
���������	�
������ ������������� �	�����
������������� ���� !�	�� ��"��#�$�%��&'� ���)(*�

+�,�-/./,102,43�.6567982-/:<;=:

�	��(*���	�>"������ �
?�@BA6CB@EDF"�GIHKJ9CMLNJPOQ@ER

�	��(	(*�#�*���*"��*S � T��U���#�*��S " ���
�����#����V
�W�
�	�
��X�*S V � �
"����	�*S V �*"����*�Y�>"�S V �Z�

[]\N^_[Q`E^_[ba	c d @Be2@BfgGUfihQjlkmJ9jBn2@ECMhNONGQjBjMhNo1hUn2hNn2A<hqpEjE@Ep

���
�����#���r��s��
jBG%nthQ@Bn2fgGQjE@MJuvRMJ9jBhQDwn1A/J9xBJ9jB@

fNGNjik$@ikmGQAyG d @Eet@Efih/zv?�GNA<JP?WGQA6@BRBJPn2fB@]{|jBG6uvf

+�,=56}<~/���Z.q567982018��Q:<�y���Q�<�
� ,10y���I56�)��:/���N,��18t./,y�y82./:<�=�b�Q-/.68t���=;=;�82.

�W8 � 8202:<7Z� ./:<�*�K��.<���M8t01:/}

XJ9CEjMhNo1hqHKhNOQfgG�� [N[Q`



�
�l�W�i��� �m¡#¢#�

"�"��£���#��	� ¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤§¦

&¨(��"�� © ^ (	@BA<J9CMGQA<ubCBjMªYD«hN¬NethQC ^

§1.1  7P;¥:<�y82~/~<����;�8t;��y8¯®/~/:q®Z0Y8=�N:<~<82}/~/�°3Z7<0t,y~<�y8202�°3�®Q�$,¯3±¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�²¯³
§1.2  �W����76�2� ;¥0y® � ,1~<~/����;�´�79;=:6�y8t~/,2�K:µ:¶´=7P;¥:6�182~/~<�£�K:|7t89�K-6�/�=7P;=,2�K:¶0
�N0�5939;§�/8t�<~/�°3Z;¥:<;¥�y���$,43 ¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤6³P²
§1.3 · .<:/;��=,4�/�I:/}6��;¥72,4®>�¸, � ,¸0¹;¥:/;��y�¯�$,¯3�;º-<.<82;��2./,1~<;��20y�=~/~68�.I, � �Q���I�=~<~/�'�$:
´»�/�=7<�1.<82~I,1�K:Z:��Q�'.<72,2�K:¼¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤½³�¾
§1.4 ¿ ��018=�N��¤gÀ#82;��=,y~<820272, � ,¯�g,�}/:±¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤ÂÁ1Ã

&¨(��"�� ©»© ^ ��ONhNDBn2A<ONG�Ä2fin2@EA/hQjEjMª�{¶n2hgn1A/hPpEjE@BDÅO�h9kK@BjBhQRBjMª�{%fBOgGQjlÆ
A/hNONª�{�pE?WGI{Ç�ÈNÉ�ÊyË<É�ÌÍÇ�ÈNÉ�Ê'OYxECB@Mn1uvA<n2A<ON@BJ¹fMONGQe2@lkmOQui?�J9CBjBhgo1hYÄ�HKJ9flÆ
A<CBhQjBjBhgo1hUo�GQetG ^

§2.1 À)8t;��=,y~<820272, � ,4�N,¯}/:Î¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤ÏÁ�¦
§2.2 Ð �¥82./:q®�´=7/.I,y~/:<.<820t,y~/:q®Z�¸:/~q31,y.2�g,�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤ÑÁ1¾
§2.3 À#./:<�y�Q:qÒ��=~/:<�W�I8272,��I�2~68tÓ�8�-68¯�/®�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤Ô¦tÁ
§2.4 Õ Ò�:/�m,����M8t;��1��;¥:/;��y�¯�K� ¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤1¦t¾
§2.5  7/./,1~<:/.68t02,1~<:<��0y8 � �y5PÒ��Q�=~<~/�°3�´=7P;¥:<�y82~/~<�r3Z;�82;��18�®I~<:/� ¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤=¦tÖ
§2.6 Ð ���K-<�=./,y��56./~/,�® � ,101:/;¥:I�M82;��2�Y-<82.<82Ó�8t0y82��7982~/×<�=~6�2./,1×<:/:Ø³¯Ù �Ú ¤�¤�¤�¤�¤ÜÛ¯¦

&¨(��"�� ©»©Ý© ^ T�fBCBGQjB@ECMhNONGNjE@MJÅ@ xBJ9CMJPn1A<CBhQDBfgG±ntOIp]e9GQjEjMª�{ nthNn2A<hqpiÆ
jB@EDwO�kmOQub{gn�HKhQDBjBª�{În2@Bn2A<JP?WGI{ ^ T d	d J9fBA<ª uiOIHKJ9RBJ9jB@]p ^

§3.1 À#�=.<�=;��1.<82�/72,#-<.t®Q�M82Ó�8�´=7P;¥:<�y82~I,�0�;¥:<;¥�y���M��-/.<82;��1.I,y~/;��101�=~/~68¸.I, � �Q���I�=~PÞ

ß



~/�°3�´=7P;¥:<�y8t~68t0�:�´»�/��76�1.<82~<820 ¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤P¾6²
§3.2  �W���=7<�1�à´=7/./,1~<:/.68t02,1~<:6®	�M�¥Ò�;á�I81�=02�°3�´=7P;¥:<�y8t~68t0¼¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¾1¾
§3.3 â ,y.t®6Ò��=~/~/�����K~<82Ó�8t}/,1;��1:/}<~/����7t89�K-6�/�=7P;¥�W�/;¥0182�/;��10t,�~<�=-/.t®I�M8tÓ�8
�1./:<82~I,ã¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤Â¾1ä
§3.4 å 0��I�=}6��~<:<�W´�79;=:6�y8t~68t0Y´»�/�=7<�1.<82~I,1�K:	0��N0�593P;á�I82�/~68t��;¥:/;��y�¯�M�µ¤�¤�¤�¤�¤�¤�¤§æ�Ö
§3.5  7/./,1~<:/.68t02,1~<:<�¹´=�W���=7<�=,�560��I�=}<�=~/:q® ¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤ÝÖt³

&¨(��"�� ©Ýç ^ ��JPèéJ9jB@MJWetG<kmG6RE@*h>n1xMJ9fEA<CBJ¹fihqHBHMJ9fBA6@MOQjMª�{�ONhQe9¬QubêëkmJ2Æ
jB@EDwOUn2@Bn2A<JP?WGI{ÅnZfBCE@Mn1AyGIHBHB@BRBJPn2fihQD d GQe9hQD ^

§4.1 ì , � .<��Ò��=~/~/,�®Z;¥:<;¥�y���$,�´=7P;¥:6�182~<820�0��N0�5939;§�/8t�<~<82�Z;��2.q567<��56.<�í¤�¤�¤¥¤�¤�¤�¤îÖ1ä
§4.2 ï ~/,��I: � �N:<;=-6�=./;¥:<82~/~<�r3 � ,y02:<;=:/�M8t;��y�=� 82-<�1:/}6�=;=7<:q3±:±,y765t;��2:<}<�=;¥7/:P3
�M8��0�~q52�/�=018t�|�$,yÓ¥~/:<�1~689�µ-<8¯�/�ë¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤Íä�¦
§4.3 ì ,y;=}6�¥���$,yÓ¥~/:6�182-<8��I�=02�°3 � ,y02:<;=:/�M8t;��y�=�Å7t8¯�/�/�=7<�1:/01~/�°3ã0y8 � �y5PÒ��I��~<:/�
´=7P;¥:<�y8t~<~<82Ó�8�7/./:<;��=,��<�N,¼¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�ä1Ö
§4.4 ð � �K�=~6��~<:<��;¥-<�=7<�1.I,Ø-/.<:¶7/02,y~<�y8t0y8t��-6�=.<��3t8��Q��7/./:<;��=,4�/�6ñtÒ�:q�N7982;¥�1�é0
�N0�5939;§�/8t�<~<82��´=7P;¥:<�y82~/~<82�Z;¥:/;��1���M�ë¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤ò²=Ã<²
§4.5 ó �Y82;¥81�1��~<~<82;���®q3�798��/�I�=76�2:<02~<�r3Z018 � �15PÒ��Q�=~/:<�Z0�.<��,4�Q�1~/�°3
;��2.q567<��56.I,¯3 ¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤4²=Ã2Á

 !���Z(Øô X�#�	�� ¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤½²1²�Ã

À�./:q�I8�Ò���~<:<��²|¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤=²1²4³

À�./:q�I8�Ò���~<:<��³«¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤=²1²�Á

��xB@BnthQfãHB@BA<J9CMGQA6uvCMª ¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤�¤¥¤�¤�¤�¤�¤�¤�¤�¤�¤y²1²4Û

õ



öU÷ �ø�W�i¡#¢#�¨ù

ì , � 02:6�2:6�r�y��3<~<8¯�/8tÓ¥:<��.68t;��=,º-<8¯�<56-/.68t0y8��Q~/:/7t8t01�r3�7/02,1~6�y8t01�r3�~I,y~<82;��1.6567qÞ
��56.>-<8 � 018��Q:q�I8¹;¥8 � �g,y0t,��1�¸;¥:/;��y�¯�K�|-68t~<:6Ò��=~/~68t�>.I, � �K�=.<~<82;¥�1:�02��;�8t7982Ó�8¸7t,¯Þ
}<�=;��10t,Y; � ,4�N,1~<~/�'�K:	;¥0y8t�<;��202,2�K:ëúÏÓ��=�y�=.<82-<�=.6��3t8=�N���I7/02,1~6�18201���¸®I�$���I7<0t,y~qÞ
�y8t01���#�182}/7<:�:>�¯¤û�]¤ýüm:þ01� � 02,��/8�~<820y56�ÿ0y8¯�I~65��1�¥82.<�¥�1:/}6��;¥7<:q3�:>´=7P;¥-6��.<:I�M�=~qÞ
�=,4�Q�1~/�°3Å:/;¥;á�I���Q820t,y~/:<�|0��N,1~<~<82�|82�y�N,y;��2:b¤ ó �N~/,17t8%�K~<82Ó=:6�	: � ;�56���=;��10y59Þ
�)��:q3U0	~I,y;¥�y8�®I���¥�þ01.<���B®ë�y�¥8t.6�¥�2:<}<�=;¥7/:q3%�M�¥�18=�Q820:I�M�=�º�Z�Q82;��=,��y8t}<~<8�;���Þ
./�y� � ~/���¹8tÓ¥./,1~<:/}<�=~<:6®i¤ Ð ,y7v�/�/�/®	81�1�Q,1;��1:*�$,4�Q�°3	7982~/×<�=~6�2./,1×<:/�*~<82;=:6�y�¥�/�=�
� ,1.t®q�g,�0�-/.<820y8��I®/��:q3Ø7t,y~I,4�N,¯3Ø�=,y7/:P3
;¥:/;��y�¯���ø�y8��=;��1�þ�I�<®
;§�<56}I,4®
;¥:q�Q�1~<8
7982./.<���I:/.<8202,1~<~<82Ó¥8Z;�8t;��y8¯®/~/:q®i�i�K~<82Ó¥:<�Y�1�¥82.<�¥�1:/}6��;¥7<:<�>-68��/3t8��Q� 018181�t����~<�
-/.<:I�M�=~/:/�$��¤ · ,y7þ-/./,101:6�/8I�P´¥�y8�;¥0y® � ,1~68�;º�y�����q}<�y8�0��18¯�I����:/~<;��20y���M�¥�y8��I8t0
02�K�=;��y8W.<��,4�Q�1~<82Ó¥8�.I,y;¥;��$,��1./:/02,��=�1;á®Y-<81�1�=~<×/:I,4�>0 � ,y:I�M8��I�=�/;��102:q®i�45t;=.6���N~<�=~PÞ
~/����-68¸-/.68t;��1.I,y~/;��10y5Y: � ,¯�g,¯}/,�;=0y8��Q:<�1;§®Y7��Â8=�N~<82}I,y;��1:/}/~68t�����1� � 56}<�¥�¥,W7982.qÞ
.<���<®I×/:68t~<~/�°3�´������=7<�y820/¤
Ù�,4�Q�1~<8=�Q�=�/;��101:<�¨7651�/8t~68t01;¥798tÓ�8º-682�y�=~/×<:I,4�N,º:¹~I,4�Q:<}/:<� � ,y.t®6Ò���~<~/�°3¸81���bÞ

�=7<�y8t0Y0�;=:<;��1���M�W-<./:<018=�I®<��7�02,4Ò�~<8t�B5�´������=7<��5��101�=.2�I82�y���Q�1~<82�Z��: � :/7<:��
´=�W����76��5�´=7/./,1~<:/.68t02,1~<:6®Z-<81�y��~<×/:/,��Q,<¤ Õ .<82;��18t�µ7982~/×6��~6�2./,1×<:/:	~<82;=:6�y�¥�/�=�
� ,1.t®q�g,�0
-<8¯�<56-/.68t0y8��Q~/:/7t�	´=7/.I,y~/:<.<820t,y~/:6�	7651�I82~<8201;=7t8tÓ�8é0 � ,y:I�M8��I���<;��201:6®
5t;=:q�Q:<0t,��¥�2;á®v�¯}6�y8�-<./:<018=�N:<�#7¹-<�=.6��~68t./�K:/.<820179�°01;���Ó�8'´=~<�=./Ó��¥�1:/}<�=;¥7982Ó�8º;¥-<�=7PÞ
�1.I,�798��/�I�=76�2:<02~<�r3�018 � �15PÒ��I�=~/:/�b¤ ¿ }/,1;��1~<82;��2:b�P5<�M��~<����,��=�1;á®>´=~<�=./Ó¥:q®þ;¥0y®qÞ
� :W82;=~68t01~<82Ó�8£;�82;¥�y8¯®/~/:q®W´�79;=:6�y8t~/,<��;=�M�=��,4®/;¥��0�82�y�N,y;��2�£~6�=-/.<�=.<�'01~<82Ó�8º;¥-<�=7PÞ
�1.I,6¤  �=, � ,¯�g,�}I,��M8¯Ò��¥���2���1��.6�	���=~I,þ-65q�y���F01��}/:/;á�I�=~<:6®�´=7/./,1~<:/.68t02,1~<~<8�Þ
Ó�8*7651�/8t~68t01;¥798tÓ�8*-682�y�=~/×<:I,4�N,*7/02, � :P�N0�5<�M��.<~/�'� ´»�/��76�1.<82~/~/�'�¼;>-<8t�M8t���2�
�Q:<~q�<32,y.2�Q8202;¥7982�Å0y8t;¥-/.<:/:/�$}<:/0y8t;��1:v�!7981�y8t.682�	81�101�=}I,��¥�U;á�/56}/,1� �Q:<~<�=�/~68tÓ�8






81�27q�Q:/72,é0é./,2�K72,¯3µ-<./:6�1�I:6Ò��=~/:q®µ32,�81�2:<}<�=;¥7/:P3|�W, � ¤ ó �Q~I,y798é´¥�y82�ë-68��<398=�
~<�#�M8¯Ò��¥�¹8t-<:/;=,y�1��.<� � 51�Q�¯�¥,y�1�ã-<82;á�I���N~<:q3�´�79;=-6�=./:I�M�=~<�¥,��I�2~<�r3>./,y�181�¯�P0�7t8yÞ
�y8t.<�r3«�2���I:w-<.<8201���Q�=~<� :/;¥;§�/���Q820t,y~/:q®«798¯�<�N,y-/;=,�;¥0y® � ,y~/~<�°3Î´=7P;¥:<�y8t~<~/�°3
;�8t;��y8¯®/~/:<�Z0Y7/02,1~6�18201�r3�®I�$,43�:�Ó��¥�1�=.68t-6��.6��398=�g,¯3b¤
· .689�M�í;¥:/;��y��� ;í-/.<82;��1.I,y~/;��101�=~/~68 -<.t®I�$�'� 7651�I82~<8202;¥7<:I� 0 � ,y:I�M8=�Q�=�qÞ

;��201:<���à0*7/02,y~<�y8t01�°3�;¥�1.q567<��56.I,¯3í-<8�®I01:6�Q,1;¥�018 � �M8¯Ò�~68t;��1�Ø-68¯�<56}I,��2�Ø-/.68yÞ
;��2./,1~<;��20y�=~/~68U.I, � �Q���I�=~<~/���Z-<8=�N;¥:/;��y���$� � ,1.t®6Ò��=~/~/�°3µ7<0t, � :/}/,1;��1:/×b�m798tÓ���Þ
.<�=~6�2~<����;¥0182�/;��102,�7981�y8t.<�r3>�t�r�Q:þ-/.6���N;¥72, � ,y~/�µ�Q82018��Q�1~<8¸�g,y02~68I¤ ó �Q~/:I�U: �
-/.<:I�M�=.<820Y�¥,17<:q3�;¥�1.q567<��56.�®I0��/®/�º�1;§®��Q0182�/~<���¸7/02,y~<�y8t01���W®Q�K���/0Y7981�y8t.<�r3
0y8 � �M8¯Ò�~68í0y8 � ~/:<7/~68t0y�=~/:<�Ø-<.<82;��2./,1~<;��20y�=~/~68µ~6��-<.t®I�$�°3Î;¥0y® � ,1~<~/�°3Î;�82;¥�y8�Þ
®I~<:/� úÏ~6�=-/.t®I�$�°3Å´�7P;¥:6�182~<8209ü»¤ ¿ ;¥:/;��y���K�*0 � ,y:I�M8��I�=�/;��10y56�)��:q3Î~<�=-/.2®Q�K�°3
´=7P;¥:<�y8t~68t0þ0þ~<�=7981�y8t.68t�82�y�N,y;��1:*~/: � 7<:q3	�y�¯�K-6��./,y��56.Ø:798t~<×<�=~<�1./,1×<:/��0y8 � Þ
�M8¯Ò��=~-6��.6��398=�Ø0�Ò�:P�N7656� �W, � 5t�N,�0�81�1�Q,1;��1:	�28��I�¥��~/: � 7/:q3	7982~/×6�=~<�1.I,y×/:<�
´»�/�=7<�1.<82~<820µ:ã�Q��.<827 �M82Ó§�Q,��2� 82;�56���=;��10y�<®/�1�1;§®«´=7P;¥:6�182~/~/,�®F7/.<:/;��=,4�/�I:qÞ
� ,1×<:6®v¤!+�,1.2®6�/5í;�´§�I�=7<�1.<82~/~68t�µ7/.<:/;��=,4�/�Q: � ,1×<:<�=��ñU´¥�18
8��Q~<8é: � ~I,y:<�18¯�I�¥�
´=�W����76�1~/�°3	®/0y�/��~<:/�	0�;¥:/;��y���K�¹0 � ,y:I�M8��I�=�/;��10y56�)��:q3Z7/02, � :<}I,y;¥�1:<×v¤ ¿ ;¥0y®qÞ
� :�;£´¥�1:I�U02,�Ò�~/�'�%-<.<���N;��=,y0��/®<�=�1;á®Y�Q8�;=:P3�-<82.>~6�):/;¥;á�I���Q820t,y~/~<�'��0182-/.68t;'8
;¥-<�=7<�1.<�'798¯�<�I�=7<�1:<02~<�r3�0y8 � �y5PÒ��Q�=~/:<�Y´=7P;¥:<�y82~/~68tÓ�8¸7<./:<;¥�¥,��<�N,6¤ · .689�M���y8tÓ�8/�
;¥-<�=7<�1.Å798¯�<�I�=7<�1:/01~/�°3Î0y8 � �y5PÒ��Q�=~/:<�µÒ�:q�Q798t�Î�¸, � � ú ´§�I�=7<�1.68t~9ñt�Q�'.68t}<~<82�
:6�I:«´§�I�=7<�1.68t~9ñP´§�I�=7<�1.68t~<~<82�F-6�N, � �K�)ü�0ë�N0y8t�<~/�°3«7/02,1~6�18201�r3Î®Q�$,¯3«�M8��Q:qÞ
�W:<×/:<.652�¥�2;á®-<8�;¥.I,y02~6��~<:/�¼;�8�;=-6�=7<�1.<8t�|798��/�I�=76�2:<02~<�r3	0y8 � �y5PÒ��Q�=~/:<�Z8=�N:qÞ
~<82}/~68t��7/02,y~<�y8t0y8t��®Q�K���2:Y�=Ó�8W:/;¥;§�/���Q820t,y~/:6�'�¥,17qÒ��)-/.6���Q;��=,10��/®<�¥�1;§®�;���.<�1� � Þ
~<82��:í:<~<�y�=.<�=;¥~<82� � ,4�N,¯}<�=�b¤$À�./:%´¥�y8t�¼;§�/���/52�=�*:I�M�¥�2�Ø0102:P�I5t�B}<�y8
72,17�:�0
-/.68t;��1.I,y~/;��101�=~<~<8�-/.t®I�K�r3Å;¥:<;¥�y���$,43b�m0U~<�=-/.2®Q�K�°3�� 0t,4Ò�~q56� .<8¯�I�U:/Ó¥.I,¯Þ
�º�>´=�W���=76�2�à´�7<.I,y~/:<.<820t,y~/:q®*7q52�/8t~68t01;¥7982Ó¥8>0 � ,y:I�M8=�Q�=�/;��102:q®	´§�I�=76�2.68t~/,2�K:

�



:Îú :6�Q:Qü)�N��./72,1�K:v�l-/./:<018=�I®/��:6�>7�5<�M��~<�����=~/:/� ´=~<�=.<Ó=:<:é;¥0y® � :
;¥0y® � ,1~<~/�°3
;�8t;��y8¯®/~/:<��:�560y���Q:<}<�=~/:<�Î:q3�./,4�Q:65t;=,<�1,#�¥,17qÒ��£-<�=.<�=~<82.I�K:<.<820279��01;¥�=Ó�8�;¥-<�=7PÞ
�1.I,)7t8¯�/�/�=7<�1:/01~/�°3�018 � �15PÒ��I�=~/:/�b¤ ¿ ;¥0y8t��8t}6�=.<���N���Q0182�/~<���°7/02,1~6�18201���¨®I�K�
;���56~<~<���Q�1~<82�Ø;=0�® � �1��-<.<���N;��¥,10��/®/�º� � ~I,¯}<:<�y���Q�1~/���Ø:/~<�y�=.<�=;¸�I�<®*�y��3<~/:<}<��Þ
;¥7/:P3%-<./:6�/8¯Ò��=~/:<�v¤ ¿ ~I,y;��18�®I���¥�þ02.6�¯�B®%:/�M�=~/~<8Z�N0y8t�<~/����7/02,1~6�y8t01���þ®I�K�
;þ-<.<82;¥�1./,1~<;¥�10y�=~/~<8
�M8��/51�Q:/.68t02,y~/~<82�%��56~/~6���Q�1~<82�í;¥0�® � �1� ®I0��/®/�º�1;§®%0y�=.<8�Þ
®/�1~<�£�Å72,y~q�Q:q�g,��y89�¶�I�/®	;�8 � �N,1~<:6®��t, � 8202�°3�´»�/�¯�M�=~<�y820��I�<®	7/02,1~6�18201�r3	01�rÞ
}/:<;§�/��~<:/�éú 765q�2:<�y8t0Y:�7<0t,y~<�y8202�°3��I82Ó=:<}<�=;¥7/:P3 � ,��20y8t.68t09ü»�<:<~<�y�=Ó=.<:/.q5t���K�°3�0
;��=,y~q�g,y.<�1~<����´§�I�=76�2.68t~<~/����×<�=-<:v¤
â ,y.t®6Ò��=~/~/����7<0t, � :/}I,y;��1:/×/�¶0#-<8¯�<56-/.68t0y8��Q~/:/7t��±´§�I�=7<�1.68t~<�µ:¹�N��.<7/:��

�M8tÓ�5q�Y82�2.I, � 8t01�'02,��2�<�I-<8t�K:I�M8�~<�=�<�1./,��I�2~<�r3	;¥0�® � ,y~/~/�°3�798t�K-6�I�=7P;�820/� � ,1.2®6Þ
Ò��=~/~<���2�N7981�y8t.<�����¥,17qÒ���®I0��/®/�º�1;§®Z´§�I���M�=~<�=,y./~<�£�K:	018 � �15PÒ��Q�=~/:q®Q�K:	0�-68yÞ
�/56-<.<82018=�N~/:<72,43b¤ ¿ -68t;á�I���N~<:<��Ó�8��Q�¼82�¹56��,��¥�2;á® � ,2�M�¥�1~/����:<~<�y�=.<�=;�7*´¥�1:I�
-/.682�y�I���$,1�à0	798t~6�y��79;¥�y� � ,y.t®6Ò���~<~/�°3U798��/�I�=76�2:<02~<�r3%018 � �15PÒ��Q�=~/:<�%0��Q0y59Þ
�M�=./~<8t�ã´§�I�=76�2.68t~<~<8t�wÓá, � �t¤v+�,1-<./:I�M�=.v�ø0�;��1.6567<��56.I,¯3*�N0y82�/~/�°3�7<0t,y~<�y8202�°3
®Q� 0y8 � ~<:/7«~68t01���«7/.q56Ó�-<.<81�1�/�����°;¥0y® � ,1~<~/�°3Î;�8í;¥0182�/;��102,2�K:ã7989�K-q�I�=7P;�8t0
-/.68t;��1.I,y~/;��101�=~<~<8#.I, � �I���I�=~/~<�r3¸}I,y;��2:<×�� -<.<82;��2./,1~<;��20y�=~/~68�~<�=-<.t®Q�M82Ó�8£�1./:PÞ
82~I,6¤  �=, � ,¯�g,�}I,¹®I0��/®<�=�1;á®��1.<��3<}I,y;��2:<}/~68t�v�/�y8Y�=;��1���28��I�¥��;á�I8¯Ò�~<82�v�/}6�¯� � ,4Þ
�g,�}I,�8Y�N0�593<}I,y;��1:/}/~<�r3~6���6�1.I,4�Q�1~/�°37989�K-q�I�=7P;=,43�� ´�7P;¥:6�182~I,¯3b¤ ¿ ;¥0y® � :Z;
´¥�2:/�*�t�r�Y.I, � 01:<����82.I�$,4�Q: � �	�/�/®�.6�	���=~/:q®��1.<��3<}I,y;��2:<}/~/�°3Y-/.682�y�I������7981�18�Þ
./���>0¹~6��7t82�y82.<82�þ;��y�=-<�=~/:�-<8 � 018��Q:6�>81�20y�¥�1:<�2��~/,¸.t®6��0y8t-<.<82;�8t0W8�;¥0y8t�<;¥�102,43
� ,1.t®6Ò��=~/~<�r3Å7989�K-q�I�=7P;�8t0<¤ ó �N~I,y798U´=7/.I,y~/:<.<820t,y~/:6�Ø7q52�/8t~68t01;¥7982Ó¥8%0 � ,1:/�M8yÞ
�Q�=�<;¥�101:6®�0��Q:6®<�¥��~I,�;��=,��t:q�Q�1~<82;��2���1./:68t~/,<�P5<�K�=~<����,�®>�=Ó¥8�´=~<�=./Ó¥:/�ÿ;¥0�® � :þ:
560y�¥�I:/}<:/02,�®þ.I,¯�N:65t;£�N,1~<~<82Ó¥8�;�8t;��y8¯®/~/:6®v¤ · ;�8¯Ò¹,��/�=~/:/���P´¥�y82��0y8t-<.<82;'�Q8�;¥:q3
-<82.�82;��=,��¥�2;á®Z~6�¹:<;=;á�I���Q8202,1~<~/�'�µ0Y-<8¯�I~<82�	�M�=.<�2¤

�



Õ �Q.656Ó�8t�ÿ;��y8t.68t~<�W�£0|;¥:/;��y���m,¯3F7/02, � :P�N0�5<�M��.<~/�°3F´=7P;¥:<�y82~<820/�£;�82;�56����Þ
;��20�56�)��:q3�;�´»�/��76�1.<82~I,1�$:�0��18t�íÒ��¸;�,1�M89�í:q�Q:�-/.<82;��1.I,y~/;��101�=~/~68�82�¥�Q���/��~PÞ
~<8t��;§�/82�2�K:/~6�1�=.<�=;¥~<8ë:<;¥;§�/���I8t02,��2���=,y7|~I, � �'02,y���K����´=�����=7<�1� 560y�/��}6�=~/:6®v¤
 �2:�´=�W���=76�2�ÿ�K8�Ò�~<8��t�r�I8��2�w:/;¥-<8��Q� � 8202,y�1�<�<0y8yÞÜ-<�=./01�°3b�P�/�/®�,y~I,4�Q: � ,�´�7PÞ
;¥:<�y8t~<~<82�µ;¥:/;��1���K���K7982�y82.I,4®¶®/0��/®<�=�1;á®í´§�I�=7<�1.68t~6���6�1.I,4�Q�1~<82�v�!-q5q�y�¯��: � �M��Þ
.<�=~<:6®Ø�1.I,y~/;¥-68t.6�2~/�°3
;¥0182�/;��10�´§�I�=7<�1.<82~<820<�v:b�b0y8yÞÜ01�y82./�°3b�g�/�/®*56-<.I,y0y�/��~<:6®
´=7P;¥:<�y8t~/,2�K:Z;W-689�M82���1�±�1./,1~<;=-68t.6�=,�´§�I�=7<�1.<82~<820<¤
· .689�M�Ø}/:/;��y8|,y72,4�I���$:<}<�=;¥7982Ó¥8�:/~6�1�=.6��;=,6��;��1:I�B51�Q:<.656�)����Ó�8¶:/;¥;á�I���Q820t,¯Þ

~/:q®�798¯�<�I�=7<�1:/01~/�°3Z0y8 � �y5PÒ��Q�=~<:/��0Y;¥:/;��y���m,¯3�8��Q:/~<82}/~<�r3�:þ�N0y8t�<~/�°3�7<0t,y~qÞ
�y8t01�°3ÿ®I���'0t,4Ò�~68Î81�2�K�¥�1:<�1�Î�18¯�I���¹56� -/./,176�1:/}<�=;¥7656� � ~/,¯}/:/�M8t;��1�|�¥,17<:q3
:/;¥;á�I���Q820t,y~/:<���I�/®�.I, � 02:6�1:6®�;�8t01.<���M�=~/~68t�þ-<8¯�<56-/.68t0y8��Q~/:/79820y8t��~I,y~<82;��1.6567qÞ
��56./~<82�í�1��3<~68¯�I82Ó¥:/:b¤��!8¯�Q����82� � ~/,¯}<�=~<:<��0Ø;¥0y® � :%;�´¥�2:/� -/.<:<81�t.6�¥�=,y�º�é:/;ÝÞ
;§�/���Q820t,y~/:q®��g,y~/~/�°3Z;¥:<;¥�y���¶-/./:��1���K-<�=./,y��56.I,¯3b�I82�=�Q:<}/~<�r3Z81��~q52�<®i¤
ó ;¥~68t01~<82� � ,¯�g,¯}6�=�ÿ�N:<;¥;¥�=.6�=,1×<:<82~/~68t�¼.I,��281�1� �2�r�I8«:/;¥;§�/���Q820t,y~/:6�%´=�#Þ

���=76�1820|´=7<.I,y~/:/.68t02,y~/:6®ÿ7651�I82~<8202;¥7982Ó�8|0 � ,y:I�M8=�Q�=�/;��102:q®ÿ7/02, � :P�N0�5<�M��.<~/�'�
´»�/�=7<�1.<82~/~<�£�F:µú :6�Q:Qü£�Q�'.68t}<~/�'�FÓá, � 89�ã0�;¥:/;��y�¯�M��8��N:<~<82}/~<�r3
:�Q0182�/~<�r3
��������������������� 7<0t,y~<�y8202�°3®I�Î:Ø./,1;¥}6�=��;¥-6��76�2./,�7t8¯�/�/�=7<�1:/01~/�°3�0y8 � �y5PÒ��Q��Þ
~/:<�Z;�56}<�¥�y89���g,y~/~<�r3�´=�W���=76�1820<¤
À#8272, � ,y~<8/�t}<�y8�56}<�¥��~6���Q:/~6�=�/~<82;��1:þ81�176�Q:<72,�-<./:/0y8��Q:<��7��18¯�I�¥�º;=:q�Q�1~<8t�B5

