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2 CSDR «­¬¯®±°
2.1 CSDR ²q³D´¶µj<]<_[`9a�JPb�cNTed4)W�Fu<\^]<_[`>am,N5Pd4)�hUh"{m�[J���T2@-A*5BCRDm5B84L[�

CSDR
D,mlWTeU��;·�.��B5

CSDR
DK52OR©ih*¸WA<H<Z�TkU

CSDR
D�5&  Å æ�E7~KT95[. D

]R_K`*a
MD(D > 4)

J>b�cmTB�4���2d-)�,WlKTeUr�>54jR]R_�9���7dN)�J2z�GÒs*MF�VLm�N5P�m�[�-~P¬4­�h��-SF�WE�,F\Ò]4_[`*a�JBb�c-T
h"{RdN)K�P�Ðu vTVUi�4�2,RsF\I]4_K,N5*h�{RdN)�h���TP@mA<5B�4(W�m~�s ×�¹Oº s[hM»&¼-5����ÒJ0ONQRS�TkU��·Ns
D
]R_�J>b�c[T
�N��h

AD =

∫

dXDL(X) =

∫

dx4dyD−4L(x, y) (2.1)

E6½�� U��4�7,
D
]4_*¾�A�h

X = (x, y)
EVs�\I]R_[`>aW5U¾�AÀ¿�EIw9x[aWy45U¾�AÂÁ J�~�cBH½RMN@7UW�25�EU�

Lagrangian
he=��RS�Tk{�J7z*S�TBlmTNÃ�52z*�R¬*­�5��"k�ERGÒH<s

Lagrangian5UÄ��>w<x[aKyN5U¾�A�JUÅÐu�~9MrEoS�TkUmqN5FEM�>s;�R��JBb-M-H9w*x-a�yU¾�A�JPL[M-HN5MÆ�~h%F"��,D�9s
AD =

∫

dx4dyD−4L(x) = V

∫

dx4L̃(x) = V A4 (2.2)

E�~KTVU��N�7,
V
.Pw9x[aWyR5 Ë Æ�,[lR��s�{�J7z<S�T�¬*­K�Fu Lagrangian

50=���V
L→ L̃

E�(Ç-SFT�ENGkH4M�TkUF�P5����VJ�GeH*j<]R_W�*���0dR)���uR\^]<_�JBb�c[T�h�{4dR)�h���T-�mE�N,D�mTeUr�N�P,RsNq[5R@mANJ%È�	�~2�W�[�9¬R­�hBbRbK�4�WJ;ÉWH<Mr� U�*·&Ê-8�5P�K� E[G�HNs
D
]-_K`*a��"P(Ë Ë MD = M4 × B

5B=&��h
ÌWL�EISiT�Ui�[�P,
M4.F\Ò]N_

Minkowski
`4a�,mld��s9w4xma�y

B
.�Í ¼ Z ÔÏÎ Ç54kvKHRM�T�E^S�T�Ui�>5P�K��.BwxWa�y-5!a 9 �*Ð�ÑÒ4ev�HNMK~4M EeM�� ©�C�E&F�hMÓ�Ô�G�@OV95-,KlWT9�-s<w4xKa�y-��Í ¼ ZÔÕÎ ,mlmT[�WEe, (2.1) ° 5MÆ�~�� Å ëNS�TN�KEPh!Ö%×�,2�[TeU��R@4s9w<x[a�y B

.;#������RÉ
(isometry group)S

hMÌWL E^S�T�Ui�[�B,
S
.�Í ¼ Z ÔÏÎ Lie

É�,KlKT�E^S�T�UNÇ�,!Ø�GR�NK�pTB�Rs��B5FE%�2w<xma�y-.>8"��J
coset Space S/R Ù R . S

5;Ú�~<É&ÛK5P=���h
ÌmLF�KE��*>�uvKH4M�T
[1]
U�q��P,;Ü-Ç�.(fKJ

B = S/R
E�J-S���E0JPSFT�UÊ�rm57�m�rENGVH

D
]4_[`*am� é JK57=���h0Ì��>@�}mJ9sBq[5*`9aW,N52{�J7z�G z<�-¬*­��%���u vFTKEISFTkU�Ý�K�Ge@����VJW�B5Bz<�[¬<­�JW��� s9j<]R_4dN)K��uR\^]R_4dR)�h7�r�*�WE��"���JR~�TkU�q��B,>zR�[¬4­�JBL[M[HBQO�PSiTkU�j<]N_�,*��ÞL4kvK@>{

Φ(x, y)
J2zNSFTU#������É

S
5;�-��h

Φs(x, y),
�4�K�;�"��h

Φg(x, y)
E-Ge@�E%�RJ2{

Φ
�*¬<­ ° s

Φs(x, y) = Φg(x, y) (2.3)

hzß�@PS EIS�T
[1]
U��P5�EM�Bs�{�.

S
�(��hB�*�K�M�(��,*à�j�á*SF�WEe�4,��[TKEÒM��ãâDäN,Bz��,KlWT�Ur�>59¬R­ ° h7{�JBzRSrT0z4�W¬R­�E�å�æF��EPJ2SiTeU Lagrangian

h�=&�[S�T
l�H-5{��<z4�m¬4­�h
ß�@9S�~Fues
Lagrangian

.4�R����ç�� � ���
S
����JBz�G�HOV
ç���JR~�T�UNS~��&j9s

Ls(x, y) = L(x, y) → L(x, y−s) = L(x, y) (2.4)
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E0~d��s
Lagrangian

5MÄ�.Bw<x�¾�AèÁ�JMÅ�u0~��7~WTkU�Gk@-�-�*HRs<j<]N_W�<�K�7d-)�J>b�cTk{�J2z�Goz<�[¬<­Fh��NSi�WE�JK��� s é K�Gk@����ÒJ�\^]<_�JBb�c[T�h�{RdR)�h��iTN�mE��R,�-TeU��<@Rs��P5Bz4�-¬*­���uo{�J2zRSFT ®N¯N° �9�W�>v�TkUWq>v�h����*�WEe,�\^]R_m`>a�JBbc[T�{Fh��rTN��E��N,D�9s�4mu0J�\V]N_�J9b�cmT�dN)�5P=D��JBz�G6���Wh2L�cmTN��E��-,D�mTeU�>5 ®[¯[° h CSDR ®m¯-° Ù CSDRconstraints
Û�E
å�æ���E7JBSiT�U

CSDR ®[¯m° J9LWM[HW.
2.3 � ,;ØÐG<�6¢&p�TeU&» é 5����VJ�GeH4j<]N_W�4�K�PdR)���uN\^]N_4d-)�h2���VCND�h CSDRD EkMÐ� U
CSDR

D�5;��/��K~*æ�.�\k]N_Nd[)�5B=D��5*f4grh>jN]-_K,m5-�<���Bd[)�J!e�AKT[��E�,-si\]N_�J9b�cWT9�R���B{ÐE
Higgs

{�5*6[8�5���� � �9� uÒvFTm��E0,KlKT�U�Ø&é�.>Ç�J�K&p�T9�
CSDR

D�JW���Ij<]<_K,R54�<�W�7d4)���u<\Ò]<_W,-52dR)�h7�r�0}mJ9s*�9���0{�5>w9x[aWy���~.�\Ò]4_�JPbNM[H4ð Ö�Ø �9{ -Higgs
{ ENGeH;ê"ë � U�V*j�ì*|F\^]4_�JBb�c-TB�9�K�2{�.9j4]4_�9���7d4)�54�<�W�7{�5�\^]R_[`9a�J7z4S�Tí��~K�Fu �Ðu v�TeU[�R@BÇW,<Z�TR���ÒJ>s

CSDR ®¯R° �Fuk5;�"k ERGVH�\^]<_m,R5 Higgs Ó�Ô<Õ �m.9j*]4_�JBb�cNT Yang-Mills Ó�Ô<Õ �m59j*]<_��~K��u ��uovFTkUN|�J
Higgs º9»�¼9½-¾�¿RÀ .�\^] ° 5���,P��uIvms<q[57=���.2w*xmaKyR,[lT

S/R
52=��m�iu3_��WTkUR4-u�J9sPj<]4_m�<�W�0dR)�JBb�c[T2�9�K�7{�E Í*Îe¿�ÏVÑ�¼ 5%������ À 5*j*]R_(��~K�Fu�.�\^]4_�JBb�c-Tzm"n�k4Â À he��T-�mEe�4,D�[TVU��P5����ÒJ�GkH CSDRD�JW����s�\^]R_W,-54�*���7{�E

Higgs
{�hBj<]4_K�*���7dR)�JBb�c-TP�<�W�7{�5�î���~�h7f9gERGeH>6-8[�mJ2d<��,&�-TeUK�4@4s

S/R
50=���h
_�AmTR�KE0JW�O� s�\Ò]4_�J>b�c[T

Higgs Ó�ÔÕ �"��m�n Ó�ÔRÕ �W50=���h
_�AWTN�KEe�R,&�[TKEkM��ðïKæ�ñ&ò�ózôd4&õ
ö(÷(ø(ù�ú2û�ü�ý(þ2ÿÉ
G � S/R

ü������
_��2ó�� � ö
	�� ÷ CSDR ����
�� õ��?ù�úDû�ü�ý"þ2ÿ�� H � �?ù�ú2û�ü� ñ����
H
ü����Dñ�� ��ózô

CSDR ! ö"	$#6ø"ù"ú2ý!þ2ÿ�%�& � õ��?ù"ú�%�&��('Ró�)���ö�*(÷+��,�-$��ö;ø"ù�ú&ý(þDÿ�%�&ü
Lagrangian

�.��/1032�4(5�*�2¶õ(2�6!ô�7�ü�)"��ö�*�8+9�:
;�û�òDó
S/R

ü=<=>?�3@�A¶ó.B
C ñ2òDó�ô
7D035(ù�ö(÷ � ö�E�F"G�HI�(J��K� � ûL'ÒõNMqó CSDR ����
 ��@�ARó�� � ûO�Nùú�%�&�ü���P���QSR+5�6O4HôT��ü+U&ü=V+W�üYXOû�*$�.M5õ�ü$� � �(@�A¶ó0ô

2.2 coset space Z�[�\�]�^
2.1
XOû+_")S	?`zö�a b�*L-���ö

D
ù�ú"c+:�d�e"f

MD = M4 × S/R g ü�ý�þ�ÿ�%�&?�(��/�qó(ü�h�ñ�÷�7&ü�)"��ö�*
coset space S/R

ü�<�>O��iqó�B C ñDò2ó�ô$��)�÷
2.2
X�û � ü=E�F

G�H � õ CSDR ����
 ��jT43k&ö"l S/R
üL<+>�m�n+o$�3pq` ô�7S��û�÷
�*üYX�û�*

S/R � 7�ü<�>�ö�r�6�5�@�A�ózô�s�ö�:
;�üL<=>?�(i¶ó g û�t C 2u<=>�m�n+o�û&ò&ó�v�o�÷�duw � ÷ Killingxzy|{~} ÷u����÷ ���&÷L����öur�6�5L��0�4�@"A�ó
[2]
ô

� coset space S/R �$�
���,
S/R

ñI��ü
	z`Nöu�+�K��M")L: ;�û&ò&ó � ��_�óíô S
������� y|{

Lie
�2÷

R
�

S
ü
���.�

y�{
Lie
�2û�ò&ó3����� � �¶ó0ô�7S�Mû R

öY�K��2�6
S
ü;ú

s1 ∈ S(s1 6∈ R)
�

R
ü���ú�ö����T�

� ó�� � û��(��� Rs1(right coset)
÷

s1R(left coset)
ñ�'Òõ�M¶ó0ôO��õ
ö

S
ö
l

Rs1(or s1R)
ö�l

�K��2+6
S
ü;ú

s2 � õ(�Y��� Rs2, s2R
ñ�'Õõ�M�ó0ôK��ü ��� s1

÷
s2 � õ�':õNM�ó=�Y���?�=��*t$2Rõ�2�6(ôS�YeOüu ����3¡q#£¢��I� � û S

���(���
Rs1(or s1R),Rs2(or s2R),...

ûL��¤��qó��
7



� ñ�û � ó0ô
S S

-
R Rs1

(s1R)
Rs2
(s2R)

......

�;ü ��� ÷
�(��� Rs1(or s1R),Rs2(or s2R),...
�%ú � 0.)=:$;"� coset space S/R � 61` ôT���û

left coset � right coset
*

R
ñ

S
ü�¥�¦�������÷��S2�§"¨

sR = Rs ∀s ∈ S
ü ��© ö�ü+ª�«�0

6!ô�¬�&�­2û�*
coset � 6
R+) ��© right coset

ü�ªS�(®��I� � ö��Ró�ô S/R
ü*ù�ú *

d = dimS/R = dimS − dimR (2.5)û�òDózô=�
S
ü

S/R ¯ üu��� *!÷Y° � õ0ü�± Rs → (Rs)s′ = R(ss′)
û�²$³Oõ�M�ó0ô����%û"÷

S
ü

S/R ¯ üu��� *�´�µ$n�û�¶�·.¸��$2�§�¨L¹ S/R
üYº�»�üu¼ *

S
üu����½�	�#¿¾�ü(º�»2üu¼ ¯ µ��� �3À û � ·3¸ ��)�¹ S

ü������
R
*

S/R
ü

identity coset �.Á�Â MI·�¸K��Ã(½ Rr = R ∀r ∈ RÄ ¶ ·LÅ Ä ¹
R
*

S/R
Å

identity coset
½uE��I·Y«�Æ�� Ä l=¶
·.¸

coset space S/R
*LV g Å$	`�½=�+�Ç��MO·�: ; Ä ¶
· À ¹�2uÈ�8�9":$;IÉ�0.5 S/R

��Ê�Ë�B C À ¶
·LÅ�h
ÌK` � ¸�ÍS½=7M��YÎ�³�5+ª�·.¸
�ÐÏ�Ñ coset space Ò�Ó|ÔzÕ"��Ö��� Ä 8�9
: ;

B
É�035

coset space
��Îz³�·(%?×���Ø Ù ½uÎ�Ú��O·

[1]
¸�a�b�*L8�9�:�;

B
É

0.5�¹u«�Û�¦�Ü��
S
É�0�5$���.� y1{

Lie
�

S
��Ý�R=)����.� y1{ :
;"��ÎS³�)+6=¸�7O0.5�¹+7

Å�É � ½ B À É�#�`.·���PDÉ�0.5 coset space À Ê Â M�·LÅ Ä ¶�·.¸+V�Þ Ä 7�Å ��É���_�5�6?4£¸)�hO0ß¹�V�Þ�Å�à�& *
B
É

S À �+�.� y1{ Ä ¶�·���É�áãâ À «�Û�¦�Ü�� Ä ¶"·��"É(*�B C É�0326��
É���ä�»�0.5+åz�z`æ¸
�u,�¹=8+9�:
;�Å�ç�è?�

yα (α = 1, ...,dimB)
É�035�¹Té3Å�ê
ë�ì

S
¦�Ü À

(ys)α = yα + εAξα
A (A = 1, ....,dimS) (2.6)

Ä ²�³�Ã�Mz·
É��z·�¸?��� Ä ¹
εA
*�ê ëuì��?í�îuï$ð Ä ¶I#ñ¹

ξα
A

*òé�Åuê ëuì
S
¦+ÜS½"	�·.¦

ó ���Y��� x�yô{~} � Ä ¶"·3¸
A
�L7�Å�/��ÇÉ�03) x?y1{õ} ÅYö © {ξA}

* x?y1{õ} :$;"��÷�/
0�¹

S
Åuê
ëLì�¦�ÜS* ��Å xzy1{~} :
;�Å xzy1{ø} Ä s�ù�ú�ûSÃ�M?·�¸�Í ½ �

Φ(y) ü S *��ßÍ�¼c+:�½�*
trivial

2L���10 � 0Y2=6
Å Ä ��Í�¼ c=:$Å�ç�è?*+ýK0()=þ
Å S
¦�ÜO��Îz³�·3¸�a$b�*

ξA
Ä �D��M?·(Æ�ÿ�½uE��O· � Å�ê ë�ì

S
¦�Ü�Å�¦ ó �z�

Lie � � LξA

Ä ���O� ÉY½��O·.¸�ê ë
ì

S
¦+Ü ü�� þ$½uE��ô0�) Lie � � *+¹ � Φ(y)

Å
S
¦�Üz�

Φs(y)
É�03)?É � ¹

LξA
Φ(y) = lim

εA→0

1

εA
{Φ−s(y) − Φ(y)} (2.7)

Ä ²
³ ÃñMS·ß¸��+� Ä ¹
Φ(y)

Å
S
¦�Ü$½�E=��·������

Ω(s, y)
É�0ß)�É � ¹ Φs(y) = Ω(s, y)Φ(y−s)

ü y−s
*
	�¦+Üz������þ Ä ¶�·.¸��z³ Â ¹
��¦ xSy|{ø} � uα(y)

¹���¦ xzy1{~} �
uα(y)

½�E��z·
Lie � �$* ,

LξA
uα = ξβ

A∂βuα + (∂αξ
β
A)uβ , LξA

uα = ξβ
A∂βu

α − (∂βξ
α
A)uβ (2.8)
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É�2
·.¸T��� Ä ¹
Lie � � Å��+Ü�� [LξA

, LξB
]
Å � ¯ ÅL������v����I· É.¹

[LξA
, LξB

]Φ(y) = LηAB
Φ(y), ηα

AB = ξβ
A∂βξ

α
B − ξβ

B∂βξ
α
A ≡ [ξA, ξB]α (2.9)

É�2
·��
É À § � ·.¸ Lie � � Å��+Ü���� � ½����K� � )�luÅ$lY¹=á$*K# � Åuê$ëuì S
¦�Ü�ÅL¦

ó �������$Å Ä
[ξA, ξB ]α

*
[ξA, ξB ]α = f C

AB ξα
C (2.10)����)L���
É À C�� ��M?·3¸���� Ä ¹��! �± [ξA, ξB ]α
*

AB
½�r�6�5���E�F Ä ¶T#£¹

Jacobi "« 
 �#�$)u�L¸%$uR+5 xzy|{~} :
; {ξA}
*��� =±

[ξA, ξB ]α
Å�Þ Ä

S
Å

Lie &(' �(÷�/��I·�¸ 0) À R�5�¹ f C
AB

*��z��½
S
Å

Lie &)' Å�*"P�� ' ½�2"·3¸D�Y5�¹�V g Ä 8�9�:$; B À «�Û�¦�Ü��É�0.5
Lie
�

S
�3Ý"rKÉ � ¹ (2.10) 
"À ��)���Mz·.B C À ¶�·��
É
��_")�¸ 7+� Ä ¹ B

Å
*�P
À coset space S/R

Ä ¶"·
É � ½ (2.10) 
�À � )���M�·(�
É��#,��u¸�7�Å+)!-�½ S/R ¯ Å S
Åu�

�.�Y@�A?·.¸
S
Å�/�/��.�

{QA}
¹�7�Å��+Ü.0�1��

[QA, QB ] = f C
AB QC

Éß�O·.¸2��� Ä *"P��
' f C

AB

*
(2.10) 
 É��
3 Ä ¶
·�¸ S/R

Åu¼
Rs
½�E��?·�ç�è%� éôÉ�0�)IÉ � ¹ Rs(y)

ÅLê ëuì
S
¦�Ü�*�¹

Rs(1 + εAQA) = Rs + εAξα
A∂α(Rs) (2.11)É54Sû�·.¸��(� Ä

yα + εAξ
α
A

*
Rs(1 + εAQA)

ÅYç�è Ä ¶"·.¸ g�
 *���)�¹
RsQA = LξA

(Rs) (2.12)

É54 �76 � ·.¸��(� Ä QA

* éO½�81Ã(2=6�Å Ä ¹
LξA

LξB
(Rs) = RsQAQB (2.13)

É�2
·.¸10.) À R+5�¹ Rs
*

[LξA
, LξB

](Rs) = f C
AB LξC

(Rs) (2.14)

�#��)���¸��LÅ 
 *��z��½ (2.10) 
 �u²S³�·3¸�$�R+5�¹ B À S/R
Å
*�P.�(Ý"r
2IÃ Â (2.10) 
�#��)O0�¹

B
*�«�Û�¦�Ü���É�035

Lie
�

S
�3Ý"r.�"É À Ä � ·��"É À § � R=)L¸�9�k�¹�V g �:�)O0
`�·

B
Å
*�P É�0.5�*

B=S ü R À trivial
2���Å ��© ½�;�<�þ � B=S/R

Å ��© Å+ª Ä ¶"·
�
É À i�Ã�M
5�6�·3¸�0�) À R�5�¹�a$b�*�8�9�:$;�Å�*�PÇÉ�0.5 coset space S/R

�(Ê�Ë+B C À¶"·.¸ 7=� Ä ¹+V�Þ Ä *
S/R

Å�<+>�m�n7*�P��(@�A"5�6O4Ð¸
� S � Lie >=?

S/R
Å=<+>%�Y@�A?·L)!-�½+¹��L,S*

S
Å

Lie &�' Å�*"P@�(@"Az·3¸ Lie
�

S
¹

R
« Å

Lie &�' *
S,R

ÅA$�`N½�B��%��É�½Y�z·�¸
R
*

S
ÅL��� &�' 2+Å Ä ¹ S = R⊕K

É���C��I·���É À Ä � ·.¸�=)+¹
S
Å
/�/��=� g Å���CS½�E��K� � 5�¹ QA = {Qi, Qa}

É ��û�·�¸��)� Ä
Qi(i = 1, ...,dimR)*

R
�.÷=/�0

,Qa(a = dimR+1, ...,dimS)
*

K
½�E����z·ß¸"��Ã.½u¹N¬�&�­ Ä *

R
���=��� y {

Lie
� É�0�5+6S·LÅ Ä ¹LÎz³�·

coset space
*
D 5

reductive
Ä ¶"·

[4,5]
¸��$2�§"¨L¹

[K,R] ⊂ KÉ32
·�¸)3�ES½
R À �+�.� y�{ Ä ¶�·"É � ½+* S/R À reductive

É(2
·�$�`N27/�/��"Å
F�G��(Ê
Ë@�
É À Ä � ·.¸�$�R+5�¹ S

Å��=Ü�0�1��YÍ ÅH$?`ß½�4T4I�"É À Ä � ·3¸
[Qi, Qj ] = f k

ij Qk, [Qi, Qa] = f b
ia Qb, [Qa, Qb] = f c

ab Qc + f i
ab Qi. (2.15)
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�LÅI��Ü�0�1?½=å�6�57*"P"� ' f a
ij

*
R À ��� &�' ��÷�/ô035�6�·��$É � Ã�J�ÉY2�R+5�6z·.¸��)�¹

f j
ia

*
S/R

Å
reducutivity

Å�)!-�½%J Ä ¶ ·3¸!3)E?½�*
f c

ab

*%J Ä *�2=6 À ¹ f c
ab = 0Å�É � S/R

*�E=F Ä ¶�·"Éß6 `æ¸7�S³ Â SO(n + 1)/SO(n)
á

SU(n + 1)/SU(n) × U(1)
É�6�Ru)

coset space
*LE+F Ä ¶
·�¸

Lie &�' ÅL�IC S = R⊕K
*

S
Å)K�L���� Å

R
Å+Þ Ä Å���C�¹

adjS = adjR⊕ v (2.16)

½!$�RL5�s+ù�MSû�·(�"É À Ä � ·�¸=��� Ä v
*

R
Åu��� Ä ¶I#£¹

(2.16) 
 ÅL��C�Å�÷ � ÃLl�N?Ã
� 2H$z`�½ K

Å�/+/�� ü coset /+/��DÉ Á Ë�þ$½uE��ô0�5�6�·3¸��)�¹�/�/!�
Qa

*
S/R

Å���:�; xzyô{~} �Y÷�/��O·3¸���:�; xzyô{õ} *
SO(d)

Å xzy {õ} �
�POßÅ�Þ Ä ¦�Ü��I·LÅ Ä ¹

Qa

*����QO.½����u¸!3�Æ Ä
Qa

*
R
Å����

v
É�035$l3¦�Ü��I·.¸10

) À R�5�¹ d=v
�:�$)u�

R
Å

SO(d) ¯ Å
RS-7T�ª À 2S4.5�*�2?Ã32L6�¸@��Å
R=-
T�ª
* R
Å

S
¯ Å7R=-7T�ª À7U §LM�M Â �=-"·��
É À Ä � ·3¸���� Ä ¹ SO(d)

Å���Ü+0�1�*�¹

[Σab,Σcd] = −gacΣbd + gadΣbc + gbcΣad − gbdΣac (2.17)

Ä ² ³ Ã�M�·ß¸
Σab
*

SO(d)
Å�/L/(� Ä ¶z#ñ¹

gab
*

S/R
Å���:";+Åuv�o Ä ¶�·ß¸�V�¹ R Å SO(d)

¯ Å7R=-7T�ª
*
Ti = −1

2
fiabΣ

ab (2.18)

ÉN�.-
·!�$É À Ä � ·(¸���Å Ti À SO(d)
ÅAW�Å

R
��� &�' �Y÷�/ô0(5�6z·!�$É�*�¹)��Ü�0�1

(2.15) 
"� Ã '1Ã�M?·X*�P�� ' ½(0��O· Jacobi " « 
 �Y��6�·(� É Ä7Y � -�ÃNMz·3¸� S/R �)Z@[]\�^I�`_=a+bÍ
½
S/R

Å(ç�è
yα
�Yj�c�0�¹=7�Å

S
¦=Ü)d.�(@�Az·�¸+a
b�*

coset
�(�zí=îuï ð���,��?·u)�-�¹

coset Rs
Å & ��¼=� L(y)

É�0.5LÊ�Ë+¸
L(y)

É
S/R

Å�ç�è�:$;zÉ�Å(0�1%�LÞ�e�½�,���¸

S/R
Å�ç�è�:$;

L(y1) L(y2)·
y1·

y2·L(y3)·
y3·· ......

-

-

e�ÅS$�`N½
coset Rs

3�r�3�r À S/R
Å�ç�è�½�E��|0�5�å�#£¹�3+Æ Ä

Rs
Å & ��¼ À EI�10�)�ç�è

y
½`$uR+5

L(y)
É��?í=îuï$ð���,D�ßM
5+6�·�¸.��� Ä ¹ & ��¼ L(y) ¯ Å S

¦+Ü â¿ÅL���=�YÎS³
·�¸ãâÐÅu���$½`$�#

L(y)
*73IES½�¾�Å

coset
½�����¼�½(µT·�¸�7�Å

coset
Å & ��¼=� L(ys)

É�0
)OÉ � ¹ L(y) À s

Å���� Ä µzR+)�¼S*
r(y, s)L(ys)

ÅL÷ Ä ²S³zÃ�MI·.¸��(� Ä
r(y, s)

*
R
ÅL¼

Ä ¶O#£¹
y
É

s
½`$�#Ð� �$·�¸2$LR�5�¹

L(y) ¯ Å s
ÅL���$*

L(y)s = r(s, y)L(ys) (2.19)
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Ä ²z³zÃ�MO·�¸���Å=Æ�f 
 ½+$z# ys
É
r(y, s)

*
y
É
s
Å!0 ' É"035=�@- ·`�$É À Ä � ·(¸ ysá

r(y, s)
Å�g�f�÷.� � -"·u)!-�½

L(y)
ÅL�),@��Í
ÅS$z`�½�Ê�Ë+¸

L(y) = exp(yαδa
αQa) (2.20)

��� Ä�h ³�i Å�B ! ½�r�6�5�j�M 5�åK4Ð¸�¬�&�­ Ä *!k�l
m�n�­(i$Å h ³�i@� S/R
Å�ç�èI½��

6�¹ í
oS�(­�i
Å h ³
i��
S/R

Å���: ;�½�E 0�5u��6�·.¸
(2.20) 
 Å`W+½�p+5�4L· δa

α

*
S/R

É
��: ;�Å h ³
i+��q�r�r$û�·�¸���)+¹3a�b�*

S
�
ωi, ωα Ä ��í�î�ï
ð��), 0ß¹ R

�
φi Ä ��í�î�ïðY��,��I·.¸���2�§�¨

s = exp(ωiQi + ωαδa
αQa), r = exp(φiQi) (2.21)

É54K4��
ÉY½��I·.¸�ê ëLì
S
¦�Ü

s
½�E��I·�¹�ç�è

y
ÅLê ëL¦ ó *LÍ
ÅS$z`�½����L¸

δyα = (ys)α − yα = ωβδa
βξ

α
a + ωiξα

i (2.22)

�)� Ä
ξα
a , ξ

α
i

*
y
ÅLê"ë�ì�¦ ó �3��� xSy1{ } � Ä ¶I#Ð¹�² ³�Ã M�)u¦ ó Å�Æ$ÿ�½(���z·�¸���)�¹

W Ä _�·($?`ß½
ξ
*

Killing
x�yô{ø} � Ä ¶�·3¸ ��)�¹Lê$ëuì

S
¦�Ü�½�E��?·

r(s, y)
���zí�îuï

ðY��,��I·
φi

*
ω
Å�s�ï`t=ï�� Ä�Ä ¹

φi = ωβδa
βΩi

a + ωjΩi
j (2.23)

É54Sû�· É��I·.¸
xzy|{~} �

ξ
á)1 ' Ω

Å�g�f"n�2u÷��(@�A?·�)�-�½=¹
(2.19) 
 ½ L(y), r(s, y), s

Å�g�f"n�2�÷ Å
(2.20)

¹
(2.21) 
 � & c��O·(¸(V�*�ê$ë�ì�¦�Ü$h$û�Î�³+5 ys

á
φi
É�0(5

(2.22)
¹

(2.23)
���
6

5�¹(u�v$Å�w�x.� U `LÉ ξ É Ω
É�0�5

ξα
a = δα

a − 1

2
yβδb

βf
c

ab δ
α
c + · · · , ξα

i = −yβδa
βδ

α
c f

c
ia + · · · , (2.24)

Ωi
j = δi

j + · · · , Ωi
a = −1

2
yβδb

βf
i

ab + · · · (2.25)

À 'ôÃßMI·(¸��!� Ä ¹�a b�*S��M1Ã�Å�o
Å�g�f�÷%� y
ÅI3�Í$� Ä Å�ª � -�)�¸!9 k�¹�V�W�ÅLà

&S½Lå�6�5�*A�.M�V g Å y
ÅIy�ÍIz$*uB C É�0(2�6�¸ É�61`NÅ�*

2.1
X Ä _")S$z`ß½+¹Iy+Í�¼
Å

Lagrangian � Ã 4
Í�¼
Å

Lagrangian
�3'O·�k"½�E�F�G+H � Ã Lagrangian

ÅY��*
S/R
ç�è

y
½

$ Ã(2z4�2 ·uÅ Ä ¹
S/R

Å?�(Å�{ Ä
Lagrangian

�
|)}ô0�5Sl � ��§�2=6�¸�a$b�*Lv���½�~)�z2{KÉ�035
y � 0

�YÊ�Ë Å Ä ¹
y
½
8����O·�o *

y � 0 �)� Ä Åu÷ À §)�=M Â�� �$2�Å Ä ¶�·3¸��)+¹
(2.24) � Ä '1Ã�M
) ξ À (2.10) � Ä ²$³SÃ�Mz· &I' �#�$)L�%�"É
��9�k�½ Y ��-"·(��É À Ä

� ·.¸�V g Ä S/R
Å�ç�è�É37�Å

S
¦+Ü%�3@"A�)L¸�Í�½ud=w � É

S
¥�¦$2Lv�o$½�r�6�5L@�A?·�¸

���S�.� \ S ��_��@��u,�¹+Í
ÅS$�`�2Lo=��Îz³�·3¸

dL(y) · L−1(y) = e(y) = eaQa + eiQi (2.26)
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��M
*L¹
Lie &�'�g ½.�.��Ý�rP�æ÷ � Ä ¶�·ß¸��+)=¹SON*�� � �S�3�+��¸��)� Ä ¹ ea = eaαdy

α, ei =

eiαdy
α Ä ¶�·�¸ e Å�/�� eaα

*
S/R

É�7�ÅY��: ;�Å h ³
i���q�r�r�û�·Yo Ä ¶?#ñ¹���s��
2
d× d

U(� Ä ¶�·3¸���)�¹ eaα * S/R g Å���¦ xzy|{~} Å7F(G.�u²�³L¹�a$b�*H�3M�Ã��udLw � É�035LÊË+¸��uÅ
1
÷ � e(y)

*�7�Å=�+� É�� � �POßÅLsId+�OÃ�¹ Maurer-Cartan
Æ�f �

de(y) = e(y) ∧ e(y) (2.27)

½�� `��"É À §)�$·�¸
��)�¹ e(y) Å���� (2.26)
É

S
¹

R
Å��+Ü+0
1

(2.15)
$S#Ð¹

(2.27) � * S
/

�ÇÉ
R
/��S½��zûL5

dea =
1

2
f a

bc eb ∧ ec + f a
bi eb ∧ ei, dei =

1

2
f i

abe
a ∧ eb +

1

2
f i

jk e
j ∧ ek (2.28)

É54 ��6 � ·.¸��uÅS$z`�½ e(y)
*

Maurer-Cartan
Æ(f � ½��q`NÅ Ä ¹�7�Åu/��.�udLw � É�0.5Ê�Ë@��É(*

S/R
Åu<=>���s+ù�úzû�·(o Ä ¶�·ß����áS�Y�
2��.Åuv�� ½��A�+r�¸�7�Å�)�-=¹(a�b�*

eaα
��d=w � É�0�5�ÊA��h�Å Ä ¶"·.¸

eaα, e
i
α

Å�g�f�÷$*
(2.20) � Å L(y)

Åu�?í+îuï�ð��(,.�Y��6
·��
É Ä ¹

eaα(y) = δa
α +

1

2
yβδc

βδ
b
αf

a
cb + · · · , ei

α(y) =
1

2
yβδc

βδ
b
αf

i
cb + · · · (2.29)

Éßv�� Ä � ·�¸���� Ä l�á�*T#£¹ y Å�� Í
� Ä Å+ª Ä g�f�÷.� � -�)�¸��uÅ � �OÃ#N?Ã#��2S$�`½
y = 0

½uå�6�5�*
eaα = δa

α, e
i
α = 0

Ä ¶"·.¸�W$Å�v�� Ä *H�uÅ���9=�!$"4ß��6S·�¸
S/R

ÅLv�o
gαβ

*=dLw � ½A$�R�5�Í
ÅS$z`�½L²�³SÃ�M?·.¸

gαβ = gabe
a
αe

b
β (2.30)

