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�����������������������! ��#"$����%'&)( sem�ZYj�b�\e\es^_d]uZ�vdbdb Z�fd]TxgZ+*-,TliZ�.i}�`T\^f�`/*-,Tfdx�Z-�T\e`-_��-vdb�`-ldl#0As \^}�s^fd]T_#0
f r Z�cuZ�_�` r \e`�jis^_21tZ�])x+ldbdfgZ+*-,Tldx�3 bdl�ay`-_�m�Z�vdb#3 `?aCbdcebdz�se\^fdb�~ \ r `-{�\^] r Z$~Yb ~�b�mnbdz�se\^f�`Tm5\e`T\^]uZ r s
m�s41w� Z+* Z�fd]Tbdz�se\^f�`-{ \^_�s j-0 r _iZ�cel#0AsCf�`T\em�`/*i`-�eb�se\^fdb�s65e}�`e~�b7.�zd]k`w`T�-xk\8*i` r *is^l�` \9*is j�x�3;: b�mnbhb�~
\ r `-{�\ r Z-mnb7<

= S q �T\e`-_��-vdb�`-ldl#0Asy\^b�\^]ksem�0 }�s^_�s^fd_#0 r Z>3 ]@? bd_�`-fdbd{�j�biZ�}iZ�c�`-l|aCbdcebdz�se\^fdb�~[}iZ�_iZ-m�s^]T_�` r <
NH I`-]

1011 A m −2 ji` 1021 A m −2 .dm�s^]uZ+*#*�bdzdl�`T\^]B, Z
`-] l�se\^f�`/*-,Tfdb�~|\e`/*�l�s^zdl#0H~ ji`

10−3Z�

.�]ksemn}�s �
_iZ�]Tx�_#0D`-]|R�PTP@C ji`

106 CD.�j�biZ�}iZ�c�`-lhfd_iZ-\^l#0H~|\em�s4:Ys^ldbd{|`-]�P ji`FE�S
=G= S�H r Z�cuZ�_dl#0AsFZ-�T\e`-_��-vdb�`-ldl#0As?\^}�s^fd]T_#0 l�se\^x�]ybdl�ay`-_�m�Z�vdb#3 `yaCbdcebdz�se\^fdb�~ xk\9*i` r bdo�~).k~�b�mnbdz�s �
\^f�`Tm b�bdc�`-]k`-}dl�`Tm \e`T\^]uZ r sF� Z�cuZ r ` r \esem5ji`T\^]Tx�}dl�`Tm7liZ-�>*-3Hjis^ldbdo�m `T�JI�sem�s;KH\esL*is^ldl�`-{7. r f�*-3>�
ziZ>3;:Ysem r \43 �kZ�_db�`-ldldx�3 m�Z-\e\^x�b �ebd}�`-]ks^]Tbdz�se\^f+`Ts ]ksemnl�`Ts r s4:Yse\^] r `dS

=M=G= S � ` r _�sem�s^ldl#0As ]ksL*ise\^f+`-}#0 `T�Tse\^}�s^zdb r Z>3 ] ]k`-zdl�`T\^]B, `-}d_�s jisL*is^ldbdo'v�s^ld]T_�` r *�bdldbd{ }�`-�9*i`J:Ys �
ldbdo r 0�?Ys�R6NPOQSR `-]Tl�`T\^bd]ksL*-,TliZ�o5]k`-zdl�`T\^]B,

δλ/λ ∼ 10−7 p S � _iZ r l�s^ldb�s r 0A\e`-f+`-]k`-zdl#0H~ `-]Tl�`��
\^bd]ksL*-,Tl#0H~�}�`/*i`T1 s^ldbd{U*�bdldbd{ r f r Z�cuZ�_dl#0H~ Z-�T\e`-_��-vdb�`-ldl#0H~ \^b�\^]ksem�Z$~ \Cb�~V* Z-�T`-_iZ�]k`-_dl#0Amnb
celiZ�z�s^ldbdodmnb|`-]Tfd_#0 r Z-s^] r `-c�m�`T1wl�`T\^]B,w}d_�` r s^_dfdbhaCx�l�j Z-m�s^ld]uZ+*-,Tl#0H~[aybdcebdz�se\^fdb�~ }d_dbdldvdbd}�` r
]uZ�fdb�~W.dfgZ�fh}�`T\^]k`uo�l�\^] r ` aCbdcebdz�se\^fdb�~�f+`-l�\^]uZ�ld][liZ f+`T\em�`T*i`-�ebdz�se\^f+`-{ r _�sem�s^ldl�`-{X?)fgZ+*isTS

Y s^cef+`Ts�}�` r 0�?Ys^ldb�s[fgZez�se\^] r Z�liZ-�>*-3Hjis^ldbd{ f r Z�cuZ�_�` rZR\[#]>^ >∼ 100
.�_ >∼ 50000

pL.�\ r o�cuZ�ldl�`Ts[\
rTr `�ji`Tm r \^]T_�`-{)]ksL*ise\^f+`-}�` r l�` r `-��`A}�`-f�`/*is^ldbdo R Ca` A4b ./ced7fa. [�g;hiQ _ g b?j�_�S p�]T_�se�-xks^]j5�ayays^fd]Tb r �
l�`-��`tb liZ�b��T`/*isesF}�`/*�l�`-��`)_�s4?Ys^ldbdo `T�-_iZ�]Tl#0H~�cuZ$j Zez[\^}�s^fd]T_�`T\^f+`-}dbdb�b _iZ�c r bd]Tbdo�]kse`-_�s^]Tbdz�se\^fdb�~
m�`�jisL*is^{8}d_�`-v�se\e\e` r at`-_�mnbd_�` r Z�ldbdo|_iZ�c4*�bdzdl#0H~�\^b�\^]ksemN}�`-�9*i`J:Ys^ldbdo�S Y s^cexJ*-,u]uZ�]B0 ]uZ�fdb�~|m�`ejis �
*is^{ b�bdld]ks^_d}d_�s^]uZ�vdbdo liZ-�>*-3Hjis^ldbd{[liZCb�~�`T\^l�` r sAo r *�o�3F]k\ o�`T\^l�` r l#0Am bdl�\^]T_dx�m�s^ld]k`Tm bdcex+z�s^ldbdo
aybdcebdz�se\^fdb�~ ~kZ�_iZ�fd]ks^_db�\^]Tbdf r l�s^� Z+* Z�fd]Tbdz�se\^fdb�~7j�b�ayayx+cel#0H~ `T�>* Z�f�` r liZ|_iZ�c4*�bdzdl#0H~'\^]uZ$j�bdo�~
b�~7f+`T\em�`/*i`-�ebdz�se\^f�`-{k5 r `T*-3Fvdbdb�S��C` r 0�?Ys^ldb�s�]k`-zdl�`T\^]Tb _�s4?Ys^ldbdo `T�-_iZ�]Tl#0H~ cuZ$j Zez `-]Tfd_#0 r Z-s^]
r `-c�m�`l1wl�`T\^]Tb j#*�o[f+`/*�bdz�se\^] r s^ldl�`-��`�Z�liZ+*�bdcuZ)~�b�mnbdz�se\^f+`-{V5 r `/*-3 vdbdb r s4:Yse\^] r Z r `	KH\esL*is^ldl�`-{ b
b�\e\9*is ji` r Z�ldbdo|}d_�`-b�\ ~g`T1Yjis^ldbdo ]uo�1)sL*-0H~V59*isem�s^ld]k` r[r m�s41w� Z+* Z�fd]Tbdz�se\^f+`TmN}d_�`T\^]T_iZ�l�\^] r sTS

�?_dbwzdb�\8*is^ldl�`Tm m�`�jisL*�bd_�` r Z�ldbdb�}d_�`TaCb�*is^{�*�bdldbd{w}�`-�m*i`J: s^ldbdow_iZ�c4*�bdzdl#0H~wb�`-l�` rCr f r Z�cuZ�_��
l#0H~|Z-�T\e`-_��-vdb�`-ldl#0H~8\^b�\^]ksem�Z$~hl�se`T��~g`ej�b�m�`[}d_dbdldb�m�Z�]B, r ` r ldb�m�Z�ldb�sB.izd]k`�fd_dx+}dl�`Tm�Z-\4? ]uZ-�-l#0As
j r b#1 s^ldbdo � Z�cuZ5b s^��` }�*i`-]Tl�`T\^]B,7fgZ�fNaCx+ldfdvdbdb }d_�`T\^]T_iZ�l�\^] r s^ldl�`-{ f+`T`-_kj�bdliZ�]B0 ziZ-\^]k` l�`T\ o�]
\9*�x+ziZ�{dl#0 {�~kZ�_iZ�fd]ks^_�S)n>j�liZ�f�` \^]uZ�l�j Z�_d]Tl#0AsYm�s^]k`ej�bdfdb7.�? bd_�`-f+` b�\^}�`/*-,Tcexksem�0As }d_db�`T�-_iZ-�T`-]Tf�s
Z-�T\e`-_��-vdb�`-ldl#0H~ \^}�s^fd]T_�` r .#l�stjisL* Z>3F]�_iZ�c4*�bdzdbdo8m�s41Yj�x|�9*i`T�kZ+*-,Tl�`-{ r ji`T*-,'*�x+ziZ�ce_�s^ldbdo bo*i`��
fgZ+*-,Tl�`-{[ay`-_�m�Z-mnb�f�`J5�ayaCbdvdb�s^ld]uZy}�`-�9*i`J:Ys^ldbdo r \^}�s^fd]T_iZ+*-,Tl�`-{p*�bdldbdb7.kzd]k`C}d_db r `�j�bd] r `T�J: sem
\9*�x+ziZ-sAfwl�s^f+`-_d_�s^fd]Tl#0Am `-v�s^ldfgZ-m aCbdcebdz�se\^fdb�~Y}iZ�_iZ-m�s^]T_�` r Sg�C`J5e]k`Tmnx r `-celdbdf�* ZCl�se`T��~g`�j�b�m�`T\^]B,
}�s^_�se\em�`-]T_iZ liZ)\e` r _�sem�s^ldl�`Tm x�_�` r l�s>_+o�j ZYm�s ~TZ�ldbdc�m�` r ay`-_�mnbd_�` r Z�ldbdo�\^}�s^fd]T_iZ+*-,Tl#0H~�*�bdldbd{ r
\^]k`�~TZ-\^]Tbdz�se\^fdb�~�\^_�s j Z$~Ybw_iZ�ce_iZ-�T`-]Tfdb l�` r 0H~ Z+*���`-_dbd]km�` r j#*�o Z�liZ+*�bdcuZyZ-�T\e`-_��-vdb�`-ldl#0H~ \^b�\^]ksem�.
\e`�jis^_21tZ>: b�~V*�bdldbdb|b�`-l�` r r _iZ�c4*�bdzdl#0H~|\^]uZ$j�bdo�~�b�`-ldbdcuZ�vdbdb�S

q
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� ��� _iZ�ce_iZ-�T`-]TfgZ?m�`�jisL*is^{ ay`-_�mnbd_�` r Z�ldbdo)}d_�`Tayb�*is^{ \^}�s^fd]T_iZ+*-,Tl#0H~	*�bdldbd{ r ]Tx�_��-xJ*is^ld]Tl#0H~ \^_�s �
j Z$~ \Cf�`-_d_�sL*�bd_�` r Z�ldl#0Amnb }�`T*�odmnbh}�*i`-]Tl�`T\^]Tb|� Z�cuZYb�\^f+`-_�`T\^]Tb	�
� "	� liZ `T\^l�` r sH_iZ-\e\em�`-]T_�s^ldl#0H~wm�`�jisL*is^{Y� _iZ�ce_iZ-�T`-]TfgZ?m�s^]k`�ji` r _�s4? s^ldbdow`T�-_iZ�]Tl#0H~ cuZ$j Zez�\^}�s^f��
]T_�`T\^f�`-}dbdb \?b�\^}�`T*-,Tc�` r Z�ldb�sem l�` r s^{#? b�~|Z+*���`-_dbd]km�` r \^]k`�~TZ-\^]Tbdz�se\^f�`-{8`-}d]Tb�mnbdcuZ�vdbdb	�
��
 � `T�-_iZ-�T`-]TfgZYb bdld]ks^_d}d_�s^]uZ�vdbdo liZ-�>*-3Hj Z�]ksL*-,Tl#0H~ j Z�ldl#0H~�}�` Z-�T\e`-_��-vdb�`-ldl#0Am \^}�s^fd]T_iZ-m f r Z$�
cuZ�_�` r .�}�`/*�x�z�s^ldl#0H~hliZYfd_dx+}dl�s^{#? b�~ \e` r _�sem�s^ldl#0H~h]ksL*ise\^f+`-}iZ$~��
��
 � bdcex+z�s^ldb�sH~�b�mnbdz�se\^f+`-��`)\e`T\^]uZ r Z?bwfdbdl�sem�Z�]Tbdz�se\^fdb�~�\ r `-{�\^] r m�s41w� Z+* Z�fd]Tbdz�se\^fdb�~ }�`-�m*i`J:YZ>3F�
: b�~ `T�>* Z-\^]ks^{ \Hv�sL*-,B3 r 0 od\^l�s^ldbdow}d_dbd_�`ej-0 f r Z�cuZ�_dl#0H~ Z-�T\e`-_��-vdb�`-ldl#0H~ \^b�\^]ksem bYb�~65 r `/*-3 vdbdb
r cuZ r b�\^b�m�`T\^]Tb8`-]wfd_iZ-\^l�`-��`�\em�s4:Ys^ldbdo��
��� � bdcex�z�s^ldb�s)liZw_iZ�c4*�bdzdl#0H~|fd_iZ-\^l#0H~�\em�s4:Ys^ldbdo�~|ay`-_�m�0 \^}�s^fd]T_iZ xJ*-,$]T_iZ-aCb�`/*is^]k` r `-��` m�s^]uZ$�
� Z+* Z�fd]Tbdz�se\^f�`-��` ay`-l�` r `-��`�bdc4*�x+z�s^ldbdo r `T�>* Z-\^]Tb 5el�s^_d�ebd{ `-] RF_���� ji`7R�P _���� }�`|`-}d]Tbdz�se\^fdb
]k`-ldfdb�m Z-�T\e`-_��-vdb�`-ldl#0Am \^b�\^]ksem�Z-m�.�\e`�jis^_21tZ>: b�m *�bdldbdb b�`-l�` r r }�`T\8*is ji` r Z�]ksL*-,Tl#0H~ \^]uZ$j�bdo�~
b�`-ldbdcuZ�vdbdb	�
� � � }d_�` r s jis^ldb�s�}d_�s^vdbdceb�`-ldl#0H~ bdc�m�s^_�s^ldbd{'}�`/*i`l1)s^ldbd{ *�bdldbd{ r \^}�s^fd]T_iZ$~7f r Z�cuZ�_�` r \ v�sL*-,B3
}d_�` r s^_dfdb[l�s^bdc�m�s^ldl�`T\^]Tb�aCx+l�j Z-m�s^ld]uZ+*-,Tl#0H~[aCbdcebdz�se\^fdb�~wf+`-l�\^]uZ�ld]YcuZ?f+`T\em�`T*i`-�ebdz�se\^f+`Ts r _�semno�S

� � � ����� &�� *�o ji`T\^]Tb#1)s^ldbdo[x�fgZ�cuZ�ldl#0H~�v�sL*is^{ �J0i*�b }�`T\^]uZ r *is^l#0 b�_�s4?Ys^l#0 \8*is j�x�3 : b�sFcuZ$j Zezdb7<

RTS��C\e\8*is ji` r Z�ldb�s�cuZ r b�\^b�m�`T\^]TbNay`-_�m�0�}d_�`Tayb�*�o Z-�T\e`-_��-vdb�`-ldl�`-{ *�bdldbdbN`-]5`-}d]Tbdz�se\^f+`-{N]k`/*d�
: bdl#0 . j�b�\^}�s^_�\^bdb aj*�x+fd]TxgZ�vdbd{ b }d_�`T\^]T_iZ�l�\^] r s^ldl#0H~ f+`-_d_�sL*�o�vdbd{'}�`/*�o \^f+`-_�`T\^]Tb R xk\8*i` r bdo
m�s^c�`-]Tx�_��-xJ*is^ld]Tl�`T\^]Tb p S

W�S��?c�m�s^_godsem�`T\^]B,wfdbdl�s^]Tbdz�se\^f+`-{ ]ksemn}�s^_iZ�]Tx�_#0 }�`y}d_�`TaCb�*�odm *�bdldbd{[m�s^]uZ+*#*i` r .�`T�-_iZ�cex�3 : b�~g\ o
r \^]k`e~kZ-\^]Tbdz�se\^fdb�~|\^_�s j Z$~#S

V�S>�?_�` r s jis^ldb�sY_iZ-\^z�s^]k` r m�s^]k`eji`Tm�� `-ld]ks	HyZ�_2*i`�}d_�`TaCb�*is^{ �>*is^l�j-0! #"%$'&("n\)v�sL*-,B3 `-}d_�s jis �
*is^ldbdo7`-]Tl�`T\^bd]ksL*-,Tl�`-��` \e`�jis^_21tZ�ldbdo7jis^{d]ks^_dbdo r _iZ�ldldb�s�f+`T\em�`T*i`-�ebdz�se\^fdb�s'5e}�`e~�b R }d_�` r s^_dfgZ
]kse`-_dbdb `T�-_iZ�c�` r Z�ldbdoV*is^�efdb�~V59*isem�s^ld]k` r r }�s^_ r bdzdl�`Tm ldx�f�*ise`T\^bdld]ks^c�sB. hihi^ p S

q S;n �-_iZ-�T`-]TfgZ b8Z�liZ+*�bdc `-}d]Tbdz�se\^fdb8]k`-ldfdb�~|\^b�\^]ksem }�`-�9*i`J:Ys^ldbdo \Cv�sL*-,B3 r `T\e\^]uZ�l�` r *is^ldbdo aCb��
cebdz�se\^fdb�~8}iZ�_iZ-m�s^]T_�` r b�~�b�mnbdz�se\^f�`-��`h\e`T\^]uZ r Z � Z�cuZ�.#Z ]uZ�f#1 s `-v�s^ldfdb5at`-_�m�0 \^}�s^fd]T_iZ[b�`-ldb��
cex�3;: s^��` at`-l�` r `-��`Ybdc4*�x+z�s^ldbdo R }�`T*�l�`Tsy_�s4?Ys^ldb�sy`T�-_iZ�]Tl�`-{|cuZ$j Z�zdb|\^}�s^fd]T_�`T\^f+`-}dbdb p S

) S��C\e\8*is ji` r Z�ldb�sHl�s^}d_�`-ce_iZezdl�`T\^]Tb m�s41w� Z+* Z�fd]Tbdz�se\^f+`-{�\^_�s j-0 r *�bdldbdb* ;`+","�d��
α
R 5�atays^fd].-�Z�liZ$�

�Cs^]ks^_�\e`-liZkp r }d_�`Tm�s41wx�]Tf+syfd_iZ-\^l#0H~h\em�s4:Ys^ldbd{�`-]
z ∼ 1.5

ji`
z ∼ 3.5

S
��S>�?_�` r s jis^ldb�s r 0A\e`-f�`-]k`-zdl#0H~[bdc�m�s^_�s^ldbd{ }�`T*i`T1 s^ldbd{V*�bdldbd{0/�`+"," r Z-�T\e`-_��-vdb�`-ldl#0H~ \^b�\^]ksem�Z$~
\yfd_iZ-\^l#0Amnb�\em�s4:Ys^ldbdo�mnb

z > 1
\?v�sL*-,B3L}d_�` r s^_dfdb|l�s^bdc�m�s^ldl�`T\^]Tb8aCx�l�j Z-m�s^ld]uZ+*-,Tl#0H~|aCbdceb��

z�se\^fdb�~ f�`-l�\^]uZ�ld] liZ f�`T\em�`/*i`-�ebdz�se\^f+`-{ r _�sem�s^ldl�`-{X?)fgZ+*isTS

12� ��� � %'& �?_db _�s4? s^ldbdb }�s^_�s^zdb�\8*is^ldl#0H~'cuZ$j Zez'b�\^}�`/*-,Tc�` r Z+*�b�\4,5m�s^]k`�j-0 _go�j Zh_iZ�c^jisL*i` r ]kse`��
_�s^]Tbdz�se\^f�`-{5Z-\^]T_�`TaCbdcebdfdb�b m�Z�]ksem�Z�]Tbdz�se\^f+`-{ \^]uZ�]Tb�\^]Tbdfdb7.#\^_�s j�b|f�`-]k`-_#0H~|liZ�b��T`/*ises r Z>1wl#0Amnb