´=7/./,1~<:/.<8202,1~<:/� 7651�I82~<8201;=7t8tÓ�8�0 � ,1:/�M8��Q�=�/;��101:6®�-68�;¥./,101~<�=~/:<�ÿ;º�I:/~<�=�<~/�'�
-/.<:<�y�Q:qÒ���~<:<���µ:b�<72,17�;§�/���N;��102:6�t�6;=�M�=��,��¥��-<82.<82Ó�8t0�56�à7982~/×6��~6�1.I,y×/:/���I-<./:
7981�182.<82�|~I,y;��y56-/,y�¥�ë-6��.6�=;¥�1.68t�<72,
´=7P;¥:6�182~/~<�r3µ;�8t;��y8¯®/~/:<�µ0
81�1�Q,1;��1�ë�M�=~/�4Þ
��:P3%-q�I81�2~68t;��y�=�í7/02, � :q�Q0y5<�M�=./~68tÓ�8´§�I�=7<�1.<82~/~68tÓ�8ØÓá, � ,Z:v�B;�8182�101�¥�1;��101�=~/~68I�
���8y�Q����:q3à�1� � ./, � �M�=./~/�°3à-/,1./,2�M�¥�1.<820F�M��Ò�}I,y;��1:/~<82Ó�8F./,1;¥;��y8¯®/~/:6®

rcs
¤  �y8

� ~I,¯}<:<�y���Q�1~<8ã-/.<�=01� ��,��=�Å7/.<:<�1:/}<�=;¥7/:6� � ~I,�}<�=~/:q®ÿ�/�/®à-<�=.<��3t8��N,"!�81�y�=,ã:

#



0¶./,2�K72,¯3ã�Q:<~<�=�/~68tÓ�8¶´=7/./,1~<:/.68t02,1~<:6®F7/02, � :P�N0�5<�K�=.<~/�'� ´§�I�=7<�1.<82~/~<�£� Óò,4Þ
� 89��¤bÀ�./:	5<�M�=~/�����=~<:/:$��:<./:/~<� 7<0t,y~<�y8t0y82�®Q�K�¼-68t.68tÓ�820t,4®*7t8t~<×<�=~<�1.I,y×/:q®
´»�/�=7<�1.<82~<820/�<-<./:�7t82�y82.<82��0y8 � ~<:/72,y�¥��-6��.6��398=�]�6.I,y;��y�=��¤NÀ�.68��Q���M82~/;��1./:/.68t02,y~
798¯�<�N,y-/;¸0y8 � �y5PÒ��Q�=~<~/�°3 2s

:
2p
;�8t;��y8¯®/~/:<��´=7P;¥:6�182~I,6¤

ð ;¥;á�I���Q8202,1~/,��y���K-<�=.I,���56./~I,4® � ,y02:<;¥:I�M8t;��1��7<./:<�1:<}<�=;=7t8tÓ�8>-I,y.I,1�M�¥�2./, rcs ¤À�./:¹5601���I:/}<�=~<:/:��y�¯�K-6��./,y��56.<�µ;¥:/;��y���$�%´=�W����76�1:/01~<82;¥�1��´=7/./,1~<:/.68t017/:�;¥~<:qÞ
Ò¹,y�¥�1;§®¹:¹7<./:6�2:<}<�=;¥7/:<��-/,1./,2�M�¥�1.

rcs
5<�M�=~/����,y�¥�1;§®v¤¯À#82;¥�1.682�=~I,��¸, � 8t02,�®��N:/,4Þ

Ó¥.I,1�$�m,)´�7P;¥:6�182~/~68tÓ�8W;¥82;��18�®I~<:6®Y:�5672, � ,1~/,�81�y�N,y;¥�1�<�20�7981�182.<82��:I�M�¥�¥�2;á®Y0y8 � Þ
�M8¯Ò�~68t;��1��´=7P;¥-<�=./:/�K�=~6�=,4�Q�1~<82Ó¥8�~I,��y�Q�°�Q�=~/:q®
�1���K-<�=./,y��56./~68t� � ,y02:<;¥:I�M8t;��1:
798¯�<�N,y-/;=,�´=7P;¥:<�y82~I,6¤
ð � 56}6��~<� ´=�����=7<�1� ´=7/.I,y~/:<.<820t,y~/:q®F-/.68t;��1.I,y~/;��101�=~<~<8|-/.2®Q�M82Ó¥8í:w-/.68yÞ

;��2./,1~<;��20y�=~/~68�~<�=-<.t®Q�M82Ó�8ë´=7P;¥:<�y82~<820U0��N0�593P;á�I82�/~<�r3Å;¥:<;¥�y���$,43b�m-<8��/56}<�=~<�
� ,101:/;¥:/�K82;��1:>7<./:6�2:<}<�=;¥7982Ó¥8�-I,y.I,1�K�¥�1.I, rcs 82�¹.I,y;=;��y8¯®/~/:q® D �M��Ò��I5�7/02,1~6�y8yÞ
01�£�K:	®Q�$,1�K:v¤ ó 72, � ,��/8t;¥�<�N}<�y8�0>�=,y798t�Ø;¥:/;��y���K��.<�%����~<:<���M8¯Ò��¥���t���1��~I,y�qÞ
�Q�=~68ë0é-/.<:<�y�Q:qÒ���~<:/:|�I:/~6���<~<82Ó�8é82�176�I:/72,6¤rÀ#8t72, � ,1~68I�K}<�y8é56}<�¥�
�18��Q��:/~<�
;§�/82�=0�-/.<:/0y8��N:6��7&�Ô-6�=.<�=~<82.I�K:<.<820279�'�¸./,1;¥;��y8¯®/~/:6®�M��Ò��I5�-/.<82;��2./,1~<;��20y�=~/~68
.I, � �Q���I�=~<~/�'�$:�´§�I�=7<�1.<82~<8t�µ:��Q�'.<7982�v¤
ì �	���=~I, � ,4�N,¯}I,>8�;¥0�® � ,y~/~689�Å;¥82;��y8¯®I~<:/:*-/.68t;��1.I,y~/;��101�=~/~68�.I, � �Q���I�=~<~/�°3

´=7P;¥:<�y8t~/,¸:Y´§�I�=7<�1.68t~/,<�2�y8¹�=;��1�W�1./:<82~I,
X−

¤q+�,y�q�I�=~I,�´=~<�=./Ó¥:6®Y;¥0y® � :��1./:68t~/,
�I�<®é.I, � �Q:/}<~/�°3ë�M��Ò�;á�I81��01�°3�.I,y;=;��y8¯®/~/:<�v¤ ð � 56}6�=~�0182-/.68t;�81��´=7/./,1~<:/.68t02,4Þ
~/:<:��N,1~<~<82Ó¥8�;¥0y® � ,1~<~<82Ó¥8¸;�8t;��y8¯®/~/:q®Y�N0�5<�M��.<~/�'�ë´§�I�=7<�1.68t~<~/�'�%Óá, � 89��¤ ¿ .<��Þ
� 52�I�¯�¥,y�y�2�<-68t;��1.<81�=~I, � ,101:/;¥:I�M82;��2��7<./:<�1:/}6�=;=7t8tÓ�8Y-/,1./,2�M�¥�1.I, rcs 82� D �q7982Óá�N,;¥0y® � ,1~<~<81�r;¥82;��y8¯®I~<:<��-/.68t;��1.I,y~/;��101�=~<~<8¸.I, � �Q���I�=~<~/�°3�´=7P;¥:<�y8t~/,�:�´§�I�=76�2.68t~/,
:/;¥}6� � ,��¥��: � ;¥-<�=76�2./,�798��/�/��76�1:/01~/�°3	018 � �15PÒ��Q�=~/:<�v¤
ð ;¥;á�I���Q8202,1~
´=�W����76�560��I�=}6��~<:6®U0;¥:/;��y�¯�M�þ-<.<82;��2./,1~<;��20y�=~/~<8Ø.I, � �Q���I�=~qÞ

(



~/�°3>´=7P;¥:6�182~<820�:>´§�I�=7<�1.68t~68t0<¤/À#8272, � ,y~<8/�9}6�18 � ,¹;¥}<�¥�¹´�7<.I,y~/:<.<820t,y~/:q®�01���Q:PÞ
}/:<~I,�7982´=���W:/×<:<�=~<�¥,¸:q3Y0 � ,1:/�K~<82�Y-<8=�N01:6Ò�~68t;��1:�5<�M�=~/����,��¥�1;§®�´=7P;¥-<82~<�=~/×<:qÞ
,4�Q�1~<8>-<./:�560y�¥�I:/}6��~<:/:Z7982~/×6��~6�1.I,y×/:/:-<.<82;��2./,1~<;��20y�=~/~68>82�¥�Q���I�=~/~<�°3Z´§�I�=7qÞ
�1.<82~<820/¤ · .<8t�K�£�182Ó�8�5t;��=,y~<820y�/�=~<8/�P}<�y8�;º.<82;��y89�ë�y���$-6�=.I,��y56.<�«;=:<;��1���K�Å´=�#Þ
���=76�2:<02~68t;��1��´=7<.I,y~/:/.68t02,y~/:6®�5<�K�=~<����,y�¥�1;á®�:>~I,��1�I�°�g,��=�1;á®�560y�¥�I:/}6��~<:<�)7t8yÞ
´=�W��:/×/:6�=~<�=,�0 � ,1:/�$~68t��-68��Q02:qÒ�~<82;��2:v¤
ð ;¥;á�I���Q8202,1~/,|~<820t,4®à´=7P;¥:<�y8t~<~I,4®¼�¸, � ,Î0|�Q0y5939;á�I82�/~68t�±;=:<;��1���M��;%~<: � Þ

7982�F-q�I81�2~68t;��1�1� -/.<82;��1.I,y~/;��101�=~/~68Å./, � �Q���/��~<~/�°3«´§�I�=76�2.68t~68t0¶:ã�Q��.<827"�
�N:<-<8¯�I�2~<���ÿ7/./:<;��=,��<�l¤)+�,y�q�Q�=~w;¥-6��76�2.F798��/�/��76�1:/01~/�°3ÿ018 � �15PÒ��I�=~/:/�ã�Q0y59Þ
�M�=./~<82�
´�79;=:6�y8t~<~<82�ë�1.<��56Ó�8¯�I�2~68t�ë.6�%���¥�17/:ë0�~651�I�=0y89�ÿ�m,yÓ¥~/:6�2~689�ÿ-<8¯�/�2¤ ¿
;¥-<�=7<�1.<�*-<./:/;�5q�1;��10y52�¥�í}6�¥�2��.<�*798¯�<�I�=7<�1:/01~/�°3ã0y8 � �y5PÒ��Q�=~<:6®v�$�N02,é8t-6�1:/}<��Þ
;¥7/:P3�ú -/.<8=�Q8��Q�1~<81��:�-<82-<�=.6��}<~<81�4üm:��N02,�,17q59;��1:/}6��;¥7<:q3�úÏ-<.<8=�Q8¯�I�2~682��:�-<82-<��Þ
.<�=}<~<81��ü»¤E+�,y�q�Q�=~é;¥-<�=76�2.ë;¥:/~<�¸, � ~<�r3é:ë-<.<81�2:<0182�¸, � ~/�°3U798¯�/�=�t,y~/:/�é0	-6�=.qÞ
-<�=~P�N:/7q52�<®I.<~<8t�ë�$,1Ó¥~<:<�1~<8t�é-<8��I�2¤PÀ#./:��28��Q����:P3��$,yÓ=~<:<�1~/�°3�-<8��/®q3�8t-6�1:/}<��Þ
;¥7/:6���M8=�N�ÿ02�°3t8��I®<��~/,�´»�/��76�1.<82~/~656� :��N��.<82}/~656� ×/:<76�/82�1.<82~/~/�����M8=�N���Q,
,y765t;¥�1:<}<�=;¥7/:<�)� 5q�2�'02,1�º��;W.<82;��y89�µ-<8��/®v¤
ð ;¥;á�I���Q8202,1~68Z: � �M�=~<�=~/:6��;=-6�=7<�1.I,Z798��/�I�=76�2:<02~<�r3U0y8 � �y5PÒ��Q�=~/:<�
�Q:/-<8��Q�4Þ

~<82Ó�8�7/.<:/;��=,4�/�Q,�-/./:í-6�Q,10��I�=~/:<:¶:�-<�=.<��3t8��I��81��7/./:<;��=,4�/�Q:<}<�=;¥7982�µ�W, � � 7
´»�/�=7<�1.<82~Pñ2�N��.<82}/~68t��-q�N, � �M�2¤ ì ,y;=;=�M81�2.6�=~/�µ-6�Q, � �M�=~/~/���':��$,1Ó¥~<:<�y8t-q�N,1�M��~PÞ
~/���#798¯�I�¥�t,1~<:6®>´»�/�=7<�1.<82~Pñ2�N��.<82}/~68t�þÒ�:P�N7982;��2:�0�;=:<;��1���M�£�Q0y593>-I,y.I,4�/�/�¥�I��Þ
~/�°3��1�=;=7t8t~6��}<~/�°3�-6�/8t;¥7982;��y����:�0��Q0y5939;á�I82�/~<8t�%�Q:/;¥79�W;�.6� � 7<:I�í-<.<82�W:6�/���
-<81�y��~<×/:/,��Q,�~/,YÓ=./,1~<:/×6�t¤
Ù�:<;¥;¥�=.6�=,y×/:<82~/~/,�®�.I,��281�=,¹;�82;¥�y82:<��: � 020y���Q�=~/:q®i�2}<�¥�1�'.6��3�Ó§�Q,10<� � ,17q�Q�)}<��Þ

~/:q®é82;=~68t01~/�°3
01�'0y8��I8t0<�ø�N0�593é-<./:6�/8¯Ò��=~/:<�U:é;¥-/:/;¥72,�×/:6�1:/.652���M8t�
�Q:6�1�=./,4Þ
��56./��¤

*



¿ -6��.<0182�UÓ§�Q,10y�þ-<.<���N;��¥,10��I�=~ë�I:<�y�=.I,��y56.<~/�'��81� � 82.U./,y�181�¯�E72,1;=,y�)��:P3P;á®
0y8t-<.<82;¥820Z´=7<.I,y~/:/.68t02,y~/:6®U7651�I82~<8201;=7982Ó�80 � ,1:/�K8=�Q�=�/;��101:6®U0Z�1.<��3/�M�=./~<�r3U:
�N0�5<�M�=./~/�°3µ;=:<;��1���$,¯3b�$81�2.I, � 8202,1~<:6®µ;¥0y® � ,y~/~<�°3¶~<�=�<�1.I,4�Q�1~/�°3Å: � ,y.t®6Ò��=~qÞ
~/�°3*7t89�K-6�/�=7P;�8t0þ0>8��Q:/~68t}<~/�°3Ø:Z�Q0182�/~<�r37/02,1~6�18202�°3	®Q�$,¯3b�ø,��=,y76Ò���7/./:PÞ
;��=,4�/�Q: � ,1×<:/:é:
-6�Q,10��I�=~/:q®é;¥:/;��y���$��0 � ,y:I�M8��I�=�/;��10y56�)��:q3�~<�=-/.2®Q�K�°3�´=7P;¥:qÞ
�y8t~68t0<¤ å 72, � ,y~/� �y�=82.<�¥�1:/}6�=;=7<:<�é�M�¥�18=�N����;Ø-<8t�K82���2� 7981�182./�°3w.<�%��,��I:/;¥�
� ,4�N,¯}/:b�6-/.<���Q;¥�¥,10��I�=~/~<���W0��Q:/;¥;��=.<�=,y×/:<:v�/,��=,y76Ò����Q82;��y8t:<~/;��10t,�:�~<���Q82;��=,���Þ
7/:�´¥�2:P3Z-68��/3t8=�Q820/¤
¿ 8)0y�y8t.68t��Ó§�Q,10y�¨:/;¥;á�I���I56�º�1;á®�´=7P;¥:6�182~/~<���°;¥82;��y8¯®I~<:6®¹0º8=�N:<~<82}/~<82��7<0t,y~qÞ

�y8t0y8t��®Q�M�W0�-/.<:/;�5q�1;¥�101:<�¹7/02, � :P�N0�5<�M��.<~<82Ó�8�´»�/��76�1.<82~/~<82Ó�8�Óò, � ,6¤ ¿ -/./:6�1�I:qÞ
Ò��=~/:q®63Y31,�82�1:/}6�=;=7<:q3>�W, � :Y�I8272,��I�2~68tÓ�8�-<8¯�<®þ,1~/,��I: � :/.q56�º�2;á®þ´=~6��.<Ó¥:6®�;¥0y®qÞ
� :v�N.I,¯�N:65t;�;¥82;��y8¯®/~/:6®:*;¥:6�N,�82;¥×/:6�<�/®<�182.I,>´=7P;¥:<�y82~/~<82Ó�8�-6��.6��398=�g,6�g0 � ,y02:PÞ
;¥:I�M82;¥�1:Ø81��7982~/×6��~6�1.I,y×/:/:�´»�/��76�1.<82~<820/�+��:<./:<~/��7/02,1~6�y8t0y8t�*®Q�K� :*�1���K-<��Þ
.I,���56./�à;¥:<;¥�y���K�W¤
¿ �2.6�¥�2�y�=�UÓ§�Q,10y��.I,y;¥;��$,��1./:/02,y�º�2;á®U;¥:/;��y�¯�K� �N0y8t�<~/�°3ë7/02,y~<�y8t01�°3é®I�ÿ;

-/.68t;��1.I,y~/;��101�=~<~<8µ./, � �I�¥�/�=~/~/�'�K:Î´»�/��76�1.<82~I,1�$:«:|�N��./72,1�K:v¤ ð ;=;á�I���/56�º�2;á®
;¥0y® � ,1~<~/���#-/.<82;��1.I,y~/;��101�=~/~68�-<.t®I�$����:�~6�=-/.t®I�K���#´=7P;¥:6�182~/~<����:þ�1./:<82~/~<���
;�8t;��y8¯®/~/:q®�;º56}<�¥�y89�U´������=7<�y820�´=7/.I,y~/:<.<820t,y~/:q®�-/.68t;��1.I,y~/;��101�=~<~<8Y~<�=-/.2®Q�M8�Þ
Ó�8*7651�/8t~68t01;¥798tÓ�8*0 � ,1:/�K8=�Q�=�/;��101:6®v¤ ì ,y;¥;¥}/:<�1��0t,y�º�1;§®�´=~6��.<Ó¥:/:U;¥0y® � :ë�¥,17<:q3
798t�K-6�I�=7P;�820>-/.<:*./, � �Q:<}/~<�r37982~/×6�=~<�1.I,y×/:q®63*~68t;¥:6�1���/��� � ,y.t®q�g,�:��I�/®.I, � Þ
�Q:<}/~<�r3U�M��Ò�;§�/82�=01�r3
./,1;¥;��y8¯®/~/:/�b¤ ì ,y;¥;��$,��1./:/02,��=�1;á®é´=�W����76�Z560��I�=}6��~<:6®é0
;¥:/;��y�¯�M�¸-<.<82;��2./,1~<;��20y�=~/~68þ.I, � �Q���I�=~<~/�°3�´=7P;¥:<�y82~<820�:�´»�/�=7<�1.<82~<820/¤
¿ }6�¥�20y�=.<�y82�Óá�N,y01�¸:/;¥;á�I���I52�¥�1;§®�~<8202,�®�´=7P;¥:<�y82~/~I,4®	�¸, � ,�0��N0�5939;§�/8t�<~<82�

´»�/�=7<�1.<82~qÞÑ�N��.<82}/~<82�U;¥:/;��y�¯�M��;�~/: � 798t�é-6�/82�1~68t;��1�2� -<.<82;¥�1./,1~<;¥�10y�=~/~<8.I, � Þ
�Q���/��~<~/�°3
´»�/�=7<�1.<82~<820	:Ø�N��.<827Øñ*´=7P;¥:<�y82~/~<�'�ë7/.<:/;��=,4�/�l¤ ì ,1;¥;¥}/:6�2��02,y�¥�1;§®

,.-



;¥-<�=7<�1.�798¯�<�I�=7<�1:/01~/�°3�018 � �15PÒ��I�=~/:/���g,y~/~68t��7/.<:/;��=,4�/�Q:<}<�=;¥7982���W, � ��¤IÀ#.<8�Þ
0y8��N:6�2;á®�:/;¥;§�/���Q820t,y~/:6�'-<8201���I��~<:6®Y;=-6�=7<�1.I,W7t8¯�/�/�=7<�1:/01~/�°3�018 � �15PÒ��Q�=~/:<�Y´�7PÞ
;¥:<�y8t~<~<82Ó�8>7<./:/;��¥,��<�N,�-/./:Z-6�=.<��3t8��Q�W7Z�W, � �W´»�/�=7<�1.<82~qÞ �Q�'.68t}<~<82�-q�N, � �K�W¤
À#8��$,y�y�=./:/,��Q,2�é�N:/;¥;��=.<�=,y×/:<:�82-65q�y�Q:<79820t,y~<8�²¯Û¸-<�=}I,��1~/�°3�./,y�182��0�~/,=56}qÞ

~/�°3�ÒY56./~/,��Q,43Z:Z�$,y�y�=./:/,��Q,43�798t~<���=.6��~<×/:<�v¤

,',



/�021«ö31 4 ù
0 ¢�5M�i���6587£�#¡�9;: �6<6=i�m�Yù

§1.1 >@? A ¢B5B�!¡#¡�9¶� A � A 5M�8Cº¡�¢DC ÷ �l�W¢#¡#��E#¡�9GF ? ÷ �$¡B5B� ÷ 9GF
CDH�IF�ù
J)8t.68K��8Z: � 01�=;��1~<8/�v}6�18Z0��1.<��3/�M��.<~/�°3
-<8��/56-/.68t0y8��Q~/:<7t,¯3
:
-<8��/56-<.<82018��<Þ

~/:<798t01�°3�;=:<;��1���$,¯3Ø-<82~/:6Ò��=~<~<82�é.I, � �M��.<~<82;��2: � ,�;¥}<�¥��7q52�/8t~68t01;¥798tÓ�8�0 � ,1:PÞ
�M8��I���<;��201:6®�´§�I�=76�2.68t~68t0�:þ�Q��.<827�-<./:�~<: � 7/:P3��1���K-<�=./,y��56.I,¯3�:��m,4�Q�°3�7982~qÞ
×<�=~6�2./,1×<:6®q3¶82�2.I, � 56�º�2;á®µ-I,y./� ;=0�® � ,y~/~<�r3í7<0t, � :/}/,1;��1:/×L� ´§�I�=76�2.68t~µ-/.68yÞ
0y8��N:/�M8t;��1:|:��N��./72,M� ´=7P;¥:6�182~/� ¿ ,y~/�y��ÞN!�81�y�=,Åú :6�Q:µ´=7P;¥:6�182~/� �28��Q����82Ó�8
.I,¯�N:q59;=,tü'O ²2��³	PÜ¤  7P;¥:<�y8t~¼0Î-6�=./0y89� -/./:6�1�I:6Ò��=~/:<:��M8¯Ò�~68«.I,y;=;=�$,��2.<:/02,y�1�
72,17¶;=:<;��1���B5t�K-<8=�Q81�t~q56� ,y�y8t�B5¶0y8��Q82.<8=�g,6�$~<8
82�=�Q:<}I,y�)��56�);á®|81�é~<�=Ó�8ë�$,¯Þ
7/.68t;¥7982-/:<}<�=;¥7/:��18¯�I����:I�í´������=7<�1:<02~<�£�|�18t.68t01;¥7/:I�¶.I,¯�N:65t;�8t�

a∗B
:	�$,��/8t�

´=~<�=./Ó¥:6���*;¥0�® � : Ry∗ : � Þ � ,��28¯�I����82�Ø;��=,��1:/}<�=;¥7982��N:<´§�I�=76�2.<:/}6��;¥7982��-/.68t~<:qÞ
×I,����M8t;��1:

ε
:	�$,��I�r3�´=�W���=7<�1:/01~/�°3�m,y;¥;�´§�I�=7<�1.<82~I,�:��N��./7<:

me,mh
¤6Ù¸�/®

}/:<;��18��N0�5<�M��.<~<82�ë;¥:/;��y�¯�K� ´=~<�=./Ó¥:6®é;¥0y® � :é:é�182.<8202;¥7/:<�ë.I,¯�N:q5t;�82-/.<���I�¥�<®6Þ
�º�1;§®v�I;�8281�101�¥�1;��20y�=~/~68I�I��82.I�B51�N,1�K:

Ry∗ =
2e4µ

ε2h̄2
, a∗B =

h̄2ε

2µe2
,

úÂ²¯ü

Óá�I�
µ = memh

me+mh

¤ ð �M�=~/~68%-<8�-/.<:/}<:/~<�*�182Ó�8I�¨}<�y8 aB À d
�¨Óá�I�

d
� �M�¥Ò�Þ

,��18t�K~<81��.I,y;=;��y8¯®/~/:6�2�K�K8�Ò�~<8
82Ó¥.I,y~/:<}/:<�1�1;§®¶.I,y;¥;��M81�1.<�=~/:6�¯�±´§�I�=7<�1.<82~<820
:
�N��.<827µ0
7<./:<;¥�¥,��<�I�	72,y7¶;=:<;��1���K� }/,1;��1:/×b�m;¥0�® � ,y~/~<�r3�7651�I82~<8202;¥7<:I��0 � ,1:PÞ
�M8��I���<;��201:<�����I�2� � 56}<�¥�=,�0y�I:6®I~<:6®7<./:/;��¥,��<�Q:/}6�=;=7t8t�*.6�%���¥�17/:b¤ · 8t~<7/.6�=�1~/,�®
,��18t�K~I,4®Y;¥�1.q567<��56.I,W0y�����=;¥�102,#;�56���=;¥�10y��~<~I,£�Q:Q����-<82;��y8¯�Q�17652�2-68t;¥798��Q�1765����

,áß



82-/.<���I�¥�<®I�º�1;á®Z-I,y.I,1�M�=�1./�
ε
�
me

:
mh

¤
À#8�®I01:/0���:<�=;§®�~6��;¥798��Q�1798��I�=;§®<�1:6�I�¥�1:/�¹~I, � ,4��:¸:/~6�y��~<;¥:/01~<8).I, � 02:<0t,y�)��:PÞ

�=;§®�0�~I,y;��18�®I���¥��02.6�¯�B®þ�1��3<~68¯�I82Ó¥:/}6��;¥7<:<��018 � �M8¯Ò�~68t;��1:�;�8 � �N,1~<:6®�-68¯�/56-<.<8�Þ
0y8��N~<:/798202�°3|7/02,1~6�18201�r3Å~/,1~68t;��1.65676�y56.ã-68 � 0y8¯�<®I�º�ë02��.I,y��:/02,y�1�U;��1.6567<��59Þ
./�í-68t~<:6Ò��=~/~68t��.I, � �M��.<~<82;��2:�;°~I,y-<�=.<��� � ,¯�g,y~/~<�£�K:�;¥0y8t�<;¥�102,2�K:b¤2À#8¯�<56-/.<8�Þ
0y8��N~<:/798202���)Ó��¥�1�=.68t;��1.65676�y56.<�W�q01��.I,y���=~/~<���º-<8¹�y��3<~<8��I82Ó¥:/:þ�M8¯�I�=7q52�<®I.<~<84ñ
-656}<798t0y82�Z´�-<:<�=,y7P;¥:/:b�N-/.6���N;��=,y0y�<®I�º�þ;�81�282��82}<�=~/��51�I82�2~/���Z82���i�=7<���I�<®	:/;ÝÞ
;§�/���Q820t,y~/:q®Y´§�I�=76�2.68t~<~<8�Þ �N��.68t}<~/�r3�;¥:/;��y���
0�5t;á�I8202:q®63�.I, � �M�=./~<82Ó�8W7/02,1~6�y8yÞ
02,1~<:6®i¤ Õ .6���N:�;�8t01.<���M�=~/~/�°3*Ó��=�y�=.<82;��1.6567<��56.é01�°�Q���/®/�º�1;§®
;¥:<;¥�y���K� �B�R�����
�������R��� �=82�y�N,¯�g,y�)��:6�°;�8201�=.S���=~/;��1018t��7/.<:/;��=,4�/�I:/}6��;¥7982��;��1.65676�y56.<�í:¹}<.<� � Þ
01�'}/,1�<~<8¸02��;�8t7<:I�K:Y-68��N01:6Ò�~<82;¥�=®Q�K:�~<82;=:6�y�¥�/�=� � ,y.t®q�g,TO Á�PÍ¤ ¿ ~<:q3b�y�1�Q,1Ó�8=�g,¯Þ
.t®>./, � ~<:/×<�º0U��:/.<:/~<� � ,y-/.6�����=~/~68t� � 8t~<�¶�N0�593�;�82;��=,10��/®/�)��:q3�:q3�-68¯�/56-<.<8�Þ
0y8��N~<:/798202�°3í�$,��y��.<:I,4�I820 ������� : ���V�B�R��� �B0y8 � ~<:/72,��=�*-<81�y��~<×/:/,��I�2~<�'���9,¯Þ
./�y�=.v�982Ó¥.I,y~/:<}/:/02,y�)��:<���Q02:qÒ���~<:<��~68t;¥:<�y���I�=� � ,y.t®6�N,¹0�-6��.<-<�=~q�Q:/7q52�<®I.<~<8t�
7�-6�I82;¥7982;¥�1:�-6��.6��398=�g,£~I,y-/.I,y0��I�=~/:<:v¤ ¿ .6� � 51�I�¯�=,��y��;¥:/;��y���m,£;��=,y~<8202:6�1;§®�7<0t,¯Þ
� :q�Q0y5<�M�=./~68t�éúÍ³�Ù�ü¨;�´�~6�=./Ó��¥�2:<}<�=;¥7/:/�¶;¥-6��76�1.<8t���/;�82;��18�®I��:I��: � ;�8201827656-<~<8�Þ
;��2: � 82~�./, � �M�=./~<82Ó�8¸7/02,y~<�y8t02,y~/:6®v¤W�¨8��Q����:/�
02~<:I�$,y~/:<���é-68¯�Q� � 56�º�1;§®��=,y7/:6�
³�ÙWÞÜ81���i�=7<�1���I�¥,17qÒ���8t;¥~<8202,1~<~/����~I,�Ó��¥�y��.68t-6�=.<��3t8��g,¯3b�I72,17	7/02,1~6�y8t01���¹®I�K�
ú ·�X üºúÏ;=��¤ �q~I,y-/.<:I�M�=.v�YOû¦4ñ/æ	Pb:�×<:<�1:/.q52�¯�$,4®��=,1�%�Q:<�y�=.I,���56.I,9ü§�I0102:P�I5�:P3��y��3PÞ
~<8��I82Ó=:<}<�=;¥7982�%:í�M�¥�y8��Q8��I82Ó¥:/}<�=;¥7982�%0t,4Ò�~<82;��1:í:U56~/:<72,��I�2~<�r3���: � :/}6��;¥7<:q3
;¥0182�/;��10/¤ Õ 39���$,��2:<}<�=;¥7/: � 8t~<~I,4®¶;��1.65676�y56./,
8=�N:/~68t}<~<82� ���������Z��� 0.3 �B� 0.7 ���7/02,y~<�y8t0y8t��®I�K�%-/.<���Q;¥�¥,10��I�=~/,#~/, ì :/;1¤ ²1¤��!8¯�I����:/~<;��20y8�02,4Ò�~/�°3�-/,1./,2�M�¥�1.<820
7/02,y~<�y8t01�°3ã®I� 0�;��1.6567<��56.I,¯3 ��������������������� ú ´=�����=7<�1:/01~/���ë�$,y;=;¥� ´§�I�=7qÞ
�1.<82~<820>:��N��.<827v�Q:P3Z7982~/×6�=~<�1.I,y×/:<:*:���¤ �øü�~I,y:<�18¯�I�¥�¸�y82}/~68>�t�r�Q:Z: � �M�=.<�=~/�
0Z./,y�181�=,¯3[O ¾6�Eæ	PÍ�i0�7982�y82./�°3ë:/;¥-68¯�Q� � 8t02,4�Q;§®
~68t01���v�l-6�=./;¥-<�=7<�1:<02~<�'�U�M�¥�18=�

,òõ



\^]�_a` ,abdcfehgjilkTmon'p�p�naq _jrasZt%uZr't%s�v nNw ] pZn'x�p�n'qzy6{�|~}���|~�
0.3

y6{
0.7

|8} u�� k�p r n � n'q���i vI�
δ �h� go� ]�s n � kap�p�naq u�s gji^p ] gji����	��� `
:/;¥;á�I���Q820t,y~/:q®é7t8¯�/�/�=7<�1:/01~/�°3%�$,yÓ=~<:<�y82-6�N, � �M��~<~/�°3é018 � �15PÒ��Q�=~/:<�@� �M�¥�18=�
.I, � �M��.<~<82Ó�8£�$,1Ó¥~<:<�y8t-q�N, � �K�=~<~<82Ó¥8'.<� � 8t~/,1~<;=,<¤ â ~I,�}<�=~/:q®W´=�����=7<�1:/01~/�°3��$,y;=;
´»�/�=7<�1.<82~I,Y:��N��./7<:Z0�-q�I82;=7t8t;��1:Z7<0t,y~<�y820182��®Q�K�w8272, � ,4�Q:/;¥� me = 0.067m0:
mh = 0.26m0

