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SCATTERING BY HIGH ASPECT RATIO PARTICLES
CAMILLE CARVALHO, ARNOLD D. KIM, LORI LEWIS, AND ZOiS MOITIER

ABSTRACT. We study scattering by a high aspect ratio particle using boundary integral equa-
tion methods. This problem has important applications in nanophotonics problems, including
sensing and plasmonic imaging. Specifically, we consider scattering in two dimensions by a
sound-hard, high aspect ratio ellipse. For this problem, we find that the boundary integral
operator is nearly singular due to the collapsing geometry from an ellipse to a line segment. We
show that this nearly singular behavior leads to qualitatively different asymptotic behaviors for
solutions with different parities. Without explicitly taking this nearly singular behavior and
this parity into account, computed solutions incur a large error. To address these challenges,we
introduce a new method called Quadrature by Parity Asymptotic eXpansions (QPAX) that
effectively and efficiently addresses these issues. We first develop QPAX to solve the Dirichlet
problem for Laplace’s equation in a high aspect ratio ellipse. Then, we extend QPAX for scat-
tering by a sound-hard, high aspect ratio ellipse. We demonstrate the effectiveness of QPAX
through several numerical examples.
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1. INTRODUCTION

QUADRATURE BY PARITY ASYMPTOTIC EXPANSIONS (QPAX) FOR

Metal nanoparticles are being used extensively for chemical and biological sensing applica-
tions because they exhibit strong electromagnetic field responses and they are biologically and
chemically inert (e.g. see [2| for a review). For these applications, the shape of individual metal
nanoparticles can drastically affect the sensitivity of sensors. Consequently, there has been
much interest in understanding how nanoparticle shape affects scattering by electromagnetic
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fields. In particular, there has been interest in studying so-called high aspect ratio nanoparti-
cles [5, 24, 3]. Examples of these include nano-rods, nano-wires, nano-tubes, etc. High aspect
ratio nanoparticles have anisotropic and tunable chemical, electrical, magnetic, and optical
properties that make them attractive for designing sensors. Moreover, the diffusion of high
aspect ratio nanoparticles provides enhanced functionality such as delivering DNA in plant
cells [10].

It is then fundamental to understand the scattering properties of high aspect ratio nanoparti-
cles to design next-generation sensors. However, these scattering problems are challenging due
to the inherently high anisotropy affecting both the near- and far-field behaviors of the scat-
tered field. Indeed, the narrow axis of a high aspect ratio nanoparticle may be much smaller
than the wavelength of the incident field, while the long axis may be comparable to or larger
than it.

Motivated by these sensing applications, we seek to study the fundamental issues inherent
in scattering by high aspect ratio particles. To that end, we study here a simple model of two
dimensional scalar wave scattering by a high aspect ratio ellipse. We study this problem using
boundary integral equation methods [14, 21, 18]. We are interested in using boundary integral
equations to study this problem because they provide high accuracy [19, 16, 20, 11, 9, 15, 27],
they provide valuable physical insight over all scales of the problem, and they generalize easily
to more complex problems including multiply connected domains, e.g. ensembles of high aspect
ratio particles.

The two-dimensional problem we study here is advantageous because we can compute its
analytical solution in terms of special functions (see Appendix A). We use this analytical
solution to validate our methods. Moreover, Geer has studied scattering by slender bodies using
asymptotic analysis and obtained a uniformly valid asymptotic solution [12]. That asymptotic
analysis can be applied to this problem and adds further insight. Essentially, Geer’s asymptotic
solution for this scattering problem is given by a continuous distribution of point sources over a
line segment along the semi-major axis of the ellipse. This insightful asymptotic analysis allows
us to anticipate the challenges that the boundary integral equation formulation will have with
this problem.

In this paper we show that there is an underlying nearly singular behavior within the scat-
tering boundary integral operator, in the limit where the ellipse coalesces to a line segment.
Nearly singular behaviors arise when the kernel of the integral operator is sharply peaked (but
not singular), leading to a large error in computations. Typically we see nearly singular be-
haviors in the so-called close evaluation problem, corresponding to evaluating layer potentials
near the boundary [14, 15, 25, 6, 7, 8|. In other words, the close evaluation problem happens
after one has accurately solved the boundary integral equation. For this present problem, the
high aspect ratio ellipse leads to a nearly singular integral operator in the boundary integral
equation, itself, thereby adversely affecting the accuracy of the computed solution. Nearly sin-
gular boundary integral equations also arise when boundaries in a multiply-connected domain
are close to one another. This nearly singular behavior was seen when particles suspended in
Stokes flow were situated closely to one another [1, 26, 4]. To our knowledge, there is not a
systematic treatment of nearly singular boundary integral equations. Thus, this study provides
valuable insight into those problems as well.

By exploring the causes of the emerging nearly singular boundary integral operator, we find
that it is due to a factor that is the kernel of the double-layer potential fo Laplace’s equation.
Thus, we study the related interior Dirichlet problem for Laplace’s equation and find that there
exists qualitative differences in the asymptotic behaviors of solutions with different parity (with
respect to the major axis of the ellipse). By addressing this difference in parity explicitly, we
develop a new method which we call Quadrature by Parity Asymptotic eXpansions (QPAX). We
show that this method effectively solves the interior Dirichlet problem for Laplace’s equation.
Then we extend QPAX for the scattering problem and show that it effectively addresses the
nearly singular behavior of the associated boundary integral operator.
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The remainder of this paper is organized as follows. Section 2 presents the problem of scat-
tering by a high aspect ratio ellipse that we study here and its boundary integral equation
formulation. This formulation reveals the cause of the nearly singular behavior. To isolate the
nearly singular behavior of the boundary integral operator identified in Section 2, we study
the related Dirichlet problem for Laplace’s equation in a high aspect ratio ellipse in Section 3.
Here we identify that the nearly singular behavior leads to qualitatively different asymptotic
behaviors based on parity. We then introduce Quadrature by Parity Asymptotic eXpansions
(QPAX) to effectively and efficiently solve that problem. Finally, we extend QPAX for scat-
tering by a sound-hard, high aspect ratio ellipse in Section 4. Section 5 gives our conclusions.
Appendix A provides details about the exact solutions used for validation in our numerical
results, and Appendix B gives proofs of the considered asymptotic expansions in the paper.

