
���������
	���
��������������
���������������! #"$�%��&('�&)
�*���+-,� #� .�.0/212123
4����5&%��&%��&)67*�"845��6:9;"<�=��&%�
> ?A@�B�C�DFEG@�HJI-KGKA3
LNMPO-QSR�TUM(R�VWR�XYMPZ<DF[�M(\�TUM(R�T)R�L]I-KGKG^_C�EPO<C

`badcfe�gNh;h!ifjPkfg]lmani

o ��6p	!��qr ts��(u 4v&( #"$��&%�
9!���(9!wr x"-��&(9;"- #�
TA^y[{zA|d[�M�I-KPO<MP[�C�}~[�C�DF[~�FO<C

P0 � [�MP��[)B�}�� � [�^r[�^_C�EGKP[�H_H_^_DF[{�pKP[�M�I-KG^yO<C�E�O<|n[�M�I-KPO<MP[�C ∗
B�C��

ω
I-B�QWLNMPO-�

�([5EPEP[�C�[�M � [�^_KP[�MGK(R!TU^y[�.�[�}�I-CxKG^_����[�MUzA|d[�M�I-KPO<MP[�C�^yEGKf��B�MP����Q�O<H_DF[�C���[���M�I-C�EG^_KG^yO<C�EPMP[�DF[�H_C�DF[�DF[�DF[�@d[�C��
p

a
→ p′

p∗
a
→ p′ · p∗

p
a
→ p′

p∗
a
→ p′

p
a
→ X

p∗
a
→ p∗

p
a
→ X

p∗
a
→ X

p
a
→ p′

pω a
→ p′ · pω

p
a
→ X

pω a
→ pω

� O<@d[�^d[�^_C�[Y�A[�DF[�Hd��[�MWV�O<MG} P
Q

�5B�Hy[5EP[�C0^yEGKfI-HyE��pV!I-H_HyE
P
\#EPO

Q � R#TU^y[�.�[�}�I-CxKG^_�0��[�MfI-C���[�MP[�C0LrMPO<�([5EPES�O<|n[�M�I-KPO<MP[�C��
+
\
· � @�Hy[�^_@�K�[�MG�;I-H_KP[�C�R

I � � [�@d[�Cb.#^y[���^y[�.�[�}�I-CxKG^_���FO<C a∗, aω Q���M�[�^_C�[0I-KPO<}�I-MP[��A��KG^yO<C
a ∈ A

��B�MP�P��[�^_C�[�.#�#^_�5�([���[�M
[�CxKPEG|�MP[5����[�C���[�C�}�I-MG��^y[�MGKP[�C���M�I-C�EG^_KG^yO<C�EPEG��EGKP[�}~[�I-C�R

 n[�^_DF[�CbO���[�M � ^y��[�MGHy[�DF[�C¡.#^y[~Q�O<H_DF[�C���[0¢£[��;I-B�|�KGB�C�DF[�C¤��B�MP����[v¥�|�H_^_�5^_KP[0�AC�DxI-@n[�[�^_C�[�M{¢¦^yEP^_}§B�HJI-KG^yO<CO#��[�Mf��[�C�¨YI<�P� � [�^yE(\!��I<EPE©�F[�^_C�[�¢£^yEG^_}�B�HJI-KG^yO<C�[v¥�^yEGKG^y[�MP[�C��2I-C�C�R@ � p∗ - p + p · p∗

� � (p∗)∗ - p∗

� � (pω)ω - pω

[ � p · (q · p)ω
- (p · q)ω R

o ��6p	!��qr ts��vª 
« �,�"-6p��+<,������(67*�,�"<����	=��&(9!����"$ #" o >d&%�
9!�� #� �
�F[�^_C�[§�A@�DxI-@n[ �.�[�^
a ∈ A

B�C��
a1 ≡ a

\
ai+1 ≡ a · ai R! n[�^_DF[�Ct.#^y[2\;��I<EPE a ‖ ai = ai+1

Q
��M�I-H_Hy[
i > 0

R
o ��6p	!��qr ts��­¬ ®0�
 ���+<,�,� ��J&( ��¡���

P1

��¯{LrB�C��#KP[ �°rE±EP[�^_C�[�C
a, b, c, d, e ∈ A

R � [�@n[�C�.#^y[)�5B�²S[5��[�}³��[�MUQ�O<H_DF[�C���[�C=LNMPO<�([5EPEP[~I-B�E
P1

[�^_C�[�C´@�^yEG^_}{^_HJI-MP[�C
LNMPO<�([5EPE�I-B�E

P0

B�C���[�^_C�[�µU[�MGHy[�^_KGB�C�D���[�M�[�C#KPEG|�MP[5�P��[�C���[�C � Hy[�^y������[�^_K�^_}¶.#��EGKP[�}
ΣSPP

I-C�R
I � (a + b) ‖ c

@ � aa ‖ bb

� � (a + b) ‖ (a + b)