�$;�8182�10y�=�1;��101�=~<~<8Îú
m0

� �$,y;=;=,*;¥0181�28=�N~68tÓ�8�´§�I�=7<�1.68t~/,9ü»�m,
;��=,��2:<}<�=;¥7982���Q:<´§�I�=7<�1./:<}<�=;¥7982�	-<.<82~/:/×/,y���M82;¥�1:

ε = 12.86
¤

À#�=.6��3t8=�I®�7>81�t;�5PÒ��Q�=~/:<�ÿ�W: � :<}<�=;¥7/:P3>;=0y82�/;��10�;¥:/;��1���ë-<82~/:qÒ��=~/~<82��.I, � Þ
�M�=./~<82;��1:�0>5672, � ,y~/~<�r3*;¥�1.q567<��56.I,¯3b�i0�-<�=.<0y56� 8t}6��.6���N��;á�I���I52�¥��81�2�M�=�1:6�2�<�
}<�y8*-68��Q02:qÒ�~/���þ´»�/�=7<�1.<82~/� 0Z;¥:/;��y���M���I�=Ó¥:/.68t02,y~/~/�°3é7/02,1~6�18201�r3
®Q�F-/./:PÞ
~/:/�$,1�º�	~<�=-<82;¥.<���N;��101�=~<~<81�Y56}I,y;¥�1:6�þ0�´�7<.I,y~/:<.<820t,y~/:<:U7q51�I82~<8202;¥7982Ó�8	0 � ,1:PÞ
�M8��I���<;��201:6®ã:Î;�56����;��10y��~<~/�'� 81�t./, � 8t� 0��Q:6®/�º��72,17Î~/,U;¥�¥,y�2:6�I�2~68t;��1��7659Þ
�I82~<8201;=7<:q3�×<�=~6�2.68t0<�M�¥,17í:í~I,Z31,1./,176�1�=.í7/.q56-/~<8t�$,1;����=,��t~<�r3í�£�<567<��59,1×<:/�
-<81�y��~<×/:/,��Q,¶0 ·�X ¤'+)��;=�M81�2.t®«~I,��y8/��}<�y8|;¥-<�=7<�1.«´»�I�=76�2.68t~68t0¶0 ·�X �r72,17

, 




5PÒ��>Ó�820182./:q�I82;¥�/�b.I, � �M�=./~68Z7<0t,y~<�y820t,y~ë:é�M8¯Ò��¥�	./,1;¥;=�$,y�1.<:/02,y�1�1;§®é72,17
}/:PÞ
;��18þ�Q0y5<�M�=.<~/���v�b-<./:I�M�=~/:6�y�¥�I�2~68�7 � ,¯�g,�}<��81��´=7/.I,y~/:<.<820t,y~/:<:�7651�I82~<8201;=7t8yÞ
Ó�8�0 � ,y:I�M8��I���<;��201:6®v�/´¥�1:	;��2.q567<��56./� ®I0��/®/�º�1;§®Z7/02, � :P�N0�5<�K�=.<~/�'�$:b�I�=,y7	72,17
��:<./:<~I,þ�1:/-<:/}/~<�r3 ·�X ú

200 �� − 300 �� ü��Q:S����0�~6�=;=7t8¯�Q�1798�.I, � -<.<�=02����,y�¥�
´=7P;¥:<�y8t~<~/����282.<8201;=7<:/�	.I,¯�N:65t;��Ý¤ ¿ ;¥0�® � :Z;¹´¥�1:I�Å´=7/./,1~<:/.68t02,1~<:<��7651�I82~<8204Þ
;¥798tÓ�8�0 � ,y:I�M8��I�=�/;��102:q®�0�.<��,4�Q�1~/�°3 ·�X ~68t;¥:6�Y;=�M�%��,y~/~<�'��31,1./,176�1�=.b�/: � �M��Þ
~6®6®I;¥�º81��}/:<;��18)�Q0y5<�M�=./~68tÓ�8�~/,)�18¯�I����:q3�.I,y;=;��y8¯®/~/:q®63�úÑ�K~<82Ó�8#�28��Q����:P3b��}6�¯�
��:<./:<~I, ·�X ü»�P�Q8�-/./,176�1:/}<�=;¥7/:Z�1.6��3/�M�=./~68tÓ�8�~/,��$,��I�r3�./,1;¥;��y8¯®/~/:6®q3b¤J#82.<8���8Y: � 01�=;��1~<8/�6}<�y8�;�.68t;��y89�í7t8t~<×<�=~<�1.I,y×/:<:Z~<82;¥:<�y���I�=� � ,y.t®q�g,�´�7<.I,¯Þ
~/:<.<820t,y~/:6�%7q51�I82~<8202;¥7982Ó�8Å0 � ,y:I�M8=�Q�=�/;��102:q®F5t;¥:6�Q:<0t,��¥�1;§®v�'}<�y8ã-<./:<018=�N:<�Î7
-<�=.6��~68t./�K:/.<820179�#01;¥�=Ó�8¸´�~6�=./Ó��¥�2:<}<�=;¥7982Ó¥8¹;¥-<�=7<�1.I,¹798¯�/�/�=7<�1:/01~/�°3�0y8 � �y5PÒ��Q��Þ
~/:<�v¤ ¿ }I,y;¥�1~68t;��1:v�P5<�M�=~/����,��¥�2;á®>´=~6��.<Ó¥:6®þ;¥0y® � :�82;=~68t01~<82Ó�8�;�8t;��y8¯®/~/:q®þ´=7P;¥:qÞ
�y8t~/,<�q7981�y8t./,�®�;��M�=��,y�¥�1;§®�82��;¥0181�=Ó¥8¹~<�¥´=7/.I,y~/:<.<820t,y~/~68tÓ�8 � ~/,¯}6��~<:6®þ0�;��y82.<8�Þ
~65�798t~6�2:<~65P5<�$,>~6��;¥0�® � ,y~/~<�r3�;�8t;��y8¯®/~/:/�b¤ ¿ �1.<��3/�M�=./~/�°3	;¥:<;¥�y���$,43�-68�´=�y82�
-/.<:/}<:/~<�|-<./:±�Q82;��1:6Ò��=~/:<: ~<�=7981�y8t.68t��7/.<:<�1:/}<�=;¥7982� 7982~/×<�=~6�2./,1×<:/: ´§�I�=7qÞ
�1.<82~<820:��N��.<827
�N:6´»�/��76�1./:/}6�=;=7t82�þ;�82;¥�y8�®I~<:<�*ú ´=7P;¥:6�182~/~<�'�UÓá, � ü#;��=,y~<8201:<�4Þ
;§®ã´=~<�=./Ó��¥�1:/}6��;¥7<:«~<�=02��Ó�8��Q~/�'���r:w;=:<;��1���$,%´§�I�=7<�1.68t~68t0¶:Î�Q�'.68t7w-<�=.<��3t8yÞ
�N:6�Y0Y�M�¥�=,4�/�I:/}<�=;¥7656�à�W, � 5�� ´»�/�=7<�1.<82~qÞ �Q��.<82}/~656�±-6�N, � �B5t¤ ï ~/,��/8tÓ¥:/}<~/���
-<�=.6��3t8��w�M8¯Ò��¥��-/.<82:/;ò3t8��Q:<�1�í0U;=:<;��1���M�Ø,��18t�M820�0y8��I8t.68��g,U:q�Q:ã0%;¥:<;¥�y���M�
-/.<:I�M�=;����|0é�I�=Ó¥:/.<8202,1~<~/�°3Å-<8¯�<56-/.68t0y8��Q~/:/72,¯3b¤ ó ���v®I;¥~<�=~<:<��´=�y82Ó�8%-<�=.<��3t8yÞ
�g,í�t�r�I8Å-<.<���I�/8¯Ò��=~<8"!�82�y�y8t� 0µ.I,��281�y��O Öq�£ä�PÍ�'Óò�Q�
8t~F02�°�N01:/~q52�±;á�I���/59Þ
�)���=�U5t;á�I8202:6�ë�I�/®±´=7P;¥:6�182~/~68yÞÜ-6�N, � �M��~<~<82Ó�8«-<�=.6��3t8��N,�� :/;¥}<� � ~<820y��~<:<�%0
´»�/�=7<�1.<82~qÞÑ�N��.<82}/~<82�à;¥:/;��y�¯�M�é;=0�® � ,y~/~68tÓ�8µ;�82;��18�®I~<:6®ÿ-/.<:F5601���I:/}<�=~<:/:F´�7PÞ
;¥:<�y8t~<~<82��-6�I81�1~<82;¥�1:

n
¤ ð � ;¥./,101~<�=~/:q®Ø;¥�¥,y�1:<}<�=;¥798tÓ�8�.I,¯�N:q59;=,þ´=7/./,1~<:/.68t02,4Þ�V�B�l�����j�¡ V¢£�¡¤¥���j�¡ 

aB ' 100 ¦A §

,¨�



~/:q®µ:��282.<8202;¥7982Ó�8�.I,¯�N:q59;=,*�1.<��3/�M��.<~<82Ó�8
´=7P;¥:<�y82~I,Ø�2�r�I8é-68¯�<56}<�=~<8 � ~/,¯}6��Þ
~/:6�¹7<./:6�2:<}<�=;¥798t�Z7982~/×6��~6�1.I,y×/:/:b�N;�8182�10y�¥�2;��10�56�)���¥�

rs(3D) = 2
�/Óá�I�

rs(3D) =

(4πna3B/3)
−1/3 O ²�Ãq�m²2²'PÍ¤ ¿ 7/02, � :q�Q0y5<�M�=./~<�r3é;¥:/;��y���m,¯3
´=7P;¥:6�182~/~<���þ;�82;��18�®6Þ

~/:q®é�M82Ó�5q��;�8t;�56����;��10y8t02,y�1��; � ,1.2®<Ò��=~/~68t��-68��N;¥:<;¥�y���M8t�*´»�/��76�1.<82~<820�:�Q�°Þ
.<827v�g-68t;¥798��Q�1765	;¥0�® � ,y~/~<81��;�8t;��y8¯®/~/:6��0��Q0y5<�M�=.<~<8t�Î;§�<56}I,�����8t./�$,��I�2~68�;�59Þ
���=;��10y52�¥���I�<®	;¥798¯�I��56Ó¥8=�N~68þ�M���Q7<:q3�-<81�y��~<×/:/,��/8t0<¤øÀ#82´¥�y8t�M5�0�´¥�y8t�|;á�/56}/,y�
�M8¯Ò�~68�Ó¥820y8t.<:<�1��~<��8��W, � 82018t�Î-6�=.<��3t8��Q���M�¥�=,4�/�©� �N:6´»�/�=7<�1./:<7v�v,�8�-6��.6��Þ
;��2.68t�<79��8��N:<~<82}/~68tÓ�8�´�79;=:6�y8t~/,<¤ Ð ,y7�;r.<82;��y89�Ø7982~/×6��~6�1.I,y×/:/:>³¯ÙWÞÍ´»�/�=7<�1.<82~<820
ú �N��.68t7QüW-<.<82:/;ò398=�N:6�	´=7/./,1~<:/.<8202,1~<:<�Y�g,y~/~<82Ó�8	;=0�® � ,y~/~68tÓ�8�;�8t;��y8¯®/~/:q®i�b560y��Þ
�Q:<}<�=~/:6�¶�=Ó¥8ã�282.<8202;¥7982Ó�8w.I,¯�N:q5t;�,«: -<�=.6��;��1.<82�/72,ã´=~<�=./Ó��¥�1:/}<�=;¥7982Ó�8w;¥-<�=7PÞ
�1.I,6¤  �W���=7<�1��´=7/./,1~<:/.68t017/:Ø0þ.I, � �I:/}<~/�°3Ø7<0t,y~<�y8202�°3®I�m,¯3~/,y�y�Q�°�N,��I:/;¥�
0>;¥-<�=7<�1./,43��Q�#�K:/~6�=;=×6�=~/×/:<::	81�2./,�Ò��=~<:6®;O æP�l²4³P�l²�Á6�]²�¦RPÜ¤ ¿ .I,��182�¥,433O æP�l²�¦�P
�2���/8�´=7P;¥-<�=.<:I�M�=~<�=,4�Q�1~<8�-<8272, � ,y~<8/�g}<�y8�-68t.68tÓ�820t,4®*7982~/×6��~6�2./,1×<:6®v�b-/./:Ø7t8yÞ
�y8t.68t�þ-/.<82:/;ò3t8��Q:<��-6�=.<�=;��2.68t�<72,¹´=7P;¥:<�y82~/~/�°3þ;�8t;��y8¯®/~/:<�v�P;¥:q�Q�1~<8 � ,101:/;¥:<�¹81�
72,¯}6��;��102,�;¥�1.q567<��56./�%:#�/�/®¸~I,y:<�18¯�/�¥�m;¥820y��.S���=~<~/�°3�;��1.6567<��56. ���R�����Z�������R���
~I,��y�Q�°�g,��¥�2;á®¸-/./:W}/.6� � 01�'}/,1�<~<8£~<: � 7/:P3W798t~<×<�=~<�1./,1×<:6®q3�³�ÙWÞÍ´»�/��76�1.<82~<820 Ns =

5 ·109 ;=� −2 ¤1Ù¸�<®�82-/:<;=,1~<:6®�;¥.<���N~6��Ó�8¸./,1;¥;��y8¯®/~/:6®��K��Ò��/5Y´§�I�=7<�1.68t~/,2�K:�0�³�ÙWÞ
Óá, � �'0W���N:<~/:/×/,43Y�18t.68t01;¥798tÓ�8W.I,¯�N:65t;=, aB -<./:/~q®/�y8�:/;¥-<8��Q� � 8t02,y�1�W�1� � ./, � �M�=.qÞ~/���«-I,y.I,1�K�¥�1.

rs = 1/(aB
√
2πNs)

¤ å 72, � ,1~<~/���
01����� � ~I,�}<�=~/:q®«7982~/×<�=~PÞ
�1.I,y×/:/:*;¥8181�20y�¥�1;¥�10�56�º�

rs ≈ 8
¤  �=,þ0y���Q:<}/:/~/,>0þ~<�=;¥798��Q�1798�./, � -<.<�=01� ��,y�¥�

� ~I,¯}6�=~/:6®v�¯.I,y~<�¥�°~I,��1�I�r�N,10���:<�=;§®¹´=7P;¥-<�=./:/�K�=~6�=,4�Q�1~<8�~/,);��1.65676�y56./,43¹3q5y�l����Þ
Ó�8¸7t,�}<�=;��10t,�O ²�ÁZPÜ�2Óò�Q�£-6�=.<�=;��2.68t�<72,W´=7P;¥:6�182~/~<�r3�;¥82;��y8¯®I~<:/��-/.68t:<;á3t8=�N:6�Q,¸-<./:
� ~I,¯}6�=~/:6®q3�7982~/×<�=~6�2./,1×<:/:þ7/02, � :q�Q0y5<�M�=./~68tÓ�8¸´§�I�=7<�1.<82~/~68tÓ�8�Óá, � ,�úÍ³�Ù 'Ú ü»�t~I,
-<82.t®q�Q827��28��Q����:P3b¤ ¿ -<�=./01���¸�y�¥82.<�¥�1:/}<�=;¥7981��:<;=;á�I���I8t02,1~<:<�¸-<.<82×<�=;¥;¥820�´�7<.I,¯Þ
~/:<.<820t,y~/:q®�7651�/8t~68t01;¥798tÓ�8W0 � ,1:/�M8��Q�=�<;¥�101:6®��Q0y5<�M�=./~<�£�Ø´§�I�=7<�1.<82~/~<�£�
Óá, � 89�

,.�



-/.68t0y8��Q:6�I82;¥�U0ë./,y�181�1� Ú ¤ª�°,=5q´=./,[O ²4Û%P)0ë.I,1�K72,43µ�y�¥82./:/:¶�N:<´§�I�=76�2.<:/}6��;¥798�Þ
Ó�8�´=7/.I,y~/:<.<820t,y~/:q®i�v, � ,��1���«0�./,y�181�1� · �I�=�/~/�m,y~I,�O ²�¾ZP$0�-/.<:<�y�Q:qÒ���~<:/:��Q:PÞ
~<�=�<~<82Ó¥8��Q:<´§�I�=7<�1./:<}<�=;¥7982Ó¥8¶82�176�I:/72,��I�<®ÿ}/:<;¥�y8í�N0�5<�M��.<~<82Ó�8¶´»�/�=7<�1.<82~/~68yÞ
Ó�8�Óá, � ,<¤ ó �N~I,y798%82�t,ë´¥�2:ã-<8=�/3t8��N,é�g,y�º� � ~/,¯}<:<�y���Q�1~<8í�18¯�I����:<� � ~I,¯}6�=~/:6®
-<82.<82Ó�8t0y82�¶7982~/×6��~6�1.I,y×/:/:b�!}6�¯� ~/,y�y�Q�°�N,y���K����´=7P;¥-<�=./:/�M��~6�=,4�Q�1~<8é0�;�8t0y�=.qÞ
���=~<~/�°3Î;��1.6567<��56.I,¯3 ��������������������� O æP�)²�¦RPÜ¤ ¿ .I,��281�y� · �/�=�/~I�$,y~I,6�¨7t,y7ã:
0y8¶�K~<82Ó¥:q3Î-<82;á�I���I56�)��:q3Î.I,��281�=,¯3«O ²¯æ¥ñ/³1ÛZPÍ�¨01��}/:<;§�I�=~<:<�*´�7<.I,y~/:<.<820t,y~/~68tÓ�8
7651�I82~<8201;=7t8tÓ�8�-682�y�=~/×<:I,4�N,�7/02, � :P�N0�5<�M��.<~/�'�¶´»�/��76�1.<82~/~/�'�ÅÓò, � 8t�¶-/.68t: � 018�Þ
�N:q�I82;¥��0�-<./:<�y�Q:qÒ��=~/:/:��I:/~P32,y.2�Q8201;=7t8t��0182;¥-/.<:/:I�K}<:/0y8t;��1:v�17981�y8t.682��82�10y��}/,4Þ
�¥�Z;á�/56}/,1� �I:/~<�=�<~<82Ó¥8�81�176�Q:<72,Z0�.I,1�K72,43
-<./:6�1�I:6Ò��=~/:q®
32,�82�1:/}6�=;=7<:q3
�¸, � �
�=,y7/:/� 82�2.I, � 89�±0�:/;¥-68¯�Q� � 8t02,y~/~/�°3�-/./:6�1�I:6Ò��=~/:q®63¶~<���2���Q,56}<�y�=~I,�~6�¥�I:qÞ
~<�=�<~<82;¥�1��82�17q�Q:/72,>:	~<�¸56}<�y�=~/�±7982./.6���/®/×/:/:	~I,>�$,4�Q�°3	./,1;¥;��y8¯®/~/:6®q3b¤øÀ�./:PÞ
�y�Q:6Ò��=~<:<�£�Q:/~6�=�/~<82Ó�8¹81�176�Q:<72,�;¥:/;��y���K�Å;¥-/./,10y���I�I:/0y8¸�I:Q���¹0¹;á�/56}/,y�£;§�Q,y�18yÞ
�M�=~6®/�)���=Ó�8t;á®0�-<.<82;��2./,1~<;��20y�Y-<81�1�=~/×<:I,4�N,6�v,þ-<81�18t�B58t~68þ®I0��/®<�=�1;á®Z�Q82;��=,¯Þ
�y8t}<~<8*56-<.<82���=~<~/�'��¤¬!�8��Q���I��¹:<~q31,1.2�N,GO ³y¾ZPr:/;¥-68¯�Q� � 8t02,4�N,y;=���/�/®%.I,y;¥}<�¥�=,
�N:6´»�/��76�1./:/}6�=;=7t8t����56~<7/×<:/:��1.<��3/�M��.<~<82Ó�8YÓá, � ,�;¥0y82�18��Q~/�°3�´§�I�=76�2.68t~68t0<¤ ó ~I,
~<��56}<:<�1�'02,��=���N:<~I,1�$:<}<�=;¥7/:6�¸7982./.6���/®/×/:<82~/~<���W´=�����=7<�1� :�-/./:<018=�N:6��7�;�8yÞ
81�20y�¥�2;��10�56�)��:/�«~<�¥�y82}/~<82;���®I�ã-<./:02��}/:<;§�/��~<:/:b�g0þ}I,y;��1~<82;¥�1:b�ø-/.<:*.I,y;¥}<�¥�y�
-I,y./~68t�Å7982./.6�¥�<®I×<:<82~/~68t�Å��56~/7<×/:<: úÏ;=��¤ �$~I,y-/./:/�M��.O ³1æ	P ü»¤r+�,y-<8t�K~/:/���m}<�y8
-I,y./~/,�®�798t.<.<���/®/×/:68t~<~I,4®>��56~<7/×/:q®>8t-<.<���Q���<®/�¥�¸01�=.<8�®/�1~68t;��1�¸82�1~<82;¥:<�y���Q�1~<8�Þ
Ó�8�.I,y;=-68¯�/8¯Ò��=~/:6®þ798t�K-6�/��79;�,¸: � �N0�593��Q�º�2�°3>´§�I�=7<�1.68t~68t0�0�Óá, � �º:�®/0��/®<�=�1;á®
02,�Ò�~68t�;��=,��2:<;¥�1:/}6��;¥7982�Z32,y.I,y7<�y�=./:<;��2:<798t�*;=:<;��1���K� O ³�Ö6�ø³yä�PÍ¤ ó ~I,�-68 � 0y8¯�<®6Þ
�¥��-<8¯�<56}/:6�2�<�v~I,y-/.<:I�M�=.v�b;¥.<���Q~/�)� ´=~<�=./Ó¥:<� ;=:<;��1���K� 0 � ,1:/�M8��Q�=�<;¥�10�56�)��:P3
}I,y;��2:<×v�I,��=,y76Ò��¸.<��,17<×/:<�±;¥:/;��y�¯�K�w~I,�01~<�%��~6�¥��0y8 � �B56����~<:<�2¤/+#�=;=�K81�1.t®�~I,
5672, � ,y~/~<���Z-/.682�y�I���K���K�Q:<~q31,1.1�Q8202;¥7981�	-/.<:<�y�Q:qÒ���~<:<�$��:<.<82798ë:/;¥-68¯�Q� � 52�=�4Þ

, #



;§®v�ø�=,y7ë72,y7Ø�N,y�¥��-/.68t;��1����~<�¥�1./:<02:/,��I�2~<���>.<� � 51�Q�¯�¥,y�1� �I�/®��I:/~6���<~<82Ó�8�82�4Þ
76�I:/72,�;¥:/;��y�¯�K� ~I,�02~6�%��~<�¥��018 � �M56���=~/:6�t¤QÙ�:6´»�/�=7<�1./:/}6�=;=72,4®���56~<7/×<:6®Ø�/�/®
�N0�5<�M�=./~<82Ó�8 � ,y.t®6Ò���~<~<82Ó�8é;á�I8¯®v�K-689�M�=����~<~<82Ó�8
0�8=�N~68t.68��N~q56� ;=.6���I5�;þ�N:PÞ
´»�/�=7<�1./:<}<�=;¥798t��-/.68t~<:/×/,y���M8t;��1�1�

ε
�10�-/.<:<�y�Q:qÒ���~<:/:�~<�=0 � ,y:I�M8=�Q�=�/;��10y56�º��:q3

´»�/�=7<�1.<82~<820#01-<�=./01���°�2���Q,)-68¯�<56}<�=~I, Õ �y�=./~689�0�²�ä1¾9æ�Ó�8��/5&O Á2ÃZPÜ¤ Õ �y8t:6��81�2�K��Þ
�1:<�1�/�g}<�y8�0�´¥�y89�Å-<./:6�1�I:6Ò��=~/:<:*82;�82�1�=~/~<82;��1��0Y�N:6´»�/�=7<�1./:<}<�=;¥798t��#56~/7/×<:/:
-/.<:

q = 2kF
úÏÓò�Q�

kF
ñ�����./�K:<�=02;¥7<:/�	018��Q~<820y8t�	0y��76�y8t.Qü'-<./:/0y8��Q:<�¯�g72,17	:	0

�1.<��3/�M�=./~<8t�ÿ;á�/56}I,��2�i7é��./:P�Q���I�=01;=7<:I�F82;¥×/:6�<�/®/×/:q®Q�F7982~/×<�=~6�2./,1×<:/:í³�Ù 'ÚO Á6²'PÍ¤ ó �Q~I,y798Y0�82�=�Q:<}/:<�W81���1.<��3/�M��.<~/�°3�;¥:/;��y�����<0��Q:q®I~<:<��´¥�1:q3�8t;¥×/:q�/�<®I×<:/�
827t, � �'02,��=�1;á®�;�56���=;��101�=~/~<�£���B-68t;¥798��Q�1765%0	�Q0y5<�M�=./~689�±;§�<56}I,���,y;¥:I�K-6�181�1:qÞ
72,U´�7<.I,y~/:<.<820t,y~/~68tÓ�8í-<81�1�=~<×/:I,4�N,�~<82;¥:<�í;��1�=-6��~<~<82�Å31,1./,176�1�=.«:«0176�N,¯�F81�
82;=×<:6�<�/®/�y82./~68tÓ�8�-<820y���I�=~/:6®��I8272,��I�2~68t��7982~/×<�=~6�2./,1×<:/:þ0W827/.<�=;��1~<82;¥�1:>7q52�/8yÞ
~<8201;=7982Ó�8Y×6��~6�1.I,�8272, � ��0t,��¥�1;§® � ,1�M�=�1~<�£���<-/.<:/0y8��I®�7��18¯�/�=��´=�W����76�1:/01~<8t�M5
´=7/./,1~<:/.<8202,1~<:/� -<81�y�=~/×/:/,��Q,<¤
Ù¹8ë~6��7t82�y82.<82�Î;��1�=-6��~<:Î�M��Ò�´§�I�=7<�1.<82~/~682�7651�I82~<8202;¥7981�0 � ,1:/�M8��Q�=�<;¥�101:<�

~I,é�$,4�Q�°3µ.I,y;¥;¥�y8�®I~<:6®q3|�M8�Ò��=�é�2���2�
56}6�1�=~68U0é-/.<:<�y�Q:qÒ���~<:/:|�/8t72,4�Q�1~<82Ó�8
-<8��/®«O Át³P�°Á2Á�PÍ¤ ¿ ´¥�18t� ;§�<56}I,��t�¨72,y7Î�2���/8í-<8272, � ,y~<8ë�/�/®ã}/:<;¥�y8U�N0�5<�M�=./~<8�Þ
Ó�8�-<81�y��~<×/:/,��Q,�O Át³=ñqÁ1¾�PÍ�g�M8�Ò�~<8þ56}<�=;��2�>´»�/��76�1.<82~qÞÜ´§�I�=76�2.68t~<~/���Y:´»�/��76�1.<82~qÞ
�N��.<82}/~<��� � ,y.t®6�I8t01���í: ;=-<:/~68t01���¶798t.<.<���/®/×/:<:�~/,w�$,4�Q�°3 ./,1;¥;��y8¯®/~/:q®63b¤
Õ �I8¯Ò�~<82;¥�1�U´¥�y82Ó¥8ë-<8=�/3t8��N,é;¥82;��y8t:6�U0
8t-<.<���Q���I�=~<:/:¶�I8272,��I�2~68tÓ�8ë-<8¯�<®i�m7t8yÞ
�y8t.682�¸82-/.<���I�¥�<®/�¥���/8t72,4�Q�1~/���¹798t.<.<���/®/×/:<:v�<5q�y8t}<~6®/�)��:6��:/~P�I56×<:/.<8202,1~<~/���
-<81�y��~<×/:/,��i¤ â ,4�N,¯}I,�-<8¯�<56}I,��¥�2;á®*;�,1�M82;¥82Ó§�Q,1;�8202,1~<~<82�Z81�1~<82;=:6�y�¥�I�2~68þ�N:6´»�/�=7qÞ
�1./:/}6�=;=7t8t�à�#56~/7<×/:/:b�)-I,y./~68t� 7982./.<���<®I×<:<82~/~<82�à�#56~/7<×/:/:à: ;��=,��2:<}<�=;¥798tÓ�8
�I8272,��I�2~68tÓ�8�-68¯�/®v�B8=�N~68t01.<���M�=~/~<8/¤¬®�:/;á�I�=~/~<�'��;=,2�M82;�8tÓá�N,y;�8t02,y~/~<�'�%./,1;¥}<�¥�
-<8272, � ��0t,��¥��-<.<�=:I�B56���=;¥�10y8�g,y~/~<82Ó�8
-<./:6�1�I:6Ò��=~/:q®|0Ø;¥.I,y02~6�=~/:/:�;�-/.6���N�°Þ

,.(



�I56��:I�K:
-<8��<3t8��g,1�K:é0�-<.<���Q���/�Y�28��Q����:q3�:/�$-q51�Q�1;¥820��/�/®é-/,1.<~<82�é798t.<.<���/®qÞ
×/:68t~<~<82�ÿ��56~<7/×<:/:v�º,¶�M8��I�¥�I:/.68t02,1~<:<�ë�M�¥�18=�Q8t� �M8¯�/�=7651�/®/./~<82�ã�N:<~I,1�K:/7/:
O Átæ	P£-68t72, � ��02,y�¥�Ø3t8t.68K���¥�Z;�82Ó§�Q,1;¥:6��;�´�79;=-6�=./:I�M�=~<�¥,��I�2~<�£�K:|.6� � 51�Q���=,��=,1�$:
0Z�1�=./�K8=�N:<~I,1�$:<}<�=;¥7/:P3%;¥0y8t�<;¥�102,43ë;¥:<;¥�y���K�W¤ ¿ ,4Ò�~68t�
32,y.I,y7<�y�=./:/;��1:/7982� � ,4Þ
.t®6Ò���~<~<82�Z;=:<;��1���K�w®/0y�<®/�¥�1;§®�;áÒ�:I�$,����M8t;��1�

K
�I7981�182.I,4®	;¥0�® � ,y~I,�;#�Q:<´»�/�=7qÞ

�1./:/}6�=;=7t8t�Z��56~<7/×<:<�=�
ε(q, ω)

O Áy¦�PÜ¤ Õ Ò�:/�$,y���M8t;��1��´§�I�=7<�1.<82~/~68t�Z;¥:/;��y���$� K
�

.I,y;¥;¥}/:<�¥,1~<~I,4®�0W-<./:6�1�I:6Ò��=~/:<:��I8272,4�Q�1~<82Ó¥8W-<8¯�<®i�y8272, � ��0t,��¥�2;á®��M�=~/�����2�y}6�¯�
;§Ò�:I�$,��¯�M82;��2��;=:<;��1���K� 0
-<./:<�y�Q:qÒ��=~/:/:í31,y81�1:/}<�=;¥7/:P3¶�¸, � K0

-/.<:¶8=�N:<~I,¯Þ
798202�°3�-6�/82�1~<82;���®q3
´§�I�=7<�1.68t~68t0�0�;¥:/;��y���$,43b¤gÙ�,y~/~/���
.6� � 51�Q���=,��Z~/,43t8��Q:<�1;á®
0�3t82.<8�������;¥82Óá�N,y;=:<:µ;Z.<� � 51�Q���=,��=,1�$:Å}<:/;§�/�=~/~<82Ó�8U�M8��Q���I:/.<8202,1~<:6®v�¨,��=,y7qÞ
Ò���;�´�79;=-6�=./:I�M�=~<�¥,��I�2~<�£�K:
.I,��281�=,1�K:ÅúÏ;=��¤ �b~/,1-<./:/�K�=.�O Á2ÖZPÏü»¤  �y8Z8 � ~I,�}I,��=���
}<�y8�;¥:/;��1���$,>;��¥,1~68t01:<�1;á®*�28��I�¥�¹Ò��=;��27982�v�g�y8��=;��2�þ: � Þ � ,�0 � ,y:I�M8��I���<;��201:6®~I,
�$,��I�r3	./,1;¥;��y8¯®/~/:q®63�560y�¥�I:/}<:/02,y�¥�1;§®	;=.6���N~<�¥���K��ÒY´»�I�=76�2.68t~<~<81��.I,y;¥;��18�®I~<:<�2¤
À�./:	´=�y8t�ã: � �M�=~<�=~/:6���/8t72,4�Q�1~<82�Ø7982~/×6��~6�1.I,y×/:/:Ø827t, � ��0t,��¥�2;á®Ø�M�=~/�����2�N}6�¯�
0�;¥:/;��y�¯�M�Ø~<�=0 � ,1:/�M8��Q�=�<;¥�10�56�)��:P3Î´»�/�=7<�1.<82~<820/¤  �18¶-/.<:/0y8��Q:<�¶7Î593q5y�l����Þ
~/:<�F´=7<.I,y~/:/.q56�)��:P3þ;¥0y8t�<;¥�10�³�Ù �Ú ¤ Õ �I���I52�¥��8=�N~/,1798�82Ó�8t0y8t.<:<�1�1;§®v�9}<�y8¹�/�/®
;¥:6�I�2~68Y7982./.<���I:/.<8202,1~<~/�°3�;¥:/;��y�����P�1�I: � 7/:P3�7�7/.<:/;��=,4�/�I:/}6��;¥7982���¸, � �2�q-/./:PÞ
�y�Q:6Ò��=~<:<�£�/8t72,4�Q�1~<82Ó�8¹-<8��/®Y5PÒ��º~6��-<./:/�K�=~<:I�M8¹:�0W´¥�18t�é;á�/56}/,y���N:6´»�/�=7<�1./:PÞ
}<�=;¥72,�®���56~/7<×/:q®��M8¯Ò��¥���2���1��-<8��/56}6��~/,�;r-689�M82���1�Å01�'}<:/;á�I�=~/:q®��Q:<~<�=�/~68tÓ�8
81�27q�Q:/72,Z7/.<:/;��=,4�/�Q,<¤ ó �Q~I,y798��/�/® rs ≤ 10

