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many deriva��ves with: 
�� transistors density
�� cost / transistor
�� supercompu��ng power
�� storage capacity

“complexity” 
= # of transistors on a chip

empirical 
observa��on 
from 1965

the complexity 
of integrated 
circuits doubles 
every 18 months

also, an economics 
driven law

�� cost of storage / GB
�� networking speed
�� CMOS imaging sensors resolu��on
�� human genome sequencing cost
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power density growth
due to transistors leakage 
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transistors density increases + 
clock but power consump��on

per mm2 remains stable

since 2006, this power density
increases and can’t easily be absorbed
by cooling, clock can’t grow anymore
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G38M14/T4

« 0.5 nm node»

metal pitch = 14 nm

gate pitch = 38 nm

6 ��ers

4 nm thick nanosheet

5 nanosheets

total size is increasing!
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WSE-3
4 trillions transistors

84 units on 215x215 mm, 5 nm
900 000 SLAC cores

8 ops/clock per core at 1 GHz
44 GB on-chip SRAM, 15kW TDP
external memory up to 1.5 PB

2016, USA, $112M

Cerebras CS-3 system
15U rack
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water movement assembly (top)
and air exchanger (bo��om) ��rst customers

water movement assembly (top)
and air exchanger (bo��om)

« wafer scale
processor »
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on the temperature��  and 
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�� : Planck reduced constant
G: gravita��onal constant
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Planck 
energy

Planck mass

E

shortest ��me measurement that is 
possible due to the indeterminacy 
principle

10��44 s

Planck
��me

Planck 
length

shortest distance measurement possible 
due to the indeterminacy principle

10��20 ��mes the diameter of a proton

1.6 x 10-35 m

Planck
mass

maximal mass of an elementary par��cle

1020 the mass of smallest elementary 
par��cle like muon

2.176 434 x 10��8 kg

smallest possible black hole mass

Planck
temperature

maximal temperature

3.5.1033 K

it is the highest possible temperature 
that is theore��cally possible.

c : speed of light
kB : Boltzman constant
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Potassium – 2.0 eV needed to eject electron
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�q�?�B�H�2 �B�i �B�b �i�?�2�Q�`�2�i�B�+���H�H�v �T�Q�b�b�B�#�H�2 �i�Q �2�p���H�m���i�2 �i�?�2 �p���H�@
�m�2�b �Q�7 ���H�H �[�m���M�i�B�x�2�/ �T�`�Q�T�2�`�i�B�2�b �Q�7 �[�m���M�i�m�K �b�v�b�i�2�K�b �H�B�F�2
�i�?�2 �2�H�2�+�i�`�Q�M �i�Q �/�2�b�+�`�B�#�2 �B�i�- �+�Q�M�i�B�M�m�Q�m�b �T�`�Q�T�2�`�i�B�2�b �H�B�F�2 ��
�[�m���M�i�m�K �Q�#�D�2�+�i �K�Q�K�2�M�i�m�K �Q�` �T�Q�b�B�i�B�Q�M �+���M�M�Q�i�- �/�m�2 �i�Q
�"�Q�?�`�ö�b �+�Q�K�T�H�2�K�2�M�i���`�B�i�v �T�`�B�M�+�B�T�H�2�X

�1�t�+�H�m�b�B�p�2 �T�`�Q�T�2�`�i�v �p���H�m�2�b���`�2 �i�?�2 �T�Q�b�b�B�#�H�2 �`�2�b�m�H�i�b �Q�7
�� �[�m���M�i�m�K �K�2���b�m�`�2�K�2�M�i �Q�7 �� �[�m���M�i�B�x�2�/ �T�`�Q�T�2�`�i�v�X �h�?�2
�+�H���b�b�B�+���H �2�t���K�T�H�2�b ���`�2 �p�2�`�i�B�+���H ���M�/ �?�Q�`�B�x�Q�M�i���H �T�Q�H���`�B�x���@
�i�B�Q�M �7�Q�` �� �T�?�Q�i�Q�M �Q�` �b�T�B�M �m�T �Q�` �/�Q�r�M �7�Q�` ���M �2�H�2�+�i�`�Q�M �b�T�B�M
���H�Q�M�; �� �T�`�Q�D�2�+�i�B�Q�M ���t�B�b�X �h�?�2�b�2 ���`�2 �K�m�i�m���H�H�v �2�t�+�H�m�b�B�p�2
�b�B�M�+�2 �B�i �+�Q�`�`�2�b�T�Q�M�/�b �i�Q �i�r�Q �`�2�b�m�H�i�b �Q�7 �� �T�?�v�b�B�+���H �K�2���@

�Z�m���M�i�m�K �T�?�v�b�B�+�b �R�y�R �S�Q�b�i�m�H���i�2�b �� �N�j



�6�B�;�m�`�2 �3�3�, �1�B�;�?�i �F�2�v �#���b�B�+ �T�`�B�M�+�B�T�H�2�b �U�[�m���M�i�B�x���i�B�Q�M�- �r���p�2�@�T���`�i�B�+�H�2 �/�m���H�B�i�v�- �b�i���i�2 �b�m�T�2�`�T�Q�b�B�i�B�Q�M�- �2�M�i���M�;�H�2�K�2�M�i ���M�/ �B�M�/�2�i�2�`�K�B�@
�M���i�B�Q�M�V�- �T�Q�b�i�m�H���i�2 �U�K�2���b�m�`�2�K�2�M�i�V�- �2�z�2�+�i�b �U�i�m�M�M�2�H �2�z�2�+�i�V ���M�/ �i�?�2�Q�`�2�K �U�M�Q�@�+�H�Q�M�B�M�;�V �Q�7 �[�m���M�i�m�K �T�?�v�b�B�+�b�X �U�+�+�V �P�H�B�p�B�2�` �1�x�`���i�i�v�-
�k�y�k�R�@�k�y�k�8�X

�b�m�`�2�K�2�M�i�X �J���i�?�2�K���i�B�+���H�H�v �b�T�2���F�B�M�;�- �i�r�Q �T�`�Q�T�2�`�i�B�2�b ���`�2
�2�t�+�H�m�b�B�p�2 �B�7 �i�?�2�B�` �T�`�Q�D�2�+�i�Q�` �Q�T�2�`���i�Q�`�b �U���F���Q�#�b�2�`�p���#�H�2�b�X�X�X�V
���`�2 �Q�`�i�?�Q�;�Q�M���H�X �P�i�?�2�`�r�B�b�2�- �i�?�2�b�2 ���`�2 �M�Q�M�@�2�t�+�H�m�b�B�p�2 �T�`�Q�T�@
�2�`�i�B�2�b�X

�*�Q�K�T���i�B�#�H�2 �T�`�Q�T�2�`�i�B�2�b�Q�7 �� �[�m���M�i�m�K �b�v�b�i�2�K �+���M
�#�2 �K�2���b�m�`�2�/ �B�M ���M�v �Q�`�/�2�` �Q�` �b�B�K�m�H�i���M�2�Q�m�b�H�v �(�k�8�y�)�X �A�M
�i�?���i �+���b�2�- �i�?�2�B�` �Q�#�b�2�`�p���#�H�2 �Q�T�2�`���i�Q�`�b�� ���M�/�" �+�Q�K�@
�K�m�i�2 �UAB = BA �V�- �Q�` �i�?�2�B�` �+�Q�K�K�m�i���i�Q�` �B�b �2�[�m���H �i�Q �x�2�`�Q
�U[A; B ] = AB � BA = 0 �V �(�k�8�R�)�X �*�Q�K�T���i�B�#�H�2 �T�`�Q�T�2�`�i�B�2�b
�?���p�2 �+�Q�K�K�m�i�B�M�; �Q�#�b�2�`�p���#�H�2�b�X �h�?�2 �M�Q�i�B�Q�M �Q�7 �T�`�Q�T�2�`�i�B�2�b
�+�Q�K�T���i�B�#�B�H�B�i�v �K�m�b�i �M�Q�i �#�2 �+�Q�M�7�m�b�2�/ �r�B�i�? �+�Q�K�T�H�2�K�2�M�@
�i���`�B�i�v�X �h�?�2�`�2 �B�b �+�Q�K�T�H�2�K�2�M�i���`�B�i�v �#�2�i�r�2�2�M �B�M�+�Q�K�T���i�B�#�H�2
�T�`�Q�T�2�`�i�B�2�b�- �H�B�F�2 �T�Q�b�B�i�B�Q�M ���M�/ �K�Q�K�2�M�i�m�K�5 �A�M�+�Q�K�T���i�B�@
�#�H�2 �Q�#�b�2�`�p���#�H�2�b ���`�2 �`�2�H���i�2�/ �i�Q �+�Q�M�D�m�;���i�2 �p���`�B���#�H�2�b�- �/�2�@
�}�M�2�/ �#�v �Q�M�2 �#�2�B�M�; �� �6�Q�m�`�B�2�` �i�`���M�b�7�Q�`�K �Q�7 �i�?�2 �Q�i�?�2�` ���M�/
�>�2�B�b�2�M�#�2�`�;�ö�b �B�M�/�2�i�2�`�K�B�M���+�v �T�`�B�M�+�B�T�H�2 �#�2�B�M�; �+�Q�M�b�2�[�m�2�M�i�H�v
���T�T�H�B�2�/ �i�Q �#�Q�i�? �i�?�2�b�2 �p���`�B���#�H�2�b �K�2���b�m�`�2�K�2�M�i�X

�J�2���b�m�`�B�M�; �� �+�Q�K�T�H�2�i�2 �b�2�i �Q�7 �+�Q�K�K�m�i�B�M�; �Q�#�b�2�`�p���#�H�2�b
�U�*�a�*�P�V �+�Q�M�b�i�B�i�m�i�2�b �i�?�2 �K�Q�b�i �+�Q�K�T�H�2�i�2 �K�2���b�m�`�2�K�2�M�i �Q�7
�� �[�m���M�i�m�K �b�v�b�i�2�K�X �P�M�2 �2�t���K�T�H�2 �B�b �i�?�2 �K�Q�K�2�M�i�m�K ���M�/
�2�M�2�`�;�v �Q�7 �� �7�`�2�2 �T���`�i�B�+�H�2�X

�A�M�+�Q�K�T���i�B�#�H�2 �T�`�Q�T�2�`�i�B�2�b���F�� �+�Q�M�D�m�;���i�2 �p���`�B���#�H�2�b �+���M�@
�M�Q�i �#�2 �K�2���b�m�`�2�/ �b�B�K�m�H�i���M�2�Q�m�b�H�v ���M�/ �i�?�2�B�` �Q�#�b�2�`�p���#�H�2
�Q�T�2�`���i�Q�`�b�� ���M�/�" �/�Q �M�Q�i �+�Q�K�K�m�i�2 �UAB <> BA �Q�`
[A; B ] 6= 0 �V�X �h�?�B�b �B�b �� �T���`�i�B�+�m�H���`�B�i�v �Q�7 �[�m���M�i�m�K �K�2�@
�+�?���M�B�+�b�X �h�v�T�B�+���H �2�t���K�T�H�2�b ���`�2 �K�Q�K�2�M�i�m�K ���M�/ �T�Q�b�B�i�B�Q�M
�7�Q�` �� �T���`�i�B�+�H�2 �Q�` �i�?�2 �b�T�B�M �+�Q�K�T�Q�M�2�M�i�b �Q�7 �� �T���`�i�B�+�H�2�b ���H�Q�M�;
�/�B�z�2�`�2�M�i �/�B�`�2�+�i�B�Q�M�b�X

�>�Q�r�2�p�2�`�- �`�2�p�2���H�B�M�; �Q�M�2 �T�`�Q�T�2�`�i�v �p���H�m�2 �r�B�i�? �� �K�2���b�m�`�2�@
�K�2�M�i �/�Q�2�b �M�Q�i �2�t�+�H�m�/�2 �`�2�p�2���H�B�M�; ���M�Q�i�?�2�` �T�`�Q�T�2�`�i�v ���7�i�2�`�@
�r���`�/�b�X �"�m�i �B�i �B�b �M�Q�i �T�Q�b�b�B�#�H�2 �i�Q �Q�#�i���B�M �2�t���+�i �F�M�Q�r�H�2�/�;�2
�Q�7 �#�Q�i�? �T�`�Q�T�2�`�i�B�2�b ���i �i�?�2 �b���K�2 �i�B�K�2 �U�B�M �i�?�2 �T�`�Q�#���#�B�H�B�b�i�B�+
�b�2�M�b�2 ���M�/ �7�Q�H�H�Q�r�B�M�; �"�Q�`�M�ö�b �`�m�H�2�V�X ���i �H�2���b�i �Q�M�2 �r�B�H�H �#�2
�i�Q�i���H�H�v �T�`�Q�#���#�B�H�B�b�i�B�+�X �6�Q�` �� �b�B�M�;�H�2 �T���`�i�B�+�H�2�- �Q�M�2 �2�t���K�T�H�2
�Q�7 �B�M�+�Q�K�T���i�B�#�H�2 �T�`�Q�T�2�`�i�B�2�b �Q�` �Q�#�b�2�`�p���#�H�2�b ���`�2 �i�r�Q �/�B�7�@

�7�2�`�2�M�i �b�T�B�M �+�Q�K�T�Q�M�2�M�i�b �U�s ���M�/ �u �Q�` �s ���M�/ �w�V�X ���7�i�2�`
�K�2���b�m�`�B�M�; �i�?�2 �s �b�T�B�M �+�Q�K�T�Q�M�2�M�i�- �� �w �K�2���b�m�`�2�K�2�M�i �r�B�H�H
�v�B�2�H�/ �� �`���M�/�Q�K �`�2�b�m�H�i�X ���H�b�Q�- �i�?�2 �2�M�2�`�;�v ���M�/ �T�Q�b�B�i�B�Q�M �Q�7
���M �2�H�2�+�i�`�Q�M ���`�2 �B�M�+�Q�K�T���i�B�#�H�2 �T�`�Q�T�2�`�i�B�2�b�X

�S�Q�b�i�m�H���i�2 �A�A�A �@ �J�2���b�m�`�2�K�2�M�i�, �B�b �i�?�2 �`�2�b�m�H�i �Q�7 �� �T�?�v�b�@
�B�+���H �[�m���M�i�B�i�v �K�2���b�m�`�2�K�2�M�i �r�B�i�? ���M �Q�#�b�2�`�p���#�H�2 �Q�T�2�`���i�Q�`
���X �h�?�2 �K�2���b�m�`�2�K�2�M�i �`�2�b�m�H�i �B�b �Q�M�2 �Q�7 �i�?�2 �Q�#�b�2�`�p���#�H�2 �Q�T�2�`�@
���i�Q�` �2�B�;�2�M�p���H�m�2�b�X �q�2 �/�2�}�M�2 �2�B�;�2�M�p���H�m�2�b �H���i�2�` ���M�/ �+�Q�p�2�`
�i�?�2 �`�2�H���i�2�/ �K���i�?�2�K���i�B�+���H �7�Q�`�K���H�B�b�K �B�M �i�?�2 �K�2���b�m�`�2�K�2�M�i
�b�2�+�i�B�Q�M �Q�7 �i�?�B�b �#�Q�Q�F�X �h�?�B�b �T�Q�b�i�m�H���i�2 �B�b �b�Q�K�2�i�B�K�2�b �2�K�#�2�/�@
�/�2�/ �Q�` ���b�b�Q�+�B���i�2�/ �r�B�i�? �i�?�2 �T�`�2�p�B�Q�m�b �Q�M�2�X �h�?�2 �Q�#�b�2�`�p���#�H�2
�Q�T�2�`���i�Q�` �/�Q�2�b�M�ö�i �;�2�M�2�`���i�2 �� �K�2���b�m�`�2�K�2�M�i �`�2�b�m�H�i �T�2�` �b�2�X
�A�i �?�2�H�T�b �+�`�2���i�2 �� �T�`�Q�#���#�B�H�B�b�i�B�+ �/�B�b�i�`�B�#�m�i�B�Q�M �Q�7 �i�?�2 �T�Q�b�@
�b�B�#�H�2 �K�2���b�m�`�2�K�2�M�i �Q�m�i�+�Q�K�2�b �Q�7 �� �T�`�Q�T�2�`�i�v �;�B�p�2�M �r�?���i
�B�b �K���i�?�2�K���i�B�+���H�H�v �F�M�Q�r�M �Q�7 �i�?�2 �[�m���M�i�m�K �Q�#�D�2�+�i �b�i���i�2
�p�2�+�i�Q�`�X �q�?�2�M ���T�T�H�B�2�/ �i�Q �� �[�m���M�i�m�K �Q�#�D�2�+�i �p�2�+�i�Q�`�- �B�i
�+�`�2���i�2�b ���M�Q�i�?�2�` �b�i���i�2 �p�2�+�i�Q�` ���H�Q�M�; �i�?�2 �2�B�;�2�M�p�2�+�i�Q�`�b �Q�7
�i�?�2 �Q�#�b�2�`�p���#�H�2 �Q�T�2�`���i�Q�`�X �A�i �+���M �i�?�2�M �b�2�`�p�2 �i�Q �+�`�2���i�2
�� �b�2�`�B�2�b �Q�7 �`�2���H �M�m�K�#�2�`�b �/�2�b�+�`�B�#�B�M�; �i�?�2 �T�`�Q�#���#�B�H�B�i�B�2�b �Q�7
�i�?�2 �p���`�B�Q�m�b �2�t�+�H�m�b�B�p�2 �p���H�m�2�b �� �;�B�p�2�M �T�`�Q�T�2�`�i�v �+���M �i���F�2�X
�h�?�2�2�t�T�2�+�i���i�B�Q�M �p���H�m�2�-�Q��̀T�`�2�/�B�+�i�2�/ �K�2���M �p���H�m�2�- �B�b
�i�?�2 ���p�2�`���;�2 �p���H�m�2 �Q�7 �`�2�T�2���i�2�/ �K�2���b�m�`�2�K�2�M�i�b �i�?���i �r�Q�m�H�/
�#�2 �Q�#�i���B�M�2�/ �r�B�i�? �i�?�2 �T�?�v�b�B�+���H �B�K�T�H�2�K�2�M�i���i�B�Q�M �Q�7 �i�?�2
�Q�#�b�2�`�p���#�H�2�X �h�?�2 �K�2���b�m�`�2�K�2�M�i �T�Q�b�i�m�H���i�2 �B�b ���H�b�Q �M���K�2�/
�i�?�2 �o�Q�M �L�2�m�K���M�M �K�2���b�m�`�2�K�2�M�i �T�Q�b�i�m�H���i�2�X

�S�Q�b�i�m�H���i�2 �A�o �@ �"�Q�`�M �`�m�H�2�, �r�?�2�M �i�?�2 �T�?�v�b�B�+���H �[�m���M�i�B�i�v
�� �B�b �K�2���b�m�`�2�/ �Q�M �� �b�v�b�i�2�K �B�M �� �M�Q�`�K���H�B�x�2�/ �b�i���i�2j i �- �i�?�2
�T�`�Q�#���#�B�H�B�i�v �Q�7 �Q�#�i���B�M�B�M�; ���M �2�B�;�2�M�p���H�m�2� n �7�Q�` �/�B�b�+�`�2�i�2
�p���H�m�2�b �Q�`� �7�Q�` �+�Q�M�i�B�M�m�Q�m�b �p���H�m�2�b �Q�7 �i�?�2 �+�Q�`�`�2�b�T�Q�M�/�B�M�;
�Q�#�b�2�`�p���#�H�2 �� �B�b �;�B�p�2�M �#�v �B�i�b �b�[�m���`�2�/ ���K�T�H�B�i�m�/�2 �Q�7 �i�?�2
�`�2�H���i�2�/ �r���p�2 �7�m�M�+�i�B�Q�M�X �A�i �B�b �� �T�`�Q�D�2�+�i�B�Q�M �Q�M �i�?�2 �+�Q�`�`�2�@
�b�T�Q�M�/�B�M�; �2�B�;�2�M�p�2�+�i�Q�`�X �h�?�B�b �B�b �`�2�H���i�2�/ �i�Q �J���t �"�Q�`�M�ö�b
�T�`�Q�#���#�B�H�B�i�v �`�m�H�2�X �� �[�m���M�i�m�K �b�i���i�2 �+���M �#�2 �;�2�M�2�`���H�H�v �`�2�T�@
�`�2�b�2�M�i�2�/ �#�v �� �/�2�M�b�B�i�v �Q�T�2�`���i�Q�`�- �r�?�B�+�? �B�b �� �b�[�m���`�2 �K���i�`�B�t�-
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�M�m�+�H�2�Q�M�b�X �S�`�Q�i�Q�M�b ���M�/ �M�2�m�i�`�Q�M�b �?���p�2 �� �b�T�B�M �Q�71=2�X �h�?�2
�M�m�+�H�2�m�b �?���b �� �?���H�7�@�B�M�i�2�;�2�` �b�T�B�M �U1=2�-3=2�-5=2�- ���V �r�?�2�M
�i�?�2 �M�m�K�#�2�` �Q�7 �M�2�m�i�`�Q�M�b �T�H�m�b �i�?�2 �M�m�K�#�2�` �Q�7 �T�`�Q�i�Q�M�b �B�b
�Q�/�/�- ���M �B�M�i�2�;�2�` �b�T�B�M �U�R�- �k�- �j�- ���V �r�?�2�M �i�?�2 �M�m�K�#�2�` �Q�7
�M�2�m�i�`�Q�M�b ���M�/ �T�`�Q�i�Q�M�b ���`�2 �#�Q�i�? �Q�/�/ ���M�/ �M�Q �b�T�B�M ���i ���H�H
�r�?�2�M �B�i�b �M�m�K�#�2�` �Q�7 �M�2�m�i�`�Q�M�b ���M�/ �T�`�Q�i�Q�M�b ���`�2 �#�Q�i�? �2�p�2�M�X

�L�m�+�H�2�m�b �b�T�B�M�b ���`�2 �2�B�i�?�2�` �b�Q�K�2�i�?�B�M�; �r�2 �M�2�2�/ �i�Q ���p�Q�B�/
�H�B�F�2 �B�M �b�B�H�B�+�Q�M �[�m�#�B�i�b �T�`�Q�/�m�+�2�/ �r�B�i�?�k�3�a�B�- �i�?�2 �b�B�H�B�+�Q�M
�B�b�Q�i�Q�T�2 �r�B�i�? �� �M�m�H�H �b�T�B�M�- �Q�` �i�?���i �r�2 �m�b�2 �i�Q �b�i�Q�`�2 �[�m�#�B�i
�B�M�7�Q�`�K���i�B�Q�M �H�B�F�2 �B�M �L�o �+�2�M�i�2�`�b ���M�/ �a�B�* �+���p�B�i�B�2�b ���M�/
�2�H�2�+�i�`�Q�M �/�Q�M�Q�` �[�m�#�B�i�b �#���b�2�/ �Q�M ���i�Q�K�b �H�B�F�2 �T�?�Q�b�T�?�Q�`�m�b
�r�?�2�`�2 �i�?�2�`�2 �B�b �� �+�Q�m�T�H�B�M�; �#�2�i�r�2�2�M �b�Q�K�2 ���i�Q�K �M�m�+�H�2�m�b
�b�T�B�M�b ���M�/ �b�Q�K�2 �7�`�2�2 �2�H�2�+�i�`�Q�M�b�X

