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The Direct Scattering Problem for an Infinite Cylinder 1

Scattering by an Infinite Cylinder

PSfrag replacements
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PSfrag replacements

E

H

D

ν

1. A Perfect Conductor (E = (0, 0, u))

∆2u+ k2u = 0 in R2 \ D̄

u = ui + us

u = 0 on ∂D

lim
r→∞

√
r

(
∂us

∂r
− ikus

)
= 0
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The Direct Scattering Problem for an Infinite Cylinder 2

2. An Inhomogeneous Medium

∆2u+ k2n(x)u = 0 in R2

u = ui + us

lim
r→∞

√
r

(
∂us

∂r
− ikus

)
= 0

Assume ui(x) = eikx·d, n(x) = 1 in R2 \ D̄, Im n(x) ≥ 0 for
x ∈ D, Re n(x) > 0, k > 0, r = |x|.
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The Direct Scattering Problem for an Infinite Cylinder 3

Scattering by an Infinite Cylinder

Let

Φ(x, y) =
i

4
H

(1)
0 (k|x− y|) , x 6= y.

Then for x ∈ R2 \ D̄, Green’s theorem implies that

us(x) =
∫

∂D

(
us(y)

∂

∂ν(y)
Φ(x, y)− ∂us

∂ν
(y)Φ(x, y)

)
ds(y)

This is known as Green’s representation formula.

Theorem: In R2 \ D̄, us(x) is a real-analytic function of its
independent variables.

Rellich’s Lemma: Let u ∈ C2(R2 \ D̄) be a solution of the
Helmholtz equation satisfying

lim
R→∞

∫

|y|=R

|u(y)|2ds(y) = 0.

Then u = 0 in R2 \ D̄.

Definition: The condition

lim
r→∞

√
r

(
∂us

∂r
− ikus

)
= 0

is called the Sommerfeld radiation condition.
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The Direct Scattering Problem for an Infinite Cylinder 4

The Perfect Conductor:
Uniqueness and Existence

Uniqueness Theorem: Let us ∈ C2(R2 \ D̄) ∩ C(R2 \D) be
a solution of the Helmholtz equation in R2 \ D̄ satisfying
the Sommerfeld radiation condition and us = 0 on ∂D.
Then us = 0 in R2 \D.

Proof: Let B be a disk centered at the origin such that
B ⊃ D. Then by Green’s theorem

∫

∂B

(
ūs
∂us

∂r
− us ∂ū

s

∂r

)
ds = 0. (1)
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The Direct Scattering Problem for an Infinite Cylinder 5

The Perfect Conductor:
Uniqueness and Existence

But for x ∈ R2 \B,

us(r, θ) =
∞∑
−∞

an(r)einθ (2)

an(r) =
1

2π

π∫

−π
us(r, θ)e−inθdθ

⇒
an(r) = anH

(1)
n (kr).

Using the Wronskian relation for Hankel functions,
1), 2)⇒

∞∑
−∞
|an|2 = 0

⇒ us(x) = 0 for x ∈ R2 \B and, by analyticity, us(x) = 0
for x ∈ R2 \ D̄.
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The Direct Scattering Problem for an Infinite Cylinder 6

The Perfect Conductor:
Uniqueness and Existence

We now try to construct a solution to the direct scattering
problem for a perfect conductor. We first look for a solution
in the form of a double layer potential

us(x) =
∫

∂D

ϕ(y)
∂

∂ν(y)
Φ(x, y)ds(y).

However, this approach fails if k2 is an eigenvalue of the
interior Dirchlet problem for the Laplacian in D! Hence, we
look for a solution int he form of a modified double layer
potential

us(x) =
∫

∂D

ϕ(y)
{
∂Φ(x, y)
∂ν(y)

− iηΦ(x, y)
}
ds(y)

where ϕ ∈ C(∂D) and η 6= 0. us will be a solution of the
scattering problem if

ϕ+ 2
∫

∂D

ϕ(y)
{
∂Φ(x, y)
∂ν(y)

− iηΦ(x, y)
}
ds(y) = −2eikx·d

It can be show using the Fredholm alternative that there
exists a unique solution to this integral equation. Hence
existence of a solution to the scattering problem for a
perfect conductor has been established.
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The Direct Scattering Problem for an Infinite Cylinder 7

The Inhomogeneous Medium:
Uniqueness and Existence

In this case uniqueness (and hence, by the Fredholm
alternative, existence) is based on the following theorem:

Unique Continuation Principle: Let G be a domain in R2

and suppose u ∈ C2(G) is a solution of

∆2u+ k2n(x)u = 0

in G such that n ∈ C(Ḡ) and u vanishes in a neighborhood
of some x0 ∈ G. Then u is identically zero in G.

Uniqueness Theorem: Let u ∈ C2(R2) satisfy

∆2u+ k2n(x)u = 0 in R2

lim
r→∞

√
r

(
∂u

∂r
− iku

)
= 0

Then u = 0 in R2.

Proof: Green’s theorem implies that for D ⊂ {x : |x| < a}
∫

|x|=a

u
∂ū

∂ν
ds =

∫

|x|≤a

{|grad u|2 − k2n̄|u|2} dx

and hence

Im

∫

|x|=a

u
∂ū

∂r
ds = k2

∫

|x|<a

Im n|u|2dx ≥ 0. (1)
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The Direct Scattering Problem for an Infinite Cylinder 8

The Inhomogeneous Medium:
Uniqueness and Existence

But

Im

∫

|x|=a
u
∂ū

∂r
ds =

1
2i

∫

|x|=a

(
u
∂ū

∂r
− ū∂u

∂r

)
ds

and the Wronskian relation for Hankel functions implies
that

Im

∫

|x|=a

u
∂ū

∂r
ds < 0

unless u = 0 for |x| ≥ a. Hence, from 1) u = 0 for |x| ≥ a
and the theorem follows by the unique continuation
principle.

