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oüBh=E;Cp�Bh;C=ED)D�F p�9A;>p t>D�o�È:pG9A�c8:9<oE�GD�o�N�U ��JK���kD�FyBEo�NCD��c9AHKFCo?DGF �c9AHIF>o?JK9A;C=EN>o�DGF³8gM<=üB M<FvB�N>;³F>9 uvM<; N>D
~�D�=3pGDGFvBE=hM<J CiE 9A=Eoexw;CDcp�DGJI;>HDOªpGH±M BEBhD�HKFvB-J M �kM<oeoEDZN>D'PUtgM<FCN>=hM<oeD�uytgM<=:È�JKDZp�9{D�;>=3o�U D:Q:9AF>N>=eD�ûe;>oExy;�UT\³p�D
xy;>DZJKM�N>DGFCoEHIBE�ZM�BeBhDGHILAF>D�J M�N>D�F>oEH÷Bh�rFy;>p�JK�GM<HK=eD C"E M 8C=EDGoeoEHI9AF�HKF>NC;>HIBED)8gM<=�JKDr8C=EHKFCpGHK8òD«N�U D Ú pGJK;CoEHK9<F�N>D
s�M<;>JKH�NgM<FCo�JKD«F>9 uvM�; ;>F>HIxw;CDG�cDGFvB�p�9A�k8ò9Aoe�)N�U ;>F LvM ¬ N>D�F>DG;CBE=E9AFCo�DGFvBE=EDZM<JI9A=Eo1DGF 9A8>8ò9AoEH÷BhHK9<F M ö<DGp
J.U D�Që9AFCN>=ED��kD�FyB1LA=EM ö{H÷B M�BEHK9AFCF>DGJ^D|B�8C=E9 öA9wxy;>D�JID'Ê�=ED�@:9AFCN0Ê-NCDGo�p�9A;>p t>D�o�D Ú BEDG=eF>DGo�DGF D Ú 8>JK9AoeHK9AF C }�J�F>D
oe;>@>oEHIoeBED3xw;`U ;>FCD3��Bh9<HKJKD�\rF>D�;CBh=e9AF>o?M<; p�DGFvBh=eD3xy;>H^8òDG;CB?o:U D�Që9<F>N>=ED�=¢DGJIJKDáO���ÝG�cD�D�F Bh=E9<; F>9AHI=UoED�JK9AF oEM
�kM<oEoeD C PUDGo-oE;>8òDG=eF>9 ö�M<DZoE9AFvB3NCHIBhD�o�N>D)B�uw8òDZ}E}ºÈ:N>HLQ:�G=eDGF>p�HK�GD�o3DGF�8>JI;>oEHIDG;>=eo�oE9<;>o�OªpGJ M�oEoED�o3oED�JK9AF�JIDG;>=eo
8>=e9A8>=eHK��BE�Go�oE8òDGp|Bh=EM<JKD�oÅ��}E} MXÈC}E}�@³D�B1}E}�p ��C
�9ÁLe�ÁÞe�ÁLe É #ò&(�9#%�%+.�0�X3¯�p+��:3;!r�d+.-`/%�

E DGo-oE;C8:D�=EF>9 ö�M<Dc9AFvB-=hM<8>HIN>DG�cDGFvB-�|Bh�W��ö<9{xy;>��DGo«pG9A�c�kD);>F>DWoE9A;C=EpGDW8ò9<BhD�FvBhHKD�JKJIDrN>DZ=hM u<9AF>o«pG9Ao7O
�cHKxy;>D�o¢NgM<F>o?JKM s M�J M Ú HKD C n �Go�JKD�o?M<F>FC�GDGo B;YMS �XÈCNCDGo?8>tvuwoEHIpGHKD�F>o��G�cHK=eDGFvB¢J.U tvuw8:9�Bht>��oED-xy;>D3JKD�o?oE;>8òDG=7O
F>9 ö�M<D�È^D�B3J.U ��F>DG=eLAHKD)pG9AF>oeHKN>��=hM<@CJKDrxy;�U DGJIJKDGo�N>�GLvM�LADGFvB-8ò9A;>=E=EM<HKD�FvBxÝ�BE=ED�\ J.U 9A=eHKLAHIF>D-N>;mzg; Ú N>DZ=hM uA9<F>o
p�9AoE�cHKxy;>D�o£�cDGoE;C=E�Uoe;>=%t�D�=E=ED#° �<� ±VC�E DGo�8>=ED��kHI�G=ED�o�9<@>oED�=eö�M�BhHI9AF>o�N>DU=EM uA9AF>o�pG9Aoe�kHIxy;>DGo�D�B�J M�p�9AF>oüB M<F>p�D
N>D�JIDG;>=kzg; Ú M<�kD�FgM<HIDGFvB!N>� û|\G\3J M3pG9<F>pGJI;>oEHI9AFWxw;CD1JKM3oE9A;>=epGD�N>D1=hM uA9<F>o!pG9Aoe�kHIxw;CDGo!F�U M<8>8gM<=üBhD�FgM<HIB!8>M<o
M<; oeuwoeBE�G�cDZoE9AJKM<HK=eD C$� Drp�9AF>FgM�HKoEoEM<FvB38gM<o�N�U 9A@wûeD�BEo38:9<;Cö�M<FvB3M<JIHK�cDGFvBhD�=�p�9AFvBhHKF8Ð>�cDGFvB3JKM s M<J M Ú HID-DGF
=EM u<9AF>o*pG9Aoe�kHIxy;>DGo:Èwoe9AHIB*JIDGo!=hM uA9<F>o
p�9AoE�cHKxy;>D�o!oE9AFvBUM<pGp��GJK��=E��o
t>9<=Eo*N>D�JKM s M<JKM Ú HKD�È<oE9<HIB!JKD��c�GpGM<F>HKoe�kD
N�U M<p�pG�GJI�G=EM�BhHI9AFÅD�oeBroe8:9<=hM<N>HIxy;>D C n DkpGD�BeBhDkpG9AF>oüB M�BhM�BhHI9AF»M³N>�Gp�9A;>JI�kJ.U tvuw8:9�Bht>��oED N�U ;>F>D�M<pGp��GJI�G=hM BhHK9<F
N>D�or=hM u<9AF>oZpG9<oE�cHKxy;>DGo�8gM<=�JKDGo)oE;>8òDG=eF>9 ö<M�D CàE M p�9AF>FgM�HKoEoEM<F>p�D N>D p�DGor9A@yûeD�Bho)��B M�HIBrJIHK�cHIBE�GD�\ p�D�BEBED
��8:9wxy;>D)�kM<HKo�N>D�o�M<=eLA;>�cDGFvBho��GF>D�=ELA�|BhHIxw;CDGo�p�9AF>N>;>HIohM<HIDGFvB�N>� û|\'\kJ McpG9AFCpGJK;CoEHK9<F xy;�U ;>F>D)~�=EM<p�BEHK9AF M<páO
p�DG8CBhM<@>JKD NCD³J.U ��F>DG=eLAHKD NCDGoWoE;>8òDG=eF>9 ö�M<D�oE;XßcohM�HIB�\�M<JKHI�kD�FvBhDG=)J M s M<J M Ú HID C }�J¢DGoüBcBE9A;CBED�~�9AHIo�\�FC9<BhD�=
xy;>DkJKDZ�c�Gp M�F>HKoe�kDWN�U M<pGp��GJI�G=hM BhHK9<F =eDGoüB M<H÷B���u{oüBh��=EHKD�; Ú D�B«��BhM<HIB«oe;>8>8ò9AoE�kM öA9AHI=«JIHKD�;ÅM<; �c9A�kD�FvB-N>D
J.U D Ú 8CJK9AoeHK9AF N>D-JKMWoe;>8òDG=EFC9 ö�MWD�B1F>9AF�8gM�=1JID�öAD�oeBhHILAD-DGF³=E��oE;>J÷B M<FvB CE DGor�cDGoe;>=ED�or8>JI;>o�8C=E�Gp�HKoeDGorN>;�zg; Ú N>D�=EM u<9AF>orp�9AoE�cHKxy;>D�o)D|BrJ M³�kD�HKJIJKDG;C=EDZpG9<�k8>=e�Gt>D�F>oEHI9AF»N>D�o
�c�GpGM<F>HKoe�kD�o~\³JVU 9A=EHILAHKF>DWN>D�oroE;C8:D�=EF>9 ö�M<D 9AFvB)N>DG8>;CHKo)8òDG=e�kHIo�N`U M�ßcF>D�=rpGD|BZM<=eLA;>�cDGFvBr��F>DG=eLA��BEHKxy;>D CE MWN>DGF>oeHIBE�«��F>DG=eLA��BEHKxy;>D-N>D�o�=EM u<9AF>o1pG9Aoe�kHIxy;>DGo�DGoüB�NCD«J.U 9<=EN>=eD3N>D εRC ≈ 1 eV cm−3 C z F³8>=ED�FgM<FvB1DGFp�9A�k8{BhDcJKDZBhD��k8>o-N�U �Gp t>M<8>8òDG�cDGFvBrN>D�o)=EM u<9AF>o�pG9Aoe�kHIxw;CDGo téchap.

D|B�JIDZöA9AJI;>�kDWN>DcJ M s M<J M Ú HID Vgal
È

JKM�8>;>HIoEoEM<F>pGD ~�9A;>=EFCHKD³8gM<=�JIDGo�M<pGp��GJK��=hM�BEDG;>=eo�N>D =hM uA9AFCo pG9Aoe�kHIxy;>DGokDGoeB PCR = εRC × Vgal/téchap
C
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N�U ;>F>DZoe;>8òDG=EFC9 ö�M D�oeB-N>DrJ.U 9<=EN>=eD)N>D 1051 DG=eL@ÈëJKMk8>;>HIoEoEM<F>pGDZNC�GLvM<L<�GDr8gM�=�pGD�JKJKD�o�OªpGH�DGoeB�N>DrJVU 9A=eN>=ED�N>D
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�cHKJIHKDG; HKFvBEDG=EoüBhD�JKJ M�HK=ED C n ;>=EM<FvBZJKD�o)8>=eDG�cHK�G=eDGor8CtgM<oED�orN>D 8C=E9A8gM�LvM�BhHI9AFÅNCDGor��ûeDGp�BhM<o�È£JKDG;C=�öwHIBEDGoEoeD DGoüB
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eMilieu interstellaire non choqu

Choc frontal

Choc en retour
 de contacteDiscontinuit

eISM choqu

eEjecta choqu

eEjecta non choqu

é
ì³²?Ï B(CWS�´ �wBE=E;>p|Bh;>=eD�N�U ;>F�öAD�oeBhHILAD-N>D-oE;>8òDG=eF>9 ö�M C
E M³�kM ûe9A=eHIBE�rN>DWJVU �GF>D�=ELAHIDZN�U D Ú 8>JK9<oEHK9<F NCDkJKM oE;>8òDG=eF>9 ö<M³DGoüB�p�9AFvBhD�Fw;CD�NgM<FCo«J.U ��F>DG=eLAHKDZp�HKF>�|BhHIxw;CD

N>D�o
��ûeDGp|B M<o C�E U ��ö<9AJK;CBEHK9AFZNC;cö<DGoeBEHKLAD1D�B*N>D�o!� ûeDGp|B M<o!ö�M©Ý�Bh=eD�oE9A;>�cHKoeDv\-oe9AFcHKFvBhD�=hM<p|BhHK9<FkM ö<DGp1JKD?�cHKJKHIDG;
D�FyöwHI=E9AF>F>M<FvB C t�=e9AHKo-8>tgM�oEDGo�8>=EHIF>pGHI8gM<JIDGo3p M�=hM<p|Bh�G=eHKoeDGFvB)J.U �|öA9AJI;CBhHI9AF�N>;�ö<DGoüBhHKL<D M<8>=e�Go«JVU D Ú 8>JI9AoEHI9AF�N>D
JKM�oE;>8òDG=eF>9 ö�M���8:9<;>=�8>JI;>o�N>DZNC��B M�HKJKo:È:p�9AF>oe;>JIBEDG=�JIDGo�=e��~��G=eDGF>p�DGoF° � BV± \ë° � I6± �áC�E M 8>=ED��kHI�G=eD)8>tgM�oEDZDGoüB
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N>H÷BhD1N�U D Ú 8gM<F>oeHK9AF JIHK@>=eD C4E U D Ú 8gM<F>oeHK9AF oe;>8òDG=Eoe9AF>HIxw;CD�N>DGoU� ûeDGp|B M<o
F�U DGoeB¢8gM<oUD�FvBh=hM ö<�GD38gM<=
J M-��M�oEoED�N>;
�cHKJIHKDG;³HKFvBEDG=EoüBhD�JKJ M�HK=ED-@gM�J M uA��8gM<=�JID�p t>9wp C`E Drp t>9wproEDr8C=E9A8gM�LADrJKHI@>=ED��kD�FvBx\köwH÷BhDGoeoEDrp�9AF>oüB M<FvBhDZD|B�JID
=EM u<9AF³N>;³ö<DGoüBhHKL<D«D�oeB�8>=E9<8:9A=üBhHI9AF>F>D�J�\ZoE9AFþý<LADWq R ∝ t

CE 9A=Eoexy;>D-J Mr�kM<oEoeD«@>M<J M uA��D38gM<=?JID�p t>9wp«NCD�öwHKD�FyB1N>D3J.U 9<=EN>=eD�N>D-pGD�JKJKD�N>DGo�� ûeD�p�BhM<o�ÈgJID�öAD�oeBhHILAD-DGFvBh=eD
NgM�F>o�JKMr8>tgM<oeD�NCHIBhD3NCDr�{D�N>9 ö O�t�M uwJI9A= CrE D-=hM uA9<F N>;�öAD�oeBhHILAD«��öA9<JK;>D-pG9<�k�cD R ∝ t2/5 CrE MWBE=hM<FCoEHIBEHK9AFD�FyBE=ED«J Mr8>t>M<oED-N�U D Ú 8gM<FCoEHK9<F JKHI@>=ED�D�B1J Mr8>t>M<oED-N>D��{D�N>9 ö4O·t£M uwJK9<=�MWJKHIDG; 8ò9A;>=?JID�BhDG�c8>o

tST ≈ 209 ×
(

ESNR

1051 erg

)−1/2
( nISM

cm−3

)−1/3
(

Mjectas

M�

)5/6

ans

9(ë ESNR
DGoüB-JVU �GF>D�=ELAHIDrJKHI@:��=E��D)8gM<=�J M�oe;>8:D�=EF>9 ö�MXÈ Mej

J M �kM<oEoeDrN>D�o«��ûeDGp|B M<o3D|B nISM
JKM N>DGF>oeHIBE�ZN>;

�cHKJIHKDG;�HKFvBhD�=EoeBEDGJIJ M<HI=ED2��}ü� [ 8:9A;C=?}�FyBEDG=h�wBhD�JKJ M�= [ DGN>HI;>� ��C
n ;>=EM<FvB p�DGocN>DG; Ú 8>t>M<oED�o�È*JKDGoWBhD��k8CoWB�uw8>HIxy;>DGokN>DGok8:D�=eBhD�ok=EM<N>HKM�BhH÷öADGoWN>;"�kHIJKHIDG;»p t>9wxy;>� oe9AFvB

LA=EM<F>N>o)pG9A�c8gM<=e�GorM�;ÅBhD��k8>o)N�U �|öA9AJI;CBhHI9AFÅN{u{F>M<�kHIxy;>D�N>;»ö<DGoüBhHKL<D CàE 9A=eoExy;>D p�DGorBEDG�c8>o)N>D|öwHKDGFCF>DGFvB
p�9A�k8>M<=hM<@CJKDGo:ÈvJKD�o*8òDG=üBhD�o
=EM<N>H M BhHIö<DGo!N>D|ö{HIDGF>FCDGFvB¢oeHKLAF>HD}gp M BhHIö<DGo C4E D�öAD�oeBEHKLAD1DGFvBh=eD�M�JK9A=eo*N>M<F>o*J M38>tgM<oeD
N>H÷BhD
=hM<N>HKM�BhH÷öAD CME D¢LvM ¬ p tgM<;>NZxy;>HCpG9A�c8:9<oEDUJIDGo±��ûeDGp|B M<o#D|B#J M1��M�BEHK��=EDU@>M<J M uA��D¢o�U ��ö�M<8ò9A=eDGFvB!D�B#oe;>@>oeHKoeBED
oeDG;>JID«;CF>D©}gF>D«pG9wxw;CHKJKJID�D Ú BEDG=eF>D)M�; F>H÷öADGM<;�N>; p tC9{p C PUD|BEBED«8CtgM<oED«N>��@>;CBhD«M<;�BhD��k8Co

trad ≈ 29 × 103

(

ESNR

1051 erg

)−4/17
( nISM

cm−3

)−9/17

ans

E U ��öA9<JK;CBEHK9AF�N>;»öAD�oeBhHILAD M<;ÅN>�G@>;{BZN>D�p�D�BeBhD 8>t>M<oED D�oeBZp�9AFvBh=a{AJK��D�8gM<=�J M³8>=ED�oEoEHI9AF N>;»LAM ¬ p tgM�;>NÍ\
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LAHI=hM�BEHK9AF ωB = qB

γmec

CkE U M<pGp��GJK��=hM�BEHK9AF NCD³JKM�8gM<=eBEHKp�;>JKD p t>M<=ELA��D�pG9AF>NC;>HIB�\�JVU �G�cHKoeoEHI9AF»N>D�=hM�N>H M�BEHK9AF
NgM�F>o�;>F�p:{AF>DZM<;{Bh9A;>=�N>DrJKMcB M�F>LADGFvBED2\�J McBh=hM ûeDGp�BE9AHK=eD)N>D�J M�8>M<=eBEHKpG;CJKDMÈ
9A=eHKD�FyBE�GDroeDGJI9AF J McN>HK=eDGp|BhHK9<F
N>D«8>=e9A8gM<LvM BhHK9<F³NCD�JKMW8>M<=eBEHKpG;CJKD CrE U �GF>D�=ELAHID-�k9 uAD�F>F>D�N�U ;CF 8>t>9�Bh9AF³�G�cHKo�8gM<=�;>F �GJIDGp�BE=E9AF N�U �GF>D�=ELAHID
Ee

È>oED«8>=E9<8gM<LADGM<FvB�oEDGJI9AF³;>F M�F>LAJKD α 8gM<=�=hM<8C8:9A=üB1M<;�p tgM<�c8 �kM<LAFC��BhHIxy;>DMÈ>o:U ��pG=eHIB

Esync ≈ 0.7

(

Ee

1 TeV

)2 (

B

1 µG

)

sin α eV



· ����� � ���¸�[¹ ÿØ���#£ �6�V�����'� ���F� �
γ

�@¸
E MZ8>=E��oEDGFCpGD«N�U ��JKD�p�Bh=e9AF>o�N�U �GF>D�=ELAHID3oE;>8ò�G=eHKD�;>=EDH\ B t�D·Ì N>M<F>o�;>F�p tgM<�c8���M<L<F>��BEHKxy;>D�N>D-J.U 9A=eN>=ED

N>D
xy;>DGJIxw;CDGo µ
s ö<9AHK=eD
8CJK;>oeHKDG;C=Eo�pGDGFvBhM<HKF>D�o±N>D µ

s pG9AFCN>;>HIB \�;CF>DU���kHIoEoEHI9AF«N>D
=EM uA9AF>o ¤ 8ò9A;Cö�M<FvBpÝ�Bh=eD
;CBEHKJIHKoE��Dk8ò9A;>=«pG9<FyBE=hM<HIF>N>=eD�JVU HKFvBEDGF>oeHIBh�cN>; p tgM��k8»�kM<LAFC��BhHIxy;>Dk9<;»J M³N>DGF>oeHIBE��N�U �GJIDGp�BE=E9AFCoZM<pGp��GJI�G=E��o
8>=e�GoeDGFvBho�NgM<F>o�pGD|BEBED«=e�GLAHI9AF CE D BhD��k8>o)p M<=EM<p�BE�G=EHIoeBEHKxy;>D N>; =EM uA9AF>FCDG�cDGFvBWoeuwF>p t>=e9<Bh=e9AF,N�U ;CF �GJKD�p�BE=E9AF N�U �GFCDG=EL<HKD Ee

N>M<F>orJID
p tgM��k8³��M�LAF>��BEHKxy;>D B o�U �Gp�=EH÷B

tsync ≈ 1.3 × 1010

(

B

1 µG

)−2 (

E

1 GeV

)−1

ans

E D*BEDG�c8>o�p M<=EM<p�BE�G=EHIoeBEHKxy;>D!N>D*=hM uA9AFCF>DG�cDGFvB±oüuwF>p t>=E9�Bh=E9<FrN�U ;>F)8>=e9<Bh9<F)DGoüB£xy;gM�FyB \�JK;>Hvoe;>8:��=EHIDG;>=p\
p�DGJK;CHgN>DGo!�GJIDGp|Bh=E9<F>o!N�U ;CFc~�M<p|BhD�;>= (mp/me)

5/2 ≈ 1.5×108 C1[ ÝG�cD�NgM<F>o!JID?p M<o!N>D�o*8C=E9<BE9AF>o!N�U �GF>D�=ELAHID
oe;>8:��=EHIDG;>=eD§\ 8CJK;>oeHKDG;C=Eo)p�DGFvB M�HKF>D�o)N>D't�D·ÌÅÈ�J.U ���kHIoEoEHI9AF�N>D�8Ct>9<Bh9<F>o)8gM�=�=EM u<9AF>F>D��kD�FvBroeuwF>p tC=E9<BE=E9AF
D�oeB1F>�GL<JKHKL<D M<@>JID�NgM<FCo1NCDGo�pG9AFCN>HIBEHK9AF>o?p�J M<oeoEHIxw;CDGo�N>D-p tgM<�c8 �kM<LAFC��BhHIxy;>D C

üÏ+`ÊÐ/%�*+=!$# ÃF!")�h%3;!$#ò+�#"®$�4�d���
E DGoc�GJIDGp�BE=E9AFCoZHKFvBhD�=hM<LAHIoEoeDGFvBkM ö<DGp³JKD�oZ8>t>9<BE9AF>oWN>; �kHIJKHIDG; M<�)@>H M<FvBWM�; BE=hM öAD�=EocN>D�J M N>HDQë;CoEHK9<FPU9A�c8CBE9AF�HKFvöAD�=EoeD CiN F>Dr~�=hM<p|BhHI9AF HK�c8ò9A=eBhM<FvBhD«N>DZJVU �GF>D�=ELAHID)N>DZJ.U ��JKD�p�Bh=e9AF D�oeB3Bh=EM<F>oü~��G=E��DWM<;�8>t>9�Bh9AF Cn M�F>o JKD p M<o N�U �GJIDGp|Bh=E9<F>o N�U �GF>D�=ELAHID oE;>8ò�G=eHKD�;>=EDË\Åxy;>D�JKxy;>D�o³NCH ¬ M�HKF>D�o�N>Dmt�D·Ì~È¢JID 8>tC9<Bh9AFÕ8C=E9wN>;>HIB

8òDG;CB�M�BeBhDGHIF>N>=eD«;CF>D���F>DG=eLAHKD-oe;>8:��=EHIDG;>=eDÅ\ B t�D·Ì C$N F³N>D�o�pG9<F>oeBEHIBh;>M<FvBho1�GJK���kD�FvB M<HI=EDGo?NC; p tgM<�c8³N>D
8>tC9<Bh9AFCocp�HK@>JIDGoZD�oeBcJKD ~�9AFCN"p�9AoE�c9AJK9<LAHKxy;>D�È£M<;Cxw;CDGJ�8:D�;CöAD�FvB�oeD =EM ûe9A;CBEDG=ZN>D�ocp t>M<�k8CocNCD³8Ct>9<Bh9<F>o
oüBhDGJIJ M<HI=ED�oU9A; ���kHIoU8gM<=UN>DGo�Fy;gM<LAD�o?N>D�8ò9A;>oeoEHK��=ED�o CrE D�BhD��k8Co?p M<=EM<p�BE�G=EHIoeBEHKxy;>D�N>D�N>HLQ:;>oEHI9AFÏPU9A�c8CBE9AF
HIFyö<DG=eoED«N�U ;CF ��JKDGp|Bh=e9AF N`U ��F>DG=eLAHKD Ee

NgM<FCo1;CF p tgM��k8�N>D-8>t>9�Bh9AF>o�N>D-N>D�F>oEH÷Bh�-N�U �GF>D�=ELAHID ur
o�U �GpG=eHIB

tIC ≈ 3 × 108
( ur

1 eV cm−3

)−1
(

Ee

1 GeV

)−1

ans

9(ë ur
D�oeB�J MrN>D�F>oEH÷Bh�-N�U �GF>D�=ELAHID«NC; p tgM��k8�N>D-8>t>9�Bh9AF>o�p�HK@>JIDGo?D�B Ee

J.U ��F>DG=eLAHKD3N>D-J.U ��JKDGp|Bh=e9AF CE D!oE8òDGp�BE=ED!DGF«�GFCDG=EL<HKD#N>D�o�8Ct>9<Bh9<F>o�8>=E9wN>;>H÷Bho^8>M<=�J M¢N>HDQë;CoEHK9<FGPU9A�k8{Bh9AF-HKFvö<DG=EoeD!N�U ;CF>D!8:9A8C;>J M�BEHK9AF
N�U �GJIDGp|Bh=E9<F>o�oe;>HIö�M<FvB�;>F>DcN>HKoüBh=eHK@>;CBEHK9AF�D�FÅ��F>DG=eLAHKDcDGF�JK9AH±NCDk8>;CHKoEoEM<F>p�D�N�U HKF>NCHKpGDWoe8:D�p�Bh=EM<J α È�D�oeB�DGF8>=eDG�cHK��=ED1M<8>8>=e9 Ú HI��M BhHK9<Fc;CF>D�JI9AHgN>D18>;>HKoeohM<FCpGD�N`U HIF>N>HKp�D Γ ≈ α+1

2
NgM<F>o*J M-��ÝG�cD1LAM<�k�cD?DGF��GF>D�=ELAHID

xy;>D«JKD�o?�GJKD�p�BE=E9AF>o C
Ê � �$!$#p#0�1),�1#"3§�0���V�d�1+�#%�X>$�
E DGo3��JKDGp|Bh=e9AF>o�8òDG;Cö<DGFvB«8:D�=EN>=eDr;>F>D�~�=hM<p|BhHK9<F HK�c8:9<=eB M�FyBED�NCDrJKD�;>=���F>DG=eLAHKDZM�; Bh=hM ö<DG=Eo3NC;�=hM uA9AF1O

F>D��kD�FvB�N>D�~�=ED�HKFgM<L<DMÈwN>HIBúwU=ED��koeoeBh=EM<t>JI;>F>L CXE 9<=Eo¢N>D3JIDG;>=U8>=E9A8>M<LvM�BEHK9AF�ÈyHIJKoU8òDG;{öADGFvB1HKFvBEDG=hM�LAHK=UM ö<DGp3JID
p tgM��k8 p�9A;>JI9A�r@>HIDGF³N>DGo�F>9 uvM<; Ú N>; �cHKJIHKD�;³HIFvBhDG=eoeBEDGJKJKM<HK=eD3D�B�=hM<JIDGFvBhHI=1D�F �G�cD�BeB M<FvB�;>F 8>t>9�Bh9AF NC9AFvB
J.U ��F>DG=eLAHKD�8:D�;CB©Ý�BE=EDZp�9A�k8>M<=hM<@CJKDF\ pGDGJIJKD�N>DrJVU �GJIDGp|Bh=E9<F C PUD|B-D:Q:D�B3NC�G8òDGF>N�N>DrJ.U HI9AF>HIohM�BEHK9AF³N>;��cHKJKHIDG;
HIFyBEDG=eoeBhD�JKJKM<HK=eD C n M�F>o�JID�pGM<o�N�U ;>F �kHIJKHKD�;�F>DG;CBE=ED�È:JKMcp tgM�=ELAD�N>DGo�F>9 uvM<; Ú D�oeB�D�F D:Q:D�B��Gp�=hM<FvBh��D)8gM�=�JID
Fy;gM<L<D«��JKD�p�Bh=e9AF>HIxw;CD CE D1BEDG�c8>o!p M<=EM<p�BE�G=eHKoeBEHKxy;>D�N>D1pGD18>=E9wpGD�oEoe;>oUNgM�F>o
JID�p M<o!N�U ;>F��cHKJIHKD�;rF>DG;{Bh=ED�N>D�N>DGFCoEHIBE� n o:U ��pG=EH÷B�q

tbr ≈ 4 × 107
( n

1 cm−3

)−1

ans

N FCD NCDGo p M�=hM<p|Bh�G=eHKoüBhHKxy;>D�o N>; wU=ED��koeoeBE=hM<t>JI;>F>L D�oeB³xy;�U HIJ�8>=e9{NC;>HIB ;CFÕoE8òDGp�BE=ED�DGF ��F>DG=eLAHKD�N>D�o
8>tC9<Bh9AFCo1oe;>HIö�M<FvB1;>F>D-��ÝG�cD3JK9AH:N>D-8>;>HIoEohM�F>pGD«xy;>D-JKDGo?��JKD�p�Bh=e9AF>o C



�1³ êX���V�n�����c�������X�C�;�C�����������V�'�Z�F� ��¡��B�#�'�H¢c£ �
�3���c��� ���F� �¥¤��6�F�¦�
� �d!��p/%&M3�+=!"#��%��h +=!$#p��#0��/i3;���1�'5=!r�d���0��&(!$5�5.+��*+=!$#p�~�0�9�0��!"#%+�-�/%�1�
E DGo«8>=E9�Bh9AF>o-oe9AFvBrM<;CoEoEHÐ\ JVU 9A=eHKLAHIF>DrN>DWJ M 8>=e9{NC;>p�BEHK9AF�N>Dc=hM uA9<F>o γ N>DZBh=e�Go«tgM<;CBEDc��F>DG=eLAHKD C0E DGop�9AJKJIHKoEHI9AF>o«HKF>��J M<oüBhHIxw;CDGorD�FyBE=ED JIDGoZ8>=e9<Bh9AFCoZM<pGp��GJI�G=E��oWD�BZJIDGoZF>9 uvM�; Ú N>; �cHKJIHKDG;�HKFvBhD�=EoüBhDGJIJ M<HI=ED���8>=eHKF�O

p�HK8gM<JIDG�cDGFvBWN>D�ok8>=e9<Bh9<F>o � 8>=e9{NC;>HKoeDGFvBcN>DGocLADG=e@:D�okt>M<N>=E9<F>HKxy;>D�o�È#DGF"LA=hM�F>N>D�8gM<=üBhHKD p�9AF>oüBhHIBE;>�GD�oWN>D
8>HI9AF>orFCDG;CBE=EDGoZD|BZp tgM<=eLA�Go:È π0 D|B π±

CàE D�o π0 oED NC�GoEHIFvBh�GL<=EDGFvBW=EM<8>HKNCDG�cDGFvBWM<8>=e�GorJIDG;>=)8>=E9wN>;>p|BhHK9<F� τπ0 ≈ 8.4 × 10−17 o ��C�E D 8>=e9{N>;CHIBWN>D�pGD|BEBED³NC�GoEHIFvBh�GL<=hM�BEHK9AF DGoüBc��M ûe9<=EHIBhM<HK=eDG�cDGFvBrNCDG; Ú 8Ct>9<Bh9<F>oM öAD�p";CFa=EM<8>8ò9A=eB N�U D��r@>=EM<F>p t>D��kD�FyB N>D Y � C � Ë§C n M�F>o�J M LvM<�c�cDÅDGFa�GFCDG=EL<HKD N>; s D·Ì 9A; N>;t�D·Ì~È!J M�~�=hM�p�BhHI9AF �k9 u<DGF>F>D³N>D³JVU �GF>D�=ELAHID�N>; 8>=e9<Bh9<F"D��k8ò9A=eBE�GD�8gM<=WJID π0 DGoüB κπ ∼ 0.17
C�E U �GF>D�=�O

LAHID3�k9 u<DGF>F>D«N>D�o�8>tC9<Bh9AFCo1HIoEoe;>o�N>D�JKMrpG9AJIJKHIoEHK9<F N�U ;>F 8C=E9<BE9AF N`U ��F>DG=eLAHKD Ep
DGoüB1N>D-pGD-~�M<HIB?NCD�J.U 9A=eN>=ED

N>D Eγ moy ∼ 0.085Ep
CrE MWoED�p�BhHI9AF D�ßcp M<p�D�8>=e9<Bh9<F�O�8>=e9<Bh9<F D�oeB�8gM<=1M<HKJIJKD�;>=EoUBE=E��o�8òDG;³N>�G8òDGFCNgM<FvBhD�N>D

J.U ��F>DG=eLAHKD�N>;�8>=E9<BE9AF NgM<FCo¢J M)LAM<�k�cD�D�F �GF>D�=ELAHID�N>;Ït�D·Ì C PUD|BEBED38>=E9A8C=EHK�|Bh�3Mr8ò9A;>=UpG9AF>oe�Gxy;>D�F>pGD«xy;>D
JID)oE8òDGp|Bh=eDZDGF��GFCDG=EL<HKD)NCDGo�8>tC9<Bh9AFCo��G�cHKo�JK9A=eo�N>Drp�9AJKJIHKoeHK9AF>o?t>M<N>=E9<F>HKxy;>D�o�oE;>H÷B�;>FCDZJK9AH¼N>Dr8C;>HKoeohM<F>p�D
N>D-��ÝG�cD�HKFCN>HKp�D�xy;>D-pGDGJIJKD3N>D�o�8>=E9<BE9AF>o C9E D�BhDG�c8>o�p M�=hM<p|Bh�G=eHKoüBhHKxy;>D3N`U HIFyBEDG=EM<p�BEHK9AF N�U ;>F�8>=e9<Bh9AF�NgM�F>o
;>F³�cHKJKHIDG; NCD«NCDGF>oeHIBh� n o:U ��pG=EH÷B«q

tpp→π0 ≈ 5.3 × 107
( n

1 cm−3

)−1

ans

��#%#p+��p+�5=�X3�+=!"#±�0�m),�X3�+=Ó4����#0!$+����
N FÅ�k��p M<F>HIoE�cDW8>JK;>o�D Ú 9<BEHKxy;>D�NCDkp�=E� M BhHK9<FÅN>Dk8>t>9<BE9AF>o γ N>D�tgM�;CBhDkD�B«Bh=E��o)tgM�;CBhDk�GF>D�=ELAHIDkD�oeBJ.U M<FCF>HKt>HIJ M�BEHK9AF)N>D�8gM�=eBhHIpG;>JIDGo!pG9<F>oeBEHIBh;>M<FvBUJKM«�kM�BhHI�G=eD1FC9AHK=eD C1E DGoU�c9wN>�GJIDGo!D�BU9A@>oED�=eö�M�BEHK9AF>o*DGF�pG9Aoe�k9�O

JI9ALAHKD«pG9<Fyö<DG=eLADGFvB-öAD�=Eo3;>F>D)pG9A�c8:9<oEHIBEHK9AF³N>DrJ.U ;CF>HIö<DG=Eo�9(ë�DGFvöwHK=e9AF �<� Ë \ S � Ë N>DZJ.U ��F>DG=eLAHKD«oED�=hM<H÷B
oe9A;>o�~�9<=E�cD3N>D��kM�BEHK�G=eD3F>9AHI=ED-F>9AF @gM<=eu<9AF>HIxw;CD C PUD�BeBhD«��M�BEHK��=ED-F>9AHI=ED3DGoüB�LA��F>�G=EM<JKD��kD�FvB�M BEBh=eHK@>;C�GDG\
N>D�o�8>M<=eBEHKpG;CJKDGo-�kM<oEoeHIö<DGo«HKFvBhD�=hM<LAHIoEoEM<FvB«BE=E��o«~�M<HI@>JKD��kD�FvB-M öADGpkJ M �kM�BhHI�G=EDZ9<=EN>HIFgM<HK=eD CiE U M<F>F>HIt>HKJKM�BhHI9AF
N>D)pGDGo38>M<=eBEHKpG;CJKDGo18òDG;CB3p�9AF>N>;CHK=ED~\�JVU �G�cHKoeoEHK9<F N>D)=hM<HIDGo�N>M<F>o�JIDGo�oe8:D�p�BE=EDGo-D�F �GF>D�=ELAHIDrN>D�o�8>t>9<BE9AF>o:È
oe;>HIö�M<FvB3JIDGo�pGM<FgM<; Ú N>D)N>�GoeHKFvBh��LA=hM�BEHK9AF N>DrpGD�o38gM<=üBhHKp�;>JKD�o C z JKJKD«8òDG;CB-M�;>oEoeH£8>=e9{N>;CHK=ED�;>F�pG9<FyBEHKFy;>;>�
D�F ��F>DG=eLAHKD3N>D-8>tC9<Bh9AFCo γ ÈCN>;>ov\ZJ MrN>��oEHKFvBE�GLA=EM�BhHI9AF�N>D38>=E9wN>;>H÷Bho?N>D-J.U M<FCF>HKt>HIJ M�BEHK9AFWN>D-p�DGo18gM<=eBEHKp�;>JKD�o��pG9A�c�kDZJIDGo38>HI9AF>o3F>D�;CBh=eDGo«8gM<=-D Ú D��k8>JID �áCiN F>DW���kHIoEoEHI9AF�N>DW8>t>9<BE9AF>o-N>DWpGD|BEBEDc9<=EHKL<HKF>DrD�oeB«=ED�p t>DG=7O
p t>��D�D�FÅN>HI=EDGp|BhHI9AF�NCDGo«pGDGFvBE=EDGo)N>DkLAM<J M Ú HIDGo38>=e9{p t>D�o�È�9(ëÅJIDW8:9<BEDGFvBhHIDGJ!LA=EM öwH÷B M�BEHK9AF>FCDGJ±p�9AF>pGD�FvBh=EDkJKD�o
8gM�=eBhHIpG;>JIDGo?D|B�=eDGF>N³JKD�BhM<; Ú NCD«p�9AJKJIHKoeHK9AFk8>JK;>o?~�M öA9<=hM<@>JIDH\Z;>F>D-N>��BEDGp|BhHK9<F C
©Hª Ú;ª Ú � �^¬ï¬1ùs¯vÿ�½ �^¬ÄÇÂ� ÿ@ý�È�ùH¿"¬
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�����2®$�1�:3�+=>$�1���0�m�*/0hk�1�d#0!�®X�
E DGo?öAD�oeBEHKLAD�o?N>D3oE;>8òDG=eF>9 ö�Mcoe9AFvB�pGJ M�oEoE��o?oED�JK9AF 8>JI;>oEHIDG;>=eo?p M�BE�GLA9<=EHKD�o¢oE;CHIö�M<FvB?JKD�o¢p M�=hM<p|Bh�G=eHKoüBhHKxy;>D�o

xy;�U HKJIo?8>=E��oEDGFvBEDGFvBx\ZN�U M<;CBE=ED�o1JI9AF>LA;CDG;>=eo?N�U 9<F>N>D C@E MZ8>=eDG�cHK��=ED3p M Bh�GL<9A=EHID�=hM<oeoED��r@>JKD3JIDGo¢ö<DGoeBEHKLAD�o�N>HIBEo
D�F pG9wxw;CHKJKJIDMÈy8ò9A;>=¢JIDGoExy;>D�JKo¢JIDGo
� ûeDGp|B M<o?D�F D Ú 8gM<FCoEHK9<F ~�9A=E�cDGFvB¢;CF>D3pG9wxy;>HKJIJKD�@>=EHIJKJKM<FvBhD1DGF 9AF>NCD�=hM<NCHK9 CPU9A�c�cD���ö<9{xy;>�38C=E�Gp��GN>D��k�cDGFvB�È>pGD�o¢9A@wûeD|Bho?oE9<FyB¢JKDGo
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JKM�öwHIBhD�oEoeD NCD�J MÅ8gM�=eBhHIpG;>JID D�oeB�8>=e9{p t>D�NCD p�D�B�J.U M<FCLAJKD
oeDcoeHK�c8>JKHD}gD)p�9A�c�kD cos θ ≈ 1
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C Z�JVU M<JIBEHIBE;>N>D)NCDcNC��öAD�JK9A8C8:D��kD�FyB«N>D�o�L<DG=E@òDGo«M�BE�k9<oE8>t>��=EHIxw;CDGo�È�oe9AHIB
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�|B M<FvB
LA�GF>��=E��oUNgM<FCo
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8gM<o*;CBhHIJKD�o#8:9A;C=*JKM3N>��BEDGp�BEHK9AFkN>DGo*8>t>9�Bh9AF>o γ �kM<HIooeDG=eö<DGFvB�M<; =eD ûeD�BUN>DGo?t>M<N>=E9<F>o CXE M�JK;>�cHK��=EDft�p tCDG=ED�F@u<9 ö$È
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ûe;CoExy;�U M<; oe9AJ Cn HDQë��=EDGFvBEDGo�BhD�p t>F>HIxw;CDGo-oE9AFvB3;{BhHKJIHKoe�GDGo�8:9<;>=�9A@CoEDG=üöAD�=3D�B-M<F>M<JIuwoED�=�pGD�oxz
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JID��kM Ú HK�r;C� N>D�oe;>=e~�M�pGD�HIJKJI;>�kHIF>�GDU8gM<=*JKDfz
M<oEt�N�U D�F>oED��r@>JID�N>D�J M-LADG=e@:D�D�B¢N`U ��p tgM<FvBhHIJKJK9<F>F>DG=
D�F BhD��k8Co1JID3~�=E9AFvB1N�U 9AF>N>DGt�p tCDG=ED�F@u<9 ö C PUD|BEBED«BEDGp t>F>HIxy;>DrMW��BE��;CBEHKJIHKoE��D�NgM<FCo�8>JI;>oEHIDG;>=eo�D Ú 8:��=EHIDGF>p�DGo
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P¢M<F>N>HINgM�B γ Z�F>FCD M<; Ú NCD«�);>9AF>o

P¢M<F>N>HINgM�B�tgM<NC=E9AF>HIxy;>D
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N ��ÒED � �mÓ�}��kM<LAD N�U ;CF>DÅLAD�=E@òD�NCD�~�9A=e�kD DGJIJKHK8CoE9M� NgM<JKD�ÈU8>=e9A@gM<@CJKDG�cDGFvB HKoeoE;>D�N�U ;CF =hM uA9<F γ

C#Ñ ��Ò1�O HKJL� ���ÌÓ
}��kM<LAD3N�U M<F>FCD M<; Ú NCD«�);>9AF>o C Õ �
ÖÌÓg}���M<L<D3p M<=EM<p�BE�G=EHIoeBEHKxy;>D3N�U ;>F>D«LADG=e@:D3t>M<N>=E9<F>HKxy;>D C
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D�F ��F>DG=eLAHKD-N�U ;>F>D-D Ú 8ò�G=eHKDGFCpGD«N�U M�oeBh=e9AF>9A�cHKD γ =eD�öwHKD�FyB1N>9<F>pG\cM�;>LA�cDGFvBhD�=1oEMcoeDGF>oeHK@>HIJKH÷Bh��M�; Ú LAD�=E@òDGo
N>D³8>JI;>oc~�M�HK@>JID JK;>�cHKF>9<oEHIBE��t�p tCDG=ED�F@u<9 ö$È¢oeD N>HIoeBEHKF>LA;>M<FvBk8CJK;>oW~�M<HK@CJKDG�cDGFvBW8gM�=E�cH?JKD�@>=E;CHIBkN>D³~�9<F>N
N>D)pGHKD�J C"E U D Ú 8ò�G=eHKD�F>pGD J z �>� ;CBhHIJKHKoeD-NgM<F>o�p�DroED�F>o3;>F>D)oE;>=ü~�M<pGDZN>D)pG9AJIJKDGp|BhHI9AF HI�k8ò9A=üB M<FvBhD�ÈòM ö<DGpZN>D�o
=e�:zgD�p�BhD�;>=Eo�N>D3L<=hM<F>NCD�B M<HIJKJID�p�9A�k�cD�p�DGJI;>HëN>D3J.U D Ú 8:��=EHKD�F>pGD µ tCHK8>8>JIDµ° S �
± ÈCHIF>oeBhM<JKJI�GD�M<; Ú ­±BhM�Bho7O N FCHKo Cn D38CJK;>o
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J.U M<JIHKLAFCDG�cDGFvB«N>DGoZ�cHK=e9AHK=eo¯� }gLA;>=eD�� CW� O HKJL� �7� �áC z F 8ò9AHKFvB M�FyB)JKD�BE�GJIDGoEp�9A8òD oE;>=);>F>D ��BE9AHKJIDk@C=EHKJIJ M<FvBEDMÈ
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D�FyöwHI=E9AF B;KëË È�F`U M�BeBhD�HKLAF>D�FvBr8gM<o�J M�8>=ED��kHI�G=eD�NCuwF>9wN>D�D|Broe9AFvBrpG9<JKJKD�p�BE�GDGo�8gM<=�JKDGo«��BhM<LAD�o)oE;CHIö�M<FvBho:È
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D|B σtangential
oE9AFvB
JKD�o
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oe9A;>=Ep�DZ8:9<F>p�BE;>DGJIJKDrM ö<DGpZJVU �GJI��ö�M�BEHK9AF C σazimuthal

D|B σaltitudinal
oe9AFvB3JKD�o σ N>DrJ.U HI��M�LAD-8gM<=�=EM<8>8ò9A=eB�M<;8ò9AHKFvBE�3N>;³BE�GJIDGoEp�9A8òD C

e�ÁLA�ÁÞe�ÁLA ~���>r�9#%+.�:�X3�+=!"#±>rj�#0j4���95����%�m5768j15��1&M3;��!$#p+�-�/0�
E U ��JKD�p�Bh=e9AF>HIxw;CD�N>D�o�pGM<�k��=hM<o1N>D J z �>�³D�oeB�oEpGHIF>N>��D)DGF N>DG; Ú 8gM�=eBhHIDGoF�=}>LA;>=ED)� CDB � �áC"E MW8>=ED��kHI�G=eD

oeDroEH÷Bh;>DrN>M<F>o�JKMk8gM<=üBhHIDrM ö�M<FvB�N>DrJKMkpGM<�k��=hMXÈ:M<; oeDGHIF�N>DGo�BEHK=e9AHK=eo C$E M�oED�pG9AF>NCDZDGoeB�pG9AF>oüBhH÷Bh;>��DrN>DrJKM
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w~cHr�yqjë¸a¹ eDzKrmcXo.h�k$jih�l'o.hmjirZ�HcXyqy'jueDj�hmj$��wDti�alqy��Xc²l'o.hWrWn"eDzDl'rZj¡zDo�oDn3z)�3j�cHz�eDg$k$cXyêcH�3jseKjsy'cÝyql'�3oDj
eDj­�DcXtWjH�®b®j¶wDl'gieDj$t°hMcXy7ji��j$kihWlqâaj$oxwKrWg$tZj$oDkij�eKj¶�DrWzKlqhSeDj�âãn3oDe²j$t°hSeDj­k$j¶â[cHlqhNeKlq��g$rWjio.hSeDzxwDlqg$eDjitZhMcHy
giy'j$kUhmrZn3oDl'³�zDj±lqo�hWrWlqoDtWîi³"zKjX�ñbdc���j$tZzDrWj±eDz�wDl'gieDj$t°hMcXy.jio«wDrZg$tWjioDk$jºeDja�DrWzDl!hdeDj±âãn3oDeAeDj±k$l'jiy.j$t°h7jU��jikihmzKg$j
rZg$�3zDyql'îirWj$��j$o.h¶·ãhWn3zKhmjitNy'jitSò���l'o�zKhWj$tm»U����jihWhWj¶âãrWgi³"zKj$oDkij­j$tZhaóZzDtZhWlqè~gij«w~cXrFy'jAâ[cXlqhF³�zDj¶yêc��HcXy'jizDr^eDjit
wDlqg$eDjitZhmcXz)¯�eDgiw�jioDeëcHzDtWtZl�eKjAy'c«hmji��wRg$rWcHhmzDrZjX�

Ï|Ð[ô~Ð>ô~Ðqõ Ñ±ÒëÔÖö�÷~Ù�÷DøW×"ù[Ò"úXÙ�ûP÷Rü�Û�üÖÕ[ý|ÛdÒ
bdcþ��j$tWzKrWj�eDjëyêc²kM�~cXrW�Xj�eDzÿwD�DnHhmnH´µg$y'jikihWrWn3o�zDoDl'³�zDjëj$o�kin3zDwDt�e�{}¼^æS�^�ªzDoDjsâãn3l't�yêcÝy'l'�XoDj¡eDj

�~cHtWjxk$nXoDo�zDjxjihutZn3zDt°hmrmcHlqhmjH��eDnXoDoDjxy'jsk$n"j���k$lqj$o.h¡eDj�wKrWn3wRn3rZhWl'n3oKo~cXy'l!hmg¡j$o.hWrWjxkM�~cXrZ�3jx��j$tWzKrWg$jëj$o
kin3zDwDt�e|{}¼^æS� jUh«oDnX�¶�DrWj�eDj�wD�DnXhWnH´�giy'jikihmrZn3oDt�eDgUhmj$kUhmgit«w~cXrAy'j�¸a¹��Ö��j�â[cXkihWj$zDrAw�jirW��jihAe|{�n3�KhWj$oDlqr
yqj�oDnX�¶�DrWj�eDj�wD�DnXhWnH´�giy'jikihmrZn3oDtArWgik$n3y!hmg$tAw~cXrAy'j�¸a¹ yqn3rWtAe|{�n3�DtWjirZ�HcHhWl'n3oDtAj$o�âãn3oDkihWl'n3oÝeDj�yêc¡kM�~cXrZ�3j
o�zD��g$rZl'³�zDj�j$o�k$n3zKwDt�e|{}¼^æS� gikM�~cXo.hmlqy'y'nXoDoDg$jSwDcXr�y<{�¼N½F¾��

��j¶â[cXkUhmj$zKr
γADC

e

eKg$wRj$oDe²eDj�yêc�hWj$oDtZl'n3oxcHz)¯��Rn3rZoDj$tFeDz²¸a¹ ·[j$yqy'j�´����$��jAeKg$wRj$oDe~cHo�hWj­eDj¶y>{}j���´
k$cXk$l!hmg^³�z~cHo�hWl'³�zDjFeDz�wD�DnHhmnH´µ�¶zDyqhWl'wDyql'k$cHhmjizDrYjih�eDj^y'c�rZg$tWlqtZhmcXoDk$j^cXz)¯��Rn3rWoDjit�eDj^yêcX³�zDjiy'y'j�jitZhª��j$tZzDrWgij
kijihWhWj�hWj$oDtZl'n3o~»U�|eDzÝ�.cXlqo

G
eDj�y<{}cX��wDy'l!è~k�cñhml'nXoseDzÝtWlq�3o~cXy7jih�eDz²â[cXkihWj$zDr�eDj�kin3o.�3j$rZtWlqn3o

VADC

j$o.hmrZj
kin3zDwDt�e|{�¼NæS��jih�hmjioDtWlqn3o��

γADC
e =

VPM × G

VADC



`(?i\P;[:[OPE�@��
	�BK_�;<8HG[O�EDE(8��K?SLK?MJNQ�
�QME�?��¡?mE�;[J 4��
ðFoKj�cX��wDy'l!è~k�cñhml'nXo

G = 72.7
j$tZh«rWg$cXy'lqtWg$j�tZzDr«y'c¡�Xn3l'j��~cXzKh°´��.cHl'oÝjih

G = 5.3
tZzDr«y'c¡�Xn3l'j��~cXt+´

�.cHl'o|�±b®j$t��HcXy'jizDrWt�oDn3��l'o~cHy'j$t�eDj¡â[cXkUhmj$zKrWt�eKjëk$nXo��Xj$rZtWl'nXo��HcXy'jio�h�rWjitWwRj$kUhmlq�Xj$��j$o.h
γADC

e−HG ≈ 80
jih

γADC
e−BG ≈ 5.8

k$nXzDwDt�e|{�¼NæS� wDcXr�wD�DnXhWnH´�giy'jikihmrZn3oDti�
bdc��HcXy'jizDraeDz��.cXlqo�jU��jikihWlqâ�cXwDwKy'l'³�zDgFá�y'cA�Xn3l'jF�~cXzKh°´��.cXlqo�jitZhº�3g$rZlqè~gijNrWgi�3zDyql'î$rZj$��j$o.h��"ð�oDj^tZn3zDrWkij

eDj�yqzD��l'î$rZj�wDzKy'tWgij�jihïâ[cXlq�Dy'jº�3g$oKî$rWj�y>{çcXrZrWl!�3g$j�eDj�wD�DnXhWnH´�giy'jikihmrZn3oDtYzKoDl'³�zDjitïe~cXoDt±y'jitï¸a¹st±j$o�y<{}cX�DtZj$oDkij
eDj�wRn3y'yqzKhmlqn3o�y'zK��lqoDj$zDtZjX�dbdcuè~�3zDrZj 2 �!Â�j$tZh�yêcueDlqtZhWrWl'�KzKhmlqn3oxeDj�kM�~cXrW�Xj�rZg$tWzKyqhMcHo�hWjX��æ^jiz)¯�wDl'kitAtZn3o.h
�"l'tZl'�Dyqj$ti��bdj�wDrZj$��l'jirïk$n3rZrWj$tZw�nXoDe�cXz�wDlqg$eDjitZhMcHy<�3kH{}jitZh�áSeDlqrWj�yêcSkM�~cHrW�3j�y'n3rZtW³�zDj�cXzDkizDo�wK�DnXhmnñ´�g$yqj$kUhmrWnXo
o|{�j$t°h�eDgihWj$kihWgX��b®j²tWj$kin3oDe|��wKy'zDt�â[cXlq�Dy'jH��kin3rWrZj$tWwRn3oDe á¿yêcfeDlqtZhWrWl'�KzKhmlqn3o�eDjit�eKgihmjikihWl'n3oDt¡eDj²wD�KnXhmnH´
giy'j$kUhmrZn3oDt­zDoDlq³�zDj$ti�ïbdc�eDgihWj$rW��l'oDcHhmlqn3oþeDjuy'cëwRn3tWl!hml'nXoþeDjukijuwDl'kH�7eDn3oKoDjuy'j�â[cHkihmjizDr¶eDjukin3o.�3jirWtWlqn3o
jio�hWrWjSkin3zDwDt�e|{�¼NæN�pjihªoDn3�¶�DrZjSeDjNwD�KnXhmnH´µg$yqj$kihWrWn3oKt$�KzKoDjNâãn3l'tºy'jNwKl'g$eKj$tZhmcXy|tZn3zDtZhWrmcXl!h�·ãw~cXrmcH��îUhmrWj^w 1
tZzDrºy'c�èD�3zDrWj 2 �!ÂP»U��bdcAwDrWn3�DcX�Dl'yqlqhWgª³�zDjFwKy'zDtZl'j$zKrWtawD�DnXhWnH´�giy'j$kUhmrZn3oDt±tWn3l!haeDgihWj$kihWg$tªo�{}jitZhºw~cXtao"zKy'y'j���cXl't
â[cXlq�Dy'jH��b®j$t�gU�3gioDj$��j$o.hmt�kin3rWrZj$tZw�n3oKe~cXo.hªtZn3o.hªeDjFk$jFâ[cHlqhaoDn�v3gitªw~cXrZ��l(yêc�³�zDj$zKjNeDj^y'cAeKl'tZhWrWlq�DzKhmlqn3o�eDz
wD�KnXhmnH´µg$yqj$kihWrWn3o¡zDoKl'³�zDjX�

������� 2 �!Â���æ^l't°hmrZl'�DzKhWl'n3o�eDj$t�kM�~cHrW�3jit�l'o.hmgi�3rWgij$t�y'nXrWtªe|{}cXki³"zKl'tWl!hmlqn3oDt�eKjSwD�DnXhWnH´�giy'j$kUhmrZn3oDtªzDoKl'³�zDj$ti�(b®j
w~cHrmcX��îihWrWjSw 1 j$t°hFy'c¶kM�~cXrZ�3j�tWg$wDcXrmcXo.hFy'jSwDrZj$��l'jirªeDz�tWj$kin3oDeswDl'kH�(��jihZhmj�è~�3zDrZjSj$tZh�hmlqrWgijSeDj�ÀçÁ)ÂiÃ<�

b®jªwD�DnHhmnH´µg$y'jikihWrWn3o�zDoDl'³�zDjºoDjªwRj$zKh7w~cXt��UhmrZj���l't�j$o¶gU�)lqeDj$oKk$j�eDlqrWj$kUhmji��jio�h7e~cXoDtÖyêc��3n3lqj��~cXt+´��.cHl'o|�
��jiy'zDl
´�k$l~jitZh�eDgihWj$rW��l'oKgFlqoDeDl'rZj$kUhmj$��j$o.haw~cXrayêc���j$tWzKrWj^eKz�rmcHwDw�nXrZhºj$o.hmrZj^y'jitº�3cXl'oDt±eDjitªeDjiz)¯��3n3lqj$taj$o
zKhWl'yql'tmcHo�h�y'jitªkM�~cXrZ�3j$t�lqtWtWzKj$t�e|{�n3�DtWjirZ�HcHhWl'n3oDti�~¸ÖnXzDr�zDouwDlqg$eDjitZhMcHy

PHG

jUh
PBG

k$nXoDo�zDt�w�n3zKrªy'jit�eDj$z)¯
�Xn3l'jit$�~y'jSrWcXwDwRn3rZh�jio.hmrWjAy'jit��.cXlqoDt�j$t°hFeKgiè~oDl®kin3����j

CHG − PHG

CBG − PHG

CHG

jUh
CBG

gUhMcXo.h�yqj$tSkM�~cXrZ�3j$t�jioÝkin3zDwDt�e|{�¼NæN� ��j$tWzKrWg$jit�w�n3zKrSeDj$t�gi�Xg$oDji��jio.hmt�cXwDw~cXr°hmjio~cXo.hAá
y'c¶�.cX����jNe)v)oDcX��lq³�zDj�eDj�yêc«�3nXl'j��~cXt+´��.cXlqoÝ·°ÂPÁ�´�Â�äXå3å­wD�DnXhWnH´�giy'j$kUhmrZn3oDtM»��

Ï|Ð[ô~Ð>ô~ÐqÏ Ñ��!Õ>ü�ö�÷ �þ÷"!(×"ü�×$#WÙ�×ëØdÒxùãÚÝú3Ú%�þ×�ûPÚ
b®j$tak$n"j���k$lqj$o.hmtawDrZg$k$gieDj$o.hWt�wRj$rW��jihZhmjio�haeDj�k�cHy'k$zKy'j$rïyqj�oDn3�¶�KrWj�eDj�wD�DnXhWnH´�giy'jikihmrZn3oDtïeDgUhmjikihmgit�w~cHr

yqj$tSwDl
¯Kjiy'ti�®Þ�y'tSoDj­hmlqj$oDoKj$o.hShmn3z)hmjiâãnXl'tSw~cXt�kin3��w)hmj­eDj�y<{�l'oK�Dn3��n3�3g$oKg�&<hWg«eDj�y>{}j���k$cXk$l!hmg­eDj�kin3y'yqj$kihWl'n3o
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eDjFwD�DnXhWn3oDtºw~cXr�yqj$tawDl!¯)jiy't�eKj^yêc�k�cH��girmc�·ãeDzDjScHz)¯�eDlq��g$rZj$oDkij$t�e�{}j���k$cXk$l!hmgNeKj$t�k�(3oDjitªeDj�)�lqoDtZhWn3o�jUh
eDjita¸º¹�tM»U��ð�o�k$n"j���k$lqj$o.h±eDlqhYeDj+*(cHh°´µè~jiy'e­j$t°h±k�cXyqk$zDyqgªwRn3zDrïrWgieDzDlqrWjªy>{}lq��w~cHkihYeKj�k$j$t±lqoD�Dn3��n3�3gioDg�&>hmg$t
tZzDrªy<{}cXo~cHyqv"tWj�eDj$t�eKn3oDoDgij$t$�D��jNk$n"j���kil'j$o.h�jitZh�yqj^rWcXwDwRn3rZhºj$o.hmrZjNyêcAkM�~cXrZ�3jN��nPvXj$oDoKjSl'o.hmgi�3rWgij^w~cXrºy'jit, äXå«wDl!¯)jiy'tªeDj^yêc«k$cX��girmc¶jUh�yêc«kM�DcXrW�3j^l'o.hmgi�3rWgijSw~cXr�yqjNwDl
¯Kjiy�jiou³"zKj$tZhWl'n3o��DÞ�y�jitZh�n3�KhWj$o�z¡j$ougik$yêcHl'rmcHo�h
zDoKlqâãn3rZ��gi��jio�h�yêc�k�cX��g$rWc�c��3jikuzDoDj�tZn3zDrWkijueDj�yqzD��l'î$rZj�jio¿y<{}cX�DtZj$oDkij�eDj�tZn3zDrWkijueDj�yqzD��lqî$rZj�lqoD�DnH´
��n3�3îioDj«kin3����jAy'j$t�*(cXtW�Kj$tNß�kM�Dj$rZj$oDàHn�����b®j«oKn3�¶�DrZj¶eDj«wK�DnXhmnñ´�g$yqj$kUhmrWnXoDt^zKhWl'yql'tWgitFyqn3rWtFeDj¶y>{çcXoDcXyqv"tWj
jitZh�y'j�oDn3�¶�KrWj¶eDj«wD�DnXhWnH´�giy'j$kUhmrZn3oDt^hWj$y7³�zDj­k$cXy'kizDy'g�wDrWgik$gieDj$����jio.h��|�¶zKyqhmlqwDy'lqgSw~cXrNyqj«kin)j���kil'jio�hNeDj*(cñhZ´µèDj$y'e��
Ï|Ð[ô~Ð>ô~Ð
4 Ñ±Ò"Ó�ÔÖÕãÜ|Ò)ù[Ó­üd÷�ü|ø.-µ÷RüÖúXÙPÕã÷RüÖüdÒ"ù>Ó

b®j$tÖwDl!¯)j$yqtÖ³�zDl"oDjatWn3o.h7w~cXt�n3w�girmcHhWl'n3oKoDj$yqt�yqn3rWtde|{�zDoDj�cXk$³�zDlqtWl!hml'nXo�eDnXlq�3jio.h/�UhmrWjºeDgihWj$kUhmg$tÖjih7g$k�cHrZhmgit
eDjFy<{}cXo~cXy!v"tWj�w�nXzDr±oDj^w~cHtºlqo�hWrWn"eDzDlqrWj�eDjF�DlêcXlqt$�.bï{�n3rWlq�3l'oKj�eDj$tºeKv"tZâãn3oDkUhmlqn3oDoDji��jio�hWt�jitZhª�«zDyqhWl'wDyqjSÀçÁ"Â$Ã<��pbdc��~cXzKhWj�hmjioDtWlqn3oëo�{}jitZhNwDcXt^jioDk$yqj$oDkM�Dgij¶wRn3zDr�zDo�wD�DnHhmnH´µ�¶zDyqhWl'wDyql'k$cHhmjizDr$�Kbdjit^wDl
¯)j$y't�wRn3l'o.hMcHo�h

�Xj$rZtAzKoDj�gihmnXl'y'j��DrWlqy'y'cXo.hmj«tZn3o.hAcXl'oKtWlïcXz)hmn3��cHhmlq³�zDj$��j$o.hNgUhmjil'o.hmtAcHè~o²e|{�gi�"l!hmj$rNhWn3zKh�eDnX����cX�3j
tZzDr�y'jit�wD�DnXhWnH´��¶zKyqhmlqwDy'lqk�cHhWj$zDrZt$��pbdc­�~cXz)hmjShmjioDtWlqn3osjitZh�l'oKtZhMcH�Dy'jNyqn3rWt�eKjAy>{çcHk$³�zDl'tZlqhWl'n3o�nXzso|{�j$t°h�w~cXt�á­tmc­�XcHy'j$zKr�oDn3��l'o~cXyqjX��pb®jNâãn3oKkihmlqn3oDoDji��jio.h�cXoDn3rZ��cHy�e|{�¼N½F¾�rWjioDeskij$r°hMcXlqoDj$tª�Xn3l'jit�e|{}gikM�~cXo.hmlqy'yqn3oDo~cX�Xj^oDn3o¡n3wRg$rWcHhmlqn3o)´
oKj$y'yqj$ti�±b�cxâãj$o0�ihmrZjseKjsyqj$kihWzDrWj¡wRj$zKh��UhmrWj�eDgik�cXyqg$j�w~cXr�rmcXwKw�n3r°h�áÝy'cxw�n3tZlqhWl'n3oìeDz tWlq�3o~cXy>�±��j
eKg$k�cHyêcX�3j¡jitZh�e01�á�zKoDjëwRj$r°hmzDrZ�~cHhmlqn3o eDz�t°v)t°hmîi��jseDjswRn3lqo�hWgëá²y<{�l'o.hWg$rWlqj$zDr�eDj�yêc²��g$��n3l'rZjX�2 z~cñhmrWj��3n3lqj$tºe|{}gikM�~cXo.hmlqy'yqn3oDo~cX�XjX��eDg$wRj$oKe~cXo.h�eDz����$��jF¼^½^¾R�KtWnXo�hªcXy'nXrWtºcH��jikihWg$j$t�tZl'�¶zKyqhMcHoDgU´
��j$o.h$�)¸ïyqzDtWlqj$zDrZt���gihm�Kn)eDjitºeKj^eDgUhmj$kUhmlqn3o�eDjFk$jitº�3nXl'j$tae|{�g$kM�~cHo�hWl'yqy'n3oDoDcX�3j�oDn3o�nXw�girmcHhWl'n3oDoKj$y'yqj$t
tZn3o.h�zKhmlqy'l'tZg$jit�tWj$yqn3o¡y'jNh�v"wRjAe�{çcXki³�zDl'tZlqhmlqn3o|�
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b®j$t­�¶zKn3oDt¶tZn3o.h­zDo¿eDjit¶k$n3oKtZhml!hmz~cHo�hWt¶eDjit­�3j$rZ��jit¶�~cXeDrZn3oDlq³"zKj$t$�YðFoDj�wDcXrZhWl'j�e�{}jio�hWrWjujiz)¯ftZn3o.h

zDy!hmrWcñ´�rZj$yêcñhmlq�"lqtZhmjit�jUhFwRj$z)�3j$o.h^eDj�k$jSâ[cXlqh$�K��cXy'�XrWgNyqj$zDrªhWj$��wDt�eDjS�)lqj�k$n3zDr°h«·
τµ ≈ 2 µ

tM»��~cHhWhWj$lqoDeDrWjSyqj
tZn3y<�)æ^jN���$��jF³�zDjSyqj$t�cXzKhmrZj$tªwDcXrZhWl'k$zKy'j$tatWjik$n3oKe~cXl'rZj$t�kM�~cHrW�3gij$tªkirWg$gij$t�e~cHoDtªy'jit��3jirW�Rj$ti�Kl'yqtºgi��jUhWhWj$o.h
zDoxk�(3oDj­eDj«y'zD��l'îirWj«ß�kM�DjirWj$oKàXn��R�Öb®n3rZtW³�zDj­zDoxeKj­k$j$tS�«zDn3oDt^hWrmc��3jirWtZj­y'j¶��l'rZn3l'r�j$oxtZj­wDrWnXw~cX�3j$cXo.h
e~cHoDt�zDoDjseDl'rZj$kUhml'nXo�wDrZn)kM�DjëeDjëy>{çcñ¯)jsn3wKhmlq³�zDjX�ak$jsk?(3oDjëwDrWn��3n"³�zDj�y'cÝâãn3rZ��cHhWl'n3oìe|{�zDo�cXoKoDj�cXz�eDj
yqzD��lqî$rZjªßÖkM�Kj$rWjioDàXn���tWzDr±y'c�wKyêcXo�eDj�yêcNk$cX��g$rmc)�"¾)l~y'j��¶zKn3o�t${�g$k�cHrZhmj�eDj�y<{}cñ¯)j�n3wKhWl'³�zDj�n3z�oDj�hmrWc��Xj$rZtWj
w~cHtªy'jF��lqrWn3lqr$�3tZj$zDy|zKo¡cXrWkFeDjNk$jirWkiy'jNjitZh�n3�KtWj$r°�3gH�~bdc«³�z~cXo.hml!hmgNeDj^y'zD��l'îirWj�ßÖkM�DjirWjioDàXn��ugi��lqtWj^wDcXr�yqj
�¶zKn3oxw�jizKh@�UhmrWj­k$cXy'kizDy'gij¶cXoDcXyqv�hmlq³�zDj$��j$o.hSjUhSeDg$wRj$oKeÝeKj­y<{}cXoD�3yqj�eDz²k�(3oDj¶ß�kM�Dj$rZj$oDàHn���jUhSeDn3oKk­eDz
rWc�vXn3o�eDjAy<{}cXoDoKj�cXz|�(bdc�k$n3��w~cXrWcXl'tZn3o¡j$o.hmrZj«y<{�l'o.hWj$oDtZlqhmgSrZg$kin3yqhWg$jAjihFk$j$yqy'j�wDrZg$eDl!hmjAl'oDeDlq³�zDj�y<{�j���k�cXkilqhWg
eDz�tZv"t°hmî$��jAn3wKhmlq³�zDjX�

ðFoKj¶��gUhm�Dn"eDjAeDj¶eDgUhmjikihmlqn3oëeKj$tScXrZk$tFeDj¶�¶zDnXoDt^jUhNe|{�j$t°hml'��cHhWl'n3o¡eDj¶y>{}j���k�cXkilqhmgAn3wKhWl'³�zDj�eDz�eDg�´
hWj$kihWj$zDri�.eDgi�Xj$yqn3wDwRg$j�y'n3rZtYeDj$t±j�¯KwRg$rZl'jioDk$jitºeDj�y'cN�3g$oDgirmcHhWl'n3o­wKrWg$kig$eDjio.hmjX�)cSgihWgFcHe~cXwKhWg$j�áBADCa¾D¾¡ÀçÁXòñÃ<�Cïy'yqj�wRj$rZ��jUh­eDj�â[cXlqrWj�zDo¿tZzDlq�"lªrZg$�3zKy'l'jir«eDjuy>{}gU�3n3yqzKhmlqn3ofeDz¿t°v"tZhmîi��j¡n3w)hml'³�zDjH�ïbï{}lqo.hmj$oKtWlqhWg�rWgik$n3y!hmgij
yqn3rWt�eDj$t�cXki³�zDl'tZlqhmlqn3oDt�eDj�eDn3oKoDg$jit­j$tZh�kin3rWrZl'�3gij�á�w~cHrZhmlqr«eDj�k$jih¶gihMcHy'n3oDoDcX�3j�cñè~o¿eDj�hmjioDl'r�k$n3��wKhWj
eDj�y>{}gU�3n3yqzKhmlqn3o�eDj�y<{�j���k$cXk$l!hmg¶eDzÝtZv"t°hmî$��j�n3wKhWl'³�zDj­wRn3zDrSy'j­k$cXy'kizDyYeDjit�tWzDr°â[cXk$jitAeKj�kin3y'yqj$kUhml'nXo�jih�y'c
eDgUhmjirW��l'o~cHhWl'n3oueKj$t�tWwRj$kUhmrWjitFjiosgioDj$rZ�3l'jH�
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ðFoAj$oKtWj$�«�Dy'j±e|{}cXk$³�zDlqtWl!hml'nXoDt|tWwRg$kilqè~³�zDjitÖtZn3o.h�n3w�girWgij$t�w�n3zKr®eDgihWj$rW��l'oKj$r®y'jit®eDlq��g$rZj$o.hmtdkin)j���kil'jio�hWt

oDgik$jitWtmcHl'rWjitNá­y<{�gihmcXy'nXoDo~cX�3j^eDj$t�eDn3oDoKg$j$ti� C±yqy'jit�tWn3o.hFrWg�cHy'l'tZg$jit�rWg$�XzDy'lqî$rWji��jio.h�cHè~o�³"zKj�y'c¶k$n3rZrWj$kUhmlqn3o
eDjit�eDn3oDoKg$j$t�tZn3lqhºyêc�wDy'zDtºj���k�cHk$jSwRn3tWtZl'�DyqjX�"ßÖn3zKtªy'jit�eDjiz)¯�óZn3zKrWt$�"hmrZn3l'tºcXk$³�zDlqtWl!hml'nXoDt�eDl!��girWjio�hWj$tªtZn3o.h
rZg�cXyql'tWgij$t�jioë��cXrW�3j^eDj�yêc­wDrWlqtWjSeDj�eDnXoDoDg$jit$�
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ò@��Cï�Xn3y'z)hml'nXo�eDjFy<{�j���k�cXkilqhWg^n3wKhWl'³�zDjF��n�v3jioDoDjNeKz�eDgihWj$kUhmj$zKr�gihMcHy'n3oDoKg$j^wDcXr�yqj$tºcXoDoDj$cXz)¯�eDj
�¶zKn3oDt$�

bdc�wDrWji��lqî$rZj­cXk$³�zDlqtWl!hml'nXoëtWjirZhAá���j$tZzDrWjirNyêc��HcXyqj$zDr^eDj$tSwDlqg$eDjitZhmcXz)¯��®bdc�k�cX��g$rWc�j$t°h���cHl'o.hmjio"zKj
á�y>{}lqo.hmg$rZl'jizDrFeKj¶y<{}cX�DrZlÖjUhSy'j�k�cXwRnXhNwKrWnXhWg$�3j$cXo.hSy'jitN¸a¹stSj$t°hNâãj$rZ��gH��b®jitN�~cXzKhWj$tNhWj$oDtZl'n3oDt^tWn3o.h�cXyqn3rWt
jioDk$yqj$oDkM�Dgij$tFjih�y<{�zDoDl!hmgNkij$o.hmrWcXy'j�eDgik$y'jioDkM�DjAy'jit�k$cX��g$rmcHt�³"zKl®l'o.hmîi�3rWjio�h�yqj$t�wDlqg$eDjitZhMcHz)¯��

bdc¿tWj$kin3oDeDj�cXki³"zKl'tWl!hmlqn3oÿ��jitWzDrZj²yêcfwRn3tWl!hml'nXo�eDzpwD�DnXhWnH´�giy'j$kUhmrZn3oÿzDoDlq³"zKjX��bdc¿k�cX��g$rWcìrZj$t°hmjÝá
y>{}lqo�hWg$rZl'j$zKrFeDj«y<{}cX�DrWldwRn3zDrFyêc�wKrWnXhWg$�3jirNeDzx�DrZzDlqhFeDj«âãn3oKe�eDj¶kil'j$y�jihNy'j«k$cXwRnXhNjitZhSn3z)�3j$r°h���ðFoDj­bNC±æ
jitZh�wDyêcHk$g$jAáuÂ3� 1PO �éeDj�y'c¶k�cX��g$rWc�jUh�g$��jih�eDjit�lq��wKzDy'tZl'n3oDtºy'zD��l'oKj$zDtZj$t�e|{�zDoDjAeDzDrZg$j�eDj�ò¶oDt�á�zKoDj
yqn3oD�3zDjizDr«e�{}n3oKeDj�eDj 2QO åsoK�s��ðFofèDyqhmrZj�jUh¶zDo¿eKlq��zDtWjizDr«�DnXy'n3�3rWcXwD�Dlq³�zDj�cHtWtWzKrWj$o.h­zKoDj�rWgiw~cXr°hmlqhWl'n3o
�DnX��n3�Xî$oDj�eDj$tNwK�DnXhmnXoDtNtWzKrNyêc�k�cX��g$rWcx·[jio��"lqrWn3o 1 åSRíeDj¶eDlqtWwRj$rWtZl'n3o~»�jih^rWgieDzDl'tZj$o.hSyqj$zDrT*~z)¯ëw�n3zKr
³�zDjNtZj$zDyqtªeDjitªwD�DnXhWn3oDtºzDoDl'³�zDjit�cHhZhmj$lq�3oDjio�h�y'jit�wDl
¯Kjiy'ti�Kb®j^eKg$k$yqj$oDkM�Kj$��j$o.h�eDj^y'c�k$cX��girmc«jitZh�jU��jikihWzDg
á­y<{}cXlqeDjNe|{�zDoDjAtWjik$n3oDeKj«bNC±æ wRn3tZlqhmlqn3oDoDgijSj$o¡â[cXk$j�e|{�zDos¸a¹ lqoDtZhmcXy'yqgNtWn3zKt�y'c¶k�cX��g$rWcK�

bdcëeDjirWoDlqî$rWj�cXk$³�zDlqtWl!hml'nXoþj$t°h­eDl!hmj�eDjU*(cHh°´µè~jiy'e|��bdcsk$cX��g$rmcsj$tZh¶tWn3r°hml'j�eDj�y>{çcH�DrWl±jih«w�nXl'o.hmj��3jirWt
zDoKj�Vin3oDj­eDz²kil'j$y7tWn3�¶�KrWj­wDrZn)kM�Dj�eDj­y>{}�Kn3rWlWV$n3o|����j�w�nXl'o.hmg¶wRj$rZ��jUh�eDj­y'lq��l!hmjirFyqj¶�DrWzKlqhSeDj­âãn3oKexy'l'g
cXz"¯fgU�3g$oKj$��j$o.hmt�ß�kM�Dj$rZj$oDàHnP�R�±b®j�k$cXw�nHh¶eDj�yêcëk$cX��girmc�j$tZh¶n3zK�3jirZh­jUh­zDoDj�bXC±æíwDy'cXk$gij�cXz¿kij$o.hmrZj
eDz¿��l'rZn3l'r�gik$yêcHl'rWj�zDoDl!âãn3rW��g$��j$o.h�yêcëk$cX��girmcK�YCïy'yqj�g$��jih¶eDj$t­lq��wDzKy'tWlqn3oDt�eDj¡ÁëoKt¶eDjueDzDrZg$j¡áëzKoDj
yqn3oD�3zDjizDr«e�{}n3oKeDj�kin3��wKrWl'tZj�jio�hWrWj 2 , åsoDt«jih 1 òXåsoDti�Ybï{�l'o.hmjioDtWl!hmg�eKj�yêcsbNCaæíjitZh�c�óZzDtZhWg$jucHèDof³�zDj
jio��"lqrWn3o 2 å�wD�DnXhWnH´�giy'j$kUhmrZn3oDt^tZn3l'jio.hSeDgihWj$kUhmg$t�w~cHr^wDl
¯Kjiy<����jihZhmj­l'o.hWj$oDtZlqhmg�j$t°h�tWz0��tmcHo�hWj­w�nXzDr^³�zDj­y'c
k$cX��girmc�eKg$k$yqj$oDkM�Kj�e�{}jiy'y'jA���$��j«jihNw�jirW��jihSe|{�jU¯)wDyqn3lqhWj$rFy'j$tFtWlq�3o~cXz)¯ëg$kM�DcXo.hml'yqy'n3oKoDg$t^á�yêc�âãnXl't^tZzDrNy'c
�Xn3l'j��~cXz)hZ´��3cXl'o�jUh�tWzDr�yêc¶�Xn3l'jS�~cHt°´��3cXl'o|�

bï{}gUhMcXyqn3oDo~cH�3j�wDcXr¶cXoKoDj�cXz"¯þeKj��¶zDn3oKt«j$t°h¶rZg�cXyql'tWg�zDoDj�âãn3l'tAw~cXr�y'zDoDcXl'tZn3o|�db®j$t«hWg$yqj$tWkin3wRj$t«tZn3o.h
wRn3l'o.hWg$tª�3jirWt�zDoDjStZn3zDrWkij�wDrWn"kM�Dj�eDzZV$gioDlqhW��jUh�âãn3oDkihWl'n3oKoDj$o.h�j$o¡��n)eKjS��n3oKnH´µhWg$y'jitWkin3w�jH�KwRn3zDrªyqj$³�zDjiy
yqjSeDg$kiy'j$oKkM�Dj$��j$o.hFj$tZhF��cPóZn3rWl!hMcXlqrWji��jio�hºe[1scXz)¯¡�«zDn3oDt�l'tZn3y'git$�

b®j�rWcXwDwRn3rZhAeDjit«�.cXlqoDtAj$tZh«��jitWzDrZg�á�w~cXr°hml'r�eDjit¶cXki³�zDl'tZlqhmlqn3oDt�e|{�n3�DtZj$rZ�HcHhWl'n3o���eKj����$��j�³�zDj�y'jit
wDlqg$eDjitZhmcXz)¯�j$o�wDrZg$tWjioDk$jAeDj��DrZzDlqh�eDjSâãn3oKeseDj�kil'j$y>�
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bï{}lqoDtZhWrWzD��j$o.h�ADCa¾D¾¡j$t°hFkin3��w�n3tZg�eDj�eDj$z)¯�wDcXrZhWl'j$ti�(bdc��Xj$rW�Rj�eDjAw~cXrZhWl'kizDy'jit�tWjAeDgi�Xj$y'nXwDw�j�e~cHoDt

y>{çcHhW��nXtWwD�DîirWjAjih^k$rWgij¶y'jB*(cXtZ��eDj¶yqzD��l'î$rZjSßÖkM�Kj$rWjioDàXn��x³�zDlÖtWj�wDrWn3wDcX�3j�óZzKtW³�z|{}cXzxeDgihWj$kUhmj$zKrNwDrWnXwDrWj�´
��j$o.h�eDlqh$�ºæFj$t�wKrWn3�Dyqî$��j$ti�alqo.hmj$r°�3jio~cXo.h�e~cHoDt�kij$t�eKj$z)¯�w~cXr°hmlqj$t$�±wRj$zK�Xj$o.h¡cH��j$kUhmjir�yêc²³�z~cXyqlqhmg¡eDjit
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eDnXoDoDg$jit$�®bdc�³�z~cHy'lqhWg«eDj«y<{}cHhm��n3tWwK�Dî$rZj��Hc�c��3n3lqr^zDoKj¶l'oDkil'eDjioDk$j«w~cXrZhWl'kizDy'lqî$rWj�tZzDrNyêc�wDrWn3wDcX�.cHhWl'n3oseDz*(cHtW�¡ßÖkM�Kj$rWjioDàXn��¶óZzDtZ³"z�{çcXz�tWnXy|jih�tWc¶eDgihWj$kihWl'n3o��~bdc«hmrmcHoDtWw~cHrWj$oKk$j�eDjSy<{}cXlqr�wRj$zKh��UhmrWj�cñ��jikihmgij�w~cXrªy'c
wDrZg$tZj$oDkij¶eDjAo"zDcX�3j$t�n3z�e|{�zDoshmcXz)¯�e|{���zD��lqeDlqhWgSg$yqji�3gH�R¸7cXrFcXl'yqy'jizDrWti�K���$��jAjioëy>{çcX�KtWj$oKk$jAe|{}��zD��l'eKlqhmg
eDzKrmcXo.h�yêc«tWcXl'tZn3o¡tWîikM�DjX�(y'jitª�3jio�hWtFtZn3zDyqîi�3jio.hFeKjAy'c¶w�nXzDtWtZl'î$rZjSw�nXzK�HcXo.h�rWg$eKzDl'rZjSk$n3oDtZl'eDgirmcX�Ky'j$��j$o.h�y'c
³�z~cXo.hWlqhmgºeDjªyqzD��lqî$rZjarZg$kin3yqhWg$jªcHz«tWnXyKwRn3zDr�zDoDjª���$��jºyqzD��l'oDn3tZlqhWgïeDj��3jirW�RjX�Xbdjit7kirWlqhWî$rZj$tYzKhWl'yql'tWgitdw�n3zKr
��jihZhmrWjSjiosgU�"l'eDjioDk$jAjih�g$k$cXrZhWj$r�y'jit�cXk$³�zDlqtWlqhWl'n3oKt�cH��j$kihWg$jitFtZn3o.hFwKrWg$tZj$o.hmgit^e~cHoDt�yêc¶tWjikihWl'n3o�tWzDl!�HcXo.hmjX�

��n3oDkij$rZo~cXo.h¶y'c¡wDcXrZhWl'j­eDgUhmj$kUhmjizDr«wDrZn3wDrZj$��j$o.hAeDlqhWjX�®eDjit�wDrZn3�Dyqî$��j$t�w�jizK�3jio.h¶l'o.hWj$rZ�Xj$oDlqr�y'n3rZtSeDj
y>{çcXki³�zDl'tZlqhmlqn3oxeDj�eDn3oDoKg$j$ti�Y¾"j$zDyqj$tAy'j$t�cXki³"zKl'tWl!hmlqn3oDtSrWg$cXy'lqtWgij$t�c��Xj$k�³"zDcHhmrZj�hWg$y'jitWkin3w�jit�nXw�girmcHhWl'n3oDoKj$y't
tZn3o.h�rWjihWj$o�zDjit�wRn3zDrNyqj$t�cXoDcXyqv"tWjit$�®b®j­oDnX�¶�DrWj­eKj­wDl!¯)j$yqtNoDn3o"´µâãn3oDkUhmlqn3oDoDjiy'tNcueDjitSk$n3oKtWg$³�zDjioDk$jit«tZzDr
y'c�rWjik$n3oKtZhmrZzDkihWl'n3o�eDj$tº�3j$rZ��jit$�~¾"j$zDyqj$t�yqj$t�cXk$³�zDlqtWlqhWl'n3oKtaeKn3o.hªy'j�oDn3�«�DrWjFeDjFhWj$y'tºwDl!¯)jiy'taj$tZhªl'oKâãgirWl'jizDraá
Â�åBR tWnXo�h±rZjihWj$o�zDj$ti��æ^j�wDyqzDtYzDoDj�kin3zDwDzKrWj�tWzKrïy'jºhWj$��wDtï��n3rZh7��n�v3jio­e|{�zDoDj�cXki³"zKl'tWl!hmlqn3o¶j$t°h±l'��w�nXtWg$j
á�ÂPÁcRu�Kb®j$t�cXki³"zKl'tWl!hmlqn3oDt�eKjN��nXl'oDtºeDj�Á«��l'o�zKhmjit�tZn3o.h�j$y'yqj$t�cXzDtWtZl|g$k$cXrZhWg$jit�eDjSy<{}cXo~cXy!v"tWjX�dCïy'yqj$t�tZn3o.h
wRn3zDr�y'c¶wDy'zDwDcXrZhªhWrWn3oK³"zKg$j$t�w~cHr�rmcXwDwRn3r°h�á­yêc¶eDzDrZg$jNh�v"wDlq³"zKjAeKj«òfe¶��lqo"z)hmj$ti�DtWzKlqhmj�á¶eKj$t�wDrWnX�Dy'îi��jit
yqn3rWt�eDj�y>{çcXki³�zDl'tZlqhmlqn3o�eDj�eDnXoDoDg$jitFnXz�yqjSw~cXtZtmcX�3jAe|{�zDo�o"zDcX�3j�e~cXoDt�yqjSkM�~cX��w�eKj��"zDjH�
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kin3��wRn3r°hmj$��j$o.hFcXzstWj$lqoseKj«y<{}cHhW��n3tZwD�DîirWjX�(bdc�w~cXr°hml'jSâãrWcXo[z�cHl'tWj�eDj�yêc­k$nXy'yêcH��n3rWcHhmlqn3oSA�Cº¾K¾szKhmlqy'lqtWjNyqj
yqn3�3l'kil'jiy[{S¼S¾0{S¼^æ|CÿÀçÁ 1 ÃRw�n3zKray'cStWl'�«zDyêcHhWl'n3o­eKz�eDgU�3jiy'n3wDwRj$��j$o.h�eDj$ta�3j$rZ��jitºeDcXoDtay<{}cHhm��n3tWwK�Dî$rZjX��bdc
w~cHrZhmlqjFkin3oDkij$rWoDcXo.hªy'j�eDgUhmj$kUhmjizDrªj$t°hªjiy'y'jFcXzDtZtWlRtWlq�¶zDy'gijX��b®j$t�wD�DnXhWn3oDtaßÖkM�DjirWjioDàXn��utZn3o.hªwDrZn3w~cX�3git�eDjit
��l'rZn3l'rZtÖcHz)¯«â[cHk$j$tYc��HcXo.hïeKj$tï¸a¹sti�.bdc^rWgiw�n3oKtWj�eDjªy>{}giy'jikihmrZn3oDlq³"zKjºjitZhïtZl'�¶zDyqg$jH�HlqoDk$yqz~cXo.hYyqj$t7j���k�cXkilqhmgit
³�z~cXo.hWl'³�zDj$t«eDj$t«¸º¹�t¶jih�y'jit�wDrZn3wDrZl'gihWg$t�eDj$t�eDlq��g$rZj$o.hmt�k$n3��w�nXtmcXo.hmt�eDj�y<{�g$y'jikihWrWn3oDlq³�zDjX��b®j$t�l'��cX�3j$t
tZl'�¶zDyqg$jit�tWn3o.hFcXy'nXrWt�zKhWl'y'lqtWgij$tªwRn3zDr�y<{}cXo~cHyqv"tWjNeKj$t�l'��cX�3j$t�n3�DtWjirZ�Xg$j$ti�
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tWgiw~cXrmcHo�h�yqjS�~cXrZv"kij$o.hmrZj�eDj�y>{}lq��cX�Xj^eDz�k$jio�hWrWjAeDz�kM�~cX��w�eKj��"zDj��y>{çcHoD�3y'j

α
j$o.hmrZj�y>{çcñ¯)jSwDrZl'oDkil'w~cHy�eDj�y<{�l'��cX�3jFjih�y<{}cñ¯)jSeDgUè~oDldw~cXr�yqjS�~cXrZv"kij$o.hmrZj«eDj�y<{�l'��cX�3jFjih�yqj

kij$o.hmrZj�eKzskM�~cH��w¡eDjS�"zDj��y>{çcHoD�3y'jNciV$lq�¶zKhm�DcXy
φ
eDjAy<{}cñ¯)jSwDrZl'oDkil'w~cXy�eDj�y<{�l'��cX�3j

������� 2 �çÁ@��æ^gUè~oDl!hml'nXo�eDjit�w~cXrmcH��îUhmrWjitªeDj@A�l'yqyêcXt±e|{�zDoDjSlq��cX�XjFeDj^�3j$rZ��jScñhm��n3tWwD�Kg$rWlq³�zDj^eDjSrWc�v3n3o
γe~cHoDt�yêc­wDyêcHo�âãn)k$cXy<�

æNcXoKtïy'j�k$cXtYe|{�zDoDj�n3�DtWjirZ�HcHhWl'n3o¶��n3oDnñ´µhmgiy'jitWk$nXw�jH�ñy'cFrZj$k$nXoDtZhWrWzDkUhml'nXo­eDjªy<{�l'��cX�3j±��î$oDj�áNzDoDjªeKg$�3g�´
oDgirWjitWk$jioDk$j�tZzDr�y'c�eDlqrWj$kUhmlqn3o�e�{}n3rZl'�3lqoDj�eDjNy'cAw~cHrZhmlqk$zDyqjFwKrWl'��cXlqrWjX�Xy'ji�Xg$jNjio�w~cXr°hmlqjFw~cHr�y<{�zKhWl'y'lqtmcHhWl'n3o«eDj
��n3��j$o.hmt�e|{�n3rWeDrZj$tNtZzDwRg$rWlqj$zDrZt$��æNcXoDt^y'jAk�cXtFe|{}zKoDj¶n3�DtZj$r°�Xcñhml'nXoë�¶zDy!hml
´µhmgiy'jitWk$nXw�jit$�~k$jUhWhWj«eDgi�3g$oDgirWjit°´
kij$oDkijAjitZh�yqji�Xg$jSo~cHhWzDrWjiy'yqj$��j$o.h��)bdc¶eDl'rZj$kihWl'n3o�e|{}cXrWrZlq�3gijSeDzurmc�vXn3o

γ
kin3rWrZj$tZw�n3oKe¡á¶y<{�l'o.hmjirWtWjikihWl'n3o�eKj$t

cñ¯)jit�wKrWl'oKk$l'wDcXz)¯ueKj$t�l'��cX�3jitªy'n3rZtW³�z|{�l'yqtªtWn3o.h�rWjiw�nXrZhmgit�tWzDr�zDo����$��jNrWjiw�îirWj�k$n3rZrWjitWwRn3oDe~cXo.h^cXz¡wDyêcHo
âãn"k�cXy>�Rb±{�g$oKj$rW�Xl'j¶eDj«yêc�w~cHrZhmlqk$zDyqj�wKrWl'��cXlqrWj�j$t°h�n3�Khmjio�zDj­w~cXrFzDoDj­��nPvXj$oDoKj¶w�nXoDeDg$rZg$j­eDjitSl'o.hmjioDtWl!hmgit
eDjitFeKlq��g$rWjio.hmj$t�lq��cX�Xj$t$�
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b®j�k�cXyqk$zDyYeKj�kij$tAw~cXrWcX��îUhmrZj$t�eDj�AFlqy'yêcHt^wRj$rW��jih�wDcXr�cXl'yqy'jizDrWtNeKj�rZg�cXyql'tZj$rNzDoKj�eKl'tZhWl'oDkUhmlqn3oxj$o.hmrZj

�~cHeDrWn3oKtujihurWc�vXn3oDt
γ
��b�cþhWj$kM�DoKl'³�zDjxeDgU�3j$yqn3wDwRg$jxw~cHrSADC7��½�¼ jUhurWjiwDrWlqtWj�wDcXrSADCa¾D¾�zKhWl'yql'tWj�y'jit

��n3��j$o.hmt�rWg$eKzDlqhWt¶rWjioDn3rW��cXyql'tWgit$�Öbdcs�HcXy'jizDr«n3�)hmj$o�zDjuwRn3zDr«y'j$t«g$k�cHrZhZ´<h�v"w�jit­eDz¿�3rmcHoDefjih¶w�jUhmlqh¶cñ¯)j
eDjAy<{�l'��cX�3jFj$t°h^rZj$oDn3rZ��cHy'l'tZg$jNwDcXr�yêc¶�HcXy'jizDr���n�vXj$oDoDj�n3�KhWj$o�zDjAw~cXr�y<{}cXo~cXy!v"tWjSeDj�tWlq�¶zDy'cHhmlqn3oDt�¹snXo�hWj
�ªcXrZy'n¡eDj��3j$rZ��jit�eKj�rWc�vXn3oDt

γ
á¡kM�~cXrW�Xj

q
jUh«w~cHrmcX��îihWrWj­e|{�l'��w~cXkUh

ρ
l'eDjio.hml'³�zDjit�·�� j.g � m O��Sp Oiq k jih� m���N q k »D�

SW =
w(q, ρ) − 〈w(q, ρ)〉

σw(q, ρ)
SL =

l(q, ρ) − 〈l(q, ρ)〉
σl(q, ρ)

σl(q, ρ)
jih

σw(q, ρ)
gihMcHo�hsy'jitsgik�cXr°hmt¡h�v"w�jitën3�KhWj$o�zDjitëw~cXr�tWlq�¶zDy'cHhmlqn3o|�ªb®jit��HcXrZlêcX�Dyqj$tulqtWtWzKj$tëeKj$t

eDl!��girWjio�hWj$tFl'��cX�3j$t�nX�Khmjio"zKj$tNjioëtZhWg$rZg$n3tZk$n3wDlqj«tZn3o.h^kin3�¶�DlqoDg$jitFjioëeDjiz)¯��XcHrWlêcH�Dy'jit���n�v3jioDoDj$ti�N� m.gi�� j.g � m O��Sp Oiq k jih|� m���N q k
MSW =

∑

tels SW√
ntel

MSL =

∑

tels SL√
ntel

n$�
ntel

j$t°h^yqj�oDnX�¶�DrWj�eDjAhmgiy'j$tZk$n3wRj$t^c�v.cXo.hNjioDrWji�3l't°hmrZg�zDoKj�lq��cX�XjAeKj�y'c��3jirW�RjX����j$tFeDj$z"¯s�HcXrZlêcX�Ky'j$t
tZn3o.hFwRj$z¡kin3rWrZg$y'gij$t�wRn3zDr�yqj$tªrWc�vXn3oDt

γ
jih�wRj$zK�Xj$o.hD�UhmrZjSk$n3�¶�Kl'oDgij$t�e~cXoKt�zDoDjS�HcXrWl'cX�Dy'jFzDoDlq³"zKjc� m.gi�� j.g � m O � h�� �

MSS =
MSW + MWL√

2
b®j$t^eDl't°hmrWlq�DzKhWl'n3oDtFeDj¶kij$t^�HcXrZlêcX�Dyqj$tFtWn3o.hSoDjUhWhWj$��j$o.hSeDl!��girWj$o.hWj$tStWjiy'n3oëyêc�o~cñhmzDrZj¶eDj$t^w~cXrZhWl'kizDy'jit­·ãè)´
�3zKrWj 2 �}ä NQgih"jlk%m »��YbdcxeDl't°hmrWlq�DzKhWl'n3ofjitZh�kij$o.hmrZg$j�w�n3zKr­y'j$t«rmc�v3n3oKt γ

jih�hWrWî$t�cHtZv"��gUhmrZl'³�zDjuwRn3zDr­y'jit
�~cHeDrWn3oKt$�®ð�oDj­k$n3zKwDzDrWj­tZzDrSk$jitN�HcXrWl'cX�Dy'jit^wRj$rZ��jUhSeDj­rWj�óZjihWj$rNzDoKj­�3rmcXoKeDj­w~cXr°hml'j�eDj$tS�DcXeDrWnXoDtNhmn3z)h
jioskin3oDtWjirZ�HcXo.hFzDoDj���c�óZn3rWl!hmgNeDjit�rmc�v3n3oKt

γ
�
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������� 2 �çä���æ^l't°hmrWlq�DzKhWl'n3oseDj$t^�HcXrZlêcX�Ky'j$t@� m.gi� � j.g � m O � m���N q k eKj¶yêc���gUhm�Dn"eDj«eKj$tN��n3��j$o.hmtFrWg$eKzDlqhWt
jUh|� m.gi� � j.g � m O���o�oaO ��ml�l� eDjSy'c«��gUhm�Dn"eDjNtZj$��l!´�cXo~cXy!v"hWl'³�zDjH�)bdc¶kin3zDrW�RjSrWnXzD�3jNkin3rWrZj$tWwRn3oDe�cXz¡�DrZzDlqh
eDj�âãn3oDe�·ãrWgi�3l'n3o��^�a»U�djiof�Dy'jizDj�cHz)¯�gi�3gioDj$��j$o.hWt­eDj�y'c�rZg$�3lqn3oþn$��zDoftZl'�3o~cHyajitZh¶cHhWhWj$oDeDzÿ·[rWgi�3l'nXo�No(»ªjih�jio��Xj$r°h^y'c¶eDl't°hmrWlq�DzKhWl'n3oueDj�rWc�vXn3oDt

γ
tZl'�¶zKy'g$ti�(��j$t�è~�3zKrWj$t�tZn3o.h�hWl'rZg$j$t�eDj�À}ÁXäñÃ>�
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Ä�Å[Ä�Å[Ä � Ën­d�8©�<8²ñ¬�²�ª®¯4�L­±Î$­aÍ��¥­�¯1®+:$²
��jihZhmjN��gihW�Dn"eDjNcAgihmg^l'��wDy'gi��jio�hWg$j�w~cXrºyêc�k$n3yqyêcX�Rn3rWcHhmlqn3o���¼ïß�³"zKl�oDj^eDl'tZw�n3tWcXlqha³�zDjNe�{}zDo�hmg$yqj$t+´

kin3w�jH�[Cïy'yqj^rZj$wRn3tWjStZzDrªyêc�k$n3��w~cXrWcXl'tZn3o�wDl
¯)j$y�wDcXrªwDl
¯Kjiy�eDj^y<{�l'��cX�3j�eDjNy'c«�3j$rZ��jNá¶zDou�.cX�~cHrWlqhºn3�KhWj$o�z
w~cHr�zKoë��n)eDîiy'jStZj$��l!´+cHo~cXyqv�hWl'³�zDj­À}Á O Ã>�(ðFos��cñ¯)lq�¶zD�éeKj��"rWcXl'tZj$�¶�Dy'cXoDkijAjitZhFn3�KhWj$o�zëtZzDrFy>{}jioDtWji�¶�Dyqj
eDjitFwKl!¯)j$yqt�eDl'tZw�n3oKl'�Dyqj$t$�Kbdc­âãnXoDkihWl'n3oueDj�wDrZn3�~cX�Kl'y'l!hmgFe|{}nX�KhmjioDl'r�zDo�tWlq�3o~cXy

