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abcd cd ef eghifj hk lmgjinmd jbej omnm pcqmf ej arst uvvw efx jbm sbefpbec siyymn sgbhhl cf
z {jbmhn| uvvw efx jbm }mncy mjmn tfdjcjijm ~ t nmqcmo �� jbm xmncqejchf hk jbm � hjmfjcel khn gbcnel
dgelen �mlxd cf N� � di� mnpneqcj| u� � mlejchf � mjommf � efx � jmny d khn gbcnel dgelend � �m|l
efhy elcmd efx jbm pmfmnejchf hk fhf{� mnjin�ejcqm jmny d cf jbm di� mn� hjmfjcel �� abm xmncqejchf hk
m� mgjcqm � hjmfjceld khn lcpbj y hxilc cf j|� m tt� djncfp jbmhn|~
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£¤��� ��¥¦§¨�� ©¨� ©�ª �� ©¦ «�¬ �­« © �®«�¥©��¯ ¥®­���¦�­¦ ©¥®§­¦ ®° ¨�¥�­¦ �®¨± ®­ ²®¦�­³
¦�©�� °®¨ ª®�§�� �­ �¦¨�­« ¦¤�®¨¯� £® ¦¤�� �­� ´ ¤©¬� ¦¨��� ¦® «�¬� © �¯�¦�ª ©¦�¥ ²¨���­¦©¦�®­
®° ¦¤� �§² �¨«¨©¬ �¦¯ °®¨ª§�©� ¦¤©¦ ©¨� ©¦ ¦¤� µ©��� ®° ¦¤��� ���¥§���®­� ©­� ¦® �¤®� ¤®� ¦¤���
²®¦�­¦�©�� � ��� ©¨��� �­ �¦¨�­« ¦¤�®¨¯ ¶�­ ²©¨¦�¥§�©¨ �­ ¦¯² � ´´· ¥®ª²©¥¦�¸�� ®­ ¹©�©µ�³º©§
®¨��­¦�°®��� � �¦¤ »³µ¨©­�� ©­� ¼§½��¾ � £¤� ��¥¦§¨�� ©¨� ®¨«©­�¿�� ©� °®��®� � À

�� ´ ���¥§�� N = 1
«�®µ©� �§² �¨�¯ªª�¦�¥ ©¥¦�®­� °®¨ ¥¤�¨©� �¥©�©¨ �§² �¨¸���� �­ �§²�¨�²©¥�

°®¨ª ©���ª ©­� ��¨�¬� ¦¤� ² ®¦�­¦�©� � ´ ª ®¦�¬©¦� ¦¤� ¥®­�¦¨§¥¦�®­ ®° ¦¤� ¥®¨¨��² ®­��­«
�§² �¨«¨©¬ �¦¯ ©¥¦�®­ ¥®§²��� ¦® ¥¤�¨©� �¥©�©¨� ©­� ��¨�¬� ¦¤� Á³¦�¨ª ²®¦�­¦�©� °®¨ ¦¤�
�©¦¦�¨ �

Â � ´ � ��¥§�� ¦¤� ¥®§²��­« ®° «©§«� ¸���� �­ «�®µ©� ©­� �® ¥©� �§² �¨�¯ªª�¦¨¯ ©­� ¦¤� »³
¦�¨ª ¥®­¦¨�µ§¦�®­ ¦® ¦¤� ² ®¦�­¦�©� � ´­ ²©¨¦�¥§�©¨ © ¨��©¦�®­ µ�¦���­ ¦¤� Á ©­� »
¦�¨ª � �� ��¨�¬�� � Á �­©��¯ ´ ���¥§�� ¦¤� ���§� ®° Ã�¯� ©­®ª©���� ©­� ¦¤� ��¨�¬©¦�®­ ®°
¦¤� ­®­³² �¨¦§¨µ©¦�¬� ¥®­¦¨�µ§¦�®­ ¦® ¦¤� �§² �¨²®¦�­¦�©� °¨®ª «©§«�­®� ¥®­��­�©¦�®­ �

Ä � ´ � ��¥§�� ¦¤� ��¨�¬©¦�®­ ®° ² ®¦�­¦�©�� °®¨ ª®�§�� �­ ¦¯² � ´´· �§²�¨«¨©¬�¦¯ °®��®� �­« ¦¤�
�®¨± ®° Å ����­«� Æ Ç©¥¤¨§ ©­� �®�¥¤�­�±� Æ ©­� Ç©¥¤¨§ Æ Ç©��®�¤ Æ È�­�� ©­� £¨�¬���
©­� ¤®� ¤�©¬¯ ª®�§�� ª ©¯ µ � �­¦�«¨©¦�� ®§¦ �­ �§²�¨«¨©¬�¦¯ ¦¤�®¨��� ¦® «�¬� �É�¥¦�¬�
¦¤�®¨��� °®¨ ��«¤¦ ª ®�§�� �

��¥¦�®­� � ©­� Â ��² �­� ¤�©¬��¯ ®­ ¦�® ¥�©���¥ ¦�½¦ µ ®®±� Æ Ã��� ©­� ·©««�¨ Ê�Ë ¶�¤®��
­®¦©¦�®­ ©­� ¥®­¬�­¦�®­� ´ §�� ©��®¾ ©­� Å©¦�� Æ Å¨��©¨§ Æ Ì®¥�± ©­� ���«�� ÊÂË � ��¥¦�®­ Â �
©��® §��� ¦¤� �®¨± ®° ÊÄË ÊÍË � ��¥¦�®­ Ä µ �«�­� � �¦¤ © �¤®¨¦ ¨�¬ ��� ®° ÊÎË ©­� ÊÏË � ´ �¤®§��
ª�­¦�®­ ¤�¨� ¦¤©¦ ¦¤��� �®¨±� ©¨� �­ ¦§¨­ µ©��� ®­ �©¨���¨ �®¨± ®­ ¼§½ ¥®²©¥¦�¸¥©¦�®­�
�§¥¤ ©� ÊÐË ÊÑË ÊÒË Ê�ÓË Ê��Ë Ê�ÂË Ê�ÄË Ê�ÍË Ê�ÎË �¬�­ ¦¤®§«¤ ´ �® ­®¦ §�� ¦¤��� ��¨�¥¦�¯� £¤�­ ´ ¨�¬���
�®ª � ®° ª¯ ®�­ ©¦¦�ª²¦� Ê�ÏË Ê�ÐË Ê�Ñ Æ �ÒË ÊÂÓË ¦® §­��¨�¦©­� ¦¤� �®«�¥©� �¦¨§¥¦§¨� ®° ¦¤���
��¨�¬©¦�®­� � ´¦ �¤®§�� µ � ­®¦�� ¦¤©¦ ¦¤��� ��¥¦§¨�� ¨�²¨���­¦ ª¯ ² �¨�®­©� ¬ ��� ®­ ¦¤���
���§�� ¨©¦¤�¨ ¦¤©­ µ��­« © ¥®ª²�¤�­��¬� ¨�¬��� � Ã ¤��� ¦¤�¯ ¥®­¦©�­ ¨�°�¨�­¥�� ¦® ®¦¤�¨
�®¨± ®­ ¦¤��� ª ©¦¦�¨� ¦¤� ���¦ �� °©¨ °¨®ª µ��­« ¥®ª²��¦� � £¤� °®¥§� ®° ¦¤��� ��¥¦§¨�� ��
®­ �§²�¨«¨©¬�¦¯ ©­� ¦¤� ��¨�¬©¦�®­� ®° ª®�§�� ² ®¦�­¦�©�� � Á®¨ ¥®ª²¨�¤�­��¬� ¨�¬��� � ®°
¦¤� �§µÔ �¥¦ ®° ¼§½ ¥®ª²©¥¦�¸¥©¦�®­� ©� �§¥¤ ¦¤� ¨�©��¨ �¤®§�� ¥®­�§�¦ ¦¤� ¨�¥�­¦ ¨�¬��� �
ÊÂ �Ë ÊÂÂË ÊÂÄË ÊÂÍË �

Â



�� � Õ��Ö���×Ø Ù�� ¢Ú��×Ø Û¢×Ø×�Û �� N = 1
Û¡ÕÖ�Ü�×Ý��Þ

�¦¨�­« ²¤�­®ª�­®�®«¯ �� µ©��� ®­ �­¦�«¨©¦�­« ®§¦ �¦¨�­« �¦©¦�� ©­� Ç©�§¿©³Ç ���­ ¶ÇÇ ¾
ª®��� ¦® «�¦ ©­ N = 1

�§² �¨«¨©¬ �¦¯ ¶�ßÅÌ�¾� £¤� �¦©­�©¨� ©¨«§ª �­¦ �­ ¦¤� ¥®­¦�½¦ ®°
�§² �¨�¦¨�­« ¦¤�®¨¯ ¶�¤�¥¤ �® °©¨ ¤©� ®­�¯ ©­ ®­³�¤��� �³ª ©¦¨�½ °®¨ª§�©¦�®­ ¾¾ �� ¦¤©¦ ®­�
­���� ¦® ¥®ª²©¥¦�°¯ ¦¤� �½¦¨© ��½ ��ª �­��®­� ®° �¦¨�­« ¦¤�®¨¯Æ ®­ © ª©­�°®�� �¤�¥¤ ©�ª �¦�
®­� ±����­« �²�­®¨ � £¤�� �­�§¨�� ¦¤©¦ ¦¤� °®§¨ ��ª �­��®­©� ¦¤�®¨¯ ¤©� �§²�¨�¯ªª�¦¨�¥ ¬©¥§© �
£¤� ¼§¥¦§©¦�®­� ©¨®§­� �§¥¤ © ¬©¥§§ª ª§�¦ ­�¥���©¨��¯ µ � ���¥¨�µ �� µ¯ °®§¨ ��ª �­��®­©�
�§² �¨«¨©¬�¦¯Æ ©­� µ¯ ¨�à§�¨�­« ¦¤�¨� �� ­® ª®¨� ¦¤©­ ®­� ±����­« �²�­®¨ Æ «§©¨©­¦��� ¦¤©¦ ¦¤�¨�
�� ®­�¯ ®­� °®§¨ ��ª �­��®­©� �§² �¨�¯ªª�¦¨¯� á­¥� ®­� ¤©� ��¨�¬�� ¦¤�� N = 1

�ßÅÌ� �¦
�� ²®���µ�� ¦® ©¨«§� ¦¤©¦ ¦¤� ­®­³�§²�¨�¯ªª�¦¨�¥ �®�§¦�®­� ¶�° ¦¤�¯ �½ ��¦¾ ©¨� ©��® ¶�®�
�­�¨«¯ ¾ �®�§¦�®­� ¦® �¦¨�­« ¦¤�®¨¯� £¤�� �� ¦¤� ©²²¨®©¥¤ ¦¤©¦ �� ­®¨ª ©��¯ ¦©±�­ �­ �¦¨�­«
²¤�­®ª�­®�®«¯ ©­� ¦¤©¦ �� �¤©¦ �� � ��� ©�®²¦ �

Ã� � ��� ®­�¯ ���¥§�� N = 1
�§² �¨�¯ªª�¦¨¯ �­ ¦¤��� ­®¦�� �® °¨®ª ­®� ®­ ¦¤�� �¤®§��

§­��¨�¦®®� � £¤� ­®¦©¦�®­ ©­� ¥®­¬�­¦�®­� ©¨� ©� �­ Ã��� ©­� ·©««�¨ Ê�Ë �

× � Ü âãäåâ æçèéêæëììéíêë îï Ûçèéêæèåðé

Å�®µ©� �§² �¨�¯ªª�¨¯ �� ��¸­�� µ¯ © Ã�¯� �²�­®¨ �§²�¨¥¤©¨«�
Qα α = 1, 2

©­� �¦� ¥®ª²��½
¥®­Ô §«©�

Q̄α̇

¦¤©¦ ¦¨©­�°®¨ª µ®�®­� �­¦® °�¨ª �®­� � £¤� ª®�¦ ¥®­¬�­��­¦ °®¨ª§�©¦�®­ ®° �§³
² �¨�¯ªª�¦¨¯ �� �­ ¦�¨ª � ®° �§² �¨¸���� �¤�¥¤ ª©¯ µ� ¬ ����� ©� ¸���� ¦¤©¦ ��¬� �­ © �²©¥� ¶�§³
² �¨�²©¥�¾ � �¦¤ �§²�¨�²©¥� ¥®®¨��­©¦�

zM = {xm, θµ, θµ̇}
� �¦¤

xm, m = 0, ..3
µ��­« ¦¤� §�§©�

�²©¥�³¦�ª � ¥®®¨��­©¦�� ©­�
θµ, µ = 1, 2

¶©­� �¦� ¥®ª²��½ ¥®­Ô §«©¦�¾ µ ��­« °�¨ª �®­�¥ ¥®®��³
­©¦�� ¨�²¨���­¦�� µ¯ Å¨©��ª ©­ ­§ªµ�¨� � £¤� �§²�¨¥¤©¨«� �� ¦¤�­ ����­¦�©��¯ © ¦¨©­��©¦�®­
®²�¨©¦®¨ �­ ¦¤� °�¨ª �®­�¥ ��¨�¥¦�®­

Qα = ∂α − iσm
αα̇θ̄

α̇∂m

¶� �¦¤
∂α = ∂/∂θα, ∂m = ∂/∂xm

©­�
σm©¨� ¦¤� �©§�� ª ©¦¨�¥�� °®¨

m = 1, 23,
©­� ¦¤� §­�¦ ª ©¦¨�½ °®¨

m = 0.
£¤� ¥®­Ô §«©¦�

�§² �¨¥¤©¨«� ��
Q̄α̇ = −∂α̇ + iθασm

αα̇∂m

� £¤� �§²�¨¥¤©¨«�� �©¦��°¯ ¦¤� ©�«�µ¨©

{Qα, Q̄α̇} = 2iσm
αα̇∂m

¶�¾

{Qα, Qβ} = 0 {Q̄α̇, Q̄β̇} = 0
¶Â¾

� «�­�¨©� �§² �¨¸��� ¤©� ª ©­¯ ¦�¨ª � ©­� �� © ¨��§¥�µ�� ¨�²¨���­¦©¦�®­ ®° �§² �¨�¯ªª�¦¨¯�
£¤� ��ª ²���¦ �¨¨��§¥�µ�� ¨�²¨���­¦©¦�®­ �� ¦¤� ¥¤�¨©� �¥©�©¨ �§² �¨¸��� �¤�¥¤ �­ © ��­�� ��³
² �­�� ®­�¯ ®­ ¦¤� ¦¤�¦©� ©­� ­®¦ ®­ ¦¤��¨ ¥®ª²��½ ¥®­Ô §«©¦�� � £® ª ©±� ¦¤�� �¦©¦�ª �­¦

Ä



�­ © �§²�¨�¯ªª�¦¨�¥ �©¯ �� �­¦¨®�§¥� ¦¤� ®²�¨©¦®¨
Dα = ∂α + iσm

αα̇θ̄
α̇∂α̇

�§¥¤ ¦¤©¦ �¦ ©­�
�¦� ¥®­Ô §«©¦� ¥®ªª§¦� � �¦¤ ©�� ¦¤� �§² �¨ ¥¤©¨«�� ¶©­� «�¬� ©­®¦¤�¨ ¨�²¨���­¦©�®­ ®° ¦¤�
�§² �¨©�«�µ¨©¾ � £¤§� © ¥¤�¨©� �¥©�©¨ �§² �¨¸���

Φ
�� ��¸­�� µ¯ ¦¤� ¥®­�¦¨©�­¦

D̄α̇Φ = 0,
¶Ä¾

�¤®�� �®�§¦�®­ �� ¶�­ ¦�¨ª � ®° © µ ®�®­�¥ ¸���
A(x)

© °�¨ª �®­�¥ ¸���
ψα(x)

©­� ©­ ©§½ ���©¨¯
¶� �� � ­®­³²¨®² ®©«©¦�­«¾ ¸���

F (x)
�� Æ

Φ = A(y) +
√

2θαψα(y) + θαθαF (y)

�¤�¨�
y = xm + iθσmθ̄

� £¤� ¥®­Ô §«©¦� ®° ¦¤�� ¥¤�¨©� �§² �¨¸��� �®§�� µ� ©­¦�³¥¤�¨©� � ñ®¦�
¦¤©¦ °�¨ª �®­�¥ �­��¥�� ©¨� ¨©���� ©­� �®��¨�� � �¦¤

εαβ : ε21 = ε12 = 1
� �§²�¨�¯ªª�¦¨¯

¦¨©­�°®¨ª ©¦�®­� ¦©±�
A
¦®
ψ
¦¤� �©¦¦�¨ ¦®

F
� £¤� ¤�«¤��¦ ¥®ª²®­�­¦ ®° © �§²�¨¸��� ¶�­ ¦¤��

¥©��
F
¾ ¦¨©­�°®¨ª � �­¦® © ¦®¦©� ��¨�¬©¦�¬� � � ��® ­®¦� ¦¤©¦ ��­¥�

D3 = D̄3 = 0
Æ ¦¤� ®² �¨©¦®¨

¶
D̄2

¾
D̄2

�� © ¶©­¦�³¾ ¥¤�¨©� ²¨®Ô �¥¦®¨ �
£¤� ­�½¦ ��ª²���¦ �¨¨��§¥�µ�� ¨�² �¨��­¦©¦�®­ �� ¦¤� ¨�©� �§² �¨¸��� ¶

