €2; and as-
sume [' is given by

r(n) = (z(n),y(n)), 0<n<2m,

where both x(n) and y(n) are analytic functions and |r'(n)| > 0 for all n. We
need to discretize S, Ky, K} and 7;. For the first three operators, since all
of them are weakly singular, following [35, 34], we can transform each of S,
K1 and ||} (not K}) to the following general form

[ b motdn, (32)

where ¢ corresponds to a 2m-periodic smooth function. The kernel h can be
splitted as the sum of a smooth part and a part with a simple logarithmic
singularity, i.e.,

- - . n—n -
MmMZMMWW%@wf 2)+%Ww%

where both hy and hy are analytic. If 7 is uniformly discretized by N points
{m = Ix/N}'," where N is even, the integral of hy can be approximated by
the trapezoidal rule. The integral of the logarithmic term can be approxi-
mated by the following quadrature formula of Martensen and Kussmaul [37]:

21 = N—-1
| ot tog (4sin2 ) i S RY (o) (33
0 1=0
where
ar N2 4
RY () === 3 T coslik(n —m)] = 75 coslN (= m) /2]

Therefore, (32) is approximated by

N-1

> [Rfv(n)hl(n,m)+?\7;hz(n,m) o(m).

1=0
For more details, we refer readers to [35, 34].

The kernel-splitting technique for the hypersingular operator 7; was de-
veloped by Kress [34]. First, we make use of Maue’s identity (multiplied by
[r]),

7’| Tiu = |7|S;0ru + 2 |r' v - Si(vu), (34)
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where

O (p, 7
(S 8ru)(r) = ZJ[F %@u@)ds@), rel. (35)

The key step is to approximate S]0-u since the second term in the right side
of (34) only involves the operator S;. By splitting out a singular term and
integration by parts, we can transform |r'|S]0-u to

o [ o Iy [T ar e pan (30)

where

M) = o {58 Culr) = @) + 5 tog (45 5 T) | (a)

The kernel M involves a weak singularity and it can be splitted as

M, 7) = My 7)log (45in? ) <+ A7), (39)
where
1 ~
Mi(0.7) = =5 5oz hulr() - (). (39)

and My (n,7) is evaluated through (38) except when 7 = 7. In that case, we
have

2 ,r,/ 2
My(n,n) = —w, (40)
/ 2! 2
Mﬂmny:Gm—1—20—2bg%“;m0'hﬁgm vl

L )R ) e G ) R S R )

L2r = 2xlr(n)]t dxlr(m)2 Grlr ()P

where C' = 0.57721 - is Euler’s constant. The first term in (36) can be
approximated by the following quadrature formula:

1 r2r n—n,, . ~NN—1 N
%/0 cot — ¢(77)d77~l;Tz (m)o(m), (42)
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where

. | N2 . N
TN =—=— 3 2 ) — = cos —(n — ).
D) =5 kZ::l kcos k(i —m) — 5 cos - (n —m)
Using the trapezoidal rule and formulae (33) and (42), we obtain
[ ()](8107u) (7 (1) (43)
N-1

~ 30 [TV ) + Mi(n, ) RY (n) + Ma(n,m)| u(r(m)),
1=0
Therefore, the scaled hypersingular operator |'|7; can be approximated.
More details can be found in [34].

In the kernel-splitting procedure, Bessel functions J,,(;d) for integer m
and d = |r — 7| appear. For guided modes in dielectric waveguides, the prop-
agation constant [ is real and it satisfies kgny < 8 < kgnq, thus v, is a pure
imaginary number. Since the Bessel functions .J,, grow exponentially along
the imaginary axis, the kernel-splitting procedure presented above suffers nu-
merical instability. To overcome this difficulty, Wang et al. [36] proposed to
replace J,, by a bounded function which approximates .J,, near the origin.
For waveguides with a metallic core, 7, is a general complex number, thus
the kernel-splitting procedure also suffers numerical instability for integral
operators related to the waveguide core. The method of Wang et al. [36] is
only applicable when ; is pure imaginary. We extend their method to the
case where 7y; is a general complex number.

For a positive integer M,, the Taylor expansion of exp(|y1d|)J,,(71d) gives

d m M.—m
ehld‘ Jm(’yld) = <71> Z Clh/ld‘l + O(h/ld M*+1)7 d— 0+7 (44>

2 1=0
where
1/2] e(2argy1+m)ki
o= . 45
: ,;)k!-(k+m)!-22m-(l—2k)! (45)

Let .J,, be the function given by

5 d m M,—m
Tn(nd) = e~ (”2) > almdl’ (46)
=0

It is a good approximation to .J,,(71d) for small d and decays to zero as
d — +00. More precisely, we have

Jm(nd) = Jp(mid) = O(J;d)M*,  d — 07, (47)
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With the replacement of J,, by Jon, the kernel-splitting technique is stable
for metallic waveguides.