-<./:6�1�I:6Ò��=~/:6�>�/8t72,4�Q�1~<82Ó�8	-<8��/®
�M8¯Ò��¥���t���1��:/;¥-<8��Q� � 8t02,1~68>�I�/®Ø82-/:<;=,1~<:6®�:/;¥;á�I���I52���K�r3;¥:/;��y�¯�ã;¹3t8t.68K���=�
�y8t}<~<82;¥�1�1��¤
¿ ´=7P;¥-<�=./:/�K�=~6�=,¯3Ø-<8�:/;¥;§�/���Q820t,y~/:<� ´=7/./,1~<:/.<8202,1~<:6®�´=7P;¥:6�182~/~<�r3�;�82;¥�y8�Þ

®I~<:/�¶7<0t, � :q�N0�5<�M�=./~/�'�¼´»�/��76�1.<82~/~/�'� Óò, � 8t�±82�1;�5q�1;¥�10�52�=�ë:<~/��8t./�m,y×/:q®µ81�
: � �M�=~<�=~/:<: � ,y02:<;=:/�M8t;��1:�´=~<�=./Ó¥:<:�;¥0�® � :�´=7P;¥:<�y82~/~<�r3�;¥82;��y8¯®/~/:/��81��-q�I81�1~<8�Þ

,.*



;��2:|³�Ù �Ú ¤mÀ#8��/56}/:6�1�
:<;=7t89�B56� :/~<��82.I�$,1×<:/� �M8¯Ò�~68
�2�r�I8��2��� � ~/,�® � ~I,¯Þ
}<�=~<:6®�´=~<�=.<Ó=:<:�~6��;¥7982./.6���Q:/.68t02,y~/~/�°3%´»�/�=7<�1.<82~I,*:U�Q�'.<7/:b�M8��Q~I,y798Ø8t~<:í~<�
:I�M�=�º�ë32,y.I,y7<�y�=./~<�r3Î8t;�81�2�=~<~<82;¥�y�=�Î0%;¥-6��76�1.I,¯3Å�Q�#�K:<~<�=;¥×<�=~/×<:/:ã:ã-68tÓá�I8�Þ
���=~<:6®v¤ ¿ �y8Ò���01.<���B®%0	82-<�1:/}6��;¥7<:q3U´=7P;¥-<�=./:/�K�=~6�=,¯3%}6�¥�27t8�~/,y�y�Q�°�N,y�¥�1;§®
-<82.<82Ó�8t0y81�': � �M��~6�=~/:<��;¥:6�I�¶82;¥×/:6�<�/®<�y8t./,�´=7P;¥:<�y82~/~68tÓ�8¸-6�=.<��3t8��g,#-/./:��Q82;��1:qÞ
Ò��=~/:<:Ø-6�I81�1~<82;��2:ë³�Ù �Ú ~6��7981�y8t.68tÓ�8�-<82.<82Ó¥820y8tÓ�8 � ~I,�}<�=~/:q®LO æ	PÍ¤ ¿ ;��1.6567<��59Þ
.I,¯3>Ò��#3982.<8�����Ó�8�72,�}<�=;��202,�0y8 � �M8¯Ò�~<8Y:<;=;á�I���I8t02,1~<:<�#81�2~68t;¥:<�y���Q�1~<82Ó�8�: � �M��Þ
~<�=~<:6®�´=~6��.<Ó¥:/:�;¥0y® � :>82;=~68t01~<82Ó�8�:�0y8 � �y5PÒ��Q�=~<~/�°3�;¥82;��18�®I~<:/��´=7P;¥:6�182~I,�-<./:
560y�¥�I:/}6��~<:/:|7982~/×6�=~<�1.I,y×/:<:w³¯Ù 'Ú O Á1ä�PÍ¤KÙW�/®µ.<�%���=~<:6®¶�=,y7982Ó¥8ë.<8=�g, � ,¯�g,�}v�
0y8 � ~/:<72,1�)��:q3«0��28��Q����:<~/;��101��´=7P;¥-6��.<:I�M�=~<�¥,��I�2~<�r3w./,y�181�¯��0í}I,y;��2~68t;��1:F0
5672, � ,y~/~<�r3þ02�����¯O æP�6Á1ä�PÜ�9�2.6�¥�152�¥�1;§®��y�¥8t.6�¥�2:<}<�=;¥7/:/��.I,y;¥}<�¥��-<8��Q~68tÓ�8�´=~6��.<Ó���Þ
�1:/}<�=;¥7982Ó�8#;¥-<�=7<�1.I,º;¥0y® � ,1~<~<82Ó¥8£;¥82;��y8¯®/~/:6®�:�;¥:6�Q�U82;¥×/:q�/�/®<�y8t./,º´=7P;¥:<�y8t~<~/�°3
-<�=.6��3t8��I8t0�0��¥,17t8t��;¥:/;��y�¯�M�2¤ · ;�8¯Ò¹,��/�=~/:/���b~/:*8��N~/,�: � ´¥�2:P3 � ,¯�g,�}	�Q8�;¥:q3
-<82.Z~6�¹.6�%���=~I,6¤
â ,¯�g,�}I,�82�þ´=7/./,1~<:/.<8202,1~<:/:Ø7q52�/8t~68t01;¥7982Ó¥8�0 � ,1:/�K8=�Q�=�/;��101:6®*0��Q0y5<�M�=./~68t�

;¥:/;��y�¯�M��-<./:��y���$-6�=.I,��y56.6�2�<82�=�Q:<}/~68t��82��~651�/®v�6�2���Q,�01-<�=./01���W.6�	���=~I,�0�./,4Þ
�182�y�UO ¦tÃ�PÍ¤4Ù¸�/®�´¥�182Ó�8��2���Q,�~/,1�P�Q�=~I, � ,y01:/;á®I��,�®�82���y���K-<�=.I,���56./�í�N:6´»�/�=7<�1./:PÞ
}<�=;¥72,�®Î��56~/7<×/:q®F0�-<./:6�1�I:6Ò��=~/:<:ã32,�81�2:<}<�=;¥7/:P3«�W, � ¤ ¿ -<.<���Q���I�Ø01�';�827/:P3
�y�¯�K-6�=.I,��y56. úÏ-<82.t®q�N72,ã���=./�$:6�=02;¥7982�±´=~<�=.<Ó=:<:Nü�82~I,Î:I�M�¥�¥�w,y~I,4�Q:6�2:<}<�=;¥7982�
01�'./,�Ò��=~/:6�2¤QÀ�./:�~/: � 7<:q3þ�1���K-<�=./,y��56.I,¯3þ�Q:<´§�I�=7<�1./:<}<�=;¥72,�®��#56~/7<×/:6® ε(q, ω)
�M8¯Ò��¥�Ø�t���1��-<8��/56}6��~/,Ø}<:/;á�I�=~/~68I¤ ð ;¥-<8��Q� � 51®é�g,y~/~<����.6� � 51�Q���=,��2���$�M8¯Ò�~68
-<8��/56}/:6�1��;¥0y���Q�=~/:q®82��´=7/./,1~<:/.q56�)��:P3�;¥0y8t�<;¥�102,43	´»�/��76�1.<82~/~<82Ó�8	³�ÙWÞ Óò, � ,�0
·�X -/.<:é7982~<�=}/~<�r3��y���K-<�=.I,���56.I,¯3b�E,��=,y76Ò��>-<82;��2.68t:6�2�Z�¸, � 820�56� �N:/,1Ó¥./,2�EÞ
�B5�7/02, � :P�N0�5<�K�=.<~<82Ó¥8�´=7P;¥:<�y8t~<~<82Ó�8�;�8t;��y8¯®/~/:q®i¤ Ð ,y7982�W:<;=;á�I���I8t02,1~<:<��82;�82�1�=~qÞ
~<8�:/~6�y��.6�=;=~68�0þ;¥01�¥�y��-<82;§�/���Q~/:P3´=7P;¥-6��.<:I�M�=~<�¥,��I�2~<�r3.I,��281��O Á1ä6�Q¦I²'PÍ�g0þ7t8yÞ

ßa-



�y8t.<�r3
: � 56}I,4�Q;á®
798��/�Q,1-<;�;¥0y® � ,1~<~<82Ó�8�;�82;¥�y8¯®/~/:q®
0 ·�X ���������Z���V������� -<./:
.I, � �Q:<}/~/�°3��y���K-<�=.I,���56.I,¯3b¤

§1.2 >±°²° � ? 5³9 A ÷ C´=l�$¡�¡�9í� A@µ+? A ¢B5B�!¡��¬H¢¼¢ µ+? A ¢�5M�!¡#¡�9;H	¢

? ��H·¶´¸W� ? A �¬H¢ ÷ � ÷ 7�F A ¸W�6:#¡B93F A ¢ A 5M�YH*�³F�ù

ì , � 01:<�1:<���y��3<~68¯�/8tÓ¥:/:�.<82;¥�¥,�-<8¯�<56-/.68t0y8��N~<:/798201�r3�Ó��¥�1�=.68t;��1.65676�y56.�-68 � 0y8yÞ
�Q:q�I8�;�8 � �g,y0t,��1��82�2.I, � ×/�w01�';�827982Ó¥8�72,�}<�=;��202,�;�-/,1./,��<�I���Q�1~/�'�K:��Q0y5<�M�=./~<�rÞ
�K:µ72,y~I,4�N,1�K:¶´§�I�=7<�1.<82~<820é:iúÏ:6�I:Nü¹�Q�'.68t7b�m.I,y;¥-<8��I8¯Ò��=~<~/�'�K:í�N.q56Ó�81�Ø�N.q59Þ
Óá,Ø~I,�.I,y;=;��y8¯®/~/:q®63í81�µ²=Ã�Q8�Û�Ã1Ã �A ¤ ó �N~<:I��: � -<./:I�M�=.<820
�¥,17<:q3µ;¥�1.q567<��56.
®I0��/®/�º�1;§®
�N0y8t�<~/����7/02,1~6�18201���þ®I�K�W�]07t82�y82./�°3ë�Q0t,	0 � ,1:/�M8��Q�=�<;¥�10�56�)��:P3
´»�/�=7<�1.<82~qÞÍ´»�/��76�1.<82~/~/�°3�:q�Q:Y´§�I�=76�2.68t~PÞ �Q�'.68t}<~/�°3�;á�I8¯®Y./, � �I�¥�/�=~/�¶-<81�y��~<×/:PÞ
,4�Q�1~/�'�ë�9,y./�y�=.<8t��¤ Õ :/;��y���$�µ�Q0182�/~<�r3 ·�X -/./:<0y�/�=72,1�º��0�~/,1;��y8¯®/���=�º01.<���B®
�18¯�Q����81�¨01~/:/�$,1~<:<�°:<;=;á�I���Q8202,y�y���I�=�¹O ¦/²Ýñ<Û2³	PÍ�=0º}I,y;��1~<82;¥�1:b�40º;¥0y® � :¸;!-/.<���Q;=72,¯Þ
� ,1~<~<82��.I,y~<�¥�º;¥01�=.236�y�=7656}6��;��1�1�w0¸�=,y7/:P3�82���i�=7<�¥,43·O Û�Á�PÍ�t7<0t, � :q�IÒ�8 � �=�W;�8t~68t04Þ
;¥7/:/�$:�´������=7<�¥,2�K:&O Û�Á6�4Û¯¦RPÜ�¥~<�¥81�t��}/~<�£�K:¸;=0y82�/;��10t,1�K:¸0';=:q�Q�1~/�°3¹�$,yÓ=~<:<�1~/�°3
-<8��/®q3ZúÏ;=��¤^O Û2Û%PQ:Y×/:<�1:<.652�¯�B56�«�¥,2�Ø�Q:<�y�=.I,���56.65Iü»¤¡�°�r�/8¸�¥,17qÒ��)-/.6���N;¥72, � ,y~<8/�
}<�y8>�K��Ò�;á�I81�=0181��´»�/�=7<�1.<82~qÞÍ´»�I�=76�2.68t~<~<81��0 � ,1:/�K8=�Q�=�/;��101:<�¸;¥:q�Q�1~<8�0y�I:6®<�=�Y~I,
´=~<�=./Ó��¥�1:/}<�=;¥7/:<�U;¥-6��76�1.U´§�I�=7<�1.<82~<8200×6���I82}/:/;á�I�=~<~<8t�à:
�Q.<81�t~689� 7/02,1~6�y8yÞ
0y89�ë´������=7<�y��J#8¯�<�N,�O Û�¾6�/Û1æ	Pb:�-<./:<018=�N:<��7þ-<8¯®/0��I�=~/:<� ~68t01�°3þ798tÓ��=.<�=~6�2~<�r3
;�8t;��y8¯®/~/:<�v�E;¥0y® � ,1~<~/�°3U;�8*;¥-I,y./:<0t,y~/:6���±7<0t, � :/}/,1;��1:/×�: � 82�¥�Q���Q�1~/�°3�;á�I81�=0
O Û�Ö6�9Û�ä�PÜ�1,��=,y76Ò��'560y���Q:/}<:/02,y�¥�W;��=,��t:q�Q�1~<82;¥�1�¸;�82;¥�y8�®I~/:q®Y02:<Ó¥~<�=.<8202;¥7982Ó�8�7/./:PÞ
;��=,4�/�N,ºO ¾1Ã�PÍ¤�À#89�K:/�K8£´¥�y8tÓ�8/�¥�Q0182�/~<��� ·�X ;m��56~/~<���I�2~68t��;¥0y® � �2���=0º-<./:/~<×/:<-<�2�
�M8¯Ò�~68Ø:/;¥-<8��Q� � 8t02,y�1�72,y7%0y8 � �M8¯Ò�~<���þ´»�/�¯�M�=~<�1� �I�<®%-/.<820y���I�=~/:6®U7/02,1~6�y8yÞ
01�r3Å01�'}<:/;á�I�=~/:<�«Oû¦1¦/�°¾6²hPÍ�!}<�y8í-<.<���N;��=,y0��/®<�=� � ~/,¯}/:6�y�¥�I�2~<�'�Î�y��3<~/:<}<�=;¥7/:/�

ß	,



:/~6�1�=.6��;�7	�=,y7982Ó¥8þ.<8��N,>;¥:/;��y�¯�$,1�Å0>;¥01�¥�y��;�8 � �N,1~<:6®7<0t,y~<�y820182Ó�8�798t�K-/�1�º�1��Þ
.I,6¤l�!8¯�I�¥���y82Ó¥8/�/-/.68t;��1.I,y~/;��101�=~<~<8�Þ .I, � �Q���I�=~<~/���¹´§�I�=76�2.68t~<� :��Q�'.<7/:	�M8tÓ�5q�
81�t./, � 8202��0t,��1��;=0�® � ,y~/~<���r;�8t;��y8¯®/~/:q®��±~<�=-/.2®Q�K����´=7P;¥:6�182~/�²O ¾t³=ñq¾2Ö�PÍ¤ ó 72, � ,¯Þ
�I82;¥�/�b}6�18��=,y72,�®
;¥:/;��y�¯�$,�:I�M�¥�=�þ�I8t;��=,��y8t}<~<8Z�18tÓò,y��56� �¸, � 820�56� �N:I,yÓ¥.I,1�$�M5
úÏ;=��¤ �I~I,y-/.<:I�M�=.v�~O ¾2äZPÏü»¤ ¿ 82-/.<���I�¥�/�=~/~<82�Z82�y�N,y;��1:-I,y.I,1�M�=�1.<820þ0y8 � �M8�Ò���~Z-<��Þ
.<��3t8���´�79;=:6�y8t~68t0W;�-/.<82;��1.I,y~/;��20y�=~/~68yÞÜ.I, � �I���I�=~/~<�£�K:Y´»�/�=7<�1.<82~I,1�K:�:��N��./72,¯Þ
�K:�0�Ò�:P�N7656�¼�W, � 5t�<,�0�~6��7t82�y82.<82��-/.689�M��ÒY5q�y82}/~<82��81�1�Q,1;��1:��28��I�¥��~/: � 7<:q3
7982~/×<�=~6�2./,1×<:/��´»�/��76�1.<82~<820�:>�Q�'.68t7��M82Ó§�Q,��2�ã8t;�56����;��10��/®<�2�1;á®�7/.<:/;��=,4�/�I:qÞ
� ,1×<:6®�~6��-<.t®I�$�°3>´=7P;¥:<�y8t~68t0»O ¾1ä¯ñ<æq²'PÍ¤ Õ 8281�101�¥�1;��101�=~/~68I�6:�;=-6�=7<�1.�798��/�/��76�1:/04Þ
~/�°3�018 � �15PÒ��Q�=~/:<���Q0182�/~<�r3�7/02,y~<�y8t01�°3�®I���M8��Q:/�W:<×/:<.652�¥�2;á®�-<8W;¥./,101~<�=~/:<�
;�8�;¥-6��76�1.<8t�|798��/�/��76�1:/01~/�°3	0y8 � �y5PÒ��Q�=~/:<��8��Q:/~<82}/~68t�Z7/02,y~<�y8t0y82��®I�M8t�b¤
¿ ,4Ò�~<82�í82;�82�1�=~/~<82;��2�1� .I,y;¥;=�m,��1./:<0t,����K82�@�Ü�N0�593<798t�$-68t~6�=~<�1~<82�W�éúÏ;�-/.68yÞ

;��2./,1~<;��20y�=~/~68þ./, � �I�¥�/�=~/~/�'�K:Z72,y~I,4�N,1�K:Z~68t;¥:<�y���I�=� � ,y.t®q�g,tü°;=:<;��1���K�w®/0y�<®6Þ
�º�1;§®�´������=76�2�F´=7/./,1~<:/.68t02,1~<:6®�´=7P;¥:<�y8t~68t0�´»�/�=7<�1.<82~I,1�K:�:
úÏ:6�I:Nüm�Q�'.<72,2�K:b�
-/.<:/0y8��I®/��:<�'7�5<�K�=~<�����=~/:/�Î:P3�´=~<�=./Ó¥:<:Y;¥0�® � :�:�560y���Q:/}6�=~/:/�ã./,4�Q:65t;=,<¤ · ,y7
;§�/���I52�¥��: � ´=7P;¥-<�=./:/�M��~6�=,4�Q�1~/�°3>�g,y~/~<�°3�:��y�=82.<�¥�1:/}6�=;=7<:q3�.I,y;¥}<�¥�y8t0<�P�Q:<~/:q®
´=7P;¥:<�y8t~<~<82�¹�Q�#�K:<~<�=;¥×<�=~/×<:/:�:/;¥}6� � ,��¥�º-/.<:�~<�=7981�y8t.68t��7<./:<�1:/}6�=;=7t8t��798t~<×<�=~qÞ
�1.I,y×/:/:ÿ´§�I�=7<�1.68t~<~<82Ó¥8|Óá, � ,¼O æP�£Á1ä�PÜ¤£À#8t;¥798��Q�1765«:<;=}6� � ~68t0y�=~/:6�
´=7P;¥:<�y82~/~68t�
�Q:<~/:<:%~/,y�y�Q�°�N,��/8t;¥�	:��/�/®U0y�=;¥�t�$,�.I, � .<��Ò��=~/~68t�é´=7P;¥:<�y8t~<~<82�U;¥:/;��y���$���i�y8
�¸,y7<�1:<}<�=;=7<: � ,¯�g,¯}/,º;¥0y8��Q:<�1;§®�7�: � 56}<�=~/:<�µ;¥72,¯}/7t8281�t./, � ~68tÓ�8½�Ô:/;¥}6� � ~68t0y�=~/:6®W�
: � 8¯�I:/.68t02,1~<~<82Ó�8>´�79;=:6�y8t~<~<82Ó¥8þ;�8t;��y8¯®/~/:q®;¹.<82;¥�y8t�Î7982~/×6�=~<�1.I,y×/:<:*´»�/�=7<�1.<8�Þ
~<820�úÏ0'82�=�Q:<}/:<�°81�)-6�=.<��3t8��g,�!�81�y�=,#�M�¥�=,4�/�6ñ2�N:6´»�/�=7<�1./:<7�0£}/:/;��y8)´=7P;¥:<�y82~/~68t�
;¥:/;��y�¯�M�¸-<./:�560y���Q:<}<�=~/:<:��¥�¸-6�/82�1~68t;��1:Nü»¤
¿ ;¥0y® � :µ;	�K~<82Ó¥82}/:<;§�/�=~/~/�'�K:µ´�79;=-6�=./:I�M�=~<�¥,��I�2~<�£�K:Å./,y�182�¥,2�K:b�¨01�'-68¯�6Þ

~<�=~<~/�'�$:�~I,�;��1.65676�y56./,43
;�.I, � �Q:/}<~/�'�K:é�M�¥Ò�;á�I81�=02�'�K:�.I,y;¥;��18�®I~<:6®I�K:�O ¦/²1�

ß�ß



¦P³q�6¦qÛP�6¦9ä�PÍ�<-/.<���Q;¥�¥,10��/®<�¥��:/~6�y��.6�=;¸:<;¥;§�/���I8t02,y~/:<��-<8201���Q�=~<:6®�;=0�® � ,y~/~68tÓ�8�;�8yÞ
;��18�®I~<:6®�0 � ,y02:<;=:/�M8t;��1:�82�#.I,y;¥;¥�y8¯®/~/:q®��M��Ò��I5�7/02,y~<�y8t01�'�$:�®Q�$,1�$:b��,º�=,y76Ò��
0��Q:6®/~/:q®Y7982~<�=}<~<82���y8¯�I��:<~/� ·�X ~I,#´=~<�=.<Ó¥�¥�1:/}6�=;=7<:/��;¥-<�=7<�1.Y7t8¯�/�/�=7<�1:/01~/�°3
0y8 � �y5PÒ��Q�=~/:<�v¤ ó �N~/,1798�~/,��N,1~<~/����M8t�K�=~6��~<�¥���y�¥82.<�¥�1:/}<�=;¥7/:P3Z.I,��281�¯�Q0�7t8yÞ
�y8t.<�r3Z0�-68¯�I~<82�	�M��.6�W�t�r�I:��t�ÿ.6�%���=~/�w´¥�1: � ,¯�g,�}/:b¤
â ,y.t®6Ò��=~/~/���¹7/02, � :<}I,y;¥�1:<×/�à0�-68¯�/56-<.<82018=�N~<:/79��ñþ´»�/�=7<�1.<82~/� :��N��./7<:�ñ

�M8tÓ�5q��82�2.I, � 8t01�'02,��2�Y.I, � �Q:<}/~/���¹;¥0�® � ,y~/~/���W7t89�K-6�/�=7P;¥�W�/~6���6�1.I,4�Q�1~/����:q�Q:
� ,1.t®6Ò��=~/~<���2�!7981�182./����=,17qÒ��®I0��/®/�º�1;§®|´»�/���K�=~6�=,y./~/�'�K:Î0y8 � �y5PÒ��Q�=~<:6®I�$:
-<8��/56-/.68t0y8��Q~/:<72,¾O ²1�Iæ1³P�IæyÁ6�Iæ¯¦/�Iæ2Û	PÍ¤ Ð �¥82.<�¥�1:/}<�=;¥7/:<��:<~<�y��.6�=;�7�´¥�y8t��-/.682�y�I��Þ
�M�þ0-<82;á�I���N~<:<�þÓ¥8=�N� 5t;¥:6�I:6�I;§®U0;¥0y® � :ë;�´=7P;¥-<�=./:/�K�=~6�=,��I�2~68t�U018 � �M8¯Ò�~68yÞ
;��2�1� :/;¥;á�I���Q8202,1~<:6® � ,y.t®<Ò��=~<~/�°3Å798¯�<�I�=7<�1:/01~/�°3ã0y8 � �y5PÒ��I��~<:/�Î0��N0�5<�M��.PÞ
~<8t� ´§�I�=7<�1.<82~/~689� Óá, � �2¤ Ð ,y7w~/,1-<./:I�M�=.b��81�1./:<×I,��1���Q�1~<8 � ,1.2®<Ò��=~/~<�'�w7t89�EÞ
-6�/�=7P;
: � �1.<��3F7<0t, � :/}/,1;��1:/×ÎñÅ�1./:68t~ ú

X−
üþ0í8��Q:/~68t}<~<82�ÿ7<0t,y~<�y820182�w®I�M�

;��=,4�w-/.<���N�K�¥�y8t� :/;¥;á�I���Q820t,y~/:q®ã�$~68tÓ�82}/:<;§�/��~<~/�°3Å�1�¥82.<�¥�1:/}6��;¥7<:q3ã:Î´=7P;¥-<��Þ
./:/�M��~6�=,4�Q�1~/�°3«.I,��182�"O æ1Û	P_Þ�O Öt³%PÍ¤!Ù�,1~<~I,4® � ,¯�g,¯}/,é®/0y�<®/�¥�1;§®Å�18¯�/�=�;§�I8�Ò�~68t�b�
}<��� � ,4�N,¯}/,Y8��N0�593<}I,y;��2:<}/~<�r3	~<�=�<�1.I,4�Q�1~/�°3	798t�$-q�I�=7P;=,¯3þñ�´=7P;¥:<�y82~I,¯3b¤  �y8
;¥0y® � ,1~68	0Z-<�=./0�56� 82}<�=.<���N�Z;��1�����]}6�y8Ø-<./:U./, � �I�¥�/�=~/:/:��Q02:qÒ���~<:6®%×6�=~<�1.I,
�$,1;¥;�:µ81�1~<82;=:6�y�¥�I�2~68tÓ�8
�N01:6Ò��=~/:q®Î0�56.I,y01~<�=~/:<:À¿�.<���N:<~/Ó��=.I,6�m0y8 � ~/:<72,1�'Þ
���¥�Y56.I,y02~6�=~/:<���/�/®ë82�1~68t;¥:<�y���Q�1~<82Ó�8Z�N01:6Ò��=~/:q®�01;����=����;§�I:Q��7989�ÿ;§�/8¯Ò�~68
�I�<®�,y~I,4�Q:<�1:<}<�=;¥798tÓ�8¸.<�%����~<:6®v¤ ¿ ;¥0y® � :�;�´¥�1:I���2����.I, � 02:6�W��82.I�$,4�Q: � �*�/�/®
.<�%����~<:6®��1.<��3<}I,y;��2:<}/~/�°3-<.<81�1�/�¯�ÁO æ2Û%P_Þ�O Ö1ÃZPÜ�/7981�y8t.<�'�	0�~6��7981�y8t.68t�	;��y�=-<�=~/:
-<8 � 018��Q:6��81�101�¥�1:<�1��~I,�.t®6�þ0y82-/.<82;�8t0�8¸;¥0182�/;��102,43 � ,1.2®<Ò��=~/~<�r3Y7989�K-q�I�=7P;�8t0<¤
· ,y7
5PÒ���Ó¥820y8t.<:6�I82;¥�	01� ���2�l;>-<8�®I0��I�=~/:6��� 72,�}<�=;��20y�=~/~/�°3U;��1.65676�y56.ë�Q0182�qÞ
~/�°3 ·�X 0y8 � ~<:/7þ~<8201�'�þ7/.656Ó)-/.682�y�I�����P;=0�® � ,y~/~<�r3�;�8�;=0y82�/;��10t,1�K:þ798t�$-q�I�=7qÞ
;�8t0�-/.68t;��1.I,y~/;��10y��~<~<8�./, � �I�¥�/�=~/~/�°3�}/,1;��1:/×�� -/.68t;��1.I,y~/;��10y��~<~<8�~6��-<.t®I�K82Ó�8

ßÝõ



´=7P;¥:<�y8t~/,<�M�1.<:<82~I,
:U�N.b¤ Ð �=82.<�¥�1:/}6�=;=7t82��:/;¥;á�I���Q820t,y~/:6��~<�=-<.t®Q�K�°3��1./:68t~68t0
5PÒ���-<.<82018=�N:6�/8t;¥�*0*.I,��281�=,¯3"O Ö1Á6�MÖ�¦RPÜ�EÓò�Q�þ�t�r�I8Ø-<8272, � ,y~<8/�B}6�y8
-<./:ë�Q82;��=,¯Þ
�y8t}<~<8¹~<: � 7/:P3��y�¯�K-6��./,y��56./,43�:��$,4�Q�°3��M��Ò�;§�/82�=01�r3�./,1;¥;��y8¯®/~/:q®63�0y8 � �M8¯Ò�~<8
81�t./, � 820t,y~/:6��;=0�® � ,y~/~68tÓ�8�;�8t;��y8¯®/~/:q®�´=7P;¥:<�y82~I,�:�´»�/�=7<�1.<82~I,6¤ · .<8t�K�#´=�y82Ó�8I�60
.I,��182�y�3O ÖtÛ	P'�2���Å.I,y;¥;=�K81�1.<�=~

X+ �1./:68t~|0é;��1.6567<��56.<�: � �N0�593µ7<0t,y~<�y8202�°3
®Q���E7981�y8t.<�'�í;�82;¥�y8�®<�í: � �N0�593é�N��.<827í08=�N~68t��7<0t,y~<�y820182�%®I�M��;¥0y® � ,1~<~/�°3
-<82;¥.<���N;��1018t��´§�I�=7<�1.<82~I,é: � �Q.656Ó�82�v¤ ð ;¥;§�/���I8t02,4�N,y;=� � ,y02:<;¥:I�M8t;��1�
´=~<�=./Ó¥:<:
;¥0y® � :é�=,y7982Ó¥8*-/.68t;��1.I,y~/;��101�=~<~<8�~6�=-/.t®I�M8tÓ�8	�1./:68t~/,81�´=�W���=76�2:<02~68tÓ�8Ø.I,y;ÝÞ
;��18�®I~<:6®��M�¥Ò��I5�®I�m,1�K:�:�82��81�2~68K���=~/:q®��$,1;¥;r´§�I�=7<�1.<82~I,�:��N��./7<:v¤PÀ�.<:Y.I,y;ÝÞ
}<�¥�y���1./:68t~/,	:/;¥-68¯�Q� � 8t02,4�I82;=��,4�Q:I,��9,��1:/}<�=;¥7981�>-/.<:<�y�Q:qÒ���~<:<�2�E,�7/02,y~<�y8t01���
®Q�K� ;=}<:<�¥,��I:/;¥�
:q�I��,��I�2~68Ø�Q0y5<�M�=./~<�£�K:b¤  ~6��.<Ó¥:6®¶;¥0�® � :%82;¥~<8202~68tÓ�8�;�82;¥�y8�Þ
®I~<:6®ë´§�I�=7<�1.68t~/,<�l�/8t72,4�Q: � 8202,1~<~<82Ó¥80	-<81�y�=~/×/:/,��/�>�Q0y593ë~<�=-68��N01:6Ò�~/�°3ë�Q�°Þ
.<827v�y01�'}<:/;á�/®6�N,y;¥��0t,y./:/,1×<:<82~/~<�£�
�M�¥�18=�Q8t��¤ ó �N~/,1798�~I,4�Q:<}/:6�'0�;��2.q567<��56.I,¯3
´»�/�=7<�1.<82~/~68tÓ�8¶úÏ:q�Q:ë�Q�'.68t}<~<82Ó¥8Pü¸72,y~I,4�I820*-/.<:/0y8��Q:<��7U´=7<.I,y~/:/.68t02,y~/:/� 7659Þ
�I82~<8201;=7982Ó�8�0 � ,y:I�M8��I���<;��201:6®v¤ ¿ ;¥0�® � :�;£´¥�2:/�%-<.<���N;��=,y0y�<®/�¥�1;á®�×6���I�=;�8281�t./, � Þ
~/�'��.I,y;¥;=�K81�1.<�¥�1�£0y82-/.<82;¥�
8 � ,y02:<;=:/�M8t;��1:�´=~<�=./Ó¥:<:W;¥0�® � :��1./:68t~/,'81�£./, � �I:/}qÞ
~/�°3é-I,y.I,1�K�¥�1.<820	;¥:/;��y���K� :ë-<820y���I�=~/:/:é;¥0y® � ,1~<~<82Ó�8��1.<:<82~/~<82Ó�8*7t89�K-6�/�=7P;=,
0�-<./:/;�5q�1;��201:/:��N0�5<�M�=./~<82Ó�8Y´»�/��76�2.68t~<~<82Ó�8>Óò, � ,6¤
Õ �Q.656Ó�82��;¥�y82.<82~/���1;=:<;��1���K�¶7<0t, � :q�Q0y5<�M�=./~<�r3�´�79;=:6�y8t~68t0<�1;�82;�56���=;��10y56�'Þ