The direct scattering problem for an inhomogeneous
medium is easily seen to be equivalent to the problem of
solving the Lippmann Schwinger equation

u(x) = ui(x)− k2

∫

R2

Φ(x, y)m(y)u(y)dy, x ∈ R2

where m := 1− n. The above uniqueness theorem and the
Fredholm alternative now imply the existence of a unique
solution to the direct scattering problem for an
inhomogeneous medium.
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The Direct Scattering Problem for an Infinite Cylinder 9

Far Field Patterns

Recall that for both a perfect conductor and an
inhomogeneous medium,

us(x) =
∫

∂D

(
us(y)

∂

∂ν(y)
Φ(x, y)− ∂us

∂ν
(y)Φ(x, y)

)
ds(y).

Letting r = |x| → ∞ implies that

us(x) =
eikr√
r
u∞(x̂, d) + 0(r−3/2)

where x̂ = x/|x| and

u∞(x̂, d) =
eiπ/4√

8πk

∫

∂D

(us
∂

∂ν
e−ikx̂·y − ∂us

∂ν
e−ikx̂·y)ds(y).

Definition: u∞ is called the far field pattern corresponding
to the specific scattering problem under consideration.

Theorem: Suppose u∞ = 0. Then us = 0 in R2 \D.

Proof:
∫

|y|=R
|us(y)|2ds =

∫
|x̂|=1

|u∞(x̂, d)|2ds(x̂) + 0( 1
r ) as

r →∞. If u∞ = 0 then by Rellich’s lemma us = 0.
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The Direct Scattering Problem for an Infinite Cylinder 10

Far Field Patterns

Reciprocity Principle: u∞(x̂, d) = u∞(−d,−x̂).

It follows from the reciprocity principle that u∞(x̂, d) is
infinitely differentiable with respect to its independent
variables.

Example: Consider the direct scattering problem for a
perfect conductor when D is a disk of radius a. Then using
the Jacobi-Anger expansion

eikr cos θ =
∞∑
−∞

inJn(kr)einθ

we have that, for d = (cosφ, sinφ),

us(r, θ) = −
∞∑
−∞

in
Jn(ka)

H
(1)
n (ka)

H(1)
n (kr)ein(θ−φ)

and since

H(1)
n (kr) =

√
2
πr

exp
[
i(kr − nπ

2
− π

4
)
]

+ 0
(
r−3/2

)

we have that

u∞(x̂, d) = −e−iπ/4
√

2
π

∞∑
−∞

Jn(ka)
Hn(ka)

ein(θ−φ).
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The Direct Scattering Problem for an Infinite Cylinder 11

Far Field Operator for a Perfect Conductor

Let Ω := {x : |x| = 1}. The far field operator
F : L2(Ω)→ L2(Ω) is defined by

(Fg)(x̂) :=
∫

Ω

u∞(x̂, d)g(d)ds(d).

From the smoothness of u∞ we see that F is a compact
operator. Note that (Fg)(x̂) is the far field pattern
corresponding to the incident field ui being a Herglotz wave
function vg(x) defined by

vg(x) :=
∫

Ω

eikx·dg(d)ds(d).

Theorem: If F is the far field operator corresponding to a
perfect conductor then F is a normal operator.

12 of 49
Colton



The Direct Scattering Problem for an Infinite Cylinder 12

Far Field Operator for a Perfect Conductor

Theorem: The far field operator corresponding to a perfect
conductor is injective with dense range if and only if there
does not exist a Dirichlet eigenfunction for D which is a
Herglotz wave function.

Outline of Proof: The reciprocity principle implies that the
adjoint operator F ∗ satisfies

(F ∗h)(d) = (Fg)(−d)

where g(x̂) = h(−x̂). Hence F is injective if and only if F ∗

is injective. But N(F ∗)⊥ = F (L2(Ω)) and hence we only
need to prove that F is injective.

Fg = 0 implies that the scattering problem with ui = vg

has vanishing far field pattern and hence using Rellich’s
lemma vg(x) = 0 for x ∈ ∂D. Thus vg is a Dirichlet
eigenfunction unless g = 0.
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The Direct Scattering Problem for an Infinite Cylinder 13

Far Field Operator for
an Inhomogeneous Medium

Recall that the far field operator F : L2(Ω)→ L2(Ω) is
defined by

(Fg)(x̂) :=
∫

Ω

u∞(x̂, d)ds(d).

Theorem: If F is the far field operator corresponding to an
inhomogeneous medium, and Im n(x) = 0 for x ∈ D, then
F is a normal operator.

Theorem: The far field operator corresponding to an
inhomogeneous medium is injective with dense range if and
only if there does not exist w ∈ C2(D) ∩ C1(D) and a
Herglotz wave function v such that v, w is a solution of the
interior transmission problem

∆2v + k2v = 0

in D

∆2w + k2n(x)w = 0

v = w

on ∂D
∂v

∂ν
=
∂w

∂ν
.
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The Direct Scattering Problem for an Infinite Cylinder 14

Far Field Operator for
an Inhomogeneous Medium

Definition: Values of k such that the interior transmission
problem has a nontrivial solution are called transmission
eigenvalues.

Theorem: If Im n(x0) 6= 0 for some x0 ∈ D then k is not a
transmission eigenvalue, i.e. the far field operator F is
injective with dense range.

Proof: If there exists a nontrivial solution to the interior
transmission problem then

0 =
∫

∂D

(
v
∂v

∂ν
− v ∂v

∂ν

)
ds =

∫

∂D

(
w
∂w

∂ν
− w

∂w

∂ν

)
ds

=
∫

D

(w∆w − w∆w) dx = 2ik2

∫

D

Im n|w|2dx.