)



o r *�o�3 ]k\ o'}�s^_�s^l�`T\�bdc4*�x+z�s^ldbdo r \^}�s^fd]T_iZ+*-,Tl#0H~ *�bdldbdo�~ r \^]k`e~kZ-\^]Tbdz�se\^fdb�~ f+`-_d_�sL*�bd_�` r Z�ldl#0H~
\^_�s j Z$~ b l�sL*�bdl�s^{dl�`Ts)`-v�s^ldb r Z�ldb�st}iZ�_iZ-m�s^]T_�` r aCbdcebdz�se\^fdb�~hm�`ejisL*is^{�S
K m�s^]k`ejis _�s4?Ys^ldbdo `T�-_iZ�]Tl�`-{�cuZ$j Zezdb \^}�s^fd]T_�`T\^f+`-}dbdb|b�\^}�`/*-,Tc�` r Z�l#0 l�` r s^{#? b�s?Z+*���`-_dbd]km�0 \^]k`��
~kZ-\^]Tbdz�se\^f+`-{ `-}d]Tb�mnbdcuZ�vdbdb7.��T`/*-,B?wZ�o�ziZ-\^]B, f+`-]k`-_#0H~ o r *�ods^]k\ o \e`T�T\^] r s^ldl�`-{�_iZ�ce_iZ-�T`-]Tf+`-{|Z r ]k`��
_iZ�S
� b�\9*is^ldl�`Tswm�`ejisL*�bd_�` r Z�ldb�swb�`-ldbdcuZ�vdbdb8~�b�mnbdz�se\^fdb�~X5m*isem�s^ld]k` r r }�`-�m*i`J:YZ>3;:)b�~8`T�>* Z�fgZ$~�}d_�`��
r `�j�b�*i`T\4, \Cb�\^}�`T*-,Tc�` r Z�ldb�sem }d_�`-�e_iZ-m�m�0�� d�� g &�� R /�`��
	���
��5R�����ETp S
� ���	������� ��� 
 ���2���  ��#"$����%'& K j�b�\e\es^_d]uZ�vdbdb��������������A}d_�` r s jis^l�`�\^b�\^]ksem�Z�]Tbdz�se\^f+`Ts�`T�T\^x�1Yjis �
ldb�s }d_�`-v�se\e\e` r ay`-_�mnbd_�` r Z�ldbdo Z-�T\e`-_��-vdb�`-ldl#0H~ *�bdldbd{ r \^]k`e~kZ-\^]Tbdz�se\^fdb�~ \^_�s j Z$~ \ f+`-_d_�sL*�b��
_�` r Z�ldl#0AmnbNa *�x�fd]TxgZ�vdbdodmnb }�`T*�o \^f+`-_�`T\^]Tb7.	Z ]uZ�f#1)s �������������Y_iZ-\e\em�`-]T_�s^l�`7_�s4? s^ldb�sh}�`/*�l�`-{
`T�-_iZ�]Tl�`-{ cuZ$j Z�zdbh\^}�s^fd]T_�`T\^f+`-}dbdb7. r f�*-3FziZ>3;: s^{ r `T\e\^]uZ�l�` r *is^ldb�syaybdcebdz�se\^fdb�~ }iZ�_iZ-m�s^]T_�` r \^_�s �
j-0 .+bdc�m�s^_�s^ldb�s f+`-ldv�s^ld]T_iZ�vdbd{�~�b�mnbdz�se\^fdb�~F59*isem�s^ld]k` r b[`-v�s^ldfdx�ay`-_�m�0N\^}�s^fd]T_iZtb�`-ldbdcex�3;: s^��`
at`-l�` r `-��`�bdc4*�x+z�s^ldbdo�S Y s^cexJ*-,u]uZ�]B0 }d_�s ji\^]uZ r *is^l#0 r s j�bdl�`-{5ay`-_�m�sB.#x-ji`T�-l�`-{5j#*�o b�\^}�`T*-,Tc�` r Z$�
ldbdo r zdb�\8*is^ldl#0H~ _iZ-\^z�s^]uZ$~�]kse`-_�s^]Tbdz�se\^fdb�~[\^}�s^fd]k` r }�`-�9*i`J:Ys^ldbdo).�zd]k`tl�se`T��~g`ej�b�m�`)j#*�o Z�liZ+*�bdcuZ
f r Z�cuZ�_dl#0H~hZ-�T\e`-_��-vdb�`-ldl#0H~ \^b�\^]ksem S Y o�jhZ+*���`-_dbd]km�` r _�s4?Ys^ldbdo�`T�-_iZ�]Tl#0H~[cuZ$j Z�z[o r *�ods^]k\ o `-_db��
�ebdliZ+*-,Tl�`-{�_iZ�ce_iZ-�T`-]Tf+`-{ Z r ]k`-_iZ�S

K _�s^cexJ*-,u]uZ�]ksh}d_�` r s jis^ldl�`-��` m�`ejisL*�bd_�` r Z�ldbdo `-}d]Tbdz�se\^fdb ]k`-ldfdb�~ m�s41w� Z+* Z�fd]Tbdz�se\^fdb�~'j�b�a?�
ayx+cel#0H~ `T�>* Z�f+` r }d_�s j#*i`T1 s^l s j�bdl#0 { }�`�jd~g`ej f Z�liZ+*�bdcex Z-�T\e`-_��-vdb�`-ldl#0H~ \^b�\^]ksem \'*�bdldbdodmnb
m�s^]uZ+*#*i` r S

RupVK	}�s^_ r 0As8\^b�\^]ksem�Z�]Tbdz�se\^fdb _iZ-\e\em�`-]T_�s^l�` at`-_�mnbd_�` r Z�ldb�s8}d_�`TaCb�*�oN\^}�s^fd]T_iZ+*-,Tl�`-{ *�bdldbdb r
\^_�s jisw\)f+`-_d_�sL*�bd_�` r Z�ldl#0Amnb \8*�x�ziZ�{dl#0Amnb }�`/*�odmnb�S"! zd]ks^l#0 ]T_db `T\^l�` r l#0H~ 5�ayays^fd]uZ�< f+`-l�s^z��
liZ�o f�`-_d_�sL*�o�vdb�`-ldliZ�o j#*�bdliZ'}�`/*�o \^f�`-_�`T\^]Tb7.�*i`-fgZ+*-,Tl�`Ts5bdc�m�s^l�s^ldb�s `-]Tl�`T\^bd]ksL*-,Tl�`-{ \^]ks^}�s �
ldb b�`-ldbdcuZ�vdbdb 59*isem�s^ld]k` r�r cuZ r b�\^b�m�`T\^]Tb7`-] }�*i`-]Tl�`T\^]Tb7� Z�cuZ�.�\^x�}�s^_d}�`-cebdvdbdo5c�`-l5_iZ�c4*�bdzdl�`-{
\^]ks^}�s^ldb b�`-ldbdcuZ�vdbdbN}d_dbNaybdf+\^bd_�` r Z�ldl�`Tm celiZez�s^ldbdb _iZ$j�biZ+*-,Tl�`-{ \^f+`-_�`T\^]Tb r ldx�]T_db }d_�`TaCb��
*�oh\^}�s^fd]T_iZ+*-,Tl�`-{X*�bdldbdb7. r `-celdbdfgZ>3;:YZ�o r _�s^cexJ*-,u]uZ�]ks)bd_d_�s^�exJ*�o�_dl#0H~ ji`-}�*is^_�` r \^fdb�~ \ j r bd��` r
*i`-fgZ+*-,Tl�`-��` f+`J5�ataCbdvdb�s^ld]uZY}�`-�9*i`J:Ys^ldbdo�S

Wkp Y Z�ce_iZ-�T`-]uZ�l m�s^]k`ejh`-v�s^ldfdb�aCbdcebdz�se\^fdb�~ }iZ�_iZ-m�s^]T_�` r }�`-�9*i`J:wZ>3 :Ys^��` � Z�cuZC}�` *�bdldbdodm5b�`-l�` r .
liZ-�>*-3Hj Z-sem�0H~ r `-}d]Tbdz�se\^fdbt]k`-ldfdb�~tZ-�T\e`-_��-vdb�`-ldl#0H~t\^b�\^]ksem�Z$~?� `T�-_iZ�]Tl#0 { m�s^]k`ej � `-ld]ks HyZ�_��
*i` R$# � = p Si�?_�` r s jis^l�jis^]uZ+*-,Tl#0 {5Z�liZ+*�bdc)mnl�`-��`-zdb�\9*is^ldl#0H~8\^b�\^]ksem \yfd_iZ-\^l#0Amnb8\em�s4: s^ldbdodmnb

1.5 <∼ z <∼ 4.2
S&%yZ�{�jis^liZ|f�`-_d_�sL*�o�vdb�`-ldliZ�o cuZ r b�\^b�m�`T\^]B,8j�b�\^}�s^_�\^bdb _iZ$j�biZ+*-,Tl#0H~ \^f+`-_�`T\^]ks^{

`-]7_iZ�c�m�s^_iZ5}�`-�m*i`J:YZ>3;:Ys^��`7`T�>* Z�fgZ�.	}�`-c r `/*�o�3;:YZ�o cuZ�f�*-3 zdbd]B,-.	zd]k` 5e]Tb \^b�\^]ksem�0 o r *�o�3F]-�
\ o r bd_dbiZ+*�bdc�` r Z�ldl#0Amnb b \ r o�cuZ�ldl#0Amnb7.�\ �T`/*-,B?Y`-{ r s^_�`�o�]Tl�`T\^]B,B3	.�\tj Z+*is^fdb�mnb8� Z+* Z�fd]TbdfgZ-mnb
b�*�b�b�~�� Z+*i`dS'%yZ�{�jis^l�`Y]uZ�f#1 sB.�zd]k` \^b�\^]ksem�0 \?m�s^l#,B? b�mnb[_iZ�c�m�s^_iZ-mnb b�m�s43 ]w\^b�\^]ksem�Z�]Tbdz�se\^fdb
�)(`>*-,B? b�s[f+`-ldv�s^ld]T_iZ�vdbdb m�s^]uZ+*#*i` r Sn�C`-fgZ�cuZ�l�`#.�zd]k`|l�s^f�`-]k`-_#0AshZ-�T\e`-_��-vdb�`-ldl#0As[\^b�\^]ksem�0�`T���
* Z$j Z>3 ]�~TZ�_iZ�fd]ks^_db�\^]TbdfgZ-mnb7.n]Tbd}dbdzdl#0Amnb j#*�o r 0A\e`-f�`T\^f+`-_�`T\^]Tl#0H~ `T�>* Z�f+` rZR  c*� pL. f+`-]k`-_#0As
liZ-�>*-3Hj Z>3 ]k\ o r � Z+*i`wliZ>?Ys^{ -�Z+* Z�fd]Tbdfdb�S

Vkpon �-liZ�_dx�1 s^lwf�* Z-\e\3\^b�\^]ksem8\
N
R  " p

∼ 1017 A m −2
R ldb#1wldbd{Yfd_iZ�{�d d [ .Jd���N+��
Dd-, N.,0/ [ �'1
/9`4N21 pL.

�



b�m�s43;: b�~hzd_�s^c r 0 ziZ�{dl�` ldbdcefdx�3 m�s^]uZ+*#*�bdzdl�`T\^]B,-.
Z < 0.001Z�

.�b|_iZ�c�m�s^_#0 r ji`T*-,F*�x�ziZwce_�s �
ldbdo�}�`-_go�j�fgZt\e`-]ks^l fd}�\TS�K 5e]Tb�~ \^b�\^]ksem�Z$~ `-]Tl�`J?Ys^ldb�s�� [ , ] ��� l�sA}d_�s r 0�?wZ-s^] P�SUV�S���\8*�b j Z�ldl#0As
\^b�\^]ksem�0No r *�o�3F]k\ o }d_�`-]k`-� Z+* Z�fd]Tbdz�se\^fdb�mnb `T�>* Z�fgZ-mnb7.+`T�T`-� Z>:Ys^ldl#0Amnb }d_�`�j�x+fd]uZ-mnb[c r s^c^j�l�`-��`
ldx�f�*ise`T\^bdld]ks^cuZ _iZ�ldldb�~hc r s^c^j�l#0H~h}�`-}dxJ*�o�vdbd{7.i]k`�bdc�m�s^_�s^ldl�`TstceliZ�z�s^ldb�s�� [ , ] ���n`-celiZeziZ-s^]+.�zd]k`
liZ�ziZ+*-,TliZ�owaCx+ldfdvdbdoym�Z-\e\ 5e]Tb�~yc r s^c^j�l#0H~t}�`-}dxJ*�o�vdbd{Yb�m�ses^] r s^_g~�l#3;3 �e_iZ�ldbdvdx

Mup < 25M�

S
( semL\�Z-m�0AmDl�s }�`ej�] r s^_�1Yj Z-s^]k\ o f+`T\em�`T*i`-�ebdz�se\^fdbd{ \^v�s^liZ�_dbd{7. r f�`-]k`-_�`Tm liZ|_iZ�ldldb�~7\^]uZ$j�b��
o�~ 5 r `/*-3 vdbdb KH\esL*is^ldl�`-{ R

z > 10
pw`T�-_iZ�c�` r 0 r Z+*�b�\4, c r s^c^j-0 \ m�Z-\e\�Z-mnb

M >∼ 100M�

.n}d_db
f�`-]k`-_�`Tm `l1wb�j Z-sem�`Tst`-]Tl�`J?Ys^ldb�s�� [ , ] ���

> 1
S

q p �C`-fgZ�cuZ�l�`#.+zd]k`Y\e`�jis^_21tZ�ldb�sym�s^]uZ+*#*i` rwr m�s41w� Z+* Z�fd]Tbdz�se\^fdb�~|Z-�T\e`-_��Ts^_iZ$~ fd_iZ�{dl�s?l�se`ej�l�`-_�`�jd�
l�`#.T\ r Z�_dbiZ�vdbdodmnb�`-]C}�`-zd]Tb \e`T*�l�s^zdl#0H~w`-]Tl�`T\^bd]ksL*-,Tl#0H~wf�`-ldv�s^ld]T_iZ�vdbd{ ji`YR ] R�PTPTPC\e`/*�l�s^zdl#0H~�S
�?_db!5e]k`Tm r 0A\e`-f�`Tm�s^]uZ+*#*�bdzdl#0As \^b�\^]ksem�0 }�s^_�sem�s41tZ>3 ]k\ o'\ \^b�\^]ksem�Z-mnb7�Ts^c[m�s^]uZ+*#*i` r S ( Z�f+`Ts
}�` r s jis^ldb�sY}�`-c r `T*�ods^]�\^zdbd]uZ�]B, r 0A�-_�`T\ r s4:Yse\^] r Z�bdc � Z+* Z�fd]Tbdf `T\^l�` r l#0AmNb�\^]k`-zdldbdf+`Tm `T�T`-� Z$�
:Ys^ldbdohm�s41w� Z+* Z�fd]Tbdz�se\^f+`-{ \^_�s j-0 ]$o�1)sL*-0Amnb 59*isem�s^ld]uZ-mnb�S

) p � *�o7`-v�s^ldfdb ay`-_�m�0 \^}�s^fd]T_iZ b�`-ldbdcebd_dx�3;: s^��` bdc4*�x�z�s^ldbdo7_iZ�ce_iZ-�T`-]uZ�liZ8\^}�s^vdbiZ+*-,TliZ�o'}d_�`��
v�s j�x�_iZ�.#`T\^l�` r Z�ldliZ�o8liZ }�`�jd~g`ej Z$~8]kse`-_dbdb }�* Z�ldbd_�` r Z�ldbdo 5ef�\^}�s^_db�m�s^ld]uZ�S � Z�ldliZ�o�}d_�`-v�s j�x�_iZ
}�`-c r `T*�ods^] r `T\e\^]uZ�l�` r bd]B,Yay`-_�mnxY\^}�s^fd]T_iZCb�`-ldbdcex�3 :Ys^��`ybdc4*�x�z�s^ldbdo r \8*�x�ziZ�o�~).kf+`-� j Z r \^b�\^]ks �
m�s	liZ-�>*-3Hj Z-s^]k\ oYmnl�`-��`j*�bdldbd{)m�s^]uZ+*#*i` r _iZ�c4*�bdzdl#0H~)\^]uZ$j�bd{ b�`-ldbdcuZ�vdbdb�S � }�s^fd]T_#0 . r `T\e\^]uZ�l�` r �
*is^ldl#0As?}�`YZ-�T\e`-_��-vdb�`-ldl#0Am \^b�\^]ksem�Z-m \

zabs ∼ 3
.gjisem�`-l�\^]T_dbd_dx�3 ]YceliZezdbd]ksL*-,Tldx�3Djis^}d_�se\e\^b#3

f�`-ld]Tbdldx+x�m�Z m�s41Yj�x7V|b q _�����S ( Z�fgZ�o'ay`-_�m�Zh\^}�s^fd]T_iZ m�`l1)s^] �J0 ]B, `T�JI�od\^l�s^liZ m�s41w� Z+* Z�f��
]Tbdz�se\^fdb�m }�`-�9*i`J:Ys^ldb�sem r *�bdldbdb  ;`+"," d��

α
R 5�atays^fd]�-�Z�liZ$���Cs^]ks^_�\e`-liZ liZ ��sL*�bdb p?b }�`�jdjis^_��

1wb r Z-s^] �ebd}�`-]ks^cex8`[}d_db�\^x+]k\^] r bdb celiZ�zdbd]ksL*-,Tl�`-��`hf�`/*�bdz�se\^] r Z  ;`+",":liZ
z = 3

fgZ�f8_�s^cexJ*-,u]uZ�]uZ
s^��`	� cuZ�]$o�ldx�]k`-{�
 R �#`�	�� ��` �ip _�s^b�`-ldbdcuZ�vdbdb�S��?_db 5e]k`Tm `T\^l�` r l�`-{ r f�* Z$j r b�`-ldbdcex�3 : bd{ ay`-l|liZ

1.38 < z < 3.0
r l�`T\ o�]wf r Z�cuZ�_#0 b Q
�a^ . r f�* Z$jhc r s^c^j�l�`-{h\e`T\^]uZ r *�o�3 :Ys^{hl�s }d_�`T\8*is41wb r Z-s^]k\ o#S

nFv�s^l�s^l ]uZ�f#1)s r s^_k~�ldbd{ }d_�s jisL*5liZ ji`/*-3 !�� ay`-]k`-l�` r .�}�`-fdb�j Z>3 : b�~8� Z+* Z�fd]Tbdfdb5b j Z>3 : b�~
r f�* Z$j r m�s^]uZ�� Z+* Z�fd]Tbdz�se\^fdbd{ ay`-l�b�`-ldbdcex�3;: s^��` bdc4*�x+z�s^ldbdoW<

fesc < 0.05
S

�kp � *�o r 0A\e`-f+`-]k`-zdl#0H~ bdc�m�s^_�s^ldbd{ r `-c�m�`T1wl#0H~ aj*�x+fd]TxgZ�vdbd{�}�`T\^]k`�o�ldl�`-{h]k`-ldf�`-{ \^]T_dx+fd]Tx�_#0
α

_iZ�ce_iZ-�T`-]uZ�liZ \^}�s^vdbiZ+*-,TliZ�ohm�s^]k`ej�bdfgZ�.d`T\^l�` r Z�ldliZ�o�liZ)b�\^}�`/*-,Tc�` r Z�ldbdb�`-]ujisL*-,Tl#0H~p5ef�\^}�`-cebdvdbd{
b _iZ-�T`-]uZ>3;:YZ�o'\�_iZ�c4*�bdzdl#0Amnb *�bdldbdodmnb']k`/*-,Tf�` `ej�l�`-��` b�`-liZhX /�`+","�S��	]k`�}�`-c r `/*�b�*i`8bdc��kZ$�
r bd]B,k\ o)`-]Amnl�`-�eb�~t\^b�\^]ksem�Z�]Tbdz�se\^fdb�~ 5�atays^fd]k` r byceliZezdbd]ksL*-,Tl�`F}�` r 0A\^bd]B, ]k`-zdl�`T\^]B,>bdc�m�s^_�s^ldbd{

∆α/α
liZy`-]ujisL*-,Tl#0H~�celiZez�s^ldbdo�~

z
S � }�`Tm�`J:	,B3 j Z�ldl�`-{ m�s^]k`ej�bdfdb�}�`T*�x+z�s^l�`)\�Z-m�`Ts>]k`-zdl�`Ts>liZ

]ks^fdx�: bd{ m�`Tm�s^ld]8`-�e_iZ�ldbdz�s^ldb�s�`-]Tl�`T\^bd]ksL*-,Tl�`-��`�bdc�m�s^l�s^ldbdo7}�`T\^]k`�o�ldl�`-{']k`-ldf+`-{ \^]T_dx�fd]Tx+_#0

∆α/α
liZ|fd_iZ-\^l�`Tm \em�s4:Ys^ldbdb

z = 1.15
.
〈∆α/α〉 = (−0.07 ± 0.84) × 10−6 .nZh]uZ�f#1 s�x+fgZ�cuZ$�

ldb�s liZ r `-c�m�`T1wl�`TsYbdc�m�s^l�s^ldb�s
∆α/α

m�s41Yj�xo5e]Tb�m celiZez�s^ldb�sem b
∆α/α = (5.4 ± 2.4) × 10−6 .

