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d</�-�D��'AC�'(+*'¦è7�*L7?�:$'�<$'�,(¡F+B,$'(�;=¦#9L7?Ô2(¡*,$,�U�L�'��9L7�FG�'(+��7�;��L7�FG�=D<�<*'D<��D<¥<�L7?�
FG�=$}�1$:FG8,(¡9'FG$'$�������-��ý$�BED=;=7�9,$L7��'$'D<*'*'¦¿>�&�7��=9,$'�s*:7�$��'AC� î $C>�D<�'(µ�
*'D<B�8L7�9L7�&�(+�=9,D`;2� ;�D<�'*:¦!>�8,Aj�L�<Fg7�9'D=;£;v8,9'$'FGAC�=FG�`;�$'$J*'$��gBED<�L7�FG�=D<�<*:¦!>
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8,A?�:�=F¡7�9'D=;#��d¡f�n`����c=c<c?n{$F��dgl<o`i��	cEd</C�ª(G�+A?�L�j��7��=¦èD=¥<9L7�¥<D=�<B'$\Fæ$:FG8,D<�:���
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8'9,D`¨G9L7�&)&�7?>ih ö Dj-k$ ø · -	�:��� ��
�¹ �������	º�$:h û De$7l · -"9'$'*'FG�=D<*��
FGB'$'�wAC*'$';<(+9:FG$,�=(+�Eº»k�7s��7�B�Ô�(}7�*:7��'$'�<$'�'(¡FGB'$C>�$Æ�,$:Fµ�:(+*,*:¦!>�ï¡��(¡&)(+9,$C�
8'9,(¡D<¥<9L7?�gD=;=7�*,$,� î B�7?�S;�9'(¡&�(+*'$�;���D<�'*'(+�'*,D=�wFG$:FG�<(¡&)(=kL8'D<B�7��j7?�:$wFGD`;?�
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n'/����'(+*,(¡*:7�*'(¡FG��7�¥<$,�:�<*,D`FG�=���L7�FG�=D<�`¦çFGD<¥`FG�=;<(+*'*,D`¨GD};�9L7�§{(+*'$,�@�L�,��8,A?�:���
F¡7�9,D`;#�<�<f�dgoj�ò�`c��<��km��d¡f�n`����c=c<c?n'kn�Cdgf�nNoj�ådjc<c�o�km��djiCd¡o����NijnEiCkm�=cCdGnCb¡�ò�`i<b���$
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σz
/ -�D¡�1�=;�(¡9NÔ��L(+*'DU�LD`&�$,*'$'9,D��

;`7�*'$,(0; î A�&�7?>���� ��-�� ¥=(G�'D`¨GD£�{7?�gD=;�D`¨GD î A�&�7£;�8,�'D=�=���LD\�:7<FG�<D=�=¦
5 × 10−9

Á �.8'9'$�&�$,*'$:&�7?�L��*'D=&[�¡*L7g�,(+*'$'$
σz = 1.7 × 10−14

�LD`FG�<$:¨©7�(µ�
&�D`&�*:7�;�9'(¡&�(+*'*,D`&�$,*'�<(+9:;=7��'(æb#�:(+� · 8'Dæ� ;�AN>��L7�FG�=D<�<*:¦�&�*L7�¥<�:Ï!�L(¡*,$,�'&
8,A?�:�=F¡7�9L7���d¡l=o`i���cCdjº»/
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*'D=¨GD[&�$��'�:$'FG(¡B�AC*C�L*'D=¨+Dë8,Aj�L�<Fg7�9L7o�Cdgf�nN���	c<c=cjn'/�6 �1$L7�8L7?�¡D=*,(ì�L7�FG�=D<�
10−11 < f < 7.1 × 10−9

Á ��8'D��'AC�'(+*,Ds�g*:7g�'(+*,$'(�D<�<*'D=F+$,�=(G�:�<*,D=�.8��:D<���
*'D=FG�=$�ï+*'(+9:¨G$,$ Á 6#Ã

Ωgh
2 ≤ 8.5 × 10−4
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swâut�ß�Üwv ÙxR�à�ßÓÜ�Ù�Ö�â�Þ5ã