2. SCATTERING BY A HIGH ASPECT RATIO ELLIPSE

We introduce a simple, two-dimensional model for studying scattering of scalar waves by
a high aspect ratio particle. Let D C R? be a bounded simply connected set denoting the
support of a particle with smooth boundary 0D and let D = D U dD. We study the sound-
hard scattering problem, which can be written as

Find u = v 4 u* € €*(E :=R?\ D) U %" (R?\ D) such that:
Au+E*u=0 in £,
(1) Apu =0 on dD,

r—00

lim / |0, u% — ikus|* do = 0,
jal=r

where u denotes the total field, & is the wavenumber, u* is the scattered field, ' is the incident
field, and 0,, denotes the normal derivative. The last equation in Eq. (1) is the Sommerfeld
radiation condition. To study scattering by a high aspect ratio particle, we consider the ellipse
defined according to

(2) y(t) = (ecos(t),sin(t)), teT:=R/2rZ,

with 0 < e < 1. The aspect ratio for this ellipse is e7'. Hence, we study the asymptotic limit,
¢ — 07 for high aspect ratio particles. Given z € E, we denote 2° € 9D the closest point on
the boundary, and we write 2° = y(s) for s € T (see Fig. 1).

We can write the analytical solution of FEq. (1) in terms of angular and radial Mathieu
functions (see Appendix A for details), and use that analytical solution to study the behavior
of fields scattered by the high aspect ratio ellipse. In particular, we evaluate this analytical
solution using the following incident field,

15 15
(3) u"(w,y) =Y A M) (€, q) cen(n,9) + Y Bin Mst) (€, q) sem (1, q),
n=0 n=1

with (cen,se,,) denoting the angular Mathieu functions of order m, (Mc)) Ms())) the radial
Mathieu function of the first-kind and order m, defined using elliptical coordinates (see Appen-
dix A for more details). The coefficients are aif = 2i™ ce,,(5,q) and fin = 2i™ se,, (%, ¢), and
Eq. (3) approximates a plane wave propagating in the +& direction (see [23, Sec. 28.28(i)|). In
Fig. 2a, we plot the real part of u'" given by Eq. (3) for k = 2. We observe in Fig. 2a that
this incident field closely approximates a plane wave propagating in the +z direction within
the window [—5, 5] x [—5, 5], which provides bounds for our computational domain.

Using Eq. (3) as the incident field, we evaluate the analytical solution for the sound-hard
scattering problem, and we plot its amplitude in Fig. 2b for £k = 2 and € = 0.01. Note that with
this choice of parameters, the semi-major axis of the ellipse is on the order of the wavelength, but
the semi-minor axis is much smaller than the wavelength. The black bar in Fig. 2b represents
the high aspect ratio ellipse that cannot otherwise be seen.
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y = y(t)
p| F n,
0D

FIGURE 1. Sketch and notations of the scattering by a high aspect ratio ellipse
problem.

2.5
6 4
1.0
4 2.0
0.5 2
5
1.5
0 0.0 0
—2 - 1.0
' ‘ —0.5 9
74 —
0.5
~1.0
—6 - —4
T T T T 0.0
—75 —5.0 —2.5 0.0 25 5.0 7 —4 -2 0 2 4

.5

(A) Real part of 4™ defined in Eq. (3). (B) Amplitude of u solution of Eq. (1).

FIGURE 2. Plots of the real part of the incident field «™ and the amplitude of
the total field w.

We find that scattering by the high aspect ratio ellipse is highly anisotropic. We observe
a strong diffraction behavior around the high curvature regions, the solution demonstrates a
strong amplitude near the illuminated face of the ellipse and a shadow regions on the other side
of the ellipse. It is clear from this result that the scattered field on or near the boundary plays
an important role in this scattering problem, with impact on the far-field.

2.1. Boundary integral equation formulation. The solution of Helmholtz’s equation in
the exterior domain F is given by the representation formula [18]

(4) u(z) = u"(x) + /<9D O, G(z, y)u(y) do, — /<9D G(z,y)0p,u(y)doy,, x€kE,

with n, denoting the outward normal at y (see Fig. 1). The fundamental solution is given by

[
Glx,y) = Hy (klz — y))
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with Hél) denoting the Hankel function of the first kind of order zero. Since d,u = 0 on 9D,
we find that Eq. (4) reduces to

(5) u(z) = u™(z) + /8D On, G2, y)u(y) doy, rekE.

Using classic properties of the double-layer potential [18], the unknown field v on the boundary
solves the boundary integral equation

(6) 1u<xb) - /8 0,,Gla"p)uly) do, = "), o € oD.

On the high aspect ratio ellipse defined in Eq. (2), we can write the integral in Eq. (6) as

| 066" ) uln)da, = [ 0,Glo(.0(0) ululo) 0] at,
oD

we then rewrite the kernel

(7) On, G(y(s), y(0)ly' ()] = I/l{:—W?”(S te) Y (ke (s, 1)) K (s, 1),
with
s—t 5 . (St 2
r(s,t;e) = sm 5 ’\/ —i—esm( 5 >,
and
(8) K(s,t;e) = -

27r1—|—52+(1—52)cos(s—|—t)'

The kernel K given in Eq. (8) corresponds to the kernel for the double-layer potential solution
of Laplace’s equation for this narrow ellipse. In light of Eq. (7), we make the following remarks.

e Due to the factor of Hgl)(k r(s,t;e)) appearing in the kernel given in Eq. (7), the de-
rivative of the kernel has a logarithmic singularity on s = t. This singularity is well
understood (see [18]).

e For t, such that s+t, = 7 [27] (with the notation k [X] denoting k modulo X), K%(s,t;¢)
given in Eq. (8) behaves according to

1
KE(s tge)=—— — —o0.
(5,53 ) Ae  es0+ >0
Since "
I—Wr(s,ts;e) Hgl)(k:r(s,ts;e)) — 1,
2 e—0t

it follows that the asymptotic behavior for Eq. (7) on ¢, is given by this asymptotic
behavior for K.

e The kernel K is sharply peaked at the anti-points s + ¢ = 7 (27|, and this peak is
enhanced as the ellipse collapses, in other words when the anti-points become closer.
This sharp peak leads to a nearly singular integral operator in the boundary integral
equation.

e The cases s = {—5, 5} are degenerate since the derivative of the kernel Eq. (7) admits a
singularity for s = ¢, and we have the nearly singular behavior (the anti-points coincide
in this case).