��:P3�;�´»�/�=7<�1.<82~I,1�K:�0��y8t�íÒ��¸;=,1�M89�"O æ%Pi:6�Q:�-/.<82;��1.I,y~/;��101�=~/~68�81�¥�Q���I�=~/~689�
;§�/82�>úÏ;=��¤ÂO ¦/²1�/¦PÛP�/¦tä�Pl:Z×/:6�2:<.652���B56� �=,2�í�Q:<�y�=.I,���56.65Iü»�N:/~<�y�=.<�=;¥~/���Q0�;¥0y® � :
;�0y8 � �M8¯Ò�~<�'�F82�2~I,y.65PÒ��=~<:<���F´������=76�1820�560��I�=}<�=~/:q®i¤ Ð �¥8t.6�=�1:<}<�=;¥7982��-<.<���/Þ
;¥72, � ,y~/:<�W�=,y7982Ó¥8>.68��g,Y´=�����=7<�y820þ0��N0�593P;á�I82�/~68t�Z;¥:/;��y�¯�M�¸-/.<82;��2./,1~<;��20y�=~/~68
.I, � �Q���I�=~<~/�°3Ø´»�/�=7<�1.<82~<820�:*�Q�'.68t7
:
:<;¥;§�I���I8t02,1~<:<�Y0��Q:q®I~<:<���W, � 820182Ó�8�-<��Þ
.<��3t8��N,¶0µ;¥0y��.136�1�=7q56}656� �¸, � 5«�2���/8Å;ò�Q���N,y~<8µ0ÁO Û�Á�PÜ¤£À#8 � �Q~<�¥�
0ÁO Ö2¾ZP¸�2���

ß 




.I,y;¥;=�K81�1.<�=~ ´=�����=7<�Å560��I�=}6��~<:6® ´§�I�=7<�1.68t~68t0Å´§�I�=7<�1.<82~I,1�K:±0Å;¥:/;��y���K�ë�1:qÞ
-I,�-<8��/56-/.68t0y8��Q~/:<7Pñ2�N:<´§�I�=76�2./:/7PñP-<8��/56-/.<82018=�N~/:/7b¤1À#.I,y7<�1:/}<�=;¥7/:<�¹;¥-<82;�82�'~/,4Þ
�y�Q�°�Q�=~/:q®�´=�W����76�=,�560��I�=}<�=~<:6®�0�Ó��=�y�=.<82;��1.6567<��56./,43��2����-<.<���I�/8¯Ò��=~�0»O Ötæ	PÍ¤
¿ �N,��I�2~6�=�Q���¯�¼´=�W���=7<�
560��I�=}6��~<:6®µ-68¯�/56}<:6�Å.I, � 01:<�1:6�	0
.t®q�Q���1�¥82.<�¥�1:/}<��Þ
;¥7/:P3�:�´=7P;¥-6��.<:I�M�=~<�¥,��I�2~<�r3�.I,��281�&O Ö2ÖZP_Þ�O ä�¦�PÍ¤��°�r�Q:�.I,y;¥;=�K81�1.<�=~/�|./, � �Q:<}/~<���
�W: � :/}<�=;¥7/:6�.<��,4�Q: � ,y×/:<:¶�N,1~<~<82Ó�8ë´������=7<�¥,U0
8��N~689�M�=./~<�r3b�K�Q0y5<�M�=./~<�r3|:
�1.<��3/�M�=./~/�°3�;¥:/;��y���m,¯3b¤ å 0y�/�=}<�=~/:6��0¹�N0�5939;§�I82�/~68t��;=:<;��1���M��-/.68t;��1.I,y~/;��101�=~PÞ
~<8�./, � �Q���/��~<~/�°3	´§�I�=7<�1.<82~<820�:	´�79;=:6�y8t~68t0>�t�r�I8�.I,y;¥;=�K81�1.<�=~<8�0��1�¥82.<�¥�1:/}<��Þ
;¥798t�Î./,y�182�y�;O ätÛ	PÍ�¨Óá�I�*:/;¥;§�/���Q820t,4�I82;¥�é560��I�=}<�=~/:6�*´§�I�=76�2.68t~68t0%´=7P;¥:6�182~I,1�K:v�
�N01:6Ò�56��:/�$:<;§® � ,¶;¥}<�¥�|Ó¥.I,¯�N:6��~6�=,|7t8t~<×<�=~<�1.I,y×/:<:v¤ ¿ �g,y~/~689� ;á�/56}/,y�é82~<8
81�15t;§�/8t0��I�=~68#0 � ,y:I�M8��I�=�/;��102:6�¯�Z´=7P;=:6�y8t~/,#;¨-<8¯�<®I.<: � 56�)��:I��=Ó�8)´§�I�=76�2.68t~689��¤
· .<8t�M�r�y82Ó¥8/�y./,1;¥;=�$,��2.<:/02,��Q,1;¥��:�81�t./,y�1~I,4® � ,¯�g,�}I,6�y,#:I�M�=~/~68I�¯560��I�=}<�=~/:6�r´�7PÞ
;¥:<�y8t~68t0#�Q02:qÒY56��:I�K:/;á®Y´»�/��76�1.<82~I,1�$:b¤ · ,y7��2�r�I8¸-68t72, � ,1~68W0#�N,1~<~<82��./,y�182�y�
´¥�2:	´=�����=7<�1� �M8¯Ò�~68þ�t�r�/8þ�2�±:<;¥-<8¯�I� � 820t,��1�/�Q018�Þ -6�=./01�r3b�<�I�<®Ø,y~I,4�Q: � ,�´�7PÞ
;¥:<�y8t~<~<82��;¥:/;��y�¯�K�U-65q�y���: � �M�=.<�=~/:q®¹�1.I,y~/;¥-<82.<�1~/�r3�;¥0182�/;��10º´§�I�=76�2.68t~68t0<�4:b�
0y8yÞ 0y�y8t.<�r3b�<�I�/®�56-/./,10��I�=~<:6®	´=7P;¥:6�182~I,1�K:;¸-<8t�M8t���2�±�2./,1~<;¥-<82.<�=,�´»�/�=7<�1.<8�Þ
~<820<¤ ¿ ;¥0�® � :Ø;�´¥�1:I�w018 � ~/:/72,��¥��0y82-/.<82;1�v}6���M5*.I,y01�=~�7981´=�W�W:<×/:6��~6�	0 � ,1:/�BÞ
~<82��-68��N01:6Ò�~<82;¥�1:�-<.<82;¥�1./,1~<;¥�10y�=~/~<8�./, � �I�¥�/�=~/~/�°3þ´=7P;¥:6�182~<820�:þ´»�/��76�1.<82~<820
:Y72,y7�82~ � ,y02:<;¥:<��82�W-/,1./,2�M�¥�1.<820W;¥:/;��y���$��¤ ì ,1;¥;=�M82�1.6��~<~/����´������=76�2�µ�y5y�I5q�
:I�M�¥�1���M�=;��y8�:	�I�<®Ø´»�/��76�1.<82~<820�:*´=7P;¥:<�y8t~68t0�0�8=�N~689�ã;§�I81�2¤iÀ)8¯�/56}6�=~/~/����0
.I,��182�y�&O ätÛ	Pl.<� � 51�Q�¯�¥,y�1� 72,¯}<�=;��101�=~<~<8�;¥-/.I,y0y���/�Q:<02�ÿ:��I�<®�´=�y82Ó�8�;§�<56}I,4®i¤

ß'�



§1.3 Ã ��¢ A 5N�I¸�¸�¢�E#� A+? �¬C ° �I=l� ÷ A ¢ A 5M�YH�IF A ¶��#� A 5M���$¡ A 5 ÷ �i¡´Ä
¡#� ���¬=g�¸�+¸��i¡#¡�9;H	¢ µ ¸�� ? 5M�#�m¡��¬H¢ ¢ �)9í� ? �¬H¢Yù

ó �N~<:I�µ: � ~I,y:<�18¯�/�=��´������=76�2~<�r3�®I0��I�=~<:/��;¥:<;¥�y���K�ÿ0 � ,1:/�M8��Q�=�<;¥�10�56�)��:P3
´»�/�=7<�1.<82~<820%úÏ:6�I:
�N��.<827Nü�-/.6���N;��=,y0y�<®/�¥�1;§®ë:q3é0y8 � �M8¯Ò�~/,�®ë7/.<:/;��=,4�/�I: � ,y×/:6®
-/.<:«~/: � 7<:q3Î�y���$-6�=.I,��y56./,43«:ã-6�/82�1~<82;���®q3b��02-6��.<02���5672, � ,y~/~I,4® ¿ :<Ó¥~<�=.<8t�O ä1¾�P1�I�<®¸�1.<��3/�M�=./~<82Ó�8£´»�/�=7<�1.<82~/~68tÓ�8ºÓá, � ,6¤�Ù¸�/®��Q0y593W: � �M��.6�=~/:/�W-/./:¸~651�I�=0y8t�
�y�¯�K-6�=.I,��y56.6��,y./Ó�5<�M�=~<�=,y×/:q®U0	-68¯�I� � 5
;�56���=;��1018202,1~<:6®é02:<Ó=~6�=.<8202;¥7982Ó�8Z7/./:PÞ
;��=,4�/�N,��M8�Ò��=���2���1��;§�/���I56�)��,�®v¤g�¸8272,��I: � 52���ã72,�Ò��N���
´§�I�=7<�1.68t~�0�×<�=~<�1.6�
®I}6�=�/7/:�.I,¯�N:65t;=,

N−1/2s

�y�y8tÓò�g,#560y�¥�I:/}6��~<:<�'7<:/~<�¥�1:/}6�=;=7t8t�Y´=~<�=./Ó¥:<:Y0�.I,y;¥}<�¥�y�
~I,�8��Q:/~�´§�I�=7<�1.68t~��y51�I�¥�¹-<82.t®q�N72, h̄2

2mNs
ú 0¹;¥:6�<5Y;�8281�1~<8����=~<:6®�~6�=82-/.6���Q���I�=~qÞ

~<82;��1�=�Qü»¤ ¿ ��:/Ó¥./��� 0�´=~<�=./Ó¥:/:Y7982./.6���/®I×<:/:�-/.<:�´¥�18t�é;�82;��=,y02:6�
e2N 1/2

s

:�-<./:
Ns <

(
e2m
h̄2

)2 ;=:<;��1���M�¨�y5y�Q�¥�#01��Ó�8��N~68#-<�=.6���6�1:�0º7/.<:/;��=,4�/�I:/}<�=;¥7981��;�82;¥�y8�®I~<:<�
;��I8272,4�Q: � 820t,y~/~<�£�K:
´§�I�=76�2.68t~/,2�K:b¤~�!8��I�¥���y8tÓ�8/�i0±O ätæ	Pm01-<�=./01���Y-/.<���Q;=72, � ,4Þ
~<8/�g}6�18��$,yÓ¥~/:<�1~682��-<8��I��;¥-68t;�81�t;��10y52�¥�þ7<./:/;��=,4�/�I: � ,y×/:/:*´§�I�=7<�1.<82~/~68tÓ�8�Óá, � ,
úÏ;=��¤q�=,y76Ò��¹O ä1Ö�P ü»¤  7P;¥-<�=./:/�K�=~6�=,��I�2~<���W.I,��281�1�ã�I�<®�;§�/56}/,�®�´§�I�=7<�1.<82~<820Y~/,4�
-<820y��.23<~68t;��1�1� Ó��¥�I:6®²O ä1ä�P':%�I�<®µ-68¯�/56-<.<82018=�N~<:/798202�°3µ;��1.6567<��56.2O ²�Ã1Ã6��²=Ã<²'P
-<8=�Q�101�=.tÒ��g,y�)�þ;�56����;��1018202,1~<:6®�7<./:<;¥�¥,��<�N,�0�7/02, � :P�N0�5<�K�=.<~/�°3�;¥:/;��y�¯�$,¯3b¤
ó }6�=02:P�N~<8/��}<�y8Î;¥-6��76�1. 798��/�/��76�1:/01~/�°3à0y8 � �y5PÒ��I�=~/:/�«�N0�5<�M�=./~<82�F´§�I�=7qÞ

�1.<82~/~<82��.6�	���¥�17/:%�K8=�N:<�W:<×/:/.q5t�¥�1;§®�-68*;¥.I,y02~6��~<:/� ;¥8;¥-<�=76�2.689�à-q�N, � �K�=~PÞ
~/�°3þ798¯�/�=�t,y~/:/�b¤  �181��0y8t-<.<82;#0�~/,1;��y8¯®/���¥�)02.6���M®þ: � 56}6�=~��Q82;¥�¥,y�y82}/~68�3982.<8�Þ��8�72,y7��y�¥8t.6�=�1:<}<�=;¥7/:v�/�=,y7	:�´=7P;¥-<�=./:/�K�=~6�=,4�Q�1~<8/¤ ¿ -6�=./01���¸01��.I,4Ò���~<:6®��/�/®
�N:<;¥-<�=./;¥:/��798¯�<�I�=7<�1:<02~<�r3¶0y8 � �y5PÒ��Q�=~<:/�í0Ø~651�I�=0y89�±:í~<�=~q52�/�=02�°3í�$,1Ó¥~<:<�4Þ
~/�°3|-<8¯�<®63¶�t�r�Q:Å-68¯�<56}<�=~/� : � 76�Q,1;¥;¥:/}6�=;=7<:q3í56.I,y01~<�=~/:<�¶�N01:6Ò��=~/:q® ï ¤ ¿ ¤

ßa�



®�,y-6�Q:<798t�ÁO ²=Ãt³	PÍ�
ωop =

√√√√4πNse2k

mε
, ωac = sk,

úÍ³1ü
Óá�I�

s
ñÎ;¥798t.68t;��1�µ.I,y;¥-/.<82;��1.I,y~<�=~/:q®à,y765t;��1:/}<�=;¥7/:P3F798¯�I�¥�t,1~<:/�b���=,y72,�®ÿ}<�y8

s2 ∼ e2
√
Ns

mε

:��N0y�¹}I,y;¥�y81�1�±Ó¥:<�2./:P�N~<�r3UúÑ�$,yÓ=~<:<�y818t-6�2:/}6��;¥7982�	:	�m,yÓ¥~/:6�18t,y7659Þ
;��2:<}<�=;¥7982�Nü��M8��

ω2
1,2 =

1

2
(ω2

op + ω2
ac + ω2

c )±
1

2

√
(ω2

op + ω2
ac + ω2

c )
2 − 4ω2

opω
2
ac,

úÑÁtü
Óá�I�

ωc = eB/mc
ñþ´»�/��76�1.<82~/~I,4®	×<:/76�/82�1.68t~<~I,�®}/,1;��y81�=,<¤ ¿ 81�1�Q,1;��1:	�$,��I�r3

:I�K-q52�I�2;�820/�b�=,y7/:P3é}<�y8
k[Ns]

−1/2 ¿ 1
: � -68t;á�I���N~6�=�
��82.I�B51�Q� �I�<®ë�$,1Ó¥~/:PÞ

�y8t-68¯�I�=01�r3 � ,101:/;¥:/�K82;��y����-<8��/56}/,1�º�1;§®	;á�I���/56�)��:6�¹01��.I,4Ò���~<:6®

ω1 ≈ ωc +
ak + s2k2

2ωc
,

ú ¦Pü

ω2 ≈ a1/2sk3/2/ωc.
úÍÛ1ü

â �Q�=;¥� a ≡ 2πe2Ns

εm

¤ ¿ 7/02,1~6�y8t0y89� -/./:6�1�I:6Ò��=~/:<:«´=�¥, � ,¯�g,¯}/,ë�t�r�N,U.<�%���=~I,
J�¤ÆÅ¹567651®Q�M82��O ²�Ã1Á�PÍ¤³!�8��g,Z;�}I,y;¥�y81�y8t�

ω2 ∼ k3/2/B
®/0y�<®/�¥�1;á®�31,1./,176�y��.<~<82�

81���Q:<}/:6�1���Q�1~<82�	82;¥81�1��~<~<82;��2�1�±7/./:<;��=,4�/�Q:<}<�=;¥798t�Z�¸, � � 0>³¯Ù �Ú ¤
¿ 81���I:/}/:6�¹82�Y8��N~68t;á�I82�/~<�r3�;¥:/;��y�����/0��N0�5t;§�/8t�<~/�°3�~<�¥���¥,17982�Z}<�¥�1798>01�rÞ

;��2.682�=~<~<82�U��: � :/}6��;¥7982�ë72,y.<�1:/~<�W¤ · ,y7�5672, � ��0t,4�I82;¥�Z0Z-/.6���N�°�I56���¯�ÿ-/,1./,4Þ
Ó¥.I,y���2�/0�;¥:/;��y���M�¸-/.68t;��1.I,y~/;��10y��~<~<8>.I, � �I���I�=~/~<�r3�´§�I�=7<�1.<82~<820�:��Q�'.68t7	�$,¯Þ
�I82��-q�I81�1~<82;¥�1:v�B�=,y798t��}<�y8�.I,y;¥;��18�®I~<:<���M�¥Ò��I5U~<82;¥:<�y���/®Q�K: � ,1.t®q�g,	0*;á�I81�
�K~<82Ó�8#�18¯�Q�������M��Ò�;á�I81��0y82Ó¥8).I,y;=;��y8¯®/~/:q®i�4018 � �M8¯Ò�~68�81�t./, � 820t,y~/:6�r~<�=-/.2®Q�K�°3
´=7P;¥:<�y8t~68t0ú �N:<-<8¯�/�=�Nü»¤  ~<�=./Ó��¥�1:/}6��;¥7<:/�	;=-6�=7<�1.	8=�N:<~<82}/~<82Ó�8>´=7P;¥:<�y82~I,�0�~659Þ
�I�=0y89�
:�~<�=~651�I�=0y89�é�m,yÓ¥~/:6�2~<�r3�-<8¯�<®63�./,1;¥;=�$,y�1./:<0t,4�Q;á®�0y8��K~<82Ó¥:q3�./,y�182�¥,43b�
0Ø}I,y;��1~<82;¥�1:¶0;O ¾1ä�P��2�r�N,*:/;¥;á�I���Q820t,y~I,;¥:<;¥�y���$,*;�-/.68t;��1.I,y~/;��101�=~<~<8é./, � �I��Þ
�I�=~<~/�'�$:*´»�/�=7<�1.<82~I,1�K:�:	�N��./72,1�K:v¤lÀ�./:	5601���I:/}<�=~<:/:Ø798t~<×<�=~<�1./,1×<:/:
~<82;=:PÞ
�y�¥�/�=� � ,1.t®q�g,�8��N:<~<82}/~<���Y�Q:/-68¯�Q:ÅúÏ-/.68t;��1.I,y~/;��101�=~<~<8~<�=-/.2®Q�K����´=7P;¥:<�y82~/�ºü

ß #



�1.I,y~/;¥��82.I�K:<.656�º�t;á®�0�;¥:/;��y�¯�B5>0 � ,y:I�M8��I���<;��20�56�)��:q3�~<�=-<.t®Q�K�°3þ´=7P;¥:<�y8t~68t0<¤
¿ 5672, � ,1~<~<82��./,y�182�y�#�t�r�I8�-<8272, � ,y~<8/�q}6�y8Y0�81���I:/}/:6��81��81�t��}/~<�r3>´»�/��76�1.<82~qÞ
�N��.<82}/~<�r3�;¥:/;��y������0£�¥,17982��;¥:<;¥�y���M�!82;=~68t01~<82�¹027q�N,¯��0£´=~<�=./Ó¥:<�%�N,y�¥�)-<.t®I�K81�
�N:<-<8¯�I��ÞÑ�N:<-<8¯�I�2~682�>81�y�=,��I7/:/02,1~<:<�2�B,�0t,y~qÞÑ�Q�=.qÞÜ0t,1,4�Q�1;¥820y8Z-/./:6��®6Ò��=~/:<�þ´=7P;¥:qÞ
�y8t~68t0U:|81�9�M�=~/~682�	0 � ,y:I�M8��I�=�/;��102:6�~<�;�56����;��10y��~<~/� úÏ�K�=~6�=�

1%
81�%0176�Q,4Þ

�g,�-<.t®Q�M82Ó�8¸�N:/-68¯�I��ÞÑ�N:/-68¯�I�2~68tÓ�8�0 � ,y:I�M8=�Q�=�/;��102:q®gü§¤�!Z,4�Q����0176�N,¯��81�t�K�=~<~<8�Þ
Ó�8U0 � ,y:I�M8��I���<;��201:6®Å0ë-/.<82;��1.I,y~/;��101�=~/~68í./, � �I�¥�/�=~/~<82�|´§�I�=7<�1.68t~PÞ �N��.<82}/~68t�
;¥:/;��y�¯�M�>;¥0�® � ,y~é;þ�$,4�I82;¥�1�1� ��56~/~6���Q�1~<82�%´=7P;¥-68t~6��~6�1�W�l8t-<:/;¥��0t,y�)���=�ë-/.68yÞ
3t8¯Ò��I��~<:<�)7/02, � :<}I,y;¥�1:<×þ}6�=.<� � �t,1.<�1�=.��Q:/-<8��Q�4Þ �Q:/-<8��Q�1~<82Ó�8�0 � ,y:I�M8��I���<;��201:6®v¤
ó ;�82�1�=~/~68W:/~6�y��.6�=;=~68I�2}6�18¹0W~<�=7981�y8t.68t�Y82�y�N,y;��1:>�$,4�Q�°3Y7982~/×<�=~6�2./,1×<:/��´§�I�=7qÞ
�1.<82~Zñ��Q�'.68t}<~/�°3*-I,y.	5672, � ,y~/~682�¸�N:<-<8��Q�4Þ �N:<-<8��Q�1~<81��82�y�=,4�Q7<:/02,1~/:6���M8¯Ò��¥�
-/.<:/0y8��N:6�1��7U82�2.I, � 8t02,y~/:/� 7/.<:/;��=,4�/�Q,Ø~6��-<.t®I�$�°3ë´�79;=:6�y8t~68t0<�M,y~I,4�I82Ó¥:/}/~68yÞ
Ó�8�01:/Ó¥~6��.68t01;¥798t�M5ë0*8��Q~<82;§�/8t�<~/�°3�;=:<;��1���$,¯3b¤ · .<8t�M���y8tÓ�8/�M0;O æyÃq�r²=Ãy¦RPr�2�rÞ
�I8é-<8272, � ,y~<8/�$}<�y8
�Q:/-68¯�Q�1~/���±ú ´�79;=:6�y8t~<~/���Nü�7<./:/;��=,4�/�i�m�=,y76Ò��72,y7µ:µ02:<ÓÝÞ
~<�=.68t01;¥7/:/�b�B�Q8��/Ò��=~|:/�M�=�1�
�1.6�¥56Ó�8¯�I�2~q56� 7/.<:/;��=,4�/�I:/}<�=;¥7656� .<�%���¥�17652¤  �y8
;¥0y® � ,1~68Z;��y�����]}6�18	�1.<��56Ó�8¯�Q�1~I,4®U.6�%���¥�172,<�i�y�N,yÓ�8��N,1.t®
�=��-q�I81�2~68t�é56-I,y79820�Þ
79�2�v;�8281�101�¥�1;��20�52�=�	�K:/~<:I�B5<�B5�-<81�1�=~<×/:I,4�Q�1~<82�é´=~<�=./Ó¥:<:
:
;¥-<�=7<�1.
�¥��}/,1;��y82�
0þ�Q0y5<�M�=./~689�«;á�/56}I,��Y;��=,��t:q�I�=~v�b0�81���I:/}<:<��81���Q.656Ó¥:q3Ø798t~<�W:<Ó�56./,1×<:/�b¤BÀ#./:
´¥�18t�¶.I, � �I:/}<:<�¹�K��Ò��/5�7651�/8t~68t01;¥798t��:��Q:/-68¯�Q�1~<82�Z;¥:/;��y���$,2�K: � ,y76�I�)}I,��¥�2;á®
0£�18t���4}<�y8�0º-<82;§�/���N~<�=�¹~<�¥�)~<�¥81�y3t8=�N:I�M82;��2:�01018=�N:<�1�)7989�K-6��~<;¥:/.656�)��:/����82~v¤
ì ®q�N�Î-/.<:þ02��}/:<;§�/�=~/:/:>-<81�1�=~<×/:I,4�Q�1~<82�þ´=~<�=./Ó¥:/:�0 � ,y:I�M8��I�=�/;��102:q®þ;ò398=�I®<�1;§®v¤
+#8�~<�=;=�M82�1.t®
~I,>�I8t;��1:/Ó¥~65q�1����5t;¥-<��3<:�0�: � 56}6��~<:/:
7<./:<;¥�¥,��<�Q:<}<�=;¥798t�é�W, � �
0	;¥:<;¥�y���M�>-<.<82;¥�1./,1~<;¥�10y��~<~<8*~<�=-<.t®Q�K�°3é´§�I�=76�2.68t~PÞ �Q�'.68t}<~/�°3%-I,y.v�l~I,Z;��=Ó�8yÞ
�N~q®���~/:<�Y�Q�=~<� � ,¯�g,�}I,�8�;=-6�=7<�1.<�)798��/�I�=76�2:<02~<�r3>018 � �15PÒ��I�=~/:/��´=7P;¥:6�182~/~68tÓ�8
7/.<:/;��=,4�/�Q,�0¹~q51�I�=02�°3�:�~<�=~651�/��01�°3>�$,1Ó¥~<:<�1~/�°3>-<8��/®q3�~6�).6�	���=~I,W:��1.<�¥�152�¥�

ßa(



�Q82-<8��Q~/:6�y�¥�I�2~68tÓ�8��y�¥8t.6�=�1:<}<�=;¥798tÓ�8�:/;¥;á�I���Q8202,1~<:6®v¤
Å�, � 820t,4®þ�N:/,1Ó¥.I,1�$�$,¹�N0�5939;§�/8t�<~<82��;¥:<;¥�y���K�w-/.<82;��1.I,y~/;��101�=~/~68�.I, � �Q���I�=~qÞ

~/�°3þ´»�/�=7<�1.<82~<820�:��N��.68t7��2���Q,�-<8¯�<56}<�=~I,�0�O ¾1ä�PÍ¤ ¿ ´¥�182��./,y�182�y���2���/8�-<8272,4Þ
� ,1~68I�q}6�y8Y;�56���=;¥�10�52�=���1./:��W, � 8202�°3�;�82;��18�®I~<:6®v�q�¸, � ,¸�N:<-<8��Q�1~<82Ó¥8�7/.<:/;��=,4�<Þ
�N,6�q-/.689�M��ÒY5q�y82}/~I,4®�82�y�N,y;��2��~<�=;¥�¸, � :/.<8202,1~<~/�°3 e ÞK: h Þ$7<./:<;¥�¥,��<�I820�:��W, � ,
´»�/�=7<�1.<82~qÞÑ�N��.<82}/~<82�ëÒ�:q�Q798t;��1:v¤ ð � �g,y~/~68t�U./,y�181�2� ;á�I���I52�¥�¯�l}<�y8´=7P;¥:<�y8t~PÞ
~/����7/.<:/;��=,4�/�*�M8¯Ò��¥��;�56���=;��20y820t,��1�Y-/.<:Z�m,4�Q�°3��M�¥Ò�;á�I81�=02�°3�.I,y;=;��y8¯®/~/:q®63
D
:é-/./:

T < Tc
�iÓá�I�

Tc
ñØ7<./:<�1:/}6�=;=72,4®ë�y���$-6�=.I,��y56./,	-q�N,y0y�/��~<:6®��Q:/-<8��Q�4Þ

~<82Ó�8�7/.<:/;��=,4�/�Q,<� � ,y01:/;á®I��,�®Y81��7982~/×6��~6�2./,1×<:/:þ´=7P;¥:<�y82~<820�: D ¤6À�./:<}<���ë-<./:
T < Tc

7/.<:/;��=,4�/�í-6�Q,101:<�1;á®%-/./:
�N0�593 � ~I,¯}6�=~/:6®q3ë7t8t~<×<�=~<�1.I,y×/:<:�0Z�182}/72,¯3
�¸, � 8t0y82�Å�N:/,1Ó¥.I,1�$�K�W�r7981�182./���Ø51�N,��<®I�º�1;á®Î�N.656Ó*82�U�N.q56Óá,%-/./:Î5<�M��~<������Þ
~/:<:ã./,1;¥;��18�®I~<:6®ã�M��Ò��I5Å;á�I8�®Q�K:v¤  �2:/� -/./,176�1:/}<�=;¥7/:Î8tÓ¥.I,y~/:<}/:<0t,��¥�2;á®Å82��Þ
�N,y;��2� � ~/,1~<:/�*82��´=7P;¥:<�y82~/~689�«7/.<:/;��=,4�/�/�2�v0þ�y8�01.<���B®Ø72,y7	�N.q56Ó=:6���¸, � 8201���
;�8t;��y8¯®/~/:q®µ�N,1~<~<82�ã;¥:<;¥�y���K� ~I,ë;��=Ó�8��N~q®���~/:<�í�Q�=~/�é®/0y�<®I�º�1;á®µ�Q82;��=,��182}/~68
3t8t.68K��8U:<;=;á�I���I8t02,1~<~/�'�K:v¤ Ð ,17Å~6�=;=�W, � :<.<820t,y~/~<��� e Þ�: h Þ�7/.<:/;��=,4�/�I� �M8�Þ
Ó�5q�%�2���1�í./,1;¥;=�M81�2.6��~<� ~6� � ,y02:<;¥:I�M8é�N.q56Ó*81�ë�N.q56Óá,6�°72,17ã0%;á�/56}I,��Ø01:/Ó¥~6��Þ
.<8201;=7982Ó�8þ7<./:/;��¥,��<�N,6¤  �/�=7<�1.<82~qÞ �Q��.<8t}<~<8t�Ø�¸, � ��0þ-68t;á�I���N~6�¥��01.<���B®	�=,y76Ò��
�2���/8í-68t;¥0�®I���=~<8ë�28��Q����81�*}<:/;á�I8�72,17Å�y�=82.<�¥�1:/}6�=;=7<:q3b�°�¥,17ã:Î´=7P;¥-6��.<:I�M�=~qÞ
�=,4�Q�1~/�°3ë.I,��281�3O ¦/²'P ñÇO Û1³%PÜ��O ²�ÃtÛ	P ÞaO ²=Ã2äZPÍ¤ ¿ }/,1;��1~<82;��1:v�]: � 0y��;��1~<8/�i}<�y8*;¥:<;¥�y���K�
´»�/�=7<�1.<82~qÞÑ�N��.<82}/~<82��-q�N, � �$�Î0¹81�2;�5q�1;��102:6����56~/~<���I:/.<8202,1~<:6®��M��Ò��I5�;§�/8¯®I�$:
:I�M�=�º�%�Q01��798��/�/��76�1:/01~/���ë�K8=�N���r82-<�1:<}<�=;¥7656� ;Ø7982./~6�=02�'� � ,y798t~689� �Q:/;ÝÞ
-<�=.<;=:<:àú

ωplop ∼
√
k
ü�:|,17q59;��1:/}6�=;=7q56� ;��Q:<~<�=�/~<�£� � ,y7982~<8t� ú

ωplac ∼ k
ü»¤ ¿

-<�=.<-<�=~q�Q:/7651�/®/./~689�ã�$,yÓ¥~/:<�1~689�Î-68¯�I��Ó¥:6�t.<:q�N~<�����$,1Ó¥~<:<�y8t-q�N, � �K�=~<~/����0y8 � Þ
�y5PÒ��Q�=~/:q®Z82-/:/;¥��0t,y�º�1;§®Z;á�I���I56�)��:I�í82�2.I, � 89�

ωopÈ�É =
√
ωplop

2
+ ω2

e ,
úÑ¾tü

ßa*



ωacÈ�É =
√
ωplac

2
+ ω2

h,
úÍæ1ü

Óá�I�
ωe
:
ωh

ñ�×<:/76�/82�1.68t~/~<����´§�I�=76�2.68t~<~I,4®	:��N��.<82}/~/,�®Z}I,y;¥�y81�1�W¤
À�.<:Y�18¯�I����:q3��$,1Ó¥~<:<�1~/�°3�-68¯�/®q3b�272,17Y�2���/8¹-<8272, � ,y~<8¸0¸./,y�182�y��O Û2Û%PÜ�10¸7t8yÞ

