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∫
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∫
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〈α|β〉 =

∫
ds α∗(s)β(s) = δαβ.
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α
j (r)α(s)

Fψβj (r)β(s) = εβjψ
β
j (r)β(s),
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Fβ(r)ψβj (r) = εβjψ
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Fα(r) =

∫
ds α∗(s)F(r, s)α(s)

Fβ(r) =

∫
ds β∗(s)F(r, s)β(s).
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F̂α = ĥ+
e2

4πε0εr
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e∑

i

[
Ĵαi − K̂α
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]
+

e2

4πε0εr

Nβ
e∑

i

Ĵβi ,
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[∫
dr′ψα∗i (r′) |r− r′|−1

ψαj (r′)

]
ψαi (r).
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Fαlm = 〈φl| F̂α |φm〉 =
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drφ∗l (r)Fα(r)φm(r).
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Fαlm = hlm +
e2

4πε0εr
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∫
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e2

4πε0εr
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∫
drφ∗l (r)Jβi (r)φm(r)
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∫
dr dr′

[
φ∗l (r)ψα∗i (r′) |r− r′|−1

ψαi (r′)φm(r)
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dr dr′
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φ∗l (r)φ∗n(r′) |r− r′|−1

φp(r
′)φm(r)− φ∗l (r)φ∗n(r′) |r− r′|−1

φm(r′)φp(r)
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4πε0εr
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[
Nα
e∑
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fic
α∗
in c

α
ip

[
〈φlφn|φmφp〉 − 〈φlφn|φpφm〉

]
+

Nβ
e∑

i

fic
α∗
in c

α
ip 〈φlφn|φmφp〉

]

= hlm +
e2

4πε0εr

∑

n,p

[
ραpn
[
〈φlφn|φmφp〉 − 〈φlφn|φpφm〉

]
+ ρβpn 〈φlφn|φmφp〉

]

= hlm +
e2

4πε0εr

∑

n,p

[
ρTpn 〈φlφn|φmφp〉 − ραpn 〈φlφn|φpφm〉

]
,
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G�BA<�P;@1P�0=Pw@CD¯*�.C4?+*,.yBAD/B�<;�,2ÐIJ@CD�@CIÇ-/I�Í�N/@1+%N <;B�G/<;B�P;B�D
0;PÇ*,D¯B�Ò�+�@10=B��»PH0%*:0;B½4:6Ö0;N/B½PH2?P�0=B�I^Ô
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PH2?P�0=B�I`@CP9-/P;B��WÔ|Æ�4 � P�+*,DM�Ë0=N�BÚBAD/B�<;�,2�.�*,D/��P;+*:G�B:Ìr0=N/BÚ@1D/@10;@�*,.[�,-/BAP�Pw@1P¼P;.1@C��NK0;.12�IJ4��/@ Ó BA�
*:D/�Ñ0=N/B}0;4,0%*,.·BAD/B�<;�,2Ñ4:6L0;N/B�<;B�P;-/.�0=@CD�� P;4�.1-�0=@14�D/PÚ*:<;B"+A4,I½G�*:<;BA�Ñ0;4¹�/B�0;BA<;IJ@CD�B}Í�N/@C+%N�@CP
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03ÍÖ4JBA.CB�+�0;<;4�D/PL*:0

θ
*,D��

θ′
Ì
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√
sin2 [(θ − θ′)/2] + µ2

s

)−1

.
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Æ�N�BÚP;+A<�BAB�D/@CD/��G�*:<=*,IJB�0;BA<
µs
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θ = θ′
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µs
B��,BADÑ@1D 0=N/B5.C@CIJ@10¼4,6

µs → 0
ÔyÆ�N/B�03ÍÖ4:ÉÛBA.CB�+�0;<;4�DÇ@1DK0=BA�,<=*,.1P8*,<�B·0=N
-/Py6�4�-/D/�Ç0;4¼��Bª£�P�BAB � G�G�B�D/�/@�Ò � 6�4,<�*9�/B�0%*,@1.CB��

��BA<;@��:*:0=@14�D*¥
〈φlφn|φmφp〉 =

2

πr0
Qp−n− 1

2
(2µ2

s + 1) δl−m,p−n, l, m, n, p = 0,±1,±2, . . . ,
£ - ÔO:L<¾¥
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Í�N/B�<;B
Qν(x)

@1PÈ0;N/B ��*:��<=*,D���BL6�-�D/+�0;@C4�DJ4,6W0;N/BFP�BA+�4�D/�}Ø
@CD��F�=5N5L¡ÀÔ�Æ�N/B¼*:P�2?I½G�0=4,0;@C+�6�4�<;Ii4:6
0=N�Bl��*,��<;*,D/��B�6�-/D/+�0=@C4,D�@CPLØ
D/4£Í�D¹@CDg0=N/Bw��@1+A@1D/@1032"4:6

x = 1+ £�BA�
-/@��,*:.CBADK0L0=4
µs → 0

¥F*,D/�
4���B�2?P�*Ç<;B�+A-/<�P;@14�D"<;B�.�*:0;@C4�D}@1D50=N�B«@CD/�/@1+AB�PAÔ�×F*£�?@1D/�Þ*,D�*,D�*:.12
0=@1+*,.�B�Ò�G/<�BAP;P�@C4�D"6�4�<Ö0=N/B¼03ÍÖ4:É
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BA�
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Æ�N/BÐP;4,.C-�0;@C4�D/P54,6Ë0;N/BÐ×9*:<�0=<�BAB�É )�4�+%Ø BA�
-�*:0;@C4�Dß2?@CB�.C�Ï*,D¿*,G�G/<;4Ò�@CI½*:0=@14�De0;4¢0=N/BÐ��<�4�-/D/�
P�0=*:0=B54,6�0=N/B}�
-�*:D
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@CD�ó�-/BAD�+AB|4:680=N�BÇÕ·4�-�.C4�IÇ�g@CDK0;BA<=*:+�0=@14�DWÔÖ)8@C<�P�0�ÍÖBËÍ�@C.1.W.C4?4�Ø"*�0L0;N/BwB�Ü�BA+�094,680;N/BwP;+A<�BAB�D/@CD/�
+A4,D/P�0=*,DK0

µs
-�G�4�D}0;N/B«P;G�BA+�0=<�-/I *,D��}0=N/B�Dg+%N�4�4�P�B�*Ë�:*,.C-�B¼4,6

µs
Í�N/BA<�B¼0=N/B¼@1DK0=BA<;*,+�0;@C4�D5@CP
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0=N�BF@1D
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*:0w*}0=B�I½G�BA<;*:0=-�<;B

T = 4 � Í�@10;N¯*,DÐB�Ü�BA+�0;@1�,B½B�.CBA+�0=<�4�DÐI5*,P�P
m∗ = 0.067m

ÌWÍ�N/B�<;B
m
@1P

0=N�Bw6�<�BAB�BA.1BA+�0;<;4�D^I5*:P;PAÌ�*:D/��*:D�B�Ü�BA+�0=@���B
g
Éê6�*,+�0;4�<

g∗ = −0.44
ÔÖÆ�N�B|<;@1D/�ÞN�*,PL*Þ<=*,�/@1-/P�4,6

r0 = 14
D�Iû*,D/��+A4,D
0=*,@CD�PL-�Gg0;4½.98ÞB�.CB�+�0=<�4�D/P�Ô
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0;PÇ*,<�B5�/@C*,��4�D/*,.êÔ"Æ�N/@1PË6�*,+�0Ç+A*,D¢��B5-/P�BA�¢0=4��/BA<�@1��B5*,D¢B�Ò�G�<;BAP�P;@14�D¢6�4�<
0=N�BFB�D/BA<��,2J+A4�DK0=<�@C�/-�0=@C4,D½4,6�0=N/BL@CDK0;BA<=*:+�0=@14�DÞÍ�@10=N�@CDÚ0=N/B9×9*,<H0=<�BAB�É3)�4�+%ØÚ*:G/G/<;4Ò�@CI½*:0;@C4�Do£�P�BAB
� G�G�B�D/�/@�Ò�Ù�¥
Eint = −2Nα

e N
β
e

[
γ + lnµs + ψ(1

2
)
]
− ψ(1

2
)
[
(Nα

e )2 + (Nβ
e )2
]

+
∑

m

ραmm
∑

n

ραnn ψ(m− n+ 1
2
) +

∑

m

ρβmm
∑

n

ρβnn ψ(m− n + 1
2
),
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µs
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ρα*,D/�
ρβ
*:<;BÈ@CIJG/.C@1+A@10;.12L�/B�G�B�D/�/BADK0�4,D

µs
@�0=P�G/<;@1I5*,<H2«@CD�ó�-/BAD�+AB,Ì:Í�N/BADÇ@�0�@CP�P;I½*,.C.ÀÌ£@CP�0=N/<�4�-/��N

0=N�B¼.C4���*,<;@�0=N/IJ@C+�0;BA<;I
lnµs
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.CB���BA.1PÖ4:6r4�D�BFP�G/@CD
�/@1<;BA+�0=@14�Dg*,<;B�4?+A+A-�G/@CB��WÌ�*,D/�g0=N/B

lnµs
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µs
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0;BA<;*,+�0;@CD/�wP�2?P�0;BAIá£�P�N/4£Í�D}@CD½)8@1��-/<;B - Ô/.�Ì
G�*,�,B]5�¥�Ô��3D})y@C��-/<�B - Ô -
0;N/B9P�G�B�+�0;<;-/Il4,6W6�4,-/<OBA.CB�+�0;<;4�D/PÖ+A4�D Ó D/BA�½0=4Ë0;N/BL<;@CD��Ë@1PÖP�N/4£Í�D56�4�<�03Í·4|P;I½*,.C./�:*,.1-/BAPÈ4,6

µs
Ô
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µs → 0
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µs = 0.025
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ĥ0
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Ĥ(tn)

]
T̂ (tn),

£ 6�ÔO>N¥
4�<

[
ð +

i∆t

2~
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VA(t) = W (θ) e−Γt sin(ω1t) sin(ω2t),
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P0,1(t)− P0,−1(t) = F (t) sin 2θ0

£ </Ô76�¥
Íi,4.?7A.

F (t)
B�@n0��4;NG/�4M�.lB�9ED8.��N780�MFÍi,4B�:],¿�4.62q.69��4@�;N9+D8,/.x240�780�KV.?DA.67C@*;3<bDA,4.w.�ÒUD8.67C9J0�M

2q.67CDAG47;�403D8B�;N9WÔ�Æ-,4B�@mB�KV24M�B�.6@�DA,J03D�<z;N710�7A;3D]03DAB�;N9*0�9/��M�.�;�<
θ0 = 45◦

DA,4.b7C.6@CG4M�DAB�9/��:6G47C7A.69ED
B�@m03D1Kf0�ÒgB�K_G4KgÌ503@FÍo0�@mD8,/.`:y03@A._B�9�vkBC��G47A.�</Ô - £tM�.?<RD12J0�94.?M¶¥�Ô¼×1;£ÍH.���.67AÌ}0�@AB�9��NM�.�ÉW2J0�7\D8B�:6M�.
2q.67CDAG47;�403D8B�;N9�0�9J0�MjTg@CB�@OB�@O94;�DS<zG4M�MjT�0�2/24M�B�:y0,�4M�.�DA;xDA,4.n@CTU@CDA.6K :6;N9/@ABC�/.67A.��[,4.?7A.:ÌoB�9Z2J037CD
�q.6:y03G4@A.PD8,4.P9IG4KÇ�q.67i;�<.6M�.6:�D87A;�94@i;N9eD8,4.P7AB�9/�SB�@��N7C.y03DA.67-D8,40�9n;N94.�0�9/�nD8,4.P2q.67\D8G47��J03D8B�;N9
B�@i@\D87A;�9/�N.67-DA,J0�9nD8,4.�@CD803D8B�;N9J0�7\T"×m03K�B�M�D8;�94Ba0�9

h0

ÔÖÆ-,4.�.�Ò/0�:�DF�30�M�G4.6@i;�<rD8,/.b2q.67\D8G47��J03D8B�;N9
2J0�7A0�KV.?D8.?7A@O,J0��.^0�@\D87A;�9/�lB�9�óJG/.694:?.*;�9ZDA,4.n7A.?@AG4MjD8B�9���:6G47C7A.69EDAÌ�0�@OB�@O.��UBC�4.?9EDO<z7A;NK�D8,4.
7AB1�N,ED�2J0394.6Mq;�<rvkB1�NG47A. </Ô - Íi,4B�:],"�/.624B�:?D8@HD8,4.1B�9/�4G/:6.A�eK�0,�N9/.?D8B�:1KV;NKV.69ED-03@�0b<zG49/:?D8B�;N9p;�<
D8,/.m7A;3D]03DAB�;N9f0�9/�NM�.�<z;N7FD8,/7A.6.F��03M�G4.?@H;�<

Γ
Ô � @

Γ
�4.?:67A.60�@A.?@-D8,4.1Kf0�ÒgB�K_G4K�;�<�DA,4.mK�0,�N9/.?D8B�:

KV;NK�.?9EDb@C,4B�<RDA@`0Ío0yTx<z7C;NK
θ0 = 45◦

B�9/�4B�:603D8B�9/�pD8,403DbDA,4.f7C.6@CG4M�DA@b,J0��.p0^KV;N7C.V:?;NKV24M�.�Ò
�4.?25.?9/�4.69/:6.`;�9nDA,4.P.�Ò/0�:�D1<z;N7CK�;�<rD8,/.�2q.67\D8G47��J03DAB�;N9WÌ/B�9e2J0�7\D8B�:6G4M�0�7oD8,/.�@\D87C.69/��DA,WÔ



~GB

0 0.5 1 1.5 2
−0.1

−0.05

0

0.05

t [ps]

M
o / 

µ B*

θ
0
 = 45°

θ
0
 = 20°

θ
0
 = 0°

35 40 45 50

−0.88

−0.86

−0.84

−0.82

θ
0

M
o / 

µ B*

Γ = 34.4/ps

Γ = 17.2/ps

Γ = 8.6/ps

[x10]

[x800]

          
    

    

    

