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î�Ù�æGÛ�è�Û8ê�Ú�à�Þ�è�ç�è�á�Ú�ã�Ú�å�Ù�Û�î�ß�Ø,ÙNMOG�P�õ

+ æ�Ù�à�óFà£å�Ù%ì�Ú�Ø�ß�à|ê�Ü�Ú�êGå�Ù�à\í Ù�å�ã�Ú�æ�Ù�Û%Ù�à�ã�Ù%å�ß�è�á�è�í
æ�ì�Ù�Þ�ß,ð»á�ã�ß�ò�ï�å�ï5ÛnÜ�æ�Ú�ç�èÝî�Ú�ã�Ú�ê A�/ ì�Ú�Û�ñ�á�ènØ5è æ�à�ß,í
î�Ú.æGØ5è *QJ�Ø,Ù%ì�ÚQÜ�ã�Ú.à�Ú�Þ�ßSRT0!Ü�è.å�Þ�è�à�ç�Þ�è�Ü�Ú�Þ�ß�Ú 6 õ#ö[Ú
è�ò æGï ä�å�Ù%ðnà�Ù�ì�ï2U Ü�Ú�ã�è�ð�Û�Þ�è�æGÛ�÷¶è�ò�Þ�Ù�ã�ï ä�Ú�Þ�ß,ðéê�Ú�à\í
Þ�ó/ûVD�á�ß�ê�è.å�ß�î�Ú.æGØ�ß�û;ã�Ù�å�ß�è�á�è æ�ì�Ù�Þ�ß�*1ñ,Ü^æ�Ù�à�è à£è�á�Û�ß,í
à�ß�æ�Û�ß�î�Ú.æGØ5è�à Ü Ù�ã�ß�Ù�Þ�Û�Ú?Þ�ï ä�Þ�è¢á�ã�ÚGå�á�è�ì�è�ä�ß�Û�÷�ñ\î�Û�è
Ü�Þ�Ú�ê�Ú.à�Þ�Ù%ðWH�ß�Ü�ß,ì�ß�ê.Ù
H�ß,ð,í Ù�å�ã�Ú�æ�Ù�Û±á�ã�Ú�ò�óTÜ�Ù�Ú�Û±ÜâÞ�Ù%í
æGÛ�è�ð�ú�ß�*£à�è à�Ú�Þ�Û¢ÜL02è�Ø�Þ�Ú^ã�Ù�å�ß�è�Ø5è�Þ�Û%Ù�Ø�Û�Ù 6 �tá�è_Û�Ú�ã,í
à�ß�Þ�è�ì�è�ç�ß�ßX7Xõ Y6Ú.à�Ù�%�õ

G[ã�è.å�è�ì�äMß�Û�ÚGì�÷�Þ�è æGÛ�÷�á�ã�Ú�ò�óTÜ Ù�Þ�ß,ðQH�ß�Ü�ß,ì�ß�ê.Ù
H�ß�ß
Ü±Û�Ù�Ø5è�à æ�è�æGÛ�è�ð�Þ�ß�ß Þ�Ú�ß�ê�Ü�Ú�æ�Û�Þ�Ù�ñ�Þ�è|á�è±Þ�Ú�Ø è�Û�è�ã�óFà
å�è�Ü�è�ì�÷�Þ�è¢è�á�Û�ß�à�ß�æGÛ�ß�î�Ú�æGØ�ß�à�á�ã�è�ç�Þ�è�ê.Ù�àéè�Þ�Ù¢å�è�ì�ä�í
Þ�Ù?æGè�æ�Û%Ù�Ü�ì�ð�Û�÷^è�Û;Þ�Ú�æ�Ø è�ì�÷�Ø�ß,û¢æGè�Û�Ú�ÞIå�è?Þ�Ú�æ�Ø5è�ì�÷�Ø�ß,û
Û�óFæ�ð�î|ì�Ú�Û�á�è æ�ì�ÚIß�ê�è�ò�ã�Ú�Û�Ú�Þ�ß,ð±ã�Ù�å�ß�è�Ü�Ú�ú8Ù�Þ�ß,ð1õZ?8Ù%í
ä8Ú�Ú�æGì�ß6å�è�á�ï æGÛ�ß�Û�÷�ñ�î�Û�è[0!è�Ø�Þ�èXã�Ù�å�ß�è�Ø5è�Þ�Û�Ù�Ø�Û%Ù 6 á�ã�è�í
å�è�ì�ä�Ù�Ú�Û�æ�ð^à�ß,ì�ì�ß�è�Þ�ó ì�Ú�Û�ñ5Û�è�ß;Ü\D�Û�è à£æ�ì�ï5î�Ù�Ú]J�Ù�Þ,í
æGóZò�óTÛ�÷*è�ò�Þ�Ù�ã�ï ä�Ú�Þ�Þ�óFà�ß_ê�Ù�Ü�ß�æ�ð�Û^è�ÛN0!á�Ú�ã�Ú.æGÚ�î�Ú�Þ�ß�ð
Ü�è�Ü�ã�Ú.à�Ú�Þ�ß 6 H�ß�Ü�ß,ì�ß�ê�Ù
H�ß�*1ñ5æGá�è æGè�ò�Þ�ó/û8ß^ä8ÚGì�Ù
U�ú8ß,û
Ü�æ�Û�ï5á�ß�Û�÷�Ü�Ø5è�Þ�Û%Ù�Ø�Û�õ

?Pì�ðëÜ�óTò�è�ã�Ù ê�Ü�Ú�êGå�í Ù�å�ã�Ú.æ�Ù�Û�è�Ü ß�æGá�è�ì�÷�ê�è�Ü Ù%ì�ß�æ�÷
Ø�ã�ß�Û�Ú�ã�ß�ß1ñ%è�á�ß�ã�Ù
UXú�ß�Ú.æ�ðPÞ�ÙFß�ê�Ü�Ú.æGÛ�Þ�ï2U±á�è�Ø,Ù�Ü�Ú�å�ß�Þ,í
æGÛ�Ü�Ú�Þ�Þ�è�à,D�Ø�ê�Ú�à�á�ì�ð�ã�Ú]J8Ø,Ù%ì�ï�ã�Ù�ê�Ü�ß�Û�ß,ð�ä�ß�ê�Þ�ß^ßMî�ÚGí
ì�è�Ü�Ú�î�Ú�æGÛ�Ü�Ù8Þ�ÙMô�Ú�à\ì�Ú�^