If Im n(x0) 6= 0 then w(x) = 0 in a neighborhood of x0 and

by the unique continuation principle w(x) = 0 for x ∈ D.
Then v has vanishing Cauchy data and hence v(x) = 0 for
x ∈ D ⇒⇐.
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The Direct Scattering Problem for an Infinite Cylinder 15

Partially Coated Perfect Conductors
If a portion of a perfectly conducting cylinder is partially
coated by a dielectric, we are led to the mixed boundary
value problem

∆2u+ k2u = 0 in R2 \D

u = ui + us

u = 0 on ΓD

∂u

∂ν
+ ikλu = 0 on ΓI

lim
r→∞

√
r

(
∂us

∂r
− ikus

)
= 0

where λ is a positive constant and ∂D = ΓD ∪ ΓI .

Theorem: The mixed boundary value problem has at most
one solution.

Proof: Green’s theorem and Rellich’s lemma.

It is no longer appropriate to use integral equations of the
second kind to obtain existence; instead integral equations
of the first kind must be used.
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The Direct Scattering Problem for an Infinite Cylinder 16

Partially Coated Perfect Conductors

From Green’s representation formula we have

u = S
∂u

∂ν
−Du

where S and D are single layer and double layer potentials
respectively. Applying the boundary conditions and letting
ψI and ψD be the unknown boundary data for u on ΓI and
∂u
∂ν + ikλu on ΓD respectively leads to a system of integral
equations of the first kind for the determination of ψI and
ψD:

A


ψD
ψI


 = g

Theorem: In an appropriate function space, A is a Fredholm
operator with index zero and A has a trivial kernel.

Corollary: A solution exists to the mixed boundary value
problem.
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U s(x, t) = us(x)e−iωt

54 9 :7 4;<997 876 B<C7 I

us(x) =
eikr

√
r
u∞(x̂, d) + O

(

r−3/2
)

B :7 87
r = |x| I x̂ = x/|x| I |d| = 1 G
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D
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Ω := {x : |x| = 1} .
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]^_ `ab
Φ(x, z) =

i

4
H

(1)
0 (k|x − z|)

_ cdec cfg b ca hfi ja `k lfbba im

Φ∞(x̂, z) =
eiπ/4

√
8πk

e−ikx̂·z.

noll^ga b ca ia ap dgbg
g(·, z) ∈ L2(Ω)

g oec b cfb
b ca hfi ja `k aq ofb d^ m

∫

Ω

u∞(x̂, d)g(d, z)ds(d) = Φ∞(x̂, z)

dg gfb dgjak h^i
z ∈ D r

s cam tu va ``de c wg `axxf
∫

Ω

us(x, d)g(d, z)ds(d) = −Φ(x, z)

h^ i
x ∈ ∂D r
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D
�� �� ���� ���� � us(x, d) = −eikx·d �� � x ∈ ∂D��� ����� � �� �� �� ���� �� � ����� �� � � �� � ¡� ��� � �

vg(x) :=

∫

Ω

eikx·dg(d, z)ds(d)

����� �� ��¢ ���£ �� z → ∂D =⇒

lim
z→∂D

‖g(·, z)‖L2(Ω) = ∞.

¤����� ����� �£� �� ���� �� � �� �� ��� �� � �¥ ���� �� � �� ���¢� �� �¦ ��� �� � � �§� § ¨��� �© ��� � ��� k2
�� ��� � ª���� ����� ���� � ���« � �� �� ��� �� � �� � �� ���� ��� � ª���� ���� ¬����©

∆2u + k2u = 0
��

D

u = Φ(·, z) �� ∂D

�� � z ∈ D
�� ��� � �� �� ���� �� � ����� �� � ®
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Á ÂÃ ÄÅÆÃÇÈ ÉÇÊËÄÅÆÌ ÊÃÍÂÎÏ ÐÎÈ ÉÎ ÄÑ ÅÆÌ Í ÂÃ ÅÆÑÃ ÈÉÃ
ÉÒÇÍÍÃ ÈÅÆÌ ËÈÎ ÓÄÃÊ ÅÉ ÓÇÉÃÏ ÎÆ Í ÂÃ ÐÇÒÍ Í ÂÇÍ Ç ÄÍ ÂÎ ÔÌ Â
Í ÂÃ ÐÇÈ ÕÃ ÄÏ ÃÖ ÔÇÍ ÅÎ Æ ÅÉ ÅÆ ÌÃÆÃ ÈÇ Ä ÆÎÍ ÉÎ ÄÑÇÓÄÃ × ÐÎ È ÃÑÃ ÈØ
ε > 0

Í ÂÃ ÈÃ ÏÎÃÉ ÃÙ ÅÉÍ Ç ÚÉÎ ÄÔÍ ÅÎ ÆÚ Û ÅÍ Â Ï ÅÉÒ ÈÃËÇÆÒØ εÇÆÏ Í ÂÅÉ ÇËËÈÎÙ ÅÊÇÍÃ ÉÎ ÄÔÍ ÅÎ Æ ÍÃÆÏÉ ÍÎ ÅÆÕ ÆÅÍØ ÇÉ
z → ∂D

ÐÎÈ
z ∈ D Ü

Á ÂÅÉ ÐÇÒÍ ÅÉ Ç ÒÎÈÎ ÄÄÇÈØ ÎÐ Í ÂÃ ÐÎ ÄÄÎÛ ÅÆÌ Í ÂÃÎÈÃÊ Û ÂÃ ÈÃ

H(D) :=

{

u :
u ∈ H1(D)

ÇÆÏ
∆2u + k2u = 0

ÅÆ
D

}

.

Á ÂÃÎÈÃÊ ÝÞÎ ÄÍÎ Æßà ÄÃÃÊÇÆá â ãäåæ çèéê èëå åì åæ è
H1(D) íìçî åæ è éèå ìï ð èçñ òìåó ô õöè ï ÷íëåäìíé äéøèíéè äí H(D) ù
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un(x) := Jn(kr)einθ.

� ��� ��� ���
{

∂un

∂ν
+ iun

}

�� �� ����� ��
H−1/2(∂D) !