5. Kernel-splitting technique: piecewise smooth case

In this section, we consider the discretization of boundary integral op-
erators when I' is piecewise smooth. Based on a graded mesh [35] and the
kernel-splitting technique presented in the previous section, the weakly singu-
lar integral operators can be easily discretized. The case for the hypersingular
integral operator 7; is more complicated. A direct combination of the graded
mesh and the splitting technique of Kress [34] fails. We develop a new split-
ting technique for 7; that works well with the graded mesh. The method
should be useful to other problems where the hypersingular integral operator
appears. We also present discretization schemes for the two functions Kyl
and S)1 that appear in the BIEs.

Let T" be represented by

r(s) = (2(s),y(s)), 0<s<L,

where s is the arclength and L is the total length of I'. We assume the corner
points are given by 7 = r(s;) for 0 < j < j,, where 0 = 59 < 81 < ... < §j, =
L, and sy = 0 and s;, = L correspond to the same corner point. A graded
mesh [35, 33] on I' can be constructed from a piecewise sigmoidal function
s =w(n) for 0 < n < 2. The function w is given explicitly as

P p
Sj+1Wy + §jWy

for 77(j) <n< n(j“), J=0,1,...7. = 1,

w(n) =

w) + wh

where the integer p is the mesh order, 7\9) corresponds to a corner point, i.e.,
s; = w(nW), and

oy, € ) 2 — (g9 4+ D)

Notice that the derivatives of w up to order p — 1 vanish at the corners. The
graded mesh is obtained by discretizing n uniformly with an even number of
points: {n, = 27l/N}Y,* where N is even. We assume these discretization
points contain all corner points, that is, for each j satisfying 0 < j < j, — 1,
there is an integer /; such that n¥) =7, .

13



Using the function s = w(n), we reparameterize I" as

r(n) = (z(wn)),y(w(n))), 0<n<2m (48)

For simplcity, we denote r(s) = r(w(n)) by r(n). Using the kernel-splitting
technique presented in the previous section, the integral operators &;, K
and |r'|KC} can be discretized, where 7’ is the derivative of r with respect
to 1. Notice that |[r'(n)| is zero when 7 corresponds to a corner and it is
positive otherwise. Meanwhile, K} is not defined at the corners, since the
normal vector v is not defined. Nevertheless, |'|K] is well-defined even at
corners since |r'|v vanishes there.

For the hypersingular operator 77, we also need to consider the scaled
operator |r’'|T;. However, the kernel-splitting technique of Kress [34] does
not work, since the diagonal term of M, in (41) blows up as 7 tends to any
corner point. In the following, we present a new kernel-splitting technique
for |7'|7;. Due to Maue’s identity (34), the discretization of |'|7; is reduced
to the discretization of |r'|S]0-u. Splitting out the singular term, we obtain

du(r(1]))

S0 () = [ |5 cot T = Q)|

;i 4
5 5 dn,  (49)

where

o ) =] -7 m) oy ey L
Qn,7) = () — ()] Hy(mlr(n) = r(@)]) + 5 cot =——.

The above splitting is different from (36), since no integration by parts is
performed. We further split () into two parts to reveal the logarithmic sin-
gularity. That is

Q1) = Qulo, ) log (4502 ) 4+ Qu, ), (50)

where

__ nlr(n) —r(@)]-r'(n) () (7
Q1(n, 1) = 2l () — r(7) Jinlr(n) —r@)]).

If n # 1, Q2(n,7n) can be evaluated by Eq. (50). When n = 7, we have

r'(n) - r"(n)

IO (51)

Q1(77777) - 07 Q2(77a 77) =

14



Notice the diagonal term of )5 also blows up as 7 tends to any corner point,
but since the function «/(7 (7)) vanishes at corners (where u’ denotes du/dn),
the whole term Q2 (n, n)u’(r(n)) can still be regarded as a 2r-periodic smooth
function of 7. Therefore, using the trapezoidal rule and the quadrature for-
mulae (33) and (42), we obtain

7' (n)|(S107u) = T ()u(r(n) (52)

=0

,_.

+ <>@mmw—<%mmﬂ$<m»

To express the left hand side of (52) in terms of u(7(n;)) only, we need a
relation between du/dn = |r'|0;u and u, i.e., the scaled tangential operator.
This will be discussed it the next section.