× õFô�Ü�Ú�ê�å�ÙFå�è�ì�äMÞ�Ù[á�ã�ß�Þ�Ù�å�ì�Ú�ä�Ù�Û�÷[Ø�ç'ì�Ù�Ü�Þ�è *�á�è�í
æ�ì�Ú�å�è�Ü�Ù�Û�ÚGì�÷�Þ�è�æ�Û�ß (V ) ß ß�à�Ú�Û�÷�á�è æGÛ�è�ð�Þ�Þ�ïBU æGÜ�ÚGí
Û�ß�à�è æGÛ�÷ (L∗)

ñxå�è�á�ï�æ�Ø,Ù
U�ú8ï2U Þ�Ù�ì�ß�î�ß�Ú@0_D�Ø5è æ�F[ÚGí
ã�ó 6 ê�Ü�Ú�êGå�ó`��0!á�è�ð�æ�Ù�äMß�ê�Þ�ß 6 %ba�å�ì�ð�æ�Ü�Ú�Û�ß�à�è�æ�Û�ßPÛ%Ù�Ø�ß,û
ê�Ü�Ú�êGå�ò�ó/ì�á�ã�ß�Þ,ð�ÛQß�Þ�Û�Ú�ã�Ü�Ù%ì 0.6L� < L∗ < 2.1L�

ñ
æGè�è�Û�Ü�Ú�Û�æ�Û�Ü�ï2UXú�ß�*âæGá�Ú�Ø�Û�ã�Ù%ì�÷�Þ�óFà»Ø,ì�Ù�æ�æ�Ù�à�è�Ûdc A&e
å�è8f ;
e õ

Õ õ4'�è�ê�ã�Ù�æGÛ?ê�Ü�Ú�ê�å�ó t∗
æ�à�è�à�Ú�Þ�Û%Ù*á�è�á�Ù%å�Ù�Þ�ß,ð�Þ�Ù

ç'ì�Ù�Ü�Þ�ï2U á�è�æGì�Ú�å�è�Ü�Ù�Û�ÚGì�÷�Þ�è�æ�Û�÷Ýò�ó/ì»è�ç�ã�Ù�Þ�ß�î�Ú�Þ�ß�Þ,í
Û�Ú�ã�Ü�Ù�ì�è�à�^ C à\ì�ã�åCõ ì�Ú�Û

÷
A à\ì�ã�åCõ ì�Ú�ÛQõ

Ö õ4g[ê�ã�Ù�æ�æ�à�è�Û�ã�Ú�Þ�ß,ðéß�æGØ,ìhU�î�Ù�ì�ß�æG÷ Ü�óFæGè�Ø5è�æGØ5è�í
ã�è æGÛ�Þ�óTÚ;ê�Ü�Ú�ê�å�ó¾æ�è¢æGØ5è�ã�è æGÛ.ð�à�ß�è�Û�Þ�è�æ�ß�Û�ÚGì�÷�Þ�è�H�Ú�Þ,í
Û�ã�è�ß5å�Ù>7�è�ì�Þ#H�Ù�ñ/á�ã�Ú�Ü�ó4J�Ù
U�ú8ß�à�ßWi / Ø�àºæ −1 õkj�Û�ß
è�ò�K1Ú�Ø�Û�ó6ñ9Ø,Ù�Ø�á�ã�Ù�Ü�ß,ì�è�ñCß�à�Ú�UXÛ�Þ�ß�ê�Ø5è�Ú?æGè.å�Ú�ã�ä�Ù�Þ�ß�Ú
à�Ú�Û%Ù�ì�ì�è�Ü�ñ;î�Û�èºá�ã�Ù�Ø�Û�ß�î�Ú�æGØ�ß ß�æGØ�ì#U�î�Ù�Ú�Û Ü�è�ê.à�è�ä�í
Þ�è æGÛ�÷IÜ�è�ê�Þ�ß�Ø�Þ�è�Ü�Ú�Þ�ß�ð¢äMß�ê�Þ�ß ê�Ú.à�Þ�è�ç�èIÛ�ß�á�Ù�õ9ö[Ú�ß�æ�í
Ø,ì#UXî�Ú�Þ�è Û%Ù�Ø,ä�Ú�ñ�î�Û�è è�Þ�ß¶á�è�ì�ï5î�ß,ì�ß ò�è�ì�÷ J�ß�Ú¢æGØ5è�í
ã�è æGÛ�ß*Ü�ã�Ú�ê�ï�ì�÷%Û�Ù�Û�ÚDØ5Ù�Ø5è�ç�è�ílì�ß�ò�èPÜ�ê�ã�óTÜ�Þ�è�ç�è8Ü�è�êGå�Ú�*,í
æGÛ�Ü�ß,ð1õ\ö6Ù�á�ã�ß�à�Ú�ã1ñ1Û%Ù�Ø�Þ�Ù�ê�óTÜ�Ù�Ú.à�óTÚl02ç�è�ì�ï5ò�óTÚ�ò�Ú�ç�ï í
Þ�ó 6 Ü�è�ê�Þ�ß�Ø,Ù
UXÛ8ÜMã�Ú�ê�ï.ì�÷%Û%Ù�Û�Ú6Ü�ê�ã�óTÜ�Ù�æGÜ�Ú�ã û,Þ�è�Ü�è *;Ü
Ø�ã�Ù�Û�Þ�è�*?ê�Ü�Ú�êGå�Þ�è�**æ�ß�æGÛ�Ú.à�Ú8�mD�FnF[Ú�Ø�Û�á�ã�Ù�ú�ßh%Gõ

