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∑

nn′
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� �

/
~

V
ρ̂(I)(t)V
t
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9SNR::�CQ	@]N �W<�� H N=< FTA N^<�> 6 � # ��
	��� [
�$@]N V <�>WX FKD � @CN D ��@ V F @]N B=A N=@ B �Z< HIB NUQ	< LSH 7)@��\: f < B Q	@ FIF @CQ	@��\: F�c
A �\> D : H <�� L @�� H <�>�� HIFIF @gQ217<�� kh@C>��
Q D �!� � �S[A@=�-@�� D F <�>?: D �\:4>!� :=@ B Q	@ L @ V <��\: D V : �

H
~

L
ρ̂(I)(t)L
t
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) � j )/+ �/�0, �(' c d�#1+1'bd , �$g C
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∑

ξξ′

δV
%'&(!
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Πξξ′(Q, ω) = −
1
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∑

K

gξfξ(K)− gξ′fξ′(K+Q)
Eξ(K)− Eξ′(K+Q) + ~ω +

'
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, ­ B l B ®
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Πνµ(Q→ 0) =

nµ − nν
Eν − Eµ

. ­ BR� 2 � ®
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Πνν(Q, θν) =

∫ ∞

0

Π0
νν(Q, θν = 0, µF )

4kBθν cosh
2[(EF − Eν − µF )/2kBθν ]

�
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Π0
νν(Q, 0, µF ) = ρν


1−Θ(Q− 2KF )

√
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(
2KF

Q

)2

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� P ��� �c�*� �3� ­ P ®

�+� ¡ � ¡�R � � � �M� � ���9�
� � � ­ � −1 ® �+� ¡ � ¡�R � � � �M� � ���9�
� � � ­ � −1 ®
� ��� �F���#
 � 
 �c� ���#������ 
(1,2) 6,9× 107 7,7× 107 2��
� ��� �F���#
 � 
 �c� ��� ���� 
(1,2) 2,5× 107 2,6× 107 `
� ��� �F���#
 ! � �c�����#�����# 
(1,2) 1,62× 107 1,63× 107 �����
� ��� �F���#
 ! � �c����� ���� 
(1,2) 1,3× 107 1,3× 107 �
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�?¡�	
�,�#��! � � � � � ¡ ­ BR� 2 � ® �¢¡ � � �¥P ���Q¡ � ����	,���K[E� � �Q¡4�'��	2���$���Q¡
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� Q→ 0

� ��Y � � ©
V
*<;
µνµ′ν′(Q→ 0) ≈ e2

2κ0κr

1

Q
(δµµ′δνν′ −Qβ1µνµ′ν′ + · · · ), ­ BR� � B ®
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� � � � ���,� 	6- �
	 � � � � � � � � � - �
� � � � � � ��� � + � � � � \76�\;)
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}��! #"%$'&)(*(+&,�! - #& � & �  #.0/#"�1-2)34&)56.07-78.0 #"%56&'"�& � 7#9+&'"+"*:6.0 #"�;<�!(*=#2);<�!(*: � /#&'"%/-(*:>5>:6"+2'&'"�78.0/-9%$?�!56$)/-56&)95@�A7-9+. � � � :>5>:>(+2B1 � :> C(+&)9D�0$)(*:6.0 E�?3F&'$�56&'"G7-=#.0 #.0 #"H.07-(*: � /#&'",78.05@�!:>9+&'" �

IEJ�KML8N ����� ����O�PRQTSMU%O�PRQ��+V�� NXWYN �DP KYL �GZAPGZA[+\+[]QTU W_^ [+`HQ N�L P,abQT[+c,`
dH e"+/-7-78.f"+&�5@�A56.0:b1-&g1h:6"*78&)9+"*:6.0 i1-&'"G7-=#.0 #.0 #"H.07-(*:6jC/#&'",78.05@�!:>9+&'"H$'.0 #"*(D�! C(+&<k

ω(q) = ω l*mhn#o �7-9+.0pq�!p-:>5>:>(+2Y1sr :> C(+&)9D�0$)(*:6.0 i78.0/-9t/- �u4�!vB2)56&'$)(*9+.0 -:6jC/#&gp-:61h:>;w&) #"+:6.0 - #&)5��?3F&'$�56&'",;w.C1-&'"H1-&�7-=#.0 #.0 #"
&) �3F.05>/-;w&g"xr 2'$)9*:>(HyA5zr{�!:61-&g1-&'"G|}�0$)(+&)/-9+"t1-&~|�.09*;w&g2)56&'$)(*9+.0 ��C2)56&'$)(*9D.0 ��M�>�x�0�h�D�?�f�h���f�f�h���f�!�0�Rk