Our BIEs contain two extra terms Kyl and Sj1. The evaluation of Kyl
is straightforward and is given in [35]. For the second term, we split out a
singular term and obtain

S = [ oz cot " = U] i (53)
where
@) @ 1 ey
YO = e e T 17 Y
. R
_rn)-rn
Uln,m) = 2l (55)
Since - i
; gcot 5 dn =0,

the trapezoidal rule gives us

27TN1

(So1)(r( ~ > Ulmm). (56)
=0

2

We can see that U(n,n) blows up as n tends to a corner. Nevertheless,
if Eq. (25) is multiplied by |7’|, then the S1 term has a multiplier du/dn
which vanishes at corners.

In the above kernel-splitting procedure for |r'|7;, Bessel functions .J,,
should be replaced by J,, if necessary, to avoid numerical instability.
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6. Discretization of DtIN and NtD operators

In section 3, we presented BIEs (21) and (25) for the bounded domain
1 when its boundary I' is piecewise smooth. In principle, they can be
discretized and be used to calculate the NtD and DtN operators as in (23)
and (27). In practice, due to the use of a graded mesh, we need to use scaled
operators that replace the normal derivative of the field d,u by ¢ = |r'|0,u,
where 7 is given in (48) and the prime denotes derivative with respect to 7.
The scaled DtN operator A; and the scaled NtD operator N, satisfy

Mu=1v, Nip=u on T, (57)

for any wu satisfying the Helmholtz equation (3) in 2.

The tangential derivative operator 0, appears in all eigenvalue-problem
formulations (6), (8) and (11), and it is also needed in the process for evalu-
ating the hypersingular operator 7;. We also consider the scaled tangential
operator |r’'|0; which is is simply the derivative with respect to 7, that is
d/dn = |r'|0;. If T is smooth, 0, can be approximated by a matrix based
on the discrete Fourier transform (see for example, [32]). If T" is piecewise
smooth, we may still regard functions on I' as smooth 27-periodic functions
of n, and approximate |r’|0; by a matrix using the discrete Fourier trans-
form [33]. When 7 is discretized by N points, this leads to a full N x N
matrix. Here, we present a better approach that approximates d/dn on each
smooth piece of I" based on the discrete cosine transform. As a result, d/dn
is approximated by a block diagonal matrix.

For a function u on I', we denote u(r(n)) by u(n) for simplicity. On the
jth interval of 7, i.e., [n(J) U] for 0 < j < 4. — 1, if u(n) is given at
N; =141 — l; + 1 points {n, = 27l/N for [; <1 < l]+1}, then wu(n) can be
approximated by a finite cosine series

wk(n — )
Z Uj, COS — G+ — ) (58)

where the coefficients are calculated by the discrete cosine transform, i.e.,

1 . i mk(n — nU )) .
B () ) ko (nlt1)
Uy = N, 1 u(n’) + 21:§lj+:1u(771) cos nU+) — CG) + (=1 ()

(59)
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We can evaluate du/dn at these N; points by (58):

du N ki k(g — @)

%(W ~ kz:% ) — o MG 0

Cl=1, . L+1. (60)

The above gives rise to a differentiation matrix D; satisfying

d’LLj

D
dn

i Wjs (61>
where du,;/dn and w; are column vectors of «'(n;) and wu(r;), respectively, for
L <1<lj.

The BIE (21) related to the NtD operator N contains the term S;0,u.
When the line integral on I' is transformed to the integral for n 0n~[0, 27],

we have ds(r) = |'|dn. Therefore, we can define a scaled operator Sy, such
that

S10,u = S,
where ¢ = |7'|0,u. Egs. (21) and (23) become
(K1 — Kol)u = 819, (62)
N = (K1 — Ko1)7LS,. (63)

To find a matrix approximation for the scaled NtD operator N, we collocate
nat n for 0 <1 < N — 1, apply the kernel-splitting techniques given in
sections 5 and 6, and solve the linear system.

If we multiply BIE (25) by |r’| and define a scaled operator K} such that

17K 0u = 16'11/1,

then Eq. (25) is transformed to

(K} + Kol)y = (SH1)|7|07u + || Tiu. (64)
Therefore, we can calculate the scaled DtN operator A, by

- _ d

A= (K +Ko1)™t [(Sél)dn + |r’|7’1] . (65)