`T�-liZ�_dx�1)s^ldl�`Tm liZ
z = 1.84

S

E
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RTS Y Z�ce_iZ-�T`-]TfgZ m�s^]k`ej Z r 0A\4? b�~�m�`Tm�s^ld]k` r `T�T`T�J:Ys^ldl�`-��` x+_iZ r l�s^ldbdo�}�s^_�s^l�`T\�Zyj#*�o�_iZ-\^z�s^]uZy_iZ-\ �
}d_�s jisL*is^ldbdo r s^_�`�o�]Tl�`T\^]Tb'bdld]ks^l�\^b r l�`T\^]Tb'bdc4*�x+z�s^ldbdo
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`T�-c�`-_5`T\^l�` r l#0H~�~TZ�_iZ�fd]ks^_db�\^]Tbdf7`-}d]Tbdz�se\^fdb�~8\^}�s^fd]T_�` r f r Z�cuZ�_�` r b8f�* Z-\e\^b�aCbdfgZ�vdbdo5Z-�T\e`-_��-vdb��
`-ldl#0H~ \^b�\^]ksem S Y Z-\e\em�`-]T_�s^l#0D`T\^l�` r l#0AsC_�s^cexJ*-,u]uZ�]B0Db�\e\8*is ji` r Z�ldbd{ Z-�T\e`-_��-vdb�`-ldl#0H~h\^b�\^]ksem�.d\e`��
}d_+o�1)s^ldl#0As[\Y_iZ-�T`-]uZ-mnb Z r ]k`-_iZ�S7K���RTSUW�`T�T\^x�1Yj Z-s^]k\ o `T�>* Z-\^]B, ay`-_�mnbd_�` r Z�ldbdo l�s^}d_�s^_#0 r l�`-��`
\^}�s^fd]T_iZAf r Z�cuZ�_iZHb)Z-\e\e`-vdbdbd_�` r Z�ldl#0AsHZ-�T\e`-_��-vdb�`-ldl#0As	\^b�\^]ksem�0 \nx+cefdb�mnb R /��  # <∼ 30

f�mh\ −1 p
*�bdldbdodmnb }�`-�9*i`J:Ys^ldbdo�b�`-l�` r _iZ�c4*�bdzdl#0H~�m�s^]uZ+*#*i` r S � zdbd]uZ-s^]k\ oW.+zd]k`a5e]Tb�\^b�\^]ksem�0 `T�-_iZ�cex�3 ]k\ o r
`T�>* Z�fgZ$~�� Z�cuZ�. r 0A�-_�`J? s^ldl#0H~�bdc r ldx+]T_�s^ldldb�~�`T�>* Z-\^]ks^{|\e`ejis^_�1tZ>: s^{|f r Z�cuZ�_[� Z+* Z�fd]Tbdfdb�S �?cex+z�s �
ldb�sFf+`-ldv�s^ld]T_iZ�vdbd{V5m*isem�s^ld]k` rYr Z-\e\e`-vdbdbd_�` r Z�ldl#0H~ \^b�\^]ksem�Z$~�o r *�o�s^]k\ o r Z>1wl#0Am'm�s^]k`eji`Tm }�`T*�xg�
z�s^ldbdo bdl�at`-_�m�Z�vdbdb7`�~�b�mnbdz�se\^f+`-{!5 r `/*-3 vdbdb r s4:Yse\^] r Z r `-f�`/*i`-f r Z�cuZ�_dl#0H~ `T�>* Z-\^]$o�~#S �|l�`-��`��
zdb�\9*is^ldl#0AsCZ-�T\e`-_��-vdb�`-ldl#0AsC\^b�\^]ksem�0N\>fd_iZ-\^l#0Amnb[\em�s4:Ys^ldbdodmnb

zabs < zem
_iZ-\e\em�Z�]T_db r Z>3F]k\ o r

� RTSUV�Sk�C`T\^f+`T*-,Tfdx `T\^l�` r l�`-{�}d_�s jim�s^])b�\e\8*is ji` r Z�ldbd{[j�b�\e\es^_d]uZ�vdbdb �Lm�s41w� Z+* Z�fd]Tbdz�se\^fdb�s � Z�c�` r 0As
`T�>* Z�fgZ�. r 5e]k`Tm _iZ�c^jisL*is }d_db r `�j�o�]k\ o aCbdcebdz�se\^fdb�st}iZ�_iZ-m�s^]T_#0 b|~�b�mnbdz�se\^fdbd{ \e`T\^]uZ r Z-�T\e`-_��-vdb��
`-ldl#0H~�\^b�\^]ksem7\�*�x�z�s r 0Amnb�f�`-ldv�s^ld]T_iZ�vdbdo�mnb|Z�]k`Tm�Z�_dl�`-��` r `eji`-_�`�j Z
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 � �t_iZ-\e\em�Z�]T_db r Z-s^]k\ oY`T�T`T�J:Ys^ldb�s3x+_iZ r l�s^ldbdot}�s^_�s^l�`T\�Z>bdc4*�x�z�s^ldbdo r ziZ-\^]k`-]uZ$~)\^}�s^fd]T_iZ+*-,-�
l�`-{o*�bdldbdb�liZ�\8*�x�ziZ�{7.�f�`-� j Z�j#*�bdliZ \ r `T�T`�j�l�`-��` }d_�`T�Ts^� Z ay`-]k`-liZ�\^_iZ r ldb�m�Z�\Cf�`-_d_�sL*�o�vdb�`-ldl�`-{
j#*�bdl�`-{

`
\8*�x�ziZ�{dl�`-��`w}�`/*�o \^f�`-_�`T\^]ks^{�S$K Z-\^]T_�`TaCbdcebdz�se\^f+`-{V*�bd]ks^_iZ�]Tx�_�sa5e]k`Yxk\9*i` r b�sC}�`/*�x�zdb�*i`

liZ�c r Z�ldb�s�� ��w tds������ ��¬���}#s�}#tdq	s�!2. r `-]T*�bdzdb�s3`-]��rv#x���t�s"� ���#��¬ ��}ZsF}Zt�q	s�v�. }d_db)f+`-]k`-_�`-{Yf+`-_d_�sL*�o��
vdb�`-ldliZ�o�j#*�bdliZ�mnl�`-��` m�s^l#,B?Ys?j#*�bdl#0D\ r `T�T`ej�l�`-��` }d_�`T�Ts^� Zway`-]k`-liZ�.�b$�ry x���t�s������ �	¬ ��}ZsF}Zt�q	sFv
r }d_�`-]Tb r `-}�`T*i`T1wl�`Tm \9*�x+ziZ-sTS

Y Z-\e\em�`-]T_�s^ldb�s�m�s^c�`-]Tx+_��-xJ*is^ld]Tl�`-��` _�s41wb�m�Z�at`-_�mnbd_�` r Z�ldbdo }d_�`Tayb�*�o *�bdldbdb \9*�x�1wbd] rTr s �
jis^ldb�sem f _�s4? s^ldb#3 `T�J: b�~ `T�-_iZ�]Tl#0H~ cuZ$j Z�z \^}�s^fd]T_�`T\^f�`-}dbdb�S �C`J5e]k`Tmnx r ��W�S R `T�JI�o�\^ldo�3 ]k\ o
xk\9*i` r bdo }d_db�m�s^ldb�m�`T\^]Tb|mnbdfd_�`���b m�s^c�`-]Tx+_��-xJ*is^ld]Tl�`-��`�}d_db��>*�b#1)s^ldbd{�S ( Z�f7.�se\8*�b �eb�j�_�`�j�bdliZ-mnb��
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κ0Φ(λ, v)
b�\^}#0 ]B0 r Z-s^]

ji`-}�*is^_�` r \^f�`Ts \em�s4:Ys^ldb�s)liZ r sL*�bdzdbdldx *i`-fgZ+*-,Tl�`-{8f�`Tmn}�`-l�s^ld]B0 r s^fd]k`-_iZ[\^f+`-_�`T\^]Tb7.#}iZ�_iZ+*#*isL*-,-�
l�`-{ *�x+zdx ce_�s^ldbdo R aCx�ldfdvdbdo

Φ
`-}db�\40 r Z-s^]�}d_�`TaCb�*-,hf+`J5�ataCbdvdb�s^ld]uZ�}�`-�9*i`J:Ys^ldbdoip S�n>j�liZ�f�` r `

mnl�`-�eb�~ Z-\^]T_�`Taybdcebdz�se\^fdb�~ `T�JI�s^fd]uZ$~ }�`/*is�\^f+`-_�`T\^]TbNb�m�ses^]7�T`/*ises�b�*�b m�s^l�ses�\^]k`e~kZ-\^]Tbdz�se\^fdx�3
}d_dbd_�`�j�x�.nb }�`J5e]k`Tmnx5}d_�`T�>*isem�Z�}�s^_�s^l�`T\�Z�bdc4*�x�z�s^ldbdo r ziZ-\^]k`-]uZ$~ \^}�s^fd]T_iZ+*-,Tl#0H~ *�bdldbd{ \^]uZ�l�`��
r bd]k\ o�ji` r `T*-,Tl�` \8*i`l1wl�`-{�S � Z-m�`Ts }d_�`T\^]k`Ts?b�? bd_�`-f+` b�\^}�`/*-,Tcexksem�`Tsy_�s4? s^ldb�sF� 5e]k` }d_�s^l�se�-_�s^z#,
r \esemnb r `-c�m�`T1wl#0Amnb f+`-_d_�sL*�o�vdbdodmnb�}�`T*�oh\^f+`-_�`T\^]ks^{ R mnbdfd_�`-]Tx+_��-xJ*is^ld]Tl�`T\^]B,+p S)K 5e]k`Tm }d_db��>*�b��
1 s^ldbdb�*i`-fgZ+*-,Tl#0 {Yf+`J5�ayaCbdvdb�s^ld]?}�`-�m*i`J: s^ldbdo

κλ
cuZ-m�s^ldods^]k\ ows^��` \^_�s j�ldb�m8celiZez�s^ldb�sem

〈κλ〉
.$}d_db

5e]k`Tm7xk\^_�s j�l�s^ldb�s }d_db�m�s^ldods^]k\ o�f aCx�ldfdvdbdb�}d_�`Tayb�*�o�f+`J5�ataCbdvdb�s^ld]uZy}�`-�m*i`J: s^ldbdoW.dZCx�_iZ r l�s^ldb�s
}�s^_�s^l�`T\�Z?\e`�~�_iZ�ldods^]C\ r `J3 ay`-_�mnx R \em S . � }dbd]Tv�s^_ R�� � Rup S-�C`-fgZ�c/0 r Z-s^]k\ oW.Tzd]k`?mnbdfd_�`-]Tx�_��-xJ*is^ld]Tl�`Ts
}d_db��>*�b#1 s^ldb�sC`-}d_iZ r j Z�l�`#.�f+`-� j Ztj#*�bdliZ)\ r `T�T`ej�l�`-��` }d_�`T�Ts^� Z ay`-]k`-liZymnl�`-��` �T`/*-,B?YsFf+`-_d_�sL*�o�vdb��
`-ldl�`-{ j#*�bdl#0'btf�`-� j Z b�m�ses^]k\ otji`T\^]uZ�]k`-zdl�`C�T`T*-,B? `Ts3zdb�\8*i` ]Tx�_��-xJ*is^ld]Tl#0H~ o�z�ses^f r ji`/*-,?fgZ>1Yji`-��`
*�x�ziZ ce_�s^ldbdo�S ��\9*�b 5e]Tb xk\8*i` r bdo l�s r 0 }�`T*�ldo�3 ]k\ oW. ]k`Y_�s4? s^ldbdo \^]uZ�l�j Z�_d]Tl�`-��`�x+_iZ r l�s^ldbdo }�s^_�s �
l�`T\�Z m�`-�ex+]wj Z r Z�]B,�l�s^}d_iZ r b�*-,Tl#0Ast_�s^cexJ*-,$]uZ�]B0yS

� Z-s^]k\ o fd_iZ�]Tfdbd{N`T�-c�`-_ `T\^l�` r l#0H~ }�`T*i`T1)s^ldbd{ ]kse`-_dbdb }�s^_�s^l�`T\�Z5bdc4*�x�z�s^ldbdo r f�`-_d_�sL*�bd_�`��
r Z�ldl#0H~ \8*�x�ziZ�{dl#0H~ \^_�s j Z$~W.i_iZ�c r bd]k`-{ ( _iZ r bdld��`Tm b�s^��`[\e`-]T_dx-j�ldbdfgZ-mnb R � ��,0	�`�/ ��	 S�R���E q � � ��,0	\.
[ ` �#`�	 N+� ��`��T. f � � & ,0
�.'R���E ) � R�� � Pkp S�K _iZ-mnfgZ$~!5e]k`-{ ]kse`-_dbdb \^f+`-_�`T\^]B,5fd_dx�}dl�`Tm�Z-\4? ]uZ-�-l#0H~7j r b��
1 s^ldbd{

v
b bdld]ks^l�\^b r l�`T\^]B, bdc4*�x�z�s^ldbdo

Iλ
_iZ-\e\em�Z�]T_db r Z>3 ]k\ o�fgZ�f j r sC\8*�x�ziZ�{dl#0As)ayx+ldfdvdbdb }d_�`��

\^]T_iZ�l�\^] r s^ldl�`-{ f+`T`-_kj�bdliZ�]B0
s
r ji`/*-,'*�x�ziZ ce_�s^ldbdo#S ��\9*�b5\^_�s j Z�`-}db�\40 r Z-s^]k\ o ]k`T*-,Tf+`hsesY\^]uZ�]Tb��

\^]Tbdz�se\^fdb�mnb ~TZ�_iZ�fd]ks^_db�\^]TbdfgZ-mnb7.:`-}d_�s jisL*is^ldb�s ]k`-zdl�`-��`hceliZez�s^ldbdo
Iλ(s)

\^]uZ�l�` r bd]k\ o5l�s r `-c�m�`T1Y�
l#0Am S �o0 m�`T1)sem ��` r `-_dbd]B,�]k`T*-,Tf+`[` \^]uZ�]Tb�\^]Tbdz�se\^fdb�~h~kZ�_iZ�fd]ks^_db�\^]TbdfgZ$~|bdld]ks^l�\^b r l�`T\^]Tb ]uZ�fdb�~).
fgZ�f7.�liZ�}d_db�m�s^_7.d\^_�s j�l�ses celiZez�s^ldb�s

〈Iλ〉
.�f�`-]k`-_�`TsB.d\e`-�9* Z-\^l�`w`-}d_�s jisL*is^ldb#3�.dse\^]B,6*�b��T`Y\^_�s j�l�ses }�`

Z�l�\�Z-m��>*-3�.#*�b��T`�\^_�s j�l�sesC}�`w}d_�`T\^]T_iZ�l�\^] r x R b�*�b r _�sem�s^ldb p S
K �?W�SUW j Z�l r 0 r `�j8`T�T`T�J:Ys^ldl�`-��`[x+_iZ r l�s^ldbdo�}�s^_�s^l�`T\�Z�. f�`-]k`-_�`Tst}d_dbdldb�m�Z-s^] r b�j8x+_iZ r l�s^ldbdo

� `-fdf�s^_iZ$���;* Z�ldfgZ�j#*�o r s^_�`�o�]Tl�`T\^]Tb
P (s; v, Iλ) dv dIλ

liZ$~g`T1Yjis^ldbdo r ]k`-zdf+s
s
_iZ$j�biZ+*-,Tl�`-{ f�`Tm:�

}�`-l�s^ld]B0 \^f+`-_�`T\^]TbN\e`8celiZez�s^ldb�sem m�s41Yj�x
v
b

v + dv
b bdld]ks^l�\^b r l�`T\^]Tb bdc4*�x�z�s^ldbdo m�s41Yj�x

Iλb
Iλ + dIλ

R \em S�x�_iZ r l�s^ldb�s R Rup p Sn�C`-fgZ�c/0 r Z-s^]k\ oW.�zd]k` }d_db7xk\9*i` r bdb
τλ,` � 1

r ldx+]T_db }d_�`TaCb�*�o
*�bdldbdb R � jis

τλ,`
� se\^]B,[`-]Tl�`J? s^ldb�stf+`-_d_�sL*�o�vdb�`-ldl�`-{ j#*�bdl#0Df|\^_�s j�l�s^{�j#*�bdl�st\ r `T�T`�j�l�`-��`�}d_�`��

�Ts^� Z�ay`-]k`-liZwliZwj#*�bdl�s r `T*�l#0
λ
}d_db

u = v/σt = 0
pL.ildb|}d_�`TaCb�*-,F*�bdldbdb7.ildb|ses 5ef r b r Z+*is^ld]TliZ�o

? bd_dbdliZ l�s cuZ r b�\ o�] `-]|f+`-_d_�sL*�o�vdb�`-ldl�`-{ j#*�bdl#0
`
R mnbdfd_�`-]Tx+_��-xJ*is^ld]Tl�`T\^]B,+p S !�\9*i` r b�s

τλ,` � 1r \es^� j Z r 0 }�`T*�ldods^]k\ o r fd_#0i*-,To�~ *�bdldbdb�S � j�_dx+��`-{'\^]k`-_�`-l#0 .:se\8*�b r v�s^ld]T_�sD*�bdldbdb
τλ,` >∼ 1

b

σt >∼ vth
.�]k`-� j Z[}d_�`Tayb�*-,�*�bdldbdb b8ses	5ef r b r Z+*is^ld]TliZ�oU?)bd_dbdliZ[cuZ r b�\ o�]h`-]

`
.ib m�0Lb�m�sesem \8*�x+�

ziZ�{8m�s^c�`-]Tx�_��-xJ*is^ld]Tl�`T\^]Tb�S R � jise\4,
σt
� \^_�s j�l�s^f r Z$j�_iZ�]TbdzdliZ�o ]Tx�_��-xJ*is^ld]TliZ�o8\^f+`-_�`T\^]B,-.�Z

vth
�

]ks^}�*i` r Z�o�\^f+`-_�`T\^]B,+p S
�	]TbU5�ayays^fd]B0L}�`ej�_�`T�-l�`|_iZ-\e\em�Z�]T_db r Z>3F]k\ o r �tW�SUV[liZ[}d_db�m�s^_�s ay`-_�mnbd_�` r Z�ldbdo }d_�`TaCb�*is^{

Z-�T\e`-_��-vdb�`-ldl#0H~ *�bdldbd{ z�s^] r s^_d]k`-{ }�`T*i`T1wbd]ksL*-,Tl�`-{ \^b�\^]ksem�0
A 1Π ← X 1Σ+ m�`T*is^fdxJ*-0 � ��b

\^_iZ r l�s^ldbdo8_�s^cexJ*-,$]uZ�]k` r b�~ Z�liZ+*�bdcuZ�.#}�`/*�x�z�s^ldl#0H~ r `T�J:Ys^}d_dbdldo�]k`Tm mnbdfd_�`-]Tx�_��-xJ*is^ld]Tl�`Tm }d_db��
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�>*�b#1 s^ldbdb7.-\�b�\ ~g`�j�l#0Amnbw}iZ�_iZ-m�s^]T_iZ-mnbwm�s^c�`-]Tx+_��-xJ*is^ld]Tl�`-{wm�`ejisL*�b�S �	]k`-]F}d_db�m�s^_ `-z�s^l#, liZ��9*�o�jd�
l#0 {7.�}�`T\^f�`/*-,TfdxY}�`/*i`T\40 � � \e`T\^]k`�o�]Cbdc `-}d]Tbdz�se\^fdb \^b�*-,Tl#0H~Yb \9* Z-�J0H~6*�bdldbd{7.�f+`-]k`-_#0As ji`/*-1wl#0
}�`)_iZ�cel�`Tmnx�_�s�Z��ebd_�` r Z�]B,wliZtf+`-_d_�sL*�o�vdb�`-ldldx�3Dj#*�bdldxkS��C`-fgZ�c/0 r Z-s^]k\ o).�zd]k` r *�bdo�ldb�s f+`-_d_�sL*�o�vdb��
`-ldl�`-{ j#*�bdl#0 liZh}d_�`Tayb�*-,o*�bdldbdb xk\^b�*�b r Z-s^]k\ o \ x r sL*�bdz�s^ldb�semP*�x�z�s r `-{7f�`-ldv�s^ld]T_iZ�vdbdb � ��b
}d_db

N
R � �Cp

∼ 1015 A m −2 }�`/*i`T\�Z R W�.UPkpYl�s|m�`T1)s^]'�J0 ]B, Z$jis^f r Z�]Tl�` `-}db�\�Z�liZ r _iZ-mnfgZ$~ x+}d_�`��
:Ys^ldl�`-{hmnbdfd_�`-]Tx�_��-xJ*is^ld]Tl�`-{|m�`ejisL*�b�S %Cse`T��~g`�j�b�m�`YjisL* Z�]B,Yji`-}�`/*�ldbd]ksL*-,Tl#0Ast}d_�s j�}�`/*i`l1)s^ldbdo|`
�T`T*isesA\8*i`l1wl�`-{ \^]T_dx�fd]Tx+_�sFZ-�T\e`-_��-vdb�`-ldl�`-��`t`T�>* Z�fgZ R rTr `�j�bd]B,yji`-}�`/*�ldbd]ksL*-,Tl�`TsFzdb�\8*i`t�T`/*isesAm�sL*d�
fdb�~ `T�>* Z�f+` r \Y_iZ�c4*�bdzdl#0Amnb7aCbdcebdz�se\^fdb�mnb }iZ�_iZ-m�s^]T_iZ-mnb r fgZ>1Yji`Tm bdcwldb�~ip>j#*�o ]k`-��`#.�zd]k`T�J0
}�`T*�x+zdbd]B, \e`T`-] r s^]k\^] r b�sYm�s41Yj�x|mnbdfd_�`��Hb�m�s^c�`-]Tx�_��-xJ*is^ld]Tl#0Am }d_�`TaCb�*�odmnb�S ( Z�fdb�m `T�-_iZ�c�`Tm liZ
zdb�\9*is^ldl�`TmD}d_db�m�s^_�s }�`-fgZ�c/0 r Z-s^]k\ oW.�fgZ�f5bdceliZeziZ+*-,Tl�`8`�j�l�`-_�`ej�liZ�o7m�`�jisL*-, m�`l1)s^]8�J0 ]B,hl�s^}d_iZ$�
r b�*-,Tl�` }d_�`-bdld]ks^_d}d_�s^]Tbd_�` r Z�liZ�b|]T_iZ�l�\eay`-_�mnbd_�` r Z�liZ r l�se`�j�l�`-_�`ej�ldx�3 S

