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qr^�i�O�q�a�qÐZp_ N+]�S�_DU�a�Z�b�S�Q
c�S�X�c�S�tK^!X�jÓz0|/^�V�O�X>l N+]�S
^�t�Z>u�S0_
^�c�N+Q7O�X�NDZ3^�c�c�Z>aKX)N�O�N"O�Q�S�^!QDO�S�b�NDZ�aKXYj�S�b�Q�N+^�XYj
N+])S�O�U�UxaYQ�O�Z�X{zYM%N�_�ZYU�UxZ>RrQ�_
b�Z�q���N�S�g�^�X�Z>u�!2Q5U�^-R�N�]K^�N�N+]�S
^�tKQ�ZhbDg�N�O�ZhXkc�ZpS�_
_
O�c�O�S�X)N[O�X1N�]�S7^!XhN+O�yD�!NDZ�V�S�Q�bDS6l)O�ZpXwc�^�X
tKS`S�i�g�b
S�Q�Q
S�jÇO�X�NDS�b�q[Q�Zh_kN+])Sd�>N�Z�V�S�Q3g�^�bDN�Z�_kN+]�S
_DUxaYZpbDS�Q
c�S�X)c�STtK^!X�jk^�Q

κ(ω) ∝
� � �Çã ���

(ω)
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ú S�iKg 




− �−(ω ý − ω)
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

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|�^>V�O�X>l}O$X�N�Z�^�c�c�Z�aKX)N[N+])Sv^�g�gYb
Z�iKO$qr^�NDS!U�f3U�O�X)S�^�bTN�S�q[y
g�S�b�^�NDa:b�S0j�S�g�S�X�j)S�X�c�S1Z�_

ω ý = ω� ý + α
£~��ZpX)Ssc�^>XeZ!tKy

N+^!O�XsN�]�S�_�ZKU�U�Z!RrO�Xpl�,

κ(ω) ∝
. ���lã ���

(ω)
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

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

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� S�c�^�aKQDS N�]�SÐ�!NDZhVhS�Q�y$S�i�c�O�NDS�j .����	��
��
(ω)

j�S�g�S�X�jYQ
]Y^�b�j¯UxfeZpXeN+])SsN�S�qrg�S�b�^-N�aKb�S0^�N�N+])SW_
b�S�o)a�S�X�c�f3Zp_TN+]hS
­[S�°Y±&S[U�^!Q
S�b~��Q�S�S '�O�l/z�¹�����N�]�S.�¦b+bD]�S�X�O�aYQ&U�^�Rd_�Z)U%U�Z�RrQ
_
bDZpq N+])S`_
O�b�Q
N�S�iKg�Z�X�S�X�N�O�X�N+])S`^�tKZ>u�S�S�i�g�b�S�Q�Q�O�ZhX��
QDZªN+]�S ^�c�N+O�uY^�N+O�Z�X S�X�S�b�lYfÑO�Q¼Q�O�q�gYU�f N+]hS�uK^>Uxa)S
3−(ω� ý − ω è æÏÿ×êÏë ) z�M�_�Z�X�S�aKQ
S�QnN+])S0uY^>Uxa�S�Q�l:O�u�S�X�O�X N+]hSc�^�g�N�O2Z�X�Q�Z�_ '�O4l:Q�z7·d^�X�j È ^�X�jÇ^�U�^�QDS�b�_
bDS�o�a)S�X)c�f��»"·�³>¹"¶�q −

¥ �"Z�X�S�Q
S�S�Q3S�^�Q�O�S�beN+])^�N3N+])SÂuh^hUxa)S�Q�ZptYy
N+^�O$X�S�j�^!b
SÂO�X�u�S�bDf�lKZ!Z�j�^�lKb
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=
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¥
≈ ∆
À

=
�"�¤��³�c�q * ¥

=
=
�¤´¯��»s¸r�-z


 G)CKJS��I$��L�G�C
|/])S¦S�iKg�S�b�O$q[S�X�N+Q5^�X�j�c�^>U�c�a¯U�^-N+O�Z�X�Q�g)b�S�Q
S�X)N�S�j7Q�])Z!R