Based on the discretization schemes for |[r/|K/ (easily revised for K), |r/|T1,
Kol, 81, |r'|07, and collocating 7 at n, for 0 <1 < N — 1, we can then find
a matrix approximating A;.
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In section 3, we claimed that consistent numerical evaluations of Kyl and
Syl in the BIEs are useful for improving the accuracy. Here, we present
a numerical example to support this claim. Let @ = {(z,y) | 0 < z <
lpum, 0 < y < 1um} be a square with refractive index n; = 2. Assuming
f = 4pum~t and kg = 27/1.5um™!, the Helmholtz equation (3) has the
following analytic solution

u(r) = HY (n|r = ro|) in Qi (66)

where 1o = (—0.2,—0.2) um ¢ Q; and ~; is defined in section 2. On the
boundary I" (except at the corners), we have

duntr) = =P ) (o7

We discretize I' by N points using a graded mesh with a mesh order p = 7,
and approximate the scaled DtN and NtD o%)erators. The matrix approxi-
mations to these operators are denoted as All), /~X§2), ./\71(1) and ./\71(2), where
the superscripts (1) and (2) correspond to discretizations without and with
numerical evaluations of Kyl and Sj1. Let w and 1 be vectors of length N
corresponding to the exact values of u and ¢ = |7'|0,u at the N points, we
calculate the following errors

e — (1o — A wf]y, e = |ju— NDgpln, 1=1,2.

These errors are shown in Fig. 2 for different values of N. It is clear that
the scaled DtN and NtD operators based on numerical evaluation of Kyl and
S)1 are more accurate. The top panel of Fig. 2 indicates a persistent large
error for the NtD operator obtained without a numerical evaluation of Ky1.
To see more details for this case, we show the pointwise absolute error for
N =600 in Fig. 3. It is clear that large errors occur around the four corners.

7. Revised formulation

When I' is piecewise smooth, the NtD, DtN and tangential derivative
operators should all be replaced by their scaled versions to maintain numer-
ical stability. As a result, the eigenvalue-problem formulations presented in
section 2 must be revised accordingly.
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Figure 2: Comparing the scaled NtD and DtN operators obtained with (I = 2) and without
(I = 1) numerical evaluations of o1 and S} 1. Top: absolute errors elntd for N and | = 1,2;

Bottem: absolute errors efitn for Aand [ =1,2.

or A = (= (=] ~

=) El = = = s =3

Figure 3: Absolute error |u — Nfl)w\ of the scaled NtD operator without numerical eval-
uation of Kyl vs. n for N = 600.
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The continuity of the terms in (5) implies the continuity of

Ve + 10, and ! l(vxwy — Vythy) — <u dh, +v de)] , (68)

€ Y dn “dn

where ¢, = |v'|0, H,, and ¢, = |r'|0, H,. Based on the above and multiplying
both sides of Eq. (6) by |r'|, we have

l/x]\2 — l/xf\l i/y]XQ - Vy]\} H,
pumd% + v, 1 pz/y% — 1,11 H.

Y

]:O on I, (69)

where IT = e 'A, — &5 1/~X2.~ Similarly, multiplying the first row of Eq. (11) by
7’| and replacing N; by N;(|r’|-), we have

6i1ﬁ1 —~€2_1ﬁ2 82_1(5:2 —~€1_18~1 fN
No = N1)(var) =Na(vy)  Ni(wy) } {é* ] =0, on I, (70)
(Na = M)(vy)  Na(ver)  —Ni(ver) I L G™

where f = |r'|f, 5= = |r'|gF, gj and JE] are defined by

£ = Aij(ve) + Bi(vy), Fi=—Ai(vy) + Bj(ve), (71)

and

_ d - d -
Ajzum—yyd—no./\/j, szuy—i-ux%o./\/}. (72)

When T is discretized by N points, d/dn, /~\j and J\~/'J are all approximated
by N x N matrices, v, and v, are represented by N x N diagonal matrices.
Therefore, the matrix operators in Eq. (69) and Eq. (70) are approximated
by (2N) x (2N) and (3N) x (3N) matrices, respectively.

To find the propagation constant 3, we follow a procedure proposed by
Cheng et al. [30]. If the matrix approximations to (69) and (70) are denoted
as

F(B)¢ =0, (73)
then we solve (3 iteratively from the nonlinear equation
1
= ————7=0 74

where a and b are two fixed random vectors. In each iteration, we solve the
linear system F'(3)w = b to obtain w = F~1(3)b.
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8. Extensions

So far, we have only considered waveguides with a single homogeneous
core surrounded by a homogeneous medium. In this section, we extend our
work to more general waveguide structures. The first extension is for waveg-
uides like photonic crystal fibers [4, 32]. The cross-section of such a waveguide
consists of several homogeneous non-overlapping bounded domains (with pos-
sibly different refractive indices) surrounded by a homogeneous medium. To
find guided modes for this kind of waveguides, we need to compute the scaled
tangential derivative operator along each interface, find the scaled DtN and
NtD operators for each bounded homogeneous domain and for the unbounded
domain. Based on these operators and the continuity conditions along the
interfaces, we can establish nonlinear eigenvalue problems like Eq. (69) and
Eq. (70) with two or three functions on each interface. The final step for
solving the propagation constant [ is the same as before.