�)� Ä
gab

*
S/R

ÅY��:
;�Å�v�o Ä ¶I#£¹
S/R

Å�ç�è�½
8(� 032�6I���
2�: ;�½�E��z·�l�Å Ä ¶
·.¸
Í$½Ld=w � Å

S
¦+Üz½�E��I·��?·#� 6S�(@�A"¹+v�o À S

¥�¦ Ä ¶"·u)!-�Å�G+H%� � -"·3¸��u,�¹
(2.19) � ü s *�� ' �"þDÉ (2.26) � �IÃ

ea(ys)Qa + ei(ys)Qi = ea(y)r−1Qar + ei(y)r−1Qir + dr−1 · r (2.31)

�('O·.¸��(� Ä
S/R

*
reductive

Ä ¶�·$É�035+6�·uÅ Ä ¹

r−1Qar ≡ adj(r)Qa = Db
a(r)Qb (2.32)

É54Sû�·.¸S2�ÈS2?Ã�¹
r
Å�g�f�÷

(2.21)
É��=Ü�0�1

(2.15)
$�#

r−1Qar = exp(−φiQi)Qa exp(φiQi)

= Qa + φi[Qa, Qi] + · · ·
= Qa + φif b

ai Qb + · · · (2.33)

Db
a(r) = δb

a + φif b
ai + · · · (2.34)
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É�v�� Ä � ·��TÃ Ä ¶
·.¸���� Ä ¹ (2.33)
Å � UP¡ �TÃA¢ UP¡ ½�µK· É � ½ S/R

Å
reductivity�Y��6�5�6S·.¸�$�R+5

(2.32) � � (2.31) � ½ & c��O·(� É Ä ea(y)
Å

S
¦+Ü(d ¹

ea(ys) = eb(y)Da
b (r) (2.35)

�('O·3¸��uÅ
ea(y)

½�E��I·
S
¦+Ü(d+�TÃ

S/R
Å=v�o

gαβ(y) À S
¥�¦ Ä ¶
·�)`-�Å�G+H%��@�A

·.¸
gαβ(y)

½uE��O·
S
¥�¦�G�HS*

gαβ(ys) = gαβ(y) (2.36)

Ä ²�³SÃ�M?·.¸��3M���d�w � �Y��6�5�4 �76 ��É�¹

gabe
a
α(ys)ebβ(ys) = gabe

a
α(y)ebβ(y) (2.37)

É�2
·.¸��uÅ � ½ (2.35) � ��£����?·$É�¹L��:$;�Å=v�o gab

½�E��?·�G+H

gab = gcdD
c
a(r)D

d
b (r) (2.38)

�('O·.¸Ç��Ã�½
D(r)

Å�ê
ë�ì�÷
(2.34)

� & c��O·
É3¹

f b
ia gdb + f b

id gab = 0 (2.39)

À '1Ã�M�·.¸�G=H � (2.39)
*�s$½Yt C Ä ¶"·�¸"2YÈS2�Ã7�uÅ � * S

¥�¦$2uv�o ½�E+�I·3G=H@��Ù
¤�2 &�' Ä ��0.5�6S·7�OÃ Ä ¶"·.¸G�H � (2.39)

����6�·(�"É Ä
(2.24) � Ä ²$³�Ã�MI· xzy|{~} � ξ À Killing

xzy1{õ} � Ä ¶"·��
É À Y ��-�Ã�M?·.¸�7�Å�)�-�½��u,�¹ (2.22) � Ä �K�ßM?· y ÅLê ëuì�¦ ó ½�E��I·�dLw � ÅL¦ ó�.�

ξA
½�r�6�5�Å

Lie � � Ä ���u¸ xIy|{õ} � ½uE��O· Lie � ��* (2.8) � Ä ²S³�Ã�M ,
�(M��

��6�5
eaα, e

i
α

Å
Lie � �=��v)���?·$É

LξA
(eaα) = −f a

ib Ωi
Ae

b
α, LξA

(eiα) = −∂αΩi
A + f i

jk Ωk
Ae

j
α (2.40)

É�2
·��
É À §��$·.¸�Í$½=¹ S/R
v�o

gαβ

Å
Lie � ����v����?·$É

LξA
(gαβ) = ξγ

A(∂γgαβ) + gγβ∂αξ
γ
A + gαγ∂βξ

γ
A (2.41)

É.2�·ß¸(�YÅ � Å ξA ½ (2.24)
� & cÇ0ß5�ê�ë�ì=÷=��@�A�·�Éß¹�G=H � (2.39)

½�$ #
LξA

(gαβ) = 0É�2"·(�
É À §��$·�¸D0.) À R�5 (2.24)
Ä ²�³�Ã�M?· xzy1{ø} �

ξA
*

killing
xzy1{~} Ä ¶"·�)

-�ÅLG�H@�#��)L���
É À §��$·.¸G�H � (2.39)
�:�$)L��g�f�n�2

S
¥�¦�v�o

gab

ÅL÷���Î�³�·.¸�Í ÅH$z`ß½L²$³�Ã�Mz·�v�o"*uG+H
� (2.39)

�#��)L�L¸
γab = f B

aA f A
Bb (2.42)�YMz*

S
Å

Cartan-Killing
v"o�Å

S/R
½=E��K·�������¥ #
pO0Y)zl=Å Ä ¶$·�¸�9 k�½+�=Å�v

o À G�H � (2.39)
�#��)����$É7� Y �`- ·=½�*��+Ü�0�1

(2.15)
�TÃ�'1ÃßMI·X*
P�� ' ½uE��I·

Jacobi " « � ����6�5�v)����M Â 6�6L¸�3�E�½ γab

*
S
Å�/=/�� Å�F)G@�:£�<�½�Ê�Ë@��É�½A$�#
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γab = diag(a1, ..., ad)
Åu÷�½SÉßMI·.¸

S/R À E�F ü f c
ab = 0

þ$Å?É � γab

*
S/R

ÅI¦�3 Å
S
¥�¦

v�o Ä ¶�·
[4]
¸S��)�¹S�LÅ ��©

(2.16) � Å v
*

R
Å7§�¨���� Ä ¶"·
�I©�6"½�����2�ª�¨����
Å

«+¬ ½���C���MO·3¸�3�Æ
¹
S/R À ��E�F ü f c

ab 6= 0
þ ÅIÉ � v

*
R
Å)­�¨z2u��� Ä ¶ ·.¸

(fi)
b
a*u���

v
Å=¦�Ü U�� 2�Å Ä v À ­I¨�2?Ã�®+¯`° y E�±�²?½��O·!�
É À Ä � ·3¸
7"Å?É �
³ � 2ª�¨����$Å ' h"û�®H¯!° y À ��M"¹��S®H¯!° y À �)ª(¨����
ÅL¦+Ü U�� �����L¸@��Å?É � G�H �

(2.39)
�:�$)L�

S
¥�¦�v�o ½�E 0�¹

R
Å ³ �"2
ª(¨�����´ ½7�
2"·7µ�¶+ï } ü¸·
¹ þS�SÉu·��"É

À Ä � · [6,7]
¸!��³ Â ¹ gab = diag(a1, ...a4)

É�0�)IÉ � ½ (fi)
b
a, (i = 1, 2 a = 1, ..., 4 À

(fi)
b
a =

(

D1
i 0

0 D2
i

)

(2.43)

É#®S¯A° y E(±)²�½ Ä � ·�2?Ã ü D *��
º+� U�� þ�G+H � (2.39)
*

(

D1
i 0

0 D2
i

)











a1 0 0 0

0 a2 0 0

0 0 a3 0

0 0 0 a4











+











a1 0 0 0

0 a2 0 0

0 0 a3 0

0 0 0 a4











(

D1
i 0

0 D2
i

)T

= 0 (2.44)

É�2T#ñ¹
a1, a2

½�E��I·�G+H � É a3, a4

½�E��O·3G�H � * ³ �
2�Å Ä v�o ½2�ñr
Å�µ�¶=ï } ��jc��I·��"É À Ä � ·�¸Ç03) À R+5�¹ v À ª�¨
¹ l$0+4�*�©�6
½
���S2
ª�¨����
Å «H¬ 3I»�½���C�NM?·
É � *Iµ(¶=ï } * � r�h
û$É(2T#ñ¹ v À 6I4�r!��Å�ª(¨����DÉ½¼ ' Å�����2
ª�¨���� Å «¬ ½���C �ßMz· É � *+¹)µ)¶=ï } * ³ ��2�ª(¨���� ' É5����2
ª�¨����
Å «H¬ ' �
¾ 0�) ' h�ûÉNM?·.¸�$�R+5
v
Å

R
½�E��I·�­�¨�d%�(@�A�M Â Éu·��"É À Ä � ·�µ�¶�ï } Å '�À §(� ·3¸

S/R
½L6T4ßr!��Å)µ(¶=ï } �YjIc�0�¹Y�":
;�ÅLv�oS�

gab = diag(a1, ..., ad) ü 6I4�r!��Å ai

*��
¿ ��þzÉ

δab

½
wI�Ç032�6�÷$½�Ê�Ë���É�*udLw(ÀÇÉ�0�5�s�Á�2
l�Å��(Ê`� Ä 6$·���É��3»`ÂL�z·.¸
0��O0�¹

ea = λafa ü a ½�r�6�5�Å7Ã *�É3R=5=6�2�6=þ Ä ² ³�Ã�M�·�¹�µ)¶=ï } � É"# 6 0.)�dLwÀ
fa
É:µ�¶�ï } �$É
# 6 0.)�/+/!� Q′

a = λaQa ü a ½ur�6�5�Å7Ã�*�É�R�5+6
2�6�þ=����6�·��É Ä ��: ;�v�o+��Ä!Å�Å
δab

½7w)�10�)�÷�½��?·��"É=l
­IÆ Ä ¶
·
[7]
¸Ç�(� Ä ¹

fa
*

LξA
(fa) = −f a

ib Ωi
Af

b λ
b

λa
(2.45)

½��"6�¹�D$5�Å
f b

ia

½�E 0
λa = λb

2zÃ Â ea
ÉY� ¿

S
E�F�d��3Ý"r+¸���)(µ(¶�ï } �SÉ�# 6 0)�/+/��

Q′
a

*��+Ü=0
1

[Qi, Q
′
a] = f b

iaQ
′
b, [Q′

a, Q
′
b] = Dc

abQc + f ′
i

ab Qi (2.46)

½�� `æ¸��(� Ä
Dc

ab =
(λaλb

λc

)

f c
ab , f ′

i
ab = λaλbf i

ab Qi (2.47)

Ä ¶ ·.¸�G�H � (2.39)
*�V g Å�µ�¶+ï } ÅIÉ
# 6 0�½LE�0.5=¥�¦ Ä ¶"·3¸$��)�¹ (2.28)

¹
(2.29)

� *+d=w`À1ÉÈ*
P�� ' �Iµ�¶�ï } �SÉ
# 6 0()�lLÅ"½�É � ÜI³�M Â � ¿ ÷z½�2$·3¸2��Å?É � v
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o
gab

*�µ(¶=ï } � É"# 6 0.)�*�P�� ' ����6�5 δab

½�w�� 0.)�÷�½��?·(�"É À Ä � ·�¸")�hI0�¹a$b�*Lv�oKÉ�0.5
diag(a1, ...ad)

Åu÷ ÅLÆ��YÊ�Ë�¸
�(� Ä ¹+v�o

gab

½7� 2
·�µ�¶�ï } À cT·�À © ½
*�P�� ' Å7Ê(D(��E�F(d À h ³�i
Å gab

½H$�·
gHË Þ Ë ½H$�#ÍÌ�§LM 5O03�Ç`�� ÉY½uä�»10.5�å@��` ¸(�?³ Â ¹ f c

ab (a, b, c = 1, ..3) À f 3
12 = 1Ä ¶O#ñ¹

a,b,c
½ur�6�5�Ê�D(��E+F Ä ¶"· ÉN�?·3¸ 7�Å?É � v�o gab = diag(A,B,C)

½H$�#�3�r
h ³�i��LÞ Ë ) fabc

��ÎS³=5=ªz·
É ¸

f123 = g33f
3

12 = C, f132 = g22f
2

13 = −B, f321 = g11f
1

32 = −A
É32T#ñ¹ h ³
i��uÞ Ë ·
É � ½
� 2"·7µ�¶=ï } À 0�§�R=5 � 5O0.�=6�Ê�D���E+F�d À Ì$§uM
5I0�Ç`
�
É À §��$·.¸� S/R �(Î.ÏÇÐ2Ñ(Ò�Ð`Ó@ÒK�`�=Ô�)� Ä ¹

S/R
Å����
¹�����¹���� À 6���½u²�³$Ã�M?·
�`�(@�A�·.¸�7�Å+k"½���� À�Õ ¯ Ä ¶"·XÀ© É×Ö ë�Å7À © ½�§"û�5�Î�³�·.¸

ü þ���� À�Õ ¯LÅ7À ©��� À�Õ ¯ Ä ¶"·��
É
� � ��÷ � �Y��6�5�Ø�Ù�É

T a ≡ dea + ωa
b ∧ eb = 0 (2.48)É54�û�·.¸@��� Ä

T a
*����+÷ � Ä ¶I#£¹ ωa

b

*Y����÷ � Ä ¶"·�¸ (2.48) � Å dea ½ (2.28) � � &c10.5
Ú�%(ÙI· É
1

2
f a

bc eb ∧ ec + f a
bi eb ∧ ei + ωa

b ∧ eb = 0 (2.49)

É�2
·.¸��uÅ � *

ωa
b = −f a

ib ei − 1

2
f a

cb ec (2.50)

Ä ¶�M Â /H��ÙI·.¸|0X�T053�Ez½ f a
cb

*
a,b
½Lr�6�5���E�F Ä *�2+6�Å Ä ü f b

ia

*73)Ez½�Ê�D��
E�F?½�Ê�Ë@� É À Ä � ·Yþ (2.50) � Ä ²�³�Ã�MO· ωa

b

*
a,b
½�r�6�57��E�F Ä *�2?4�����÷ � É0.5�*�£(Û Ä *�2=6�¸ 7=� Ä

(2.49) � ½

0 = gad 1

2
[f e

db gec − f e
cd gbe]e

b ∧ ec

�:ÜO³�·.¸ 7�`�0.5u'1Ã�M?·
a,b
½ur�6�57��E�FS2

ωa
b = −f a

ib ei − 1

2
D a

cb e
c (2.51)

D a
cb = gad 1

2
[f e

db gec + f e
cb gde − f e

cd gbe] (2.52)

�
ÝH-�5�����÷ � ωa
b

É�ÙO·
[5]
¸2��� Ä

(2.51) � Ä * (2.46) � É�� ¿ B`Þ D c
ab

����6�5+6�·��
É(½uä=»�Ù?·�¸�9�k�¹7u � ½�p=5z4u·���Å D c

ab À � ¿ l�Å Ä ¶�·��
É��:,�Ù@�"É À Ä � ·�¸ S/R½ujIc ��MI·�µ�¶�ï } À 3�r
Å�À © * gab

*
δab

½
w���ÙO·LÅ Ä ¹
D c

ab = 1
2f

c
ab

É�2 ·�¸ �"Ã(½
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S/R À E�ß Ä ¶�·�À © ½�* f c
ab = 0

2�Å Ä ¹
D c

ab = 0
Ä ¶
·�¸

Í$½����=��v���ÙI·.¸?����÷ � *LÍ
ÅS$z`�½u���K��Mz·3¸

Ra
b =

1

2
Ra

bcde
cd ≡ dωa

c ∧ ωc
b (2.53)

�(� Ä
ecd = ec ∧ ed Ä ¶
·�¸ (2.53) � Å ωa

b

½
(2.51) � � & c10.5
Ú�à(ÙI· É

Ra
b = ej ∧ ei(−1

2
f a

ib f i
jk + f a

jc f
c

kb ) + ed ∧ ei(−D a
cb f

c
di +D a

dc f
c

ib −D c
ad f

a
ic )

+ed ∧ ee
[

−1

2
f a

ib f i
de − 1

2
D a

cb f
c

de +
1

2
(D a

dc D
c

eb −D a
ec D

c
db )
]

(2.54)

É�2
·3¸���� Ä
(2.54) � Å7áâ�ãzÇÉ5áP�Íz+ä (2.39) � É½*�P�� ' ½Lr!å�æ�Å Jacobi " « � �Y�åS· É5çS³�·��
É À ,Ç��è?·.¸�$�éIæ�¹

Ra
b = ed ∧ ee

[

−1

2
f a

ib f i
de − 1

2
D a

cb f
c

de +
1

2
(D a

dc D
c

eb −D a
ec D

c
db )
]

(2.55)

Ä ¶"·.¸?����o��!ê }
Ra

bcd

Éu�Y�Aµ)ë�íYï
R = Rab

ab

äIì�è`í�è"¹

Ra
bcd = −f a

ib f i
cd −D a

eb f
e

cd +D a
ce D

e
db −D a

de D
e

cb (2.56)

R = gbe(−f a
ib f i

ae −D a
cb f

c
ae −D a

ec D
c

ab ) (2.57)

É � -"·��
É À Ä � ·.¸��(� Ä S/R
Å)µ�¶=ïIî À �ãï ÅzÉ � ä R = fiabf

iab + 1
4fabcf

abc Ä ²�³ÃÈè"¹?��Ã�½
S/R À�ð�ñ ÅIÉ�ò)ä R = fiabf

iab
É�ó"·3¸

ü þ)ô!õ À Ö ë�Å7À�ö(ô!õ À�Õ ¯ Ä ä(ó�å�À(ö+ä (2.48) � ä

T a =
1

2
T a

bce
bc = dea + θa

b ∧ eb (2.58)

É×÷�ø�ù�èI·3¸���� Ä
θa
b

ä�ô`õ À ��ú�ÙI·#À(ö�Å
û�ü�÷ � Ä`ýAþ:ÿ ô�õ�� Õ ¯�Å7À(ö�É������
(2.58) ��� dea

�
(2.28) � � & c
	:æ�����Ù þ�


1

2
T a

bce
bc =

1

2
f a

bc eb ∧ ec + f a
bi eb ∧ ei + θa

b ∧ eb (2.59)

��� þ:ÿ
ωa

b


 �����
a,b
�7ï�å�æ�� ð)ñ ��ó þ���� � θa

b � ��� þ�
��
θa
b = ωa

b + τa
b (2.60)

���! #" è þ:ÿ%$&$'�
ωa

b

ä
(2.51) � ���! #" è þ ô!õ(� Õ ¯ � À�ö � û�ü �`ý*)+�

τa
b =

1

2
Σ a

cb e
c, Σ = Tabc + Tbac − Tcab (2.61)

ä
contorsion

�!ý`þ:ÿ%� éIæ
(2.51)

�
(2.61) � (2.60)

��,&-(Ù þ�


θa
b = −fa

ibe
i −
(

D a
cb +

1

2
Σ a

c b

)

ec = −fa
ibe

i −G a
cb e

c (2.62)
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� � þ:ÿô!õ(�/.)ú�Ù þ À�ö �(0 õ2143Hä�ô!õ(��ó�å65(ö 
 �87 �8� ��û�ü�193 θa
b

� � é)æ

Ωa
b ≡ dθa

b + θa
b ∧ eb (2.63)


;:�< ù�è þ:ÿ
(2.63)

3 � θa
b

�
(2.62)

3 � ,=-
	:æ��=>�Ù þ�
?�

Ra
b = ej ∧ ei(−1

2
f a

ib f i
jk + f a

jc f
c

kb ) + ed ∧ ei(−G a
cb f

c
di +G a

dc f
c

ib −G c
ad f

a
ic )

+ed ∧ ee
[

−1

2
f a

ib f i
de − 1

2
G a

cb f
c

de +
1

2
(G a

dc G
c

eb −G a
ec G

c
db )
]

(2.64)

� � þXÿ/@ � 5�öSä�A6B8��á
CEDHä7ç  ó�å ÿ á
CEDHä Σabc = 2τ(Dabc +Dbca −Dcba)

GF(H=I

5�ö8�(ä�ç  !þ:ÿJ$ � 5�ö Σabc

äLK�M&� ð�ñ �`ý%)N��O=P2Q î!�SR ï � 5�ö8�(ä fabc

��T2U�V
þ�ÿ ù " � �

τ = 1
3


GF�W�X
θa
b = −f a

ib e
i 
 ó ) S/R

� ðIñ óL5)ö 
 �#7 û�ü���V þ�$(
/Y�Z/[�!ý`þ:ÿ

2.3 \*]8^!_8`#acb CSDR d#egf
$ �Lh � ä CSDR i �/j(å�æ�k�l=m � Lagrangian ��n&o V þ 5#��p&q " è þ ð)ñ�r�s 
t� ì�6u2v 
 	?w�� " è þ CSDR x�y 3��7ï4z4w�{ W�þ#ÿ|~}8�����

2.1 h ���9���8� � CSDR i ��� k�l2m(�6� � �2� Q����&���g"2� l=m9������j!� þ��=� � � þ� � � � k2l=m��6� �2:�< ù;� �
Lagrangian ��� �/�2�9��� �L�4� ����.
	#ó���ó þ&$�
 �L�� V þXÿ9� � � 5#� ð V þ S

÷���� � Q�� ÷�� � � Q���� G � �6���L� ù;� þ�
 z � ðIñ�r2s �5��'  � V $�
 ��¡ : V þ�$�
�� ó=ù;� þ [1]
ÿ

¢�£=��¤  �þ
D
l�m � k&l&m(��� MD � MD = M4 × S/R � n�¥���¦ ��� S/R

�/§=¨ ÷=� �
S ��¦(© 
 V þ�ÿ�� 	�w MD ª �6j#� þ � Q��L� G ��� Q������ �L« � �/¤  �þ�ÿ�¬&��� MD

�'�(� � XM = (xµ, yα)

 V þ#ÿ%$4$��

xµ, yα �&� ��­2� M4, S/R ���9� �`ýJ)+� ¢�£ �*�l=m
Minkowski

���
M4
� ð V þ�®8 �¯ � µ, ν, ..


 	?w2z þ#ÿ
MD ª �2:2< ùt� þ 5 � A2B#�

Φ(x, y)

;° � $�
 �/V þ�ÿ��8$6�

s ∈ S
� ��þ �4� ÷�� � s : (x, y) → (x, ys)

� 5 � ÷�� �
s : Φ(x, y) → Φs(x, y)


 	 � 5 �&� Q�� ÷=� � Φg(x, y)

 V þ:ÿ�� � 
 ò�¢�£ � 5 Φ(x, y)

� ð
ñ4r2s

Φs(x, y) = Φ−g(x, y) (2.65)

�   � V $�
 ��¡ : V þ:ÿ#$2$'� (2.3)
3 
²± z'³�´��

(−g) ��µ ù¶� þ�· � Q(� ÷��!� 
�¸ w�zþ � �L¹(º ª $��8" ��» �'¼�½�� � z � � ��ý%)E�6¾�¿(À9Á'± z �&Á z ÿ (2.65)
3 �2¬&�2�

Φ(x, ys) = D(W (s, y))Ω(s, y)Φ(x, y) (2.66)


¶° � þXÿ�$=$'�
D(W (s, y))

� 5��/Â2V µ&ÃgÄ(
 � �� #" � þ � Q��LÅ � � µ 	 � Ω(s, y)
� 5

� S
Å �#��Æ=V�Ç

Jacobian � µ V/È�5��'Æ2V*Ç?Æ�É r�s � � Q���� G � n9¥ 
 S/R � n4¥ ��Ê
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Ë�Ì Á�Í ½ � �! Ç?Èl4� � Æ/É r�s(��Î�Ï�Ð 1 � { W ÇÑÈ ���9��Î4Ï�Ð S
Å � � (x, ys) = (x, y+εAξA) (A = 1, ...,dimS)
¶° �EÈ $ � 
'Ò ξA

�'Æ=V*Ç�5 �6Î�Ï6Ð Å=Ó�Ô δAΦ
� l � ��� � Lie Õ Ô��/µ V�È

δΦ(x, y) = lim
εA→0

1

εA
(Φ−s(x, y) − Φ(x, y)) = LξA

Φ(x, y) (2.67)

�#$'�=� Æ2É r2s!�/Î�Ï/Ð 1 �
lim

εA→0

1

εA
(Φ−s(x, y) − Φ(x, y)) = lim

εA→0

1

εA
(Φg(x, y) − Φ(x, y))

→ δΦ(x, y) = LξA
Φ(x, y) = D(WA)Φ (2.68)


G° �NÈ $2$'�'Ö ³4´ � D(WA)
�
ξA
�LÆ2V�Ç

s
Å �#��Æ�×
	 � Î(Ï�Ð�� Q��'Å � � µ 	 � 5�ØÂ�V

G � µ&Ã&Ù �'Ú Á Ç $�
 �LÛ2ÜÝ	;w�jg�NÈ ¬2��� WA
�

S
Å �#��Æ�×
	 � � Q��'Å � Á � �

y
�8	 � � "�Á z Y � 
 V*Ç�È O2Þ!ßLQ 5 ϕ

��à�áãâåä 5
Aα
��O8æ�ç�ä 5

ψ
��Æ=V*Ç�Æ=É r=s

�/Î�Ï/Ð 1 ��� �(­��
δAϕ = ξα

A∂αϕ = D(WA)ϕ (2.69)

δAAα = ξβ
A∂βAα + ∂αξ

β
AAβ = ∂αWA + [WA, Aα] (2.70)

δAψ = ξα
A∂αψ − 1

2
GAbcΣ

bcψ = D(WA)ψ (2.71)

���! #" ��Ç?È $&$'��è ´ �'é 5 � Lie Õ Ô � µ 	 �4O#æ2çtä 5 � Lie Õ Ô � Ã ��Ç GAbc
�

GAbc ≡ −Ωi
Af

a
ib (2.72)


;:�<ëê ��ÇLì �9í Ç�È ¬2�=�/à�á
âåä 5
Aα

 	?w � � Q�� 5 � ¤  Ç � � � Q���� � µ�Ãë
	?w=î/ï µ�Ã � F�H&� z#Ç $�
 ��Û2Ü&V*Ç?È

Lie Õ Ô LξA
�2ð ��ñ [LξA

, LξB
] � 5�ò �2ó(ô � ,4õ (2.9)

�
(2.10)

�6ö � � �9� [δA, δB ]Φ =

f C
AB δCΦ

Ø o );÷ © È $ �(ø'ù 3 � àgáúâûä 5 Aα

�/Æã	�w�ü ô VJÇ 
�� � Q#�6Å � WA

�
Æ=V*Ç ø�ù 3

ξα
A∂αWB − ξα

B∂αWA − [WA,WB ] = f C
AB WC (2.73)

� �gÇ�È ¬��&� Î�Ï/Ð 14Æ2É r2s 3 (2.69)
�

(2.70)
�

(2.71)
Ø

S
Å �&ý(þ � Q���Å � �2ÿ ���&Å�9í Ç � � � �

WA �&� Q��LÅ ��Ø
W g

A = gWAg
−1 + ξα

A(∂αg)g
−1 (2.74)

���! #" ��Ç $�
 Ø � � ê ��Ç?ÈÆ2É r=s � �#) k�l&m���� � � Lagrangian �L�#��� ��.��#Ø Á � Á Ç $�
��g"=� l&m9���#�'ÆV�Ç ó=ô � �*Ç $9
 Ø �4Ò Ç��4� I Ø ��� ���
	 Lagrangian ����
�� y
������� w Y n � Á z�È
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��$'� ¢9£ ��� > 	 ¹��#Á ��� � w y = 0 � F�� È ¬��=� y = 0
� 
 WA � ¤  Ç;È�¢(£ � (2.74)


 � Q��'Å � 
 Ë� "! 	 �#)
Wa(y = 0) = 0 (2.75)

� F#��$ � Ø �(Ò Ç?È $ 
 F�$ 
 ÿ � (2.73)
3 �*"

y = 0 	 j&z9w
∂aWb − ∂bWa = f i

ab Wi (2.76)

∂aWi = 0 (2.77)

[Wi,Wj ] = −f k
ij Wk (2.78)


 r2s 3(Ø�% " ��Ç?È $&$'� ∂a = eαa∂α
�4í%)E�

(2.24)
3 ���! !" ��Ç

ξA � ô z � È ¬2�&�
Ji ≡ −Wi(y = 0) (2.79)

� :=< V%Ç � (2.78)
3 ��)

Ji
� R 
 ,&õ � 1 o V%Ç $ � Ø#� � Ç�È W

�=� 
 :2< 	 ��) � Q���
G 
 Lie

,2õ 	 Â=V�Ç 
 �2� (2.78)
3 �

R
Ø

G 	�& ��' ¬ ��w�z!Ç � Ò 	 
�( Ü
) ��¦4© È� 
*� Ò Ji
�

G 
 R + Ô=� RG 
�,2o ñ �4í ÇtÈ (2.76)
3 ��-/.10/2#3�ä D*4 � >=V*Ç � Ò 	ô z�Ç?È9l 	/5 $ � " 4 � ô � w y = 0 6 
 Æ2É r2s 3 
 Î�Ï6Ð 1 (2.69) 5 (2.70) 5 (2.71)

4�{
W Ç $ � 6 CSDR x�y 314�7J�EÈ| CSDR 8:9<;>=�?�@BADCEFE 6 k=l�m 6 
 � Q������ 
 Lagrangian

4 n9o V%Ç�5 6 í Ç � Q!� 5 AM = As
MGs

�
M =

µ, α 5 Gs
� � Q���� G 
�,�o ñ � ��G�H äJILK10 5 ψ 	 Æ=V�Ç CSDR x&y 314M7 Ò 5 � 
 u�v

� � w � l=m(��� 6 
 5�N � Q���� 	 �O
�P<Q Á�R Ï Ø/p ê ��Ç � 4�{ W ÇtÈ� � Aµ 	 Æ=V*Ç CSDR x�y 3¬�� � Q�� 5 
 � l&m(��� 	 Æ=× �?� o Ô Aµ

4L¤:S4Ç�È
Aµ
�

S
Å � 
 ÿ#6 O&Þ�ß'Q 5 � � wT Ç ¬ z 54� Q��L� G 
 î6ï µ�Ã 	 Â&V 
 6 Æ=É r=s 
 Î�Ï/Ð 1 � (2.69)

3 è ´:U
(2.70)

3 Ö
³4´ 
 1 	 Á Ç?È � 
 Æ2É r2s 314 y=0 6 { W Ç � Aµ 	 Æ=V*Ç CSDR x�y 3 � � w

∂aAµ = 0 (2.80)

[Ji, Aµ] = 0 (2.81)

4M%JÇ�È
CSDR x9y 3 (2.81)

��� l�m 6 
 � Q!�'� 	 R Ï 4�V<S9Ç�È Ji
� � Q!�'� G 
 R +Ô=�

RG 
�,2o ñ 6 íXW 5 E ��Ø�M�w 
 Aµ � ð �4V*Ç 
 6 � l=m 6 
 � Q!��� H
�

R � Z �Á
G 
 + Ô=� � Á Ç�È�V Á � �#� l=m 6 
 �4� Ø ¦(© � Q!��� H

�
G 
 è 
 R 
 centralizer-

H = CG(RG) � Á ÇtÈ� � Aα 	 Æ2V*Ç CSDR x�y 3l 	�54� Q�� 5 
 S/R 	 Æ�× �?� o Ô Aα

4�¤:S4Ç�È
Aα
�

S/R 
 à8áSâåä 5 	MY*Z VgÇ 
 6�5Î�Ï/Ð 1 
 Æ2É r2s (2.70)
314

y = 0 6 { W Ç�È&VgÇ � Aα 	 Æ2VgÇ CSDR x&y 3 � � w

∂aφb − ∂bWa =
1

2
f c

ab φc (2.82)

[Ji, φa] = f c
ia φc (2.83)
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4O%gÇ�È E�E 6 φa = eαa 6 íXW 5 φa
��� l&m 6 �=O=Þ!ßLQ 5 � Á ÇtÈ CSDR x4y 3 (2.82)

��-
.D0�2�3tä 
 � > 	�ô z\[ ��ÇtÈ2A »
5 CSDR x=y 3 (2.83)

�#� l�m 	 j&z4w , Ò�] Ç O=Þ�ß�Q5
φa

Ø6Â=V
H 
 µ4Ã 	 R Ï 4�V1S�Ç?È� E 6 H 
:�"
 µ4Ã Ø , ÒO] Ç 
 � 4M^gÇ �
_ 
 »4i 4L¤�`&V*Ç [1,2]

È9V 6
	�a W�� P*Q 	 Ji�
G 
 R + Ô2� 
 Lie

,&õ:4�1 o V*Ç?È G 
�,2o ñ:4 Gs 5 n9¥ : õ*4 gstr � � w 5 φa = φs
aGs6 í Ç 
 6 (2.83)

3 � [
φs

ag
t

is = f c
ia φt

c for ∀i (2.84)¬=�4�
φs

a(Mi)
t
s = (M ′

i)
c
aφ

t
c (2.85)4O%gÇ?È E�E 6 (Mi)

t
s = −g t

is , (M
′
i)

c
a = −f c

ia 6 í Ç?ÈA6B 	 Mi � M ′
i

�
R 
 Z�b!Á'µ&Ã 6 í Ç?È � E 6 ü Z Á�c�d 4 FF� E � 	 P W (2.85)

3 	 j&zw
Mi � M ′

i

4�egf#h á Æ�i=1 	 V�Ç E � Ø 6 Ò ÇtÈ � 
<� Ò�é e�f�h á�� R 
Mj b�µ=Ã 4 µ V6È� E 6�5 R 
"j b&µ=Ã 	 Æ�× �t� M,M ′ 
 + Ô/k�l Mp,M
′
q

Ø ø ��Ç + Ô 	 ÛnmNV*ÇtÈ (2.85)
3

� [ � 
 + Ô 4"o Ò�p V � 5
φs(qp)

a (Mp)
t
s = (M ′

q)
c
aφ

t(qp)
c (2.86)4O%gÇ�È EFE 6 φ(pq) � (2.85)

3 6 Mp,M
′
q

Ø ø ��Ç + Ô 	 Æ�× �?� φ 
 + Ô 6 í\W 5 (pq) 6 ßà=ä ê � �
(φ(pq))sa

4 � 
�o Ô � ����k�l 6 í ÇtÈ Mp,M
′
q

� � � [ Y j b�µ�Ã!Á 
 6 (2.85)
3

� [�� � Ç P<Q 	 φ(pq) �Oq 1�r ÷(Á"k � l 4 ¦9© È P ¸ w 5 Mp,M
′
q

Ø�Ú Á Ç�l2mD4 ¦4©X� Ò 	�
φ(pq) 
 k � l Ø q 1/r ÷ 6 �&Á � Á2¸ w �?¬ Qs
 6�5"t�u ��Á z �#_ 	 � φ(pq) = 0 6 Á �?w�2Á [ Á z/È ¬�� 5 Mp,M

