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Abstract
Axions or axion-like particles (ALPs) are intriguing hypothetical entities with the
potential to solve long-standing mysteries in physics, including the strong CP problem
and the nature of dark matter. This work presents a project demonstrating a novel
method to search for axion/(ALPs) using a storage ring by exploiting the notion that
the local ALP-saturated dark matter field couples to the spin of the nucleons, via
either oscillating electric dipole moment, or via the axion-wind effect.

The proof-of-principle experiment was conducted at the Cooler Synchrotron COSY
in Jülich, Germany, using an in-plane polarised deuteron beam with momenta near
970 MeV/c. At resonance between the spin-precession frequency, which is related to
the momentum of the beam, and the ALP frequency related to its mass, the polari-
sation was expected to accumulate in the direction perpendicular to the ring plane.
Since the axion frequency is unknown, the experiment involved scanning the frequency
space for the aforementioned resonance. The scanning process entailed ramping of the
beam momentum and, consequently, the spin precession frequency and searching for
the change in vertical polarisation that is anticipated as the signal for resonance cross-
ing. To account for the unknown phase between the polarisation precession and the
ALP field, four beam bunches with mutually orthogonal polarisation directions were
employed. A frequency scan of 1.5–kHz width centred around the spin precession fre-
quency of 121 kHz was performed, accompanied by a methodology test using a radio
frequency Wien filter.

Although no resonant signals from ALPs were observed within the experimental sen-
sitivity, the first upper limit on the oscillating electric dipole moment of deuterons��dd
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��   6.4×10 e cm is provided at a 90% confidence level. Additionally, the up-
per limit on the coupling constants of ALPs with deuteron in the mass range of
4.95 neV c - 5.02 neV c are also derived.





Streszczenie
Aksjony lub cząstki aksjonopodobne (ang. axion-like particles, ALPs) są intrygu-
jącymi hipotetycznymi bytami stanowiącymi potencjalne rozwiązanie pewych prob-
lemów w fizyce, m.in. zbyt słabego łamania symetrii CP (ang. strong CP problem)
i natury ciemnej materii. Niniejsza praca przedstawia projekt demonstrujący nowa-
torską metodę poszukiwania aksjonów i ALPs przy użyciu pierścienia akumulacyjnego,
przy założeniu, że lokalne pole ciemnej materii, pochodzące głównie od ALPs, oddzi-
ałuje ze spinem nukleonów poprzez indukowanie oscylującego elektrycznego momentu
dipolowego lub efekt tzw. wiatru aksjonowego.

Pierwszy eksperyment demonstrujący metodę został przeprowadzony przy użyciu
synchrotronu Cooler Synchrotron COSY w Jülich w Niemczech przy wykorzysta-
niu wiązki deuteronów spolaryzowanej w płaszczyźnie pierścienia, o pędach bliskich
970 MeV/c. Oczekiwano, że przy rezonansie między częstotliwością precesji spinowej,
która jest związana z pędem wiązki, a częstotliwością ALPs związaną z ich masą, po-
laryzacja wiązki będzie zyskiwać składową w kierunku prostopadłym do płaszczyzny
pierścienia. Ponieważ częstotliwość aksjonów nie jest znana, eksperyment polegał na
skanowaniu przestrzeni częstotliwości w poszukiwaniu wspomnianego rezonansu. Pro-
ces skanowania wiązał się ze zwiększaniem pędu wiązki, a w konsekwencji częstotli-
wości precesji spinu, i poszukiwaniem zmiany składowej pionowej wektora polaryzacji,
która jest oczekiwana jako sygnał przejścia rezonansowego. Aby uwzględnić nieznaną
fazę między precesją polaryzacji a polem ALPs, zastosowano cztery wiązki o wzajem-
nie ortogonalnych kierunkach polaryzacji. Przeprowadzono skanowanie częstotliwości
w przedziale o szerokości 1,5 kHz wyśrodkowanym wokół częstotliwości precesji spinu
wynoszącej 121 kHz, któremu towarzyszył test metodologiczny z użyciem filtru Wiena
o częstotliwości radiowej.

Chociaż nie zaobserwowano sygnałów rezonansowych z ALPs w zakresie czułości
eksperymentalnej, wyznaczono pierwsze górne ograniczenie na oscylujący elektryczny
moment dipolowy deuteronów
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��   6.4×10 e cm na poziomie ufności 90%. Do-
datkowo podano również górne ograniczenie na stałe sprzężenia ALPs z deuteronami
w zakresie mas ALPs 4.95 neV c - 5.02 neV c .
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�b�i���i�2�b �B�b �K�Q�`�2 �T�Q�T�m�H���i�2�/ �i�?���M �i�?�2 �Q�i�?�2�`�b�- �`�2�b�m�H�i�B�M�; �B�M �i�?�2 �T�Q�H���`�B�b���i�B�Q�M �Q�7 �i�?�2 �#�2���K�X

�6�Q�` �� �#�2���K �Q�7 �b�T�B�M�@1
2 �T���`�i�B�+�H�2�b�- �i�?�2�`�2 ���`�2 �i�r�Q �T�Q�b�b�B�#�H�2 �b�T�B�M �b�i���i�2�b�- ���b �K�2�M�i�B�Q�M�2�/ �2���`�H�B�2�`�X

�h�?�2 �7�`���+�i�B�Q�M���H �T�Q�T�m�H���i�B�Q�M �Q�7 �T���`�i�B�+�H�2�b �B�Mm � � 1
2 �b�i���i�2 �B�b �/�2�M�Q�i�2�/ ���bN � ���M�/N � �B�b

�i�?�2 �7�`���+�i�B�Q�M���H �T�Q�T�m�H���i�B�Q�M �Q�7 �T���`�i�B�+�H�2�b �B�Mm � � 1
2 �b�i���i�2�- �b�m�+�? �i�?���i �i�?�2 �i�Q�i���H �T�Q�T�m�H���i�B�Q�M

�B�bN � � N � � 1�X �h�?�2 �p�2�+�i�Q�` �T�Q�H���`�B�b���i�B�Q�MPV �B�b �/�2�}�M�2�/ ���b �i�?�2 �/�B�z�2�`�2�M�+�2 �B�M �T�Q�T�m�H���i�B�Q�M�b

�B�M �i�?�2 �i�r�Q �b�i���i�2�b ���M�/ �2�t�T�`�2�b�b�2�/ ���b�,

PV � N � � N � �U�j�X�R�X�R�V

���M�/ �+���M �`���M�;�2 �7�`�Q�K �@�R �i�Q �Y�R�X �� �p���H�m�2 �Q�7PV � 1 or � 1 �B�M�/�B�+���i�2�b �+�Q�K�T�H�2�i�2 �p�2�+�i�Q�`

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

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

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

�+�?�Q�B�+�2 �Q�7 �[�m���M�i�B�b���i�B�Q�M ���t�B�b�X �6�Q�` �2�t���K�T�H�2�- �B�7 �r�2 �+�?�Q�b�2z ���t�B�b ���b �i�?�2 �T�Q�H���`�B�b���i�B�Q�M ���t�B�b

���M�/ �T�Q�H���`�B�b���i�B�Q�M ���H�Q�M�; �i�?�B�b �/�B�`�2�+�i�B�Q�MPz � 1�- �i�?�2�M �i�?�2 �T�Q�H���`�B�b���i�B�Q�M ���H�Q�M�; �Q�i�?�2�` ���t�2�b

�r�B�H�H �#�2 �x�2�`�QPx, Py � 0�X �6�Q�` �� �T���`�i�B���H�H�v �T�Q�H���`�B�b�2�/ �#�2���K�- �i�?�2 �b�m�K �B�M �[�m���/�`���i�m�`�2 �Q�7 �i�?�2

�T�Q�H���`�B�b���i�B�Q�M ���H�Q�M�; �i�?�2 �i�r�Q �/�B�z�2�`�2�M�i ���t�2�b �+���M�M�Q�i �2�t�+�2�2�/ �m�M�B�i�v�X



�a�T�B�M �k�R

�.�2�m�i�2�`�Q�M �T�Q�H���`�B�b���i�B�Q�M

�G�2�i �m�b �2�t���K�B�M�2 �i�?�2 �T�Q�H���`�B�b���i�B�Q�M �Q�7 �/�2�m�i�2�`�Q�M�- �r�?�B�+�? �B�b �� �b�T�B�M�@�R �T���`�i�B�+�H�2�X �A�i �?���b �i�?�`�2�2

�b�T�B�M �b�i���i�2�b �/�2�M�Q�i�2�/ �#�vm � 1, 0,� 1 ���b �b�?�Q�r�M �B�M �6�B�;�X �j�X�R�#�- ���M�/ �i�?�2�b�2 �b�i���i�2�b �?���p�2

�� �7�`���+�i�B�Q�M���H �T�Q�T�m�H���i�B�Q�M �Q�7N � , N0, N � �- �`�2�b�T�2�+�i�B�p�2�H�v�- �r�?�2�`�2N � � N0 � N � � 1�X ���M