�UK�Y5«±^5K�«¬YPM�WèI��Ay¿]EX¸V)WP_=_`]NY¤KNML½5W¤W¿�1�	$:F+FG(¡9,��7��'$,�\FGD=F+�<D<$'�{$,��;<;<(©�L(¡*,$,�¬k
�<9'(µ>ì¨å�17�;,k¤�?7�B,�:Ï��'(+*'$���kPFG8,$:FGB�7J�:$,�=(+9L7���AC9:¦ $ 8,9'$��:DjÔ2(+*'$'�¬/���¥=ê�(¡&%�1$:F©�
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>�9,D=*,D`&�(+�<9'$'9,D`;=7�*'$,��8,A?�:�=F¡7�9'D=;	B£*,$,�¡BED<�L7�F+�<D<�=*'¦�& î A�&�7�&�/`�"*L7?�:$,��8'9'D=;�D��
�L$'�=Få�£;U9L7�&�B�7?>v9,(g7��'$:FG�=$,�'*,D=��d+n��Í8:7�9:7<&�(+�=9,$'�,(gFGBED<� · f{8:7�9:7<&�(+�<9'D=;UD<8'$'F+¦¿�
;=7�Ï���F+D<¥=F+�=;�(¡*,*'D<(�;�9L7�§{(¡*,$'(v8,Aj�L�<Fg7�9L7�$Æp\��(g¨GD@D<9'¥<$'��7?�L��*'D<(}D<¥=9:7<§{(+*'$,(�º
&�D¡�L(G�:$��1;<$�Ô�(+*,$,�S8�A?�L�<F¡7�9:7�;s� ;�D=�,*'D<�×FG$:FG�=(¡&�(vFv&�7��:¦�&çï+BCF+�,(+*'�<9'$:FG$,�=(µ�
�<D=& · B,9,A�¨GD`;=7?�.D=9,¥=$,��7`º · 
"D=8,(¡�,B'$,*�k�d¡l=l<lNºå/ª�U$,�¡$,�'(¡FGB�7���8,9'$'9,D¡�Ñ7�9:7<F+F+&�7����
9,$:;=7�(¡&)¦!> î A�&�D`;s*,(�BED<*'B,9'(+�=$��¡$'9,A=(+�`FÎ��/±-�9,(µ�L8'D��17�¨µ7�(+�`FÎ��kL�'�<DsD<*'$w;=¦¿�g;`7j�
*'¦ F+�<Dg>E7<FG�<$'�,(gFGB,$:&�$�8'9'D<�'(¡F+F¡7<&�$¬k±&�D¡�1(G�:$,9,A=(¡&�¦�&�$ÆFµ�,AC�L7��'*:¦�&�$Æ¥��'AEÔ�� 7?�
*,$,�'&�$[;Æ�{7��¡(�F+D<¥=F+�=;�(¡*,*'D=¨GDS;�9L7�§U(+*,$,�¬k��L7�F+�<D<�=(�F+D<¥=F+�=;�(¡*,*'D=¨GDS;�9L7�§U(+*,$,�
$v8,9'D<$,�g;<D+�1*'D<�v�L7�FG�=D<�`¦õFGD<¥`FG�=;<(+*,*'D=¨+D�;<9:7<§{(+*'$��v8,A?�:�=F¡7�9L7 · F+&�/ek=*L7�8'9,$:&�(+9�k
Á 9,D=�?k=d¡lNi<b<º»k¡BED<�=D<9:¦#(�8'D<9'DjÔ�� 7<Ï��æ;����ë�J-	� î A�&)¦SFGD�FG8'(+B'�<9'D=&�&)D=§{*'D=FG�=$
S(f) ∼ 1/f 2, 1/f 4, 1/f 6

/´6¸��� ��-	� 8,A?�:�=F¡7�9'D=;s&�D`¨µAC�@8'9,$:FµAC�=F+�=;�D`;=7��=��$
���:$'BE(+9C� î A�&)¦é;�$C�Ñ7 1/f, 1/f 3, 1/f 5

