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• 砡朡渡぀〷〸〹〺〫ぁ〢あ〫ぃい〥ぅ (刢圡堢) 〰伢うぇぅえ〥椢阢〵霡匡逢嬣礡怡〡產戢嬢〭吡嬤ぉ〿

• 〨〩〪〫〴〷〸〹〺〫渡぀砡氡匢椢嬢〳〩〫〸ぉ〿鄡伡〡瘡锡锡攡〴洡〱お〯〲〳〰礢ぉ〿

• 砡朡渡〳〷〸〹〺〫渡〡〩〫〸ぉ〿鄡伡か〡刣阢 ! 攢ぉ〽索朢

• 〷〸〹〺〫刢圡堢〳砡氡匢椢嬢〡〩〫〸ぉ〿鄡伡か〡刣阢 ! 儡蠡砢稡〳攣吢 [Sato, Takahashi, Yamada ’18]

丢嘡〧砡朡渡〳〷〸〹〺〫渡〡〩〫〸〭氢瘢ぉ〾〻訢ぉぉが〮 (〷〸〹〺〫刢圡堢〳砡氡匢椢嬢〭き〽〾ぎ吡く訣琡)



ぎぐく

1 尢儢 [7 けげあぁ]

2 〷〸〹〺〫阡砡氡嬡〡こ〣ごけ瘡〭〻〼〯匡逢1次嬣礡怡 (review) [6 けげあぁ]

3 〷〸〹〺〫阡砡氡嬡〡こ〣ごけ瘡〭〻〼〯霡匡逢1次嬣礡怡 [2 けげあぁ]

4 砡朡渡〳〷〸〹〺〫渡〡〩〫〸〡連戡刡 [5 けげあぁ]



〷〸〹〺〫阡砡氡嬡: 〷〸〹〺〫 � + 儣嬢 Aµ + 〪さざ〦しぅ索吢 [Wilczek ’87]

φ …感｡"L 3
N

32⇡2
�✏

µ⌫⇢�
Fµ⌫F⇢�

• 〷〸〹〺〫: しあげぅ鄢嬢産帡〰挡じお〯 U(1) 嬣礡怡〡搡けしげ〥 NG す〨〫 (ALP ず〳怢せ〾ぐずぜ〽)

爢弡

1. 紡簡嬢そ嬥嬦そぞぁざ〫爡琡そ爡怡簢そ弢琡訣〬た〭逤圢〮〯:

QCD 〷〸〹〺〫そあ〫だげ〪〫そち〥〸ぢっ〥そ⇡
0 丣锢嬢そ〪さざ〦しぅ爡谡そつ〦づげあ堣そ...

2. 儣嬢〳〡〪さざ〦しぅ索吢〰ぎき (昡稢〡訤鄢〭てで〬〽)

伣攡〴しあげぅ鄢嬢産帡〭てせ〾鄢嬢匣ぜと〯 N 2 Z. 騡次〡鄢嬢蠢欢〰匤〼〬〽ど

3. 〷〸〹〺〫〳儣嬢〡谡鄢〡朣無〵椣な〬瘡〴に〯

• 朣谡鄢〷〸〹〺〫〡瘡: QCD 〷〸〹〺〫〬た

• こ〣ごけ瘡: 〪さざ〦しぅ贡伤尢伥そ嬥嬦ぬぎ〬た [Kogan ’93; Qi, Witten, Zhang ’12]

4. 瘡〭弣く〾稢锢瘣ね昡锢瘣〭帢〴せ〿爡伥〴嬧圢ぉそ霡脡昢〬猡谢〰礢〮

伦〱のこ〣ごけ瘡〵〡帢〴せ〿爡伥〧...
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砡朡渡 (magnetic string, magnetic vortex 〬た) [Abrikosov ’56; Nielsen & Olesen ’73]

eBαπm ､ ∞ fA-axn

尣圢ぉ〿砡堣 B ⇠ 2⇡n
k 〰挡き (1 + 1) 次儤〡爡伥

• 〪さざ〦しぅ〨〩〪〫: 儣嬢〡逥判攤稣弤〡褢

• k 2 Z: こ〣ごけ堣〡 U(1) 阡茡 (贡伤尢伥ず〳 k = 2)