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

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

�/�B�`�2�+�i�B�Q�M�- ���b �;�B�p�2�M �#�v�-

N � � N0 � N � �
1
3

. �U�j�X�R�X�k�V

�h�?�2 �p�2�+�i�Q�` �T�Q�H���`�B�b���i�B�Q�MPV �7�Q�` �� �/�2�m�i�2�`�Q�M�- �/�2�}�M�2�/ ���b �i�?�2 �/�B�z�2�`�2�M�+�2 �#�2�i�r�2�2�M �i�?�2 �T�Q�T�@

�m�H���i�B�Q�M �Q�7m � � 1 and � 1 �b�i���i�2�b�- �B�b �;�B�p�2�M �#�v�,

PV � N � � N � . �U�j�X�R�X�j�V

�G�2�i �m�b �+�Q�M�b�B�/�2�` �T���`�i�B�+�H�2�b �B�M �i�?�2m � 0 �b�T�B�M �b�i���i�2�X ���H�i�?�Q�m�;�? �i�?�2�B�` �T�`�Q�D�2�+�i�B�Q�M �Q�M�i�Q �i�?�2

�[�m���M�i�B�b���i�B�Q�M ���t�B�b �B�b �x�2�`�Q�- �B�M�/�B�+���i�B�M�; �x�2�`�Q �p�2�+�i�Q�` �T�Q�H���`�B�b���i�B�Q�M�- �i�?�2�v ���`�2 �b�i�B�H�H ���H�B�;�M�2�/ �B�M

�i�?�2 �/�B�`�2�+�i�B�Q�M �T�2�`�T�2�M�/�B�+�m�H���` �i�Q �i�?�2 �[�m���M�i�B�b���i�B�Q�M ���t�B�b�X �h�?�B�b ���H�B�;�M�K�2�M�i �B�b �`�2�7�2�`�`�2�/ �i�Q ���b

�i�2�M�b�Q�` �T�Q�H���`�B�b���i�B�Q�M ���M�/ �B�b �2�t�T�`�2�b�b�2�/ ���b�-

PT � N � � N � � 2N0 � 1 � 3N0. �U�j�X�R�X�9�V

�>�2�`�2�-PT �+���M �?���p�2 �p���H�m�2�b �`���M�;�B�M�; �7�`�Q�K �@�k �i�Q �R�X

�A�M �2�t�T�2�`�B�K�2�M�i�b ���B�K�2�/ ���i �b�2���`�+�?�B�M�; �7�Q�` ���t�B�Q�M�b �B�M �� �b�i�Q�`���;�2 �`�B�M�;�- �i�?�2 �T�`�B�K���`�v �7�Q�+�m�b �B�b �Q�M

�p�2�+�i�Q�` �T�Q�H���`�B�b���i�B�Q�M �#�2�+���m�b�2 �i�?�2 �2�z�2�+�i�b �Q�7 ���t�B�Q�M�b ���`�2 �Q�#�b�2�`�p�2�/ �Q�M �p�2�+�i�Q�` �T�Q�H���`�B�b���i�B�Q�M

�`���i�?�2�` �i�?���M �i�2�M�b�Q�` �T�Q�H���`�B�b���i�B�Q�M�X �6�Q�` �2�t���K�T�H�2�- �i�?�2 �2�z�2�+�i �Q�7 �Q�b�+�B�H�H���i�B�M�; �1�.�J �K���M�B�7�2�b�i�b

�i�?�`�Q�m�;�? �i�?�2 �+�`�Q�b�b �T�`�Q�/�m�+�i �Q�7 �p�2�+�i�Q�`�bpc~b � ~Bq�- �r�?�B�+�? �B�b �� �p�2�+�i�Q�` �U�i�Q �#�2 �/�B�b�+�m�b�b�2�/

�H���i�2�` �B�M �i�?�2 �+�?���T�i�2�`�V�- ���M�/ �/�Q �M�Q�i �B�K�T���+�i �i�?�2 �i�2�M�b�Q�` �T�Q�H���`�B�b���i�B�Q�M�X �h�?�2�`�2�7�Q�`�2�- �i�2�M�b�Q�`

�T�Q�H���`�B�b���i�B�Q�M �B�b �M�Q�i �+�Q�M�b�B�/�2�`�2�/ �+�`�m�+�B���H �B�M �i�?�B�b �2�t�T�2�`�B�K�2�M�i�X ���/�/�B�i�B�Q�M���H�H�v�- �i�?�2 �T�`�2�b�2�M�+�2 �Q�7

�i�2�M�b�Q�` �T�Q�H���`�B�b���i�B�Q�M �+���M �B�M�i�`�Q�/�m�+�2 �b�v�b�i�2�K���i�B�+�b �B�M �i�?�2 �K�2���b�m�`�2�K�2�M�i�- �r�?�B�+�? �K���v �`�2�b�m�H�i

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

�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 �/�B�z�2�`�2�M�i�B���i�2 �i�?�2�b�2 �2�z�2�+�i�b�- �B�i �+���M �#�2 �+�?���H�H�2�M�;�B�M�; �i�Q

�B�/�2�M�i�B�7�v �B�M �T�`���+�i�B�+�2�X �h�?�2�`�2�7�Q�`�2�- �i�Q �K�B�M�B�K�B�b�2 �T�Q�i�2�M�i�B���H �b�v�b�i�2�K���i�B�+ �2�`�`�Q�`�b�- ���H�H �/���i�� �B�M �i�?�2

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

�p�2�+�i�Q�`�@�T�Q�H���`�B�b�2�/ �b�i���i�2 �r�B�i�? �M�Q �i�2�M�b�Q�` �+�Q�K�T�Q�M�2�M�i �UPT � 0�V�- �i�?�2 �7�`���+�i�B�Q�M���H �T�Q�T�m�H���i�B�Q�M



�k�k �S�Q�H���`�B�b���i�B�Q�M �K�2���b�m�`�2�K�2�M�i

N0 �K�m�b�i �?���p�2 �� �p���H�m�2 �Q�7 �R�f�j�- �b�2�2 �1�[�X �U�j�X�R�X�9�V�X �*�Q�M�b�B�/�2�`�B�M�; �i�?�2 �b�m�K �Q�7 �i�?�2 �7�`���+�i�B�Q�M���H

�T�Q�T�m�H���i�B�Q�M �B�b �Q�M�2�- �i�?�2 �K���t�B�K�m�K ���+�?�B�2�p���#�H�2 �p�2�+�i�Q�` �T�Q�H���`�B�b���i�B�Q�M �B�b� 66.66% �Q�7 �i�?�2

�K���t�B�K�m�K�- �`�2�b�m�H�i�B�M�; �B�M

�
2
3

¤ PV ¤
2
3

. �U�j�X�R�X�8�V

�j�X�k�h�?�2�Q�`�v �#�2�?�B�M�/ �K�2���b�m�`�2�K�2�M�i �Q�7 �T�Q�H���`�B�b���i�B�Q�M

�� �T�Q�H���`�B�K�2�i�2�` �B�b �� �/�2�p�B�+�2 �i�Q �K�2���b�m�`�2 �i�?�2 �#�2���K �T�Q�H���`�B�b���i�B�Q�M�X �A�i �`�2�H�B�2�b �Q�M �i�?�2 �b�T�B�M�@

�b�T�B�M �B�M�i�2�`���+�i�B�Q�M �Q�` �b�T�B�M�@�Q�`�#�B�i���H �B�M�i�2�`���+�i�B�Q�M �#�2�i�r�2�2�M �i�?�2 �T�Q�H���`�B�b�2�/ �#�2���K �T���`�i�B�+�H�2�b ���M�/

�2�B�i�?�2�` �T�Q�H���`�B�b�2�/ �i���`�;�2�i �M�m�+�H�2�B �B�M �i�?�2 �+���b�2 �Q�7 �i�?�2 �7�Q�`�K�2�` �B�M�i�2�`���+�i�B�Q�M �Q�` �m�M�T�Q�H���`�B�b�2�/ �i���`�;�2�i

�M�m�+�H�2�B �B�M �i�?�2 �+���b�2 �Q�7 �i�?�2 �H���i�i�2�`�X �P�M�2 �+�Q�K�K�Q�M�H�v �2�K�T�H�Q�v�2�/ ���T�T�`�Q���+�? �7�Q�` �/�2�i�2�`�K�B�M�B�M�; �i�?�2

�#�2���K �T�Q�H���`�B�b���i�B�Q�M �B�b �i�?�`�Q�m�;�? �i�?�2 �K�2���b�m�`�2�K�2�M�i �Q�7 �b�+���i�i�2�`�B�M�; �`���i�2�b �7�`�Q�K �� �i���`�;�2�i�X �"�v

�Q�#�b�2�`�p�B�M�; �i�?�2 �`���i�2�b �Q�7 �`�2���+�i�B�Q�M�b �B�M�/�m�+�2�/ �#�v �/�2�m�i�2�`�Q�M�b �Q�M �� �i���`�;�2�i ���M�/ �i�?�2�B�` �b�m�#�b�2�[�m�2�M�i

