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p!l!s)rK�!lMlVw/�#jTy`r	z#yU­;´Tµx¶��W ��¨zx�MyKl!h!j)w/|iz#��n�lMrK�MrxsTz#k!jx�Ú z#y)m	�!z#w/fMjPn%gi½���l!j�lMs���jTpMjTk!l;m��ÛwT�v�;Ü2f!fMlMk!��l¨Ý�rKp;�
yKl!k9�� )¡R¹K±#¦�k!j°�!z)n%yx�xjTp#n%l!fMl·w/gi��j)w/yK�#zx�RrKk!l!j+|!pMgR��zK�
�xz#�·�!zxf!m!p!l!s)rK�!l!l�nMf!mÞ­;´Tµx¶��W #�¥ß�j)����lqn%p9�
�D �¡i¹K±#¦
giyK�xj�pR��nHr`fMlà�xz#s���z@�Ok!zRw/yK��w/gi��j�w/yx�xzx�RrKk!l!m³w/zRw/yKz@m;�
k!l;máwTl;fM�xkMz]k!j�wTy@rx�!l!z#kMrKp!kMzx�Õ|!p!gi�Tz#�xz#�Ù�!zxf!m!p!l!s)r`�
�!l!l9�#��k!l�k%rKsT�Rr`fMl�jT�Tz�â<�#w/�Mt���jThMk!zx���!zKf!m!pMl!s�rx�!l!jT�;ãG�
»�j)�äk!j���jTk!j�jÒn%zo�!z#w/fMjPn%kMjT�Tz��xp!j)��jTk!l·}#tvf%r7k!jTmMwP�
k!z#�°w/l!yKgRrK�!l!m�w�zx�!j�k!|izx�Ò�#j/fMl!hMl!k!tå��rK��k!l!yKkMzx�Tz¨�!zK�
f!m�­!´/µx¶��W #� º j/n�rK�#k!l!j�p!jTs�g�f%�`y@rxyKtæ»¥l!y`rKpMh!gi|ir�l�n%p��
�Û±x²x²M )¦��MzxsT�#zKf!m!½�yV�Mzx�xyxzxp!k!z�pMr#wTwT��z#yKp!j�yK�V��yKg��Mp!zK�
}Kf%j���g°l�w/pMrx�xk!lMyK��p%rKs/f%l!h!k!t�jO��jTyxz)n%tÙz#�!jTkM|!l���rx�/�
k!l!yxk!zx��zÒ�!zKf!m���ÝÒtçkMr@h!k!j)�Þw�n%jTy`r`f%�xk!z#�Tz+zx�!l%wTrKkMl;m
k!t�k!j���k!l!uÒ��j�yKz)n%z#�¨zx�MjTk!|!l���rK��k!l!yKk!tvu°�MzKfMj���|iz#���
�Mrx|!yKk!tvu	s��xjTs/nE�il!s/f%gRh%rK½���l;u¨��p!jTkMyK�Tj�k!zx�Rw/|iz#��n�lMr`�
�MrxsTzxkMjx�

èvé�êVë�ì9í�î�ï ð2ñ�ò�ì�ó�ò�ô^ó ë�ô�ð�õvï�ñ�ö�÷�ø�ñ�ñ
ï�ì�ò�î�ù%ì�ò�ô^ú�ûHívô^ù�ô ñ�öZð�ü�ý�ì�ò�ñ�õ ô^î ö�÷Eþ
ÿ ÷�ù%ò�ñ�ý�ì9ò�ò���� ��ñ2ûHí¥ô�ú ñ ô���ô�ð�ô^ý�ì�í
ú^ô^í�ï�ü�ù�ívô ÿ ë�÷�í�î�ò����áö�ú�ìZö��

	 jTk!yx�TjTkMzx�#wT|izxj¥l!s/fMgih!j�k!l!j�|iz#���%rK|!yKkMzx��sT�xj�sPn%tÞ� k!j��;�
yKp!z#k!kMrKm�sT�#jTsPnHr!�Uh!jTp!k%r`m n%t�p%r#¦³pMrxw�w/j�l!�#rxjTyxwWmÀkMr
�/f%jT|!yKpMzxkMrKuÙrK|!|Mp!jT�!lMp!gxj)��zx�Õ��rKyKj�p!l!lÕlÙ�Mp!lÕ�TyKzR�
fMl!kMjT�!k!zV�!zKfMm!p!l!sTg#jTyxwWm�� Ú z#p!zx��z�l!s��xj)w/yKk!z%�Ez)n�kMrK|izM�
h!yKz��MzKfMkMrKm��MzKf!m!p!lMs�rK�Ml;m�z#y
wT{�jTpMl!h!j�wT|izx��zx}xzxfMzxhM|!l
pMrx�xkMr�k!g)fM½æ�#wPf%jPn�wTyK�xl!j��!zKfMkMzx�+|iz#���!j�kMwTrx�!l!lÒ�/f%jT|;�
yKp!lMh!j�wT|!l;u��#jT|!yKz#p!zx�ozxyopMrKsTfMl!h!k!tvu³zx}Kf�rxw/yxjT�·z#}xzK�
fMz#h!|!l���
�wPfMl���rx�Tk!lMyKk!zxj��MzKfMj�z#yxw/giyxwTyK�xg#jTy@�MyKz¨k!jTk!gR�
fMj��#r`må�MzKf!m!p!lMs�rK�Ml;mæyKp!j�}xg#jTy�kMj�wT{�j�p!l!h!j)w/|izx�Ù{�zxp;�
��t zx}#zKfMz#h!|!l���pMr#wTwTjTl!�RrK½���jT���/fMj�|!yKp!z#k!t���§�pMlMw/giy`�
w/yx�xl!j
��rx�Tk!l!yxk!zx��zO�!zKf!m+�Ozx|izxfMzxs��xjTs/n%k!z#�	�/fMj�|!yKp!z#k;�
k!z#��zx}xzxfMzxhM|Rj+pMr`n%l!|;r`f%�xk!z���j�k;m!jTy�wTl!yKgRrK�!l!½���§�p!l
pMr#w/�!p!zRw/yKp%rKk!j�k!l!l7pMr#wTw/jTm!k!k!z#�TzÒl!sTfMgih!jTk!l!m���s�rx��rx�/�
k!l!hMjTk!k!z#�O�;f%rxs���j��;fMzRw/|iz#wTyK��jT��z��!zKfMm!p!l!s�rx�!l!l��!z#�xzK�
pMr@h!lM�#rKj�yxwWmV�Û{�rKpMr`n%jTj��#w/|iz#j��xp%rK��j�k!l!j@¦P�� ��zKf·{�rKpMr`n%jTj��#wT|Rz#�TzV�!zx�#zxp!z#y@r χ z#�!p!jPn�j/f!m!j�yxwWm
�xt�p%r`��j�k!l!j)����wT�v�!�9k!jPn�l!k�lÒ��l;f%rxk!yK�xj��M�H �¡#¢x²M�M �¡#¡R¹x¦

