
ʺ♠ṪἛ Integrability 
toward Non -perturbative physics

Ἐҿ╥ ́ᵑ Е‡Ἄ

2014-05-21 ⁷Ἕҍ

╪ ⁴▫ҍ ̪ ᶹᵙ ̓
Ό ᵝ

1



ŗNonŘ in Physics

Non-linear

Non-Fermi

Non-Gaussian

Non-perturbative

ŏ
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Å̆♣⁵ ╪Ϯ ‚▫⁵ ́╥ ⇔ҿ╙ ͙ὥ Ѥ Ḍ ὡ

֞Ѥ ⁷ụ▫ʺ ẋ̪♠ ʼѾ )Ṩל ) Ω⁄ ▬╘ Ṩʺ

╙ Ѥ ˿↕ ╪˦╙ ♣▫( )ʺ ♬ Ѥ ⇔ҿ⁄

▬╘ ‡︠╙ ʺ Ѥ ˦╖ᴛ ʼל ⁴ Ἐҿ╪̆ג ̆, 

╪˦╙ ѻᴴѤ ╪ᴝ╙ Ἐҿᴝ╪ג ѻ. ╪ ╪ᴝ╘ ▬╘

∟╬╖ᴛṨ ▬╘ ˺̓ʺ ₉ỮӇѤ ᶛӧ ́ ⁄ ♠↔Ӈ

ḃᴛ Ḣ♬ᾏ ▫ ╥ Ἐҿ Ω⁄ ˿Ⱡ⁄ ▓‡Ἄ╥ תּͥ˦͎

⁴ δ Д╘ Ḹ─⁄ ˢ Ἄ ͐Ợ♠( )╬ ⅝ל

ὡѾ╙ ̆ל ▓ѻ.                ŕЛ╪Ḳ ♣ᾏỢתּ
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Ἐҿ [ perturbation , ]
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(₉) ‚▫⁵

ÅἘҿ⁄ ╥ ⁄Ўּרת─╥ ṉ

Åṉὡʃ
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Taylor expansion

Valid if 

Invalid if 

Need many terms if 
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Ἐҿ╪ᴝ╥ Ἓ̑

ÅἘҿ╪ᴝ╘ ᵰ↕ ᵤ╘ Ữө⁄ ♠↔ʺѫ

Å20Ἕ͙ ḙ╥ ╪ᴝᶹᵙ ╘ ҍṨṪ Ἐҿ╪ᴝ
⁄ ͙ḙ

ÅFeynman diagram

Å(₉) ♣▫͙ Ữ ▬↔
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♣▫╥ ▫͙ᶛᶋ

Åg-factor

ïDirac Ḣ♬ᾏ

ïᾒ : 
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Penning Trap
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‚▫ҿ⁵ (Quantum Electrodynamics)

ÅQED: ‚▫⁵ +♣▫͙ (Feynman,ŏ)
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Measured by Qauntum Hall Effect

1ⱳṪ╥ 1
╥ ♬ ҵ
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╬ᵆʺ ᵣӧ ╪ᴝө אַ ᾒ ̓ ʺ◑ ♬Ḍ ˭ ╬
ӈ ╪ᴝ



Fundamental Forces in Nature

Å♣▫͙ᴏ

ï╞︡ᶹᵙ́

ï‚▫♣͙ҿ⁵ (QED)

Å–ᴏ

ï░▫ᶹᵙ ╥ ᶛר

ï♣▫͙ᴏ ♬ҵᴛ Ữ ▬↔╪ ▬╛

Åַאᴏ

ï♣▫͙ᴏṒѻ җ –

Å̂ ᴏ
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ˆᴏ (QCD)

Å‚Ἓ▫Ό өʼ╥ Ữ ▬↔╘ ᵰ↕ –
ïAsymptotic freedom (2004Ц Nobel ᶹᵙ Ữ)

˞ᵙʺ ᵰ↕ ʺͬ˞Ϯ ⁄Ўּתʺ ᵰ↕ ˿↕

ïˆᴏҵ Ἐҿ╖ᴛ ἒᶘ ʺѫ

Å ө Ợ╪ʺ ᶁ‡ּתᶔ Ữ ▬↔╪ ˆ ⱨἌ
Ἐҿ́ụ Ṭʺѫ
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Ἐҿ╪ᴝ╖ᴛ Ṫ ʺ?

No!
Ἐҿ╪ᴝ╪ ♠↔Ӈּת ΏѤ

ᵤ╘ Ữө╪ Ⱶ◓
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◓͋˶ (Renormalization)
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rr
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Perturbative ₅⁵Nonperturbative
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♣▫͙ᴏ(QED)
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╪ᴝ╪ ᾒ ╙ ἒ
ᶘ ὡ ′Ѥ ₅⁵

Nonperturbative

Asymptotic free

ˆᴏ(QCD)

2014-05-21 ⁷Ἕҍ

Need infinite terms
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◓͋˶ ̱(Renormalization group) 

Scale invariance

QCD

QED
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╞︡ᶹֿ́פ╥ ♣▫͙ᴏ

Fermi liquid

ˆỮ́̕
Strongly correlated electron system

Non-Fermi liquid
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ẋἘҿ╪ᴝ

Åᵰ↕ ϱ ᶷⱠ

Å┬▀ Ḣḹ╘ EXACT SOLUTION

Å̋ ♠ṪἛ (INTEGRABILITY)

SYMMETRY Ą exact solution
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ʺ♠Ṫ ᶛ

Åʃ ˌ╥ ṒⱵ♣ ө╙ ˇѤ Ṋ ╪ᴝᶛ
ï(cf)  ὡἵ∟▫: 3 ∟ ♣ҍ Ἓ su(2)

Åѻ‚ ὡ ♠ ҍ Ἓ

Å͙ ὥ╥ ḛ♣╖ᴛ ᾒ ⁄Ἄ ѫʺשּ░

Å2 ∟ ᾎ̑ʼ⁄Ἄ ♬╥Ӈּתᵣ 4 ∟ ᾎ̑ʼ╥
ᶹᵙ Ữ⁄ ♠↔ʺѫ
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ҍ Ἓ Symmetry

Åʋ ᵙ ▫ө╪ ▫⁷╙ ṒѤ ḋ╛

Å(₉) ג ╥ ₰♣ҵ

2014-05-21 ⁷Ἕҍ 19



ӎʺּת ẋἘҿ/ҍ Ἓ╥ ₉ө

1. ♇ ∟ ╞︡ᶹᵙ́

2. 4 ∟ ᴝ╪תּ╪˭ / 10 ∟ Ϝ
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2D Ising model
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▐́♩

Onsager (1944)

Can we solve 
for ?     

Partition function 
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S- ᴑ
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Åʃ ˌ╥ ṒⱵ♣ Ą ₰♣ Ἓụה ᴑ

ÅS- ᴑᴛṨ ♬ ᶹᵙװ ́ụʺѫ
̑ʼ

ᾎʼ
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ÅPole of S Ą bound state [ ̯ἶ░▫]

ï(ex) ‚▫⁵ ╥ delta ὡ ἂ

ï̯ ἶ energy:

ïScattering amplitudes: ( E>0)

Griffiths pp.73 -74
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Pole at 



Bootstrap
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