C õ]7�ã�Ú�å�ß ê�Ü�Ú�êGå»æQD�Ø�ê�è�á�ì�Ù�Þ�Ú�Û%Ù�à�ßZÜ�ó�å�ÚGì�ð,ì�ß�æG÷
æGß�æGÛ�Ú.à�ó6ñ�æ\D�Ø,æ�H�Ú�Þ�Û�ã�ß�æGß�Û�Ú�Û%Ù�à�ß è�ã�ò�ß�Û�ñ�á�ã�è�û�è.å�ð�ú�ß,û
î�Ú�ã�Ú�ê8D�Ø5è�æ�F[Ú�ã�ï_ß�ì�ß£Ü¢è�Û�Þ�è�æ�ß�Û�Ú�ì�÷�Þ�è�*�ò�ì�ß�ê�è�æ�Û�ß�è�Û
Þ�Ú�Ú�ñ�Þ�Ú�á�ã�Ú�Ü�ó4J8Ù U�ú�ß�à�ß / õ Õ õ]oCÙ�Ø�ß�àøè�ò�ã�Ù�ê�è�à/ñ�ß�æ�í
Ø,ì#UXî�Ù%ì�ß�æG÷¾Ü�è�ê�à�è�äMÞ�óTÚ ã�Ù�ê�ã�ï2J8ß�Û�ÚGì�÷�Þ�óTÚnÜ�è�êGå�Ú�*,í
æGÛ�Ü�ß,ðMÞ�Ù6ç�ß�á�è�Û�Ú�Û�ß�î�Ú�æ�Ø�ß;æGï5ú8Ú�æGÛ�Ü�ï2U�ú8ß�ÚTÜlD�Ø5è æ�F[Ú�ã�Ú
ê�Ú.à�Þ�è�á�è.å�è�ò�Þ�óTÚXá�ì�Ù�Þ�Ú�Û�ó6õ

i,õ4G[ã�Ú�å�á�è�î�Û�Ú�Þ�ß�Ú?è�Û�å�Ù�Ü�Ù%ì�è�æG÷Qè.å�ß�Þ�è�î�Þ�óFàÝê�Ü�Ú�êGí
å�Ù�à/õ�o9Ú�à Þ�Ú|à�Ú�Þ�Ú�Ú±Þ�Ú ß�æ�Ø,ì#UXî�Ù%ì�ß�æG÷ ß�ê|ã�Ù�æ�æ�à�è�Û%í
ã�Ú�Þ�ß,ðxß|Þ�Ú�Ø5è�Û�è�ã�óTÚIò�ì�ß�ê�Ø�ß�ÚIÜ�ß�ê�ï�Ù�ì�÷�Þ�è�ílå�Ü�è�*�Þ�óTÚ;æ
ã�Ù�æ�æGÛ�è�ð�Þ�ß�Ú�à±à�ÚGä�å�ï*Ø5è�à�á�è�Þ�Ú�Þ�Û�Ù�à�ß1ñ�á�ã�Ú�Ü�ó4J�Ù
UXú�ß,í
à�ß?å�ß�Ù�à�Ú�Û�ãp7�è�ì�Þ�Ú�î�Þ�è *IæGß�æ�Û�Ú�à�ó6õ< õFô�Ü�Ú�ê�å�ó/í Ù�å�ã�Ú�æ�Ù�Û�óøå�è�ì�äMÞ�ó�ã�Ù�æGá�è�ì�Ù�çGÙ�Û�÷ æ�ðxÜ
á�ã�ÚGå�ÚGì�Ù%û

∼ 70 æGÜ�Ú�Û�è�Ü�ó/û^ì�Ú�ÛMè�Ûq7�è�ì�Þ�H�Ù�õ + ã�ß�Û�Ú�ã�ß�*
è�ã�ß�Ú�Þ�Û�ß�ã�è�Ü Ù�Þ±Þ�Ù£à�è�ú�Þ�è æGÛ�÷�á�Ú�ã�Ú�å�Ù U�ú8Ú�*¶æGß�æGÛ�Ú.à�ó
M�Ü�á�Ù�Û�è�ã�ß�*�æ�Ø5è�ç�è1POo�í A�/ ßQá�ã�Ú�å�á�è�ì�è�ä�Ú�Þ�ß,ðIèMá�ã�ß�Ú�à\í
Þ�ß�Ø,Ù�ûr'�)s�lô1Ù
*�H�Ú�Ü�ñ ×�: : : %�õ

A õ4G[ã�ß Ù�Þ�Ù%ì�ß�ê�Ú á�Ù�ã�Ù�à�Ú�Û�ã�è�Ü Ø,Ù�Þ5å�ß,å�Ù�Û%Ù Ü
ê�Ü�Ú�êGå�ó/í�Ù%å�ã�Ú.æ�Ù�Û�ó á�ã�ß�Þ�ß�à�Ù%ì�Ù�æG÷ºÜ�è Ü�Þ�ß�à�Ù�Þ�ß�Ú�Ú�ç�è
ò�ì�ß�ê�è æGÛ�÷8Ø^Ü�ó�å�Ú�ì�Ú�Þ�Þ�óFà�è�ò�ì�Ù�æ�Û.ð�à�ß;Þ�Ù�á�ã�Ù�Ü�ì�Ú�Þ�ß,ð�à
RTD�Ø,ì�ß�á�Û�ß�Ø5Ú�ñtH�Ú�Þ�Û�ã�ï�ß,ì�ß Ù�Þ�Û�ß�H�Ú�Þ�Û�ã�ïd3,Ù%ì�Ù�Ø�Û�ß�Ø�ß1ñ
Ù�Û%Ù�Ø,ä�ÚDØIÞ�Ù�á�ã�Ù�Ü�ì�Ú�Þ�ß,ð�à£Þ�Ù8Ü�ó�å�Ù
UXú�ß�Ú.æ�ð?Ù�æ�Û�ã�è�Þ�è�í
à�ß�î�Ú.æGØ�ß�Ú6è�ò K9Ú�Ø�Û�ó´Þ�Ù
J8Ú�*L3,Ù%ì�Ù�Ø�Û�ß�Ø�ß1õ

; õFô�Ü�Ú�ê�å�ó/í Ù�å�ã�Ú�æ�Ù�Û�óµå�è�ì�äMÞ�ó ò�óTÛ�÷ å�è æGÛ�ï5á�Þ�ó
Þ�Ù�ò�ì#U�å�Ú�Þ�ß,ð�à�Þ�Ù(J�ß�ã�è�Û%Ù%ûMá�ï5Þ�Ø�Û%Ù�è�Û�á�ã�Ù�Ü�Ø�ß^ã�Ù�å�ß�è�í
á�è æ�ì�Ù�Þ�ß,ðnædPOo�í A�/ ß�êuM�Ü�á�Ù�Û�è�ã�ß�ßs� ϕ ≈ +45◦ %GñXßv è æGØ�Ü�ów� ϕ ≈ +56◦ %�õ