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

�T�`�Q�p�B�/�2�/ �i�?���i �i�?�2 �`�2���+�i�B�Q�M�ö�b ���M���H�v�b�B�M�; �T�Q�r�2�`�b �U�Q�` �b�2�M�b�B�i�B�p�B�i�B�2�b �i�Q �T�Q�H���`�B�b���i�B�Q�M�V ���`�2

�b�m�{�+�B�2�M�i�H�v �H���`�;�2�X

�q�2 �7�Q�H�H�Q�r �i�?�2 �J���/�B�b�Q�M �*�Q�M�p�2�M�i�B�Q�M �(�d�y�) �r�?�2�M �/�2�b�+�`�B�#�B�M�; �i�?�2 �+�Q�Q�`�/�B�M���i�2 �b�v�b�i�2�K ���i �i�?�2

�i���`�;�2�i�X �A�M �i�?�B�b �+�Q�M�p�2�M�i�B�Q�M�- �i�?�2 �B�M�+�Q�K�B�M�; �T���`�i�B�+�H�2�ö�b �K�Q�K�2�M�i�m�K~pinc �B�b ���H�Q�M�; �i�?�2z ���t�B�b�-

�i�?�2y ���t�B�b �B�b �/�2�}�M�2�/ �#�v �i�?�2 �+�`�Q�b�b�@�T�`�Q�/�m�+�i �Q�7~pinc � ~pout �- ���M�/x ���t�B�b �+�Q�K�T�H�2�i�2�b �i�?�2 �`�B�;�?�i�@

�?���M�/�2�/ �+�Q�Q�`�/�B�M���i�2 �b�v�b�i�2�K�X �>�2�`�2�-~pout �B�b �i�?�2 �Q�m�i�;�Q�B�M�; �K�Q�K�2�M�i���X �6�B�;�m�`�2 �j�X�k �T�`�Q�p�B�/�2�b
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�h�?�2 �K���;�M�2�i�B�+ �K�Q�K�2�M�i �B�b �`�2�H���i�2�/ �i�Q �b�T�B�M�-

~m� g
q

2m
~S, �U�j�X�j�X�k�V

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

�`���i�B�Qg �`�2�H���i�2�b �i�Q �i�?�2 �K���;�M�2�i�B�+ ���M�Q�K���H�vG � pg � 2q{2�- ���M�/ �i�?�2 �p���H�m�2 �7�Q�` �/�2�m�i�2�`�Q�M �B�b

G �4 �•�y�X�R�9�k �N�3�d �8�9�k �9�X �"�v �B�M�b�2�`�i�B�M�; �i�?�2 �p���H�m�2 �Q�7~m�B�M �1�[�X �U�j�X�j�X�R�V �r�2 �;�2�i �i�?�2 �2�[�m���i�B�Q�M

�Q�7 �b�T�B�M �K�Q�i�B�Q�M ���b�-
d~S
dt

� ~S� ~W. �U�j�X�j�X�j�V

�>�2�`�2�- �i�?�2 ���M�;�m�H���` �p�2�H�Q�+�B�i�v �B�b �;�B�p�2�M �#�v�-

~W �
gq
2m

~B, �U�j�X�j�X�9�V

���M�/ ���H�B�;�M�b �r�B�i�? �i�?�2 �K���;�M�2�i�B�+ �}�2�H�/�X



�k�e �a�T�B�M �/�v�M���K�B�+�b

�j�X�j�X�R�a�T�B�M �T�`�2�+�2�b�b�B�Q�M �Q�7 �`�2�H���i�B�p�B�b�i�B�+ �T���`�i�B�+�H�2�b

�A�M �� �b�i�Q�`���;�2 �`�B�M�;�- �i�?�2 �T���`�i�B�+�H�2�b ���`�2 �K�Q�p�B�M�; ���i �`�2�H���i�B�p�B�b�i�B�+ �b�T�2�2�/�b �B�M �2�H�2�+�i�`�B�+ ���M�/ �K���;�M�2�i�B�+

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

�� �T���`�i�B�+�H�2�- �r�B�i�? �J���;�M�2�i�B�+ �.�B�T�Q�H�2 �J�Q�K�2�M�i �U�J�.�J�V ���M�/ �� �M�Q�M�@�x�2�`�Q �1�H�2�+�i�`�B�+ �.�B�T�Q�H�2

�J�Q�K�2�M�i�- �B�M �i�?�B�b �2�t�i�2�`�M���H �2�H�2�+�i�`�B�+~E ���M�/ �K���;�M�2�i�B�+ �}�2�H�/~B�X �h�?�2 �b�T�B�M �K�Q�i�B�Q�M �B�M �i�?�2

�T���`�i�B�+�H�2�ö�b �`�2�b�i �7�`���K�2 �+���M �#�2 �r�`�B�i�i�2�M ���b�-

d~S
dt

� ~m� ~B� � ~d � ~E� , �U�j�X�j�X�8�V

�r�?�2�`�2�-~d �B�b �i�?�2 �1�H�2�+�i�`�B�+ �.�B�T�Q�H�2 �J�Q�K�2�M�i �Q�7 �i�?�2 �T���`�i�B�+�H�2 ���b �K�2�M�i�B�Q�M�2�/ �B�M �*�?���T�i�2�` �k ���M�/

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

~m�B�b �`�2�H���i�2�/ �i�Qg

~d � h
qh̄

2mc
~S, �U�j�X�j�X�e�V

�r�B�i�?~d ���H�r���v�b ���H�B�;�M�B�M�; �r�B�i�? �i�?�2 �b�T�B�M �/�B�`�2�+�i�B�Q�M�X �h�?�2 �b�m�T�2�`�b�+�`�B�T�i� �Q�M~B� ���M�/~E� �/�2�M�Q�i�2�b

�}�2�H�/�b �B�M �T���`�i�B�+�H�2 �`�2�7�2�`�2�M�+�2 �7�`���K�2�X �"�v �2�t�T�`�2�b�b�B�M�; �i�?�2� �}�2�H�/�b �B�M �i�2�`�K�b �Q�7 �H���#�Q�`���i�Q�`�v �7�`���K�2

�}�2�H�/�b �r�B�i�? �i�?�2 �?�2�H�T �Q�7 �G�Q�`�2�M�i�x �i�`���M�b�7�Q�`�K���i�B�Q�M�- �r�2 �+���M �/�2�`�B�p�2 �i�?�2 �i�B�K�2 �2�p�Q�H�m�i�B�Q�M �Q�7 �b�T�B�M

�B�M �� �b�i�Q�`���;�2 �`�B�M�;�- �F�M�Q�r�M ���b �h�?�Q�K���b�@�"���`�;�K���M�M���J�B�+�?�2�H���h�2�H�2�;�/�B �U�h�@�"�J�h�V �2�[�m���i�B�Q�M

�(�d�j�- �d�9�)�X
d~S
dt

� p ~WMDM � ~WEDM q � ~S, �U�j�X�j�X�d�V

�h�?�2 ���M�;�m�H���` �p�2�H�Q�+�B�i�v �i�2�`�K�b~WMDM ���M�/~WEDM ���`�B�b�2 �7�`�Q�K �i�?�2 �`�Q�i���i�B�Q�M�b �/�m�2 �i�Q �J�.�J

���M�/ �1�.�J�- �`�2�b�T�2�+�i�B�p�2�H�v�- ���M�/ ���`�2 �/�2�}�M�2�/ ���b �7�Q�H�H�Q�r�b�,

~WMDM � �
q
m

� �
G �

1
g



~B �

gG
g � 1

~b
�
~b � ~B

	
�

�
G �

1
g � 1


 ~b � ~E
c

�

, �U�j�X�j�X�d���V

~WEDM � �
hq

2mc

�
~E �

g
g � 1

~b
�
~b � ~E

	
� c~b � ~B

�
. �U�j�X�j�X�d�#�V

�A�M �i�?�2�b�2 �2�[�m���i�B�Q�M�b�-~b �B�b �i�?�2 �#�2���K �p�2�H�Q�+�B�i�v �p�2�+�i�Q�` �B�M �m�M�B�i�b �Q�7c�-g �B�b �i�?�2 �G�Q�`�2�M�i�x �7���+�i�Q�`

�Q�7 �� �T���`�i�B�+�H�2 �r�B�i�? �K���b�bm ���M�/ �+�?���`�;�2q�- ���M�/~B ���M�/~E ���`�2 �i�?�2 �2�t�i�2�`�M���H �K���;�M�2�i�B�+ ���M�/

�2�H�2�+�i�`�B�+ �}�2�H�/�b�- �`�2�b�T�2�+�i�B�p�2�H�v�X �a�B�M�+�2 �i�?�2 �*�P�a�u �`�B�M�; �B�b �T�m�`�2�H�v �K���;�M�2�i�B�+ �r�B�i�?~B ���H�B�;�M�2�/

���H�Q�M�; �i�?�2 �p�2�`�i�B�+���H �/�B�`�2�+�i�B�Q�M�- �r�2 �+���M �b�B�K�T�H�B�7�v �i�?�2 �h�@�"�J�h �2�[�m���i�B�Q�M �#�v �b�2�i�i�B�M�;~E � 0�-
~b � ~B � 0�X