S
e~cXoKt�zKoswDl
¯)j$y®c��3jik�zKoDj

cX��wDyqlqhmzKeDj
µ
�KzDoDj|*DzDkihWz~cHhmlqn3o�eDz¡wDlqg$eDjitZhmcXy

σp

jihªzDoDj|*~zDkUhmz~cñhml'nXoutWzDrªy'c��HcXy'jizDr�eKz�wK�DnXhmnñ´�g$yqj$kUhmrWnXo
zDoKl'³�zDj

σe

�~jitZh�eDn3oKoDg�w~cXrB�

P (S|µ, σp, σs) =

∞
∑

n=0

e−µµn

n!
√

2π(σ2
p + σ2

e)
exp

(

− (S − n)2

2(σ2
p + σ2

e)

)

b®j$tªwDcXrmcX��îihWrWjitºeDjFyêc�w~cXr°hml'kizDy'j�wDrZl'��cXl'rZjA·[gioDj$rZ�3l'jH�)eDlqrWjikihmlqn3o�eDj^wDrZn3w~cX�3cHhmlqn3o|�.w~cXrWcX��îihmrZjFe�{}lq��´
w~cHkih�»ªtZn3o.hFnX�Khmjio"zKtFw~cHr�zDoDj���cP¯Klq��lqtmcHhWl'n3o�eDj�yêc«âãn3oKkihmlqn3o¡eDjS�"rmcXlqtWj$�«�DyêcXoKk$j

L = 2
∑

pixel

ln Pi(Si|µ, σp, σe)

bdc��HcXyqj$zDr���n�v3jioDoDj�eDj�yêc¶âãn3oDkUhmlqn3oueDjS�"rmcXlqtWj$�«�DyêcXoKk$jSwRj$zKhT�ihWrWj�k�cHy'k$zKy'g$j�cHo~cXyqv�hWl'³�zDj$��j$o.hB�

〈lnL〉 =
∑

pixel i

∫

Si

Pi(Si|µ, σp, σe) × ln Pi(Si|µ, σp, σs)dSi

=
∑

pixel i

[1 + ln (2π) + ln (σ2
pi

+ µi × (1 + σ2
ei
))]

bdc�eDlqtZhWl'oDkUhml'nXopjio.hmrWjÝ�~cXeKrWn3oDtsjihswD�DnXhWn3oDt�j$t°hëjU��jikihmzKg$j¿cXz�hmrWc��3j$rZtëeDjÝyêc¿�HcXrWl'cX�Dyqj�� w�n3zKr��o�oaO ��ml�l� o��a��q �
G =

〈lnL〉 − lnL√
2 × Ndof

n$�
Ndof

j$t°h�yqjuoDn3�¶�KrWj¡eDj¡eDj$�XrWg$t�eDj¡y'lq��jirZhWg�eDj¡y<{}cPóZzDt°hmj$��j$o.hë·[oKn3�¶�DrZj�eKj�wKl!¯)j$yqt«´«Á²eDji�3rWgit�eDj
yql'�Rj$rZhWg�»���b�c�è~�3zDrZj 2 �çä Oinlo�p�q m rZj$wDrZg$tWjio.hmjNy'cAeDlqtZhWrWl'�KzKhmlqn3o�eDj^kijihWhWjF�HcXrZlêcX�Dyqj�w�nXzDrºeKj$t�tZl'�¶zKyêcHhWl'n3oDt7eDj
rWc�vXn3oDt

γ
�®jih�eDj$tA�~cXeKrWn3oDt�jUh�rWc�v3n3oDt

γ
lqtWtWzKt�e|{�n3�DtZj$r°�Xcñhml'nXoDt$�dæ^j����$��j­³"zKj�wRn3zDr�y'jit�w~cXrmcH��îUhmrWjit

eDjtAFl'yqyêcXti�Dyêc�eDl't°hmrZl'�DzKhWl'n3o�eDj�k$jihZhmj«�HcXrZlêcX�Ky'j�w�nXzDr^yqj$t^rWc�v3n3oDt
γ
j$tZhNk$j$o.hWrWg$j«tWzDrNy>{}nXrWl'�Xl'oDj�cXyqn3rWt�³�zDj

kij$y'yqjSeDj$t��~cHeDrWn3oKt�jitZh�hmrZî$t�eDlqtWtZv"��gihWrWl'³�zDjH�(ðFoDj�kin3zDwDzDrZj�tZzDr�k$jUhWhmjS�HcXrZlêcX�DyqjNwRj$rW��jih�eKjAti{çcñ��rWcXoDkM�Dlqr
e|{�zDoDjA��cPóZn3rWl!hmgFeDj��~cXeDrZn3oDt�hmn3z)hFjioskin3oDtZj$rZ�HcXo.hFzDo¡��cP¯Klq�¶zD�¨eDj�rmc�v3n3oKt

γ
�

Ä�Å[Ä�Å � � Ën­d�8©�<8² Äa¡
��jihZhmj���gihm�Kn)eDj«j$tZh�zKoDj¶âãn3rW��j¶eDj­�Xg$oDgirmcXyql'tmcñhml'nXoshmrZl'eDlq��jioDtWlqn3oDoDjiy'yqjAeKj­yêc���gihm�Kn)eDjtAFl'yqyêcXt�eDg�´

hmcXl'yqy'g$j­wKrWg$kig$eDji����j$o.h�ÀçÁfeHÃ<�Ö��jUhWhmj���gUhm�Dn"eDj�t${}cXwDwKzDl'j�tWzDr�y<{��.v)wRnXhW�Dî$tZj�eDj�tZv"��gihmrZl'j�eDj�rWgi�Xn3y'z)hml'nXo
e|{�zDoDjF�3j$rZ��j�eDjFrmc�v3n3o

γ
�"��n"eDg$yql'tWgij�k$n3����j�zKoDj@��cXzDtZtWl'jioDoDj�hmrZl'eDlq��jioDtWlqn3oDoDjiy'y'jH�3bï{�n3�DtWjirZ�HcHhWl'n3o�tZhmg�´

rZg$n3tZk$n3wDlq³�zDj�eKj$t��3j$rZ��jit�w�jirW��jihAe|{}c��Xn3l'r�cHk$k$îit«cHz)¯²w~cXrWcX��îihmrZj$tShmrZl'eDlq��jioDtWlqn3oDoDjiy'tFeDj�yêc��3jirW�RjX�dbdc
wDrZn)kig$eDzKrWj¶zKhWl'yql'tWgij�j$tZh^l'eDjio.hml'³�zDj«á�kij$y'yqj�ji��wKy'n�v3gij«w~cXr�y'jA��n)eDîiy'j�tWji��l
´+cXoDcXyqv�hmlq³�zDjX�(bdc���cñ¯)l'��l'tWcñ´
hWl'n3o¡eDjAyêc¶�"rmcXlqtWji�¶�DyêcHoDk$jSe|{�zDoëcPóZzDtZhWj$��j$o.hFeDj�tZl'�¶zKyêcHhWl'n3oDt�tWzDr�y'jit�l'��cX�3j$t�wRj$rZ��jUh�e|{}j�¯"hmrmcHl'rWj���zDl!h
w~cHrmcX��îihWrWj$t¢��y'c�eKl'rWjikihWl'n3oseDj«y'c��3jirW�RjX�Ry'j$tFk$n"n3rWeKn3oDoDgij$tNeDzëw�n3lqo.h^e|{�l'��w~cXkUh��(yêc��~cXz)hmj$zKrNeDz���cñ¯)l!´
�¶zK�éeDjSeDgU�3jiy'n3wDwRj$��j$o.h�eDjSy'c«�3jirW�RjX�Dyqj$tªgik�cXr°hZ´µh�v"wRj$t�y'nXoD�3lqhWzDeDlqo~cXz)¯�jUh�hmrmcHoDtZ�Xj$rWtZj$t�eDjSyêc��3j$rZ��jSjUh
yqjSoDn3�¶�DrZj�eDj�wD�DnXhWn3oDt�ßÖkM�Kj$rWjioDàXn���g$��l't�wDcXr�yêc­�3jirW�RjX�
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bï{}�.v"wRnXhm�DîitWj�eDj­t°v)��gihWrWlqj«eDj­y'c��3jirW�Rj¶w�jirW��jihSeKj¶rWj�óZjihmjirSzDoDj«âãrWcXkihWl'n3oël'��w�n3r°hMcXo.hWj�eDjitS�3j$rZ��jit

lqtWtWzKj$t7eKj��~cXeKrWn3oDti�Xbdc�tWg$yqj$kUhml'nXo«j$t°hYrZg�cXyql'tWgij±w~cXr7zKoDjºkin3zDwDzKrWjªtZzDrÖy'c��HcXrZlêcX�DyqjïeDlqhWjºeKj�yêcHrW�3jizDrdrWg$eKzDlqhWj
σ̂l

eKgiè~oDlqj�k$n3����j

σ̂l =
σl × ρ(zmax)

Dsn$�
ρ(zmax)

j$t°h­yêcëeKj$oDtZlqhmg�eDj�y<{}cHhW��n3tZwD�DîirWj�á�y'cswDrZnXâãn3oDeKj$zDr¶eKj�eDgi�Xj$yqn3wDwRj$��j$o.h���cP¯Klq��cHy'j�eDj�y'c
�3jirW�Rj�jih

Ds

j$t°hFy>{}giw~cXlqtWtWjizDr�e|{}cHhm��n3tWwK�Dî$rZjAkin3rWrZj$tZw�n3oKe~cXo.hFá�kijihZhmjAwDrWnXâãnXoDeDj$zKr$�

Ä�Å[Ä�Å4£ r ©¸ª>`8¯+Î8­°¯1¬�©±Î¤<8²�¥�­�±g¯Õ­a`NÍÕ²^¬
b®j$t¶hWrWn3lqt«��gihm�Kn)eDjit¶wDrZnXèDhmjio.h­e|{}cXtWwRj$kUhmt�eDlq��g$rZj$o.hmt«eDj$t­lq��cX�Xj$tAw�n3zKr¶eDl'tZk$rZl'��l'oDjir�yqj$t«�DcXeDrWnXoDt

eDjitSrmc�v3nXoDt
γ
��bdc���gihW�Dn)eKj«tWji��l
´+cXoDcXyqv�hmlq³�zDj�jitZhStZj$oDtZl'�Dyqj­á�yêc�eDl't°hmrZl'�DzKhWl'n3oseDj¶yqzD��lqî$rZj«cXzxtZj$lqo�eDj

y>{}lq��cX�Xj�jUhªti{çcXwKwDzDl'j^tWzDrªyqj$tºk$n3rZrWg$y'cHhmlqn3oDtaj$o.hmrZjNy'jit�eDl!��girWjio�hWj$tªlq��cH�3j$ti�K��jit�k�cXrWcXkihWg$rZl'tZhWl'³�zDjit�oDjNtZn3o.h
w~cHt�wKrWl'tZj$t�j$osk$n3��wKhWjSw~cXr�yêc­��gihm�Kn)eDjSeKj$t���n3��j$o.hWt�rWg$eKzDlqhWt�³�zDl®wDcXr�k$n3o.hmrZj�j$tZhFwDyqzDt�tWj$oKtWl'�Ky'j�cXz)¯*~zKkihmzDcHhmlqn3oDt�eDj�eDgi�Xj$yqn3wDwRj$��j$o.h^eKjAy'c­�3j$rZ��jH�(b�c­��gihW�Dn)eKj 2 æ jitZh�tWjioDtWlq�Dy'jAá­k$jitT*~zKkihmzDcHhmlqn3oDt�hmn3z)h
jio�hWj$o~cXo.h�kin3��w)hmjSeDjit�kin3rWrZg$y'cHhmlqn3oDtªjio�hWrWj�l'��cX�3jit$�Kb�c¶kin3�¶�Dlqo~cXlqtWn3oueDjSkij$t��HcXrWl'cX�Dyqj$tªjitZh�zDo¡��n�vXj$o
j���k$cXk$j�eDj­wDrZnXèDhWj$rSeDj�k$jit�eDlq��g$rZj$o.hmjitAwRj$r°âãn3rW��cXoDkij$tSwRn3zDrSrZj+óZjihWj$r�wDyqzDtSj���k�cHk$j$��j$o.hAy'jitS�~cXeDrZn3oDti�
¸ïy'zKtWl'jizDrWt�kin3�¶�Dlqo~cXlqtWn3oDt�eKjN�XcHrWlêcH�Dy'jitªn3o.h�gihmgNhWj$t°hmg$jit$�Rl'��wDy'lq³�z~cXo.h�eKj$z)¯�eDjit���gUhm�Dn"eDj$t�nXzsyqj$tªhmrZn3l't
tZl'�¶zDy!hMcXoKg$��j$o.h��)jih���nXo�hWrWjio�h�³�zDj�y'jSrZj+óZjUhFeKj$t��~cXeDrZn3oDt�j$t°hFkin3oDtZl'eDgirmcX�Dyqj$��j$o.h�cX��g$yql'n3rZgX�
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OFF data

������� 2 � O ��A�l'tZhWn3�3rWcX����j$tSrZj$wDrZg$tZj$o.hMcXo.h­y'c�kin3rWrZg$y'cHhmlqn3o²j$o.hmrZj�y'jitA�HcXrZlêcX�Ky'j$tt� m.gi� ��o�oaO ��ml�l� ·[��gU´
hW�Dn)eKj�tZj$��l!´�cXo~cXy!v"hWl'³�zDj�»�jihZ� m.gi� � j.g � m O � hd� ·[��gihW�Dn)eKjueDj$t���n3��j$o.hWt­rWg$eKzDlqhWtM»¶e~cXoDt�y'j¡k$cXt�eDj
rWc�vXn3oDt

γ
tZl'�¶zKy'g$tA· NQgih"jlk%m »�jUh�eDj��~cXeDrZn3oDt���jitWzDrZg$t�· Oin�o�p�q m »U�(��jit�èD�3zDrWjit�tWn3o.h�hml'rZg$jit�eDj�ÀçÁ O Ã<�

Ï|ÐqÏ|Ð¦�|Ð[ô §�÷ �©¨7Õ[ü�ÚDÕ>Ó$÷Rü�Ø�ÒxùãÚ��þ×.ÙPöd÷®Ø�Ò«ªëÕ[ù>ùãÚ~Ó«Ò.Ù�ØdÒxù[Ú��þ×.ÙPöd÷®ØdÒ�Ó$Ò��fÕêøWÚ~ü�ÚDù ¬|Ù�Õ>ý|ÛdÒ
ðFo¶â[cHlqh�rWji��cXrZ³�z~cX�Dyqj�j$t°hY³�zDjªyqj$t��XcHrWlêcH�Dy'jitÖeDgUè~oDlqj$tYwDrZg$kig$eDji����j$o.hïtZn3o.h7hmrZî$tYwRj$z«k$n3rZrWg$yqg$jitYj$o.hmrZj

jiy'y'jitªe~cXoKt�y'jNk$cXtªeDjit�rWc�v3n3oDt
γ
cXyqn3rWtº³"z�{}jiy'y'jitªy'j^tWn3o.h�wRn3zDrªyqj$tª�~cHeDrWn3oKt�ÀçÁ O Ã±·ãâ[cHkihmjizDr�eDjSkin3rWrZg$yêcñhml'nXo

∼ Â�å­wRn3zDr�y'jit�rmc�v3nXoDt γ
k$nXo�hWrWj ∼ ÁXå­w�nXzDr�y'jit��~cXeDrZn3oDtM»��(bdc«è~�3zDrZj 2 � O rWjiwDrWgitWjio�hWj�y'c«�HcXrWl'cX�Dy'jB� m.gi���o�oaO ��ml�l� jio�âãn3oDkihWl'n3oseDj¶y'c��HcXrWl'cX�Dy'j­� m.gi� � j.g � m O � hd� ��bdc�è~�3zKrWj¶eDj NQgih"jlk%m c�gUhmg¶rZg�cXyql'tZg$j¶c��Xj$k

eDjit�tWl'�«zDyêcHhWl'n3oKtFeDj­�Xj$rW�Rj$tSeKj�rWc�v3n3oDt
γ
��k$j$yqy'j¶eKj Oinlo�p�q m áuw~cXrZhWl'rFeDj­�~cXeDrZn3oDtS��j$tZzDrWgit$�dbï{çcH�DtWjioDk$j

eDj�kin3rWrZg$yêcñhml'nXouj$o.hmrZjAkij$t�eDj$z"¯¡�XcHrWlêcH�Dy'jitªw�nXzDr�y'jit�rWc�v3n3oDt
γ
j$tZh��"l'tZl'�DyqjX�

b®j¶rWj�óZjihSeKj$tN�~cHeDrWn3oKtNw�jizKhSeDj«k$j«â[cXl!hD�UhmrZj­cXk$kirWzxw~cHr^y'jizDr^kin3�¶�Dlqo~cXlqtWn3o|�Rð�ox��n�v3jioxtWlq��wDyqj�eDj
yqj$t«kin3�¶�DlqoDj$rAj$t°h­zDoDj�cXeDeDl!hml'nXo�eDjit«�HcXrWl'cX�Dyqj$t$��ð�oDj�kin3�¶�Dlqo~cXl'tZn3oþeKj�yêc���gUhm�Dn"eDj�eDj$t¶wDcXrmcX��îihWrWjit



�D4 576(8$9�:<;>=�?A@�BDCFE(8HG
IKJ�?ALK?MJNLDOPEDERQ$?MJSLD?FGUT ?WVX9YQM=Z:[?MER\$?^]^_a`D`

rZg$eDzDl!hmtAeDj®AFl'yqyêcXtNc��Xj$k�yêcu��gUhm�Dn"eDj�tWji��l
´+cXo~cHyqv�hmlq³"zKj¶eDn3oDoKj�zDoKj��HcXrWl'cX�Dyqj­cXwDwRj$yqg$j�¯ o ��° p ��m O ¯ h q± �
CC2 =

MSS + G√
2b®j�rZj+óZjUhFeKzs�DrZzDlqh�eDjSâãn3oKeseDjitF�DcXeDrWnXoDtFjitZhFk$n3oKtWl'eKg$rmcH�Dy'ji��jio�h�cH��giy'l'nXrWgNw~cHr�kij$t�k$n3�«�Dl'o~cHl'tWnXoDt$�

ð�o �3cXl'ofeKj ∼ ò3Á²R jitZh�n3�DtZj$r°�3g¡tWzDr­y'cëtWlq�3oDl!è~k�cHhWlq�"lqhWg�eKz tZl'�3oDcXyºwKrWn��3jio~cXo.h�eDjuyêc³y�g$�DzKy'j$zKtWj¡eDz
��rWcX��j�jihAzDo��.cXlqoÝeKj ∼ ÁXå�R tWzDrAy'j­rWcXwDwRn3rZhAtZl'�3o~cHyïtWzDrA�DrWzKlqh�wRn3zDr�k$jit«���$��j$t�n3�DtZj$rZ�HcHhWl'n3oKtAwDcXr
rWcXwDwRn3rZh�cXz"¯¡eDj$z"¯���gUhm�Dn"eDj$t�cHwDwDy'lq³�zDg$jit�lqoDeDl!�)lqeDzDjiy'y'ji��jio.h��

Ï|ÐqÏ|Ð¦�|Ðqõ ´�Ò)Û�Ø�Òxú3÷RÛdÔ7ÛdûPÒ"Ó�Û®ÙPÕ[ù>Õ[Ó$×
æ^z�â[cHlqh±eDj�k$jF�.cXl'o�eDjFtWjioDtWlq�Dl'yqlqhmgH�3k$jUhWhWj^cXoDcXyqv"tWj�k$nX�¶�Dl'oKg$j�j$tZhºzKhWl'y'lqtWgij�w~cXrayêc�tWzDl!hmj�w�nXzDrºy>{}gUhmzDeKj

e|{}cXtZtWn"k$lêcñhml'nXoDt�w�nHhmj$o.hWl'j$yqy'jit�e|{çcHk$k$giy'girmcHhWj$zDr�eDjAw~cXrZhWl'kizDy'jit�jih�eDjAo"zDcX�3j$t���n3y'gik$zDy'cXl'rZj$t$�Kbdc�è~�XzDrWj 2 �Ke
rZj$wDrZg$tWjio.hmjxyêc²eDlqtZhmrZl'�Dz)hml'nXo�eDjsyêcx�HcXrWl'cX�Dy'j¡kin3�¶�DlqoDg$j�w�nXzDr�eKj$t��~cHeDrWn3oKt�jih�eDj$t�k�cXoKeDl'e~cñhmt

γ
�abdc

kin3zDwDzDrZj«zKhWl'yql'tWgij�tWzDr�yêc­�HcXrWl'cX�Dy'j�kin3�¶�DlqoDg$jAj$t°h^tZlqhmzKg$j¶á�åK� O ����jihWhWj��HcXyqj$zDr�c�gUhmg�n3wKhmlq��lqtWgijSw�n3zKrFy'c
rZj$kM�DjirWkM�Dj�eDj�tWn3zDrZk$jit�â[cXlq�Dy'jit$�~¸�n3zDr�eDjit�tZn3zDrZk$j$t�wDyqzDt�âãn3rZhWj$t$�Kk$n3����jSy'c¶oDg$�KzDy'jizDtWjAeDzë��rmcX�RjX�~kijihWhWj
kin3zDwDzDrZj¡w�jizKh��ihmrZj¡rWj$y¦µXkM�Dgijsá²åK� , ·[�.cHl'o¿eDj¡rmc�vXn3oDt

γ
tWcXoDt�eDgihWg$rZl'n3rWcHhmlqn3o¿eDz rmcXwDwRn3r°h�tWl'�Xo~cXy�tZzDr

�DrZzDlqhM»U�
¸ïy'zDtZl'jizDrWt�cXzKhmrZj$tºk$n3zDwKzDrWjitªtWn3o.h�z)hml'yql'tZg$j$tacHèDo�e|{}cXzD�3��j$o.hmjir�yqj$taw�jirZâãn3rZ��cXoKk$j$tºeDz�rZj+óZjih�eDz��DrZzDlqh

eDjNâãnXoDe¡�~cXeDrZn3o|�Dbdc­�~cXz)hmj$zKr�eDjSwDrWji��lqî$rZjNl'o.hmjirmcXkUhmlqn3o�eDjit��DcXeDrWnXoDt�j$t°h�wDy'zDtª�HcXrZlêcX�Ky'j^³�zDjSkij$yqy'jNeDjit
rWc�vXn3oDt

γ
��bdc­è~�3zDrZj 2 � , NQgih"jlk%m rWjiwDrWgitWj$o.hWj¶yêc�eDl't°hmrZl'�DzKhWl'n3oueKj$t^�DcXzKhmjizDrWtFeDjAwDrWji��lqî$rWj�lqo�hWj$rWcXkihWl'n3o|�

e~cHoDtNzDoDj­rZg$�3lqn3o�n$�ëzDoxtWlq�3o~cXy
γ
j$tZhNwDrWgitWj$o.h�·[rZg$�3lqn3o©�No(»���zDoKj¶rWgi�3l'n3oëjU¯)j$��wKhmj­eKj¶tWlq�3o~cXy�·[rZg$�3lqn3o�^�a»|jihÖyêc�eDlqtZhWrWl'�KzKhmlqn3oSeDjarmc�v3n3oKt
γ
·¶�No�´M�^�a»U�Pb®jak$n3��wRn3rZhWj$��j$o.hdeDlq��g$rZj$o.hÖeDj$t��~cXeDrZn3oDt�jih�rmc�vXn3oDt

γwRj$rZ��jUh�e|{}z)hml'yql'tZj$r^kijihZhmj­�HcXrWl'cX�Dy'j�w�nXzDrSw~cXr°â[cXl'rZj¶y'j¶rZj+óZjUh�eDzÝâãnXoDe|�®ð�oDj­k$n3zKwDzDrWj�tZzDr�k$jihZhmj­�~cHzKhmjizDr
eDj�wDrZj$��l'îirWjSl'o.hWj$rmcHkihmlqn3ouj$t°h^eKn3oDk�rWg$cXy'lqtWg$jSjio.hmrWjN´mÂAjUh 1 yqn3oD�3zKj$zDrZt�eDj�rmcXeDl'cHhmlqn3o|�

bï{}lqo.hmj$oKtWlqhWg�eDj$tal'��cX�3jitYj$t°h�jiy'y'jªcXzDtWtZl(tWn3zD��l'tZj�áAzKoDj�k$n3zDwKzDrWjH�K¾"j$zDyqj$tay'j$tï�Xj$rW�Rj$taeDn3o.hay<{�l'o.hWj$oDtZlqhmg
eDj²y>{}lq��cX�XjseDgiw~cXtZtWj�ä3åfwD�DnXhWnH´�giy'jikihmrZn3oDtutZn3o.h¡rWjihWj$o�zDjitsyqn3rWt�eKjÝy>{çcHo~cXyqv"tZjX����jUhWhWjÝkin3zDwDzKrWj²y'lq��l!hmj
yqj�tWjizDl'yªjioìg$oDjirW�3lqj�eDj$t¶hWg$yqj$tWkin3wRj$t���cHl't«gik�cXr°hmjuyqj$t¶�3jirW�Rj$t�wRn3zDr¶yqj$tW³�zDjiy'yqj$t¶y'cërWjik$n3oDt°hmrZzDkihWl'n3oìj$t°h
lqoDj���k�cHk$jSeDz�â[cXl!h�eKj$t+*~zDkUhmz~cñhml'nXoDtªtZhmcHhmlqtZhWl'³�zDj$ti�Db®n3rZtªeDjSyêcArWjikM�Dj$rZkM�Dj�eKjNtWn3zKrWk$jit$�~y'c«rWn3�KzDtZhWj$tWtZj�eDz
tZl'�3o~cHy.j$tZh��3girWl!è~g$jaj$o«cXwDwDyql'³�z~cXo.hdzDoDjak$nXzDwDzDrZjºwDyqzDt�tWgi�Xî$rZjªáFòXå3å�wD�DnXhWnH´�giy'j$kUhmrZn3oDt$�Pð�oDj±hmj$yqy'jïkin3zDwDzDrZj
cXzK�3��jio.hmj�y'j�tWjizDl'y~jio�gioDj$rZ�3l'j�eDj�y<{}cXo~cHyqv"tWjH�.��cXlqtYe~cXoKtºy'c���j$tZzDrWj�n$��y<{�l'oKeDl'kij�tWwRj$kihWrmcXy(eDjitºgi��lqtWtZl'n3oDt
o|{�j$t°h«wDcXtAhWrWn3wÝ��n3z²k$n3��w~cXrZg�á¡k$jiy'zDlïeKzÝâãn3oKeþeDj��~cXeKrWn3oDt�·

Γ ≈ 2.6 − 2.7
»U�®yêcutZl'�3oDl!è~k�cñhmlq�"l!hmg¶eDz

tZl'�3o~cHy|eDj�rmc�v3nXoDt
γ
wRj$zKhT�ihWrWjAcXzD�X��jio�hWg$jH�

bdc�eDjirWoDlqî$rWj«k$n3zDwKzDrWj¶rZg�cXyql'tZg$jAw�n3r°hmj�tWzDrNy'c�eDlqtZhmcXoDk$j«tWg$wDcXrmcXo.hSyqj�kij$o.hmrZj­eDj«�Xrmc��"lqhmg�eDj$t^l'��cX�3j$t
cXzÝk$jio.hmrWj�eDzþkM�DcX��wÝeDj��"zDjX�Öbdc¡è~�XzDrWj 2 � , Oin�o�p�q m l'yqy'zDt°hmrZj¶y'jitAwKrWn3�Dyqî$��j$t�³�zDj�wRj$z)h�jioD�3jioDeDrWjir«y'c
eDgUhmjikihmlqn3o¶e|{�l'��cX�3jitdj$o¶�Rn3rWeKzDrWjºeDz¶kM�~cX��w¶eDja�"zDjX�Hb®n3rWtZ³"zKjªy'ja�~cXr°v)kij$o.hmrZj�cPóZzDt°hmgªeKj�y<{�l'��cX�3jïtZj�tZlqhmzKj
�DnXrWt�eDzukM�~cH��w¡eDj^�"zDj�eDj^yêc«k$cX��girmcK�)yêc«rZj$kin3oDtZhWrWzDkUhmlqn3o¡w�jizKh�cX��j$oDjir�á¶zDoDjSeKl'rWjikihWl'n3oue|{�l'oKk$l'eKj$oDkij
eDz«rmc�v3n3o

γ
j$rWrZn3oDgijX�Hbdjit7lq��cX�Xj$t�eDn3o.h7yqjº�DcXrZv"k$jio.hmrWj�jitZhYáFwDyqzDtÖeKj�ò)�çÁFeDji�3rWgit7tWnXo�h7eDj�kijºâ[cXl!h�g$k�cHrZhmgij$t

eDj�y>{çcXoDcXyqv"tWjH�

����· ¸�£º¹S»�¼S_�� ¤u£¾½ñ�� �¤ »7§�¦F_i¤¿¼u£��
Ä�Å �FÅ°Æ � Ën­d�8©�<8²^¬�<8²ù¬�©�:"¬L­�±
­�E�­�¯Õ©aÎ¤<D:¤À}©±ÎD< ±DË^¬�¯�<D:8²®Í

b®j$t�eDl!��girWj$o.hWj$t���gihm�Kn)eDjitªeDjSrZj+óZjih�eKz��KrWzDl!hªeDjNâãn3oKeu�~cXeDrZn3o¡oDjNwRj$rW��jihZhmjio�h�wDcXt�yêc«eKl'tWkirWlq��lqo~cñ´
hWl'n3oAtmcXoKtYcX�¶�Kl'�3z0&>hmgïjio�hWrWjazDoDjºo~cHhmzKrWja�~cXeDrZn3oDl'³�zDjajihÖg$yqj$kUhmrWnX��cX�XoDgihWl'³�zDj±eDj$tÖ�3j$rZ��jitÖeKgihmjikihWg$j$ti�3ð�oDj
w~cHrZhmlqj­eDj$tA�~cXeKrWn3oDti�®k$n3oKtWl'eKg$rWgit�kin3����j­k$cXoDeDlqe~cHhmt

γ
�®jitZhAeDn3oDk�kin3oDtWjirZ�Xg$jX�7bdc¡tZn3zDt°hmrmcHkihmlqn3oÝeDj�k$j
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������� 2 �Çe|��æFl'tZhWrWlq�DzKhmlqn3o�eDjFy'c��HcXrZlêcX�Ky'j�k$nX�¶�Dl'oKg$j^����ò�w�nXzDr±zDoDj^rZg$�3lqn3o�n$��zDo�tWlq�3o~cXy
γ
jitZhºwDrWgitWj$o.h

·ãrWg$�Xl'n3os�No(»��7zDoKjurWg$�Xl'n3ofj�¯)j$��wKhmj�eKjutWl'�Xo~cXy^·[rWgi�3l'nXos�^�a»AjUh�yêcseKl'tZhWrWlq�DzKhmlqn3oþeKjurmc�v3n3oKt
γ
·¶�No�´�^�a»��

������� 2 � , � � gih%jlk%m�È æFl'tZhWrWlq�DzKhmlqn3oëeKj­yêc��DcXzKhmjizDrNeDj«wDrWji��lqî$rWj�l'o.hmjirmcXkUhmlqn3o�rWjik$n3oKtZhmrZzDlqhWj¶wRn3zDr^zKoDj
rZg$�3lqn3ofn$�ìzDo¿tZl'�3o~cHy

γ
j$t°h�wDrWgitWj$o.hë·[rZg$�3lqn3os�No(»��7zDoDjurZg$�3lqn3ofj�¯Kji��w)hmjueDjutZl'�3o~cHyS·[rZg$�3lqn3os�^�a»�jUh

y'c�eDlqtZhWrWl'�KzKhmlqn3oxeDj�rmc�v3n3oKt
γ
·¶�Sox´@�N�±»U�/É n�o�p�q mUÈ Þ�y'yqzDtZhWrmcHhWl'n3oxeDz�wDrWnX�Dy'îi��j�y'lqg�cXz)¯Ýlq��cX�Xj$tNhmrZn3w

j�¯Kkij$o.hmrZg$jitawDcXr7rWcXwDwRn3rZh7cXz¶kij$o.hmrZj�eDz¶kM�~cX��w¶eDjº�)zKjX�3b®jº��n"eDî$yqj�c�óZzDtZhWg�tWzKrYy<{�l'��cX�3jïeDz­�DcXtYc^zKo­cñ¯)j
wDrZl'oDkil'w~cHy�l'oKk$n3��w~cHhWl'�DyqjNc��3jik�yqjN�3g$rZlqhmcX�Dy'jNcñ¯)jAjUh�k$n3oDeKzDlqh�á­zDoDj�eDlqrWjikihmlqn3o¡eDjSy<{�gi�Xg$oDji��jio.h^jirWrWnXoDg$jH�
��jUhWhmj�è~�3zKrWj�j$t°h�hWl'rZg$jSeDj�À}ÁieHÃ>�
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âãn3oKe�rZg$tZl'eDzDjiyDeDj��~cXeKrWn3oDtïjitZharWg$cXy'lqtWgijªtWjiy'n3o�wDyqzDtWlqj$zDrZtYhmj$kM�KoDl'³�zDjit$��ßÖnXzKhmjitïk$j$t±hmjikM�DoDlq³"zKj$t±eDg$kin3zDyqj$o.h
e|{�zDoDj���v"wRnXhm�Kî$tWj©��y'j�*~z)¯�eDj��DcXeDrWnXoDt¶áëy>{}nXrWl'�Xl'oDj�eDj�k$j�âãn3oKefrWgitWl'eKzDj$yaj$t°h­l'tZnXhmrZn3w�j�tWzKr¶yêc¡�3n$1KhWj
kig$y'jitZhWjX�Dbdc�è~�3zDrZj 2 �!Â�å�j$tZh�yêcAeDl't°hmrWlq�DzKhWl'n3o�eDz�tZl'�3oDcXy(j$o�âãn3oKkihmlqn3o�eDz�k�cHrWrWgFeDj^y'cAeKl'tZhmcXoDkijNcXoD�XzDyêcXlqrWj
á�y'c�w�nXtWlqhWl'n3oëeDj­yêc�oKg$�DzDyqj$zDtZj�eDzÝ��rmcX�RjX�|b±{�jU¯)kiî$t�eDj­rmc�vXn3oDt

γ
j$tZh�nX�Khmjio"zÝcXwKrWî$tStZn3zDt°hmrmcHkihmlqn3o²eDz

�DrZzDlqh�eKj�âãnXoDe¡j$tZhWl'��gSw~cXr�yêc¶��gihW�Dn"eDjSeDj$t�rWgi�3l'nXoDtT�^�x�¶zDy!hml'wKy'j$t�eDgihmcXl'yqy'g$jFwDy'zKt��DcXt$�
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������� 2 �!Â�å��ìæ^lqtZhWrWl'�KzKhmlqn3o¿eDj$t�gi�Xg$oDji��jio.hmt�jio âãn3oKkihmlqn3oìeDz k�cXrZrWg¡eDj�y<{}cXoD�3yqjuáÝy'cxw�n3tZlqhWl'n3o¿eDj¡y'c
oDgi�DzDyqj$zDtZj¶eDz²��rWcX��jH�|b®j«lqoKâãn3rZ��cHhWl'n3oKtA·[oDn3�«�DrWjAe|{�gi�3gioDj$��j$o.hWtc�No|���^� �q�!�
»�rWjiw�n3r°hmgitNtWzDrFyêc­è~�3zDrZj
n3o.h�gihWg�l'o.hmgi�3rWgitFá­y>{}lqo�hWg$rZl'j$zKrªe|{�zDoDjArWg$�Xl'n3oueDjAåK�!Â3Â�eDji�3rWgit¶·�*~î$kM�DjArWnXzD�3j�»��

Ï|Ð
4dÐ>ô~Ð[ô Ê ×.ÙPöd÷®Ø�Ò�Ë�ü®ø�Ë­Ì
��jihZhmj���gihW�Dn"eDj�k$n3oDtZl't°hmj�jiofy<{�n3�DtZj$r°�Xcñhml'nXo�e|{�zDo�n3�"óZjih«j$o�w�n3lqo.hMcXo.h�y'j$t�hmgiy'jitWk$nXw�jit«e~cXoKt«tmc�eDl!´

rZj$kihWl'n3oþ·ãèD�3zDrWj 2 �!Â3Â NQgih"jlk%m »��(bdj��DrZzDlqh�eDj�âãn3oDe�j$t°hNjitZhmlq��gSwDcXrFzKoDj�tZj$kin3oDeDj�n3�DtWjirZ�HcHhWl'n3oscXwDrZî$t�n3z
c��HcXo.hay<{�n3�DtWjirZ�HcHhWl'n3o­eDj�y'c�rZg$�3lqn3o­e|{�l'o.hmgir.�Uh���Cïy'y'j�j$tZhajU��jikihmzKg$jNcñè~o�³"zKjFyqj$tïeDjiz)¯�n3�DtZj$rZ�HcHhWl'n3oKtatZn3l'jio.h
rZg�cXyql'tWgij$tNeDcXoDtNyqj$tN���$��j�kin3oDeDl!hmlqn3oDt^eKj¶w�nXl'o.hmg¡·[cXoD�3yqj$t�V$g$oKlqhm�DcXyÖjUh�ciVil'�¶zKhW�~cXyê»U�R¸Ön3zKrNk$jiyêcK��y'j$t�hmg�´
yqj$tWkin3wRj$t�tZzDlq�Xj$o.hªy'cA���$��j�hmrmc�óZj$kihWn3l'rZj�e~cXoDtºy'j�k$l'jiy<�.eDgik�cXyqg$j�eDj^y'cAeKzDrWgij^eDjFyêc�wDrWji��lqî$rWj�cXki³�zDl'tZlqhmlqn3o|�
��jUhWhmj�hWj$kM�DoKl'³�zDjuwRj$rW��jih«y<{}cXo~cXy!v"tWj�eKjutWn3zDrZk$jit­gihmjioDeDzDjit�k$n3zK�"rWcXo.h­zDoDju�3rWcXoDeDj�w~cXrZhWl'j�eDz¿kM�~cX��w
eDj��"zDjH�ïbï{}lqoDk$nXo��Xg$oDlqj$o.h���cPóZj$zDr«eDj�k$jUhWhWju��gUhm�Dn"eDj�jitZh�³�z|{�j$y'yqj�oDgik$jitWtWl!hmj¡eDjiz)¯ìcXki³�zDl'tZlqhmlqn3oDt�w�n3zKr
zDoKj�tZj$zDyqj�e�{}n3�KtWj$r°�HcHhmlqn3o�jU��jikihWlq�3jH�Ö��jihWhWj���gihW�Dn"eDj­âãzKhAzKhmlqy'l'tZg$j­yqn3rWtSeDz²âãn3oDkUhmlqn3oDoDji��jio�hAjioþ��n)eDj
��n3oDnH´<hmgiy'j$tZk$n3wRj�c��XcHo�h�yêcukin3oDtZhWrWzDkUhmlqn3oþeDz�rWgitWj�cHzfk$n3��wDyqjih�jih�y<{�j$t°h«jioDk$nXrWj�wRn3zDr�y>{}n3�KtWj$r°�HcHhmlqn3o²eDj
tZn3zDrWkij$t�eDj�wDy'zKtWl'jizDrWt�eDji�3rWgit�e|{}j�¯"hmj$oKtWl'nXo|�

Ï|Ð
4dÐ>ô~Ðqõ Ê ×.ÙPöd÷®Ø�Ò�Ø�Ò"Ó�ûñ×P!RÕã÷�ü�ÓUË­ÌÍ�ÝÛ�ù ÙPÕ[ÔÖùãÒ)Ó
bdcëtWjioDtWlq�Dl'yqlqhWg�cXz"¯þrWc�v3n3oDt

γ
��n3z¿cHk$k$jiwKhMcHoDk$jÝ·ãeDgihmcXl'yqy'g$j�wDyqzDt«hmcXrWe(»��ÖeKg$k$rZniÎ'h�y'nXrWtW³�zDj�yêcstZn3zDrZk$j

ti{}gik�cXr°hmjueDj�y<{}cñ¯)j�n3wKhWl'³�zDjH�Yb®j��3rWcXoDefkM�DcX��w¿eKj��"zDj�eDjSA�Ca¾D¾þw�jirW��jih�hmn3zKhWjiâãn3lqt�e�{çc��3nXl'r«zKoDjucXk�´
kij$wKhmcXoDk$j�â[cXl'�Dyqj$��j$o.h�eDg$kirWn3lqtWtmcHo�hWjAóZzDtZ³"z�{çá�eDjit¶cXoK�3y'jit«�Dn3rZt¶cñ¯)j�eKj�y<{�n3rZeDrWj�eDj�Â�eDj$�3rZgX�7bdjit«hmrZn3l't
��gihW�Dn)eKj$t^wKrWg$tZj$o.hmgij$t�w~cXrFyêc�tWzDl!hmj�wDrWnXèKhmj$o.hSeKj«k$jUhWhWj«â[cXl'�Ky'j�eDg$kirWn3lqtWtWcXoDk$jH�|bdc���cPóZn3rZlqhmg�eDjitNn3�DtZj$r+´
�HcHhWl'n3oDtaji��j$kUhmzDgij$t�w~cHrvA�Cº¾K¾�eDj$wDzKl't�tZn3o�eDgi��cHrWrmcH�3jFjio���n)eDj�k$nX��wDyqjih$��c«gihWg^rWg$cXy'lqtWgijFjio���n"eDj�eDlqh
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lqo�hWg$�3rZg�tZzDr«zKofcXoDoKj�cXz�eDj����$��j�yêcXrZ�3j$zDr�³�zDj�y'j�eDlêcX��îihWrWj­eDj�yêc¡rWgi�3l'n3oÝn$��y'j�tWlq�3o~cXy±j$t°h«j�¯"hmrmcHlqh��
kij$o.hmrZg�tZzDrSy'j�w�nXl'o.hmg¶eKz²hWg$yqj$tWkin3wRjX�YÉ n�o�p�q m�È ¹sgUhm�Dn"eDj­eDj¶tZn3zDt°hmrmcHkihmlqn3oxeDl!hmj¶eDj­y>{çcHoDoDj�cHzxk$n3��wDy'jUh��
b®jSâãn3oDe¡j$t°h^jitZhWl'��g�á�wDcXrZhWl'rªe|{�zDoscXoDoDj$cXz�k$j$o.hWrWgAtWzDr�yêc­rZg$�3lqn3oun$��y'jStWlq�3o~cXy�j$t°h^j�¯)hWrmcXl!h��
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� o °�° � m �Kbdjit�hmg$yqj$tZk$n3wRj$t�oDjStWnXo�h�w~cHt�wRn3lqo�hWg$t�eDlqrWjikihmji��jio.hFtZzDr�y'jit�n3�"óZjUhmt���cXlqtªá­zDoDj�eDlqtZhmcXoDk$j�kin3��´
wDrZl'tZj�j$o.hmrZj�åK�
Á^eKj$�3rZg�jihaåK� O eDj$�XrWg�eDj�kij$z)¯�´�kil<����j�wRn3l'o.hWgªw�jirW��jihïeKj�eDgiè~oKl'rYwDyqzDtWlqj$zDrZtïrWgi�3l'n3oKtYn$�­j$t°h
jitZhmlq��g�yqjª�DrZzDlqh±eDj�âãn3oKe|�QCïy'yqj$tYtZn3o.hºkM�Kn3l'tZl'j$taáN���$��j�cXoD�3yqjª�Dn3rZt°´�cñ¯)j�³�zDj�y'cNrWg$�Xl'n3o­e|{�l'o.hWg$r.�Uh^·[rWgi�3l'nXo�No(»ªjih�eDnXoDk�n3o.hFzKoDjAcXk$kij$wKhmcXoDk$jAtWjioDtWlq�Dy'ji��jio.hFlqeDj$o.hWl'³�zDjAá­k$j$yqy'j�´�k$lï·ãè~�3zKrWj 2 �!Â3Â Oinlo�p�q m »U�(bï{�l'o.hmgir.�Uh
eDj�y<{�n3�DtZj$rZ�HcHhWl'n3o²jioþ��n)eDjZ� o °�° � m j$tZh«³�zDjX���Dl'jio�³�zDj�y<{}cXk$kij$wKhmcXoDkij�cXz)¯ÝrWc�v3n3oDt γ

tWnXlqhAy'gi�3î$rZj$��j$o.h
rZg$eDzDl!hmjH��y'jAhmji��wDt^e|{}nX�DtWjirZ�HcHhmlqn3o�eDj«yêc�tZn3zDrZk$j­j$t°hS�¶zDy!hmlqwDy'lqgAwDcXr^eDjiz)¯ ·ãl'ydo|{�vxc�wKy'zDtN�Rj$tZn3l'oëe|{}zKoDj
tZj$k$nXoDeDj­cXki³�zDl'tZlqhmlqn3o�w�n3zKrFeDgUè~oDlqr^y'jSâãn3oKe(»U��ðFo�tZj$kin3oDexc��HcXo.hMcX�Xj«rWgitWlqeDj«e~cHoDt^yqjAâ[cXl!h�³"zKj«wDyqzDtWlqj$zDrZt
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bdc���gihW�Dn)eKjAeKzëtWji�3��j$o.h^e�{çcXoKoDj�cXzëj$tZhFzDoDjA��gihm�Kn)eDj�cXy!hmj$rZo~cHhWlq�3jAá�yêc­wDrZg$k$gieDj$o.hWj�·ãè~�3zKrWj 2 �qÂ�ò

NQgih%jlk%m »U�(b®j��DrWzKlqh�eDjSâãn3oDe�j$t°h^jitZhmlq��gAá�y<{�l'o.hmgirWlqj$zDrªe�{}zDostWji�3��jio.h^e|{}cXoDoKj�cXzseDj��®�i��j�yêcHrW�3jizDr�³�zDj
yqj�eKlêcX��îihWrWj�eDj�yêc�rWg$�Xl'n3oU�No�jUh�eDjFrmc�v3nXo���nPvXj$o�gi�.cXy(áAy<{}cXoD�3yqj��Dn3rWtºcñ¯)j�eDjFkijihZhmj^rZg$�3lqn3o|��æ^jF�®�i��j
³�zDjAwDrWgik$gieDj$����jio.h��Ry<{}cXk$kij$wKhmcXoDk$j�cXz)¯urmc�v3n3oKt

γ
jitZhFtWjioDtWlq�Dy'ji��jio�hFl'eKj$o.hmlq³"zKjAeDcXoDt�yêc­rWgi�3l'n3o��NoëjUh

y'c¶rWg$�Xl'n3o��^�7�
Ï|Ð
4dÐ>ô~Ð
4 Ê ×.ÙPöd÷®Ø�Ò�Ø�Òxù��
Ú~ü�ü�Ò�Ú~Ûÿú3÷ �þÔÖù[Ò.Ù

bdcëeDgUhmj$rZ��lqo~cHhWl'n3oÝeDz¿�DrZzDlqh�eDj�âãn3oKefw~cXr�yêcs��gihW�Dn"eDj�eDj�y<{}cXoDoDj$cXzfkin3��wKy'jih�j$t°h­rWg$cXy'lqtWgij�e~cHoDt
zDo�cXoDoDj$cXz�k$jio.hmrWg«tWzDrFyêc�rZg$�3lqn3o«�So��|��jUhWhmj�hmj$kM�KoDl'³�zDjH��k$nXo�hWrmcXlqrWji��jio�h^cXz)¯ëcXz)hmrWjit$�RoDj«wRj$rZ��jUh^wDcXt
e|{�n3�KhWj$oDlqrªy'j^oDlq�Xj�cXzueDjS�KrWzDl!h�eDj^âãn3oKesá­cHk$k$jiwKhMcHoDk$jSgi³"zKlq�HcXy'jio.hmjSjihªoDg$kij$tWtZlqhWjAeKn3oDkSyêc�k$n3oDoDcXl'tZtmcXoDkij
eDjxy'cfeDl't°hmrZl'�DzKhWl'n3o�e|{}cXk$kij$wKhmcXoDk$j²e~cHoDt¡y'j�kM�~cH��wÿeDj��"zDjH����jihZhmj�hmjikM�DoDlq³"zKjÝjitZh�zKhWl'y'lqtWgijëwRn3zDr�y'c
�3gioDg$rWcHhmlqn3o¡eDj$t�k$cXrZhWj$t�e|{}j�¯)k$î$t�eDjArmc�v3nXoDt

γ
�

Ï|Ð
4dÐ>ô~ÐW� Ê ×.ÙPöd÷®Ø�Ò q m��DÏ � g q m
��jihZhmj���gihW�Dn"eDjsz)hml'yql'tZjuzDoDjs�HcXrZlêcX�Ky'j¡eDl'tZk$rZl'��l'o~cXo.hWj�wRn3zDr�eDgUè~oDl'r�eDjiz)¯�w�n3wKzDyêcHhWl'n3oKt�e�{}gU�3g$oKjU´

��j$o.hmt��Xy'j$t7k�cXoDeKl'e~cHhWt
γ
jihïyqj$tïk�cHoDeDl'eDcHhmtY�DcXeDrWnXoDt$�.bï{�j$t°hml'��cHhWl'n3o�eDz­âãn3oDe�j$t°h±rWg�cHy'l'tZg$jªjio­k$n3��w~cXrWcXo.h

kij$t­eDjiz)¯fwRn3wDzKyêcHhWl'n3oDtAtWzKr¶y<{�j$oDtZj$�¶�Ky'j�eKzfkM�~cX��w¿eDj��"zDjH�±��n3oDoDcXl'tZtmcXo.h­yqj$t¶cHk$k$jiwKhMcHoDk$jit­rWj$y'cHhml!�3jit
wRn3zDrYyqj$tÖk�cXoDeKl'e~cHhWt

γ
jihïwRn3zDr7y'j$tÖ�~cXeDrZn3oDti�3y'jºoDn3�¶�DrZjªe|{�gi�Xg$oDji��jio�hWt

γ
jUhï�~cXeDrZn3oDtïwRj$zKh��ihmrZjª��j$tWzKrWg

wRn3zDrNkM�DcX³�zDj�wRn3tZlqhmlqn3oshWj$t°h�eKzÝkM�DcX��wxeKj¶�)zKjX�dðFoKj­oDn3rW��cXyql'tmcñhml'nXos��n�v3j$oKoDj�j$tZhAcHy'n3rZtNj$t°hml'��g$j«j$o
hWj$o~cXo.h�k$nX��wKhWjueDj$t�V$nXoDj$t�jU¯)kiy'zDjit�n$�ìzDo tWlq�3o~cXy�eDj¡rmc�v3n3oKt

γ
j$t°h�cñhWhmjioDeDz|�a��jUhWhWjsoDnXrW��cXy'lqtmcHhWl'n3o

wRj$zKh�j$oDtZzDlqhWjD�UhmrWjFzKhmlqy'lqtWg$j�wRn3zDrºyêc�rWg$�Xl'n3oÐ�So�cHè~o�eKj^wDrZg$eDlqrWj�y'j�oDn3�¶�DrZj^e|{�gi�Xg$oDji��jio.hmt�cHhZhmj$oKeDzDtªjUh
e|{�j$t°hmlq��jir�y<{�jU¯)k$îitFeDj�rWc�vXn3oDt

γ
�

Ä�Å �FÅ43 5 ¬8­�¯Ðª®­b­
¯Õ©±Î¤<8² ÍÕ­ ¬�¯Ñ6±Î$¯�ÒDE¿­b­�¯�¥Ý¯Æ­KËÓ<$²^¬ ²�;�E�È^¬s<8² ±g­N�°©aÎÂ¬
γ

b®j$tajU¯)k$îitºeKj�rWc�v3n3oDt
γ
n3�Khmjio�zDtºoKj�tZn3o.h�eKn3oDk�³�zDj�rWj$y'cHhml!âãt$�XcXwDrWîit±tWn3zDt°hmrWcXkihWl'n3o�eDz�oDlq�Xj�cXz���nPvXj$o

eDj��KrWzDl!hYeDjªâãn3oKe­��jitWzDrZg�e~cXoDtïeDjitïrWgi�3l'n3oKtYtWzDwKw�n3tZg$jitalqoDeDji��oDjitïeDjªtZl'�3o~cHy<�Hbdjitïl'oDkij$r°hmlqhWzDeDjitYk$n3oKk$j$r+´
o~cHo�h«k$jUh­jU¯)k$îit­wDrWn��"l'jioDoDjio�h¶eDj�eDjiz)¯þtWn3zDrZk$jit$�7yqj�oDnX�¶�DrWj�e|{�gi�Xg$oDji��jio�hWt�eDgihWj$kihWg$t­e~cHoDt«y'csrWgi�3l'nXo�Noujihªk$j$yqzDl�eKjSk$j$z"¯ueDgUhmj$kUhmgit�eDcXoDt�yêcAn3zuy'jitªrWgi�3l'nXoDt��^�7�KðFoDj^��gUhm�Dn"eDjNe|{�gi�HcXyqz~cHhWl'n3o�eDjSyêc«tZl'�3oKlqèK´
k$cHhml!�)l!hmgAeDj$t^jU¯)k$îitSeDgihWj$kihWg$tSjio²cXtZhWrWn3oDnX��lqj

γ
c�gUhmg�eDgi�Xj$y'nXwDw�gij­w~cXr^bdlYÔ�¹ëc�jio¿Â , e 2 ÀçÁ , Ã<����jihZhmj

��gihW�Dn)eKj�wRj$rZ��jUhFeKj«wDrZj$oDeDrZj«jioëk$nX��wKhWj�yqjSâ[cXlqh�³�zDj�y'jA�DrWzDl!h�eDjAâãnXoDeëjitZhF�3g$oDgirmcXyqj$��j$o.hFj$tZhWl'��g�j$o
cXt°hmrZn3oDn3��l'j

γ
c��3jik�zDo¡hmji��wKt�e�{}j�¯KwRn3tZlqhmlqn3o¡eDlq��g$rZj$o.h�eDj�k$jiy'zDl®kin3oDtWcXk$rZg�á­y'c�tZn3zDrZk$j�eDj�rmc�v3nXo

γ
�(b®j

oDnX�¶�DrWj­e�{}gU�3g$oKj$��j$o.hmt�eDgihWj$kihWg$tAj$t°h�eDcXoDt�k$j�k�cHt
NOn − αNOff

n$�
NOn

jih
NOff

tZn3o.h�yqj$tSoDnX�¶�DrWjit
e|{�gi�Xg$oDji��jio.hmtSeDgUhmj$kUhmgitSe~cXoDtFy'j$tFrWgi�3l'n3oKt|�NoëjUhB�^�Ö�RjUh

α
j$tZh^y'jArmcXwKw�n3r°h^eKj$tFhWj$��wDt^e�{}n3�KtWj$r°�HcHhmlqn3o



`(?i\P;[:[OPE�@��ÖÕ�B)C^E(8HG�IKJU?��¡O�=µ9�6�O�G[O��.: ×0Å"?^LD?mJFJ�O�ÅX=�\$?MJSLD?F=M8UIKOPEDJ
γ

� u
eDjAyêc­rZg$�3lqn3o��So�jih�eDjAyêc¶rZg$�3lqn3o«�N�Ö�~bdc���gUhm�Dn"eDj�wDrWnXw�n3tZg$jAw~cXr�k$jit^cHzKhmjizDrWt�j$t°hF�DcXtWgij�tZzDrFyqj�rmcXw)´
wRn3rZh�eKjAeKj$z)¯¡âãn3oKkihmlqn3oDt�eDjS�"rmcHl'tWji�¶�Dy'cXoDk$jH�~y<{�zDoDjNhWj$tZhmcXo.h�y<{���v"wRnXhm�Kî$tWjAn$��y'jSoDnX�¶�DrWjSe�{}gU�3g$oKj$��j$o.hmt
eDgUhmjikihmgitNj$t°hSzDoDj�*~zDkUhmz~cHhWl'n3o��Ry>{çcHzKhmrZjAhWj$tZhmcXo.hNy>{}�.v"w�nHhm�DîitWj¶n$�sy'jAtWlq�3o~cXydeDgUhmj$kUhmg¶jitZh^tWl'�XoDlqè~k$cHhml!â+�~bdc
tZl'�3oDl!è~k�cñhmlq�"l!hmg^eKjAy>{}j�¯)k$î$t

Nσ

ti{}gik$rZlqh�k$nX����j

Nσ =
√

2

[

NOn ln

{

1 + α

α

(

NOn

NOn + NOff

)}

+ NOff ln

{

(1 + α)

(

NOff

NOn + NOff

)}]1/2

����Ø w  ¡����x�¦®£ ¬ �B»/Ù¿Úu�A�i�A¢¢_�Û�¼¡£ ¤u£�¦¨¦d�¢¼Ð»�^º£�¦é¤u£¾»7�Tx«�« ¡¦
γ

Ä�Å4£�Å°Æ Ü Ë^¬�©±ÍÑ::­�¯Ð©±Î ­±ÎD6�:^ÍÕ­°¯U±g²G<�:Á¬P�9¬L­KÈ�ª®²
bdc���c�óZn3rWl!hmg«eKj$tStWnXzDrWkij$tSwRnXhmjio�hWl'jiy'y'jit^eDj­rWc�v3n3oDt

γ
e~cHoDtSyêcS��cXy'cñ¯)l'jAtWn3o.hSgUhmj$oKeDzDj$t�kin3��wDcXrWgij$t

cXz"¯ rWg$tZn3y'z)hml'nXoDt�cXoD�3zDy'cXl'rZj$t­eDjit�j�¯KwRg$rZl'jioDk$jit$����n3oDo~cfÎqhmrZjëc��3jikëwDrZg$kil'tWlqn3o yêc�âãn3oDkUhml'nXo�e|{�gihmcXy'ji��jio.h
eDjAy<{�l'oKtZhmrZzD��j$o.h«·[gihmcXy'ji��jio.h�h�v)wKl'³�zDj«eKzëtWlq�3o~cXy�wDrWn��3jio~cXo.hSe|{�zDoDjAtWnXzDrWkij�wRn3oDkUhmzDjiy'y'j�»ªj$tZhFeDjAk$j�â[cXlqh
lqoDeDl'tZw�jioDtmcH�Dy'jSwRn3zDrªgUhmzDeKl'j$r�y'c¶��nXrWwD�DnXy'n3�3lqj^eDjit�g$��l'tWtZl'n3oKtªjih�jioseDgieDzDlqrWjSy<{�n3rZl'�3lqoDjX�K��jihZhmjSâãn3oDkUhml'nXo
e|{�gihmcXy'ji��jio.h­·[¸º¾dÝï»�jitZh^wDrWn"kM�Dj«e�{}zDoKj«âãn3oDkUhml'nXo³��cXzDtZtWl'jioDoDj�e~cXoDtFyêc�w~cXrZhWl'j�wDrZn)kM�Dj�eDj«y'c�tZn3zDrZk$j¶jUh
wDrZg$tZj$o.hmj�zDoKjª³�zDj$zDj�eDj�eDlqtZhWrWl'�KzKhmlqn3o«áFwDy'zDt��3rWcXoDe­cXoK�3y'jH�HbdcFèD�3zDrWj 2 �!Â�åFjitZhïy'c�eDlqtZhWrWl'�KzKhmlqn3o�eKjªtWlq�3o~cXy
cXz)hmn3zDraeDj�yêcSwRn3tWl!hml'nXo�eKjFy'cAoDgi�DzDyqj$zDtZj^eDz���rmcX�RjX�)��jihZhmj�tWn3zKrWk$jFeDj�rmc�v3n3oKt

γ
jitZh�w�n3oKkihmzKj$y'yqj�w�n3zKray'c

rZg$tWnXy'zKhWl'n3o�eDj­A�Cº¾K¾���bï{�gihmcXy'ji��jio�hFeDz�tZl'�3oDcXy®hmrmcHeDzDlqhFyêc�rWgitWn3yqzKhmlqn3oscXoD�3zDy'cXl'rZj�eDj«kij$tNn3�KtWj$r°�HcHhmlqn3oDt$�
bdc�è~�XzDrWj 2 �qÂ 2 rWjiwDrWgitWj$o.hWjÝyqjsrWc�v3n3o�áþy>{}lqo.hmg$rZl'jizDr�eKzD³�zDj$yFj$tZh�l'o.hmgi�3rWgëä$eÞR eDj�y>{}gi��lqtWtWlqn3o e|{}zKoDj
tZn3zDrWkij^wRn3oDkUhmzDjiy'y'jH��w�n3zKrºeDl!��girWjio�hWj$t�cXo~cXy!v)tZj$ti�D��jUhWhmjFrWgitWn3yqzKhmlqn3o�jitZh�rWj$y'cHhml!�3ji��jio�hºk$nXoDtZhmcXo.hmjNcHzKhmn3zKr
eDjF³�zDj$yq³"zKj$tªß�jàß wRn3zDraeDj$tº�XcHy'j$zKrWtak$n3��wDrWlqtWjitºjio�hWrWjSå)�çå.ÁSeDji�3rWgFjih�å)�qÂFeDj$�3rZgX�"¼ wDyqzDta�~cXtWtZjNg$oKj$rW�Xl'jX�
y'c�rWgieDzDkUhml'nXo�eDj$tºhMcXlqy'y'jit±eDj$tªlq��cH�3j$tarWjioDe�yêcA��jitWzDrZjN��n3l'oDtaj���k$cXk$jNjUh���n3l'oDt±wDrZg$kil'tWjH�K¼ wDy'zDtº�~cXzKhWj
gioDj$rZ�3l'jH��yêc�hMcXlqy'y'jAl'��wRn3rZhmcXo.hmjAeDj$t�l'��cX�3jitFwDcXrSrmcXwKw�n3r°hScXzxkM�DcX��wxeKj¶�)zKj­wDrWn��3n"³�zDj�zDoxgihmcXy'ji��jio.h
eDjitFlq��cH�3j$t��DnXrWt�eDj�yêc­k�cH��girmc­jih�j$oK�3j$oDeKrWjAzDoDjAl'��wDrWgik$l'tZl'n3o��~��jih�jU��jUh^jitZh�j$osw~cXrZhWl'jStZzDwDwDrZl'��gSj$o
cXwKwDy'lq³"zDcXo.h^zDoKj«k$nXzDwDzDrZj¶tWzDrFyêc�eDl't°hMcXoKk$j«tZg$w~cHrmcXo.hSyqj��~cHrZv"k$jio�hWrWj¶eKj«y<{�l'��cX�3jSeKz�k$jio�hWrWj¶eKz�kM�~cX��w
eDjS�"zDjH�

bdc�wDrWgik$lqtWl'nXoëeDj¶y>{çcHo~cXyqv"tZj«wRj$zKh@�UhmrZj­cXzD�3��j$o.hWg$j¶w~cHr^y<{}cXwDwKy'l'k$cHhmlqn3o¡eDj¶kin3o.hmrmcHl'o.hmjitNwDy'zKt^l'��wRn3r°´
hmcXo.hmj$t^tWzDrNy'c�tZg$y'jikihWl'n3oseDj$tNgU�3gioDj$��j$o.hmti�dbï{}n3�KtWj$r°�HcHhmlqn3o�e|{�zDoDj¶���$��jA�3j$rZ��j�w~cXr 2 n3z 1 hWg$y'jitWkin3w�jit
cXzK�3��jio.hmjAyêc�rWg$tZn3y'z)hml'nXoëcXoK�3zDyêcHl'rWjH�~æ^j��®�i��j�zDoDj�k$n3zKwDzDrWj�wDy'zKtFtZgi�3îirWj¶tZzDr^y>{}lqo.hmj$oKtWlqhWg�eDj$tFl'��cX�3j$t
wRj$rZ��jUh�eDj�t${}cH��rWcXoDkM�Dlqr�e|{}zKoDj�w~cXrZhWl'jSeDjitFgU�3gioDj$��j$o.hmtFeDj��~cXtZtWj�g$oDjirW�3lqj�³"zKl®tWn3o.h���cHy|��jitWzDrZg$ti�

Ä�Å4£�Å43 á Î8­±Í��9¬�²@ª®©�±08D�8©±ÍÕ©76°¯1®+:$²
bdc���gihW�Dn)eKjFe|{}cXo~cHyqv"tWjF��n3rZwD�Dn3yqn3�3lq³"zKj�eDj$tºjU¯)k$îitªeDj�rmc�v3n3oKt

γ
j$t°hª�~cHtWg$jFtWzDrºyêc�k$n3��w~cXrWcXl'tZn3o�eDj

y'c�eKl'tZhWrWlq�DzKhmlqn3oueDjitFgU�3g$oKj$��j$o.hmtFn3�DtWjirZ�Xg$tNá�k$jiy'yqjSwDrWgieDlqhWjAwDcXr�zDoDj���nXrWwD�DnXy'n3�3lqj^wDrZg$eDgUè~oDlqj�À 1PO Ã>�(b®j
oDnX�¶�DrWj�e|{�gi�Xg$oDji��jio.hmtNcñhWhmjioDeDzDt�jitZhFeDn3oDoDg�w~cHr

nγ =

∫ ∫

dx′dy′
dN

dx′dy′

=

∫ ∫

dx′dy′

∫ ∫

dxdyPSF (r′) × Φ(x, y)

n$�
PSF (r′)

j$tZhNyêc�âãnXoDkihWl'n3ose|{}gUhMcXyqj$��j$o.hFeDj¶y<{�l'oKtZhmrZzD��j$o.h^wRn3zDrFyêc�eDl't°hMcXoDkij¶cXoK�3zDyêcHl'rWj
r′
tZg$w~cXrWcXo.h

y>{}lqo�hWj$r°�XcHy'y'j�k$n3oDtZl'eDgirWg�eDj�k$j$yqzDl(eDj�k$n"n3rWeDnXoDoDg$jit
(x, y)

j$o�eDlqrWjikihmlqn3o�eDzD³�zDjiy�zDo�*~z)¯
Φ(x, y)

jitZhºrWj�z$z|�
bdcëwDrZn3�~cX�Dlqy'l!hmg­e|{�n3�DtZj$rZ�Xj$r¶eKj$t«oKn3�¶�DrZj$t«e�{}gU�3g$oKj$��j$o.hmt

NOn

jih
NOff

cXyqn3rWtA³�zDj
nγ

jih
nh

tZn3o.h
cHhZhmjioDeDzDt�j$t°hFeKn3oDoDgijAwDcXr

P (NOn, NOff |nγ , nh) =
(nγ + α nh)

NOn

NOn!
e−(nγ+αnh) × nNOff

h

NOff !
e−(nh)
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������� 2 �qÂ 2 � ½�g$tZn3y'zKhWl'n3o�cXoD�XzDyêcXlqrWj¡eDjit�hmrZn3l't���gihm�Kn)eDjit�e|{}cXo~cHyqv"tWjswDrWgitWj$o.hWg$j$tuwKrWg$kig$eDji����j$o.h�j$o
âãn3oKkihmlqn3o¿eDjuy>{}gioDj$rZ�3l'jH�Yb®jurmc�v3nXo eKjuyêc�rWgi�3l'nXofl'oDkiy'z~cHo�h­ä$e²R eDzìtZl'�3o~cHy�wDrZnP�Xj$o~cHo�h�e|{�zDoDj¡tZn3zDrWkij
wRn3oDkUhmzDjiy'y'jFj$t°h�rWj$wKrWg$tZj$o.hmg�jioun3rWeDnXoDoDg$jH�~b®j$tªkin3zDrZ��jit�k$n3o.hmlqo�zDj$t�jUh�y'jit�hmlqrWjihWt�tZn3o.h�n3�Khmjio�zDj$t�rZj$tWwRj$k�´
hWlq�3ji��jio.hNtmcHoDt^jUhNc��3jik¶k$nXzDwDzDrZj«tWzKr^yêc�eDlqtZhMcHoDk$j�oDn3��l'o~cXyqj�·[eDlqtZhmcXoDk$j�eDzë�DcXrZv"k$jio.hmrWj«eDj«y>{}lq��cX�Xj�cXz
kij$o.hmrZj�eDj�y'c¶k�cX��g$rWc.»U�(��jUhWhWjAè~�XzDrWj�j$t°h�hml'rZg$jSeDj�À}Á O Ã>�
bdc¡wDrWn3�DcX�Dl'yqlqhWg¶e|{�n3�KhmjioDl'rSy'cueDl't°hmrWlq�DzKhWl'n3oxe|{�gi�Xg$oDji��jio.hmt¶n3�KtWj$r°�3gij�j$t°h«yqj�wDrWn"eDzDl!h�eDj$tAwDrWnX�~cX�Dlqy'lqhWg$t
eDjitFlqo.hmj$r°�HcXy'yqj$tªeDj�y'c¶k�cXr°hmjX�(ð�oDjSâãn3oDkUhml'nXo�eKj��"rWcXl'tZj$�¶�Dy'cXoDkij

lnL j$t°h^cHy'n3rZt�eDgihWj$rW��l'oKg$jSk$nX����j

lnL = ln (
∏

pixel i

Pi)

bdcu��cP¯Klq��lqtmcHhWl'n3oseDj�k$jUhWhmj­âãn3oKkihmlqn3o²eDj­�"rmcXlqtWj$�«�DyêcXoKk$j­eDn3oKoDj�y'j$tSwDcXrmcX��îihWrWjit�cPóZzDtZhWg$tAeDj�yêc���n3r°´
wD�Kn3y'n3�Xl'jNtZzDwDwRn3tWgijX�

Ä�Å4£�Å[Ä â Ë®ÎFË�±g­b­�¯Ð©±Î¤<8²^¬sE¿­�±�­
²^¬s<�:ãE.¯Ð²®Í
æ^z­â[cXl!h7eDj�y'cFrZg$tWnXy'zKhWl'n3o­cHoD�3zDy'cXl'rZjº��n�v3j$oKoDj�eDj$t7jU¯)w�girWlqj$oDkij$t±e|{}cXtZhWrWn3oDnX��lqj

γ
�Hy'j$t7k�cXr°hmj$tïe�{}j�¯Kkiî$t

n3�)hmj$o�zDjitªtWnXo�h�eDlW��kil'y'ji��jio.h±l'o.hmjirWwDrZgihMcH�Dy'jitºhmjiy'yqj$t±³�zDj$yqy'j$ti�"b�cA��lqtWj�j$o�gi�"l'eDjioDk$j^e|{}zKo�tWlq�3o~cXy~lq��wRn3tWj
zDopg$kM�DcXo.hml'yqy'n3oKo~cX�3jxeDjitsk$cXrZhWj$t¡eDz �®�i��jxn3rZeDrWj²eDj²�3rWcXoDeDjizDr¡³�zDj�y'c¿rWg$tZn3y'z)hml'nXo�cXoD�3zDy'cXl'rZjX��ð�o
gikM�~cXo.hmlqy'y'nXoDo~cX�3jAhmrZn3wxè~oÝc�w�n3zKrNk$n3oKtWg$³�zDjioDk$jH�Öe�{}zDoKj�wDcXrZhSeKj­rWg$eKzDl'rZj­yêc�tZl'�3oDl!è~k�cñhmlq�"l!hmgAeDj$t�jU¯)kiî$t
n3�KtWj$r°�3git�jUhue|{}cXzKhWrWjxw~cXr°h�eDjsâ[cXl'rZj�cXwDwDcXrmcfÎqhmrZjëzDoDjë��n3rZwD�Dn3yqn3�3lqj�³�zDl^j$tZh�zDoDl'³�zDji��jio.h¡y'jsâ[cHlqh�eDj
y'c�rWg$tZn3y'z)hml'nXoìcXoD�3zDy'cXl'rZj�eDj¡y>{}lqoDtZhWrWzD��j$o.h��ÖÞ�yªj$t°h�hmn3zKhWjiâãn3lqt­k$n3��wDyqjU¯)j¡c��3j$k¡zDo g$kM�DcXo.hml'yqy'n3oKo~cX�3j�eDj
y>{}n3rZeDrWj�eKjFå)�qÂ�eDj$�XrWg�eDj�k$n3��w~cXrZj$r±j���k$cXk$ji��jio�hºy'jitïk�cXr°hmjitºe|{�jU¯)kiî$t�eKj�rWc�v3n3oDt

γ
c��Xj$k�k$j$yqy'jitïn3�Khmjio�zDj$t

áSe|{}cXzKhWrWj$t±yqn3oD�3zDjizDrWtïe�{}n3oKeDj$ti��æ^lq��g$rZj$o.hmjitahWj$kM�DoDlq³�zDj$t±tWnXo�haji��wDyqn�v3g$jit±w�n3zKrïrWg$eKzDl'rZj�y'j$tïeKl'��j$oDtZl'n3oDt
eDj�y<{�g$kM�~cHo�hWl'yqy'n3oDoDcX�3j­eDz�tWl'�Xo~cXyïhmn3z)h«jiofk$n3oKtWj$r°�HcXo.h¶jih«j$ofoKj�eDgio~cHhWzDrmcXo.h«w~cXt«y'c���n3rZwD�Dn3yqn3�3l'j«eDj
y>{}gi��lqtWtWlqn3oun3�DtZj$r°�3g$jH�

��j$tºhmj$kM�KoDl'³�zDjit�k$nXoDtWlqtZhmjio.h�á�tZzDr°´µg$kM�~cHo�hWl'yqy'n3oDoKj$r±y'j�tWlq�3o~cXy>�.b®j$t�k$cXrZhWj$tºtWn3o.hºg$kM�~cXo.hWl'y'yqn3oDoDgij$tawDy'zKt
è~oKj$��j$o.h�³�zDj�yêc�rZg$tWnXy'zKhWl'n3o²cXoK�3zDyêcHl'rWjAeDj­y>{}lqoDtZhWrWzD��j$o.h���æ^j$z"¯²��cHoDl'îirWj$t^eDj­wDrWn"k$gieDj$rStZn3o.h�j$oDtZzDlqhWj
wRn3tWtZl'�Dyqj$ti�±b�c²wDrZj$��l'î$rZjuk$n3oKtWl't°hmjsáÝlqo.hmg$�XrWj$r­wRn3zDr�zDo�l'o.hmjirZ�HcXyqy'j�eDnXoDoDg¡y<{�j$oDtZj$�¶�Ky'j¡eDz tWl'�Xo~cXy�j$o"´
hWn3zDrmcHo�h�k$jiy'zDl
´�kilFáÝy<{�l'o.hmgirWlqj$zDr­e|{�zDo�kij$r°hMcXlqo�rmc�vXn3o|����jërmc�vXn3o�j$t°h�kM�DnXl'tWl�wRn3zDr�k$n3rZrWj$tZw�nXoDeDrWjëá�y'c



`(?i\P;[:[OPE�@��åä�B)C^E(8HG�IKJU?FJµ9Y?$\�;>=M8ñG[? '®ô
rZg$tWnXy'zKhWl'n3oucHoD�3zDy'cXl'rZj^eDjSy>{}lqoDtZhWrWzD��j$o.h��K��jihZhmjNhWj$kM�DoDlq³�zDj�eDlqhWjNeDz q�o Ï æ4k0g q j$t°h�zKhmlqy'l'tZg$jFw�n3zKrªy<{�j$t°hml'��cñ´
hWl'n3oÝeDj�y'c�tZl'�3oKlqè~k$cHhml!�)l!hmg­eDz�tWlq�3o~cXy>�db�c�tWlq�3oDlqèDk�cHhWlq�"lqhWg­e|{}zKoþg$kM�DcXo.hml'yqy'n3oÝk$nXrWrWjitWwRn3oDe¿cHl'oDtZlºá�k$jiy'y'j
eDzstWlq�3o~cXydl'o.hWg$�3rZgAeDcXoDt^zKoërmc�vXn3oëeDnXoDoDgX��bdc�tZj$k$nXoDeDj«��cXoDlqî$rZjAeKj�wDrZn)kig$eDjir^kin3oDtWlqtZhWj�jio�zDoëyql'tZtmcX�3j
eDj«yêc�k$cXrZhWjX��¸Ön3zKrNk$j«â[cHl'rWjH�(y'j«kin3o.hmjio"z²e|{�zDo�gikM�~cXo.hmlqy'yqn3oëjitZhSrZg$w~cXr°hml�tWjiy'n3o�zKoDj¶eDlqtZhmrZl'�Dz)hml'nXo³��cXzDt+´
tZl'j$oKoDj��Kl'eDlq��jioDtWlqn3oDoDjiy'y'j«eDn3o.h«yqj�tWl'�X��cuj$t°h«gi³�zDlq�HcXyqj$o.h¶cHz�rWc�vXn3oþkin3o.hmjio~cXo.h­ä$e�R eDj�yêcuâãn3oDkUhml'nXo
e|{�gihmcXy'ji��jio.hªeDjNy>{}lqoDtZhWrWzD��j$o.hN·>¸a¾0Ýï»��Dbdc«k$cXrZhWj^wRj$zKh�cHzDtWtZl��ihWrWjNyql'tZtWg$j^c��3j$kSy'c«¸a¾0Ýfkin3rWrZj$tWwRn3oDeDcXo.h�á
y>{çcXoDcXyqv"tWjH�ñb�c�³�zDj$zDj�eDj�eDlqtZhWrWl'�KzKhmlqn3o�eKj�yêc�¸a¾0ÝëlqoDeDzDl!h�hWn3zKhWjiâãn3lqtÖzDo«gihMcHy'j$��j$o.hÖjU¯)k$jitWtZlqâ(eDz¶tZl'�3oDcXy�³"zKl
y>{}jitZh�eDg+óWá�w~cXr�y>{çcHo~cXyqv"tZjAeKj$t�gi�Xg$oDji��jio�hWt$��b±{�zKhWl'y'lqtmcHhWl'n3o�e|{�zDoDj�âãn3oDkihWl'n3o���cXzDtZtWl'jioDoDj�òXæ j$t°h^zDo��Rn3o
kin3��wKrWn3��l't±cHèDo�eDj�y'lq��l!hmj$r7yêcSwDrWgitWjioDk$jNeKj^tZhWrWzDkUhmzDrZj$tºoDn3o�tZl'�3oKlqè~k$cHhml!�3j$t±jUh�wRj$rZ��jUhWhmrZjFeKjFkin3��wDcXrWjir
j���k$cXk$ji��jio.h^y'c¶��n3rZwD�Dn3yqn3�3lqj^eDjitFtZn3zDrWkij$tFcXz)¯�cHzKhmrZj$t�y'n3oK�3zDj$zKrWt�e|{�n3oDeDjit$�
���èç w  ¡����x�¦®£ ¦FÙx£�^º�F»7�A�U£
Ä�Åêé�Å°Æ Ü Ë^¬�©±ÍÑ::­�¯Ð©±Î ²®Î Ë®Î8²�±[6°¯Õ²

bdc�è~�XzDrWj 2 �qÂ 1 rZj$wDrZg$tWjio.hmjuy<{�gi�Xn3y'z)hml'nXoÝeKj�yêc¡rWgitWn3yqzKhmlqn3oÝj$ofgioDj$rZ�3l'j�eDzþeKgihmjikihWj$zDr¶wRn3zDrAzDo�óZjiz
eDjFk$n3zKwDzDrWjit�t°hMcXoDeDcXrWe�jUh�wRn3zDraeDl!��girWj$o.hWj$t�kin3oDeDl!hmlqn3oDt±e|{�n3�DtWjirZ�HcHhWl'n3o|�)��jUhWhmjFrWgitWn3yqzKhmlqn3o�wDrWgitWj$o.hWjSzDo
��l'oDlq�¶zD� cHzKhmn3zKr«eDzfß�jàß¶�Ök$n3��wDrZl'tAj$o.hmrZj�Â�å©R jih�ÂPÁ³R��/Cïyqy'j�j$tZh¶rWg$eKzDlqhWj�y'nXrWtW³�zDj�y<{�g$oDjirW�3lqj�eDjit
rWc�vXn3oDt

γ
cXzD�X��jio�hWjªj$o�rWcXl'tZn3o¶eDjªy>{}j�¯"hmj$oKtWl'nXo­l'��w�n3r°hMcXo.hWj�eDjitY�3j$rZ��jit±cXz­wDy'cXo«âãn"k�cXy>�HeDnXo�hYzDoDj�w~cXr°hmlqj

jitZhª�Kn3rWtaeDj^y'cAk$cX��g$rmc)��æ^z�â[cXl!hºeKz�tWjizDl'yReDj�eDg$kiy'jioDkM�Dj$��j$o.h$�Ky'j��Dl'cXl't±eDjFrWjik$n3oDt°hmrZzDkihWl'n3o�j$tZh�w�nXtWlqhWlqâ�á
�~cHtWtWjFg$oDjirW�3lqj�·[y'jita*~zDkihWz~cHhWl'n3oDt±wRn3tWl!hml!�3j$t±wRj$rZ��jUhWhMcHo�hazDo�eDg$kiy'jioDkM�Dj$��j$o.hM»U�"Þ�y~j$tZhºw~cXr±kin3o.hmrWj�oDgi�.cHhml!â
áAwDy'zDt±�~cHzKhmj�g$oDjirW�3lqjX�"b®j$tºl'��cX�3j$tïoKjFtZn3o.h�wDyqzDtak$n3o.hmjio�zDj$tªjio.hml'îirWji��jio�hºe~cXoKt�yêcSk$cX��girmc�jihºyêc�w~cXr°hml'j
��cXoD³�z~cXo.hWjAwKrWn��3n"³�zDj�zKoDj�tWn3zDt+´�jitZhmlq��cñhml'nXoueDj�y<{�l'o.hmjioDtWl!hmgNeDjitF�Xj$rW�Rj$ti�
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������� 2 �!Â 1 �­½�g$tZn3y'z)hml'nXo�jio�gioDj$rZ�3l'j�eDj�y>{}lqoDtZhWrWzD��j$o.h±wRn3zDrïzDoNóZj$z�eDj�k$n3zKwDzDrWjitºt°hMcXoKe~cXrWe�j$o�âãn3oDkUhml'nXo
eDj�y<{�g$oKj$rW�Xl'j­eDzÝrmc�v3nXo

γ
l'oDkil'eDjio�h$�dbdc¡è~�XzDrWj�eDj NQgih%jlk%m j$t°hAn3�Khmjio�zDj�wRn3zDr�zDoKj�tZn3zDrWkij�eDcXoDt�y<{}cñ¯)j

n3w)hml'³�zDjH�~k$jiy'y'j^eDj Oinlo�p�q m wRn3zDr�zKoDj�tWn3zDrZk$j�cXzZV$gioDlqhW�|�

Ä�Åêé�Å43 � Ën­d�8©�<8²�<8²�<^Ën­�²�±Eª®¯+Î8­b­�¯Õ©±Îã<�:Á¬P8 ²FE�­�±g² ²®Î Ë®Î8²�±06¸¯Õ²
ðFoKj�eKj$t±eDj$z"¯���gUhm�Dn"eDjitYeDj�eDgihWj$rZ��lqo~cHhmlqn3o«eKz�tZw�jikihmrZj�j$o�g$oDjirW�3lqj�zKhmlqy'lqtWg$jit7w~cHrïyêcNk$nXy'yêcH��n3rWcHhmlqn3oA�Cº¾K¾ìjitZh�zDoDjscXe~cXw)hMcHhWl'n3ofeKj�y'cx��gUhm�Dn"eDjueDgU�3j$yqn3wDwRg$j¡w~cXr­y'cxk$n3yqyêcX�Rn3rmcñhml'nXof��¼ïß À�ä3åPÃ<��Cïy'yqj�j$t°h

�~cHtWg$j�tZzDr�zDo���cñ¯)l'�«zD� eDj­�)rWcXl'tZj$�¶�KyêcXoDkij­n3�KhWj$o�z�wDcXrSk$n3��w~cXrWcXl'tZn3oxeDz²tWwRj$kUhmrZj�jioÝgioDj$rZ�3l'j�c��Xj$k
kij$y'zKl®wDrWgieDlqh�w~cHr�zKoDjAâãnXrW��jStWwRj$kihWrmcXyqj�wDrWgieDgiè~oKl'jX�"Cïyqy'jSoDgik$j$tZtWl!hmjAyêc­k$n3oKo~cXl'tZtmcXoKk$jAeDj�yêc­rWgiw�n3oKtWjAeDz
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eDgUhmjikihmjizDr�j$o�âãn3oDkihWl'n3o�eDjNy>{}gioDj$rZ�3l'j�jih�eKj$tªkin3oDeDl!hml'nXoDtºeKj^wDrZl'tWj^eDj^eDnXoDoDg$jitA·>cXoK�3y'jTV$gioDlqhW�~cXy<�"cXoK�3y'jFá
y>{çcñ¯)jSn3w)hml'³�zDj�»U�(á­tmc��Xn3l'r�y<{}cXkik$j$w)hMcXoDkij�eDzseKgihmjikihWj$zDrFcXz)¯¡rWc�v3n3oDt

γ
jih�yêc¶rZg$tWnXy'zKhWl'n3oujiosgioDj$rZ�3l'jH�

bï{çcHk$k$jiwKhMcHoDk$j�j$tZh�eDgUè~oDlqjAkin3����j

A(E, θ, δ) =

∫

dS × ε(~r, E, θ, δ)

n$�
ε(~r, E, θ, δ)

j$tZhªy<{�j���k�cXkilqhWgNeDjNkin3y'yqj$kihWl'n3o�eDj$t�rWc�v3n3oDt
γ
e|{�g$oDjirW�3lqj@Cìj$o�âãn3oDkUhmlqn3o�eDjSy'c�wRn3tWl!hmlqn3o

~reDz�w~cXrWcX��îihmrZj�e|{}lq��wDcXkih$�KeDjAy<{}cXoD�3yqj|V$gioDlqhW�~cXy|e�{}n3�KtWj$r°�HcHhmlqn3o
θ
jUhFeKjAy>{çcHoD�3y'jNá�y>{çcñ¯)jSn3w)hml'³�zDj

δ
�"Cïy'yqj

jitZh�k�cHy'k$zKy'g$jNá¶w~cXrZhWl'rªeKjStWl'�«zDyêcHhWl'n3oKtºjUh�eDg$wRj$oKeseDz«óZjizueDjSk$n3zKwDzDrWjit�zKhmlqy'l'tZgX�)bdc«è~�3zDrZj 2 �qÂ�Á«l'y'yqzDtZhWrWj
y'cÝeDgiw�jioDe~cXoKk$jëeKjëy<{}cXkik$j$w)hMcXoDkijsjio�âãn3oDkUhmlqn3o�eKjsy>{}gioDj$rZ�3l'j¡eDz�rmc�v3n3o

γ
l'oDkil'eDjio.h�wRn3zDr�eDl!��girWj$o.hWj$t

kin3oDeDl!hml'nXoDt�e|{�n3�DtWjirZ�HcHhWl'n3o|�
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������� 2 �!ÂPÁ7�S¾)zDrZâ[cHk$j±eDjïk$nXy'y'jikihWl'n3oSeDjïy>{}lqoDtZhWrWzD��j$o.h®wRn3zDr®zKo�óZjizAeKjakin3zDwDzKrWj$t�tZhmcXoDe~cHrWe�j$o�âãn3oDkUhml'nXoSeDj
y>{}gioDj$rZ�3l'jïeDzArmc�vXn3o

γ
l'oKk$l'eKj$o.h��Pbdcªè~�3zDrZj±eDj NQgih"jlk%m j$t°hÖnX�Khmjio"zKjºwRn3zDr®zDoKjatZn3zDrZk$j±e~cXoDt�y<{}cñ¯)jïn3wKhWl'³�zDjH�

kij$y'yqj­eDj Oin�o�p�q m w�nXzDrSzDoDj�tWn3zKrWk$j�cXz�V$gioDlqhW�|�®b®j$tAeDlqtZhmrZl'�Dz)hml'nXoDtNj$oÝgihWn3l'yqj$tNrZn3zD�3jit�k$n3rZrWj$tZw�nXoDeDj$o.h«á
zDoscXkik$j$w)hMcXoDkij�tWcXoDt�cXwDwKy'l'k$cHhmlqn3o�eDj�kin3zDwDzDrZj$t�w�nXzDr�zDoDj�n3�DtZj$rZ�HcHhWl'n3o�cXzZVig$oDl!hm�|�

b®j�yqnXhAeDj�eDn3oDoDgij$t�j$tZh�eDl!�)lqtWg�j$o�l'o.hmjirZ�HcXy'yqj$tSjiofcXoD�Xy'j�V$gioDlqhW�~cXy±e~cXoDtAyêcu�.cH����j [

θmin
iz − θmax

iz

]

·
∆cosθ = 0.02

»U�ïjio�cXoD�Xy'j¡�Dn3rZt�cñ¯)j�e~cXoDt�yêc²�.cX����j [

δmin
id

− δmax
id

] ·
∆δ = 0.5◦

»­jih�j$o�g$oDjirW�3lqj
rZj$k$nXoDtZhWrWzDl!hmjSe~cXoKt�y'c«�.cX����j

[Ẽmin
ie − Ẽmax

ie ]
·
∆ln Ẽ = 0.25

»U�Dbï{�g$oDjirW�3lqjS��lqoDl'��cXyqj�eKjSy<{}cPóZzDtZhWj$��j$o.h
tZw�jikihmrWcXyïj$t°hAy<{�g$oDjirW�3lqj¶w�nXzDrSyêcX³�zDjiy'yqj¶y<{}cXk$kij$wKhmcXoDkij�eKzÝeKgihmjikihWj$zDrAeDg$wDcXtWtZj�òXåZR eDj�tWn3o²��cñ¯)l'�¶zD���
��j�tWjizDl'y®jitZh�kM�Dn3lqtWldcHèDoseDj�rZg$eDzDlqrWj�cXz���cñ¯)l'�¶zD��y'jStZj$zDlqy®j$o�g$oDjirW�3lqjSjih�oDj�w~cXt�lqo�hWrWn"eDzDlqrWjNeDj��Dl'cXl't
eDjSrZj$kin3oDtZhWrWzDkUhmlqn3o|�KwKrWg$wRn3oDeKg$rmcHo�hWt�á¶�~cXtWtZjSg$oDjirW�3lqjX�KæNcXoDt�kM�~cHk$zDo�eDjSk$jit�l'o.hmjirZ�HcXyqy'j$ti�)yqj^oDnX�¶�DrWj^eDj
rWc�vXn3oDt

γ
nX�DtWjirZ�3gitF�HcXzKh

Sobs
γ,izidie = nizidie − αizid × pizidien$�

nizidie

jitZh�y'jFoDn3�¶�KrWjNe|{�gi�Xg$oDji��jio.hmt��No|�
pizidie

y'jNoKn3�¶�DrZj^e|{�gi�Xg$oDji��jio�hWt|�^�ëjih
αizid

y'jNrWcXwDwRn3rZh
eDjitAhWj$��wDt�e|{�n3�DtWjirZ�HcHhWl'n3o��No�jUh­�^�Ö�dbdj�oDnX�¶�DrWj�eDj�rmc�vXn3oDt

γ
cHhZhmj$oKeDzDtAj$tZh�³�z~cXo.h«á�yqzDlYjU¯)wDrZl'��g

kin3����j

Sth
γ,izidie = τOn

∫ Ẽmax
ie

Ẽmin
ie

dẼ

∫ ∞

0

dE ×
[

dN

dE

]th

× A(E, θiz , δid) × PDF (θiz , δid , E, Ẽ)

n$�
PDF (θiz , δid, E, Ẽ)

jitZh�y'c«eDl't°hmrZl'�DzKhWl'n3o�eDjNwKrWn3�~cH�Dl'yqlqhmg�eDj^��jitWzDrZjNe|{�zDoDjSg$oKj$rW�Xl'j
Ẽ
jio�âãn3oDkUhml'nXo

eDjuy>{}gioDj$rZ�3l'j��)rWcXl'j
E
jih [

dN
dE

]th jitZh�yêcsâãnXrW��j�tWzDwKw�n3tZg$j¡eDzìtWwRj$kUhmrZj�jio�gioDj$rZ�3l'jH�Yð�oDjuâãn3oDkihWl'n3oþeDj
�"rmcHl'tWji�¶�Dy'cXoDk$jAj$t°hNkin3oDtZhWrWzDl!hmj«á�w~cXr°hmlqrFeDjit^wDrZn3�~cX�Kl'y'l!hmgit�wRn3lqtWtWnXoDoDl'jioDoDjit^e|{�n3�KhWj$o.hmlqn3oëeDjit^oDnX�¶�DrWjit
e|{�gi�Xg$oDji��jio.hmt

nizidie

jUh
pizidie

�ñb�c���cP¯Klq��lqtmcHhWl'n3o^eDj�y'c�âãn3oKkihmlqn3o«eKja�"rmcHl'tWji�¶�Dy'cXoDk$jawRj$rW��jihÖe|{�n3�KhWj$oDlqr
yqj$t�w~cXrWcX��îUhmrZj$t�cPóZzDt°hmgitFeDj�y'c«âãn3rW��jStWwRj$kUhmrmcHy'jStWzKwDw�nXtWg$jH�
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b®j�k$nXo�hWr.(3yqj�eDj�yêcs�HcXrZlêcX�Dlqy'l!hmg¶e|{�zDoDjutZn3zDrZk$j�eDj�rmc�v3n3oKt
γ
j$tZh¶ji��j$kihWzDg¡cXzfhWrmc��3jirWt­eDjit¶k$n3zKrW�Rj$t

eDj­yqzD��l'oDn3tZlqhWgX����j$yqy'j$t+´�kilÖtZn3o.h�eDgihWj$rW��l'oKg$j$tSzKoDj¶âãn3l'tFy'jitNw~cXrWcX��îUhmrZj$tNeDj­y'c�âãn3rZ��j�tWwRj$kihWrmcXyqj¶kM�Dn3lqtWlqj
cPóZzKtZhmgitFtZzDr�y<{�j$oDtZj$�¶�Ky'jSeDz¶óZj$z�eDjSeDn3oKoDg$jit$�Rb®jAeKg$k$nXzDw~cX�3j�eDz�y'nHh�eDj�eDn3oDoKg$j$t�j$o�g$oKj$rW�Xl'j�jih�cXoK�3y'jitVig$oDl!hm�~cXz"¯�jih��Dn3rZt^cñ¯)jAj$t°h^kin3oDtWjirZ�XgX��ðFoëeKg$k$nXzDw~cX�3j�hmji��wRn3rZj$y®j$t°h^rZg�cXyql'tZgStWj$yqn3o�y<{�g$kM�Djiy'y'j�eDj�hmji��wKt
kM�DnXl'tWlqjX��bdnXrWtW³�zDj�y'c�tZhMcñhml't°hmlq³"zKj¶j$t°h�tWz0��tmcHo�hWjX�dzDo²eDgik$n3zDwDcX�3j�j$o²��l'o�zKhmjit^�3nXl'rWj­jio²tWj$kin3oDeDjit�wRj$z)h�UhmrWj�wRn3tWtZl'�DyqjX�db®n3rWtZ³�zDj�yqj$tAtWn3zDrZk$jit«tWnXo�hAâ[cXlq�Dy'jit$�®zDo�eDg$kin3zDw~cX�Xj�jio¿cXk$³�zDlqtWl!hml'nXoDtSn3zþjioþo�zDl!h�e�{}n3�"´
tZj$rZ�HcHhWl'n3o¡jitZh�kM�Dn3lqtWl<�D¾)j$zKy'jSyêc¶oKn3rW��cXy'lqtmcHhWl'n3o�eDj�yêc«âãnXrW��jNtWwRj$kUhmrmcHy'jSj$t°h�yêcXlqtWtWgijSy'lq�DrWjFjihFcPóZzDt°hmg$j�w~cHr
��cñ¯)l'��l'tWcHhmlqn3o�eDj�y'c«âãn3oDkihWl'n3o¡eDjS�"rmcHl'tWji�¶�Dy'cXoDk$jSwRn3zDr�kM�DcXk$zDoseDj$t�lqo�hWj$r°�XcHy'y'jit�eDjShmji��wDti�
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b®j$t��3jitZhmlq�3j$t�eDj�tZzDw�jirWoDn��Hc�âãzKrWj$o.hAw~cXrZ��l7y'j$tSwKrWj$��l'jirWtSn3��óZjihmt�n3�KtWj$r°�3git«y'nXrWtSeDzÝeDg$��cXrZrmcX�3j«eDjAA�ÇC��ç¾��
¾R�ºjioÿòXå3å3ò)�±ðFoDjseDj$t�wDrZj$��l'î$rZj$t��3rmcHoDeDj$t�eDgik$n3zK�Xj$r°hmj$t�âãz)h�y'cÝeKgihmjikihWl'n3o�eDjsy'cÝkin)³�zDlqy'yqjueDz
�Xj$tZhWl'�3j«eDj«tZzDw�jirWoDn��Hcu½����KÂ O Â 2 � O ´ 2 , 1 ä�jio�rmc�vXn3oDt

γ
e|{�g$oKj$rW�Xl'j«tZzDwRg$rWlqj$zDrZj­cXz�ß�jàß À�äKÂ$Ã>��æ«{çcHzKhmrZj$t

�Xj$tZhWl'�3jit«eDj�tWzKw�jirWoDn��Hcën3o.h�gihmg�l'o.hmjioDtWl!�3ji��jio�h�n3�DtZj$r°�3g$t«jih�eDgihWj$kihWg$ti�Yb®j$t�eDj$z)¯�tZn3zDtAtWj$kUhmlqn3oDt«tZzDl!´
�HcXo.hmjitFeKgihMcHl'y'yqj$o.hªyqj$t�rWgitWzDy!hMcHhWt�n3�KhWj$o�zDt�w�n3zKr�eKj$z)¯¡j�¯)j$��wDy'jit�h�v"wDlq³�zDj$t�eDjS�3jitZhmlq�3j$t�eDj�tWzKw�jirWoDn��HcK�

4dÐ[ô~Ð>ô~Ð[ô  "!º´7ô[L�ô"Ï|Ð L"øMÏ"uD4�'
b®jA�Xj$t°hml'�Xj�eDjAtWzKw�jirWoDn��Hc�½��#�KÂ O Â 2 � O ´ 2 , 1 ä¶jitZhFzDoseKj$t^nX�"óZjihWtFyqj$t�wDy'zKt�gUhmzDeKl'g$t�j$osrmc�v3nXoDt

γ
eDj

hWrWî$t��~cXzKhWj^g$oKj$rW�Xl'jX�)bdc�kin)³�zDlqy'y'j�eDz��Xj$t°hml'�XjX�"e|{}zKoueDlêcX��îihWrWjFcXoD�3zKyêcXlqrWj�wDrWn"kM�DjFeDj¶Â^eKj$�3rZgX�DcAw�nXzDr�y'c
wDrZj$��l'îirWj�âãn3lqtYgihWg�n3�DtWjirZ�Xg$j�j$o�rmc�v3nXoDt$��j$o�Â ,$, äK�Xbï{ÇµX�Xjªhmn3zKhYk$n3����j�yêcNeDlqtZhMcHoDk$j�eDz­�Xj$tZhWl'�3j�oDj�tZn3o.h
w~cHtïk$yêcHl'rWji��jio.hYgihmcX�Dyql'tY��cXl'tÖzDo�k$n3oKtWj$oKtWzDtatWj�eDjitWtZl'oDj�cXzKhWn3zDrYeKjSÂ�å3å3åScXoKtïjih�Â�à�w�k�rZj$tZw�jikihml!�3ji��jio�h$�
ð�oDjFgi��lqtWtZl'n3o�eDj�rmc�vXn3oDt

γ
eDj�hmrZî$ta�~cXzKhWj�gioDj$rZ�3l'j�jio�eDlqrWj$kUhmlqn3o�e|{}zKoDjFwDcXrZhWl'j�eDz��3jitZhmlq�3j�âãzKhaeDgihWj$kihWg$j

w~cHrFy'c���nXy'yêcH��n3rWcHhmlqn3o¡��¼Dy|�S¼N½��B�¶����jihWhWj«wDrZj$��l'îirWj�eDgihWj$kUhml'nXoëw~cXr^��¼|yD��¼^½��B� âãzKh^á�y>{}n3rZl'�3lqoDj
eDjitFnX�DtWjirZ�HcHhmlqn3oDt�eDj�AA�ÇC��ç¾��
¾R�q�

æ^jitAnX�DtWjirZ�HcHhmlqn3oDtNjU��jikihWzDg$jit�jioþòHå3å 2 yqn3rWtZ³"zKj­y'j¶eDgUhmjikihmjizDrSgihmcXlqhNj$o²k$n3zKrWtSeDj­kin3oDtZhWrWzDkUhmlqn3oxrWg�´
�Xg$y'îirWjio�h�zKoDj^kin)³�zDlqy'y'j��DrZl'y'y'cXo.hmjAÀ�äKÂiÃ>�Dbdc�t°hMcHhWl't°hml'³�zDj^c«gihWgNyêcHrW�3ji��jio�h�cXzD�X��jio�hWg$jScHz�k$n3zKrWtªeDjit�hmrZn3l't
cXoKoDg$jit�tWzKlq�HcXo.hmjit$�)b�c�è~�3zDrZj 1 �qÂ NQgih"jlk%m rZj$wDrZg$tWjio.hmjNy'cAk$cXrZhWjFe|{�jU¯)kiî$t�n3�KhWj$o�zDjFn$��y'c���n3rZwD�Dn3yqn3�3l'j�j$o
kin)³�zDlqy'y'j�eKz�rZj$tZhWj^jitZhºoDjihZhmj$��j$o.ha�"l'tWlq�Dy'j�À�ä.òñÃ>��b®j$tan3�DtZj$rZ�HcHhWl'n3oKtºjio�rWc�vXn3oDt%� ��j$oKg$j$tºw~cXr±y'j�tWcHhmjiy'y'l!hmj
½���¾)¼ïßérWgi�Xî$yqj$o.h�zKoDjsgi��lqtWtZl'n3o¿oDnXo�hm�Kj$rW��l'³�zDjuwKrWn��3jio~cXo.h�eDj�yêc�kin)³�zDlqy'yqjueDz �Xj$t°hml'�XjX�ab®j$t�eDj$z)¯
gi��lqtWtWlqn3oDt�tZn3o.hFwDcXrZhWl'k$zKy'l'îirWji��jio�h��Dl'jio¡k$n3rZrWg$yqg$jit�jUh�y'jS��cñ¯)l'�¶zD��eDj�y<{�g$��l'tZtWlqn3o&� j$t°hFtZlqhWzDgSe~cXoDt�y'c
���$��jSrWgi�3l'n3ouoKn3rWe)´µn3zDjitZh�³�zDj�y>{}gi��lqtWtZl'n3o

γ
�
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-135.93 -130.14

De
c 

(d
eg

)

-48

-47.5

-47

-46.5

-46

-45.5

-45

-44.5

-20

0

20

40

60

80

100

120

08h50m09h00m

������� 1 �!Â+� � gih%jlk%mDÈ �ªcXr°hmj�e|{�jU¯)k$îitºeKj�y'cSrWg$�Xl'n3o­eDj�½��'�KÂ O Â 2 � O ´ 2 , 1 äFn3�Khmjio�zDjFwDcXr�A��KC��
¾��ç¾��!�)��jihWhWj
è~�XzDrWj­jitZh�hmlqrWg$j­eKj¡À}ä.òPÃ<�YÉ nlo�p�q m®È �ªcXrZhWj­e|{�jU¯)k$îit�eDj�y'c�rWg$�Xl'n3oxeDj�½��(�3å$e.ÁXò)�çåP´ 1 ä.òXò�· ß±jiyêc)�XzDoDlqn3rM»
n3�)hmj$o�zDjAw~cXr�AA�ÇC��ç¾��ç¾��q����jUhWhmj�è~�3zKrWjSj$t°hFhWl'rZg$jSeDj�À�ä 2 Ã>�



`(?i\P;[:[OPE³Á��
	�B+*�ÄñJU?M=?
U8K;>:ãOPE�L�:'=�?$\P;�?�LD?c
P?MJ$;>:
�K?MJSLD?FJ Å�9Y?M=ZE�Oi
U8�BDGq:¦��:µ;µ8);>:[O�EDJ '�L
b®j�tWwRj$kUhmrZj�j$oÿgioDj$rZ�3l'jseDj�y<{�g$��l'tZtWlqn3o AA�ÇC��ç¾��ç¾���jitZhuwDrZn)kM�Kj�e|{�zDoDj�yqn3l�eDjëwDzKl'tWtWcXoDkij²c��Xj$k�zKoDj

kin3zDwDzDrZj�jU¯)w�nXoDj$o.hmlqj$yqy'jX�Db±{�l'oKeDl'kijStWwRj$kihWrmcXy®nX�Khmjio"z��
2.04 ± 0.04

�Dj$t°hFwKrWn"kM�Dj�eKjAy'c«�HcXy'jizDr�k�cXoKn3oDl'³�zDj
wDrZg$eDl!hmj¡w~cXr­yqj$t���n)eDîiy'jit¶e|{}cXk$kig$y'girmcHhWl'n3oìw~cHr�nXoDeDj¡eDj¡kM�Dn"kX�±b®j¡tWwRj$kihWrWj�wDrWgitWjio�hWjszKoDjskin3zDwDzKrWj�á
17.9 ± 3.3

ß�jàß¶�
4dÐ[ô~Ð>ô~Ðqõ  "!º´�}�b"�(õ|Ð
}DøW4�'(õRõ

b®j¶�3jitZhmlq�3j­eDj�tWzKw�jirWoDn��Hc¡½,�-�3åie.Á3ò)�}åñ´ 1 ä.ò3ò)�(k$nXoDo�z�tZn3zDtSy'j«oDn3� eKjtß±j$yêc)�XzKoDl'n3ri��jitZh�tWl!hmzDg«j$o
�Rn3rWeKzDrWj�eDz²�3j$t°hmlq�3j�eDj�tZzDw�jirWoDn��HcëeDj�ß±j$y'cK�®bdc¡k$n"³"zKl'y'yqjX�|eKj�hWrWî$tA�3rWcXoDeÝeDlêcX��îihWrWj�· ∼ ò¡eDj$�XrWg$tm»U��cgUhmg�w�n3zKr�y'cxwDrWji��lqî$rWj�âãnXl't­n3�DtZj$r°�3g$jëj$o rmc�v3n3oKt.� j$opÂ ,$, e)�ïb®j$t�j$tZhWl'��cHhmlqn3oDt­eDj¡eDlqtZhmcXoDk$j�jih®µX�Xj
wRn3zDrSkij��Xj$t°hml'�Xj­eDlq�Xj$rW�Xj$o.hAe~c��XcHo�hmcX�3j�³�zDj�w�nXzDrSy'j«�Xj$t°hml'�Xj�wKrWg$kig$eDjio.h���ðFo�µX�3j­eKj ∼ O åXå�cHoDtSw�nXzDrzDoKj­eDl't°hMcXoDkij¶eDj�òHå3å�wRk¶n3o.hNhmnXzKhNe|{}cX�Rn3rWexgUhmg¶wKrWn3wRn3tWgit$��æ^j$tS��j$tZzDrWjitSwDy'zDt^wDrWgik$l'tZj$tSjioxrmc�v3n3oKt��
tZzD�3�3îirWj$o.hA³�zDj�y'j¶�Xj$tZhWl'�3j�wRn3zDrZrmcXl!h|�ihWrWj�wDyqzDtScXoDkil'jio|�"óZzDtZ³"z�{çá²Â 1 å3å¡cXoKtSjih�wDyqzDtSeDl't°hMcXo.h�eDj�y>{}n3rZeDrWj
eDj�ÁXåXå�wRkX�

bï{}nX�DtWjirZ�HcHhmlqn3opeDj�kijihsn3�"óZjUhëw~cHr�AA�ÇC��ç¾��ç¾���rWgi�Xî$yqj�zDoKj�gi��lqtWtWlqn3o�gihWj$oDeDzKjþj$o eDl'rZj$kUhml'nXopeKj�y'c
kin)³�zDlqy'y'j�· è~�3zDrZj 1 �!Â Oin�o�p�q m »�À}ä 2 Ã<��bï{}gi��lqtWtZl'n3o�j$o�rWc�v3n3oDt/� eDzs�3j$t°hmlq�3j¶j$t°hNgi�.cXy'ji��jio.h^kin3rWrZg$y'gij«c��Xj$k
y>{}gi��lqtWtWlqn3o

γ
�Dl'jio�³�zDjAy<{}cXkik$n3rZe�tZn3lqh���n3lqoDtªgi�"lqeDj$o.h�³�zDj�wRn3zDr�½��0�KÂ O Â 2 � O ´ 2 , 1 äK�

b®jFtZw�jikihWrWj^jio�g$oKj$rW�Xl'j�eDj$tºwD�DnXhWn3oDtaeDgihWj$kUhmg$t�j$tZhºk$nX��w~cñhml'�Ky'j�c��3jik^zDoDjFy'n3lKeDj^wDzKl'tWtWcXoDkijFe|{�l'oKeDl'kij
2.24 ± 0.04

�Ybï{}cPóZzDtZhWj$��j$o.h�eDjuy'cëy'n3laeDjuwDzKl'tWtWcXoDkijuo|{}jitZh�w~cHt­n3wKhmlq��cHy<�®w~cXr°hmlqk$zDyql'î$rZj$��j$o.h­ás�~cXzKhWj
gioDj$rZ�3l'jH�ºÞ�yFo|{�v�c�hWn3zKhWjiâãn3lqt�w~cHt�e|{�l'oDeDlqk�cHhWl'n3o eDjsk$n3zDwKzDrWjëâãrWcXoDkM�DjëeDz�tWwRj$kUhmrZjX��bï{�l'oDeDlqk$j�tWwRj$kUhmrmcHy
n3�KtWj$r°�3gAj$t°h^kin3����jNwRn3zDr�½��#�KÂ O Â 2 � O ´ 2 , 1 ä«kin3��w~cHhmlq�Dy'j^c��3j$kAy'jit�wDrWgieDl'kUhml'nXoDtªhm�Dgin3rWlq³�zDj$ti�
��Å°ÆaÅ43 á ªG`2¯�6�:213�)Ë���:$±�ÍÕ­ÌÎ8­4�d:$±
²G<8²��Þ82­�±5�
¯�E�:^ÍÕ²��
4dÐ[ô~Ð'õ|Ð[ô Ë�¨ÖÓ$Ò�û76DÚKÙ�Õ[÷Rü�Ó98ÝÔÖù>Û�Ó�ÕãÒ)ÛdûñÓ�ù[÷RüN!�ÛdÒ"Û�ûñÓ�Ø��!÷Rü�Ø�Ò

bï{}nX�DtWjirZ�HcHhmlqn3oueDjSkin)³�zDlqy'y'jit�eDjN�Xj$t°hml'�Xj$t�j$o¡rWc�vXn3oDt
γ
eDjNhWrWî$t��DcXzKhmjSgioDj$rZ�3l'j^k$n3oKèDrW��jNy<{}cXk$kig$yqg$rmcP´

hWl'n3o�w~cXr�k$j$tÖn3�"óZjUhmtYeDjºw~cXr°hml'kizDy'jit~óZzKtW³�z|{}á^eDj$tÖg$oDjirW�3lqj$t7cXz¶��n3l'oDtdgi�.cXy'jit7á�³�zDj$yq³"zKj$tYeDlWV�cXlqoDj$t�eDjºßÖjàß«�
b®j$tïtZw�jikihWrWj$t±jio�gioDj$rZ�3l'j�eKj$tïwD�DnHhmn3oDtïeKgihmjikihWg$t±e~cXoDtïy'c^�.cX����j�eDz�ß�jàß�w~cXraAA�ÇC��ç¾��
¾R�.tWn3o.h±j$o�cXkik$n3rZe
c��3jik¶y'jitFwKrWg$eKl'kihWl'n3oKt�hW�Dg$n3rZl'³�zDjitNeDj«tZw�jikihWrWj$t^g$��l't�y'n3rZtFeKj«y<{}cXkik$g$yqg$rWcHhmlqn3oseKj«rmc�vXn3oDt^kin3tW��l'³�zDjit^w~cHr
eDjitA�Xj$t°hml'�Xj$tAeDj�tZzDwRj$rWoKnP�Hc«óZj$zDoKj$t�À}ä3äñÃ<�®ß�n3zKhWjiâãn3lqtAy>{}gi��lqtWtZl'n3oxeDj�rWc�vXn3oDt

γ
eDj��~cHzKhmj�g$oDjirW�3lqj�w�jizKh

wDrZn��3j$oKl'r�e|{�zDoDj�w�nXwDzDyêcñhml'nXo�eDj��~cXeDrZn3oDt�n3z¡e|{�zDoDj�wRn3wDzDy'cHhmlqn3o�e|{�g$yqj$kihWrWn3oKt$�D�3nXl'rWjSe�{}zDo���g$yêcHoD�3jNeDjit
eDjiz)¯²jitWwRî$k$jit«³�zDj�y'j¶�Xj$t°hml'�Xj�eKj­tWzDwRj$rZoDn��Xc�cXzDrWcXlqhScXk$kig$y'girWgH�db±{�g$��l'tZtWlqn3oxn3�DtZj$rZ�Xg$j�cugihmg�kin3��wDcXrWgij
cXz"¯¡��n"eDîiy'j$tªhW�Dg$nXrWl'³�zDjit�cHè~o�eDj�eDl't°hml'oK�3zDj$r�yêc­o~cHhWzDrWjSeDjitFwDcXrZhWl'k$zKy'j$t�cHk$k$giy'girWg$jit$�

æ^jit�n3�KtWj$r°�HcHhmlqn3oDtxeDjìk$jit²n3�"óZjihWtþáÿe|{}cXzKhWrWjitÝyqn3oD�3zKj$zDrZtxe|{}nXoDeDjìw�jirW��jihZhmj$o.hÝe|{}cXwDwRn3rZhWj$rxeDjit
kin3o.hmrmcHl'o.hmjit�tWzDwDwKy'g$��j$o.hmcXl'rZj$tªtZzDr�yêc¶o~cñhmzDrZjNeDj$t�w~cHrZhmlqk$zDyqj$t�cXk$kig$y'girWgij$t$�(ð�oDjSwRn3wDzDy'cHhmlqn3o�e|{�g$yqj$kUhmrWnXoDt
rZj$yêcñhmlq�"lqtZhmjit|j$oK�3j$oDeKrWjazDoDjïg$��l'tZtWlqn3oStZv"oDkM�DrZnXhmrZn3o«eKz�â[cHlqh®eDj±yqj$zDr|wKrWn3w~cH�.cHhmlqn3oSe~cXoKt®y'jïkM�~cX��w���cH�3oDgU´
hWl'³�zDj�cX�¶�Dl'cXo.h�����jiy'zDl
´�kilDj$t°hªcXz���n3l'oDtïgi³�zDlq�HcXyqj$o.hºcXz)¯­�HcXyqj$zDrZta��n�v3jioDoDj$tº��jitWzDrZg$jitºe~cHoDtºy'c��AcXy'cñ¯)l'j
· ∼ 3 µ

�A»U��æNcXoDt�zDoxhWj$yïkM�~cX��w²��cH�3oDgihWl'³�zDjH��y'j«tWwRj$kihWrWj�j$o²g$oKj$rW�Xl'j­eDz²rmc�vXn3oDoDji��jio�hAt°v)oKkM�DrWnXhWrWn3o
e|{�zDoDj�eDlqtZhWrWl'�KzKhmlqn3oëe|{�g$yqj$kUhmrWnXoDt�j$o²y'n3l�eDj­wDzKl'tWtWcXoDkij�jio.hmrWj­³�zDjiy'³�zDjitt�SjàßÌjih�wKy'zDtZl'j$zKrWtNeDlWV�cXlqoDj$t^eDj
ß�jàßpt${�gihmjioDe�eDjit±n3oDeDjitºrWcXeDl'n�cHz)¯�rmc�vXn3oDt:�¶��b®j�rmcXwDwRn3r°h±j$o.hmrZjFy'cNy'zD��l'oDnXtWlqhWg�jio�rWc�vXn3oDt:�pjiharmc�v3nXoDt
γ
e�{}zDoKjº���$��j±w�n3wKzDyêcHhWl'n3oSe�{}giy'j$kUhmrZn3oDt�w�jirW��jih�e|{�j$tZhWl'��j$rdy<{�l'o.hWj$oDtZlqhmg±eDzAkM�~cX��w«��cX�3oKgihmlq³�zDj±rWg$�Xo~cXo.h

e~cHoDt�k$jihZhmjArWgi�3l'n3o��
ðFoKjþwRn3wDzDy'cHhmlqn3o eKj�wDrZnXhmnXoDt�cXkik$giy'g$rZg$tso|{}gi��jUh�w~cHtëeDjÝrmc�v3nXoDoDj$��j$o.hxt°v"oDkM�DrWnHhmrWnXo w�n3zKrseDjit

kM�~cH��wDt���cX�3oKgihmlq³�zDj$tªeKjSy<{�n3rWeDrZjNeDz
µ
� n3z¡eDzu�U���0C±o¡rZji�HcXoDkM�DjH�~yêc«wKrWn"eDzDkihWl'n3o�eDjSwDl'nXoDt�oDj$z)hmrWjit

e~cHoDtuy'jitul'o.hmjirmcXkUhml'nXoDt�wDrZnXhmnXo)´�wDrZnXhmnXoÿt${}cXk$kin3��wDcX�3oDjxe|{�zDoDjxwKrWn"eDzDkihWl'n3oÿjio�³"zDcXo.hmlqhWgxg$³�zDl!�XcHy'j$o.hWj
eDj²wDlqn3oDt¡kM�~cXrZ�3g$ti�F��j$t�wDl'n3oKtuwDrWn"eDzDlqtWj$o.hscXwDrZî$t¡wDyqzDtWlqj$zDrZt�eKg$tWlqo.hmg$�XrmcHhWl'n3oDtueKj$t�g$y'jikihWrWn3oDt¡tZj$k$nXo)´
e~cHl'rWjit$�7bdnXrWtW³�zDjuyqj$t¶wKrWnXhWn3oDt­n3o.h­zDoKj�g$oDjirW�3lqjutWzDwRg$rZl'jizDrWjucHz¿ßÖjàß«�Yy'jit¶g$yqj$kihWrWn3oKt­rWj$y'cHhml!�"l'tZhWj$t�wDrWnH´
eDzKlqhmt�gi��jUhWhWj$o.h�zDo�rmc�v3n3oKoDj$��j$o.h�tZv"oDkM�DrZnXhmrZn3o�e~cXoDt�yêc¶���$��jN�.cH����j^jiosgioDj$rZ�3l'jS³�zDj�y'jitªg$yqj$kUhmrWnXoDt
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wDrZl'��cXl'rZj$ti�(b�c�y'zD��l'oDnXtWlqhWgSj$o�rWc�v3n3oDt/�ÌcHhZhmj$oKeDzDj¶wRn3zDrFk$j$t^g$y'jikihWrWn3oDtFj$t°hNhmn3z)hmjiâãnXl't�wDy'zDt�â[cXl'�Ky'j�³�zDj
kij$y'yqjSg$��l'tZjSw~cXr�zDoDj�wRn3wDzDy'cHhmlqn3oue|{�g$yqj$kihWrWn3oKt�wKrWl'��cXlqrWj$t�rWj$tZw�nXoDtmcX�Ky'j�eDj�y<{�g$��l'tZtWl'nXo�eDj�rmc�v3nXoDt

γ
�
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������� 1 �
òc�ë¹sn"eDî$yqj$t^e�{}gi��lqtWtWlqn3o�y'j$w)hmn3oDlq³�zDj�· NQgih"jlk%m »�jUhN�~cHeDrWn3oKl'³�zDju· Oin�o�p�q m »�eKj«rmc�vXn3oDt γ
eDjAhmrZî$t

�~cHzKhmjNgioDj$rZ�3l'j^w�n3zKr�y'jF�3j$t°hmlq�3jNeDjNtZzDwRj$rWoKnP�Hc�½��=�KÂ O Â 2 � O ´ 2 , 1 äK�)¾)n3o.h�rWjiwDrWgitWjio�hWg$jitFtZzDrªk$jUhWhWj^è~�3zDrZj
yqj$t­��j$tWzKrWj$t�rmcHeDl'n ·ã¼ïß���¼S»U�ïrWc�v3n3oDt�� ·[¼N¾D��¼S»��ïyêc�yql'��lqhmj�tWzKw�girWl'jizDrWj¡jio�rWc�vXn3oDt

γ
nX�Khmjio"zKj�wDcXrC7��½�Cïß�w�nXzDrªk$jF�3j$t°hmlq�3jSeDjNtZzDw�jirWoDn��Hc­jih�yqj$tª��j$tZzDrWjitªeDjBAA�ÇC��ç¾��
¾R�Dj$o.hmrZjAòXå3å­�Sjàß jUh 2 å¶ß�jàß¶�Kbdjit

��n)eKî$y'jit¶y'jiwKhmnXoDl'³�zDjit¶tWzDwRj$rZw�nXtWg$t�cXz)¯feDn3oDoKg$j$t�· è~�3zDrZjueDj NQgih%jlk%m tZn3o.h�cPóZzDt°hmg$t�w~cHr­rmcXwDwRn3r°h­cXz)¯
n3�KtWj$r°�HcHhmlqn3oDt�j$o�rmc�v3nXoDt��¶�R��j$t�è~�3zKrWj$t�tZn3o.h�hWl'rZg$j$t�eDj�À�ä.ÁñÃ>�

æ^jit���n"eDîiy'j$tue�{}gi��lqtWtWlqn3opy'j$w)hmn3oDlq³�zDj$t�jihs�~cXeDrZn3oDlq³"zKj$t�eDjþrWc�vXn3oDt
γ
n3o.hsgihmgþcPóZzDt°hmg$tstWzDr�y'jit

n3�KtWj$r°�HcHhmlqn3oDtªrWcXeDl'nK�)rWc�vXn3oDt>� jUh�rmc�vXn3oDt
γ
eDjNkij$tª�3jitZhWl'�3jit�eKjNtWzDwRj$rZoDn��Hc�jiouk$n"³�zDl'yqy'jX�"bdc«è~�3zKrWj 1 �çò

rZj$wDrZg$tWjio.hmjëyqj$t�rWgitWzDy!hMcHhWt�e|{çc�óZzDtZhWj$��j$o.h�eKjs��n)eKî$y'jit­y'jiwKhmn3oKl'³�zDjÝ· NQgih%jlk%m »­jUh��~cXeDrZn3oDl'³�zDj�· Oinlo�p�q m »
tZzDrSy<{�g$��l'tZtWl'nXoëeDj­½��-�KÂ O Â 2 � O ´ 2 , 1 ä�n3�KtWj$r°�3gij�wDcXr@A��KC��
¾R�
¾��!�®b®j$tSeKj$z)¯²��n"eDî$yqj$t^tZn3o.hSk$nX��w~cñhml'�Ky'j$t
c��3jik�y>{}gi��lqtWtWlqn3oxn3�DtZj$r°�3g$jH�7æ^cXoDt«yqj­k�cXtAe|{�zDoþtZk$gio~cXrWlqnsyqj$wKhWn3oDlq³"zKjX�®y'j�rWcXwDwRn3rZh�jio�hWrWj�yêcuy'zK��lqoDn3tWl!hmg
jio�rmc�v3nXoDt?� jUhªjio�rmc�v3nXoDt

γ
oDgik$jitWtWl!hmjNzKo�kM�~cX��w�eDjFy<{�n3rWeDrZjFeKj«Â�å

µ
���"��jUhWhmjF�XcHy'j$zKrºjitZh�hWn3zKhªáAâ[cXl!h

wDrZn3�~cX�Ky'jSk$nX��wKhWjNhmjio"zseDj$t��HcXyqj$zDrZt�h�v"wDlq³�zDj$t�eDj�yêc���cXyêcP¯KlqjX�
ðFo�tWkig$o~cXrZl'n��~cXeDrZn3oDl'³�zDj�wRn3zDrWrWcXlqhacHzDtWtZl��UhmrWjFá�y>{}nXrWl'�Xl'oDjªeKjFy>{}gi��lqtWtWlqn3o�n3�DtZj$rZ�Xg$jNeDcXoDtayêcS�.cX����j

eDz�ßÖjàß«��b�c¡rWgiw~cXr°hmlqhWl'n3oxeKj���cHhmlqî$rZj�cXzKhmnXzDr�eDz��Xj$tZhWl'�3j�wRn3zDrWrWcXlqh�j�¯)wDy'lq³"zKj$rAyêcueDl'tZtZv"��gihmrZl'j�n3�DtZj$r+´
�Xg$jX�Ö¾)l7y'j$tSwKrWnXhWn3oDtStWzKlq�3jio.h�zKoDj��®�i��j¶yqn3l7eKj­wDzDl'tZtmcXoKk$j�cXz²eDj$y'á�eDj ∼ ÂU�Sjàß óZzDtZ³"z�{çá ∼ Â�å3åußÖjàß«�zDoKj«k$nXo�hWl'o�zDl!hmgAeDzëtZw�jikihmrZj¶j$osg$oDjirW�3lqj�eKj$t^rWc�v3n3oDt

γ
j$t°hScHhZhmj$oKeDzDj«jioëeDj�z�á�eKj�Â�å3å®�Sjàß¶�Rbdc�y'lq��l!hmj

tZzDw�girWlqj$zDrZj«n3�KhWj$o�zDj¶wDcXr|C7��½�Cïß rWjiwDrWgitWjio�hWg$j­tZzDr^y'c�è~�XzDrWj 1 �
ò�o|{�jU¯)k$yqzKhSw~cXtFzDoDjAhmj$yqy'j�k$nXo�hWl'o�zDl!hmgX�
b®j$t^n3�DtWjirZ�HcHhWl'n3oDt^j$oxn3oDeKj$tNrWcXeDl'n�jihSrWc�v3n3oDt�� tWjirmcXlqj$o.hSeDzDjit�cXz�rWc�vXn3oDoDji��jio.h�tZv"oDkM�DrZnXhmrZn3o²e|{}zKoDj
wRn3wDzDy'cHhmlqn3o�e|{}giy'jikihmrZn3oDtNwKrWg$tZj$o.hmt�jiox³"zDcXo.hmlqhWg«wDyqzDt^â[cXlq�Dy'j�³�zDj­yqj$t^wKrWnXhWn3oDt$��b®j«kM�~cX��wx��cX�3oDgUhml'³�zDj
eDjU�"rmcXl!h�eDnXoDkD�UhmrWjF��j$cXzDkin3zDw�wDyqzDtal'o.hmjioDtWjFw�n3zKrºwDrZn)eKzDl'rZjFy>{}gi��lqtWtWlqn3o�tZv"oDkM�DrZnXhmrZn3oun3�DtZj$r°�3g$j^tmcXoDtºl'o)´
eDzKl'rWj^zDoDjNgi��lqtWtWlqn3o�eDcXoDtªy'c«�.cX����j�j$ougioDj$rZ�3l'j^eDzußÖjàß w~cXrªeDl!��zKtWl'nXo�Þ�o.�3jirWtWj���n3��wKhWn3o|�D¸ïyqzDtWlqj$zDrZt
��n)eKî$y'jitShm�Dgin3rWlq³"zKj$t�wDrWgieDl'tZj$o.h¶zKoÝhWj$yacXk$kirWn3lqtWtZj$��j$o.hAeDzþkM�~cH��wÝ��cH�3oDgihWl'³�zDj�cXzÝoDlq�Xj�cXzÝeDj�yêcuk$nñ´
³�zDlqy'y'jH�P¼^z­oDl!�3j�cHz�gioDj$rZ�3gihWl'³�zDjH�XyêcFeDj$oDtZlqhWg�eDjªrmc�vXn3oDtïk$nXtW��l'³�zDj$t7l'��wDy'lq³"zKg$jaw~cXrYy>{}gi��lqtWtWlqn3oAeDj�rmc�v3nXoDt
γ
j$o²tZzDwDwRn3tmcXo.h�zDoKj¶eDj$oKtWlqhWg­eDj¶��cHhmlqî$rZj«eDj¶y>{}nXrWeDrZj«eDj ∼ Â­k$� −3 j$tZhShWn3zKhNá�â[cXlqhFk$n3��w~cHhWl'�Dyqj«c��Xj$kyqj$tNÂ�å�R e|{�j���k�cXkilqhWgNhm�Dgin3rWlq³"zKjNeDjSk$nXo��Xj$rZtWl'nXo�eKjSy<{�g$oDjirW�3lqjNk$lqoDgihWl'³�zDjNe|{�jU¯)wDyqn3tWlqn3oue|{�zDoDjStZzDw�jirWoDn��Hc

jiosrWc�vXn3oDt�k$n3tZ��lq³�zDj$ti�
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b®j$tdn3�DtZj$r°�Xcñhml'nXoDt|ji��j$kUhmzDgij$t�w~cXrNAA�ÇC��ç¾��
¾R��eDz�óZj$zDoDjY�Xj$t°hml'�XjaeKjïtWzDwRj$rZoDn��Xc�jio�kin)³�zDlqy'y'jÖ½��A�KÂ O Â 2 � O ´
2 , 1 äSoDj�w�jirW��jihWhWj$o.hºw~cXt±eDj�k$n3oKk$y'zKrWj�tmcXoKt�cX�«�Dl'�3zd&<hmgitïtWzDr±y'c�oDcHhmzDrZj�eDj$taw~cXr°hml'kizDy'jit±cXk$kig$yqg$rWgij$ti�Kæ^jit
kin3��wDcXrmcXlqtWn3oKtSw�n3zKrSy'j¶�3jitZhWl'�3j�eDj�tWzDwRj$rZoDn��Hcs½��B�3å$e.Á3ò)�}åñ´ 1 ä.ò3ò���î$oKj$o.h�cXz)¯Ý���$��j$tSk$nXoDk$yqzDtWlqn3oDt$�
b®j$tS��n"eDî$yqj$t^e�{}gi��lqtWtWlqn3o�giy'j$kUhmrZn3oDl'³�zDj«jihS�~cHeDrWn3oKl'³�zDj­tWnXo�h^hmn3zDtSeKj$z)¯�w�n3tZtWlq�Dy'jitNjihSyqj$tNwDcXrmcX��îihWrWjit
eDzþ��lqy'l'jiz ·[kM�~cH��wf��cX�3oKgihmlq³�zDjX�®eDjioDtWl!hmg�eDj���cHhmlqî$rZj�»ScPóZzDt°hmg$t¶cXz�hWrmc��3jirWt¶eDjit«��n)eKî$y'jit�tZn3o.h¶kin3��´
w~cñhml'�Ky'j$t�c��3jik�y'jitA�HcXyqj$zDrZt«��nPvXj$oDoKj$t¶n3�KtWj$r°�3gij$t­e~cXoKt¶yêc��AcHyêcñ¯)l'j�n3z�tWn3o.h¶cXl'tZg$��j$o.h¶j�¯KwKy'l'³�zDgit«w~cHr
eDjitS��n"eDîiy'j$tFhm�Dgin3rWlq³"zKj$t$�|bdjitS��jitWzDrZj$tSrZg�cXyql'tWgij$tNeDcXoDtSyêc��.cX����j«cXkihWzDj$yqy'ju·+Â�å3åZ�Sjàß ´ 1 å�ß�jàß�»�oDj
tZj$�¶�Dyqj$o.h�w~cXt�tWzd��tWcXo.hmjitFwRn3zDr�cXwDwRn3r°hmj$r�eKj$t�k$n3o.hWrmcXlqo�hWj$t�j���k$cXk$jitFtZzDr�y<{}cXk$kig$y'girmcHhWl'n3o�eDj��~cXeDrZn3oDt�á
w~cHrZhmlqrªe|{�n3�DtZj$rZ�HcHhWl'n3o�eDlqrWj$kUhmjSeDjS�Xj$tZhWl'�3jitFeKjAtZzDwRj$rWoKnP�HcK�

·u��\ w ¦d¦®��^v_$�S�N_U�« ¡¦Í»Ö£�¦®�d£�¦p¤u£�¦X¼SÙx£+»7 u�F©S�DCí �¼¡�A¢A£�¦ ¬ �A�U§�^+¼u�$�B_�»Ö£�¦
bdc���l'tZj�j$oëgU�"l'eDjioDk$jAeDjAy<{}cXk$kig$y'girmcHhWl'n3oueKj�rWc�vXn3oDtFk$n3tZ��lq³"zKj$t��~cXeDrZn3oDlq³"zKj$t�tWj$�«�Dy'j�hmrZî$t�eDlW��kil'y'j

w~cHrNy<{�n3�DtZj$rZ�HcHhWl'n3oëeDl'rZj$kihWj¶eDj«�Xj$t°hml'�Xj$tSeDj­tZzDw�jirWoDn��HcAóZj$zKoDj$t�·[eKzDrmcXo.hSyqj$zDrFwD�~cXtZj­e|{}cXk$kig$y'girmcHhWl'n3oëeDj
w~cHrZhmlqk$zDyqj$tm»U��bdc¿�.cX����jëj$o�g$oDjirW�3lqj²k$n3zK�Xj$r°hmj�cXkihWzDj$yqy'j$��j$o.huwDcXruy'jitul'��cX�3j$zKrWt�ß�kM�Dj$rZj$oDàHn�� o|{�j$t°h
w~cHt�tZz0��tmcX����j$o.h�yêcXrZ�3jxw�nXzDruw�jirW��jihZhmrWjxeKjÝeKl'tZhWl'oD�XzDj$rujio�hWrWjÝeDj$z"¯pw�n3wKzDyêcHhWl'n3oKt�e|{�g$yqj$kihWrWn3oKtsjUh
eDj«wDrWnXhWn3oDtNeDcXoDtNeDjitSk$n3oKeDlqhWl'n3oDt�eDj­��l'yql'j$z¡lqo�hWj$rZtZhmjiy'y'cXl'rZj�t°hMcXoDeDcXrWeDti�®��jUhWhmj­kin3oDt°hMcHhmcHhmlqn3oxcX��î$oDj«á
hWrWn3zK�Xj$r�eDjitFeDgi��cHrWkM�Djit^cXy!hmjirWo~cHhWlq�Xj$t�wRn3zDr�k$nXo�hWrmcXlqoDeDrZjSeDj���cXoKl'î$rZjSwDy'zKt�l'��w�n3r°hMcXo.hWjNy'jit���n"eDî$yqj$t$�
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b®j$t¡��g$k�cHoDl'tZ��jituáfy<{�n3rWlq�3l'oKjseDjxy>{}gi��lqtWtZl'n3o�eKjxrmc�v3n3oKt

γ
áfw~cHrZhmlqr�e|{�g$yqj$kihWrWn3oKtujih¡eDjxwDrZnXhmnXoDt

wDrZg$tZj$o.hmjio�h7eDj$t�k�cHrmcXkUhmg$rZl't°hml'³�zDjit®hmrWîitÖeKlq��g$rWjio.hmj$t�tWzKr�zKoDjº�3cX����jYjio�gioDj$rZ�3l'j±wDyqzDtdyêcXrZ�3jX��b®j±wDrZn)kij$tWtZzDt
��n3��wKhWn3oul'o.�3jirWtZjAwKrWg$tZj$o.hmjAzDo¡wDlqkNe|{�g$��l'tWtZl'n3oueDcXoDt�yêc¶�3cX����j^eKz�ß�jàß jih�zKoDjSk$n3zKwDzDrWj�eDz¡tZw�jikihmrZj
jio�gioDj$rZ�3l'j�á¡wDy'zKtS�~cXzKhWj�jUh�wDy'zKtA�DcXtWtZj�gioDj$rZ�3l'j�wRn3zDrSzDoKj�wRn3wDzKyêcHhWl'n3o�e�{}giy'j$kUhmrZn3oDt�tWzDl!�HcXo.h�zKoDj�y'n3l
eDj�wDzDlqtWtmcHoDk$j�j$o.hmrZj�³�zDj$yq³�zDj$t��Sjàß�jih«³"zKj$y'³�zDjit«eDlWV�cXlqoDj$tAeDj�ßÖjàß«�Öbï{�g$��l'tZtWl'nXo�eDj�rmc�v3nXoDt

γ
wDcXr�y'c

eDgitWlqo�hWg$�3rWcHhmlqn3ofeDjuwKl'n3oDt«oDj$zKhWrWjit­wDrWgitWj$o.hWj�³�z~cHo�h�ásj$y'yqj�zDoKjuk$n3o.hmlqo�zDlqhWg�eDzìtWwRj$kUhmrZj¡á�wDy'zDt«�~cXtWtZj
gioDj$rZ�3l'jH��b®j�tWwRj$kihWrWj�j$o�gioDj$rZ�3l'jAtWzDl!h^jioëjU��jUhNzDo�tZw�jikihWrWj«eKj«���$��jAoDcHhmzDrZju·ã�®�i��j�l'oKeDl'kijAtZw�jikihWrmcXyê»
³�zDj�y'c^eDl't°hmrZl'�DzKhWl'n3o�j$o�g$oKj$rW�Xl'jªeDjitïwDrWnHhmn3oDtïwKrWl'��cXlqrWj$ti�H��j$tïeDl!��girWj$oKk$j$tïtZn3o.hïhmrZî$tïk$y'cXl'rZj$��j$o.h7�"lqtWl'�Ky'j$t
tZzDr7y'c�è~�XzDrWj 1 �
ò"�ñ¼Fy'n3rZtd³"zKj�y<{�n3�DtZj$r°�Xcñhml'nXo�e~cHoDt7y'c��.cH����j±eDz«ß�jàß�jitZhïcH�¶�Dl'�XzGFX��y>{}n3�KtWj$r°�HcHhmlqn3o«á�wDy'zKt
�~cHtWtWj«g$oDjirW�3lqj«eDjU�)rWcXlqhFwRj$rW��jihZhmrZj«eDj�eDl't°hml'oK�3zDj$r�j���k$cXk$ji��jio�hNyêc�o~cHhmzKrWj«eKj$tNw~cHrZhmlqk$zDyqj$t�n3zshWn3zKhNcXz
��n3l'oKtYy'jªrWcXwDwRn3rZh±jio.hmrWj�eDjioDtWl!hmg�e|{�g$yqj$kUhmrWnXoDt±jih±eDj�wDrZnXhmn3oKt$�.b®j�tmcHhWj$yqy'lqhWj���b®¼S¾)ß ³�zDl~n3�DtZj$rZ�Xj$rWcAe~cHoDt
y'c��.cX����jAÂ�å3å¶¹sjàß ´ 2 åXåt�Sjàß jih�³�zDl�kin3����j$oKk$j$rWc«á«wKrWj$oKeDrWjNeKj$tªeDnXoDoDg$jit�cXz�eKj$z)¯)l'îi��jFtWji��jitZhmrZj
eDjxòXå3å$eþwRj$rZ��jUhWhWrmcþzDoKjxn3�DtWjirZ�HcHhWl'n3o�kin3o.hmlqo"zKjxeDj�k$jitun3�"óZjUhmtuj$o.hWrWjfÂ�åXå¿¹sjàß jih�Â�å3åþß�jàß¶����jit
n3�KtWj$r°�HcHhmlqn3oDtAcXwDwRn3rZhWj$rZn3o.h�eDj$tAk$n3o.hWrmcXlqo�hWj$t�l'o.hWg$rWjitWtWcXo.hmj$t�tWzDr�y'c¡oDcHhmzDrZj�eDj$t�w~cXr°hmlqk$zDyqj$t�cXkik$g$yqg$rZg$j$ti�
ß�n3zKhWjiâãn3lqt$�Yy'cëtWjioDtWlq�Dl'yqlqhmg�rWg$eKzDlqhWj�eDj¡k$jUhWhmj¡j�¯KwRg$rZl'jioDk$j�cXzKhWn3zDr¶eKjÝÂ�å3å²��jàß oKjuw�jirW��jihWhWrmc�w~cHt­eDj
kin3o.hmrmcHl'oDeDrZj�rmcXwDlqeDj$��j$o.h�yqj$t���n)eDîiy'jit$�

��Å43�Å43 á :D6¸ª®²®ÎH��²�±�ÍÕ²��s8û²�±���²��¿Ë®Î$²�±[6±Ë���¯�Iv:8²��s<8²��ìË®ÍÕ²FEJ��±g©±Î/�
b®j$tNeKg$��cXrWkM�DjitN�"l'tmcHo�hNá���jihWhWrWj�j$o�gU�)lqeDj$oKk$j­tmcHoDtScX�¶�Kl'�3z0&>hmg�yêc�wDrWgitWjioDk$j­eDj«�~cXeDrZn3oDt^eKn3lq�Xj$o.h

ti{çcXwKwDzKv3jirºtZzDr±eDj$z"¯�k$n3oKtZhMcñhmt$��b®j�wDrZj$��l'j$r7k$n3oDkij$rZoDj�y'jª�"l'jil'y'yql'tZtWj$��j$o.hÖeDj$tawRn3wDzDy'cHhmlqn3oDt7eKj�wDcXrZhWl'k$zKy'j$t
cXkik$giy'g$rZg$jit$��b®j$tYgiy'jikihmrZn3oDtïtZn3zK��rWj$o.h±jio­ji��jih±eDjªwRj$r°hmjitïrmcXeDl'cHhml!�3jitYwDy'zKtYl'��w�nXrZhMcHo�hWj$t�³�zDj�y'jitY�~cXeDrZn3oDti�
oDnHhMcX����jio.h^yqj$t^wRj$r°hmjitNtZv"oDkM�DrZnXhmrZn3o|��eDn3��l'o~cXo.hWj$tNá��~cXzKhWj¶g$oKj$rW�Xl'ju· è~�3zDrZj 1 � 2 »���b®j�hWj$��wDtFh�v"wDlq³�zDj
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eDj�rZjiâãrWnXl'eDlqtWtWji��jio.h�e|{}zKosgiy'j$kUhmrZn3oseDcXoDt�zDo�kM�~cX��w���cX�3oKgihmlq³�zDj

B
j$tZh�eDnXoDoDg�w~cXrB�

tsync. ≈ 1.3 × 1010

(

B

1µG

)−2 (

E

1GeV

)−1

ans

¸�n3zDr¶zDoþg$y'jikihWrWn3ofeKjëÂ�å3å�ßÖjàßíe~cXoDt�zDofkM�~cX��wf��cX�3oDgUhmlq³"zKj���nPvXj$ofeKj�ä
µ
�­�dk$j�hWj$��wDt�h�v"wDlq³�zDj

jitZh�eDj²y<{�n3rWeKrWjxeDj 2 ä3åXå¿cXoDt$��Þ�ySjitZh�k$nX��w~cHrmcX�Dyqj$t¡cXz"¯9µX�3jitueDj$t�tWzDwRj$rZoDn��Hc n3�KtWj$r°�3gitëjih¡lqoDeDlq³"zKj
³�z|{�zDoDjuwRn3wDzDy'cHhmlqn3oÝe|{}giy'jikihmrZn3oDt­cHk$k$giy'girWg$t�óZzDtW³�z|{}áxk$j$t«g$oDjirW�3lqj$t¶jitZh�cH��j$kUhmgij�w~cXr�y'j��"lqj$l'yqy'lqtWtWji��jio.h��
æ^jiz)¯�eDg$��cXrZkM�Dj$tºw�jirW��jihWhWj$o.hªeKjFwDrZnXèDhWj$raeDz��"l'jil'yqy'l'tZtWji��jio�h±eKj$t�giy'jikihmrZn3oDtaw�nXzDrº��jihZhmrZj�jio�gi�"lqeDj$oDkij
y>{çcXkik$giy'g$rWcHhmlqn3o�eKjë�~cXeKrWn3oDti�ªbï{�n3�DtWjirZ�HcHhWl'n3oÿáÝhmrWîit��~cXz)hmj�gioDj$rZ�3l'jf·¶C

>
Â�åþß�jàß�»�eDjit��3jitZhWl'�3jit�eDj

tZzDw�jirWoDn��HcìtWl'�XoDj$rWcXlqhuy'cfwDrWgitWjioDk$jÝeDj²wDrWnHhmn3oDti�ªoDn3opcH��j$kUhmgit�wDcXruy'jituw�jirZhmjit¡rmcXeDl'cHhml!�3jit$��æ^j²wDyqzDt$�
y>{}n3�KtWj$r°�HcHhmlqn3o�eDjN�Xj$tZhWl'�3jit�eDjStWzKw�jirWoDn��Hc�cXoDk$lqj$oDtS·/µX�3j ≥ Â�å 4 cXoDtm»�nX��rWl'rWcXlqhºcXzKtWtWl�zDoDjSrWgieDzDkUhml'nXoueDjy'c¡kin3o.hmrZl'�DzKhWl'n3o²eDjit«giy'j$kUhmrZn3oDt�á�y>{}gi��lqtWtWlqn3oxeDj�rmc�v3nXoDt

γ
rWjitWwRj$kihWlq�Xj$��j$o.h¶eDj�k$jiy'yqj�eKj$tAwDrWnXhWn3oDtAeDz

â[cXl!h�eDz¡�"l'j$lqy'yql'tWtZj$��j$o.hªeKj$t�g$y'jikihWrWn3oDti�
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������� 1 � 2 �LKY�Xn3y'zKhWl'n3oSeKj$t®hmji��wDt®k$cXrmcHkihmgirWlqtZhmlq³�zDj$t®eDj±eDl!��girWjio�hWtdwDrWn"k$jitWtWzKt�eKjawKrWn"eDzDkihWl'n3oSeKjarWc�v3n3oDt
γjio�âãn3oKkihmlqn3o¡eDjAy<{�g$oDjirW�3lqjSeDj$t�w~cXr°hml'kizDy'jit�wDrWlq��cHl'rWjitSÀ}òXäñÃ>�(bdc�kin3zDrW�Rj�w�nXl'o.hmlqy'y'git�oDnXl'rWt�jitZhFy'jSrWc�vXn3oDoDj�´

��j$o.hA��n3��wKhWn3oxl'o.�3jirWtZj­tWzDrSyqj�âãn3oDexkin3tW��n3yqn3�3l'³�zDj�á 2 {­�|b®j$t^k$n3zDrZ��jitS�Dy'jizDj$tSkin3o.hmlqo"zKj$tSjih^hml'rZjihWt
tZn3o.hªy'j�rmc�vXn3oDoDji��jio�h�tZv"oDkM�DrZnXhmrZn3oue~cXoKt�zDo�kM�~cX��w���cH�3oDgihWl'³�zDj�zDoDl!âãn3rW��j�rWjitWwRj$kihWlq�Xj$��j$o.h�eDj^ä

µ
�

jUh^Â�åXå
µ
����b®j$tak$nXzDrW�Rj$ta�3j$r°hmjit�k$nXo�hWl'o�zDjitºjUhºhWl'rWjUhmt±tWnXo�hºy'j�rWc�vXn3oDoDji��jio.h>M�rZj$��tWt°hmrmcH�Dy'zDoK��e~cHoDtºzKoDj

eDjioDtWl!hmg�eDj���cHhWl'î$rZj�rZj$tWwRj$kUhml!�3j$��j$o.haeDj
n = 1 cm−3 jUh n = 103 cm−3 �Xbdjit±k$n3zDrZ��jitïrWn3zK�3j$tïkin3o.hml'o�zDjitjUhÖhWl'rWjUhmt�k$n3rZrWjitWwRn3oDeDjio�hYá�y>{}lqo.hmj$rWcXkihWl'n3o�wDrZnXhmnXo)´�wDrZnXhmnXo�e~cHoDtÖzKoDj�eDjioDtWl!hmgaeDja��cHhWl'îirWjïrWjitWwRj$kUhmlq�Xj$��j$o.h

eDj
n = 1 cm−3 jih n = 103 cm−3 �
��j$tÖeDg$��cXrZkM�Dj$t�n3�DtZj$rZ�HcHhWl'n3oKoDj$yqy'j$t®wKrWg$tZj$o.hmjio.hYhmn3z)hmjiâãnXl't®eDjitÖlqoDk$n3o.�Xg$oDlqj$o.hmti�Xb®j$t�eDgUhmj$kUhmjizDrWtÖßÖkM�Dj�´

rZj$oDàHnP�ucXkihWzDj$yqt�n3o.h�zDoDjStWjioDtWlq�Dl'yqlqhWg�hWrWî$t�yql'��lqhmgij�cXz¡eDj$y'á«eDjS³�zDj$yq³�zDj$t�eDlWV�cXlqoDj$tªeKjSßÖjàß w~cHr���cXoK³"zKj
eDjSt°hMcHhWl't°hml'³�zDjH�Dbï{�n3�DtWjirZ�HcHhWl'n3o¡á¶�~cHzKhmjSgioDj$rZ�3l'jNjitZh�eDjSkijNâ[cXlqh�w�jizul'o.hmgirWjitWtmcHo�hWjX�(b®j$tª�Xj$t°hml'�Xj$t�eDjStWz"´
wRj$rZoDn��Xc�cXoDkil'jioDt�wDrWgitWj$o.hWj$o.hNzDo�eDgitmc��HcXo.hMcX�3j���cPóZj$zKr$�(b®j$t�wDrZnXhmn3oKtFcHk$k$giy'girWg$t�tZn3o.hFjiosjU��jUh�eDlq��zDtWgit
eDz�â[cXl!hïeDz�k$n3oKèDoDj$��j$o.hºwDy'zDtïâ[cXlq�Dy'j�cXz�oDlq�Xj�cXz�eDz�kM�Dn)k�yqn3rWtZ³"zKj�kij$yqzDl!´µk$lDrWcXy'jio�hWlqh$�3b®j�*~z)¯�eDj�wDrZnXhmn3oKt
cXz�oDlq�Xj�cXz�eDzþ�Xj$tZhWl'�3j�j$t°h«eDj�k$j�â[cXlqh�wDyqzDt�â[cXl'�Dyqj�jih�wDy'zDtAeDl
��kil'yqj$��j$o.h�eDgihWj$kUhMcX�DyqjX�ÖðFoþcXzKhmrZj�jU��jUh
wRn3rZhWj�tWzDrïy'c^eDlqtZhmrZl'�Dz)hml'nXo¶j$o�g$oKj$rW�Xl'j�eDjitïwDrWnXhWn3oDti�.b®j$tïw~cXr°hmlqk$zDyqj$tYeDj��DcXzKhmj�gioDj$rZ�3l'jH�3wDyqzDtYâ[cXl'�Ky'j$��j$o.h
kin3oKè~oDgij$tºcXz�tWj$lqo�eDz��Xj$t°hml'�XjX�.t${�j$o�g$kM�~cHwDw�jio.h�wDyqzDtïrmcHwDl'eDji��jio.h±³"zKj�yqj$t±w~cXr°hmlqk$zDyqj$tYeDj��~cHtWtWj�g$oKj$rW�Xl'jX�
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bï{�l'oDeDlqk$j�tWwRj$kihWrmcXy�eDj¶y'c�eDlqtZhWrWl'�KzKhmlqn3osjioxg$oDjirW�3lqj«eDjitNwDrZnXhmn3oKt^eDjU�)lqj$o.hSwDyqzDt^eKn3z)¯���kH{}jitZh�á�eKl'rWj�wDy'zKt
â[cXlq�Dy'j­e�{}zDoÝâ[cXkihWj$zDr

δ
�|h�v"wDl'³�zDji��jio�h¶åK� 2 ´+åK�}äK�®bï{�n3�DtZj$rZ�HcHhWl'n3oÝeDj­�3jitZhWl'�3jit«eDj�tWzDwRj$rZoDn��HcëcXoDkil'jioDt�oDj

tZj$�¶�Dyqj�w~cXt�oDn3o�wDy'zKtT�UhmrZj�y'c¶eDg$��cXrWkM�Kj�y'c�wKy'zDt�cXeDcXwKhmgij�wRn3zDr���jihZhmrWjSjioëgU�)lqeDj$oKk$jAtmcXoDtFcX�¶�Kl'�3z0&>hmg
y>{çcXkik$giy'g$rWcHhmlqn3oueDj��~cXeKrWn3oDti�

��Å43�Å[Ä ¡ ²®ÎN��¯�Ò8²�±�ÍÕ­ E.¯�`^ÍÕ²><8²��Þ88±
©$��©±ÎN�POSÎ+:$­�6¸²�� ª®©±Í+ËFE�:FÍÕ­¸¯U±
²��
ðFoþtWj$kin3oDe¿kin3oDtZhmcHh¶kin3oDkij$rWoKj�yêc¡eDg$wRj$oKe~cXoDkij�eDj$t«eDlq��g$rZj$o.hmt�wDrWn"k$jitWtWzKt¶eDj�kirWg$cHhmlqn3oþeDj�rmc�v3nXoDt

γ
á�y<{�g$�3cXrWexeDjitSk�cXrWcXkihWg$rZl'tZhWl'³�zDjitSeDz²��lqy'l'jizsj�¯"hmg$rZl'jizDr$�®b®j¶wKrWn"k$j$tZtWzDt«��n3��wKhmnXo�l'o.�3jirWtZjX�®eDn3��l'oDcXo.h

áu�~cXz)hmj­g$oKj$rW�Xl'j¶wRn3zDrSyqj$tNgiy'j$kUhmrZn3oDt$�®jitZh�lqoDeDg$wRj$oKe~cXo.h�eDj­yêc�eKj$oDtZlqhmg­eKj­��cHhWl'îirWj¶jio��"lqrWn3oDoDcXo.hmj�·ãè)´
�3zKrWj 1 � 2 »U��¾)jizDy'j�yêcueDjioDtWl!hmg�eDj�wK�DnXhmnXoDt�tZn3zDrZk$j$t�l'o.hmjirmcX�Xl'tWtWcXo.h�c��Xj$k�y'j$t�giy'j$kUhmrZn3oDtAl'o.hmjirZ�"l'jio�hAe~cHoDt
y>{}lqo�hWj$oDtZlqhWgurmc�v3n3oKoDg$jëcXz¿hmrmc��Xj$rWt�eDj¡k$j�wDrWn"k$jitWtZzDt$�ºbdc²wKrWn"eDzDkihWl'n3o eDj¡wD�DnHhmn3oDt

γ
w~cXr�l'o.hmjirmcXkUhmlqn3o

�~cHeDrWn3oKl'³�zDjxj$t°h�cXz�k$n3o.hWrmcXlqrWjëhWnXhMcXyqj$��j$o.h�eKg$wRj$oDe~cHo�hWj�eKjxyêcþeDjioDtWl!hmgxeDj²��cHhmlqî$rZjëk$lq�Dy'jëw�n3zKr�y'jit
wDrZnXhmnXoDt$�

ðFoKj^eDgi��cXrZkM�Dj�wDrWn3��jihZhmjizDtWjFw�n3zKrºy'c���l'tZj�j$o�gU�)lqeDj$oKk$j^eKjF�~cHeDrWn3oKt�j$t°h�y'cArZj$kM�DjirWkM�Dj^eDjF�Xj$tZhWl'�3jit
eDjAtWzKw�jirWoDn��Hc�eDnXo�h�yqjAkM�Kn)kSâãrWnXo�hmcXy®tWjAwDrZn3w~cX�3jAá�wDrWn�¯)l'��lqhWgNe|{�zDoDjAk$n3oKk$j$o.hWrmcHhWl'n3oswDy'zDt�lq��wRn3rZhmcXo.hmj
eDj«��cHhWl'îirWjX��b®j$tNo�z~cH�3j$tS��n3y'gik$zDy'cXl'rZj$t�eDn3o.hSy'c�eDjioDtWl!hmg­wRj$zKh^jU¯)k$gieDj$r�Â�å 3 k$� −3 tWn3o.hSyqj$tNk$cXoDeDlqe~cHhWtlqeDg�cXz"¯ëwRn3zDrNcXk$kirWniÎqhmrWjAyêc�eDj$oKtWlqhWg¶eDj¶wKrWnXhWn3oDtNkil'�Dyqj$t$�Ræ^îit­Â ,$, 1 ��eDjitNk�cHy'k$zKy't�hm�Dgin3rWlq³"zKj$tNeDj¢*~z)¯ëeDj
rWc�vXn3oDt

γ
g$��l'tYw~cHrYeDj$tï�Xj$tZhWl'�3jit±eDj�tWzDwRj$rZoDn��HcA��n3o.hmrZî$rWjio.h±³"zKj�yqj$zDr7��lqtWjªjio�gU�"l'eDjioDk$j�tWjirmcXl!hïeDl
��kil'yqj

e~cHoDtNeDjitS��lqy'l'jiz)¯¡lqo�hWj$rZtZhmjiy'y'cXl'rZj$t�h�v)wKl'³�zDj$t�·
nH ∼ 1cm−3 »U��³�zDj«k$j¶tZn3lqh^e~cXoDtNy'c��.cX����j�jioxg$oDjirW�3lqjeDz³��jàß nXzse~cHoDtFy'c­�.cX����jNeKzëß�jàßéÀ�ä O Ã>�~Þ�y't���n3o.hmrZî$rWjio.hF³�zDj�yêc¶wDrZg$tZj$oDkij¶eDj�o�z~cX�3jitF��n3y'gik$zDy'cXl'rZj$t

eDjioDtWjit«e~cHoDt�y'j¶�3nXl'tWlqo~cX�3j­eKz�kM�Dn"k�w�nXzDrWrWcXlqhSrZj$oDeKrWj�n3�DtWjirZ�HcX�Dyqj�y<{�g$��l'tWtZl'n3oë�.cX����c�wDrZn��3j$oDcXo.h«eDjit
�Xj$tZhWl'�3jit$��bdjizDr^wKrWg$eKl'kihWl'n3oseDj¢*Dz)¯seDj«rWc�vXn3oDt

γ
e~cXoDtNy'c��3cX����j�eDz�ß�jàßÉwRn3zDr�zDoDj¶eKl'tZhWrWlq�DzKhmlqn3o¡eDj

wDrZnXhmnXoDt�j$o
E−2.3 j$tZh��

Fγ(> 1 TeV) ≈ 0.19 × 10−10A cm−2s−1

n$�
A = θ

(

ESN

1051 erg

) (

d
1 kpc

)

(

n
1 cm−3

) n$�
θ
j$t°h�y>{}j���k�cXkilqhmg�eDj�k$n3o.�Xj$rWtZl'n3o�eDj�y<{�g$oDjirW�3lqj���g$k$cXoDlq³"zKj

eDj�yêcxtZzDw�jirWoDn��Hc�jio�rWc�v3n3oDt�k$n3tZ��lq³�zDj$ti�
d
yêcxeDlqtZhmcXoDk$j�cXzì�3jitZhWl'�3j�eDj�tWzDwRj$rZoDn��XcÝjih

n
yêcxeDjioDtWl!hmg

eDzx��l'yql'jiz|�"CïoxtWzDwDwRn3tWcXo.hSzDoDj¶j���k�cXkilqhmg«eDj¶y<{�n3rZeDrWj�eDj�Â�åSR���y<{�g$oDjirW�3lqjAh�v"wDlq³"zKj­e|{}j�¯)wDy'n3tZl'n3oëe|{}zKoDj
tZzDw�jirWoDn��Hc

1051 jirW�AjihazDoDj�eDl't°hMcXoKk$j���n�v3jioDoDj�eDj O �
ÁNà�wRkX��y'j�*~z)¯�eKjFrWc�vXn3oDta�.cX����cNkin3rWrZj$tZw�n3oKe~cXo.háxÂ�R eDz©*~z"¯²g$��l'tNwDcXrNyêcSy�g$�DzKy'j$zKtWj�eDzþ��rmcX�Rj­g$³�zDl!�XcHzDeDrmcHlqh�á
A ≈ 0.012

jih�á�zDoDj�eDjioDtWl!hmg­eDj
��cHhmlqî$rZjNeDj�y<{�n3rWeKrWjNeDj O k$�

−3 �R��jit�wKrWg$eKl'kihWl'n3oKt�tWn3o.h�hmn3z)hmjiâãnXl'tªn3w)hml'��l't°hmjitªk�cXr�jiy'yqj$t�tWzKwDw�nXtWj$o.hF³�zDjy>{}jioDtWji�¶�Dy'j�eKz��Xj$t°hml'�Xj�j$tZhawDyqn3oD�3g�e~cXoDtïkijihWhWj�eDj$oDtZlqhWg�eDj���cHhWl'îirWjX�Hb®n3rWtZ³�zDj�tWj$zKy'j�zDoDj�w~cHrZhmlqjªeDz�kM�Dn"k
jitZhFcXtWtZn)kil'gij�c��Xj$kAzDoDj�eDj$oKtWlqhWg�wDy'zDt�lq��wRn3rZhmcXo.hmjH�Ky'j|*Dz)¯�cHhZhmj$oKeDzsjitZh�wDyqzDt�â[cXl'�DyqjX�

æ^jiz)¯sw�n3tZtWlq�Dl'yqlqhmgitªtWnXo�hFj$o.�"l'tWcX�3j$cX�Dy'jitFwRn3zDr�n3�KtWj$r°�3jirFzDoKj«cXtZtWn"k$l'cHhmlqn3o¡eDjS�3j$t°hmlq�3j�eKj�tZzDw�jirWoDn��Hc
c��3jik¡zDoìo"zDcX�3j¡��nXy'g$kizDyêcHl'rWjH��b±{�jU¯)wDyqn3tWlqn3o¿eDjuy'c�tWzDwRj$rZoDn��XcxwRj$zKh�tZj¡wDrWn"eDzDlqrWjuá�y>{}lqo�hWg$rZl'j$zKr¶�®�i��j
e|{�zDo o�z~cX�3j¡��n3y'gik$zDy'cXl'rZjX�Öb�cxkin3oDk$jio.hmrmcñhml'nXo eKj���cHhWl'î$rZjucXzìtWjil'oìeDj¡o�z~cX�3jit�j$tZh�á²y<{�n3rWlq�3l'oKj�eDj¡y'c
âãn3rZ��cñhml'nXoue|{}gUhmn3lqy'jit�eKn3o.h^yqj$t�wDy'zKtF��cXtWtZlq�Xj$t�gi�3nXy'zDjio�hFj$ostWzDwRj$rZoDn��HcXjX��b®j�kM�Dn"kAk$rWgig�wDcXr�y'j$t�g+óZjikihmcXt
jioÝj�¯)w~cXoDtZl'n3oxtZj­wDrWn3wDcX�3j­cXzxtZj$lqoxeDz²o"zDcX�3j¶��n3y'gik$zDy'cXl'rZjX�Ræ^j¶hWj$y'yqj$t^cXtWtZn)kilêcHhWl'n3oDtFw�nXtWj$o.hShWn3zKhmjUâãn3l't
zDo�wDrWnX�Dy'îi��j�wRn3zDrAy<{}cXk$kig$y'girmcHhWl'n3o²eDjit«rWc�vXn3oDt�k$n3tZ��lq³"zKj$t$��bdc��"l!hmj$tZtWj�eDj�wKrWn3w~cH�.cHhmlqn3oÝeDzþkM�Dn"k�eDj
���$��j�³�zDj^y>{}lqn3oDl'tWcHhmlqn3o«eKz���l'y'lqj$z¶tZn3o.ha��n"eDlqèDg$t±y'n3rZtW³�zDj�yêcSeDjioDtWl!hmg�eDj���cñhml'îirWj�jitZhºl'��w�n3r°hMcXo.hWjSÀ}äieHÃ<�
bï{�j���k�cXkilqhWg­e|{çcHk$k$giy'girmcHhWl'n3oxeDj­rWc�v3n3oDtSkin3tW��l'³�zDjitSj$t°h�e~cXoDtSkij­k�cXtN�"rmcHl'tWji�¶�Dy'cX�Dy'ji��jio.hScH��j$kUhmg$jH�db®j
tZj$k$nXoDe�tWkig$o~cHrWl'nAwDrZg$tWjio.hmjNzDo�o�z~cX�3j���n3y'gik$zDy'cXl'rZjX�XeKjFeDlq��jioDtWlqn3o�rWgieDzDlqhWj�w~cXrarmcXwDwRn3r°hacXz��Xj$tZhWl'�3jH�"cXz
tZj$l'oseDzD³�zDjiyÖtZj�eDgiwDyêcHk$jAy'j�kM�Dn"kAâãrZn3o.hMcXy>�R¾)ldy'j�o�z~cX�3jAj$t°h^tZz0��tmcX����jio.h^kin3��wDcXkih$�~y'j$t�wDrZn3wDrWlqgihWg$t�eDz
kM�Dn"k¶oDj«tWn3o.hS��n)eKlqè~gij$t^³�zDj«tWzDrNzKoDj¶tWzKrZâ[cXkij¶rWgieDzDlqhWj¶jih^y<{}cXk$kig$yqg$rmcñhml'nXoëeDj¶rWc�v3n3oDt^k$n3tZ��lq³"zKj$tNo|{�j$t°h
w~cHtSrWj$��l'tZj¶j$o²k$cXzDtWjH�dbï{}zKhWl'yql'tmcñhml'nXoseDj¶hWj$yqtNo�z~cX�3jitA��n3yqg$k$zKyêcXlqrWj$t�e~cXoKtSy'j«�Xn3l'tZl'o~cX�Xj¶eDj¶�3jitZhWl'�3jitSeDj
tZzDw�jirWoDn��Hc�j$o­hMcXo.h±³�zDj�tWnXoDeDj$t±wRn3zDrï³�z~cXo.hWlqè~jirïyêcNwDrZg$tWjioDk$j�eDj�wDrZnXhmnXoDt±cXk$kig$yqg$rWgitacXz�tWj$lqo�eDz­�3j$t°hmlq�3j
tZj$�¶�Dyqj�wDrWn3��jihZhmjizDr$�
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b®j$tïo�z~cX�Xj$tï��n3y'gik$zDy'cXl'rZj$tdtWn3o.hïzKoDj�eDj$tïkin3��w�n3tWcXo.hmjitY��c�óZj$zDrZj$tYeDj�yêc@��cXyêcP¯KlqjX��Cïo.�)lqrWn3o­y'cF��n3lqhWl'g
eDzs��lqy'lqj$zul'o.hWj$rWt°hmjiy'yêcHl'rWj^eDj�y'cU��cXy'cñ¯)l'jNjitZhNkin3o.hmjio"zKj«e~cXoKtFeDjit^o�z~cX�Xj$t^eKn3o.h^y'c�eKj$oDtZlqhmgAt${�g$kM�Kj$y'nXoDoDj
jio�hWrWj�³�zDj$yq³"zKj$t�Â�åSk$�

−3 óZzKtW³�z|{}á�wDyqzDtïeDj�Â�å 6 k$� −3 wRn3zDrïeKj$t±��cHtWtWjitºwRn3zK�HcXo.hacHhZhmjil'oDeDrZj�Â�å 6 ��cHtWtWjittZn3yêcXlqrWjit^�3n3lqrWj¶wKy'zDti�|Þ�y'tNtZn3o.hAk$n3��w�nXtWg$tS��cPóZn3rZlqhmcXl'rZj$��j$o.h^e�{}�.v"eDrWnX�3î$oDj�tZn3zDtSâãn3rW��j«��n3yqg$k$zKyêcXlqrWj¢A
2jUhFe�{}�Dgiy'lqzD�s�

��Å[Ä�Å°Æ R ±g­�E¿²F:-±G� rSE T r ¨
bï{}nX�DtWjirZ�HcHhmlqn3oÝeDj$t�o�z~cX�3jit���n3yqg$k$zKyêcXlqrWj$t^jihAy'jizDrSk�cXrWcXkihWg$rZl'tmcñhml'nXoxtWn3o.h�ji��j$kihWzDg$jit¶cXzxhWrmc��3jirWtAeDj

y>{}n3�KtWj$r°�HcHhmlqn3o­eDj$t±rWcXl'jitï��n3yqg$kizDyêcXlqrWjit$�X��j$tarmcXlqj$tYkin3rWrZj$tWwRn3oDeKj$o.hªcHz)¯­hmrWcXoDtZlqhmlqn3oDtYjio.hmrWj�oDl!�3j$cXz)¯�rZnXhMcñ´
hWl'n3oDoKj$y'ti�ñ�"lq�DrmcHhWl'n3oKoDj$yqt7jihïcHhmn3��l'³�zDjitYeDjitï��n3yqg$kizDy'jit$�Hæ^z­â[cXlqh7eDjªy<{}cX�DtZn3rWw)hml'nXo¶eDj$tïnXoDeDj$tïyqzD��l'oDjizDtWjit
eDj�yqn3oD�3zDjizDrNe|{�n3oDeKj�lqoKâãg$rZl'jizDrWj­cHzÝ��l'yqy'lq��îUhmrWj�w~cHrNy<{}cHhm��n3tZwD�Dî$rZjX�|y'c�eDgihWj$kUhml'nXoÝeKj­o"zDcX�3j$t���n3y'gik$z)´
y'cXl'rZj$tdtWjaâ[cXlqh�wDrZl'oDkil'w~cXyqj$��j$o.h�j$o¶nXoDeDj�rWcXeDlqnD�Pb®j$tÖhWrmcXoKtWlqhWl'n3oKtÖjio�hWrWjºgihMcñhmtÖ�"lq�DrmcHhWl'n3oKoDj$yqt�jUhïcHhWn3��l'³�zDj$t
gUhMcXo.h±tWl!hmzDgij$t±rWjitWwRj$kUhmlq�Xj$��j$o.hae~cXoDtïyqj$tY�3cX����j$t7l'oKâãrWcXrWn3zK�3j�jUh±n3wKhmlq³�zDj$ti�3tWjizDy'jitayqj$t7hWrmcXoKtWlqhWl'n3oKtYj$o.hmrZj
oDl!�3j$cXz)¯¡rZnXhMcHhWl'n3oKoDj$yqtªtWn3o.hFtWl!hmzDgij$t�e~cXoDt�y'c¶�.cX����jNeKj$t�n3oDeDjit�rWcXeDlqnD�

b®jSwDrWlqoDk$lqw~cXy(k$nXoDtZhWlqhmzDcXo.h�eDj$t�o�z~cH�3j$tª��n3yqg$k$zKyêcXlqrWj$taj$t°h�yêc���n3yqg$kizDy'j�eDlêcñhmn3��l'³�zDj�eDj@A
2

�~��n3����j
hWn3zKhmj���nXy'g$kizDy'jAeDl'cHhmn3��l'³�zDj�kin3oDtZhWlqhWzDg$j�e|{}zKoxtWj$zKy7g$yqg$��j$o.h��(jiy'y'jAoDj¶wKrWg$tZj$o.hmj­wDcXt^eDj���nX��jio�hFg$yqj$k�´
hWrWl'³�zDjSeKl'wRn3yêcXlqrWjH�)bdc­��n3y'gik$zDyqj^o|{�g$��jih�eDjSkijSâ[cXlqh�w~cXt�eDjStWwRj$kUhmrZjAeKjArZnXhMcñhml'nXo�wDzDrZj�Àçò O Ã<�~bï{�g$��l'tZtWl'nXo
rWcXeDl'n�eDjit�o�z~cX�Xj$t�jitZhºeDzDjFá�y'c�wKrWg$tZj$oDkijNeDj���nXy'g$kizDy'jitacXzKhmrZj$ta³�zDj|A

2

��¼ w~cHrZhmlqrïeDj$t�cXoDoDgij$tFÂ , ä.Á)�XeDj
oDnX�¶�DrWjizDtWjit�n3�KtWj$r°�HcHhmlqn3oDt±n3o.h�wRj$rZ��lqtïeDj�eDg$kij$y'jirºy>{}j�¯)l'tZhWj$oDkijFeKjF��n3y'gik$zDyqj$tïeDl!�3jirWtWjit�wDrZl'oDkil'w~cHy'j$��j$o.h
kin3��wRn3tZg$j$t�eDj$tºg$y'gi��jio.hmt+A ��y jUh��¶�KæFj$z)¯���nXy'g$kizDy'jitºtZn3o.hªzKhWl'yql'tWgij$taw�nXzDrºk$cXrmcHkihmgirWlqtWj$rºy'jit�o�z~cX�3jit
��n3y'gik$zDy'cXl'rZj$t��R��� jih^��¾��

bdc�rWcXl'j7eDz 12 ��� ·U��V¶Â → å.»�áSÂ3Â�ÁT�BA�VF·>ò)�çä�����»Rj$tZh�zDoKjaeKj$t�rmcXlqj$t®��n3y'gik$zDy'cXl'rZj$t�yqj$t®wDyqzDtdl'o.hWj$oDtZj$t
gi��lqtWj$t�w~cXr�y'jit�o�z~cX�Xj$t���n3y'gik$zDy'cXl'rZj$t­jUh�cþgUhmgsw�n3zKr�y'cÝwDrZj$��l'îirWj¡âãn3l't�n3�DtZj$r°�3g$jxjio Â , ä , À�ä , Ã<À O åHÃ<�
��jit�n3�DtZj$r°�Xcñhml'nXoDt���l'rZj$o.h�j$o�gi�"l'eKj$oDkijëzDoDjsk$n3rZrWgiyêcHhWl'n3oìj$o.hWrWj�yêc²eDj$oDtZlqhWgse|{��.v"eDrWn3�Xî$oDjsl'n3oDlqtWg¿A2WXW
jUh�y<{�l'o.hmjioDtWl!hmg­eDj­y'c�rmcXlqj¶eDzþ���­�|æ^j$tAgihWzDeDj$t�wDyqzDtSeDgUhMcXlqy'y'gij$tNeKj­k$j$yqy'j�´�k$l7n3o.h�w�jirW��l'tNeDj���jihZhmrWj«j$o
gU�)lqeDj$oKk$jAtWn3o�l'o.hmgir.�UhFjio�hmcXo.h�³�zDjAhWrmcXkij$zDr�eDj�y>{}�.v"eDrWnX�3î$oDj���n3y'gik$zDy'cXl'rZj^e~cHoDt�y'j$t�o�z~cX�Xj$t�eDj�eDj$oKtWlqhWg
n Y

2
≥ 300

k$�
−3 À OX2 Ã>�Dbï{�jU¯)k$l!hMcHhWl'n3o�eKj$t�oDl!�3j�cHz)¯�rZnXhMcñhml'nXoDoDj$yqt�eDz���� j$t°h�wDrWn��Xn)³�zDgijAwDcXrªeDjit�kM�Dn)kit

c��3jik�eDj$tÖ��nXy'g$kizDy'jitÖeKj�A
2

�Hbï{}lqo.hmj$oKtWlqhWg�eDjºyêc�rmcXlqjºeDz�����jitZhYeKjªk$jaâ[cXlqhÖwDrWnXw�n3r°hmlqn3oDoDjiy'y'j±áFyêcF³�z~cHo�hWlqhWg
eDjDA

2

eDcXoDt�yqjFo�z~cH�3j^jUh�á�y'cAhWj$��w�girmcHhWzDrWj�eDz�o�z~cX�XjX�)b�c�è~�3zDrZj 1 � 1 rZj$wDrZg$tZj$o.hmjSy'c���cXtWtZjFeDjitªo�z~cX�3jit
��n3y'gik$zDy'cXl'rZj$tNhWj$y'yqj�³"zKj�eDg$eKzDlqhWj�á�w~cXrZhWl'rAeDz�hW�Dg$nXrWî$��j�eKz�ßNlqrWl'jiyïj$oÝâãn3oDkihWl'n3o�eDj�y>{}lqo.hmj$oKtWlqhWg�eDj�y'c
rWcXl'jSeDzë���¶�(bdc�kin3rWrZg$y'cHhmlqn3o�j$o.hWrWjAy<{�l'o.hmjioDtWl!hmgNeDj�y'c�rWcXl'j^eDz���� jih�yêc¶��cXtWtZj�eDj$t�o�z~cX�3jit�jitZh�oDjUhWhmjH�

bdc�rmcXlqj«eDj«yêc���n3y'gik$zDyqj�eKj���¾¿·U��V¶Â → å.»�á 1 eK� ,$, �BA�Vu·>äK�!Â¶����»�j$t°h�g$�.cHy'j$��j$o.h^zKhmlqy'l'tZg$jAw�nXzDr
gU�XcHy'zDjir«yêc�³�z~cXo.hml!hmg�e|{��.v"eDrWn3�Xî$oDju��n3y'gik$zDy'cXl'rZj­wDzDlqtW³�z|{�j$y'yqj�jitZh­j�¯KkilqhWg$j¡áëw~cHrZhmlqr�eKj�kM�Dn"k$t­c��3jikuy'jit
��n3y'gik$zDyqj$t�eDj�A

2
�7Cïy'yqjuj$t°h�zKhWl'y'lqtWgijuj$o�kin3��wDy'gi��jio�h�eDj�yêcxrWcXl'j¡eDz 12 ��� e~cXoDt�y'j¡k�cHt�eDj�o�z~cX�3jit

��n3y'gik$zDy'cXl'rZj$t¶�Xg�cXo.hmt�eDnXo�h
n Y

2
≥ 104 k$� −3 À OH1 Ã>�±¸ÖnXzDr�eDj$t�eDj$oKtWlqhWg$t�l'��w�nXrZhMcHo�hWj$ti�YeDj$t�ji��jihWt�eDj

tWcHhmzDrWcHhmlqn3o�nXo�h�gihWg^n3�DtZj$r°�3g$t�á�w~cXrZhWl'r±eDjitªrmcXwKw�n3r°hmtºe|{}lqo.hmj$oKtWlqhWg^eDjitªrmcHl'j$tarWnHhMcHhWl'n3oDoKj$y'yqj$t±eDz 12 ��� jUh
eDz 13 ��� wDrWgitWjio�h�jio�kin3oDkij$o.hmrWcHhmlqn3o¡wDy'zDtºâ[cXl'�DyqjX�)b®j���¾�tWj�wDrWgitWjio�hmcXo.h�j$o¡k$n3oKk$j$o.hWrmcHhWl'n3ouwDyqzDtªâ[cXlq�Dy'j
³�zDj�y'j 12 ���ÉcXzëtZj$lqoëeDjit^o�z~cX�3jit$�Ry'j���l'y'lqj$zurZj$tZhWj«n3w)hml'³�zDji��jio.h^��l'oDkij�w�n3zKr�kijihZhmj«rWcXl'j����$��j�w�n3zKr
eDjit�eDjioDtWl!hmgit�l'��wRn3rZhmcXo.hmj$t±cHy'n3rZta³�z|{�l'y(eDjU�"l'j$o.hºn3wKhWl'³�zDj$��j$o.hºg$w~cHl't±w�nXzDrºy'cSrmcXlqj�eKz 12 ���¶�"b�cArmcXlqj�eDz��¾uw�jirW��jih�eDnXoDk�eDj�k�cXrWcXkihWg$rWlqtWjir�yqj$t�o�z~cX�3jit���n3yqg$kizDyêcXlqrWjit�eDj�eDjioDtWl!hmg�g$yqji�3gijX�

��Å[Ä�Å43 5 �Z��¯Ðª®­4�
¯Õ©±Î¤<8²�� ª®­:����²��
bdc«³�z~cXo.hml!hmgFeDl'rZj$kihWj$��j$o.hªeKg$rWl!�3gijNe|{�n3�DtWjirZ�HcHhWl'n3oDtºrmcXeKl'n¶áAzDoDjNyqn3oD�3zKj$zDrae|{�n3oDeDjNjitZh�yêcAhWj$��w�girmcñ´

hWzDrWj¶e�{çcXo.hWj$oDoDj
TA

kin3rWrZj$tZw�n3oKe~cXo.hmjH�FCïy'y'j�j$t°hSrWjiy'l'gij¶á�y'c�wDzDlqtWtWcXoDk$j­rZj?zizDj­w~cXrNy>{çcHo�hWj$oDoKj
Pν

w~cXrNy'c
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������� 1 � 1 �²¹scXtWtZj�eDj­o�z~cH�3j$t���n3y'gik$zDy'cXl'rZj$t^eKg$eDzDl!hmjit�áuw~cHrZhmlqrNeDz²hm�Dgin3rWîi��j­eKz²ß^l'rZl'j$yÖj$o²âãn3oDkUhml'nXo
eDj�y>{}lqo�hWj$oDtZlqhWgSeDj�yêc¶rmcHl'jSeDzë��� lqo�hWg$�3rZg$j�tWzKr�y'c­tWzDr°â[cXk$j�eDz�o�z~cX�3jH�R��jihWhWjSè~�3zDrZjAjitZh�hmlqrWg$jSeKj�À OX2 Ã<�
rZj$yêcñhml'nXo©�

Pν = kBTAbï{�l'o.hmjioDtWl!hmgNlqo�hWg$�3rZg$jSeDjSy'c«rmcHl'jNeDzs���¶�
WCO

jU¯)wDrWlq��gijNj$o¿{ à"�¨t
−1 j$t°h�j$t°hml'��g$j^w�n3zKr�zDoDjN�"lqhWj$tWtZjrWcXeDlêcHy'jNeDnXoDoDg$jAá�w~cXr°hml'r�eDj�k$jihZhmjShmji��wRg$rWcHhmzKrWj�e|{}cXo.hmj$oKoDj®�

WCO =

∫

TA(CO)dv

��n3����jºeDgik$rZlqhYwKrWg$kig$eDji����j$o.h$�Hy>{}lqo�hWj$oDtZlqhWgºeDjºk$jUhWhmj�rmcXlqjºjitZhYwKrWn3wRn3rZhWl'n3oKoDj$yqy'jaáFy'cFeDjioDtWl!hmg�eKj�k$nXy'n3oDoKj
eDj�A

2

�(��j$t�eDj$z"¯�³"zDcXo.hmlqhWg$t�tWnXo�h�rZj$y'lqg$jit�w~cXr�y'jNâ[cXkUhmjizDr
X

�
N Y

2
= X × WCO

bï{�gihMcHy'n3oDoDcX�3j�eDz�â[cHkihmjizDr
X

jitZh�rWg�cHy'l'tZg�á�w~cHrZhmlqr�e|{}jitZhWl'��cHhmlqn3oDtSeDj���cHtWtWjit�eKj�o�z~cX�Xj$t«wKrWn"kM�Dj$t�eDz
kij$o.hmrZj�eDj�y'c«��cXyêcP¯Klqjs·>½]\ e)�
Á¡à"wRk�»�À OX2 Ã<�Öb®j�hW�Dg$n3rZî$��j�eDz�ß^l'rZl'j$yïwRj$rZ��jUh¶jiofji��jih«eDj�rWjUhmrZn3zK�3jir
y'c¡��cXtZtWj�eDz�o�z~cH�3j

M
á�wDcXrZhWl'rSeDj�tmc�eKv"o~cX��l'³�zDj�l'o.hWj$rWoKjX����j$yqy'j�´�k$lïjitZh�j$t°hml'��g$j�cXz²hmrWc��3j$rZt�eKj�y'c

eDlqtWwRj$rZtWl'nXofj$oþ�"l!hmj$tZtWj�eKj�yêc�rmcXlqj�eDz ��� cXzþtWj$lqofeDz¿o�z~cX�XjX�Ybdc¡è~�3zDrZj 1 � 1 l'yqy'zDt°hmrWj�y'csk$nXrWrWgiyêcHhWl'n3o
jio�hWrWjA��cHtWtWjit�eDj$t�o�z~cX�3jitFjUh�l'o.hmjioDtWl!hmg$t�eDzs���¶�

¸ïy'zDtZl'jizDrWt¶gUhmzDeKj$t¶��n3o.hmrZj$o.h¶³�zDj�kij�â[cXkUhmj$zKr«j$t°h­eDgiw�jioDe~cXo.h­eDj�yêc�eDl't°hMcXoDkiju½ cXzfkij$o.hmrZjueDj�y'c��cXyêcP¯KlqjX�ab®j$tu��j$tZzDrWjit�eDjxrmcHwDw�nXrZh�e�{çcX�Rn3oDeDcXoDk$jitue|{�g$y'gi��jio.hmt�kin3����j©� jUhZA n3o.huw~cHr�jU¯)j$��wDyqj
wDrZn3zK�XgF³�zDj�yêcNkin3oDk$jio.hmrmcñhml'nXo�eDjF��� cHz�tZj$l'o�eDj�o�z~cX�3j���n3y'gik$zDy'cXl'rZj�jitZhazDoDj�âãn3oDkUhml'nXo­eDjFtWcAeKl'tZhmcXoDkij
cXz¡kij$o.hmrZjAeKjAy'c��AcHyêcñ¯)l'j«À O ÁPÃ>�R��jihWhWjS�XcHrWlêcH�Dl'yqlqhmg�c�cXzDtZtWl®gUhmgStWzK�3�3g$rZg$j�w~cXr�y>{çc�óZzDtZhWj$��j$o.h�eDj���n"eDîiy'j$t
wRn3zDrÖjU¯)wDy'lq³�zDj$rYy>{}j�¯)k$î$t7eDjªrmc�vXn3oDtï�.cX����c�eDl!��zKt7n3�DtZj$r°�3g�w~cXr/C���½TC±ßpÀ O äñÃ>�$y�n3zDtYtZzDwDwRn3tWjirWn3oKtïw�n3zKr
yqj$t�j$tZhWl'��cHhmlqn3oDt�tZzDlq�HcXo.hmjitFzKoDjA�HcXyqj$zDr���n�v3j$oKoDj«kin3oDtZhmcXo.hmj�w�n3zKr�yqj 12 ��� eDj�ÂX� , Â�å 20 k$� −2 ·¶{ à"�
t
−1 » −1 À O$O Ã<�¸ÖnXzDr«zDoKj�tWzDr°â[cXk$j

Σ
tWzDr�yêcX³�zDjiy'yqj�jitZh«l'o.hmgi�3rWgij�y'csrmcHl'j�eDzì���¶��yêc¡³"zDcXo.hmlqhWg�eDjUA

2

jitZh«eDn3oDoDgij
w~cHr��

nH2
≈

(

d

cm

)2

× Σ

rad2 × X × WCO

Kkms−1

n$�
d
j$t°hNyêc�eDlqtZhMcHoDk$j«cXz�o�z~cX�3jH�

Σ
y'c�tZzDrZâ[cHk$j­cXoK�3zDyêcHl'rWjStZzDr^y'cX³�zDj$yqy'j

WCO

j$tZhNl'o.hmgi�3rWgijX��bdjitNcX�Rn3o)´
e~cHoDk$jit�rWjiyêcHhWlq�Xj$t�eDj$t�eDlq��g$rZj$o.hmt�g$yqg$��j$o.hmt�cXz�tZj$lqo�eDjit�o�z~cX�Xj$t�gUhMcXo.h�wDrWlqtWjit�jio�k$n3��wKhWjX�ïy'j¡wRn3l'eKt
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K\M:�ÄñG[?MJ��
��n3y'gik$zDy'cXl'rZj^��n�v3j$o�w~cXr���n3yqg$k$zKy'jNeDj�A

2
jitZhNò)� O ò­�

H
�(bdc���cXtZtWj�eDz�o"zDcX�3j�j$t°h^cHy'n3rZt|�

M

kg
= 4.54 × 10−27

(

d

cm

)2

× Σ

rad2 × X × WCO

Kkms−1

ð�oDjSâãn3l't�y'c¶eDl't°hMcXoDkij�jU¯)wDrWlq��gij�j$o�à"wRkX�~y'c¶��cHtWtWj�w~cHr�zDoDlqhWg�eDj���cXtZtWj�¾)n3y'cXl'rZj^eDjU�"l'j$o.h¢�
M

M�

= 6.64 × 10−18 ×
(

d

kpc

)2

× Σ

deg2 × X × WCO

Kkms−1

��Å[Ä�Å[Ä 5 �Z��¯Ðª®­4�
¯Õ©±Î¤<8²��s<8¯����
­±Î�E¿²��
bï{}jitZhWl'��cHhmlqn3o�eKj$tïeDlqtZhMcHoDk$jitYoDn3zDtÖtWgiw~cXrmcHo�hYeDj$tYo�z~cH�3j$tï��n3y'gik$zDy'cXl'rZj$t®jitZhïjU��jikihmzKg$j�cXz«hWrmc��3jirWtïeDjit

�"lqhWj$tZtWj$t�eDjSrZnXhMcñhml'nXo�cXzKhWn3zDrªeKz�kij$o.hmrZjSeDjSyêct�AcXy'cñ¯)l'jH�)bdc«è~�XzDrWj 1 �çÁ NQgih%jlk%m rWjiwDrWgitWjio�hWj�y'jNwDrZnXè~y�eDj
�"lqhWj$tZtWjªeDjºrWnXhmcHhmlqn3oAj$o«âãn3oKkihmlqn3o«eKj�yêc�eDl't°hMcXoKk$jªcHz«k$jio.hmrWj�eDjªyêc���cXyêcñ¯)lqjX�PbdcFw~cHrmcX��gihWrWl'tWcHhmlqn3o�zKhmlqy'lqtWg$j
tZzDwDwRn3tWj�zDoDj«eKl'tZhmcXoDkij�eDjceK�çÁ�à�w�kAoDn3zKt^tWgiw~cXrWcXo.hNeDzsk$j$o.hWrWj«eKj«yêc®��cXyêcñ¯)lqj�À O ÂUÃ<��æ^jit^��j$tWzKrWj$tFwDy'zKt
rZg$k$jio.hmj$t�eDj¶�"l!hmj$tZtWjitSeDj­rWnXhmcHhmlqn3oëe�{}gUhmn3lqy'j$t^��cXtZtWl!�3j$t^wDrWn"kM�Dj$t�eDzxkij$o.hmrZj­eDj­yêcÐ�AcXy'cñ¯)l'jAn3o.hSwRj$rW��l't
eDj�rZg$gi�HcXyqzDj$r^k$jihZhmj�wRn3tWl!hml'nXoxá O �çä�à�wRk�À O ò�Ã<����jUhWhWj­l'��wDrWgik$l'tZl'n3oëtWzDrSy'c�eDl't°hMcXoDkij­oDn3zDt�tZg$w~cXrWcXo.hAeDz
kij$o.hmrZj�eDj�y'c��AcXy'cñ¯)l'jNwRj$z)hFlqoDeDzDlqrWjNeKj$t�j$rWrZj$zDrZt�l'��w�n3r°hMcXo.hWj$t�y'nXrWt�eDj�y<{�j$t°hmlq��cHhWl'n3o�eDj$t�eDlqtZhMcHoDk$jit$�

Distance au centre de la Galaxie [kpc]
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������� 1 �çÁ�� � gih%jlk%mvÈ KY�3nXy'zKhWl'n3oSeDj±y'c��)l!hmjitWtWjaeDjïrZnXhMcHhWl'n3o�cHzKhmn3zKr®eDz�kij$o.hmrZjºeKjïyêcT�AcHyêcñ¯)l'jÖj$o�âãn3oDkUhml'nXo
eDj�y'cFeDlqtZhmcXoDk$jªcXz­tZv"tZhWî$��j�¾)n3y'cXl'rZjX�ñbdcNw~cXrmcH��gUhmrWlqtmcHhWl'n3oAj$t°hïhmlqrWg$jºeDj�À O ÂiÃ>��É n�o�p�q m�È ß±zDjªtZkM�Dg$��cHhmlq³�zDj
eDj«yêc­ß±n3l'j«b�cHkihmgij�hWj$y'yqj�³�z|{�n3�DtZj$r°�3g$j�cXzshmrmc��Xj$rWt^eDj$tN��j$tZzDrWjitNe|{}cX�Rn3oDe~cXoKk$j¶eDj�y<{��.v)eKrWn3�3îioDj¶oDjizKhmrZjA,W+�~bdc¶rWg$wDcXrZhWlqhmlqn3o�eDjS�"lqhWj$tZtWj$t�eDj�rZnXhMcHhWl'n3o�cXzKhmnXzDr�eDz¡k$jio�hWrWj�eDjSy'c��AcXy'cñ¯)l'jFy'jNyqn3oD�­e|{�zDoDj�y'lq�3oDjFeDj
�"l'tZg$jAcXrZ�DlqhWrmcXlqrWjNjitZh�rWjiwDrWgitWj$o.hWg$jX��bdc�yqn3oD�3zKj$zDrªeKj$t�*~î$kM�Djit^jitZhFcXrW�KlqhmrWcXl'rZjX�

bdc�wDrZnñóZj$kUhmlqn3o�eDjFyêcS�"lqhmjitWtZj^eDj�rWnXhmcHhmlqn3o�eDj$tºn3�"óZjihWt�yqj�yqn3oD�AeDj^y'cAyql'�3oKj�eDjF�"l'tZg$jH�KcXwKw�jiy'g$j��"lqhWj$tWtZj
rWcXeDlêcHy'j�j$tZhªzDoDjNâãn3oDkUhmlqn3o�eDjNy'c�eDlqtZhmcXoDk$j^oDn3zDt�tZg$w~cXrWcXo.h�eDjit�n3�"óZjihWt$�~bdc�èD�3zDrWj 1 �
Á Oin�o�p�q m rZj$wDrZg$tWjio.hmj
y'c^eDl't°hmrZl'�DzKhWl'n3o�eDjª�"lqhWj$tWtZj$tacXrZ�DlqhWrmcXlqrWjay'jªyqn3oD�Ne|{�zDo­yql'�3oDjºeDjª�"l'tZg$jX�.��n3oDo~cXlqtWtWcXo.hïyêc^eKg$wRj$oDe~cHoDk$j�eDj�y'c
�"lqhWj$tZtWjSeDjNrZnXhMcñhml'nXo�w~cHrªrmcXwKw�n3r°h�á«y'c�eDlqtZhmcXoDk$jNcXz�k$jio.hmrWjSeKjNyêcc�AcXy'cñ¯)l'jH�"y'c�wDrZnñóZj$kUhmlqn3o�eDjNy'c��"lqhWj$tWtZj
tZj$y'nXouyêc�yql'�3oKj^eDj^�"lqtWg$j^tWn3zDt°hmrWcXlqhWjSá«yêcA�)l!hmjitWtWjSwKrWn3wDrZjNeDzut°v)t°hmîi��jA¾)nXyêcXlqrWj�j$tZhªzDoDjNâãn3oDkUhmlqn3o�k$nXoDo�zDj
eDj�y'c�eKl'tZhmcXoDkij�cXzst°v"tZhmîi��j«¾)n3y'cXl'rZjX�

Vr(l, b, R) =

[

R0

R
V (R) − V0

] tZl'o
l
kin3t

b
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n$�

V0
j$tZh^l'kil�y'c��"l!hmj$tZtWj�eDj«rZnXhMcHhWl'n3o¡eDzëtZv"tZhWî$��j­¾)n3y'cXl'rZjX�

R0
yêc�eDl't°hMcXoDkij�yqj�tZg$w~cHrmcXo.hNeKz�k$jio�hWrWj�eDj

y'c­�AcHyêcñ¯)l'jH�
V (R)

j$t°h�yêcA�"l!hmj$tZtWjSeDjSrZnXhMcñhml'nXo�á¶zDoDj^eDl't°hMcXoDkij
R
eDz¡k$jio.hmrWjSeKjNyêc­��cXy'cñ¯)l'j�jihA·ãy<���(»ayqj$t

kin)n3rZeDn3oDoKg$j$t��.cXy'cXkihWl'³�zDjit®eDjºy'c�y'l'�XoDjïeDjï�"l'tWgijX�ñæ^jiz)¯�jU¯)j$��wDy'jitdeDjºeKl'tZhWrWlq�DzKhmlqn3oDt|eKja�"lqhWj$tZtWjarmcXeDl'cXy'j7j$o
âãn3oKkihmlqn3oëeKj«yêc�eDl't°hMcXoKk$j¶cHz�tZv"tZhWî$��j�¾)n3y'cXl'rZjSw�nXzDr^eDjiz)¯ëy'l'�XoDj$t�eDj��"lqtWg$j�eDlq��g$rZj$o.hmjitNtWnXo�h^wDrWgitWjio�hWg$t
tZzDr�y'cëè~�3zDrZj 1 �çäK�Yb�c²wDrZj$��l'î$rZjuw�nXl'o.hmj¡zDoDj¡eDlqrWjikihmlqn3oìwDrWn"kM�Dj�eDz k$j$o.hWrWj�eDjsy'c��AcXy'cñ¯)l'jH�Yb®n3rWtZ³�zDj
kin3����j¶e~cHoDtSk$j�k�cHtSwDrWgitWj$o.h$��y'c�y'lq�3oDj«eKj¶�)lqtWgij�jitZh�eDlqtZhmcXo.hmj­eDj���n3l'oDtFeDj , å�eDji�3rWgitAeKzÝkij$o.hmrZj�eDj
y'cU��cXyêcP¯KlqjX�~zDoKj��HcXy'jizDr�eDj��"lqhWj$tZtWj«rWcXeDl'cXy'j�wRj$zKhFk$n3rZrWjitWwRn3oDeDrZj­á�eDjiz)¯seDl't°hMcXoKk$j$tFeDlq��g$rZj$o.hmjit$�|��jihWhWj
eDgi�3g$oKg$rWjitWkij$oDkij�wRj$z)hD�UhmrWj�y'jU�3g$j�w~cXr�yêc�k$n3oKo~cXl'tZtmcXoKk$j¶eDjit^wRn3tWl!hmlqn3oDt�eDj$tF�DrmcHtFeDj�yêc®�AcHyêcñ¯)l'j�jUh^w~cHr
eDjit���jitWzDrZj$t�e|{}cX�DtWnXrWwKhWl'n3o�cXzuhmrWc��3j$rZtFeKjSk$j$t��DrWcXt�eDj�y<{�g$��l'tZtWl'nXo�eDj$t�n3��óZjihmt�kin3oDtWlqeDg$rZg$ti�(bdnXrWtW³�zDj�yqj
wRn3l'o.hWg^j$t°h�eDlqrWl'�Xg��Xj$rWt�y>{çcHo�hWl!´µk$j$o.hWrWj^eKjNyêc­��cXy'cñ¯)l'jX��y'c�rWjiyêcHhWl'n3o�eDl't°hMcXoKk$jF�"l!hmj$tZtWjSrWcXeDlêcHy'j�oDjNwDrZg$tWjio.hmj
w~cHt�e�{çcX�«�Dl'�3zd&<hmg­·ãè~�3zKrWj 1 �}ä Oin�o�p�q m »��

Distance au Soleil [ kpc ]
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������� 1 �çäv�AæFj$z)¯�jU¯)ji��wDyqj$tÖeDjºeKl'tZhWrWlq�DzKhmlqn3o�eDj±�)l!hmjitWtWjºrmcXeKlêcXyqjïj$o«âãn3oKkihmlqn3oAeDjºy'c�eKl'tZhmcXoDkij�cXz�tZv"tZhWî$��j
¾)nXyêcXlqrWjX�Xj$o�eKl'rWjikihWl'n3o�eDz�kin3��wDy'j�¯Kj�eDj��3jitZhmlq�3j$tºeDj�tWzDwRj$rZoDn��Xc«��ß,M 2QO ·[y_V 2H1 eK�çÁ)�}�
V�å)�qÂ$` NQgih%jlk%m »±jUh
eDj�y'c�kin3oDt°hmj$yqyêcHhWl'n3o�eDj�¹sn3oDn"k$jirWn3t�·[y_V�òXå.Á)�çÁ)����VSåK�
Á?` Oin�o�p�q m »U�

·u��· a� ¡¤S_?^����d£�¼Ð»7¦í¤cb+�A¦�¦®��^v_i���N_U�� �¦
��Å �FÅ°Æ � ­:��²�±[� E H
4dÐ
4dÐ>ô~Ð[ô Ê Ú~Ó$Ò�ûed7Ø�×�f7üÖÕ ÙPÕã÷Rü

b®j�wRj$zKwDy'ji��jio�h�eDjitFoKlq�3j$cXz)¯�e|{�g$oKj$rW�Xl'jAe|{}zKoDj�wRn3wDzKyêcHhWl'n3oue|{}cHhWn3��jit�n3zseKj���n3y'gik$zDyqj$t�jitZhFeDgiè~oKl
w~cHr®y'j$t®kin)j���k$l'jio.hmtde|{KC±lqoDtZhWj$lqoAjUhdyêc�hWj$��w�girmcHhWzDrWjYß�eDz���lqy'lqj$z¶À}ò O Ã>��¼¿y>{}gi³"zKl'y'lq�DrWj�hm�DjirW��n)e)v)oDcX��lq³�zDjX�
yqjNrmcXwKw�n3r°h�eDj$t�eKj$oDtZlqhmgit�e|{}n"k$kizDw~cHhWl'n3o

n1

jUh
n2

eDjSeDjiz)¯¡gihmcHhmt�e|{�g$oKj$rW�Xl'j
E1

jUh
E2

·
E2 − E1 = hν

»
jitZh�eDgièDoDldw~cXr@�

n2g1

n1g2
=
jU¯)w

(
−hν

kT
) < 1

n$�
g1

jih
g2

tWnXo�hºy'jit±w�n3lqeDt±tZhmcHhmlqtZhmlq³�zDj$taeDj$taeDjiz)¯�gihMcñhmt$�)��j�rmcXwKw�n3r°hagihMcHo�hºl'o)âãg$rWlqj$zDraá�Â3�.y'jitºeKj$oDtZlqhmgit
eDj�wRn3wDzDy'cHhmlqn3oDtªtWcHhmlqtZâãn3o.h�y'c�rZj$y'cHhmlqn3o³�

n1

g1
>

n2

g2
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b®n3rZtW³�zDjª³�zDjªyqjºt°v"tZhmîi��j�j$tZh7�Dn3rZtYeDj�y>{}gi³�zDl'yql'�DrZjYhm�DjirW��n)eKv"o~cH��lq³"zKjºjUhY³�z|{�zDo­��gik�cXoKl'tW��j^·[wRn3��wDcX�3j�»
wDrZn��3n"³"zKj�yqjStWzDrZw�jizDwDy'ji��jio.hFeKzsoDl!�3j$cXzse�{}gioDj$rZ�3l'j�tWzKw�girWl'jizDrWjH�~y'jSrWcXwDwRn3rZh�wDrZg$kig$eDjio�hFj$t°h^lqo.�3j$rZtWg��

n1

g1

<
n2

g2

Þ�yïrZg$tWzKyqhmj�eDj�k$jUhWhWj�lqo��Xj$rZtWl'nXo�eDj�wRn3wDzDy'cHhmlqn3ox³�zDj�yqj­k$n"j���k$lqj$o.h�e|{çcH�DtWn3rZwKhmlqn3oÝw�n3zKrAy'c�âãrWgi³"zKj$oDkij
νeDjU�"l'j$o.hºoDg$�3cHhml!â�jUhºkin3rWrZj$tZw�n3oKe�á�zDoDj�g$��l'tZtWlqn3o�tZhmlq�¶zDyqg$jX�3b±{�g$��l'tZtWlqn3o­eDj�wD�DnXhWn3oDt±w~cXr±y'j�t°v"tZhmîi��j�j$t°h

cXyqn3rWt�cH��wDyqlqè~gijX�K��j�wD�Dg$oKn3��îioDjAj$tZhFcXwKw�jiy'gS��cXtWjir$�DwRn3zDrhgi��l'kirWn7i�c��XjAcX��wKy'lqèDk�cHhWl'n3o���v�tZhmlq�¶zDy'cHhmjie
ji��lqtWtWlqn3ounXâÖrmcXeKlêcHhWl'n3ojgñ�
4dÐ
4dÐ>ô~Ðqõ kiül6RÒ�ûHÓ$Õ[÷Rü�Ó�ØdÒëÔï÷(ÔÖÛÖùãÚKÙPÕã÷RüÖÓ�ØdÒxùãÚ���÷�ùã×"ú.ÛÖùãÒ³Ë�ª