The other extension is concerned with waveguides with a layered back-
ground medium. A typical example is the rib waveguide shown in Fig. 4. The

< 3um > n=1
a 05umi- b r
d
c n=3.4 d °

Figure 4: A rib waveguide involving a high index (n = 3.44) layer on a slightly lower index
(n = 3.4) substrate with air cladding (n = 1). The thickness of the layer is 0.5 pm. The
waveguide core is created by increasing the thickness of the high index layer to 1 pum for a
width of 3 pm.

background is a thin high-index layer sandwiched between two lower-index
media. The waveguide core is created by locally increasing the thickness of
the high-index layer. The structure has three unbounded homogeneous do-
mains corresponding to the three different refractive indices. The interfaces
between these three domains extend to infinity. As before, the key step is to
calculate the scaled tangential derivative operator for the interfaces and the
scaled NtD and DtN operators for the homogeneous domains. Since the in-
terfaces (the boundaries of the homogeneous domains) are unbounded, they
must be truncated and the truncation leads to some errors. Fortunately, the
wave field of a guided mode decays exponentially away from the waveguide

21



core, thus the boundary integral equations on truncated boundaries could
still give accurate results.

To illustrate the basic ideas, we take the upper unbounded domain as an
example. Let a and b be two points on the top interface sufficiently far away
from the waveguide core such that v and d,u are extremely close to zero on
Bap, where By is the top half circle with a diameter ab as shown in Fig. 4.
Let 2; be the domain enclosed by Bgp and the curve 'y, and I' = Bap U T qp
be the boundary of €2;. As in section 3, we can establish two basic BIEs on
I' corresponding to the DtN or NtD operators. If we further approximate u
and J,u on Bgp by zero, these two BIEs become

@ (p 0 rT)
o Sty uEis(e) —2of P astwuir)
2 / QO #)o,u(r)ds() (75)

2][@ Wf) u(r)ds(T) + 2][ 8Gor)fr) ds(7)0,u(r)

Np. 7
of Y0l 7) 8G0 ot +2f 2 )a(y(% (F)ds(7)  (76)

Q

Q

for r € T', where G\ is the Green’s function for €, and » in (76) must to
be a smooth point of I',p. It is easy to show that

/
2][ 8G0 (r,7) ds(F) = — arb’
ab ﬂ-
8G0 (ry7), 1 |r — al
2][ o ds(r) = - log p—~

if 7 is neither a nor b. Otherwise, we have
2][8G0rr S(F) = —1, 2][8G0rr (7) = 0.

Therefore, Eqs. (75) and (76) become
O(r 7 ar olr, 7 -
27{‘“, %u(rf)ds(f) + (Z b_ 2][ab st(r> u(r)
~ 2 /F ) GO (r, #)0, u(F)ds(7), (77)
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2]§@ aGa(ller;f)&,u(f)ds(f) B (Za’rb B ][ab 8G0 (r,7) (f> Dyu(r)

(2][ab 8G0 (r,7) ds () — lo ||";:Z||> ru(r)

+27( b ) w(#)ds(7). (78)

a

By the deﬁmtlons of integral operators (14)-(17), (22) and (26) (with I re-
placed by I'gp), we can rewrite the above two BIEs as

/arb
< (:TT +IC1—]C01>U ~ Slf)yu, (79)

/
</c01— “Tb+/c’>auu ~ (3’1—1 ‘| _b|’>a,.u+71u. (80)

Therefore, for the truncated domain €2, the NtD and NtD operators are
given by

N

Q

-1
/
( ard e, - /c01> S, (81)
T

/arb A , 1. |r—al
A o~ (Kol — + K 81——1 s O-+Ti|. (82)

The other two unbounded domains in Fig. 4 can be similarly handled. For
actual numerical implementations, we need to use the revised operators.
Clearly, a large truncated boundary will give more accurate results, but
it also requires more discretization points. Since the profile of a guided mode
is smooth away from the waveguide core, it is desirable to use a larger mesh
size near the end points of the truncated boundary. This can be achieved
by a change of variable and using the new variable for discretization. For
example, consider the line segment fb shown in Fig. 4 and assume that it is
parameterized by its arclength s for 0 < s < L. We introduce a new variable
§for0§§§f)(Wheref}<L),suchthat3:§for0§§§Lo<Land

~ (§—L
s=5§+(L—-1L) Gl
L— Ly
where p is the same integer used in the graded mesh for the corners. With
this technique, we can calculate waveguide modes that decay slowly away
from the core.

p ~
> , Lo<s<L,
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9. Numerical examples