ö6Ù¶à�è�à�Ú�Þ�Û è�Û�á�ã�Ù�Ü�Ø�ßéã�Ù�å�ß�è�á�è�æGì�Ù�Þ�ß�*éÜ�óTò�ã�Ù�Þ,í
Þ�óTÚQê�Ü�Ú�êGå�óøè�Û�Ü�Ú�î�Ù�ì�ß|á�Ú�ã�Ú�î�ß�æ�ì�Ú�Þ�Þ�óFà�Ø�ã�ß�Û�Ú�ã�ß,ð�à/ñ
è.å�Þ�Ù�Ø5è?Ø�Þ�Ù�æGÛ�è�ð�ú8Ú�à�ïQÜ�ã�Ú�à�Ú�Þ�ß á�è�ð�Ü�ß,ì�ß�æG÷*ã�Ù�ò�è�Û�ó6ñ
Ü�ó/ð�Ü�ß�Ü J8ß�Ú�Þ�Ú�æGè�è�Û�Ü�Ú�Û�æ�Û�Ü�ß�ÚDÞ�Ú�Ø5è�Û�è�ã�ó/û^á�Ù�ã�Ù�à�Ú�Û�ã�è�Ü
ê�Ü�Ú�êGå�í�Ù%å�ã�Ú.æ�Ù�Û�è�ÜDê�Ù�å�Ù�Þ�Þ�óFà�Ø�ã�ß�Û�Ú�ã�ß�ð�à`��?�è�ï�ìCñ ×!:2A&C a
g[ò�Ù J�ß,ð�à�Ù8ß�xFã�ß�à�è�Û�è�ñ Õ
/�/�Õ %Gõ

G[Ú�ã�Ü�è�ÚDÜMß�æGÛ�è�ã�ß�ß*ã�Ù%å�ß�è�á�è�æ�ì�Ù�Þ�ß�Ú[ò�ó/ì�è8è�Û�á�ã�Ù�Ü�í
ì�Ú�Þ�èXæ�ô�Ú�à\ì�ß ×!< Þ�è�ð�ò�ã ð ×!:BA�C ç�è.å�ÙTÜXÙ%å�ã�Ú�æ#ç�ß�á�è�Û�Ú�Û�ß,í
î�Ú.æGØ�ß,û�è�ò�ß�Û�Ù�Û�ÚGì�Ú�*,J8Ù�ã�è�Ü�è�ç�è?ê�Ü�Ú�ê�å�Þ�è�ç�èIæGØ5è�á,ì�Ú�Þ�ß,ð
ü ×.Ö õzy�Ø5è�á,ì�Ú�Þ�ß�ÚMæGè.å�Ú�ã äMß�Û;ò�è�ì�Ú�Ú ×�/ / Û�óFæ�ð�î�ê�Ü�Ú�ê�åCñ
ï�å�Ù%ì�Ú�Þ�èMè�Û87�è�ì�Þ�Ú�î�Þ�è *Qæ�ß�æGÛ�Ú.à�ó Þ�Ù Õ�Õ�Õ
/ / æGÜ�Ú�Û�è�Ü�ó/û
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F GIH JLKNMPORQ�S

TVUXWZY [�\Z]I^_Y`WZaI^bY [dceUXWZY [gfhU iVj�kd]lUmTVj�UIaon�^bce^bj�j�U`Wpcq]IrPs
WZ[VcetuceUXcvY ^bcew�^bnd] YItXndxzy�^_n�^b{}| Gd~ H ce[�i�id[d]InIT�]�id^_Y
w�UXW�id^�n�U���TV^bj�[P����]�{_ao^_{�T�]�a�| ~ | M�

tX�R^�y�^bn�^_{� ce[Pidid[d] noTVUoa�id^bY�w�UmTVUo�uTV^bY�r�WZY�]�TV[�[}[dW_y�^_ndwd] j�[��
aIUmT�UIn�UmT�]�a��uTVn�^ ~e� ]Ir�[dc�UI�InV] {_UXc���j�^b{_jd]�y�[dY ^Zid�oj�UI^
[�{mce^_j�^bj�[�^�cq]IW_W_x�WZtu�R^bWZYIaI^_jdj�U`ce^bjP��^_Y`aInd^bce^_jV]��baIU s
id�lk�[�UIjdj�x���w�^bn�^bce^bj ~L� �XUIYm��aXWZ^ {_aI^b{�TVx¡�¡{m]¢[VW�s
rPid�ly�^_jd[�^bc�TVaoto�£�¤wdn�[�� id[d{_UoW_Y [¥WZaoUI[P���X] nV] r�Y ^bn�[Ps
WZYI[�r¦r�W_U idj�^by�j�x§c¨\bn�tuw�w�[�n�tu�lYIWN��jd]©T�[d] \bnd]Icqce^
Y ^mcew�^_nd]IY tund]�sªWZao^_Y [VceUoWZYI�«a«UmTVj�Uoc¬ce^mWZY ^o�_aInd^bce^_jV]�[P�
�­[�{_jd[¬W_tu�L^bW_Y aI^bj�j�U�nd] {_id[�yd]I��YIWN� ~® UI{_nV]IWZY¯��aIi���^_YoWN�vUmTVjd[dc¨[�{¢Wb]Icex��°j�^_jd]�TV^Z�±s
j�U¦Uow�n�^ZTV^Zi���^mcex��z{_aI^b{�TVjdx��²wd]Ind]Ice^bY n�Uoa ~´³ ndUI�L^
aoW_^_\bU�UIjµUIk�^bj�[�aX] ^_YoWN��w�Uvw�U idU���^_j�[d�¶{baI^_{ZTVx·jd]
TV[d]I\_nd]ocqce^L¸u^_ndk�¹Lw�ndtXjd\Z]�s»º¼^mW_W_^ZiV] ~�³ n�[½�_Y UXc �R^_iV]�s
Y ^_id�Ij�U¯[dW_w�U iV�I{_Uoao]IY �¥jd]I[��IUIid^_^¾WZUoaIn�^mce^_j�j�x«^¾Y ^bU s
n�^bY [�y�^mWZr�[�^´ceUmTV^Zid[�aoj�tuY n�^_jdj�^_\bU�WZY n�Uo^_j�[��¿[}]IYIceU s
W_ÀÁ^bn}{_ao^_{ZT ~eÂ W_j�UIaojd]��Ãj�^bUIw�n�^ZTV^ZiV^_j�j�UXWZY ��w�U idtuyd]I^Zs
ceUI�ÄUIk�^bj�r�[}wdn�[Äao^_n�jdUoWZYI[}Y ^_Uon�^_YI[�y�^bW_r�[P��ceUmTV^_id^_�
WZaI��{b]Ij�x�W­Uo¹L[��orP]Ice[�{_jd]�yd^_j�[����mÀ¡ÀÁ^_r�Y [daIj�Uo�¿YI^bc¼s
w�^bnd] Y tun�xÅ[¢]I�oW_U id�lY j�UI��ao^Zid[dy�[�j�x ~pÆ ] [��oU id^b^½jd]�s
TV^_�±jdU�Y ^mcew�^_nd]IY tun�x�Uow�n�^ZTV^Zi����lYIWN�}w�UÇaIx§WZUoruUmTV[dW�s
w�^bndWZj�x§c�WZw�^br�Y nd]oc��¤]�]I�oWZUIid��YIj�x«^´ao^Zid[dy�[�j�x°ÈÃw�U
Y n�[d\_UIjdUoce^_YIn�[�y�^mWZr�[dc¥wd] nd] i�iV]IruWb]Ic ~ ® Y�]I� i ~�G wdn�[Ps
aI^ZTV^_jdx�j�^brXUoY UIndx«^�wV] nd]oce^_Y n�xv{_ao^_{ZTds»]�TVn�^mW_] YIUIad��[�{
rP] Y�]�iVUI\Z]gÉpUon�ruUIaIUo��[ÃÊ�]IndW_]IrXUoao]ÇË F ÌoÌoÍoÎ�~�� Uoy�j�UXWZY �
UIwdn�^�TV^_id^_jd[P��Y ^mcew�^_nV] Y tun�xÏa�WZn�^ZTVj�^mcÐW_UoWZY�]Ia i���^bY
ε(Teff ) ≈ 70◦ �X]Áwd] nV]�i�iV]IrPW_]