æ^l!��girWj$o.hWj$tYlqo��Xj$rZtWl'nXoDt7eDjawRn3wDzDy'cHhmlqn3oDtdtWn3o.h7n3�DtWjirZ�Xg$j$t7w�n3zKrÖy'c���n3y'gik$zDyqj��BAA��yFn3zDtÖoDjºhWrmcXl!hmjirWn3oDt
lqk$lS³�zDjÝeDj$tsrmcXlqj$t�ápÂ O òXå ¹«A�V�jihÝÂ�äKÂ�ò�¹«ATVX��bdcìèD�3zDrWj 1 � O rZj$wDrZg$tZj$o.hmjfyqj$t¡wDrZj$��l'j$rZt¡oDlq�Xj�cXz)¯
e|{�g$oKj$rW�Xl'jSrWnHhMcHhWl'n3oDoKj$y'tajih��)lq�Drmcñhml'nXoDoDj$yqt�eDjSy'c«��n3y'gik$zDyqj|�@A��Kb®j$t�eDgieDn3zD�Dyqj$��j$o.hmt�eKjStZhmrZzDkihWzDrWjNèDoDj
·ãeDn3zD�Dyqjih°´

Λ+/− »Fjih�eKj¶tZhWrWzDkUhmzDrZj­��v"wRj$r°è~oDjs·[oDnX�¶�DrWj«³"zDcXo.hml'³�zDj F
»FtZn3o.h�rWj$wKrWg$tZj$o.hmgit�tWcXoDtSrZj$tWwRj$kUh

eDj�y<{�g$kM�Kj$y'yqj�j$o�g$oDjirW�3lqjX��b®j�oDn3�¶�KrWj�à¶j$t°h�lqk$lDy>{}nXrWeDn3oKo~cXoDkij$��j$o.haj$o�g$oDjirW�3lqj�eKj$taeDlq��g$rZj$o.hmtagihmcHhmti��bdjit
lqo��Xj$rZtWl'nXoDt�eDj­w�nXwDzDyêcñhml'nXo�tWn3o.hAwDrZnP�Xn)³�zDgij$tAw~cXrSyqj­w�n3��w~cX�Xj¶eDj­y<{�gihmcHhNâãn3oKe~cX��j$o.hMcXy 2π3/2

·U��V 2�m ò3»
�Xj$rWt�yqj$tNoDl!�3j$cXz)¯s�)lq�Drmcñhml'nXoDoDj$yqt�´ªrWnXhmcHhmlqn3oDoDjiy't^e�{}gioDj$rZ�3l'j¶tZzDwRg$rWlqj$zDrZj¡À O eñÃ>�®bï{}gi��lqtWtWlqn3o�á�Â O òXåu¹«ATV
jitZh�eDzDj�áxzDoDj�hWrmcXoDtZlqhWl'n3o¿jio�hWrWj¡y'jit­oDlq�Xj�cXz"¯ìà�V 1 jUh�à[V¶Â�cXyqn3rWt¶³�zDj¡y>{}gi��lqtWtWlqn3o¿á¿Â�äKÂ�òx¹«A�V¡j$t°h
eDzKj�á¶zKoDjNhmrWcXoDtWl!hmlqn3ouj$o.hmrZjSy'jit�oDlq�Xj�cXz)¯�à�V 2 jUh�à[V�ò)�Dbdjit�rWî$�Xy'j$t�eDjStWgiy'j$kUhmlqn3o¡eDl'wRn3yêcHl'rWj�l'o.hWj$rWeKl'tWjio.h
yqj$t�hWrmcXoDtZlqhWl'n3oDt�j$o.hWrWjxgihmcHhmt�eDjx�®�i��jsw~cXrZlqhmgH��æFjxk$jëâ[cXl!h��±tWjizDy'jituy'jit�hmrWcXoDtWl!hmlqn3oDt�w�n3zKr�y'jitW³�zDj$yqy'jit
∆F = ± Â�n3z�å­tWnXo�hFcXz)hmn3rZl'tWgij$ti�

������� 1 � O �Ý½�j$wKrWg$tZj$o.hMcñhml'nXoþtWkM�Kg$��cHhmlq³"zKj�eDz�oDlq�Xj�cXzÝâãn3oDe~cH��jio�hmcXy±jih�eDj$tAwDrZj$��l'j$rZt�oDlq�Xj�cXz)¯�rZnXhMcñ´
hWl'n3oDoKj$y't^jihS�"l'�DrWcHhmlqn3oDoDjiy'tNeKj­yêc���n3y'gik$zDyqj­�@A��®b®jitSeDg$eDnXzD�Dy'ji��jio.hmt�eDj­eDn3zK�Dy'jUhZ´

Λ
jih�eDj�tZhWrWzDkUhmzDrZj

�.v"w�jirZè~oKj«tWnXo�hFg$�3cXy'ji��jio�h�rZj$wDrZg$tZj$o.hmgitN��cHl't�tmcHoDtFrZj$tZw�jikihFeDj�y>{}gikM�Dj$yqy'jSjiosgioDj$rZ�3l'jH����jUhWhWjAè~�XzDrWj�j$t°h
hWl'rWgijSeDj�À O eHÃ<�

b®j­tWzDrZw�jizDwDyqj$��j$o.hSeDz²oDl!�3j�cHzxàeV 1 j$t°hS�3g$oKg$rWg­wDcXrNzDoDj­k$cXtWk$cXeDj�á�wDcXrZhWl'r^eKzÝwKrWj$��l'jir^oDl!�3j$cXz
rZnXhMcHhWl'n3oKoDj$y 2π3/2

·n��VAÁ m ò3»U�Rb®j$tFoDlq�Xj�cXz"¯³ÝoV ò�eDj 2π3/2

·U��V 2�m òX»��Xn3o.hNwRn3zK�3nXl'r�j$o�jU��jUhNtWj�k$n3zKwDy'jir
cXz"¯foDl!�3j$cXz)¯�ÝpV ò)� 2 eDj 2π3/2

·U��V�Á m ò3»AcHy'n3rZt�³�zDjuyqj$t«oKlq�3j$cXz)¯ 2π3/2

·U��V 2�m òX»�ÝpV Â�oKj��3n3o.h­tZj
kin3zDwDyqj$rN³�z|{}cXz)¯�oDlq�Xj�cXz)¯ 2π3/2

·U��V�Á m òX»�ÝqV�ò)�|b®j¶tZzDrWwRj$zKwDy'ji��jio�h�eKzxoDlq�Xj�cXzxà�V 2 j$t°h��3g$oDgirWg­w~cHr
zDoKjFk$cXtWk$cXeDjFáAw~cHrZhmlqr±eDj�y<{�gihMcñha�"lq�DrmcHhWl'n3oKoDj$y 2π1/2

·n��V¶Â m ò3»��.b®j$tagihMcñhmt 2π1/2

·U��V¶Â m òX»�ÝrV å�jih�ÝrV Â
�Xn3o.hºjio�ji��jih±tWj�kin3zDwDyqj$rïwDyqzDt7â[c��3nXrmcX�Dyqj$��j$o.h±cXz"¯­gihmcHhmt�ÝsV Â�³�z|{çcHz)¯�gihmcHhmt�ÝsV ò^eDj 2π3/2

·U��V 2�m ò3»U�
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4dÐ
4dÐ>ô~ÐqÏ Ë�ûñÕ !RÕ>üdÒëØdÒ�ú3Ò"Ó�Õ>üJ6�Ò�ûñÓ�Õã÷RüÖÓ­ØdÒ�Ôï÷(Ô7Û�ùãÚKÙPÕã÷�ü�Ó

Þ�yNj�¯KlqtZhWjÝeKlq��g$rWjio.hmtu��g$k�cHoDl'tZ��jit�w�nXtWtWlq�Dy'jitueDjxwRn3��wDcX�3j�eDnXo�h¡yqj�wRn3��wDcX�3jëkin3y'yql'tZl'n3oDoKj$y�jihuyqj
wRn3��w~cX�3j±rmcHeDlêcHhWlqâ+�$b±{�g$��l'tZtWlqn3oAá�Â O òHåF¹�A�V�oKg$k$jitWtZlqhmjºe|{�jU¯)k$l!hmj$r�jU¯)kiy'zDtZlq�3ji��jio.hYy'j±oDl!�3j$cXz«rZnXhMcHhWl'n3oKoDj$y
2π3/2

·n��VAÁ m ò3»U�|b�c¡�¶zDy!hmlqwDy'lqk$lqhWg�eDj$tAgihmcHhmt�â[c��3n3rZl'tWj�jio�jU��jUh�yqj�tWzDrZw�jizDwDy'ji��jio.h�eKz�oDl!�3j$cXzþà�V 2 tZn3lqh
zDoKjslqo��Xj$rZtWl'nXo�eDj¡y'c²rWcXl'j¡áìÂ�äKÂ�òÝ¹�A�V¡y'n3rZtW³�zDj¡y'j¡oDl!�3j$cXz �"lq�DrmcHhWl'n3oKoDj$y 2π1/2

·n��V¶Â m ò3»«jitZh�jU¯)k$l!hmgH�
bdcuk$n3yqy'lqtWl'nXo�áu�~cXtZtWj­hmji��wRg$rWcHhmzDrZj�c��3j$k�y'jitS��nXy'g$kizDy'jitNeDj�A

2

jitZhAy'j¶��n�v3jio�o~cñhmzDrZj$yïeDj­wRj$zDwKy'j$rSkij
oDl!�3j$cXz|�3æFj$tYk$cXy'kizDy'tÖo"zK��girWl'³�zDjitYn3o.hïwRj$rZ��lqtÖeDj�eDgihWj$rW��l'oKj$r�y'j$t7k$n3oDeKlqhmlqn3oDt�rWji³"zKl'tWjitïw�nXzDr7y>{}lqo��Xj$rZtWl'nXo
eDj�y'c�rWcXl'jNá¡Â O òXå�¹«A�V�À O eHÃ>�(æ^j$t�k�cHy'k$zKy'tªwDyqzDt�rWgik$j$o.hWt$�(l'oDkiy'z~cHo�h�eKj$t�hMcXz"¯¡eDj�k$n3yqy'lqtWl'nXoDt�wDyqzDt�wDrWgik$lqt
jUhSyêc�wKrWg$tZj$oDkij�eDj¶wRn3zDtWtZl'îirWj$ti�|k$nXoKè~rW��j$o.hSyqj$tNkin3oDeDl!hmlqn3oDt�e|{}lqo.�3j$rZtWlqn3oxeDj­yêc�rmcXlqj¶á�Â O òXåu¹«ATVuÀ O , Ã<�
bdcfhmji��wRg$rWcHhmzDrZjxeDn3l!hS�ihWrWj²k$n3��wDrZl'tWjxjio.hmrWj�ÁXåÞ{ jihÝÂPò3Á�{ w�nXzDruzDoDj²eDjioDtWl!hmg²eDj�A

2
k$nX��wDrZl'tZj

jio�hWrWj�Â�å 4 k$� −3 jih«Á)�!Â�å 5 k$� −3 �dbdcutWzDwDwKrWj$tZtWlqn3oþeDj�y>{}lqo��Xj$rZtWl'nXoÝeKj�wRn3wDzKyêcHhWl'n3o�lqo.hmj$r°�"l'j$o.h�áu�~cXzKhWjhWj$��w�girmcHhWzDrWj�tZlNyêc�eDj$oDtZlqhWgxeDj��@A j$tZhuhWj$yqy'jë³�zDjxyqj���l'y'lqj$z tWn3l!hun3wKhWl'³�zDji��jio�h�g$w~cXlqt$��b®n3rZtW³�zDjxy'c
hWj$��w�girmcHhWzDrWjºjU¯)k$îieDjNÂPÁXå�{­�HyqjahmcXz)¯�eDj�kin3y'yql'tZl'n3oAcXz�oDlq�Xj�cXz¶eKj$tYgUhMcHhWt7eDz¶eKn3zD�Dyqjih

Λ
eDj 2π3/2

·U��V�Á m ò3»
eDjU�"l'j$o.h7tWz0��tmcHo�hYw�n3zKr7j$o.hWrWj$rÖj$o¶kin3��w�gUhmlqhWl'n3oAc��3jikªy'jitÖeKg$tWj�¯)k$lqhmcHhmlqn3oDtÖrmcXeDl'cHhml!�3jitÖjUh7rZg$eDzDl!h7eKj�k$jaâ[cXlqh
y>{}j���k$cXk$l!hmg¶eKzÝwRn3��w~cX�3jH��¸ÖcXr�cXlqy'y'jizDrWti�(y'n3rZtW³�zDj­yêc�hmj$��wRg$rmcñhmzDrZj­cXzD�3��j$o.hWjX��yqj¶oDl!�3j�cHz²�"lq�DrmcHhWl'n3oKoDj$y
2π1/2

·n��V­Â m ò3»�j$t°h�jU¯)k$l!hmg�jih�wRj$rW��jih�y>{}lqo.�3j$rZtWlqn3o¡eDj�w�n3wKzDyêcHhWl'n3o�á¡Â�äKÂPò�¹«A�VH�
b®j�wRn3��wDcX�3j�rmcXeDl'cHhml!âNwRj$rZ��jUh�y'zKl^cXzKtWtWlFeDj���j$oDjir�áþzKoDj�l'o.�Xj$rWtZl'n3oÿeKjëwRn3wDzDy'cHhmlqn3o|�±Þ�yFj�¯)l'tZhWj

hWn3zKhmjUâãn3l'tSzKoDj­eDlq��g$rZj$oDkij�j$o.hmrZj�yqj¶w�nX��w~cH�3j¶rmcHeDlêcHhWlqâ±jUh�y'j­wRn3��wDcX�3j¶kin3y'yql'tWlqn3oDoDjiy<�Rb®j�w�n3��w~cX�Xj¶rmcñ´
eDl'cHhml!âaoDj�wRj$z)h«w~cHt�ti{}jU��jikihmzKj$r«jio.hmrWj�y'j�tWjizDy±gihmcHh�âãnXoDe~cX��j$o.hMcHyïjihAy'j�wDrZj$��l'j$r�oDl!�3j$cXzþe|{�jU¯)kilqhMcñhml'nXo
rZnXhMcHhWl'n3oKoDj$y>�Öb®j�hmcXz)¯þe|{�jU¯)k$l!hMcHhWl'n3ofjUh­eDj�eKg$tWj�¯)k$lqhmcHhmlqn3o¿eDj�kijuoDlq�Xj�cXz¿gUhMcXo.h­wKrWn3wRn3rZhWl'n3oKoDj$yqt$�®hmn3z)h
wRn3��w~cX�3j�rWcXeDlêcñhmlqâ(lqo.hmj$r°�3jio~cXo.h�jio.hmrWj�y<{�gihmcHhïâãn3oDeDcX��jio.hMcXyDjUhay'j�wDrWji��lqj$rYoKlq�3j$cXz�j�¯)k$lqhWg�j$o.hmrZjFjio�kin3��´
wRgihWlqhmlqn3o�c��Xj$kSy<{�l'o.�Xj$rWtZl'n3o�eDjNwRn3wDzDy'cHhmlqn3o�eKz�âãn3oDe~cH��jio�hmcXy<��Þ�y�o|{}jitZh�eDnXoDk^w~cHtªw�nXtWtWlq�Dy'jFe|{�l'o.�3jirWtWjir�y'jit
wRn3wDzDy'cHhmlqn3oDtïeDz�oDl!�3j�cHz�l'o)âãg$rWlqj$zDrïtZl(cXz���n3lqoDtïzDo�oDlq�Xj�cXz�tWzDwDwKy'g$��j$o.hmcXl'rZj�o|{}jitZh�w~cXt±l'��wDy'lq³�zDgX�Xæ^jFkij
â[cXl!h±y'j�oDl!�3j�cHz��"l'�DrWcHhmlqn3oDoDjiy 2π1/2

·U��V¶Â m ò3»Yj$tZhºn3�Dyql'�.cñhmn3lqrWj$��j$o.hïlq��wKy'l'³�zDg�e~cXoDtazDo�wRn3��w~cX�3j�rWcXeDl'cHhml!â
lqoDeDzDlqtmcXo.h�zDoDj�gi��lqtWtWlqn3oÝ��cXtZj$r�jih­cHzKhmrZj�k$nXoDtWgi³"zKj$oDkijX�ïyêc�rmcXlqj�áÝÂ O òXåë¹«A�V�j$tZh¶��j$cXzDk$nXzDwf��n3l'oDt
j���k$cXk$ji��jio.h^lqo��Xj$rZtWg$jA³�zDjAyêc¶rmcHl'j�áuÂ�äKÂPò�¹«ATVX�

bdc�kin3��wDrWgi�Dj$oDtZl'n3o¡eDjitF��g$k$cXoDlqtW��j$t�e|{�l'o.�3jirWtZl'n3o�eDj�w�nXwDzDyêcñhml'nXoDt�cX��î$oDj�á¶hWrWn3lqt�rWj$��cXrZ³"zKj$tB�� ¾"j$zDy)y'jªwRn3��w~cX�3jak$n3yqy'lqtWl'nXoDoDj$y�áN�DcXtWtZjªhmj$��wRg$rmcñhmzDrZj�j$t°hïtWzd��tWcX����jio�h±j���k�cXkij�w�n3zKr7wRj$rW��jihZhmrZj
zKoslqo��Xj$rZtWl'nXo�eKj�y'c¶rmcXlqj�á¡Â O òXå�¹«ATVX��pbdcÝwDrWgitWj$oKk$j�e|{�g$��l'tZtWlqn3o���cXtZj$r�á�Â O òXåþ¹�A�VëtZl'�3oKjsy'c²wKrWg$tZj$oDkij�eDjskM�Dn)k�e~cXoKt�eDjit�o�z~cX�3jit
eKn3o.h�yêc«eKj$oDtZlqhmg^k$n3��wDrWlqtWjFj$o.hmrZj­Â�å 3 k$� −3 jUhSÂ�å 5 ki� −3 jitZh�tZl'�3oDl!è~k�cñhmlq�Xj$��j$o.hªtZzDwRg$rWlqj$zDrZjScXz)¯�HcXyqj$zDrZt���n�vXj$oDoDjitFeKzs��l'yql'j$z�l'o.hmjirWtZhWj$yqyêcXlqrWjX��pb®jit�kin3oDeDl!hmlqn3oDt�hWrWî$t�tZw�gik$l!è~³�zDj$t�oDg$kij$tZtmcXlqrWj$t�á­y<{�l'o.�Xj$rWtZl'n3oueKjAy'c«rmcHl'jSáuÂ O òHå�¹«A�V�l'��wDyql'³�zDj$o.h
³�zDjAy<{�l'o.�Xj$rWtZl'n3ouo�{}jitZhFw~cXt�tZv"tZhWg$��cHhmlq³�zDj�y'n3rZtW³�zDj�y'jS��l'yql'j$z�tWzD�Klqh�zDo�kM�Dn)kH�

4dÐ
4dÐ>ô~Ð
4 Ê Ú~Ó$Ò�ûñÓÐË�ª ô0L~õ%}�ÊÓªutevD6RÒ"ÓiÙPÕ !(Ò"Ó�ØdÒxÓ�ÛdÔïÒ�ûñü�÷56DÚ
bdc�oDcHhmzDrZj�kin3y'yql'tZl'n3oDoKj$y'yqjFeKzswRn3��w~cX�3j�á�y<{�n3rWlq�3l'oKjNeDj�k$jUhWhmjAl'o.�Xj$rWtZl'n3oseDj�w�nXwDzDyêcñhml'nXo�â[cXlqh�eDjAk$jit

��cXtWjirWtYzKo­l'oDeDlqk�cHhWj$zDr�è(cX�Dyqj�eDj�o"zDcX�3j$t7��n3yqg$kizDyêcXlqrWjitÖkM�Dn"³�zDg$ti�.æ^j�wDyqzDt7yqj$tYkin3oDeDl!hmlqn3oDt�rWj$³�zDlqtWjitïw�n3zKr
yqj$zDr�âãn3rZ��cHhWl'n3outZn3o.h^kin3��w~cHhmlq�Dy'jit�c��3j$k�y'jit���j$tZzDrWjitNcHhZhmjioDeDzDjitFe~cHoDtFzKoëo�z~cX�3j�cXwDrZî$t�w~cXtZtmcX�3jAe|{�zDo
kM�Dn"k�âãrZn3o.hMcXy±h�v"wDl'³�zDj�eKj��3jitZhmlq�3j�eDj�tWzDwRj$rZoDn��HcK�Yæ^jit­��jitWzDrZj$t¶eKj�eDj$oKtWlqhWg�jih«eDj�hWj$��w�girmcHhWzDrWj�n3o.h
gUhmg�rWg�cHy'l'tZg$jit�jioþeDlqrWj$kUhmlqn3o²eDj$t�o"zDcX�3j$tA��n3y'gik$zDy'cXl'rZj$t�cXtZtWn"k$l'gij$t�cXz)¯²�Xj$tZhWl'�3jit«eDj�tWzKw�jirWoDn��HcsÞ°� 13132
jUh®) òie)�ïeDj$z)¯ j�¯)j$��wDy'jit�kin3oDo�zDt�eKj��Xj$tZhWl'�3jit�lqo.hmj$rWcX�3lqtWtmcHo�h�c��3jikëeDjit�o�z~cH�3j$t���nXy'g$kizDyêcHl'rWjit$�aCïyqy'j$t
n3o.h�rWgi�Xg$yqg$j$t�eDj$t�hmj$��wRg$rmcñhmzDrZj$t�eKjëy<{�n3rZeDrWj�eDj³eXå�{ jih�eDj$t�eDj$oKtWlqhWg$t�eKjëy<{�n3rZeDrWj¡eDj�Â�å 4−5 ki� −3 �hWnXhMcXyqj$��j$o.hFk$n3��w~cHhWl'�Dyqj$tFc��Xj$k­yqj$t^�3cX����j$t�rWji³�zDl'tZj$tSw~cXrFy'jit^��n)eDîiy'jit�hW�Dg$n3rZl'³�zDjit$�®bdc�kin3oKè~rZ��cñhml'nXo
cXwKw�n3r°hmgijFw~cHrakij$tarWgitWzDy!hMcHhWtºeDj�yêcNè(cH�Dl'yqlqhmg�eDjFkij�hWrmcXkij$zDrae|{�l'o.hmjirmcXkUhmlqn3o�jihºyêcSeDg$kin3zK�Xj$rZhWjSá�w~cXrZhWl'rïeDjit
cXoKoDg$jit�Â ,i, ä¶e|{�g$��l'tWtZl'n3oKt���cXtZj$rZtFáuÂ O òXå�¹«A�VAwDrZnP�Xj$o~cHo�hFeDjSwDyqzDt�eDj�òXå¶�3jitZhmlq�3j$t�eDj�tZzDw�jirWoDn��Hc�j$o
âãn3o.h�zDo¡l'oKeDl'k$cHhmjizDr�wDrWl!�"l'y'gi�3l'gFw�nXzDr�yêc­rWjikM�Dj$rZkM�Dj«e�{çcXtZtWn"k$l'cHhmlqn3oDtªjU��jikihml!�3jit¶·°ÀKe3åñÃdásÀ e 1 Ã »��
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æ^jiz)¯�rWji��cXrZ³�zDj$t�kin3oDk$jirWoDjio.h^y'c«rWgiw~cXrZhWlqhWl'n3o�tZw~cHhWlêcXyqjNeDj$t���cXtZj$rWti�~j$o¡w~cXr°hmlqk$zDyql'j$rae~cXoKt�yqjNk�cHt�eDj

kin3y'yql'tWlqn3oDt�eDjªkin)³�zDlqy'y'jit7eDjª�Xj$t°hml'�Xj$tïeDj�tZzDw�jirWoDn��Hc�c��3j$k�eDjitïo�z~cX�3jitï��n3yqg$kizDyêcXlqrWjit$�ñbdcNo~cHhmzKrWj�tZhWl'�¶zKy'g$j
eDjSy>{}gi��lqtWtZl'n3o���cHtWj$r�oDg$kij$tWtZlqhWjSe|{}zKoDjSw~cXr°h�zDoDjNeKj$oDtZlqhmgSeKjNk$n3yqn3oDoDj^l'��w�n3r°hMcXo.hWjFwRn3zDr�cñhWhmjil'oDeKrWj^zKoDj
cX��wDyqlqè~k$cHhmlqn3oþwRj$rZk$j$w)hml'�Ky'jX�Yæ«{çcHzKhmrZj�wDcXrZh$�Yy<{}cX��wDy'l!è~k�cHhWl'n3o�cxy'lqj$z¿e~cXoKt�yqj$t­Vin3oDj$t�n$�ìyêc�kin3�DgirWj$oKk$j
eDjitF�"lqhWj$tZtWj$tNcXzëtZj$l'oëeDzë�.cfV�jitZhN��cñ¯)l'��cXyqj�À O , ÃµÀ e.ÁñÃ>����j$t^k$cXrmcHkihmgirWlqtZhmlq³�zDj$tFjU¯)wDy'lq³�zDj$o.hFw�n3zKrW³�zDn3l�y'jit
��cXtWjirWt�tWnXo�h�wDrZgiâãgirWj$o.hWl'j$yqy'ji��jio�h�nX�DtWjirZ�3git^tZzDrFyqjSw�nXzDrZhWn3zDr�eDjit��Xj$tZhWl'�3jitFeKjAtZzDwRj$rWoKnP�HcK�(b®j��3rWcXeDl'jio.h
eDjit¶�"lqhmjitWtZj$t�eDz¿�.ciV�j$tZh�jio¿ji��jih���l'oDlq��cHyYy'n3rZtW³�zDjuyqj�kM�Dn"kutWj�eKg$wDy'cXk$juwRj$rZw�jioDeDl'kizDyêcHl'rWji��jio.h¶á�y'c
yql'�3oDj�eDj��)lqtWgijX��bdjitNk$nXoDeDlqhWl'n3oKtFoDgik$jitWtmcHl'rWjitSá�y'c�âãn3rZ��cñhml'nXo�eKzx��cXtZj$r�oDj«tZn3o.hN�"rmcXlq��jio.h^tWcHhmlqtZâ[cXl!hmj$t
³�zDjuwRn3zDr¶zKoDju��lqoDk$j�rWgi�3l'n3oþeDj$rZrWl'îirWj�yqj�kM�Dn"kX�Ybdjit­y'lq�3oDj$t�eDj��"l'tZg$j�hmcXoD�3jio�hWl'jiy'y'jit¶cXz¿kM�Kn)kunX��rWjio.h
eDnXoDk�y'j$t�kin3y'n3oKoDj$t�eDjioDtWl!hmgitFyqj$t�wDyqzDt�l'o.hmgirWj$tZtmcXo.hWj$t�w�n3zKr�y<{}cX��wKy'lqèDk�cHhWl'n3o�eDj�y<{�g$��l'tWtZl'n3o��

������� 1 �ÇeU�©CY¯)ji��wDyqj�e�{}giyêcXrZ�3l'tZtWj$��j$o.hAe|{�zDoDj�rmcXlqj���n3yqg$k$zKyêcXlqrWj¶eDzþ���éj$oþeDl'rZj$kihWl'n3o²eDzÝ�3jitZhmlq�3j�eDj
tZzDw�jirWoDn��Hc 2 � 2 , Â²·4� 2 Â3� ,�w åK�}å.»U��b®j$t¶wKrWnXè~yqt«n3o.h­gUhmg�rZg�cXyql'tZg$t«wRn3zDr�eDlq��g$rZj$o.hmjit¶eDlqrWj$kUhmlqn3oDt«eDcXoDt¶y'c
rZg$�3lqn3o¡eDz��Xj$t°hml'�XjX�R��jihZhmjSè~�3zKrWj�j$t°hFhWl'rWgijSeDj�ÀKeXäñÃ>�

��Å �FÅ43 x ÍÐ­�±06¸¯��5��²�ª®²®Î%� <8² ±
­¸¯Õ²��
b®j$tSrWcXl'jitNtWwRj$kUhmrmcHy'j$t^��n3yqg$kizDyêcXlqrWjitFoDj­wKrWg$tZj$o.hmjio.h�óWcH��cXlqtFzKoÝwKrWnXè~yÖeDj¶h�v"w�j¶âãnXoDkihWl'n3o�eKj­æ^l'rWcXkX�

æ^l!��girWjio�hWtS��gik�cXoKl'tW��j$t^k$n3o.hmrZl'�DzKj$o.hAá�g$y'cXrW�3lqrFyqj¶wDrZnXè~y7e�{}zDoKj­rmcXlqjX�|bï{�zDoxe|{�j$z)¯xj$tZh�yql'g«á�yêc�o~cñhmzDrZj
³�z~cXo.hWl'³�zDj¡eDj¡y<{�g$��l'tZtWl'nXofjih�cXz)¯¿rWj$y'cHhmlqn3oDt¶e�{}lqoDk$jirZhml!hmzDeKj$t­eDj¿AFjil'tZj$o���jirW�D�±bï{�g$oDjirW�3lqj¡e|{}zKo�oDl!�3j$cXz
cHhWn3��l'³�zDj«wRj$z"¯xj$oxjU��jUhS�HcXrWlqj$r^eKj

∆E
w�jioDe~cXo.hSzDo²lqo�hWj$r°�XcHy'y'jAeDj«hWj$��wDt

∆t
hmjiy7³�zDj

∆E.∆t ∼ ~
�

bdc­hmrmcHoDtWl!hml'nXo¡�Xj$rZt^zDosgihMcñh^e|{�g$oKj$rW�Xl'j�l'oKâãgirWlqj$zDrZjAwRj$z)hNcXlqoDtWlF�UhmrZj«cH��j$kUhmgij«jihFk$jA³�zDj$yd³�zDj�tWn3l!hFy>{}gUhMcHh
eDz ��l'y'lqj$z|��bdcxk$n3yqy'lqtWl'nXoþj$o.hWrWj¡eDj$z"¯ cHhmnX��jit­n3zì��n3yqg$kizDy'jit«�Hc²wRj$r°hmzDrZ��jir­y'gi�3î$rZj$��j$o.h�y'jit­oDlq�Xj�cXz)¯



`(?i\P;[:[OPE³Á��ÖÕ�B[y±=�OdÄHG�zl�u?MJ�:'EK6�QM=�?MER;>JS?P;ï:'ER\$?M=$;>:<;.Å"LD?mJ L[u
cHhWn3��l'³�zDj$tSeKj�kij$t�cHhmn3��j$tSjUh«lqoDeDzDlqrWj­zDoÝeDgik�cXy'cX�3j­eDjitAhWrmcXoDtZlqhWl'n3oDtSjio.hmrWj�oDl!�3j�cHz)¯��Öð�oþcHzKhmrZj�jU��jUh
o~cñhmzDrZj$y�jitZh�y>{}jU��jUh�æ^n3wKwDy'jirª³�zDl|rWjioDeuk$nX��wKhWjNeDjNy'c«eDlqtWwRj$rWtZl'n3o�eDj^�"lqhWj$tWtZjSeDj$t���n3yqg$k$zKy'j$tºg$��jihZhmrWlqk$jit
cXz�tWjil'o�eKz���l'y'lqj$z|�7¸Ön3zKr�yqj$t�tZv"tZhWî$��j$t�jio�gi³"zKl'y'lq�DrWjH�ïy'jit���n3y'gik$zDyqj$t­tZzDlq�Xj$o.h�zDoKjëeDlqtZhmrZl'�Dz)hml'nXo¿j$o
�"lqhWj$tZtWj�eKj�h�v"w�j�¹ëcñ¯5iºj$yqy'l'jioDoDj�jih«y'j�wDrWnHè~y±w�jizKhc�UhmrZj�k�cHy'k$zKy'g�cXo~cXy!v�hml'³�zDji��jio.h��®¼�y<{�jU¯)k$jiwKhmlqn3oþeDjit
o�z~cX�Xj$tu�.cXy'cXkihWl'³�zDjit�wDrWn"kM�DjitueDz�k$j$o.hWrWjxeDjxy'cÞ�AcHyêcñ¯)l'jH�±y'j$t�eDl'tZw�jirWtWlqn3oDtueDjs�)l!hmjitWtWjit¡rmcXeDl'cXy'jit�eDjit
rWcXl'jitN��nXy'g$kizDyêcHl'rWjit^o|{�jU¯)kiî$eDjio�h�w~cXt­Â�å�à"����t

−1 �®b®j$tSo�z~cH�3j$t�wDrZn)kM�Djit�eDz²k$j$o.hWrWj�eDj­yêcÐ�AcXy'cñ¯)l'jAâãn3o.hè~�XzDrWjSe|{�jU¯)kij$wKhWl'n3o�eDzuâ[cXlqh�eDj$t��3rWcXeDlqj$o.hmtªeKjN�)l!hmjitWtWjitFeKjSrWnXhmcHhmlqn3o�l'��wRn3rZhmcXo.hmt�eDcXoDt�k$jit�rWg$�Xl'n3oDt�³"zKl
lqoDeDzDlqtWj$o.h�eDjit�eKl'tWwRj$rZtWlqn3oDt�eDj��"lqhmjitWtZj$t��Dl'jio�tZzDwRg$rWlqj$zDrZj$tFáuÂ�å­à"����t

−1 �ðFoKjScXzKhWrWj^tZn3zDrZk$j^e�{}giyêcXrZ�3l'tZtWj$��j$o.h�eDj^rWcXl'j�wDrWn��"l'jio.hªeDjitªk$n3yqy'lqtWl'nXoDtïeDj^o�z~cH�3j$tª��n3yqg$k$zKyêcXlqrWj$t±c��Xj$k
e|{}cXzKhWrWjit�nX�"óZjihWt�hWj$yqt�³�zDj�yqjSkM�Dn)kNâãrZn3o.hMcXy�e|{}zKo��Xj$tZhWl'�3j�eDj�tZzDw�jirWoDn��HcK�(æ^jitFeKl'tWwRj$rZtWlqn3oDt�l'��wRn3rZhmcXo.hmj$t
eDjºy<{�n3rWeKrWjaeDj

∆V ∼ 30 − 50
à����}t

−1 n3o.h7gihmgºeDgihWj$kUhmg$jitYwRn3zDr�eDj$tYo�z~cH�3j$tÖ��n3yqg$kizDyêcXlqrWjitdcXtWtZn)kil'g$t7áFeDjitkM�Dn"k$tFâãrWn3o.hMcHz)¯¿À e3äPÃ<��bdjit^âãrmcHkihmlqn3oDt�eDj¶o�z~cX�Xj$tNn$�ëtWn3o.hSn3�KtWj$r°�3gij$tSk$jitSeDl'tZw�jirWtZl'n3oDtFk$ni&<oDk$lqeDj$o.h^w�n3zKr
y'c¶wDy'zDwDcXrZh�c��Xj$kAy'j$t�wRn3tZlqhmlqn3oDtºeDj���cXtZj$rZtT�BA áuÂ O òXå�¹«A�VH�R��j$t�cXtZtWn"k$lêcñhml'nXoDtªl'oKeDl'³�zDjio�h�kiyêcXlqrWji��jio�h
³�zDjAy'jSkM�Dn"k�j$t°hFjioëj�¯KwDcXoDtWlqn3oscXz)¯�cX�Rn3rZeDt�n3zsá�y>{}lqo.hmg$rZl'jizDrªeDjitFo�z~cX�Xj$t���n3yqg$kizDyêcXlqrWjit$�)b�c¶è~�XzDrWj 1 �Ke
rZj$wDrZg$tWjio.hmj�y'j¶wKrWnXè~yÖe|{�zDoDj­rmcHl'j«eKzþ���Ìe~cXoKtSyêc�eDlqrWjikihmlqn3oëe�{}zDo²o�z~cX�Xj­��n3yqg$kizDyêcXlqrWjAcXtZtWn"k$l'g¶c��Xj$k­yqj
�Xj$tZhWl'�3jAeDjAtWzDwRj$rZoDn��Hc 2 � 2 , Â�·¶� 2 ÂX� ,�w åK�}å.»��~b®j�wDrZnXè~ydeDz��~cXzKhFk$nXrWrWjitWwRn3oDeëá�y'c�eDlqrWjikihmlqn3o¡e|{�zDoëeDjit
��cXtWjirWt|�BAA�|��jiy'zDl�eDz��DcXt^kin3rWrZj$tWwRn3oDe�á�zDo�wRn3l'o.hWg�eDgik�cXyqg«w~cHrFrWcXwDwRn3rZh^á�yêc�wRn3tWl!hml'nXoseDjitN��cXtWjirWt$�
bï{�g$yêcHrW�3lqtWtWji��jio.h±eDj�yêcNrmcHl'j��"l'tZl'�Dyqj�tWzDr±y'c^è~�3zDrZj�eKz��DcXzKhal'oDeKl'³�zDj�yêcNwKrWg$tZj$oDkijFeKz�kM�Dn"k�áSk$jihajioDeDrWnXlqh��

bdc kini&µoKk$l'eKj$oDkij�c��Xj$kþy'cfw�nXtWlqhWl'n3oÿeKjÝ��cXtZj$rWt«�@A k$n3o)è~rW��j²³"zKj�yqj$tug$y'cXrW�Xl'tWtZj$��j$o.hmt¡eDj²rWcXl'jit
tZw�jikihmrWcXy'jit^��n3y'gik$zDy'cXl'rZj$t�tZn3o.hNeDjit^l'oKeDl'k$cHhmjizDrWt�eDj«y'c�wKrWg$tZj$oDkij­eDjAkM�Dn)kitScXzsoDlq�Xj�cXz�eKj$t^o�z~cH�3j$tF��nH´
yqg$k$zKyêcXlqrWj$ti�Rb±{}cXo~cHyqv"tWj�eDj$tNwKrWnXè~yqtFeKj$tNrWcXl'jit^eDz²���ÉwRj$zKhNeDn3oDk�w�jirW��jihWhWrWj�eDj�hWrmcXkij$r^y'c�wDrZg$tZj$oDkij­eDj
kM�Dn"k$t�e~cHoDt�e|{çcHzKhmrZj$t�o�z~cX�3jit���n3yqg$k$zKyêcXlqrWj$ti�dw~cXrZhWl'kizDy'lqî$rWji��jio.h¶y'nXrWtW³�zDj¡yqj$t¶kin3oDeDl!hml'nXoDt¶oDj¡tWnXo�h�wDcXt
rZj$³�zDl'tZj$t�wRn3zDr­yêcëâãnXrW��cHhmlqn3oþeDj¡��cXtWjirWt��@A áfÂ O òHå²¹«A�V¡jih�³�z|{�zDoDj�g$��l'tZtWlqn3o¿áxk$jUhWhmjuâãrZg$³�zDj$oKk$j
o|{�j$t°h^wDcXt�n3�DtWjirZ�Xg$jX�

·u��Ø {>»Ö��¹��}|�¬ £�¦ _i ZÚu§+»7£� ­��¦í£ª� _$ Z^�£+»��N_U�X¼¡¤u£�¦
��Å4£�Å°Æ r ­�±g­�EJ�)Ë�±g¯���­4�
¯Õ©±Î <$²��¿Î+:8­�6°²�� ª®©±Í°ËFE�:^ÍÕ­°¯U±g²��
4dÐW�|Ð>ô~Ð[ô kiüÖú3Ò�û�ÙPÕ ÙPÛ�Ø�ÒsÓ�Ûdû�ùãÚ�Ø�Õ[ÓiÙ�Ú~ü�ú3Ò

bï{}z)hml'yql'tWcHhmlqn3o�eDj$tïo�z~cX�Xj$tY��n3y'gik$zDy'cXl'rZj$tdj$o¶hmcXo.hï³�zDjªtZn3oDeDjªwRn3zDrÖy<{}cXk$kig$yqg$rmcñhml'nXo«eDjª�DcXeDrWnXoDtYoDgik$j$t+´
tZlqhmjaeDjºtmc��3n3lqrÖtZl)y>{çcHtWtWn"k$l'cHhmlqn3o�j$o.hmrZj�cXkik$g$yqg$rWcHhmjizDrÖjUhYkil'�DyqjajitZh7ji��j$kihWlq�XjX�3b®jit7j$t°hmlq��cHhWl'n3oKt®eDj�eDlqtZhmcXoDk$jit
rZg�cXyql'tWgij$t­cHzfhmrmc��Xj$rWt�eDj�w~cXrmcH��gUhmrWlqtmcHhWl'n3oKt�eDjukin3zDrZ��jit­eDjurWnXhmcHhmlqn3oþkin3��w�n3r°hmjio�h¶³"zKj$y'³�zDjit­l'oDkij$r°hml!´
hWzDeDj$ti�ªæ^jitU*~zDkUhmz~cñhml'nXoDt�lq��wRn3rZhmcXo.hmjit�w~cHr�rmcHwDw�nXrZh�cXz)¯�cPóZzDt°hmj$��j$o.hWt�tWn3o.hunX�DtWjirZ�3gij$ti�ªeDj�y>{}n3rZeDrWj
eDj�Áþà����}t

−1 ·[½^¹�¾�eDjxy'cfeDl't°hmrZl'�DzKhWl'n3o�eDj$t¡rWgitWlqeDzDt¡eDjxy<{}cPóZzDt°hmji��jio�hM»U��Cïyqy'j$t�w�jizK�3jio�hëcHhZhmj$lqoDeDrZj
ÂPÁ�à��s��t

−1 w�n3zKrºkij$rZhmcXl'oKj$tarWg$�Xl'n3oDti�"��jihZhmj^jirWrZj$zDrºtWzDrayêcS�"lqhmjitWtZj^rmcHeDlêcXyqj�w�jizKhºk$n3oDeKzDl'rZj^áAeDj$tºj$rWrZj$zDrZtlq��wRn3rZhmcXo.hmjitªtWzDr�y'c¶eDl't°hMcXoDkij�oDn3zDt�tZg$w~cXrWcXo.h^eKjSk$j$t�n3�"óZjUhmti�(æ^j�wDy'zDti�Dy'jit�j$t°hml'��cHhWl'n3oDt�eDj�eDl't°hMcXoDkij�á
w~cHrZhmlqrºeKjF�"lqhWj$tWtZj$tªrWcXeDl'cXy'jitºtZn3o.hªj$o.hWl'î$rZj$��j$o.hªeKg$wRj$oDe~cHo�hWj$t�eDjFyêcAeDl't°hMcXoDkij^oDnXzDt�tZg$w~cXrWcXo.hªeDzukij$o.hmrZj
eDj¡y'c���cXy'cñ¯)l'jX�7b®j$t�l'oDkij$r°hmlqhWzDeDjit�tZzDr�y<{�j$t°hml'��cHhWl'n3ofeKj�kijihZhmj�eDl't°hMcXoDkiju�3n3o.h��ihWrWj�áÝy>{}nXrWl'�Xl'oDj�e|{}zKoDj
tZn3zDrWkij�e|{�j$rZrWj$zKrWt­tWzKwDwDy'gi��jio.hMcXlqrWj$ti�Yæ^jit¶��j$tWzKrWj$t­rZg$kij$o.hmjit­tWn3zKhWl'jioDoDj$o.h­jio¿ji��jih­³�z|{�l'yatWj�tWlqhWzDj$rWcXlqh
wDyqzDtawDrWn"kM�Dj�eDz�t°v)t°hmîi��jN¾)n3yêcHl'rWj�³�zDjFy<{�j$t°hml'��cHhWl'n3o¶z)hml'yql'tZg$j�wRn3zDrayêcSw~cXrWcX��gUhmrZl'tmcñhml'nXo­eDj^y'cSèD�3zDrWj 1 �çÁ
·
7.62 ± 0.32

à�wRk�À O òñÃê»U�
4dÐW�|Ð>ô~Ðqõ kiüÖú3Ò�û�ÙPÕ ÙPÛ�Ø�ÒsÓ�Ûdû�ùãÚ���Ú~Ó�Ó$Ò�Ò.Ù�ØdÒ)ü�Ó�Õ Ù�×

b®j$tSjirWrWjizDrWtSkin3����lqtWj$tFtWzDrSy>{}jitZhWl'��cHhmlqn3oseKj$tS��cXtWtZj$tNtZn3o.h�eDj¶eDjiz)¯xn3rZeDrWjit$�®æ�{}zDoKj­w~cXrZhNyêc�rZg$tWnñ´
yqzKhmlqn3oþtZw~cHhml'cXy'j�jih­jiof�"lqhmjitWtZjurmcXeDl'cXy'j�eDjit­eDn3oDoDgij$t­oDjuwRj$rZ��jUh¶�3gioDg$rWcXy'ji��jio.h­w~cXt¶eKjueDgiè~oKl'r¶c��Xj$k
wDrZg$kil'tWlqn3o¿y'jit¶k$nXo�hWn3zDrZt­eDzìo"zDcX�3jujih¶tWn3oìjU¯"hWj$oDtZl'n3oìj$o¿�"lqhWj$tZtWjurmcHeDlêcXyqjX�Öb®j$t­wDrZnXè~y't«eDjuyêcërWcXl'j�eDz
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K\M:�ÄñG[?MJ��
��� k$nX��wRn3rZhWj$o.hºeDj^oDnX�¶�DrWjizDtWjitªtZhWrWzDkUhmzDrZj$t�tZj^kM�DjU�XcHzDkM�~cXo.h�jih�yêc�eDgihWj$rZ��lqo~cHhmlqn3o�eDj^y>{}j�¯)hWj$oDtZl'n3o�eDz
o�z~cX�XjNj$o�hWj$rW��jNeDjF�)l!hmjitWtWj^rmcXeDl'cXy'j�j$t°h�eDl
��kil'yqjX��Þ�y�jiourWg$tZzDyqhWjNzDoDj^j$rWrZj$zDr�tWzDrªy>{}lqo.hmj$oKtWlqhWg^lqo�hWg$�3rZg$jFeDj
y'c�rmcHl'jS���¶�KðFoDjNeKlW��k$zDy!hmg�rWgitWl'eKjNg$�.cHy'j$��j$o.h�w�n3zKr�eDgUè~oDl'r�c��3j$kSwKrWg$kil'tZl'n3o�yqj$tºk$n3o.hmnXzDrWtªjUh�y'jit�wDrZnXè~yqt
eDj�eDjioDtWl!hmg�eDjitFo�z~cX�Xj$t$�(bdc�eDj$oKtWlqhWg�j$tZhWl'��g$jSti{}jio�hWrWn3zK�XjAhWrWîit�lqoDk$jirZhmcXl'oDjH�

æ«{}cXzKhWrWj�w~cXr°h��3y'c^k$n3o.�Xj$rWtZl'n3o�j$o.hWrWj�y<{�l'o.hmjioDtWl!hmgªeKj�yêcNrmcHl'jªeDz�����jih±yêcNeKj$oDtZlqhmg�eKj�k$n3yqn3oDoDj�eDgiw�jioDe
eDz�â[cXkihWj$zDr

X
�R��jAk$n"j���kil'j$o.hFj$t°hFhWrWî$t��HcXrWl'cX�DyqjX�DtWc�eDgUhmjirW��l'o~cHhWl'n3ouwRn3zDr�zDosw�nXl'o.h�w~cXr°hml'kizDy'lqj$rªeKj�y'c��cXyêcP¯Klqjªj$t°hak$n3��wDy'j�¯)jX��¸7cHr±cXl'yqy'j$zKrWt$�Hl'yDgU�3n3yqzDj�c��3j$k�yêcNeKl'tZhmcXoDkijFcHz�kij$o.hmrZjFeDj�y'cB�AcXy'cñ¯)l'jH�3ðFo�â[cXkUhmj$zKr

1 tZj$rmcHlqhNnX�DtWjirZ�3g­jio.hmrWj­yqj$t��XcHy'j$zKrWtN��j$tZzDrWgij$tSj$oxeKl'rWjikihWl'n3oseDzxk$jio�hWrWj­eDj­y'cÐ��cXyêcP¯Klqj�jUhSeDjitNrWgi�3l'n3oKt
wDyqzDtAy'n3lqo�hmcXl'oKj$t$�|b�c¡k$nXo�hWrmcXlqo.hmj�eDj�kij�â[cXkUhmjizDr�jUh«eKj�tZj$t«eKg$wRj$oDe~cHoDk$jit¶j$t°h«zDo�tWzñóZjUh¶e|{}cXkUhmz~cXyqlqhWg­j$o
rWcXeDl'nñ´+cXt°hmrWnXoDn3��l'jX�

��Å4£�Å43 r ©±ÎH��±g­°¯+ÎH��²��A��:$±�Í}~[Ë�ª®¯��5��¯Õ©±Î ÍÕ²M82�
©±Î$¯�Iv:8²
bdc�wDrZg$tZj$oDkij¶eDjAo"zDcX�3j$tF��nXy'g$kizDyêcHl'rWjit�e~cXoDt�y'jS�Xn3l'tZl'o~cX�Xj�e|{}cXkik$g$yqg$rWcHhmjizDrWtFcXzD�3��j$o.hWj�y'c��"l'tZl'�Dlqy'l!hmg

e|{�zDoDj�wRn3wDzDy'cHhmlqn3o«eKj��~cXeDrZn3oDtïeDj��~cHzKhmj�gioDj$rZ�3l'j�cXz­rZj$�.cHrWe�e|{�zDoDj�wRn3wDzDy'cHhmlqn3o¶e|{�g$yqj$kihWrWn3oKt$�3ß�n3zKhWjiâãn3lqt
yqjÝrWc�v3n3oDoKj$��j$o.heMºrWj$��tWt°hmrWcX�Dy'zKoD�ìeDn3o.hëyqj�hmji��wDt¡k$cXrmcXkUhmgirWl't°hmlq³"zKjÝjitZh�hmrZî$t¡tWzDwRg$rZl'jizDrëá¿kij$y'zKlSeDj
y'c�eDlq��zDtWlqn3o���n3��wKhmn3oìlqo��Xj$rZtWj¡w�nXzDr­zDoDj�eDj$oKtWlqhWgueDz ��lqy'l'jiz¿cX�¶�KlêcXo.h¶â[cXlq�Dy'j�· ∼ 1 cm−3 »«eDji�"lqj$o.hkin3��wDcXrmcX�Ky'j�jUh�l'oKâãgirWlqj$zDr�j$oìeDj?z$áxeDj�³�zDj$yq³�zDj$t�eDlWV�cXlqoDj$t¶eKjußÖjàß wRn3zDr¶zKoDjueDj$oKtWlqhWgueDjuy<{�n3rZeDrWj�eDj
103 cm−3 ·ãè~�3zKrWj 1 � 2 »��|b®j«hmji��wKtNk�cXrWcXkihWg$rZl'tZhWl'³�zDj¶eKj­k$j­wDrZn)kij$tWtZzDtSj$t°h�w~cXrScHl'y'yqj$zDrZtFeKzx�®�i��j¶nXrWeDrZjeDj��3rWcXoDeDjizDr�³"zKj�kij$y'zKlaeKj�y>{}lqo.hmj$rWcXkihWl'n3oxwKrWnXhWn3o)´�wKrWnXhWn3o|�dðFoKj�kin3o.hmrZl'�DzKhWl'n3oÝá¡y<{�g$��l'tZtWl'nXo

γ
eDj­hmrZî$t

�~cHzKhmj�g$oKj$rW�Xl'j�w~cXr�eDjit�g$y'jikihWrWn3oDt�kin3rWrZg$y'gijAc��Xj$kAyêc¶eDjioDtWl!hmg�eDj���cHhmlqî$rWjSjitZh�eDj�k$jSâ[cXl!h�wRn3tWtZl'�DyqjX�
b®j$t�kM�~cX��wDt­��cX�3oDgUhml'³�zDjit�wDrWgitWj$o.hWt�áxy<{�l'o.hWg$rWlqj$zDr«eDj$t�o�z~cX�3jit�tZn3o.h�wDy'zDt­lqo.hmj$oKtWj$t�³�zDj¡e~cXoDt�yqj

��l'yql'j$z«l'o.hmjirWtZhWj$yqyêcXlqrWjªt°hMcXoDeDcXrWeëÀKe O Ã<��b®jitº��j$tZzDrWjitºe|{�ji��jih>��j$ji��cHo�tZzDr±wDy'zDtZl'jizDrWt±rmcHl'j$t±eDj���cXtWjirWt��@A
áuÂ O òHå�¹«A�V���n3o.hmrWjio.hF³�zDj�yqj$t�kM�~cX��wDt���cX�3oDgUhmlq³"zKj$t�e~cXoKt�yqj$t�o�z~cX�Xj$t���nXy'g$kizDyêcHl'rWjitªcXwKrWî$t�w~cHtWtmcH�3j
e|{�zDo²kM�Dn"k¶tWnXo�hNeDj­y<{�n3rWeKrWj«eKj�Â�å3å

µ
�Ì�Xn3l'rZj«³�zDj$yq³�zDj$t��U���RæNcXoKtSzDo�hmjiy7kM�~cX��wx��cX�3oDgUhml'³�zDjH��zKoDj

wRn3wDzDy'cHhmlqn3o�e|{�g$yqj$kUhmrWnXoDt^cHk$k$giy'girWg$t��"l'jil'yqy'lqhahmrZî$t�rmcHwDl'eDji��jio.h��
��j$r°hMcXlqoDt�o�z~cH�3j$tª��n3yqg$k$zKyêcXlqrWj$tacX�KrWlqhWj$o.h�cXzDtWtZl�eDjitªrWgi�3l'nXoDtºeKj^âãn3rW��cHhWl'n3o�e|{�gihWn3l'yqj$t$�"b®j^kM�DcX��w�eDj

wD�KnXhmn3oKt�wKrWg$tZj$o.h^cXzsoKlq�3j$cXz�eDzso�z~cH�3j���n3yqg$kizDyêcXlqrWj�j$t°h^e~cHoDt�k$j�k�cXt�lqo�hWj$oDtZlqè~g�jUhFwRj$z)h�k$n3o.hmrZl'�DzKj$r�á
rZj$oDeDrZj^yqj�wKrWn"k$j$tZtWzDt���n3��w)hmn3o�l'o.�3jirWtZj^wRj$rZâãnXrW��cXo.h���bdc�eDl!��zKtWl'nXo���nX��wKhWn3o�l'o.�3jirWtWj^j$tZhºj$o�wDrWji��lqî$rZj
cXwKwDrWn�¯)l'��cHhmlqn3oÝwDrWn3wRn3r°hml'nXoDoDj$yqy'j�áëy'cseDjioDtWl!hmg�e�{}gioDj$rZ�3l'j�eDzfkM�~cX��w¿eDj�wD�DnXhWn3o|�Öb�cswDrWgitWj$oKk$jue|{�zDo
cX��cXtAe|{�gihmnXl'y'jit�n3zþe|{�zDoDj�rWgi�3l'n3oÝeDj�âãn3rW��cHhmlqn3o²e|{�gihmnXl'y'jit�w�jizKh«kin3o.hmrZl'�DzDjir¶á�y<{}cXzD�3��j$o.hMcñhml'nXoxeDj�y'c
eDl!��zKtWl'nXo���n3��w)hmn3o�l'o.�3jirWtZjAeKj$t�g$y'jikihWrWn3oDti�

��Å4£�Å[Ä á E�E�Ë®Í°Ë�±
­4�
¯Õ©±Î <$²ô±g­N�°©±ÎN� E¿©:��ª®¯�Iv:8²��s<8­±ÎN�ìÍÕ²��ìÎ+:8­�6°²�� ª®©±Í+ËFE�:^ÍÕ­°¯U±g²��
b®j$t�o�z~cX�3jit���n3y'gik$zDy'cXl'rZj$t¶oKj�kin3oDt°hmlqhWzDj$o.h�w~cXt�eDjit�tZn3oDeDjit�w~cHtWtWl!�3jit$��C±o ji��jih$�±yêcxwDrWnXw~cX�.cHhWl'n3o

e|{�zDo�kM�Dn"k�âãrZn3o.hMcXy�eDjS�3j$t°hmlq�3j�eDj�tWzDwRj$rZoDn��Xc�á�y<{�l'o.hmgirWl'jizDrªe|{�zDoDjBVin3oDj�eDj���cñhml'îirWjNeKj$oDtZj«c­wDyqzDtWlqj$zDrZt
kin3oDtWgi³�zDj$oDkij$ti�dbdjAkM�Dn"k«yqzDl®�®�i��jAj$t°hNrWcXy'jio�hWl®jih^rWg$eKzDlqh�w~cXr�k$nXoDtWgi³"zKj$o.h�y<{�j���k�cHk$lqhWg�e�{çcXkik$giy'g$rWcHhmlqn3o|�
¸ÖcXr¶cXlqy'yqj$zDrZt$�|y'c�³�z~cXo.hWlqhmg�eDj���cHhWl'îirWj��~cXy'c�vXg$j�w~cXrAy'j�kM�Dn)k�cXzD�3��j$o.hWj��Rj�cXzKk$n3zDwþwDy'zDtArmcHwDl'eDji��jio.h
³�zDj­e~cHoDtNyêc���lqy'l'jizslqo.hmj$rZtZhWj$y'y'cXl'rZj�tZhMcHoDe~cXrZe|�®b®j«â[cXl!h^³�zDj­y'c�eDjioDtWl!hmg­eDj¶��cHhWl'î$rZj�jUhSyêc�hmj$��wRg$rmcñhmzDrZj
cXzK�3��jio.hmjNcHz�oDl!�3j�cHz�eDz�kM�Dn"k^wKrWn��3n"³�zDjNzDo�wDcXtWtWcX�3j^wKy'zDtºrmcXwDlqeDj�eDz�kM�Dn"kNe~cHoDt�yqjFt°hMcXeDjFrmcXeKlêcHhWlqâ�n$�
yqj$t^wRj$r°hmjit^w~cXrFrmcXeKlêcHhWl'n3oDt�eDjU�"l'j$oKoDj$o.hSwDrZg$eDnX��lqo~cXo.hmjit$��b±{}cXkik$g$yqg$rWcHhmlqn3oseKj$tNrWc�vXn3oDtNkin3tW��l'³�zDjit^o|{�j$t°h
wDyqzDt�cXzDtZtWl®j���k$cXk$jAe~cXoDt�kij$t�k$n3oDeKlqhmlqn3oDti�
·u�èç {p£+»7¦FÙx£�^º�N_U©«£�¦

bï{}nX�DtWjirZ�HcHhmlqn3oxe|{}cXtWtZn)kilêcHhWl'n3oKtFeDj­o�z~cH�3j$tN��n3yqg$k$zKyêcXlqrWj$tFc��3jik­eDj$t^�Xj$t°hml'�Xj$tSeDj¶tZzDwRj$rWoKnP�HcutWji�¶�Dyqj�UhmrWj�yêc¡tWn3oKeDj�l'eKg�cXyqj�wRn3zDrA��jihWhWrWj�j$ofgU�"l'eDjioDk$j�y>{çcHk$k$giy'girmcHhWl'n3oÝeDj��DcXeDrWnXoDt«cHzftWjil'oþeKj�k$jit¶n3�"óZjUhmti�
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M�lqj$o�³�zDj�o�{}gUhMcXo.hFw~cXt�zDoDjAtWn3oKeDj�wDcXtWtZlq�3jH�(yêc­wDrWgitWjioDk$j�e|{}zKoëo�z~cX�3j�kin3��wDcXkih�eDj�eDlq��jioDtWlqn3o¡rWg$eKzDlqhWj
w~cHr�rWcXwDwRn3rZh�cXz��Xj$t°hml'�XjëeDjstWzDwRj$rZoDn��Xc�eDji�"rmcHlqh�rWj$oKeDrWj��)lqtWlq�Dy'j¡zDoDjsw�nXwDzDyêcñhml'nXo eKjs�~cHeDrWn3oKt�tmcHoDt
��n)eKlqè~k$cHhmlqn3o���cPóZj$zDrZjSeDj$t�k�cHw~cXk$l!hmgit�e�{çcXkik$giy'g$rWcHhmlqn3o|�

bï{}nX�DtWjirZ�HcHhmlqn3o e|{�zDoDj¿�3rWcXoDeDjþw~cXrZhWl'j�eDj$t��Xj$tZhWl'�3jitxeDjftZzDw�jirWoDn��HcÿrWgiw�jirZhmnXrWl'git�e~cXoKt�yêc�rWcXl'jþá
Â O òXå�¹«ATV¶k$nXrWrWjitWwRn3oDe~cHo�hNá�zDo�eKj$tN��cXtWjirWt|�BA c�gihWg«rZg�cXyql'tWgij�wDcXr^wDyqzDtWlqj$zDrZt^gUhmzDeDjit�·ZÀ e3åHÃ7áëÀ e 1 Ãê»U�
ð�oDjNg$��l'tZtWlqn3o���cXtZj$rªáAk$jUhWhmjFâãrWg$³�zDjioDk$j�cAgihWgNeDgihWj$kUhmg$j^j$ouwDrZnP�Xj$o~cHoDk$jSeDjFwDy'zKt�eDj��)lqoD�Xha�3jitZhmlq�3j$t�eDj
tZzDw�jirWoDn��HcK�|��j$tNeDgUhmjikihmlqn3oDtFk$n3oKèDrW��j$o.hSyêc�wDrZg$tWjioDk$j­e�{çcXtZtWn"k$l'cHhmlqn3oDt�eDj��Xj$tZhWl'�3jitNeDj¶tZzDwRj$rWoKnP�Hc�c��Xj$k
eDjitFo�z~cH�3j$t���n3y'gik$zDy'cXl'rZj$t$�

bï{}nX�DtWjirZ�HcHhmlqn3o�t°v"tZhmgi��cñhml'³�zDjFeDz�wDy'cXo�eDj^y'cc��cXyêcP¯Klqj�wDrWn"kM�DjFeDz�kij$o.hmrZjB�AcHyêcXkUhml'³�zDj�w~cHrvAA�ÇC��ç¾��
¾R�
wDrZn)kizDrWjëzDo�hmji��wKt�e|{�n3�DtWjirZ�HcHhWl'n3o�tZz0��tmcXo.h¡wRn3zDr�rWj$kM�Kj$rWkM�Kj$ruzDoDjëg$��l'tWtZl'n3o�eDj�rWc�vXn3oDt

γ
eKjëhmrZî$t

�~cHzKhmjNgioDj$rZ�3l'jFwDrWn��Xj$o~cXo.h�e|{}cXtZtWn"k$lêcñhml'nXoDtºwRnXhWj$o.hmlqj$y'yqj$ti�)ð�oDjScXoDcXyqv"tWjFeDj^wKy'zDtZl'j$zKrWt�tZn3zDrZk$j$t�eKjNrmc�v3nXoDt
γ
tWjirmcxwDrZg$tWjio.hmg$j�e~cXoKt­yêcëtZzDlqhWj�eDjuk$jUhWhWjugihmzKeDj¡cXl'oKtWl�³�zDjuy>{}lqo.hmj$rZwDrWgUhMcHhWl'n3o�eDjuy<{�g$��l'tZtWlqn3oþjioìhmcXo.h

³�z|{�l'o.hmjirmcXkUhmlqn3o¡eDj�rmc�v3n3oKtFkin3tW��l'³�zDjit�eDcXoDt�eDj$t�o�z~cX�Xj$t���n3yqg$kizDyêcXlqrWjit$�
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bdc�rWgi�3l'n3oxeKz��3j$t°hmlq�3j­eDj­tWzKw�jirWoDn��HcueDj�¹sn3oDn"k$jirWn3tNc�gihmg­kin3zK�Xj$rZhWj�w~cXr@A�Cº¾K¾xeKî$tS��cXrWt�òHå3å 1 �
ð�oëtZv"t°hmî$��jA�Dl'o~cHl'rWjH�(¾)¼2���3å3ä 2 Á)�çò w å.Á 232 �)j$t°h^wDrZg$tZj$o.hNe~cHoDtFkijihZhmjArWg$�Xl'n3o|�KÞ�yÖc�gihWg�n3�DtWjirZ�Xg«eDzDrWcXo.h
wDyqzDtªe|{�zDoDjS�Kj$zDrZjSj$o�òXå3å 1 �)¼FzDk$zKo�tZl'�3oDcXy�o�{çc¶gUhmgSeDgUhmj$kUhmgSjio�eKl'rWjikihWl'n3o�eDjSk$jNt°v"tZhmîi��j��Dlqo~cXlqrWjX�"ð�oDj
tZn3zDrWkij^wRj$z�gihmjioDeDzDjNcAw~cHrºkin3o.hmrWj�gihWg^rZgi�3giy'gij^e~cXoKtºyqj�kM�DcX��w�eDjF�"zDjH�)tZl'�3oKlqè~k$cHhml!�3j$��j$o.h±eDlqtZhmcXo.hmj�eDj
y'c�w�nXtWlqhWl'n3oëeDzxtZv"tZhWî$��j��Dl'o~cHl'rWj�ÀKeieHÃ<��bï{}j�¯Kkiî$tAc�gihWg­n3�DtZj$rZ�Xg�eDzDrmcHo�h�yqj$tNeKj$z)¯ÝcHoDoDg$jit�tWzDl!�XcHo�hWj$tSjUh
zDo�hWnXhMcHy�eKj 2 Â¶tZg$rWlqj$tNe�{çcXki³�zDl'tZlqhmlqn3oDt�tWn3o.hSeKl'tWwRn3oDlq�Dy'jit^cHwDrWîitScXwDwDyql'k$cHhmlqn3oseKj$tNkirWlqhWî$rZj$tNeDj�tWgiy'j$kUhmlqn3o
eDgUè~oDlqt^wDrZg$k$gieDj$����j$o.h�����j�óZjiz�eDjAeDn3oDoKg$j$t^k$n3rZrWj$tZw�nXoDe�á�zDoëhmji��wKtFe|{�n3�DtZj$r°�Xcñhml'nXoëeDj�ÂPò)�!Â��Kj$zDrZj$t
cXwKrWî$t�kin3rWrZj$kihWl'n3o¡eDz¡hmji��wKt���n3r°h�eDz�eDgihWj$kihWj$zDri�

æ^z�â[cHlqh�eDjëy'cÝyqn)k$cXy'lqtmcHhWl'n3oþeDjëy'cÝkin3oDtZhWj$yqyêcHhWl'n3oìeDjë¹sn3oDn"k$jirWn3t�wDrWn"kM�DjseDjëy>{çcXo.hWl!´�kij$o.hmrZj¡eDjëy'c��cXyêcP¯KlqjX��yqj$tdk$nXoDeDlqhWl'n3oKt�e�{}n3�KtWj$r°�HcHhmlqn3o�nXwKhmlq��cXyqj$t®eDjak$jUhWhWj�tWnXzDrWkijºtZn3o.h7tWcHhmlqtZâ[cXl!hmj$tde~cHoDtÖy>{}�Kg$��l'tWwK�Dî$rZj
oDnXrWe|�)bï{}n3�KtWj$r°�HcHhmlqn3o�w~cHr+ADCa¾D¾�jitZh�eDn3oDkNrZg�cXyql'tZg$j�y'n3rZtºeDjFy<{��Dlq�Xj$rºeDj^y>{}�Dgi��lqtWwD�Kî$rWj�oDn3rZe�jih�w�nXzDr�eDjit
cXoK�3y'jit@V$g$oKlqhm�DcXz)¯²lq��wRn3rZhmcXo.hmtNkin3��wDrWlqtNj$o.hmrZj�ò , eKj$�3rZg$t�jih«Á , eDji�3rWgit$��c��3jik�wRn3zDrN�HcXyqj$zDrS��n�v3j$oKoDj
2 , eKj$�3rZg$t$�(b®jStZj$zDlqy|j$o¡g$oKj$rW�Xl'jNrZg$tWzKyqhMcHo�h�eKjSk$j$t�kin3oDeDl!hml'nXoDt�jitZh�eDj 2QO å��Sjàß wRn3zDr�zDoKjSk$n3zDwKzDrWjStZzDr
y>{}lqo�hWj$oDtZlqhWg�eKj$tªlq��cX�Xj$taá«ä3å�wD�DnHhmnH´µg$y'jikihWrWn3oDtajih�Á3ÁXå¢��jàß wRn3zDrazDoDj^kin3zDwDzKrWjSá«òXå3å�wD�DnXhWnH´�giy'j$kUhmrZn3oDt$�

ðFoKjurWj$kM�Kj$rWkM�KjseDjutZn3zDrZk$j¡w�nXoDkihWzDj$yqy'j�c�gUhmgurZg�cXyql'tWgij�e~cXoKt­y'j�kM�~cH��w¿eDj��"zDjÝ· è~�3zDrZj�Á)�!ÂP»U�7bdjit
eDnXoDoDg$jitYtWzKwDwDy'gi��jio.hMcXlqrWj$t�k$nXoKè~rW��j$o.hÖyêc�wDrWgitWjioDk$jªeKj�y<{�jU¯)kiî$t7e�{}gU�3î$oKj$��j$o.hmtï³�zDl�j$t°h7hWn3zñóZn3zDrZtÖwKrWg$tZj$o.h
c��3jikuy<{}cXwDwDyql'k$cHhmlqn3o²e|{}zKoDj�k$nXzDwDzDrZjuwDy'zDt�tZhWrWl'kUhmj�tWzDr¶y>{}lqo.hmj$oKtWlqhWg�eDjit¶l'��cX�3jit«á�òXå3åëwD�KnXhmnH´µg$yqj$kihWrWn3oKt
· è~�3zDrZj�Á)�!Â Oinlo�p�q m »U�aðFoDjZ*~zDkUhmz~cñhml'nXo�t°hMcHhWl'tZhWl'³�zDj¡j$t°h�j�¯)k$y'zKjëá O � 2

σ
jih�y<{�jU¯)k$îit�k$nX��wKhWj²Â O å
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á

y>{}lqo�hWg$rZl'j$zKr«e|{�zDoDj¡rWgi�3l'nXofeDj¡åK�!ÂueDj$�XrWg$t�eDjurWc�v3n3o|�YbdjuoKn3�¶�DrZj�eDjuwRn3tWl!hml'nXoDt�hWj$tZhWt�e~cXoDt­yqj�kM�~cX��w
eDj¶�"zDj­jitZh�eDj­y>{}nXrWeDrZj«eDjuÂ�å 4 �MCïoxhmjio~cXo.h�k$n3��wKhWj¶eDj­yêc�wDrWn3�DcX�Dl'yqlqhWg�e|{}c��3n3lqrNzDoDjt*DzDkihWz~cHhmlqn3o�e~cHoDty>{}jioDtWji�¶�Dy'jSeKzskM�~cH��w�eDjS�"zDjX�~zDoKj�*~zKkihmzDcHhmlqn3o¡tZhMcñhml't°hmlq³"zKjSj$tZh�j�¯Kkiy'zDjAá�Á)�}ä
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������� Á)�qÂ � � gih"jlk%m È �ªcXr°hmj e|{�jU¯)k$îit n3�KhWj$o�zDj w~cXrãADCa¾D¾ cHzKhmn3zKr eKz tZv"t°hmî$��j �Dl'o~cHl'rWj
¾)¼2���3å3ä 2 Á)�çò w å.Á 2X2 ·[k$rZn3l!¯f�DyêcHoDkM�Dj�»­c��3jikszKoDjskin3zDwDzKrWj�tWzDr�y<{�l'o.hWj$oDtZlqhmgueKj$t�l'��cX�3jit�áÝäXåÝwD�KnXhmnH´
giy'j$kUhmrZn3oDt$�3b�cNk$cXrZhWj�j$t°hºyql'tZtWg$jªc��Xj$k�yêc�âãn3oDkihWl'n3o­e�{}gUhMcXyqj$��j$o.hïeDj�y>{}lqoDtZhWrWzD��j$o.h��PÉ n�o�p�q mTÈ �ªcXr°hmj�e|{�jU¯)kiî$t
eDj�y'c����$��jNrZg$�3lqn3o¡n3�Khmjio�zDj«c��Xj$kAzDoDj�k$n3zKwDzDrWjAá�òXå3å¶wD�KnXhmnH´µg$yqj$kihWrWn3oKt�tZzDr�y<{�l'o.hmjioDtWl!hmgNeKj$t�l'��cX�3j$ti�
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b®jëtZl'�3o~cHy�n3�DtWjirZ�Xg�j$t°h��"l'tZzDj$yqy'j$��j$o.h�hmrZî$t�w�jiz�gihWj$oDeDz�cXz�rZj$�.cXrZe�eDjsyêcxâãn3oDkUhml'nXo�e|{�gihmcXy'ji��jio.h
eDjuy>{}lqoDtZhWrWzD��j$o.h�·[¸a¾0Ýï»U�Yb�cëèD�3zDrWj�Á"�
òëjitZh�yêcëeKl'tZhWrWlq�DzKhmlqn3ofeDjit�gi�3îioDj$��j$o.hWt�cXz)hmn3zDr«eDzìk$j$o.hWrWni&<eDj
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eDj�y'c¶tWn3zDrZk$jit�A�Ca¾D¾��3åXä 2 ò w å.Á O �Dbdc­k$n3zDrZ��jSrZn3zD�3jSjitZh�yêc«âãnXoDkihWl'n3oue|{�gihmcXy'ji��jio.h�eDj�y<{}cXwDw~cXrZj$lqy���l'tWj
á­y<{�g$kM�Kj$y'yqjSeDj�yêc­eDlqtZhmrZl'�Dz)hml'nXo�eDj�tWlq�3o~cXy>�

£ªÅ°ÆaÅ[Ä á Î8­±Í�����²��P8 ²FE���±
­±ÍÐ²
b®j�tZw�jikihmrZj�j$o¿gioDj$rZ�3l'j�eDj�y>{}gi��lqtWtZl'n3oÝcëgUhmg�nX�Khmjio"z¿wRn3zDrAy'j�tWlq�3o~cXyal'o.hWg$�3rZg�áëy>{}lqo.hmg$rZl'jizDr�e|{}zKoDj

rZg$�3lqn3oëeDj¶åK�qÂ«eDj$�3rZg$tNeKj¶rmc�v3nXo²cXzKhmnXzDr^eDj«yêc�wRn3tZlqhmlqn3oscPóZzDtZhWg$j­eDj«yêc�tZn3zDrZk$jX��ðFoDj«y'n3ldeDj¶wKzDl'tZtmcXoDkij
c¡gihWg�c�óZzDtZhWg$j�tWzDr�k$j�tWwRj$kUhmrZjë· è~�3zDrZj�Á"� 2 »��®b®j

χ2 eDj�y<{}cPóZzDt°hmji��jio�hAjitZh�eDj�ò 1 � 2 wRn3zDrAòXò¡eDji�3rWgit�eDjyql'�Rj$rZhWgX�Dkin3rWrZj$tZw�n3oKe~cXo.hSá�zDoDjAwDrWnX�~cX�Dlqy'lqhWgNeDj�åK� 232 �~b®j$tFw~cXrWcX��îUhmrZj$t�cPóZzDt°hmg$tFeDj�yêc�y'n3l�eDj�wKzDl'tZtmcXoDkij
tZn3o.hºzKo�lqoDeDlqk$j�tWwRj$kUhmrWcXy~eDj

2.60±0.22 stat±0.20 sys

jihazDoKj�oKn3rW��cXy'lqtmcHhWl'n3oAeDj
9.2±1.4 stat±2.8 sys×

10−13 cm−2 s−1 TeV−1 ��b®jB*~z)¯sl'o.hWg$�3rZg�cHzëeDjiyêá�eDj�Â�ßÖjàß k$nXrWrWjitWwRn3oDexá�ò)�}äURéeKz�*~z)¯sn3�KtWj$r°�3g�j$o
wDrZn��3j$oDcXoDk$j�eDjuy'c�oDg$�DzKy'j$zKtWj¡eDz���rmcX�Rj�cXz¿eDjiyêá�eDj¡yêcs�®�i��j�gioDj$rZ�3l'jH�ïðFo�cPóZzDt°hmji��jio�h�eKj�yqn3laeDj
wDzKl'tWtWcXoDkij�c��3jik�zKoDj�kin3zDwDzKrWj�jU¯)w�nXoDj$o.hmlqj$yqy'j�áu�~cXzKhWj�g$oDjirW�3lqj�c¡gihWg­hmj$t°hmgH��Þ�yïoKj�kin3o.�3j$rZ�3j�w~cXtS�3jirWt
eDjitï�XcHy'j$zKrWtïwD�.v"tWlq³"zKj$taeDj$t±w~cXrWcX��îihmrZj$tïeDz���n)eKî$y'j�jih±y'j

χ2 o|{�j$t°hºwDcXtacX��giy'lqn3rWg^·<òXä)� O wRn3zDr±ò)Â�eDji�3rWgiteDj�yql'�Rj$rZhWg�»��
ðFoëeDj$tFeDgihWj$kihWj$zDrZtNß�kM�Dj$rZj$oDàHnP�xcXzëtZn3ydeDj«�3gioDg$rWcHhmlqn3o�wDrWgik$g$eKj$o.hmjH�FADC7��½�¼��RnX�DtWjirZ�Hc�yêc�rWgi�3l'nXo

n$��tWjstWlqhWzDj�y<{�jU¯)k$îit�eDgihWj$kUhmgëwDcXrUA�Ca¾D¾��aÞ�yFn3�)hml'o.h�zDoDjsy'lq��l!hmj�tZzDw�girWlqj$zDrZjëtWzKr�yqj¿*~z"¯�cHz�eDjiyêá²eDje3åXå®�Sjàß¶�Dbdj@*~z"¯�n3�DtWjirZ�Xg�w~cHr�ADCa¾D¾�jitZh�k$nX��w~cñhml'�Ky'jNc��Xj$kAk$jihZhmjAy'lq��l!hmj�tWzDwRg$rZl'j$zKrWj�·ãè~�XzDrWj�Á)�}ä.»U�
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** SpectrumPowerLaw **
-1.TeV-1.s-2 cm-12 1.380e-01) 10± (1 TeV) = (9.228e-01 Φ

-1.TeV-1.s-2 cm-12 1.986e-01) 10± (860.463 GeV) = (1.363e+00 Φ
-1.TeV-1.s-2 m-8 0.199) 10±Norm: (1.363 

 0.224) ±Index: (2.597 
Decorrelation energy = 0.861 TeV

-1.s-2 cm-11 1.312e-02).10±I(>1.000 TeV) = (5.778e-02 
-1.s-2 cm-11 1.487e-02).10±I(>860 GeV) = (7.346e-02 

Likelihood : -11.7
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�������AÁ)� 2 �=� gih q È ¼ïóZzDtZhWj$��j$o.h²eDj¿yqn3l«eDj¿wKzDl'tZtmcXoDkijìtWzDrxyqjftWwRj$kUhmrWjìjio gioDj$rZ�3l'jþeDj¿yêc�tZn3zDrWkijA�Cº¾K¾��3å3ä 2 Á w å.Á O ��� g��¢È ½�gitWl'eKzDt�eDj�y<{}cPóZzDtZhWj$��j$o.h��
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	�B)C^E(8HG�IKJU?�LD?MJSLDOPEKE�Q$?mJ^]F_º`K` b�L
bdc«o~cHhWzDrWjFw�nXoDkihWzDj$yqy'j�eDj^y'cAtZn3zDrWkijNj$t°hªhmrZî$tºl'o.hmgirWj$tZtmcXo.hWjNtWlRk$jiy'y'j�´�kil�cHwDw~cXr°hml'jio.hªá«oKnXhmrZj@��cXyêcñ¯)lqjX�

bdcþkin3oDo~cXlqtWtWcXoDk$jxeKj�yêc²�XcHrWlêcH�Dl'yqlqhmgueKj�y<{�g$��l'tZtWl'nXo�j$t°hue~cXoKt�k$j�k$cXtuk$rZzDk$l'cXy'j�wRn3zDr�kin3o.hmrmcHl'oDeDrZjëy'c
o~cñhmzDrZj­eDj­yêc�tZn3zDrZk$jX�|b�c�kin3zDrZ��j­eDj­yqzD��l'î$rZj«eDj«y<{�g$��l'tWtZl'n3oëj$tZh�rZj$wDrZg$tZj$o.hmgij�tZzDrSyêc�èD�3zDrWj�Á"� 1 k0gih q �
���~cH³"zKjAwRn3lqo�h�k$n3rZrWjitWwRn3oDe�á¶zDoDj�cXki³�zDl'tZlqhmlqn3o|�)ðFo¡cPóZzKtZhmji��jio.hFeKjNk$n3oKtZhMcHo�hWj�eDn3oDoDjSzKo

χ2 eDj­Â , �
ò 2wRn3zDr�òie­eDji�3rWgit�eDj�y'l'�Rj$r°hmgH�)kin3rWrZj$tWwRn3oDeDcXo.hNá¶zDoKjAwKrWn3�~cH�Dl'yqlqhmgFeDjAåK�Ke , �DæFz�â[cXl!h�eDj�y<{�g$��l'tZtWlqn3o�â[cXlq�Dy'j
·ãwDrWn"kM�DjÝeDj²yêc¿y'lq��l!hmjëeKj�tZj$oDtZl'�Dlqy'lqhWg�eDzpeDgihWj$kUhmj$zKrM»U��y'jit¡j$rWrZj$zDrZtst°hMcHhWl't°hml'³�zDjit¡rWj$y'cHhml!�3jit�tZn3o.h¡hmrWîit
lq��wRn3rZhmcXo.hmjit$�D¸ÖcXr�cXlqy'y'jizDrWti�)yqj$tªnX�DtWjirZ�HcHhmlqn3oDt�eDjSkijihZhmj�tWn3zKrWk$j�oDjSwRn3zK�HcXo.h��UhmrWjSrZg�cXyql'tZg$j$t�³�zDjSyqn3rWt�eDj
y>{}gUhmgAeDj�y>{}�Kg$��l'tWwK�Dî$rZj�tZzDe|�Ry'j$t�eDnXoDoDg$jitNtWnXo�hFg$wDcXrWwDlqy'yqg$j$t�cXzstWjil'oëeKj�³�z~cHhWrWj���n3lqt�kM�~cX³�zDj­cHoDoDg$jH��Þ�y
jitZhSeDl
��k$l'yqj�e~cXoDtNkij$tNkin3oDeDl!hmlqn3oDt^eKj«k$nXo�hWrmcXlqoDeDrZj«j���k$cXk$ji��jio�h�y'c��HcXrZlêcX�Dlqy'l!hmgNeDj«yêc�tZn3zDrZk$jX��Þ�yÖo�{�vëc
w~cHtNeDj��HcXrZlêcX�Kl'y'l!hmgStZl'�3oDl!è~k�cñhmlq�XjA�"lqtWl'�Ky'jAtWzDrNy'c�è~�XzDrWj¶Á)� 1 k0gih q ��ð�oDj«�HcXrZlêcX�Dlqy'l!hmg�á�yqn3oD��hmj$rZ��j«c�gihWg
hWj$tZhWg$jH�ïb®j$t�cXki³"zKl'tWl!hmlqn3oDtAn3o.h­gihWg�rWji�3rWn3zKw�gij$t­w~cXr«cXoDoDgij$ti�ïbdc�k$n3zDrZ��j�eDj�y'zK��lqî$rWj�k$nXrWrWjitWwRn3oDe~cHo�hWj
jitZh�wDrZg$tZj$o.hmgijAtZzDrªy'c�è~�3zDrZj�Á)� 1 °lg�� �)bdj χ2 eKjNy<{}cPóZzDt°hmj$��j$o.h�e�{}zDoKjNk$n3oKtZhMcHo�hWjSj$t°h�eDj�ò)�çÁ3Á�wRn3zDr�eDj$z)¯eDji�3rWgit^eDjAy'lq��jirZhWgSjihFk$n3rZrWj$tZw�nXoDe�á�zDoDjAwDrWn3�DcX�Dl'yqlqhWgNeDj�åK�
òfeK�(b®j�wDrZj$��l'jir�wRn3lqo�h�eDjAk$jUhWhWj�kin3zDrW�RjAeDj
yqzD��lqî$rZjNoDjSk$nXrWrWjitWwRn3oDe�³�z|{çá¡Â��Dj$zKrWjAeDjSeDn3oDoKg$jX�(Þ�y|o�{�v¡c­w~cHt�oKn3o¡wDy'zDt�eKj��HcXrZlêcX�Kl'y'l!hmg�tWlq�3oDlqèDk�cHhWlq�3j
eDj�y'c�tZn3zDrZk$jAá­y'n3oD�­hWj$rW��jX�
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�������±Á)�çÁZ� � gih%jlk%m¿È �ªcXr°hmjueDj�tZl'�3oKlqè~k$cHhml!�)l!hmg�eDj�y'cëtWn3zKrWk$jZA�Ca¾D¾ �3å3ä 2 ò w å.Á O n3�KhWj$o�zDj¡c��3jik¡zDo
tZzDr°´µg$kM�~cXo.hWl'y'yqn3oDo~cH�3j¡eDj�åK�}å O äÝeDj$�XrWg$t�eDjërWc�vXn3o ·ãk$n3rZrWj$tZw�nXoDe~cXo.huáþä$e�R eDjsyêcxâãn3oDkihWl'n3o�e|{�gihMcHy'jU´
��j$o.h�»��~b®j$t�kin3zDrW�Rj$tª�Xj$r°hmj$t�jio�wRn3lqo�hWl'yqy'g$tatWnXo�h�yqj$tªkin3o.hmn3zKrWt�eDj , Á­R jih ,i, R�eDjSy'c«tWn3zKrWk$jBC7��½�Cïß
2 C7�(�3å3ä 2X1 w å.ÁXò)Â3��b±{}cXrZk¶eDj­k$jirWkiy'j­�Dy'cXoDk¶jitZh�y<{�jU¯"hWj$oDtZl'n3oxeDj­y'c�k$n"³�zDl'yqy'jAeDzx�3jitZhmlq�3j­eDj­tZzDw�jirWoDn��Hc�AòXå.Á)�çÁ w åK�çÁ)�$É n�o�p�q mTÈ Þ�o.hWj$rZ�HcXyqy'jºeDjªk$nXoKè(cXoDkij�eDj�yêc�w�nXtWlqhWl'n3o�eDj�yêc�tWn3zKrWk$j�A�Ca¾D¾9�3å3ä 2 ò w å.Á O ·>äieBRu�, ÁSR�� ,$, R�»U�®b®j«hWrWl'cXoD�3yqj�rZn3zD�3j¶��cXrZ³"zKj¶yêc�w�n3tZlqhWl'n3oseDj­y<{�gihWn3l'yqj�eDj�h�v)wRj9M�j�¹Z)ÿ�ÌÂ 1 eK��bdc�k$rZn3l!¯
rZn3zD�3jNlqoDeDlq³"zKj^yêcAw�nXtWlqhWl'n3o�eDjNy'c�tWnXzDrWkijSeDjNrmc�vXn3oDt?�ÌÂ�½,�S¾"�3å3ä 2 òXÁieK� 2 w å.Á 1 e.Á O jUhªtWnXoul'oDkij$rZhWlqhWzDeDjX�
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HEGRA

�������aÁ)�}ä¿�f¾)wRj$kihWrWj¡j$oìgioDj$rZ�3l'j�jio C 2 eDjuy'cëtWn3zKrWk$j¿A�Cº¾K¾¡�3åXä 2 ò w å.Á O jih­eDj¡y'cëtWn3zKrWk$jZC7��½�Cïß
2 C7�0�3å 2 ä 2X1 w å3Á3ò)Â3�"bdc¶y'lq��l!hmj�tWzKw�girWl'jizDrWjSnX�Khmjio"zKjSw~cXrªy>{}j�¯KwRg$rZl'jioDk$jBA�C���½�¼ cXzueDjiyêá«eDjBeXå3å­�Sjàß
jitZh�rWjiwDrWgitWj$o.hWg$jX��k$n3o.�Xj$rZhWl'j�j$oZ*~z)¯ueDlq��g$rZj$o.hmlqj$ydc��3jik�y>{}lqoDeDl'kijNtWwRj$kUhmrWcXy®eDj�ADCa¾D¾u�3å3ä 2 ò w å3Á O ÀKe , Ã<�
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ðFoKj�k$n3o.hWrWj$wDcXrZhWl'j�wRn3tWtZl'�DyqjseKj�yêcÝoDn3zK�Xj$y'yqjëtZn3zDrWkijxeDjërWc�v3n3oDt
γ
jitZhuy'c�tZn3zDrWkij²C7�A½TCïß 2 C7��3å3ä 2X1 w å.Á3ò)Â · è~�3zDrZjfÁ"�
Á3»��Dlqj$op³�zDj�y'c¿k$ni&<oDk$lqeDj$oDkij�jio.hmrWjÝy'jit¡eDj$z)¯ gi��lqtWtWlqn3oDtuoDjÝtWnXlqh¡w~cXt�tmcHoDt

cX�«�Dl'�3zd&<hmgH�Kbï{�jU¯)k$îitFnX�DtWjirZ�3gAw~cXr+A��KC��ç¾��ç¾��~tWj�tZlqhmzKjSj$o.hmrZjSy'jSk$nXo�hWn3zDrZt�á , Á­R�jih ,i, R�eDj�k$nXoKè(cXoDkij
eDjuy'c�w�nXtWlqhWl'n3oþeDjuyêc�tZn3zDrWkij¿C���½TC±ßS�ï��n3��w)hmj�hmjio�z�eDjuy'c�rWgitWn3yqzKhmlqn3o¿cXoD�XzDyêcXlqrWj�eDjuy<{�jU¯)wRg$rWlqj$oDkijC7��½�Cïß jUh�eDz¡â[cXlqh�³�zDj�kijihWhWj�tWn3zDrZk$j�j$t°h�k$n3oDtZl'eDgirWgij�kin3����jNkin3��wKy'l'³�zDgijX�)zDoDjAcXtWtZn)kilêcHhWl'n3ouoKjAwRj$z)h�UhmrWjAjU¯)kiy'zDjH��bdc�k$n3��w~cXrWcXl'tZn3o¡eDj$tFtWwRj$kihWrWjit^j$osg$oDjirW�3lqj�eDj$tFeDj$z)¯sgi��lqtWtWlqn3oDt�gUhMc�v3j�k$jihZhmj���v"wRnXhm�Kî$tWjH�
bdc�è~�XzDrWj�Á)�çä�rWj$wKrWg$tZj$o.hmjxyqj$t�y'n3lqt�eKj�wDzDlqtWtmcHoDk$jitucPóZzDt°hmg$jitutWzDr�y'jit�eDjiz)¯�tZw�jikihWrWj$tujio�g$oKj$rW�Xl'jX��b®j
tZw�jikihmrZjFjio�gioDj$rZ�3l'j�eDj�yêcStZn3zDrWkijTC���½TC±ß�j$tZharZj$wDrZg$tWjio.hmg^wDcXr±zDoDj�y'n3lDeKj�wKzDl'tZtmcXoDkijFe�{}lqoDeDl'kij�tWwRj$kUhmrmcHy
2.03 ± 0.26

jih­eKjU*~z)¯þl'o.hmgi�3rWg�cXz¿eDj$y'áëeDj�Â�å3åx¹sjàß
(25.5 ± 5.1) × 10−8cm−2 s−1 �ï��jihZhmjuyqn3l±eDjwDzKl'tWtWcXoDkij�jitZhS�"l'tZzDj$yqy'ji��jio�h^k$n3��w~cHhWl'�Dyqj¶c��3jik�zDoDj­jU¯"hWrmcXwRn3yêcñhml'nXo�eDzxtWwRj$kUhmrZj�nX�DtWjirZ�3g�w~cHrBADCa¾D¾xá

wDyqzDt��~cXtZtWj�g$oDjirW�3lqjX�dð�oþcPóZzKtZhmji��jio.h�nX�Khmjio"z�j$oÝtWzDwKw�n3tWcXo.hA³"zKj�yqj$t|*~z)¯Ýlqo.hmg$�XrWg$t�tZn3o.h�lqtWtZzDt�e|{}zKoDj
���$��jSy'n3l�eDj�wDzDl'tZtmcXoKk$j�eDn3oDoKj�zDo�l'oKeDl'kijNtWwRj$kUhmrmcHy�eKj

2.41 ± 0.06
�~��jihFl'oDeDlqk$jNjitZhFk$n3��w~cHhWl'�DyqjNc��3jik

kij$z)¯�n3�Khmjio�zDt�w�nXzDrªy'jit�eDjiz)¯ugi��lqtWtZl'n3oDtN·°Â3�çÁ
σ
eDj^eDgi�"lêcñhml'nXo�w�nXzDrªyêcAtWn3zKrWk$jBC7��½�Cïß�jih�åK� ,

σ
w�n3zKr

y'c¶tWn3zDrZk$j¢ADCa¾D¾D»��
bdc�kin3o.hml'o�zDl!hmgAeDzëtZw�jikihWrWj¶jioëg$oKj$rW�Xl'j�á�wDyqzDtF�DcXtWtZj«g$oKj$rW�Xl'j�hmj$yqy'j�³�z|{�j$y'yqj�jitZh^tWzD�3�Xg$rWgij«w~cHrFkijihWhWj

wRn3tWtZl'�Dyqj�cXtWtZn)kilêcHhWl'n3o�c��Xj$k�yêc�tZn3zDrWkij�C���½TC±ß cueDj$t�kin3oDtWgi³�zDj$oDkij$t¶lq��wRn3r°hMcXo.hmjitNwRn3zDrSk$nXo�hWrmcXlqoDeDrZj
y'c�o~cHhWzDrWj�eDj¶y>{}gi��lqtWtWlqn3o�eDj«rWc�vXn3oDt

γ
����n3����jAgi�Xn)³�zDg­wKrWg$kig$eDji����j$o.h$��zDoDj«k$n3o.hmlqo�zDlqhWg�eDzxtZw�jikihWrWj

jioxg$oDjirW�3lqj«j$t°hAcHhWhWj$oDeKzDj¶e~cXoKtNy'j�k�cXtNe�{}zDoxgi��lqtWtZl'n3oseDj¶rmc�vXn3oDt
γ
w~cXrFy<{�l'o.hmjirmcXkUhmlqn3oseKj¶rmc�v3nXoDtSk$n3t+´

��l'³�zDjitN�~cXeDrZn3oDlq³"zKj$t�cXyqn3rWtN³�z|{�zDoDj�kin3zDwDzDrZj­eDn3l!h|�ihWrWj­wDrZg$tZj$o.hmj�e~cXoDtSyqj¶k�cHtSe|{}zKoDj­g$��l'tZtWl'nXo�y'jiwKhmnH´
oDlq³�zDjX��bï{}cXtWtZn)kilêcHhWl'n3o­c��Xj$k�yêcNtWnXzDrWkij�C7��½�CïßS�3tZl~j$yqy'jªjitZhak$n3o)è~rW��g$j�gUhMc�v3j�y<{��.v)wRnXhW�Dî$tZj�e�{}zDoKj�nXrWl'�Xl'oDj
�~cHeDrWn3oKl'³�zDjX�

£ªÅ43�Å43 £ ²�¥°²�����¯�6¸²><$²¥��:�8û²�±DÎ$©X¥�­ <8² � ©±Î$©�E¿²�±g©:�
b®j«�3jitZhWl'�3j­eDj«tWzDwRj$rZoDn��Xc�eKj�¹sn3oDn"k$jirWn3tNc�gihmg«l'eDjio�hWlqè~g�w�nXzDr^y'c�wDrWji��lqî$rZj�âãn3lqt^j$o¿Â , ä 2 À , Â$Ã>��Þ�y

ti{çcX�Xlqh±e|{�zDo­�3jitZhmlq�3j�eDj��3rmcHoDe�eDlêcX��îihWrWjH�3wDrWn"kM�Dj�eDj 2 �çÁNeDj$�XrWg$ti��tWlqhWzDg�j$o.hWrWj�y<{}cX��cXtYe|{�gihWn3l'yqj�y|�A��òXä 1
jUhFzKoDjSrWgi�3l'n3o¡e|{��.v"eDrWn3�Xî$oDjAl'n3oKl'tWg|A

II

�Dyêc¶oDgi�DzDyqj$zDtZj�eDj�½�n3tZjihWhWjX�(bï{�g$��l'tWtZl'n3ourWcXeDlqn­eDj�k$jihZhmj�rWgi�3l'nXo
��n3o.hmrZj�zKoDj�tZhmrZzDkihWzDrWj�k$n3��wDyqjU¯)jX�dð�oDj�tZhmrZzDkihWzDrWj�è~y'cX��jio.hmj$zKtWj�oDn3o²hm�DjirW��l'³�zDj­j$t°h«nX�DtWjirZ�3gij�e~cHoDt
y'c�w~cHrZhmlqj­tWzDe"´�n3zDjitZh«eDj�y'cuk$n"³"zKl'y'yqj­n$��csy'lqj$z²zDoDj�tWzKw�jirWwRn3tWl!hml'nXoþcXwKw~cXrWjio.hmj�c��Xj$k�yêc¡oDg$�DzKy'j$zKtWj�eDj
½�n3tWjUhWhWj�· è~�3zDrZj�Á)� O »U�

¼ w~cHrZhmlqrºe�{}n3�KtWj$r°�HcHhmlqn3oDtªjio�y'n3oK�3zDj$zKr�e|{�n3oDeDj^n3wKhmlq³�zDjX�)yêcA�"l!hmj$tZtWjNeKjNwDrWnXw~cX�.cHhWl'n3o�eDjNy'c�k$n"³�zDl'yqy'j
cxgihWguj$t°hml'��g$j¡áÝÁXå�à���t

−1 À , òPÃ<�±��jit�n3�DtWjirZ�HcHhWl'n3oDt­wRj$rZ��lqrWjio�h­cXzDtWtZlªe|{�j$t°hml'��j$r­y'cë�"lqhmjitWtZj�rWcXeDl'cXy'j
eDzu�Xj$tZhWl'�3j�á

12± 5
à"��t

−1 �~æ^jit�nX�DtWjirZ�HcHhmlqn3oDtªrWcXeDlqn­wDy'zDt�wDrWgik$l'tZj$t���n3o.hmrWîirWjio�h�³�zDjSy>{}gi��lqtWtZl'n3o�oKn3ohW�Dj$rZ��lq³"zKj�è~y'cX��jio.hmj$zKtWj�jitZh¶�"rmcHl'tWji�¶�Dy'cX�Dy'ji��jio.h¶cX�KtWn3rZ��gij�w~cXr�yêcëoDgi�DzDyqj$zDtZj�eDju½�n3tWjUhWhWjxÀ , 2 Ã<�7b®j
�Xj$tZhWl'�3jatWjatWl!hmzDjirmcXl!h®eDn3oKkºjio«cXrZrWlqî$rWjïeKjºy'c�oKg$�DzDyqj$zDtZjX�H��j$yqy'j�´�k$lXrWj$o)âãj$rW��j±zDo¶cH��cXt®e�{}gUhmn3lqy'j�y|�A�þòXò 131 �
eDnXo�h�yêcueDlqtZhmcXoDk$j�c¡wDz��UhmrZj�eDgUhmjirW��l'oDgij�c��Xj$k�wKrWg$kil'tZl'n3o�á