• 砡朡〧〪さざ〦しぅ阡茡 (崡〶き〶攡) n 〵鄢嬢匣

• 刢攡 Zk 〷ぞげはだねす〥ば (AB) 伡瘡〰挡きど

砡朡渡〴に〯儤〵〡ぃぱぅ〨〫ねぅ〥ひ exp(i
H
A · dx) 〡倢〧

exp(i
H
A · dx) = exp(i

RR
B · dS) = exp( 2⇡in

k )

ぎおぬ〳き (1 + 1) 次儤〡爡伥〴に〯
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〷〸〹〺〫渡 (axionic vortex, string 〬た吣のと〯)

e.g., 嬥嬦ぬぎ〳刢圡堢〡褣吢簢 [Kogan ’93], 〪さざ〦しぅ贡伤尢伥 [Qi, Witten, Zhang ’12]

2πn

八eB αK ∞ fA-axn

八C∞ 6 ad . ax = 2πw

(1 + 1) 次儤〭帢〴せ〿爡伥

• 〷〸〹〺〫〴崡〶き〶攡〰挡き
H
r� · dx = 2⇡w 2 2⇡Z [e.g., Naculich ’87]

• 〷〸〹〺〫〡吤朤怡〭てせ〾崡〶き〶攡〴鄢嬢匣ぜと〾〽〯

〪さざ〦しぅ索吢〴に〯〳〲とで2き〡渡〭霡脡昢〬瘡锡〴に〯
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砡朡渡〳〷〸〹〺〫渡〴〩〫〸ぉ〿鄡伡 [e.g., Eto, et al., ’24]

oψ
t

へ ④B0十

十 十

• 儥〪〭さざ〦しぅ阡茡〰挡き〡〵そ〲〡鄡伡〧嬨嬤〭怢〱〯

• ぉびぉそ〲〡てお〬鄡伡〴〵〶〯びたおび〧霡脡昢

砡朡渡两〭刢攡阡茡〴訥财ぉお〯

• 〷〸〹〺〫ね儣嬢索吢 �FF̃ 〴に〯儤〵〡阡氡瘣ぴぃけ〡氣刡: r ·E = N
4⇡2 r� ·B

• 訥尢阡茡
R N

4⇡2 r� ·BdV = N
4⇡2 · 2⇡w · 2⇡n

k = nNw
k

• 訥尢阡茡〴ふぱげ〣〸〡鄢嬢匣朥严〰砣ぶお〯 nN
k w 62 Z

〲〡てお〬鄡伡〧匡耡〬〡びＡ
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唡: 〷〸〹〺〫阡砡氡嬡〭〻〼〪〯さざ〦しぅ〨〩〪〫〡匡耡〬鄡伡〧Ａ
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〪さざ〦しぅ〨〩〪〫〴並〡爡伥〳〩〫〸〮〯鄡伡〡匡耡怡〧霡脡昢ぷおず

• ちあへべ〸け〡唡頡Ａ刢攡阡茡〴猡と〯〨〩〪〫〧崢堤〮〯びＡ

• ぷと〳ぎちあへべ〸け〡訦紣〭てで〬〽昣逤瘣〬怡谡〴に〯びＡ

匡耡〬鄡伡 or 礣欣ぜと〿鄡伡〰簢紤瘣〭訧ぺ〯〲〳〧〵〶〯びＡ

• 〩〫〸ぉ〿鄡伡〡匥嬩褢〰氤ほ〿〽〴そ〷〸〹〺〫ね儣嬢索吢 �FF̃ 〡霡紥弥怡〵阣ぉぷお

〭〬び霡搢判瘣〬攤氣〰伧〱〬〽びＡ
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倣蠢: 霡匡逢嬣礡怡〳1次嬣礡怡
〲〡〪〥〸〵〧攥ぶ〡〬〽阢ぶ嬣礡怡〧夡圡瘣嬣礡怡〰挢〮〲〳〭ぉが〮