λµν(K) =
m∗
νe

2~ω l*m
8π~3κ0

(
1

κ∞
− 1

κr

)
γ′ν [Eµ + εµ(K)− Eν − σ~ω l*m ]

×
[
N l*m + 1

2
(σ + 1)

] ∫ 2π

0

Fµµνν(Q)

Q

1
β, ���Yn �x�

.0�
Q = |K − K′| � κ∞ &'"+(w5@��$'.0 #"+(D�! C(+&i1h:62)56&)$)(*9+:>jC/#&Ey�=q�!/-(+&�|�9+2'j4/#&) #$'&f�

N l*m &'"*(w56&� #.0;Mp-9+&1-&i7-=#.0 #.0 #"�&)(
σ = ±1 n�o &�$?�0" σ = +1 � 9+&'"*7 n σ = −1 �<$'.09*9+&'"*78.0 #1�y�5zr�2);�:6"+"*:6.0 � 9D&)"+7 n y5zr{�!p#"+.09*7-(*:6.0 T��1sr /- E7-=#.0 #.0 �.07-(*:6jC/#&M78.056�!:>9+& n dH E9D�!7-78&)5>56&�j4/#&Y56&Y|}�0$)(+&)/-9�1-&Y|}.09*;w& Fµνµ′ν′(Q) �78.0/-9t& �h7-9+&'"+"*:6.0 ¡k

Fµνµ′ν′(Q) =

∫ L

0

1
z

∫ L

0

1
z′ϕµ(z)ϕν(z

′) exp
(
−Q|z − z′|

)
ϕ∗
µ′(z)ϕ

∗
ν′(z

′). ���Yn �F�

o &~$?�!56$)/-5s1-&~$)&H|}�0$)(+&)/-9G&'"*(R& ¢s&'$)(*/#2~"+&)56.0 �56�Y;w2)(*=#.C1-&�1sr{�0$)$'2)562)9D�!(+:6.0 � C/-;w2)9*:6jC/#&�7q�!9G1-2'$'.0;�78.f"*:¤£(*:6.0 e&) e"+2)9*:6&'",1-&g¥q.0/-9*:6&)9,(+&)5>56&gjC/¦r�&)5>56&g"+&)9D�M7-9+2'"+&) C(+2'&B1#�! #",5zr{�! - #& �h&B§ n¨�©«ªw¬®­z¯
�
¯±°
��²f³ ¬ � �����±´X�±´Y²��z³ ²�� ¯±µ�­zµ~¶ �8�]³ ª?· ³K� ¬®­z¯ ³ ª¸¶ � °¹­ �º´ ª!°�» ³%�z¼ µ � °,¶ �~½®³ ¬ � ¯ �r� ¶ � ° ²*�z³ ¶x¬!¯�­z°G¶ � » ³ ª � ­z¯ ³ ª!°¶

� ³ ª0¶ �¹¾ ¿ ÀÁ¿+Â8Ã ∫ +∞

−∞

¶
qz

Iµν(qz)I
∗
µν(qz)

Q2 + q2
z

= π
Fµµνν(Q)

Q
,

³ Ä
Iµν(qz) =

∫ +∞

−∞

¶
zϕµ(z)ϕ

∗
ν(z) �*Å qz ·z.

�x�f�
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o r{�! -uf56&M1-&B1-2)3�:@�!(*:6.0 β = (K̂,K′)
&'"*(�$?�!56$)/-562Myw5zr{�!:61-&Y1sr /- #&Y(+&'$D=- -:6j4/#&M1-&g9+2��*&'$)(*:6.0 �1h:>(+&Y1#&

	�

�������������
��� n
� �!7-78&)56.0 #"�56&¹7-9*:> #$):>78&R1-&R$'&)(*(+&¹;w2)(*=#.C1-& n�� .0/-9�5zr :> C(+&)9D�0$)(*:6.0 w"+/-9«7-=#.0 #.0 �.07-(+:>jC/#&78.05@�!:>9+&f�#5zr{�! -uf56&
β
"*/-:>(G5@��1h:6"*(*9*:>p-/-(*:6.0 k

Pµν(β) ∝
Fµµνν [Q(β)]

Q(β)
, ���Mn �F�

.0�
Q(β)