K ��W�S q m�s^c�`-]Tx�_��-xJ*is^ld]Tl�`Ts }d_db��>*�b#1 s^ldb�sHb�\^}�`/*-,Tcexks^]k\ o j#*�o Z�liZ+*�bdcuZF_�s�Z+*-,Tl#0H~ \^}�s^fd]T_�` r }�`��
�m*i`J: s^ldbdoW.+`T�-_iZ�cex�3;:)b�~g\ o r m�s41wc r s^c^j�l�`-{�\^_�s jisA��`T*�x��T`-{ f+`Tmn}iZ�fd]Tl�`-{[� Z+* Z�fd]Tbdfdb =�� MDR � R$# � b
RTR��kp S��?cex�z�s^ldb�s !�� \^}�s^fd]T_�` r .�}�`/*�x�z�s^ldl#0H~�liZ8QlVJ32? R /&��� g 	0/
� � & ,�( 	 `�/ [ K-` A /
�)(�1 A ( K , A���� K 	�( �9`�� p
}�`-fgZ�cuZ+*i`#.�zd]k` \e`ejis^_�1tZ�ldb�s ^ . Q �T. [ ,\.�b�/�` r l�s^{d]T_iZ+*-,Tl�`Tm � Z�c�s R c , � ��	 � # � ��� ��� `�/���	 S�WTPTPTPkp3celiZ$�
zdbd]ksL*-,Tl�`t`-]T*�bdziZ-s^]k\ o[`-]y\e`ejis^_�1tZ�ldbdoF5e]Tb�~�59*isem�s^ld]k` rtr b�`-ldbdc�` r Z�ldl�`Tm � Z�c�s R = ��( /)( & `�/)��	 SgWTPTP�Rup S
� *�o�bdld]ks^_d}d_�s^]uZ�vdbdb liZ-�>*-3Hjis^ldbd{ = ��( /)( & `�/*��	 Si}d_�s j#*i`l1wb�*�b5m�`ejisL*-,-.#\e`T\^]k`�o�: x�3 bdcyj r x+~h}�`ejd�
\^b�\^]ksemL\e`|celiZezdbd]ksL*-,Tl#0Am `-]l*�bdzdb�sem m�s^]uZ+*#*�bdzdl�`T\^]Tb7<�}d_�`-]k`-c r s^c^j�l�`Ts r s4: se\^] r `#.:`T�-_iZ�c�` r Z�ldl�`Ts
r _�s�Z�fdvdbdo�~']ks^_�m�`�o�jis^_dl�`-��` \^bdld]ks^cuZ liZ _iZ�ldldb�~ \^]uZ$j�bdo�~ _iZ-\4? bd_�s^ldbdo ��`-_go�z�s^{ZKH\esL*is^ldl�`-{7.�b
� Z�c r  ","�c�`-liZ$~). `T�T`-� Z>: s^ldl#0 { }d_�`ej�x�fd]uZ-mnb8c r s^c^j�l�`-��`�]ks^_�m�`uo+jis^_dl�`-��`�\^bdld]ks^cuZ�SWn �-liZ�_dx�1 s^ldb�s
}d_�`-]k`-c r s^c^j�l�`-��` � Z�cuZ�m�`-�9*i` �J0 b�m�s^]B, r Z>1wl�`Ts�celiZ�z�s^ldb�s j#*�o f+`T\em�`/*i`-�ebdz�se\^fdb�~ m�`ejisL*is^{�S n>jd�
liZ�f�` `-fgZ�cuZ+*i`T\4,-.#zd]k`[x+z�s^][f+`-_d_�sL*�o�vdb�`-ldl#0H~U5�ayays^fd]k` r j Z-s^] `ej�bdliZ�f+` r x�3�`-v�s^ldfdx�\e`�jis^_21tZ�ldbdo
m�s^]uZ+*#*i` r fgZ�f r l�s^{d]T_iZ+*-,Tl�`Tm�.�]uZ�f�b r b�`-ldbdc�` r Z�ldl�`Tm'� Z�c�s � Z+* Z�fd]Tbdfdb =�� M R � .gf�`-]k`-_iZ�o r }�`/*�l�s
\e`-�m* Z-\^xks^]k\ o \)}d_�s ji\^fgZ�cuZ�ldbdo�mnb ]kse`-_dbdb ldx�f�*ise`T\^bdld]ks^cuZ[b|bdc�m�s^_�s^ldbdodmnb r j�_dx��eb�~hf+`Tmn}iZ�fd]Tl#0H~
��`T*�x��J0H~ � Z+* Z�fd]TbdfgZ$~�S

K 
 � � 
 � � _iZ-\e\em�`-]T_�s^l�`|ay`-_�mnbd_�` r Z�ldb�sY}d_�`Tayb�*�o8Z-�T\e`-_��-vdb�`-ldl�`-{ *�bdldbdb }d_db xk\8*i` r bdb7.�f�`-� j Z
zdb�\9*i` ]Tx�_��-xJ*is^ld]Tl#0H~ o�z�ses^f liZU*�x+z�s ce_�s^ldbdo l�sh`-z�s^l#,7�T`T*-,B? `TsB.	zd]k`5}d_db r `�j�bd]7f l�s^}�`T*�l�`-]ks
\^]uZ�]Tb�\^]Tbdz�se\^f�`-{ r 0A�T`-_dfdb�S

K �AV�SUW)_iZ-\e\^zdbd]B0 r Z>3F]k\ o�ji` r s^_dbd]ksL*-,Tl#0AsCbdld]ks^_ r Z+*-0 j#*�o ]kse`-_�s^]Tbdz�se\^fdb�~�bdld]ks^l�\^b r l�`T\^]ks^{|\
v�sL*-,B3 f+`T*�bdz�se\^] r s^ldl�`-��`y`-}db�\�Z�ldbdow`-]Tf�*i`-l�s^ldbd{ liZ-�>*-3Hj Z-sem�`-{�bdld]ks^l�\^b r l�`T\^]Tb r }d_�`TaCb�*is *�bdldbdb
`-]'\^_�s j�l�s^{ r sL*�bdzdbdl#0

〈Iλ〉
S � *�ok5e]k`-��` l�se`T��~g`�j�b�m�` r 0 zdb�\8*�bd]B, _iZ-\^}d_�s jisL*is^ldb�s r s^_�`uo�]Tl�`T\^]Tb

r sL*�bdzdbdl#0
Iλ
S � x�:Yse\^] r xks^]Yj r Zt}�`�jd~g`ej Zwj#*�o _�s4?Ys^ldbdo�5e]k`-{ cuZ$j Z�zdb�S�n>j�bdl�bdcCldb�~ cuZ�f�*-3 ziZ-s^]k\ o

rwr 0 zdb�\9*is^ldbdb
P (s; v, Iλ)

l�s^}�`T\^_�s ji\^] r s^ldl�`�bdc)`T�T`T�J: s^ldl�`-��`�x+_iZ r l�s^ldbdo }�s^_�s^l�`T\�Z

∂P

∂s
=

1

`

∂

∂v

(

vP + σ2
t

∂P

∂v

)

+
∂

∂Iλ

[κ0ΦP (Iλ − Sλ)] ,
R Rup

\|}�`T\8*is j�x�3 : b�m bdld]ks^�e_dbd_�` r Z�ldb�sem _�s^cexJ*-,$]uZ�]uZ7}�`
v
Sin>j�liZ�f+` 5e]k`-] }�`�jd~g`ej ]T_�se�-xks^] �T`T*-,B?)b�~

zdb�\9*is^ldl#0H~�_iZ-\^z�s^]k` r S q *-,u]ks^_dliZ�]Tb r l#0 {8}�`ejd~g`�j .#_iZ�ce_iZ-�T`-]uZ�ldl#0 { Z r ]k`-_�`Tm�.�cuZ�f�*-3 ziZ-s^]k\ o r�r 0H�
zdb�\9*is^ldbdb r 0A\4?)b�~�m�`Tm�s^ld]k` r

P
`-]Tl�`T\^bd]ksL*-,Tl�`

Iλ
.gzd]k` m�`T1wl�`w\ jisL* Z�]B, `-]Tl�`T\^bd]ksL*-,Tl�`Y}d_�`T\^]k`dS#K

R�W



liZ>?Ysem \9*�x+ziZ-stliZ-�T`-_|m�`Tm�s^ld]k` r `-}d_�s jisL*�o�s^]�aCx�ldfdvdb#3 _iZ-\^}d_�s jisL*is^ldbdo `ej�l�`-celiZ�zdl�`#. }�`T\^f�`/*-,Tfdx
j�biZ�}iZ�c�`-l7bdc�m�s^l�s^ldbd{

Iλ
f+`-l�s^zdl#0 {7<

0 ≤ Iλ/I0 ≤ 1
S-! mnl�`l1tZ�o5x�_iZ r l�s^ldb�s R Rup liZ \^]ks^}�s^l#,

Ij
λ

b
bdld]ks^�e_dbd_dxTo|}�`

Iλ
.�}�`/*�x�zdb�m

∂Qλ,j

∂s
=

1

`

∂

∂v

(

vQλ,j + σ2
t

∂Qλ,j

∂v

)

− jκ0Φ (Qλ,j − SλQλ,j−1) ,
R Wkp

� jis

Qλ,j =

∞
∫

0

Ij
λ P (s; v, Iλ) dIλ .

R Vkp

( Z�fdb�m `T�-_iZ�c�`Tm�.�m�0 }d_db�~g`ej�b�m f�\^b�\^]ksem�s)_�s^fdx+_d_�s^ld]Tl#0H~hj�b�atays^_�s^ldvdbiZ+*-,Tl#0H~|x�_iZ r l�s^ldbd{ R Wkp S
� Z+*-,Tl�s^{#?Yses?x�}d_�`J: s^ldb�s }�`/*�x�ziZ-s^]k\ o�}d_db�_iZ-\e\em�`-]T_�s^ldbdbhzdb�\^]k`-��` }�`-�9*i`J:Ys^ldbdoW.df+`-� j ZYaCx�ldfdvdbdo
b�\^]k`-zdldbdf�` r

Sλ = 0
Sn�C` _iZ-\e\^zdbd]uZ�ldl#0Am m�`Tm�s^ld]uZ-m

〈Ij
λ〉
m�`T1wl�` r `T\e\^]uZ�l�` r bd]B,5fdx�mnxJ*�o�]Tb r ldx�3

ayx+ldfdvdb#3 _iZ-\^}d_�s jisL*is^ldbdo j#*�o
Iλ
S �C`T\8*is	5e]k`-��`[\^]uZ�l�` r bd]k\ o r `-c�m�`T1wl#0Am `-}d_�s jisL*�bd]B,�bdld]ks^_ r Z+*

bdld]ks^l�\^b r l�`T\^]ks^{ r `-fd_dx+�
〈Iλ〉

. r f�`-]k`-_�`Tm liZ-�>*-3Hj Z-sem�Z�oNbdld]ks^l�\^b r l�`T\^]B, m�`T1)s^] liZ$~g`�j�bd]B,k\ o \
cuZ$j Z�ldl�`-{ r s^_�`�o�]Tl�`T\^]B,B3YS

K �|V�SUV7}�`ej�_�`T�-l�` `-}db�\40 r Z-s^]k\ o }d_�`-v�s j�x�_iZ r `T\e\^]uZ�l�` r *is^ldbdo _iZ-\^}d_�s jisL*is^ldbdo r s^_�`�o�]Tl�`T\^]Tb

P (s; v, xλ)
.�� jis

xλ = Iλ/I0
Si�C`-fgZ�c/0 r Z-s^]k\ oW.�zd]k` r `T�J:Ysem \8*�x�ziZ-syay`-_�m�Zw}d_�`TaCb�*�o|Z-�T\e`-_��-vdb�`-l��

l�`-{'*�bdldbdb r ji`T*-,�`ej�l�`-��`D*�x+ziZ)ce_�s^ldbdohZ-\^b�m�m�s^]T_dbdzdliZ�oW.�zd]k`Yo r *�ods^]k\ oh\8*is ji\^] r b�sem f+`-_d_�sL*�o�vdbd{
r }�`T*ist\^f�`-_�`T\^]ks^{|}d_db|`-�e_iZ�ldbdz�s^ldl�`Tm zdb�\8*isC]Tx�_��-xJ*is^ld]Tl#0H~ho�z�ses^f A ~kZ�_iZ�fd]ks^_dl#0Am _iZ�c�m�s^_�`Tm `

S
K �HV�S q r 0 zdb�\8*�o�3F]k\ o�xk\9*i` r l#0AsAbdld]ks^l�\^b r l�`T\^]Tb

qλ(L, u0)
� `T1wb�j Z-sem�`TsFceliZez�s^ldb�s>bdld]ks^l�\^b r �

l�`T\^]Tb�}�`T\9*isF}d_�`�~g`T1Yjis^ldbdoh`T�>* Z�fgZt]k`/*-: bdl�`-{
L
}d_db�xk\9*i` r bdb7.+zd]k`Y\^f�`-_�`T\^]B, }�s^_ r `-{�]Tx�_��-xJ*is^ld]-�

l�`-{[o�z�s^{dfdb _iZ r liZ
u0
S ��\9*�b[_iZ-\e\em�Z�]T_db r Z-s^]k\ op*�bdldbdo�}�`-�9*i`J:Ys^ldbdoW.d`T�-_iZ�c�` r Z�ldliZ�o r ji`T*-,w`ej�l�`-��`

*�x�ziZtce_�s^ldbdo).�m�0 celiZ-sem�.�zd]k`t]k`T*-,Tf+`8t��d}#y>_�s�Z+*�bdcuZ�vdbdo \8*�x�ziZ�{dl�`-��`Y}�`/*�o�\^f+`-_�`T\^]ks^{h`-}d_�s jisL*�ods^]
sesHliZ-�>*-3Hj Z-sem�0 {[}d_�`TaCb�*-,-.-}�`T\^f�`/*-,Tfdx r ]ks^z�s^ldb�s liZ-�>*-3Hjis^ldbd{F*-3 �J0AsAfd_dx+}dl�`Tm�Z-\4? ]uZ-�-l#0As j r b��
1 s^ldbdo)� Z�cuZ r ldx�]T_dbY`T�>* Z�fgZFm�`T1wl�`?_iZ-\e\em�Z�]T_db r Z�]B,CfgZ�f � cuZ-m�`-_�`T1 s^ldl#0As 
 R l�s^]?ldb r _�sem�s^ldl�`-��`#.�ldb
}d_�`T\^]T_iZ�l�\^] r s^ldl�`-��`txk\^_�s j�l�s^ldbdoip S�K *-3?�T`-{w]k`-zdf+s r ji`T*-,a*�x�ziZ>ce_�s^ldbdo R b7. r ziZ-\^]Tl�`T\^]Tb7.TliZFfd_iZ�o�~
`T�>* Z�fgZkpCf+`Tmn}�`-l�s^ld]uZ�\^f+`-_�`T\^]Tb b�m�ses^]�\ r `Ts `-}d_�s jisL*is^ldl�`Ts R cuZ�_iZ�l�ses l�s^bdc r se\^]Tl�`TsupyceliZez�s^ldb�s

u0
.

f�`-]k`-_�`TsYl�sYm�s^ldo�s^]k\ o�cuZ r _�semno 5ef+\^}�`-cebdvdbdb�S7K 5e]k`Tm \8*�x�ziZ-s �T`T*isesYbdl�ay`-_�m�Z�]Tb r l�` \^_iZ r ldb r Z�]B,
\?liZ-�>*-3Hjis^ldbdodmnb l�s

〈Iλ〉
.iZ xk\8*i` r ldx�3Lbdld]ks^l�\^b r l�`T\^]B,

qλ(L, u0)
S

�C`-fgZ�c/0 r Z-s^]k\ oW.:zd]k` r Z�_dbiZ�vdbdb
σt/vth

j#*�o _iZ�c4*�bdzdl#0H~5b�`-l�` r�r ldx+]T_db `�j�l�`-��`|`T�>* Z�fgZ|m�`-�ex+]
}d_db r `�j�bd]B, f�_iZ�c4*�bdzdl#0Am \em�s4:Ys^ldbdodm v�s^ld]T_�` r ]uo�1)se\^]Tb Z-�T\e`-_��-vdb�`-ldl#0H~ *�bdldbd{|b7.ifgZ�fh_�s^cexJ*-,-�
]uZ�]>.�f _iZ�c4*�bdzdl#0Am _iZ$j�biZ+*-,Tl#0Am \^f+`-_�`T\^]$odm�.d}�`T\^f+`T*-,Tfdx }iZ�_iZ-m�s^]T_#0

σt/vth
bdl�j�b r b�j�xgZ+*-,Tl#0 j#*�o

fgZ>1Yji`-��`F59*isem�s^ld]uZ�S
K �YV�S ) _iZ-\e\em�Z�]T_db r Z-s^]k\ o'`-]Tl�`T\^bd]ksL*-,Tl�`h}d_�`T\^]k`-{ zdb�\9*is^ldl#0 { m�s^]k`�j .�\w}�`Tm�`J:	,B3 f+`-]k`-_�`-��`

m�`l1wl�`Y}d_�`Tm�`ejisL*�bd_�` r Z�]B,�at`-_�mnbd_�` r Z�ldb�s?}d_�`TaCb�*�o@*�bdldbdb�}�`-�9*i`J:Ys^ldbdo r ]Tx+_��-xJ*is^ld]Tl�`-{h\^_�s jisTS
� ]k`�~TZ-\^]Tbdz�se\^f�`Ts�}�`T*is�\^f�`-_�`T\^]ks^{7`-}db�\40 r Z�]B,k\ o m�Z�_df+` r \^fdb�mD}d_�`-v�se\e\e`Tm�. r b�j f�`-]k`-_�`-��`h��s^l�s^_db��
_dxks^]k\ o|}d_�`-v�s j�x�_�`-{ ��`-ld]ks6HyZ�_�*i`dS)K `-]T*�bdzdb�sY`-] }d_�`-v�s j�x+_ xk\^_�s j�l�s^ldbdoW.�`-}db�\�Z�ldl#0H~ r }d_�s j-0H�
j�x�: b�~Y_iZ�c^jisL* Z$~W.�\A}�`Tm�`J:	,B3 m�s^]k`ej Z ��`-ld]ks;HyZ�_�*i` m�0 r 0 zdb�\9*�o�sem l�s^}�`T\^_�s ji\^] r s^ldl�` }d_�`TaCb�*-,

R�V



*�bdldbdb7.�\e`T`-] r s^]k\^] r x�3 : bd{ s j�bdl�\^] r s^ldl�`-{Y_�s�Z+*�bdcuZ�vdbdbY\8*�x�ziZ�{dl�`-��`>}�`T*�o)\^f�`-_�`T\^]ks^{7.$zd]k`>}�`-c r `/*�o��
s^]w}d_�` r `�j�bd]B, }d_godm�0Asy\^_iZ r l�s^ldbdo \yZ-�T\e`-_��-vdb�`-ldl#0Amnbo*�bdldbdo�mnb r \^}�s^fd]T_iZ$~�b�\^]k`-zdldbdf+` r f+`-ld]Tb��
ldxgZ+*-,Tl�`-��` bdc4*�x�z�s^ldbdo).if+`-]k`-_#0As m�`T1wl�`[\^zdbd]uZ�]B,�]k`-z�s^zdl#0Amnb�S � sem�`-l�\^]T_dbd_dxks^]k\ o b�jis^ld]Tbdzdl�`T\^]B,
_�s^cexJ*-,$]uZ�]k` r m�s^]k`�j Z � `-ld]ks@HyZ�_�*i` b _�s4?Ys^ldbd{ `T�T`T�J:Ys^ldl�`-��`hx�_iZ r l�s^ldbdo }�s^_�s^l�`T\�Z \Y_iZ-\^z�s^]k`Tm
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∆χ2 = χ2

i+1 − χ2
i

b
T
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� Z�c�shliZ8�T`/*-,B? b�~'fd_iZ-\^l#0H~ \em�s4:Ys^ldbdo�~ R

z ∼ 3
p S q liZ+*�bdch}d_�`TaCb�*is^{ �>*is^l�j-0  $'& d��
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σ2

v ∼ M/L ∼ nHL = NHL
�X� � � � σv ∼ (NHL)1/2 � E �j�t��� ���t±?�_³X�s±=�t±?�_�V«±��t���-���-����«�� ¡-�G£E«��_¡-�X«��

L > 1
�g�t±�¡-�G±?���j�t�����j����³V���j�t���-�g���g�V�t¡g����� ���������	�%�t«����������I�����g���X�

κ ' 0.3
³²�t�X¢r�X¡-�t�[«������_±��g�������X�X¡L���-���G�K�
�

log(σv)
�
log(NHL)

�����V�¬«����²��� ¡g�X±E±E«q�G�V¡-��³X�V�V� �G���!�L�L¡g�
�
���j�[±?�X¢Q�t�X±=���d±����²�g���V�V«q��«b±?�X�X�_����� �j�����_«#"

κ = 0.5 $ �t��� ³G�t¡-���_�t��£E�X³G�G������� ±?�t±?�_�_«%�g±?³G��£?�G�������²±¢]�V�����-�_���G�G«�� � G �t±?�_�_«�� ±,«q�_�-������«���¡g�G£`«��_¡-�G«���" L < 1
�-�t± $ ���X¡-�G£E��� �G±Q�	�V���
� ³X�g���t«q�L«����V³[³X�R±?��� �
�±����X¡-�L±?�_������³X���L¡-�X±?�
��¢]�V£E�d��£�¢r�V�t�
�-�V���²±o���-�_��³X�-��«2£E³X�j£=���G���L¡-�V£E�X³X�V�����_« � 9 �_«�����«��&�-³X�j�{¡-�G�K�X«q�" ±E« � �K������� ¡-�t± �	'�$ �G�G«������j��� ±?�t±?�_�_«��(���t«q����� ����¡-�G£`«q�V¡g� ���L¡L�g�)�V� *�+�+,�-��±�������£��g��� �t�t±?���_¡�±?�-�

±����X¡-�L±?�_���
"
σv ∼ 20

��«´±
−1 $ �-�t¡g�_£?³X���������������-£��-����«��j�K�V���t�.�����L±?�_�
" Z ∼ 0.001Z� $/�

l�se\^f�`/*-,Tfdb�~|f r Z�cuZ�_�` r S)n \^l�` r l#0As r 0 r `ej-0 \8*is j�x�3 : b�sB<
RTS � b�\^}�s^_�\^bdb[\^f�`-_�`T\^]ks^{ fd_dx+}dl�`Tm�Z-\4? ]uZ-�-l#0H~�j r b#1 s^ldbd{[� Z�cuZy}�`-fgZ�c/0 r Z>3F]Yf�`-_d_�sL*�o�vdb#3 \A_iZ�c^�
m�s^_iZ-mnb|}�`-�9*i`J:wZ>3 : b�~h`T�>* Z�f+` r .dzd]k`Y}�`-c r `T*�o�s^] cuZ�f�*-3Fzdbd]B,-.�zd]k`�5e]Tbh\^b�\^]ksem�0 o r *�o�3 ]k\ o r b��
_dbiZ+*�bdc�` r Z�ldl#0Amnb b7\ r o�cuZ�ldl#0Amnb7.n\ �T`T*-,B? `-{ r s^_�`�o�]Tl�`T\^]B,B3�.n\Yj Z+*is^fdb�mnb7� Z+* Z�fd]TbdfgZ-mnb'b�*�b
b�~8� Z+*i` R \em S#_db�\TS�Rup S��C`-fgZ�cuZ�l�`#.�zd]k`�l�s^f�`-]k`-_#0As Z-�T\e`-_��-vdb�`-ldl#0As \^b�\^]ksem�0 `T�>* Z$j Z>3F]h~TZ�_iZ�f��
]ks^_db�\^]TbdfgZ-mnb7.�]Tbd}dbdzdl#0Amnb5j#*�o r 0A\e`-f�`T\^f+`-_�`T\^]Tl#0H~ `T�>* Z�f�` r R  c*� pL.#f�`-]k`-_#0As liZ-�>*-3Hj Z>3 ]k\ o
r � Z+*i`wliZ>? s^{�-�Z+* Z�fd]Tbdfdb�S
W�S � `ejis^_21tZ�ldb�swm�s^]uZ+*#*i` r[r m�s41w� Z+* Z�fd]Tbdz�se\^fdb�~5Z-�T\e`-_��Ts^_iZ$~|fd_iZ�{dl�s)l�se`ej�l�`-_�`�j�l�`#.�\ r Z�_dbiZ�vdb��
odmnb `-] }�`-zd]Tb \e`T*�l�s^zdl#0H~'`-]Tl�`T\^bd]ksL*-,Tl#0H~ f+`-ldv�s^ld]T_iZ�vdbd{ ji` R ] R�PTPTP \e`/*�l�s^zdl#0H~�S:�?_db 5e]k`Tm
r 0A\e`-f�`Tm�s^]uZ+*#*�bdzdl#0As7\^b�\^]ksem�0 }�s^_�sem�s41tZ>3 ]k\ o \ \^b�\^]ksem�Z-mnb �Ts^c m�s^]uZ+*#*i` r R \em S	}d_db�m�s^_ liZ
_db�\TSTWkp S ( Z�f�`TsH}�` r s jis^ldb�sH}�`-c r `/*�ods^]t\^zdbd]uZ�]B, r 0A�-_�`T\ r s4:Yse\^] r Z>bdcH� Z+* Z�fd]Tbdf `T\^l�` r l#0Am b�\^]k`-z��

R��



� ���#& � � ª ¡g�t«��_¡²¡-�X±=�t¡-�E���`�t�j���-�²���L±?�L¡��X�����X�-����� ±?�t±=�V�_«b³V���j�t�s�`�����X¢=� �������s£E¡-�j���-�²³ ���V�t¡-�G³V�t���
����� �-� �g³X�G£E�G¡����#+�� *����
	�	�*�	
" ± �L�_«��G�_�������¬�X�V«������j�����V�
���G�X«q� ³V���j�t� �L±?� $ � M ¡-�G±?���R� ±E«q�V� �j���-��
�L±?�X¡.�X�����G������� ±?�t±?�_�_«%�

zabs

���2±?�G«��X¢?�-�-³X�V£E�X¡-���
zem

�����j�t���t±?�V��� ���`�b�X±?��� �Z��£`«q�V¡g�_�-���R�²«��j�K�V���
�t�������X±?�V� "

Z/Z� $�
 �-�_� �L±?��� " ��³X� £E�������j���-�I³¬�j�t�����I³X�_¡-�V���G�V�t�G����� ���j�t�X��� ���G�V���X±N�-�G±Q���°�t³X�-«
±?�t±?�_�_«��X«%�5�t«������ �t« �G�t��£��g��� ��¡g�X±?���o��±E«��_� �j���-�	�

|∆v| ≤ 150
��« ±

−1 $/� 1 �X���_³G�R��«��j�=�_���t�����-�L±?�_��X£E������������� ���_� ��¡-�X«�� ³G�j���X¡-�j�t����� �t�-�����2�t���t«��G�-�X³L±�� ��� ±?�_¡-��� ³ ±?�t±=�V�_«���� ���¬�G���G�j�V±N� ���X���G¡-� �
�²���_� �{¡-��¢?�������������p�V�V�L«q�X³ �-�t� ���X���G³ ³2���X±?�V�������X« ±=�����-�G¡g�V�t�X�-�L« �����G�-�G£E�X�-� �X� '�' +�+��� �t�
*�+�+�+�+��� � < �L±=�L¡.�X�_¡ ��� zabs � * ������� �X�V�-�L±?���V±N��� �G±E±?�X�-���t¡-�X³G�G�����R«#±?��±?�V�_«��G« � G �X�X�_³X�j�V±?�V³G����� ����t���-�_³G�R��� �����5�_«����R�-���X�-���j���G¡g�G��������� �K�������¬�������������R��¡-�G£E«��_¡-� ���L±?�L¡��X�_¡-�X³ ¡-�X±?�-�_�t�����_�-� ³
���.�²����� ���X±?�_�°± �L�_«�� � Iq�j£E�X�t�_�=�V�V� ���j�t�����j��� ³²¡g�
�X�X�_���������! �"�#
$��%��&�"(' � "*)
+
+ '�$ �
ldbdf�`Tm5`T�T`-� Z>:Ys^ldbdo m�s41w� Z+* Z�fd]Tbdz�se\^f+`-{�\^_�s j-0 m�s^]uZ+*#* Z-mnb�S � b�\^]ksem�0 \ m�s^l#,B? b�mnb _iZ�c�m�s^_iZ-mnb
b�m�s43 ]�\^b�\^]ksem�Z�]Tbdz�se\^fdb8�)(`>*-,B?)b�st\e`ejis^_21tZ�ldbdo m�s^]uZ+*#*i` r R \em Sd_db�\TS Vkp S
V�S;n �-liZ�_dx�1 s^l|f�* Z-\e\y\^b�\^]ksem�.db�m�s43;: b�~�zd_�s^c r 0 ziZ�{dl�`�ldbdcefdx�3 m�s^]uZ+*#*�bdzdl�`T\^]B,-.

Z <∼ 0.001Z�

.+b�_iZ�c�m�s^_#0 r ji`T*-,D*�x+ziZ)ce_�s^ldbdo[}�`-_go�j�fgZw\e`-]ks^l�fd}�\ R `-]km�s^z�s^l#0 ]ksemnl#0Amnbhf r Z$jd�
_iZ�]uZ-mnb�liZY_db�\TS�RCb Vkp S-K 5e]Tb�~ \^b�\^]ksem�Z$~|`-]Tl�`J?Ys^ldb�s�� [ , ] ����l�sC}d_�s r 0�?YZ-s^]�P�SUV�S ��\9*�bhj Z�ldl#0As
\^b�\^]ksem�0No r *�o�3F]k\ o }d_�`-]k`-� Z+* Z�fd]Tbdz�se\^fdb�mnb `T�>* Z�fgZ-mnb7.+`T�T`-� Z>:Ys^ldl#0Amnb }d_�`�j�x+fd]uZ-mnb[c r s^c^j�l�`-��`
ldx�f�*ise`T\^bdld]ks^cuZ _iZ�ldldb�~7c r s^c^j�l#0H~7}�`-}dxJ*�o�vdbd{7.n]k`-� j Z�bdc�m�s^_�s^ldl�`Ts celiZ�z�s^ldb�s � [ , ] ��� x+fgZ�c/0 r Z$�
s^]7liZ ]k`#.	zd]k`5liZ�ziZ+*-,TliZ�o aCx�ldfdvdbdo m�Z-\e\ 5e]Tb�~ c r s^c^j�l#0H~ }�`-}dxJ*�o�vdbd{Nb�m�ses^] r s^_k~�l#3 3 �e_iZ$�
ldbdvdx

Mup < 25M�

S ( sem \�Z-m�0AmLl�s[}�`�j�] r s^_21Yj Z-s^]k\ o f+`T\em�`/*i`-�ebdz�se\^fdbd{N\^v�s^liZ�_dbd{7. r f+`-]k`��
_�`Tm liZ�_iZ�ldldb�~ \^]uZ$j�bdo+~ 5 r `/*-3 vdbdb KH\esL*is^ldl�`-{ R

z > 10
p `T�-_iZ�c�` r 0 r Z+*�b�\4,hc r s^c^j-0 \ m�Z-\e\�Z-mnb

M > 100M�

.�zd]k`w}d_db r sL*i`��J0 fh`-]Tl�`J? s^ldbdodm � [ , ] ���
> 1

S

K 
 � � 
 � � }d_�` r `�j�bd]k\ o b�\e\9*is ji` r Z�ldb�sA_iZ-\^}d_�s jisL*is^ldbdoD5el�s^_d�ebdbwb�`-ldbdcex�3 :Ys^��`?bdc4*�x�z�s^ldbdo r \^}�s^f��
]T_�s?m�s^]uZ�� Z+* Z�fd]Tbdz�se\^f�`-��` }d_�`-b�\ ~g`l1Yjis^ldbdo r `T�>* Z-\^]Tbp5el�s^_d�ebd{h`-]�R;_���� ji`[R�P	_�����S � Z-s^]k\ o `-}db��

RlE



� ���#& � � ¯ £E«��_¡-�j�����R�,�X�_���L±?���_�`�t�X���o� ���G�����j���V¡-�G���-����¢Q�t�_¡-�`���R³[±?�t±?�_�_«��
��±�¡-�V£E����«q���t�-����������«��
¡-�G£`«q�V¡g�X«���³V���j�t� �t���-��£E¡-�j���-� � G �t±?�_�_«��G�_�����_±��g� �X�j�t�j�o³G��±?��� �X��±?�`���_¡��s�G���-�o�E�.���`�t��� �K���V«q�_�-�V�X³���
�G�������G�j�V±N��³ �X�j�t�j� � �L«����
�-�_������±?�t±?�_�_«��
� � 9 �_«����R«��&�g³X�_�{¡g�G�K�X«��-" ±E« � �K��������¡-��± � * $ �G�G«������j���±?�t±?�_�_«��(�{�t«��������-��¡-�V£`«��_¡-� ���X¡ ���)�G�-*�+
+ �-�t±��{����£��-�����t�t±?���_¡�±?�-� ± ���L¡g�L±?�_��� "

σv ∼ 20
��«p±

−1 $ ��t¡-�j£E³X���-�
����������£��-�-��«q�_�K�V�-�t�������X±?�V� "
Z ∼ 0.001Z� $ �

\�Z�ldb�s Z+*���`-_dbd]km�Z�.�}�`-c r `/*�o�3 :Ys^��` r `T\e\^]uZ�liZ r *�b r Z�]B,Y\^}�s^fd]T_iZ+*-,Tldx�3Day`-_�mnxwm�s^]uZ�� Z+* Z�fd]Tbdz�se\^f�`-��`
bdc4*�x�z�s^ldbdo r 5e]k`Tm j�biZ�}iZ�c�`-l�s;5el�s^_d�ebd{[bdcCZ�liZ+*�bdcuZ `-}d]Tbdz�se\^fdb ]k`-ldfdb�~[Z-�T\e`-_��-vdb�`-ldl#0H~ \^b�\^]ksem7\
*�bdldbdodmnbwb�`-l�` rCr }�`T\8*is ji` r Z�]ksL*-,Tl#0H~�\^]uZ$j�bdo�~Yb�`-ldbdcuZ�vdbdb R\[ , "," X [ , "�� . � "�" X'� "�� . ^ "�","\. ^ � .�����" p S

K �:��S R
`T�T\^x�1Yj Z-s^]k\ o \e` r _�sem�s^ldl�`TsH\e`T\^]k`�o�ldb�s
}d_�`T�>*isem�0 b)at`-_�mnxJ*�bd_dxks^]k\ otcuZ$j Z�ziZ�S � `-�m* Z-\^l�`
`T�J:Ys^}d_dbdldo�]k`-{w]k`-zdf+sHce_�s^ldbdoW.-ay`-l�` r `Ts3b�`-ldbdcex�3;:Yses	bdc4*�x�z�s^ldb�s `T�-xk\8*i` r *is^l�`t\^x�m�m�Z�_dl#0Am r f�* Z$�
ji`Tm `-]�f r Z�cuZ�_�` r .�Z�fd]Tb r l#0H~8� Z+* Z�fd]Tbdz�se\^fdb�~ o�jis^_ b c r s^c^j�l�`-��`�liZ-\esL*is^ldbdo8m�`T*i`ej-0H~ � Z+* Z�fd]Tbdf7.
Z�s^��` \^}�s^fd]T_iZ+*-,TliZ�o ay`-_�m�Z�`-}d_�s jisL*�ods^]k\ o }d_�`-v�se\e\�Z-mnb }�`-�9*i`J:Ys^ldbdo r m�s41w� Z+* Z�fd]Tbdz�se\^f+`-{ \^_�s �
jisTSg�C`J5e]k`Tmnx.!�� ay`-lYji`T*-1)s^lp5 r `/*-3 vdb�`-ldbd_�` r Z�]B, cuZyf+`T\em�`T*i`-�ebdz�se\^f+`Ts r _�semnowbdc^� cuZC_iZ�c4*�bdzdl#0H~
}iZ�_dvdbiZ+*-,Tl#0H~ r f�* Z$ji` r `-] f r Z�cuZ�_�` r b � Z+* Z�fd]Tbdf7.�Zw]uZ�f#1 sYbdc^� cuZ�m�s^ldo�3;: s^{�\ o�l�s^}d_�`-ce_iZ�zdl�`T\^]Tb
m�s41w� Z+* Z�fd]Tbdz�se\^f�`-{ \^_�s j-0 . r 0 c r Z�ldl�`-{ r ]k`-_dbdzdl�`-{�b�`-ldbdcuZ�vdb�s^{ r `�ji`-_�`ej Zwb|��sL*�bdo#S

K ziZ-\^]Tl�`T\^]Tb7. r }�`T\8*is j�l�ses r _�semno ? bd_�`-f+` j�b�\^fdx+]Tbd_dxks^]k\ o r `-}d_�`T\5` r *�bdo�ldbdb _iZ$j�biZ�vdbdb7.
}�`-fdb�j Z>3;:Ys^{ R ` 1 A ��K ,0
�.+p?� Z+* Z�fd]Tbdfdb7. liZ[}�s^_�sem�s^ldl�`T\^]B,�\^}�s^fd]T_iZ|ay`-l�` r `-��` bdc4*�x�z�s^ldbdo). `T�-liZ�_dxg�
1 s^ldldx�3 }�`�\^}dx+]Tldbdf�` r 0Am liZ-�>*-3Hjis^ldbdodm *ise\�Z� `+","�d	�

α
SWn>j�liZ�f�`'5e]k`-]��ebd}�`-]ks^]Tbdz�se\^fdbd{ r f�* Z$j

`-]t� Z+* Z�fd]Tbdf `-fgZ�cuZ+*[�J0 l�s^}�`T\^_�s ji\^] r s^ldl�`Ts r *�bdo�ldb�s liZy\^}�s^fd]T_iZ+*-,Tldx�3 ay`-_�mnxYb�`-ldbdcex�3 :Ys^��`Cbdc^�
*�x�z�s^ldbdoW.�jisL* Z�o ses)�T`T*isesYmno��ef�`-{ r j�biZ�}iZ�c�`-l�s

λ < 912
OQ }�` \^_iZ r l�s^ldb#3 \yzdb�\^]k` f r Z�cuZ�_dl#0Amnb

\^}�s^fd]T_iZ-mnb R � ,0�)( , � . [ N�, 	0	AR�����E�� d7`�,0/-N-`��9`�� `�/ ��	 SnR������kp S ( Z�fdb�mD`T�-_iZ�c�`Tm�. r `T\e\^]uZ�l�` r *is^ldb�s�\^}�s^f��

R �



]T_iZ+*-,Tl�`-{hat`-_�m�0Nm�s^]uZ�� Z+* Z�fd]Tbdz�se\^f�`-��`�bdc4*�x�z�s^ldbdo�j Z-s^] r `-c�m�`l1wl�`T\^]B,�`-v�s^ldbd]B, `-]Tl�`T\^bd]ksL*-,Tl#0 {
r f�* Z$j�� Z+* Z�fd]Tbdf|b f r Z�cuZ�_�` r�r !���ay`-l liZY_iZ�c4*�bdzdl#0H~ fd_iZ-\^l#0H~h\em�s4: s^ldbdo�~�S

K �?��SUW�_iZ-\e\em�Z�]T_db r Z-s^]k\ o }d_�`-v�s j�x�_iZ r `T\e\^]uZ�l�` r *is^ldbdo \^}�s^fd]T_iZ+*-,Tl�`-{5ay`-_�m�0 b�`-ldbdcex�3;: s^��`
at`-l�` r `-��`?bdc4*�x+z�s^ldbdoW. # � = [#['R$# � = $ [ K-` A /
� ��	 [ N���K-`up ST�?_�`-v�s j�x+_iZC`T\^l�` r Z�liZCliZFm�s^]k`�j�bdf+sFaCx+ldf��
vdbdb `-]Tf�*�bdfgZ bdcH]kse`-_dbdbw}�* Z�ldbd_�` r Z�ldbdoD5ef�\^}�s^_db�m�s^ld]uZ R %yZ+*�b�m�` r . � s^_dl�` r ZwR��T� ) � %yZ+*�b�m�` r R���E�R �
q j#*is^_7. �8Z�_df+` r Z�.�-�_iZ�l�` r \^fdbd{ R���E�R � h ( � .� ', 
 /9`��T.� ', 
 /9`��yR���E � p Sd�?_�` r s^_dfgZ m�s^]k`ej ZwliZYm�`ejisL*-,-�
l#0H~ \^}�s^fd]T_iZ$~)}�`-fgZ�c/0 r Z-s^]+.-zd]k` # � = [#[ xk\^}�s4?)l�`?\^}d_iZ r *�ods^]k\ ow\ r `T\e\^]uZ�l�` r *is^ldb�sem \^}�s^fd]T_iZ+*-,Tl�`-{
at`-_�m�0 b�`-ldbdcex�3;: s^��` bdc4*�x+z�s^ldbdoh}�`w`-}d]Tbdz�se\^fdb�]k`-ldfdb�m Z-�T\e`-_��-vdb�`-ldl#0AmN\^b�\^]ksem�Z-m S

�?_iZ�fd]Tbdz�se\^f+`Ts }d_db�m�s^l�s^ldb�s # � = [#[ f Z�liZ+*�bdcex liZ-�>*-3Hj Z-sem�0H~ \^b�\^]ksem bdc4*i`T1 s^l�` r � ��SUV�S
� Z-\^]B,�bdca5e]Tb�~ \^b�\^]ksem b�m�s43F]wfd_iZ-\^l#0As)\em�s4: s^ldbdo r �>*�bdceb

z ∼ 3
S �	]k`-]Yj�biZ�}iZ�c�`-l|fd_iZ-\^l#0H~h\em�s �

:Ys^ldbd{ }d_�s ji\^]uZ r *�ods^]7`T\e`T�J0 { bdld]ks^_�se\B.�}�`T\^f�`/*-,Tfdx `-l \e`T`-] r s^]k\^] r xks^]7f+`T\em�`/*i`-�ebdz�se\^f�`-{ 5e}�`e~gsB.
f�`-� j Z  `+"�"is4:Ys l�sF�J0i* }�`/*�l�`T\^]B,B3Db�`-ldbdc�` r Z�l R _ `�, N@`�� 1 `�/ ��	 SiR�����ETp Sg�?_db�\^x�]k\^] r b�s r m�s41w� Z+* Z�f��
]Tbdz�se\^f�`-{ \^_�s jisHcuZ-m�s^]Tl�`-��`?f+`T*�bdz�se\^] r Z  `+"�" r *�bdo�s^]CliZFay`-_�mnxt\^}�s^fd]T_iZ?at`-l�` r `-��`Fb�`-ldbdcex�3;: s^��`
bdc4*�x�z�s^ldbdo r j�biZ�}iZ�c�`-l�s 5el�s^_d�ebd{

E > 1
_���� R \em S�_db�\TS q p
bdc^� cuZt_�s^f�`Tm��-bdliZ�vdb�`-ldl�`-��`�bdc4*�x�z�s^ldbdo

*�bdldbdb  `+"�" d��
α
R 5�mnb�\e\^b�`-ldliZ�o5jis^]uZ+*-,hliZhV _����ipL.#j r xg~day`-]k`-ldl�`-��` bdc4*�x�z�s^ldbdo R }d_�`-]$o�1 s^ldliZ�o

5�mnb�\e\^bdo r `T�>* Z-\^]Tb � < 3
_����ip b7}�`-�9*i`J:Ys^ldbdo r f�`-ld]Tbdldx+x�m�s� `+"�"�}d_db � > 4