∼
FIÌXÑg~ ® ^ZiV[�y�[�j�x¾nd]oW�s

�oU���TV^bj�[��Ça´Y ^mcew�^_nV] Y tun�^­ao[uTVj�x�[�{­WZUIwdUoWZY�]Ia id^bj�[P�
T�]Ij�j�x��ÄY�]I� i ~ |½[�Y�] � i ~ G �q\NTV^�UIjd[ Uok�^_jd^_j�xÅnd]I{_j�x�s
ce[Çce^bY UmT�]oce[ ~£Ò YI[�UI¹R[��Ird[�UoW_UI�I^bj�j�UÓW_Y nd] ¹Rj�x¯Tdid�
�oUIidUmTVj�x��´{_aI^b{�TÔ�dY ~ ^ ~ w�UI{ZTVj�^_^ÕW_w�^_rdY nd]�iV�Ij�Uo\_U­rPiV]oW�s
W_]±Ö ÍP~�� ] r�[�^¡Uo¹L[��or�[­TVi���{baI^b{�T½w�UI{ZTVj�^_^ÁrPi�]IW_Wb]RÖ Í
ceUI\btuY�wdn�[�aIUmT�[�Y �¬rÃj�^_Uow�n�^ZTV^Zid^bj�j�UXWZY [�UIkd^_j�r�[�aoUI{Zs
nd]oWZY�]�a (3 − 5) c¼idnoT ~ id^_Y­[´T�] �R^Á�IUIid�I¹R^ ~Â TVjd]IrXU§ceU��­j�U�[dWZw�UIid�I{bUIaX] Y ��[ÁTVndtX\b[�^×�oU id^b^q�bÀ`s
ÀÁ^_rdY [�aIjdx«^�ce^bY UmTVxØUow�n�^�T�^Zid^bj�[P�ÇaoUI{bnd]IW_Y�]d�da�yd]IW_Y�s
j�UXWZY [¯ÙÚrd[�j�^bcq]IY [�y�^mWZr�[d^ ~ fhtX�R^bW_Y aIto^_Y�j�^mWZruU id�oruU
r�[�jd^bcq] YI[�y�^bW_r�[P�­r�n�[dY ^_n�[d^_a¡TVi��ÓtoW_Y�]Ij�UIaIid^_jd[P��wdn�[Ps
jd]�Tdid^Z�­j�UXWZY [Ä{_ao^_{�T�x¦r�w�UmT�WZ[dW_Y ^bce^�Y UIjdrXUo\_U�TV[dW_ru]
¸P]�i�] r�Y [dr�[ ~ fp]Icex«�Äw�n�UoW_Y UI��ÙzÛÜr�n�[dY [�y�^mWZrP]��uÝÞao^Zs
id[�yd[�jd]ÓUXWZY�] YIUIy�j�Uo�½WZruUIn�UXWZY [�{_aI^b{�TVx¯UoY j�UoW_[�Y ^_id�Ij�U
idUoru] id�IjdUI\_URk�^_jdY n�UI[PT�]ÓfhU idj�kV] ~Xß i���UI�Iàá^_r�Y Uoa¡TV[VW�s
rP]�â V res ≤ 85 rdc±W −1 ËãÊ�]IndW_]IruUIad�¼ÉpUIn�ruUIaX]�� FIÌIÌXÍIÎ�~Æ UgjV]Ic�aX]��­j�Ud��y�Y Uo�IxØ{baI^b{�T�]g�Ix�iV]´ceU idU���^�Wb]Icex��
WZY�]In�x��Ø{_ao^_{�TäY Uoj�ruUI\_U¢TV[dW_rP]��ÕW aIUo{_nd]oWZY UXczUIruU iVU
≈ 9 c¼idnoT ~ id^bY�Ë»åLtXnVcq] j�j��u|mæIæIç Î �ZwdUI�_YIUocet`Tdi��ÕwdUoW�i�]�s
j�[��´UIY �o[�nd] id[dWZ���IUIid^_^`ce^�TdiV^_j�j�x«^Á{baI^_{ZTVx¢W_U�W_rXUon�U s
WZYm�dce[