&'"*(,1-.0 # #2�7q�!9Bk
Q2 = K2 +K ′2 − 2KK ′ cosβ, ���Yn �C��?34&'$

~2K′2

2m∗
ν

= εν(1 + 〈α〉νεν), ���Yn �F�
εν = εµ(K) + Eµ − Eν ± ~ω0. ���Mn �F�

o �B1h:6"*(*9*:>p-/-(*:6.0 Pµν(Q) &'"*( ;<���].09+2'&t C/-;w2)9*:6jC/#&);w&) C(R7q�!9 Pµν n dH <(*:>9+&��!56.09+"�5zr{�! -uf56& β �!/¸=q�0"D�!9+1/- -:¤|}.09*;w2);w&) C(G&) �(*9+& �Y&)(
2π n dt �(*:>9+&H/- _ #.0;Mp-9+&��!562?�!(+.0:>9+& r &) C(*9+&!�Y&)(~� n�" :85zr�2'j4/q�!(*:6.0 �"*/-:>30�! C(+&&'"*(G342)9*:$#q2'&f�q�!56.09+",5zr{�! -uf56&
β
&'"*(,$'.0 #"D&)9*3F2w�&%F�x��k

r × Pµν ≤ Pµν(β), ���Yn �f�
1#�! #"t56&B$?�0"H$'.0 C(*9D�!:>9+&f�8.0 e9+&'$'.0;�;w&) #$'&Y5@��7-9+.C$'2'1h/-9+&A�?3F&'$B1-&)/h�� #.0/-3F&?�!/h�� #.0;Yp-9+&'"~�!562?�!(+.0:>9+&'"
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r n
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o r :> C(+&)9D�0$)(*:6.0 2)56&'$)(*9+.0 ��C2)56&'$'(*9+.0 &'"+(M7q�!9*(*:6$)/-5>:)()9+&);<&) C(<$'.0;�7-56& �-&f��$?�!9�&)5>56&_|}�!:>(A:> C(+&)9*34&) -:>9�56&'"2)(D�!(+"M:> -:>(*:@�!/h� &)(�## q�!/h� 1-&¸1-&)/h� 2)56&'$)(*9+.0 #"?��$fr�&'"*(���yx�C1h:>9+&�j4/q�!(*9+&<|}.0 #$)(*:6.0 #"A1sr�.0 #1-& n §~&<7-5>/#"?� 5@�$'.0 #"+&)9*3f�!(*:6.0 ¡1-&M5zr�2) #&)9*uf:6&w&)(g1h/�;w.0;w&) C(B$'.0 #$'&)9* #&�56&'"g1-&)/h��7q�!9*(*:6$)/-56&'" n+* .-,F.0 #"~7-5>/#"g&) �1-2)(D�!:>56"$'.0;�;w&) C(�.0p-(+&) -:>9 56&R(D�!/h��1sr :> C(+&)9D�0$)(*:6.0 b�F: n & n �f5zr�2'jC/q�!(*:6.0 � � n �F� nFo &G(D�!/h��1-&G(*9D�! #"*:>(*:6.0 |µK, νP〉 →
|µ′K′, ν ′P′〉 �-&) �/-(*:>5>:6"D�! C(,5@�A9.()uf56&g1sr�.09t1-&�¥q&)9*;�:z�#"xr�2'$)9*:>(Bk

λ /102/µνµ′ν′(K,P,K′,P′) =
2π

~

∣∣∣Mµνµ′ν′

K,P,K′,P′

∣∣∣
2
× fν(P)

× δ
[
Eµ(K) + Eν(P)− Eµ′(K′)− Eν′(P′)

]
, �43~n �x�

.0��5zr�.0 i�M78.f"+2f�-78.0/-9t"*:>;�7-5>:$#q&)9t56&'"G #.0(D�!(*:6.0 #"Yk
Mµνµ′ν′

K,P,K′,P′ ≡ 〈K, µ,P, ν|V̂ /102/ |ν ′,P′, µ′,K′〉. �43~n �F�
� .0/-9�.0p-(+&) -:>9?�65 �87 � � �b/- #&_1-&) #"*:>(+2_1-&¸7-9+.0pq�!p-:>5>:>(+2 λµµ′(K) 7T�!9M/- -:>(+2_1-&¸(+&);�7#"?� =#.0;w.056.0uf/#&�y$'&)5>56&'"~.0p-(+&) C/#&'"�78.0/-9�56&'"��!/-(*9+&'"�;w2'$?�! -:6"*;w&'"~1sr :> C(+&)9D�0$)(*:6.f ¦��.0 �7q�!9*(~1-&Y5zr�2)jC/q�!(*:6.0 �43~n �x�G5>:>p8&)5>562'&7q�!9HjC/q�!(*9+&g:> #1-:>$'&'"�1-&B"D.0/#"��4pq�! #1-&'"�& (�j4/q�!(*9+&B3F&'$)(+&)/-9+"�1sr�.0 #1-&f�T&)(H.0 :9�"D.0;�;w&<;�"*/-9

