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Warm Dense Matter (WDM) has emerged as a focal point of scientific intrigue, owed

to its substantial implications across a diverse array of physical systems, spanning from

the interiors of exoplanets and the pursuit of sustainable energy via inertial confinement

fusion to the atmospheric conditions of neutron stars. WDM refers to ionized fluids at the

intersection of condensed matter physics, plasma physics, and dense liquids. This nexus

position in thermodynamic parameter space makes it incredibly difficult and complex to

model because the electrons exhibit quantum behavior, and the ions are strongly coupled.

Most methods used to model WDM employ the Born-Oppenheimer approximation, also

known as the adiabatic approximation, which assumes that the electrons and ions do

not exchange energy. The validity of the adiabatic approximation in WDM is ultimately

unknown, though people have tried to investigate this with varying degrees of success.

This thesis constitutes an exploration, encapsulating three distinctive studies based on

three published manuscripts, investigating the intricate behaviors of non-adiabatic effects

on ion dynamics in WDM. Each study is rooted in the paradigm of wave packet molecu-

lar dynamics (WPMD). The WPMD method, known for its computational efficiency in

exploring dynamic processes beyond the Born-Oppenheimer (BO) approximation, relies

on implementing simplified approximations for computational expediency.

The first study concentrates on elucidating the behavior of aluminum through non-

adiabatic simulations, utilizing the electron-force field (eFF) variant of wave-packet molec-

ular dynamics. Validation efforts centered on comparing the ion-ion structure factor with

density functional theory (DFT) across diverse temperatures and densities within the

WDM regime, specifically targeting conditions of 3.5 eV and 5.2 g/cm3. The comprehensive
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analysis of the dynamic structure factor and dispersion relation, employing both adia-

batic and non-adiabatic techniques, revealed a notable alignment between the dispersion

relation obtained through eFF and the robust Kohn-Sham DFT.

The second study rigorously examined three prevalent approximations within WPMD-

restricted basis sets, exchange approximations, and correlation omissions-focusing on

their impact on atomic and molecular hydrogen and dense hydrogen plasma. Integrating

a two-Gaussian basis with a semi-empirical correction derived from the valence-bond

wave function demonstrated a significant improvement, enabling precise scaling of this

correction to align with experimental pressures. These findings underscore the pivotal

role of semi-empirical scaling parameters in rectifying primary WPMD approximations,

emphasizing their role in enhancing accuracy and unveiling underlying physics insights.

The third study investigates a novel model-independent method introduced to assess

the impact of non-adiabatic electron-ion interactions on transport properties inWDM. The

primary focus of this inquiry is how non-adiabatic electron-ion interactions influence equi-

librium ion dynamics in warm, dense hydrogen. This unique method overcame previous

difficulties of comparing adiabatic and non-adiabatic simulation, which generally suf-

fered from the underlying approximations made by each model, by using a non-adiabatic

simulation of electrons and ions to obtain a forced matched ion potential with the same

level of approximations. The forced matched potential was implemented through classical

molecular dynamics to serve as the adiabatic simulation method, as the system did not

directly include electron-ion interactions. This method, applied across diverse conditions

in warm, dense hydrogen, concluded that non-adiabatic effects exert minimal influence

on the ion self-diffusion coefficient.

This comprehensive approach to evaluating the necessity of non-adiabatic simulations

offers critical insights in a research landscape marked by limited experimental data on
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WDM. These findings substantially validate the adiabatic approximation for simulations of

extreme states of matter, significantly advancing our understanding of WDM phenomena.
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�T�J�N�V�M�B�U�J�P�O�T �G�P�S �G�P�V�S �T�Q�F�D�J	��J�D �E�F�O�T�J�U�J�F�T �B�O�E �U�F�N�Q�F�S�B�U�V�S�F�T���� �� �� �� �� �� �� �� �� ������

������ �&�M�F�D�U�S�P�O���J�P�O �S�F�M�B�Y�B�U�J�P�O �U�J�N�F �G�S�P�N �F�'�' �B�O�E �F�Y�Q�F�S�J�N�F�O�U�T �G�P�S �I�Z�E�S�P�H�F�O �B�U
� = 0:07 �H���D�N3�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ������



�Y

�-�J�T�U �P�G �'�J�H�V�S�F�T

������ �1�I�B�T�F �E�J�B�H�S�B�N �P�G �8�%�.�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ����
������ �4�J�N�V�M�B�U�J�P�O �N�F�U�I�P�E�T �Q�I�Z�T�J�D�B�M �S�F�M�F�W�B�O�D�F �T�D�B�M�F�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ����
������ �)�F�B�U �D�P�O�E�V�D�U�J�P�O �F�Y�B�N�Q�M�F �P�G �U�S�B�O�T�Q�P�S�U �Q�S�P�Q�F�S�U�J�F�T�� �� �� �� �� �� �� �� �� �� �� �� �� ������
������ �3�%�' �B�O�E �4�4�' �G�P�S �T�P�M�J�E�
 �M�J�R�V�J�E�
 �B�O�E �H�B�T �Q�I�B�T�F�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ������
������ �*�P�O �%�Z�O�B�N�J�D �4�U�S�V�D�U�V�S�F �'�B�D�U�P�S �F�Y�B�N�Q�M�F �J�O �U�I�F �I�Z�E�S�P�E�Z�O�B�N�J�D �S�F�H�J�N�F�� �� ������
������ �1�B�T�U �B�U�U�F�N�Q�U�T �U�P �F�Y�U�S�B�D�U �O�P�O���B�E�J�B�C�B�U�J�D �F�n�F�D�U�T�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ������

������ �5�I�F �-�� �E�J�n�F�S�F�O�D�F �J�O �U�I�F �T�U�B�U�J�D �T�U�S�V�D�U�V�S�F �G�B�D�U�P�S�T �G�P�S �X�B�S�N �E�F�O�T�F �B�M�V�N�J�O�V�N
�B�S�F �D�B�M�D�V�M�B�U�F�E �C�F�U�X�F�F�O �F�'�'�
 �V�T�J�O�H �N�P�E�J	��J�F�E �B�O�E �V�O�N�P�E�J	��J�F�E �Q�B�S�B�N�F�U�F�S�T�

�B�O�E �0�'���%�'�5�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ������

������ �5�I�F �T�U�B�U�J�D �T�U�S�V�D�U�V�S�F �G�B�D�U�P�S �G�P�S �X�B�S�N �E�F�O�T�F �B�M�V�N�J�O�V�N �D�B�M�D�V�M�B�U�F�E �X�J�U�I �F�'�'�

�C�P�U�I �N�P�E�J	��J�F�E �B�O�E �V�O�N�P�E�J	��J�F�E�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ������

������ �5�I�F �E�Z�O�B�N�J�D �T�U�S�V�D�U�V�S�F �G�B�D�U�P�S �G�P�S �X�B�S�N �E�F�O�T�F �B�M�V�N�J�O�V�N �B�U ������ �F�7 �B�O�E
������ �H���D�N3 �D�B�M�D�V�M�B�U�F�E �X�J�U�I �F�'�'�
 �C�P�U�I �N�P�E�J	��J�F�E �B�O�E �V�O�N�P�E�J	��J�F�E�� �� �� �� �� �� ������

������ �5�I�F �E�J�T�Q�F�S�T�J�P�O �S�F�M�B�U�J�P�O �G�P�S �X�B�S�N �E�F�O�T�F �B�M�V�N�J�O�V�N �B�U ������ �F�7 �B�O�E ������ �H���D�N3�

�D�B�M�D�V�M�B�U�F�E �X�J�U�I �F�'�'�
 �C�P�U�I �N�P�E�J	��J�F�E �B�O�E �V�O�N�P�E�J	��J�F�E�� �� �� �� �� �� �� �� �� �� �� �� ������

������ �5�I�F �H�S�P�V�O�E �T�U�B�U�F �F�O�F�S�H�Z �P�G �U�I�F �I�Z�E�S�P�H�F�O �B�U�P�N�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ������
������ �7�B�M�J�E�B�U�J�P�O �P�G �U�I�F �U�I�S�F�F���U�F�S�N �1�B�V�M�J �Q�P�U�F�O�U�J�B�M���� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ������
������ �#�J�O�E�J�O�H �F�O�F�S�H�Z �P�G �U�I�FH2 �N�P�M�F�D�V�M�F���� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ������
������ �7�J�C�S�B�U�J�P�O�B�M �G�S�F�R�V�F�O�D�Z �P�G �U�I�FH2 �N�P�M�F�D�V�M�F �X�J�U�I �B�O �J�O�D�S�F�B�T�J�O�H �(�B�V�T�T�J�B�O

�C�B�T�J�T �T�F�U���� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ������
������ �5�I�F �Q�S�F�T�T�V�S�F �P�G �E�F�O�T�F �I�Z�E�S�P�H�F�O���� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ������

������ �1�M�P�U �P�G �J�P�O���J�P�O �Q�P�U�F�O�U�J�B�M �F�O�F�S�H�Z �G�P�S �B �) �Q�M�B�T�N�B �E�F�S�J�W�F�E �G�S�P�N �B�O �F�'�' �T�J�N�V��
�M�B�U�J�P�O �B�O�E �3�%�' �D�P�N�Q�B�S�J�T�P�O �B�U� �� �������� �H���D�N3�
 �5 �� ������ �F�7�� �� �� �� �� �� �� �� �� ������

������ �*�P�O �T�F�M�G���E�J�n�V�T�J�P�O �D�P�F	��J�D�J�F�O�U�T �P�C�U�B�J�O�F�E �G�P�S �B �S�B�O�H�F �P�G �E�Z�O�B�N�J�D �F�M�F�D�U�S�P�O
�N�B�T�T�F�T �B�U �W�B�S�J�P�V�T �E�F�O�T�J�U�J�F�T �B�O�E �U�F�N�Q�F�S�B�U�V�S�F�T �G�S�P�N �O�P�O���B�E�J�B�C�B�U�J�D �B�O�E
�B�E�J�B�C�B�U�J�D �T�J�N�V�M�B�U�J�P�O�T���� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ������

������ �&�M�F�D�U�S�P�O���J�P�O �U�F�N�Q�F�S�B�U�V�S�F �S�F�M�B�Y�B�U�J�P�O �W�F�S�T�V�T �U�J�N�F �G�P�S �U�I�F �D�P�S�S�F�D�U�F�E �F�'�' �I�F�B�U
�D�B�Q�B�D�J�U�Z���� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ������

������ �*�P�O �4�4�' �D�P�N�Q�B�S�J�T�P�O�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ������
������ �)�J�H�I �L �M�J�N�J�U �%�4�' �T�V�N �S�V�M�F�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ������



�Y�J

������ �*�P�O �*�4�' �B�O�E �%�4�' �X�J�U�I�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ������
������ �*�P�O �%�4�' �G�S�P�N �D�V�S�S�F�O�U �X�P�S�L�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ������
������ �*�P�O �E�J�T�Q�F�S�T�J�P�O �S�F�M�B�U�J�P�O �G�S�P�N �D�V�S�S�F�O�U �X�P�S�L�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ������

�"���� �5�F�N�Q�P�S�B�M �F�W�P�M�V�U�J�P�O �P�G �U�I�F �F�M�F�D�U�S�P�O�J�D�
 �J�P�O�J�D�
 �B�O�E �U�P�U�B�M �L�J�O�F�U�J�D �F�O�F�S�H�Z �J�O �U�I�F
�T�J�N�V�M�B�U�J�P�O���� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������

�"���� �F�'�' �B�O�E �0�'���%�'�5 �4�4�'�T �D�P�S�S�F�T�Q�P�O�E�J�O�H �U�P �Q�B�O�F�M �	�B�
 �J�O �'�J�H�� ���� �� �� �� �� �� �� �� ��������
�"���� �F�'�' �B�O�E �0�'���%�'�5 �4�4�'�T �D�P�S�S�F�T�Q�P�O�E�J�O�H �U�P �Q�B�O�F�M �	�C�
 �J�O �'�J�H�� ���� �� �� �� �� �� �� �� ��������
�"���� �F�'�' �B�O�E �0�'���%�'�5 �4�4�'�T �D�P�S�S�F�T�Q�P�O�E�J�O�H �U�P �Q�B�O�F�M �	�D�
 �J�O �'�J�H�� ���� �� �� �� �� �� �� �� ��������
�"���� �F�'�' �B�O�E �0�'���%�'�5 �4�4�'�T �D�P�S�S�F�T�Q�P�O�E�J�O�H �U�P �Q�B�O�F�M �	�E�
 �J�O �'�J�H�� ���� �� �� �� �� �� �� �� ��������

�#���� �F�'�' �B�O�E �'�. �Q�P�U�F�O�U�J�B�M �3�%�'�T �G�P�S �) �B�U� �� �������� �H���D�N3 �B�O�E �5 �� ������ �F�7�� �� �� �� ��������
�#���� �F�'�' �B�O�E �'�. �Q�P�U�F�O�U�J�B�M �3�%�'�T �G�P�S �) �B�U� �� ������ �H���D�N3 �B�O�E �5 �� ������ �F�7�� �� �� �� ��������
�#���� �F�'�' �B�O�E �'�. �Q�P�U�F�O�U�J�B�M �3�%�'�T �G�P�S �) �B�U� �� ������ �H���D�N3 �B�O�E �5 �� ������ �F�7�� �� �� �� ��������
�#���� �F�'�' �B�O�E �'�. �Q�P�U�F�O�U�J�B�M �3�%�'�T �G�P�S �)� �� ������ �H���D�N3 �B�O�E �5 �� �������� �F�7�� �� �� �� �� ��������
�#���� �F�'�' �B�O�E �'�. �Q�P�U�F�O�U�J�B�M �3�%�'�T �G�P�S �)� �� ���������� �H���D�N3 �B�O�E �5 �� �������� �F�7�� �� �� �� ��������



�Y�J�J

�"�C�C�S�F�W�J�B�U�J�P�O�T

�8�%�. �8 �B�S�N�%�F�O�T�F�. �B�U�U�F�S

�.�% �. �P�M�F�D�V�M�B�S�%�Z�O�B�N�D�J�T

�F�'�' �&�M�F�D�U�S�P�O�' �P�S�D�F�' �J�F�M�E

�8�1�.�% �8 �B�W�F�1�B�D�L�F�U�. �P�M�F�D�V�M�B�S�%�Z�O�B�N�J�D�T

�%�'�5 �%�F�O�T�J�U�Z�' �V�O�D�U�J�P�O�B�M�5�I�F�P�S�Z

�3�%�' �3�B�E�J�B�M�%�J�T�U�S�J�C�V�U�J�P�O�' �V�O�D�U�J�P�O

�4�4�' �4�U�B�U�J�D�4�U�S�V�D�U�V�S�F�' �B�D�U�P�S

�%�4�' �%�Z�O�B�N�J�D�4�U�S�V�D�U�V�S�F�' �B�D�U�P�S



��

�$�I�B�Q�U�F�S ��

�*�O�U�S�P�E�V�D�U�J�P�O

�4�J�O�D�F �U�I�F �J�O�U�S�P�E�V�D�U�J�P�O �P�G �U�I�F 	��J�S�T�U �U�N�P�E�F�S�O�V �D�P�N�Q�V�U�F�S �J�O �U�I�F ���������T�
 �X�I�J�D�I �X�B�T �M�F�T�T �B�E��

�W�B�O�D�F�E �U�I�B�O �B �C�B�T�J�D�
 �I�B�O�E�I�F�M�E �N�P�E�F�S�O �D�B�M�D�V�M�B�U�P�S �B�O�E �P�D�D�V�Q�J�F�E �B�O �F�O�U�J�S�F �S�P�P�N�
 �N�B�O�Z

�T�D�J�F�O�D�F�
 �U�F�D�I�O�P�M�P�H�Z�
 �F�O�H�J�O�F�F�S�J�O�H�
 �B�O�E �N�B�U�I�F�N�B�U�J�D�T �	�4�5�&�.�
 	��J�F�M�E�T �I�B�W�F �F�Y�Q�F�S�J�F�O�D�F�E �S�F��

�N�B�S�L�B�C�M�F �Q�S�P�H�S�F�T�T�� �5�I�F �D�P�N�Q�V�U�F�S �I�B�T �C�F�D�P�N�F �B �G�P�V�O�E�B�U�J�P�O �P�G �B�M�M �N�P�E�F�S�O �4�5�&�. 	��J�F�M�E�T�


�B�O�E �U�I�F �D�P�O�U�J�O�V�P�V�T �J�N�Q�S�P�W�F�N�F�O�U �P�G �D�P�N�Q�V�U�B�U�J�P�O�B�M �U�F�D�I�O�P�M�P�H�Z �P�W�F�S �U�I�F �Q�B�T�U ���� �Z�F�B�S�T �I�B�T

�S�F�T�V�M�U�F�E �J�O �O�F�X �S�F�T�F�B�S�D�I �B�S�F�B�T�� �5�I�F�T�F �D�P�N�Q�V�U�B�U�J�P�O�B�M �B�E�W�B�O�D�F�T �I�B�W�F �I�F�M�Q�F�E �U�P �F�Y�Q�B�O�E

�Q�M�B�T�N�B �Q�I�Z�T�J�D�T �J�O�U�P �B �N�P�S�F �E�J�W�F�S�T�F �B�O�E �S�J�D�I 	��J�F�M�E �P�G �T�U�V�E�Z�� �4�F�U�T�V�P �*�D�I�J�N�B�S�V �C�F�T�U �E�F	��J�O�F�E

�U�I�J�T �N�P�E�F�S�O 	��J�F�M�E �P�G �S�F�T�F�B�S�D�I �U�I�S�P�V�H�I �I�J�T �E�F	��J�O�J�U�J�P�O �P�G �Q�M�B�T�N�B �B�T �B�O�Z �T�U�B�U�J�T�U�J�D�B�M �T�Z�T�U�F�N �U�I�B�U

�D�P�O�U�B�J�O�T �N�P�C�J�M�F �D�I�B�S�H�F�E �Q�B�S�U�J�D�M�F�T �<���>�� �"�M�U�I�P�V�H�I �J�U �N�B�Z �T�P�V�O�E �J�O�T�V	��J�D�J�F�O�U�
 �U�I�J�T �E�F	��J�O�J�U�J�P�O

�B�M�M�P�X�T �Q�M�B�T�N�B �Q�I�Z�T�J�D�T �U�P �F�O�D�P�N�Q�B�T�T �F�W�F�S�Z�U�I�J�O�H �G�S�P�N �F�M�F�D�U�S�P�O �C�F�B�N�T �U�P �B�T�U�S�P�Q�I�Z�T�J�D�B�M �C�P�E��

�J�F�T�
 �T�F�N�J�D�P�O�E�V�D�U�P�S�T �U�P �N�F�U�B�M �W�B�Q�P�S�J�[�B�U�J�P�O�
 �B�O�E �E�J�B�N�P�O�E���B�O�W�J�M �D�F�M�M�T �U�P �J�O�F�S�U�J�B�M �D�P�O	��J�O�F�N�F�O�U

�G�V�T�J�P�O�� �"�T �T�V�D�I�
 �J�U �T�V	��J�D�F�T �U�P �E�F	��J�O�F �Q�M�B�T�N�B �J�O �Q�I�Z�T�J�D�T �B�O�E �F�O�H�J�O�F�F�S�J�O�H �<���>�� �8�I�F�O �T�V�D�I

�B �T�Z�T�U�F�N �J�T �D�P�O�E�F�O�T�F�E�
 �J�O�U�F�S�B�D�U�J�P�O�T �C�F�U�X�F�F�O �U�I�F �Q�B�S�U�J�D�M�F�T �C�F�D�P�N�F �T�P �I�J�H�I�M�Z �J�O	��M�V�F�O�U�J�B�M

�U�I�B�U �U�I�F �T�Z�T�U�F�N �N�B�Z �F�Y�Q�F�S�J�F�O�D�F �D�I�B�O�H�F�T �J�O �U�I�F �J�O�U�F�S�O�B�M �T�U�B�U�F�T �P�S �U�I�F �Q�I�B�T�F �U�S�B�O�T�J�U�J�P�O�T �<���>��

�5�I�J�T �D�P�N�Q�M�F�Y �T�V�C	��J�F�M�E �P�G �D�P�O�E�F�O�T�F�E �Q�M�B�T�N�B�T �J�T �L�O�P�X�O �B�T �I�J�H�I �F�O�F�S�H�Z �E�F�O�T�J�U�Z �Q�I�Z�T�J�D�T



��

�	�)�&�%�1�
�� �)�&�%�1 �I�B�T �E�F�W�F�M�P�Q�F�E �J�O�U�P �J�U�T 	��J�F�M�E �P�G �S�F�T�F�B�S�D�I �P�W�F�S �U�I�F �Q�B�T�U �U�X�P �E�F�D�B�E�F�T �E�V�F �U�P

�B�E�W�B�O�D�F�N�F�O�U�T �J�O �D�P�N�Q�V�U�B�U�J�P�O�B�M �D�B�Q�B�C�J�M�J�U�J�F�T�
 �X�I�J�D�I �I�B�W�F �H�V�J�E�F�E �U�I�F �V�O�E�F�S�T�U�B�O�E�J�O�H �P�G

�F�Y�Q�F�S�J�N�F�O�U�B�M �E�B�U�B��

������ �)�J�H�I�•�&�O�F�S�H�Z�•�%�F�O�T�J�U�Z �1�I�Z�T�J�D�T

�'�P�S �N�B�U�U�F�S �B�U �T�V	��J�D�J�F�O�U�M�Z �I�J�H�I �Q�S�F�T�T�V�S�F�T�
 �G�P�V�O�E �F�W�F�S�Z�X�I�F�S�F �G�S�P�N �U�I�F �J�O�U�F�S�J�P�S�T �P�G �Q�M�B�O�F�U�T

�B�O�E �T�U�B�S�T �U�P �U�I�F �D�P�O�E�J�U�J�P�O�T �P�G �U�I�F �F�B�S�M�Z �V�O�J�W�F�S�T�F �B�O�E �F�Y�U�S�F�N�F �T�U�B�U�F�T �M�J�L�F �R�V�B�S�L���H�M�V�P�O

�Q�M�B�T�N�B�T�
 �U�I�F �V�O�E�F�S�M�Z�J�O�H �Q�I�Z�T�J�D�T �D�B�O�O�P�U �C�F �B�D�D�V�S�B�U�F�M�Z �E�F�T�D�S�J�C�F�E �C�Z �U�I�F �N�P�S�F �D�P�O�W�F�O��

�U�J�P�O�B�M �N�P�E�F�M�T �V�T�F�E �G�P�S �U�I�F �G�P�V�S �Q�S�J�N�B�S�Z �T�U�B�U�F�T �P�G �N�B�U�U�F�S �	�T�P�M�J�E�
 �M�J�R�V�J�E�
 �H�B�T�
 �B�O�E �D�M�B�T�T�J�D�B�M

�Q�M�B�T�N�B�
 �<���L���>�� �*�U �J�T �F�T�T�F�O�U�J�B�M �U�P �O�P�U�F �U�I�B�U �Q�S�F�T�T�V�S�F �B�O�E �F�O�F�S�H�Z �E�F�O�T�J�U�Z �I�B�W�F �F�R�V�J�W�B�M�F�O�U

�V�O�J�U�T �	�<�/���N2�> �� �<�+���N3�>�
�
 �T�P �U�I�J�T �S�F�H�J�N�F �P�G �N�B�U�U�F�S �D�B�O �C�F �U�I�P�V�H�I�U �P�G �B�T �I�B�W�J�O�H �B �W�F�S�Z �I�J�H�I

�F�O�F�S�H�Z �E�F�O�T�J�U�Z�� �5�I�F �D�S�J�U�J�D�B�M �Q�P�J�O�U �B�U �X�I�J�D�I �U�I�F �Q�S�F�T�T�V�S�F �C�F�D�P�N�F�T �I�J�H�I �F�O�P�V�H�I �U�P �S�F�T�V�M�U

�J�O �O�F�X �C�F�I�B�W�J�P�S �B�O�E �E�J�W�F�S�H�F�O�D�F �G�S�P�N �F�T�U�B�C�M�J�T�I�F�E �N�P�E�F�M�T �D�B�O �C�F �C�S�P�B�E�M�Z �E�F	��J�O�F�E �B�T �U�I�F

�Q�P�J�O�U �B�U �X�I�J�D�I �U�I�F �C�J�O�E�J�O�H �F�O�F�S�H�Z �P�G �B �D�P�M�M�F�D�U�J�P�O �P�G �Q�B�S�U�J�D�M�F�T �J�T �P�O �U�I�F �P�S�E�F�S �P�G �U�I�F �J�O�U�F�S�O�B�M

�F�O�F�S�H�Z �P�G �B�U�P�N�T �B�O�E �N�P�M�F�D�V�M�F�T�
 �S�F�T�V�M�U�J�O�H �J�O �E�F�O�T�F�
 �J�P�O�J�[�F�E �N�B�U�F�S�J�B�M �U�I�B�U �B�D�U�T �J�O �V�O�J�R�V�F

�X�B�Z�T �<���>��

�8�I�F�O �B �T�Z�T�U�F�N �F�Y�Q�F�S�J�F�O�D�F�T �I�J�H�I �Q�S�F�T�T�V�S�F�T�
 �J�U �F�O�U�F�S�T �B �S�F�H�J�N�F �U�I�B�U �C�F�I�B�W�F�T �E�J�n�F�S�F�O�U�M�Z

�G�S�P�N �U�I�F �D�P�O�W�F�O�U�J�P�O�B�M �T�U�B�U�F�T�<���L�����>�� �"�U �T�V�D�I �I�J�H�I �Q�S�F�T�T�V�S�F�T�
 �U�I�F �C�J�O�E�J�O�H �F�O�F�S�H�Z �P�G �U�I�F

�Q�B�S�U�J�D�M�F�T �U�I�B�U �N�B�L�F �V�Q �N�B�U�U�F�S �J�T �P�O �U�I�F �T�B�N�F �P�S�E�F�S �P�G �N�B�H�O�J�U�V�E�F �B�T �U�I�F �J�O�U�F�S�O�B�M �F�O�F�S�H�Z

�P�G �B�U�P�N�T �B�O�E �N�P�M�F�D�V�M�F�T�� �4�V�D�I �M�B�S�H�F �F�O�F�S�H�Z �E�F�O�T�J�U�J�F�T �D�S�F�B�U�F �E�F�O�T�F�
 �J�P�O�J�[�F�E �N�B�U�F�S�J�B�M �U�I�B�U

�C�F�I�B�W�F�T �V�O�J�R�V�F�M�Z �B�O�E �F�Y�I�J�C�J�U�T �O�F�X �C�F�I�B�W�J�P�S�
 �E�J�W�F�S�H�J�O�H �G�S�P�N �U�I�F �F�T�U�B�C�M�J�T�I�F�E �N�P�E�F�M�T

�P�G �N�B�U�U�F�S�� �5�I�J�T �U�V�S�O�J�O�H �Q�P�J�O�U �M�B�S�H�F�M�Z �E�F�Q�F�O�E�T �P�O �U�I�F �N�B�U�F�S�J�B�M�� �)�P�X�F�W�F�S�
 �J�U �J�T �N�P�T�U

�G�S�F�R�V�F�O�U�M�Z �G�P�V�O�E �B�U �Q�S�F�T�T�V�S�F�T �P�G �B�Q�Q�S�P�Y�J�N�B�U�F�M�Z �� �.�C�B�S �	1011 �1�B�
1011 �+���N3�
106 �B�U�N�
 �<�����>�


�X�I�F�S�F �X�F �I�B�W�F �T�V	��J�D�J�F�O�U�M�Z �I�J�H�I �Q�S�F�T�T�V�S�F�T �U�P �J�P�O�J�[�F �U�I�F �N�B�U�U�F�S�� �0�O�F �T�Q�F�D�J	��J�D �)�&�%�1

�S�F�H�J�P�O �P�G �H�S�F�B�U �J�O�U�F�S�F�T�U �J�T �X�B�S�N �E�F�O�T�F �N�B�U�U�F�S �	�8�%�.�
�
 �X�I�F�S�F �F�Y�Q�F�S�J�N�F�O�U�T �P�|�F�O �S�F�R�V�J�S�F



��

�J�N�N�F�O�T�F �V�T�F�S �G�B�D�J�M�J�U�J�F�T �X�J�U�I �Q�V�M�T�F �Q�P�X�F�S �E�F�W�J�D�F�T�
 �I�J�H�I���Q�P�X�F�S �M�B�T�F�S�T�
 �B�O�E �P�U�I�F�S �T�V�D�I

�F�R�V�J�Q�N�F�O�U�� �6�T�J�O�H �T�V�D�I �T�U�B�U�F���P�G���U�I�F���B�S�U �G�B�D�J�M�J�U�J�F�T �N�B�L�F�T �F�Y�Q�F�S�J�N�F�O�U�B�M �8�%�. �S�F�T�F�B�S�D�I �D�P�T�U�M�Z

�B�O�E �U�F�D�I�O�P�M�P�H�J�D�B�M�M�Z �E�F�N�B�O�E�J�O�H�� �D�P�N�Q�V�U�B�U�J�P�O�B�M �T�J�N�V�M�B�U�J�P�O�T �I�B�W�F �B�M�M�P�X�F�E �S�F�T�F�B�S�D�I�F�S�T �U�P

�F�Y�U�S�B�D�U �N�P�S�F �J�O�G�P�S�N�B�U�J�P�O �G�S�P�N �U�I�F �M�J�N�J�U�F�E �E�B�U�B��

���������� �8�B�S�N �%�F�O�T�F �.�B�U�U�F�S

�8�%�. �J�T �B �T�U�B�U�F �P�G �N�B�U�U�F�S �U�I�B�U �J�T �G�B�T�D�J�O�B�U�J�O�H �B�O�E �V�O�J�R�V�F�� �*�U �J�T �J�O�U�F�S�N�F�E�J�B�U�F �C�F�U�X�F�F�O �B

�T�P�M�J�E�
 �B �M�J�R�V�J�E�
 �B�O�E �B �Q�M�B�T�N�B�
 �B�O�E �J�U �J�T �D�I�B�S�B�D�U�F�S�J�[�F�E �C�Z �B �E�F�O�T�J�U�Z �S�B�O�H�F �P�G ���������������� �U�J�N�F�T

�U�I�F �T�P�M�J�E �E�F�O�T�J�U�Z �B�O�E �B �U�F�N�Q�F�S�B�U�V�S�F �S�B�O�H�F �P�G �������������� �F�7�� �'�J�H�V�S�F�������I�J�H�I�M�J�H�I�U�T �U�I�F �S�F�H�J�P�O �J�O

�U�I�F�S�N�P�E�Z�O�B�N�J�D �Q�B�S�B�N�F�U�F�S �T�Q�B�D�F �X�I�F�S�F �8�%�. �F�Y�J�T�U�T�
 �T�Q�F�D�J	��J�D�B�M�M�Z �G�P�S �I�Z�E�S�P�H�F�O �<�����>�� �5�I�F

�T�U�V�E�Z �P�G �8�%�. �J�T �P�G �J�N�N�F�O�T�F �J�N�Q�P�S�U�B�O�D�F �B�T �J�U �C�S�J�E�H�F�T �D�P�O�E�F�O�T�F�E �N�B�U�U�F�S �B�O�E �D�M�B�T�T�J�D�B�M

�Q�M�B�T�N�B �Q�I�Z�T�J�D�T�� �6�O�E�F�S�T�U�B�O�E�J�O�H �U�I�F �C�F�I�B�W�J�P�S �P�G �8�%�. �J�T �W�J�U�B�M �J�O �F�Y�Q�M�B�J�O�J�O�H �O�V�N�F�S�P�V�T

�Q�I�Z�T�J�D�B�M �Q�I�F�O�P�N�F�O�B�
 �S�B�O�H�J�O�H �G�S�P�N �Q�I�B�T�F �U�S�B�O�T�J�U�J�P�O�T �B�O�E �N�B�U�F�S�J�B�M �D�P�N�Q�P�T�J�U�J�P�O �X�J�U�I�J�O

�U�I�F �J�O�U�F�S�J�P�S �P�G �M�B�S�H�F �B�T�U�S�P�Q�I�Z�T�J�D�B�M �P�C�K�F�D�U�T�
 �T�V�D�I �B�T �Q�M�B�O�F�U�B�S�Z �J�O�U�F�S�J�P�S�T �B�O�E �X�I�J�U�F �E�X�B�S�G�T�


�U�P �U�F�N�Q�F�S�B�U�V�S�F �S�F�M�B�Y�B�U�J�P�O �S�B�U�F�T �E�V�S�J�O�H �U�I�F �J�O�U�F�S�O�B�M �Q�S�P�D�F�T�T�F�T �P�G �J�O�F�S�U�J�B�M �D�P�O	��J�O�F�N�F�O�U

�G�V�T�J�P�O�� �<���
�����L�����>�� �"�E�E�J�U�J�P�O�B�M�M�Z�
 �J�U �I�B�T �Q�S�B�D�U�J�D�B�M �B�Q�Q�M�J�D�B�U�J�P�O�T �J�O �N�B�U�F�S�J�B�M �Q�S�P�D�F�T�T�J�O�H��

�8�%�. �U�Z�Q�J�D�B�M�M�Z �E�F	��J�O�F�T �B �T�Z�T�U�F�N �P�G �T�U�S�P�O�H�M�Z �D�P�V�Q�M�F�E �J�P�O�T �G�P�S �U�I�F�T�F �Q�B�S�U�J�D�V�M�B�S �E�F�O�T�J�U�Z

�B�O�E �U�F�N�Q�F�S�B�U�V�S�F �S�B�O�H�F�T�
 �N�F�B�O�J�O�H �U�I�F�J�S �Q�P�U�F�O�U�J�B�M �F�O�F�S�H�Z �J�T �D�P�N�Q�B�S�B�C�M�F �U�P �U�I�F �L�J�O�F�U�J�D

�F�O�F�S�H�Z�� �5�I�F�T�F �J�P�O�T �B�S�F �J�N�N�F�S�T�F�E �J�O �B �T�F�B �P�G �E�F�H�F�O�F�S�B�U�F �F�M�F�D�U�S�P�O�T�
 �N�F�B�O�J�O�H �U�I�F �F�M�F�D�U�S�P�O�T

�F�Y�I�J�C�J�U �T�J�H�O�J	��J�D�B�O�U �R�V�B�O�U�V�N �C�F�I�B�W�J�P�S �<�����>�� �5�I�F �T�U�S�P�O�H �D�P�V�Q�M�J�O�H �B�O�E �E�F�H�F�O�F�S�B�D�Z �B�S�F