�>�Q�r �B�b �B�i �T�Q�b�b�B�#�H�2 �i�Q �?���p�2 �� �x�2�`�Q �b�T�B�M �r�?�2�M �v�Q�m ���/�/ �m�T
�i�?�2 �b�T�B�M�b �Q�7 �T�`�Q�i�Q�M�b ���M�/ �M�2�m�i�`�Q�M�b �r�?�B�+�? ���`�2 �T�Q�b�B�i�B�p�2�\
�G�2�i�ö�b �i���F�2 �� �T���m�b�2 ���M�/ �T�`�Q�p�B�/�2 �b�Q�K�2 ���M�b�r�2�`�b�X �h�?�B�b �B�b
�/�m�2 �i�Q �i�?�2 �r���v �� �M�m�+�H�2���` �b�T�B�M �B�b �+���H�+�m�H���i�2�/�X

�L�m�+�H�2�Q�M�b ���`�2 �+�Q�K�T�Q�b�B�i�2 �[�m���M�i�m�K �Q�#�D�2�+�i�b �K���/�2 �Q�7 �[�m���`�F�b

�Z�m���M�i�m�K �T�?�v�b�B�+�b �R�y�R �Z�m���M�i�B�x���i�B�Q�M �� �R�y�y



�6�B�;�m�`�2 �N�8�, �o�B�b�m���H �`�2�T�`�2�b�2�M�i���i�B�Q�M�b �Q�7 �i�?�2 �2�H�2�+�i�`�Q�M ���i�Q�K�B�+ �Q�`�#�B�i���H�b �Q�7 �i�?�2 �?�v�/�`�Q�;�2�M ���i�Q�K�- �+�Q�`�`�2�b�T�Q�M�/�B�M�; �i�Q �i�?�2�B�` �T�`�B�M�+�B�T���H
�M�m�K�#�2�`n�- �Q�`�#�B�i���H ���M�;�m�H���` �K�Q�K�2�M�i�m�Kl ���M�/ �K���;�M�2�i�B�+ �[�m���M�i�m�K �M�m�K�#�2�`m l �X �a�Q�m�`�+�2�,�E�2�B�i�? �1�M�2�p�Q�H�/�b�2�M���/���T�i�2�/ �#�v �P�H�B�p�B�2�`
�1�x�`���i�i�v�- �k�y�k�j�X

�6�B�;�m�`�2 �N�e�, �� �b�B�K�T�H�2 �`�2�T�`�2�b�2�M�i���i�B�Q�M �Q�7 �i�?�2 �p���`�B�Q�m�b �b�i���i�2�b �Q�7 ���M �2�H�2�+�i�`�Q�M �B�M ���M ���i�Q�K �b�?�2�H�H�X �h�?�2�v �+���M �#�2 �H�Q�+���i�2�/ �B�M �B�M�M�2�` �Q�`�#�B�i���H
�b�?�2�H�H�b �Q�7 �i�?�2 ���i�Q�K�- �i�?�2�M �B�M �i�?�2 �p���H�2�M�+�2 �b�?�2�H�H �r�?�B�+�? �B�b �i�?�2 �H���b�i �Q�7 �i�?�2 �b�?�2�H�H�b �7�Q�` �� �M�Q�M �2�t�+�B�i�2�/ ���i�Q�K�- �i�?�2�M �B�M �Q�i�?�2�` �b�?�2�H�H�b �7�Q�`
�2�t�+�B�i�2�/ �b�i���i�2�b�- ���M�/ �_�v�/�#�2�`�; �b�i���i�2�b �r�?�B�+�? �+�`�2���i�2 �2�B�i�?�2�` �2�H�H�B�T�i�B�+���H �Q�` �+�B�`�+�m�H���` �b�?���T�2�b�X �U�+�+�V �P�H�B�p�B�2�` �1�x�`���i�i�v�- ���m�;�m�b�i �k�y�k�9�X

�Z�m���M�i�m�K �T�?�v�b�B�+�b �R�y�R �Z�m���M�i�B�x���i�B�Q�M �� �R�y�R



�i�?���i �?���p�2 �[�m���M�i�m�K �T�`�Q�T�2�`�i�B�2�b �b�B�K�B�H���` �i�Q �2�H�2�+�i�`�Q�M�b �[�m���M�@
�i�m�K �M�m�K�#�2�`�b�- �#�m�i �r�B�i�? �/�B�z�2�`�2�M�i �T�Q�b�b�B�#�H�2 �p���H�m�2 �#�Q�m�M�/�b
���M�/ �K�2���M�B�M�;�b�,

�Ç n �M�m�+�H�2�Q�M �b�?�2�H�H �M�m�K�#�2�`�Q�` �H���v�2�` �r�B�i�? �B�M�i�2�;�2�` �p���H�m�2�b
�`���M�;�B�M�; �7�`�Q�K �y �i�Q �e�X �A�i �B�b �#�Q�m�M�/�2�/ ���M�/ �i�?�2�`�2 �B�b �M�Q
�2�[�m�B�p���H�2�M�i �Q�7 �_�v�/�#�2�`�; �b�i���i�2�b �B�M �M�m�+�H�2�m�b �r�B�i�? �H���`�;�2
�T�`�B�M�+�B�T���H �[�m���M�i�m�K �M�m�K�#�2�`�X �h�?�2 �M�m�+�H�2���` �b�?�2�H�H �K�Q�/�2�H
�B�b �i�?�2 �2�[�m�B�p���H�2�M�i �Q�7 �i�?�2 ���i�Q�K�B�+ �"�Q�?�` �K�Q�/�2�H �`�2�H���i�2�/ �i�Q
�2�H�2�+�i�`�Q�M �b�?�2�H�H�b�X

�Ç ` �Q�`�#�B�i���H ���M�;�m�H���` �K�Q�K�2�M�i�m�K�r�?�B�+�? �B�b ���H�b�Q �[�m���M�@
�i�B�x�2�/ �r�B�i�? ���M �B�M�i�2�;�2�` �p���H�m�2 �b�i���`�i�B�M�; ���i �y�- �i�?�2 ���M�;�m�H���`
�K�Q�K�2�M�i�m�K �B�i�b�2�H�7 �#�2�B�M�;L � = }

p
`(` + 1) �X̀ �B�b �H���#�2�H�H�2�/

�b�- �T�- �/�- �7�- �;�- �?�- �B �H�B�F�2 �r�B�i�? �2�H�2�+�i�`�Q�M�b�X

�Ç m` �K���;�M�2�i�B�+ �[�m���M�i�m�K �M�m�K�#�2�`�r�B�i�? �B�M�i�2�;�2�` �p���H�m�2�b
�`���M�;�B�M�; �7�`�Q�K� ` �i�Q̀ �X �A�M �2���+�? �M�m�+�H�2�Q�M �b�?�2�H�H�- �M�m�+�H�2�@
�Q�M�b �Q�7 �i�?�2 �b���K�2 �i�v�T�2 �i�2�M�/ �i�Q �`�2�;�`�Q�m�T �#�v �T���B�`�b �r�B�i�?
�Q�T�T�Q�b�B�i�2 �K���;�M�2�i�B�+ �[�m���M�i�m�K �M�m�K�#�2�`�b�X

�Ç ms �b�T�B�M �[�m���M�i�m�K �M�m�K�#�2�`�- �#�2�B�M�; �2�B�i�?�2�` �Y�R�f�k �Q�`
�@�R�f�k�- �B�M �2���+�? �b�T���i�B���H �/�B�`�2�+�i�B�Q�M�- ���H�b�Q �M���K�2�/ �B�M�i�`�B�M�b�B�+
���M�;�m�H���` �K�Q�K�2�M�i�m�K�X �� �M�m�+�H�2�Q�M �b�T�B�Ms �2�[�m���H �i�Q �R�f�k �B�b
�i�?�2 �b�B�x�2 �Q�7 �i�?�2 �p�2�+�i�Q�`~s�X �h�?�2 �b�T�B�M ���M�;�m�H���` �K�Q�K�2�M�i�m�K
�B�bS� = }

p
s(s + 1) �r�B�i�? �b�4�R�f�k�X

�� �M�m�+�H�2�Q�M �i�Q�i���H ���M�;�m�H���` �K�Q�K�2�M�i�m�K �B�b �� �p�2�+�i�Q�`~j = ~̀+ ~s
���M�/j = ` + s �B�M �b�+���H���` �`�2�T�`�2�b�2�M�i���i�B�Q�M �r�B�i�?` �#�2�B�M�;
�i�?�2 �M�m�+�H�2�Q�M �Q�`�#�B�i���H ���M�;�m�H���` �K�Q�K�2�M�i�m�K ���M�/s = 1 =2
�B�i�b �B�M�i�`�B�M�b�B�+ ���M�;�m�H���` �K�Q�K�2�M�i�m�K �Q�` �b�T�B�M�X �h�?�2 �b�+���H���`
�`�2�T�`�2�b�2�M�i���i�B�Q�M �B�b �� �;�Q�Q�/ ���T�T�`�Q�t�B�K���i�B�Q�M �Q�7 �i�?�2 �p�2�+�i�Q�`
�`�2�T�`�2�b�2�M�i���i�B�Q�M �b�B�M�+�2 �M�m�+�H�2�Q�M�b �K�Q�p�2 �B�M ���M ���p�2�`���;�2 �K���;�@
�M�2�i�B�+ �}�2�H�/ �Q�`�B�2�M�i�B�M�; �i�?�2�K �B�M �� �b�B�K�B�H���` �/�B�`�2�+�i�B�Q�M�X �A�M �i�?�2
�2�M�/�- �i�?�2 ���i�Q�K�M�m�+�H�2���` �b�T�B�M�B�b �i�?�2 �b�m�K �Q�7 �B�i�b �M�m�+�H�2�Q�M�ö�b
�i�Q�i���H ���M�;�m�H���` �K�Q�K�2�M�i�m�Kj �X

���b ���i�Q�K�B�+ �M�m�+�H�2�m�b �b�B�x�2 �;�`�Q�r�b�- �M�m�+�H�2�m�b �b�?�2�H�H�b ���`�2 �}�H�H�2�/
�T�`�Q�;�`�2�b�b�B�p�2�H�v�X �h�?�2 �}�`�b�i ���i�Q�K �M�m�+�H�2�m�b �b�?�2�H�H �K�Q�/�2�H �r���b
�T�`�Q�T�Q�b�2�/ �#�v�.�K�B�i�`�B �A�p���M�2�M�F�Q�r�B�i�?�1�X �:���T�Q�M�B�M �_�m�b�@
�b�B�� �B�M �R�N�j�k�X �h�?�2 �K�Q�/�2�H �r���b �/�2�p�2�H�Q�T�2�/ �B�M �R�N�9�N �7�Q�H�H�Q�r�B�M�;
�B�M�/�2�T�2�M�/�2�M�i �r�Q�`�F �#�v �b�2�p�2�`���H �T�?�v�b�B�+�B�b�i�b�- �B�M�+�H�m�/�B�M�;�1�m�@
�;�2�M�2 �S���m�H �q�B�;�M�2�`�-�J���`�B�� �:�Q�2�T�T�2�`�i �J���v�2�`���M�/�C�X
�>���M�b �.�X �C�2�M�b�2�M�- �r�?�Q �b�?���`�2�/ �i�?�2 �R�N�e�j �L�Q�#�2�H �S�`�B�x�2 �B�M
�S�?�v�b�B�+�b�X

�6�B�H�H�2�/ �H���v�2�`�b �?���p�2 �� �M�m�K�#�2�` �Q�7 �M�2�m�i�`�Q�M�b �Q�` �T�`�Q�i�Q�M�b �+���H�H�2�/
�ó�K���;�B�+ �M�m�K�#�2�`�b�ô �U�k�- �3�- �k�y�- �k�3�- �8�y�- �3�k�- �R�k�e�V ���b �b�?�Q�r�M �B�M
�6�B�;�m�`�2�N�d�X ���i�Q�K�b �r�B�i�? �2�M�i�B�`�2�H�v �}�H�H�2�/ �H���v�2�`�b �Q�7 �2�B�i�?�2�` �M�2�m�@
�i�`�Q�M�b �Q�` �T�`�Q�i�Q�M�b ���`�2 �K�Q�`�2 �b�i���#�H�2�X �L�m�+�H�2�Q�M�b �T���B�` �B�M �M�m�+�H�2�B
�Q�`�#�B�i�b �r�B�i�? �T�`�Q�D�2�+�i�B�Q�M�b� m` �b�m�+�? �i�?���i �i�?�2�B�` �K�Q�K�2�M�i�m�K
�+���M�+�2�H�X �h�?�2 �M�Q�i�B�Q�M �Q�7 �H���v�2�` �K���;�B�+ �M�m�K�#�2�` ���T�T�H�B�2�b �b�2�T���@
�`���i�2�H�v �7�Q�` �T�`�Q�i�Q�M�b ���M�/ �7�Q�` �M�2�m�i�`�Q�M�b�X �6�Q�` �2�t���K�T�H�2�-�R�R�e�a�M
�U�b�2�H�2�M�B�m�K�V �?���b �� �K���;�B�+ �M�m�K�#�2�` �Q�7 �8�y �T�`�Q�i�Q�M�b ���M�/�8�9�6�2
�U�B�`�Q�M�V �?���b �� �K���;�B�+ �M�m�K�#�2�` �Q�7 �k�3 �M�2�m�i�`�Q�M�b�X �6�B�H�H�2�/ �b�?�2�H�H�b
�?���p�2 �� �i�Q�i���H ���M�;�m�H���` �K�Q�K�2�M�i�m�K �Q�7 �x�2�`�Q �b�B�M�+�2 �K���/�2 �Q�7
�T���B�`�b �Q�7 �M�2�m�i�`�Q�M�b �Q�` �T�`�Q�i�Q�M�b �r�B�i�? �Q�T�T�Q�b�B�i�2 �T�`�Q�D�2�+�i�B�Q�M�b �Q�7
�i�Q�i���H ���M�;�m�H���` �K�Q�K�2�M�i�m�K�X �h�?���i�ö�b �r�?�v ���M �2�p�2�M �M�m�K�#�2�`
�Q�7 �T�`�Q�i�Q�M�b ���M�/ �M�2�m�i�`�Q�M�b �H�2���/ �m�b �i�Q �?���p�2 �� �x�2�`�Q �M�m�+�H�2���`
�b�T�B�M�X ���M�/ �r�?�2�M �v�Q�m �?���p�2 �#�Q�i�? �� �K���;�B�+ �M�m�K�#�2�` �Q�7 �M�2�m�@
�i�`�Q�M�b ���M�/ �T�`�Q�i�Q�M�b�- �v�Q�m�` �M�m�+�H�2�m�b �B�b �/�Q�m�#�H�v �K���;�B�+ �H�B�F�2

�r�B�i�?�9�y�*�� ���M�/�k�y�3�S�# ���M�/ �?���b �2�t�+�2�T�i�B�Q�M���H �b�i���#�B�H�B�i�v�X ���H�H
�i�?�B�b �`�2�7�2�`�b �i�Q ���i�Q�K�b ���M�/ �M�m�+�H�2�m�b �B�M �i�?�2�B�` �;�`�Q�m�M�/ �b�i���i�2�X

�P�M �i�Q�T �Q�7 �i�?�2�b�2 �M�m�K�#�2�`�b�- �M�m�+�H�2�m�b �?���p�2 �� �T���`�B�i�v �i�?���i
�B�b� = ( � 1)` �r�?�2�`�2̀ �B�b �i�?�2 �i�Q�i���H �Q�`�#�B�i���H ���M�;�m�H���` �K�Q�@
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�b�v�b�i�2�K�bA ���M�/B �- �`�2�b�T�2�+�i�B�p�2�H�v�X �6�Q�` �� �i�r�Q�@�[�m�#�B�i �b�v�b�i�2�K
�r�B�i�? �/�4�k�- �i�?�2 �7�Q�m�` �K���t�B�K���H�H�v �2�M�i���M�;�H�2�/ �"�2�H�H �b�i���i�2�b ���`�2�,

�Z�m���M�i�m�K �T�?�v�b�B�+�b �R�y�R �a�m�T�2�`�T�Q�b�B�i�B�Q�M ���M�/ �2�M�i���M�;�H�2�K�2�M�i �� �R�R�d



�6�B�;�m�`�2 �R�R�j�, �"�2�H�H �T�Q�H�v�i�Q�T�2 �b�?�Q�r�B�M�; �+�Q�`�`�2�H���i�B�Q�M�b �#�2�i�r�2�2�M ���H�B�+�2 ���M�/ �"�Q�# �K�2���b�m�`�2�K�2�M�i �Q�m�i�+�Q�K�2�b ���M�/ �r�?�2�M �i�?�2�v ���`�2 �ó�[�m���M�i�m�K�ô�X
�h�?�2 �s ���M�/ �u ���t�B�b �+�Q�`�`�2�b�T�Q�M�/ �i�Q ���H�B�+�2 ���M�/ �"�Q�# �K�2���b�m�`�2�K�2�M�i �2�t�T�2�+�i���i�B�Q�M �p���H�m�2�b �+�Q�`�`�2�H���i�B�Q�M �Q�M �i�r�Q �/�B�z�2�`�2�M�i �K�2���b�m�`�2�K�2�M�i
�#���b�B�b �b�2�i�b�X �a�Q�m�`�+�2�, �(�j�R�k�)�X ���/�/�2�/ �B�M �k�y�k�9�X
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=
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(j00i + j11i )
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=
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p
2

(j00i � j 11i )
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=
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p
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(j01i + j10i )
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=
1

p
2

(j01� j 10i )

�h�?�2�v �2�t�?�B�#�B�i �T�2�`�7�2�+�i �+�Q�`�`�2�H���i�B�Q�M�b �B�M �i�?�2 �K�2���b�m�`�2�K�2�M�i
�Q�m�i�+�Q�K�2�b �Q�7 �i�?�2 �i�r�Q �[�m�#�B�i�b�X �J���t�B�K���H�H�v �2�M�i���M�;�H�2�/ �b�i���i�2�b
�?���p�2 �b�2�p�2�`���H �F�2�v �T�`�Q�T�2�`�i�B�2�b�, �M�Q�M�@�H�Q�+���H�B�i�v �U�b�m�#�b�2�[�m�2�M�i
�K�2���b�m�`�2�K�2�M�i�b ���`�2 �+�Q�`�`�2�H���i�2�/ �r�?���i�2�p�2�` �i�?�2 �/�B�b�i���M�+�2�V�- �B�M�@
�7�Q�`�K���i�B�Q�M �+�Q�`�`�2�H���i�B�Q�M �U�i�?�2 �2�M�i�B�`�2 �B�M�7�Q�`�K���i�B�Q�M ���#�Q�m�i �i�?�2
�b�i���i�2 �Q�7 �i�?�2 �+�Q�K�T�Q�b�B�i�2 �b�v�b�i�2�K �B�b �2�M�+�Q�/�2�/ �B�M �i�?�2 �+�Q�`�`�2�H���@
�i�B�Q�M�b �#�2�i�r�2�2�M �i�?�2 �b�m�#�b�v�b�i�2�K�b�V ���M�/ �[�m���M�i�m�K �2�M�i���M�;�H�2�@
�K�2�M�i �K�2���b�m�`�2�b �U�B�i �K���t�B�K�B�x�2�b �K�2���b�m�`�2�b �Q�7 �2�M�i���M�;�H�2�K�2�M�i�-
�b�m�+�? ���b �i�?�2 �p�Q�M �L�2�m�K���M�M �2�M�i�`�Q�T�v �Q�7 �i�?�2 �`�2�/�m�+�2�/ �/�2�M�b�B�i�v
�K���i�`�B�t�V�X

�L�Q�M�@�J���t�B�K���H�H�v �1�M�i���M�;�H�2�/ �a�i���i�2�, �B�i �B�b �� �[�m���M�i�m�K
�b�i���i�2 �Q�7 �� �+�Q�K�T�Q�b�B�i�2 �b�v�b�i�2�K �r�?�2�`�2 �i�?�2 �b�m�#�b�v�b�i�2�K�b ���`�2
�2�M�i���M�;�H�2�/ �#�m�i �M�Q�i �i�Q �i�?�2 �K���t�B�K�m�K �2�t�i�2�M�i �T�Q�b�b�B�#�H�2�X
�h�?�2 �[�m���M�i�m�K �+�Q�`�`�2�H���i�B�Q�M�b �#�2�i�r�2�2�M �i�?�2 �b�m�#�b�v�b�i�2�K�b ���`�2
�r�2���F�2�` �i�?���M �i�?�Q�b�2 �B�M �� �K���t�B�K���H�H�v �2�M�i���M�;�H�2�/ �b�i���i�2�X �6�Q�`
�� �#�B�T���`�i�B�i�2 �b�v�b�i�2�K�- �M�Q�M�@�K���t�B�K���H�H�v �2�M�i���M�;�H�2�/ �b�i���i�2�b �+���M
�#�2 �`�2�T�`�2�b�2�M�i�2�/ �#�v �b�i���i�2�b �i�?���i ���`�2 �M�Q�i �7�m�H�H�v �2�M�i���M�;�H�2�/�-
�H�B�F�2 �7�Q�` �2�t���K�T�H�2�,

j i = � j00i + � j11i �r�B�i�?� 6= 1p
2

���M�/� 6= 1p
2

�h�?�2 �/�2�;�`�2�2 �Q�7 �2�M�i���M�;�H�2�K�2�M�i �Q�7 �i�?�2 �+�Q�K�T�Q�b�B�i�2 �b�v�b�i�2�K
�+���M �#�2 �[�m���M�i�B�}�2�/ �r�B�i�? �B�i�b �p�Q�M �L�2�m�K���M�M �2�M�i�`�Q�T�v �Q�7 �i�?�2
�`�2�/�m�+�2�/ �/�2�M�b�B�i�v �K���i�`�B�t�X

C = 2 j�� j

�6�Q�` �� �K���t�B�K���H�H�v �2�M�i���M�;�H�2�/ �b�i���i�2�-C = 1 ���M�/ �7�Q�` �� �M�Q�M�@
�K���t�B�K���H�H�v �2�M�i���M�;�H�2�/ �b�i���i�2�-0 < C < 1�X �q�?�2�MC = 0 �-
�r�2 �?���p�2 �� �#���b�B�b �b�i���i�2 �r�B�i�? �M�Q �2�M�i���M�;�H�2�K�2�M�i ���i ���H�H�X

�:�>�w�- �q ���M�/ �.�B�+�F�2 �b�i���i�2�b���`�2 �p���`�B�Q�m�b �2�M�i���M�;�H�2�/
�b�i���i�2�b �i�?���i �+���M �#�2 �T�`�2�T���`�2�/�- �T���`�i�B�+�m�H���`�H�v �r�B�i�? �;���i�2�@�#���b�2�/
�[�m���M�i�m�K �+�Q�K�T�m�i�2�`�b�X

�� �:�>�w �b�i���i�2 �U�:�`�2�2�M�#�2�`�;�2�`���>�Q�`�M�2���w�2�B�H�B�M�;�2�`�V �B�b �� �K���t�B�@
�K���H�H�v �2�M�i���M�;�H�2�/ �[�m���M�i�m�K �b�i���i�2 �B�M�p�Q�H�p�B�M�; �i�?�`�2�2 �Q�` �K�Q�`�2
�[�m�#�B�i�b�X �q�B�i�? �j �[�m�#�B�i�b�- �B�i �?���b �i�?�2 �7�Q�`�K�,

jGHZ 3i = 1p
2
(j000i + j111i )

���M�/ �r�B�i�? �L �[�m�#�B�i�b�,

jGHZ N i = 1p
2

(j00: : : 0i + j11: : : 1i )

