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1 Introduction

��� S��t<��������K7  8 a	��
 8�M���  �! 8tp � /�m�d � W���u =�����e���<���� �� $ a������������t=	��7  �8t$ ������� ��P��� ���!�" &�#�$ a&%�"�&�#�$ � "(' �*)
=�a+�,
 � $���� � ? �+-/.�0 �1!�"�&�#�$ �+2�3 d�� <�45
76���8�9t<�� h:� � ?�`��
W��(�<;�=(>���?�!�"�&�#�$(��W<�(@�AB=�BC
f< ��=�$���D�=	�
7� �8�$�E .  ��,F	 �� Dirac $�G�H�7� �8�I/J&Kt`�= (Ref [1]) � Dirac  .BH�C �

* �	L<M uB=�a	��G�% E aNH�% B a&G�O e aNH�O g <� � �
E → B B → −E (1. 1)

e → g g → −e (1. 2)

a	�,
QP�R �(� � � ��S/T�_�U(V�W *�X�Y O( �Z�P(��D�=	6 �	[<\]� ?�� � $ a�� Dirac

$�6�9<^�_�`/B�h
eg = 2πn n ∈ Z (1. 3)

��a(b � ����=	� e � 1 afuB=�a g � 1 aK��=�$���� � $�P�R(�<!�" & a&%�"�&(� M ?c(d =�$���D�=	�

� I � � �� Se�*� 7  8f���g� 8 �ih ujek a[����? $ section 2 ��lem u =
Seiberg-Witten $�n�6(��D(op
 (Ref [2]) � � ?q �� 4 r�s(���ut�M %(�����Ba���$ N = 2

�� �! SU(2) Yang-Mills m�d�$�Z�3�$�v<w � n�o�<yx b<?Ba	�,
 � $�����!�"�&�#<$�`
� �+z({ > � $�>|��?�$����~}/������� ����. ?��<��$ a����y!�" &�#�$ � W�� u =�$ <
C�2 E,� <��|��?�$��<�K7  �8>��|?�$���D�=+� � $�n�o W � #(�����y�/F � I�$���U�D
=+"��(���,J ?�<� =~�y� .�0 �~��� � ?�Z 3t$�3t4�<� �P�QtR������ � �������|� � �
 ���st� massless ��9(��� ?(��� h�����$�� s�� massless ��9( �� � $�m�d(�� �� .BH
C � *��(��2(�tE���D�=+6(����� ?q����=	� `�?�� � $ a�� N = 2 �� �!�8 � N = 1 <
>B=�a~� � $ massless .BH�C � *(���<� � ��G�O�$��/�fj�b �	� � u�6 � W�����<y��u� a	�<@�AB=�$���D�=~�� ? � K�bBa � ���yt�M�% � "�& � ?�% & (Ref [3]) � `�?��/��`q��` ��p � /�q�$�%
&��/�~��n�o�W(�����qI������(�~�

section 3 �e N = 1 �e�g �¡g¢�£ (SQCD) ¤�¥�¦f¤�§e¨q©ª�(«g¬�g®�¯°� (Ref [7,

11])±²�³<´ªµ�¶ ©�·e«C¸&�(¹g¤�º(»�¼*½�¾�»(¿ ³(ÀeÁ º(» Higgs º�»eÂCÃ&Ä(Å�ºfÆ/Ç	È�ÉÊ ¯p�	±CË�Ì�Í�È�»~Î�Ï<ÐÈyÑ�Ò<Ó�Ô�©�Õ�¯/��Ë�Ö�· Higgs º,Ë	ÂpÃ×Ä(Å�º(¤�Ø�©�Ù�Ú�È
Æ�« (Ref [6]) ±�Û(Ü�¬<» asymptotic free Æ µ�¶/ÝßÞ�à ¯°�	Ð�áf»�â�ã�ä�åfæ ³�çgè ·�éê á(Æ<¤eë Higgs º(»�ì<ã�ä�åfæ ³�ç�è ·�í ê áfÆ�¤�ë<ÂîÃ&ÄqÅ�ºïë Þ�à ¯°��¤�È/ð:ñ
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ë��(��Ë������C�	±	�	¹
�	» 2 �q¤�º(©�·�Ù�Ú�È�Æ�«�¤�ë<»gÌ���	·����(«<©����	¹�©��
Æ�È�Ü�¬g«(��·���ë��q�	±
Ì�¤ section ë�¤����e·�»yì�ã�ä�å(æ ³�ç�è ©���������� Ý��! �" ��©�#�$/��ÌfË	ë

�(�	±%�	¹��	»(Ì&�'�~·�(�Ú(Æ�Ð<á'�	¹�)�*qÆ�+ Ý�, Å(��ÌqË	·�ë(Ö�¬<«�Æ�«�±
-�. ë�» N = 1SQCD ¤0/���1�Ï(¤ 1 �(©<»�2(¤�3�4NÆ�5<��1(È��(�y¤�ë�·�Æ�«<¹/Ë6 ½7����¬�«��	± Ì�Ì�ë�894:5��;1,Ë+·�»yâ�ã�ä�å(æ ³�ç�è ë�·�<(Æ�� 2 �(¤ µ�¶ È�ì�ã

ä�å(æ ³iç<è ë�·�=/Ã?>/��@(« Ý �+¬�«�¬<»iì<ã�ä�å(æ ³(Ý �<¬�«(�&A�B�C(©CË	Ü�¬�·�»D ·�E 2 �(¤ µ�¶/Ý Ù�Ú(ë�Ö�Æ�«/Ë?894QÔ�F�ë;�(�+±qÌ��(·�» ��G�H 5���1�Ë&I�¾��(¬�«
�	±pÌ�¤/Ë�Ö�» 2 �q¤ µ�¶ ·�â�ã�ä�å(æ ³iç<è ë�·�<(Æ(� ²�³�´0J*Ý /(Ü�¬��
K:»ßì<ã�ä
åfæ ³ML�N ©��g«�¬g· � ð�OeÆ�PRQ�S!T�ë���U!V�Ðï¤ µe¶ ©gÆ�Ü�¬g«ï�(Ë 6 ½W���f¬�«
�	±

section 4 ë�·<» N = 2
µ�¶ ¤�X�Y�+ Ý�Z «�¬�»(Ì�¤ N = 1

µ<¶ ¤ ��G�H 5���1f¤�[\ Ý�] O�¯/�	± (Ref [19])

N = 1 SUSY QCD ¤ ��G�H 5<��1(©���«<¬�»0((©�^�_(ÆqÌ(Ë	·�»�Æ0`�<(Æ(� ²<³�´J°Ý /��Wa��f¤ µg¶ È�»�=îÃ&ìgã�ägåïæ ³Mb�cgµ�¶°ÝMd ½e��¤g¹ ? Ëß«e4ßÌ(Ëßë��ïÍ�4 ±
section 3 ëi<®�¯p�;3�4×Æ SU(Nc) ¤ Vector like Model ¤�5��;1(©;f
�	¬�·�» N = 2

µ
¶ ¤;g�Ð(¹
��h�Å(��Ë	»0i<¤�j�k�È�l�½�¬p¸��+± N = 1

µ�¶ ë magnetic Ë�I�m�ë�«�n µ¶ · N = 2 ë�·�2�¤73�4×©�+;op��p�+± SU(Nc) Nf q7r
³�s(³ ¤ N = 2 SUSY QCD ©

�����<¿ ³(À<Á ºï· ��G�Hf²�³�´ �g �1 Ý /g��±�(q©�» Higgs branch ¤�t�SgÈ�u���v!)Ý�w �0n(¿ ³(À�Á branch Ëyx��(��S�©0z'�&¯/�	±CÌ�¤/Ë�Ö�»�¿ ³qÀ�Á branch ¹���l(�
Ë ²�³<´�J ·�»W{�|74�Ç N = 1 ë magnetic Æ µ�¶ È�/(Ü�¬�«�n ²�³<´�J SU(Nf −Nc)

©�Æ|Ü�¬<«(�+±�i(Ì�©�Ô��p� N = 2
µ�¶ ¤ massless ¿�} ³ ¿~E �~å�� Á ·<»~���� ;1

È N = 1 ©����C�ïË	» N = 1
µ�¶ ¤M5���1(©R�<¬(Ö�n magnetic ¿�} ³ ¿�E �	å�� Á

©�Æ(�y¤�ë��(�	±� n<» N = 2 ¿ ³(À�Á branch ·����~¹�©�»�Ñ�Ò���Æq¿�} ³ ¿�E��	å7� Á ©��(Æ����
�p�+±�Ì�¤�Ì�Ë�Ë+» section 4.6 ë à $p� �;� K×Ä��;Q µ/Ý&Z «�¬ Higgs º�¹��&l;n ²�³�´
SU(Nc)

µ<¶ Ë�»q¿ ³(À�Á ºq¹���l!n ²�³�´ SU(Nf −Nc)
µ�¶/Ý = -�� ¯/�qË	» N = 1

SUSY QCD ©�É Ê ��n�5���1 Ý�� ¸�Ì(Ë	È�ëqÖ��	±

section 5 ë�·�»|Ì�¤73
4 Æ N = 2
µ�¶pÝ&Z «;n�+;�g¹
�+· ] O�ë�Ö�i4 ©�Æ�« N = 1

5���1 Ý �®�¯/�+±/Ì��'�	¤�5���1(¤�[ \ ·<» �;� ·�Ü(Ö�K���¹�Ü�¬�«<Æ�«�±

secion 6 ë<·�»gÌ�¤�3�4NÆ�^;_(Æ N = 1 5���1�©�f��+¬�Ô Ê � ë�©;��¹�Ü�¬<«(�&� Ýà $(»0���(¤�����©��q«�¬�� ¶ ¯��	±
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2 N = 2 � � � � � � � � � 	 
 � � �
2.1 Nf � ������������ N = 2 SU(Nc) SQCD
��� �Æ N = 2 ��g �1 µg¶ ©g· Vector mulitiplet Ë Hyper multiplet ¤ 2 ���f¤
(massless) ���� qÈ�É Ê ¯��~±

N = 2 Vector superfieldΨ · ²�³�´�J ¤"!�#�Ó�Ô(©yÕ'�	»
Aµ SU(2)R singlet(

²�³�´ Ð )

λ ψ SU(2)R doublet( $&%�å q�' å)(�� Á ) (2. 1)

φ SU(2)R singlet( *,+�-�.�/ ³ Ð )

¤�3�4×Æ�0"1¹��&§�0p��(¬�»�Ì�� Ý » N = 1 �<�� �1(¤�8�2(ë�894�Ë	» N = 1 Vector

mulitlet V (Aµ,λ) Ë N = 1 Chiral superfield Φ (ψ,φ) ë�§�0%p��(¬�«��qË�l���Ì(Ë~È�ë
Ö��	±

Ì�Ìyë�» N = 1 Chiral superfield Φ ·
Φ = φ(y) +

√
2θψ(y) + θ2F (y) (2. 2)

n � � yµ = xµ + iθσµθ̄

N = 1 Vector superfield V ·
V = (−θσµθ̄Aµ + iθ2(θ̄λ̄) − iθ2(θλ) +

1

2
θ2θ̄2D)(x) (2. 3)

� n�» V ¹�����¸������ Field strength superfield Wα ·
Wα = (−iλ+ θD − iσµνθFµν + θ2σµDµλ̄)α(y) (2. 4)

n � �

σµν =
1

4
(σµσ̄ν − σνσ̄µ) (2. 5)

Fµν = ∂µAν − ∂νAµ − i[Aµ, Aν] (2. 6)

Dµλ = ∂µλ− i[Aµ, λ] (2. 7)

¤�3�4N©�3(¹��(¬7� D ¤/Ë&¯��	± (Ref [37])

N = 2 ���< �1 µ�¶ · ��� ��Æ��< �1,Ë��ß¬�» SU(2)R × U(1)R �� �1 Ý /���±�T�¤
N = 1 superfield

Ý�Z «�n!Q�4�5që�·�»fÌ�¤'4�{&687�¤ 3�4&Æ U(1)J × U(1)R È�O�9fË
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Æ�Ü�¬<«��	±
U(1)R :

{
Φ(θ) → e2iαΦ(e−iαθ)

Wα(θ) → eiαW (e−iαθ)
(2. 8)

SU(2)R ⊃ U(1)J :

{
Φ(θ) → Φ(e−iαθ)

Wα(θ) → eiαWα(e−iαθ)
(2. 9)

Hyper multiplet ( Î�Ï�Ð ) · ²�³�´�J ¤���j(¤�Ó<Ô(©�Õ�¯���Ì(Ë~È�ë(Ö�»
ψq SU(2)R singlet( $ %�å q�' å (�� Á )

q q̃† SU(2)R doublet( *�+8-�.�/ ³ Ð ) (2. 10)

ψq̃
† SU(2)R singlet( $ %�å q�' å (�� Á )

¤�3�4NÆ�0�1(¹��×§�0%p��(¬�«��~±
Ì � Ý Vector multiplet ¤ªÐ<á Ë�= �f©�» N = 1 superfield

Ý Z «e¬�Ó�¯fÆ �~» 2 �f¤
N = 1 Chiral mulitlet Q (q,ψq) Ë Q̃ (q̃,ψq̃) ©�3�Ü�¬ Þ�à ¯��<Ì(Ë	È�ë(Ö��	±

Q = q(y) +
√

2θψq(y) + θ2Fq(y) (2. 11)

Q̃ = q̃(y) +
√

2θψq̃(y) + θ2Fq̃(y) (2. 12)

n � �~» Q È ²�³�´ �� �1,Ë q�r ³�s(³ �< �1(©��'�~¬�Ñ�Ò�Ó�ÔqÆ��	» Q̃ ·�i�¤�U���Ó
Ô(©�Õ<¯��	± (2. 10) ¹�����¹���3�4N©�» -�� © (Q, Q̃) È�=/Ã&Ó<Ô(©�Õ�¯��~±
N = 2 ���� �1ë�·�» 1 �¤ Hyper multiplet È�<Æ�� Chirality

Ý /;� superfield (Q, Q̃)

ë�§�0%p��(¬�«���¤�È0(��(ë����~±
Hyper multiplets ÈyÉ Ê ¯	�(Ë	» -�� © SU(2)R × U(1)R ©��°½�¬�» s
	 � Á�� U(1)BD ��� ���� �1(©�Æ�Ü<¬���K:» N = 1 superfield ¤�T�ë�·

U(1)B :

{
Q(θ) → eiαQ(θ)

Q̃(θ) → e−iαQ̃(θ)
(2. 13)

U(1)R :

{
Q(θ) → Q(e−iαθ)

Q̃(θ) → Q̃(e−iαθ)
(2. 14)

SU(2)R ⊃ U(1)J :

{
Q(θ) → eiαQ(eiαθ)

Q̃(θ) → eiαQ̃(e−iαθ)
(2. 15)

¤�3�4N©�Ó'p����+±
Q È q�r ³�s(³ �� !1(©����	¬�Ñ�Ò�ÓgÔ(» Q̃ È�ig¤�U��Ó�Ôf©�Õe¯��(ËªÖy¤ q�r ³�s(³
�� �1q©���¯���� H 1q·

SU(Nf ) :

{
Qi → U i

jQ
j

Q̃i → Q̃jU
†j
i

(2. 16)

¤�3�4N©�Æ�Ü�¬e«7�	±�n � �	» U i
j ∈ SU(Nf ) (i, j = 1, 2, . . . , Nf) ë����	±²�³�´�J È SU(Nc) ë Nf q�r
³�s(³(Ý /;� N = 2 SQCD ¤�/��,/ Áy´��qÁ ·�»gÌ��'�

7



¤ N = 1 superfield
Ý�� Ü�¬�2(¤�3�4&©�3 ¸�Ì(Ë	È<ë(Ö��ß±�n � �	» Q · ²<³�´ �g �1

Ë q�r ³�s(³ �� ;1(©y�'�	¬�Ñ�Ò<Ó�Ô,Ë��	» Q̃ ·�i�¤�U���Ó�Ô(©�Õ<¯���Ë&¯��	±
L =

1

4π
Im

[∫
d2θd2θ̄ τclΦ̄e

−2ad(V )Φ +
∫
d2θ

1

2
τclW

αWα

]

+
∫
d2θd2θ̄

(
Q̄ie

2VQi + Q̃ie
−2V ¯̃

Q
i
)

+
(∫

d2θW0 + h.c
)

(2. 17)

τcl =
θ

2π
+ i

4π

g2

W0 =
√

2Q̃a
i Φ

b
aQ

i
b

(2. 18)

� �	» (i, j = 1, 2, . . . , Nf ) · q�r ³�s(³ ¤��<± (a, b = 1, 2, . . . , Nc) · ²�³<´�J ¤�Ñ�Ò<Ó�Ô
¤���±pÌ��%�	¤ mulitiplet · short mulitiplet Ë�I�¾��
� D ¤�ë���K�» massless ¤�� Ý §
0�¯�� D ¤�ë����+±� �	» Hypermultiplet ©��e�	¬<·�»�6�7�¤�3�4 Æ���	���Æ Higgs 
�§ Ý 6 ½���Ì(Ëß©�3
K:» ��ë à $
� BPS Ï7u��� Ý�� n�¯�Ï7u Ý /7nu¯*Ì�Ë+È�ë�Ö��+±��
{ß»���	7��© q7r ³s(³ �< R1 Ýy²�³e´ 5'��n°Ë��	»�i�¤ N = 2 Vector mulitiple

Ý�s�� ¿���/�� Á�� Ð Ë
+�o'�+¬�»�� 1 0�1që�����-,.�/ ³ Ð(È�¥�¦������ Ý /Ü;n/Ë 6 ½��iÆ��	» Higgs 
�§(©
3�K&Ï�u�È� �0'p?�(» super potential ·

W = W0 + Wmass =
√

2Q̃a
i Φ

b
aQ

i
b +

√
2mi

jQ̃
a
iQ

j
a (2. 19)

¤�3�4N©�Æ��	±
Ì�¤�Ï7u� qÈ N = 2 ���� �1 Ý �'�~Æ�«����· [

m , m†
]

= 0 ë�»�Ì�¤���q·�»��(ë à $
� Flat direction ¤!�� Ý�s�� ¿���/�� Á�� Ðq©ª�'�ß¬ , Å!n D ¤�ë!��K:» m Ý

qWr
³

s(³ �< �1(©�3�K×��""5(ë(Ö���ÌqË Ý$#�% �~¬�«7�	±
2.2 &�')(�* N = 2 +-,/. pure Yang-Mills 021
3�4 �gÆ N = 2 �g�e  pure Yang-Mills 5 Z°Ý 6 ½!�	±/ÌgÌªë ‘pure‘ Ë	·<» Nf = 0 »
�	{ª»�ÎgÏgÐ Q̃, Q (Hyper multiplet) ÈeÆg«fÌïË Ý 8 4 ±�Û(Ü<¬e» N = 2 �g�e  pure

Yang-Mills 5 Z · 6�7�ë�l���3�4&© N = 2 Vector superfield Ψ ¤��<ë�3(¹����~±
Ì�¤°Ë�Ö section 2.1 ë d ½Mn�3 4&©g» N = 2 Vector superfield Ψ · N = 1 SUSY

¤ multiplets
Ý$� Ü�¬�§"0�¯���Ì(ËßÈ�ë(Ö��	±�6�7�ë<·�» N = 1 ¤ superfield

Ý$� Ü�¬
N = 1

µg¶ ¤�gªÐf¹ � N = 2 pure Yang-Mills 5 Z°Ý §�0e�ß»�i � Ý N = 2 Vector

superfield ëyÓ�¯/Ì(Ë	©y¯��	±
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N = 1 superfield Wα

Ý�Z «�¬�»�2(¤�3�4&Æ�u Ý���� �	¬�l�3�4 ±
1

2

∫
d4xd2θtrW αWα =

∫
d4xtr[−1

4
FµνF

µν +
i

4
FµνF̃

µν − iλσµDµλ̄ +
1

2
D2](2. 20)

Ì�Ì�ë F̃ µν =
1

2
εµνρσFρσ (2. 21)

(Ref [37])

Ì�Ì�ë i
4
FµνF̃

µν ·�% Á -�� Á��×Á  (ë���K
tr
∫
d4xFµνF̃

µν =
∫
d4x

1

2
F a

µνF̃
a µν = 16π2n (n∈ Z : % Á -�� Á��&Á�� ) (2. 22)

¤�3�4N©�u���5'p��(¬<«��	±�Û(Ü�¬�» *�+ ê á�Q � τcl = θ
2π

+ i 4π
g2

Ý&�
	 ¯��(Ë~» N = 1

Yang-Mills
µ�¶ ¤�5 Z ·

2

4π
Im[τcl

∫
d4xd2θ

1

2
trW αWα] =

2

g2

∫
d4xtr[−1

4
FµνF

µν − iλσµDµλ̄ +
1

2
D2]

+
θ

16π2
tr
∫
d4xFµνF̃

µν (2. 23)

Ë 3����	±
-�. »fÌ&� Ë minimal coupling �	¬g«�� ²g³�´�J ¤ !�#�ÓgÔ(©�Õ<¯ � Chiral superfiled

Φ ¤�5 Z ·
∫
d4xd2θd2θ̄trΦ†e−2ad(V )Φ =

∫
d4x tr

(
|Dµφ|2 − iψ̄σ̄µDµψ + F †F − φ†[D, φ]

−
√

2iφ†{λ, ψ} +
√

2iψ̄[λ̄, φ]
)

(2. 24)

¤�3�4N©�3,¸�Ì(Ë+È�ëqÖ��	±
N = 1 ����  Yang-Mills 5 Z ·qÌ�¤�3�4&©�» 2 �q¤���1�©�1���¬ 3,¸�Ì(Ë	È<ë(Ö��	±
Ë�Ì�ÍyÈ N = 2 ���� �1 Yang-Mills

µ�¶ ë�·�» N = 1 ���< (¤ Chiral superfield Φ Ë
Field strength superfield Wα È 1 �(¤ multiplet ©��á%p�����¤�ë�» (2. 23) + 2

g2 (2. 24)

ë d ½7�����	±�� � · SU(2)R doublet ë���� ψ Ë λ È�=/Ã�� "  (¤�� �/Ý /(Ü�¬�«7��·
�(ë�����Ì(Ë	¹��+» ψ Ë λ ¤�� "  (¤�� � È;=/Ã~©�Æ���3�4N©��(Å�n�±
n � �	» 6��<¤ ��� ¤����<¤�n<Å section 2.1 ©���$��
� Ý 2 ��¯���Q���©������+¬�«��+±ê � » N = 2 �
�� Yang-Mills 5 Z · N = 1 �
�� �1�! superfield

Ý$� Ü�"
S = Im tr

∫
d4x

2τcl
4π

[
1

2

∫
d2θ W αWα +

∫
d2θd2θ̄ Φ†e−2V Φ

]
(2. 25)

!�3�4$#�3�%�&�')(
*�+
,�-
&�.�/�0
1
2 N = 2 ���
 
3�! Vector superfield Ψ 4 ��5 "

S = Im
τcl
4π

∫
d4xd2θd2θ̃

1

2
trΨ2 (2. 26)
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!����$#�3�%�&�')(
*�+
,�-��� 2
Ψ = Φ(ỹ, θ) + i

√
2θ̃αWα(ỹ, θ) + θ̃αθ̃αG(ỹ, θ) (2. 27)

G(ỹ, θ) =
∫
d2θ̄[Φ(ỹ − iθσθ̄, θ, θ̄)]†exp[−2V (ỹ − iθσθ̄, θ, θ̄)] (2. 28)

ỹµ = yµ + iθ̃σµ¯̃θ (2. 29)

yµ = xµ + iθσµθ̄ (2. 30)

(2. 31)

'����
	�.�"���,�'� ,�-
(2. 25) ��,��
/ (2. 26) ��(
2�������� N = 2 ���  pure Yang-Mills ����*���,�-

2.3 Flat Direction

N = 2 pure Yang-Mills ����!��������� �!���(#"�$&%('���3�)�' � "
2*�&+�, 3 4.-�/0 #�1&23�54�6�7�8�9�:�;&< 4�=�>?�
#�@�A� &�'�(
*�+�,�'.����&�'�(&��, -(B 5 "
2
&�7 '�+�8�9�/�=�>���#�C�D � "&E�F 2�G�7�C&D�7�H�I�4 flat direction '���� -

N = 2 �&+�, pure Yang-Mills ��� (2. 25) J � %�/ (2. 26) 7 flat direction 7�K�L 4M�N , -
��� S 7�1�2��54�6�#�O�P � "���,�Q�R�/�2 (2. 23)(2. 24) ��F

Saux =
2

g2

∫
d4xtr

(
1

2
D2 − φ†[D, φ] + F †F

)
(2. 32)

*���,5A�/�2�S�T�6 F 2 D #�+� , Euler-Lagrange H�U�� 4�V�%
'
F = F † = 0 (2. 33)