�U�X�P �Q�B�S�B�N�P�V�O�U �D�I�B�S�B�D�U�F�S�J�T�U�J�D�T �P�G �8�%�.�
 �B�O�E �X�F �D�B�O �V�T�F�
 �J�O �H�F�O�F�S�B�M�
 �U�X�P �E�J�N�F�O�T�J�P�O�M�F�T�T

�Q�B�S�B�N�F�U�F�S�T �U�P �J�O�U�V�J�U�J�W�F�M�Z �S�F�Q�S�F�T�F�O�U �B�O�E �V�O�E�F�S�T�U�B�O�E �U�I�F �Q�I�Z�T�J�D�B�M �O�B�U�V�S�F �B�O�E �D�P�N�Q�M�F�Y

�Q�I�F�O�P�N�F�O�B �J�O �U�I�J�T �S�F�H�J�N�F �<�����
�����
�����
�����>��



��

�'�Œ�Š�—�”�ˆ ���������1�I�B�T�F �E�J�B�H�S�B�N �P�G �I�Z�E�S�P�H�F�O �T�I�P�X�J�O�H �X�I�F�S�F �U�I�F �X�B�S�N �E�F�O�T�F �N�B�U�U�F�S �	�8�%�.�

�S�F�H�J�N�F �F�Y�J�T�U�T �D�P�N�Q�B�S�F�E �U�P �Q�I�Z�T�J�D�B�M �T�Z�T�U�F�N�T �B�O�E �Q�S�P�D�F�T�T�F�T�� �8�%�. �P�D�D�V�Q�J�F�T �B �E�J�T�U�J�O�D�U�J�W�F
�Q�P�T�J�U�J�P�O �X�J�U�I�J�O �U�I�F �T�Q�F�D�U�S�V�N �P�G �T�U�B�U�F�T �P�G �N�B�U�U�F�S�
 �Q�P�T�J�U�J�P�O�F�E �C�F�U�X�F�F�O �D�P�O�E�F�O�T�F�E �N�B�U�U�F�S�

�I�P�U �E�F�O�T�F �N�B�U�U�F�S�
 �B�O�E �D�M�B�T�T�J�D�B�M �Q�M�B�T�N�B �	�B�T�T�P�D�J�B�U�F�E �X�J�U�I �M�P�X �E�F�O�T�J�U�J�F�T�
�� �5�I�J�T �T�Q�F�D�J�B�M�J�[�F�E
�T�U�B�U�F �P�G �N�B�U�U�F�S �F�O�D�P�N�Q�B�T�T�F�T �U�I�F �J�O�U�F�S�N�F�E�J�B�U�F �Q�I�B�T�F �C�F�U�X�F�F�O �U�I�F�T�F �E�J�W�F�S�T�F �T�U�B�U�F�T �B�O�E
�J�O�U�F�S�T�F�D�U�T �X�J�U�I �U�I�F �S�F�B�M�N�T �P�G �Q�M�B�O�B�S �M�B�T�F�S���H�F�O�F�S�B�U�F�E �T�I�P�D�L�T �J�O �N�B�U�U�F�S �B�O�E �B�T�U�S�P�Q�I�Z�T�J�D�B�M
�D�P�O�E�J�U�J�P�O�T�� �5�I�J�T 	��J�H�V�S�F �X�B�T �S�F�Q�S�P�E�V�D�F�E �G�S�P�N �3�F�G�F�S�F�O�D�F �<�����>��

�5�I�F 	��J�S�T�U �B�U�U�S�J�C�V�U�F�
 �D�P�V�Q�M�J�O�H�
 �J�T �H�F�O�F�S�B�M�M�Z �E�F�T�D�S�J�C�F�E �C�Z �U�I�F �$�P�V�M�P�N�C �D�P�V�Q�M�J�O�H �Q�B�S�B�N�F�U�F�S

� =
hEP otential i
hEKinetic i

������

�B�T �U�I�F �S�B�U�J�P �P�G �U�I�F �B�W�F�S�B�H�F �Q�P�U�F�O�U�J�B�M �F�O�F�S�H�Z �Q�F�S �Q�B�S�U�J�D�M�F�
hEP otential i �
 �B�O�E �U�I�F �B�W�F�S�B�H�F

�L�J�O�F�U�J�D �F�O�F�S�H�Z �Q�F�S �Q�B�S�U�J�D�M�F�
hEKinetic i �� �5�I�F �Q�B�S�B�N�F�U�F�S� �J�T �V�T�F�E �U�P �N�F�B�T�V�S�F �U�I�F �J�N�Q�B�D�U

�P�G �N�B�O�Z���C�P�E�Z �J�O�U�F�S�B�D�U�J�P�O�T �P�O �U�I�F �N�P�W�F�N�F�O�U �P�G �Q�B�S�U�J�D�M�F�T �<���
�����
�����>�� �5�I�J�T �X�P�S�L �E�F	��J�O�F�T

�U�I�F �D�P�V�Q�M�J�O�H �Q�B�S�B�N�F�U�F�S �C�F�U�X�F�F�O �Q�P�T�J�U�J�W�F�M�Z �D�I�B�S�H�F�E �J�P�O�T�
 �X�I�J�D�I �B�D�U �B�T �D�M�B�T�T�J�D�B�M �Q�P�J�O�U���M�J�L�F

�Q�B�S�U�J�D�M�F�T�� �" �T�J�N�Q�M�F �X�B�Z �U�P �V�O�E�F�S�T�U�B�O�E �U�I�J�T �Q�B�S�B�N�F�U�F�S �J�T �U�P �J�N�B�H�J�O�F �B �T�Z�T�U�F�N �P�G �Q�B�S�U�J�D�M�F�T

�D�P�O�O�F�D�U�F�E �C�Z �T�Q�S�J�O�H�T�� �*�O �U�I�J�T �B�O�B�M�P�H�Z�
 �U�I�F �T�U�S�F�O�H�U�I �P�G �U�I�F �T�Q�S�J�O�H�T �J�T �E�J�S�F�D�U�M�Z �Q�S�P�Q�P�S�U�J�P�O�B�M

�U�P� �� �*�G� �J�T �T�N�B�M�M�
 �U�I�F �Q�B�S�U�J�D�M�F�T �B�S�F �X�F�B�L�M�Z �D�P�O�O�F�D�U�F�E �	�X�F�B�L�M�Z �D�P�V�Q�M�F�E�
�
 �N�F�B�O�J�O�H �U�I�B�U



��

�J�G �P�O�F �Q�B�S�U�J�D�M�F �J�T �T�U�S�V�D�L �X�J�U�I �B �I�B�N�N�F�S�
 �P�O�M�Z �U�I�F �O�F�B�S�C�Z �Q�B�S�U�J�D�M�F�T �X�J�M�M �C�F �B�n�F�D�U�F�E�
 �X�I�J�M�F

�U�I�P�T�F �G�B�S �B�X�B�Z �X�J�M�M �O�P�U �C�F �E�J�T�U�V�S�C�F�E�� �0�O �U�I�F �P�U�I�F�S �I�B�O�E�
 �J�G� �J�T �M�B�S�H�F�
 �B�M�M �U�I�F �Q�B�S�U�J�D�M�F�T

�B�S�F �T�U�S�P�O�H�M�Z �D�P�O�O�F�D�U�F�E �	�T�U�S�P�O�H�M�Z �D�P�V�Q�M�F�E�
�
 �B�O�E �U�I�F �F�O�F�S�H�Z �G�S�P�N �U�I�F �I�B�N�N�F�S �T�U�S�J�L�F �X�J�M�M

�U�S�B�O�T�N�J�U �U�I�S�P�V�H�I�P�V�U �U�I�F �F�O�U�J�S�F �T�Z�T�U�F�N �P�G �J�O�U�F�S�D�P�O�O�F�D�U�F�E �Q�B�S�U�J�D�M�F�T�� �5�I�J�T �B�O�B�M�P�H�Z �D�B�O �C�F

�F�Y�U�F�O�E�F�E �U�P �I�F�M�Q �V�O�E�F�S�T�U�B�O�E �U�I�F �C�F�I�B�W�J�P�S �P�G �Q�I�Z�T�J�D�B�M �T�Z�T�U�F�N�T�
 �X�I�F�S�F �G�P�S� � 1�
 �X�F

�P�C�T�F�S�W�F �D�P�O�E�F�O�T�F�E �N�B�U�U�F�S�
 �T�V�D�I �B�T �T�P�M�J�E �Q�I�B�T�F �N�B�U�F�S�J�B�M �X�J�U�I �U�J�H�I�U�M�Z �C�P�V�O�E �J�P�O�T �J�O �D�S�Z�T�U�B�M

�M�B�U�U�J�D�F�T �X�I�F�S�F �U�I�F �J�O�U�F�S�B�D�U�J�P�O �C�F�U�X�F�F�O �Q�B�S�U�J�D�M�F�T �J�T �J�N�N�F�O�T�F �D�P�N�Q�B�S�F�E �U�P �U�I�F �L�J�O�F�U�J�D

�F�O�F�S�H�Z�� �'�P�S� < 1�
 �X�F �P�C�T�F�S�W�F�E �M�P�X���E�F�O�T�J�U�Z �T�Z�T�U�F�N�T�
 �T�V�D�I �B�T �D�M�B�T�T�J�D�B�M �Q�M�B�T�N�B�T �B�O�E �J�E�F�B�M

�H�B�T�F�T�
 �X�I�F�S�F �Q�B�S�U�J�D�M�F�T �I�B�W�F �F�O�P�V�H�I �L�J�O�F�U�J�D �F�O�F�S�H�Z �U�P �N�P�W�F �U�I�S�P�V�H�I �U�I�F �T�Z�T�U�F�N �X�J�U�I�P�V�U

�J�O�U�F�S�B�D�U�J�O�H��

�5�I�F �T�F�D�P�O�E �B�U�U�S�J�C�V�U�F�
 �E�F�H�F�O�F�S�B�D�Z�
 �J�T �E�F�T�D�S�J�C�F�E �C�Z �U�I�F �E�F�H�F�O�F�S�B�D�Z �Q�B�S�B�N�F�U�F�S
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EF
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�E�F	��J�O�F�E �B�T �U�I�F �S�B�U�J�P �P�G �U�I�F �F�M�F�D�U�S�P�O �U�I�F�S�N�B�M �F�O�F�S�H�Z�
kB T�
 �U�P �U�I�F �'�F�S�N�J �F�O�F�S�H�Z�
EF �
 �X�I�F�S�FkB

�S�F�Q�S�F�T�F�O�U�T �U�I�F �#�P�M�U�[�N�B�O�O �D�P�O�T�U�B�O�U�
T �J�T �U�I�F �F�M�F�D�U�S�P�O �U�F�N�Q�F�S�B�U�V�S�F�
~ �J�T �U�I�F �S�F�E�V�D�F�E �1�M�B�O�D�L

�D�P�O�T�U�B�O�U�
ne �J�T �U�I�F �F�M�F�D�U�S�P�O �O�V�N�C�F�S �E�F�O�T�J�U�Z�
 �B�O�Eme �J�T �U�I�F �N�B�T�T �P�G �B�O �F�M�F�D�U�S�P�O �<���
�����>�� �5�I�F

�F�M�F�D�U�S�P�O �E�F�H�F�O�F�S�B�D�Z �Q�B�S�B�N�F�U�F�S �J�T �B �N�F�U�S�J�D �U�P �E�F�U�F�S�N�J�O�F �I�P�X �W�J�U�B�M �R�V�B�O�U�V�N �N�F�D�I�B�O�J�D�B�M

�F�n�F�D�U�T �B�S�F �U�P �E�F�T�D�S�J�C�F �U�I�F �F�M�F�D�U�S�P�O�T �J�O �B �Q�B�S�U�J�D�V�M�B�S �T�Z�T�U�F�N�� �5�I�F �T�Z�T�U�F�N �J�T �D�P�O�T�J�E�F�S�F�E �G�V�M�M�Z

�E�F�H�F�O�F�S�B�U�F �G�P�S� � 1�
 �B�O�E �R�V�B�O�U�V�N �F�n�F�D�U�T �B�S�F �F�T�T�F�O�U�J�B�M �U�P �E�F�T�D�S�J�C�F �U�I�F �F�M�F�D�U�S�P�O�T�� �5�I�F

�T�Z�T�U�F�N �J�T �D�P�O�T�J�E�F�S�F�E �O�P�O���E�F�H�F�O�F�S�B�U�F �G�P�S� � 1�
 �B�O�E �F�M�F�D�U�S�P�O�T �D�B�O �C�F �U�S�F�B�U�F�E �D�M�B�T�T�J�D�B�M�M�Z��

�5�I�F �T�J�N�Q�M�F�T�U �X�B�Z �U�P �D�P�N�Q�S�F�I�F�O�E �U�I�F �Q�I�Z�T�J�D�B�M �N�F�B�O�J�O�H �P�G� �J�T �U�P �U�I�J�O�L �P�G �B�O �F�M�F�D�U�S�P�O

�B�T �B �(�B�V�T�T�J�B�O �X�J�U�I �T�P�N�F �X�J�E�U�I� �� �"�T �U�I�F �F�M�F�D�U�S�P�O �U�F�N�Q�F�S�B�U�V�S�F �J�O�D�S�F�B�T�F�T�
 �U�I�F �X�J�E�U�I�


� �
 �E�F�D�S�F�B�T�F�T�
 �X�I�J�D�I �N�B�L�F�T �U�I�F �F�M�F�D�U�S�P�O �N�P�S�F �M�P�D�B�M�J�[�F�E�� �5�I�F �N�P�S�F �M�P�D�B�M�J�[�F�E �U�I�F �F�M�F�D�U�S�P�O

�C�F�D�P�N�F�T�
 �U�I�F �N�P�S�F �J�U �C�F�I�B�W�F�T �M�J�L�F �B �D�M�B�T�T�J�D�B�M �Q�P�J�O�U���M�J�L�F �Q�B�S�U�J�D�M�F�� �*�G �U�I�F �F�M�F�D�U�S�P�O �U�F�N�Q�F�S�B�U�V�S�F

�E�F�D�S�F�B�T�F�T�
 �U�I�F�O� �J�O�D�S�F�B�T�F�T�
 �X�I�J�D�I �N�B�L�F�T �F�B�D�I �F�M�F�D�U�S�P�O �T�Q�S�F�B�E �P�V�U�� �"�T �U�I�F �F�M�F�D�U�S�P�O �T�Q�S�F�B�E�T
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�P�V�U�
 �J�U �C�F�H�J�O�T �U�P �P�W�F�S�M�B�Q �X�J�U�I �P�U�I�F�S �F�M�F�D�U�S�P�O�T�
 �N�B�L�J�O�H �J�U �C�F�I�B�W�F �N�P�S�F �M�J�L�F �B �R�V�B�O�U�V�N

�N�F�D�I�B�O�J�D�B�M �F�O�U�J�U�Z��

�'�J�H�V�S�F�������J�O�D�M�V�E�F�T �C�P�U�I �E�J�N�F�O�T�J�P�O�M�F�T�T �Q�B�S�B�N�F�U�F�S�T �U�P �I�F�M�Q �E�F	��J�O�F �U�I�F �8�%�. �S�F�H�J�N�F��

� �J�T �Q�M�P�U�U�F�E �G�P�S ���
 ���� �B�O�E �������
 �X�J�U�I� = 1 �V�T�F�E �U�P �E�F�M�J�O�F�B�U�F �C�F�U�X�F�F�O �X�F�B�L �B�O�E �T�U�S�P�O�H

�D�P�V�Q�M�J�O�H��� �J�T �O�P�U �F�Y�Q�M�J�D�J�U�M�Z �T�I�P�X�O �J�O �'�J�H�V�S�F�������
 �C�V�U� �S�F�Q�S�F�T�F�O�U�T �U�I�F �D�I�F�N�J�D�B�M �Q�P�U�F�O�U�J�B�M��

�8�I�F�O� = 0�
 �U�I�F �F�M�F�D�U�S�P�O �U�I�F�S�N�B�M �F�O�F�S�H�Z �F�R�V�B�M�T �U�I�F �'�F�S�N�J �F�O�F�S�H�Z�
 �T�P� = 0 �J�T �U�I�F

�T�B�N�F �B�T� = 1 �<�����>�� �5�I�F� = 0 �M�J�O�F �S�F�Q�S�F�T�F�O�U�T �U�I�F �C�P�V�O�E�B�S�Z �C�F�U�X�F�F�O �E�F�H�F�O�F�S�B�U�F �B�O�E

�O�P�O���E�F�H�F�O�F�S�B�U�F �F�M�F�D�U�S�P�O�T�� �'�S�P�N �'�J�H�V�S�F�������
 �J�U �C�F�D�P�N�F�T �Q�S�P�O�P�V�O�D�F�E �U�I�B�U �U�I�F �M�P�D�B�U�J�P�O �P�G �U�I�F

�8�%�. �S�F�H�J�N�F �S�F�T�V�M�U�T �J�O �J�O�U�S�J�O�T�J�D �D�P�N�Q�M�F�Y�J�U�J�F�T�
 �X�I�J�D�I �M�F�B�E �U�P �U�I�F �C�S�F�B�L�E�P�X�O �P�G �T�U�B�O�E�B�S�E

�Q�M�B�T�N�B �N�P�E�F�M�T �<���>�
 �S�F�T�V�M�U�J�O�H �J�O �E�J�T�D�S�F�Q�B�O�D�J�F�T �C�F�U�X�F�F�O �U�I�F�P�S�F�U�J�D�B�M �B�O�E �D�P�N�Q�V�U�B�U�J�P�O�B�M

�Q�S�F�E�J�D�U�J�P�O�T �P�G �F�T�T�F�O�U�J�B�M �R�V�B�O�U�J�U�J�F�T �<���
�����
�����>�� �8�I�J�M�F �E�J�n�F�S�F�O�U �N�P�E�F�M�T �H�F�O�F�S�B�M�M�Z �B�H�S�F�F

�P�O �U�I�F �U�I�F�S�N�P�E�Z�O�B�N�J�D �B�O�E �B�D�P�V�T�U�J�D �Q�S�P�Q�F�S�U�J�F�T�
 �D�S�J�U�J�D�B�M �R�V�B�O�U�J�U�J�F�T �T�V�D�I �B�T �U�S�B�O�T�Q�P�S�U

�D�P�F	��J�D�J�F�O�U�T �D�B�O �E�J�n�F�S �C�Z �V�Q �U�P �B�O �P�S�E�F�S �P�G �N�B�H�O�J�U�V�E�F �<�����>�� �5�I�J�T �I�B�T �N�B�E�F �J�U �D�I�B�M�M�F�O�H�J�O�H �U�P

�N�P�E�F�M �U�I�F �T�M�P�X �B�O�E �M�P�O�H���U�J�N�F �C�F�I�B�W�J�P�S �P�G �U�I�F �T�U�S�P�O�H�M�Z �D�P�V�Q�M�F�E �J�P�O�T �X�I�J�M�F �T�J�N�V�M�U�B�O�F�P�V�T�M�Z

�D�B�Q�U�V�S�J�O�H �U�I�F �F�M�F�D�U�S�P�O�T�R �R�V�B�O�U�V�N �N�F�D�I�B�O�J�D�B�M �O�B�U�V�S�F��

������ �0�W�F�S�W�J�F�X �P�G �T�J�N�V�M�B�U�J�P�O �U�F�D�I�O�J�R�V�F�T �V�T�F�E �J�O �)�&�%�1

�4�J�N�V�M�B�U�J�O�H �8�%�. �X�J�U�I �W�B�S�Z�J�O�H �D�P�N�Q�V�U�B�U�J�P�O�B�M �F�n�P�S�U �B�O�E �B�D�D�V�S�B�D�Z �M�F�W�F�M�T �F�Y�J�T�U�T �J�O �N�B�O�Z

�X�B�Z�T�� �'�J�H�V�S�F�������T�I�P�X�T �W�B�S�J�P�V�T �D�P�N�Q�V�U�B�U�J�P�O�B�M �T�J�N�V�M�B�U�J�P�O �N�F�U�I�P�E�T �V�U�J�M�J�[�F�E �J�O �U�I�F �8�%�.

�S�F�B�M�N �B�O�E �U�I�F �S�P�V�H�I �B�Q�Q�S�P�Y�J�N�B�U�J�P�O �P�G �U�I�F �T�Q�B�U�J�B�M �B�O�E �U�F�N�Q�P�S�B�M �T�D�B�M�F �U�I�F�Z �D�B�O �T�J�N�V�M�B�U�F��

�5�I�F �N�B�J�O �T�Q�I�F�S�F�T �P�G �J�O	��M�V�F�O�D�F �P�G �U�I�F �W�B�S�J�P�V�T �T�J�N�V�M�B�U�J�P�O�T �B�S�F �D�P�O�U�J�O�V�V�N �N�F�D�I�B�O�J�D�T �B�O�E

�B�U�P�N�J�T�U�J�D�
 �B�O�E �C�P�U�I �P�G �U�I�F�T�F �T�J�N�V�M�B�U�J�P�O �E�P�N�B�J�O�T �B�S�F �D�S�V�D�J�B�M �U�P �U�I�F �D�P�O�U�J�O�V�J�O�H �E�F�W�F�M�P�Q�N�F�O�U

�P�G �U�I�F �8�%�. �B�O�E �)�&�%�1 �B�T �B �X�I�P�M�F�� �8�I�J�M�F �U�I�J�T �X�P�S�L �D�P�O�D�F�O�U�S�B�U�F�T �F�O�U�J�S�F�M�Z �P�O �T�J�N�V�M�B�U�J�P�O�T �J�O

�U�I�F �B�U�P�N�J�T�U�J�D �M�J�N�J�U�
 �B �C�B�T�J�D �V�O�E�F�S�T�U�B�O�E�J�O�H �P�G �U�I�F �D�P�O�U�J�O�V�V�N �M�J�N�J�U �D�P�N�Q�V�U�B�U�J�P�O�B�M �N�F�U�I�P�E�T�
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�'�Œ�Š�—�”�ˆ ���������8�%�. �I�B�T �N�B�O�Z �D�P�N�Q�V�U�B�U�J�P�O�B�M �N�F�U�I�P�E�T �X�I�J�D�I �B�S�F �S�F�R�V�J�S�F�E �U�P �V�O�E�F�S�T�U�B�O�E
�U�I�J�T �D�P�N�Q�M�F�Y �T�Z�T�U�F�N �G�V�M�M�Z�� �5�I�F �T�J�N�V�M�B�U�J�P�O�T �J�O �U�I�F �D�P�O�U�J�O�V�V�N �M�J�N�J�U �B�S�F �V�T�F�E �G�P�S �N�N �T�Q�B�U�J�B�M
�T�D�B�M�F�T �P�W�F�S �O�T �U�J�N�F �S�B�O�H�F�T�� �5�I�J�T �B�M�M�P�X�T �G�P�S �T�J�N�V�M�B�U�J�P�O�T �U�I�B�U �D�B�O �D�M�P�T�F�M�Z �N�B�U�D�I �U�I�F �T�D�B�M�F
�P�G �8�%�. �F�Y�Q�F�S�J�N�F�O�U�T�
 �C�V�U �U�I�F �Q�I�Z�T�J�D�T �D�B�O �P�O�M�Z �E�F�T�D�S�J�C�F �U�I�F �C�V�M�L �T�Z�T�U�F�N�� �5�I�F �B�U�P�N�J�T�U�J�D
�M�J�N�J�U �P�G �T�J�N�V�M�B�U�J�P�O�T �J�T �W�F�S�Z �D�P�N�Q�V�U�B�U�J�P�O�B�M�M�Z �E�F�N�B�O�E�J�O�H �E�V�F �U�P �U�I�F �I�J�H�I �M�F�W�F�M �P�G �Q�I�Z�T�J�D�B�M
�E�F�U�B�J�M �U�I�B�U �U�I�F �N�F�U�I�P�E �J�O�D�M�V�E�F�T�� �5�I�J�T �S�F�E�V�D�F�T �U�I�F �P�W�F�S�B�M�M �T�Q�B�U�J�B�M �B�O�E �U�F�N�Q�P�S�B�M �T�D�B�M�F�T �U�I�B�U
�D�B�O �C�F �T�J�N�V�M�B�U�F�E�
 �C�V�U �U�I�F �H�B�J�O �P�G �Q�I�Z�T�J�D�B�M �E�F�U�B�J�M �B�M�M�P�X�T �G�P�S �I�J�H�I�F�S �S�F�T�P�M�V�U�J�P�O �P�G �D�P�N�Q�M�F�Y
�Q�B�S�U�J�D�M�F �J�O�U�F�S�B�D�U�J�P�O�T��

�T�Q�F�D�J	��J�D�B�M�M�Z �I�Z�E�S�P�E�Z�O�B�N�J�D �T�J�N�V�M�B�U�J�P�O�T�
 �J�T �S�F�R�V�J�S�F�E �U�P �D�P�N�Q�S�F�I�F�O�E �U�I�F �O�F�D�F�T�T�J�U�Z �G�P�S �C�P�U�I

�D�P�O�U�J�O�V�V�N �B�O�E �B�U�P�N�J�T�U�J�D �B�Q�Q�S�P�B�D�I�F�T��

���������� �)�Z�E�S�P�E�Z�O�B�N�J�D

�)�Z�E�S�P�E�Z�O�B�N�J�D�T�
 �P�|�F�O �D�B�M�M�F�E 	��M�V�J�E �E�Z�O�B�N�J�D�T�
 �F�O�D�P�N�Q�B�T�T�F�T �U�I�F �T�U�V�E�Z �P�G 	��M�V�J�E�T �J�O �N�P��

�U�J�P�O �<�����>�� �*�U �J�T �B �D�P�S�O�F�S�T�U�P�O�F �P�G �Q�I�Z�T�J�D�T�
 �F�O�H�J�O�F�F�S�J�O�H�
 �B�O�E �W�B�S�J�P�V�T �T�D�J�F�O�U�J	��J�D �E�J�T�D�J�Q�M�J�O�F�T�
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�F�Y�Q�M�P�S�J�O�H �U�I�F �C�F�I�B�W�J�P�S �P�G �M�J�R�V�J�E�T�
 �H�B�T�F�T�
 �B�O�E �Q�M�B�T�N�B�T �V�O�E�F�S �U�I�F �J�O	��M�V�F�O�D�F �P�G �G�P�S�D�F�T �B�O�E

�F�O�F�S�H�Z�� �)�Z�E�S�P�E�Z�O�B�N�J�D �N�F�U�I�P�E�T �G�B�D�J�M�J�U�B�U�F �U�I�F �T�U�V�E�Z �P�G �M�B�S�H�F �T�Q�B�U�J�B�M���T�D�B�M�F �T�Z�T�U�F�N�T�
 �P�G��

�G�F�S�J�O�H �J�O�T�J�H�I�U�T �J�O�U�P �M�P�O�H���U�J�N�F �E�Z�O�B�N�J�D�T �B�O�E �U�I�F �F�W�P�M�V�U�J�P�O �P�G �C�V�M�L �N�B�U�U�F�S �B�O�E �F�O�F�S�H�Z

�X�J�U�I�J�O �B �T�Z�T�U�F�N �<���
�����
�����>�� �)�Z�E�S�P�E�Z�O�B�N�J�D �T�J�N�V�M�B�U�J�P�O�T �Q�M�B�Z �B �D�S�J�U�J�D�B�M �S�P�M�F �J�O �U�I�F �)�&�%�1

�E�P�N�B�J�O�
 �C�S�J�E�H�J�O�H �U�I�F�P�S�F�U�J�D�B�M �Q�S�F�E�J�D�U�J�P�O�T �B�O�E �P�C�T�F�S�W�B�U�J�P�O�T �J�O �M�B�C�P�S�B�U�P�S�Z �F�Y�Q�F�S�J�N�F�O�U�T�


�T�I�F�E�E�J�O�H �M�J�H�I�U �P�O �Q�I�F�O�P�N�F�O�B �J�O �D�P�O�U�S�P�M�M�F�E �G�V�T�J�P�O �S�F�T�F�B�S�D�I�
 �B�T�U�S�P�Q�I�Z�T�J�D�B�M �T�U�V�E�J�F�T�
 �B�O�E

�I�J�H�I���F�O�F�S�H�Z���E�F�O�T�J�U�Z �	�)�&�%�
 �F�Y�Q�F�S�J�N�F�O�U�T �<���
���
�����L�����>�� �4�J�N�V�M�B�U�J�O�H �F�Y�U�S�F�N�F �)�&�% �F�W�F�O�U�T

�Q�S�P�W�J�E�F�T �W�B�M�V�B�C�M�F �J�O�T�J�H�I�U�T �J�O�U�P �Q�M�B�T�N�B �C�F�I�B�W�J�P�S �B�O�E �N�B�U�U�F�S �B�U �F�Y�U�S�F�N�F �T�U�B�U�F�T�
 �T�V�D�I �B�T

�Q�S�F�E�J�D�U�J�O�H �T�I�P�D�L �X�B�W�F �Q�S�P�Q�B�H�B�U�J�P�O�
 �N�B�U�F�S�J�B�M �N�J�Y�J�O�H�
 �B�O�E �Q�I�B�T�F �U�S�B�O�T�J�U�J�P�O�T�
 �F�M�V�D�J�E�B�U�J�O�H

�U�I�F �G�V�O�E�B�N�F�O�U�B�M �Q�I�Z�T�J�D�T �H�P�W�F�S�O�J�O�H �D�F�M�F�T�U�J�B�M �C�P�E�J�F�T �B�O�E �J�O�B�D�D�F�T�T�J�C�M�F �Q�I�F�O�P�N�F�O�B �<���
�����>��

�*�O �)�&�%�1�
 �I�Z�E�S�P�E�Z�O�B�N�J�D �B�Q�Q�S�P�B�D�I�F�T �J�O�U�F�H�S�B�U�F �E�J�W�F�S�T�F �Q�I�Z�T�J�D�T �E�P�N�B�J�O�T �T�V�D�I �B�T �Q�M�B�T�N�B

�Q�I�Z�T�J�D�T�
 �S�B�E�J�B�U�J�P�O �U�S�B�O�T�Q�P�S�U�
 �B�O�E �U�I�F�S�N�P�E�Z�O�B�N�J�D �Q�S�P�Q�F�S�U�J�F�T�
 �Q�S�P�W�J�E�J�O�H �B �C�S�P�B�E �B�O�E �T�J�N�Q�M�J�T��

�U�J�D �Q�F�S�T�Q�F�D�U�J�W�F �P�G �D�P�N�Q�M�F�Y �T�Z�T�U�F�N�T �<�����>�� �5�I�F�T�F �B�Q�Q�S�P�B�D�I�F�T �F�O�D�B�Q�T�V�M�B�U�F �N�B�T�T�
 �N�P�N�F�O�U�V�N�


�B�O�E �F�O�F�S�H�Z �D�P�O�T�F�S�W�B�U�J�P�O �Q�S�J�O�D�J�Q�M�F�T�
 �G�P�S�N�J�O�H �U�I�F �C�B�T�J�T �G�P�S �U�I�F �C�F�M�P�X �I�Z�E�S�P�E�Z�O�B�N�J�D �F�R�V�B��

�U�J�P�O�T��
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�5�I�F�T�F �U�I�S�F�F �F�R�V�B�U�J�P�O�T �S�F�Q�S�F�T�F�O�U �U�I�F �H�F�O�F�S�B�M �T�J�O�H�M�F��	��M�V�J�E �F�R�V�B�U�J�P�O�T �<���>�� �&�R�V�B�U�J�P�O�������J�T �U�I�F

�N�B�T�T �D�P�O�U�J�O�V�J�U�Z �F�R�V�B�U�J�P�O �X�I�F�S�F� �J�T �U�I�F �N�B�T�T �E�F�O�T�J�U�Z �P�G �U�I�F �T�Z�T�U�F�N �B�O�Eu �J�T �U�I�F �T�Z�T�U�F�N�R�T

�W�F�M�P�D�J�U�Z�� �&�R�V�B�U�J�P�O�������J�T �U�I�F �H�F�O�F�S�B�M �N�P�N�F�O�U�V�N �U�S�B�O�T�Q�P�S�U �F�R�V�B�U�J�P�O�
 �J�O �U�I�F �O�P�O���S�F�M�B�U�J�W�J�T�U�J�D

�M�J�N�J�U�
 �X�I�F�S�Fp �J�T �U�I�F �T�Z�T�U�F�N�R�T �N�F�D�I�B�O�J�D�B�M �Q�S�F�T�T�V�S�F�
FEM �J�T �U�I�F �G�P�S�D�F �E�F�O�T�J�U�Z �E�V�F �U�P �T�Z�T�U�F�N

�D�I�B�S�H�F�T �J�O�U�F�S�B�D�U�J�O�H �X�J�U�I �F�M�F�D�U�S�P�N�B�H�O�F�U�J�D 	��J�F�M�E�T�
� � �J�T �U�I�F �W�J�T�D�P�V�T �T�U�S�F�T�T �U�F�O�T�P�S�
 �B�O�EF �P�U�I�F�S



��

�S�F�Q�S�F�T�F�O�U�T �U�I�F �T�V�N �P�G �B�M�M �P�U�I�F�S �G�P�S�D�F�T�� �F�R�V�B�U�J�P�O�������J�T �U�I�F �U�P�U�B�M���F�O�F�S�H�Z �F�R�V�B�U�J�P�O�
 �X�I�F�S�F

pR �J�T �U�I�F �S�B�E�J�B�U�J�P�O �Q�S�F�T�T�V�S�F�
FR �J�T �U�I�F �S�B�E�J�B�U�J�W�F �F�O�F�S�H�Z 	��M�V�Y�
Q �J�T �U�I�F �F�O�F�S�H�Z 	��M�V�Y �G�S�P�N

�U�I�F�S�N�B�M �I�F�B�U �D�P�O�E�V�D�U�J�P�O�
 �B�O�EJ � E �E�F�T�D�S�J�C�F�T �U�I�F �W�P�M�V�N�F�U�S�J�D �I�F�B�U�J�O�H �C�Z �U�I�F �D�V�S�S�F�O�U�T�
J�


�C�Z �U�J�N�F���W�B�S�Z�J�O�H �F�M�F�D�U�S�J�D 	��J�F�M�E�T�
E �<���>��

�8�I�J�M�F �X�F �I�B�W�F �F�T�U�B�C�M�J�T�I�F�E �U�I�B�U �F�R�T���������U�P�������G�P�S�N �U�I�F �G�P�V�O�E�B�U�J�P�O �P�G �I�Z�E�S�P�E�Z�O�B�N�J�D