�q�B�i�? �� �:�>�w �b�i���i�2�- ���H�H �i�?�2 �[�m�#�B�i�b ���`�2 �T�2�`�7�2�+�i�H�v �+�Q�`�`�2�H���i�2�/
���M�/ �2�B�i�?�2�` ���H�H ���`�2 �B�M �i�?�2j0i �b�i���i�2 �Q�` ���H�H ���`�2 �B�M �i�?�2j1i
�b�i���i�2�X �h�?�B�b �b�i���i�2 �/�2�K�Q�M�b�i�`���i�2�b �b�i�`�Q�M�; �M�Q�M�H�Q�+���H �+�Q�`�`�2�H���@
�i�B�Q�M�b ���M�/ �B�b �Q�7�i�2�M �m�b�2�/ �B�M �i�2�b�i�b �Q�7 �[�m���M�i�m�K �7�Q�m�M�/���i�B�Q�M�b
���M�/ �"�2�H�H�@�i�v�T�2 �B�M�2�[�m���H�B�i�B�2�b�X �:�>�w �b�i���i�2�b ���`�2 �2�t�i�`�2�K�2�H�v
�7�`���;�B�H�2�X �A�7 �Q�M�2 �[�m�#�B�i �B�b �H�Q�b�i �Q�` �K�2���b�m�`�2�/�- �i�?�2 �`�2�K���B�M�B�M�;
�b�v�b�i�2�K �H�Q�b�2�b �B�i�b �2�M�i���M�;�H�2�K�2�M�i �2�M�i�B�`�2�H�v ���M�/ �+�Q�H�H���T�b�2�b �B�M�i�Q

�Z�m���M�i�m�K �T�?�v�b�B�+�b �R�y�R �a�m�T�2�`�T�Q�b�B�i�B�Q�M ���M�/ �2�M�i���M�;�H�2�K�2�M�i �� �R�R�3



�� �+�H���b�b�B�+���H �K�B�t�i�m�`�2�X �h�?�B�b �b�2�M�b�B�i�B�p�B�i�v �K���F�2�b �:�>�w �b�i���i�2�b
�T�Q�r�2�`�7�m�H �7�Q�` �+�2�`�i���B�M �i���b�F�b�- �#�m�i �/�B�{�+�m�H�i �i�Q �T�`�2�b�2�`�p�2 �B�M
�M�Q�B�b�v �Q�` �H�Q�b�b�v �2�M�p�B�`�Q�M�K�2�M�i�b�X

�� �q �b�i���i�2 �B�b ���M�Q�i�?�2�` �i�v�T�2 �Q�7 �K�m�H�i�B�T���`�i�B�i�2 �2�M�i���M�;�H�2�/
�b�i���i�2 ���H�i�?�Q�m�;�? �M�Q�i �K���t�B�K���H�H�v �2�M�i���M�;�H�2�/�X �A�i �/�B�b�i�`�B�#�m�i�2�b
�� �b�B�M�;�H�2 �2�t�+�B�i���i�B�Q�M ���+�`�Q�b�b �K�m�H�i�B�T�H�2 �[�m�#�B�i�b �B�M �� �b�v�K�K�2�i�`�B�+
�r���v�X �h�?�2 �i�?�`�2�2�@�[�m�#�B�i �q �b�i���i�2 �B�b�,

jW3i = 1p
3
(j100i + j010i + j001i )

���M�/ �i�?�2 �;�2�M�2�`�B�+ �L�@�[�m�#�B�i �q �b�i���i�2 �B�b�,

jWN i =
1p
N

(j100: : : 0i + j010: : : 0i + : : : + j000: : : 1i )

�l�M�H�B�F�2 �:�>�w �b�i���i�2�b�- �q �b�i���i�2�b ���`�2 �K�Q�`�2 �`�Q�#�m�b�i ���;���B�M�b�i
�[�m�#�B�i �H�Q�b�b�X �A�7 �Q�M�2 �[�m�#�B�i �B�b �H�Q�b�i �Q�` �K�2���b�m�`�2�/�- �i�?�2 �`�2�K���B�M�@
�B�M�; �[�m�#�B�i�b �b�i�B�H�H �`�2�i���B�M�b �2�M�i���M�;�H�2�K�2�M�i�X �h�?�B�b �K���F�2�b �q
�b�i���i�2�b �T���`�i�B�+�m�H���`�H�v �m�b�2�7�m�H �7�Q�` �/�B�b�i�`�B�#�m�i�2�/ �[�m���M�i�m�K �B�M�7�Q�`�@
�K���i�B�Q�M �i���b�F�b�- �b�m�+�? ���b �[�m���M�i�m�K �M�2�i�r�Q�`�F�B�M�; ���M�/ �[�m���M�i�m�K
�b�2�+�`�2�i �b�?���`�B�M�;�X ���H�i�?�Q�m�;�? �i�?�2�v �/�Q �M�Q�i �2�t�?�B�#�B�i �K���t�B�K���H
�2�M�i���M�;�H�2�K�2�M�i �H�B�F�2 �:�>�w �b�i���i�2�b�- �i�?�2�B�` �`�2�b�B�H�B�2�M�+�2 �K���F�2�b
�i�?�2�K �� �T�`���+�i�B�+���H ���M�/ �p���H�m���#�H�2 �`�2�b�Q�m�`�+�2 �B�M �K�m�H�i�B�@�T���`�i�v
�T�`�Q�i�Q�+�Q�H�b�X

�.�B�+�F�2 �b�i���i�2�b �;�2�M�2�`���H�B�x�2 �i�?�2 �B�/�2�� �#�2�?�B�M�/ �q �b�i���i�2�b �#�v
���H�H�Q�r�B�M�; �K�Q�`�2 �i�?���M �Q�M�2 �2�t�+�B�i���i�B�Q�M �U�B�X�2�X�- �K�Q�`�2 �i�?���M �Q�M�2
�[�m�#�B�i �B�M �i�?�2j1i �b�i���i�2�V �i�Q �#�2 �b�v�K�K�2�i�`�B�+���H�H�v �/�B�b�i�`�B�#�m�i�2�/
���K�Q�M�; �i�?�2 �[�m�#�B�i�b�X

�6�Q�` �2�t���K�T�H�2�- �� �7�Q�m�`�@�[�m�#�B�i �.�B�+�F�2 �b�i���i�2 �r�B�i�? �i�r�Q �2�t�+�B�i���@
�i�B�Q�M�b �B�b ���M �2�[�m���H �b�m�T�2�`�T�Q�b�B�i�B�Q�M �Q�7 ���H�H �#�B�M���`�v �b�i�`�B�M�;�b �r�B�i�?
�i�r�Q �R�b ���M�/ �i�r�Q �y�b�,

jD (2)
4 i = 1p

6
(j1100i + j1010i + : : : + j0101i + j0011i )

���M�/ �i�?�2 �;�2�M�2�`�B�+ �L�@�[�m�#�B�i �.�B�+�F�2 �b�i���i�2 �H�Q�Q�F�b �H�B�F�2�,

jD N
k i =

1
r �

N
k

�
X

�T�2�`�K�b

j1 : : : 1 0: : : 0i

�h�?�2 �b�m�K �+�Q�M�i���B�M�b ���H�H �/�B�b�i�B�M�+�i �T�2�`�K�m�i���i�B�Q�M�b �r�B�i�?k �2�t�+�B�@
�i���i�B�Q�M�b ���K�Q�M�;N �[�m�#�B�i�b�X

�.�B�+�F�2 �b�i���i�2�b ���`�2 �?�B�;�?�H�v �b�v�K�K�2�i�`�B�+ ���M�/ �T�Q�b�b�2�b�b �K�m�H�i�B�@
�T���`�i�B�i�2 �2�M�i���M�;�H�2�K�2�M�i �i�?���i �B�b �;�2�M�2�`���H�H�v �`�Q�#�m�b�i ���;���B�M�b�i
�i�?�2 �H�Q�b�b �Q�7 �B�M�/�B�p�B�/�m���H �[�m�#�B�i�b�X �h�?�2�v ���`�2 �B�K�T�Q�`�i���M�i �B�M
�[�m���M�i�m�K �K�2�i�`�Q�H�Q�;�v�- �r�?�2�`�2 �i�?�2�B�` �+�Q�H�H�2�+�i�B�p�2 �T�`�Q�T�2�`�i�B�2�b
�+���M �#�2 �m�b�2�/ �i�Q �2�M�?���M�+�2 �K�2���b�m�`�2�K�2�M�i �T�`�2�+�B�b�B�Q�M �#�2�v�Q�M�/
�+�H���b�b�B�+���H �H�B�K�B�i�b�X �h�?�2�B�` �b�v�K�K�2�i�`�v ���M�/ �`�2�b�B�H�B�2�M�+�2 ���H�b�Q �K���F�2
�i�?�2�K �T�`�Q�K�B�b�B�M�; �7�Q�` �7���m�H�i�@�i�Q�H�2�`���M�i �[�m���M�i�m�K �b�2�M�b�B�M�; ���M�/
�+�Q�K�T�m�i���i�B�Q�M�X

�h�?�2�v �T�`�Q�p�B�/�2 �� �i�m�M���#�H�2 �i�`���/�2�@�Q�z �#�2�i�r�2�2�M �2�M�i���M�;�H�2�K�2�M�i
�b�i�`�2�M�;�i�? ���M�/ �`�Q�#�m�b�i�M�2�b�b�- �2�b�T�2�+�B���H�H�v �m�b�2�7�m�H �B�M �K�2�i�`�Q�H�Q�;�v
���M�/ �2�`�`�Q�`�@�i�Q�H�2�`���M�i �T�`�Q�i�Q�+�Q�H�b�X

�A�M �b�m�K�K���`�v�- �:�>�w�- �q�- ���M�/ �.�B�+�F�2 �b�i���i�2�b ���`�2 �/�B�b�i�B�M�+�i

�i�v�T�2�b �Q�7 �K�m�H�i�B�T���`�i�B�i�2 �2�M�i���M�;�H�2�/ �b�i���i�2�b�- �2���+�? �b�m�B�i�2�/ �i�Q �/�B�7�@
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�� �T�?�2�M�Q�K�2�M�Q�M �B�b �H�B�M�2���` �B�7 �B�i�b �2�z�2�+�i�b ���`�2 �T�`�Q�T�Q�`�i�B�Q�M���H
�i�Q �B�i�b �+���m�b�2�b�X �h�?�B�b �i�`���M�b�H���i�2�b �B�M�i�Q �i�?�2 �p�2�`�B�}�+���i�B�Q�M �Q�7
�i�r�Q �b�B�K�T�H�2 �2�[�m���i�B�Q�M�b �T�2�`�i���B�M�B�M�; �i�Q �?�Q�K�Q�;�2�M�2�B�i�v ���M�/

�:���i�2�@�#���b�2�/ �[�m���M�i�m�K �+�Q�K�T�m�i�B�M�; �� �R�d�j



���/�/�B�i�B�p�B�i�v�X

�A�M �� �Q�M�2�@�/�B�K�2�M�b�B�Q�M���H �b�T���+�2�- �� �+�H���b�b�B�+ �2�t���K�T�H�2 �Q�7 �� �H�B�M�2���`
�7�m�M�+�i�B�Q�M �B�b �7�U�t�V �4 ���t�X �� �T�Q�H�v�M�Q�K�B���H �7�m�M�+�i�B�Q�M �Q�7 �i�?�2
�i�v�T�2f (x) = ax2 + b �B�b �Q�#�p�B�Q�m�b�H�v �M�Q�i �H�B�M�2���` �#�2�+���m�b�2 �B�i
�2�p�Q�H�p�2�b �M�Q�M�@�T�`�Q�T�Q�`�i�B�Q�M���H�H�v �i�Q �t�X �1�p�2�Mf (x) = ax + b �B�b
�M�Q�i �H�B�M�2���`�- ���M�/ �7�Q�` �i�?�2 �b���K�2 �`�2���b�Q�M�X

���b ���H�`�2���/�v �/�2�}�M�2�/�- ���M �Q�#�b�2�`�p���#�H�2 �B�b �� �K���i�?�2�K���i�B�+���H
�Q�T�2�`���i�Q�`�- �� �>�2�`�K�B�i�B���M �K���i�`�B�t�- �m�b�2�/ �i�Q �K�2���b�m�`�2 �U�K���i�?�@
�2�K���i�B�+���H�H�v�V �� �T�`�Q�T�2�`�i�v �Q�7 �� �T�?�v�b�B�+���H �b�v�b�i�2�K�X �A�i �B�b �7�`�2�@
�[�m�2�M�i�H�v ���b�b�B�K�B�H���i�2�/ �i�Q �i�?�2 �K�2���b�m�`�2�/ �T�`�Q�T�2�`�i�v�X �6�Q�` ��
�[�m�#�B�i�- �B�i �+�Q�`�`�2�b�T�Q�M�/�b �i�Q �b�Q�K�2 �K�2���b�m�`���#�H�2 �p���H�m�2 �#�v ��
�b�2�M�b�Q�` �Q�M �� �[�m���M�i�m�K �Q�#�D�2�+�i �Q�m�i�T�m�i�i�B�M�; �� �+�H���b�b�B�+���H �y �Q�`
�R�X �h�?�2 �K�2���b�m�`�2�K�2�M�i �+���m�b�2�b �i�?�2 �[�m�#�B�i �[�m���M�i�m�K �Q�#�D�2�+�i
�r���p�2 �7�m�M�+�i�B�Q�M �i�Q �+�Q�H�H���T�b�2 �Q�M �Q�M�2 �Q�7 �i�?�2 �#���b�B�b �b�i���i�2�b�X �A�7
�i�?�2 �b�i���i�2 �Q�7 �� �[�m���M�i�m�K �Q�` �[�m�#�B�i �B�b �K�2���b�m�`�2�/ �i�r�B�+�2�- �i�?�2
�K�2���b�m�`�2�K�2�M�i �r�B�H�H �v�B�2�H�/ �i�?�2 �b���K�2 �`�2�b�m�H�i�X �q�B�i�? �[�m�#�B�i�b�-
�Q�#�b�2�`�p���#�H�2�b ���`�2 �m�b�m���H�H�v �#���b�2�/ �Q�M �T�`�Q�D�2�+�i�B�Q�M�b �Q�M �� �i�r�Q�@
�H�2�p�2�H �T�`�Q�T�2�`�i�B�2�b �b�v�b�i�2�K�- �K���i�?�2�K���i�B�+���H�H�v �K���i�2�`�B���H�B�x�2�/ �#�v
�� j0i �Q�j̀1i �- ���F�� �[�m�#�B�i �+�Q�K�T�m�i���i�B�Q�M���H �#���b�B�b �b�i���i�2�b�X �"�m�i�-
�B�7 �T�?�v�b�B�+�b �T�2�`�K�B�i�b �B�i�- ���M�Q�i�?�2�` �+�Q�K�T�m�i���i�B�Q�M���H �#���b�B�b �+���M
�#�2 �m�b�2�/�X �A�i �B�b �i�?�2 �+���b�2 �r�B�i�? �T�?�Q�i�Q�M�b ���M�/ �T�Q�H���`�B�x���i�B�Q�M
�K�2���b�m�`�2�K�2�M�i �r�?�2�`�2 �i�?�2 ���M�;�H�2 �+���M �#�2 �2���b�B�H�v �+�?���M�;�2�/ �B�M
�/�B�z�2�`�2�M�i �T���`�i�b �Q�7 ���M �2�t�T�2�`�B�K�2�M�i�X

�9�X�R�X�k �>�B�H�#�2�`�i �b�T���+�2�b ���M�/ �Q�`�i�?�Q�M�Q�`�K���H �#���b�2�b

�� �[�m���M�i�m�K �b�i���i�2 �Q�7 �� �b�B�M�;�H�2 �Q�` �b�2�p�2�`���H �[�m���M�i�m�K �Q�#�D�2�+�i�b
�+���M �#�2 �/�2�b�+�`�B�#�2�/ �#�v �� �p�2�+�i�Q�` �B�M �� �>�B�H�#�2�`�i �b�T���+�2�X �� �[�m�#�B�i
�b�i���i�2 �B�b �`�2�T�`�2�b�2�M�i�2�/ �B�M �� �i�r�Q�@�/�B�K�2�M�b�B�Q�M���H �Q�`�i�?�Q�M�Q�`�K���H
�b�T���+�2 �7�Q�`�K�2�/ �r�B�i�? �i�?�2 �#���b�B�b �b�i���i�2�b �p�2�+�i�Q�`�bj0i ���M�/j1i �X
�A�i �B�b �� �p�2�+�i�Q�` �Q�7 �+�Q�K�T�H�2�t �M�m�K�#�2�`�b �B�M �� �i�r�Q�@�/�B�K�2�M�b�B�Q�M���H
�>�B�H�#�2�`�i �b�T���+�2 ���H�H�Q�r�B�M�; �H�2�M�;�i�? ���M�/ ���M�;�H�2 �K�2���b�m�`�2�K�2�M�i�X
�� �+�Q�K�T�H�2�t �M�m�K�#�2�` �B�b �/�2�}�M�2�/ ���b ���Y�B�# �r�?�2�`�2 �� ���M�/ �# ���`�2
�`�2���H ���M�/i 2 = � 1 �U�6�B�;�m�`�2�R�e�j�V�X

�*�Q�K�T�H�2�t �M�m�K�#�2�`�b ���`�2 �p�2�`�v �m�b�2�7�m�H �B�M �[�m���M�i�m�K �T�?�v�b�B�+�b�X
�A�i �`�2�H���i�2�b �i�Q �i�?�2 �r���p�2�@�T���`�i�B�+�H�2 �/�m���H�B�i�v �Q�7 ���H�H �[�m���M�i�m�K �Q�#�@
�D�2�+�i�b ���M�/ �i�Q �i�?�2 �M�2�2�/ �i�Q �?���M�/�H�2 �i�?�2�B�` ���K�T�H�B�i�m�/�2 �U�+�Q�K�T�H�2�t
�M�m�K�#�2�` �M�Q�`�K�- �p�2�+�i�Q�` �H�2�M�;�i�? �Q�` �K�Q�/�m�H�m�b�V ���M�/ �T�?���b�2 �U�i�?�2
�+�Q�K�T�H�2�t �M�m�K�#�2�` ���M�;�H�2 �r�?�2�M �m�b�B�M�; �T�Q�H���` �+�Q�Q�`�/�B�M���i�2�b�V�X

�6�B�;�m�`�2 �R�e�j�, �*�Q�K�T�H�2�t �M�m�K�#�2�` �2�t�T�H���B�M�2�/ �#�v �;�2�Q�K�2�i�`�v ���M�/
�i�`�B�;�Q�M�Q�K�2�i�`�v�X �`�4���K�T�H�B�i�m�/�2�- �K�Q�/�m�H�m�b�- �M�Q�`�K�-� �4 �T�?���b�2 ���M�@
�;�H�2�- �1�m�H�2�`�ö�b �7�Q�`�K�m�H���,ei� = cos� + i sin � �- �T�?���b�2 ���M�;�H�2�b ���/�/
�m�T �H�B�F�2�,ei ( � 1 + � 2 ) = ei� 1 � ei� 2 �X

�q�B�i�? �[�m�#�B�i�b�- �B�i �B�b �`�2�T�`�2�b�2�M�i�2�/ �r�B�i�? �i�?�2 �+�Q�K�T�H�2�t �M�m�K�@
�#�2�`�b� ���M�/� ���b�b�Q�+�B���i�2�/ �r�B�i�? �i�?�2 �b�i���i�2�bj0i ���M�/j1i ���M�/
�r�?�Q�b�2 �b�m�K �Q�7 �b�[�m���`�2�b �K���F�2�b �R�X �h�?�B�b �H�B�M�2���` �+�Q�K�#�B�M���i�B�Q�M
�Q�7 �i�?�2 �b�i���i�2�bj0i ���M�/j1i �/�2�b�+�`�B�#�2�b �i�?�2 �T�?�2�M�Q�K�2�M�Q�M �Q�7
�b�m�T�2�`�T�Q�b�B�i�B�Q�M �r�B�i�?�B�M �� �[�m�#�B�i�X

�h�?�B�b �i�r�Q�@�/�B�K�2�M�b�B�Q�M���H �b�T���+�2 �`�2�T�H���+�2�b �i�?�2 �B�M�}�M�B�i�2�@
�/�B�K�2�M�b�B�Q�M���H �b�T���+�2 �i�?���i �+�?���`���+�i�2�`�B�x�2�b �� �a�+�?�`�º�/�B�M�;�2�` �r���p�2
�7�m�M�+�i�B�Q�Mf (x)�- �r�?�2�`�2 �t �+���M �i���F�2 ���M�v �p���H�m�2 �B�M �b�T���+�2�X �A�i
�B�b �i�?�m�b �� �b�B�K�T�H�B�}�2�/ �`�2�T�`�2�b�2�M�i���i�B�Q�M �Q�7 �i�?�2 �[�m���M�i�m�K �b�i���i�2
�Q�7 �� �[�m�#�B�i�X �"�v �K���M�B�T�m�H���i�B�M�; �i�?�2�b�2 �b�v�K�#�Q�H�b�- �i�?�2 �p�2�+�i�Q�`�b
���M�/ �K���i�`�B�+�2�b�- �r�2 �7�Q�`�;�2�i �� �H�B�i�i�H�2 �i�?�2 �r���p�2�@�H�B�F�2 �M���i�m�`�2 �Q�7
�i�?�2 �K���M�B�T�m�H���i�2�/ �[�m���M�i���- �2�p�2�M �i�?�Q�m�;�? �B�i �B�b �b�i�B�H�H �T�`�2�b�2�M�i
�B�M �i�?�2 �T�?���b�2 �B�M�7�Q�`�K���i�B�Q�M �2�K�#�2�/�/�2�/ �B�M �i�?�2 �B�K���;�B�M���`�v
�T���`�i �Q�7� ���M�/� �7�Q�` �Q�M�2 �[�m�#�B�i�X �A�i ���H�b�Q �+���M �/�2���H �r�B�i�?
�T�?�Q�i�Q�M�b �r�?�B�+�? �/�Q �M�Q�i �Q�#�2�v �a�+�?�`�º�/�B�M�;�2�`�ö�b �2�[�m���i�B�Q�M �#�m�i
�i�Q �J���t�r�2�H�H�ö�b �2�H�2�+�i�`�Q�K���;�M�2�i�B�+ �2�[�m���i�B�Q�M�b�X

���M �Q�`�i�?�Q�M�Q�`�K���H �#���b�B�b �Q�7 �� �p�2�+�i�Q�` �b�T���+�2 �+�Q�M�b�B�b�i�b �Q�7 �#���b�2
�p�2�+�i�Q�`�b �r�?�B�+�? ���`�2 ���H�H �K���i�?�2�K���i�B�+���H�H�v �Q�`�i�?�Q�;�Q�M���H �r�B�i�?
�2���+�? �Q�i�?�2�` ���M�/ �r�?�Q�b�2 �H�2�M�;�i�? �B�b �R�X �A�M �i�?�2 �`�2�T�`�2�b�2�M�i���i�B�Q�M
�Q�7 �� �[�m�#�B�i �b�i���i�2�- �i�?�2 �K�Q�b�i �+�Q�K�K�Q�M �Q�`�i�?�Q�M�Q�`�K���H �#���b�B�b �B�b
�K���/�2 �Q�7 �i�?�2 �b�i���i�2�bj0i ���M�/j1i �X