D = −[φ†, φ] (2. 34)

'���, - &�.�/�4 Saux ##W�X� ,�'
Saux = − 1

g2

∫
d4x tr[φ†, φ]2 (2. 35)

'���F$2�1�2?��45637 potential / V (φ) ∼ tr[φ†, φ]2 *���,
&�'�(5R3A�,�-Y��+&,
3�(�-
.����5K�L�/�Z %\[�/$.�]���,��^��#�8�9�:&;�<�( V (φ) = 0 '���,
&�'���7�*

[φ†, φ] = 0 (2. 36)

*���.�_
2���+�, 3 4`-�/�����8&9�'���,�-
&�.�( 2 flat direction 7�K�L�*a��,�- φ ' φ† (&b�c�*a��F�	Yd�
.e_����a7
*
2 φ 7f8
9�:�;&<�/�g�h���< 4�'�. ,
&�' (�%�'�*���,�-
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2.4 Nc = 2 ���������	��
�����������	�
��� #���������/ 2 Ψ ����#�� 5 ] ��] Ψ† #�� 5 ]��&����V������ F(Ψ) 4�����]

1

4π
Im

∫
d4xd2θd2θ̃F(Ψ) (2. 37)

'���� ��#"!�� ,�- &�.�/
2�&�.�(�#�$
3�'&%�_�. , N = 2 �&+�,
3�7�3&)�7 1 $�*��
F 2('�)&V 4+*�,�,�-
#".�/
#5%�' '���,�-
&�7 F /�0�1+2�3���4�5+6�'+%&_�. ,�-�����798
*�����( (2. 26) #���,�&�'�A�/�2

Fcl(Ψ) =
1

2
trτclΨ

2 (2. 38)

'���, -
'�&;:�*
2"<>= *;?
1e� ��# 2 φ / flat direction #>@ 5 ](8�9a: ;a< 4&A , &�' (

*�+
,)-�8�9�:�;�<?7"A
F H 4�2CB�4& ED�7�2(6�F��.Q�R 4HG�I
*(J
.�_EK9L"*M,
1 flat

direction 7�K&L (2. 36) 7�V '�� 5 ]���,�-
B�4� �D 4 SU(2) *"N�d
,�' φ 7�8�9&:�;�<�/

< φ >=
1

2
aσ3 (a : O�P�� , σ3 : Q�R�1TS�U�7EV 3 W�R ) (2. 39)

*���, -
φ (�2 &*7?� � �*8�9 :Y;Y< 4 "Y$ ' + 2 � �a7CB 4� &D / SU(2) → U(1) L*-�.�2 massive

state ' massless state L�R�A�. ,�7���,�( 2"X�h ( M N 1&��7
/"Y>Z�[�6�\&4
2 $�0 F
8�9?7"]_^�*���,)-58�9�/ massless `ba�*�ced
	 . massive state /�8�9?7"]_^�L(����]
&���� 'TN�de/�. ,Y7
*Cf�R � ]"g�ha , - &�.�/ Willson i�FTj9k '+%a_�. ,&l�m�*
��,�-�0
1�&�7�8�9�/
2�&�7��^�TL�B�4� "D�( U(1) L"n
.�]���,f7�*�o�4�p��Hq�'r%�_
. ,�-
SU(2) → U(1) '�-�. ,�'�2 Higgs sb]�L���F 2 dim(SU(2)) - dim(U(1)) = 2 7�t�u+v�2wyx 2 B 4� 56 7�� x 2 $ 7�tCu+v / massive La��, - (2. 39) 7e��� ��8a9�:�;a< 4
A , '�+�/ 2 A1

µ,A
2
µ ( massive La� F 2 A3

µ / massless 7 0�0 *a� , -�1;� � 2 flat K
L 4+z�1��8�9�:&;�<�/�B�4& {D 4�- ,�(�2���+�,
3�/�-�/����a7
*
25��+�,
3�L���F
λa,ψa,φa (a = 1, 2) J massive L�� F 2 λ3,ψ3,φ3 / massless 7�0
0
*���, -�|�}�2"YbZ�[
6�\�4bL"����]�~ ,�7�/
2 a=3 7�Q�R��9��*���,�-�M� A�/)2rYeZb[e6M\�4 *�7"�_������( '�, N +.�(� 4�N d
,)-�Y_Z�[_6M\�4(�_��/_�E|� *���,�7�* 2�0�1+2�3?�"495�6 Fcl(Ψ) /��(��S�# 4+���f]�2&��������/�K�L�d N 1��
�TL �>� L�V>���"� F(Ψ) 4����a] (2. 37) 7�� *"!�A . , -���75����L5+ � ]�2 F(Ψ)

4 Φ 0��^F+�"��� � ]
2 ∫ d2θ̃ f&R 4+��S�����
S =

1

4π
Im

∫
d4x

[
d2θ

1

2
Fab(Φ)W aαW b

α +
∫
d2θd2θ̄(Φ†e−2gV )aFa(Φ)

]
(2. 40)
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� � �
Fa(Φ) =

∂

∂Φa
F(Φ) , Fab(Φ) =

∂2

∂Φa∂Φb
F(Φ)

�������
���"�

(Φ†e−2gV )a=3 = (Φ†(1 − 2gV + · · ·))3

= Φ†3

�����5A�/��"|�}��"YbZ�[�6�\�4���������� (‘3‘ �
	�� � ] )

SLE =
1

4π
Im

∫
d4x

[
d2θ

1

2
F ′′(Φ)WαWα +

∫
d2θd2θ̄Φ†F ′(Φ)

]
(2. 41)

��������������(X�h��������9���������^F���������L F 7���)��5V�����������

2.5 �������� "!�#��%$�&
<�=��b? ��')( L*� N = 2 ���9�*��8&9���=a>���L�CaD � ]�� � ���57��;B&4� �+�< �
�����58�9�7�9�, ( -�.�/ ) ��0� 21���3�9�, M �r%�4��5�� ������L�� (2. 39)

' F6�
u =

1

2
a2 (2. 42)

�������
7 L80� �1��93&9�, M 7�:�����?�]_k������+L5����

��� L�� N
7�; 92, MN ��< ��92,���y�+.�=���4e��>�?�@ 7��&�����Y �!������ N A

7�1�2���4�6 φi (i = 1 . . . N)

φi : x 7−→ φi(x)

m m
M4 7−→ MN

����B&] (
(ds)2 =

)
Gij(φ)∂µφ

i∂µφ̄j (2. 43)

7 '�( L�C d�/D�����y�_� ��� Gij(φ) ��<���92, MN 7�:9�;���9����E�L N = 1 ��+
,GF���M����HEL��I� MN �KJ�4?��4G-�.G/��&�����3_���/ 0 �L:�� Gij �GJ�4?��4_2e3
�"4�5H6 K(φi, φ̄i) ����B�]�� Gij̄ = ∂φi∂φ̄jK(φi, φ̄i) 7 ')( L(!�A������
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� /HL�� N = 2 ��+�,�F�����M��H���� J�4��#4�2_3��(4>5H6��_0�1H2_3��(4M5 6 F(φi)

����B&]�� K(φ, φ′) = Im
(

∂F
φi φ

†i
) ��C�d�/D��]

Gij̄ = Im
∂2F

(∂φi)2
(2. 44)

������] B���� 1

��-���7f6 � �M����� ��� 7 ')( L"Y�Z�[_6�\&4"������� (2. 41) 7"V 2 ���+W�R���!�B
]"J���_���A����
Φ† � y† L ' ��]�B9�����+L��
	���]

Im
∫
d4xd2θd2θ̄Φ†F ′(Φ) = Im

∫
d4xd2θd2θ̄

[
−∂F
∂φ

∂µ∂
µφ†(θθ)(θ̄θ̄) − · · ·

]

= Im
∫
d4x

[
−∂F
∂φ

∂µ∂
µφ† · · ·

]

= Im
∫
d4x

[
F ′′∂µφ∂µφ

† · · ·
]

(2. 45)

B���]����A�L Im ∂2F
(∂φi)2

�0� �1��93�7�:���������]�B9���
ds2 = ImF ′′(a)dadā ≡ Imτ (a)dadā (2. 46)

E�L��5������L�� (2. 38)
' F
� τ (a) = τcl �����5A�/�� τ (a) = F ′′(a) �"���b| ��� ���

?����9�����H��
�

���9L M 7���}����"]�^�LY$�B�]�N������� � ��? ��'�( L���}�����L�� M 7�:
��� ds2 = Imτ (a)dadā 7 '%( L(!�A������M��_��A�� � �9�57���H�:M��7"# � <GF ' F

Imτ (a) > 0 (2. 47)

����� N H"�����
�
�(�_: G��� F �E#_$M���M�fA / Imτ (a) = ImF ′′(a) � M�� �(�M�(� F � ����<37���� '
F M�� �E��7��&+(<2� �
�(<)��A��3��B � Imτ (a) ������<%�+AG���GB�7_�����"�#A����0
Imτ (a) < 0 �.���5]�� 5�( � w�x � �
��� a � I<"!����.] 0  15�
3�9 , M 7�#G/

�%$ ( ��������H���B���B ( �����&	��'�`]�B��
� w�x � 7 =M��?9� '�( L Imτ (a) < 0

�.�M� '%( ���e�M����(�7� G<�!��&)�X*�.]"J��+�&' 
,��
� 5G� �.-��?����/�0���1��
���������7 '�( ��2
3 � �%4��b� � ,�L�����B�4� �5�6��58�9�:�;�<

u =< trφ2 > (2. 48)

�% �< ����]"J��?_ ' B�����7� �< u � M 7���}����� G<������&]�B���� (Ref [9, 10])

1 798�:�;=<9>+?+@�A+B rigid special C9D�E9D >+?+@GF9H+I9J�K9L�MON
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2.6 �����
section 2.5 ����� � (
	  �<�� ��� �������	�	��2����� '�( �
Φ �����������
�����

ΦD ≡ F ′(Φ) =
dF(Φ)

dΦ
(2. 49)� ��� �����

�'�� F(Φ) �����������
���� FD(ΦD) �
F ′

D(ΦD) =
dFD(ΦD)

dΦD
≡ −Φ (2. 50)

! ���"�#�$&% 	�����6�')(�*���+
,
-�.�/0+�1�'
FD(ΦD) = F(Φ) −ΦΦD (2. 51)

�
2��3
��4
5 ��6 �"�# 	�7 � ��8
3
� !�9
τD(aD) = F ′′

D(ΦD) = − dΦ

dΦD
= − 1

τ (a)
(2. 52)

��6 �"��:
;�	�<=7�>�?�@BA 9 Imτ (a) < 0
! � $ ��3�	 � 9 Imτ (a) → 0 	�C�D � 9�E

7 � 2"FG���
��H�I 9 aD = ∂F
∂a

9 �KJ&A 9 :=;
� τD(aD)
!ML � !�9 :
;�N�O
���
��P
�Q�R �=S ���

# 	����
��H�I=N�T
U��3
��V=W
��X
��F�Y���Z�	���[\?����������]�^ (�_�8 (2. 41) � ΦD �"`
U��a
	=@�bM��c&d !Me)f AMg��
3��
SLE =

1

8π
Im

∫
d4xd2θ

dΦD

dΦ
W αWα +

1

8πi

∫
d4xd2θd2θ̄(Φ†ΦD − Φ†

DΦ) (2. 53)

# 	�_�8
(
(
ΦD

Φ

)
−→ T

(
ΦD

Φ

)
=

(
ΦD + bΦ

Φ

)
T =

(
1 b
0 1

)
b ∈ Z (2. 54)

! 3&b T 1�'
���&2"���[ ��6 � # ! ��h
i ��j �k�
(2. 53) 	�l 2 m)( 9
n 2 9 b N�o� ��6 ��� %

Φ†ΦD −Φ†
DΦ −→ Φ†(ΦD + bΦ) − (Φ†

D + b†Φ†)Φ

= Φ†ΦD − Φ†
DΦ

! ��A 9 T 1�'
���&2p�q�1 ��6 ���
a
��l 1 m
	�1�r e ( δ

(
dΦD

dΦ

)
= b @
A 9

δ(l 1 m ) =
b

8π
Im

∫
d4xd2θW αWα =

b

16π

∫
d4xFµνF̃

µν

= 2πb n n ∈ Z : s)t�u�v=t&wMt�x
14



! �
�"�
_�8
(����� �� e 	�� � eiS 		� ��
 �d���	 � b ∈ Z � % Z�( # 	 T 1�'=�G� 2�Kq�1��6 � # ! N�� f ���
@�U�

T =

(
1 b
0 1

)
b ∈ Z (2. 55)

���&2"�Z�(�q�1 ��6 ���
a
� (

ΦD

Φ

)
−→ S

(
ΦD

Φ

)
=

(
Φ

−ΦD

)
S =

(
0 1
−1 0

)
(2. 56)

! 3&b S 1�'
�������KZ�	�1�'�?������@�b �
_�8 (2. 41) 	�l 2 m
( S 1�'
�=@
A 9 a
	
@�bM��1�'�� $ ���

Im
∫
d4xd2θd2θ̄Φ†F ′(Φ) = Im

∫
d4xd2θd2θ̄Φ†ΦD

−→ Im
∫
d4xd2θd2θ̄(−Φ†

D)Φ = Im
∫
d4xd2θd2θ̄Φ†

DF ′
D(ΦD) (2. 57)

# 	 ! S Φ ( ΦD ��c S	� � $ ��N 9 ���=���)	�V
W �	� 		�
�	��� 2��3
���
a
� 9 l 1 m �\6 �GN 9 #�$ n a)	
@�bM������ !p9 ���
�K�
	KV
W � n)! 	��
����� 2
�3
� # ! � j � # ! N �
S ������� 9 W α 		������� Im(DaW

α) = 0 ���&2��+=,
-
.�/0+� 
7	!� Vector Superfield VD ��8
3�

0 =
∫
d4xd2θd2θ̄VDDαW

α (2. 58)

=
1

4

∫
d4xd2θ(D̄2DαVD)W α

(∫
d4x 	�i � ( d2θ = − 1

4
D̄2

D̄W = 0 chiral

= −
∫
d4xd2θWDαW

α (2. 59)

F�4�2 WD ≡ − 1
4
D̄2DαVD

! 2"F��#�$ �"`
U� l 1 m
(	����� e�" � a
	=@�bM��c S#�	$ ���
_�8 (2. 41) 	�l 1 m + (2. 59)

=
∫
DWDWD exp

[
i

8π
Im

∫
d4xd2θ

[
F ′′(Φ)(W − WD

F ′′ )
2 − 1

F ′′(Φ)
W 2

D

]]

#�# � 9
W � e (�%'&)(#� e ����U��3
��	 � o�*&2�Kg�� !

=
∫

DWD exp
[
i

8π
Im

∫
d4xd2θ

−1

F ′′WDWD

]

=
∫

DWD exp
[
i

8π
Im

∫
d4xd2θF ′′

D(ΦD)WDWD

]
(2. 60)
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��A 9��
f �G���
�K�
	KV
W �	� 	��
	��
����� 2��3)� # ! N�� f �����&2 9���� 	�	
 ( (2. 52) ��`
U�F��
h "�f % 9 Z�( S

!
T 	�1�'

(
0 1
−1 0

)
∈ S

(
1 1
0 1

)
∈ T



(

1 b
0 1

)
=

(
1 1
0 1

)b

b ∈ Z


 (2. 61)

� _ % $ ��� SL(2,Z)
� q�1 ��6 � f % 9 Z�(

(
aD

a

)
−→ M

(
aD

a

)
(2. 62)

M =

(
a b
c d

)
∈ SL(2,Z) (a, b, c, d ∈ Z, ad− bc = 1)

	�1�'=���&2����[�?���T���
F�4�2 9 T 1�'
( 9�������� ����� � 	���[�? ��6 �KN 9 S 1�')(����)���=	GV=W ��� �
��� 2��3 � ! 3 b # !pf % 9�� �=� ��� ����� � 3)�K	 � � 	KV
W � 	���[�? � (��\3# ! ����V&2����d �#�# � � �M��� S # ! ( 9 F ′′

D = τD = − 1
τ

��6 ��	 � 9 ��!)7� 
N#"� 
����U��3
�# ! ��6 ���$ ] A 9 # $ ( S 1�')�)@GU �%#��! !�& ��!
N�' $�( �)� # ! ��V)W�2p
3
���! #*) � 9

S 1�'
�=@�U� τ (
S : τ =

dΦD

dΦ
−→ − dΦ

dΦD
= −1

τ
(2. 63)

	
@�b ��1�'�� $ ���#�$ ( 9�+�, 	�����1�' (2. 52)
!���� ��6 ���$ ] A 9 Imτ (a) < 0 � Q�R ����-)	�H�I

��.�� !0/ b # ! ( 9 %#�*! !1& ��!���' $�( ��� !�/ b # ! ����2&2��3
�K	 ��6 ���
a �"H\I ! 2p&b ] d�3�� � $ ��4�5)( 9�& ��! ��6 A 976�8 N#9�: ��6 ��4�5 ��6 UkF
	 4�N 9 %;�<!*4<5 � ( 9 # 	
@ bM�;=<>
(;?�@ 2� 3
� !  � % $ � �)� 	B@�b �#4
5 ��A 2p3�H�I aD ��B�' 2�Kg $�C 9�& ��! � 6�8�D ��.&A�E
3�N �)S ��@�bM�)��	 �6 ���
a
� 9 H�I�� (a, aD)

� ���F ! S 	$F
,HG�I�J �HK 	�T���\[�?����L������
F
,HG*I�J �MK 	ON*P
( (2. 46) @
A ds2 = ImdaDdā

�*Q � % $ ��� #�$ ( 9kE�R Y�F
SL(2,Z) �K� 2�Kq�1 ����U��3)�p�#� � 9 #p$ ( 9���� 	#N�P n SL(2,Z) ���\?���T)U
�3
� # ! ��V
WK������ ] A 9 F
,SGTI�J
		�
P u ��U
Y� nK9 H�I (aD, a) 	#VSW#X
��( ] 4 SL(2,Z) 	�Y#Z�[
N;\
U� 3� 9 #�$ N � � ��� ��F�]�/7^H_�`
�k���k�*"
�/ � C 9 # 	 ��� 	#aSb�	#c�d
	eY#Z�[
N�����? ! ��U��3=��	 ��6 �"�

16



2.7 ����������	 U(1)R 
����
# 	� � ( 9�����D � 6 U�F U(1)R ��[�? N�;�����<
�)@
A ]�^ ��� � ��6 � Z8 �#?$ � # ! � j 2 9 a)��� $ N�(�� I$`G��� ������� >��)@
A Z4 ��? $ 9 F ,�G�I J)N Z2� [�?���T� # ! ���! ��
+ � Q ��F
@�b"� 9 U(1)R

� [�?=( N = 1 � superfield �p`
U�# (2. 8)
� L � $  ��#�$ ( N = 2 � Vector superfield (2. 27) ��8=3�#

R : Ψ(θ, θ̃) −→ e2iαΨ(e−iαθ, e−iαθ̃) (2. 64)

!ML�$ # ! N �
S  ��] F 9 N = 2 SUSY
� ( ;�����<
( 6�8�%SD ��( 1-loop

] ����6 A 9 a� ��&�'  �@
b(� 9 a)�
@�b(��*) "�

Fone loop =
i

2π
Ψ2 ln

Ψ2

Λ2
(2. 65)

#�# � 9
Λ ( QCD ��(�+*`�+�q�1�,eI�-�`).#`# � Vector superfield Ψ � U(1)R / _�8�� $  !

i

2π
Ψ2 ln

Ψ2

Λ2
−→ e4iα

(
i

2π
Ψ2 ln

Ψ2

Λ2
− 2α

π
Ψ2

)
(2. 66)

�
@�b"��*) ���0)U�# 9 _�8 S ��1�r e (�h
i��
@�b(��*) ��
∆S = Im

1

4π

∫
d4xd2θd2θ̃

(
−2α

π

)
tr Ψ2

=
1

4π

(
−2α

π

)
(−2)

∫
d4x tr

1

2
FµνF̃

µν

= 2πm
(

8α

2π

)
m ∈ Z J�.	(�.�.�1 .� (2. 67)

! #�) � 9 _�8
(������ e � eiS ! 
 #�d� 2� � 9 ∆S = π(3� )
��6 $�C Z�(�q�1 ! *

 ���h "�f %(4 V���3� m � � 25# 8α
2π
N�3� ��6 $HC @�3 # ! N�� f  ��

0
U�# 9#������� > / T
F�*�3�Z � ( 9 UR(1) (
α =

2πn

8
n = 0 , . . . , 7 (2. 68)

� Z8

� [�?)�$? $  ��
a)� 9 Vector superfield ��6 ] $  87�9'(:�HI$`�;
N ������� > / T* ! S / ���@

b �# � Z8

� [�?<��i � 7�9 (��HI#`=; ( 9 φ −→ e2iαφ = eiπn/2φ �
@�b(��1�' � $ #) "�#�# �
φ
�����>� > / T� ! # ��1�'
( e2πik/4 < φ > k = 0, . . . , 3

! *) =� � 9 Z��
17



U(1)R

� [�?
( � % � Z8 −→ Z4 �#? $  �� ��6  ��
a)� 9�����D *KH�I u

! 2�F ! S ��F
,HG�I�J)�KT� � [�? / ��  "�;F
,�G�I�J �K ��H I u ( u =< trφ2 > � Q � % $ F�� # � ! S Z4 � � 25# u (�a!� @�b"� 1�r$  ��
k = 0, 2 � ! S u −→ u

k = 1, 3 � ! S u −→ −u
(2. 69)

��% ( k = 0, . . . , 3 ��q�1�� 6 U�F:��� 9 F=,HG�I�J �SK ��( Z2 (u ⇔ −u) � [�?=N	�
 $  "�
2.8 � ������������
#�# ��( 9�������� .��
-�+)���= '�S � / ��� � 
��! D � β- "	#=(Ga!�
@�b(� Q � %M$  � 

β = − g3

16π2

[
11

3
C2(G) − 2

3

∑

i

NiT (Ri) −
1

3

∑

i

niT (Ri)

]
(2. 70)

Ni = Weyl fermion #
ni = 7�9 (���I#`=;�#

$ `�,$�
N SU(Nc) � 9 Hyper multiplet( %'&�`	(H` ) #
N Nf �)� S (�* $ @
A
β(g) = − g3

16π2
(2Nc −Nf) (2. 71)

�8*) + 
Nf < 2Nc ��� S asymptotic free � 6  f % 9"E�,.- N� �2#�3) pure

$ `�, SU(2) (
asymptotic free � 6 A 9#& ��!�/Sb u → ∞ (a → ∞) � u = a2

2
( 6*8 �
@�3�D�0�� *

 � 1 A32!�#��X , ��@
A
1

g2
=

1

4π2
ln
a2

Λ2
(2. 72)

/�4  + 
F�4�2 9 Λ ( Λ = ΛQCD ≡ a exp
(
− 8π2

(2Nc−Nf )g2(a)

) � Q � %M$  	(�+*`�+�q 1�,
I�-�`!.#`�� 6  5 & ��!6/Hb ( 1

g2 → ∞) ��( , J�. (!.�.�1M.�m!� θ ,�I�-�`!.O`�(�7���3���25##a�89� S
 ����

τ (a) =
i

π

(
ln
a2

Λ2
+ 3

)
(2. 73)
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�8*� � �F�4�2 9 7�# � ^ $ (�(�+T`�+\q�1 , I�-�`).�` / Λ2 → e−3Λ2 ����A � 2�F *
�8�
@� � �*��
@�b(* � 7�� / 25# n�9 g
(�A�(�+�`�+�q�1 � 6  � 
�	* ) � 9����5��� .	� -p+�� : ;�� K �\( (2. 46)F ′′(a) = τ (a) ��3 b3"��
N 6 U�F

���	� e�$  � 9 1-loop ;2����< / 6H��4 & �*!�/Hb�� �����6� .	�
-p+ Fone−loop N R] A 9�� $ (�h
i��=@�b(��*) + 
Fone−loop(a) =

i

2π
a2 ln

a2

Λ2
(2. 74)

F�4�2 9 ��!)��( +*`G+ ��� ���5��� . �
- + F ( 9 *2� Fone−loop ��J�.�().�.�1 . �
< /	� 5�#

F(Ψ) =
i

2π
Ψ2 ln

Ψ2

Λ2
+ Ψ2

∞∑

k=1

ck

(
Λ

Ψ

)4k

ck: 7 # (2. 75)

�	���5*) � 
J�.	(!.�.�1M.8��<�m=( 9 (2. 71) @=A

1 − J�.	().�. 1M. e
− 8π2

g2 =
(

Λ

a

)4

(2. 76)

� 6  + �0
U�# 9 Λ � '�S ( 4 ��
�&28*�d"( * % *�3	 ] F 9$& ��!�/Hb (a→ ∞) � 6*8�% �	��� 28# 9 F → Fone−loop � *! '�S *�� f %
ck = 0 (k 5 0) (2. 77)

N#U ]  � ��� ��Z�� R q�1�? f % 9 � e�$  �� S � 
 # d� R :
∫
d2θd2θ̃ → ∫

d2θd2θ̃e−4iα /�� -
.	��+ 28*�d8#�(�* % *�3�*�� f % �� � f�f U�#�3) Ψ2 N�U ]  � 
h "�f % ������� .	�=-�+)���� '�S �
N R=] U�F	 
2.9 ��� ������
section 2.6 � &�' F=@�b(� 9 (aD(u), a(u)) ( u ������"	#�� 6  � �@�U�# 9 6  �P /���� � F	���)� � U # u N�1�r 2�F�� S 9�� ��P�N� � P���*�3�*"! (aD(u), a(u)) ( 1# ��n;��� > / �  �N 9� ��P N� � P:*$! (aD(u), a(u)) ( � ��%&! ^ 9 6  	' ����!
��()� ( ��!*)  5 

*���'���1+
($F�]�/�^H_�`��-, C )  n ��� L �*)   
����25# 9 u ∼ ∞ ��� S / ���@�b  �*���� S ( 9 asymptotic free ��?.�@
A 6�8�L/
�
@�3�D�0)��*�U�#�3! ���� (2. 42)(2. 74) @=A





a(u) =
√

2u

aD(u) =
i

π
a

(
ln
a2

Λ2
+ 1

)
(2. 78)
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� 6  + 
u / 7�9 u ����������: Q A8� 1

# � $  + 
( � : F�4 2 9 * )B( � `��B.
	9� X  � 9 aMb P Q A � " 2 # ( 9 ” � : Q A ” � *�U #
3) � )

u −→ e2iπ u

a −→ −a (2. 79)

aD −→ −aD + 2a

*	) / (aD, a) ��_�8 $  �*�� / `
U�#�c&d��
(
aD

a

)
−→ M∞

(
aD

a

)
=
(−aD + 2a

−a
)

(2. 80)

*�*�� M∞ =

(
−1 2
0 −1

)
∈ SL(2, Z) (2. 81)

�Mc&d�*���N�� S  � 
@�U�# 9 *���)� �� � & ' F
@�b(� 9 u ∼ ∞ � Q A / 1

# $  � � � (aD, a) ��%
U�#
3�*�3���� 9 u ∼ ∞ �#F=,HG�I�J �HK �� � P��8*�U # 3) � 
2.10 BPS �������
*�����������.�������� ( �� ) ! (aD(u), a(u)) "�#%$�&�'�(*)�+�"�,�-�(/.