_���� R  ����� �'/T.
# � � ��, R����T����/&��� � ��	�`�/���	 S�R���� � p S�n �J:Ys^}d_dbdldo�]uZ�ohliZY\es^��`ej�ldo�? ldbd{|jis^l#,�at`-_�m�Zw\^}�s^fd]T_iZ r 5e}�`��
~�x

z = 3
.�}�`T*�x+z�s^ldliZ�o bdc m�`�jisL*-,Tl#0H~ _iZ-\^z�s^]k` r  ����� �'/T. # � � ��, R R����T�kpL.�}�`-fgZ�cuZ�liZ7liZ _db�\TS q

l�s^}d_�s^_#0 r l�`-{Nfd_db r `-{�S K ]k`U1)s r _�semno \^}�s^fd]T_#0 . r `T\e\^]uZ�l�` r *is^ldl#0As liZ-mnb }�` Z-�T\e`-_��-vdb�`-ldl#0Am
\^b�\^]ksem�Z-m'\

z ∼ 2.4− 3
.+jisem�`-l�\^]T_dbd_dx�3F]Y_�s^cef+`Ts }�`-ldb#1 s^ldb�sFbdld]ks^l�\^b r l�`T\^]Tb r j�biZ�}iZ�c�`-l�s

E ≥ 3
_���� R _db�\TS q p S �o0 bdld]ks^_d}d_�s^]Tbd_dxksem 5e]k`�}�`-ldb#1)s^ldb�s fgZ�f|}�`-�m*i`J: s^ldb�s r *�bdldbdb  ;`+","�d��

α
r d��

α
`T�>* Z�fgZ$~ b r j�b�ataCx+cel�`Tm � Z�c�sB.�l�s^}d_�s^_#0 r l�`7cuZ�}�`/*�ldo�3;: sem m�s41w� Z+* Z�fd]Tbdz�se\^f+`Ts }d_�`T\^]T_iZ�l�\^] r `
R `T�T`T�J:Ys^ldl#0 {o5�atays^fd] -�Z�liZ$���Cs^]ks^_�\e`-liZkp S
�C` r sL*�bdzdbdl�s jis^}d_�se\e\^bdbNbdld]ks^l�\^b r l�`T\^]Tb }d_db

E ≥ 3
_���� m�`l1wl�` `-v�s^ldbd]B, 5�atays^fd]Tb r ldx�3

`-}d]Tbdz�se\^fdx�3 ]k`/*-: bdldx7l�s^}d_�s^_#0 r l�`8_iZ-\^}d_�s jisL*is^ldl�`-��`7m�s41w� Z+* Z�fd]Tbdz�se\^f+`-��`7� Z�cuZ r *�bdldbdb  ;`+","
d	�

α
.
τHe II
GP

.�b7}d_�`T\9*is j�bd]B, cuZ|ses bdc�m�s^l�s^ldb�sem r cuZ r b�\^b�m�`T\^]Tb `-]
z
S�%yZ�_db�\TS ) }�`-fgZ�cuZ�liZ�]uZ�fgZ�o

cuZ r b�\^b�m�`T\^]B,
τHe II
GP

`-]|fd_iZ-\^l�`-��`h\em�s4: s^ldbdo R ]ksemnl#0As \^b�m r `/*-0FpCliZ�_go�j�x \Yl�s^}�`T\^_�s ji\^] r s^ldl�`|bdc^�
m�s^_�s^ldl#0Amnb�l�s^}d_�`-ce_iZezdl�`T\^]uodmnb�m�s41w� Z+* Z�fd]Tbdz�se\^f+`-{�\^_�s j-0 R \ r s^]T*-0AsA\^b�m r `T*-0FpL.k`-v�s^l�s^ldl#0Amnb }�`
liZ-�>*-3Hjis^ldbdodmDliZ `-_��-bd]uZ+*-,Tl�`-{ `T�T\es^_ r Z�]k`-_dbdb / ga[ � S � `T`-] r s^]k\^] r b�s�m�s41Yj�x }d_godm�0Amnb5bdc�m�s^_�s �
ldbdodmnb b r 0 zdb�\9*is^ldl#0Amnb }�` r `T\e\^]uZ�l�` r *is^ldl#0Am \^}�s^fd]T_iZ-m m�`T1wl�`?\^zdbd]uZ�]B,?x-ji` r *is^] r `-_dbd]ksL*-,Tl#0Am�.
~g`-]$o�liZ>? b|celiZ�z�s^ldbdo8}�`/*�x�zdb�*�b�\4,�\^b�\^]ksem�Z�]Tbdz�se\^fdb r 0�?Ys)liZ WTPuX q P � R

∼ 1 − 2σ
p S �	]uZ _iZ�celdbdviZ

m�`l1)s^]t�J0 ]B,)`T�JI�o�\^l�s^liZ?\9*is j�x�3;: b�mnb }d_dbdzdbdliZ-mnb�S�KH`�� }�s^_ r 0H~).gm�0 b�\^}�`/*-,Tc�` r Z+*�b�}d_db��>*�b#1 s^ldb�s
at`-_�m�0 jis^}d_�se\e\^bdb f�`-ld]TbdldxgZ+*-,Tl�`-��`|bdc4*�x�z�s^ldbdo5m�s41Yj�x5V�b q _���� }d_�`T\^]k`-{7\^]Tx�}�s^l#,Tf+`-{7. f+`-]k`��
_�`Ts[l�s[x�zdbd]B0 r Z-s^] r `-c�m�`T1wl�`-{ �T`T*ises \8*i`T1wl�`-{ ay`-_�m�0 }�`/*i`T\40 }�`-�m*i`J: s^ldbdo -�Z�liZ$���Cs^]ks^_�\e`-liZ�S
KH`�� r ]k`-_#0H~W.��m*�x��-bdliZ jis^}d_�se\e\^bdb `-}d_�s jisL*�ods^]k\ o r `T\^l�` r l�`Tm `-]Tl�`T\^bd]ksL*-,Tl#0Amnb�bdld]ks^l�\^b r l�`T\^]$odmnb
*�bdldbd{ � "," .�� ",","�b � "��
S�n>j�liZ�f+` }�`-]ks^ldvdbiZ+*�b�`-ldbdcuZ�vdbdb � ","," R V�S ) WD_����ipH�>*�bdc�`-f�fhliZeziZ+*�x'*ise\�Z
 ;`+"," d��

β
R V�S ) �X_����ip S��C`J5e]k`Tmnx5ji`-}�`T*�ldbd]ksL*-,Tl#0 {Z5�ayays^fd] -�Z�liZ$���Cs^]ks^_�\e`-liZ8liZX5e]k`-{ ��sL*�b�s r `-{

*�bdldbdb[m�`T1 s^] r *�bdo�]B,)liZCbdc�m�s^_godsemnx�3 ji`/*-3 b�`-liZ � ",","�b�\8*is j�x�3;: s^��`)cuZ?ldb�m � "���S �	]Tb�l�se`-}d_�s �

R��



� ���#& � � ª ¡-�t«q�V¡ «��`���`�t�X���X¢=� ±?�-���g�G¡-� �[�G���X³X�X¢=�°«��j�K�G¢]�_�t���g�V���-�V± ���X¢=�����G����£E�������j¢?����£?�t�����j���-�
���

z = 3
" �-�_��¡-�_¡-�R³X���_�b�t�����g� $ ��³X�����t±Q�t�j�����G¢?� ³I¡-�
�X�G�V� � "("�����&�����"�� "
	 " * �(����$ ����±?�-���g�G¡-�G³.�³X�L±E±?�K�G�-�X³G�t�j������� �t¡-�X�-�`�t�-¡-�
���
������� " ���V¡-���L�G³X�R� �p�������-�_�t¡-���R�°�t�-����� $ ���b���L±?�L¡.�G�����X���-��«±?�t±?�_�_«��X«´±[�t�����g�t«��°«q�_�K�V�-�t�X³ �

jisL*is^ldl�`T\^]Tb7m�`-�ex+] }d_db r `�j�bd]B,|f }�s^_�se`-v�s^ldf+s _iZ-\^z�s^]Tl�`-{ r sL*�bdzdbdl#0
τHe II
GP

liZ P�S R X�P�SUW�S � j�_dx+��`-{
\^]k`-_�`-l#0 .+bdc�m�s^_�s^ldbdo

τHe II
GP

}�`?j Z�ldl#0Am7\�/ ge[ � m�`-�ex+]yj Z r Z�]B,tcuZ�ldb#1)s^ldl#0AsFceliZez�s^ldbdo bdc^� cuZC}d_�`��
�>*isem�.T\ r o�cuZ�ldl#0H~ \ r 0 zdbd]uZ�ldb�sem ay`-liZFbYxk\^]uZ�l�` r *is^ldb�sem5ldxJ*-,-� }dx�ldfd]uZ r f�`-_�`-]Tf+` r `/*�l�` r `-{�ziZ-\^]Tb
\^}�s^fd]T_iZ�. \e`T`-] r s^]k\^] r x�3;:Ys^{

z < 2.555
R /�` A N 
-`�� `�/���	 SiWTPTPT�kp S

K3`T\e\^]uZ�l�` r *is^ldl#0As�\^}�s^fd]T_#0 r j�biZ�}iZ�c�`-l�s
2.4 < z < 3

}�`-fgZ�c/0 r Z>3 ] cuZ-m�s^]Tl#0As�aj*�x+fd]TxgZ�vdbdb
at`-_�m�0 . r ziZ-\^]Tl�`T\^]TbD1)se\^]Tf�`T\^]Tb }d_db

E > 4
_�����SJn>j�liZ�f+`e5e]Tbwaj*�x+fd]TxgZ�vdbdbw`ej�l�`-celiZ�zdl�`C\ r o�cuZ�l#0

\Y}d_�`-v�se\e\�Z-mnb7}�s^_�s^_iZ-�T`-]Tfdb7f r Z�cuZ�_dl�`-��`|bdc4*�x+z�s^ldbdo5m�s41w� Z+* Z�fd]Tbdz�se\^f�`-{ \^_�s ji`-{7. Z�l�s r f�* Z$ji`Tm
c r s^c^j�l#0H~�b�\^]k`-zdldbdf+` r S � r s^c^j�liZ�o8\e`T\^]uZ r *�o�3;:wZ�o|}d_db r sL* Z �J0 f `-z�s^l#, fd_dx�]k`TmnxhliZ�f�*i`-ldx|\^}�s^f��
]T_iZ r `T�>* Z-\^]Tb 5el�s^_d�ebd{

E > 1
_���� R }�`-fgZ�cuZ�]ksL*-,'\^]ks^}�s^ldl�`-��`7\^}�s^fd]T_iZ

α < −2.0
}d_db R _����

< E < 3
_����ipyb }�`-ldb#1)s^ldb#3 bdld]ks^l�\^b r l�`T\^]Tb liZ�VX_����W.�]k`-� j Z�fgZ�f'_iZ-\e\em�`-]T_�s^ldl#0As \^b�\^]ksem�0

]T_�se�-x�3 ]�`-]Tl�`T\^bd]ksL*-,Tl�` 1)se\^]Tfdb�~7\^}�s^fd]T_�` r R
α > −1.6

pCb5cuZ-m�s^]Tl�`-��` 5�mnb�\e\^b�`-ldl�`-��`�}dbdfgZhliZ|V
_���� r \e`-z�s^]uZ�ldbdb7\e` celiZ�zdbd]ksL*-,Tl#0Am `T\9* Z-�>*is^ldb�semDbdc4*�x�z�s^ldbdo5}d_db

E > 4
_���� � ]$S sTS�jis^]uZ+*is^{7.

f�`-]k`-_#0Asy`ej�l�`-celiZ�zdl�` x�fgZ�c/0 r Z>3F]�liZt}d_�`-v�se\e\40D}�`-�9*i`J:Ys^ldbdo r * Z�{�m�Z�l�` r \^f+`Tm f�`-ld]Tbdldx+x�m�s  ;`+","

WTP



� ���#& � ��� ³X�j��� �����X�-���V� £E�V³X�t±?��«��L±?�_�b���j�t¡-�X£E¡-�������L±?�_�p³2�t���-��� � ����� ���
α
«q����¢]�V�����-�_�����_±�� �X¢?�

¢]�G£?���
τHe II

GP (z) � G ³X�j�E�t��«��2±?�t«�³X�j�t�G«��2�X�V«������j��� �t¡L�t«q�R�²��£`«��_¡-�j���g�2�����
	 ±?�����-�V¡-�X« ��� ) ' 	 � �	 ' 	
) "��  ���
�� ��&�"�' � )
+�+(	 $ � � � * � +�+�� � 	�* � " �-³X�_��¡-�G�_���-� 
�� " ��� � � ��
 ��&�"�' � * �(��� �q���_¡-�����_¡��-�����V�o��-³X�_��¡-�G�_���-� 
�� ���� �
�� � ��&%"(' � )
+�+ ��$ ��� *�*�� � � ' *�	 ' "�� ����� � � � ��& "�' � )
+�+��! $ � 9 �_«�����«���±?�t«�³G�
��t�X«��I�����V�G£E�V��� �-£`«��_¡-�j���-� ���¬³X�L±?±?�=�V���X³G���_�-����« ±=�����-�G¡g�X« �[�X�-�X³X�X¢=� ���X���-£E����� �j¢?�¬��£?�t�����j���-�5�
¡-�L« �X���-�p�����_¡-�j³X�_¡-�-�g�_�R� �V¡-�j�g¢=�_���X�����-� 
 �"��"�# $�
 $���" ��& "�' � "*)
+�+�� $%$ �G¡-�j��¢?�j�t�X�����-�	� �-³G�_�{¡-�V�V����-�2�2���-¡-�������L±?�_� 
 �
��"�# $&
�$�� " ��&�"�' � "*)
+�+ ��$ � �R�V«������j�����o�²³X�_¡-�V���G�V�t�G����«��2�G�G¡-�j£��V�X«��b��� �����g�±?�X�X�_³X�j�G±=�V³X��� ���g¡-�X³G����£E�������t«��X±?�V�

1σ �
\?}�`T\9*is j�x�3;: b�m _�s^f+`Tm��-bdliZ�vdb�`-ldl#0AmN}�s^_�s^bdc4*�x�z�s^ldb�sem r *�bdldbdo�~ ��sL*�bdo�S

� `-_�m�0 r `T\e\^]uZ�l�` r *is^ldl#0H~ !�� \^}�s^fd]T_�` r }d_db
z < 2

R \em S�_db�\TSi�kp3`-fgZ�cuZ+*�b�\4, �T`T*isesa1)se\^]Tfdb�mnb
r j�biZ�}iZ�c�`-l�s

E > 3
_���� }�` \^_iZ r l�s^ldb#3 \wm�`�jisL*-,Tl#0Amnb7\^}�s^fd]T_iZ-mnb5bdcw_iZ-�T`-]B0  ����� �'/T. # � � ��,

R R����T�kp S n>j�liZ bdc }d_dbdzdbdl ]uZ�f+`-��`5_iZ-\ ~g`T1Yjis^ldbdo cuZ�f�*-3 ziZ-s^]k\ o r ]k`Tm�.nzd]k` 5e]Tb Z r ]k`-_#0 b�\^}�`/*-,-�
c�` r Z+*�b b�\^fgZ>1)s^ldldx�3 \^]uZ�]Tb�\^]Tbdfdx `T�>* Z�f�` r d��

α
*ise\�Z8}d_db

z <∼ 1.8
. r f�`-]k`-_�`-{N`-]Tl�`T\^bd]ksL*-,Tl�`Ts

\e`�jis^_21tZ�ldb�sy\^b�*-,Tl#0H~� #"#Z-�T\e`-_��Ts^_�` r �J0i*i` cuZ r 0�?Ys^l�`#.+zd]k`)}d_db r sL*i` f l�s ji`T`-v�s^ldf�s?bdld]ks^l�\^b r l�`��
\^]Tb !�� bdc4*�x+z�s^ldbdo r `T�>* Z-\^]Tb

E > 4
_�����S

K3sL*�bdzdbdliZC}�`-ldb#1)s^ldbdowbdld]ks^l�\^b r l�`T\^]Tb+!�� f�`-ld]Tbdldx+x�m�Z liZ q _���� b�\^}�`/*-,Tc�` r Z+* Z-\4,yj#*�ow`-v�s^l��
fdbF5�ayays^fd]Tb r l�`-{D*�x�z�s r `-{ f+`-ldv�s^ld]T_iZ�vdbdb� ;`+"," S�%yZ�{�jis^ldl#0 { _iZ�c��-_�`T\AceliZ�z�s^ldbd{

N
R  ;`+"," p�l�s }d_�s �

r 0�?wZ+* q P � r `-fd_dx+� m�s j�biZ�l#0
1.2 × 1018 A m −2 S-H?_�`Tm�s 5e]k`-��`#. r `T\e\^]uZ�l�` r *is^ldl#0As \^}�s^fd]T_#0 }�`-fgZ$�

W�R



� ���#& � � ª ¡-�t«q�V¡ «��`���`�t�X���X¢=� ±?�-���g�G¡-� �[�G���X³X�X¢=�°«��j�K�G¢]�_�t���g�V���-�V± ���X¢=�����G����£E�������j¢?����£?�t�����j���-�
���

z = 1.8
" �-�_��¡-�_¡-�R³X���_� �t�����-� $ �Z³X�����t±Q�t�j�����X¢=� ³ ¡-�
�G�X�V� � "("�����& � ��" � " 	 " * ������$ �Z�2±?�-���g�G¡-�G³.�³X�L±E±?�K�G�-�X³G�t�j������� �t¡-�X�-�`�t�-¡-�
���
������� " ���V¡-���L�G³X�R� �p�������-�_�t¡-���R�°�t�-����� $ ���b���L±?�L¡.�G�����X���-��«±?�t±?�_�_«��X«´±[�t�����g�t«��°«q�_�K�V�-�t�X³ �

c/0 r Z>3 ]�_iZ�cel�`T`T�-_iZ�ceb�s ay`-_�m \)]ks^l�jis^ldvdb�s^{5f �T`T*-,B?)b�mD\^}�s^fd]T_iZ+*-,Tl#0Am bdl�jis^f+\�Z-m r j�biZ�}iZ�c�`-l�s

1 < E < 4
_���� R

α > −1.4
.3m�s j�biZ�ldl�`Ts8celiZez�s^ldb�s

αmed = −1.0
p S �	]Tb \^}�s^fd]T_#0 o r *�o�3F]k\ oW.

}�`�� r b�j�b�m�`Tmnx�. r ldx+]T_�s^ldldb�mnb \^}�s^fd]T_iZ-mnb|f r Z�cuZ�_�` r .i]$S sTSdb�~ ay`-_�m�Z l�s?b�\^fgZ>1)s^liZ }�`-�9*i`J:Ys^ldb�sem r
m�s41w� Z+* Z�fd]Tbdz�se\^f�`-{ \^_�s jisTS

K }�`ejdjis^_�1wfdxX5e]k`-��` r 0 r `�j Z�}d_db r `�j�o�]k\ o \8*is j�x�3 : b�s liZ-�>*-3Hj Z�]ksL*-,Tl#0As atZ�fd]B0yS��C\^}�`/*-,TcexTo
l�se\^f�`/*-,Tf�`?_�s^ld]T��s^l�` r \^fdb�~ `T�-c�`-_�` r . r _iZ-�T`-]ks g ` � � `�/ ��	 S R WTPTPTVkp�b�\e\8*is ji` r Z+* Z-\4,Cf+`T\em�`T*i`-�ebdz�se\^fgZ�o
5 r `T*-3Fvdbdo�aCx�ldfdvdbdb \ r s^]Tb�m�`T\^]Tb Q �e^ S$� 0i*i`)liZ�{�jis^l�`#.�zd]k`t\e`-}dx�]k\^] r x�3;:wZ�o�}d_�`T\^]T_iZ�l�\^] r s^ldliZ�o
}�*i`-]Tl�`T\^]B,YliZ�b��T`T*ises?o�_dfdb�~ Q
�e^ R f r Z�cuZ�_�` r p
b�m�ses^]Y}dbdf[liZ

z ' 2
b[}�`T\8*is;5e]k`-��`)�J0A\^]T_�` x�m�s^l#,-�

?wZ-s^]k\ o�S7n>j�liZ�f+`�}d_�`T\^]T_iZ�l�\^] r s^ldliZ�o }�*i`-]Tl�`T\^]B,hm�s^l�ses o�_dfdb�~W.il�` liZ }�`-_go�j�fdb �T`/*iseswmnl�`-��`-zdb�\ �
*is^ldl#0H~ Q �e^ }d_�`�ji`/*-1tZ-s^] r `-ce_iZ-\^]uZ�]B, r }�*i`-]B,Cji`

z <∼ 1
S � j�_dx���`-{ \^]k`-_�`-l#0 .T_�s^cexJ*-,u]uZ�]B0N`T�-c�`-_iZ

Z�fd]Tb r l#0H~7� Z+* Z�fd]Tbdz�se\^fdb�~7o�jis^_ liZ / ga[ � }d_db z < 1
R\[ A ( /
/	`�/ ��	 S�WTPTP q pC}�`-fgZ�cuZ+*�b7. zd]k` m�s^l�ses

o�_dfdb�s Q �e^ `T�>* Z$j Z>3 ]5�T`/*ises'1 se\^]Tfdb�mnb \^}�s^fd]T_iZ-mnb R
αmed = −0.6

p r j�biZ�}iZ�c�`-l�sh� ) PuX R�PTPTP OQ
R P�S �uX RTS q _����ip S

WTW



� ���#& � � G ¡-�E�����j³X£?³X�����j�����o��±?�-���g�G¡-�����G¢N���L���j���g� � ����� ���G�V�������_±?�_³G�t�j�����o��³¬±?��±?�V�_«�� z = 1.84
³