The integral operator in the boundary integral equation Eq. (6) is weakly singular on s = ¢
and nearly singular on s + ¢ = 7[27|. The weak singularity on s = ¢ can be addressed using
the product quadrature rule due to Kress [17]. The nearly singular behavior, however, is
problematic. In the results that follow, we show that this nearly singular behavior leads to
large error unless it is explicitly addressed.
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3. DIRICHLET PROBLEM FOR LAPLACE’S EQUATION IN A HIGH ASPECT RATIO ELLIPSE

In the previous section, we identified that the factor of K given in Eq. (8) causes nearly
singular behaviors in the boundary integral equation. To isolate this issue, we consider here
the following interior Dirichlet problem for Laplace’s equation,

©) Find u € €*(D) U %" (D) such that:
Au=0in D, wu=—fondD,

where the prescribed boundary data — f is smooth. The solution of Fq. (9) can be represented
as the double-layer potential [14, 18]:

1 ny - (r —y)
= — < 7 doy, €D,
with p denoting a continuous (at least) function solution of the following boundary integral
equation,
1 1 ny - (2° —y)

10 —p(z) — — 2 do, = f(z*), 2" €aD.

(10) st — 3= [ B ) do, = ). s
Note that Eq. (10) is similar to Eq. (6). On the high aspect ratio ellipse Eq. (2), this boundary
integral equation becomes

(1) Sils) / Kh(s, te)p(t)dt = f(s), seT,

with KT given in Eq. (8).

3.1. Analytical solution of boundary integral equation Eq. (11). We compute the ana-
lytical solution of Eq. (11) as follows. By computing the discrete Fourier transform of Eq. (11),

we obtain .
§,um - 27TKm,U—m = fma me Z7

with (tm) ez (Kim)mez, and (fin),nez denoting the complex Fourier coefficients of p, K, and
f:
X(s) =Y Xne™, X=pK"Ff
meZ
One can check using Eq. (8) that KZ(s,t;¢) boils down to a function in s + ¢. We rewrite this

system as
1
(5 - QWKO) to = fo

1 —
(—27?2Km 27%TKm) (:_Z) — (f{";) : for m # 0.

The solutions of these problems are given by

(12) o

and

(13) [im

and

2y
1— 47TKO

B 4
1 —16m2K,,K_,,

Since K* is a rational trigonometric function, one can analytically compute K,, using |13,
Eq. (2.5)], for m € Z leading to

1
(ﬁfm + QWKmfm) , for m # 0.

1 e—1
arPe Wit pe = 2 +1

€ (—1,0).
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Substituting this expression for K,, into Eq (12) and Eq. (13), we find that

(14) =ht ) — 2|m| (fn =P ) €™, s €T

mGZ*
With the solution given in Eq. (14), we find the following.
e When f = C where C is a constant, yu = C.
e When f = cos(ms) for m € N, we have u = 2cos(ms)/(1 + p).
e When f = sin(ms) for m € N*, we have y = 2sin(ms)/(1 — p*).
Note that p. < 0, and p. = —1 + 2 + O(e?) as ¢ — 07. As a consequence depending on the
parity of m, as e — 07, we have

L om 2me  when m is odd
Pe 1 when m is even

and

] m 1 when m is odd
Pe 2me when m is even

In light of these results, we are motivated to introduce the following definition.

Definition 1. For any function f: T — C:

e We say that f is even if it belongs to the space €., (T) = {f € €(T) | f(m—3s) = f(

e We say that f is odd if it belongs to the space €o4(T) == {f € €(T) | f(r—s) = —f(s)}.
We define the even and odd parts of f as fe,(s) = 3(f(s) + f(7m —s)) and foa(s) = 5(f(s) —
f(m—s)).

With Definition 1 established, we state the following results.
e When f is even in the sense of Definition 1 (typically s — sin((2p+1)s) or cos(2ps) for
p € N), then the solution x is bounded as ¢ — 07.

e When f is odd in the sense of Definition 1 (typically s +— sin(2ps) or cos((2p + 1)s) for
p € N*) then the solution p is unbounded as ¢ — 0%.

The qualitative differences between solutions when the Dirichlet boundary data is even or odd
will play an important role in addressing the nearly singular behavior of K.

3.2. Modified trapezoid rule (MTR). A method to compute the leading behavior of nearly
singular integrals is given in [8]. In what follows we apply that method to Eq. (11). Recall that
K* exhibits nearly singular behavior on s + ¢t = 7[27]. For this reason, we introduce

7r—s+%

e = [ KMt

)
—5—3

where § > 0 is fixed. To determine the leading behavior of I5(¢) as ¢ — 0T, we perform a
series of substitutions. First, we shift by substituting ¢t = # — s + x, then we rescale using the

stretched coordinate z = €X. These lead to
5

1 [z —&?
15 1 = — — X)dX.
(15) o(€) 27r/_26 1—1—52—(1—e€2)c3os(e€X)'u(7r s+eX)
Assuming p is also differentiable, we expand the integrand in Eq. (15) about ¢ = 0 and find
—&? — X 2
(16) el = s+ eX) =— [(m — 8) +eXp' (T — 5)] + O(?).

1+e2—(1—¢e?)cos(eX) 44 X?
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All expansions have been computed via Mathematica and SymPy, and notebooks can be found
in the Github repository [22]|. Integrating this expansion term-by-term, the O(e) in Eq. (16)
vanishes upon integration since it is odd (in the classic sense), and we find

(17) Is(e) = ! arctan (4%) u(r —s) + Ofe).

™

We refer the reader to [8] for a proper justification of the obtained order after integration. This
result gives the asymptotic behavior of the portion of boundary integral operator in Fq. (11)
about s+t = 7 [27] leading to its nearly singular behavior. We now use this leading behavior to
modify the periodic trapezoid rule (PTR). Let s,, = t,, = nAt — /2 with At = 7/N. It follows
that s; +t_;on) = 7 [27] (with the notation t,n) denoting ¢, for £ € Z modulo N). Instead of
using the trapezoid rule on those anti-points, we replace it with Ia.(¢) (namely Eq. (17) where
we substitute § = At). We call this method the modified trapezoid rule (MTR). Applying this
MTR to Eq. (10) yields the following linear system,

11 At =
(18) §Mi+;ar0taﬂ Tz ) Hin — At Z K™ (si,t5:6) py = f(81)

J#-i[2N]
for i € [0,2N — 1]. Using Eq. (18), we relieve the trapezoid rule from having to approximate
the underlying nearly singular behavior coming from K*. It is in this way that we expect this
modification to help in computing solutions of Eq. (11).

Figure 3 shows results for the relative error made by the MTR to solve Eq. (11) using
2N = 64 quadrature points, and two different sources: f(s) = cos(4s), and f(s) = sin(5s). For
comparison, we include the relative error made by the PTR and by the Quadrature by Parity
Asymptotic eXpansions (QPAX) described below, with the same number of quadrature points.
Results show that the MTR works well when f is even (in the sense of Definition 1) where the
relative error exhibits an O(g) behavior as ¢ — 07 (following the expected order from Eq. (17)).
However when f is odd, the relative error is large and comparable to PTR for all values of ¢.
Thus, the MTR is only effective for solving Eq. (11) when f is even.