�a�T�B�M �/�v�M���K�B�+�b �k�d

�6�m�`�i�?�2�`�K�Q�`�2�- �#�v �+�?�Q�Q�b�B�M�; �� �+�Q�K�Q�p�B�M�; �7�`���K�2 �Q�7 �`�2�7�2�`�2�M�+�2 �i�?���i �K�Q�p�2�b �r�B�i�? �i�?�2 �K�Q�K�2�M�@

�i�m�K�- �B�i �B�b �+�Q�M�p�2�M�B�2�M�i �i�Q �2�t�T�`�2�b�b �i�?�2 �b�T�B�M �Q�`�B�2�M�i���i�B�Q�M �`�2�H���i�B�p�2 �i�Q �i�?�2 �T���`�i�B�+�H�2 �K�Q�K�2�M�i�m�K

�(�d�8�)�X �h�Q ���+�?�B�2�p�2 �i�?�B�b�- �H�2�i �m�b �}�`�b�i �+�Q�M�b�B�/�2�` �i�?�2 �K�Q�i�B�Q�M �Q�7 �� �+�?���`�;�2�/ �T���`�i�B�+�H�2 �B�M �� �T�m�`�2�H�v

�K���;�M�2�i�B�+ �}�2�H�/~B K ~p �/�2�b�+�`�B�#�2�/ �#�v �i�?�2 �G�Q�`�2�M�i�x �7�Q�`�+�2�-

d~p
dt

� ~F � q
�

c~b � ~B
	

� ~Wrev � ~p, �U�j�X�j�X�3�V

�r�?�2�`�2�-~Wrev �B�b �i�?�2 ���M�;�m�H���` �p�2�H�Q�+�B�i�v �Q�7 �i�?�2 �T���`�i�B�+�H�2 �K�Q�p�B�M�; �m�M�/�2�` �i�?�2 �B�M�~�m�2�M�+�2 �Q�7 �i�?�2

�K���;�M�2�i�B�+ �}�2�H�/�- ���M�/ �+���M �#�2 �2�t�T�`�2�b�b�2�/ ���b�-

~Wrev � �
q

gm
~B. �U�j�X�j�X�N�V

�h�?�2 �b�T�B�M �T�`�2�+�2�b�b�B�Q�M �`�2�H���i�B�p�2 �i�Q �i�?�2 �K�Q�K�2�M�i�m�K �T�`�2�+�2�b�b�B�Q�M �+���M �#�2 �Q�#�i���B�M�2�/ �#�v �i�?�2

�i�2�`�K~WMDM � ~Wrev �X ���/�/�B�i�B�Q�M���H�H�v�- ���b �/�B�b�+�m�b�b�2�/ �B�M �*�?���T�i�2�` �k�- ���M�Q�i�?�2�` �i�2�`�K �i�?���i �+���M

�B�M�i�`�Q�/�m�+�2 �b�T�B�M �`�Q�i���i�B�Q�M �B�b �i�?�2 ���t�B�Q�M�@�r�B�M�/�- �r�?�B�+�? �+���M �#�2 �/�2�b�+�`�B�#�2�/ �#�v �i�?�2 ���M�;�m�H���`

�p�2�H�Q�+�B�i�v~Wwind ���b �;�B�p�2�M �B�M �(�k�j�- �d�e�)�X �A�M�+�Q�`�T�Q�`���i�B�M�; �i�?�2�b�2 �2�z�2�+�i�b �B�M�i�Q �1�[�X �U�j�X�j�X�d�V�- �r�2

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

�`�B�M�; ���b �7�Q�H�H�Q�r�b�,

d~S
dt

� p ~WMDM � ~Wrev � ~WEDM � ~Wwind q � ~S. �U�j�X�j�X�R�y�V

�h�?�B�b �2�[�m���i�B�Q�M �/�2�b�+�`�B�#�2�b �i�?�2 �b�T�B�M �K�Q�i�B�Q�M �`�2�H���i�B�p�2 �i�Q �K�Q�K�2�M�i�m�K �B�M �� �T�m�`�2�H�v �K���;�M�2�i�B�+

�`�B�M�;�- �r�?�2�`�2�-

~WMDM � ~Wrev � �
q
m

G~B, �U�j�X�j�X�R�y���V

~WEDM � �
1

Sh̄
dptqc~b � ~B, �U�j�X�j�X�R�y�#�V

~Wwind � �
1

Sh̄
CN

2fa
p̄hd0aptqq~b, �U�j�X�j�X�R�y�+�V

�r�?�2�`�2dptq � dstat � doscptq �B�b �i�?�2 �1�.�J �Q�7 �i�?�2 �T���`�i�B�+�H�2�- �B�M�+�H�m�/�B�M�; �i�?�2 �b�i���i�B�+ �i�2�`�K

dstat ���M�/ �i�?�2 �Q�b�+�B�H�H���i�B�M�; �i�2�`�Kdosc�- aptq �B�b �i�?�2 ���G�S �}�2�H�/�- ���M�/CN �B�b �i�?�2 �+�Q�m�T�H�B�M�;

�+�Q�M�b�i���M�i�X �h�?�2 �Q�b�+�B�H�H���i�B�M�; ���G�S �}�2�H�/ �;�2�M�2�`���i�2�b �i�?�2 �Q�b�+�B�H�H���i�B�M�; �i�2�`�K �B�Mdptq�- ���M�/ �i�?�2

�i�B�K�2 �/�2�`�B�p���i�B�p�2 �i�2�`�Kd0aptq �+�Q�M�i���B�M�b �i�?�2 �Q�b�+�B�H�H���i�B�M�; �+�Q�M�i�`�B�#�m�i�B�Q�M �r�B�i�?�B�M~Wwind �X �"�Q�i�?

�Q�7 �i�?�2�b�2 ���G�S �B�M�/�m�+�2�/ �2�z�2�+�i�b �`�2�b�m�H�i �B�M �� �p�2�`�i�B�+���H �#�m�B�H�/�@�m�T �Q�7 �#�2���K �T�Q�H���`�B�b���i�B�Q�M �Q�m�i �Q�7

�i�?�2 �`�B�M�; �T�H���M�2 �m�M�/�2�` �`�2�b�Q�M���M�+�2 �+�Q�M�/�B�i�B�Q�M�b�X �6�B�;�m�`�2 �j�X�9 �T�`�Q�p�B�/�2�b �� �p�B�b�m���H �`�2�T�`�2�b�2�M�i���i�B�Q�M

�Q�7 �i�?�2 �`�Q�i���i�B�Q�M �p�2�+�i�Q�`�b �B�M �i�?�2 �T���`�i�B�+�H�2 �`�2�b�i �7�`���K�2�X



�k�3 �a�T�B�M �/�v�M���K�B�+�b

�6�B�;�m�`�2 �j�X�9�, �h�?�2 �T���`�i�B�+�H�2 �B�M �B�i�b �`�2�b�i�@�7�`���K�2 �+�Q�Q�`�/�B�M���i�2�b �U�+�Q�@�K�Q�p�B�M�; �+�Q�Q�`�/�B�M���i�2�b�V ���b �`�2�7�2�`�2�M�+�2�/

�B�M �#�H���+�F�- �r�B�i�? �i�?�2 �K���;�M�2�i�B�+ �}�2�H�/ �/�B�`�2�+�i�2�/ �B�M �i�?�2� y �/�B�`�2�+�i�B�Q�M�- ���M�/ �i�?�2 �#�2���K �K�Q�K�2�M�i�m�K

�B�M �i�?�2� z �/�B�`�2�+�i�B�Q�M�X �h�?�2 �+�Q�H�Q�m�`�2�/ ���`�`�Q�r�b �/�2�T�B�+�i �i�?�2 �p���`�B�Q�m�b ���M�;�m�H���` �p�2�H�Q�+�B�i�B�2�b �i�?�2 �T���`�i�B�+�H�2

�r�Q�m�H�/ �2�t�T�2�`�B�2�M�+�2 �B�M �� �b�i�Q�`���;�2 �`�B�M�; �B�M �i�?�2 �T�`�2�b�2�M�+�2 �Q�7 ���G�S�b ���b �;�B�p�2�M �B�M �1�[�X �U�j�X�j�X�R�y�V�X



�9�>�Q�r �i�Q �b�2���`�+�? �7�Q�` ���t�B�Q�M �H�B�F�2 �T���`�i�B�+�H�2�b�\

�h�?�2 �b�2���`�+�? �7�Q�` ���G�S�b �B�M �� �b�i�Q�`���;�2 �`�B�M�; �`�2�H�B�2�b �Q�M �i�?�2 �`�2�b�Q�M���M�+�2 �#�2�i�r�2�2�M �i�?�2 �b�T�B�M �T�`�2�+�2�b�@

