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電荷 磁荷 

クーパー対 

凝縮 

超伝導体 

[電磁気学] 
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クォーク 磁荷 

閉じ込め 

[QCD] 

第2種超伝導体 

凝縮 

強磁場 

flux tube flux tube 
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単磁荷はあるのか？ 

 t’Hooft : MA gauge (1981) 

gaugeによらない処方が必要 

 → arXiv:1409.1599 

閉じ込めと超伝導は関係あるのか？ 

monopole current を有限温度で測定 

 → arXiv:1501.06271 



 背景 

 monopoleの定義 

 SU(2) Y-M theory 

 CDGFN分解 

 master Y-M 

 color direction 

 SU(3)への拡張 

 

格子上での定義 

 SU(3) Y-M theory 

 CDGFN分解 

数値計算の結果 

 field strength 

 monopole current 

 まとめ 
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[電磁気] 

𝑔𝑚 ≔  𝑑
3𝑥𝛻  ∙ 𝐵 =

1

2
 𝑑3𝑥 𝜖0𝑖𝑗𝑘𝜕𝑖𝐹𝑗𝑘 = 0 

[Y-M 理論] 

𝑔𝑚 ≔
1

2
 𝑑3𝑥 𝜖0𝑖𝑗𝑘𝜕𝑖𝐹𝑗𝑘 

もしも… 
𝑛 𝑥 → Ω 𝑥 𝑛 𝑥 Ω† 𝑥  , 2𝑡𝑟 𝑛 𝑥 𝑛(𝑥) = 1 

𝐹𝜇𝜈 𝑥 = 𝑓𝜇𝜈 𝑥 𝑛 𝑥  

𝑔𝑚 ≔
1

2
 𝑑3𝑥 𝜖0𝑖𝑗𝑘𝜕𝑖𝑓𝑗𝑘 =  𝑑

3𝑥𝜖0𝑖𝑗𝑘𝜕𝑖𝑡𝑟 𝑛𝐹𝑗𝑘  
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※ 𝑛𝑎 𝑥  は後で決める 

𝐴𝜇
𝑎 𝑥 = 𝑉𝜇

𝑎 𝑥 + 𝑋𝜇
𝑎(𝑥) 

 
𝐷𝜇
𝑉
𝑛𝑎 𝑥 = 0

𝑛𝑎 𝑥 𝑋𝜇
𝑎 𝑥 = 0

 

𝑉𝜇
𝑎 𝑥 = 𝐴𝜇

𝑏 𝑥 𝑛𝑏 𝑥 𝑛
𝑎 𝑥 +

1

2𝑔
𝑓𝑎𝑏𝑐𝜕𝜇𝑛𝑏 𝑥 𝑛𝑐  (𝑥)

𝑋𝜇
𝑎(𝑥) =

1

2𝑔
𝑓𝑎𝑏𝑐𝑛𝑏 𝑥 𝐷𝜇

𝐴
𝑛𝑐(𝑥)

 

𝑛𝑎 𝑥 ∼ Abelian な向きを表す場 

cf. MA gauge 

𝑉𝜇
𝑎 = 0,0, 𝐴𝜇

3 𝑎, 𝑋𝜇
𝑎 = 𝐴𝜇

1 , 𝐴𝜇
2 , 0
𝑎

 
𝑛𝑎 𝑥 = 0,0,1 𝑎 
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=
4𝜋

𝑔
𝑁  , 𝑁 ∈ ℤ 

𝐹𝜇𝜈
𝑉 𝑎
≔ 𝜕𝜇𝑉𝜈

𝑎 − 𝜕𝜈𝑉𝜇
𝑎 +
𝑔

2
𝑓𝑎𝑏𝑐𝑉𝑏𝜇𝑉𝑐𝜈 

= 𝜕𝜇 𝐴𝜈
𝑏𝑛𝑏 − 𝜕𝜈 𝐴𝜇

𝑏𝑛𝑏 −
𝑛𝑏
2𝑔
𝑓𝑏𝑐𝑑(𝜕𝜇𝑛𝑐)(𝜕𝜈𝑛𝑑) 𝑛

𝑎 

𝑔𝑚 ≔
1

2
 𝑑3𝑥 𝜖0𝑖𝑗𝑘𝜕𝑖𝑓𝑗𝑘 

𝑛𝑎 𝑥 = sin𝜙 cos 𝜃 , sin𝜙 sin 𝜃 , cos𝜙 ∈ 𝑆2 

𝑔𝑚 = 𝑔
−1 𝑑𝑆𝑗𝑘 sin𝜙

𝜕 𝜙, 𝜃

𝜕 𝑥𝑗 , 𝑥𝑘𝑆
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𝐴𝜇
𝑎 , 𝑛𝑎 

𝐴𝜇
𝑎 ∶ 𝑆𝑈(2) 