· F¡&�/ek�*:7�8,9'$'&)(+9¬kN4�(+9'�<D=�<�<$�$0�L9�/ek,d¡l=p<o`º»k
BED<�<D=9'¦�(�;<¦#�g¦�;`7�Ï��`FÎ�é8,9'D<�'(¡F+F¡7<&�$é9:7<FG8,9'D=F+�<9L7�*'(+*,$,�õFG$'¨+*:7��L7�*:7w8�AC�=$èD<�
8�A?�L�<F¡7�9:7�Bv*L7�¥<�:Ï!� 7��<(G�LÏë$ î A�&�7�&)$¬kN;<*,(¡F+(+*,*:¦�&)$v;2���Ó��-	�[*L7�ï+��7�8'(�9'(µ�
¨G$'F+�<9L7��'$,$@FG$:¨G*L7?�17U$@D=¥<9L7�¥<D=�<B'$£� 7�*,*:¦!>±/1��FGD<¥=D<(�&)(¡FG�<D�FG9'(©�L$ î A�&)D=;0>�9,D��
*,D`&�(+�<9'$'9,D`;=7�*'$,�U�j7�*'$:&�7�(+� î A�&.;�$C� 7 1/f 5

k?BED=�<D=9'¦��2;<¦#�g;=7�*08'9,$:FµAC�`FG�=;<$,(¡&
*,$,�¡BED<�L7�F+�<D<�=*,D`¨GD���D<*'D=;<D=¨GD�F+�<Dg>E7<FG�<$'�,(gFGBED=¨GD"¨G9L7�;<$,��7��,$'D<*'*,D��Í;<D��:*,D`;�D`¨GD�$,�G�
�,AC�'(+*'$�� · ��7 î >CAC*�k Á 9'$:§	ACB¬k´d¡l<p=�`º»/
�	�,��>E7�9L7�B'�<(¡9,$:FG�<$'B'$U;��:$��'*,$,� î A�&�D=;æFGD�FG�<(+8'(+*'*'¦�&�$	FG8,(¡B,�=9:7<&�$	*:7¿>�9,D��

*,D`&�(+�<9'$'9,D`;=7�*'$'(U8�A?�L�<F¡7�9:7v¥=¦#��8'9'D=;�(µ�L(+*��<(¡D<9'(+�<$'�,(gFGB,$�>�9:7<FG�'(+�v�¡*L7g�,(¡*,$'�
�L$:FG8'(+9'F+$,$ë��� ��-	� 8,A?�:�=F¡7�9'D=;'k�7���7�B�Ô�(@BED=;`7�9'$:7��,$'D<*'*'¦¿>è&�7��<9'$,�è*L7�$��
�,AC� î $�>JD<�'(+*'D<B�8L7�9L7�&)(+�<9'D=;}8,A?�:�=F¡7�9L7v;v�:7<FG�<D=�<*'D<��D=¥��17�FG�=$¬/±��F+8,D<�:���¡D=;`7�*
&�(+�<D¡�ë9'(¡¨µA?�,�'9,$,�j7��,$'$ÈFG$'*'¨µA?�'�,9'*'¦¿>è;Æ*,Aj�:(���AC*'B'�,$'�ëFG8'(+B'�<9L7Ò&)D=§{*'D=FG�=$
8�AC�=(¡&¸D=¨G9L7�*'$,�'(+*'$�� *,$,�¡BED<�L7�F+�<D<�=*'¦¿>×BED=&�8'D<*'(+*'�<D=;'kP�'�<D�8'D��g;<D��:$��:D�8'D��'AN�
�,$'�=��Ag�1D<¥<*:¦#(��L�,���'$:Fµ�'(¡*,*:¦!>�9L7�FG�'(+�<D`;�;<¦#9L7?Ô�(+*'$�� · 
�D<8'(+�'B,$'*¬k -�D=��7�8,D`;,k
c��<��n};\��8'$'FGBE(	8,AC¥��:$,B�7��,$'� ºå/
�¤7�FG�'(+�=¦ 8'9'D<$,�g;�(©�1(+*:¦ ;×7�*L7?�:$'�<$'�,(¡F+BED<�[��D=9'&�(`k�9'(G�+A?�L�j��7��ìD=��D<9:&P�:(+*