3.3. Quadrature by parity asymptotic expansions (QPAX). It is clear from previous
results that we must explicitly take into account the qualitative differences between even and
odd boundary data to fully address the nearly singular behavior of K*. In what follows, we
develop a numerical method based on the asymptotic expansions for even and odd parities. We
call this new method Quadrature by Parity Asymptotic eXpansions (QPAX).

We now rewrite Eq. (11) as Z[u](s) = f(s), with Z[u](s) = (31 — ) [1](s), and

(19) /KLStE (t)dt, seT.

We write a formal asymptotic expansion of the operator .Z ~ quN e? %, as € — 0F. Using

standard matched asymptotic techniques, one obtains the following result (the proof is given
in Appendix B.1) [8]:

Lemma 2. The integral operator " admits the following expansion #*[u] = J#F[u] +
e L) + o(e), for p € €*(T), where

1 1

Ho () = —gu(m —s) and A [u)(s) = —— ] Ers[p](t) dt
with (s,t) — Es[u](t) € €(T?) defined by
N(S+t) _2M(S) +/“L<S_t) th# 0[271_]

(20) Es[u](t) = 2(1 = cos(t))
w'(s) if t =01[27]
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Lemma 2 requires at least €2 regularity for u to define the continuous function E, in Eq. (20)
(which we will assume for the rest of the paper). Using Lemma 2, we obtain

(21) Llpl(s) = P g ) = o [ By e

From Eq. (21), we directly have Zp[u] = pey and %oa(T) C ker(%), therefore Lju] = f is
ill-posed for f € €(T). If we assume that the right-hand side f = quN elf, and the density
p=> qen €711 have a smooth expansion, we will only be able to solve for the even part. For the
odd part, the solution is not smooth as ¢ — 0" and we need to consider a different asymptotic
expansion. This change is also motivated by the fact that the analytical solution given in
Eq. (14) admits an odd part of order e~! as ¢ — 0. To take this limit behavior into account,
we use the following two asymptotic expansions for the even and odd parts of p = ey + flod:

Y 1
= and o= Ly ey
qeN qeEN

One can show that the operator £ preserves even and odd parity: (Z[u])e, /0 = -Z[Hev/od]-

Using this result, we then substitute these expansions into 2 [jey 4 floa] = > ey €% (5 + f29),
and obtain to leading order

(22) Lyl =15, Ll + Ayl = f and Al = f57.

The operator % is invertible on %, (T) (it is the identity operator). The nullspace of .4 is
simply the set of constant functions (see Lemma 6). Therefore 2] is invertible on %oq4(T).
Using Eq. (22), we get

W =S = - AL and = ()7 (£,

In practice we compute the approximation p ~ ¥ = 2% + 1127 with

as 1 _
(23) o = fo—eA(fo] and i = e (-%1) 1[fod]'
Based on the chosen ansatz, we anticipate the following relative errors:
few — iy || 1110d = tiog Il
|| e e ”L (T) _ 0(82) and o od IILee(T) _ 0(8)
HNeVHLOO(’]I‘) H:uodHLOO(T)

We now turn to the discretization, for which we will need to separate even and odd parts.
From Lemma 6, we find that for any m € Z,

2 Jeos (mt)] (s) = (=1)" T mcos (ms), .2 [sin (mt)] (s) = (=1)"msin (ms) .

Using these two relations, we define the discretized operators L8 and L3¢ as follows. Given 2N
uniformly spaced grid points starting at —7 (bottom of the narrow ellipse), one can simply use
the half grid to define the even and odd parts. Let Cy.; denote the (N + 1) x (N + 1) matrix
corresponding to the discrete cosine transform with the following entries,

21 2 ijm 9 (—1)
(Crii)io =\ §2 (Cy)iy = Vv (W) ’ (Cra)in = N( 2) :

for (7,7) € [0, N]?. In terms of Cy1, we define LS according to
(24> IL’?VZCN—H dla’g<07177N) CN+1~

Let Sy_; denote the (N — 1) x (N — 1) matrix corresponding to the discrete sine transform

with entries
5 ..
Sy = o ().

for (i,7) € [1, N — 1]?. In terms of Sy_;, we define L3¢ according to
(25) chd :SN—l d1ag(—1,—2,,—(N— ].)) SN_1
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We now use these asymptotic results to develop a numerical method to solve Eq. (11). Given
the Dirichlet boundary data f, we first compute the vectors,

1 1
‘]5\\7/-1-1 = (feV(Si))ie[[o,N]] = (if(sz) + §f(7T - Sz)> ,
1€[0,N]
and | X
1= (fod(8:))iep no1) = (§f(81) — Ef(ﬂ — 51)) :
i€[1,N—-1]

where s; = iAt — 7,4 € [0,2N — 1], are the PTR quadrature points. Next, we compute the
numerical approximation of Eq. (23) through evaluation of

P = N — e LY fy and pl, =¢! (Lgd)_l oy
With these results, we compute the approximation

(l’l’?\\f/—i-l)i L= O? N
(26> ,U(Sl> ~ (/‘l’?\\f/—i—l)i + (I"l’?\fd—l)i IS IILN - 1]]7

(“?\\7/+1)2N—z‘ - (I‘L%j—l)QN—i L€ [[N +1,2N - 1]]'
We denote pyy to be the 2N vector whose entries are given by Eq. (26).

In Fig. 3 we show the relative error, ||ty — anall o / |Banalloe (With g, the vector denoting
discrete analytic solution at the quadrature points computed via Eq. (14)) as a function of ¢
using PTR, MTR, and QPAX to compute the solution of Eq. (11). All codes are publicly
available on Github [22]. For these results, the number of quadrature points for all methods is
2N = 64. The results in the left plot are for the even source f(s) = cos(4s) and the results
in the right plot are for the odd source f(s) = sin(5s). Results indicate, as expected, that
the error made by QPAX is O(g?) for an even source and O(g) for an odd source. For the
considered even sources, we have taken the two-term asymptotic approximation in Eq. (23)
which leads to the O(g?) because the second-order term vanishes. From the parity asymptotic
expansions we found that the odd part contributes globally to the nearly singular behavior. It
is the reason why the MTR (based only on local inner expansion) fails for odd sources.