1. 霡匡逢嬣礡怡〳〧Ａ [e.g., Bhardwaj & Tachikawa ’17]

ー

↑時母=□ 別十z
ー

ー

ロー十 = コ
~7

母:"□ " 1
↑ ー

space

• 嬣礡怡〡產戢嬢 D 〧伨嬧鄢〵ぞべぅ〪ぼ〷〫〳匡挣 @D
@t / [D,H] = 0

• ぉびぉ D 〧逢儤〰挡〿〬〽ど爢〭 D 〧ぽぼっ〩〥〵〬〽 D
†
D 6= 1

2. 1次嬣礡怡〳〧Ａ [Gaiotto, et al., ’14]

• 伨嬧鄢〴霢稤刢〵に〯嬣礡怡 (逦帡〡嬣礡怡〧伥稤稤刢)

• 伦: 眡稢丣〵〡ぃぱぅ〨〫ねぅ〥ひ e
i
R

A·dx 〭嬣〮〯AB別朢

0.① e
" S * 'd*

= eα① e
'Saidx

(↵: U(1) まげ〢〥っ)

嬣礡怡〡產戢嬢 = AB別朢〰弦〶财〲〮砡刦紥〡丧甤霢 (霢稤刢)

伨嬧刡: ぢ〸けぃみぅ攤稣弤 @
µ
Fµ⌫ = 0 (砡刦紥〧刧と〿ぶ刢びと〿ぶぉ〬〽)
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〲〡〪〥〸〡瘢瘣

oψ
t

へ ④B0十

十 十

〷〸〹〺〫阡砡氡嬡〭〻〼〯こ〣ごけ瘡〡伢うぇぅえ〥椢阢〭〻〽〾そ

• 砡朡渡〰霡匡逢1次嬣礡怡〡產戢嬢〭吡嬤〮〯

• 霡匡逢嬣礡怡〰甡〽〾そ砡朡渡〳〷〸〹〺〫渡〳〴〩〫〸ぉ〿鄡伡〡匡耡怡〰刢頢〮〯

• 砡朡渡两〡訥尢阡茡〴刢攡〡〳〶そぷ〡てお〬鄡伡〴礣欣ぜと〯〲〳〰礢〮

• 〩〫〸〴礣欣ぜと〿鄡伡〰1次嬣礡怡〰甡〽〿連戡刡〵刢頢〮〯

丨丩〵〧そ〨〩〪〫〡〪さざ〦しぅ〬怡谡〭氢瘢〮〯〿ほ〭そ伢うぇぅえ〥椢阢〰耢〱〯

• 〷〸〹〺〫〳儣嬢〡堣〡むでめ〧 0

• 砡朡渡〧無阢〭紣ぐそ锣昡锢嬧圢〮〯丧甤霢〵訨輡〵〶〯
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ぎぐく

1 尢儢 [7 けげあぁ]

2 〷〸〹〺〫阡砡氡嬡〡こ〣ごけ瘡〭〻〼〯匡逢1次嬣礡怡 (review) [6 けげあぁ]

3 〷〸〹〺〫阡砡氡嬡〡こ〣ごけ瘡〭〻〼〯霡匡逢1次嬣礡怡 [2 けげあぁ]

4 砡朡渡〳〷〸〹〺〫渡〡〩〫〸〡連戡刡 [5 けげあぁ]



〷〸〹〺〫阡砡氡嬡〡こ〣ごけ瘡〭〻〼〯匡逢1次嬣礡怡 (review) [6 けげあぁ]

based on Banks & Seiberg ’10; Kapustin & Seiberg ’14; Hidaka, Nitta, RY, ’21



がも〷〸〹〺〫〴〽〬〽堣吢: 匡挣こ〣ごけ樢圣〡伢うぇぅえ〥椢阢 [e.g., Cremmer & Scherk ’73]

BF 伩甡

S =
k

2⇡·2!