;.;�$C�L(s9N�E�1D=;�$Ð$,*'�<(¡¨+9:7��'D`;�D<����AC*,B'�'$,��k5�j7<;�$:FÎ�:§{$C>ìD<�.D=¥=§{(g¨GD.;�9'(¡&�(+*'$
*:7�¥��LÏ��1(+*,$'�@$���AC9'�<(µ�Í�:7<FG�<D=�=¦�kC�,�=D�8,D<�g;�D<�,�'(+�U�:(¡¨GBED�8,9'(©� ;<¦��,$:Fµ�:$,�`�2DjÔv$��
� 7�(¡&)¦#(��¡*L7g�,(¡*,$,�s�1$'FG8'(+9:FG$'��*L7�$,�,AC� î $�>�D<�'(+*'D<BJ8:7�9:7<&�(+�<9'D=;v8�A?�L�<F¡7�9,D`;}$

{



|6}�~��,�;�>} ü���� }����P�1�;�A�������3���;�1�P�1�;���;�j�>}��C�>�C�P���=�����;���
�;��� �¢¡H£x¤¥�¦���;���;����§��>}���������¨o����~��������1�P�;��©1�p���;}�ª����;�P«
� ���;~��=�¬}¬�,���;¨S� �>}��>}��A�����;�������F��~�ªc�1©1�����P�1�A�1�P��;}¬�
~��,®¯�����;�;�

T
�¢�=°/�>}�~�����¨f¤.���;���;�;�;��±�²x���¬}��;���;± ��³�³�³ �

´ �;�;���C�7�P�C~��,�;�C}��P�;��§

µ��P�1�;���;�1�;�k�>}��>}��A�����;��� �
S(f)

ν σ0 = nbT0 x Pb ẋ Ṗb

h0 T−3 T−1 T−1 T−3 T−3 T−5

h1/f T−2 T−1 T−1 T−3 T−3 T−5

h2/f
2 T−1 T−1 T−1 T−3 T−3 T−5

h3/f
3 const const const T−2 T−2 T−4

h4/f
4 T T T T−1 T−1 T−3

h5/f
5 T 2 T 2 T 2 const const T−2

h6/f
6 T 3 T 3 T 3 T T T−1

�L$:FG8'(+9'F+$,$���� ��-	�È�L�'�v�:Ï�¥=D<��8,9'D¡�LD<�,Ôv$'�<(+�:�<*,D`FG�<$\*:7�¥��LÏ��1(+*,$'��8,D¡� FG��7j�
*,D`;�BED<�%ï+BCF+8,(+9'$:&�(+*'��7��:�<*'¦¿>È�¡*L7¡�'(+*'$,��/"�"�'(+*'$,�`�ì�j7<;�$:FG$:&�D=FG�`�Æ�1$'F+8,(+9:FG$'�
8:7�9:7<&�(+�<9'D=;#� ;�D=�,*'D=¨GD"8,A?�:�=F¡7�9L7�D<��;<9,(¡&)(+*,${*L7�¥<�:Ï!�L(¡*,$'�0B�7g�'(¡FG�=;<(+*'*,D"&�DjÔ��
*,Dv8'D\ P7�¥<�'$'�'(\d<kL;vBED<�<D=9,D=�J8'9'$';<(©�L(¡*'¦ç�¡*:7g�'(+*'$����L$:FG8'(+9'F+$,�@�:�'��Fµ�:(©�LA�Ï��
§{$C>v8L7�9L7�&�(¡�<9'D=;,Ë

ν
�¤�L7�FG�=D<��7	FGD=¥=FG�`;�(+*'*,D`¨GD	;�9L7�§{(+*'$,�£8�A?�L�<F¡7�9:7,k

σ0 = nbT0��*:7g�L7?�L��*L7?���{7?�?70D=9,¥=$,��7��:�<*,D`¨GD�D<¥<9L7�§U(+*,$,�¬k
x, ẋ