    

time

V
(t)

vkBC�NG/7A.]<�Ô - ó ö_÷©ø�ùd� � �ZúS�ñõ��lú�ú	� � ù�
i�ñõ � ö �  ���Zú � ÿ ¦ õ�� þ¸ù¶�?þ�ø¹öZú	�ñõ��H� � �lú ö��  � ÿ����ÿ«ú·ú7�·þ¸ù�
Aú�� �  ���Zú�ÿ � � þ��ñõ � ö½þ¸öNø¹ùñú θ0 = 0◦, 20◦, 45◦
�F�.ü ý�þ�ùd� � �Zú�õ÷ö��{
��·ú���·þ¸ù�
Aú�� �  ���Zú � ÿ ¦ õ�� þ¸ù��?þ�ø¹öZú	�ñõ��F� � �lú ö��(þ��mþ  
9ö��	�ñõ � ö �  ���ZúIÿ � � þ��ñõ � ö�þ¸öNø¹ùñú

θ0
 � ÿk����ÿ«ú·úå�·þ¸ù�
Aú�� �  Γ

� � �Zú=�V� þ¸ùñú �  ���Zúå
òý�ý�ú ÿu� �]� �	
9ÿ��¢ú��p�Mþ�� ¦ ú·ú ö�?þ�ø¹ö�õ�²Zú��1þ��mõ÷ö��¹õ�� þ��iú���� � �Zú�õ÷ö��«ú	�H��ú ý�õ��	���4���Zú4�ñõ��lú���ú ýéú ö���ú ö��éý*þ¸ÿ�� �  ���Zúý�ú ÿ��6
9ÿ ¦ þ��ñõ � ö  � ÿ¼���Zú�����ÿ«ú·úy� õ��6
¨þ��ñõ � ö��	� � �ZúZý*þ¸ÿüþ¯�lú	�iú ÿ��·þ¸ù�
Aú��  � ÿ¼���Zú)ú6���iú ÿ�öMþ¸ùý�ú ÿ��6
9ÿ ¦ þ��ñõ � ö�þ¸ÿ«ú(ø¹õ��¢ú ö&õ÷öå���ZúQ� þ«ýã�ñõ � ö �  ¬
õ ø��{���Î§o�

−1

0

1 −1

0

1

0

1

y/r
0

x/r
0

V
t
 / V

t0 0 1 2 3 4

−0.2

0

0.2
a) V

t0
 = 0.3 E

0

t [ps]

M
o / 

µ B*

0 1 2 3 4

−0.2

0

0.2
b) V

t0
 = E

0

t [ps]

M
o / 

µ B*

vkBC�NG/7A.Ê</Ô76�óáö¼÷�ø�ùd�-��þ��±���Zú	��ý � �iú ö��ñõïþ¸ù��>�eü)ý�þ�ùd� � �Zú � ÿ ¦ õ�� þ¸ù¼�?þ�ø¹öZú	�ñõ��X� � û�lú ö��Zþ��éþ  
9ö��	�ñõ � ö �  �ñõ��lú � �Zú öE���Zú]�±�����iúb�»õ[�Zýéú ÿ��6
9ÿ ¦ ú�� ¦ �E���Zúéþ��Û���7�lú	�ñÿ�õ��ýã
9ù[�·ú � ���Î§ � � õ���� θ0 = 45◦
� � �Zú(ý*þ¸ÿüþ¯�lú	�iú ÿ4�·þ¸ù�
Aú��  � ÿ����Zú�ý�ú ÿ��6
9ÿ ¦ þ��ñõ � ö�þ¸ÿ«úø¹õ��¢ú ö½õ÷öô���Zú7� þ«ýã�ñõ � ö �  ¬
õ ø������Î§o� � �ZúD�	�ñÿ«ú öNø{��� �  ���Zú�ÿüþ��±�±�Zú	��ý � �iú ö��ñõïþ¸ù�õ[�þ � Vt0 = 0.3E0

þ¸ö�� ¦ � Vt0 = E0 ¡ � õ���� E0 = ~2/2m∗r2
0

� � �Zú��Aþ��6�Zú��=�	
9ÿ��¢úõ[�X���ZúD�ñõ��lúüû ú	� � ù�
i�ñõ � ö �  ���Zú��?þ�ø¹öZú	�ñõ��g� � �lú ö��  � ÿmþ�ýã
9ÿ«úIÿ�õ÷öNø��



~Q~ []¬��®V_�`*¯;¹ ç�¬)`�ñ��4�Z`*´�_p\��h�la�$�íÀíÀ`*_�¯i$

Æ-,4.`K�0,�N9/B�D8G��4.>;�<kDA,4.�:6G47C7A.69EDF�N.69/.6780dD8.A��B�9eD8,4.�@CTU@\D8.6K �ET*0VM�.?<RD·¼37AB1�N,ED�0�@CTUKVK�.�D87AB�:
.�Òg:?B�D]0dD8B�;�9�:y0�9Ð�q.O7A.A�/G4:6.��»�ET�DA,4.SB�94:?M�G4@CB�;N9�;�<H0p7803DA:],4.?D�2q;�D8.?9IDABa0�Mk0�@>@A,/;¦Íi9xB�9lvBC�NG47C.
</Ô76�Ô¹Æ-,4."�J03:%Ø?��7A;NG49���2q;�DA.69ED8B�0�MH:60�G4@C.6@O;N@C:6B�M�Ma03DAB�;N9/@�B�9�D8,/.eB�9/�4G/:6.A��K�0,�N9/.?D8B�:fKV;NKV.69ED
Íi,4;N@C.1<z7C.A�IG4.69/:?TJ�N7A;£Íi@ÈÍiB�D8,SD8,/.1,4.?BC�N,ED
;�<5D8,4.17803DA:],4.?DA@AÔOä��N.?9f<z;N7
0w��.67CTÞÍH.y0,ØS2q;�D8.?9ED8Ba03M
D8,/.>;N@A:?B�M�M�03D8B�;N94@
25.?7A@CB�@CD�039/�eD8,4.�0�N.?780,�N.P:?G47A7C.69ED���0394B�@C,4.6@�Ô��sDiB�@-B�9EDA.67A.?@CDAB�9/�_DA;V9/;�D8.�DA,J03D
D8,/.�2q.67CB�;?�e;�<;N@A:?B�M�M�03D8B�;N9p:60�9��5.PK_G4:],*Ma037;�N.?7oD8,J039*DA,J03Di;�<rD8,4.�0�2/24M�B�.A�n25.?7CDAG47;�J0dD8B�;�9WÔ

� 94;3D8,4.?7�Ío0yTe;�<��47C.y0,ØIB�9��_D8,4.PM�.�<RDò¼37CBC�N,EDo@CTUK�KV.?DA7CT�;�<rD8,4.>7CB�9/�OB�@��ETpD8,4.>B�94:6M�G4@AB�;N9p;�<
0�9x0�@\TgKVKV.?D87CB�:Ç�40�:%Ø
�N7A;NG/9/�l25;�DA.69ED8B�0�M�0�9��x2q.67\D8G47��4B�9��pD8,4.O@\Tg@\D8.?K`ÍiB�D8,hDA,4.S@CTUKVK�.�D87AB�:
24G4M�@A.�£ 6�Ô K ¥�Ô�Æ�Ío;�DWTg2q.6@m;�<�2q;�D8.?9IDABa0�M�@1,40£��.Ç�q.6.69^D8.6@\D8.��WÌ{0f@A0Í-D8;U;�D8,�£t780dD8:],4.�Dò¥12q;�D8.?9ED8Ba03M
�4. Ó 94.A�^�ET

Vr(θ) =





2Vr0
π
θ, θ ∈

[
0, π

2

]

2Vr0
π

(
θ − π

2

)
, θ ∈

(
π
2
, π
]

Vr0
π

(θ − π) , θ ∈ (π, 2π) ,

£ </Ô=<¾¥

@A,/;¦Íi9^B�9eD8,/.�M�.?<RD-240�94.6M�;3<�vkB1�NG47C.À</Ôï.,ÌJ0�9/�^0Ú�4B�2q;NM�.�ÉW7C;�D]03DA.A�}�IGJ0:�47AG42q;NM�. Ó .6MC�
Vd(θ) = Vd0 (cos θ + cos 2(θ + θd)) ,

£ </ÔO:N¥
@A,/;¦Íi9�B�9�DA,4.e7AB1�N,EDO2J0�9/.6M-;�<1vkB1�NG47A.c</Ô7<�Ô»Æ-,4.n7C.6@AG/M�D8@�ÌH@C,4;£Íi9YB�9ZvkBC��G47A.?@l</ÔO:h0�9/�»</Ô74�Ì
B�9��4B�:603D8.

−1

0

1

−1

0

1
0

1

y/r
0

x/r
0

V
r
 / V

r0

−1

0

1

−1

0

1

−1
0
1
2

x/r
0

y/r
0

V
d
 / V

d0

vkB1�NG47C.c</Ô=<Zó�ö_÷©ø�ùd�P�F�±���7�lú	�ñÿ�õ��Àÿüþ��±�±�Zú	��ý � �iú ö��ñõïþ¸ù � ��� � � �p�.ü)ý�þ�ùd�>��õ=ý � ùñúüûÿ � � þ��iú��S�i
¨þ©�¹ÿ�
òý � ùñú�ý � �iú ö��ñõïþ¸ù � ��� ¤ � õ���� θd = 45◦ � �
D8,403De0�9+03@CTUK�KV.?DA7AB�:^KV;g�/G4Ma03DAB�;N9�;�<>DA,4.h�IGJ0�9ED8G/K 7CB�94��B�@f94;3Dp.�Ü5.6:�D8Bj�N.�B�9X0�B��4B�94�lD8,4.
�N.?94.67A03D8B�;N9�;�<-0^94.�D_:6G/7A7A.?9EDO�ET�0^@CTUK�KV.?DA7AB�:V.�ÒUD8.67C9J0�MH25.?7CD8G/7A�J03DAB�;N9rÔ"Æ-,4.p�J0�:%ØI�N7C;NG494�
2q;�D8.?9IDABa0�M�@O:y0�G/@A.�;�@A:6B�M�M�03D8B�;N94@_B�9�DA,4.^B�94�4G4:?.6�XK�0��N9/.?D8B�:eK�;�K�.?9IDÞÍi,4;�@A.�KV.y039��30�M�G4.nB�@
�N.?7CTx94.60�7�DA;�á?.67A;�ÌkBêÔ�.,Ô�9/;�@CDA.y0��gTw:?G47A7C.69ED_,40�@b�q.6.?9��N.?94.67A03D8.?�WÔ�×1B��N,x<z7C.6�IG4.?94:?Tx�4B�25;NM�.
;N@C:6B�M�Ma03DAB�;N9/@��/G4.eD8;hD8,/.e.�ÒUD8.?7A9J0�Mo24G4M�@C.n0�7A.f@AG42q.67CB�KV25;N@C.6�Z;N9�M�0�7A�N.?7`;N@C:6B�M�Ma0dD8B�;�94@wÍi,/;N@A.



~ ,

<z7C.6�IG4.?94:?TfB�94:?7A.y03@A.6@�ÍiBjD8,fDA,4.m@\D87C.694��DA,e;�<�D8,/.�K�;U�4G4M�03D8B�;N9WÔ�ä��N.?9n<z;�7�0b��.67CT½Ío.60,ØVK�;U�4G�É
M�03D8B�;N9�DA,4.>;N@C:6B�M�Ma03DAB�;N9/@H@\D8B�M�M=032425.60�7AÌ?ÍiB�DA,n0_25.?7AB�;U�eK_G4:],nM�0�7A�N.?7HDA,J0�9pD8,403D-;�<}D8,/.P0�2424M�B�.6�
2q.67\D8G47C�J03DAB�;N9WÌ40�@-D8,4.P7AB��N,ED-2J0�9/.6M�;�<kvkB���G47A.À</Ô74O@A,4;£Íi@�Ô

0 20 40 60 80 100

−0.2

0

0.2

t [ps]

M
o / 

µ B*

0 5 10 15

−0.2

0

0.2

t [ps]

M
o / 

µ B*

vkB��NG/7A.À</ÔO:Mó � �ZúD�ñõ��lúüû ú	� � ù�
i�ñõ � ö �  ���Zú � ÿ ¦ õ�� þ¸ù®�?þ�ø¹öZú	�ñõ��F� � �lú ö�� �  þ ÿ�õ÷öNø� � �{
9ùïþ��iú�� ¦ �����Zú�ÿüþ��±�±�Zú	�)ý � �iú ö��ñõïþ¸ù � ��� � � � �Zú ö���
 ¦]� ú��	�S� � ���ZúX�Û���7�lú	�ñÿ�õ��ýã
9ù[�·ú � ¢ ��� � � � �ZúZý�ú ÿ��6
9ÿ ¦ þ��ñõ � ö�ý*þ¸ÿüþ¯�lú	�iú ÿb��þ¸ÿ«ú
ù÷õ[���iú��mõ÷öe���Zú_� þ«ýã�ñõ � ö �  ¬
õ ø{
9ÿ«ú���Î§o� � �Zú��	�ñÿ«ú öNø{��� �  ���ZúÊÿüþ��±���Zú	�4� � �{
9ùïþ��ñõ � ö¤õ[� Vr0 = E0 ¡ � õ���� E0 =
~2/2m∗r2

0

� � �Zú ùñú  ��ý*þ¸öZú ù£�6� ��� �ºþ0� ù � �·ú ÿ�ù ��� �þ�� � öZú`� ¦ ú þ��W��õ÷ö#���Zú]ÿ�õ øo���ý*þ¸öZú ù��

0 10 20 30 40
−0.6

−0.4

−0.2

0

0.2

0.4

t [ps]

M
o / 

µ B*

0 10 20 30 40
−0.03

−0.02

−0.01

0

0.01

0.02

0.03

t [ps]

M
o / 

µ B*

vkB��NG/7A.À</Ô74�ó � �ZúD�ñõ��lúüû ú	� � ù�
i�ñõ � ö �  ���Zú � ÿ ¦ õ�� þ¸ù®�?þ�ø¹öZú	�ñõ��F� � �lú ö�� �  þ ÿ�õ÷öNø� � �{
9ùïþ��iú�� ¦ �����ZúH�¹õ=ý � ùñúüû ÿ � � þ��iú����i
¨þ©�¹ÿ�
òý � ùñúGý � �iú ö��ñõïþ¸ù � ��� ¤!¡ � õ���� θd = 45◦ �� �Zú öu��
 ¦]� ú��	��� � ���ZúF�±�i�7�lú	�ñÿ�õ��(ýã
9ù[�·ú � ¢ ��� � � � �Zú(ýéú ÿ��6
9ÿ ¦ þ��ñõ � ö¦ý*þ¸ÿüþ¯�lú	�iú ÿb�þ¸ÿ«úmù÷õ[���iú���õ÷öK���ZúQ� þ«ýã�ñõ � ö �  ¬
õ ø{
9ÿ«ú}���Î§o� � �ZúF���ñÿ«ú öNø{��� �  ���Zú�ÿüþ��±���Zú	��� � �{
¹ûùïþ��ñõ � ö&õ[� Vd0 = E0 = 8.42kBT � ùñú  � � þ¸ö�� Vd0 = 0.05E0 = 0.42kBT � ÿ�õ øo��� � �





���������|��� �

� �(� &����  h¡
�(�  

¢-,/.O;N94.O247C;N25.?7CDWT�;�<FD8,4.O�IGJ0�9EDAG4K�7CB�94�p£i,4B�:],l,J0�@�7C.6:6B�.?��.6�lD8,4.O�N7C.y03DA.6@\DPB�9ED8.?7A.6@\DPB�@1B�D8@
2q.67C@AB�@CD8.?9EDo:?G47A7C.69EDH£i,/B�:],�0�242q.y0�7C@
£i,4.?9�DA,4.i7AB�9/��B�@F24Ma0�:?.6�SB�9�0�9S.�¤UDA.67A940�MQKf0���94.?DAB�:�¥J.?M��{¦
¢-,/.-25.?7A@AB�@CDA.69EDF:6G47C7A.?9ID
032425.60�7A@��/G4.oD8;>�/7A.y03§UB�94��D8,/.�M�.�<RD©¨37CB��N,ED�@\TUK�KV.?DA7CTN¦ªW9S0�Kf03�N94.?DAB�:
¥4.6M��hDA,4.O�N7C;NG494��@\D]03DA.O;�<FD8,4._@\TU@CD8.?K«K�;¬��.6@�D8;e,/B��N,4.?7m94.?�E03DAB��N.S0394�NG4M�0�7mKV;NKV.69ED8G4KB�9
;�7A�4.?7_D8;lK�B�94B�KVB�®?.�BjD8@O.�¯=.?:?D8Bj�N.n§IB�94.�D8B�:e.694.?7A��T�¦�°>:?:6G42403D8B�;N9Z;�<m@\D]03DA.6@O£iB�DA,�0l2q;N@CB�D8Bj�N.
0394�NG4M�0�7SK�;NKV.69EDAG4K±�5.?:6;NKV.6@V�4.?24M�.�D8.6�X0�94�X0x:6;N9/@CD]039IDf:6G47C7A.?9ID�²J;¬£i@e0�M�;N94��D8,4.^7AB�94�4¦
³1G4.�DA;�DA,4.�25.?7AB�;U�4B�:6B�DWT`;�<qD8,4.�.694.?7A��TS@C25.?:?DA7AG4K*´UDA,4.�25.?7A@AB�@CDA.69EDo:?G47A7C.69EDHB�@F25.?7AB�;g�4B�:-B�9OD8,/.
K�0��N9/.?D8B�:m²JGg¤nDA,47A.60��4B�94�OD8,4.>7CB�94�4¦

µ+,4.?9�D8,4.eB�9IDA.67A0�:?DAB�;N9w�5.�DW£o.?.69�.6M�.?:?DA7A;N94@OB�@`B�94:6M�G4�4.6�w£iB�D8,/B�9�DA,4.n¶m0�7\D87C.6.�·WvJ;g:]§x0�2g·
2/7A;y¤gB�K�03D8B�;N9�D8,4.V247A;�25.?7CD8B�.6@�;�<�DA,4.�@\TU@CD8.?K(:60�9��q.��/B��UB��4.?�wB�9ED8;^DA,47A.?.�:60�@A.?@_�4.?25.?94�4B�9/�
;�9hD8,4._@\D87C.694��DA,l;�<�D8,4.O¸o;NG4M�;�K_�hB�9EDA.67803:?D8B�;N9{¦�µ+,4.?9hD8,4.O7CB�94��:6;N9ED80�B�94@�0pMa0�7C�N.`9IG4K_�q.67
;3<o.?M�.6:�D87C;N94@�D8,/.O§UB�94.?DAB�:_.?94.67C��T�B�@�D8,4.OK�0�B�9^<z;N7A:?.O;�<oB�9/²JG4.?94:6.O;�9lDA,4.O@CTU@\D8.6Kc0394�l:6;N9g·
@C.6�IG4.?9IDAM�TlD8,/.�.?94.67C��Tl@A2q.6:�D87AG/K(0394�xDA,4.67C.?<z;N7C.VDA,4.S25.?7A@CB�@CDA.69EDb:6G47C7A.69ED_0�7A.S�IGJ0�M�B�D]0dD8B���.6MjT
@CB�KVB�M�0�7�DA;eD8,J03DP2/7A.6�/B�:?DA.6�x�ETl0e94;N94B�9IDA.67A0�:?DAB�94�eKV;g�/.6Mk£iBjD8,l@A24B�9lB�94:?M�G4�4.?�{¦Oªs<
D8,4.?7A.V0�7A.
<z.�£¹.?M�.?:?D87C;N94@�;�9pD8,4.>7CB�94�`DA,4.P¸o;NG/M�;NK_�eB�9ED8.67A0�:?DAB�;N9�,J0�@i0_K_G/:],*@\D87C;N94�N.?7�B�9/²4G4.694:?.�D8,J039
DA,4.o§IB�94.?DAB�:o.?94.67C��TN¦k³mG4.oDA;1DA,4.�.�¤g:],J0394�N.�B�9IDA.67A0�:?DAB�;N9�D8,4.H@CTU@CDA.6Kº�q.6:?;NKV.6@k@C24B�9b25;�Ma0�7CB�®6.?�{´
B»¦¼.3¦J;N94MjTe.6M�.6:?DA7A;N9/@1;�<kD8,4.�@80�KV.P@A24B�9h0�7C.P247A.?@A.69EDmB�9nD8,4.�@CTU@CDA.6K*¦-ªW9^DA,4B�@i:y03@A.bDA,4.�.694.?7A��T
@C25.?:?DA7AG4Kc0�9/�xDA,UG/@�DA,4.�:?G47A7C.69EDbB�@>@AB�K�B�Ma0�7�D8;nD8,J0dDP;�<-0n7AB�94�e:6;N9ED80�B�94B�94�n94;N94B�9ED8.67A0�:?DAB�94�
@C24B�9/M�.6@C@`.?M�.6:�D87C;N94@6¦*ªW9��q.?DW£H.6.?9ZDA,4.6@C.pM�B�K�BjD8@�DA,4.fB�94:6M�G4@AB�;N9w;3<�D8,4.p¸o;NG4M�;NK_��B�9ED8.67A0�:?DAB�;N9
2/7A;U�4G4:6.?@�<z.y03DAG47A.?@o£i,4B�:],p:y0�9/94;�D-�q.m@C.6.69nB�9e0`KV;g�4.?M5;3<�94;N94B�9ED8.67A0�:?DAB�94�`.6M�.?:?DA7A;N94@?¦�ªW9fD8,/.
:60�@A.�;�<�0�9^.��N.?9�9IG4K_�q.67�;�<.6M�.?:?DA7A;N94@iD8,/.���7A;NG49/�4@CD803D8.�@A,4Bj<RD8@i�q.?DW£H.6.69h0V@C24B�9*�4.6��.694.?7803DA.
½
S = 0 ¾ 0�9/�l0f@A24B�9h2q;NMa0�7CB�®?.6� ½ S = 1 ¾ :?;N9/¥J�NG/7803DAB�;N9{¦mvJ;N7�0�9�;g�4��9IG4K`�5.?7�;�<F.6M�.6:�D87A;�94@DA,4.67C.�B�@o0�M�£o0yTU@�@A;NKV.m�/.6�N7C.6.�;�<}@C24B�9f@A24M�B�DADAB�94���4G4.1D8;`DA,4.�B�9/.6�IGJ0�Mq9IG4K_�q.67�;�<}.?M�.?:?D87C;N94@H;�<
;�2425;�@AB�DA.b@C24B�9=¦�¢-,4.`2q.67C@AB�@CD8.?9ED�:6G/7A7A.?9ED��4B�@A24M�0¬TU@�§IB�94§N·WM�B�§3.�@\D87CG4:?DAG47A.?@m£i,4B�:],=´q<z;N7�0�9^.?��.69
9IG4K`�5.?7�;�<=.?M�.?:?D87C;N94@?´E�N780��/GJ0�M�MjT��4B�@A0�242q.y0�7k£iBjD8,SB�9/:67A.60�@AB�94�>9IG4K_�q.67�;�<q.?M�.6:�D87C;N94@6¦�vQ;�7�;g�/�

¿EÀ



~5Á ÂmÃ}ÄkÅ _�`QÆYÇ Â \�ÈrÉ�ÊgË)aÍÌ¶\�È�a

.6M�.6:�D87A;�94@-D8,4.P§IB�94§I@i7A.?Kf03B�9e�IG4B�DA.P247A;N9/;NG494:?.6�^03DiM�.60�@CD�G42eD8;
Ne = 9

¦
¢-,4.�2q.67C@AB�@\D8.?9ID�:6G47C7A.69ED�:60�9O�q.oK�0�94B�2/G4Ma03DA.6���ET_0�2/24M�TUB�9/��0�9_.©¤UD8.67C9J0�MUD8B�KV.�·s�4.62q.69/�4.69ED

2q.67CDAG47A�403D8B�;N9w£i,4B�:],�7A.?@A.?K_�4M�.?@O0^�/B�2q;NM�.S7803�4Ba03DAB�;N9l¥J.?M��{¦*¢-,4.p2q.67\D8G47C�J03D8B�;N9�.©¤g:6B�DA.6@�D8,4.
@CTU@\D8.6KcD8;�0^,4B��N,4.?7�.?94.67C��Tx@CD803D8.V£iB�D8,�0^�4Bj¯=.?7A.?9IDb:6;�K_�4B�9403D8B�;N9l;�<i0�94��G4Ma0�7>KV;NKV.69ED8G/K
@CD803D8.?@mD8,40�9�D8,403D�;�<kD8,4._��7A;NG49/��@CD803D8.3´=D8,IG4@m:],J0�94�NB�94��DA,4.`2q.67C@AB�@CD8.?9ED>:6G47C7A.?9ID6¦�ªW9�0f2/G47A.
;N94.©·W�4B�K�.?94@AB�;N9J0�MQ7CB�94��D8,4.?7A.>0�7C.m94;_<z;�7A:6.?@oD8;`@AG4@\D]0�B�9p;N@A:?B�M�Ma03DAB�;N94@�B�9fD8,/.�:6G47C7A.?9ID-03<RD8.?7o.�¤I·
:6BjD]03DAB�;N9=´UBjD�7C.y0�:],4.?@�0�9e.6�IG4B�M�B��/7AB�G/K���03M�G4.1B�KVK�.?�4Ba03DA.6MjT_£i,4.69eDA,4.�2q.67CDAG47A�403D8B�;N9f�30�94B�@A,4.?@6¦
Î D�DA,4.�2q;NB�9ED8@
£i,4.67C.mD8,/.�Kf03�N94.?DAB�:i¥J.6M��pB�@H94;�D�0��4M�.�D8;_�/7A.y03§VDA,4.�M�.�<RD©¨37CB��N,EDH@CTUKVK�.�D87CTV;�<
D8,/._7AB�94�p0�9/��D8,4.`�N7A;NG/94��@CD803D8.b25.?7A@AB�@CDA.69ED>:6G/7A7A.?9EDP�4B�@A0�242q.y0�7C@6´5DA,4. ½ @CTUK�KV.?DA7AB�: ¾ 25.?7CD8G/7\·�J03DAB�;N9l:60�9494;�DbB�9/�4G4:6.V0n:6G47C7A.?9ID`B�9lD8,4.S7CB�94�4¦�¶1;¬£H.?��.676´k�ITxB�9IDA7A;U�4G4:?B�94�*0�9w0�@CTUKVK�.�D87\T
D8;bD8,4.�2q.67\D8G47C�J03DAB�;N9f0`:6;N9/@CD]039ID�:6G47C7A.69ED-:60�9e�q.m�N.?94.67A03D8.?�n03D-0`®?.67C;_Kf03�N94.?DAB�:i¥J.6M��{¦�¢-,4.
0�242q.y03780�94:?.e;�<m0l2q.67C@AB�@CD8.?9EDS:6G47C7A.69EDVB�9��IGJ039IDAG4K±7AB�94�N@_7C.6M�B�.6@`;N9�D8,4.e�47C.y0�§IB�94�l;�<iD8,4.?B�7
M�.�<RD©¨37CB��N,EDH@CTUKVK�.�D87CT�¦F¶1;¬£H.?�N.?76´JBj<�D8,4.�7CB�94�bB�@�KV;U�4G4Ma0dD8.6���ETe0�9e03@CTUK�KV.?DA7AB�:m�J0�:]§I�N7C;NG494�
2q;�D8.?9IDABa0�M{DA,4.�@CTUK�KV.?DA7AB�:�2/G4M�@C.b:60�G4@A.?@>0�9*;N@A:?B�M�Ma03DAB�94�O:?G47A7C.69EDm£i,4;�@A.`2q.67CB�;U�n:y0�9^�5.P�N.?7CT
Ma037A�N.�:?;NKV2J0�7A.?�*DA;OD8,J03Di;3<DA,4.P24G4M�@C.�¦



Ï ÐYÐ[ÑYÒºÓ�ÔÍÕ Ï

Ö �±×�Ø ÙÛÚÝÜ(¡Þ ß ��à�á àº� Úâ 

µ+ã/ä6å^æAã4ä�ç4èaé�å/äP£oéyêNä_ë4é�ìAí�ì�î3ï
ĥ0

½»ð ¦�ñyò ¾ í�ìió4ìAä?ô�æ8îVõAä?ç4õAä?ìAä?åIæ1æ8ã4ä�ìAí�å4öNè�ä�·Wä?è�ä?÷?æ8õCîNånìCæ8é3æ8ä?ìî3ïkæ8ã/äOøgè�é3æ8ä?õ-ô4ä?æAä6õAùVí�å4é�åEæy´Jæ8ã4ä�ù�é3æ8õCíj¤eä?è�ä?ù�ä?åIæAì1î3ï�æ8ã4ä`¸oîNó4è�îNù_ëní�åEæAä6õ8é3÷?æ8í�îNånæ8ä6õCù�ì�÷yé3å
ëqäV÷yé�è�÷6ó4è�é3æ8ä?ô�é�å4é�è�úIæ8í�÷yé�è�è�ú�¦�¢-ã4ä�ùfédæ8õAíû¤lä6è�ä6ùVä6åEæ8ì�î�ïHæ8ã4äfüQîU÷]§�îNçqä6õAé3æ8îNõ ½»ð ¦ ¿Ný ¾ í�å4÷?è�ó4ô4äæW£Hî3·sä6è�ä?÷?æAõAîNå*í�åEæ8ä?öNõ8é3è�ì�î�ïræ8ã/äPæWúUçqä