�P�i�?�2�` �Q�`�i�?�Q�M�Q�`�K���H �`�2�7�2�`�2�M�+�2 �#���b�B�b �+���M �#�2 �m�b�2�/ �7�Q�` �K�2���@
�b�m�`�2�K�2�M�i�- �T���`�i�B�+�m�H���`�H�v �r�B�i�? �T�?�Q�i�Q�M�b�- ���M�/ �T�Q�H���`�B�x���i�B�Q�M
�`�2�7�2�`�2�M�+�2�b �/�B�z�2�`�2�M�i �7�`�Q�K �i�?�2 �b�i���`�i�B�M�; �`�2�7�2�`�2�M�+�2 �U�y� �f�N�y�

�i�?�2�M �9�8� �f�R�j�8� �- �Q�#�i���B�M�2�/ �r�B�i�? �`�Q�i���i�B�M�; �� �b�B�K�T�H�2 �T�Q�H���`�@
�B�x�2�`�V�X

���M�Q�i�?�2�` �2�t���K�T�H�2 �Q�7 ���M �Q�`�i�?�Q�M�Q�`�K���H �#���b�B�b �B�b �i�?�2 �b�i���i�2�b
�H�Q�+���i�2�/ �Q�M �i�?�2 �"�H�Q�+�? �b�T�?�2�`�2 �Q�M �i�?�2 �t�@���t�B�b ���M�/ �`�2�T�`�2�@
�b�2�M�i�2�/ �r�B�i�?j+ i ���M�/j�i �X �h�?�2�b�2 ���`�2 �+���H�H�2�/ �a�+�?�`�Q�/�B�M�;�2�`
�+���i�b�,

j+ i =
j0i + j1i

p
2

j�i =
j0i � j 1i

p
2

�9�X�R�X�j �.�B�`���+ �L�Q�i���i�B�Q�M

�A�M �.�B�`���+ �M�Q�i���i�B�Q�M�- �� �[�m���M�i�m�K �Q�#�D�2�+�i �b�i���i�2 �B�b �`�2�T�`�2�b�2�M�i�2�/
�#�vj i �- �i�?�2�F�2�i�Q�7 �[�m���M�i�m�K �b�i���i�2	 �X �h�?�2�#�`�� �Q�7 �i�?�2
�b���K�2 �b�i���i�2 �p�2�+�i�Q�`�- �`�2�T�`�2�b�2�M�i�2�/ �#�vh	 j�- �B�b �i�?�2 �+�Q�M�D�m�;���i�2
�U�Q�` �i�`���M�b�+�Q�M�D�m�;���i�2�- �Q�` ���/�D�Q�B�M�i�V �i�`���M�b�T�Q�b�2 �Q�7 �i�?�2 �ó�F�2�i�ô�X

�#�`���, h	 j = [ ��; �� ] �F�2�i�, j	 i =

2

4�

�

3

5

�A�i �B�b �i�?�2 �ó�?�Q�`�B�x�Q�M�i���H�ô �p�2�+�i�Q�` �(��; �� �) �r�?�2�`�2�� ���M�/�� ���`�2
�i�?�2 �+�Q�M�D�m�;���i�2�b �Q�7� ���M�/� �- �B�M�p�2�`�i�B�M�; �i�?�2 �b�B�;�M �Q�7 �i�?�2
�B�K���;�B�M���`�v �T���`�i �Q�7 �i�?�2 �M�m�K�#�2�` �U�@�B �B�M�b�i�2���/ �Q�7 �Y�B�- �Q�` �i�?�2
�Q�T�T�Q�b�B�i�2�V�X �>�2�`�2 �B�b �� �+�Q�K�T�H�2�t �M�m�K�#�2�` �+�Q�M�D�m�;���i�2 �2�t���K�T�H�2�,

(1 + i ) � = 1 � i

�h�?�2�b�+���H���` �T�`�Q�/�m�+�i�Q�7 �i�r�Q �[�m�#�B�i�bh	 �Rj	 �ki �B�b �i�?�2 �K���i�?�@
�2�K���i�B�+���H �T�`�Q�D�2�+�i�B�Q�M �Q�7 �i�?�2 �b�i���i�2 �p�2�+�i�Q�`j	 �ki �Q�M�i�Q �i�?�2
�p�2�+�i�Q�`j	 �Ri �X �h�?�B�b �v�B�2�H�/�b �� �+�Q�K�T�H�2�t �M�m�K�#�2�`�X �q�?�2�M �i�?�2

�:���i�2�@�#���b�2�/ �[�m���M�i�m�K �+�Q�K�T�m�i�B�M�; �G�B�M�2���` ���H�;�2�#�`�� �� �R�d�9



�p�2�+�i�Q�`�b ���`�2 �Q�`�i�?�Q�;�Q�M���H�- �i�?�2 �b�+���H���` �T�`�Q�/�m�+�i �B�b �2�[�m���H �i�Q �y�X
�q�?�2�M �i�?�2 �i�r�Q �p�2�+�i�Q�`�b ���`�2 �B�/�2�M�i�B�+���H�-h	 j	 i �B�b	 �ö�b �M�Q�`�K
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�7���+�i�Q�`�B�M�;�- �>�>�G �U�H�B�M�2���` ���H�;�2�#�`���V ���M�/ �K�Q�b�i �[�m���M�i�m�K
�K���+�?�B�M�2 �H�2���`�M�B�M�; ���H�;�Q�`�B�i�?�K�b�X

�Ç �_ �T�?���b�2 �b�?�B�7�i �;���i�2�b ���`�2 �p���`�B���i�B�Q�M�b �Q�7 �S���m�H�B �;���i�2�b�- �r�B�i�?
���M ���`�#�B�i�`���`�v �`�Q�i���i�B�Q�M ���M�;�H�2 �B�M �i�?�2 �"�H�Q�+�? �b�T�?�2�`�2�X �h�?�2
�_�x �;���i�2 �`�Q�i���i�2�b ���`�Q�m�M�/ �i�?�2 �x ���t�B�b�- �_�t ���`�Q�m�M�/ �i�?�2 �t
���t�B�b ���M�/ �_�v ���`�Q�m�M�/ �i�?�2 �v ���t�B�b �(�3�j�R�)�X �� �_�x�U���M�;�H�2�V �;���i�2
�B�b ���H�b�Q �+���H�H�2�/ �� �S���M�;�H�2�;���i�2 �U�S �7�Q�` �T�?���b�2�V�X

Rm =

2

41 0

0 e2i�= (2 m )

3

5

�q�?�2�M �i�?�2 �t�- �v ���M�/ �x ���t�2�b ���`�2 �M�Q�i �b�T�2�+�B�}�2�/�- �B�i �B�b �x�-
�i�?�2 �p�2�`�i�B�+���H ���t�B�b �Q�7 �i�?�2 �"�H�Q�+�? �b�T�?�2�`�2�- ���b �B�M �i�?�2���#�Q�p�2
�K���i�`�B�t�X �q�?�2�M �t�- �v ���M�/ �x ���`�2 �b�T�2�+�B�}�2�/ �r�B�i�?�Q�m�i ���M
���M�;�H�2 �Q�` �K�- �B�i �B�b �N�y� �Q��̀= 2�X �h�?�2 �`�Q�i���i�B�Q�M �B�b �+���`�`�B�2�/
�Q�m�i �Q�M �� �+�Q�K�T�H�2�i�2 �`�Q�m�M�/ �/�B�p�B�/�2�/ �#�v �K�X �h�?�2 �_�x �;���i�2�b
�K�Q�/�B�7�v �i�?�2 �T�?���b�2 �Q�7 �� �[�m�#�B�i ���M�/ �M�Q�i �B�i�b ���K�T�H�B�i�m�/�2�X
�h�?�m�b�- �i�?�2 �K�2���b�m�`�2�K�2�M�i �Q�7 �B�i�b �b�i���i�2j0i �Q�j̀1i �B�b �M�Q�i
���z�2�+�i�2�/ �#�v �i�?�B�b �;���i�2�X �A�i �r�B�H�H �`�2�i�m�`�M �#�Q�i�?j0i �Q�j̀1i
�r�B�i�? �i�?�2 �b���K�2 �T�`�Q�T�Q�`�i�B�Q�M�b�- �#�2�7�Q�`�2 ���M�/ ���7�i�2�` �i�?�2 �m�b�2 �Q�7
���M �_�x �;���i�2�X �P�M�H�v �i�r�Q �T�Q�B�M�i�b �Q�7 �� �b�T�?�2�`�2 �/�Q �M�Q�i �K�Q�p�2
�/�m�`�B�M�; �� �`�Q�i���i�B�Q�M ���`�Q�m�M�/ ���M ���t�B�b �+�Q�M�M�2�+�i�B�M�; �i�?�2�K�X

�Ç �> �;���i�2�- ���F�� �>���/���K���`�/�@�q���H�b�?�- �i�m�`�M�b �� �[�m�#�B�i ���ij0i
�Q�j̀1i �B�M �� �b�m�T�2�`�T�Q�b�2�/ �b�i���i�2 �ój0i ���M�/j1i �ô�X �A�i �B�b �7�m�M�/���@
�K�2�M�i���H �i�Q �;�2�M�2�`���i�2 �i�?�B�b �b�m�T�2�`�T�Q�b�B�i�B�Q�M �B�M �i�?�2 �`�2�;�B�b�i�2�`�b
�B�M �K�Q�b�i �[�m���M�i�m�K ���H�;�Q�`�B�i�?�K�b�X �A�i �B�b �� �`�Q�i���i�B�Q�M ���`�Q�m�M�/
�i�?�2 ���t�B�b(X + Z )=

p
(2)�X �A�i �B�b �Q�7�i�2�M �m�b�2�/ �i�Q �B�M�B�i�B���H�B�x�2 ��

�[�m���M�i�m�K �`�2�;�B�b�i�2�` �#�2�7�Q�`�2 �2�t�2�+�m�i�B�M�; ���M �Q�`���+�H�2�@�#���b�2�/ ���H�@
�;�Q�`�B�i�?�K �H�B�F�2 �:�`�Q�p�2�` �Q�` �a�B�K�Q�M ���H�;�Q�`�B�i�?�K�b�X �6�B�;�m�`�2�R�N�9
�b�?�Q�r�b �� �`�2�T�`�2�b�2�M�i���i�B�Q�M �Q�7 �i�?�2 �2�z�2�+�i �Q�7 �i�?�B�b �;���i�2 �Q�M ��

�[�m�#�B�i �B�M�B�i�B���H�B�x�2�/ ���ij0i �Q�j̀1i ���M�/ �B�M�@�#�2�i�r�2�2�M�X �A�7 �r�2 ���T�@
�T�H�v �i�r�Q �>���/���K���`�/ �;���i�2�b �i�Q �� �[�m�#�B�i�- �r�2 �`�2�i�m�`�M �i�Q �i�?�2
�b�i���`�i�B�M�; �T�Q�B�M�i�X �A�M �Q�i�?�2�` �r�Q�`�/�b�,HH = I �- �r�B�i�? �A �#�2�B�M�;
�i�?�2 �B�/�2�M�i�B�i�v �Q�T�2�`���i�Q�`�X �h�?�B�b �B�b ���H�b�Q �p���H�B�/ �r�B�i�? �s�- �u ���M�/
�w �;���i�2�b�X �A�M �i�?�2 �m�b�m���H �M�Q�i���i�B�Q�M�- ���M �> �;���i�2 ���T�T�H�B�2�/ �i�Q
j0i �;�B�p�2�b �� �b�i���i�2j+ i ���M�/ ���M �> �;���i�2 ���T�T�H�B�2�/ �i�Qj1i �;�B�p�2�b
�� �b�i���i�2j�i �X �S�`���i�B�+���H�H�v�- �i�?�2 �> �;���i�2 �b�r���T�b �i�?�2 �w ���M�/ �s
�2�B�;�2�M�#���b�2�b�X �A�i �T�`�2�b�2�`�p�2�b �i�?�2 �S���m�H�B �;�`�Q�m�T �m�M�/�2�` �+�Q�M�D�m�@
�;���i�B�Q�M�X �h�?�2 �> �;���i�2 �B�b �� �#���+�F�#�Q�M�2 �Q�7 �b�i���#�B�H�B�x�2�` �+�B�`�+�m�B�i�b
�B�M �2�`�`�Q�` �+�Q�`�`�2�+�i�B�Q�M�- �Q�7 �T�?���b�2 �F�B�+�F�#���+�F ���M�/ �6�Q�m�`�B�2�`�@�H�B�F�2
�i�`���M�b�7�Q�`�K�b �B�M �[�m���M�i�m�K ���H�;�Q�`�B�i�?�K�b�- �Q�7 �K�2���b�m�`�2�K�2�M�i
�#���b�B�b �+�?���M�;�2�b�- ���M�/ �[�m�#�B�i �b�i���i�2 �i�2�H�2�T�Q�`�i���i�B�Q�M�X

H = 1p
2

2

41 1

1 � 1

3

5

�Ç �A�;���i�2 �B�b �i�?�2 �B�/�2�M�i�B�i�v �;���i�2�X �A�i �K���v �#�2 �m�b�2�/ ���b �� �T���m�b�2�X
�A�M �i�?�2 �`�2���H �T�?�v�b�B�+���H �r�Q�`�H�/�- �� �`�2���H �A �;���i�2 �B�b �M�Q�i ���M �2�t���+�i
�B�/�2�M�i�B�i�v �/�m�2 �i�Q �/�2�+�Q�?�2�`�2�M�+�2�5 �A�7 �v�Q�m �ó�`�m�M�ô �k�y �B�/�2�M�i�B�i�v
�;���i�2�b �Q�M ��j1i �[�m�#�B�i�- �v�Q�m�ö�H�H �2�M�/ �m�T �?���p�B�M�; �b�Q�K�2 ���K�@
�T�H�B�i�m�/�2 �~�B�T�T�B�M�; �2�`�`�Q�` �i�`���M�b�7�Q�`�K�B�M�; �T�`�Q�;�`�2�b�b�B�p�2�H�v �i�?�2
�[�m�#�B�i �B�M�i�Q ��j0i �X

I =

2

41 0

0 1

3

5

�Ç j0i �`�2�b�2�i �;���i�2 �B�b �b�Q�K�2�i�B�K�2�b �B�M�/�B�+���i�2�/ ���i �i�?�2 �#�2�;�B�M�@
�M�B�M�; �Q�7 ���M ���H�;�Q�`�B�i�?�K �i�Q �B�M�/�B�+���i�2 �i�?���i �r�2 �b�i���`�i �r�B�i�?
�B�M�B�i�B���H�B�x�2�/ �[�m�#�B�i�b�X �A�i �B�b �Q�#�p�B�Q�m�b�H�v �B�`�`�2�p�2�`�b�B�#�H�2�X

�:���i�2�@�#���b�2�/ �[�m���M�i�m�K �+�Q�K�T�m�i�B�M�; �:���i�2�b �� �R�N�N



�6�B�;�m�`�2 �R�N�9�, �1�t���K�T�H�2 �Q�7 ���T�T�H�B�+���i�B�Q�M �Q�7 ���M �>���/���K���`�/ �;���i�2 �Q�Mj0i �Q�j̀1i �[�m�#�B�i�b�X �h�?�2 �;���i�2 �B�b �� �`�Q�i���i�B�Q�M ���`�Q�m�M�/ �i�?�2 �s�Y�w ���t�B�b
�U�B�M �/�Q�i�i�2�/ �H�B�M�2�V�X �U�+�+�V �P�H�B�p�B�2�` �1�x�`���i�i�v ���M�/ �6�2�H�B�t �"�2�`�i�?�B�2�` �U�1�S�A�h���V�- �k�y�k�j�@�k�y�k�e�X

j0i =

2

41 0

0 0

3

5

�h�?�2 �K���i�?�2�K���i�B�+���H �7�Q�`�K���H�B�b�K ���T�T�H�B�2�/ �i�Q �� �b�B�M�;�H�2 �[�m�#�B�i
�b�B�K�T�H�v �B�H�H�m�b�i�`���i�2�b �i�?�B�b�X �"�m�i �i�?�B�b �r�Q�`�F�b �Q�M�H�v �B�M �i�?�2�Q�`�v�-
�Q�M�H�v �B�7 �i�?�2 �;���i�2 �2�`�`�Q�` �`���i�2 �B�b �x�2�`�Q�X �a�B�M�+�2 �B�i �B�b �M�Q�i �x�2�`�Q�-
�v�Q�m �/�Q�M�^�i �2�p�2�` �� �T�2�`�7�2�+�ij0i �Q�j̀1i �X

�� �[�m�#�B�i �`�2�b�2�i �Q�T�2�`���i�B�Q�M �K���v ���H�b�Q �#�2 �m�b�2�/ �i�Q �+�H�2���M �m�T
���M�+�B�H�H�� �[�m�#�B�i�b ���7�i�2�` �i�?�2�B�` �m�b���;�2�- �r�?�2�M �r�2 ���`�2 �M�Q�i �m�b�B�M�;
�i�?�2 �m�M�+�Q�K�T�m�i�2 �i�`�B�+�F�- �r�?�B�+�? �B�b �� �r���v �i�Q �+�H�2���M�H�v �`�2�b�2�i
���M�+�B�H�H�� �[�m�#�B�i�b ���M�/ �`�2�K�Q�p�2 �T�Q�i�2�M�i�B���H �2�M�i���M�;�H�2�K�2�M�i�b �r�B�i�?
�Q�i�?�2�` �[�m�#�B�i�b�X

�6�B�;�m�`�2�R�N�8�b�?�Q�r�b �`�2�T�`�2�b�2�M�i���i�B�Q�M�b �Q�7 �i�?�2 �2�z�2�+�i �Q�7 �i�?�2�b�2
�b�B�M�;�H�2 �[�m�#�B�i �;���i�2�b�- ���H�b�Q �H���#�2�H�H�2�/ �m�M���`�v �;���i�2�b�- �Q�M �[�m�#�B�i�b
�B�M�B�i�B���H�B�x�2�/ �B�Mj0i �7�Q�` �i�?�2 �;���i�2�b �>�- �s�- �u�- �_�t ���M�/ �_�v ���M�/
�r�B�i�?j+ i �7�Q�` �i�?�2 �T�?���b�2 �+�?���M�;�2 �;���i�2�b �a�- �h�- �w ���M�/ �_�x�X �A�M�@
�/�2�2�/�- �T�?���b�2 �b�?�B�7�i �;���i�2�b �?���p�2 �M�Q �2�z�2�+�i �Q�Mj0i ���b �r�2�H�H ���b �Q�M
j1i : �6�Q�`j1i �- �B�i �K���v �D�m�b�i �+�?���M�;�2 �i�?�2 �[�m�#�B�i �;�H�Q�#���H �T�?���b�2�-
���M�/ �M�Q�i �B�i�b �`�2�H���i�B�p�2 �T�?���b�2 �#�2�i�r�2�2�M �i�?�2 �[�m�#�B�i ���K�T�H�B�i�m�/�2�b
� ���M�/� �- �r�B�i�? �M�Q �K���i�2�`�B���H �B�K�T���+�i �Q�M �K�Q�b�i ���H�;�Q�`�B�i�?�K�b�X
�A�M �i�?�2 �2�t���K�T�H�2�b�- �i�?�2 �_ �;���i�2�b �m�b�2 ���M ���M�;�H�2 �Q�7 �N�y� �Q��̀= 2�X

�q�2 �M�Q�r �+�Q�p�2�` �i�r�Q ���M�/ �i�?�`�2�2 �[�m�#�B�i �;���i�2�b�X ���T���`�i �7�`�Q�K
�i�?�2 �a�q���S �;���i�2�- ���H�H �i�?�2�b�2 �;���i�2�b ���`�2 �+�Q�M�/�B�i�B�Q�M���H �;���i�2�b
�i�?���i ���T�T�H�v �� �i�`���M�b�7�Q�`�K���i�B�Q�M �Q�7 �i�?�2 �b�i���i�2 �Q�7 �Q�M�2 �Q�` �i�r�Q
�i���`�;�2�i �[�m�#�B�i�b ���+�+�Q�`�/�B�M�; �i�Q �i�?�2 �b�i���i�2 �Q�7 �Q�M�2 �+�Q�M�i�`�Q�H �[�m�#�B�i�X
�h�?�2�b�2 �+�Q�M�/�B�i�B�Q�M���H �;���i�2�b �+�`�2���i�2 �2�M�i���M�;�H�2�K�2�M�i �#�2�i�r�2�2�M
�i�?�2 �[�m�#�B�i�b �i�?���i ���`�2 �B�M �T�H���v�X �h�?�2 �2�M�i���M�;�H�2�K�2�M�i �#�2�i�r�2�2�M
�i�?�2 �B�M�p�Q�H�p�2�/ �[�m�#�B�i�b �B�b �T�2�`�b�B�b�i�2�M�i ���7�i�2�` �2�t�2�+�m�i�B�M�; �i�?�2�b�2
�;���i�2�b�X

�Ç �*�L�P�h �;���i�2 �B�b ���M �B�M�p�2�`�b�B�Q�M �Q�7 �i�?�2 �p���H�m�2 �Q�7 �� �[�m�#�B�i
�+�Q�M�/�B�i�B�Q�M�2�/ �#�v �i�?�2j1i �p���H�m�2 �Q�7 ���M�Q�i�?�2�` �[�m�#�B�i�X �A�i �B�b
�� �[�m���M�i�m�K �2�[�m�B�p���H�2�M�i �Q�7 �i�?�2 �s�P�_ �;���i�2 �B�M �+�H���b�b�B�+���H
�+�Q�K�T�m�i�B�M�;�X �6�Q�`�K�2�`�H�v �+���H�H�2�/ �6�2�v�M�K���M �;���i�2 �U�*�V�X

�Ç �*�k�L�P�h �Q��̀h�Q�z�Q�H�B �;���i�2�B�b ���M �B�M�p�2�`�b�B�Q�M �Q�7 �i�?�2 �p���H�m�2
�Q�7 �� �[�m�#�B�i �+�Q�M�/�B�i�B�Q�M�2�/ �#�v �i�?�2j1i �p���H�m�2 �Q�7 �i�r�Q �Q�i�?�2�`

�[�m�#�B�i�b�X ���b �b�?�Q�r�M �B�M �6�B�;�m�`�2�R�N�e�- �� �h�Q�z�Q�H�B �;���i�2 �+���M �#�2
�+�Q�M�b�i�`�m�+�i�2�/ �r�B�i�? �m�b�B�M�; �*�L�P�h�- �>�- �h ���M�/ �`�2�p�2�`�b�2 �h
�;���i�2�b�X

�Ç �*�w �;���i�2�- �Q�` �*�Q�M�i�`�Q�H�@�w�- �B�b �� �+�Q�M�/�B�i�B�Q�M���H �T�?���b�2 �+�?���M�;�2
�w �;���i�2�X

�Ç �*�a �;���i�2�- �Q�` �*�Q�M�i�`�Q�H�@�a�- ���H�H�Q�r�b �� �T�?���b�2 �+�?���M�;�2 �Q�7 ��
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�2�t�+�H�m�b�B�Q�M �T�`�B�M�+�B�T�H�2 ���M�/ ���M�i�B�+�Q�K�K�m�i���i�B�Q�M �`�2�H���i�B�Q�M�b
�i�?���M�F�b �i�Q �i�?�2 �K�B�M�m�b �b�B�;�M �B�M �B�i�b �m�M�B�i���`�v�X ���K�Q�M�; �Q�i�?�2�`
�m�b�2�b �+���b�2�b�- �i�?�B�b �;���i�2 �+���M �#�2 �m�b�2�/ �i�Q �b�B�K�m�H���i�2 �7�2�`�K�B�Q�M�B�+
�b�v�b�i�2�K�b �B�M �[�m���M�i�m�K �+�?�2�K�B�b�i�`�v�X �A�i �+���M �#�2 �;�2�M�2�`���i�2�/
�r�B�i�? �+�Q�K�#�B�M�B�M�; �� �a�q���S ���M�/ �� �*�w �;���i�2 �Q�` �9 �*�L�P�h
���M�/ �k �>���/���K���`�/ �;���i�2�b�X
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1 0 0 0