10t

10t
*0-0-0-0-0-0-0-0-0-0-¢ ** t\»-o-\o—g-c\p—c\n-?-‘-?-‘o-q--q-;}*_**
10~2 1072 **—* +
X ¥
10-5 - 1075 * K !
. X \
1078 47 1078 o 1
1
_ _ — O(e \
10711 + T ©) \
-e- PTR \
10— 14 4 10—14 4 —+- MTR &
k- e
QPAX
1017 T T T T 1017 T T T T
1077 10—° 1073 10—t 107 10—° 1073 10~1

(A) Even: f(s) = cos(4s)

(B) Odd: f(s) = sin(5s)

FIGURE 3. Results for relative error as a function of € in the numerical solution of
the boundary integral equation for the Dirichlet problem for Laplace’s equation in
a high aspect ratio ellipse for PTR (blue curves with “e” symbols), MTR (orange
curves with “+” symbols), and QPAX (green curves with “x” symbols). All of
these results were computed using 2N = 64 quadrature points. In the left plot,
we show relative error for the even source f(s) = cos(4s) and in the right plot,
we show relative error results for the odd source f(s) = sin(5s). The solid black
line represents the O(g) convergence slope and the dashed black line represents

the O(e?) convergence slope.
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Remark 3. For simplicity, we have explicitly used a spectral decomposition to discretize the
operator .Z. This is obtained using Lemma 6. Other discretizations are possible as long as we
split the expansion as in Eq. (23). For example Chebyshev nodes on interval (—— E) may be

272
appropriate since the operator %} is diagonalizable on €72, /od(']I‘)

4. QPAX FOR SCATTERING BY A HIGH ASPECT RATIO ELLIPSE

From the discussion on the Dirichlet problem for Laplace’s equation in a high aspect ratio
ellipse, we found that it is necessary to consider different asymptotic expansions for the even
and odd parts of the solution. We now extend those results to the scattering problem by a
sound-hard, high aspect ratio ellipse.

We rewrite Eq. (6) on the high aspect ratio ellipse as L [u] = v with % = 11— x*#
and the operator £ [p](s) = [ K(s,t;e)u(t) dt. Using Eq. (7), we write the kernel of ™ as
K(s, t;e) = H(ze(s,t)) KL(s t;€) where

ze(s,t) = kr(s,t;e) =2k |sin (5= cos (2 + e2sin (£*)7,
(5,1) = k(s t5) = 2k [sin (351)] 1/ cos (532)° + e2sin (332)°

2
and H denotes the continuous function H(z) = %r z H(l)( ). Although H is continuous, its
derivative has a logarithmic singularity at s = ¢ (i.e. z=0). To address this singularity in the
derivative, we use [23, Section. 10.8| to decompose H according to

H(z) = U(z) — %(Z) In (4k—z22> ,

where ¥ is an analytic function on C satisfying U(0) = 1 and ¥/(0) = 0. Then we split the
integral operator according to #H = ¢V + %™ where

@) V) = [ KM tE) Wl t) )t

@) ) =~ [ KEstE) w8 () (“;—“) u(t)d.

We now state two useful Lemmas.
Lemma 4. The integral operator Y defined in Eq. (27a) admits the expansion # Y[u] =
Ko ] + e 1] + o(e), for p € €*(T), where

A () = —gplr— ) and A u(s) = - e v

with s(t) = W (2k |sin (55%) cos (5£4)|), and E defined in Eq. (20).

Lemma 5. The integral operator ™ defined in Fq. (27b) admits the expansion & '™[u] =
e u] + o(e), for p € €*(T), where

AN = 5 [ 1ala®) In (45 (55)°)

Ji (2K [sin (55%) cos (55£)]) ift # 7 — s[2n]

2k? sin (5;)2 ift=m — s[2n]

The proof of the expansion of #Y, #™ defined in Eq. (27a), Eq. (27b), can be found in
Appendix B.2, Appendix B.3, respectively. Using Lemma 4 and Lemma 5 we can write the
asymptotic expansion of the integral operator LH = 34 + e 7 + o(e) where

0)  Alulis) = HEEAEZ
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1

(29b) Alu)(s) = 5 /T E [0 1](1) dt—% /T (65 1], In <4sin(57_t)2> dt.

Similar to the Dirichlet problem for the Laplace’s equation, we have ker(74)) = %o4(T) and
the leading order problem %[u] = u™ is not well-posed on € (T). As a consequence we need
to separate the even and odd terms to solve Z#[u] = u™. We write the source term as
f(s) = u"(y(s)) = u" (e cos(s),sin(s)), and we expand f = fo, + foa With fo, = 3° €9 f£¥(s)
and foq = gen €7 f;d(s). To highlight the parity scales, we write as before u = ue, + tuoq With
the ansatz

(30) Uey = Z elug’ and  Ueg = - u d 4 qu od

geN qeN
as ¢ — 01, For the high aspect ratio ellipse, the expansions of the source term give us
(31a) ¢'(s) = u"(0,sin(s)), i'(s) =0,
(31b) °d(s) =0, °d(5) = cos(s) D,u™ (0, sin(s)).

Contrary to Laplace’s problem, the scattering problem is always well-posed, we know that
u*d =0, and f39 = 0 is expected. However ill-posedness of the asymptotic problem as & — 0
remains (but it is subtle): note that the leading order term of foq is O(e) while the one for uqq
is O(1). It is the reason why we still shift the power index of . To obtain leading behavior
of the solution of Z#[u] = u™, we replace £ by 4 + e 7, substitute the expansions for
Uey and ueq defined Eq. (30), and use the fact that £ (and consequently 54, .54) preserves
parity. In the end we obtain similar equations as Eq. (22): JG[uf’] = f§Y, B[us'| = —IA4[f5],
and 4 [u8d] = f°9. In practice we simply to compute

(32a) Uy (s) = u™(0,sin(s)) — e J4 [u™(0,sin(s))]

ev

(32b) ul (s) = 7! [cos(s) Du™ (0, sin(s))} ,

we obtain an asymptotic approximation u ~ u®¥ = u2¥ + 27 in the limit as ¢ — 07, whose

error is 0(¢). As for the Laplace case, we anticipate the followmg relative errors:

lotew — w2 e lotos = 0 Ny

=0 (e*) and =0 ().

||ueV||L°<>(11‘) ||uod||L°o(T)

We now introduce a numerical method for computing Eq. (32). This method modifies the
product Gaussian quadrature rule by Kress [17] for two-dimensional scattering problems. Using
the PTR quadrature points s, = t,, = nAt — 7/2 for n € [0,2N — 1] with At = /N, Kress’
Gaussian product quadrature rule (PQR) is given by

2N—-1
(33) /K sutieu(t)dix Y [Rfﬁlﬂm(si,tj)+AtK2(si,tj)] uj,
=0
with ]
Ki(s,15) = 52 (5,0) D (2o, D) K (s, 1:2),
and

Ko(s, t:c) = %zg(s,t) i Y (2 (s, 1)) + Dy (s 00) I (i (554)°)] (s, 122,

Here, J; is the Bessel function of first kind and of order one and K’ is given in Eq. (8). The
quadrature weights in Eq. (33) are given by

k N-1
W (D w1 (ke
(34) R,V = 2 N 2<m cos { = | k € [0, NT.
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Using this quadrature rule within a Nystrom method to solve Eq. (6), we obtain
1 2N-1
(35)  Ju— Y [RFN)ﬂKI(sz, )+ NKQ(SZ, )] w=u"(s;), i€ l[0,2N —1].
j=0
This PQR explicitly addresses the weak singularity in the derivative in K on s =t due to the

Hankel function Hgl). However, it does not address the nearly singular behavior due to K%, so
we do not expect it to work well for the high aspect ratio ellipse.