χ ≡ 1

2
τT δ cos θ, �D @¦

δ =
3ωBc

2reω2
∼= 1.2

(

B

106G

) (

1keV

h̄ω

)2

,

�Wn%j τT 
 zx�MyKl!h!j)w/|;r`m+yKzKf%��l!kMr	zx}xzxfMzxhM|!l��Mz	yKz#��wTzK�
k!z#�#w/|izR��g¨pMr#wTw/jTm!k!l!½�� θ 
 gR��zKf���jT��n�gUk%rK�!pMrx�KfMj�k!l;�
j��+��rx�Tk!l!yxk!zx��z��!zKf!m���l�k%rK�!pMrx�KfMj�k!l!j)�¨pMr#w/�!pMz#w/yxpMr`�
k!j�k!l;mOl!s/f%gRhMjTk!l;m������ re = e2

/

mec
2 
 |;f�rxwTwTl!h!j)w/|!l!�pMr`n%l!g#w��/fMj�|!yKp!z#kMr!� ωB = eB/mec 
 �!l!|;f%zxyKp!z#k!kMrKm

hMr#w/yKz#y@rM�

�wPf%l���rx�Tk!lMyKk!zxj��!zxfMj�g#wTl;fMl!�RrKjTy#wWm��%gi�Tzxf χ �#zxs/�pMr#w/y`rKj�y)��y`rK|o|;rK|�hMr#w/yKlMh!k!z��!zKf!m!pMl!sTz#�#rKkMk!zxj	p%rxwTwTj/�

m!k!k!z#j�l!sTfMgih!jTkMl!j��!z)n��xjTpM�/rKjTy#wWm�n%j��Mw/yx�xl!½ {�rKpMr`n%j/�
jT�Rw/|izx��z��xpMrx��jTkMl;m�� � �GfMt �!zx�#zxp!z#y@r χ pMrKsTfMl!h!k!t �
pMrxsTk!tvu��TfMj���j�k!y`r`u�zx}x~9j���r�zx}#zKfMz#h!|!l��`n%zxfM��fMl!k!l!l
sTpMjTk!l;m��Õl���|;rK|³p!jTs�g�f%�`y@rxy@���!zKfMkMzxj�l!s/fMgih!j�k!l!j�zxy
�#wTj/u+�/fMj)��jTk!yxzx�	z#}x~�j)��r�}xg�n%jTyOn%jT�!zxf!m!p!l!s�zx�RrKk!z°�ÛwT�v�
p!lMwx�c )²���z#}xs�zxp!j���k!j/n%l!kMr�l���l;f%rxk!yK�#jT�#rM�H �¡x¡i¹K¦/�

���!jT|MyKp7�!zKfMm!p!l!sTz#�#rxk!k!zx��z�lMs/fMgih!j�k!l;m7zxyÒwT{�j�p!l;�
h!j)w/|!l+w/lM����j�yKp!l!hMk!zx�Òz#}xzKf%zxh!|!l�}xtvf+�xt�h!l%wPfMj�kU�9k!j/�
n%l!kMt�� lÕ��l;f�rKk!yK�#jT�#t�� �D )¡x¢x²R¦P��� wPfMgihMrxjowT{�j�p!l;�
h!j)w/|izx��zx}#zKfMz#h!|!lqw�n%l!�!zxfM�xk!t��ç��rK��k!l!yKkMt��Ù�MzKfMj)�
yKzxfM�x|iz��/fMj)��jTk!yKt zx}#~�j���rV�`n�zKfM����rK��k!l!yKk!z#�Tz��T|M�#r`�
yKz#pMr
k!j��!z)n%�#jTpR��j�k!ton%jT�MwTyK�xlM½³{�rKp%r@n%j�jT�#wT|izx�Tz��#pMr`�
��j�k!l;m��!fMz#wT|RzRw/yKl³�!zKfMm!p!l!s�rx�!l!l���y`rx|�|;rK|·nMf!m³kMl;u
´/µR¯ θ ≈ ²�l χ ≈ ²!���äp!j�sTg)fM�`y`rKyKj+yKzxfM�x|iz�l!s/f%gRhMjTk!l!j#�
pMr#wTw/jTm!k!k!z#j�����|!�#rxyKzxp!l%r`fM�#k!tvu�zx}x~9j���r`uZ�@zx|;rxsTt��#rxjTy`�
wWm��!zKf!m!pMl!sTz#�#rKkMk!t��	���;f%z#w/|izRw/yKlO�����æ¦/�T�Wn%j��Ol�� 
kMrx�!pMrK�xfMjTkMl;m�fMlMk!l!l�sTp!j�k!l;m�lO�!zKfMm
n%l!�MzKf!mOw/z#zxyK�#jTy`�
w/yx�xjTkMk!zM�^»9zKfM�#|Rz7��yKz7l!sTfMgih!jTk!lMjÒ�!p!l!�#z)n%l!y�|�k!jTk!gR�
fMj��xzx��zx}x��jT�7�!zxf!m!p!l!s)rK�!lMl�zxyVs�rx��rx�Tk!lMh!jTk!kMzx��z#}xzK�
fMz#h!|!l������MjT|!yKp�fMl!k!j��!k!zx�7�MzKf!m!p!lMs�rK�Ml!l����#zxsTkMl!|;rK½��
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9;:=<?>�@�AB@&CED=DF:0G�H�A�AIH&:0>�JEK�G�@�A�L=JEMNCEH�H�JNO0JPA�L0K&Q�R�:0H�A�G
H&C�SFK&:=T�U-@�JNH&C�VWD0XY:=@�A�R�:ZDFT�JE<WJN[EJ-K,JER�T�A�D�\,A�>�JEK&]EH&^`_
_�C-O=H�A�U-H&^`_a>�J-K,:=_cbdA&_d:0:=UIT�Q�>�JEK&JEJN[E@&CEL0H�Q�efXYJN@&_dQg D=_chi@&A&D-hkjEjlA&Lm@&CE[EJEUE^on H�:2\�A�H&CaAqp�A�K,C-H�UE]E:0MrC�b
j=sNsrtEu2hwv�K�G�JNR�:0H&]`T�JE@�JNU-T�AxV�\&K&A&H;MEJEK&HWQ�O0JEKiXWC-@&C�\,:Fy
:0MrDFT�JEO=JzME@,C-9;:=H�AxGBD0U-@�:Z_dA�UED{GBTBH�QZK&e;b AIJE[N9iC-G?>�J-y
K�G�@�A&L=C-|&AxG}A&D0R�:0LZC-:=U~A&LFy�L=C~D0XY:0@&A�R�:=D0T�JE<�DFA&_�_d:=U-@�A�A
JE[NJ-K&JNR�T�A�hZv�K&G�JNR�:0H&]�[NJ-K&]N�;AxV;\&K&A�HPMNJ-K&H�Q�OwK&^�XWC�y
@&C�\,:0:=MNDFT�JNO0J�>�JNMEJE@&JEU�C�MEJNL0@&CNDFU�C-e�U7b=C`MN[-K&A&L0A�S=T�MNCEU-J-y
@�A&C-K&]EH&JE<�JE[EK,CED0U-A~D χ ≈ � Qx_d:=H�]E�~C-e�UND{G�b-R�U-J�JrD2K,CE[-yK�G�:=U~JN[E9iQre�>�JEK�G�@�A�LZC-|�A&e;h&�)C-T�A&_�JN[E@&CEL0JN_cb�_�CETxDFAxy
_dQx_�JE[E9i:0<�>�JEK�G�@�A�LZC-|�A�A�D0JEJEUEME:0UNDFU-MNQE:0U�U�C-T�JN<�D0Axy
K&:z_�CEO0H�A�UEH�JEO=J?>�J-K&G�A�\&K,A�H�:zMNJ-K&H�^Wb >�@�A�T�JEU-JN@�^cV
QND0@�:2\�H�:0H�H&^�<�Q�O0JEK�>&JEMEJN@�JEU�C χ ≈ jEh��Y@&JE|�:ZD0D�DFAxK,]-yH�JN<�\�:0>�JEK�G�@�A�LZC-|�A�A�H,C7R�A�H&CE:0UED{G�DWME:0K&A�R�A&H?_�C-O0H&A�U�y
H�JNO0JW>�JEK�GzA~\&K&A�H�MEJ-K,H�bE>�@&AzT�JEU-JN@�^cV δτT > 1

g D=_ch
Q�@&C-MNH�:0H&A�: g jZuFh

v�K�G?\�A&DFT�JE>&JZ\,JE[NH�JE<?S0K&:0T&U-@�JEH&H�JE<�JE[NJ-K&JNR�T�AB[E:0L
A&D0U-A�H�H�JNO0J�>�JNOwK&JE9i:0H�A�G�D τT � 1 \&K&G�MN^cVNJZ\&G�9i:0O=J
A�L0K&Q�R�:0H�A�G}A&_d:=:=_ g n H�:2\,A&HkAIp�AxK�C-H�U-]N:0M,b%j=sE� � uF�

Pl(n,B) ∼=
Pe(n)√

1 + δ2 cos2 θ
,

g�� u
O{\,: Pl

g�� u~��DFU-:=>�:0H&]�>�J-K�G�@&A�L=CE|�A�A�A�LFK,QrR&:0H�AxG�>�@�A
JEUNDFQ�UEDFUEMEA�A�_�C-O0H&A�U-H�JNO0J�>&J-K�G�hc��JNO{\�C�XYJN@&_dQZK,C g�� u
_dJ7�i:=Ui[N^�U-]�>�:0@&:0>�A&D=C-H&C

Pl(n,B) ∼=
1.5(1− µ2)(0.18 − 0.15µ)

(3 − µ2)(1 + 2µ)
.