K′,P,P′ �
ν
&)(
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1-2)7q�0"+"+&M5@�_1h:>vx�!:> #&A1sr�2)(D�!(+" n�o &'"~5>:>;�:>(+&'"�1-&'"~;<�0$D=-:> #&'"~56&'"~7-5>/#"�;w.C1-&)9* #&'"g"+.0 C(g�!7-7-9+.C$D=#2'&'"�34.0:>9+&1-2)7q�0"+"+2'&'"¹7q�!9¹$'&'"¹$?�!56$)/-56"~kCyg(*:>(*9+&�1sr�& �-&);�7-56&�"*/-9�/- #&t;<�0$D=-:> #&�(1,C78& � &) C(*:>/-; �1* �F56&�$'.0;�7-:>56�!(D& /#9"+&~9+& |�/#"+&gyw�!5>56.0/#&)9t1-&'",(D�!p-56&?�!/h��$'.0;�78.09*(D�! C(t/- � #.0;Yp-9+&g1sr�2)562);w&) C(+"H"+/-782)9*:6&)/-9Hy
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�  - #& �h& 3�n � 9+.0pq�!p-:>5>:>(+2Y1sr :> C(+&)9D�0$)(*:6.0 �2)56&'$)(*9+.0 ��C2)56&'$)(*9D.0 i78.0/-9,/- �u4�!vgp-:61h:>;w&) #"*:6.0 - #&)5
��������� �	��

���
���������������������

o &�p-/-(H1-&g$'&�7q�!9D�!uf9D�!7-=#&Y&'"*(t1-&g1-2)(+&)9*;�:> #&)9H5zr�2)562);w&) C(�1-&�;<�!(*9*:6$'&Y1-&�5zr :> C(+&)9D�0$)(*:6.0 �2)56&'$)(*9+.0 ��2)56&'$)(*9+.0 
Mµνµ′ν′

K,P,K′,P′ n � �!7-78&)56.0 #"~j4/#&M1#�! #"H56&M$?�01h9+&M1-&B5@�w|�.0 #$)(*:6.0 E&) C34&)56.07-78&f�856&'"�2)(D�!(+"�2)56&'$)(*9+.!£ -:6jC/#&'" |µK〉 1h/e"I,�"+(.();w&�1#�! #"G5@�A9+&)7-9+2'"+&) C(D�!(*:6.0 {|r〉} "?r�2'$)9*:>34&) C(Bk

〈r|µK〉 = 1√
A
ϕµ(z)

& � K·Ruk(r). �43~n �F�

?  1-2'$'.0/-7-5@�! C(A56&'"Y:> C(+2)uf9D�!56&'"A"+/-9Y56&'"Y30�!9*:@�!p-56&'"A1-&<78.f"*:>(*:6.0 (*9D�! #"+3F&)9+"+& R,R′ &)(M"+&)56.0 5zr{�®�h&_1-&$'.0 ## #&);w&) C(
z, z′

�-.0 e.0p-(*:6&) C( � k

Mµνµ′ν′

K,P,K′,P′ =
1

A2

∫ 1
R

∫ 1
R′ &!� (K+P−K′−P′)·R′

×
∫∫ 1

z
1
z′ϕµ(z)ϕν(z

′)V̂ /102/ (R−R′, z − z′) &!� (K′−K)·Rϕ∗
µ′(z)ϕ

∗
ν′(z

′). �43~n �C�

o r :> C(+2)uf9D�!56&�7q�!9¹9D�!7#78.09*(,y R 78&)9*;w&)(,1-&t|z�!:>9+&~�!7-7q�!9D�#"6(*9D&~5@�B(*9D�! #"]|}.09*;w2'&~1-&~¥#.0/-9*:6&)9,1h/_78.0(+&) C(*:6&)5
$'.0/-56.0;Yp-:6&) �j4/#&� #.0/#", #.0(+&)9+.0 #"

Mµνµ′ν′(Q, ω $ ) �-.0� Q = K−K′ &'"*(G56&�3F&'$)(+&)/-9H1sr�.0 #1-&g2'$D=q�! -uF2&)(
~ω $ 5zr�2) #&)9*uf:6&H2'$D=q�! -uF2'&t78.0/-9 5@��7q�!9*(*:6$)/-56&t7-9*:> #$):>7q�!56&Mk ~ω $ = Eµ(K)−Eµ′(K′) n�% $'&,"+(D�01-&,1h/