�T�J�N�V�M�B�U�J�P�O�T�
 �U�I�F�T�F �F�R�V�B�U�J�P�O�T �B�S�F �O�P�U �D�M�P�T�F�E �B�O�E �S�F�R�V�J�S�F �B�E�E�J�U�J�P�O�B�M �J�O�Q�V�U �Q�B�S�B�N�F�U�F�S�T�
 �T�V�D�I

�B�T �F�R�V�B�U�J�P�O���P�G���T�U�B�U�F �	�&�0�4�
 �N�P�E�F�M�T�
 �U�I�F�S�N�B�M �D�P�O�E�V�D�U�J�W�J�U�Z�
 �B�O�E �W�J�T�D�P�T�J�U�Z�
 �U�P �C�F �T�P�M�W�F�E�� �5�I�F�T�F

�Q�B�S�B�N�F�U�F�S�T �S�F�R�V�J�S�F �B�O �F�Y�U�F�S�O�B�M �N�F�U�I�P�E�
 �T�V�D�I �B�T �B �U�B�C�V�M�B�U�F�E �M�P�P�L�V�Q �U�B�C�M�F�
 �B�O �B�O�B�M�Z�U�J�D�B�M

�F�R�V�B�U�J�P�O�
 �P�S �T�P�N�F �P�U�I�F�S �U�I�F�P�S�F�U�J�D�B�M �U�F�D�I�O�J�R�V�F �<���
�����
�����>�� �(�F�O�F�S�B�M�M�Z�
 �B�O �&�0�4 �N�P�E�F�M�
 �B

�N�B�U�I�F�N�B�U�J�D�B�M �S�F�M�B�U�J�P�O�T�I�J�Q �P�S �F�R�V�B�U�J�P�O �U�I�B�U �E�F�T�D�S�J�C�F�T �U�I�F �J�O�U�F�S�E�F�Q�F�O�E�F�O�D�F �C�F�U�X�F�F�O �W�B�S�J�P�V�T

�U�I�F�S�N�P�E�Z�O�B�N�J�D �W�B�S�J�B�C�M�F�T�
 �Q�S�P�E�V�D�F�T �B �T�Q�F�D�J	��J�D �T�Z�T�U�F�N�R�T �Q�S�F�T�T�V�S�F�
 �E�F�O�T�J�U�Z�
 �B�O�E �U�F�N�Q�F�S�B�U�V�S�F

�G�P�S �V�T�B�H�F �B�T �T�J�N�V�M�B�U�J�P�O �Q�B�S�B�N�F�U�F�S�T �<���>�� �5�I�F�S�N�B�M �D�P�O�E�V�D�U�J�W�J�U�Z �B�O�E �W�J�T�D�P�T�J�U�Z �B�S�F �F�Y�B�N�Q�M�F�T

�P�G �U�S�B�O�T�Q�P�S�U �Q�S�P�Q�F�S�U�J�F�T�
 �E�F	��J�O�F�E �J�O �T�F�D�U�J�P�O���������������
 �B�O�E �U�S�B�O�T�Q�P�S�U �Q�S�P�Q�F�S�U�J�F�T �I�B�W�F �U�I�F�J�S

�V�O�J�R�V�F �N�P�E�F�M�T �B�O�E �F�R�V�B�U�J�P�O�T �J�N�Q�M�F�N�F�O�U�F�E �U�P �P�C�U�B�J�O �U�I�F�J�S �W�B�M�V�F�T �G�P�S �I�Z�E�S�P�E�Z�O�B�N�J�D

�T�J�N�V�M�B�U�J�P�O�T �<�����
�����>�� �5�I�F �&�0�4 �N�P�E�F�M�T �B�O�E �U�S�B�O�T�Q�P�S�U �Q�S�P�Q�F�S�U�J�F�T �G�B�D�J�M�J�U�B�U�F �I�Z�E�S�P�E�Z�O�B�N�J�D

�T�J�N�V�M�B�U�J�P�O�T �U�P �T�U�V�E�Z �D�P�M�M�F�D�U�J�W�F �C�F�I�B�W�J�P�S�T �B�O�E 	��M�V�J�E���M�J�L�F �E�Z�O�B�N�J�D�T�
 �F�O�B�C�M�J�O�H �J�O�W�F�T�U�J�H�B�U�J�P�O�T

�J�O�U�P �N�B�U�F�S�J�B�M �Q�S�P�Q�F�S�U�J�F�T �V�O�E�F�S �F�Y�U�S�F�N�F �D�P�O�E�J�U�J�P�O�T��

�)�P�X�F�W�F�S�
 �I�Z�E�S�P�E�Z�O�B�N�J�D �T�J�N�V�M�B�U�J�P�O�T �B�M�T�P �I�B�W�F �M�J�N�J�U�B�U�J�P�O�T�� �5�I�F�Z �B�T�T�V�N�F �U�I�F�S�N�B�M

�F�R�V�J�M�J�C�S�J�V�N �B�O�E �D�P�O�U�J�O�V�P�V�T �Q�S�P�Q�F�S�U�J�F�T�
 �S�F�T�U�S�J�D�U�J�O�H �U�I�F�J�S �B�Q�Q�M�J�D�B�U�J�P�O �U�P �T�J�U�V�B�U�J�P�O�T �X�I�F�S�F

�T�V�D�I �D�P�O�E�J�U�J�P�O�T �Q�S�F�W�B�J�M�� �"�T �N�F�O�U�J�P�O�F�E �Q�S�F�W�J�P�V�T�M�Z�
 �8�%�. �J�T �J�O�D�S�F�E�J�C�M�Z �D�P�N�Q�M�F�Y�
 �X�I�F�S�F

�R�V�B�O�U�V�N �N�F�D�I�B�O�J�D�B�M �F�n�F�D�U�T �B�O�E �N�J�D�S�P�T�D�B�M�F �J�O�U�F�S�B�D�U�J�P�O�T �B�S�F �F�T�T�F�O�U�J�B�M�
 �B�O�E �U�I�F�T�F �J�O�U�S�J�D�B�D�J�F�T

�M�F�B�E �U�P �U�I�F �E�J�T�B�H�S�F�F�N�F�O�U �P�G �N�P�T�U �T�U�B�O�E�B�S�E �U�I�F�P�S�F�U�J�D�B�M �N�P�E�F�M�T �V�T�F�E �G�P�S �&�0�4 �B�O�E �U�S�B�O�T�Q�P�S�U

�Q�S�P�Q�F�S�U�J�F�T �<�����>�� �5�I�F �E�J�T�T�J�E�F�O�D�F �C�F�U�X�F�F�O �W�B�S�J�P�V�T �N�P�E�F�M�T �E�J�S�F�D�U�M�Z �U�S�B�O�T�M�B�U�F�T �U�P �V�O�D�F�S�U�B�J�O�U�Z

�J�O �I�Z�E�S�P�E�Z�O�B�N�J�D �T�J�N�V�M�B�U�J�P�O�T �G�P�S �8�%�. �B�O�E �)�&�%�1 �T�Z�T�U�F�N�T�
 �B�O�E �U�I�J�T �N�F�B�O�T �U�I�B�U �U�I�F �P�O�M�Z

�X�B�Z �U�P �P�C�U�B�J�O �B�D�D�V�S�B�U�F �S�F�T�V�M�U�T �J�T �U�I�F �J�N�Q�M�F�N�F�O�U�B�U�J�P�O �P�G �C�F�U�U�F�S �U�F�D�I�O�J�R�V�F�T �U�P �P�C�U�B�J�O �&�0�4

�B�O�E �U�S�B�O�T�Q�P�S�U �Q�S�P�Q�F�S�U�J�F�T �S�F�M�F�W�B�O�U �U�P �U�I�F �8�%�. �S�F�H�J�N�F �<�����
�����>��



����

�������������� �5�S�B�O�T�Q�P�S�U �Q�S�P�Q�F�S�U�J�F�T

�1�I�Z�T�J�D�B�M �U�S�B�O�T�Q�P�S�U �Q�S�P�Q�F�S�U�J�F�T �S�F�G�F�S �U�P �U�I�F �D�I�B�S�B�D�U�F�S�J�T�U�J�D�T �U�I�B�U �E�F�T�D�S�J�C�F �I�P�X �F�O�F�S�H�Z�
 �N�P��

�N�F�O�U�V�N�
 �P�S �Q�B�S�U�J�D�M�F�T �N�P�W�F �U�I�S�P�V�H�I �B �N�F�E�J�V�N �P�S �N�B�U�F�S�J�B�M�� �5�I�F�T�F �Q�S�P�Q�F�S�U�J�F�T �F�O�D�P�N�Q�B�T�T

�B �S�B�O�H�F �P�G �Q�I�F�O�P�N�F�O�B�
 �J�O�D�M�V�E�J�O�H �E�J�n�V�T�J�P�O�
 �W�J�T�D�P�T�J�U�Z�
 �B�O�E �U�I�F�S�N�B�M �P�S �F�M�F�D�U�S�J�D�B�M �D�P�O�E�V�D��

�U�J�W�J�U�Z �<�����>�� �%�J�n�V�T�J�P�O�
 �G�P�S �J�O�T�U�B�O�D�F�
 �S�F	��M�F�D�U�T �U�I�F �N�P�W�F�N�F�O�U �P�G �Q�B�S�U�J�D�M�F�T �G�S�P�N �B�S�F�B�T �P�G �I�J�H�I

�D�P�O�D�F�O�U�S�B�U�J�P�O �U�P �M�P�X �D�P�O�D�F�O�U�S�B�U�J�P�O�
 �X�I�J�M�F �D�P�O�E�V�D�U�J�W�J�U�Z �N�F�B�T�V�S�F�T �U�I�F �F�B�T�F �X�J�U�I �X�I�J�D�I

�F�O�F�S�H�Z �P�S �Q�B�S�U�J�D�M�F�T �N�P�W�F �U�I�S�P�V�H�I �B �T�V�C�T�U�B�O�D�F�� �7�J�T�D�P�T�J�U�Z �E�F�T�D�S�J�C�F�T �B �N�B�U�F�S�J�B�M�R�T �S�F�T�J�T�U�B�O�D�F

�U�P 	��M�P�X�
 �B�O�E �U�I�F�S�N�B�M �P�S �F�M�F�D�U�S�J�D�B�M �D�P�O�E�V�D�U�J�W�J�U�Z �T�J�H�O�J	��J�F�T �B �N�B�U�F�S�J�B�M�R�T �B�C�J�M�J�U�Z �U�P �D�P�O�E�V�D�U

�I�F�B�U �P�S �F�M�F�D�U�S�J�D�J�U�Z�� �6�O�E�F�S�T�U�B�O�E�J�O�H �U�S�B�O�T�Q�P�S�U �Q�S�P�Q�F�S�U�J�F�T �J�T �D�S�V�D�J�B�M �J�O �W�B�S�J�P�V�T 	��J�F�M�E�T�
 �T�V�D�I

�B�T �N�B�U�F�S�J�B�M�T �T�D�J�F�O�D�F�
 	��M�V�J�E �E�Z�O�B�N�J�D�T�
 �B�O�E �T�P�M�J�E���T�U�B�U�F �Q�I�Z�T�J�D�T�
 �B�T �U�I�F�Z �Q�S�P�W�J�E�F �J�O�T�J�H�I�U�T

�J�O�U�P �U�I�F �C�F�I�B�W�J�P�S �P�G �T�V�C�T�U�B�O�D�F�T �V�O�E�F�S �E�J�n�F�S�F�O�U �D�P�O�E�J�U�J�P�O�T �B�O�E �B�J�E �J�O �E�F�T�J�H�O�J�O�H �N�B�U�F�S�J�B�M�T

�G�P�S �T�Q�F�D�J	��J�D �B�Q�Q�M�J�D�B�U�J�P�O�T �<�����
�����>�� �"�M�T�P�
 �B�T �N�F�O�U�J�P�O�F�E �J�O �U�I�F �Q�S�F�W�J�P�V�T �T�F�D�U�J�P�O�
 �U�S�B�O�T�Q�P�S�U

�Q�S�P�Q�F�S�U�J�F�T �B�S�F �D�S�J�U�J�D�B�M �U�P �I�Z�E�S�P�E�Z�O�B�N�J�D �T�J�N�V�M�B�U�J�P�O�T��

�'�Œ�Š�—�”�ˆ ���������&�Y�Q�M�B�O�B�U�J�P�O �P�G �5�I�F�S�N�B�M �$�P�O�E�V�D�U�J�P�O�� �	���
 �*�O�J�U�J�B�M�M�Z �J�T�P�M�B�U�F�E�
 �U�X�P �N�B�U�F�S�J�B�M�T �B�U
�E�J�n�F�S�F�O�U �U�F�N�Q�F�S�B�U�V�S�F�T�
 �U�I�F �S�F�E �C�M�P�D�L �S�F�Q�S�F�T�F�O�U�T �U�I�F �I�J�H�I�F�S �U�F�N�Q�F�S�B�U�V�S�F �N�B�U�F�S�J�B�M�
 �B�O�E �U�I�F
�C�M�V�F �C�M�P�D�L �S�F�Q�S�F�T�F�O�U�T �U�I�F �M�P�X�F�S �U�F�N�Q�F�S�B�U�V�S�F �N�B�U�F�S�J�B�M�
 �T�I�P�X�J�O�H �O�P �I�F�B�U �U�S�B�O�T�G�F�S �C�F�U�X�F�F�O
�U�I�F�N�� �	���
 �)�F�B�U �T�U�B�S�U�T �U�S�B�O�T�G�F�S�S�J�O�H �G�S�P�N �U�I�F �I�P�U �U�P �U�I�F �D�P�M�E �N�B�U�F�S�J�B�M �V�Q�P�O �D�P�O�U�B�D�U�� �	���
 �5�I�J�T
�I�F�B�U �U�S�B�O�T�G�F�S�F�O�D�F �D�P�O�U�J�O�V�F�T �V�O�U�J�M �C�P�U�I �C�M�P�D�L�T �S�F�B�D�I �U�I�F�S�N�B�M �F�R�V�J�M�J�C�S�J�V�N�
 �X�I�J�D�I �N�F�B�O�T
�C�P�U�I �C�M�P�D�L�T �I�B�W�F �U�I�F �T�B�N�F �U�F�N�Q�F�S�B�U�V�S�F�� �5�I�J�T 	��J�H�V�S�F �X�B�T �S�F�Q�S�P�E�V�D�F�E �G�S�P�N �$�B�N�F�S�P�O
�"�M�M�F�O�R�T �E�J�T�T�F�S�U�B�U�J�P�O �<�����>

�5�I�F�S�N�B�M �I�F�B�U �D�P�O�E�V�D�U�J�P�O �J�T �B �Q�F�S�G�F�D�U �F�Y�B�N�Q�M�F �P�G �U�I�F �J�N�Q�P�S�U�B�O�D�F �P�G �U�S�B�O�T�Q�P�S�U �Q�S�P�Q�F�S�U�J�F�T

�J�O �I�Z�E�S�P�E�Z�O�B�N�J�D �T�J�N�V�M�B�U�J�P�O�T�� �'�J�H�V�S�F�������Q�S�P�W�J�E�F�T �B�O �J�M�M�V�T�U�S�B�U�J�W�F �F�Y�B�N�Q�M�F �P�G �U�I�F�S�N�B�M �I�F�B�U



����

�D�P�O�E�V�D�U�J�P�O�
 �X�I�F�S�F �P�O�F �I�J�H�I���U�F�N�Q�F�S�B�U�V�S�F �C�M�P�D�L �B�O�E �P�O�F �M�P�X�F�S���U�F�N�Q�F�S�B�U�V�S�F �C�M�P�D�L �B�S�F

�C�S�P�V�H�I�U �J�O �D�P�O�U�B�D�U �U�P �B�M�M�P�X �I�F�B�U �F�Y�D�I�B�O�H�F �U�P �P�D�D�V�S �V�O�U�J�M �U�I�F�S�N�B�M �F�R�V�J�M�J�C�S�J�V�N �I�B�T �C�F�F�O

�S�F�B�D�I�F�E�� �'�P�S �U�I�F �T�Z�T�U�F�N �E�J�T�Q�M�B�Z�F�E �J�O �'�J�H�V�S�F�������
 �U�I�F �Q�S�P�D�F�T�T �P�G �U�I�F�S�N�B�M �I�F�B�U �D�P�O�E�V�D�U�J�P�O

�D�B�O �C�F �N�P�E�F�M�F�E �V�T�J�O�H �'�P�V�S�J�F�S�R�T �M�B�X �P�G �U�I�F�S�N�B�M �D�P�O�E�V�D�U�J�P�O�
 �E�F	��J�O�F�E �B�T

Q = � � th r T; ������

�X�I�F�S�FQ �J�T �U�I�F �I�F�B�U 	��M�V�Y �J�O�U�S�P�E�V�D�F�E �J�O �&�R�V�B�U�J�P�O�������
T �J�T �U�I�F �U�F�N�Q�F�S�B�U�V�S�F�
 �B�O�E� th �J�T �U�I�F

�U�I�F�S�N�B�M �D�P�O�E�V�D�U�J�W�J�U�Z �<���>�� �'�S�P�N �&�R�V�B�U�J�P�O�������J�U �D�B�O �C�F �T�F�F�O �U�I�B�U �U�I�F �U�S�B�O�T�Q�P�S�U �Q�S�P�Q�F�S�U�Z� th �J�T

�S�F�R�V�J�S�F�E �U�P �P�C�U�B�J�OQ�
 �X�I�J�D�I �J�T �B�O �F�T�T�F�O�U�J�B�M �J�O�Q�V�U �Q�B�S�B�N�F�U�F�S �G�P�S �I�Z�E�S�P�E�Z�O�B�N�J�D �T�J�N�V�M�B�U�J�P�O�T��

�5�I�F�S�F �B�S�F �N�B�O�Z �E�J�n�F�S�F�O�U �N�P�E�F�M�T �P�G �U�I�F�S�N�B�M �D�P�O�E�V�D�U�J�W�J�U�Z�
 �T�V�D�I �B�T �U�I�F �D�M�B�T�T�J�D�B�M �4�Q�J�U�[�F�S

�G�P�S�N�V�M�B �<�����>�
 �U�I�F �Q�P�Q�V�M�B�S �-�F�F���.�P�S�F �N�P�E�F�M �<�����>�
 �B�O�E �U�B�C�V�M�B�U�F�E �S�F�T�V�M�U�T �<�����>�� �5�I�F�T�F �E�J�n�F�S�F�O�U

�N�P�E�F�M�T �T�F�F�N �U�P �Q�S�F�E�J�D�U �W�B�M�V�F�T �P�G �U�I�F�S�N�B�M �D�P�O�E�V�D�U�J�W�J�U�Z �U�I�B�U �E�F�W�J�B�U�F �X�J�M�E�M�Z �G�S�P�N �F�B�D�I �P�U�I�F�S

�J�O �U�I�F �8�%�. �S�F�H�J�N�F �<�����
�����>�� �5�I�F �P�U�I�F�S �U�S�B�O�T�Q�P�S�U �Q�S�P�Q�F�S�U�J�F�T �B�M�T�P �T�F�F�N �U�P �I�B�W�F �E�J�T�D�P�O�O�F�D�U�T

�C�F�U�X�F�F�O �U�I�F�J�S �N�P�E�F�M�T �<�����
�����
�����>�� �)�P�X�F�W�F�S�
 �B�U�P�N�J�T�U�J�D �N�P�E�F�M�T �I�B�W�F �I�B�E �U�I�F �N�P�T�U �T�V�D�D�F�T�T

�J�O �T�J�N�V�M�B�U�J�O�H �8�%�. �T�U�B�U�F�T�
 �B�O�E �T�V�D�I �T�J�N�V�M�B�U�J�P�O�T �D�B�O �Q�S�P�W�J�E�F �W�B�S�J�P�V�T �U�S�B�O�T�Q�P�S�U �Q�S�P�Q�F�S�U�J�F�T

�T�V�D�I �B�T �W�J�T�D�P�T�J�U�Z �B�O�E �U�I�F�S�N�B�M �E�J�n�V�T�J�W�J�U�Z�
 �B�D�P�V�T�U�J�D �Q�S�P�Q�F�S�U�J�F�T �T�V�D�I �B�T �T�P�V�O�E �T�Q�F�F�E�
 �B�O�E

�U�I�F�S�N�P�E�Z�O�B�N�J�D �W�B�S�J�B�C�M�F�T�
 �J�O�D�M�V�E�J�O�H �U�I�F �F�R�V�B�U�J�P�O �P�G �T�U�B�U�F �<�����L�����>��

���������� �"�U�P�N�J�T�U�J�D���.�P�M�F�D�V�M�B�S
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�5�I�F �E�J�T�U�J�O�D�U�J�P�O �C�F�U�X�F�F�O �U�I�F �I�Z�E�S�P�E�Z�O�B�N�J�D �B�O�E �D�P�M�M�F�D�U�J�W�F �M�J�N�J�U�T �M�J�F�T �J�O �U�I�F�J�S �Q�S�J�N�B�S�Z

�G�P�D�V�T �B�O�E �U�I�F �O�B�U�V�S�F �P�G �U�I�F �Q�I�F�O�P�N�F�O�B �U�I�F�Z �E�F�T�D�S�J�C�F�� �5�I�F �I�Z�E�S�P�E�Z�O�B�N�J�D �M�J�N�J�U �E�F�M�J�O��

�F�B�U�F�T �B �U�S�B�O�T�J�U�J�P�O �J�O �T�D�B�M�F �G�S�P�N �B �N�J�D�S�P�T�D�P�Q�J�D�
 �Q�B�S�U�J�D�M�F���M�F�W�F�M �E�F�T�D�S�J�Q�U�J�P�O �U�P �B �N�B�D�S�P�T�D�P�Q�J�D�


�D�P�O�U�J�O�V�V�N���C�B�T�F�E �S�F�Q�S�F�T�F�O�U�B�U�J�P�O �S�F�T�F�N�C�M�J�O�H 	��M�V�J�E �E�Z�O�B�N�J�D�T�� �*�U �P�D�D�V�S�T �X�I�F�O �U�I�F �T�Z�T�U�F�N�R�T

�T�Q�B�U�J�B�M �B�O�E �U�F�N�Q�P�S�B�M �T�D�B�M�F�T �S�F�B�D�I �B �Q�P�J�O�U �X�I�F�S�F �D�P�M�M�F�D�U�J�W�F �Q�B�S�U�J�D�M�F �C�F�I�B�W�J�P�S�T �E�P�N�J�O�B�U�F�


�M�F�B�E�J�O�H �U�P 	��M�V�J�E���M�J�L�F �Q�S�P�Q�F�S�U�J�F�T �E�F�T�D�S�J�C�B�C�M�F �C�Z �D�P�O�U�J�O�V�V�N���C�B�T�F�E �N�P�E�F�M�T�� �$�P�O�W�F�S�T�F�M�Z�
 �U�I�F

�D�P�M�M�F�D�U�J�W�F �M�J�N�J�U �S�F�G�F�S�T �U�P �B �T�U�B�U�F �X�I�F�S�F �B �T�Z�T�U�F�N�R�T �C�F�I�B�W�J�P�S �J�T �D�I�B�S�B�D�U�F�S�J�[�F�E �C�Z �D�P�P�S�E�J�O�B�U�F�E

�J�O�U�F�S�B�D�U�J�P�O�T �B�O�E �F�N�F�S�H�F�O�U �D�P�M�M�F�D�U�J�W�F �N�P�U�J�P�O�T �B�N�P�O�H �Q�B�S�U�J�D�M�F�T �P�S �N�P�M�F�D�V�M�F�T�
 �T�V�S�Q�B�T�T�J�O�H

�J�O�E�J�W�J�E�V�B�M �Q�B�S�U�J�D�M�F �C�F�I�B�W�J�P�S�T�� �8�I�J�M�F �U�I�F �I�Z�E�S�P�E�Z�O�B�N�J�D �M�J�N�J�U �D�P�O�D�F�S�O�T �U�I�F �U�S�B�O�T�J�U�J�P�O �J�O

�T�D�B�M�F�T �B�O�E �U�I�F �B�E�P�Q�U�J�P�O �P�G �D�P�O�U�J�O�V�V�N���C�B�T�F�E �E�F�T�D�S�J�Q�U�J�P�O�T�
 �U�I�F �D�P�M�M�F�D�U�J�W�F �M�J�N�J�U �G�P�D�V�T�F�T �P�O

�U�I�F �F�N�F�S�H�F�O�D�F �P�G �D�P�M�M�F�D�U�J�W�F �Q�I�F�O�P�N�F�O�B �S�F�T�V�M�U�J�O�H �G�S�P�N �D�P�P�S�E�J�O�B�U�F�E �J�O�U�F�S�B�D�U�J�P�O�T �B�N�P�O�H

�Q�B�S�U�J�D�M�F�T�
 �J�S�S�F�T�Q�F�D�U�J�W�F �P�G �U�I�F �T�D�B�M�F �U�S�B�O�T�J�U�J�P�O�� �#�P�U�I �D�P�O�D�F�Q�U�T�
 �I�P�X�F�W�F�S�
 �D�B�O �J�O�U�F�S�T�F�D�U �J�O

�T�D�F�O�B�S�J�P�T �X�I�F�S�F �U�I�F �F�N�F�S�H�F�O�D�F �P�G �D�P�M�M�F�D�U�J�W�F �C�F�I�B�W�J�P�S�T �D�P�J�O�D�J�E�F�T �X�J�U�I �U�I�F �U�S�B�O�T�J�U�J�P�O �U�P

�N�B�D�S�P�T�D�P�Q�J�D �E�F�T�D�S�J�Q�U�J�P�O�T��

������ �"�E�J�B�C�B�U�J�D �.�% �T�J�N�V�M�B�U�J�P�O�T

�*�O �U�I�J�T �X�P�S�L�
 �U�I�F �#�P�S�O���0�Q�Q�F�O�I�F�J�N�F�S �	�#�0�
 �B�Q�Q�S�P�Y�J�N�B�U�J�P�O�
 �B�M�T�P �L�O�P�X�O �B�T �U�I�F �B�E�J�B�C�B�U�J�D

�B�Q�Q�S�P�Y�J�N�B�U�J�P�O�
 �X�I�J�D�I �J�T �U�I�F �D�P�S�O�F�S�T�U�P�O�F �P�G �N�P�E�F�S�O �B�U�P�N�J�T�U�J�D �T�J�N�V�M�B�U�J�P�O �U�F�D�I�O�J�R�V�F�T �J�O

�Q�I�Z�T�J�D�T �B�O�E �D�I�F�N�J�T�U�S�Z �<�����L�����>�� �5�I�F �B�E�J�B�C�B�U�J�D �B�Q�Q�S�P�Y�J�N�B�U�J�P�O �E�J�D�U�B�U�F�T �U�I�B�U �U�I�F �F�M�F�D�U�S�P�O�T

�B�E�K�V�T�U �J�O�T�U�B�O�U�B�O�F�P�V�T�M�Z �U�P �U�I�F �J�P�O 	��J�F�M�E�T �B�O�E �J�T �K�V�T�U�J	��J�F�E �U�I�S�P�V�H�I �U�I�F �E�J�T�Q�B�S�B�U�F �F�O�F�S�H�Z

�T�D�B�M�F�T �P�G �U�I�F �F�M�F�D�U�S�P�O �B�O�E �J�P�O �N�P�U�J�P�O �<�����>�� �5�I�F �M�B�D�L �P�G �E�Z�O�B�N�J�D �F�M�F�D�U�S�P�O���J�P�O �J�O�U�F�S�B�D�U�J�P�O�T

�Q�S�F�W�F�O�U�T �U�I�F �U�X�P �T�Q�F�D�J�F�T �G�S�P�N �F�Y�D�I�B�O�H�J�O�H �F�O�F�S�H�Z��
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���������� �$�M�B�T�T�J�D�B�M �.�%

�$�M�B�T�T�J�D�B�M �.�% �J�T �B �D�P�N�Q�V�U�B�U�J�P�O�B�M �N�F�U�I�P�E �V�T�F�E �U�P �T�J�N�V�M�B�U�F �U�I�F �C�F�I�B�W�J�P�S �P�G �B�U�P�N�T �B�O�E

�N�P�M�F�D�V�M�F�T �C�Z �O�V�N�F�S�J�D�B�M�M�Z �T�P�M�W�J�O�H �D�M�B�T�T�J�D�B�M �F�R�V�B�U�J�P�O�T �P�G �N�P�U�J�P�O �G�P�S �F�B�D�I �Q�B�S�U�J�D�M�F �X�J�U�I�J�O

�B �T�Z�T�U�F�N �<�����>�� �5�I�J�T �B�Q�Q�S�P�B�D�I �U�S�F�B�U�T �Q�B�S�U�J�D�M�F�T �B�T �D�M�B�T�T�J�D�B�M �F�O�U�J�U�J�F�T�
 �O�F�H�M�F�D�U�J�O�H �R�V�B�O�U�V�N

�N�F�D�I�B�O�J�D�B�M �F�n�F�D�U�T �B�O�E �S�F�Q�S�F�T�F�O�U�J�O�H �B�U�P�N�J�D �J�O�U�F�S�B�D�U�J�P�O�T �U�I�S�P�V�H�I �F�N�Q�J�S�J�D�B�M �G�P�S�D�F 	��J�F�M�E�T �P�S

�Q�P�U�F�O�U�J�B�M �F�O�F�S�H�Z �G�V�O�D�U�J�P�O�T�� �#�Z �U�S�B�D�L�J�O�H �U�I�F �Q�P�T�J�U�J�P�O�T �B�O�E �W�F�M�P�D�J�U�J�F�T �P�G �Q�B�S�U�J�D�M�F�T �P�W�F�S �U�J�N�F

�V�T�J�O�H �/�F�X�U�P�O�R�T �F�R�V�B�U�J�P�O�T �P�G �N�P�U�J�P�O�
 �$�M�B�T�T�J�D�B�M �.�% �Q�S�P�W�J�E�F�T �J�O�T�J�H�I�U�T �J�O�U�P �U�I�F �E�Z�O�B�N�J�D

�F�W�P�M�V�U�J�P�O �P�G �T�Z�T�U�F�N�T�
 �P�n�F�S�J�O�H �W�B�M�V�B�C�M�F �J�O�G�P�S�N�B�U�J�P�O �B�C�P�V�U �U�I�F �T�U�S�V�D�U�V�S�F�
 �E�Z�O�B�N�J�D�T�
 �Q�I�B�T�F

�U�S�B�O�T�J�U�J�P�O�T�
 �B�O�E �U�I�F�S�N�P�E�Z�O�B�N�J�D �Q�S�P�Q�F�S�U�J�F�T �B�U �U�I�F �B�U�P�N�J�D �P�S �N�P�M�F�D�V�M�B�S �T�D�B�M�F �<�����>�� �8�J�E�F�M�Z

�F�N�Q�M�P�Z�F�E �B�D�S�P�T�T �E�J�W�F�S�T�F �T�D�J�F�O�U�J	��J�D 	��J�F�M�E�T �T�V�D�I �B�T �N�B�U�F�S�J�B�M�T �T�D�J�F�O�D�F�
 �D�I�F�N�J�T�U�S�Z�
 �B�O�E �C�J�P��

�Q�I�Z�T�J�D�T�
 �$�M�B�T�T�J�D�B�M �.�% �S�F�N�B�J�O�T �B �G�P�V�O�E�B�U�J�P�O�B�M �U�F�D�I�O�J�R�V�F �G�P�S �T�U�V�E�Z�J�O�H �D�P�N�Q�M�F�Y �T�Z�T�U�F�N�T

�B�O�E �V�O�E�F�S�T�U�B�O�E�J�O�H �U�I�F�J�S �C�F�I�B�W�J�P�S �V�O�E�F�S �W�B�S�J�P�V�T �D�P�O�E�J�U�J�P�O�T��

�"�M�M �P�G �D�M�B�T�T�J�D�B�M �N�F�D�I�B�O�J�D�T �J�N�Q�M�F�N�F�O�U�T �)�B�N�J�M�U�P�O�R�T �F�R�V�B�U�J�P�O�T �P�G �N�P�U�J�P�O��
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�X�I�F�S�FH �J�T �U�I�F �)�B�N�J�M�U�P�O�J�B�O�
q �J�T �U�I�F �H�F�O�F�S�B�M�J�[�F�E �Q�P�T�J�U�J�P�O�
 �B�O�Ep �J�T �U�I�F �H�F�O�F�S�B�M�J�[�F�E

�N�P�N�F�O�U�V�N�� �5�I�F �)�B�N�J�M�U�P�O�J�B�O�
 �E�F	��J�O�F�E �B�TH = T + V�
T �J�T �U�I�F �L�J�O�F�U�J�D �F�O�F�S�H�Z �U�F�S�N�
 �B�O�E

V �J�T �U�I�F �Q�P�U�F�O�U�J�B�M �F�O�F�S�H�Z �U�F�S�N�
 �J�T �V�T�V�B�M�M�Z �E�F	��J�O�F�E �B�T �U�I�F �U�P�U�B�M �J�O�U�F�S�O�B�M �F�O�F�S�H�Z �<�����>��

���������� �%�'�5���.�%

�%�'�5���.�% �J�T �B�O �B�E�J�B�C�B�U�J�D �D�P�N�Q�V�U�B�U�J�P�O�B�M �G�S�B�N�F�X�P�S�L �U�I�B�U �N�F�S�H�F�T �U�I�F �Q�S�J�O�D�J�Q�M�F�T �P�G �E�F�O�T�J�U�Z

�G�V�O�D�U�J�P�O�B�M �U�I�F�P�S�Z �	�%�'�5�
 �X�J�U�I �N�P�M�F�D�V�M�B�S �E�Z�O�B�N�J�D�T �T�J�N�V�M�B�U�J�P�O�T �U�P �N�P�E�F�M �U�I�F �C�F�I�B�W�J�P�S �P�G

�B�U�P�N�T �B�O�E �N�P�M�F�D�V�M�F�T �J�O �E�Z�O�B�N�J�D �F�O�W�J�S�P�O�N�F�O�U�T�� �%�'�5���.�% �V�U�J�M�J�[�F�T �U�I�F �D�P�O�D�F�Q�U �P�G �F�M�F�D�U�S�P�O