〈φlφn|φmφp〉 =

∫
dr dr′ φ∗l (r)φm(r) |r− r′|−1

φ∗n(r′)φp(r
′)

=

∫
r2

0 dθ dθ
′ e

ilθe−imθ

2πr0

1

r0

√
sin2((θ − θ′)/2) + µ2

s

einθ
′
e−ipθ

′

2πr0

=
1

4π2r0

∫
dθ ei(l−m)θ

∫
dθ′

ei(n−p)θ
′

√
sin2((θ − θ′)/2) + µ2

s

½ Î ¦�ñ ¾

£iã/ä6õAäP£Hä�ã4é¬ê�äbí�å4ìAä?õCæAä6ônæ8ã4äPí�åEæAä6õ8é3÷?æ8í�îNån§�ä?õAå4ä?è

|r− r′|−1 →
(
r0

√
sin2((θ − θ′)/2) + µ2

s

)−1 ½ Î ¦ ð ¾
ô/ä6ìA÷?õAí�ë4í�å4öbé�åVí�åEæ8ä?õ8é�÷�æ8í�îNåVé�è�îNå/öbéPìCæAõ8é�í�öNãEæ
è�í�å/ä-÷6îNå4å/ä6÷?æAí�å4öPæW£Hî`ä6è�ä6÷�æ8õAî�å4ìoédæ

θ
é�å/ô

θ′
¦�¢rî

ä?è�í�ù�í�åJé3æ8ä-æAã4ä>ìAí�å4öNó4è�é�õAíjæWú�î3ï�æ8ã4ä�¸oîNó/è�îNù_ëfí�åEæ8ä?õ8é�÷�æ8í�î�åeé3æ
θ = θ′

é_ìA÷?õAä6ä?å4í�å/öV÷?îNå4ì\æ]é�åEæ
µsí�ì-í�å4ìCä6õ\æ8ä6ô=¦Fµ+íjæ8ã*éO÷]ãJé�å4ö�äbî�ïí�åEæAä6öNõAé3æ8í�îNåfê3é�õAí�é�ë4è�ä6ì

x = (θ − θ′)/2 ½ Î ¦jñ ¾ ëqä6÷6î�ù�ä?ì

〈φlφm|φnφp〉 =
1

2π2r0

∫
dθ ei(l−m)θ ei(n−p)θ

∫ θ/2

θ/2−π
dx

e−i2(n−p)x
√

sin2 x+ µ2
s

.
½ Î ¦�þ ¾

¢rî>÷yé3è�÷6ó/èaé3æAäHæ8ã/ä-í�å4å4ä?õkí�åIæAä6öNõAé�èÿ´d£iã4í�÷]ãO£Hä�£ií�è�ègô4ä?å4î�æAä
Kpn(θ)

´�£HäiõAä?£iõCí�æAäoæ8ã4äoí�åEæ8ä?õ8é�÷�æ8í�î�å
§3ä6õCå4ä6è}ó4ìCí�å4öOæ8ã/ä�õCä6è�é3æ8í�îNå

1√
ρ2 + z2

=

∫ ∞

0

dk e−|z|kJ0(kρ),
½ Î ¦ ¿ ¾

¿Ný



��� �`ÅQÅ `QÈ��kÌ�� � � \�É
	�� Ä _}ÆrÌ����ÊM`��À`QÈ�_�a

£iã4ä?õAä
J0(x)

í�ì�æ8ã4ä��oä6ìCìAä?èQïzó/å4÷?æAí�îNåVî�ïqæ8ã4äi¥JõAì\æ
§Uí�å4ôVî�ï=î�õAô4ä?õH®?ä6õAî/¦F°�å�í�å4ìAä?õCæ8í�å4ö>æ8ã4í�ì
Kpnëqä6÷6î�ù�ä?ì ½

µs > 0 ¾
Kpn(θ) =

∫ θ/2

θ/2−π
dx ei2(p−n)x

∫ ∞

0

dk e−µskJ0(k sin x)

=

∫ ∞

0

dk e−µsk
∫ θ/2

θ/2−π
dx ei2(p−n)xJ0(k sin x)

=

∫ ∞

0

dk e−µsk
∫ θ/2

θ/2−π
dx
[
cos(2[p− n]x) + i sin(2[p− n]x)

]
J0(k sin x).

½ Î ¦�� ¾

¢rîV¥Jå/ô*æAã4äPí�å4å4ä?õ-í�åEæ8ä?öNõ8é3è=£oäPó4ìCäbõCä6ìCó4è�æAìiïzõCîNù��>õ8é3ô4ìAãEæ8ä�úUåhé�å4ô��-úU®6ã4í�§�� ý ð��
���! "�$#!%&�! ('� �)+*$�-,
∫ π

0

dx J0(2z sin x) cos 2nx = πJ2
n(z)

���! "�$#!%&#! ('� �)+*$�-,
∫ π

0

dx sin(2µx)J2ν(2a sin x) = π sin(µπ)Jν−µ(a)Jν+µ(a),

Re ν > −1.

½ Î ¦/. ¾

Î èjæ8ã4î�ó4öNãeæ8ã4äPí�åIæAä6öNõAé3æ8í�îNåeè�í�ù�íjæ8ìHé�õAä>¥/¤gä?ô^æ8î
0
é�å/ô

π
½ Î ¦�. ¾ í�ì-ìCæAí�è�èqê3é�è�í�ôpïzîNõ-÷yé�è�÷6ó4è�é3æ8í�å4öæ8ã/ä>í�å4å4ä?õ-í�åEæ8ä?öNõ8é3è{î�ï ½ Î ¦0� ¾ ìCí�å4÷?ä�æ8ã4äPí�åIæAä6öNõAé�å4ôeãJé3ì1é_çqä6õCí�îUôeî�ï π é3å4ôeæ8ã4ä>è�ä6å4ö�æAãnî�ï}æ8ã4äí�åEæAä6öNõAé3æ8í�îNåeí�åEæ8ä?õCê3é�è{î�å4äPç5ä?õAí�îUô{´Uæ8ã4ä?õAä?ïzî�õAä

∫ θ/2

θ/2−π
dx cos(2[p− n]x)J0(k sin x) = πJ2

p−n(k/2)

∫ θ/2

θ/2−π
dx sin(2[p− n]x)J0(k sin x) = π sin([p− n]π)Jn−p(k/2)Jp−n(k/2) = 0.

½ Î ¦ À ¾

ªWå4ìCä6õCæAí�å4öSæ8ã/í�ì-í�åEæAî ½ Î ¦�� ¾ £Hä�ö�ä?æ

Kpn(θ) = π

∫ ∞

0

dk e−µskJ2
p−n(k/2)

= 2π

∫ ∞

0

dk′ e−2µsk′J2
p−n(k′),

½ Î ¦/1 ¾

£iã4ä?õAäS£oäSãJéyêNäSçqä6õ\ïzîNõAùVä6ô�æ8ã/äSê3é�õCíaé�ë/è�ä`ä©¤g÷]ãJé�å4öNä
k/2 → k′

¦_¢rî^ä�ê�é3è�óJé3æAä`æ8ã/í�ì>í�åEæAä6öNõAé�è
£Hä�æAó4õAåeæ8î2�>õ8é�ô4ìCãEæ8ä?úUå^é�å4ô3�iúU®?ã4í�§

���! "�!%5476! 
'� �)+6$8-,
∫ ∞

0

dx e−αxJν(βx)Jν(γx) =
1

π
√
γβ

Qν− 1
2

(
α2 + β2 + γ2

2βγ

)

Re (α± iβ ± iγ) > 0, γ > 0, Re ν > − 1
2
,

½ Î ¦ ý ¾
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£iã/ä6õAä
Q(z)

í�ì-æ8ã4ä;:}é�öNõAé�å4öNä>ïzó4å4÷�æ8í�îNå^î3ïkæ8ã/ä`ìAä?÷6îNå/ô�§Ií�å4ô<�/1=1 � ¦�¢-ã4ä�èaé�ì\æ1÷?îNå4ô4íjæ8í�îNånîNå4è�ú
é3ç4ç4è�í�ä6ì-ïzîNõ

p− n > 0
´Jã4î¬£Hä?êNä?õ6´qïzõAîNù ½ Î ¦�� ¾ £oä�ìAä?ä�æAãJé3æiæ8ã4ä�í�åEæAä6öNõAé�è Kpn

îNå4è�úfô4ä6çqä6å/ô4ì
î�åpæ8ã4ä�ô/í�¯5ä6õAä?å4÷6ä

p− n é3å4ôpïzó4õCæAã4ä6õCù�î�õAä1æAãJé3æoí�æ�í�ì�¶�ä6õAùVí�æAíaé�å K∗pn = Knp

¦�¢-ã4ä?õAä�ïzîNõAä3´4í�æ
í�ìoìCó?>V÷6í�ä?åEæ-æ8îO÷yé3è�÷6ó/èaé3æAä1æ8ã/ä�í�åEæ8ä?öNõ8é3èqïzîNõ

p− n > 0
é�å4ôeó4ìCí�å4ö_æAã4ä>¶1ä?õAùVí�æAí�÷6íjæWú_æ8îOî�ë/æ]é�í�å

æAã4äeõAä?ìAó4èjæ8ì`ïzî�õ`æ8ã4äfõAä6ù�é�í�å4í�å4ö^÷6îNù`ë4í�åJédæ8í�î�å4ìbî3ï
p
é�å4ô

n
½ ïzî�õb£iã4í�÷]ã

p − n < 0 ¾ ¦l¢-ã4äí�åEæ8ä6ö�õ8é�è{ëqä6÷?îNùVä6ì

Kpn(θ) = 2π

∫ ∞

0

dk′ e−2µsk′J2
p−n(k′) = 2Qp−n− 1

2
(2µ2

s + 1) (p− n > 0).
½ Î ¦jñ¬ò ¾

¢-ã/ä_é�õCöNó4ùVä6åEæiïzîNõ-æ8ã4ä;:}é�öNõ8é3å4öNä>ïzó4å4÷�æ8í�î�å^í�ìiê�ä6õ\ú^÷?è�îNìCä>æ8îVó4å4í�æWúe£iã/ä6å
µs
í�ìiìAù�é�è�è»¦
¢-ã/ä

é3ìCúUù�çgæ8î�æAí�÷�ïzîNõCù�î�ï
Q(x)

í�åeæ8ã/äPêUí�÷6í�å/í�æWú�î�ï
x = 1+ í�ì-öNíjêNä6ånëEú@�A1!1 �

Qν(x) = −γ − ψ(ν + 1)− 1
2

ln
(
x
2
− 1

2

)
,

½ Î ¦jñNñ ¾
£iã/ä6õAä

γ
í�ì�æ8ã/ä;B�ó4è�ä6õi÷6î�å4ìCæ8é�åEæmé3å4ô

ψ(x)
í�ì�æ8ã4äCB�ó4è�ä?õ-ç4ìAí{ïzó/å4÷?æAí�îNåe£iã4í�÷]ã^îNëqä?úUì

ψ(x+ 1) = ψ(x) +
1

x

ψ
(

1
2

)
= −γ − 2 ln 2 + 2

½ Î ¦jñ ð ¾
é3å4ô�÷6é�åSæ8ã4ä?õAä?ïzî�õAäië5äi÷6é�è�÷?ó4èaé3æAä6ôSõAä?÷6ó4õCìAíjêNä6èjúN¦ED�ìAí�å4ö ½ Î ¦jñ¬ò ¾ æAã4ä-æW£oî3·sä6è�ä6÷?æAõAîNåVí�åEæAä6öNõAé�è4÷yé3åëqä>£iõAíjæAæ8ä?å

〈φlφn|φmφp〉 =
1

π2r0

∫
dθ ei(l−m+n−p)θ Qp−n− 1

2
(2µ2

s + 1)

=
2

πr0
Qp−n− 1

2
(2µ2

s + 1) δl−m+n−p,0

½ Î ¦jñ¬þ ¾
è�äyé�ô/í�å4ö_æAî�é3å�é�å4é�è�úIæ8í�÷�ä�¤gç4õCä6ìCìAí�î�å^ïzîNõ�æAã4äPùfé3æAõAíû¤pä?è�ä6ùVä6åEæAì-î�ïæAã4ä�üJîg÷]§pî�ç5ä?õ8é3æAîNõ

F α
lm = hlm +

e2

4πε0εr

∑

n,p

ρTpn 〈φlφn|φmφp〉 − ραpn 〈φlφn|φpφm〉

= hlm +
4E0

π

r0

a∗0

∑

n,p

δl−m,p−n
[
ρTpnQp−n− 1

2
(2µ2

s + 1)− ραpnQm−n− 1
2
(2µ2

s + 1)
]

½ Î ¦jñ ¿ ¾
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¢-ã/ä^ä©¤/ç/õAä6ìCìAí�îNåYïzîNõOæAã4ä^í�åEæ8ä6õAé�÷?æAí�îNåZçJé3õCæSî�ï1æ8ã4ä^üJîg÷]§�ù�é3æAõAíj¤�ä6è�ä6ùVä6åEæ8ì ½ Î ¦�ñ ¿ ¾ ÷yé�åYë5ä£HîNõC§�ä6ô�ïzó4õCæAã4ä6õ�æ8î>úUí�ä?è�ôVé>ìAí�ù�ç4è�ä-ä�¤gç4õCä6ìAìCí�îNåVæ8ãJédæF÷yé�ì\æ8ì
è�í�ö�ãIæ�îNåVæAã4äiõAîNè�ä-î�ïqæ8ã4äiìA÷?õAä?ä6å4í�å4ö
÷?îNå4ì\æ]é�åEæ

µs
¦rªWå4ìAä?õCæAí�å4ömïzî�õ}æAã4äL:}é�ö�õ8é�å4ö�ä
ïzó4å/÷?æ8í�îNå_é3å4ô`ìCí�ùVç4è�íjïRúgí�å4ö�æ8ã/äHí�åIæAä6õAé�÷?æAí�îNå�ùfédæ8õAíû¤

