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�%���z�
�
��"<��&('�&������|{} ~�5&("<�
>g&%��9q�|4 �
�G]�abE�]�����F~O-�q]%�
OG� .�]�a

p ≡ ∂{a}(aγa + a)
U���ab`

q ≡ aγδ + a
F2abNb`

q ∈ Pδ
0

C�E��

p = ∂{a}(aγa) + ∂{a}a (P21)

= ∂{a}aγ + ∂{a}a + ∂{a}a (P22)

= aγδ + a = q (P19, P20).

�!� .�]�a
p ≡ ∂{a}(aγ(a + a))

U���ab`
q ≡ aγa

F2abNb`
q ∈ Pδ

0

C�E��

p = ∂{a}aγ∂{a}(a + a) (P22)

aγ(∂{a}a + ∂{a}a) (P21)

= aγ(δ + a) (P19, P20)

= aγa = q (P16)
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X ¬<­ §D��  ε
U(W®O-E�E®M;O-�q]�E�¯�abJ���a�]u°±]�FG]�N

a
a
→ ε

^�C�E��
ε
�2O-E�E��G]�abE�]�E�²AJ�O-E�BKab`Da�I<E�]�E

O-C�BVT
³�M�JK]�EAU!W®O-E�E�]�JDM;O-Nb`K]�E�¯�abJ\O-�g]�J
ab

a
→ εb

x
→??

^!��]�J�RSJKI<´(]5B�B
εb
a�BD`XO-N�BKI�BD`K]5LK�G]�E�FG]���Nba�]��q]�EA^q��O

εµ OpFG]�E;O-C��G]�abE�]�²AJ�O-E�BDab`Da�I<E�O-C�BVT
³�M�JK]�E¶�2O-E�EAU
���K�<������ G¡<¢���£\·�¥)¸0�
§±¹5º<�»�~¢�¼ ¬ ¢�½¿¾\�
¼�À�¢���©5Á��ÂabJÃ��]�Ä�E�a�]�JK]�Ee]�abEÅRuJ�Æ<��ab�<O-`

↓
�Çab`p��]�JpÈZ]5��]�C�`DC�E�F

p ↓FG��¯�U
p
�2O-E�EÉI<M�E�]�]�abE�]����#`Da�I<EÊO-C�BD´5C�T�³�M�JK]�EA^Z`K]�JD�ÇabE�a�]�JK]�EAU�WXa�]�²�J�O-E�BDab`Da�I<E�BDJK]�FG]�NbEÊ�Ã³�BKBK]�EË��O-E�E

]�E~`KBDÌ�JK]5L�M�]�E���O-E�FG]�Ì;O<BKBD`±¯�]�JK��]�EA^�C��Í��O<BiI<�q]�E�]�JD¯¨Æ-M�E~`K]ÃRSJKI<��N�]��Î´5CÏHG]�JD��]�a���]�EAU
WX]�Ä�E�ab`Da�I<EÏHGI<E

p ↓ Ð �ÂabJ�N�]5BK]�E���a�]�°±]�FG]�N A
B

BKI�^���O<BKBi¯�]�E�E
A
F2abNb`ia�BD`(^�BKI)a�BK`±O-C�LKM

B
F2³�Nb`DabF�U

ε ↓

p ↓ q ↓

pq ↓

p ↓

p + q ↓

q ↓

p + q ↓

p ↓ q ↓

p ‖ q ↓

p ↓ q ↓

p ‖Ñ q ↓

p ↓

∂R(p) ↓

W�a�]ZI<Ìg]�J�O-`Da�I<E�]�NbN�]�.�]���O-E~`Dab�)�ÃC�BKBSE~C�E�]�E#`KBDÌ�JK]5LKM�]�E���FG](Æ-E���]�JD`u¯�]�JK��]�EA^GC��Ò��]�Ju²�]�JD�ÇabE�a�]�JDC�E�FÃ°�]5LKM�Ó
E~C�E�F¶´5C�`DJ�O-FG]�EA^ÔC�E�����O<B�RSJKI<��N�]��Õ�Çab`���]��Ö.#`K]5L��G]�E~��N�]�ab�g]�EÂ��BDa�]�M�])��@<F2Nba�LKM��G]�ab`�×%��´5C�HG]�JD��]�a���]�EAU
��abJ�HG]�JD¯¨]�E���]�E���a�]\TØI<NbFG]�E���]�EÏ°±]�FG]�NbE Ð