Z
d
4
xBµ⌫ F̃

µ⌫

丨阤〧脡昢〬紤訤嘢嬢 2! 〬た〧眢甥

阡茡 k 〡こ〣ごけ堣〡伩〯儣嬢〡谡鄢頣 |@µ�� kAµ|2 〳爡琡瘣〭笡伪 (ぅ〦ゃ〫ぁぅ夢挣〵弧でと〯)

• 儣嬢 Aµ: U(1) や〥〦堣, 堣〡弨ぜ Fµ⌫ ,

ふぱげ〣〸鄢嬢匣朥严 (に〳〵伧お): 阡茡〳砡茡 1
2⇡

R
S2 B · dS 〧攣攡 (逥判頣〴 � 1

4e2
|Fµ⌫ |2 〭〯〬褤校匣)

• Bµ⌫ : 2阥匦嬣礡ゅ〫〨ぅ U(1) や〥〦堣, ふぱげ〣〸鄢嬢匣朥严にぶ

儣嬢〭頤ぺでと〯 NG す〨〫 � 〡ぅ〦ゃ〫ぁぅ夢挣〵弧でと〯

〬ゆょよょよ BF 琡訣〰伧おＡ Bµ⌫ 〰伧お〳砡朡渡 (〡丧甤霢) 〰簣匢〭昤〼〯びで
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Bµ⌫ 〡霢稤刢 = 砡朡渡〡丧甤霢

伩甡〭 n
R
S Bµ⌫dS

µ⌫ 〰刨〱との OK. (n 2 Z 〧鄢嬢匣ぜと〿砡朡〡夡〶ぜそS 〧砡朡〡丧甤霢)

• 簣匢〡〿ほ丧甤霢 S 〴 x = y = 0 〭に〯 zt 帣霢〡堣吢〰耢〱〯〳...

機 Zp

1X;
.
:Fs

^

ス

• 砡朡渡儢ぶ〡伩甡 k
2⇡

R
Bµ⌫ F̃

µ⌫
d
4
x+ n

R
Bztdzdt

• Bµ⌫ 〡逥判攤稣弤: F̃zt = Fxy = 2⇡n
k �(x)�(y). 砤び〭 S 两〭夡〶ぜ 2⇡n

k 〡砡堣〴尣圢ぉ〾〽〯

• 〬ゆ伣攡 n 2 Z びＡ鄢嬢匣ぜと〿砡朡〰儦猡〮〯〿ほ (戣蠣瘣〭〧 Bµ⌫ 〭锡〮〯ふぱげ〣〸〡鄢嬢匣朥严)

ぜで〭そ砡朡渡〡丧甤霢〧1次嬣礡怡〡產戢嬢〳〯〬
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1次嬣礡怡 [Banks & Seiberg ’10; Kapustin & Seiberg ’14]

嬣礡怡〡產戢嬢〧砡朡渡〡丧甤霢ぷ〡ぎ〡

U1(e
2⇡in

k ,S) = exp

✓
in

Z

S
Bµ⌫dS

µ⌫
◆

' '二 '二0 0time
…

S
or space S

↑ ー ↑ ー→ saces い → space
(S: 锤く〿2次儤霢, dSµ⌫ : 霢褡紡)

• 伨嬧刡: 儣嬢〡逥判攤稣弤 @µ
k
2⇡ B̃

µ⌫ = 0, 伨嬧しら〪〫: k
2⇡ B̃

µ⌫

砡朡渡〧稥焢產戢洡渢ぉ〬〽〳〽お〲〳 (伢うぇぅえ〥椢阢〵)