ä?è�ä?ù�ä?åIæAì-ïzîNõ-ìAç4í�å
α
ëqä6÷?îNùVä ½ å4ä?öNè�ä?÷?æ8í�å4öO÷6î�å4ìCæ8é�åEæ8ì ¾

〈 l | V̂ α
int |m〉 =

∑

n,p

δl−m,p−n
[
−ρβpn(γ+lnµs)−ρTpnψ(p−n+ 1

2
)+ραpnψ(m−n+ 1

2
)
] ½ �1¦�ñ ¾

½ í�åEæ8ä?õA÷]ãJé3å4öNä
α
é�å4ô

β
ïzîNõ-ìCç4í�å

β ¾ ¦�¢-ã/ä_¸oîNó/è�îNù_ëeí�åEæ8ä6õAé�÷?æAí�îNå
1

2

∑

i6=j

1

r0

√
sin2([θi − θj]/2) + µ2

s

½ �1¦ ð ¾
í�ì-õAî�æ8é3æ8í�îNåJé�è�è�úSí�åIê3é�õCíaé�åEæ

sin2

(
θi − θj

2

)
= sin2

(
(θi + θ0)− (θj + θ0)

2

) ½ �1¦�þ ¾
é3å4ôZ÷yé�åZæ8ã4ä?õAä�ïzîNõAänå4î�æS÷?îNó4ç4è�äeìCæ8é3æ8ä?ìVî3ïmô4íj¯=ä?õAä?åIæVé3å4öNó4è�é�õ_ùVîNù�ä?åEæ8ó4ù*¦�¢-ã4ä^¸oîNó/è�îNù_ë
ù�é3æAõAíj¤fí�ì�æAãIó4ì1ô/íaé�öNî�åJé�è5£iíjæ8ãnä6è�ä6ùVä6åEæ8ì

〈m| V̂ α
int |m〉 =

∑

n,p

δ0,p−n
[
−ρβpn(γ + lnµs)− ρTpnψ(p− n+ 1

2
) + ραpnψ(m− n + 1

2
)
]

=
∑

n

[
−ρβnn(γ + lnµs)− ρTnnψ(1

2
) + ραnnψ(m− n + 1

2
)
]

= −Nβ
e (γ + lnµs)−Neψ(1

2
) +

∑

n

ραnnψ(m− n+ 1
2
)

= −Nβ
e (γ + lnµs + ψ(1

2
))−Nα

e ψ(1
2
) +

∑

n

ραnnψ(m− n + 1
2
)

½ �1¦ ¿ ¾
�3þ
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¢-ã4ä>æ8î3æ]é�è{í�åEæ8ä6õAé�÷?æAí�îNånä?å4ä6õCö�úeëqä6÷6î�ù�ä?ì

Eint = Eα
int + Eβ

int =
∑

m

ραmm 〈m| V̂ α
int |m〉 +

∑

m

ρβmm 〈m| V̂ β
int |m〉

= −2Nα
e N

β
e (γ + lnµs + ψ(1

2
))− ψ(1

2
)
[
(Nα

e )2 + (Nβ
e )2
]

+
∑

m

ραmm
∑

n

ραnnψ(m− n+ 1
2
) +

∑

m

ρβmm
∑

n

ρβnnψ(m− n+ 1
2
)

½ �m¦�� ¾
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¢-ã/ä*î�õAë4íjæ]é�è�ù�é�öNå/ä?æ8í�÷pùVîNù�ä?åEæOî�ïmélì\úUìCæ8ä?ù î�ïmä?è�ä?÷?æ8õCîNå4ìSîNå�é�õAí�å4öl÷yé�åZëqä*÷6é�è�÷?ó4èaédæ8ä6ô
ä©¤/é�÷?æAè�ún£iã4ä6å^æ8ã4ä_¸oîNó4è�î�ù_ë^í�åEæ8ä6õAé�÷?æAí�îNå*í�ì�å4ä?öNè�ä?÷?æ8ä?ô{¦�¢-ã4ä`îNõCë4í�æ8é�è�ù�é�öNå4ä�æ8í�÷PùVîNùVä6åEæ�î�ï
éOì\úgì\æ8ä?ùí�ì-ô4ä?¥4å4ä6ô�é�ì

Mo =
1

2

∫
dr
[
r×

〈
J(r)

〉]
· n̂ ½ ¸m¦�ñ ¾

£iã/ä6õAä
n̂
í�ì�énó4å4íjæ>êNä6÷�æ8îNõ�çqä6õAçqä6å/ô4í�÷?ó4èaé�õ�æAî*æAã4äSç4èaé3å4äSî�ïHæAã4äSìCúUìCæAä6ù�é�å4ô 〈

J(r)
〉 í�ì�æ8ã/ä

÷?ó4õAõCä6åEæ*ô4ä6å/ìAí�æWúXéyêNä6õAé�öNä?ô�î¬êNä?õpæ8ã4älüJä?õAùVímô4í�ìCæ8õCí�ë4ógæ8í�î�å{¦%¢-ã4ä�÷6ó/õAõAä?åEæ^ô/ä6å4ìCí�æWúX÷6é�å+ë5ä
ô/ä6õAíjêNä?ô*ïzõCîNù�æ8ã/ä�÷?îNåEæ8í�åUó/í�æWúpõCä6è�é3æ8í�îNåeëEúné�ìAìCó4ùVí�å4öVéS¶mé�ùVí�èjæ8îNå/íaé�å�î�ïæAã4ä>ïzîNõAù

H =
p2

2m
+ V (r)

½ ¸m¦ ð ¾
é3å4ô^í�ì-öNí�ê�ä6ånëEú

J(r) = −e
2

[
v |r〉 〈r|+ |r〉 〈r|v

]
,

½ ¸m¦�þ ¾£iã/ä6õAä
v
í�ì�æ8ã4äPä�¯=ä?÷?æ8íjêNäPêNä?è�îU÷6í�æWú

v =
1

m∗
(p + eA) =

~
m∗

(
−i∇ +

e

~
A
)
.

½ ¸m¦ ¿ ¾
D�ìAí�å4öOæ8ã4í�ì-ô4ä?¥Jå/í�æ8í�îNåeæ8ã4äP÷?ó4õAõCä6åEæ�î�ï�éOìCæ8é3æ8ä |ψi〉 í�ì-öNí�ê�ä6å*ëIú

ji(r) = 〈ψi|J(r) |ψi〉 = −e
2

[
〈ψi|v |r〉 〈r|ψi〉+ 〈ψi|r〉 〈r|v |ψi〉

]

= −e
2

[
v(r)ψ∗i (r)ψi(r) + ψ∗i (r)v(r)ψi(r)

]

= −eRe {ψ∗i (r)v(r)ψi(r)}

= − e~
m∗

Re
{
ψ∗i (r)

(
−i∇+

e

~
A
)
ψi(r)

}
.

½ ¸m¦0� ¾

¢-ã/ä*æAî�æ]é�èo÷6ó4õCõAä6åEæ�ô4ä6å/ìAí�æWúZí�ì_æ8ã4änìCó4ù±î�ï�æ8ã4ä*÷6ó4õCõAä?åIæAì�î3ïmä6é�÷]ã[ì\æ]é3æAän£Hä6í�öNãEæ8ä?ô[ëEú�æ8ã/ä
îU÷6÷?ó4çJé3æAí�îNånåIó4ù_ëqä6õ

〈
J(r)

〉
=
∑

i

f(εi − µ) ji(r).
½ ¸m¦�. ¾

�=�
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¢-ã4äPù�é�öNå4ä�æ8í�÷>ùVîNùVä6åEæ-í�ì�æ8ã4ä?õAä?ïzî�õAä

Mo =
1

2

∫
dr
[
r×

〈
J(r)

〉]
· n̂

= − e~
2m∗

∑

i

f(εi − µ)

∫ 2π

0

r0 dθ êz ·
[
r× Re

{
ψ∗i (r)

(
−i∇ +

e

~
A
)
ψi(r)

}]

= −e~r0

2m∗

∑

i

f(εi − µ)

∫ 2π

0

dθ êz ·
[
r× Re

{
−iψ∗i (r)∇ψi(r) +

e

~
Aψ∗i (r)ψi(r)

}]
.

½ ¸m¦ À ¾¢-ã4äP÷6õCîNìAì�ç4õCîgô4ó/÷?æ�÷yé�ånëqäPô4îNå4äPëqä?ïzîNõCäPæ8é�§Ií�å4ö_æAã4äPõAä6é�è�çJé�õ\æy´Jé�å/ô^ìCí�å4÷?ä

r×∇ = r0êr ×
1

r0

∂

∂θ
êθ =

∂

∂θ
êz

r×A = r×
(
−1

2
r×B

)
= r×

(
r0B

2
êθ

)
=
r2

0B

2
êz

½ ¸m¦/1 ¾

£Hä�æAã4ä6õCä?ïzîNõCä�ö�ä?æ ½ £iíjæ8ã
êz · êz = 1 ¾

Mo = −e~r0

2m∗

∑

i

f(εi − µ)

∫ 2π

0

dθRe

{
−iψ∗i (θ)

∂ψi
∂θ

+
er2

0B

2~
ψ∗i (θ)ψi(θ)

}
.

½ ¸m¦ ý ¾

Bk¤gçJé�å4ô4í�å4ö |ψi〉 í�åeæ8ã4äPëJé3ìAí�ì-î3ï ĥ0

½»ð ¦jñ¬ò ¾ é�ì-£Hä6è�è}é�ìió4ìAí�å4ö

µ∗B =
e~

2m∗
, mΦ =

Φ

Φ0
=
er2

0B

2~
½ ¸m¦jñ¬ò ¾

æ8ã/ä�ù�é�öNå/ä?æ8í�÷�ùVîNù�ä?åEæië5ä?÷6îNùVä6ì

Mo = −µ
∗
B

2π

∑

i

f(εi − µ)

∫ 2π

0

dθ

Re

{
−i
∑

l,m

c∗ile
ilθcim

∂e−imθ

∂θ
+mΦ

∑

l,m

c∗ilcime
i(l−m)θ

}

=
µ∗B
2π

∑

i

f(εi − µ)

∫ 2π

0

dθRe

{∑

l,m

(m−mΦ) c∗ilcime
i(l−m)θ

}
.

½ ¸m¦jñNñ ¾

�Húeí�åEæ8ä6õC÷]ãJé�å4ö�í�å4öOæ8ã/ä�í�åEæ8ä6ö�õ8é3æAí�îNåné�å/ô*ìCó4ùVùfé3æAí�îNåné3å4ônó4ìAí�å4ö
∫ 2π

0

dθ ei(l−m)θ = 2πδlm
½ ¸m¦jñ ð ¾
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£Hä�öNä?æ
Mo = µ∗B

∑

i

f(εi − µ)Re

{∑

l,m

(m−mΦ) c∗ilcim δlm

}

= µ∗B
∑

i

f(εi − µ)Re

{∑

m

(m−mΦ) c∗imcim

}

= µ∗B
∑

m

∑

i

f(εi − µ)c∗imcim (m−mΦ)

= µ∗B
∑

m

ρmm (m−mΦ) .

½ ¸m¦jñ¬þ ¾
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�ûñ$1 � Â f × f�ß �¢\ Ä É Ã ½ Â f?Ý�fhg Ä `*a¹`qÈ���\kÈÉ
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¾ f � fÌÞ `�\�\}´���t»��o�v$�¹�7Á~s�o��+Ã��?�wtwyow�y-z�Ô«wNs5ox��Á~��o Ò Ã-ox�����lt w?�Åy-z¯�©nUo Ò n��~�5yowUy=Ã-��Ó&y-n?�
ÔE�(oÊv-��t)w�ã7y$���2�~�
Ëo$�·�~�({|y�y�À�s?´���ãIúUì?¦��iä?êq¦�:�ä?æCæy¦ ��Z ´Jþ!1!. ½ ñ ý 1!. ¾ ¦

�ûñ ý �¡dUf × f Â1Ä ÆrÌRÈrÌ�½�ë f � f ��Ë�_é_ Ä ÊgÌ�\O½ Ä È�� ¥�f ¾ fiì Ä T(`QÊJ´Í�L��t»�!t)wíy-z��wnUo]Ó&y-nN���
Ò n��~��yowhy!ÃîÔ��
o�v$�&}Et��©n� É����z�¦|�·�-§@¨¢�l��wh�·�U´��FãEúUì6¦h�iä?êq¦�:�ä?æCæy¦ ��£ ´�ñ¬ò ðe½ ñ ý 1 ¿ ¾ ¦

� ð ò �¡j2f � f P�Æ
\ÌánÈ)`�½ dhf × f Â1Ä Æ}ÌRÈÌ�½�ë f � f ��Ë)_é_ Ä ÊUÌ�\|½ Ä È�� ¥�f ¾ fNì Ä T(`QÊQ´~p�o���twy��´t�vxt·�°r
y-zO�©����wNs·À^y-����v�y�oxïÅvxt�o�wh�©sÈ}Et��©nen��~�»z�ð
��§Åµ?�l�©wU���Ét)w��wnUo Ò n�����yowUy=Ã-��ÓÈy-nN�ño��(oÊv-�\´¤��ãEúUì6¦
�iä?êq¦h� £�� ´�. À�ý 1 ½ ñ ý 1 ¿ ¾ ¦

� ð ñ � � f(² Ì�ò¢a´½ Â f kUÄ È g Ä `*a¨`QÈ���\�ÈrÉ
	L½ Ä È��@³ f P1Æ=ËÌV�È�aÍÆ Ä `���`�´´��ãEúUì6¦¤��ä�êq¦¤:�ä�æAæy¦ ��Î ´
ð ò!. ý ½ ñ ý 1 ¿ ¾ ¦

� ðNð�� � fÈ² Ì�ò¢a´½ Â f kUÄ È g Ä `Ua¹`QÈ���\�ÈrÉ
	L½ Ä ÈO�à³ f P�Æ=ËÌV�È)aÍÆ Ä `���`{´(��ãEúgì?¦|�iä?êq¦��m¦ £�� ´
ð ý . ¿ ½ ñ ý 1 ¿ ¾ ¦



Z
9

� ð þ � P f ×}Ä ÈÈ)`V_}Ì¶`QÆ¯½ dUf ÂmÃ}Ä Ë�a¹a�VL½E¾ f ¾ Ä �¢� Ä ÊU½ Ä È�� × f�² Ä ÈO�Ì�	H´U�FãEúUì6¦���ä�êq¦�:�ä?æCæy¦
��£ ´ À ñ$1 ½ ñ ý 1 ¿ ¾ ¦