�y8t.68t�ë./,1;¥;=�$,��2.<:/02,��Q,1;¥��;¥:/;��y���$,�-/.68t;��1.I,y~/;��101�=~/~68.I, � �Q���I�=~<~/�°3�´»�/�=7<�1.<8�Þ
~<820*:é�N��.<827�0	´=�y8t�±.<��Ò�:/�M�t�]8t-6�1:/}<�=;¥7/:6��:�,y765t;��1:/}<�=;¥7/:6��798��/�I�=76�2:<02~<���
0y8 � �y5PÒ��Q�=~/:q®�ñ�;�5q�2�¸´»�/�=7<�1.<82~/~<�'�þ:��N��.<82}/~<�'�þ×<:/76�/82�1.68t~/~<����.6� � 82~I,y~/;¥��¤
 �18�;=0�® � ,y~<8¹;º�y�����P}<�y8�0¸�N,1~<~<82�þ81�1�Q,1;��1:þ×/:/7q�I81�1.<82~/~I,4®�´=~6��.<Ó¥:6®�´»�/�=7<�1.<8�Þ
~I,¹ú �N��./7<:Nül�K~68tÓ�8£�18¯�I�����m´�~6�=./Ó¥:/:¸7651�/8t~68t01;¥798tÓ�8º0 � ,1:/�K8=�Q�=�/;��102:q®i�=-<81´¥�y89�B5
;¥-<�=7<�1.�;¥:/;��y�¯�K�«82-/.6���I���/®/�¥�1;á®��$,yÓ¥~/:<�1~<�£�¶-<8��I�����/,

e− h 0 � ,y:I�M8��I���<;��201:<�
04398=�N:<��72,y7	�$,4�N,4®Z-68t-<.I,y0272,Y7�8t;¥~<8201~<82��´�~6�=./Ó¥:/:b¤
Ð ,y7/:/�ë81�2.I, � 8t���y�/�/®�81�20y�¥�=,¹~I,¸0y8t-<.<82;£8¹.I, � �I:/}<~/�°3>;¥0182�/;��102,43Y´=7P;¥:<�y8t~PÞ

~<82Ó�8�ú �Q:/-<8��Q�1~<82Ó�8qüø7/./:<;��=,4�/�N,'~<�¥82��3t8��Q:I�K���I8t-68¯�I~/:<�y���Q�1~/���¨�y�¥8t.6�=�1:<}<�=;¥7/:<�
:/;¥;á�I���Q820t,y~/:q®i�¨027q�Q�)}/,�®w./,1;¥}<�¥��;¥-<�=7<�1.<820í798��/�I�=76�2:<02~<�r3w0y8 � �y5PÒ��Q�=~<:/�«0
~651�I�=0y89�w:�798t~6�=}/~/�°3é�$,yÓ=~<:<�1~/�°3é-68¯�<®63b�i,��=,y76Ò��þ,y~I,4�Q: � : � �M�=~<�=~<:6®�´¥�1:q3
;¥-<�=7<�1.<820�-/./:Z-6�=.<��3t8��Q�W7Z�W, � �W´»�/�=7<�1.<82~qÞÑ�N��.<82}/~<82�	-6�N, � �K�W¤

§1.4 ö 9 ÷ �i�)9 ùBÊ � A 5N�m¡#� ÷ ? � =l�B�¹�ËE#¢Yù
À#8��Q018=�I®�:6�y8tÓ¥:	�M8�Ò�~<8�;=72, � ,y�1�<�/}<�y8>~/,Y;��=Ó�8��N~q®���~/:<�þ�I��~<��~/,17t8t-q�I�=~��28�Þ

Óá,��1�'���y�¥8t.6�=�1:<}<�=;¥7/:/���m,��y�=./:I,4�Z-<8Y: � 56}6��~<:/�à;¥:/;��y�¯��-/.t®I�K�r3�:�-/.68t;��1.I,y~qÞ
;��20y�=~/~68
./, � �I�¥�/�=~/~/�°3%´§�I�=7<�1.68t~68t0�:ë�N��.<827í0ØÓ¥�¥�y�=.<82-<�=.<��3t8��N,43%:�7/02,1~6�y8yÞ
01�r3�®Q�$,¯3b¤ Ð ���Î~6���M�=~<�¥��;�56���=;��10y52�¥�>×<���Q���*.2®6��02,�Ò�~<�r3~<�=.<�%����~<~/�°3 � ,4Þ
�g,�}v�ø72,y;=,1�)��:q39;§®798¯�/�/�=7<�1:/01~/�°3�;¥0182�/;��10þ�=,y7/:P3Ø;¥:/;��y�¯�Î0>5t;§�/8t01:6®q3*�$,��/8t�
-6�/82�1~<82;��1:�~<82;=:6�y�¥�/�=� � ,y.t®q�g,6¤ ¿ ´¥�18t�%;á�/56}/,y�)7651�I82~<8201;=7t82�#0 � ,1:/�M8��Q�=�<;¥�101:<�
0Z;=:<;��1���M��8t72, � �'02,y�¥�1;á®��I8t;��=,��y8t}<~<8*;¥:6�Q�1~/�'�ÿ:ë~<�þ�M8¯Ò��¥�Z�t���1���I8¯�/Ò�~/�'�

õ'-



81�t./, � 8t�*56}<�y�=~<8¹0�.I,1�K72,43�:I�M�=�)��:P39;§®Y-<./:<�y�Q:qÒ��=~/:/�b¤ Õ ´¥�1:I�
;¥0y® � ,1~<�¶-/.68yÞ
�y�I���K�F-/.<:�.<�%���=~<:/:�02,�Ò�~6�=�Q����� � ,4�N,¯}<:�81��:<;=}6� � ~68t0y�=~/:<:�;¥0y® � ,1~<~/�°3�-/.68yÞ
;��2./,1~<;��20y�=~/~68é-/.t®I�M8tÓ�8�:í~<�=-/.2®Q�M82Ó¥8Ø;¥82;��y8¯®/~/:/�í0Ø;=:<;��1���$,¯3%8��N:<~<82}/~<�r3¶:
�N0y82�/~/�°3à7<0t,y~<�y8t01�°3 ®I� -<./:à~/: � 7<:q3 �y���K-<�=.I,���56.I,¯3b�#7982Óò�g,µ´=7/./,1~<:/.<82017t,
7651�I82~<8201;=7t8tÓ�8
0 � ,y:I�M8��I�=�/;��201:6®¶~<82;¥:<�
�¸,y7<�1:/}<�=;¥7/:Ì�Ô�M�=�¥,��<�Q:<}<�=;¥7/:/���§�m,�~<�
�N:6´»�/��76�1./:/}6�=;=7<:/� úÏ:q�Q:í´�7P;¥:6�182~/~<�'�Qü¹31,y.I,y7<�y�=.v¤ · .689�M��82-/.<���I�¥�/�=~/:6®í7/./:PÞ
�1:/}<�=;¥7982�-q�I81�2~68t;��1:*~<82;=:6�y�¥�/�=� � ,y.t®6�N,<�I7981�182.I,4®v�N;�82�2;��20y�=~/~68þÓ�820182.t®v�6�g,��=�
Ó¥.I,y~/:<×65µ82�y�N,y;��2:Î;�56���=;¥�10y8t02,y~/:6®|´=7P;¥:6�182~<820<�¨-/.<���Q;¥�¥,10��/®<�¥�%~<�=;�89�K~6�=~/~/���
:/~6�1�=.6��;Y: � 56}6��~<:<��32,y.I,y7<�y�=.I,��¸, � 820y8tÓ�8�-<�=.<��3t8��N,��M�=�¥,��<�<ÞÑ�N:<´§�I�=76�2.<:/7v¤~�!8yÞ
�I�¥�W�y82Ó�8I�/7651�I82~<8202;¥7981�¸0 � ,y:I�M8��I�=�/;��102:6�¸0�;¥:/;��y���K�W-/.<82;��1.I,y~/;��101�=~/~68þ./, � �I��Þ
�I�=~<~/�°3´§�I�=7<�1.68t~PÞ �N��.<82}/~<�r3Ø72,y~I,4�I820þ~/: � 7t8t�-6�I81�1~<82;��2:Ø0>82�y�N,y;��1:*;¥01�=.23PÞ
~/: � 7/:q3%�1���K-<�=./,y��56.µ-<./:<018=�N:<�
7�82�2.I, � 8t02,y~/:/� ~68t0y82��´�79;=:6�y8t~<~<82�¶�¸, � � ñ
�N:<-<8¯�I�2~68tÓ�87<./:<;¥�¥,��<�N,6¤¬!�~68tÓ¥:6�þ;¥0y8t�<;��202,�´=�y82�U�W, � ���I8~/,1;��y8¯®/���=Ó�8Z02.6��Þ
�M�=~/:�~<�¸01�r®I0��I�=~/�F:�-/.<���Q;¥�¥,10��/®/�º���18¯�I����8t��:<;=;á�I���I8t02,y�y���Q�1;¥7/:<��:<~<�y�=.<�=;1¤
Ð ,y76Ò��r;§�/���/52�=�'56-<8t�B®I~q5q�1�)8 � ,1.t®6Ò��=~/~<�r3¹~<�=-/.t®I�K�r3��K~<82Ó�8t}/,1;��1:/}<~/�°3�7t89�EÞ
-6�/�=7P;�,¯3b�g7981�y8t.<����®I0��/®/�º�1;§®Ø~6�¥82�R�i���B�I���M8t�}I,y;��1�2� .I,y;¥;��$,��1./:/02,��¯�K�°3;=:PÞ
;��1����¤øÀ�./:Z´¥�y89�Å:q3Z82-<�1:<}<�=;¥7/:<��:	�1.I,y~/;¥-68t.6�2~/����;¥0182�/;��102,�8t;��=,y�º�1;§®Ø�$,4�I8�Þ
: � 56}6��~<~/�'�K:v�60102:P�I5>81�1;�5q�1;��102:q®�;��=,y~q�N,1.6�2~<�r3�-<.<82×<���I56.�./,1;¥}6�=�¥,�´�~6�=./Ó��¥�2:PÞ
}<�=;¥7/:P3�;¥-<�=7<�1.68t0�:�018��Q~68t01�r3��#56~/7/×<:/���I�/®�;¥:/;��y���K�F�1.6��3�:��18¯�I�¥�W}/,1;��1:/×b¤
· .<8t�M���y82Ó¥8/�2~6��;=�M81�2.2®�~I,��18¯�Q����82��798¯�I:/}<�=;��1018¸.I,��281�¸-<8¸:<;¥;§�/���I8t02,y~/:/�Å´=�#Þ
���=76�1820Y560y�/�=}<�=~/:q®Z0��N0�5939;§�/8t�<~<82�Z;¥:/;��y���K�W-/.<82;��2./,1~<;��20y�=~/~68þ.I, � �Q���I�=~<~/�°3
´»�/�=7<�1.<82~<820Ø:%´�79;=:6�y8t~68t0<�]�I8�;¥:q3%-<82.%8t;��¥,1�º�1;á®¶~6��.6�%���=~/~<��� � ,4�N,¯}<:v�B;¥0y®qÞ
� ,1~<~/���¹;W0 � ,1:/�$~68t��-<8��Q02:qÒ�~<82;��2�1��¤
¿ ;��º´¥�18�-<8 � 018��Q:q�I8��2�W�P0�7982~<�=}/~689�%:6�y8tÓ��2�q-<./:<�y�Q: � :<�1�2;á®�7>�28��I�¥�#-68¯�I~<8�Þ

�B5¹-<82~/:I�$,y~/:<�Å�W: � :/}<�=;¥7/:P3�;¥0182�/;��10);=:<;��1���;°-<.t®Q�K�'�K:�:�-/.<82;��2./,1~<;��20y�=~/~68

õZ,



.I, � �Q���I�=~<~/�'�$:�~68t;¥:<�y���/®I�K: � ,y.t®6�N,<¤

Ð ,y7/:/�
81�t./, � 8t���10#�N:<;=;��=.<�¥,1×<:<82~/~68t��./,y�182�y�£�2�r�Q:�02�°�Q���I�=~<�|;á�I���I56�)��:<�
82;=~68t01~/���¸~I,y-/./,10��I�=~/:q®Z:/;¥;§�/���Q820t,y~/:<�v�

• .I,y;¥}<�¥�
: � �M�=~<�=~/:<�í´�~6�=./Ó¥:/:¶;¥0�® � :í:¶;¥:6�I� 82;¥×/:6�<�/®<�y8t./,�8t;¥~<8201~<82Ó¥8
:
0y8 � �y5PÒ��Q�=~/~<�r3ÿ;�82;��18�®I~<:/�ÿ-<.t®I�K82Ó�8µ´=7P;¥:<�y82~I,6�£0y8 � ~<:/72,y�)��:P3ÿ0µ.<� � 51�Q�¯�¥,4Þ
�y�þ´=7/.I,y~/:<.<820t,y~/:q®%7651�I82~<8201;=7t8tÓ�80 � ,1:/�K8=�Q�=�/;��102:q®U7/02, � :P�N0�5<�K�=.<~/�'� ´§�I�=7qÞ
�1.<82~/~/�'�|Óá, � 8t�í0 ·�X ��������������������� ./, � �I:/}/~68t�¾��:/.<:/~/��Í

• :<;¥;§�/���I8t02,y~/:<�£�y���K-<�=.I,���56./~<82� � ,101:/;¥:/�K82;��1:�´=�W���=7<�y8t0�´=7<.I,y~/:/.68t02,y~/:6®
;¥0y® � ,1~<~<82Ó¥8�;�8t;��y8¯®/~/:q®�:�-<82;��2.682�=~<:<�¸�¸, � 820y8t�þ�N:I,yÓ¥.I,1�$�$�w´=7P;¥:<�y8t~<~<82Ó�8�;�8yÞ
;��18�®I~<:6®dÍ

• : � 56}6��~<:<��´=�W����76�y8t0
´=7/.I,y~/:<.<820t,y~/:q®|-<.t®Q�M82Ó�8
:µ~<�=-<.t®Q�M82Ó�8�´=7P;¥:<�y8t~PÞ
~/�°3µ;�82;¥�y8�®I~<:/�µ0*�N0�593P;á�I82�/~<�r3¶;=:<;��1���$,¯3¶-/.68t;��1.I,y~/;��101�=~<~<8ë82�¥�Q���I�=~<~/�'�$:
~<82;¥:<�y���/®I�$:+Í

• :/;¥;§�/���Q820t,y~/:6�;=0�® � ,y~/~68tÓ�8ë;�8t;��y8¯®/~/:q®Î-/.68t;��1.I,y~/;��101�=~<~<8í.I, � �Q���I�=~<~/�°3
´=7P;¥:<�y8t~/,�:�´»�/��76�1.<82~I,�ú �2.<:<82~/~68tÓ�8�798t�$-q�I�=7P;=,

X−
üÎÍ682×<�=~/72, � ~/,¯}6��~<:/��´=~<�=.PÞ

Ó¥:/:
;¥0y® � :Ø�2.<:<82~I,��I�/®é./, � �Q:<}/~<�r3ë�M��Ò�;á�I81��01�°3
./,1;¥;��y8¯®I~<:/�
:é7982~/×6��~6�1.I,¯Þ
×/:<�Z~<82;¥:<�y���I�=� � ,y.t®6�N,�0�®Q�$,¯3+Í

• .I,y;¥;=�K81�1.<�=~/:6�Z´=�W���=7<�=,�560y�/�=}<�=~/:q®|0é;¥:/;��y���K�Z-<.<82;��2./,1~<;��20y�=~/~68%.I, � Þ
�Q���/��~<~/�°3U´=7P;¥:6�182~<820*:ë´»�/��76�2.68t~68t0SÍE:/;¥;§�/���Q820t,y~/:6�þ.<8¯�I:U´�7<.I,y~/:<.<820t,y~/:q®�0
560��I�=}<�=~/:<:Z0�´=�y82�Z;¥:/;��y���K��Í

• :/;¥;á�I���Q820t,y~/:q®�7/./:<;��=,4�/�Q:<}<�=;¥7982���¸, � �«~<�=-<.t®Q�K�°3þ´=7P;¥:<�y8t~68t0�0�;¥0y® � ,1~PÞ

õ�ß



~/�°37/02,1~6�18202�°3	®Q�$,¯3+Íg,1~/,��I: � ;¥-<�=7<�1.68t0�7t8¯�/�/�=7<�1:/01~/�°3Ø018 � �15PÒ��I�=~/:/�Z�Q0y59Þ
�M�=./~<82�é´=7P;¥:<�y8t~<~<82�U.<�%���¥�17/:ë0	~q52�/�=018t�ÿ:U7982~<�=}<~/�°3U�m,yÓ¥~/:6�2~<�r3U-68¯�<®63é0
�N0�5939;§�/8t�<~<82��´§�I�=7<�1.68t~9ñt�Q�'.68t}<~<82��;¥:<;¥�y���M�°;¨~<: � 7982��-q�I81�1~<82;¥�1�1�Å-/.68t;��1.I,y~qÞ
;��20y�=~/~68�.I, � �Q���I�=~/~<�r3�´§�I�=7<�1.<82~<820�:��Q�'.68t7+Íy:/;¥;§�/���Q820t,y~/:6��: � �M�=~<�=~<:6®�-68¯�/59Þ
}<�=~<~<82Ó¥8þ;=-6�=7<�1.I,þ7t8¯�/�/��76�1:/01~/�°3Ø018 � �15PÒ��Q�=~/:<�Ø7<./:<;¥�¥,��<�N,�~6�=-/.t®I�K�r3	´=7P;¥:qÞ
�y8t~68t0�-<./:�-6�N,y0��I�=~/:<:
:Ø-<�=.<��3t8��I��81��7/.<:/;��=,4�/�I:/}6��;¥7982�
�¸, � ��7Ø´§�I�=76�2.68t~9ñ
�N��.<82}/~68t�Z-6�Q, � �M�2¤

õ�õ



/�021«ö31 4�4 ù
� ÷ ��: A 5 ÷ � µd? A ¢B5B�!¡#¡�9GF A � A 5M�ËC)¡#¢B:

÷ �i�W¢�¡#�6E#¡B93F ? ÷ �m¡�5M� ÷ 9GF CDH*�³F Ï"Ð6ÑÀÒ�Ó~Ñ�ÔÎÏ"Ð6Ñ�Ò
÷ ¶#�#¢ A 7Õ5 A 5 ÷ ¢#� ? ÷ �I=i¢£� ÷ 7 H�i�#¡#��Ög� µ ¸�� ? 5M�#�!¡#¡#��Ög� Ö9�¬=i�)ù

¿ ´¥�y8t��Ó§�Q,10y�'~I,y;'�y5y�Q�¥�¸:/~6�1�=.6��;�820t,��1�¸´=~<�=.<Ó=:q®�;¥0�® � :�´=7P;¥:6�182~/~68tÓ�8¹;�82;¥�y8�Þ
®I~<:6®�0¸-<./:<;�5q�1;��102:6�)7/02, � :q�Q0y5<�M�=./~68tÓ�8W´§�I�=76�2.68t~<~<82Ó�8�Óò, � ,�;'7982~/×<�=~6�2./,1×<:<�=�
Ns
¤ · ,17>: � 0y��;��1~<8�O ³9�g²1²=Ã�PÜ� � ,¯�g,�}I,¸82��82-/.<���I�¥�/�=~/:/:>´=~<�=.<Ó=:<:þ;¥0�® � :�´�79;=:6�182~I,

�18¯�Q����82Ó�8>.I,¯�N:q59;=,�;¥018=�N:6�2;á®7 � ,4�N,¯}6��8þ7q52�/8t~68t01;¥798t�Å×<�=~<�1.<��;��$,1;¥;�8t�Z}/,4Þ
;��2:<×/���b.I,y02~68t�*-/./:<01���I��~<~<82���$,1;¥;���´�79;=:6�y8t~/,

µ = (memh)/(me +mh)
�øÓò�Q�

me
:
mh

´=�W���=7<�1:/01~/���¹�$,1;¥;¥�Î´»�/�=7<�1.<82~I,�:>�Q�'.<7/:�0�-6�I82;¥7982;¥�1:�7/02,1~6�y8t0y8t�
®Q�M�2�<;�8182�10y�¥�2;��10y��~<~<8/¤ ì � � 51�Q���=,��2�ÿ´¥�y8t��Óá�N,y01�w8t-q5q�1�I:/79820t,y~/�ÿ0¾O ²2²1²'P ñ+O ²1²¥¦�PÍ¤

§2.1 Êÿ� A 5g�$¡#� ÷ ? � =i�M�¸�ËE�¢Yù

ì ,y;¥;��M81�1./:I�«7<0t,y~<�y820y56� ®I�B5$��:<./:/~68t�
l0
;��1�=;¥798t~6�=}/~<8�01��;�8t7<:I�K:�;��y�=~qÞ

72,2�K:*�=,y7656���v}<�y8�0y8¯�Q~68t02,4®���56~<7/×<:6®�´»�/��76�1.<82~<820�0
z
ÞÜ~I,y-/./,10��I�=~/:<:�;¥�1.68tÓ�8

82Ó=./,1~<:/}6��~/,#./, � �M�=.I,1�$: ·BX ¤ ¿ ´¥�y8t��;¥:/;��y�¯�M�r.I,y;¥���=-6�/��~<:<�¨56.<8201~<�=��´=~<�=./Ó¥:<:
�I�=Ó¥7982�ë:é�=®<Ò����I82�é�Q��.<827U0Z�y�Q: � :��Q~I, � 8t~<���I8t;��=,��y8t}<~<8*�18¯�I����81�t�i-682´¥�y8�Þ
�B5��M8¯Ò����í82Ó=./,1~<:/}<:<�1�2;á®Z./,1;¥;=�M82�1.<�=~<:<���¶;¥0�® � ,y~/~<82Ó�8Y;�82;��18�®I~<:6®��18��Q�1798�~I,
��®6Ò����I82�«�N��./79��Í�-/.<:F´¥�y8t� �Q:/;¥-<�=./;¥:q®w��®6Ò����I82�«�N��./7<:ÿ0¶:/~<�y�=.<�=;�56�)�����
~I,y;¹81�y�N,y;¥�1:*�$,��I�r3	:/�K-651�Q�1;�8t0>7<0t,¯�N./,y�1:/}<~I,6¤ Õ 0�® � ,y~/~<����;�82;¥�y8¯®/~/:q®	´§�I�=7qÞ
�1.<82~I,>~I,��I�=Ó¥7/:q3��Q�'.<72,43��I��Ò¹,���;�56���=;¥�10y�=~/~<8�02������-<8>´=~6��.<Ó¥:/:v�I-/./:Z´¥�18t�
:q3�´=~6��.<Ó¥:6®�;¥0�® � :�;�56���=;��101�=~<~<8��M�=~/�����2¤ ¿ 72,¯}<�=;��101�¹�M8��Q���I:�´=7P;¥:6�182~I,6�I72,17
5q�101�=.tÒ��N,��/8t;¥��01� ���2�6�M8¯Ò�~68Y./,1;¥;=�M82�1.<�¥�1��-68¯�/8¯Ò�:6�1���Q�1~<8 � ,y.t®6Ò���~<~/����7659Þ

õ 




�I82~<8201;=7<:/��×6�=~<�1.v�<./,1;¥-68¯�I8�Ò��=~/~/����-68t;¥.<���Q:/~<� ·�X -/.<:
z = 0

�6:�;¥0y® � ,1~<~/���
~I,�~<��� ´§�I�=7<�1.68t~b��;
�$,y;=;�82�«./,101~<82�w-/.<:/0y���Q�=~/~68t�F�$,1;¥;��*´�79;=:6�y8t~/,

µ
¤ Ú ,¯Þ

�K:6�I�¯�y8t~<:I,y~¶�¥,17t8tÓ�8
×6�=~<�1.I,Ø0Ø×/:q�Q:/~P�N.<:/}<�=;¥7982�µ;¥:<;¥�y���M��79818t.2�Q:/~/,y�
:/�K�¥�¥�
;§�/���I56�)��:/��02:P�]�
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u(zi) = 0, ×ÙØ zi ≤ |l0/2|,

u(zi) =∞, ×ÙØ zi > |l0/2|.
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q→0

2

πU ÝÙÞßÞ (q)
∫ ∞
0
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 Π0(q, 0)

1− fq(0)Π0(q, 0)
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Ĥ = − h̄

2

2µ
∆+ U(r, ze, zh),

ú ¦qÛ1ü
Óá�I�

U(r, ze, zh) = −
e2

ε
√
r2 + (ze − zh)2

+ u(ze, zh).
ú ¦9¾tü

µ = memh

(me+mh)
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u(ze, zh) = u(ze)+u(zh)
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u(zi) = 0, ×ÙØ zi ≤ |l0/2|,

u(zi) =∞, ×ÙØ zi > |l0/2|.

â �Q�=;¥� r ñé798282.2�Q:/~I,��=,*81�1~<82;¥:<�y���Q�1~<82Ó¥8�Q02:qÒ��=~/:6®í04�Q8��Q�*-6�/8t;¥7982;��2:�7<0t,y~qÞ
�y8t01�°3�®Q���

ze(h)
ñþ798182.2�N:<~I,��2�w�N01:6Ò��=~/:q®	-68�~/,1-<.I,y0y�/�=~/:/�¼.68t;��=, ·�X ´§�I�=7qÞ

�1.<82~I,�:��Q�'.<7/:b�Q;�8281�101�¥�1;��20y�=~/~68I¤
 ~<�=.<Ó=:<��8t;¥~68t01~<82Ó�8þ;�8t;��y8¯®/~/:q®i�N72,y7:*0�8��Q:/~<82}/~68t�*7/02,y~<�y8t0y82�®I�M�2�Q�y59Þ

�Q���¶:/;¥72,��2��0t,y./:/,1×<:<82~/~/�'�Å�M�¥�18=�Q8t�µ;W-/.<81�2~<82�Z018��Q~68t0y8t���#56~/7/×<:<�=�

Ψ(r, ze, zh) = N cos

(
πze
l0

)
cos

(
πzh
l0

)
exp


−

√
r2 + γ2 · (ze − zh)2
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U ÝÙÞßÞ (r) = ∫
|Ψ(r, ze, zh)|2U(r, ze, zh)dzedzh.

ú ¦tÖtü

Å¹56.<�1��ÞÜ81�2.I, � ´¥�182Ó�8�-<81�y�=~/×/:/,��Q,<�

U ÝÙÞßÞ (q) = ∫ ∫
eiqrU ÝáÞâÞ (r)dr = 2π

∫
J0(qr)U ÝÙÞâÞ (r)rdr, ú ¦9ätü
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J0(x)
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U ã ä åÝÙÞâÞ (q) = U ÝÙÞßÞ (q) + U12(q)
(
Π+Π U22(q) Π + . . .

)
U12(q) =

= U ÝáÞâÞ (q) + U12(q) Π U12(q)

[1− U22(q) Π]
,
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U22(q)
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U22(r) = 〈φe(z +D)|e2/
√
r2 + (z +D)2|φe(z +D)〉,

U12(q)
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U12(r) = 〈φh(z)|−e2/
√
r2 + (z +D)2|φe(z +D)〉,

,
Π = − me

πh̄2

[
1−Θ(q − 2kF )

√
1− (2kF )2/q2

] ñ�-68¯�<®I.<: � ,1×<:<82~/~<�'�Y82-<�=.I,��y8t.
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T = 0
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φe(z) = φh(z) =
√

2
l0
cos(πzl0 )
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Ĥ = − h̄
2

2µ
∆+ U ã¥äæå (r), úÍÛyÁtü

Óá�I�
U ã¥ä å (r) ñU��56.<�1��ÞÜ81�2.I, � 81� U ã¥ä å (q) úÏ;=��¤K;¥~<82;¥765íÖ�~/,�;��1.v¤K¦qÛ1ü»¤  ~6�=./Ó¥:/�

82;=~68t01~<82Ó�8�;¥82;��y8¯®I~<:6®�À¸+  ~I,y�q�Q���í�K:/~<:I�K: � :<.651®���56~<7/×<:<82~I,4�Z´=~<�=./Ó¥:<:�~I,���1ÊlìÎúIÿ=�¨ö¨î�fÇò û¨ð.úIôÎðÎëíì�ò û¨û¨î
� îÂöÎ÷jëêô¨òøõø÷Âü2�U�ñÿ£þaòøüÕï'�øõùîjü7��÷ùöÎ÷��øöÎ÷���ò^öÎ÷jë ëøü�÷ùõùö¨ðÎïj÷ùõ��YôÎðÎëêõùîÂþ�ïñÿ.ü�ò ö�¼
û��j8ë�ìÎÿNôÎ÷�%ó
�¨îoë��Nî ì��
�¨ÿfþÎì¨úËöÎ÷ñëøë ü�÷ñõùö¨ð¨ïo÷ùòøü�î
� î��q�E��òq�¨õø÷^ûÎ÷ùìÎð¨ô¨ðÎòSü�÷ùìÎî�Ëõùî�ì�ffð¨û��Bë�ìÎî�úYûÎò.�¨ö¨ð¨û��¨ð��¨ð|¼
÷£ì��ñû¨î §

�'�



0 250 500 750 1000 1250
�

�

�

�

�

��

��

��

��

� � � � �� ��

���

���

���

���

���

~VFU

Dr
0
 

1γ
βDr

0
 =

2D

D
αγ  =
a

B
r

0
 

 

 

U VF

D   (Å)

ËJÌÎÍ
.

*D$ Ï�Ð $O*D$V

D = 200 Å

 

 

(
%

�P
H9

�

U
6

\^]�_a` ,a,'b+D k �']�_j] i^n _jrXF u�s�]	r'] x�g _ou n'�on�T�k s kai^g ras k
rc
s

n r s k _o_ñr n¨�Zp ] �
D
i^g u w t_ � n.��i ] `+V k�'_ñr k �'u gPTZn u kÎm.kap�k H p�g s � ]�]Õ_o� �Zm ] T s n _ñr's k�p _jr'� gop�p�n p�g
T s ��i^n'�jn Hou�_o]Zr n'p�k

EB

� w �at e _ � n'qkWp�n'q _j]�_jr goi^g u k u x t p u2^�] �
rs

� T s�]tR � ]tu gjp ]�] eakan r'] xZg _ou�] eYx6k�m `
0y8¯�Q~68t0y8t���#56~/7/×<:/:

Ψ ¦ÒÑ4Ó (r) = N exp


−
√
r2 + γ2D2

r0


 úÍÛ¯¦Pü

-<8�-/,1./,2�M�¥�1.I,1�
r0
:
γ
¤

+�,þ01;��=,10179��7 ì :/;1¤ ²1²�-<.<���N;��=,y0��I�=~I,þ´=~<�=./Ó¥:/:*;=0�® � :
ÀW+  �g.I,y;=;¥}<:<�=,y~/~/,�®
�I�<®

D = 200 �� 72,y7¹��56~<7/×/:q®��1� � ./, � �M�=./~<82Ó�8'-I,y.I,1�K�¥�1.I, rs ¤ ð � ./:<;�56~/72,£01:q�/Þ~<8/�6}6�18Y-<.<82:/;ò398=�N:6�Y-<�=.6��;��1.<82�/72,�;¥0y® � ,1~<~<82Ó¥8�;�82;¥�y8�®I~<:6®v�6,1~/,��/8tÓ¥:/}<~I,4®��y8t�b�
7981�182.I,4®�:I�M���N,#�M�=;��y8�0#8=�N:<~<82}/~<82� ·�X ¤ ó �Q~I,y798�;��y82:<��81�2�K�¥�1:<�1�/�1}6�y8W0£�g,y~qÞ
~<8t�F;á�/56}/,y��-<�=.6��;��1.<82�/72,��28��I�¥��-q�N,y02~/,�®v¤  �y8	;=0�® � ,y~<8�;Y}/:<;¥�y8��Q0y5<�M�=./~68t�
-/.<:/.68��Q82�U-682�y�=~/×<:I,4�N,Z0 � ,y:I�M8��I�=�/;��102:q®i�i72,y7ë:é;�56���=;��101820t,y~/:6��;¥0�® � ,y~/~68tÓ�8
;�8t;��y8¯®/~/:q®Z-<./:��I�º�t�°3Z7t8t~<×<�=~<�1.I,y×/:q®63*³�Ù 'Ú ¤
Õ �N.656Ó�82�Y;��182.<82~/���272,17�5PÒ��£Ó�820182./:q�I82;¥��0 Ú �N,y01�5�½�2�K~<82Ó�8t}<:/;á�I�=~/~<����´=7P;ÝÞ

� #



-<�=.<:I�M�=~<�=,4�Q�1~/���>.I,��281�1� 01��-<8¯�I~<�=~/� ~/,�;��1.65676�y56.I,¯3ë;�./, � �I:/}/~<�£�K:ë�K��Ò�Þ
;§�/82�=01�'�$:�.I,y;=;��y8¯®/~/:q®Q�K:b¤ ¿ ;¥0y® � :�;�´¥�1:I�F-/.<���Q;¥�¥,10��/®<�¥�Z:/~6�1�=.6��;�:<;=;á�I���Q8�Þ
02,1~<:<��-68t0y���Q�=~/:q®
;¥0�® � ,y~/~68tÓ�8�;�8t;��y8¯®/~/:q®
0 � ,y02:<;=:/�M8t;��1:Ø82��.I,y;=;��y8¯®/~/:q® D ¤
+�, ì :/;1¤ ²1²¸-/.6���Q;��=,y0y�/��~/, � ,y01:/;¥:I�M82;¥�1��7/.<:<�1:/}6��;¥7982Ó�8þ-/,1./,2�M�¥�1.I, rcs 82��.I,y;ÝÞ;��18�®I~<:6®��M��Ò��I5�-/.68t;��1.I,y~/;��101�=~<~<8�./, � �I�¥�/�=~/~/�'�K:Y´§�I�=7<�1.68t~/,2�K:�:��Q�'.<72,2�K:b¤
+�,��1�I�r�N,y�¥�1;á®~6�¥8¯Ò�:P�g,y~/~<81��:Z8t}6��~<���I�º�282-/���1~<81��-<8201���Q�=~<:<��7<./:<0182� � ,y02:PÞ
;¥:I�M82;¥�1:

rcs(D)
�M7982�y82.<81�Z;¥0y® � ,1~68�;�: � �M�=~<�=~/:6�¯�¼0y8¯�I~<820182�¶�#56~/7<×/:/:ÎÀ¸+ 

�g,4Ò���0�~6�=´=7<.I,y~/:/.68t02,y~/~<8t�|;á�/56}I,��2¤ Ð ,y7v�I~I,y-/.<:I�M�=.v�Q01�'./,�Ò��=~<:6®��/�/®	02,1.<:qÞ
,y×/:<82~/~<�r3�-I,y.I,1�K�¥�1.<820�0�81�y�N,y;¥�1:é�$,4�Q�°3

D
ú
D < r0

ü)-<./:
Ns → 0

:I�M�=�º�
01:q�

r0 → a2DB = (h̄2ε)/(2µe2)
�i,

γ =
(®&)3 �#!