In this section, we present several numerical examples. The first exam-
ple is a right-angle trapezoidal dielectric waveguide as shown in Fig. 1(a).
The height and the bottom base of the trapezoidal core are 12/23 ym and
1 um, respectively, and the base angle is 48°. The refractive indices of the
waveguide core and the surrounding medium are n; = /8 and ny, = 1,
respectively. For this waveguide, we calculate its propagation constant
for free space wavelength A = 1.5 um by the original BIE-NtD method,
the new BIE-NtD method and the BIE-DtN method. A reference solution
Bi/ko = 2.309472902955 is obtained by extrapolating numerical solutions
calculated by the original BIE-NtD method with graded mesh order p = 7,
and it is used to calculate the absolute errors for numerical solutions corre-
sponding to different values of N (the number of discretization points on the
interface I') and p = 7. The results for 160 < N < 800 are shown in Fig. 5,
where the vertical axis is the absolute error, the horizontal axis is Ng or

(a) (b)
—— BIE-NtD(old) —#— BIE-NtD(old)
—+—— BIE-NtD(new) ——+— BIE-NtD(new)
= —&— BIE-DiN 4 —o&— BIE-DtN

3

1000 2000 3000 10

Figure 5: The trapezoidal dielectric waveguide: (a) the absolute error |8 — B.|/ko vs. Np
for p = 7, where /3 is the numerical solution; (b) the same absolute error vs. 1/Np.

1/Np in Fig. 5(a) or 5(b) respectively, N is the size of the matrix F' in the
final nonlinear eigenvalue problem (73). For the original BIE-NtD, the new
BIE-NtD, and the BIE-DtN methods, Np = 4N, 3N and 2N, respectively.
As expected, the three methods give about the same level of accuracy for the

24



same N, and the order of accuracy of these methods is about 5 as indicated
by the slopes of the curves in Fig. 5(b), where both vertical and horizontal
axes are shown in a logarithmic scale. Clearly, the BIE-DtN method has the
lowest computation cost, but it is slightly less stable for large N. The new
BIE-NtD method is useful when extremely high accuracy is needed.
The second example is the rectangular metallic waveguide shown in Fig. 1(b).

It has a 0.15 um x 0.3 um metallic core with a refractive index ny = 0.2246.714
and the surrounding medium is air (ny = 1). We calculate the propaga-
tion constant [ for free space wavelength A\ = lum, using p = 7 and for
160 < N < 800. A reference solution S, /ko = 1.078814141 + 0.0039507129:
is obtained by extrapolating numerical solutions computed by the new BIE-
NtD method, and it is used to calculate the absolute errors for the less
accurate numerical solutions. The absolute errors are shown in Fig. 6. As

(a) (b)
—%— BIE-DIN —%— BIE-DIN
~—+— new BIE-NID ——— new BIE-NID
+
107} 107}
i
/
/
/
/
£
/
107} 10°t 7
/
7.L
a
%
6 6 7
10°} 10°
7
+
7
a
] ¥
500 1000 1500 2000 10°

Figure 6: The rectangular metallic waveguide: (a) the absolute error |3 — B.|/ko vs. Np
for p =7, where 8 is the numerical solution; (b) the same absolute error vs 1/Ng.

before, these two methods exhibit about the same accuracy for the same N,
the BIE-DtN method is more effcient, but the BIE-NtD method has bet-
ter stability and is useful when high accuracy is needed. The orders of the
methods depend on the field singularity at the corners. For this example,
the order is about 4 as indicated by the slopes in Fig. 6(b).

The third example, as shown in Fig. 4, is a classical rib waveguide pre-
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viously analyzed by a number of authors [10, 24]. The problem is difficult,
since the eigenmode decays slowly in the horizontal direction. We calculate
the propagation constant 8 for A = 1.15 um by the new BIE-NtD and BIE-
DtN methods with graded mesh order p = 6. Numerical results using 160
discretization points on each smooth segment of the interfaces are shown in
Table 1, and they are given for three different sizes of the trunctated domain.

Table 1: The rib waveguide: numerical solutions 3/kq for different truncated domains.

Truncation B/ko(mew BIE-NtD) [ 5/ko(BIE-DtN)
|z| < 7.5um 3.41313213964 3.41313214393
|z| < 9.5um 3.41313213964 3.41313214285
|z| < 11.5um 3.41313213964 3.41313214021

For simplicity, we use the same number of points on each segment. Since
there are six segments, the final matrix size is Nrp = 2880 and Ny = 1920 for
the BIE-NtD and BIE-DtN methods, respectively. Natually, the accuracy
depends on the size of the truncated domain. It appears that both methods
give the same solution 3/ky = 3.413132140 after rounding. This is in good
agreement with previous results of Hadley [10] (3.413132 + 3 x 107%) and
Chiang et al. [24] (3.4131329350). These earlier results are calculated in
truncated domains corresponding to |z| < 3.8 um and |z| < 4.5 ym.