g�� u
�YJELF\,H�:0:W_d^�A&DF>&J-K&]NL0QE:Z_�:=:�\,K�GkJN|�:0H&T�A�_�C-O0H&A�U�y

H�JNO0J~>�J-K�G�M�JET�@&:=DFUEH�JND0U=GxV}A&DFU-JNR�H�A�TxCP�x�0 E¡`ywjEh
v�K�G�D0XY:=@�A�R�:ZDFT�AkDFA&_�_d:=U-@�A�R&H�JE<}JE>�U-A&R�:=D0T�A�U-JNHxy

T�JE<PJN[EJ-K,JER�T�A�MNJET�@�Q�O�H�:=<�U-@�JNH�H�JN<zL0MN:0L2\�^�Dc\,A�>�JEK&]-y
H�^`_¢_�C-O0H&A�U-H�^`_m>�J-K&:Z_lDFUE:0>�:=H�]kK&A�H�:=<�H�JE<B>�J-K&G�@�Axy
L=CE|�A�A~@�:0H&U-O0:=H�JEMrDFT�JEO=J�A�L0K&Q�R�:0H&AxG�bE@&CND0D0:FG�H�H�JNO0J�MEH�Qry
U-@�A�S=U-JE<�JE[NJ-K&JNR�T�A�bx_dJ7�PH�J�JE|&:0H�A�UE]~>&JzXYJE@&_dQZK&:
Pl(n,B) = τT f(R0

/

Rs; δsτ0; θ) sin2 θ.
g � u

£ \,:ZDF] R0/Rs
��JNU-H�JE�i:0H�A&:�@&C�\,A�QND=CWJE[NJ-K&JNR�T�APT}@&C�y

\,A�QrDFQ?H&:0<�U-@&JEH�H�JN<BL=ME:=L2\,^Wb δs
�¤>&CE@&CE_d:=U-@B\,:0>&J-K�Gxy

@�A�LZC-|�A&A g jZuFb)T�JNU-JE@�^�<�D0JEJNU-ME:=UEDFU-MNQE:=U�D0AxK&:k_�C-O0H&A�U�y
H�JNO0JP>�JEK�G�H&C�S0T�MrC-U-JN@�:WL0MN:0LF\,^Wh¦¥;Q�H�T�|�A�G f LZC-U�C-[NQNy
K&A�@&JEMNCEH&C~n�H�:F\,A�H�^`_�AIp�AxK,C-H&U-]E:=ME^`_ g j=sN� � b¦jZsE� � u2h§ JE[EK,CED0U-A�\,:=>�J-K&G�@�A�L=CE|�A�A�b¦O{\,: δsτT > 1 b¦A&_d:=:0U_d:=D0U-JPCED0A&_d>�U-JNU-A�R�:ZDFT�JE:WMN^�@&C��~:0H�A�:YXYQ�H�T�|�A&A f
f ≈ (δsτT )−

n−1
n+2 ∼ (ω/ω0)

2(n−1)
n+2 .

g � u
£ \,:ZDF] ω0 = (3ωBc/2re)

1/2 ba¨©� >�JNTxC-L=CEU-:FK,]
S0TxD0>�JEH�:=H�U-^Wb�JN>�A&DF^�MrC-e�9;:0<ª@&CED0>�@�:F\,:FK&:=H�A�:qSFK&:=Txy
U-@�JNH�H�JN< >xK&JNU-H�JrDFU-A M�\�J-K&]«@&C7\,A&QND0C«JE[NJ-K&JNR�T�A��
Ne ∼ r−n (n 6= 0) h�¬­D2K&A b�H&C->�@&A&_d:0@�b�¨¦® � b�XYQ�H�Txy
|�AxG f Qx_d:0H�]N�iC-:=UED{GmDBQ�_d:=H�]E�i:0H�A&:=_¯R&CNDFU-JNU-^°TxCET
f ∼ ω1/2 h

±c²;³�´�µ�¶�·¹¸�º�µ�»�¼�½�¼�¶�¾À¿�¸�Á�¶�¼�Âd¶�Ã�Á�Ã�Ä�Ã�»�Å
Ä�ÃÆ¿�¸dÁ�¶�¼�Â�Ã­¸�·�Ç�È¦Âd¼�½�µ È¦·�¼�¿ Ã�È¦´�¼`»�»�Å¹É
´�¼�Åc¿ ºo¶�µ�Ê�ÂdË�Ã�¶�¶�Ã�ÊÍÌ�º�µ�Ì�ÎYµ�Ï�º�Ð­Ã�Î�Å¹É
Ñ µ�ÊÒºÓÎYº­Ã�Ê�¶�ÇcÔÕÈ¦¼�È¦Âdµ�¿�Ç