��� � " � � �� �� �# ���� $ ��� �� �%� �� ���$�� C
� �� ��$� ��

u
�� � ��

��& � '�$( �� �� �� � ��

∆2u + k2u = 0
��

D

∂u

∂ν
+ iu = f

� �
∂D

�� �
f ∈ H−1/2(∂D)

� �� �
‖u‖H1(D) ≤ C‖f‖H−1/2(∂D).

)� � *��$ ��� ���
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oip iacr emc ka skc reae t a bc hg oogq i`l lc`c ke oiuea ig ` gh
a bc vg oag `wx occpe` abcgkcp if ipmgkae`a y

z{OSPO| }ve~g`iwvg oag `� y ���� ���� ��� �� �� �
H1(D) ���� �� � ��� �� � ��� ���� � ��� � �������� � ���� ��� ��� ��������� �� Ω0 ⊂ Ω

�� ����� �� H(D) �
�c`dc t i` gkrc k ag kcdg `fa ksda

D
h kgp abc hek �c or

meaac k`
u∞

hg k
d ∈ ω0

t
x̂ ∈ Ω1

t g `c psfa fg ojc a bc hek
�c or c� sea ig `

∫

Ω0

u∞(x̂, d)g(d, z)ds(d) = Φ∞(x̂, z), x̂ ∈ Ω1

e`r rcac kp i`c q bc kc ‖g(·, z)‖L2(Ω0) �nogq f sm��
� bif if rg `c n� sf i`l kcl soekiuea ig ` pca bgrf ag fg ojc
a bc hek �c or c� sea ig ` � �gqcjc kt ia kcpe i`f ag nc fbgq `
abea a bif `spc kide o mkgdcr skc kcdgjc kf a bc �c kl ogau~c k`c o

g
gh vg oag `wx occpe` e`r ve~g`iwvg oag `

a bcgkcpf � _` a bif kclekr fcc
� iog   kc`f t ��¡ ��� ��� ���� ���� � ����t _`jc kfc¢kg nocpf £¤ }¥¦¦§� t ¨©ªw ¨«ª �
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 ®¯°± ²³´µ±¶·¸ ¹¶º´° »·³¼º°½ ¾

s

Γ

Γ

i

D

ν1

2

u

u

∇ · A∇v + k2v = 0 ¿À D

∆2u + k2u = 0 ¿À R
2 \ D

v − u = 0 Á À Γ1

v − u = −iη(x)
∂u

∂ν
Á À Γ2

∂v

∂νA
− ∂u

∂ν
= 0 Á À Γ = Γ1 + Γ2

u = ui + us

lim
r→∞

√
r

(

∂us

∂r
− ikus

)

= 0

Â ÃÄ ÅÄ
A ∈ C1(D) Æ A ¿Ç ÇÈÉÉÄÊ Å¿Ë Æ
Re

(

ξ · Aξ
)

≥ γ|ξ|2 ÌÁ Å ÇÁÉÄ γ > 0 Æ Im
(

ξ · Aξ
)

= 0 Æ
η ∈ L∞(Γ2)

Â ÃÄ ÅÄ η(x) ≥ η0 > 0 Æ
ui(x) = eikx·d ÍÀÎ ∂v

∂νA
:= ν · A∇v.

25 of 49
Colton



Ï

Ð ÑÒÓÔ ÕÖ×ØÔÙÚÛ ÜÙÝ×Ó ÞÚÖßÝÓà á

â ãäåæäç è éêëìë ëí îï ðï ñ òóîôò ë ïõöò ðîõó
(v, u)

îó
H1(D) × H1

loc(R
2 \ D)

ðõ ðê ë ÷ îí ëø ðìñóï÷ îïïîõó
ù ìõúöë÷ û

â ãä üýþÿÿä æä� �ä ��
us ãþü ÿ ãä þü�ç �ÿåÿ �ý �äãþ� �å�æ

us(x) =
eikr

√
r
u∞(x̂, d) + O

(

r−3/2
)

þü
r → ∞ 	 ãä æä r = |x| 
 x̂ = x/r 
 k

�ü ��ä� þ��
u∞

�ü
ÿ ãä þæ �ä �� �þÿÿä æ� å ÿ ãä üýþÿÿä æä� �ä ��

us �

â ãä ���ä æüä üýþÿÿä æ��� �æå��äç �ü ÿå �äÿä æç ��ä
D

þ��
η æåç þ ��å	 �ä��ä å

u∞(x̂, d)
åæ

x̂, d ∈ Ω �
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% &' ()* +' , *' * -. /01 2. (3 .4 )0* +' ,
∫

Ω

u∞(x̂, d)g(d, z)ds(d) = Φ∞(x̂, z)

.5 +&*& +/ 0,3 ',(6 +/ * -. &' ()* +' ,
wz

'/ * -. +,*. 1+' 1
* 10,&7 +&& +' , 81' 9(.7

∇ · A∇vz + k2vz = 0
+,

D

∆2wz + k2wz = 0
+,

D

vz − wz = Φ(·, z)
',

Γ1

vz − wz = Φ(·, z) − iη
∂

∂ν
(wz + Φ(·, z))

',
Γ2

∂vz

∂νA

− ∂wz

∂ν
=

∂

∂ν
Φ(·, z)

',
Γ.