/D
úÏ;=��¤ ì :/;1¤ ²1²¯ü»¤ ¿ 81�1;�5q�2;��102:6�

´=7/./,1~<:/.<8202,1~<:6®|01���I:/}/:<~I,�´=~<�=./Ó¥:/:¶;¥0y® � :ÅÀ¸+  -/./:
D → 0

;¥�1.<���K:6�2;á®|7
� ~I,¯}6�=~/:/�ã´=~<�=./Ó¥:<:�;¥0�® � :��N0�5<�K�=.<~<82Ó¥8¹-<.t®I�K82Ó�8¸´=7P;¥:<�y82~I,/ú Ù�À  ü»¤ Ð ���ë~6�)�M��Þ
~<�¥�2�t~I,4�Q:/}<:<�#.I,y;���56���=Ó�8�-I,y.I,1�M�¥�2./,

γ
5672, � ��0t,��¥��~I,¸.I, � �I:/}<:<�#0¹-<820y���I�=~/:/:

À¸+  :éÙ�À  �i}6�18*:ë-<./:<018=�N:<�7ë;�56���=;��20y�=~/~/�'�ÿ./, � �I:/}/:q®Q�ÿ0Z´=�W���=7<�1:/04Þ
~<82;��2:´=7/./,1~<:/.68t02,1~<:6®Z�g,y~/~<�r3*;¥0�® � ,y~/~<�r3	;�82;��18�®I~<:/�b¤ ¿ 81�y�N,y;¥�1:	Ò����18¯�Q�4Þ��:P3

D
-<8201���I��~<:<�'0t,y./:/,1×<:<82~/~<�r3�-I,y.I,1�M�¥�2.68t0¸~68t;¥:<�¸;á�I���/56�)��:<��31,1./,176�1�=.b�

r0 =
(®&)3 �#! · D � γ → 1

úÏ;=��¤ ì :<;2¤_²1²4ü»�v,��m,y7P;¥:I�B5<� � ,y02:<;=:/�M8t;��1: rcs = rcs(D)
-/.<:q3t8��Q:<�1;§®	~I,�;á�/56}/,1�

r ã¥äæå0 ' D
�IÓò�Q�¹:Z-<.<82:/;ò3t8��N:6�>-<�=.<��3t8��: � 8=�N~<82��82�y�N,¯Þ

;��2:�0��N.q56Ó�56�)� à=¤
Ù�.q56Ó�8t�	0182-/.68t;1�N7981�y8t.<�'�*�2���Ø-<8��Q.<81�t~68�./,1;¥;=�M82�1.<�=~0þ.I,1�K72,43Z´¥�182� � ,4Þ

�g,�}/:v�Pñþ´¥�y8�0182-/.68t;�8�0��Q:6®/~/:<:Z7982~<�=}/~68t���y8¯�I��:<~/� ;§�/82�=0�0Ô��Þ ~/,1-<.I,y0y�/�=~/:/:b¤
ì ,y;¥}<�¥�1�ë;$:/;¥-<8��Q� � 8t02,1~<:<����}<:/;á�I�=~/~68tÓ�8£�K�¥�y8��N,�.<���N,y7P;=,1×<:/��úÏ;=��¤ ��~I,y-/.<:I�M�=.v�
§2.5 ü�-<8272, � ��0t,y�º�¯�N}<�y8þ�¥,17t82�¸59;á�I8�Ò�~<�=~/:6� � ,¯�g,¯}<:	-/.<:/0y8��Q:<���Q:Q����7&�Ô-6��.6��Þ� èqÕaþ�òøë��

r ã¥äæå0 � öÎ÷£þ�ð¨ÿjë��q�¨öÎ÷ùûÎð¨ö¨îñïo÷ùû¨û¨î
� î�� ½�Ö �¨ö¨ðP�Nîñû��¨òøû¨õùöÎ÷��¨ð¨ð à Ê Ör× ó
�oîjõùîñöÎ÷ùúÂëêîjîñõùïjò õñë õùïñÿñòøõE�¨öÎð|¼õùð¨ôÎòøë��Nîjü�ÿQ�Î÷ùöÎ÷jü�ò õùöÎÿ
rcs
�¨ö¨ð8þa÷ñû¨û¨îjü

D §

�'(



~<82.I�K:<.<820279�'�!.I,y;¥;¥�y8�®I~<:6®��M�¥Ò��I5¹-<.<82;¥�1.I,y~/;��10y��~<~<8�./, � �Q���/��~<~/�'�K:¹´»�/�=7<�1.<8�Þ
~I,1�K:�:¸�Q�'.<72,2�K:b�

D ÝÙÞßÞ = D+〈ze〉/2+〈zh〉/2
:�~<�m�g,��¥�)~/:<7t,y7/:P3�~68t01�°3��W: � :qÞ

}<�=;¥7/:P3þ´=�W���=76�1820<¤ ó �Q~I,y798/�q´=�y81�Y.6� � 51�Q���=,��Y02,�Ò��=~�;#�y8t}<7/: � .<�=~/:q®�;¥.I,y02~<:qÞ
�y�¥�I�2~68t��82×<�=~<7/:�´=7P;¥-6��.<:I�M�=~<�¥,��I�2~<�r3��g,y~/~<�r3þ81�2~68t;¥:<�y���Q�1~<8�´=~<�=./Ó¥:<:�;¥0y® � :
À¸+  �/,��¥,17qÒ��¹´=�W���=7<�1:/01~<82;��2:	~6�=-/.t®I�M8tÓ�8Y7651�/8t~68t01;¥798tÓ�8Y0 � ,y:I�M8��I���<;��201:6®v¤

§3.3 Ø �$�Cº� �i¡�¡�9í� H	¡��6Ög��E�� A 5M¢�E�¡�9í� ? �6H$¶´¸�� ? A 9ÚÙ A ÷ �6:DÄ

A 5 ÷ � ¡#�Y¶��C´H�6Öø� 5M�#¢#�!¡��ºù

ð ;¥-<8��Q� � 51®ë��8t./�$,��I: � ���E-<./:I�M�=~<�=~<~/���é�I�<®U82-/:<;�,y~/:q®%-<.<82;��2./,1~<;��20y�=~/~68
-/.t®I�M8tÓ�8é�1./:68t~/,ãúÏ;=��¤ Ú �N,y0�5Û�îü§�¨,
�=,y76Ò��Ø�M�=�y8=�N� 56}6�=�¥,ë-<8��/®/./: � ,y×/:68t~<~<8�Þ
Ó�8Y´»�/�=7<�1.<82~�ñ>´=7P;¥:<�y8t~<~<82Ó�8�0 � ,y:I�M8��I�=�/;��102:q®�~I,��18¯�I����:q3�./,1;¥;��y8¯®/~/:6®q3b�I�K�
:/;¥;á�I���I52���¶82�2.I, � 8t02,1~<:<��-<.<82;��2./,1~<;¥�10y�=~/~<8�~<�=-<.t®Q�M82Ó¥8��2.<:<82~I,6¤ ì ,y;=;=�M81�2.<:I�
;¥:/;��y�¯�B52�9;�82;��18�®I�¹56�«: � �Q0y593�;á�I81�=0/�20 z ÞÜ~I,y-/.I,y0��I�=~/:<:þ~/,43t8=�I®/��:q39;á®�~I,¸.I,y;ÝÞ
;��18�®I~<:/:

D
�N.q56Ó�81��Q.656Óá,6¤ ¿ 8��Q~<8t� ;á�I81��~I,¯3t8��N:6�1;§®%�Q0y5<�M�=./~<�'��´=7P;¥:<�y82~

;�31,y.I,y7<�y�=./~/�'� ./, � �M�=.<8t� aB = εh̄2/2µe2
�m,�0*�N.q56Ó�89� ´§�I�=76�2.68t~<~/���ÅÓò, � ¤

Õ ~<820t,µ-<.<�=~<�¥�2.<�=Óá,4®w�y56~<~<���Q:<.<820t,y~/:6�����£:/;¥;§�/���I52��� -68t0y���Q�=~/:6���g,y~/~68t�ÿ;=:PÞ
;��1���K� -<.<82;��2./,1~<;��20y�=~/~68yÞÜ.I, � �I���I�=~/~<�r3Z´§�I�=76�2.68t~/,�:�´=7P;¥:6�182~I,�72,y7��I�<®	;§�<59Þ
}I,4®U�$,��/8tÓ�8�M��Ò�;§�/8t�<~<82Ó�8./,1;¥;��y8¯®/~/:6®Îú

D ¿ aB
ü»�i�=,y7U:��/�/®ë�18¯�I����8tÓ�8

D
ú
D À aB

ü»¤ ì ,y;¥;=}<:<�¥,y���w´=~6��.<Ó¥:/� ;¥0y® � :Ø�1./:68t~/,�72,17
��56~<7/×<:/� D
�i,��=,y76Ò��

.I,y;¥;=�K81�1./:/� :<;=}6� � ~68t0y�=~/:6��;¥0y® � ,1~<~<82Ó�8Z;�82;��18�®I~<:6®ë0Z.6� � 51�Q���=,��1��´�7<.I,y~/:<.<8�Þ
02,1~<:6®��Q0y5<�M�=./~<�£�¶´§�I�=7<�1.68t~<~/�'�|Óá, � 8t��¤
¿ ~/,¯}I,4�I��~I,y;��15y�I�=�Ø:/~<�y�=.<�=;�820t,��1�
;á�/56}/,1�%�28��Q����82Ó�8
�M��Ò�;á�I82�/~68tÓ�8�.I,y;ÝÞ

;��18�®I~<:6®Øú 01�=.23<~q®<®>01;¥�¥,10172,¹7 ì :<;2¤_²¯³<úÑ,tü½ü»�t�¯¤ �2¤ D À aB
¤ Ú ,1�K:6�Q���y8t~<:I,y~þ�=,y798t�

;¥:/;��y�¯�K� 0Ø,4�Q:I,��9,��1:/}6��;¥798t�±-/.<:<�y�Q:6Ò��=~<:/:v�K7t8tÓò�g,Z´�~6�=./Ó¥:6®U;=0�® � :ë-/.t®I�M8tÓ�8

�'*



´=7P;¥:<�y8t~/,	�K~<82Ó¥8��28¯�I������´=~<�=./Ó¥:/:é0 � ,y:I�M8=�Q�=�/;��102:q®é´¥�182Ó�8	´=7P;¥:6�182~I,Z:é´§�I�=7qÞ
�1.<82~I,�: � �N.q56Ó¥82Ó�8�;§�/8¯®v�I�M8¯Ò��¥���t���1� � ,1-<:/;=,1~�0�;á�I���I56�)�����¶01:q�Q�2�
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− 3 [(n− n′)(m−m′)] (unvm′ + un′vm)
[
(n− n′)2 + (m−m′)2 + (n− n′)(m−m′)

](5/2)

+

[
− 3(n− n′)2 + 15 [(m−m′) sin(π/3)]2

]
(xn − xn′)2

a2
[
(n− n′)2 + (m−m′)2 + (n− n′)(m−m′)

](7/2)

+

[
− 3(m−m′)2 + 15 [(n− n′) + (m−m′) cos(π/3)]2

]
(ym − ym′)2

a2
[
(n− n′)2 + (m−m′)2 + (n− n′)(m−m′)

](7/2)

+

[
15(m−m′) sin(π/3) [(n− n′) + (m−m′) cos(π/3)]

]
(xn − xn′)(ym − ym′)

a2
[
(n− n′)2 + (m−m′)2 + (n− n′)(m−m′)

](7/2) .

úî²2²¯Û2ü
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L = T ÿ ¦ÒÑ − (U1 + U2).
úÂ²2²=¾tü

ð ;¥-<8��Q� � 51®�56.I,y01~<�=~/:q®���,yÓ=./,1~qÒ¹,

d

dt

∂L

∂ṙ
− ∂L

∂r
= 0,

úÂ²2²¯æ1ü

�I�=Ó¥798�-<8��/56}<:<�1��56./,101~<�=~/:q®��Q02:qÒ���~<:6®��/�/®Y7t8282.2�N:<~I,��¸×6�=~<�1.I,W�$,y;¥;
xn
:
ym
�

,��=,y76Ò��W�/�/®Z79818t.2�Q:/~/,y��81�1~<82;¥:<�y���Q�1~<82Ó¥8Y�Q02:qÒ��=~/:6®
un, vm

�

ün = −ω2
0un + Ω2×

×
∞∑

n′m′=−∞

[
(n− n′)2 − 2(m−m′)2

]
un′ − 3 [(n− n′)(m−m′)] vm′

[
(n− n′)2 + (m−m′)2 + (n− n′)(m−m′)

](5/2) ,
úÂ²2²=Ö9ü

v̈m = −ω2
0vm + Ω2×

×
∞∑

n′m′=−∞

[
(m−m′)2 − 2(n− n′)2

]
vm′ − 3 [(n− n′)(m−m′)]un′

[
(n− n′)2 + (m−m′)2 + (n− n′)(m−m′)

](5/2) ,
úÂ²2²=ä9ü

*�ß



ẍn = −Ω2
1×

×
∞∑

n′m′=−∞

[
− 3(n− n′)2 + 15 [(m−m′) sin(π/3)]2

]
(xn − xn′)

[
(n− n′)2 + (m−m′)2 + (n− n′)(m−m′)

](7/2) −

−Ω2
1

∞∑

n′m′=−∞

[
15(m−m′) sin(π/3) [(n− n′) + (m−m′) cos(π/3)]

]
(ym − ym′)

[
(n− n′)2 + (m−m′)2 + (n− n′)(m−m′)

](7/2) ,

úî²4³�Ã9ü

ÿm = −Ω2
1×

×
∞∑

n′m′=−∞

[
− 3(m−m′)2 + 15 [(n− n′) + (m−m′) cos(π/3)]2

]
(ym − ym′)

[
(n− n′)2 + (m−m′)2 + (n− n′)(m−m′)

](7/2) −

−Ω2
1

∞∑

n′m′=−∞

[
15(m−m′) sin(π/3) [(n− n′) + (m−m′) cos(π/3)]

]
(xn − xn′)

[
(n− n′)2 + (m−m′)2 + (n− n′)(m−m′)

](7/2) .

úî²4³P²4ü
ð � ;=:<;��1���K� 56.I,y02~6��~<:/�ÿúÂ²1²�Ötü ñøúÂ²4³P²¯ü�02:P�N~<8/�K}<�y8ë0�~651�/��0y8t���$,1Ó¥~/:6�1~<8t�
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un, vm

�K8t-<:/;¥��0t,y�)��:<�Z82-<�1:<}<�=;¥7/:<�%úÏ-<.<81�2:<0182�¸, � ~/����ü§�¨:
xn, ym
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ì �	���=~/:<�£�/�/®�~<82.I�$,��I�2~<�r3þ798¯�/�=�t,y~/:/�b�672,y7þ81�t��}/~68I�P�y51�I���%:/;¥72,��1��0�01:q�I�
un = u exp[−iωt+ ikan], vm = v exp[−iωt+ iqam]

¤ Ð 82Óá�N,W�/�/®þ82-<�1:/}6�=;=7<:q3
798¯�/�¥�9,y~/:<�Z: � úÂ²1²�Ötü»� úÂ²1²�ätü°-<8¯�<56}/:/���



ω2 − ω2

0 + Ω2f11(k, q) −3Ω2f12(k, q)

−3Ω2f21(k, q) ω2 − ω2
0 + Ω2f22(k, q)






u

v


 = 0,

úÂ²4³1³1ü

Óá�I�
Ω2 = 2e2

µεa3
�
(k, q)

ñþ´¥�y8*ú�Úb�ÜÛIüÍÞÜ798t�$-68t~6�=~<�1�à0y8¯�I~<820182Ó�8�0y�=7<�y82.I, ~k �

f11(k, q) =
∞∑

N,J=1

N 2 − 2J2

(N 2 + J2 +NJ)5/2
cos (kaN) cos (qaJ),

f22(k, q) =
∞∑

N,J=1

J2 − 2N 2

(N 2 + J2 +NJ)5/2
cos (kaN) cos (qaJ),

f12(k, q) = f21(k, q) =
∞∑

N,J=1

NJ

(N 2 + J2 +NJ)5/2
sin (kaN) sin (qaJ),

Óá�I�
N = (n− n′) � J = (m−m′) ¤
ï ~/,��/8tÓ¥:<}/~/�'�w81�t./, � 8t���b: � úÂ²¯³�Ã9ü»� úÂ²¯³q²¯üº-<8��/56}I,��¥�1;§®
;¥:/;��y���$,>�Q0y593*56./,104Þ

~<�=~<:/���/�/®Z;¥:/~<�¸, � ~<�°3Z798��I�¥�t,1~<:/�v�


ω2 − Ω2

1f̃11(k, q) Ω2
1f̃12(k, q)

Ω2
1f̃21(k, q) ω2 − Ω2

1f̃22(k, q)






x

y


 = 0,

úÂ²4³�Átü

Óá�I�
Ω2

1 =
8e2D2

Mεa5
�

f̃11(k, q) =
∞∑

N,J=1

−3N 2 + 153
4J

2

(N 2 + J2 +NJ)7/2

[
1− cos (kaN) cos (qaJ)

]
,

f̃22(k, q) =
∞∑

N,J=1

−3J2 + 15(N + 1
2J)

2

(N 2 + J2 +NJ)7/2

[
1− cos (kaN) cos (qaJ)

]
,
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f̃12(k, q) = f̃21(k, q) =
∞∑

N,J=1

−15
√
3
2 J(N + 1

2J)

(N 2 + J2 +NJ)7/2
sin (kaN) sin (qaJ).
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ω = ω
ω0

ó
� ûÎò ö��øð�

Ω = Ω
ω0

= 0.2
ó
Ω1 = Ω1

ω0
= 0.01

ð³ðÎü2�¨ÿùì��oëêîñï
k = ka

ó
q = qa §
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�m,4�Q�°3�:/�K-651�Q�1;�8t0
ú
k, q ¿ q0

�bÓá�I�
q0
� 01�=7<�y82.Ì�¨./:q�/�I�º´�~/,9ü
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ω‖ =

√√√√33

16

(eD)2N 3/2Ýéê õ
εM

8.7795 k,
úÂ²¯³4¦Pü

ω⊥ =

√√√√ 3

16

(eD)2N 3/2Ýéê õ
εM

8.7795 k,
úÂ²¯³2Û1ü
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:
ω⊥

� ´=~6��.<Ó¥:/:*-/.68��Q8��Q�1~/�°3�:Ø-68t-6��.6�=}/~/�°3�,y765t;��2:<}<�=;¥7/:P3Ø798¯�/�=�t,¯Þ
~/:<�v�N;�8182�10y�¥�2;��101�=~<~<8/¤ ì � � 52�I�¯�=,��1�W�N-/.<���Q;¥�¥,10��I�=~<~/����~I, ì :/;1¤_²4Û�:ë²=¾6�Q0Y5672,4Þ
� ,1~<~<82�¸82�y�N,y;��1:�:I�K-q52�I�2;�820º~/,43t8��/®/�1;á®�0�3t82.<8�������;¥82Óá�N,y;=:<:¸;!01�'./,�Ò��=~/:q®Q�K:
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ω2 − ω2
11 ω2

12 + iω(ωe − ωh) 0 iω(ωe + ωh)

ω2
12 − iω(ωe − ωh) ω2 − ω2

22 −iω(ωe + ωh) 0

0 −iωγ (ωe − ωh) ω2 − ω2
33 ω2

34

iωγ (ωe − ωh) 0 ω2
34 ω2 − ω2

44







u

v

x

y




= 0,

úî²4³�¾9ü
Óá�I�

γ = m2
h−m2

e

memh

�m:
ωe, ωh

� ×/:/7q�I81�1.<82~/~/���	´�~6�=./Ó¥:/:¶´§�I�=7<�1.<82~I,é:��N��./7/:b�
;�8281�101�¥�1;��20y�=~/~68I¤ Ð ,y76Ò��ë0%�Q�¥�y�=.I�K:/~/,1~6�y�ãúÂ²4³�¾tüþ020y���Q�=~/� ;á�I���I56�)��:<��82�18�Þ
� ~I,¯}6�=~/:6®��/�/®Z}I,y;��181�

ω2
11(k, q) = ω2

0 − Ω2f11(k, q),

ω2
12(k, q) = 3Ω2f12(k, q),

ω2
22(k, q) = ω2

0 − Ω2f22(k, q),
úÂ²¯³2æ1ü

ω2
33(k, q) = Ω2

1f̃11(k, q),

ω2
34(k, q) = −Ω2

1f̃12(k, q),

ω2
44(k, q) = Ω2

1f̃22(k, q).
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υ ÝÙÞßÞ (r) = − ∫ ∞
r

dU ÝÙÞßÞ (r)
dr

g(r)dr. (Π1.1)

¿ ��.I,4Ò��=~/:<�U�I�<®¼-I,y./~<82�¼7982./.6�¥�<®I×<:<82~/~68t�¼��56~<7/×/:<:
g(r) = g↑↑(r) +

g↑↓(r)
:/�M�=�¥��01:q�l�

g(r)− 1 =
1

k2F

∫ ∞
0
J0(qr)[S(q)− 1]qdq, (Π1.2)

Óá�I�
S(q)

ñ�;��¥,y�1:/}6�=;=7<:/�|��82.I�EÞ �W,176�182.v�!7981�182./���Å01�'./,�Ò¹,��¥�2;á®v�m:/;¥-<8��Q� � 52®
�£�<567<��5P,y×/:<82~/~<8�Þ �Q:/;¥;=:<-I,y×/:68t~<~656���y�¥8t.6���B5±O ²¯³P²'PÍ�/;§�/���I56�)��������82.I�B51�I82�v�

S(q) = − 2

k2F

∫ ∞
0
Im[χ(q, ω)]dω. (Π1.3)
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}/:/���

S(q) =





1− arccos(q/2kF )
π +

q
√

1−(q/2kF )2
2πkF

�<�=;§�I:
q ≤ 2kF ,

1
�<�=;á�Q:

q > 2kF .

(Π1.4)
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ψa = c+1 ψ2S + c+2 ψ2P , (Π2.1)

ψb = c−1 ψ2S + c−2 ψ2P , (Π2.2)
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Ea(b) = E2 +
1

2

[
W2S,2S +W2P,2P ±∆W

]
, (Π2.3)
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ψ2S

:
ψ2P
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E2 = − µe4

2h̄2ε2
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n = 2

�

c1 =




W2S,2P

2|W2S,2P |

[
1± W2S,2S −W2P,2P

∆W

]


1/2

, (Π2.7)

c2 = ±



W2P,2S

2|W2S,2P |

[
1∓ W2S,2S −W2P,2P

∆W

]


1/2

, (Π2.5)

∆W =
√
(W2S,2S −W2P,2P )2 + 4|W2S,2P |2, (Π2.6)

Wij =
e2D2

2ε

∫
ψi

1

r3
ψj r æ r æ ϕ, (Π2.7)
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W2P,2P =

e2D2

12ε

" (−a/aB)
a3B

, (Π2.8)

W1S,2S =

√
2e2D2

ε

aB
" −3a/2aB − 2a �I× (1, 3a/2aB)

aa3B
, (Π2.13)

W1S,1S =
2e2D2

ε

[
aB − 2a �I× (1, 2a/aB) " (2a/aB)] " (−2a/aB)

aa3B
, (Π2.10)
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[
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] " (−a/aB)
aa3B

. (Π2.11)
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ü
L�;D@2J j0# > , @2J:à�� 7¼C @ , c	��c�@ U @�L�c�@2L
; ' H�JK@�@2L C L n$# L�c

c�@ U > #.'DC L n�C L ' @2R C H�9�L�c�~�HI;D9�J]} , 9NH�>�@ � ~ # ; C 9NL ' ��à.\^>
O '�êNr @�� ê }¿©��ìà	f{å½á�á{ä�f{åÅå{ë
ÜXf¼Þ�Þ�áãß ê

èfâ{ë½î j0# JX; C L j 9 'Du 9 # L�c²\ # ��@ , � #&n L�@2J:à���}b9NJKL #&U�U JK9o� C R # ; C 9�L���@2J ' ~ ' ;G>�@{@I� # H�;
#.U�U JK9 # H�>�;D9�H # J<J C @2JP� C R U ~�J C ;<O(H�9 ,T,TCE'DC 9�L '�C L # 9NL
@��±c C R[@2L 'DC 9�L #&,&' @2R C H�9�L�c�~�HI;D9�J »

q R U�# HI;?9�L:;D>�@�R[9�A CT,EC ;<O��ªà�\]>�O '�ê�r @�� ê }À©�µÝà r f¼ç�ëÅë	��ä r f�ç�ëÅëN5 ÜXf�ÞÅÞ�Þãß ê

gIgGÁ



èfâ.�¼î 7Dê � ê[a @�O ' à=i ê s êSjm# J<H�>Àà "�ê8"�ê i ê�% L n�CE, @ ,E,E# à # L�c v ê[a�# R[9�@2LIà�� _ @ , F-�
H�9�L 'DCT' ;D@2L
;=L�9�L , 9NH #&,�,EC L�@ # JP��JK@ 'DU 9�L ' @Y;D>�@�9NJPO¢9&F # JK@ ,E# ; C � CT' ; C HY@ , @�HI;GJK9�L nN#.' �ªà
\]>�O '�ê�r @�� ê } d ÚÀà�f.f�í�f�ç�� Ü0í U�#&n @ ' ß¶Ü�â�çÅç�íãß ê

èfâ�áªî x�ê¦a�C L�c�> # J<cÀà¡����L�;G>
@ U JK9 U @2JX; C @ ' 9&F #�nN#.' 9.F�H�> # J n @ U�# JX; C H , @ ' �ªà�� ê v # L ê
� C c
@�L 'Du�ê�_ @ ,E'Du�ê�j0# ; ê � 7 O '�ê�j @2c�c ê Û�� ÜÂ5�ß�à�fÈä��Åå ÜXf�Þ��{ëSß ê

èfâ�å¼î j�ê¡x 9�L ' 9�LIà$��� , @2HI;GJK9�L�H�9�J<JK@ ,V# ; C 9NL 'ÃC L C L
��@2J 'DC 9NL ,E# O�@�J ' ��à xê \]>�O '�ê?t µÝà
íÅçN����ä�íÅç�å�f ÜXf¼Þ�å�áãß ê

èfâo5ªî��lÄ ê��Àô&� � ô½þ àbÅ]ÆoÇGÈ�É¹Ê�É«Ë�Ë�Ì�Í�Î	ÇoÌoË�ÏSÆoÇoÌ�ÍÐÏSÉ�Æ<È�Ñ
Í�à�Ò ÿ ��û�÷Åô�» Ò ý�õ ÜXf¼Þ�å	fªß ê
èfâ�Þªî!� ê8_=ê:_	C L n z C�# L�c j�ê \ ê k�9 'DC à C L Ó�Ô.Õ×Ö�Ø Ó�Ù±Ú&Ù�ÛMÜ¡ÝNÞoß«Ö�à«ßÈàS@2c C ;D@2c A�O s ê
�]>�JK@2L�JK@ C H2>Àà 7Dêo_ @ C ; · à # L�c�v ê k{~�J<L�A�~ ,T, à��(9 ,0ê íÅá�à % H # c
@2R C H�à�i?@�zá´�9�J u ÜXf¼Þ.5
fªß ê

è í�çªî 7Dê�_ ;D@2J<LÀà��2\�9 ,V# J Cp·+# A CT,EC ;<O[9&F # ;<z{9o��c C R[@2L 'DC 9NL #., @ , @�HI;GJX9NL n�#&' ��à�\]>�O '�ê�r @�� ê
a @�;<; ê�� �Ýà��ªë�á¼ä��{ë�5 ÜPf¼Þ�áãå�ß ê

è í
f¬î?k êâ% L�c�9�à %øê } ê�7¦# ~ , @�J¬à 7Dê¨_ ;<@�JKLIà§��� , @2H�;DJK9NL C H U JK9 U @2JX; C @ ' 9&F§;<z{9&�

c C RS@2L 'DC 9�L #&,�' O ' ;D@2R ' ��à r @�� ê�j 9�c ê \^>
O '�ê ©��LÜ�â�ß�àëãí�å�ä�á�åÅâ ÜXf�Þ.5ãâ�ß ê
è í�â¼î!� ê8_=êá_	C L n z C à j�ê \ ê k?9 'DC à r�ê s ê¿a�# L�c # L�c %øê¿_�ã2ä9 ,V# L�c
@�J¬àå��� , @2HI;GJK9�L

H�9�J<JK@ ,E# ; C 9�L '{# ;!R[@�; #&,E,TC H�c
@2L 'DC ; C @ ' �ªà�\^>
O '�ê�r @�� ê�� Ú d à��o5ÅÞ¼ä��½Þ�Þ ÜXf¼Þ�á.5ãß ê
è í�íªî a ê � ê �4@ , c
O ' >Àà v êæ%øê � C J · >�L C ; ' à # L�c %øê6%øê[j0# J # c�~�c C LÀà¥ç�Ý�Û�ØoÖºÛ�ÕTÛ�à�Ù°è«Ö�à
é*ê
ë à2Ù°Ö�Ô ë Ô é à+Ô ë Ø�Û ë ß2Û�ØSß*Þoß�Ù±ÛIì ß�à�i?9�JX;G>��Xs?9 ,T,V# L�cÀà % R ' ;D@2J<c # R ÜXf�Þ.5ÅÞ�ß ê

è í�ë½î!� ,E# ~ '$j 9NJ # z{@�; · à]��v{O
L # R C H #.,�, 9�H #&, F C @ , cIà�H�9NR U JX@ 'D'DC A CT,TC ;<O # L�cíF°JK@ � ~
@�L�HIO
' ~�R J<~ , @ ' FW9NJ � ~ #&'DCTU�# JX; C H , @ ' ��à
H�9NL�c��±R # ; ) ç�f�ç�ë�â�â½Þ�à�f�ä�f{å Ü�â½ç�çãâ�ß ê

è íN�¼î!i ê¦q z # R[9&;D9 # L�c¥v # � C c¿\ C L�@ ' àb�Ik?>�@�9�JXO�9&F¡@ , @2HI;GJK9�L ,TCE� ~ C c '�ê¼q?ê � , @�HI;GJX9NL	�
>�9 , @ U�' @2~�c�9 U 9&;D@2L
; CE#&,E'�ê �2\^>
O '�ê�r @�� ê } Û�µìà�íÅÞ�âªëªä�íÅÞ�í�� ÜXf¼Þ.5�ë�ß ê

gIgDî



è í�áªî!i ê|q z # R[9&;D9�à�� ê ��JK9 # ; ' H2>
@2H u§# L�c v # � C c \ C L
@ ' à²�Ik?>�@�9�JXOï9&F�@ , @2HI;GJK9�L
,ECT� ~ C c '�ê²qPq?êY_ ; # ; C H # L�c c�O
L # R C HÀFW9NJKR F # HI;D9NJ ' àSH�9�J<JK@ ,E# ; C 9�L @2L�@2J n O.à # L�c
U�,E#.' R[9�L:c CE'DU @�J 'DC 9�L ê �2\^>
O '�ê�r @�� ê } Û�µìà�íÅÞ�íÅá¼ä�íÅÞN��f ÜXf¼Þ.5�ë�ß ê