0 0 1 0

0 1 0 0

0 0 0 � 1
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�h�?�2 �2�z�2�+�i �Q�7 �i�r�Q�@�[�m�#�B�i �;���i�2�b �B�b �K�Q�b�i�H�v ���H�r���v�b �T�`�2�b�2�M�i�2�/
�r�B�i�? �m�b�B�M�;j0i �b ���M�/j1i �b ���b �b�i���`�i�B�M�; �T�Q�B�M�i�b �B�M �i�?�2 �+�Q�M�i�`�Q�H
�[�m�#�B�i�- �H�B�F�2 �r�B�i�? �ó�� �*�L�P�h �B�M�p�2�`�i�b �i�?�2 �b�i���i�2 �Q�7 �� �i��� �̀;�2�i
�[�m�#�B�i �r�?�2�M �i�?�2 �+�Q�M�i� �̀Q�H �[�m�#�B�i �B�bj1i �ô�X �"�m�i �i�?�2 �*�L�P�h
�r�B�H�H ���H�r���v�b �?���p�2 ���M �2�z�2�+�i �Q�M �i�?�2 �i���`�;�2�i �[�m�#�B�i �r�?�2�M �i�?�2
�+�Q�M�i�`�Q�H �[�m�#�B�i �B�b �M�Q�i �2�t���+�i�H�v �B�M �i�?�2j0i �b�i���i�2�X

�u�Q�m �D�m�b�i �M�2�2�/ �i�Q �?���p�2 �� �M�Q�M�@�M�m�H�H� �+�Q�K�T�H�2�t ���K�T�H�B�i�m�/�2
�+�Q�K�T�Q�M�2�M�i �B�M �i�?�2 �}�`�b�i �[�m�#�B�i�X �a�Q�- �i�?�2 �Q�M�H�v �+���b�2 �� �*�L�P�h
�r�B�H�H �/�Q �M�Q�i�?�B�M�; �Q�M �i�?�2 �i���`�;�2�i �[�m�#�B�i �B�b �r�?�2�M �i�?�2 �+�Q�M�i�`�Q�H
�[�m�#�B�i �B�b �2�t���+�i�H�v ��j0i �X

�h�Q �7�m�H�H�v �m�M�/�2�`�b�i���M�/ �i�?�2 �2�z�2�+�i �Q�7 �i�?�2�b�2 �;���i�2�b �Q�M ���M�v �[�m�#�B�i
�b�i���i�2 ���M�/ �+�Q�K�T�m�i���i�B�Q�M���H �#���b�B�b �p�2�+�i�Q�`�b �7�Q�` �b�2�p�2�`���H �[�m�#�B�i�b�-
�v�Q�m �K�m�b�i �H�Q�Q�F ���i �i�?�2 �m�M�B�i���`�v �K���i�`�B�+�2�b �B�K�T�H�2�K�2�M�i�B�M�;
�i�?�2�b�2 �;���i�2�b ���M�/ �i�?�2�B�` �H�B�M�2���` �2�z�2�+�i�b �Q�M �i�?�2 �[�m�#�B�i�b ���M�/�f�Q�`
�`�2�;�B�b�i�2�` �+�Q�K�T�m�i���i�B�Q�M���H �#���b�B�b �p�2�+�i�Q�`�b�X

�A�M �Q�i�?�2�` �r�Q�`�/�b�- ���M�/ ���b �/�2�K�Q�M�b�i�`���i�2�/ �B�M �6�B�;�m�`�2�R�N�N�- �m�M�@
�H�2�b�b �i�?�2 �+�Q�M�i�`�Q�H �[�m�#�B�i �B�bj0i �- �� �*�L�P�h �;���i�2 �r�B�H�H �+�`�2���i�2
�b�Q�K�2 �M�2�r �2�M�i���M�;�H�2�K�2�M�i �#�2�i�r�2�2�M �i�?�2 �+�Q�M�i�`�Q�H ���M�/ �i���`�;�2�i
�[�m�#�B�i�X �P�M�2 �+�Q�m�H�/ ���`�;�m�2 ���#�Q�m�i �i�r�Q �i�?�B�M�;�b�, �}�`�b�i�- ���7�i�2�` ��
�+�Q�m�T�H�2 �Q�7 �Q�T�2�`���i�B�Q�M�b�- �r�2 �M�2�p�2�` �?���p�2 �� �T�2�`�7�2�+�ij0i ���M�/
���`�2 �`���T�B�/�H�v �Q�z�@�#�Q�m�M�/�b�- �+�`�2���i�B�M�; �i�B�M�v �2�M�i���M�;�H�2�K�2�M�i �r�B�i�?
�*�L�P�h �;���i�2�b �B�M �i�?���i �+���b�2�- ���M�/ �b�2�+�Q�M�/�- �K�Q�b�i �*�L�P�h
�;���i�2�b ���`�2 �`�m�M ���7�i�2�` �� �>���/���K���`�/ �;���i�2 �r���b ���T�T�H�B�2�/ �Q�M �i�?�2
�+�Q�M�i�`�Q�H �[�m�#�B�i�- �;�2�i�i�B�M�; �Q�z �i�?�2j0i �b�i���i�2�5

�9�X�9�X�k �S�?�v�b�B�+���H �;���i�2�b

�P�i�?�2�` �i�r�Q�@�[�m�#�B�i �;���i�2�b �T�H���v �� �T���`�i�B�+�m�H���` �`�Q�H�2�X �h�?�2�b�2 ���`�2
�T�?�v�b�B�+���H �;���i�2�b �B�K�T�H�2�K�2�M�i�2�/ ���i �i�?�2 �H�Q�r�2�b�i �+�Q�M�i�`�Q�H �H�2�p�2�H
�/�2�T�2�M�/�B�M�; �Q�M �i�?�2 �[�m�#�B�i �i�v�T�2 �U�6�B�;�m�`�2�k�y�y�V�X �h�?�2�v ���`�2
�M�Q�i �M�2�+�2�b�b���`�B�H�v �/�B�`�2�+�i�H�v �m�b�2�7�m�H �7�Q�` �/�2�p�2�H�Q�T�2�`�b �#�m�i ���`�2 �i�?�2

�:���i�2�@�#���b�2�/ �[�m���M�i�m�K �+�Q�K�T�m�i�B�M�; �:���i�2�b �� �k�y�k



�6�B�;�m�`�2 �R�N�3�, �a�Q�H�p�B�M�; �i�?�2 ���K�#�B�;�m�B�i�v �Q�7 �T�?���b�2 �;���i�2�b �H���#�2�H�H�B�M�;�X �U�+�+�V �P�H�B�p�B�2�` �1�x�`���i�i�v�- �k�y�k�R�X

�6�B�;�m�`�2 �R�N�N�, �o�B�b�m���H�B�x���i�B�Q�M �Q�7 �� �*�L�P�h �i�r�Q�@�[�m�#�B�i �;���i�2 �2�z�2�+�i�- �;�2�M�2�`�B�+���H�H�v ���M�/ �r�B�i�? �� �+�Q�M�i�`�Q�H �[�m�#�B�i ���ij0i �- �i�?�2 �Q�M�H�v �+���b�2 �r�?�2�M �B�i
�r�Q�M�ö�i �;�2�M�2�`���i�2 ���M�v �[�m�#�B�i �2�M�i���M�;�H�2�K�2�M�i�X �U�+�+�V �P�H�B�p�B�2�` �1�x�`���i�i�v�- �k�y�k�R�X

�:���i�2�@�#���b�2�/ �[�m���M�i�m�K �+�Q�K�T�m�i�B�M�; �:���i�2�b �� �k�y�j



�#���b�B�b �Q�7 �b�Q�K�2 �b�T�2�+�B�}�+ �m�M�B�p�2�`�b���H �;���i�2�b �b�2�i�b �r�B�i�? �b�Q�K�2
�[�m�#�B�i �i�v�T�2�b�X

�h�?�2 �i�v�T�2�b �Q�7 �i�?�2�b�2 �;���i�2�b �K���v �B�M�~�m�2�M�+�2 �i�?�2 �T�2�`�7�Q�`�K���M�+�2
�Q�7 �i�?�2 �[�m���M�i�m�K �+�Q�K�T�m�i�2�` �/�2�T�2�M�/�B�M�; �Q�M �i�?�2 �Q�p�2�`�?�2���/ �B�i
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�Ç
p

SWAP �;���i�2�- �Q�` �b�[�m���`�2 �`�Q�Q�i �a�q���S�- �b�i�Q�T�b �?���H�7�r���v
�i�?�`�Q�m�;�? �� �a�q���S �U�#�2�H�Q�r�V�X �A�i �B�b �� �T�?�v�b�B�+���H �H�2�p�2�H �;���i�2
�m�b�2�/ �i�Q �2�M�i���M�;�H�2 �2�H�2�+�i�`�Q�M �b�T�B�M �[�m�#�B�i�b�X

�Ç iSWAP �;���i�2�B�b �� �i�r�Q�@�[�m�#�B�i �;���i�2 �i�?���i �B�b �B�K�T�H�2�K�2�M�i�2�/
�B�M �b�m�T�2�`�+�Q�M�/�m�+�i�B�M�; �[�m�#�B�i�b �H�B�F�2 �i�?�Q�b�2 �7�`�Q�K �A�"�J�X

p
SWAP =
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1 0 0 0

0 1
2 (1 + i ) 1

2 (1 � i ) 0

0 1
2 (1 � i ) 1

2 (1 + i ) 1

0 0 1 0
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�Ç �s�u �;���i�2 �B�b �� �;�2�M�2�`�B�+ �i�r�Q�@�[�m�#�B�i �;���i�2 �i�?���i �B�K�T�H�2�K�2�M�i�b
�� �`�Q�i���i�B�Q�M �#�v ���M�;�H�2�b� ���M�/� �#�2�i�r�2�2�M �i�?�2 �b�i���i�2�bj01i
���M�/j10i �- �r�B�i�? �i�?�2 �b�T�2�+�B���H �+���b�2iSWAP = XY (0; � )�X
�h�?�B�b �;���i�2�- �T�`�Q�T�Q�b�2�/ �#�v �_�B�;�2�i�i�B�- �+���M �#�2 �B�K�T�H�2�K�2�M�i�2�/
�Q�M �b�m�T�2�`�+�Q�M�/�m�+�i�B�M�; �[�m�#�B�i�b �i�Q �`�2�/�m�+�2 �i�?�2 �M�m�K�#�2�` �Q�7
�i�r�Q�@�[�m�#�B�i �;���i�2�b �`�2�[�m�B�`�2�/ �i�Q �2�t�2�+�m�i�2 �K���M�v �[�m���M�i�m�K
���H�;�Q�`�B�i�?�K�b �(�3�9�9�-�3�9�8�)�X

XY (�; � ) =
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1 0 0 0

0 cos( �
2 ) isin ( �

2 )ei� 0

0 isin ( �
2 )e� i� cos( �

2 ) 1

0 0 1 0
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�Ç �w�w �;���i�2�i�?���i �B�b �B�K�T�H�2�K�2�M�i�2�/ �r�B�i�? �[�m�#�B�i�b �+�Q�m�T�H�B�M�; �B�b
�� �i�2�+�?�M�B�[�m�2 �i�?���i �+���M �#�2 �m�b�2�/ �r�B�i�? �[�m�#�B�i �+�Q�m�T�H�2�`�b �i�Q
�+�Q�M�M�2�+�i �i�r�Q �b�m�T�2�`�+�Q�M�/�m�+�i�B�M�; �[�m�#�B�i�b ���M�/ �B�K�T�H�2�K�2�M�i�2�/
���b �� �*�w �;���i�2 �(�3�9�e�)�X �a�i���i�B�+ �w�w �B�M�i�2�`���+�i�B�Q�M�b �+���M ���H�b�Q
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�Ç �_ �t�t �-�_ �v�v ���M�/�_ �x�x ���`�2 �i�r�Q�@�[�m�#�B�i �;���i�2�b �i�?���i ���`�2 �B�K�T�H�2�@
�K�2�M�i�2�/ �M���i�B�p�2�H�v �B�M �b�Q�K�2 �i�`���T�T�2�/ �B�Q�M �[�m���M�i�m�K �+�Q�K�@
�T�m�i�2�`�b ���b �� �J�à�H�K�2�`�@�a�à�`�2�M�b�2�M �;���i�2�X �h�?�2�v ���`�2 �+���H�H�2�/
�A�b�B�M�; �+�Q�m�T�H�B�M�; �;���i�2�b�X �h�?�2 �;���i�2 �_�t�t �B�b �B�K�T�H�2�K�2�M�i�2�/ �M���@
�i�B�p�2�H�v �B�M �A�Q�M�Z �b�v�b�i�2�K�b�X �h�?�2�b�2 �;���i�2�b �r�2�`�2 ���H�b�Q �+�`�2���i�2�/
�7�Q�` �i�?�2 �}�`�b�i �L�J�_ �[�m���M�i�m�K �+�Q�K�T�m�i�B�M�; �b�v�b�i�2�K�b�X

�Ç �J�à�H�K�2�`�@�a�à�`�2�M�b�2�M �;���i�2�- �*�B�`���+�@�w�Q�H�H�2�` �;���i�2�U�*�@
�L�P�h�V�-���* �a�i���`�F �b�?�B�7�i �;���i�2���M�/�"�2�`�K�m�/�2�x �;���i�2
���`�2 �p���`�B�Q�m�b �i�r�Q�@�[�m�#�B�i �;���i�2�b �B�K�T�H�2�K�2�M�i�2�/ ���i �i�?�2 �T�?�v�b�@
�B�+���H �H�2�p�2�H �r�B�i�? �i�`���T�T�2�/ �B�Q�M�b �[�m�#�B�i�b�X �h�?�2 �J�à�H�K�2�`�@
�a�à�`�2�M�b�2�M �;���i�2 �B�b �� �ó�K�B�t�2�/�@�b�T�2�+�B�2�b�ô �2�M�i���M�;�H�B�M�; �;���i�2
�i�?���i �+���M �+�Q�m�T�H�2 �/�B�z�2�`�2�M�i �#�`�2�2�/�b �Q�7 �B�Q�M�b�X �A�i �B�b ���H�b�Q
�H�2�b�b �b�2�M�b�B�i�B�p�2 �i�Q �K�Q�i�B�Q�M �i�2�K�T�2�`���i�m�`�2�X �A�i �B�b �i�?�2 �K���B�M
�2�M�i���M�;�H�B�M�; �;���i�2 �7�Q�` �K���M�v �i�`���T�T�2�/ �B�Q�M �Z�S�l�b�X

�G�Q�;�B�+���H �`�2�p�2�`�b�B�#�B�H�B�i�v�X �Z�m���M�i�m�K �;���i�2�b �?���p�2 �i�?�2 �T���`�@
�i�B�+�m�H���`�B�i�v �Q�7 �#�2�B�M�; �H�Q�;�B�+���H�H�v �`�2�p�2�`�b�B�#�H�2�X �A�i �+���M �2���b�B�H�v �#�2
�p�B�b�m���H�B�x�2�/ �7�Q�` �� �b�B�M�;�H�2 �[�m�#�B�i �;���i�2�- �r�?�B�+�? �B�b �� �b�B�K�T�H�2 �`�Q�i���@
�i�B�Q�M �B�M �i�?�2 �"�H�Q�+�?�ö�b �b�T�?�2�`�2 ���M�/ �i�?�2�`�2�7�Q�`�2�- �`�2�p�2�`�b�B�#�H�2 �r�B�i�?
�i�?�2 �B�M�p�2�`�b�2 �`�Q�i���i�B�Q�M�X �� �K�m�H�i�B�@�[�m�#�B�i �;���i�2 �B�b �� �`�Q�i���i�B�Q�M �B�M
�� �r�B�/�2�` �/�B�K�2�M�b�B�Q�M���H �b�T���+�2�- �r�B�i�? �k�L �/�B�K�2�M�b�B�Q�M�b�- �L �#�2�B�M�;
�i�?�2 �M�m�K�#�2�` �Q�7 �[�m�#�B�i�b�X �G�B�F�2�r�B�b�2�- �B�i �B�b �H�Q�;�B�+���H�H�v �`�2�p�2�`�b�B�#�H�2
�r�B�i�? ���M �B�M�p�2�`�b�2 �`�Q�i���i�B�Q�M�- �#�m�i �?���`�/�2�` �i�Q �p�B�b�m���H�B�x�2�X
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�b�2�;�K�2�M�i���i�B�Q�M �r�B�i�? �U�+�Q�?�2�`�2�M�i�V �~�B�T �U�� �`�Q�i���i�B�Q�M ���`�Q�m�M�/
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�6�B�;�m�`�2 �k�j�e�, �h�?�2 �r�?�2�M�- �r�?���i ���M�/ �r�?�2�`�2 �Q�7 �2�`�`�Q�`�b ���z�2�+�i�B�M�; �[�m�#�B�i�b �b�2�T���`���i�B�M�; �H�Q�;�B�+���H �Q�T�2�`���i�B�Q�M�b �r�?�2�M �2�`�`�Q�`�b �?���T�T�2�M�- �i�?�2�B�`
�+�Q�K�T�m�i���i�B�Q�M���H �2�z�2�+�i�b �Q�M �i�?�2 �[�m�#�B�i�b ���M�/ �i�?�2�B�` �p���`�B�Q�m�b �T�?�v�b�B�+���H �Q�`�B�;�B�M�b�X �Z�m�#�B�i �}�/�2�H�B�i�B�2�b �+�Q�`�`�2�b�T�Q�M�/ �i�Q �K�2���b�m�`�2�K�2�M�i�b �/�Q�M�2 �B�M
�i�?�2 �ó�r�?�2�M�ô �`�2���H�K�- �h�R�f�h�k �i�Q �i�?�2 �ó�r�?���i�ô �`�2���H�K�- ���M�/ �b�T�2�+�B�}�+ �#�2�M�+�?�K���`�F�b ���`�2 �/�Q�M�2 �i�Q �B�/�2�M�i�B�7�v �i�?�2 �`�2�H���i�B�p�2 �r�2�B�;�?�i�b �Q�7 �i�?�2
�p���`�B�Q�m�b �T�?�v�b�B�+���H �2�`�`�Q�` �b�Q�m�`�+�2�b�X �h�?�2 �B�K�T���+�i �Q�7 �T�?�v�b�B�+���H �b�Q�m�`�+�2�b �Q�7 �2�`�`�Q�`�b �B�b �p���`�B���#�H�2 ���M�/ �[�m�#�B�i �i�v�T�2 �/�2�T�2�M�/�2�M�i�X �6�Q�` �2�t���K�T�H�2�-
�+�Q�b�K�B�+ �`���v�b �r�?�B�+�? �B�K�T���+�i �b�Q�H�B�/ �b�i���i�2 �[�m�#�B�i�b ���`�2 �`���`�2 �#�m�i �?���p�2 �� �+���i���b�i�`�Q�T�?�B�+ �B�K�T���+�i �Q�M �+�Q�K�T�m�i���i�B�Q�M �r�?�B�H�2 �;�`���p�B�i�v ���M�/
�[�m���M�i�m�K �p���+�m�m�K �~�m�+�i�m���i�B�Q�M�b ���`�2 �T�2�`�K���M�2�M�i �#�m�i �?���p�2 �� �K�B�M�B�K���H �2�z�2�+�i�X �h�?�2�M�- ���M�Q�i�?�2�` �p���`�B���i�B�Q�M �i�Q �#�2 �+�Q�M�b�B�/�2�`�2�/ �B�b �i�?�2
���#�B�H�B�i�v �i�Q �/���K�T�2�M �i�?�2 �B�K�T���+�i �Q�7 �i�?�2�b�2 �2�`�`�Q�`�b �Q�` �K�B�M�B�K�B�x�2 �i�?�2�K�X �6�Q�` �2�t���K�T�H�2�- �B�i �b�2�2�K�b �T�Q�b�b�B�#�H�2 �i�Q �B�K�T�`�Q�p�2 �i�?�2 �[�m���H�B�i�v �Q�7
�+�Q�M�i�`�Q�H �b�B�;�M���H�b ���M�/ �+�?�B�T�b �K���i�2�`�B���H�b �i�Q ���p�Q�B�/ �m�M�r���M�i�2�/ �2�z�2�+�i�b �r�?�B�H�2 �B�i �K���v �#�2 �K�Q�`�2 �/�B�{�+�m�H�i �i�Q ���p�Q�B�/ �p���`�B�Q�m�b �K���M�v�@�#�Q�/�v
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�� �H�B�M�2���` �+�Q�K�#�B�M���i�B�Q�M�- �+���M �/�2�b�+�`�B�#�2 �K���M�v �i�v�T�2�b �Q�7 �b�B�M�;�H�2
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�Z�m�#�B�i�b �+�Q�?�2�`�2�M�+�2 �i�B�K�2 �B�b ���M �B�M�/�B�+���i�B�Q�M �Q�7 �?�Q�r �H�Q�M�; �`�2�;�@
�B�b�i�2�` �[�m�#�B�i�b �`�2�K���B�M �+�Q�?�2�`�2�M�i�- �r�B�i�? �b�i���#�H�2 �b�m�T�2�`�T�Q�b�B�i�B�Q�M�X
�Z�m�#�B�i�b ���K�T�H�B�i�m�/�2 �b�i���#�B�H�B�i�v �B�b �2�p���H�m���i�2�/ �r�B�i�? ��T1 �i�B�K�2
�r�?�B�H�2 �T�?���b�2 �b�i���#�B�H�B�i�v �B�b �K�2���b�m�`�2�/ �r�B�i�? ��T2 ���M�/ ��T �

2 �-
�i�?�2�b�2 �#�2�B�M�; �b�Q�K�2�i�B�K�2�b �+�Q�M�7�m�b�2�/ �r�B�i�? �2���+�? �Q�i�?�2�` �B�M �i�?�2
�H�B�i�2�`���i�m�`�2 �(�N�d�y�)�X �a�B�M�;�H�2 �[�m�#�B�i �2�`�`�Q�`�b �+���M �#�2 �/�2�+�Q�K�T�Q�b�2�/
���b �H�B�M�2���` �+�Q�K�#�B�M���i�B�Q�M�b �Q�7 �i�?�2�b�2 �~�B�T ���M�/ �T�?���b�2 �2�`�`�Q�`�b�X
�J�Q�`�2 �T�`�2�+�B�b�2�H�v�- �b�B�M�;�H�2 �[�m�#�B�i�b �2�`�`�Q�`�b �+���M �#�2 �/�2�+�Q�K�T�Q�b�2�/
�B�M �[�m���M�i�m�K �+�?���M�M�2�H�b�, �/�2�T�Q�H���`�B�x�B�M�; �+�?���M�M�2�H �U�r�B�i�? �� �#�B�i
�~�B�T �2�`�`�Q�`�- �� �T�?���b�2 �~�B�T �2�`�`�Q�` �Q�` �� �+�Q�K�#�B�M���i�B�Q�M �Q�7 �#�Q�i�?�- �B�M
�r�?�B�+�? �+���b�2�- �i�?�2 �[�m�#�B�i �`�2�K���B�M�b �B�M �� �T�m�`�2 �b�i���i�2�- ���M�/ �i�?�2
�[�m�#�B�i �K�Q�p�2�b �r�B�i�? �b�Q�K�2 �`�Q�i���i�B�Q�M �B�M �i�?�2 �"�H�Q�+�? �b�T�?�2�`�2�V�- ��
�/�2�T�?���b�B�M�;�- �/�2�T�Q�H���`�B�x�B�M�; �Q�` �T�?���b�2 �/���K�T�B�M�; �+�?���M�M�2�H �U�p���M�@
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�b�2�T���`���i�2�H�v �+�Q�`�`�2�+�i �~�B�T ���M�/ �T�?���b�2 �2�`�`�Q�`�b�- �i�?�2 �B�M�i�2�;�`���i�B�Q�M
�Q�7 �r�?�B�+�? �+�Q�`�`�2�+�i�b ���M�v �H�B�M�2���` �+�Q�K�#�B�M���i�B�Q�M �Q�7 �#�Q�i�? �2�`�`�Q�`
�i�v�T�2�b�X
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�i�?���i ���`�2 �K�Q�/�B�7�v�B�M�; �i�?�2 �[�m���M�i�m�K �b�i���i�2 �Q�7 �i�?�2 �[�m�#�B�i �r�?�B�+�?
�B�b �`�2�T�`�2�b�2�M�i�2�/ �#�v �B�i�b �/�2�M�b�B�i�v �K���i�`�B�t� ���M�/ �?�Q�r �i�?�2 �2�`�`�Q�`
�+�?���M�M�2�H�b ���z�2�+�i �B�i�X

�>�2�`�2 �B�b �� �v�2�i ���;���B�M �`�2�p�B�b�B�i�2�/ �b�2�;�K�2�M�i���i�B�Q�M �Q�7 �2�`�`�Q�` �i�v�T�2�b
�U�ó�r�?���i�ô�V�,

�Ç �*�Q�?�2�`�2�M�i �2�`�`�Q�`�b�+�Q�`�`�2�b�T�Q�M�/ �i�Q �� �`�Q�i���i�B�Q�M �B�M �i�?�2
�"�H�Q�+�? �b�T�?�2�`�2 �Q�7 ���M ���M�;�H�2� ���`�Q�m�M�/ �� �p�2�+�i�Q�`bn�X �A�i �B�b ��
�m�M�B�i���`�v ���M�/ �`�2�p�2�`�b�B�#�H�2 �i�`���M�b�7�Q�`�K���i�B�Q�M�X �h�?�B�b �+�Q�?�2�`�2�M�i
�M�Q�B�b�2 �B�b �K�Q�b�i�H�v �/�m�2 �i�Q �� �T�`�2�/�B�+�i���#�H�2 �+�Q�M�i�`�Q�H �2�H�2�+�i�`�Q�M�B�+�b
�B�K�T�`�2�+�B�b�B�Q�M�X �A�i�b �2�z�2�+�i �Q�M �i�?�2 �[�m�#�B�i �/�2�M�b�B�i�v �K���i�`�B�t� �B�b
�i�?�2 �+�?���M�M�2�H�,� ! e� i �

2 bn:� �e i �
2 bn:� �X �h�?�B�b �i�v�T�2 �Q�7 �2�`�`�Q�`

�B�b �`�2�p�2�`�b�B�#�H�2�X �A�i �+�Q�`�`�2�b�T�Q�M�/�b �i�Q �S���m�H�B�@�s�- �S���m�H�B�@�u ���M�/
�S���m�H�B�@�w �2�`�`�Q�`�b �i�?���i �;�2�M�2�`���i�2 �m�M�r���M�i�2�/ �[�m�#�B�i �`�Q�i���i�B�Q�M�b
���`�Q�m�M�/ �i�?�2 �s �U�ó�#�B�i �~�B�T�ô�V�- �u ���M�/ �w �U�T�?���b�2 �~�B�T�V ���t�B�b
�B�M �i�?�2 �"�H�Q�+�? �b�T�?�2�`�2�X �h�?�2 �~�B�T �2�`�`�Q�` �B�b �K�2���b�m�`�2�/ �r�B�i�?
�� �b�B�K�T�H�2 �2�t�T�2�`�B�K�2�M�i �m�b�B�M�; ���M �s �;���i�2 ���M�/ �K�2���b�m�`�B�M�;
�i�?�2 �`�2�b�m�H�i �M �i�B�K�2�b ���i �/�B�z�2�`�2�M�i �i �i�B�K�2�b�XT1 �+�Q�`�`�2�b�T�Q�M�/�b
�i�Q �i�?�2 �i�B�K�2 �r�?�2�M �i�?�2 �T�`�Q�#���#�B�H�B�i�v �Q�7 �Q�#�i���B�M�B�M�; ��j1i
�`�2���+�?�2�b �R�f�2�X

�Ç ���K�T�H�B�i�m�/�2 �H�Q�b�b �2�`�`�Q�`�b�Q�` ���K�T�H�B�i�m�/�2 �/���K�T�B�M�; �B�b
�Q�M�2 �i�v�T�2 �Q�7 �B�M�+�Q�?�2�`�2�M�i ���M�/ �B�`�`�2�p�2�`�b�B�#�H�2 �2�`�`�Q�`�X �A�i �i�2�M�/�b
�i�Q �T�m�b�? �i�?�2 ���K�T�H�B�i�m�/�2 �#���+�F �i�Qj0i �- ���F�� �H�Q�M�;�B�i�m�/�B�M���H
�i�`���M�b�B�i�B�Q�M�- �+�Q�K�#�B�M�2�/ �r�B�i�? �b�Q�K�2 �/�2�T�Q�H���`�B�x���i�B�Q�M�X �A�i
�+�Q�`�`�2�b�T�Q�M�/�b �i�Q �� �/�2�+���v �Q�7 �i�?�2 �/�2�M�b�B�i�v �K���i�`�B�t �/�B���;�Q�M���H
�p���H�m�2�b�X �h�?�2 �2�z�2�+�i �Q�7 �� �~�B�T �2�`�`�Q�` �i�Q �i�?�2 �[�m�#�B�i �/�2�M�b�B�i�v
�K���i�`�B�t� �B�b �i�?�2 �+�?���M�M�2�H�,� ! (1 � p) � + p X�X �X
�h�?�2�b�2 �2�`�`�Q�`�b ���`�2 �`�2�H���i�2�/ �i�Q �i�?�2 �h�R�- �r�?�B�+�? �B�b �H�B�M�F�2�/ �i�Q
�� �H�Q�b�b �Q�7 ���K�T�H�B�i�m�/�2 �U�ó�2�M�2�`�;�v �`�2�H���t���i�B�Q�M�ô�V�- ���H�b�Q �+���H�H�2�/
�ó�H�Q�M�;�B�i�m�/�B�M���H �+�Q�?�2�`�2�M�+�2 �i�B�K�2�ô �Q�` �ó�b�T�Q�M�i���M�2�Q�m�b �2�K�B�b�@
�b�B�Q�M �i�B�K�2�ô�X �A�i �+�Q�`�`�2�b�T�Q�M�/�b �i�Q �� �H�Q�b�b �Q�7 �2�M�2�`�;�v �B�M �K�Q�b�i
�[�m�#�B�i�b�- �+�Q�K�B�M�; �7�`�Q�K �� �/�B�b�b�B�T���i�B�p�2 �T�`�Q�+�2�b�b �i�?���i �`�2�H�2���b�2�b
�b�Q�K�2 �2�M�2�`�;�v�X �A�M �b�m�T�2�`�+�Q�M�/�m�+�i�B�M�; �[�m�#�B�i �+�B�`�+�m�B�i�b�- �h�R �B�b
�T�`�Q�T�Q�`�i�B�Q�M���H �i�Q �i�?�2 �+�B�`�+�m�B�i �[�m���H�B�i�v �7���+�i�Q�` �Z �4! �[ �h�R�-
�r�?�B�+�? �B�i�b�2�H�7 �B�b �T�`�Q�T�Q�`�i�B�Q�M���H �i�Q �i�?�2 �`���i�B�Q �#�2�i�r�2�2�M �i�?�2
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�+�`�2���i�B�M�; �� �K�B�t�2�/ �b�i���i�2�- �b�?�Q�r�M �m�T �p�B�b�m���H�H�v �r�B�i�? �i�?�2
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�q�?�2�M �;�2�M�2�`���i�B�M�; �� �K���t�B�K���H�H�v �K�B�t�2�/ �b�i���i�2�- �r�2 �2�M�/
�m�T �r�B�i�? ���M �2�`���b�m�`�2 �2�`�`�Q�`�- �r�B�i�? �b�m�#�i�H�2�i�B�2�b �/�B�z�2�`�2�M�i�B�@
���i�B�M�; �#�B���b�2�/ �p�b �b�i���M�/���`�/ �2�`���b�m�`�2�b�X ���M�Q�i�?�2�` �2�`�`�Q�` �Q�7
�i�?�B�b �i�v�T�2 �B�b �/�2�T�?���b�B�M�; �M�Q�B�b�2 �r�?�B�+�? �+�Q�`�`�2�b�T�Q�M�/�b �i�Q ��
�`�Q�i���i�B�Q�M ���`�Q�m�M�/ �i�?�2 �w�@���t�B�b �+�Q�K�#�B�M�2�/ �r�B�i�? �b�Q�K�2 �/�2�@
�T�Q�H���`�B�x���i�B�Q�M�X �A�i�b �2�z�2�+�i �Q�M �i�?�2 �[�m�#�B�i �/�2�M�b�B�i�v �K���i�`�B�t
� �B�b �i�?�2 �[�m���M�i�m�K �+�?���M�M�2�H�,� ! (1 � p) � + p Z�Z �X
�q�B�i�?�Q�m�i �/�2�T�Q�H���`�B�x���i�B�Q�M�- �i�?�2�b�2 ���`�2 �T�?���b�2 �~�B�T �2�`�`�Q�`�b�X
�.�2�T�?���b�B�M�; �B�b �K�2���b�m�`�2�/ �r�B�i�?T2 �7�Q�` �H�Q�M�;�B�i�m�/�B�M���H �Q�`
�T�?���b�2 �M�Q�B�b�2 ���M�/T �
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2 �B�b �2�p���H�m���i�2�/ �r�B�i�? �� �_���K�b�2�v �2�t�T�2�`�B�@
�K�2�M�i�- ���T�T�H�v�B�M�; �Q�M�2 �>���/���K���`�/ �;���i�2�- �r���B�i �i�B�K�2 �i�- �i�?�2�M
���T�T�H�v�B�M�; ���M�Q�i�?�2�` �>���/���K���`�/ �;���i�2�- ���M�/ �`�2���/�Q�m�i�X �q�B�i�?�@
�Q�m�i �T�?���b�2 �2�`�`�Q�`�b�- �i�?�2 �T�`�Q�#���#�B�H�B�i�v �b�?�Q�m�H�/ �H�Q�Q�F �H�B�F�2 ��
�b�B�M�m�b�Q�B�/���H �+�m�`�p�2�X �q�B�i�? �B�i�- �i�?�2 �+�m�`�p�2 �b�H�Q�r�H�v �+�Q�M�p�2�`�;�2�b
���`�Q�m�M�/ �� �T�`�Q�#���#�B�H�B�i�v �y�X�8�XT �

2 �B�b �Q�#�i���B�M�2�/ �r�?�2�M �i�?�2
�T�`�Q�#���#�B�H�B�i�v �`�2���+�?�2�b �R�f�2�XT2 �B�b �Q�#�i���B�M�2�/ �r�B�i�? �� �>���?�M
�2�+�?�Q �2�t�T�2�`�B�K�2�M�i �r�?�2�`�2 ���M �s �;���i�2 �B�b ���/�/�2�/ ���i �i�f�k�-
�r�?�B�+�? �`�2�K�Q�p�2�b �b�Q�K�2 �2�`�`�Q�` �b�Q�m�`�+�2�b �M�Q�i �/�m�2 �i�Q �[�m�#�B�i
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�M�B�[�m�2 �m�b�B�M�; �+�Q�M�i�`�Q�H �T�m�H�b�2 ���/�D�m�b�i�K�2�M�i�b �i�Q ���p�Q�B�/ �i�?�2
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�i�?�2 �[�m�#�B�i �/�2�M�b�B�i�v �K���i�`�B�t� �B�b �i�?�2 �+�?���M�M�2�H� !
(1 � px � py � pz ) � + px X�X + py Y �Y + pzZ�Z �-
�r�B�i�? �/�B�z�2�`�2�M�i �T�`�Q�#���#�B�H�B�i�B�2�bpx �-py ���M�/pz ���z�2�+�i�B�M�; �s�-
�u ���M�/ �w�X

�Ç �J���`�F�Q�p�B���M ���M�/ �M�Q�M�@�J���`�F�Q�p�B���M �M�Q�B�b�2�B�b ���M�Q�i�?�2�`
�+�H���b�b�B�}�+���i�B�Q�M �Q�7 �M�Q�B�b�2 ���z�2�+�i�B�M�; �[�m�#�B�i�b�X �J���`�F�Q�p�B���M
�M�Q�B�b�2 �B�b �+�?���`���+�i�2�`�B�x�2�/ �#�v �B�i�b �K�2�K�Q�`�v�H�2�b�b �M���i�m�`�2�- �i�?�2
�M�Q�B�b�2 ���i �� �;�B�p�2�M �i�B�K�2 �/�2�T�2�M�/�B�M�; �Q�M�H�v �Q�M �i�?�2 �+�m�`�`�2�M�i
�b�i���i�2 �Q�7 �i�?�2 �b�v�b�i�2�K ���M�/ �M�Q�i �Q�M �B�i�b �T���b�i�X �A�i �B�b �/�2�b�+�`�B�#�2�/
�#�v �� �i�B�K�2�@�B�M�/�2�T�2�M�/�2�M�i �Q�` �i�B�K�2�@�H�Q�+���H �K���b�i�2�` �2�[�m���i�B�Q�M�-
�b�m�+�? ���b �i�?�2 �G�B�M�/�#�H���/ �2�[�m���i�B�Q�M�X �h�?�2 �K���B�M �J���`�F�Q�@
�p�B���M �M�Q�B�b�2 �2�`�`�Q�`�b ���`�2 �~�B�T �M�Q�B�b�2�- �/�2�T�?���b�B�M�; �M�Q�B�b�2 ���M�/
�/�2�T�Q�H���`�B�x�B�M�; �M�Q�B�b�2�X �L�Q�M�@�J���`�F�Q�p�B���M �M�Q�B�b�2 �?���b �b�Q�K�2
�K�2�K�Q�`�v �2�z�2�+�i�b �r�B�i�? �i�?�2 �[�m�#�B�i�ö�b �2�p�Q�H�m�i�B�Q�M �/�2�T�2�M�/�B�M�;
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���`�2 �i�?�2 �G���v�2�` �*�Q�/�2 �(�R�k�k�k�) ���M�/ �i�?�2 �j�. �a�h�* �+�Q�/�2 �(�R�k�k�j�)�X

�9�. �+�Q�/�2�b�m�b�2 �� �7�Q�m�`�@�/�B�K�2�M�b�B�Q�M���H �H���i�i�B�+�2�- �Q�7�i�2�M �K�Q�/�2�H�H�2�/
���b �� �i�2�b�b�2�`���+�i �Q�` �?�v�T�2�`�+�m�#�2 �(�R�k�k�9�)�X �h�?�2 �7�Q�m�`�i�? �/�B�K�2�M�@
�b�B�Q�M �B�b �M�Q�i �T�?�v�b�B�+���H �#�m�i �� �K���i�?�2�K���i�B�+���H ���#�b�i�`���+�i�B�Q�M �m�b�2�/
�i�Q �2�M�+�Q�/�2 �K�Q�`�2 �+�Q�K�T�H�2�t �`�2�H���i�B�Q�M�b�?�B�T�b �#�2�i�r�2�2�M �[�m�#�B�i�b�X
�h�?�2�b�2 �+�Q�/�2�b ���H�H�Q�r �7�Q�` �b�B�M�;�H�2�@�b�?�Q�i �2�`�`�Q�` �+�Q�`�`�2�+�i�B�Q�M ���M�/
�b�m�T�T�Q�`�i �H�Q�Q�T�@�Q�M�H�v �i�Q�`�B�+ �+�Q�/�2�b ���M�/ �>�2�`�K�B�i�2�@�M�Q�`�K���H�@�7�Q�`�K
�H���i�i�B�+�2 �`�Q�i���i�B�Q�M�b �(�R�k�R�3�)�X �J�B�+�`�Q�b�Q�7�i�ö�b �9�. �[�m���M�i�m�K �2�`�`�Q�`�@
�+�Q�`�`�2�+�i�B�M�; �+�Q�/�2�b �T�`�2�b�2�M�i�2�/ �B�M �k�y�k�8 ���`�2 �#�m�B�H�i �Q�M �� �9�.
�i�Q�`�m�b �H���i�i�B�+�2 �(�R�k�k�8�-�R�k�k�e�)�X �h�?�B�b �b�i�`�m�+�i�m�`�2 �B�b �T�2�`�B�Q�/�B�+ �B�M
���H�H �7�Q�m�` �/�B�K�2�M�b�B�Q�M�b ���M�/ �b�m�T�T�Q�`�i�b �H�Q�Q�T�@�Q�M�H�v �i�Q�`�B�+ �+�Q�/�2�b�X
�G�Q�;�B�+���H �Q�T�2�`���i�Q�`�b �+�Q�`�`�2�b�T�Q�M�/ �i�Q �+�H�Q�b�2�/ �H�Q�Q�T�b �B�M �9�. �b�T���+�2�X

�*�m�`�`�2�M�i�H�v�- �M�Q �[�m�#�B�i �K�Q�/���H�B�i�v �?���b �/�2�K�Q�M�b�i�`���i�2�/ �� �7�m�H�H�v
�7�m�M�+�i�B�Q�M�B�M�; �j�. �[�m�#�B�i �H���i�i�B�+�2 �r�B�i�? �H�Q�+���H �+�Q�M�i�`�Q�H ���M�/ �2�`�`�Q�`

�Z�m���M�i�m�K �+�Q�K�T�m�i�B�M�; �2�M�;�B�M�2�2�`�B�M�; �1�`�`�Q�` �?���M�/�H�B�M�; �� �k�e�j



�+�Q�`�`�2�+�i�B�Q�M�X �*�m�`�`�2�M�i �b�m�T�2�`�+�Q�M�/�m�+�i�B�M�; �[�m�#�B�i�b �m�b�2 �~�B�T�@�+�?�B�T
�#�Q�M�/�B�M�; �7�Q�` �+�Q�M�i�`�Q�H �`�Q�m�i�B�M�;�- �M�Q�i �7�Q�` �j�. �[�m�#�B�i �H���v�Q�m�i�X
�L�2�m�i�`���H ���i�Q�K ���`�`���v�b �+���M �i�`���T ���i�Q�K�b �B�M �j�. �+�Q�M�}�;�m�`���i�B�Q�M�b�-
�#�m�i �7�m�H�H �H�Q�+���H �+�Q�M�i�`�Q�H �B�M �j�. �B�b �M�Q�i �v�2�i �`�2���H�B�x�2�/ �/�m�2 �i�Q �H�B�K�@
�B�i���i�B�Q�M�b �B�M �i�r�2�2�x�2�`�b ���M�/ �;���i�2 �Q�T�2�`���i�B�Q�M�b�X �h�`���T�T�2�/ �B�Q�M�b
�+���M �#�2 �K���M�B�T�m�H���i�2�/ �B�M �j�. �i�`���T�b�- �#�m�i �b�+���H���#�H�2 �j�. �H���i�i�B�+�2�b
�r�B�i�? �H�Q�+���H �;���i�2�b ���`�2 �M�Q�i �v�2�i �7�2���b�B�#�H�2�X �6�B�M���H�H�v�- �T�?�Q�i�Q�M�B�+
�[�m�#�B�i�b ���`�2 �i�v�T�B�+���H�H�v �+�Q�M�}�M�2�/ �i�Q �R�. �Q�` �k�. �r���p�2�;�m�B�/�2
�b�i�`�m�+�i�m�`�2�b �(�R�k�k�d�)�X

�6�B�;�m�`�2 �k�8�8�, �J�B�+�`�Q�b�Q�7�i �`�2�T�`�2�b�2�M�i���i�B�Q�M �Q�7 �B�i�b �i�2�b�b�2�`���+�i �9�. �2�`�`�Q�`
�+�Q�`�`�2�+�i�B�Q�M �+�Q�/�2�X �a�Q�m�`�+�2�, �(�R�k�k�8�)�X

�q�?���i�2�p�2�`�- �B�M�i�2�`���+�i�B�Q�M�b �`�2�b�T�2�+�i�B�M�; �i�?�2 �H�Q�;�B�+���H �b�i�`�m�+�i�m�`�2
�Q�7 �� �j�. �Q�` �9�. �H���i�i�B�+�2 �+���M�- �B�M �T�`�B�M�+�B�T�H�2�- �#�2 �`�2���H�B�x�2�/ �B�M �k�.
�T�?�v�b�B�+���H �H���v�Q�m�i�b �B�7 �b�m�{�+�B�2�M�i �+�Q�M�M�2�+�i�B�p�B�i�v �#�2�i�r�2�2�M �i�?�2
�T�?�v�b�B�+���H �[�m�#�B�i�b �B�b �T�Q�b�b�B�#�H�2�X

�8�X�k�X�3 �a�v�M�/�`�Q�K�2 �/�2�+�Q�/�B�M�;

�1�`�`�Q�` �+�Q�`�`�2�+�i�B�Q�M �+�Q�/�2�b �H�B�F�2 �b�m�`�7���+�2 �+�Q�/�2�b�- �+�Q�H�Q�` �+�Q�/�2�b�-
���M�/ �[�G�.�S�*�ö�b �T�`�B�K���`�v �;�Q���H �B�b �i�Q �/�2�i�2�+�i �2�`�`�Q�` �b�v�M�/�`�Q�K�2�b
�r�B�i�? �m�b�B�M�; �/���i�2 �2�t�i�`���+�i�2�/ �r�B�i�? �T���`�B�i�v �K�2���b�m�`�2�K�2�M�i�b�X
�h�?�2�b�2 �T���`�B�i�v �K�2���b�m�`�2�K�2�M�i �`�2�b�m�H�i�b �K�m�b�i �#�2 �+�Q�K�T�m�i�2�/
�i�Q �/�2�i�2�+�i ���+�i�m���H �2�`�`�Q�`�b�- �r�?�2�`�2 �i�?�2�v �Q�+�+�m�`�`�2�/ ���M�/ �?�Q�r
�i�Q �+�Q�`�`�2�+�i �i�?�2�K �r�B�i�? �b�B�M�;�H�2 �[�m���M�i�m�K �;���i�2�b�X �h�?�B�b �B�b �i�?�2
�i���b�F ���H�H�Q�+���i�2�/ �i�Q �ó�2�`�`�Q�` �b�v�M�/�`�Q�K�2 �/�2�+�Q�/�B�M�;�ô�- �� �+�H���b�b�B�@
�+���H �+�Q�K�T�m�i�B�M�; �i���b�F �i�?���i �K�m�b�i �#�2 �`�m�M �`�2���H�@�i�B�K�2 �7�Q�` ���i
�H�2���b�i �i�r�Q �`�2���b�Q�M�b�, �2�`�`�Q�`�b �K�m�b�i �#�2 �+�Q�`�`�2�+�i�2�/ ���b �7���b�i ���b
�T�Q�b�b�B�#�H�2 �Q�i�?�2�`�r�B�b�2 �i�?�2 �+�Q�`�`�2�+�i�B�Q�M �K���v �#�2 �r�`�Q�M�; �/�m�2 �i�Q
�i�?�2 �/�v�M���K�B�+�b �Q�7 �i�?�2 �b�v�b�i�2�K �U�ó�/�`�B�7�i�B�M�; �M�Q�B�b�2�ô �(�R�k�k�3�)�V ���M�/
�B�i �K�m�b�i ���H�b�Q �+�Q�T�2 �r�B�i�? �i�?�2 �b�T�2�2�/ �Q�7 �i�?�2 �H�Q�;�B�+���H �;���i�2�b
�2�t�2�+�m�i�2�/ �Q�M �i�?�2 �Z�S�l�X