�-³X�G£?�X¡-� � *�*�+�* ��) � 	 " ���L¡�«q�t¡-�X³X�V�����R�������_�_��±?��³X���X±?�V� �����G�V£E�G�-� ¢=�t±?�_�X¢E¡-�G«
«��G«�� $ � 1 �X�t�j³X�X��£E��������j�����d¡g�_�����_�t�X���
� ±�� �L¡-�L±=�V� ±?�X�X�_³X�j�V±?�V³G�L�_�
zabs � * � � ' � � *�* � 1 �j�t¡-�_¡-�o³X���R�(��¡-��³X�o� 
 «��`���`�t�X�-�R�

±?�����-�V¡-�(�,³X������±N�t�j���-�R� ��£I±?�G³L«��_±?�_���X¢?� �G�-�V�t��£?�2�t������� � ����� � � �_¡-�_���G�_�t�X���o� �������-�_�t¡-�-�R� �t��������¬�X�G«q���-�
� �d���j�t�����j���-� ���L«q���X���j��� � �L«��g�t���g±?� � ����� � 1 �X¡�«��t¡-�G³X�G���-�R�d�L±?�K�G���-�	� (Fcal
i −Fobs

i )/σi
�

�����G�V£E�G��� �V�����G�X«�� " ¢?�L¡g��£E�X���K�V���X���R� �������-�_�t¡-���o�d�t���������X¢E¡-�V�������-³X�
� �������_�V¡g³X�V�
±1σ � 9 �j��±?�_�R�¢?�L¡-�-£E�X���K�V�t�G���R���X�V¡-�j£��-���X�V«������
� �������X±?���-���t¡-�L���-�t���	�G³��g��� ���j�����o�R³��t¡g�X���E���g¡-�d�X���_�t«��-£E�G���-� �; ���G�-�G£E�X�-�

v < −50
�-«)±

−1
�

v ' −30
�-«)±

−1
³ �t¡-�L���-�t����������� � ����� �G�t�j�g�t�t¡-�X³X�V��� ±N�t���X��«��

�V�`���t�g¡-���-�V± �-�t«��¬�t�����-��«�� �
( Z�fdb�m `T�-_iZ�c�`Tm�m�0 }d_db�~g`ej�b�m f r Z>1wl#0Am r 0 r `�j Z-m�. zd]k` bdc�m�s^l�s^ldb�sU1)se\^]Tf�`T\^]TbD\^}�s^fd]T_iZ

m�s^]uZ�� Z+* Z�fd]Tbdz�se\^f�`-��` !�� bdc4*�x+z�s^ldbdo|}d_�`-bdc�`J? *i` m�s41Yj�x f�`T\em�`/*i`-�ebdz�se\^fdb�mnbU5e}�`e~kZ-mnb
z ∼ 2.4

b

z ∼ 1.8
.kbwzd]k`ym�s^]uZ�� Z+* Z�fd]Tbdz�se\^fgZ�o[\^_�s j Zy\^]uZ�l�` r bd]k\ o }�`T*�l�`T\^]B,B3 }d_�`-ce_iZezdl�`-{ r *�bdldbdb  ;`+","#d��

α
}d_db

z <∼ 1.8
.i]$S sTS r 5e]Tx'5e}�`e~�x[cuZ�f+`-ldzdb�*i\ o�}d_�`-v�se\e\y_�s^b�`-ldbdcuZ�vdbdb m�s41w� Z+* Z�fd]Tbdz�se\^f+`-��`[��sL*�bdo�S

K 
 ��� 
 � ��bdc4* Z�� Z-s^]k\ o5liZ�b��T`/*ises�}�`T\8*is ji` r Z�]ksL*-,TliZ�o m�s^]k`ej�bdfgZ�.�f�`-]k`-_iZ�o5_iZ�ce_iZ-�T`-]uZ�liZ�j#*�o r 0H�
\e`-f�`-]k`-zdl#0H~7j�b�atays^_�s^ldvdbiZ+*-,Tl#0H~ bdc�m�s^_�s^ldbd{ }�`T\^]k`�o�ldl�`-{ ]k`-ldf�`-{'\^]T_dx�fd]Tx�_#0

α (≡ e2/h̄c)
}�`

Z-�T\e`-_��-vdb�`-ldl#0Am \^}�s^fd]T_iZ-m f r Z�cuZ�_�` r S�nF}db�\40 r Z-sem�0As m�s^]k`�j-0 }�`-c r `/*�o�3 ]|}�`T*�x+zdbd]B,hbdl�j�b r b�j�x+�

WTV



� ���#& 	 �
χ2
�G���p���g���g���-� ¡-�V£E���L±?�_� ¡-�_�t���V�t�G�����p±�� �L¡-�X±?�V���

∆v
«������t� �t�-���-�t«q� � ����� λ1608

�

λλ2382, 2600
�� " ���t±Q�t� ±?�_�_�-�_�-��� ±?³X���X�`���

ν = 305 $ � � �_¡�� �����b���G¡-�
�G�_�t� χ2(∆v)
�t¡-�

∆v = −0.18��« ±
−1
���G�j�����G���G�_�t�j�,³X�_¡-�j���_���X�,£E�������j�����

∆α/α � � � 	���� � � �[¡g�X³X�j����£E��������«��L±?�_� 1σ
�G�t¡-�E���`�����j�V±N�

� ±N�t�G³X���_«
∆χ2 = 1

" � �V¡-���L�X³X�_���t�-���-� $ � ���V���t¡-��³X�`����� � σ∆v = 0.08
��« ±

−1
�t�-���

σ∆α/α = 2.4
��� � �

Z+*-,Tldx�3 `-v�s^ldfdx
∆α/α = (αz − α)/α

.n\^_iZ r ldb�mnx�3 }�`�]k`-zdl�`T\^]Tb \ r sL*�bdzdbdl�`-{
〈∆α/α〉

.nxk\^_�s jd�
l�s^ldl�`-{�}�`)�T`/*-,B?Y`Tmnx f+`T*�bdz�se\^] r x[\^b�\^]ksem'\A_iZ�c4*�bdzdl#0Amnb

z
S � *is j�xks^] \^fgZ�cuZ�]B,-.�zd]k`)}d_db b�\e\9*is ji`��

r Z�ldbdb��ebd}�`-]ks^]Tbdz�se\^fdb�~ r Z�_dbiZ�vdbd{
α
liZ f+`T\em�`T*i`-�ebdz�se\^f+`-{ r _�sem�s^ldl�`-{ ?)fgZ+*ist]uZ�fdb�syxk\^_�s j�l�s^ldbdo

l�s41 sL* Z�]ksL*-,Tl#0 .�}�`T\^f+`/*-,Tfdx `-ldb|l�sC}�`-c r `T*�o�3F]�`-]k\8*is j�bd]B,�\^b�\^]ksem�Z�]Tbdz�se\^fdb�sw`J?)b��-fdb7.i}d_db r `ej�o�]
fwaCbdfd]Tb r l�` cuZ r 0�?Ys^ldl�`-{ ]k`-zdl�`T\^]TbwbY}�`-]ks^_�s3bdl�ay`-_�m�Z�vdbdb ` r `-c�m�`T1wl#0H~wbdc�m�s^l�s^ldbdo�~

α
r ldx�]T_db

bdld]ks^_ r Z+* Z xk\^_�s j�l�s^ldbdo�S
Y s^cexJ*-,$]uZ�]B0 \e` r _�sem�s^ldl#0H~YZ-\^]T_�`-l�`Tmnbdz�se\^fdb�~wbdc�m�s^_�s^ldbd{Yx-ji`T�-l�` r 0 _iZ>1tZ�]B, r s j�bdldbdviZ$~

10−6

R R£K�K#N .PK����
/ 1aK-`��oN.,0	0	0,�( 
 p S � `T`-] r s^]k\^] r s^ldl�`#.?]k`-zdl�`T\^]Tb7. ` f+`-]k`-_#0H~ b�jis^] _�s^z#,-.F\e`T\^]uZ r *�o�3 ]
l�se\^f�`/*-,Tf�` s j�bdldbdv�K�K#NhS3�C`NR q V7\^b�\^]ksem�Z-m R j Z�ldl#0As \ R�P7m ]ksL*ise\^f�`-}iZ Ca` A4b pL.	xk\^_�s j�l�s^ldl#0Am
r j�biZ�}iZ�c�`-l�s

0.2 < z < 4.2
.C�J0i*i` }�`/*�x�z�s^l�`

〈∆α/α〉 = −5.7 ± 1.1
K�K#N R$# , �-K�N � `�/ ��	 S

WTPTPTVkpL.g]$S sTSk\e`-�m* Z-\^l�` 5e]Tb�m `-v�s^ldfgZ-m5celiZez�s^ldb�s
α
�J0i*i`ym�s^l#,B? s r _iZ�ldldb�sAf�`T\em�`/*i`-�ebdz�se\^fdb�se5e}�`e~�b�S

n>j�liZ�f�` _�s^cexJ*-,u]uZ�]B0�\|R�P|mD]ksL*ise\^f�`-}iZ|l�s �J0i*�b7}�`�j�] r s^_21Yjis^l#0�l�s^cuZ r b�\^b�m�0Amnb bdc�m�s^_�s^ldbdodmnb
liZ5]ksL*ise\^f+`-}�sXc;d fa. r f�`-]k`-_#0H~NZ�liZ+*�bdcebd_�` r Z+*�b�\4, WTV5\^b�\^]ksem�0 bdc|j�biZ�}iZ�c�`-liZ

0.4 < z < 2.3
<

〈∆α/α〉 = −0.6± 0.6
K�K#N R ��N���
��o`�/���	 SiWTPTP q p S

�C`T\^f+`/*-,Tfdx r 5e]Tb�~ bdc�m�s^_�s^ldbdo�~ \^_iZ r ldb r Z+*�b�\4, j#*�bdl#0 r `/*�l _iZ�c4*�bdzdl#0H~'b�`-l�` r . r `-c�m�`l1wl#0
\^b�\^]ksem�Z�]Tbdz�se\^fdb�s[`J? b��-fdb7.�\ r o�cuZ�ldl#0As r }�s^_ r x�3 `-z�s^_�s j-,�\Yl�se`ej�l�`-_�`ej�l�`T\^]B,B3 b�`-ldbdcuZ�vdb�`-ldl�`-{
\^]T_dx�fd]Tx�_#0 }�`-�m*i`J:YZ>3;: se`-��`8`T�>* Z�fgZ�S � *is j�xks^] ]uZ�f#1)s�`-]km�s^]Tbd]B,-.:zd]k`|}d_�`TaCb�*�b _iZ�cel#0H~ *�bdldbd{

W q



b�`-l�` r m�`-�ex+]Cb�\^}#0 ]B0 r Z�]B,tji`-}�`/*�ldbd]ksL*-,Tl#0AsFb�\^fgZ>1)s^ldbdoW. r 0 c r Z�ldl#0Asj5�ayays^fd]uZ-mnbYf+`-l�s^zdl�`-{ f+`-_��
_�sL*�o�vdb�`-ldl�`-{ j#*�bdl#0 }�`T*�o \^f+`-_�`T\^]ks^{7.df�`-]k`-_#0AsCzdx r \^] r bd]ksL*-,Tl#0Df�`-]Tl�`J?Ys^ldb#3 ]ks^}�*i` r `-{V?)bd_db��
l#0 *�bdldbdbhfh\^_�s j�l�s^f r Z$j�_iZ�]Tbdzdl�`-{8]Tx+_��-xJ*is^ld]Tl�`-{ \^f+`-_�`T\^]Tb�S

�	]Tb zdb�\^]k`tm�s^]k`�j�bdz�se\^fdb�s>]T_dx-j�l�`T\^]Tb�m�`T1wl�`)`T�T`-{d]Tb7.kb�\^}�`/*-,TcexTo@*�bdldbdb�]k`/*-,Tf�`t`�j�l�`-��`tb�`-liZ�.
liZ�}d_db�m�s^_7. /�`+"," S %yZ-mnb)�J0i*y_iZ�c r bd]F\e`T`-] r s^]k\^] r x�3 : bd{tm�s^]k`ej .�j#*�oCfd_iZ�]Tf+`T\^]Tb)liZ�c r Z�ldl#0 { [ = & Q #
R\[ ,0
�.�	 ` = ( 
 & , OTO `��9`�
 /
,���	

α
# `�� 1-, �9`4N@`�
 / p S � }�`Tm�`J:	,B3 5e]k`-��`wm�s^]k`ej ZYx-j Z-s^]k\ o�ji`T\^]Tbdz#, ]k`-zdl�`T\^]Tb

}�`-_+o�j�fgZhR¤K�K#N�j#*�o bdl�j�b r b�j�xgZ+*-,Tl#0H~hceliZ�z�s^ldbd{
∆α/α

R
z
p S

K � E�SUWy}d_�s ji\^]uZ r *is^l Z�liZ+*�bdc?\^b�\^]ksem�0 *�bdldbd{ /�`+"," .g`-]k`l1Yjise\^] r *is^ldl#0H~hliZ
zabs �

RTS R ) r \^}�s^f��
]T_�s f r Z�cuZ�_iZ  � P ) R ) X qBq R q R zem �

RTS E-V�.
V = 14.9

p So� * Z���`ej Z�_+o r 0A\e`-f�`-{ o�_df+`T\^]Tb 5e]k`-��` f r Z$�
cuZ�_iZ�`-v�s^ldfgZ

∆α/α
liZ

z = 1.15
b�m�ses^] liZ�b r 0A\4?)x�3 liZ[\es^��`ej�ldo�? ldbd{5jis^l#, ]k`-zdl�`T\^]B,-<

∆α/α �

−0.07 ± 0.84
K�K#N R d7` & 1)N�� b ( & `�/���	 SiWTPTPT�kp S

K �	E�SUV�`-}db�\�Z�l#0 liZ-�>*-3Hjis^ldbdo b Z�liZ+*�bdcwj�_dx���`-��` o�_df+`-��` f r Z�cuZ�_iZ�� RTR�P�R X�WT� q R
zem �

W�S R ) .

V = 16.0
pL. r f+`-]k`-_�`Tm \^b�\^]ksem�ZX*�bdldbd{ /�`+","3`-]k`l1Yjise\^] r *is^liZ liZ

z = 1.84
S&%yZ-�>*-3Hjis^ldbdo 5e]k`-��`

f r Z�cuZ�_iZ|�J0i*�b }d_�` r s jis^l#0 liZ'ced7f r ats r _iZ+*is�WTPTPT� ��`�j Z }�` }d_�`-�e_iZ-m�m�s � [ � P�E-��S Q � P q �TV�S Y s �
cexJ*-,$]Tbd_dx�3;:Yses \^}�s^fd]T_iZ+*-,Tl�`Ts�_iZ�ce_�s4?Ys^ldb�s \e`T\^]uZ r *�o�*i`�V�S � ) f�m \ −1

R / �  # p r ��`/*�x��T`-{ ziZ-\^]Tb
\^}�s^fd]T_iZ R

λ ∼ 4500
OQ p:b�V�S E ) f�m5\ −1

r fd_iZ-\^l�`Tm5j�biZ�}iZ�c�`-l�s R
λ ∼ 7000

OQ p S ( Z�fdb�m7`T�-_iZ�c�`Tm5l�` r 0As
j Z�ldl#0As>�J0i*�b }�`/*�x�z�s^l#0 \HliZ�b r 0A\4? b�m5liZ?\es^��`�j�ldo�? ldbd{ jis^l#,y\^}�s^fd]T_iZ+*-,Tl#0Am _iZ�ce_�s4?Ys^ldb�sem�.Tji`��
\^]Tx�}dl#0Am r b�\e\8*is ji` r Z�ldbdo�~'Z-�T\e`-_��-vdb�`-ldl#0H~7\^}�s^fd]T_�` r f r Z�cuZ�_�` r liZ|�T`/*-,B? b�~5]ksL*ise\^f+`-}iZ$~ R j#*�o
\^_iZ r l�s^ldbdoW.�_iZ-�T`-z�ses _iZ�ce_�s4? s^ldb�sFliZ R�Ptm ]ksL*ise\^f+`-}�sy�$�GE?f�m \ −1 .kliZ ced7f'X `-] ) S ) ji`�ECf�m7\ −1 p S
K3]k`-_�`-{ r Z>1wl�`-{ `T\e`T�Ts^ldl�`T\^]B,B3 l�` r 0H~w\^}�s^fd]T_�` r o r *�ods^]k\ oY�T`T*ises ]k`-zdliZ�oYfgZ+*�b��-_�` r fgZC`-]�jisL*-,Tl#0H~
5ef�\^}�`-cebdvdbd{7.�}�`T\^f+`T*-,Tfdx@* Z-mn}#0 \^_iZ r l�s^ldbdo�l�sF_iZ�cel�`T\^b�*�b�\4, r ` r _�sem�s^ldb[liZyl�se\^f�`/*-,Tf�`YziZ-\e` r }�`��
\9*isa5ef+\^}�`-cebdvdbdb8\^}�s^fd]T_iZYf r Z�cuZ�_iZ�.�ZY\^ldb�m�Z+*�b�\4, \^_iZ�cex'1)sC}�`T\9*isyl�sesTS

Y s^cexJ*-,$]Tbd_dx�3;:)b�s�}d_�`TaCb�*�b *�bdldbd{(/�`+",":}�`-fgZ�cuZ�l#0 liZ _db�\TS E�S)K \^x�m�m�Z�_dl�`Tm \^}�s^fd]T_�s `-]Tl�`��
?Ys^ldb�s [#]>^

�
R�PTP8liZ

λ ∼ 4566
OQ b [#]>^

�
R�WTP8liZ

λ ∼ 6765
b E-V � W OQ S � r s l�s^cuZ r b�\^b�m�0As

}d_�`-v�s j�x�_#0 _�s j�x�fdvdbdb j Z�ldl#0H~ R R & b W &yp)}d_db r sL*�b f }d_iZ�fd]Tbdz�se\^fdb `�j�bdliZ�f+` r 0Am \^_�s j�l�s r c r s �
?Ys^ldl#0Am \^}�s^fd]T_iZ-m /�`+"," S�nF}d]Tb�m�Z+*-,Tl�`Ts>_�s4?Ys^ldb�sB.k}�`-fgZ�cuZ�ldl�`TsFl�s^}d_�s^_#0 r l#0Amnb fd_db r 0Amnb[liZ?_db�\TS
E�.��J0i*i` liZ�{�jis^l�` j#*�o8R��$� f+`Tmn}�`-l�s^ld]Tl�`-{�m�`�jisL*�b�S��C`/*i`l1)s^ldbdohf�`Tmn}�`-l�s^ld] `-]km�s^z�s^l#0 r s^_d]TbdfgZ+*-,-�
l#0Amnb|}dx+ldfd]Tbd_dl#0Amnbo*�bdldbdo�mnb�S

q liZ+*�bdcC`-]Tl�`T\^bd]ksL*-,Tl#0H~ _iZ$j�biZ+*-,Tl#0H~�\^f�`-_�`T\^]ks^{V*�bdldbd{ /�`+","
λ1608

b
λ2382/2600

}d_db r `ej�bd]
f r sL*�bdzdbdl�s

∆α/α � 5.4± 2.4
R _db�\TS � p S

� _iZ r l�s^ldb�s
∆α/α � 5.4 ± 2.4

K�K#N liZ
z = 1.84

\
∆α/α � −0.07 ± 0.84

K�K#N liZ
z = 1.15

x�fgZ�c/0 r Z-s^] liZ r `-c�m�`T1wl�`Tswbdc�m�s^l�s^ldb�s
∆α/α

m�s41Yj�xX5e}�`e~kZ-mnb
z ∼ 1

b
z ∼ 1.8

S��C`T*i`T1wbd]ksL*-,Tl�`Ts
celiZ�z�s^ldb�s

∆α/α
r 5e}�`�~�x

z ∼ 1.8
}�`-fgZ�c/0 r Z>3F] ]uZ�f#1)s|j Z�ldl#0As ��N���
��k`�/ ��	 S R WTPTP q pL<

∆α/α �

2.4 ± 1.2
K�K#N .�xk\^_�s j�l�s^ldl#0Asw}�` � \^b�\^]ksem�Z-m bdcwbdld]ks^_ r Z+* Z

1.5 < z < 2.0
S � j�_dx+��`-{5\^]k`-_�`-l#0 .