𝛿𝜔𝐴𝜇
𝑎 = 𝐷𝜇

𝐴
𝜔𝑎 

𝛿𝜃𝑛
𝑎 =
1

2
𝑔𝑓𝑎𝑏𝑐𝑛𝑏𝜃𝑐 

: 𝑆𝑈(2) 

: 𝑆2 ≃ 𝑆𝑈(2)/𝑈(1) 

𝑛𝑎, 𝑉𝜇
𝑎, 𝑋𝜇
𝑎: 𝑆𝑈(2) 

𝜃 = 0 
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 𝑑4𝑥 𝑋𝜇
𝑎 𝑥 𝑋𝜇

𝑎 𝑥  

          =  𝑑4𝑥 𝐷𝜇
[𝐴]
𝑛𝑎 𝑥 𝐷𝜇

[𝐴]
𝑛𝑎 𝑥  を最小化 

𝛿𝜔,𝜃 𝑑
4𝑥 𝑋𝜇
𝑎 𝑥 𝑋𝜇

𝑎 𝑥 = 0 ⇒  𝜔⊥ = 𝜃⊥ 

𝑛 → Ω𝑛Ω† 
𝑉𝜇 → Ω𝑉𝜇Ω

† + 𝑖𝑔−1Ω𝜕𝜇Ω
† 

𝑋𝜇 → Ω𝑋𝜇Ω
† 
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𝑛 = cos𝜃 Ω
1

2
𝜆3Ω
† + sin 𝜃 Ω

1

2
𝜆8Ω
† =

Λ1
Λ2
Λ3

 

Λ1 ≠ Λ2 ≠ Λ3  ⇒ 𝐻 = 𝑈(1) × 𝑈(1) 
Λ1 = Λ2 𝑒𝑡𝑐.     ⇒ 𝐻 = 𝑈(2) 

master Y-M theory  𝑆𝑈 3 × 𝑆𝑈(3)/𝐻  

𝑊 𝐴 ≔ 𝑡𝑟 𝒫 exp 𝑖𝑔  𝐴 = 𝑊 𝑘 +𝑊[𝑗]  
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𝑈𝜇 𝑥 = 𝑋𝜇 𝑥 𝑉𝜇(𝑥) 

𝑛 𝑥 = Ω
1

2
𝜆8Ω
† ∈ 𝑆𝑈 3 /𝑈(2) 

 𝑡𝑟 𝐷𝜇
𝑈 𝑛 𝑥

†
𝐷𝜇
𝑈 𝑛 𝑥

𝑥,𝜇

 を最小化 

𝐷𝜇
𝑉
𝑛 𝑥 ≔

1

𝑎
𝑉𝜇 𝑥 𝑛 𝑥 + 𝜇 − 𝑛 𝑥 𝑉𝜇 𝑥 = 0 

𝑉𝜇(𝑥) 𝑋𝜇 𝑥 = 𝑈𝜇 𝑥 𝑉𝜇
†
(𝑥) 



13/18 

 244 Lattice 𝛽 = 6.0 500 conf. 

𝑉 𝑅 = − lim
𝑇→∞

1

𝑇
log 𝑊𝑅×𝑇  

赤：𝑉[𝑈] 𝑅  緑： 𝑉[𝑉] 𝑅  
青：𝑊𝑚𝑜𝑛𝑜 から作った 

𝜎𝑉/𝜎𝑈∼ 0.92 , 𝜎𝑀/𝜎𝑈 ∼ 0.85 
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𝜌𝜇𝜈(𝑈) ≔
𝑡𝑟 𝑈𝑝(𝜇, 𝜈)𝐿

†𝑊𝐿

𝑡𝑟 𝑊
−
1

3

𝑡𝑟 𝑈𝑝 𝑡𝑟 𝑊

𝑡𝑟 𝑊
 

= −
𝑡𝑟 𝑖𝑔𝑎2𝐹𝜇𝜈(𝑈)𝐿

†𝑊𝐿

𝑡𝑟 𝑊
+ 𝑂 𝑎4  



15/18 

 244 Lattice 𝛽 = 6.2 500 conf. 
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 243 × 6 Lattice 𝛽 = 5.8~6.4 500 conf. 

𝑃𝑜𝑙(𝑈) 𝑃𝑜𝑙(𝑉) 

𝑃𝑜𝑙(𝑉)  
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𝑘𝜇 =
1

2
𝜖𝜇𝜈𝜌𝜎𝜕

𝜈𝐹𝜌𝜎[𝑉] 

 243 × 6 Lattice 𝛽 = 5.8~6.4 500 conf. 

𝑘  
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 CDGFN分解を用いてmonopoleを定義 

 color direction field 

 Master Y-M theory 

 string tension 

 V dominance , monopole dominance 

 field strength 

 Z方向の電場だけが存在 

 finite temperature  

 monopole current の温度依存性 