V
¾ ��¸­�� µ¯

V = V †, givingcomponents{c, χα, χ̄α̇,M,N, λα, λα̇, vm, D}. ¶Í¾

ñ®¦� ¦¤©¦ ¦¤� ��¸­�¦�®­ �� ©ªµ�«§®§� §²¦® Ç©�¤��¨ «©§«� ¦¨©­�°®¨ª ©¦�®­�

V → V + Λ + Λ† ¶Î¾

�¤�¨�
Λ
�� © ¥¤�¨©� �§² �¨¸��� � È®®±�­« ©¦ ¦¤� ¦¨©­�°®¨ª ©¦�®­� ®° ¦¤� ¥®ª²®­�­¦� �¦ �� �©�¯ ¦®

��� ¦¤©¦ ¦¤� ¸¨�¦ ¸¬� ¥®ª²­�­¦� ©¨� «©§«� ��«¨��� ®° °¨���®ª �® ¦¤©¦ �­ © ²©¨¦�¥§�©¨ «©§«�
¶¦¤� �®³¥©���� Ã���³ò§ª �­® ¶Ã ò¾ «©§«� © ¨�©� �§² �¨ ¸��� ¤©� © °�¨ª �®­ ¶�®³¥©���� «©§«�­®¾
�¦� ¥®­Ô §«©¦� Æ © ¨�©� ¬�¥¦®¨ ¸��� ¶¦¤��� ©¨� ²¤¯��¥©� ²¨®²©«©¦�­« ¸����¾ ©­� © �¥©�©¨ ©§½ ���©¨¯
¸���

D
� � «©�­ ¦¤� ¤�«¤��¦ ¥®ª²®­�­¦ Æ � �� �

D
Æ ¦¨©­�°®¨ª � �­¦® © ¦®¦©� ��¨�¬©¦�¬� � ´¦ �� ®°¦�­

¥®­¬�­��­¦ ¦® ¨���¸­� ¥®ª²®­�­¦� �­ ¦�¨ª � ®° ¦¤�
Dα

®²�¨©¦®¨ � £¤§� °®¨ © ¥¤�¨©� �§² �¨¸���
¦¤� �¥©�©¨ ¦¤� °�¨ª �®­ ©­� ¦¤� ©§½ ���©¨¯

F
¸��� ª ©¯ µ� ��¸­�� µ¯Æ

A = Φ|, ψα =
1√
2
DαΦ|, F = −1

4
DαDαΦ| ¶Ï¾

�¤�¨� ¦¤� ¬�¨¦�¥©� µ©¨ �� ©­ �­�¦¨§¥¦�®­ ¦® ��¦
θ = θ̄ = 0

©°¦�¨ ² �¨°®¨ª �­« ¦¤� ®²³
�¨©¦�®­� ®­ ¦¤� �§² �¨¸��� � � ��® ¦¤� »³¦�¨ª �­ © ¨�©� ¸��� �®§�� ­®� µ� ��¸­�� µ¯

Í



D = (−1
4
D̄α̇D̄

α̇)(−1
4
DαD

α)V| � £¤� ²¨®�§¥¦ ®° ¦�® ¥¤�¨©� �§² �¨¸���� �®§�� ©��® µ � ¥¤�³
¨©� �¤��� ¦¤� ²¨®�§¥¦ ®° © ¥¤�¨©� ¸��� ©­� �¦� ¥®­Ô §«©¦� �®§�� µ� © ¨�©� �§² �¨¸��� � ñ®¦� ©��®
¦¤©¦ §­��¨ ¦¤� �²©¥�³¦�ª � �­¦�«¨©� ��«­ Æ

∫

d2θ → −1

4
DαD

α, and

∫

d4θ ≡
∫

d2θd2θ̄ → 1

16
D̄2D2 ¶Ð¾

Ã� ª©¯ ­®� �¨�¦� ¦¤� ª ®�¦ «�­�¨©� «�®µ©��¯ �§²�¨�¯ªª�¦¨�¥ ©¥¦�®­ °®¨ ¥¤�¨©� �§² �¨¸����
©�

S =

∫

d4x

[
∫

d4θK(Φ, Φ̄) +

(
∫

d2θW (Φ) + h.c.

)] ¶Ñ¾
´­ ¦¤� ©µ ®¬�

W
¦¤� �®³¥©���� �§²�¨² ®¦�­¦�©� �� © ¤®�®ª®¨²¤�¥ °§­¥¦�®­ ®°

Φ
©­� �® �� ©

¥¤�¨©� ¸��� �¤���¦
K

¦¤� �®³¥©���� Ç©�¤��¨ ²®¦�­¦�©� �� © ¨�©� �§² �¨¸��� � Á®¨ �½©ª²��
W

¥®§�� µ � © ² ®�¯­®ª �©� �­
Φ

�¤���
K = ΦΦ̄.

£¤� �­¦�«¨©�� ®¬�¨ ¦¤� ¦¤�¦©� ©¨� ����­¦�©��¯
�­�¦¨§¥¦�®­� ¦® ²�¥± ¦¤� » ®¨ ¦¤� Á ¦�¨ª � ®° ¦¤� ¥®¨¨��²®­��­« �­¦�«¨©�� ©­� ��­¥� ¦¤���
¦¨©­�°®¨ª �­¦® ¦®¦©� ��¨�¬©¦�¬�� ¦¤� ©¥¦�®­ ©µ®¬� �� �­¬©¨�©­¦ §­��¨ �§²�¨¦¨©­�°®¨ª ©¦�®­� �
¹��©¨�¯ �­ ¦¤� ©µ®¬� �� ª©¯ ¨�²�©¥� ¦¤� �§² �¨¸���

Φ
µ¯ © ��¦ ®° �§² �¨¸���� {Φi} �

£¤� ©¥¦�®­ ©��® ¤©� �­¬©¨�©­¥� §­��¨ Ç©�¤��¨ ¦¨©­�°®¨ª ©¦�®­� Æ

K(Φ, Φ̄) → K(Φ, Φ̄) + Λ(Φ) + Λ̄(Φ̄),
¶Ò¾

�¤�¨�
Λ
�� ©­ ©¨µ�¦¨©¨¯ ¥¤�¨©� �§² �¨¸��� �

È�¦ §� ¥®ª²§¦� ¦¤� ²®¦�­¦�©� °®¨ �¥©�©¨ ¸���� °¨®ª ¶Ñ¾ � Ì�¦©�­�­« Ô §�¦ ¦¤� �¥©�©¨ ¥®­¦¨�³
µ§¦�®­� ©­� §��­« ¶Ð¾ ¶Ï¾ �� ¤©¬�

∫

d4θK → Kij̄F
iF j̄ ,

∫

d2θW → F iWi

∫

d2θ̄W̄ → F̄ īW̄ī.
¶�Ó¾

ó�­¥� �� ¤©¬�
−V = Kij̄F

iF j̄ + F iWi + F̄ īW̄ī,
¶��¾

�¤�¨�
Wi = ∂W/∂Φi

©­�
Kij̄ = ∂i∂j̄K

�
£¤� ©§½ ���©¨¯ ¸��� ¤©� ©­ ©�«�µ¨©�¥ �à§©¦�®­ ®° ª ®¦�®­ ³

∂V/∂F i = Kij̄F
j̄ + Wi = 0

�
ó �­¥� �� ª©¯ ¨�� ¨�¦� ¦¤� ²®¦�­¦�©� ©�

V = Kij̄F
iF̄ j̄ = Kij̄WiW̄j̄

¶�Â¾
´¦ �� §��°§ � ¦® ­®¦� ¦¤©¦ ¦¤� ²®¦�­¦�©� ¥©­ µ� ¥®ª²§¦�� ��¦¤�¨ °¨®ª �¬©�§©¦�­« Ô §�¦ ¦¤�

Á³¦�¨ª �­ ¦¤� ©¥¦�®­ ¶� �� � ¦¤� ∫

d2θ
¦�¨ª ¾ ®¨ �¦� ¥®­Ô §«©¦� Æ ®¨ ¦¤� »³¦�¨ª ¶¦¤� ∫

d4θ
¦�¨ª ¾

� �¦¤ ¨�¬�¨��� ��«­ �

Î



È�¦ §� ­®� ¥®ª²§¦� ¦¤� �§²�¨¸��� �à§©¦�®­ ®° ª®¦�®­ � £® �® ¦¤�� �¦ �� ¥®­¬�­��­¦ ¦® §��
¦¤� ¸¨�¦ ¨�²�©¥�ª �­¦ �­ ¶Ð¾ ¦® � ¨�¦� ¦¤� ©¥¦�®­ ©�

S =

∫

d4x

∫

d2θ[−1

4
D̄2K(Φ, Φ̄) +W (Φ)] +

∫

d2θ̄W̄ (Φ̄).
¶�Ä¾

Ã ¤�­ ¦¤�� ©¥¦�®­ �� ¬©¨��� � �¨ �¦ � ¦¤� ¥¤�¨©� ¸��� Æ ¦¤� ¬©¨�©¦�®­ ¥©­ µ � ²§���� ¦¤¨®§«¤ ¦¤�
®²�¨©¦®¨

D̄
Æ �® ¦¤©¦ �� �ªª���©¦��¯ «�¦ ¦¤� ¸��� �à§©¦�®­ Æ

1

4
D̄2Ki = Wi

¶�Í¾

�¤�¥¤ ª©¯ µ� ¨�� ¨�¦¦�­ ©�

1

4
Kij̄D̄

2Φ̄j̄ +
1

4
Kij̄l̄D̄α̇Φ̄j̄D̄α̇Φ̄l̄ =

∂W

∂Φi

¶�Î¾

£¤� �®���¦ ¥®ª²®­�­¦ ®° ¦¤�� �à§©¦�®­ «�¬�� ¦¤� ©§½ ���©¨�¯ ¸��� �à§©¦�®­
F̄ j̄ = −K j̄iWi +

fermion terms
� á² �¨©¦�­« ®­ �¦ ®­¥� � �¦¤ »̄

α̇

©­� ¦¤�­ ��¦¦�­« ¦¤� ¦¤�¦©� ¦® ¿�¨® «�¬�� ¦¤�
°�¨ª �®­ �à§©¦�®­ ©­� �®�­« ¦¤�� ¦� �¥� «�¬�� ¦¤� µ ®�®­�¥ �à§©¦�®­

∂2Φ̄j̄ = K j̄iD
2

4
Wi + . . . = −K j̄iWilF

l + . . . = K j̄i ∂V
∂Φi

+ . . . ,
¶�Ï¾

�¤�¨� ¦¤� ����²��� ¨�²¨���­¦ ¦�¨ª � �¤�¥¤ ©¨� à§©�¨©¦�¥ �­ ¦¤� °�¨ª �®­� ©­� �� ô¬� §���
¦¤� ���­¦�¦¯

1

16
D2D̄2Φ̄ = ∂2Φ̄.

õ � Ûçè éêöêå÷ îíë îï Ûçè éêæèåðé

£¤� «�®µ©� �ß�º ©¥¦�®­ �� �­¬©¨�©­¦ §­��¨ ¦¤� ¥®­�¦©­¦ �ß�º ¦¨©­�°®¨ª ©¦�®­�

zM → zM − ξM , zM ≡ {xm, θµ, θµ̇}
¶�Ð¾

È® ¥©� �ß�º ¦¨©­�°®¨ª ©¦�®­� ­©¦§¨©��¯ ��©� ¦® «�­�¨©� ¥®®¨��­©¦� ¦¨©­�°®¨ª ©¦�®­� ��­¥�
¦¤� ©­¦�³¥®ªª§¦©¦®¨ ®° ¦�® �§²�¨¥¤©¨«�� «�­�¨©¦� ¦¨©­��©¦�®­� Æ �¤�¥¤ �­ ¦¤�� ¥©�� µ �¥®ª�
«�­�¨©� ¥®®¨��­©¦� ¦¨©­�°®¨ª ©¦�®­� � £¤§� ¦¤� ©µ®¬� ¦¨©­�°®¨ª ©¦�®­� ©¨� ¨�²�©¥�� µ¯ ¦¤�
°®��®� �­« «�­�¨©� ¥®®¨��­©¦� ¦¨©­�°®¨ª ©¦�®­� ¶Å¹£ ¾ �­ �§² �¨�²©¥� À

xm → −i(θσmξ̄(x) − ξ(x)σmθ̄)
¶�Ñ¾

θµ → θµ − ξµ(x), θ̄µ̇ → θ̄µ̇ − ξ̄µ̇(x)
¶�Ò¾

Ï



®¨
zM → z′M − ξM(z)

�
Ã� ­��� ¦® ¦® �­¦®�§¥� © ��¦ ®° °¨©ª �� � �¦¤ È®¨�­¦¿ �§² �¨�²©¥� �­��¥��

A = {a, α, α̇} ÊÄÎË
� �¦¤ ¦¤� �§² �¨¬���µ ��­ ®­�³°®¨ª �­ �§�¨�²©¥� µ ��­« � ¨�¦¦�­ ©�

EA = dzMEA
M(z); EA

ME
N
A = δN

M ; EM
A EB

M = δB
A .

¶ÂÓ¾

£¤��� ©¨� ¦©±�­ ¦® ¤©¬� ¦¤� °®��®� �­« ¦¨©­�°®¨ª ©¦�®­ ²¨®²�¨¦��� À

δξE
A
M = −ξN∂NE − (∂Mξ

N)EA
N

¶Â �¾
§­��¨ �§²�¨�²©¥� Å¹£ Æ ©­�

δEA
M = EB

ML
A

B (z), whereL A
B = {L a

b , L
α

β , L
β̇
α̇}

¶� �¦¤ ¦¤� ��É�¨�­¦ È ô� µ ��­« ª©¦¨�¥�� �­ ¦¤� È®¨�­¦¿ ©�«�µ¨© �­ ¦¤� ¬�¥¦®¨ ©­� ��¯ � ¶©­¦�¾
�²�­®¨ ¨�²¨���­¦©¦�®­� � á­� ª©¯ ©��® ��¸­� © È®¨�­¦¿ ¥®­­�¥¦�®­ ®­� °®¨ª

φ = dzMφM with φM = {φ A
MB } ¶ÂÂ¾

�¤�¥¤ ¦¨©­�°®¨ª � ©�
δφ = φL− Lφ− dL

¶ÂÄ¾
§­��¨ È®¨�­¦¿ ¦¨©­�°®¨ª ©¦�®­� � � ��® ®­� ��¸­�� © ¦®¨��®­ �§² �¨¸��� ¦�®³°®¨ª µ¯Æ

TA = ∇EA = dEA + EBφ A
B =

1

2
dzMdzNT A

NM =
1

2
ECEBT A

BC .
¶ÂÍ¾

´¦ �� �ª²®¨¦©­¦ ¦® ¨�©��¿� ¦¤©¦ ¦®¨��®­ ®­ �§² �¨�²©¥� �®�� ­®¦ ¬©­��¤ �¬�­ �° ¦¤� ª �¦¨�¥
�� ¼©¦ � £¤§� �­ ¼©¦ �²©¥� �� ¤©¬� ¦¤� �§²�¨³¥®¬©¨�©­¦ ��¨�¬©¦�¬� � �¦¤

DA = e N
A ∂N

� £¤�
�­¬�¨�� ®° ¦¤� ª ©¦¨�½ ��¸­�� ¦¤� ¼©¦ �²©¥� ¬���µ ��­ ®­� °®¨ª µ¯

EA = eA
Mdz

M� �¦¤
em

a =

δm
a , e

m
α = iσm

αα̇θ̄
α̇ . . .

� ´­ ¼©¦ �§² �¨�²©¥� ¦¤�¨� �½ ��¦ ¦¨©­�°®¨ª ©¦�®­� ¦® ¥®®¨��­©¦�� �­ �¤�¥¤
φ = 0

µ§¦ ¦®¨��®­ ¤©� ­®­³¬©­��¤�­« ¥®ª²®­�­¦�

T c
αβ̇

= T c
β̇α

= 2iσc
αβ̇
.

¶ÂÎ¾

� � �­ ®¨��­©¨¯ ��É�¨�­¦�©� «�®ª�¦¨¯ ¤�¨� ¦®® ®­� ¥©­ ��¸­� © ¥§¨¬©¦§¨� ¦�® °®¨ª µ¯

R A
B = dφ A

B + φ C
B ∧ φ A

C

¶ÂÏ¾

£¤§� ®­� ­���� ¦® �®�¬�
∇∇EA = ∇TA = EBR A

B

¶ÂÐ¾

Ð



�§µÔ �¥¦ ¦® ¦®¨��®­ ¥®­�¦¨©�­¦� �§¥¤ ©� ¶ÂÎ¾ �½¥�²¦ ¦¤©¦ ­®¦ ©�� ®° ¦¤� ®¦¤�¨ ¥®ª²®­�­¦�
¬©­��¤ � £¤� ¨��§�¦ �� ¦¤©¦ ¦¤� ª �­�ª ©� ­§ªµ�¨ ®° �­��² �­��­¦ ¥®ª²®­�­¦� ®° ¦¤� �§²�¨¬���³
µ ��­ ©¨�

ea
m, ψ

α
m, ψ̄mα̇ ,M, ba = b̄a

¶ÂÑ¾
�¤�¨� ¦¤� ¸¨�¦ �� ¦¤� §�§©� ¬ ���µ ��­ Æ ¦¤� ��¥®­� ©­� ¦¤�¨� ©¨� ¦¤� «¨©¬�¦�­® ©­� �¦� ¥®­Ô §«©¦� Æ
©­� ¦¤� �©�¦ ¦�® ©¨� © ¥®ª²��½ �¥©�©¨ ©§½ ���©¨¯ ¸��� ©­� © ¨�©� ¬�¥¦®¨ ©§½ ���©¨�¯ ¸��� � ´­
©���¦�®­ �¦ ¦§¨­� ®§¦ ¦¤©¦ ©�� ¥®ª²®­�­¦� ®° ¦¤� ¦®¨��®­ ©­� ¦¤� ¥§¨¬©¦§¨� �§² �¨¸���� ¥©­
µ� �½²¨����� �­ ¦�¨ª � ®° ¦¤¨�� �§²�¨¸����

R, Gαα̇, Wαβγ

¶ÂÒ¾
�§µÔ �¥¦ ¦® ¥®­�¦¨©�­¦� �§¥¤ ©� ¦¤� ¥®¬©¨�©­¦ ¥¤�¨©��¦¯ ¥®­�¦¨©�­¦

∇̄α̇R = 0.
¶ÄÓ¾

´­ �ßÅÌ� ¦¤� ¥¤�¨©��¦¯ ²¨®Ô �¥¦®¨
D̄2

®° «�®µ©� �§² �¨�¯ªª�¦¨¯ �� ¨�²�©¥�� µ¯

∇̄α̇∇̄α̇ − 8R.
¶Ä �¾

´¦ ¦§¨­� ®§¦ ©��® ¦¤©¦

R(z)| = −1

6
M(x) . . . ,∇α∇αR(z)| =

1

3
em

a e
n
bR ab

mn (x) + . . . , , Ga(z)| = −1

3
ba(x).

