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"‘Remember the spirits that you started with”
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Galileo

“"The Universe Is written in the
language of mathematics”



-+ except this 1s sometimes not obvious!
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Non-Abelian gauge theory 1954
(Yang & Mills, also Shaw, Utiyama)




-+ except this 1Is sometimes not obvious!

Non-Abelian gauge theory 1954  Conversation with Jim Simons
(Yang & Mills, also Shaw, Utiyama) late 60’s - early 70’s

[he Topology
of Fibre Bundles

Steenrod’s textbook 1951



-+ except this Is sometimes not obvious!

Non-Abelian gauge theory 1954  Conversation with Jim Simons
(Yang & Mills, also Shaw, Utiyama) late 60’s - early 70’s

connections on fiber bundles

PRINCETON LANOMARKS
IN MATHEMATICS

... we are concerned with the necessary
concepts to describe the physics of gauge
theories. It is remarkable that these e Tl
concepts have already been studied as =IORYy
: of Fibre Bundles
mathematical constructs.

Tai Tsun Wu and Chen Ning Yang (1975) Steenrod’s textbook 19517




Abellan gauge theory goes back to
eleCtromagnetiSm -+ but only as a "tool”
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Yang-Mills theory: non-Abelian gauge group
physicists “catching up”
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Higgs mechanism and confinement helps
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Topological Sectors: Instantons  Belavin-Polyakov-Schwarz-Tyupkin 75
also Atiyah-Hitchin-Singer 77 78
Atiyah-Drinfeld-Hitchin-Manin 78

localized both in space and time

Topological charge: instanton number
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cf. Chern-Weil theory for characteristic classes



Different topological sectors weighted by the 6-angle

Callan-Dashen-Gross ‘76



2. Revisiting 6 -vacua
of Yang-Mills Theories



Unsolved Problems
Discussed loday



Consider 4d SU(N) pure YM theory w/ 6 -angle
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Instanton Analysis t Hooft 76
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I_a rge N 't Hooft '73,--+, Witten ‘80
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Expectation for large but finite N

Based on several papers by MY and collaborators




Expectation for large but finite N
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Small N 7
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Small N 7?2
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Small N 7
cf. Gaiotto-Kapustin-
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4d vs. 2d

MY + Yonekura, MY ‘17

4 4 SU () pure YM (£ center sym.
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4d vs. 2d

MY + Yonekura, MY ‘17

4 4 SU () pure YM (£ center sym.
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Summarizing---
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Computer Simulations




-+ reguires computational resources
(and several years of my research timel)

Oakforest-PACS in Kashiwa Cygnus in Tsukuba




“Just do It” on the lattice”? However---
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"Just do it” on the lattice”? However:--
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expansion around 6 =0

Kitano-Yamada-MY ‘20
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] Livst deter mination
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Kitano-Yamada-Matsudo-MY 21

Su bVOI ume MethOd \ cf. Keith-Hynes & Thacker '08

for 2d CPAT model
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Kitano-Yamada-Matsudo-MY 21
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Kitano-Yamada-Matsudo-MY 21
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Summarizing--:
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Stay Tuned!
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3. Axions “In the sky™?

dark
energy
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Theoretical Elegance of Axions
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Tensor-to-scalar ratio (ro.00z2)
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Expected potential for pure YM
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Nomura-Watari-MY 17
“Pure Natural Inflation”
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Nomura-Watari-MY 17
“Pure Natural Inflation”
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Linite, number (N) metastable brondieg
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UV versus IR”
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UV dependence Is a feature, not a bug
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In string theory ?
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Summary
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IPMU 2050 as a Utopia for
Physics and Mathematics of the Universe
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