� � abc ‖ (d + e)

o ��6p	!��qr ts���· ¸¹��,�"$>���"$&( #������&(9n�=��&8���J&)º» x+<,��% #�
	; ���� �
¼�LrB�C��#KP[ ���C´[�^_C�[�}½V;I-��MG�2I-MGKP[�C;I-B�KPO<}�I-KP[�C¾�<I-C�C=}�I-C¿Q�O<MGK �WÀ ��MP[�C��=Q���M{Á~ÂÃ[�^_C�[~XYB�MG�(EGKGMP[5���F[�C�Q�I-��MG�2I-MGKP[8[�MS�
� [�MG@d[�C�\WQ
��M�/ÄÂÅ[�^_C�[�CÆC�O<MG}�I-Hy[�C«V;I-��MPE��P��[�^_C�RUTU[�M��AB�KPO<}�I-K�I-���([�|�KG^y[�MGKt3�ÂA�7.�����[�^_C�[�B�C��ÇD2^_@�K
È=[5�P��EP[�H_DF[�Hy�É�5B�MG���P�d\WEPO-Q�[�MGCÉ[�M���@n[�M8DF[�Cx��DF[�C��ÇÈ=[5����EP[�H_DF[�Hy�Ç�F[�MSQ
��D2K(R£�7EGK8��^y[5E�C�^y�P�#K���[�M0V!I-H_HÊ\¦EPO
}§B�EPE©|;I<E�EP[�C���DF[��%I-��H_K � [�MP��[�C�R;TY[�M©È=[5�P��EP[�H_DF[�Hy��EP|n[�^y����[�MU�2I-C�C�CxB�M��FO<}ËÈ�I-MGKGB�C�DFEG|d[�MPEPO<C;I-H�@d[vQ
��H_H_K
� [�MP��[�C�RÌ�O���[�H_H_^y[�MP[�CÄ.#^y[�[�^_C�[�C¤E�O<Hy�P��[�C¤V;I-��MG�2I-MGKP[�C;I-B�KPO<}�I-KP[�C¡��B�MP���¤[�^_C�[�C¾^_KP[�M�I-KG^_�F[�C¤LrMPO<�([5EPE)B�CxKP[�M{Ír[�MS�
� [�C���B�C�D���[�M±�pKP[�M�I-KG^yO<C�EPO<|d[�M�I-KPO<MP[�C�I-B�EY��B�Q�DxI-@d[�3$��Á2Rd°rEYEPO<H_H�C�^y�P�xKY}~O���[�H_H_^y[�MGK � [�MP��[�C�\ � I-C�C´��[�}��B�KPO<}�I-KP[�C���I<E£È=[5�P��EP[�H_DF[�Hy��I-B�EPDF[��xK(Î���^y[5EWEPO<H_Hd��B�MP�P��[�^_C�[UC�^y�P�xKP��[�KP[�MG}{^_C�^yEPKG^yEP�P��[���B�E � I-��Hd@n[�MG�����x�EG^y�P�#KG^_D2K � [�MP��[�C�R
� [�@n[�CÏ.#^y[¿��^y[´Ìt[�C�DF[´��[�M�^_CÆ�:��MP[�}ÐÌ�O���[�H_HY�F[�M � [�C���[�KP[�C»I-KPO<}�I-MP[�CÏ����KG^yO<C�[�CÑ[v¥�|�H_^_�5^_K�I-CÇB�C��
[�MG�#H À MP[�C�.#^y[U��B�MG�Y��[�MP[�C�¢W[5��[�B�KGB�C�D��
�FRÒ¢YR¹Á(Â)��°N^_C � B�MSQN[�^_C�[�M�Á(Â�Ì���C��([ � R�¢W[�D2MG��C���[�Ct.#^y[2\���I<EPE©�p��MLNMPO<�([5EPEf��[�C�O<@�^_DF[�C�V;I-��MG�<I-MGKP[�C;I-B�KPO<}�I-KP[�C¿}~O���[�H_H_^y[�MGK(R
Óm #�(w�"$ #+-,¹����	=�!9!�És��(u!ÔNs��vªdÕ]Á2Á2RÖ3�RÖ/212123�Î o q�	!��qr ������¡Ó) x�(w�"$ #+-,¹����	�s��­¬�ÔNs���·��¹Á(¯�RÖ3�RÖ/212123�R