′
q

Ø#v�7 l2m<4 ¦�© Ø6Ú Á Ç j b�µ&Ã9I � V*Ç � φ(pq) = 0 6 Á ��w �Á [ Á z6È Á�w!Á [
φ(pq) 6= 0

Á [ X
(2.85)

3 P W Mp,M
′
q

��c�d 
 Å#x 6�y z 	=ø�ù � w�z8Ç

 6 Ú Á Ç j b�µ�Ã 6 í Ç E ��� tFu V�Ç � [ 6 í Ç?È P ¸ w 5 φ(pq) 6= 0 6 í Ç Á [ X Mp,M

′
q� v�7 j b�µ&Ã 6 í ÇtÈ ê [ 	�5 (2.85)

3 	 Schur 
�z�{ 4�ü ô V*Ç E � 	 P W φ(pq) ∝ I
�
I
�

|�} k�l � � Á Ç E � Ø#� � Ç�È#~ ª 
�� ��� [ φ Ø � l=m 6 Â&V � Q��L� H 
 µ4Ã 4 � © �Ç 	 � l 
�P*Q Á���� 	 ö:S X P z�È ¬�� 5 G 
 î6ï µ4Ã 4 G ⊃ RG ×H 
 & _ ' ( 	 ö ¸ wÔ/� V*Ç?È
G ⊃ RG ×H, adjG = (adjR, 1) + (1, adjH) + Σ(ri, hi) (2.87)l 	�5 S 
 î6ï µ4Ã 4 R 
 ÿF6 Ô�� V�Ç�È

S ⊃ R, adjS = adjR+ Σsi (2.88)

E 
*� Ò ri, si

Ø�v � Á R j b4µ�Ã 6 í Ç � Ò 	 Æ&V�Ç H 
�j b�µ�Ã hi

Ø � l=m 6 φ
Ø�Â2V

H


 µ�Ã 6 í Ç?È �X� w 5 � �F~/� 
 M�w 
 φ
�6� S9ÇtÈ

U*S X
G = SU(5),S/R = G2/SU(3) 
�� Ò G ⊃ SU(3) × SU(2) × U(1) 
 Ô/� 	 Ã �gÇ SU(3)

	 R
4 & _ ' H�I � V�Ç�È E 
:� Ò

SU(5) ⊃ SU(3) × SU(2) × U(1),

adj(SU(5)) = 24 = (8, 1)(0) + (1, 3)(0) + (3̄, 2)(1) + (3, 2)(−1) + (1, 1)(0) (2.89)

G2 ⊃ SU(3), adj(G2) = 14 = 8 + 3̄ + 3 (2.90)
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� Ô��Ýê ��Ç 
 6�5 � l&m 6 ] Ç O�Þ!ßLQ 5 φ 
 H=SU(2) � U(1) 
 µ4Ã!� 2(1) � 2(-1) � �� Ç?È
� � ψ 	 Æ=V*Ç CSDR x�y 3Ö�� 	 G�H ä�I�K<0 5 ψ

4�¤:S4Ç�È Î�Ï6Ð 1 
 Æ2É r=s 3 (2.71)
4
y = 0 6 { W Ç � ψ 	 Æ&VÇ

CSDR x�y 3 � � w
∂aψ = 0 (2.91)

Tiψ = Diψ (2.92)

4O%gÇ
[3]
È E�E 6 Ti

�
(2.18)

3 6 VDSD[ �*Ç SO(d) 
 è 
 R ,2o ñ 6 í\W 5 Di
�
ψ 	 Æ=V�Ç

G 
 µ4Ã 
 Î�Ï6Ð Å2Ó4Ô 6 í Ç?È E�E 6 (2.92) 
 CSDR x&y 3 � (2.84)
3 � v87 n4¥ 4 � w2zÇ?È � E 6 E 
 x�y 314�{ W Ç E � 6 � l=m 6 G�H ä�I�KD0 Ø/Â&V H 
 µ�Ã ØF� � Ç?Èx=y 3 (2.92)

4�{ W Ç �#_ 	 D=d+4
l�m 	 j��4Ç O8æ6çtä ψ

4�¤DS4ÇtÈ
D=d+4

l=m 	 j�z&wO8æ�ç?ä 5 �
2[D/2] = 4 × 2[d/2] o Ô 4 ¦9© �

[z]
�

z 
�� õ + 4 µ V � È E 
 O#æ2çtä ψ
�

ψ = (ψ1, ψ2, ..., ψN )T (2.93)

� ° � E � Ø 6 Ò Ç?È EFE 6 N = 2[d/2] 6 íXW 5 ψp(p = 1, ..., N)
�2� ��­�� � l&m O8æ2ç?ä 6í Ç?È E�E 6�5 E �J[ N � 
 O8æ2ç�ä#� z*� © � 
 R j b�µ4Ã 
 ÿ#6 Å ��VgÇ����&D:4�1 o VÇ;È=A »�5 Ti

�
SO(d) 
 è 
 R 
 Z�b!ÁLµ&Ã 4�1 o � 5 Ji

� A�B 	 G 
 è 
 R 
 Z�b!Á�µ�Ã 41 o V*Ç?È �?� Ø ¸ w 5 (2.86)
3 � v�7 P*Q 	 (2.92)

3 � [
ψs(qp)

a (Mp)
a
b = (M ′

q)
s
tψ

t(qp)
b (2.94)

� z Q 3�4�o Ò/p V E � Ø 6 Ò ÇtÈ E�E 6 Mp,M
′
q

���#� v��
R 
"j b&µ=Ã 4 µ V�È �;� Ø ¸ w 5à#áãâ ä 5 
:� Ò � v"� 
�� ��� [ ψ 6= 0 � Á Ç 
 � Mp,M
′
q

Ø#v � Á j b&µ&Ã 
:� Ò 
�( 6 íÇ�È P ¸ w � l=m 6 ψ
Ø�Â=V

H 
 µ�Ã 4"^gÇ 	 ��à�áSâåä 5 
 5&½ � v�7 P*Q Á���� 	 ö*S X
P z6È ¬�� 5 « _ 	 G�H ä�I�KD0 Ø/Â � w=z � G 
 µ4Ã F

4
RG ×H 
 ÿ�6

F = Σ(ri, hi) (2.95)

� Ô/� V*Ç?È9l 	�5 SO(d)
O8æ�ç?ä

σd

4
R 
 Y � 6
σd = Σσi (2.96)

� Ô/� V*Ç�È E 
�� Ò ri, σi

Ø
v � Á R j b4µ4Ã 6 í Ç � Ò 	 Æ=V*Ç H 
�j b4µ�Ã hi

Ø � l2m
6 ψ

Ø6Â=V
H 
 µ&Ã 6 í ÇtÈ �\� w 5 � �#~�� 
 M�w 
 ψ

�/� S4Ç?È
~ ª 
�� ��� [�� � Ç P<Q 	 CSDR x�y 3 � [ 
 u2v � � w 5 k�l2m 6 
 � Q(��� G 5 S/R 5 R


 G
ò 
 & _ ' ( 4 :g_ � X�� l2m 6 
 � Q���� H � O2Þ�ß�Q 5 φa 5 G�H ä�ILKD0 5 ψ

Ø/Â2V
H 
 µ�Ã Ø�� ¬ Ç?È&l�� 6 � CSDR x�y 3 	 P ¸ w�z � 	 � l2m9��� 	 j��4Ç Lagrangian 
�n
¥ Ø�� ¬ Ç � 4 � Ç?È
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3 �<�������������¡ 
� Q���� G

4 ¦ ¸�� k=l2m � Q��L�=� 
 Lagrangian
4 n�o V*Ç?5�Ø/Æ�É r�s 4?  � V E � 4

¡ : V�Ç E � 6�5 � l=m9�6� 	 j��4Ç �&� 4�%gÇ E � Ø 6 Ò Ç?È ¬�� 5 � 
gP<Q 	 � w�%J[G��Ç�2�!� G/H ä�ILKD0 � v ½ �t� Yang-Mills-Higgs
�2� 6 í�W6� l&3 
 Higgs

-�.D0�2�3tä D14 ¦
© E � Ø�¢ ê ��ÇtÈ�£�¤ À 	 � k�l2m 6 
 � Q�� 5 
 ������� o Ô Ø � l2m 	 j&z4w Higgs

5 �Á�W 5 k�l�m 6 
 Yang-Mills ¥ á/¦'Q 
 �6�4�(� o Ô 4�§ H2I + Ô Ø � l�m 	 j&z&w Higgs ¥ á¦�Q 5 k2l=m � Q��#¨ G�H ä�I�K10 v ½4D 
 ���9��� o Ô Ø � l=m 	 j4z4w�©�ª v ½�D � Á Ç?Èê [ 	 � l2m 	 j!��Ç � Q���� H
N é 5�Ø6Â=V

H 
 µ4Ã�� CSDR x4y 3 � [«� :*ê ��Ç�È E 
� 6 � ~ ª 
�P*Q 	 %�[G��Ç � l2m �&� 
Ln(¥ 4O¬ � � �F­ V*Ç?È 3.1 h�6 ��® �
	 k�l&m����
	 Æ=V�Ç ó2ô � [ � l=m9�/� 	 Æ2V�Ç ó=ô 4M7%�NÈ 3.2 hg6 �8� l2m Lagrangian 
 -�.D0�2�3?äD*4 �#­ V*Ç�È

3.3 hD6 � G�H ä�I�K10 ¥ á�¦/Q 	 © z4w�¤F`=VgÇ?È#¯ 	/5 z � 	 Þ�°�ß�ä G�HäJI±KD0 4²%*Ç E � Ø 6 Ò Ç � 4?{ W Ç;È 3.4 hg6 �8� l2m 	 j���Ç?5 
 ¿ ì 	 © z4w�¤�`=V�Ç;È
3.5 h16 ��� l=m 6 %�[G��Ç �&� 
 £�¤=U:4 � Ç?È

3.1 ³M´\µ�¶!] Lagrangian

E 
 hD6 � £�¤ À 	 k2l2m4��� 	 Æ=V�Ç ó=ô � [ � l2m9��� 	 Æ2V�Ç ó=ô 4M7%�NÈ ��� w 5 �l=m(��� 	 j!�4Ç Lagrangian 
 MF¤�·*4 � Ç?È|¹¸1º<»�¼g½J¾&}:¿ÁÀ�ÂDÃ¬M� 5 D
l�m��/�F���F¤

MD ª 6 :6<%ê � � 5 G�H änIÄK�0 � v ½ �;� � Q(��� G 
 Yang-Mills�&� 	 Æ=V*Ç ó&ô
A =

∫

dDx
√−g

[

−1

8
Tr(FMNFKL)gMKgNL +

1

2
iψ̄ΓMDMψ

]

(3.1)

4�¤<S�Ç?È E�E 6/5 DM = ∂M − θM −AM
��Å�Å Õ Ô 6 í\W 5 θ = 1

2θMNLΣNL � MD 
 O8æ�0Æ�Ç 6 í Ç?È ¬=� 5 FMN = ∂MAN − ∂NAM − [AM , AN ] 6 í Ç?ÈE�E 6�5 k2l=m9��� MD
Ø
MD = M4 × S/R 
Ln9¥ 	gÈ 0�É8áSâ Óëê ��Ç � V*Ç?È ê [ 	 5 	Æ=V�Ç�Æ�É r2s 4�p&V E � 6 k�l2m(�6� 	 j��4Ç Lagrangian 
 � � ���4��� S/R 
 �&�<	 ��[Á � Á ÇtÈ � E 6�5 k2l=m ó�ô (3.1) 	 j4z9w È 0�É�áãâEÁ �2�4��� ���:	 © z9w�Ê Ô V&� X��l&m���� 	 Æ&VgÇ ó�ô 4O%%Ç E � Ø 6 Ò Ç?È � 
 �B	 � l&m 	 j!�(Ç�5 	 Æ � w � CSDR x�y3(Ø�p�q�[Ñ� 5 � l=m 6 
 � Q��L� H

N&5�Ø�Â=V
H 
 µ4Ã Ø R Ï ê ��Ç�È
~ ª 
 E � 4�£F¤ À	 � w2zg�EÈ|OË�º<»�¼g½J¾&}:¿ÁÀ�ÂDÃ¬�� 5 MD = M4 × S/R 	 Æ2VgÇ � ìD4�¤<S4Ç?È � ì �

gMN =

(

ηµν 0

0 −gab

)

(3.2)
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� Á Ç � V�Ç?È E�E 6�5 ηµν = diag(1,−1,−1,−1)
�

Minkowski
� ì 6 í�W 5 gab � coset space� ì 6 í Ç?È ¬&� 5 gab = diag(a1, ...ad) 5 d=dimS/R 5 ai

��Ì 
 : õ 6 í Ç�È : õ ai
�

S/R 
O2P�Q6ä 4 µ V4ì 6 í ÇtÈ�U<S X S/R
Ø�Í�Î:4ëR © �?� ¦ �4Á z Á [ gab = aδab = R−2δab � °� 5 R � È 0�É�áãâ Ó!O=P2Q6ä 4 µ V6È4l 	 E 
 � ì � CSDR x4y 3<4 ô z9w Yang-Mills ¥ á¦�Q ��G�H ä�I±K10 ¥ á�¦�Q 4 Å�Ï V*Ç?È� � Yang-Mills ¥ á�¦�Q

(3.1) 
 Lagrangian 
 Yang-Mills ¥ á�¦�Q LY M
�

(3.2) 
 � ì14 ô z!Ç �
LY M = −1

8
Tr(FµνF

µν) +
1

4
Tr(FµaF

µ
b)g

ab − 1

8
Tr(FabFcd)g

acgbd (3.3)

� ° �4Ç?È E�E 6 Fµν
�8� l2m��6� 6 
 � Q�� 5 Aµ 	 Æ=V*ÇOÐ�Ñ 
 � Q���Ò#.:0#Ó;ä 6 í Ç�Èk2l=m o Ô � � l=m o Ô 4ëR © � ©�¦9© .<0#Ó;ä Fµa 
 + Ô��

Fµa = ∂µAa − ∂aAµ − [Aµ, Aa] (3.4)

I Ø 5 Aa ≡ eαaAα = φa � � w 5 ê [ 	 CSDR x�yFÔ (2.80)
4 ô z8Ç �

Fµa = ∂µφa − [Aµ, φa] = Dµφa (3.5)

� °!Ò�Õ qgÇ?È P ¸ w 1
4Tr(FµaF

µ
b)g

ab Ö � Higgs
Ò 
�×�Ø Ö � Á Ç E � Ø�� � Ç�Èk2l=m o Ô 4�Ù ©�¦9© .<0�Ó¶ä Fab

�
Fab = ∂aAb − ∂bAa − [Aa, Ab] (3.6)

Ú&Ø 5 CSDR x�yFÔ (2.82) � (2.62)
4 ô z8Ç �
Fab = f C

ab φC − [φa, φb] (3.7)

� °8Ò�Õ qJÇ?È EFE 6 φi ≡ Ji �²Û/Ü ��� È ��� Ø ¸ w 5 1
8Tr(FabFcd)g

acgbd Ö � Higgs
-�.<0

2#3�ä Ö � Á Ç E � ØF� � Ç?È� � G�H ä�I±K10 ¥ á�¦�Ý
Lagrangian(3.1) 

G�H ä�ILK�0 ¥ á�¦�Ý LF

4�¤<S�Ç ��_ 	�5 D
l�m

Γ
k�l 
�Þ õ:4 (3.2) 
 �ì 
 Ô/� 	 �?� Ø ¸ w Ô�ßFà Ç?È Γ

k�l8�
Clifford Þ õ

{ΓM ,ΓN} = 2gMN (3.8)

	 ö Q È E �14 Ô/ß#à Ç �
{Γµ,Γν} = 2ηµν , {Γa,Γb} = −2gab (3.9)

� °!Ò�Õ qgÇ?È E�E 6 Γ
kFl!�

Γµ = γµ ⊗ Id, Γa = γ5 ⊗ γa (3.10)
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6 VDS1[G��Ç?È γµ � Ð�Ñ 
 � l=m 6 
 Dirac
kFl 6 í�W 5 γa � (3.9) á Ù Ô 
�Þ õ�4?  ��à È~ ª 
�� � P W LF

�
LF =

1

2
iψ̄ΓµDµψ − 1

2
iψ̄ΓaDaψ (3.11)

� Ô/� 6 Ò Ç?È E�E 6�5 �Lâ�ã ��� 	 Æ à Ç Å=Å Õ Ô�� Dµ = ∂µ −Aµ 6�5 ���9��� 	 Æ à Ç ÅÅ Õ Ô�� Da = ∂a − θa − φa 6 V�S<[ �*ÇtÈ � Ú � 5 θ = 1
2θabcΣ

bc � S/R 
�ä æ/0 Æ�Ç 6 í Ç?ÈåOË�º<»�¼g½J¾�æ:¿ÁÀ�ÂDÃç â�ã 	 Æ à Ç ó&ô (3.1) 
 Ò 	 Æ�É�è�é:4"ê � 5 ����ë�� �4�<	 ©#ì#í Ê Ô�à Ç E � 6*î â�ãï ë 	 Æ à Ç ó&ô 4M%gÇ E � Ø 6 Ò Ç�È ê [ 	 Tr(GtGs) = 2δts 
�ð�ñ Ó 
 ÿ�6 âOò²Ý ä 4 �W 5 (3.5),(3.7),(3.11)
4 ô ì Ç � î â�ã ï ë 	 Æ à Ç ó=ô � � í

A = VS/R

∫

d4x
[

−1

4
F t

µνF
tµν +

1

2
(Dµφa)

t(Dµφa)t +V (φ) +
1

2
iψ̄ΓµDµψ− 1

2
iψ̄ΓaDaψ

]

(3.12)

4O%gÇ?È E�E 6 V (φ) ó Higgs
-�.:0�2�3�ä Ö 6 í�W

V (φ) = −1

8
gacgbdTr[(f C

ab φC − [φa, φb])(f
D

cd φD − [φc, φd])] (3.13)

� VDS1[sô�Ç?ÈDõ�ö 5 VS/R ó S/R 
 ¤�Ê*4M÷ à ÈE 
�P<Q 	 � í ç â/ã 6 
�ø ÝBù�ú�û
ü [ý%�[«ô
ö î â�ã ï ë 	�þ�ÿ Ç ú�û ó�5 G�H ä�ILK10 ���� � ö
Yang-Mills-Higgs

ú�û 
���� 4��
	 E � Ø�� ü���
#-�.10�2�3?ä Ö ó1î â Ô 
 Ï 6 V�S[sô í þ W 5 Ë�������������� ô:4���� � E"! Q �#
 õ�ö î â�ã Lagrangian
�%$ � � Ö ó ©�ª��� Ö'&)( ��
 î â�ã+* þ�ÿ � ø ÝBù�, H ó CSDR -�.�Ô * P W R0/21 ô�3 Ò"465�à H

� ÷87
9

CSDR -
.FÔ ü;: ��< �8= & 4�> � �#
�â�?�ü;: ó = � î â�ã Lagrangian
�%@ Ö * 	 ì#í ¬!BADC8E'! í�ì A 


3.2 FHGJI"K2L
M�NPO�QSR0T�U0V�W
= � ?"> ó (3.13)

>�X�Y�: ô �
Higgs Z\[�]\^8_)`8a * 	 ì#í � C�E+b)ced 
 (3.13)

� Z�[+]
^�_)` *�f õ�ô í�ì � ä�g"h Ý�i φa ó CSDR -
.
j (2.83)

* þ ìFí φi ≡ Ji
& ! ö

[φi, φa] = f b
ia φb (3.14)

* k d � > 3
(3.13)

� Z�[+]�^8_�` �%l ó l j � * ÷ 1 ô í/ì �\*�à+m ( ì 
8n�o 3 ì A 	 ü �
φa ó = � -�.8j *�p"q î â/ã�> rs: ( ì�tvu d 
�w ! í 3 -8.�j � x >�yv� î â/ã�* þ ìFí -8.1 ô í/ì ( ì#äBg0h z i04%{�ú � ( Higgs

i &)( ��
vw�=|>%}�~ óBZ�[+]\^
_#` b Higgs
i0> ÷

! 3�� �0�����B�+�)� ô b��v� �8= & > 3 $
��� *)rS� ø�z ù ����� b � <�ö ì 
vw � ö
< * ó�\� ( i � b%� ÿ���Z�[+]�^8_#` �%$8��� b X"Y
�#i �|��� b�� < �#���v4vyv�|4 36��� *�w ô
óB��� >vyv��
vw+= > 3 }�~ ó ì A 	 ü � i � * � ÿ í $
��� *)r;� ø�z ù�, b�� < �)��� b��û !#�B�;A 
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3.2.1 S ⊂ G �v�8� ���
=
=%> ó �B� ( i � & !�� S ⊂ G

>�ySq 3
G �8  � S

�v¡ ¢�£�¤
SG
4\¥8¦�§;� & � b C Y�

[8]

S= � & ��¨ª©8« > � ���\���B����� ô �6¬ *�r­� øBz ù , K

b 3 Z�[+]�^v_�` �|$����b � < �
= &�( ! * �v® > � ��
�¯8° � * ó $
¬ *�rS� ø�z ù�, K ó�± ©8« > � øBz ù�, G
�

² �B,">
SG

�
centralizer &�( ��
;= � ��� ó

G ⊃ SG ×K
∪ ∩ (3.15)

G ⊃ RG ×H

&D³ ÿ �#
© * 3 ��´ �6��µ 46¶·: ô ��= & b�¸ §6
 õ6¹83 G
�\ºB»�¼ b

Gs
& !�� φC = Φt

CGt
&½³ ÿ ö= & *6¾J¿À§���
�Á � i � ó S ⊂ G

>vy;q
G ó S

�v¡�¢�£�¤
SG
b ��	 � > 3

G
�vÂ��

S
º�»

¼ b
GC & !½��Ã;A 
+= � & � φt

CGt
* Ã8�
�

t = C
� & � φt

C = 1
> 3 w � Ä"� & ��Å φt

C = 0>vy�� & §8Æ � -
.
j (3.14)
Å��)Ç *)È+É�1½Æ2�#
 9\Ê u6Ë 3 = � p d * !��6Ì � Æ0É φt

C

���
Å {8Í �

Higgs
i & !��%Î 1DÆ0É � * ��Ï §�Ð�Ñ­1v:)* 3 = � Higgs

i � � * � !�� Z�[+]�^8_
` � � Å

V (φ) = −1

8
gacgbdTr[(f C

ab φC − [φa, φb])(f
D

cd φD − [φc, φd])]

= −1

8
gacgbdTr[(f C

ab GC − [Ga, Gb])(f
D

cd GD − [Gc, Gd])]

= −1

8
gacgbdTr[(f C

ab GC − f c
ab Gc − f i

ab Gi)(f
D

cd GD − f e
cd Ge − f i

cd Gi)]

= 0 (3.16)

&�Ò * ( ÐB= & 4BÓ�Ô�ÐDÑ
=�=�>SÕ c ¿DÔ2:
Ö c ¿ª>%×6Ø"Ù#Ú (2.15)
b�Û8� É�Ñ
=½Æ Å Z%["]6^\_

` �%$��B� >�y;q 3 ��Ï §�Ð φs
C

�%� Å
Higgs

i �|ÜvÝ�Þ
ß�� à
v.e.v á >�y�Ð�Ñ;=
=%> 3 Higgsi+* � §�Ð%â z0ã , H

*0pBÐ6â z"ã ä Ø
φC(x) → h(x)φC (x)h−1(x), h(x) ∈ H (3.17)

b�C Y�Ð#Ñ
Higgs

i �
v.e.v

Å = � â z�ã%ä Ø2* � !#�\å ä >vy�Ð Å|¹ ( � > 3 (3.17)
�
h(x)

Å
SG
& ×�Ø ! ( A�� Å ( : ( � Ñ ! É84�æ � 3 v.e.v

b å ä *�ç0è�â z�ã , K
Å

G
��Â��

SG

�
centralizer-CG(S) &�( ÐéÑ�§ ( Ó Ê 3 S ⊂ G

� i6ê Å $�¬ * � Æ ¹ *Dr2Ð�â z
ã , Å K = CG(SG)>vy�Ð#Ñ

3.2.2 S/R ë
ì�í������|�8�
=
=%> Å

S/R
4 �8� ( i8ê � Z�[H]�^�_)`�a b���� 3�î µ & !�� ZB[2]�^v_�` 4 � ���B�B��"��� Æ b�ï =�§ l * ( Ð8= & b ð Ð#Ñ S/R

4 ��� >�yvÐ#iBêBñ
ò ®\ó
f c

ab = 0
>
y�Ð � > 3 Z

[�]�^�_)` �%l Å
V (φ) = −1

8
gacgbdTr[(f i

ab Ji − [φa, φb])(f
j

cd Jj − [φc, φd])] (3.18)
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&�( Ð�Ñ�= � Z\[�]\^�_�` 4 � �0�����B�+�)� Æ b�ï =�§;= & b)¸ §\Ñ2=�=|>|ô�õ � É < S
��ö

÷
ø 7 �
R
��ù > � � x 4

S ⊃ R, adjR+ Σ(sa + s̄a) (3.19)

&�( Ð)iBê b�C Y
Ð�Ñ;=
= > sa, s̄a

Å%ú � *6û\ü ( Ù�Ú2*
yvÐ R
�|ý8þ ø 7 >�y�Ð�Ñ­=�=%> 3

S�\º�»�¼0�%ÿ�� b
(3.19)

� � x * ��Ï ! É 9 � * & q��B§%Ñ
QA = {Qi, Qa} → QA = {Qi, Qsa , Qs̄a} (3.20)=8=|> 3

Qi

Å
R
* ��Ï ! 3

Qsa, Qs̄a

Å w�Æ���Æ
Qsa , Qs̄a

* ��Ï §HÐ�Ñ;= � & � S/R ��� Å
QaQa → QsaQs̄a (3.21)p+q 3
	 Y��

sa
& s̄a

b î�
 9 � * & q��S1DÆ�Ð�ÑS= �%ÿ���� ä�� �Bù > Z�[�]�^�_)` Å
V (φ) = −1

4
gsas̄agta t̄aTr[(f i

sata Ji − [φsa , φta ])(f j
s̄a t̄a

Jj − [φs̄a , φt̄a ])]

−1

4
gsas̄agt̄ataTr[(f i

sat̄a
Ji − [φsa , φt̄a ])(f j

s̄ata Jj − [φs̄a , φta ])] (3.22)

&D³ � �;1½ÆHÐ#ÑS=8=|>�= � Z�[�]�^�_)` �|l b��·!�A#ð���� Ð�Ñ
Ji

� Õ © � a b|ðv��� Ð &
−1

4
gsas̄agta t̄af i

sata f
j

s̄at̄a
Tr(JiJj), −1

4
gsas̄agt̄ataf i

sat̄a
f j

s̄ata Tr(JiJj) (3.23)

& ú � *%û\ü ( ñ
ò ®�ó ����� l b�!��B� Ð½Ñ8û�ü ( ñvò ®�ó ¡�� Å���� 4�� ( � >�=#ÆJ: � aÅ � ° & !#�
! ��� >vy�Ð#Ñ © * 3 φ " ¨½© a b ð Ð & 3
−1

4
gsas̄agta t̄aTr([φsa , φta ][φs̄a , φt̄a ]), −1

4
gsas̄agt̄ataTr([φsa, φt̄a ][φs̄a , φta ]) (3.24)

>
y;q 3|ú � *%û\ü ( φ " ×\Ø�Ù�Ú " � "$#&% z�' " ñ�ò�* ( æ ��� Ð
= & 4�ÓBÔ"Ð�ÑH=�= >\×Ø+Ù�Ú " � "(#&% z�' �s!BAé�v� Ð#Ñ � è'¿ "�) * *s¿À§HÐ &
Tr([φsa, φta ][φs̄a , φt̄a ]) = φs

sa
φs̄

s̄a
φt

taφ
t̄
t̄a
Tr([Gs, Gt][Gs̄, Gt̄]) (3.25)

&�( Ð#Ñ;=
= > Gs, Gs̄

Å6ú � *%û\ü ( G " º�»�¼ >vy�Ð#Ñ ú � *%û�ü ( 3 G " ºB»
¼ " ×�Ø+ÙÚ Å���� 4,+ ( ÐDñ�ò ®\ó b�- § " >Bw "$#.% z�' Å0/ " � &)( Ð�Ñ Õ è'¿ "�) 9 ¡01 * C Y":Æ�Ð " > 3 =�ÆJ: "|a Å � ° &�2 ��! ��� >�yvÐ�Ñ $�¬ * φ " Õ © a b�C Y�Ð & 3 =#ÆJ: "%a Å� ° &�2 � /���� * & Ð8= & 48>�3�Ð#Ñ 2 É84�æ � 3 (3.22) " Higgs Z\[+]�^8_)` Å ! " ¨D© a& / " Õ ©�4 ��a b�5 æ �B� Ð " > ��687�9�:�;�< b.= Ð½ñ�ò 9�> æ ��� Ð�Ñ=
=|>\Á " ��? > Å S " ö ÷�ø 7 " � xA@ (3.19) " l 9�> Ð8B 2 É @�C ���D9�Å � x 9 R " ný
þ ø 7 @ fFE%ÆHÐ8=�B 9 ¾�G 2 ��Ã;A Ñ�É t 2 C R " n ý
þ ø 7 b fIH�iBê 9 C6º�»
¼ " ÿ��b&JDK 9 Ì�L � 2 � ¡01 " ��?�bNM qPO�Q �BZ�[+]�^�_�` @ �R6S7�9�:�;�< bT= ÐDñvò bN5 è�=B b)¸ §;=IB @ >�3vÐ#Ñ
= " p d 9 C S/R

@ :
; >�y�Ð�i�ê Å � ¹P�P6I7,:
;�< " = Æ @ ï 3
Ð�=�B @ Ó�Ô�æ%É�ÑBw 2 � CU8� 7�9 = Æ ¹A9 r;Ð%â z0ã�V b�� < Ð|É <�9�Å Z�[�]\^8_�`8" U
�\� b X"Y�Ð#i " �\� b � <Ð���� @ y�Ð�Ñ 2 Ô 2 > @ : C
W < " â z"ã0V " ©8« B rank
@
X 3 � iBê 9�Å C w " É < "��Y Å6���A9 ��� >vyvÐ½Ñ UB¬ 9 r;Ð%â z�ã�V b)� < Ð|É < " �
Z 9 è �
� Å 3.2.4

?0> ��? §HÐ½Ñ
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3.2.3 S/R ë�[8ì�í������ ���
S/R

@�\ :
; >vy�Ð#i�ê 9BÅ|���F9 Z�[�]\^
_�`8" U
��� b X0Y
Ð�i " ��� b�� < Ð " Å ���>
y�Ð½Ñ�E�É C Z�[�]6^�_½` @ �R6I7�:
;�< " = Æ b)ï =½§�ñ
ò�>
y�Ð ÔD] d Ô 9 \ �)Ç >
y�Ð�Ñ� 9 C
S/R

@�\ :�; >�y�Ð)i8ê 9�Å
S/R

@�^ ó " '�_Bz ` b05 è�`
a < @ ySq C w " i8ê 9�Å@ '�_�z `8"�b 9 p\æ � �P687,:�;�< " = Æ b,c 3 ï =#§�Ô d"Ô @ ä Ó;q d Ð�Ñ 2 É @ æ � C =" i�ê 9�Å U
� 7�9 rSÐ|â z�ã�V b)� < Ð " Å � 9 � 2 � Ñ © ?0> Å w " É < " �
Z 9 è ��� �? §�Ð#Ñ

3.2.4 e&fIgBìBí�h�i�j�kIi
lAm n+�,o�p8q�r
=
=%> Å2�s6A7�:�;�< " = Æ " ¬SC,Uv� 7S9 rSÐ\â z0ã V K

b�� < Ð%É < " ��Z 9 è ���%�? §�Ð
[9]
Ñ

S/R
@ :�;ut \ :�;D9�v : ¹ C �s6S7
:�;�< " = Æ @ ï 3�Ð0w " â z0ã0V H " ©�«B

rank
@,X 3 � i8ê 9�Å Z�[2]�^v_�` b x�x §;Ð " Å ���Fy y�Ð�Ñ{z�Y 9 C Z�[�]�^v_�`F" U�B� b X+Y�Ð�i " �B� b �A| Ð�}SB y = Æ ¹{9 r­Ð%â z"ã�V K

b��{| Ð6É | 9�Å��B�{9 ^�~ >
� Y���� b�� Ð��
� @ yvÐ#Ñvw8} y C w ",� Y���� b�� 2 y8� ô�� 9 2 � C U�¬ 9 rSÐ|â z0ã0V
K
b��F| Ð%É | " ��Z b�C8E §�Ð#Ñ� K �����������A�I�S�â z0ã�V K

b��{| Ð|É | 9 â z"ã0V " © " ñvò b&��Û §�Ð�Ñ8E ¹ C ���D9 W | " â z0ã�V G "² � V B 2 � K = CG(T )
B > Ð V T

@ ¥�¦
§2Ð�}�B 9 ¾J¿ §�Ð½ÑF} " p d > T
@ ¥�¦8§�Ð�}�B

Å6© " p d 9 ¸ §�}IB @ y 3vÐ#Ñ
φa " Ü�Ý�Þ8ß
� b < φa >

C
φi
b
RG " ºB»v¼ Bé§;ÐSB)â z0ã�V K

Å Ü�Ý " :�;�< y y�Ð "�y
∀k ∈ K

9�: 2
k−1φik = φi, k−1 < φa > k =< φa > (3.26)@%»I� §�Ð#Ñ�}�} y < φa >
C
φi " ×�Ø ¼ b�� æ �B�;A B

[φi, φi], [φi, < φa >], [< φa >,< φb >], [φi, [φi, < φa >]], ... (3.27)

b ¶;Ð#Ñ�} " B�3 K
Å }�Æ�� " ×�Ø ¼ B � ×�Ø8§�Ð#Ñ�}�Æ�� " ×BØ ¼ b&M qPO 2 � æ �B�;A B C]
}6Ô y,� ó @���� Ð Å%¹ y ySq C w " ��� É � ó @ K

BD×BØ
§SÐ
G " ² � V T

9 : §�Ð
Lie

� ó B > Ð#ÑSp\æ � C�� Ô 9 K = CG(T )
b È+É%§

G " ² � V T
@ ¥�¦v§HÐ�}�B @ Ó8Ô0Ð�Ñ

©I9 } " ñvò bT��Û 2 � â z�ã�V K
b��A| Ð��
Z b��BE §HÐ�Ñ�E ¹ C yF�#Ô � | Ó�Ô
æ �B� ÐN�

n b EDB | p d Ñ W | " â z�ã�V G
C

CSDR
9 p+q ¨ª©�« y ¶��ÀÆ�Ð%â z�ã�V H

C ��6I7,:�;�<
" = Æ " ¬ " â z�ã�V K " Ù)Ú Å K ⊂ H ⊂ G y y�Ð�Ñ�E�É C § y 9 ��? 2 É�p d 9 K = CG(T)b È�É6§