��8'9,D=(+B'�,$,��¥<D<�:� î D<�J8,D��
�,A`D=FG$�D<9'¥<$'�=¦¸8,A?�:�=F¡7�9L7\*:7v�,AC���¡9,(¡*,$,��$.(¡(08'9,D=$��g;<D¡�L*L7?��k

Pb, Ṗb
��8'(+9,$'D¡�

D<9'¥<$'��7��:�<*,D`¨GD�D<¥=9:7<§{(+*'$���$�(g¨GD�8,9'D<$,�g;�D¡�1*:7��¬/
�@D+�1(G�:$,9'D=;`7�*'$,(J8,D`;�(©�1(+*'$��×�L$:FG8'(+9:FG$,$ë��� ��-	� $è;`7�9'$:7��,$'�è*:7�$��'AC���

î $C>ëD=�,(¡*,D=B°;<9:7<§07��=(G�:�<*'¦¿>ë$ëD=9,¥=$,��7?�L��*:¦!>ë8L7�9L7�&)(+�<9'D=;ì8,A?�:�=F¡7�9'D=;×8,D<�G�
;�D��:$,�'DìFô�L(G�17��`�S;<¦�;<D¡�´k��'�<DS8,9'D<�'(©�LAC9:7 ���	
��0D<�'(+*'$';`7�*'$��ÈD=9,¥=$,��7?�L��*:¦!>
8:7�9:7<&�(+�<9'D=;{� ;�D<�'*:¦!>@8�A?�L�<F¡7�9,D`;0*'(�8'9'$';<D+�1$'��B@8'D¡� 7<;��:(+*'$'Ï *,$,�¡BED=�:7<FG�<D=���
*'¦¿> î A�&�D`;,/����:(©� FG�=;<$,(¡&ëï+�<D`¨GD\�';��'�,(¡�=Få�JFG�<9'D=¨+D<(UD=¥<D=F+*,D`;=7�*'$'(2;�D<�g&�DjÔv*'D��
FG�<$ D<�'(+*,B'$è*,$,�¡BED=�:7<FG�<D=�<*:¦!> î A�&�D`; · ;w�:7<FG�<D`FG�<$ Á 6#Ã º»k�8'Dw9'(G�+A?�:�j��7���7<&

¶



7�*L7?�:$��j729N�C�LD`;\��� ��-	�ý� ;�D=�,*:¦!>�8,Aj�L�<Fg7�9'D=;,/
�@D+�1(G�:$,9'D=;`7�*'$,(è�,A�;<FG�`;�$'�<(G�L��*'D=F+�<$ ;=7�9,$L7��'$'� *L7�$,�,AC� î $�>�D=�,(¡*,D=B 8:7?�

9:7<&�(+�<9'D=;%8,A?�:�=F¡7�9'D=;çB î A�&PANk�9:7<FG8,D<�'DjÔ�(+*,*'D=&�A�;ÓFG8,(¡B,�=9:7��:�<*'¦¿>�D=B,*L7j>
;ëD=B,9'(¡FG�=*,D`FG�j�C>Ó*'$��¡B'$�> $ F+;�(¡9`>�*,$,�¡B'$C> �L7�F+�<D<� · &�(+*:� î ( �:7<FG�<D=�=¦ D<9'¥<$��
��7��:�<*,D`¨GD°D<¥<9L7�§U(+*,$,�1º»k�8'9,$:;�(+�'DýB�$'*,�=(+9'(¡FG*'D=&PA�;<¦�;<D¡�:AÑË�*L7°*,$,�¡B'$C>��:7?�
FG�<D=��7?>�D=9,¥=$,��7?�L��*:¦#(}8L7�9L7�&)(+�<9:¦�8,Aj�L�<Fg7�9L7�*:7£�L�:$,�=(G�:�<*'¦¿>w;�9'(¡&�(+*L7j>.8,D¡�:�
;�(+9NÔ�(+*'¦ �1D=&�$'*'$,9,A�Ï"§{(¡&PAÈ;��'$,�,*'$'Ï î A�&�D`;ìFGD×FG8'(+B'�<9L7?�L��*:¦�& $,*C�L(¡BCFGD=&
n ≥ 5, S(f) ∼ 1/fn /�Ã¸A�&)¦ Fs��7�B'$'&�$èFG8'(+B'�<9L7�&�$è7�F+FGD=�,$'$'9�A�Ï��`FÎ� F î AN�
&�7�&�$�BED=F¡&�D��:D=¨G$'�'(¡FGBED=¨+Dv8,9'D<$:FÎ>`DjÔ��L(¡*,$,� · ;\�:7<FG�<*'D=F+�<$�k Á 6#Ã º»kLBED=�<D<9:¦#(2$
¥�Ag�:AC��Fµ�'AEÔv$,�`�\��AC*C� 7<&�(+*'��7��:�<*'¦�&�$.�{7�B'�<D<9L7�&)$¬k1D=¨G9L7�*'$,�'$:;=7�Ï"§U$'&�$.8'9'(µ�
�L(G�L��*,A�Ïè�<D=�,*'D=F+�=�"D=8,9'(©�1(G�'(¡*,$,�28L7�9L7�&�(¡�<9'D=;"8,A?�:�=F¡7�9L7"*L7��L�'$'�<(+�:�<*'¦¿>2;�9'(µ�
&�(+*L7j>�*L7�¥<�:Ï!�L(+*'$'�¬/����L9,A�¨GD=�UFG�<D=9,D=*'¦Æï+�=D�D<�¡*:7g�L7�(+��kG�'�<D�7�*:7��'$,�)>ND+�Ñ7æ;=7�9,$��
7��'$,�@D=9,¥=$,��7?�L��*:¦!>�8:7�9:7<&�(+�<9'D=;28'DU�1D=F+��7��<D=�,*'D{�L�:$,�=(G�:�<*'¦�&Ð*L7�¥<�:Ï!�L(¡*,$,�'&
� 7�(+�£;�D<�g&�DjÔv*'D=FG�`�}D<¥=*:7�9�AEÔv$'�=�£*,$,�¡BED<�L7�F+�<D<�=*'¦�(UBED=F¡&�D��:D=¨G$'�'(¡FGB'$,( î A�&�¦�k
BED<�<D=9'¦�(�*'(�¥�Ag�:AC�{ñò�j7�&�7�FGB'$,9'D=;`7�*:¦!ó�¥=D��:(+(�;=¦�FGD=BED<�L7�FG�=D<�<*:¦�&)$�FGD=FG��7<;��'�'Ï��
§{$'&)$¬/
R2IwQLK,ILYPIL¯éÉ+T�M1Q1]28,9'(©� FG��7�;��'(+*:¦õ9'(G�+A?�L�g��7��=¦èD<¥=9:7�¥<D=�<B'$£$�7�*:7��'$,�j7	9N���

�LD`;���-	��� ;�D<�'*:¦!>�&�$��'�:$'FG(¡B�AC*C�L*:¦!>.8,Aj�L�<Fg7�9'D=;����=f�d¡o?�¢�Nc��=��k·�Cdgf�n`���	c<c<c?n'k
�Cdgf�n`o?�Îd?c<c�o�k���djiEdgo����`i?nEiCk��=cCdGnEbg�¢�Ni<b��æ$2D¡�1$,*'D<�'*,D`¨GD�&�$,�'�'$:FG(+B,AC*E�1*'D=¨GD�8,A?�:���
F¡7�9L7���d¡l=o`i���cCd<k�*:7�¥��LÏ��Ñ7�; î $C>EFÎ��;�d¡l<lNi{��c��<�`b2¨¡¨»/�*:7�ï¡��7��'D=*,*'D=&éBED`&�8��:(+B��
FG("8�A?�L�<F¡7�9,*'D=¨+D0;�9'(¡&�(+*'$�k`A`FG��7�*,D`;��:(+*,*'D=&S*L7{9L7g�1$'D<�<(+�'(¡F+BED<8'(��P !�òf�n ·  ����æ�
djb��=�v��
	4%��í���;£
�7?�'���g$,*'(?º»/
6 D<¥=§U(+�ÐFµ�:DjÔv*,D`FG�<$Æ�L�'� 7�*L7?�:$��j7.$'FG8'D��L���gD=;=7��'$:F+���Ñ7�*'*'¦�(@¥<D��:(+(.d¡�=�<�

FG(g7�*:FGD`;U*L7�¥��LÏ��1(+*'$,��8,D�8'9,D`¨G9:7<&)&�(�>�9,D=*,D`&�(+�<9'$'9,D`;=7�*'$,�s8,A?�:�=F¡7�9'D=;'/1�¤�E� ¦
�J-	� 7�*:7��'$,�¡$'9,D`;=7��'$:F+�×F�8'D=&�D`§U�<Ï BED`&�8'�=Ï��<(+9'*:¦!>È8,9'D=¨+9:7<&)& h ö DF-k$ ø
· �{D=9,D î (+*'BED'k�
"D=8,(¡�,B'$,*�k`d¡l<l=�`ºÑ$3h û De$Ul ·  ¤(+�,�'D=9¬k�6!7��'FG¥=(+9�k<d¡l=p<lNºå/+�	�,�	9'(µ�
�:ACB'�,$'$���-	�¸8,A?�:�=F¡7�9'D=;};\4¿7�9'$,�'(+*'�<9.�!D��:*,(¡�,*'D<��FG$'F+�<(¡&)¦°$:FG8'D��L���¡D`;=7�*:¦
ï¡��(¡&�(+9'$E� ¦ ú�û n`�NbEk´9,(+�,�'�<$:;�$:FG�=FGB'$'(}8,9'(+D<¥=9:7��¡D=;`7�*'$�� î B�7?�Ð;<9,(g&�(+*'$Ò8'9,D��
$��g;<D¡�L$,�'$:F+��B�7�B�F�8'D=&�D`§U�<Ï¸�'$'Fµ�:(+*'*'¦¿>±k,��7�B�$�F�8,D`&�D=§U�=Ï�7�*L7?�:$,�=$,�'(¡FGB'$C>
ï¡��(¡&�(+9'$E� · �27��'9`>`(µ�´k¬4�9,(¡��7�*'�jD=*¬k�dgl<l<�Nº»/ 6�FG({&�(+�=D+� ¦%8'D<B�7?�?7?�:$@>`D=9,D î (+( · ;
8,9'(©�1(G�L7?>�D î $,¥=D<B º�FGD=;<8:7j�L(+*'$,�s9'(G�+A?�L�j��7��<D`;,/
-�D��'AC�,(+*:¦ 9N�E� ¦ ¥`7�9'$'�,(+*'�<9'$'�,(¡F+B,$�> ��� ��-	� $×*,D`;<¦�(£�¡*L7g�,(¡*,$,�S;<9:7?�

§07��=(G�:�<*'¦¿>±ks7�FG�=9,D`&�(+�<9'$'�,(¡F+B,$�> $ D<9'¥<$'��7?�L��*:¦!> 8:7�9:7<&�(+�<9'D=; 8,A?�:�=F¡7�9'D=;
�Cdgf�n`���	c<c<c?n\$:��d¡l=o`i��	cCd</±� *L7g�,(¡*,$,�.8:7�9:7<&�(+�<9'D=;�8'9,$:;�(µ�L(+*:¦�;s��7�¥��:$'�:7?>�;
�<(+BCFG�=(��{$:F+FG(+9'��7��'$,$�/
4�¦¿�:D�8,9'D=;<(©�1(+*,D�$:F+Fµ�:(©�1D=;=7�*,$'(�*,(¡F+��7�¥<$,�:�<*,D`FG�<$S�L7�FG�=D<�`¦ F+D<¥=F+�=;�(¡*,*'D=¨GD

ü0³



;�9L7�§{(+*'$,�Ð8�A?�L�<F¡7�9:7�;��j7�;<$'F+$'&�D`FG�<$ÐD<�.8'9,D¡�1D��'Ôv$,�=(G�:�<*,D`FG�<$é*L7�¥��LÏ��1(+*'$,��/
6 B�7g�,(gFG�=;<(J&�(+9:¦ D<�'(+*'B,$È*'(¡FG��7�¥<$,�:�<*,D`FG�<$õFGD=¥=FG�`;�(+*'*,D`¨GDÒ;<9:7<§{(+*'$��È8,A?�:���
F¡7�9L7v;}>�9,D=*,D`&�(+�<9'$'9,D`;=7�*'$'$.$'FG8'D��L���¡A=(+�`FÎ��FG��7��<$:FG�<$'B�7