N+]Y^�NwN+])SP^�X)N+O�yD��N�Z�V�S�Q1S�iYc�O�N�^�N+O�Z�X�Zp_w_DUxa�Z�bDS�Q�c�S�X�c�S`O�X
«��P« ]Y^�Q�^"gY]�Z�X�Z�X�y%^�Q�QDO�QDN�S�j1c�]�^!bD^�c�NDS�b-z�|/]�S"g�Z�Q�Q�O�tKO$y
U�O�N�feZp_�_DUxa�Z�b�S�QDc�S�X�c�S1S�iKc�O�N+^-N+O�Z�X3R�O2N�]�^slKbDS�^�N7S�X�S�b�lhf

9¤¶ Ò-±��/±  'ê×å/��ê×ëdæÏðsô/ëdê,÷�ê
�/ê×ì�÷/ê×ì�ö×ê,î¤�¯ðsò/ê&�½ëdê C/ô�ê×ì�ölù î���æ&��ô·ëlêªê�� äö�ç ðdîÏìnç ö)ðdëdæ�ì�ÿ�ç ð�ç îÞì¨ç�ìfæ ��ÿ%��ì>��è ?
⋅ Ë2@ 	 B ÿlç ì��·è½ê)ö×ësù/ÿdðÇæ�èdñ) �ò·ê)î
�·êxìö�ç ëdö�è½ê×ÿ.ëdê��Þë�ê×ÿdê×ì�ð.ðdò·ê)ê
��ö�ç ðdîÏì[��î�ÿlç�ðdç�îÏì�ÿ¦ö×æÏè½ö×ô-è æ�ðdê×÷¨ç ì�ðdò/ê5��ëdê�ÿdê×ì�ð

�/æ �/êlë�ü>#"ò·ê×ëdê×æ×ÿ�ðsò·ê#ÿÔî·è½ç ÷Ñÿ C·ô·æxëdêªç ÿ"ðdò·ê.ëdê×ÿsô-è ð"î
��÷/ç ëdê×ölð"î��·ÿdêlëdó·æ×ð�ç îÏìæ�ð ¥ ñ û ��� ¬�� ñ� �ò�êØç ì/ðdê×ë$�/î·è½æ�ðdê×÷+÷�æ�ÿdò�ê×÷yè½ç ì/ê
ω = ω � +

Ö�Â
+ ��� 	ç�ÿ��-è î�ðÇðdê×÷\ô/ÿlç ì��bðÇò/ês��î·èsè�î�#.ç ì��w�/æxëdæ�å.êxðÔêxëdÿ�é

ω � =
¥�� ý 	 ¢ = å −

( üÖ
=
ýnñ ¥ ¬ � = å −

( � � ü °
=
ýnñ ý�ýËú�û = å −

( � � 	 ñ

9¤¶ Ò-±�à�± ãh�/æxå��nè�ê)î
�¯ðdò/ê&�sç ðdð�ç ì����/ëdîÏö×êx÷·ô/ëÇê¦��îÏëªðsò�ê)÷·ê�ðsêxëdåªç ì/æxð�ç îÏìî
��ðsò/ê�#�ê×æ�íÑæ���ÿdîÏë%�·ðlç î·ì)ö�îÏê����sç ö�ç ê×ì�ð"æ�ð"ðsò/ê��.êD*�,�êªè�æÏÿdê×ë��½ëdêDC·ô/ê×ì�ölù: ¥<; û/ý ¬ = å −
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�

��ðsê��·æÏì·îÞó�� ÿ�ê C·ô�æ�ðlç î·ì�ñ
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b�S�o)a�S�X�c�f7uYO2t�b�^�N�O�Z�X�^>U�q[Z�j�S�Q�z�|/]�S�Q
S
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b�S�Q
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ZsZ!tYN+^�O$X�S�jÓz�M
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|/])S�^�a)N+])Zpb�Q�RTZpa¯U�jWU�O�VhS�NDZrS�i�g�b
S�Q�Q�N�]�S�O�b�l)bD^�N�O2NDa:jhS