Ö @�A�O=A�H&C-K&]EH�^�<B_d:0U-JZ\�JE>�@�:F\,:FK,:0H�AxG?MN:FK&A&R�A�H�^×_�CEOFy
H�A�UEH�JEO=JP>�J-K�G�ME[EK&A�L=AkH&:0<�U-@&JEH�H�^cV�L0MN:0LF\�>&JPH&C-[EK&e`y
\,:=H�AxG&_¯Ø�Ù¹ÚÒH,CBH&A�L0T�A�V�R&CNDFU-JNU7C-V�A�M�T�AxK&JNO0:0@&|�J-y
MEJr_m\,A&C->,C-L0JNH�:PH�:F\�C-MNH�J�>�@�:F\&K&J7�i:=H��¹A�U�C-@�R�Q�T�JN_�A
\,@�h g�� �N� j7u2h Ö H�A�>�@&JNC-H,C�K&A�L=A�@�JNMNC�K,AIMEJNL0H�A&T�H�JEMN:0H�A&:
_�C-O=H�A�U-JrC-T�QrDFU-A&R�:=D0TrJN<PMEJEK&H�^�M�D2K&JN:�_d:F�~\,QP>&JEME:=@rVry
H�JrDFU-]NeÛH�:=<�U-@�JNH�H�JE<×L0ME:=L2\,^ÜAÝMEH�Q�U-@�:=H�H�A&_ÞT&@&C-:Z_
T�:0>xK,:0@�JNMNDFT�JNO0J�\,A&D0TxC�AzMN^�ME:FK,A�XYJE@&_dQZK&^�\,K�G�JE>&@�:Fy
\,:0K&:0H�A�GBR&CNDFU-JNU-^×U�C-T�JN<IMEJEK&H�^Ó>&@�A�@&C-L0K&A�R�H�^cVB@�:Fy
�PA&_�C�VWJrDF|�AxK&K�G�|�A�A�>&:0@�:0VNJZ\,H�JNO0J`DFK&J7G�h § @�:=L0QZK&]�U�C-U-:
JEH&A�>�JETxCEL=C�K,A�b R�UEJ�_dJ7�PH�JBA&DF>�JEK&]EL=JEMrC-U-]BØ�Ù¹ÚßTxCET
H�JNME^�<zL=JEH�\k\&K�G�JN>�@�:F\,:FK&:=H�AxG}D0AxK&^�_�C-O0H&A�U-H�JNO0J~>�J-y
K�G�H�:0<&U-@�JEH&H�^cV�L0MN:0LF\�M~\,MNJE<�H&^cV�DFA&D0U-:=_�C-V¦h

v�K�GÝ\,MEQrV×S=T�D0U-@�:Z_�C�K&]NH�^cV�DFK&Q�R&C-:=M g C-T�QrDFU-A&R�:Fy
DFT�JNO0J�Al_�C-O=H�A�U-H&JEO0J�uP�¹A�U�C-@�R&QrTmA�\,@�h g�� �N� j7u~>�J-K&QryR�AxK,A;C->�>&@�JETxDFA,_�C-|�A�A�\,K�G;_�C-O=H�A�U-JrC-T�QrDFU-A�R&:=DFT�JN<WR&C�y
DFUEJEU-^ ωMA
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








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+
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








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. àâáZã
£ \,:ZDF] Vs

��DFT�JN@�JND0U-]�L=MEQ�TxC�b VA
�aC�K&]NME:=H�JEMrDFTxC�GYDFT�J-y

@�JrDFU-],b rout
A rin

�ÒMEH�:=�;H�A&<BA�MEH�Q�U-@&:0H�H�A&<�@,C7\,A�Qry
DF^a>&:0@�:0VNJZ\,H�JNO0JPD2K,J7G�h,äYH�\,:=TxD α JEU-H�JrDFA�UND{G�TB_dQ=K,]-y
U-A�>&J-K&]NH�JN_dQI_�CEO0H�A&U-H�JN_dQB>�J-K,e V 2

A ∼ r−α b%U�C-T�R�U-J
α ®aå�b ��bæj � \,K�G�\,A�>�JEK�G�b&T&MNC7\�@�Q�>�J-K�G�A?JNT�U-Q�>�J-K&G�D0J-yJEUEME:0UNDFU-MN:0H�H�J,h

�WC-@&CN_d:0U-@&^ βs
A βM

JE>�@&:2\,:0K�G�e�UED{G�U-@&CEH&DF|�:=Hxy
\,:=H�U-H�^`_�Q�@&C-MNH�:0H�A&:=_ g D0_ch,��A&U7CE@�R�Q�T�A}\,@�hæb � �N� jZuF�

tan β = − 2(α − 2)β

(α + 2)

{

ηβ2

(η−1)2 +
[

α−2
α+2

]2
} ,

g t-u

O{\,: β = zout − zin
A η = zout/zin = (rout/rin)(α+2)/2 b

zout
A zin

�çJrDFA�\&K�G�>�:0@�:0VNJZ\,H&JEO0J~D2K&J7G�h
�¹A�U�C-@�R�Q�T�Am\,@�h g�� �E� jZu�>�@�A�[EK&Ax�i:=H�H�J�JE|�:=H�AxK&A

ME:0K&A�R�A&H�^ βs
A βM

�

βM ≈ π

2
+

2

π

[

(π/2)2η

(η − 1)2
+

1

4

] g �Nu
\&K�G α = 6 A
βs ≈

{

1.5
/[

1 + 1.5η
/

(η − 1)2
]}1/2 g sNu

\&K�G α ® � g R�A,DFU-J�CET�QND0U-A�R�:ZDFT�A&<kDFK&Q�R&C-<,uFh�YJZ\�DFU�CEM-K�GxGÛD0TrJN@�JND0U-]°L=MEQ�TxC Vs = (kT/mp)
1/2