�b�B�Q�M �7�`�2�[�m�2�M�+�v �Q�7 �i�?�2 �T���`�i�B�+�H�2 �#�2���Kf�b�T�B�M���M�/ �i�?�2 �7�`�2�[�m�2�M�+�v �Q�7 ���G�S �B�M�/�m�+�2�/ �Q�b�+�B�H�H���i�B�Q�M�b

fosc�X �h�?�B�b ���T�T�`�Q���+�? �B�b �b�B�K�B�H���` �i�Q �Q�i�?�2�` �b�T�B�M�@�T�`�2�+�2�b�b�B�Q�M�@�#���b�2�/ �2�t�T�2�`�B�K�2�M�i�b �i�Q �b�2���`�+�? �7�Q�`

���t�B�Q�M�b�X �h�?�2 ���t�B�Q�M�@�B�M�/�m�+�2�/ �7�`�2�[�m�2�M�+�vfosc �B�b �/�B�`�2�+�i�H�v �H�B�M�F�2�/ �i�Q �i�?�2 ���t�B�Q�M �K���b�b ���b�- �K�2�M�@
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�r�?�B�+�? ���`�2 �2�t�T�H���B�M�2�/ �B�M �(�N�R�- �N�d�)�X �h�?�2 �M�Q�@�H���i�i�B�+�2 �B�b �� �`�2�7�2�`�2�M�+�2 �i�Q �i�?�2 �H���+�F �Q�7 �2�t�T�H�B�+�B�i

�B�M�+�H�m�b�B�Q�M �Q�7 ���M�v �B�M�/�B�p�B�/�m���H �K���;�M�2�i�B�+ �}�2�H�/ �2�H�2�K�2�M�i �B�M �i�?�2 �+���H�+�m�H���i�B�Q�M�b�X �A�M�b�i�2���/�- �i�?�2 �b�T�B�M

�i�`���+�F�B�M�; �B�b ���+�?�B�2�p�2�/ �#�v �2�z�2�+�i�B�p�2 �`�Q�i���i�B�Q�M �K���i�`�B�+�2�b�X �6�Q�` �2�t���K�T�H�2�- �B�M �+���b�2 �Q�7 �*�P�a�u �i�?�2�`�2

���`�2 �k�9 �/�B�T�Q�H�2 �K���;�M�2�i�b �U�R�k �B�M �2���+�? �Q�7 �i�r�Q ���`�+�b�V �B�M �i�?�2 �`�B�M�;�- �r�?�B�+�? �#�2�M�/ �i�?�2 �T���`�i�B�+�H�2

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

�i�?�2 �+�m�K�m�H���i�B�p�2 �2�z�2�+�i �Q�7 �i�?�2�b�2 �#�2�M�/�B�M�; �K���;�M�2�i�b �Q�M �B�i�b �T�Q�H���`�B�b���i�B�Q�M �+���M �#�2 �b�m�K�K���`�B�b�2�/

�#�v �� �b�B�M�;�H�2 �`�Q�i���i�B�Q�M �K���i�`�B�t ���#�Q�m�i �i�?�2y ���t�B�b�- �T�2�`�T�2�M�/�B�+�m�H���` �i�Q �i�?�2 �?�Q�`�B�x�Q�M�i���H �T�H���M�2�X �A�M

�i�?�B�b �K�Q�/�2�H�- �i�?�2 �`�Q�i���i�B�Q�M �/�m�2 �i�Q �#�2�M�/�B�M�; �K���;�M�2�i�b �B�b �+�Q�M�b�B�/�2�`�2�/ �i�Q �?���T�T�2�M �+�Q�M�i�B�M�m�Q�m�b�H�v

���`�Q�m�M�/ �i�?�2 �r�?�Q�H�2 �`�B�M�;�X �P�M �i�?�2 �Q�i�?�2�` �?���M�/�- �/�2�p�B�+�2�b �b�m�+�? ���b �i�?�2 �_�6 �b�Q�H�2�M�Q�B�/ ���M�/ �i�?�2

�R�h�?�2 �M�Q�@�H���i�i�B�+�2 �K�Q�/�2�H �r���b �}�`�b�i �/�2�p�2�H�Q�T�2�/ �#�v �1�X �C�X �a�i�2�T�?�2�M�b�Q�M ���M�/ �?���b �#�2�2�M �K�Q�/�B�}�2�/ �#�v �a�X�E�X �7�Q�`

�i�?�2 �T�m�`�T�Q�b�2�b �Q�7 �i�?�B�b �i�?�2�b�B�b�X



�e�9 �"�m�M�+�? �A�S�S �T�?���b�2

�_�6 �q�B�2�M �}�H�i�2�`�- �r�?�B�+�? �Q�T�2�`���i�2 ���i �� �b�B�M�;�H�2 �b�T�Q�i �B�M �i�?�2 �`�B�M�;�- ���`�2 �+�Q�M�b�B�/�2�`�2�/ �T�Q�B�M�i�@�H�B�F�2

�Q�` �x�2�`�Q�@�r�B�/�i�?�X �h�?�2 �`�Q�i���i�B�Q�M �/�m�2 �i�Q �i�?�2�b�2 �/�2�p�B�+�2�b �B�b ���T�T�H�B�2�/ �b�2�[�m�2�M�i�B���H�H�v �i�Q �i�?�2 �/�B�T�Q�H�2

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

�b�K���H�H�2�` �b�H�B�+�2�b ���M�/ �i�?�2 �/�B�T�Q�H�2 �`�Q�i���i�B�Q�M�b �r�2�`�2 �+���H�+�m�H���i�2�/ �K�m�H�i�B�T�H�2 �i�B�K�2�b �i�Q ���+�+�Q�K�K�Q�/���i�2

�i�?�2 �+�?���M�;�B�M�; �7�`�2�[�m�2�M�+�v�X

�h�?�2 �M�Q�@�H���i�i�B�+�2 �K�Q�/�2�H �7�Q�H�H�Q�r�b �i�?�2 �b���K�2 �+�Q�@�K�Q�p�B�M�; �`�2�7�2�`�2�M�+�2 �7�`���K�2 ���b �/�B�b�+�m�b�b�2�/ �B�M �*�?���T�@

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

���M�/x ���t�B�b �B�b �Q�m�i�r���`�/�b �Q�M �i�?�2 �`�B�M�; �T�H���M�2�X �L�Q�r�- �+�Q�M�b�B�/�2�` �� �#���b�B�+ �+���b�2 �r�B�i�? �Q�M�H�v �J�.�J�-

���M�/ �r�B�i�?�Q�m�i �1�.�J �Q�` �b�+���M�M�B�M�;�X �h�?�2 �b�T�B�M �T�`�2�+�2�b�b�B�Q�M �T�2�` �i�m�`�M ���#�Q�m�i �i�?�2y ���t�B�b �B�M�b�B�/�2

�i�?�2 �/�B�T�Q�H�2 �K���;�M�2�i�b �B�b �;�B�p�2�M �#�v �i�?�2 �`�Q�i���i�B�Q�M �p�2�+�i�Q�`~q � � 2p Ggêyp� qêyq�X �>�2�`�2�-G

�4 �•�y�X�R�9�k �N�3�d �8�9�k �9 �B�b �i�?�2 �/�2�m�i�2�`�Q�M �K���;�M�2�i�B�+ ���M�Q�K���H�v�- ���M�/ �i�?�2 �`�2�H���i�B�p�B�b�i�B�+ �7���+�i�Q�`g

�4 �R�X�R�k�8 �N�d�8 �B�b �+���H�+�m�H���i�2�/ �m�b�B�M�; �i�?�2 �2�t�T�2�`�B�K�2�M�i���H �7�`�2�[�m�2�M�+�v �p���H�m�2�bf�b�Q�H{ f�`�2�p� 1 � Gg

�7�Q�` �i�?�2 �M�Q�K�B�M���H �#�2���K �K�Q�K�2�M�i�m�K �Q�7 �N�d�y �J�2�o{c�X �h�?�2 �`�Q�i���i�B�Q�M �Q�7 �i�?�2 �/�2�m�i�2�`�Q�M �A�S�S

���b �B�i �K�Q�p�2�b �i�?�`�Q�m�;�? �i�?�2 �#�2�M�/�B�M�; �K���;�M�2�i �+���M �#�2 �/�2�b�+�`�B�#�2�/ �m�b�B�M�; �i�?�2 �`�Q�i���i�B�Q�M �Q�7 �i�?�2

�T�Q�H���`�B�b���i�B�Q�M �p�2�+�i�Q�`~P �#�v�-

~P1 �

�

�
�
�

cosq 0 sin q

0 1 0

� sin q 0 cosq

�

�
�
�

~P. �U�d�X�R�X�R�V

�h�?�2 �T�Q�H���`�B�b���i�B�Q�M �/�B�`�2�+�i�B�Q�M ���7�i�2�` �i�?�2 �`�Q�i���i�B�Q�M �B�b �;�B�p�2�M �#�v~P1�X �*�Q�M�b�B�/�2�`�B�M�; �i�?���i �B�M �i�?�2

�+���b�2 �Q�7 �`���K�T�B�M�;�- �i�?�2 �`�Q�i���i�B�Q�M ���M�;�H�2q �/�2�T�2�M�/�b �Q�Mg �- �i�?�2q �i�2�`�K �r���b �+���H�+�m�H���i�2�/