σz
kL��7�B�*L7?�g¦�;=7�(g&�7?�

�L$:FG8'(+9'F+$��S ´(+�,�:D<9L7 ·  ¤(+���:D<9�k�dgl<l,djº»kªBED=�<D=9:7��ÆFG�=9,D=$,�`FÎ�Æ*:7�D=FG*'D=;<(v�<9'(µ>��=D��
�,(+�'*'D<�£;=¦#¥<D=9,B'$v8'D{9N�E�Ñ7�&×���¸�J-	�2/C6S9L7�¥=D<�=(�¥`¦¿�17�$'FG8'D��L���gD=;=7�*:7�D=�,(+*'B�7
�¡*:7g�'(+*'$��\�1$'FG8'(+9:FG$'$� ´(¡���:D<9L7 · ��7��:7�B,$:F�$��19¬/ k�d¡l<lNi<º»Ë

σz(τ) = τ 2
〈

c2

3

〉1/2
/2
√

5
¨ �1(

τ
�±�:�:$'�<(G�L��*'D=FG�`��$'*'�<(+9:;=7��L7�;�9'(¡&�(¡*,$�k�*L7�BED=�<D=9,D`&�D<�'(+*'$';`7�(+�`FÎ�

σz
k 〈

c2

3

〉

�´D<�'(+*,B�7�FG9'(©�1*,(¡¨+D��¡*L7g�,(¡*,$,�}B';`7g�19:7���7�BED=ï¡�	��$'�'$,(+*'��7�8'9'$}�<9'(+�=�<(+�vFG�<(¡8,(+*'$
8,D<�'$'*,D`&�7�8'Dw;�9'(¡&�(+*'$�k¤;<8,$:F¡7�*,*'D=¨GD�;Ò��� ��-	� ;�$'*,�=(+9:;=7?�:(

τ
kª�:�'�Ð;<FG(G>

*,(+8'(+9'(+B'9'¦�;=7�Ï"§U$C>EFÎ��$'*,�=(+9:;=7?�:D=;�*L7};<F+(¡&Ð;<9,(¡&)(+*,$�*:7�¥��LÏ��1(+*,$'��/
6 9,(G�¡Aj�L�j��7��<(õ7�*L7?�:$,�j7ë>`D¡�Ñ7ë�L$:FG8'(+9:FG$,$  ´(+�,�:D<9L7%¥=¦#� F �1(G�17�* ;<¦�;<D¡�´k

�,�=DÈ;õ9N�E�Ñ7j>���� ��-�� 8�A?�L�<F¡7�9,D`;o���=f�dgoj�ò�`c��=��k4��d¡f�n`���	c=c<cjn:k4�Cdgf�nNoj�ådjc<c�o�k
�Cd?iEd¡o����`ijnCiEkH�=cCdGnEbg�¢�Ni<b���k¸��d¡l=o`i���cCdì*L7È�:�:$'�<(G�L��*:¦!>�;�9'(¡&�(+*L7j> · iõ�:(+�%$
¥<D��:(+(?ºU�LD`&�$,*'$'9�A`(+�ì¥<(G�L¦#�[�	7��¡D=;=¦#� î A�&�/��{$'FG8'(+9:FG$,� σz(τ)

8'9,D¡�1D��'Ô�7�(¡�
A�&�(+*:� î 7��=�<Få�¬k�$ (+(×>ND¡� *'(×�1(¡&�D=*'F+�<9'$,9,A=(+�ý�=(+*C�L(+*'�'$,$ B 8'(+9,(+�'D`&PA`/	 P7j�
B,$:& D=¥<9L7?�¡D`&�k)8'D¡�L�`;�(+9NÔ��Ñ7�(¡�=Få�Ð*:7j�L(+Ôv*,D`FG�=�Æ;<¦�¥<9L7�*'*'¦¿>è8,A?�:�=F¡7�9'D=;Æ;wB�7?�
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