/' 1
z ∈ D

+& 0 :. 1; ('*< =0>. /),?* +' , @

A.2 ,+* +' , B CDEF GH IJ k
J IK LMNOM PM GKG GQ NH PH D

RIR PKNSNDE HIEF PNIR PI PM G NR PGKNIK PKDRHT NHHNIR
U KIVEGT J IK Φ = 0 DKG ODE EGW PKDRHT NHHNIR
GNX GRSDEF GH Y
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[ \]^_ `abc_def gdhb^ ieajh^k l

m n^ae^k o p qqrs t uvwu
k xq yzu w u{wyqs xqqxzy

tx| ty}w~r t wy� uvwu <(ξ · Aξ) ≥ γ|ξ|2 z{
<(ξ ·A−1ξ) ≥ γ|ξ|2 � z{ qzs t

γ > 1 � �v ty uv t{t t� xq uq
w ryx�r t qz~r uxzy

vz ∈ H1(D)� wz ∈ H1(D)
wy�

∂wz

∂ν
∈ L2(Γ2)

uz uv t xy ut{xz{ u{wyqs xqqxzy � {z�~ts �

m n^ae^k ���������� ��� �� ����� � �v t qtu z�� t{| ~zu� � w}t � ry�uxzyq
vg

� z{ w~ ~
g ∈ L2(Ω) xq �tyqt

xy

H(D) :=

{

w ∈ H(D)
qr�v uvwu ∂w

∂ν
∈ L2(Γ2)

}

t�rx�� t� �xuv uv t |{w� v yz{s �

����� � ����� �� �  � ����� �� �� ��� ��¡ ���¢�� £
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¦ §¨§©ª «¬¨«®¬ ®¯
D

¬°
η

± ²§®©§ª ³ ´ µµ¶· ¸ ¹º»¹
k ¼µ ½¾¹ » ¹¿»½µ· ¼µµ¼¾½

¸¼À ¸½Á»Â¶ ¸ »½Ã Â¸¹
vz Ä wz Å¸ ¹º ¸ ¶½¼Æ¶ ¸ µ¾Â¶ ¹¼¾½ ¾Ç ¹º ¸

¼½ ¹¸¿¼¾¿ ¹¿»½µ· ¼µµ¼¾½ È ¿¾ÅÂ¸· É Êº¸½
wz Ë»½ Å¸

»ÈÈ ¿¾Ì ¼· »¹¸Ã ¼½ H(D) ÅÍ ¹º ¸ Î ¸¿À Â¾¹Ï Ð »Á¸ Ç ¶½Ë¹¼¾½
vgz

Ð¼¹º Ñ ¸¿½ ¸Â
gz

»½ »ÈÈ ¿¾Ì ¼· »¹¸ µ¾Â¶ ¹¼¾½ ¾Ç ¹º ¸ Ç »¿
Ò ¸ÂÃ ¸Æ¶»¹¼¾½ Ó

• Ô ÕÖ ×ØÙÚÖ Û ÕÖÙÜÖÝ ÞÜÙÚ ßàÖá × ÝÖÛÕÙà âÙÜ
×ÞÞÜÙã ßÝ×Û ßäå ØÙÛ Õ D ×äà ‖η‖L∞(Γ2)

Ó æä Þ×ÜÛ ßç èé×Üê
ßâ η ßá × çÙ äáÛ×äÛ ëÖ Õ×ÚÖ

η =
−1

4
− IÝ (wz0

(z0))

‖ ∂
∂ν

(wz0
+ Φ(· , z0)) ‖2

L2(Γ2)

z0 ∈ D.

• ì ßäçÖ Γ2 ßá èäíäÙë äê Û ÕÖ ×ØÙÚÖ Öã ÞÜÖáá ßÙ ä Ùäéî
ÞÜÙÚ ßàÖá × éÙëÖ Ü ØÙèäà âÙÜ η ï
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E
s

i

D

ν

E

"#$% " #$%E − k2E = 0 &' R
3 \ D

E = Es + Ei

ν × E = 0 (' Γ

lim
|x|→∞

("#$%Es × x − ik|x|Es) = 0

) *+ $+

Ei(x) =
i

k
"#$% " #$%peikx·d.

,-� .�/ 0 12 343 35 67 87 9 :;6<: 3 7=>: 86=;
E

=? 82 3
9@=A3 7B988346;C D 4=@>3E 7:B2 8298 F 67 6;
Hloc(GHIJ, R3 \ D) K
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]^ _`a bc defg a ^e`^

Es(x) =
eik|x|

|x|

{

E∞(x̂, d, p) + O

(

1

|x|

)}

`d |x| → ∞ h ec iajc kdc d_`^^c kial mkf bnco id ^f pc^c ko iac
Dq kfo

E∞(x̂, d, p)
qf k

x̂, d
f a ^ec rai^ d mec kc

Ω
`ap ^ ekcc niac`kns

iapc mcapca^ mf n`kit`^ if ad
p u

v c g inn afg rdc ^ ec niac`k d`omnial oc^efp ^f pc^c ko iac
D u

hf ^eid c ap gc pcw ac ^ ec q`k wc np f mc k`^f k F : L2
t (Ω) → L2

t (Ω)bs
(Fg)(x̂) :=

∫

Ω

E∞(x̂, d, g(d))ds(d)

`ap ^ec _f kkcd mf ap ial q`k wc np cx r`^ if a bs

(Fg)(x̂) = Ee,∞(x̂, z, q)

g ec kc
Ee,∞

id ^ ec q`k wc np m`^^c ka fq ^ ec c nc_^ ki_ p imf nc

Ee(x) =
i

k

_ rkn _ rkn
q Φ(x, z)

g ec kc
Φ(x, z) =

1

4π

eik|x−z|

|x − z| .
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���
z ∈ D � �� ��� �� �� �� ��� �� � Fg = Ee,∞ ��� � ���� �� �� ��� �� �

�� � �� � ��� �� � �� �� ��� �� � E
�� � �� �� ���� ��� ���� ��� � ��� ���� ���

� ���� �� ���  �� ��� �� � � ��� �� � ¡� �� ���¢ ��£� ���¤� �� � ¥

¤ ��� ¤ ���E − k2E = 0 �� D

ν × (E + Ee) = 0
� �

Γ

¦ �� �� �§ ���� � ���� �� �� ��� �� � �� H(
¤ ���, D) �� � �� ���£� ���� ��� ���� ���� �� k �� ��� � ¨�§�� �� � ��� �£� ��� ©