�a�v�M�/�`�Q�K�2 �2�`�`�Q�` �/�2�i�2�+�i�B�Q�M �+�Q�b�i �?���T�T�2�M�b �i�Q �b�+���H�2 �2�t�T�Q�M�2�M�@
�i�B���H�H�v �r�B�i�? �i�?�2 �b�B�x�2 �Q�7 �i�?�2 �+�Q�/�2 ���M�/ �B�i�b �`�2�H���i�2�/ �T�`�Q�#�H�2�K �B�b
�L�S �?���`�/�X �h�?���i�ö�b �[�m�B�i�2 �� �+�?���H�H�2�M�;�2�5 �a�Q�- �K���M�v �i�2�+�?�M�B�[�m�2�b
���`�2 �#�2�B�M�; �/�2�p�B�b�2�b �#�Q�i�? ���i �i�?�2 �b�Q�7�i�r���`�2 ���M�/ �?���`�/�r���`�2 �H�2�p�2�H
�i�Q �Q�T�i�B�K�B�x�2 �b�v�M�/�`�Q�K�2 �/�2�i�2�+�i�B�Q�M ���M�/ ���p�Q�B�/ �i�?�B�b �+�m�`�b�2
�(�R�k�k�N�)�X �a�v�M�/�`�Q�K�2 �/�2�+�Q�/�B�M�; �B�b �K�Q�b�i�H�v ���#�Q�m�i �b�Q�H�p�B�M�; �+�Q�K�@
�T�H�2�t �;�`���T�? �T�`�Q�#�H�2�K�b �b�B�M�+�2 �i�?�2 �[�m�#�B�i �i�Q �+�Q�`�`�2�+�i �/�2�T�2�M�/
�Q�M �i�?�2 �H���v�Q�m�i �Q�7 �i�?�2 �2�`�`�Q�` �b�v�M�/�`�Q�K�2 �Q�M �i�?�2 �U�m�b�m���H�H�v�V �k�.
�H�Q�;�B�+���H �[�m�#�B�i�ö�b �T�?�v�b�B�+���H �[�m�#�B�i �H���v�Q�m�i�X

�1�`�`�Q�` �b�v�M�/�`�Q�K�2 �/�2�+�Q�/�B�M�; �m�b�m���H�H�v �K���F�2�b �m�b�2 �Q�7 �� �h���M�@
�M�2�` �;�`���T�? �r�?�B�+�? �B�b �� �;�`���T�?�B�+���H �`�2�T�`�2�b�2�M�i���i�B�Q�M �Q�7 �i�?�2
�b�i�`�m�+�i�m�`�2 �Q�7 �� �+�Q�/�2�- �i�Q �7���+�B�H�B�i���i�2 �i�?�2 �+�`�2���i�B�Q�M �Q�7 �/�2�+�Q�/�@

�B�M�; ���H�;�Q�`�B�i�?�K�b �H�B�F�2 �#�2�H�B�2�7 �T�`�Q�T���;���i�B�Q�M�X �A�i �B�b �� �#�B�T���`�i�B�i�2
�;�`���T�? �+�Q�M�b�B�b�i�B�M�; �Q�7 �p���`�B���#�H�2 �M�Q�/�2�b �`�2�T�`�2�b�2�M�i�B�M�; �T�?�v�b�B�+���H
�[�m�#�B�i�b ���M�/ �+�?�2�+�F �M�Q�/�2�b �+�Q�`�`�2�b�T�Q�M�/�B�M�; �i�Q �T���`�B�i�v�@�+�?�2�+�F
�b�i���#�B�H�B�x�2�`�b�X �h�?�2 �h���M�M�2�` �;�`���T�?�ö�b �2�/�;�2�b �+�Q�M�M�2�+�i �p���`�B���#�H�2
�M�Q�/�2�b �i�Q �+�?�2�+�F �M�Q�/�2�b �B�7 �i�?�2 �+�Q�`�`�2�b�T�Q�M�/�B�M�; �[�m�#�B�i �T���`�i�B�+�B�@
�T���i�2�b �B�M �i�?���i �T���`�B�i�v �+�?�2�+�F �B�M �i�?�2 �2�`�`�Q�` �+�Q�`�`�2�+�i�B�Q�M �+�Q�/�2
�U�b�2�2 �2�t���K�T�H�2�b �Q�7 �h���M�M�2�` �;�`���T�?�b �B�M �(�R�R�N�N�)�V�X

�a�v�M�/�`�Q�K�2 �/�2�+�Q�/�B�M�; �+�H���b�b�B�+���H �+�Q�b�i�X �h�?�2 �+�H���b�b�B�+���H
�T���`�i �Q�7 �[�m���M�i�m�K �2�`�`�Q�` �+�Q�`�`�2�+�i�B�Q�M �B�b �b�B�;�M�B�}�+���M�i�X �A�i �B�b �?���M�@
�/�H�2�/ �#�v �� �+�H���b�b�B�+���H �+�Q�K�T�m�i�2�` �i�?���i �B�b ���b �+�H�Q�b�2 ���b �T�Q�b�b�B�#�H�2
�i�Q �i�?�2 �2�H�2�+�i�`�Q�M�B�+�b �+�Q�M�i�`�Q�H�H�B�M�; �i�?�2 �[�m�#�B�i�- �r�?���i�2�p�2�` �i�?�2
�[�m�#�B�i �i�v�T�2�X �:�Q�Q�;�H�2 �B�/�2�M�i�B�}�2�/ �� �e�j� �b �H���i�2�M�+�v �i�?�`�2�b�?�Q�H�/
�7�Q�` �b�v�M�/�`�Q�K�2 �/�2�+�Q�/�B�M�; �B�M �B�i�b �q�B�H�H�Q�r �T���T�2�` �(�R�k�j�y�)�X �6�m�H�H�@
�}�H�H�B�M�; �B�i �r�B�H�H �T�`�Q�#���#�H�v �M�2�2�/ �:�S�l�b�- �T���`�i�B�+�m�H���`�H�v �7�Q�` �H���`�;�2
�/�B�b�i���M�+�2 �+�Q�/�2�b �(�R�k�j�R�)�X �h�?�2 �i�m�`�M�@���`�Q�m�M�/ �+�Q�`�`�2�+�i�B�Q�M �+�v�+�H�2
�K�m�b�i �#�2 ���b �7���b�i ���b �T�Q�b�b�B�#�H�2�- �m�M�/�2�` �i�?�2 �+�Q�M�b�i�`���B�M�i �Q�7 �T�?�v�b�@
�B�+���H �[�m�#�B�i �/�2�+�Q�?�2�`�2�M�+�2 �i�B�K�2�X �P�M�2 �F�2�v �#�Q�i�i�H�2�M�2�+�F �?�2�`�2 �B�b
�i�?�2 �b�v�M�/�`�Q�K�2 �/�2�+�Q�/�B�M�; �i�?���i �B�b �i�?�2�Q�`�2�i�B�+���H�H�v ���M �L�S�@�?���`�/
�T�`�Q�#�H�2�K �(�R�k�j�k�-�R�k�j�j�)�X �Z�1�* �/�v�M���K�B�+ �+�Q�/�2 �+�Q�K�T�B�H���i�B�Q�M
�B�b ���H�b�Q �� �+�?���H�H�2�M�;�2 �(�R�k�j�9�)�X �a�m�`�7���+�2 �+�Q�/�2 �+�Q�K�T�B�H�B�M�; �r�B�i�?
�K���M�v �H�Q�;�B�+���H �[�m�#�B�i�b �b�2�2�K�b �T�Q�b�b�B�#�H�2 �B�M �� �`�2���b�Q�M���#�H�2 �i�B�K�2
�(�R�R�d�j�)�X

�J�q�S�J �U�K�B�M�B�K�m�K�@�r�2�B�;�?�i �T�2�`�7�2�+�i �K���i�+�?�B�M�; �Q�`
�K�B�M�B�K�m�K�@�r�2�B�;�?�i �/�2�+�Q�/�2�`�b�V �B�b ���M ���H�;�Q�`�B�i�?�K �m�b�2�/ �B�M �b�m�`�@
�7���+�2 �+�Q�/�2�b �i�?���i �B�M�i�2�`�T�`�2�i�b �i�?�2 �b�v�M�/�`�Q�K�2�b ���M�/ �/�2�i�2�`�K�B�M�2�b
�i�?�2 �K�Q�b�i �H�B�F�2�H�v �2�`�`�Q�` �+�Q�M�}�;�m�`���i�B�Q�M �i�?���i �r���b �/�2�i�2�+�i�2�/
�(�R�k�j�8�)�X �A�i �B�M�p�Q�H�p�2�b �}�M�/�B�M�; �i�?�2 �K�B�M�B�K�m�K�@�r�2�B�;�?�i �K���i�+�?�B�M�;
�Q�7 �i�?�2 �b�v�M�/�`�Q�K�2 �;�`���T�?�- �r�?�B�+�? �B�b �� �#�B�T���`�i�B�i�2 �;�`���T�? �`�2�T�@
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�#�Q�m�M�/�b �?���T�T�2�M�b �i�Q �b�m�T�T�`�2�b�b �i�?�2 �b�T�`�2���/ �Q�7 �T�2�`�i�m�`�#���i�B�Q�M�b�-
�?�2�H�T�B�M�; �7�Q�` �2�t���K�T�H�2 �i�Q �+�Q�M�i���B�M �+�`�Q�b�b�i���H�F ���M�/ �+�Q�`�`�2�H���i�2�/
�M�Q�B�b�2 �B�M �b�m�T�2�`�+�Q�M�/�m�+�i�B�M�; �[�m�#�B�i�b�X �h�?�2�v �`�2�}�M�2 �H�Q�+���H �M�Q�B�b�2
�K�Q�/�2�H�b ���M�/ �b�m�T�T�Q�`�i ���b�b�m�K�T�i�B�Q�M�b �m�b�2�/ �B�M �7���m�H�i�@�i�Q�H�2�`���M�i
�[�m���M�i�m�K �2�`�`�Q�` �+�Q�`�`�2�+�i�B�Q�M�X

�a�m�`�7���+�2 �+�Q�/�2�b �`�2�H�v �Q�M �H�Q�+���H �2�`�`�Q�` ���b�b�m�K�T�i�B�Q�M�b�X �G�_
�#�Q�m�M�/�b �p���H�B�/���i�2 �i�?�2�b�2 ���b�b�m�K�T�i�B�Q�M�b�- �b�m�T�T�Q�`�i �i�?�`�2�b�?�Q�H�/
�i�?�2�Q�`�2�K�b�- ���M�/ �2�M���#�H�2 �2�{�+�B�2�M�i �/�2�+�Q�/�B�M�;�X �"�Q�b�Q�M�B�+ �+�Q�/�2�b
�m�b�2 �+���p�B�i�v �K�Q�/�2�b �i�Q �2�M�+�Q�/�2 �[�m���M�i�m�K �B�M�7�Q�`�K���i�B�Q�M�X �G�_
�#�Q�m�M�/�b �?�2�H�T �B�b�Q�H���i�2 �K�Q�/�2�b�- �b�m�T�T�`�2�b�b �T�?�Q�i�Q�M �?�Q�T�T�B�M�;�-
���M�/ �H�B�K�B�i �2�`�`�Q�` �T�`�Q�T���;���i�B�Q�M�X �G�_ �#�Q�m�M�/�b ���H�b�Q �;�m�B�/�2
�+���p�B�i�v �/�2�b�B�;�M ���M�/ �T�m�H�b�2 �b�?���T�B�M�; �i�Q �K�B�M�B�K�B�x�2 �M�Q�M�@�H�Q�+���H
�B�M�i�2�`���+�i�B�Q�M�b ���M�/ �+�Q�`�`�2�H���i�2�/ �2�`�`�Q�`�b�X

�1�`�`�Q�` �+�Q�`�`�2�+�i�B�Q�M ���M�/ �H�Q�+���H�B�i�v �+�Q�M�b�i�`���B�M�i�b

�Z�1�* �T�`�Q�i�Q�+�Q�H�b �b�m�+�? ���b �i�?�2 �b�m�`�7���+�2 �+�Q�/�2 �`�2�H�v �Q�M �H�Q�+���H
�b�i���#�B�H�B�x�2�` �K�2���b�m�`�2�K�2�M�i�b�X �h�?�2�b�2 �K�2���b�m�`�2�K�2�M�i�b ���`�2 �+�Q�M�@
�b�i�`���B�M�2�/ �#�v �G�_ �#�Q�m�M�/�b�- �r�?�B�+�? �H�B�K�B�i �i�?�2 �b�T�2�2�/ ���i �r�?�B�+�?
�b�v�M�/�`�Q�K�2 �B�M�7�Q�`�K���i�B�Q�M �+���M �T�`�Q�T���;���i�2 ���+�`�Q�b�b �i�?�2 �+�Q�/�2
�[�m�#�B�i �H���i�i�B�+�2�X �G�2�iv�G�_ �#�2 �i�?�2 �G�B�2�#�@�_�Q�#�B�M�b�Q�M �p�2�H�Q�+�B�i�v
���M�/d �i�?�2 �+�Q�/�2 �/�B�b�i���M�+�2 �(�R�e�e�9�)�X �h�?�2�M �i�?�2 �K�B�M�B�K�m�K �i�B�K�2
�i�Q �2�t�i�`���+�i �� �b�v�M�/�`�Q�K�2 ���+�`�Q�b�b �� �H�Q�;�B�+���H �[�m�#�B�i �b�+���H�2�b ���b�,

t �b�v�M�/�`�Q�K�2� d
v �G�_

�6�Q�` �� �b�m�`�7���+�2 �+�Q�/�2 �r�B�i�? �/�B�b�i���M�+�2d = 25 ���M�/v�G�_ �
105 �K�f�b�- ���M�/ �[�m�#�B�i �b�T���+�B�M�;a = 200 � �K�- �r�2 �;�2�i�,

t �b�v�M�/�`�Q�K�2� 25� 200� 10� 6

105 = 50 �M�b

�h�?�B�b �B�b �r�B�i�?�B�M �i�?�2 �+�Q�?�2�`�2�M�+�2 �i�B�K�2 �Q�7 �b�m�T�2�`�+�Q�M�/�m�+�i�B�M�;
�[�m�#�B�i�b�- �#�m�i �K���v �#�2�+�Q�K�2 �T�`�Q�#�H�2�K���i�B�+ ���b �i�?�2 �b�m�`�7���+�2 �+�Q�/�2
�/�B�b�i���M�+�2d �B�M�+�`�2���b�2�b�X

�q�Q�`�F �#�v �6�`�B�2�/�K���M �2�i ���H �B�M �k�y�k�k �B�M �(�R�e�3�k�) �b�?�Q�r�b �i�?���i
�2�p�2�M �r�B�i�? ���+�i�B�p�2 �7�2�2�/�#���+�F ���M�/ �K�2���b�m�`�2�K�2�M�i�b�- �i�?�2 �G�_ �p�2�@
�H�Q�+�B�i�v �+���M �Q�M�H�v �#�2 �2�M�?���M�+�2�/ �#�v �� �7���+�i�Q�` �Q�7M + 1 �- �r�?�2�`�2
M �B�b �i�?�2 �M�m�K�#�2�` �Q�7 �K�2���b�m�`�2�/ �`�2�;�B�Q�M�b�X �h�?�m�b�- �2�p�2�M �r�B�i�?
���;�;�`�2�b�b�B�p�2 �T���`���H�H�2�H�B�b�K�- �i�?�2 �b�T�2�2�/�@�m�T �B�b �#�Q�m�M�/�2�/�,

v�2�z� (M + 1) v�G�_

�J���;�B�+ �b�i���i�2 �/�B�b�i�B�H�H���i�B�Q�M ���M�/ �;���i�2 �i�2�H�2�T�Q�`�i���i�B�Q�M

�h�Q�T�Q�H�Q�;�B�+���H �+�Q�/�2�b �H�B�F�2 �i�?�2 �b�m�`�7���+�2 �+�Q�/�2 �Q�` �+�Q�H�Q�` �+�Q�/�2�b
�Q�z�2�` �i�`���M�b�p�2�`�b���H �*�H�B�z�Q�`�/ �;���i�2�b�- �r�?�B�+�? ���`�2 �B�M�?�2�`�2�M�i�H�v
�7���m�H�i�@�i�Q�H�2�`���M�i ���M�/ �H�Q�+���H�X �>�Q�r�2�p�2�`�- �M�Q�M�@�*�H�B�z�Q�`�/ �;���i�2�b
�H�B�F�2 �h �;���i�2�b �`�2�[�m�B�`�2 ���/�/�B�i�B�Q�M���H �`�2�b�Q�m�`�+�2�b�- �Q�7�i�2�M �B�M�p�Q�F�B�M�;
�K���;�B�+ �b�i���i�2 �/�B�b�i�B�H�H���i�B�Q�M ���M�/ �;���i�2 �i�2�H�2�T�Q�`�i���i�B�Q�M �r�B�i�? �i�?�2�B�`
�Q�r�M �H���i�2�M�+�B�2�b�X �h�?�2 �K�2���M�b �Q�7 �B�K�T�H�2�K�2�M�i�B�M�; �i�?�2�b�2 �;���i�2
�i�2�H�2�T�Q�`�i���i�B�Q�M �i�Q �B�K�T�H�2�K�2�M�i �M�Q�M�@�*�H�B�z�Q�`�/ �;���i�2�b �i�`���M�b�p�2�`�@
�b���H�H�v �b�?�Q�m�H�/ �T�`�Q�#���#�H�v ���+�+�Q�m�M�i �7�Q�` �i�?�2 �G�_ �p�2�H�Q�+�B�i�v�X

�Z�m���M�i�m�K �+�Q�K�T�m�i�B�M�; �2�M�;�B�M�2�2�`�B�M�; �G�B�2�#�@�_�Q�#�B�M�b�Q�M �#�Q�m�M�/�b �� �j�k�3



�J���;�B�+ �b�i���i�2 �/�B�b�i�B�H�H���i�B�Q�M �U�J�a�.�V �B�b �� �T�`�Q�i�Q�+�Q�H �7�Q�` �T�`�2�T���`�@
�B�M�; �?�B�;�?�@�}�/�2�H�B�i�v �M�Q�M�@�*�H�B�z�Q�`�/ �`�2�b�Q�m�`�+�2 �b�i���i�2�b�- �b�m�+�? ���b �i�?�2
�h�@�b�i���i�2�,

jT i = j 0i + ei�= 4 j 1ip
2

�h�?�2 �i�2�H�2�T�Q�`�i���i�B�Q�M �+�B�`�+�m�B�i �m�b�2�b �� �"�2�H�H �T���B�` ���M�/ �� �T�`�2�T���`�2�/
�K���;�B�+ �b�i���i�2�- �7�Q�H�H�Q�r�2�/ �#�v �*�H�B�z�Q�`�/ �Q�T�2�`���i�B�Q�M�b ���M�/ �+�H���b�b�B�+���H
�7�2�2�/�@�7�Q�`�r���`�/�X

�G�2�iL �#�2 �i�?�2 �b�T���i�B���H �b�2�T���`���i�B�Q�M �#�2�i�r�2�2�M �H�Q�;�B�+���H �[�m�#�B�i�b�X
�h�?�2 �G�_ �#�Q�m�M�/ �B�K�T�H�B�2�b �i�?���i �i�?�2 �2�M�i���M�;�H�2�/ �"�2�H�H �T���B�` �K�m�b�i
�#�2 �/�B�b�i�`�B�#�m�i�2�/ �r�B�i�?�B�M �i�B�K�2�,

t �i�2�H�2�T�Q�`�i� L
v �G�_

�6�Q�L̀ = 1 �+�K�- �i�?�B�b �;�B�p�2�bt �i�2�H�2�T�Q�`�i� 100�M�b�- �r�?�B�+�? �B�b
�7�2���b�B�#�H�2 �#�m�i �i�B�;�?�i �B�M �H���`�;�2�@�b�+���H�2 �b�v�b�i�2�K�b�X

�J���;�B�+ �b�i���i�2�b �/�B�b�i�B�H�H���i�B�Q�M �B�i�b�2�H�7 �`�2�[�m�B�`�2�b �K�m�H�i�B�T�H�2 �`�Q�m�M�/�b
�Q�7 �/�B�b�i�B�H�H���i�B�Q�M�X �6�Q�` �2�t���K�T�H�2�- �i�?�2 �R�8�@�i�Q�@�R �"�`���p�v�B�@�E�B�i���2�p
�T�`�Q�i�Q�+�Q�H �`�2�/�m�+�2�b �2�`�`�Q�` �7�`�Q�Kp �i�QO(p3)�X �1���+�? �`�Q�m�M�/
�B�M�p�Q�H�p�2�b �*�H�B�z�Q�`�/ �Q�T�2�`���i�B�Q�M�b ���M�/ �K�2���b�m�`�2�K�2�M�i�b ���+�`�Q�b�b
�H�Q�;�B�+���H �[�m�#�B�i�b�X �h�?�2 �G�_ �#�Q�m�M�/ �+�Q�M�b�i�`���B�M�b �i�?�2 �i�B�K�2 �T�2�`
�`�Q�m�M�/�,

t �J�a�. � d�H�Q�;�B�+���H

v �G�_

�r�?�2�`�2d�H�Q�;�B�+���H�B�b �i�?�2 �/�B���K�2�i�2�` �Q�7 �i�?�2 �H�Q�;�B�+���H �[�m�#�B�i �T���i�+�?�X

�_�2�+�2�M�i ���/�p���M�+�2�b �T�`�Q�T�Q�b�2 �K�2���b�m�`�2�K�2�M�i�@�7�`�2�2 �K���;�B�+ �b�i���i�2
�/�B�b�i�B�H�H���i�B�Q�M �m�b�B�M�; �+�Q�?�2�`�2�M�i �7�2�2�/�#���+�F �(�R�e�3�j�)�- �r�?�B�+�? �`�2�@
�/�m�+�2�b �`�2�H�B���M�+�2 �Q�M �b�H�Q�r �K�2���b�m�`�2�K�2�M�i �+�v�+�H�2�b ���M�/ �K���v
�?�2�H�T �#�v�T���b�b �G�_ �+�Q�M�b�i�`���B�M�i�b�X �>�Q�r�2�p�2�`�- �i�?�B�b �+�Q�K�2�b ���i �i�?�2
�+�Q�b�i �Q�7 �`�2�/�m�+�2�/ �2�`�`�Q�` �b�m�T�T�`�2�b�b�B�Q�M �T�2�` �`�Q�m�M�/ �Q�7O(p2)
�B�M�b�i�2���/ �Q�7O(p3)�X