a
a
→ ε

p
a
→ p′

p + q
a
→ p′

q
a
→ q′

p + q
a
→ q′

p
a
→ p′

pq
a
→ p′q

p ↓ q
a
→ q′

pq
a
→ q′

p
a
→ p′

p ‖ q
a
→ p′ ‖ q

q
a
→ q′

p ‖ q
a
→ p ‖ q′

p ↓ q
a
→ q′

p ‖ q
a
→ q′

q ↓ p
a
→ p′

p ‖ q
a
→ p′

p
a
→ p′

p ‖Ñ q
a
→ p′ ‖ q

p ↓ q
a
→ q′

p ‖Ñ q
a
→ q′



�sE���]�E¶E;Æ<L�M�BD`K]�E���JK]�a�°�]�FG]�NbE�BK]�abE�]�E
a, b

�GI<�Ç�ÃC�E�ab´5a�]�JK]�E��Ô^;C�E��
c /∈ R

U

p
a
→ p′ q

b
→ q′

p ‖ q
γ(a,b)
→ p′ ‖ q′

p
a
→ p′ q

b
→ q′

p | q
γ(a,b)
→ p′ ‖ q′

p
c
→ p′

∂R(p)
c
→ ∂R(p′)

�Ïab`���a�]5B�]�E�°±]�FG]�NbE ¯�abJK�|�g]�a�BDÌ�a�]�N�BD¯�]�a�B�]ÏBDa�L�M�]�JDFG]5BD`K]�NbNb`(^���O<B
ab

a
→ b

a
→ ε

]�abE�]�F2³�Nb`DabFG]�[®]�`D`K]�HGI<E
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p ≡ ∂{a,a}(aγ(a + a))
U��ÂabJ�JK]5LKM�E�]�E

p = ∂{a,a}aγ∂{a,a}(a + a) (P22)

= aγ(∂{a,a}(a) + ∂{a,a}(a)) (P19, P21)

= aγ(δ + δ) (P20)

= aγδ (P16)

�Ïab`
q ≡ aγδ

F2abNb`XO-N�BKI
q = p

C�E��
q ∈ Pδ

0

U
�!� .�]�a

p ≡ ∂{a}((aγa) ‖ a)
U��ÂabJ��q]�JK]5L�M�E�]�E

p = ∂{a}(aγa ‖Ñ a + a ‖Ñ aγa + aγa | a) (P6c)

= ∂{a}(aγa ‖Ñ a) + ∂{a}(a ‖Ñ aγa) + ∂{a}(aγa | a) (P21)

= ∂{a}aγ(a ‖ a) + ∂{a}aaγa + ∂{a}((aγa | a)a) (P7.P8, P11)

= aγ∂{a}(a ‖ a) + aaγ∂{a}(a) + ∂{a}((aγa | a)a) (P22, P19)

= aγ∂{a}(a ‖Ñ a + a ‖Ñ a + a | a) + aaγδ + ∂{a}(δa) (P6c, P20, P18)

= aγ∂{a}(aa + aa + aγ) + aaγδ + aaγδ + ∂{a}δ + ∂{a}a (P7, P10, P22)

= aγ(∂{a}(aa) + ∂{a}(aa) + ∂{a}aγ) + aaγδ + δδ (P21, P19, P20)

= aγ(δa + aδ + aγ) + aaγδ + δ (P22, P19, P20, P17)

= aγ(δ + aδ + aγ) + aaγδ (P17, P16)

= aγ(aδ + aγ) + aaγδ (P16)

�Ïab`
q ≡ aγ(aδ + aγ) + aaγδ

F2abNb`�O-N�BKI
p = q

C�E��
q ∈ Pδ

0

U
L%� .�]�a

p ≡ ∂{a,a}((aγa) ‖ a)
U��ÂabJ��g]�JK]5LKM�E�]�E Ð

p = ∂{a,a}(aγa ‖Ñ a + a ‖Ñ aγa + aγa | a) (P6c)

= ∂{a,a}(aγ(a ‖ a) + aaγa + (aγ | a)a) (P8, P7, P11)

= ∂{a,a}(aγ(a ‖Ñ a + a ‖Ñ a + a | a) + aaγa + δa) (P6c, P18)

= ∂{a,a}(aγ(aa + aa + aγ) + aaγa + δ) (P7, P10, P17)

= ∂{a,a}(aγ(aa + aa + a + γ) + aaγa) (P16)

= ∂{a,a}aγ(∂{a,a}(aa) + ∂{a,a}(aa) + ∂{a,a}(aγ)) + ∂{a,a}(aaγδ) (P21, P22)

= aγ(δδ + δδ + aγ) + δaγδ (P22, P19, P20)

= aγaγ (P16, P17)

�±N�B�IÃN�]�a�BK`K]�`±��]�J±RSJKI<´(]5BKB
q ≡ aγaγ

��O<B�FG]�¯�³�E�BKL�M~`K]2U
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p ∈ P0
abE

RSJ�Æ$Ä
	#TØI<JD� a�BD`(U
��abJi]�JDM;O-Nb`K]�E�´5C�E;Æ<L�M�BD`

p ‖ δ = p ‖Ñ δ + δ ‖Ñ p + p | δ (P6c)