G " ² � V T
@ ¥�¦�§�Ð)Ñ�è8EPq C,W | " â z"ã�V G

Å
G ⊃ K × T

B �·d ñ�ò b�5
è�Ñ�� ��" }IB b���  2 � K

b��A| Ð|É | " �
Z b Z b�¡ æ �,�8E §�Ð#Ñà á G ⊃ K × T
B 2 � B�q d Ð G " ñvò "�¢�£ b|ð èF¤�ÐW | 9

K
B 2 � B�q d Ð ¢�£ Kp

b�¥ ® §;Ð#Ñ0w " B 3\wBÆI��Æ " Kp

9�: 2 Tp = CG(kp)
b

È�É6§
G " ² � V Tp

b ð èF¤ C
G ⊃ Kp × Tp

B 2 � B�q d Ð�ñvò b �S| Ð�Ñà á Higgs
i " Ü�ÝBÞ8ß��A@ Tp

9�¦ §;ÐIB 2 � Z\[2]\^v_�`A" U
��� b �8| Ð

27



Higgs Z�[2]B^v_)` v(φ)
b ñ » §SÐ

Higgs
i
φ
@

Tp

9 ¦ §SÐAB 2 � C Z�[H]�^�_�`F" Uv���
V p

min(φ)
b|�S| Ð�Ñà á�§ V p

min(φ)
b b�¨} " B�3 U � �ª© � V p

min(φ)
b X�Y8Ð

Kp

@ }�~ " �8| Ð Ü " U�¬ 9 r;Ð|â z�ã�V K
B 2 � ¶��ÆHÐ#Ñ

} " ��Z " �S« Å Z\[+]�^8_�` V (φ)
w "S� "�y >{¬ V p(φ)

b � Y §HÐ "�y C w " U
��� b��A|Ð " @ ô�õ 9�> Ð�}�B y y�Ð½Ñ
w " ÍF­ Å Õ è"y�Ð�Ñ � èP¿ Å Higgs
i
φ
b â z�ã0V H y Å�>F¬

Tp

9�¦ §�B¯® v §;Ð "�y V p(φ)
9�° æ � ¬ Ð

Higgs
i " » � @ � >D¬�> Ð�}SB y y�Ð#Ñ � d�±è " ÍF­ Å φ

@
Tp

9 ¦ §²B�® v 2 É8}�B y
Z6[+]6^�_�` 9 fAE%Æ2Ð�×�Ø ¼ [φa, φb]
Ô�� -�� ¬ Ð

ñvò ®�ó � Tp "A� " t ¤ b0� Y�Æ � p � B �·d }IB y y�Ð#Ñ}�} y C V (φ)
ÔD�

V p(φ)
9 ä�� 2 É{B03 9 Z%[+]6^B_ª`I" ®\ó a C § > Ó Ê � � " φ

b Ò B 2 ÉB�3 9 rSÐ a @ ä�� © Æ2Ð%Ô�] d Ô b ¾�G�§�Ð���� @ yvÐ�Ñ ®�ó a Å Z\[�]�^8_�` (3.13)φ
b f

E > � a −1
8g

acgbdf i
ab f

j
cd Tr(φiφj) y y�Ð#Ñ f i

ab , f
j

cd

Å
S " ñ
ò ®\ó > "�y â z�ã0V " Ì�³ 9BÅpS� > � "�y Tp

9 ® v 2 � � å ä y yvÐ#Ñ0É t 2 C Tr(φiφj)
b ä Y > � É | 9BÅ R

@
U(1)

Ô
U(1)

B Ä " V B " � � y ³ ¤�ÐIB�3 C w " U(1) " G  I"�´ |�µ�� B Tp  I" ´ | µ�� @�¡D� yy�Ð��8� @ yvÐ½Ñ >�¶8> �s+ > Ð
U(1)  �" ´ |�µ��0b�Ì ËBt i�ê CSDR ·�¸�j [φi, φa] = f b

ia φbb È�É6§"É | 9
φi

@ ®�ó�¹ t ¤ ä ÓJq d Ð%Ô�� y y�Ð#Ñ 2 É @ æ � C ZB[2]�^�_)`F" ®�ó a Å
G
B

Tp  S" U(1) "�´ |�µ��+b ¡�� 9 2 ��Ã ¤ � V (φ)
Ô��

V p(φ)
9 ä Y\É�B 3 9 ä Ó"Ð�}IBÅ�> � Ñ

} " �,Z 9 p"q Z6[+]\^B_�`8" U8��� "�� Y Å ô�õ 9�> Ð @�C G ⊃ T × K " ñ�ò "0¢�£ @ É ¬ ©
Ë B�q d Ð > � ��§�¢�£�º B 9 Z�[+]\^�_)`S" U
��� b��S| b�¨ §�Ð��
� @ y�Ð "�y
� Y � @�»X 9�> æ � 2 E d Ñ�wA} y C Higgs

i 9 pBÐ ��687,:�;�< " = Æ 9�: §HÐ Michel’s conjecture
b

Ûv���
K "�¢�£ b�¼ Ð [10,11]

Ñ�}0~ Å � ��" �
Z b�Û��
� K
b �8| Ð#Ñ

3.2.5 ½�¾�¿
}�} y Å � ��y ��? 2 É Z�[�]�^�_)`A" x�x " ¯
°�À b|� ¬ è�Ô�ÁFÂvÐ�ÑÀ ± á

coset space S/R=SU(2)/U(1)
C ± ©�« yS" â z�ã�V G=SU(3) " ivê b�� Y0Ð [9,12]

Ñ{E�É C
R=U(1) " G=SU(3)  S" ´ | µ�� Å C SU(3) " ² � V  I" � x

SU(3) ⊃ SU(2) × U(1)A ⊃ U(1)B × U(1)A (3.28)

y�Ã ÆPÐ U(1)B
b

G " R
² � V RG

9 Ì 
 }FB y c d Ñ0w " B,3 ¨�©�« yI" â z�ã,V H
Å

H = CG(RG) y X+YA�ªÆ2Ð "�y
H = CSU(3)(U(1)B) = U(1)B × U(1)A (3.29)B > Ð�ÑAE�É C Á " i8ê Å S ⊂ G

B > æ �B� Ð "�y C ��6A7,:�;�< " = Æ " ¬ " â z"ã0V K
Å

K = CG(SG)
B �A| Ð�}�B @ y 3�Ð�Ñ;p\æ � C

K = CSU(3)(SU(2)) = U(1)A (3.30)
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y y8ÐéÑ ©�9 Z|[�]|^�_�` b ·
¸ © Æ �6� > � Higgs
i y ³ 30� §\ÑTE ¹ sec2.3 y X�Y É ` z ` 9 pq ¨é©�« y Higgs

i @ ¦ §
H " ø Ã b��8� Ð�Ñ w " É | 9 G=SU(3) " ö ÷Bø Ã 8

b
G = H × RG" ù y � x 2 C S=SU(2) " ö ÷
ø Ã 3

b
R " ù y � x §HÐ8B

SU(3) ⊃ U(1)B × U(1)A

8 = (0, 0) + (0, 0) + (1, 2) + (−1,−2) + (1,−2) + (−1, 2) + (2, 0) + (−2, 0) (3.31)

SU(2) ⊃ U(1), 3 = (0) + (2) + (−2) (3.32)

B > Ð½ÑS}�} y sec2.3 " (2.87),(2.88) j � ù y ð É ` z ` 9 p�q ¨ª©�« y Higgs
i @ ¦ §

H " ø
Ã Å (2,0)

B
(-2,0)

B#Ó�Ô0Ð½Ñ Z6[�]\^�_#`S" ¯�° l b��
� Ð|É | 9 S Ä SU(2) " º�»�¼ QA
B C

w " ×�Ø+Ù)Ú b0� Y
Ð#Ñ Z\[+]\^8_#`8",� Y 9�Å � > QA " ÿ�� B 2 � (3.32) " � x 9�: Ï 2 É
QA = {Q0, Q+, Q−} (3.33)

b�Ì 
 Ñ�}�} y Q0

@
R " ºB»
¼ y y�Ð�Ñª}#Æ�� "�Æ�" ×�Ø+Ù�ÚÇB #&% z�' Å

[Q+, Q−] = 2Q0, [Q±, Q0] = ∓2Q± (3.34)

Tr(Q+Q−) = Tr(Q0Q0) = 2 (3.35)

y X�YF�éÆHÐ#ÑAE�É C } " ÿ�� y Å '�g"h z i Å
{φA, A = 1, 2, 3} → {φ0, φ+, φ−} (3.36)

B > Ð#Ñ�}#Æ 9 : Ï 2 � G=SU(3) " º�»
¼ � (3.31) " � x 9 : Ï 2 É ÿ�� b�Ì 
 Ñvw " º�»
¼B#w�Æ�� "�Æ�" ×�Ø+Ù�Ú Å Appendix C " (C.1) j B table(C.1)
9 ´ © Æ �B� Ð#Ñ} " º�»�¼ " ÿ�� " ù y
Z�[�]�^�_)` b � Y §;ÐIB

V (φ) = −1

8
gacgbdTr[(f C

ab φC − [φa, φb])(f
D

cd φD − [φc, φd])]

= −1

4
g+−g−+Tr[(f C

+− φC − [φ+, φ−])(f D
−+ φD − [φ−, φ+])] (no sum)

= −1

4
Tr[(2φ0 − [φ+, φ−])(−2φ0 − [φ−, φ+])]

= Tr(φ2
0) − Tr(φ0[φ+, φ−]) +

1

4
Tr([φ+, φ−]2) (3.37)

@ ¶È�ªÆ�Ð)Ñ�}�} y Á " i�ê Å S/R " '�_�z ` Å ± è " � > "�y���� gab Ôª� -�� ¬ Ð '�_�z`�É�Ê,Ë�Ì b&ÍSÎ 2 ��� Ð�Ñ © � 9 } "�Z�[+]\^
_�` b ·�¸ © Æ �B� > � Higgs
i y ø §6Ñ 'Bg

h z i 9 : §�Ð CSDR ·�¸
j (3.14) " x Å SU(3)
º�»v¼

(C.1)
b Û��v�

φ+ = βQ3, φ− = β†Q3, φ0 = −Q′
0 (3.38)

y X�YA�éÆ2Ð�Ñ8nvo C table(C.1) " ×�Ø+Ù)Ú b�Û�� Æ � }#Æ²� @ (3.14)
b È"É%§�}�B @�� Ô | �

ÆHÐ#Ñ
(3.38)

b
(3.37)

9 � ° 2 C table(C.1) y X+YF�ªÆ�Ð�×�Ø+Ù�ÚÇB Tr
b Ûv��� � Y §;Ð8B Z
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[�]�^�_)` Å

V (φ) = Tr((Q′
0)

2) + Tr(Q′
0[βQ3, β

†Q3]) +
1

4
Tr([βQ3, β

†Q3]
2)

= 2 + ββ†Tr(Q′
0(−2Q′

0)) +
1

4
(ββ†)2Tr((2Q′

0)
2)

= 2 − 4ββ† + 2(ββ†)2 (3.39)

B ·�¸ © Æ ��� > � Higgs
i
β y ø © ÆHÐ�Ñª} "
Z�[2]�^v_�`F" U
��� Å Ò y ySq C |β| = 1 "B 3 9 X+YF�DÆ�Ð#Ñ © � 9

β " � b ��® §�Æ � U(1)B
:�;�< @ �¯687I9 = Æ C â z"ã�V B 2 �

K = U(1)B
@ r;Ð�Ñ�})Æ Å E © 9

sec3.2.1 y X�YF�éÆ�É î µ b�Ï Ã 2 �B� Ð#ÑÀ Õ á} " À y Å W | " â z�ã�V B S/R
Å À ± B ¡D� ��" b0� Y
Ð @�C G  I" R " ´ | µ�� ) b À ±B Å + > Ð Ì�L ) b §�Ð�Ñ�ÁFÐ Å R=U(1)

b
(3.28) " � x y -B� ¬ Ð SU(2) × U(1)A " U(1)A9 ´ |�µ H�Ñ�} " B�3 ¨D©�« y�" â z0ã�V H
Å

H = CSU(3)(U(1)A) = SU(2) × U(1)A (3.40)

B > ÐDÑ�EBÉ C '�g�h)z i @ ¦ § H " ø Ã Å G=SU(3) " ö ÷8ø Ã 8 " H × RG = SU(2) × U(1)A

" ù y�" � x
SU(3) ⊃ SU(2) × U(1)A, 8 = 1(0) + 3(0) + 2(2) + 2(−2) (3.41)B

S=SU(2) " ö ÷
ø Ã 3 " R " ù y�" � x (3.32)
B ",b�¨ Ô�� 2(2)

B
2(-2)

B)Ó�Ô"Ð#Ñ
CSDR ·�¸8j (3.14) " x b ¶HÐ%É | 9 C ÁSÐ Å G=SU(3) " º�»8¼ " ÿ�� b (3.41) " � x 9�: Ï2 É � " 9 Ì 
 Ñvw " ÿ�� y�" º�»8¼ B�w " ×�Ø�Ù)Ú Å Appendix C " (C.2) j B table(C.2) yX�YF�éÆ �B� Ð#Ñ0w " º�»�¼ " ÿ�� 9 p+q (3.14) " x B > Ð Higgs

i Å
φ+ = βaQa, φ− = βaQ

a, φ0 = 2Q0 (3.42)

B�¶��ÀÆ�Ð#ÑF}�} y (βa)† = βa y y�Ð#Ñ�E�É C φ y ø 2 É Z\[+]\^�_�` Å ä ÓD� ¹ (3.37) y X"Y�éÆHÐ#Ñ >�¶{> ��} " l Å S/R " ñvò 9 p�q " ��� ESq R " G  I"�´ | µ�� ) 9BÅ�Ñ ¥ 2 > �Ô�� y y�Ð½Ñ�wA} y C (3.42)
b

(3.37)
9 � ° 2 table(C.2) y X0YF�ÀÆ2Ð)×�Ø�Ù�Ú�B #&% z�' b�Û��� � Y §�ÐSB Higgs

i 9 p�Ð Z�[�]�^�_)`
V (β) = 8 − 4βaβa + (βaβa)

2 (3.43)

b ¶;Ð�Ñ�} "8Z�[+]�^
_�`8" l ÅH�R6A7,:�;�< " = Æ b ï }�§�ñ�ò b 2 �BÃ q C sec3.2.2 y ¸ 2É î µ bNÒ�Ó ¤ �B� Ð#Ñ
À Ö áÁ�Ô Å � dÕ� 2 ^�~ > iBê b0� Y�Ð�Ñ�Ö�× Ý Æ B 2 � Å S/R = G2/SU(3)

C ± ©�« y�" â z�ã0VB 2 � Å G = SU(5)
b�Ì 
 ÑAE�É C

G=SU(5)  S" R=SU(3) " ´ | µ�� Å
SU(5) ⊃ SU(3) × SU(2) × U(1) (3.44)
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" � x 9 -�� ¬ Ð SU(3)
b

RG
B 2 �6Ì 
 }IB y c d Ñ;p�æ � 4

©8«89 Ã ¤
Ð6â z"ã0V H
Å

H = CSU(5)(SU(3)) = SU(2) × U(1) (3.45)

y�Ø8Ù �éÆ2Ð#Ñ ©89 4
©�« y Higgs

i @ ¦ §
H " ø ÃFÚ ��� Ð�Ñ�w " É | 9 G=SU(5) " ö ÷8ø

Ã 24 Ú H × RG " ù y C S = G2 " ö ÷�ø Ã 14 Ú R " ù y w�Æ���Æ�� x §HÐ�Ñ
SU(5) ⊃ SU(3) × SU(2) × U(1)

24 = (8, 1)(0) + (1, 3)(0) + (3̄, 2)(1) + (3, 2)(−1) + (1, 1)(0) (3.46)

G2 ⊃ SU(3), 8 + 3 + 3̄ (3.47)

}�Æ�� Ú�b�¨ 2 C H " ø Ã{Ú �8| Ð6É | " Û z Û�Ú J�Û §�Ð�Ñ Õ è " � x y R=SU(3) " 3
B

3̄ø Ã @ û�Ü 2 ��� Ð "�y C Û z Û 9 k Ù�� ¨D©B« y Higgs Ý @ ¦ § H " ø Ã Å 2(1)
B

2(-1) t BÓ�Ô"Ð#Ñ�} " Higgs Ý8" ø Ã Å SU(2) × U(1) → U(1) " = Æ Ú c 3 ï }�§ " 9 J 2 �B� Ð#Ñ©89�Þ
ß{à
á�â ÛDÚ�� Y §�Ð#Ñ G2 " º�»v¼ " ÿ�� B 2 � Å (3.47) " � x 9 : Ï 2 É
QA = {Qi, Qρ, Qρ} (i = 1, ..., 8, ρ = 1, 2, 3) (3.48)

Ú Ì 
 Ñ�}�} y Qi

@
R " º�»�¼ y y�Ð#Ñ�}�Æ�� "�Æ�" ×�Ø+Ù)Ú Å Appendix C " table(C.5)

9
E�B |�� y�Ð#Ñ�} " º�»�¼ " ÿ�� 9 : Ï�© Q � '�ãAä�z Ý Å

φA = {φi, φ
ρ, φρ} (3.49)

B ³ ¬ Ñ Þ,ßDà,á�â Û�Ú }#Æ�� '�ãSä|z ÝSy ø 2 C table(C.5) " ×�Ø�Ù�Ú�Ô���¶Ç�ÀÆ2Ð�ñvò ®\ó
Ú0� ° §�ÐSB C

V (φ) = 8 +
4

3
Tr(φρφρ)

1

2

√

2

3
ερστTr(φτ [φρ, φσ]) − 1

2

√

2

3
ερστTr(φ

τ [φρ, φσ])

−1

2
(λi)ρσTr(φi[φρ, φ

σ]) − 1

4
Tr([φρ, φσ][φρ, φσ] + [φρ, φσ][φρ, φ

σ]) (3.50)

B > Ð�Ñ�}�} y ερστ
Å�å�:�;�ß{à�æ Û C λi

Å
Gell-Mann ç�èSy�é Ð�ÑIE�É C } " À y8� S/R "

'�_�ê Û Å%� è�ëI¤ > "�y,��� Ô�� -�� ¬ Ð '�_
ê ÛDÉ�Ê,Ë�Ì�Ú Í8Î 2 �B� Ð#Ñ�} " Þ,ßFà
á�âÛ�Ú0·�¸ © Æ �B� > � Higgs ÝIy ø §"É | 9 CSDR ·�¸�ì (3.14) "�í�Ú ð è{¤vÐ#Ñ8î " É | 9
G=SU(5) " ºB»
¼ Ú (3.46) " � í 9�: Ï 2 É ÿ��

GSU(5) = {Gi, Gα, Gaρ, G
aρ, G} (3.51)

Ú Ì 
 Ñ{}�} y i = 1, ..., 8, α = 1, 2, 3, ρ = 1, 2, 3, a = 1, 2 y�é�ï C Gi

@
RG " º�»
¼ B > Ð½ÑD}Æð� "�Æ�" ×�Ø"Ù�Ú Å table(C.4)

9 E{B |\� é Ð½Ñ{} " º�»8¼ " ÿ�� Ú Û��8� (3.14) "�í B > Ð
'�ã8ä�ê Ý Å

φi = Gi, φρ = βaG
aρ, φρ = βaGaρ (3.52)
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B ³ ¤�Ð#Ñ�}�Æ�� Ú (3.50)
9 � ° 2 � Þ,ßDà,á�â Û�Ú Higgs Ý β y ø §²B

V (β) = 8 − 8β†β + 12(β†β)2 (3.53)

Ú ¶;Ð�Ñ�} " Þ�ßFà�á�â Û Å SU(2) × U(1) → U(1) "�ñ 6A7
:�;�< " = Æ Ú ï }#§Bñvò Ú 2 �� Ð#Ñt
3.2.4 ò{" ��Z " J
Û}�} y } " À 9�: 2 3.2.4 òAy ��ó 2 É\��Z Ú J
Û 2 �
� Ð�Ñ�E ¹ C G ⊃ T × K

B 2 � B ï�ô Ð
¢�£�Ú�õ §\Ñ�ö ®D÷ ï C G ⊃ T ⊃ R y�é Ð "�y T

B 2 � B ï�ô Ð V Å SU(5),SU(4),SU(3) y�éÐ#Ñ�}�} y SU(5)
Å

G
î "8��"�y�é Ð "�y � Ù Ð&ø�ù Å�>
ú Ñ�î{} y T "�¢�£ B 2&û SU(4)

B
SU(3) Ú � Ù Ð#Ñ
T1 = SU(3) " B�3 Å CSDR ·�¸�ì (3.14) " \ ñ Ç�> í Å ü�ý 2 >,ú Ñ 2 É @ æ û í Å ñ Ç�> í
φa = 0 " � > "�y Þ�ßFà�á�â Û Å

V 1 = gacgbdf i
ab f

j
cd Tr(JiJj) = 8 (3.54)

B > Ð#Ñ�} "�þ Å�Þ
ß{à
á�â ÛA" U�ÿ þ V 1
min yA�,é Ð#Ñ

T2 = SU(4) y�é ÐSB�3 Å (3.14) " \ ñ Ç�> í @ ü�ý�� Ð�Ñ�î\Æ Ú�� | Ð%É | 9 SU(4) "����	�
" ÿ�� Ú

SU(4) ⊃ SU(3) × U(1), 15 = 8(0) + 1(0) + 3̄(4) + 3(−4) (3.55)

y�ØAÙ �éÆHÐ SU(4) " ö ÷
ø ÃS"�
�í 9�: Ï 2 É � " 9 B\Ð�Ñ8î " ÿ�� y�" SU(4) ���	� Å
QSU(4) = {Qi, Q,Q

ρ, Qρ} (i = 1, ...8, ρ = 1, 2, 3) (3.56)

y�é Ð�ÑF}#Æð� "����
�SÆ�" ×�Ø�Ù)Ú Å table(C.3) y,ØAÙ �ÀÆ û ú Ð#ÑF}�Æ�� Ú Û ú û (3.14) "
í B > Ð '�ã8ä�ê Ý Å

φi = Qi, φρ = β′
†
Qρ, φρ = β′Qρ (3.57)B ØAÙ �éÆHÐ#Ñ�}�Æ�� Ú Þ
ß{à
á�â Û (3.50)

9 � °�� Ð8B
V 2(β′) = 8 − 8β′†β′ + 12(β′†β′)2 (3.58)

Ú�� Ð#Ñ�} " Þ
ß{à
á�â ÛA" U�ÿ þ V 2
min

Å
|β′|2 = 1

3 y�Ø8Ù �ÀÆ

V 2
min =

20

3
(3.59)

y�ØAÙ �éÆHÐ#ÑÕ è " T "0¢�£�º B 9 � Y © Æ�É Þ
ßAà,á�â Û8" U�ÿ þ�Ú�b�¨ � ÐSB T2 = SU(4) "�Ý ê "�) @÷ ï ÿ�© ú�Þ,ß{à�á�â ÛS" U�ÿ þ�Ú�ØSÙ Ð�}IB @ Ó�Ô�Ð�Ñ 2 É @ æ û K2 = CG(T2) = U(1)
@

KB 2&û � | �éÆHÐ#Ñ�} " î��+Å�����9 â ê0ã0V Ú G " E�E y
� Y 2 É Ý ê�B���� � Ð�Ñ
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3.3 ���������! �"$#�%'&)(+*-,/.103254
} "�òAy	65798�:Iy�;=< ? 9�> ¤	? É�@�ÛBA9C àED Ë�Ì ê ; ��ó ÚNç$ôGFIH�JIK	L16 ã�M{ä ÛÉ�@�ÛNA9C à,9 ÷ ïPO	� ©9Q/R K	L8y�é ? ;�y C Ã ��S�>=T � K	LU;�O�V3; R |
W 65798�:�<�X

;�É�@NÛNA�C à�D Ë�Ì ê W ã�MFä ÛDÉ�@NÛYAZC à\[I]�° ©ZQ ?&ø�ù [ é ? F î ; R�^ W 6{ñ`_ Sa�b�c Úed ?Ef ;'g
@�ÛYA�C à 6Ih�ikjli
m	n5o û 6�nkpln ú F
7q8�: W >�ú û h	i�jli	n ã�MFä Ûrg�@&ÛYAZC à Úl� ?�s't 6Iu�8�:�vIwFÚyx ôP<
X W t�z û�{ù n�|\}+m�é ? F�~DÙ�����u�8�:�v�wFÚ ]��N� R��
� ;�<�X/m�é ? Kaluza-Klein(KK) <
X
� î
;\�/� t n ? <
X36r7Z8�:/m�h�ikjei'g�@y�NA�CU����� ?
s/t [ m���n�� z R ;�m�� ��S n=<�XW 6�n5p�n�� z R F t ú ôq;	6 KK <
X/m	65798�:'m'g�@l�NA�CU� [I� ��n������ S��	� �l� zû �l� ô t ú ô9|\} [ é z R �$pym�é ? F� � � � KK <�X W >5� ?/s ;�|�}$6�u	8�: W >�ú û�� ê1�I� � ]	�'� ?'s1t m,í3�1m+� ? F� R [ z û��+� ;I�r� ? CSDR � W >�ú û 6�7Z8	:3m�h'i-jli�n�  M5¡ ��g	@l�¢AeC1����� ?s+t [
£�¤ m3¥ ? F�¦/§�m'6�¨�© S W   M�¡ �$g�@E�¢AeC5�
��� ? R/^ ;�ª
«k�=��¬ � û ú o
[3,13,14,15,16] F

3.3.1 ­�®�¯�°r±�²l°´³9µ�¶�·=¸+¹�º�»
¼�½�¾
s�s m�6r7q8�: W >
¿	À   M1¡ �5g�@l�NAZC1���y� ? R�^ ;�ª�«r��� ^ ? F�Á s m ¿ oZÂ'��;

��Ã W 
 ��À   M+¡ �5g�@��ÄAqC+���e� ? R
^ ;=ªI«r�E��¬ ��ÀI¿ oÅF�Æ �'S W 6�u�8�:'m Dirac

L1;3g
@��!AeC5��� ]��!� R �	Ã 657e8
:3m	  M�¡ �$g	@l�¢A�C5����� ?�s+t [ m/�=Ç
� Weyl

g�@��NAZC1��� ]��N� R ��Ã 6r7Z8�:�m�  M1¡ �5g�@l�NAZC1����� ?
s/t [ m'� ? F-È�p W u�8
:3;I8
:�É D=4n+2 ; t ��6Iu�8�:3m�Ê�Ë¢ÌÍ� S W g
@E�NAeCr��;�Î	�r� ]��!�yÀ1Ï 7�8�:3m
  Mr¡ ��g
@��YA�C1����� ?	s/t [ m'� ? F�¦'§
m
Á Q �E¨	© S WEÐ�Ñ F
( ) ÒUÓ1Ô-Õ Dirac ÖØ×UÙ�ÚÜÛ�ÝNÞ�ß/à+á�â=ã´ä�åræ
u�8�: W >
¿�À Dirac L+;'g�@l�YAZC1��� ]��N� R ��Ã W 65798�:/m�  M1¡ ��g�@y�YAZCU���lç?�s/t [ m'��n ¿ F � Ç36 s ; s't � Ð�Ñ F�Á�;�è W u�8�:';I8�:�É D

[�é É+; ��Ã tqê É3; �
Ã W=ë �IÀ �
¬ Ñ ? F
(a) u�8�:+;�8�:�É D

[�é É+; ��Ãé É�8�:/m�6�irì�íy�	Î	�+6Iî�ï�ðUËIm�¥ ? F)ñ z À � D 8
:'i5ì�íl� σD ; (SU(2) ò SU(2))

ò SO(d) ;�§	m	; ë�ó 6
σD = (2, 1;σd) + (1, 2;σd) (3.60)

tõô �3p Q ? F s�s mr7ö8�:
v�w W a Ñ ? Lorentz ÷ SO(1,3) ;�i+ì�íZ��Î��+� SU(2) ò SU(2) øù m�Î ��À�¿ ? F�Á	; t � (2,1) Î��/;�§
m�ú�û Ñ ? Weyl i1ìIíe� � [�ü'ý L (left-handed)ψL �
(1,2) Î
�+;�§�m�ú�û Ñ ? Weyl irì�íl� � [=þ/ý L (right-handed)ψR m�¥ ? F � R � SO(d) 6ÿ 8�:�����w�� W a Ñ ? Lorentz ÷Um�¥ ? Fs�s m��1798�: W >
¿
À=þ�ý L t ü�ý L3;�iUì�í�� � [�� Ñ H ;=Î��r�=Á Q	��Q�
3^�R ¿ F
Á s
m sec2.3 m
� R �$7�8
:3m	i5ì�íl� � [�� Ñ H ;�Î��5��� ^ ? R'^ ; CSDR �3ð��k��� ¿ ? F
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Á�;=�/ð�� W ñ Q ��� D 8	:3m
i5ì�íl� � [�� Ñ � ð � ÷ G ;�Î	� F ; RG × H ;�§	m�; ë�ót
SO(d) irì�íy� σd ; R ;�§
m�; ë�ó

F =
∑

(ri, hi) (3.61)

σd =
∑

σi (3.62)

W >	¿�À � σi = hi
W a�� � R

hi

[ 7Z8�:/m�i5ì�íl� � [�� Ñ H ;�Î	� t n ? Fs ; CSDR ��ðI�r� Ï t W D 8�:�iUì�í�� � (3.60) �kp`çBp Q ? 7q8�:�iUì�íe� � ���r� ?'t �ü�ý L t þ'ý L3m � Ñ H ;=Î
� [	� z R o���� Ï ; [���À o ?�s't [�� � ? F � R [ z À s ; �
Ã 657Z8�:/m�  Mr¡ �1n�g
@��YA�C1����ç ?
s3t [ m���n ¿ F
(b) u�8�:+;�8
:�É D

[ ê É+; ��Ã
D
[ ê É�8�:/; t ��6�  M5¡������  �!�" ΓD+1

[�#
$ Ñ ? ;�m�� D 8�: W >
¿�À irì�íe�16�î
ï�ðUËIm�6
nro ü'ý L t þ'ý L W�%�& È Q ? F s�s m D 8�:/  M5¡��'���  �!�" 6

ΓD+1 = i(D−2)/2Γ0Γ1 · · ·ΓD−1 (3.63)

t'(�) È Q ? F Γ *
++;\Î Ð t �eÀ 6 (3.10) ,�m ô � R Ï ;��.-�/IF	Á
;=Î Ð m�0 D 1�2'  M1¡
�3���  �!�" ΓD+1 0�451�2 t ÿ 1�2�6�  Mr¡��'���  �!�" γ5, γd+1 W ñ�7

ΓD+1 = γ5 ⊗ γd+1, γd+1 = −iD/2γ1γ2 · · · γd (3.64)

t�ô �Up Q ? F s
s m {�8 n�9:0 γ5 t γd+1 6�;�<�= [ ΓD+1 6�;�<�=��?> �eÀ	@.A¢�eÀ�¿�B st m/¥ BDC+� R �� 
E ¡��'���  �!�" W a Ñ B ;�<�F�G t n B Weyl irì�íl��� ψ+, ψ−

t �yÀ
Á	6�;�<�=H0

ΓD+1ψ± = ±ψ± (3.65)

m�¥ B3C  �E ¡��I���  �!�" 0 Lorentz ÷J6LK�M " tON û Ñ B 6Im ψ+, ψ− 0\Á�P � P SO(1,D − 1)

6�Q�RUn�i1ìIíy�
Î
� σD, σ
′
D

t �yÀ ú�û Ñ BSC s�s m�� ê É�6 D
W a Ñ B

SO(1,D − 1) 6LQ�R
n�irìIí���Î	�:0 s 6UT ÂV6 Wely iUì�í��W6�X�m	¥ BYC Dirac iUì�íe� ψ 0 s 6ZTÅÂV6 Weyl i
ì�íy��6�[
\/m�Î�]3�

ψ = σD + σ′D (3.66)

t5^ �	B_C
Weyl i1ì�íe� σD, σ

′
D 0 (SU(2) ò SU(2)) ò SO(d) 6�§
m`1�6 ëVa�b �l�'Â C

σD = (2, 1;σd) + (1, 2;σ′d), σ′D = (2, 1;σ′d) + (1, 2;σd) (3.67)

s
s m σd, σ
′
d 0 ÿ 1
2/m�6 Weyl i1ì�íe�Um�¥c7 �
Á�P � P' �E ¡H�3��� +1,-1 �E��Â C

¦�d�m ô �1peP B Dirac iUì�íe� W a � CSDR �'ð��r�_f	� ��À 431�2'm'g`ge�ih'j+� [�� Ñ H

6\Î	�1� 
3^ B t � þ'ý�k t ü�ý�k 6 Weyl iUì�íe� W a � Á`P � PW��� H 6?Q�R
Î	�:6`lcmkÌ[ çNp'P B s/t [�� � B_CÄ�Sn
[ z À � D
[ ê É�6 ��Ã Ï u
1
2'm Dirac g
gl�ih5j1�=�kpq�1�B t 4'1�2'm� �E ¡ �5g�gl�oh5j1���lç B s/t [ m'��n ¿�CWp � W �� `E ¡ ��g�gl�qh'jU���W41�2/m�ç B�n ^ W 0�u
1�2/m Weyl g�gE�qh5jr��� ]�� Ñ B.r 8 [ ¥ BSC
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( ) ÒUÓ1Ô-Õ Weyl ×1Ù�Ú Û�ÝÄÞ�ß/à+áÜâ=ã)ä�åræs 6 t � (3.67) 6 σD � σ′D 6�s�t1py��6�X [ u
1�2/m ]�� È5P BSC Á�6 ��Ã 4'1�2 W�u ¿�À  E ¡ �rg�g��qh'j+���yç B s/t [ m�� BSC�n
v�� � Weyl g�ge�oh'j+� [�]I� È5P BLn ^ W 0�1�2
É D 0 ê É3m'¥ B.r 8 [ ¥ B_CU��n � D=4 w t D=4n+2 6 ��Ã m`x+n B Æ�y [ çYp3P B 6
m��s 6UT`Â:6 ��Ã W=ë �IÀ �
¬ Ñ B_C
(a)D=4n 6 ��Ãs 6 t � d=4(n-1) m'¥z7Å� SO(d) 0|{?}�~��5ncTöÂ:6
i1ì�íl�
Î��r�E��Â C {?}�~��1n�i5ì�í
� σd 6 R 6�§
m	6 ë�ó 0