�B�M�+�`�2�K�2�M�i���H�H�v �r�B�i�?�B�M �2���+�? �i�m�`�M�X �_�Q�i���i�B�Q�M �K���i�`�B�+�2�b �+���M �#�2 �r�`�B�i�i�2�M �7�Q�` ���H�H �i�?�2 �/�B�z�2�`�2�M�i

�`�Q�i���i�B�Q�M�b �i�?�2 �/�2�m�i�2�`�Q�M �T�Q�H���`�B�b���i�B�Q�M �m�M�/�2�`�;�Q�2�b �B�M �i�?�2 �`�B�M�; ���b �;�B�p�2�M �#�v �i�?�2 ���M�;�m�H���`

�p�2�H�Q�+�B�i�v �2�[�m���i�B�Q�M�b �B�M �a�2�+�i�B�Q�M �j�X�j�- �i�Q �T�2�`�7�Q�`�K �b�B�K�m�H���i�B�Q�M�b�X

�d�X�k�P�`�B�2�M�i���i�B�Q�M �Q�7 �B�M�@�T�H���M�2 �T�Q�H���`�B�b���i�B�Q�M �/�B�`�2�+�i�B�Q�M�b

�A�M �T�`�2�+�2�/�B�M�; �+�?���T�i�2�`�b �U�9 �i�Q �e�V�- �B�i �?���b �#�2�2�M �2�K�T�?���b�B�b�2�/ �i�?���i �m�b�B�M�; �7�Q�m�` �#�m�M�+�?�2�b �U�H���#�2�H�H�2�/

���bBi �r�?�2�`�2i � �R, �k, �j, �9�V �B�M �i�?�2 �b�i�Q�`���;�2 �`�B�M�; �2�M���#�H�2�b �m�b �i�Q �#�2 �b�2�M�b�B�i�B�p�2 �i�Q ���H�H ���t�B�Q�M

�T�?���b�2�b�X �h�Q ���/�/�`�2�b�b �i�?�2 ���t�B�Q�M �T�?���b�2 �T�`�Q�#�H�2�K�- �b�B�K�m�H�i���M�2�Q�m�b �K�2���b�m�`�2�K�2�M�i�b �r�B�i�? ���i

�H�2���b�i �i�r�Q �K�m�i�m���H�H�v �T�2�`�T�2�M�/�B�+�m�H���` �T�Q�H���`�B�b���i�B�Q�M �#�2���K�b ���`�2 �`�2�[�m�B�`�2�/�X �q�2 �+�?�Q�b�2 �i�Q �m�b�2

�7�Q�m�` �#�m�M�+�?�2�b �i�Q �B�M�i�`�Q�/�m�+�2 �`�2�/�m�M�/���M�+�v ���M�/ �B�M�+�`�2���b�2 �i�?�2 �b�2�M�b�B�i�B�p�B�i�v �Q�7 �i�?�2 �2�t�T�2�`�B�K�2�M�i�X



�"�m�M�+�? �A�S�S �T�?���b�2 �e�8

�h�?�B�b �b�2�+�i�B�Q�M �2�t�T�H���B�M�b �?�Q�r �i�?�2 �m�b�2 �Q�7 �7�Q�m�` �#�m�M�+�?�2�b ���M�/ �i�?�2 �_�6 �b�Q�H�2�M�Q�B�/ �H�2���/�b �i�Q �i�?�2

�/�2�b�B�`�2�/ �Q�`�B�2�M�i���i�B�Q�M �Q�7 �i�?�2 �A�S�S �/�B�`�2�+�i�B�Q�M�b �m�b�B�M�; �K�Q�/�2�H �+���H�+�m�H���i�B�Q�M�b�X

�G�2�i �m�b �+�Q�M�b�B�/�2�` �7�Q�m�` �p�2�`�i�B�+���H�H�v �T�Q�H���`�B�b�2�/ �#�m�M�+�?�2�b �B�M �i�?�2 �`�B�M�;�- �`�2�p�Q�H�p�B�M�; ���if�`�2�p�4

�d�8�y �e�y�k�X�8 �>�x�X ���b �2���+�? �#�m�M�+�? �T���b�b�2�b �i�?�`�Q�m�;�? �i�?�2 �_�6 �b�Q�H�2�M�Q�B�/�- �B�i�b �T�Q�H���`�B�b���i�B�Q�M �;�2�i�b

�� �b�K���H�H �F�B�+�F ���M�/ �`�Q�i���i�2�b �#�v ���M ���M�;�H�2y sol �2�p�2�`�v �i�m�`�M�- �B�M ���/�/�B�i�B�Q�M �i�Q �i�?�2 �`�Q�i���i�B�Q�M

�B�M �i�?�2 �?�Q�`�B�x�Q�M�i���H �T�H���M�2 �;�B�p�2�M �#�v �1�[�X �U�d�X�R�X�R�V�X �A�7 �i�?�2 �7�`�2�[�m�2�M�+�v �Q�7 �i�?�2 �_�6 �b�Q�H�2�M�Q�B�/

�B�b �B�M �`�2�b�Q�M���M�+�2 �r�B�i�? �i�?�2 �b�T�B�M �T�`�2�+�2�b�b�B�Q�M �7�`�2�[�m�2�M�+�v�- �i�?�2 �+�m�K�m�H���i�B�p�2 �2�z�2�+�i �Q�7 �i�?�2�b�2

�`�Q�i���i�B�Q�M�b �Q�p�2�` �K�m�H�i�B�T�H�2 �i�m�`�M�b �H�2���/�b �i�Q �/�`�B�p�2�M �Q�b�+�B�H�H���i�B�Q�M�b �Q�7 �i�?�2 �T�Q�H���`�B�b���i�B�Q�M ���#�Q�m�i �i�?�2

z ���t�B�b�X �A�M �i�?�2 �2�t�T�2�`�B�K�2�M�i�- �r�2 �?���p�2 �+�?�Q�b�2�M ��1 � Gg �?���`�K�Q�M�B�+�- �+�Q�`�`�2�b�T�Q�M�/�B�M�; �i�Qf�b�Q�H

�4 �e�k�N �d�8�8�X�j �>�x�X

�h�?�2 �7�`�2�[�m�2�M�+�v �Q�7 �i�?�2 �p�2�`�i�B�+���H �T�Q�H���`�B�b���i�B�Q�M �Q�b�+�B�H�H���i�B�Q�Mf�/�`�p�/�m�2 �i�Q �i�?�2 �b�Q�H�2�M�Q�B�/ �b�2�`�p�2�b ���b

�� �K�2���b�m�`�2 �Q�7 �i�?�2 �b�i�`�2�M�;�i�? �Q�7 �i�?�2 �b�Q�H�2�M�Q�B�/4pesol�- �r�?�2�`�2esol � f�/�`�p{ f�`�2�p�X �h�?�2 �`�Q�i���i�B�Q�M

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

y sol � 4pesol cosr2p f�b�Q�Ht � f s. �U�d�X�k�X�R�V

�>�2�`�2�-f�b�Q�H�B�b �i�?�2 �7�`�2�[�m�2�M�+�v �Q�7 �i�?�2 �b�Q�H�2�M�Q�B�/�- ���M�/ �i�?�2 �T�?���b�2f �r�B�H�H �#�2 �2�t�T�H���B�M�2�/ �H���i�2�`�X

���/�/�B�i�B�Q�M���H�H�v�-y sol �+���M ���H�b�Q �#�2 �2�t�T�`�2�b�b�2�/ �B�M �i�2�`�K�b �Q�7 �i�m�`�M �M�m�K�#�2�`n�X �h�?�2 ���+�+�m�K�m�H���i�2�/

�`�Q�i���i�B�Q�M �/�m�2 �i�Q �b�Q�H�2�M�Q�B�/ ���7�i�2�`n �i�m�`�M�b �B�b �2�t�T�`�2�b�b�2�/ ���b�-

y sol � 4pesol cosr2p p1 � Ggqn � f s. �U�d�X�k�X�k�V

�h�?�2 �B�M�B�i�B���H �T�Q�H���`�B�b���i�B�Q�M �Q�7 �i�?�2 �p�2�`�i�B�+���H�H�v �T�Q�H���`�B�b�2�/ �#�2���K �B�b �;�B�p�2�M �#�v~P �
�

0
1
0

�
�X ���7�i�2�`

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

~P1 �

�

�
�
�

cosy sol � sin y sol 0

sin y sol cosy sol 0

0 0 1

�

�
�
�

�

�
�
�

cosq 0 sin q

0 1 0

� sin q 0 cosq

�

�
�
�

~P, �U�d�X�k�X�j�V

�r�?�2�`�2~P1 �B�b �i�?�2 �T�Q�H���`�B�b���i�B�Q�M ���7�i�2�` �Q�M�2 �i�m�`�M �B�M �i�?�2 �`�B�M�;�X �h�?�2 �`�Q�i���i�B�Q�M �+�Q�M�b�B�b�i�b �Q�7 �i�r�Q