We can easily modify the PQR method to include the modification we derived in Section 3.2
based on the asymptotic expansion for K. First, we observe that K; = O(¢) as ¢ — 07, so
it does not exhibit any nearly singular behavior. Consequently, we do not need to modify that
part of the PQR. However, K, exhibits a nearly singular behavior as ¢ — 0%, so we write

1 At N1
/Kg si, te)u(t) dt = ——arctan (45) u_;on) + At Z; Ky (si tj;€) u;
]:
A 2N]

Incorporating this modification into the Nystrém method into Eq. (35), we obtain

2N—-1

1 N 1 At
(36) §UZ — ]go R|(N1]| Kl (Si, tj)Uj + ; arctan (4—€> H—i[2N)]

2N—-1

— At E Ky (si tjie)u, = "(s:),
Jj=0
j#=i[2N]

for i € [0,2N —1]. We call Eq. (36) the modified product quadrature rule (MPQR). We expect
MPQR to fail when considering an odd source term.

We now modify PQR further to extend QPAX to solve Eq. (6). Using Eq. (29), we define
the discretized even operator H¢ and the discretized odd operator HS¢ as follows. First, we

split Hev/ od — Hev/ od _ Hivﬁfd into the two parts corresponding to the two integrals in Eq. (29).
As before we make use of the first half of the quadrature points to create the even and odd
discrete operators. The entries for HfY, are given by

(HTYy),; = (L) ¥a(t),  (i.5) = [0, NT?,
and the entries of H¢ ‘» are given by
(B5),, = (L), vsi(ty),  (ig)=[LN - 1],

with LS given in Eq. (24) and L% given in Eq. (25). One can check that the entries of Hj
are given by

ev/od

(B,),, = (WE,y),, 2 E 0T l) (1.3) = [0. 5T

(H53,), = (Wi),, Palli) - é’”(” —4) (i,5) = [L, N — 1],

respectively, where W§', | is the matrix of Kress weights for integrating even functions defined
by

) 2r 27 27
W1 = Cyyy diag (07 T T g _N) Cni1
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with Cyy; denoting the same matrix of the discrete cosine transform used in FEq. (24). As
for the Laplace case, from Eq. (32), we obtain the approximation of the unknowns ufy,; ~

(uev(sl))z€[[0 N and ugl | ~ (u0d<81))z€ﬂ1N 1] @8
u?\\flﬂ = fN+1 5Heva+1 and UN 1= (HOd) (J)\(fjfl

where f,; = (ui"((),sin(s,-)))ie[[ow]] and £, = (cos(si)&Cu'"((],sin(si)))ie[[LN_l]]. Then, we
recombine the even and odd parts using Eq. (26) to obtain the approximation vector wusy.

We now study the relative error ||[ton — Uanally, / [[®anall o (With wan, the vector denoting
discrete analytic solution at the quadrature points computed via Eq. (37)) as a function of
¢ made by PQR, MQPR, and QPAX. All codes are publicly available on Github [22].
Fig. 4, we show these relative errors for u™(x, ) Mc3 (€, q) ce3(77, q) which produces a purely
even source on the boundary (left plot) and u™(x,y) = M52 (5, q) se2(n, q¢) which produces a
purely odd source on the boundary (right plot). For these results, the number of quadrature
points is fixed at 2N = 64 for all of the approximations. These results mimic what we had
seen for the Dirichlet problem for Laplace’s equation in a high aspect ratio ellipse. Here, the
PQR approximation produces large errors as ¢ — 07 because it does not account for the
nearly singular behavior of the integral operator for a high aspect ratio ellipse. For an even
source, the relative error of the MPQR exhibits an O(g), but it does not work well for an odd
source. In contrast, the relative error of the QPAX approximation exhibits, as anticipated,
an O(e?) behavior for the even source and an O(g) behavior for the odd source. Hence, the

QPAX approximation effectively addresses the inherent parity in the nearly singular behavior
associated with this high aspect ratio ellipse.

10t 10t

*es00-0 00000y x¥ 0= 0. 0= - 9= - 90 4= O, ***
1072 o : *4* 7 10=2 S
/* \ B L]
107° o=t x S 1075 L
5 ) I
1078 42 *,,*” — 0(e) 1078 o L
: 1
10-11 *,,*" -=- 0(?) 10-11 4 = 0() !
4 -®- PQR -e- PQR
1
1014 | gk ¥ MPQR lo-14 4 —+- MPQR b
-fe- QPAX - QPAX
10-17 T T T T 10-17 T T T T
10~7 1072 1073 107! 107 1072 1073 107!

(A) Even source: u"(z,y) = Mc3 (§ q)ces(n,q) (B) Odd source: u"(x,y) = Msél)(f,q) sea(n, Q)

FIGURE 4. Results for relative error as a function of € in the numerical solution
of the boundary integral equation for scattering by a sound-hard, high aspect
ratio ellipse for PQR (blue curves with “e” symbols), MPQR (orange curves with
“+” symbols), and QPAX (green curves with “x” symbols). All of these results
were computed using 2N = 64 quadrature points. The left plot shows results for
an incident field that produces an even source on the boundary and the right plot
shows results for an incident field that produces an odd source on the boundary.
The black line represents the O(e) convergence slope and the dashed black line
represents the O(g?) convergence slope.

Because the relative error for the QPAX approximation for odd parity exhibits an O(g)
behavior, we expect that it exhibits an O(e) behavior for a general incident field. To verify
that this is indeed true, we show in Fig. 5a the relative error with respect to the infinity norm
as a function of ¢ for the approximate plane wave given by Eq. (3). This incident field has
both even and odd components. Again we see that PQR and MPQR do not work well for this
problem. In contrast, the relative error exhibited by QPAX is O(¢) as expected.