N = 2 �
021�354267( Central charge Z !98:�232;5<2=?>235@:�5A2B2+��C#5$�DFE�(/.

M =
√

2 |Zcl| (2. 82)

G2G � Zcl = a(ne + τcl nm) ��E�H
{
ne : ���
nm :  ��

G 6�;�� BPS 8���)�+I!*J�K�6�(*. (Ref [4])

! G�L ���NM�OP-�Q�R�(*S�T:;%U�VC��W2; massless ��E�HX�N8���;5Y�Z�Q Higgs [�\
37]
^�Q`_7a�!bO�-`Q�Rc(N. G �7]�dbe N = 2 f?g�h�i�S�T�; section 2.1 �?,�-Ca�]
d�e 4 j�k/l�� multiplet 3�]�^mQ�\2nIo�6P(*.qp���]�d9e multiplet " ‘short‘ r�s�t/;
‘small‘ !*J�u�. (v�3%U�V2�N8���D�E:(�!�Y�(�!�w�; 16 j�k/l�� multiplet 3�]5^�Q5\�n
o�6�� ‘long‘ r�s�tx; ‘large‘ !/J�u�. )

Higgs [�\��C8��c"xy�^�a�z�{7;�� short multiplet �2e?R�!Ne�|*e?R�.�e�}7e�|*� Higgs

[�\�;~j`k*l~"*��-%e�R�!NRId����7D�E�(��?��� 4 j%k�l��~| 16 j�kxl����?6�e�R���|
��E�(x.
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M2OP-�Q2R:( short �m4��P!
w%;F���242T��P| BPS 8��5)2+��5B���D5n��%Y (/. (Ref [5])

]�^�Q���8���; Central charge "���R2Q�@���]�d�3	��
�3	���(x.
M =

√
2 |Zcl| (2. 83)

�	��T�>�3 G ��+�;���d�����Y�(%��E L d�� ?

	�q��B���;	��4�T�3�]�H����^2Q�R?a���� short multiplet ��O~-�Q�R�(	�~H�n���s*e
t*Q�;�e�|*e�R�.
@�3 Z ��E�(%D��5 ���"*y�������D�e�R~! Y~(�! Z = ne a ��E�(�D��FW�D�y�����g�i�;
aD ! a �	��6��~-�3�gIs*Q%S�T�;���B���E�( G !%"����Is*Q�R�(*.� �^2Q?�	��g�e"!�#
�2; Z = nm aD !/e:(�!%$�&�6P(/.�pPs/QF��'�(*)�+*,.-	/�; G �5+ "10�a5Ym. (Ref [2])

]�^�Q��	2�3�� dayon ��;
Z = a ne + aD nm (2. 84)

!*e�(�!4$5&�6P(*..
���3 G ��+�;2� aD = dF(a)
da

6 ^2a��2��<�=�7�����; aD = aτcl !*e
H (2. 82) 3	8�9�YP(*.
]�^�Q����	��T�>2e BPS 8���)�+�;

M =
√

2 |Z| (2. 85)

Z = (nm , ne)
(
aD

a

)
(2. 86)

��,�-�|�6�(*.

! G�L ��8���:	;�<>=%?"@�;	A�B��2��E�(����2����CED�F�3�E�(/8���:	;�<G=4?"@�;H.I �KJ�HEL��5�.�2YFZPw2r��2�2;2eFR5. ]N^%Q	�2g2�.M (2. 62) ��r�s2t/;K)N+NO1P�Q1-
3�gIsxQ�8���:	;N<R=�?	@�;�A�����E�(*Z�w%e��2� charge ;

(nm , ne) −→ (nm , ne)M
−1 (M ∈ SL(2, Z)) (2. 87)

!���M o�6�(*.

2.11 SGTVUGWRX
section 2.5 �"Y�Zca�]�d�3?�	)�Z5[�?�\7�	]��?�	�_^"`�ic��aba�3?;��	c�d_e�Dgf����
E�^2a�. section 2.9 ��hFa�]�d�3 u ∼ ∞ ;	
���3*c�d5e�3�e2^�Q�R2a�D�� G 6 6 ' 6 L
d�� ?

branch cut 3�;	ije�!4k�e?D	f��7e�a�a��ml�e~t�!`r�n 1 ��;gc�d�e?D	f�����E�(x.
s*��sx�:r�s4n 1 �Is*�	o�R~!�Y�(�!*�5M��")�Z�[.?p\�3�; Z2 g�h�i�D�E�^2a�������p
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6�; u = 0 ��e2��e�R�!*e~|*e�R�.G ��!%w
� u = 0 �PH*�	) +�O�P�Q�-�; � (c�d5e��	o�RP! G�L ��;�� H�I "*������w�(
��� )u ∼ ∞ ��H*��r��~!42���Y�(x.FY~(�!*� (2. 80) ��h�a�]�d�3 a2 ;����2e	)�+ O�P
Q�-�3CgIs*Q7r����
	�"��~'`e�R������
c>�3 u = 1

2
a2 "���R����I!4J?6�Q�s Id . G

6�;��"]����	��^*`�i�3�����Y�(%�����	c�d5e�D 2 ����!*RId9��;��Id4�t*R���e�R�.

]�^�Q	c�d�e�D 3 �����2E�(�;	��E�(*.���n�� G ����� 3 ���	c�d�e���E�(�!��5^�Y
(*.G ��!%w�� Z2 g�h2i�3�]�H � u = ∞, u0,−u0 (u0 6= 0) D*c�d�e�!*e�(*.
G�G �����
�I!�sNQ���<�=�>?3�; u = 0 ;"c�d�e��?E�(�!4$j&�6�(N.�e�}�e�|�<F=

>�3�; u = 1
2
a2 ]�H a = 0 ��E�(N.����Hb� Higgs [�\�D���w�Q�e?R�e?��E�(N.�M���

��� )�Z�[.?�\�3�#�YP(���T�;�Y�Z�Q2� Higgs [�\�D��Pw�Q�8�����"� �!IsxaKn���".-�Z
U(1) 3���^�Q�R7(*.�]�^�Q�� a = 0 �
"�-�Z SU(2) 3���#�Y�(�! G�L ��; G �	!�#�;%$& s*Q�R�(�;	���2E�(x.
��;�� G � u = 0 ��e�"1c�d�e���e�R�!�Y�('��^�;���e5}��)(�e�����E L d�� ?

p56�; a ∼ ∞ ;+*�,�-g7��2�CEPHb� asymptotic free � i28:3q]�H <m=�>F3 dE7t/..Y?��w
Q2R2aFD2� a ∼ 0 ;�0+,1-�2�3�32E H ��p G �2;2� u = 1

2
a2 !bR�d4..Y�D5�76�"/y?^%Q2R2e

R2�P| �mE�( .�] ^%Q u = 0 � e2;5<2=�>Ce+�2T:D+�76?"/y�a2e2RN. 6 � | a = 0 < u = 0

!*e�^2Q?R�Q�r��2R�����E�(*.
o�|/3�8P-�K��%�"�19
::3�]:H a = 0 !*R�d4e2D	)�Z�[g? \���|/e�t/e�H;"�-.Z�g2h�i�D
��#�Y~(	e�D�<�=�s*e~t*e�^�Q�R�Q�r���R�.�'�;5M��	)�>�/�;�pId�e�^2Q?R�(*.

2.12 SGTVUGW@?BA
G ������; u = ±u0 ��0�,�-�2�3����	c�d�e���;�C�D��~w�Q�R�(�����O~-�(*.

)�Z�[ ? \�; massless �K�.����..YIo96�Q2R�(��2���xM���5O�-5Q2R�a+D�� 6 '%�5.
Y o�6cQ?R�(Ce�|N�Kc dje�;�e�R�;g���?E�(�.�sNa�D2^�Q?��C7��E7��r`��DGF7a�3gc�d
e�� massless !*ePH �%p�6��
M5F��� Wilson HIH�I7J��2���2T�D+$ & s/Q�R�(�!E$�&56
(*.K ���+��T s*a�]Pd�3�<�=�>�3�;�� u = a = 0 ��g�h�i�D��L#�YP( G !*3�]�H�"�- Z
M�NO D massless !*e�^�Q�R�a�!�O�-�|X6�a�.�]�^2Q?�+P�K�H u = ±u0 ��rL"�-�Z�M�N O D
massless 3�e�^�Q�R�(�!�O�-�(�!.��d���E L d�� ?

M�O�-%Q�R�(*S�T�; asymptotic free S�T�e���� �+Q�R�7j� u = ±u0 � conformal A��
e�S�^be?D�E7(�!bY�(c!x��p G ��;�Tg;VU -�Wg- trφ2 D�@?U�"�y�^FQ?R?Q�;�e~|�e?R�.
]�^2Q trφ2 ;�XLYZT";VU1-�W	-2� 0 ��e�R~! e~|*e2R�D��NM
[:V2;	]���;�^
1���e2R�!
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O�-5Q�R�(��2��X+Y�T*;VU1-�W*-��2;�e2R�.~o�|/3���c�d�e�D 3 ���2E�(�!*R�d ��^��xY
e�& � � u = ±u0(6= 0) �����2;�T*;VU�-7W	- trφ2 ; 0 3�r5e�H%-
e�RF���F� G �*c�d�e
; massless ��"�- Z
M�N O 3�;���(�s�-�e�R�.
 �^�Q������
	�i~"��I|*e�txQ�;�e�|*e�R�D���j��>�3�$�6�a�"�-�Z%T���;  ���"���u��� = O�� �"���H4) +	,�-	/�DG<�=�Y�( G !*D
�I|b6�Q�R�(x.�]�^2Q��C �� 1 �	) +
,�-	/�D massless 3�e�^�Q�R�(�!�O�-�(*.
����� u = u0 ��e��")�+	,�-	/�D massless !xe�^2Q�R�(�!�sxQ���S�T�3L����D�e�R G !
"�
���a�(*.
BPS 8���)�+ (2. 84) ��|�)�+	,.-	/���8���;

M =
√

2 |aD| (2. 88)

]�^�Q��	)�+	,�-*/�D massless 3�e�(���; aD = 0 �.e���E�(*.� 3���TIs*a�]�dX3���"�-�Z
M�N O ;�F�a�3 massless !*e�HX_�e���^�a������	)�+",�-
/�; spin ≤ 1

2
� multiplet ���H � hyper multiplet M, M̃ �	� oX6�(*.��a��� ���"��

u���; magnetic phton ΦD,WD ��E�(%��|*�g��g�e	!�#���Jc(�!*� ΦD,WD,M, M̃ �
�
��6�( f�g�h QED 3�e�^2Q�R�(*.
)N+*,�-*/�D*c d5eF� massless 32e�^mQ2R:(�! OP-�aP!�w5�*D�F���\��P"��2Z�(5a.a�32�
)�+�O�P�Q�-�"��2Z�(x.�	��;�� β- #51 (2. 70) ]�H

β(gD) =
g3

D

8π
(2. 89)

!4���(*. u ∼ ∞ ��!5w�!��
��H H�I�J
��L���+�" � R2Q�P~(�!

τD = − da

daD
= − i

π
ln aD (2. 90)

!� 	��g�e	]�!�D*���(*. G 6�" aD ∼ 0 "� �!IsxQ�P�(�!

a ≈ a0 +
i

π
aD ln aD (a0: ^�1 ) (2. 91)

! a D�!~(*.2@�3� aD ; u0 #
$�% " aD ∼ 0 # ]�R�����!*e�^2Q�R�(*Z�w
"�E�( G !*�
| (aD, a) "�)�Z�[.?p\ # �
� u "'&�^�Q��It�!




aD ≈ c0(u− u0)

a ≈ a0 +
i

π
c0(u− u0) ln(u − u0)

(2. 92)

!*e�(x.G 6�]�H u = u0 " # )�+�O1P�Q�-�D	]�(�"�w�Q
(
aD

a

)
−→

(
aD

a− 2aD

)
= Mu0

(
aD

a

)
Mu0

=

(
1 0
−2 1

)
(2. 93)
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"�E�(x.
Y�(�!� �M�c�d�e�; 3 e�s*��e�R # "� �r~d 1 � # c�d5e�"�E�( u = −u0 " # )�+ O�P
Q�-�"1��^%Y ( G !/D�"�w2(*.?e%}�eP|� 3 ��Y�Z�Q # c�d�e�"���(�!*R�d G !/;� � -� O�� #�� g��:�~| h�(:!� 5� # c d�e�r+��^mQ2eFR G !�! �NC 6 ��|'"2E�(/. M∞

6 '� - � O�� "�h�(�!��"]���H 6 ^�a G !*3��
�Is/Q

M∞ = Mu0
M−u0

(2. 94)

]�H  u = −u0 " # )�+�O�P5Q -�D	���(*.

M−u0
=

(
−1 2
−2 3

)
(2. 95)

! G2L "� section 2.10 # �.n "*Y2Z:a�] d93� ) +NO1P�Q1-2; 1 	�s*Q�r�! # D�F�3�
q^
Q��Q�R�( # "� 58�!�:	;�<R=4?"@�;�A���"�E�(/.
s*��s' 2p # !%w (2. 87) # ]�d93 charge D%��MIo�6P( # "� K2.3�3�p # ��� #� K (  �  �� � ) ;�����YP(*.�a 6 s' *c�d�e $�% # ]�R�����3�R�(�����"	c�d�e�3 $�� t�!�w
3� $ &�w�L #�� R�"�;� �p # e�"�c���&~'�Q�R�( massless ��� #� K ;��5&�|*e�R?;
��"�E�(*.
]�^�Q� 

(nm , ne)M
−1 = (nm , ne) (= (nm , ne)M) (2. 96)

!*e�(2r # D massless "�E�(*. (
���3 )�+*,�-*/ (1,0) ; Mu0 # S�.` 1 #� S��`��
<R= / !*e�^2Q�R�(*. )

M−u0 # S��g` 1 #�� S��g`��j< = /?; (1,-1) "CEq(N�7|  u = −u0 # c d�e "m; (nm, ne) =

(1,−1) #� \�T O D massless !*e2^�Q�R�(*.
!�"

M�[�V5;� u = u0 # c.d�e�# )N+*,.-K/�D massless $Fs/Q+�2T%# i�a2aFD� �C:D massless

$2s/Q	i�a�(5�F3�;�&���i�D�E�(/.?e5}�e�|' �c.d�e23 $ &�t K 3
� # c�d�e�#	.&�^mQ
R�('$�s*Q�r
 �p # c�d�e�32R�(�A�B�(�3�;�&��P|*e�R���|�"�E�( .�2�3�3 (2. 94) #)* #�0�a�s*Q�R�6�K�R�R�.
�a�p # $�w # massless ����;

(nm , ne)M = (nm , ne) M =

(
1 + 2nmne 2n2

e

−2n2
m 1 − 2nmne

)
(2. 97)

"2,�-?|96P( .�a 6 s' u ∼ ∞ " # )j+NO1P�Q1-C; (2. 80) "�E�( D  G 6?; G # + "2;*�
Y G $/D�"�w�e�R
.qe�}�eP| u ∼ ∞ ;�M2O�-%QFR�(F]~d�3 hyper multiplets D massless

3�e�(�c�d�e�3�;5g�+ s*Q�e�R��~|�"�E�(*.
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2.13 �����GW��
G d�sxQ� ���c�d�e�" # )�+�O�P5Q�-�D	���^Fa%.

M∞ =

(
−1 2
0 −1

)
Mu0

=

(
1 0
−2 1

)
M−u0

=

(
−1 2
−2 3

)
(2. 98)

G # ) +�O�P�Q�-23�g�Y�(*��M�"")�Z�[.?p\ # \���;�A���"�E�(*.
'�; G # )�+�O�P�Q�-�;

M∞,Mu0
,M−u0

≡
(

1 0
0 1

)
(mod 2) (2. 99)

3�e�^2Q?R�(*.G # ]~d�3

Γ(2) =

(
a b
c d

)
≡
(

1 0
0 1

)
(mod 2) ad− bc = 1 a, b, c, d ∈ Z (2. 100)

$*e�^2Q?R�(�� # Γ(2)(setSL(2, Z)) $/J�u�.
�a� ] ! # ��^"`�iP]�H Imτ > 0 "2E�(��P|� 
	�� τ - ��2;������ H # `Is*�%$�6�e
R�.�]%^FQ  �,� τ #���?��V=4?�\��%Y�( # ; H/Γ(2) "�E�(*.
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0−1 1

Figure 1: H/Γ(2)

G 6�3�]�^2Q �N?�� =4?�\���oX6�(
 *���H  G # τ #�)�Z�[.?g- � ?���-�W	- $�Y
( ����� ; (u0 = Λ2 $��	���Is*Q )

Eu : y2 = (x− Λ2)(x+ Λ2)(x− u) (x, y ∈ C) (2. 101)

"�,�-�|�6�
������  
	�� ��������#��������	�� �� ��! u = ∞,±Λ2 � �"� �#�	$#%	& � 
�'�( )�#* ����� 
���+ ,.- !	/ �+10�24365 +�7 8 9 ����:���;�� <�� τu $�=?> +A@CB�D ��E F τ G�H 
I�J�K 
 I /�L M	! 6� N G�OCP � D17 8 9 ��Q +�R�S�T�U�V G W	
  I T�X Y G�Z�[A�
• Z2 \	]	^
(2. 101)

+
Eu
�





ω : (u, x, y) −→ (−u,−x, iy)
ω2 : (u, x, y) −→ (u, x,−y)
ω3 : (u, x, y) −→ (−u,−x,−iy)
ω4 : (u, x, y) −→ (u, x, y)

(2. 102)

I � - / Z4 \�]	^ T�_�` ��� 
a�b�c���a/�:��#;	��<�� u d�e#!	f��a�	g�
 I Z2 \�]h^
!	� ` �i���	/ 6�j� secition 2.7 G�k l D U(1)R \�]	^ +�m	� ! ,�B�7 8n9 �6Q +�_ %
Z2 \	]	^ !�o�pC�a�	� 
��
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• �����7�8�9 �#��:��#;	��<�� I 7?8j9 �aQ + EjF T�� o�� � D I W�/���!
	����G�k�l	��� D
�����?!�o	p	[�
  I T � �	l 
6��� ������� Eu

+
��� � 2 % +
����� /�:��#;	��<�� u $ '�(�)�� B !
��	[�� I Γ(2)� ! ,�` �
���� � �  I $ @ P � ����� � � D $ ` ��/"!�#��
$&% 1 �' Tc_�` ��W#��/( ��T ��� ������� Eu
+

2 % +
��� G ���) % ���
* ��+ / (aD, a)
I �-, ��� ^ T�_ % I !���� ���� � � ��� Eu

+ $�% 1 ��' H1(Eu, C)
�

2 ./ � + G	/ 2 % +0��� �21�3 ! ,�` �54
P � ���D I�K +

λ1 =
dx

y
, λ2 =

xdx

y
(2. 103)

λ1
�06�Ta_ D ���0� λ2

�07980: !�;=< 6�T�_-> /@?�A ��B G�H��"� ,1` � �� P � ?�AT�_ D �4� + G	/ �C��) %C� D I W +ED�F�T � K �9G0HIA +0J	� T0K ���i�0� (aD, a) G7�L�M N�O �
P&Q?dje + �� T"R e���/EH
A +
J	����K �a�	� `AD�+ G�/ a� P + !�#h�5 ��SCT T 2 % +�U Q-V�W G ( ��X���) %C� D G +�� / (aD, a)
+0YCZ T6_ %��

x

[

\

\

] 2] 2-
] 2-

] 2 u u

y > 0 y < 0

^ ^

Figure 2:
���

7 8 9 �A��:���;�� <1� �0D�F�T Figure 2
+ ,.- ! I � I / λ1

T _ ���

τu =
b2
b1

bi =
∮

γi

λ1 γ1 = α, γ2 = β (2. 104)

G�` K P � � � #+ τu
�

Figure 1
+2a�T I � + G Imτu > 0

T b?D [E�c / 7�8�9 �aQ + E�F I 7 8�9 �#��:���;�� <#� T0� o�� ������� + G	/�. +0d 'j$2e B
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� %��
τ =

daD/du

da/du
=
b1
b2

= τu (2. 105)

����,?B /
%�� I %�� T���� [ � I



daD

du
= −

√
2

4π
b1

da

du
= −

√
2

4π
b2

(2. 106)

D d��6/ ��	�
 A � [��� G�k l9� ����� T�b D [ ,�- !��?l D �
��� G dλ

du
= −

√
2

4π
λ1
T b D [ ,�- !0$% 1 ��' λ

T I � I

λ =

√
2

2π

dx
√
x− u√

x2 − Λ4
=

√
2

2π
(λ2 − uλ1) (2. 107)

��+
λ
T % � ` � 



a =
∮

α
λ =

√
2

π

∫ Λ2

−Λ2

dx
√
x− u√

x2 − Λ4

aD =
∮

β
λ =

√
2

π

∫ u

Λ2

dx
√
x− u√

x2 − Λ4

(2. 108)

I �����
� �	! λ

�
λ1

I
λ2
+�5 ��S�T?G���e��	���	/ (aD, a)

� ( +0�C��) % G * � � �	�����
��+������

(2. 108)
T
u ∼ ∞ G0���	[ � I




a ≈
√

2u

aD ≈ i

√
2u

π
ln u

(2. 109)

u ∼ Λ2 G0���	[�� I 

a ≈ i

2
(u− Λ2)

aD ≈ 4

π
− 1

2π
(u− Λ2) ln(u − Λ2)

(2. 110)

��� P � /0� !0	���?! , B k l��	� D (2. 78)(2. 92)
+ � !�o	p�[-� � N	D / u ∼ −Λ2

G +�� # ^ ��7 8�9 �6Q + Z2 \	]	^ , B���� � � � �
��- ���	/ (2. 101)

�17 8 9 ��Q?$ _ %�� W R	S�T [�� � b D [ + G ����� G	H9� I
Z � �?D �7 8 9 ��Q +������ $0% � � I / c g D ,�- ! � � � (aD, a) $�k N�B / aD = dF(a)

da
G	H

� + G�/ ) %	[ ��+ Q����?<�� ����� � � �0G"!$#	d � � ��%'&�(�)*��+$,"W F $1k l
P � ���
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2.14 N = 1 �
��- � ��/ N = 2