1.39 ± 0.1
à�w�ksÀ , 1 Ã<�dbdcu�"lqhmjitWtZj�rmcHeDlêcXyqj

eDgUhmjirW��l'oDgij�á¡wDcXrZhWl'r^eKj���j$tZzDrWjit�n3wKhmlq³�zDj$tSkini&µoDkil'eDj«�Dl'jio�c��Xj$k�k$jihZhmj­eDlqtZhmcXoDk$j�· è~�3zDrZj 1 �çä3»U��¼ÌzKoDj
eDlqtZhmcXoDk$j�eDj�Â3� 1 à�w�kN´�Â3�}ä­à"wRkX�(yqjSeDlêcX��îihWrWjNeKz��Xj$tZhWl'�3j�jitZh�eDj�y<{�n3rWeKrWjSeDj�e3å­wRkS´ , å�wRkX�

bdcë�"lqhmjitWtZjueDj�wDrZn3w~cX�.cñhml'nXofeDj�y'cëk$n"³�zDl'yqy'j�eDzf�3jitZhmlq�3j�lqoDeDl'³�zDj�³"zKjuk$j$yqzDl!´µk$lac�zDosµX�Xjuc��XcHoDk$gH�CïoftZzDwDwRn3tmcXo.h«zDoDj��"lqhWj$tZtWj�cHkihmzKj$y'yqj�eDjuÁXå�à���t
−1 ��y'jit���n"eDî$yqj$t�e|{�gi�3nXy'zKhWl'n3o�wDrWgieDl'tZj$o.h¶zDo�µX�3j�eDj

1.5×105 cXoDtFÀ , ÁPÃ>�)bï{}cX�DtZj$oDkijNe|{}cX�DtWnXrWwKhWl'n3o�cXz�hmrmc��Xj$rWtºeDz��Xj$tZhWl'�3j�j$o�l'oKâãrWcXrWnXzD�3j�y'n3lqo.hMcXlqo­eDg$��n3o.hmrZjy>{çcX�KtWj$oKk$j±eDjï��cHhmlqî$rWjÖkM�~cXzK��g$j±jUhdl'n3oDlqtWgijïcXz�oDlq�Xj�cXz�eDjïy'cªk$n"³�zDl'yqy'j7jUhdk$n3o)è~rW��jï³�zDjïy'j7�Xj$t°hml'�XjajitZhde~cHoDt
zDoKjFwD�DcXtWj�e|{�gi�Xn3y'zKhWl'n3o�c��HcXoDkig$jX�"bdc�k$n3��w~cXrWcXl'tZn3o­eDj���jitWzDrZj$taj$o�rmc�v3nXoDt%�prZg�cXyql'tWgij�c��3j$kFy'j�tWcHhmjiy'y'l!hmjCïl'oKtZhmjil'oÝc��3jik�eKj$t���n"eDîiy'j$t^e|{}gU�3n3yqzKhmlqn3oxwRj$rW��lqh^eDj�eDg$eKzDl'rZj­zDo�µX�3j­��n3l'oDeKrWj«eKj

3 × 104 cHoDt�À , äHÃ<�M�lqj$ox³�zDj­kij$tSj$t°hmlq��cHhWl'n3oKtFtZn3l'jio�hNeDlq��g$rZj$o.hmjit$��jiy'yqj�hmjioDeDjio�hShWn3zKhWjiâãn3lqtSá�l'oKeDl'³�zDjir^³�zDj­y'j��3j$t°hmlq�3j¶j$t°h
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�������®Á"� O � � gih%jlk%m­È ¾"kM�Dg$��c�rWjiwDrWgitWjio�hmcXo.hSy'jitFt°hmrZzDkihWzDrWjitNeDlq��zDtZj$t^jUh^è~y'cX��j$o.hmjizDtWjit^eDj�y<{�g$��l'tWtZl'n3oA
α

jih­y
II

· hmrWcXlqhWtAoKn3l'rZt«g$wDcXl'tm»�tZzDw�jirWwRn3tWgij$t�cXz"¯fkin3o.hmn3zDrZt«eDj�y<{�g$��l'tWtZl'n3o²rWcXeDl'nëá�òXä3ÁXå�¹«ATVX�7bdjitVin3oDj$tu�XrWl'tZg$jit�tWn3o.h¡yqj$t�rZg$�3lqn3oDt�e�{}gi��lqtWtWlqn3o�eDl!��zKtWjX��b®jë�3jitZhmlq�3jxeDj�tZzDwRj$rWoKnP�Hc¿eDjÝ¹snXoDn)kij$rZn3t�j$t°h
�"l'tZl'�DyqjseDcXoDt�y'cþw~cXr°hml'j�oDn3rZe)´�jitZh$�ªbdcþoDgi�DzDy'jizDtWjxeKjx½�nXtWjihZhmj�jitZhujiy'yqj��"l'tZl'�Dyqjëe~cHoDt�yêcÝw~cXr°hml'jstWzDe"´
n3zKj$tZh$�®bdc�k$rZn3l!¯srZn3zD�3j¶jitZhSy'c�wRn3tWl!hmlqn3oëeDj«yêc�tZn3zDrWkij­ADCa¾D¾s�3å3ä 2 ò w å.Á O �Rb®j$t^k$n"n3rWeDnXoDoDg$jitSeDj¶kijihWhWj
k$cXrZhWj�tWnXo�h«jU¯)wDrZl'��g$j$t�j$o¿½�¼ m æ^j$k&M^Â , ÁXå)�7��jUhWhWj�è~�3zKrWj�jitZh�hml'rZg$j�eDj�À , åHÃ>��É n�o�p�q mÐÈ �N�DtZj$rZ�HcHhWl'n3oKt
eDj�y<{�n3�DtZj$rZ�HcHhWn3l'rZj�tZw~cHhWlêcXydl'o)âãrmcXrZn3zD�3jAÞ+½�¼N¾ëásÂ�ò

µ
����b®j�k$j$rZk$yqj«rWnXzD�3j«wRn3lqo�hWl'yqy'gNjitZhSy>{}j�¯)hWj$oDtZl'n3oëeDz

�Xj$tZhWl'�3j�eDjStZzDwRj$rWoKnP�Hc®��òHå.Á)�çÁ w åK�
Á"�Kb®j$t�kin3o.hmn3zKrWt�eDj , Á�R�jUh ,$, R�eKjSk$n3oKè~cXoDk$j�eDj�y'c«w�nXtWlqhWl'n3o�eDj
y'c�tWnXzDrWkij­C7�A½TCïß 2 C��¦�3å 2 ä 2X1 w å.Á3ò"Â�tZn3o.hSrWjiwDrWgitWj$o.hWg$t�j$oë�Xj$r°h��|bdc�wRn3tZlqhmlqn3o�eDj¶yêc�tWn3zKrWk$jtADCa¾D¾
jitZh�rWjiwDrWgitWj$o.hWg$j­c��3jik�zKo¡hWrWl'cXoD�3yqjN�DyêcHoDkX�

jio�è~o�eDjswK�~cXtWjseDjë¾)j$eDn��ìn3z�j$o�wD�~cXtZjsrWcXeDlêcñhmlq�XjX�±bï{}cXk$kig$y'girmcHhWl'n3oìeDj�w~cXr°hmlqk$zDyqj$t�áÝzKo�hmjiy�tZhMcHeDj
e|{�gi�Xn3y'z)hml'nXo�eKz��Xj$tZhWl'�3j�o|{�j$t°h^wKy'zDt�cHhZhmjioDeDzDjH�

bdc wKrWg$tZj$oDkijþeDj²è~y'cX��jio.hmtue|{�g$��l'tZtWl'nXopoKn3ophW�Dj$rZ��lq³�zDj²e~cXoDt¡yêc¿w~cHrZhmlqjxtWzDe"´�n3zDjitZhseDz��3j$t°hmlq�3j
tZzD�3�3îirWjÝ³"zKjþyêc¿kin)³�zDlqy'y'jëj$tZhsj$o l'o.hmjirmcXkUhmlqn3opc��Xj$k�y'j²��lqy'lqj$z�jio��"lqrWn3oDoDcXo.h���ðFoDjÝ��cPóZn3rWl!hmgxeDjÝk$jit
è~y'cX��j$o.hmtFj$tZh^wDrWgitWjio�hWj�e~cXoDtFyêc�wDcXrZhWl'jAeDz��3jitZhmlq�3j«jioxtWzDwRj$rZw�nXtWlqhWl'n3oëc��3j$k­y'c�oKg$�DzDyqj$zDtZj­eDj¶½�n3tZjihWhWj
· è~�3zDrZjÝÁ)� O NQgih"jlk%m »U����nX��wKhWjëhmjio�zpeKj$tueDlqtZhMcHoDk$jituk$n3��w~cXrWcX�Dy'jit�jio�hWrWjxyqj$t�eDjiz)¯�n3��óZjihmti�ªl'yFcfgihWg
tZzD�3�3girWg^³�zDjFy'j��3jitZhmlq�3j^jitZh�j$o�lqo.hmj$rWcXkihWl'n3o�c��3jikNyêc�oDg$�KzDy'jizDtWj­À , åPÃ<�)bï{}gi��lqtWtWlqn3o�eDjFrWc�v3n3oDt

γ
n3�DtZj$rZ�Xg$j

e~cHoDt^y'c��.cX����jSj$o�gioDj$rZ�3l'j�eDz²�Sjàß wRn3zDrZrmcXl!hFeKj«k$jAâ[cXlqhT�UhmrWj�y'jAwDrWn"eDzDl!h^e�{}lqo�hWj$rWcXkihWl'n3o�eDj«�DcXeDrWnXoDt
cXkik$giy'g$rZg$t�w~cHrªy'j^�Xj$t°hml'�XjSe~cXoDtªy'c«oDgi�DzDy'jizDtWjH�~eDn3o.h�y'c«eDj$oKtWlqhWg�c¶gihWgNj$t°hml'��g$jNá 1 å¶k$�

−3 À�Ã>�Dbdc¶tZn3zDrWkijC7��½�Cïß eKg$k$rZlqhWjAwKrWg$kig$eDji����j$o.h�j$t°h�y'n"k�cXyql'tWgijNe~cXoKt�kijihZhmjArWg$�Xl'n3oujUhFgUhMc�v3jAk$jUhWhWjA�.v"wRnXhm�DîitWjH�

£ªÅ43�Å[Ä £ ­¤��©�:$±[E.²G<8²ô±g­N�°©aÎ/�¡§ ÜAE ¨ áeR
ðFoKjNtWn3zKrWk$jFâ[cXl'�Dyqj�eDjNrmc�vXn3oDt?� c«gihWg^eDgUhmj$kUhmgijSw~cXrª½+�A¾"¼ïßÿe~cXoDtªkijihZhmjNrZg$�3lqn3o|��k�cHhmcXy'nX�3zDg$j�tWnXzDt

yqj­oDn3� eKj�Â�½,�S¾¨�3åXä 2 ò3Áie)� 2 w å.Á 1 e.Á O ��¾KcuwRn3tWl!hmlqn3oxj$t°h�kin3��w~cHhmlq�Dy'j«c��3j$k�k$jiy'yqj¶eDj�yêc�tZn3zDrWkij�ADCa¾D¾
kin3��w)hmj�hWj$o�z¿eDj�y>{}jirWrZj$zDr�eDj¡ò)Â

′′
tWzKr¶tmcëwRn3tZlqhmlqn3oÝjih­eDj�k$j$yqy'j�tWzDr«yêcswRn3tZlqhmlqn3oÝeDj�yêc�tWn3zKrWk$jÐADCa¾D¾

· è~�3zDrZj�Á)�çÁ Oinlo�p�q m »U�XCïo�hmjio~cXo.h¶kin3��wKhmj�eDj�k$jit«���$��j$tAj$rWrZj$zDrZt�jUh«eKzþoDn3�«�DrWj�eDj�tWn3zDrZk$jit«e~cXoKt�yqj
kM�~cH��wÝeDj­�"zDjX�dyêc�wKrWn3�~cH�Dl'yqlqhmg�e|{�zDoDj�k$ni&<oDk$lqeDj$oDkij�e|{}zKoDj�tZn3zDrZk$j�eDj�k$j­h�v"w�j�c��3j$k�yêc�tZn3zDrZk$j®ADCa¾D¾
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jitZh�eDjAåK�!ÂtR��

��jihZhmj�tWn3zKrWk$j�j$t°hAhWn3zKhWjiâãn3lqt�hWrWn3w²â[cXlq�Dy'j¶wRn3zDr�kin3o.hmrmcHl'oDeDrZj�yêcuo~cHhWzDrWj�eDj�y<{�g$��l'tZtWl'nXo|�|bdcueDj$oKtWlqhWg
e|{�g$oKj$rW�Xl'jAeDj�y>{}gi��lqtWtZl'n3oujioërmc�vXn3oDt/� jitZhNeKj�y>{}n3rZeDrWjSeKj�Â�å

−13 j$rZ�±k$� −2 t −1 ��¾)l®y<{�g$��l'tZtWlqn3o¡n3�DtWjirZ�Xg$jjio�rWc�v3n3oDt4��j$tZhYy<{�g$��l'tWtZl'n3o�tZv"oDkM�DrZnXhmrZn3o�e|{}giy'jikihmrZn3oDtYrZj$y'cHhml!�)lqtZhWj$t7rWc�v3n3oDoDcXo.h±e~cXoDtïy'c^�.cX����jaeDz­ß�jàß
w~cHr�eDl!��zDtZl'n3o���n3��wKhmn3o�l'o.�3jirWtZjStWzDrºy'j$tºwD�DnXhWn3oDtªeKz¡��¹©M^�KcXy'n3rZtºy'c�eDjioDtWl!hmgFe|{}gioDj$rZ�3l'j^eDj$tªrWc�v3n3oDtH�
jitZh�rWjiy'l'gij�á­yêc­eDj$oKtWlqhWg�e|{}gioDj$rZ�3l'j�jiosrWc�vXn3oDt

γ
wDcXr�yêc¶rZj$yêcñhml'nXo©�

wγ

wX
≈ 0.1 × ξ × (

B

10µG
)2

n$�
wX

jih
wγ

tWn3o.h±yqj$tYeDjioDtWl!hmgitae�{}gioDj$rZ�3l'jªjio�rmc�v3n3oKt:��jUh
γ
��MfjitZhay'jªkM�DcX��w­��cX�3oKgihmlq³�zDjªjih

ξ
k$n3rZrWj$t+´

wRn3oDe�cXz�rmcXwDwRn3r°hºeKj$tajU¯"hmjioDtWlqn3oDt�eKj$taeDj$z)¯�gi��lqtWtZl'n3oDtF·ãe~cXoDt±y'j�k$cXtºwKrWg$tZj$o.h
ξ ∼ 1

»�À!Â 2H1 Ã>��b�c�eDjioDtWl!hmg
e|{�g$oKj$rW�Xl'j¶eDjit�rmc�v3n3oKt��Ìk$n3��w~cXrZg$j­á�kij$yqy'j«nX�DtWjirZ�3gij�w~cXr@A�Cº¾K¾��|eDj­y>{}n3rZeDrWj�eDj

10−12 jirW�±k$� −2 t −1 �lq��wDyql'³�zDjNzKoskM�~cH��w���cH�3oDgihWl'³�zDj
<
Â

µ
���Dkij�³�zDldtZj$�¶�DyqjSw�jizKhFwDrWn3�DcX�Dy'jSkin3��wKhmjNhWj$o�zëeDjit��HcXyqj$zDrZt

��n�v3j$oKoDj$t���jitWzDrZg$jitFe~cHoDt�yêc��AcHyêcñ¯)l'j¶·[jio�hWrWj 2
µ
� jih�ä

µ
�A»U�

æ^jiz)¯��.v"wRnXhm�DîitWjitªw�jirW��jihZhmrmcHl'j$o.h±e|{�jU¯)wDyql'³�zDjirºyqj�â[cXlq�Dy'j�*~z)¯�n3�DtZj$rZ�Xg^w~cHr�½���¾)¼ïß�t${�l'y(j$t°hªcXtZtWn"k$lqg
áuyêcutZn3zDrWkij�ADCa¾D¾��dbï{�g$��l'tWtZl'n3oxjio�rWc�v3n3oDtª��w�jizKhAc��3n3lqrSgihWg�cH�DtWn3rZ��gij�w~cXr�y'j­��l'yql'j$zsl'o.hmjirWt°hmj$yqyêcXlqrWj
eDjF��cHoDl'îirWj�wDy'zKtºlq��wRn3rZhmcXo.hmj�³�zDjFy'j$tarmc�vXn3oDt

γ
�)¸7cHr�cXlqy'yqj$zDrZt$�3zDoKj^eDlqtZhmrZl'�Dz)hml'nXo�eKj^wDrZnXhmn3oKtºeDj��~cXz)hmj

gioDj$rZ�3l'j�l'o.hmjirmcX�3lqtWtWcXo.h¶c��3jik�y'j���l'y'lqj$z²j$o.�"l'rZn3oDo~cHo�h¶wDrWn"eDzDl!h�eKj$t¶wDlqn3oDtAoDj$z)hmrWjit¶tWj�eDg$tZl'o.hmgi�3rmcXo.h«j$o
rWc�vXn3oDt

γ
eKj�hWrWîita�DcXzKhmj�gioDj$rZ�3l'j���cXl'tYcXzDtWtZl~eDj$tawDlqn3oDtïkM�~cXrZ�3g$tacX�Rn3zKhWl'tZtmcXo.haáSyêcSk$rZg�cHhWl'n3o­e�{}giy'j$kUhmrZn3oDt

jUh�wRn3tWl!hmrWnXoDt$����j$t�yqj$wKhWn3oDt�tWjik$n3oDeDcXl'rZj$t�wRj$zK�Xj$o.h¡g$��jihZhmrZjszDoÿrWc�v3n3oDoKj$��j$o.hutZv"oDkM�KrWnXhWrWn3oÿe~cHoDt�y'c
�.cH����jëeDjiturmc�v3nXoDt"�¶��b�cfeKj$oDtZlqhmgëe|{}gioDj$rZ�3l'jëeDjxk$jxrWc�vXn3oDoDji��jio.h¡j$tZh¡wKy'zDt�â[cXl'�Dyqjë³�zDjxkij$y'yqjëeDjit
rWc�vXn3oDt

γ
�±��jit�eKj$z)¯ìjU��jUhmt�wRn3zDrWrWcXl'jio.h�cXl'oKtWlªj�¯KwKy'l'³�zDjir­yêcsâ[cHl'�Dyqj�eDjioDtWl!hmg¡e|{�g$oDjirW�3lqjueDj$t�rmc�vXn3oDt��

kin3��wDcXrWgij�cHz)¯¡rmc�vXn3oDt
γ
�

£ªÅ43�Å � £ ~ãË��
©°¯+ÍÕ²G<8²P�i�v8 ²p«C² �­¬ r ÆF�H®
ðFoìcHzKhmrZj�n3�"óZjUh­j$t°h­wRnXhmjio�hWl'jiy'y'ji��jio.h¶cXtZtWn"k$lqg�áëy>{}gi��lqtWtWlqn3oÝeDj�rmc�vXn3oDt

γ
��Þ�y�t${}cX�3l!h«e�{}zDoKj�gihWn3l'yqj

eDj�h�v)wRj�M�jH�®¹¿)��ÉÂ 1 ex·êA^æ ò3Á , 131 å.»���¾Kc�wRn3tWl!hml'nXosjitZhSkin3��wDcHhmlq�Dy'j�c��3j$k«k$j$yqy'j�eDj¶yêc�tWn3zKrWk$jtADCa¾D¾
· è~�3zDrZj�Á)�çÁ Oin�o�p�q m »U�ñßÖrZn3l'tÖgihWn3l'yqj$t�eDjªk$jºh�v)wRjªtZn3o.hïwDrWgitWjio�hWj$t±e~cXoKtYy'jakM�~cX��w­eDjº�"zDj�eKj$tYn3�KtWj$r°�HcHhmlqn3oDt$�Cïo�wDrZj$o~cHo�hNj$o�kin3��w)hmjAy<{�j$rWrZj$zDrFtWzDrFyêc�w�n3tZlqhWl'n3o¡eDj�yêc�tZn3zDrZk$j­A�Cº¾K¾���y'c�wDrZn3�~cX�Kl'y'l!hmgSe|{�n3�KhWj$oDlqrFzKoDj
kini&µoDkil'eDjioDk$jxe�{}zDoKj�hmj$yqy'j�gihWn3l'yqj�c��3jikxyêcþtZn3zDrWkij²ADCa¾D¾�e~cXoKt�y'j�kM�DcX��wÿeKjë�"zDjxj$t°h¡eDj�y<{�n3rZeDrWjseDj
7 × 10−5 �b®j$tYgUhmn3lqy'jitÖeDjºh�v)wRj>MºjªtWn3o.h7eDj$tYgUhmn3lqy'jitÖjio­rWnXhmcHhmlqn3oAhWrWîit7rmcHwDl'eDjH�iCïyqy'j$t�g+óZjikihWj$o.h±eDj��XrmcXoDeKj$tY³�z~cXo"´
hWlqhmgit�eDj���cHhWl'îirWj^âãn3rZ��cHo�h�zKoseDlqtW³�zDj�eDj���cHhmlqî$rWjStZzDr�y'jizDr�wDyêcHo�gi³�z~cHhmnXrWlêcHy<�Dð�oskM�DcX��w���cX�3oDgUhml'³�zDj
hWrWî$tal'o.hWj$oDtZjFwRn3zDrZrmcXl!h��ihmrZj^á�y<{�n3rZl'�3lqoDjªeDj�k$jit�j�¯KwKzDy'tZl'n3oDt±eDj���cHhmlqî$rWj�tZn3zDt±âãn3rW��j�eDj�eDl'tZ³"zKjX��w�nXzK�HcXo.h
cHhZhmjil'oDeDrZjFeKj$t±�)l!hmjitWtWjitªeDjAÂ�å3å3å�à���t

−1 jihºeDj$tº³�z~cXo.hml!hmg$taeDjFy<{�n3rWeDrZj�eDj�Â�å −7 ��cXtWtZj$tatWn3y'cXl'rZj$t±w~cXrºcXo|�ð�oDj�gi��lqtWtWlqn3o²l'o.hmrZl'oDtZî$³�zDj�eDj�rWc�vXn3oDt
γ
eDj�hmrWîit«�~cHzKhmj�g$oDjirW�3lqj�wDcXr�zKoDj�gUhmn3lqy'j�eDj�k$j�h�v"wRj�tZj$�¶�Dyqj

wRj$zxwDrZn3�~cX�Ky'jX�Rß�n3zKhmjUâãn3l'ti��jiy'y'jit^rZg$zDoDlqtWtZj$o.hShmn3zKtNy'jit^l'oK�3rWgieDl'jio�hWtNoDgik$j$tZtmcXlqrWjitSw�n3zKrNzDoDj¶gi��lqtWtZl'n3oseDj
rWc�vXn3oDt

γ
eDj�hmrZî$t­�~cHzKhmjugioDj$rZ�3l'jutZlªj$yqy'j$t¶cXwDw~cXr°hmlqj$oDoDjio.h�áxzDo¿tZv"tZhWî$��j¡�Dl'o~cHl'rWjH�/Cïoìji��jih$�Yy'j��3j$o.h

e|{�g$yqj$kUhmrWnXoDt�rWj$y'cHhml!�"l'tZhWj$tFe|{}zKo�wDzKy'tmcHrNk$n3��w~cX�XoDn3o|��n3rW�Dl!hMcXo.h�cHzKhmn3zKrSeDj­k$jUhWhmj�gUhmn3lqy'jX�RwRj$zKhAl'o.hWj$rmcH�3l'r
c��3jik�yqj^�3jio.h^t°hmj$yqyêcXlqrWjFy'n3rZt�eDjStWn3o�w~cXtZtmcX�Xj�cHz¡hWrmc��3jirWt�eDz¡eDl'tZ³�zDj�g$³�z~cHhWn3rWl'cXy�wRn3zDrªâãn3rZ��jir�zDoDjSn3oKeDj
kM�Dn"kX�að�oDjsgi��lqtWtZl'n3oìeDj�rmc�v3nXoDt

γ
w�jizKh�cHl'oDtZl��ihmrZjswKrWn"eDzDlqhWj¡w~cXr�eDlq��zDtZl'n3o���n3��wKhmnXo�lqo��Xj$rZtWjëeKj$t

giy'j$kUhmrZn3oDt�tWzKr�y'j^kM�DcX��w¡eDj^wD�DnXhWn3oDt�eDjSy>{}gUhmn3lqy'jX�"ð�o�t°v"tZhmîi��jS�Kl'o~cXlqrWjFeDjSk$jNh�v"wRj�c¶eDg+óWá¶gUhmgSn3�DtZj$r°�3g
w~cHrBADCa¾D¾���bdcutWn3zDrZk$j�eDj�rmc�vXn3oDt

γ
eDj��~cHzKhmj­gioDj$rZ�3l'j�ADCa¾D¾¨�KÂ 2 å3òP´+ä 2 e�j$t°h�lqtWtZzDj�eDj�y<{�l'o.hmjirmcXkUhml'nXo

eDzuwKzDy'tWcXrª¸a¾K½'M^ÂPò3Á , ´+ä 2 tWzDrªzKoDjNgihWn3l'yqjFeKj^h�v"w�jªM�j¶À , ePÃ<�Kæ^jS���$��jFzDoKjSg$��l'tWtZl'n3o�eDjNrWc�vXn3oDt
γ
jitZh

cHhZhmjioDeDzDj�e~cXoDt�y'jAk�cXt�eDj
µ
´�³�z~cXtWcXrWt«·ãhWrWn3zsoDn3lqr�nXrW�Dl!hMcXo.hFcXzKhWn3zDr�e|{�zDoDj«gUhmn3lqy'j�»U�~¼^zKk$zDo�kin3��w~cX�3oDnXo

o|{}c¶hmn3z)hmjiâãnXl'tªgUhmgSn3�DtZj$r°�3gAá¶e|{}cXzKhmrZj$t�y'nXoD�3zDjizDrWtªe�{}n3oKeDjX�(æ^jS���$��jNy>{}gi��lqtWtWlqn3o�e�{}zDouhWj$y|t°v)t°hmîi��j�j$t°h
hWrWî$t��"rmcXlqtWj$�«�DyêcX�Ky'j$��j$o.h��HcXrWl'cX�DyqjX�DÞ�y�o|{}c�w~cXtFgihWg«rmcHwDw�nXrZhmgAeDjA�XcHrWlêcH�Dl'yqlqhmg^e~cXoDtFe|{çcHzKhmrZj$t^yqn3oD�3zKj$zDrZt
e|{�n3oDeKjX�



u(õ 576(8$9�:<;>=�?BÕ�B:�dE�?FE�O�Å[
�?MGqG[?�JUOPÅX=U\i?�LD?F=m8iIKOPEDJ
γ
L"8HEDJ�G 8�\$O�EDJ�;�?MG'Gê8K;>:ãOPEsLD?��²O�E�O)\i?M=�OPJ

Ø��Z� w ¦d¦®��^v_$�S�N_U�«  ¤¿¼ ©¶£�¦|�N_i¢A£ ¤u£É¦N¼SÙx£+»Y u��©S� ��©¶£�^ ¼¡ ¥ ®¼¡��¢�£É¬ �ª�
�i§�^+¼u�i��_ »Ö£

b®ju�3j$t°hmlq�3j¡eDjstZzDwRj$rWoKnP�Hc²eDjs¹sn3oDn"k$jirWn3t�jitZh��ïeKz â[cXl!h­eDj�tmcxwRn3tWtZl'�Dyqjul'o.hmjirmcXkUhml'nXoìc��Xj$k�yêcxoDg�´
�DzKy'j$zKtWj¡eDjs½�n3tZjihZhmjX�ïzKo�k$cXoDeDlqe~cHh�wRnXhmjio�hWl'jiyªe|{}cXtWtZn)kilêcHhWl'n3o¿e|{}cXkik$g$yqg$rWcHhmjizDr�eDjswDcXrZhWl'k$zKy'j$t¶c��Xj$kszDo
o�z~cX�XjA��n3yqg$k$zKyêcXlqrWjX�)bdc�oDcHhmzDrZj�w�n3oKkihmzKj$y'yqjSeDj�yêc¶tZn3zDrWkij�nX�DtWjirZ�3gij«e~cHoDt�k$jihZhmjArWgi�3l'n3ouwRn3tZjAhWn3zKhmjUâãn3l't
zDoìwDrZn3�Dyqî$��j�tWl�n3oìtWn3zD�DcXlqhWj�y<{}cXtWtZn)kil'jir¶cXz¿�3jitZhWl'�3jueDjutZzDwRj$rWoKnP�HcK�ï¾)j$zDyqjuyêcëwKrWg$tZj$oDkij¡e|{}zKo o�z~cH�3j
��n3y'gik$zDy'cXl'rZjSk$n3��w~cXkUh��ReDj«eKl'��j$oDtZl'n3o¡â[cXl'�Ky'j�w~cXrFrmcXwDwRn3r°hNá�yêc�wKrWg$kil'tZl'n3oëcXoD�3zDy'cXl'rZj�eDj«y>{}j�¯KwRg$rZl'jioDk$jH�
wRn3zDrZrmcXl!h�jU¯)wDyql'³�zDj$r�kijihWhWj���n3rZwD�Dn3yqn3�3lqjX�

l (deg)
-206.44 -204.94

b 
(d

eg
)

-2

-1.8

-1.6

-1.4

-1.2

-1

-0.8

0
1
2
3
4
5
6
7
8
9

-155-154.5-154

�������(Á)�Ke�� � gih%jlk%m�È �ªcXrZhWjNeDjSyêc�rmcXlqj^eDz���� l'o.hmgi�3rWgijNj$o.hmrZj�å¶à���t
−1 jUh w Â�Á�à���t

−1 eDjSy'c«rWgi�3l'nXoeDju¹sn3oDn"k$jirWn3ti�±��jihZhmj�è~�XzDrWj�jitZh¶hWl'rZg$j�eDj�À!Â�åXåñÃ>�7É n�o�p�q mZÈ �ªcXr°hmj�eDj�y<{�l'o.hmjioDtWl!hmg�eDjuyêc�rmcXlqj�eDz ���
lqo�hWg$�3rZg$j�tWzDr�y<{�j$oKtWj$�«�Dy'j¡eDjit��"lqhWj$tZtWj$t�rmcXeKlêcXyqj$t­j$o�eDl'rZj$kUhml'nXo eKj«A�Cº¾K¾o�3å3ä 2 ò w å.Á O �ïb®jit�kin3o.hmn3zDrZt
�Xj$rZhWt^kin3rWrZj$tWwRn3oDeKj$o.hScXz"¯¡k$n3o.hWn3zDrWtFe|{�jU¯)k$îit^eDjAyêc­tWnXzDrWkijtADCa¾D¾��3å3ä 2 ò w å3Á O �Dbï{}cXrWkAeDjAk$jirWk$yqj��DyêcXoKk
jioswRn3l'o.hWl'y'yqg$tºk$n3rZrWj$tZw�nXoDeëá­y>{}j�¯)hWj$oDtZl'n3o�eDj�yêc¶kin)³�zDlqy'yqjNeDz¡�3j$t°hmlq�3j�eDj�tWzDwRj$rZoDn��Xc®�AòXå.Á)�çÁ w åK�çÁ)�

£ªÅ[Ä�Å°Æ Ü ²FE[�$²�±[E[�$²><8² Î+:8­�6°²�� ª®©aÍ+ËFE�:^ÍÕ­°¯Õ±
²��
ðFoKjNrWjikM�Dj$rZkM�Dj�eDj^o�z~cX�Xj^��n3y'gik$zDy'cXl'rZj�kin3��w~cXkih�c«gUhmg^��j$oKg$jNe~cHoDt�yqj$t�k$cXrZhWn3�3rWcXwD�Dlqj$t�eKj^��cHhmlqî$rWj

rZg�cXyql'tWgij$t�áëw~cXr°hmlqrAe�{}n3�KtWj$r°�HcHhmlqn3oDtAeDj�y'csrmcHl'j�eDzì���¶�ÖðFofo�z~cX�Xj�k$nXrWrWjitWwRn3oDe~cHo�h«j$t°h¶n3�DtZj$r°�3g�e~cHoDt
y'c�k�cHrZhmnX�3rmcXwK�Dl'j�rWg$cXy'lqtWgij�w~cHr^y'j«�ºâã¼éÂX�
ò���lqy'y'lq��jUhmjir°´¯i�c��3jNrWcXeDlqn�hmjiy'jitWk$nXw�j�À!Â�åXåñÃ>�|��jitNn3�DtZj$rZ�HcHhWl'n3oKt
ti{}gUhmj$oKeDj$o.hSjio�hWrWj�Â , ä�eDj$�3rZg$tFjihNòXå3äK�çÁ�eKj$�3rZg$t^eKj�yqn3oD�3l!hmzDeDj�jUh�´mÂ3�
Á­eDji�3rWgAjih 2 �çÁ�eDji�3rWgAeDjAyêcHhWlqhmzKeDjX�Cïy'yqj$t�k$nXzK�"rWj$o.h�yêc²rWg$�Xl'n3o eDjë¹sn3oDn"k$jirWn3t�jih�wDy'zKt�w~cHrZhmlqk$zDyql'îirWj$��j$o.h�kij$y'yqj¡n$��tZjëtZlqhmzKjsy'c²oKn3zK�3jiy'yqj
tZn3zDrWkij�ADCa¾D¾��(bdc«è~�3zKrWj�Á)�Ke NQgih"jlk%m rZj$wDrZg$tZj$o.hmjAyêc¶k$cXrZhWjSeDjSy<{�l'o.hmjioDtWl!hmgNeKzë��� k$n3rZrWjitWwRn3oDe~cXo.hWjX�Rb®j
o�z~cX�XjFkin3oDtWlqeDg$rZgFjitZhºrWjiw�n3r°hmg�k$nX����j�y'j�o�z~cX�3j^ò 1 e~cXoKtºyqj�kin3l'o�jio��~cXtºá��.cXzDkM�DjH�"b�cSè~�3zKrWj�eDj Oinlo�p�q m
jitZh�zDo�cX�3rWcXoDeDlqtWtWji��jio.h�eDjSyêc¶rZg$�3lqn3oueDzu�3jitZhmlq�3jSeDj�tWzKw�jirWoDn��Hc­n$�¡tWn3o.h�tWzKw�jirWwRn3tWgitFyqj$t�k$nXo�hWn3zDrZt�eDj
tZl'�3oDl!è~k�cñhmlq�"l!hmg^eKjAy'c«tWnXzDrWkijcA�Cº¾K¾��(b®jSo"zDcX�3jSj$t°h�j$oscXwDw~cXrZj$o.hmj�kini&µoDkil'eDjioDk$jAc��3jik�y<{�g$��l'tWtZl'n3oÐADCa¾D¾
jUhFkin3oDt°hmlqhWzDj�eDj�k$jSâ[cXl!h�zDo�k�cXoDeKl'e~cHh�lqo.hmg$rZj$tZtmcXo.hFw�n3zKr�y<{�n3rWlq�3l'oDjFeDj�yêc¶tZn3zDrWkij�eKjArWc�v3n3oDt

γ
�

bdc��"l!hmj$tZtWj�rmcHeDlêcXyqjN��nPvXj$oDoKj�eDj�kijAo�z~cH�3jX�®Â 2 �Çe­à���t
−1 �~j$tZh�kin3��wDcHhmlq�Dy'j^c��Xj$k�k$j$yqy'jNnX�Khmjio"zKj�w~cHreDjitª��j$tWzKrWj$t�n3wKhmlq³�zDj$tºw�n3zKr�y'j��3jitZhmlq�3j^eKjNtWzDwRj$rZoDn��HcK�

12± 5
à���t

−1 À , òñÃ>�)bdjFo�z~cX�3jNtZjNtWl!hmzDjFeDn3oDk^áwDrZn�¯Klq��l!hmg±eDzA�3j$t°hmlq�3jX��KYhMcXo.hYjio«wDrZnñóZj$kUhmlqn3o¶á�y<{�l'o.hmgirWl'jizDrdeDz��Xj$t°hml'�XjS·ãèD�3zDrWj�Á)�Ke Oin�o�p�q m »��ñy'c�wRn3tZtWl'�Kl'y'l!hmg
³�zDj�y'jSo�z~cH�3j�tWn3l!h�j$o¡k$n3o.hmcXkihFc��3jik�y'c¶k$n"³"zKl'y'yqjNn3z�á­y<{�l'o.hmgirWlqj$zDrªeKjAy'c¶k$n"³�zDl'yqy'j­·ãeDg$wDcXtWtZg�w~cHr�y'jSkM�Dn"k
âãrZn3o.hMcXyê»�o|{�j$t°h­w~cXt«jU¯)k$yqzDjX�7b�cs��cXtZtWj�eDz¿o�z~cX�3j�cëgihWg�j$t°hml'��g�á

3.6 × 103 ��cHtWtWjit¶tWnXyêcXlqrWj$ti�Ö��jihWhWj��cXtWtZjuj$t°h­�)rWcXl'tZj$�¶�KyêcX�Dyqj$��j$o.h¶tZzDrWjitZhWl'��g$jugihmcXo.h�eDn3oDoKgu³"z�{}jiy'y'j�l'oDkiy'zKh«y'j$t­eKj$z)¯ìkin3��w�n3tWcXo.hmjit­eDz
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�?$\tÅXEsE Å.8��K?��¡OPGãQ$\�ÅXG 8H:q=U? u(Ï
o�z~cX�XjA��l't�jiosgU�"l'eDjioDk$jAe~cXoDt�yqjSk$n3lqo��DcXt��.cXzDkM�Dj�eDj�y'c­èD�3zDrWj�Á)�Ke NQgih"jlk%m �Db�c­kini&µoDkil'eDjioDk$j�tZw~cHhml'cXy'j
jio�eDlqtZhmcXoDk$jurWcXeDl'cXy'j�jih�yêcë³�z~cHo�hWlqhWg�eKju��cHhWl'îirWj�kin3o.hmj$o�zDj�e~cXoKt­k$j¡o�z~cX�3j¡rWjioKâãn3rZk$j$o.h�y<{��.v"w�nXhW�Dî$tZj
³�zDj­kij­o"zDcX�3j¶jitZhAá�y>{}n3rZl'�3lqoDjAeDj¶y<{�g$��l'tZtWlqn3oëeDj«rmc�v3n3oKt

γ
eKj¶hmrWîitN�~cXz)hmj¶gioDj$rZ�3l'jH�|ðFoKj�cXo~cXy!v)tZj¶wDyqzDt

eDgUhMcXlqy'yqg$jNeDj�kij$t�n3�DtWjirZ�HcHhWl'n3oDt�eDcXoDt�yêc¶rWcXl'jSeDzë��� jitZh�wDrWgitWjio�hWg$j�w~cXr�yêc­tZzDlqhWjX�

£ªÅ[Ä�Å43 E `���²�±0¥�­4��¯Ð©±Î/� <�: r À á Æ±Åà3 ª®¯+Í+ÍÕ¯Ðª®²��
²�±P��°C­X¥°² ±
­�<8¯Õ©¤�
²®ÍÕ²���E¿©a8û²
b®j$t�n3�DtWjirZ�HcHhWl'n3oDt�eDz AFcXrZ�HcXrZe�¾"��l!hm�DtZn3oDlêcHo��ºâã¼ ·<��jio�hWj$r�âãn3r�¼FtZhWrWn3wD�.v"tWlqk$tm»�Â3�çòÝ��l'yqy'l'��jihWj$r+´i�c��3j�rmcXeKl'n�hWj$yqj$tWkin3wRj­e~cXoDtNy'c�rmcHl'j«eKzÝ����áëÂXÂPÁS��ATVu·n��V­Â → å.»U�RwDrWgitWjio�hWg$jit�wKrWg$kig$eDji����j$o.h$�|n3o.h

gUhmg���j$oKg$j$tAj$o.hWrWj�óWcHo��"lqj$rAjih���cXl�Â ,$, 2 �dð�oDj�rZj$kM�DjirWkM�DjueKj�o�z~cX�Xj�kini&µoDkil'eDjio.h¶c��3jik�yêcuwRn3tWl!hmlqn3o²eDj
y'c�tZn3zDrWkij­ADCa¾D¾sc�gihWg«rZg�cXyql'tWgijX�(bdc�èD�3zDrWj¶Á)� , NQgih%jlk%m rZj$wDrZg$tZj$o.hmj­yqjAwKrWnXè~y�eDj�y<{�l'o.hmjioDtWl!hmg�eDj«y'c�rWcXl'j
eDz���� j$o eDlqrWj$kUhmlqn3oìeDj¡yêcxw�nXtWlqhWl'n3oìc�óZzDtZhWg$j�eDjsy'cxtWn3zDrZk$j�ADCa¾D¾��±bdc²eDrWnXlqhmjurZn3zD�3j¡jio�wRn3l'o.hmlqy'yqg$t
rZj$wDrZg$tWjio.hmj 2

σ
eKjuyêcëeDlqtZhWrWl'�KzKhmlqn3ofeDzì�DrZzDlqh­eKj$t­eDn3oKoDg$jit$�±b®juo�z~cX�3jurZj$wRn3rZhWgue~cXoDt­y'cëy'l!hWhmgirmcHhWzDrWj

kin3rWrZj$tWwRn3oDescXz¡wDlqkNn3�DtZj$rZ�XgX�Rbï{}gi��lqtWtZl'n3outZn3rZh�tZl'�3oDl!è~k�cñhmlq�Xj$��j$o.h�eDz¡�DrZzDlqh�eKjNâãn3oDe¡jih�c­wRn3zDrª�"lqhWj$tWtZj
rWcXeDlêcHy'j���n�v3j$oKoDj

12.8 ± 0.9
à���t

−1 �ïbdcxk�cXr°hmj¡k$nXrWrWjitWwRn3oDe~cHo�h�áxyêcx�~cHoDeDj¡eDj��"lqhWj$tWtZjsrWcXeDl'cXy'j�eDjÂ�å�à���t
−1 á�òXå�à���t

−1 k$jio�hWrWgij«tWzKrFy'c�wRn3tWl!hmlqn3o¡eDzëo�z~cX�Xj�jitZhFrWj$wKrWg$tZj$o.hmgij­tWzDr�yêc­è~�3zKrWj«Á)� , Oin�o�p�q m �ð�osc�óZzDtZhWj$��j$o.h�eDj�eDn3zD�DyqjB��cXzDtWtZl'jioDoDj�w�jirW��jih�eKjAeKgiè~oDlqr�zDo¡k$jio�hWrWni&<eDj�w�nXzDrªy'jSo�z~cH�3jX�~bdc­³�z~cXyqlqhmg
eDj­y>{çc�óZzDtZhWj$��j$o.hNjitZhShmrZî$tS��g$eDlqn)kirWjAeDzxâ[cXlqhFeDj¶y'c�rWgitWn3yqzKhmlqn3o�eDjitSeDn3oDoKg$j$tSjUhSeDj¶y'c�eDlqtWtZv"��gihWrWl'j«eDz
o�z~cX�XjX�Ybdc�w�n3tZlqhWl'n3oþcPóZzDtZhWg$j�jUh¶tZn3o¿j$rZrWj$zKr«tWnXo�h¶rWj$wKrWg$tZj$o.hmgij$t�tWzKr«yêc¡è~�3zDrZjuc��3jik�zDoDj�kirWn3l
¯ÝoDn3lqrWjX�
y'c�wRn3tWl!hmlqn3oseKj�y'c�tZn3zDrWkij­ADCa¾D¾�j$tZh$��jiy'yqjX�~rWjiwDrWgitWjio�hWg$j�c��3jik¶zDoDj�k$rZn3l!¯¡�KyêcXoDkM�KjX��b�c�wDrWnX�~cX�Dlqy'lqhWgS³�zDj
yqj$t�k$jio�hWrWni&<eDj$tAtWnXl'j$o.h�kini&µoDkil'eDjio.hmtAj$tZhAeDj�åK� 2 eK�|bdj�k$cXy'kizDyïeDj�yêc���cXtWtZj�eDz�o�z~cH�3j�eDn3oDoDj

2.2 × 103��cXtWtZj$t�tWnXyêcXlqrWj$ti�d��jihZhmj�j$t°hmlq��cHhWl'n3oëk$n3oKèDrW��j�³�zDj�y'c���cXtZtWj�eDzÝo�z~cX�3j�gi�Xn)³�zDgij�wKrWg$kig$eDji����j$o.hAj$t°h
tZzDrWjitZhmlq��gij�w~cXr�yêc­wDrZl'tZjSj$o�k$n3��wKhmj�eDj�o�z~cX�Xj$t�cXeñóWcXkij$o.hmti�
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-205.939 -205.439

b 
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)
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-154.4-154.2

�������"Á)� , � � gih"jlk%mTÈ ¸ïrWnHè~yDeDj�y>{}lqo�hWj$oDtZlqhWg�eDj�y'c^rmcXlqjªeDz����peDcXoDtïyêcFeDl'rZj$kihWl'n3o«eDj�ADCa¾D¾9�3å3ä 2 ò w å.Á O �
bdc eKrWn3l!hmj rWn3zD�Xj�jioÉw�nXl'o.hmlqy'y'gitxk$n3rZrWjitWwRn3oDeÌá 2

σ
eDj�yêc�eDl't°hmrZl'�DzKhWl'n3o eDzÉ�KrWzDl!h�eKj�y<{}cXo.hmjioDoDjH�É n�o�p�q m�È �ªcXr°hmj²eDjÝy<{�l'o.hmjioDtWl!hmgxeDjÝyêc¿rWcXl'jxeDz ��� l'o.hWg$�3rZg$j²j$o.hmrZj�Â�å¿à���t

−1 jihëòXåìà���t
−1 ��bdjitkin3o.hmn3zDrZt��3jirZhWt�k$n3rZrWjitWwRn3oDeDjio�hucXz)¯�k$n3o.hWn3zDrWt�e|{�jU¯)k$îitueDjëy'c�tWnXzDrWkij³ADCa¾D¾q�3åXä 2 ò w å.Á O �±b�cÝk$rZn3l!¯

oDnXl'rWj�lqoDeDlq³"zKj�yêcSw�nXtWlqhWl'n3o­eKz�o�z~cX�Xj�jUhatWn3o�l'oDkij$r°hmlqhWzDeDj�j$t°hmlq��gij$t±w~cXrïzDo�cPóZzDt°hmji��jio�hºe|{�zDoDj�âãn3oDkUhml'nXo��cXzDtZtWl'jioDoDjNeKj$z)¯�eDl'��j$oDtZl'n3oKt$�)b�c�k$rWnXl!¯��DyêcHoDkM�DjNjitZh�yêcAw�nXtWlqhWl'n3o�eDjNy'c«tWn3zKrWk$j|ADCa¾D¾)�3å3ä 2 ò w å3Á O jUh
tZn3oslqoDk$jirZhWlqhmzKeDjX�

bdcþrWgitWn3yqzKhmlqn3o���n�v3jioDoDj�eDjsk$jUhWhmjëk�cXr°hmn3�3rWcXwD�DlqjseKj�yêcÝrmcXlqjseDzÿ��� oKj�w�jirW��jih�w~cXt�e�{}j�¯Kkiy'zDrZj
zDoKjscHtWtWn"k$l'cHhmlqn3o¿eDj�yêc�tZn3zDrWkij«A�Ca¾D¾ c��Xj$k�k$j¡o�z~cX�3jH�HKYhmcXo.h�eKn3oDoDg¡³�zDj�y'j$t­eKl'tZhmcXoDkij$t�cXz¿�3j$t°hmlq�3j
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eDj­tZzDwRj$rWoKnP�HcujihAcHzxo"zDcX�3j­tWnXo�h�kin3��w~cHhmlq�Dy'jit$�Rk$jiy'zDl
´�k$lÖk$n3oKtZhml!hmzDj«zDoDj­tWnXoDeDj�l'o.hmgirWjitWtmcHo�hWj�w�n3zKrNy'jit
rWc�vXn3oDtak$n3tZ��lq³�zDj$t±wRnXhmjio�hWl'jiy'y'ji��jio.h±cXk$kig$yqg$rWgitºwDcXrïy'jª�Xj$tZhWl'�3jH�"æ^j$z)¯�³�zDjitZhWl'n3oDt±eDnXlq�3jio.hahWn3zKhWjiâãn3lqta�ihmrZj
cX�Rn3rZeDg$jit$��á�tWc��Xn3l'r�tWldy'c�³�z~cHo�hWlqhWg�eDjA��cHhmlqî$rWjAcXz�tWjil'oseDzëo�z~cX�Xj�jitZhNtZz0��tmcXo.hWj«wRn3zDr�rWj$oKeDrWj��"l'tWlq�Dy'j
yqj$t«�DcXeDrWnXoDt­cXkik$g$yqg$rZg$t¶jUh­tWlºeDj$t¶nX�DtWjirZ�HcHhmlqn3oDt�wDy'zDt�wDrWgik$lqtWj$t­kin3oKè~rZ��jio.h­yêc�k$ni&<oDk$lqeDj$oDkij�eDzfo�z~cH�3j
c��3jik�y>{}gi��lqtWtZl'n3oueDj�rWc�vXn3oDt

γ
�

£ªÅ[Ä�Å[Ä P ª 8^ÍÐ¯�E.­$��¯Õ©±Î���:$±�ÍÕ­ <$²®ÎN��¯¯�KË�<8² ±
­X�°©±Î/�IE.©%��ª®¯�I+:8²��s<$­aÎ/�¿ÍÕ² Î+:8­�6°²
bdc�eDjioDtWl!hmg�eDj�rWc�v3n3oDtFk$n3tZ��lq³�zDj$tFcXzëoKlq�3j$cXz�eDzso�z~cX�3jAw�jizKh|�UhmrZj�jitZhmlq��gij«á�w~cXr°hml'r�eKj«yêc���cXtWtZj

eDj¡��cHhmlqî$rZj�jih�eDzs*~z)¯ìnX�DtWjirZ�3gseDj¡rmc�v3nXoDt
γ
�±bdnXrWt­eDj¡yêcxwDrZn)eKzDkihWl'n3oìeDj¡wDlqn3oDt­oDjizKhmrZj$t

π0 kirWgig$tw~cHr«eDjit¶k$n3yqy'lqtWl'nXoDt�wDrWnXhWn3o)´µwDrWnXhWn3o|�dy'j
π0 ji��wRn3rZhWj�zDoKj�âãrmcXkUhmlqn3oþ��n�v3j$oKoDj κπ ∼ åK�!Â O eDj�y<{�g$oDjirW�3lqj

kil'oDgUhml'³�zDjxeKz wDrZnXhmnXopeDcXoDt¡y'jxrZgiâãg$rZj$o.hmlqj$ySeDzpo�z~cX�3j�·ãk$l'�Ky'jëèK¯)j�»U��b®j²wD�DnXhWn3o�n3�DtWjirZ�XgþtWzKlqhmj²á¿y'c
eDgitWlqo�hWg$�3rWcHhmlqn3o�eDzswKl'n3o�oDj$z)hmrWjAj$��wRn3rZhWjAjioë��n�v3j$oKoDj�y'c­��n3l!hmlqgNeDjAy<{�g$oDjirW�3lqjSeDz

π0 ��bdc��.cX����j^j$ogioDj$rZ�3l'j¶eKj$tNn3�KtWj$r°�HcHhmlqn3oDtNeDjtADCa¾D¾�� 2QO åS�Sjàß ´ 1 å�ß�jàß k$n3rZrWj$tZw�nXoDe²á�yêc��.cX����jAj$oxgioDj$rZ�3l'j�w�n3zKr
yqj$tAwDrWnXhWn3oDt 1 �çò�ß�jàß¨´ 1PO å�ßÖjàß«�Öbdc�eDj$oDtZlqhWg�e|{�g$oDjirW�3lqj�eKj$t«rWc�v3n3oDt�k$n3tZ��lq³�zDj$t�e~cXoDt�k$jihZhmj��.cX����j
jio�g$oKj$rW�Xl'j

w(4.2 − 470 TeV)
j$t°h�nX�Khmjio"zKjëáxw~cXr°hmlqr­eDj¡yêcxy'zD��l'oKn3tWl!hmg�jio�rWc�vXn3oDt

γ
eDj¡y'c²tZn3zDrZk$j

Lγ(0.37 − 40 TeV)
wDcXr�yêc­rWjiyêcHhWl'n3o«�

w(4.2 − 470 TeV) ≈ tpp→π0 × Lγ(0.37 − 40 TeV ) × (V/cm3)−1 eV cm−3

n$�
tpp→π0 ≈ 4.5×1015(n/cm−3)−1 j$t°h�yqjªhmj$��wDt±k�cHrmcXkUhmg$rZl't°hml'³�zDj�eDj�y>{}lqo�hWj$rWcXkihWl'n3o­wDrZnXhmnXo)´�wDrZnXhmnXo­j$otZj$k$nXoDeDj$ti�

n
y'cNeDj$oKtWlqhWg�eDz�o�z~cH�3j�j$o�k$�

−3 jUh V
y'jª�3nXy'zD��j�eDz�o�z~cX�3jAÀ
Â�åKÂiÃ>�"��jihZhmj�rWjiyêcHhWl'n3o­wRj$z)h��ihmrZj

rZjiâãn3rZ�¶zDy'gij�w�n3zKrFoDj�wDy'zKt�hWj$oDlqr�kin3��wKhmjA³�zDj«eDj�yêc­��cXtWtZj«eDzso"zDcX�3jX�RwRn3zDr�yêcX³�zDjiy'y'jSyqj$t�l'oDkij$r°hmlqhWzDeDjit
tZn3o.hFwKy'zDt�â[cXlq�Dy'jit$�[Cïyqy'jNeDjU�"l'j$o.h¢�

w(4.2 − 470 TeV) ≈ 3.8 × 10−42 × (Mnuage/M�)−1 × Lγ(0.37 − 40 TeV)CïoìtWzDwDwRn3tWcXo.h�³"zKjuy'jU*~z"¯¿eDgUhmj$kUhmgujitZh�g$��l't�w~cXr¶yqj�o�z~cX�3j�eDl't°hMcXo.h­eDjxÂX� 1 à�wRkX�Yy'csy'zK��lqoDn3tWl!hmg
jio�rWc�vXn3oDt

γ
jitZh

Lγ(0.37 − 40 TeV) = 6 × 1044 jàß²t −1 �±bdcxeDj$oDtZlqhWg�eKj�rWc�v3n3oDt�k$nXtW��l'³�zDj$t�e~cHoDty'cë�.cX����j�j$o¿gioDj$rZ�3l'j�kin3rWrZj$tZw�n3oKe~cXo.hmjujitZh�eDn3oKk
w(4.2 − 470 TeV) ≈ 1.1

jàß²k$�
−3 �7æNcXoDt­yqj�k$cXte|{�zDoDj�g$��l'tZtWl'nXopeKj�rWc�vXn3oDt

γ
w~cXr¡zDoKj�wRn3wDzDy'cHhmlqn3o�eDjÝ�~cXeDrZn3oDt$��y'cìeKl'tZhWrWlq�DzKhmlqn3oÿj$o g$oDjirW�3lqj�eKj$t

wD�KnXhmn3oKt�g$��l't�tWzDl!h�zDoKjëeDlqtZhmrZl'�Dz)hml'nXo�eDjë�®�i��j�k�cXrWcXkihWg$rZl'tZhWl'³�zDjH�ºe~cHoDt�y'j�k�cHt�wDrWgitWjio�h¡zKoDjëyqn3l�eDj
wDzKl'tWtWcXoDkij�eKju�®�i��j�lqoDeDlqk$jX�Ö¸ÖnXzDr­zDoìl'oDeKl'k$j�tWwRj$kihWrmcXy�tWzDwRg$rZl'j$zKr�á�ò"�7yêcseDj$oDtZlqhWgug$oDjirW�3gUhml'³�zDj¡eDjit
rWc�vXn3oDtdk$nXtW��l'³�zDj$tdjitZh�eDn3��l'oDgijYw~cXr®yqj$t®�~cHeDrWn3oKt�eKjï�~cXtWtZjºgioDj$rZ�3l'jH���No�jU¯"hmrWcXw�nXy'j±cXyqn3rWt|y'cªeDl't°hmrZl'�DzKhWl'n3o
eDj�wDrZnXhmnXoDt�á­wDy'zDt��DcXtWtZjAgioDj$rZ�3l'j�· h�v)wKl'³�zDj$��j$o.hAÂ��Sjàß�»�wRn3zDr�j$t°hmlq��jir�yêc¶eDjioDtWl!hmgSe|{�g$oDjirW�3lqjShmnXhmcXy'jt�
w(1 GeV − 470 TeV) ≈ 38

jàß²k$�
−3 �Cïo¿tWzDwKw�n3tWcXo.h�³�zDj�k$jit­rmc�v3nXoDt¶k$nXtW��l'³�zDj$t«rWj$��wDyql'tWtZj$o.h¶zKoDlqâãn3rZ��gi��jio.h«yqj��3jitZhWl'�3j�eKj�eDlêcH��îUhmrWje3å¡wRkX�®y<{�g$oKj$rW�Xl'j­hmnXhmcXy'j«³"z�{}lqy't�k$n3o.hWl'j$oKoDj$o.h�j$tZh�j$t°hmlq��gij�á

3.8 × 1051 jirW�D����jUhWhmj�g$oDjirW�3lqj�j$tZhAtZzDw�g�´rZl'j$zKrWj­áuy<{�g$oKj$rW�Xl'j�h�v"wDlq³�zDj�e|{}j�¯)wDy'n3tZl'n3oxe�{}zDoKj­tWzDwRj$rZoDn��XcÝ·+Â�å 51 j$rZ��»U�|¹��$��j­j$o²tWzKwDw�nXtmcXo.hA³�zDj­y'jit
rWc�vXn3oDt­kin3tW��l'³�zDjit­cXk$kig$yqg$rWgit­oDj�tZn3l'jio�h¶w~cXt¶zDoKlqâãn3rZ��gi��jio�h«rWgiw~cXrZhWl't«áëy<{�l'o.hmgirWlqj$zDr�eDzf�3jitZhmlq�3j���cXl't
wDyqzDt±k$n3oKk$j$o.hWrWg$tªcXz�oKlq�3j$cXz�eKjFy'c�kin)³�zDlqy'yqj�eDz�â[cHlqh±eDz�k$n3oKèDoDj$��j$o.h��"l'yKtWj$�«�Dy'j�eDlW��kil'y'j�eKj�kin3oDkil'y'lqj$rïy'c
eDjioDtWl!hmg¶eKj«rmc�vXn3oDtSk$nXtW��l'³�zDj$tFn3�DtZj$rZ�Xg$j�c��3jik­yêc��XcHy'j$zKrFk$cXoDn3oDlq³�zDj¶eDj�Â�åSRíe|{�j���k�cXkilqhWg¶eDj¶kin3o.�3j$r+´
tZl'n3o�eDjAy<{�g$oDjirW�3lqjAe�{}j�¯KwKy'n3tZl'n3o�eDjAyêc­tWzDwRj$rZoDn��HcK�R¸7cXrFcXl'yqy'jizDrWti�DgihmcXo.h^eDnXoDoDgAy<{KµX�3j�c��HcXoDk$gAeDz��3j$t°hmlq�3j
jUh¶yêc¡â[cXl'�Ky'j­�"lqhmjitWtZj�eDj�wDrZn3w~cX�3cHhmlqn3o�eKj�tmcsk$n"³"zKl'y'yqjX�dl'y±tZj$�¶�Dyqj�wRj$zþ�"rWcXl'tZj$�¶�Dy'cX�Dyqj�³�zDj�y'j$t�rmc�v3nXoDt
kin3tW��l'³�zDjit�tZn3l'jio.hFjioDk$nXrWj�k$n3o)è~oDg$tFcXz¡oDl!�3j�cHzseDj�y'c�kin)³�zDlqy'yqjX�

£ªÅ[Ä�Å � E `���²�±0¥�­4��¯Ð©±Î/� <�:��KË®ÍÕ²���E¿©a8û² ~Íá�~¥R©5¿~
b®j�hmgiy'jitWk$nXw�j�y�¼|y�ß�C7y�jitZh±zDo«rmcXeDlqn^hmgiy'jitWk$nXw�j�óWcHw�n3oDcXl't�l'oDt°hMcXyqy'gºáNbdcXt±�ªcX��w~cXoDcXta�N�DtZj$rZ�HcHhWn3rZv

cXz����Dl'yqlªk$nX��wRn3tWg�e|{�zDoDjscXo.hmjioDoDjëeKj 1 ��îUhmrWjit$�º¾)n3o�wDrWlqoDk$lqw~cXyªnX�"óZj$kUhmlqâ^j$t°h�yêcxk$cXrZhWn3�3rmcHwD�Dl'j¡eDjit



`(?i\P;[:[OPE©ÕP�ÂÁuB|5aOPE�\MG4ÅXJW:ãOPE�?P;d9Y?M=WJ<9ï?i\P;[:à
P?mJ u"�
o�z~cX�Xj$t���nXy'g$kizDyêcHl'rWjit�e~cHoDt�oDnXhmrZj¢�AcXy'cñ¯)l'jFjih�tWjit��3cXyêcñ¯)lqj$tªtWcHhmjiy'y'l!hmjit�cXzuhmrWc��Xj$rZtFeDj�y'c¶rmcXlqjNeDz 12 ���­�bdcfk$nXzK�3jirZhmzKrWj²eDzÿwDy'cXoÿeDj�y'cÞ�AcHyêcñ¯)l'jscfeDgi��cXrZrWg�jio Â ,$, äþjUhul'oKk$y'z)h�yêc�rWg$�Xl'n3oÿeDjx¹sn3oDn"k$jirWn3ti�
bdc�è~�3zKrWj�Á)�!Â�å NQgih%jlk%m j$tZh�y'c�k�cHrZhmj«eDj¶y<{�l'o.hWj$oDtZlqhmg�eDj¶y'c�rmcXlqj«eDz 12 ��� wDrZn��3j$oDcXo.h�eKj¶k$jUhWhmj­rZg$�3lqn3o|�
lqo�hWg$�3rZg$j±j$o.hWrWjºå�à���t

−1 jUh 2 å�à"��t
−1 �PðFoAwDl'kïe�{}gi��lqtWtWlqn3o�j$t°hÖwKrWg$tZj$o.hÖe~cXoDtdyêc����$��jïrWgi�3l'n3oS³�zDjak$jiy'zDln3�KtWj$r°�3gAe~cXoDt�y'jit�eDn3oDoKg$j$t�eDz¡hmgiy'j$tZk$n3wRj��ºâã¼«�(bdc¶è~�3zDrZj�eDj Oinlo�p�q m jitZhFzDoëcH�3rmcXoKeDl'tZtWj$��j$o.h�eDj�kijihWhWjVin3oDj^lqo.hmg$�XrWg$jFj$o.hmrZj¶Â�åAà"��t

−1 jUh�òXåAà"��t
−1 �)b®j^o�z~cX�3j^cXwDw~cHrmcfÎqhºtZzDr�kijihZhmj^è~�XzDrWjFtWl'�XoDlqè~k$cHhml!�3ji��jio�heDgik�cXyqg�w~cXr�rmcXwKw�n3r°h�á�y'c¶w�nXtWlqhWl'n3oueKj�y'c¶tWn3zDrZk$jAeDjArmc�v3n3oKt

γ
�(bdc­k$rZn3l!¯¡oKn3l'rZjSrWj$wKrWg$tZj$o.hmj�yêc­wRn3tWl!hml'nXo

eDzëo"zDcX�3j«jUhNtZn3o�j$rZrWjizDr^n3�)hmj$o�zDj«c��3j$k«zDoxcPóZzDt°hmji��jio�hNeDjAâãnXoDkihWl'n3o³�AcXzKtWtWlqj$oDoKjX����n3��w)hmj�hWj$o�z�eDjit
�~cHrWrWjitNe|{�j$rZrWj$zKrWtNeDjitNeDjiz)¯�gi��lqtWtZl'n3oDti�(yêc�wDrWn3�DcX�Dl'yqlqhWgA³�zDj«y'j$t�k$jio.hmrWnf&µeDjitNtWn3lqj$o.hNkini&µoKk$l'eKj$o.hmtNjitZh^eDj
1.5 × 10−4 �R��j�eDgik�cXy'cX�3jSjio�hWrWj�y'jit�g$��l'tWtZl'n3oKt$�~cPóZnXzKhmg�cXz¡â[cXl!h�³�zDj�yqjN�3jitZhmlq�3j�oDj�w�jizKh�w~cXt�jU¯)wDyql'³�zDjiry>{çcXzK�3��jio.hMcHhWl'n3o¡eDj�yêc�eDj$oDtZlqhWg«eDj�rmc�v3n3oKtNk$n3tZ��lq³�zDj$t�oDg$kij$tZtmcXlqrWjX��rWjioDe�y<{��.v"w�nXhW�Dî$tZj«eDj�y<{}cXtWtZn)kilêcHhWl'n3o
eDz�o�z~cX�3j���n3y'gik$zDy'cXl'rZjNc��3jik�yqjN�3jitZhmlq�3j�jih�yêc¶tZn3zDrZk$j¢ADCa¾D¾�hmrWîit�w�jizswDrZn3�~cX�Ky'jX�

l (deg)
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�������KÁ)�qÂ�å|� � gih"jlk%m|È �ªcHrZhmj�eDj�y<{�l'o.hmjioDtWl!hmg�eDj�yêcSrmcHl'j�eDzu���pl'o.hmgi�3rWgijFjio�hWrWj^åAà���t
−1 jih 2 å�à���t

−1 �b®j$t­kin3o.hmn3zKrWt¶�3jirZhWt­k$n3rZrWj$tZw�nXoDeDj$o.h�cXz)¯fk$n3o.hWn3zDrWt«e|{}j�¯)k$î$t�eDj�y'cëtWnXzDrWkijZADCa¾D¾ �3å3ä 2 ò w å3Á O �Öb±{}cXrZk
eDj�kij$rWkiy'j��Dy'cXoDkSj$o¡wRn3l'o.hWl'y'yqg$tºj$tZh�y>{}j�¯)hWj$oDtZl'n3o¡eDj�y'c¶k$n"³"zKl'y'yqjNeDz¡�3jitZhmlq�3j�eDjStWzKw�jirWoDn��HcÐ�AòXå.Á)�çÁ w åK�çÁ)�
bï{�g$kM�Djiy'y'jAeDj�k$n3zDyqj$zDr�j$t°hNtWcHhmzDrZg$j«á 2 å®{�à���t

−1 w�nXzDrFrZj$oDeKrWj��"lqtWl'�Ky'j�y'jAo�z~cX�3j���n3yqg$kizDyêcXlqrWjNwKrWn"kM�DjeDj�yêcstZn3zDrZk$jZADCa¾D¾S�3åXä 2 ò w å.Á O �aÉ nlo�p�q mSÈ �ªcHrZhmj�eDj�y>{}lqo�hWj$oDtZlqhWg�eDj�y'csrWcXl'j�eDzì��� l'o.hmgi�3rWgij�j$o.hmrZj
Â�å�à���t

−1 jih�òXå�à���t
−1 �ïb®j$t�k$n3o.hWn3zDrWt¶�Xj$r°hmt�k$n3rZrWjitWwRn3oDeDjio�h�cXz)¯fk$n3o.hWn3zDrWt�e|{�jU¯)kiî$t�eDjuyêc�tZn3zDrWkijA�Cº¾K¾¥�3å3ä 2 ò w å.Á O ��bdcìk$rZn3l!¯�oDn3l'rZj²l'oDeDlq³�zDjxyêc¿wRn3tWl!hml'nXopeKz o�z~cX�Xj�jUhstZn3o lqoDk$jirZhWlqhmzKeDj²j$tZhWl'��g$jit

w~cHrxzDo c�óZzDtZhWj$��j$o.hÝeDj¿âãn3oDkihWl'n3o ��cXzDtZtWlqj$oDoDjH�Ab�cÿkirWn3l
¯ �Dy'cXoDkM�DjìjitZhÝyêc�wRn3tWl!hmlqn3o eDjìyêc�tZn3zDrWkijA�Cº¾K¾��3å3ä 2 ò w å.Á O jUhFtZn3o�l'oDkij$rZhWlqhWzDeDjX�

Ø���· ± �� Z^��?¼¡¦F_U�«  £ª� Ùx£+»Y¦FÙx£�^º�N_�©¶£�¦
��jihZhmj¡oDn3z)�3j$yqy'j�tWn3zDrZk$jueDjurWc�v3n3oDt

γ
eDj�hWrWîit­�~cXzKhWj�g$oDjirW�3lqj�j$t°h�g$oDlq�3��cHhmlq³"zKjX��Þ�y�o|{�v¿c�w~cHt¶eDj

kin3o.hmrWjiw~cXr°hml'jit¡gi�"l'eDjio.hmj$t�á¿e|{}cXzKhWrWj$tuyqn3oD�3zKj$zDrZtue|{}nXoDeDjX��bdc¿o~cHhWzDrWjxwRn3oDkUhmzDjiy'yqj�eDjxy<{�g$��l'tZtWlqn3o�j$t°h
eDjsk$j�â[cXlqh�cHh�v"wDlq³�zDjX���^{}jitZhuy'cÝwKrWj$��l'îirWj¡tWnXzDrWkijëeDjsrmc�v3n3oKt

γ
wRn3oDkUhmzDjiy'y'j�oDn3o�l'eDjio.hmlqèDg$j�eDgihWj$kihWg$j

á¡k$jit«g$oKj$rW�Xl'j$ti��ðFoDj�cXtWtZn)kilêcHhWl'n3o²eDj�k$jUhWhWj�tZn3zDrWkij�c��Xj$k�yqj­�3j$t°hmlq�3j�eKj�tZzDw�jirWoDn��HcëeDj�¹sn3oKn)kij$rWnXt�jUh
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** SpectrumPowerLaw **

-1.TeV-1.s-2 cm-12 1.504e-01) 10± (1 TeV) = (2.748e+00 Φ

-1.TeV-1.s-2 cm-12 2.427e-01) 10± (817.605 GeV) = (4.603e+00 Φ

-1.TeV-1.s-2 m-8 0.243) 10±Norm: (4.603 

 0.073) ±Index: (2.562 

Decorrelation energy = 0.818 TeV

-1.s-2 cm-11 1.422e-02).10±I(>1.000 TeV) = (1.759e-01 
-1.s-2 cm-11 1.696e-02).10±I(>818 GeV) = (2.409e-01 

Likelihood : -9.7

 = 19.3/23 ndf, P=0.682χEquivalent 
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Â\»m¼PÀÈ»m¸�ÀTÊ�¼Pµ6ÀT¸#¹Wº3ÀÈÊm¿�¾3ÀÁ¸�Î�Ê'¹�µ6ÂU´Ðº!ÂT¼PÀ-»3¼�ì�¸�Ân¼
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Î ´�ÀTÀ6¸#ì�¼PÀcÀ6¼PµT´�¸#Â�¾3ºø¿�¸�¼
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º3ÀT¼Á´�¾�º3¸�ìW¼@´Ð¾ »3¼
À��P¹Wº3¼
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ÂT¸�¹WºR»3¾RìW¼
À6Ân¸#·W¼Á´@ìW¼PÃÁ¿�¼OÎ�¸�¿#¸�¼
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Ê�¼P¾mÂ,�SÂnµ6¼+¼SÇ�Ê3¿�¸#½!¾3¶P¼+ÊÏ´Ðµd¿�¼cð ´Ð¸#Âd½!¾3¼R¿�´)ÃP¹�½!¾3¸�¿#¿�¼c¼
À6ÂX¼
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º�ÂnÀ
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¿�¿#¼PÀa´�º3ÃP¸#¼Pº3ºm¼PÀO¼SÇ�Ê3¿#¹WÀT¸#¹Wº3ÀO»3¼\À6¾3Ê�¼PµTºm¹eìÐ´mÑ%³�¼\ÃUÉ3¹�ÃXÊ'¼
¾mÂÁ´�¾3À6ÀT¸N´@ìW¹�¸�µK¶SÂn¶\¿�¸#ÀTÀ6¶
ÊÏ´ÐµÁ¿�Ëà´ÐÊ3ÊÏ´�µ6¸#Ân¸#¹Wº)»m¼�ÊmµT¶PÃ
¾3µTÀ6¼P¾3µ6ÀÈÎ ´�·Wº3¶SÂn¸#½�¾m¼PÀO¼PºÓ´@ìÐ´�¿�»3¾ÄÃUÉ3¹�ÃÐÑ
Òaºh¸#º3»3¸�ÃP´ÐÂn¼
¾3µÈÊm¿�¾3ÀÈÖÏ´�Ô3¿�¼c»3¼+¿}ËÚ¸�º�Ân¼
µn´�ÃSÂn¸#¹WºÙ»3¾pì�¼PÀ6ÂT¸�·W¼R´@ì�¼PÃR¿Å´)Ã
¹�½!¾3¸#¿�¿#¼Ü»3¼+Î ´ÐÂT¸�ÛPµ6¼c¼
À6ÂX¿Å´ Ê3µT¶&Í
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¼Ü»3¾¡ìW¼
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¼Sõ.¼
Ã
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¼
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¼ Ê�¹W¾3µd¿#¼PÀdÎ ´�À6¼Pµdº3¼+Ã
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µTº3¹�ìÐ´c¼SÂ�¿�´

Ã
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º3ÀT¸�Ân¶-»3¼Á¿Å´\µn´�¸#¼-»3¾ûOù©¼SÂ�¿�´�ÊÏ´Ðµ6Ân¸#¼-º3¹WµT» »3¼Á¿Å´\ÀT¹W¾mµTÃP¼ÈÝÈÞLß3ß ¼
À6ÂbÔ3¸�¼
º)Ê3µ6¶PÀ6¼Pº�Ân¼ÐÑ3³N´XÖ3·W¾3µT¼a×mÑ r µ6¼PÊ3µ6¶PÀT¼
º�Ân¼d¿�ËÌ¸#º!ÂT¼Pº3À6¸#ÂT¶O»3¼

¿�´)µn´�¸#¼�»3¾øûOù ¸#º�Ân¶P·�µT¶P¼c¼Pº�Ânµ6¼+ÍnØ èWènÛ Î À
−1 ¼
ÂÈÍ:× è^Û Î À −1 ¼SÂX¸�¿�¿#¾3À6ÂTµT¼ÜÊÏ´�µ6ð ´Ð¸#Ân¼
Î ¼
º�Âd¿Å´ ÃP¹�é}º3ÃP¸#»3¼Pº3Ã
¼»3¼ÈÃP¼\º!¾Ï´�·W¼d´�ì�¼PÃ\¿�´cÀT¹W¾mµTÃP¼XÝaÞLß3ß'Ñ3³N´�ÊÏ´Ðµ6Ân¸#¼ÈÀ6¾3»¡»3¾íº!¾Ï´�·W¼Èì�¸#ÀT¸�Ôm¿�¼ÁÀT¾3µOÃ
¼
ÂTÂT¼dÃ@´Ðµ6Ân¼ÈÀT¼PÎcÔ3¿�¼��SÂnµ6¼\¾3º

ÃP´�º3»3¸#»Ï´ÐÂ-¸�º�ÂT¶PµT¼
ÀTÀT´�º�ÂÈÊ�¹W¾3µO¿�´�ÊÏ´�µ6ÂT¸�¼\º3¹�µT»Ä»3¼X¿Å´�ÀT¹�¾3µTÃ
¼cÝaÞbßmß'Ñ
³N´ÈÎ ´�ÀTÀ6¼K»IËÚÉ!Õ�»3µ6¹W·WÛ
º3¼KÃP¹�º!ÂT¼Pº!¾3¼O»Ï´Ðº3ÀöÃP¼�º�¾3´�·W¼K´a¶
Ân¶�¼PÀ6ÂT¸�Î�¶P¼bÃP¹WÎ�Î ¼L»3¶
ÃPµT¸�Âö»Ï´Ðº3Àx¿#¼�ÃUÉÏ´�Êm¸#Ânµ6¼KómÑ

³N´pì�´Ð¿�¼P¾mµ�»m¾äð ´�ÃSÂn¼
¾3µ
X
µT¼
¿�¸�´�º�ÂR¿Å´pÎ)´ÐÀTÀT¼Äúh¿}ËÚ¸�º�Ân¼
º3ÀT¸�Ân¶¡»3¼¡¿Å´pµT´�¸�¼¡»3¾ 12 ûOù ´÷¶SÂn¶¡Ê3µ6¸�À�ú 1.8 ×

1022 ÃPÎ −2 � −1 Û Î −1 ÀPÑWÞ²º�À6¾3Ê3Ê�¹WÀn´Ðº!Âö¾3º3¼K»3¸#À6Ân´�º3ÃP¼b»3¼ s ÑÌ× Û Ê�Ã�âÐ¿Å´aÎ ´�À6ÀT¼�»m¼KÎ)´�Ân¸�Û
µT¼<ÃP¹�º!ÂT¼Pº!¾3¼O»Ï´Ðº3À¿#¼\º�¾3´�·W¼X¼PÀ^Âa¼
À6ÂT¸�Î�¶P¼�ú
5 × 104 Î ´�ÀTÀ6¼PÀÈß�¹W¿Å´Ð¸�µT¼
ÀXü ¼
ºÓºm¼�ÊmµT¼Pº3´�º�Âa¼
ºÓÃ
¹WÎ�ÊmÂn¼X½!¾3¼X¿Å´+ÃP¹�Î Ê�¹WÀn´Ðº!ÂT¼XúÍ:× è^Û Î À

−1 »3¾÷Ê3¸�Ç�¼P¿xÃP¼Pº�ÂTµn´�¿²¼SÂÜ»m¼�À6¹WºpìW¹W¸#ÀT¸#º÷»m¼�»mµT¹W¸�Ân¼��&ÑIÞ²º÷ÀT¾3Ê3Ê�¹WÀT´�º�Âc¾3ºm¼�À^Õ�Î ¶SÂnµT¸#¼+ÀTÊ3Ém¶PµT¸#½!¾3¼»3¾äº!¾Ï´�·W¼Ðâ²¿Å´p»3¼
º3ÀT¸�Ân¶¡Î ¹�Õ�¼Pº3º3¼Ä¼PÀ^Â�»3¼¡¿}ËÚ¹WµT»3µ6¼í»3¼
5 × 103 ÃPÎ −3 Ñ<û�¼
À ÃUÉm¸#õ'µT¼PÀRº3¼¡À6¹Wº�Â ÂT¹W¾mÂn¼Sðý¹W¸�À½!¾IËÚ¸�º3»m¸�Ã@´�Ân¸#ðýÀaÃ@´�µÈ»3¼+º3¹WÎ�ÔmµT¼P¾mÀT¼PÀX¸#º3ÃP¼
µ6Ân¸�Ân¾3»m¼PÀd¸#º!ÂT¼Pµ^ì�¸#¼Pº3ºm¼Pº�ÂX»Ï´�º3À\¿#¼�Ã@´Ð¿�ÃP¾m¿}Ñ'³N¼�ð ´ÐÃ
Ân¼
¾3µ

X
¾mÂT¸�¿�¸#ÀT¶

¼
À6ÂÁ¾3º3¼dìÐ´�¿#¼P¾3µKÎ�¹�ÕW¼
º3º3¼XÊ'¹�¾3µO¿Å´+ÆX´�¿�´�Ç�¸�¼È¼SÂ-ºIËÚ¼PÀ6Â-ì�µn´Ð¸�ÀT¼
Î�Ô3¿�´�Ô3¿�¼
Î ¼
º�ÂKÊÏ´�ÀOµ6¶@´�¿#¸�À^Ân¼dÊ�¹W¾3µK¾mºÄº!¾Ï´Ð·W¼
ÂTµTÛPÀÈÊ3µT¹�ÃUÉ3¼�»3¾pÃ
¼Pº�Ânµ6¼+»3¼�¿�´ëÆX´�¿Å´�Ç�¸#¼�Ñ{	x´�µd´�¸�¿#¿�¼P¾mµTÀ-¿Å´�µT¶PÀ6¹W¿�¾�Ân¸�¹�ºÙ»3¼
À\»3¹Wº3º3¶
¼PÀ\¾mÂT¸�¿#¸�ÀT¶
¼PÀÁº3¼�Ê�¼Pµ6Î ¼SÂ
ÊÏ´ÐÀÁ¾mº3¼X·Wµn´�ºm»3¼XÊ3µT¶
ÃP¸�À6¸�¹Wº¡À6¾3µ-¿}ËÚ¼PÀ6ÂT¸�Î ´ÐÂn¸#¹Wº)»m¼�¿�ËÌ¼&Ç�Ân¼PºmÀT¸�¹�ºÙú+Ê3µ6¼Pº3»3µ6¼Ü¼
ºÓÃ
¹WÎ�ÊmÂn¼\Ê�¹W¾3µOÃ
¼Üº!¾Ï´�·�¼�Ñ

� �cy ù÷Ô-mofK�:eTj\�N£
�Ü�3m �3f ¢ØfK���!f ������£S�c� f-� �[j�l��Ü�-m
	
³²ËÌ¹�Ô3ÀT¼
µ6ìÐ´ÐÂn¹�¸�µT¼+À6ÊÏ´ÐÂT¸Å´�¿�Ú �V� Í��a¼8öOÂT¹Wºø´Ä¹WÔmÀT¼Pµ^ìW¶�ÃP¼SÂTÂn¼Rµ6¶P·W¸#¹Wºp¼Pº÷ÀT¼
ÊmÂn¼
Î�Ô3µT¼)ç èWè ×mÑI³�¼RÃUÉÏ´�Î�Ê

»3¼�ì�¾3¼ë»3¾ ÂT¶P¿#¼PÀTÃ
¹WÊ�¼ëÃP¹W¾�ì�µ6¼)¿�´ÓÊÏ´�µ^Ân¸#¼ º3¹�µT»Z»3¼ ¿Å´ÄÀT¹W¾3µ6ÃP¼)ÝÈÞLß3ß üýÖ3·W¾3µT¼)×mÑ�Ø è ��ÿ5W��G`��%�&Ñ�	²¿#¾3ÀT¸#¼P¾3µ6À
À6¹W¾3µTÃ
¼PÀÜÊ'¹WºmÃ
Ân¾m¼P¿�¿#¼PÀ�¹Wº�Âc¶SÂn¶�Î ¸#ÀT¼R¼Pºø¶
ì�¸�»m¼Pº3Ã
¼)»Ï´�ºmÀÜÃ
¼
ÂTÂT¼)µ6¶P·W¸#¹Wº îEØ è aeï}ÑqÒÁº3¼)ÊÏ´Ðµ6Ân¸#¼R»IËÌ¼
º�ÂnµT¼ ¼P¿#¿�¼PÀ
Ã
¹�éêº3Ã
¸�»3¼�´�ì�¼PÃR¿Å´ Ê'¹WÀ6¸#ÂT¸�¹Wº0».ËÌ¶SÂn¹W¸#¿�¼PÀ
Ñ.³N´ëºÏ´�Ân¾3µ6¼+Ê'¹WºmÃ
Ân¾m¼P¿�¿#¼c¼SÂX¿Å´ ð ´�¸#Ô3¿�¼�¸�º�ÂT¼Pº3À6¸#Ân¶+»m¼�ÃP¼
À�¶
Î ¸#ÀTÀ6¸�¹Wº3À
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M�NPORQO×mÑ s S�	²µ6¹�ÖÏ¿È»m¼0¿Å´÷µn´�¸#¼Ó»3¾ 12 ûOù Ê�¹W¾3µ)Êm¿�¾3À6¸�¼P¾mµTÀ)»m¸�µT¼
Ã
ÂT¸�¹Wº3À)´�¾mÂT¹W¾3µ)»m¼0¿Å´÷ÊÏ´�µ6ÂT¸�¼Óº3¹WµT» »3¼ÝaÞbßmß�ãmØ sÐå!æ Í:ó è ó+ü ÖÏ·W¾3µ6¼O×mÑAaË�SÑ�³N¼OÊmµT¹�ÖÏ¿3´�¾+ÃP¼
º!ÂTµT¼-¼PÀ^Â<ÃP¹�é}º3ÃP¸#»3¼Pº�Â<´@ì�¼PÃ-¿Å´Èµ6¶P·W¸#¹Wº+ñ »3¼-ÝaÞLß3ßRãmØ sÐå!æ Í
ó è ómÑ�³N¼
ÀÈÃ
¹�¹Wµ6»3¹Wº3ºm¶P¼PÀa»3¼PÀa¿�¸#·Wº3¼PÀÁ»3¼Xì�¸�ÀT¶
¼c»3¼ÜÃUÉÏ´�Ã
¾3ºp»3¼PÀaÊ3µT¹ÐÖÏ¿�ÀÁÀT¹Wº�ÂÈ»3¹Wº3º3¶
¼PÀd»3´�º3ÀÈ¿#¼XµT¶
ðý¶
µT¼
º!ÂT¸�¼
¿
ÆX´�¿Å´ÐÃ
Ân¸#½!¾3¼�ÑO³N´µ�ÏÛ
ÃUÉ3¼ Ô3¿#¼P¾ ¸�º3»m¸�½!¾3¼p¿Å´ Ã
¹WÎ Ê�¹WÀT´�º�Ân¼÷ú Í:× è�Û Î À

−1 ¼
ÂÄ¿Å´µ�ÏÛ
ÃUÉ3¼ µ6¹W¾3·W¼pÃ
¼P¿#¿�¼÷ú Í
å!ægÛ Î À

−1 Ñ

ðý¹Wº�ÂO½!¾IËÚ¸�¿�¼PÀ^ÂKÂnµ6ÛPÀOÊ�¼P¾ëÊmµT¹WÔÏ´ÐÔ3¿�¼a½�¾m¼\ÃP¼PÀOÀ6¹W¾3µ6ÃP¼PÀO»m¼dµn´@ÕW¹�º3ÀØÚ¬À6¹W¸�¼
º!ÂKÃP¹Wº3ºm¼PÃ
ÂT¶P¼
À-´�ì�¼PÃ\¿�´cÀT¹W¾mµTÃP¼È»3¼
µT´�Õ�¹Wº3À

γ
»m¼XÂTµTÛ
ÀaÉÏ´Ð¾mÂn¼\¶
º3¼Pµ6·W¸�¼ÐÑ

Òaºm¼)µT¼
ÃUÉ3¼Pµ6ÃUÉ3¼ë»IËÚ¶PÎ�¸�À6ÀT¸#¹Wºh»3¸#õ'¾3ÀT¼ ´¡¶
Ân¶�Î�¼Pº3¶
¼)úÄ¿Å´íÊ'¹�ÀT¸#ÂT¸�¹Wºh»3¼�¿Å´íÀ6¹W¾3µTÃ
¼ëÝaÞbßmß'Ñ:		¹W¾3µ�ÃP¼
¿Å´mâ
¿#¼PÀ+ÀT¹�¾3µTÃ
¼PÀ�Ê'¹WºmÃ
Ân¾m¼P¿�¿#¼PÀ+¹Wº�Â�¶
ÂT¶¡ÀT¹W¾3À^ÂnµT´�¸#ÂT¼PÀ+¼
Â�¿�´0Ã@´�µ^Ân¼¡¿�¸#ÀTÀT¶
¼÷üýÖÏ·�¾3µT¼¡×mÑ�Ø è �5�c���PX����SÑ+9:¿�ºIËÚÕ ´hÊ3´�À
»IËÚ¸�ºm»3¸�ÃP´ÐÂn¸#¹Wº¡»IËÌ¾mº3¼Ü¶
Î ¸#ÀTÀ6¸�¹Wº¡»3¸�õ.¾3À6¼Ü»3´�º3ÀÁ¿�¼XÃUÉÏ´�Î�ÊÙ»3¼Xì�¾3¼�Ñ�ÒÁº3¼c¿#¸�Î�¸#Ân¼aÀT¾3Ê�¶Pµ6¸�¼
¾3µT¼Ü´ ¶SÂn¶�¹WÔmÂn¼
º!¾3¼
À6¾3µ�¿�¼2�Ï¾�Ç »3¼ µn´@ÕW¹WºmÀ�Ú ¼Pº »3¸�µ6¼PÃ
ÂT¸�¹Wºø»3¼)¿�´Óµ6¶P·W¸#¹Wº ñ »3¼ë¿Å´ÄÀT¹W¾mµTÃP¼ëÝÈÞLß3ß'Ñ	³N´Ù¿�¸#Î ¸�Ân¼Rú rWr�1 »3¼
Ã
¹WºmÖ%´�ºmÃP¼�¹WÔmÂn¼
º!¾3¼X¼PÀ6Âa»3¼ s Ñ�Ø ×10−13 ¼
µT·<ÃPÎ −2 À −1 Ñ

� �6� �'�+�!fK��Òí�
�K�:jX�N£S�Ü� �3fqh������ £8m:m�£S�c� �)Ô-mofK��e��Rf
6�¸#¼Pº�½!¾3¼K¿�ËÌ¶
Î ¸#ÀTÀ6¸�¹WºX¹WÔ3À6¼Pµ^ìW¶P¼Oºm¼�Ê�¼PµTÎ�¼
Â6Ân¼bÊÏ´�Àx»m¼�ÃP¹�º3ÃP¿#¾3µT¼�úÈ¾3º3¼bÎ�¾3¿#ÂT¸�Ê3¿#¸�Ã
¸#Ân¶x»3¼�À6¹Wº�¹Wµ6¸�·W¸#º3¼�â�¿�´

Î�¹WµTÊmÉ3¹W¿�¹�·W¸�¼aÃP¹WÎ�Ê3¿�¼&Ç�¼\¹WÔ3ÀT¼
µ6ì�¶P¼�ÀT¾3·W·�ÛPµT¼Xðý¹Wµ^Ân¼PÎ�¼Pº�Â-½!¾3¼XÊ3¿#¾3ÀT¸#¼P¾3µ6ÀO¹WÔC'6¼
ÂTÀaÀ6¹Wº�ÂÁµT¼PÀ6Ê'¹�º3Àn´�Ôm¿�¼PÀ-»3¼X¿�´
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M�NPORQ<×mÑAa-SZûK´�µ6ÂT¼í»3¼í¿}ËÚ¸�º�ÂT¼Pº3À6¸#Ân¶ »3¼í¿Å´Óµn´�¸#¼ë»3¾ 12 ûOù ¸#º�Ân¶P·�µT¶P¼í»3´�º3À+Ê3¿#¾3ÀT¸#¼P¾3µ6À�ÔÏ´�º3»m¼PÀR¼Pº ì�¸#ÂT¼PÀTÀ6¼µT´�»3¸Å´Ð¿�¼�ü »m¼Ü·�´Ð¾3ÃUÉ3¼�úR»3µ6¹W¸#ÂT¼��%ÝÈ´�¾�Â��3ÍUØ å�è úRÍUØ�ç è�Û Î À
−1 âmÍUØ�ç è ú�ÍUØ èWè�Û Î À −1 â3ÍUØ è�è ú+Í�a è�Û Î À −1 �

6K´ÐÀ��IÍ�a è úëÍ_× è3Û Î À
−1 â.Í_× è ú¡Í å�è�Û Î À −1 ¼SÂ�Í å�è úíÍ_ç è-Û Î À −1 �SÑq³�¼RÃP¼
µTÃP¿#¼�ì�¼Pµ^Â�¼PºøÊ'¹�¸�º�Ân¸#¿�¿�¶
Àd¼PÀ^Â¿�´ëÊ'¹WÀ6¸#ÂT¸�¹Wº0»m¾hì�¼PÀ^Ân¸�·�¼+»3¼RÀT¾3Ê�¼Pµ6º3¹�ì�´ÄÆXó æ�r Ñ�Ø
Í è Ñ æ Ñ.³�¼PÀXÃ
¹W¾3µTÔ�¼PÀ\Ôm¿Å´�º3ÃUÉm¼PÀXÀT¹Wº�Â�¿�¼
ÀdÃP¹�º!ÂT¹W¾3µ6ÀÜú å â æ

¼SÂ�×
σ
»m¼+¿Å´)À6¹W¾3µTÃ
¼RÝÈÞLß3ß÷ãmØ sÐå!æ Í_ó è ó�Ñ'³�¼+½!¾Ï´�»mµT¸�¿#¿Å´�·�¼Üµ6¹W¾3·W¼+¼
º÷Ê�¹W¸#º!ÂT¸�¿#¿�¶PÀ-À6¾3µX¿Å´)»3¼
¾�Ç�¸�Û
Î ¼+ÃP´�µ6ÂT¼

¸#º3»3¸�½!¾3¼\¿#¼PÀ-Ê3¸EÇm¼
¿�ÀOÊ�¹W¾3µO¿#¼PÀT½!¾3¼
¿�À-ÀT¹�º!ÂÁµ6¼PÊ3µ6¶PÀT¼
º�Ân¶PÀa¿�¼
ÀÁÊmµT¹�ÖÏ¿#ÀO»3¼\ì�¸#Ân¼
ÀTÀ6¼PÀÁ»3¼X¿Å´cÖÏ·W¾mµT¼�×mÑ s Ñ

l (deg)
-359.31 -358.31

b 
(d

eg
)

-1.1

-1

-0.9

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

0

10

20

30

40

50

60

70

-1.6-1.4-1.2-1-0.8

M�NPORQ'×mÑ r S¡ûK´�µ6ÂT¼Ü»3¼�¿}ËÚ¸�º�ÂT¼Pº3À6¸#Ân¶X»3¼�¿Å´Rµn´Ð¸�¼\»3¾ 12 ûOù ¸�º�Ân¶
·WµT¶
¼Ü¼
º!ÂTµT¼\ÍUØ è�è�Û Î À −1 ¼SÂÁÍ:× è�Û Î À −1 Ñ�³�¼Ã
¹Wº�Ân¹W¾3µKì�¼Pµ^Â-¼Pº¡Ê'¹�¸�º�Ân¸#¿�¿�¶
Àb¼
À6Â-¿�ËÌ¸#º!ÂT¼Pµ^ì�´Ð¿�¿�¼Á»3¼\Ã
¹WºmÖ%´�ºmÃP¼�ú r�æ�1 »3¼\¿Å´�À6¹W¾3µTÃ
¼XÞLÆ)(ÁÞ+*©óWÞLÆ�ãmØ sÐåWå Í
ó è ØWØWÑe³�¼PÀ	ÃP¹Wº�Ân¹�¾3µTÀ	Ô3¿Å´�ºmÃPÀxÀ6¹Wº�Âx¿#¼PÀqÃP¹Wº�ÂT¹W¾3µTÀ å â æ ¼SÂ²×

σ
»3¼LÀT¸�·�º3¸#ÖÏÃP´ÐÂn¸�ì�¸#Ân¶²»m¼�¿Å´-ÀT¹�¾3µTÃ
¼KÝÈÞLß3ßcãmØ sÐå!æ Í

ó è ómÑÏ³�¼PÀ-¶PÎ�¸�À6ÀT¸#¹Wº3ÀOÎ ´�ÀT¼
µÁùXÝ úíØ s ç è_� Ýw�XÀT¹Wº�ÂÁµT¼
Ê3µT¶
ÀT¼
º!ÂT¶P¼
À\´@ìW¼PÃ�»3¼
À-ÂTµT¸�´�º3·W¿#¼PÀ�ì�¼Pµ6ÂTÀPÑ
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M�NPORQö×�Ñ#Ø è S�È-ÿ5W
�G`���Y-ûK´�µ6ÂT¼)Ô3µ6¾mÂn¼)»3¼ëµn´@Õ�¹Wº3À�Ú°¹WÔmÂn¼
º!¾3¼íÊÏ´�µ)Ú �V� Í��a¼iöOÂn¹Wº »Ï´Ðº3À�¿Å´Ä»3¸�µ6¼PÃSÂn¸�¹�º
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ðý¹WºmÃ
Ân¸#¹Wº©Æ�´�¾mÀTÀT¸#¼Pº3ºm¼ ú »3¼P¾�Ç©»m¸�Î�¼Pº3À6¸�¹Wº3ÀíÃ
¹Wº�ìW¹W¿#¾3¶P¼ ´@ìW¼PÃø¿Å´Zðý¹Wº3ÃSÂn¸#¹Wº ».ËÌ¶SÂU´�¿#¼PÎ�¼Pº�ÂÄ»3¼ø¿�ËÌ¸#º3À6ÂTµT¾�Í
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Ã
Ân¸#¹Wº)»m¼PÀK»3¼
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º!ÂTµT¼L¿�¼
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�O¥>" ÈÙ��Ï�¨J�5ÍGÏ¥Ï�ªÑ��ª/Ï+ÍE�:Ì�Ï
³�¼�ÀTÊ�¼PÃSÂnµ6¼�¼Pº0¶
º3¼Pµ6·W¸�¼Ü»3¼c¿�ËÌ¶
Î ¸#ÀTÀ6¸�¹WºÓ´)¶
ÂT¶c¼&Ç�ÂTµn´�¸�Â\ú�¿}ËÚ¸�º�Ân¶
µT¸�¼
¾3µÁ»IËÌ¾mº3¼�µT¶
·W¸�¹�ºÙ»3¼ è ÑkçR»3¼P·�µT¶PÀÈ»3¼

µT´�Õ�¹Wº+´�¾�Ân¹W¾3µq»3¾�Ã
¼Pº�Ânµ6¹�éê»m¼�»3¼L¿}ËÚ¶PÎ�¸�À6ÀT¸�¹�ºIÑe³N´ÁÃ
¹Wº�ÂU´�Î�¸�ºÏ´�Ân¸�¹�º�»m¼KÝÈÞLß3ßcãmØ s Ø�ó�Í:ó�amØ<»Ï´�ºmÀx¿}ËÚ¼SÇ�ÂTµn´�ÃSÂn¸�¹�º
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Ã
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ÂT¶d¼PÀ^Ân¸#Î ¶
¼dúcÊÏ´Ðµ6Ân¸#µb»m¼PÀ�ðý¹WºmÃ
Ân¸#¹Wº3ÀKÆ�´�¾mÀTÀT¸#¼Pº3ºm¼\´%'6¾3À_Í
ÂT¶P¼PÀLÀT¾mµb¿#¼PÀ<¼SÇ�ÃPÛ
ÀPÑmÞ<º�ì�¸�µ6¹Wº æ.1 »3¾�ÀT¸#·WºÏ´�¿Ï¸#º�Ân¶P·�µT¶-»Ï´�º3ÀLÃP¼SÂTÂT¼aµ6¶P·W¸#¹WºRÊ3µT¹�ì�¸�¼
º3»3µn´Ð¸#Â<»3¼aÝÈÞLß3ß ãmØ s Ø�ó�Í
ó�a�ØWÑ�	²¿�¾3À6¸�¼
¾3µTÀKðý¹Wµ6Î ¼
ÀOÀTÊ�¼PÃSÂnµn´Ð¿�¼PÀO¹�º!Â-¶SÂn¶\Ân¼
À6ÂT¶P¼PÀ
Ñ�³q´+Ê3¿#¾3ÀKì�µn´�¸#ÀT¼
Î�Ô3¿Å´ÐÔ3¿�¼a¼PÀ6ÂÁ¾3ºm¼�¿#¹W¸.»m¼�Êm¾3¸�À6Àn´�º3Ã
¼
»IËÚ¸�ºm»3¸�Ã
¼²ÀTÊ�¼PÃ
ÂTµn´�¿