σd =
∑

i

σr
i +

∑

j

(σj + σ̄j) (3.68)

t5^ �	B_C s�s m σr
i 0 R 6���Î��1��Î Ñ CB�Dn�[ z À 4'1�2/m� �E ¡ ��g�gE�qhSjU���lç B W0�u
1�2/m/g�gE�qhYj1� [ � ð � ÷ G 6��V��Î
� F

W �B�yÀ�¿�BDr 8 [ ¥ B_C n?�rn5p F
[ �v t Ñ B t

ψL, ψR

[`� Ñ
H 6?Q	R
Î	��6`lzm$Ì [ Á`P � P��	© t �eÀ {�}�~`� W n B �kplm�¥B_CU��n ����� R

Ï �V��Î	�r����Â Lie ÷Um	n � PU�
n�p�n ¿`C È�p W�� 6��W� [ Bott
W ñ B� {.��n=Æ�yU�kpõçYp'P B [17]

C Á�PW0 rankR � rankS 6 t ��0 σd
t
σ′d 0��|�öÎ����
n B t¿i� Æ�y+m�¥ BDC Ñ n � t�451�2/m� �E ¡ ��g�g��qhSjU���lç B�n ^ ��0 rankR=rankS � 8 


È'P BSCJn
v$� � s 6 s't 0 d=4n 6 ��Ã ¦`�H� Ï 8 
 È5P BSC´�Sn � z À D=4n 6 ��Ã �H4312/m� �E ¡ �kg
g��qhSjU����ç B �
0�� rankR=rankS �D� n Ñ S/R �L����w�� t �Sn u
1�2'm
�J��Î	��� �B�_n Weyl g�gl��h5jr��� ]�� Ñ B_r 8 �'¥ BDC
(b)D=4n+2 6 ��Ãs 6 ��Ã 0 � ÏD�V�L�3¿ Æ�y5� ô � BYC nL�Un�pIQH�L��� n ñ � � s 6 t ��u
1
2/m�g
gl�ih'j
��� � Ñ G 6�Î	� F �`�5Ë¢Ì ����m�¥ B s't ���BÈYP B �$plm�¥ BDC s 6 s3t �=¦'§	m`� � o
�
¬ Ñ B_Cs 6 t � d=4(n-1)+2 m�¥ B 6�m SO(d) 6LQ�R+n�iUìIíe�
Î�� σd, σ

′
d 0Hs�t1p Ï {�}L~��+m�0�no9� σ′d = σ̄d

t n BSC σd, σ̄
′
d 6 R 6�§	m�6 ë�ó 0�Á�P � P

σd =
∑

k

σk, σ̄d =
∑

k

σk (3.69)

t�ô �1p�P BDC s	s m σk 0 R 6LQ�R
Î	�1��Î Ñ C3�
n � G 6��rËYÌÍ����n\Î	� F 6 RG × H 6
§	m�6 ë�ó 0

F =
∑

i

(σr
i , h

r
i ) +

∑

i

{(σi, hi) + (σ̄i, h̄i)} (3.70)

t�ô �rp3P BDC s
s m σr
i , h

r
i 0�Á�P � P R

t
H 6`��Î��1��Î �lÀ�¿HBDC u�1�2�� u ¿�À SO(d)

irì�íy�	Î	�
σD = (2, 1;σd) + (1, 2; σ̄d) (3.71)

t � � ð � ÷ G 6��rË¢Ì ����n=Î	� F � � Ñ Weyl g�g��ih5jr��� ]�� È5P n t Ñ BDC Á s m��
(3.69),(3.70) 6 ë�ó � a � � CSDR ��ð��r�Df�� ��À 431
2�m/g�gy�qh'j1�L� � Ñ H 6\Î	�U� Ït ^ BDC Ñ B t Æ
y t �yÀ 451�2'v�w�� u ��Byü'ý�k g�g��ihYj1� ψL 6 � Ñ H 6�Î
� fL

t þ
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ý�k g�g��ihYj1� ψR � � Ñ H 6�Î	� fR 0�Á�P � P
fL =

∑

k

hL
k , fR =

∑

k

h̄R
k (3.72)

t çYp'P BDC s�s m F 0��5Ë¢Ì ����n=Î�� v z n 6
m (h̄R
k )c = hL

k ��� 0��V �~���ú�ûk�EÎ Ñ C�¡m�¥ BSCÄ�Dn � z À ��4Y1
2�� u ¿�À ��� H 6�Î
�:6�§
mIú�û Ñ B Weyl g
gl�ih5j1���i¢¤£
ç
peP B s/t ��n BSC ñ z À 4'1�2'm� �E ¡ �5g�gy�oh5j1����çNp�P n s/t ��n BSC s
s mrÈ�p.�
Majorana ª�«��D¥ Ñ s't mL£Um=çNp3P n Weyl g
g��qhYjU���V�H� Ï 6 v t Ñ B s/t ��m'� B_C�_n � z À u
1�2�� u ¿	À Weyl-Majorana irì�íe�k� ]�� Ñ B t 451�23m fR(fL) 0 fL(fR) 6
�	 �~��k� t�z n+Ï 6 t X/n1ÈYP B 6�m fL(fR)

t �eÀ ú�û´ÈSP B Weyl irì�íy��6�XU��ç B_Cs�s m F ���V��Î	��m�¥ B t -:¦ v ��Ã Ï  �E ¡ ��g�gy�oh5jU���yç B s�t ��m�� B s't ��§�¨�yÀ u o C Á�6 ��Ã 0 h̄R
k

t
hL

k 0�x3n B Î	� t n B_C�`© � Majorana ªI«:�EÂ ¿�À ��¬ Ñ B3C Majorana ªI«U�5¥ Ñ s	t �Im
� B 1�2�ÉJ0 D=2,3,4+8n

6 t ��6�X�m�¥ B_C s 6 t � Dirac irì�íy�H� a Ñ B Majorana ª�«�0
ψ = C(ψ̄)T (3.73)

t�ô �1p�P BSC s	s m C 0 D 1
2��� �~���*�+3m'¥ B_C ñ z À D=4n+2 6 ��Ã 0 Majorana ª
«��.¥ Ñ s/t �	m/��ç B_C�n�v-� � F ���:6 t ��0 D=8n+2 � F ��ª	��6 �
Ã 0 D=8n+6 m�n
o À 0 Majorana ª�«5��¥ Ñ s't ��m/��n ¿ s3t ��§�¨ �eÀ u o C

3.3.2 «�¬�­
sIs m
0�d�®V6_¯�°:�_± Ñ B ¨I©�~3�D� B3CI²J³ 6=u�1�2 � ð �_´ ° t �qÀ 0 � ð � ÷ G=SU(5) �

����wW� S/R = G2/SU(3) 6 6 1�2 coset space ��± Ñ B 10 1�2 � ð ��´ °5�\�r� BDC s 6 10

1�2 � ð �L´ °H��µ � ÈYP n Dirac
k g�g���hSjr��� Weyl-Majorana ª
«���¥ Ñ s3t m	����è

� 4 1
2�� u ¿	À  �E ¡ �kg�gE�qhYj1����çYp3P B s/t � Ð	Ñ C
( )10 1�2 Dirac i5ì�íl�W6`µ �
10 1�2�� u �	B Dirac i1ì�íe� ψ 0 25 = 32 M ë �l��t

ψ = (ψ1, ..., ψ4, χ1, ..., χ4)
T (3.74)

m�Î´ÈYP B_C s
s m ψi, χi(i = 1, .., 4) 0 4 1�2/irì�íy���EÎ Ñ C
( )Weyl ª�«k�D¥ Ñs 6 Dirac i5ì�íy�H��± � Weyl ª�«

Γ11ψ+ = ψ+ (3.75)

��¥ Ñ C Γ11 0 10 1�23m�6� �E ¡��3���  	!�" m'¥z7Å� s 6Iª�«Um� 
E ¡H�'��� +1 6 Weyl i
ì�íy��6�XU�Lµ �Y�_n s/t ��n B_C s
s m`� ¿HB Γ *�+W6�Î Ð 0
Γµ = γµ ⊗ I8, Γp+3 = γ5 ⊗

(

0 −γ̄p

γ̄p 0

)

, p = 1, 2, 3, 5, 6 Γ7 = γ5 ⊗
(

0 iI4

iI4 0

)

(3.76)
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t�ô �1p3P B_C s
s m γµ, γ5 0�>	¶J6 4 1�2/m�6 γ *�+ t  �E ¡H�3���  �!�" m�¥z7Å� γ̄p 0
γ̄1 = σ1 ⊗ σ2, γ̄2 = σ2 ⊗ σ2, γ̄3 = −I2 ⊗ σ3, γ̄5 = σ3 ⊗ σ2, γ̄6 = −I2 ⊗ σ1 (3.77)

m ô �1p3P B_C s 6�Î Ð 6�§	m 10 1�2� 
E ¡����H�  �!�" Γ11 0
Γ11 = Γ0 · · ·Γ9 = γ5 ⊗

(

−I4 0

0 I4

)

(3.78)

t Î´ÈYP B_C ñ z À (3.75) 6 Weyl ª�«$ñH7 ψ+ 0
ψ+ = (Lψ1, ..., Lψ4, Rχ1, ..., Rχ4)

T (3.79)

t n BDC s	s m L = 1
2(1 − γ5), R = 1

2 (1 + γ5) m'¥ BDC s 6 Weyl ª�«�0 (3.67) 6�¢ Âq·_6`,'m
D=10,d=6

t �Dn
σ10 = (2, 1;σ6) + (1, 2; σ̄6)

6L¸5�.-�¦ v s/t ��� n�B �º¹ 0 σ′6 = σ̄6

¡»C/��n � σd = 4, σ̄d = 4̄ m�¥ B_C ñ z À � ψi 0 SO(6)

6 4 Î
�/� χi 0 4̄ Î	�r��Á�P � P
¼�M Ñ BSC½ ¸/m Weyl ª�«��D¥ Ñ èV� Γ11ψ− = −ψ− 6�¸r��-:¦
m ¿�n t Ñ B t ��d
��6�Æ
y3m L
t

R �� P�¾ ��B_C
( )Majorana ª�«��.¥ Ñ
(3.79) 6 Weyl i5ì�íl���1È�p?� Majorana ª�«k�D¥ Ñ C 10 1�2'm	6 Majorana ª�«�0

ψ = C10(ψ̄)T (3.80)

t5^ o C s
s m 10 1
2��� �~`�  �!�" C10 0
C10 = C4 ⊗

(

0 −θ
θ 0

)

, θ = σ2 ⊗ iI2 (3.81)

t9ô �UpeP B (C4 0 4 1
2
�� �~`�  �!
" )
C s 6 Majorana ª�«��_¥ Ñ s�t m χi 0 ψi m�Î-È5PB s/t ��n B_C Ñ n � t

χ1,3 = C4γ0ψ
∗
2,4, χ2,4 = −C4γ0ψ

∗
1,3 (3.82)

t n B_C ñ z À Weyl ª�« t Majorana ª�«�6
¿`¸���¥ÄÈYP n 10 1
23i1ì�íe�H0
ψ = (Lψ1, Lψ2, Lψ3, Lψ4, Rψ̃2, Rψ̃1, Rψ̃4, Rψ̃3)

T , ψ̃i = (−1)iC4γ0ψ
∗
i (3.83)

m ô �1p3P B_C
( )SO(6) irì�íl�
Î��:6 R 6�§	m�6 ë�ó
R=SU(3) 6 SO(6) À�6�Á ³�Â XU��Ã ! Ñ B s/t m ψi 6 R 6�§	mV6Iú�û c ��ÄJ� B.C SO(d) À
6 R 6�Á ³�Â X�0 sec2.2 m
� n ñ � � Ti = −1

2fiabΣ
ab �L� ¿�À Ã ! m/� BDC s	s m fiab 0 G2
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6�ÅVÆ ( É+m�¥ B_C���n Σab = 1
4 [Γa,Γb] m�¥ BSC s 6 SO(6) 6 R Ç ë ÷�6�È����'ñ B 10 1�2'i

ì�íy��6�É���Ê
ú
Ë�0
δiψ = Tiψ (3.84)

m ô �3pOP B5C (3.76),(3.77) 6 Γ *
+:6�ø ù �D� ¿�À ¨�©	���?Ã ! Ñ B t � ψi, i = 1, 2, 3 � SU(3)

6 3 Î	��6�§	mIú�û � � ψ4 � SU(3) Ì���Í+j�m-Ì m�¥ B s/t � � � B_C s 6 s/t 0 SO(6) irì
íy��6 SU(3) 6�§	m�6 ë�ó

4 = 1 + 3 (3.85)

��± � �eÀ�¿�BSC �.Î|� χi 6Iú�û5��Ä	� B t � χi, i = 1, 2, 4 0 SU(3) 6 3̄ 6�§	m�ú�û � � χ3 0Ì'�
ÍUj�m)Ì m�¥ B s/t � � � B_C s PW0 SO(6) i5ì�íl�W6 SU(3) 6�§
m	6 ë�ó
4̄ = 1 + 3̄ (3.86)

��± � �yÀ�¿�B_C
( )4 1
23m�irì�íy�W� � Ñ H 6�Î
�5� 
 ³VB
¦	d�6�Æ�y|� 4 1�2�� � Ñ g�g���h_j1��6IÎ��r� 
 ³:B�n:³ 6 CSDR �3ð����?fJ� Ñ B.C 4 1
23mV6 � ð � ÷ H 0 H = CG(RG) m ô �1p'P B 6
m H=SU(2) ò U(1) m'¥ B_C s�s m ²H³ 10

1�2/m/g
gl��h5jr��0 G=SU(5) 6
Ï�Ð
Î	� 24 � �Ä�lÀ�¿�n t Ñ BSC s 6 t �I� G=SU(5) 6 R

ò H=SU(3) ò SU(2) ò U(1) 6�§�m�6 ë�ó (3.46)
t

SO(6) i5ì�íe��6 R=SU(3) 6�§	m�6 ë�ó
(3.85),(3.86) ��Ñ�Ò Ñ B t � CSDR �'ð��$ñ�7 ü�ý�k � þ�ý�k g�ge�qh'j1��0 H 6�§�m�Á�P � Pü'ý�k g�gE�qhYj1� → 3(0),2(-1),1(0)þ'ý�k g�gE�qhYj1� → 3̄(0),2(1),1(0)

6�Î	��� � Ñ s't � � � BSC ¹ 0 Majorana ª�«��D¥ �eÀ�¿�B 6�m�d
®�6'g
gl�ih5jr��0���� Ï
6 t X�nUÈ5P BYC)�Yn � z À 4 1�2�� u ¿	À H=SU(2) ò U(1) 6 3(0),2(-1),1(0) Î
�W� � Ñ ü�ýk 6�X�m�Î´ÈYP n  �E ¡ ��g�g��ihYj1����ç B s't ��m/� n�C

3.4 Ó�ÔÖÕW×cØ�ÙWÚ�Û|Ü
s 6?Ý+m�0 CSDR � t Ä�\ ó�Þ �kp`çNp�P B Æ
y5��Ñ
Ò � � 4 1
2�v�wW� u ��B � �L± Ñ Bl�� ����¬ Ñ BSC Ä�\ ó�Þ m�0�����w����.ß ´ ��n���© t ��À x ¿ �LÄ�\�àWá���� ¿	À � 6�����w�V��± Ñ BDâiã�ä � ó	Þ	Ñ BDC�n	v$� ��Ã � 6 âiãLä 0�É
å Ñ B.C ÁV6�Æ�yiæ �lÀ CSDR � ã

ç ã P B 4 1
2Jç�6 � ð �\� 0LèWé�ê�æ Ï rankS=rankR 6 S/R �?±oë À 0�ìH{Oí:��±�î
ïk�.ðñyÑ	ò 0�óJô|õ.ô|æ.é B ñ æD� � � BSCU�
n ì 4 1�2:ç�6:ö
gE�qhSjU� Ï ½ ÇW6 ��Ã ��÷ �
ø óô�õDô|æ�é BSC ¦�§�ç�0�¨�©J�V� ñ P ã?ù � B_C
²W³ �?Ä�\
àWá ù * �enV³ � r 8 æ�é B ø ù F
G�6`ú�û ù �	¬që_ì
Á	6 © ç��'è:�Lü�ý���±qëeÄV\�à�á ù * ¿ CSDR ��ç�ç ã P B 4 1�2�ç�6
ý���± Ñ B.þ	ÿ�ù�� ¬ Ñ B [18,19]

C
���������
	���

Ä�\ ó�Þ ç�0����
F�G � ø ù F
G ¡ 6Lú`û�6�� � 7'ç�ý ù Ä�\
à�á Ñ B ñ æ_ç���*��5P B_C ë n����� M4 ×S/R dJ6Lý��?± Ñ B Ä	\�à�á ù * ��n	³ ��0`ì��	6������?± Ñ B f���é �!��F
G�6
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ú�û ù ��"$# BDr 8 ��% B_C �'&�ì��V6��(�
F�G�6�ú`û �'"!)!� ��* Ñ B_C
����F�GW6�ú�û ��± Ñ B'+ ð�,Lý�0�������±�- B Yang-Mills ¸�.J,

DνFµν +DαFµα = 0, DµFαµ +DβFαβ = 0 (3.87)

�0/ � �21�ç�% B_C ñ��3� ñ 6 ó ù 
 ³�n ) C
� ñ ç�ì��'& M4 × S/R 64�5��F	G�6`±�î�ï ù4�76JB_C �	6�±�î�ïH0 Poincare ÷Bò S ç5%c7Oì+ ð�,Lý�64�!�W6�ú`û �98�: ý ¡ AB

M ; ��6�±
î�ï ù�< "�04&�ç!% BSC ñ��3� AB
µ 0 Lorentz �=?>A@ é�6�ç Lorentz ±�î�ï�6 8 
5B ã AB

µ = 0 æ.é BSC � n ì AB
M 0�451�2(����6�CED���±oëF3G ±
î�ç!% B 6�ç ∂µA

B
M = 0 æ.é B 00&�ç!% BSC � n ì AB

α 0 S H�I��L±oëJ�`±�î�ç!% B �K1
ç�% B 6�ç (AB

α )s = AB
α

ù � n - C
ë n �����
ì ñ P ã 6�±�î�ïML�7 FB

µν = FB
µα = 0 æ.é B 6�ç (3.87) 6'N ¢ ,:0 ���J6Lú`û|�L±UëO�P �J�?M 7RQ�" C � ñ ç�1W� (3.87) N TTS:6��(��U ù��$6VBSC ��64U�0|{D��ç	0�é�ê5ì sec3.2

ç ��* ë n 4'1 Higgs V�W$X�ÌEY @KZ4[ Ê�= Z�\�] � @�^ ���Hê B_C �`PK_0`�a��	é�b�cWç!_�%d ��ì ½3e ��Uqê Z _�f�g�ç�% dih � ñ ç Fαβ
Z ¼ ù0j d æ

Fαβ = eaαe
b
β(f i

ab Ji + f c
ab φc − [φa, φb]) (3.88)

ç�% dJh sec3.2 ç Z ¯�°$k(L2lO±�î�é S/R k�±ÖëJ�!_ φa = 0 _ V (φ)
Z�m3n�[!o�p k0q�r!- dih

� ñ ç�sKt!_4q
î�é S/R k�u�v�ëi��ì Aα k0q�- d ��� Z ú�û æ�ëi�
AB

α = eiαJi (3.89)

ù�w!x h ñ Z ú�ûy_��(�$k4q�- d Yang-Mills z�.(S (3.87)
ù {$| -$_4&Wç(% dih�}(~ ì ñ Z ú

û7������U æ�é d ñ æ�_�L�ê���������) d [18]
h � ñ ç }�~ k (3.89) � Yang-Mills z�.(S ù�{| - ñ æ ù�� B�� dih ��� Z ú�û FB

αβ _ (3.89)
Z
AB

α

ù�� ) dK�
FB

αβ = eaαe
b
βf

i
ab Ji (3.90)

��� # dih ñ � Z�� H3� \ ù � � | ; Z ù0��� - dK�

DβFαβ = eaα
1

2
f c

ab f
b

ci J
i (3.91)

ùi� dJh��0Z��E� _ S/R ��q3�2�7� f c
ab = 0 LKl 0 k�� d�h3� z�� Cartan-Killing

��ÿ Z��!\$�
γai
��� | � 1

f c
ab f

b
ci ∝ γai (3.92)

� � dihM���4� Cartan-Killing
��ÿ _

γAB = tr(TATB) = f C
AD f D

CB ∝ δAB (3.93)

��� 6 �R� d (TA, TB _��'�� E¡ Z�¢��!£¤�¦¥�§¤� | )
h L0��� R

Z
Lie `�a5� S

Z
Lie `�a Z�¨© �'ª \ `3a � % d �7� f c

ab f
b

ci = γai = 0
� % d�hy� | ��������«�¬ Z�­�®�� {2| -���� (3.89)
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�3� 6 �¯� d +3° ,0± Z ���2k4q�- d�²�³ _ Yang-Mills z�.(S (3.87)
� {K| - h���4� 8�: ± AB

α

Z
S q���´�k0"!)��4µE�(��¶¸· h 8E: ± (3.89) _ sec2.3

�4¹�º»� |'¼(½ �
S q

� � % dih (2.40) N 2 S � � )!� AB
α

Z
Lie � \7� ��� - d��

δAA
B
α = LξA

AB
α

= −(∂αΩi
A)Ji − [Ωi

AJi, A
B
α ] (3.94)

� � dih L��3�
WA = −Ωi

AJi (3.95)

��� 6 �¦� d +�° ,�H3I$k(L2l S H�I ��¾�¿4À - �5� � � 1 d'Z�� � � B k sec2.3
Z ¼(½ � 8E:±�_ S q�� � % dih ����k �0Z WA _ (2.75)-(2.78)

� {K| - ��� ;�ÁEÂ k�Ã�- �(� � � 1 dJh3ÄÅ � _ S/R
��� ��q��7� ; Z(�0Æ 6 ��� �!�'�'¹!ºÇ� | �(� Z�²�³7Z � ^ l �EZ'È�É�Ê$Ë5�0}Ì - dihÍÏÎyÐ$Ñ¤Ò���4�

S/R « Z ±2k�q�- dJÈ!É3Ê�Ë(��} Ì - d [20]
h�ÈEÉ�Ê�Ë k�Ó � �!_ Appendix B k�ÔEÕ(�

¬
���5��) d�Z�� � Z'Ö�×Ø� ��Ù dih (B.7),(B.8)
� �(ÙEÚ

Aµ, Aa, ψ k�Ó'- d�ÈEÉ�Ê2Ë _

Aµ(x, y) =
∑

m

∑

pq

√

dm

dD

D(m)
pq (L(y))a(m)

µ pq(x) (3.96)

Aa(x, y) = AB
a +

∑

m

∑

pq

√

dm

dD

D(m)
pq (L(y))φ(m)

a pq(x) = AB
a + Āa (3.97)

ψ(x, y) =
∑

m

∑

pq

√

dm

dD

D(m)
pq (L(y))ψ(m)

pq (x) (3.98)

��} Ì�Û � dih
q�� ­�® (2.56)

�'Ü | - Aµ, Aa, ψ k0q�- dJÈ�É�ÊKË k�Ý � - d�Þ�ß � S
Z  !¡ D(m)

� à � |
Ù h�á$�4�'È!É�ÊKË�Z'ÊKË�â a a

(m)
µ , φ

(m)
a , ψ(m) � S H�I�k5L dJã�ä�å�Z�æ�ç»� (3.66)

Z
WA kL d'è °�é H�I Z Å � H�I Û � d��E� Ú ��ê�± Z0È�É�Ê2Ë k'q�ë d q�� ­�®7��È!ìØdJh

( )Aa(x, y) k4í ÙEÚî0ï
Aa(x, y)

Z4È�É�Ê�Ë k�q�ë d S H�I ��È!ì�dJh�ÊKË â a5� ãEä5å k�q�ë d4æ4ç7��ð�ñ!d(���Ú�Ù d�Z���ÊKË�Z
S H�I2_

As
a(x, y) = (AB

a )s +
∑

m

∑

pq

√

dm

dD

D(m)
pq (L(y−s))(Ω(s, y)φ(m)

pq (x))a (3.99)

� � dRh0����� Ω _ ã�ä�å���Z�æ�ç5�  �ë h0��Z H�I Z ê3ª \ k�í Ù3Ú'j3Ú'Ù · � � î ï D
(m)
pq (L(y−s))

k'í Ù!Ú _ (2.19) L$l
D(m)

pq (L(y−s)) = D(m)
pq (r(s, y)L(y)s−1) (3.100)
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� � dih Û ��k r = 1 + ωAΩi
AQi, s = 1 + ωAQA

��� Ù!Ú�ò�ó�ô H3I ��È(ì�dK�
D(m)

pq (L(y−s)) = D(m)
pq (L(y)) + ωAΩi

AD
(m)
pq (QiL(y)) − ωAD(m)

pq (L(y)QA) (3.101)

� � d�h�õ k (Ω(s, y)φ
(m)
pq )a k0í Ù�Ú Æ�ö ë d�h φa _ ãEä5å4÷$ø�ùûú»��� Ú H�I � � Û � k d=v��ü(d�Z�� ò�ó�ô H�I ��Æ�ý!d��

(Ω(s, y)φ(m)
pq )a = φ(m)

a pq + ωAΩi
Afiabφ

(m)
b pq (3.102)

���$ñ!dihÇ� | ��þ Ú È!É�ÊKË k4q�ë d S H�I$_ ò�ó�ô�ÿ �

As
a(x, y) = (AB

a )s +
∑

m

∑

pq

√

dm

dD

{D(m)
pq (L(y)) + ωAΩi

AD
(m)
pq (QiL(y)) − ωAD(m)

pq (L(y)QA)}

×{φ(m)
a pq + ωAΩi

Afiabφ
(m)
b pq}

= (AB
a )s +

∑

m

∑

pq

√

dm

dD

[

(D(m)
pq (L(y)) − ωAD(m)

pq (L(y)QA))φ(m)
a pq

+ωAΩi
AD

(m)
pq (QiL(y))φ(m)

a pq +D(m)
pq (L(y))ωAΩi

Afiabφ
(m)
b pq

]

(3.103)

���2ý �¯� dihõ k è °�é H�I ��Æ�ý!d�� φ(m)
pq a _ G

Z �'�! �¡$k�� � Ú�Ù d�Z�� ò5ó�ô H�I$_
(φ(m)

a pq(x))
−g = φ(m)

a pq(x) − ωA∂aWA − [ωAWA, φ
(m)
a pq(x)]

= φ(m)
a pq + ωA∂a(Ω

i
A)Ji + ωAΩi

A[Ji, φ
(m)
a pq] (3.104)

� � dih L�þ Ú È!É�ÊKË k4q�ë d'è °�é H�I Z ò5ó�ô�ÿ _
(Aa)

−g = (AB
a )−g +

∑

m

∑

pq

√

dm

dD

D(m)
pq (L(y)){φ(m)

a pq + ωAΩi
A[Ji, φ

(m)
a pq]} (3.105)

���2ý � dJhØ���4� � (3.104)
Z −ωA∂a(Ω

i
A)Ji � _ (AB

a )−g k�� î � Ú�Ù d��5� k'u ¼ ë dJh��| ��þ Ú ��q�� ­�® As
a = A−g

a
��ÈEÉ�Ê�Ë��4È(ì�dK�

(AB
a )s = (AB

a )−g
��ü(dE�5��� �

∑

m

∑

pq

√

dm

dD

[

(D(m)
pq (L(y)) − ωAD(m)

pq (L(y)QA))φ(m)
a pq

+ωAΩi
AD

(m)
pq (QiL(y))φ(m)

a pq +D(m)
pq (L(y))ωAΩi

Afiabφ
(m)
b pq

]

=
∑

m

∑

pq

√

dm

dD

D(m)
pq (L(y)){φ(m)

a pq + ωAΩi
A[Ji, φ

(m)
a pq]} (3.106)

� � � � d�h���Z����K�	��
 ë dE� ωAΩi
A

Ziâ a�� 0 k����
�EL Ù � ^ ��d¯h L�þ Ú D(m)
pq (QiL(y))φ

(m)
a pq =

D
(m)
ps (Qi)D

(m)
sq (L(y))

�(ü�d!�(�'� �(Ù dK�
D(m)

ps (Qi)φ
(m)
a pq + fiabφ

(m)
b sq − [Ji, φ

(m)
a sq ] = 0 (3.107)
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� Ù�� S�� � ��� d h¸��Z S$k�L7l Aa(x, y)
È�ÉEÊKËE����Z

S
Z��
�  !¡K��� Ú · d�� � ^ �d�h

Aa
Z�È!ÉEÊ2Ë k'¡!� d S

Z����  �¡K_���ª \�� R
Z  !¡$k�� ó � |�� Z � (2.87)

Z
ri
�

(2.88)
Z
si
Z����  �¡ ri × si k�� d � Z��(ü�d�h

( )Aµ(x, y) k4í ÙEÚ
Aµ k4í ÙEÚ _ Aa

�! �"�#%$ L � k Æ$ý �&�5L Ù h(' � d!)¤��� Ú _�� a(m)
µ, pq _ S H�I$k0q � Ú

_+*�,.- ° � Z�� (3.102)
� _ ' �¤l

(Ω(s, y)a(m)
pq )µ = a(m)

µ pq (3.108)

� � dE����Z�Ü(��ü�d�h�è °Ké�/ I7k'í Ù(Ú _ �'Z ±(0 � G
Z ���! !¡2k���ë ZE�1#!2 k Æ�ý

�.��L Ù hÇ� | ��þ Ú #!2$Z�Æ�ö�� Ì ý �
D(m)

ps (Qi)a
(m)
µ pq − [Ji, a

(m)
µ sq] = 0 (3.109)

� Ù�� S � � d h¸��Z S$k5L�l Aµ(x, y)
Z'È(É�Ê$Ë�� � Ú · d S

Z��
�  �¡2k�� ó ��í ñ ���d�h
Aµ
Z�È!É3Ê�Ë k0¡�� d S

Z3���  �¡5_3�0ª \4� R
Z  �¡Kk3� ó � |.� Z � (2.87)

Z
ri k��d � Z���ü(dih

( )ψ(x, y) k4í Ù�Ú
ψ k'í Ù!Ú�� � � î �y�3#!2 k Æ�ý �.�5L Ù h |�5 � � ψ Z ±+0�_ ψpq(x)

Z0ã!äKå�æ�ç �

Ω(s, y)ψ(m)
pq = ψ(m)

pq +
1

2
ωAGAbcΣ

bcψ(m)
pq

= ψ(m)
pq + ωAΩi

ATiψ
(m)
pq (3.110)

�3�2ý �¯� dih¤���'� GAbc k4í Ù!Ú _ (2.72)
Z � Ti k4í Ù!Ú _ (2.18)

Z3§46Ø� �(ÙE| h î | �è °�é�/ I�k'í Ù!Ú _ á!Z ò�ó�ô�ÿ �
D(WA)ψ(m)

pq = ωAΩi
AJiψ

(m)
pq (3.111)

����ý!d�h¸� �»� � ��Ù(Ú #7$ L � k Æ�ö7� Ì ý �3� ψ(x, y)
Z'È�É�ÊKË k(� Ú · d S

Z����  
¡2k�� ó �4�2ý!d S �E� Ú

D(m)
ps (Qi)ψ

(m)
pq + Tiψ

(m)
sq − Jiψ

(m)
sq = 0 (3.112)

� � ��� d�h ψ
Z0È�É�Ê2Ë k0¡E� d S

Z��
�  !¡K_���ª \+� R
Z  !¡2k�� ó � |�� Z � (2.95)Z

ri
�

(2.96)
Z
σi
Z����  �¡ ri × σi k�� d � Z��(ü�d�hê�±$k ��8»� Ú � È!É�ÊKË k�Ý � ë d R

Z3���  !¡�_ áEZ Ì � R
Z  �¡$k0q�rEë dJhî | � (3.107),(3.109),(3,112)

�
(2.83),(2.81),(2.91)

���(
 ë dK� � CSDR 9 � � ��� | S q��
±2_ È�É�Ê2ËEZ S

Z;:!< �4 E¡ (D(m=0)(L(y)) = 1)
Z�â a � � dE��� � ^ �Kd�h ��=$�y� �4Z��>

(3.107),(3.109),(3,112) _ (2.83),(2.81),(2.91) k�?�@�ë d�� � ��ü(dihÍBA;CED
FHGHI7JLK%MÈ!É�ÊKË k'í Ù!Ú È�ì | �5�4�ON � � Ú ê�±&PRQ
S ��ÆEö ë d [20]
h

42



( )
è °�é ±.P�Q�Sè °�é ±.P�Q�S � È�ì7d | � k Yang-Mills z+T1U

DνFµν +DaFµa = 0, DµFaµ +DbFab = 0

k!� î � d ± ��È!É�Ê�Ë ë dih u ¼ ��� Ú ��V�W4±&P
X7�!Y ��Æ7ýEd | � k y = 0
��Æ$ý Ú�Ù �Ù P � Da = ∂̄a − [Aa, ]

� � dihØ���0� � ∂̄a = ∂a + eαa e
i
αQi W ã!ä5å P æ�ç k0q�ë d�� / ��Z � �ë h�á P �3> ±&P�X���Y4P\[ õ î �¸�'dK�

−∂µ∂
µĀa −∇b∇bĀa + [∇b,∇a]Āb − [Āb, FB

ab] = 0 (3.113)

−∂ν∂
νAµ −∇b∇bAµ = 0 (3.114)

� � d�hM���4� ∇a = ∂̄a − [AB
a , ]

��ü(d�h¸� ���OP4UKk�¶ Ù�ÚR]_^ � ÄL` � Aa, Aµ P�Q�S �4�ý(d�h5á7��� � ∇a P È5É�Ê$Ë�a P4b � �4Æyý(d h î�ï � (2.26) U � � � ��� d Ó â ∂aL(y) =

(Qa + eαa e
i
α)L(y)

�ON � � Ú
∂aD

(m)(L(y)) = D(m)(QaL(y)) + eα
a e

i
αD

(m)(QiL(y)) (3.115)

� Ùc� Ó â U(� � �¯� dihM� PRU � (3.107),(3.109),(3,112) PEÓ â¸� ��Ù d�����d k
∇aD

(m)(L(y)) = D(QaL(y)) (3.116)

� � dE�5� �
e �KdihÇ� | ��þ Ú � (3.114) ULP�f � ]�^ � � �
∇b∇bD(m)

pq (L(y))a(m)
µ pq(x) = D(m)

pq (QbQ
bL(y))a(m)

µ pq

= [CS(D(m)) − CR(D)]D(m)
pq (L(y))a(m)

µ pq(x) (3.117)