¶ÄÂ¾

¢ � Üéïéêåâ ø åííéê Û¡Ü�× ×ðíîãï

ñ®� �� ¥©­ ���¥§�� ¦¤� ©¥¦�®­ °®¨ �§²�¨«¨©¬�¦¯ ¥®§²��� ¦® ¥¤�¨©� �¥©�©¨ ª ©¦¦�¨ � ´¦ �� §��°§�
¦® ¨�� ¨�¦� ¦¤� �§² �¨¬����µ ��­

Ea
m

�­ ¦�¨ª � ®° © ¨�©� ©½ �©� ¬�¥¦®¨ ¸��� �§² �¨¸���
Hm

Æ ©­� ©
¥¤�¨©� �§² �¨¸���

ϕ
¶¥©���� ¦¤� ¥¤�¨©� ¥®ª²�­�©¦®¨¾ �¤�¥¤ �©¦��¸�� ¦¤�

flat space
¥¤�¨©��¦¯ ¥®­³

�¦¨©�­¦
D̄α̇ϕ = 0.

´¦ ¦§¨­� ®§¦ ¦¤©¦ ¦¤� «¨©¬�¦®­ ©­� ¦¤� «¨©¬ �¦�­® ©� ���� ©� ¦¤� ©½ �©� ¬�¥¦®¨
©§½ ���©¨¯ ¸��� ¶�­ Ã���³ò§ª �­® «©§«�¾ ©¨� ¥®­¦©�­�� �­

Hm

� � ��® ¦¤� �§² �¨��¦�¨ª �­©­¦ ÊÄÏË
®° ¦¤� �§² �¨¬���µ ��­ ª ©¯ µ� � ¨�¦¦�­ ©�

E ≡ sdetEa
m = E(H)ϕ̄ϕ

¶ÄÄ¾
Á®¨ ©­¯ �§² �¨¸���

L
¦¤�¨� �� © §��°§ � ���­¦�¦¯ ¦¤©¦ ¨��©¦�� ��É�¨�­¦ �½²¨����®­� °®¨ �§² �¨³

¸��� ©¥¦�®­� °®§­� �­ ¦¤� ��¦�¨©¦§¨� Æ

−1

4
D̄2

EL = ϕ3(−1

4
∇̄2 + 2R)L.

¶ÄÍ¾

Ñ



��¦¦�­«
L = R−1

�� «�¦ ��­¥� ∇̄R = 0,

ϕ3 = −1

4
D̄2 E

2R

¶ÄÎ¾

¥®­���¦�­¦ � �¦¤ ¦¤� °©¥¦ ¦¤©¦ ¦¤� Ìó� �� ¼©¦�²©¥� ¥¤�¨©� � � ��® ��¦¦�­«
L = W (Φ)/2R

Æ
�¤�¨�

W
�� © ¤®�®ª®¨²¤�¥ °§­¥¦�®­ ®° ¦¤� ¥®¬©¨�©­¦�¯ ¥¤�¨©� �¥©�©¨ �§² �¨¸���

Φ : ∇̄α̇Φ = 0
Æ

�� «�¦
ϕ3W = −1

4
D̄2 E

2R
W (Φ).

¶ÄÏ¾
£¤�� ���­¦�¦¯ «�¬�� §� ¦�® �à§�¬©��­¦ �©¯� ®° � ¨�¦�­« ¦¤� �ßÅÌ� �­¬©¨�©­¦ ¦�¨ª ¥®¨¨�³

�²®­��­« ¦® ¦¤� �§²�¨² ®¦�­¦�©� ¦�¨ª �­ ¶Ñ¾
∫

d4xd4θ
E

2R
W (Φ) =

∫

d4xd2θϕ3W (Φ).
¶ÄÐ¾

£¤� ¥¤�¨©� ��­��¦¯
ϕ3

�� © ª �©�§¨� °®¨ �­¦�«¨©¦�­« ¶®¬�¨ ¤©�° ®° �§² �¨�²©¥�¾ ©­¯ ¥¤�¨©�
¦�¨ª �­ ¦¤� ©¥¦�®­ �

£¤� «�­�¨©� �ßÅÌ� ³ ¥¤�¨©� �¥©�©¨ ©¥¦�®­ ¥©­ ¦¤�­ µ � � ¨�¦¦�­ ©�

S = − 3

κ2

∫

d8zE(H,ϕ)e−
κ2

3
K(Φ,Φ̄)

+

(
∫

d6zϕ3W (Φ) + h.c.

) ¶ÄÑ¾

´­ ¦¤� ©µ ®¬� �� ô¬� ��¸­�� ¦¤� �§² �¨�²©¥� ª �©�§¨��
d8z ≡ d4xd4θ

©­�
d6z ≡ d4xd2θ

©­�
κ2 ≡ 8πGN

� È�¦ §� ª ®¦�¬©¦� ¦¤�� À Á �¨�¦ ®µ��¨¬� ¦¤©¦ �­ ¦¤� ¼©¦ �²©¥� ��ª �¦
κ → 0, ϕ →

1, E → 1
Æ ¦¤ �� ¨��§¥�� ¦® ¦¤� «�®µ©��¯ �§²�¨�¯ªª�¦¨�¥ ©¥¦�®­ ¶Ñ¾ � � � �­ ¦¤©¦ ¥©��

W (Φ)
Æ

¦¤� �§²�¨²®¦�­¦�©� Æ �� © ¤®�®ª ®¨²¤�¥ °§­¥¦�®­ ®° ¦¤� ¥¤�¨©� �§² �¨¸���� �¤���
K(Φ, Φ̄)

�� © ¨�©�
�§² �¨¸��� �¤�¥¤ �� © °§­¥¦�®­ ®° ¦¤� ¥¤�¨©� ¸���� ©­� ¦¤� ©­¦�³¥¤�¨©� ¸���� � ��¥®­��¯ ��¦ §�
®µ��¨¬� ¦¤©¦ ¦¤� �§²�¨¸���µ ��­ ��¦�¨ª �­©­¦ ¥®­¦©�­� ¦¤� ù�­�¦��­ ©¥¦�®­ �

− 3

κ2

∫

d8zE = − 3

κ2

∫

d6zϕ32R =
2

κ2

∫

d4xeR + . . .
¶ÄÒ¾

´­ ¦¤� ¸¨�¦ �à§©��¦¯ ©µ®¬� �� §��� ¦¤� ���­¦�¦¯ ¶ÄÍ¾ � �¦¤
L = 1

Æ ©­� �­ ¦¤� ��¥®­� �� ô¬�
§���

φ3| = e
©­� −1

4
∇2R| = − 1

12
R �¤�¨�

e = det[ea
m]

©­� R �� ¦¤� Ì �¥¥�³�¥©�©¨ ¶��� ¶ÄÂ¾¾ �

  � úéëâ �ï÷åêîåïí Ùãêìåâîæì

·�°®¨� �� «® ®­ ¦® ���¥§�� ¦¤� ²®¦�­¦�©� �� §��°§� ¦® ¥®­����¨ © ���«¤¦�¯ «�­�¨©��¿�� °®¨³
ª ©���ª �¤�¨� ¦¤� Ã�¯� �­¬©¨�©­¥� µ �¥®ª �� ª ©­�°��¦ � Ã� �­¦¨®�§¥� © ¥¤�¨©� �¥©�©¨

φ
¶� �¦¤

Ò



∇̄α̇φ = 0
¾ � £¤� ©¥¦�®­ ¶ÄÑ¾ ¶�� � ��� ��¦

κ2 = 1
°¨®ª ­®� ®­¾ �� «�­�¨©��¿�� ¦®

S = −3

∫

d8zEφφ̄e−K/3 +

(
∫

d8z
E

2R
φ3W (Φ) + h.c.

)

= −3

∫

d6zϕ3(−1

4
∇̄2 + 2R)φφ̄e−K/3 +

(
∫

d6zϕ3φ3W (Φ) + h.c.

) ¶ÍÓ¾

£¤�� ©¥¦�®­ �� �­¬©¨�©­¦ §­��¨ Ã�¯� ¦¨©­�°®¨ª ©¦�®­� ¶� �¦¤ © Ã�¯� ¦¨©­�°®¨©ª¦�®­ ²©¨©ª ³
�¦�¨ ¥¤�¨©� �§² �¨¸���

τ : ∇̄α̇τ = 0
¾ «�¬�­ µ��®� �

Φ → Φ, φ→ e−2τφ, ϕ→ e2τϕ, Eα
M → e(2τ̄−τ)(Eα

M − . . .)

Ea
M → e(τ−τ̄)Ea

M , E → e2(τ+τ̄ )τ ∇α → e(τ−2τ̄)(∇α − . . .)
¶Í �¾

£¤� ®ª �¦¦�� ¦�¨ª � �­ ¦¤� ©µ®¬� ©¨� ²¨®²®¨¦�®­©� ¦® ¦¤� ¥®¬©¨�©­¦ �²�­®¨ ��¨�¬©¦�¬�� ®°
τ
�

£¤��� ¦¨©­�°®¨ª ©¦�®­� ©¨� ©¥¦§©��¯ ©­ �­¬©¨�©­¥� ®° ¦¤� ¦®¨��®­ ©­� ¥¤�¨©��¦¯ ¥®­�¦¨©�­�
®° ª �­�ª ©� �§² �¨«¨©¬�¦¯� £¤� Ã�¯� ¥®ª²�­�©¦®¨ �­�§¨�� ¦¤©¦ ¦¤� ©¥¦�®­ �� ©��® �­¬©¨�©­¦ �

£¤� ©¥¦�®­ �� ©��® �­¬©¨�©­¦ §­��¨ Ç©�¤��¨ ¦¨©­�°®¨ª ©¦�®­�

K → K + f((Φ, φ) + f̄(Φ̄, φ), W → e−f(Φ,φ)W, φ→ ef(Φ,φ)/3φ
¶ÍÂ¾

ñ®¦� ¦¤©¦ §­��±� �­ ¦¤� ¥©�� ®° «�®µ©� �ß�º ¤�¨� ¦¤� �§²�¨²®¦�­¦�©� �� ­®¦ �­¬©¨�©­¦ §­��¨
Ç©�¤��¨ ¦¨©­�°®¨ª ©¦�®­� � ó®��¬�¨ ¦¤� à§©­¦�¦¯

G = K + ln |W |2 ¶ÍÄ¾

�� �­¬©¨�©­¦ ©­� �­ °©¥¦ Ç©�¤��¨ �­¬©¨�©­¥� �ª²���� ¦¤©¦ ¦¤� ©¥¦�®­ �� ®­�¯ ��² �­��­¦ ®­ ¦¤��
Ç©�¤��¨ �­¬©¨�©­¦ ¥®ªµ�­©¦�®­ ©­� ­®¦ ��²©¨©¦��¯ ®­

K
©­�

W
� ´¦ ©��® ª �©­� ¦¤©¦ ®­�¯

¦¤� ¿�¨® �� ©­� ��­«§�©¨�¦��� ®°
W

¤©¬� ©­ �­¬©¨�©­¦ ��«­�¸¥©­¥� � ��©¯ °¨®ª ¦¤�ª �¦ ¥©­ µ�
¦¨­©�°®¨ª �� ¦® §­�¦¯�

Ö � ¢åâðç âåíîïö íûé Õãíéïíîå â

£® ���¥§�� ¦¤� ²®¦�­¦�©� �¦ �� �§ü ¥��­¦ ¦® �® ®± ©¦ ¥®­°®¨ª ©��¯ ¼©¦ ª �¦¨�¥�
gmn = σ2ηmn

�
£¤�� ©ª®§­¦� ¦® �«­®¨�­« ¦¤� ¥®ª²��¥©¦�®­� ¥®ª �­« °¨®ª ¦¤� ¸����

Hm

©­� ¦¤�¨�°®¨� �­
�É�¥¦ ©��® ¨�²�©¥�­« ∇α → Dα

� ´­ ®¦¤�¨ �®¨�� °®¨ ¦¤� ²§¨² ®�� ®° ��¨�¬ �­« ¦¤� ²®¦�­¦�©� ®­�
ª ©¯ Ô §�¦ ¥®­����¨ ¦¤� ©¥¦�®­ Æ

S = − 3

κ2

∫

d8zφ̄φe−
κ
3
K(Φ,Φ̄) +

(
∫

d6zφ3W (Φ) + h.c.

) ¶ÍÍ¾

�Ó



ñ®¦� ¦¤©¦ �­ ¦¤� ©µ®¬� �� ¤©¬� ¥¤®��­ ¦® ¸½ ¦¤� Ã�¯� «©§«� µ¯ ²§¦¦�­«
ϕ = 1

� � ��®
Φ

¨�²¨���­¦� © ��¦ ®° ¥¤�¨©� �¥©�¨ �§² �¨¸���� {Φi} � � �¦�¨­©¦�¬��¯ �� ¥®§�� ¤©¬� ¥¤®��­ φ = 1
�­

�¤�¥¤ ¥©�� ¦¤� ©µ®¬� �®§�� ¤©¬� µ ��­ ¨�� ¨�¦¦�­ �­ ¦�¨ª � ®°
ϕ
� £¤� Ã�¯� �­¬©¨�©­¥� �ª²����

¦¤©¦ �� ¥©­ �� �¦¥¤ ¦¤� ®­� °®¨ ¦¤� ®¦¤�¨ � Ã� ¥©­ ��¨�¬� ¦¤� �à§©¦�®­� ®° ª®¦�®­ °¨®ª ¦¤��
©¥¦�®­ °®��®� �­« ¦¤� �©ª � ²¨®¥��§¨� ©� �­ ¦¤� «�®µ©� �ß�º ¥©�� ¶��� ���¥§���®­ ©¨®§­� ¶�Í Æ
�Î¾¾ � Ã� «�¦ ¶©°¦�¨ ��¦¦�­«

κ = 1
¾

−1

4
D̄2(Φe−K/3) = φ2W

¶ÍÎ¾

−1

4
D̄2(φφ̄e−K/3Ki) = −φ3Wi.

¶ÍÏ¾

´­ ¦¤� ©µ ®¬� ¦¤� �§µ�¥¨�²¦
i
��­®¦�� ��É�¨�­¦�©�¦�®­ � �¦¤ ¨��² �¥¦ ¦® ¦¤� �¦¤ ¥¤�¨©� �¥©�©¨

¸���
Φi
� ´«­®¨�­« °�¨ª �®­�¥ ¦�¨ª � ¶

DαΦ, Dαφ
�¦¥¾ �� «�¦ µ¯ ¦©±�­« ¦¤� �®���¦ ¥®ª²®­�­¦�

®° ¦¤� ©µ®¬� �à§©¦�®­� ¶� �¦¤
Fφ = −(1/4)D2φ

�¦¥ �

F̄φ̄e
−K/3| − φ̄

1

3
KīF

īe−K/3| = φ2W | ¶ÍÐ¾

φ[−1

4
D̄2(φ̄e−K/3)]Ki| + φφ̄e−K/3Kij̄F̄

j̄ = −φ3Wi

¶ÍÑ¾

�®�¬ �­« °®¨ ¦¤� ¦�® Á³¦�¨ª � �� ¤©¬� Æ

F̄φ̄ = eK/3φ2W +
1

3
φ̄KīF̄

ī ¶ÍÒ¾

F̄ j̄ = − φ3

φφ̄
eK/3Kij̄DiW

¶ÎÓ¾

�¤�¨� �� ô¬� ��¸­�� ¦¤� Ç©�¤��¨ ¥®¬©¨�©­¦ ��¨�¬©¦�¬�

DiW = Wi +KiW
¶Î �¾

£¤� ²®¦�­¦�©� ª ©¯ ­®� µ� ¥©�¥§�©¦�� °¨®ª ¦¤� �§² �¨²®¦�­¦�©� ¦�¨ª �­ ¦¤� ©¥¦�®­ ¶ÍÍ¾ ³
��� ���¥§���®­ ©¨®§­� �Â

−V =

∫

d2θφ3W |boson = −1

4
D2(φ3W )|boson

¶ÎÂ¾

= 3φ2FφW + φ3WiF
i.