� \�] pure ��� 8 SU(2) Yang-Mills �E� + Coulomb � +���� $ k N1`DA+ G�/
	���G + �� %i� +�� H � � � � ` D I���K � � ( � G / 7 L (A�@Wn$ massless �
� I ��� V�� �	����'�( )�G	/ N = 2 Vector multiplet !�! N�� � N = 1chiral multiplet

d e�!�� F T ` K � N = 2 ��P N = 1 ! m `�D I W$� + ,�- � � I $���W#�	�9� + ���
�-� �

massless
7 L (	�
W + H��1) + ��� G � /�� \ ����� G �� I 	�� G -�N ��! ?G W

� � �1+ I W�/ 7-L (��0W � section 2.12 G� �� D#" ! hyper multiplet(M, M̃) G * � �
� �
N = 1 ! m?`	D%$�&�$ � 8�' ��(

L =
1

4π
Im

[∫
d2θd2θ̄τDΦ̄DΦD +

∫
d2θ

1

2
τDWDWD

]

+
∫
d2θd2θ̄

(
M̄e2VDM + M̃e−2VDM̃

)
+Re

∫
d2θŴ (2. 111)

Ŵ =
√

2ΦDMM̃ +m U(ΦD) (2. 112)

G * � � � �
N = 1 Chiral multiplet !�� F T ` K / N = 2 ��P N = 1 ! m �*) G�H�� U(ΦD) (,+�-.0/ < / trΦ2 T01�2�3 W54 / G Chiral superfield U

I!6 � * 6 D G + G	/ ( +�7�8�+ e
% /�9,: $ /�; / +��,����<�a (

u =< trφ2 > (2. 113)

G	H����
9 / : / (�)*��+ , W Ŵ $ � �%= * '�G	H�� � I ( jG# ���� section 3.1

+�> 	���5?>�@CB�A%B H�� ��PDC - �
(2. 111)

+
flat direction ( N = 2 ! \ 60E section 2.3 G#k�l D�,�- !�/ bosonic potential

V = 0
I =9�GF,H T k l�� I

aD = 0 (2. 114)

M = M̃ =

(
−mu′(0)√

2

) 1

2

≡ v√
2

(2. 115)

G�` K P � � �I ��� + � F T � �-� I
(

(massless chiral multiplet) × 2
(massless vector multiplet) × 1

)
Higgs J R

=⇒
(

(massive chiral multiplet) × 1
(massive vector multiplet) × 1

)

(2. 116)
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I = ` E � E /�[ � E + ���%(��?F √
2v
T�_ %��	[ = � > /��?F�4$,�� %4$����h[ � �7-L ( / W�$ ������<�a.Tc_ % + G c � W E�E ��� Higgs J R (�/	��
%?�= Higgs J R G

H��"� ,#` E / �#+#7-L ( / W���5(��#Q59�� /��� ! , ` E��� +��,DA l T�� W � �
[ � I T���� ?	!#Z�� D �

N = 2SUSY
+���� (�/������! +27 8 ��" Tc_�` E�# D � I ��$ $�/ N = 1 G�( ��+ �

"%(�%'& � e E / 7 L ( / W(��� + ) aD = 0 / I Z2 ) ,�` E�* �i[-��+AQ%+$�,��� +-
,a− aD = 0

+
2
- 6/.�0 P*= # �1 N�B / N = 1SUSY G�( Z2 G0S +�� � 2 1 +#���6/.�0 P*= # + G�H����
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3 N = 1
� � � � � � � � � 	 
 � � �

3.1 Techniques

��� G�(	/iF���� � T R e D super potential
���'� )��� = Techniques

T���� [-���
(Ref [8])

o�� )� � super potential (0. � � GC` K P � �"�
∫
d2θWeff (Qr, gI ,Λ) (3. 1)

��� G�/ Qr ( Chiral superfield

Qr = φr + θψr + θθFr (r = 1, 2, . . .)

gI (I = 1, 2, . . .) (2S�T�H0A ( � F�: $ ; / < / G�!�� )�
Λ (�9�� / W�����: $ ; / < / �
�� � � super potential )1\ 6*E X Y�� F�H�� �� � � �

(1) !�4-� � D \	]	^ I#"�$�%
ST�H0A ) G �'& ?�= \�]	^ T J�K�E *-� � I ))( B+* $!&�$ � 8�' � ),( B.- W�= \h]
^ Ta_ D � � � I �	G�W��"� �/� I W *��/� \�]h^!) \ 6*E � � $�&�$ � 8�' �G���jG
H�� ��W I #10 G � G�H��"� �/� I W �/- W # \�]h^ T !�4-� ��D \�]�^ I+2�3 * !�4 �� D \�]	^ )�\ [�� SCT�H0A � F ��A � "�3 � T "�$�%CID�40 �

(2)
� % ^� \�]	^ Tc_ 1!�� G�( * super potential ( Chiral superfield Qr

I ST�H0A gI
��B G R

e � � E�#�E * Q†
r * g†I

T ! N = # �

(3) 5�S�T 6�8
Weff (65�S�T 6�8 G�( *7�8 ?�= super potential ) o	p 6 =  E (�=�P*= # � � � ( *
5�S�T?G�(0	���� � � = � G:9#;�<�=���>#? � �A@�B

C,D � F�H%(/E�F ),()GIH'J�KML�N:O�P >�Q � < *SR E�F � ��T super potential UWVX L @Y�Z[ � Q6\)��]_^�>�Q @�B6`,a�* P+bcG �/d�e,a�fg < * P+bhG �/d�e,i�j < �
T super potential �/k�l @ P >mn�o B
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� >������ Wess-Zumino Model U��	�
������ B
tree � super potential

a
Wtree = mφ2 + gφ3 (3. 2)

<��� G#b @�B
P+b Z (1) �������AU������ C� ���� Z������ U� L >!� U(1)×U(1)R ��"#�$ b&%(')*
+�,�- U�. %�/ @SB

U(1) U(1)R

W 0 2
φ 1 1
m −2 0
g −3 −1

(3. 3)

% i � W
a

super potential
B

P ��"#�$ b�% +�,0- U21 T super potential m!. % Q43!� a Q G Q�o���<�� (2) ��5�� -
� d�e ��^61 T super potential

a

Weff = mφ2 f(t) t ≡ gφ

m
(3. 4)

<
783 P >�9�< O @�B
P�P < f(t)

a
charge U�.&����o�Q�o;:�<= � <�= @+B

P�b Z + ��� g
m
φ (= t) U�:�< Z
> � % l�l m → 0 , g → 0 >�o8�@?�A�BDCE�U�> @ >F�

(3) � d�e ��^ Weff →Wtree �;G�lA^6?�A�B�C&E�<
f(t) = 1 + t (3. 5)

>�Q G Q�3�� a Q G Q�o B
> P�H 9
I a t U�:�< Z�> ����o % ��< f(t)

a ?�A�B�CE:>6J=;K Z P ��L:U�> @�B
�
����� m � g �;M�N�O�<
1 T super potential

a

Weff = mφ2 + gφ3 (3. 6)

>�Q @+B N = 1 � super potential 9E�F�P * Z�a�Q ^SR�,U�T j Q�o:>�oU� R�Q ^VR�W
X a �36Y G#b o @ 9�� Wess-Zumino Model
Z + ��� a � R E�F�P * Z m�Z a ^ Q ^

R��UFT j Q�o:>+o8� P >�9
[�\&] O
% B

3.2 Flat Direction
^_ a�`�a�b�c

SU(Nc) ]de agfa +h,�- SU(Nf )L,R
Z + �i��� C&� ��	� Z Chiral

superfield 9
j�kl$ b @ Vector like Model U!��� @�B % i ��� Nc > 2 > L @�B
G = SU(Nc) SU(Nf )L SU(Nf )R

Q Nc Nf 1

Q̃ Nc 1 Nf

(3. 7)
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(Q, Q̃)
a���� a�� Z���� L @ B m	� H�
 � P �	� ] Z Yang-Mills ��AU�� @ Field strength

superfield Wα m���� L @�B
m����� ��� 9�Q j b�� � P�bhG ��������� �9�!#"�$�%�&:UF.�G flat direction � L Q' � Higgs branch 9���� L @�B P�b U C�� ���� Z ����(�) @ P >�9�] O @�B
section 2.1 ]��� % N = 2

X P&��� *��	+ b�, + (2. 17) ] G � adjoint Chiral superfield

Φ
Z = L @-� U�. j � �FI������'o @ N = 1

X P� Model
Z Q @ ��]���/	��� a �&�102 +�3546� V ��!�"�$	%�& a

V =
1

2g2
D2 +

∑

i

|Fi|2 =
1

2
(Q†T aQ− Q̃T aQ̃†)2 (3. 8)

]�7 @ P >�9 ' ] @�B P�P ]98�:��� E-L ; <�=���^
D = −(Q†T aQ− Q̃T aQ̃†) (3. 9)

Fi = 0 (3. 10)

U��� % B
% i �F� T a a�`�a�b
c ��> J � ]�7 @�B
% i �!� P�P ]
������o @ Q � Q̃ a Chiral superfield Q � Q̃ ��? 1 J @ � /���� a ��
<�A
]
�����o @�B
P�b ��^ � flat direction

a
D = 0 ]�7 b�� B o P >i9 ' ] @SB ] a � D = 0 �V:U�(�)@ % ) Z

A ≡ (QQ† − Q̃†Q̃) (3. 11)

> L @SB % i ���de a(f&a ��C a�D E ���	7:^ � `�a�b ��C a�F o���o�G�m
��H L G BI ����� A
a
Nc ×Nc J�K ]	7�G B

D = 0 � d�e�a A U��o0��L L H
0 = tr T aA (3. 12)

H6783 P H�9�] O G B
I����;��o�G `�a�b
c�a�M�N�O�c Q���] tr T a = 0 ] 7�G] G

A ∝ I I : Nc ×Nc
N�P J K (3. 13)

9 flat
d�e H�Q�G BC� ]�� Q � Q̃ 9 P �6V_U�Q %L H O �'o�� % o�R��&���#Q�L:U�H�G6]�U
��de a
f&a ���Z �;�0����B @ j �F�
��S L G P H Z L G B

•Nf < Nc ��H O
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Q � Q̃ U `�a�b +�,�- H
d&e a
fa +�,�- H flat
d�e U����� +���� ��� 2

< Q >=

Nf︷ ︸︸ ︷



a1

. . .

af








Nc

< Q̃† >=

Nf︷ ︸︸ ︷



ã†1
. . .

ã†f








Nc

(3. 14)

H L G5H�� flat
d�e

(3. 13)
a

A =




|a1|2
. . .

|af |2
0

. . .

0




−




|ã1|2
. . .

|ãf |2
0

. . .

0




∝ I (3. 15)

��^ � A = 0 H�Q G Q�3�� a Q G Q�o B I ���

< Q >=< Q̃† >=

Nf︷ ︸︸ ︷



a1

. . .

af








Nc

(3. 16)

•Nf = Nc ��H O��� Z ����� flat
d�e�a

< Q >=

Nf︷ ︸︸ ︷



a1

. . .

ac







Nc

< Q̃† >=

Nf︷ ︸︸ ︷



ã†1
. . .

ã†c







Nc

(3. 17)

% i �F� |ai|2 − |ãi|2 = c (c
a
i
Z � G Q�o `�� )

B

P ���� Z ����� flat
d�e U-Q %L V_U�(�)�G P H�9�] O
% B P�P ]�� % ��� Z Nf � '

O $ Z �
��� flat
d�e U�Q %L V a
	 Q�G P H6U���<U�����3 B

2 �������������������������������� "! Q, Q̃ #�$"%'&�(*)�+ ��,�-. "/�0�1"2�354 # ��,�-.6�798�:;
flat <"= 6�>�1.?�1.@�2.A�� )�%CB�#�D.E  �! flat <�=.#.F�G�H !�I�1�J.K"?ML�NPO % ��,�Q�R ; ��S@ <�=.T 3.K"?M1.@U2
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3.3 ���������
	���������
� b�� � �1"�� a section 2.5 ]�� N�% ��� Z�� K Q `�a�b�� j)Q�� ��� a���a ]����U$ b
G! asymptotic free

X P�] a�"$#&% �(' a N�O]�)+*6R�)09�, O ��o�G�HV����G�H2� ��-
��R P � � b.� ���&��� �/� a��
a 9 "0#�% �(' a N�O]���102 * Q/3 �,Z Q�����o�G�H
���(4 b G5 
P � � b(� ���:U6�0�07�G5� �/� a(�
a m flat direction ��H O H �
� d e a
fa
� Nf

� ':O $ Z �
������B @ j $ b G6 

•Nf < Nc ��H O
‘ �(8	+ ‘ M i

j = QiQ̃j i, j = 1, . . . , Nf (3. 18)9 ��� M i
j � i, j ��C a de a�fa ��C]�7:^ � `�a�b ��C a�D�E ����o5G5 

•Nf = Nc � H O

‘ �(8�+ ‘ M i
j = QiQ̃j i, j = 1, . . . , Nf (3. 19)

‘
f;:5< + ‘ Bi1···iNc =

1

Nc!
εa1···aNc

Qi1a1 · · ·QiNcaNc (3. 20)

B̃i1···iNc
=

1

Nc!
εa1···aNcQ̃i1a1

· · · Q̃iNcaNc
(3. 21)

(
i, j
a de a;f ��C

ai
a�`�a�b ��C

9 `�a�b/� j] ��= Q>���/� a(�;a H�Q�����o�G! 

P ��� � Z � Nf < Nc ] aif?:!< +(9 �	�D] O Q�o���] � � b$� �����A@�BD9 Nf = Nc

] �0C$D�Z ':O 3+Q�����o�G5 

Nf = Nc ��H O �0�(8�+ M H fE:5< + B, B̃ 9/F0G * Z Q % 7 N O5H0I d�e 9��#�
7�G5 $J � ] a0K � d�e U�(�)�G6 
�(8�+5H f�:5< +���! "�$�%�& a (3. 17) U�� ��H

M = QQ̃ =

Nf︷ ︸︸ ︷



a1ã1

. . .

aNcãNc

0
. . .

0








Nf

(3. 22)
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B1···Nc = a1a2 · · · aNc (3. 23)

B̃1···Nc = ã1ã2 · · · ãNc (3. 24)

H L07���H�9�]��	G5 
� b Z + ���������� ai, ãi � H��;�

(M � 0 ]	��o/7	
�����
1�&�� ) = B1···NcB̃1···Nc (= a1ã1 · · · aNc ãNc) (3. 25)

H�o8����=9�� = ����o�G5 �l % Nf ×Nf J�K M ����+ �a (3. 22) �
����m '	� G��
���

rank M 5 Nc (3. 26)

]	��3F� a ��4���o/ 
� b 4 (3. 25)(3. 26) 9>F0G * � � b(� ����".�	� + 7�G H0I d�e ]�7�G6 
�	� ���/F0G * � � b�� ����;.�G	� 	�� �
G�o��
� S&7 G5 

�	��� ai, ãi ��H�� `�a�b;c���� M��! �"��o�G! � � ��� ai, ãi ��&#������ � � `�a�b+�,�- 9%$�&$7�G  � � � ai = ãi = 0 ��H��;� Higgs '�( ��) ��* `�a�b +D,�- ��� M
�	$�&l����o�G5 $7 G5H�� massless

`�a�b	+�, +
9�- % � massless 3 � H����	.���/�G
9����0" � N = 2 1 +�,�- ��H���H ��� � K ������ �	� � 	�� H�������o G�H�2 ���
H���<5A�����o�G! 
I�� � � ai = ãi = 0

� � b�� �-��"����/� �/� a �;a �F� � ��2 ��H�� M = B = B̃ = 0

H�������o5G � � ��� 7�G6 3�;������ �	� ��[ � �/F0G * H�I	4�5 (3. 25)(3. 26) ��Q
% 7���]��6F0G * � b�� ����60� � ] 7�G! I ��� � b�� ������7 �	� F0G * � � � 	#�
H�������o�G�H�oU���5H�9�2���G6 
3.4 8:9<;>=@?:A<B
��C�D�E �	F C�G�H	I�J	K���H�L�M�N	O	PRQ0S

super potential �0G�T	�	L F ��U�V	PRQ�W	X�Y	Z�[	\�Y�I]J�K �
SU(Nf )L × SU(Nf )R × U(1)A × U(1)X × U(1)B

C�^R_a`	Z	b�M%L#Q�Sc ":d0C�[	\�Y�I�J	K�C U(1) `�I	P�Q�e�"�f�"�C�g�C�h	i�K�j�k�C�^R_�`�l�m�d�nRQ0S

B :





Q(θ) −→ eiαQ(θ)

Q̃(θ) −→ e−iαQ̃(θ)
Wα(θ) −→ Wα(θ)

(3. 27)

X :





Q(θ) −→ Q(e−iαθ)

Q̃(θ) −→ Q̃(e−iαθ)
Wα(θ) −→ eiαWα(e−iαθ)

(3. 28)
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A :





Q(θ) −→ eiαQ(θ)

Q̃(θ) −→ eiαQ̃(θ)
Wα(θ) −→ Wα(θ)

(3. 29)

c c E � U(1)B j �������
	��	 m�Q I J	K `�������M L%M ������� �
��� G�b�M�L	Z
L�S���� U(1)A � U(1)X j ����� ���� G b�M	L Q�� � c n:d � 2 H� �!�"�#�$�M �%�
� ���� G b�M Z	L UR(1)

� H'&�Q c � ��E�(%Q0S UR(1) `�I	PRQ�g�C�h%i�K�j�)�* C
^R_�`+��M�,�-�P<Q c � �	E�(	Q0S
�.�/� �0� j�1325476 �.� C�8:9+;3<=1 �0>=? P<Q c � `�^�b M/@.ARd nRQ�C�E � ).*]E
l�m�danRQ�1�204'6 ��� C charge `�^�B �����/� �C� � >�? E�(	Q�S

G = SU(Nc) SU(Nf )L SU(Nf )R U(1)A U(1)X

ψQ Nc Nf 1 1 −1
ψ

Q̃
Nc 1 Nf 1 −1

λ adj 1 1 0 1

(3. 30)

T=DE� � ψQ, ψQ̃
j Chiral superfield Q, Q̃ C.1�2F476 �G�CH � λ j Feild strength superfield

Wα C�1�204'6 ���CH E�I�Q S c n3)�J c C�^R_ Z�K�L � ��T�g3" � c C�M�N]EPO�L�M	L
Q � P�Q�S
����� ����>�? PRQ � �

∂JX = 2(Nc −Nf ) × (1-Q �/R�S��'TU� ) (3. 31)

∂JA = 2Nf × (1-Q �PR�S��'TU� ) (3. 32)

^�b M � U(1)X � U(1)A

� ).*	C#^R_ `/ �!/"�#/$RQ � �.��� �� C�Z	L U(1)R

�V Qc � ��E�(	Q�S
∂JR ≡ ∂(JX +

Nf −Nc

Nf
JA) = 0

U(1)R = U(1)X(U(1)A)
Nf−Nc

Nf

h	i	K�j

R :





Q(θ) −→ e
i

Nf−Nc

Nf
α
Q(e−iαθ)

Q̃(θ) −→ e
i

Nf−Nc

Nf
α
Q̃(e−iαθ)

Wα(θ) −→ eiαWα(e−iαθ)

(3. 33)

E	l�m�d�nRQ�S

U(1)A jXW.Y	T#^3_ ` �.�/� �0�.� G b�M�L#Q�C]E/Z�n#ME�[ b�M�L#Q/� � Section 3.1

E�\�]+� T�^R_�`�^�_=` � O�L	M/a�bdc�n�T�I�J	K�`�PRQ0S�e�C	T=A	`	j (3. 32) ^�B 1-

Q ��R�S��'TU� ` U(1)Acharge 2Nf

� G�T�$�nGe�f	L c � ��#�g�Q�S
T�Dd� β- h 	 (2. 70) ^�B � 1-Q ��R�S��iTU� j

| exp 2πiτcl| ∝ Λ3Nc−Nf (3. 34)
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E�I�Q0Sc n�[�E��:d�n�T�I	J�K � )�*	`�[ � A�Q�S

G = SU(Nc) SU(Nf )L SU(Nf )R U(1)A U(1)B U(1)R

Q Nc Nf 1 1 1
Nf−Nc

Nf

Q̃ Nc 1 Nf 1 −1
Nf−Nc

Nf

Wα adj 1 1 0 0 1
Λ3Nc−Nf 1 1 1 2Nf 0 0

M 1 Nf Nf 2 0
2(Nf−Nc)

Nf

B 1 Nf
CNc 1 Nc Nc

Nc(Nf−Nc)

Nf

B̃ 1 1 Nf
CNc Nc −Nc

Nc(Nf−Nc)

Nf

W 1 1 1 0 0 2

(3. 35)

T=DE� ����� C W j super potential E3I Q SP[ T � c CXK�E�j superfield `�I]P Q charge

j � e	C�� 1 �
	�`!I�P3Q��!C � Ki� M�L�Q�C]E �� Q+< 4�g�C�1�204'6 ���0H `�I	P<Q
UR(1) charge ���
��Z � (�j (3. 33) gRd�	�g�Q	^R_�` � −1 ��Z���n�e	ZRd0Z	L c � �� M'�0M
�d& S
3.5 Nf < Nc �����������
c C�D�E	j � Nf < Nc C � (�C��
 super potential

� @�A�Q�S

section 3.3 E=Y�T�^<_ ` Nf < Nc C�!#"%$�< Q�j'&%( � M = QQ̃ C=!	E/L�)7c�n<Q S
Wtree = 0 C massless C F E#� dynamical ` *
+ ��,#- 4���.��'c�n�Q0/�1	K��=I	b�M �c C � ( � super potential ��.�� c nRQ � P<Q � I�J�K#j (3. 35) E=I#Q/g3d � section 3.1

C�2
3�`�^�B�k�C�4 � ��M	L	Zd&0M	j	ZRd�Z�L�S

Weff = CNc,Nf

(
Λ3Nc−Nf

detM

) 1

Nc−Nf

(3. 36)

c	c E CNc,Nf
j�- 	 S

- 	 CNc,Nf
j�)%* C�^ _ Z	L�& H�g%C6587 �:9 m	Q c � ` ^%B ,�- P Q c � �	E%(

Q�S

(1)aNf
→ ∞ C�5�7c C � ( �
; � " SU(Nc) Nf 1#< �P��� → ; � " SU(Nc − 1) (Nf − 1) 1#< ����� `

Z	nRQ0S
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(2)QNf
, Q̃Nf

`�[d(�L���� � l�m���		PRQ�Sc C � ( ��; � " SU(Nc) Nf 1�< ����� → ; � " SU(Nc) (Nf − 1) 1#< ���.� `PZ	n
Q�S
c n@d�C�5%7]E�� R��=� 4 �	��
 � ; ��� _ � (3. 36) C�4�`�Z�Q�d( � L@_ c � g3d

CNc,Nf
= (Nc −Nf)c

(Nc−Nf ) � ,�[�Q�S c�c E c j (Nc, Nf) `�^�d�Z	L�- 	 S

c d ` � Nf = Nc − 1 C � ( � 1-Q ��R�S �'T � j (3. 34) E l�m d�nRQ C	E � �  
super potential j 1-Q �PRGS�� TF� `����i� M�L�Q c � �3#�g�Q0S���` � Nc = 2, Nf = 1

C � (�j���� >�? E�(�M (Ref [13]) �

Weff = (Nc −Nf )

(
Λ3Nc−Nf

detM

) 1

Nc−Nf

(3. 37)

� ,�-�E�(	Q�S� j � c n#j M → ∞ E ����� ��� Q�C�E (�%7�C R��=� 4�` ) �.-�Z�����j�U�V7��Z�L�S

Weff

<M>

Figure 3: ����j� #7�!�`�U	V�PRQ

� c�" � ��#�$ � # `��%� � l#m�Q � �%7	C R���� 4�`����.��.��7c�n<Q c � �/)�*�C�^
_�`d�0M�Y�Q c � �	E�(	Q�S
[�& � tree C #�$ � # C��'� H Wtree = tr mM

�
Weff (3. 37) `�(Rm	Q0Sc C H j � [�\�Y�I J	K ��) P���)�* C�^R_a` m ` charge

� l�m%Q � a�b�c�n�T�I J

39



K � G�H	S
SU(Nf )L SU(Nf )R U(1)A U(1)B U(1)R

m Nf Nf −2 0 2Nc

Nf

(3. 38)

PRQ � � section 3.1 C�2
3 � O�L#Q �
Wexact = (Nc −Nf)

(
Λ3Nc−Nf

detM

) 1

Nc−Nf

+ tr mM (3. 39)

j�����Z super potential E�I�Q c � #�g�Q�Sc C � ( � super potential C�4�j Figure 4 C�^R_a`�h��dc�n�Q�S
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Wexact