� ð ¿ � P f ×�Ä ÈrÈ)`*_}Ì¶`QÆ�½ dUf ÂmÃrÄ Ë�a¹a�V¹½�¾ f ¾ Ä �¢� Ä ÊU½ Ä ÈO� × f^² Ä ÈO�Ì�	H´���ãEúgì?¦���ä�êq¦�� £(9 ´
þ ð ò ý ½ ñ ý 1l� ¾ ¦

� ð � � � f�j2f�¥ _�\kÈ�` Ä ÈO��³ f R��>Æ´VH´lp�o���t�y¤�´t�vxt��°rÅy-z��©nho Ò n��~�5yowUy=Ã-��Ó&y-n?�óÔE�(oÊv-�(t)wiã¢y-���2�~�
Ëo$�·�~�(�Èt)w¤�ls6´?�FãEúUì6¦U�iä?êq¦�:�ä?æAæ6¦ ��Z ´=ñ$1 ý ½ ñ ý 1!. ¾ ¦

� ð . �egif0ô � f ÂmÃ `QËÈ�T¹½l³ f?² `�ÏZ`QÈ¯½� f ë f ¾>Ì¶`���`QÊU½ Ä È�� ÞÑf�ôxgÍf?¥ Ã Ì Ã ´�p�o���sut�s+��o�wh��v-�=�u��oVwU�ws
t w�s��2�~���Oy!wUo5���´t���o�wNsutwyow��~�U��o-���~�Ì�ut)w?�ls?´���ãEúgì?¦��iä?êq¦�� £U_ ´�.Nòl��ò ½ ñ ý 1!1 ¾ ¦

� ð À �i²Åf ��\�È)_ Ä �¢\ Ä Ë
�L½ gÍf P \�ËrÉ Ã Ì Ä _�½ j2f�¥ Ì�T(`V_}Ì�½ Ä ÈO�ó¾ f � Æ}Ì¶`*aÍÈ�`QÆ�´�p�o���s�t»s+��o�wh�
v$�=���5o�wh�©sÉt w3��oxs5y-s�vÊy�À�t�v¢��o-�·������t�v&��t w?�ls+õqÔ«wNs�o���Á~�wo7�lÃ-ox�����?oy´
��ãIúUì?¦Ì�iä?êq¦�� M�Î ´ À . ¿IÀ
½ ñ ýNý ò ¾ ¦

� ð 1 �e±Lf × f¯±^ö k VL½ ²Åf¯j \�Ê Ä È¯½ dUfqj ËrÈ�a-�>ËrÌRÆ¯½ Ä ÈO� gÍf P \kËÉ Ã Ì Ä _�´�]���iwUo$�©t»ª$�?�wtwyowËy-z
Ëo�s�y-s5v�y�ÀUtwvÉ�¯y�ÀNÀ^ox�¯�Èt)w?�ls�õ|ÔÈÃ$tw�NoVwUv�o®z�y-��pEox��sut�s���o�wh�q�L�=���5o�wh�©s?´?��ãEúUì6¦¤��ä�êq¦´:}ä�æAæ6¦ Z�M ´
ð ò À3¿ ½ ñ ý�ý ò ¾ ¦

� ð ý �CÝÅf ÂmÃ}Ä È��kÆ Ä a¹`h	 ÃrÄ Æ�½®¾ f � fEÞ `�\U\|½¹� f®dUf P1Æ Ä �UVL½®� f P f ël`V_}É Ã `QÈ¯½ ÞÑfqdUf
² Ä ÊUÊ Ä T Ã `QÆ�½ Ä È�� � f ë_Ê#`QÌRÈ�a Ä a¨a¹`QÆ�´L����iwUo$�©twv2�Éoxs�ÀEyow?s�o�y-zÉ�@�¤t w?�l�woÊêqè�s�y-���?��oÊ�
÷ y-�w��{|y�y�Àk´���ãEúUì6¦h�iä?êq¦�:�ä?æAæ6¦ ZU_ ´Qþ!� À 1 ½ ñ ýNý ñ ¾ ¦

��þNò �ej2fO± \�a¹a Ä È�� × f|² \�Ê��|\ Ä Æ#_�´NpEox��t�y¤�Å��wh�����îÀ��»t·�u���No¹n��~�·Ã$t)w¤�it)w���oxs�y$s�v�y5À�twv&�ut)w?�ls
}Et��©n�s·À�t w{´���ãEúUì6¦U��ä�ê5¦�� MU£ ´�ñ¬þ À . ðe½ ñ ýNý ñ ¾ ¦

��þ/ñ �i²Åf´ø Ì�� Å ½ � f � f ÂmÃrÄ ÈOT¹½ dUf  f Â ËÈrÈrÌRÈOT Ã}Ä �e½ øif ³ f ÂmÃ}Ä È�T¹½ × f � Ä ÈO	�Ì¶`NánÌRÉ Ã ½
¾ f P ` Ã ÆrÌRÈ�T(`QÆ�½ Ä È��<¾ f  fhg \Ìá Ä Æ(�
´��7Á~s5ox��ÃÊ�¤�©twy!w2y-z(�©nUo Ò n��~�5yowUy=Ã-��Ó&y$nN�ùÔE�
o�v$�
z�y-�

ωcτ > 1
´���ãEúgì?¦��iä?êq¦�:�ä?æCæy¦ �QÁ ´ ð 1/ñ ¿ ½ ñ ý 1 À ¾ ¦

��þ ð��ej2f � Ä ÌRÊUÊ�VL½ Â f Â�Ã}ÄÅ `QÊUÌ¶`QÆ¯½ Ä ÈO� � f P `QÈ)\�Ìñ_�´¢Ô|§=ÀEo���t���o�wh���~���CÁ�s�ox��Ã��?�©t�yowúy-z
pEox��sut�s���o�wh�e�L�~����oVwh�©set)w«� ÷ � Ò s�� Ò � ÷ � Ò sî�¤t)w¤�l�woî{|y¤y5Àk´E��ãEúgì?¦^�iä?êq¦^:�ä�æAæy¦ _?� ´ ð ò ð ò
½ ñ ýNý þ ¾ ¦

��þNþ � Â f&dUf P f � \�Æ(�®½ øif�dUfÈø Ã \�Æ}È�_�\�Èq½�¾ f&ì `Ná�\5ËÆlV¹½É� f × ` ÅQÅ `qÆ�½ gÍf �_Ã �À`��®½
Â f|øif � \Ì��\kÈq½ dUf�dUf�g Ä Æ}Æ}Ì¶a´½ Ä ÈO� Â f ¾ \^\
`QÆ#_�aE´Em�nUo Ò n��~�5yowUy=Ã-��Ó&y$nN�ûox�
o�v$�qt)w
o��wo�v$�©�5y-s+���?�©t�v��~�»�ür��NoxÕ�wUo��ÅnUo-��ox��yxý-��wUv-�wtwyow���t w?�ls?´�Ü/¦���ãEúgì?¦{¸ Î
9 ´N:rþ ð � ½ ñ ý 1=1 ¾ ¦



Z�Î �_ÅQÅ `qÈ��kÌ�� Â P�RxP ± R [ ² ¾ �i× g ³

��þ ¿ � Â f�dUf P f � \�Æ(�®½ øÍf�dUfÈø Ã \�Æ}È)_�\�È¯½�¾ f&ì `Ná�\=ËrÆ´VL½¢� f × ` ÅQÅ `QÆ�½ gif �`Ã �À`��q½
j2f Â f × ` Ä Éé\kÉ
	L½ j2f � f ¾>Ìñ_}É Ã Ì¶`�½ dUf  f � f � Æ
\�a;_�½ Ä È�� ²�f � f Â f�d \�È)`*aE´¤ÔE�woÊv5�
�©�5y-s+���?�©t�v��~�»�ür<�NoxÕ�who��@nUo$��ox�5y5ý-��wUv$�©t�yow<�ut)w?�lsî��wU�¶�©nUo Ò n��~��yowhy!Ã-�©Ó&y-nN�æo��(oÊv-�C´ Î ç4ç4è»¦
��ãEúgì?¦�:�ä�æAæy¦ �NM ´ ð ñ ½ ñ ý 1 ý ¾ ¦

��þl� �e²ÅfLø Ì�� Å ½ × f � f � Ä ÈO	kÌ¶`�áeÌRÉ Ã ½ × f ��` Ý `hT kUÄ Æ�½È¾ f P ` Ã Æ}ÌRÈ�T(`qÆ�½ dUf  f Â ËrÈ ô
ÈrÌRÈOT Ã}Ä �e½
¾ f  f(g \
á Ä Æ(�q½ gÍf�ßÍf P Ä Æ Ä ÈOT(`QÆ�½ Ä ÈO� dUf ë f(d Ä ÌRÈ�´�����ÀNÀ���o�s�sutwyow�y-z
�©nho Ò n��~�5yowUy=Ã-��Ó&y$nN�Io��(oÊv-�Lt w¶�©nUoîµN�!��wh�©t�ª-o��3 ��~������o��lt���o¬´��FãEúUì6¦(�iä?êq¦�� £ Æ ´
. ðNð À
½ ñ ý 1 ý ¾ ¦

��þ!. � ë f R«a-� Ä ÌRÊh½ ¥�f?Þ Ä a Ã \=ËrÆrÈ¯½ Ä ÈO�þë f ³ fh± `*`�´��¯yowU�h��v$�·��whv�oqt)w�Ã$ox��r�vx��o���w2µ?�l��wh�u�=�
}Et��5oxs���wU�2��t w?�ls?´ Î ç4ç/èÿ¦���ãEúUì6¦h:�ä?æAæ6¦ � Æ ´�ñ ýNý 1 ½ ñ ýNý ñ ¾ ¦

��þ À �¡dUfL± ÌRË¯½Èë f R a�� Ä ÌRÊh½Èë f ³ f¹± `*`�½ dUf � fLg \�È�T¹½ Ä ÈO� ¥(f�Þ Ä a Ã \=ËrÆ}ÈF´¯�(rhv��wy��w��yow
�©����ÀNÀ�t w?�?ê¤��y¤�No®s·À^o�v$�©�5y-s�vÊy�À¤r!êU��wh�e�2�~s�s¹o�wNn���wUv�o���oVwh�Ot)wÍs��2�~�»� ÷ � Ò s¸â Ò �

x

÷ �
1−x
Ò s

��t w?�ls?´��FãEúUì6¦h�iä?êq¦�� M
_ ´{ñyþNòNþ ý ½ ñ ýNý þ ¾ ¦
��þ!1 �¡dUf7± ÌRË¯½Cë f R«a-� Ä ÌRÊU½;ë f ³ f¢± `*`(½ dUf � fÉg \�È�T¹½ Ä È�� ¥�f¹Þ Ä a Ã \=ËrÆrÈ�´��¯y-���5ox���=�

�©t�yowNs;Á?o-�·}Eo�o�w Ò n�����yowUy=Ã-��ÓÈy-nN�ÿo��(oÊv-�©s���wU��yowUox���´t»��oVwNs�t�yow��~�Us+��Á?Á!��wU�¡ÀEy5À^�=���¤�©twy!wNs
t)w ÷ � Ò s�â Ò �

x

÷ �
1−x
Ò sÈ��t)w¤�ls6´���ãEúUì6¦U��ä�êq¦�� MÌ_ ´{ñ¬þNò�þ ý ½ ñ ýNý þ ¾ ¦

��þ ý � Â fÈj ÄkÃ ÊU½ dhf × f ë�\�_é_ Ã}Ä Ë)a´½ gÍfÈì ÌRÉ
	�`QÊU½ Ä ÈO� ÞÑfÈ¥ É Ã Ê ÄkÅQÅ ´^����iwUo$��y�À����~s��2�
��o�s�yow���wUv�o�s�t w@�·}�y����´t���o�w?s�twy!w��~�
ox�woÊv-�w��yow���t w?�ls?´���ãIúUì?¦U�iä?êq¦�� M5Á ´{ñ-� ¿ 1�ò ½ � ¾ ½ ñ ýNý þ ¾ ¦

� ¿ ò �¡dUf(± ÌRË¯½ ÞÑf��Åf(² Ä \L½(ë f R«a-� Ä ÌRÊh½
ë f ³ f
± `*`(½ dUf � fÌg \�È�T¹½ Ä È�� ¥�f�Þ Ä a Ã \5ËÆ}È�´
mÌ��w�wUo���t)w¤�úÁ?o-�·}Eo�oVwÂoÊ�l�?o�s+���?��o�s�t)wívx��o���wà���~�·�©t�À��wo ÷ � Ò s�â Ò �

x

÷ �
1−x
Ò s���t)w¤�ls���wU�

t)whvx��o5�~s�o�y$zi�©nUo�À�n��~s�o]vÊy-nUo���o�whv�o3�woVw?���©ní}Et·�©n��2���iwho-�©t�vÅÕhox�w�J´���ãEúUì6¦È�iä?êq¦¹� ��� ´
ñ À þ=1Nþ ½ ñ ýNý3¿ ¾ ¦

� ¿ ñ �e¥�f × `���`QÆ�a¨`QÈ¯½ � f  fOg Ä È)a¹`qÈ¯½ � f ë_Æ}Ì¶a¹_�`QÈ)a¹`qÈ¯½ Â f P f^¥�� Æ�`QÈ)a¨`QÈ¯½ Ä È�� × f  f
± ÌRÈO��`QÊM\^Ïq´N�7Á~s5ox�+Ã��?�wtwyow¡y-z�µ?�l��wh���~�Â�~s�r?�Í��o$�©��r¢t)w;��w Ò n�����yowUy=Ã-��ÓÈy-nN�í�ut)w?�4´~��ãEúUì6¦
�iä?êq¦h� Z
9 ´h� ¿ � À ½ÿð òNò�ò ¾ ¦

� ¿ ð�� ¾ f�dUf¤Þ Ä Æ�\5ËÆ#_�\�È¯½ Â f�¥ É Ã�� Ï4ÊM`QÌRÈ¯½ j2f�g Ä ÏM_�½ � f P1ÌRÉ
	�`qÊh½ � f�± \kÆ�	�`�½hë f ë Ä Æ ô
Æ Ä Êh½ dhf � f(² Ä Æ5É�Ì Ä ½ Þcf
¥ É Ã \�`QÈOÏZ`QÊ��®½ Ä È�� × f � f × `V_}ÆG\^ÏNÏ5´��EÀ^�©t�v��~��o���t»s�s�t�yow
z���y$�ç��v¸n��~�u�¤o5���u��w��NÁ��wo¢µ?�l��wh���~����t)w¤�J´��médæ8ó4õCä MU�h� ´ ý ð . ½»ð òNòNò ¾ ¦