N�ZwM6zÓ�¯z�¸�^�c�]�a�b¦_�Z�b�g�b
Z�u�O�jYOxXhl1N+]�Sn«��P«�Q�OxXhl�UxS�c�b
fKQDy
N+^>U�Q-z ��S"^�bDS7N+]�^�XYV�_�a�U�NDZ0g�bDZp_�S�Q�Q
Z�bTÔ"z ��ZYU�_�Zpb�j0^�XYj
Ôrb�z���z�'�b�O�Q�]Yq[^>Xs��tKZ>N+]"_
bDZ�q�M
Z!Rr^���N�^�N�S �7X�O�u�S�b+QDO�N�f��
_�Z�b5N+])SrO�X�NDS�bDS�Q
N�OxXWN+]YOxQ.QDN�aKj�f1^�XYjs_�Zhb.]�S>U�g�_�a{U�j�O$Q
c�a:QDy
Q�O�ZhX)Q�z ® XhS7Zp_&aYQ����nz �nz2Ì¦z���N+]Y^�X�VYQ~±��¦| ® _�Z�b�_
O�X�^!X)y
c�O�^>UÓQ�aKgYg�ZpbDN��")�b�^�X)N�����|~z�Ì � È ²�»>µ�· È �>z¥ ñ ��ñ�9�ôÞÿdê�èÇü È¤ÉxÊ�ºÌ±��¦³�ß ñ���
��nünúÞûËý � : ¥ � � 	 > ñúnñ�8�ñ¤õ�æxó·ê×ê×ì�÷/ëdæxì'ü),¦ñ��Þô/í�æ�ëxü�æxì/÷� "ñ �#ñ �#ñK��ë�ç ìnç ó·æxÿdæÏì�ü�È¤ÉÏÊÞºÌ±

�¦³�ß ñ��Y?
?nü ¢ � � û : ¥ � � � > ñ¬ ñhþ}ñ øÞç æ�ü'ã¯ñp��ðsëlæ�ô�ÿdÿ�ühæ�ì�÷ þ^ñp�+ñ �"ê×ì'ü È¤ÉxÊ�ºÌ±���³�ßnñ������nü 	·ý � ;: ¥ � û ¥ > ñ¢ ñ&��ñ#ø-ñ#ø·ê×ì/ÿdê×ì�ü&8�ñ�9�ì�÷·ê�ëdÿÇî�ì�ü,æ�ì�÷3��ñ)ã"ñ)õ�æxÿdå.ô/ÿdÿÇê×ì'ü Ö"ÍÏ»�Æ��ÉÏ³�Ä�±�ÙhÍ×Æ/¸ÏÎ ñ�
��-ü ¥ û � ý : ¥ � 	Ëú > ñ; ñ �#ñ
,�æ��·æxðdæªæ�ì�÷ �ªñÞø·æ �lô/í�ê·ü�È¤ÉxÊ�ºÌ±hÀ�³Ï»d»�ñ���
��ªünú � ¬ : ¥ � � ý > ñ	�ñ �,ñ��kñ>9�÷�æ�å.ÿ�æÏì·÷ �)ñ���ñ-,�ê
#�ðdîÏì�ü���±���ÉÏ³�Ä�±�Ùh¿�Í·ñ������hü ¬ ¢ � �: ¥ � ��¥ > ñ� ñ.þ}ñ¯ø/ç æ/üªã"ñ/��ðsë�æxô/ÿÇÿ�ü�þ^ñ��|ñ �"ê×ì�ü��ªñ! �ç ænü�æ�ì�÷W�|ñ#"hò·æÏînüÈ¤ÉÏÊÞºÌ±���³�ß ñ��$�&%�ü ¥ úÞû ; ¬ : ¥ � û � > ñûnñ('ªñ�8"ñ*)�ì�ê��l÷-ç�è½îÏó�ü('ªñ�',ñ¦ãhëlê×å¦ê×ì�í�î-ü('ªñ/��ñ �¯ô/ëdì�îÏÿdîÏó�ü�æ�ìÞ÷
'ªñ �×ñ � î·åªç ì'ü Ù�¿·ß·±���±hÀ�¿·Á
Âh³ÏÄ�Å-± È�ÉxÊ·º ñ+
�;nü ¬+¬ ¥ : ¥ � � ¥ > ñ