<M>0 <M>

Figure 4: ����j��#7 R���� 4#`�U	V	P�Q

� I�J � Z:d�Z�L����#j ∂Wexact

∂<M>0
= 0 � Z�Q��	Z	C�E � ����j

< M >0= (detmΛ3Nc−Nf )
1

Nc
ω

m
ω = e

2iπn
Nc (3. 40)

E	l�m�d�nRQ�S��7� � n j�N 	 S� b	M � ����j Nc � I�Q c � �=#�g�Q�S

3.6 Nf = Nc �����������
W�X#Y]`�j section 3.3 E�2'37� T#^<_ ` � !%" $P< Q#j��="�g M,B, B̃ E
L
)7c n#M � e
n:d�C	�	`	j�W	X�Y�
����� (3. 25)(3. 26) ��U	V'��M	L T�S Nf = Nc E	j � B, B̃ j 1
< ���.� `�I'�0M � Singlet `�Z	b�M]L�Q�C�E � W	X#Y	Z�! "�$3<0Q�`�I]P�Q�
������j

detM − BB̃ = 0 (3. 41)

��� & c � �	E�(�Q�S
)�*	E�j � W	X�Y�Z�!#"#$=<Q���������� ��� ��M ��� C�^R_a`!h �dc�nRQ�C=g���RQ�S
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c C � (�C�a�b+c�n�T�I	J	K�jP)�*	C�^R_a`	Z	b�M%L�Q S
G = SU(Nc) SU(Nc)L SU(Nc)R U(1)A U(1)B U(1)R

Q Nc Nc 1 1 1 0

Q̃ Nc 1 Nc 1 −1 0
M 1 Nc Nc 2 0 0
B 1 1 1 Nc Nc 0

B̃ 1 1 1 Nc −Nc 0
Λ2Nc 1 1 1 2Nf 0 0
m 1 Nc Nc −2 0 2

(3. 42)

c	c E m j�� ���d<�& ��S�� S
massless C F (m = 0)

� 9 m�Q � super potential C U(1)R charge 2
�CV Q c � �	E�(�Z

L	C	E ��� Q��d6  4�` super potential ��.
�'c�nRQ c � j	Z�L�S

�g+� � ��� H Wtree = tr mM ��I Q � ( � < B >=< B̃ >= 0 � PRQ � � I	J	K
(3. 42) � ��`	KR^�B M C�������� � j

< M >= c(Λ2Nc detm)
1

Nc
1

m
c : - 	 (3. 43)

C�4�`�ZRd�Z#��n.e	Z�d�Z	L�S
- 	 c j mNf

Nf
→ ∞ � ��T � ( � O
3#j ; � " SU(Nc) Nc − 1 1#< ���.� `�Z�n�M�L

Q�C�E � c C � (�C < M > j���D�C < M >0(3. 40) `��
	'� Zd& M	j�Z<d�Z�L � L:_ c
� gRdF,�-�PRQ c � ��E�(	Q�S�e�n � k�C�^�_�` � _ S
� ��
 � ;����j

(
ΛL

mNf
Nf

)3Nc−(Nc−1)

=

(
Λ

mNf
Nf

)2Nc

(3. 44)

detm = mNf
Nf

detmL (3. 45)

E�I�Q0S��'� � ΛL, mL j�Z	n�T � C�O
3�C�- 	 � PRQ�Sc C � � 
 � ; ��� _ � ¡M¿ j �

< M >L= c(Λ2Nc+1
L detmL)

1

Nc
1

mL
=< M >0 (3. 46)

� Z�Q�C	E � c = 1 � 	�g�Q�S��� � ¡M¿ j
< M >= (Λ2Nc detm)

1

Nc
1

m
(3. 47)

E	l�m�d�nRQ�S� b	M � c nR^�B ¡M¿ C ����� j
det < M >= Λ2Nc (3. 48)
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� � ��� � � � ��M	L#Q c � ��#=g#Q�S c n#j � ��j���W	X#Y 
����� ��� TE� M	j�L]Z
L�S
^�b	M � ������� ��� ��T�!#"#$�<Q�C�
��	��#j

detM −BB̃ = Λ2Nc (3. 49)

� Z�b M�L�Q � 9 m#d�n<Q S �.g]`�W	X�5#7 Λ → 0 E]j (3. 41) `:��	 � M	L#Q�C#����b
� �#d�� L�S T�Dd� � c	c E � M'� ZE&�M�j	Z<d�Z�L	C�j � c C���#j�����j��'� Hd� 9
m�T � (�`	��M�(�T����E�I	b�T	C	E�I Q�� � e�C��� j � ��j���� � �+<�& ��S�� m

` ^�d Z�L8��C `	Z	b�M�L�Q C	E � massless C F C�! "%$�<
Q � c C �� �
� T�P C	E
I�Q�Sc C�!#"#$=<Q�C�����j � W�X�Y	`�U	Vi� M�L	T��� �=� � ���	��� ��� ��Q c � `
^�B�!%"#$=<0Q��=gRd��<m
��b Md�[@_ c � E�I�Q0S � b�M � (3. 49) ���7��L � PRQ � ������ 4�� ����� j (3. 49)

�
� T�P < M >,< B >,< B̃ > C���� Y��:d���E�L
)�c�n
Q ��� #�nRQ�Sc C�Y/��� � �0L ��� _ ��!#Z�"�]�#	j�Z	L=� �%$'& ]	Z 
 2 ��# � � M ‘tHooft ������� � � 
 � ;��� ( )�* ‘tHooft AMC ��( P )

� ��g�A�Q c � ��#�(	Q�S (Ref [14])

‘tHooft AMC � j�Z	n�M�L	Z	L�[	\�Y�I	J	K �%)�* Y�` ; � "�+i��T � (�` � ��,�O
3
� ���-� 4�� � �� 	O�3�, ����� �� j���	i��Z%��n�e	ZRd0Z	L � L:_ ���#�I�Q S
�RmPe � M = Λ2I, B = B̃ = 0 , � (

2 H�,�O
3�,PZ	n�M	L	Z�L�I	J�K�.�/�� � 	 j�)�*-,�^R_�`	Z�b]M�L�Q�S
G = SU(Nc) SU(Nc)V U(1)B U(1)R

ψQ Nc Nc 1 −1
ψ

Q̃
Nc Nc −1 −1

λ adj 1 0 1
ψM 1 adj 0 −1
ψB 1 1 Nc −1
ψ

B̃
1 1 −Nc −1

(3. 50)

c , � (�, ��0�1 , ����� �� j 2 ��� 4�� � ����� 4�� �
U(1)3R −N2

c − 1 −N2
c − 1

U(1)2BU(1)R −2N2
c −2N2

c

SU(Nc)
2
VU(1)R −Nc −Nc

U(1)R −N2
c − 1 −N2

c − 1

(3. 51)

� ZdB ��g	`�P�#M���	'��M	L�Q0S
[�T � !%"%$�<0Q�,435,�P��M�, ��`!H�L]M%� �76�8 Y	` >�? � M��<Q c � `�^.B�P��M
‘tHooft AMC

� Td��M�L�Q c � �=#�g�Q�S� b	M � ����� 45� � �
 	O
3�j (3. 49)
� !	T�P M,B, B̃ #�L
)'canRQ ��� #�nRQ0S
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3.7 Nf = Nc + 1 � � � � � �
c , � (�j � !#"%$�<CQ � L
)	P�Q �d<�& ��S�� j M i

j, Bi, B̃
i #�I�Q0S

T�Dd� � Bi, B̃
i j�1�< ����� I�J	K�,��	h�+ � (4 � (3. 20)(3. 21)

� O�L	M

Bi =
1

Nc!
εij1...jNc

Bj1...jNc (3. 52)

B̃i =
1

Nc!
εij1...jNc B̃j1...jNc

(3. 53)

(3. 54)

#	l�m�d�nRQ�Sc , � (�,�W	X�Y 
��	���j�k�,�^R_�` � & c � ��#�(	Q�S
(detM)(M−1)i

j −BiB̃
j = 0 (3. 55)

BiM
i
j = M i

jB̃
j = 0 (3. 56)

�'� � c	c #�, (detM)(M−1)i
j j������ ,�M�N�#PO L	M��dB � (3. 55) � (3. 25) ,���� � #PK'��T#��,�`	Z�b	M	L	M � (3. 56) � (3. 26) , �� � Z�b	M	L�Q�S

c ,�W	X�Y 
����� #]l�m�d�n�T������ � � ������`#^�B � ,�^<_�Z�h�� � � ��Q�,
g � ��R^R_ S
����, Nf = Nc , � ( ����	 ` Wtree = tr mM

� (Rm�M B = B̃ = 0 � PRQ � � I�J	K
� ��`�KR^�B

M = Λ
2Nc−1

Nc (detm)
1

Nc

(
1

m

)
(3. 57)

#	Z#�0n�e	ZRd�Z�L�S�T�Dd� ��
 	 j mNf
Nf

→ ∞ # Nf = Nc , M(3. 47) `���	�PRQ
^R_�`P,�A	T�Sc nR^�B

detM

M
= Λ2Nc−1m (3. 58)

� Z�Q c � ��#�g#Q�S
�� � W	X�Y�
����� (3. 55) j�� �	��� ��� ��M

(detM)
(

1

M

)
−BB̃ = Λ2Nc−1m (3. 59)

� Z�Q ��� #�nRQ S
�gd� � c ,���� � � � � ��T 
	��� �j m → 0 , massless 5#7�#	j W	X�Y 
�����
(3. 55) `P��	'��M	L�Q�S� b M � Nf = Nc +1 , � (�j massless ,�� � 9 m]Q�Z<de � � ��3�Y�!%"%$�<0Q#j�W	X
Y�!%"#$�<0Q#`��
		P<Q � � #�n<Q�S � � � !%"#$�<0Q#j�� ��� � � � ��Z�L � 9 m�d n
Q4,�# � W�X�Y�! "�$�<0Q#`�U�V'� T��� ��j � � �'35##���� ��#=I#Q�S��#` � section
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3.3 #�2
3'�0T�^<_�` � !#"%$�<CQ�,�� �%������3�#��� � � Z�b]M L#Q�S�T�D+� � c ,
�� �-,�����j��Z�b	M	L�M � W]X�Y	`	j � c ,��� ��j massless gluons ����n3Q���,
� 9 m�M	L�T3� � ����� 4�� � �
 �O
3�#�j M,B, B̃ P��M=� massless `�Z	b�M���nRQ
�� �-#�I�Q � 9 m	Q0S

$'& ]	Z 
 2 ��# � ��M ‘tHooft AMC
� ��g�A�Q�S

�<m/e � !%"#$�<0Q�,�� �	`=I�Q��� ��#��.g�A#^R_ S�e c #	j�P��M�,���J	K#j
	�� �
M	L	M � 2  ,�O
3�,���J	K�.5/���� 	 j�)�*�,�^�_�`	Z	b�M L�Q0S

G = SU(Nc) SU(Nf )L SU(Nf )R U(1)B U(1)R

ψQ Nc Nc + 1 1 1 −Nc

Nc+1

ψ
Q̃

Nc 1 Nc + 1 −1 −Nc

Nc+1

λ adj 1 1 0 1
ψM 1 Nc + 1 Nc + 1 0 −Nc+1

Nc+1

ψB 1 Nc + 1 1 Nc − 1
Nc+1

ψ
B̃

1 1 Nc + 1 −Nc − 1
Nc+1

(3. 60)

0�1 , ����� �� j 2 ��� 4�� � �-��� 4�� �
SU(Nf )

3
L
R

±Nc ±Nc

SU(Nf )
2
L
R

U(1)R
−N2

c

2(Nc+1)
−N2

c

2(Nc+1)

SU(Nf )
2
L
R

U(1)B ±Nc

2
±Nc

2

U(1)2RU(1)B 0 0

U(1)2BU(1)R
−2N2

c

Nc+1
−2N2

c

Nc+1

U(1)3R −1 +N2
c − 2N4

c

(1+N2
c )

−1 +N2
c − 2N4

c

(1+N2
c )

(3. 61)

� ZdB � ��g	`���	i��M	L�Q�Sc n�)�� ,�!#"#$=<Q�,�P��M�,���##� 6-8 Y�Z >�? `�^.B ‘tHooft AMC ���
	'�0M	L
Q c � � ��g�ARd�n<Q�,�# � �-��� 4�� ����� j c ,�^R_ Z M � B � B̃ #�L
)'can3Q ���
#�nRQ0S� b M � c n ����� Q � Nf = Nc +1 #]j � W �.g=A	T#^<_�` � !%"#$�<0Q5,�� ��# ��
Qd<4��	J	K���Z�n�&�`�� ��� A����d(�M	L�Q � 9 m	Q c � ��#�(	Q�S
� c�" # � M � B � B̃ ,�
	���� (3. 55)(3. 56)

� ��P super potential j�k�,#^R_a`	l
m�d�n�Q�S

Weff =
1

Λ2Nc−1
(BMB̃ − detM) (3. 62)

c n�� � ��J%K � Z d Z%L	T A ` ∂Weff

∂M
=

∂Weff

∂B
=

∂Weff

∂B̃
= 0 ^�B ��g ` 
����  (3.

55)(3. 56) ��@�[�Q�S
k�` � Nf = Nc , � (�,�!�"#$�<Q � , N�"�K � ��g�A Q�T�A�` � Nf = Nc + 1 ���%,
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#�$ � # ` � � m
� l�m]Q � � super potential j���`�� � �����5,�2
3�g<d�k ,�45,#�,���� ��`�@�[�Q S
Wexact = mMNc+1

Nc+1 +
1

Λ2Nc−1
(BMB̃ − detM) (3. 63)

c , � (�, � ����� � Z:d�Z��	T�A�,��� ∂Wexact

∂MNc+1

Nc+1

= 0 ^�B

m+
1

Λ2Nc−1
(BNc+1B̃

Nc+1 − detM i
j = 0 (3. 64)

#�I Q c � � 	 g Q S ��� � i, j = 1, . . . , Nc #�I Q S c c # m→ ∞ � ��� Nf = Nc+1 →
Nc ,�5#7 � 9 m��
	c , � (�, R ��� 4 � � 
 � ;�j � Nf = Nc , R�� � 4 #�,��d<�& ��S�� `	j��Rm
 L�  ����K�� c � `���� �

Λ2Nc

L = mΛ2Nc−1 (3. 65)

#�I���	�[�� � g#j
M i

j = ML (3. 66)

BL = BNc+1 (3. 67)

B̃L = B̃Nc+1 (3. 68)

� Z�� ,�# � (3. 64) j Nf = Nc , R���� 4 #
detML − BLB̃L = Λ2Nc

L (3. 69)

#�I�� c � ��	�g��
	 c n�j ��g	` (3. 49) `���	'������� c � ��	�g���,�# � c n d
,��� j���b � ��d=�
� � 9 m�d�n��
	
3.8 Nf = 3Nc � � �
β- h 	 (2. 70) ^�B

β(g) ∼ − g3

16π2
(3Nc −Nf ) (3. 70)

#�I��PgRd Nf = 3Nc , � (�j ��� 3�j asymptotic non free #�I��
	c , � ( IR ��-��	j � free theory �
� b������4,�# � ����� 4�� ����� #	j � � � A=�
�d(����Rd & � ;4 ����� � # $ � # � � , elementary ���.�	e�,�[�[����E&���,�� &� � ��� #�I�� � 9 m�d�n��
	
3.9 ���! 
" n�[-#�,�2
3�# � Nc + 2 5 Nf < 3Nc )�� ,�����j�@�A�� " � �-#�(���	��$# � Nf =

Nc, Nc + 1 #%j � �	��� 4 � � #	j � � � A ����(��%��� " � ���%g�A'&�n(��	 � "�"
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� � Nf = Nc + 2 #	j M,B, B̃ #��U[d& ��� � L
)���� " � ��#�( � ��,�#�I��
	 " ," � j ��� # ‘tHooft AMC
�%� � c � � " � #8� �%g A�& n'�
	 Nf = Nc + 2 , � (

� � Nf = Nc +1 , � ( � � � & � massless , � 35#	j�����3�� � !�" $=<Q ���	� � �
!#"%$�<
Q.���
	���� " � ��
 &�n������ (Ref [12]) ,�# � �Rm/e U(1)2BU(1)R , ���/��� � !#"#$=<
Q�,�� ��#�@�A���Y�� �2 ��� 4�� � ����� 4�� �

U(1)2BU(1)R −2N2
c −2N2

c Nf
CNc

(
Nf−Nc(Nf−Nc)

Nf

) (3. 71)

#�IdB � Nf = Nc, Nc + 1 #�j��.g�# ‘tHooft AMC
�
� �+� �����/� � Nf = Nc + 2 #	j

��	'����� � � " � ��#�g��
	� " # � Seiberg j " ,����#�j �-��� 45� � � 3�j:)�*�#�)������� � ��� � � � 3�#
��� ��L�) can ��� � � 9 m � 	���D+� � "�" #�, � � � ,:M�N]j � !#" $ <Q�,�� ��#
� �

�-��� 4�� � 5#7 ��� ���,
2 ��� 4�� � � 3���������� � ��� " � #�I��
	 3

" , � � � � 3���� , � 3 ��� � ����� 4�� � �
 � 3 � L�)���� ��A�#�k , �	 �9 m��
	��=Dd� � " " # � � ” � � ” � j 2  , � 3�� ��� ��#	����#.( � � � ��� M.N #
O��������
	

(1) �� ������ �"!�# ��$�% #��$& � ��& � ��')(�*�#�+ ��,�#),.- , ��/�0 � ��1 ��23�4 � & � ��	
(2) 5 $�6�7 �98"!�:�;�< %>=�$)1�?�@BA�C�D�EGF�H	I�J�K�L &NM.O"� L &�P�* 1�L)I�K1 - K P /�0BQ�R � H�S�T	I�UWV�X ,Y:�;�< %�=	$�1�Z�[�\	L�]	^�_	D + J 0 F ,a`�b 1
!	,ac�d�e 1 !	+ JaD9?G@fA>C�ghE bhi 0 V	1 !�jlkhb 0 D	1�F�L	I�UGmhn�m ,ob K 0 FS 5 $�6�p !�- K P /�0�q 7�L P / 1 Q�R	r H>S�s�I 0�tvu>w 3 J�U)L�x>L w ,y5 $	6.z{�|�} ! (massless

K
) ~ %>$��"����s��B����� 3 H�I�J�K�1 + J�D ,	c�d�e��	� 1 + JX	C����	�9�>1��	��� 3 L	I�K	1 ,a`�b 1�K ~ %>$��>��K ”� ” ,N� Vv� 5 $	6�p�K��	��g����� ����n�C�J b 0 D�1�F�L�I)n w 1 + JNU

(3) �>� L 5 $	6�� Q	����� $>��$ !	� { I�K P / 1.�	 �m�Lv¡hH ! L w L)I.Ua¢£K�¤ e>,
M,B, B̃

1 + J�U b 3 w K �G�.� $���$ ! (1)
K�¥)¦�s��

2 � K P / 1�§v@�¨�© � 7)ª 8g�«�X)L�¡�H�¬�L w L)I�U
(4) 5 $�6�"®.¯G°�$�g�«�X)L9IaU b 3 ¬ , q 7 8 0 ¬�±�²�³�� 5 $)6 P / D�« ��´ F�¥¦�1 + J.D ,�µ�¶ 1�·�J�s k � , q 7�L P / ¬ 5 $�6�p�D - K P /�0�¸ L r H�I�JaK�1 ,¹�º 0 m�H�¥�¦�K 1 � �a» u H � ¡�S�K 0 i J�U

µ�¼",½- K P / g electric
L P / , q 7�L P / g magnetic

L P /�0�¾y¿ b 0 � i J
3 N = 2SUSY À.ÁfÂÃÀfÄÆÅÈÇ.ÉÆÊÌË.ÍÃÎÆÏÑÐ.ÀfÒÔÓÈÕ 2 Ö.×fØÆÙ9ÚÑÀÈÛÈÜ�ÝÈÀÃÞÈÊhßÈßfÞÈÀÑÄÈÅÃÇ9ÁÑÉà.áÈâ Ò.ÓÈÜÆãåä.ÕÑæ
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0 , magnetic
L P /�0 mNH µ�¶ K P / g�� ¿�0 b 3 w K�¥�¦�g���X i�b 0 D R n>J�U

magnetic electric
5 $�6 SU(Nf −Nc) SU(Nc)¤

q, q̃, W̃α,Mmag Q, Q̃,Wα

super potential Wmag = qMmag q̃ Wele = 0

(3. 72)

•electric 0 magnetic
K)²�³

Ñc ≡ Nf −Nc 0 ^���m�H magnetic
L P / 1�K��	��$�%�g Λ̃ 0 i J�U

Mmag

¬
elementary

L�¤ 0 m�X�K	1�
��� - ¬ 1 0 i J�Uy��� , electric
L P / 1�K�7�

i J�¤ M = QQ̃
¬�
	��� - 2

g�« � K�1 , 
��� - 1
K ���a� $"��$ µ

g�����mhH ,��� ¬
M = µMmag

K�s k ��7���m�H�I�J�SaK 0 i J�UX���m b K 0 F , µ ¬ q 7�¥�¦ 0 m�H
Λ3Nc−Nf Λ̃3Ñc−Nf = (−1)ÑcµNf (3. 73)

g���X i 0 i J�U

µ�� K�s k L magnetic
L P / D�����m�X 0 i J 0 , q 7�L P / K)X�C Ka¥�¦�g���Xm�H�I"J b 0 g��>n�C"J�UV��

(1)(3)
K�¥)¦�gN��n)C�s k U ` K�X	C��	¬ electric

L P / ������m�X 5 $	6�� Q ���
��� � � 0 §! "� , magnetic

L P / 1>S 5 � 6�� Q ��� �"� � � ¬ M,B, B̃
1)L 2 3�4L w L)I D ,)` K k�# M

¬
magenetic

L P / 1 elementary
L

singlet 0 m�H i 1���$3 H�I"J�U
��� , B, B̃ ¬���K�s k � q, q̃

��s r H&%�� 3 J�U
Bi1...i

Ñc

= εi1...i
Ñc

j1...jNc
Bj1...jNc

= ε
a1...a

Ñcqi1ai
· · · qi

Ñc
a

Ñc

(3. 74)

B̃
i1...i

Ñc = ε
i1...i

Ñc
j1...jNc B̃j1...jNc

= εa1...a
Ñc

q̃i1ai · · · q̃i
Ñc

a
Ñc (3. 75)

X���m
i, j
¬(' ����)�� K�* , a ¬ 5 � 69K�*�1 + J�U

b K 0 F ,>b K&+�K ) ° ���½D�
 m�¡ 5 � 6�� Q L �&� �,� � � 0 L"J½��¬ , magneticL P / K 5 � 6.p>¬ SU(Ñc)
1	L 2 3>4 L w L	I b 0 D�-�n>J�U)V	X ,�� 1�. u>w 3 X )°�����D �0/

electric
L P / K�« � ¨)© � 7�ª 8 gh« � X)C9�)¬ , q, q̃ K�¨	© � 7�ª 8 ¬

µ�¶ K"s k ��L r H�I)L 2 3�4 L w L�I�U
G = SU(Ñc) SU(Nf )L SU(Nf )R U(1)B U(1)R

q Ñc Nf 1 Nc

Ñc

Nc

Nf

q̃ Ñc 1 Nf −Nc

Ñc

Nc

Nf

M 1 Nf Nf 0
2(Nf−Nc)

Nf

(3. 76)
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V�X , Mmag
i
j

D
electric

L P / K M 0 §G@�¨�© � 7)ª 8 g « � X�C��)¬ (3. 72)
1	. uX

super potential
D����"1 + J�U b K super potential

¬�S k 1 � K º�� gN« r H�I�H ,
q 7�L P /�� Ky¥�¦ (3), � #�,o5 � 6�� Q)����� � � � ¬ M,B, B̃

K�� , 0 I k ¥o¦�g��X i X�C)�	�
��1 + J�UoLax�L w , magnetic
L P / 1	¬ , 5 � 6�� Q L ���a� � � �

0 m�H"S k 1 � N ≡ qq̃
g | J b 0 D�1>F�J�D ,a:�;�<�� = � 1�K���	���
�

∂Wmag

∂Mmag
= 0 ⇒ N = qq̃ = 0 (3. 77)

s�� ,.:);�<�� = � 1�¬ ��� 1)L�I b 0 D R n"J�U

� � b K magnetic
L P / D 
�m�¡ q 7�L P / �)L r H�I�J b 0 gN� n�C"J�K�� , I¡ � n)K�Z�[�\�L������	�)g i J b 0 D�1�F�J�U