è í�å¼î r�ê � ê�_ > # zÑà��2�¼��H�> # L n @ # L�cYH�9�J<JK@ ,E# ; C 9NL C LÃ;D>�@4;G>�@�9�JXOÃ9&F 'DC R U�, @4R[@�; #&,E' �ªà
x�ê \^>
O '�ê�t4»�_ 9 ,EC c _ ; # ;D@|\^>
O '�ê  Üº�Åß à�f.f�ë�ç¼ä�f.fª�o5 ÜXf�Þãå�ç�ß ê

è í.5ªî x�ê \ ê � CT' @�L ' ;D@ C LÀà a ê i ê \�FW@ C F¯FW@�J # L�c�� ê � ê �À@ ' ;�à��2i?@ nN# ; C ��@!H�9�R U JK@ 'D'DC A CT,TC ;<O
9.F C L
;D@2J # HI; C L n ;<z{9o��c C R[@2L 'DC 9NL #., @ , @�HI;GJX9NL # L�c � ~ #.'DCTU�# JX; C H , @ n�#&' @ ' ��à4\^>
O '�ê
r @�� ê�a @�;K; ê�d �Ýà�á�åªëªä�áãå�å ÜXf¼Þ�Þ�âÅß ê

è í�Þªî�ï ê*ð�ê¶ñ=ò�ó�ô�õ�ö�÷ à�ð ê¸ùÓêÁù ÿ ��û ÿ ÷ à ù�ê6ñøê¶ú ÿ ÷�ôª��1.��û�ý�� à{� ê*ù�êÁúÓò.��ô½û ÿ ÷���ûý�� à
ð�ê*ù�ê{úÓò�û�ò�üøû�ýþ à�� ùb��ý � þ�ýöeò¼ûõ�ô½þ�ýõ ÿ ÷�ô½þ�ý � ��÷�ò � ö¼õþ�� � ý þ ÿ ��ý
��ö�� ��� ý��{ô �
õ � ��ô þ�ô|ò�þö�õ � ý�óô��÷ � �¼ý²ò¼û���ý
� ÿ þþ��¡m� ÿ ��� ÿ�� þý�� ÷S"$#o%('*)ª%(,-"$#o%('
û�÷Åô�þ
� ÿ&�
÷��¡ ��� ô+ �ªà  ¶ý��21 � ô Ö ×²Ø43 Ú d Ü0Þ�ß�à�áãå�í{ä�á�åÅå Ü�â�ç�çãâ�ß ê

è)ë�çªî %øê8a ê¿7 @�;K;D@2J:àå�2� , @2HI;GJK9�c
O
L # R C H 'ï# L�c ;D>�@2J<R[9Nc�O
L # R C H ' 9&F # H ,V#&'D'DC H #&,

@ , @2HI;GJK9�L ' ~�JXF # H�@ ,E# O�@2J��ªà�\^>
O '�ê�r @�� ê } � ¸Ýà�í�å½í�Þ¼ä�í�åªë	� ÜXf�Þ�åªëSß ê
è)ë�f¬î ñøê¸ùÓêªõ ô�õý ÿ þ ÿ ÷ à ù�ê8ö�ê Ø ý � ÿN÷ ö�ö�÷ à ð�êªø¶÷Åô �Ëà ú�ê ï ÿ ö¼õ�ö�þ��:ö�þ à�� ú ÿ ����ö¼û
��ý�÷ �
þ ÿ ö � ÿ ��� ÿ�� þýö � ö Ä=��� þ���³ò�û	��ý�� ÿ þ ÿ ÷ ÷m"$#o%('*)ª%(,-"$#o%('4�F÷ ÿ ��þ���	û�÷Åô�þ
� ÿ&�
÷��¡ ��� ô+lù�õ�ý ý � ù�ò���1���þ ÿ�� õö�� ÿ þ�ô½þ���þ ÿN� ÷ ÿ ��ó�ò Ä �Fö�þ�ýý �ªà  ¶ý��21 � ô Ö ×ÙØ!3
Ú�©Ià�â�í�í{äâ½í.5 Ü�â�çÅç�â�ß ê

è)ëSâ¼î�ï ê*ù�ê Øìÿ ÷���� ÿ þ ÿ���à ð�ê¸ù�ê�úÓò�û�ò�üøû�ý�þ à õKê¸ùÓê�ú�ò���ý�û�ýKù�ê�úÙêÅú¶ý�õ�ù�ý�ûö�÷ à�� ñÁû�ò �
����ý�ûö2��û�ýö � ô � þö�� ÿ ù���ôª� � ö�þ�þ�� ö ÷ ÿ ��ó½ò Ä �Fö�þ�ý � ÷¿�F÷ ÿ ��þ���¨ò*��ö¼û
��õ ÿ þ�þ��¡
�¹� ÿ+�  ��à  ¶ý���1 � ô Ö ×ÙØ!3 Ú d à��½Þ�â�ä���Þãå Ü�â�ç�çãâ�ß ê

gIgDü



è)ë�íªî _=ê � ê k?9&� ' ;D9�L�9 n à a ê � ê ��~ ,ECTu à q?ê � ê ��~ u ~ ' > u	C LIà %øê � ê]t > #&U�,ECTu à�@�; #.,0ê à
� % H�9�~ ' ; C H #.,�# L�cB9 U ; C H #&, R #&n L�@�;D9 U�,E#.' R # @I��H C ; # ; C 9NL '|C L # A CT,V# O�@2J�@ , @2HI;GJK9�L
' O ' ;D@2R��ªà�\]>�O '�ê�r @�� ê } d�d à�â{ë�f�í�ç�5 Ü&ë U�#&n @ ' ß¶Ü�â½ç�ç�âÅß ê

è)ë�ë½î j�ê k ê }b9�9&; ' R # L�LIà tÓê�j�ê s{~Àà t > ê s?@�O
LIà[@�; #&,�ê àí� % H�9�~ ' ; C H U�,V#&' R[9NL '

# L�c C L�c C JX@�HI; C L
;D@2J ' ~�A�A # L�cm@I��H C ; # ; C 9NL '{C L:;G~�L�L�@ ,TC L n �±H�9N~ U�, @2c "$#o%(' � %(,-"$#&%('

c�9�~�A , @ � ~ # L
;G~�R z{@ ,E,T' �2\^>
O '�ê�r @�� ê } d ÚIà�fªâ	f�íÅç�Þ�Ü r ß¶Ü&ë U�#on @ ' ß¶Ü�â½ç�çÅí�ß ê
è)ë	�¼î x�ê \ ê�t >�@2L n à x�ê �49NL
9 # L�cÐ} ê v ê�j H t 9�RÃA
@�@�; #&,�ê à������ C c�@2L�H�@lFW9NJ #�_ ; # A , @
�¦��H C ;D9NL C H " JK9�~�L�c _ ; # ;D@ C L #í_�U�# ; CV#&,E, O _ @ U�# J # ;D@2c¿� , @2HI;GJK9�L��Ks?9 , @ _ O ' ;D@�R¬�ªà
\]>�O '�ê�r @�� ê�a @�;<; ê Ú��ìàë	�½ç¼äSë	��í�ÜPf¼Þ�Þ���ß ê

è)ë�áªî "�ê8r�ê�%(Cp·2C LÀà¼} ê¼a�#.CTu >
;GR # L # L�c " 9�c
F°JX@�O " ~�RSA ' àb�2\ ,V#&' R[9NL '$C LÐH�9�~ U�, @2c
@ , @2HI;GJK9�L���>
9 , @�c
9N~�A , @ � ~ # L�;G~�R z�@ ,T,E' �ªàS\]>�O '�ê�r @�� ê }�à d �ìà:f{â���í
fªå�ä�f{â.�½í�â��
Ü�â½ç�ç
fªß ê

è)ëSå¼î x�ê �(9 , 9NJK@2L�H�à a ê�_ RSJ<H u�# à # L�cí\ ê�_ ;GJK@2c # à�� q L
;D@2J ,E# O�@2J{s #&,E, @�F¯F°@2HI; C L�c�9�~�A , @
� ~ # L
;G~�R z{@ ,T,T'�' ~�A ã @2HI;â;D9 C L	� U�,V# L�@QR #on L
@�; C H¨F C @ , c ' �ªàÃ\^>
O '�ê8r @�� ê }�à d�d à
ç�5N�½í�ç
fÈä�ç�5N��íÅç.5 Ü�â½ç�çãâ�ß ê

è)ëN5ªî¡´$~ ê � ê?a 9 · 9&� CEu à�� ê�a ê }b@�JKR # LÀà j�ê � CE,T,V# L�c
@�J¬à(� _ ~ U @�JPF , ~ C c C ;<Oâ9&F C L�c C JK@�HI;

@���H C ;D9�L '=# L�c�A C @I��H C ;<9NL ' C L�H�9�~ U�, @2c � ~ # L�;G~�R z{@ ,E,T' # L�c ' ~ U @2J ,E# ;K; C H�@ ' �ªà x�ê
\]>�O '�ê�t à � �LÜ&ëSåÅß à�f{â{ë���å�ä�f{âªëSå�� Ü�â�çÅç�â�ß ê

è)ë�Þªî¡´ ê } ê � #&'DCE, O�@��.à!� êæ%øêl_ 9 , 9&��¶æ@��.à$} ê ´ êlj @ , ¶æ; ' @2J:à!@�; #.,0ê à � t 9�L
;GJK9 , A�O # L

@ , @2HI;GJ C H!F C @ , c²9.F¼@ , @2HI;GJK9�L���>
9 , @ ' @ U�# J # ; C 9NL C LY;<O U @I� q�q >
@�;D@2JK9 ' ;GJK~�HI;G~�JX@ ' �ªà _ 9 ,TC c
_ ; # ;D@ t 9NRSRS~�L ê à � Û��LÜ0Þ�ß�à�íãâ�í¼ä�í�â½á Ü�â½ç�çãâ�ß ê

è×��çªî!v ê � ê	_ L�9 u @Åà��*�À>�@2L ' >�9�~ , c z{@ 'G# O�z{@�> # ��@{9�A ' @2JX��@2cÃ}`9 ' @{H�9NL�c�@2L 'G# ; C 9NL

9.F�@I��H C ;D9�L '*ý ��à�\]>
O '�ê�_ ; # ; ê�_ 9 ,�ê Ü°AFß
Û���Ýà�í�5�Þ{ä�í�ÞÅá Ü�â�çÅç�í�ß ê

gGþ«ÿ



è×�	f¬î!v ê � ê�_ L
9 u @Åà _�ê v!@2L�@��.à�´ ê�a�C ~²@�; #.,0ê à�� a 9�L n ��J # L n @!;GJ # L 'DU 9�JX; C LÃ@���H C ;D9�L C H
c # J uY' ; # ;D@ '�C LmH�9�~ U�, @2c � ~ # L�;G~�R z{@ ,E,T' ��à�i # ;G~�JK@�� � �Ýà�å.�{ë�äå���å Ü�â�çÅç�â�ß ê

è×��â¼î�� ê � ê ��J C ��9 ,E#&U H�>�~ u àl� ê�_=ê�j 9 'Du�#&, @�L u 9�à %øê�a ê�� >�R[9�c CTu 9.�.à=� _�U @�H C F C H
FW@ # ;G~�JK@ ' 9.F�;G>
@ C L�c C JK@2HI;�@I��H C ;<9NL , ~�R C L
@ ' H�@2L�H�@ ,TC L
@ C L "$#&%('*)+%(,-"$#&%(' c�9�~�A , @
� ~ # L
;G~�R z{@ ,E,T' ��à�\^>
O '�ê�r @�� ê } d �ìà�ç�ë���í
f¼í Ü�â�çÅç
f{ß ê

è×��íªî�� ê8úÙê�õ ÿ � ÿ ÷Åýû à ù�ê¸ð�ê � ��� ÿ þ à���ð ÷ ÿ � � ÿ+Ä þ ÿ ����ý:��÷½ö�õ�
�½ö¼û�ò
ûö2����ý õ�ôo����ö �
��ö�þ�þ��� ÷�ù�õ ÿ ����õ�ô½þ�����÷½ö(ò¹��ö�û���õ ÿ þ ÿ ÷ ý=��� õ ÿ û²ù�õý�ý	Ã��ù�ô½õ�ý÷�ô½þ�ýý��Sþ ÿ ÷.�?�
� öI�ô�þý
� � ��÷�ö�õ��ùõ ÿ ÷ ÿ ��ý � ÿ ����ý �ªà  ¶ý���1 � ô Ö ×²Ø43 Û�ÛÝÜXf.fªß à	�.�½á¼ä�����ÞÎÜXf¼Þ�å.�Åß �
� � ÿ ÷.�{� � öI�ô�þý
� � ��÷½ö�õ��ù�õ ÿ ÷ ÿ �Fý � ÿ ����ý�»4�2ù�ô�õý�÷Åô�þýö � ö Ä ��òôù�õ ÿ ����õ�ô½þ �
����÷½ö�þ�þ ÿ õ�ôª����ö���ö�þ�þ�� � ý¬ò¹��ö�û���õ ÿ þ�ô � ý ýí��� õ�ûÅô � ý �ªàIÖ ×ÙØ!3 Ú � à å�í.5{äå���í
ÜXf¼Þ�å�áãß�à � � ê���ô�û Ä ö�û ÿN� ö�õö�þ
�Åþ�� öS��÷ ÿ ������÷�ô�ò*��ö�û���õ ÿ þ � ��� õ ÿ û�þ��¡¿��ý����½ö � ÷
õ�ô�ó ÿ ��ô+�õKê²ù�ê²úÁö������
ü à�� ê²ù�êÙú ÿ ù�ô½ö�÷ à¡3øØ Ø à d àÙâ�å�Þ�fÇÜXf¼Þ�á½ëSß ý�õKê²ù�ê
úÁö������ ü à ñøê��øê�ú ÿ �2� ÿ ÷ à�Ö ×ÙØ!3�à�©��ìà�Þ�å&5 ÜXf¼Þ�á.5ãß ê

è×�{ë½î ñøê¸ùÓêÃú4��ó4ûþ�ýû à�� ê8úËê:õ ÿ � ÿ ÷�ý�û à¿� ùe�Fý � þýö � ö Ä � ÿ þþ��¡ ùö�õöI ÿ � ÿ ÷
þ�ô¥� ÿ û ÿ ÷.� öÐ� ÿ ��� ÿ+� þ�ý � ÷¢��ý����½ö � ô+¨� ÿ ��ù�ô�õý�÷Åô�þýö � ò¹��ö�û
�Åõ ÿ þ ÿ ÷�ý���� �
õ ÿ û �ªà Ö ×²Ø43 Ú d àÀáãå�ç{ä�á.5Åá ÜPf¼Þ�å½Þ�ß � � ê8úËê�õ ÿ � ÿ ÷�ý�û à ùÓê¸ð�ê � ��� ÿ þ àe�2Ò ö Ä �
� ÿ þ�þ�� öQùö�õöI ÿ ��� ý ÷ ÿ � � ÿ+Ä þ ÿ ���.1 � ÿ û ÿ ÷.�¡ � ÿ ��� ÿ�� þý�� ÷ ��ý�����ö � ô+ �

ò*��ö¼û
��õ ÿ þ ä ��� õ ÿ û�þ�� � ��ù�ô�õý�÷Åô�þýö ����à  Áý���1 � ô Ö ×ÙØ!3 Û�©Ià]f25{äâ	f�ÜXf¼Þ�å�åÅß �
´$~ ê � ê8a 9 · 9&� CEu à j ê � CE,T,V# L�c
@2J:à��2�¼��H C ;<9NL '0# L�cÀR #on L�@�;D9�@I��H C ;<9NL '�C LÀH�9�~ U�, @2c
� ~ # L
;G~�R L # L�9 ' ;GJ<~�H�;D~�JK@ '�» ;G>�@ JK9 , @|9&F # c C JP;<Oí@�L�� C JX9NL�RS@2L�;ª��à %(U�U�,0ê \^>
O '�ê�%
Ú � à�í�å�Þ{ä�íÅÞ�ç Ü�â�çÅç�ç�ß ê

è×�.�¼î�� ê8úÙê�õ ÿ � ÿ ÷�ý�û à ñ ê Ò ê	�Lò�÷�ý�þ���û�ý�� à��2Ò ô � þý�� ÿ ò�û	��ý
� ÿ þ�þ ÿ ö�ù ÿN� � ÿ�
 ö¼þýö�÷
��÷ � �ªô½þ�þ��� û�÷Åô�þ
� ÿ ÷.�� ��� ôª �ªà�Ö ×²Ø43 ��� ÛIà�f{å�Þ�f�ä�f25�ç�5 ÜPf¼Þ�Þãå�ß ê

gGþ�g



è×��áªî!� ê ��9�L � ,ECp·2C L n à "�ê v�9�J<c # à # L�c j�ê \^@ U�U @2J:à �2i�@�z j @�;G>
9Nc F°9�J

s CTn >�� % H2H�~�J # HIO�v�@�;D@2J<R C L # ; C 9�L�9.F�;G>
@ 7¼C L�@I� _ ;GJ<~�H�;D~�JK@ t 9NL ' ; # L
;m} #&' @2câ9NL

£�~ # L
; Cp· @2cís #.,T,¼r @ 'DCE' ; # L�H�@	�ªà�\^>
O '�ê8r @�� ê8a @�;<; ê ��©IàëãÞ�ëªäSë�Þãå ÜPf¼Þ.5Åç�ß ê
è×��å¼î!v ê�tÓê k ' ~ C àMs ê8a êQ_ ;D9NJKRS@2J:à # L�c %øê�tÓêQ" 9 'D'G# J<cIà �Ik�z�9o�Kv C RS@2L 'DC 9�L #.,

j0#&n L�@�;D9&;GJ # L 'DU 9NJX; C L¢;D>�@��¼��;GJK@2R[@¬£�~ # L�;G~�R a�C R C ;ª�ªàe\]>�O '�ê�r @�� ê8a @�;K; ê ���Ýà
fª�.�½Þ¼ä�fª��áãâ ÜXf¼Þ.5�âÅß ê

è×�o5ªî�� ê8úÙê�õ ÿ � ÿ ÷�ý�û à ð�ê�ùÓê ð ÷�ûý�þ�þý�û ÿ ÷ à�� �Áö2����ô�óÅý
��1�þ ÿ ����1|ö ú� �F÷½ò���G� ÿ � �
þ ÿ ����ý����½ö � �µû ÿ�� ù ÿ �¼ý���þ��¡ ÷ ö�õ � ý ÿ þ ÿ ÷ ��à  ¶ý���1 � ô Ö ×²Ø!3�àìÚ�µ Ü�â�ß�à�5�á{ä�Þ�f
Ü�â½ç�ç�ë�ß ê

è×��Þªî?k #.u�# 9 j 9NJ C L # J C à��«k{~�L�L
@ ,TC L n @�F¯FW@2HI;:9NL¤;G>�@áH�9�R U 9 'DC ;D@¬FW@2J<R C 9�L U�#&C J C L n

' ; # ;<@ C L[A CT,E# O�@2J � ~ # L�;G~�R s #.,T,�' O ' ;D@2R ' ��àN\]>�O '�ê
r @�� ê } d ©Ià�f.fª��í�f�ÞKèy� U�#&n @ ' î
Ü�â½ç�ç�âÅß ê

è á�çªî!s ê8tÁêæ%øê � ãKC à %øê s ê j0# H+v!9�L #&, cÀà # L�c _=ê�j�ê "�C JX� C LIà � _ ~ U @�J ,V# ;<; C H�@

R #on L�@�;D9�JK9.;<9NL:A # L�c ' �ªà�\]>�O '�ê�r @�� ê8a @�;K; ê ©��Ýà�5�âªëªä
5�â�å ÜXf¼Þ.5�åÅß ê
è á
f¬î %øê }`@2JX;<9NL C à(\ ê }b9NJKc�9�L�@Åà r�ê }¡JK~�L�@�;<; C à tÓê4xN# H�9�A�9�L C à # L�c _=ê�r @ n.nNCE# L C à
�2£�~ # L�;G~�R a 9 n�C H "$# ;D@ ' A #.' @2cl9�L t 9N>
@�JX@�L�;]� , @�HI;GJX9NLlk{J # L 'DU 9�JX; C L�£�~ # L
;G~�R

� C JK@ ' ��à�\^>
O '�ê8r @�� ê�a @�;<; ê ���ìà���Þ
fªâ�ä���Þ
fª� Ü�â½ç�çÅç�ß ê
è á�â¼î _=ê?t > # J<A
9NL�L�@ # ~Àà j�ê?a ê � ê k?>�@�z #&, ;�à?�^R CT,(_=ê �(9&;D@ , @ 'Ã# L�c�} ê � , R # LIà
�Ik?J # L ' FW9�J<R # ; C 9�L�9&F 'DU�# ; CV#&,T, Olc C JK@2H�;¼;D9 'DU�# ; CV#&,E, O C L�c C JX@�HI;�@I��H C ;D9NL '�C L�H�9�~ U�, @2c

c�9�~�A , @ � ~ # L
;G~�R z{@ ,E,T' ��à�\]>�O '�ê�r @�� ê }¤��Ýà�á�â&5�å�ä�á�â½Þ�ç ÜXf�Þ.5�5�ß ê
è á�íªî x�ê � ê�" 9 , ~�AIà�\ ê�7Dê�a�CV# 9�à�v ê�xê � CT, @2L�A�@2J n @�J¬à x�ê \ ê s # JKA CT' 9NL # L�c a ê
k ê¦7¼, 9�JK@ · àe� j @ #&' ~�JK@2R[@2L
; ' 9.F`;G>�@[@ , @�HI;GJX9NL	��>�9 , @ A C L�c C L n �º@�L
@2J n O C LÐH�9�~ U�, @2c

gGþIþ



"$#&%('*)+%(,-"$#&%('¢� ~ # L
;G~�R z�@ ,T,E' �ªà _ 9 ,EC c _ ; # ;D@ t 9�RSRS~�L ê Ú�ÛÝÜÂ5�ß�à å�íN��äå½í.5
ÜXf¼Þ.5�Þãß ê

è á�ë½î x�ê � ê�" 9 , ~�AÀà�� ê � #&' >Ià xê \ ê s # J<A CT' 9NLÀà # L�c a ê k ê�7¼, 9NJK@ · à!� a 9NL n � ,EC ��@2c
'DU�# ; CV#&,T, O C L�c C JK@2H�;�@���H C ;D9�L '�C LlH�9N~ U�, @�c "$#o%('*)ª%(,-"$#o%('¦� ~ # L
;G~�RQz{@ ,E,T' ��à+\^>
O '�ê
r @�� ê }�� � à�5���á½ëªä�5���áãå ÜPf¼Þ�ÞÅç�ß ê

è áN�¼î r�ê \ ê�a @ # � C ;<; # L�c xê � ê�a�C ;<; , @Åà¦���¼��H C ;D9�L C H�@�F¯FW@2H�; '{C L:;G>
@�9 U ; C H #&,�'DU @2HI;GJ #
9.F ' ~ U @2J ,E# ;<; C H�@ 'eC L # LS@ , @�HI;GJ C H�F C @ , c¼�ªà�\^>
O '�ê
r @�� ê }¢�ÀÛIà�f�f{å&5�ëªä�f.fªå�Þ�çKÜXf¼Þ�Þ�çãß ê

è á�áªî j�êÃj�ê v Cpn L # R # L�c x�ê � êÃ_	CEU @Åàm�2�¼��H C ;D9�L ' ; # ;<@ '¢C L H�9N~ U�, @�c c�9�~�A , @
� ~ # L
;G~�R z{@ ,E,T'íC L #�' ; # ; C H½@ , @2HI;GJ C H�F C @ , c¼�ªà(\^>
O '�ê$r @�� ê } ��Ýà�ë�ç�5�ë�äãë�çÅÞ�á
ÜXf¼Þ�Þ
fªß ê

è á�å¼î 7Dê�j�ê \^@�@�;D@2J '�# L�c xê � ê�" 9 , ~�AIà��2} C L�c C L n @2L�@2J n OS9&F�;G>�@�A # J<A
@ ,T, @I��H C ;<9NL���à
\]>�O '�ê�r @�� ê }���Ýà��	f+�½Þ¼ä��	f�áãâ ÜPf¼Þ�Þ�f{ß ê

è á.5ªî "$# J<L�@�;<;S� ê }`JXO # L�;�à(� q L�c C JK@2HI;K�º;<9&�±c C JX@�HI;SH�JK9 'D' 9&��@�J 9&F ,E# ;D@2J #&,E, O¢H�9�L
F C L�@2c
@���H C ;D9�L '?C LmH�9�~ U�, @2c � ~ # L
;G~�R z{@ ,E,T' ��à�\]>�O '�ê�r @�� ê }�� d à�f25�ÞÅí¼ä�f25�ÞÅá ÜPf¼Þ�Þãâ�ß ê

è á�Þªî�� ê8úÙê õ ÿ � ÿ ÷�ý�û à ð êæõKê ö ö�õ � ô½þ à �23 ôo� ÿ ÷��Ëö ù�ö�õöI ÿ ��� ÷ ��ý��½ö � ö
ù�õ ÿ ����õ�ô½þ�����÷�ö�þ�þ ÿ�ä õ�ôª���Fö���ö�þþ��¡ ò*��ö�û���õ ÿ þ ÿ ÷ ý ���
õ ÿ û ��à Ö ×²Ø!3 ����� à
f�5�å½Þ¼ä�f�5�Þ��	ÜXf¼Þ�Þ�åÅß � � ú¶÷�ô½þ�� ÿ ÷�ô � ûõ�ý�����ôo���Fý
�{ô���ý � �F÷½ò � ö�õ�þ���¬�Fý�ù ÿ ��1�þ��¡
��ý�����ö ���ªà�3øØ Ø à���¸ Ü�å�ß�à�f¼íN��ç{ä�f¼íN�.� ÜXf�ÞÅÞ.5ãß ê

èfå�çªî¡´$~ ê � ê�a 9 · 9&� CEu àN� êæ%øê	r{#.u 9�H�>Ià�� _ ;GJ<~�HI;G~�JK@ # L�c=RS@ , ; C L n 9&F�c CEU 9 , @{H , ~ ' ;<@�J ' ��à
\]>�O '�ê�a @�;<; ê�% Û��©ÝÜXf{ß�à��.��ä�á�ëÃÜXf¼Þ�Þãå�ß

gGþ��



èfå	f¬î �Lê v�9�L u��9�à "øê×xê � #&, R # LIàI@�; #&,�ê à���v�O
L # R C H #&,&' ;GJK~�HI;G~�JX@eF°~�L�HI; C 9�L ' à2H�9 ,E, @2HI; C ��@
RS9�c�@ ' à # L�c�@�L
@2J n O n�#&U:C L:H�> # J n @�c	� U�# JX; C H , @�A CT,V# O�@2J ' �ªà�\]>�O '�ê�r @�� ê�a @�;<; ê µ�¸Ýà
âÅâ�á�5�ç�ë±Ü�â½ç�çÅí�ß ê

èfå�â¼î r�êyx�ê � ,T,TC 9&;<;�à r�ê.a 9�~�c�9�LIà��«k{>
@�9NJXOl9.F�F C L
@ ' ;GJ<~�HI;G~�JK@�9�L�;G>
@ # A ' 9�J U ; C 9�L�@2c n @
C L ' @2R C H�9�L�c�~�HI;D9NJ ' ��à x�ê \^>
O '�ê�t >�@2R ê�_ 9 ,�ê �Ýà�í�5�â�ä�í.5�5 ÜPf¼ÞN�½Þ�ß ê

èfå�íªî õKê8 �êDñ ÿ õ�1�û ÿ ÷ ý ð�ê8úËê � � � � ÿ üøý�þ���û�ý�� à!� ú �½ö ÿ õ�ý�ýâò¼û���ý
� ÿ þ�ô Ò ÿ �&��ôæ÷
��ý���1�þ ÿN��� ô � þý���þ ÿN� ù ÿ ��ö �ªà�Ö ×ÙØ!3 ©�Ýà�å�f{å�ä�å�âÅâ ÜPf¼Þ�áãå�ß ê

èfå{ë½î j�êæ%øê a�# R U @�JP;�à � j 9�A CT, @ # L�c q RSR[9NA CT, @ ��F¯FW@2HI; C ��@�� j0#.'D' �X\ # JX; C H , @
t 9�R U�, @��
@ '�C L³i?9�L�R[@�; #.,T,TC H _ 9 ,EC c ' �ªà�\^>
O '�ê�r @�� ê�a @�;<; ê�� àë���ç{äãë	�½í ÜXf�Þ��o5�ß ê

èfå.�¼î x�ê�x�ê \ #.,E# H C 9 ' à
v ê ´�9 ' > C 9 u�# à # L�c %øê s ê�j0# H+v�9NL #., cIà�� a 9�L n � ,TC ��@2cÃH�> # J n @2c
RÃ~ , ; CEU�, @I�º@I��H C ;<9NL½H�9�R U�, @I�
@ '�C L ' ;GJK9�L n R #on L
@�; C H|F C @ , c ' �ªà¦\]>�O '�ê]r @�� ê } ©��ìà
r âÅâ�Þ�á{ä r â�â½Þ�Þ ÜXf¼Þ�ÞÅá�ß ê

èfå�áªî %øê } ê v · O
~�A�@2L u 9 # L�c %øê ´$~ ê�_�C � # H�>�@2L u 9�à¼� t > # J n @2c0R #&n L�@�;D9.@I��H C ;D9�L '?C L
;<z�9o��c C R[@2L 'DC 9�L '�»�j0#on L
@�; C H(;GJ # L 'D,E# ; C 9�L '�# L�c�F # R CE,TC @ ' 9&F^c # J uY' ; # ;D@ ' �ªà�\^>
O '�ê
r @�� ê�a @�;K; ê ���ìàë�ë�â�Þ¼äSë�ëãí�â Ü�â�ç�çÅç�ß ê

èfå�å¼î %øê } ê v · O
~�A
@�L u 9�à�� t > # J n @2c�>
O
c�JK9 n @2L C H U JX9NA , @2R C L # R #on L
@�; C H:F C @ , c »

i?9NL�H�9�RSRS~
; # ; C ��@ ;GJ # L 'D,E# ; C 9NL ' àá~�L C ; # JXO ;GJ # L ' FW9NJKR # ; C 9NL ' à # L�c H�9N>
@�JX@�L�;
' ; # ;<@ ' �ªà�\^>
O '�ê�r @�� ê } d ©Ià�çÅíN��í�f25 Ü�â½ç�ç�âÅß ê

èfåo5ªî!� ê s?9�RSA�~�J n à�� ê�_ @2A #&, @�; #&,�ê àe��i?@ n�# ; C ��@ , O³H�> # J n @2c¬;GJ C 9�L C L � L _ @ 'DC L n�, @
� ~ # L
;G~�R z{@ ,T,T' z C ;D>0��@2JXO , 9&z§@ , @2HI;GJK9�L0c�@2L 'DC ; C @ ' �ªà�\^>
O '�ê�r @�� ê } d ÛIà.å{ë�f�í{ä
åªë�f¼Þ Ü�â�çÅç�ç�ß ê

gGþ��



èfå�Þªî tÓê�r?C � # à 7Dê�j�ê \^@�@�;D@2J '�# L�cm� ê � # J nN# à����¼��H C ;D9�L '�# L�cYH�> # J n @2cÃ@���H C ;D9�L '¡C L
' @�R C H�9�L�c�~�HI;D9�J � ~ # L�;G~�R z�@ ,T,E' �ªà�\^>
O '�ê�r @�� ê } d�� à�f¼í.5�å½í¼ä�f�í.5�5
fKÜ�â�ç�çÅç�ß ê

è65�çªî %øê � 'D' @2J:à�� ê¼r ~�L n @�à r�ê���C RSR=@2J<R # L�L # L�c¬� ê�a�# L n A�@ C LIàe��� , @2HI;GJK9�L # L�c
>�9 , @e;GJ C 9�L '¦C L�z C c
@ "$#o%('¦� ~ # L
;G~�Rôz{@ ,E,T' ��àª\^>
O '�ê&_ ; # ; ê&_ 9 ,0ê ÜWA�ßìÛ=Û � à�âo5
fÈäâ&5�á
Ü�â½ç�ç�çãß ê

è65
f¬î!} ê!_ ;
é
A
é
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