�E�F�O�T�J�U�Z�
 �F�N�Q�M�P�Z�J�O�H �G�V�O�D�U�J�P�O�B�M�T �U�I�B�U �E�F�T�D�S�J�C�F �U�I�F �F�M�F�D�U�S�P�O�J�D �T�U�S�V�D�U�V�S�F �B�O�E �J�O�U�F�S�B�D�U�J�P�O�T



����

�X�J�U�I�J�O �B �T�Z�T�U�F�N�� �*�O�U�F�H�S�B�U�J�O�H �N�P�M�F�D�V�M�B�S �E�Z�O�B�N�J�D�T �U�F�D�I�O�J�R�V�F�T �U�I�B�U �T�J�N�V�M�B�U�F �B�U�P�N�J�D �N�P�U�J�P�O�T

�P�W�F�S �U�J�N�F �X�J�U�I �U�I�F �R�V�B�O�U�V�N �N�F�D�I�B�O�J�D�B�M �J�O�T�J�H�I�U�T �Q�S�P�W�J�E�F�E �C�Z �%�'�5 �F�O�B�C�M�F�T �T�U�V�E�Z�J�O�H

�D�P�N�Q�M�F�Y �Q�S�P�D�F�T�T�F�T �T�V�D�I �B�T �D�I�F�N�J�D�B�M �S�F�B�D�U�J�P�O�T�
 �Q�I�B�T�F �U�S�B�O�T�J�U�J�P�O�T�
 �B�O�E �N�B�U�F�S�J�B�M �Q�S�P�Q�F�S�U�J�F�T

�B�U �U�I�F �B�U�P�N�J�D �B�O�E �N�P�M�F�D�V�M�B�S �M�F�W�F�M�T�� �%�'�5���.�% �T�F�S�W�F�T �B�T �B �W�F�S�T�B�U�J�M�F �U�P�P�M �B�D�S�P�T�T �W�B�S�J�P�V�T

�T�D�J�F�O�U�J	��J�D �E�J�T�D�J�Q�M�J�O�F�T�
 �F�Y�Q�M�P�S�J�O�H �U�I�F �E�Z�O�B�N�J�D�T �B�O�E �U�I�F�S�N�P�E�Z�O�B�N�J�D�T �P�G �T�Z�T�U�F�N�T �S�B�O�H�J�O�H

�G�S�P�N �C�J�P�N�P�M�F�D�V�M�B�S �J�O�U�F�S�B�D�U�J�P�O�T �U�P �N�B�U�F�S�J�B�M�T �V�O�E�F�S �E�J�W�F�S�T�F �D�P�O�E�J�U�J�P�O�T�
 �Q�S�P�W�J�E�J�O�H �W�B�M�V�B�C�M�F

�J�O�T�J�H�I�U�T �J�O�U�P �U�I�F�J�S �C�F�I�B�W�J�P�S �B�O�E �Q�S�P�Q�F�S�U�J�F�T��

�5�I�F �V�T�F �P�G �%�'�5���.�% �S�F�R�V�J�S�F�T �U�I�F �F�M�F�D�U�S�P�O�J�D �X�B�W�F �G�V�O�D�U�J�P�O �G�P�S �U�I�F �H�S�P�V�O�E �T�U�B�U�F �P�G �U�I�F

�T�Z�T�U�F�N �J�O �R�V�F�T�U�J�P�O�� �4�J�O�D�F �U�I�F �F�M�F�D�U�S�P�O�T �B�S�F �G�F�S�N�J�P�O�T�
 �U�I�F �U�P�U�B�M �X�B�W�F �G�V�O�D�U�J�P�O �G�P�S �B �T�Z�T�U�F�N

�P�G �O �F�M�F�D�U�S�P�O�T �D�B�O �C�F �G�P�S�N�F�E �B�T �B �4�M�B�U�F�S �E�F�U�F�S�N�J�O�B�O�U �T�I�P�X�O �C�F�M�P�X��
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�X�I�F�S�F	 �J�T �U�I�F �U�P�U�B�M �F�M�F�D�U�S�P�O �X�B�W�F �G�V�O�D�U�J�P�O �B�O�E i (r k) �J�T �U�I�F �X�B�W�F �G�V�O�D�U�J�P�O �P�G �U�I�F �J�U�I

�F�M�F�D�U�S�P�O �B�U �Q�P�T�J�U�J�P�Or k �<�����>�� �5�S�B�E�J�U�J�P�O�B�M�M�Z�
 �U�I�F �H�S�P�V�O�E �T�U�B�U�F �X�B�W�F �G�V�O�D�U�J�P�O �X�P�V�M�E �C�F

�P�C�U�B�J�O�F�E �V�T�J�O�H �U�I�F �)�B�S�U�S�F�F���'�P�D�L �B�Q�Q�S�P�Y�J�N�B�U�J�P�O�
 �C�V�U �U�I�F�S�F �B�S�F �N�V�M�U�J�Q�M�F �J�T�T�V�F�T �X�J�U�I �V�T�J�O�H

�U�I�J�T �N�F�U�I�P�E�
 �T�V�D�I �B�T �O�P�U �P�C�U�B�J�O�J�O�H �D�P�S�S�F�D�U �D�P�S�S�F�M�B�U�J�P�O �F�O�F�S�H�Z �B�O�E �I�B�W�J�O�H �B �I�P�S�S�J�C�M�F

�D�P�N�Q�V�U�B�U�J�P�O�B�M �F�Y�Q�F�O�T�F �<�����>�� �)�P�X�F�W�F�S�
 �%�'�5 �P�W�F�S�D�P�N�F�T �U�I�F�T�F �J�T�T�V�F�T�
 �U�P �W�B�S�J�P�V�T �E�F�H�S�F�F�T�


�E�V�F �U�P �U�I�F �H�S�P�V�O�E�C�S�F�B�L�J�O�H �X�P�S�L �P�G �)�P�I�F�O�C�F�S�H �B�O�E �,�P�I�O �<�����>�� �*�O �U�I�B�U �X�P�S�L�
 �U�I�F�Z �E�F�W�F�M�P�Q�F�E

�U�X�P �N�B�J�O �U�I�F�P�S�F�N�T �U�I�B�U �G�P�S�N �U�I�F �G�P�V�O�E�B�U�J�P�O �P�G �R�V�B�O�U�V�N �%�'�5�� �5�I�F 	��J�S�T�U �U�I�F�P�S�F�N �T�U�B�U�F�T

�U�I�B�U �U�I�F �D�P�N�Q�M�F�U�F �N�B�O�Z���C�P�E�Z �H�S�P�V�O�E �T�U�B�U�F �J�T �B �V�O�J�R�V�F �G�V�O�D�U�J�P�O�B�M �P�G� (r )�
 �X�I�F�S�F� �J�T �U�I�F

�F�M�F�D�U�S�P�O �E�F�O�T�J�U�Z�
 �B�O�E �U�I�F �G�V�O�D�U�J�P�O�B�M �D�B�O �C�F �D�B�T�U �J�O �U�F�S�N�T �P�G �B�O �F�Y�Q�F�D�U�B�U�J�P�O �W�B�M�V�F

FHK [� 0] = h	 0[� 0]jH 0
ej	 0[� 0]i ������
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�E�F	��J�O�F�TFHK �B�T �B �H�F�O�F�S�B�M �G�V�O�D�U�J�P�O�B�M �P�G �U�I�F �H�S�P�V�O�E���T�U�B�U�F �F�M�F�D�U�S�P�O �E�F�O�T�J�U�Z�
� 0(r )�
 �X�I�J�D�I �J�T

�F�O�U�J�S�F�M�Z �J�O�E�F�Q�F�O�E�F�O�U �P�G �U�I�F �T�Z�T�U�F�N �T�V�S�S�P�V�O�E�J�O�H �U�I�F �F�M�F�D�U�S�P�O�T�
 �B�O�EH 0
e = T[� ] + Vee[� ]�


�X�I�F�S�FT[� ] �J�T �U�I�F �F�M�F�D�U�S�P�O �L�J�O�F�U�J�D �F�O�F�S�H�Z �P�Q�P�S�B�U�P�S �B�O�EVee[� ] �J�T �U�I�F �Q�P�U�F�O�U�J�B�M �F�O�F�S�H�Z

�C�F�U�X�F�F�O �U�I�F �F�M�F�D�U�S�P�O�T�� �5�I�F �T�F�D�P�O�E �U�I�F�P�S�F�N �E�F�W�F�M�P�Q�F�E �C�Z �)�P�I�F�O�C�F�S�H �B�O�E �,�P�I�O �T�U�B�U�F�T

�U�I�B�U �U�I�F �F�O�F�S�H�Z���G�V�O�D�U�J�P�O�B�M�
 �E�F	��J�O�F�E �B�T

E[� ] = FHK [� ] +
Z

Vext (r )� (r ; R (N )) dr ; ��������

�J�T �B �N�J�O�J�N�V�N �X�I�F�O� = � 0�
 �X�I�F�S�F� 0 �J�T �U�I�F �B�D�U�V�B�M �H�S�P�V�O�E���T�U�B�U�F �E�F�O�T�J�U�Z�� �*�O �&�R�O�����������
 �U�I�F

�F�O�F�S�H�Z �G�V�O�D�U�J�P�O�B�M�
E[� ]�
 �J�T �E�F�Q�F�O�E�F�O�U �P�O �U�I�F �G�V�O�D�U�J�P�O�B�MFHK �B�O�E �P�O �U�I�F �F�Y�U�F�S�O�B�M 	��J�F�M�E�T�


Vext �
 �G�S�P�N �U�I�F �O�V�D�M�F�B�S���O�V�D�M�F�B�S �B�O�E �F�M�F�D�U�S�P�O���O�V�D�M�F�B�S �J�O�U�F�S�B�D�U�J�P�O�T �<�����>��

�%�'�5���.�% �I�B�T �U�X�P �Q�S�J�N�B�S�Z 	��M�B�W�P�S�T�� �0�S�C�J�U�B�M���G�S�F�F �%�'�5���.�% �	�0�'���%�'�5���.�%�
 �B�O�E �,�P�I�O��

�4�I�B�N �%�'�5���.�% �	�,�4���%�'�5���.�%�
�� �,�4���%�'�5 �J�T �B �Q�J�W�P�U�B�M �G�S�B�N�F�X�P�S�L �X�J�U�I�J�O �R�V�B�O�U�V�N �N�F�D�I�B�O�J�D�T

�U�P �B�O�B�M�Z�[�F �U�I�F �F�M�F�D�U�S�P�O�J�D �T�U�S�V�D�U�V�S�F �P�G �B�U�P�N�T�
 �N�P�M�F�D�V�M�F�T�
 �B�O�E �N�B�U�F�S�J�B�M�T�� �5�I�J�T �U�I�F�P�S�Z�
 �E�F�W�F�M��

�P�Q�F�E �C�Z �8�B�M�U�F�S �,�P�I�O �B�O�E �-�V �4�I�B�N �<�����>�
 �X�B�T �E�F�W�F�M�P�Q�F�E �U�P �D�B�M�D�V�M�B�U�F �U�I�F �G�V�O�D�U�J�P�O�B�M�
FHK ��

�,�P�I�O �B�O�E �4�I�B�N�R�T �B�Q�Q�S�P�B�D�I �T�J�N�Q�M�J	��J�F�T �U�I�F �N�B�O�Z���C�P�E�Z �Q�S�P�C�M�F�N �P�G �J�O�U�F�S�B�D�U�J�O�H �F�M�F�D�U�S�P�O�T �C�Z

�J�O�U�S�P�E�V�D�J�O�H �B �T�F�U �P�G �O�P�O���J�O�U�F�S�B�D�U�J�O�H�
 	��J�D�U�J�U�J�P�V�T �F�M�F�D�U�S�P�O�T �X�J�U�I �F�R�V�J�W�B�M�F�O�U �E�F�O�T�J�U�J�F�T �U�P �U�I�F

�B�D�U�V�B�M �Q�I�Z�T�J�D�B�M �J�O�U�F�S�B�D�U�J�O�H �T�Z�T�U�F�N �<�����
�����>�� �5�I�J�T �O�F�X �T�F�U �P�G �J�O�E�F�Q�F�O�E�F�O�U�
 �O�P�O���J�O�U�F�S�B�D�U�J�O�H

�F�M�F�D�U�S�P�O�T �I�B�T �B �H�S�P�V�O�E���T�U�B�U�F �E�F�O�T�J�U�Z �E�F	��J�O�F�E �B�T

� KS (r ) =
NX

i =1

j� i (r )j2; ��������

�X�I�F�S�F� i �J�T �U�I�F �J�U�I �T�J�O�H�M�F���Q�B�S�U�J�D�M�F �,�P�I�O���4�I�B�N �P�S�C�J�U�B�M�� �*�O �,�4���%�'�5�
 �U�I�F �D�P�N�Q�M�F�Y �F�M�F�D�U�S�P�O��

�F�M�F�D�U�S�P�O �J�O�U�F�S�B�D�U�J�P�O�T �B�S�F �T�V�C�T�U�J�U�V�U�F�E �X�J�U�I �B�O �F�n�F�D�U�J�W�F �Q�P�U�F�O�U�J�B�M�
 �B�M�M�P�X�J�O�H �U�I�F �T�Z�T�U�F�N �U�P

�F�W�P�M�W�F �B�T �O�P�O���J�O�U�F�S�B�D�U�J�O�H �Q�B�S�U�J�D�M�F�T �X�J�U�I�J�O �B�O �F�n�F�D�U�J�W�F �T�J�O�H�M�F���Q�B�S�U�J�D�M�F �4�D�I�S�¶�E�J�O�H�F�S���M�J�L�F



����

�F�R�V�B�U�J�P�O�

�

�
~2

2me
r 2 + Vs

�
� i = � i � i ��������

�X�I�F�S�F �U�I�F 	��J�S�T�U �U�F�S�N �P�O �U�I�F �M�F�|���I�B�O�E �T�J�E�F �J�T �U�I�F �L�J�O�F�U�J�D �F�O�F�S�H�Z �P�Q�F�S�B�U�P�S �G�P�S �U�I�F �O�P�O��

�J�O�U�F�S�B�D�U�J�O�H �T�Z�T�U�F�N�
Vs �J�T �U�I�F �F�n�F�D�U�J�W�F �T�J�O�H�M�F���Q�B�S�U�J�D�M�F �Q�P�U�F�O�U�J�B�M �E�F	��J�O�F�E �B�T

Vs = Vext +
Z

� 0(r 0)
jr � r 0j

dr 0+
�E xc

�� (r )
��������

�X�J�U�IVext �S�F�Q�S�F�T�F�O�U�J�O�H �U�I�F �F�Y�U�F�S�O�B�M �Q�P�U�F�O�U�J�B�M �F�O�F�S�H�Z �F�Y�Q�S�F�T�T�F�E �B�T

Vext =
MX

J =1

Ze
2

Z
� 0(r )

jr � R J j
dr +

M � 1X

I =1

MX

J = I +1

Z 2e2

jR I � R J j
; ��������

�B�O�E� i �P�O �U�I�F �S�J�H�I�U���I�B�O�E �T�J�E�F �J�T �U�I�F �J�U�I �P�S�C�J�U�B�M �F�O�F�S�H�Z �<�����>�� �*�O �,�4���%�'�5�
 �U�I�F �U�P�U�B�M �F�O�F�S�H�Z �J�T

�B �G�V�O�D�U�J�P�O�B�M �P�G �U�I�F �H�S�P�V�O�E���T�U�B�U�F �F�M�F�D�U�S�P�O �D�I�B�S�H�F �E�F�O�T�J�U�Z �F�Y�Q�S�F�T�T�F�E �B�T

EKS [� 0] = Ts[� 0] +
Z

Vext (r )� 0(r ) dr + EC + Exc[� 0]; ��������

�X�I�F�S�F

Ts = �
~2

2me

NX

i =1

h� i jr 2j� i i ; ��������

EC =
1
2

Z Z
� 0(r 0)� 0(r )

jr � r 0j
dr 0dr ; ��������

�B�O�EExc[� 0] �J�T �U�I�F �F�Y�D�I�B�O�H�F �B�O�E �D�P�S�S�F�M�B�U�J�P�O �F�O�F�S�H�Z �U�I�B�U �N�V�T�U �C�F �G�P�V�O�E �U�I�S�P�V�H�I �P�V�U�T�J�E�F

�N�F�U�I�P�E�T �<�����
�����L�����>�� �'�J�O�B�M�M�Z�
 �U�I�F �U�P�U�B�M �F�O�F�S�H�Z �P�G �U�I�F �T�Z�T�U�F�N �D�B�O �C�F �X�S�J�U�U�F�O �B�T �G�P�M�M�P�X�T�


E =
NX

i =1

� i � EC + Exc �
Z

�E xc

�� (r )
� 0(r ) dr : ��������

�6�O�M�J�L�F �,�4���%�'�5�
 �0�'���%�'�5 �E�J�S�F�D�U�M�Z �P�Q�F�S�B�U�F�T �P�O �U�I�F �F�M�F�D�U�S�P�O �E�F�O�T�J�U�Z�
 �C�Z�Q�B�T�T�J�O�H �U�I�F �O�F�F�E



����

�U�P �D�P�O�T�J�E�F�S �F�M�F�D�U�S�P�O�J�D �P�S�C�J�U�B�M�T �F�Y�Q�M�J�D�J�U�M�Z�� �*�O�T�U�F�B�E�
 �J�U �F�N�Q�M�P�Z�T �G�V�O�D�U�J�P�O�B�M�T �U�I�B�U �E�F�Q�F�O�E �P�O�M�Z

�P�O �U�I�F �F�M�F�D�U�S�P�O �E�F�O�T�J�U�Z�
 �N�B�L�J�O�H �J�U �D�P�N�Q�V�U�B�U�J�P�O�B�M�M�Z �F	��J�D�J�F�O�U �G�P�S �M�B�S�H�F �T�Z�T�U�F�N�T�� �5�I�F �C�B�T�J�D

�G�P�S�N �P�G �0�'���%�'�5 �J�T �C�B�T�F�E �P�O �U�I�F �5�I�P�N�B�T���'�F�S�N�J �U�I�F�P�S�Z �<�����
�����>�
 �X�I�J�D�I �E�P�F�T �O�P�U �J�O�D�M�V�E�F

�B�O�ZExc �U�F�S�N�T �C�V�U �B�U�U�F�N�Q�U�T �U�P �B�Q�Q�S�P�Y�J�N�B�U�F �U�I�F �L�J�O�F�U�J�D �F�O�F�S�H�Z �G�V�O�D�U�J�P�O�B�M �<�����
�����>�� �.�P�S�F

�B�E�W�B�O�D�F�E �W�F�S�T�J�P�O�T �P�G �0�'���%�'�5 �C�V�J�M�E �P�O �U�I�F �5�I�P�N�B�T���'�F�S�N�J �N�P�E�F�M �B�O�E �J�O�D�M�V�E�FExc �U�F�S�N�T��

������ �/�P�O���"�E�J�B�C�B�U�J�D �.�% �T�J�N�V�M�B�U�J�P�O�T

�*�O �U�I�J�T �X�P�S�L�
 �O�P�O���B�E�J�B�C�B�U�J�D �T�J�N�V�M�B�U�J�P�O�T �H�P �C�F�Z�P�O�E �U�I�F �#�0���B�E�J�B�C�B�U�J�D �B�Q�Q�S�P�Y�J�N�B�U�J�P�O�
 �B�M��

�M�P�X�J�O�H �U�I�F �F�M�F�D�U�S�P�O�T �B�O�E �J�P�O�T �U�P �F�Y�D�I�B�O�H�F �F�O�F�S�H�Z �E�Z�O�B�N�J�D�B�M�M�Z��

���������� �2�-�.�%

�~�V�B�O�U�V�N �-�B�O�H�F�W�J�O �.�P�M�F�D�V�M�B�S �%�Z�O�B�N�J�D�T �	�2�-�.�%�
 �J�T �B �D�P�N�Q�V�U�B�U�J�P�O�B�M �U�F�D�I�O�J�R�V�F �U�I�B�U �D�P�N��

�C�J�O�F�T �R�V�B�O�U�V�N �N�F�D�I�B�O�J�D�T �X�J�U�I �-�B�O�H�F�W�J�O �E�Z�O�B�N�J�D�T �U�P �T�J�N�V�M�B�U�F �U�I�F �C�F�I�B�W�J�P�S �P�G �B�U�P�N�T

�B�O�E �N�P�M�F�D�V�M�F�T �J�O �T�Z�T�U�F�N�T �T�V�C�K�F�D�U �U�P �C�P�U�I �R�V�B�O�U�V�N �B�O�E �U�I�F�S�N�B�M 	��M�V�D�U�V�B�U�J�P�O�T �<�����
�����>��

�2�-�.�% �J�O�U�F�H�S�B�U�F�T �U�I�F �Q�S�J�O�D�J�Q�M�F�T �P�G �R�V�B�O�U�V�N �N�F�D�I�B�O�J�D�T�
 �P�|�F�O �V�T�J�O�H �E�F�O�T�J�U�Z �G�V�O�D�U�J�P�O�B�M

�U�I�F�P�S�Z �	�%�'�5�
�
 �U�P �E�F�T�D�S�J�C�F �U�I�F �F�M�F�D�U�S�P�O�J�D �T�U�S�V�D�U�V�S�F �B�O�E �J�O�U�F�S�B�D�U�J�P�O�T�
 �B�M�M�P�X�J�O�H �G�P�S �B�O �B�D�D�V�S�B�U�F

�S�F�Q�S�F�T�F�O�U�B�U�J�P�O �P�G �R�V�B�O�U�V�N �F�n�F�D�U�T�� �5�I�J�T �N�F�U�I�P�E �J�O�D�P�S�Q�P�S�B�U�F�T �-�B�O�H�F�W�J�O �E�Z�O�B�N�J�D�T�
 �J�O�U�S�P��

�E�V�D�J�O�H �T�U�P�D�I�B�T�U�J�D �G�P�S�D�F�T �U�I�B�U �N�J�N�J�D �U�I�F �F�n�F�D�U�T �P�G �U�F�N�Q�F�S�B�U�V�S�F �B�O�E �T�P�M�W�F�O�U �J�O�U�F�S�B�D�U�J�P�O�T
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�X�I�J�D�I �T�J�H�O�J	��J�D�B�O�U �F�O�F�S�H�Z �F�Y�D�I�B�O�H�F �P�D�D�V�S�T �C�F�U�X�F�F�O �U�I�F �Q�M�B�T�N�B �D�P�N�Q�P�O�F�O�U�T�� �5�I�F �D�M�B�T�T�J�D
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 �C�V�U �U�I�F �-�B�O�H�F�W�J�O �M�B�C�F�M�F�E �E�B�U�B �S�F�Q�S�F�T�F�O�U�T
�V�T�J�O�H �2�-�.�%�� �5�I�F �/�P�T�F���)�P�P�W�F�S �J�T �U�I�F �B�E�J�B�C�B�U�J�D �T�J�N�V�M�B�U�J�P�O �N�F�U�I�P�E�
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 �J�T �U�I�F �O�P�O���B�E�J�B�C�B�U�J�D �N�F�U�I�P�E��

�B�E�J�B�C�B�U�J�D �E�F�O�T�J�U�Z �G�V�O�D�U�J�P�O�B�M �U�I�F�P�S�Z �N�P�M�F�D�V�M�B�S �E�Z�O�B�N�J�D�T �	�%�'�5���.�%�
 �T�J�N�V�M�B�U�J�P�O �S�F�T�V�M�U�T �U�P �B

�T�J�N�J�M�B�S�M�Z �I�J�H�I��	��J�E�F�M�J�U�Z �O�P�O���B�E�J�B�C�B�U�J�D �N�F�U�I�P�E�
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�O�B�U�F�M�Z�
 �U�I�F �I�J�H�I �D�P�N�Q�V�U�B�U�J�P�O�B�M �D�P�T�U �P�G �T�V�D�I �N�F�U�I�P�E�T �N�B�L�F�T �T�U�V�E�Z�J�O�H �U�I�F �J�P�O �E�Z�O�B�N�J�D�T �J�O

�8�%�. �J�O�G�F�B�T�J�C�M�F�� �5�I�J�T �J�O�D�S�F�B�T�F�E �D�P�N�Q�V�U�B�U�J�P�O�B�M �D�P�T�U �I�B�T �M�F�E �U�P �U�I�F �E�F�W�F�M�P�Q�N�F�O�U �P�G �G�B�T�U�F�S

�O�P�O���B�E�J�B�C�B�U�J�D �T�J�N�V�M�B�U�J�P�O �N�F�U�I�P�E�T�
 �T�V�D�I �B�T �U�I�F �F�M�F�D�U�S�P�O �G�P�S�D�F 	��J�F�M�E �N�F�U�I�P�E �	�F�'�'�
�� �4�U�J�M�M�


�U�I�F�T�F �G�B�T�U�F�S �N�F�U�I�P�E�T �S�F�M�Z �P�O �N�B�O�Z �T�J�N�Q�M�J�G�Z�J�O�H �B�Q�Q�S�P�Y�J�N�B�U�J�P�O�T �U�P �T�Q�F�F�E �V�Q �D�B�M�D�V�M�B�U�J�P�O�T
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�U�S�F�B�U�J�O�H �U�I�F �F�M�F�D�U�S�P�O�T�� �5�I�F �Q�S�J�N�B�S�Z �G�P�D�V�T �P�G �U�I�J�T �X�P�S�L �J�T �U�P �V�O�B�N�C�J�H�V�P�V�T�M�Z �E�F�U�F�S�N�J�O�F



����

�X�I�F�U�I�F�S �O�P�O���B�E�J�B�C�B�U�J�D �F�n�F�D�U�T �	�J���F���
 �U�I�P�T�F �U�I�B�U �E�P �O�P�U �F�N�Q�M�P�Z �U�I�F �#�0 �B�Q�Q�S�P�Y�J�N�B�U�J�P�O�
 �B�S�F
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 �B �T�Q�B�U�J�B�M�M�Z �M�P�D�B�M�J�[�F�E �D�P�N�Q�M�F�Y

�G�V�O�D�U�J�P�O�� �*�U �J�T �D�P�N�N�P�O �U�P �S�F�Q�S�F�T�F�O�U �B �T�J�O�H�M�F �F�M�F�D�U�S�P�O �X�B�W�F���Q�B�D�L�F�U �V�T�J�O�H �B �C�B�T�J�T �T�F�U

�D�P�O�T�U�S�V�D�U�F�E �G�S�P�N �B �T�V�N �P�GM �(�B�V�T�T�J�B�O�T�� �J���F���
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� ' � d3x �J�T �B �O�P�S�N�B�M�J�[�B�U�J�P�O �G�B�D�U�P�S�� �5�I�F �S�F�N�B�J�O�J�O�H �U�F�S�N�T �B�S�F

�E�Z�O�B�N�J�D�B�M �Q�B�S�B�N�F�U�F�S�T�� �D�P�N�Q�M�F�Y �B�N�Q�M�J�U�V�E�F �	c� �
�
 �Q�P�T�J�U�J�P�O �	r � �
�
 �N�P�N�F�O�U�V�N �	p � �
�
 �(�B�V�T�T�J�B�O

�X�J�E�U�I �	s� �
�
 �B�O�E �D�P�O�K�V�H�B�U�F �X�J�E�U�I �N�P�N�F�O�U�V�N �	ps� �
�<�����>�� �5�I�F�T�F �X�B�W�F���Q�B�D�L�F�U�T �V�O�J�R�V�F�M�Z

�E�F	��J�O�F �U�I�F �R�V�B�O�U�V�N �T�U�B�U�F �P�G �B �T�J�O�H�M�F �F�M�F�D�U�S�P�O�
 �X�J�U�I �U�I�F �U�P�U�B�M �N�B�O�Z���C�P�E�Z �X�B�W�F�G�V�O�D�U�J�P�O

�D�P�O�T�U�S�V�D�U�F�E �G�S�P�N �F�J�U�I�F�S �B �)�B�S�U�S�F�F �Q�S�P�E�V�D�U �P�S �4�M�B�U�F�S �E�F�U�F�S�N�J�O�B�O�U�<�����>�� �&�R�V�B�U�J�P�O�T �P�G �N�P�U�J�P�O

�G�P�S �U�I�F �E�Z�O�B�N�J�D�B�M �Q�B�S�B�N�F�U�F�S�T �B�S�F �F�B�T�J�M�Z �E�F�S�J�W�F�E �G�S�P�N �W�B�S�J�B�U�J�P�O �P�G �U�I�F �U�J�N�F���E�F�Q�F�O�E�F�O�U

�4�D�I�S�P�E�J�O�H�F�S �F�R�V�B�U�J�P�O�<�����
�����>�� �0�O�F �P�G �U�I�F �H�S�F�B�U �B�D�D�P�N�Q�M�J�T�I�N�F�O�U�T �P�G �8�1�.�% �B�T �B �N�F�U�I�P�E �P�G

�N�P�E�F�M�M�J�O�H �Q�M�B�T�N�B�T �J�T �N�B�J�O�U�B�J�O�J�O�H �U�I�F �T�B�N�F �D�P�N�Q�V�U�B�U�J�P�O�B�M �F	��J�D�J�F�O�D�Z �B�T �J�O �N�B�O�Z �D�M�B�T�T�J�D�B�M

�N�F�U�I�P�E�T�<�����
�����
�����>��

�8�F �V�U�J�M�J�[�F �B �T�J�N�Q�M�F �W�B�S�J�B�U�J�P�O �P�G �8�1�.�% �L�O�P�X�O �B�T �&�M�F�D�U�S�P�O���'�P�S�D�F �'�J�F�M�E �	�&�'�'�
�� �*�O �&�'�'�


�F�M�F�D�U�S�P�O�T �B�S�F �E�F�T�D�S�J�C�F�E �C�Z �B �T�J�O�H�M�F�
 	��M�P�B�U�J�O�H �(�B�V�T�T�J�B�O �X�B�W�F���Q�B�D�L�F�U �D�P�N�C�J�O�F�E �J�O�U�P �B �N�B�O�Z��

�C�P�E�Z �X�B�W�F�G�V�O�D�U�J�P�O �V�T�J�O�H �B �)�B�S�U�S�F�F �Q�S�P�E�V�D�U�<�����
�����>�� �*�O �U�I�J�T �D�B�T�F�
 �U�I�F �F�R�V�B�U�J�P�O�T �P�G �N�P�U�J�P�O

�U�B�L�F �P�O �B �T�J�N�Q�M�F �)�B�N�J�M�U�P�O �G�P�S�N�<�������>�


_p= �r V;p = m�F_r

_ps = � @V/ @s ;ps = (3 m�F=4)
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�X�I�F�S�FV �J�T �U�I�F �Q�P�U�F�O�U�J�B�M �F�O�F�S�H�Z �P�G �U�I�F �T�Z�T�U�F�N �B�O�Em�F�J�T �U�I�F �F�M�F�D�U�S�P�O �S�F�T�U �N�B�T�T�� �5�I�F �U�P�U�B�M

�F�O�F�S�H�Z(E) �P�G �U�I�F �T�Z�T�U�F�N �J�T �F�Y�Q�S�F�T�T�F�E �B�T �U�I�F �T�V�N �P�G �T�J�O�H�M�F �Q�B�S�U�J�D�M�F �L�J�O�F�U�J�D �B�O�E �F�M�F�D�U�S�P�T�U�B�U�J�D

�F�O�F�S�H�J�F�T�


E = Eke + Enuc�nuc + Enuc�elec + Eelec� elec + Exc: ������

�'�P�S �U�I�F �T�J�O�H�M�F �(�B�V�T�T�J�B�O �C�B�T�J�T�
 �F�B�D�I �U�F�S�N �N�B�Z �C�F �X�S�J�U�U�F�O �J�O �B �T�J�N�Q�M�F �B�O�B�M�Z�U�J�D �G�P�S�N�
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A ; ������

�X�I�F�S�FZ �J�T �U�I�F �J�P�O�J�D �D�I�B�S�H�F�
R �J�T �U�I�F �J�O�U�F�S���Q�B�S�U�J�D�M�F �T�F�Q�B�S�B�U�J�P�O�
 �B�O�E �U�I�F �T�V�N �P�W�F�Si �B�O�Ej

�S�V�O�T �P�W�F�S �F�J�U�I�F�S �B�M�M �O�V�D�M�F�J �P�S �F�M�F�D�U�S�P�O�T�� �"�O �B�E�E�J�U�J�P�O�B�M �Q�B�J�S�X�J�T�F �F�O�F�S�H�Z �U�F�S�N �J�T �J�O�U�S�P�E�V�D�F�E

�C�F�U�X�F�F�O �T�B�N�F���T�Q�J�O �F�M�F�D�U�S�P�O�T �U�P �B�D�D�P�V�O�U �G�P�S �U�I�F �M�B�D�L �P�G �B�O�U�J�T�Z�N�N�F�U�S�J�[�B�U�J�P�O �J�O �U�I�F �)�B�S�U�S�F�F

�Q�S�P�E�V�D�U�
 �X�I�J�M�F �B �T�N�B�M�M �S�F�Q�V�M�T�J�W�F �U�F�S�N �J�T �B�E�E�F�E �C�F�U�X�F�F�O �F�M�F�D�U�S�P�O�T �P�G �P�Q�Q�P�T�J�U�F �T�Q�J�O �U�P
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�Q�S�F�W�F�O�U �F�M�F�D�U�S�P�O �D�P�B�M�F�T�D�F�O�D�F�


Exc =
X

i;j
�T�B�N�F �T�Q�J�O

E("" ) ij +
X

i;j
�P�Q�Q�P�T�J�U�F �T�Q�J�O

E("#) ij : ������

�5�I�F �Q�B�J�S�X�J�T�F �F�O�F�S�H�Z �C�F�U�X�F�F�O �M�J�L�F �B�O�E �V�O�M�J�L�F �T�Q�J�O �F�M�F�D�U�S�P�O�T �J�T �D�P�O�T�U�S�V�D�U�F�E �G�S�P�N �U�I�F �4�M�B�U�F�S

�B�O�E �(�F�O�F�S�B�M�J�[�F�E �7�B�M�F�O�D�F �#�P�O�E �	�(�7�#�
 �N�B�O�Z���F�M�F�D�U�S�P�O �X�B�W�F�G�V�O�D�U�J�P�O�T �B�O�E �J�T �H�J�W�F�O �C�Z�


E("" ) = Eu � (1 + � )Eg E("#) = �E g; ������

�X�I�F�S�FEu �J�T �T�P�M�F�M�Z �U�I�F �L�J�O�F�U�J�D �F�O�F�S�H�Z �Q�F�O�B�M�U�Z �V�Q�P�O �Q�B�J�S�X�J�T�F �B�O�U�J�T�Z�N�N�F�U�S�J�[�B�U�J�P�O�


Eu = h	 �4j �
1
2

r 2j	 �4i � h 	 �) j �
1
2

r 2j	 �) i ; ��������

�B�O�EEg �J�T �U�I�F �F�O�F�S�H�Z �S�F�E�V�D�U�J�P�O �X�I�F�O �V�T�J�O�H �B �(�7�# �X�B�W�F�G�V�O�D�U�J�P�O�


Eg = h	 �(�7�#j �
1
2

r 2j	 �(�7�#i � h 	 �) j �
1
2

r 2j	 �) i : ��������

�5�I�F �N�B�O�Z �F�M�F�D�U�S�P�O �X�B�W�F�G�V�O�D�U�J�P�O�T �	�4�M�B�U�F�S�
 �(�7�# �B�O�E�
 �)�B�S�U�S�F�F�
 �U�B�L�F �P�O �U�I�F�J�S �V�T�V�B�M �Q�B�J�S�X�J�T�F

�E�F	��J�O�J�U�J�P�O�T�
	 �4 / (� 1 (r1) � 2 (r2) � � 2 (r1) � 1 (r2)) �
	 �(�7�# / (� 1 (r1) � 2 (r2) + � 2 (r1) � 1 (r2))

�B�O�E�
	 �) / � 1 (r1) � 2 (r2)��

�4�J�N�Q�M�F �B�O�B�M�Z�U�J�D �F�Y�Q�S�F�T�T�J�P�O�T �G�P�SEu �B�O�EEg �N�B�Z �C�F �E�F�S�J�W�F�E �G�P�S �U�I�F �T�J�O�H�M�F �(�B�V�T�T�J�B�O

�C�B�T�J�T �B�M�M�P�X�J�O�H �G�P�S �S�B�Q�J�E �F�W�B�M�V�B�U�J�P�O �P�G �U�I�F�T�F �F�Y�Q�S�F�T�T�J�P�O�T�� �5�I�F �N�J�Y�J�O�H �Q�B�S�B�N�F�U�F�S�
� = � 0:2�


�B�M�P�O�H �X�J�U�I �B �O�V�N�C�F�S �P�G �P�U�I�F�S �T�D�B�M�J�O�H �Q�B�S�B�N�F�U�F�S�T �J�O �U�I�F �B�O�B�M�Z�U�J�D �F�Y�Q�S�F�T�T�J�P�O�T�
 �B�S�F �N�B�U�D�I�F�E

�U�P �B �T�F�U �P�G �N�P�M�F�D�V�M�B�S �U�F�T�U �T�U�S�V�D�U�V�S�F�T�<�������>�� �5�P�H�F�U�I�F�S�
 �U�I�F�T�F �Q�B�S�U�J�B�M�M�Z �B�D�D�P�V�O�U �G�P�S �U�I�F �N�J�T�T�J�O�H

�F�M�F�D�U�S�P�O���J�P�O �B�O�E �F�M�F�D�U�S�P�O���F�M�F�D�U�S�P�O �F�Y�D�I�B�O�H�F �U�F�S�N�T�<�����>�� �'�P�S �N�B�O�Z �T�Z�T�U�F�N�T�
 �&�'�' �J�T �G�P�V�O�E

�U�P �I�B�W�F �B�O �F�Y�D�I�B�O�H�F �F�O�F�S�H�Z �D�P�N�Q�B�S�B�C�M�F �U�P �V�O�S�F�T�U�S�J�D�U�F�E �)�B�S�U�S�F�F���'�P�D�L�<�������>�� �5�I�F�S�F �I�B�W�F

�C�F�F�O �T�P�N�F �S�F�D�F�O�U �F�n�P�S�U�T �U�P �J�O�D�M�V�E�F �N�P�S�F �S�P�C�V�T�U �D�P�S�S�F�M�B�U�J�P�O �G�V�O�D�U�J�P�O�B�M�T �E�F�S�J�W�F�E �G�S�P�N �%�'�5
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�'�Œ�Š�—�”�ˆ ���������5�I�F �-�� �E�J�n�F�S�F�O�D�F �J�O �U�I�F �T�U�B�U�J�D �T�U�S�V�D�U�V�S�F �G�B�D�U�P�S�T �G�P�S �X�B�S�N �E�F�O�T�F �B�M�V�N�J�O�V�N
�B�S�F �D�B�M�D�V�M�B�U�F�E �C�F�U�X�F�F�O �U�I�F �F�M�F�D�U�S�P�O �G�P�S�D�F 	��J�F�M�E �	�&�'�'�
 �U�F�D�I�O�J�R�V�F�
 �V�T�J�O�H �N�P�E�J	��J�F�E �B�O�E
�V�O�N�P�E�J	��J�F�E �Q�B�S�B�N�F�U�F�S�T�
 �B�O�E �P�S�C�J�U�B�M���G�S�F�F �E�F�O�T�J�U�Z �G�V�O�D�U�J�P�O�B�M �U�I�F�P�S�Z �	�0�'���%�'�5�
�� �*�O �F�B�D�I
�D�B�T�F�
 �M�P�X�F�S �W�B�M�V�F�T �G�P�S �-�� �I�J�H�I�M�J�H�I�U �B �S�F�H�J�P�O �P�G �W�B�M�J�E�J�U�Z �G�P�S �&�'�' �J�O �U�I�F �M�P�X���E�F�O�T�J�U�Z���I�J�H�I��
�U�F�N�Q�F�S�B�U�V�S�F �S�F�H�J�N�F�� �1�B�O�F�M�T �	�B�
 �� �	�C�
 �B�S�F �T�J�N�V�M�B�U�F�E �X�J�U�I �U�I�F �E�F�G�B�V�M�U �&�$�1 �S�B�E�J�V�T �P�G
���������� �B� 1

B �
 �X�I�F�S�F�B�T �	�D�
 �� �	�E�
 �V�T�F �U�I�F �J�N�Q�S�P�W�F�E �W�B�M�V�F �P�G ���������� �B� 1
B �� �*�O �Q�B�O�F�M�T �	�B�
 �� �	�D�
 �U�I�F

�(�B�V�T�T�J�B�O�T �B�S�F �B�S�F �Q�F�S�N�J�U�U�F�E �U�P �F�Y�Q�B�O�E �J�O�E�F	��J�O�J�U�F�M�Z�
 �X�I�F�S�F�B�T �	�C�
 �� �	�E�
 �B�S�F �S�V�O �X�J�U�I �U�I�F
�(�B�V�T�T�J�B�O �X�J�E�U�I �D�P�O�T�U�S�B�J�O�F�E �C�Z �B�O �B�E�E�J�U�J�P�O�B�M �I�B�S�N�P�O�J�D �Q�P�U�F�O�U�J�B�M�� �5�I�F �4�4�'�T �U�I�B�U �X�F�S�F
�V�T�F�E �U�P �Q�S�P�E�V�D�F �U�I�F�T�F �Q�M�P�U�T �B�S�F �T�I�P�X�O �J�O �'�J�H�V�S�F�T �4������ �J�O �U�I�F �T�V�Q�Q�M�F�N�F�O�U�B�S�Z �N�B�U�F�S�J�B�M��

�J�O �8�1�.�%�<�������>�
 �C�V�U �D�P�S�S�F�M�B�U�J�P�O �J�T �O�P�U �D�V�S�S�F�O�U�M�Z �U�S�F�B�U�F�E �J�O �&�'�'��

�*�O �B�E�E�J�U�J�P�O�
 �G�P�S �I�J�H�I���; �T�Z�T�U�F�N�T�
 �B 	��J�Y�F�E �T�J�[�F �X�B�W�F���Q�B�D�L�F�U �J�T �B�U�U�B�D�I�F�E �U�P �U�I�F �P�U�I�F�S�X�J�T�F

�D�M�B�T�T�J�D�B�M �J�P�O�T �U�P �S�F�Q�S�F�T�F�O�U �U�I�F �T�U�S�P�O�H�M�Z �C�P�V�O�E �D�P�S�F �F�M�F�D�U�S�P�O�T�� �5�I�F�T�F �F�n�F�D�U�J�W�F �D�P�S�F �Q�P�U�F�O�U�J�B�M�T

�	�&�$�1�T�
 �Q�S�P�W�J�E�F �O�P�U �P�O�M�Z �B�O �J�O�D�S�F�B�T�F�E �D�P�N�Q�V�U�B�U�J�P�O �T�Q�F�F�E�
 �B�T �U�I�F �I�J�H�I���G�S�F�R�V�F�O�D�Z �P�T�D�J�M�M�B�U�J�P�O�T
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�����>�� �*�O �Q�B�S�U�J�D�V�M�B�S�
 �D�P�M�M�F�D�U�J�W�F �J�P�O �N�P�E�F�T
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1
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Z
ei!t h� (k; t)� (� k; 0)i dt; ��������
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�T�Z�T�U�F�N �P�G �Q�B�S�U�J�D�M�F�T �X�J�U�I �D�P�P�S�E�J�O�B�U�F�Tr j (t) �U�I�J�T �J�T �H�J�W�F�O �C�Z�


� (k; t) =
NX

j =0

exp [ik � r j (t)] : ��������
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�J�P�O�T �B�O�E ������ �F�M�F�D�U�S�P�O�T�� �&�B�D�I �T�J�N�V�M�B�U�J�P�O �X�B�T �S�V�O �G�P�S ���� �Q�T �B�O�E �V�U�J�M�J�[�F�E �B �� �B�U�U�P�T�F�D�P�O�E

�U�J�N�F�T�U�F�Q�� �"�E�E�J�U�J�P�O�B�M �E�F�U�B�J�M�T �P�G �U�I�F �T�J�N�V�M�B�U�J�P�O�
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�U�I�S�P�V�H�I�P�V�U �U�I�F �8�%�. �S�F�H�J�N�F�
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 �J�T �U�I�F �J�O�D�M�V�T�J�P�O �P�G �B �I�B�S�N�P�O�J�D �Q�P�U�F�O�U�J�B�M �U�P �D�P�O�T�U�S�B�J�O �U�I�F �X�J�E�U�I �P�G �U�I�F �(�B�V�T�T�J�B�O

�X�B�W�F���Q�B�D�L�F�U�� �*�O �&�'�'�
 �U�I�F �S�F�T�U�S�B�J�O�J�O�H �I�B�S�N�P�O�J�D �Q�P�U�F�O�U�J�B�M �U�B�L�F�T �U�I�F �G�P�S�NE = 1
2kss2 �G�P�S

s > L box=2�
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�U�I�B�U �M�F�B�E�T �U�P �V�O�Q�I�Z�T�J�D�B�M�M�Z �M�P�X �J�O�U�F�S�B�D�U�J�P�O�� �5�I�F �J�N�Q�S�P�W�F�N�F�O�U �B�n�P�S�E�F�E �C�Z �J�O�D�M�V�E�J�O�H �B
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 �J�T �B�U ������ �F�7 �B�O�E ������ �H���D�N3��
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�B �S�B�E�J�V�T �P�G ��������a� 1
B �
 �E�F�U�F�S�N�J�O�F�E �G�S�P�N �U�I�F �H�S�P�V�O�E �T�U�B�U�F �P�G �G�B�D�F���D�F�O�U�F�S�F�E �D�V�C�J�D �C�V�M�L �B�M�V��

�N�J�O�V�N�<�������>�� �8�F �G�P�V�O�E �U�I�B�U �U�I�J�T �O�V�N�C�F�S �O�F�F�E�F�E �U�P �C�F �E�F�D�S�F�B�T�F�E �U�P1:285a� 1
B �
 �N�V�D�I �D�M�P�T�F�S

�U�P �U�I�F �S�B�E�J�V�T �P�G �B�O �"�M3+ �J�P�O�<�������>�� �'�J�H�V�S�F�������D �E�F�N�P�O�T�U�S�B�U�F�T �U�I�F �J�N�Q�S�P�W�F�N�F�O�U �B�n�P�S�E�F�E �C�Z

�U�I�J�T �D�I�B�O�H�F�
 �X�I�J�M�F �'�J�H�V�S�F�������E �J�N�Q�M�F�N�F�O�U�T �C�P�U�I �N�P�E�J	��J�D�B�U�J�P�O�T �G�P�S �U�I�F �C�F�T�U �B�H�S�F�F�N�F�O�U�� �8�F

�S�F�G�F�S �U�P �&�'�' �S�V�O �X�J�U�I �C�P�U�I �N�P�E�J	��J�D�B�U�J�P�O�T �B�T �N�P�E�J	��J�F�E �&�'�' �	�N�&�'�'�
�� �"�M�M �P�G �U�I�F �4�4�'�T �U�I�B�U �X�F�S�F

�V�T�F�E �U�P �Q�S�P�E�V�D�F �U�I�F�T�F �Q�M�P�U�T �B�S�F �Q�S�P�W�J�E�F�E �J�O �'�J�H�V�S�F�T �4������ �P�G �U�I�F �T�V�Q�Q�M�F�N�F�O�U�B�S�Z �N�B�U�F�S�J�B�M��

�5�I�F �C�J�H�H�F�T�U �E�J�T�B�H�S�F�F�N�F�O�U �C�F�U�X�F�F�O �N�&�'�' �B�O�E �0�'���%�'�5 �J�T �G�P�V�O�E �J�O �U�I�F �I�J�H�I���E�F�O�T�J�U�Z���M�P�X��

�U�F�N�Q�F�S�B�U�V�S�F �S�F�H�J�N�F�� �U�I�J�T �E�J�n�F�S�F�O�D�F �J�T �B�U�U�S�J�C�V�U�F�E �U�P �D�S�Z�T�U�B�M�M�J�[�B�U�J�P�O �J�O �U�I�F �0�'���%�'�5 �T�J�N�V�M�B��

�U�J�P�O�T �U�I�B�U �J�T �O�P�U �B�Q�Q�B�S�F�O�U �X�J�U�I �&�'�'�� �)�P�X�F�W�F�S�
 �X�J�U�I �O�F�J�U�I�F�S �,�4���%�'�5 �T�J�N�V�M�B�U�J�P�O�T �P�S �F�Y�Q�F�S�J��

�N�F�O�U�B�M �S�F�T�V�M�U�T �B�W�B�J�M�B�C�M�F �J�O �U�I�J�T �S�F�H�J�N�F�
 �U�I�F �W�B�M�J�E�J�U�Z �P�G �C�P�U�I �U�F�D�I�O�J�R�V�F�T �N�B�Z �C�F �R�V�F�T�U�J�P�O�F�E��

�'�P�S �G�P�V�S �U�I�F�S�N�P�E�Z�O�B�N�J�D �D�P�O�E�J�U�J�P�O�T�
 �X�F �X�F�S�F �B�C�M�F �U�P �D�P�N�Q�B�S�F �U�I�F �0�'���%�'�5���N�&�'�'���&�'�'

�S�F�T�V�M�U�T �U�P �Q�V�C�M�J�T�I�F�E �,�4���%�'�5 �4�4�'�T�<�����
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�����>�� �$�M�P�T�F �B�H�S�F�F�N�F�O�U �X�B�T �G�P�V�O�E �J�O �U�I�S�F�F �D�B�T�F�T��

������ �H���D�N3 �B�O�E ������ �F�7�
 ������ �H���D�N3 �B�O�E �� �F�7�
 �B�O�E ������ �H���D�N3 �B�O�E ������ �F�7�� �"�T �T�I�P�X�O �J�O �'�J�H�V�S�F�������B�


�U�I�F �S�F�T�V�M�U�T �B�U ������ �H���D�N3 �B�O�E �������� �F�7 �E�J�T�B�H�S�F�F�E�� �"�U �U�I�J�T �D�P�O�E�J�U�J�P�O�
 �N�&�'�' �V�O�E�F�S�F�T�U�J�N�B�U�F�T

�U�I�F �E�F�H�S�F�F �P�G �J�P�O���J�P�O �D�P�S�S�F�M�B�U�J�P�O �J�O �U�I�F �T�Z�T�U�F�N��
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�'�Œ�Š�—�”�ˆ ���������5�I�F �E�Z�O�B�N�J�D �T�U�S�V�D�U�V�S�F �G�B�D�U�P�S �G�P�S �X�B�S�N �E�F�O�T�F �B�M�V�N�J�O�V�N �B�U ������ �F�7 �B�O�E ������ �H���D�N3

�D�B�M�D�V�M�B�U�F�E �X�J�U�I �U�I�F �O�P�O���B�E�J�B�C�B�U�J�D �F�M�F�D�U�S�P�O �G�P�S�D�F 	��J�F�M�E �N�F�U�I�P�E�� �C�P�U�I �X�J�U�I �J�U�T �J�N�Q�S�P�W�F�E
�	�N�&�'�'�
 �B�O�E �P�S�J�H�J�O�B�M �	�&�'�'�
 �Q�B�S�B�N�F�U�F�S�T�� �'�P�S �D�P�N�Q�B�S�J�T�P�O�
 �S�F�T�V�M�U�T �G�S�P�N �,�P�I�O���4�I�B�N �E�F�O�T�J�U�Z
�G�V�O�D�U�J�P�O�B�M �U�I�F�P�S�Z �	�,�4���%�'�5�
 �B�S�F �J�O�D�M�V�E�F�E�<�����>��

�5�I�F �D�S�P�T�T �J�O �'�J�H�V�S�F�������E�
 �B�U ������ �F�7 �B�O�E ������ �H���D�N3�
 �N�B�S�L�T �U�I�F �C�F�T�U �B�H�S�F�F�N�F�O�U �C�F�U�X�F�F�O �U�I�F

�U�X�P �U�F�D�I�O�J�R�V�F�T�� �'�J�H�V�S�F�������C �T�I�P�X�T �U�I�F �4�4�' �D�B�M�D�V�M�B�U�F�E �X�J�U�I �N�&�'�' �B�O�E �&�'�' �B�U �U�I�J�T �D�P�O�E�J�U�J�P�O��

�5�I�J�T �U�I�F�S�N�P�E�Z�O�B�N�J�D �D�P�O�E�J�U�J�P�O �B�M�M�P�X�T �G�P�S �E�J�S�F�D�U �D�P�N�Q�B�S�J�T�P�O �X�J�U�I �B �O�V�N�C�F�S �P�G �Q�S�F�W�J�P�V�T�M�Z

�Q�V�C�M�J�T�I�F�E �S�F�T�V�M�U�T�
 �C�P�U�I �B�E�J�B�C�B�U�J�D �B�O�E �O�P�O���B�E�J�B�C�B�U�J�D�
 �B�O�E �U�I�F �4�4�'�T �D�B�M�D�V�M�B�U�F�E �X�J�U�I �U�I�F �N�P�S�F

�D�P�N�Q�V�U�B�U�J�P�O�B�M�M�Z �J�O�U�F�O�T�J�W�F �0�'���%�'�5 �B�O�E �,�4���%�'�5 �.�% �B�S�F �J�O�D�M�V�E�F�E�� �&�Y�D�F�M�M�F�O�U �B�H�S�F�F�N�F�O�U �J�T

�G�P�V�O�E �C�F�U�X�F�F�O �U�I�F �4�4�' �D�B�M�D�V�M�B�U�F�E �X�J�U�I �N�&�'�' �B�O�E �X�J�U�I �0�'���%�'�5�� �#�P�U�I �S�F�T�V�M�U�T �U�B�L�F �T�J�N�J�M�B�S

�D�P�N�Q�V�U�B�U�J�P�O�B�M �U�J�N�F�T�"�� �I�P�X�F�W�F�S�
 �N�&�'�' �F�Y�Q�M�J�D�J�U�M�Z �J�O�D�M�V�E�F�T �U�I�F �F�M�F�D�U�S�P�O �E�Z�O�B�N�J�D�T�� �5�I�F

�,�4���%�'�5 �S�F�T�V�M�U�T �B�S�F �D�V�S�S�F�O�U�M�Z �U�I�F �N�P�T�U �B�D�D�V�S�B�U�F �B�W�B�J�M�B�C�M�F�
 �C�V�U �F�Y�U�S�F�N�F�M�Z �D�P�N�Q�V�U�B�U�J�P�O�B�M�M�Z

�J�O�U�F�O�T�J�W�F�� �5�I�F�Z �F�Y�I�J�C�J�U �B�O �J�O�D�S�F�B�T�F�E �Q�F�B�L �I�F�J�H�I�U �B�S�P�V�O�Ek = 2 a� 1
B �
 �T�V�H�H�F�T�U�J�O�H �U�I�B�U �F�W�F�O

�B�U �U�I�J�T �D�P�O�E�J�U�J�P�O�
 �O�F�J�U�I�F�S �&�'�' �P�S �0�'���%�'�5 �D�P�N�Q�M�F�U�F�M�Z �D�B�Q�U�V�S�F�T �U�I�F �J�P�O�J�D �T�U�S�V�D�U�V�S�F �J�O �U�I�F

�T�Z�T�U�F�N��

�8�F �O�P�X �U�V�S�O �P�V�S �B�U�U�F�O�U�J�P�O �U�P �U�I�F �E�Z�O�B�N�J�D �Q�M�B�T�N�B �Q�S�P�Q�F�S�U�J�F�T�
 �X�I�J�D�I �B�S�F �F�Y�Q�F�D�U�F�E

�U�P �W�B�S�Z �N�P�S�F �X�J�U�I �U�I�F �J�O�D�M�V�T�J�P�O �P�G �O�P�O���B�E�J�B�C�B�U�J�D �F�n�F�D�U�T�� �8�F �G�P�D�V�T �P�V�S �B�U�U�F�O�U�J�P�O �P�O �U�I�F

�U�I�F�S�N�P�E�Z�O�B�N�J�D �D�P�O�E�J�U�J�P�O �X�I�F�S�F �X�F 	��J�O�E �C�F�T�U �B�H�S�F�F�N�F�O�U �J�O �U�I�F �4�4�' �C�F�U�X�F�F�O �B�M�M �U�F�D�I�O�J�R�V�F�T�


�B�U ������ �H���D�N3 �B�O�E ������ �F�7�� �'�J�H�V�S�F�������B �T�I�P�X�T �U�I�F �%�4�' �D�B�M�D�V�M�B�U�F�E �X�J�U�I �N�&�'�' �B�O�E �,�4���%�'�5��

�5�I�F �N�&�'�' �S�F�T�V�M�U�T �B�S�F �X�F�M�M �N�B�U�D�I�F�E �C�Z �U�I�F �,�4���%�'�5 �S�F�T�V�M�U�T�
 �B�H�S�F�F�J�O�H �B�U �U�I�F �I�J�H�I�F�T�U �B�O�E

�M�P�X�F�T�Uk �W�B�M�V�F�T �U�F�T�U�F�E�� �T�N�B�M�M �E�J�n�F�S�F�O�D�F�T �B�S�F �B�Q�Q�B�S�F�O�U �J�O �U�I�F �T�I�B�Q�F �P�G �U�I�F �T�Q�F�D�U�S�B �B�U �U�I�F
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�J�O�U�F�S�N�F�E�J�B�U�F �T�Q�B�U�J�B�M �T�D�B�M�F �	�J���F���
k = 0:76 a� 1
B �
�� �"�U �U�I�J�T �D�P�O�E�J�U�J�P�O�
 �B�T �X�J�U�I �U�I�F �4�4�'�
 �C�P�U�I

�&�'�' �B�O�E �N�&�'�' �F�Y�I�J�C�J�U �O�F�B�S �J�E�F�O�U�J�D�B�M �G�F�B�U�V�S�F�T �	�T�F�F �'�J�H�V�S�F�������C�
�� �*�O�U�F�S�F�T�U�J�O�H�M�Z�
 �B�T �X�J�U�I �U�I�F

�#�P�I�N�J�B�O �.�F�D�I�B�O�J�D�T �U�F�D�I�O�J�R�V�F�
 �X�F �T�F�F �B �T�U�S�P�O�H�M�Z �S�F�E�V�D�F�E �E�J�n�V�T�J�W�F �N�P�E�F �J�O �U�I�F �%�4�'

�S�F�H�J�P�O! = 0��

�5�I�F �Q�F�B�L �Q�P�T�J�U�J�P�O �J�T �F�Y�D�F�M�M�F�O�U�M�Z �N�B�U�D�I�F�E �B�D�S�P�T�T �B�M�Mk���W�B�M�V�F�T�
 �B�T �F�Y�F�N�Q�M�J	��J�F�E �J�O �U�I�F

�E�J�T�Q�F�S�T�J�P�O �S�F�M�B�U�J�P�O �T�I�P�X�O �J�O �'�J�H�V�S�F�������� �8�F 	��J�O�E �F�Y�D�F�M�M�F�O�U �B�H�S�F�F�N�F�O�U �C�F�U�X�F�F�O �U�I�F �N�&�'�'

�N�F�U�I�P�E �B�O�E �U�I�F �,�4���%�'�5 �S�F�T�V�M�U�T�� �#�P�U�I �U�F�D�I�O�J�R�V�F�T �B�H�S�F�F �P�O �U�I�F �B�E�J�B�C�B�U�J�D �T�P�V�O�E �T�Q�F�F�E

�	�H�J�W�F�O �C�Z �U�I�F �M�P�X��k �T�M�P�Q�F �P�G �U�I�F �E�J�T�Q�F�S�T�J�P�O �S�F�M�B�U�J�P�O�
 �B�T �X�F�M�M �B�T �P�O �U�I�F�J�S �Q�S�F�E�J�D�U�J�P�O �G�P�S �U�I�F

�P�O�T�F�U �B�O�E �T�U�S�F�O�H�U�I �P�G �O�F�H�B�U�J�W�F �E�J�T�Q�F�S�T�J�P�O�� �'�P�S �D�P�N�Q�B�S�J�T�P�O�
 �X�F �I�B�W�F �J�O�D�M�V�E�F�E �J�O �'�J�H�V�S�F

�������U�I�F �S�F�T�V�M�U�T �G�S�P�N �0�'���%�'�5�
 �X�J�U�I �B �M�B�O�H�F�W�J�O �U�I�F�S�N�P�T�U�B�U�
 �B�O�E �U�I�P�T�F �D�B�M�D�V�M�B�U�F�E �G�S�P�N �U�I�F

�#�P�I�N�J�B�O �.�F�D�I�B�O�J�D�T �U�F�D�I�O�J�R�V�F�� �8�I�J�M�F �U�I�F �#�P�I�N�J�B�O �N�F�D�I�B�O�J�D�T �S�F�T�V�M�U�T �B�S�F �D�M�P�T�F�S �U�P �U�I�P�T�F

�X�J�U�I �B �I�J�H�I �D�P�M�M�J�T�J�P�O���G�S�F�R�V�F�O�D�Z�
 �I�J�H�I�M�J�H�I�U�J�O�H �U�I�F �J�N�Q�P�S�U�B�O�D�F �P�G �O�P�O���B�E�J�B�C�B�U�J�D �U�F�D�I�O�J�R�V�F�T�


�U�I�F �&�'�' �S�F�T�V�M�U�T �T�V�H�H�F�T�U �U�I�B�U �U�I�F �F�M�F�D�U�S�P�O�T �N�B�Z �I�B�W�F �M�F�T�T �P�G �B�O �F�n�F�D�U �P�O �U�I�F �J�P�O �E�Z�O�B�N�J�D�T

�U�I�B�O �Q�S�F�W�J�P�V�T�M�Z �U�I�P�V�H�I�U��

�%�F�T�Q�J�U�F �J�U�T �T�V�D�D�F�T�T�
 �U�I�F �D�P�N�Q�B�S�J�T�P�O �X�J�U�I �,�4���%�'�5 �T�V�H�H�F�T�U�T �U�I�B�U �N�&�'�' �C�S�F�B�L�T �E�P�X�O

�B�U �U�I�F �F�Y�U�S�F�N�V�N �P�G �U�F�N�Q�F�S�B�U�V�S�F �B�O�E �E�F�O�T�J�U�Z�� �&�W�F�O �B�U �P�V�S �U�S�J�B�M �D�P�O�E�J�U�J�P�O �P�G ������ �F�7 �B�O�E

5:2 �H���D�N3�
 �U�I�F�S�F �J�T �B �M�B�D�L �P�G �D�P�S�S�F�M�B�U�J�P�O �J�O �U�I�F �4�4�' �X�I�F�O �D�P�N�Q�B�S�F�E �U�P �,�4���%�'�5�� �'�V�S�U�I�F�S�N�P�S�F�


�U�I�F �E�J�T�D�S�F�Q�B�O�D�Z �J�O �T�I�B�Q�F �P�G �U�I�F �%�4�' �B�Uk = 0:76a� 1
B �C�F�U�X�F�F�O �N�&�'�' �B�O�E �,�4���%�'�5 �T�V�H�H�F�T�U�T

�U�I�F�S�F �N�B�Z �C�F �E�J�n�F�S�F�O�D�F�T �J�O �U�S�B�O�T�Q�P�S�U �Q�S�P�Q�F�S�U�J�F�T �C�F�U�X�F�F�O �U�I�F �U�X�P �N�P�E�F�M�T�� �5�P �B�E�E�S�F�T�T

�U�I�F�T�F �E�J�T�D�S�F�Q�B�O�D�J�F�T�
 �X�F �T�V�H�H�F�T�U �J�N�Q�S�P�W�F�N�F�O�U�T �U�P �U�I�F �N�&�'�' �G�P�S�N�B�M�J�T�N �U�I�B�U �U�B�D�L�M�F �U�I�S�F�F

�G�V�O�E�B�N�F�O�U�B�M �B�Q�Q�S�P�Y�J�N�B�U�J�P�O�T�� �5�I�F�T�F �B�S�F �	���
 �B �M�J�N�J�U�F�E �C�B�T�J�T �T�F�U �D�P�O�T�J�T�U�J�O�H �P�G �B �T�J�O�H�M�F

�(�B�V�T�T�J�B�O �X�B�W�F���Q�B�D�L�F�U�� �	���
 �O�F�H�M�F�D�U �P�G �U�I�F �F�M�F�D�U�S�P�O���F�M�F�D�U�S�P�O �B�O�E �F�M�F�D�U�S�P�O���J�P�O �D�P�N�Q�P�O�F�O�U�T

�P�G �U�I�F �F�Y�D�I�B�O�H�F �F�O�F�S�H�Z�� �B�O�E �	���
 �O�F�H�M�F�D�U �P�G �D�P�S�S�F�M�B�U�J�P�O �F�O�F�S�H�Z�� �5�I�F 	��J�S�T�U �P�G �U�I�F�T�F �M�J�N�J�U�T

�X�B�W�F���Q�B�D�L�F�U �C�S�F�B�L�V�Q �B�O�E �I�B�T �Q�S�F�W�J�P�V�T�M�Z �C�F�F�O �J�E�F�O�U�J	��J�F�E �B�T �B 	��M�B�X �J�O �8�1�.�%�<�����>�� �8�P�S�L �U�P

�F�Y�Q�B�O�E �U�I�F �S�F�H�J�P�O �P�G �B�Q�Q�M�J�D�B�C�J�M�J�U�Z �P�G �N�&�'�' �T�I�P�V�M�E �G�P�D�V�T �P�O �U�I�F�T�F �U�I�S�F�F �M�J�N�J�U�B�U�J�P�O�T��



����

�'�Œ�Š�—�”�ˆ ���������5�I�F �E�J�T�Q�F�S�T�J�P�O �S�F�M�B�U�J�P�O �G�P�S �X�B�S�N �E�F�O�T�F �B�M�V�N�J�O�V�N �B�U ������ �F�7 �B�O�E ������ �H���D�N3�

�D�B�M�D�V�M�B�U�F�E �X�J�U�I �U�I�F �O�P�O���B�E�J�B�C�B�U�J�D �F�M�F�D�U�S�P�O �G�P�S�D�F 	��J�F�M�E �N�F�U�I�P�E�
 �C�P�U�I �X�J�U�I �J�U�T �N�P�E�J	��J�F�E
�	�N�&�'�'�
 �B�O�E �P�S�J�H�J�O�B�M �	�&�'�'�
 �Q�B�S�B�N�F�U�F�S�T�� �'�P�S �D�P�N�Q�B�S�J�T�P�O�
 �S�F�T�V�M�U�T �G�S�P�N �,�P�I�O���4�I�B�N �E�F�O�T�J�U�Z
�G�V�O�D�U�J�P�O�B�M �U�I�F�P�S�Z �	�,�4���%�'�5�
�<�����>�
 �P�S�C�J�U�B�M���G�S�F�F �E�F�O�T�J�U�Z �G�V�O�D�U�J�P�O�B�M �U�I�F�P�S�Z �	�0�'���%�'�5�
 �X�J�U�I �B
�M�B�O�H�F�W�J�O �U�I�F�S�N�P�T�U�B�U�<�����> �B�U �U�X�P �G�S�J�D�U�J�P�O �Q�B�S�B�N�F�U�F�S�T�
 �B�O�E �U�I�F �S�F�T�V�M�U �P�G �#�P�I�N�J�B�O �.�F�D�I�B�O��
�J�D�T�<�����> �B�S�F �J�O�D�M�V�E�F�E��

�*�O �T�V�N�N�B�S�Z�
 �U�I�F �N�&�'�' �U�F�D�I�O�J�R�V�F �E�F�N�P�O�T�U�S�B�U�F�T �S�F�B�T�P�O�B�C�M�F �B�H�S�F�F�N�F�O�U �U�P �U�I�F �T�U�B�U�J�D

�Q�S�P�Q�F�S�U�J�F�T �P�G �X�B�S�N �E�F�O�T�F �B�M�V�N�J�O�V�N�
 �P�C�U�B�J�O�F�E �X�J�U�I �U�I�F �N�P�S�F �S�P�C�V�T�U �E�F�O�T�J�U�Z �G�V�O�D�U�J�P�O�B�M

�U�I�F�P�S�Z�
 �B�D�S�P�T�T �B �M�B�S�H�F �Q�P�S�U�J�P�O �P�G �U�I�F �8�%�. �Q�I�B�T�F �T�Q�B�D�F�� �8�J�U�I �U�I�F �C�F�T�U �B�H�S�F�F�N�F�O�U �G�P�V�O�E �J�O

�U�I�F �M�P�X���E�F�O�T�J�U�Z���I�J�H�I���U�F�N�Q�F�S�B�U�V�S�F �S�F�H�J�N�F�� �5�I�J�T �J�T �B�D�I�J�F�W�F�E �X�J�U�I �M�F�T�T �D�P�N�Q�V�U�B�U�J�P�O�B�M �F�n�P�S�U

