
θ
𝓝



• •

•

𝜋 𝜋 ~

𝑇𝑑𝑒𝑐 𝜃

𝑇𝑐𝑝

𝑇𝑑𝑒𝑐 𝜋 > 𝑇𝑐𝑝

𝜋 𝜋 ~ 𝜋 𝜋 ~

𝑇𝑑𝑒𝑐 𝜃 𝑇𝑑𝑒𝑐 𝜃
𝑇𝑐𝑝

𝑇𝑐𝑝

𝑇𝑑𝑒𝑐 𝜋 = 𝑇𝑐𝑝 𝑇𝑑𝑒𝑐 𝜋 < 𝑇𝑐𝑝

𝜃 𝜋𝜃 𝜋



•

𝐿 ≪ Λ−1

𝑚 ≪ Λ

𝒮 =
1

𝑔2
නtr 𝐹 ∧ ⋆ 𝐹 −

𝑖𝜃

8𝜋2
නtr𝐹 ∧ 𝐹 +

2𝑖

𝑔2
න𝑑4𝑥 tr ҧ𝜆 ത𝜎𝜇𝐷𝜇𝜆 −

𝑚

𝑔2
න𝑑4𝑥 tr 𝜆𝜆 + 𝑐. 𝑐.

ቐ

𝑚 = 0

𝑚 = ∞

𝒩

• ℝ3 × 𝑆1

•

𝑚

ä Ü

ቐ



•

𝐴4 𝑥𝑖 , 𝑥4 =
1

𝐿
𝜙 𝑥𝑖 𝜏3

§ 𝜙, 𝜎

•

# 𝜏𝑎 ≡
𝜎𝑎

2

trΩ ∼ 0

𝜙 ∼ 𝜋 + 2𝜋ℤ

⟹
⟹

Ω ≡ 𝒫 exp 𝑖 ර
0

𝐿

𝐴4 𝑑𝑥
4 = 𝑒𝑖𝜙𝜏

3

tr Ω = 2 cos
𝜙

2

ቐ

𝑚 = 0

⟹

𝐴𝑖 = 𝐴𝑖
1𝜏1 + 𝐴𝑖

2𝜏2 + 𝐴𝑖𝜏
3

𝜆 =
ቐ

𝜆1𝜏1 + 𝜆2𝜏2 + 𝜆𝜏3⟹

∼
𝜙 +2𝜋𝑛

𝐿
∈

1+2ℤ 𝜋

𝐿

𝒮𝑏𝑜𝑠𝑜𝑛 = න

ℝ3×𝑆1

1

𝑔2
tr 𝐹 ∧ ⋆ 𝐹 −

𝑖𝜃

8𝜋2
tr 𝐹 ∧ 𝐹

𝒮𝑏𝑜𝑠𝑜𝑛 = න

ℝ3

1

2𝐿𝑔2
𝑑𝜙 2 +

𝐿

2𝑔2
𝑑𝐴 2 −

𝑖𝜃

8𝜋2
𝑑𝐴 ∧ 𝑑𝜙

⟹

• ℝ3

𝒮𝑏𝑜𝑠𝑜𝑛 = න

ℝ3

1

2𝐿𝑔2
𝑑𝜙 2 +

𝑔2

8𝐿

1

2𝜋
𝑑𝜎+

𝜃

4𝜋2
𝑑𝜙

2

𝐴 → 𝜎



ቐ

•

§ 𝜙, 𝜎

•

𝜙, 𝜎 ∈

ℝ
4𝜋

×
ℝ
2𝜋

𝑊𝔰𝔲 2

Further gauge fixing 𝜙 ∈ 0,2𝜋
Almost confinement

𝜙 ∼ 𝜋

𝜎 ≃ 𝜎 + 2𝜋
𝑊𝔰𝔲 2 : 𝜙, 𝜎 ↦ −𝜙,−𝜎

Ω
center

− Ω

𝜙, 𝜎
center

𝜙 + 2𝜋, 𝜎

Further gauge fixing

𝜙, 𝜎
center

2𝜋 − 𝜙,−𝜎

•

ቐ
𝜃 = 0:

𝜃 = 𝜋:

𝜙, 𝜎
CP

𝜙,−𝜎

𝜙, 𝜎
CP

𝜙,−𝜎 − 𝜙
ቐ
𝜃 = 0:

𝜃 = 𝜋:

𝜙, 𝜎
CP

𝜙,−𝜎

𝜙, 𝜎
CP

𝜙,−𝜎 − 𝜙

ቐ

𝜙, 𝜎 ≃ 𝜙 + 4𝜋, 𝜎

⟹

ቐ ⟹

𝜙, 𝜎 𝑆1 ∼ 𝑒𝑖𝜙 ∼ 𝑒𝑖𝜎

𝜙, 𝜎 ≃ 𝜙, 𝜎 + 2𝜋

𝜎1𝜏3𝜎1 = −𝜏3



§ 𝜙, 𝜎

𝑚 = 0

•

𝑚 > 0 𝑔2

ä Ü

𝜙′ ≡
4𝜋

𝑔2
𝜙 − 𝜋

ቐ

𝜎′ ≡ 𝜎 +
𝜃

2𝜋
𝜙 − 𝜋

𝑉0 ≡
9

4𝜋2
𝐿3Λ6

𝑔2

𝒱 𝜙, 𝜎

𝑉0
= 4 cosh 2𝜙′ − 4 cos 2𝜎′ − 𝛾 1 +

𝑔2

4𝜋2
𝜙′ 𝑒−𝜙′ cos 𝜎′ +

𝜃

2
+ 1 −

𝑔2

4𝜋2
𝜙′ 𝑒𝜙′ cos 𝜎′ −

𝜃

2

•

𝑚 = 0
SUSY

𝑚 > 0

𝛾 ≡
8𝜋2

3

𝑚

𝐿2Λ3

𝒱1 ~𝜆𝜆 exp 𝑖 𝜎 +
𝜃

2𝜋
𝜙 −

4𝜋

𝑔2
𝜙 𝒱0 ~𝜆𝜆 exp 𝑖𝜃 − 𝑖 𝜎 +

𝜃

2𝜋
𝜙 +

4𝜋

𝑔2
𝜙



ቐቐ

§

ቐ

𝜙′ ∈ ℝ

𝜎′ ≃ 𝜎′ + 2𝜋

𝛾 ∼

𝛾 ≡
8𝜋2

3

𝑚

𝐿2Λ3

• 𝛾 = 0

𝜙′, 𝜎′ 1 = 0,0

𝜙′, 𝜎′ 2 = 0, 𝜋

𝒱 𝜙′, 𝜎′

𝑉0
= 4 cosh 2𝜙′ − 4 cos 2𝜎′ − 𝛾 1 +

𝑔2

4𝜋2
𝜙′ 𝑒−𝜙′ cos 𝜎′ +

𝜃

2
+ 1 −

𝑔2

4𝜋2
𝜙′ 𝑒𝜙′ cos 𝜎′ −

𝜃

2

𝜙′, 𝜎′
center

−𝜙′,−𝜎′

ቐ
𝜃 = 0:

𝜃 = 𝜋:

𝜙′, 𝜎′
CP

𝜙′, −𝜎′

𝜙′, 𝜎′
CP

𝜙′, −𝜎′ − 𝜋

ቐ

𝒱 0,0

𝑉0
= −4 − 2𝛾 cos

𝜃

2

𝒱 0, 𝜋

𝑉0
= −4 + 2𝛾 cos

𝜃

2

• 0 < 𝛾 < 𝛾𝑑𝑒𝑐

⟹ ቐ
0 ≤ 𝜃 ≤ 𝜋:

𝜋 ≤ 𝜃 < 2𝜋:

0,0

0, 𝜋

⟹

𝜃 = 𝜋

⟹

⟹



•

•

𝛾𝑑𝑒𝑐 𝜋 < 𝛾𝑐𝑝

ä Ü

𝑚

𝜃 = 𝜋

§

𝛾 ∼

ቐ

𝛾𝑑𝑒𝑐 𝜃 = 8 1 +
𝑔2

4𝜋2
1 + cos

𝜃

2
+ 𝒪 𝑔4

𝛾𝑑𝑒𝑐 𝜃 = 8 1 +
𝑔2

4𝜋2
1 − cos

𝜃

2
+ 𝒪 𝑔4

𝛾𝑑𝑒𝑐 𝜋 = 8 1 +
𝑔2

4𝜋2
+ 𝒪 𝑔4

𝛾𝑐𝑝 = 8 1 +
1

2
+

3

2 2
arcsinh 1

𝑔2

4𝜋2
+ 𝒪 𝑔4 ≈ 8 1 + 1.43

𝑔2

4𝜋2
+ 𝒪 𝑔4

𝜋 ≤ 𝜃 < 2𝜋:

0 ≤ 𝜃 ≤ 𝜋:

⟹



§

•

•

𝛾

𝜋 𝜋 ~

𝛾𝑑𝑒𝑐 𝜃
𝛾𝑐𝑝

𝛾𝑑𝑒𝑐 𝜋 = 𝛾𝑐𝑝 𝑚

𝜃 = 𝜋

𝛾 ∼

≤ 10



•

• 𝛾𝑑𝑒𝑐 𝜋 = 𝛾𝑐𝑝

• 𝛾𝑑𝑒𝑐 𝜋 < 𝛾𝑐𝑝

§ 𝒩 𝜃 = 𝜋

§ 𝜃 = 𝜋

•

𝑇𝑑𝑒𝑐 𝜋 = 𝑇𝑐𝑝

•





§ 𝜃 𝜋

𝐺

𝒵 𝐺 1 𝐵 2 ∈ 𝐻4 𝔅2𝒵 𝐺 , U 1

⟹

𝒬 ≡
1

8𝜋2
 tr 𝐹 ∧ 𝐹 𝒬 𝐵

𝐵 2 𝐺

• 𝒵 𝐺

•

𝐻4 𝔅2𝒵 𝐺 , U 1 = 𝐻4 𝔅𝐺/𝒵 𝐺 , U 1

⟹

• 𝜃
CP
− 𝜃 𝜃 𝜋 2𝜋 𝜃



•

𝑉0 ≡
9𝑐2

2

16𝜋2
𝐿3Λ6

𝑔2
𝒱 𝝓, 𝝈

𝑉0
=

𝑖=0

𝑟



𝑗=0

𝑟

𝑀𝑖
∗ 𝜶𝑖 ⋅ 𝜶𝑗 𝑀𝑗 − 𝛾

𝑖=0

𝑟
𝑀𝑖

∗ +𝑀𝑖

𝜶𝑖
2

1 −
𝑐2𝑔

2

8𝜋2
ln 𝑀𝑖

𝛾 ≡
32𝜋2

3𝑐2
2

𝑚

𝐿2Λ3

•

𝐴4 𝑥𝑖 , 𝑥4 =
1

𝐿
𝝓 𝑥𝑖 ⋅ 𝒉• 𝒉 = ℎ𝑎=1,2,⋯,𝑟 𝔤

§ 𝐺 𝔤

𝝓,𝝈 ∈

ℝ𝑟

2𝜋Λ𝑟
∨ ×

ℝ𝑟

2𝜋Λ𝑤
𝑊𝔤

𝝓,𝝈
center

𝝓 + 2𝜋𝝁𝑐
∨, 𝝈

ቐ
𝜃 = 0:

𝜃 = 𝜋:

𝝓, 𝝈
CP

𝝓,−𝝈

𝝓,𝝈
CP

𝝓,−𝝈 − 𝝓𝝁𝑐
∨ ∈ Λ𝑤

∨ /Λ𝑟
∨ ≅ 𝒵 𝐺

𝑟 𝐺

𝒛 ≡ 𝑖 𝝈 +
𝜃

2𝜋
𝝓 −

4𝜋

𝑔2
𝝓

𝜶𝑖
∨ =

2𝜶𝑖
𝜶𝑖

2
∈ Λ𝑟

∨ ,

ቐ
⊆ Sym 𝑀𝑖=0,1,⋯,𝑟

𝑀𝑖

CP
𝑀𝑖
∗

ቐ

𝑀𝑖 ≡ exp 𝜶𝑖
∨ ⋅ 𝒛 +

8𝜋2

𝑐2𝑔
2

𝑀0 ≡ exp 𝜶0
∨ ⋅ 𝒛 +

8𝜋2 1 − 𝑐2
𝑐2𝑔

2
+ 𝑖𝜃

𝑖 = 1,2,⋯ , 𝑟

𝜶0
∨ = 𝜶0

𝜶𝑖 ∈ Λ𝑟

𝜶0
2 = 2

𝑐2

𝐺