¶ÎÄ¾

ß��­« ¦¤� �½²¨����®­� ¶ÍÒ ÆÎÓ¾ �� «�¦

V = φ2φ̄2eK/3(Kij̄DiWDj̄W̄ − 3|W |2) ¶ÎÍ¾

��



£¤�� ²®¦�­¦�©� �� ­®¦ à§�¦� �­ ¦¤� ¥©­®­�¥©� °®¨ª ��­¥� �� ©¨� ­®¦ �­ ¦¤� ù�­�¦��­ °¨©ª � �
Ì�¥©�� ¦¤©¦ ¦¤� «¨©¬�¦©¦�®­©� ©¥¦�®­ �� ¤����­ �­ ¦¤� ¦�¨ª

−3

∫

d8zφφ̄E(H)e−K/3 ¶ÎÎ¾

£® «�¦ ¦¤� ¥©­®­�¥©� °®¨ª ®° ¦¤� ù�­�¦��­ ©¥¦�®­ ¶��� ÄÒ¾ �� ­��� ¦® ¥¤®®��

φ| = φ̄| = eK/6|

£¤�­ �� ¸­©��¯ «�¦
V = eK(Kij̄DiWDj̄W̄ − 3|W |2) ¶ÎÏ¾

£¤�� �� ¦¤� ����³±­®�­ Á³¦�¨ª ²®¦�­¦�©� °®¨ ¥¤�¨©� �¥©�©¨� ¥®§²��� ¦® �§²�¨«¨©¬�¦¯ ¸¨�¦
��¨�¬�� �­ ÊÂÎË �

Ã� ª ©¯ ¨�� ¨�¦� ¦¤�� �­ ¦�¨ª � ®° ¦¤� Ç©�¤��¨ �­¬©¨�©­¦ ² ®¦�­¦�©�
G

©� ¶ÍÄ¾

V = eG(Gij̄GiGj̄ − 3)
¶ÎÐ¾

Ù � Üåçöé Ùîéâýæ

ß�§©��¯ ¦¤� Ç©�¤��¨ ²®¦�­¦�©� ¶ª �¦¨�¥¾ ¤©� ��®ª �¦¨��� ©­� �° ¦¤�¯ ©¨� «©§«�� �� ­��� ¦®
�­¥�§�� «©§«� ¸���� �­ ¦¤� ¦¤�®¨¯� � �²©¥�³¦�ª � ��² �­��­¦ ��®ª �¦¨¯ ®° ¦¤� Ç ����­« ² ®¦�­¦�©�
¶°®¨ ¦¤� ª®ª�­¦ ¥®­����¨ Ô §�¦ ��­�©¨ ¦¨©­�°®¨ª ©¦�®­�¾ �� ¨�²¨���­¦�� ®­ ¦¤� ¥¤�¨©� �¥©�©¨� µ¯

Φ → eiΛΦ, Φ̄ → Φ̄e−iΛ̄,
¶ÎÑ¾

¶�¤�¨�
Λ
�� © ¥¤�¨©� �¥©�©¨ �§² �¨¸���¾ �� «©§«�� µ¯ �­¦¨®�§¥�­« © ¨�©� �§² �¨¸���

V, V † = V,
�¤�¥¤ ¦¨©­�°®¨ª � ©� °®��®� � �

eV → eiΛ̄eV e−iΛ ¶ÎÒ¾
ñ®¦� ¦¤©¦ �­ ¦¤� ©µ ®¬� �� ô¬� ¦©±�­

Φ
¦® µ � © ¥®�§ª­ ª ©¦¨�½ �­ �®ª � ¨�²¨���­¦©¦�®­ ©­�

V
© �à§©¨� ª ©¦¨�½ �­ ¦¤� ©�Ô ®�­¦ ¨�²¨���­¦©¦�®­

V = V aTa

�¤�¨�
Ta

©¨� ¦¤� «�­�¨©¦®¨� ®°
¦¤� «©§«� «¨®§² � ñ®¦� ¦¤©¦ �� ­��� ¦�® ¥®²��� ®° ¦¤� «©§«� «¨®§² G → G × G Æ ��­¥� ¦¤�
«©§«� ¦¨©­�°®¨ª ©¦�®­� ©¨� ¨�² �¨��­¦�� µ¯ © ¥¤�¨©� �§² �¨¸��� � � � �­ ¦¤� �µ���©­ ¥©�� ®­� ¥©­
«® ¦® ¦¤� Ã���³ò§ª �­® «©§«� �­ �¤�¥¤

V = {Am, λα, D}, V 3 = 0.
¶ÏÓ¾

�Â



ó�¨�
Am

�� ¦¤� §�§©� «©§«� ¸��� Æ
λ
�� �¦� °�¨ª �®­�¥ ²©¨¦­�¨ ¦¤� «©§«�­® ©­�

D
�� ©­

©§½ ���©¨¯ ¸��� � áµ��¨¬� ¦¤©¦ §­��¨ «©§«� ¦¨©­�°®¨ª ©¦�®­�

Φ̄eV → Φ̄eV e−iΛ,
¶Ï �¾

�® ¦¤©¦ �­¬©¨�©­¦� ©¨� ¥®­�¦¨§¥¦�� ®§¦ ®°
Φ
©­�

Φ̄eV � £¤§� °®¨ �­�¦©­¥� ¦¤� «�®µ©� «©§«�
�­¬©¨�©­¦ Ç©�¤��¨ ² ®¦�­¦�©�

Φ̄Φ
�� ¦® µ � ¨�²�©¥�� µ¯

Φ̄eV Φ
� ´­ «�­�¨©� �� ¨�²�©¥�

K(Φ, Φ̄) → K(Φ, Φ̄eV )
¶ÏÂ¾

Æ£¤� «©§«� ¸��� �¦¨�­«¦¤ �� «�¬�­ µ¯ © ¥¤�¨©� �§² �¨¸���

Wα = −(
1

4
∇̄2 − 2R)e−V ∇αe

V = Wa
αTa

¶ÏÄ¾

¶­®¦� ¦¤©¦ ¦¤� ¸¨�¦ °©¥¦®¨ �� ¦¤� ¥¤�¨©� ²¨®Ô �¥¦®¨¾ �¤®�� ¥®ª²®­�­¦� �­ ¦¤� Ã ò «©§«� ©¨�
Wα = {λα, Fmn, D} � £¤� ±�­�¦�¥ ¦�¨ª � °®¨ ¦¤� «©§«� ¸���� ª ©¯ ¦¤�­ µ� � ¨�¦¦�­ ©�

∫

d4xd4θ
E

2R
(
1

4
fabWaαWb

α + h.c.),
¶ÏÍ¾

�¤�¨� �­ «�­�¨©� ¦¤� «©§«� ¥®§²��­« °§­¥¦�®­
fab

Æ ©­ �­¬©¨�©­¦ ¦�­�®¨ ®° ¦¤� «©§«� «¨®§² Æ
ª ©¯ µ � © °§­¥¦�®­ ®° ¦¤� ¥¤�¨©� ¸���� �¤�¥¤ ©¨� ­�§¦¨©� §­��¨ ¦¤� «¨®§² � £¤� µ®�®­�¥ ²©¨¦
®° ¦¤�� ©¥¦�®­ ¥®­¦©�­� ¦¤� §�§©� «©§«� ¸��� ±�­�¦�¥ ¦�¨ª ©� ���� ©� ¦¤� ©½ �®­ ¥®§²��­« ¦�¨ª Æ

−1

4

∫

d4x
√
g(<fabF

a
mnF

bmn − 1

2
=fabε

mnpqF a
mnF

b
pq)

ñ®¦� ¦¤©¦ � �¦¤ ¦¤� Ã�¯� ¦¨©­�°®¨ª ©¦�®­ ¨§��
V → V

�¤�¥¤ �ª²���� W → e−3τW
Æ ¦¤�

©µ®¬� ©¥¦�®­ �� Ã�¯� �­¬©¨�©­¦ � �¦¤®§¦ ©­¯ Ã�¯� ¥®ª²�­�©¦®¨ °©¥¦®¨ �
£® ��¨�¬� ¦¤� �à§©¦�®­� ®° ª ®¦�®­ °®¨ ¦¤� «©§«� ¸��� °¨®ª ¶ÏÍ¾ �� §�� ¦¤� °®��®� �­« ¦¨�¥±

¶°®¨ ��ª²��¥�¦¯ �� ô�� Ô §�¦ ¥®­����¨ ¦¤� «�®µ©� �ß�º ¥©��¾ �
»�¸­�

∆V ≡ e−V δeV = δV + ... = ∆V aT a
� £¤�­

δV
1

2

∫

d6zfabWαaWb
α =

∫

d6zfabδV tr(T
ae−VDαeV )Wb

α

=

∫

d6zfabtr(T
a[e−VDαeV ,∆V ]Wb

α

=

∫

d6zfab(∇α∆V )aWb
α = −

∫

d6z∆V a∇α(fabWb
α)

¦¤§� «�¬ �­« ¦¤� ¥®­¦¨�µ§¦�®­ ∇α(fabWb
α)

¦® ¦¤� «©§«� ¸��� �®ª � � ��® ­®¦� ¦¤©¦ §­��¨ ©­
�­¸­�¦���ª ©� «©§«� ¦¨©­�°®¨ª ©¦�®­ Æ

∆ΛV = −iΛ + ie−V Λ̄eV ≡ −iΛ + iΛ̃.

�Ä



ñ®� �� ©¨� �­ © ²®��¦�®­ ¦® �¬©�§©¦� ¦¤� »³¦�¨ª ¥®­¦¨�µ§¦�®­ ¦® ¦¤� ² ®¦�­¦�©� °®¨ ¥¤�¨©�
�¥©�©¨� � � � µ �°®¨� �­ �¬©�§©¦�­« ¦¤� ² ®¦�­¦�©� ¥®­¦¨�µ§¦�®­� �� �«­®¨� ¥§¨¬©¦§¨� ¦�¨ª � ©­�
È®¨�­¦¿ ¥®­­�¥¦�®­ ¦�¨ª � � Ã� ª©±� ¦¤� Ç©¤��¨ ² ®¦�­¦�©� ¦�¨ª «©§«� �­¬©¨�©­¦ µ¯ � ¨�¦�­«
K(Φ, Φ̄) → K(Φ, Φ̄eV ) + ξtrV )

Æ �¤�¨� �� ô¬� ©��® ©���� © Á©¯�¦³´���®² ®§�®� ¶Á´¾ ¦�¨ª �¤�­
¦¤� «§©«� «¨®§² ¥®­¦©�­� © ß ¶¶�¾ «�­�¨©¦®¨ � � �® ¦¤� �à§©¦�®­� ®° ª ®¦�®­ °®¨ ¦¤� ©§½ ���©¨¯
¸���� ©­� ¤�­¥� ¦¤� ²®¦�­¦�©� ¥©­ µ� ��¨�¬�� °¨®ª

S = −3

∫

d8zφ̄φe−
1

3
(K(Φ,Φ̄eV )+ξtrV ) + {

∫

d6z(φ3W + fabWaWb) + h.c.} ¶ÏÎ¾

£¤� �­¬©¨�©­¥� ®°
K
«�¬�� Æ

(iΛ − iΛ̃)
δK

δV
+ Λaki

aKi + Λ̃akī
aKī = 0

�¤�¨�
ka

�� ¦¤� Ç ����­« ¬�¥¦®¨ ¥®¨¨��² ®­��­« ¦® ¦¤� «©§«� «�­�¨©¦®¨ � �¦¤ �©µ ��
a
� Á¨®ª

¦¤�� �� ¤©¬� ¦¤� ¨��©¦�®­
δK

δV a
= iki

aKi

¶ÏÏ¾
ß­��¨ ¦¤� «©§«� ¦¨©­�°®¨ª ©¦�®­ ¦¤� Á´ ¦�¨ª ¦¨©­�°®¨ª �

ξtrV → ξtrV + ξtr(iΛ− iΛ̄)
� £®

ª©±� ¦¤� ©¥¦�®­ �­¬©¨�©­¦ �� ­��� ¦® ¤©¬� ¦¤� ¥¤�¨©� ¥®ª²�­�©¦®¨ ¸��� ©��® ¦¨©­�°®¨ª §­��¨
ß ¶�¾ «©§«� ¦¨©­�°®¨ª ©¦�®­� ©�

φ→ eitrΛ ξ

3φ
� £¤�­ �­ ®¨��¨ ¦® ±��² ¦¤� �§²�¨² ®¦�­¦�©� ¦�¨ª

�­¬©¨�©­¦ �� ­���
δ(φ3W ) = 3iΛatrT a ξ

3
φ3W + φ3Λaki

a∂iW = 0

«�¬ �­« §� ¦¤� §��°§� ¨��©¦�®­
ki

a∂iW = −iξtrT aW
¶ÏÐ¾

´¦ �� ¥®­¬�­��­¦ ¦® ¨���¸­�
φ→ φ/W 1/3

©­� ���ª �­©¦� ¦¤� �§²�¨² ®¦�­¦�©� °¨®ª ¦¤� ©¥¦�®­
¶ÏÎ¾ �¤�¥¤ �� ­®� ¨�� ¨�¦¦�­ � �¦¤

K → G = K + ln |W |2©­� W → 1
� £¤�­ �� ¤©¬� ¦¤�

°®��®� �­« �à§©¦�®­� ®° ª®¦�®­ �

−1

4
D̄2(φ̄e−G̃/3) = φ2

−φφ̄e−G̃/3 1

4
∇̄2Gi = −φ3Gi −

1

4
fab,i(Φ)WαaWb

α

−φφ̄e−G̃/3iki
aGi +

1

2
∇α(fabWb

α) +
1

2
∇̄α̇(f̄abWb

α̇ = 0

�Í



´­ ¦¤� ©µ®¬� �� ¤©¬� �«­®¨�� °�¨ª �®­�¥ ¦�¨ª � ©­� §��� ¶ÏÏ¾ � �¦¤
K → G

� � ��® �­
«�¦¦�­« ¦¤� ¦¤� ��¥®­� �à§©¦�®­ �� §��� ¦¤� ¸¨�¦ � £¤� ¦¤�¨� �à§©¦�®­ «�¬�� ¦¤� »³¦�¨ª
¶
Da = 1

2
∇αWα|)

2<fabD
b = φφ̄e−G̃/3|ikaiGi|

¹¤®®��­« ¦¤� ù�­�¦��­ °¨©ª � ¶��� ���¥§���®­ ©°¦�¨ ���¾
φ| = φ̄| = eG̃/6| = eG/6 þ ¶¦¤� �©�¦ ��

¬©��� �­ Ã ò «©§«�¾ �� ¸­©��¯ ¤©¬� Æ

2<fabD
b = ikaiGi| = ikaiDiW

W
| = ikaiKi + ξtrT a ¶ÏÑ¾

�¤�¨� �­ ¦¤� �©�¦ �à§©��¦¯ �� ô¬� §��� ¦¤� ¨��©¦�®­ ¶ÏÐ¾ � £¤� �©�¦ °®¨ª ®° ¦¤� »³¦�¨ª ��
¦¤� ª®¨� °©ª ���©¨ ®­� ©­� ª©¯ µ � §��� �¤�¦¤�¨ ®¨ ­®¦

W
�� ¿�¨® � ó®��¬�¨ ¦¤� ² �­§�¦�ª ©¦�

°®¨ª �¤®� � ¦¤©¦ ©¦ ª �­�ª © �¤�¨� ¦¤� Á³¦�¨ª �
DiW

©¨� ¿�¨® � �¦¤ ¶
W 6= 0

¾ � �� � ©¦ © «�­�¨�¥
�§² �¨�¯ªª�¨�¥ ��� ª �­�ª§ª Æ ¦¤� »³¦�¨ª �� ©��® ¿�¨® � ´­ ®¦¤�¨ �®¨�� �§¥¤ © ª �­�ª§ª
¥©­­®¦ µ � ��°¦�� µ¯ »³¦�¨ª � �¬�­ � �¦¤ ©­ Á´ ¦�¨ª �

ñ®� �� ©¨� �­ © ²®��¦�®­ ¦® ¥©­¥§�©¦� ¦¤� ©��¦�®­©� ¥®­¦¨�µ§¦�®­ ¦® ¦¤� ² ®¦�­¦�©� °¨®ª
¦¤� «©§«� ¦¤�®¨¯ »³¦�¨ª � � £¤��� ©¨�

−
∫

d2θ
1

4
fabWaαWb

α|scalar + h.c. =
1

2
<fab(Φ)|DaDb

£¤§� ¦¤� ¥®ª²��¦� ²®¦�­¦�©� °®¨ ¥¤�¨©� �¥©�©¨� ¥®§²��� ¦® «©§«� ¸���� ©­� �§²�¨«¨©¬�¦¯ ��

V = eK(Kij̄DiWDj̄W̄ − 3|W |2) +
1

2
<fab(Φ)|DaDb ¶ÏÒ¾

� �¦¤ ¦¤� »³¦�¨ª «�¬�­ µ¯ ¶ÏÑ¾ � £¤�� �� ¦¤� ª®�¦ �ª²®¨¦©­¦ °®¨ª§�© �­ �¦¨�­« ¶©­� �ßÅÌ� ¾
²¤�­®ª�­®�«¯�

Ü � ÿçåïíçì é�éðíæ åïý íûé Ýéïé� îåïã�Þåï� îéâã� îð� æçèéêè ãíéïíîå â

�¦ ¦¤� à§©­¦§ª ��¬�� ¦¤� Ã�¯� ¦¨©­�°®¨ª ©¦�®­� ���¥§���� �­ �§µ��¥¦�®­ ¶´´ » ¾ ©¨� ©­®ª©³
�®§� � £¤� ®¨�«�­ ®° ¦¤� ©­®ª©�¯ �� ¦¤� �©ª � ®­�³�® ®² �É�¥¦ ¦¤©¦ ¥©§��� ¥¤�¨©� «©§«� ¦¨©­�³
°®¨ª ©¦�®­� ¦® µ � ©­®ª©�®§� � ´­ °©¥¦ ¦¤� Ã�¯� ¦¨©­�°®¨ª ©¦�®­� �­¥�§�� ©­ Ì³¦¨©­�°®¨ª ©¦�®­ �
Á®¨ ²§¦¦�­«

τ(x, θ) = iν
�� ��� °¨®ª ¶Í �¾ ¦¤©¦ ¦¤� ¥¤�¨©� °�¨ª �®­� ¦¨©­�°®¨ª ©�

ψα → e3iνψα, λα → e−3iνλα,

�¤�¨�
ψ
�� ¦¤� °�¨ª �®­ �­ ¦¤� ¥¤�¨©� �¥©�©¨ �§² �¨¸��� ©­�

λ
�� ¦¤� «©§«�­® � £¤� ©­®ª ©�¯

¥©­ µ � ¦¤®§«¤¦ ®° ©� ©¨���­« °¨®ª ¦¤� ­®­³�­¬©¨�©­¥� ®° ¦¤� °§­¥¦�®­©� �­¦�«¨©� ª �©�§¨�

�Î



¶°®��®� �­« Á§Ô �±©�© ô� ©¨«§ª�­¦¾ ©­� µ¯ �§² �¨�¯ªª�¦¨�¿�­« ¦¤� §�§©� ¶�·�¾ �½²¨����®­ ��
¤©¬� ¶­®¦� ¦¤©¦ µ¯ ©µ§�� ®° ­®¦©¦�®­ �� ©¨� ­®� �©µ ����­« ¦¤� «©§«� «¨®§²� µ¯

a
¨©¦¤�¨ ¦¤©­

¦¤� «�­�¨©¦®¨� ®° © «�¬�­ «¨®§² ³ ¦¤� ¦¨©¥� ®¬�¨ �©¥¤ «©§«� «¨®§² �� µ ��­« �§²²¨����� ¾

[dΦ][dΦ̄][dV ] → eiν 3ca
16π2

R

d8z E
2R

(WαaWa
α+h.c.)[dΦ][dΦ̄][dV ].