�B�O�E �G�V�M�M �U�S�F�B�U�N�F�O�U �P�G �U�I�F �F�M�F�D�U�S�P�O �E�Z�O�B�N�J�D�T�� �5�I�F �F�n�F�D�U �P�G �F�M�F�D�U�S�P�O���J�P�O �D�P�S�S�F�M�B�U�J�P�O�T �P�O �U�I�F

�J�P�O �N�P�E�F�T �X�F�S�F �J�O�W�F�T�U�J�H�B�U�F�E �B�O�E �G�P�V�O�E �U�P �I�B�W�F �M�F�T�T �F�n�F�D�U �U�I�B�O �X�I�F�O �V�U�J�M�J�[�J�O�H �#�P�I�N�J�B�O

�N�F�D�I�B�O�J�D�T�<�����>�
 �X�J�U�I �B �E�J�T�Q�F�S�T�J�P�O �S�F�M�B�U�J�P�O �J�O �D�M�P�T�F�S �B�H�S�F�F�N�F�O�U �U�P �U�I�F �B�E�J�B�C�B�U�J�D �,�4���%�'�5

�S�F�T�V�M�U�T�� �5�I�F�T�F �S�F�T�V�M�U�T �E�J�S�F�D�U�M�Z �B�E�E�S�F�T�T �D�P�O�D�F�S�O�T �P�W�F�S �8�1�.�%�
 �B�T �B�O�B�C���J�O�J�U�J�P�N�B�O�Z���C�P�E�Z



����

�N�F�U�I�P�E �G�P�S �E�F�O�T�F �Q�M�B�T�N�B�T�<�����>�
 �Q�S�P�W�J�E�J�O�H �D�P�S�S�P�C�P�S�B�U�J�P�O �X�J�U�I �P�U�I�F�S �N�P�E�F�M�T��

�0�W�F�S�B�M�M�
 �U�I�F�S�F �J�T �T�U�J�M�M �N�V�D�I �X�F �E�P �O�P�U �V�O�E�F�S�T�U�B�O�E �B�C�P�V�U �U�I�F �J�P�O �E�Z�O�B�N�J�D�T �J�O �X�B�S�N

�E�F�O�T�F �N�B�U�U�F�S�� �5�I�F �S�F�T�V�M�U�T �P�G �U�I�F �M�B�O�H�F�W�J�O �U�I�F�S�N�P�T�U�B�U�
 �#�P�I�N�J�B�O �N�F�D�I�B�O�J�D�T �U�F�D�I�O�J�R�V�F�
 �B�O�E

�O�P�X �8�1�.�% �U�F�D�I�O�J�R�V�F�T �Q�M�B�Z �B�O �J�N�Q�P�S�U�B�O�U �S�P�M�F �J�O �P�V�S �V�O�E�F�S�T�U�B�O�E�J�O�H �P�G �U�I�F �J�P�O �N�P�E�F�T�


�T�P�V�O�E���T�Q�F�F�E�T�
 �B�O�E �U�S�B�O�T�Q�P�S�U �D�P�F	��J�D�J�F�O�U�T �J�O �E�F�O�T�F �Q�M�B�T�N�B�T�� �0�G �D�P�V�S�T�F�
 �F�Y�Q�F�S�J�N�F�O�U�B�M

�W�F�S�J	��J�D�B�U�J�P�O �B�M�P�O�H �X�J�U�I �G�V�S�U�I�F�S �D�P�N�Q�V�U�B�U�J�P�O�B�M �J�O�W�F�T�U�J�H�B�U�J�P�O �J�T �F�T�T�F�O�U�J�B�M��



����

�$�I�B�Q�U�F�S ��

�&�Y�U�F�O�E�J�O�H �U�I�F �F�M�F�D�U�S�P�O �G�P�S�D�F 	s�J�F�M�E

�N�F�U�I�P�E �	�F�'�'�


�8�� �"�� �"�O�H�F�S�N�F�J�F�S�B�O�E �5�� �(�� �8�I�J�U�F�� �"�O �*�O�W�F�T�U�J�H�B�U�J�P�O �J�O�U�P �U�I�F �"�Q�Q�S�P�Y�J�N�B�U�J�P�O�T �6�T�F�E �J�O

�8�B�W�F �1�B�D�L�F�U �.�P�M�F�D�V�M�B�S �%�Z�O�B�N�J�D�T �G�P�S �U�I�F �4�U�V�E�Z �P�G �8�B�S�N �%�F�O�T�F �.�B�U�U�F�S�� �1�M�B�T�N�B�


���	���
���������•�������
 �+�V�O�F ���������� �E�P�J�� �����������������Q�M�B�T�N�B���������������� �6�3�-

�I�U�U�Q�T�������X�X�X���N�E�Q�J���D�P�N����������������������������������

������ �*�O�U�S�P�E�V�D�U�J�P�O

�8�B�S�N �E�F�O�T�F �N�B�U�U�F�S �	�8�%�.�
 �J�T �B �D�S�J�U�J�D�B�M�M�Z �J�N�Q�P�S�U�B�O�U �Q�I�Z�T�J�D�B�M �S�F�H�J�N�F �U�I�B�U �C�S�J�E�H�F�T �U�I�F

�H�B�Q �C�F�U�X�F�F�O �D�P�O�E�F�O�T�F�E �N�B�U�U�F�S �B�O�E �D�M�B�T�T�J�D�B�M �Q�M�B�T�N�B �Q�I�Z�T�J�D�T�� �5�I�F �8�%�. �T�U�B�U�F �J�T �G�P�V�O�E

�J�O �T�F�W�F�S�B�M �B�T�U�S�P�Q�I�Z�T�J�D�B�M �F�O�W�J�S�P�O�N�F�O�U�T �	�F���H���
 �Q�M�B�O�F�U�B�S�Z �J�O�U�F�S�J�P�S�T �B�O�E �X�I�J�U�F �E�X�B�S�G�T�
 �<���
�����>��

�*�U �B�M�T�P �I�B�T �Q�S�B�D�U�J�D�B�M �B�Q�Q�M�J�D�B�U�J�P�O�T �G�P�S �V�O�E�F�S�T�U�B�O�E�J�O�H �D�P�O�U�S�P�M�M�F�E �U�I�F�S�N�P�O�V�D�M�F�B�S �G�V�T�J�P�O

�B�O�E �N�B�U�F�S�J�B�M �Q�S�P�D�F�T�T�J�O�H �<�����>�� �5�Z�Q�J�D�B�M�M�Z �E�F�T�D�S�J�C�F�E �B�T �B �T�Z�T�U�F�N �P�G �T�U�S�P�O�H�M�Z �D�P�V�Q�M�F�E �J�P�O�T

�J�N�N�F�S�T�F�E �J�O �B �E�F�H�F�O�F�S�B�U�F �F�M�F�D�U�S�P�O �T�F�B�
 �8�%�. �N�B�Z �F�Y�J�T�U �J�O �F�J�U�I�F�S �B �D�P�N�Q�S�F�T�T�F�E �M�J�R�V�J�E �P�S �B



����

�I�J�H�I�M�Z �F�Y�D�J�U�F�E �T�P�M�J�E �T�U�B�U�F�� �*�O �C�P�U�I �T�U�B�U�F�T�
 �U�I�F �J�P�O�T �I�B�W�F �B �$�P�V�M�P�N�C �F�O�F�S�H�Z �D�P�N�Q�B�S�B�C�M�F �U�P

�U�I�F �U�I�F�S�N�B�M �F�O�F�S�H�Z�
 �X�I�J�M�F �U�I�F �F�M�F�D�U�S�P�O�T�
 �B�U �U�F�N�Q�F�S�B�U�V�S�F�T �C�F�M�P�X �U�I�F �'�F�S�N�J �U�F�N�Q�F�S�B�U�V�S�F�


�F�Y�I�J�C�J�U �T�U�S�P�O�H �R�V�B�O�U�V�N �C�F�I�B�W�J�P�S �<�����>�� �5�F�D�I�O�J�R�V�F�T �U�I�B�U �T�J�N�V�M�B�U�F �8�%�. �T�U�B�U�F�T �N�V�T�U

�N�P�E�F�M �U�I�F �T�M�P�X �B�O�E �M�P�O�H���U�J�N�F �C�F�I�B�W�J�P�S �P�G �U�I�F �T�U�S�P�O�H�M�Z �D�P�V�Q�M�F�E �J�P�O�T �X�I�J�M�F �T�J�N�V�M�U�B�O�F�P�V�T�M�Z

�D�B�Q�U�V�S�J�O�H �U�I�F �F�M�F�D�U�S�P�O�T�R �R�V�B�O�U�V�N �N�F�D�I�B�O�J�D�B�M �O�B�U�V�S�F�� �5�I�F�T�F �J�O�I�F�S�F�O�U �D�P�N�Q�M�F�Y�J�U�J�F�T �M�F�B�E �U�P

�U�I�F �G�B�J�M�V�S�F �P�G �Q�F�S�U�V�S�C�B�U�J�W�F �U�F�D�I�O�J�R�V�F�T�
 �S�F�T�V�M�U�J�O�H �J�O �E�J�n�F�S�F�O�D�F�T �J�O �Q�S�F�E�J�D�U�J�P�O�T �P�G �J�N�Q�P�S�U�B�O�U

�R�V�B�O�U�J�U�J�F�T�� �8�I�J�M�F �E�J�n�F�S�F�O�U �N�P�E�F�M�T �H�F�O�F�S�B�M�M�Z �B�H�S�F�F �P�O �U�I�F �U�I�F�S�N�P�E�Z�O�B�N�J�D �B�O�E �B�D�P�V�T�U�J�D

�Q�S�P�Q�F�S�U�J�F�T �<�����
�����>�
 �J�N�Q�P�S�U�B�O�U �R�V�B�O�U�J�U�J�F�T �T�V�D�I �B�T �U�S�B�O�T�Q�P�S�U �D�P�F	��J�D�J�F�O�U�T �D�B�O �E�J�n�F�S �C�Z �V�Q �U�P

�B�O �P�S�E�F�S �P�G �N�B�H�O�J�U�V�E�F �<���
�����>��

�"�U�P�N�J�T�U�J�D �N�P�E�F�M�T �J�O �X�I�J�D�I �U�I�F �J�P�O�T�
 �U�S�F�B�U�F�E �U�I�S�P�V�H�I �D�M�B�T�T�J�D�B�M �N�P�M�F�D�V�M�B�S �E�Z�O�B�N�J�D�T�


�B�S�F �D�P�V�Q�M�F�E �X�J�U�I �B �R�V�B�O�U�V�N �N�F�D�I�B�O�J�D�B�M �U�S�F�B�U�N�F�O�U �P�G �U�I�F �F�M�F�D�U�S�P�O�T�
 �I�B�W�F �I�B�E �U�I�F �N�P�T�U

�T�V�D�D�F�T�T�� �5�I�F �J�P�O �U�S�B�K�F�D�U�P�S�J�F�T �G�S�P�N �T�V�D�I �T�J�N�V�M�B�U�J�P�O�T �D�B�O �Q�S�P�W�J�E�F �U�S�B�O�T�Q�P�S�U �Q�S�P�Q�F�S�U�J�F�T�


�T�V�D�I �B�T �W�J�T�D�P�T�J�U�Z �B�O�E �U�I�F�S�N�B�M �E�J�n�V�T�J�W�J�U�Z �<�����>�� �B�D�P�V�T�U�J�D �Q�S�P�Q�F�S�U�J�F�T�
 �T�V�D�I �B�T �U�I�F �T�P�V�O�E

�T�Q�F�F�E �<�����
�����>�� �B�O�E �U�I�F�S�N�P�E�Z�O�B�N�J�D �W�B�S�J�B�C�M�F�T�
 �J�O�D�M�V�E�J�O�H �U�I�F �F�R�V�B�U�J�P�O �P�G �T�U�B�U�F �<�����
�����>�� �5�I�F

�N�P�T�U �Q�S�F�W�B�M�F�O�U �P�G �U�I�F�T�F �U�F�D�I�O�J�R�V�F�T �J�T �E�F�O�T�J�U�Z �G�V�O�D�U�J�P�O�B�M �U�I�F�P�S�Z �N�P�M�F�D�V�M�B�S �E�Z�O�B�N�J�D�T �	�%�'�5��

�.�%�
�
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NeY
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 k(~xk ; t); ������
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q
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 0 �J�T �T�F�U �U�P �U�P �I�B�M�G �U�I�F �T�J�N�V�M�B�U�J�P�O �C�P�Y �M�F�O�H�U�I �<�������>�� �*�U �T�I�P�V�M�E �C�F �O�P�U�F�E �U�I�B�U �U�I�J�T �U�F�S�N

�S�F�Q�S�F�T�F�O�U�T �B �T�N�B�M�M �D�P�O�U�S�J�C�V�U�J�P�O �U�P �U�I�F �U�P�U�B�M �F�O�F�S�H�Z�
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�Q�M�B�T�N�B�T �X�J�U�I �8�1�.�% �X�I�F�O �U�I�F �C�B�T�J�T �T�F�U �J�T �F�Y�U�F�O�E�F�E �U�P �J�O�D�M�V�E�F �N�V�M�U�J�Q�M�F �(�V�B�T�T�J�B�O�T��

�'�P�M�M�P�X�J�O�H �U�I�F �G�S�B�N�F�X�P�S�L �P�G �.�P�S�P�[�P�W �B�O�E �7�B�M�V�F�W �<�����
�������> �X�F �F�Y�U�F�O�E �U�I�F �C�B�T�J�T �U�P �J�O�D�M�V�E�F

�N�V�M�U�J�Q�M�F �(�B�V�T�T�J�B�O�T �B�T �G�P�M�M�P�X�T��
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 �B�O�EOk�k
 �J�T �U�I�F �P�W�F�S�M�B�Q �P�G �(�B�V�T�T�J�B�O�T�� �5�I�F �U�F�S�N' k� �S�F�Q�S�F�T�F�O�U�T
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 �U�I�F �V�O�S�F�T�U�S�J�D�U�F�E �)�B�S�U�S�F�F�L�'�P�D�L �	�6�)�'�
 �S�F�T�V�M�U �J�T �F�Y�B�D�U��
�&�B�D�I �F�M�F�D�U�S�P�O �J�T �S�F�Q�S�F�T�F�O�U�F�E �C�Z �B �T�J�O�H�M�F �(�B�V�T�T�J�B�O �P�G �S�B�E�J�V�T ������ �#�P�I�S �D�F�O�U�F�S�F�E �P�O �U�I�F �B�U�P�N��
�/�P�U�F�
 �U�I�F �F�'�' �Q�P�U�F�O�U�J�B�M �E�P�F�T �O�P�U �N�B�U�D�I �U�I�F �F�Y�B�D�U �6�)�' �S�F�T�V�M�U��

�*�O �'�J�H�V�S�F�������C�
 �X�F �D�P�N�Q�B�S�F �U�I�F �F�O�F�S�H�Z �P�G �U�I�F �B�O�U�J���C�P�O�E�J�O�H �P�G �U�I�F�) 2 �N�P�M�F�D�V�M�F �X�J�U�I

�U�I�B�U �Q�S�F�E�J�D�U�F�E �C�Z �V�O�S�F�T�U�S�J�D�U�F�E �)�B�S�U�S�F�F�L�'�P�D�L �	�6�)�'�
�� �'�P�S �U�I�F �B�O�U�J���C�P�O�E�J�O�H �D�B�T�F�
 �U�I�F�S�F �J�T

�O�P �D�P�S�S�F�M�B�U�J�P�O�
 �X�I�J�D�I �N�B�L�F�T �J�U �U�I�F �N�P�T�U �T�U�S�B�J�H�I�U�G�P�S�X�B�S�E �T�Z�T�U�F�N �U�P �F�Y�B�N�J�O�F �F�Y�D�I�B�O�H�F

�D�B�M�D�V�M�B�U�J�P�O�T�� �*�U �J�T �D�M�F�B�S �U�I�B�U �U�I�F �L�J�O�F�U�J�D �F�O�F�S�H�Z �U�F�S�N �J�T �E�P�N�J�O�B�O�U �B�O�E �Q�S�J�N�B�S�J�M�Z �S�F�T�Q�P�O�T�J�C�M�F

�G�P�S �U�I�F �1�B�V�M�J �F�Y�D�M�V�T�J�P�O �Q�S�J�O�D�J�Q�M�F�� �I�P�X�F�W�F�S�
 �U�I�F �P�U�I�F�S �U�F�S�N�T �B�S�F �O�P�U �O�F�H�M�J�H�J�C�M�F �B�O�E �Q�M�B�Z

�J�N�Q�P�S�U�B�O�U �S�P�M�F�T �J�O �T�U�B�C�J�M�J�[�J�O�H �N�P�M�F�D�V�M�F�T �B�O�E �Q�S�F�W�F�O�U�J�O�H �(�B�V�T�T�J�B�O �D�P�B�M�F�T�D�F�O�D�F �<�������>�� �8�I�F�O

�B�M�M �U�I�S�F�F �1�B�V�M�J �F�O�F�S�H�Z �U�F�S�N�T �B�S�F �B�E�E�F�E �U�P�H�F�U�I�F�S�
 �U�I�F �S�F�T�V�M�U �N�B�U�D�I�F�T �U�I�F �F�Y�B�D�U �6�)�' �S�F�T�V�M�U

�B�O�E �F�T�U�B�C�M�J�T�I�F�T �P�V�S �1�B�V�M�J �Q�P�U�F�O�U�J�B�M�R�T �W�B�M�J�E�J�U�Z�� �/�P�U�F �U�I�B�U �U�I�F �F�'�' �Q�P�U�F�O�U�J�B�M�
 �E�F�O�P�U�F�E �C�Z �U�I�F

�T�P�M�J�E �C�M�B�D�L �M�J�O�F�
 �E�P�F�T �O�P�U �N�B�U�D�I �U�I�F �F�Y�B�D�U �6�)�' �S�F�T�V�M�U��

�0�O�F �P�G �U�I�F �S�F�B�T�P�O�T �G�P�S �U�I�F �T�V�D�D�F�T�T �P�G �U�I�F �F�'�' �U�F�D�I�O�J�R�V�F �P�W�F�S �Q�S�F�W�J�P�V�T �N�P�E�F�M�T �J�T

�U�I�F �J�O�D�M�V�T�J�P�O �P�G �B�E�E�J�U�J�P�O�B�M �T�D�B�M�J�O�H �Q�B�S�B�N�F�U�F�S�T �J�O �U�I�F �1�B�V�M�J �Q�P�U�F�O�U�J�B�M�� �5�I�F�T�F �Q�B�S�B�N�F�U�F�S�T�




����

�N�B�U�D�I�F�E �X�J�U�I �B �T�F�U �P�G �N�P�M�F�D�V�M�B�S �U�F�T�U �T�U�S�V�D�U�V�S�F�T�
 �B�D�D�P�V�O�U �G�P�S �U�I�F �M�B�D�L �P�G �G�V�M�M �F�Y�D�I�B�O�H�F�


�U�I�F �M�J�N�J�U�F�E �C�B�T�J�T �T�F�U�
 �B�O�E �U�I�F �O�F�H�M�F�D�U �P�G �D�P�S�S�F�M�B�U�J�P�O�
 �X�I�F�S�F �X�F �E�F	��J�O�F �D�P�S�S�F�M�B�U�J�P�O �B�T �U�I�F

�E�J�n�F�S�F�O�D�F �C�F�U�X�F�F�O �U�I�F �F�Y�B�D�U �F�O�F�S�H�Z �B�O�E �U�I�F �)�B�S�U�S�F�F�L�'�P�D�L �	�)�'�
 �F�O�F�S�H�Z�� �%�F�T�Q�J�U�F �P�V�S

�F�Y�Q�B�O�E�F�E �C�B�T�J�T�
 �U�X�P �B�Q�Q�S�P�Y�J�N�B�U�J�P�O�T �Q�F�S�T�J�T�U �J�O �P�V�S �N�P�E�F�M�� �U�I�F�T�F �B�S�F �Q�B�J�S�X�J�T�F �F�Y�D�I�B�O�H�F �B�O�E

�M�B�D�L �P�G �D�P�S�S�F�M�B�U�J�P�O�� �5�I�F �J�O�D�M�V�T�J�P�O �P�G �D�P�S�S�F�M�B�U�J�P�O �J�O �T�V�D�I �N�P�E�F�M�T �J�T �E�J	��J�D�V�M�U �B�O�E �B �E�F�D�B�E�F�T��

�P�M�E �Q�S�P�C�M�F�N �J�O �R�V�B�O�U�V�N �N�F�D�I�B�O�J�D�B�M �N�B�O�Z���C�P�E�Z �T�Z�T�U�F�N�T �<�������
�������L�������>�� �.�P�U�J�W�B�U�F�E �C�Z

�F�'�'�
 �X�F �V�T�F�E �B �W�B�M�F�O�D�F �C�P�O�E �	�7�#�
 �X�B�W�F �G�V�O�D�U�J�P�O �U�P �E�F�W�F�M�P�Q �B �T�J�N�Q�M�F �Q�B�J�S�X�J�T�F �D�P�S�S�F�D�U�J�P�O

�U�F�S�N �U�P �B�D�D�P�V�O�U �G�P�S �U�I�F�T�F �E�F	��J�D�J�F�O�D�J�F�T�� �5�I�F �B�Q�Q�S�P�Y�J�N�B�U�J�P�O �U�B�L�F�T �P�O �B �T�J�N�J�M�B�S �G�P�S�N �B�T �U�I�F

�1�B�V�M�J �Q�P�U�F�O�U�J�B�M

HC = TC
e + V C

ei + V C
ee ; ��������

�X�I�F�S�F
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V C
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V C
ee =

D
	 V B
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�
�V̂ee

�
�
� 	 V B

E
�

D
	 H

�
�
�V̂ee

�
�
� 	 H

E
: ��������

�"�T �C�F�G�P�S�F�
 �V�U�J�M�J�[�J�O�H �U�I�F �V�T�V�B�M �E�F	��J�O�J�U�J�P�O �P�G �U�I�F �U�X�P���Q�B�S�U�J�D�M�F �7�# �X�B�W�F �G�V�O�D�U�J�P�O�


	 V B ( ~x1; ~x2) =
1

p
2

[ 1(~x1) 2(~x2) +  1(~x2) 2(~x1)] ; ��������
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�X�F �E�F�S�J�W�F�E �B�O�B�M�Z�U�J�D �F�Y�Q�S�F�T�T�J�P�O�T �G�P�S �U�I�F �Q�B�J�S�X�J�T�F �7�# �D�P�S�S�F�D�U�J�P�O �F�O�F�S�H�Z �H�J�W�F�O �J�O �&�R�V�B��

�U�J�P�O�T���������L���������� �5�I�F �B�O�B�M�Z�U�J�D�B�M �F�Y�Q�S�F�T�T�J�P�O�T �B�S�F �B�T �G�P�M�M�P�X�T��

TC
e =

X

k;l

X

�;�;
;�

�
Ok�l� Ol�k


�
Te

k�l� + Te
l�k


�
� (Okl Olk )Ok�k
 Ol�l�

�
Te

k�k
 + Te
l�l�

��

(nknl )(1 + ( Okl Olk ))
;��������

V C
ei =

X

I

X

k;l

X

�;�;
;�

�
Ok�l� Ol�k
 V ei

Ik�l� � (Okl Olk )Ok�k
 Ol�l� V ei
Ik�k


�

(nknl )(1 + Okl Olk )
; ��������

V C
ee =

X

k;l

X

�;�;
;�

�
Ok�l� Ol�k
 V ee

k�l�l�k
 � (Okl Olk )Ok�k
 Ol�l� V ee
k�l�k
l�

�

(nknl )(1 + Okl Olk )
: ��������

�5�I�F �7�# �D�P�S�S�F�D�U�J�P�O �X�B�T �J�N�Q�M�F�N�F�O�U�F�E �C�F�U�X�F�F�O �Q�B�J�S�T �P�G �F�M�F�D�U�S�P�O�T �X�J�U�I �U�I�F �P�Q�Q�P�T�J�U�F

�T�Q�J�O�� �5�I�F �T�B�N�F �T�Q�J�O �F�M�F�D�U�S�P�O�T �X�F�S�F �B�T�T�V�N�F�E �U�P �C�F �X�F�M�M �T�F�Q�B�S�B�U�F�E �T�Q�B�U�J�B�M�M�Z�
 �E�V�F �U�P �U�I�F

�1�B�V�M�J �Q�P�U�F�O�U�J�B�M�
 �B�O�E �U�P �O�P�U �D�P�O�U�S�J�C�V�U�F �T�J�H�O�J	��J�D�B�O�U�M�Z �U�P �U�I�J�T �U�F�S�N �<�������>��

�5�I�F �U�P�U�B�M �F�O�F�S�H�Z �P�G �P�V�S �T�Z�T�U�F�N�
 �)= �) H + �) P + �) C �N�B�Z �C�F �X�S�J�U�U�F�O �B�T �G�P�M�M�P�X�T��

H = ( Ti + Vii ) + ( Te + Vei + Vee) + ( TP
e + V P

ei + V P
ee)� "" + � (TC

e + V C
ei + V C

ee)� "# ; ��������

�X�I�F�S�F� "" �F�R�V�B�M�T �V�O�J�U�Z �X�I�F�O �U�I�F �T�Q�J�O�T �P�G �U�I�F �F�M�F�D�U�S�P�O�T �B�S�F �Q�B�S�B�M�M�F�M �B�O�E �[�F�S�P �P�U�I�F�S�X�J�T�F��

� "# �J�T �T�F�U �U�P �[�F�S�P �X�I�F�O �U�I�F �T�Q�J�O�T �P�G �U�I�F �F�M�F�D�U�S�P�O�T �B�S�F �Q�B�S�B�M�M�F�M �B�O�E �V�O�J�U�Z �X�I�F�O �B�O�U�J���Q�B�S�B�M�M�F�M��

�5�I�F �Q�B�S�B�N�F�U�F�S�
� �
 �N�V�T�U �C�F �D�I�P�T�F�O �B �Q�S�J�P�S�J �G�P�S �U�I�F �T�Z�T�U�F�N �P�G �J�O�U�F�S�F�T�U�� �'�P�S �B �I�Z�E�S�P�H�F�O

�N�P�M�F�D�V�M�F�
 �B �W�B�M�V�F �P�G� = 1 �B�Q�Q�S�P�B�D�I�F�T �U�I�F �F�Y�B�D�U �Q�P�U�F�O�U�J�B�M �F�O�F�S�H�Z �T�V�S�G�B�D�F�� �'�P�S �D�B�M�D�V�M�B�U�J�O�H

�U�I�F �Q�S�F�T�T�V�S�F �P�G �E�F�O�T�F �I�Z�E�S�P�H�F�O�
 �X�F �T�D�B�M�F�E �U�I�J�T �W�B�M�V�F �U�P �N�B�U�D�I �F�Y�Q�F�S�J�N�F�O�U�B�M �S�F�T�V�M�U�T�� �8�F

�O�P�U�F �U�I�B�U �U�I�F �T�J�[�F �P�G� �B�TNg ! 1 �H�J�W�F�T �B�O �J�O�E�J�D�B�U�J�P�O �P�G �U�I�F �S�F�N�B�J�O�J�O�H �B�Q�Q�S�P�Y�J�N�B�U�J�P�O�T �J�O

�U�I�F �N�P�E�F�M��



����

���������� �5�I�F �*�N�Q�M�F�N�F�O�U�B�U�J�P�O �P�G �1�F�S�J�P�E�J�D �#�P�V�O�E�B�S�Z �$�P�O�E�J�U�J�P�O�T

�5�I�F �T�J�N�V�M�B�U�J�P�O �P�G �E�F�O�T�F �Q�M�B�T�N�B�T �O�F�D�F�T�T�J�U�B�U�F�T �U�I�F �V�T�F �P�G �B 	��J�O�J�U�F���J�O���T�J�[�F �T�J�N�V�M�B�U�J�P�O �C�P�Y

�V�U�J�M�J�[�J�O�H �Q�F�S�J�P�E�J�D �C�P�V�O�E�B�S�Z �D�P�O�E�J�U�J�P�O�T�� �U�I�J�T �C�S�J�O�H�T �X�J�U�I �J�U �B�E�E�J�U�J�P�O�B�M �D�I�B�M�M�F�O�H�F�T�� �5�I�F 	��J�S�T�U

�J�T �U�I�F �F�W�B�M�V�B�U�J�P�O �P�G �M�P�O�H���S�B�O�H�F �G�P�S�D�F�T �B�T�T�P�D�J�B�U�F�E �X�J�U�I �F�M�F�D�U�S�P�T�U�B�U�J�D �J�O�U�F�S�B�D�U�J�P�O�T�� �8�F �V�U�J�M�J�[�F

�U�I�F �T�B�N�F �T�D�I�F�N�F �B�T �F�'�' �X�I�F�S�F �U�I�F �F�M�F�D�U�S�P�T�U�B�U�J�D �F�O�F�S�H�J�F�T �B�S�F �N�V�M�U�J�Q�M�J�F�E �C�Z �B �T�F�W�F�O�U�I���P�S�E�F�S

�T�Q�M�J�O�F �U�I�B�U �H�P�F�T �G�S�P�N �� �U�P �� �P�W�F�S �B �S�B�E�J�B�M �E�J�T�U�B�O�D�Fr cut �
 �E�F	��J�O�F�E �T�P �U�I�B�U �U�I�F 	��J�S�T�U�
 �T�F�D�P�O�E�


�B�O�E �U�I�J�S�E �E�F�S�J�W�B�U�J�W�F�T �B�U �U�I�F �F�O�E�Q�P�J�O�U�T �B�S�F �[�F�S�P �<�����
�������>�� �J���F���


f �D�V�U�P�n= 20x7 � 70x6 + 84x5 � 35x4 + 1 ; ��������

�X�I�F�S�Fx = x=rcut �� �5�I�F �D�V�U�P�n �S�B�O�H�F�
r cut �
 �J�T �D�I�P�T�F�O �U�P �C�F �F�R�V�B�M �U�P �I�B�M�G �U�I�F �T�J�N�V�M�B�U�J�P�O �C�P�Y

�M�F�O�H�U�I�� �5�I�J�T �U�F�D�I�O�J�R�V�F �F�O�B�C�M�F�T �U�I�F �V�T�F �P�G �U�I�F �N�J�O�J�N�V�N���J�N�B�H�F �D�P�O�W�F�O�U�J�P�O�
 �S�F�U�B�J�O�J�O�H �P�O�F

�P�G �U�I�F �N�P�T�U �E�F�T�J�S�B�C�M�F �Q�S�P�Q�F�S�U�J�F�T �P�G �8�1�.�%�
 �X�I�J�D�I �J�T �U�I�F �B�C�J�M�J�U�Z �U�P �T�J�N�V�M�B�U�F �M�B�S�H�F �T�Z�T�U�F�N�T

�P�G �Q�B�S�U�J�D�M�F�T�� �'�J�O�B�M�M�Z�
 �B�T �E�F�N�P�O�T�U�S�B�U�F�E �J�O �'�J�H�V�S�F�������B�
 �U�I�F �O�F�X�M�Z �E�F	��J�O�F�E �F�Y�D�I�B�O�H�F �U�F�S�N�T �E�P

�O�P�U �F�Y�I�J�C�J�U �U�I�F �T�B�N�F �M�P�O�H���S�B�O�H�F �D�I�B�S�B�D�U�F�S�J�T�U�J�D�T �B�T �U�I�F �F�M�F�D�U�S�P�T�U�B�U�J�D �U�F�S�N�T �B�O�E �U�I�V�T �B�S�F �O�P�U

�N�V�M�U�J�Q�M�J�F�E �C�Z �U�I�F �T�Q�M�J�O�F��

�8�I�F�O �B�Q�Q�M�Z�J�O�H �U�I�F �N�J�O�J�N�V�N �J�N�B�H�F �D�P�O�W�F�O�U�J�P�O �U�P �U�I�F �F�M�F�D�U�S�P�O�T�
 �U�I�F �(�B�V�T�T�J�B�O�T �U�I�B�U

�D�P�N�Q�S�J�T�F �U�I�B�U �F�M�F�D�U�S�P�O �N�V�T�U �C�F �U�S�F�B�U�F�E �B�T �B �T�J�O�H�M�F �Q�B�S�U�J�D�M�F�� �U�I�B�U �J�T �U�P �T�B�Z�
 �U�I�F�Z �N�V�T�U �C�F

�T�I�J�|�F�E �U�P�H�F�U�I�F�S�� �5�I�F�S�F �B�S�F �O�P �S�F�T�U�S�J�D�U�J�P�O�T �P�O �U�I�F �Q�P�T�J�U�J�P�O�T �P�G �U�I�F �(�B�V�T�T�J�B�O�T �X�J�U�I�J�O �P�O�F

�F�M�F�D�U�S�P�O�� �I�P�X�F�W�F�S�
 �X�I�F�O �B�Q�Q�M�Z�J�O�H �U�I�F �N�J�O�J�N�V�N �J�N�B�H�F �D�P�O�W�F�O�U�J�P�O�
 �X�F �V�T�F �U�I�F �F�Y�Q�F�D�U�B�U�J�P�O

�P�G �F�B�D�I �F�M�F�D�U�S�P�O�R�T �Q�P�T�J�U�J�P�O�� �4�V�Q�Q�P�T�F �D�B�S�F �J�T �O�P�U �U�B�L�F�O�
 �B�O�E �U�I�F �(�B�V�T�T�J�B�O�T �B�S�F �J�O�E�J�W�J�E�V�B�M�M�Z

�T�I�J�|�F�E�� �*�O �U�I�B�U �D�B�T�F�
 �U�I�F �V�O�Q�I�Z�T�J�D�B�M �T�J�U�V�B�U�J�P�O �X�I�F�S�F �B �Q�B�S�U�J�D�M�F �J�O�U�F�S�B�D�U�T �X�J�U�I �U�I�F �T�B�N�F

�F�M�F�D�U�S�P�O �P�O �C�P�U�I �U�I�F �M�F�| �B�O�E �U�I�F �S�J�H�I�U �D�B�O �B�S�J�T�F��

�'�J�O�B�M�M�Z�
 �U�I�F �1�B�V�M�J �B�O�E �7�# �D�P�S�S�F�D�U�J�P�O �F�M�F�D�U�S�P�O�L�J�P�O �F�O�F�S�H�Z �U�F�S�N�T �B�S�F �O�P�U �H�F�O�V�J�O�F �Q�B�J�S�X�J�T�F