$?�!56$)/-5z�x #.0/#"¦ #&%7-9+2'$):6"+.0 #"b7q�0" $'&�78.0(+&) C(*:6&)5�jC/-:4$'.09*9+&'"*78.0 #1Y&) g|}�!:>(«�!/g78.0(+&) C(*:6&)5�$'.0/-56.0;Yp-:6&) '&)(!* �
� B &&)( D,+
� & B * 5 D & nCo r :> C(+2)uf9D�!56&~"*/-9 R′ 1-.0 - #&t5@�B$'.0 #"D&)9*30�!(*:6.0 �1h/¸;w.0;w&) C(R7q�!9D�!5>5)()5>& -�1-&t5zr�&) #"D&);Yp-56&�1-&'"1-&)/h��7q�!9*(*:6$)/-56&'"Yk
K+P = K′ +P′. �43~n �F�

dH �78.0/-9+"*/-:>(,56&g$?�!56$)/-5b&) �7-9+.C$'2'1#�! C(�yA56��"+.0;�;<�!(*:6.0 i"*/-9
K′,P,P′ &)( ν, ν ′ k

λµµ′(K) =
2π

A2~

∑

K′,P,P′

∑

ν,ν′

fν(P)|Mµνµ′ν′(Q,ω $ )|2δ(K+P−K′ −P′)

× δ[Eµ(K) + Eν(P)− Eµ′(K′)− Eν′(P′)]. �43~n �F�
�������/. 0214365��87�9;:<�����>=?���@�@�;:�3?���8�A=65B����CED@�;:

F¹.0 C(*:> �/#.0 #"H56&B$?�!56$)/-5«1#�! #"t56&B$?�01h9+&Y1-&gpq�! #1-&'"H7q�!9D�!p8.05>:6jC/#&'"�&) i1-2�## -:6"D"D�! C(t/- #&B;<�0"+"+&B$'.0;A£
;Y/- #&

m∗/
��## �1-&�78.0/-34.0:>9,(*9D�!:>(+&)9,56&g§�:>9D�0$g&) �2) #&)9*uf:6& � �!p-9+2)uF2g7q�!9 δ G �

δ G = δ

[
~2

2m∗/
(K2 +P2 −K′2 −P′2) + (Eµ + Eν − Eµ′ − Eν′)

]
. �43~n �f�

dH _1-2�## -:>(R�!56.09+" 7q�!9¹$'.0;�;w.C1h:>(+2H56&t3F&'$)(+&)/-9¹1sr�.0 #1-&t9+&)5@�!(*:¤|b:> -:>(*:@�!5
G � 9+&'"*7 n ## q�!5 G′ ��7q�!9�5zr�& ��7-9+&'"]£"*:6.0 ¡k

G = P−K,
G′ = P′ −K′. �43~n %F�

¨�H ³ ¬ � °}¯ ¼G²V� ¯JI ���T���4�*´!��� ¬ � ¶ �x�g� ¯±ª'­ �r�º´%� ­z¯ ³ ªtµ ����� ­ �z³ ªLK)µ ����� ­ �z³ ª�M ��� °T» ´%� ­ � ¬ � °�¶ ��Nv�{³#��O Gµµ′(K,K′) �
­
Gνν′(P,P′)° ³ ª'­bª®µQP � ¯RP µ�°QSTQH ³ ¬ �,��� °�­ �º´ ª®°}¯�­z¯ ³ ª!°%¯{ª'­ ��� K'· ´!��� µ � °QMVU'¬ � ª ³ ¬®°�ª ���]³ ª®°}¯±¶®µ �z³ ª!° ²0´ °%¯ � ¯WMC¯ ���]³ ª?·?¯ � ª'­ ¶ � ´YX�³ ¬x­ �����±´ ¶®¯JZFµ �M� ª ���G´Á²L[²*�z³Á²*� ¯{µ � ∆K

¶
�
·
���
­
�
¬
�
¶
� ³ ª0¶ � ¶x¬ ²��z³���� °}°}¬!°?\@] ¼6^��±´Á²!²`_G��³ ª!°}¯±¶xµ � µaS

� %��



��������� � * � �	��
 &)(
� �
��� ��� �'D�� 5 �

� :> #"*: δ G "?r�2'$)9*:>(Bk

δ G = δ

[
~2

4m∗/
(G2 −G′2) + (Eµ + Eν − Eµ′ − Eν′)

]
. �43~n �F�

dH ¸7-9+.C$ ('1-&��!56.09+"Ry�/- _$D=q�! -uF&);w&) C(R1#&,3f�!9*:@�!p-56&H1
P′ = (1/4)

1
G′ �4&)(�&) ¸/-(*:>5>:6"D�! C(�5@�B$'.0 #"+&)9*3f�!(*:6.0 1-&�5zr�2) #&)9*uf:6&f�q.0 �.0p-(*:6&) C(Y�{�h� �®��k

λµµ′(K) =
m∗/

4π~3A
∑

ν,ν′,P

fν(P)