� ñ�õ.ñ �"æ�ñ-, ë�îÏì�ü�'ªñ�'ªñhã�ëdê×å.ê�ì·í�înü�æxì/÷Øã¯ñ�'ªñ!��æxðsù/ô�ÿdò·ínç ì'ünÙh¿·ß·±��±�À�¿ÏÁbÂh³�Ä�Å-±hÈ"ÉxÊ/ºÏñ�?hü ¬ ¢
¢ : ¥ � � � > ñ¥ ý�ñ�þ}ñ øËç æ/ü�õ.ñ! "ñ+,�ëÇô/ì�÷·æÏðsê/ühæ�ì�÷ þ^ñp�|ñ �"ê×ì�ü È¤ÉxÊ�ºÌ±���³�ß ñ+���
;nü
¢ ¥ : ¥ � û ¬ > ñ¥
¥ ñ('�ñ('ªñ¦ã�ëÇê×å¦ê×ì�í�î-ü('�ñ{9�ñ �"æÏëdæxö×ò/ê×ó·ðÇÿdê×ó�ü/9�ñ.õ.ñ �¯æ �×æxö×ò/í�îÏó�ü
'ªñ$',ñ��·ò�æ��nç ëdî�ü�æ�ì�÷.'ªñ�'ªñ��nè�æ�ó�ç ì'ü�È�ÉxÊ·ºÌ±(�.³�ß�ñ��0/&%�ü ¥�¥ � � �: ¥ � � ¢ > ñ¥ únñ�,�ñ���ñ���ðdê
��æ�ì�îÏó�ü�1�¿·µ·Õ Æ�Î ÊfÖ¦µÏÆÏÎ�³�Ä�¶s¶�Ó�Æ·¼nµfÙhÙ�Ù��2
�
���ü"û ¬ �: ¥ � ; � > ñ

9¤¶ Ò-±#Ý ñ¯��îÏå���æ�ë×ç ÿdîÏì+î¤�¡ðÔò�êØ÷Þæ�ðsæ�î��/ðÇæ�ç ì�ê×÷��½îÏëªðdò�ê)æ���ÿdîÏë%�Þð�ç î·ìfæÏððdò/ê��.ê
*�,�ê�è�æ�ÿÇê�ë��½ëlê C/ô·êxì·ö×ù+æ�ì�÷¨ðdò�ê)ëlê�è�æ�ðlç ó·ê��sè�ô�îÏë�ê×ÿÇö×ê×ì/ö×ê�C/ô·æÏì äðdô/å�ù-ç ê�è ÷Øç ìØæ ��ÿ%��ì>� è ?
⋅
ú¤� 	 B ÿ�ç ì��/è�ê.ö×ësù/ÿÇðdæ�èÇñ

9¤¶ Ò-±43�± 9�ëdëdò�ê×ì-ç ô�ÿØðÇê×å���ê×ëdæxðdô/ëÇêf÷/ê
��ê×ì�÷/ê×ì�ö×êfî
�,ðdò·êfëlê�è�æxð�ç ó·êfæ�� äÿdî·ë���ðdç�îÏìfö×îÏê+���sç ö�ç ê�ì·ð.æÏð�ðÇò/ê&�.ê
*�,�ê�è æ�ÿdêxëÓ�½ëdê C�ô�ê×ì/ölùfæ�ì�÷fðsò�ê�æÏì·ð�ç ä
��ðdîÏí/ê×ÿªê
��ö�ç ðdê×÷7�sè�ô�î�ëlê×ÿdö×ê×ì�ö×ê ç ì+æ ��ÿ%�Ñì>��è ?

⋅
ú�� 	 B ÿlç ì��/è ê)ö×ësù/ÿdðÇæ�èdñ 'ò�ê���æ�ëdæxå.ê�ðsê�ëdÿ�î
��ðdò/ê,ç ì/ðdê×ë$�/î·è�æÏðsê�÷�èsç ì/ê Ê

=
Ê � +

°
5 æ�ëdêªðÇò/ê��½î·è äè�î�#.ç ì���é Ê � = − � ñ � ; ü ° =
¥ 	 ¥ ; �

= 6
¥ ú·ý = å −

( ñ

9¤¶ Ò-±�7 ñ���ç ì/ê×æxë)ê
�/ðÇëdæ���î·è�æÏðdç�îÏìkî
�.ðdò�êØê
���/ê×ë�ç å.ê×ì/ðsæ·è�è ùy÷�ê×ðdê×ëdåªç ì�ê×÷ðdê×å/��ê×ëdæÏðÔô�ëdêZ÷·ê��·êxì·÷�ê×ì/ö×êZî¤�ÑðdòÞê
ýD*�ý�ê
��ö�ç ðdîÏì-ç ö"�½ëlê C/ô·êxì·ö×ù}ç ì^æ
��ÿ%��ì-��è �

⋅ Ë2@ 	 � ÿ�ç ì��·è�ê�ö�ësù�ÿdðsæËèÇñ

E E E ¬ ú F

á¤â G�â Ý�ã�Hhâ G�Ý
â Ý�IKJ�Ú�ÛML�Ú�Ù2ã8N�ç�Ù%ßDê�ë�ë�ë!ßºé�×�êAOpß8H�ÞQP O"O�8