¶ÐÓ¾

£¤� ©­®ª ©�¯ ¥® �ü ¥��­¦ �� «�¬�­ µ¯

ca = T (Ga) −
∑

r

nrTa(r)
¶Ð �¾

�¤�¨�
Ta(r) = trr(T

2
a )

°®¨ © ¨�²¨���­¦©¦�®­
r
®° ¦¤� «©§«� «¨®§²

Ga

Æ ©­�
r = Ga

ª�©­�
¦¤©¦ ¦¤� ¥®¨¨��² ®­��­« ¦¨©¥� �� �¬©�§©¦�� �­ ¦¤� ©�Ô ®�­¦ ¨�²¨���­¦©¦�®­ � ñ®¦� ¦¤©¦ µ¯ ¦¤�
�¦©­�©¨� ����¨³·©¨���­ ©¨«§ª �­¦ ¦¤�� ©­®ª©�¯ �� �½©¥¦ �

£¤�� ©­®ª©�¯ ­���� ¦® µ � ¥©­¥����� ��­¥� �¦ �� ©¥¦§©��¯ ©­ ©­®ª©�¯ �­ © �® ¥©� ¶�§² �¨¾ Ã�¯�
�¯ªª�¦¨¯ �¤�¥¤ °§¨¦¤�¨ª ®¨� �� ­�¥���©¨¯ ¦® ®µ¦©�­ ù�­�¦��­ «¨©¬�¦¯� £¤�� ¥©­ µ� �®­� µ¯
ª®��°¯ �­« ¦¤� «©§«� ¥®§²��­« °§­¥¦�®­ �­ ¦¤� °®��®� �­« ª©­­�¨ ÊÄË À

fa(Φ) → fa(Φ, φ) = fa(Φ) − 3ca
8π2

lnφ.
¶ÐÂ¾

£¤� ¥©­¥���©¦�®­ ®° ¦¤� ©­®ª©�®§� ¦¨©­�°®¨ª ©¦�®­ ®° ¦¤� ª �©�§¨� ¦¤�­ °®��®� � °¨®ª ¦¤�
Ã�¯� ¦¨©­�°®¨ª ©¦�®­

φ→ e−2τφ
®° ¦¤� Ã�¯� ¥®ª²�­�©¦®¨ �

´° ®­� ®° ¦¤� «©§«� «¨®§²� ¦¤©¦ ¥®­¦¨�µ§¦�� ¦® ¦¤�� ©­®ª ©�¯ �� ¥®­¸­�­« ¶�½¤�µ�¦� «©§«�­®
¥®­��­�©¦�®­ ©­� ��¬��®²� © ª ©�� «©² ©� �­ �¹»¾ ¦¤�­ ¦¤�� à§©­¦§ª ©­®ª ©�¯ ©¥¦§©��¯
¨��§�¦� �­ © ­®­³² �¨¦§¨µ©¦�¬� ©���¦�®­ ¦® ¦¤� ¥�©���¥©� �§² �¨²®¦�­¦�©� ÊÂÏË ¶¦¤� ²¨���­¦ ©¨³
«§ª�­¦ �� © ��ª ²��¸�� ¬�¨��®­ ®° ®­� «�¬�­ �­ ÊÍË¾ � ñ®­³¨�­®¨ª ©��¿©¦�®­ ¦¤�®¨�ª � �ª²�¯
¦¤©¦ ¦¤� ¥�©���¥©� �§² �¨²®¦�­¦�©� �� ­®¦ ¥®¨¨�¥¦�� �­ ² �¨¦§¨µ©¦�®­ ¦¤�®¨¯ µ§¦ ¦¤�¨� �� ­® �§¥¤
¨��¦¨�¥¦�®­ ­®­³² �¨¦§¨µ©¦�¬��¯�

�§²²®�� ¦¤� ­®­³² �¨¦§¨µ©¦�¬��¯ «�­�¨©¦�� �¥©�� ®° ¦¤� ¥®­¸­�­« «©§«� «¨®§² ��
Λ
� £¤�­

®­� �½² �¥¦� ¦¤� «©§«�­®� ¦® ¥®­��­�� � �¦¤
< λλ̄ >∼ Λ3 ∼M3e−1/g2

Y M (M)
©­� ©�� ¸���� ¦¤©¦

©¨� ¥¤©¨«�� §­��¨ ¦¤� «©§«� «¨®§² ¦® ©¥à§�¨� ª ©���� ®°
O(Λ)

� ´­ ¦¤�� ¥©�� °®¨ �­�¨«���
E � Λ

�� ª©¯ �­¦�«¨©¦� ®§¦ ¦¤�� «©§«� ¦¤�®¨¯ «�¬ �­« ©­ �É�¥¦�¬� ¥®­¦¨�µ§¦�®­ ¦® ¦¤� �®�
�­�¨«¯ ©¥¦�®­ ®° ¦¤� °®¨ª Æ

e−Γ(Φ,φ) =

∫

[dV ] exp

{

−1

4

∫

[fa(Φ) − 3ca
8π2

lnφ]WaαWaα + h.c.

} ¶ÐÄ¾

�Ï



¶ñ®¦� ¦¤©¦ ¤�¨� ¦¤� ¥¤�¨©� ¸����
Φ
©¨� ­�§¦¨©� §­��¨ ¦¤� «¨®§² ³ ¸���� �¤�¥¤ ©¨� ¥¤©¨«��

©¨� �­¦�«¨©¦�� ®¬�¨¾ � ó®��¬�¨ ¶�§² �¨¾ Ã�¯� �­¬©¨�©­¥� ¦���� §� ¦¤©¦ ¦¤� �§²�¨²®¦�¦�©� ¦�¨ª �­
©¥¦�®­ ª§�¦ ¥®ª � ª§�¦�² ���� µ¯ © °©¥¦®¨ ®°

φ3
� £¤� ©µ®¬� ¦¤�­ ¦���� §� ¦¤©¦ ¦¤� �§² �¨²®¦�­¦�©�

¦�¨ª �­
Γ
ª§�¦ µ � ®° ¦¤� °®¨ª

φ3Wnp = waφ
3e−

8π2

ca
fa(Φ).

´° ¦¤�¨� ©¨� ��¬�¨©� «©§«� «¨®§²� ¦¤©¦ ��¬��®² © ª ©�� «©² ¦¤�­ ¶µ ��®� ¦¤� �®���¦ �§¥¤
�¥©��¾ ¦¤�¨� � ��� µ � © �§ª ®° �§¥¤ ¦�¨ª � ³ ®­� °®¨ �©¥¤ «©§«� «¨®§² �

� ��® ��­¥� ¦¤� Ç©�¤��¨ ² ®¦�­¦�©� �­ ¦¤� ©¥¦�®­ ®¥¥§¨�� �­ ¥®ªµ�­©¦�®­ � �¦¤ ¦¤� Ã�¯�
¥®ª²�­�©¦®¨ �­ ¦¤� ¥®ªµ�­©¦�®­

φφ̄e−K/3
¦¤� ©­®ª©�¯ ¥©­¥����­« ¦�¨ª ©��® «�­�¨©¦�� ©

¥®¨¨�¥¦�®­ ¦® ¦¤� Ç©�¤��¨ ²®¦�­¦�©� �® ¦¤©¦ ¦¤� ¦®¦©� Ç©�¤��¨ ²®¦�­¦�©� �� «�¬�­ µ¯ ¦¤� �à§©¦�®­

e−K/3 = e−Kp/3 + e−Knp/3

�¤�¨�
exp(−Knp/3) = ka exp{−8π2

3ca
(fa(Φ)+f̄a(Φ̄)} ©­� Kp

�� ¦¤� ² �¨¦§¨µ©¦�¬��¯ ¥®¨¨�¥¦��
¥�©���¥©� Ç©�¤��¨ ² ®¦�­¦�©� � á° ¥®§¨�� ��­¥� §­��±� ¦¤� �§²�¨²®¦�­¦�©� ¦¤�¨� �� ­® ¨�©�®­ °®¨
¦¤� Ç©�¤��¨ ² ®¦�­¦�©� ­®¦ ¦® µ � ¥®¨¨�¥¦�� �­ ² �¨¦§¨µ©¦�®­ ¦¤�®¨¯Æ ¦¤��� ñ� ¦�¨ª � ©¨� ����
�ª²®¨¦©­¦ �

�� � � Õ��Ö���×Ø Ù�� ø� ¡Ø� �� ��õ Û����Ü �ÚÖ��Þ

× � ¢âåææîðåâ é�çåíîãïæ åïý íûé �ç	 èãíéïíîå â

Ã� � ��� ­®� ���¥§�� ¦¤� ��¨�¬©¦�®­ ®° ¦¤� �É�¥¦�¬� ²®¦�­¦�©� °®¨ ¦¤� ���©¦®­ ©­� ¦¤�
¥®ª²��½ �¦¨§¥¦§¨� ª®�§�� �­ ¦¯² � ´´· �¦¨�­« ¦¤�®¨¯ ¥®ª²©¥¦�¸�� ®­ ¹©�©µ�³º©§ ¶¹º ¾ ®¨��­³
¦�°®��� � Ã� �¦©¨¦ � �¦¤ ¦¤� ¶µ ®�®­�¥ ²©¨¦ ®° ¦¤�¾ ¦�­ ��ª �­��®­©� ´ ´· ©¥¦�®­ ¶�­ ®¦¤�¨ �®¨��
�� ©¨� �­ ¦¤� �§² �¨«¨©¬�¦¯ ©²²¨®½ �ª ©¦�®­ � �� � ©¦ �­�¨«¯ �¥©��� �¤�¥¤ ©¨� ª§¥¤ ���� ¦¤©­ ¦¤�
�¦¨�­« �¥©�� ¶

E �Ms = 1/2πα′
¾ � £¤� ©¥¦�®­ �� ¶²§¦¦�­«

2κ2
10 = 1

¾

S =

∫

d10x
√
g{R− 1

2τ 2
I

∂Mτ∂
M τ̄ − 1

2.3!

1

τI
GMNP Ḡ

MNP

− 1

4.5!
F̃MNPQRF̃

MNPQR} − 1

4i

∫

1

τI
C4 ∧G3 ∧ Ḡ3

¶ÐÍ¾
ó�¨� �� ¤©¬� ²§¦

τ = C0 + ie−φ, G3 = F3 − τH3, F3 = dC2, H3 = dB2

¶ÐÎ¾

F̃5 = F5 −
1

2
C2 ∧H3 +1

2
B2 ∧ F3, F5 = dC4

¶ÐÏ¾

�Ð



´­ ¦¤� ©µ®¬� ¦¤� ­§ª �¨�¥©� �­��½ ��­®¦�� ¦¤� ¨©­± ®° ¦¤� ¥®¨¨��²®­��­« °®¨ª Æ
φ
�� ¦¤�

���©¦®­ Æ
Ci

�� © ÌÌ ²®¦�­¦�©� ®° ¨©­±
i
©­�

B2

�� ¦¤� ñ�ñ� ²®¦�­¦�©� �
ñ®� �� ­��� ¦® ¥®ª²©¥¦�°¯ ¦¤�� ¦¤�®¨¯ ¦® °®§¨ ��ª �­��®­� � Á®¨ ²¤�­®ª �­®�®«�¥©� ¨�©�®­�

�¦ �� ����¨©µ�� ¦¤©¦ ¦¤� °®§¨ ��ª �­��®­©� ¦¤�®¨¯ �� N = 1
�ßÅÌ� � ��­¥� ´´· ¤©� ÄÂ �§²�¨�¯ª³

ª�¦¨��� ¥®ª²©¥¦�¸¥©¦�®­ ®­ © ¹©�©µ�³º©§ «�¬�� ��«¤¦ �§² �¨�¯ªª�¦¨��� ¶� �� � N = 2
¾ �­ °®§¨

��ª �­��®­� µ§¦ �° �� ®¨��­¦�°®�� Æ �� ¥©­ ¨��§¥� ¦¤�� ¦® N = 1
� ó®��¬�¨ �¦ � ��� ¦§¨­ ®§¦ ¦¤©¦

¦©�²®�� ¥©­¥���©¦�®­� ¶� �� � �©¦��°©¥¦�®­ ®° Å©§�� ô �©� ¥®­�¦¨©�­¦�¾ � ��� ¨�à§�¨� ¦¤� ©��¦�®­
®° »³µ¨©­�� ©­� ®¨ ¼§½�� �­ ¦¤� �­¦�¨­©� ��¨�¥¦�®­� � Ã� � ��� ­®¦ «�¦ �­¦® ¦¤� ��¦©��� ¤�¨�
µ§¦ �¦ ¦§¨­� ®§¦ ¦¤©¦ � �¦¤ © ²©¨¦�¥§�©¨ ®¨��­¦�°®�� ²¨®Ô �¥¦�®­ �� � ��� �­� §² � �¦¤ ®¨��­¦�°®��
¦¤¨��³²�©­�� ©­� »Ä ©­� »Ð µ¨©­�� ¶�¤�¥¤ ©¥¦§©��¯ �� © ��ª �¦ ®° ©­ Á³¦¤�®¨¯ ¥®­�¦¨§¥¦�®­ ¾ �
Á®¨ ¦¤� ª®ª �­¦ ��¦ §� °® ¥§� ®­ Ô §�¦ ¦¤� ¦¤¨�� µ¨©­� ©¥¦�®­ �¤®�� ��©��­« ¦�¨ª � ¦©±� ¦¤�
°®¨ª

Sloc =
∑

i

(−T3

∫

i

d4x
√

g(4) + µ3

∫

i

C4)
¶ÐÐ¾

£¤�� �� ©­ ©¥¦�®­ ¦¤©¦ �� �® ¥©��¿�� ©¦ © ��¦ ²®�­¦�
i
®­ ¦¤� ¹º ®¨��­¦�°®��

X
�¤�¨� ¦¤� »³

µ¨©­�� ¶®¨��­¦�°®���¾ ©¨� �® ¥©¦�� � £¤� �à§©¦�®­� ®° ª®¦�®­
·�©­¥¤� ���­¦�¦��� ¥®ª �­« °¨®ª
¦¤� ¦®¦©� ©¥¦�®­

S + Sloc

©¨� Æ

RMN − 1

2
gMNR =

1

2
TMN

d
∗(G3 + Ḡ3)

2τI
+H3 ∧ F̃5 = 0

d
∗(τḠ3 + τ̄G3)

2τI
+ F3 ∧ F̃5 = 0

dF̃5 = H3 ∧ F3 −
∑

i

µ3δ
i
6

∗F5 = F5

´­ ¦¤� ©µ®¬�
δi
6

�� © ���¦© °§­¥¦�®­ ®­
X

�® ¥©��¿�� ©¦ ¦¤� ²®�­¦
i
�¤�¨� © µ¨©­�
®¨��­¦�°®��

²�©­� �� �® ¥©¦�� ©­� ¦¤� �©�¦ �� ¦¤� ���°³�§©��¦¯ ¥®­��¦�®­ °®¨ ¦¤� ¸¬� °®¨ª �¤�¥¤ �� �ª²®���
µ¯ ¤©­� ©� §�§©� �

ñ®� �� ­��� ¦® �® © Ç©�§¿©³Ç ���­ ¨��§¥¦�®­ ®° ¦¤��� �à§©¦�®­� ¦® ��¨�¬� ¦¤� �É�¥¦�¬� °®§¨
��ª �­��®­©� �à§©¦�®­� °¨®ª ¦¤��� ¦�­ ��ª �­��®­©� �à§©¦�®­� Æ �¤�­ ©� �� ���¥§���� ©µ®¬�
��½ ®° ¦¤� ��ª �­��®­� ©¨� ¥®ª²©¥¦�¸�� ®­ © ¹©�©µ�³º©§ ®¨��­¦�°®��

X.
£¤�� �� §­°®¨¦§­©¦��¯

­®¦ ©� �¦¨©�«¤¦°®¨�©¨� ©� ®­� ª �«¤¦ ¦¤�­± � £¤� ²¨®µ��ª �� ¦¤©¦ © ��ª²�� ¦¨§­¥©¦�®­ ��©��
¦® �­¥®­���¦�­¥��� �

�Ñ



á­� ª©¯ ¦¨¯ ¦® ��¨�¬� ¦¤� °®§¨ ��ª �­��®­©� �É�¥¦�¬� ©¥¦�®­ µ¯ �­¦¨®�§¥�­« ¦¤� ª�¦¨�¥
©­�©¦¿

ds2 = e2ω(y)−6u(x)g̃µν(x)dx
µdxν + e−2ω(y)+2u(x)g̃mn(x, y)dymdyn ¶ÐÑ¾

� �¦¤
∂µ det g̃mn = 0

� £¤� ¥®®¨��­©¦��
xµ

©¨� ¦©±�­ ®¬�¨ ¦¤� °®§¨ ��ª �­��®­©� �²©¥� �®
¦¤©¦

g̃µν

�� ¦¤� ª �¦¨�¥ ª �©�§¨�� �­ ®§¨ ®µ��¨¬�� �®¨�� Æ �¤���
ym

©¨� ¦¤� ¥®®¨��­©¦�� ®­ ¦¤�
¥®ª²©¥¦ �²©¥�

X
� Á®¨ ��ª²��¥�¦¯ ��¦ §� ©��§ª � ¦¤©¦ ¦¤� ­§ªµ�¨ ®° Ç©�¤��¨ �¦¨§¥¦§¨� ª®�§��

�­
X

�� Ô §�¦ ®­� ¶
h11 = 1

¾ µ§¦ �� �¤©�� ±��² ¦¤� ­§ªµ�¨ ®° ¥®ª²��½ �¦¨§¥¦§¨� ª ®�§��
h21©¨µ�¦¨©¨¯� £¤� Ç©�¤��¨ ��°®¨ª ©¦�®­ ¶�¤�¥¤ �� ¦¤§� Ô §�¦ ¦¤� ¬®�§ª� ª®�§�§� ¥®¨¨��² ®­��­«

¦® ¥¤©­«�� �­ ¦¤� ®¬�¨©�� ��¿� ®°
X
¾ �� «�¬�­ µ¯ ¦¤� °©¥¦®¨

e2u
� ´­ °©¥¦ �� ª©¯ ­®¨ª ©��¿�

¦¤� �­¦�¨­©� ª �¦¨�¥ µ¯ ²§¦¦�­« ∫

X
e−2ω

√
det g̃mn �

� �® ¦¤©¦ ¦¤� ²¤¯��¥©� ¬®�§ª� ®°
X

��
e6u

� £¤� °©¥¦®¨
e−6u

�­ ¦¤� ¸¨�¦ ¦�¨ª �� ¦¤�­ �­¦¨®�§¥�� �­ ®¨��¨ ¦® �­�§¨� ¦¤©¦
g̃µν

�� ¦¤�
°®§¨³��ª �­��®­©� ù�­�¦��­ ª �¦¨�¥ �

£¤� �É�¥¦�¬� ² ®¦�­¦�©� �©� ��¨�¬�� �­ ÊÎË µ¯ ¨��§¥�­« ¦¤� ¦�­ » ©¥¦�®­ §��­« ¦¤� �¦©¦�¥
¬�¨��®­ ®° ¦¤�� ©­�©¦¿ ¶� �� � �¦¤

u = 0
©­�

∂µgmn = 0
¾ ©­� �«­®¨�­« ¦¤� �©¨² °©¥¦®¨

e2ω(y)
Æ

©­� ¦¤� �½²¨����®­ ¶¦¤� ¦���� ��­®¦�� ¦¤� §�� ®° ¦¤� ª �¦¨�¥
g̃
�­ ¦¤� �­­�¨ ²¨®�§¥¦¾

V =

∫

d6y
√

g̃(6)
e4ω−12u

24τI
˜|iG3 − ∗6G3|2

¶ÐÒ¾

�©� ®µ¦©�­�� � ó®��¬�¨ Æ �½¥�²¦ ©¦ ¦¤� ª �­�ª§ª ®° ¦¤� ²®¦�­¦�©� ¦¤� �¦©¦�¥ ©­�©¦¿ ¥©­­®¦
¨�©��¯ µ � §��� ©­� �ªª��©¦��¯ ��©�� ¦® ¦¤� ­®³«® ¦¤�®¨�ª °®¨µ����­« ² ®��¦�¬� ²®¦�­¦�©��
ÊÂÐË ÊÂÑË ÊÂÒË ©­� ¦¤� ¨��®�§¦�®­ Æ ©� ²®�­¦�� ®§¦ �­ Ê�ÏË Æ �� ¦® �­¥�§�� ¦�ª � ��² �­��­¥� ®° ¦¤�
¬®�§ª� ª®�§�§�

u(x)
� Á§¨¦¤�¨ª®¨� �­ ¦¤� ²¨���­¥� ®° ¼§½�� ©­� »³µ¨©­��
®¨��­¦�°®��� Æ ¦¤�

�©¨² °©¥¦®¨ �� ­�¥���©¨��¯ ­®­³¦¨�¬ �©� ©� ¥©­ µ � ���­ °¨®ª ¦¤� �­¦�¨­©� ¥®ª²®­�­¦� ®° ¦¤�
ù�­�¦��­ �à§©¦�®­ � �­ ©¦¦�ª²¦ �©� ª ©�� ¦® �­¥�§�� ¦¤� ª ®�§�� ©­� © ­®­³¦¨�¬ �©� �©¨²
°©¥¦®¨ �­ ÊÄÓË µ§¦ �¦ �©� �¤®�­ �­ Ê�ÏË ¦¤©¦ © ¥®­���¦�­¦ ��¨�¬©¦�®­ �©� ­®¦ ²®���µ �� � �¦¤®§¦
�­¥�§��­« ©�� ¦¤� Ç©�§¿©³Ç ���­ ¶ÇÇ ¾ ª®��� Æ �#' @0):#'
 '/' �:#.
 /'.0 %!"$( #' �G� ´­ °©¥¦
�¦ �©� ©¨«§�� ¦¤©¦ ¦¤� °§�� ¦�­³��ª �­��®­©� �à§©¦�®­� � �¦¤ ¦�ª � ��²�­��­¦ ª®�§�� ¶©­�
�½¥�²¦ ©¦ ¦¤� ª �­�ª§ª ®° ¦¤� ²®¦�­¦�©� ¦¤� ª ®�§�� ©¨� ­�¥���©¨��¯ ¦�ª �³��² �­��­¦¾ ©­�
­®­³¦¨�¬ �©� �©¨² °©¥¦®¨ Æ �ª²�¯ ¦¤©¦ ¦¤� ª �¦¨�¥ ©­�©¦¿ ¶ÐÑ¾ �� �­¬©��� � ´­ ®¦¤�¨ �®¨�� ¦¤�
�É�¥¦�¬� ² ®¦�­¦�©� ¶ÐÒ¾ �®§�� ¤©¬� ©���¦�®­©� ¦�¨ª � �­¬®�¬ �­« ÇÇ ª®��� ©­� ¦¤� ��¨�¬©¦�¬��
®° ¦¤� �©¨² °©¥¦®¨ �
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´° �� �«­®¨� ¦¤��� ���§�� ¶°®¨ ²¨®«¨��� ¦®�©¨�� ¨��®�¬ �­« ¦¤�ª ��� ÊÄ �Ë¾ ¦¤�­ ¦¤� ©µ ®¬�
²®¦�­¦�©� ¥©­ µ � � ¨�¦¦�­ �­ ¦¤� N = 1

�ßÅÌ� °®¨ª � £¤� �§² �¨²®¦�­¦�©� �� ®° ¦¤� °®¨ª
²¨®²®��� �­ Ê�ÄË ¶��� ©��® Ê�ÂË¾

W = Wflux ≡
∫

Ω ∧G3

ó�¨�
Ω

�� ¦¤� ¤®�®ª ®¨²¤�¥ ¦¤¨�� °®¨ª ®­
X
�
Wflux

��²�­�� �ª ²��¥�¦�¯ ®­ ¦¤� ¥®ª²��½
�¦¨§¥¦§¨� ª®�§��

zi

¶¦¤¨®§«¤
Ω
¾ ©­� ¦¤� ���©¦®­

S ≡ iτ
� ó®��¬�¨ �¦ �� �ª²®¨¦©­¦ ¦® ­®¦� ¦¤©¦

�¦ �� �­��² �­��­¦ ®° ¦¤� Ç©¤��¨ ª®�§��
T

¶­®¦� <T = e4u
� ñ®­³¨�­®¨ª ©��¿©¦�®­ ¦¤�®¨�ª �

°®¨ ¦¤� �§²�¨² ®¦�­¦�©� ¦¤�­ �ª²�¯ ¦¤©¦ ¦¤�� ¨�ª ©�­� ¦¨§� ¦® ©�� ®¨��¨� �­ ² �¨¦§¨µ©¦�®­ ¦¤�®¨¯�

K = − ln(S + S̄) − 3 ln(T + T̄ ) + k(zi, z̄j̄).
¶ÑÓ¾

£¤�� ��©�� ¦® © ­® �¥©�� ² ®¦�­¦�©� °®¨
S, zi

ÊÎË

V = eK(DSWDS̄W̄KSS̄ +DzWDz̄W̄Kzz̄) ≥ 0.

£¤�� ¤©� © ª �­�ª§ª ©¦

DSW = ∂SW +KSW = 0, DzW = ∂zW +KzW = 0
¶Ñ �¾

ó®��¬�¨ «�­�¨�¥©��¯
FT = DTW0 = −3 W0

T+T̄
6= 0

� �® �ß�º �� µ¨®±�­ �­ «�­�¨©� µ§¦ ¦¤�
²®¦�­¦�©� ©¦ ¦¤� ª �­�ª§ª

V0 = 0
� ó®��¬�¨

T
¶ ©­� �® ¦¤� ®¬�¨©�� ��¿� ®° ¦¤� �­¦�¨­©�

ª ©­�°®�� ¾ �� §­¸½�� ³ ¤�­¥� ¦¤� ­©ª� ­®³�¥©�� � £¤�� �� ®° ¥®§¨�� §­©¥¥�²¦©µ�� ��­¥� �� ­���
¦® «�¦ ¨�� ®° ©�� ·¨©­�³» �¥±� �¥©�©¨� �

õ � �ãï�è éêçêäåíî÷é íéêì æ åïý íûé ��Ø� èãíéïíîå â

� ²¨®² ®�©� ¦® ¸½
T
�©� «�¬�­ µ¯ Ç©¥¤¨§ �¦ ©� ÊÏË ÇÇÈ£ � È�¦ §� ���¥§�� ¦¤�� �

£¤� ­®³�¥©�� °�©¦§¨� ©¨���� °¨®ª ¦¤� °©¥¦ ¦¤©¦ ¦¤� �§² �¨²®¦�­¦�©� �� �­��² �­��­¦ ®° ¦¤�
Ç©�¤��¨ ª®�§�§�

T
� ·¯ �¦©­�©¨� ­®­³¨�­®¨ª ©��¿©¦�®­ ¦¤�®¨�ª � ¦¤� �§²�¨²®¦�­¦�©� �®�� ­®¦

ÂÓ



«�¦ ¥®¨¨�¥¦�� �­ ² �¨¦§¨µ©¦�®­ ¦¤�®¨¯� ó®��¬�¨ ¦¤�¨� ¥©­ µ� ­®­³² �¨¦§¨µ©�¬� ¦�¨ª � � £¤�¨�
©¨� ¦�® �®§¨¥�� °®¨ �§¥¤ ¦�¨ª � �­ ¦¤� ²¨���­¦ ¥®­¦�½¦ �

©¾ ¹®­¸­�­« Å©§«� ¦¤�®¨¯ ®­ © �¦©¥± ®°
D7

µ¨©­�� � ¨©²²�­« � ¨©²²�­« © Í³¥¯¥�� �­
X
�

µ ¾ �¦¨�­« �­�¦©­¦®­ �É�¥¦� �
´­ ¥©�� ©¾ ®­� ¥©­ ��� °¨®ª �½©ª �­�­« ¦¤� »·´ ©¥¦�®­ °®¨ © �¦©¥± ®° » Ð³µ¨©­�� ¦¤©¦ ¦¤�

«©§«� ¦¤�®¨¯ ¤©� © «©§«� ¥®§²��­« °§­¥¦�®­
f
¶��� �§µ��¥¦�®­ ¶´´ Á¾ ¦¤©¦ �� ²¨®² ®¨¦�®­©� ¦®

<T � £¤� �©¦¦�¨ ¥®ª �� °¨®ª ¦¤� ¬®�§ª� ®° ¦¤� Í³¥¯¥�� �¤�¥¤ �� ��ª ²�¯ «�¬�­ �­ ¦�¨ª � ®° <T
��­¥� �� ®­�¯ ¤©¬� ®­� Ç©�¤��¨ ª®�§�§� � ´¦ �¤®§�� ©��® µ � ®µ��¨¬�� ¦¤©¦ �­ ¦¤� ù �­�¦��­
°¨©ª � ¦¤�¨� �� ­® ©���®­©� ª ®�§�§� ��² �­��­¥� ®°

f
©¦ ¦¤� ¥�©���¥©� ��¬�� � ·¯ ¦¤� ©¨«§ª�­¦�

®° �§µ��¥¦�®­ ¶´´ Å ¾ �� ¦¤�­ «�¦ ©­ ©���¦�®­©� ¦�¨ª �­ ¦¤� �§²�¨² ®¦�­¦�©� �® ¦¤©¦ ¦¤� ¦®¦©�
�§² �¨²®¦�­¦�©� µ �¥®ª��

W = Wflux + Ce−aT ,
¶ÑÂ¾

�¤�¨�
C, a

¥®­�¦©­¦� ¦¤©¦ ��² �­� ®­ ¦¤� ²©¨¦�¥§�©¨ »³µ¨©­� ¥®­¸«§¨©¦�®­ � � ��ª ��©¨
¦�¨ª ©¨���� °¨®ª ª�¥¤©­��ª µ¾� ´­ ��¦¤�¨ ¥©�� © ­®­³¬©­��¤�­« ²¨�³°©¥¦®¨

C
¨�à§�¨�� ¦¤©¦

¦¤� ¥®­¸«§¨©¦�®­ «�­�¨©¦�­« �¦ ¤©¬� ¦�® °�¨ª �®­�¥ ¿�¨® ª®��� �
ÇÇÈ£ ²¨® ¥��� ¦® ���¥§�� ¦¤� ²¤¯��¥� ®° ¦¤� ² ®¦�­¦�©� ¦¤©¦ �� «�­�¨©¦�� °¨®ª ¦¤�� µ¯

¨��®¨¦�­« ¦® © ¦�® �¦©«� ©¨«§ª �­¦ � Á �¨�¦ �«­®¨� ¦¤� ñ� ¦�¨ª ©­� �®�¬� °®¨
S, z

µ¯ �ª²®��­«
¶Ñ�¾ � £¤�� ¨��§�¦� �­ © ¥®­�¦©­¦ �§²�¨² ®¦�­¦�©�

W0

�¤�¥¤ �� ��ª ²�¯
Wflux

�¬©�§©¦�� ©¦ ¦¤�
�®�§¦�®­ ¦® ¶Ñ �¾ � ñ®� ©�� ¦¤� ñ� ¦�¨ª � £¤�­ �� ¤©¬� © ²®¦�­¦�©� °®¨ ¦¤� ��­«�� ¶¥®ª²��½ ¾
ª®�§�§�

T
� �¦¤ ¦¤� Ç©¤��¨ ²®¦�­¦�©� «�¬�­ µ¯ ¦¤� ��¥®­� ¦�¨ª ®° ¶ÑÓ¾ ¶§²¦® © ¥®­�¦©­¦¾

©­� ¦¤� �§²�¨² ®¦�­¦�©� µ¯ ¶ÑÂ¾ � �¦¤
Wflux →W0.

£¤� ¨��§�¦�­« ²®¦�­¦�©� Ô §�¦ ¤©� ®­� ���
�ß�º ª �­ � � �¦¤

FT = ∂TW −3 W
T+T̄

= 0
©­�

V0 = −3|W |2/(T + T̄ )3
� £¤� ���°³¥®­���¦�­¥¯ ®°

¦¤� ©¨«§ª�­¦ ¨�à§�¨�� ¦¤©¦ ¦¤� ¬©�§� ©¦ �¤�¥¤ ¦¤� �¦©µ���¿©¦�®­ ®¥¥§¨� �� �§¥¤ ¦¤©¦ <T >> 1

a<T >> 1
� £¤� ¸¨�¦ ®° ¦¤��� ¥®ª �� °¨®ª ¦¤� °©¥¦ ¦¤©¦ ��­¥� ®§¨ �¦©¨¦�­« ²®�­¦ �� ¦¤�

¦�­ ��ª �­��®­©� �§² �¨«¨©¬ �¦¯ �� ©¨� �É�¥¦�¬��¯ ©��§ª �­« ¦¤©¦ ¦¤� Ç©�§¿©³Ç ���­ ª ©�� �¥©��
¶²¨®²®¨¦�­©� ¦®

T−1/4
¾ �� �ª ©�� ¥®ª²©¨�� ¦® ¦¤� �¦¨�­« �¥©�� � £¤� ��¥®­� ¥®ª�� °¨®ª ¦¤�

°©¥¦ ¦¤©¦ ¦¤� ñ� ¦�¨ª �� Ô §�¦ ¦¤� ��©��­« ¦�¨ª �­ ©­ �½²©­��®­ ¶©­ �­�¦©­¦®­ �§ª ¾ �¤�¥¤ ��
®­�¯ ¬©��� ®­�¯ �° ¦¤ �� �� �©¦��¸�� � £¤�­ ¦¤� �¦©µ���¿©¦�®­ ¥®­��¦�®­ ¨�à§�¨�� ¦¤©¦

W0 << 1.
Å�­�¨�¥©��¯ ®° ¥®§¨��

W0

�� ®° ®¨��¨ §­�¦¯Æ µ§¦ «�¬�­ © �§ü ¥��­¦ ­§ªµ�¨ ®° ¼§½�� �¦ �� ² ®���µ ��
¦¤©¦ ¦¤�¨� �®§�� µ� ¥®­¸«§¨©¦�®­� �¤�¨� ¦¤�� �� �©¦��¸�� �

Â �



£® «�¦ © �ß�º µ¨�©±�­« �� ª �­�ª§ª ÇÇÈ£ ©�� ©
D̄3

¦�¨ª ¦® ¦¤� �ßÅÌ� ²®¦�­¦�©� ¦®
«�¦ ¸­©��¯ © ²®¦�­¦�©�

V = Vsugra +
d

(ReT )2
.