• 嬣礡怡〡產戢嬢: まげ〢〥っ e
2⇡in

k 2 Zk 〰き〼〾霢稤刢ぉ〾 exp 〭〡り〯 exp
⇣

2⇡in
k

R
S

k
2⇡Bµ⌫dS

µ⌫
⌘

伨嬧鄢〴霢稤刢〬〡〵1次嬣礡怡

• 〬ゆまげ〢〥っ〧 e
2⇡in

k 2 Zk びＡ鄢嬢匣ぜと〿砡朡〳〡攣吢怡

• 產戢嬢〴ぽぼっ〩〥〬〡〵嬣礡怡〧匡逢

1次嬣礡怡〡嬣礡怡夢挣〧Ａ
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1次嬣礡怡〡嬣礡怡夢挣

伨嬧刡 = 儣嬢〡逥判攤稣弤〬〡〵そ夢挣ぜと〯爡伥〧阡砡堣〡〨〥け〵に〯訩騢阡茡ね阡洢 (〡丧甤紥) ずるお

1. 阡氡瘣ぴぃけ〡氣刡: S 〰稢锢瘣〭〳〯〳阡茡 qe 〡訩騢阡茡びで儧〯阡氡刦紥〰 (mod k 〵) 椤儧〮〯

2. 〷〫れ〥ぅ〡氣刡: S 〰丧甤霢〭〳〯〳ぃぱぅ〨〫ぅ〥ひ (眣锢瘣阡洢) 〭 Zk AB別朢〰両〱〯

…
2π inge

) @ =eingeーー@ ek @ C0 ー

or

.

Cぐ

• 2き瘢〡愣吥〭〻〽〾ぎそ U1 〰 Zk 〡刢攡伡瘡〰挡き砡朡渡〡丧甤霢〭吡嬤〵〶〯

よせぐぶ〳ぉ〿尢儧 (阡砡氡嬡〵぀せ〿〲〳〳吡く搣伩)

• 訩騢阡茡 qe 〴に〯儤〵〡稤刢弥ぴぃけ or 〷〫れ〥ぅ〡氣刡 k
2⇡

R
S Bµ⌫dS

µ⌫ = qe 〰 U1 〭个儢

• 蠢责: 瘡锡锡攡〵がくほ〭昤ぐ〳 hU1(e
2⇡in

k ,S)eiqe
R
C Aµdxµ

i = e
2⇡in

k ·qe heiqe
R
C Aµdxµ

i (C: ぅ〥ひ)

〷〸〹〺〫ぎ〽〯堣吢〧...
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〷〸〹〺〫ぎ〽〯堣吢 [e.g., Kogan ’93]

BF 伩甡 + 〷〸〹〺〫ね儣嬢索吢

S =

Z
d
4
x

✓
k

2⇡
Bµ⌫ F̃

µ⌫ +
N

16⇡2
�Fµ⌫ F̃

µ⌫� v2

2 |@µ�|2
◆

v: 〷〸〹〺〫崢堤嬤攡

• 〷〸〹〺〫: � ! � + 2⇡ 〡儤〵丫夢〬搡けしげ〥堣 (U(1) 嬣礡怡〡 NG す〨〫 e
i�)

• 〷〸〹〺〫ね儣嬢索吢〡伣攡〧しあげぅ〷はぢ〩〥〵鄢嬢匣 N 2 Z

(UV琡訣〵〷〸〹〺〫〳儣嬢〭索吢ぉ〾〽〯ふぱげ〣〸だみぅべ〺〫〡攡)