ª«¬®¬¯ °±� ��� �²³����´ ¥ µ¶·¸ ¹º»¼ º½· ·¾ ·¸ º
H(

½¿¹À
, D)Á¾¹Â ·¸º »º· ¾Ã Ä º¹Å À¾·Æ ÇÈÉº Ã ¿Á ½·¶¾Á» Ç ¶·¸ Ê º¹Á ºÀ ¶Á L2

t (Ω)¶» ËºÁ»º ¶Á ·¸ º »¼È½º ¾Ã
H(curl, D)

»¾À¿ ·¶¾Á» ·¾
curl curl E − k2 E = 0 ©
¦ �� ���£� ��� ��� �� ��� ������� � ��� D

¤�� �� ���� �� ���� ��
�� �£ ��� � �� ��� �� �� �� ��� �� � �� � g(· , z) �� ��� ��� �����¢�� �� �
��� ���� ��� ���� �� ����� � �� �� ‖g(· , z)‖L2(Ω) Ì���� � �� Ì©
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F GH IJ KLMNJOPQ ROSM I T PLKSIUV GN ISIWXPLU OYNIXGW VWOXZ
XIPGNY X[ ILPQ OPGV I \[ IN X[ I VWOXXIPGNY LK] IWX GV O WLU Z
TLVGXI U OXIPGOS VMW[ X[OX T OPXV L^ X[ I VWOXXIPIP [ ORI JĜ Z
^ IPIN X ISIWXPGWOS T PLT IPXGIV _

` abc dbeffg hijk l mn gbfd bej mg o

• p OPXGOS SQ WLOXIJ T IP^ IWX WLNJMWXLPV _
• q[GN LK] IWXV \ GX[ LN I VGJI O T IP^ IWX WLNJMWXLP ONJ
X[ I LX[ IP VGJI ON GUT IP^ IWX WLNJMWXLP LP JGISIWXPGW_

• p OPXGOS SQ WLOXIJ JGISIWXPGWV _
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• ��� � ��� �� ������ ���� ¡�¡ ¢£ � �¤ �¥ ¦¢§�¥�¨  ©��§ �ª ¨¢¦��� ¡ �¡ ¥�« �§�� ¥§ � �¢ �� � �¢�¬¡���¥�¨¥ ¡¢�§ ��¢�
¡ª���

• ® ¢ � ����¨ � ¢¯ ¡� ¢¢�� �� � ¦¢§�¥�¨  ¥��� �¡° �� �
����± � ¢£ ¦¢§�¥�¨  �¢�¥���¢�¡ ��§¡�¡ �� � ¡�����¨�¥² ��¥ �¢ ¦� ¡��±§��¨ �� �� � �� �� £̈ ��� ���¡ ± �©�¡ ¨�¡�
�¢ �§� �¨���� ¥�« �§����¡ � �� ��³� ��� ������ ���� ��� ����

• ´���� �� � ª � ¡���� ¡ �¨§��§¨� ¢£ �� � �¢�ª¢¡��� � �¥�§�
�¡ �¢� µ�¢¯� � ª ¨�¢¨�° �� � §¡� ¢£ ¯ ��µ ¡�����¨��±
�ªª ¨¢¤ �� ���¢�¡ ��¥¶ ¢¨ �¢���� ��¨ ¢ª ��� �· ���¢�
������¸§ �¡ �¨� ª ¨¢¦��� ����
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1

Γ2

ν

i sEE

D

Γ















∇× Eext − ikHext = 0 ÊË
R

3 \ D

∇× Hext + ikEext = 0














∇× Eint − ikHint = 0 ÊË
D

∇× Hint + ikN(x)Eint = 0

ν × Eext − ν × Eint = 0 Ì
Ë

∂D = Γ1 ∪ Γ2

ν × Hext − ν × Hint = 0 Ì
Ë

Γ1

ν × Hext − ν × Hint = η(x)(ν × Eext) × ν Ì
Ë

Γ2Í ÎÏ ÐÏ Ñ ÎÏ ÏÒÑÏ ÐÊÌ Ð ÓÏ ÔÕ Eext Ö Hext

Ê× Ø ÊÙÏ Ë ÚÛ
Eext = Ei + Es Hext = Hi + Hs,

Es Ö Hs

Ê× Ñ ÎÏ ×ÜÝÑÑÏ ÐÏÕ ÓÏ ÔÕ ×ÝÑ Ê×ÞÛ ÊËØ Ñ ÎÏ ß ÊÔÙÏ Ð àáÔÔÏ Ð ÐÝÕ ÊÝÑ ÊÌ
ËÜ

Ì
ËÕ ÊÑ ÊÌ

Ë ÝËÕ
Ei Ö Hi

Ê× Ñ ÎÏ Ø ÊÙÏË ÊËÜ ÊÕÏ ËÑ ÓÏ ÔÕ â
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ñòó ôõö÷÷ó øóù ó úóõ÷ øûõ üó úù
Es

òöô ÷ òó öôýþÿ÷�÷ ûõ �óòö� û� � ø

Es(x) =
eik|x|

|x|

{

E∞(x̂) + O

(

1

|x|

)}

öô
|x| → ∞ � òó øó x̂ = x/|x| � x̂ · E∞(x̂) = 0

ö�ù
E∞(x̂)

ûô ÷ òóó úóõ÷ øûõ �öø üó úù ÿö÷÷ó ø� � 	 ó ö ú�öýô öôô�þó ÷òö÷ k > 0
ûô ü
óù �

�� �ó �ôó ÷ òó û�õ ûùó�÷ üó úù � û�ó� �ý
Ei(x) : =

i

k
∇×∇× p eikx·d

Hi(x) : = ∇× p eikx·d

÷ òó�
E∞(x̂) := E∞(x̂, d, p).

ó÷
Ω := {x : |x| = 1} .