∫ 2π

0
|Mµνµ′ν′(Q,ψ, ω $ )|2 1 ψ. �43~n � �F�

dH�
ψ
&'"*(G5zr{�! -uf56&B&) C(*9+&

G
&)(
G′ n-o ��$'.0 #"+&)9*30�!(*:6.0 i1h/�;w.0;w&) C(t&)(t1-&�5zr�2) #&)9*uf:6&B1-.0 - #&wk

G′2 = G2 +∆0
µνµ′ν′ , �43~n �f�x�

�?34&'$
∆0
µνµ′ν′ =

4m∗/
~2
(Eµ + Eν − Eµ′ − Eν′). �43~n �?�F�

§Ar�.0�
Q =

1

2

[
2G2 +∆0

µνµ′ν′ − 2G
(
G2 +∆0

µνµ′ν′
)1/2

cosψ
]1/2

. �43~n �?�F�
"�#�� ��N�L O N W_^ U�a�SYPt`�� NXWMN��#K [+`

o �  q�!(*/-9+&E|}&)9*;�:6.0 -:6j4/#&¡1-&'"e2)56&'$)(*9+.0 #"�:> C(+&)9*3�:6&) C(i1#�! #"�5}r :> C(D& 9Á�0$ (+:>.f 2)56&'$)(*9+.0 ��C2)56&?$)(*9+.0 7q�!9
5zr :> C(+&)9*;w2'1h:@�!:>9D&i1sr /- 
(+&)9*;w&e1sr�2'$D=q�! -uF&ijC/#&� #.0/#"_�!5>56.0 #"¸1-2)(D�!:>5>56&)9 n¹o .09+"+jC/¦r�.0 
$D=#&)9+$D=#&e56&'"<2)(D�!(+"jC/q�! C(*:6j4/#&'"�1sr /- �&'"+7q�0$'& 1-&

n
7q�!9*(*:6$)/-56&'"�y 7q�!9*(*:>9�1-&'"E2)(D�!(+"�j4/q�! C(*:6jC/#&'"�y /- #& 7q�!9*(*:6$)/-56&f�~:>5

$'.0 C3�:6&) C(_1-&e(*9D�!:>(+&)9¸56&'"¸p8.f"+.0 #"¸7q�!9¸1-&'"_2)(D�!(+"_"I,�;w2)(*9*:6"+2'"¸&)(¸56&'"w|}&)9*;�:6.0 #"¸7q�!9_1-&'"¸2)(D�!(+"��! C(*: �
"I,�;w2)(*9*:6"+2'"��{�f�f�h�z�f�f�®� nh� :> #"*:z�45zr�2)(D�!(RjC/q�! C(*:6jC/#&�1-2'$)9*:>30�! C(R5@�B7q�!:>9+&H:> -:>(*:@�!56&~1sr�2)5>&'$)(*9+.0 q"?�h.0�_56&)"R1-&)/h�2)56&'$)(*9+.0 #"H.0 C(,9+&'"*78&'$)(*:>3F&);w&) C(t78.0/-9H"*7-:> 

σα
&)(
σβ
�#"?r�2'$)9*:>(Bk

|µ,K(σα); ν,P(σβ)〉 =
1√
2
{|µ,K(σα)〉|ν,P(σβ)〉 − |ν,P(σβ)〉|µ,K(σα)〉} . �43~n �)�C�

o r�2)(D�!( ## q�!5¦"xr�2)$)9*:>(t1-&�;<�! -:)()9+&B�! q�!56.0uf/#& n ?  �/-(*:>5>:6"D�! C(t$'&)(*(+&~ #.0/-34&)5>56&~pq�0"+&g�! C(*:6"I,�;w2)(*9*:6"+2'&f�#&)(,&) "+.0;�;<�! C(�"*/-9H56&'"~"*7-:> #"�1-&'"�7q�!9*(*:6$)/-56&'"
σα,β

�T.0 �;w.0 C(*9+&AjC/#&B5zr�2)562);w&) C(�1-&Y;<�!(*9*:6$'&f��jC/-:«1-.0:>(��)(*9+&
& ¢s&'$)(*:>3F&);w&) C(,7-9*:6",&  �$'.0;�7-(+&g1#�! #"G5@�Y9.()uf56&�1sr�.09,1-&�¥q&)9*;�: �43~n �x� �-&'"*(��{�f�f�h�h34.0:>9R7 n �f�f�A2)(D�!(+",1h:>(+"D 5 ���
��� � B &)( B * 5 ��� � B ��k

Mµνµ′ν′

K,P,K′,P′ =
1

4
|M $ +M /�� �"!I/ |2 + 34 |M $ −M /�� �"!I/ |2 ,

= |M $ |2 + |M /��#�"!I/ |2 − 12
(
M $ M /��#�"!I/ +M $ M /�� �"!I/

)
, �43~n �?�F�

.0�
c
"*:>uf -:$#q&�56&g$'.0;�7-56& �h&B$'.0 
�]/-uf/#2g1-&

c
�-&)(t.0��5zr�.0 i�A78.f"+2f�h78.0/-9H"*:>;�7-5>:$#q&)9,56&'"t2'$)9*:>(*/-9+&'"Bk
M $ ≡ Mµνµ′ν′