�l�H�i�B�K���i�2�H�v�- �r�?�B�H�2 �Z�1�* ���M�/ �7���m�H�i �i�Q�H�2�`���M�+�2 �/�Q �M�Q�i �2�H�B�K�B�@
�M���i�2 �i�?�2 �G�B�2�#�@�_�Q�#�B�M�b�Q�M �#�Q�m�M�/�- �i�?�2�v �T�`�Q�p�B�/�2 ���`�+�?�B�i�2�+�@
�i�m�`���H �b�i�`���i�2�;�B�2�b �i�Q �r�Q�`�F ���`�Q�m�M�/ �B�i�- �2�b�T�2�+�B���H�H�v �B�M �i�?�2
�+�Q�M�i�2�t�i �Q�7 �M�Q�M�@�*�H�B�z�Q�`�/ �;���i�2 �b�v�M�i�?�2�b�B�b ���M�/ �H�Q�;�B�+���H �[�m�#�B�i
�+�Q�M�M�2�+�i�B�p�B�i�v�X

�8�X�8�X�d �Z�m���M�i�m�K �T���`���H�H�2�H�B�b�K

�Z�m���M�i�m�K �T���`���H�H�2�H�B�b�K �B�b �Q�7�i�2�M �B�M�p�Q�F�2�/ ���b �� �+�Q�`�2 ���/�p���M�@
�i���;�2 �Q�7 �[�m���M�i�m�K �+�Q�K�T�m�i�B�M�;�X �"�v �T�H���+�B�M�; �� �[�m���M�i�m�K
�b�v�b�i�2�K �B�M �� �b�m�T�2�`�T�Q�b�B�i�B�Q�M �/�2�b�+�`�B�#�2�/ �#�v �� �p�2�`�v �H���`�;�2 �b�2�i
�Q�7 �+�Q�K�T�H�2�t ���K�T�H�B�i�m�/�2�b �B�M �i�?�2 �`�2�;�B�b�i�2�` �p�2�+�i�Q�` �b�i���i�2�- �B�i �B�b
�T�Q�b�b�B�#�H�2 �i�Q �K�Q�/�B�7�v ���H�H �i�?�2�b�2 ���K�T�H�B�i�m�/�2�b �2�M �T���`���H�H�2�H �r�B�i�?
�m�M�B�i���`�v �i�`���M�b�7�Q�`�K���i�B�Q�M�b�X �6�`�Q�K �i�?�2 �+�H���b�b�B�+���H �+�Q�K�T�m�i�B�M�;
�b�i���M�/�T�Q�B�M�i�- �B�i �H�Q�Q�F�b �H�B�F�2 �� �b�B�M�;�H�2 �[�m���M�i�m�K �;���i�2 �+�Q�m�H�/
�K�Q�/�B�7�v �ó�B�M�b�i���M�i���M�2�Q�m�b�H�v�ô2N �+�Q�K�T�H�2�t �M�m�K�#�2�`�b�X

�>�Q�r�2�p�2�`�- �i�?�B�b �M�Q�i�B�Q�M �B�b ���#�b�i�`���+�i ���M�/ �/�Q�2�b�M�ö�i ���+�+�Q�m�M�i
�7�Q�` �T�?�v�b�B�+���H �+�Q�M�b�i�`���B�M�i�b�X �G�_ �#�Q�m�M�/�b �+�?���H�H�2�M�;�2 �i�?�B�b �p�B�2�r
�#�v �`�2�p�2���H�B�M�; �� �K�Q�`�2 �M�m���M�+�2�/ �T�B�+�i�m�`�2 �r�?�2�`�2 �B�M�7�Q�`�K���i�B�Q�M
���M�/ �+�Q�`�`�2�H���i�B�Q�M�b �B�M �b�T���i�B���H�H�v �2�t�i�2�M�/�2�/ �[�m���M�i�m�K �b�v�b�i�2�K�b
�T�`�Q�T���;���i�2 ���i �� �}�M�B�i�2 �b�T�2�2�/�- �2�p�2�M �m�M�/�2�` �T�2�`�7�2�+�i�H�v �+�Q�?�2�`�@
�2�M�i �m�M�B�i���`�v �2�p�Q�H�m�i�B�Q�M ���M�/ �r�B�i�?�Q�m�i ���M�v �M�Q�B�b�2�X

�A�M �i�?�2 �+�B�`�+�m�B�i �K�Q�/�2�H�- �;���i�2�b ���`�2 �m�b�m���H�H�v ���T�T�H�B�2�/ �b�v�M�@
�+�?�`�Q�M�Q�m�b�H�v ���+�`�Q�b�b �i�?�2 �`�2�;�B�b�i�2�` �Q�M �K�m�H�i�B�T�H�2 �[�m�#�B�i�b�- ���M�/
�i�?�2 �;�H�Q�#���H �r���p�2�7�m�M�+�i�B�Q�M �B�b �b�m�T�T�Q�b�2�/ �i�Q �m�T�/���i�2 �B�M�b�i���M�i���@
�M�2�Q�m�b�H�v�X �h�?�2 �M�m�K�#�2�` �Q�7 �b�B�K�m�H�i���M�2�Q�m�b �;���i�2�b ���T�T�H�B�+���#�H�2 �i�Q
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�i�?�2 �T�Q�b�B�i�B�Q�M �Q�7 �i�?�2 �1�m�`�Q�T�2���M �l�M�B�Q�M �K�2�K�#�2�` �b�i���i�2�b�- �M�2�t�i �i�Q �i�?�2 �l�E�X �U�+�+�V �P�H�B�p�B�2�` �1�x�`���i�i�v �/���i���- �.�2�+�2�K�#�2�` �9th �- �k�y�k�8�X �a���M�F�2�v
�+�?���`�i �`�2���H�B�x�2�/ �r�B�i�? �a���M�F�2�v�J���i�B�+�X

�*�H���b�b�B�+���H �J�2�i�?�Q�/ �*�H���b�b�B�+���H �h�B�K�2 O(N 3 =�) �Z�S�1 O(N 2 =�) �Z�S�1

�.�2�M�b�B�i�v �6�m�M�+�i�B�Q�M���H �h�?�2�Q�`�v �U�.�6�h�V O(N 3) �L�f�� > 2050

�>���`�i�`�2�2 �6�Q�+�F �U�>�6�V O(N 4) > 2050 �k�y�9�9

�J�à�H�H�2�`�@�S�H�2�b�b�2�i �a�2�+�Q�M�/ �P�`�/�2�` �U�J�S�k�V O(N 5) > 2050 �k�y�j�3

�*�Q�m�T�H�2 �*�H�m�b�i�2�` �a�B�M�;�H�2�b ���M�/ �.�Q�m�#�H�2�b �U�*�*�a�.�VO(N 6) �k�y�9�9 �k�y�j�e

�*�Q�m�T�H�2 �*�H�m�b�i�2�` �a�B�M�;�H�2�b ���M�/ �.�Q�m�#�H�2�b �S�2�`�i�m�`�#���i�B�p�2
�h�`�B�T�H�2�b �U�*�*�a�.�U�h�V�V

O(N 7) �k�y�j�e �k�y�j�9

�6�m�H�H �*�Q�M�}�;�m�`���i�B�Q�M �A�M�i�2�`���+�i�B�Q�M �U�6�*�A�VO� (4N ) �k�y�j�k �k�y�j�R

�h���#�H�2 �e�, �*�Q�K�T���`�B�b�Q�M �Q�7 �+�H���b�b�B�+���H ���M�/ �[�m���M�i�m�K �U�Z�S�1�V �K�2�i�?�Q�/�b �r�B�i�? �i�?�2�B�` ���b�v�K�T�i�Q�i�B�+ �i�B�K�2�b ���M�/ �2�b�i�B�K���i�2�/ �}�`�b�i �v�2���` �Q�7
�[�m���M�i�m�K �2�+�Q�M�Q�K�B�+ ���/�p���M�i���;�2�X �h�?�2 �L�f�� �;�B�p�2�b �+���b�2�b �r�?�2�`�2 �Z�1�� �B�b �M�2�p�2�` ���+�?�B�2�p�2�/ �#�2�+���m�b�2 �i�?�2�`�2 �B�b �M�Q ���H�;�Q�`�B�i�?�K�B�+ ���/�p���M�i���;�2�X
�h�?�2 �+�?�2�K�B�+���H ���+�+�m�`���+�v �B�b �b�2�i �i�Q� �4 �R�y3 �- �L �`�2�T�`�2�b�2�M�i�B�M�; �i�?�2 �M�m�K�#�2�` �Q�7 �`�2�H�2�p���M�i �#���b�B�b �7�m�M�+�i�B�Q�M�b�X �a�Q�m�`�+�2�, �(�R�d�j�8�)�X

�Z�m���M�i�m�K �+�Q�K�T�m�i�B�M�; �2�M�;�B�M�2�2�`�B�M�; �1�+�Q�M�Q�K�B�+�b �� �j�9�8



�6�B�;�m�`�2 �k�N�9�, �*�Q�M�b�Q�H�B�/���i�B�Q�M �Q�7 �[�m���M�i�m�K �+�Q�K�T�m�i�2�` �m�M�B�i �b���H�2�b
�Q�` �/�2�T�H�Q�v�K�2�M�i�b ���b �Q�7 �a�2�T�i�2�K�#�2�` �k�y�k�8 �T�2�` �T�`�Q�p�B�/�2�` �+�Q�m�M�i�`�v�X
�A�i �2�b�i�B�K���i�2�b �i�?�2 �b���H�2�b �r�B�i�?�B�M �*�?�B�M�� �i�Q �R�R �m�M�B�i�b�- �+�Q�M�b�B�/�2�`�B�M�;
�i�?���i �P�`�B�;�B�M �Z�m���M�i�m�K �K���v �?���p�2 �b�Q�H�/ �K���M�v �Z�*�b �i�Q �m�M�B�p�2�`�@
�b�B�i�B�2�b �#�m�i �i�?�B�b �B�b �T�`�Q�#���#�H�v �+�Q�M�b�2�`�p���i�B�p�2�X �A�i �/�Q�2�b�M�ö�i ���+�+�Q�m�M�i
�7�Q�` �i�?�2 �a�T�B�M�Z �J�L�_�@�#���b�2�/ �Z�*�b �r�?�B�+�? �A �+�Q�M�b�B�/�2�`�2�/ ���b �#�2�B�M�;
�2�/�m�+���i�B�Q�M���H �i�Q�v�b �`���i�?�2�` �i�?���M �L�A�a�Z �[�m���M�i�m�K �+�Q�K�T�m�i�2�`�b�X �h�?�2
�+�?���`�i ���+�+�Q�m�M�i�b �7�Q�` �T���b�i ���M�/ �T�`�2�b�2�M�i �Z�*�b �m�b�2�/ �#�v �A�"�J ���M�/ �.�@
�q���p�2 �B�M �i�?�2�B�` �+�H�Q�m�/ �b�2�`�p�B�+�2�b�X �A�i �/�Q�2�b�M�ö�i ���+�+�Q�m�M�i �7�Q�` �i�?�2 �_���.
�+�Q�M�i�`���+�i�b �7�`�Q�K �.���_�S�� �Z�"�A �B�M �i�?�2 �l�a�� ���M�/ �S�`�Q�Z�*�B�K�� �B�M
�6�`���M�+�2�- �r�?�B�+�? �+���M�M�Q�i �M�Q�i �v�2�i �#�2 �+�Q�M�b�B�/�2�`�2�/ ���b �Z�* �Q�`�/�2�`�b�-
���M�/ �7�Q�` �M�Q�M�@�+�Q�K�K�2�`�+�B���H �Z�*�b �U�H�B�F�2 �i�?�2 �Z�m�h�2�+�? �Z�*�b �m�b�2�/ �B�M
�i�?�2 �Z�m���M�i�m�K �A�M�b�T�B�`�2 �Q�M�H�B�M�2 �b�2�`�p�B�+�2 �B�M �i�?�2 �L�2�i�?�2�`�H���M�/�b�V�X �U�+�+�V
�P�H�B�p�B�2�` �1�x�`���i�i�v �/���i���X

�8�X�d�X�e �"�B�#�H�B�Q�;�`���T�?�v

�h�?�2�b�2 ���`�2 �i�?�2 �#�B�#�H�B�Q�;�`���T�?�B�+���H �`�2�7�2�`�2�M�+�2�b �7�Q�` �i�?�2�1�+�Q�M�Q�K�B�+�b�b�m�#�@
�b�2�+�i�B�Q�M�X

�(�R�d�k�9�)�:�m���`�/�B���M�b �Q�7 �i�?�2 �Z�m���M�i�m�K �:���L�- �#�v ���`�+�?�B�b�K���M �:�?�Q�b�?�-
�.�2�#���`�b�?�B �E�m�M�/�m�- ���p�B�K�B�i�� �*�?���i�i�2�`�D�2�2�- ���M�/ �a�r���`�Q�Q�T �:�?�Q�b�?�-
���`�s�B�p�- �J���v �k�y�k�9 �U�R�R �T���;�2�b�V�X

�(�R�d�k�8�)���/�p���M�+�B�M�; �1�m�`�Q�T�2���M �Z�m���M�i�m�K �*�Q�K�T�m�i�B�M�;�, �a�B�;�M���i�m�`�2 �Q�7
�i�?�2 �S�`�Q�+�m�`�2�K�2�M�i �*�Q�M�i�`���+�i �7�Q�` �1�m�`�Q�Z�*�a�@�S�Q�H���M�/�- �h�?�2 �1�m�@
�`�Q�T�2���M �>�B�;�? �S�2�`�7�Q�`�K���M�+�2 �*�Q�K�T�m�i�B�M�; �C�Q�B�M�i �l�M�/�2�`�i���F�B�M�;
�U�1�m�`�Q�>�S�* �C�l�V�- �C�m�H�v �k�y�k�9�X

�(�R�d�k�e�)�a�B�;�M���i�m�`�2 �Q�7 �i�?�2 �S�`�Q�+�m�`�2�K�2�M�i �*�Q�M�i�`���+�i �7�Q�` �i�?�2 �1�m�`�Q�>�S�*
�Z�m���M�i�m�K �*�Q�K�T�m�i�2�` �G�Q�+���i�2�/ �B�M �A�i���H�v�- �#�v �1�m�`�Q�>�S�* �C�l�- �h�?�2
�1�m�`�Q�T�2���M �>�B�;�? �S�2�`�7�Q�`�K���M�+�2 �*�Q�K�T�m�i�B�M�; �C�Q�B�M�i �l�M�/�2�`�i���F�B�M�;
�U�1�m�`�Q�>�S�* �C�l�V�- �J���`�+�? �k�y�k�8�X

�(�R�d�k�d�)�Z�m���M�i�m�K �1�+�Q�M�Q�K�B�+ ���/�p���M�i���;�2�- �#�v �6�`���M�+�2�b�+�Q �"�Q�p�� �2�i ���H�-
�6�2�#�`�m���`�v �k�y�k�k �U�k�3 �T���;�2�b�V�X

�(�R�d�k�3�)�P�T�2�M �>���`�/�r���`�2 �a�Q�H�m�i�B�Q�M�b �B�M �Z�m���M�i�m�K �h�2�+�?�M�Q�H�Q�;�v�- �#�v
�L���i�?���M �a�?���K�K���?�- ���M�m�`���; �a���?�� �_�Q�v�- �*���`�K�2�M �:�X ���H�K�m�/�2�@
�p�2�`�- �a�û�#���b�i�B�2�M �"�Q�m�`�/�2���m�/�m�+�[�- ���M���b�i���b�B�B�� �"�m�i�F�Q�- �:�m�b�i���p�Q
�*���M�+�2�H�Q�- �a�m�b���M �J�X �*�H���`�F�- �C�Q�?���M�M�2�b �>�2�B�M�b�Q�Q�- �G�Q�[�+ �>�2�M�@
�`�B�2�i�- �:���M�; �>�m���M�;�- �*�?�`�B�b�i�Q�T�?�2 �C�m�`�+�x���F�- �C���M�M�2 �E�Q�i�B�H���?�i�B�-
���H�2�b�b���M�/�`�Q �G���M�/�`���- �_�v���M �G���_�Q�b�2�- ���M�/�`�2�� �J���`�B�- �E���b�`��
�L�Q�r�`�Q�m�x�B�- �*���b�T���` �P�+�F�2�H�Q�2�M�@�E�Q�`�T�T�B�- �:�m�2�M �S�`���r�B�`�Q���i�K�Q�/�D�Q�-
�A�`�7���M �a�B�/�/�B�[�B�- ���M�/ �q�B�H�H�B���K �C�X �w�2�M�;�- ���`�s�B�p�- �J���`�+�? �k�y�k�9 �U�k�k
�T���;�2�b�V�X

�(�R�d�k�N�)�h�?�2 �1�+�Q�M�Q�K�B�+�b �Q�7 ���M �P�T�2�M�@�a�Q�m�`�+�2 �Z�m���M�i�m�K �*�Q�K�T�m�i�2�`�-
�#�v �6�`���M�+�2�b�+�Q �"�Q�p�� ���M�/ �_�Q�;�2�` �:�X �J�2�H�F�Q�- ���`�s�B�p�- �C���M�m���`�v
�k�y�k�8 �U�R�R �T���;�2�b�V�X

�(�R�d�j�y�)�h�?�`�2�2 �a�i�2�T�b �U���M�/ �M�B�M�2 �K�B�H�2�b�i�Q�M�2�b�V �i�Q �*�Q�K�K�2�`�+�B���H �_�2���H�B�i�v
�B�M �Z�m���M�i�m�K �*�Q�K�T�m�i�B�M�;�- �#�v �Z�m�1�`���- �a�2�T�i�2�K�#�2�` �k�y�k�8 �U�9
�T���;�2�b�V�X

�(�R�d�j�R�)���M �2�+�Q�M�Q�K�B�+ ���M���H�v�b�B�b �Q�7 �[�m���M�i�m�K �+�Q�K�T�m�i�B�M�;�- �#�v �J���i�i�?�2�r
�:�Q�m�H�/ ���M�/ �E���i�2 �S�`�2�#�#�H�2�- �A�*�J�- ���T�`�B�H �k�y�k�8 �U�j�y �T���;�2�b�V�X

�(�R�d�j�k�)�Z�m���M�i�m�K �1�+�Q�M�Q�K�B�+ ���/�p���M�i���;�2�- �#�v �6�`���M�+�2�b�+�Q �"�Q�p�� �2�i ���H�-
�J���M���;�2�K�2�M�i �a�+�B�2�M�+�2�- �.�2�+�2�K�#�2�` �k�y�k�k �U�R�R �T���;�2�b�V�X

�(�R�d�j�j�)�>�Q�r �i�Q �B�M�i�`�Q�/�m�+�2 �[�m���M�i�m�K �+�Q�K�T�m�i�2�`�b �r�B�i�?�Q�m�i �b�H�Q�r�B�M�; �2�+�Q�@
�M�Q�K�B�+ �;�`�Q�r�i�?�- �#�v �*�?���M�/�2�` �o�2�H�m ���M�/ �6���i�?�B�`�Q �>�X �_�X �S�m�i�`���-
�L���i�m�`�2�- �C�m�H�v �k�y�k�j�X

�(�R�d�j�9�)�A�M�i�`�Q�/�m�+�B�M�; �i�?�2 �Z�m���M�i�m�K �1�+�Q�M�Q�K�B�+ ���/�p���M�i���;�2 �P�M�H�B�M�2 �*���H�@
�+�m�H���i�Q�`�- �#�v �6�`�2�/�2�`�B�+�F �J�2�D�B���- �>���M�b �:�m�M�/�H���+�?�- �C���v�b�Q�M �G�v�M�+�?�-
�*���`�H �.�m�F���i�x�- ���M�/�`�2�r �G�m�+���b�- �1�H�2���M�Q�` �*�`���M�2�- �S�`���b�?���M�i
�a�?�m�F�H���- ���M�/ �L�2�B�H �h�?�Q�K�T�b�Q�M�- ���`�s�B�p�- ���m�;�m�b�i �k�y�k�8 �U�R�R �T���;�2�b�V�X

�(�R�d�j�8�)�Z�m���M�i�m�K ���/�p���M�i���;�2 �B�M �*�Q�K�T�m�i���i�B�Q�M���H �*�?�2�K�B�b�i�`�v�\�- �#�v
�>���M�b �:�m�M�/�H���+�?�- �E�2�2�T�2�` �a�?���`�F�2�v�- �C���v�b�Q�M �G�v�M�+�?�- �o�B�+�i�Q�`�B��
�>���x�Q�;�H�Q�m�- �E�m�M�;�@�*�?�m���M �>�b�m�- �*���`�H �.�m�F���i�x�- �1�H�2���M�Q�` �*�`���M�2�-
�E���`�B�M �q���H�+�x�v�F�- �J���`�+�B�M �"�Q�/�x�B���F�- �C�Q�?���M�M�2�b �:���H���i�b���M�Q�b�@
�.�m�2�+�F�- ���M�/ �L�2�B�H �h�?�Q�K�T�b�Q�M�- ���`�s�B�p�- ���m�;�m�b�i �k�y�k�8 �U�R�R �T���;�2�b�V�X

�(�R�d�j�e�)�Z�S�l�b �q�Q�`�H�/�r�B�/�2�- �#�v �L�2�B�H ���#�`�Q�m�;�- �:�B�i�?�m�#�- ���T�`�B�H �k�y�k�8
�U�=�R�y�y �2�M�i�`�B�2�b�V�X

�h�?�B�b�1�+�Q�M�Q�K�B�+�b�b�m�#�b�2�+�i�B�Q�M �+�Q�M�i���B�M�b �R�j �#�B�#�H�B�Q�;�`���T�?�B�+���H �`�2�7�2�`�@
�2�M�+�2�b�X

�Z�m���M�i�m�K �+�Q�K�T�m�i�B�M�; �2�M�;�B�M�2�2�`�B�M�; �1�+�Q�M�Q�K�B�+�b �� �j�9�e



�8�X�3 �Z�m���M�i�m�K �+�Q�K�T�m�i�B�M�; �2�M�;�B�M�2�2�`�B�M�; �F�2�v �i���F�2���r���v�b

�Ç �� �[�m���M�i�m�K �+�Q�K�T�m�i�2�` �B�b �#���b�2�/ �Q�M �T�?�v�b�B�+���H �[�m�#�B�i�b �Q�7 �/�B�z�2�`�2�M�i �M���i�m�`�2�- �i�?�2 �K���B�M �Q�M�2�b �#�2�B�M�; �b�m�T�2�`�+�Q�M�/�m�+�i�B�M�;
�[�m�#�B�i�b�- �2�H�2�+�i�`�Q�M �b�T�B�M �[�m�#�B�i�b�- �L�o �+�2�M�i�2�`�b�- �+�Q�H�/ ���i�Q�K�b�- �i�`���T�T�2�/ �B�Q�M�b ���M�/ �T�?�Q�i�Q�M�b�X �h�?�2�v ���H�H �?���p�2 �T�`�Q�b ���M�/
�+�Q�M�b�- ���M�/ �M�Q �Q�M�2 �B�b �T�2�`�7�2�+�i ���i �i�?�B�b �b�i���;�2�X �6�m�i�m�`�2 �b�v�b�i�2�K�b �K���v �+�Q�K�#�B�M�2 �b�2�p�2�`���H �Q�7 �i�?�2�b�2 �i�2�+�?�M�Q�H�Q�;�B�2�b�X
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