10. Conclusion

In the previous sections, we developed two new full-vectorial BIE meth-
ods for computing guided modes of optical waveguides. These methods are
suitable for waveguides with a piecewise constant refractive index profile,
where the interfaces are piecewise smooth and could have corners. High or-
der full-vectorial mode solvers for waveguides with corners are difficult to
develop due to the singularity of electromagnetic field at the corners. In each
domain of constant refractive index, we derive BIEs with corner correction
terms to calculate the NtD or DtN operators, and then formulate nonlinear
eigenvalue problems for the propagation constant § and some unknown func-
tions defined on the interfaces. The new BIE-NtD and BIE-DtN methods
solve three and two unknown functions, respectively. In contrast, the orig-
inal BIE-NtD method [33] solves four functions, and the original BIE-DtN
method [32] is only suitable for waveguides with smooth interfaces. The BIEs
are discretized based on a Nystrom method with kernel-splitting and graded
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mesh techniques. In particular, a new kernel-splitting procedure is developed
for the hypersingular boundary integral operator. Other improvements de-
veloped in this paper are concerned with the stability of the kernel-splitting
technique for domains with complex refractive indices, the efficient evalu-
ation of the tangential derivative operator, and the efficient truncation of
unbounded interfaces. The new BIE-NtD and BIE-DtN method exhibit high
order of accuracy, but the order depends on the graded mesh and the field
singularity at the corners.

Appendix
In this appendix, we give a derivation for Eqs. (21) and (25). For

a bounded Lipschitz domain €2; with a piecewise smooth boundary I', we
consider the following Neumann boundary value problem:

Pu+Pu+~ju=0 in Q) (83)
g%:gN on I,

where the Neumann data gy € L*(T). If 47 is not an eigenvalue of the
negative Laplace operator on 2y with zero Neumann condition on I', then
problem (83) admits a unique solution u € H32(;) € C%/2(Q;) and u|r €
HY(T') ¢ C%V*(I"), indicating that

[u(r) — u(#)] < Colr — 72,

for any r,7 € () where Cy does not depend on these two points (see [38]
and the references therein). Under the regularity conditions on u and the
domain €2y, u satisfies the following Green’s representation theorem

O, 7
u(r) = [ [G(l)(r,'ﬁ)&, (f)—%u(f)] ds(F), TeQ.  (84)

Similarly, any harmonic function ug(r) satisfies

wo(r) = /F lGo(r,f)ﬁyuo(f)—%uo(f)] ds(7), reQ.  (85)

Let ug = 1, then Eq. (84) —u(r)x Eq. (85) gives

/F [8G(1)(r,f)u(f) _ 9Gy(r,7)

u(r)| ds(r) = W (r, 7O, u(F)ds(T).
o0 (7) o0 (7) U]d() /FG (7, 7)0,u(F)ds(7)

(86)
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To figure out what happens when r approaches the boundary I', we need the
following lemma.

Lemma 1. For a given function f(r,7) € C(Qy x T), if ¢ € L*(T"), then

[ toglr = #f(r,P)o(F)ds(r) € C(@), (87)
and if ¢ € L>(T"), then for any ag > 0
I =77 P o) ds(r) € C(@). (88)

Let r, be given smooth point on T, Fﬁ* = B(r.,d) NI be a smooth part of I’
for a proper d >0, and Q% = B(r,,d) N Q4. If ¢ € L*(I'2), then

/Fd log |r — 7| f(r,7)p(7)ds(r) € C(QL), (89)

Tx

and if ¢ € L>(T%), then for any ag >0
[, Ir =t P)eF)ds(r) € COF). (90)

For the proof of Lemma 1, see [40] and the references therein.
From the properties of Hankel functions, we can see that the nonregular
part of G — Gy is

;ﬂlog(\r =)L = Jo(ylr = 7)) = O(|r — 7] log|r —7[).  (91)

The integrand of the left hand side of Eq. (86) can be written as

ov(T) (7) ov(T) (v)

B 8(G(1)—G0)(7‘77~1)U,’: wuﬁ —u(r
_ 5 (7) + o0 (7) (u(?) = u(r)),

(92)

= Zfzrrgz +Z|7° |2 filr ) gi(F),

where f; € C(Q; x I') and g; € L=(T') for 1 < i < 4. For a given point
r. €', as r — r,, by Lemma 1, Eq. (86) becomes

/F [%u(ﬁ — WU(T)] ds(T) = /FG(l)(r*,f)ﬁuu(f)ds(f').
(93)

28



In light of this, Eq. (21) follows immediately from the fact that the improper
integral (JCyu)(r,) exists everywhere on I' since u is Holder continuous on I'
(see [39]).

