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∇×∇×E2(r) − k2
2(r)E2(r) = 0
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k2
2(r) = ω2µ0ε0 − iωµ0σ2(r)
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f2��7 Q6�H�
u1 + u2

�����-7%�F��Q67 �0�!" Q6BW$&Q6�!�!����\JQ6B,.=��B*�
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f1 + f2
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Ep
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Ep(r) = E2(r) −E20(r)
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∇×∇×Ep(r) − k2
20Ep(r) = iωµJ2(r)
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J2(r) = (σ2(r) − σ20)E2(r)
� � � ^ �6^ � 	 �
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P(r)
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∇×∇×E3(r) − k2
1E3(r) = 0
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k2
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∇×∇× E1(r) − k2
1E1(r) = iωµJs(r)
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∇×∇×Ep(r) − k2

20Ep(r) = iωµJ2(r)
� � � ^ �6^ � � �

∇×∇×E3(r) − k2
1E3(r) = 0
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Js
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∇×∇×E(r) − k2E(r) = −iωµJs(r)
� � � ^ �6^ 	 �

dkQ6�=�Y$&�SZb��" �!�PQ6BW.0E&I,B=" ���=BK�!��B,�����=�Y.0�A�S�!����B
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∇×∇×G(r, r′) − k2G(r, r′) = Iδ(r − r′)
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E(r) = iωµ
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G(r, r′) =




Gxx Gxy Gxz

Gyx Gyy Gyz

Gzx Gzy Gzz





�3G,�6;*�=�
Gij : i, j = x, y, z

:0�!��\=�!E�����B*�!�S7c� �&VU�&��.O� �=B=�A��Q6�=�H$&�P\=7%�6$&E��+.=��B,�
7%�@.0" �!��$D�!" Q6B
j
.=��B,�
7%�@.0" �!��$D�!" Q6B

i
^

i��]\=7 �,��:J7%�(��Q6�=�H$&�
r
�&�P7c� Q6a,�����! X�X�!" Q6B

r′
��Q6B*��\=�!"%������.=��B,��7 ��>@" 7 " ���`{0:U$&�];*�="m�����P��\JE�$&" I,E�\,����7%�(B=Q��H�X�!" Q6B

�
22
�X^
! r

�����Y7 �P\JQ6" B*��.O� Q6a,�����! X�X�!" Q6B<^
! r′

�����-7 �+\JQ6" B*�Y��Q6�=�H$&�+.0�P7c� �&M=$&" �H�X�!" Q6B<^
4Y�z\JQ6" B*�-.0�� #�=�S\=G#80��"%;*�=�6:

G(r, r′)
�!��\=�!E�����B*�!�Y7c� �&VU�&�-.O� �=B=�P��Q6�=�H$&�YE�7 E�>@��B*�H��" �!��\=7%�6$&E��Y��B

r′
���=�L�=Bz\JQ6" B*�

.O� Q6a,�����! X�X�!" Q6B
r
^,��Bz\J���0�Y\=�!E�$&"%�����
;*�<� " 7O��� ��N6" �
.O� �=BK�&VU�&�-E�7 ��$D�!�!"%;*�=�P$&�!E�E�\,���
�=B=�P��Q6�=�H$&��E�7 ��$D�!�!"%;*�=�S��BKB=Q��H��B*�

Gee(r, r′)
7%�o.08*�6.0�z.0" �!� �DE�7 ��$D�!�!"%;*�=� q E�7 ��$D�!�!"%;*�=� �X^<2?B �&VU�&��:m\JQ6�=�A7%�o�!E���Q67 �0�!" Q6B�.0���AE�;*�,�X�!" Q6B,��.0�z.0" VU�,��" Q6B.0��$HG,��>@\v>F��N6B=E&�!"%;*�=�6:<Q6B�.0Q6" �]$&Q6B,��"%.0E��!���P7 ����.08*�6.0���P>F��N6B=E&�!"%;*�=���

Gmm(r, r′)
	 r ��" � � � :jQ6�vE�N*��7 ��>@��B*�A.0���

.08*�6.0��� �DE�7 ��$D�!�!"%;*�=� q >F��N6B=E&�!"%;*�=� � Gem(r, r′)
^,iS��B,�
7 �A$��6.0�!�P.0�+>@���L�!�H�9 X���0MO:0�����=7 ���
7 ���Y.08*�6.0��� �DE�7 ��$D�!�!"%;*�=�

q E�7 ��$D�!�!"%;*�=� �L" B*�!���! #" ��B=B=��B*��:6\,���L$&Q6B,��E�;*�=��B*��:6.=��B,�g�!Q6�0�L$&�S;*�="J���=" ��:*7%�+B=Q��H�X�!" Q6B ee �����3" >@\=7 "%$&" �!�6:#�!���0ZO>@��B*�!" Q6B$&Q6B*�!�H��" �!�6^
$)$�� n��g3 �C^ � �,_.(!h5d	d	12*'% +eh5d � *'%./0&!12*'%.dF+eh�,F(!hvh5% +e^U%.d -.% Z 1g]2h5- %e*'% k *Y([% � �Bae*'Zm* �

+Yl5%eh
s<�-�!��B,�����=�L.0�S�S�!����B
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(∇2 + k2)ψ(r) = s(r)
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(∇2 + k2)g0(r, r
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g0(r, r
′) = g0(r − r′) =

exp(ik |r − r′|)

4π |r − r′|
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G(r, r′) =

[
I +

∇∇

k2

]
g0(r − r′)
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∇×∇×E20(r) − k2
20E20(r) = 0

� � � ^ �6^ � � �
ny��"%�Y7 Q6�H�!;*�=�+7 �A>@" 7 " ��� ��$&Q6>@\JQ6���!�+�=B=����Q6�=�H$&�

Js
:,�=Bf$HG,��>@\oE�7 ��$D�!�!"%;*�=�+ X�Fh&�!�!��.0" VU�,��E].=��B,�Y7 �A>@" 7 " ���f{

�&�� X�@>@Q0.0" I,���
E20(r)

^Us?� �&M0\=�!���!��" Q6BW.0�
E20(r)

 X�Fh&�!�!�+E&�H��a=7 " ��R@\,�����!" ��.0�A7c� �&M0\=�!���!��" Q6BW.0�y$HG,��>@\oE�7 ��$D�!�!"%;*�=�
E1(r)

.0�W>@" 7 " ��� �P�&��.0���
�!��7%�X�!" Q6B,�
.0�A$&Q6B*�!" B#�=" �!E+R@7c� " B*�!����Zb�6$&�P��B*�!�!�P7 ���-.0���0MK>@" 7 " ���0MO^
s<�A$HG,��>@\KE�7 ��$D�!�!"%;*�=�

E1(r)
��BW\=�!E�����B,$&�P.=��B,�
7 �+>@" 7 " ��� �P 6E��!" I,�@p
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8 intei (r, θ) = gsr1(r).Ni(r, θ) −
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r
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N1(r) =
1

2
(1 − r)

N2(r) =
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(r + 1)
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N1(y, z) =
1

4
y.(y − 1).z.(z − 1)

N2(y, z) =
1

2
(1 − y2).z.(z − 1)

N3(y, z) =
1

4
y.(y + 1).z.(z − 1)

N4(y, z) =
1

2
y.(y + 1).(1 − z2)

N5(y, z) =
1

4
y.(y + 1).z.(z + 1)

N6(y, z) =
1

2
(1 − y2).z.(z + 1)

N7(y, z) =
1

4
y.(y − 1).z.(z + 1)

N8(y, z) =
1

2
y.(y − 1).(1 − z2)

N9(y, z) = (1 − y2)(1 − z2)
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r→rc

∫

(e)
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2j +

j + 1

|r − r′|
−

1

|r − r′|2

)
g0(|r − r′|)N
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i (r′) dr′
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1 (rc) = lim

r→rc

∫

(e)

(
2j +

j + 1

|r − r′|
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i (r′).g0(|r − r′|) dr′
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2 (rc) = lim
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∫

(e)

1

|r − r′|2
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i (r′).g0(|r − r′|) dr′
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0 < θ = arctan (z−z′)
(y−y′) + π · u0(−(y − y′)) ·
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((z − z′))) < 2π

0 < r =
(
(x− x′)2 + (y − y′)2 + (z − z′)2

)
< R0(θ)
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R0(θ)
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f(x)dx
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I =

∫

D

f(x′)

(x′ − x0)n
dx′
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�9 6��$

x0 ∈ D
:JN6���6$&�A���y.0E� 6��7 Q6\=\J��>@��B*�P.0� r �98#7 Q6��.0�AZ?��B x0
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0
p

dgZ {∫ ∞

0

xλf(x)dx

}
= lim

ε→0

{(∫ ∞

ε

xλf(x)dx

)
+

−λ−2∑

n=0

f (n) ελ+n+1

λ+ n+ 1
+ f (−λ−1) log ε

} � ��^ ��^ ��| �

\JQ6�=�
λ = −l, l ∈ N − {0, 1}

^,dkQ6�=�
λ = −1
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λ ∈ C
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� A�AQ?���
� )��� 9 � �

I i
2(rc)

I i
2(rc) = lim

r→rc

∫

(e)

1

|r − r′|2
.N

(e)
i (r′).g0(|r − r′|) dr′

� ��^ ��^ � �

� � �
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fi(r, r

′) = exp (jk|r − r′|).N
(e)
i (r′)

� ��^ ��^ � � �
2?BW�!��>@\=7%� � ��B*�-.=��B,����^ ��^ � :0Q6BKQ6a0�!" ��B*�Ap

I i
2(rc) = lim

r→rc

∫

(e)

fi(r, r
′)

(|r − r′|)3
dr′
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I i
2(rc) = lim

d→0

(∫

(e)−D

fi(r, r
′)

(|r′ − rc|)3
dr′ −

2π

d
.fi(r0, r0)

)

�9 6��$
D
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d
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fi(r, r
′) ≈ fi(r, r0) + ∇fi(r, r

′)|
r
′=r0

.(r′ − r0) + (|r′ − r0|)
2.f̃i(r

′, r0)
� ��^ ��^ � � �

Q��
f̃i(r

′, r0)
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f̃i(r
′, r0) =

1

(|r′ − r0|)2
.{fi(r

′) − fi(r0) −∇fi(r
′)|r=r0

.(r − r0)}
� ��^ ��^ � � �

��BWQ6a0�!" ��B*�Y.0Q6B,$]p

I2(r0) =
2π

d
.fi(r0) + fi(r0).c0 + ∇fi(r0).

−→c1 +

∫ 2π

θ=0

∫ R0(θ)

r=0

˜̃
fi(r, θ) drdθ −

2π

d
.fi(r0)

˜̃
fi(r, θ)

.0E���" N6B=�+7%�@Z[Q6B,$D�!" Q6Bo$&Q6�!�!����\JQ6B,.=��B*�YR
f̃i(r, r0)

\JQ6�=�S.0���- X���!"%��a=7 ���-\JQ67%��" �!���-.0E&I,B=" ����$&Q6>@>@�+\=�!E�$&E q.0��>@>@��B*��^,�9 6��$

c0 = −

∫ 2π

θ=0

1

R0(θ)
dθ

c1(r) =

∫ 2π

θ=0

ln(R0(θ)).ur(θ) dθ

ur(θ) =
r − r0

|r − r0|

 6��$D�!���=�-�=B=" �H��" �!�P�H�6.0"%��7

R0(θ) =
lry

cos θ

��"
0 < θ < α

R0(θ) =
lrz

sin θ

��"
α < θ <

π

2s<��$&Q#�&u($&" ��B*�? 6��$D�!Q6�!" ��7
c1(r)

$����
r0
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i = 9

\,���-.0E&I,B=" �!" Q6Bo.0���
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Ni
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f9(r0) = exp(0) = 1

fi(r0) = 0 ∀i 6= 9

c0 = 4.

(∫ α

θ=0

cos θ

lry
dθ +

∫ π

θ=α

sin θ

lrz
dθ

)
= 4.

(
sin θ

lry
+

cos θ

lrz

)

r �H��" �!Q6B,�
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:=B=Q��!E
I i
2 c3 (r0)

p

I i
2 c3 (r0) =

∫ 2π

θ=0

∫ R0(θ)

r=0

f̃i(r, r0) dr dθ

=

∫ 2π

θ=0

∫ R0(θ)

r=0

1

|r − r0|2

[
fi(r) − fi(r0) −∇fi(r)|r=r0

· (r − r0)

]
dr dθ
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L
(e),i
el (r(e)

c ) =

∫ 2π

θ=0

∫ R0(θ)

r=0

([
−2jr − (j + 1) +

1

r

]
.g0(r)N

(e)
i (r, θ)

−

(
exp (jkr).N

(e)
i (r, θ)

)

|(0,0)

r2
−

−→
∇
(

exp (jkr)N
(e)
i (r, θ)

)

|(0,0)

· r
−→
dr

r2

)
drdθ

+4
( sin θ
lry

+
cos θ

lrz

)
N

(e)
i (0, 0)
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E
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D
^mi��(>@h�>@�z\JQ6�=�A7 ����$HG,��>@\,�

H
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B
:j�&�

E
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Jc
^g�3���
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ε
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D(r, t) = ε(r)E(r, t)
� ��^ i�^ � �
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B(r, t) = µ(r)H(r, t)
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σ
�
S/m

�L����7 Q6BK7%�]7 Q6"j.O� ��G=> p
Jc(r, t) = σ(r)E(r, t)
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