AÒC�K&]NME:=H�JEMrDFT�Q�eÍDFT�JE@�JrDFU-] VA = B(rout)/(4πρ)1/2 b
_dJ7�PH�J�JE|�:=H�A�U-]zD0AxK&Qk_�C-O0H&A�U-H�JNO0JP>�JEK�GkH,C�MEH�:=�;H�:=<
O0@,C-H�A�|&:`>�:0@&:FVNJZ\�H�JEO=J�D2K&J7G�h £ C-U-:Z_cbNA,DF>�JEK&]EL=Q-G�L=C-T�JNH
_dQZK&]�U-A�>&J-K�Gk\&K�G?_�CEO0H�A�UEH�JEO=JP>�J-K�G�b,_dJ7��H&JPJE|�:=H�A�U-]
:0O=J�ME:FK,A�R�A�H�Q�H&C~>�JEMN:0@rVxH�JND0U-A}H&:0<�U-@&JEH�H�JN<�L0ME:=L2\,^Wh
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IKJ�L�M�NOMQP�M�RSM�TVUSW�XYP�M�RSX�L�JSZ2[]\�L�J^X_M�P�\�JS`�[�T]N�MQa]MbNOM�U^c
\�J�USd�d^Z@W$e�f�gGgh[�N�\�J�iQU�jAklP�L�XSZ2MQkmZ2[�\�MonpMQq�[]USN�JriQ[Vc
RSJ�`SJ�U�jsZ@W�a]USJ�\�U�MQa]MtP�M�R�X"u5v>RS[�N�\�L�M�Z@W�a]USJ�\�USW�XbiQM�R�c
USWSwSPSWxn5W�y$zrWxX0USW{P^R�W�|�Z2d0TlZ@W�a]U�J�\�U�j�Z}P�M�RS[�Z&w5i�j&c
|]jAi�W�[�\rNOM�R�[]~QW�U�J^X�T]NOM�L�M�TV\�JbfVRS[�N�\�L�MQU�M�i�u��GW�N�T
RS[VnSc
TV\�i�J�[Qw^i�M�|�U�J�N^W�[�\�n5M�P�M�RSU�J�\�[]RS��U�WxXbT]J^R�Wm�GM�LS[]U�qSWS�

F = F

(ωB

ω
,E×B

)

, �����Q�
NOM�\�MQLSWxX�|oW�i�J�TVJ�\YMQ\YM�\�U�M��r[]U�J^X�qSJ�N^RSMQ\�L�M�USU�M�k�`SWxc
TV\�M�\�j�N�`SW�T]\�M�\�[0JS|VRSdO`�[�U�J^X}J�M�\_dOa�R�W_Z2[V�mn�d�USWxc
P�LSW�i�RS[�U�J�[oZ�f]RS[]NS\�L�J�`�[oTVNOM�a�M�i�[�N�\�MQLSW�i�M�RSU�jF��J
USW�P�LSW�i�RS[]USJ�[�Z�Z@W�a]U�J�\�U�M�a�M�P�M�R�X��{ut�GW�N:L�[]|�doRS��c
\xW�\ln�[]k�TV\�iQJ^Xbf�\�M�k�TVJ�RSj��GMQL�[]USqSWlip|oW�Z@W�a�U�J�`�[�U�U�MQk
P^R�W�|�Z2[�i�MQ|]U�JSNOW�[]\�n�J^�^L�M�JS|�Z�J�n�iQM�k�USM�[�RSdO`�[]P�LS[Vc
RSM�Z�RS[]U�JS[�w�MQUSWtTV\xW�USM�i�JS\�T�XbPSM��QM��r[�k{USWmR�y ~�dOy�W�U�J^c
|]MQ\�L�MQP�U�dOy�T]L�[
n5d�u@ ¡|�WQZ@W�a]USJ�`�[]USU�M�k�P�R�W�|oZ2[�~Qd]n5d�\
LSWQTVP�L�M�TV\�L�W�U^X�\���T�X¢n�i�Wp\�J�PSW¢i�M�R�U � M�~QjAN�U�M�iQ[]U�U�WxX�JU�[�M�~�jANSU�M�iQ[]U�USW�X � T�LSW�|]RSJ�`�U�MQk}fVR�R�J�P�\�J�`S[�TVNOMQk}P�M�cR�X�L�JS|�W�qSJ�[]k"uS£$~QjAN�U�M�iQ[]U�U�WxX �¥¤h� J{U�[�M�~QjAN�U�M�iQ[]U�U�WxX
�§¦¨� i�M�RSU�j©LSW�|]RSJ�`SW�y \�T�X0NOM�fogGghJ�q�J�[�U�\xW�Z2JbP�L�[VR�MQZ�cRS[�U�J^X"w�gGW�|]M�iQj�Z2J�T]N�MQL�MQT]\oXSZ2J�J_P�M�R�X�L�J�|oW�q�J�[�k"u ¤ ci�M�RSUSW�i�[Vn�[]\_TV[�~�X�N^W�N�M�~QjA`�USWxX�fVRS[�N�\�L�M�Z@W�a]USJ�\�USW�X
i�M�RSUSW�isP^R�W�|oZ2[�~�[]|}Z@W�a]U�J�\�U�M�a�M©PSM�R�X"ulªhLSJKLSWQT
c
P�L�M�TV\�L�W�U�[�U�J�J ¦ c«i�M�R�U�jsN�MQf�gGghJ�qSJ�[]U�\�j¬LSW�|VRSJ�`SU�j&�P�L�MQq�[�T�TVMQi � J�|]RSdO`�[]USJ^X"w^LSW�T�TV[]X�U�J^X � JSZ2[]y$\rL�[�|]MQUSW�USTUSWhq�JSN^RSM�\�L�M�U�USM�kt`SWQTV\�MQ\�[ � n5[]\xWxRSJ¢T�Z&uQiGNSU�J�a][A­lM�R�ca]JSU�M�imJ�n�L"u�w ��®Q® � � u �TVRSdO`SW�[Qw][oT
RSJG`SWQTV\�MQ\xW&J�|VRSdO`�[�U�J^X