K,P,K′,P′ , �43~n �?�f�F�
M /�� �"!I/ ≡ Mµνν′µ′

K,P,P′,K′ . �43~n �?�!pT�
o r�2)562);w&) C(~1-&�;<�!(*9*:6$'&Y1-&�5zr :> C(+&)9D�0$)(*:6.0 E2)56&'$)(*9+.0 ��C2)56&'$)(+9+.0 �78&)/-(H1-.0 #$$�)(*9+&B"+2)7q�!9+2B&) i1-&)/h��$'.0 C(*9*:¤£
p-/-(*:6.0 #"Bk

� %h�



�  - #& �h& 3�n � 9+.0pq�!p-:>5>:>(+2Y1sr :> C(+&)9D�0$)(*:6.0 �2)56&'$)(*9+.0 ��C2)56&'$)(*9D.0 i78.0/-9,/- �u4�!vgp-:61h:>;w&) #"*:6.0 - #&)5

• o &'" (+&)9*;w&'" � 5 * � ( B D k?:>5�"?r{�!uf:>(«1-&%5@�t$'.0 C(*9*:>p-/-(*:6.0 �&) C(*9+&�"*7-:> #"«1-&%; �);w&¹1h:>9+&'$)(*:6.0 ¦�!$fr�&'"*(���yx�C1h:>9+&
56&'",(+&)9*;w&'"t1h/�(1,C78& |M $ |2 &)( |M /��#�"!I/ |2 �

• �
 �(+&)9*;w&%1sr :> C(D& 9*|�2)9+&) #$'&'" .0/B1sr &)(
� �
��� � k):>5F"xr{�!uf:>(¦1-&'"¦(+&)9*;w&'"69¹$)9+.0:6"+2'" ; −(1/2)(M $ M /�� �
!I/ +

M $ M /�� �"!I/ ) n� / ## q�!5z��56&'"<2)562);w&) C(+"¸1-&�;<�!(*9*:6$'&e2 (Á�! C(<"+.0;�;w2'"<"*/-9 K′ &)( P′ ��.0 :> C(*9+.C1h/-:>(¸/- |z�0$)(+&)/-9e���0�"*/-7-7-562);w&) C(D�!:>9+&�78.0/-9�2)3C:>(+&)9A56&'" 9e1-.0/-p-56&'"�$'.0;�7-(D�!uF&'" ; �{�h� �h� �h�x�?�h�h�?�®� n�o r�2)562);w&) C(w1-&¸;<�!(*9*:6$'&
Mµνµ′ν′(Q)

:> C(+&)9*34&) q�! C(H1#�! #"G56&g$?�!56$)/-5b1-&�5@�A7-9+.0pq�!p-:>5>:>(+2<���%j nb�43�n � �F�º�«"?r�2'$)9*:>(t1-.0 #$wk

|Mµνµ′ν′(Q,Q
′, ω)|2 =

1

2

[
|V /����µνµ′ν′(Q,ω $ )|2 + |V /����µνν′µ′(Q

′, ω /��#�"!I/ )|2
− V /����µνµ′ν′(Q,ω $ )V /����µνν′µ′(Q

′, ω /�� �"!I/ )
]
, �43~n �x�f�

� %f�
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 .0/#"G7-9+2'"+&) C(+.0 #"?�q1#�! #",$'&)(*(+&B�! - #& �-&f�-56&�$?�01h9+&guF2  q2 9Á�!5b1-&�5zr 2'$)9D�! �(D�!uF&g78.0/-9,/- �u4�!vgp-:61h:>;w&) h£"*:6.0 - #&)5 n � 5# #.0/#"��~"D&);Yp-562G:> C(+2)9+&'"+"D�! C(�1-&,1-2)(D�!:>5>56&)9 5zr�&) #"+&);Yp-56&t1-&'" $?�!56$)/-56"�j4/-:q"+.0 C(%=q�!p-:>(*/#&)5>56&);w&) �(1-2)9*:>342'"¹78.0/-9R5>&'"¹u4�!v~(*9*:61h:>;w&) #"*:6.0 - #&)56"g�{�f�f�®� n §��! #"¹5@�Y"+&'$)(*:6.0 �F n �f�� #.0/#"R& ��78.f"D.0 #"¹56&'"�= ,C78.0(*= ('"+&'"&)(t56&'"H$?�!56$)/-56"H78&)9*;w&)(*(D�! C(~1-&Y1-2)9*:>3F&)9H5zr�& �h7-9+&'"+"*:6.0 �1-&g5@��9+2)78.0 #"D&B1-:>2)56&'$)(*9*:6jC/#&M1sr /- iu4�!vBp-:61h:>;w&) h£
"*:6.0 - #&)5 n � /-:6"?� 1#�! q"w5@��"D&'$)(*:6.0 F n �h�% #.0/#"<9+2'"+/-;w.0 #"<5zr�&) #"+&);Yp-56&i1-&'"w|}.09*;Y/-56&'"</-(*:>5>:6"+2'&'"_��## 1-&$?�!56$)/-56&)9t56&~(+&) #"D& /#9t1-&~78.05@�!9*:6"D�!p-:>5>:>(+2 n
� #%$ � SYU�c L [ N WYN \ ^ U�a L Pt`HQTP � N ZM[ W [DO N ` � [+ct`Y` N \
��
�����
�������
���� �"!#�%$&��!#'($&�)$"*�+