£¤�� ²¨®¥��§¨� �� ¨©¦¤�¨ ©� ¤®¥ � £¤� »µ©¨ µ¨©­�� µ¨�©± �§�¯ ©¦ �¦¨�­« �¥©�� ¶¦¤�¨� �®§��
µ� ¦®��¨ ®° �¦¨�­« �¦©¦�� ©��®¥�©¦�� � �¦¤ �¦ �¤�¥¤ µ¨�©± ¦¤� ®²²®��¦� ¤©�° ®° �§² �¨�¯ªª�¦¨¯
¦® ¦¤� »³µ¨©­�
®¨��­¦�°®�� �¯�¦�ª ¾ � £¤§� �¦ �� §­¥��©¨ ¤®� ®­� ¥©­ §�� ¦¤� °®§¨ ��ª �­��®­©�
N = 1

�ßÅÌ� °®¨ª ©���ª ©¦ ©�� � � ¨�«®¨®§� ��¨�¬©¦�®­ �®§�� ¨�à§�¨� ¦¤©¦ �� ¦¨¯ ¦® ¨�² �©¦
¦¤� ©¨«§ª�­¦� ®° ÅÇ� �­ ¦¤� ²¨���­¥� ®° ¦¤� »µ©¨ µ¨­©�� � Å �¬�­ ¦¤©¦ �� ©�¨�©�¯ ¤©�
²¨®µ��ª � ®° ��¥®§²��­« ÇÇ ª®��� �¬�­ �­ ¦¤� ¥©�� � �¦¤ ª®¨� ¥®­¦¨®�� �¦ ���ª � §­��±��¯
¦¤©¦ ®­� ¥®§�� ¸­� © ¨�«®¨®§� ��¨�¬©¦�®­ ®° �§¥¤ © ²®¦�­¦�©� � �¦¤ �ß�º µ¨®±�­ ©�¨�©�¯ ©¦
¦¤� ¦�­³��ª �­��®­©� ��¬�� �

¹©­ ¦¤� »µ©¨ ¦�¨ª µ� �­¦�¨²¨�¦�� ©� © » ¦�¨ª �­ ñ
�
� �ßÅÌ� � £¤�� �� §­¥��©¨ µ§¦ �¬�­

�° ¦¤ �� �� ¦¨§� Æ ¦¤�¨� �� ­® §²��°¦ ®° © Á³¦�¨ª �§²�¨�¯ªª�¨�¥ ��� ¬©¥§§ª � �� �� ���¥§���� �­
�§µ��¥¦�®­ ¶´´ Á ¾ ¦¤� Á ©­� » ¦�¨ª � ©¨� ¨��©¦�� ¶�¤�­ ¦¤� �§² �¨²®¦�­�¦©� �� ­®­³¬©­��¤�­«¾
µ¯

fabD
b =

iki
aDiW

W

�® °®¨ ©­ Á³¦�¨ª �§² �¨�¯ªª�¦¨�¥ ª �­�ª§ª �¤�¥¤ �� ��� � �� �
DiW = 0, W 6= 0

Æ ¦¤�
»³¦�¨ª ©��® ¬©­��¤�� �® ¦¤©¦ �¦ ¥©­­®¦ µ � §��� ¦® §²��°¦ ¦¤� ² ®¦�­¦�©� ÊÄÐË � á­� ª �«¤¦
©�± ¤®��¬�¨ �¤�¦¤�¨ µ¯ �­¥�§��­« ª®¨� ñ� ¦�¨ª � �­ ¦¤� �§² �¨²®¦�­¦�©� ®­� ¥©­ «�¦ © ��
ª �­�ª§ª µ¯ Á³¦�¨ª � ©�®­� � Ã �¦¤�­ ¦¤� ¥®­¦�½¦ ®° ¦¤� ¦�® �¦©«� ²¨®¥�§¨� ¦¤�� �� �ª ²®���µ��
¦¤®§«¤ �¦ ¥©­ µ � �®­� �° ©¦ ��©�¦ ¦�® ��«¤¦ ª®�§�� ©¨� �­¥�§��� ÊÄÂË �

ó®��¬�¨ ®­� �¤®§�� ©�± �¤�¦¤�¨ ¦¤�� ¦�® �¦�² ²¨®¥��§¨� �� Ô §�¦�¸�� ³ �¬�­ ©��§ª �­« �©¨«�
ª ©���� °®¨

S,z
� £¤� °§�� �§² �¨² ®¦�­¦�©� �� «�¬�­ µ¯ ¶ÑÂ¾ ©­� �¦ �� ¥��©¨ ¦¤©¦ �¬�­ �° ®­� ��

Ô §�¦�¸�� �­ ©��§ª �­« ¦¤©¦ °®¨ �®ª � ¨©­«� ®° ¬©�§�� ®°
T
¦¤� ª ©���� ®°

S
©­�

z
©¨� ¤�©¬¯ �¦ ��

¥��©¨ ¦¤©¦ ¦¤� �à§©¦�®­� °®¨ �­¦�«¨©¦�­« ®§¦ ¦¤��� ¸���� � ��� ­®¦ ��¦ ¦¤�ª ¦® µ � ¥®­�¦©­¦ µ§¦
¦® µ � °§­¥¦�®­� ®°

T
� £¤§� ¦¤� ¥®¨¨�¥¦ ²¨®¥��§¨� �®§�� ¯���� © ²®¦�­¦�©� ¦¤©¦ �� ª§¥¤ ª®¨�

¥®ª²��¥©¦�� ¦¤©­ �¤©¦ ®­� ®µ¦©�­� �­ ¦¤� ¦�® �¦©«� ¥©�¥§�©¦�®­ �¤�¨� ¦¤� �¤�©¬¯� ¸����

ÂÂ



¤©¬� µ��­ ��¦ ¦® ¥®­�¦©­¦� � £¤�¨� �� �­ °©¥¦ ­® ©²²¨®½ �ª ©¦�®­ �¥¤�ª� �­ �¤�¥¤ ¦¤� ¦�® �¦©«�
²¨® ¥��§¨� �� Ô §�¦�¸�� � ó®��¬�¨ �� � ��� ¸­� ¦¤©¦ ©��§ª �­« ¦¤�¨� ©¨� ¼§½ ¥®­¸«§¨©¦�®­� �§¥¤
¦¤©¦

MS,Mz ∼ MKK

�® ¦¤©¦ �� ¥©­ �­¦�«¨©¦� ®§¦
S, z

Æ �¦ �� ² ®���µ �� ¦® ©¬®�� ¦¤� ©� ¤®¥
§²��¸¦�­« ²¨®¥��§¨� �

¢ � �ïíéöêåíîïö ãçí îï Û¡ ÛÞ åïý Û¡Ü�×

·�°®¨� �� ���¥§�� ¦¤� ÇÇÈ£ ²®¦�­¦�©� ¤®��¬�¨ �¦ �� �®¨¦¤�¤��� ���¥§���­« ¦¤� «�­�¨©�
²¨® ¥��§¨� ®° ¶¥�©���¥©��¯ ¾ �­¦�«¨©¦�­« ®§¦ ¸���� �­ ¸��� ¦¤�®¨¯� £¤�¨� �®�� ­®¦ ���ª ¦®
µ� ª§¥¤ ���¥§���®­ ®° ¦¤��� ���§�� �­ ¦¤� ¥©�� ®° �§² �¨�¯ªª�¦¨�¥ ¶��² �¥�©��¯ �§²�¨«¨©�¬¦¯ ¾
¦¤�®¨��� �® �¦ �� ² �¨¤©²� �®¨¦¤�¤��� «®�­« ¦¤¨®§«¤ ¦¤�� �½�¨¥��� �­ �®ª � ��¦©�� �

�§²²®�� ¦¤� ²®¦�­¦�©� ®° © �¥©�©¨ ¸��� ¦¤�®¨¯ � �¦¤ © ¤�©¬¯ ¶
Φ
¾ ©­� © ��«¤¦ ¶

φ
¾ ¸��� ��

V (Φ, φ) =
1

2
M2Φ2 + Ṽ (Φ, φ)

�®�¬�­« ¦¤� �à§©¦�®­ ®° ª ®¦�®­ ¶ùá� ¾ °®¨
Φ
�� «�¦

Φ =
1

� −M2

∂Ṽ
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K = Kh(H,H) +K l(L,L)

£¤� ¥®­��¦�®­ ¶ÑÎ¾ ��
∂HW + ∂HK

hW = 0
¶ÒÓ¾

£¤�� �� ­®¦ © ¥¤�¨©� �à­ � £©±� ¦¤� ©­¦�³¥¤�¨©� ��¨�¬©¦�¬� ¦® «�¦

WKh
HH̄Dα̇H̄ = 0

¶Ò �¾

�§²²®�� ¶ÒÓ¾ �� �®�¬�� µ¯
H = H(L, L̄).

Á¨®ª ¥¤�¨©��¦¯ ®°
H,L

©­� ¶Ò �¾ Æ

D̄α̇H =
∂H

∂L
D̄α̇L+

∂H

∂L̄
D̄α̇L̄ =

∂H

∂L̄
D̄α̇L̄ = 0.

DαH =
∂H

∂L
DαL+

∂H

∂L̄
DαL̄ =

∂H

∂L
DαL = 0

ÂÏ



£¤�� �ª²���� ¦¤©¦ ¦¤�¨� ©¨� ­® °�¨ª �®­� �­ ¦¤� ��«¤¦ ¸��� ¦¤�®¨¯ � £¤� ����®­ �� ¦¤©¦
DHW = 0

¥©­ µ � �ª²®��� °®¨ ¥®ª²§¦�­« �¥©�©¨ ²®¦�­¦�©� ¶°®¨
L << M

¾ µ§¦ �¤®§�� ­®¦ µ �
§��� ©� © �§²�¨¸��� ¨��©¦�®­ Æ ��­¥� �­ ¦¤©¦ ¥©�� �� �®§�� ­��� ¦® ±��² ¦¤� °�¨ª �®­ �à§©¨��
¦�¨ª � �­ ¶ÑÒ¾ �

ñ®¦� ¦¤©¦ �¬�­ � �¦¤
L << M < Mp

Æ ­®­³¦¨�¬ �©� �ßÅÌ� ¦�¨ª � � ��� µ � ²¨���­¦ ��­¥�

W (L.L̄) = W0 + ....

� �¦¤
W0 ∼ O(Mp)

�­ ¦¯²�¥©� ��¦§©¦�®­� �® �ßÅÌ� ¥®¨¨�¥¦�®­� ¦® «�®µ©� �ß�º
KLW/M

2
p , |W |2/M2

p

©¨� ­®¦ ­�¥���©¨��¯ ­�«��µ �� �

  � Ûíêîïö íûéãêë èãíéïíîå âæ �ãê âîöûí ìãýçâî

È�¦ §� ­®� «�¦ µ©¥± ¦® �¦¨�­« ¦¤�®¨¯ �É�¥¦�¬� ²®¦�­¦�©�� � Á �¨�¦ ¥®­����¨ © ��ª²�� ª®���
�¤�¨� ¦¤� ¥®ª²©¥¦ ��ª �­��®­� ©¨� ¦©±�­ ¦® µ � ®­ © ¨�«�� ¹º ª©­�°®�� � £¤�� ª �©­� �� Ô §�¦
¤©¬� ¦¤� Ç©�¤��¨ ª®�§�§� ¦¤©¦ ¥®¨¨��² ®­�� ¦® ¥¤©­«�­« ¦¤� ®¬�¨©�� ��¿� ®° ¦¤� ª ©­�°®�� �
£¤�� ¦¤�­ «�¬�� © ª®��� � �¦¤ Ô §�¦

S
©­�

T
�

£¤� ¥�©���¥©� Ç©�¤��¨ ²®¦�­¦�©� ��

K = − ln(S + S̄) − 3 ln(T + T̄ )

£¤� �§² �¨²®¦�­¦�©� ¥®ª �­« °¨®ª ¼§½�� ©­� © ñ� ¦�¨ª ��

W = A+ SB + Ce−aT

���§ª� ¦¤©¦ ¦¤� ¼§½�� ©¨� �§¥¤ ¦¤©¦
S
�� ¤�©¬¯ �® �� ª ©¯ �­¦�«¨©¦� �¦ ®§¦ §��­«

DSW = B − A+ SB + Ce−aT

S + S̄
= 0

£¤�� �� �®�¬�� µ¯

ÂÐ



S̄ = (A+ Ce−aT )/B

£¤�� �à§©¦�®­ �� ­®¦ ¤®�®ª ®¨²¤�¥ � £¤�� �� ­®¦ ­�¥���©¨��¯ © ²¨®µ��ª ��­¥� ¦¤� �ßÅÌ�
©¥¦�®­ �� ��¦�¨ª �­�� µ¯ ¦¤� Ç©�¤��¨ �­¬©¨�©­¦ ¥®ªµ�­©¦�®­

G = K(Φ, Φ̄) + lnW (Φ) + ln W̄ (Φ̄).

�°¦�¨ §��­« ¦¤� �®�§¦�®­ °®¨
S
�� «�¦ ©­ �É�¥¦�¬� ² ®¦�­¦�©� °®¨

T
¦¤©¦ �� ��¦�¨ª �­�� µ¯

G = − ln(
(A+ Ce−aT )

B
+

(Ā+ C̄e−aT̄ )

B̄
) − 3 ln(T + T̄ )

+ ln(A +B
(Ā+ C̄e−aT̄ )

B̄
+ Ce−aT ) + c.c.).

á­ ¦¤� ®¦¤�¨ ¤©­� �° ¦¤� ÇÇÈ£ ¦�® �¦©«� ²¨®¥��� �� §��� Æ
S = A/B

Æ �® ¦¤©¦

G = −3 ln(T + T̄ ) + (ln(A+B
Ā

B̄
+ Ce−aT ) + c.c.)

£¤� ²¨®µ��ª �� ¦¤©¦ ¦¤� ª ����­« ñ� ¦�¨ª � °®¨ �½©ª²�� ¦¤� ¦�¨ª

B

B̄
C̄e−aT̄

�� ®° ¦¤� �©ª � ª©«­�¦§�� ©� ¦¤� ®­�� ¦¤©¦ ©¨� µ ��­« ±�²¦ � ñ®¦� ¦¤©¦ ¦¤�� ¥©�¥§�©¦�®­
�®§�� �¦��� µ � ¬©��� �¤�­ ¦¤�¨� ©¨� ª®¨� ¦¤©­ ®­� Ç©�¤��¨ ª®�§�§� ¶µ§¦ ±��²�­«

h21 = 0
¾

� �¦¤ ¦¤� ¨�²�©¥�ª �­¦
Ce−aT → ∑

i Cie
−aiTi

�
£¤�� ª®��� ©¥¦§©��¯ ¤©� ­® ª �­�ª © �­

S, T
�²©¥� ©� �¤®�­ �­ ÊÄÄË � £¤� �ß�º �½¦¨�ª§ª

©¦
DSW = DTW�

Ó �� © �©���� ²®�­¦ � á° ¥®§¨�� ��­¥� �� ¤©¬� ��� �§²�¨�¯ªª�¦¨¯ ¦¤©¦ ô�
áÇ � ·§¦ ®µ¬�®§��¯ �¦ ¥©­­®¦ �¬�­ µ � §²��°¦�� µ¯

D̄
¦�¨ª � ¦® «�¦ © ²¤�­®ª�­®�®«�¥©��¯

¬�©µ��ª®��� �

ÂÑ



È�¦ §� ­®� ¥®­����¨ ª®���� � �¦¤ ¥®ª²��½ �¦¨§¥¦§¨� ª®�§��
zi

µ§¦ � �¦¤ Ô §�¦ ®­� Ç©�¤��¨
ª®�§�§� À

K = − ln(S + S̄) − 3 ln(T + T̄ ) + k(zi, z̄j̄)

W = A(zi) + SB(zi) + Ce−aT

Ã¤�¨� Æ ©� µ �°®¨� Æ ¦¤� ¸¨�¦ ¦�® ¦�¨ª � «�¬� ¦¤� ¼§½ �§² �¨²®¦�­¦�©� ©­� ¦¤� ¦¤�¨� ¦�¨ª ��
¥®ª �­« °¨®ª ñ� �É�¥¦� � £¤� Ç©�¤��¨ ��¨�¬©¦�¬�� ©¨�

DTW = −aCe−aT − 3

T + T̄
W,

DSW = B − W

S + S̄
,

DiW = ∂iA+ S∂iB + ∂ikW.