_�s^cexJ*-,$]uZ�]B0 # , �-K�N � `�/ ��	 S R WTPTPTVkpL.�xk\^_�s j�l�s^ldl#0As[}�` 5e]k`Tmnx 1 s bdld]ks^_ r Z+*�x fd_iZ-\^l#0H~ \em�s4:Ys^ldbd{
R R�� \^b�\^]ksem
p3j Z>3 ]

∆α/α � −5.4± 4.5
K�K#NhS ��\8*�b _�s^cexJ*-,u]uZ�]B0 ��N���
��o`�/ ��	 SdbhliZ>? bhbdc�m�s^_�s^ldbdo

\e`-�m* Z-\^x�3 ]k\ o liZCx�_�` r l�s
1σ
.kceliZ�z�s^ldb�s # , �-K�N �D`�/ ��	 Sg\^x�:Yse\^] r s^ldl�`t`-]T*�bdziZ-s^]k\ o b7.gzd]k` r se\4,km�Z)\^xg�

:Yse\^] r s^ldl�`#.Tb�m�ses^]y}d_�`-]Tb r `-}�`T*i`T1wl#0 {�celiZ�f�S � `T1wl�`CliZ$jis^o�]B,k\ o).kzd]k`?j Z+*-,Tl�s^{#?)b�sAb�\e\8*is ji` r Z�ldbdo

W )



\ r 0A\e`-fdb�m \^}�s^fd]T_iZ+*-,Tl#0Am _iZ�ce_�s4?Ys^ldb�sem }d_�`uod\^ldo�]F5e]k`-] r `-}d_�`T\TS

� � �'��� ����� 
 ��

���R	��,�!����� � ��� � ��
��

RTS��C\e\8*is ji` r Z�l�` r *�bdo�ldb�s f�`-l�s^zdl�`-{ f+`-_d_�sL*�o�vdb�`-ldl�`-{ j#*�bdl#0 \8*�x�ziZ�{dl�`-��`5}�`T*�o'\^f�`-_�`T\^]ks^{ liZ
at`-_�mnbd_�` r Z�ldb�sH}d_�`TaCb�*is^{�*�bdldbd{Y}�`-�9*i`J:Ys^ldbdo R m�s^c�`-]Tx�_��-xJ*is^ld]Tl�`Ts }d_db��>*�b#1 s^ldb�sup Sg�C`-fgZ�cuZ�l�`#.
zd]k`)_iZ�cel�`-�9* Z-\^b�s r `-]Tl�`T\^bd]ksL*-,Tl#0H~[\e`ejis^_�1tZ�ldbdo�~[m�s^]uZ+*#*i` rYr c�`-liZ$~  "ib  "," r m�s41wc r s^c^j�l�`-{
\^_�s jisH��`T*�x��T`-{wf�`Tmn}iZ�fd]Tl�`-{�� Z+* Z�fd]Tbdfdb = � M R � \^ldb�m�Z-s^]k\ o).gse\8*�b }d_�`TaCb�*�b	*�bdldbd{w}�`-�m*i`J: s^ldbdo
Q �T. [ ,+b*/�`HZ�liZ+*�bdcebd_dx�3 ]k\ ow\3x+z�s^]k`Tm 5�ayats^fd]k` r f�`-l�s^zdl�`-{wf+`-_d_�sL*�o�vdb�`-ldl�`-{ j#*�bdl#0yS-�C`T\^f+`T*-,-�
fdx[\e`-}�`T\^]uZ r *is^ldb�s j Z�ldl#0H~[`)~�b�mnbdz�se\^f+`Tm \e`T\^]uZ r s?� Z�cuZ r _iZ�cel#0H~[� Z+* Z�fd]Tbdz�se\^fdb�~[f�`Tmn}�*is^f+\�Z$~
\?]kse`-_db�s^{ c r s^c^ji`T`T�-_iZ�c�` r Z�ldbdo|b[]kse`-_db�s^{�~�b�mnbdz�se\^f+`-{X5 r `/*-3 vdbdb r s4: se\^] r Z r `DKH\esL*is^ldl�`-{ bd�^�
_iZ-s^]�}�s^_ r `T\^]ks^}�s^ldl�`Ts[celiZez�s^ldb�s r \e` r _�sem�s^ldl#0H~ b�\e\9*is ji` r Z�ldbdo+~W.:m�s^c�`-]Tx+_��-xJ*is^ld]Tl#0 {'}�`ejd~g`�j
b�m�ses^] r Z>1wl�`TsC}d_iZ�fd]Tbdz�se\^f+`Ts)celiZez�s^ldb�sTS
W�S Y Z�ce_iZ-�T`-]uZ�l m�s^]k`ej r 0A\4? b�~�m�`Tm�s^ld]k` r `T�T`T�J:Ys^ldl�`-��`[x+_iZ r l�s^ldbdo|}�s^_�s^l�`T\�Z j#*�o|_iZ-\^z�s^]uZ _iZ-\ �
}d_�s jisL*is^ldbdo r s^_�`�o�]Tl�`T\^]Tb�bdld]ks^l�\^b r l�`T\^]Tb[bdc4*�x�z�s^ldbdo

Iλ

r ldx�]T_db }d_�`TaCb�*�o	*�bdldbdb�}�`-�m*i`J: s^ldbdo
}d_db8l�s^}�`T*�l�`Tm \^]uZ�]Tb�\^]Tbdz�se\^f+`Tm Z�l�\�Z-m��>*isTS��C`-fgZ�cuZ�l�`#.#zd]k` r `T�J:YsemN\9*�x+ziZ-s	*�x�z�s r Z�o f+`-ldv�s^l��
]T_iZ�vdbdo r ldx+]T_db }d_�`TaCb�*�o'*�bdldbdb7.

Nv
.dm�`l1)s^]��J0 ]B, liZ�{�jis^liZ r `-}d_�s jisL*is^ldl�`Tm ji` r s^_dbd]ksL*-,Tl�`Tm

bdld]ks^_ r Z+*isB. r sL*�bdzdbdliZ7f+`-]k`-_�`-��` cuZ r b�\^bd] `-] ]Tx�_��-xJ*is^ld]Tl#0H~ ~kZ�_iZ�fd]ks^_db�\^]Tbdf }�`-�9*i`J:wZ>3 :Ys^��`
� Z�cuZ�Si�C`/*�x�z�s^ldl#0Ast_�s^cexJ*-,$]uZ�]B0D}d_�` r s^_�s^l#0Db|}�`ej�] r s^_21Yjis^l#0 m�s^]k`�ji`Tm � `-ld]ksaHyZ�_�*i`dS

V�S Y Z�ce_iZ-�T`-]uZ�l#0 m�s^]k`�j-0 _�s4?Ys^ldbdo `T�-_iZ�]Tl#0H~LcuZ$j Zez \^}�s^fd]T_�`T\^f�`-}dbdb liZN`T\^l�` r s Z+*���`-_dbd]km�` r
\^]k`�~TZ-\^]Tbdz�se\^f�`-{ `-}d]Tb�mnbdcuZ�vdbdb R }d_db��>*�b#1)s^ldb�s }�`T\^]k`�o�ldl�`-{ }�*i`-]Tl�`T\^]Tb � Z�cuZkp S	�?_iZ�fd]Tbdz�se\^f�`Ts
b�\^}�`T*-,Tc�` r Z�ldb�sh`T�-_iZ�]Tl�`-��`8m�s^]k`ej Z � `-ld]ks�HyZ�_2*i`�}�`-fgZ�cuZ�l�` liZ|}d_db�m�s^_�s�bdc�m�s^_�s^ldbdo'`-]Tl�`T\^b��
]ksL*-,Tl�`-��`'\e`�jis^_21tZ�ldbdo jis^{d]ks^_dbdo r m�s41w� Z+* Z�fd]Tbdz�se\^fdb�~Nj�b�ayaCx�cel#0H~ `T�>* Z�fgZ$~ \hldbdcef�`-{Nm�s �
]uZ+*#*�bdzdl�`T\^]B,B3YS��C`-fgZ�cuZ�l�`#.dzd]k`w}�s^_ r bdzdl�`Tsy\e`�jis^_21tZ�ldb�stjis^{d]ks^_dbdo|�>*�bdcef+`wf r sL*�bdzdbdl�s & ]  

'

3.0×10−5 .uzd]k`A}d_db��>*�bdcebd]ksL*-,Tl�` r RTS ) _iZ�c r 0�?YsB.�z�sem r m�s41wc r s^c^j�l�`Tm � Z�c�s r liZ>? s^{ -�Z+* Z�fd]Tbdf�sTS
q S � *�o r 0 zdb�\9*is^ldbd{hfdbdl�s^]Tbdz�se\^f+`-{�]ksemn}�s^_iZ�]Tx+_#0 � Z�cuZ)}�`	*�bdldbdodm'm�s^]uZ+*#*i` r .db�m�s43;:)b�~[}�`eji`T���
l#0As }d_�`TaCb�*�b7.	_iZ�ce_iZ-�T`-]uZ�liZ r 0 zdb�\8*�bd]ksL*-,TliZ�o }d_�`-v�s j�x�_iZ�.H`T\^l�` r Z�ldliZ�o liZ }d_�se`T�-_iZ�c�` r Z�ldbdb
�)x�_#,ks�Z-�T\e`-_��-vdb�`-ldl#0H~ }d_�`TaCb�*is^{'\w}�`T\8*is j�x�3 :Ys^{'mnbdldb�mnbdcuZ�vdb�s^{ v�sL*is r `-{'aCx�ldfdvdbdb7m�s^]k`��
ji`Tm 5eld]T_�`-}dbd{dl�`-{�_�s^�exJ*�o�_dbdcuZ�vdbdb�S Y Z-\e\^zdbd]uZ�l#0D}d_db�m�s^_#0 \;*�bdldbdodmnb � "," . [ , "�"#b /�`+"," S��C`-fgZ$�
cuZ�l�`#.�zd]k`wfdbdl�s^]Tbdz�se\^fgZ�oh]ksemn}�s^_iZ�]Tx�_iZ r `T\e\^]uZ�liZ r *�b r Z-s^]k\ o \?]k`-zdl�`T\^]B,B3�R�P$� R )�� }�`w\^}�s^fd]T_iZ-m
\ r 0A\e`-fdb�m `-]Tl�`J? s^ldb�sem \^bd�eliZ+* ZwfV? x�mnx R\[#]>^

∼ 100
p S

) S � s^]uZ+*-,Tl�` _iZ-\e\em�`-]T_�s^l�` ay`-_�mnbd_�` r Z�ldb�sh}d_�`TaCb�*is^{ \^}�s^fd]T_iZ+*-,Tl#0H~ *�bdldbd{ r ]Tx+_��-xJ*is^ld]Tl#0H~
\^_�s j Z$~ \8a *�x�fd]Tx�bd_dx�3;:)b�mnb }�*i`-]Tl�`T\^]B,B3 � Z�cuZ7b \8*�x�ziZ�{dl#0Am�}�`/*isem \^f�`-_�`T\^]ks^{�SA�?_�` r s jis^l
Z�liZ+*�bdcV5�atays^fd]k` r .n\ r o�cuZ�ldl#0H~ \[l�se`ej�l�`-_�`�j�l�`-{ }�`X*�x+zdx7ce_�s^ldbdo \^]ks^}�s^l#,B3 b�`-ldbdcuZ�vdbdb _iZ�c^�
*�bdzdl#0H~[~�b�mnbdz�se\^fdb�~p5m*isem�s^ld]k` r S Y Z�ce_iZ-�T`-]uZ�l8Z+*���`-_dbd]km'_�s4? s^ldbdo�}�`T*�l�`-{h`T�-_iZ�]Tl�`-{hcuZ$j Zezdbh\
r `T\e\^]uZ�l�` r *is^ldb�semL\^]uZ�]Tb�\^]Tbdz�se\^fdb�~5~kZ�_iZ�fd]ks^_db�\^]Tbdf }�`/*is^{ }�*i`-]Tl�`T\^]Tb b7\^f�`-_�`T\^]Tb7b7`ej�l�` r _�s �
m�s^ldl�`-{ `-v�s^ldf+`-{ aCbdcebdz�se\^fdb�~ }iZ�_iZ-m�s^]T_�` r }�`-�9*i`J:wZ>3;: s^��` `T�>* Z�fgZ�S

WT�



��S;n �-liZ�_dx�1 s^l�`#.�zd]k` j�b�\^}�s^_�\^bdb�\^f�`-_�`T\^]ks^{|fd_dx�}dl�`Tm�Z-\4?)]uZ-�-l#0H~ j r b#1 s^ldbd{|� Z�cuZYf�`-_d_�sL*�bd_dx�3 ]
\?_iZ�c�m�s^_iZ-mnb }�`-�m*i`J:YZ>3;: b�~�`T�>* Z�f�` r S��?ca5e]k`-��`w\8*is j�xks^]>.dzd]k`Y]uZ�fdb�syZ-�T\e`-_��-vdb�`-ldl#0Asy\^b�\^]ksem�0
o r *�o�3 ]k\ o r bd_dbiZ+*�bdc�` r Z�ldl#0Amnb|b�\ r o�cuZ�ldl#0Amnb7.�\F�T`T*-,B? `-{ r s^_�`uo�]Tl�`T\^]B,B3	.�\>j Z+*is^fdb�mnbh� Z+* Z�f��
]TbdfgZ-mnb b�*�b b�~ � Z+*i`dS��C`-fgZ�cuZ�l�`#.�zd]k`[l�s^f+`-]k`-_#0As[Z-�T\e`-_��-vdb�`-ldl#0As \^b�\^]ksem�0 `T�>* Z$j Z>3 ]�~TZ�_iZ�f��
]ks^_db�\^]TbdfgZ-mnb7.�]Tbd}dbdzdl#0Amnb�j#*�o r 0A\e`-f+`T\^f+`-_�`T\^]Tl#0H~h� Z�c�` r 0H~[`T�>* Z�f+` r .�f+`-]k`-_#0As?liZ-�>*-3Hj Z>3 ]k\ o
r � Z+*i`wliZ>? s^{�-�Z+* Z�fd]Tbdfdb�S

E�S�%yZ�{�jis^l�`#. zd]k`[\e`ejis^_�1tZ�ldb�swm�s^]uZ+*#*i` r�r m�s41w� Z+* Z�fd]Tbdz�se\^fdb�~5Z-�T\e`-_��Ts^_iZ$~�fd_iZ�{dl�s l�se`ej�l�`-_�`�jd�
l�`#.i\ r Z�_dbiZ�vdbdo�mnb�`-]w}�`-zd]Tb|\e`/*�l�s^zdl#0H~ ji`Yf�`-ldv�s^ld]T_iZ�vdbd{ r R�PTPTPY_iZ�cCldb#1 sy\e`/*�l�s^zdl#0H~�Si�?_db
5e]k`Tm r 0A\e`-f+`Tm�s^]uZ+*#*�bdzdl#0As \^b�\^]ksem�0 }�s^_�sem�s41tZ>3F]k\ oh\C\^b�\^]ksem�Z-mnb|�Ts^cCm�s^]uZ+*#*i` r S-H?_�`Tm�sC]k`-��`#.
]uZ�f�`Ts�}�` r s jis^ldb�s�}�`-c r `/*�ods^]8\^zdbd]uZ�]B, r 0A�-_�`T\ r s4:Yse\^] r Z�bdc � Z+* Z�fd]Tbdf'`T\^l�` r l#0Am b�\^]k`-zdldbdf�`Tm
`T�T`-� Z>:Ys^ldbdoYm�s41w� Z+* Z�fd]Tbdz�se\^f+`-{�\^_�s j-0'm�s^]uZ+*#* Z-mnb�S-�C`-fgZ�cuZ�l�`#.uzd]k` \^b�\^]ksem�0 \3m�s^l#,B? b�mnb)_iZ�c^�
m�s^_iZ-mnb�b�m�s43F] \^b�\^]ksem�Z�]Tbdz�se\^fdb �)(`>*-,B? b�sCf+`-ldv�s^ld]T_iZ�vdbdb8m�s^]uZ+*#*i` r S

� S;n �-liZ�_dx�1 s^l f�* Z-\e\Y\^b�\^]ksem�.�b�m�s43;:)b�~hzd_�s^c r 0 ziZ�{dl�`�ldbdcefdx�3 m�s^]uZ+*#*�bdzdl�`T\^]B,-.
Z < 0.001Z�

.
b _iZ�c�m�s^_#0 r ji`/*-,X*�x+ziZhce_�s^ldbdo }�`-_go�j�fgZ \e`-]ks^l fd}�\TS K 5e]Tb�~ \^b�\^]ksem�Z$~7`-]Tl�`J?Ys^ldb�s	� [ , ] ���3l�s
}d_�s r 0�?wZ-s^] P�SUV �#` � S �
\8*�b[j Z�ldl#0AsF\^b�\^]ksem�0 o r *�o�3F]k\ o�}d_�`-]k`-� Z+* Z�fd]Tbdz�se\^fdb�mnb|`T�>* Z�fgZ-mnb7.�`T�T`��
� Z>:Ys^ldl#0Amnb }d_�`ej�x�fd]uZ-mnb c r s^c^j�l�`-��`�ldx�f�*ise`T\^bdld]ks^cuZh_iZ�ldldb�~5c r s^c^j�l#0H~ }�`-}dxJ*�o�vdbd{7.�]k`hbdc�m�s �
_�s^ldl�`Ts)celiZez�s^ldb�s � [ , ] ����x�fgZ�c/0 r Z-s^]�liZ ]k`#.dzd]k` liZ�ziZ+*-,TliZ�o�aCx�ldfdvdbdohm�Z-\e\ 5e]Tb�~ c r s^c^j�l#0H~h}�`��
}dxJ*�o�vdbd{8b�m�ses^] r s^_g~�l#3;3 �e_iZ�ldbdvdx

Mup < 25M�

S ( semN\�Z-m�0Am l�st}�`ej�] r s^_�1Yj Z-s^]k\ o f+`T\em�`T*i`��
�ebdz�se\^fdbd{ \^v�s^liZ�_dbd{7. r f+`-]k`-_�`TmDliZ[_iZ�ldldb�~8\^]uZ$j�bdo�~U5 r `/*-3 vdbdb KH\esL*is^ldl�`-{ R

z > 10
p `T�-_iZ�c�`��

r 0 r Z+*�b�\4, c r s^c^j-0 \Cm�Z-\e\�Z-mnb
M > 100M�

.�zd]k`w}d_db r sL*i`��J0 fh`-]Tl�`J? s^ldbdodm � [ , ] ���
> 1

S
��S Y Z�ce_iZ-�T`-]uZ�l8Z+*���`-_dbd]km r `T\e\^]uZ�l�` r *is^ldbdo|ay`-_�m�0 \^}�s^fd]T_iZ b�`-ldbdcex�3 :Ys^��` m�s^]uZ�� Z+* Z�fd]Tbdz�se\^f�`-��`
bdc4*�x�z�s^ldbdo r j�biZ�}iZ�c�`-l�se5el�s^_d�ebd{h`-]�Re_����wji`�R�P6_�����}�` `-}d]Tbdz�se\^fdb ]k`-ldfdb�m Z-�T\e`-_��-vdb�`-ldl#0Am
\^b�\^]ksem�Z-m�.H\e`�jis^_21tZ>: b�m *�bdldbdbNb�`-l�` r r }�`T\8*is ji` r Z�]ksL*-,Tl#0H~ \^]uZ$j�bdo�~ b�`-ldbdcuZ�vdbdb�S �C\e\8*is ji`��
r Z�l#0 \^b�\^]ksem�0 \X*�bdldbdodmnb m�s^]uZ+*#*i` r r bdld]ks^_ r Z+* Z$~ fd_iZ-\^l#0H~N\em�s4:Ys^ldbd{

1.5 <∼ z <∼ 1.9
b

2.4 <∼ z <∼ 3.0
S n �-liZ�_dx�1 s^l#0 aj*�x+fd]TxgZ�vdbdb ay`-_�m�0 \^}�s^fd]T_iZ b�`-ldbdcex�3;: s^��` bdc4*�x�z�s^ldbdo�S��C`��

fgZ�cuZ�l�`#.�zd]k`�5e]Tb aj*�x�fd]TxgZ�vdbdb r 0 c/0 r Z>3 ]k\ o _iZ�cel#0Amnb8}d_dbdzdbdliZ-mnb liZ �T`/*-,B? b�~|b m�Z+*-0H~
z
S�K

bdld]ks^_ r Z+*is
2.4 <∼ z <∼ 3.0

bdc�m�s^l�s^ldbdo8at`-_�m�0 \^}�s^fd]T_iZ r 0 c/0 r Z>3F]k\ o r `T\^l�` r l�`Tm }d_�`-v�se\e\�Z-mnb
}�s^_�s^l�`T\�Z5f+`-ld]TbdldxgZ+*-,Tl�`-��` bdc4*�x�z�s^ldbdo f r Z�cuZ�_�` r r m�s41w� Z+* Z�fd]Tbdz�se\^f�`-{ \^_�s jish\ }�s^_�sem�s^ldl�`-{
}�*i`-]Tl�`T\^]B,B3 � Z�cuZ�S
�?_db m�s^l#,B? b�~ fd_iZ-\^l#0H~ \em�s4:Ys^ldbdo+~W.�f�`-� j Z m�s41w� Z+* Z�fd]Tbdz�se\^fdbd{ � Z�c�\^]uZ$�
l�` r bd]k\ o }�`/*�l�`T\^]B,B3 }d_�`-ce_iZezdl#0Am r * Z�{�m�Z�l�` r \^f�`Tm f�`-ld]Tbdldx+x�m�s  `+"�"\.:a *�x�fd]TxgZ�vdbdb ay`-_�m�0
\^}�s^fd]T_iZ�xJ*-,$]T_iZ-aCb�`/*is^]k` r `-��` ay`-liZ|\ r o�cuZ�l#0 \ r ldx+]T_�s^ldldb�mnb ~kZ�_iZ�fd]ks^_db�\^]TbdfgZ-mnb bdc4*�x+z�s^ldbdo
\�Z-mnb�~ f r Z�cuZ�_�` r b r *�bdo�ldb�sem �>*�b#1tZ�{#? s^��`�f }�`-�9*i`J:wZ>3 :Ys^{�`T�>* Z-\^]Tb�\e`T\es j Z�S

R�P�S��?cex+z�s^liZ l�s^}d_�`-ce_iZ�zdl�`T\^]B,[m�s41w� Z+* Z�fd]Tbdz�se\^f�`-��`�j�b�ataCx+cel�`-��` � Z�cuZ r *�bdldbdb� ;`+","7d��
α
S�nF}d_�s �

jisL*is^liZV5 r `/*-3 vdb�`-ldliZ�o cuZ r b�\^b�m�`T\^]B,o5e]k`-{ l�s^}d_�`-ce_iZezdl�`T\^]Tb r j�biZ�}iZ�c�`-l�swfd_iZ-\^l#0H~8\em�s4:Ys^ldbd{

1.8 <∼ z <∼ 3
S��C`-fgZ�cuZ�l�`#.#zd]k`[}�`T\8*is

z = 2
r ]k`-_dbdzdliZ�o b�`-ldbdcuZ�vdbdo ��sL*�bdo }d_iZ�fd]Tbdz�se\^fdb5}�`T*�l�`��

\^]B,B3LcuZ�fgZ�ldzdb r Z-s^]k\ o#S
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