Next, we consider the Dirichlet boundary value problem

2 2 2, :
{ axu + ayu’ + 71” - 07 m Qlu (94)

u=gp, onl,

where the Dirichlet data gp € H(I'). Again, if 77 is not an eigenvalue
of the negative Laplace operator with zero Dirichlet boundary condition,
then problem (94) admits a unique solution uw € H*?(€;) c C%Y/2(€);) and
dyu € L*(T) (see [38]). To establish Eq. (25), we require extra regularity
conditions for gp on the smooth part of I'.

Let r, be a smooth point of I', using the notations in Lemma 1, we
assume gp € H1H3/2(I'd ) for any given positive a;. We conclude that u €

H+2(Qd/2) @ 0ot () (see [38]). Let # = 7, — dw(r,) for 0 < 6 < d/2

so that 7 € Q% and consider the directional derivative of Egs. (84) and
(85) in the direction v(r.). We have

u(r W (p 7 26000 (p 7
oulr) [0, PG

Plugging uy = =,y into Eq. (96), we obtain the following vectorial equation

B 8G0(’r,f) - 82G0(7’,’f') - -
v(r,) = /F [au(mu(r)—ay(mwr] ds(7). (97)

Considering Eq. (95)—Vu(r)- Eq. (97), we have

= ( Jy| %2> [WUW - mvu(r) 'f] ds(B5)

Apparently, the integration of each side over I'/ Fﬁi 2 is continuous at r = 7,
as 0 — 07. We now focus on the two integrations over the smooth part F% 2,
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The integrand of the left hand side can be written as

av(r*)a() 8()V() ()
L ACY -G, G ) o

6
= > filr,7)g(7 +Zfzrrgz T)
1=5

where f; € C(Q* x [4/2) for 5 < i < 10, g; € L*(TY?) for 5 < i < 6 and
9i € LOO(F% 2) for 7 < 4 < 10, and therefore it is continuous at r = r, as
d — 0% due to Lemma 1.

Taking ug = 1, Eq. (96) becomes

82G0(T‘, 7‘~)

N NG s(7) = 0. (99)

Therefore, the integral in the right hand side of Eq. (98) equals to

RGO G F) PG )
/r{ oo T Guraauie T ) = Vulr) - ( N}d( )-

Its integrand can be written as

14

> log|r —#|fi(r,7)gi(F) + }: [ — # | 2 fi(r, ) i), (100)

1=11 1=15
where f; € C(Qy d/2 x T'%2) and g; € L>®(T'%?) for 11 < i < 19. Integrated

over Fﬁi 2 the mtegration is continuous at r = r, as 0 — 07 due to Lemma
1.

Therefore, taking the limit § — 0 in Eq. (98), we have

766: (r., 7) u(r —LGO(TH%) u(ry) -v(r)| ds(r
[ s Dot - 25D utr) () st

_ 82G M (r, rmz M—ur oty tn
/{aw* () "D aueawie )~ V) - 0]}0@(@)
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To simplify this equation, we make use of the following two identities

82G0(7‘*,7:)d - .

—————ds(r) = 0,

r Ov(r,)ov(r)

TCra®) iy = f 90T g )
r Ov(r,)0v(T) r OT(r.) '

These two identities can be proved based on the fact that

*Go(rs,7) B D?Go(r,,T)
ow(r)ov(r)  Or(r,)oT(r)’

Observing V,..Gy(r,,7) = —V;iGo(7r., 7), we have

6’G0(r*,f)y Pds(F 5’2G0(r*, )
r ov(ry) (7)ds(r) = r Ov(r,)ov(r)

- ][F[(Vr*Go(""*,f) v(r))v(P) = (Vi Go(rs, 7) - 7(7))T(7)] ds(7)
_ ]lF (@) + () () ]V s Co (e, 7)ds(7)
- ﬁ ()" + T(ﬁ)f(r*)T]Tvao(r*, 7)ds(7)

if r,#7r.

rds(T)

o 8G0(’T‘*, - aGg T'*, ~
- r Ov(r) +][ ds(P)r(r.).
Thus, Eq. (101) becomes
a%f)’f"("i’)’")d (#)Byu(r.) +][agy"":))a w(7)ds(F)
r *
8G0(’l“*, ) ’I“*7 . -
L or () 7)O0ru(r, —1—7[ Ior) (91/ (r)ds('r).

Notice that under the regularity conditions on u, all improper integrals above
exist [39]. Therefore, at any smooth point of I', if we impose the same
regularity condition on gp as argued before, then Eq. (25) is valid at all
smooth points on I'.
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