ω
Z2U�M�a�M�~�M�RS��c

�l[pq�JSN^RSM�\�L�M�U�USM�k_`SW�T]\�M�\�j
ωB
w"MQU�M�~�d�n�[]\�P�LS[]JSZ2d�c

zl[oTV\�iQ[]U�USMmPSM�R�X�L�JS|]M�i�W�U�MrP�MpN�L�dOa]d��

PV = 2 (ωB/ω) cos θ, Pl ∼ P 2
υ ∼ (ωB/ω)

2
. �����o�

£�n�J�U©J�|_USW�JS~�M�R�[][¯i�Wx�tU�j&�¬TVRSdO`SW�[�i°eDq�J�N^R�M�c
\�L�MQU�U�jAk�LS[]|]MQUSW�U�T��

ω ≈ ωB � USW�PSMQZ2U�JSZ&w�`�\�M ωB/ω '
0.93 · 10−8λ(µm)B(G))

u�­�R�XKMQP�\�J�`S[�TVNOMQkKMQ~�R�WQTV\�J
f]\�M�\�T
R�d�`�W�k}TVMQM�\�iQ[]\�T]\�i�dQ[]\_TVJ^RS[YZ@W�a]U�JS\�U�M�a�M�P�M�RSX
B ∼ 107 ÷ 108 ± T�u&ªhL�J�q�J�N�RSM�\�LSM�U�U�M�Z¡L�[]|�M�USW�USTV[
J�|]RSdO`�[]U�JS[,P�R�W�|oZ2j�P�M�RSU�M�TV\��Qy©PSM�R�X�L�JS|]M�i�W�U�M��

Pl =
sin2 θ

1 + cos2 θ
; PV =

2 cos θ

1 + cos2 θ
; P 2

l + P 2
V = 1. �²��³��

 sUSW��r[�Z�TVRSdO`SW�[r\�[�T]U�M�kYn�i�MQk�U�MQk¯TVJST]\�[�Z2j´Tl|oWxc
Z@W�a�U�J�`�[�U�U�MQk�U�[]kS\�L�M�USU�M�kr|]i�[�|
n�MQkGM�P�\�J�`�[�T]NOM�[>JS|VRSd�c
`�[�U�J�[�W�N�N�LS[]q�J�MQU�U�MQa]M�n�J�TVN^W¯J�RSJ°MQ~�M�R�M�`�N�J�iQM�N�LSd�a
U�[�k�\�L�MQU�U�M�kb|]iQ[]|Vn�j�Z2M��m[]\p~�jA\��pq�JSL�N�doR�X�L�U�MtPSM�R�X^c
L�J�|�M�i�W�U�M�u>�GW�N�L�[�|]doRS�x\xW�\_µ�i�M�|oZ2M��tU�MQT]\��_M�q�[�U�J�\��
TVJ�RSdrZ@W�a]U�J�\�U�M�a�MGP�M�R�XtU�[�k�\�L�MQU�U�MQkm|�i�[�|
n�j�P�MGJ�|oZ2[Vc
L�[�U�J^XSZ�N�L�dOa]MQi�M�k�P�M�RSX�L�J�|�W�q�J�JbitM�P�\�J�NO[�u

¶&�l·&¸�¹»º�8^¼@½�4)� �"!$#&%¾C�+ *$. /0%215! + 32!$4)1�4
6 4@*$9

ªhM�RSX�L�J�|�W�q�J^X¿LS[]U�\�a�[]U�MQiQT]N�MQa]M(JS|VRSdO`�[�U�J^XDÀ�ÁVÂ�Ã c �~�j&R5W&JST]TVRS[
n�MQiQW�USW&�GM�U�a�MQZbJ,n�L"u �²�o®�Ä�®Q� u�Å0U�M�a�M�N�L�W�\xcU�jA[�USW�~�RSy¨n�[]USJ^X�~�j&RSJ°i�jAP�M�RSU�[]USjÆUSWYP�M�R�X�L�JSZ2[�\xc
L�[�ThN�LSJSTV\xWxRSRSMQZ�Ç¨L�f]a�aVWlUSW ¤ À ¤,È u^É)TVLS[
n�U�[�U�USW�XbP�Mi�LS[�Z2[]USJ0P�M�R�X�LSJ�|�W�q�J^X�~�j&R�WpdOi�[�L�[]USU�MpM�~�U�W�L�d��r[�USW��
Pl = (0.39±0.20) Ê USW ³ u ËhNSf� �J Pl = (1.31±0.40) ÊUSW � u ³ NSf� ,u>vÌ\�J�n�W�U�U�jA[�P�Mon5\�i�[�LQ�mn5W�y \�dOZ2[�U����r[VcU�J�[mP�M�R�X�L�J�|oW�q�J�J�USW�f]U�[�L�a]J^X^�YUSJ^�r[ � u ³ N�fo ,u	Í>T
RSJP�L�[Vn�P�M�RSM��tJ�\��Sw$`�\�M�f�\�M�d^Z2[]US���l[�U�J�[�MQ~�d�T
RSMQi�RS[�U�M
f�gGgh[�N�\�M�Z�gGW�LSW�n�[�[]i�TVNOM�kYn�[]P�M�R�X�L�J�|oW�q�JSJ"w"\�M¯Z2M��pc
U�M�M�qS[]U�J�\��YTVJ^RSdÎZ@W�a�U�J�\�U�MQa]M0P�M�R�X�i0MQN�L�[oTV\�U�M�TV\oX^�
U�[�k�\�L�MQU�U�M�kb|]iQ[]|Vn�j¬iln�i�MQk�U�MQkbT]JSTV\�[oZ2[�À^ÁVÂQÃ�c � uS£$\xcU�MQ�l[]USJ�[