�+�Q�K�T�Q�M�2�M�i�b�,q �`�Q�i���i�B�Q�M ���#�Q�m�i �i�?�2y ���t�B�b �/�m�2 �i�Q �i�?�2 �J�.�J�- ���M�/y sol �`�Q�i���i�B�Q�M ���#�Q�m�i

�i�?�2z ���t�B�b �/�m�2 �i�Q �i�?�2 �_�6 �b�Q�H�2�M�Q�B�/�X �h�?�2�b�2 �`�Q�i���i�B�Q�M�b ���`�2 �i�`�2���i�2�/ �b�2�T���`���i�2�H�v�- �b�B�M�+�2 �i�?�2

�H�2�M�;�i�? �Q�7 �i�?�2 �_�6 �b�Q�H�2�M�Q�B�/ �B�b �b�B�;�M�B�}�+���M�i�H�v �b�?�Q�`�i�2�` �+�Q�K�T���`�2�/ �i�Q �i�?�2 �+�B�`�+�m�K�7�2�`�2�M�+�2 �Q�7

�i�?�2 �`�B�M�;�X �6�Q�` �2���+�? �i�m�`�M�- �i�?�2 �`�Q�i���i�B�Q�M�b �;�B�p�2�M �B�M �1�[�X �U�d�X�k�X�j�V ���`�2 �T�2�`�7�Q�`�K�2�/ �#���b�2�/ �Q�M �i�?�2

�T�Q�H���`�B�b���i�B�Q�M �p���H�m�2 �7�`�Q�K �i�?�2 �T�`�2�p�B�Q�m�b �i�m�`�M�X �h�?�2q �`�Q�i���i�B�Q�M ���M�;�H�2 �`�2�K���B�M�b �i�?�2 �b���K�2 �7�Q�`



�e�e �"�m�M�+�? �A�S�S �T�?���b�2

�2�p�2�`�v �i�m�`�M�- �r�?�2�`�2���b �i�?�2 �`�Q�i���i�B�Q�M �/�m�2 �i�Q �i�?�2 �_�6 �b�Q�H�2�M�Q�B�/ ���+�+�m�K�m�H���i�2�b �2�p�2�`�v �i�m�`�M �#�v

4pesolpcosr2p np1 � Ggqsq�X

�h�Q �b�B�K�m�H���i�2 �i�?�2 �B�M�/�B�p�B�/�m���H �A�S�S �/�B�`�2�+�i�B�Q�M�- �i�?�2�b�2 �+���H�+�m�H���i�B�Q�M�b �r�2�`�2 �`�2�T�2���i�2�/ �7�Q�` �2�p�2�`�v

�#�m�M�+�?�X �1���+�? �#�m�M�+�? ���`�`�B�p�2�b ���i �i�?�2 �_�6 �b�Q�H�2�M�Q�B�/ �Q�M�2 ���7�i�2�` �i�?�2 �Q�i�?�2�`�- �r�B�i�? �� �i�B�K�2 �/�2�H���v

�Q�7Tturn {4 �r�?�2�`�2Tturn � 1{ f�`�2�p�B�b �i�?�2 �i�B�K�2 �7�Q�` �Q�M�2 �i�m�`�M �B�M �i�?�2 �`�B�M�;�X �h�?�B�b �i�B�K�2 �/�2�H���v �B�b

�/�2�M�Q�i�2�/ �#�v �i�?�2 ���/�/�B�i�B�Q�M �Q�7 �i�?�2 �B�M�B�i�B���H �T�?���b�2f sol �i�Q �i�?�2 �b�Q�H�2�M�Q�B�/ �`�Q�i���i�B�Q�M ���M�;�H�2y sol�X

�h�?�B�b �T�?���b�2 �/�2�H���v �+���M �#�2 �;�2�M�2�`���H�B�b�2�/ ���bf sol � kp {2p1 � Ggq �r�?�2�`�2k � �R, �k, �j, �9�V �B�b

�i�?�2 �#�m�M�+�? �M�m�K�#�2�`�X

�h�?�2 �b�B�K�m�H���i�B�Q�M �B�M�p�Q�H�p�2�/ �M�m�K�2�`�B�+���H �+���H�+�m�H���i�B�Q�M�b �i�Q �b�m�K �m�T ���H�H �i�?�2 �`�Q�i���i�B�Q�M�b�X �A�M �i�?�B�b

�K�Q�/�2�H�- �i�?�2 �b�Q�H�2�M�Q�B�/ �b�i�`�2�M�;�i�? �r���b �b�2�i �i�Q4pesol � �R�X�8�d�y�3�“�R�y�•�e�- ���M�/ �i�?�2 �+���H�+�m�H���i�B�Q�M�b

�r�2�`�2 �b�i�Q�T�T�2�/ �r�?�2�M �i�?�2 �p�2�`�i�B�+���H �T�Q�H���`�B�b���i�B�Q�M �r���b ���H�K�Q�b�i �x�2�`�Q�- �r�?�B�+�? �Q�+�+�m�`�`�2�/ ���7�i�2�`

�k�“�R�y�e �i�m�`�M�b �B�M �i�?�2 �b�B�K�m�H���i�B�Q�M�b�X

�h�?�2 �Q�`�B�2�M�i���i�B�Q�M �Q�7 �i�?�2 �A�S�S �+���M �#�2 �2�t�T�`�2�b�b�2�/ �r�B�i�? �i�?�2 �?�2�H�T �Q�7x ���M�/z �T�Q�H���`�B�b���i�B�Q�M

�+�Q�K�T�Q�M�2�M�i�b ���M�/ �B�b �T�`�2�b�2�M�i�2�/ �B�M �h���#�H�2 �d�X�R�X �h�?�2 �b�2�+�Q�M�/ ���M�/ �i�?�B�`�/ �+�Q�H�m�K�M �;�B�p�2 �i�?�2

�T�Q�H���`�B�b���i�B�Q�M �+�Q�K�T�Q�M�2�M�iPx and Pz �7�Q�` �2���+�? �#�m�M�+�? �"i ���7�i�2�` �k�“�R�y�e �i�m�`�M�b�X �h�?�2 �7�Q�m�`�i�?

�+�Q�H�m�K�M �B�b �i�?�2 ���M�;�H�2 �i�?�2 �T�Q�H���`�B�b���i�B�Q�M �K���F�2�b �r�B�i�? �i�?�2z ���t�B�b �B�M �i�?�2 �?�Q�`�B�x�Q�M�i���H �T�H���M�2�X

�A�i �B�b �+���H�+�m�H���i�2�/ �m�b�B�M�; �i�?�2 �i�r�Q�@���`�;�m�K�2�M�i �p���`�B���M�i �Q�7 �i�?�2 ���`�+�i���M�;�2�M�i �7�m�M�+�i�B�Q�M ���T�T�H�B�2�/ �i�Q

�i�?�2 �p���H�m�2�b �B�M �i�?�2 �T�`�2�p�B�Q�m�b �i�r�Q �+�Q�H�m�K�M�b�X

�h���#�H�2 �d�X�R�, �J�Q�/�2�H �+���H�+�m�H���i�B�Q�M �Q�7 �#�m�M�+�? �T�Q�H���`�B�b���i�B�Q�M �/�B�`�2�+�i�B�Q�M�b ���b �K�2���b�m�`�2�/ ���i �� �}�t�2�/ �T�Q�B�M�i

�B�M �i�?�2 �`�B�M�;�- �2�X�;�X�- ���i �i�?�2 �T�Q�H���`�B�K�2�i�2�`�X

�"�m�M�+�? Px Pz ���M�;�H�2 �(�`���/�) ���M�;�H�2 �"�U�B�@�R�V�@�"�U�B�V

�"�y �@�y�X�e�j�N�8�e�k �y�X�d�e�3�d�9�y �@�y�X�e�N�j�N�k�3

�"�R �@�y�X�N�y�9�j�R�j �@�y�X�9�k�e�3�d�y �@�k�X�y�R�R�3�k�8 �R�X�j�R�d�3�N�d

�"�k �y�X�R�3�d�y�k�k �@�y�X�N�3�k�j�8�e �@�j�X�j�k�3�d�k�k �R�X�j�R�d�3�N�d

�"�j �y�X�N�N�d�N�y�j �@�y�X�y�e�9�d�k�9 �@�9�X�e�9�d�e�R�N �R�X�j�R�d�3�N�d

�"�y �U���;���B�M�V �k�X�j�k�N�9�N�j

�h�?�2 �H���b�i �+�Q�H�m�K�M �B�b �i�?�2 ���M�;�H�2 �#�2�i�r�2�2�M �i�?�2 �i�r�Q ���/�D���+�2�M�i �#�m�M�+�?�2�b ���b �K�2���b�m�`�2�/ �r�?�2�M

�i�?�2�v ���`�`�B�p�2 ���i �� �+�2�`�i���B�M �T�Q�b�B�i�B�Q�M�- �2�X�;�X�- ���i �i�?�2 �T�Q�H���`�B�K�2�i�2�`�X �A�i �B�b �r�Q�`�i�? �M�Q�i�B�M�; �i�?���i �i�?�B�b