Π

F¹.0 #"+:61-2)9+.0 #"¸/- u4�!vi1sr�2)56&'$)(*9+.0 #"_jC/q�! C(*:$#q2e"D&)56.0 56��1h:>9+&'$)(*:6.0 1-&�5zr{�®�h&e1-&e$)9+.0:6"+"Á�! #$'&f�% #.0(+2
(Oẑ) n 
 .0/#"¹"+.0/-;w&)(*(+.0 #"R$'&tu4�!v~�0§ yg/- ¸78.0(D&  �(*:6&)5878&)9*(*/-9*pq�!(+&)/-9

δV /-,/. (r, ω) �C1-.0 C(R.0 _"*/-7-78.f"+&t5@�1-2)78&) #1#�! #$'&B(+&);�78.09+&)5¤56&Y"*:> C/#"+.%0z1#�!56&<k
δV /-,/. (r, ω) = δV /-,/. (R, z, ω) ≡ V (R, z) & � ωt & αt, � F n �x�

.0� 56&¸(D& 9+;w& �
exp(αt), α → 0+

�0"+"*/-9+&�j4/#&_5@�e78&)9*(*/-9*pq�!(*:6.0 &'"*(�&) #$)56&) #$D=#2'&�1-&_;<�! -:)()9+&��01h:@�®£
pq�!(*:6jC/#& n dH E78&)/-(g2)u4�!56&);w&) C(g9+&)7-9+2'"+&) C(+&)9g56&M78.0(+&) C(*:6&)5�7T�!9�"D�_"+2)9*:6&A1-&�¥q.0/-9*:6&)9�7q�!9~9D�!7-78.09*(Yy¸5@�3f�!9*:@�!p-56&

R
k

δV /1,2. (R, z, ω) =∑
Q

δφ /-,2. (Q, z, ω)
&!� Q·R &!� ωt & αt. � F n �F�

dH A"*/-7#78.f"+&)9D�HjC/#& (+.0/-(+&'"�56&'"�$'.0;�78.f"D�! C(+&'"
δφ /-,2. (Q, z, ω)

1-&�5@�H"+2)9*:6&¹1-&¹¥q.0/-9*:6&)9�1-&
δV /-,2. 78&)/-34&) C(�)(*9+&�$'.0 #"*:61-2)9+2'&'"G1-&H;<�! -:)()9+&'"R:> #1-2)78&) #1#�! C(+&'",&)(¹jC/#&t56&'"¹(+&)9*;w&'"R$)9+.0:6"+2'"R1-&H56.0 -uf/#&)/-9G1sr�.0 #1-&~1h:¤¢�2 £

9+&) C(+&g"?r{�! - C/#5>&) �(H�!7-9.('"t"+.0;�;<�!(*:6.0 k-$fr�&'"*(,5zr{�!7-7-9+.?�h:>;<�!(*:6.0 �1h:>(+& � � � � � � �GD � � � & � B 
 5 * � - � � �8� � ndH g9D�!7-78&)5>56& j4/q&�56&'"¦2)(D�!(+"
Ψ

(0)
ν,K(r)

$'.09*9+&'"*78.0 #1#�! C(��!/�=q�!;�:>5>(+.0 -:6&) Y #.0 g78&)9*(*/-9*p82 H 3 "?r�2'$)9*:>34&) C( k
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ν,K(R, z) + lim
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:
~α
Ψ

(0)
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Πνν(Q→ 0) =
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kBθν

QνF−1(ην) + 2〈α〉νkBθνF0(ην)
QνF0(ην) + 2〈α〉νkBθνF1(ην)
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∫ ∞
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Πνν(Q) =
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∫ ∞
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∑
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+
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∑
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