�U�F�S�N�T�� �&�B�D�I �U�F�S�N �J�O �U�I�F �T�V�N�N�B�U�J�P�O �J�O�W�P�M�W�F�T �U�X�P �F�M�F�D�U�S�P�O�T �Q�M�V�T �B�O �J�P�O�
 �F�T�T�F�O�U�J�B�M�M�Z �N�B�L�J�O�H



����

�J�U �B �U�I�S�F�F���C�P�E�Z �Q�P�U�F�O�U�J�B�M�� �5�P �F�O�T�V�S�F �D�P�O�T�J�T�U�F�O�U �D�B�M�D�V�M�B�U�J�P�O �P�G �U�I�J�T �U�F�S�N�
 �X�F �Q�F�S�J�P�E�J�D�B�M�M�Z

�T�I�J�| �U�I�F �J�P�O �M�P�D�B�U�J�P�O �U�P �Q�P�T�J�U�J�P�O �J�U �X�J�U�I�J�O �I�B�M�G �P�G �U�I�F �C�P�Y �M�F�O�H�U�I �P�G �U�I�F �N�J�E���Q�P�J�O�U �C�F�U�X�F�F�O

�U�I�F �U�X�P �F�M�F�D�U�S�P�O�T�� �8�F �O�P�U�F �U�I�B�U �U�I�J�T �E�J�n�F�S�T �G�S�P�N �D�P�O�T�J�T�U�F�O�U�M�Z �T�I�J�|�J�O�H �U�I�F �J�P�O �U�P�X�B�S�E�T �U�I�F

�F�M�F�D�U�S�P�O �P�O�M�Z �X�I�F�O �U�I�F �U�X�P �F�M�F�D�U�S�P�O�T �B�S�F �T�Q�B�U�J�B�M�M�Z �T�F�Q�B�S�B�U�F�E�� �J�O �T�V�D�I �T�J�U�V�B�U�J�P�O�T�
 �U�I�F �1�B�V�M�J

�B�O�E �7�# �D�P�S�S�F�D�U�J�P�O �F�O�F�S�H�Z �U�F�S�N�T �B�S�F �O�F�H�M�J�H�J�C�M�F��

������ �3�F�T�V�M�U�T

�%�F�O�T�F �I�Z�E�S�P�H�F�O �J�T �P�O�F �P�G �U�I�F �T�J�N�Q�M�F�T�U �Q�I�Z�T�J�D�B�M �T�Z�T�U�F�N�T�
 �B�O�E �G�P�S �U�I�J�T �S�F�B�T�P�O�
 �J�U �I�B�T �C�F�D�P�N�F

�U�I�F �Q�S�P�U�P�U�Z�Q�J�D�B�M �U�F�T�U���C�F�E �G�P�S �B�U�P�N�J�T�U�J�D �N�P�E�F�M�T �P�G �E�F�O�T�F �Q�M�B�T�N�B�T�� �"�U �U�I�J�T �U�J�N�F�
 �P�V�S �D�P�E�F

�J�T �J�N�Q�M�F�N�F�O�U�F�E �T�F�S�J�B�M�M�Z �J�O �.�"�5�-�"�# �B�O�E �J�T �V�O�B�C�M�F �U�P �C�F �S�V�O �G�P�S �M�P�O�H �Q�F�S�J�P�E�T �P�G �U�J�N�F

�G�P�S �B�M�M �Q�F�S�N�V�U�B�U�J�P�O�T �P�G �B�Q�Q�S�P�Y�J�N�B�U�J�P�O�T�
 �C�B�T�J�T �T�F�U�T�
 �B�O�E �Q�B�S�B�N�F�U�F�S �T�Q�B�D�F�� �5�I�V�T�
 �X�F �M�J�N�J�U

�P�V�S �J�O�W�F�T�U�J�H�B�U�J�P�O �U�P �D�P�M�E �E�F�O�T�F �I�Z�E�S�P�H�F�O�
 �X�I�J�D�I �J�T �P�|�F�O �V�T�F�E �U�P �C�F�O�D�I�N�B�S�L �8�1�.�%

�B�Q�Q�S�P�Y�J�N�B�U�J�P�O�T �C�F�G�P�S�F �C�F�J�O�H �F�Y�U�F�O�E�F�E �U�P �I�J�H�I�F�S �U�F�N�Q�F�S�B�U�V�S�F �D�P�O�E�J�U�J�P�O�T �<�����
�����
�����>��

�'�J�H�V�S�F�������E�F�N�P�O�T�U�S�B�U�F�T �U�I�B�U �8�1�.�% �B�Q�Q�S�P�B�D�I�F�T �U�I�F �B�O�B�M�Z�U�J�D �T�P�M�V�U�J�P�O �P�G �U�I�F �I�Z�E�S�P�H�F�O

�B�U�P�N �X�J�U�I �B�O �J�O�D�S�F�B�T�J�O�H �(�B�V�T�T�J�B�O �C�B�T�J�T�� �5�I�F �H�S�P�V�O�E �T�U�B�U�F �F�O�F�S�H�Z �D�B�O �C�F �P�C�U�B�J�O�F�E �U�P

�X�J�U�I�J�O �P�O�F �Q�F�S�D�F�O�U�
 �V�U�J�M�J�[�J�O�H �B �G�P�V�S���(�B�V�T�T�J�B�O �C�B�T�J�T�� �#�F�Z�P�O�E �U�I�J�T �O�V�N�C�F�S�
 �X�F �P�C�T�F�S�W�F�E

�P�O�M�Z �N�J�O�P�S �D�I�B�O�H�F�T �J�O �U�I�F �H�S�P�V�O�E �T�U�B�U�F �F�O�F�S�H�Z �B�O�E �U�I�F �F�M�F�D�U�S�P�O �X�B�W�F �G�V�O�D�U�J�P�O �T�I�B�Q�F�� �*�U

�T�I�P�V�M�E �B�M�T�P �C�F �O�P�U�F�E �U�I�B�U �U�I�F �N�P�T�U �T�J�H�O�J	��J�D�B�O�U �J�N�Q�S�P�W�F�N�F�O�U �P�D�D�V�S�T �X�I�F�O �J�O�D�S�F�B�T�J�O�H �U�I�F

�C�B�T�J�T �G�S�P�N �P�O�F �U�P �U�X�P �(�B�V�T�T�J�B�O�T��

�8�F �O�P�X �U�V�S�O �P�V�S �B�U�U�F�O�U�J�P�O �U�P �N�P�E�F�M�J�O�H �U�I�F �F�O�F�S�H�Z �P�G �U�I�F �I�Z�E�S�P�H�F�O �N�P�M�F�D�V�M�F�� �*�O

�'�J�H�V�S�F�������X�F �Q�M�P�U �U�I�F �Q�P�U�F�O�U�J�B�M �F�O�F�S�H�Z �T�V�S�G�B�D�F �P�G�) 2 �B�O�E �T�I�P�X �B�O �J�N�Q�S�P�W�F�N�F�O�U �J�O

�S�F�Q�S�F�T�F�O�U�B�U�J�P�O �B�T �U�I�F �(�B�V�T�T�J�B�O �C�B�T�J�T �J�T �J�O�D�S�F�B�T�F�E���'�J�H�V�S�F�������B �E�J�T�Q�M�B�Z�T �U�I�F �Q�P�U�F�O�U�J�B�M

�F�O�F�S�H�Z �D�V�S�W�F �D�B�M�D�V�M�B�U�F�E �X�J�U�I�P�V�U �J�O�D�M�V�E�J�O�H �U�I�F �7�# �D�P�S�S�F�D�U�J�P�O�� �J�O �U�I�J�T �D�B�T�F�
 �U�I�F �C�J�O�E�J�O�H

�F�O�F�S�H�Z �B�Q�Q�S�P�B�D�I�F�T �U�I�F �V�O�S�F�T�U�S�J�D�U�F�E �)�B�S�U�S�F�F�L�'�P�D�L �	�6�)�'�
 �S�F�T�V�M�U�� �*�O �U�I�J�T �D�B�T�F�
 �P�O�M�Z �O�F�H�M�J�H�J�C�M�F

�J�N�Q�S�P�W�F�N�F�O�U�T �B�S�F �P�C�T�F�S�W�B�C�M�F �C�F�Z�P�O�E �T�J�Y �(�B�V�T�T�J�B�O�T�
 �T�M�J�H�I�U�M�Z �N�P�S�F �U�I�B�O �O�F�F�E�F�E �U�P �E�F�T�D�S�J�C�F
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�U�I�F �I�Z�E�S�P�H�F�O �B�U�P�N �B�D�D�V�S�B�U�F�M�Z�� �'�J�H�V�S�F�������C �E�J�T�Q�M�B�Z�T �U�I�F �Q�P�U�F�O�U�J�B�M �F�O�F�S�H�Z �D�V�S�W�F �D�B�M�D�V�M�B�U�F�E

�X�J�U�I �B�O �J�O�D�S�F�B�T�J�O�H �O�V�N�C�F�S �P�G �(�B�V�T�T�J�B�O�T �Q�F�S �F�M�F�D�U�S�P�O�
 �U�I�J�T �U�J�N�F �X�J�U�I �U�I�F �7�# �D�P�S�S�F�D�U�J�P�O �	� =

1�
�� �*�O �U�I�J�T �D�B�T�F�
 �B�T �U�I�F �O�V�N�C�F�S �P�G �(�B�V�T�T�J�B�O�T �J�T �J�O�D�S�F�B�T�F�E�
 �U�I�F �Q�P�U�F�O�U�J�B�M �F�O�F�S�H�Z �D�V�S�W�F �U�F�O�E�T

�U�P�X�B�S�E �U�I�F �H�F�O�F�S�B�M�J�[�F�E �W�B�M�F�O�D�F �C�P�O�E �	�(�7�#�
 �S�F�T�V�M�U �<�������>�
 �W�B�M�J�E�B�U�J�O�H �U�I�F �J�N�Q�M�F�N�F�O�U�B�U�J�P�O �P�G

�U�I�F �N�V�M�U�J�Q�M�F �(�B�V�T�T�J�B�O �C�B�T�J�T�� �5�I�F �F�'�' �S�F�T�V�M�U�T�
 �B�M�T�P �T�I�P�X�O �J�O �'�J�H�V�S�F�������C�
 �M�J�F �C�F�U�X�F�F�O �U�I�F

�P�O�F �B�O�E �U�X�P���(�B�V�T�T�J�B�O �M�J�O�F�T�
 �D�M�F�B�S�M�Z �J�O�E�J�D�B�U�J�O�H �U�I�B�U �U�I�F �T�D�B�M�J�O�H �G�B�D�U�P�S�T �J�O �F�'�' �T�P�N�F�I�P�X

�B�E�E�S�F�T�T �U�I�F �J�N�Q�F�E�J�N�F�O�U �G�S�P�N �U�I�F �M�J�N�J�U�F�E �C�B�T�J�T �B�O�E �M�B�D�L �P�G �D�P�S�S�F�M�B�U�J�P�O��

�'�Œ�Š�—�”�ˆ ���������#�J�O�E�J�O�H �F�O�F�S�H�Z �P�G �U�I�FH2 �N�P�M�F�D�V�M�F�� �	�B�
 �7�# �D�P�S�S�F�D�U�J�P�O �J�T �F�Y�D�M�V�E�F�E�� �$�J�S�D�M�F�T
�S�F�Q�S�F�T�F�O�U �U�I�F �V�O�S�F�T�U�S�J�D�U�F�E �)�B�S�U�S�F�F�L�'�P�D�L �	�6�)�'�
 �T�P�M�V�U�J�P�O �B�O�E �D�S�P�T�T�F�T �S�F�Q�S�F�T�F�O�U �U�I�F �F�Y�B�D�U
�T�P�M�V�U�J�P�O�� �	�C�
 �7�# �D�P�S�S�F�D�U�J�P�O �	� = 1 �
 �J�T �J�O�D�M�V�E�F�E�� �$�J�S�D�M�F�T �S�F�Q�S�F�T�F�O�U �U�I�F �H�F�O�F�S�B�M�J�[�F�E �W�B�M�F�O�D�F
�C�P�O�E �	�(�7�#�
 �T�P�M�V�U�J�P�O �B�O�E �D�S�P�T�T�F�T �E�F�O�P�U�F �U�I�F �F�Y�B�D�U �T�P�M�V�U�J�P�O�� �5�I�F �U�I�J�D�L �T�P�M�J�E �M�J�O�F �S�F�Q�S�F�T�F�O�U�T
�U�I�F �T�P�M�V�U�J�P�O �P�C�U�B�J�O�F�E �V�T�J�O�H �U�I�F �F�'�' �N�F�U�I�P�E��

�5�I�F �Q�P�U�F�O�U�J�B�M �F�O�F�S�H�Z �D�V�S�W�F�T �G�P�S �U�I�F �U�X�P���(�B�V�T�T�J�B�O �D�B�T�F �J�O �'�J�H�V�S�F�������B�
 �B�O�E �P�O�F���(�B�V�T�T�J�B�O

�D�B�T�F �J�O �'�J�H�V�S�F�������C�
 �C�P�U�I �F�Y�I�J�C�J�U �B �L�J�O�L �B�S�P�V�O�E ������ �#�P�I�S�� �8�F �B�U�U�S�J�C�V�U�F �U�I�J�T �U�P �U�I�F �S�F�T�U�S�J�D�U�F�E

�C�B�T�J�T �B�U�U�F�N�Q�U�J�O�H �U�P �S�F�Q�S�F�T�F�O�U �U�X�P �Q�I�F�O�P�N�F�O�P�M�P�H�J�D�B�M�M�Z �E�J�n�F�S�F�O�U �D�P�O	��J�H�V�S�B�U�J�P�O�T �U�P �U�I�F �M�F�|

�B�O�E �S�J�H�I�U �P�G �U�I�F �L�J�O�L�M�U�I�B�U �J�T�
 �U�I�F �F�Y�Q�F�D�U�B�U�J�P�O �P�G �U�I�F �U�X�P �F�M�F�D�U�S�P�O�T�R �Q�P�T�J�U�J�P�O�T �C�F�J�O�H �M�P�D�B�U�F�E

�C�F�U�X�F�F�O �U�I�F �U�X�P �J�P�O�T �X�I�F�O �D�M�P�T�F �U�P�H�F�U�I�F�S �B�O�E �D�F�O�U�F�S�F�E �O�F�B�S �U�I�F �J�P�O�T �X�I�F�O �T�F�Q�B�S�B�U�F�E��

�5�I�J�T �F�n�F�D�U �J�T �M�F�T�T �B�Q�Q�B�S�F�O�U �X�I�F�O �B �M�B�S�H�F�S �C�B�T�J�T �J�T �V�T�F�E��
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�'�Œ�Š�—�”�ˆ ���������7�J�C�S�B�U�J�P�O�B�M �G�S�F�R�V�F�O�D�Z �P�G �U�I�FH2 �N�P�M�F�D�V�M�F �X�J�U�I �B�O �J�O�D�S�F�B�T�J�O�H �(�B�V�T�T�J�B�O �C�B�T�J�T
�T�F�U�� �#�M�V�F �T�U�B�S�T �B�S�F �U�I�F �G�S�F�R�V�F�O�D�J�F�T �X�J�U�I �O�P �7�# �D�P�S�S�F�D�U�J�P�O�� �3�F�E �D�S�P�T�T�F�T �B�S�F �U�I�F �G�S�F�R�V�F�O�D�J�F�T
�D�B�M�D�V�M�B�U�F�E �X�J�U�I �U�I�F �7�# �D�P�S�S�F�D�U�J�P�O �	� = 1 �
�� �5�I�F �C�M�B�D�L �E�P�U�U�F�E �M�J�O�F �S�F�Q�S�F�T�F�O�U�T �U�I�F �F�Y�Q�F�S�J�N�F�O��
�U�B�M �W�B�M�V�F �P�G �U�I�F �G�V�O�E�B�N�F�O�U�B�M �G�S�F�R�V�F�O�D�Z �P�G�) 2�� �*�O �F�B�D�I �D�B�T�F �U�I�F �G�V�O�E�B�N�F�O�U�B�M �G�S�F�R�V�F�O�D�Z �X�B�T
�D�B�M�D�V�M�B�U�F�E �C�Z �E�J�T�Q�M�B�D�J�O�H �U�X�P �) �J�P�O�T �C�Z �������� �#�P�I�S �B�O�E �P�C�T�F�S�W�J�O�H �U�I�F �S�F�T�V�M�U�J�O�H �P�T�D�J�M�M�B�U�J�P�O�T��

�'�J�H�V�S�F�������S�F�Q�S�F�T�F�O�U�T �U�I�F �T�U�B�U�J�D �V�T�F �P�G �U�I�F �D�P�E�F�� �5�P �W�B�M�J�E�B�U�F �U�I�F �E�Z�O�B�N�J�D �D�P�N�Q�P�O�F�O�U�
 �X�F

�D�B�M�D�V�M�B�U�F�E �U�I�F �G�V�O�E�B�N�F�O�U�B�M �W�J�C�S�B�U�J�P�O�B�M �G�S�F�R�V�F�O�D�Z �P�G�) 2 �U�I�S�P�V�H�I �U�I�F �E�Z�O�B�N�J�D�B�M �F�R�V�B�U�J�P�O�T

�P�G �N�P�U�J�P�O�� �*�O �U�I�F �T�J�N�V�M�B�U�J�P�O�T�
 �U�I�F �S�F�T�V�M�U�T �T�I�P�X�O �J�O �'�J�H�V�S�F�������
 �U�I�F �U�X�P �I�Z�E�S�P�H�F�O �O�V�D�M�F�J

�X�F�S�F �T�F�Q�B�S�B�U�F�E �C�Z �B �T�N�B�M�M �E�J�T�U�B�O�D�F �P�G �������� �#�P�I�S �B�O�E �S�F�M�F�B�T�F�E�
 �U�I�F �U�J�N�F �T�U�F�Q �X�B�T ���������� �B�T�


�B�O�E �U�I�F �U�P�U�B�M �S�V�O �U�J�N�F �X�B�T ���� �G�T�� �5�I�F �F�O�F�S�H�Z �X�B�T �D�P�O�T�F�S�W�F�E �U�P �X�J�U�I�J�O10� 12 �)�B�S�U�S�F�F�� �5�I�F

Vii �F�O�F�S�H�Z �X�B�T �Q�M�P�U�U�F�E �W�F�S�T�V�T �U�J�N�F�
 �D�S�F�B�U�J�O�H �B �T�J�O�V�T�P�J�E�B�M �H�S�B�Q�I �X�I�F�S�F �U�I�F �Q�F�B�L �U�P �Q�F�B�L

�U�J�N�F �X�B�T �B�W�F�S�B�H�F�E �P�W�F�S �U�F�O �P�T�D�J�M�M�B�U�J�P�O�T �U�P �P�C�U�B�J�O �U�I�F �G�V�O�E�B�N�F�O�U�B�M �W�J�C�S�B�U�J�P�O�B�M �G�S�F�R�V�F�O�D�Z��

�"�T �X�F �J�O�D�S�F�B�T�F�E �U�I�F �O�V�N�C�F�S �P�G �(�B�V�T�T�J�B�O�T �V�T�F�E�
 �U�I�F �S�F�T�V�M�U�T �U�F�O�E�F�E �U�P�X�B�S�E�T �B �D�P�O�T�J�T�U�F�O�U



����

�S�F�T�V�M�U�� �8�J�U�I�P�V�U �U�I�F �7�# �D�P�S�S�F�D�U�J�P�O�
 �U�I�J�T �X�B�T �G�P�V�O�E �U�P �C�F �������� �D�N� 1�
 �B�M�N�P�T�U ������ �I�J�H�I�F�S

�U�I�B�O �U�I�F �F�Y�Q�F�S�J�N�F�O�U�B�M �W�B�M�V�F �P�G �������� �D�N� 1 �<�������>�� �*�O �U�I�F �T�J�N�V�M�B�U�J�P�O �J�O �X�I�J�D�I �D�P�S�S�F�M�B�U�J�P�O

�X�B�T �B�D�D�P�V�O�U�F�E �G�P�S�
 �U�I�F �G�S�F�R�V�F�O�D�Z �X�B�T �G�P�V�O�E �U�P �C�F �������� �D�N� 1�
 �K�V�T�U ���� �I�J�H�I�F�S �U�I�B�O �U�I�F

�F�Y�Q�F�S�J�N�F�O�U�B�M �W�B�M�V�F�� �"�T �C�F�G�P�S�F�
 �B �T�J�H�O�J	��J�D�B�O�U �J�N�Q�S�P�W�F�N�F�O�U �X�B�T �G�P�V�O�E �X�I�F�O �U�I�F �O�V�N�C�F�S �P�G

�(�B�V�T�T�J�B�O�T �X�B�T �J�O�D�S�F�B�T�F�E �G�S�P�N �P�O�F �U�P �U�X�P��

�8�F �I�B�W�F �E�F�N�P�O�T�U�S�B�U�F�E �U�I�F �B�Q�Q�M�J�D�B�C�J�M�J�U�Z �P�G �U�I�F �N�F�U�I�P�E �U�P �U�I�F �I�Z�E�S�P�H�F�O �U�S�J�B�M �T�Z�T�U�F�N�T

�Q�S�F�T�F�O�U�F�E �U�I�V�T �G�B�S�� �8�F �O�P�X �U�V�S�O �P�V�S �B�U�U�F�O�U�J�P�O �U�P �N�P�E�F�M�J�O�H �B �Q�F�S�J�P�E�J�D �I�Z�E�S�P�H�F�O �Q�M�B�T�N�B

�T�Z�T�U�F�N�� �'�P�S �U�I�J�T �X�P�S�L�
 �X�F �V�U�J�M�J�[�F�E �T�Z�T�U�F�N�T �D�P�O�T�J�T�U�J�O�H �P�G �������� �J�P�O�T �B�O�E �B�O �F�R�V�B�M �O�V�N�C�F�S �P�G

�F�M�F�D�U�S�P�O�T�� �5�I�V�T�
 �G�P�S �U�I�F �N�B�K�P�S�J�U�Z �P�G �S�F�T�V�M�U�T �Q�S�F�T�F�O�U�F�E �J�O �'�J�H�V�S�F�������
 �X�F �D�P�N�Q�B�S�F �U�I�F �Q�S�F�T�T�V�S�F

�P�G �B�O �F�O�F�S�H�Z���N�J�O�J�N�J�[�F�E �T�Z�T�U�F�N �B�U �� �,�
 �D�B�M�D�V�M�B�U�F�E �B�D�D�P�S�E�J�O�H �U�P �U�I�F �W�J�S�J�B�M �U�I�F�P�S�F�N �<�������>�
 �U�P

�F�Y�Q�F�S�J�N�F�O�U�B�M �S�F�T�V�M�U�T �B�O�E �P�U�I�F�S �N�P�E�F�M�T �D�B�M�D�V�M�B�U�F�E �B�U ������ �,�� �)�P�X�F�W�F�S�
 �B�U �U�I�F�T�F �E�F�O�T�J�U�J�F�T�
 �U�I�F

�E�J�n�F�S�F�O�D�F �J�O �Q�S�F�T�T�V�S�F �C�F�U�X�F�F�O ������ �B�O�E �� �, �J�T �O�F�H�M�J�H�J�C�M�F�� �5�I�J�T �X�B�T �D�P�O	��J�S�N�F�E �C�Z �D�P�N�Q�B�S�J�O�H�


�J�O �'�J�H�V�S�F�������B�
 �U�I�F �E�B�U�B �G�S�P�N �,�M�B�L�P�X�F�U �B�M���	�T�P�M�J�E �C�M�V�F �M�J�O�F�
 �B�O�E �P�V�S �L�J�O�F�U�J�D �F�O�F�S�H�Z �F�Y�D�I�B�O�H�F

�	�E�B�T�I�F�E �C�M�V�F �M�J�O�F�
�
 �C�P�U�I �D�B�M�D�V�M�B�U�F�E �X�J�U�I �B �T�J�O�H�M�F���(�B�V�T�T�J�B�O �C�B�T�J�T�� �U�I�F�Z �B�S�F �B�M�N�P�T�U �J�E�F�O�U�J�D�B�M

�P�W�F�S �U�I�F �S�B�O�H�F �P�G �E�F�O�T�J�U�J�F�T �D�P�O�T�J�E�F�S�F�E��

�*�O �'�J�H�V�S�F�������B�
 �X�I�J�D�I �T�I�P�X�T �P�O�M�Z �S�F�T�V�M�U�T �D�B�M�D�V�M�B�U�F�E �X�J�U�I �B �T�J�O�H�M�F���(�B�V�T�T�J�B�O �C�B�T�J�T�
 �X�F

�D�B�O �T�F�F �U�I�B�U �U�I�F �S�F�T�V�M�U�T �D�B�M�D�V�M�B�U�F�E �X�J�U�I �P�V�S �Q�B�J�S�X�J�T�F �F�Y�D�I�B�O�H�F �U�F�S�N �E�J�W�F�S�H�F �G�S�P�N �U�I�P�T�F �P�G

�+�B�L�P�C�F�U �B�M���X�I�J�D�I �X�F�S�F �D�B�M�D�V�M�B�U�F�E �V�T�J�O�H �B�O �F�Y�B�D�U �F�Y�D�I�B�O�H�F�� �)�P�X�F�W�F�S�
 �X�J�U�I �U�I�F �B�E�E�J�U�J�P�O

�P�G �U�I�F �7�# �D�P�S�S�F�D�U�J�P�O�
 �J�O �U�I�J�T �D�B�T�F �X�J�U�I �U�I�F �T�D�B�M�J�O�H �Q�B�S�B�N�F�U�F�S� = 0:33�
 �X�F �X�F�S�F �B�C�M�F �U�P

�C�F�U�U�F�S �N�B�U�D�I �F�Y�Q�F�S�J�N�F�O�U�B�M �S�F�T�V�M�U�T �P�C�U�B�J�O�F�E �P�O �E�J�B�N�P�O�E �B�O�W�J�M �D�F�M�M�T �<���>�� �*�O �U�I�J�T �D�B�T�F�
 �U�I�F

�7�# �D�P�S�S�F�D�U�J�P�O �J�T �B�D�D�P�V�O�U�J�O�H �G�P�S �U�I�F �Q�B�J�S�X�J�T�F �F�Y�D�I�B�O�H�F�
 �U�I�F �M�J�N�J�U�F�E �C�B�T�J�T�
 �B�O�E �U�I�F �M�B�D�L �P�G

�D�P�S�S�F�M�B�U�J�P�O�� �8�F �O�P�U�F �U�I�B�U �P�V�S �S�F�T�V�M�U �G�P�M�M�P�X�T �N�P�S�F �D�M�P�T�F�M�Z �U�I�F �F�Y�Q�F�S�J�N�F�O�U�B�M �E�B�U�B �U�I�B�O �F�'�'��



����

�'�Œ�Š�—�”�ˆ ���������5�I�F �Q�S�F�T�T�V�S�F �P�G �E�F�O�T�F �I�Z�E�S�P�H�F�O�� �	�B�
 �" �D�P�N�Q�B�S�J�T�P�O �P�G �P�V�S �S�F�T�V�M�U�T �U�P �U�I�P�T�F �J�O
�U�I�F �M�J�U�F�S�B�U�V�S�F �G�P�S �B �T�J�O�H�M�F���(�B�V�T�T�J�B�O �C�B�T�J�T�� �0�V�S �S�F�T�V�M�U�T �X�F�S�F �D�B�M�D�V�M�B�U�F�E �B�U �� �,�
 �X�I�F�S�F�B�T
�U�I�F �Q�V�C�M�J�T�I�F�E �S�F�T�V�M�U�T�
 �C�P�U�I �F�Y�Q�F�S�J�N�F�O�U�B�M �B�O�E �U�I�F�P�S�F�U�J�D�B�M�
 �X�F�S�F �D�B�M�D�V�M�B�U�F�E �B�U ������ �,�� �5�I�F
�T�N�B�M�M �P�n�T�F�U �C�F�U�X�F�F�O �U�I�F �,�M�B�L�P�X �F�U �B�M�� �S�F�T�V�M�U�T �B�O�E �P�V�S �S�F�T�V�M�U�T �V�T�J�O�H �Q�V�S�F�M�Z �U�I�F �L�J�O�F�U�J�D
�F�O�F�S�H�Z �D�P�N�Q�P�O�F�O�U �P�G �F�Y�D�I�B�O�H�F �E�F�N�P�O�T�U�S�B�U�F �U�I�F �B�Q�Q�M�J�D�B�C�J�M�J�U�Z �P�G �U�I�J�T �B�Q�Q�S�P�Y�J�N�B�U�J�P�O�� �	�C�

�&�Y�U�F�O�T�J�P�O �U�P �N�V�M�U�J�Q�M�F �(�B�V�T�T�J�B�O�T�� �5�I�F �S�F�E �M�J�O�F�T�
 �D�B�M�D�V�M�B�U�F�E �X�J�U�I �Q�B�J�S�X�J�T�F �F�Y�D�I�B�O�H�F �P�O�M�Z�

�T�I�P�X �U�I�B�U �J�O�D�S�F�B�T�J�O�H �U�I�F �O�V�N�C�F�S �P�G �(�B�V�T�T�J�B�O�T �I�B�T �P�O�M�Z �B �T�N�B�M�M �F�n�F�D�U �P�O �U�I�F �Q�S�F�T�T�V�S�F
�D�V�S�W�F�� �5�I�F �7�# �D�P�S�S�F�D�U�J�P�O �J�T �O�F�F�E�F�E �U�P �C�F�T�U �N�B�U�D�I �F�Y�Q�F�S�J�N�F�O�U�B�M �S�F�T�V�M�U�T�� �	�D�
 �0�S�U�I�P�S�I�P�N�C�J�D
�D�S�Z�T�U�B�M �T�U�S�V�D�U�V�S�F �P�G �I�Z�E�S�P�H�F�O �B�U �B �8�J�H�O�F�S�L�4�F�J�U�[ �S�B�E�J�V�T �P�G ������ �#�P�I�S �G�P�S �B �T�J�O�H�M�F���(�B�V�T�T�J�B�O
�C�B�T�J�T �B�O�E �T�D�B�M�F�E �7�# �D�P�S�S�F�D�U�J�P�O �	� = 0 :33�
�� �	�E�
 �)�F�Y�B�H�P�O�B�M���D�M�P�T�F���Q�B�D�L�F�E �D�S�Z�T�U�B�M �T�U�S�V�D�U�V�S�F
�P�G �I�Z�E�S�P�H�F�O �B�U �B �8�J�H�O�F�S�L�4�F�J�U�[ �S�B�E�J�V�T �P�G ������ �X�J�U�I �B �U�X�P���(�B�V�T�T�J�B�O �C�B�T�J�T �B�O�E �T�D�B�M�F�E �7�#
�D�P�S�S�F�D�U�J�P�O �	� = 0 :52�
��

�*�O �'�J�H�V�S�F�������C �U�I�F �F�n�F�D�U �P�G �B�O �J�O�D�S�F�B�T�F�E �C�B�T�J�T �J�T �T�I�P�X�O �G�P�S �U�I�F �T�B�N�F �E�F�O�T�F �I�Z�E�S�P�H�F�O

�T�Z�T�U�F�N�
 �C�P�U�I �X�J�U�I �B�O�E �X�J�U�I�P�V�U �U�I�F �7�# �D�P�S�S�F�D�U�J�P�O�� �*�O�U�F�S�F�T�U�J�O�H�M�Z�
 �T�J�N�Q�M�Z �X�J�U�I �U�I�F �Q�B�J�S�X�J�T�F

�F�Y�D�I�B�O�H�F �F�O�F�S�H�Z�
 �B�O �J�O�D�S�F�B�T�F�E �(�B�V�T�T�J�B�O �C�B�T�J�T �E�P�F�T �O�P�U �T�J�H�O�J	��J�D�B�O�U�M�Z �J�N�Q�S�P�W�F �U�I�F �S�F�T�V�M�U�T��

�5�I�J�T �T�V�H�H�F�T�U�T �U�I�F �T�Z�T�U�F�N�R�T �M�J�N�J�U�B�U�J�P�O �D�B�O �C�F �U�S�B�D�F�E �U�P �F�J�U�I�F�S �U�I�F �M�B�D�L �P�G �D�P�S�S�F�M�B�U�J�P�O �P�S

�U�I�F �Q�B�J�S�X�J�T�F �F�Y�D�I�B�O�H�F�� �)�P�X�F�W�F�S�
 �X�J�U�I �U�I�F �7�# �D�P�S�S�F�D�U�J�P�O�
 �X�F �D�B�O �T�D�B�M�F� �U�P �M�P�X�F�S �U�I�F

�Q�S�F�T�T�V�S�F�� �8�J�U�I �B �U�X�P���(�B�V�T�T�J�B�O �C�B�T�J�T �B�O�E �B �T�D�B�M�F�E �7�# �D�P�S�S�F�D�U�J�P�O �	� = 0:52�
�
 �X�F �D�B�O

�F�Y�B�D�U�M�Z �N�B�U�D�I �U�I�F �F�Y�Q�F�S�J�N�F�O�U�B�M �S�F�T�V�M�U�T �B�D�S�P�T�T �U�I�F �E�F�O�T�J�U�Z �S�F�H�J�N�F �U�F�T�U�F�E�� �5�I�F�T�F �S�F�T�V�M�U�T

�T�V�H�H�F�T�U �U�I�B�U �J�N�Q�S�P�W�F�E �D�P�S�S�F�M�B�U�J�P�O �B�O�E �G�V�M�M �F�Y�D�I�B�O�H�F �Q�M�B�Z �B �M�B�S�H�F�S �S�P�M�F �U�I�B�O �U�I�F �F�Y�Q�B�O�E�F�E

�C�B�T�J�T�� �8�J�U�I �U�I�B�U �T�B�J�E�
 �J�G �X�F �J�O�W�F�T�U�J�H�B�U�F �U�I�F �D�S�Z�T�U�B�M �T�U�S�V�D�U�V�S�F �P�G �U�I�F �U�X�P �N�J�O�J�N�J�[�F�E �T�Z�T�U�F�N�T

�X�J�U�I �U�I�F �D�P�S�S�F�D�U�J�P�O�
 �X�F 	��J�O�E �U�I�F �T�J�O�H�M�F���(�B�V�T�T�J�B�O �C�B�T�J�T �I�B�T �B�O �P�S�U�I�P�S�I�P�N�C�J�D �T�U�S�V�D�U�V�S�F �	�D���G��
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�'�J�H�V�S�F�������D�
�� �*�O �D�P�O�U�S�B�T�U�
 �U�I�F �U�X�P���(�B�V�T�T�J�B�O �T�Z�T�U�F�N �I�B�T �U�I�F �D�P�S�S�F�D�U �I�F�Y�B�H�P�O�B�M���D�M�P�T�F���Q�B�D�L�F�E