� ¿ þ � � f Â1Ä a¹a ö ½ Ù¯f^j2f ë k \�È¯½ ²Åf � fE² Ë)a¹` k ½| f P f [ Ê#a ÃrÄ È�`V_�a-	�Ì»Ì�½ ±Lf
Ý�fE± Ìñ_ k ÌRÈq½
� flÝ�f × ÊM\�_}ÈÌ�	�\ k ½ j2f ë f � Ä Ë���`(½ Ä ÈO� dUf Â f × \�Æ#_ Ä ÊQ´?mhox�;À^ox�x�¤���=�5oE�No�À^o�wU�?o�wUvÊo



Z�£

y-zi�wnUo Ò n��~��y!wUy=Ã��©Ó&y-nN� y-s�v�t��»���?�wtwyowNs���wh�Q�©nUo]oVwUox�¸�~ràs�ÀEoÊv-�w�+�=� t)wà�<sut)w?�l��o5�w��y��No
Á!������t»s+�wtwv®��t)w¤�J´���ãEúgì?¦h��ä�ê5¦�� Z�Î ´ ð . ð ¿ ½»ð òNòNò ¾ ¦

� ¿N¿ � � f � Ë Ã Æ�`QÆ�½ ¥�fE± ¼)adÉ Ã `QÆ�½ øif R Ã È¯½ øÍf|g `QÌRÈ Ð `qÊh½Eë f -È)a¹aÍÊgÌRÈ¯½ ÞÑf(Þ `�T(aÍÉ Ã `QÌ ô
��`qÆ�½ Ä ÈO� � f P1ÌRÉ Ã Ê#`QÆ�´¢Ô«wUox�¸�~rQs·À^o�v$�©�x�Äy-ziµN�!��wh���=� �ut)w?�ls?´��1é3æ8ó4õCä M�9�£ ´¢1 ðNð
½»ð òNò/ñ ¾ ¦

� ¿ � � � fh± \kÆ�	�`�½�¾ fhdUfU± ËÌV^	�`QÈq½ � f [ f�² \ k \�Æ
\ k ½ dUf × f ë�\�_é_ ÃrÄ Ë)a´½ dUf � f�² Ä Æ=É�Ì Ä ½
Ä ÈO� × f � f × `*_}ÆG\^ÏNÏ5´
�=ÀEoÊv-�w��y-s5v�y�À¤r«y$z�ãÉ��wUy$s�v�y5À�twv;��ox�Ítwv�y!wU�h��v$��y-���&t w?�ls6´���ãIúUì?¦
�iä?êq¦�:�ä?æCæy¦ ÁNM ´ ðNðNð þ ½»ð òNòNò ¾ ¦

� ¿ . �e±Lf
Þ `QÈ��kÊ#`qÆ�½ Ý�f � f � \^�>ÌRÈq½ � f�ÝÅf ÂmÃ}ÄkÅ ÊUÌ�	L½ Ä ÈO� � f [ f¯² \ k \�Æ
\ k ´O��À|�©twv5�~�
�NÁ�s�y-��À^�©t�yow���wU�2t)wUo����~s��©t�vÈ��t°�lnh�|s�v5�?����ox��t w?�J´���ãEúUì6¦h�iä?êq¦h� �NM ´ ¿IÀ�ý3¿ ½ ñ ýNý . ¾ ¦

� ¿IÀ �CÝÅfîg Ä Ê#\�È)`QÈq½ × f × Ì¶`*_}ÌRÊ � ÌRÈ�`QÈ¯½ Ä È�� øif ÂmÃrÄ 	�Æ Ä \
\�Æ#_�Vo´C�EÀ^�wtwv������·�?Á~s�y-��À^�©t�yow
s�ÀEoÊv-�©����y-z®µ?�l��wh�u�=�I�?y��©sÉ��wU���ut)w?�ls;}Et·�wn����5o�À^�=�»s�t�Ã-o¢s5v��?�u��o���t)w¤��v�oVwU�w��oy´
B�ó4õAîNç/ãIúUì?¦
:�ä?æCæy¦ £�£ ´Qþ ÀNÀ ½ ñ ýNý . ¾ ¦

� ¿ 1 �edUf � Ì ÐIÅ ËÆ5Ë Ä ½ × fÈg Ä È Ä Æ Å ½ j2fÈ¥(fÈ¥ Ë�_ Ã `QÆ}Ê Ä È��®½L� f ë � ÊUÊU½ ²�fqÞÑf P�Æ´V Ä È)_�½
Ä ÈO� � fhdUfÌ²�f ��` � \ Ä ò¢\H´U�EÀ^�wtwv����NpE��y�À^ox���©t�oxs®y-z ÷ y$�w�;ãÉ�©wUy-��t w?�ls?´l��ãIúUì?¦¤�iä?êq¦´:�ä?æCæy¦
Æ � ´Jòl� Àd¿ ò/ñ ½ÿð òNòNþ ¾ ¦

� ¿Eý �i¥�f�Ý Ì¶`�ÏZ`QÆ�a´½ × f�¥�f
j `*\L½ ¥�f � f ¾º`QÌ�� Ä ÈÈ¯½(� f � Ä ÈÈrÌRÈ)`qÈ¯½ Ä ÈO�ä� f ë�\�a-	�ÌRÈ)`QÈF´
�L�=�u��oVwU�©�©s�À�t)w����No�w?s�t·�°rN�wz���wUv-�wtwyow��~�¢s+�u���=r y-z�ÀEo���s�t»s+��o�wh��v$�=���5o�wh�©s3t)wúµ?�l��wh���~� ��t)w¤�ls6´
÷?îNå4ôg·sùfé3æ]¨�òNòNò!��ò À 1 ½ÿð òNò�ò ¾ ¦

�/��ò � × f ë�\�a-	�ÌRÈ)`QÈ Ä È��¶� f � Ä ÈÈrÌRÈ�`QÈ�´´p�o���s�t»s+��o�wh�¯�L�=���5o�wh�©s�t)wÍ���Å�~�»�wê=è��îÀ^ox�uz�o�v$�
 î��Á=�
Á!�����2�&t w?�ls?´4÷6îNå/ôg·Wù�é3æ©¨3òNþ/ñ¬òNò!�!� ½ÿð òNòNþ ¾ ¦

�/�gñ � � f �<¼ÊUÊM`QÆ ô5² ÆG\�`QÊgÌRÈ�T Ä È�� gif � f�Þ `QÌ���`QÈO�¢¼rÊUÊM`QÆ�´?pEox�us�t�s���oVwU�qv$�=���5o�wh�©s¹t w3yowUo
��wh���·}�y-���´t»��oVwNs�t�yow��~����oxs�y$s�v�y5À�twvÈ�ut)w?�!s+õ|è6wNðÌ��o�wUvÊo¢y-z¯�©nUoC�¯y��=�wy$��ÁCt wU��ox���´v-�wtwyowUê?t����
À^�~��t·�°r�s�v5�?����ox��t w?�?ê���wh�¡À^ox�utwy��´twv�ÀEy���o�wh�©t��~�ÿ´?��ãIúUì?¦U�iä?êq¦�� M Æ ´ ¿EÀ � ðe½ ñ ýNý�¿ ¾ ¦

�/� ð��îøif ÂmÃrÄ 	�Æ Ä \G\�ÆM_�V Ä ÈO� × f × Ì¶`*_}ÌRÊ � ÌRÈ�`QÈ�´¤pEox�us�t�s���oVwU�^v-�~����oVwh�©s®t w��¡µ?�l��wh�u�=� ��t w?��õ
ÔE�
o�v-�wsÉy-z|t»�îÀ^�~��t·�wtwo�s¹��wU��t wU��ox���´v-�wtwyowNs?´���ãEúgì?¦��iä?êq¦�� ��Î ´�ñ ý þ ðe½ ñ ýNý � ¾ ¦

�/��þ � × f × Ì¶`V_}ÌRÊ � ÌRÈ)`qÈ¯½ Ý�f¯g Ä Ê#\�È)`QÈq½ Ä ÈO� øif ÂmÃ}Ä 	�Æ Ä \
\�Æ#_�Vo´�ÔE��o�v-�w��yow@v�y-�u��ox���?�©t�yowNs
t w�µN�!��wh���=���ut)w?�2��wU���Ny´��s�r?s+��o���s?´h�FãEúUìAí�÷yéÍ� Î
9�Î ´ ð �=. ½ ñ ýNý � ¾ ¦

�/� ¿ � � f � f�d Ä V Ä ÈÈ ÄlkgÄ Æ�½ × f�¥�f&j `*\L½ Ä È�� øif × f ×}Ä Æ�`U`�	H´&�L�~����oVwh�É�Å����wNt�ÕUv5�?�©t�yow
��wh��v�t��5v-�=���?�©t w?�2v-�~����oVwh�©s�t w���o�s�y-s5v�y�ÀUtwv���t w?�ls6´N�FãEúUìAí�÷yéÍ� Î
9�Î ´ ð ./ñ ½ ñ ýNý � ¾ ¦



ZNM �_ÅQÅ `qÈ��kÌ�� Â P�RxP ± R [ ² ¾ �i× g ³

�/�!� �e¥�f P Ä È���\ ÅdÄ � Ã V Ä V¹½ × f�¥�f&j `*\L½ Ä ÈO� � f � f&d Ä V Ä ÈrÈ Ä´kUÄ Æ�´®¨¢�l�©wU�u�=�Kv-�=�u��o�wh�
�2���iwNt»ÕUv��?�wtwyow2t)w3�¡���=�·�wt���v¸n���w�wUo��Ì��oxs�y$s�v�y5À�twv&�ut)w?�J´/÷6îNå4ôU·Wù�é3æ©¨�ò�þ/ñ ð þ ð ¿ ½ÿð òNòNþ ¾ ¦

�/�=. �¡dUf�j `*a-\
\�Ì¶a´½ ¥�f [ Ë k Æ´VL½ Ä ÈO� Â f�ø `N�kÌ¶`qÆ�´¤p�o���s�t»s+��o�wh�qv-�=�u��oVwU�wsÈ��wU�¡�Å�-�iwUo-�wt�ª+�?�©t�yow
t)w@�·}Ey����lt���o�wNsutwyow������2���iwUo$�©twv¢µ?�l�©wU�u�=�cs�rNs���o���s?´	��ó4÷6è»¦���ãIúUì?¦U� ��ÎQÁ ´ À ð À ½ ñ ý�ý 1 ¾ ¦

�/� À �7ÞÑf0ô Â fÈø Ä È Ä È�� dUf Â f R8È�	�a¹\�È�´q]���iwUo$�©t»ª$�?�wtwyowUêOÀ^ox�us�t»s+��oVwh�;v-�=�u��o�wh�ws�ê&�©wU�Ä�©nUo�t��
��o����?�wtwyow�t w]µN�!��wh���=���ut)w?�ls&�©wU���Ny��©s?´���ãIúUì?¦��iä?êq¦�� Z�� ´h�~. ð . ½ ñ ý�ýNý ¾ ¦

�/�=1 �;øif ÂmÃ}Ä 	�Æ Ä \
\�Æ#_�V Ä È�� × f × Ì¶`V_}ÌRÊ � ÌRÈ)`QÈF´hÔE�woÊv-�w��yow���ox��o�v-�w��yow�t)wh��ox�x�lv-�©t�yow���wU�]�©nUo
À^ox��sut�s���o�wh�Lv-�=�u��oVwU�Et w��2µ?�l��wh���~�c��t w?�J´���ãEúUì6¦h��ä�êq¦�� ��� ´�1 ¿ .Nò ½ ñ ýNý�¿ ¾ ¦

�/� ý �¡gÍf ë Ä _�\ Ä È�� j2f ³Ê\�a Ã Ì¶\|	 Ä ´ä�U�+ÀNÀ��5oxs�sutwyowæy$z�ÀEo���sut�s+��o�wh��v$�=���5o�wh�©sút w yowho5�
�´t»��oVwNs�t�yow��~�(�´t�s5y-���No���oÊ�2�ut)w?�!s7Á�rþ�©nUoî�¯y´�=�wy-��Áît)wh��o��x�´v$�©twy!w{´N��ãEúUì6¦��iä?êq¦�� ��� ´ ¿Ný�¿ þ
½ ñ ýNý�¿ ¾ ¦

�A.Nò �¡j2f ³Ê\�a Ã Ì¶\|	 Ä Ä ÈO� gif ë Ä _�\H´em�nUo@ox�
o�v$�Åy$z2�wnUo«�¯y��=�wy$��Á«t)wh��o��x�´v$�©twy!wíyowÂ�©nUo
��oxs�y$s�v�y5À�twv®À^ox��sut�s���o�wh�®v-�~����oVwh�C´h��ãIúUìCí�÷yé�� Î(9�Î ´ ð �gñ ½ ñ ýNý � ¾ ¦

�A./ñ � ¾ f P `QÆ(	)\ k Ìñ_�a Ä È��þ³ f �¯k Ì¶a ÃrÄ Ìÿ´?è6wh��o��x�´v$�©t w?�eÔE�woÊv-�w��yowNsqt)w2��t�s5y-���No���oÊ�Íp�y���o�wh�©t��~��s�õ
�¯yowU����v-����wUv�oeÃ-o���s+�~s�pEox��sut�s���o�wh���L�=���5o�wh�©s?´���ãEúUì6¦h�iä?êq¦�:�ä?æAæ6¦ _NZ ´ ð ý ñ ½ ñ ý�ý . ¾ ¦

�A. ð�� � f Â \ Ã `qÈ¯½që f ¾>ÌRÉ Ã _�`qÆ�½ Ä ÈO�ú¾ f P `QÆ(	�\ k Ìñ_�aN´��=À�t w@��wU�3t)wh��o��x�´v$�©t�yowþox�
o�v$�©s¡yow
v¸n��~�¸�?oî�lt�s+�w��t·Á?�N�©t�yow���wU�3v-�=�u��oVwU�ws�t wËyowho5���lt���o�wNsutwyow����Ov�yowh�h��v-��y-��sÉ��wU�Å��t)w¤�ls7}Et·�©n?t)w
�©nhoÉ ��~�+�w��oÊo5��¦�y�v�
���ÀNÀU��y5§¤t��2�?�©t�yow{´¤�FãEúUì6¦U�iä?êq¦�� ��_ ´�. ð�ð þ ½ ñ ýNý 1 ¾ ¦