� � ��� d�hM�(��� D W aµ � á �7k�g�þ Ú+/
h Û � d ((3.109) k�i2þ Ú+j R P3 (¡ h î | �
CS(D(m)), CR(D) W' �¡ D(m),D k0q�ë d S,R P ^ õ P Casimir

��ü(dihM���4�
R W S P�ª(Z� g$l �

CS(D(m)) ≥ CR(D) ≥ 0 (3.118)

� � dih g�þ Ú a
(m)
µ pq P�Q�S1W

m2a(m)
µ pq = [Cs(D

(m)) − CR(D)]a(m)
µ pq(x) (3.119)

�3�2ý �¯� d�hM���4� V�P ¹�º
k�l5� S/R P+*
m ° ú W Æ7ý Ú�Ù � Ù �(� k'u ¼ ë d�h (3.118)

U5k�¶ Ù�ÚRn
o W :�< �4 �¡�k |3Ù � Ú P Ü�� lqp�í�P � � CSDR 9�k�g'þ Ú0� �¦� d4è °�é ±
WRr�*;s�* � � dE�5� �
e �Kdih#!2 k�� φ(m)

a pq P�Q�S1W (3,113) U&P ] 2,3,4 � � � (3.116)
� �(ÙEÚ�� ��� d

−∇b∇bD(m)
pq (L(y))φ(m)

a pq + [∇b,∇a]D
(m)
pq (L(y))φ

(m)
b pq − [D(m)

pq (L(y))φ(m)b
pq , FB

ab]

= −Cs(D
(m))D(m)

pq (L(y))φ(m)
pq + [[D(m)

pq (L(y))φ(m)
a pq, Ji]J

i] (3.120)
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kLg�þ Ú �2ý �¯� dih ë2��e ¿ φ
(m)
a pq P�Q
S&W

m2φ(m)
a pq = CS(D(m))φ(m)

a pq − [[φ(m)
a pq, Ji]J

i] (3.121)

� � �R� dih7� �&W(t�u�v.w�P�x4y �   � Ú�Ù dih CSDR
� � �¯� d ±�W S P :�< �4 �¡�k���ë

P � t+u�vzw � � dJh2� P �(� W sec3.2
� � �R� | Ö3×��Eü(d � S/R �'q3��P0±+0$k+W�{5k :}|~ q���´zP!�5�5�R� ��d�� Ùc��� } k4q3r � Ú�Ù d�hÍ��%�+�������1JLAHCED
FHGHIõ k(�4� ú�� v�w�P�Q(S(k0í Ù�Ú Æ�ö ë d�h4��õ�� k4¶ ñ�d Lagrangian P
�4� ú�� v.w�� ø t °

W (3.11)
���Ký �R�!� ^ íLP'ª+Z2k�Z ñ(���5� � ��>��Jh ] � � v�W 4

õ+� k�¶ ÙEÚ 8 {�P����
� � �Ml � ]�� � vi�H� õ+� k'¶ ñ
� Q
S � � � ��h

LM = −1

2
iψ̄Γa(∂a − 1

2
fibce

i
γe

γ
aΣbc −AB

a )ψ = −1

2
iψ̄Γa∇aψ (3.122)

á$�4� Q�S�� � £ M = iΓa∇a
� ^�� � |z� P
P+*%��� ú ± a P�b � � ��� ë �ih

M2ψ = −ΓaΓb∇a∇b = (∇a∇a − Σab[∇a,∇b])ψ (3.123)

���4� � ∇a PR� h £�� ��� ë ��� �
[∇a,∇b]ψ = −FB

ab −
1

2
RabcdΣ

cdψ (3.124)

� � �ih Û ��k (3.124)
�

(3.123) k��+� � Ú3��� ë��.�
M2ψ = (DaDa + ΣabFB

ab −
1

4
R)ψ (3.125)

� � �ih î | � (3.112),(3.116)
� ��Ù!Ú è °Ké ±�P4±(0 ��#�2 P ��� � Ì � �

M2ψ = [Cs(D
(m)) − CR(D) + CR(σ)]ψ (3.126)

� � �¯� �ihM���'� σ W SO(d) P�*7�+� ú  E¡ �  �ë h CSDR k&g$l � ��� � ±�W È!É�Ê2Ë P:�< �4 E¡2k���ë.P � � � PRU � � r�*;s�*!k�� �!�(�'� Ã!ë ��� � ��>1�Jh� � î � P ¹�º W3¡�¢&P�� Ù q��$� S/R k�í Ù�Ú Ì þ | ��� S/R ��£�q�� ��ü1��� S/R k�¡�¢
��¤�� Û � | ±�0$k�W���� ú�� vzw�k7¥ � � Ù�¦4§�¨ ~ Q
S � ��¡�� ���5� k'u ¼ � g � h�á P±�0�P1�(� ú©� vzw�Q�S � W

LM = −1

2
iψ̄Γa(∂a − 1

2
fibce

i
γe

γ
aΣbc − 1

2
GabcΣ

bc −AB
a )ψ

= −1

2
iψ̄Γa∇aψ + ψ̄V ψ (3.127)

���2ý �¯� �ihM���4�
V =

1

4
iΓaGabcΣ

bc (3.128)
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��ü1�ih î | �
Gabc = Dabc + Σacb (3.129)

�(ü l � Dabc,Σacb W á �1ª�� (2.52),(2.61)
���$ý �¯� � [21]

h
� P V k�í Ù(Ú ��õ(� � 10
õ� P�±(07k Æ!ö ë � h V W 6

õ(� ,+«7-H¬ ­�®!� � £»�°¯.± h �(ü lT� SO(6) P&²�P R
¢3�(£

Ti = −1
2fibcΣ

bc
��± h �5ü&�!��� ��³ l ~ �E�%´ g7µTÃ�ë �K� � �1>L��¶¤� P �K� g7µT�4·;¸� � Ù V P�¹
ºLW SO(6) P �
� *z�+� ú  E¡ 4, 4̄ P R P Å � P�Z�» ����8�� Ú ¡E� �  �¡ ´ q

r!ë �O¶��(8�� Ú ¡�� �  E¡&W
¼�w�½�s�¾ ù �+P � � 4, 4̄ P1²RP R ¼Lw�½�s�¾ ù W ¦�§�¨ ~ ��Q
S ��¿ í �(� ´ � �O¶Ø� P �5� W4¡+À º ~ ´�Á(½�Â5Ù Ã�Ã �4�Ký��Ä¶+Å$ý �!Æ!q�� ~ ��Ç º5� Wè °�é�° �'� ¦�§�¨ ~ Q�S ��¿ í �5� ´ � �Ä¶Ä «&P ¹!º&� � � ª.P�±�0 �4È�ñ � CSDR 9 ´ gzµ � ��� � 4

õ(�K� PL��� úc� v%w4W4r1*;s
* � � �O¶
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4 ÉËÊÍÌËÎÐÏÒÑÔÓ
� � î � P�Õ � W CSDR 9&P�Ö+× � � CSDR 9 ´ g�þ Ú ��õ(�1Ø3ä5� PL��� úc� vzw ��Ö 0� |

Yang-Mills Ç ºL� � � �R� � � õ+��Ø�ä ´ ¶ ñ(� Ç º P!Ù�¹ �3Ú | ¶ Û � ´ � á � � Ú0� �
� | � õ���Ø�ä ´ ¶ ñ
� Ç º ´ W Higgs � ø t ° �qÛ+Ü � ø t ° ��� î � Ú ¶©µ � á ����W �3õ�LØ�ä ´ ¶ ñ1� Yang-Mills � ø t ° PRÝ+Þ äKå'� Z �3¿ í ��ß&à è °Ké ± � ��� ú\� v7wRP Ö0 � P�Ý�Þ ä5å4� Z � � � � �¯� ���(�0� Ã � | ¶ î | � á P ~ ´ � õ��(� P Higgs ±.W ��õ+�� P è °�é ±&P�ÝRÞ ä�å0� Z � ��á ��� Ú �Ký �¯� | ¶
� | �Eþ Ú � CSDR 9 � �!Ù ���(��� �õ��1Ø3ä5� P è °Ké ± � Higgs ±&P ��õ��1Ø3ä ´ ¶ ñ
�!âE� ~ ¬�ã � ë �	ä�å ��æ1ç Û � � �O¶è Õ � W � P CSDR 9 � �EÙE| â���ä
å P!æ�ç ´ í Ù�Ú P ¹�º�� Ì � ¶ î4ï � sec4.1

}!~ P�é�Ç� ¬�ã � � �	ä
å P3æ�ç ´ ¹(ê Û � � ��ë ��Æ�ö ë �Ä¶ sec4.2
â!��ä�å æ�ç ´ ¶ ÙEÚ Ý4Þ ä�å7�� Ú��(Ù ��� � � coset space S/R P3ì�í ��î.ïL�O¶ î�ð � sec4.3

� W ��ñ î � ´�òLó Û ñ ð äå��!ô+õÇ� � áRñ��!8»� Ú âE��ä
å æ�ç ´ ¶ ñ���ö3÷ ´ í ÙEÚ ¹�º ë �Ä¶(áy� Ú � á4ñ�Ä Å PRÕ��á4ñ�ø P ö3÷y��æ�ù ë � ð�ú P�û�9 ´ í ÙEÚ P ¹!º�� Ì � ¶

4.1 ü�ý.þ;ÿ��������	��

� P�
��
W â���ä�å æ�ç ´ ¶ ÙEÚ ¹(ê Û ñH� Ù ·�í � P ��ë%´ í ÙEÚ ¹Eº�� Ì � ¶ º���� ä
å� æ�ç�ë � ��� P�� ~ W�� áRñ ´ g�þ Ú º����+é(Ç&P'¬�ã � Ì � ��� � ü��Ä¶�� � �4º�����!EÓ

e � é(Ç�"�ÀzW��$# 100Gev
Ä Å P�%�& ú('�) *(m )�ú ´+*!ÙEÚ W-,�. ä�å ´ g�þ Ú�/10(2�354ã Û ñ7�O¶ X ý ´ "�6 ~ 2 ä�å P3æ�ç1P ð�ú ´ W�� á P�% & ú�'+) *�m )�ú ´+*EÙEÚ ,�. ä
å !

¤ ��ñH� �7� � ¹(ê 8:9L� 2 ø 2�Ù ¶ g�þ Ú CSDR 9 ´ g7µ ä�å�� æLç�ë �+; ´.� ��<�= ~ ´
,1. ä
å !4¤ �Rñ%� �7� !R¹(ê Û ñH�	¶ � � ��� CSDR 9 ´ g�µ æ
ç Û ñ7� ä�å&�Hø ,�.4Ç�>7!¤ ��ñH�@? T ´ WBA 3 í � P+C
0�!�D ý%ø°ñ���¶7E P � í.W CSDR 9 ´ gzµGF ø ñ;� 4

õ
�1Ø
ä ��P�ÇH>:!+,:. ä�å�E P � P ´�2 � C
0�� üL�O¶�üL� ALWB��I ú ´ CSDR 9 ´ g%µKJ â1� Ç
> (GUT) !R¤ �4ñ � E P�LBM�NzP!� ñ ´ g%µO,7. ä�å !4¤ �RñH� C+0 � D ý%ø�ñ;�O¶ î�ð � E
P$L M NzP�� ñ � Higgs C ´ g �L:q| ~ 2 � ñL� � E4ñ�P�Q P$C+0 ´ Z�R ø�ñH�Ä¶�E4ñ ø P+C+0
e�R ´+S A1T
P�Ù1U�V � Fig4.1

´W4YX ð ¶
Z�[H\�]+^ ´ Z`_�a 2 C�b�!�Ddc ø ñ;� !�� è >He:��WBf ´ � ñ�ø7g S P+C�b ´$S A1T�D�c �O¶E � ��h�C�b ´ L�i �	ä�å�� æ�ç�i �$; ´ � f ´ ¹
êkj ñ7� �4ëH´$S AHT�D�l�i ��¶
(a) m�C b� m�C�b%W CSDR n ´ gzµ ��o��LØ�p �1m�q )�r ÇH>�s ø F ø ñ;� 4

o
�1ØBp �1mRÇ�>�!+,�.ä�å:E m Z m ´�2 ��¶�E m ð�ú CSDR tHuHv7s ø5w�x j ñ�y 4
o zLØBp �1m�q ):r C H !��+,

. ä1å mHq ):r L�M�N SU(3) { SU(2) { U(1)
´�2 ø 97| 2 ø 2 A ¶(} ð � H=SU(3) { SU(2)

{ U(1)
´ L XW~H�-�Y������� Higgs C�!���iH�H" Z ,7. ��> � ��� X ð�Z m !��BT � 2d3 T1�2 ø 2 A����:� ~��@������� � 4

oBz���p � * AHT������ �d~��@������� � X T�" ñdy@�H� !1�y � } ð � Higgs �(� � ) ���(��T 3 y LBM�N(m-� ñ m ��  ) � ��¡�¢�LBM N�m�� ñ m���  ) �
� 2 y �7� ! ��£ j ñ�y �
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¤ o�z��Bp q )7r ��>

,7.�¥�¦

?

CSDR

(a)

¤ o�z���p q )7r ��>

GUT

,7.�¥�¦

?

?

CSDR

SSB

(b)

¤ o�z���p q ):r ��>

GUT

,�.�¥H¦

?

?

CSDR

other
breaking
mechanism

(c)

Fig4.1

(b) m�C b� m�C�b:� CSDR n1�1§:¨©� 4
o�zH�+p � * A�T�F ø©ª�y �B>7� GUT

� 2 y � E m�« ú CSDR t
u�v�s ø¬w�x j ª�y 4

o+z��Wp �Bm�q )1r`­ H �W� GUT � * R y q )1r@®��+­ (SU(5),SO(10),E6,etc)� �B� X`2(3 T�� 2 ø 2 A$� } « � ~����¯�5����� Higgs C�!+��i ®���­ m$� " Z h ®���­ ��L�iy
GUT m Z m � ��� i y Z m�!�" ª(y �1� ! �B£ j ª(y ��°�c���� � m�CBb Z ~��±�Y�±�:� ���

��� �d~����¯�±��� � X T 4
o�z1��p ��" ª 91| 2 ø 2 A+� } «B� Higgs ��� � ) �@�:�+T 3 y �

  ) � ����� ®��B­ m�� ª m ��  ) � (∼ 1015Gev )
� ¡�¢ L�M�N�m�� ª m ��  ) � (∼ 100Gev)

m ²�³�N�!�" ª�y �7� ! ��£ j ª�y �
(c) m�C b� m+C�b���´ � ]�µ (b) m�C b �-¶�·@¸ !�� ®��B­ m�LBM�N � � y±¹1º ! Higgs C���§ y:»½¼:¾
L�MHN(m�� ª ��� 2 A�m��H� ®1��­�� � y «7¿�m Higgs C:! CSDR n��7§�¨©FÁÀ ª 2�3 T Z ºÂ 2 A��� � � � CSDR n:�7§�¨ ¤ oBz���p ��m�q )7r ��>�skÀ©F�À ªdy 4

oBz���p � * R y ��> �-Ã1Ä
i y «�¿�����Å Ä i1Æ�Ç�È � �@É ��i y � E�ª À�Ê-ËHÌ�i y�Í`Î
(1) I�¿Bm ¤ o�z���p m o�z # D

(2)
¤ o z7��p7Ï m�q ):r�­ G

(3)S/R m º�Ð Ñ
S,R m$Å Ä�Ò

(4)R m G Ó�m�Ô�¿�Õ�Ö RG

(5)
¤ o z:Ï ~����Á���(�+× ��i G m+�HØ F

(6)S/R m �H  ) � ( Ù�Ú )
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Í 2 y ��È ª�} Ï m�Û Ï+Ü > X «�§�Ý±� (2) Þ (3) Þ (4) �7§�¨ Î 4
oBz���p � * R y q )7r�­ H

Í
Higgs C × � i H mW�HØ × Ä�}7y � } « Î È ª � (5) Êàß�c y È Í@Ï ~��à�����(�$× � i H mW�
Ø Z Ä7}:y � 4

o z7�Bp � * R y Higgs ����� ) m º�Ð � (3) �:§�¨ Ä�} ¨ Î�E È��W�(� T 3 y
��  ) � � (6) m S/R m �H  ) � s	À Ã�}7y �
i 2 Â [ CSDR n��7§�¨ ®�á ¥H¦�Ê º�â i y � ��ã 4 m �H£ Ê@ä�«�ik§dÝ�� Î (1) s	À (6) Ê-ÅÄ i y È Í × �H� � 2 y ��È$m:È Í ��§�¨ Î ¤ oBz���p�Ï�Í ¨HÝ y q�å r�­ G

� ÎWæ�ç1p�è�Í X
T Í ¨1Ý y S/R � w�x × S RdÀ ªky �1édc�| Î sec3.3

Ï�Ü > X «(§�Ý���ê o�z7�Bp:Ï ����� �~����Á����� Ê-F y «�¿H� � ¤ o z7��p m o�z ë D
�

S/R m º�Ð � w�x ×�S R�À ª�y � EBª À
m w�x Ê`ä�«$i S/R � S A�T1� sec4.2

Ï D�lBi y � X s X@2�× À Î-ì T�m ��£ Ê`ä�«$i (1) s�À
(6) m�Å Ä � sec4.3

Ï DHl i y §dÝ���í�î Ï � y � E m�«1¿ Î ¥�¦ º�â m�«1¿H� �BA 3�S sHm+ï
n × �1�ðÍ 2 y � E�ª À-� S A1T1�$ñ�mWò Ï+ó XB3 Ü >Hi y �

4.2 Coset Space ô�õ�ö
÷ ò Ï � CSDR n��7§ y�®Há ¥1¦ º�â m�«�¿��Wø�| ª�y S/R m�ùHú�� S A1T�D�l�i y � Í ¨
Ý y S/R � Î ����� ��~ �@�����(� Ê@F y «1¿ m$ûBü���§+��T Î J:Ç�ý w�x j ª�y � sec3.3

Ï$Ü
> X «�§dÝ�� Î ê o z���p�Ï ���(� �d~ �à�Á���(� Ê@F y «1¿�� � ¤ o z���p �+þ ë�o z�Ï � y��� × � y ��j1À@� Î ¤ o z1��p �+ÿ���T qBå r�­ G �WL i y ~��`�Y����� mW��Ø F

Í X T��(�� � ¾
( ����¦ Í	� ��¦�Ê ¶ ë�

� ) � Ø�Ê@ø���È Í × Ï Ç y «H¿ �B� Î ¤ oBz1��p m oBz�ë D

×
D=4n+2

Ï � y È Í × � £ j ª�y È Í Ê���«W� } « Î ¤ oBz���p �+ÿ��1T Majorana ûBüdÊ���i
«�¿���� F

×�� �HØ:m���b�� D=8n+2
Î

F
×���� �1Ø7m�� b�� D=8n+6

Ï � y@�H� × � y ��j
À-� Î ê o�z���p7Ï � �(� ��~����Á����� Ê�� y È Í × Ï Ç y «�¿���� Î S/R � rankS=rankR

Ê@ä�«dj���ý�T1����À�����È Í Ê���«+� a ����� Î ¤ o�z7� p�Ï m ~H��� �à�(� m��HØ F
× ��� � � ¾ � Í�ª�y �Hb���!#"5i y � S} ¨ Î ¤ oHz�� p m o1z�ë D=4n+2 m��Hb	Ê�$�c y �kÈ�m Í Ç æ�ç:p�è1Ï � y S/R m oHz �

d=D-4=4n-2
Í � y �kÈ1È Ï D=6,10,14 m���b�� S ��T Î d=2,6,10

Ï
rankS=rankR Ê�ä(«�i

S/R m�ù1údÊWÌ&% y �
(1)d=2 m���b�m S/R[2]

d=2 m���b�m S/R m$ù�ú�Ê table4.1 � }�Í ¿B«+�
S/R SO(2) ��� � � SO(2) �('*) �
SU(2)/U(1) 2 = (1) + (−1) (1)

table4.1

È+m�§dÝ�� Î rankS=rankR Ê�ä�«�i S/R � á SðX s�+�, X ����� SO(2) ��� � � Î �-'�) � Í. j ª «+Ë�� Î�/�ª Ààm R m�0 Ï m�1�2�Ê�� X T�� y � } « Î SU(2)/U(1) ��3�4(� coset spaceÏ � y �
(2)d=6 m���b�m S/R[13]

È+m���b�m S/R m$ù�úd� S �HT1� table4.2 � }�Í ¿ «$�
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S/R SO(6) �d� � � SO(6) �('*) �
Non-Symmetric spaces

(1)SU(3)/U(1) { U(1) 6=(a,c)+(b,d)+(a+b,c+d)

+(-a,-c) +(-b,-d)+(-a-b,-c-

d)

4=(0,0)+(a,c)+(b,d)

+(-a-b,-c-d)

(2)Sp(4)/(SU(2) × U(1))non−max 6=1(2)+1(-2)+2(1)+2(-1) 4=1(0)+1(2)+2(-1)

(3)G2/SU(3) 6=3 + 3̄ 4=1+3

Symmetric spaces

(4)SO(7)/SO(6) 6 4

(5)SU(4)/SU(3) { U(1) 6=3(−2) + 3̄(2) 4=1(3)+3(-1)

(6)Sp(4)/(SU(2) × U(1))max 6=3(−2) + 3̄(2) 4=1(3)+3(-1)

(7)SU(3) × SU(2)/SU(2) × U(1) × U(1) 6=1(0,2a)

+1(0,-2a)+2(b,0)+2(-b,0)

4=1(b,-a)+1(-b,-

a)+2(0,a)

(8)Sp(4) × SU(2)/SU(2) × SU(2) × U(1) 6=(1,1)(2)

+(1,1)(-2)+(2,2)(0)

4=(2,1)(1)+(1,2)(-1)

(9)(SU(2)/U(1))3 6=(2a,0,0)

+(-2a,0,0)+(0,2b,0)

+(0,-2b,0)+(0,0,2c)+(0,0,-

2c)

4=(a,b,c)+(-a,-b,c)

+(-a,b,-c)+(a,-b,-c)

table4.2

rankS=rankR ÊKä7«�i65 o�z S/R ��7Bã�m98 S Ï � y � } « Î 3�4:� S/R
Í	; 3�4:� S/R Ê<1:R

T }�Í ¿+«-�+È�È Ï�Î (2) Þ (6) m SU(2) { U(1) � S � T�� y>= c<? max,non-max � maximal,non-

maximal m�@ Ï �	¨ Î Sp(4) m�A�B�C�D�EF1 ­�Í � y SU(2) { U(1) E�1 ­ Ê�ø ] ¸ s�G�s:Ê*HI X T*� y �
(3)d=10 m���b�m S/R

È+m���b�m S/R m$ù�úd� S �HT1� table4.3 � }�Í ¿ «$�
table4.3 ��ÿ�R y m 33 J�m S/R

×
d=10 m Í Ç � rankS=rankR Ê@ä�«�i coset space

Ï � y � a �:È ª À@m S/R Ê�K���T ®Há ¥1¦�m º�â ÊML7Ö y �

4.3 N9O&PRQ&SUTWVYX[Z]\:^
_9`
È�m$ò Ï � CSDR n�Ê�K
��aBØ � ¾ � ®Há ¥�¦�Ê º�â i y ã Ï*b�c i y�d�egf ��h���a ÜFi

i y �}�j&d�eÁÍ � y m × Î 4
o z7��p ��ÿ���a�kgl�¥1¦[m&n ý�� GUT

Í�á�� i y qBå rW­�ÍM/Bª �
3�i y �(m���ØdÊ�� y È Í × îon<�dÈ Í-Ï � y �1�(� Î CSDR n(��§�¨	� À ªky ê o�z:�Bp �
ÿ:p y � i7Ï Î CqnBý »½¼:¾ 3�4*r�m�� ª Ê�s]t y Higgs �7m+��Ø�ÊM� y È Í�Í ¶ � ��u } n>�~B���Y�±�(� m$�HØ(Ê�� y È Í ��í�î Ï � y ��7�0Hm$� Ï È ª:} Ï ��$(t(À ª «W¥H¦�m$é�Ê�Ì:%y

[2,12,13,22,23] �
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Non − Symmetricspaces

(1)SU(4)/SU(2) × U(1) × U(1)

(2)G2/SU(2) × U(1)

(3)Sp(6)/Sp(4) × U(1)

(4)Sp(4) × SU(2)/[U(1) × U(1)] × U(1)

(5)G2 × (SU(2))2/SU(3) × (U(1))2

(6)SU(3) × (SU(2))2/[U(1) × U(1)] × (U(1))2

(7)Sp(4) × (SU(2))2/[SU(2) × U(1)]non−max × (U(1))2

(8)G2 × SU(3)/SU(3) × [SU(2) × U(1)]

(9)SU(3) × SU(3)/[U(1) × U(1)] × [SU(2) × U(1)]

(10)Sp(4) × SU(3)/[SU(2) × U(1)]non−max × [SU(2) × U(1)]

(11)G2 × Sp(4)/SU(3) × [SU(2) × SU(2)]

(12)SU(3) × Sp(4)/[U(1) × U(1)] × [SU(2) × SU(2)]

(13)Sp(4) × Sp(4)/[SU(2) × U(1)]non−max × [SU(2) × SU(2)]

(14)G2 × SU(2)/SU(2) × SU(2) × U(1)

(15)SU(4) × SU(2)/SU(2) × SU(2) × U(1)

Symmetricspaces

(16)SO(11)/SO(10)

(17)SU(6)/SU(5) × U(1)

(18)SU(5) × SU(2)/[SU(4) × U(1)] × U(1)

(19)SO(9) × SU(2)/SO(8) × U(1)

(20)Sp(6) × SU(2)/[Sp(4) × SU(2)] × U(1)

(21)SU(4) × (SU(2))2/[SU(3) × U(1)] × (U(1))2

(22)SO(7) × (SU(2))2/SO(6) × (U(1))2

(23)Sp(4) × (SU(2))2/[SU(2) × U(1)]max × (U(1))2

(24)SU(4) × SU(3)/[SU(3) × U(1)] × [SU(2) × U(1)]

(25)SO(7) × SU(3)/SO(6) × [SU(2) × U(1)]

(26)Sp(4) × SU(3)/[SU(2) × U(1)]max × [SU(2) × SU(2)]

(27)SU(4) × Sp(4)/[SU(3) × U(1)] × [SU(2) × SU(2)]

(28)SO(9) × Sp(4)/SO(6) × [SU(2) × SU(2)]

(29)Sp(4) × Sp(4)/[SU(2) × U(1)]max × [SU(2) × U(1)]

(30)(SU(3))2 × SU(2)/[SU(2) × U(1)]2 × U(1)

(31)(Sp((4))2 × SU(2)/[SU(2) × SU(2)]2 × U(1)

(32)Sp(4) × SU(3) × SU(2)/[SU(2) × SU(2)] × [SU(2) × U(1)] × U(1)

(33)SU(3) × (SU(2))3/[SU(2) × U(1)] × (U(1))3

(34)Sp(4) × (SU(2))3/[SU(2) × SU(2)] × (U(1))3

(35)(SU2/U(1))5
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table4.3}�jHÎ
table4.4

Ï � /�ª Ààm�¥�¦���3�v y ��w:x�y Ï � y�Î ¤�z z���{�Ï�|*} å
~ ­ G
Î

S/R
Î

G

Ó | R
| Ô�¿$Õ1Ö�� Î ¤�z z:Ï ~��-�Y�`��� | ��v G

| �1Ø F ��hF��a }�Í ¿ «$�

G S/R H × RG F

(1) SU(3) SU(2)/U(1) SU(3) ⊃ SU(2) × U(1)

(2) SU(5) G2/SU(3) SU(5) ⊃ SU(3) × SU(2) × U(1) 75

(3) E7 SU(4)/SU(3) × U(1) E7 ⊃ SU(6) × SU(3) 133

⊃ SU(5) × U(1) × SU(3)

(4) E8 Sp(4) × SU(2)/SU(2) × SU(2) × U(1) E8 ⊃ E7 × SU(2) 248

⊃ SO(12) × SU(2) × SU(2)

⊃ SO(10) × U(1) × SU(2) × SU(2)

(5) E8 SU(3) × SU(2)/SU(2) × U(1) × U(1) E8 ⊃ SO(10) × SO(6) 248

⊃ SO(10) × SU(2) × U(1) × U(1)

(6) E8 (SU(2)/U(1))3 E8 ⊃ E7 × SU(2) ⊃ E7 × U(1) 248

⊃ E6 × U(1) × U(1)

⊃ SO(10) × U(1) × U(1) × U(1)

(7) E8 SO(7)/SO(6) E8 ⊃ SO(10) × SO(6) 248

(8) E8 Sp(4)/(SU(2) × U(1))non−max E8 ⊃ E6 × SU(2) × U(1) 248

table4.4

(1)
Ï

F
|�� ×��F� ª a��F��� | � Î �7� ÄH} �W« F

× $&t:À ª a��F� � ��« � À Ï � y � table4.5Ï �:È ª À | �Fw���3*v y ��wgx�y Ï � yWÎ ê z z���{�ÏF|*} å:~ ­ H
Î

H
| 0 ÏF| Higgs � Í~����Á���(� � | �HØ���h���a }�Í ¿B«+�

È ª À | ¥1¦ |��:f�Í�d�egf � z | §dÝ��$Ì&%�À ª�y �
(1) ��kgl�¥�¦ | ¡�¢�3�4*rkÊ »K¼:¾ �@� y È Í × Ï Ç y Higgs � ×��g� ª�y ��n � n Î ~�����±�(� ��CWnBý�������å��
��å
~1ÊM� ¨M��a y È Í × Ï Ç*����� } « Î k�l�¥�¦ | SU(3) 3*4*r
m���a�È������
(2) ��k
l�¥�¦ | ¡�¢�3�4�r�Ê�� y Higgs � Í*�M� � � ��3*v y ��Ø���C�n�ý��ÁÀ ª�y �Wn � n Î
È | ���[m SU(3) 3*4�r × Ø ª �����
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H Higgs � | ��v H
| ��Ø ~H���Á����� � | ��v H

| �HØ
(1) SU(2) × U(1) 2(1), 2(−1)

(2) SU(2) × U(1) 2(1), 2(−1) 1(0)L, 1(2)L, 2(−1)L

(3) SU(5) × U(1) 5̄(−2), 5(2) 5̄(3)L, 10(−1)L

(4) SO(10) × U(1) 10(0), 10(2), 10(−2) 16(1)L, 16(−1)L

(5) SO(10) × (U(1))2 10(0, 2), 10(0,−2), 10(1, 0), 10(−1, 0) 16(−1,−1)L, 16(1,−1)L, 16(0, 1)L

(6) SO(10) × (U(1))3 singlet 16()

(7) SO(10) 10 16

(8) E6 × U(1) 27(−2), 27(2), 27(1), 27(−1) 27(−2)L, 27(1)L, 1(0)L

table4.5

(3) � ~H�@� ����� | SU(5) ��3�v y �HØ�� Î SU(5)GUT � á�� n`«(m | × �ÁÀ ª�y ��n � n Î
SU(5) 3�4�r�Ê »½¼7¾ �@� ¨ Î k
l�¥�¦�Ê � ý Higgs � × �YÀ ª ����� } « Î SU(5)GUT �����
� U(1) 3�4�r[m���a7Ç�a[n } Ý �
(4) � SO(10) B ®Há � i �+ÿ]p y ~ �à�Y����� | ��Ø����ÁÀ ªdy × Î È | �*�[m SO(10) 3*4*r
Ê »½¼�¾ �@� ¨�kgl�¥�¦�Ê � ý Higgs � × � À ª ����� } « Î È | ���[m æ 1]� U(1) 3�4�r ×
Ø ª�y �
(5),(6)

| �*�Rm (4)
| ��� Í ´�� ¶(·���� Ï ��¨ Î<��� � Higgs � | ��Ø�ÊM� y È Í × Ï Ç������

(7),(8)
| ���9m ¶�� � Higgs ����§���a SO(10) 3�4�r × � À ª «���� Î kgl�¥1¦dÊM� y È Í ×Ï Ç*�����

7�ã | é � À�m Â � y §�Ý�� Î A�� ¾ ��k�l�¥1¦(��3�v y Higgs � Í ~ �@�Y���(� | ��Ø�Ê�Cqn
ý�� y�| ��í�î Ï � y ����� Î�� ¿�� CSDR ����§+��a GUT Ê � ý����(� � Î Higgs �(�7§ y»½¼�¾ 3�4*r | � ª ��§(¨ k
l�¥�¦dÊ � ý�È Í �-î�n>��� /�| «1¿ Î sec4.4

Ï+ÜFi v y §�Ý���B®Há � i:|�} åg~�3�4�r�Ê`� y�¡ �F¢�£�¤ Í n<a Î Higgs ���7§ y:»©¼�¾ 3�4�r | � ª¯Í ��¥g�y�¡ �F¢�£�¤�Ê�K��1«W¥1¦ |Wº�â × $Yt(À ª a�� y �} « Î CSDR �:��§ y ¥1¦ º�â ��¦�§�n@« d�eYÍ n�a Î Higgs ����§ y7»©¼�¾ 3*4�r | � ª:| �
 +å � Ê�� � � ��� ��m | ��v y � Í �¯Ý d�e × � y � CSDR ���1§@��a��¯À ª(y Higgs ������å
�W����aký y �� �å � � æ�ç�{�è S/R

| �1  å �]� À | Ö��ÁÀ ª�y � /�| «�¿ æ ç
{:è Ê�¨��¾�{:èdÍ�Í À�t�a Î�/F|g© � �(� �«ª | �� �å � Ê�¬*w | �� �å � (∼ O(MP lank ∼ 1019(Gev)))

��­�®F¯(p y7Í Higgs ��� �+å7�-� y �� Bå ��× B�Ç�ý���¨	v(° y7Í �ÁÝ d�e × � y �����$¡�¢
3�4�r | � ª&| ��  å � (∼ O(100Gev))

Í ��B�Ç(ý � p�± ª a[n } Ý-È Í ��� y �	È |Fd�e Ê
S/R ��² ë:| �  �å � Ê � �Fv y È ÍàÏ 2 Ã n$§�Ý Í ��Ý³L7Ö × � y ��È ª ��hF�FaH� sec4.5

Ï
� y �
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4.4 N9O&PRQ&SUT�ô-´-µ(ô:¶Y·¹¸»º Wilson flux breaking mechanism

¼ ò Ï � CSDR ��Ê�K���« ®�á ¥�¦ |WºHâ �$ÿ]p�½ d�e�f Ê�¾¿n�«W� /�|+á h Í nÀa Î CSDR

����§�¨ 4
z�Á ��{ �Wÿ���a�Â j GUT Ê<�U½<�*��� Î Higgs ���1§�½ »G¼7¾ 3�4�r | � ª �1§�¨