2.30±0.13
¼SÂN»3¼+�Ï¾�ÇX»3¸�õ.¶
µT¼
º!ÂT¸�¼
¿�ú\Ø�*q¼0/

φ0 = (8.7±1.0)×10−13 cm−2 s−1 TeV−1 Ñ
³N´\ÖÏ·W¾3µ6¼ s Ñ å µT¼
Ê3µT¶
ÀT¼Pº�ÂT¼d¿}ËÌ´%'6¾3À^Ân¼PÎ�¼Pº�ÂL»3¼Á¿Å´\¿�¹�¸3»3¼-Ê3¾3¸#ÀTÀn´Ðº3ÃP¼aµT¶@´Ð¿�¸�À6¶OÀT¾3µ<¿#¼ÁÀ6Ê'¼
Ã
ÂTµT¼Á¼Pº)¶
º3¼Pµ6·W¸�¼Á´�¸#º3ÀT¸
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À
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À6Â-¾3º¡´�'6¾3À6ÂT¼PÎ�¼Pº�ÂO»3¼\Ã
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¾�Ç ´�¾�ÂnµT¼
À�ìW¼
À6Ân¸#·W¼PÀ+À6¼ëÀT¾mÊ'¼
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½!¾3¼-ÃP¼SÂTÂT¼OÀ6Ânµ6¾3Ã
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ÀXì�¼PÀ^Ân¸�·�¼PÀPÑNÞöÂn´�º�ÂX»3¹Wº3º3¶+½!¾IËÚ¸�¿
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À »m¼íÀT¾3Ê�¼Pµ6º3¹�ì�´hÊ3¿#¾mÂ���ÂÃ'6¼
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ÃP¾3¿�´�¸�µ6¼PÀbÃP¹Wº3À^Ân¸�Ân¾3¼
º!ÂÁ»3¼
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Â6Ân¼�»m¸�À6Ân´�º3Ã
¼�â�¿}ËÚ¼SÇ�Ân¼
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ÀT¾3µ6¼È»IËÚ¼
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µÜÀ6¹Wº�Â
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M�NPORQ s Ñ a^SøûK´�µ^Ân¼�»IËÚ¼SÇ�ÃPÛ
À+»3¼ ¿�´ÄÀ6¹W¾3µ6ÃP¼íÝaÞbßmß ãmØ s Ø å Í_ó�a æ ¿#¸�ÀTÀ6¶P¼�´@ìW¼
Ãë¾3º ÆX´�¾3À6ÀT¸�¼
º3º3¼Ùü
σ = 2.9′
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ÂT¸�¹Wº ».ËÌ¶SÂU´�¿#¼PÎ�¼Pº�ÂÓüë	Lß|{+�&â²¿�¸#ÀTÀT¶
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µTÃP¿#¼PÀaÔ3¿Å´�ºmÃëîEØWØ r ï�Ñ'³N¼
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−1 ��¼
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À-ÃP¹Wº�Ân¹�¾3µTÀÁú è Ñ�ØWâ è Ñ r@y ØWÑ å ãÐÕ;��ð ´Ð¸�ÀTÃ
¼@´�¾.Ñ
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¼Pµ6ÃP¿�¼
À�Ô3¿�´�º3Ã
ÀPÑ�³N¼
À�Ã
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¹Wº�Ân¹W¾3µ6ÀÁú æ
σ
¼SÂ

s
σ
»m¼Ü¿�´RÀ6¹W¾3µ6ÃP¼ÜÝÈÞLß3ß'Ñ�³N´+ÃPµT¹�¸�Çíì�¼Pµ6ÂT¼c¼
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¼ë¼PÀ^Â
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Â�(RÚ ãmØ s Ø@ómÑ s Í_ó r�å ×mÑ!Òaº3¼\¼&Ç�Ânµn´ÐÊ'¹W¿�´ÐÂn¸#¹Wº�»3¼
¿�´Äº3¹�¾mìW¼
¿�¿�¼RÀ6¹W¾3µTÃ
¼ëÝaÞbßmß úÓÊ3¿#¾3ÀXÔÏ´�À6ÀT¼)¶
º3¼Pµ6·W¸�¼�ºIËÚ¼PÀ^Â�ÊÏ´�À�¸�ºmÃP¹WÎ�ÊÏ´ÐÂT¸�Ô3¿#¼+´@ìW¼PÃ)¿Å´íÀT¹W¾mµTÃP¼)ÞLÆ)(ÁÞ+*\Ñ
ÒÁºZ´%'6¾3À^Ân¼
Î ¼
º!ÂÜ»3¼
ÀÜ»3¼
¾�Çð�Ï¾�Ç÷¸#º�Ân¶P·�µT¶PÀ�ÀT¾mÊ3Ê'¹�Àn´�º�ÂÜ¾3º ¸#º3»3¸�Ã
¼+ÀTÊ�¼PÃSÂnµn´Ð¿LÃ
¹WÎ�Î�¾3ºh»3¹Wº3ºm¼ ¾3ºø¸�º3»m¸�ÃP¼
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Energie [GeV]
-110 1 10 210 310 410 510

 ]-1 s
-2

 d
N/

dE
 [G

eV
cm

2 E

-1010

-910

-810

-710
3EG J1714-3857

HESS J1714-385

RX J1713.7-3946

HESS J1713-381

M�NPORQ s Ñ#Ø�Ø�S È-ÿ5W
�G`���YdûK´Ðµ6Ân¼Ä»3¼Ä¿}ËÚ¸�º�Ân¼
º3ÀT¸�Ân¶¡»3¼Ä¿Å´hµn´�¸#¼¡»3¾ ûOù ¸#º!ÂT¶P·Wµ6¶P¼Ä¼Pº�Ânµ6¼ÄÍnØ è�æVÛ Î À
−1 ¼
ÂRÍ

a èTÛ Î À
−1 Ñ�³�¼PÀLÃP¹Wº�ÂT¹W¾3µTÀ<Ô3¿�´�º3Ã
À²µT¼PÊmµT¶PÀ6¼Pº�Ân¼
º�ÂK¿�¼
À²ÃP¹Wº�ÂT¹W¾3µTÀ<»3¼-Ã
¹WºmÖ%´�ºmÃP¼-»3¼-¿Å´dÊ�¹WÀT¸�Ân¸#¹Wº+»3¼-¿Å´dÀ6¹W¾3µTÃ
¼ÞLÆ,(aÞ+* ü æ�èõ1 âÁ×�a 1 â r�æä1 ¼
Â rWrõ1 �SÑÁ³�¼PÀ¡ÃP¹�¾3µTÔ�¼PÀÄµT¹W¾m·W¼PÀÄÀT¹Wº�ÂÓ¿�¼
ÀÄÃ
¹Wº�Ân¹W¾mµTÀ¡»3¼÷¿}ËÚ¶PÎ�¸�ÀTÀ6¸�¹Wº

»3¼Üµn´@ÕW¹�º3À
γ
»3¼�ÂnµTÛ
ÀdÉÏ´�¾�Ân¼c¶
º3¼Pµ6·W¸�¼Ü¹WÔ3À6¼Pµ6ì�¶PÀ\ÊÏ´Ðµ\û�ñ®�ÈÆXñÃ(OùXù�Ñ'³�¼
ÀdÃP¹Wº�ÂT¹W¾3µTÀÈº3¹W¸�µ6Àaµ6¼PÊ3µ6¶PÀ6¼Pº�ÂU´�º�Â

¿�ËÌ¶
Î ¸#ÀTÀT¸#¹Wºc»m¼Oµn´@ÕW¹WºmÀ�Ú ¹�Ô3ÀT¼
µ6ìW¶
¼-¼PºR»3¸�µ6¼PÃSÂn¸�¹�º�»3¾+ìW¼
À6Ân¸#·W¼O»3¼OÀ6¾3Ê'¼
µTº3¹�ìÐ´)(�Ú ãmØ s Ø�ómÑ s Í_ó r�å ×mÑ�³N´dÃPµ6¹W¸�Ç
µ6¹W¾3·W¼-¼PÀ^ÂL¿Å´dÊ�¹WÀT¸�Ân¸�¹�º+»3¼O¿Å´\ÀT¹�¾3µTÃ
¼aÝaÞLß3ß ãmØ sÐå!æ Í:ó�a æ ÑWû�¼
ÂTÂT¼OÖÏ·W¾3µ6¼Á¼
À6Â<Ân¸#µT¶
¼O»3¼�î�Ø�ó è ï}ÑCÊ,�c���PX��ÃY'û�¹WÎRÍ
ÊÏ´Ðµn´�¸#ÀT¹Wºä»3¼PÀ ÀTÊ�¼PÃSÂnµT¼
À)¼
º Þ 2 »3¼Ä¿Å´pÀT¹�¾3µTÃ
¼0ÝÈÞLß3ß ãmØ s Ø å Í:ó�a æ ¼SÂ)»3¼Ä¿Å´hÀT¹�¾3µTÃ
¼0óWÞLÆ ãmØ s Ø å Í_ó�a æWs Ñ³�¼PÀRÀ6Ê'¼
Ã
Ânµ6¼PÀ ¼Pºä¶Pº3¼
µT·W¸#¼í»3¼PÀ�»3¼P¾�Ç ´�¾mÂnµ6¼PÀRÀT¹�¾3µTÃ
¼PÀ�»3¶
ÂT¼PÃ
ÂT¶P¼
À)ÊÏ´�µRÝaÞLß3ß'â²Ê�¹W¾mìÐ´�º�Â��
Ânµ6¼Ä´�ÀTÀ6¹�Ã
¸�¶P¼
À
´@ìW¼
ÃÜ¿�´�ÀT¹W¾mµTÃP¼�ÞLÆ,(aÞ+*\âÏÝaÞbßmßÓãmØ s Ø�ó�Í_ó5amØ+îEØ�ómØPï�¼SÂZ(�Ú�ãmØ s Ø�ómÑ s Í_ó r�å îEØ�ó�çeï�âÏÀT¹�º!Â-µ6¼PÊ3µ6¶PÀ6¼Pº�Ân¶
¼PÀd´@ì�¼PÃ
»3¼
Àw�
¹Wº3¼
ÀaÔ3¿�´�º3ÃUÉ3¼
ÀPÑ�³�¼PÀ-ÔÏ´�µ6µT¼
Àa»IËÚ¼Pµ6µT¼
¾3µTÀÁÃP¹Wµ6µT¼
ÀTÊ�¹Wº3»3¼
º!ÂÈ´�¾3�Ï¾�ÇÄ¹WÔ�Ân¼Pº!¾ÄÊÏ´�µ-¾3º3¼X¼&Ç�ÂTµn´�Ê�¹W¿�´ÐÂn¸#¹Wº¡ú
ØcÆX¼0/ »3¼
Àa¿#¹W¸�ÀO»m¼ÜÊ3¾m¸�ÀTÀT´�º3Ã
¼PÀÁ¼SÇ�ÂnµÆ�PÎ�¼PÀd´Ð¾mÂn¹Wµ6¸�À6¶P¼PÀ-ÊÏ´ÐµÁ¿#¼PÀ-¼Pµ6µT¼
¾3µTÀÁ»3¼�¿}ËÌ´%'6¾3À6ÂT¼PÎ�¼Pº�ÂÁ»3¾ÙÀ6Ê'¼
Ã
ÂTµT¼�»3¼
ÝaÞbßmß'Ñ

»3¼ëç�Ñ å!æ ± è Ñ è ç�âNÃP¹WÎ�ÊÏ´ÐÂT¸�Ô3¿#¼�´�ì�¼PÃë¿#¼PÀÜ»3¼P¾�Ç ¶PÎ�¸�À6ÀT¸#¹Wº3ÀPÑ	û�¼SÂTÂn¼)ÃP¹WÎ�ÊÏ´ÐÂT¸�Ô3¸#¿�¸#ÂT¶c»3¼
À�ÀTÊ�¼PÃSÂnµ6¼PÀR´�Ã
ÃPµT¶
»3¸#ÂT¼¿�ËÌÉ�Õ�Ê'¹ÐÂnÉ3Û
ÀT¼�»3¼X¿}ËÌ´�ÀTÀ6¹�Ã
¸Å´ÐÂT¸�¹Wºë».Ëà´�¾¡Î�¹W¸�ºmÀO¾3º3¼XÊÏ´�µ^Â-»3¼X¿Å´+ÀT¹W¾mµTÃP¼�ÞLÆ,(aÞ+*®´@ì�¼PÃ�¿Å´+ÀT¹W¾mµTÃP¼�ÝaÞbßmß'Ñ

�² Hå¡ ë�� H¢ À�¾á¾8âo©Ë°>º�ª%°>â{¬�¸:¨�½>ºò¾¿â{À!«#©�¨�º4¹{¨C©-½>¨C¾2¬¡À!ºE¯
¨�¾_ìóâ{½>­C©ËÀ:½>ºE°>«%¨C¾
³N´Üì�µn´�¸#ÀT¼
Î�Ô3¿Å´Ðº3ÃP¼-»IËÚ¾3º3¼d¶
Î ¸#ÀTÀ6¸�¹Wº�»3¼ÈµT´@ÕW¹Wº3À

γ
ÊÏ´�µL»3¼PÀbÉÏ´�»3µ6¹Wº3À�´�ÃPÃ
¶P¿�¶
µT¶
À�Ê�¼P¾mÂØ�
Ânµ6¼aì�¶PµT¸�ÖÏ¶P¼a»3¼

¿�´RÎ��PÎ�¼dÎ ´�º3¸#ÛPµT¼\½!¾3¼X¿#¹WµTÀO»3¼
À-»3¼P¾�ÇÄÃUÉ3´�Ê3¸#ÂTµT¼
ÀÁÊmµT¶PÃ
¶P»3¼
º�ÂnÀPÑ'³N´�»m¼Pº3À6¸#Ân¶X»3¼XµT´�Õ�¹Wº3À-ÃP¹�ÀTÎ�¸�½!¾3¼PÀ-»Ï´Ðº3À
Ã
¼
ÂTÂT¼�µT¶
·W¸�¹�ºÙÊ�¼P¾mÂÃ�
Ânµ6¼c¼
À6Ân¸#Î ¶
¼�ú)Ê3´�µ6ÂT¸�µ-»3¼�¿�´ Î ´�ÀTÀ6¼c»3¼ÜÎ)´ÐÂT¸�Û
µT¼�¼
Âd»m¾��Ï¾�ÇÙ¹WÔ3À6¼Pµ6ì�¶�»3¼�µT´@ÕW¹Wº3À

γ
Ñ

³N´c·�´ÐÎ Î�¼a¼
ºí¶Pº3¼
µT·W¸#¼d»3¼
ÀK¹WÔ3À6¼Pµ6ìÐ´ÐÂT¸�¹WºmÀKÊÏ´�µ�ÝÈÞLß3ß'â%ç èWè Æ\¼0/¬ú å�è *	¼0/câ3ÃP¹Wµ6µT¼
ÀTÊ�¹Wº3»¡úc¾3ºm¼d·�´�Î�Î ¼
¼
ºø¶
º3¼Pµ6·W¸�¼+»3¼
ÀXµn´@ÕW¹WºmÀÜÃ
¹WÀTÎ�¸�½!¾3¼
À�»m¼�ç�Ñ æ *q¼0/ ú å�s�è *	¼0/cÑN³q´í»3¼
º3ÀT¸�Ân¶+»3¼RµT´�Õ�¹Wº3À�ÃP¹WÀ6Î ¸#½!¾3¼PÀ\»Ï´Ðº3À
Ã
¼
ÂTÂT¼Ü·W´�Î Î�¼È¼
ºÓ¶
º3¼Pµ6·W¸�¼X¼
À6ÂÁ¹WÔmÂT¼Pº!¾3¼Ü´�¾íÂnµn´@ì�¼PµTÀÁ»3¼X¿Å´+µ6¼P¿Å´�Ân¸�¹�º

w(2.5 − 470
*q¼0/

) ≈ 3.8 × 10−42 × (
�

nuage/
�

�)−1 × Lγ(0.2 − 40
*	¼0/

) eV cm−3

¹! 
Lγ(0.2− 40

*q¼0/
)
¼PÀ^ÂK¿Å´X¿�¾mÎ ¸#º3¹WÀT¸�Ân¶O¼
º)µn´@Õ�¹Wº3À

γ
¼
º�ÂnµT¼ è Ñàç)*q¼0/©¼SÂ å�è *	¼0/cÑm³�¼aº�¾3´�·W¼ÁÃP¼Pº�ÂTµn´�¿�â�»m¼

ÊÏ´Ðµ6Â-Àn´+Ã
¹�éêº3Ã
¸�»3¼
º3ÃP¼�´@ìW¼
ÃÜ¿#¼\ÃP¼
º!ÂTµT¹�é}»3¼\»3¼X¿Å´�À6¹W¾3µ6ÃP¼�ÝÈÞLß3ß'âÏ¼
À6ÂÁ¾3ºÄÃ@´�ºm»3¸�»Ï´�ÂKÂnµ6ÛPÀ-Ê3µT¹�ÔÏ´�Ô3¿#¼\ÃP¹WÎ�Î ¼
¹Wµ6¸�·W¸#º3¼O»3¼a¿Å´\ÀT¹W¾mµTÃP¼ÈÝÈÞLß3ß'Ñ�³N´ÜÎ ´�ÀTÀ6¼a»m¼ÈÃP¼Áº!¾Ï´�·W¼È´�¶SÂn¶a¼PÀ6ÂT¸�Î�¶P¼Áú

7.2× 103 Î)´ÐÀTÀT¼
ÀbÀ6¹W¿Å´Ð¸�µT¼
ÀÁî�ØWØ r ï}ÑÞ²º À6¾3Ê3Ê�¹WÀn´Ðº!ÂÜ½!¾3¼)Ã
¼ º!¾Ï´Ð·W¼ À6¹W¸#ÂXÀ6¸#ÂT¾3¶)úhØWØWÑÌó Û Ê'Ã�¼
ÂÜ½!¾3¼ ¿�ËÌ¼
º3ÀT¼
Î�Ô3¿#¼�»m¼ ¿�ËÌ¶
Î ¸#ÀTÀT¸#¹Wºh»3¼Rµn´@ÕW¹�º3À
γÊ3µ6¹�ì�¸#¼Pº3ºm¼í»3¼íÃP¼íº!¾Ï´�·�¼�âö¿�´Ù»3¼PºmÀT¸#ÂT¶ë»3¼íµT´�Õ�¹Wº3À+Ã
¹WÀTÎ�¸�½!¾3¼
À+»Ï´�º3À+¿�´Ù·�´�Î�Î ¼ ¼Pº ¶
º3¼Pµ6·W¸�¼¡ç�Ñ æ *q¼0/ ú

å!sÐè *q¼0/ ¼PÀ^Â
w(2.5 − 470 TeV) ≈ 30 eV cm−3 ÑáÈ¼�Î_�
Î ¼È½�¾m¼�Ê�¹W¾3µO¿�´�ÀT¹W¾mµTÃP¼ÜÝÈÞLß3ßÄãmØ sÐå�æ Í_ó è ómâ�¿�´�»3¼PºmÀT¸#ÂT¶X¶Pº3¼
µT·W¶SÂn¸�½!¾3¼X»3¼
À-µn´@ÕW¹WºmÀÁÃ
¹WÀTÎ�¸�½!¾3¼
À

¼
À6ÂdÃ
¹Wº�Ân¼
º�¾m¼Rú Ê3¿#¾3ÀaÔ3´�ÀTÀ6¼�¶Pº3¼
µT·W¸#¼Ü»m¾Ùð ´�¸#ÂÁ»3¼Ü¿}ËÚ¸�º3»m¸�ÃP¼XÀ6Ê'¼
Ã
ÂnµT´�¿qÎ ¹W¾ ü À6¾3Ê�¶PµT¸#¼P¾3µÈúëç��&Ñ.³�¼
ÀÈÊ3µ6¹�Ân¹WºmÀ
À6¾3¸#ìÐ´�º�Â¡¾3º3¼p»m¸�À6ÂTµT¸#Ô3¾mÂn¸#¹Wº ¼
º ¶Pº3¼
µT·W¸#¼pÀT¸�Î�¸�¿�´�¸�µ6¼ÄúZÃP¼P¿#¿�¼0»m¼PÀíµn´@Õ�¹Wº3À

γ
Ê3µT¹�»3¾3¸�ÂnÀPâ�¹Wº ¼SÇ�ÂnµT´�Ê�¹W¿�¼0¿�´
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»3¸#À6ÂTµT¸�Ôm¾mÂn¸#¹Wº »3¼íÊmµT¹�ÂT¹Wº3Àw'6¾3À6½�¾.Ëàú ØÄÆ\¼0/ Ê'¹�¾3µ+¼PÀ^Ân¸�Î�¼PµÜ¿Å´Ù»m¼Pº3À6¸#Ân¶í».ËÌ¶
º3¼Pµ6·W¸�¼ëÂT¹�ÂU´�¿#¼i�
w(1 GeV −

470
*	¼0/

) ≈ 380
¼0/hÃPÎ

−3 Ñ'Þ²ºÙÀ6¾3Ê3Ê�¹WÀn´�º�Â\½!¾3¼ÜÃP¼SÂTÂn¼Ü»3¼PºmÀT¸#ÂT¶Ü»m¼cµn´@Õ�¹Wº3ÀÈÃ
¹WÀTÎ�¸�½!¾3¼
ÀÈÀ6¹W¸#ÂÁ¾3º3¸�ðý¹WµTÎ�¼�ú¿�ËÌ¸#º!ÂT¶Pµ6¸�¼P¾mµL»m¼È¿Å´XÊÏ´�µ^Ân¸#¼aÔ3¸#¼Pº »3¶
ÖÏºm¸�¼È¼
ºë¹Wº3»m¼aµT´�»3¸�¹�»3¾)ì�¼PÀ^Ân¸�·�¼�â�»3¼ÈµT´�Õ�¹WºëÎ�¹�ÕW¼Pº ∼ 5′
â!ÃP¼SÂTÂn¼a»3¼PºmÀT¸#ÂT¶

Ã
¹WµTµ6¼PÀTÊ�¹Wº3»¡ú�¾3º3¼d¼i��Ã@´�Ã
¸#Ân¶a»3¼ÈÃ
¹Wº�ìW¼
µTÀT¸#¹Wºí»3¼d¿�ËÌ¶
º3¼Pµ6·W¸�¼-Î�¶PÃP´�º3¸�½!¾3¼a»Ï´�º3À�¿�¼PÀLµn´@Õ�¹Wº3ÀKÃ
¹WÀTÎ�¸�½!¾3¼
À�»3¼u�

η hadrons ∼ 0.3 × d−5
11.3 × M−1

7.2 × E−1
51

¹! 
d11.3 = dnuage

11.3 kpc

¼
À6ÂÈ¿Å´+»3¸�À^ÂU´�ºmÃP¼cºm¹W¾3ÀÁÀT¶PÊ3´�µn´�º�ÂÈ»3¾Ùº!¾Ï´�·�¼�â
M7.2 = Mnuage

7.2×103 M�

¿Å´RÎ)´�À6ÀT¼�»3¾Ùº!¾Ï´Ð·W¼
¼SÂ

E51 ≈ ESN

1051 erg

¿�ËÌ¶
º3¼Pµ6·W¸�¼È»IËÌ¼&Ç�Ê3¿�¹WÀ6¸�¹Wº¡»3¼X¿�´RÀ6¾3Ê�¼PµTºm¹eìÐ´mÑ
³�¼�ÃP´�¿�Ã
¾3¿�ÊmµT¶PÃ
ÛP»3¼
º�ÂL´ÁÂn¹�¾mÂn¼Sðý¹W¸�Àq¶
ÂT¶�µT¶P´�¿�¸#ÀT¶L¼Pº�Ã
¹Wº3À6¸�»3¶
µn´�º�Âö¾mº3¸�½!¾3¼
Î ¼
º!Âx¿�¼Lº!¾Ï´�·W¼bÃP¼Pº�ÂTµn´�¿�ÃP¹WÎ�Î ¼

Ã
¸�Ô3¿#¼�Ê'¹�¾3µd¿�¼
À\Ê3µT¹ÐÂn¹Wº3ÀX´ÐÃPÃP¶
¿�¶
µT¶PÀ
Ñ�³²ËÌ¼&Ç�Ân¼PºmÀT¸�¹�ºø»3¼+¿�´)ÀT¹�¾3µTÃ
¼ ÝaÞLß3ß0¼PÀ6Â�À6¸�·Wº3¸�ÖÏÃ@´�Ân¸#ì�¼PÎ�¼Pº�ÂdÊm¿�¾3À\¸#ÎRÍ
Ê�¹Wµ6Ân´�º�Ân¼R½!¾3¼�ÃP¼P¿#¿�¼+»3¾÷º!¾Ï´�·W¼ÐÑNÒaº3¼�ÊÏ´�µ^Ân¸#ÃP¸�Ê3´ÐÂn¸#¹Wº0»IËÌ´�¾mÂTµT¼PÀ�º!¾Ï´�·W¼
ÀX¼PÀ6ÂÜ»3¼RÃP¼Rð ´�¸�Â\º3¶PÃ
¼PÀ6Àn´�¸#µT¼�Ê'¹W¾mµ
¼&ÇmÊm¿�¸�½!¾3¼
µaÃ
¼
Â6Ân¼c¼&Ç�Ân¼PºmÀT¸�¹�ºIÑIû�¼SÂTÂT¼Ü¸#Î Ê3¿#¸�ÃP´ÐÂn¸#¹Wºë»3¼
Àd´�¾mÂTµT¼
Àaº!¾Ï´�·�¼PÀÈ»3´�º3ÀÈ¿�´+Ê3µT¹�»3¾3ÃSÂn¸�¹�ºÓ»3¼Üµn´@ÕW¹�º3À

γ¼
À6ÂLºÏ´ÐÂT¾3µT¼
¿�¿�¼�¶
ÂU´Ðº!ÂL»3¹�º3º3¶O½!¾3¼-ÃP¼
Àbº!¾Ï´�·�¼PÀ<ÀT¼
Î�Ô3¿�¼
º�Â<¼Pº�¸�º�Ân¼
µn´�ÃSÂn¸�¹�ºR´�ì�¼PÃÁ¿�¼�ì�¼PÀ^Ân¸�·�¼ÁÃ
¹WÎ�Î ¼K¿�Ëà´�ÂTÂn¼
À6ÂT¼
¿�´�Ê3µT¶
ÀT¼PºmÃP¼�»IËÌ¶
Î ¸#ÀTÀ6¸�¹Wº3À�Î)´�À6¼PµO»3¼\¿�´�Î ¹�¿�¶PÃ
¾3¿�¼dù\ÝÜÑÏ³N´+Ê3µT¸#ÀT¼\¼
ºÄÃ
¹WÎ�ÊmÂn¼\»3¼\Î ´�À6ÀT¼PÀÁ´�»m»3¸#ÂT¸�¹Wº3ºm¼P¿�¿#¼PÀ
Ê3µ6¹�ìW¼Pº3´�º�Â ».Ëà´�¾�ÂnµT¼
À�º!¾Ï´�·W¼
À+»3¸�Î�¸�º!¾3¼
µn´�¸�Â�¿Å´Ù»3¼
º3ÀT¸�Ân¶í»3¼)µn´@ÕW¹WºmÀ+ÃP¹WÀ6Î ¸#½�¾m¼PÀ�¸#Î Ê3¿#¸�½!¾3¶
ÀÜ¼SÂ+µT¶
»3¾3¸�µT´�¸#Â
´�¾mÀTÀT¸.¿}ËÚ¼8��Ã@´�Ã
¸#ÂT¶d»3¼dÃ
¹Wº�ìW¼Pµ6ÀT¸#¹Wº¡»3¼\¿}ËÚ¶Pº3¼
µT·W¸#¼ÈÃ
¸�º3¶SÂn¸�½!¾3¼È»3¼PÀO¶�'6¼PÃ
Ân´ÐÂnÀO»3´�º3ÀO¿�¼
ÀKµn´@Õ�¹Wº3ÀOÃP¹�ÀTÎ�¸�½!¾3¼PÀ
Ñ3Þ²º
À6¾3Ê3Ê�¹WÀn´�º�Â�½!¾3¼R¿}ËÚ¼Pº3À6¼PÎ�Ôm¿�¼+»3¼
À�º!¾Ï´Ð·W¼PÀX¼PÀ^Â�¸�Î�Ê3¿�¸#½�¾m¶c»Ï´�ºmÀ�¿�´ëÊ3µT¹�»3¾3ÃSÂn¸#¹Wºp»3¼Rµn´@ÕW¹�º3À

γ
âI¿}ËÚ¼8��Ã@´ÐÃP¸#ÂT¶

»3¼+Ã
¹Wº�ìW¼
µTÀT¸#¹Wº÷º3¶PÃ
¼PÀTÀT´�¸�µ6¼R¼PÀ6ÂX»m¼+¿}ËÚ¹WµT»3µ6¼�»3¼ å-1 Ñ�³N´ë·�´�Î�Î�¼c»IËÚ¼8��Ã@´ÐÃP¸#ÂT¶�ðý¹W¾3µ6º3¸�¼�Ê3´�µd¿�¼
À\»3¼P¾�Çh¼PÀ_Í
ÂT¸�Î ´ÐÂn¸#¹Wº3ÀOÊ3µ6¶PÃP¶
»3¼Pº�ÂT¼PÀPâ.¼PÀ6Âa¼Pº0´�ÃPÃ
¹WµT»Ù´�ì�¼PÃ�¿#¼PÀÁÊ3µT¶
»3¸�ÃSÂn¸#¹Wº3ÀOÂnÉ3¶
¹WµT¸#½!¾3¼PÀ
Ñ²9:¿q¼PÀ^Âdú�º3¹�Ân¼
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Ânµ6¼d´�Ã
ÃP¶
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À6Ân¶
¼PÀ
Ñ

�² Hå¡ ¤¢¡ >� À�¾á¾8âo©Ë°>º�ª%°>â{¬õº4¹{¨C©-½>ºð¦+â�ª�¨C¬²ª%°»¨C½ë½»¨-¬:­4¼�À�½»¨CÀ�¾¿¨V¸:¨V¦�À:½ë¾¿º;«
³N´0º3¶PÔm¾3¿�¼
¾3ÀT¼í»3¼)Ê3¾3¿�ÀT´�µcÊ�¹�ÂT¼Pº�Ân¸#¼P¿�¿#¼ ¼
À6Â+¿#¼)ÃP´�º3»3¸#»Ï´ÐÂ�¿#¼)Ê3¿#¾3À�Ê3µ6¹WÔÏ´�Ôm¿�¼)Ê�¹W¾3µÜ¾3º3¼ë¶
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»3¼ÙÂnµ6ÛPÀ ÉÏ´�¾mÂT¼Ù¶Pºm¼PµT·�¸�¼�Ñb³²ËÌ¶
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ÂTµT¹Wº3ÀÈ»3¼�Î��PÎ�¼

¶
º3¼Pµ6·W¸�¼ÐâÏ¿�¼PÀO¿#¾3Î�¸�º3¹WÀ6¸#ÂT¶PÀKÀ6¹Wº�Âaµ6¼P¿#¸�¶P¼
À-´�¾¡ÃUÉÏ´�Î�ÊÓÎ ´�·Wºm¶
Ân¸#½!¾3¼\ÊÏ´�µO¿�´�µT¼P¿�´ÐÂn¸#¹Wº"�

Lγ

LX
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Ã
ÂT¸#ìW¼
Î ¼
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¾�Ç÷¶PÎ�¸�À6ÀT¸�¹�º3ÀPÑ.³q´í¿#¸�Î�¸#Ân¼�ÀT¾mÊ'¶
µT¸�¼
¾3µT¼RÀ6¾3µX¿�¼��Ï¾�Çh»3¼Rµn´@ÕW¹�º3À
γ
Ê3µ6¹�ìW¼Pº3´�º�Âc»3¼R¿�´ëº3¶PÔ3¾m¿�¼P¾mÀT¼R¼Pº

µT´�Õ�¹Wº3À�Ú ¼PÀ^Âö¼PÀ^Ân¸#Î ¶
¼�ÊÏ´�µ	¿�¼Lµn´�ÊmÊ'¹Wµ^Âx»m¼PÀö¼&Ç�ÂT¼Pº3À6¸�¹WºmÀö»3¼�¿�´ÁÀ6¹W¾3µ6ÃP¼OÝaÞbßmßc¼
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(
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�����k :8,&3*,?�8E���X���^$�14$>�nvw14$� :*,&(14$'$)"%9(&N*2Ik���:�k5��� :���k14$K*kI=*2I���I=[)$�&3�k@�5)"%8�*2&38U���:�k8,I:�,��9N*�"+*,�X�����U*2����*2�k���:�
5�8E1%*21+*be>57���q�:*	���� #"%~'&(��8L���:�	 �~�"%8,\4�:������ �1%$� ��:5'*2�:��86gw5�14�'8q5'9(���L�/.c&($'vw1%8,WF"+*2&314$���m> �14$'�,��9N*2��8�ÎÛÏ#CK]+Ð h O���:�>�ÚW�1>���:�����- �14$K*28 ù49(�-14$K*�I:*,I-�'*2&39(&(�EI��:O¡òU14�'8� :��8�*�"%&3$��j*2����*2�:mV�'14$K*t93����W����,�'8,����5714�'H+"%&(�:$K*��:*28E�
 :14WF5�"%8,I:���6��&38,�� =*2�:WF�:$<*�"+�>���E5�I: �&3[� #"+*,&(14$��:mX�,�:��9(�:�69(�:�65��� ��:�-��14$K*-9(�:�68,I��E��93*2"+*2�TI:*�"+&(��$K*- :14WF5'8,&(�
�:$<*,8,�Ú������� H+"%93����8E�D14$K*JI=*2IÚ8,�=*2��$<���:��O	���ÚG'8,��&N*JI:9(�: :*28E14$�&3;��'�ÚW����E��8,IÚ�,�'8ÚÏ#½! :��9(93��9(�:�|��14&N*D�:*28E�
&3$'vwI�8E&(���'8�@oCFW��MO7���TWF�:WF�+m793�T :14��5�9("%\4����$K*28E�M9(�:�	���:�>�x �"%$)"%�����'�T9p"�5��� :�M��14&N*��=*28,�t&($'vwI:8,&3����8	@
C<ó@LuO)��148,�E;��'�t93���Y8,I:�,��9N*�"+*,�Y$����,14$K*q5)"%�L��&38,�: :*2�:WF�:$K*L �14W�5)"%8,"%G�9(�:�Y"%�>�|�,57I� �&N[) #"a*2&(1%$���m�9("M�,I:9(�� =*2&314$
"�I:*2It8,I�"%9(&3�,I��t@F5�"%8E*,&(8L�����	��&(��*28E&(G��'*,&(14$'�Y14G'*2�:$<�����l�E��8��'$��T\48,"%$������E*2"+*2&3�E*,&(;<���%O7�����	5��� :���l$/.cI:*2"%$K*
5)"+�q&3$� �93���,�:�L�)"%$��L9(�j :148,5'�q�'��9("6��&(��*28,&3G��'*,&(14$A�E14$K*qI� #"+8E*2I:���:O��i"69(&3$�I#"%8E&3*,I�&($K*,I�\48,"%9(�l�'��9("6WFI:WF14&38,�
�E��869p"�\4"%WFW����'e�$)"%W�&(;<���%mU9p"�5'8,I� :&(�E&(14$Ñ*,��W�5�148E��939(�����A9p"J5��� ��|�=*-9p"�8EI�5714$��E�|���A9p"J5��� ��D@��'$��
&3WF5��'9(�,&314$|���j*be�5���ò�àJ�ÿ�E14$K*	H%I�8,&N[)I��:������ :�:*,*,�tWF"%$�&3?�8E�%O)�i"-5�14�E�,&3G�&(93&3*2I��/._�>*2&(93&(�E��8�9�._�:$��,�:WMG�9(�����:�
H+"%93����8E�	���

Nd
gwI� #"+8E*l�EI�5)"+82"%$K*l9("F5714�,&N*2&314$D�����,&3\4$)"%9i�=*l9p"-5714�,&N*2&(1%$J����5�14&3$K*2���'8	�)"+$���9("�WF"+*28E&( :�

93148,�Y����9�.0"%8E8,�=*L����9n.cI� �~)"%$K*,&(9(9314$�$)"+\4� h ���E*	"%�'�,�,&/*,����*2I��+O
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ë/âÛ®iâ�Q)â3Ô !|ç�ètö`íaêRìié�êwï7å"�VîNMUð�åøöO�Vç�é#ç>è=é
S	$D�E �~�I�WF"6�����E �8,&35'*2&Nvi���|G)"%$' j����*2�:�E*L�:�E*L8,�:5�8,I:�,�:$<*,I��,��8Y9("t[)\4��8E���'O �6"%&($'�,&�;<�/.c��$��j5'~�1%*21%\482"a�

5�~'&(�T�'�T�,1%$x&($���*�"%939p"+*,&(14$D"%���[òk�VÍTO��i�tG)"%$� T���t*,���E*�m� :14$'&��x�=*l8EI#"%93&(�,It"%�x�½ò§Ú s yQP=m��:�E*j :14WF5714�EI
�����E&N�DI:9(I�W���$K*,��O

´{�k._"%9(&3WF�:$K*�"+*,&(14$�I�93�� :*,8,&3;��'�R(%�:9(9(��"%�,�E��8,�Y9�.0"%93&(W���$K*�"a*2&(1%$��:$6*2��$'�,&(1%$�È>OÉÅ	�Ë���Y9p"� �"%8E*,�^*2�:�E*��=*����
G71%�3*2&(�:8�8EI�5)"%8�*2&N*2���'8j���-�,&(\%$)"%9nO��k.0"%93&(W���$K*�"a*2&(1%$���&3�,5714�,�-�/.c��$Ú�Ee��E*,?�W����'���EI� :��8,&N*2I-;<��&k9(&3WF&N*2�
9("M*2��$'�,&(1%$�@FÈ>OÉÅ6� �:*	9(�� �14�'82"%$K*�@JÏ4O_��Í �:*q57��8EWF�=*��/.cI:H�&N*2��8q�����,��8E �~)"%8E\4��8	9p"6 #"%8�*2������*2����*
�:$J �"%�L���� �&38, ��'&3*2�Y�'I:vw�� =*2���:�>��O

´{���B\4I:$�I�8,"+*2�:��8J��._&3WF5��'9(�,&314$��:O^`b9j57��8,W��:*����B\4I:$�I�8E��8�������&(W�5���93�,&314$��o�'�Úvw148EWF�:�AH+"%8,&("%G�9(�:��m
s �#"#H�&(�E&(���j�=*7Ì�"+���,�E&(��$'$��%O�òV14��8Y9("M9(�� =*2��8E�l���:�qI=H4I:$���W���$K*2�:m���$|�,&3\4$)"%9����j��I� :9(�:$� �~���W���$K*q����*
�:$KH41fe4I^@q9("� #"%8�*2�k*2�:�E*U5)"%82"+9(9(?:9(�:WF�:$<*/@Y9n.c&(W�5���9(�E&(14$�O�������I�9("%&4�:$<*,8,�� ����,&3\4$)"%9%������I� :9(��$' �~���W���$K*
�=*q9n.c&(W�5���9(�E&(14$�g

Nd h 5��:�'*q�:*28E��8,I�\%9(Ij\48TS% ���@6��$�8,�:*2"%8,��"+*2�:��8L5�8,14\%82"%W�Wo"+G�9(�+O´{�k._"+*,*,I�$<�)"+*,����8k5'8,14\48,"%W�Wo"%G'9(�%O�`b9)"a*,*2I:$<���Y9(���E&(\4$�"%9'&3$a�E�� =*2I��)"+$��k9p"lW�I�W�14&(8E�^"+$)"%9(1%\4&(;<���d5�14�'8
 :14�'H�8,&38�9n.c��$��E��WMG�93�-���F9("�\4"%WFW��6�'e�$)"%W�&(;<���-����9p"|5��' ��%OU�k._�>*2&(93&(�,"+*2&314$����� ��=*M"+*E*2I:$���"+*2�:��8
57��8EWF�=*-���D �14$'�,��8�H4�:8o9p"�vw1%8,W��|�/._&3WF5'��9(�E&(14$Ñ&3$K*�"% =*2�D9(148E�,;<���|9�._14$�vR"%&N*MH+"%8,&3��869�._&3$<*,��$��E&3*,I|���
�E&(\4$�"%9nO

´{���	8,I�5�"%8E*,&3*2�:��8^�'�l�,&3\4$)"%9��:*�9(�qWF1�����93��S��VU�O'WYX[Z,I]\'^_Z3`Tab`cX#d'ZQeVXRfTa3\hg�^_ije'alk abfTX[imXnf3a(\hg'^_ij\'ZTo�khXu�
g'^_g/`,e'dt\hp]g'p#Zc^�`TX]d'Zqe9rsa(Wt\'d'imf3amohgVfue'^_g'fvibX]fV~wd'ab`ukhohabX]fqe'XQim^+x]^_Z3`TX�`TX]f3`]yhWYX�Wzo�e'd'ibXdS��VU{^_f3fTd'Z3X
im^Ix]o4W�WIdV`c^�`cabohg|e'X#f+f3a(\hg'^_d }JX#gw`TZTX7imX#f~khohabX]fY~�^_d `[X�`+��^_fL\/^_abg'f~imohZ3f6e'dJ`cX#f3`+e'X7e'a�^�\�~'ohg'abX_y

´�WYX�x�~�S�fTfTabf7xtò�µ^`6g�x]o4Wt\�^_x�`�òqX#ZTam\'~'X]ZT^_i�µQo4Wt\�o_g'X]g/`�`Bg/`cX#ZTx]o_g'g'X]x�` h yV`Bivx]ohg/`cZ ùhimX�i�r�^_x]�wd'abfTab`TamohgeVX]fveVohg'g'p#X]f,\�^�Zqim^+x]^_Z3`TX�`TX]f3`vfTd'alk�^_g/`vibX�\VZTo_`To x#ohimX%e9r�^_x]�wd'abfTal`camo_g�f�`�^_g'e'^_ZTe�e'X s yd�'��y+`Biwf�`co�x�Ê_X
ibX]f~abg'v�ohZ,Wz^�`Tamohg'f��wd'aYfTohg/`[X]g'f3d'ab`TX?`cZc^�g'f,Wtamf3X]f�^_dUò�µ�e'X7x]o_gw`TZ±ùhibX_y

´�WYXvòdµ�e'X*x]ohg/`cZ ùhimX�yU`Bi�x]o_gw`TZ±ùhibX*ibXzx�~�S�fTfTabf�xtò�µ^`7X#`�imX]f�e'a3}�p]Z3X]g/`cf�amg'f�`cZTd'WzX#gw`Tf�k�a�^�e'X]fI�Vd'f
Ì�òk`�U g�Ì7X#g'X]ZT^_iN�nò�d'ZT\�ohfTXj`BgVf3`cZ3d�WtX]g/`�^�`Tamohg�UQdVf h yS[gVX�abgw`TX]Z�v
^_x]X7amg>v�ohZ,Wz^�`cab�wd'XR^@p#`Tp�f3\�p#x]am^_imX:WzX#gw`�eVp#khX#imoh\V\�p#X�\�ohd'Z�i�^6\hX#f3`TamohgJe'X7x]X#f+`TX]f�`cf]y7S+g'X

\'Z3X�Wtam�#ZTX@\�^_Z�`camX�x#ohg/`cZ ùhimX@i�^|x]^_Z3`TX@`TX]f�`�X�`�ibX]f7e'aN}�p#ZTX]g/`Tf�abg'f3`TZTd�WtX]g/`cf#yiy�imimX�fT^_dVk_X�\/^_Z3e'X�^�dV`co4Wz^�`TaN�
�wd'X:WzX#gw`+ibX]f~ZTp#fTd'il`�^�`Tf~e�^_g'f�d'gVX?��^_fTX7e'X7e'o_g'g'p]X#f]yjW=^�fTX#x]ohg'eVX�\'^_Z3`TamXj\hd'abe'XRi�r�oh\�p]ZT^�`cX#d'Z6\�^�f[�I\'^_f
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e�^�g'f?i�^o\_X]f3`Tamohg�e'X]f?\'dVx]X]f#y=WYXIfEe�f3`T��WtXt^*p#`Tp�oh\V`ca3WzabfTp�\�o_d'ZRima3Wzal`cX#Z[^�dxW*^�} a3WId�W¼imX#fRZTabfT�wd'X#f?e'X
Wz^_dVk�^_abfTX]f?o_\�p#Zc^�`Tamohg'f#yiµ^~�^_�wd'Xt\'d'x#XzX#f3`�ame'X#g/`ca3['p]X�\�^_Z7d'g½x]o�e'X@��^_Z3ZTX@X#`7`TohdV`cX@ibX]f7ZTp=v�p]ZTX#g'x]X#f�X�`
abg'v�ohZ,Wz^�`Tamohg'f+ZTX#i�^�`Tabk_X]fR��x#X#`3`cX@\'d'x#X�fTohg/`7x]o_g'fTX#Z3khp#X]f�e�^_g'f?im^*��^_f3X�e'XIe'o_g'g'p]X#fFg
X�Wt\'im^_x]X:WzX#gw`Re'd
`TX]f3`�mhp#`c^�`%e'X~im^n\'d'x#X_ylyby h y<y�imibX]f,\�X]ZEWzX�`T`TX]g/`%e'X~ZTX�`cZ3ohdVkhX#Z%i�rc~'amf�`cohZ3am�wd'XQeVd@`TX]f�`%e'X~i�^R\'dVx]X~Zc^�\'ame'X:WzX#g/`
X�`[eVX�v
^�x]amibab`TX]ZQim^IfTp#imX]x�`cabohgJe'X]f+\'d'x#X]f+d'g'Xjv�ohamf~ibX]f6`TX]f3`Tf[X=}�X#x#`Td'p]f#y

ë/âÛ®iâ�»)â3ã ¾�í�ï¡ö`ô��Uî½í�ç�î�é�ê�íRêRè�ô<ç
W=^zx]^_Z3`TX�e'X�`cX]f�`R\�X]ZEWzX�`ne'X�`cX#f3`cX#Zn¿z\'d'x]X#fRfTa3WId'il`�^_g'p:WzX#g/`$yjWYX�x�~Vohal}Oe'X�¿�\'d'x#X]f[X]f3`nd'g�x#o4W-�

\'Z3o4WtamfQX#g/`cZTXR`TX�Wt\'f6e'XR`TX]f�`~X#`~`TX�Wt\'f6e'XjWz^_gwdV`cX#g/`camo_g�e'X]f~\Vd'x]X#f]yjW=^Ie'd'Z3p]X?e'X#f6`cX]f�`cf~X#g|\�~�^_f3X?e'X
\'Z3o eVd'x#`Tamohg�p#`c^_ab`+e'X�i�rsohZTe'Z3X7e'XT��WzabgwdV`cX#f�m'`cZ3�]f[\'ZTo�x�~'X�e'd�`cX:Wz\Vf[g'p#x]X#fTfc^�amZTX�\�o_d'Z�\�ohf3ab`Tamohg'gVX]Z�imX#f
\'dVx]X]f[fTd'Z+i�^�x]^_Z3`TX�eVX�`TX]f3`Mg ∼ �a�B¿'r h y7µQX�Wto e'X?eVX�v�ohgVx#`cabohg'g'X:WzX#g/`n^@\�X]Z,Wtamf~dVg�`TX]f3`[e'X�Ï�È%¾�\'d'x#X]f
\�^�ZU�3ohd'Z6X#gJWtofehX]gVg'X_yjW=^�\'ZTo�x]p#e'd'Z3X?��dVo_`cabe'amX#g'g'X7^�p#`TpjWzabfTX?^_dJ\�ohamg/`~\�ohd'Z~eVp#`cX#x#`TX]Z~`cohd `cX?e'p#ZTabk_X
e'd���^_gVx�eVX7`TX]f�`n^�dOx#ohd'ZTf�e'X#f�Ïf¾�fTX�Wz^_abg'X]f�g'p#x]X]f3fc^_abZTX#f[\�ohd'Z6`TX]f3`TX]Z+imX#fL½4¾4¾4¾�\'d'x#X]f+\'ZTo�e'd'al`cX#f]y

S[gD�3X]d{e'X*\'d'x]X#fIe'XzZTp:v�p#ZTX#g'x]X�X#f3`I`TX]f�`cp*X#gÀe'p]�VdV`Ie'Xze'X�Wta/�3ohd'ZTgVp]X_yUS[gÁp#`�^�imohg'g'^%\hXte'X]fIabg'f��
`TZTd�WtX]g/`cf�X]f3`�ZTp]^_imabfTp�^$k�^_g/`Ix#X]f�`TX]f�`cf]yXµQX#`�p�`�^_ibohg'g�^+\hXzX#f3`�Z3X]\'Z3o eVd'ab`�`cohd `cX]f�imX]fMÅ�¿�\Vd'x]X#fI`cX]f�`cp#X]f
f3ohab`[X]g/k�amZ3ohg�`co_dV`cX#fnimX#f�~'X#d'ZTX#f]y1Ú[ohd'fn^$khohg'fnZTX�Wz^_Z3��dVp��wd9r�^_\'ZT�#fRimX7`cX#f3`ne'X�\'dVx]X]fne'p:v�X#x#`cdVX]d'f3X]f7imX#f
abg'f3`TZTd�WtX]g/`cf�p�`�^_abX]g/`�e'p#ZTp:\himp#f]y4S+g@ZTp=�¹p#`c^_imohgVg�^%\hX�e'X]f�abg'f3`TZTd�WtX]g/`cf%^Rp�`cp~f�e f�`cp:W*^�`Tam�wd'X:WzX#gw`%X=}�X#x#`Td'p
f3d'Z�ibX[eVX]ZTgVamX]Z�Wtohamf%e'X�`cX#f3`]y'S+g'X	WtX]f3d'ZTX+e'X[i�^?x]ohgVfTo4W�W*^�`camo_gteVd*��^_gVx[e'X+`cX#f3`�X]f3`�ZTp]^_imabfTp#X[ibohZTf3��dVX
x#X]imdVaN�Bx#a'X]f�`�k�abe'X+^�k�^_g/`%`co_dV`cX�fTp#ZTabX[e'X~`TX]f3`]y Â?d'^�`cZ3X]f�\'d'x]X#f�f3ohg/`6^�imohZ3f,`cX]f�`cp#X]fQf3a(WIdVib`�^�g'p�WtX]g/`$y%�nX]d�}
WtX]f3d'ZTX#f6e'XRx#ohg'fTo%WFWz^�`cabohg'f�^_e'eVab`cabohg'g'X#imibX]f%fTohg/`QZTp$^�imamf3p]X#f6^_d�x#ohd'Z3fQe'XRim^�f3p]�wd'X]gVx]X?e'Xn`TX]f�`cf6X�`~��im^
[�gÃe'Xtx]X]ibimXu�Bx]a�y9W=^O\VZTo�x]p]eVd'ZTXtohZTa3\hamgVX]imibX�\'Z3p#k_o�eh^_ab`�d'g'X�WtX]fTdVZTXte'X]f�x]ohgVfTo4W�W*^�`camo_g'f?amg'eVabk�ame'dVX]imibX]f
e'X#f[\Vd'x]X#f]y
Ú[ohdVf[Z3X#k�amX#g'e'ZTo_g'f�\'imd'f�X#g�e'p�`�^_abi9e�^_g'f�d'gVX�f3X]x#`Tamohg�fTX#x#`Tamohg�fTd'alk�^_g/`cX7fTd'Z�ibX]f�Zc^_abfTohgVf~e'X
x#X�x�~'^_g�\hX:WzX#gw`[e'X7f3`TZc^�`Tp�\habX_y

S[gtfTX#x]ohgVet`TX]f3`�e'X#f�\'d'x#X]f�^7p�`cp~Z3p$^_ibamfTpQ\�ohdVZ�imX]f�\Vd'x]X#f�d `camibamf3p]X]fv\�ohdVZ�i�^Rx$^+Wzp#Zc^ s y����6`,`�yKµQX#`T`TX
e'X#d } am�:WzX�fTp#ZTabX[e'XLWtX]f3d'ZTX#fQ^7\�X#Z,Wtamf�e'X�khp#ZTaN[�X]Z%i�^?f�`�^_�'abimal`cp6e'dt��^_gVxn�7imohg'\7`TX]ZEWzX~\'dVamfT�wd'X+\'ibd'f%e'X
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RMS Piedestal non Calib.
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RMS Piedestal non Calib.
Entries  11275
Mean    10.72
RMS     2.001
Underflow      18
Overflow       94
Integral  1.116e+04

RMS Piedestal Calib.
Entries  11274
Mean    1.337
RMS    0.04503
Underflow      25
Overflow      168
Integral  1.108e+04

RMS Charge [coups d’ADC]
1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8

# 
Vo

ie
s

0

200

400

600

800

1000

1200

1400

1600

1800

2000

RMS Piedestal Calib.
Entries  11274
Mean    1.337
RMS    0.04503
Underflow      25
Overflow      168
Integral  1.108e+04

¯d°²±Y³?�VyNÏ4Ï�´ ïL·%¸)¹�º)»?(%Ì�à���eVd�\'amp#e'X]f�`�^_i ÖzX#fTd'Z3p~fTd'Z,dVg'X~x]X#imimdVimX�imam�VZTX6^$k�^_g/`�p�`�^_ibohg'g�^_×_XQe'X#f��LÍqµQf#y
ñ�Á2Â�Þ²Äb»t()Ì	à��JeVdO\'abp]e'X#f3`c^_iYÖzX#fTd'Z3p7fTd'Z�d'g'X7x#X]imibd'imXnimam�VZTX?^_\VZT�]f+p#`c^_imo_g'g�^_×hXne'X]f	�YÍqµQf]y

16 cel.
Entries  2832
Mean   -2.55e+04
RMS     152.2
Underflow       5
Overflow       21
Integral    2806

 / ndf 2χ  24.84 / 28
Prob   0.6364
Constant  5.8± 249.5 
Mean      3± -2.55e+04 
Sigma     2.1± 151.5 

Charge [coups d’ADC]
-26500 -26000 -25500 -25000

# 
Vo

ie
s

0

50

100

150

200

250

16 cel.
Entries  2832
Mean   -2.55e+04
RMS     152.2
Underflow       5
Overflow       21
Integral    2806

 / ndf 2χ  24.84 / 28
Prob   0.6364
Constant  5.8± 249.5 
Mean      3± -2.55e+04 
Sigma     2.1± 151.5 

16 cel.
Entries  2832
Mean   -2.55e+04
RMS     152.2
Underflow       5
Overflow       21
Integral    2806

 / ndf 2χ  24.84 / 28
Prob   0.6364
Constant  5.8± 249.5 
Mean      3± -2.55e+04 
Sigma     2.1± 151.5 

16 cel. RMS
Entries  2832
Mean    6.312
RMS    0.3237
Underflow       7
Overflow       20
Integral    2805

RMS Charge [coups d’ADC]
4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9
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16 cel. RMS
Entries  2832
Mean    6.312
RMS    0.3237
Underflow       7
Overflow       20
Integral    2805

¯d°²±Y³8�Vy3ÏfÅM´EïL·%¸�¹�º)»*()��^_imX#d'Z�Özo�ÚhX#g'g'X�e'd�\'abp]e'X#f3`�^�iuabg/`cp]×_ZTp�fTd'ZtÏf½tx#X]ibimd'ibX]f]yjW=^tx]ohd'Z3��X�ZTo_d'×hX�X]g
`TamZTX�`cf�X]f�`+d'g'X�Ì�^_dVfTfTabX]g'gVX�^f�3d'f3`Tp]X�fTd'Z+i�^Ie'abf3`TZTam�VdV`cabohg9y
ñjÁ�Â�Þ²Äb»t(�Ì	à��JeVdO\'abp]e'X#f3`c^_iYamg/`cp#×hZTp7f3d'Z�Ïf½
x#X]imibd'imX#f]y



»��jß ÕZÖ £�×����RØ=��® ¡�¯�Ù ���-× Ö £a§=�D°±°
ë/âÛ®iâ(Ô/â3Ô ìÇç�è#î½íaç�èt�Vçªö4ï�åVè�ï��{�Òð>é�êRï7å

W=^�\'Z3o x#p]e'dVZTX+e'X[ÖtX]f3d'ZTX+e'X�x]o_g'fTohÖtÖz^�`cabohgt^�p�khohibd'p[ibohZTf�eVX[im^7\'~�^_fTX[e'X��wd�^_imalØ�x$^�`camo_gteVdz��^�g'x
e'X|`TX]f3`]y%W=^½\'Z3o x#p]e'dVZTXJamg'al`cam^_imXtx]ohgVfTamf�`�^_al`�X]gÅd'g'XJÖtX]f3d'ZTXJe'X#fzx#ohg'fTo_ÖzÖz^�`cabohg'fIabg'e'alk abe'd'X#imimX#f�e'X#f
\'dVx]X]f#y
òqohd'Z~x#X]im^Và'd'g'X?ÖtX]f3d'ZTX7e'X?x#ohg'f3ohÖzÖz^�`Tamohg�p�`�^_al`~ZTp]^_imabfTp#XRfc^_gVf+\Vd'x]X7\'d'abf�^$khX]x-Ïhà)Å à)�I\'d'abf~¿
\'dVx]X]f#y�Wu^7fTo_d'f3`TZc^_x�`camo_gte�r�d'gVX+ÖtX]f3d'ZTXYv
^_al`cX�^$khX#x[dVg'X�\'d'x]X[�?x]X#imimX~X=}�X#x#`Td'p]X+fc^_gVf�x#X#`T`TX�\'d'x]X+X#`�^$k_X]x
ibX]f�ÖF�#ÖzX#f+^_dV`cZ3X]f�\'d'x#X]f[e'ohg'g�^�ab`�fc^@x]o_g'fTohÖtÖz^�`cabohg|\'ZTo_\'ZTX�y7µQX]fnÖtX]f3d'ZTX#f]àje'X7i�rsohZ3e'ZTX7e'X��4¾4¾�ÖDúÝà
Ötohg/`cZ3�]ZTX#g/`�eVX]f � d'x#`Td�^�`Tamohg'f?abÖz\�ohZ�`�^_g/`cX#f?^_d½x]ohdVZTf7e9rsd'g'XtÖF�#ÖzXq�3o_d'ZTg'p#X_àY\�X]d½x]ohÖt\�^�`Tam�'ibX]f?^$k_X]x
ibX]f � d'x#`Td�^�`cabohg'f�f3`c^�`cabf3`cab�wd'X]fQ^�`T`TX]g'e'dVX]f]y�µQX]f � d'x#`Td�^�`cabohg'f�p#`c^_amX#gw`6^_d'f3fTa�\'ZTp#fTX]g/`TX]f~imo_ZTf�e'X]f6ÖtX]f3d'ZTX#f
e'X#f@\'d'x]X#ft`Tp]ÖtohamgVfIX]gÅe'p]�VdV`te'Xt�3ohd'Z3g'p]XJ\�ohd'Z�imX#fT�wd'X#imimX#f�ohg�f]r�^�`T`TX]g'e'^_ab`@�)oh� `cX]gVamZ�e'X#ftÖtX]f3d'ZTX#f
x#ohg'f3`c^_g/`cX#f]y

Temps [MJD]
13560 13580 13600 13620 13640 13660 13680 13700

I [
A]

0.54

0.545

0.55

0.555

0.56

0.565

0.57

¯d°²±Y³R�VyNÏf��´*áBg/`cX#g'fTal`cp?e'dJx]o_d'Zc^_g/`�e'p#imalk Z3p?^_d|��^�g'x?e'XR`cX#f3`~k�ameVX?X]g|v�ohg'x�`camo_g�e'd|`cX#Öz\'f#y�W=^�`cX#g'fTabohg
X#f3`?Öz^_amg/`TX]gwd'X�x#ohg'f�`�^_g/`cXI�A�Vy_���Iy�� ohg/`?Z3X]\'Z3p]f3X]g/`cp#f�abx]a=i�rsX]gVfTX]Ö��'imX�e'X]fRÖtX]f3d'ZTX#fRe'X�i�^z\�p]Z3amo�e'X�e'X
`TX]f3`]y

Õ[gVX[e'X#fd~/Ú�\�o_`2~'�#fTX#fQ\�ohd'Z�i�rsohZ3am×habg'X6e'X�x]X#f � d'x#`Td�^�`cabohg'f%X]f�`�i�^?x]ohg Ø�×hd'ZT^�`cabohg@e'X�i�^?x$^_Z�`cX�e'X~`cX#f3`]y
µQX#imimXu�Bx#a�g9rsp#`c^_ab`~\'^_f6ØV} p]X7e�^_gVf+dVg�p�`�^�`6\�^_Z3`Tamx#d'imabX]ZQibohZTfQe'X]f�ÖtX]fTdVZTX]f~eVX�x#ohg'f3ohÖzÖz^�`TamohgzX#`�\�ohdVk�^_ab`
\'Z3o�kho���dVX]Z�d'g'X?x#ohg'fTo_ÖzÖz^�`cabohg���k�abe'X?amg'f�`�^_�VimXneVd��'^_g'xR`cX#f3`]y�W=^�Ø�×hd'Z3X��Vy3Ï#�IZTX]\VZTp]f3X]g/`cX�i�rsamg/`TX]g'f3ab`cp
e'p#imalk Z3p]X�^_dO��^_g'x�e'X7`cX]f�`nfT^_g'f[\'d'x]X#f]y�µQX]f[ÖzX#fTd'Z3X]f+Özohg/`TZTX]g/`[X]gOX:}�X#`[e'X]f�k�^_ZTam^�`cabohg'f~amÖt\�ohZ3`c^_g/`cX]f
^�`3`cX#am×hg�^�gw`jÅ%¾*Ö�ÍÆe9rsd'g�`TX]f3`?�*i�r�^_dV`TZTX_à�x]X���dVavx]o_ZTZTX#fT\�ohg'e½�A½4½zÖDú \�o_d'Znd'gVX�`cX#g'fTabohg)x]ohgVf3`�^�gw`TX
e'X��Vy_�M�Iy

WYX]f � d'x#`Td�^�`Tamohg'f+e'X7`cX#Öz\�p]ZT^�`cd'Z3X�eVX�im^tx]^_Z3`TX�e'X7`cX#f3`[X#`[\'imdVf[\�^�Z3`cabx]d'ib�]Z3X]ÖtX]g/`+i�rsp#k�^_x]d'^�`cabohgJe'X
\�ohamg/`Tf~x�~�^_d'e'f�f3d'Z~x]X#imimXu�Bx#a�\�X]dV`+^_dVfTfTa>�3o_d'X]Z~d'gJZ ùhimXRabÖz\�ohZ�`�^_g/`6e'^_g'f�imX#fQk�^_ZTam^�`cabohg'fQeVX�x#ohg'f3ohÖzÖz^a�
`Tamohg'f#y��nX]f[ÖzX#fTd'Z3X]f+ohg/`n\�X]Z3Özabf~e'X7khp]Z3abØ�X#Z[�wd'X�e'X]f�k�^_ZTam^�`cabohg'f~e'X�i�rsohZ3e'ZTX?e'Xt�4¾@ÖDú \�X]d khX]g/`��#`cZ3X
\'Z3o�kho���dVp]X]f@\�^�Z�d'g{Z3X:v�Z3ohame'abfTf3X]ÖtX]g/`Ie'X#fI\'d'x#X]f#y�W=^OØ�×hd'Z3X��VyNÏ$¿�Z3X]\'Z3p]f3X]g/`cXJi�^�x]ohgVfTohÖtÖ*^�`camo_gÃe'X#f
\'dVx]X]f�`cp#Özo_amg'fL�MÍâ¿@X#g�v�ohgVx#`cabohgJe'dJ`cX]Öt\'f#y�ÍnibohZTf~�wd'X7\'ibd'fTabX]d'Z3f+f3p]Z3amX]f�e'X?`TX]f3`Tf�fTohg/`+`cZT�#f�f3`�^��'imX#f
^_d*ÖFÍ�\'ZT�#f7Û
e'X#ZTg'ab�]Z3X]f6f3p]ZTabX]f6\�ohd'Z�x�~�^_x#d'g'XRe'X#f6\'d'x#X]f~f3d'Z6i�^7Ø�×hd'Z3X�Ü�à e'X#f~e'p]Z3abk_X]f6f3X]ÖI�'im^_�'ibX]f6��d'g
x�~�^�d'}9^�×hX?e'X7i�^�x]^_Z3`TXR`cX#f3`�ohdJe'X?im^I\'d'x]X7f3X]ÖI�'ibX]g/`�\'Z3p]fTX#g/`cX]f+fTdVZ~imX]f~\VZTX]Ötam�#ZTX#f6fTp#ZTamX#f�e'X?ÖzX#fTd'Z3X]f#y
µQX#fzÖtX]f3d'ZTX#f*g'XJx]o_g'f3`Tab`cdVX]g/`*\'^_f@d'gÊZ3p]X]i�\'Z3oh�'ib�]ÖtX|Ö*^_abfIx]o_gVØ�ZTÖtX]g/`zi�^)g'p#x]X]f3fTal`cp�e9r�p�`�^_�VimamZ�dVg'X
f�`�^_�'abimal`cpRe'X7i�r�p#imX]x�`cZ3ohg'am�wd'XnX]gJ`cX]Öt\�p]Zc^�`cd'Z3X�\�ohd'Z~f#r�^�fTfTdVZTX]Z+e'X7i�^If�`�^_�Vamimal`cpReVX]f�ÖzX#fTd'Z3X]f#y

W�r�o_�'fTX#Z3k�^�`cabohg�e'Xnx]X]f � d'x#`Td�^�`cabohg'f�g'ohd'f~^�^_ÖzX#g'p?��Öto�e'abØ�X#Z�im^�\'Z3o x#p]e'dVZTXRe'X[`cX]f�`$yVWu^Ix#ohg'f3ohÖ-�
Öz^�`cabohg�abg'e'alk abe'd'X#imimX7g9rsX]f�`7\'imdVfRZTp]^_imabfTp]X�imohZ3fne'd)\�ohf3ab`cabohg'g'X#ÖzX#g/`ne'X#f?\'d'x#X]f]yV��X]d'ibXId'g'XIÖtX]f3d'ZTX�e'X
x#ohg'fTo_ÖzÖz^�`cabohgz��k�ame'XRX#f3`~Z3p$^_ibamf3p]X_à�x]o_ÖI�'amgVp]XR^$k_X]x?e'X#d }�ÖtX]f3d'ZTX#f]à'i�r�dVg'XR^_\VZT�]fQimX[`TX]f�`~e'Xn\Vamp]eVX]f3`c^_i�à
i�r�^_d `cZTXz�Oim^JØ'g{e'X*im^�f3p]Z3amX*eVXz`cX#f3`]yXµQX#fIe'X]d�}ÁeVX]ZTgVam�]Z3X]f�ohg/`Ip#`Tp*abgw`TX]Z3x$^_ibp]X]f�^_d{ÖtamibamX#d)ohd{X]gÃØ�g
e'X�fTp#ZTabX�eVX7`TX]f�`n\�ohd'Z6ØV} X#Z[im^@x#ohgVØ�×_d'Zc^�`TamohgJe'X7im^@x]^_Z3`TX?`cX]f�`$y�W�r�o_���3X]x�`ca3vqg9rsX]f�`n\'ibd'f�e�^_g'f�x#X�x]^_f�e'X
v
^_abZTXRdVg'X7fTp]ibX]x�`camo_g|fTd'Z�imX#f~x]ohgVfTohÖtÖ*^�`camo_g'fQabg'e'abk�abe'd'X]ibimX#fQÖz^_amf�e'Xjv
^_amZ3Xnd'g'X7e'abfTx#ZTamÖtamg'^�`cabohgzf3d'Z�imX#f



���:���R�R���:® �;:|¡=< �2§#��¬���§�× « �:��§�� ¢?> » �Rë
�3X#d }�e'X�¿z\'dVx]X]f[e'ohg/`[i�^�x]ohgVfTohÖtÖ*^�`camo_g|×himoh�'^_imXRf3X]ZT^_ab`+\'Z3oh�'imp#Ö*^�`cam�wd'XtÛ�\'d'x#X�X#g�x]o_d'Z3`��Bx]abZTx#d'ab`7ylyby�Ü�y
WYohZ3fT�wd9rsd'g��3X]d*e'X[\Vd'x]X#f6\'ZTp#fTX#gw`TXRd'gzx]ohg'f3ohÖtÖ*^�`Tamohgt^_gVohZTÖz^_imX�à/ami�f3X]ÖI�'ibX[\Vimd'f�\'ZTdVe'X]g/`6eVXnZTX�`cX#f3`cX#Z
i�r�X#g'fTX#ÖI�'imXze'X]f���d'^�`cZ3X]f�\Vd'x]X#f�e'ohg/`IibX]f�\�X]Z�v�ohZTÖz^_g'x#X]f�\�ohdVZTZc^�amX]g/`t�#`TZTX�^a}�X#x#`cp#X]f#yky�imimX#f�o_gw`�e'X*x#X
v
^_al`~p#`Tp7ZTX]x#X]g'x#p]X#fRX#`�Z3X#`cX#f3`Tp]X]f[amg'eVabk�ame'dVX]imibX]ÖtX]g/`$y

Temps [MJD]
13558.3 13558.4 13558.5 13558.6 13558.7

I [
A]

0.62

0.625

0.63

0.635

0.64

0.645

0.65

0.655

0.66

Puce #3
Puce #4

¯d°²±Y³?�VyNÏ$¿q´�áBg/`TX]g'f3ab`cp~eVd�x]ohd'ZT^_g/`�e'p#imabk�Z3p6^_d���^�g'x~e'XQ`TX]f3`%ibohZTfqe'X]f,`TX]f�`cf�e'X#f,\'d'x#X]f�`cp#Özohabg'f�ã �#ÍË¿
X#g�v�ohgVx#`cabohg7e'd�`TX]Öt\'f]yaµQX#fu`TX]f�`cfuohg/`qp�`cp%ZTp]^_imabfTp#fueVd'Zc^_g/`ui�^6Ö��]ÖtX��3ohd'Z3g'p]X[Û�Ï]¿<ß%¾KÅ4ß%Å%¾4¾KáhÜ�y]W=^~`cX#g'fTabohg
X#f3`�ØV} p]X��F� y0�M�Iy

Temps [MJD]
13560 13580 13600 13620 13640 13660 13680 13700

I [
A]

0.75

0.8

0.85

0.9

0.95

1

1.05

1.1

¯d°²±Y³?�VyNÏ�ÈY´7áBgw`TX]g'f3ab`Tp~e'd�x]ohdVZc^_g/`�e'p#imalk Z3p6^_d���^_g'x6eVX6`cX]f�`%^_\'Z3�]f,im^nÖtX]fTdVZTX6e'd�\Vamp]eVX]f3`c^_iVX#gMv�ohg'x�`camo_g
e'dÈ`cX#Öz\Vf]yi� o_gw`�Z3X]\'Z3p]fTX#g/`cp]f�`cohd `cX]f7ibX]f?ÖtX]fTdVZTX]f7X=}�X#x#`cdVp]X]f�fTd'Z?im^�\�p#ZTabo e'X�eVX@`TX]f�`$y=WYX]f7\�ohamg/`cabimibp]f
f3ohg/`�e'X#f�x#ohg'f�`�^_g/`cX#fI^��3dVf3`cp#X]f�fTd'Z�imX#f�eVamf3`TZTab�'dV`cabohg'f�(=�'ibX]d'f7\�ohd'Z7i�^|\'Z3X]Ötam�]Z3X@X#`�fTX]x#ohg'e'Xz\�p#ZTabo e'X
abg'e'p]\�X]gVe�^_ÖtÖzX#gw`]àjX#`[ZTohd'×_X]f+\�ohdVZ[i�r�X#g'fTX#ÖI�'imX7e'X#fne'o_g'g'p]X#f]y�Wu^@\�p]ZTabo eVX�eVX�`cZT^_g'f3ab`cabohgJx]ohZ3ZTX#fT\�ohg'e
��i�^�Ö��]ÖtX?fTX#Ö*^_abg'XR�wd'X�i�^�`TZc^_g'f3ab`Tamohg|oh�VfTX]Z�khp#X�fTdVZ+im^Iimabg'p$^_Z3ab`TpRe'X]fq�YÍqµQf]y

ë/âÛ®iâ(Ô/â3ã ó�ô�è#îVí²éfð'é�è��½ô<ìkç>åu�ið)å�é|�içxí��Ûç �ÆìZíwð�ö4ç��Òç�å�é@�iç�éfç�è:é�è
WYX]fR�wd�^�`cZTX�X]Öt\'i�^_x#X]ÖtX]g/`cf[e'XIim^zx$^�Z3`cX�e'X�`TX]f3`nfTohg/`?abe'X]g/`Tam�wd'X]fnX#`RgVXIe'ohalkhX]g/`n\�^_fRo�x]x]^_fTabohg'g'X#Z

e'X?Z3p]f3d'ib`c^�`cf6eVa3}�p]ZTX#g/`cf]y)µQX]Z3`c^_amgVf6p]ibp]ÖtX]g/`cf~\�X]dVk_X]g/`�`cohd `cX:v�o_amf6x#ohg/`cZTab�'d'X#Z~�IÖzo�e'alØ�X]Z�imX]fQ\'ZToh\VZTamp�`cp#f
e'dÀf�Ú�f3`c�#ÖzX�y%W=^�ZTX#e'amZ3X]x#`TamohgÁe'dÀfTab×hg�^_i�fTX#imohgÀibX]fI�wd�^�`TZTX#fIkhohabX]fJÛ�e'X]d }ÁkhohabX]fIeVa3}�p]ZTX#g/`camX#imibX]f�Ü7e'X�im^
\'dVx]X_à�i�r�^_imabÖzX#g/`�^�`Tamohg|e'X#fn�wd�^�`TZTX#fR\'d'x#X]f?fTo_gw`R^_dV`c^_g/`Re'X�v
^_x#`TX]d'Z3fn\�ohdVk�^_g/`Rabg'e'd'abZTX�e'X]fReVa3}�p]ZTX#g'x]X#f
f3d'Z�ibX]f�ÖtX]f3d'ZTX#f�X=}�X#x#`cdVp]X]f�fTd'Z�d'gtX]Öt\'i�^�x]X]ÖtX]g/`%ohdtd'g*^_dV`cZ3X_ywWYX]f%ÖtX]f3d'ZTX#f�f3ohg/`6^_dVfTfTaje'p#\�X#g'e�^_g/`TX]f
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e'd�f3am×hg�^�iQX]g�X#gw`TZTp#X_y%WYX|��^_g'x|eVX�`cX]f�`@x]ohÖt\'Z3X]g'e�d'g�ZTp#\�^_Z�`cab`TX]d'Z���dVa6e'abk�abfTX�ibX�fTab×hg�^_i�\'ZTo�khX#g�^_g/`
e'd½×hp#g'p]ZT^�`cX#d'Z7e9r�abÖz\Vd'imf3amohg�k_X]Z3f�ibX]fj~wd'ab`?k_ohamX#f7e'a3}�p]Z3X]g/`cabX]imibX]fReVX�i�^|x$^_Z�`cX�e'X�`TX]f3`]yVµQX#`3`cXte'abk�amf3amohg
X#g'×hX]gVe'ZTX�dVg{�'ZTdVab`�p]ibX]x#`TZTohgVam�wd'X*\�ohdVk�^_g/`�^+}�X]x#`TX]Z�e'a3}�p]Z3X]ÖtÖzX#gw`�ibX]f�k_ohamX#f�eVX*i�^�x$^_Z�`cXtX#`�amg'e'dVamZTX
e'X#f[Z3p]f3d'ib`c^�`cf6k�^_Z3a�^_g/`�e9rsd'g'X?kho_amX���i�r�^_dV`cZ3X_y

Õ[gVX�Öz^��3ohZ3ab`cpne'X]f+ZTp#fTd'il`�^�`Tf+gVX�\'Z3p]f3X]g/`cX��wd9r�dVg'X�`TZT�]fYv
^_ab�'imX?eVa3}�p]ZTX#g'x]X7f3X]imo_gOibX]f~khohabX]f#yjW=X#f[ÖtX=�
f3d'ZTX#f�e'X�x�~�^�ZT×hX�fTo_gw`�^_abg'fTa `cZT�#f�v
^�am�'ibX]ÖtX]g/`,e'p#\�X#g'e�^_g/`TX]fQeVX+i�r�X#Öz\Vi�^_x#X]ÖtX]g/`�e'X~`cX#f3`]ywW=X#f�eVa3}�p]ZTX#g'x]X#f
X#gw`TZTX�khohabX]f%e'X#f%k�^_ibX]d'Z3f�Özo�Ú_X]g'g'X#f�eVX]f�e'amf�`cZTab�'dV`Tamohg'fve'X�x�~�^_ZT×_X]f�Özo�ÚhX#g'g'X#f�abgw`Tp]×hZ3p]X#f�f3d'ZLÏf½?x]X#imimdVimX]f
f3ohg/`RZTp#\�^_Z�`camX#fR�*i�r�abg/`cp]Z3amX#d'Z�e'XoÏf¾tx]ohdV\'fRe9rcÍl�jµny/µQX#`?X=}�X�`Rg9rsX]f�`?\�^_f+k�amfTab�'imX7f3d'Znd'gVXIe'amf�`cZ3am�'dV`Tamohg
e'X@x�~�^�ZT×hX#f�`Tohd'f7X]Öt\'i�^�x]X]ÖtX]g/`Tf?x]ohg'v�o_g'e'd'f�e'dBv
^_ab`?�wd'Xti�^�eVamfT\�X]Z3fTabohgÈe'X@x]X]f�e'abf3`cZ3am�'d `camo_g'fRX]f�`�e'X
i�r�ohZ3e'ZTX�eVX ∼ ä x]o_d'\'f7e9rcÍl�jµnyuWYX]f�Ì	à��ÈeVXtx#X]f7e'abf3`cZ3am�'d `camo_g'fRe'X�k�^_imX#d'ZTf?Öto�ÚhX#g'g'X]f�fTo_gw`��wd�^_g/`��
X#d }|abe'X]g/`cab�wd'X]f~�wd'X#i9�wd'X7fTohal`6i�rsX]Öt\'im^_x]X#ÖzX#gw`]y�µQX�`T`TX?amg/k�^_ZTam^_g'x]Xne'X]fLÌ	à��*x]o_gVØ�ZTÖtX?�wd'X?x]X#f6å
^_am�VimX]f
k�^_Z3a�^�`Tamohg'f=e'XQ\�ohf3ab`Tamohg�Özo�Ú_X]g'g'XQfTohg/`�g'p#×himab×hX$^��'imX#fqX�`,g9rsohg/`%^_d'x#d'gIX=}�X�`�fTd'Zvi�^[�wd�^�imab`Tp�eVX]fv`TX]f3`Tf]y_W=X#f
k�^_ibX]d'Z3f?Özo�ÚhX#g'g'X#f�^_abg'fTav��dVXtibX]f�Ì	à���e'X]f7e'abf3`cZ3am�'d `camo_g'fRe'X�Ì	à��Èf3ohg/`�X]imibX]f?^�d'fTf3a�abg'e'p#\�X#g'e�^_g/`cX#f
e'X7i�r�X#Öz\'im^_x]X#ÖzX#g/`$y

µQX]Z�`�^_abg'f7`cX]f�`cf�\'ZTp#fTX#gw`TX]g/`IeVX]f�e'a3}�p]Z3X]g'x#X]f�\'imd'f7Öz^_ZT�wd'p#X]f7fTX#imohg½imX#f7X]Öt\'i�^_x#X]ÖtX]g/`cf7X�`�gVXtf3ohg/`
\�^�f?��\�o_f3`cX#ZTabohZTau\'ZTo_�'imp#Ö*^�`Tam�wd'X#f]y�W=X#fn`cX#f3`Tf?e'XIimabg'p$^�ZTab`Tp�eVX]f��YÍqµQf?X]g/`cZ3X]g/`�e�^_g'fnx]X#`3`cX�x]^�`cp#×hohZTabX_y
Õ+g'X+å�o_g'x#`Tamohgt^+Ýtg'X+X]f�`6^��3dVf3`cp#Xnf3d'Z�ibX]f%Öto¦Ú_X]g'gVX]fQeVX[ÖtX]f3d'ZTX#f�X=}�X#x#`cdVp]X]fQ\�ohdVZ�x�~'^_x]d'gVXne'X#f�k�^_ibX]d'Z3f
e'XM�LÍqµQf7x�~�^�ZT×hp#X]f]y9W%rsohZ3e'ohg'g'p#X@�*i�rsohZ3am×habg'X_à�ibX�x]o�X:Ýtx#amX]g/`?X�`?imX

χ2 eVXIi�r�^��3d'f�`cX]ÖtX]g/`?f3ohg/`?X�}�`TZc^_al`cf]y
WYX]f?eVamf3`TZTab�'dV`cabohg'f[e9r�o_ZTe'ohgVg'p]X#f���i�r�o_ZTam×_amg'X�X#`7e'X�x#o X=Ýtx]amX#g/`cf?fTo_gw`7�wd�^�fTamÖtX]g/`?abe'X]g/`Tam�wd'X]f?�wd'X#i��wd'X
f3ohab`�i�rsX]Öt\'im^_x]X#ÖzX#gw`]yKÍndzx]ohg/`cZT^_amZ3X_à/ibX]f�e'amf�`cZTab�'dV`Tamohg'f�eVX

χ2 Z3p]e'd'al`cf%fTo_gw`�`cZ3�]f%k_^�ZTa�^��'imX#f�e�r�d'gVX+k_ohamX[�
i�r�^_d `cZTX�yKµQX�`%X:}�X#`%X]f�`%\�^_Z�`camx#d'imab�]Z3X]ÖtX]g/`qk�abfTam�VimXQf3d'Z�i�^+Ø�×hd'Z3Xz�Vy3Ï#½R��dVa'ZTX#\'ZTp#fTX]g/`TX+ibX]f�e'abf3`TZTam�VdV`cabohg'fue'X
χ2 ZTp#e'd'ab`Q\�o_d'Z6e'X#d }�k_ohamX#f]yVáBi�\�o_d'ZTZT^_ab`^�#`cZ3XRe ×J�Id'g|\VZToh�'ib�]ÖtXne'Xnx]ohg/khX#ZTf3amohgJe'dJfTab×hg�^_i�^_d|g'alkhX]^_d
e'X#fZÍ��jµQfve'X�i�^�x$^�Z3`cX%e'X�`cX#f3`$y�W=^~Ø�×hd'Z3Xæ�VyNÏ�á~ZTX#\'ZTp#fTX]g/`TX6imX#fqÖtX]f3d'ZTX#fqX=}�X#x#`cdVp]X]fv\�ohdVZqd'gT�YÍqµÁe9r�dVg'X
Ö��]ÖtX6\'d'x#X~fTd'Z�eVX]d }IX]Öt\'i�^_x#X]ÖtX]g/`cfve'a3}�p]Z3X]g/`cf#y/W=^Re'a3}�p]Z3X]g'x#X~e'X

χ2 oh�'fTX#Z3k_p]X�X]f�`%e'd'X��Rd'g@p]x]^_Z3`,e'X
\'ibd'fTabX]d'Z3f�\�ohabgw`Tf�\'^_Z%Zc^_\'\�ohZ�`6��i�^?e'ZTo_ab`cX[^��3d'f�`cp#Xne'X+i�rsohZTeVZTX+e'XtÏ[x]ohdV\*e9rcÍl�jµÊx#ohÖtÖzX�imX+Ötohg/`cZTX#g/`
ibX]f?ZTp#fTabe'd'f]y=U�amX]gÈ�wd9rsamÖt\'imab�wd�^_g/`Re'X#f7e'a3}�p]Z3X]g'x#X]f7fTab×hg'abØ'x$^�`TabkhX#f?^_dÈg'alkhX$^�dÃe'X#f7e'amf�`cZTab�'dV`Tamohg�eVX

χ2 àe'X#f%e'a3}�p]Z3X]g'x#X]f%e'X~x�~�^_Z3×hX]f%e'X~i�r�o_ZTe'Z3X6e'dtx]ohd'\Vf�e9r_Í��jµÅg�r�ohg/`�\�^_f�eVX~x]ohg'f3p]�wd'X#g'x]X#fQX#`%g�r�abÖz\'ibam�wd'X#gw`
\�^�f,i�^+g'ohg�å�ohgVx#`cabohg'g�^�imab`Tp%e'X]f�\'dVx]X]fvg'aVim^[g'ohg��¹k�^_imabe'ab`Tp%e'X]f�^�dV`cZ3X]fv`TX]f3`Tf]y_W=X#fkÌ	à���e'X]fve'amf�`cZTab�'dV`Tamohg'f
e'X

χ2 ZTX]gVohZTÖz^_imabfTp#X]fR\�^�Z?imX]fRk�^_ibX]d'Z3f7Özo�ÚhX#g'g'X#f�x#ohZTZ3X]fT\�ohg'e'^_g/`cX]f�x]o_gVØ�ZTÖtX]g/`7�wd'Xtx]X#f�ÖtX]f3d'ZTX#f7g'X
f3ohg/`~\�^_f6\VZToh�'ibp]Öz^�`cab�wd'X]f#y'y�g|X:}�X#`]àVibX]f�k�^_Z3a�^�`TamohgVf�Z3X]i�^�`cabk_X]f�e'X]f

χ2 fTo_gw`6ame'X#gw`Tam�wd'X#f6�wd'X]ibimXn�wd'X?f3ohab`
im^�khohabX�eVX7`TX]f�`$y
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χ2 ZTp#e'd'ab`TfIoh�V`TX]gwd'f�ibohZTf�e'd{`cX#f3`@e'X�ibamg'p]^_ZTal`cp@e'X#f-�LÍqµQf@abgw`TX]Z3g'X]f#y
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¯d°²±Y³O�VyNÏ�á�´RÕ[g�X�} X]Öt\'imX%e'X,`TX]f�`ve'X�ibamg'p]^_ZTal`cp,eVX��LÍqµ½\�ohdVZudVg'X%\'d'x]X%Z3p$^_ibamfTp�f3d'ZYe'X#d }�X]Öt\'i�^�x]X]ÖtX]g/`Tf
e'aN}�p#ZTX#gw`Tf]yqWYX

χ2 oh�V`TX]gwdÁk�^_Z3amX@e'X�Ïfá yÉÈ���È%� yÉÅJ\�ohdVZ�ibXtÖ��]ÖtXtg'ohÖI�'Z3XzeVX*e'X#×hZTp#f�e'Xzimam��X]Z�`cp�y=W=X#f
Z3p]fTabe'd'f�e'X7i�r�^��3d'f�`cX#ÖzX#gw`+f3ohg/`[Z3X]\'Z3p]f3X]g/`cp#fR^$khX#x�d'g�\�^_f�x#ohg'f3`c^_g/`n\�ohd'Z~dVg'X7ÖzX#amimibX]d'Z3X[k�amf3am�'abimal`cp_y

W=^*ZTp#\�^_Z�`cab`TamohgJe'd�fTam×_g�^_iY\'Z3o¦k_X]g�^�gw`Re'd�×hp#g'p]ZT^�`cX#d'Zne9rsamÖt\'d'ibfTabohg'f+^_dO`TZc^$khX#ZTfReVX]f ä khohabX]f[e'X�im^
x]^_Z3`TX6e'XQ`TX]f3`�^Ro x#x$^_f3amohg'gVpQe'X#f,k_^�ZTa�^�`camo_g'fqeVX6ÖzX#fTd'Z3X]f,X#g/`cZTX~X#Öz\Vi�^_x#X]ÖtX]g/`cf#yhW�r�p�`�^_ibohg'g�^�×hX�`TX]Öt\�o_ZTX]i
X�`�ibX]f7`cX]f�`cf�e'X*ÖtX]f3d'ZTXte9rsamÖt\'d'ibfTamo_g'f?e'X@`BÚ \�XBòdà��æ\'ZTp#fTX]g/`TX]g/`�X]gÁX:}�X#`�e'X]f7k�^_ZTam^�`cabohg'f?g'o_`c^_�'ibX]f]à
g'o�`�^_ÖtÖzX#g/`QibX]f�k�^_ibX]d'Z3f�Öto�ÚhX#g'g'X]f~eVXn\�ohfTal`camo_g9àw^_Öt\'imal`cd'e'X�X�`6i�^�ZT×hX#d'Z�eVX]f6^f�3d'f3`TX]ÖtX]g/`cf~e'X+å�ohg'x�`camo_g
Ì7^_d'f3fTamX#g'g'X)X=}�X#x#`cdVp]X]fJf3d'Z|imX#f�amÖt\'d'ibfTamo_g'f]ydµQX]fJ\�X]Z�`cd'Z3��^�`cabohg'fzamg'e'dVab`cX#f�\�^_Z*imX���^�g'x�e'X�`TX]f3`Jf3X
f3ohg/`+^��3ohdV`Tp]X]f�^�d } � d'x#`Td�^�`cabohg'f6eVd�×_p]g'p#Zc^�`TX]d'Z6e�r�abÖz\'dVimfTabohg'f�X#`~ohg/`~Z3X]g'eVd�eVa3Ýtx]abimX+i�^�f3p]imX#x#`Tamohg|e'X#f
\'dVx]X]f#y/WYX]fvk�^_ibX]d'Z3f,Öto¦Ú_X]g'gVX]f�e'd�Z3X#`�^�ZTeIabgw`TX]Z3g'X6ZTX#i�^�`TabåVe'X]f�\'dVx]X]f,k�^_Z3amX#gw`vX]ibimX]fv^_d'f3fTa'�[i�rsamg/`cp#ZTamX#d'Zue'X
Å%¾%¾[\'f#yhUQabX]gI�wd'X�g'o_`�^��'imX#f]à�x]X]f � d'x#`Td�^�`Tamohg'fqg9rsamÖt\'imab��dVX�\'^_fvd'gVX6g'ohg>��å�ohg'x�`camo_g'g�^_ibab`cp�eVX]f,\'dVx]X]f#yhÕ+g'X
\'Z3p]x#amfTabohg�e'Xni�rsohZTe'Z3X[eVd|\�^_fQe�r�p#x�~�^_g/`cabimimo_g'g�^_×hXIÛ
f3ohab`�È%¾4¾�\Vf6��im^�å�ZTp#��dVX]g'x#X?Ö*^�} abÖ*^_ibX~X]g/k�amfT^_×hp]Xne'X
Å7Ì�ç7Î�Ü�X#f3`qX]g�X:}�X#`ug'p]x#X]f3fc^_abZTX�\�ohdVZudVg�d'fT^_×hX%e�^_gVfuibX�x$^_eVZTX�e'X�çnè����?áTá�y¦WYX]fUÌ�à��7e'X#f=e'amf�`cZTab�'dV`Tamohg'f
f3ohg/`[e'^_g'f�x]X�x$^_f+^_dVfTfTaYf3amÖtamim^_amZ3X]f�imohZ3fT�wd'X7imX#f~X]Öt\'i�^_x#X]ÖtX]g/`cf�f3ohg/`[p�`cd'eVamp]f�abg'e'abk�abe'd'X]ibimX#ÖzX#gw`]y

è�g�ZT�#×himX�×hp#g'p]ZT^_imX�àwx]X]f�e'a3}�p]Z3X]g'x#X]f�oh�'fTX#Z3k_p]X]fQg9r�o_gw`�\�^_f�X]d*e'X[x#ohg'f3p]�wd'X]gVx]X]f~f3d'ZQibX�e'p]Z3ohd'imX#ÖzX#g/`
e'X#f�`cX]f�`cf#à�g'a6fTdVZ�imX]f�Z3p]f3d'ib`c^�`cf#y©òqohdVZtdVg'X|Ö*^f�3ohZTal`cp*eVXJ`TX]f�`cf]à�im^�fTp#imX#x#`cabohgÅ^�p#`Tp�Z3p$^_ibamf3p]X�X#gÅf#r�^�åp�
å�ZT^_g'x�~'abfTfc^�gw`7eVXtx#X]f?e'aN}�p#ZTX#g'x]X#f]àYfTo_ab`?X#g½Z3X]g'o_ZTÖz^_imabfc^_g/`RibX]f?e'abf3`TZTam�VdV`cabohg'f]à�fTo_ab`?X#gÈ`TZc^_al`�^_g/`nx�~�^_�wd'X
X#Öz\'im^_x]X#ÖzX#g/`%amg'e'alk�ame'd'X#imibX]ÖtX]g/`$y_W=X#f%e'a3}�p]Z3X]g'x#X]f�e'X�ÖzX#fTd'Z3X]f�oh�'fTX#Z3k_p]X]f�\�o_d'Z%i�^?imabg'p$^_Z3ab`TpQe'X#f^�YÍqµQf
f3ohg/`R`cZ3�]fR\'Z3oh��^_�VimX]ÖtX]g/`ne'd'X]fR�*d'g)\'Z3oh�'im�#ÖzX�e'XIim^zx]^_Z3`TX�e'X�`TX]f�`cf?X#`ng9r�^+}�X#x#`TX]g/`7\�^_f[i�^tå�o_g'x#`Tamohg>�
g�^�imab`TpRe'X#f[\'dVx]X]f#y

ë/âÛ®iâ(Ô/âÛ® é�ð íaêwð'MZêRíRêwé*ô��Vç�è�ê�åVè:é*íaîu�Òç�å�é�è
Õ[gJe'X#f~\'ZTo_�'im�#ÖzX#f~^_d'�wd'X#i9g'ohd'f�^$k_ohg'f�p#`Tp?x]ohgVå�Z3ohg/`cp#f~X]f3`�im^�\'Z3p]x]abfTabohg�e'X#f+abg'f3`TZTd'ÖtX]g/`Tf6dV`cabimabfTp]f

X�`zibX]d'Z�f�`�^_�Vamimal`cpt`cX]Öt\�ohZTX#imimX�y,êRdV`TZTXJimX#f�\'ZTo_�'im�#ÖzX#f�e'XJf3`�^��'amibab`cpze'X]f@ÖtX]f3d'ZTX#fze'XJx#ohg'fTo_ÖzÖz^�`cabohg'f
p�kho���dVp]f+\'ZTp#x]p]eVX]ÖtÖzX#gw`]à'imX#f~ZTp#fTd'il`�^�`Tf~oh�V`cX#gwd'f�\�ohdVZ6\'imdVfTamX#d'ZTf�^�dV`cZ3X]f6`cX#f3`Tf~Özohg/`TZTX]g/`�d'gVX7k�^_Z3a�^_�VaN�
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Amplitude de l’impulsion en fonction du temps
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ÖtX]f3d'ZTX#f~fTd'Z6ibXRimo�`Qe'Xn\'d'x]X#f~`cX]f�`cp#f~e'X]d }*å�ohamf�Özo_gw`TZTX#gw`~^_d'fTf3a9x]X�`~X#õ�X#`]y'WYX]f~eVX]d }�\�p#ZTamo�e'X#fQe'XR`TX]f3`Tf
f3X*fTal`cd'X#g/`IX]gÃX#õ�X#`�e'X*\�^�Z3`�X#`�e9r�^�dV`cZ3Xze'Xzx]X�`T`cXzfTX#Ö*^_abg'X_yuW=^�k�^_ibX]d'Z7Öto�ÚhX]gVg'X*e'Xzi�^Je'amf�`cZ3am�'dV`Tamohg
e'X#ftk�^_Z3a�^�`TamohgVfIe'dÅx]o�X:Ýtx]abX]g/`te'XJimamgVp$^_Z3ab`cp

(−11.1 ± 0.4) × 10−3 X#f3`zfTam×_g'abØ�x]^�`calkhX#ÖzX#gw`Ie'p]\'im^_x]p#X
\�^�Z�ZT^_\'\�ohZ3`���i�rsohZ3am×habg'X_y�Õ[g'X�abg/khX]f�`cab×/^�`cabohgÃ^Op#`Tp*ÖtX]g'p#X*f3d'Z�ibX]f�^_dV`cZ3X]f�ZTp]f3d'ib`c^�`cf�e'X]f�`cX]f�`cf�\�ohdVZ
Z3X]x�ö'X#ZTx�ö'X#Zve'X#fqe'p#ZTalkhX]fufTabÖzabi�^_abZTX#f]y=�nX%`cZT�#fuå
^�am�'ibX]f�k�^_Z3a�^�`Tamohg'f�ohg/`qp�`cp%oh�'f3X]Z�khp]X#fvibohZTfYe'X�x]X�`T`TX�f3X]Öz^_amgVX
f3d'Z*ibX]f@`cX]f�`cfzg'X�e'p#\�X#g'e�^_g/`*\�^_f*eVdN×hp]gVp]Zc^�`cX]dVZ*e9rsamÖt\'d'ibfTamo_gÀÖ*^_abf@fTohg/`�gVp]×hibam×hX]^_�'imX#f]y%W=^½k�^_ibX]d'Z
Öto�ÚhX]gVg'X|e'd{\'abp]e'X#f3`c^_iQÖtX]f3d'ZTp�f3d'ZId'gVX�x]X#imimdVimXtimam�VZTXz^�^_amgVfTa%k_^�ZTampze'X|¾VyNÏf½�x#ohd'\'f�e9r_Í��jµæX#`If3ohg
Ì	à�÷�eVX^� ×10−3 x]ohdV\'fqe�r_Í��jµny%�[X�`cX#imibX]f � d'x�`cd�^�`camo_g'fqf3ohg/`q`TohdV`v��å
^�ab`=g'p#×himab×hX$^_�VimX]fYX�`vgVX�Öto eVabØ�X#gw`
\�^�f+ibX]f~x]^_\�^_x#ab`cp#f�e'dO�'^_g'x7e'X?`cX#f3`[�tp�k�^_imd'X#Z~imX#f6å�ohg'x#`TamohgVg�^_imal`cp#f6e'X]f�\'dVx]X]f#y