�A.Nþ � ë fÈì Ì¶`��À`QÊ � ½ × f × Ì¶`V_}ÌRÊ � ÌRÈ)`qÈ¯½ × fÈg V k�� È)`QÈq½ Ä È�� øÍf ÂmÃrÄ 	�Æ Ä \G\�ÆM_�VH´(¦��x�´vx�
�©t�yow��~���Ls5vxt��»���?�wtwyow?s¯y-z(ox�woÊv-�w��yowNt�vqs+�·�¤��oxs¯t)w2�îµN�!��wh���=� ��t w?�J´´B�ó4õCîNç4ãEúUì6¦¤:}ä�æAæ6¦ £�Z ´?��þNþ
½ ñ ýNý . ¾ ¦

�A. ¿ � � fOÝÅf ë_Ë�a-� Ä ÆM_�a¹` k ½ dUf � f(Þ `QÌ¶a Ð ½E¾ f ë_Ì¶a Ã \�Æ�`(½ Ä ÈO�Q� f^ø Ä 	 ÄkÃ}Ä a Ã Ìÿ´h���©�5yow?�
v�y$����o����?�wtwyow?s;Ã$ox�us+�=s����v�oVwh��ox�®À
�~t»��t)w¤�Å�©wU��z����´v-�wtwyow���� Ò n��~�5yowUy=Ã-��Ó&y$nN�ûox�
o�v$�C´Ì��ãEúUì6¦
�iä?êq¦h� M Æ ´�ñ$. ð þ ¿ ½ ñ ý�ý�¿ ¾ ¦

�A.l� � � f � Ä ÈÈrÌRÈ�`QÈ¯½ × f ë�\�a-	�ÌRÈ)`QÈq½�� f ëº\�a-	�ÌRÈ�`QÈ¯½ × f�¥(f¹j `*\L½ ¥�f � f ¾À`QÌ�� Ä ÈrÈ¯½
Ä ÈO� ¥�f|Ý Ì¶`�ÏZ`QÆ�aN´(ÔHwhox�u��rËs·À^o�v$�©���=��ê�ÀEo���s�t»s+��o�wh��v-�=�u��oVwU�È�©wU��ox��o�v-�w��yow���y¤v5�~��t»ª$�?�wtwyow
t)w]µ?�l��wh�u�=����t w?�ls6´/÷6îNå4ôU·Wù�é3æ©¨�ò�þ/ñNñ¬ò ý � ½ÿð ò�òNþ ¾ ¦

�A.!. �  f � f¡d Ä T�Ê Ä Ä È�� Â f � f P Ä Ê#a¹`qÌRÆG\H´ÉÔE��o�v-�w��yowN��ÔE�woÊv-�©�5yowÂ�¯y-�u��ox���?�©t�yowNs��©wU�í�©nUo
Ò n��~��yowhy!Ã-�©Ó&y-nN��ÔE�
o�v$�¯t w�Ëoxs5y-s�vÊy�À�twvÉ�Èt)w?�ls?´���ãEúgì?¦h��ä�ê5¦�:�ä�æAæy¦ _?� ´�.Nþ ý ½ ñ ýNý þ ¾ ¦



Z��

�A. À �CÝÅf¯² Ë��|�>ËrÈ���a¹a¹\�Èq½ Â f¯¥(f^ø Ä ÈOT¹½ Ä È�� � f � Ä È�\�Ê#`*aÍÉ�ËF´Uã7yowN�·�´�´t��NÁ!�?�wtwv7v-�~����oVwh�
�?oVwUox���?�©t�yowàt)wQ�«Õ�wNt���o5�¸}Etw�h�wnàs�ox�ÍtwvÊyowU�h�´v-��y$���ut)w?�4´���ãEúUì6¦���ä�ê5¦È� ZU_ ´_ñ$./ñ¬þ�ò/ñ ½ � ¾½»ð òNòNþ ¾ ¦

�A.!1 � Â fU¥�f�ø Ä È�T Ä ÈO� Â fU¥�f ÂmÃ Ë�´�¨¢�l��wh�u�=�c�w�x��wNs�ÀEy$�+�Ìt)wÅ�©nUoOÀ��5oxs5o�wUvÊo�y-zU��Õ�w?t·��ox�©����w?�?o
�wt���o5�©��y��h�=���¤��o��¢ÀEy´��o�wh�wt��~�»´N��ãEúgì?¦h��ä�ê5¦�� ��£ ´ ¿ 1Nþ!1 ½ ñ ýNý . ¾ ¦

�A. ý � Â f?¥�f�ø Ä ÈOT Ä ÈO� Â f�¥�f ÂmÃ Ë�´¤�¯y-nUo���o�wh�
µN�!��wh���=� �w�x��wNs�ÀEy$�+��t)wáw��~�u��y~}@vÊyowNs��©��t�v-�wtwyowNs
t wå�©nUoiÀ���o�s�o�whv�o�y-z;�þÕ�w?t·��ox�©����w?�?oÅ�wyow?�!t·���´�´t)w������ür�À^y-���~�ut�ª-o��à�wt���o5���No�À^o�wU�?o�wh�îÕUo��w�Q´
��ãEúUì6¦h��ä�êq¦�� Z�� ´{ñ$1Nþ�ò ½ ñ ýNýNý ¾ ¦

� À ò �i¥�f ë�\^�>Ê�V Ä � Ä ½ [ f � a;_ Ä Ï4Ì¶` k ½ Ý�f � È)_�\�È)\ k ½ øif ë_Ë�_�aÍË(á Ä ½ Ä È�� gif�g ÌRÆ Ä ÊJ´ Ò
sut)w?�l��o5�»À�nUy���yow��No-��o�v$��y-�Èt)w@�wnUo�zw�~���wt)wNz����~��oÊ�i�x��w¤�?o¬´��1é3æ8ó4õCä MU�h£ ´ ¿ ò!� ½»ð òNòNò ¾ ¦

� À ñ � � f
Ý�f ��\�a-	 Ä Ê#`V_�aN´�_wNt�Ã-ox�usx�~� Ò �S�5oxs�ÀEyow?s�oîy$zE���+�Ç{��N�u�©t w?�?ox�¹�»twµ?�=t��2�ut)w?�4´���ãIúUì?¦
B Á ´Qþ ¿Eý ½ÿð òNò�ò ¾ ¦

� À ð�� � f ��\�a-	 Ä Ê#`V_�a Ä ÈO�þ� f P&¼)_é_}Ì�	�`QÆ�´!¦O�wy�µN�´o-��s+�·�¤��oxs^��wU�&À^ox�us�t»s+��oVwh�(v-�~����oVwh�©sÈ�©����w��
sut·�©t�yowNsLt w3�e��oxs5y-s�vÊy�À�t�v��ut)w?�4´N��ãEúgì?¦��iä?êq¦�� Z�Z ´ ð ¿ ��þ ð ñ ½ÿð òNò ð ¾ ¦

� À þ � ¾ f�²�f � Ä ÈÌ�½ dUf�gÍf�¥ �À`V_�½¢ë f k \�Èùë_ÊgÌñ_ Ð ÌRÈ�T¹½ ÝÅfÉì Ä Æ Ä V Ä È Ä �>ËrÆM_}Ì�½ ÞÑf P f
d \ Ã È)a¹\�Èq½ Ä È�� Ý�f�ß � Ä È)a-	�Vo´���ox�5y��©�5oxs�t»s+����wUv�o|s+���?��o�s^t)wh�h��v�oÊ��Á�rÍox�woÊv-�w��y-�2���iwUo$�©t�v5�
}|�lÃ-oCo�§�vxt��·�?�wtwyow�t w ÷ � Ò s¸â Ò � ÷ � Ò sLnho-��o���y-s��©����v-�u�=��o�s6´	�mé3æAó4õAä MUÎ�� ´�. ¿ . ½ÿð ò�ò ð ¾ ¦

� À3¿ �CÝÅfN² Ë��|�>ËrÈO��a¨a¹\�È¯½ Â fN¥�f´ø Ä ÈOT¹½ Ä ÈO� � f � Ä È)\�Ê#`UaÍÉ�Ë�´-è��îÀ^�~��t·�°rC��wU��s·À�t wio��(oÊv-�ws
yowS�©nho¡�2���iwUo$��y��ws·À^o�v$�©��y$s�v�y5À?r¬y$z¹�¶mO &ª+�w��y��h�=���?��oÊ��w���wUy-s��©�+�´v-���~��o¬´|��ãIúUì?¦^�iä?êq¦��
ZQÁ ´{ñ$.l�3þ ¿ þ ½ÿð òNòNþ ¾ ¦

� À � � × f�gif ¾PÌ k `QÆ Ä+Ä ÈO� × f � f�¥ É Ã ËrÊ Ð ´h���´�´t��?�©t�yow3t wU�h��vÊo���ª-ox�5y��©�5oxs�t»s+����wUv�o¢s+�·�¤��oxs�õ&�
�´�5oxsus�o��3ox��o�v-�w��yow?twv&s+�w�+��v$���=�5o;o��(oÊv-�\´J÷6îNå4ôU·Wù�é3æ©¨�ò�þNòl��ò/ñ ý ½ÿð ò�òNþ ¾ ¦

� À . � � f ��\�a-	 Ä Ê#`*_�a Ä ÈO�«� f P�¼�_é_}Ì�	�`QÆ�´h¨¢�l�©wU�u�=�úÀ|�=�îÀUt)w?��õ¯�¯y-nhox��oVwh���Èt)w¤�ls¹Ã-o���s��=s
�EÀ^o�wþ�¯yowU�h�´v-��y$��s6´h��ãEúUì6¦U��ä�ê5¦�� ZQÁ ´�ñ$./ñ¬þgñNñ ½ÿð ò�òNþ ¾ ¦

� ÀNÀ �i¥�f�ìÍf7¥ Ã ` k É Ã `QÈO	�\L½È³ f�ÝÅf × `QÆ)a Ã ÌRÈq½ Ä ÈO� R f¢j2f¹Ý Ä T�È)`QÆ�´¹]����wUo-�wt�ª$�¤�©twy!wÄy-z
ã;��vx��o��~���·�=À�t w���pEy-������t�ª+�?�©t�yow��wè6wU�h��vÊo���¨¢�l�©wU�u�=���Èt)w?�4´4÷6îNå/ôg·Wù�é3æ©¨3òNþNò ý þ ý ò ½»ð òNòNþ ¾ ¦

� À 1 �i¥�fq¥(fq² V�Ê¤Ï Ä ��\�_é_}ÌRÆ�½ Ý�f®² ËO�O�>ËÈ���a¹a¹\�È¯½ Â fq¥�fEø Ä È�T¹½ Ä ÈO� � f � Ä È)\�Ê#`*adÉ�Ë�´
ã¢yow��·�l�´t��NÁ=�?�©t�vC�L�=�u��o�wh�¯Ô|§hv�t·���?�©t�yow@¨¢�l��wh���=�c�&t w?�ls6´/÷6îNå4ôU·Wù�é3æ©¨�ò�þNò ý .!.gñ ½ÿð ò�òNþ ¾ ¦



Z�Z �_ÅQÅ `qÈ��kÌ�� Â P�RxP ± R [ ² ¾ �i× g ³

� À�ý �e²Åf × fOÙ Ã}Ä ÈOTo´? É�~���©��oÊo5�©¦Ìy�v�
��Èr�w��~�Ítwv����ÌÔE�woÊv-�©�5yow����¯y-���5ox���¤�©twy!w2ÔE�
o�v-�wsÈt)wË�
60

�~z���ox�
{��~s�o��&Ô^§�v�t·�·�¤�©twy!w{´���ãEúgì?¦h��ä�ê5¦h:�ä?æCæy¦ Æ 9 ´�ñ À .=1Nò/ñ ½ÿð òNòNþ ¾ ¦

�A1Nò � Â fÌ± Ë)\L½�ë f ¾À`qÌ�� Ä ÈrÈq½Ì� f�Þ \�`qÆ}È)`QÆ¯½ Ä ÈO� øÍf �Ê#a Ä `*a¹a¨`QÆ�´�ã7yow?��t)who��~�¹��ox���~nUox���©ª
s·À^o�v$�©�5y-s�vÊy�À¤rþy$zOs5ox�Ítwv�y!wU�h��v$��y-�Qw���why-s+�w�+��v$���=�5oxs6´ Î ç4ç4èÿ¦N�FãEúUì6¦ Î _4Á ´ ¿ þl� ½ÿð òNò ¿ ¾ ¦

�A1/ñ �e¥�f|¥�f|² V�Ê�Ï Ä ��\�_é_}ÌRÆ�½(� f|ì Ìñ_ Ä ½ ÝÅf|² Ë��|�>ËrÈO��a¹a¨\kÈq½ Ä ÈO� � f � Ä È)\�Ê#`*adÉ�Ë�´Nã¢o-�
v-�~����oVwh���?oVwUox���?�©t�yow¢t)wC���+�Äµ?�l��wh�u�=�å��t w?���?�Nª�o���yq�2���iwUo$�©twv
ÕUox���Q´Í÷6îNå4ôU·Wù�é3æ©¨�ò ¿ ò ð �=1 ð
½ÿð òNò ¿ ¾ ¦

�A1 ð��¡dUf � f?ì `*a;_�`qÆG\^ÏNÏÌ½´³ flÝ�f × `QÆ�a Ã ÌRÈ¯½ Ä ÈO� Ý�f × Æ}Ì k � Ä È�´~�Èr�w��~�ÍtwvL¨¢�l��wh���=����t���oy´
÷6î�å4ôg·Wù�é3æ]¨�ò ¿ òNþ ¿N¿ 1 ½»ð òNò ¿ ¾ ¦

�A1Nþ �e¥�f¤Þ Ä a Ã \5ËÆ}È Ä ÈO�þ¾ f � f¤Þ `�\�\}´ Ò n��~�5yowUy=Ã-��Ó&y$nN�óox�
o�v-�Ut)wewhy-���2�~����o$�·�~���´¨7�!��w��
���~�ÿv�y-nhox��oVwUv�o7��wU���©����wNs�ÀEy-���C´ Î ô/êq¦���ãEúUì6¦ £h� ´Jþ À � ½ ñ ý 1=. ¾ ¦

�A1 ¿ �¡dUf � f^± Ë)_é_}ÌRÈ�T(`QÆ�´N¦Ìo����Ít����=�uzw�´v�o¢��wU����y-��o¢��t��;À��wo�Ô®µ?�=t��»t�Á~�ut·�=� pE��y�À^ox���©t�oxs¢y-zE�
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