GUT
� À�k�l$¥�¦�Ê � ý�È Í × í�î Ï �F½�È Í × Ì&%(À ª «W��Ã&��ý Í m È ª Â Ï �WÌg%�«$é Ï

� GUT
� ÀÄk�l$¥�¦�Ê � ý$È Í × Ï Ç�� � �-«���È |�d�e ÊÀ2 Ã v(½�«�¿�� Î GUT

|�} å�~�3�4
r(Ê Higgs �:�1§�½ » ¼�¾ 3�4�r | � ª	Í ��¥���½ ¡ �*¢�£*¤ �1§:¨ ��À ª ½ Í vY½BÈ Í ×�Å�Æ]Çª a*�]½à� /�| «H¿���KF��À ª ½@ïF� Í n<a�È�É ¹Hº mgnBý�� Wilson flux breaking mechanism

�:§�½�3�4�r | � ª × Ì(%dÀ ª ½ [24,25] � ÷ ò Ï � Î È | Wilson flux breaking mechanism �
h���a ÜFi vR½à�

4.4.1 Wilson flux breaking mechanism

È�È Ï � Wilson flux breaking mechanism ��hF�Fa Î�/�|�Ê1� Ê��]½ [24] ��È |�¡ ��¢*£�¤1Ê� K�vU½W«�¿ �B� Î È ª Â Ï ��$]t�aHÇ�«�Ë�®�Ì:� æ�çF{�è B0 Ê�Í�h ¤�z�Á ��{ M4×B0(B0 =

S/R)
|�Î Â ¨±� Î Ë�®�Ì Ï ��� multiply connected � æWç�{1è B Ê>Í��@« ¤�z�Á ��{ M4×B Ê�Ï

Ý ��� × �F½±�  *Ð � multiply connected � æ+ç�{�è B
Í n>a B0 = S/R ÊMK�� « B = B0/F

S/R

Ê�K��(½`��ÈHÈ Ï F S/R � »�Ñ ��Ò�K�Ê�v9½ B0
| ±�ÓF3*4 ­:Ï �
½à�:Â�« Î F S/R

×
B0 � »�Ñ

��Ò�K�Ê�v[½ Í � Î F S/R
| Á | Ý�Ô B0

|�Õ
Ö&|*f ��ÒFK¿nà« Í Ç�� Î�/
|�f Ê�× �-Ç �*�Ym| × Ë�Ø Á ¸ p Ï �
½HÈ Í Ê ÖgÙ vR½à�æ�ç�{7è ×
B = B0/F

S/R
|�Ú:|

multiply connected � {�è�Ï �
½ Í Ç Î�{�è ã:� { �H«�Û | «
¿�� áFf ��Ü�¿
½HÈ Í�| Ï Ç����
Ý · «$Ú�Þ × F S/R

|�ß Á ��36nà+*,Fv9½<á /�| Ú�Þ | +*,��
§(¨ Î 4

z*Á ��{�Ï�|*} åg~ ­ H
| Á Í nMa Î F S/R

|�ß Á
g ∈ F S/R ��3�â�nà« Á Ug

×�ã ¨<äå ½�á /�| Á Ug æ Wilson ç7å � ��§�¨
Ug = P exp

(

−i

∫

γg

T aAa
M (X)dXM

)

(4.1)

Í�è Ç ª ½<ákÈ�È Ï Aa
M (X) æ } åg~ ­ H ��3�vU½ } å:~�� |�é�{*ê�ë*ì Ê è n Î T a æ H

|�í
î y Ï �
½�á]Â�« Î γg æ F S/R

| Á
g ��3*â¿n@«WÚ
Þ Ï ��¨ Î P æ path ordering Ê Ö:Ù v9½<á

ÚFÞ γg æ ±�Ó�3*4 ­ F S/R
| Á

g ��3�â#nÀa*�&½ |BÏ�Î�áFf ��Ü(¿�½�È Í × Ï Ç�����§(Ý��-ø&ïª a*�(½�á /�| «�¿ Aa
M

× �H«]½ Í È�ð Ï�ñUò$Ï m Ug 6= 1
Í �:½<á(Â « Î È |dÍ Ç+ã . | §dÝó �ÁÀ ª ½ Ug

ó §�¨ í î Ç ª ½ Î F S/R
|

H ã�Ó | l ¶ ¦gô�õ TH
× +�,Fv9½<á

7�ã | È Í × �YÀ ª « Í Ç Wilson flux breaking mechanism
× z | §(Ý ó�ö ý	áFÂ j�Î B ã | �

f(X) Ê�$Yt�½�á f(X) æ�÷ À � ó�Õ�Ö&| g ∈ F S/R
ó 3�n

f(g(X)) = f(X) (4.2)

Ê`ä�«�v�È Í ×�ø�ùRÇ ª ½<á
��ú&��À B ã Ï æ g
ó�û]üÄýþü	ÿ Â ½ f ¶�� × ¶ á�� Ç�� ½ � À Ï� ½�á¿n � n ÎF} å:~�� H

| +�, | 0 Ï  ]Ð æ È | ø�ù Ê á
	 ª n Î (4.2)
|�Î Â ü<ó

f(g(x)) = Ugf(x) (4.3)
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Ê@ä���vkÈ Í Ê øFù v9½<á / n�a Î È |�Í Ç é
{&ó ÿF��a�
�� � ½ } å&~�3�4�r ×����-Ç�� ½�áé�{]ó ÿF��a æ Aa
µ = 0

Ï � ½ |�Ï�Î È � Ê�
UÔ é�{ Ê�� ÿ(ó v9½���¿ ó æ é
{g|�} å:~ ÿ�� æÄ�ë�� Ë V
ó
û�� a è Ç���� ï���������á á � Ï � |�} åg~ ÿ
� f → V f

×
(4.3)

Í! �" nM���
�$# ó æ Î�Õ�Ö&| g ∈ F S/R

ó 3�n
[V,Ug] = 0 (4.4)

Ï � ½&% ø�× � ½<á�' � a Î�é
{�Ï)( � j(ó�* ½ H
| E�1�� æ TH

|
centralizer CH(TH) +��

½�á]Â,�,- (4.3) .�ä���v/�0# ó æ ¨�1�� æ 3,243
F S/R ⊕ TH (4.5)

| 045�� ÿ 5���p � ï��6������á

4.4.2 S/R 7�8
9�:�;,<,=
Wilson flux breaking mechanism > ö ý)�0# ó æ -*Ë�®�ÌY��?�@ {�A B0 = S/R

|�ÎCBqü�ó
multiply connected � B = B/FS/R .�$Yt�½D% ø > � ½ÀáFE�E)5 F S/R æ S/R

óCG�Ñ ��Ò*K�.�v
½<±�Ó�3*4,�IH � ��á / E)5�-IE�E�5 æ rankS=rankR .�J���v S/R

ó 36n<a�ø��FE/+D>,50KF½
F S/R

ó h���a�L i vU½ [26] áM
N nD��O�P6.�Q$��v F S/R
ó æ BCK�RÀ1(p�aTSVU�W � ½Má / � � æ

(1)S
|$X�Y

Z(S) -�Â,� æ /�| E�1��
(2)W = WS/WR (WS ,WR æ / �$Z
� S,R

|
Weyl � )

5 � ½�á�7�045 æ E | S[U,W ó h�\�a / �0Z�� $,]#n<a,\^R	á
(1)Z(S) _C`6a�b^c$dCeCfhg$i6j6k
Z(S) æ S/R

| Á ó)l n G�Ñnm Ò�oC.�vU½ | 5�- F S/R +�n<a�o�\]½4E0+�>,5$K�½<á
Â���- S
|
p

q è4r
adjS

|
R
|,s 5 |�t�u .)v-t��w+)Kn-�x�y | R

|�è4r æ Z(S)
| Ò�o ó:û(ü
G�tzG�{(óÿ�� Ç�� ½�á|E | E/+ æ Z(S) > R +�}�~ � 5 � ½4E/+ � � ÷ � � 5 � ½<á��� ç�������. ����� ½��0# ó æ Z(S) . SO(d)

ó�� #��4�n% ø > � ½�á X�Y Z(S) > Z2 5 � ½� -C}��,R æ ZS � Z2 � t � ó��gÙ > � ½ m � SO(d) � X ��� Ó l�� ��5 � ½ Z(SO(d))= Z2ó)� #��I#�ï û \�á|E � +)K�- SO(d) �����«çh+&�C���<ç � t
u 5 r �6� R � è�r æ �4� y Z2ógû(ünG�t�G�{(ó�ÿ�� Ç��6� á
(2)W = WS/WR g�iFj^k
Â���- W > S/R

óFG�Ñ
m Ò�o�. �^� � Ó l
� �I5 � � E/+�.&� � áI�CE�5,- Lie � S . vF¡ � á
Lie � S +�� � Lie

Î�¢(ó�l �w�
Cartan � t�£�¢�¤ Weyl � � è�¥ æ�¦/� ûF§Àó�¨,©Tª �F��«

Cartan � t,£,¢ Weyl �
Lie
£�¢

Cartan � t,£,¢ ¬0­ �¯® A 5 �)°I± +D� ��² ó
û � �
Lie � maximaltoriA(maximalAbeliansubgroup) WS = N(A)/A(N(A) : S � X � A � normalizer)

E�E�5 Weyl � WS = N(A)/A ³ S/A
óCG�´
m)µ o�. �6� E/+D>�¶�� � y
\ ��«$· �,-&¸�v�¡��
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\ S/R ³ rankS=rankR .�JI� � } � 5 � ü - A . A ⊂ R ⊂ S +º¹�»FE$+D>�5$K ��« ����> � y
WS
� � R � Weyl � WR . ¼�K�½F�D� W = WS/WR ³ S/R ¾ G�´
m�µ oF. �w��« m ú m ��-

R/A ¾ WR ³ G�´�m�µ o6. �w� � 5 (S/A)/(R/A)=S/R ¾ l � W = WS/WR ³ G�´
m�µ o�.�^� ³��IH � �D5 � �D«
¦ ¾ WS � R ��¿ r�À � µ o�.�vC¡ ��« S

p q ¿ r adjS � R � s 5 � t�u 5 r �F� R ��¿ r�À �
W � µ o0³�Á�Â�¾&Ã G�Ä 5 � ��« �/E 5 Lie � R � GDÅ
Æ�Ç4È�É .Dv�¡ � +�-���Ê$³ R �nË�� G�ÅÆDÇ4È�É +[Ì � GDÅnÆDÇ4È)É ��Í�Î�² 5 ¿ ª Ê ��« EnE&5n- Ë�� GDÅnÆ�Ç�È�É ³ T → gTg−1 g ∈ R

��Ï���Ð � ¾0Ñ � È
É 50Ò^ÓÔ-�ÕnÖ ª ÊI× Cartan Ø�Ù�54³ R � Weyl Ú WR + m �D«�· ×�-�Ì
� G�Å�Æ)Ç0È
É ³ T → gTg−1 g ∈ R ��Ï 5nÛ�Ü m \ Ð�Ý ¾IÑ � ÈnÉ 50ÒwÓÔ- R � dynkin Þ �l�ß,à

Γ + m ��« Ñnány�- W ³ WR .&â · m \ � 5�-,� � µ o�³ R � Ì � G�Å�Æ�Ç ¾ m �D«
E4E�5 W ¾IÑ � R ��¿ r ��Ð�Ý .)ã�ä�å^.�æCç�y�è �6�D« S/R +4�&y$³ G2/SU(3) .)v�¡ ��«
E � +)K G2 � p q ¿ r � SU(3) � s 5 � t�u ³

G2 ⊂ SU(3) 14 = 8 + 3 + 3̄ (4.6)

+�é�¡Cê�Ê �D«�· ×,- G2 � ¬$­ �ë³���Ê Z Ê
( ) S!ì �wí ¬0­ �
( )ei − ej i 6= j = 1, 2, 3 → ( ) +ïî B�ð �/ñ SU(3) � ¬$­ �ëÞ/ò µ Ó!ó (4.6) � t�u � 8 ¾l
ô
( )±(3ei − e1 − e2 − e3) i = 1, 2, 3 → (4.6) � t
u � 3, 3̄ ¾ lnô
5$Ò �D« E�E�5 ei ³ ¬/­ �õ® A ��Î�ö Ø,Ù6ò ¿ ��«�· ×�ó G2 � ¬/­ �[Þ�³

ñ ÛFÜ ��« E�E�5�÷/\nø � ¬0­ �ë> ( ) � ¬/­ �Ô¾ l
ô �Dó�ùI\/ú § � ¬/­ �û> ( ) ü ( ) �¬0­ �Ô¾ l�ô �Dy�\ �D« E � ÷$\Iú § � ¬0­ �V¾ Î�ý ��×�þI¾�ì�\$y ��°/± > W ¾ l
ô ��ó W

³ Z2 ¾&ÿ�� �6�D« �^�Dy
ó W � µ oI¾0ÑCÓ 3
ñ

3̄ > � Ê�� B ��« E � µ o/³ W > R � Ì � G ÅÆ)Ç0È�É�� Ò � E ñ ò&� ��y�\ �D«�· ×,ó SO(6) Ë À � R � ��� �4QCò	� ��ñ K�¾�ó�E � R �
¿ r ¾ l �^� Ð�Ý à ò�
/ì$× � ¾�³ SO(6) � Ì � G�Å�Æ Ç/È�É ò v��C¾ � Ê m R&y4³ m ê m \ «
¸ � å � ³ SO(6) � ���
� ¬ ñ�
 �C��� ¬ ³ SU(3) � s��

SO(6) ⊂ SU(3) 4 = 1 + 3, 4̄ = 1 + 3̄ (4.7)
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ñ t
uTª Ê ��« E�E � ó W � µ o�¾$Ñ�á�y SU(3) � 3
ñ

3̄ > � Ê�� B � � � ó������$¾ SO(6) �
4
ñ

4̄ � � Ê���� ���/ñ ¾ m ��« � � �Dó SO(6) � Ì ��� Å,Æ)Ç/È�É ³ Z2
� Ò � � � ó W � Z2

ÑCÓ)}���� m Ú � Ò �! î�¾,³ Ð�Ý à ³"
�×�Ê m \ «# � 6 ¦�$ S/R ¾ � ´
m�µ o�ò �^�&%�' m ��( Ú ñ ó��nÊ�¾IÑ � SO(6) �*)�� ¬ ñ ����� ¬ �
Ð�Ý à ò table4.6 ¾ ¥ ��«

4.4.3 Wilson flux breaking mechanism +-,�. GUT /10�2
��� � ³	3�40¾ Wilson flux breaking mechanism ò&o654y GUT ò�7 � Ñ § ¾&8 ���$ñ � � �� � � è �F� [2]

« � �19 � sec4.3
� æCç
×�ó CSDR :C¾IÑCÓ GUT ò"; �! î �=< Ç � å6ò	5� ¾?>�@ �^���/ñ � � � � �	A�B �^�D«

å )· �,ó sec4.3 � (2) � åC¾ Wilson flux breaking mechanism òDC4o��D×  îC¾�7 §�m � �	E ��F
�0y�5GF «G� � å � ³ G=SU(5),B0 = G2/SU(3)

� Ò ÓÔó G=SU(5)
À � R=SU(3) � �*� �-H

³
ó SU(5) ��� t Ú À � t
u

SU(5) ⊃ SU(3) × SU(2) × U(1) (4.8)

¾ r Ê � SU(3) ¾ R=SU(3) ò �I� �n� ��ñ �
m0ª Ê ��« ��×J�)á�y 4 ¦?$ � �?K ­�L Ú H = SU(2) × U(1)ñ m �D«M��� � ó Wilson flux breakin bechanism ò�C�o �^� × � ¾=N�O$®�P$ò
B0 = G2/SU(3) → B = B0/Z

S/R
2 (4.9)

ñRQ1S � m B0
� ê multiply connected

m
B ¾ Ð�T �6��«U� � ñ � Z

S/R
2 � H = SU(2) × U(1)

À
� ��� ��H/³
ó ZH

2

ñ �Dy H �-V
� U(1) ����( � � t Ú6ò ¹�» �Iñ � ý § « � �  î�ó"8IÊ,�
¾ � �,� K ­�L�l��,à ³ ZH

2 � centralizer
m � � SU(2) × U(1) � ·4· � Ò ��«

Z
S/R
2 � µ o�¾0Ñ � R=SU(3) �*)h� ¬ ��Ð�Ý à ³ table4.1 Ñ�Ó 3 ↔ 3̄

� Ò ��« � � ��� ñ ��y�óW ��X � Higgs
 ³ Z

S/R
2 � Õ	Y�Z�[

2(1) ± 2(−1) Õ?Y1\ ± 1 (4.10)

ò Ï�] �^��« � �?^ ´ ³	_ s � Ñ § ¾)� ð �D« 4 ¦�$ � � Higgs
 �1` � H ��¿ r ³ G=SU(5)

� p q ¿ r � H × RG � s�� � t�u ñ ó S = G2 � p q ¿ r � R � s�� � t�u

SU(5) ⊃ SU(3) × SU(2) × U(1)

24 = (8, 1)(0) + (1, 3)(0) + (3̄, 2)(1) + (3, 2)(−1) + (1, 1)(0) (4.11)

G2 ⊃ SU(3), 8 + 3 + 3̄ (4.12)

¾?a�5�y�ó�b!ì � tnu�� 3, 3̄ �
Á�c �^� � t � H ��¿ r ��¹�d�Ê/y�5 ��« � � × � Z
S/R
2 � µ o

¾/ÑCÓÔó
3 ↔ 3̄ → 2(1) ↔ 2(−1) (4.13)
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S/R Z(S) W W ¾ l �w� Ð
Ý à
Non-Symmetric spaces

(1)SU(3)/U(1) e U(1) Z3 S3

Z2 (b, d) ↔ (−b,−d), (a, c) ↔ (a+ b, c+ d),

(−a− b,−c− d) ↔ (−a,−d)

Z2 (b, d) ↔ (a+ b, c+ d), (a, c) ↔ (−a,−c),

(−a− b,−c− d) ↔ (−b,−d)

Z2 (b, d) ↔ (−a,−c), (a, c) ↔ (−b,−d)

(−a− b,−c− d) ↔ (a+ b, c+ d)

(2)Sp(4)/(SU(2) × U(1))non−max Z2 Z2 1(2) ↔ 1(−2), 2(1) ↔ 2(−1)

(3)G2/SU(3) 1 Z2 3 ↔ 3̄

Symmetric spaces

(4)SO(7)/SO(6) Z2 Z2 6 ↔ 6, 4 ↔ 4̄

(5)SU(4)/SU(3) e U(1) Z4 1

(6)Sp(4)/(SU(2) × U(1))max Z2 Z2 3(2) ↔ 3̄(−2), 1(3) ↔ 1(−3)

(7)SU(3) × SU(2)/SU(2) × U(1) × U(1) Z3×Z2 Z2 1(0, 2a) ↔ 1(0,−2a), 2(0, a) ↔ 2(0,−a)

1(b,−a) ↔ 1(b, a), (1, 2)(1) ↔ (1, 2)(−1)

(8)Sp(4) × SU(2)/SU(2) × SU(2) × U(1) (Z2)
2 (Z2)

2 (1, 1)(2) ↔ (1, 1)(−2),

(2, 1)(1) ↔ (2, 1)(−1)

(1, 2)(1) ↔ (1, 2)(−1)

(9)(SU(2)/U(1))3 (Z2)
3 (Z2)

3 (2a, 0, 0) ↔ (−2a, 0, 0),

(0, 2b, 0) ↔ (0,−2b, 0)

(0, 0, 2c) ↔ (0, 0,−2c)

table4.6
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��Ð,Ý �6f-�hg � ª Ê � × � ó 2(1) ± 2(−1) � Z
S/R
2 � Õ=Y�Z�[ ñ m ��« � � � m �|ê�ó � �

Z
S/R
2 � Õ	Y�Z�[C³nÖ · án× U(1) ¾ l �w� Ð,Ý à ò!i�× m 5 «�· ×,ó (4.5) � ¬/­n¬ ¾/Ñ ��ñjW
�DX � Higgs

 ³ Z
S/R
2 ⊕ ZH

2 k Ð � Ò �-��ñ ��l6m ª Ê �&«M��� � ó ZH
2 ⊂ U(1)

ñ ¹�n6o � �
2(1) ± 2(−1) � 7hp�ê � Z�[w} W ��X ê m F m ÓÔó 4 ¦�$ � Higgs

 � r Ê m F m á
yw� · § «
¦ ¾ �,� ¬ ���C��¾�ì�54y�è ���D« 10 ¦�$ ¾?a�54y Weyl q1rFò ñ á�× ��� ¬ ������ò v�¡�× ñ
�Dy,ó 4 ¦�$ � �,� ¬ �����	�?` � H ��¿ r ³ SO(6) ���n� ¬ � R=SU(3) � s�� � t
u ñ ó 10

¦�$ � ��� ¬ ���C�	�J` � G=SU(5) ��¿ r F=75 � H × RG � s6� � tnu
SU(5) ⊃ SU(3) × SU(2) × U(1)

75 = (8, 1)(0) + (8, 3)(0) + (1, 1)(0) + (3, 1)(2) + (3̄, 1)(−2)

+(3, 2)(−1) + (3̄, 2)(1) + (6, 2)(1) + (6̄, 2)(−1) (4.14)

SO(6) ⊃ SU(3), 4 = 1 + 3 4̄ = 1 + 3̄ (4.15)

¾=a�54y R=SU(3) ��¿ r ��Á�c �F� � t � H �)¿ r ñ ��y1m ·I��« Z
S/R
2 � s�� R=SU(3) �)¿r ³ 3 ↔ 3̄

ñ Ð�Ý ª Ê � � � ó H ��¿ r ³
1(2) ↔ 1(−2), 2(−1) ↔ 2(1), 1(0) ↔ 1(0) (4.16)

ñ Ð�Ý ª Ê �D« Ñ�á
y Z
S/R
2 � Õ	Y�Z�[ ñ Õ	Y�\�³ ¦/� Ñ § ¾�é�¡�êºÊ ��«

Õ	Y�Z�[ Õ?Y1\
1(2) ± 1′(2) ±1

1(0), 1′(0) 1

2(1) ± 2′(1) ±1��� �ts ��ì�5�×�ø�³"u-v Ç ñ �Dy=;hêºÊ0× ¿ r ò�w-v Ç �?x1y ò ñ án×�} � ñ � Î �D× ¿ rI�
Ò �D«M��� � (4.5) � q�rFòDz ��ñ Z

S/R
2 ⊕ ZH

2 k Ð�{ Z�[ � H W ��X � � � ó
1(2) + 1′(2), 1′′(0), 2(1) − 2′(1) (4.17)

� Z�[ � HI� W �DX ���/ñ ¾ { ��«M��� � 1′′(0) = 1(0) + 1′(0)
ñ ��× «|� Ê�ê � Z�[�� W �DX���/ñ ³ ¦I� Ñ § ¾�� ð ��« Z

S/R
2 ⊕ ZH

2 k Ð�{ Z�[ � Ò �Iñ ³
ó�ì · Ó (4.3) ò!}�× � Z�[ � Ò�D«4� { �-p�ó�¸ � å � ³
ψ(ZS/RX) = ZH

2 ψ(X) (4.18)

ò!}�× � Z�[ ñ { �D« ¸Ió ZH
2 � µ�~ ³

ZH
2 ψ = exp(iπQ)ψ (4.19)

ñ��^�D«M��� � ó Q ³ U(1) ��� ­�L�� Ò �D« Ñ�á�y�ó1Z�[ À � Z
S/R
2 ,ZH

2 � µ�~ ³
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1(2) + 1′(2) 1(2) − 1′(2) 1(0) 1′(0) 2(1) + 2′(1) 2(1) − 2′(1)

Z
S/R
2 1(2) + 1′(2) −1(2) + 1′(2) 1(0) 1′(0) 2(1) + 2′(1) −2(1) + 2′(1)

ZH
2 1(2) + 1′(2) 1(2) − 1′(2) 1(0) 1′(0) −2(1) − 2′(1) −2(1) + 2′(1)

ñ&·6ñ � ê�Ê �D« �D×��$á
y,ó � ��Ð�Ý à�� ê (4.17) � Z�[ � HI� W �!X �6�0ñ ��� � ��«
_ 90� A�B�� ê�ó Majorana q�r6ò�� § �Iñ { F 2 � £�� � �4� ¬ �����,ò 1 � £ ¾	� ñº�M�/ñ
� � �n× « � � ��ó 2(1) − 2′(1) � Z�[���Ò � � � � Ê�¾ Majorana q�r6ò�z ���/ñ ³ � � { 5 «
Á�ø/ó Z

S/R
2 ò H ¾ ��� � · { � á�× ñ��6��ñjW �!X � �4� ¬ ������³

1(2) + 1′(2), 1(0), 1′(0), 2(1) + 2′(1) (4.20)

ñ { � � � ó � �  îC³ Majorana q�rFòDz �M�0ñ � � � �D«� � å � �4×�Ñ § ¾�ó F S/R
ñ ��� W ò�¹�n�o  îC¾,³�� ¦�$ � X � Higgs

 ¾=��51�����nì�5
�F� · § «-� � ��ñ ò=�D� ��� × � ¾n³ F S/R

ñ �R� S ��Vh� Z(S) òD¹ � d0Ñ!5 « � � � ó sec4.3� �$×�å � Á � � Wilson flux breaking mechanism ¾0Ñ�áJ��7 � Ñ § ¾	>�@ ª Ê � � ò table4.7

¾ ·6ñ � × [2]
«����-� ³ table4.4,4.5

ñj� ô ���15 �D«���� � ó FH �D� � ³J�=�^ò?f15�× U(1)

¾ F S/R � �*� � · Ê �D«�· ×4ó � Ê�ê���� � å�¾?a65-� FH � R
À � µ6~�� R � Ø�� ¿6� �

k Ð ¾ { � Ñ § ¾nó FH � �*� �6H
ø���¹�d�Ê���5 ��« � � × � (3),(4),(5)
ñ

(7) ��� ì�� � å� ³ Higgs
 �ñh��� ¬��&��   � `�¡ ¿6� ³ ��( � � Ú � µ�~ ¾0Ñ�Ó k Ð ñ { ��« (3),(4),(5) �

å � ³ SU(2)L × U(1)
� ��à ò U(1)em ¾�8 � � ¾DCh��× Higgs

 ��¿�� �=; êºÊ ��«£¢ 7 ¤ � å� ³ G ⊂ S
� Ò � � � ó Higgs

 ¾0Ñ � �¦¥ � � ��à � 80Ê �	§ ¾DX � K ­IL � ��à �	¡©¨)¾hm� ê�Ê �D« � � ���0ó 1 ì©� � å � ³hª § ¾�X � K ­�L Ú K = SU(3) × SU(2) × U(1)
ñ ;hêºÊ$ó

b!ì£� � å � ³ K = SU(3) × U(1)
ñ { ��«I· ×,ó (7) � bÔì£� � å � ³ ��( � � Ú ñ �&� W ò

â-H�ó
� � µ�~ ³ table4.1
� é�¡�êïÊ���5 � Ñ § ¾n���n� ¬ ¿�� 4, 4̄ ò�«4Ê��F¡ � � � ó W �!X����� ¬��¬��  � 16L, 1̄6R � � Ï �,î ñ { ��«

_ 9$� A�B/� ê�� � � Ñ § ¾�ó Wilson flux breaking mechanism ò ~ 5 ���0ñ ¾0Ñ�á���ó CSDR

:�¾/Ñ�á��	;hêºÊI× GUT ò�­-® < Ç ¾=¯65 Ï ¾!8 ���Iñ ��°J±�¾ { á
× « Ñ�á1� � � v�:�ò ~
5 ���0ñ ¾0Ñ�áJ�,ó � 3�� {D< Ç ò µ ���0ñ � � � � °J± à �	²I� ��« � � ��ó CSDR :I¾/Ñ�Ó
;zê�Ê0× Higgs ³�)�´ ­ ¾$Ñ � �µ¥ � � �,à � 8/Ê � ��¶ ­n¬ �J·�¸ � �,à � 8$Ê � ��¶ ­n¬ ¾ñ�� � �=¹ �¬5 ñ 5 §jºh» ³"X �D«M� � ºh» ¾�ì�5-�4³ ¦J¼ �=A6B ¡ ��«

4.5 ½G¾U¿�ÀUÁÃÂÃÄ�Å�Æ�Ä�Ç*ÈÊÉÊËÍÌMÎ�Ä�Ï�Ð�Ñ*Ò�ÄUÓ�Ô
CSDR :�ò ~ 5UÕ �$ñ ¾$Ñ�Ó � 36� {�< Ç ò!Ö�×�¡ÃÕ�× � ¾
³
ó CSDR :�¾$Ñ)áJ�h;�êºÊ*Õ��
¦�$IØ ®�¾	a�Ü�Õ Higgs ³U)�´ ­ ¾/Ñ�Õ �¦¥ � ��Ù àUÚ 80Ê Ú�Û ¶ ­�¬ � � 3�¾DÜ£Ý���5 { F��
³ { ê { 5 « Ý!Þ�ÝDó Higgs ³�)�´ ­ ¾ � Ê�Õ Û ¶ ­
¬ ³	N�O0®UP S/R

Ú�Û ¶ ­�¬�Ú H � Ò|Ó!ó
N�O$®�P0òDß ^ � { ®�P ñ ¡�Õ { ê�d?·�¸ ��Ù à�Ú 80Ê Ú�Û ¶ ­
¬ òD;�Õ Ú ³h¹�Ý&5 «
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F S/R FH 80Ê�à�¾"XGÕ K ­UL Ú
(3) Z2 ⊃ Z4 = Z(SU(4)) H ⊃ SU(5) SU(3) × SU(2) × (U(1))2

⊃ SU(3) × SU(2) × U(1)

(4) (Z2 × Z2) = Z(Sp(4) × SU(2)) H ⊃ SO(10) SU(3) × SU(2) × (U(1))3

⊃ SU(5) × U(1)

⊃ SU(3) × SU(2) × (U(1))2

(5) (Z3 × Z2) = Z(SU(3) × SU(2)) H ⊃ SO(10) SU(3) × SU(2) × (U(1))4

⊃ SU(5) × U(1)

⊃ SU(3) × SU(2) × (U(1))2

(7) Z2 = Z(SO(7)) H = SO(10) SU(3) × (SU(2))2 × U(1)

⊃ SU(4) × (SU(2))2

⊃ SU(3) × U(1) × (SU(2))2

(7) (Z2 × Z2) = (Z(SO(7)) × W) H = SO(10) SU(3) × SU(2) × (U(1))2

⊃ SU(5) × U(1)

⊃ SU(3) × U(2) × (U(1))2

table4.7

á ¾ CSDR :I¾IÑ�Óãâ � ¾ GUT òhä|F  îC¾�³nó GUT
Ú 8IÊ Ú�Û ¶ ­
¬ ñ ·�¸ ��Ù à�Ú 80ÊÚ1Û ¶ ­�¬�Ú bVì Ú�Û ¶ ­�¬ ò!;�Õ �$ñ ³�åD¹ � Ò6Õ «�� Ú �0ñ ³ GUT ò Wilson flux breaking

mechanism ¾$Ñ�á?�D8|Õ  îMæ Æ % � Ò6Õ « {Dç�{ ê�ó Wilson flux breaking mechanism ¾0Ñ�Õ��Ù à*Ú 8IÊ Ú�Û ¶ ­�¬ ³ multiply connected { N�O$®�P 9 Ú�èIÚ1é�ê-ë Þwê�FJÕ6æ Ú�� ÒwÓ!ó
N�O$®�P Ú�é�êIë Þwê�FJÕ Û ¶ ­n¬ ñjì�í � 13 î�æ!ï { Õ Ú ³ k �jð o�Þ^ê � ÒIÕ «� Ú�ºh» ò�ñ6ò�¡GÕ�× ��Ú=ó : ñ Ý&�,ó	ô ' ³ S/R ¾"õ�ö Ú�Û ¶�÷Jø6ò"ä�«�¡GÕ �0ñ òDù*ú6Õ�ûü Ú �0ñ ¾0Ñ�Ó Higgs ý?þ  1ÿ �!ø�¾-æRõ�ö Ú�Û ¶1÷1ø�� � Ê�Õ Ú�� ó ü Ê�ê Û ¶1÷1ø Ú ì��������� Ý¬5 Û ¶�÷1øU�	;hê�ÊÃÕh°1± à �$ÒIÕ&û
sec2.2

�=A6B ÝD×CÑ	��
 S/R 
	ä�«�¡GÕ �Iñ � � �-Õ Û ¶�÷�ø Ú ö^ò
��Õ�× � 
 � SO(d) �*)� ø v
Ú

R
Ú � ��Ú	� ñ6ò�è í ÊUd/ÑD5Jû S/R

Ú�Û ¶1÷1ø � v
Ú

R
Ú � ��Ú?� ñ � � ÊÃÕ R

Ú
���	x�y*{������6� Ú ö ñ�� 5�
 x�y�{������6� Ú�����Ú ö6ò��£Ý�×	öUo/Ü ñ Õ �/ñ � � �-Õ�ûü Ú × � ó Û ¶J÷JøFò&õ�ö ñ Õ �0ñ � � ��Õ S/R

��� �1Ù { coset space Þ �1Ù { coset space
Ú
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Î� "! P�
��6ê�Ê�Õ�û�Ý¬Þ�Ý�ó § �=A�B ¡ÃÕ4Ñ#��
 �µ¥ � ��Ù à�Ú 80Ê Ú�º"» 
 ô6~�� �6Õ Ú��
S/R � � ��Ù {  î$
��6ê�Ê�Õ!û
ã�ä,å�¤��� � ã
änå�
�ÑIÓÔóµõ�ö Ú1Û ¶?÷	øCò�ä?«�Ý�×14 Ú Higgs ý	þ  	ÿ �jøCòD�UÕ [2] û�%=à,ó�& � $
Ø�! ��Ú K ÷ L ^ B ñ ÝR� � ó 10

� $ � K ÷ L Ú G � SU(5)
Ú K ÷ L ^ B ò�ù�ú�Õ&û ü Ý¬�	N?O

! P ñ ÝR� � ó � �JÙ { coset space Sp(4)/(SU(2) × U(1))non−max ò�'�(J¡*Õ&û)%+*�ó G=SU(5), Ú
R=SU(2) e U(1)

Ú�-��/. H � ó SU(5) ⊃ SU(3) × SU(2) × U(1)
Ú?� ñ0
 �21 Õ SU(2) e

U(1) ò RG

ñ H { ¡ �/ñ � ý � û43�á���ó 4
� $ ��Ú K ÷ L
5 H

�
SU(3) e U(1)