È�¦ §� ©��§ª� ¦¤©¦ ¦¤�
zi

©¨� ¤�©¬¯ ©­� �­¦�«¨©¦� ¦¤�ª ®§¦ §��­«
DiW = 0

� ñ®� §­��±�
�­ ¦¤� ²¨�¬�®§� ¥©�� �� ¥©­­®¦ �®�¬� ¦¤�� �½²��¥�¦�¯ µ§¦ �¦ �� �©�¯ ¦® �¤®� ¦¤©¦ ¦¤�¨� �� ­®
¤®�®ª®¨²¤�¥ �®�§¦�®­ ¥®­¦¨©¨¯ ¦® ¥�©�ª � �­ ¦¤� ��¦�¨©¦§¨� �

È�¦ §� ©��§ª� ¦¤©¦ ¦¤�¨� �� © ¤®�®ª ®¨²¤�¥ �®�§¦�®­ � �®

W = Weff + Ce−aT ,

� �¦¤
Weff = A(zi(S, T )) +B(zi(S, T ))S,

©­�
K = − ln(S + S̄) − 3 ln(T + T̄ ) + k(z(S, T ), z̄(S̄, T̄ )).

£¤� �à­ ¦® µ � �®�¬�� ��

DiW = ∂iA(zi) + S∂iB(zi) +W (S, T, zi)ki = 0.
¶ÒÂ¾

ÂÒ



£¤� ©��§ª²¦�®­ �� ¦¤©¦ ¦¤�� �� �®�¬�� µ¯
zi = zi(S, T )

� » �É�¨�­¦�©¦� ¶ÒÂ¾ � �¨ �¦ �
S̄ �

W (S, T, zi(S, T ))ki,j̄

∂z̄j̄

∂S̄
= 0.

�¦ «�­�¨�¥ ² ®�­¦�
W 6= 0

©­�
kij̄

�� ­®­³��«�­�¨©¦� �
�®

∂zi

∂S
= 0

��ª ��©¨�¯ �� «�¦ ∂zi

∂T
= 0

� ·§¦ ¦¤�� ®µ¬�®§��¯ ¥©­­®¦ µ � ¦¤� ¥©�� �® �� ¥®­¥�§�� ¦¤©¦
¦¤�

zi
¥©­­®¦ µ � ¤®�®ª®¨²¤�¥ °§­¥¦�®­� ®°

S,
£ � �® �� �½²�¥¦ © �®�§¦�®­ ®° ¦¤� °®¨ª

zi =

zi(S, T, S̄,T̄ )
�

� � �­ ¦¤� ��ª ²�� ¥©�� ¶� �¦¤ ­®
z
¾ ¦¤©¦ �� �®�¬�� �½²��¥�¦�¯Æ �� ­��� ¦® ¥®ª²§¦� � °¨®ª

G = K = − ln(S + S̄) − 3 ln(T + T̄ )

+ k(z(S, T, S̄, T̄ ), z̄(S̄, T̄ , S, T ))

+ ln |W (S, T, z(S, T, S̄, T̄ ))|2

��­¥� �¦ �� ¤©¨� ¦® ��©� � �¦¤ ¦�® ¥®ª²��½ ¬©¨�©µ��� ��¦ §� ©��§ª� ¦¤©¦
S
�� ¤�©¬¯ ©� ����

°®¨ �®ª � ¥¤®�¥� ®° ¼§½�� Æ � �� ²§¦
DSW = 0

�® ¦¤©¦

zi = zi(T, T̄ ) andS = S(T, T̄ )

È�¦ §� ©��§ª� ¦¤©¦ ¦¤�¨� �� © ² ®��¨ ��¨��� �®�§¦�®­ Æ ¬©��� °®¨
a<T >> 1

�

S = α + βCe−aT + γC̄e−aT̄ + ...

zi = αi + βiCe−aT + γiC̄e−aT̄ + ...

�¤�¨�
α, ...γi

©¨� °§­¥¦�®­� ®° ¼§½ �­¦�«�¨� � £¤�­

ÄÓ



G = ln(v + bCe−aT + b̄C̄e−aT̄ + cC2e−2aT + c̄C̄2e−2aT̄

+d|C|2e−a(T+T̄ ) + ...) − 3 ln(T + T̄ ),

©­� ¦¤� ² ®¦�­¦�©� µ �¥®ª ��

V =
1

(T + T̄ )2
[a(bCe−aT + 2cC2e−2aT + c.c.)

+ a|C|2((4a|b|
2

v
− 3ad)

T + T̄

3
+ 2d)e−a(T+T̄ )]

£¤�� ��É�¨� °¨®ª © ¦�® �¦©«� ¥©�¥§�©¦�®­ µ¯ ¦�¨ª � �§¥¤ ©�

2cC2e−2aT + c.c.

�¤�¥¤ ©¨� ®µ¬�®§��¯ ®° ¦¤� �©ª � ª ©«­�¦§�� ©� ¦�¨ª � �¤�¥¤ ©¨� ±�²¦ � ñ®¦� ¦¤©¦ �¬�­ �­
¦¤� ¨�©� ��¨�¥¦�®­ ¦¤�� ² ®¦�­¦�©� ¤©� ª ®¨� ²©¨©ª �¦�¨� ¦¤©­ �­ ¦¤� ¦�® �¦©«� ²¨® ¥��� � £¤�
¨�©�®­ �� ¦¤©¦ �­ ¦¤� �©¦¦�¨ ©�� ¦¤� ¼§½ ²©¨©ª �¦�¨� ©¨� �§µ�§ª �� �­¦®

W0

�
Ã �¦¤ ¦¤� ¦�® �¦©«� ¬�¨��®­ �� ¥©­ �¤®� ¦¤©¦ ¦¤�¨� ©¨� ­® �� ª �­�ª © �¬�­ � �¦¤ ª§�¦�²��

¥®­��­�©¦� ¦�¨ª � �ÊÄÂË � £¤� ©µ®¬� ®­ ¦¤� ®¦¤�¨ ¤©­� ¥©­ ¤©¬� ²®��¦�¬� ª �­�ª © �
�­ �½²��¥�¦ �½©ª²�� �� ¦¤� °®��®� �­«

Potential Near Positive Minimum

116.5
116.75

117
117.25

117.5
Re T -1

0

1

Im T

0

1·10-12

2·10-12

3·10-12

V

116.5
116.75

117
117.25

117.5
Re T

Ä �



Ã� ¥¤®®�� ¦¤� °®��®� �­« ²©¨©ª �¦�¨� À

a =
2π

320
v = 0.22941751641574312 b = 1

c = −1.4097828718993035

d = 15.786002156414208

£¤�� ¦¤�­ ¤©� © �® ¥©� ª �­�ª§ª ©¦ <Tmin = 117.138, =T = 0, Vmin = 10−15
� £¤� �½©ª²��

�� ®° ¥®§¨�� �®ª ��¤©¦ ©¨¦�¸¥�©� ©­� ¥�¨¦©�­�¯ �® �� ­®¦ «�¬� © ¬�©µ�� ²¤�­®ª�­®�®«¯� Ã ¤©¦ �¦
�®�� ��ª®­�¦¨©¦� �� ¦¤©¦ ¦¤� §²��°¦ ¦�¨ª � ®° ÇÇÈ£ ©¨� ­®¦ ¨�©��¯ ����­¦�©� � Á �­��­« © ¬�©µ��
ª®��� � �¦¤®§¦ ¦¤�ª ¤®��¬�¨ ª �«¤¦ µ � © ¥¤©��©­«� � á° ¥®§¨�� �­ ©­¯ ¥©�� �¦ �� ­®¦ ¨�©��¯
­�¥���©¨¯ ¦® «�¦ �� ª �­�ª © ©¦ ¦¤� ¥�©���¥©� ��¬�� ³ à§©­¦§ª ¥®­¦¨�µ§¦�®­� °¨®ª �­¦�«¨©¦�­«
®§¦ ¤�«¤ °¨�à§�­¥¯ ª®��� °¨®ª ¦¤� �¦¨�­« �¥©�� �®�­ ¦® ¥®�ª ®�®«�¥©� �¥©��� Æ ¦®«�¦¤�¨ � �¦¤
¥®­¦¨�µ§¦�®­� °¨®ª ¦¤� �¦©­�©¨� ª®��� ©­� �¹» ²¤©�� ¦¨©­��¦�®­� ¥®§�� ���� ��°¦ © �»�
¬©¥§§ª �¤®�� ¹¹ �� ­®¦ ¦®® �©¨«� ¶� �� � ®° ¦¤� ®¨��¨ ®° ¦¤� �¦©­�©¨� ª®��� �¥©��¾ �

Ö � ¢ãïðâçæîãïæ

´­ ¦¤�� ��¥¦�®­ �� ©¨«§�� ¦¤©¦ �­ �ß�º ¦¤�®¨��� �ª ²®��­«
∂HW = 0

¦® �­¦�«¨©¦� ®§¦ ©
¤�©¬¯ ¸���

H
�� ¬©��� �° ¦¤� ��«¤¦ ¸��� �²©¥� �� ¨��¦¨�¥¦�� ¦® |L| << M

� ´­ �ßÅÌ� ¦¤�
¥®¨¨��²®­��­« �à§©¦�®­ ��

DHW = 0
Æ µ§¦ �¦ ¤©� ¦® µ � §��� � �¦¤ ¥©§¦�®­ ³ �­ ²©¨¦�¥§�©¨ �¦ ��

­®¦ ¬©��� ©� ©­ �à§©¦�®­ °®¨ �§² �¨¸���� Æ µ§¦ �¦ �� ¬©��� �§µÔ �¥¦ ¦® ¦¤� �©ª � ¨��¦¨�¥¦�®­� ©� �­
¦¤� �ß�º ¥©�� °®¨ ¦¤� ²§¨²®�� ®° ¥©�¥§�©¦�­« ¦¤� ² ®¦�­¦�©� �

´­ ©²²�¯ �­« ¦¤�� ¦® ² ®¦�­¦�©�� ©¨���­« °¨®ª ¼§½ ¥®ª²©¥¦�¸¥©¦�®­� ¥®¨¨�¥¦�� µ¯ ­®­³
² �¨¦§¨µ©¦�¬� ¦�¨ª � Æ �­ ®¨��¨ ¦® ��¨�¬� ©­ �É�¦�¬� ² ®¦�­¦�©� °®¨ © ��«¤¦ Ç©�¤��¨ ª®�§�§�
�� °®§­� ¦¤©¦ ¦¤� ¥®¨¨�¥¦ ²¨® ¥��§¨� ��©�� ¦® © ª®¨� ¥®ª²��¥©¦�� ²®¦�­¦�©� ¦¤©­ �¤©¦ ®­�
«�¦� �° ®­� °®��®��� ¦¤� ¦�® �¦©«� ²¨®¥��§¨� ®° ÇÇÈ£ � £¤� ©���¦�®­©� ¦�¨ª � ©¨� ®° ¦¤� �©ª �
ª©«­�¦§�� ©� ¦¤� ¦�¨ª � �¤�¥¤ ±�²¦ �­ ¦¤� ¦�® �¦©«� ²¨®¥��§¨� � ´¦ �©� ©¨«§�� ¦¤©¦ ¦¤��� ª ©¯
��©� ¦® ²¤�­®ª�­®�®«�¥©��¯ ¬�©µ�� ª®���� °®¨ �­¼©¦�®­ � �¦¤®§¦ ¦¤� ­��� °®¨ ©� ¤®¥ §²��°¦�­«
¦�¨ª � �
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´ � ��¤ ¦® ¦¤©­± �¤©ª �¦ Ç©¥¤¨§ ©­� ù¬© ���¬�¨�¦��­ °®¨ �­¬ �¦�­« ª� ¦® «�¬� ¦¤��� ��¥¦§¨��
©¦ £��´ ÂÓÓÎ ©­� ��©­½ � È�§ °®¨ �­¬�¦�­« ª� ¦® ��¥¦§¨� ©¦ ¦¤� �¤©­«¤©� �§ªª�¨ �¥¤®®� ®­
� ³¦¤�®¨¯ ÂÓÓÎ Æ ©­� Ì®µ �¯�¨� °®¨ �­¬ �¦�­« ª� ¦® «�¬� ¦¤��� ��¥¦§¨�� ©¦ ��¨�ª �¦�¨ ´­�¦�¦§¦� �

´ ©��® � �¥¤ ¦® ¦¤©­± Ì©ª¯ ·¨§�¦��­ Æ � ©¨¥ Å¨��©¨§ Æ ��¦�¨ ñ ����� Æ ©­� ��² �¥�©��¯ � ©¨¦�­
Ì®¥�± °®¨ ���¥§���®­� ®­ ¦¤� ¥®­¦�­¦ ®° ��¥¦�®­ Ä ©­� �©§� � ©¨¦�­� °®¨ ¦¤� � ©¦¤�ª ©¦�¥©
²�®¦ ���²�©¯�� ¦¤�¨� �

£¤�� �®¨± �� �§²²®¨¦�� µ¯ »áù «¨©­¦ ñ® � »ù³ÁÅÓÂ³Ò�³ùÌ³ÍÓÏÐÂ �
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��-� � ~ � ~  nmmfm � ' ~ sgbely � efx  ~ sbci � )igl ~ }b|d ~ õ "#* � -$v �uvvv� � bm�{jb%vvv- �v� ~
��w� z ~  nefe efx � ~ }hlgbcfd! c � }b|d ~ � mq ~   26 � vu1vv � �uvv �� � bm�{jb%vvv�u ��~
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��1� s ~ }~ xm r lo cd � }b|d ~ �mq ~   2# � �u1vv � �uvv�� � bm�{jb%v�v,v$- ~
��,� s ~ }~ xm r lo cd � }b|d ~ (mjj ~ õ 206 � u�v �uvv- � � bm�{jb%v-v,�u1 ~
��$� � ~ �nidjmcf � s ~ }~ xm r lo cd � efx }~ z enjmfd � jh � m �i�lcdbmx ~ �uvvw� � bm�{jb%vw99999 ~
���� s ~ }~ xm r lo cd � }b|d ~ (mjj ~ õ 2+2 � uu� �uvvw� � bm�{jb%vwv1u1, ~
�uv� s ~ }~ xm r lo cd � }b|d ~ (mjj ~ õ 2+# � �$� �uvvw� � bm�{jb%vwv1u11 ~
�u �� r ~ � ~ �nm| �uvv�� � bm�{jb%v�v$ �w1 ~
�uu� & ~ �eledi�ney efcef � . ledd ~ /iefj ~  neq ~ +4 � s ���, �uvv- � � bm�{jb%v-v-v,w ~
�u�� 3 ~ sclqmndjmcf � arst % }ca} % tss lmgjinmd hf y hxilc efx y cgnh�b|dcgd �uvv- � � bm�{jb%v-vwv1$ ~
�u-� z ~  nefe �uvvw� � bm�{jb%vwv�vv� ~
�uw� 3 ~ .nmyy mn mj el ~� )igl ~ }b|d ~ õ 4*5 � �vw ���,�� ~
�u1�  ~ &mfm: cefh efx s ~ ;ef! cmlho cg: � }b|d ~ (mjj ~ õ 446 � u� � ���$u� ~
�u,�  ~ � ~  c�� hfd ���$- � � jbnmm lmgjinmd pcqmf ej  t�a smy cfen hf abmhnmjcgel }b|dcgd � sef �mlci

xm  ic9hld � s�ecf � �if -{ ��� ��$- ~
�u$� � ~ xm � cj � � ~ � ~ sy cj � efx ) ~ � ~ 8 enc � edd � )igl ~ }b|d ~ õ +#6 � �1w ���$,� ~
�u�� � ~ z ~ z elxegmfe efx . ~ )ifm: � tfj ~ � ~ z hx ~ }b|d ~ × 42 � $uu �uvv �� � bm�{jb%vvv,v �$ ~
��v� < ~ � m�hlkm � � ~ = ~ �nmmxy ef � s ~ s ~  i�dmn � efx r ~ ' engb � }b|d ~ � mq ~   2+ � v-1vv$ �uvvv� �

bm�{jb%��v� ��- ~
�� �� s ~ � ~  cxxcfpd efx r ~ z ebenefe �uvvw� � bm�{jb%vwv,�w$ ~
��u� � ~ �nidjmcf efx s ~ }~ xm r lo cd � }b|d ~ � mq ~   2> � �u1vv1 �uvv- � � bm�{jb%v-vuv$$ ~
���� ' ~ .bhc � r ~ �el!ho d! c � 8 ~ }~ ) cllmd � z ~ < lmgbho d! c � efx s ~ }h!hnd! c � �83} 44 � v,1 �uvv- � �

bm�{jb%v- ��v11 ~
��-� . ~ }~ �inpmdd � � ~ ' ellhdb � efx � ~ /imqmxh � �83} 40 � vw1 �uvv�� � bm�{jb%v�v� �$, ~
��w� abmdm kney m cfxcgmd enm hkjmf gellmx ?ej cfxcgmd cf jbm di� mnpneqcj| lcjmnejinm obcldj jbm cfxm9
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enm gellmx ginqmx cfxcgmd�
��1� �hn e xm�fcfcjchf dmm khn m9ey�lm dmgjchf � ~, hk �u� ~ 8 mnm om o cll hfl| fmmx jh !fho jbej jbm|

enm di� mnxmfdcjcmd obcgb mfe�lm hfm jh xm�fm di� mnd�egm cfjmpneld obcgb enm cfqencefj ifxmn
lh gel s�s; jnefdkhny ejchfd ~

��,� �inpmdd mj el pcqm e �nh� hdel khn pmjjcfp m9�lcgcj � t � jmny d ��-� ~ abm e� hqm enpiy mfj dbho d
jbej jbm| geffhj � m idmx jh lckj rxs s� s; ycfcy e ed cf jbm ''(a gedm �ij dhy m digb
y mgbefcdy y cpbj ohn! ck jbm � jmny �hjmfjcel peqm s�s; �nme! cfp rxs y cfcyiy ~
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