�T�?���b�2 �B�b �/�B�z�2�`�2�M�i �#�2�i�r�2�2�M �"�j ���M�/ �"�y�- ���H�H�Q�r�B�M�; �m�b �i�Q �B�/�2�M�i�B�7�v �i�?�2 �}�`�b�i �#�m�M�+�?�X �q�2

�+���M �+�Q�K�T���`�2 �i�?�B�b �T�?���b�2 �T���i�i�2�`�M �r�B�i�? �i�?�2 �2�t�T�2�`�B�K�2�M�i���H �/���i�� �Q�#�i���B�M�2�/ �7�`�Q�K �i�?�2 �q���a��



�"�m�M�+�? �A�S�S �T�?���b�2 �e�d

�T�Q�H���`�B�K�2�i�2�`�- ���b �b�?�Q�r�M �B�M �6�B�;�X �e�X�j�X �h�?�2 �2�t�T�2�`�B�K�2�M�i���H �T�?���b�2 �/�B�z�2�`�2�M�+�2�b �B�M �6�B�;�X �e�X�j ���`�2

�b�?�Q�r�M �B�M �`�2�/ �+�Q�H�Q�m�`�- ���M�/ �i�?�2 �M�m�K�#�2�`�b �K���i�+�? �+�H�Q�b�2�H�v �r�B�i�? �i�?�2 �}�M���H �+�Q�H�m�K�M �B�M �h���#�H�2 �d�X�R�X

�h�?�B�b �/�2�K�Q�M�b�i�`���i�2�b �i�?���i �i�?�2 �T�`�Q�+�2�b�b �Q�7 �m�b�B�M�; �i�?�2 �_�6 �b�Q�H�2�M�Q�B�/ �i�Q �`�Q�i���i�2 �i�?�2 �T�Q�H���`�B�b���i�B�Q�M

�B�M�i�Q �i�?�2 �?�Q�`�B�x�Q�M�i���H �T�H���M�2 �K���i�+�?�2�b �r�B�i�? �Q�m�` �K�Q�/�2�H �T�`�2�/�B�+�i�B�Q�M�b�X

�L�Q�r �H�2�i �m�b �+�Q�M�b�B�/�2�` �� �b�T�2�+�B�}�+ �i�B�K�2�- �2�X�;�X�- �r�?�2�M �#�m�M�+�? �"�j �B�b �`�Q�i���i�2�/ �B�M�i�Q �i�?�2 �?�Q�`�B�x�Q�M�i���H

�T�H���M�2�X ���i �i�?�B�b �T�Q�B�M�i�- �i�?�2 �#�m�M�+�?�2�b �"�k�- �"�R�- ���M�/ �"�y �r�Q�m�H�/ �?���p�2 ���H�`�2���/�v �#�2�2�M �B�M �i�?�2

�?�Q�`�B�x�Q�M�i���H �T�H���M�2 �7�Q�`Tturn {4,Tturn {2, and 3Tturn {4 �b�- �`�2�b�T�2�+�i�B�p�2�H�v�X �h�?�2�b�2 �#�m�M�+�?�2�b �r�Q�m�H�/

�?���p�2 �2�t�T�2�`�B�2�M�+�2�/ �i�?�2 �`�Q�i���i�B�Q�M �/�m�2 �i�Q �i�?�2 �J�.�J ���#�Q�m�i �i�?�2 �p�2�`�i�B�+���H ���t�B�b�- �+���m�b�B�M�; �i�?�2�B�`

�T�Q�H���`�B�b���i�B�Q�M �i�Q �`�Q�i���i�2 �#�vp {4�-p {2�- ���M�/3p {4�X �"�v ���T�T�H�v�B�M�; �i�?�2�b�2 �`�Q�i���i�B�Q�M�b �i�QPx ���M�/

Pz �7�`�Q�K �h���#�H�2 �d�X�R �r�2 �Q�#�i���B�M �i�?�2 �p���H�m�2�b �B�M �h���#�H�2 �d�X�k�X

�h���#�H�2 �d�X�k�, �J�Q�/�2�H �+���H�+�m�H���i�B�Q�M �Q�7 �#�m�M�+�? �b�T�B�M �/�B�`�2�+�i�B�Q�M�b ���b �K�2���b�m�`�2�/ ���i �� �}�t�2�/ �T�Q�B�M�i �B�M �i�B�K�2�-

�B�X�2�X�- �r�?�2�M �i�?�2 �#�m�M�+�? �"�j �B�b �+�Q�K�T�H�2�i�2�H�v �`�Q�i���i�2�/ �B�M�i�Q �i�?�2 �?�Q�`�B�x�Q�M�i���H �T�H���M�2�X

�"�m�M�+�? Px Pz

�"�y �y�X�y�e�9�d�k�9 �y�X�N�N�d�N�y�j

�"�R �@�y�X�N�N�d�N�y�j �y�X�y�e�9�d�k�9

�"�k �@�y�X�y�e�9�d�k�9 �@�y�X�N�N�d�N�y�j

�"�j �U�M�Q �+�?���M�;�2�V �y�X�N�N�d�N�y�j �@�y�X�y�e�9�d�k�9

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

�/�B�`�2�+�i�B�Q�M�b �Q�7 �2���+�? �#�m�M�+�?�- �r�?�B�+�? ���`�2 �7�Q�m�M�/ �i�Q �T�Q�B�M�i �B�M �i�?�2z, � x, � z, and x �/�B�`�2�+�i�B�Q�M�b

�7�Q�` �i�?�2 �#�m�M�+�?�2�b �"�y�@�"�j�- �`�2�b�T�2�+�i�B�p�2�H�v�X �A�M �i�?�2 �`�2�b�i �7�`���K�2 �Q�7 �i�?�2 �#�m�M�+�?�2�b�- �2���+�? �#�m�M�+�?

�2�t�?�B�#�B�i�b �� �T�Q�H���`�B�b���i�B�Q�M �/�B�`�2�+�i�B�Q�M �i�?���i �B�b �T�2�`�T�2�M�/�B�+�m�H���` �i�Q �B�i�b �M�2�B�;�?�#�Q�m�`�B�M�; �#�m�M�+�?�2�b�X

�h�?�B�b �+�Q�M�}�;�m�`���i�B�Q�M �2�M�b�m�`�2�b �i�?���i �i�?�2 �T���`�i�B�+�H�2 �`�2�b�i �7�`���K�2 �2�H�2�+�i�`�B�+ �}�2�H�/~E� ���M�/ �i�?�2 �T�Q�H���`�@

�B�b���i�B�Q�M �Q�7 �i�?�2 ���/�D���+�2�M�i �#�m�M�+�?�2�b ���`�2 �Q�`�B�2�M�i�2�/ �T���`���H�H�2�H �Q�` �T�2�`�T�2�M�/�B�+�m�H���` �i�Q �2���+�? �Q�i�?�2�`�X

���/�/�B�i�B�Q�M���H�H�v�- �i�?�2 �2�H�2�+�i�`�B�+ �}�2�H�/ ���M�/ �T�Q�H���`�B�b���i�B�Q�M �Q�7 �Q�T�T�Q�b�B�i�2 �#�m�M�+�?�2�b ���`�2 �T�Q�B�M�i�B�M�; �R�3�y�ê

���T���`�i�X �6�B�;�m�`�2 �d�X�R �B�H�H�m�b�i�`���i�2�b �i�?�2 �Q�`�B�2�M�i���i�B�Q�M �Q�7 �i�?�2 �T�Q�H���`�B�b���i�B�Q�M �r�B�i�? �`�2�b�T�2�+�i �i�Q �i�?�2

�T���`�i�B�+�H�2 �`�2�b�i �7�`���K�2 �2�H�2�+�i�`�B�+ �}�2�H�/ �7�`�Q�K �� �i�Q�T�@�/�Q�r�M �T�2�`�b�T�2�+�i�B�p�2�X �"�2�+���m�b�2 �i�?�2 �1�.�J �B�b

���H�r���v�b ���H�B�;�M�2�/ �r�B�i�? �i�?�2 �T���`�i�B�+�H�2�ö�b �b�T�B�M�- �i�?�2 �7�Q�`�K�2�` �B�M�?�2�`�B�i�b �i�?�2 �H���i�i�2�`�ö�b �`�2�H���i�B�p�2 �/�B�@

�`�2�+�i�B�Q�M �r�B�i�? �`�2�b�T�2�+�i �i�Q �i�?�2 �2�H�2�+�i�`�B�+ �}�2�H�/�X �h�?�2 �i�Q�`�[�m�2 �2�t�2�`�i�2�/ �#�v �i�?�2~E� �Q�M �i�?�2 �1�.�J

�B�b �K���t�B�K�m�K �r�?�2�M �i�?�2~E� ���M�/ �1�.�J ���`�2 �T�2�`�T�2�M�/�B�+�m�H���` �i�Q �2���+�? �Q�i�?�2�`�X ���b �� �`�2�b�m�H�i�-
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