It appears that the QPAX approximation is effective for studying scattering by a high aspect
ratio ellipse. Thus, we evaluate its relative error with respect to the infinity norm as a function
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9.0e-01 —
10! — 10—t

#—ﬁ‘-’—#‘—#‘#—#‘—?—‘#—ﬂ’i\*!’_i 6.60-02 —
o |
10 P g ‘. 4.8¢-03 —
-5 L - 1073
10753 \ 3.5e-04 —
\ W
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\
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(A) Approximate plane wave Eq. (3)
(B) Relative error for QPAX

FIGURE 5. (Left) Relative error as in Fig. 4, but for the approximate plane wave
incident field given in Eq. (3). (Right) The relative error for QPAX (log scale)
plotted as a function of the number of quadrature points, 2/V, and the high aspect
ratio parameter, ¢, for the approximate plane wave incident field given in Eq. (3).

of ¢ and 2N in Fig. 5b. Results show the effectiveness of the QPAX approximation over a
range of aspect ratios and computational resolutions. The relative error for 2N = 16 appears
to saturate as € — 0T. For that case, the fields on the boundary are underresolved with that
number of quadrature points leading to a dominating aliasing error. For all other cases, we
observe that the relative error behaves as O(g) as ¢ — 07. Results in Fig. 6 show that the
performance of the QPAX method does not depend on the direction d = (cos(«), sin(«)) of the
incident field. We consider u™™ defined in Eq. (3) where we choose aif, = 2i™ ce,, (5 — a, q) and
Bin = 2i™ se,, (5 — o, q), € [0, F]. Note that the choice v = % is a special case: the incident
field is even with respect to the major axis of the ellipse, therefore the odd part of the solution
vanishes, leading to an O(e?) relative error. Thus, the QPAX approximation is highly effective
(accurate) and efficient (requiring modest resolution) for scattering problems by a high aspect
ratio ellipse.

— 100
9.0e-01 —

6.6¢-02 — —10-2
4.8¢-03 —
— 10— 4

3.5e-04 —
W
2.6e-05 —
1.9e-06
1.4e-07
10— 10
1.0e-08

[e%

10-17 T T T T
107 1075 1073 10~1

0.007
0.07m
0.147m
0.217m
0.297
0.367
0.43m
0.507

(B) Plane waves of incidence a = {7, 5

(A) Relative error for QPAX with respect to a, ¢.

FIGURE 6. (Left) Plot of the relative error for the QPAX method with respect
to0<a <7, 1078 < £ <0.9, and 2N = 64. (Right) Plot of the relative error for

the QPAX method with respect to a = {Z,2}, 1078 < e < 0.9, and 2N = 64.

5. CONCLUSIONS

We have studied two-dimensional sound-hard scattering by a high aspect ratio ellipse using
boundary integral equations. In the limit as e — 07 (where e~! denotes the aspect ratio),
the integral operator in the boundary integral equation exhibits nearly singular behavior corre-
sponding to the collapsing of the ellipse to a line segment. This nearly singular behavior leads
to large errors when solving the boundary integral equation.
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By performing an asymptotic analysis of the integral operator for a high aspect ratio ellipse we
find that two different scalings due to parity are needed to solve the boundary integral equation.
By introducing two different asymptotic expansions for even and odd parity solutions, we
identify the leading behavior of the solution. We first study the Dirichlet problem for Laplace’s
equation in a high aspect ratio ellipse to identify these behaviors. Upon determining the correct
asymptotic expansions for the different parities, we introduce a numerical method which we
call Quadrature by Parity Asymptotic eXpansions (QPAX) that effectively and efficiently solves
this problem. We then extend QPAX for the scattering problem.

Our results show that the relative error (defined with respect to the infinity norm) exhibits
an O(e?) behavior for even parity problems, and an O(e) behavior for odd parity problems.
Thus, in general, the relative errror for QPAX exhibits an O(g) behavior. In contrast, other
methods we have used that do not explicitly take into account the parity of solutions may or
may not work for even parity problems, but do not work for odd parity problems.

By identifying the different asymptotic behaviors due to parity and developing an effective
and efficient method to compute them, we have identified and addressed an elementary issue in
scattering by high aspect ratio particles. While we have concentrated our efforts on the sound-
hard problem, one can easily extend our method to sound-soft, and penetrable obstacles. What
we have found here will certainly play an important role in any extensions to three-dimensional
problems involving general high aspect ratio particle shapes, for example. It is for these reasons
that we believe that this analysis is useful for the study of scattering by high aspect ratio
particles.

APPENDIX A. ANALYTICAL SOLUTION FOR SCATTERING BY A SOUND-HARD ELLIPSE

Boundary value problem Eq. (1) can be solved analytically as follows. We define the elliptical
coordinates (§,n) € R%. x T as

x = c. sinh(§) sin(n) and y = ¢ cosh(§) cos(n),
where ¢. = /1 —€? is a parameter defining the focus of the ellipse. The boundary in these

coordinates is {£.} x T, where . = artanh(e). Using these elliptical coordinates, the Helmholtz

equation becomes
2.2

k
(Oge + Oppy)u™ + CaT(cosh(%) — cos(2n))u* = 0,

it admits two sets of solutions: {Mc?” (¢, q) cem(n, 7)} 00 {Ms (€, q) sem(n, q)} s, With ¢ =
c2k?/4 and m integer. Here, ce and se denote the angular Mathieu functions of order m,
and Mc® and Ms®” denote the radial Mathieu function of order m and i*"-kind. Using [23,
Sec. 28.20(iii)], we find that only Mc!® and Ms'®) satisfy the Sommerfeld radiation condition.
Thus, the scattered field is given by

(37) wF(Em) =Y am M (€, q) cen(n, @) + D B Msiy (€, q) sem(n, ),
m=0 m=1

with the coefficients «,,, and f3,, to determine by requiring a sound-hard boundary condition on
0D to be satisfied. For a given incident field, u"™(&.,n), we have for the sound-hard problem,

_1 27 .
M/O \/Sln(n) + £2cos(n ) u"(€.,1m) cem(n, q)dn

Ny —

and

21
B = —5/ \/sm +52cos( ) O™ (£2,m) sem(n, ) dn.
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APPENDIX B. MATCHED ASYMPTOTIC EXPANSIONS

In this Appendix we provide matched asymptotic expansions of the double-layer potential
for Laplace and Helmholtz equation.