≤ 50 rVc�W −1
~Ôè ]IrÃaI[uT�j�U�[�{ÓY�]I� i ~¼G �áYIU id�orXU

UmTVjd]�{_ao^_{�T�]�Ëãélê¨|bæ ÌIGI�oÌoÎ j�^�tbTVUIaIid^_YIaIUInX��^bY��_Y UXcet
toWZidUIao[�� ~oë j�^b^l]Ij�Uocq] id�Ij�U¡�oU id�o¹R] �LTdid�Ó{_aI^b{�TgY UojPs
ruUI\bU�TV[dWZrP]½ao^_n�YI[�rP]�id�ojd]��}WZUXWZY�] aIi�������]��ÃWZruUIndUoWZYI[
[¬UIy�^bj��Ócq]�i�]���W_ruUIn�UXWZY �­Uo�Ind]I�L^_jd[P�´aoUIr�n�tu\Ák�^bj�Y nd]
¸P]�i�] r�Y [dr�[ ~dì cq]IrPWZ[dcq] id�Ij�Uo^Át_T�]�id^bj�[�^¡Y Uoy�^_r¬UInd�I[Ps
Y x�UIYL\Z] iV] rdY [�y�^mWZruUI�´wPidUoW_ruUoWZYI[gaIUoUI�o�L^Õ|`r�w�r�í � ] r
y�Y U±�bY�]±{baI^b{�T�]d�XwdU��oU��R^o�Pcej�UI\bU±W_Y�] n�¹R^ÕfhUIidj�kd] ~

î �L^�t�UmTVjdUI�¥{baI^_{ZTVxïË�é�êÏ|bæ Ì HXÌI�oÎ UXWZY�] YIUIy�jd] �
WZruUon�UoW_Y �Ó�IUIid�I¹R^ Í Ì rdc±W −1

~�Æ Ugt¬j�^_^�aoW_^LY nd[�ruUoc¼s
w�Uoj�^_j�YIxðid[d¹L�¥W�iV^_\_rP] w�n�^baIx«¹�] ��Y j�UondcetI��]¾wdU i�s
jd] �gWZruUIn�UXWZY �Lw�U idtuy�[�iV]IW_�Õ�IUIid�I¹RUI� ~ ® Uo{bceU��­j�Ud�oy�Y U
w�U¾r�[�jd^bcq] YI[�y�^bW_ruUocet¢aoUI{bnd]IW_Y t��_Y�] {_ao^_{�T�]ÄaXWZ^Ç�R^
w�n�U��XUmTV[�YÕa�rP] juT�[uT�] YIx�Tdi���nd]�T�[�UIw�UXW�iV]Ij�[�� ~Xë aoW_^Z�
UoW_Y�]�id�oj�x��Ó{_ao^_{�T�WZruUon�UoW_Y [´aond] �R^_j�[��

≥ 200 rVc�W −1 �] aI^bn�Y [�rP]�iV�Ij�x«^�ruUocew�Uoj�^_jdY xñT�UoWZY�]IY UIy�jdU cq] idxÐ[
tbTVUIaIid^_YIaIUInX���lY´[�{b�Ind]Ij�j�UXcet�aIUo{_nd]oWZY jdUocet¬TV[V] wd]I{_U s
j�t ~ î W_Y ��[±TVn�tu\_[d^�[�juT�[�rP] Y Uon�x�aIUo{_nd]oWZY�]`Ù��P[dce[�yd^Zs
WZrd[�^ ~�� {baI^bW_Y j�UV�£y�Y U½WZUmTV^bnX��] jd[�^RYm�P��^Zidx����_id^bce^bjPs
Y UoaLaLkd^ZidUXc�tXao^Zid[dy�[�ao]I^_YIWN�ÓWltPce^_j��o¹L^_jd[�^bc�aoUI{_nV]IW�s
Y�]±{_ao^_{�T ~Pë [dWZruUocex���{_ao^_{�T�ce^_Y�] i�id[�y�jdUoWZYI��TVU i��­jd]
�Ix«YI�}� id[d{_rP]�r¢WZUIidj�^by�j�UI� ~h� Uoy�j�U}Y�]Ir��R^�W_U idjd^_yPs
j�x§cÇTVUIi��­j�UL�ox«Y �L[gUIY j�UXWZ[�YI^Zid�oj�UI^`WZUmTV^bno�±] j�[d^ α s
�ZiV^bce^_jdY UIa ~Ô� {­Y�] �Ii ~áG ao[uTVj�UV��y�Y U�aXWZ^Ó{baI^b{�TVxvtbTVU s
a iV^_Y aoUInX����Y�UI�oUI[dcØ�P[dce[�y�^mWZr�[dc°wdUIrP] {m] Y ^_i��dc ~¤³ U s
TVUo{_n�[�YI^Zid�ojd]LYIU id�orXU�{_ao^_{ZT�]Lélêä| FI�IÌoÍIG �ot­j�^_^Á�IUIid� s
¹LUo�ÁTV^mÀÁ[�k�[�YlYb�P��^Zidx��¡�_id^bce^bj�Y UIaV�ZT�]§[ Zmax t`jd^_^
aI^_id[�ruUIaX] Y�] ~ ® w�ndUIy�^mc��ájd]¬jd]I¹ñaI{b\òi��uTÔ���bY UI\bU�j�^ZTVU s
WZY�]IY UIy�jdUÓTdid�¿[dW_rPid�ly�^_j�[��¿{baI^_{ZTVxØ[�{­W_w�[dWZrP]¬]�T�n�^Zs
W_]IY UIa ~