•‘tHooft AMC

2 � K P / Ka7�ª 8����)* � � ¬
G SU(Nf )L SU(Nf )R U(1)B U(1)R

ψQ Nc Nf 1 1 −Nc

Nf

ψ
Q̃

Nc 1 Nf −1 −Nc

Nf

λ N2
c − 1(adj) 1 1 0 1

ψq Ñc Nf 1 Nc

Ñc

− Ñc

Nf

ψq̃ Ñc 1 Nf −Nc

Ñc

− Ñc

Nf

ψMmag 1 Nf Nf 0
Nf−2Nc

Nf

λ̃ Ñc
2 − 1(adj) 1 1 0 1

(3. 78)

K�s k ��L r H I>J�U b 3 g } I)H ,�� � K)�®�¯�° � g��
��m�H���J 0
electric magnetic

SU(Nf )
3
L
R

±Nc ±Nc

SU(Nf )
2
L

R

U(1)R − 1
2

N2
c

Nf
− 1

2
N2

c

Nf

SU(Nf )
2
L

R

U(1)B ± 1
2
Nc ± 1

2
Nc

U(1)3R N2
c − 12N4

c

N2
f

N2
c − 12N4

c

N2
f

U(1)2BU(1)R −2N2
c −2N2

c

U(1)R −N2
c − 1 −N2

c − 1

(3. 79)

0 L�� , ��n�� � � 1��� �m�H)I�J b 0 D R n"J�U

• magnetic
L P / K q 7�g 0 J 0 - K electric

L P / ����J�U
qq̃
��7� i J singlet

g
N 0 m , d, d̃

g q 7 -q 7 P / K �"! � � 0 i JÈU9V!� magneticL 5 � 6�p SU(Ñc)
K q 7�g 0 J 0 G = SU(Nf − Ñc) = SU(Nc)
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0 L�� , electirc
L 5 � 6ap SU(Nc)

����J�U���
super potential Wdual−dual

¬

Wdual−dual =
1

µ
tr MN

︸ ︷︷ ︸-�� K Wmag

+
1

µ̃
d̃Nd (3. 80)

b�b 1 µ̃
¬ q 7 -q 7 P / K ����� � � � U� � , q 7 -q 7 P / K��� � � g ˜̃

Λ 0 mhH , ˜̃Λ = Λ 0 §a��� i J 0 , q 7�¥�¦�s��

Λ3Nc−Nf Λ̃3Ñc−Nf = (−1)ÑcµNf

= Λ̃3Ñc−Nf
˜̃
Λ

3Nc−Nf

= (−1)Ncµ̃Nf (3. 81)

b 3 s"�
µ = −µ̃ (3. 82)

s r H Wdual−dual

¬
Wdual−dual =

1

µ
tr N(−dd̃ +M) (3. 83)

0 L�JNU� r H , ��� � M,N
¬

massive
��L�J�K)1 , ����
���

∂Wdual−dual

∂N
= 0 ⇒ M = dd̃ (3. 84)

∂Wdual−dual

∂M
= 0 ⇒ N = 0 (3. 85)

g } IoH�� - g ��	 i J 0 , Wdual−dual = 0 0 L � , VoX 1 ��
 K ²y³ �Gs � (d, d̃)
g

(Q, Q̃) 0� ¡ 0 - K electric
L P / ��� r H I"J b 0 D R n�JNU

� �aZ�[�\�L�� � � � 0 m�H µ>¶ g���X�m�H�I"J�U (Ref [7])

• ����8 g���X i U

dual
electric −−−−→ magnetic
(Nc, Nf ) (Nf −Nc, Nf )

flow
y

y flow

low energy dual low energy
electric −−−−→ magnetic
(Nc, Nf − 1) (Nf −Nc − 1, Nf − 1)

(3. 86)

X���m , (Nc, Nf )
¬ 5 � 6 SU(Nc) Nf

' ����)�� K º�� 1 + J�U

• * ��� 
"V 1 t�u J 0 electric
S

magnetic
S�� 6�� ��� �y7�m § @�����¥o¦ g��

i U

50



� � S r�0 MyO � L���\�g�����1 N = 2 SUSY
n w K flow

g t u J b 0 ��s���.
u J�U

3.10 Nc + 2 5 Nf 5
3
2Nc � ���

�
	 K�� / ��s��� Nc + 2 5 Nf

K½¤ e ��¬ q 7�L P / D �	� i J 0�t�u�w 3 J b 0 D
R n r X½U X � m�

Nf 5
3
2
Nc

Ky¤ e ¬ electric
L P / ¬ asymptotic free

1 ¬
��JyD�
magnetic

L P / 1�¬ Nf > 3Ñc

K�¤ e ��z���mhH�I�J�K�1� asymptotic non free 0 L rH	I>J�U
Nf >

3
2
Nc

K����	1	¬
magnetic

L P�� 1 asymptoric free
�9L r H	I>J����� �

#  Nf < 3Ñc

��z��Gm�H�I�J�K�1�
Nc + 2 5 Nf 5

3
2
Nc

K�¤ e��  Nf >
3
2
Nc

K�¤ e 1¬ ¸ L"J�z�����J b�� D R n�J�U
section 3.8

1�S�� ´ X)D� asymptotic non free
1�¬�

elementary
L

massless
¤"D :	;�<

� = � ���)H�¡aJ�K	¬�[ �>1����� :�;	<�� = � �)� ¬ magnetic
L P�� 1)·�J � !	d�e��L r HoI�H� 5 � 6ap SU(Ñc)

1�¤�¬
q, q̃,M

1#"�$�� 3 J � tvu�w 3 J�U
b 3 ¬ non Abelian Coulom

z � ¾ 4�3 H�I>J�U

3.11 3
2
Nc < Nf < 3Nc � �%�

3
2
Nc < Nf < 3Nc

K ¤ e ¬� electric
L P�� S# magnetic

L P�� S asymptotic free
�yL rH	I>J�K	1� :	;9<�� = � �	� ¬'& # w K P�� 1>S c�d9e 1��"JÈUGmhn�m( section 3.9
1

��n�C X"s k �
	? @ÆA�CoD�E F�H I"J ��j k �o��¬�S�¬ �	
 m�¡ L�I � ) R 3 JNU bK � F# :	;9<
� = � gh��� i J	S r � S+*�,�L��	� � m�H	¬��- ;	<�� = � 1�����mÈX
elementary

La��� D :�; <
� = � 1�S��&$ i J ¤ e 1
��. k U�m�n�m/ b K�s k L b��D�EvF�J�X9C)�9¬ :�;	<�� = �#0�1 1�¬�Z�[�\	L9])^9_� � # ��� � � � Q L	_�D�� �mhLv¡�H	¬9L w L	I�U µ>¶ K�� � s>�2 ` K>s k L9_	D��>J ��i J � 3
2
Nc < Nf < 3Nc

K
����1)L I � L w LoI b�� D j u J�U�3�� 3

2
Nc < Nf < 3Nc

K4�5� i)´ H��yZ�[�\�Lo]^�D��	� i J b�� ¬�V	�#��\�� 3 H�I�L�I�D�#6�@ w 3 H�I"J�U
b 3 ¬� �7	 K non Abelian Coulom

z ��7 m H7�8��7�z {�|o} K�� J
non Abelian

Coulom
z � ¾ 4.3 H�I>J�UoV�X����� � � � Q 1��>J�X�C	��¬� ��9�gh« r X ����� �� � D��� mNH9I	H�¬	L w L	I�K	1� ` K�s k L	_9D���J ��i 3>4  i	´ H�K�¤>D#:�;�<=�> gN«�X�L�I��>6�� � � K#?�_)��L r H I)L�@ 3�4 L w L)I�UV��A
Nf < 3Nc

K � F�¬ asymptotic free
L�K�B��Z�[�\�L

IR
]�^�_�D���� i J�CD D��"J�U

���
(Ref [15, 16])

��s�� 
���L
β-
² � ¬���s k �	. u�w 3 JNU

β(g) = − g3

16π2

3Nc −Nf +Nfγ(g
2)

1 −Nc
g2

8π2

(3. 87)

γ(g) = − g2

8π2

N2
c − 1

Nc

+O(g4) (3. 88)
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b�b B γ(g)
¬
Q(Q̃)

K ¸�� ��9�B� Q(Q̃)
K���9�¬

dim(Q(Q̃)) = 1
2
γ + 1

B�. u�w 3 J�U
‘1‘
¬
Q(Q̃)

K 
� ��9�B��>JÈU ��b .�B� S>m IR
]	^	_	D��>J �Ñi J �  `�b B	¬ Super

Conformal ��� K�%�$ � m�H��������° � B���J�X�C	K�¥�¦ � m�H

D =
3

2
|R|

(
D :

��� ��� � �
(
¤

)
K���9

R :
��� ��� � �

(
¤

)
K
R-charge

(3. 89)

D#$ � m�H�I�L�@ 3�4 L w L�I b)b B� #��>k &	��
�D#$ �ai J�K�¬
��� ��� � � D � �G� � K � F D =

3

2
R (3. 90)

��� ��� � � D��� �G� � K � F D = −3

2
R (3. 91)

K�¤ e B���J�U
b�b B 2 � K�� ��� � ��� ��� � � O1(x), O2(x)

K���� ��� � � ��g t�u J �
O3(x) = lim

x→y
O1(x)O2(y) ∼

x→y

∑

i

Ci(x− y)Oi(
x+ y

2
) (3. 92)

� L�� �³ � ¬���9�������s�� x ∼ y
B

Ci(x− y) ∼
x→y

(
1

x− y

)D1+D2−Di

(3. 93)

� L r H I�JÔU �yb .aD7 R-charge
K������ n w Ri = R1 + R2

B L�@���� L w L�IyU
i J � ½¥	¦ (3. 90)

s�� 
Di = D1 + D2

B���J b�� D R n�J�K�B�)��� ��� � � ��¬
x → y

B
non-singular

B���J4B���J b�� D R n�J�Us r H��� ��� � ¤>K���¬�,���� � J b�� D�����H��Gg.L i U b ��¬ Chiral ring � ¾ ���H�I"J�U
section 3.4

B�^���m�X�� �v� � ��� ��� � � Q

Q̃
K
R-charge

¬'& # w S Nf−Nc

Nf

B�� rX	n w  IR
]	^	_	D���J � i J �  Super Conformal �	� s>��� ��� � Q L	��� � � � �K���9"D

D(QQ̃) =
3

2
R(QQ̃) = 3

Nf −Nc

Nf
(3. 94)

D(B) = D(B̃) =
3

2

Nc(Nf −Nc)

Nf
(3. 95)

K�s k �� �V�J�U	���� (3. 87)
g } I�J �  IR

])^�_�B

β = 0 ⇒ γ =
Nf − 3Nc

Nf
(3. 96)

D(QQ̃) = γ + 2 = 3
Nf −Nc

Nf
(3. 97)
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bob B
�� 2
��K

‘2‘
¬

QQ̃
K�
 � �
95B
� J U�s r H  Super Conformal �o� s �  V r X���9 ��� ��� �½p�n w  �V�J���9����o �m	��
� b�� n w  section 3.4

B�^���m
X
U(1)R

¬
Super Conformal �)�� U(1)R � §��aS � B��� b�� ����n�� w ��X�U

� w �� Super Conformal �)� ��¬ µ�¶�� ¥�¦������U (Ref [17, 18])

•Spinless � ��� ��� � � ¬�,������ ��� � � (D = 0)
g���
��

D = 1
B���¡	�)¬�� w �


�U
•D = 1 � ��� � ¬�[��N¤ � ����� ��B����U

��b .����S�m  Nf <
3
2
Nc

�
IR
]�^)_������ i � ��i � �

D(M = QQ̃) = 3

(
1 − Nc

Nf

)
< 1 (3. 98)

� ���� ��� ¥�¦>��� i ��U£V�X� Nf = 3
2
Nc �'��� D(M) = 1

� � B M
¬�[���¤�B��

��U
µ(��� s k �� 3

2
Nc < Nf < 3Nc

� Z [h\��
IR
]	^	_������ � m��>S Super Comformal

��� � ��!�m	��
�Us r �� 3
2
Nc < Nf < 3Nc � ���)�9¬ Conformal

��"�)]�^	_�����# � VG�vz {)|�}
� �� non Abelian Coulomb

z���� b�� g µ�¼�# ^ i � �  section 3.9
B#� � mNX q$�% �az {�|�} � �� non Abelian Coulomb

z������ i � � t�u�w �&�NU
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4 N = 2SUSY QCD � � � � N = 1SUSY QCD � �� � � 	 


4.1 Flat Direction
�����

SU(Nc) Nf ��� ���������� N = 2 SUSY QCD ������ �� �� section

2.1 � (2. 17) !"�#�$�%'&�����(�� �)� �*�+�,)-�� ��. � potential
�0/1243�5

V =
1

2g2
tr D2 +

∑

i

|Fi|2 (4. 1)

Fi =
∂W
∂ϕi

(4. 2)

Da =
∑

i

ϕi+T aϕi (4. 3)

57683 %)$(9;:0< ϕi  2=8> �,(-?� �@.'�BA :�< T a  ϕi � A(C�D * 3E�(��E� �EFHGI !J 3 %�K$ W  �L�M � LE� �ON�P ��Q � 1
D�R)ST :�$ 5�U � super potential !<

W =
√

2Q̃a
i Φ

b
aQ

i
b +

√
2mi

jQ̃
a
iQ

j
a (4. 4)

!"�#�VXW >Y�3(Z �)!J 3 %[&0W\V�*�+ flat ]^�_E`�K[+
D-term *�+

0 = [Φ,Φ†] (4. 5)

νδa
b = Qi

a(Q
†)b

i − (Q̃†)i
aQ̃

b
i (4. 6)

!(J 3 & 5 _Ea8b 3 %c$(9;: ν  Ed(e8�@f(Q8![+g< a, b  �(��E� �@h8< i, j  ��� �E�8�
��h �0A2[Z � 5i2[3 %
F-term b[V7 

ρδa
b = Qa

iQ̃b
i (4. 7)

0 = Qa
jmi

j + Φa
bQb

i (4. 8)

0 = mj
iQ̃

a
j + Q̃b

iΦb
a (4. 9)

_�`�K 3 %�$9[:7< ρ  Ede���jk)Q�!J 3 %
(4. 6)(4. 7) ��l�m D  �n;# >Y�3���)��� _op�q � !(J 3 & 5���r�s $�%
&�W\V0� flat ]^ �7t $ 2u  �v�� 3

� ��w ���� %

L ��x ��w Q̃ = Q = 0

Higgs w Φ = 0y)z w Φ, Q, Q̃ 6= 0
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section 2 !���� D���� : $��	�  � � � � � (Q, Q̃) _�
�� : > Y?6 Y . z � n # > Y
$�!�L � x ��w\:�b
�� :�# 6 b s $�)!J 3 %�K$< section 3 !� =�>)Y $���  
N = 1SQCD �����!< adjoint -�'��� . Φ

����� ! Y6 b s $�(! Higgs wO:Bb�
��
: >Y)6 b s $ _(<�&)&�! ����V Z 
���! U3 %
4.2 ����� �"! # $�% branch
&�'�( 6 L ��x � w����� � `�) 3 %[L ��x �0w  Q̃ = Q = 0 !J 3 b[V�< D-flat ]^
(4. 5) *�+

[Φ,Φ†] = 0 Q = Q̃ = 0 (4. 10)

!J 3 %[&�� 5�U < F-flat ��]^� �*,+ ( D�t $.-XW >Y�3 %
&E� u  (< section 2

50/218DH�(�(�E� �4325 A(C !HJ 3 Φ �)-6�87(�:9(a �85 W<;>=@? >

Φ =




φ1 0
. . .

0 φNc




∑

a

φa = 0 (4. 11)

�����A�B�C ��5E3 & 5 _mD 3 %
&�W� �E�F D��(���'� SU(Nc) −→ U(1)Nc−1

DG[3 % 4H s(> <?L ��x ��w� Nc − 1 I��J�K 6(����L�M�N �O � 7 � trΦ2 trΦ3 · · ·
D * s>P>Q -iW 3 %�&�W� (< ��)�@� SU(Nc)

D� KEW 3>R �>� � �S>T DU : >>/ E>V -iW
$ φa ! P�Q -XW 3?50Y WYX�YZ'Z mD 3 %�[�\!( ]�^ � �����_�` 5 : >a�b)2;3 %
&�'c( 6 L ��x ��w��2d ��e �f�� Y ? � b�g�h�i �B�)� %j #2;< Y ? � b� φa _ /�k C �85�385 < �(�(�U>l�m _>no :,p : Y massless q I !

J 3 �f� P ��_m > ? 3 %
K$(<fg�h�i D683�r � N 7 � � 5 : > < Φ _���4A�B4C �?5�3?5 (m _ U�s(T -iW >(Y3�5 : > ) <�t�u2v� 

Wmass =
∑

a,i

(φa +mi)Q
i
aQ̃i

a (4. 12)

6 �!)< φa +mi = 0
5�6�3�5 &�w�_J�W�;)<�x�&�� Q, Q̃  massless

DH6�3 %
& � * WBD p : Y massless q I _ m > ? 3 i  & W K?! ��y�z 56/�1 g	h{i 5 6)sH>Y�3 %

4 |~}������~�4�~�~�4�~�:�~�6�~�6�~�
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4.3 ����� � Higgs branch
&�'�( 6

Higgs w����� � massless �!�n[# 3 %
Higgs branch � flat ]^� Φ = 0 !(J 3 & 5�D�� e 2[3�5 (4. 5)∼(4. 9) *�+

νδa
b = Qi

a(Q
†)b

i − (Q̃†)i
aQ̃

b
i ν ∈ R (4. 13)

ρδa
b = Qa

iQ̃b
i ρ ∈ C (4. 14)�7t $�� ;8* Y % Higgs branch !(� �(�(� L>M8P�� � � 7 �  <�O��(� M < � N7P � B, B̃

! , &0W\V� [�\)��* WXD�� G -XW >Y�3 %
M i

j = Qi
aQ̃

a
j (4. 15)

Bi1···iNc = εa1···aNc
Qi1a1 · · ·QiNcaNc (4. 16)

B̃i1···iNc
= εa1···aNc Q̃i1a1

· · · Q̃iNcaNc
(4. 17)

(4. 18)

&�W�b'V
	b 3 * W D < Nf = Nc ���� D  �\N�P � _
���! U 3 % Higgs branch � 6
b! �ON�P ��_
>�\: >Y�3 ��) Baryonic brach

5�� ;�W >Y�3 %
E Z < Nf < Nc ���� !) ���� ( D B, B̃ = 0

5�6�3 �!< Baryonic brach
D6 +�# 6Y % -)V D Nf = Nc ���� D J s>�Z Q, Q̃ �����A�B�C�� 5 + Z�D * s>  B, B̃ = 05�6�3 �!<�x�8* W 6��\N�P ���
��\: 6)Y ��� � non Baryonic branch
5���� %

[�\ �ON�P ��_
>� 2'3�. z : 6)Y�. z !�a�� > < flat ]^ ��u�Y)>Y ?�& 57D�2'3 %
4.3.1 Baryonic Branch Nf = 2Nc ( asymptotic non free)

&&�!) Nf = 2Nc � . z � Baryonic branch
D���Y> n�� 2[3 %[&�����)! (2. 71)

*�+g< asymptotic non free
506s(>Y�3 %

Q, Q̃ ����>A�B�C� �(��U�l>m\5���� ( U�l�m SU(Nc)× SU(Nf ) × U(1)B

5
flat

]^ (4. 13)(4. 14)
��b�Y�3�5 E�F D v���* W DU�s(T mD 3 %

Q =

(

Nc︷ ︸︸ ︷
k1

. . .

kNc

∣∣∣∣∣

Nc︷ ︸︸ ︷
0

. . .

0

∣∣∣∣∣

Nf−2Nc︷ ︸︸ ︷
0

. . .

︸ ︷︷ ︸
Nf

)}
Nc (4. 19)

tQ̃ =

(

Nc︷ ︸︸ ︷
k̃1

. . .

k̃Nc

∣∣∣∣∣

Nc︷ ︸︸ ︷
λ1

. . .

λNc

∣∣∣∣∣

Nf−2Nc︷ ︸︸ ︷
0

. . .

︸ ︷︷ ︸
Nf

)}
Nc (4. 20)

ka, λa ∈ R k̃a ∈ C (4. 21)
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$9':B< flat ]^ (4. 13)(4. 14)  U>sT�D2U : >2b�Y $9�E!< Ga D2U : >  <��D ]^�_�� -XW 3 % (4. 19)(4. 20)
�

flat ]^ D����2[385 < t $ 2=[U ])^� 
kak̃a = ρ ρ ∈ C (4. 22)

ν = k2
a − (|k̃a|2 + λ2

a) ν ∈ R (4. 23)5�6�3 %
$9[:0< Baryonic Branch !) ka 6= 0

5X2[3 %H s> <�� 2 	� 
λ2

a = k2
a −

|ρ|2
|ka|2

− ν (4. 24)5�
 � 3 %
&�� 5�U �d ��e ��� ��P�Q2[3fN �O � 7 � �@*���� �f)Q�!�Q[# >

P = Nc︸︷︷︸
k

+ Nc︸︷︷︸
λ

+2Nc︸︷︷︸
k̃

+ 1︸︷︷︸
ν

+ 2︸︷︷︸
ρ

− 2Nc︸︷︷︸
(4. 22)

− Nc︸︷︷︸
(4. 24)

= Nc + 3 (4. 25)

!J 3 %
&E� 5 U Q, Q̃ �2�4�>A B4C � L4M8D 2;3E� �H�E� �69(a �  (p������ :Bb 6 Y �(! < �(��U�l�m  ���� D�� W >Y�3 & 5 _�	b 3 %2[3�5 < Higgs � ��D *�+ <�� 3 massless (neutral) Hypermultiplets ��Q� 

H = NfNc︸ ︷︷ ︸��� � massless Hypermultiplet Q
−(dim SU(Nc))

= NfNc −N2
c + 1 (4. 26)

$(94:B< ’neutral’  �(�H�E�8D2U : > singlet
DH6 sE>(Y83(Z �H< 57Y"W e��(!(J 3 _(< &

&�! ���  ���� D�� W >)Y�3 �!<�
��\: >Y�3 Hypermultiplets  2=�> neutralD6s(> Y�3 %
v D���� ( U�l�m � G W D���Y> � =[3 %����L�M�P�� � � 7 �  <�O�)� M 5X�\N�P � B, B̃ !J 3 % < B, B̃ 6= 0 !J 3 b[V U(1)B  � W 3 %
K$<�&�� 5�U O��� M ����>A�B�C� (4. 19)(4. 20) *�+

M i
j =

Nc︷ ︸︸ ︷ Nc︷ ︸︸ ︷
Nf−2Nc︷︸︸︷




ρ k1λ1

. . .
. . . 0

ρ kNcλNc

0 0 0








Nf

(4. 27)
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!"�#�VXW 3 %
&�� M ������A>B�C ��L�M�D�� ) 3 * WX6 ��� �@���U�l�m ��9a �[� `c) 3 %� K[+

U ∈ SU(Nf )
DU : >

U †MU = M (4. 28)��t $ 2 * WX6 < U � `c)�W�;�* Y %<x)��* WX6 U  
U =



A

A
U ′


 (4. 29)

$9':
det U = 1 (4. 30)

A =

Nc︷ ︸︸ ︷



eiθ1

. . .

eiθNc







Nc

(4. 31)

U ′ ∈ U(Nf − 2Nc) (4. 32)

!J 3 %
* s> < ��� ( U>l�m  SU(Nf ) × U(1)B −→ U(Nf − 2Nc) × U(1)Nc−1

DG W >Y�3 %
&E� � � ( U�l>m _ B, B̃ � ���>A>B>C �0L>M�D�� ) 3 b@� W b @*��H!( 6(Y % :7b4:7<
Q, Q̃ ���G)a DU : > J s $�]^ *�+ < M,B, B̃ ��� D  &�'{(���	 ] ^�_
��\: >Y> < B, B̃ _�&�W�[�
 ��� ( U�l�m'��G V 6Y ��2 & 5 _! U)3 %�J[V�	 D x ��& 5��2 & 5�Z ! U(3 _)<�&&�! �� 5 K��[&0W�[�
 G W 6)Y & 5���c� : >�� ? %2[3�5 <�&�� 5�U � ��� ( U�l�m ��*�� ( G W D2U2[3 NG ����� �f *����!