1次嬣礡怡〴〷〸〹〺〫ね儣嬢索吢〵夢弥〰匤〼そAB伡瘡〴刣阢〰匤〼〯
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AB伡瘡か〡刣阢 [Hidaka, Nitta, RY, ’21]

timeslice of G

…=e o =ek? he)C 0
…

zπinge
@ δ

0ge

S orー

• 伨嬧刡: 儣嬢〡逥判攤稣弤 @µ(
k
2⇡ B̃

µ⌫ + N
4⇡2 �F̃

µ⌫) = 0, 伨嬧しら〪〫: k
2⇡ B̃

µ⌫ + N
4⇡2 �F̃

µ⌫

• 紡朦〬伨嬧鄢

exp

✓
in

Z

S
Bµ⌫dS

µ⌫
◆
⇥ exp

✓
inN

2⇡k

Z

S
�Fµ⌫dS

µ⌫
◆

〧〷〸〹〺〫〡吤朤怡 � ! �+ 2⇡ 〰嬪〯ぺぉ

• まげ〢〥っ n 〧 e
2⇡in
K 2 ZK = Zk \ ZN 〡儤〵に〯ぺぉ (K = gcd(k,N))

• U1 〵產戢ぜと〯AB伡瘡ぎ ZK 〭刣阢ぜと〯

爡琡瘣愣吥: 〷〸〹〺〫爡谡丣〡砡匣 N
4⇡2 �E 〴砡朡〡伨嬧刡〰夢〱〾〽〯

• 砡匣〴砡朡〡攡〰 N ず〼夢〱〯〡〵そ AB伡瘡〴 Zk 〡砡刦紥〡朧攡〰 N 〵利せ〿伫ぶ〡ろ伨嬧

Q. ぉびぉ砡朡渡〧 � = 0 〵〡匧儨褢〬〡〵そたお〭び儤〡 Zk AB伡瘡〰挡き嬣礡怡產戢嬢〰伩と〬〽びＡ

A. 1次嬣礡怡〡匡逢怡〰挤〾との〲〡AB伡瘡か〡刣阢〰匨ぶ阦ぐ〲〳〴〵〶〯
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〷〸〹〺〫阡砡氡嬡〡こ〣ごけ瘡〭〻〼〯霡匡逢1次嬣礡怡 [2 けげあぁ]

Hidaka, Nitta, RY [2411.05434]



2次儤〪さざ〦しぅ堣〡鄢嬢訣 (TQFT) 〰甡〽〯 [Choi, Lam, Shao, ’22; RY ’22]

〷〸〹〺〫ね儣嬢索吢〰 TQFT 〡刢鄡锡攡か夢弥〮〯
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◆
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Z
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• よせぐぶ〳ぉ〿尢儧: 2次弤〡夢弥

1. まげ〢〥っ〰攦紦刢攡〵蠤〮 nN
k = q

p . 刢欤 p > 1 ず〳〷〸〹〺〫〡吤朤怡〭唡頡〴にせ〿

2. 刢欤〡 p 〰ゎぶ぀ぶ刢嬢〭挡せ〾〽ぐ2次弤〡夢弥〰〮〯 1
pxy ! �pab + ax + by.

〲〡夢弥〭弩褡〬夢攡〰蠢刪堣〳ぉ〾刨〱〯〳そTQFT 〡刢鄡锡攡〴弧でと〯

• �: 2⇡ 吤朤怡〰挡き搡けしげ〥

• uµ: U(1) や〥〦堣, 堣〡弨ぜ wµ⌫ = @[µu⌫], ふぱげ〣〸〡鄢嬢匣朥严
R
S wµ⌫dSµ⌫ 2 2⇡Z

• TQFT 〡刢鄡锡攡〭〻〽〾〧 p 〧刢嬢〭に〯: 2⇡ 吤朤怡〴昢瘤〭に〯

• 儤〡蠤弤: ふぱげ〣〸〡鄢嬢匣朥严〴脡昢〬堣吢〭蠢刪堣〰稤刢ぉ〾弧でと〯へあ〥わ〬ぎ〡

• 〲〡夢弥〵ぽぼっ〩ゅぱ〴〬ぐ〯〬どTQFT 〡刢鄡锡攡〧伡瘡嘢嬢〡否

(ゐゑあ〫 ei✓+e�i✓

2 〴ぽぼっ〩〥〵〬〽〲〳〳吡く)
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霡匡逢1次嬣礡怡〡產戢嬢 = Zk AB 伡瘡〰挡き砡朡渡 [Hidaka, Nitta, RY ’24]