�nX#f7k�^_Z3a�^�`TamohgVf[ÖtohamgVf[f�Ú f�`cp#Ö*^�`Tam�wd'X#f?Ö*^_abfnf3am×hg'alØ�x$^�`cabk_X]f[ohg/`?p#`Tp�oh�'fTX#Z3k_p]X]f7f3d'Z?imX#fnk�^_imX#d'ZTf[e'X
e'p#i�^_abf�abg/`cX]Z3g'X]f�e'X]f�\'d'x]X#f]y©ò�ibd'fTabX]d'Z3f�fTp#ZTabX]f�eVX�ÖzX#fTd'Z3X]fIZ3p$^_ibamf3p]X]f�x�ö�^_x#d'g'X|e�^�g'f�d'gÁamg/`cX#Z3k�^_imibX@e'X
`TX]Öt\'fRe'X�i�rsohZTe'Z3X�e'XoÏIö'X]dVZTXI\'Z3p]f3X]g/`�^_abX]g/`?e'X#fnk�^_imX#d'ZTf[e'XIe'p#i�^_abf[abg/`cX]Z3g'X]fne'amf�`�^_g/`cX#fRe'X ∼ Ï�gVfRe'X
im^�k�^_imX#d'ZQÖto�ÚhX]gVg'X_y�µQX#f~p]x]^_Z3`Tf~ohg/`6p#`Tp?Özabf�X#gJp#k�ame'X#g'x]X?ibohZTf�e'XRim^�fTX#x]ohg'eVX?fTp]Z3amXReVXR`cX]f�`cf~^�d|x]ohd'Z3f
e'Xzi�^_�wd'X#imibXtx#X]f�Özù#ÖzX#f�\'dVx]X]f�\'ZTp#fTX]g/`T�]ZTX#g/`@e'X]f�ZTX#`c^_ZTeVf�amg/`TX]ZTgVX]f�\VZTo�x�ö'X]fIeVX*i�^|k�^_imX#d'Z�Özo�ÚhX#g'g'X�y
Ú+ohd'ftg'ohd'ftfTohÖtÖtX]f@^_\�X]Z3&]dÊ�wd'X�x]X#fzf3p]Z3amX]fte'X�ÖzX#fTd'Z3X]ft\'ZTX#g�^_abX]g/`zØ'g"ibohZTf3��d�r�d'g"p#`c^_imohgVg�^_×hX|e'X#f
abg'f3`TZTd'ÖtX]g/`cf+p#`c^_ab`�Z3p$^_ibamf3p_yjÕ[gVX�e'X�x]X#fnf3p]ZTabX�eVp]�'dV`c^_ab`[�@\�^_Z�`camZ~e�r�d'gO�'imo�x$^�×hX7e'd�iboh×hamx#amX#i�fTdVZ3khX#g�^_g/`
e�^�g'fRimX�e'p#ZTohd'ibX]ÖtX]g/`ReVX]fR`cX#f3`Tf]y�µQX#fR�'ibo x]^_×hX]f[amg/`cX#Z3k�amX#g'g'X#gw`RimohZ3fT�wd9rsd'g'XI\'dVx]XIe'p�å�X]x�`cd'X#d'fTX@ohd�Öz^_i
\�ohfTal`cabohg'g'p#X�X]f�`t`TX]f�`cp]X�X#`@�Vimo���dVX|i�r�^_x]�wd'abfTab`TamohgÃe'XJÖzX#fTd'Z3X]f#y�áBimf�\�ohd'ZTZT^_amX#g/`�ù#`TZTX��)i�rsohZTab×hamg'Xte9rsd'g
e'p#ZT�#×himX#ÖzX#gw`Re'X]f?abg'f3`TZTd'ÖtX]g/`cfnX#`?e'X#fRk�^_imX#d'ZTf?^���X#ZTZc^�gw`TX]f?oh� `cX]gwd'X#f]y¡Ú+ohd'f7^$kho_g'f?e'ohg'x�ZTp$^�imamf3p�f�Ú f�ú
`Tp]Öz^�`cab��dVX]ÖtX]g/`+d'gOp�`�^_ibohg'g�^�×hX?e'X]f+amgVf3`cZ3d'ÖtX]g/`cf+e'�]f+i�r�^_\'\'^_ZTal`camo_g�e'X7�'imo�x$^�×hX]f�imo_ZTf~e'X�i�^�fTdVab`cX7e'X#f
`TX]f3`Tf]y
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W=^Áx$^�Özp#Zc^Áç[è�÷'÷ÊáTáIX�`�ibX]f*x]^_Z3`TX]f�eVX�ZTX#x�ö�^_g'×_X�g'p]x#X]f3fTab`TX]g/`JÅ�¿K¾%¾½\'dVx]X]f|f3d'Z*ibX]fo½4¾4¾4¾È\'d'x#X]f
\'Z3o eVd'ab`TX]fvX�`v`TX]f3`Tp]X#f]yKµQo_ÖzÖtX�p�kho��wd'p]X~\'Z3p]x#p]e'X#ÖzÖtX]g/`$à�d'g'XQfTp]ibX]x�`camo_gI^[p�`cp6X�õ�X#x#`Td'p]X6\�ohd'Zug9rsdV`cabimabfTX]Z
�wd'XJimX#fIx�ö'ab\'fIå�ohg'x�`camo_g'g'X]ibf�e'o_gw`@ibX]f�x]^_Zc^_x�`cp#ZTamf�`cab��dVX]fIx#ohZTZ3X]fT\�ohg'eVX]g/`z^_d }À��X]f3ohamgVf�e'X|i�^�gVohdVkhX#imibX
x]^_Özp#Zc^Vy^�nX]fJx#ZTab`T�]Z3X]f|e'X)f3p]imX#x#`TamohgËohg/`|p�`cp½^_\'\'ibam�wd'p#f�fTd'Z|i�r�X#g'fTX#ÖI�'ibX)e'X]f�`TX]f3`Tf]y+÷ X#d'i?d'gÉå
^_ab�'imX
\�ohd'Z3x]X]g/`c^_×hX@e'X]f7\'dVx]X]f�g9rsX]f�`�\'^_f?å�ohg'x#`TamohgVg'X]i�à�e'X@i�r�ohZ3e'ZTX�eVX-¾Vy ä ó�y=WYX]f?`�^�d })e'X@Z3X�ý3X#`7eVX]f7\'d'x#X]f
\�ohd'Zqx�ö�^_x]dVgteVX]fv`TX]f3`Tf�fTohg/`�Z3X]\�ohZ3`Tp]f,e'^_g'f,ibX�`�^��'imX]^_d��VyNÏhy�Õ[g'XQx]ohÖI�Vamg�^_abfTohg�e'X6i�r�X#g'fTX#ÖI�'imX�e'X]f,`c^_d }
e'o_g'g'X6d'gVXQZTXBý3X#`v×himoh�'^_iwe'X�Ï$¿Vy ��óÙX#g�fTd'\V\�ohfT^_g/`��wd'XQibX]fqx]ZTal`c�#ZTX]fqe'X6f3p]imX#x#`Tamohg�g'XQf3ohamX#gw`v\�^_f,x#ohZTZ3p]ibp]f]y
W=^�e'abõ�p]Z3X]g'x#X�x#ohg'f�`�^�`Tp]X7\�^_Z~ZT^_\'\�ohZ3`+^_dJ`�^�d }Joh�V`TX]gwd�x]ohgVØ'ZTÖtX�im^I\'ZTp#fTX#g'x]X�e'X7x]ohZ3ZTp]im^�`cabohg'f#y

þuX]f�` òqo_d'ZTx#X]g/`�^_×_X�e'X7Z3X�ý3X#` òqohdVZTx]X#g/`�^_×hX�x]dVÖId'imp
WYabg'p$^_Z3ab`TpRe'X]f	�YÍqµQf Ïhy ä ó Ïhy ä óè,`c^_imohgVg�^_×hX7^$khX#x�ibX]fL�YÍqµQf Ïhy_½Fó Å y0á-ó
µQö'^_ZT×hX#f�Özo�ÚhX#g'g'X#f ÏMó �VyNÏtó
Ì	à�÷|e'X]f�x�ö�^�ZT×hX#f Ïhy_½Fó �Vy0È-ó
è,`c^_imohgVg�^_×hXR`TX]Öt\�ohZ3X]i Ïhy ä ó È y_��ó
Nd

¾ y0½Fó È y_½�ó
WYabg'p$^_Z3ab`TpRfTd'Z�im^I×/^_ÖtÖzXRe Ú g'^_Özab�wd'X Ïhy_�Fó È y ��ó
Ì�X]x#ohg'f�`cZTdVx#`cabohg�e'X]f~å�ohZ3ÖzX#f~e9r�abÖz\Vd'imf3amohg ½Vy0Å�ó Ïf¾Vy_��ó

ÿ����U³ø�VyNÏT´)þq^_d }½e'X@Z3X�ý3X#`�e'X#f�eVabõ�p]ZTX#g/`cf?`cX#f3`cf#yuWu^Jx]o_imohg'gVXteVXt×h^_d'x�ö'XtX]f�`�ibXI`�^_d�}½e'X@ZTX�ý3X�`�\�ohdVZ
x�ö�^���dVX�`cX#f3`�abg'e'alk abe'd'X#imimX#ÖzX#g/`$y�W=^Ãx#ohimo_g'g'XJe'X�eVZTohal`cX�X]f3`*imX|`�^�d }"e'X�Z3X�ý3X#`zx]dVÖId'imp�y�W=X�`�^_d�}Åe'X
f3p]imX#x#`TamohgJ×hiboh��^_i�X]f3`[e'X ä �Vy0á-ó�y

WYX]f?x#ZTab`T�]Z3X]fneVXIfTp#imX]x�`cabohg�ohg/`Rp�`cpIeVp#Ø�g'abfR\'Z3amg'x#am\�^_ibX]ÖtX]g/`[\�^_ZnZT^_\'\�ohZ3`R^_d }Oe'abf3`cZ3am�'d `camo_g'f[X#imibX]f�ú
Ötù]ÖtX]f#y=W=X�x�öVohal}½^|p�`cptZTp$^�imamf3p�^�Ø�g½e9rsp]ibamÖtamg'X#Z[`co_dV`cX#f�ibX]f7\'d'x#X]f�f]rsp]x]^_Z3`c^_g/`�f3am×hgVabØ�x]^�`calkhX]ÖtX]g/`7e'X#f
e'abf3`TZTam�VdV`cabohg'f�\'Z3amg'x#am\�^�imX]f#y~WYX]fJZTp#fTd'il`�^�`TfJohg/`Op�`cpÈx]o_Öz\�^�ZTp]fJe'abZTX#x#`cX#ÖzX#g/`�^_d }Ëf3\�p#x]abØ'x$^�`Tamohg'fJe'�#f
�wd'X|x�r�p�`�^_al`I\�ohfTf3am�'ibX_y,WYX#fIÖzX#fTd'Z3X]f�e'X*\'amp#e'X]f�`�^_d }{ohg/`�\�^_Z�X�} X]Öt\'imX*p#`cp*x]ohÖt\�^_Z3p]X]f@^�d }{ÖtX]f3d'ZTX#f
X�õ�X#x#`cdVp]X]f7f3d'Z?imX#fn\'Z3o_`co_`BÚ�\�X]f?X�`?fTohg/`?`To_`�^_ibX]ÖtX]g/`[x]ohÖt\�^�`Tam�'ibX]f[^�k_X]x@imX#fnibamÖtab`cX#f[Z3X]�wd'abfTX]f#yYWYohZTf3�wd'X
ibX]f?ZTp#fTd'il`�^�`Tf?e'X�ÖtX]fTdVZTX]f7e'alõ�p#Zc^_abX]g/`?f3X]imo_g½i�r�X#Öz\Vi�^_x#X]ÖtX]g/`Re'XI`TX]f�`$àYe'X#f�x#ZTal`c�]Z3X]f?ohg/`7p�`cp�e'p�Ø�g'amf7X�`
^_\V\'imab��dVp]fvf3d'Z�x�ö�^_x#d'g'X~e'X#fvkho_amX]f#yhWYX6x�ö'o_al}�e'X]f,x#ZTal`c�]Z3X]f�^Rp�`cp6\Vimd'fqe'a3Ýtx]abimX�\�o_d'ZvibX]fv`TX]f3`Tf�e'p]\�X]gVe�^_g/`
e'd�×_p]g'p#Zc^�`TX]d'Z,e�r�abÖz\'dVimfTabohg'f#y(òq^_Z,ZT^_amf3ohgIe'X6f3p]x#d'ZTal`cp_à�e'X]f�x#ohd'\'dVZTX]f�\Vimd'fqfTp#k_�]Z3X]f�ohg/`,p#`Tp�^_\'\'ibam�wd'p#X]f]y
UQabX]g���d�r�p#x$^_Z�`�^_g/`,dVg'X�å�ZT^_x#`Tamohg�\'imdVfqabÖz\�ohZ3`c^_g/`cX%e'X�\'d'x]X#fve'o_gw`vd'g'X�Ö*^¦ý3o_ZTab`Tp�X]f�`vå�ohg'x�`cabohg'g'X#imimX�à�X]ibimX]f
×/^�Zc^_g/`cabfTf3X]g/`~d'g'X?öVohÖzo_×hp]g'p���`Tpne'X#f~\�X#Z3å�ohZ3Ö*^_gVx]X]fQ\�ohdVZQd'g'X?d `camibamfT^�`cabohg@e�^_g'f6ibXnx]^_e'ZTX?eVX?çnè�÷'÷�áTá�y
W�rsp#kho_imdV`Tamohg)`cX#Öz\�ohZ3X]imibX�e'dÈ`�^�d })e'X@f3p]imX�`cabohgÈX]f3`�Z3X]\'Z3p]fTX#g/`cp]XzfTd'Z7im^*Ø�×hd'Z3XB� yÉÅ4Å�yYW=^Jf3p]ibX]x#`TamohgÈe'X#f
\'dVx]X]f�^�p�`cp�ZTp]^_imabfTp#X�fTdVZ?i�^*f3X]x]o_g'e'X@fTp#ZTamX�eVX�ÖzX#fTd'Z3XIe'�]f7ibohZTf[��dVX�imX]f?\Vd'x]X#f?ohg/`7p#`cpI`TX]f�`cp]X#f7e'X]d }
å�ohabf]y_Wu^?f�`�^�`Tamf3`Tam�wd'X6X#f3`�e'X~x#X�å
^�ab`,\Vimd'f�abÖz\�ohZ3`c^_g/`cX�imohZ3f,e'X]f%e'X#ZTg'ab�]Z3X]f%fTX#Ö*^_abg'X]fve'X~`cX]f�`cf%X#`%X�} \'imab��dVX
ibX]f�amg'x#X]Z�`cab`Td'e'X#f~\'imd'f�abÖz\�ohZ3`c^_g/`cX#f6e'X]f�\'Z3X]Ötam�#ZTX]f�f3X]Öz^_amg'X#f]y

²B³�� 4 ¹65¥É¡Æ:¹zº�»½¼���¹zÉ
W=^Áx]o_g'f3`TZTd'x�`camo_gNe'X�im^Ãg'ohd khX]ibimXOx$^_Ötp]ZT^Ãe'X)ç[è�÷'÷ÊáTá@^Áp�`cpOZTp$^�imamf3p]XOfTd'Zzi�^Ã�'^_fTX�eVX]f�\�ohamg/`Tf

\�ohfTal`calå�fIX#`@g'p#×/^�`Tabå�f�e'X#ft�wd�^�`cZTX|`Tp]imX#fTx#oh\�X#f@X�} amf�`�^_g/`cf#y%Õ[g�×/^_abgÀe'XJ\�X#Z3å�ohZ3Ö*^�g'x]XJ^�p�`cp�^_\'\�ohZ3`TpJ�
i�r�X#g'fTX#ÖI�'imX@e'Xti�rsp]ibX]x�`cZTo_g'am�wd'X�e'XtimX#x#`Td'ZTX�y=Wu^J\'d'x#X|÷>Ílà
	=�wd'a%^�p�`cptx]Z3p]ptfT\�p]x]am^_imX#ÖzX#g/`�\�ohd'Z7x#X#`T`TX
g'o_dVkhX#imimX�x]^_Özp#Zc^�	w^7d'g'X+��^_gVe'X[\'^_fTfT^_g/`cXR^7p#`Tpn^�d'×hÖtX]g/`cp#X+eVX ä
��� çÙÎ[��� �
��� ç7Î_y��nX]f�amgVå�o_ZTÖz^�`cabohg'f
`TX]Öt\�ohZ3X]ibimX]f�e'X�i�rsp#k_p]g'X#ÖzX#gw`np]x�ö�^�gw`Tamibimohg'gVp�f3X]ZTo_gw`nfTdVk_X]×/^�ZTe'p#X]f�	�x]ohÖtÖzX7\�^�Z[X�}VX#Öz\VimX�ibX?`cX]Öt\'f[o4ñ
f3X�f3ab`Td'XRimXnÖ*^�} abÖId'Ö e'dJfTam×_g�^_i�e'^_g'f~i�^�å�X#g'ù#`TZTX?e9rsamg/`Tp]×hZT^�`cabohg�ohdJimX[`cX]Öt\'f~e'dVZc^_g/`�imX#�wd'X]i9ibX?fTab×hg�^_i
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Z3X]f3`TX�^_dOe'X]f3fTd'f?e9rsd'g�f3X]d'abi�y43QX]fnamgVå�ohZ3Ö*^�`camo_g'f~e'X#k�ZT^_amX#gw`n\�X#ZTÖtX#`3`cZTX�e9r�^_d'×hÖtX]g/`cX#ZnibX]f+x$^_\�^�x]ab`Tp]f[e'X
Z3X�ý3X#`�e'd½�'Z3d'ab`7e'X�å�ohgVeÁ�|��^_f3fTXtp]g'X#ZT×habX5	Ye'o_gw`�ibX]f7^_Z3x]f�\�^_Z3`TamX#imfRe'X@ÖIdVohg'f]y=WYX@×/^_abg)e'XtfTX]gVfTam�Vamimal`cp
�t\'imd'f+��^_f3fTXIp#g'X]Z3×hamX�X]f�`Rd'g�^_fT\�X]x�`R\�ohfTal`cabåq\�ohd'Z+imX]f+\�X]ZTf3\�X#x#`TabkhX#fRe'X�x]X#`3`cX�p#`cdVe'X_y�WYX]fnx#ohg/`cZT^_amg/`cX#f
^_\V\�ohZ�`cp#X]fQf3d'Z6im^�\�^�Z3`cabX[�'^_fTf3XRp]g'X#ZT×habXne'd*fT\�X]x#`TZTXRX#g�p]gVX]ZT×_amX+e'X]f6ZT^$Úhohg'f

γ
e'X#k�Zc^�amX]g/`Q\�X#ZTÖtX#`T`TZTX+e'X

ÖtX#`3`cZTX?X#gOp�k�ame'X#g'x]X�i�^�g�^�`Td'ZTX?eVX]f+\�^_Z3`Tamx#d'imX#f��@i�r�o_ZTam×_amg'X[e'X7x]X]f+p]Ötamf3fTabohg'f]y
òv^�Z�^_abimimX#d'ZTf�	,i�rsdV`Tamimabfc^�`TamohgÁe'dÊx#amg'�wd'ab�]ÖtX�`Tp]imX#fTx#oh\�X�X]gN^_e'e'al`camo_gÅeVdNZTp#fTX$^�dÉ^_x#`Td'X]i+\�X]ZTÖtX#`3`cZT^

e9r�^_\'\�ohZ�`cX]Z�d'g'X�\'Z3p]x#amfTabohg{f3d'\'\'ibp]ÖtX]g/`�^_abZTXze�^_g'fIim^�×/^_ÖtÖtXzX#gÀp]g'X#ZT×habX*e'pBýT��x]ohdVk_X]Z�`cX|X#`Id'gÀ×/^_abg
e'X|f3X]g'f3am�'abimal`cp_yqWYX]f�p�khp]gVX]ÖtX]g/`cfte'p]x#imX#g'x�ö�^_g/`te'X]d�}�ohdÀ\'ibd'fIe'X#ft�wd�^�`cZTX�`Tp]ibX]fTx#oh\�X]f�e'p#x]imX#g'x�ö'X#ZTohg/`
oh�Vimam×h^�`cohabZTX#ÖzX#gw`QimX7x]abg'�wd'am�#ÖzX?`Tp]imX#fTx#oh\�X�y�W=X#f[abgVå�ohZ3Ö*^�`TamohgVf6amf3fTd'X#f[e'X�x]X�`T`TX�abÖ*^_×_X7^_Özp#imabohZTX#ZTohg/`~im^
Z3p]fTo_imdV`TamohgJ^_gV×hd'i�^�amZTXnX#`+X]g�p]g'X#ZT×habX?e'X]f+oh�'f3X]Z�k_^�`camo_g'f]y
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Delai
Entries  2832
Mean    147.2
RMS    0.1015
Underflow      43
Overflow       29
Integral    2760

 / ndf 2χ  59.86 / 36
Prob   0.00752
Constant  6.2±   253 
Mean      0.0± 147.2 
Sigma     0.00144± 0.09367 
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Delai
Entries  2832
Mean    147.2
RMS    0.1015
Underflow      43
Overflow       29
Integral    2760

 / ndf 2χ  59.86 / 36
Prob   0.00752
Constant  6.2±   253 
Mean      0.0± 147.2 
Sigma     0.00144± 0.09367 

Delai
Entries  2832
Mean    147.2
RMS    0.1015
Underflow      43
Overflow       29
Integral    2760

 / ndf 2χ  59.86 / 36
Prob   0.00752
Constant  6.2±   253 
Mean      0.0± 147.2 
Sigma     0.00144± 0.09367 

Delai
Entries  801
Mean   -0.03159
RMS    0.1336
Underflow      22
Overflow       14
Integral     765

 / ndf 2χ  37.39 / 40
Prob   0.5885
Constant  2.27± 47.47 
Mean      0.00459± -0.02769 
Sigma     0.0037± 0.1224 

Variation du delai [ns]
-0.5 -0.4 -0.3 -0.2 -0.1 -0 0.1 0.2 0.3 0.4 0.5
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Delai
Entries  801
Mean   -0.03159
RMS    0.1336
Underflow      22
Overflow       14
Integral     765

 / ndf 2χ  37.39 / 40
Prob   0.5885
Constant  2.27± 47.47 
Mean      0.00459± -0.02769 
Sigma     0.0037± 0.1224 

@BADCFE8�VyHGt�JIÕïLK5M9N*O9PRQ/�namf�`cZ3am�'dV`Tamohg�e'X#fnZTX�`�^_Z3e'fnabg/`cX]Z3g'X]f[ÖzX#fTd'Z3p]f[fTd'Z[d'g�X#Öz\'im^_x]X#ÖzX#g/`$y�WYXRSUT�÷
e'XQx]X#`3`cX~e'abf3`TZTam�VdV`cabohg�X#f3`�abe'X]g/`cab�wd'X~^_d }�e'abf3`cZ3am�'d `camo_g'fqo_�V`cX#g�dVX]f%\�o_d'ZvibX]f�^_d `cZTX#f,X]Öt\'im^_x]X#ÖzX#gw`Tf]y_W=X#f
\�ohamg/`Tamimibp]f[ZTohd'×_X]f?fTo_gw`�d'g½^¦ý3dVf3`cX#ÖzX#g/`�eVX@å�o_g'x#`Tamohg Ì7^_d'f3fTamX#g'g'X�y¥ñ�V�W�ÞDXYP;Q(�nabf3`cZ3am�'d `camo_g)e'X]f7p]x]^_Z3`Tf
e'X+e'p#i�^_abf�abg/`cX]Z3g'X]f�ÖzX#fTd'Z3p]f�X]g/`cZ3X[ibX[\'Z3X]ÖtamX#Z�X�`QibX�fTX]x#ohg'e*`TX]f�`Qf3d'ZQd'gVX+k_ohamX+e'X+i�^7x$^_Z�`cX+e'X[`TX]f3`]y�W=X#f
\�ohamg/`Tamimibp]f�ZTohd'×_X]f�fTohg/`+d'gO^¦ý3d'f�`cX]ÖtX]g/`+e'X?å�ohg'x�`cabohg�Ì�^_dVfTfTabX]g'gVX_y
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x#ohg'f3`c^_g/`cX�y�WYX

χ2 eVX�i�r�^�ý3d'f3`TX]ÖtX]g/`�X]f�`ne'X�\�¿Vy]\5�I\�ohd'Z_^ � e'X#×hZTp#f�e'X7imam��X]Z�`cp�y
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@BADCFE0�Vy[Z`GaIcbdK5M`XRQ[è,kho_imdV`TamohgÀ`cX#Öz\�ohZ3X]imibX�e'dÅx]o�X�etx]abX]g/`ze'XOibamg'p]^_ZTal`cpze'X]f;�Ff_3Qf*amg/`TX]ZTgVX]ft\�ohdVZ
d'gVXzkho_amX_y�3Qö�^_�wd'X*\�ohabg/`�X#f3`IdVg'X*Öto�ÚhX]gVg'X�ý3ohd'Z3g�^_ibam�]Z3X_y=WYX]f�e'X]d�}{e'Z3ohab`TX]f�g'ohabZTX]f�\�ohamg/`cabimibp]X]f?f3ohg/`
e'X#f@^¦ý3d'f�`cX]ÖtX]g/`Tf�e'X|x]ohgVf3`�^�gw`TX]f@^$k�^_g/`�X#`t^�\'ZT�#fIi�^�f3X]\V`Tam�#ÖzX�f3X]Öz^_amgVX_yqW=X#fIk�^_imX#d'ZTf�^�ý3d'f3`Tp]X]f�f3ohg/`
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d'gVXIÖzo�Ú_X]g'g'X�ý3ohd'ZTg'^_imab�]ZTX�y�W=o_ZTfT�wd'X�imX]f[\'d'x#X]fRohg/`?p�`cp�`cX]f�`cp#X]f?e'X#d }�å�ohabf�	ji�^tfTp#imX]x�`cabohg�X#f3`?X�õ�X#x#`cdVp]X
f3d'Z�i�^�e'X]Z3g'am�#ZTX?ÖtX]f3d'ZTX�y
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� jlknmporq���
ijsk

W�r�X�} \�p#ZTamX#g'x]X�çnè�÷'÷Àå�ohg'x#`TamohgVg'XJX]gÊÖto�e'X|x]ohÖt\'ibX#`@e'X#\'d'amfte'p#x]X]Ö��'ZTXtZ �
� � y�÷ X]ftoh�'f3X]Z3k�^�`TamohgVf
x#ohdVk�ZTX#gw`~��x]X�ý3o_d'Z�dVg'XR×hZT^_g'e'X[\�^_Z3`TamX+e'd�\'im^_g*eVXRi�^�Ì�^�i�^�} amXu	/e�^_g'fQd'g'Xn�'^_g'e'XReVXn�wd'X]ib�wd'X]f~e'X#×hZTp#f
e'X�im^_ZT×hXu	_f3d'Z�^ � e'X]×_ZTp]f%e'X�ibohg'×hal`cd'e'XQ×/^_i�^�x#`cab�wd'X6e'X~\�^�Z3`%X#`%e�r�^_d `cZTX�e'dtx]X#g/`cZTX�e'X�g'o�`cZTX7Ì7^_im^�} amX_y�W=^
Öz^¦ý3ohZ3ab`cp�e'X#f6^_x#x]p#imp]ZT^�`cX#d'ZTf�\�o�`cX]g/`TamX]ibf�eVXnZc^$Ú_ohg'f6x#ohfTÖtam�wd'X#f�	 ��fc^$k_ohamZ�imX#f�khX#f3`Tam×hX#fQe'X[fTd'\�X]Z3g'o�k_^�X]g
x#o �wd'abimimXu	hX]f�`Qx#ohg/`cX#g�dVXne�^_gVf�x#X]f�ZTp]×_amohg'f%e'X#g'fTX#f]y�ò�imd'f3amX]dVZTf�khX#f3`cab×hX]f�e'X�fTd'\�X]Z3g'o�k�^�ohg/`�p#`cp+e'p�`cX]x�`cp#X]f
\�^�ZQç[è�÷V÷�yVW=^�ZTp]f3ohimd `camo_gteVX]fQx#o �wd'abimibX]f%X]gzZc^$ÚhohgVf

γ
e'X+`cZ3�]f�ö�^_dV`TXnp]gVX]ZT×_amX5	wx#ohgVØ�Z3ÖzX+i�r�^_x]x#p]ibp]Zc^�`camo_g

e'X[\�^_Z�`camx#d'imX#fQ��x]X�`~X]g'eVZTohal`v	wfc^_gVf�`co_dV`cX�å�ohamf�\�o_dVkhohabZ�x#ohg'x#imd'Z3Xnf]rsamijf#r�^_×_ab`�e'Xnö�^�e'ZTohgVfQohdze9r�p#imX#x#`cZ3ohg'f#y
Õ[gVX)e'p]Öz^_ZTx�öVX�oh�'f3X]Z3k�^�`TamohgVg'X]ibimX�^�ib`cX#ZTg�^�`cabk_X�^Áp�`cp�\VZTp]f3X]g/`cp#XÃe'^_g'f�x#X#`T`TX�`cö'�#fTX�y~W=^ÁÖzabfTXOX]g

p�k abe'X]gVx]X�e'XJö�^_e'Z3ohg'ft^_x]x#p]ibp]ZTp#ft�Èö'^_dV`cXJp#g'X]Z3×hamXJg'p#x]X]f3fTal`cX�d'g'XJx]ab�'imX�eVX]g'f3X�^�Ø'g"e'XJ\'Z3o eVd'amZ3X|d'g
f3am×hg�^�i'e'X�Zc^$Úho_g'f

γ
e'p�`cX]x�`�^_�VimX_ywW=^?\'Z3p]fTX#g'x]X+e'X�gwd�^_×hX#f�Ötohibp]x]dVi�^_abZTX]fqe�^_g'f%ibX6khohabfTamg'^_×hX6e9rsd'g@khX#f3`cab×hX

e'XJf3d'\�X#ZTg'o�k�^È\�X#dV`t^_amgVfTa6ù�`cZTX|d `camibamf3p]X�\�ohd'Z�f3ohg'e'X#Z�i�r�^_x]x#p]imp#Zc^�`TamohgÀeVX|Zc^$ÚhohgVftx#ohfTÖtam�wd'X#f@\�^_Z�x]X#f
oh�wý3X#`cf#y9WYX]f[p]Ötamf3fTamo_g'f[Öz^_f3X]ZneVd�Zc^_eVamx$^�ivê?ç�	�\�X]Z3ÖzX�`T`cX#g/`Re'X�e'amf�`camgV×hd'X]Z+d'g'XI^_fTf3o x#a�^�`Tamohg�X#õ�X]x�`cabk_X
X#gw`TZTX|d'g{k_X]f�`cam×_X|e'X�fTdV\�X#ZTg'o�k�^)X#`�e'X#f�gwd�^_×hX#f�Özohibp]x#d'i�^_abZTX#f�	Ye9rsd'gÅ^_imab×hg'X#ÖzX#gw`�å�ohZ�`cd'al`$y�3QX]f�amgVe'alú
x]^�`cX#d'ZTfIX#g{ohg'eVX]f�ZT^_e'abo�Ötohg/`cZTX#g/`��wd'X�eVXz`cX#imibX]f�^_fTf3o x#a�^�`Tamohg'f7f3ohg/`Iå�ZTp#��dVX]g/`cX#f]y©ò�imdVfTamX#d'ZTf�fTo_d'ZTx#X]f
e'X@ZT^�Ú_ohg'f

γ
e'X�`TZT�]f�ö�^_d `cX@p]g'X#ZT×habX@g'ohg½ame'X#gw`TabØ�p#X]f�	Y\�o_`TX]g/`cabX]ibimX]ÖtX]g/`7^�fTfTo�x]abp]X#f��Je'X#f�gwd�^_×_X]f7Özo�ú

ibp]x]dVi�^_abZTX]f�\'Z3o x�öVX]fRe'X�khX]f�`cab×hX]f[e'XIfTdV\�X#ZTg'o�k�^�	�ohg/`Rp#`Tp�p�`cd'e'abp]X#f]y9W�rsö/Ú \�o_`Tö'�]f3X�e'X�im^t\'Z3o eVd'x#`TamohgOe'X
ZT^�Ú_ohg'f

γ
\'^_Z�i�rsamg/`cX#Zc^_x�`camo_g�e'X7ö�^_e'Z3ohg'f+^_x#x]p]ibp]Z3p]f[^�k_X]x�e'X]f�gwd�^_×_X]f+Özohibp]x#d'i�^_abZTX#f6^�p#`Tp7`TX]f�`cp]X�y

W�r�p�`cd'eVXÁe'X½i�^Àg'ohd khX]ibimX½fTohdVZTx]X½e�^_gVf�i�^Àx#ohg'f3`TX]ibi�^�`TamohgÉe'XwTOohgVo x#X]ZTo_f�	[çnè�÷'÷yx � ^
�zZ
{ � g
\�	~^e'p#Özo_gw`TZTp��wd'X�i�r�p#ÖzabfTf3amohg7e'X�Zc^$Úho_g'f
γ
g'X�\�X]d `v\�^�fqù�`cZTX�X�} \'ibam�wd'p#X�\�^�ZudVg�`cX#iwfTx]p#g�^_Z3amo'y¦W�r�^_g�^_ilÚ f3X�eVX]f

e'o_g'g'p]X#f[ZT^_e'abotÖtohg/`cZ3X?�wd'X�ibX?gwd�^_×hX7\'Z3p]fTX#g/`ne�^�g'f[ibXRkhohabfTabg�^_×hX?e'dJkhX#f3`Tam×hX7g9rsX]f�`n\�^�f+\'^_Z3å
^_al`cX#ÖzX#gw`
x#o5�¹g'x#ame'X#g/`J^$khX]xÈim^ÃfTo_d'ZTx#X)e'X)Zc^$Úho_g'f

γ
y|��r�^_dV`TZTX)\�^�Z3`�i�r�p#g'X]Z3×hamX�g'p]x#X]fTfT^_amZ3XÈ�Ái�^Ã\'ZTo�e'd'x�`camo_gNe'X

ZT^�Ú_ohg'f
γ
e'^_g'f�x]X�gwd�^_×hX7g'X7\�ohd'ZTZT^_ab`6ù#`cZ3X?å�ohd'ZTgVamX?\�^_Z~im^IfTd'\�X]Z3g'o�k�^Vy

Õ[gVX6^_g�^�ibÚ�fTX%e'X�i�rsX]g'f3X]ÖI�VimX�e'X]fue'ohg'gVp]X]fqe'amf3\�o_g'am�'ibX]fY\�ohd'Zui�^~fTo_d'ZTx#XQg'ohg�ameVX]g/`calØ�p]X�çnè�÷'÷�x�G�\�¿"g¦ú� � �À^Áp#`Tp)\'ZTp#fTX]g/`Tp]X_y+è�imibX�ÖtX#`|X#gÉimd'Ötam�#ZTXOd'g'X�f3ohd'ZTx#XÈx]ohÖt\'imX�} X5	Q\�ohdVk�^_g/`|ù�`cZ3X�ÖId'il`cam\VimX_y�Õ+g'X
\�^�Z3`cabXRe'X7x]X�`T`TX?fTohd'Z3x]X7X]f�`+x]o5��g'x]abe'X]g/`cX7^$k_X]x�d'gJg�d'^_×hX?Ötohimp#x]d'im^_amZ3X[X#gOabgw`TX]ZT^_x#`TamohgJ^$khX#x7d'g|khX]f�`cab×hX
e'XOfTd'\�X]Z3g'o�k�^Vy6W�rsöwÚ�\�o_`cöV�]fTX)\VZTp]x#p]e'X#g/`cX)f]r�^$kh�#ZTX)amx#a�i�^Ã\Vimd'ftk ZT^_amf3X]ÖI�Vi�^_�'ibXJ\�ohdVZzX�}V\Vimam�wd'X#Z*x#X#`T`TX
\�^�Z3`cabXJe'XOim^)fTohd'Z3x]X�çnè�÷'÷�y�W=^Ãe'X#g'fTal`cp�e'X�Zc^$ÚhohgVfzx#ohfTÖtam�wd'X#fzg'p#x]X#fTfc^�amZTXO\�o_d'Z@X�} \'imab�wd'X]ZtimXa}�d }
e'X*Zc^$ÚhohgVf

γ
X#f3`�x#ohÖt\�^�`cab�'imXt^$khX#x|imX#fIÖzo�e'�#imX]f�`cö'p#ohZTab�wd'X]f#y/�nX�\Vimd'f�	vi�r�^_�'f3X]g'x#X�e'X�ZT^$Úhohg'fR~ g'ohg

`Tö'X]Z3Özab��dVX]f�X]g�e'amZ3X]x�`camo_g|e'dOgwd�^�×hX?å
^�k_ohZTabfTX?d'gVX�ohZ3am×habg'Xnö'^_e'ZTo_g'am�wd'X7\�ohd'Z~i�rsp]Ötamf3fTabohg�e'X7Zc^$Ú_ohg'f
γ
y

W=^?\'ZTo�e'd'x�`cabohg�e'X�Zc^$Úho_g'f
γ
\�^_Z�dVg'X�\�oh\Vd'i�^�`Tamohg�e9r�p#imX#x#`cZ3ohg'f%^_x#x]p#imp]Z3p]f�f]r�^_x]x#ohÖt\�^_×hg'X~×_p]g'p#Zc^_ibX]ÖtX]g/`

e9rsd'g'Xtp]Ötamf3fTabohgÈf3Ú�g'x�ö'Z3o_`cZ3ohgi	=k abfTab�'imX�e�^�g'f�im^|×/^_ÖtÖzXIX#gÁp#g'X]Z3×hamX@e'X#f�ZT^�Ú_ohg'f�~Iy=W�r�^��'fTX#g'x]Xze9r�dVg'X
`TX]imibX�p]Ötamf3fTabohg{amgVe'am�wd'X|�wd'X|ibX]f�p]ibX]x�`cZTo_g'f�fTohg/`tX]g��wd�^_g/`Tab`cp|abg'fTd`ezfT^_g/`cXJ\�ohd'ZIù�`cZTX���i�r�ohZ3am×habg'Xte'X
i�r�p#ÖzabfTfTabohg|e'X7Zc^$Ú_ohg'f

γ
y

Õ[gVXI^_g�^�ibÚ�fTX�e'X]f[oh�'f3X]Z3k�^�`TamohgVf+X#g�e'abZTX]x�`cabohgJe'd�khX#f3`Tam×hX�e'X�fTd'\�X]Z3g'o�k_^&3Qþ�U��z\uf�	�ZTp$^�imamf3p]X#f[\�^�Z
ç[è�÷V÷OX#`n\�^_ZneVX]d }Ooh�'f3X]Z�k_^�`cohabZTX]f[X]g�ZT^$Úhohg'fU~R	�^*p#`Tp�e'p�`�^_abimibp]X_yjW�rsamg/`cX#ZT\'Z3p#`c^�`cabohgOeVX�i�rsp]Ötamf3fTabohgJe'X
ZT^�Ú_ohg'f

γ
e'p�`cX]x�`cp#XQX]g�e'amZ3X]x�`camo_g�eVd�khX#f3`Tam×hX�e'X%fTd'\�X]Z3g'o�k�^n^[p�`cp%e'ohgVg'p]X�y_W�rsöwÚ�\�o_`cöV�]fTX�e'X�i�rsamg/`cX#Zc^_x�`camo_g

e'X�ZT^$Úhohg'f?x#ohfTÖtam�wd'X#f?e�^_g'fne'X]f7gwd�^_×hX#f?Özo_imp]x#d'i�^�amZTX#f[X#f3`?k�Zc^�amfTX#ÖI�'im^_�'imX�y�W%rsp]gVX]ZT×_amXIx#ohg/`cX]gwd'X@e�^�g'fG0^��



»HÔV
 6F�F��6/�ÙÏ ��° �F�
ibX]fvZT^$Úhohg'fvx]ohf3Özab��dVX]fvf3X]ZT^_ab`qx]ohÖt\�^�`Tam�'ibX�^�k_X]x6dVg'XQå�Zc^�x#`cabohg�e'X6i�rsp]gVX]ZT×_amX�e9r�X�} \'imohf3amohg�e'XQim^[f3d'\�X#ZTg'o�k�^
x#ohÖz\VZTamf3X�X#g/`cZTX�¿d�ïX#`/� � �|yu�nX�\'imd'f�	�x#X#`3`cXQabg/`cX]Z3\'ZTp�`�^�`Tamohg�X]f�`vå�ohZ�`cX#ÖzX#gw`qfTdV×h×hp]Z3p]X6\'^_Zqi�r�^��'fTX#g'x]X�e'X
ZT^�Ú_ohg'f�~Êg'o_g�`cöVX]ZTÖtam�wd'X#fqX#gIe'abZTX]x�`cabohg�eVX�im^+x#o �wd'abimimX�eVd�khX#f3`Tam×hX�y_Õ+g'XQx#ohg'x]ibd'fTabohg�e'p#Ø�gVab`calkhX�g'XQ\�X]d `
`TohdV`cX�å�ohamf=\�^�fqù�`cZTX�`TamZTp#X%e'X�x#X]fqoh�'fTX#Z3k�^�`Tamohg'f�	�X]g�Zc^_abfTohg�e'X%i�^�\'ZTp#fTX#g'x]X�e9r�dVg'XQf3ohd'ZTx#X�eVX�ZT^�Ú_ohg'f�~ÊgVohg
`Tö'X]Z3Özab��dVX]f��wd'a=\�ohdVZTZc^�ab`~ù�`cZTX�^_f3fTo�x]abp]X��tim^IfTohdVZTx]X�e'X7Zc^$Ú_ohg'f

γ
yjW%rsp]Ötamf3fTabohg|oh�'f3X]Z3k_p]X�\'ZTp#fTX]g/`TX�imX#f

x]^_Zc^_x�`cp#ZTamf�`cab��dVX]fue9r�dVg'X�gVp]�'d'ibX]d'f3X�eVX�\'dVimfc^�Z�	��wd'aw\�o_d'ZTZT^_ab`Yù�`cZ3X�f3ab`cdVp]X��+i�r�abgw`Tp]Z3amX]dVZ9Özù#ÖzX%e'd7khX#f3`Tam×hX�y
W�rsp]ÖtamfTf3amohg|eVX�ZT^$Úhohg'f

γ
\VZTo�k�amX]gVe'Zc^_al`~e'X7i�^�e'alõ�dVfTamo_g�3QohÖz\ `cohgJamg/k_X]ZTf3X�e�r�p#imX]x�`cZ3ohg'f+^_x]x#p]ibp]ZTp#f]y

W=^�e'p#`TX]x#`Tamohg�e'X?x#X]f+e'X]d }|e'X]Z3g'am�#ZTX]f�f3ohd'ZTx#X]f+e'X7Zc^$Úho_g'f
γ
	�x]o5��g'x]abe'X]g/`cX#f+^�k_X]x7e'X#f[gwd�^_×_X]f�Özo_imp�ú

x#d'i�^_abZTX#f+e'^_g'f+imX?khohabfTabg�^_×hX?abÖzÖtp]e'am^�`~e'X?k_X]f3`Tam×hX#fne'X�fTdV\�X#ZTg'o�k�^�	jx]ohg Ø�ZTÖtX�im^Ik ZT^_amf3X]ÖI�Vi�^_g'x#X7e9r�dVg'X
p#ÖzabfTfTabohg|e'X?ZT^�Ú_ohg'f

γ
\�^_Z~i�rsamg/`TX]Zc^�x#`cabohg�e'X?ö'^_e'ZTo_g'f�^$khX]x�imX#f~gwd�^_×hX#f]yjUQabX]g|�wd'X7g'X7x]ohgVf3`cal`cd�^�gw`6\�^_f

abg'e'abk�abe'd'X]ibimX#ÖzX#gw`6d'g'X�\'ZTX#dVkhXIeVX�i�r�^_x#x]p#imp]ZT^�`cabohg|e'X�ö�^_e'Z3ohg'f�	jx#X]f+e'p#`TX]x#`TamohgVfnf]r�^¦ý3ohd `cX]g/`n^_d }O^_d `cZTX#f
^_f3fTo�x]am^�`cabohg'f6^�x]x]p#imp#Zc^�`TX]d'Z3f+x#am�'ibX]f6eVp�ýT�Ie'p�`cX]x�`cp#X]f+\�^_Z~ç[è�÷V÷Johd|eVX]f�X�} \�p]ZTabX]g'x#X]f�x]o_g'x]d'Z3ZTX#gw`TX]f#y:3QX#f
e'p�`cX#x#`cabohg'f�fTd'×h×_�]ZTX#g/`6�wd'X+imX]f%khX#f3`Tam×hX#fQe'X+fTd'\�X]Z3g'o�k�^�X]g�x#o �wd'abimibX6fTohg/`Qe'X]fQ^_x]x#p]imp#Zc^�`TX]d'Z3f�X�õ�X#x#`Tabå�f�e'X
ö�^�e'ZTohgVf]y

Õ[gVXnp#`Td'e'X[f3Ú�f3`Tp]Öz^�`cab��dVXne9r�^_fTf3o x#a�^�`TamohgVf�gVo_`cohabZTX#f�	wx]ohgVe'd'ab`TXn��\�^_Z�`camZ%e'X+ZTX#imX�khp]f�X]g�o_g'e'X]f�Zc^_eVamo>	
^tp#`cp�\'ZTp#fTX#gw`Tp]X�yYè�imimX�^tÖzohg/`TZTp���d�r�d'gVX�p]Ötamf3fTabohgOeVX�Zc^$Ú_ohg'f

γ
X#f3`[k ZT^_amf3X]ÖI�Vi�^_�'ibX]ÖtX]g/`�e'p�`cX]x�`cp#XIX]g

e'abZTX#x#`cabohgÁe�r�d'g�×hZT^_g'e{gVohÖI�'Z3X*e'X�x#X]f�oh�wý3X#`cf#y/�nX#d }Àx]^_g'e'abe�^�`TfIamg/`cp#ZTX#fTfc^�gw`Tf�ohg/`�p#`Tp�\'Z3p]fTX#g/`cp]f@X�`
f3X]ZTo_gw`�o_�'fTX#Z3khp#f+�Ig'ohdVk_X$^_dJ\�^_Z6çnè�÷'÷�e'd'ZT^_g/`�i�rsp#`cp�Z �
�hä y'WYXR\�o_`cX#gw`TamX#i�e9rsd'g'XR`TX]imibXnp�`cd'e'X?f�Ú�f3`cp#Ö*^¦ú
`Tam�wd'XtZTp#k_�]ibXzibXt�VamX]g�ú¹å�ohg'eVpteVX]f�\'ZTp#e'amx�`camo_g'f7e'X]f�Zc^_eVamo/^_f�`cZ3ohg'ohÖtX]f�	9fTX#imohgÃimX]f3�wd'X]ibf�x#X]f�^_fTf3o x#a�^�`Tamohg'f
\�ohd'Z3Zc^_abX]g/`�ù#`TZTX7dV`cabimabfTp]X#f�^�Ø�gJe'X7e'p#x]ohdVk�Z3amZ�i�rsohZTab×hamgVXne'X#f+ZT^$Úhohg'f+x]o_fTÖtam�wd'X]f�×/^�i�^_x�`cam�wd'X#f]y

WYX�å�dV`cdVZ�\'ZTo�x�ö'XJe'X|i�r�^_f�`cZTo_g'ohÖtamX
γ
e'X�`TZT�#ftö'^_dV`cX|p#g'X]Z3×hamX*ZTp]f3ame'X|e'^_g'f@i�^�f3X]x#ohg'e'X�\'ö�^_f3X|e'X

i�r�X�}V\�p]Z3amX#g'x]X7ç[è�÷V÷�y�Õ[gVX?\�^_Z3`Tamx#am\�^�`Tamohgz�Ii�^�x]ohg'f�`cZ3d'x#`Tamohg|e'X?im^�x$^�Özp#Zc^I�wd'a9p#��dVam\�X]Zc^IibXRx]abg'�wd'am�#ÖzX
`Tp]imX#fTx#oh\�X*e'X|×hZc^�g'e{e'am^_Öz��`cZ3X5	q^�p#`cp*\'ZTp#fTX]g/`Tp]XJe�^_g'f�x]X#`3`cX�`Tö'�]f3X_y�WYX]f�x#amZ3x]d'al`cf�e�r�p#x�ö�^_g/`cabimimo_g'g�^_×hX
e'd"fTab×hg�^_i1	,\'ZTo�e'd'al`cf@X]g�^ �
�
� X�}VX#Öz\Vi�^_abZTX]f�	�ohg/`*p�`cpJ`cX#f3`cp#f]y�WYX]ftx$^_ZT^_x#`Tp]ZTabf3`Tam�wd'X]ftx]o_g'f3`c^�`cp#X]f*f3ohg/`
x#ohÖz\'^�`cab�'imX#f%^�k_X]xRibX]f%fT\�p]x#abØ�x]^�`cabohg'f#y Õ+g'X+fTp]ibX]x�`camo_g�^7p#`cp+ZTp]^_imabfTp#X[\�ohd'Z%imX#f���X]f3ohamgVf�e'X+i�^7x]abg'�wd'am�#ÖzX
x]^_Özp#Zc^VyuWYX]f�\�X#Z3å�ohZ3Ö*^_gVx]X]f�^_x#x]ZTdVX]fIe'Xzi�rsp]ibX]x#`TZTohgVam�wd'Xt\�X#ZTÖtX#`T`TZTohg/`�e'X*Z3p]\�ohg'e'Z3X�^_d�}Áx#ohg/`cZT^_amg/`cX#f
ibamp]X#f�^_d�×hZT^_g'eÀe'am^_Öz��`cZ3X�e'd�g'ohdVk_X$^_dÅÖtamZTo_amZ]yuW=^�fTdVZ3å
^_x#X�eVX|x]ohibimX]x�`cabohg{\'ibd'fIamÖt\�ohZ3`c^_g/`cX�Z3X]g'e'ZT^
x#X�`cp#imX]f3x]oh\�X�\Vimd'f[fTX]gVfTam�VimXI�te'X]fU}j^_fTöVX]fRe'X�imd'Ötam�#ZTX�\'imdVf+å
^_ab�'imX#f[X�`RZ3p]e'd'abZc^timX�fTX]dVamiuX]g)p]gVX]ZT×_amX�e'X
i�r�abg'f3`TZTd'ÖtX]g/`$yYáBi%\�X]Z3ÖzX�`T`cZT^�i�r�o_�'fTX#Z3k�^�`cabohgÈe'X]f�fTo_d'ZTx#X]f�eVXzZT^�Ú_ohg'f

γ
^_d½e'X]im��e'Xt�wd'X]ib�wd'X]f�e'a.Î]^_amg'X#f

e'XªÌ7X.��y��nX]fzx]ohg/`cZT^_amg/`TX]f*\Vimd'f�å�ohZ�`cX]fzfTd'ZtimX#fzf3x]p#g�^_ZTabohf*e�r�p#ÖzabfTfTabohgÅe'XOZT^$Úhohg'f
γ
\�ohd'ZTZ3ohg/`�^�amg'f3a

ù�`cZTXI^_\'\�ohZ3`Tp]X]f#y:�[XI\'imdVf�	�i�r�^¦ý3ohdV`[e'XIx#X�x]abg'�wd'am�#ÖzX�`cp#imX]f3x]oh\�X5	�^_d'×_ÖzX#gw`TX]ZT^*i�^tZTp]f3ohimd `camo_g�^_g'×_d'i�^_abZTX
e'X#f�o_�'fTX#Z3k�^�`cabohg'f?e�^�g'f7i�^�×/^_ÖtÖtXIX]g½p]g'X#ZT×habX@x]ohdVk_X]Z�`cXz�Ji�r�öVX]d'Z3X@^_x#`Td'X]ibimX_yr3QXt×h^_amgÈ\�X]ZTÖtX#`3`cZT^�e'X
\'Z3p]x#amfTX#Z�ibX]f�x#o5�¹g'x#ame'X#g'x]X#f�X#g/`cZTX+imX#f�p]Ötamf3fTamo_g'f�e'X+Zc^$ÚhohgVf

γ
X#`�i�^?e'abf3`TZTam�VdV`cabohg�e'X�Ö*^�`cam�#ZTX~^�dV`cohdVZ�eVX]f

k_X]f3`Tam×hX#f]y
W=^tx#ohg'f�`cZTdVx#`cabohg�e'X�çnè�÷'÷�á3áQ\�X]Z3ÖzX�`T`cZT^�e'ohg'x�e'X7ZTp#e'd'amZ3X7imX?fTX#d'amiYX#g�p#g'X]Z3×hamX?e'X�i�rsX�} \�p]Z3amX]gVx]X��

�wd'X#im�wd'X]f�eVa.Î$^�amg'X#fve'XzÌ?X.�Iyu�R^_gVf,imX�x]ohg/`cX�}�`cX~e'd�im^_g'x]X#ÖzX#g/`,e'XzÌ7Wrf?÷ þÀe'^_g'f,ibX]f,\'Z3o x�ö'^_amg'fqÖzo_amf�	¦im^
\'Z3p]f3X]g'x#Xne'X+çnè�÷'÷@áTáqfTX]ZT^7`TZT�#f�abgw`Tp]Z3X]fTfT^_g/`cXu	�\Vd'amf3��d�r�d'gVXnoh�'f3X]Z�k_^�`camo_gtx#ohg/`cabg�dVX+X#g/`cZTX+�wd'X]ib�wd'X]f�x]X]g�ú
`c^_amg'X#fve'X|TOX.�ÉX�`,�wd'X]ib�wd'X]f�e'a¬Î$^_abg'X]fue'X6þuX.�Nf3X]ZT^R\�ohf3fTab�'imX�y�W�rsoh�'f3X]Z3k�^�`Tamohg�fTd'Zqx]X#`3`cX6im^_ZT×_X�×/^�ÖzÖtX%X]g
p#g'X]Z3×hamXt^_\'\�ohZ�`cX]ZT^�eVX]f�Z3p]\�ohg'f3X]f�x]ohÖt\'imp#ÖzX#g/`�^_abZTX]f7��i�rsp]g'ab×hÖtXIe'Xti�rsohZTab×hamg'X�e'X]f�Zc^$Úho_g'f�x#ohfTÖtam�wd'X#f
×/^�i�^_x�`cam�wd'X#f]y,þuohdV`TX#å�ohabf�	�i�r�p�`cd'e'XJe'p�`�^_abimibp]X�e�^�g'f@x]X#`3`cX|`cöV�]fTX�Ötohg/`cZTXJibX|\�o_`TX]g/`cabX]i~e9rsd'g'XJZ3X]x�ö'X#ZTx�ö'X
f�Ú f�`cp#Ö*^�`Tam�wd'Xte'XtfTam×_g�^_i

γ
X#gÁ\'Z3o�khX]g'^_g'x]Xze9r�^_fTf3o x#a�^�`Tamohg'f?eVXtk_X]f3`Tam×hX#f�e'X@f3d'\�X#ZTg'o�k�^�X�`�eVXzgwd�^_×_X]f

Ötohimp#x]d'im^_amZ3X]f�	�e'^_g'f�i�^[×/^_ÖtÖzX�X]g@p]gVX]ZT×_amX6e'd�þuX.�IyhW%r�^$kh�#g'X]ÖtX]g/`�e'X6Z3p]fTX]^_d }@eVX6e'p#`TX]x�`cX]dVZTf%þqx�öVX]ZTX#g ú
� o¦k�x]ohÖtÖzXnçnè�÷'÷�áTá%ohd�3Qþ�f Û�3QX#ZTX#g � o�kJþuX]imX#fTx#oh\�Xdf[ZTZT^�ÚVÜ�\�X]Z3ÖzX�`T`TZc^Ie'XR\�ohd'Z3fTd'alk�ZTX?x]X�`T`TX?p#`cdVe'X
f�Ú f�`cp#Ö*^�`Tam�wd'X�y�WYX�×/^_amgJe'X�\'ZTp#x]abfTamo_g�^_gV×hd'i�^�amZTXnX#`[e'X�f3X]g'f3am�'abimab`Tp?�wd'X�x#X]f+X�} \�p#ZTabX]g'x#X]f?^_\V\�ohZ�`cX#ZTohg/`v	
\�X]Z3ÖzX�`T`cZT^�e'XJx]ohg/`TZc^_abg'e'ZTX|ibX]f�Öto eV�]imX#fIe9r�^_x]x#p]ibp]Zc^�`camo_gÀe'X|Zc^$Úho_g'f@x]ohf3Özab��dVX]f@\�^_ZIibX]fIk_X]f3`Tam×hX#f@e'X
f3d'\�X#ZTg'o�k�^Vy



� knkÞ��� � �

� � �aqno
���Å��� � �`���&q��3�U��� ��kð��� �Þ� � j�����o<� � �aqÞ�
o<�Ø� ��� ��m\�U�U� � ��k � kÞ�Ö����
<� �Þ�Ø� �&jlqÞ��mE� � �Þ�
������jlk�� � �Þ� o¡� � � � 
ijlk �Þ� � �   ¡£¢ �

S�p]×'y¤�np�`cX]x�`cX#d'Z Ú
H2

áBg'e'amx#X Ú+ohZTÖz^_ibamfc^�`camo_g
χ2 ZTp#e9y ò%Z3oh�9y

Û¥G � 22 x]Ö −2 Ü f3\�X#x#`cZT^_i Û¥G � −4 x#Ö −2 f −1 � X.� −1 Ü Û
e'X#×'y�imab��X#Z3`cp$Ü
f T�ê7÷4G ^Vy¦G +2.7

−2.0

Ghys¿ � +0.65
−0.55

¿'y[\ +9.6
−4.6 � y[g5^�Û�Z�¿/Ü � y[§
^T�ê7÷>Z g y¨^ +3.2

−2.2

Ghy[Z5� +0.64
−0.52

�Vy[\ +3.6
−8.0

Ghys¿"\JÛ�Z ä Ü � y]g5�ò§Ú ^ y � ± Z y[g Ghy�¿
§ ± � y[^ � g y ä ± G�Z y � � y � ^�Û��/Ü � y � �U T�ê7÷4G � y ä ± � y¨^ ¿'y[§5§ ± � y]g5§ Û¥Ghy[g5� ± Ghy � ghÜ ×10−2 Ghy¨^_¿OÛ�g
Z_Ü Z y]g × G � −3T�ê7÷>Z � y]\ ± � y[g ¿'y[^
\ ± � y�¿h¿ Û¥Ghys¿z^ ± � y[\ ä Ü ×10−2 Ghy ä GzÛ�g
Z_Ü �Vy � × G � −4ò§Ú g�y � ± Ghy � g y ä ± � y[§ Û1^Vys¿ ± g ys¿wÜ ×10−2 �Vy¨�zZJÛ¥G � Ü Z y]g × G � −43 T�ê7÷4G � y]g ± � y ä g yHG]¿ ± � y[§�G Û¥Ghy � ^ ± Ghy � �/Ü ×10−2 Ghy¨^ � Û
¿ ä Ü g y�¿ × G � −3T�ê7÷>Z Z�y]\ ± � y[g ¿'y[�
Z ± � y[^zZ Û � ys¿z^ ± � ys¿h¿wÜ ×10−2 Ghys¿"ZJÛ
¿"\_Ü �Vy]Z × G � −2ò§Ú ¿Vy�¿ ± Ghy¨^ ^Vy[\ ± G_y[§ Û�g y[\ ± G
Ghy � Ü ×10−2 Ghy ä GzÛ�\hÜ � y �hä
ÿ����©EFf�yHG�I�S�p]f3d'ib`c^�`cf*e9r�^�ý3d'f3`TX]ÖtX]g/`�e'X�imo_a[e'X)\Vd'amf3fc^_g'x#X)fTd'Z|ibX]f�f3\�X#x#`TZTX]fJX#gÉp]g'X#ZT×habX)oh�V`cX#gwd'f
��\'^_Z3`TamZ�e'X]fIo_�'fTX#Z3k�^�`cabohg'f�e'Xª~�TtTJúkÚ+X#�~`co_gÀX]g/`cZ3X � y[g � X.�¼X�`aG ��� X.�Iy,W=X#f�^¦ý3d'f�`cX#ÖzX#gw`TfIfTdVZIimX#f
f3\�X#x#`cZ3X]f+X]g�p]g'X#ZT×habX7e'X]f~`cZ3ohamf~eVp#`cX#x#`TX]d'Z3fnfTo_gw`+\'Z3p]f3X]g/`cp#fn\�ohd'Z~x�ö�^_x#d'g'X�e'X]f+ZTp#×hamo_g'f~e9rsX�}�`cZT^_x#`Tamohg9y

G�\�G
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S+p#×'y¤�np#`TX]x#`TX]d'Z Ú
H2

� B

þ
χ2 ZTp]e�y ò�ZTo_�9y

Û¥G � 22 x#Ö −2 Ü Û � X.�7Ü Û�e'X]×'y�ibam��X]Z�`cp�Ü
f T�ê7÷4G Z5�Vy¨§ ± Ghy[\ �val} p#X7�µG Z y[g
gJÛ�Z
ghÜ � y]Z × G � −5T�ê7÷>Z Z ä y[\ ± Ghy¨^ �val} p#X7�µG �Vy[Z ä Û�Z5§/Ü g�y]\ × G � −9ò0Ú ¿h¿'y[Z ± g y[g �val} p#X7�µG g y¨§zZ|Û
¿wÜ § y[� × G � −5U T�ê7÷4G �Vy¦G�\ +0.45

−0.37 � y ä § +0.13
−0.14 � y[§5�OÛ1g
ZhÜ � y¨^�GT�ê7÷>Z �Vy¨^
§ +0.52

−0.39 � y]\5^ +0.11
−0.13

Ghy[�
g�Û1g
ZhÜ � y � gò0Ú ¿'y � § ± � y[^5^ � y¨^zg ± � y¦G�g Z�y � G�ÂaG � � y � �3 T�ê7÷4G �Vy[g
\ +0.74
−0.65 � y]g`G +0.28

−0.12

GhyHG0g�Û�¿ ä Ü � y[Z
ZT�ê7÷>Z Z y¨§_¿ +0.54
−0.38 � y]\�¿ +0.16

−0.14

Ghy � g�Û�¿"\hÜ � y¨�
§ò0Ú �Vy�¿zg ± � y[§
Z � ys¿z§ ± � y[Z � Ghys¿ � Û�\hÜ � y]Z �
ÿ����©E4f�y[Z�IaS�p]fTdVib`�^�`cf+e9r�^�ý3d'f3`TX]ÖtX]g/`neVX�Öto eV�]imXR`Tö'X]Z3Özab�wd'X7fTd'Z+imX#f[f3\�X#x#`cZ3X]f[X]g�p#g'X]Z3×hamX7oh� `cX]gwd'fn�
\�^�Z3`cabZ6e'X#f[oh�VfTX]Z�k�^�`cabohg'f~e'Xd~�TtTJúkÚ+X#�~`co_g�X]g/`TZTX � y]g � X.�âX�`�G �J� X.�Iy

S�p]×'y Ú
H2

áBg'e'abx]X Ú[ohZ3Ö*^_ibamfT^�`cabohg
χ2 Z3p]e9y ò�ZToh�9y

ÛYG � 22 x]Ö −2 Ü f3\�X#x#`TZc^_i Û¥G � −4 x#Ö −2 f −1 � X.� −1 Ü Û
e'X#×'y'imab��X#Z3`Tp�Ü
f

6.8+2.1
−1.7 1.04+0.50

−0.40 2.6+3.7
−2.5 � y¨§_¿�Û�g�¿wÜ � y]gu§U ¿'y¦G$¿ ± � y¨�_¿ g y¦G0§ ± � y[�5� Û�Z�y]Z�¿ ± � y ähä ×10−2 Ghy¨�
�JÛ ä §/Ü � y � Z3 �Vy¨§ � ± � y¨�
§ g y¨§
§ ± � y�¿z\ Û�Z�y�¿"g ± G_y]Z5^ ×10−2 Ghy ähä Û�\u§/Ü �Vy[^ × G � −6

ÿ����©E�f�y¨�µIÃS�p]f3d'ib`c^�`cf�e9r�^�ý3d'f3`TX]ÖtX]g/`�e'Xzimoha%e'Xz\'d'amf3fc^_gVx]X�f3d'ZIimX#f�f3\�X#x#`TZTX]f�X#g{p]gVX]ZT×_amX*o_�V`cX#g�dVf��
\�^�Z3`cabZ6e'X#f[oh�VfTX]Z�k�^�`cabohg'f~e'X�3Qö�^_gVe'Zc^@X]g/`cZ3X � y]g � X.�âX#`�G �?� X.�Iy

S�p]×'y Ú
H2

� B
þ

χ2 ZTp]e�y ò%Z3oh�9y
Û � X.�?Ü Û¥G � 22 x#Ö −2 Ü Û�e'X]×'y�ibam��X]Z�`cp�Ü

f Z5�Vy¦G ± � y ä �val} p#X��aG ¿'y[g
ZJÛ1^ � Ü G_y]Z × G � −28U �Vy¨�
� +0.26
−0.31 � y ä � +0.14

−0.08

Ghy � g�Û ä §/Ü � y[��¿3 �Vy¦G0§ +0.39
−0.51 � y[g ä +0.16

−0.06

Ghy � ¿�Û�^zZhÜ � y[�5§

ÿ����©E4f�ys¿JIaS�p]fTdVib`�^�`cf+e9r�^�ý3d'f3`TX]ÖtX]g/`neVX�Öto eV�]imXR`Tö'X]Z3Özab�wd'X7fTd'Z+imX#f[f3\�X#x#`cZ3X]f[X]g�p#g'X]Z3×hamX7oh� `cX]gwd'fn�
\�^�Z3`cabZ6e'X#f[oh�VfTX]Z�k�^�`cabohg'f~e'X�3Qö�^_gVe'Zc^@X]g/`cZ3X � y]g � X.�âX#`�G �?� X.�Iy
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Ghy¦G �nohÖ;Í5Îbg>Ï]fFÏ#gOp#g>Ï�Ð3×
ÎÑÏdÒ>Ï7i�r[Í5Ó¥Ô�Ð,Õ
Ö>ÕhÖÈÎÑÏ
γ ×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× G0^

^ × G SLØ�ÓÚÙ�ÛHÔ*ÍÜÔ�Ó_ÒiÝ[Í�ý,Ù>Ó,ÔÚÏ]ÖÈÏ�ÖzÔ�Ó�Ò�Ï�ÛÑÕ5ÎÑÓLÒ>Ï�Þ�Ù>ÎÑÓ,Ó�Í5Ö>ß�ÏRÓÚÙ�Ð=ÛÑÏ�ÓUÓ,Þ4Ï�ß�ÔÚÐÚÏ�ÓdÏ�Ö½Ø�Ö�Ï�ÐT×5ÎÑÏ�Ò>Ï�Ó�Ò�Îbå�ú
å¶Ø�Ð,Ï�ÖzÔ�Ï�ÓUÐ,Ø]×
ÎHÕ
Ö>ÓFÒ>Ï�ç[è�÷V÷�xz\uàzg¦úY� � � ×á×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× G � �

ä�× G ârÎÑÓ¥Ô�ÏdÖ>Õ
Ö�Ï�ã ö9ÍuÙ>Ó,ÔÚÎHä
Ï�Ò>Ï�ÓLä5Ï�Ó¥Ô�Îm×5Ï�Ó_Ò>Ï�ÓÚÙ>ÞåÏ�Ð,Ö>Õ0ä5ÍÈÍ5Ó,ÓÚÕ�ß�ÎÑØ�Ó_æÈÙ>Ö�Ï�Ø#Ö;ÎHÓÚÓ,ÎÑÕ
Ö|Ö;Í5ÓÚÏ�Ð ×�× G0�
\
ä�× Z SLØ�ßvÍuÞ>ÎHÔÚÙ>ÛçÍuÔÚÎbå�Ò>Ï�ÓLßvÍ5ÐÚÍ5ß�ÔÚØ�ÐÚÎHÓ,ÔÚÎÑè"Ù>Ï�ÓLÒ>Ï�Óvý,Ï�Ù`ã�Ò>Ï�Ò>Õ5Ö>Ö>Ø�Ï�Ó ×�×�×�×�×�×�×�×�×�×�×�×�×�×�× G0� ä
ä�× � þ©Í5é>ÛÑÏ�Í5ÙµÐÚØ�ßvÍ5Þ>Î¦Ô�Ù>ÛÑÍ5ÖzÔFÛÑÏ�ÓLÓ,Ô*ÍÜÔ�Ù�ÔÚÓ_Ò�Ï�Ò�Ø�Ô�Ï�ß�ÔÚÎÑÕ
Ö ×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× G0�5§
§ × G þ©Í5Ù`ãµÒ>Ï�Ð,Ï�ý,Ï�Ô_Ò>Ï�ÓLÒ>Îbõ4Ø�Ð,Ï�ÖzÔ�ÓLÔ�Ï�Ó,Ô�ÓLÐ,ØvÍ5ÛHÎÑÓÚØ�ÓFÓÚÙ>ÐLÛHÏ�ÓLÞ>Ù>ß�Ï�Ó ×ê×�×�×�×�×�×�×�×�×�×�×�×�×�× G0^uà
f × GëSLØ�ÓÚÙ�ÛHÔ*ÍÜÔ�ÓªÒ:Ý[Í¦ý,Ù�Ó,Ô�Ï#Ö;Ï�ÖzÔµÒiÝ¨Ù�Ö>Ï½ÛÑÕ5Î_Ò�Ï½Þ>Ù>ÎHÓÚÓ�ÍuÖ>ß�Ï¹Ó,Ù>Ð&ÛÑÏ�ÓªÓ,Þ4Ï�ß�Ô�Ð,Ï�ÓaÏ�ÖìØ�Ö>Ï�ÐT×
ÎHÏtÒ>Ï�ÓÕ
é>Ó,Ï�Ð¥ä5ÍÜÔ�ÎÑÕ5Ö>ÓFÒ>Ïd~�T½T|úYíUÏ�îFÔ�Õ
Ö ×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× G�\�Gf × ZïSLØ�ÓÚÙ�ÛHÔ*ÍÜÔ�ÓRÒiÝ¨Í¦ý,Ù>Ó¥Ô�Ï#Ö;Ï�Ö"ÔÈÒiÝðÙ>Ö�ÖÈÕ`Ò>ñ�ÛÑÏÈÔcö>Ï�ÐTÖÈÎÑè"Ù>Ï&Ó,Ù>ÐJÛÑÏ�ÓRÓÚÞåÏ�ß�Ô�ÐÚÏ�Ó?Ï�ÖpØ�Ö>Ï�ÐT×
ÎHÏ&Ò>Ï�ÓÕ
é>Ó,Ï�Ð¥ä5ÍÜÔ�ÎÑÕ5Ö>ÓFÒ>Ïd~�T½T|úYíUÏ�îFÔ�Õ
Ö ×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× G�\5Zf × �êSLØ�ÓÚÙ�ÛHÔ*ÍÜÔ�ÓªÒ:Ý[Í¦ý,Ù�Ó,Ô�Ï#Ö;Ï�ÖzÔµÒiÝ¨Ù�Ö>Ï½ÛÑÕ5Î_Ò�Ï½Þ>Ù>ÎHÓÚÓ�ÍuÖ>ß�Ï¹Ó,Ù>Ð&ÛÑÏ�ÓªÓ,Þ4Ï�ß�Ô�Ð,Ï�ÓaÏ�ÖìØ�Ö>Ï�ÐT×
ÎHÏtÒ>Ï�ÓÕ
é>Ó,Ï�Ð¥ä5ÍÜÔ�ÎÑÕ5Ö>ÓFÒ>Ï�3Qö9Í5Ö>Ò�Ð�Í ×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× G�\5Zf × à SLØ�ÓÚÙ�ÛHÔ*ÍÜÔ�ÓRÒiÝ¨Í¦ý,Ù>Ó¥Ô�Ï#Ö;Ï�Ö"ÔÈÒiÝðÙ>Ö�ÖÈÕ`Ò>ñ�ÛÑÏÈÔcö>Ï�ÐTÖÈÎÑè"Ù>Ï&Ó,Ù>ÐJÛÑÏ�ÓRÓÚÞåÏ�ß�Ô�ÐÚÏ�Ó?Ï�ÖpØ�Ö>Ï�ÐT×
ÎHÏ&Ò>Ï�ÓÕ
é>Ó,Ï�Ð¥ä5ÍÜÔ�ÎÑÕ5Ö>ÓFÒ>Ï�3Qö9Í5Ö>Ò�Ð�Í ×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× G�\5Z

G�\u�
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G × G ý·þ>Õ5ÔÚÕ
ÿ
Ð�ÍuÞ>þ>ÎÑÏ=Ò>Ï��=ÎÑß�Ô�Õ
Ð��_Ï�Ó,ÓUÒ>Ï�äuÍ5ÖzÔUÓ,Õ
Ö�é9Í5ÛÑÛHÕ
Ö × ×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× àG × Z �`ÞåÏ�ß�Ô�ÐÚÏ�Ï�Ö�Ø�Ö>Ï�Ð,ÿ
ÎÑÏ�Ò>Ï�Ó_ÐÚÍ��
Õ
Ö>Ó_ß�Õ5Ó��ÈÎÑè"Ù>Ï�Ó ×p×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× \G × � ��ÔÚÐÚÙ>ß�Ô�Ù>Ð,Ï�Ò:Ý¨Ù>Öµä
Ï�Ó,ÔÚÎÑÿ
Ï�Ò>Ï�ÓÚÙ>ÞåÏ�Ð,Ö>Õ0äuÍ × ×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× G0�G × à �`ß*þ>Ø��ªÍ?ÒiÝðÙ>Ö�ß*þ>Õ`ß�Ò>Ï�Ó,Ù>Þ4Ï�ÐÚÖ>Õ0äuÍ ×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× GvàG × g ��Í	�
�ÈÏ=Ï�Ö�Ø�Ö>Ï�Ð,ÿ
ÎÑÏ�Ò>Ï�Û1Ý[Í5Ó¥Ô�Ð,Õ
Þ>þ���ÓÚÎÑè"Ù>Ï ×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× G0^G × ^ 3 ÎÑÏ�ÛiÒ>Ï�Û�Ý¨Í5Ó¥Ô�ÐÚÕ5Ö>Õ��ÈÎÑÏ
γ ×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× Z`GG × \ 3|Í5Ð¥Ô�Õ
ÿ
ÐÚÍ5Þ>þ>ÎHÏ�Ò>Ï�Û�ÝðÏ�ã`ÞåØ�Ð,ÎÑÏ�Ö�ß�Ï�T�
Yârf���S�� ×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× Z5�

Z × G �`Î��RÙ>ÛçÍÜÔ�ÎÑÕ5Ö>Ó Ò>Ï�ÿ
Ï�ÐÚéåÏ�Ó_ÍuÔ��;Õ
Ó,Þ>þ>Ø�ÐÚÎÑè"Ù>Ï�Ó ×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× Z
\Z × Z SLÏ�Þ>Ð,Ø�ÓÚÏ�ÖzÔ*ÍuÔÚÎÑÕ
Ö�ÓÚß*þ>Ø��ªÍÜÔ�ÎÑè"Ù>Ï�Ò>Ù�Ò>Ø�Þ>ÛçÍ5ß�Ï��ÈÏ�ÖzÔ_ÒiÝðÙ>Ö>Ï�Þ9Í5Ð¥Ô�ÎÑß�Ù>ÛÑÏ=ß*þ9Í5ÐÚÿ5Ø�Ï ×�×�×�×�×�×�× Z
\Z × � ý·ÐÚÎHÖ>ß�ÎHÞ4Ï�Ò:Ý¨Î��ªÍ5ÿ5Ï�ÐÚÎHÏ�Ò>Ï�ÛçÍRÛHÙ��ÈÎÑñ�Ð,Ï���ß*þ>Ï�Ð,Ï�Ö � Õ�ä ×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× Z5§Z × à ��ã`Ï��ÈÞ>ÛÑÏ�Ó_Ò:Ý¨Î��ªÍ5ÿ5Ï�Ó|Ò>Ï�ÿ
Ï�ÐÚéåÏ�ÓUÍuÔ��ÈÕ
Ó,Þ>þ>Ø�Ð,ÎÑè"Ù>Ï�Ó ×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× � �Z × g ý·þ>Õ5ÔÚÕ
ÿ
Ð�ÍuÞ>þ>ÎÑÏ�ÓFÒ>Ï�ÓFÔÚØ�ÛÑÏ�ÓÚß�Õ
Þ4Ï�ÓUÒ�Ï�Û1Ý¨Ï¸ã`Þ4Ø�ÐÚÎÑÏ�Ö>ß�Ï�������� ×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× �zZZ × ^ �`ß*þ>Ø��ªÍ?ÒiÝðÙ>Ö�Ò>Ï�ÓFÔ�Ø�ÛÑÏ�ÓÚß�Õ5Þ4Ï�ÓUÏ�ÔUÒ�Ù��ÈÕ
ÖzÔ*Íuÿ
Ï���Ívä�ÎÑÏ�Ó��¥3 Õ5Ô,Ô�Õ
Ö ×�×�×�×�×�×�×�×�×�×�×�×�× �
�Z × \ ý ��! Ò>Ù��;ÎHÐÚÕ
ÎHÐ × ý(þ�Õ5Ô�Õ
ÿ5Ð�Í5Þ>þ�ÎÑÏdÒ>Ï�Ó��ÈÎÑÐ,Õ
ÎÑÐ,Ó Ï�ÔUÒ�Ï�ÛHÏ�Ù>ÐFÓ"��Ó,Ô�ñ��;Ï�ÒiÝ¨Í5ÛÑÎHÿ
Ö>Ï��;Ï�Ö"Ô ×�×�×�×�× �5àZ ×$# �/ä
Õ
ÛHÙ�Ô�ÎHÕ
ÖaÒ>Ï�ÛçÍ&%¶Õ
Ö�ß�Ô�ÎHÕ
ÖaÒiÝðØ�Ô�Í5ÛÑÏ��;Ï�Ö"Ô_ÒiÝðÙ>Ö>Ï�Ó,Õ
Ù>ÐÚß�Ï�ÞåÕ
Ö>ß�Ô�Ù>Ï�ÛÑÛHÏ ×�×�×�×�×�×�×�×�×�×�×�× �zgZ × § �(Ù>Ï|Ø�ß�ÛÑÍuÔ�Ø�Ï|ÒiÝðÙ>Ö>Ï|Ò>Ï�Ó·ßvÍ	�ÈØ�ÐÚÍ5Ó�Ò�Ï'�(� ��� × ý(þ�Õ5Ô�Õ
ÿ5Ð�Í5Þ>þ�ÎÑÏ Ò:Ý¨Ù>Ö�ÏFÒ>Ï�Ó/ß�Í	�ÈØ�Ð�ÍuÓ/Ò>Ï�������� × �
^Z × G � ý·þ>Õ5ÔÚÕ
ÿ
Ð�ÍuÞ>þ>ÎÑÏ=ÒiÝ¨Ù�Ötß�)5Ö>Ï�Ò>Ï+*áÎÑÖ>Ó¥Ô�Õ
Ö × ý(þ�Õ5Ô�Õ
ÿ5Ð�Í5Þ>þ�ÎÑÏdÒiÝðÙ>ÖµÔ�ÎÑÐ,Õ
ÎÑÐ ×½×�×�×�×�×�×�×�×�×�× �
^Z × G
G,�/eÈßvÍ5ß�ÎHÔ�ØUè"Ù9Í5ÖzÔ�ÎHè�Ù�Ï=Ò>Ï�ÓFý�T�Ó Ï�Ö-%¶Õ
Ö>ß�Ô�ÎÑÕ5ÖªÒ>ÏUÛçÍ�ÛÑÕ
Ö>ÿ5Ù>Ï�Ù>Ð�ÒiÝðÕ
Ö>Ò>Ï × !9Õ
Ð.�;Ï'�ÈÕ/�5Ï�Ö>Ö�ÏÒiÝðÙ>Ö>Ï�Î0�ÈÞ>Ù>ÛHÓÚÎHÕ
Ö&Ò>Ï�Þ>þ>ÕuÔ�Õ1�.Ø�ÛÑÏ�ß�ÔÚÐÚÕ
Ö × ×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× �z\Z × G�Z2�`ß*þ>Ø��ªÍ?Ò>Ï�Û�ÝðÕ
Ð,ÿzÍ5Ö>ÎHÓ�ÍuÔÚÎÑÕ
Ö;Ò>Ï�Û�ÝðØ�ÛÑÏ�ß�ÔÚÐÚÕ
Ö>ÎHè"Ù>Ï�Í5ÙµÓÚÏ�ÎÑÖ�ÒiÝ¨Ù�Ö>Ï�ßvÍ	�ÈØ�ÐÚÍ ×µ×�×�×�×�×�×�×�×�× � #Z × G0�3�`ß*þ>Ø��ªÍ?Ò>Ï�Û�ÝðØ�ÛHÏ�ß�Ô�ÐÚÕ5Ö>ÎÑè"Ù>Ï�Ò:Ý¨Ù>Ö�Ô�ÎHÐÚÕ
ÎHÐ ×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× �
§Z × Gvà4�`ß*þ>Ø��ªÍ?Ò>ÙµÓ.��Ó¥Ô�ñ��ÈÏ�Ò>Ï�Ò>Ø�ß�ÛÑÏ�Ö�ß*þ>Ï��ÈÏ�ÖzÔ ×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× à �Z × G�gìT�Ï�ÓÚÙ>Ð,Ï�Ó_Ò>ÏdÔ*Í5Ù`ãaÒ>Ï�Ò>Ø�ß�ÛÑÏ�Ö�ß*þ>Ï��ÈÏ�ÖzÔUÒ>Ù�Ó"��Ó,Ô�ñ��;Ï × ×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× à>G
� × G �=ÎHÓ,Ô�Ð,ÎÑé>Ù`Ô�ÎÑÕ5ÖaÒ>Ï�ÓLß*þ9Í5Ð,ÿ
Ï�Ó_ÎÑÖzÔÚØ�ÿ
Ð,Ø�Ï�ÓLÛHÕ
ÐÚÓFÒiÝ¨Í5ß�è�Ù�ÎÑÓÚÎ¦Ô�ÎHÕ
Ö>Ó|Ò>Ï�Þ>þ�Õ5Ô�Õ1�.Ø�ÛHÏ�ß�ÔÚÐÚÕ
Ö�Ó_Ù�Ö>ÎÑè"Ù>Ï�Ó × à"g� × Z �/ä
Õ
ÛHÙ�Ô�ÎHÕ
ÖRÒ>ÏFÛ1Ý¨Ï�eÈßvÍ5ß�ÎHÔ�ØFÕ5Þ�Ô�ÎHè�Ù�Ï��;Õ5�5Ï�Ö>Ö>ÏLÒ>Ù?Ò>Ø�Ô�Ï�ß�Ô�Ï�Ù>Ð(Ø�Ô�Í5ÛÑÕ
Ö�Ö>Ø�Ï|Þ>Í5Ð·ÛÑÏ�Ó·Í5Ö>Ö>Ï�Í5Ù`ãÒ>Ï6�RÙ>Õ5Ö>Ó ×p×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× à"\� × � �/ä
Õ
ÛHÙ�Ô�ÎHÕ
ÖaÒ>ÙµÔ*Í5Ù�ãµÒ>Ï�Ò>Ø�ß�ÛÑÏ�Ö>ß*þ>Ï��ÈÏ�ÖzÔUÞ4Õ5Ù>ÐLÒ>Ï�Ù`ãµÍ5ß�è"Ù>ÎHÓÚÎHÔÚÎÑÕ
Ö�Ó ×�×�×�×�×�×�×�×�×�×�×�× à #� × à 3 Õ
Ð,ÐÚØ�ÛÑÍuÔ�ÎHÕ
ÖRÏ�Ö"ÔÚÐÚÏLÛçÍ_Ô�Ï��ÈÞåØ�Ð�ÍÜÔ�Ù>Ð,Ï��;Õ5�
Ï�Ö>Ö>Ï'�ÈÏ�ÓÚÙ�ÐÚØ�ÏLÞ9ÍuÐ·ÛÑÏ�Ó�Ð�Í5Ò>ÎHÕ��Èñ�Ô�Ð,Ï�Ó/Ï�Ô�ÛÑÏ Ô�Í5Ù`ãÒ>Ï�Ò>Ø�ß�ÛÑÏ�Ö>ß*þ>Ï��;Ï�Ö"ÔUÒ>Ï�Û�ÝðÏ�ã`ÞåØ�Ð,ÎÑÏ�Ö�ß�Ï ×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× àz§� × g �=Ø879Ö>ÎHÔÚÎÑÕ
ÖaÒ�Ï�Ó_Þ9Í5Ð�Í1�;ñ�Ô�ÐÚÏ�ÓFÒ>Ï��UÎHÛÑÛçÍuÓ ×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× g �� × ^ �=ÎHÓ,Ô�Ð,ÎÑé>Ù`Ô�ÎÑÕ5ÖaÒ>Ï�ÓFäuÍ5ÐÚÎÑÍ5é>ÛHÏ�Ó�9ÃPÚK_0;:iNÚK_-ÑP�<>=�P�0@?5X¶O�Ï�Ô
AUW0W�<_0:P�.�. ×�×�×�×�×�×�×�×�×�×�×�×�× g`G� × \ �UÎHÓ,ÔÚÕ
ÿ
Ð�Í1�
�ÈÏ�ÓBÐÚÏ�Þ�ÐÚØ�Ó,Ï�ÖzÔ*ÍuÖ"Ô=ÛçÍRß�Õ
ÐÚÐ,Ø�ÛçÍÜÔ�ÎÑÕ5ÖaÏ�ÖzÔ�Ð,Ï�äuÍ5Ð,ÎçÍ5é>ÛHÏ�Ó ×�×�×�×�×�×�×�×�×�×�×�×�×�× g5�� ×$# �=ÎHÓ,Ô�Ð,ÎÑé>Ù`Ô�ÎÑÕ5ÖaÒ>Ï�ÛçÍ�äuÍ5ÐÚÎÑÍ5é>ÛHÏ�ß�Õ���é>ÎÑÖ>Ø�Ï�3F3FZ × ×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× g
g� × § �=ÎHÓ,Ô�Ð,ÎÑé>Ù`Ô�ÎÑÕ5Ö½Ò>Ï?ÛçÍ&þ9ÍuÙ�Ô�Ï�Ù>Ð�Ò>Ï?Þ>ÐÚÏ��;ÎHñ�ÐÚÏ�ÎÑÖzÔ�Ï�Ð�Í5ß�Ô�ÎÑÕ5Ö¹ÐÚÏ�ß�Õ
Ö>Ó¥Ô�ÐÚÙ�ÎHÔ�Ï × 
 ÛÑÛHÙ>Ó,ÔÚÐ�ÍuÔÚÎÑÕ
Ö½Ò�ÙÞ>Ð,Õ
é>ÛÑñ��;Ï=ÛÑÎÑØ�Í5Ù`ãµÎ��ªÍ5ÿ5Ï�Ó|Ô�Ð,Õ
ÞµÏ�ã`ß�Ï�ÖzÔ�ÐÚØ�Ï�Ó ×À×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× g
g� × G � �=ÎHÓ,Ô�Ð,ÎÑé>Ù`Ô�ÎÑÕ5Ö½Ò>Ï�Ó�Ø�ä
Ø�Ö�Ï��ÈÏ�ÖzÔ�Ó�Ï�ÖB%¶Õ
Ö>ß�ÔÚÎÑÕ
Ö¹Ò�Ù
ß�Í5ÐÚÐ,ØJÒ>Ï?Û�Ý¨Í5Ö>ÿ
ÛHÏRæaÛçÍ&ÞåÕ
ÓÚÎ¦Ô�ÎHÕ
Ö¹Ò>ÏJÛçÍÖ>Ø�é>Ù>ÛÑÏ�Ù>ÓÚÏ�Ò>Ù�3 Ð�Íué4Ï ×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× g5^G�\5g
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� × G
GcT�Ø�Ô�þ>Õ�Ò>Ï�Ò>Ï�ÓÚÕ
Ù�Ó,Ô�ÐÚÍ5ß�ÔÚÎÑÕ
ÖµÒ>ÙF%¶Õ
Ö>ÒG��ÖH�"�(I¹Ï�Ô'�RÙ>Û¦Ô�ÎÑÞ�ÛÑÏ+�(I ×�×�×�×�×�×�×�×�×�×�×�×�×�× g
\
� × G�ZìT�Ø�Ô�þ>Õ�Ò>Ï�Ò>Ï�ÓÚÕ
Ù�Ó,Ô�ÐÚÍ5ß�ÔÚÎÑÕ
ÖµÒ>ÙF%¶Õ
Ö>Ò�Ï�Ö�ÓÚÏ�ÿ��ÈÏ�ÖzÔ_ÒiÝ[ÍuÖ>Ö>ÏvÍuÙ�Ï�ÔUÏ�ÖtÍuÖ>Ö>ÏvÍuÙ�ß�Õ��;Þ�ÛÑÏ�Ô ×�× g
\� × G0�ìSLØ�ÓÚÕ5ÛÑÙ�ÔÚÎÑÕ
ÖµÍ5Ö�ÿ
Ù>ÛçÍuÎÑÐÚÏUÒ>Ï�ÓLÔ�Ð,Õ
ÎÑÓ��ÈØ�ÔÚþ>Õ�Ò>Ï�ÓFÒiÝ¨Í5Ö9ÍuÛ���ÓÚÏ ×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× ^ �� × GvàáSLØ�ÓÚÕ5ÛÑÙ�ÔÚÎÑÕ
Ö&Ï�ÖaØ�Ö>Ï�ÐÚÿ
ÎHÏ�Ò>ÏdÛ1Ý¨ÎHÖ>Ó,ÔÚÐÚÙ��ÈÏ�ÖzÔ|Ï�ÖJ%¶Õ
Ö>ß�ÔÚÎÑÕ
ÖªÒ>ÏdÛ�ÝðØ�Ö>Ï�ÐÚÿ
ÎHÏ=Ò>ÙµÐÚÍ5�5Õ
Ö γ

ÎÑÖ>ß�ÎÑÒ>Ï�Ö"Ô × ^�G� × G�g2�`Ù>Ð"%�Í5ß�Ï�Ò>Ï�ß�Õ
ÛÑÛHÏ�ß�ÔÚÎÑÕ
ÖªÒ>Ï�Û�ÝðÎÑÖ>Ó¥Ô�ÐÚÙ��;Ï�Ö"ÔLÏ�Ö�%¶Õ5Ö>ß�ÔÚÎÑÕ
ÖaÒ>Ï�Û1Ý¨Ø�Ö>Ï�Ð,ÿ
ÎÑÏdÒ>Ù�Ð�Í��5Õ
Ö γ
ÎÑÖ>ß�ÎÑÒ>Ï�ÖzÔ ^zZ

à × G 3|Í5Ð¥Ô�Ï�Ó�ÒiÝ¨Ï¸ã`ß�ñ�Ó(Ò>Ï ÛçÍ=Ð,Ø�ÿ
ÎHÕ
Ö�Ò>ÏLSF~áx�G0\`G0� × \/�Y�5§5àz^LÏ�Ô·Ò>Ï ÛçÍ=Ð,Ø�ÿ
ÎHÕ
Ö�Ò>ÏLSF~áx �	# g
Z ×¨� � à
^zZ
Z × ^
^à × Z T�Õ�Ò>ñ�ÛHÏ�ÓµÒiÝðØ��ÈÎÑÓ,ÓÚÎÑÕ5Ö ÛHÏ�Þ�ÔÚÕ
Ö>ÎÑè"Ù>Ï¹Ï�Ôtþ>Í5Ò>ÐÚÕ5Ö>ÎÑè"Ù>Ï Ò>ÏÃÐ�Í��
Õ5Ö>Ó
γ
Þ4Õ
Ù�Ð�ÛHÏ¹ä
Ï�Ó¥Ô�ÎHÿ
Ï
Ò�ÏÓÚÙ�Þ4Ï�ÐÚÖ>Õ0äuÍ;SF~sx�G�\`G0� × \/� �
§5àz^ ×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× ^ #à × � K/ä
Õ
ÛHÙ�Ô�ÎHÕ
ÖpÒ>Ï�Ó?Ô�Ï��;Þ�ÓÈß�Í5Ð�Íuß�Ô�Ø�ÐÚÎHÓ,Ô�ÎHè"Ù>Ï�Ó?Ò>Ï�Ò>Î�I4Ø�Ð,Ï�ÖzÔ�Ó?Þ>Ð,Õ`ß�Ï�Ó,ÓÚÙ>Ó;Ò>ÏµÞ>ÐÚÕ�Ò>Ù>ß�Ô�ÎÑÕ5Ö Ò>ÏÐ�Í��5Õ
Ö>Ó

γ
Ï�Ö�%¶Õ
Ö�ß�Ô�ÎHÕ
ÖµÒ>Ï�Û�ÝðØ�Ö>Ï�ÐÚÿ
ÎHÏ�Ò>Ï�ÓUÞ9ÍuÐ,Ô�ÎHß�Ù>ÛHÏ�ÓFÞ>Ð,Î0�;Í5ÎÑÐ,Ï�Ó ×_×�×�×�×�×�×�×�×�×�×�×�×�× \ �à × à TtÍ5Ó,ÓÚÏ�Ò>Ï�Ö"Ù9Í5ÿ
Ï�Ó��ÈÕ
ÛHØ�ß�Ù�ÛçÍ5ÎHÐÚÏ�ÓBÏ�ÖF%¶Õ
Ö>ß�Ô�ÎÑÕ5Ö�Ò�Ï�Û1Ý¨ÎHÖzÔ�Ï�Ö�ÓÚÎHÔÚØdÒ>Ï�ÛçÍRÐÚÍ5ÎÑÏdÒ>Ù�3�� ×�×�×�×�× \5�

à × g ��Î¦Ô�Ï�ÓÚÓÚÏdÒ�Ï�Ð,Õ5Ô*ÍÜÔ�ÎÑÕ5ÖaÍ5Ù�ÔÚÕ
Ù>ÐFÒ>Ùµß�Ï�ÖzÔ�ÐÚÏ�Ò>Ï�ÛÑÍL��ÍuÛçÍÜã`ÎÑÏUÏ�ÖF%¶Õ
Ö>ß�Ô�ÎÑÕ5ÖaÒ>ÏdÛçÍRÒ>ÎHÓ,Ô�Í5Ö>ß�Ï�ÍuÙÓ.��Ó¥Ô�ñ��ÈÏM�`Õ
ÛçÍuÎÑÐÚÏ × �(Ù�Ï�Ó,ß*þ>Ø��;ÍuÔÚÎÑè"Ù>Ï�Ò>Ï�ÛçÍ��(Õ
ÎHÏ�â�Íuß�Ô�Ø�Ï ×d×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× \uàà × ^ �=Ï�Ù`ã
Ï�ã`Ï��ÈÞ>ÛÑÏ�Ó�Ò�Ï;Ò>ÎHÓ,ÔÚÐÚÎÑé�Ù�Ô�ÎHÕ
Ö Ò>ÏÈä�Î¦Ô�Ï�Ó,ÓÚÏ;Ð�Í5Ò>ÎÑÍ5ÛÑÏJÏ�ÖN%¶Õ
Ö�ß�Ô�ÎHÕ
ÖÃÒ>Ï;ÛÑÍaÒ>ÎÑÓ¥Ô*Í5Ö>ß�ÏªÍuÙÓ.��Ó¥Ô�ñ��ÈÏM�`Õ
ÛçÍuÎÑÐÚÏ ×d×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× \
g
à × \ SLÏ�Þ>Ð,Ø�ÓÚÏ�ÖzÔ*ÍuÔÚÎÑÕ
Ö�ÓÚß*þ>Ø��ªÍÜÔ�ÎÑè"Ù>Ï�Ò>Ù�Ö>ÎHä5ÏvÍ5Ù�%¶Õ
Ö>Ò9Í	�ÈÏ�ÖzÔ�Í5ÛiÏ�ÔUÒ>Ï�ÓUÞ>Ð,Ï��ÈÎÑÏ�ÐÚÓLÖ>ÎHä5ÏvÍ5Ù�ã�ÐÚÕ1�Ô*ÍÜÔ�ÎÑÕ5Ö>Ö>Ï�ÛHÓ|Ï�ÔLä�ÎÑé�Ð�ÍuÔÚÎÑÕ
Ö>Ö�Ï�ÛÑÓ Ò>Ï�ÛçÍ&�ÈÕ
ÛÑØ�ß�Ù>ÛHÏ6�+� ×y×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× \5^à ×$# ��ã`Ï��ÈÞ>ÛÑÏdÒiÝðØ�ÛÑÍ5ÐÚÿ5ÎÑÓÚÓ,Ï��ÈÏ�ÖzÔLÒiÝðÙ>Ö>Ï�Ð�Í5ÎHÏ��ÈÕ
ÛÑØ�ß�Ù>ÛÑÍ5ÎÑÐ,Ï=Ò>Ùt3�� ×�×�×�×�×�×�×�×�×�×�×�×�×�×�× \ #
g × G 3|Í5Ð¥Ô�Ï�ÓLÒiÝðÏ�ã`ß�ñ�Ó=Ò�Ï�ÛÑÍRÓÚÕ
Ù�ÐÚß�Ï�Ó(��� ���tx � ^5�zZ�O � g
\�Õ5é�Ô�Ï�Ö�Ù�Ï�Ó�Ívä5Ï�ß�Ò>Î�I4Ø�Ð,Ï�ÖzÔ�Ï�Ó_ß�Õ
Ù>Þ>Ù�ÐÚÏ�Ó ×�# àg × Z �=ÎHÓ,Ô�Ð,ÎÑé>Ù`Ô�ÎÑÕ5ÖaÒ>Ï�ÓLØ�ä5Ø�Ö>Ï��;Ï�ÖzÔ�Ó�ÍuÙ�Ô�Õ
Ù�ÐFÒ>Ù�ß�Ï�ÖzÔ�Ð,Ï�Ò�Ï�ÛÑÍRÓÚÕ
Ù�ÐÚß�Ï ×¹×�×�×�×�×�×�×�×�×�×�×�×P# gg × � �`ÞåÏ�ß�Ô�ÐÚÏ�Ï�Ö�Ø�Ö>Ï�Ð,ÿ
ÎÑÏ�Ò>Ï�ÛçÍRÓ,Õ
Ù>Ð,ß�ÏQ�(� ����x � ^
�zg�O � g5\ ×p×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×P# ^g × à 3 Õ
Ù>Ð,é4Ï�Ò>Ï�ÛHÙ��;ÎHñ�Ð,Ï�Ò>Ï�ÛçÍRÓ,Õ
Ù>ÐÚß�ÏM��� ����x � ^
�zg�O � g
\ ×a×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×P# \g × g 3|Í5Ð¥Ô�Ï�Ò>Ï�ÓÚÎHÿ
Ö>Î�7>ßvÍuÔÚÎHä�ÎHÔÚØ=Ò>Ï�ÛçÍRÓ,Õ
Ù>Ð,ß�ÏQ�(� ����x � ^
�zZ�O � g5\ ×r×�×�×�×�×�×�×�×�×�×�×�×�×�×�×P#�#g × ^ �`ÞåÏ�ß�Ô�ÐÚÏ�Ï�Ö�Ø�Ö>Ï�Ð,ÿ
ÎÑÏ�Ï�Ö�� 2 Ò�Ï�ÛÑÍRÓÚÕ
Ù�ÐÚß�Ï��������tx � ^
�
Z�O � g
\�Ï�ÔUÒ�Ï�ÛÑÍRÓÚÕ
Ù�ÐÚß�ÏQ� ��S��R���� �lx � �5^
�5àSO � g
Z�G ×w×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×P#�#g × \ �`ß*þ>Ø��ªÍ?Ò>Ï�ÛçÍRÐ,Ø�ÿ
ÎHÕ
ÖµÒ>Ùaä
Ï�Ó,Ô�ÎHÿ
Ï�Ò>Ï�T�Õ
Ö>Õ�ß�Ï�ÐÚÕ
ÓLÏ�Ô_Ò>Ï�ÛÑÍRÖ>Ø�é>Ù�ÛÑÏ�Ù�ÓÚÏ�Ò>Ï�S_Õ
Ó,Ï�Ô,Ô�Ï ×9×�×�× § �g ×$# 3|Í5Ð¥Ô�Ï_Ò>Ï=Û1Ý¨ÎHÖ"ÔÚÏ�Ö>Ó,ÎHÔÚØ_Ò�Ï=ÛçÍ�Ð�ÍuÎÑÏLÒ>Ùµ3��yÎHÖ"ÔÚØ�ÿ
Ð,Ø�ÏUÓÚÙ>ÐBÛ�ÝðÏ�Ö>Ó,Ï��Ré>ÛHÏUÒ�Ï�ÓBä�Î¦Ô�Ï�Ó,ÓÚÏ�Ó|Ð�Í5Ò�ÎçÍ5ÛHÏ�ÓÏ�Ö�Ò>ÎHÐÚÏ�ß�Ô�ÎHÕ
ÖaÒ>Ï��(� ����x � ^
�zZ�O � g5\ ×&×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× §zZ
g × § ý·ÐÚÕ	7>ÛUÒ>Ï�Û�ÝðÎÑÖzÔ�Ï�Ö>ÓÚÎ¦Ô�ØµÒ>Ï�ÛçÍ
ÐÚÍ5ÎÑÏ�Ò>Ù�3��nÒ>Í5Ö>ÓªÛÑÍ
Ò>ÎHÐÚÏ�ß�Ô�ÎHÕ
ÖcÒ>Ï;�������ìx � ^
�zZ�O � g5\ ×3|Í5Ð¥Ô�Ï�Ò>Ï�Û�ÝðÎÑÖzÔ�Ï�Ö>ÓÚÎ¦Ô�Ø�Ò�Ï�ÛÑÍJÐ�Í5ÎHÏ�Ò>Ùt3��ÌÒ>Ï�ÛçÍRÐ,Ø�ÿ
ÎHÕ
ÖµÒ>Ï��(� ����x � ^
�zZ�O � g5\ ×l×�×�×�×�× §
�g × G � 3|Í5Ð¥Ô�Ï½Ò>Ï¹Û1Ý¨ÎHÖzÔ�Ï�Ö�ÓÚÎHÔÚØ½Ò>Ï¹ÛÑÍwÐ�Í5ÎHÏtÒ>Ù 3��ëÒ9Í5Ö>Ó&ÛÑÍ�Ò>ÎÑÐ,Ï�ß�Ô�ÎÑÕ5Ö�Ò>ÏB�(� ���áx � ^5�zZ�O � g
\Õ
é>Ó,Ï�Ð¥ä
Ø�Ï�Þ9Í5Ð_í_f�í��'�(í × ×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× §zg
^ × G 3|Í5Ð¥Ô�Ï�Ó�ÒiÝðÏ�ã`ß�ñ�Ó�Ò�Ù
ß�Ï�ÖzÔ�Ð,Ï;Ò>Ï?ÛÑÍF��Í5ÛÑÍÜã`ÎÑÏRÕ5é�Ô�Ï�Ö�Ù�ÏÈÞ>Í5Ð��(� ��� Í0äuÍ5ÖzÔ�Ï�Ô�Í5Þ�ÐÚñ�Ó�Ó,Õ
Ù>Ó"�Ô�ÐÚÍ5ß�ÔÚÎÑÕ
ÖaÒ�Ï�Ó_ÓÚÕ
Ù>Ð,ß�Ï�ÓUÞåÕ
Ö>ß�Ô�Ù>Ï�ÛÑÛÑÏ�Ó ×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× §
§
^ × Z 3|Í5Ð¥Ô�Ï�ÒiÝðÏ�ã`ß�ñ�ÓUÒ>Ï�ÛÑÍ?Ð,Ø�ÿ
ÎHÕ
ÖaÒ>Ï��(� ����x�G�\uà"g5�Y� � � ×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× G �5�^ × � ý·ÐÚÕUT,Ï�ß�ÔÚÎÑÕ
ÖµÒiÝðØ�ä5ñ�Ö>Ï��;Ï�Ö"ÔÚÓ=Ò>Ï��������tx�G�\uàzg/�Y� � ��ÛÑÏdÛHÕ
Ö>ÿ?Ò>Ï�Ò>Ï�Ù�ã�ÍÜã`Ï�Ó ×�×�×�×�×�×�×�× G � G^ × à �`ÞåÏ�ß�Ô�ÐÚÏ�Ï�Ö�Ø�Ö>Ï�Ð,ÿ
ÎÑÏ�Ò>Ï��(� ����x�G�\uàzg/�Y� � � ×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× G � Z^ × g SLØ�ÿ
ÎHÕ
Ö>Ó=Ò:Ý¨Ï¸ã`ÔÚÐ�Í5ß�Ô�ÎHÕ
Ö Ò>Ï�ÓdÓ,Þ4Ï�ß�Ô�Ð,Ï�Ó�Ï�Ö¹Ø�Ö>Ï�Ð,ÿ
ÎÑÏJÒ�ÏL�(� ��� x�G�\uàzg/�Y� � � × 3 Õ	�;Þ9ÍuÐ�Í5ÎHÓÚÕ
ÖÒ>Ï�Ó_Ó,Þ4Ï�ß�ÔÚÐÚÏ�Ó_Ï�Ö�Ø�Ö>Ï�ÐÚÿ
ÎHÏdÒ>Ï��(� ����x�G�\uà"g5�Y� � �JÍvä5Ï�ß���� �lx�G�\uà
àU�Y� � G5G ×y×�×�×�×�×�×�×�× G � �^ × ^ 3|Í5Ð¥Ô�Ï�Ò>Ï=Û�ÝðÎÑÖzÔ�Ï�Ö>ÓÚÎ¦Ô�Ø=Ò�Ï�ÛçÍ�ÐÚÍ5ÎÑÏ_Ò>Ù 12 3�� Í5Ù�ÔÚÕ
Ù>Ð|Ò>Ù&ä5Ï�Ó¥Ô�ÎÑÿ5Ï�Ò>Ï�Ó,Ù>Þ4Ï�ÐÚÖ>Õ0äuÍV���
g5§ × G�� ��× g × G � ^^ × \ ý·ÐÚÕ	7>Û/Ò>Ï?ÛçÍ&ÐÚÍ5ÎÑÏRÒ�Ù 12 3��£Þ4Õ
Ù�ÐdÞ>ÛÑÙ>Ó,ÎÑÏ�Ù>ÐÚÓdÒ>ÎHÐÚÏ�ß�Ô�ÎHÕ
Ö>ÓdÍuÙ�Ô�Õ
Ù�ÐdÒ>Ï?ÛçÍ&Þ9Í5Ð¥Ô�ÎHÏRÖ>Õ
Ð,Ò
Ò>Ï