G = dim(SU(Nf ) × U(1)B) − dim(U(Nf − 2Nc) × U(1)Nc−1)

= 4NfNc − 4N2
c −Nc + 1 (4. 33)

9��m > ? 3  ��8!J 3 %
&�� 5�U <��� �(� massless (neutral) Hypermultiplets ��*��  D  

H ����� ����U�l	m � G W[*�+ � )[VXW 3 �_ ��s(> Y�3�=[U massless (neutral) Hy-

permultiplets ��Q
P ����� d � e ���8� v�� *8+ 
4� : > 6(Y 576 V 6 Y massless (neutral) Hypermultiplets

��Q

58



G ��� � ��� ( U�l�m � ��� W[*�+ FG -XW 3 massless (neutral) Hypermultiplets ��Q
_J[+g<8&�W\V� 

G + P = 4H (4. 34)5�Y W����'��t $[: >(Y6)Y[5�6 V 6Y %8$9':�< Hypermultiplets  �jk�,-8� ��.[�
2
����� �!)<�f *����!�Q[# 3 $�) D 4 � :0$�%
&�W� )< (4. 25)(4. 26)(4. 33) *�+ <
	�b D�t $�-XW >Y83 %H s(> <?&����� ��� :�? P�Q mD >)Y?3�5,X W����� L�_m2D�$�% (B, B̃

D * s>����( U�l�m  �&�W�[�
 G W 6Y & 5�Z &���& 5 b[V�	b 3 % )

4.3.2 Baryonic Branch Nc 5 Nf < 2Nc (asymptotic free)

&&�!) Nc 5 Nf < 2Nc � . z � Baryonic branch
DE��Y)> n�� 2[3 %[&�� 5�U (2. 71)

*�+ asymptoric free !(J 3 & 5 _�a�b 3 %
&�� 5�U  Q, Q̃  �v���* WXDU�sT -XW 3 %

Q =




k1 0
. . .

. . .
. . . 0

kNc 0




(4. 35)

tQ̃ =




k̃1 λ1

. . .
. . .

. . . λNf−Nc

k̃Nc 0




(4. 36)

ka, λa ∈ R k̃a ∈ C

flat ]^ (4. 13)(4. 14) *�+
kak̃a = ρ ρ ∈ C (4. 37)

ν = k2
a − (|k̃a|2 + λ2

a) 1 5 a 5 Nf −Nc (4. 38)

ν = k2
b − |k̃b|2 Nf −Nc + 1 5 b 5 Nc (4. 39)

��t $': >Y6 �7W�; 6 V 6Y % -V D (4. 37)
��b�Y�3�5

(4. 39) *�+
kb = k0 (k0  b

D *�V 6Y fQ ) (4. 40)
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5�6�3 %[&�W ��r�W�5 < flat ]^ �Bt $ 2 Q, Q̃ �����A�B�C� �v���* WXD683 %

Q =

Nc︷ ︸︸ ︷
Nf−Nc︷ ︸︸ ︷




k1

. . .

kNf−Nc

k0

. . .

k0

0
. . .

0

0








Nc

︸ ︷︷ ︸
2Nc−Nf

(4. 41)

tQ̃ =

Nc︷ ︸︸ ︷
Nf−Nc︷ ︸︸ ︷




k̃1

. . .

k̃Nf−Nc

k̃0

. . .

k̃0

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

λ1

. . .

λNf−Nc

0








Nc

︸ ︷︷ ︸
2Nc−Nf

(4. 42)

k, λ ∈ R k̃ ∈ C

$9[:
kak̃a = ρ k0k̃0 = ρ (4. 43)

λ2
a = k2

a − k2
0 − |ρ|2

(
1

k2
a

− 1

k2
0

)
1 5 a 5 Nf −Nc (4. 44)

(4. 45)

$9[:0< k 6= 0, λ 6= 0
5 : > < (4. 44)  (4. 38)(4. 39) *�+ ν ����� :�$ Z �!J 3 %

&�� 5�U �d ��e ������*���� �f *����!
P = Nf −Nc + 1︸ ︷︷ ︸

ka k0

+Nf −Nc︸ ︷︷ ︸
λa

+2(Nf −Nc + 1)︸ ︷︷ ︸
k̃a k̃0

+ 2︸︷︷︸
ρ

− 2(Nf −Nc + 1)︸ ︷︷ ︸
(4. 43)

−Nf −Nc︸ ︷︷ ︸
(4. 44)

= Nf −Nc + 3 (4. 46)

5�6�3 %
&�� 5�U < ��)���  Nf = 2Nc � 5�U�/1 ��� D�� W >Y�3 %H s> < massless (neutral) Hypermultiplets ��Q� Nf = 2Nc � 5�U�5�/�k ?

H = NfNc −N2
c + 1 (4. 47)
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5�6s(> Y�3 %
v D���� ( U�l�m�D��8Y> � ='3 %����L�M8P�� � � 7 �  Nf = 2Nc � 5�U85�/�k ? <>O�� M < �ONBP � B < B̃ ! � G

-XW >)Y�3 %
B, B̃ 6= 0 *�+ U(1)B  � W 3 %
M �����A�B�C� (4. 41)(4. 42) *8+

M =

Nc︷ ︸︸ ︷
Nf−Nc︷ ︸︸ ︷




ρ
. . .

. . .

ρ

0

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

k1λ1

. . .

kNf−NcλNf−Nc

0








Nf

(4. 48)

&�� M ������A>B�C ��L�M�D�� ) 3 * WX6 ��� �@���U�l�m ��9a �[� `c) 3 %
��� /�1�D : > < ��� ( U�l�m  
SU(Nf ) × U(1)B −→ U(2Nc −Nf) × U(1)Nf−Nc−1DG W 3 %
&�� 5�UZ < B, B̃ D * s> &�W�[ 
 G W 6Y'5X2[3 %2[3�5

NG � ���Q� 
G = −4N2

c + 4NcNf −Nf +Nc + 1 (4. 49)

5�6�3 %
&�� 5�U massless (neutral) Hypermultiplets  (4. 46)(4. 47)(4. 49) *�+

G + P = 4H (4. 50)

� 	�b D�t $ 2 %
* s> <�&�� branch

��� :�? P�Q mD >HY�3�5,X W� ��� L�_mD�$�%
4.3.3 non Baryonic Branch

Nf < Nc ! B, B̃ _�
��\: 6Y � 5,X W � �* �!J 3 _< Nf = Nc ! Z Q, Q̃ �2���
A�B�C�� 5 + Z�D * s)>  B, B̃ _�
��\: 6Y %
Q, Q̃ �����A	B�C� Nf = 2Nc � 5�U (4. 19)(4. 20) ! A ��< Nc 5 Nf < 2Nc � 5�U  
(4. 41)(4. 42) ! A � 3 _���8V�� . z Z���� 1

� [�
����_ 2H=�> 0
D)6�3�5

B, B̃ = 0
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5�6�3 %[&���* Wi6[5�U ������ ����D���Y)> � =[3 %
• Nf = 2Nc � 5�U

2=�>
0
506�3 � � b ��� 243 <���� kb = k̃b = λb = 0

5X2[3 %
&�� 5�U (4. 22)(4. 23) *�+

ν = ρ = 0 (4. 51)

_ H W %
* s> (4. 22)(4. 23)  

kak̃a = 0 (4. 52)

λ2
a = k2

a − |k̃a|2 (4. 53)

5�6�3 %Z :�< ka = 0
5 2[3�5

λ2
a = −|k̃a|2

5�6)s> :�K W _ < λ ∈R
6 �)! k̃a = λa = 0 ! 6Y[5�6 V 6)Y & 5 _ 	b 3 % 0 ! 6Y ���@Q � r

5 2[385 < QQ̃ ����>A�B�C? ��	� U�sT : >

Q =




k1 0 0
. . .

. . .
. . .

kr 0

0 0 0




(4. 54)

tQ̃ =




0 k1 0
. . .

. . .
. . .

0 kr

0 0 0




(4. 55)

$9[: ka ∈ R

5�6�3 %
&�� 5EU < �\N0P � ��
�s(>  6 V 6Y �H! r  r < Nc ! 6 ��W�; 6 V 6)Y %"-HV D� 
Nf = 2Nc !J 3 �(! 2r < Nf

5�
 � 3 %
* s> r ��]^8 

r <
[
Nf

2

]
(4. 56)5�6�3 %

62



• Nc < Nf < 2Nc

J 3 � �02H=8> 0
DE243�D  ka = k̃a = λa = 0 b k0 = 0 ! 6 ��W ; 6 V 6(Y _)< section

4.3.2 !� = $�* W D < λa = 0
5 2[3�5 x�W DU��2[3 ka, k̃a  k0, k̃0

D6�3 �!< non

Baryonic Branch ����]^� k0, k̃0 = 0
5X2 W�;��a�!)J 3 %

&�W[*�+ < flat ]^ (4. 37)∼(4. 39)
�0r W�5 <

k̃a = 0 1 5 a 5 Nf −Nc (4. 57)

ka = λa (4. 58)

_ H W �!< Q, Q̃ ����>A�B�C� Nf = 2Nc � 5�U�5 K s $ ? /.k�� (4. 55)
506�3 %

Nc < Nf < 2Nc � 5 U � r
D U 2 3��
	

r 5 Nf−Nc  < Nf < 2Nc * + Nf−Nc <
Nf

25�
4U�� � 3 �!(< 1 K 5 ) D�
 � > < non Baryonic Branch  asymptotic free, non freeD *�V � < (4. 54)(4. 55) ! P�Q -XW 3 %
[�
(� � G8b4V7< Baryonic Branch

5
non Baryonic Branch  branch  �O: >(Y83 &5 _ 	b 3 %)K($<)&E��* WXD : > m6D�$ non Baryonic Branch  non Baryonic Branch

��� ��P>Q : >(Y 3 % H s > < Higgs branch �������8 � r
D6U : > non Baryonic Branch

_���_ s>(Y�3�5 &>w D < Baryonic Branch _��\: >Y(> <>x���<i) Baryonic Branch

b[V�� 385 ��(��� _ �4U ? 6 + massless gluons _ C W 3 g�h<i 5B6(s >Y�3 < 5�Y"WZ � D)6s(> Y�3 %
&�� 5�U �< non Baryonic Branch � d ��e ������f *���� 

P = r (4. 59)

� � � �  )< (4. 54)(4. 55) * + <2E	F D SU(Nc − r)
D�G W > Y > Nf − 2r massless

fundamental hypermultiplets
5�6(s>Y�3 %

* s> < massless neutral hypermultiplets ��Q� 
H = NfNc − (dim SU(Nc) − dim SU(Nc − r) ) − (Nc − r)(Nf − 2r)︸ ︷︷ ︸

fundamental hypermultiplets

= r(Nf − r) (4. 60)

v D < ��� ( U�l>m � G W � � ='3 %
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����L�M�N �O � 7 �  <�O�)� M ��� 6 �)!H< U(1)B  G W 6Y %
K$ M �����A�B�C� 

M = QQ̃ =

r︷ ︸︸ ︷ r︷ ︸︸ ︷
Nf−2r

︷ ︸︸ ︷



0 k2
1 0

. . .
. . .

. . .

0 k2
r 0

0




(4. 61)

5�6s(> Y�3 %[&E� M
�fL�M�D�2[3 ��� ( U�l�m  < section 4.3.1

5�/�1�D : >
SU(Nf ) × U(1)B −→ U(Nf − 2r) × U(1)r−1 × U(1)B

506�3 & 5 _�	b 3 %H s> < NG ���)��Q� 
G = r (4Nf − 4r − 1) (4. 62)5�6s(> Y�3 %

&�� 5�U < (4. 59)(4. 60)(4. 62) *�+ 	�b D
G + P = 4H (4. 63)

��t $': >Y�3 %
4.4 Mixed branch

&(&E! Z < massless � 5@U(� n4# 3 %�&E� 5EU < flat ](^ (4. 5)∼(4. 9)
5

Φ, Q, Q̃ 6= 0
�

t $ 2)u  �v���* WXD)6s>Y�3 %
Φ = (0, · · · , 0︸ ︷︷ ︸

r

, φr+1, · · · , φNc︸ ︷︷ ︸
Nc−r

)
∑

i

φi = 0 (4. 64)

Q =




k1 0 0
. . .

. . .
. . .

kr 0

0 0 0




(4. 65)

tQ̃ =




0 k1 0
. . .

. . .
. . .

0 kr

0 0 0




(4. 66)
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&E� u _Ee�� 243?5 & w@ (< Mixed branch
5  L � x � branch

5
non Baryonic Branch5�����6Y ! Y�385�Y W & 5 !J 3 %� K + <�L x � � branch Φ 6= 0, Q, Q̃ = 0 b[V non Baryonic Branch

D���� Y >Y ?5�U < �)�� SU(r) × U(1)Nr−r Nf ��� ������� z D���� -XW 3 g�h�i ����s> < non

Baryonic Branch ��� �)�� SU(Nc − r) Nf − 2r ��� ������� z D�	 � > � ?�
�_)mD3�5,X W 
 � e �4: >)Y�3 %[&���e �!< Mixed brach
�

non Baryonic branch
5���� %

4.5 ������������������������
[�
��y�z D *�+ < &�'�( 6 d ��e ����� ��� _�	b s $�%
������ Figure 5 ��* WXD)6s>Y�3 %

non Baryonic
Branch

Baryonic
Branch

���! #"%$'&)(+*-,/.

A

B

Baryonic root

Figure 5:
&�'�( d ��e ���

non Baryonic Branch
5

Baryonic Branch  ‘A‘ !��\: >Y�3 %
Baryonic Branch �?b4V � 385 < ‘A‘  6g>h i D(6 s >(YH> < �(�� SU(Nc − r) (Nf −2r)

��� � ��� D no 2[3 g�h{i �0� s(> < non Baryonic Branch
D21 V0b D ��6 _ s(>Y3 %

65



K$< non Baryonic Branch ���� 1 �O:�b�� Y>6Y _<�� r
D���Y> 
>�\: >Y�3 %

‘B‘ ! ��(� SU(r) × U(1)Nr−r Nf ��� ����� � z D6�3 L x�� � branch �g�h�i5 < non Baryonic Branch (Mixed branch)
D 1 V�b D���6 _ s>Y�3 %

‘A‘
5

‘B‘ _����\: >Y�3 Baryonic root  < Higgs branch
5 L ��x � branch �
	�iD(6 s�>(Y(> < 2(=8> � U>l>m _>n6o 243 < �(�(� SU(Nc) Nf �8� �E�8� �2g>h i 5B6 s>Y�3 %

4.6 ����� Higgs branch ����� ���������
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(∂Qi∂Φa+K)∂µq
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(
qi ∈ Qi
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(4. 67)
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+��w0���3�)� �WYI�J�7(B�C!@(D
Q, Q̃

]�������
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_�V�AYU(0
τ
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τ
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Λ
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τ ∼ ln Λ
I
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Q, Q̃
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τ
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Vector superfield ”m”
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Higgs branch
]
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τ,m
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(section 2
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Baryonic Branch
,
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4.7 �����:9%; <(= branch

Coulomb branch
.�>?����@�A:<�u�@

Baryonic Branch
.

root
7�0 N = 2 SQCD

/�X
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X�@(D
Baryonic Branch

.
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]��!���!<
Higgs branch

.�H�I�<& &,tV�W:@}.!/�0Z¨�ª��=«�¬
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Higgs branch
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branch
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M K:0
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.
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Baryonic root

<�c�XY@OL G 7
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4.7.1 Q�R�S
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(Ref [20, 21, 22, 23])
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Nf = 2Nc

m�K�L�R��!� F�G .
curve

]
5 (Ref [22])

9��

y2 =
Nc∏

a=1

(x− φa)
2 + h(h + 2)

Nf∏

i=1

(x + hms +mi) (4. 68)

1�1�/
φa

]
"�#�$&% ':.���%���L���L!/
Φ = (φi, · · · , φNc)

∑
φa = 0

ms = 1
Nf

∑
imi

h = h(τ ) =
2θ4

1
(τ )

θ4
2
(τ )−θ4

1
(τ )

.�":#�$&%�L����
I(T�C:U=2�V�W�@ED
S-� c!���:] h(τ ) → h(−1/τ) = −h(τ )− 2

/�T�C�U�2�@�.�/�0-�:3{<
c�X�@
S-
����] M

� .�9Y;=<� �@(D
(
mi → m̃i = mi − 2ms

ms → m̃s = −ms
(4. 69)

/�� (4. 68)
)�T�C�U=2�@�I(0

Nf < 2Nc

.
asymptotic free

. F�G ]�0 M � .�9Y;=<&W(4
g�A�.����(L� �L&.��:3�7

m → ∞
I!l(V�� j XY@�8�<�9�,&V	��U=2�@(D

• Nf = 2Nc − 1
.�I�J

m2Nc → ∞
I�X�@C8�<�9 ,tV&0 �&L{#

SU(Nc) Nf = 2Nc −1
���EL� �L F{G )���U�2�@ED

m�K�L
R�
($�SO&��]
Λ = 16m2Nce

iπτ
I�l(V

y2 =
Nc∏

a=1

(x− φa)
2 + 4Λ

Nf∏

i=1

(x+mi +
Λ

Nc
) (4. 70)

• Nf < 2Nc − 1
.YI�J

mi → ∞ (Nf + 1 5 i 5 2Nc)
I=XY@�8�<�9�,!V�0���L�#

SU(Nc) Nf

���(L? �L F!G )
�U=2Y@(D
m�K�L
R�
($�SO&��]

Λ2Nc−Nf = 16
∏2Nc

i=Nf +1mie
iπτ
I�l(V

y2 =
Nc∏

a=1

(x− φa)
2 + 4Λ2Nc−Nf

Nf∏

i=1

(x +mi) (4. 71)

1(2�U(.
curve

]���V
genus Nc − 1

. a������(L�
�O���7���l(V&W�V&0
degree 2Nc

.��
s���<! �,&V¥W�@C8�)�����/�u�@ZD���2�7 /�� <

y2 = P2Nc(x, φa, mi,Λ(τ ) ) (4. 72)

5 �! #"!$&%�')( branch *!+ %#, SU(Nc) → U(1)Nc−1 -).!/#0)1#2
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BPS ��� . Hyper multiplets
.���3&]

section 2.10
/&T�C�-�9�;=<

(a, aD).���5��N�:/�����-�D���UZ<{0:1}.
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<

0
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4.7.2 Baryonic Branch root �����
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Baryonic Branch root
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section 2
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section 4.6
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Baryonic Branch
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 �EL

/
U(1)R

)
Z

Nc−Ñc
(Ñc ≡ Nf −Nc)

<�'�2Y@�1�IE)�(U=2:V�W�@(D
61�.

Z
Nc−Ñc

<�9�� /�� < ��) I|) j+* l�V lE+ ;qD I�1&� )&0 Baryonic Branch
]�5\7E�

C� �W&.�/
Baryonic Branch root

]
1
g�l(A� &W�]���/�u�@ED 9�,&V�0

Baryonic Branch
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.���L���O

branch
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Weyl
3�.24�5�6�7�7&W�V

Φbb = (

Ñc︷ ︸︸ ︷
0, · · · , 0, ϕω, · · · , ϕωNc−Ñc) (4. 73)

ω = e
2πi

Nc−Ñc

/� �?Z2��� �U( !W D�- � l(0 ϕ ]�8
9�.�:���D�1�. Φbb

]�1\A�<
tr Φbb = 0

7�;:-�l
V�W�@ZD
massless

.=<�7EB Ct@�IE0 1 . I J .�F G FtG ]|0 �|Lt#
SU(Ñc)×U(1)Nc−Ñc Nf massless���(L3 �L�/�u�@�I�>:��2�@(D

:�?�0
¦�.�9�;=<��
)�I�A�U�@l��U�l(V�¬:@�IE��A�@(D

Φ = Φbb + δΦ (4. 74)

- � l
δΦ = (φi, · · · , φÑc

, 0, · · · , 0︸ ︷︷ ︸
Nc−Ñc

)
∑

φ = 0 (4. 75)

6 section 2.7 A!* Nc = 2, Nf = 0 ACBED0F - Z4
-).!/#0)1#2
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ϕ
7
φ, x

<���_:V���J�W�I�X�@�I(0
(4. 71)

]

y2 = ϕ2Nc−Ñc

Ñc∏

a

(x− φa)
2 + 4ΛNc−ÑcxNf (4. 76)

I=��5��=2 @ZD�1(2�]
(4. 71)
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ϕ = Λ
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y2 = x2Ñc(xNc−Ñc + ΛNc−Ñc)2 (4. 77)
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∑

i

αi +
∑

α

γα = 0 (4. 78)
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SU(Ñc)
.!n�R(��O '�j . U(1)Ñc−1
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Nc−Ñc
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1
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Ñc
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...
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(4. 81)

4.7.4 7�89�:�� U(1) ��;�<=�>�?A@ charge Part 2
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<�c�X�@
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'���� ( ms = 1
Nf

∑
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��� ( M �	��
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∑
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) (4. 83)
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)BK%�*("f +%��-
. /hg�iN� L � @BA

4.7.5 magnetic j&kmlnj�o U(1)B charge

magnetic
>���>��

U(1)B charge p Nf = 2Nc
P�Q � ��R
F $�%%! J�q"r � Ls 2 @�)

/ 3 q*t�@BA .�/0 � � � U(1)B charge � 0 ��J%@�A

magnetic
>"���%>��

U(1)B charge
$ s 2 @ '&2 ��( �m� ms

� C�O�� �;� L W I �
# Ag�u �*( ��� mi

j
� mi

j = m′
sδ

i
j +mAT

i
j

/\v=w �%?*@BA '���� ( tr T i
j = 0
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mi
j 3 E��

^ ? K%L � @ / 1 @ / (%)BK ���

m′
s =

1

Nf

∑

i

mi (4. 85)

Y I L*( m′
s
��� � � ms

/���� � �*' p � ��J;@�) / 3�: ! @�A
)�)��*( �(���
	������

m
$ 
 �� E�> ��$B"��� �;+ ��,"^N�B'�/ ? � (  <�>��	����
�

N = 2 Vector superfield � � I L � @ /\W I�@BA 1 @ / ( ms
���� ' �<# �

singlet ��J%@ � �*( U(1)B

�" <,>���	�������� � � I L � @�) / 3�: ! @1A (mA
� �

� �" (� SU(Nf )
���������%�" <�>���	������ � ��J%@BA )

+ ��,*- U(1) ��E 1 @ N = 2 Vector superfield
$

Ψ
/"! �*/ ( super potential �

W =
√

2netr Q̃ΨQ (4. 86)

��H%I;J K�@�A ) � / ? � Q(Q̃)
� + ��,�- U(1) ��E 1 @ charge � ne(−ne)

/B� @
(Ref [19]) A
)BK $$#�% 1 K�9*( >"��� > ��&N? �"���%$ H;I�@�) / � �"I L magnetic

>"�&�%> �

U(1)B

$�'(�) @�) / 3 q*t�@1A>"���;>��" +*�,-��.C$
1 � [�]�^ 1 @ / ( >"���%>�� singlet

���0/1

Wmass/
√

2 = mstr Q̃Q (4. 87)

/B� I L � @BA
magnetic

>"���%>��"����1 f + /�203 � � L�(! � ��# �"s 2 J K�@BA

�"� ( Nc − Ñc ��� �* � � 
 ? �"�(�%$ H%I�L Nf ��� �" �� �"'C@BA%5 � L*("Z
��� �* �� � ms = 1

Nf

∑
i m

′
i

/�� @ ��# � &N? �"���%$ H;I�@BA

mi = (Mxi︸ ︷︷ ︸
Nc−Ñc

: m′
i︸︷︷︸

Nf

) ms =
1

Nf

∑

i

m′
i (4. 88)

D�E�F*G (4. 69)
$ 1 @ /

m̃i = (Mxi −
M

Nc

∑
x− 1

Nc

∑
m′

i

︸ ︷︷ ︸
Nc−Ñc

: m′
i −

M

Nc

∑
x− 1

Nc

∑
m′

i

︸ ︷︷ ︸
Nf

) (4. 89)

!%��( Nc − Ñc

�
massless .</"0 � � 304�5 1 @ �<# � Φ

$�6�2 @ / ( tr Φ =0 ���

Φ = (−Mxi +
M

Nc

∑
x+

1

Nc

∑
m′

i

︸ ︷︷ ︸
Nc−Ñc

:
M

Nc

∑
x− Nc − Ñc

NcÑc

∑
m′

i

︸ ︷︷ ︸
Nf

) (4. 90)
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/B� @ A 3�� ! @1A�) ��/ ? magnetic
>"�&�%>��"����1

m̃i

/
Φ �(�

m̃′
i = m′

i −
1

Ñc

∑
m′

i (4. 91)

/B� I L � @BA�) ��/ ? � magnetic
>"���;>��

singlet mass
1

m̃s =
1

Nf

∑
m̃′

i = −Nc

Ñc

ms (4. 92)

�"I L*( magnetic
>"���;> �

U(1)B charge
1

(4. 86) ��� −Nc

Ñc

/"' (�) K�@BA
) � charge

1
section 3.9 ��q L%? ' magnetic

>"��� > �
U(1)B charge � g�i � L� @BA

4.8 Baryonic Branch root �������
	��
��
�����
f + ����� ( Baryonic Branch root

��� � $�%%� 1�� L � E�> � �,E 1 @�F�G � 3&: ! I' A 5 � � # �"$�%%� ��������� ��� � $�% 3 e
� . ,���	�� 3 ( section ���@��� (�#$ �=� T*6�$ U V �
� � J�� # 4.3.2
�! �" � . ,�� 	#� � g�i@� L � @*) /�$ D !�2 @1A

)BK ��� ��$ J�K ' E�> ��$ � /F2 @ / (*! � ��# � � I L � @BA
SU(Ñc) U(1)1 · · · U(1)

Nc−Ñc
SU(Nf ) U(1)B

Nf × q Ñc
1

Ñc

· · · 1

Ñc

Nf −Nc

Ñc

e1 1 −1 · · · 0 1 0
...