��� ������� ���������� � ������ � � ���� �� ����� �� ��
 ����� �� � ����

D
�� 

η ! ��� � "��� �� � � �!
E∞(x̂) = E∞(x̂, d, p) ! �� x̂ ∈ Ω0 ⊂ Ω# d ∈ Ω1 ⊂ Ω

�� 
p ∈ R

3
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1 234536 789:;<=>8;?@;<A B
D

=C D<=ED F?G HF@FIJ =< FH KG
@L F F?FM@I=M N 9I O F?H P 9@@FI<

E∞(x̂, d, p)
N ;I

x̂ ∈ Ω0 Q
d ∈ Ω1

9<H @LIFF ?=< F9I?G =<HFP F<HF< @ P ;?9I=R 9@=;<C
p1 Q

p2 Q p3 S
T36U5V B 1 23 6UW 5XY N(x)

XZ [4W \[X] \3 ^_ `3W3 56 X[3` a_
W 23 bU5 c3 ^` dUWW3 5[ e

1 234536 789:;<=>8;?@;<>f ;<:A B
gF@

Ej
∞(x̂, d, p)

KF @L F F?FM@I=M N 9I O F?H P 9@@FI<
M;IIFCP ;<H=<h @; 9 O i FH J 9@I=i

N(x)
KD @ H=j FIF< @

M;9@=<hC
η = ηj Q j = 1, 2 S k CCDJ F @L 9@

k
=C <;@ 9

f 9il F? ? F=h F<m9?D F N ;I
D = {x : I − N(x) 6= 0} S nL F<=N

E1
∞(x̂, d, p) = E2

∞(x̂, d, p)
N ;I

x̂ ∈ Ω0 Q d ∈ Ω1

9<H
@LIFF ?=< F9I?G =<HFP F<HF< @ P ;?9I=R 9@=;<C

p ∈ R
3 Q l F L9mF

@L9@
η1(x) = η2(x)

N ;I
x ∈ Γ2
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{ |} ~�� ��� ��� �� ��� �� � �� ����} ���� }� ��� �� ��

Ee(x, z, q) :=
i

k
∇x ×∇x × q Φ(x, z)

He(x, z, q) := ∇x × q Φ(x, z)� �� |

Φ(x, z) :=
1

4π

eik|x−z|

|x − z|
, q ∈ R

3

�� �� ��}� � |} } �}�� ~�� � ��� �} �� ���}� ��
z

��� �� ��~��}� ��
� |} � �~}�� �� �

q ∈ R
3 �

Ee,∞(x̂, z, q)
�}���}� � |} ��~ �} �� ����} ~� �� � |} } �}�� ~��

� ��� �} �
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¢£ ¤£¥ ¦£ § ¨£ ©ª« ¥£ ¬¤ ®£ «ª§«
F : L2

t (Ω) → L2
t (Ω) ¯°

(Fg)(x̂) :=

∫

Ω

E∞(x̂, d, g(d)) ds(d).

± ²³£¦ g ∈ L2
t (Ω) ´ Fg

²µ § ¨£ ©ª« ¥£ ¬¤ ®ª§§£ «¦ © § ¨£
µ¶ª§§£ «£¤ ¥£ ¬¤ ¶««£µ ® ¦¤ ²¦· § § ¨£ ²¦¶ ²¤£¦§ ¥£ ¬¤ ¯£ ²¦· ª
¸£ «· ¬§¹ ºª³£ ©»¦¶§ ² ¦ º ²§ ¨ ¼£ «¦£ ¬

g
· ²³£¦ ¯°

Eg(x) := ik

∫

Ω

eikx·dg(d)ds(d).

½º ¶¦µ ²¤£ « § ¨£ ©ª« ¥£ ¬¤ £¾ »ª§ ² ¦

(Fg)(x̂) = Ee,∞(x̂, z, q)

41 of 49
Colton



¿
ÀÁ ÂÃ ÄÅÆ ÇÈÉ ÊËÌ Ê ÄÉÂÍ ÎÏÐËÇÄÁÅ

ÑÒ ÓÔÕ Ö ×Ø ÙÚÚÛÜÝ ÓÞÙÖ ÓÜ Ô ÚÛÜ ÚØ ÛÖ ÓØÒ Üß àØ ÛÕ áÜÖâ ãÙäØ
ßåÔæÖ ÓÜ ÔÒ ãØ æÙÔ ÚÛÜäØ Ö ×Ø ßÜ ááÜã ÓÔÕ Ö ×ØÜÛØÞ ç

è ×ØÜÛØÞ éêëìíîïðêíñòíîðó íîìô ç õíö ÷ø÷öù
ε > 0

òú ÷ö÷
÷û ïü òü

gε
z

üýþú òú ëò

‖Fgε
z − Ee,∞(·, z, q)‖L2(Ω) ≤ εëîÿ

•
õíö

z ∈ D � lim
ε→0

‖Egε
z
‖X(D,Γ2) < ∞

•
õíö ÷ëþú

ε > 0� lim
z→∂D

‖Egε
z
‖X(D,Γ2) = ∞

•
õíö

z ∈ R
3 \ D � lim

ε→0
‖Egε

z
‖X(D,Γ2) = ∞ �

àØÛØ
X(D, Γ2)

ÓÒ Ö ×Ø ÒÚÙæØ
{

u ∈ L2(D) : ∇× u ∈ L2(D), ν × u|Γ2
∈ L2

t (Γ2)
}

.
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� �� ������ �������� �� �!" "� � �� ����
g # �!�  �� #��$� �" �% &� �! �

Fg = Ee,∞ '
� �� �&��!� 

D (�� )� "� � �� ���" )*  �� )���+ �!� !# g ' ,���� �( &���-
‖Eg‖X(D,Γ2) → ∞

�� �����
‖g‖L2(Ω) → ∞ '

. ��� /�! )��� 0 ,� ���( �(� g
�� ! ) � ���" )* &� ��� ���� &����1� �! � �� �!" �&(� �� � �2�!�!+ ��� &����1� �! � '3!��  ��� ��� &����1�" �! �& �! � )���+� ��  �� ���� 4�* ��

 �� ����!5 ��� � �! �& �! �
g

4 �!�� �5 �� ��(� �� � �+�� )*  �����+ �! &�  ��!���6
� ��� % &�� �! � ��� )��� ���4� ��" �!� � �+� �* �� (� � � �� (����)* 7 89:; <=>>?@ &� ���  �� �"��� !#  �� #�( !��1� �! �
�� �!" "�+� �! ��" )* A B8;CD <EFFG@ '
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UV WXYZ[ \Z] ^] _Y`]
∫

Ω1

E∞(x̂, d, g(d)) ds(d) = Ee,∞(x̂, z, q) x̂ ∈ Ω0.

aYb]c dV
e _]dX]f ghijklmnhkopklq r smpt uvwx vyp pk pt v

X(D, Γ2)lkuz pt v wvp k{ | vu} okp~ � i�v { �lypmklw � mpt j vul vo
w�xxkupv� ml i w��wvp

Ω1

k{
Ω

mw �vlwv ml
H �

[ _] Y�d`] c \bZ�bb \d V \b YWW�\ZY��] [d [ _] �YX �] �c ]� �Y[ \d V
^ \[ _ �\f \[]c YW] X[ �X] cY[Y �
�] X]

H =
{

u ∈ X(D, Γ2) : ∇×∇× u − k2u = 0
\V

D
}

.
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η

������
η �� �  ¡ ¢�£�¢£ �¢¤ ¥�£

Ez, Hz ¦ Eint
z , H int

z §� £ ¨��¢�© �� �¡ ¥�£ �¡ ¢ ¡ª £ ¨� �¢£� «�¡ « £ «�¢�� ��� �¡ ¢ ¬«¡ §¥��














∇× Ez − ikHz = 0 ®
D

∇× Hz + ikEz = 0















∇× Eint
z

− ikHint
z

= 0 ®
D

∇× Hint
z + ikN(x)Eint

z = 0

ν × Eint

z − ν × Ez = ν × Ee(·, z, q) ¯
®

∂D = Γ1 ∪ Γ2

ν × Hint

z
− ν × Hz = ν × He(·, z, q) ¯

®
Γ1

ν × Hint

z
− ν × Hz =







−η(x)[ν × (Ez − Ee(·, z, q)) × ν]

+ν × He(·, z, q) ¯
®

Γ2

° ¨� «�
Ee, He �� £ ¨� � ¥� £ «�  ¤ �¬¡ ¥� �¢£ «¡¤ � �¤ ¬«�± �¡ �� ¥²³
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ÀÁÂÃÄÅ Æ Ç ÈÁ ÁÉ ÊËÌÁÍÎÁ ÃÍÏ ÐÍÊÑ ÐÁÍÁËË ÒÓ Ã ËÒ ÔÐÌ ÊÒ Í ÌÒ Ì ÈÁ
ÊÍÌÁ ÄÊÒ Ä Ì ÄÃÍËÂ ÊËË ÊÒ Í ÕÄÒ ÖÔÁÂ ÈÃË ÌÒ ÏÃÌÁ Ò ÍÔ× ÖÁÁÍ ÕÄÒØÁÏ
ÓÒÄ Ì ÈÁ ÎÃËÁ Ù ÈÁÍ

η = 0 Ú
Û ÜÛÃÏÏÃÄÝ Þß à áâ ãàäáåä ãäæâçè áççáåâ é äåêëàè ì åä
æâáçåãäåé áí î æïð àë ë ñç àòóæãáåâç æâô áãç æéé ëáíæãáåâ ãåãß à áâõàäçà é äåêëàè ö ÷ÃÌÈ Ü ÷ÁÌÈÒÏË ø ÕÕÔÊÁÏ ùÎ ÊÁÍÎÁË úûüúýýþÿ Ý ú ����ú �ú� Ü
Ç ÈÁ ËÒ ÔÐÌ ÊÒ Í

Ez
ÒÓ Ì ÈÁ ÊÍÌÁ ÄÊÒ Ä Ì ÄÃÍËÂ ÊËË ÊÒ Í ÕÄÒ ÖÔÁÂ üÊÓ ÊÌÁÉ ÊËÌË Úÿ ÎÃÍ ÖÁ ÃÕÕÄÒÉ ÊÂÃÌÁÏ Ö× Ã ÛÁ Ä� ÔÒÌ� ÙÃØÁ ÓÐÍÎÌ ÊÒ ÍÙ ÊÌ È ÅÁ ÄÍÁ Ô

gε
z

ÃÍÏ Ì ÈÊË
gε

z

ÊË ÃÍ ÃÕÕÄÒÉ ÊÂÃÌÁ ËÒ ÔÐÌ ÊÒ Í ÌÒÌ ÈÁ ÓÃÄ �Á ÔÏ ÁÑ ÐÃÌ ÊÒ Í Ú
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η =
− k2

6π
‖q‖2 + < (q · Ez0

(z0))

‖ν × (Ez0
( · ) + Ee(· , z0, q)) ‖2

L2

t
(Γ2)

.

1��� 223�4 $ 5��
z0 ∈ D 6 q ∈ R

3 6 7 � �38� 9 �39

η ≥
− k2

6π
‖q‖2 + < (q · Ez0

(z0))

‖Ez0
( · ) + Ee(· , z0, q)‖2

L2(∂D)

.
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MNOP QRS TUOS VP Q PW X WU YYZ OPXSN[ N YYV\RP V[ ] VS ^
η = 1

XQ[
k = 6 _

`P Q[ UOS VQa bP UQ[XTZ OP Q[ VS VP Q c TNOP QRS TUOS VP Q PW
ηdeXOS deXOS

∂D fg h fg hibP UQ[
j _j kj _jjl kj _j m kj _jjn
j _m j _jo j _mp j _jq
m j _op j _qo j _lr
s m_ml j _on j _pp
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x2 > 0
� �� ��

η = 1
���

k = 3
�

�� �� ��� ��� �� ������ �� �� �� �� � � ���� ��� ���� �� � ��
η ¡���  ¡���
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