B.1. Proof of Lemma 2.
Proof. We rewrite Eq. (19) as
2m—s
2 p(t)
HE = —— dt
l(s) 27 /_s 1+e2—(1—e?)cos(s+1t)
so that when using the change of variable t = 7 — s + & we have

T

e plr — 5+ )

21 J_ . 1+¢e2— (1 —¢e?)cos(x)
The above operator is then a nearly singular integral about x = 0 [27]. Introducing § > 0 such
that € = o(§), we split the integral #%[u](s) = ™ [u](s) + % u](s) with

A ) (s) = dz.

inn o —& % /”L(ﬂ- — s+ I’)
(38a) A7) = o /_g 1+¢e2—(1—¢e?)cos(x) dz,
(38b) KA ul(s) = ;_7?/1 1+ 65(—W(zi;)xios(x) dz,

with s = (=7, 7) \ (=%, 2) and we look for the leading order terms of the above integrals as
d,e — 07. Note that the inner term ¢ [u](s) = I5(¢) defined in Section 3.2, then following
the same procedure (using the change of variable x = ¢X and expanding about € = 0 then
d = 0), we obtain

] (5) = ! arctan (%) p(m — s) + O(o¢)

m €
(39) = —%M(?T—S)—F%,M(TF—S)%—FO (%) + O(d¢).

For the outer term 7 °"[u](s), we first expand the integrand for z # 0 [27], leading to

wme) = 5= [ 1o (m)] v
(40) -5 ; %dﬁo(%)'

Let us note that 2 — (1 —cos(x))”" is an even function (in the classic sense) over I;. We
define v(z) = pu(m — s + ) and we split v = v; + v_ into its classic even and odd parts
vy = 3(v(z) £ v(—x)), we then obtain

:1/+(0)/I ;dx—l—/l de

1 — cos(x) 1 — cos(x)
_ 2v,.(0) vi(z) — v4(0)
B ta;(g) * /15 +1 — cos(;) de

Note that E,_4[u] defined in Eq. (20) extends the function

 re) = va0) _ plr = s 3) = 2p(r = 5) &l — 5 — )
1 — cos(x) 2(1 — cos(z))
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to a continuous function in € (T). We write (using some rescaling and expansion about € = 0)
[

/11(_%:(;;0) = /_ 7; Exslul(z) dz — /_ "B l(2) de

_ / "E, () dx + O()

—T

N[>

because E,_,[u] is bounded on (—%,2). Using the fact that

2 1
mh(o) = 8pu(r — s) 5T 0(6),
combining all of the above results we obtain
4 e e [T g3
out _ = _ - =
Ay ) = a0 - o [ Bl e+ 0 (5 ) +06e)

Finally plugging Eq. (39) and Eq. (41) into #L[u)(s), and choosing § such that O (%2) +
O(de) = o(e) (for example § = 1/2) we obtain

A l(s) = — Sl — ) — = / E, () dz + 0(e).

B.2. Proof of Lemma 4.

Proof. We have the expansion

(5,1) = {Qk |sin (53) cos (331)| + O(¢®)  if s+ # 7 [27]

(42) 2Fk|cos(s)|e if s+t=mn[27]

using U'(0) = 0, we get W(z(s,t)) = ¥ (2k [sin (55¢) cos (25%)]) + O(¢?). Then, we obtain

AV [p)(s) = A EW(2k |sin (552) cos (5£4)]) pl(s) + O (2 “[u](s)), then we apply Lemma 2

to # L and use ¥(0) = 1 to finish the proof. O
Lemma 6. Consider £, defined in Eq. (21). For all m € Z, we have
gl[eimt](s) _ _’m‘ eim(ﬂ'fs)'

Proof. From the expression of Eq. (21), we obtain

. o (I 17
& [ imt]( ) elm(ﬂfs) / sin | - "
e™](s) = — :
! 2 Jp | sin(%)
We recognize the Fejér kernel and we get the result using [23, Eq. (1.15.16)]. O

B.3. Proof of Lemma 5.
Proof. Recall from Eq. (27b) we have

A (s) = —% /T KE(s,:2) 2(s,1) (2 (s,1)) In (”5{%”) u(t) dt.

We start by showing that KX(s,t;¢) z.(s,t) Ji(2.(s, t)) is regular as € — 0". From the definition
of Ji, see |23, Section. 10.2(ii)], there exists an analytic function ® such that J;(z) = z®(z) and
®(0) = 1. Using ® and Eq. (42), we get
K (5,1:2) 22(5,8) Jy (22(5,8)) = K"(5, ;) 22(5, 1) D (2 (5,1))
ek? 2

= —75111 (7))
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We then rewrite
4 i (07 1 rain (520)7) 5 1n (deos (250) + 42 sin (222)?
(43) n| =5 _n< 5111(7))—0—11( cos ()" + 55111(7)).

Using Lemma 7 and the function ¢,(t) = 2k*sin (ST_t) (2k |sin (£££) cos (££¢)]) introduced
in Eq. (28) we obtain

A ~ o {/% t)In 481“(%)2 dt+/¢s (t)In (4008( ))dt]
— Twsu]em n (4sin (5)°) at

where we used the change of variable ¢t = m — z in the second integral, leading to the even
representation of ¢, . O

Lemma 7. For f € €°°(T), and s € T, we have the following asymptotic expansion

/Tf(t) In (4 CoS (%)2 + 4¢” sin (ST“)Q) dt = /Tf(t) In (4 Cos (ST“)Q) dt + o(1)

as e — 0T,

Proof. Using the change of variable t = m — s + z, we then split the integral
/ f(r—s+x)In <4cos (%“)2 + 4 sin (%”)2> dz = F™ + Fou

with
inn _ / f(r—s+z)In <4cos( ) + 4¢? sm( -QH)2> dz,
Fout _ f(r—s+z)In (4005 (s+t) + 4¢? sn(s+t) >dx
Is
where [5 = [—m, 7|\ (=0,6), and 4 is a parameter such that § — 07 with ¢ = 0(5). We now use

classic techniques from matched asymptotic expansions (see for instance Appendix B.1). For
the inner expansion, we remark that, as ¢ — 0%, we have

‘ln <4cos (S+t) + 4e”sin () >‘ < 2|In(2¢)]

which gives 7™ = O(§|In(e)|). Then for the outer expansion, setting x = s +t — 7 and using
the fact that

In (4008( ) + 4% sin (&) ) =1In <4sin (%)2> +0 <52tan (%)72)

we obtain
2
JFout — : flm—=s+z)In <4sin (%) >d$+(’) (53>

™

= | fr—s+2)In (4sin (§)2) dz+ O (0 [Ind]) + O <§—z)

One concludes by remarking that we can choose 6 — 0 (for example § = 4/¢) such that
O (6 [n(e)]) + O (5 |Ind]) + O (5—) = o(1). 0
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