...
...

. . .
...

...
...

e
Nc−Ñc

1 0 · · · −1 1 0

(4. 93)

) � E&> ��$�%�� 1 @ ��# � super potential
1

φ
$ + ��, SU(Ñc)

�
Vector superfield

ψk (k = 1, . . . , Nc − Ñc)
$ + ��, U(1)

�
Vector superfield/ 1 @ / ! � ��# � � @BA

W/
√

2 = tr(q · φ · q̃) +
1

Ñc

tr(q · q̃)
∑

k

ψk −
∑

k

ψkekẽk (4. 94)

'���� ( ’tr’
1 ��� �" �� � �� L ��& � ( ’·’

1 + ��, � �%� L ��&C$ � 1 A
Z�' . 1 ("Z charge

$B6N���he�� � # � 6�2*' A
) � super potential ��E 1 @ flat (�) 1 D-term �=�

|ek|2 − |ẽk|2 = 0 (4. 95)

tr qq† − tr q̃q̃† = ν ′ ν ′ ∈ R (4. 96)

[φ, φ†] = 0 (4. 97)
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F-term ���
ekẽk = ρ′ (4. 98)

tr qq̃ = ρ′ ρ′ ∈ C (4. 99)

ψkek = ψkẽk = 0 (4. 100)

(Ñcφ+
∑

k

ψk)q = q̃(Ñcφ+
∑

k

ψk) = 0 (4. 101)

/B� @�A
� Nf > 2Ñc

�*� �
Higgs branch (φ = ψk = 0)

� 1
section 4.3.1

��/ ? /����-� � 2��
� ( Nc

$
Ñc
��F�I*@ � V ��� � A

ek, ẽk

1
flat (�) / + ��, U(1)

$�� # /	��
 ������ 3 ���B� @BA
magnetic

>"���%>��"4�5&6�7�81

q =




k1 0 0
. . .

. . .
. . .

k
Ñc

0


 (4. 102)

tq̃ =




k̃1 λ1 0
. . .

. . .
. . .

k̃
Ñc

λ
Ñc


 (4. 103)

kak̃a = ρ′ , λ2
a = k2

a −
|ρ′|2
k2

a

− ν ′ (4. 104)

ka, λa, ν
′ ∈ R , k̃a, ρ

′ ∈ C

. , ��	 �%� !�_ 1

P = Ñc︸︷︷︸
k

+2Ñc︸︷︷︸
k̃

+ Ñc︸︷︷︸
λ

+ 1︸︷︷︸
ν′

+ 2︸︷︷︸
ρ′

−2Ñc − Ñc︸ ︷︷ ︸
(4.104)

= Nf −Nc + 3 (4. 105)

)BK 1 ("D ! � section 4.3.2
�

P � g�i 1 @BA
) ��/ ?+ ��, SU(Ñc)×U(1)Nc−Ñc

$���
 ��� 1 � � massless neutral hyper multiplets��.1

H = Nf Ñc︸ ︷︷ ︸
magnetic

>*�;� >
+ Nc − Ñc︸ ︷︷ ︸
.�/"0 � �

−dim(SU(Ñc) × U(1)Nc−Ñc)

= NfNc −N2
c + 1 (4. 106)

)BK p ( section 4.3.2
�

H � g�i 1 @BA ) �
'�2 � .�/"0 � � 3 4�5 � L ��� VBK=9 �
J ��! I ' � � J@BA
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!%� 
 �� E�> �1 Nf > 2Ñc

��� � ( section 4.3.1
�C/ ? /�2�3 � � L

SU(Nf ) × U(1)B → U(Nf − 2Ñc) × U(1)Ñc−1

= SU(2Nc −Nf) × U(1)Nc−Ñc (4. 107)

/B� � () 1 � section 4.3.2 � g�i 1 @BA

Y I L�(%) � Baryonic Branch root
� ��������� ��� � $�%1 section 4.3.2

� s 2
' p � � g&i 1 @BA � ' ( ���N� � (
#"$ �=� Baryonic Branch � ������1 microscopic$�% 5 � ����� J@ /hW I%J K�@�A
� � � ( )1K J � 2

�8�$�% 1 ( 2 ��� ��� #	� $�
 I L��� � A� � I L�(�� � @�+ ��,-�$Fe
� 3 (���J ! � �%� 3�I L � L�( N = 1 D�E �%����� /B� I L � @ /\W I%J K�@BA

4.9 Breaking to N = 1

N = 2 Vector multiplet ��� � K�@ adjoint Chiral superfield Φ � �=��/ Wmass = 1
2
µtrΦ2

$�� I�L�( N = 1 � ' I '�/ ? � # � @ !�� � @BA

• microscopic
$�%

super potential
1

W =
√

2tr(QΦQ̃) +
1

2
µtrΦ2 (4. 108)


 ? � µ � E � L Φ
$�� � 1 @ /

W =
1

µ
(tr (Q̃ ·Q)(Q̃ ·Q) − 2(tr Q̃ ·Q)2) (4. 109)

µ→ ∞
/ 1 @ / super potential

1��C�B� @BA
Y I L*( super potential

�����
N = 1 + ��, SU(Nc) Nf �(� �" ��"$&% 3 s � I ' A

• Baryonic Branch root
� � $�%

�"�
µ
1 &N? � /�� L*( N = 2 � E&> � ����� � �B� ��# �*$�% / � I L � @ !��� @BA

Baryonic Branch root
� 1

section 4.7.2
� s 2�' ��# � �S�T�6 � Φ 3 4�5�6&7;8C$Fe
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� A < φ >=< ψk >= 0
/ 1 @ /

Φ = Λ




0

ω
. . .

ωNc−Ñc




+




φ

ψ1

. . .

ψ
Nc−Ñc




(4. 110)

/B� I L � @BA
) ��/ ? � super potential

1
(4. 94) � �(��/ Wmass = 1

2
µtrΦ2

$�� I�L

Wbb =
√

2tr(q · φ · q̃) +

√
2

Ñc

tr(q · q̃)
∑

k

ψk −
√

2
∑

k

ψkekẽk

+µ( Λ
∑

k

ωkψk +
1

2
tr φ2 +

1

2

∑

k

ψ2
k ) (4. 111)

) ��/ ?�( φ / ψk

�
F-term

�
flat ( ) / φ = ψk = 0 �=� ekẽk 6= 0 3 Y # A � � � ( .

/"0 � ����� 3 � ?�L � @BA 1 @ / ( section 2.14
/�2 3%����% ���=� ( ek, ẽk, ψk

1
∼ Λ�"��� ��� <	� 3 � ?�L � @BA �"I L*��������� � � 1

Wbb =
√

2tr(q · q̃) +
µ

2
tr φ2 (4. 112)

/B� @�A
)�) � ( µ → ∞

/ 1 @ / ( N = 1 + �&, SU(Ñc) Nf �(� �" ���$�%�$ $C@BA�)BK 1 (��
��
M

$���� L N = 1 � E�> � � D*E $�% � � I L � @BAY I L N = 1 D
E �%��� ��$	 1 ) / 3 q"t ' A

��
���1
non Baryonic Branch root � �%� L�(*)�) ��� ) I '���%�$ �N��� 1 /"� K

@BA N = 1 � 'C@ / non Baryonic Branch root
1����%�H4&5���� 1

lift ?�K (�� I '4�5 � 1���
�� 304�5 � L � @BA µ→ ∞
�����%$;/ @ / (%) �"4�51 Baryonic Branch

root � � I � ?,( Baryonic Branch root � ��
�� 3 � K�@ � � �
��!C/�W I%J K%L � @BA
(Ref [19])
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5
� � �

N = 1 � � � � � � �
sction 3

� � ' � #�� (�+ � ,�- SU(Nc)
�

Vector like Model
1 + ��, SU(Ñc)

�

Vector like Model � D
E � J@ /XW IJ K�@1A ) � � # ���
	 � �� L 1 ( section 4
� 

�B' �<# � ( N = 2 � E�> ! J � flow
� 5 � D�E ������C$�� @�) / 3 qt ' A / )��

3 g� ( Vector-Vector
� D
E $�%0/=� I L ���
� D
E � 3 � �! I L � @ (Ref [24, 25])A

)BK J � �%� L 1 ( section 4
����% /�203%����� ������1*��� 3 (") 1 � D*E �"$�% 3E%' 1 � ? (�)

• + ��,�� /�� *F�%$Fe'���� A
• 
 �� E�> � 3 2�� � J%@BA
• ��� � + ��, R�F ��	 ����*��1�&��%�*�"$�% � g&iN� L � @BA
$FE%'<� L � @BA
?�J � ( � � ���
9%:�<,>;/�� L ‘tHooft AMC p E;'�� L � @�A
) � �<# � N = 1 D*E $�%1�.���� � �%! I L � @ 3 (%)*) � 1 ( � ��� O � J;@ 2

�
� D�E ��$���� 1 @BA

5.1 Spin(10)  SU(Nf − 5)

+ � ,"- Spin(10) � E � L�( Nf ! � Vector(10)
��� /

1 ! � Spinor(16)
� � $Fe �

electric
$�%�$FW I�@1A ) ��/ ?#" �e�� 
�$ � E�> �-1 SU(Nf )×U(1)×U(1)R

� ( Z
�%�"e*���"S�.�$ � / 2 @ /

G = Spin(10) SU(Nf ) U(1) U(1)R

Qi
µ 10 Nf −1 1 − 8

Nf +2

ψα 16 1
Nf

2
1 − 8

Nf +2

W 45(adj) 1 0 1

(5. 1)

'���� ( i = 1, . . . , Nf
( µ = 1, . . . , 10 ( α = 1, . . . , 16

� ��# � � I L � @BA

! � (8) ��/ ? � . , ��	��C$�%�& 1 @ ��� � + ��, R�F �
	�����"�%$ s 2 @ ���
3 ( Vector

� V ��/ ?�) section 3
��/ ? �#' � @ / (�+ �;, R�F ,�( � �-�"�%$*) @ /

? � γ +-,�3 ! J � � � @ � 3"
 ? � � I L � @BA�)BK J γ +-, $$%%� L ) J K ' + �, R
F ,#( � ����1 ( Firtz F*G � �8� � F*G � $�@ � � ( ��� � p �$ � � V
@�. �/ �B�10�2 3�3�4 /B� @BA
� ���-	 ( ��� � + �&, R�F ��	0����"��1

M ij = Qi
µQ

j
µ (5. 2)

Y i = (ψcγµψ)Qi
µ (5. 3)
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Bi1...i5 = (ψcγµ1...µ5ψ)Qi1
µ1
· · ·Qi5

µ5
(5. 4)

b
i1...i10−2n

1 = Qi1 · · ·Qi10−2nW nεµ1...µ10
(5. 5)

b
i1...i9−2n

2 = Qi1 · · ·Qi9−2nW n(ψcγµ10ψ)εµ1...µ10
n = 0, 1, 2 (5. 6)

� V 4�5 1 @BA )�) � ψc
1�������� � J;@BA b1, b2 �	��
 � 1 ( Q,W � + ��,
���1�

� �1' A � ' (*) ��/ ?�( M 1 E�>%( B 1���
�� E�> � � I L � @
) / � B�C � L &�� A

)BK / D�E � magnetic
$�% 1 + �&,"- SU(Nf − 5)

$Fe�� (*! � ��# �&�"S�. $Fe����$ � � � � @ (Ref [24]) A

G = SU(Nf − 5) SU(Nf ) U(1) U(1)R

q Nf − 5 Nf 1 8
Nf +2

− 1
Nf−5

q′ Nf − 5 1 −Nf −1 + 16
Nf +2

+ 1
Nf−5

s 22 1 0 2
Nf−5

W̃ adj 1 0 1
M 1 22 −2 2 − 16

Nf+2

Y 1 Nf Nf − 1 3 − 24
Nf+2

(5. 7)

� ' (;) �"$�%1 super potential

W = M ijqa
i sabq

b
j + det s+ Y iqa

i q
′
a (5. 8)

$Fe�� A
)
) � (*) �"$�% � � + �;, R�F ,#( � ���$FW I�L�� ��# A �� 1 � � � p ��/�� L
fundamental � � K%L � @ singlet M,Y

/

Bi1...i5 = ε
i1...i5j1...jNf −5qa1

j1 · · · qaNf−5

jNf−5
εa1...aNf−5

(5. 9)

b
i1...i10−2n

1 = εi1...i10−2nj1...jNf−10+2nqj1 · · · qjNf−10+2n
sNf−8+nW̃ 2−nq′εa1...aNf−5 (5. 10)

b
i1...i9−2n

2 = ε
i1...i9−2nj1...jNf−9+2nqj1 · · · qjNf−9+2n

sNf−7+nW̃ 2−nε
a1...aNf−5 n = 0, 1, 2

(5. 11)

3 W I%J K�@BA '&��� ) 1 � b1, b2
����
 � 1 ( � 
�� E�>�� ��
 � ���%� + ��,
���-1

 � ��' A
� 1

super potential (5. 8) �(��� (%)�K J ���%� + ��, R�F ,1( � � �"��1 # � � � �� ����� � (D ! � electric
$�%%� p ��/hg�iN� L � @FA 3 D !�2 J K�@�A � ' (%) � 2�%�"$&%1 ( ‘tHooft AMC
$FE;'�� L & � (�D�E ��� ' � J%@ /\W I%J K�@1A

) � D
E�� 1 section 3
� � ' p � / ' � L
(�� ����� ? $ � � L � @ Am+ ��,�- 3 electric$�% � 1

SO(10)
��� � E � ( magnetic

$�% � 1
SU(Nf − 5)

/B� #!��� � E�" $=� L� @FA � � I�L�( ��� �" (� E�>�� � �%� L p ( ��� J p�# �
	 � �"$�% � � I L � @BAg� ( N = 2
$�%1

Vector like
�

Model
��!�%�& � ? ����� � (�$�%�&�' p section 4��( �*),+�-�. %�/�01% 0�2�2�3�4�5�6 Model

6�7�8 � 6�9�:*; �*<,=�3�2�> %�?�@
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5.2 Spin(7) � SU(Nf − 4)
���

electric ' )���4��	��
� Spin(7)
� 7 )��

8 �	� 6 Spinor � Nf ��� <��	� ;����< @ 5�6 electric
3

Vector like Model
� %	� � ? < @

5�6�����6��	����7�8���3
SU(Nf ) × U(1)R

2�4��� "!�3

G = Spin(7) SU(Nf ) U(1)R

ψ 8 Nf 1 − 5
Nf

W 21(adj) 1 1

(5. 12)

'�#	� � ? < @�$ +�415�6 ' >�6&%�' # �	��
�(")�*�+-,���.���3

M ij = ψciψj (5. 13)

Bi1...i4 = (ψci1γµψi2)(ψci3γµψi4) +
2

3
(ψci1γµνψi2)(ψci3γµνψi4) (5. 14)

2�4
M
3�7�8�4

B
3�/	0	1�7�8�2 � < @

532 '54 7 # magnetic
�"� 3�46�"�7
8�

SU(Nf −4) ' ���9��7�8"� SU(Nf )×U(1)R;�:<;	4
G = SU(Nf − 4) SU(Nf ) U(1)R

q Nf − 4 Nf
5

Nf
− 1

Nf−4

s 22 1 2
Nf−4

W̃ adj 1 1
M 1 22 2 − 10

Nf

(5. 15)

6�-�. #�= ' super potential

W = M ijqa
i sabq

b
j + det s (5. 16)

;�:	> @�$ +�4�%9' # �	�	
�(	)�?<@�A	��.&��3

Bi1...i4 = ε
i1...i4j1...jNf−4qa1

j1 · · · qaNf−4

iNf−4
εa1...aNf−4

(5. 17)

' fundamental
�

singlet
2�B $ 2�� ? < M '�#<C 4 electric # �	��6�D�6 'FE	G )��? < @

$ + q
6

charge
3�5�6

B
;�H	I�J�<�-�. ��K�L + @

5�2-M 6
2
>�6&�	�<D

‘tHooft AMC
;�N1+�J�5 ' �&O ����4�P�Q�2	R���+ Spin(10)

6
�	� 6

flow S M	5�6&T7U*;6V�W�21>�<�5 ' D�X S L MF29� ? < (Ref [24]) @&Y9� ��4�Z�3
CF4 7 #	[�\ � � < ' �<��MF2�< @
5�6 4 77� 3 $ +"] �8^7_a` ;3b )6� ? < @c#8d9# M 4 electric

2�3
Vector like Model2 � � + 6 � 4 magnetic

3�e�f +1- . �
Chiral Model

6 4 7g� � #	� � ? < S M 2 �
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< @
$ + 4�5�6 - . #���� 6�� � 4 Spin(10) � < ? 3 Spin(7)

6���; M 6 =	� ��
 ? � D
magnetic

6��"� � 3
singlet

Z
(magnetic) �� � � 6�� � 7�8�������� = s ��� 2�� ?<�5�� � 4�5�2-M 6 Model

6 ��� � #�� � ? < @�� 3�4���6 Spin
� 6���> � D���� � 4

magnetic
�	� � 3 7�8 ���!�"� = �8� 2 <�5�� ��# MF29� 
 C (Ref [26, 27])

4�5�6�7�8
������� = � Spin− SU 4 7	��6 ��� 6 1

>$� #	� � ? < @
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6
� �

N = 1
�	�12�3 4&P	Q $ 2 ����� ),+ 4 7	����� � D�4
	�� ���� 6 4 7	� �
� f ` 2� ? < @ (Ref [11, 28, 29, 30, 31, 32])

� � 4 (Ref [11])
2����	MF29� ? <����	
�� � SO

�
��6 4 7	�$� USp
�
��6 4 7�� �

> ? ��3 4
section 4

6
�"�$� $"� + � ��� � )�� N = 2 � 7�8	� 6"' = S M 9�: ;�� <5�� � # ` 2�� ? < @) S ) 4P�Q�6�-�. � Vector like Model
2 # � 4 ) S D�4"�	�	
��16
��� ` �	D�� # <-�. #�4 7	� � > ? ��3�4 ��� 6���5�� 9�: 3�� S � � ?"#�?�@ 5�6 - . � 4 $� 9�: 6� S � � ?	#�? N = 1

�	��6	9 : � > ? �&��!	J�< = � 5�2 S M,6�"�# � #	� � � < @
$ +�5	6���>�4�J�$���6 N = 1

6��	��6 4 7	��6�9�: � �%��D�6�2 � <�6 S ��. S ;�&$�� ? >�+ ?�@
�(' ;*),+ � )� 4 �,� ,

� � 
7� � Spin(10)
2 -,. 67! 6

Vector(10 � � )
�

Spinor(16 � � )
; = � )� B(/�� � 67: > 4 7g� � > ? �7�0!21�2 � < @9$ + 48P Q2
3�$1+�- . � 4
Spin-SU 4 7 �$� #	� � ? < # M Symmetric tensor

;
magnetic # �� � B4/�� ? . ��� ;�: � � ? +�+ L 4!��5 � ���7
&� � SU(Nc)

2
Symmetric tensor;�B6/ =�� D���! )�� ? < @

�c��
 � ;
Spin(10)

�8709  �;:���) ��3	4=<>����2 � < E6

6@?c�BABCc� � Spin(10)×
U(1)

2 � <�5 �,4 $ + SUSY GUT
� 6 [ED ��F ��G �IH�J M 2*< @ GUT

6
K�L�2
K
�
M�4

Spinor
6&! � ;6N .��PO�Q	! � 7�RTS�� ? <�� �<��MF2 <
U L"� 4 (Ref [24])

�"�
� � 4 7�� ;�V ? �0W
XZY%[]\�� # � 7 8	� 6
^ 2 � > ? ���g��2 >�<�6 2�3 #�? S ��<��M 2�<
U L 2 � < @
����_ MF2�� ? <�T	U$��S���3�4 electric # �	� 6 �	�	
�� � Spin(10)

2
Vector

;
n � 4 Spinor

;
m � ;�B�/ �	>�4��	��6&:	>�7�8	� ���� 	! 3
�6`�66a%b � # < @

G = Spin(10) SU(n) SU(m) U(1) UR(1)

Q 10 n 1 −1 1 − 8

n+ 2m

S 16 1 m
n

2m
1 − 8

n+ 2m

(6. 1)

$ U�4
<<�
M m = 2
6 ��>��	��6&:7>�%�' # A���� = 3
�6`�6�D�6 � #	� � ? < @

A ≡ (SγµS)(SγµS) (6. 2)

M2 ≡ QµQµ (6. 3)

Y 1
22

≡ (SγµS)Qµ (6. 4)

Y 3 ≡ (Sγµ1µ2µ3S)Qµ1Qµ2Qµ3 (6. 5)

Y 4 ≡ (Sγµ1...µ5S)(Sγµ1S)Qµ1 · · ·Qµ4 (6. 6)

Y 5
22

≡ (Sγµ1...µ5S)Qµ1 · · ·Qµ5 (6. 7)

82



U  S���� 6	A���� = � > ? � ? <�`���>�� �	�
22

3
Spinor

6 �	����7�8 �
SU(2)� 7TS���7�8 � #�� � ? <�� ? b .�
�2 � C 4�<D	� ? � ?	#�? D�6�3 SU(2)

� 7�S��
singlet

� #	� � ? <�� ? b .�
�2 � < @�$ U�4�'���>	�<����6�!���3�4 Vector
6������

7�8"�
SU(n)

� 7	J <	� 6�! ; � S�� ? ��4 M � 72S���3	7�8 �7� 4 Y � 7 S���3�/"01�7�8 �	� � #	� � ? < @� 6���6�%9' # �	��
�(") # *�+-,�� .&����S������* � = 4�<;�4"�	�	
8��6&/	0
1�7�8 �����"��;�� � �	�	�	
�(�) � S�U�D	6 ���� J�< @
�0� $ 2 6���� 2�3 4 4 7 # �g� 3�� $7� � ? #�? � 4 � � n = 6

6 � > � > ? �
3�4
?��

(Ref [33])
� a � �! �" 4 7�2 � <�5�� �# ` 2�U @  	" 4 7$� 3 magnetic #�	��6��	�	
�� � electirc # �	��6	���	
��$�"����D�6 � #�� � ? <�� ? b .�
�2 � < @U  S 4%$& � B 9 2 ? < singlet = 3*� #	� � ? < @  	" 4 7 � #"� � ? < �,4 electric

# �	� 2�> � M 2 <&�7��
�(") # *�+a,���.8��3 magnetic # �7�12 D�'�( ��� S�� ? <6�2�4�$�&�2�6	�"�	
&(	) # *�+ ,���.���6*)�+ ��,�- 2 � < @
Spinor � 1

>�6��	>�3�4
magnetic # �	��6��	�	
���3 SU(n− 5)

2 � � U�5�� S M�<��< � 4	���	
 �
Spin(10)

6 4 7 # �	��3 4 Spinor
6&! � D

Vector
6�! � D�a � �

? <	.�/ # D�6 � #	� � ? <�5��	; #�0 S�� ? < @
?�1 � 4

section 4
� 3*2 �

Vector like Model
� [ S�� 3
	43*5 4 7 ��6�9�:�; String6 X���6�.��87 ��9�
�:	@�X16

T-4 7	�$��S����%��;�>�<�5 � � ?�� (Ref [34, 35, 36])� a � � # ` 2�U ��< 5�6��%��6�=�; Chiral Model
6 4 7"� � �,66a b � ��� ` 2*< SD <�> 
�? ? e�1 6
"�#�; � < @

83



� �

5�6����&��� � ��� $ M�(6�	��
 S M������� ��� V�S ��` ` � U���������� ��� a C��� G S $ J @�$ U < �	� ���"O S3� �  ` � U C <�� � �"! �8� �  ` � U�#�$&%�' `9 <)( *�+ � ` 9 < � S3��, *.-&/ ` 9	� ? � �&� G S $ J @�$ U <0( #21 3"��� <�465����� < � S���7�8	 ��:92;�< =�>�� ��? S�@�A $ S Z�B � V&C @ U)D6E ��� G S $ J @
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