�T�U�S�V�D�U�V�S�F �	�D���G�� �'�J�H�V�S�F�������E�
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�'�P�S �P�V�S �C�F�T�U �N�P�E�F�M�
 �U�I�F �U�X�P���(�B�V�T�T�J�B�O �C�B�T�J�T �X�J�U�I� = 0:52�
 �X�F �X�F�S�F �B�C�M�F �U�P �S�V�O �B

�Q�F�S�J�P�E�J�D �E�Z�O�B�N�J�D�B�M �T�J�N�V�M�B�U�J�P�O �V�T�J�O�H �B �������� �B�T �U�J�N�F�T�U�F�Q �G�P�S ������ �B�T�� �%�V�S�J�O�H �U�I�J�T �U�J�N�F�


�X�F �T�D�B�M�F�E �U�I�F �J�P�O �W�F�M�P�D�J�U�J�F�T �U�P �I�B�W�F �B �L�J�O�F�U�J�D �F�O�F�S�H�Z �D�P�O�T�J�T�U�F�O�U �X�J�U�I ������ �, �B�O�E �M�F�U �U�I�F

�F�M�F�D�U�S�P�O�T �F�R�V�J�M�J�C�S�B�U�F �X�J�U�I �U�I�F �J�P�O�T�� �%�V�S�J�O�H �U�I�J�T �T�J�N�V�M�B�U�J�P�O�
 �U�I�F �Q�S�F�T�T�V�S�F �X�B�T �P�C�T�F�S�W�F�E �U�P

�P�T�D�J�M�M�B�U�F �C�F�U�X�F�F�O ������ �B�O�E ������ �(�1�B�
 �E�F�O�P�U�F�E �C�Z �U�I�F �D�S�P�T�T �B�O�E �F�S�S�P�S �C�B�S�T �J�O �'�J�H�V�S�F�������C��

�5�I�J�T �T�J�N�V�M�B�U�J�P�O �E�F�N�P�O�T�U�S�B�U�F�T �U�I�F �N�P�E�F�M�R�T �B�Q�Q�M�J�D�B�C�J�M�J�U�Z �C�V�U �I�J�H�I�M�J�H�I�U�T �U�I�F �J�N�Q�P�S�U�B�O�D�F �P�G

�Q�B�S�B�M�M�F�M�J�[�J�O�H �U�I�F �D�P�E�F �G�P�S �N�P�E�F�M�J�O�H �M�B�S�H�F�S �T�Z�T�U�F�N�T��

������ �%�J�T�D�V�T�T�J�P�O

�"�U�P�N�J�T�U�J�D �T�J�N�V�M�B�U�J�P�O�T �T�V�D�I �B�T �8�1�.�% �U�I�B�U �H�P �C�F�Z�P�O�E �U�I�F �#�0 �B�Q�Q�S�P�Y�J�N�B�U�J�P�O �N�B�Z �C�F �O�F�D�F�T��

�T�B�S�Z �U�P �E�F�T�D�S�J�C�F �U�I�F �E�Z�O�B�N�J�D�T �P�G �E�F�O�T�F �Q�M�B�T�N�B�T �T�Z�T�U�F�N�T�
 �B�O�E �J�O �Q�B�S�U�J�D�V�M�B�S�
 �O�P�O���F�R�V�J�M�J�C�S�J�V�N

�N�B�U�U�F�S�� �)�P�X�F�W�F�S�
 �J�O �N�B�O�Z �J�N�Q�M�F�N�F�O�U�B�U�J�P�O�T �P�G �8�1�.�%�
 �N�V�M�U�J�Q�M�F �B�Q�Q�S�P�Y�J�N�B�U�J�P�O�T �B�S�F �V�T�F�E

�U�P �B�D�I�J�F�W�F �D�P�N�Q�V�U�B�U�J�P�O�B�M �F	��J�D�J�F�O�D�Z�� �5�I�J�T �F	��J�D�J�F�O�D�Z �I�B�T �M�F�E �U�P �U�I�F �X�J�E�F�T�Q�S�F�B�E �V�T�F �P�G �U�I�F

�F�'�' 	��M�B�W�P�S �P�G �8�1�.�%�
 �X�I�J�D�I�
 �E�F�T�Q�J�U�F �U�I�F �S�F�T�U�S�J�D�U�J�W�F �T�J�O�H�M�F���(�B�V�T�T�J�B�O �C�B�T�J�T�
 �I�B�T �B�D�I�J�F�W�F�E

�S�F�N�B�S�L�B�C�M�F �T�V�D�D�F�T�T�� �5�I�J�T �D�B�O�
 �J�O �Q�B�S�U�
 �C�F �B�U�U�S�J�C�V�U�F�E �U�P �U�I�F �T�F�N�J���F�N�Q�J�S�J�D�B�M �T�D�B�M�J�O�H �Q�B�S�B�N�F��

�U�F�S�T �U�I�B�U �T�J�N�V�M�U�B�O�F�P�V�T�M�Z �B�U�U�F�N�Q�U �U�P �D�P�S�S�F�D�U �G�P�S �E�F	��J�D�J�F�O�D�J�F�T �J�O �U�I�F �C�B�T�J�T�
 �B�Q�Q�S�P�Y�J�N�B�U�J�P�O�T

�U�P �F�Y�D�I�B�O�H�F�
 �B�O�E �M�B�D�L �P�G �D�P�S�S�F�M�B�U�J�P�O�� �)�P�X�F�W�F�S�
 �U�I�F �V�T�F �P�G �T�D�B�M�J�O�H �Q�B�S�B�N�F�U�F�S�T �N�B�L�F�T

�U�I�F �N�F�U�I�P�E�R�T �B�Q�Q�M�J�D�B�C�J�M�J�U�Z �J�O �V�O�U�F�T�U�F�E �S�F�H�J�N�F�T�
 �T�V�D�I �B�T �G�P�S �I�J�H�I�F�S���; �P�S �F�Y�U�S�F�N�F�M�Z �E�F�O�T�F

�Q�M�B�T�N�B�T�
 �R�V�F�T�U�J�P�O�B�C�M�F��

�5�P �S�F�E�V�D�F �U�I�F �O�V�N�C�F�S �P�G �T�D�B�M�J�O�H �Q�B�S�B�N�F�U�F�S�T�
 �X�F �I�B�W�F �J�N�Q�M�F�N�F�O�U�F�E �B �W�F�S�T�J�P�O �P�G �8�1�.�%

�X�J�U�I �B�O �F�Y�U�F�O�E�F�E �N�V�M�U�J�Q�M�F �(�B�V�T�T�J�B�O �C�B�T�J�T �U�P �E�F�T�D�S�J�C�F �U�I�F �C�F�I�B�W�J�P�S �P�G �Q�F�S�J�P�E�J�D �T�Z�T�U�F�N�T �P�G

�E�F�O�T�F �I�Z�E�S�P�H�F�O�� �'�V�S�U�I�F�S�N�P�S�F�
 �X�F �V�T�F �U�I�F �J�N�Q�S�P�W�F�E �1�B�V�M�J �Q�P�U�F�O�U�J�B�M �T�V�H�H�F�T�U�F�E �C�Z �)�� �9�J�B�P�


�X�I�J�D�I �J�O�D�M�V�E�F�T �U�I�F �F�M�F�D�U�S�P�O�L�F�M�F�D�U�S�P�O �B�O�E �F�M�F�D�U�S�P�O�L�J�P�O �D�P�N�Q�P�O�F�O�U�T �P�G �F�Y�D�I�B�O�H�F�� �*�O�D�M�V�T�J�P�O



����

�P�G �U�I�F �F�M�F�D�U�S�P�O�L�F�M�F�D�U�S�P�O �F�Y�D�I�B�O�H�F �J�O �U�I�F �1�B�V�M�J �Q�P�U�F�O�U�J�B�M�
 �B�O�E �D�P�S�S�F�M�B�U�J�P�O �B�Q�Q�S�P�Y�J�N�B�U�J�P�O�


�B�M�M�P�X �G�P�S �T�Q�B�U�J�B�M �D�P�S�S�F�M�B�U�J�P�O�T �B�N�P�O�H �E�Z�O�B�N�J�D�B�M�M�Z �N�P�W�J�O�H �B�O�E �J�O�U�F�S�B�D�U�J�O�H �F�M�F�D�U�S�P�O�T�� �)�P�X��

�F�W�F�S�
 �J�O �P�S�E�F�S �U�P �B�D�I�J�F�W�F �D�P�N�Q�V�U�B�U�J�P�O�B�M �T�D�B�M�J�O�H �D�P�N�Q�B�S�B�C�M�F �U�P �D�M�B�T�T�J�D�B�M �N�F�U�I�P�E�T�
 �P�O�F �P�G

�U�I�F �E�J�T�U�J�O�D�U �B�E�W�B�O�U�B�H�F�T �P�G �U�I�F �F�'�' �N�F�U�I�P�E�
 �X�F �S�F�U�B�J�O �U�I�F �V�T�F �P�G �B �Q�B�J�S�X�J�T�F �1�B�V�M�J �Q�P�U�F�O�U�J�B�M��

�8�F �B�D�I�J�F�W�F�E �J�N�Q�S�P�W�F�N�F�O�U�T �J�O �U�I�F �E�F�T�D�S�J�Q�U�J�P�O�T �P�G �I�Z�E�S�P�H�F�O �B�U�P�N�T�
 �N�P�M�F�D�V�M�F�T�
 �B�O�E �Q�M�B�T�N�B

�T�Z�T�U�F�N�T �B�T �U�I�F �O�V�N�C�F�S �P�G �(�B�V�T�T�J�B�O�T �X�B�T �J�O�D�S�F�B�T�F�E �G�S�P�N �P�O�F �U�P �G�P�V�S�
 �J�O �B�H�S�F�F�N�F�O�U �X�J�U�I

�Q�S�F�W�J�P�V�T �X�P�S�L �P�O �O�P�O���Q�F�S�J�P�E�J�D �T�Z�T�U�F�N�T �P�G �B �G�F�X �F�M�F�D�U�S�P�O�T �<�����
�����
�������>�� �/�P�U�B�C�M�Z�
 �J�O�D�S�F�B�T�J�O�H

�U�I�F �C�B�T�J�T �G�S�P�N �P�O�F �U�P �U�X�P �(�B�V�T�T�J�B�O�T �Q�S�P�W�J�E�F�E �U�I�F �H�S�F�B�U�F�T�U �J�N�Q�S�P�W�F�N�F�O�U��

�8�J�U�I �U�I�F �J�N�Q�S�P�W�F�E �C�B�T�J�T �B�O�E �F�Y�D�I�B�O�H�F�
 �U�I�F �N�P�T�U �T�J�H�O�J	��J�D�B�O�U �S�F�N�B�J�O�J�O�H �F�S�S�P�S �X�B�T

�B�U�U�S�J�C�V�U�F�E �U�P �U�I�F �N�P�E�F�M�R�T �M�B�D�L �P�G �D�P�S�S�F�M�B�U�J�P�O�� �8�F �J�N�Q�M�F�N�F�O�U�F�E �B �T�J�N�Q�M�F �7�# �D�P�S�S�F�D�U�J�P�O �C�B�T�F�E

�P�O �U�I�F �7�# �X�B�W�F �G�V�O�D�U�J�P�O�
 �X�I�J�D�I �X�F �E�F�N�P�O�T�U�S�B�U�F�E �J�O �U�I�F �I�Z�E�S�P�H�F�O �N�P�M�F�D�V�M�F �B�O�E �Q�M�B�T�N�B��

�)�P�X�F�W�F�S�
 �U�P �N�B�U�D�I �F�Y�Q�F�S�J�N�F�O�U�B�M �S�F�T�V�M�U�T�
 �X�F �N�V�T�U �V�U�J�M�J�[�F �B �T�J�O�H�M�F���T�D�B�M�J�O�H �Q�B�S�B�N�F�U�F�S �P�O

�U�I�J�T �D�P�S�S�F�D�U�J�P�O �U�F�S�N��

�'�V�U�V�S�F �X�P�S�L �X�J�M�M �G�P�D�V�T �P�O �J�N�Q�S�P�W�J�O�H �U�I�F �D�P�S�S�F�M�B�U�J�P�O �Q�B�S�U �P�G �U�I�J�T �U�F�S�N�
 �X�I�J�D�I �D�P�V�M�E

�C�F �N�P�E�J	��J�F�E �U�P �U�B�L�F �J�O�U�P �B�D�D�P�V�O�U �M�P�D�B�M �P�S�E�F�S �<�������>�
 �P�S �F�Y�Q�M�P�J�U�J�O�H �U�I�F �S�P�C�V�T�U �D�P�S�S�F�M�B�U�J�P�O

�G�V�O�D�U�J�P�O�B�M�T �X�J�U�I�J�O �%�'�5 �<�������>�� �*�O �B�E�E�J�U�J�P�O�
 �U�I�J�T �X�P�S�L �I�B�T �C�F�F�O �S�F�T�U�S�J�D�U�F�E �U�P �J�O�W�F�T�U�J�H�B�U�J�O�H

�M�P�X���U�F�N�Q�F�S�B�U�V�S�F �E�F�O�T�F �T�Z�T�U�F�N�T �E�V�F �U�P �U�I�F �T�F�S�J�B�M �J�N�Q�M�F�N�F�O�U�B�U�J�P�O �J�O �.�"�5�-�"�#�� �5�P �P�W�F�S�D�P�N�F

�D�P�N�Q�V�U�B�U�J�P�O�B�M �M�J�N�J�U�B�U�J�P�O�T �B�O�E �F�Y�Q�M�P�S�F �I�J�H�I�F�S �U�F�N�Q�F�S�B�U�V�S�F �S�F�H�J�P�O�T �P�G �Q�I�B�T�F �T�Q�B�D�F�
 �X�F

�Q�M�B�O �U�P �Q�P�S�U �U�I�F �D�P�E�F �P�W�F�S �U�P �$���� �X�J�U�I �$�1�6 �T�D�B�M�B�C�J�M�J�U�Z �J�O �N�J�O�E�� �)�P�X�F�W�F�S�
 �U�I�F �T�V�D�D�F�T�T �P�G

�T�J�N�Q�M�F�S �8�1�.�% �N�P�E�F�M�T �J�O �U�I�F �8�% �<�����
�����
�������> �M�F�B�E�T �V�T �U�P �C�F�M�J�F�W�F �P�V�S �J�N�Q�S�P�W�F�N�F�O�U�T �X�J�M�M

�F�Y�U�F�O�E �U�I�F �S�F�H�J�P�O �P�G �W�B�M�J�E�J�U�Z�� �I�P�X�F�W�F�S�
 �U�I�B�U �J�T �Z�F�U �U�P �C�F �T�F�F�O��
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�$�I�B�Q�U�F�S ��

�5�I�F �J�N�Q�B�D�U �P�G �O�P�O���B�E�J�B�C�B�U�J�D �F�µ�F�D�U�T �P�O

�J�P�O �T�F�M�G���E�J�µ�V�T�J�P�O

�8�� �"�� �"�O�H�F�S�N�F�J�F�S�
 �#�� �4�� �4�D�I�F�J�O�F�S�
 �/�� �3�� �4�I�B�µ�F�S�
 �B�O�E �5�� �(�� �8�I�J�U�F�� �%�J�T�F�O�U�B�O�H�M�J�O�H �U�I�F �F�µ�F�D�U�T

�P�G �O�P�O���B�E�J�B�C�B�U�J�D �J�O�U�F�S�B�D�U�J�P�O�T �V�Q�P�O �J�P�O �T�F�M�G���E�J�µ�V�T�J�P�O �X�J�U�I�J�O �X�B�S�N �E�F�O�T�F �I�Z�E�S�P�H�F�O��

�1�I�J�M�P�T�P�Q�I�J�D�B�M �5�S�B�O�T�B�D�U�J�P�O�T �P�G �U�I�F �3�P�Z�B�M �4�P�D�J�F�U�Z �"�� �.�B�U�I�F�N�B�U�J�D�B�M�
 �1�I�Z�T�J�D�B�M �B�O�E

�&�O�H�J�O�F�F�S�J�O�H �4�D�J�F�O�D�F�T�
 �������	���������
�������������������
 �+�V�M�Z ���������� �E�P�J�� �����������������S�T�U�B���������������������� �6�3�-

�I�U�U�Q�T�������S�P�Z�B�M�T�P�D�J�F�U�Z�Q�V�C�M�J�T�I�J�O�H���P�S�H���E�P�J�������������������S�T�U�B��������������������

������ �*�O�U�S�P�E�V�D�U�J�P�O

�8�B�S�N �E�F�O�T�F �N�B�U�U�F�S �	�8�%�.�
 �J�T �B�O �J�O�U�F�S�N�F�E�J�B�U�F �T�U�B�U�F �P�G �N�B�U�U�F�S �U�I�B�U �B�Q�Q�S�P�Y�J�N�B�U�F�M�Z �T�Q�B�O�T

�B �E�F�O�T�J�U�Z �S�B�O�H�F �P�G ���������������� �H���D�N3 �B�O�E �U�F�N�Q�F�S�B�U�V�S�F�T �G�S�P�N �������������� �F�7 �<���
�����>�� �4�J�N�V�M�B�U�J�P�O�T

�P�G �8�%�. �U�Z�Q�J�D�B�M�M�Z �F�N�Q�M�P�Z �U�I�F �#�P�S�O���0�Q�Q�F�O�I�F�J�N�F�S �	�#�0�
 �B�Q�Q�S�P�Y�J�N�B�U�J�P�O�
 �B�M�T�P �L�O�P�X�O �B�T

�U�I�F �B�E�J�B�C�B�U�J�D �B�Q�Q�S�P�Y�J�N�B�U�J�P�O�
 �X�I�J�D�I �E�J�D�U�B�U�F�T �U�I�B�U �U�I�F �F�M�F�D�U�S�P�O�T �B�E�K�V�T�U �J�O�T�U�B�O�U�B�O�F�P�V�T�M�Z �U�P

�U�I�F �J�P�O 	��J�F�M�E�T�<�����>�� �6�T�V�B�M�M�Z �K�V�T�U�J	��J�F�E �U�I�S�P�V�H�I �U�I�F �E�J�T�Q�B�S�B�U�F �F�O�F�S�H�Z �T�D�B�M�F�T �P�G �U�I�F �F�M�F�D�U�S�P�O

�B�O�E �J�P�O �N�P�U�J�P�O�
 �J�U �J�T �U�I�F �D�P�S�O�F�S�T�U�P�O�F �P�G �N�P�E�F�S�O �T�J�N�V�M�B�U�J�P�O �U�F�D�I�O�J�R�V�F�T �J�O �C�P�U�I �Q�I�Z�T�J�D�T
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�B�O�E �D�I�F�N�J�T�U�S�Z�<�����
�����>�� �8�I�F�U�I�F�S �T�V�D�I �B �G�V�O�E�B�N�F�O�U�B�M �Q�S�F�N�J�T�F �I�P�M�E�T �J�O �U�I�F �F�Y�U�S�F�N�F �T�U�B�U�F�T

�P�G �N�B�U�U�F�S �J�O �U�I�F �D�F�O�U�F�S �P�G �Q�M�B�O�F�U�T �B�O�E �T�U�B�S�T �J�T �V�M�U�J�N�B�U�F�M�Z �V�O�L�O�P�X�O�� �3�F�D�F�O�U �B�U�U�F�N�Q�U�T �U�P

�S�F�N�P�W�F �U�I�J�T �B�Q�Q�S�P�Y�J�N�B�U�J�P�O �I�B�W�F �M�F�E �U�P �D�P�O	��M�J�D�U�J�O�H �Q�S�F�E�J�D�U�J�P�O�T �P�G �U�I�F �T�F�O�T�J�U�J�W�J�U�Z �P�G �J�P�O

�E�Z�O�B�N�J�D�T �U�P �O�P�O���B�E�J�B�C�B�U�J�D �F�n�F�D�U�T�� �(�J�W�F�O �U�I�F �M�B�D�L �P�G �U�I�F�P�S�F�U�J�D�B�M �D�P�O�T�F�O�T�V�T �B�O�E �U�I�F �E�F�B�S�U�I

�P�G �F�Y�Q�F�S�J�N�F�O�U�B�M �E�B�U�B �P�O �J�P�O �U�S�B�O�T�Q�P�S�U �Q�S�P�Q�F�S�U�J�F�T �J�O �U�I�F �8�%�. �S�F�H�J�N�F�
 �U�I�F �J�N�Q�P�S�U�B�O�D�F �P�G

�O�P�O���B�E�J�B�C�B�U�J�D �F�n�F�D�U�T �J�T �T�U�J�M�M �V�O�E�F�S �T�D�S�V�U�J�O�Z�<�����
�����
�����
�����
�����
�����>��

�/�P�O���B�E�J�B�C�B�U�J�D �F�n�F�D�U�T �B�S�F �P�S�E�J�O�B�S�J�M�Z �B�T�T�P�D�J�B�U�F�E �X�J�U�I �O�P�O���F�R�V�J�M�J�C�S�J�V�N �Q�S�P�D�F�T�T�F�T �J�O

�X�I�J�D�I �T�J�H�O�J	��J�D�B�O�U �F�O�F�S�H�Z �F�Y�D�I�B�O�H�F �P�D�D�V�S�T �C�F�U�X�F�F�O �U�I�F �Q�M�B�T�N�B �D�P�N�Q�P�O�F�O�U�T�� �5�I�F �D�M�B�T�T�J�D

�F�Y�B�N�Q�M�F �J�O �8�%�. �J�T �U�F�N�Q�F�S�B�U�V�S�F �F�R�V�J�M�J�C�S�B�U�J�P�O �C�F�U�X�F�F�O �F�M�F�D�U�S�P�O�T �B�O�E �J�P�O�T�<�����
�����>�� �.�B�O�Z

�B�V�U�I�P�S�T �I�B�W�F �D�M�B�J�N�F�E �U�I�B�U �O�P�O���B�E�J�B�C�B�U�J�D �F�n�F�D�U�T �D�B�O �B�M�T�P �J�O	��M�V�F�O�D�F �Q�S�P�D�F�T�T�F�T �J�O �F�R�V�J�M�J�C�S�J�V�N�


�T�V�D�I �B�T �J�P�O �T�F�M�G���E�J�n�V�T�J�P�O�<�����> �B�O�E �J�P�O �B�D�P�V�T�U�J�D �X�B�W�F �Q�S�P�Q�B�H�B�U�J�P�O�<�����
�����>�� �)�P�X�F�W�F�S�
 �U�I�F�T�F

�D�M�B�J�N�T �B�S�F �E�J	��J�D�V�M�U �U�P �U�F�T�U �V�T�J�O�H �B�W�B�J�M�B�C�M�F �T�J�N�V�M�B�U�J�P�O �N�F�U�I�P�E�T�
 �X�I�F�S�F �J�U �J�T �D�P�N�Q�M�J�D�B�U�F�E �U�P

�E�J�T�F�O�U�B�O�H�M�F �U�I�F �F�n�F�D�U�T �P�G �O�P�O���B�E�J�B�C�B�U�J�D �J�O�U�F�S�B�D�U�J�P�O�T �G�S�P�N �U�I�F �B�Q�Q�S�P�Y�J�N�B�U�J�P�O�T �V�T�F�E �G�P�S

�U�S�F�B�U�J�O�H �U�I�F �F�M�F�D�U�S�P�O�T�� �5�I�F �Q�S�J�N�B�S�Z �G�P�D�V�T �P�G �U�I�J�T �Q�B�Q�F�S �J�T �U�P �V�O�B�N�C�J�H�V�P�V�T�M�Z �E�F�U�F�S�N�J�O�F

�X�I�F�U�I�F�S �O�P�O���B�E�J�B�C�B�U�J�D �F�n�F�D�U�T �	�J���F���
 �U�I�P�T�F �U�I�B�U �E�P �O�P�U �F�N�Q�M�P�Z �U�I�F �#�0 �B�Q�Q�S�P�Y�J�N�B�U�J�P�O�
 �B�S�F

�S�F�M�F�W�B�O�U �U�P �J�P�O �T�F�M�G���E�J�n�V�T�J�P�O �J�O �F�R�V�J�M�J�C�S�J�V�N �8�%�.�� �*�P�O �T�F�M�G���E�J�n�V�T�J�P�O �X�B�T �D�I�P�T�F�O �B�T �U�I�F �J�P�O

�U�S�B�O�T�Q�P�S�U �Q�S�P�Q�F�S�U�Z �P�G �J�O�U�F�S�F�T�U �B�T �J�U �J�T �T�J�N�Q�M�F �U�P �P�C�U�B�J�O �D�P�N�Q�V�U�B�U�J�P�O�B�M�M�Z �B�O�E �X�B�T �S�F�D�F�O�U�M�Z

�Q�S�F�E�J�D�U�F�E �U�P �I�B�W�F �B �M�B�S�H�F �T�F�O�T�J�U�J�W�J�U�Z �U�P �O�P�O���B�E�J�B�C�B�U�J�D �F�n�F�D�U�T�<�����>��

�5�„�…�Ž�ˆ ���������*�P�O �T�F�M�G���E�J�n�V�T�J�P�O �D�P�F	��J�D�J�F�O�U �P�G �X�B�S�N �E�F�O�T�F �I�Z�E�S�P�H�F�O �G�S�P�N �%�'�5 �B�O�E �F�'�'
�T�J�N�V�M�B�U�J�P�O�T �G�P�S �G�P�V�S �T�Q�F�D�J	��J�D �E�F�O�T�J�U�J�F�T �B�O�E �U�F�N�Q�F�S�B�U�V�S�F�T��� = ( Ze)2=akB T �J�T �U�I�F �D�P�V�M�P�N�C
�D�P�V�Q�M�J�O�H �Q�B�S�B�N�F�U�F�S�
 �X�I�F�S�Fa = (3 =4�n )1=3 �J�T �U�I�F �8�J�H�O�F�S���4�F�J�U�[ �S�B�E�J�V�T�
n �J�T �U�I�F �J�P�O �O�V�N�C�F�S
�E�F�O�T�J�U�Z�
T �J�T �U�I�F �U�F�N�Q�F�S�B�U�V�S�F�
 �B�O�EZ �J�T �U�I�F �B�W�F�S�B�H�F �J�P�O �D�I�B�S�H�F �T�U�B�U�F �X�I�J�D�I �F�T�U�J�N�B�U�F�E �V�T�J�O�H
�U�I�F �5�I�P�N�B�T���'�F�S�N�J �N�P�E�F�M �<�����
�������>��� = kB T=EF �J�T �U�I�F �F�M�F�D�U�S�P�O �E�F�H�F�O�F�S�B�D�Z �Q�B�S�B�N�F�U�F�S�

�X�I�F�S�FEF = ~2(3� 2Zn)2=3=2me �J�T �U�I�F �'�F�S�N�J �F�O�F�S�H�Z �<�����>��

� �	�H���D�N3�
 �5 �	�F�7�
Z � � DDFT �	cm2=s�
 DeFF �	cm2=s�

������ ������ �������� �������� �������� ���������� ����������
������ ������ �������� �������� �������� ���������� ����������
������ �������� �������� �������� �������� ���������� ����������

���������� �������� �������� �������� �������� ���������� ����������
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�5�I�F �J�E�F�B�M �B�Q�Q�S�P�B�D�I �U�P �R�V�B�O�U�J�G�Z�J�O�H �O�P�O���B�E�J�B�C�B�U�J�D �F�n�F�D�U�T �P�O �J�P�O �E�Z�O�B�N�J�D�T �X�P�V�M�E �C�F �U�P

�D�P�N�Q�B�S�F �B�E�J�B�C�B�U�J�D �E�F�O�T�J�U�Z �G�V�O�D�U�J�P�O�B�M �U�I�F�P�S�Z �N�P�M�F�D�V�M�B�S �E�Z�O�B�N�J�D�T �	�%�'�5���.�%�
 �T�J�N�V�M�B�U�J�P�O

�S�F�T�V�M�U�T �U�P �B �T�J�N�J�M�B�S�M�Z �I�J�H�I��	��J�E�F�M�J�U�Z �O�P�O���B�E�J�B�C�B�U�J�D �N�F�U�I�P�E�
 �T�V�D�I �B�T �U�J�N�F���E�F�Q�F�O�E�F�O�U �%�'�5���.�%��

�6�O�G�P�S�U�V�O�B�U�F�M�Z�
 �U�I�F �I�J�H�I �D�P�N�Q�V�U�B�U�J�P�O�B�M �D�P�T�U �P�G �T�V�D�I �N�F�U�I�P�E�T �N�B�L�F�T �U�I�F�N �J�O�G�F�B�T�J�C�M�F �U�P

�T�U�V�E�Z �U�I�F �J�P�O �E�Z�O�B�N�J�D�T �J�O �8�%�.�� �5�I�J�T �I�J�H�I �D�P�N�Q�V�U�B�U�J�P�O�B�M �D�P�T�U �I�B�T �M�F�E �U�P �U�I�F �E�F�W�F�M�P�Q�N�F�O�U

�P�G �G�B�T�U�F�S �O�P�O���B�E�J�B�C�B�U�J�D �T�J�N�V�M�B�U�J�P�O �N�F�U�I�P�E�T�
 �T�V�D�I �B�T �U�I�F �F�M�F�D�U�S�P�O �G�P�S�D�F 	��J�F�M�E �N�F�U�I�P�E �	�F�'�'�
�


�C�V�U �U�I�F�T�F �G�B�T�U�F�S �N�F�U�I�P�E�T �S�F�M�Z �P�O �N�B�O�Z �T�J�N�Q�M�J�G�Z�J�O�H �B�Q�Q�S�P�Y�J�N�B�U�J�P�O�T �U�P �T�Q�F�F�E �V�Q �D�B�M�D�V�M�B�U�J�P�O�T
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�0�O�F �X�P�V�M�E �M�J�L�F �U�P �B�U�U�S�J�C�V�U�F �E�J�T�D�S�F�Q�B�O�D�J�F�T �C�F�U�X�F�F�O �%�'�5 �B�O�E �F�'�' �Q�S�F�E�J�D�U�J�P�O�T �U�P �O�P�O��

�B�E�J�B�C�B�U�J�D �F�n�F�D�U�T�
 �C�V�U �U�I�F �B�Q�Q�S�P�Y�J�N�B�U�J�P�O�T �V�T�F�E �G�P�S �U�S�F�B�U�J�O�H �U�I�F �F�M�F�D�U�S�P�O�T �J�O �F�'�' �B�S�F �T�P

�T�J�N�Q�M�J	��J�F�E�<�����
�����> �D�P�N�Q�B�S�F�E �U�P �%�'�5 �U�I�B�U �T�V�D�I �B �D�P�N�Q�B�S�J�T�P�O �J�T �E�V�C�J�P�V�T�<�����
�����>�� �5�B�C�M�F������

�T�I�P�X�T �U�I�F �J�P�O �T�F�M�G���E�J�n�V�T�J�P�O �D�P�F	��J�D�J�F�O�U �G�P�S �W�B�S�J�P�V�T �U�F�N�Q�F�S�B�U�V�S�F�T �B�O�E �E�F�O�T�J�U�J�F�T �B�D�S�P�T�T �U�I�F

�8�%�. �S�F�H�J�N�F �V�T�J�O�H �%�'�5���.�% �B�O�E �F�'�'�� �5�I�F �%�'�5���.�% �E�B�U�B �X�B�T �P�C�U�B�J�O�F�E �V�T�J�O�H �U�I�F �,�P�I�O��

�4�I�B�N �%�'�5 �	�,�4���%�'�5�
 �G�P�S�N�V�M�B�U�J�P�O�
 �X�J�U�I �U�I�F �T�J�N�V�M�B�U�J�P�O �E�F�U�B�J�M�T �P�V�U�M�J�O�F�E �J�O �U�I�F �T�V�Q�Q�M�F�N�F�O�U�B�M

�N�B�U�F�S�J�B�M�� �/�P�U�J�D�F�B�C�M�F �E�J�n�F�S�F�O�D�F�T �B�S�F �T�F�F�O �C�F�U�X�F�F�O �U�I�F �%�'�5 �B�O�E �F�'�' �B�U �T�P�N�F �D�P�O�E�J�U�J�P�O�T�


�C�V�U �X�F �D�B�O�O�P�U �D�P�O�D�M�V�T�J�W�F�M�Z �B�T�D�S�J�C�F �O�P�O���B�E�J�B�C�B�U�J�D �F�n�F�D�U�T �B�T �U�I�F �Q�S�J�N�B�S�Z �F�Y�Q�M�B�O�B�U�J�P�O�� �5�P

�B�W�P�J�E �F�R�V�B�U�J�O�H �N�P�E�F�M�T �X�J�U�I �G�V�O�E�B�N�F�O�U�B�M�M�Z �E�J�n�F�S�F�O�U �U�I�F�P�S�F�U�J�D�B�M �V�O�E�F�S�Q�J�O�O�J�O�H�T�
 �X�F �I�B�W�F

�E�F�W�F�M�P�Q�F�E �B �N�F�U�I�P�E �C�B�T�F�E �P�O �U�I�F �F�M�F�D�U�S�P�O �G�P�S�D�F 	��J�F�M�E �	�F�'�'�
 �U�F�D�I�O�J�R�V�F �U�I�B�U �B�M�M�P�X�T �G�P�S �E�J�S�F�D�U

�F�Y�B�N�J�O�B�U�J�P�O �P�G �O�P�O���B�E�J�B�C�B�U�J�D �F�n�F�D�U�T �X�I�J�M�F �D�P�O�U�S�P�M�M�J�O�H �G�P�S �U�I�F �B�Q�Q�S�P�Y�J�N�B�U�J�P�O�T �N�B�E�F �C�Z

�U�I�F �V�O�E�F�S�M�Z�J�O�H �N�P�E�F�M��

�5�P �J�O�W�F�T�U�J�H�B�U�F �U�I�F �S�F�M�F�W�B�O�D�F �P�G �O�P�O���B�E�J�B�C�B�U�J�D �F�n�F�D�U�T �P�O �U�I�F �J�P�O �E�Z�O�B�N�J�D�T �J�O �8�%�.�
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� 16:87 0:09+0 :08

� 0:03
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� 0:77
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