fhUI\òiV]oWZj�U`Y�] �Ii ~ |I��[�{bU��undUIj�j�x«�RaIUo{_nd]oWZYlWZid[�¹RrXUXc
aI^_id[�r��qaoUI{mceU��±jdUÇtÄ{_aI^b{�T¥é�êï|�ó�ç HXF ç��eé�êô|mç � HXÌ çd�
é�ê�|bæ ÌIGI�oÌ�~IÂ WZUo�I^bj�j�U`�_Y UÕrP]oW_] ^bYIWN��élêØ|mæ ÌIGo�IÌ {_aI^b{Zs
T�]½w�idU��oU¬tbTVUIaIid^_YIaIUInX��^bY�aXWZ^mc�rdn�[�Y ^bn�[P�dc ~eë {_ao^_{ZT
é�ê²|�ó�ç HuF ç±[�élêÅ|bç � HoÌ ç�[�{_U��Pn�Uoj�j�x«^ÕaoUI{_nV]IWZYIx�aoWZ^
�R^laLw�nd^�TV^_iV]��­j�^bUIw�n�^ZTV^ZiV^_j�j�UXWZY [gw�UIwd]�T�] �lYÕaÕj�tX�±s
j�x«�´TV[d]Iwd] {bUIj ~õ aI^b{�T�]Çé�ê ÍIÌI� æ F j�^�aIUo¹ÕiV]�aÇY�]I� i ~qG [ÄWZUmT�^_nPs
��]Ij�[P�äcq] \bj�[P�vTdi��äj�^b^¥j�^_[d{_aI^mWZY jdUd�LjdUØWZUI\òi�]IWZjdU
T�]Ij�j�x§c¯[�{´ru]IY�]�idUo\Z] Æ UonoT�WZY nd^bcq]½[�T�n ~ Ë F ÌoÌ HXÎ aoWZ^
^_^­rd[�j�^bcq]IY [�y�^mWZr�[d^Ówd] nV]Ice^_YIn�x°[}ce^_Y�]�i�iV[�y�j�UXWZY ��W
�IUIid�I¹R[dc¦{m] wd]oWZUXcätbTVUIaIid^_Y aoUInX����Y aoW_^bcµj�^_Uo���oUmTV[�s
cex§c²toWZidUIao[P�dc ~`Ò Y U¾T�^_�dW_Y aI[�YI^Zid�oj�U¥UIyd^_j���w�UmTV�oU s
Td���R[��½rP] juTV[PT�] Y ~�ö Y UÓrP]IWb] ^_YoWN��{baI^_{ZTÇé�ê F�HuÍ�HoÌ æL[
é§÷ªø H çXó F ��Y U��bY U½UIy�^bj��½w�Uo{�TVj�[d^­{_aI^b{�TVx ~�� {bU��Pn�UIjPs
j�x«^½aoUI{_nV]IWZYIx¦Tdid� j�[�� j�^baIUo{bceU��­j�U�UIw�nd^�TV^_id[�Y �}W
TVUXWZY�] Y Uoy�j�Uo��YIUIy�j�UXWZY �o� ~ ® ^_n�U���Y jdUd��T�]Ij�j�x«^§wdU¡�Pn�U s
ceUoWbÀÁ^_n�jdUI�Ø] rdY [�aIjdUoWZYI[�[Pid[á�ljd]Iw�n�[dce^bn��¡WZUmTV^bnX��]�s
j�[���nd]�T�[�Uo]Ir�Y [�aoj�UI\bU�YIUIn�[P��wdUI{_aoU i���Y±Uok�^_j�[dY �gaoUI{Zs
nd]oWZY¬idtuy�¹R^ ~Ô� {_sù{m]�jd]�id[dy�[P�Ãa�WZw�^br�Y nd] �¿jd[�{_ruUIYI^bc¼s
w�^bnd] Y tun�jdx��Ø{_aI^b{�T°�IU iV�I¹LUo\_U¥ruUIid[�y�^mWZY aX]�ceUIid^_r�tXs
i���n�jdx��gw�U iVUoWl[P�Ó�P[dce[�y�^mWZr�[d��W_UoWZY�]IaRUow�n�^�T�^Zi���^bYIWN�
W±�IUIid�I¹R[dce[�UI¹R[��IrP]Ice[ ~ fhrXUon�UoW_Y [�tÇUo�oW_to��T�]I^bcex��
aIx«¹R^±{_aI^b{�TÃj�^_�oU id�o¹L[�^o�£[�w�U s»aI[uT�[dceUoceto�£�_Y U�ceUIidU s
TVx«^`{_ao^_{�T�x¥WlW_U idj�^by�j�x§c��P[dce[dy�^bW_r�[dc�W_UoW_Y�]IaIUXc��oj�U
[�{_sù{m]Õj�[�{br�[P�´W_aI^bY [dceUoW_Y ^_��nd]I{bce^_ndx¥[P�Ó�_ruUXW_ÀÁ^_ngj�[Ps
y�Y U��­j�x ~

ú�ûLü¿ýÁþ�ÿ�����ÿ������
	�����ý��
Æ [P��^pwdn�[�aIUmT�[�YIWN�±UIw�[dWb] j�[d^pwV] nd]oce^_Y n�Uoa¡rP]���TVUI��[�{
{_ao^_{ZT¬[�{ÁY�] �Ii ~ |¡w�U±w�Uono�uT�r�t ~

| ~ é�ê F HXÍ HoÌ æ Ëã]�TVn�^bWb] Y�w�UXW�iV]Ij�[P��Û�
�����������
������
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�i� M � � �!� ��� Ò��!� ��� O ¬ ��� �!� � O � L � � � L L � M M�L �B� ���� O � M�L �!� ��� Ò��!� M�M O�M�O�O O � � � � L � O �Ó¬ L � O L � �B� �B�� �B� O � �!� � O Ò��!� ��� O � O � �!� ¬ O � � ��� � ��� L �3� M � �B� �N�� O � L ¬ �!� � O � �B� �B� O ¬ � O �!� L � �3�r��� � L�M � �i� �B���i�� L ��� O�M �!��� M � �B� M � O � ��� O � � L � � � � � ��� L �i� ��� �B� � �� �I¬ � L ¬ �!� � O Ò��!��� L O � � M �!� � � L ��� � � �i� L�M � � M �B���3�� ¬ ����� ¬ �!� ��� Ò��!� � O O � O � �!� M�L L ��� � � L �N� M � �B� � ¬�i��� M ��� �!� � � Ò��!� L � O�O ��� �!� � L � O � � � �N� � ¬ � �N� �B� � ¬�i��������� �!� ��� � �B� �B� O � M � �!� O � � � � � � L �3� O � �B� L�L�i� M ����� �!� � O � �B���i� O �I¬ L �!� ��� �i�!� � � L � L�L � M � �B��� ¬�i� � � � � �!� � � � �B��� � O ¬ L � �!� ¬ L L ��� � �0� L �i� ��� �B� M�L