�(� ����x�G�\uàzg/�Y� � � × ×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× G �	#^ ×$# 3|Í5Ð¥Ô�ÏdÒ>ÏdÛ1Ý¨ÎHÖ"ÔÚÏ�Ö>Ó,ÎHÔÚØ�Ò>ÏdÛçÍ�Ð�Í5ÎHÏ�Ò>Ù 12 3�� ÎHÖ"ÔÚØ�ÿ
Ð,Ø�Ï�Ò>Í5Ö>ÓLÞ>ÛÑÙ�ÓÚÎÑÏ�Ù>ÐÚÓ é9Í5Ö>Ò>Ï�ÓLÏ�Öaä�ÎHÔ�Ï�ÓÚÓ,ÏÐ�ÍuÒ>ÎçÍ5ÛHÏ ×å×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× G � §^ × § 3|Í5Ð¥Ô�Ï�Ò>Ï�Û�ÝðÎÑÖzÔ�Ï�Ö>ÓÚÎ¦Ô�Ø�Ò�Ï�ÛÑÍJÐ�Í5ÎHÏ�Ò>Ù 12 3��ÌÎÑÖzÔ�Ø�ÿ
ÐÚØ�ÏdÒ>Ï��*G �5�?� ��Ó −1 æL� ^ �R� ��Ó −1 × ×�× G � §^ × G � ��é>ÓÚÏ�Ð,äuÍuÔÚÎÑÕ
Ö>ÓFÒ�ÏQ��� ���tx�G�\Üà"g/�Y� � �RÍvä
Ï�ß�~dT½TF�Yí_Ï�îFÔÚÕ
Ö ×L×�×�×�×�×�×�×�×�×�×�×�×�×�×�× G
G �



÷�¬ ¾|õ�<�ø=< ��D ö8E ù©­ < � ò>ó�ó
\ × G 3|Í5Ð¥Ô�ÏRÒiÝðÏ�ã`ß�ñ�Ó�Ò>ÏJÛçÍ;ÐÚØ�ÿ5ÎÑÕ
Ö½Ò�Ù¹ß�Õ��ÈÞ>ÛÑÏ¸ã`ÏRÒ>ÏRÓ,Ù>Þ4Ï�ÐÚÖ>Õ0äuÍ�3W�'X �z\ªÕ
é�ÔÚÏ�Ö"Ù>Ï?Ívä
Ï�ßJÛÑÏ�ÓÕ
é>Ó,Ï�Ð¥ä5ÍÜÔ�ÎÑÕ5Ö>ÓFÒ>Ï�Û�Ý¨Í5Ö>Ö>Ø�Ï�Z �
� à ×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× G
G�à\ × Z 3|Í5Ð¥Ô�Ï�ÓLÒiÝðÏ�ã`ß�ñ�Ó=Ò�Ï�ÛÑÍRÐÚØ�ÿ
ÎÑÕ
ÖµÒ>Ù�ß�Õ	�;Þ>ÛHÏ�ã`ÏdÒ>Ïdä
Ï�Ó,ÔÚÎÑÿ
Ï�Ò>Ï�ÓÚÙ�Þ4Ï�ÐÚÖ>Õ0äuÍ&3W�'X��z\ ×U×�×�×�× G
G0g\ × � ý·ÐÚÕUT,Ï�ß�ÔÚÎÑÕ
ÖdÒ>Ï�Ó�Ø�ä
Ø�Ö>Ï��ÈÏ�ÖzÔÚÓ©ÛHÏ/ÛÑÕ
Ö�ÿFÒ>Ï·Û�Ý¨ÍÜã`Ï/ÐÚÏ�ÛÑÎÑÍ5ÖzÔY�(� ����x�G�\`Gv�U�Y� # G/Ï�ÔZ��������x�G0\`Gvà1�� # g ×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× G
Gv^\ × à �`ÞåÏ�ß�Ô�ÐÚÏ�Ï�Ö�Ø�Ö>Ï�Ð,ÿ
ÎÑÏ�Ò>Ï��(� ����x�G�\`G�à1�Y� # g ×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× G
G0\\ × g 3 Õ
Ù>Ð,é4Ï�Ò>Ï�ÛHÙ��;ÎHñ�Ð,Ï�Ò>Ï��(� ����x�G�\`GvàU�Y� # g ×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× G
G0\\ × ^ 3|Í5Ð¥Ô�Ï�Ò>Ï�Û�ÝðØ��ÈÎÑÓ,ÓÚÎÑÕ5Ö&Ð�Í5Ò�ÎÑÕJÒ>Ù�ß�Õ��ÈÞ>ÛHÏ�ã`ÏdÒ>Ï�ä
Ï�Ó¥Ô�ÎHÿ
Ï�ÓLÒ>Ï�ÓÚÙ�Þ4Ï�ÐÚÖ>Õ0äuÍ&3W�'X��z\ ×�×�×�×�× G
G #\ × \ 3|Í5Ð¥Ô�Ï�Ò>Ï�Û1Ý¨ÎHÖzÔ�Ï�Ö�ÓÚÎHÔÚØaÒ>Ï�ÛçÍ Ð�Í5ÎHÏaÒ>Ùì3�� Ò9ÍuÖ>Ó;ÛÑÍÃÐ,Ø�ÿ
ÎHÕ
ÖpÒ>Ù ä5Ï�Ó¥Ô�ÎÑÿ5Ï�Ò>Ï�ÓÚÙ�Þ4Ï�ÐÚÖ>Õ0äuÍ3W�'X��z\uf ×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× G�Z �\ ×$# f=ÿ5Ð�Í5Ö>Ò�ÎÑÓÚÓ,Ï��ÈÏ�ÖzÔ?Ò>ÏaÛÑÍ½ßvÍ5Ð¥Ô�ÏaÒiÝðÏ�ã`ß�ñ�Ó;Ò�ÏF�(� ���px�G�\`GvàU�Y� # g�Í0ä5Ï�ßµÛÑÏ�ÓJÞ4Õ5ÓÚÎHÔÚÎÑÕ
Ö�Ó�Ò>Ï�ÓÖ"Ù9Í5ÿ
Ï�ÓLÏ�Ô_Ò>Ï�Ó��;Í5ÓÚÏ�ÐÚÓFÒ>Ï�ÛçÍL�ÈÕ
ÛÑØ�ß�Ù>ÛHÏ6�+� × ×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× G�Z�G\ × § 3|Í5Ð¥Ô�Ï�ÓLÒ>Ï�Û1Ý¨Ø��;ÎHÓÚÓÚÎHÕ
ÖaÏ�Ö�Ð�Í��5Õ
Ö>ÓF~ Õ
é>ÓÚÏ�Ð,ä5Ø�Ï�Þ9Í5ÐF~�T½TJ�YíUÏ�îFÔ�Õ
Ö�Ï�ÔU3 þ9ÍuÖ>Ò>Ð�Í ×�×�×�× G�Zu�\ × G � �`ÞåÏ�ß�Ô�ÐÚÏ�ÓRÏ�ÖwØ�Ö>Ï�ÐÚÿ
ÎHÏªÒ>Ï�Ó�Ø��ÈÎÑÓ,ÓÚÎHÕ
Ö>Ó�Ò>Ï&Ð�Í��5Õ
Ö>Ó�~ Õ
é>Ó,Ï�Ð,ä5Ø�Ï�ÓÈÞ>Í5Ð�~dT½TF� íUÏ�îFÔÚÕ
Ö Ï�Ô3 þ9Í5Ö�Ò>Ð�Í ×9×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× G�Z5g\ × G
Gc3|Í5Ð¥Ô�Ï Ò�Ï|Û�ÝðÎÑÖzÔ�Ï�Ö>ÓÚÎ¦Ô�ØBÒ>Ï|ÛçÍ_Ð�Í5ÎHÏBÒ�ÙÈ3�� × �`ÞåÏ�ß�ÔÚÐÚÏ|Ï�ÖJØ�Ö>Ï�ÐÚÿ
ÎHÏ Ò>Ï�Ó·ÓÚÕ
Ù�ÐÚß�Ï�ÓR�(� ���?x�G�\�Gvà1�� # gRÏ�Ô_��� �lx�G�\`GvàU�Y� # g5\ ×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× G�Z #
#�× G 3|Í5Ð¥Ô�Ï�ÒiÝðÏ�ã`ß�ñ�ÓUÒ>Ï�ÛÑÍ?Ð,Ø�ÿ
ÎHÕ
ÖaÒ>Ï+* Z # Õ
é�ÔÚÏ�Ö"Ù>Ï�Þ9Í5Ð��(� ��� ×�×�×�×�×�×�×�×�×�×�×�×�×�×�× G0�uà
#�× Z 3|Í5Ð¥Ô�Ï�ÒiÝðÏ�ã`ß�ñ�ÓUÒ>Ï�ÛÑÍ?Ð,Ø�ÿ
ÎHÕ
ÖaÒ>Ùµä
Ï�Ó,Ô�ÎHÿ
Ï�Ò>Ï�ÓÚÙ>ÞåÏ�Ð,Ö>Õ0ä5Í>
¥3 à
àz�JÕ
é`Ô�Ï�Ö"Ù>Ï�Þ9Í5Ð_T�f��6
¥3 × G0�
g
#�× � �=ÎHÓ,Ô�Ð,ÎÑé>Ù`Ô�ÎÑÕ5ÖRÒ>Ï�Ó�ÓÚÎHÿ
Ö>Î[79ßvÍuÔÚÎHä�ÎHÔÚØ�Ó©Ò>Ï�Ó(Ï�ã`ß�ñ�Ó Õ5é>ÓÚÏ�Ð,ä
Ø�Ó ÍuÙ�Ô�Õ
Ù�Ð·Ò>Ï�Ó(ÞåÕ
ÓÚÎ¦Ô�ÎÑÕ5Ö>Ó/Ò>Ï�ÓBØ��;ÎHÓ"�ÓÚÎHÕ
Ö>Ó��;Í5ÓÚÏ�ÐÚÓ ×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× Gvà �
#�× à 3|Í5Ð¥Ô�Ï�ÒiÝðÏ�ã`ß�ñ�ÓUÒ>Ï�ÐÚÍ5�5Õ
Ö>Ó

γ
Õ
é`Ô�Ï�Ö"Ù>Ï�Þ9ÍuÐ���� ���µÓ,Ù>ÐLÛÑÏdÞ>Ð,Ï��ÈÎÑÏ�ÐFßvÍ5Ö>Ò�ÎÑÒ9ÍuÔ ×�×�×�×�×�× G�à>G

#�× g 3|Í5Ð¥Ô�Ï�Ò>Ï�Û�ÝðÎÑÖzÔ�Ï�Ö>ÓÚÎ¦Ô�Ø�Ò�Ï�ÛÑÍJÐ�Í5ÎHÏ�Ò>Ù 13 3��]\
J = 1 → 0 ^ ×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× Gvà>G

#�× ^ 3|Í5Ð¥Ô�Ï�ÒiÝðÏ�ã`ß�ñ�ÓUÒ>Ï�ÐÚÍ5�5Õ
Ö>Ó
γ
Õ
é`Ô�Ï�Ö"Ù>Ï�Þ9ÍuÐ���� ��� ×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× G�à"Z

§ × G T�Õ
ÖzÔ�Í5ÿ
Ï�Þ>þ>Õ5ÔÚÕ
ÿ
ÐÚÍ5Þ>þ>ÎHè�Ù�ÏdÒ>Ù�ß�ÎÑÖ>è"Ù>ÎHñ��ÈÏ�Ô�Ø�ÛÑÏ�Ó,ß�Õ
ÞåÏ�Ò>Ï�ÛçÍRÞ>þ>Í5ÓÚÏ6
�
 ×�×�×�×�×�×�×�×�×�× Gvà
^§ × Z �`Ï�Ö>ÓÚÎHé>ÎÑÛHÎHÔ�ØUÒ>Ï��(� ���µÞ>þ9Í5Ó,Ï�
`_a��� ���µÞ�þ9Í5ÓÚÏ�
�
�Ï�Ô(��ârf+�H� ×�×�×�×�×�×�×�×�×�×�×�×�×�× Gvàz\§ × � �(Ù>Ï�ÓÚß*þ�Ø��;ÍuÔ�ÎHè�Ù�Ï�Ò�Ù�%¶Ù�ÔÚÙ>Ð|Ô�Ø�ÛÑÏ�ÓÚß�Õ5Þ4Ï��(� ���µÞ>þ9Í5Ó,Ï6
�
 ×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× Gvà #§ × à ý·þ>Õ5ÔÚÕ
ÿ
Ð�ÍuÞ>þ>ÎÑÏ=Ò>Ï�Ó��;ÎHÐÚÕ
ÎHÐÚÓW�(� ���J
 Ï�Ô��������F
.
 Ï�Ô_Ó,ß*þ>Ø��;ÍÈÒ�Ï�ÛHÏ�Ù>ÐLÍuÓÚÓÚÏ��Ré>ÛÑÍ5ÿ
Ï ×F×�×�× Gvà
§§ × g �`ß*þ>Ø��ªÍ?Ò>Ï�ÛçÍM%¶Ù`Ô�Ù>Ð,Ï�ß�Í	�ÈØ�Ð�Í ×;×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× G�g �§ × ^ �·ÛÑÏ�ß�Ô�Ð,Õ
Ö>ÎHè�Ù�Ï�Ò>Ï�ÛçÍÃÖ>Õ
Ù�ä5Ï�ÛÑÛHÏ�ß�Í	�ÈØ�Ð�Í × ��ß*þ>Ø��;ÍwÒ>Ù�Ó"��Ó,Ô�ñ��;Ï�ÒiÝðØ�ß*þ9Í5ÖzÔÚÎÑÛÑÛHÕ
Ö>Ö9Íuÿ
Ï�Ò�ÙÓÚÎHÿ
Ö9Í5Ûb�`fdT ×ª×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× G�g �§ × \ �@��Ó,ÔÚñ��ÈÏ�Ò>Ï�Ò>Ø�ß�ÛÑÏ�Ö�ß*þ>Ï��ÈÏ�ÖzÔUÒ>ÏM��� ���µÞ�þ9Í5ÓÚÏ6
.
 × ×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× G�g5Z§ ×$# �©Í5Ù`ã?Ò>Ï_Ò>Ø�Ô�Ï�ß�Ô�ÎHÕ
Ö;Ò�Ï_Þ�þ>Õ5Ô�Õ5Ö>Ó(Þ4Õ
Ù�Ð�ÛHÏ�Ó(Ò>Î[I:Ø�ÐÚÏ�ÖzÔÚÏ�Ó(ß�Õ
ÖH79ÿ
Ù>ÐÚÍuÔ�ÎHÕ
Ö>Ó(Ò>Ï��(� ���?Þ>þ9Í5Ó,Ï�
.
 × G�gu�§ × § �`ß*þ>Ø��ªÍ?Ï�ÔLÞ�þ>Õ5Ô�Õ5ÿ
Ð�Í5Þ�þ>ÎÑÏdÒ>Ù�é9Í5Ö�ß�Ò�Ï�ÔÚÏ�Ó¥ÔUÒ�Ï�Ó_Þ>Ù>ß�Ï�Ó ×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× G�gÜà§ × G � �/Ô*Í5ÛHÕ
Ö>Ö9Íuÿ
Ï=Ô�Ï��;ÞåÕ
Ð,Ï�ÛiÒ>Ï�ÓUÞ�Ù>ß�Ï�ÓUÏ�ÔUß�Õ
ÖzÔ�Ð.)
ÛÑÏdÒ>Ï�ÓFä5ÍuÛÑÏ�Ù�ÐÚÓLÒ>Ï�íUÒ ×r×�×�×�×�×�×�×�×�×�×�× G�gu^§ × G
GpSLØ�ÓÚÙ�ÛHÔ*ÍÜÔ�ÓFÒiÝðØ�Ô�Í5ÛÑÕ
Ö�Ö9Í5ÿ
ÏdÒ>Ï�Ó=�Ff_3 Ó_ÎÑÖzÔ�Ï�ÐÚÖ>Ï�Ó ×ì×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× G�g5\§ × G�ZìT�Ï�ÓÚÙ>Ð,Ï�Ó_Ò>Ï�Þ>ÎÑØ�Ò>Ï�Ó¥Ô*Í5Ù`ã�Ò�Ï�ÓLÓ.��Ó,ÔÚñ��ÈÏ�ÓUÒiÝ¨Ø�ß*þ9Í5ÖzÔ�ÎHÛÑÛHÕ
Ö9Í5ÿ
Ï × ×�×�×�×�×�×�×�×�×�×�×�×�×�×�× G�g5\§ × G0�2�/ä
Õ
ÛHÙ�Ô�ÎHÕ
Ö&Ô�Ï��;ÞåÕ
Ð,Ï�ÛÑÛHÏ�Ò>Ï�ÛçÍRß�Õ
Ö>Ó,Õ��
�;ÍuÔÚÎÑÕ
ÖaØ�ÛÑÏ�ß�Ô�Ð,ÎÑè"Ù>ÏdÒ>Ï�ÓUÞ>Ù�ß�Ï�Ó ×R×�×�×�×�×�×�×�×�×�× G�g #§ × Gvà3�/ä
Õ
ÛHÙ�Ô�ÎHÕ
Ö&Ô�Ï��;ÞåÕ
Ð,Ï�ÛÑÛHÏ�Ò>Ï�ÛçÍRß�Õ
Ö>Ó,Õ��
�;ÍuÔÚÎÑÕ
ÖaØ�ÛÑÏ�ß�Ô�Ð,ÎÑè"Ù>ÏdÒ>Ï�Þ>Ù>ß�Ï�Ó_Ò>Ï�ÐÚØ8%¶Ø�ÐÚÏ�Ö>ß�Ï × ×�×�× G�gu§§ × G�gc�/ä
Õ
ÛHÙ�Ô�ÎHÕ
Ö&Ô�Ï��;ÞåÕ
Ð,Ï�ÛÑÛHÏ�Ò>Ï�ÛçÍRß�Õ
Ö>Ó,Õ��
�;ÍuÔÚÎÑÕ
ÖaØ�ÛÑÏ�ß�Ô�Ð,ÎÑè"Ù>ÏdÒ>Ï�Þ>Ù>ß�Ï�Ó_Ï�Ö�ß�Õ
Ù�ÐÚÓLÒ>ÏdÔ�Ï�Ó,Ô ×y× G�gu§§ × G0^ì�=ÎHÓ,Ô�Ð,ÎÑé>Ù`Ô�ÎÑÕ5ÖaÒ>Ï�Ó χ2 Ð,Ø�Ò>Ù�ÎHÔ�ÓLÕ
é`Ô�Ï�Ö"Ù>Ó_ÛÑÕ5ÐÚÓ|Ò>ÙµÔ�Ï�Ó,Ô_Ò>Ï�ÛÑÎHÖ>ØvÍuÐÚÎHÔÚØ�Ò>Ï�ÓU�Ff_3 ÓUÎÑÖzÔ�Ï�ÐÚÖ>Ï�Ó ×_× G0^ �§ × G�\cdUÖtÏ�ã`Ï��ÈÞ>ÛÑÏ�Ò>Ï�Ô�Ï�Ó¥ÔdÒ>Ï�ÛÑÎÑÖ�ØvÍ5Ð,ÎHÔ�ØdÒ�ÏR�Ff_3�Þ4Õ
Ù�Ð=Ù>Ö>Ï�Þ>Ù>ß�ÏRÐÚØ�Í5ÛÑÎHÓÚØ�ÓÚÙ>ÐUÒ>Ï�Ù�ã½Ï��;Þ>ÛÑÍU�ß�Ï��;Ï�ÖzÔ�ÓLÒ>Î�I4Ø�Ð,Ï�ÖzÔ�Ó × ×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× G0^`G§ × G # �/ä
Õ
ÛHÙ�Ô�ÎHÕ
Ö
ÔÚÏ��ÈÞ4Õ5ÐÚÏ�ÛHÛÑÏ?Ò>Ï;Û�Ý¨Í	�;Þ�ÛÑÎHÔÚÙ>Ò>Ï?Ò>Ï;Û�Ý¨Í/T,Ù>Ó,ÔÚÏ��ÈÏ�ÖzÔRÒ�ÏF��ÍuÙ>ÓÚÓ,ÎÑÏ�Ö�Ö>Ï&ÐÚØ�Í5ÛÑÎHÓÚØÈÓÚÙ>ÐÛÑÏ�ÓFÎ0�ÈÞ>Ù>ÛHÓÚÎÑÕ5Ö>Ó ×r×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× G0^
Z§ × G0§ì�=ÎHÓ,Ô�Ð,ÎÑé>Ù`Ô�ÎÑÕ5ÖaÒ>Ï�Ó_ÐÚÏ�Ô*Í5Ð,Ò>ÓLÎÑÖzÔ�Ï�ÐÚÖ>Ï�Ó��ÈÏ�Ó,Ù>ÐÚØ�Ó_Ó,Ù>Ð_Ù>Ö�Ï��;Þ�ÛçÍ5ß�Ï��ÈÏ�ÖzÔ × �UÎÑÓ,ÔÚÐÚÎHé>Ù�Ô�ÎHÕ
ÖaÒ>Ï�ÓØ�ß�Í5Ð,ÔÚÓLÒ>Ï�Ò>Ø�ÛÑÍ5ÎÑÓFÎHÖ"ÔÚÏ�Ð,Ö>Ï�Ó'�ÈÏ�ÓÚÙ�ÐÚØ�ÓLÏ�Ö"ÔÚÐÚÏ�ÛÑÏdÞ>Ð,Ï��ÈÎÑÏ�Ð|Ï�Ô_ÛÑÏdÓ,Ï�ß�Õ
Ö>Ò�ÔÚÏ�Ó¥Ô ×|×�×�×�×�×�×�×�× G0^5^



ò�ó�e ÷>¬ ¾|õ�<ìø�< ��D ö8E ù�­ < �
§ × Z	f2�/ä
Õ
ÛHÙ�Ô�ÎHÕ
Ö&Ô�Ï��;ÞåÕ
Ð,Ï�ÛÑÛHÏ�Ò>Ù�Þ>ÎÑØ�Ò>Ï�Ó¥Ô*Í5Ûb�ÈÏ�Ó,Ù>ÐÚØ�Ó,Ù>ÐLÙ>Ö>Ï�ß�Ï�ÛÑÛÑÙ�ÛÑÏ(7�ã`Ï�Í5ÙµÓÚÏ�ÎÑÖ�Ò>Ï�ÛçÍRÞ>Ù>ß�Ï × G0^5^§ × Z`G,�/ä
Õ
ÛHÙ�Ô�ÎHÕ
ÖRÔ�Ï��;ÞåÕ
Ð,Ï�ÛÑÛHÏ Ò>Ù?ß�Õ`Ï�e;ß�ÎÑÏ�Ö"Ô(Ò�Ï_ÛHÎÑÖ>Ø�Í5ÐÚÎ¦Ô�Ø�Ò>Ï�Ó��Ff_3 Ó�ÎÑÖzÔ�Ï�ÐÚÖ>Ï�Ó�ÞåÕ
Ù>Ð·Ù�Ö>Ï|ä
Õ
ÎHÏ ×�/ä
Õ
ÛHÙ�Ô�ÎHÕ
Ö;ÔÚÏ��ÈÞ4Õ5ÐÚÏ�ÛHÛÑÏLÒ>Ùaß�Õ`Ï�e;ß�ÎÑÏ�Ö"Ô|Ò>Ï�ÛÑÎHÖ>ØvÍuÐÚÎHÔÚØLÒ>Ï�ÓF�Ff_3 ÓFÎHÖ"ÔÚÏ�Ð,Ö>Ï�Ó|Ò�Ï�àRÞ>Ù>ß�Ï�ÓFÒ>ÏÐÚØ8%¶Ø�Ð,Ï�Ö>ß�Ï�Ó ×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�×�× G0^
\§ × Z
Zc�/ä
Õ
ÛHÙ�Ô�ÎHÕ
Ö&Ô�Ï��;ÞåÕ
Ð,Ï�ÛÑÛHÏ�Ò>ÙµÔ*Í5Ù�ãµÒ>Ï�ÓÚØ�ÛÑÏ�ß�Ô�ÎHÕ
ÖµÒ>Ï�ÓLÞ>Ù>ß�Ï�Ó × ×�×�×�×�×�×�×�×�×�×�×�×�×�×�× G0^
\



  ÅiË o Å jÌ�sü ÊhgPinÅiÉ

j G�k�T × � × ârÕ
Ö>ÿ
Í5ÎÑÐ�_��UÎHÿ
þF�·Ö>Ï�Ð,ÿ	�µf=Ó¥Ô�Ð,Õ
Þ>þ���ÓÚÎÑß�Ó�_�Ï�Ò × 3|Í	�Ré>Ð,ÎÑÒ>ÿ
Ï6d_Ö>ÎHä5Ï�Ð,ÓÚÎHÔl�aý(Ð,Ï�Ó,Ó&\1Z	f�f5à ^j ZUk�x × ý©Í5Ù>Ûm_n�·ß�Õ
ÛHÏ�3|íUS(�aÒ>ÏQ�dÕ
Ù�Ô�Ï�ÛçÍ5ÓB~=~=�(
+\1Z	f�f�o ^j o1k�� × ý�Í5Ð,Î0p�ÕuÔ�_�ß�Õ
ÖH%¶Ø�ÐÚÏ�Ö>ß�ÏVq�Ö"ÔÚÏ�Ð,Ö9ÍuÔ�ÎHÕ
Ö9Í5ÛZ�S�H�ÈÞåÕ
ÓÚÎHÙ�� Õ
ÖtfUÓ,Ô�Ð,Õ
Ö>Õ��Q�tÍuÖ>Ò½f=Ó¥Ô�Ð,Õ
Þ>þ���ÓÚÎÑß�ÓdÕ	%/ÔÚþ>Ï
��ã�Ô�Ð,Ï��ÈÏMd_Ö>ÎHä5Ï�Ð,ÓÚÏ	_n��Õ�r��
Õ�_:x
ÍuÞ4Õ
ÖN\1Z	f�fz\ ^j à	k6� × fUÖzÔ�Õ
Ö>ÎrÏ�ÔUÍ5Û × _>f=Ó¥Ô�Ð,Õ
Þ × ý·þ��`Ó × «9ô G-\1Z	f�fzg ^j gUk�x × 3 Ð,Õ
Ö>ÎHÖs_�� ×$t?× ��Í5ÎHÓÚÓÚÏ�Ð�_nuv� × ý × ��îBÕ
ÐÚÒ��	_w�`ß�Î × f(�ÈÏ�Ð × «4ónC à
à�\"x0§
§�y ^j$z k�� × � × �`Ï�Õ?Ï�Ô=ÍuÛ × _�{=Þ�xL|Z} ó�e y z o�\�x0§
§�x ^j yUkQ~ × í=Í5ÿzÍuÖ>Õ?Ï�ÔUÍ5Û × _�x × ý·þ���Ó × ��| ò@e à��	o�\"x0§
§�� ^j # k�� × x × X ÎHÐÚÒaÏ�ÔUÍ5Û × _�{=Þ�xL| ô4«9ô àz§�x
\"xv§
§5à ^¸×j §1k�í × X × {�%�Í5Ö9ÍuÓÚÎÑÏ�ä�Ï�Ô�Í5Û × _ ß�Õ
Ö�%¶Ø�Ð,Ï�Ö>ß�Ï�q�0n���8��0��	������0��_-�:a�U�(�n��.8���@� �������������8�-��-������[?U����0��8��?	�
� ��.8�L���(���	��.8_n
"����� �©Õ	rS�5Õ�_�o��F\"x0§5§ z ^j x5f1k�í × â × ��Ð,ÎÑÿ
Õ
Ð,Õ0äµÏ�ÔdÍuÛ × _åß�Õ
Ö�%¶Ø�ÐÚÏ�Ö�ß�Ï�¡	¢����Fq�0n���8��0��	������0��_- � ��.8�L���6���	� � ��0����8����0��`�8_��UÕ
é9ÍuÐ,Ô�_a|Z£x5y z f�\"x0§�yHx ^j x�x�kQ~ × { × â�ÍvîLÐÚÏ�Ö>ß�Ï1_�� ×¥¤�× � × �LÏ�ÎHÒ�uh{ × { × *wÍuÔÚÓÚÕ
Ös_ ¤�× ý·þ���Ó × � ×w¦ ò�ó y	o	o�\�x0§
§�x ^j x/�Uk6� × § Í	�ªÍ1�;Õ5ÔÚÕ�_�ß�Õ
Ö�%¶Ø�ÐÚÏ�Ö>ß�Ï©¨HªU���,q�0n���8��0��	������0��_- � ��.8�L���F���	� � ��0����8����0��`�-~�Ï�Ð,ÎÑÒ9Í�_�~�Ï�ã`ÎHß�Õ
\m�	f�f�y ^j x5o1kQ~ × dUÖ>ÿ
Ï�Ð�_9ß�Õ
Ö�%¶Ø�Ð,Ï�Ö>ß�Ï-¨HªU���-q�0n�l�8��0��	�m����0��_- � ��.8�L���(���	� � ��0����8����0��`��~�Ï�ÐÚÎÑÒ>Í�_a~�Ï¸ã�ÎHß�ÕG\��	f	f�y ^j xvà	k tJ× �dÐÚÏ�ÎÑÓÚÏ�Ös_9ý·þ���Ó × �_Ï�ä × ârÏ�ÔÚÔ × ò@C yuà # \"x0§ z�z ^j x/«UkQ� × � ×�¬ ÍuÔ�Ó,Ï�Þ>ÎHÖs_�­ × { ×at Ù�p��;ÎHÖs_a�`Õ0ä × ý·þ��`Ó ¤ �R�LýìârÏ�ÔÚÔ × ô y # \�x0§ z�z ^j x z k�â�Í
� Õ
ÛÑÛÑÍ5éåÕ
Ð�ÍuÔÚÎÑÕ
Ö
{'d��6�®��_a��ß�ÎÑÏ�Ö>ß�ÏM} ò@e §�o #j x/yUk�! × �=Í5Û�p�Ï�Ös_>ß�Õ5Ö�%¶Ø�Ð,Ï�Ö>ß�Ï-¨HªU���
q�0n�l�8��0��	�m����0��_- � ��.8�L�������	� � ��0����8�`��0��`��~�Ï�ÐÚÎHÒ9Í�_a~�Ï¸ã`ÎÑß�Õ�\m�	f�f�y ^j x # k�� × !9Ï�Ð.�;Îm_>ý·þ���Ó × �_Ï�ä × ó £Bx�x z §�\"xv§5àz§ ^j x0§1k�� × !9Ï�Ð.�;Îm_�{UÞ ¤ ò�ò@¯ x5!3\�x0§�«uà ^j �	f1k+* × X Í
Í5Ò>Ï�u°! ×a¬ îLÎÑß`r���_åý·ÐÚÕ�ß × í=ÍuÔ × {FßvÍ5Ò × ��ß × «n± ��«5§	Xh\�x0§�o5à ^j �Hx�k6{ × ~tÍ5Ð,ß�Õ0îLÎHÔÚþs_a�·ß�Õ
ÛHÏdÒ>Ï�ý(þ���ÓÚÎHè"Ù>Ï�Ò>Ï�Ó_ý�Í5Ð¥Ô�ÎÑß�Ù>ÛÑÏ�ÓFÒ>ÏQ��Î[%W\��	f�f z ^j ���Uk�� × { × � þ>Ï�ä5ÍuÛÑÎÑÏ�Ð�_�{UÖ>Ö × �LÏ�ä × {=Ó¥Ô�Ð,Õ
Ö × {=Ó¥Ô�Ð,Õ
Þ>þ���Ó × ò £Nx/y�«F\"xv§�y�y ^j �	o1k ¤�×$tJ× �©Ð,Ù>Ï�ÛHÕ0ä
ÏQuv� × ! × ~�ß t Ï�Ï	_n{=Þ ¤ ��� ò�«n± �5§5§�\�x0§
§
§ ^j �uà	k�� × !�� ÎÑÕ	²�_a� × ! × ~�ß t Ï�ÏQu°� × X Ï�Ð¥Ô�Ó,ß*þ>ÎÑÖ>ÿ5Ï�Ð�_a{UÞ ¤ }a} ô ��«	��\�x0§ #�#�^j ��«Uk�� ×³¤�× ­�´
Û�rFu�â × �RÝ¥� × �=Ð,Ù>Ð.�	_4ß�Õ
Ö�%¶Ø�Ð,Ï�Ö>ß�Ï�¡�µ��¶�Jq�0n�l�8��0��	�m����0��_- � ��.8�L���6���	� � ��0����8����0��`�8_aX|Í5Ö@�ÿ
Í5ÛÑÕ
Ð,Ï	_�
 Ö�Ò>ÎçÍ�\"xv§ # o ^j � z k�! × { × {Uþ9Í5ÐÚÕ5Ö>ÎçÍ5Ö�_�­(Ï�Ð.�M�UÎHÿ
þQ�(Ö�Ï�ÐÚÿ1�L� Õ
Ó.�;ÎHß���Í	�V�ªÍ'�_Í5Ò>ÎÑÍuÔ�ÎHÕ
Ös_vÏ�Ò × *
Õ
Ð,ÛÑÒM�`ß�ÎHÏ�ÖzÔ�Î[79ß+\m�	f�f5à ^j ��yUkQ� × X·����é>ÎÑß`r"Î × uh{ × ý × ârÎHÿ
þzÔ��;Í5Ös_��_Í5Ò>ÎÑÍuÔ�Î¦ä
Ï�Þ�ÐÚÕ�ß�Ï�Ó,ÓUÎHÖ�Í5Ó,ÔÚÐÚÕ
Þ>þ���ÓÚÎHß�Ó�_åÏ�Ò × *áÎÑÛHÏ����.ä5ß*þ�\�x0§�y5§ ^x/yu§
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j � # k�� × � × �=Í5Ð¥Ô��;Í5Ös_�{UÞ ¤ ò�« }Gy5§�\�x0§
§
§ ^j �5§1kQ~ × ��ÍväuÍ5Ö>ÎrÏ�Ô=ÍuÛ × _>ß�Õ
ÖH%¶Ø�ÐÚÏ�Ö>ß�Ï>:w¼[½�¼�q�¼[��¼0_n��Ð,ÛçÍ5Ö>Ò�Õ�_nd��@{¾\m�	f�f z ^j o�f1kQ� × �_Î¦Ô�p	_�ß�Õ
Ö�%¶Ø�ÐÚÏ�Ö>ß�ÏB¿s�n��À®���c.8��A�=bÁ�:R¿Â:a�U�(�n��.8���H�L_a�"Ô*Í5Ö�%¶Õ5ÐÚÒN\��	f	f�y ^j o�x�kQ� × ��Ï�ÖzÔ�ÎÑÛHÏ	_uß�Õ
Ö�%¶Ø�ÐÚÏ�Ö>ß�Ï6¢�ªU���&���H���`�n���_0 � ��.8�L�������	�6:a�U�(�n��.8���H�Ã_zârÎHÓÚéåÕ
Ö>Ö>Ï1_
ý©Õ5Ð,Ô�Ù�ÿzÍ5ÛY\m�	f�f z ^j o��Uk�! × �`ß*þ��ÈÎÑÒ�Ô�_ ��Ä ��:Hq`Å(Á°:��n�UÆW�8��q8�V�5?@��.8_þzÔ,Ô�ÞÈÇ]Â
Â�îFîFî × Í5Ó¥Ô × ÛÑÏ�Ï�Ò>Ó × Í5ß × Ù�r�Â ∼ %¶Ó�ÂuÓÚþ�Õ�îBÏ�Ð,Î0�;Í5ÿ
Ï�Ó × þ"Ô��;Ûj o�o1k ¤�× � ×w¤ Í5ß`r"ÓÚÕ5Ös_w� ÛçÍ5Ó,ÓÚÎÑß�Í5Ûb�·ÛÑÏ�ß�ÔÚÐÚÕ�Ò���Ö9Í	�ÈÎÑß�Ó�_>Ï�Ò ×�¤ Õ
þ>ÖJ*áÎÑÛHÏ��aÍuÖ>Ò;��Õ
Ö>Ó_âiÔ�ÒN\"x0§5§ #�^j o5à	k+* × �UÕ1%¶�ªÍ5Ö�Ös_�ÓÚÎHÔÚÏªÎHÖ"ÔÚÏ�Ð,Ö>Ï�Ô�Ò>ÏªÛÑÍG� Õ
ÛHÛçÍ5éåÕ
ÐÚÍuÔ�ÎHÕ
ÖB� × � × � × � × _ZÉ@ÊSÊ�Ë�Ì.ÍSÍUÎSÎ@ÎWÏ�Ð@ËwÑ@Ò	ÉHÓ�Ï�Ð@Ë�Ô�ÏÕÓHÖ�ÍÉH×	Ð�ÍUØ@Ù�ÚSÚHÍ
j o�«UkQ~ × Ò>Ï�í=Í5Ù>Ð,Õ
ÎÑÓ�_�Ô�þ�ñ�ÓÚÏ�Ò>Ï�Û�Ý$dUÖ�ÎHä
Ï�ÐÚÓ,ÎHÔ�Ø�ý©Í5ÐÚÎHÓ�­�
j o z k�! × ~�Ù>Ö�p1_�íUÙ>ß�Û × ý·þ��`Ó × X e4ó à�� z \��	f�f	f ^j o�yUk ¤�× �dÐÚÙ�é4Ï1_9ß�Õ
Ö�%¶Ø�ÐÚÏ�Ö>ß�Ï
¨HªU�¶�Vq�0n�l�8��0��	������0��_- � ��.8�L�������	� � ��0����8����0��`�W~�Ï�Ð,ÎÑÒ9Í�_�~�Ï�ã`ÎÑß�Õ;\m�	f�f�y ^j o # k6{ × X|Í5Ð,Ð�Í5ÙµÏ�ÔUÍ5Û × _>íUÙ>ß�Û × 
 Ö>Ó¥Ô�Ð,Ù�� × ~�Ï�Ô�þ�Õ`Ò>Ó_ý·þ���Ó × �_Ï�Ó × ô�ò@C ��y # \�x0§
§ #�^j o
§1k�! × { × {=þ9Í5Ð,Õ
Ö>ÎÑÍ5ÖFuÛ� × �UÏ�ÎÑÖ�p�Ï�Û0�;Í5Ö>Ö�_>íUÙ�ß�Û × ý·þ���Ó × X Ca±aÜ x0§�o�\"xv§
§ #�^j à�f1k+* × �UÕ	%¶�;Í5Ö>Ö�_�ß�Õ
Ö�%¶Ø�ÐÚÏ�Ö�ß�ÏL¢aÝ����Vq�0n�l�8��0��	�m����0��_- � ��.8�L�������	� � ��0����8�`��0��`�R�=Í	��é>Ù>ÐÚÿ�_��dÏ�Ð.�ªÍ5Ö��\m�	f�f�x ^j à�x�k tJ× X Ï�ÐÚÖ>Û�´
þ>ÐFÏ�Ô=ÍuÛ × _�{=Ó¥Ô�Ð,Õ
Þ9Í5Ð¥Ô × ý·þ��`Ó × «a± x�x�xV\��1f�f�o ^j àS�Uk�� × � Õ
Ð,Ö>ÎÑÛHÓ|Ï�ÔUÍ5Û × _�{UÓ,ÔÚÐÚÕ
Þ9ÍuÐ,Ô × ý(þ���Ó × «n± x/�u§�\m�	f�f�o ^j à�o1kQ� × ��ÎHÛÑÛÑÏ�ÓÚÓ,Ï�Ös_`Ö>Õ5Ô�Ï�ÎHÖ"ÔÚÏ�Ð,Ö>Ï�æ?ÛÑÍV� Õ
ÛÑÛÑÍ5é4Õ5Ð�ÍuÔÚÎÑÕ
Ö
�(� ���N\��	f�f�� ^j à
à	k6{ ×at Õ
þ�Ö>ÛÑÏdÏ�Ô=ÍuÛ × _>Ö>Õ5ÔÚÏdÎÑÖzÔ�Ï�ÐÚÖ>Ï�æJÛçÍV� Õ
ÛHÛçÍ5éåÕ
Ð�ÍÜÔ�ÎÑÕ5ÖÞ�(� ���È\"xv§
§
§ ^j àS«Uk6{ ×at Õ�ß*þGu�{ ×at Õ
þ>Ö>ÛHÏ	_>Ö>ÕuÔ�Ï�ÎÑÖzÔ�Ï�ÐÚÖ>Ï�æJÛçÍV� Õ
ÛHÛçÍ5éåÕ
ÐÚÍuÔ�ÎHÕ
Ö-��� ����\m�	f�f�x ^j à z k ¤�× �dÙ��	_a! × ��Õ
Ù>ÓÚÓ,Ï�Ö>Ï�ÛßuÌý × íUÍ5�@�;Í5Ös_>Ö�Õ5Ô�Ï�ÎÑÖzÔÚÏ�ÐÚÖ�Ï�æJÛÑÍ>� Õ
ÛÑÛÑÍ5é4Õ5Ð�ÍuÔÚÎÑÕ
Ö-�(� ����\m�	f�f�� ^j àSyUk�â × �LÕ
ÛÑÛÑÍ5Ö>Òs_"Ô�þ�ñ�ÓÚÏ�Ò>Ï�Û�Ý$dUÖ�ÎHä
Ï�ÐÚÓ,ÎHÔ�Ø�ý©Í5ÐÚÎHÓ�­�
(\��	f�f�« ^j à # k ¤�× �dÙ��	_>Ô�þ>ñ�ÓÚÏ�Ò>Ï�Û�Ý$dUÖ>Î¦ä
Ï�Ð,ÓÚÎ¦Ô�Ødý©Í5ÐÚÎHÓ'­(
+\m�	f�f�o ^j àz§1k6{ ×6t Õ
Ù�ß*þ>Ö>Ï�Ð�_�ß�Õ
Ö�%¶Ø�ÐÚÏ�Ö>ß�Ï·¨HªU�¶�3q�0n�l�8��0��	�m����0��_- � ��.8�L���N���	� � ��0����8����0��`�;~�Ï�Ð,ÎÑÒ9ÍH_6~�Ï�ã`ÎHß�Õ

\m�	f�f�y ^j «	f1kQ� × !�Ù�Ö�r&Ï�ÔUÍ5Û × _H{=Ó¥Ô�ÐÚÕ5Þ9Í5Ð,Ô × ý·þ���Ó × «�« � # «F\m�	f�f5à ^j «Hx�k�â × �LÕ
ÛÑÛÑÍ5Ö>Òs_�Ö>Õ5ÔÚÏ�ÎÑÖzÔ�Ï�ÐÚÖ>Ï�æJÛçÍV� Õ
ÛHÛçÍ5éåÕ
Ð�ÍÜÔ�ÎÑÕ5Ö-��������\��1f�f�o ^j «��Uk�í × ârÏ�ÐÚÕ5�	_9Ö>Õ5Ô�Ï�ÎHÖ"ÔÚÏ�Ð,Ö>Ï�æ?ÛÑÍ>� Õ
ÛÑÛÑÍ5éåÕ
Ð�ÍuÔÚÎÑÕ
Ö-�(� ���N\��	f�f	o ^j «	o1k�! × { × {=þ9Í5Ð,Õ
Ö>ÎÑÍ5ÖaÏ�ÔUÍ5Û × _�{(u+{=Ó,ÔÚÐÚÕ
Þ�þS��Ó ô £ ó # §
§�\��1f�f z ^j «uà	kQ~ × ý ×wt Ï�Ð,Ô�p��ªÍuÖ>Ö�uv� × � × �`Ï��Ré�ÐÚÕ
Ó.r�Îm_9í�
"~PàF} ô } z �5§F\�x0§
§5à ^j «�«Uk6{ × ~ × �UÎHÛÑÛÑÍ5Ó�_0ß�Õ
Ö�%¶Ø�Ð,Ï�Ö>ß�Ï�¡�á	�¶�6q�0n�l�8��0��	�m����0��_- � ��.8�L���W���	� � ��0����8����0��`��â�Í ¤ Õ
ÛHÛçÍ5Ös_/d(�H{â\�x0§ # « ^j « z kQ� × !�Í5Ð,Ö>ÎÑÏ�Ð�_�ÔÚþ>ñ�Ó,Ï�Ò�Ï�Û1Ý¥d_Ö>ÎHä5Ï�Ð,ÓÚÎHÔÚØ�~�Õ
ÖzÔ�ÞåÏ�ÛHÛÑÎHÏ�Ð��JÏ�Ö�ß�Õ5Ù>ÐÚÓj «�yUkQ~ × Ò>Ï?íUÍ5Ù>ÐÚÕ5ÎÑÓ�_åß�Õ5Ö�%¶Ø�Ð,Ï�Ö>ß�Ï�¿w�UÆ �	�.<�.&�Þã��8�mÆW�U��ä����+Á(���-��.l�n�n�8�å��� � �n�8����0�ä��Uæ&ç&�8�l�`�8���U�c.éèwq.qý©Í5ÛçÍuÎÑÓÚÏ�Í5Ùs_n!9ÐÚÍ5Ö>ß�Ï
\m�	f�f z ^ j Í5Ð"ê�Î¦ä;Ç¨Í5Ó,ÔÚÐÚÕ1�.Þ>þ�Â	f z f�y��uàSy/kj « # kQ~ × â�Ï��;Õ5ÎÑÖ>Ïå�"�dÕ
Ù��;Í5ÐÚÒs_"Ô�þ�ñ�ÓÚÏ�Ò>Ï�Û�Ý$�·ß�Õ
ÛHÏdý©Õ5Û��"Ô�Ï�ß*þ>Ö>ÎÑè"Ù>Ï-\��1f�f z ^j «	ë1k6� × ârÎYu §J× ~tÍ�_n{UÞ ¤-ì ó ì oHx/yF\"x5ë # o ^jíz f1k�! × ý(ÎHÐÚÕ
ÖaÏ�ÔUÍ5Û × _�{�u+{�} ó`ô # ë�«F\m�	f�f�x ^jíz x�k�! × { × {=þ9Í5Ð,Õ
Ö>ÎÑÍ5ÖaÏ�ÔUÍ5Û × _9íUÍuÔ�Ù�ÐÚÏ ô } ì y�«F\��	f	f5à ^
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jíz �Uk�� × X Ï�Ð,ÿ
Ï&Ï�Ô?Í5Û × _�ß�Õ
ÖH%¶Ø�ÐÚÏ�Ö>ß�ÏB¨HªU���Èq�0n���8��0��	������0��_- � ��.8�L���V���	� � ��0����8����0��`�Q~�Ï�ÐÚÎHÒ9Í�_ß~�Ï�ã`ÎHß�Õ\m�	f�f�y ^jíz o1k�! × { × {=þ9Í5Ð,Õ
Ö>ÎÑÍ5ÖaÏ�ÔUÍ5Û × _�{UÞ ¤ CaCrò �1o z \��	f�f�y ^jíz à	k�! × { × {=þ9Í5Ð,Õ
Ö>ÎÑÍ5ÖaÏ�ÔUÍ5Û × _�{(u+{ ô�C>ô �1o�«F\��	f�f�y ^jíz «Uk�! × { × {=þ9Í5Ð,Õ
Ö>ÎÑÍ5ÖaÏ�ÔUÍ5Û × _�{(u+{ ôåôw¯ �	�	o�\��	f�f z ^jíz�z k�â × �RÝ³� × �=Ð,Ù>Ð.�	_�! × { × {=þ>Í5ÐÚÕ
Ö�ÎçÍ5Ö�u°� ×³¤�× ­(´
Û0ra_�{(u+{ ì e4ó ë�«	ë�\"x5ë�ëuà ^jíz yUk�! × { × {=þ9Í5Ð,Õ
Ö>ÎÑÍ5Ös_>â × �RÝ³� × �=Ð,Ù>Ð.��uh� ×¥¤�× ­�´
Û�ra_�{�u+{ ì e £ z àS«F\"x�ë�ë5à ^jíz # k�� ×³¤�× ­(´
Û0ra_a� × � × ~�Õ
Ð.79ÛHÛbuv~ × { × !�Õ5Ð��;Í5Ös_�{UÞ ¤-ì ôw¯ x z x-\�x5ë # x ^jíz ë1k�� × * × *áÎÑÛÑÓ,Õ
Ös_ t?× X ×�¤ Ï8I:Ï�Ð,Ô�Ó�uh{ × { × ý©Ï�Ö�p�ÎÑÍ5Ó�_n{UÞ ¤ ò@Crò ârà�o�\"x5ë�y	f ^j y	f1k6{ × { × ý©Ï�Ö�p�ÎÑÍ5Ó�_ tJ× X ×a¤ Ï�I4Ï�Ð¥Ô�Ó�u°� × * × *áÎHÛÑÓÚÕ5Ös_�{UÞ ¤ ò@C £;���	ë�\�x5ë�yHx ^j yHx�k�� × ý × � ÛHÏ��ÈÏ�Ö>Ó�_n{=Þ ¤Vì ¯ £�àS������\"x�ë # « ^j y��Uk�! × �(ÎHÓÚÏ�Ö>þ9Í5Ù>Ï�ÐLÏ�ÔUÍ5Û × _�{UÞ ¤ C ì e �uà z \m�	f�f�« ^j y	o1k�ý × ~ × ��Õ
ÛÑÕ��ÈÕ
Ös_@{ × � × �_Î¦ä
Õ
ÛHÕ�_ ¤�× X Í5ÐÚÏ�ÔÚÔ�uh{ ×�§ Í5þ>ÎÑÛm_�{UÞ ¤ } ò@¯ y	o	f�\�x5ë # y ^j yuà	k ¤�× X Í5ÛÑÛ[��_�{ × ��Ô*ÍuÐ�ra_a� × * × *áÎHÛÑÓÚÕ5Ö�u°� × �UÏ�Ö�r5Ï�Û�_n{=Þ ¤ } ì ô ���	o�\"x�ë #�#�^j y�«Uk ¤�× â × �UÕ
Ù�_�í × ý·Ð�ÍuÖ"Ô�p�Õ
Ó�uv� × X Õ
ÎÑÓ,ÓÚÎHÏ�Ð�_�{�u+{h} C ì ë�x/�F\��	f	f�f ^j y z k6{ × * × �"Ô�ÐÚÕ5Ö>ÿ;Ï�Ô_Í5Û × _�{(u6{ ô ìaìnð àSy�«F\��1f�f5à ^j y�yUk6� × ~ × ��Í	�ÈÏ	_�� × �=Í5Ð¥Ô��;Í5Ö>Ö�usý × �Fþ9Í5Ò>Ò�Ï�Ù>Ó�_w{UÞ ¤ £ ôió y	ë��	�ñ\��	f�fHx ^j y # kQ~ × �(ÛHÎHÔ�p�Ù>Ð�_�{=Þ ¤
ì ± }Bx/�uà�\"x�ë�y z ^j y	ë1k�ý × ârÕ`ß`ruÏ�ÔÚÔ�_�� × ��Í5Ù�ÔÚþ>ÎÑÏ�Ð�uÛ~ × �·ÛHÎ0p�Ù�Ð�_�{UÞ ¤ £ ò�ò �	o�«J\"x5ë�ë	ë ^j # f1k�� × { × !9ÐÚÍ5ÎÑÛ4Ï�Ô_Í5Û × _�{ ¤ ò�ò�ò x z «Hx5!3\"x�ë�ë z ^j # x�k6{ ×³¤�× �dÐÚÏ�Ï�Ö�Ï�ÔUÍ5Û × _H{ ¤ ò�òzô �	f�« # �¾\�x5ë�ë�y ^j # �UkQ~ ×³¤�× � ÛçÍuÙ>ÓÚÓ,Ï�Ö�Ï�ÔUÍ5Û × _�{UÞ ¤ ôwea¯ xvà�o�\�x5ë�ë�y ^j # o1k�X ×at Õ
ÐÚÍ5ÛÑÏ�Ó�r��aÏ�ÔUÍ5Û × _H{ ¤ òåò@C x�o��	oF\"x�ë�ë #�^j # à	k�! ×�§ Ù>ÓÚÏ8%ò� ¬ Í5Ò>Ï�þµÏ�ÔUÍ5Û × _�{UÞ ¤ £ ì ó x/y	��\�x5ë�ë�ë ^j # «UkQ� × {UÛÑß�Õ`ß`rJuh� × � × �_Õ
Ó,Ó�_n{UÞ ¤-ì ¯n± à�o	o�\�x5ë # « ^j # z k�� × { × !9ÐÚÍ5ÎÑÛ�uv� × ! × ~�ÎHÔÚß*þ>Ï�ÛHÛ�_�{UÞ ¤ £ ±�e z ë	fF\"x5ë�ë #�^j # yUkQ� ×¥¤�× � Ï�ÓÚÍ5ÐÚÓ.rS��u°� ×¥¤�× ­�´
Û�r�_�{�u+{ ó�± o z yF\"x�ë�y #�^j #�# k�! × { × {=þ9Í5Ð,Õ
Ö>ÎÑÍ5ÖaÏ�ÔUÍ5Û × _�{(u+{ ô�Ca¯ âRx
\��1f�f�y ^j # ë1k�! × { × {=þ9Í5Ð,Õ
Ö>ÎÑÍ5ÖaÏ�ÔUÍ5Û × _�{(u+{ ô©ò�ó ë�y	o�\��	f�fuà ^j ë�f1k�� × � × ��Ívä�ÎÑÏ�Ó_Ï�ÔUÍ5Û × _H{�u+{+��} ò ��y@x-\�x5ë�y #�^j ë�x�k�� × � × ��Ívä�ÎÑÏ�Ó�_a�Fþ>ÏQ�dé�ÓÚÏ�Ð¥äuÍuÔ�Õ
Ð"� e }Èx/y��1o�\�x5ë z o ^j ë��Uk6� × { × ârÕ�p�ÎÑÖ>Ó.ruÍ��
Í�_��`Õ0ä�ÎÑÏ�Ô'{UÓ,ÔÚÐÚÕ
Ö>Õ	�M� ò £�ë�x�f�\�x5ë�y�� ^j ë�o1k�í × ��Ò>Ï�ÿzÍuÐÚÒs_n{UÞ ¤ } ±�ò # x�o�\�x5ë # z ^j ë5à	k�� × �UÏ�Ö>ÓÚéåÏ�Ð,ÿ
Ï	_ tJ× ý�Ívä�ÛÑÕ0ä�Ó�r"Îóu�* ­(Ï�ÐÚÓ,ß*þ"Ù>Ï�Ð,Ï�Ös_�{�u+{h}a£ e «�«	o�\��1f�f�f ^j ë�«Uk�X ×ô§R× *wÏ�ÛÑÓÚþ�_a� × ~ × �S%¶Ï�ÎÑÐ�_n� × �`Í5ÛÑÛ��;Ï�ÖFu°� × â�Í5ÛÑÛHÏ��ÈÏ�ÖzÔ�_H{�u+{h} ó ì «Hx z \��	f	f�x ^j ë z k�� × { × ârÏ�Í5þ���_�� × íUÍ5Ð�Í5Ö>Í5Ö�u tJ× ý × �`ÎÑÖ�ÿ
þs_a~tí���{�� ìaì ± «	fHx-\�x5ë # z ^j ë�yUk6� × � ×�¤ Í1I:Ï1_a� × X þ9ÍÜÔÚÔ*Íuß*þ9Í5Ð.�
Í�_a� × � × �=Î¦ã`Õ
Ö�u°{ × � ×�¬ �`ß*þ�_�{UÞ ¤ ôwe>ô x5�	ë�\"x5ë�ë�y ^j ë # k�! × { × {=þ9Í5Ð,Õ
Ö>ÎÑÍ5ÖaÏ�ÔUÍ5Û × _�{(u+{ ô } ¯ x�f�x5oF\��1f�f�« ^j ë�ë1k�! × { × {=þ9Í5Ð,Õ
Ö>ÎÑÍ5Ös_�{ × ~ × {|ÔÚÕ5�zÍ5Ö�u°� ×at Î�%¶Ù>Ö�Ï	_a~tí���{�� ì ¯rò x z yF\"x5ë�ë�y ^
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j x5f�f1k�� ×¥¤�× �dÛHÎHä5Ï�Ð�_n~ × � × * × ~tÍ5ÓÚþ�Ï�Ò>Ï�Ð(uÌý × �Fþ9Í5Ò�Ò>Ï�Ù>Ó�_a{�u+{h} ò £;«	y # \"x5ë	ë z ^j x5f�x�k�! × { × {=þ9Í5Ð,Õ
Ö>ÎÑÍ5ÖFu°{ × ~ × {|ÔÚÕ/�
Í5Ös_a{�u+{�} ±�¯ ë�x/yJ\�x5ë�ë z ^j x5f��Uk�! × { × {=þ9Í5Ð,Õ
Ö>ÎÑÍ5ÖaÏ�ÔUÍ5Û × _�{(u+{ ô ì £tâRx5o�\m�	f�f5à ^j x5f�o1kQ� × ­�Í5ÖL�·ÛHÒ>Î0rdÏ�Ô/Í5Û × _�ß�Õ
Ö�%¶Ø�Ð,Ï�Ö>ß�Ï+¨HªU���6q�0n���8��0��	������0��_- � ��.8�L��� ���	� � ��0����8����0��`�Z~�Ï�ÐÚÎHÒ9Í�_1~�Ï�ã`ÎHß�Õ\m�	f�f�y ^j x5f5à	k�! × { × {=þ9Í5Ð,Õ
Ö>ÎÑÍ5ÖaÏ�ÔUÍ5Û × _�{(u+{ ô } ì âZ��«F\m�	f�f�« ^j x5f�«Uk�! × { × {=þ9Í5Ð,Õ
Ö>ÎÑÍ5ÖaÏ�ÔUÍ5Û × _9íUÍuÔ�Ù�ÐÚÏ ô } ¯ z ë�«F\��1f�f z ^j x5f z k�! × { × {=þ9Í5Ð,Õ
Ö>ÎÑÍ5ÖaÏ�ÔUÍ5Û × _�{UÞ ¤ C } C y	y�yF\��	f�f z ^j x5f�yUk6{ ×³¤�× �dÐÚÏ�Ï�Ös_�â × � × � Ð�Í	��_a~ × 
 × â�Í5ÐÚÿ
Ï�u §J× �©Í5ÎÑÓ,þ>Ï�Ö>ÿ�_�{=Þ ¤ ��� ò ìaì �	f�yF\�x5ë�ë�ë ^j x5f # k�! × { × {=þ9Í5Ð,Õ
Ö>ÎÑÍ5ÖaÏ�ÔUÍ5Û × _9Íuß�ß�Ï�Þ�Ô�Ø�Þ9ÍuÐ�{(u+{ñ\��	f�f #�^ _9ÍuÐ.ê�Î¦ä;Ç$f # f�o × � # à
àj x5f�ë1k�� × í × �UÕ5é>é>Ó�_�� × X × �©Ï�Õ
þ�uv~ × �_Õ
é>é>Ó�_n{ ¤ ò ì ¯ x5ë	ë�oF\��	f	f�« ^j x�x5f1k�� × �=Õ0îLÖ>Ï�Ó�_�* × ~ × �dÕ
ÓÚÓ�_ad ×¥¤�× �`ß*þzî|Í5Ð.p&u ¤�× � × { × *
Õ
Ù�Ô�Ï�ÐÚÛHÕ`Õ5Ô�_�{�u+{��w_a}a£Nx
\"x5ë�y	ë ^j x�x�x�k tJ× 
 × dUß*þ>ÎHÒ9Í�_�~ × ~�Õ
ÐÚÐ,Îbuv! ×H§ Ù�ÓÚÏ�%ò� ¬ Í5Ò>Ï�þs_n{ ¤ òS±�ô x/«	o�o�\"x�ë�ë�� ^j x�x/�Uk6{ × X|Í	�Ré>Í�_ ¤L§ Õ	r5Õ
ÿzÍvî Í�_�~ × ��Í1ruÍuÖ>ÕVu tJ×at Õ5�zÍ1�ªÍ�_>ýw{+� ¤ £ ì ��«	ë�\m�	f�f�f ^j x�x5o1k tJ× 
 × dUß*þ>ÎHÒ9Í�_9Ï�Ô_Í5Û × _�{=Þ ¤ } ¯ae x/� # \�x5ë�ë�� ^j x�xvà	k�! ×�§ Ù>ÓÚÏ8%ò� ¬ Í5Ò>Ï�þB_ t?× 
 × dUß*þ�ÎÑÒ9Í>uv� × �LÕ
éåÏ�Ð¥Ô�Ó�_n�`ß�ÎHÏ�Ö>ß�Ï ì ó�± x # f�x
\"x5ë�ë�« ^j x�x/«UkQ~ × X ÎHÔÚÐ�Í5ÖµÏ�ÔUÍ5Û × _H{�u+{+� ò ì £�ë�ë�\"x5ë	ë�y ^j x�x z k6� × ~ × ��Í	�ÈÏ	_�� × �=Í5Ð¥Ô��;Í5Ö>Ö�usý × �Fþ9Í5Ò>Ò�Ï�Ù>Ó�_w{UÞ ¤ £ ôió y	ë���\m�	f�f�x ^j x�x/yUk�X × �_Õ
é�ÎÑÖ>Ó,Õ
Ös_n! ×@§ Ù>ÓÚÏ8%ò� ¬ Í5Ò>Ï�þGu°� × �_Õ5é4Ï�Ð,Ô�Ó�_�{�u+{�� ò@eae yuà�f # \"x5ë�ë z ^j x�x # k�! × { × {=þ9Í5Ð,Õ
Ö>ÎÑÍ5ÖaÏ�ÔUÍ5Û × _>Ó,Õ
Ù��ÈÎÑÓFæ>{�u+{ñ\m�	f�f #�^ _9Í5Ð"ê�ÎHäGÇ¥f # f�o × f�y	f��j x�x5ë1k�� × ~ × �_Ï8��Ö>Õ
ÓÚÕ
u ¤�× � × ~tÍ5Ö>ÿ
Ù���_�{UÞ ¤ £ ô £ # yuà�\��	f�f	f ^j x/�	f1k�í × � ×�t Í5ÓÚÓ,Î0��_³� × { × X|Í5Ù��öu tJ× * × *wÏ�ÎÑÛÑÏ�Ð�{=Þ ¤ } ó�ô �Hx/�F\"x�ë�ë�x ^j x/�Hx�k�� ×¥tJ× ~�ÎHÛÑÖ>ÏdÏ�Ô=ÍuÛ × _n~tí���{�� ò@eae à�o�yF\�x5ë�y	ë ^j x/���Uk ¤�× â × �|Í5Ó,îBÏ�ÛHÛ�Ï�Ô_Í5Û × _�{(u+{ ô £G�	o�ë�\"x5ë�y�« ^j x/�	o1k�� × � × � ÛÑÍ5Ð�ra_n! × � × ��ÔÚÏ�Þ>þ>Ï�Ö>ÓÚÕ5Ös_a�Fþ>ÏM�_ÎÑÓ¥Ô�Õ
Ð,ÎÑßvÍuÛb�`Ù>ÞåÏ�Ð,Ö>Õ0äuÍ5Ï	_�Ï�Ò × ý©Ï�Ð,ÿzÍ	�ÈÕ
ÖN\"x5ë�y�y ^j x/�uà	kQ� × â × X ÐÚÕ5ÿzÍ5Ös_a� × { × !9ÐÚÍ5ÎÑÛm_@* × ~ × �dÕ
ÓÚÓ�_n� × � × �©Ð,Õ
ÛçÍ5Ö�Òs_�{=Þ ¤ £a} ó # y�«F\m�	f�f�f ^j x/��«Uk ¤�× �Lþ>Õ�_�� × ý�Ï�Ô�Ð,Ï	_a{=Þ ¤ £ ± }tâRx z yF\"x�ë�ë #�^j x/� z k�! ×�§ Ù>ÓÚÏ8%ò� ¬ Í5Ò>Ï�þs_�~ × *wÍ5ÐÚÒ�ÛÑÏ	_ ¤�× �_þ�Õ
uv~ × ��Í	rÜÍ5Ö>Õ�_�{=Þ ¤ £ e £�o�x5ëF\��1f�f�o ^j x/��yUk�X × � × �=ÐÚÍ5ÎÑÖ>Ï6u°� × ! × ~�ß t Ï�Ï1_a{=Ö>Ö"Ù × �LÏ�ä × {=Ó¥Ô�ÐÚÕ5Ö × {=Ó¥Ô�ÐÚÕ5Þ>þ��`Ó × } ò o�y	o�\"x�ë�ë�o ^j x/� # kQ~ × *�Í5Ð,Ò>ÛÑÏ1_�{=Þ ¤ £ ì £tâRx5f�x
\"x5ë	ë�ë ^j x/�	ë1k�â × X Ð,Õ
Ö�%¶�;Í5Ös_H{=Þ ¤ � óiò à # x
\"x�ë # ë ^j x5o�f1k §R× ~ × XBÙ�ÔÚÔLÏ�Ô=ÍuÛ × _�{=Þ ¤ £ C ì âRx z yF\��	f	f�x ^j x5o�x�k�! × {=þ9Í5Ð,Õ
Ö>ÎÑÍ5ÖaÏ�ÔUÍ5Û × _`ÓÚÕ
Ù��ÈÎÑÓLæL{(u6{÷\m�	f�f #�^ _9Í5Ð"ê�ÎHä�Ç$f # f�o × f z # �j x5o��Uk�! × {=þ9Í5Ð,Õ
Ö>ÎÑÍ5ÖaÏ�ÔUÍ5Û × _H{�u+{ ô�C>ô �1o�«J\��	f	f�y ^j x5o�o1k ¤�× X ×¥¬�× *áþ>ÎHÔÚÏ�ÕzÍ1r�_�{ ×¥¤�× ��Ð,Ï�Ï�Ö�_n{�u+{+��� ò�ò@e ���	ëF\�x5ë�ë z ^j x5o5à	k�! × { × {=þ9Í5Ð,Õ
Ö>ÎÑÍ5Ös_�{ × ~ × {|ÔÚÕ5�zÍ5Ös_n� ×$t Î�%¶Ù>Ö�Ï	_�~tí���{�� ì ¯rò x z y�\�x5ë�ë�y ^j x5o�«Uk §R× { × ��ÍuÛÑÛçÍuÖ"Ô�_�{�����} ±�¯ x�ë�yF\��	f�f�y ^j x5o z k6{ × ý©Õ
Ó,ÓÚÏ�Ö"ÔÚÎ�_�� × � Ï�Ð,ÐÚÙ�ÔÚÎ�_�~ × � Õ
ÛHÞ>Î�_�� × ~�Ï�ÐÚÏ�ÿ5þ>Ï�Ô,Ô�Î�_�{�u+{h} e4ó ë	ë�oF\��	f	f�� ^j x5o�yUk�! × { × {=þ9Í5Ð,Õ
Ö>ÎÑÍ5ÖaÏ�ÔUÍ5Û × _�{(u+{M_9Í5ß�ß�Ï�Þ�Ô�Ø�Þ4Õ5Ù>ÐFÞ>Ù>é>ÛHÎÑß�ÍuÔ�ÎHÕ
ÖÈ\��	f	f #�^
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j x5o # k ¤�× {UÛÑéåÏ�Ð¥ÔLÏ�ÔUÍ5Û × _�{UÞ ¤ CaC>ô ð2# y1{ñ\m�	f�f�y ^j x5o�ë1k�� × { × �dÐÚÏ�Ï�Ös_�É@ÊSÊ�Ë�Ì�ÍSÍUÎSÎSÎ�Ï�Ð�øHùHúRÏ�û	ùUÐ�Ï"ù�ûßÏmü@ýaÍ@þ5ü�øSÿ�Ö��aþSÍ@þ���øaþ�Íj xvà�f1kQ� × �_Õ
Þ>ÞåÏ=ÞåÕ
Ù>Ð ÛÑÍM� Õ5ÛÑÛçÍué4Õ
ÐÚÍuÔ�ÎHÕ
ÖV�(� ���w_�ß�Õ5Ö�%¶Ø�Ð,Ï�Ö>ß�ÏL¨HªU�¶�>q�0n�l�8��0��	�m����0��_- � ��.8�L���'���	� � ��0����������0��`��~�Ï�Ð,ÎÑÒ9ÍH_�~�Ï�ã`ÎÑß�Õ�\��	f�f�y ^j xvà�x�k ¤�× ~ ×w¤ Í5ß`r"ÓÚÕ5Ö�Ï�Ô=ÍuÛ × _�{=Þ ¤ ��� ò@C }NxvàS«J\m�	f�f z ^j xvàS�Uk6{ × í × �=ÔÚÔÚÏ�Ï�Ô�ÍuÛ × _åß�Õ
Ö�%¶Ø�ÐÚÏ�Ö�ß�Ï�¨HªU�¶�Jq�0n�l�8��0��	�m����0��_- � ��.8�L�������	� � ��0����8����0��`��~�Ï�ÐÚÎHÒ9Í�_�~�Ï�ã`ÎHß�Õ\m�	f�f�y ^j xvà�o1kQ~ × ý·Ù>Ö�ß*þN%¶Õ
Ð�ÔÚþ>Ï-��� ��� ß�Õ
ÛÑÛÑÍ5éåÕ
Ð�ÍuÔÚÎÑÕ
Ö�_4ß�Õ
Ö�%¶Ø�Ð,Ï�Ö>ß�Ï©¿��UÆ �	�.<G��9é�����U� � �8�`��0�ä��UæN¿w��-0��.5�`�`�n�8_ý©Í5ÛçÍuÎÑÓÚÏ�Í5ÙN\��	f	f�« ^j xvà
à	k�� × � Õ
ÐÚÖ>ÎHÛÑÓ(Ï�Ô Í5Û × %¶Õ
Ð�ÔÚþ>Ï�� × � × � × � × ß�Õ
ÛÑÛÑÍ5éåÕ
Ð�ÍuÔÚÎÑÕ
ÖJß�Õ
Ö�%¶Ø�ÐÚÏ�Ö�ß�Ï&¢@á	���&q�0n�l�8��0��	������0��_- � ��.8�L���'���	�� ��0����8����0��`�8_�ý(Ù�Ö>Ï	_w£Nx/y@xV\��	f�f�« ^j xvàS«Uk�ý × ­�ÎHÖ>ß�Ï�Ö"Ô�_9ß�Õ
ÖH%¶Ø�ÐÚÏ�Ö>ß�ÏV¢@á	���-q�0n�l�8��0��	������0��_- � ��.8�L�������	� � ��0����8����0��`�8_>ý·Ù>Ö>Ï1_w£Èx z o�\m�	f�f�« ^j xvà z k�ý × ­�ÎÑÖ�ß�Ï�ÖzÔUÏ�ÔUÍ5Û × _9ß�Õ
Ö�%¶Ø�Ð,Ï�Ö>ß�Ï-¢/0�<Lq�0n���8��0��	������0��_-�:a�1�(�n��.8���@� ��0G�(�[?U�J�Q0��8�m?	�GA'�	�L�V�V���	�

Án.8���`��0��U�L�U_a�UÏ�ÎÑÒ>Ï�ÛÑéåÏ�Ð,ÿ�_�{�ý ��� Õ
Ö�% × ý·ÐÚÕ�ß × yuàS«F\��	f	f5à ^j xvàSyUk6{ × !�ÎçÍuÓÚÓÚÕ5Ö�Ï�ÔUÍ5Û × _>í_Õ5Ô�Ï�ÎÑÖzÔÚÏ�ÐÚÖ�Ï�Ò�ÏQ� × � × � × � × \��	f�f�y ^�×j xvà # k�� × �=Ï�ÛçÍ5ÿ5Ö>Ï�ÓLÏ�ÔUÍ5Û × _�ß�Õ
Ö�%¶Ø�ÐÚÏ�Ö>ß�ÏMq`�®�®�2ã��n��-0���	�+:s�8����0��`�+:a�U�(�n��.8���H�L_a�`Í5Ö��=ÎÑÏ�ÿ
Õ�\��	f�f z ^
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¤ Ï?ÓÚÕ
Ù�þ9Í5ÎHÔÚÏ�ÐÚÍ5ÎÑÓUÐÚÏ��ÈÏ�Ð,ß�ÎHÏ�ÐdÏ�Ö Þ>Ð,Ï��ÈÎÑÏ�Ð�ÛÑÎHÏ�Ù;{UÛçÍ5ÎHÖé!�Í5ÛHäuÍ5Ð,Òs_:Ò>ÎHÐÚÏ�ß�Ô�Ï�Ù>ÐdÒ>ÙÃâ�Í5éåÕ
Ð�ÍuÔÚÕ
ÎÑÐ,Ï�Ò>Ï?ý·þ����Ó,ÎÑè"Ù>ÏF�Fþ>Ø�Õ5ÐÚÎÑè"Ù>ÏµÏ�Ô
{UÓ,ÔÚÐÚÕ
Þ9ÍuÐ,Ô�ÎHß�Ù>ÛHÏ�Ó�_/Þ4Õ5Ù>Ð>��Ý¨Ívä
Õ
ÎHÐJÍ5ß�ß�Ù>Ï�ÎHÛÑÛHÎ|Í5ÙpÓÚÏ�ÎÑÖcÒ>ÙcÛçÍ5éåÕ
Ð�ÍÜÔ�Õ
ÎHÐÚÏªÒ�Ù>Ð�Í5ÖzÔÈß�Ï�ÓÔÚÐÚÕ
ÎHÓLÍ5Ö>Ö>Ø�Ï�Ó_Ò>ÏdÔ�þ>ñ�ÓÚÏ ×
~�Ï�ÐÚß�Î�Ø�ÿzÍ5ÛHÏ��ÈÏ�ÖzÔ�æ�!�Í5é>ÐÚÎHß�Ï�!9Ï�ÎÑÖ�Ó,Ô�Ï�ÎÑÖs_�ÞåÕ
Ù>Ð�Í0ä5Õ
ÎÑÐ©Í5ß�ß�Ï�Þ`Ô�ØFÒiÝ���ÔÚÐÚÏW�ÈÕ
ÖRÒ�ÎÑÐÚÏ�ß�ÔÚÏ�Ù>Ð©Ò>ÏBÔÚþ>ñ�Ó,Ï × ~�Ï�ÐÚß�ÎÞåÕ
Ù>ÐUÛçÍ;ß�Õ
Ö�7�ÍuÖ>ß�ÏJÒ>Õ5Ö"ÔUÔ�Ùé��Ý[ÍuÓ�%�Í5Î¦Ô=Þ>Ð,Ï�Ù�ä5ÏJÏ�ÔUÔ�Ï�Ó=ß�Õ
Ö>Ó,Ï�ÎHÛÑÓ=Ø�ß�ÛÑÍ5ÎÑÐ,Ø�Ó × ârÏ�Ó�ß*þ�Õ
Î¦ã�Ò>ÏRÒ�ÎÑÐÚÏ�ß�ÔÚÎÑÕ
Ö>ÓUè"Ù>ÏÔÚÙJ��Ý¨Í5Ó�ÓÚÙ>ÿ
ÿ5Ø�ÐÚØ�ÓFÒ>Ù>ÐÚÍ5ÖzÔFß�Ï�Ó Ô�Ð,Õ
ÎÑÓ Í5Ö>Ö>Ø�Ï�Ó|Õ
ÖzÔ��ÈÕ
ÖzÔ�Ð,ØUÔÚÕ
Ù�Ô�ÏUÛÑÏ�Ù>Ð ÞåÏ�Ð¥Ô�ÎÑÖ�Ï�Ö>ß�Ï�Ï�ÔFÕ5Ö"Ô ß�Õ
ÖzÔÚÐÚÎÑé�Ù>Ødæ�ÛÑÍÐ,Ø�Ù>Ó,ÓÚÎHÔÚÏ�Ò>Ï�ß�Ï�Ô,Ô�Ï�Ô�þ>ñ�ÓÚÏ × ~�Ï�ÐÚß�Î�Í5Ù>Ó,ÓÚÎ�Þ4Õ5Ù>ÐFÛçÍRÐ,Ï�ÛÑÏ�ß�ÔÚÙ>ÐÚÏ�ÍuÔ,Ô�Ï�ÖzÔÚÎHä
Ï�Ò>Ù��;Í5Ö"Ù>ÓÚß�ÐÚÎHÔ ×
dUÖ;ÿ
Ð�ÍuÖ>Ò
�ÈÏ�Ð,ß�Î�æQ�@��ÛHä�ÎÑÏ'�LÕ
Ó,ÎÑÏ�Ð��YârÏ�Ï�Ó(Ï�Ô ¤ Í5ß�è"Ù>Ï�Ó��=Ù��;Í5Ð,ß*þ>Ï�p_Þ4Õ5Ù>Ð�Í0ä5Õ
ÎÑÐ(Íuß�ß�Ï�Þ�Ô�ØUÒ>ÏLÐ�Í5Þ�Þ4Õ
Ð¥Ô�Ï�Ðß�Ï�ÔÚÔÚÏ·Ô�þ>ñ�ÓÚÏ ×U¤ Ï·Ð,Ï��ÈÏ�Ð,ß�ÎÑÏ�Ø�ÿzÍ5ÛHÏ��ÈÏ�ÖzÔó��Ô�Í0ä�Ð,Õ
Ó t ÍuÔ�ÓÚÍ5Ö>Ï�äuÍ5ÓrÒ:Ý[Ívä
Õ5ÎÑÐ�Í5ß�ß�Ï�Þ`Ô�Ø(Ò>Ï·Þ>Ð,Ø�ÓÚÎHÒ>Ï�Ðb�ÈÕ
Ö�T,Ù>Ð"��_ ¤ Ï�Í5ÖX|ÍuÛÑÛÑÏ�Ô Ï�Ô_ý�Í5Ó,ßvÍ5Ûw­�ÎÑÖ�ß�Ï�ÖzÔFÞåÕ
Ù>Ð ÛÑÏ�Ù�Ð Þ9Í5Ð¥Ô�ÎHß�ÎÑÞ>ÍuÔ�ÎHÕ
ÖªÍuÙQT,Ù>Ð.�ªÏ�ÔFÛHÏ�Ù>ÐBÛÑÏ�ß�Ô�Ù>Ð,Ï�ÍuÔÚÔÚÏ�ÖzÔ�Î¦ä
Ï�Ò�ÙJ�ªÍ5Ö"Ù>Ó,ß�Ð,ÎHÔ ×
¤ Ï;ÔÚÎÑÏ�Ö>Ó�æµÐÚÏ��;Ï�ÐÚß�ÎÑÏ�Ð�ÛHÏ�Ó��;Ï��Ré>ÐÚÏ�Ó�Ò�Ùwÿ
Ð,Õ
Ù>ÞåÏ-�������
Ò>Ù�â�ýR�Z{M_ó~�ÎÑß*þ�ñ�ÛÑÏ
X Õ
Ù�ÐÚÿ
Ï�ÍuÔ�_ó~tÍuÔÚþ>ÎÑÏ�Ù� Õ��ÈÞ>ÎHÖs_�� þ>ÐÚÎHÓ,Ô�ÎÑÍ5Ö�!åÍuÐÚÖ>ÎHÏ�Ð�_®{Uÿ
Ö>ÎÑÏ�Ó�p�ruÍ ¤ Í5ß*þ>Õ
Û�r5Õ0îLÓ�rÜÍ�_ íUÙ�r"ÐÚÎ t Õ	�;ÎHÖs_®�R�
�;Í5Ö"Ù>Ï�Û(~�Õ
Ù�ÛÑÎÑÖ�_ ��Ô�Øå�Þ>þ>Í5Ö>ÏJ�LÎHä5Õ
ÎÑÐ,Ï	_ó��Ï�Õ
ÐÚÿ5Ï�ÓQ­�ÍuÓÚÎÑÛHÏ�ÎÑÍ5Ò>ÎÑÓdÞåÕ
Ù>Ð�ÛÑÏ�Ù>ÐÚÓ�ÐÚÏ��;Í5Ð,è�Ù�Ï�Ó�Ï�ÔJß�Õ5Ö>ÓÚÏ�ÎÑÛÑÓ ×�¤ ÏÈä
Õ
Ù�Ò>Ð�Í5ÎHÓRÍ5Ò�ÐÚÏ�Ó,ÓÚÏ�ÐJÙ>ÖÐ,Ï��ÈÏ�ÐÚß�ÎÑÏ��;Ï�Ö"Ô Þ9Í5Ð¥Ô�ÎÑß�Ù>ÛÑÎHÏ�Ð�æ § ä5Ï�Ó'��Í5ÛÑÛÑÍ5ÖzÔ × �`Õ5Ö&Ó�Ívä
Õ5ÎÑÐW%�Í5ÎHÐÚÏ_Ï�Ô ÓÚÏ�Ó ß�Õ
Ö>Ö>Í5ÎÑÓ,Ó�Í5Ö>ß�Ï�ÓFÏ�ÖaÍ5Ó,ÔÚÐÚÕ
Þ�þS��Ó,ÎÑè"Ù>ÏÕ
ÖzÔbT,Õ
Ù>ØUÙ>ÖªÐ.)
ÛÑÏLÒ>Ø�Ô�Ï�Ð.�;ÎHÖ9Í5ÖzÔBÒ9Í5Ö>Ó�ÛçÍ�ÐÚØ�Ù>ÓÚÓ,ÎHÔ�ÏUÒ>Ï=ß�Ï�Ô,Ô�ÏUÔÚþ>ñ�Ó,Ï × ~�Ï�Ð,ß�ÎåÒ>Õ
Ö>ßUÞ4Õ5Ù>Ð�ÔÚÕ
Ù�ÔÚÏ�Ó�ß�Ï�Ó Ò>ÎÑÓ,ß�Ù>Ó��Ó,ÎÑÕ
Ö>Ó�Ô�Ð,ñ�Ó�Ï�Ö>Ð,ÎÑß*þ>ÎHÓÚÓÚÍ5ÖzÔ�Ï�Ó × d_Öwÿ
ÐÚÍ5Ö>ÒÈ�;Ï�ÐÚß�Î�Í5Ù�ÓÚÓÚÎBæF{=ÛÑÏ¸ã�Í5Ö>Ò>Ð,ÏÞ~tÍuÐÚß�Õ0îLÎ¦Ô�þs_�ÞåÕ
Ù>Ð�Ö>Õ
Ó�Ò>ÎÑÓ,ß�Ù>Ó,ÓÚÎÑÕ5Ö>ÓÎHÖ"ÔÚØ�Ð,Ï�ÓÚÓÚÍ5ÖzÔ�Ï�Ó ×
¤ ÏdÐÚÏ��;Ï�ÐÚß�ÎÑÏ=Ø�ÿzÍ5ÛHÏ��ÈÏ�ÖzÔFÛÑÏ�ÓW�ÈÏ��Ré�ÐÚÏ�Ó�%¶ÐÚÍ5Ö���Í5ÎÑÓBÒ>Ï�ÛçÍ&� Õ
ÛÑÛÑÍ5é4Õ5Ð�ÍuÔÚÎÑÕ
Ös_zÞåÕ
Ù>ÐBÛÑÏ�Ù>Ð|ß�Õ	�
�ÈÏ�ÖzÔ*ÍuÎÑÐÚÏ�Ó Ï�Ôß�ÐÚÎHÔÚÎÑè"Ù>Ï�Ó�ÛÑÕ5ÐÚÓ�Ò>Ï�Ó�ÐÚØ�Ù�Ö>ÎÑÕ
Ö�Ó × ý(ÛHÙ>Ó�ÿ
Ø�Ö>Ø�Ð�Í5ÛHÏ��ÈÏ�ÖzÔ�_�T,ÏªÓ,Õ
Ù>þ9ÍuÎHÔ�ÏÈÐÚÏ��;Ï�ÐÚß�ÎÑÏ�Ð6*
Ï�ÐÚÖ�Ï�Ð&�_Õ	%¶�;Í5Ö>Ös_�ÞåÕ
Ð,ÔÚÏÞ9ÍuÐÚÕ
ÛHÏÃÒ�Ï
Û1Ý¨Ï¸ã�ÞåØ�Ð,ÎÑÏ�Ö>ß�ÏN�(� ���áÏ�Ô�Û�ÝðÏ�Ö>Ó,Ï��Ré>ÛHÏ
Ò�Ï�Ó��;Ï��Ré>ÐÚÏ�Ó�Ò�Ï
ÛÑÍ�� Õ5ÛÑÛçÍué4Õ
ÐÚÍuÔ�ÎHÕ
Ös_BÞ4Õ
Ù�Ð���Ý¨Í0ä5Õ
ÎÑÐÞåÏ�Ð.�;ÎHÓdÒ>Ï?Þ9Í5Ð,ÔÚÎÑß�ÎÑÞåÏ�Ð�æaß�Ï�ÔÚÔ�ÏV�;Í5ÿ
Ö>Î[79è"Ù>ÏJÏ�ã`ÞåØ�ÐÚÎHÏ�Ö>ß�Ï ×ß¤ Ï?ÓÚÕ
Ù>þ>Í5ÎHÔÚÏ�Ð�ÍuÎÑÓdÐÚÏ��;Ï�ÐÚß�ÎÑÏ�ÐdÒ�Ï�Ù`ãÃÞåÏ�Ð,ÓÚÕ
Ö>Ö�Ï�ÓÞ>ÛHÙ>Ó|Þ9ÍuÐ,Ô�ÎHß�Ù>ÛHÎÑñ�ÐÚÏ��ÈÏ�ÖzÔ�Ç>ý·þ>ÎHÛÑÎÑÞ�Þ4Ï(��Õ5ÐÚÏ�Ô�_`Ò�Õ
ÖzÔFÛÑÏ�Ó|Ò>ÎÑÓ,ß�Ù>Ó,ÓÚÎHÕ
Ö>Ó���Ý¨Õ5Ö"ÔFÍ5ÎÑÿ
Ù�ÎÑÛÑÛHØ|ä
Ï�ÐÚÓFÛÑÏUÓÚÙUT,Ï�ÔLÒ>Ï�ß�Ï�ÔÚÔÚÏÔÚþ>ñ�Ó,Ï	_�Ï�Ô ¤ Î�� �UÎHÖ"ÔÚÕ
ÖÈè�Ù�Îw��Ý[Í�ÎÑÖzä�ÎHÔÚØ=æ�ÛÑÏLÐÚÏlT,Õ
ÎÑÖ�Ò>ÐÚÏ_Þ4Õ5Ù>ÐBÛ1Ý¨Ø�ß�Ð,ÎHÔ�Ù�ÐÚÏLÒ>Ï=Û1Ý[ÍuÐ,Ô�ÎHß�ÛHÏFÒ>ÏUÒ�Ø�ß�Õ5Ù�ä
Ï�Ð,Ô�Ï=Ò>Ï=ÛÑÍÓ,Õ
Ù>ÐÚß�Ï�Ò9ÍuÖ>Ó�~�Õ
Ö>Õ�ß�Ï�Ð,Õ
Ó_Ï�Ô_è"Ù>ÎY��Ý¨Í;ÍuÎÑÖ>Ó,ÎrÞ4Ï�Ð��ÈÎÑÓFÒ>Ï�ÐÚÏ�Ö"ÔÚÐÚÏ�Ð=Ò>Ï�Þ>ÛÑÍ5ÎÑÖH�.Þ>ÎÑÏ�ÒaÒ9Í5Ö>Ó_Û�Ý¨Í5Ö9ÍuÛ���ÓÚÏ�è"Ù>Îb%�Í5ÎHÔÛHÏdß�Õ
Ð,Þ>ÓLÒ>Ï�ß�Ï�Ô,Ô�Ï�Ô�þ>ñ�ÓÚÏ ×
dUÖ;ÿ
Ð�ÍuÖ>Ò-�ÈÏ�Ð,ß�ÎåæM~�ÍuÔ�þ>ÎHÏ�Ù;Ò>Ï=íUÍ5Ù>Ð,Õ
ÎÑÓ(ÞåÕ
Ù>Ð(ÓÚÕ
Ö&Í5ÎÑÒ>ÏLÏ�Ô ÓÚÍ�ÐÚØ�Í5ß�ÔÚÎHä�ÎHÔÚØ�%�Í5ß�Ï_Í5Ù`ã;Þ>Ð,Õ
é>ÛHñ��ÈÏ�Ó(è"Ù>Ï

T�Ý¨Í5ÎåÐÚÏ�Ö�ß�Õ
ÖzÔ�Ð,Ø�ÓLÍvä
Ï�ßdÛ�Ý¨Í5Ö9Í5Û[��ÓÚÏ_Ò>Ï�Ó|Ò�Õ
Ö>Ö>Ø�Ï�Ó�_�Ï�Ô|ÞåÕ
Ù>ÐBÏ�Öaß�Õ��;Þ�ÐÚÏ�Ö�Ò>ÐÚÏ�Ó,Ï�Ó|Ó,Ù>é�ÔÚÎÑÛÑÎ¦Ô�Ø�Ó ×H¤ Ï�ÓÚÕ5Ù>þ9Í5Î¦Ô�Ï�ÐÚÍ5ÎÑÓÐ,Ï��ÈÏ�ÐÚß�ÎÑÏ�ÐL�·ÐÚÎÑßF�UÏ�ÛçÍuÿ
Ö>Ï�ÓJÏ�ÔJÛÑÏ�ÓL�;Ï��Ré>Ð,Ï�ÓJÒ>ÏaÛ1Ý¨Ø�è�Ù�ÎÑÞåÏJ�(� ����Ò>Ùcâ�ý(í(�(��_ ~tÍÜÔ�þ>ÎHÏ�Ù Ò>ÏµíUÍ5Ù>ÐÚÕ5ÎÑÓ�_ý©ÍuÔ�Ð,ÎÑß`rµí=Í��@�;Í5Ös_a!9Ð�Í5Ö���Õ
ÎHÓ��©Õ
Ù�ÓÚÓÚÏ�Ö>Ï�Û©Ï�ÔUý�ÍuÓÚßvÍuÛZ­=ÎÑÖ>ß�Ï�ÖzÔ�_9ÞåÕ
Ù>ÐLÛÑÏ�Ù>ÐÚÓ_ß�Õ5Ö>ÓÚÏ�ÎÑÛÑÓLÏ�ÔUÛHÏ�Ù>Ð_Í5ÎHÒ>ÏdÒ>Ù>ÐÚÍ5ÖzÔÛHÏ�ÓFÔ�Ï�Ó,Ô�ÓLÒ>Ï�ÓUß�ÎÑÐ,ß�Ù>Î¦Ô�ÓFÒiÝðØ�ß*þ9ÍuÖ"ÔÚÎÑÛHÛÑÕ
Ö>Ö>Í5ÿ
Ï ×
~�Ï�ÐÚß�Î(ÍuÙ>ÓÚÓ,Î·æÞ{=ÛHé4Ï�Ð,Ô�_���Õ
Ö���_b�·éåÏ�Ö Ï�Ô�~�Í0ä5Ï�ÎHÞ>Î/ÞåÕ
Ù>Ð�ÛHÏ�Ù>ÐdÍuß�ß�Ù�Ï�ÎÑÛ©ÓÚÙ>ÐdÛHÏ�Ó,ÎHÔ�Ï�Ò>Ï>�(� ���½Ï�Ô�ÛÑÏ�Ù�ÐÍ5ÎHÒ>Ï�ÞåÕ
Ù>Ð_ÛçÍÈÞ>ÐÚÎHÓÚÏ�Ò>ÏRÒ>Õ
Ö�Ö>Ø�Ï�Ó × ârÏ�Ù>Ð�éåÕ
Ö>Ö>Ï�þ�Ù��;Ï�Ù>Ð=Ï�ÔdÛÑÏ�Ù>ÐUÿ5Ï�ÖzÔ�ÎHÛÑÛÑÏ�ÓÚÓ,Ï�Õ
ÖzÔdÞåÏ�Ð.�;ÎHÓUÒ�Ï�ÐÚÏ�Ö>Ò>Ð,ÏRÛÑÏ�ÓÓ,Ø�T,Õ
Ù>Ð,ÓFÏ�Ö�í=Í1�;ÎHé>ÎÑÏUÍ5ÿ
Ð,ØvÍ5é>ÛHÏ�Ó × ~�Ï�ÐÚß�Î�Í5Ù>ÓÚÓ,ÎræL~tÍÜÔ�þ>ÎHÏ�ÙaÒ>Ï�íUÍ5Ù>ÐÚÕ5ÎÑÓ�_ ¤ ÏvÍuÖ�ý©Í5Ù>Ûs�©Ívä
Ï�ÐÚÖ>Ï�ÔLÏ�Ô_ý�ÍuÓÚßvÍuÛx # «



ò@eaC î�»��G»®î���ö�»��G»�� ÷��
­=ÎÑÖ>ß�Ï�ÖzÔ_Þ4Õ
Ù�ÐFÛÑÏ�Ù�ÐLÍ5ÎÑÒ>Ï�ÍuÙ�ß�Õ
Ù>Ð,Ó_Ò�Ï�ß�Ï�Ó_ÓÚØlT,Õ
Ù>ÐÚÓ ×�¤ Ï�ÓÚÕ
Ù>þ>Í5ÎHÔÚÏ�Í5Ò>ÐÚÏ�ÓÚÓ,Ï�Ð_Ø�ÿzÍ5ÛHÏ��ÈÏ�ÖzÔLÙ>ÖF�ÈÏ�ÐÚß�Î�æL�;Ï�Óß�Õ��;Þ>Í5ÿ
Ö>Õ
Ö�Ó�Ò>ÏRè"Ù9Í5Ð¥Ô�_Y�"Ô�Ï�%�ÍuÖ>ÎÑÏ&�`ß*þzî Ï��
�ÈÏ�Ð�_Y�UÙ>ÿ
þB�UÎÑß`r"ÎÑÖ>Ó,Õ
Ös_:â�Õ��.ßL�LÕ
ÛÑÛÑÍ5Ö>Òs_�d_ÛÑÎÑÓ,ÓÚÏ�Ó+X|Í5Ð,ÐÚÏ�Ó=Ò>Ï
{UÛ0�ÈÏ�ÎÑÒ>ÍÈÏ�Ô+~tÍÜÔÚÔ�þ�ÎÑÏ�Ù�­�ÎHä�ÎHÏ�ÐLÞ4Õ5Ù>Ð=ÛHÏ�Ó_Þ9Í5Ð,ÔÚÎÑÏ�ÓUÒ>Ï�Þ>ÎÑÖ�ÿªÞåÕ
Ö>ÿ-�ÈØ��ÈÕ
ÐÚÍ5é>ÛÑÏ�ÓLÏ�Ô�ÛÑÍÈÔÚÐ�Í5è"Ù>Ï�Ò>Ï�Ó�r�Ù�Ò>Ù>ÓÒ9ÍuÖ>ÓLÛÑÏdé>Ù>Ó,þ ×

~�Ï�ÐÚß�ÎBÍ5Ù>Ó,ÓÚÎ�æ�Û1Ý¨Ï�Ö>ÓÚÏ��Ré>ÛHÏÈÒ�Ï�Ó�Ò>Õ`ß�Ô�Õ
ÐÚÍ5ÖzÔ�Ó�Ò>ÙÃÛçÍ5éåÕ
Ð�ÍÜÔ�Õ
ÎHÐÚÏRÞåÕ
Ù>Ð�ÛçÍµéåÕ
Ö>Ö>Ï?þ"Ù��ÈÏ�Ù>Ð�ÐÚØ�ÿ
Ö9Í5ÖzÔ�Í5Ùß�Õ
Ù>ÐÚÓLÒ>Ï�ÓFÞ9Í5Ù>Ó,Ï�Ó_ßvÍ1%¶ØdÏ�ÔLÛÑÏ�Ù>ÐFÍuÔ,Ô�Ï�ÖzÔÚÎÑÕ
ÖµÍ5Ùµß�Õ
Ù>ÐÚÓFÒ�Ïdß�Ï�ÓLÒ>Ï�ÐÚÖ>ÎHÏ�Ð,Ó��ÈÕ
ÎHÓ Ò>Ï�ÔÚþ>ñ�Ó,Ï	_9Ï�Ô�%¶Ø�ÛÑÎHß�ÎHÔ�ÍuÔ�ÎHÕ
Ö>ÓBæ
�ÈÕ
Öaä
Õ
ÎHÓÚÎHÖ�Ò�Ï�é�Ù>ÐÚÏ�Í5Ù;� þ�ÐÚÎÑÓ¥Ô�ÎÑÍ5ÖaÞ4Õ5Ù>Ð_Í0ä5Õ
ÎÑÐFÓ,Ù>Ð,ä5Ø�ß�Ù¹æJß�Ï�ÓLÒ>Ï�ÐÚÖ>ÎHÏ�Ð,Ó��ÈÕ
ÎHÓFÏ�Ö��ªÍRß�Õ��;Þ>Í5ÿ
Ö>ÎHÏ ×

dUÖwÿ
Ð�Í5Ö�Ò��ÈÏ�ÐÚß�Î�Í5Ù>ÓÚÓ,Î|æ��ªÍJ%�Í	�ÈÎÑÛÑÛHÏRÞåÕ
Ù>Ð�ÓÚÕ
Ö
ÓÚÕ
Ù�ÔÚÎÑÏ�Ös_©Ï�Ô�Þ�ÛÑÙ>Ó�Þ9Í5Ð¥Ô�ÎÑß�Ù>ÛÑÎHñ�Ð,Ï��ÈÏ�ÖzÔ�æ��;Í��Èñ�Ð,ÏÞåÕ
Ù>Ð|ÔÚÕ
Ù�Ô�Ï�Ó,Õ
ÖtÍuÎÑÒ>ÏdÒ>Ù�Ð�Í5ÖzÔ_ß�Ï�Ó_ÔÚÐÚÕ
ÎHÓFÍ5Ö>Ö>Ø�Ï�Ó ×
~�Ï�ÐÚß�Î�Í5Ù�ÓÚÓÚÎ�æRÔ�Õ5Î

Hρώ
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γ
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