Pl(2.6keV )/Pl(5.2keV ) ≈ 0.3,
f]\�MtTVMQM�\�iQ[]\xc

TV\�i�d�[�\riQ[VRSJS`�J�U�[�Z@W�a]U�J�\�U�M�a�MmPSM�R�X�Ï
>∼ � u Ä ×107 Ð uÑGTVP�M�RS��|�d�X �ÓÒQ� w�P�M�R�d�`�W�[�Z:nSR�X�T
R�d�`�WxX � u ³ N�fo 

δ cos θ '
√

(Pl(n)/1.31)
2 − 1

u� ¨jA~�MQL
Pl
|oW�iQJSTVJ�\bM�\

dOa�R�W�USW�N�RSM�USW�n5JSTVN^W�u,ÔhTVU�M�wA`�\�M¬Z2j?~�d�n�[oZÕJ�Z2[]\��
Pl ≥ 1.31 Ê w^J�f�\�Mmn5W�[]\pM�q�[�U�N�d
B ≥ 2.3 · 107

√

(Pl/1.31)2 − 1 . �²�oÒQ�Ö�W�NOW�X�M�q�[�U�N^W}JSZ2[�[]\�Z2[oTV\�M�nSR�X�Z2Mon�[]RSJ�M�PS\�J^c
`�[oTVN�J�\�M�R�T]\�M�a�M°USW�N^RSMQU�U�M�a�M�n�J�TVN^W�u¨Í>T
R�J�P�LSJ�U^X�\��
Pl ' 2

w	\�MbPSM�RSdO`�JSZ
B ≥ 2.6 · 107 ± T�u"×�USW�RSM�a�J�`�USW�XM�qS[]U�N^W nSR�X¢T
R�d�`�WxX ³ u ËhNSf� _n�W�[]\ B ≥ 2.8 ·107 ± T�w�\�u [�uM�~Q[>MQq�[]U�NSJmT]M�i�P�W�n5W�y \�i,P�L�[Vn�[VR�W��lUSW�~�RSy¨n5W�\�[VR���U�j&�

M��rJ�~�MQN"u"�GWx�m[]\�T�X"w�`�\�MYP�M�R�X�L�J�|�M�i�W�U�U�MQ[pJ�|VRSdO`�[�U�J�[
i�MQ|]U�JSNOW�[]\hUSWhiQU�dO\�L�[]USU�[�ZÎN�LSW�[ W�NSN�L�[]qSJ�M�U�USM�a]M$n�J�T
c
N^W�w^a�n�[h\�[oZ2P�[]L�W�\�dOLSWpiQjA�l[�u
­lL�dOaVWxXbM�q�[�U�N^WrPSM�RSdO`SW�[]\�T�XbJ�|�Z2Mon�[VR�J�T�gh[]L�JS`�[Vc

TVNOMQk�fVRS[�N�\�L�MQU�U�M�k�MQ~�M�RSM�`�NSJÎi0n�J�P�M�RS��U�M�ZsZ@W�a]USJ�\xc
U�M�Z}P�M�R�[�u�ØÌ`�J�\xWxX"w�`�\�MbPSM�R�X�L�JS|�W�qSJ^X � u Ò��xÊ ~�RSJ�|�NOW
N�Z@W�N^TVJSZ2d^Z2dtN�LSJ�i�MQk{P�M�R�X�L�J�|oW�q�J�J�w^\ou [�u

δsτ/η3 ∼ 1
w

P�M�RSdO`SW�[oZ

Bs ≥ 2.3 · 107 η3

τ
. ���]Ù��

Ú n�[oTV�
η = R0/Rs

e´M�\�USM��l[�U�J�[�L�W�n�J�d�T]WGMQ~�M�RSM�`^c
N�J�N�LSWxn�J�d�TVd�U�[]kS\�L�M�USU�M�k�|]i�[�|
n�jGwAW

τ
eD\�M�RSzrJ^c

USW�M�~QM�RSMQ`�N�J©P�M}\�M�Z@TVM�USM�iQT]NOMQZ2d}LSWQT]TV[]X�U�J�yru ªhL�J^c
U^X�i

η ' 2
J

τ ' 0.25
w>PSM�RSdO`SW�[�Z´J�| ���]ÙO� M�qS[]U�N�d

Bs ' 7 · 108 ± T�J^R�JYi�[]RSJ�`�J�USd B ' 108 ± T�i{M�~�R5W�TV\�JM�~QM�RSMQ`�N�J"u�£$qS[]U�N�JlP�M �²��Ù�� |�USW�`�J�\�[]RS��USMA~�M�R����l[QwV`�[oZP�M ����Ò�� u� ¯L�[oWxRS�QU�MQT]\�J�f�\�W�LSW�|�U�J�qSWA~QM�RS[�[)|]U�W�`�J�\�[]RS��cUSWSwÛ\xW�N°NOW�N�dQTVRSM�iQJ�[
Pl(5.2 keV )/Pl(2.6 keV ) ' 3.3Z2M��r[�\r~QjA\��pi�jAP�M�RSU�[�U�MSw^\�M�RS��NOMm[�TVRSJ

δs > η3/τ
u
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BTL = (1.0 ± 0.05) · 106 ± TtJ
RTL = 2.12 · 106 T]Z�ilP�MQa]LSW�U�J�`�U�M�Z_T
RSMQ[�u�vÌNOT]\�LSW�P�M�cR�X�q�J�X¯i�[]RSJ�`�J�USj�P�M�R�XYMQ\

RTL
N�LSW�n5J�dQT]d�U�[�k�\�L�MQU^c

U�MQk,|�i�[�|
n�j�n5W�[]\
Bs = 8·106 ± T@J Bs = 3.3·107 ± T�nSRSX
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