L ��� MIÔ §�Õ SNTrUB�3�2QI�Ö¡ ����� � ©B� § �0«6UB�B���!�!QI�;� � �i�@«6Q � �3�N�� � �3�%«rUBU�×��!UB���!Q!ØI��U!�3S��y�����B�B��ÙjÚ É � � �ZU!�i�%UB�iÙjUjÛ2�B�N��Z���iÜÝ�3�B�!��ÙÞQ��B�NU � �B���3�Nß�� � ×c«r�!QàUB�`« � �GÛ5� � �3�%«pUB��IQNS�T �N� Ø%«r���3�IQN�N���B�B�*�3U2T!ß��!�y���0T!UB�!Q��*ájU2ÛG�>�Ý���� ���T!�2�V!Q ��â ��©!QI«6QN�i�Ý�!Q �3� �NT!��VBUB���B�B�yÙ��N�B�i�z� M = 0.5M�¡®�i� � �BU!� ���F§@� ×�VB�i�BU � QN�i�Z�yÙC�����%��«6Q � ���3�!Q��%���!QIÛG�0«rUB�I��>� � UB�!�N�3� � QIT!�Ý��� � «r� L�O �ZUBTBT!U!Q���«6� � T!�3� � u«r�B�#�3��Ùã�%�N���B���B��Ø3�!QNS�T!��«6QN�0�ËQI��Û2�B���Z�G�3ÜÝ�3�!�!QI�ÝQN�2��NU � �B���3�Nß�¡£ä
UB�iU!��UÐ«r� � Ø L ��� L § �#�2QN�3� � QN�i���!Qj�3�!Q � �BU2��N�3T!ß��B�#�å�Z�NTr�0«r���3�Nß�� � �i�@«r� �   � �@«r�i�BUBÙ;�Ð�Z�3�IQITBTrUB�2��B�G�%�NU��!�3� � ×�S��!Q��B�G�j�3�!�B�y� � Q��BU!Q�VBUBUÖT!�#�B� � ��Ù��%�#�N��B�G�%�NU��Z���3�#�æ� � U#«r�i�N�%T!ßG�%� � � � QN�Nßu���B�rQN�N�B�G�%�NUç� � �i�%�«r� � ªÝ�æ�0Q��BUB�i�#��Ùè©B�é�%�!Q � �B�i�BUB�ê�¶ ��NT!�!VB�i�ë���i�¥�©B�i�!QN�N�#�B�ì�%©B�i�B�N�í�3�CUB�%T!�#�B�i�BU2�`�i�Z�3áj�3� � �B�!Q��%�B�#��%�����B���B��¡
λmax

¦î� � O ��ïð §@�6ñ �%T!U`V!U � U2TrUB�iQ�VBU2�`U¶�%�G�á}�0�%� � ���i�0Ø2���C«!TB�u�!Q������rQ}�N�0�Z�B���!�!Q��3�!QI� �L �9� �}Ú*¿�Ï ¡®QI«r�B�0�3QN�ò©B���%TrQN�BUB�Þó'¼*Â3ô�ô�õrØÝöÝÏ�ô�ÏNÑ#÷7øL ���B� Ô Uæó>ù�õGÌ'Î�úû¯zù�ÏNô�ô L ��� MIÔ §cÕ ©B���B�NUÖ©B��T!�B�yÙ�Q��!QI�

T!���` ��NT!�BVrQBØ��B�ç���B�i�Bß¶�B�3S��NT!ß�ü}��ÙéUB�iS��y�N���5�ËQ��3�3�
� 0.02M�

��S����%T!� � U2T��3�#á}�i�3� � �i�B�B���c� � �%TrUB�B�3�!UB�*� � �%��NU!�Z�G�%�NU;U;S��NTr�3�*©!���@«6�B�*�å�%�IQI«rUB� �3� ��T!�*V!UBU �!ý � �3�%�«6Qu�G�j�C«6���%��UB��TrQ¸�ËQN�2�3U!�Z�2�ËQu�N�i�Z©B�i�!QN���G�!�þU � ���%��B�i�BUB�*©!�BU!�Z�3�!�B� L �ZU2TBT!UrQN��«r� � T!�3�jS��i«r�3�FØ2�%�FÛ2�!Q��2�2�� � ����� � �3��U!�Z���3�Nß!Ø�« � UB�%Q��Nß��>��©B��«rU!Q��3�!Q��Ë�Z��ä
ÿ � ©!�!QI�� �rØB�%�BUB�CQI�;�N�i�Z©!�3�!Q��N�#�B�z©B� � �i��Û2�B�G�%�NU �� � �yÚ�¿�Ïc��S��!Q��B�G�j�3�!�æ« � �<©BTrQN�B�i�N� W � �9Ú�¿�Ï��ãUr�Z�%��3���ËQ��i�%� L � O � �ËQ��i���þ©BUB���3�!Q!ØB�!QIÛG�0«rUB���>�?�rQ}�!Q��3�3�N�N��B�BUBU L � ��� Q��3�N�B���!���ZUB�B�0�%�BUBÛp�%«rUB�BUBVåU � �!Q�ájQN�i���>��u©B�i�BUB�0«r�G� � �i� ¬ �!� � «r�B�3ÙRØ � �`Ú*¿æÏ�¯uU!�Z�3�i���ËQ��i�%��B� � � �ËQ��3���ì©!UB�N�3�rQBØ6�!Q��i�%�N�F�B�BU!� M � � O Q � � � U`©B�3�BU!�0«L�O �N�r� � «r�B�3Ù ��� �#�3VB�3�!�N�BU!�3UB�N�3���þ���BS�U!�;�3����� � �3���%� � ����*�Ý�B�!UB�N�3�!U2�!� � �yS����!Q}¡ �B� ��� «!TB� � �*Ú*¿�Ï��CU �B��� «!T!�Ú*¿æÏ�¯ §%�Gâ �}� � �i�NU!�Z���3�NU � �ÝÚ*¿æÏã©B�B� � �G�>Û��0«rUB�j ���T!�2�VB� � ��� � �!Q���ØI�B�������N�0« � UB�%QN�i�*�3�rQN�BUBV!��©B�F�!�3Q � �#�G�3ÜÝ�%��B�5���
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