嬣礡怡〡產戢嬢

D1(e
2⇡in

k ,S) = exp

✓
in

Z

S
Bµ⌫dS

µ⌫
◆

⇥ Z[p]q

• 〷〸〹〺〫〡 2⇡ 吤朤怡〴嬪でと〾〽〯

• TQFT 〡刢鄡锡攡 Z[p] 〴に〯〿ほ霡匡逢〭〬せ〾〽〯

• ぃぱぅ〨〫ねぅ〥ひ e
i
R
C A·dx か〡伩甡

s

=ee… ?CC
• D1 〧 Zk AB 伡瘡〰挡き砡朡渡〳ろ〬り〯Ｂ

D1 〰甡〽〾〷〸〹〺〫渡〳〡〩〫〸〰訧ぺ〾ろてお
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砡朡渡〳〷〸〹〺〫渡〡〩〫〸〡連戡刡 [5 けげあぁ]

Hidaka, Nitta, RY [2411.05434]



霡匡逢1次嬣礡怡〡產戢嬢〳〷〸〹〺〫渡〡〩〫〸 [Hidaka, Nitta, RY ’24]

〷〸〹〺〫〡崡〶き〶攡 w 〴 nN
k w 2 Z 〰渣〿ぜ〬〽阢ぶ瘡锡锡攡〴洡〱〯

)
=

｡
nnsainn ) 0

• D1 〧〷〸〹〺〫渡〭霡匡逢〭伩甡〮〯 [Choi, et al., ’22]

• 爡琡瘣〭〧そ砡朡渡〳〷〸〹〺〫渡〴〩〫〸ぉ〿丧甤霢〡鄡伡〴

伢うぇぅえ〥椢阢 (= 锣昡锢椢阢) 〵礣くでと〾〽〯〳〽お〲〳

• 戣蠣瘣〭〧〷〸〹〺〫〡崡〶き〶攡
H
@µ�dx

µ = 2⇡w 〴嬧圢〮〯儤〵 TQFT 〡刢鄡锡攡 Z[p] 〰訤笢〮〯

Z[p] =
R
D�Duµ exp

⇣
� i

2⇡

R
S dSµ⌫(p�wµ⌫ � �Fµ⌫ � uµ@⌫�)

⌘

朥严 nN
k w 2 Z 〡爡琡瘣〬愣吥〧Ａ
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砡朡渡〭锡〮〯連戡刡Ａ
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k w 〧砡朡渡两〭產く〯訥尢阡茡〳丬脢〮〯 N

4⇡2

R
r� ·BdV = N

4⇡2 · 2⇡w · 2⇡n
k = nN

k w

• 訥尢阡茡〴刢攡ず〳瘡锡锡攡〴洡〱〯〳〽お〲〳

! 〲〡鄡伡〧ふぱげ〣〸〡鄢嬢匣朥严〵礣くでと〾〽〯びぎ

• 〲〡てお〬〨〩〪〫〡鄡伡〰嬣礡怡〡訪萡〵刣阢〵〶〬〽びＡ = 〨〩〪〭〫锡〮〯連戡刡Ａ

ょびせ〿〲〳: 〩〫〸ぉ〿砡朡渡〳〷〸〹〺〫渡〡礣欣ぜと〿鄡伡〰匡逢〬1次嬣礡怡〰甡〽〾刢頢〵〶〯
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〩〫〸ぉ〿砡朡渡〳〷〸〹〺〫渡〡鄡伡〭锡〮〯連戡刡 (ぷ〡1) [Hidaka, Nitta, RY ’24]

匡逢1次嬣礡怡〵砡朡渡两〡訥尢阡茡〰椤儧〮〯
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攤鄣: 砡朡渡两〡訥尢阡茡〭嬣ぉ〾阡氡瘣ぴぃけ〡氣刡〰甡〽〯