ñ { Õ�û� 
�ó 4
� $IØ�! 
?a-5I� Higgs

 �1`�¡ H
Ú �-� ò=m � Õ�û CSDR ø�÷1øwò"C ~ ¡MÕ�* � 


S = Sp(4)
Ú)687 �6� Ú R = (SU(2) × U(1))non−max

Ú � �IÚ�� ñ ñ ó G=SU(5)
Ú�6)7 �I� Ú

H × RG = SU(3) × SU(2) × U(1)
Ú � ��Ú?� ñ^ò ì�9 ¡GÕ&û

SU(5) ⊃ SU(3) × SU(2) × U(1)

24 = (8, 1)(0) + (1, 3)(0) + (3̄, 2)(1) + (3, 2)(−1) + (1, 1)(0) (4.21)

Sp(4) ⊃ (SU(2) × U(1))non−max, 10 = 3(0) + 1(0) + 2(1) + 2(−1) + 1(2) + 1(−2) (4.22)

� 1 ê�ò ì)9 Ý¬� CSDR ø�÷?øFò�C ~ ¡�Õ ñ ó 4
� $ ��Ú Higgs

 �	`�¡ H
Ú ��� � 3(−1), 3̄(1)�":<; ó�î�� ð �hõ>= �6� ñ { Õ!û��� � ó Higgs ý?þ  Jÿ �!ø�òhm � Õ&û ü Ú * � 
nó2%=à SU(5)

Ú W ]�? Ú/@�A ò (4.21)
Ú	� ñ


 � ô ÝB* @2A 
 ñ ;DC ¡?û
GSU(5) = Gi, Gα, Gαρ, G

αρ, G (4.23)
�1� �8E

i = 1, ..., 8 α = 1, 2, 3 ρ = 1, 2, 3 a = 1, 2
��: ÕRû � 1GF W ]2? P Ú ö�HJI�K � tabel(C.4)


2%0L � � : Õ�ûM%�* E 4
� $ �6Ú�Û�NMO ÷  φa

Ú+P ú�Q a 
 � ¡GÕ @�A æ (4.22)
Ú?� ñ0
 �R ÝB* @2A 
#L ;DC ¡?û

{φa, a = 1, ...., 10} → {φα, φ, φ+, φ−, φa+, φ
a−} (4.24)

� Ú�@2AUÚ ��S Ú Sp(4)
W ]�? L ü Ú�T H$I
K � (C.6) U4L table(C.6) 
�%	L�V1� : Õ&û � 1WFX ~ 56� CSDR Y�Z�U Ú ñ �

φα = Gα, φ =

√

3

5
G, φ+ = 0, φ− = 0, φa+ = βρGaρ, φ

a− = βρG
aρ (4.25)

L\[$]-Õ�û � 
 S/R
Ú+^�_IÚ�` X
a í Õ�û v

Ú
R
Ú ��S Ú?� ñ X H�Õ�L 2 b Ú � 5�
 x�y*{��

�2��� Ú���� 
 � ñWc 1 Õ Ú S E S/R 
 � 2 b Ú�Û ¶1÷1ø>dJä�«�S"e6Õ&û ^2_ , Ú ï { Õ Û ¶J÷
ø Ú « ;gfM� (2.39) U�
�3�h��	òM% ;iE�j�Ú�k2lM� 1(2)+1(-2) 
 � R ÝB*8m � L 2(1)+2(-1) 
� R ÝB*�m � S ü 1"n81 ï { Õ Û ¶�÷Jø X ä1«6¡ÃÕ�oJLpd2S"e-Õ&û (4.24) S<L ;DC ÝB* @�A�Ú �
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S ^�_IÚ�`M�

g =





































0 0 R−2
1 0 0

0 0 0 R−2
1 0

R−2
1 0 0 0 0

0 R−2
1 0 0 0

0 0 0 0 R−2
2

0 0 0 R−2
2 0





































(4.26)

L�q�ú FD1 Õ�ûGo�o�S R1, R2
�

coset space
Ú ï { Õ*brb Ú�s�t X � ¡Jû Higgs ý�þ  �ÿ ��ø Úu8v ` (3.13) 
 (4.26),(4.25)

Xxw «�Ý���y ^ ¡ÃÕ>L E Higgs
k
β 
J3�Õ Higgs ýJþ  Jÿ �!ø Ú/z{ `

V (φ) =
12

5

(

3

R4
1

+
1

R4
2

)

+
8

R2
1

(

1

R2
1

− 2

R2
2

)

β†β +
24

R4
1

(β†β)2 (4.27)

d�| Fi1 ÕRû�o Ú ý	þ  	ÿ �jø Ú � b~} Ú�` Þ F�� ÞIÕ23M�\
 E S/R
Ú<� b Ú1Û ¶?÷	ø Ú ì 
�3xh

� ��Ù2� Ú
� 1 f d8� � Õ&û R2 >
√

2R1
Ú�k2l$�	� ¥�� ��Ù2� Ú�� 1 �/� o F à E R2 <

√
2R1Ú�k2l 
 �0� ¥M� ��Ù�� Ú�� 1 d � o�Õ�û ü Ý!� E R2 <

√
2R1

Ú L/e�
 � b Ú�Û ¶�÷1ø Ú ì Xa2� ¡GÕ�o�L�
J3+h�� E<� ¥�� ��Ù�� Ú�� 1 Ú�Û ¶�÷1ø|æ a2� c 1 Õ�û$%�* E R2 =
√

2R1
Ú/k

l 
 � Higgs
kUÚ4� � Ú }�d {$�"{ ;gE	� ¥�� ��Ù2� Ú
� 1 �8_ ?�� � 
�3�hJ��| F�1 ÕB} X��

ú+*GL�e Ú+�2� o ; �DÕ�û4o Ú�k�l 
 �0� ¥$� ��Ù�� Ú�� 1 Ú�� ÷��1÷�� O�� ÷U´�
 S/R
Ú�Û

¶�÷�ø�d?«$h��Mo+� � ��Õ Ú S E8������� ûGo Ú 30��
 S/R 
hõ�ö Ú�Û ¶�÷�ø X ä�«�¡GÕ"o>L
S E S/R

Ú�Û ¶1÷1ø�d GUT
Ú�� 1 Ú�Û ¶1÷Jø£¨ F �6Ú/k2l S�æ E ·�¸ ��Ù�� Ú
� 1 Ú�Û ¶�÷Jød�| F�1 Õh°1± � d"�)�Je+*	ûo�o�S E � b��2��d8�J�JS : Õ�û�����Ýx*M30��
 S/R 
hõ6ö Ú�Û�� ÷�ø X ä2��S>eIÕ k�l L�Ý

� �)E S/R d ��� Ù � k2l L � Ù � S/R
Ú)C  "!�  S : Õ k�l�ÚW�i¡¢; d : Õ�d�£2¤ Ú�k�l$�j�Ú�¥�¦ 
 �/§ ú)� � ûM� ç � F E+� Ù � S/R

Ú�C  "!�  Ú�k�l 
 �8^�_ d8¨�©�ª�«/¬+d � Ù� S/R 
 � R Ýp*2©Mª>«�¬ ��­ � ` L�� ;gE ý�þ	® ÿ"¯ øMæ � Ù � S/R 
 ��° ÕJýJþ	® ÿ�¯ øÚ�± L�ÝB� Ú+� | F�1 Õ	Þ F S : Õ�û
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5 ²´³¶µ· ¦�¸ S � CSDR ¹ Xpº � */» u/¼)½+¾�¿�À {2Á 
�b � �
Â)ÃWÄ\*xÅ�Æ À
Ç+È 
�É � � E CSDR

¹ X/º �	Ê o�L
S�Ë�Ì ¼J½0Í É#] Ê8Î2Ï�Ð8Ñ ¬�Ò Ï L Higgs
Ñ ¬�Ò Ï d E &�Ó�Ô�Õ�Ö Í É#] ÊÎ�ÏJÐ�×�¦ À Î8Ï>Ð�Ñ ¬)Ò Ï X ��Ø L2Ä���» u � Í ×8Ù S�eÛÚ Ê o"L XBÜ Ä�*�Å)Æ À+Ý�Í E Higgsk�Þ+ß Ó2Ô"Õ8Ö Í ÉM] Ê/Î)Ï>Ð�k À�à)á Ö  �â�ãJä<F | FD1Jå Å>æ å E Ë"Ì ¼�½#Í ÉM] Ê�ç�è�él } Þ+E+ß Ó)Ô"Õ+Ö Í ÉM] Ê�ê)ëpìîí\ï ® k L Î)Ï>Ð�k À�à+á Ö  /â�ã À é)l } X �+Ø L�ÄB��|

F�ð Ê�ñ+ò � d :JÊ o>L X/ó å Å
CSDR ¹ À8ô)õ L�Äp� Þ�E�ß Ó�Ô>Õ8Ö Í ÉM] Ê�Î)Ï�Ð�×�¦ ä<F2ö Ó2ÔJÕ+Ö�S À ×2¦ X | Ê Ý>Í Ek Í � ÄB� Î8Ï�Ð � H L à+á Ö   À�÷�ø � H�ù ÍJú Ê\û Ë�� H Xxü l�°ÛÊ ô+ý � �)þ � Xpÿ�� °Ê å V Í�� �+þ � ä�� À��	� d�
 � o��BS�
 Ê Å�Æ À å V � ß Ó2Ô Í ÉM] Ê/Î+Ï>Ð ù G � à8á Ö
  À�¾������ � °0Ê o�� Í>ú���� ö Ó2Ô"Õ8Ö Í É�� ÊB×�¦ À�¾������ � �	� Ê o���d��"e Ê Å�æ
å � ö Ó)Ô Í É�� ÊB×�¦ Í! ð Ê>�#" �%$ ��Ï Ò Þ�ß Ó2Ô Í É�� Ê�Î+Ï>Ð ù À Î8Ï>Ð�é�l ��& �à8á Ö   À(' �+Ï+ì À � � À � � CSDR ¹ � º �$Ê o��)� ú��+* � �G�!" �,$ ��Ï Ò ÍJú Ê » u¼�½2¾"¿�À ñ+ò ��- | ��ð Ê Åu�. � � CSDR ¹ � º � �8»(/ ¼�½��B¾"¿ °0Ê10 � Þ+� �32Jä À!4(5 - 
 Ê(6 � � ó å Å�Æ À87
2 ��Ä�� Þ CSDR ¹ � º � � GUT � | å Ý"Í#9 Ä � Ë"Ì ¼�½��1: � 6 � - ��; Ê ä � � Ú=< 5>�? å Å 6 À Ù�@ ¹ À!A � ��Ä�� Wilson flux breaking mechanism Í"ú Ê GUT À � ð Í 2 � �¥2¦ Ä å Å>æ å!B À!4C5 ��ÄB� � Ë�Ì ¼�½$Í É�� ÊED(F2�)þ � À � ð À�' �+Ï8ì �19 Ä � : � 6
� - ��; Ê ä � � ÚG< 5 -�H�I �rð>å Å 6 À Ù�@CJ ÀKA � ��Ä�� ��à8á Ö   S/R ÍEL & ÀC' �8Ïì �!: � °0Ê�6 � Í 2 � �NM(OîÄ å ÅQP � ÍN�N9 Ä � GUT R2Ë"Ì ×2¦ Í É�� Ê�S À Î)Ï�Ð ù Í��°GÊET  �� | Ê å � Í �J��� � ß Ó�ÔU� À Î�Ï�Ð ù � à�á Ö   S/R � ó 2 � Ê � � Ú 4�5WVV�X�Y�Z�[�\ °ÛÊ Å�]�£ Þ	6 ð^� À#4C5$À Ù�@ Í(_ � å1`	a �Eb ? � � � 6 � - ��� Í � Ê Å>æ
å �� �c � � ¼�½MÀ�¾�¿�À å � Í Þ	��d � �)þ � À � ð À £ À Î)ÏJÐ�e�f ®)R ê�ëBì¶í\ï ® À#gh À�i1j�� ê�ëxì¶í�ï ® À ü�k ­ � CP À � ð �%l �19 Ä � �1m Ê ä � � ? å � P � Í#n � � ?
å ¥�¦ ��b Ú ��� - 
 Ê Åo � À�4C5 ÞKp ? � �MÊ V/À�À�� CSDR ¹ Í>ú Ê »�/ ¼�½MÀ�¾"¿MÍ Þ o � À1qsr � ��t - 
 Ê Å
CSDR ¹ Í"ú����Jú��u* � �G�1" �,$ �/Ï Ò ÍJú Ê »�/ ¼�½%�p¾�¿ °ÛÊ�6 � - ��; ð	v �#wNxsy
R"Æ À   À!z�{(| º À P � Í »�/s}�� ×)Ù - �s; Ê Å~P � Í��� �c }�� ¼�½%�1:W� à)á Ö   ���Ê�6 � - �s; ðUv � Õ+Ö À · g }�� ¾s��À ×)Ù�� À��C� ä � -�� ��ð Ê �=�(�^P ð Ê ÅWÄ å -�?� � CSDR ¹ Í>ú Ê »�/ ¼�½MÀ�¾"¿ Þ%�G� À�ú�� ���8×2Ù �#:~� ñ8ò(� �K� 2 Å
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���

æ#����/ Í��#��:���� ��
 Ê�������� ���	ÍE����À#�%�K��� æ ° Å �(��� ���	Í Þ · ¦�¸ �K|
â °ÛÊ Í 
 å ?N� ����� R¡ G¢ À#��:	£ lE�N¤C¥�É�¦(§ ÍC£~� æÛÄ å ÅC¨�©(ª�« ���	Í Þ �C� R� ª £ lE�+ÉC¦C§ Í(£ ? å 6 � � ÀK�s��� 6 À S �)¬­� �U® Ä 0 I æ ° Å>æ å � · ¦�¸ À�| â À
å � À��(���1¯�ÍKb ?�� � ðJå PD À�°(±�9�²C³ �µ´�¶�· ³��#¸C¹�ÀNc ��º ²C³ �1»(¼E½�¾ ³ �Vµ¿(� ª £ ¥�¦ �3ÀCÁ £!� ó Í#Â °0Ê ����À#���1��� æ ° Å · ¦�¸ À�| â À å � Í Þ �Nw�x�y ¦
`sa�Ã À�Ä P Z�À!Å(Æ�ÇJÍNÇUY!Ç�Y � � � �rð æ0Ä å Å�Æ ðÈ� Í1Â(É Ê �s��V 6 À S �)¬Ê� �	®Ä 0 I å Ç �ÌË Ç æ É ÅCÍ(Î Í ·�Ï ¸ À�| â Í 
 å ?N� Å�ÆsÇ R�ÐMæÛÄ ��� ðJå�Ñ�Ò R�Ó(¾ ÍE�� Ä å Ç �3Ë Ç æ É Å
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A notation
6�6 � Þ · ¸ �#Ô�Õ ð>å notation Í 2 Ç � æ%� � å ÅÖØ×,Ù

D Ó�Ô"Õ)Ö MD = M4 × S/R À û Ë Þ
XM = (xµ, yα) (A.1)

� T É Å 6C6 � xµ
Þ ö Ó�Ô Minkowski Õ�Ö M4 À û ËU� � yα

Þ
coset space S/R À û ËU��
 Ê Å

æ å � û Ë�R S Í# ð Ê Õ+Ö À â�ã � T É�Ú�Û!Ü�Í 2 Ç � Þ
µ, ν, ... → ö Ó2Ô Minkowski Õ)Ö À â�ã
α, β, ... → à)á ÖUÝ S/R À â�ã
a, b, ... → S/R À!Þ Ö�Ý À â�ã

� É Ê ÅÖ S ß�à
S/R Í!Â�É Ê ÷�ø ¥�á ù S À Ô s ∈ S Í>ú Ê�û Ës¥Cá

s : yα → (ys)α (A.2)

� T É Å s Í�ú ÊKâ ¥(á À S k Þ -s � T É 6 � Í!É Ê Å�æ å ��ã	�N° ¥(á Þ
(ys)α = yα + ωβδa

βξ
α
a + ωiξα

i +O(ω2) (A.3)

� T É Å å > Ä � ω Þ ãU��°�ä $Cå Ï ÒC�s
 �æ� ξ Þ�ç ÀNãU�N° ¥(è ã � T É�é�êìë ì�S �s
 Ê Åæ å � ξ Í!í^�ÌÚ�ÛKÜ i, a
Þ Æ ð�î8ð � R À�ï â �(ð B É Ê Ú%ÛKÜ � S/R À�ï â y���ð B É Ê ÚÛ1Ü ( ñ Þ Ö�Ý À â�ã ) ��
 Ê Å�/ .U� MD = M4 × S/R

0 � � ª^P ð>å S Φ(x, y) À S ¥�á Þ
Φs(x, y) = Ω(s, y)Φ(x, y−s) (A.4)

� T P ð Ê Å 6�6 � Ω(s, y)
Þ

Φ
- Þ ÖUÝ 0 � '�ò $ Ï �Né%ê¡ë ì ��ó�ô f ì ��'%õ�ö ì À�Ç �

ð �s
 Ê ä Í>ú ?�� ¥UÕ Ê ��Þ ÖUÝ À(÷�ø%� T ÉCb�ù ��
 Ê ÅÖ MD úsû,ü
MD = M4 × S/R ÀNý h Þ

gMN =







ηµν 0

0 −gab






(A.5)

�Gþ É Å 6�6 � ηµν
Þ ö Ó�Ô Minkowski Õ8Ö À�ý h ��
 �

ηµν = diag(−1, 1, 1, 1) (A.6)
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��� Ê Ås/ .	� gab
Þ

S/R ÀNý h �s
 ��� /�ÿ Í Þ
gab = diag(a1, a2, ..., ad) d = dimS/R (A.7)

� T P ð Ê Å å > Ä � S ¥(á Í�ú Ê�� ¥ � �����CÉ Ê ��� â�ã Þ (2.39) � Í�ú����U� P ð Ê
	Ö���
�� ß�àS
Φ(x, y) Í!Â�É�� Î+Ï�Ð ¥(á Þ

Φg(x, y) = D(W (x, y))Φ(x, y) (A.8)

� T É 6 � Í1É�� 	,6�6 � D(W(x,y))
Þ

Φ(x, y) ��� É Î+Ï>Ð ù � T  �� � Í��U£�� Î+Ï>Ð ¥�á� � T�� � W(x,y)
Þ ãU��° Î+Ï�Ð ¥(áU��
 � 	 æ å � Î�Ï>Ð ¥Cá�� S k V â ¥(á Þ (-g) � T É6 � Í1É�� 	�� Û v '�õNö ì�S ψ(x, y)

-� �! Ð ù ��"$# T  &%��Ké%ê8ë ì�S AM (x, y)
-$'�( T

 �% � � � Ç)� � � å �!; �  $!&* ¥Cá Þ$+ ð	î8ð
ψg(x, y) = D(W (x, y))ψ(x, y) = eW (x,y)ψ(x, y)

Ag
M (x, y) = D(W (x, y))AM (x, y) = eW (x,y)AM (x, y)e−W (x,y) − eW (x,y)∂Me−W (x,y)

�-,�� � 	

B .0/214357698 Ý -;:=< } c=> ��
 � S k %@? S � 57698 Ý %�Â�ÉA�7B ��C ��DFE � � + �7G 'AHK'I !KJ � + �(Ý�� z�{(|@L��NM�O@PFQ 8 %!Â�É�� <�Ï	> � É�� 6 � -;RNS �s
 � 	,6 � D�E,�Kcb(É���T � %�UWV�X7Y&Z (harmonic expansion) �\[�] �^L�Ç�� 	 É�£ Õ X�U D O7P&%\_ � � S �` ôEä�ê�ë 8 Ý B ��"=a I !bJ (normal mode or harmonics) %Fc��dY9Z#É�� 6Fe � D@E%�Ebgf 	6�6 � ? B ��h7i�¥(á�j � Lie j S
e�� T e ; % B=S � S k e B=S/R � S k %�k � � U�VlXYNZ ��m�� �^n�É 	

( 7 )B=S � S k � V=X�Y&Z
S
0 � i & �oY�Z�ÉA��T � � 97p�q�b "�r ? Peter-Weyl �7s < %Nc)tdU�{�Ç&%�uovxw�£�Ç S �yFz�{�| ! £�}l~ Tl� � b(ù��(w D

(m)
pq
e £&� 	��@� w7U (m) ?�}�~ T���� ð B É��\TF� �9� é� wF��� 	A� � e�� q�b�iKj�?

1

Vs

∫

dµD(m)∗
pq (s)D

(n)
st (s) =

δmnδpsδqt

dm
(B.1)

e £N� 	A��� w dµ ? S � � ¥���� wF�At�U VS, dm
? +;� î � S � >7� e��l��� � O=P&wF�9� 	� � q;�)��� �C´ U S � w s�ª�� � ����� f(s) ?

f(s) =
∑

m

∑

pq

√

dmD
(m)
pq (s)f (m)

pq (B.2)
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e YNZ � � � 	�� � Y&Zl%\_&�l�WX&?�� � � {�Ç9%@uWv�w�£NÇ S � ylzl{�| ! ��� � � � � �Cù���N%\��Ç � � Õ � � 	A� � YNZ � %�q;�)�^� �W� L �-� � ��e w7U\�=� f
(m)
pq
?

f (m)
pq =

√
dm

VS

∫

s
dµD(m)∗

pq f(s) (B.3)

e �N��� � � 	9�=� ó�ôF� � %\��Ç ��  u�¡x%\¢�Û �&£ cKÇ 	
( ¤ )B=S/R ��¥7¦)� VlX@YNZ� �\¥7¦   S ? B �\h$i�¥�á@j £ � w$U S � ylzF{�| ! }�~ ��� � �(ùl��� � VlX7YNZ ��"@§ %LsÇ)� ��e©¨ w � � 	 T�ª � U B=S/R w��F� ��eW« �­¬&® ¨ �)�)� � � 	 �&¯AtdU S � P ° e
s′ = rs for, ∀r ∈ R ? S/R �9� u�±-² ��³ É � w�U\V�X�YNZF%�_)�F�^X)? � ��´7µ �\¶ TNÉ S

� �=� %#Â(É��   � %�¬N® � � � 	 É�· ÕF¸ + �\´@µ ?
D(m)

pq (s′) = D(m)
pq (rs) = D

(m)
pt (r)D

(m)
tq (s) ∀r ∈ R (B.4)

e , ��� 	)�©� ? s→ s′ �;¹ %�Y&Z ��"$§�� ÷�ø � ¶�º»� U^¼=½&ux±�² s w � Y&Z ¨;¾ Û)� � ��Fe��W¿�À É�� 	 ¯$T7U�Á ÿ % D(m)(r) ? R �;Â ~ �@� · � w�Ã�Ä7? D(m)(r)
¨@Å9ÆlÇ êoÈ7ÉN%

·F� "7§ ��Ê=Ë�	l+ � e�� � Å9ÆFÇ ê;? R � }@~ �@�)��� É 	�+�� w7U � �^% D(m)(r) � k$DNw��� � R � }�~ ��� D
%�¬N® � T

D
(m)
iq (rs) = Dij(r)D

(m)
jq (s) (B.5)

�^Ì T�Í S � }F~�· y9z&{Î| ! �F� ��ù � �l� � V�X=Y�Z ��"=§ % e � �&e^¨ w � � 	A�=� w
i, j = 1, ..., dD

w7U dD
? �l�

D � O7P&wl�9� 	Ï� T ¨FÐ$Ñ U R �@Ò w � k7DNw D
�©Ó&Ô

S � }~ �=� � ¶ S/R �F� V�X7YNZ=%�Õ ¾ Í�� ��e %7·F� 	=+ � T=�oV=X@Y9Z=%�Õ ¾ Í�� D(m) ? + �� ¨ ��� R � }l~ �l� D
%�È$ÖlÍ��   �=� ¶×e ·&� 	¯@T@U S/R � w=?@T@ª � �o��ª9��wl·�Ø R �;Ù7Ú@Û �WÜ&Ô ��� � ÜÎ�WÝ f 	&+;� �^? S/R ���²=w s→ rs %�È ���@Þ wl�F�Wß��9?�·)Ø-U R %Fc@� Ù7Ú7Û&��à w �7á\â ���
Ñ   coã 	 ��¯�täU

fi(s)
′ = Dij(r)fj(s) (B.6)

%9c@� á�â � f©�l� 	A�W� � � ���x%�È@Í�� S/R ��� VlX@YNZ=?

fi(s) =
∑

m

∑

ζq

√

dm

dD

D
(m)
iζ,q (s)f

(m)
qζ (B.7)

w ¾�å � � � 	 ¯@T R æ9ç$è H Ç�é � VFX7Y�Z�?

f(s) =
∑

m

∑

ζq

√

dm

dD

D
(m)
iζ,q (s)f

(m)
qζ,q (B.8)

w ¾�å � � � 	��@� w7U�XN?
D
�^Ó�Ô7ê ã�%=u^v�w=·�ã S � yFzF{�| ! }l~ �=� %��lã ÑÎe � 	¯�T@U ζ ? D(m) %

D
¨�ë � Ó ¯ ��ìNe�� %$U +7� � ��í�î Í ì T��7ï�ð å�ñ wF� ì©ò Á�ó9U S
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ï�Á$ô�ï�P ¨ s = rL(y)
e , � ì=�9eW« �

fi(y) =
∑

m

∑

ζq

√

dm

dD

D
(m)
iζ,q (L(y))f

(m)
qζ (B.9)

e · ì©òA� ï e�� U S ï S/R õ ï�ö@LNï Ò w fi(y)
?

fi(y) → f ′i(y
′) = Dij(r

−1)fj(y) (B.10)

e­Þ7÷ � ��ì
ò��@� w7U y′, r ? (2.19) ø c�t y, s w ¾Nå � ��ì©ò ¯$T7U � ï��^� « �­Y&Z��=�NïÞ7÷ ?
f

′(m)
qζ = D(m)

qp (s−1)f
(m)
pζ (B.11)e · ì=�9eW¨ n � ��ì©ò ¯@T@U�ùûúüã$ý&þ=?^ÿ���Í ì�¨ Y&Z��=�x?

f
(m)
pζ =

1

VS/R

√

dm

dD

∫

S/R
dµ
∑

i

D
(m)
p,iζ (L(y)−1)fi(y) (B.12)

ø c Ð7Ñ;¾�å � ��ì©ò� � ï�D=E)? MD = M4 × S/R � ï ¥)ø Èûú Ñ�� L9w ��ìWò�� ã e ú Ñ ?�Y�Z��F� ¨ M4 ï��� ø���	 Í ì cxf ø · ì���e wl� ìüò ¯7T$U�Ã�Ä@?�

� é � ¥�������� � ¥ ·��^ï R ï Â ~N· �� ï�V=X$YNZ � ¢ å=ìüò�� ï e�� ? R ï SO(d) õ ï������ ¶N� ¢���ú Ñ R ïo}�~ ��� ø k�D�ú-U� ï�}=~ �=���9e ø VlX@YNZ � �bf ò

C  "!$#&%
��� w�'�(*)�w,+lã×� � T Lie j ï,-�.*/10 ��� �Wï32 ÷ �^�54�687 é:9:; �Fø �lã Ñ ¯<0��=
[2]
ò

> SU(3) ?5@<A
(3.31) B ¾�å � � =�C3D �=� ïFE�G

SU(3) ⊃ U(1) × U(1),

8 = (0, 0) + (0, 0) + (1, 2) + (−1,−2) + (1,−2) + (−1, 2) + (2, 0) + (−2, 0)

ø È$ÖÏú = SU(3) -H.*/&ïFI�J
'
QSU(3) = {Q0, Q

′
0, Q1, Q

1, Q2, Q
2, Q3, Q

3} (C.1)

0 ¾�å � ��ì©òA� ïFI�J�ï Ò�B ï,-H.*/5K�ï32 ÷ �o�L0 é:9:; � ' table(C.1) B ¾�å � ��ì©ò
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[Q1, Q0] =
√

3Q1 [Q1, Q
′
0] = Q1 [Q2, Q0] = −

√
3Q2

[Q2, Q
′
0] = Q2 [Q3, Q0] = 0 [Q3, Q

′
0] = 2Q3

[Q1, Q
1] = −

√
3Q0 −Q′

0 [Q2, Q
2] =

√
3Q0 −Q′

0 [Q1, Q2] =
√

2Q3

[Q2, Q
3] =

√
2Q1 [Q1, Q3] =

√
2Q2 [Q3, Q

3] = −2Q′
0

Tr(Q1Q
1) = Tr(Q2Q

2) = Tr(Q3Q
3) = Tr((Q′

0)
2) = Tr(Q2

0) = 2

table(C.1)

(3.41) B ¾�å � � =�C3D �=� ïFE�G
SU(3) ⊃ SU(2) × U(1), 8 = 1(0) + 3(0) + 2(2) + 2(−2)

ø È$ÖÏú = SU(3) -H.*/&ïFI�J
'
QSU(3) = {Qi, Q0, Qa, Q

a} (i = 1, 2, 3 a = 1, 2) (C.2)

0 ¾�å � ��ì©òA� ïFI�J�ï Ò�B ï,-H.*/5K�ï32 ÷ �o�L0 é:9:; � ' table(C.2) B ¾�å � ��ì©ò

[Qi, Qj ] = 2iεijkQk [Q0, Qa] = Qa

[Qi, Qa] = (τi)
b
aQb [Qa, Q

b] = (τi)
b
aQi + δb

aQ0

Tr(QiQj) = 2δij Tr(QaQ
b) = δb

a Tr(Q
2
0) = 2

table(C.2)> SU(4) ?5@<A
(3.55) B ¾�å � � =�C3D �=� ïFE�G

SU(4) ⊃ SU(3) × U(1), 15 = 8(0) + 1(0)3(−4) + 3̄(4)

ø È$ÖÏú = SU(4) -H.*/&ïFI�J
'
QG2

= {Qi, Q,Q
ρ, Qρ} (i = 1, ..., 8 ρ = 1, 2, 3) (C.3)

0 ¾�å � ��ì©òA� ïFI�J�ï Ò�B ï,-H.*/5K�ï32 ÷ �o�L0 é:9:; � ' table(C.3) B ¾�å � ��ì©ò

[Qi, Qj ] = 2ifijkQk [Qi, Q
ρ] = −(λi)

ρ
σQσ [Qi, Qρ] = −(λi)

σ
ρQσ

[Q,Qρ] =
√

8
3Q

ρ [Q,Qρ] = −
√

8
3Qρ [Qρ, Qσ] = −(λi)

ρ
σQi +

√

8
3δ

α
βQ

Tr(QiQj) = 2δij Tr(Q
ρQσ) = 2δρ

σTr(Q2) = 2

table(C.3)
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> SU(5) ?5@�A
(3.46) B ¾�å � � =�C3D �=� ïFE�G

SU(5) ⊃ SU(3) × SU(2) × U(1)

24 = (8, 1)(0) + (1, 3)(0) + (3̄, 2)(1) + (3, 2)(−1) + (1, 1)(0)

ø È$ÖÏú = SU(5) -H.*/&ïFI�J
'
QG2

= {Gi, Gα, Qaρ, Q
aρ} (i = 1, ..., 8 ρ = 1, 2, 3 α = 1, 2, 3 a = 1, 2) (C.4)

0 ¾�å � ��ì©òA� ïFI�J�ï Ò�B ï,-H.*/5K�ï32 ÷ �o�L0 é:9:; � ' table(C.4) B ¾�å � ��ì©ò

[Gi, Gj ] = 2ifijkGk [Gα, Gβ ] = 2iεαβγGγ [Gi, G
aρ] = −(λi)

ρ
σGaσ

[Gi, Gaρ] = (λi)
σ
ρGaσ [Gα, G

aρ] = −(τα)abG
bρ [Gα, Gaρ] = (τα)baGbρ

[G,Gaρ] = −
√

5
3G

aρ [G,Gaρ] =
√

5
3Gaρ

[Gaρ, Gbσ ] = −
√

5
3δ

a
b δ

ρ
σG− (λi)

ρ
σδa

bGi − (τα)ab δ
ρ
σGα

Tr(GiGj) = 2δij Tr(GαGβ) = 2δασ Tr(G
aρGbρ) = 2δa

b δ
ρ
σ Tr(G2) = 2

table(C.4)> G2 ?5@<A
(3.47) B ¾�å � � =�C3D �=� ïFE�G

G2 ⊃ SU(3), 14 = 8 + 3 + 3̄

ø È$ÖÏú = G2
-H.*/9ï3I�J�'

QG2
= {Qi, Q

ρ, Qρ} (i = 1, ..., 8 ρ = 1, 2, 3) (C.5)

0 ¾�å � ��ì©òA� ïFI�J�ï Ò�B ï,-H.*/5K�ï32 ÷ �o�L0 é:9:; � ' table(C.5) B ¾�å � ��ì©ò

[Qi, Qj ] = 2ifijkQk [Qρ, Qσ ] = −(λi)
ρ
σQi [Qi, Q

ρ] = −(λi)
ρ
σQσ

[Qi, Qρ] = (λi)
σ
ρQσ [Qρ, Qσ ] = 2

√

2
3ε

ρστQτ [Qρ, Qσ] = −2
√

2
3ερστQ

τ

Tr(QiQj) = 2δij Tr(Q
ρQσ) = 2δρ

σ

table(C.5)> Sp(4) ?5@<A
(4.22) B ¾�å � � =�C3D �=� ïFE�G

Sp(4) ⊃ (SU(2) × U(1))non−max, 10 = 3(0) + 1(0) + 2(1) + 2(−1) + 1(2) + 1(−2)
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ø È$ÖÏú = Sp(4) -�.�/Nï�I�J�'
QSp(4) = {Qα, Q,Q+, Q−, Qa+, Q

a−} (α = 1, 2, 3 a = 1, 2) (C.6)

0 ¾�å � ��ì©òA� ïFI�J�ï Ò�B ï,-H.*/5K�ï32 ÷ �o�L0 é:9:; � ' table(C.6) B ¾�å � ��ì©ò

[Qα, Qβ ] = 2ifαβγQγ [Q+, Q−] = 2Q [Qα, Qa+] = (τα)baQb

[Qα, Q
a−] = −(τα)abQ

b− [Q,Qa+] = Qa+ [Q,Qa−] = −Qa−

[Q,Q+] = 2Q+ [Q,Q−] = −2Q− [Qa+, Q−] = −
√

2εabQ
b−

[Qa−, Q+] =
√

2εabQb [Qa+, Qb+] =
√

2εabQ+ [Qa−, Qb−] = −
√

2εabQ−

[Qa+, Q
b−] = δb

aQ+ (τα)baQα

Tr(QαQβ) = 2δαβ Tr(Qa+Q
b−) = 2δb

a Tr(Q+Q
−) = Tr(Q2) = 2

table(C.6)
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