= p ‖Ñ δ + δp + p | δ (P7)

= p ‖Ñ δ + δ + p | δ (P17)

= p ‖Ñ δ + p | δ (P16)

�±N�BKI0a�BK`�´5C=´(]�abFG]�E Ð p | δ = p
UÔW�a�]5B�´(]�abFG]�E�¯�abJ���C�JKL�M �:E���C��#`Da�I<E�E;O<LKMz��]�� �±C�T��;O-CwHGI<E

p
^g¯�I<�g]�a

¯�abJ(^g¯�a�]�I<�q]�Ew�g]�F2JD³�E���]�`(^�O-E�E�]�M���]�Ez�G@<E�E�]�EA^A��O<BKB
p ∈ P0

abE=RSJ�Æ$Ä
	#TØI<JD� a�BK`(UÔ�Ïab`���]�J�W\]�Ä�E�ab`Da�I<E
��]�JiRSJ�Æ$Ä
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p ≡ a
U
a | δ = δ

E;O<LKMz��Ri×��G��^!��O
a, δ

E�a�LKM#`±�GI<�Ç�ÃC�E�ab´5a�]�JK]�E��ÔU
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p ≡ aq
U�WXa�] �:E���C��#`Da�I<E�BDHGI<J�O-C�B�BK]�`D´5C�E�F�a�BD`�E#C�E

q | δ = δ
U��ÂabJ±]�JDM;O-Nb`K]�E

aq | δ = (a | δ)q (P11)

= δq (P18)

= δ (P17).
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p = p1 + p2

U���a�]�J®�G@<E�E�]�Ew¯�abJ���a�] �sE���C���`Da�I<E�BDHGI<J�O-C�BKB�]�`D´5C�E�F
p1 | δ = δ = p2 | δ

HG]�JD¯¨]�E���]�EAU
��abJ��g]�JK]5LKM�E�]�E�E~C�E

(p1 + p2) | δ = p1 | δ + p2 | δ (P14)

= δ + δ (IV )

= δ (P16)

W\O-�Çab`±a�BD`�FG]�´(]�abF2`(^���O<BKB
p | δ = δ

U �:E�BDFG]5B�O-��`i]�JDM;O-Nb`K]�E�¯�abJ

p ‖ δ = p ‖Ñ δ + p | δ = p ‖Ñ δ + δ = p ‖Ñ δ,

O-N�BKIÇ��a�]�]�JKBD`K]��XN�]�a�L�M�M�]�ab`(U
Y�³�J���a�]�´5¯�]�ab`K]��XN�]�a�LKM�M�]�ab`

p ‖Ñ δ = δ
HG]�JD¯¨]�E���]�E�¯�abJi¯�a�]�I<�g]�E �:E���C��#`Da�I<E�³��q]�J±��]�E��±C�T��;O-CÏHGI<E

p
^

¯�I<�g]�aA¯�abJ�¯�a�]5��]�JXO-E�E�]�M���]�E���³�JVT�]�EA^���O<BKB
p
abEÏRSJ�Æ$Ä
	�T�I<JD� a�BK`(U
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p ≡ a

U�W®O-E�E
p ‖Ñ δ = a ‖Ñ δ = pδ

E;O<L�Mz��R�Q2��U
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p ≡ aq
U��±a�]�JSM;O-�g]�E)¯�abJS¯�a�]5��]�Ju��a�] �sE���C���`Da�I<E�BDHGI<J�O-C�BKB�]�`D´5C�E�F�^G��O<BKB

q ‖Ñ δ = qδ
^<C�E��)�q]�JK]5L�M�E�]�E Ð

p ‖Ñ δ = aq ‖Ñ δ

= a(q ‖ δ) (P8)

= a(q ‖Ñ δ) (
]�JKBK`K]��XN�]�a�LKM�M�]�ab`

)

= a(qδ) (IV )

= (aq)δ = pδ (P5)
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p = p1 + p2

U �±a�]�JiM;O-�g]�E�¯�abJ±��a�] �:E���C���`Da�I<E�BDHGI<J�O-C�BKBK]�`D´5C�E�F
p1 ‖Ñ δ = p1δ

C�E��
p2 ‖Ñ δ = p2δ

^;��O
p1, p2

T
JD³�M�]�Ji�g]�JK]�ab`KB��GI<E�BD`DJDC�a�]�JD`�¯�C�JK��]�EAU;W®O-�Çab`

p ‖Ñ δ = (p + 1 + p2) ‖Ñ δ

= p1 ‖Ñ δ + p2 ‖Ñ δ (P9)

= p1δ + p2δ (IV )

= (p1 + p2)δ = pδ (P4)
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