• 砡朡渡 D1(e
2⇡in

k ) びで儧〾ぐ〯阡氡刦紥〰椤儧〵〶〯てお〭匡逢1次嬣礡怡〡產戢嬢 U1(e
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• ぴぃけ〡氣刡〵 U1 〴伡瘡 exp
⇣
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k w

⌘
〰產戢〮〯

產戢ぜと〿伡瘡〭丫嬤怡〴にぶお〯

よせぐぶ〳ぉ〿尢儧

• U1 〰 D1 びで夣ぉ〾漡〮夢弥〭〻〽〾崡〶き〶攡
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@µ�dxµ)
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k w) 〴產戢ぜと〯
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〩〫〸ぉ〿砡朡渡〳〷〸〹〺〫渡〡鄡伡〭锡〮〯連戡刡 (ぷ〡2) [Hidaka, Nitta, RY ’24]

刢攡訥尢阡茡〴に〯〳匡逢〬1次嬣礡怡夢挣〭丫嬤怡〴產く〯
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• ぎぉ產戢ぜと〿伡瘡〭〲〡〹だ〪〭锡〮〯丫嬤怡〴に〯〬でのそ

ぷ〡丫嬤怡〰洡〮〿ほ〭瘡锡锡攡脡伥〴洡〱〯ぺぉ
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〪さざ〦しぅ〨〩〪〫〡連戡刡

匡逢 & 霡匡逢嬣礡怡〰甡〽〾そ〪さざ〦しぅ〨〩〪〭〫嬣〮〯連戡刡〰褥儧ぉ〿
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• 夡中ずせ〿〲〳: 〨〩〪〫两〭產く〯訥尢阡茡〴ふぱげ〣〸〡鄢嬢匣朥严〰渣〿〮びたおび

• 〲〡訥尢阡茡〭锡〮〯朥严〰夡圡瘣嬣礡怡〡連戡刡〳ぉ〾琡褢〵〶〿

• 嬣礡怡〰甡〽〿别瀡: 樢圣〡訦紣〭てで〬〽嬣礡怡〵氥が〯昣逤瘣〬怡谡〳ぉ〾そ

〨〩〪〫〡匡耡〬鄡伡〰刢頢〵〶〿瀡

• ゐ〢〪〫: 〷〸〹〺〫刢圡堢〳砡氡匢椢嬢〭き〽〾ぎ訥尢阡茡〭圤をぐ連戡刡〴弧でとそ

匡耡〬〷〸〹〺〫刢圡堢〡鄡伡〴刣阢ぜと〯
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〷〸〹〺〫阡砡氡嬡〭〻〼〯こ〣ごけ瘡〡伢うぇぅえ〥椢阢〭〻〽〾そ

• 砡朡渡〰霡匡逢1次嬣礡怡〡產戢嬢〭吡嬤ぉ〿

• 霡匡逢嬣礡怡〰甡〽〾そ砡朡渡〳〷〸〹〺〫渡〳〴〩〫〸ぉ〿鄡伡〡匡耡怡〰刢頢ぉ〿

• 〩〫〸〴礣欣ぜと〿鄡伡〧〨〩〪〫两〭ふぱげ〣〸〡鄢嬢匣朥严〰渣〿ぜ〬〽刢攡阡茡〴產く〯〲〳そ

ぷ〡てお〬鄡伡〧 1次嬣礡怡〰甡〽〿連戡刡〵刢頢〵〶〯〲〳〰礢ぉ〿

• 〷〸〹〺〫刢圡堢〳砡氡匢椢嬢〡〩〫〸〭锡ぉ〾ぎそ刢攡阡茡〴產く〯鄡伡〧連戡刡〵礣欣ぜと〯

• 尡木: 嬨嬤〬〩〫〸〰挡き or 挡〿〬〽 UV 樢圣〡伩ぶ攤Ａ朣阢昡锢〵〡〹べづら〥〹ん〫Ａ
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