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Very diverse audience
Physics

A ¢ Astrophysics (astro-ph new, recent, find)
includes: Astrophysics of Galaxies; Cosmology and Nongalactic Astrophysics; Earth and Planetary

Astrophysics; High Energy Astrophysical Phenomena; Instrumentation and Methods for Astrophysics;
Solar and Stellar Astrophysics

e General Relativity and Quantum Cosmology (gr-qc new, recent, find)
e High Energy Physics - Experiment (hep-ex new, recent, find)
e High Energy Physics - Lattice (hep-lat new, recent, find)
v ¢ High Energy Physics - Phenomenology (hep-ph new, recent, find)
A\ ¢ High Energy Physics - Theory (hep-th new, recent, find)
e Mathematical Physics (math-ph new, recent, find)
¢ Nonlinear Sciences (nlin new, recent, find)

includes: Adaptation and Self-Organizing Systems; Cellular Automata and Lattice Gases; Chaotic
v Dynamics; Exactly Solvable and Integrable Systems; Pattern Formation and Solitons
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- Numerical - Abstract

- Physical - Unphysical
- Rigorous
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Goal

Can we find physical quantities from coupling constant?

F'(g)

* not so successful except perturbations
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(Ex) magnetic moment of electron

« Anomalous moment:
. — 2
—Exp.: o, =7 S~ =0.001 159 652 180 85(76)

— Should be determined by coupling constant

ae = F'(«)

e2 1
o = —
4dmeghc 137.035 999 074(44)




 Mag. Moment confirmed by perturbation theory
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non-perturbative methods so far

« Classical: (ex) monopole, instanton
* Trivial theories: (ex) g=0 or infinity
* Trivial quantities: (ex) BPS
 Qualitative: (ex) holography

* Non-dynamical: (ex) localization



Real Non-perturbative theory?
* Very difficult

* Only way is EXACT SOLUTION

 INTEGRABILITY
SYMMETRY - exact solution

S-matrix approach
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S-matrix bootstrap

* Infinite charges—> completely elastic scattering

_ A
time

S(p1,p2) —----

>
space

* S-matrix enables exact computations of certain
physical quantities
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* Pole of S - bound state
* (ex) delta-function potential in QM

ARL ALY Afb
\M >
\ V = —adé(x)
ma? e i
— Bound state energy: = T Griffiths pp.73-74
— Scattering amplitudes: (£>0)
_ip i _ma
r(p)—l_w, t(p)_l_w, 5_ﬁp
Pole at p:i% _____ >E:_7721T0422
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S-matrix Bootstrap
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(ex) 2d Ising model with magnetic field
» S-matrices by Zamolodchikov (1988)

* Mass spectrum from poles of S-matrices

— (4.40490857...)|B|>/13 7 :
my = ( a )| Bl ’ Perron-Frobenius vector
m2 et 2?7’2,]_ COSs g ——————— > \/g + !

5 of Cartan matrix

T
m3 = 2mq COS 30’ Golden ratio

T Tm Eg Lie algebra

mg4 = 4mq COS — COS —,
4 1X2>5 30

T 2T -
mg = 4mq COS — COS ——,

5 15

T T
meg = 4mq COS — COS —,

5 30

s s I
m7 = 8m7 COS — COS — COS —,
5 5 30
s T 21
mg = 8mq COS — COS — COS —
5 5 15

—
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(A and B) Energy scans at the zone center at 4.5 and 5 T observing two peaks, m1 and m2,
at low energies.

n
o

—_
(¢)]
|

—_
o
1

o
3y

k=(3.6(1),0,0)

o©
o

golden ratio D

Intensity (arb units)
w
il

2.0

0.0E , : , ,
0.5 1.0 1.5 2.0
Energy (meV)

E 1 m F
E "
2 2 2m
E I— = \1 UCJ

1 =g
|3 4 A~ == e
| LA
0 T Ao .
1 2 3 4 5 0 k 0 k
Energy/m;

R Coldea et al. Science 2010;327:177-180

IBS-KIAS workshop, High 1 Resort



AdS / CFT duality



Space with negative curvature

* Anti-de Sitter (AdS) space
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AdS space
* Inside: 5 dim AdS; space

=

time

* Boundary: 4 dim space-time
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Holography principle

* Hologram

* Holography principle
— String theory on AdS space = gauge theory on the
boundary space-time

— Quantum gravity effect <—-> gauge interaction
1 A
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AdS/CFT conjecture (Maldacena)
* String

* 4 dim super Yang-Mills theory
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Gauge theory

* Electromagnetism (Abelian gauge theory)

1 1
L = o L FHY = > (E2 _ Bz) Fuy = 0,A, — 0yA,

* Yang-Mills (non-Abelian gauge) theory:
Ay = N¢e X Ne Matrix

Fuy — (9luAy — ayAlu + l.g[Alu, Ay]

L=y e[Fr] =5 3 (57 -7

a
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Supersymmetric Yang-Mills theory

* Supersymmetry

— Scalar boson, fermion, gauge boson

I G 2 I U
Spin 0 Spin 1/2 Spin 1

—N=4SYM 4,20, a=1,.. 4j=1,.6
5= [l -1R2 4 (092 + [0, 00 + 4 T D
= X3 =2 Fiiy + (Dy®) + 0% | + gDy — Lol x]
SYM t
V

— RG fixed point: scale invariance
[ 6N, 8N,

11 1 | ~
?NC_EZCi_ggcj :O
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AdS/CFT duality

Energy of string = Dimension of SYM

“ O(x) = Tr | XYZFux* (DY) .. |
| ) 1
v (O(x)0(0)) = @

Need non-perturbation
A= g%MNC = 82

50
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Symmetry

|

S-matrix

|

Physical Quantities



S-matrix
« SYM : scattering of fields on the spin chain
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« Symmetry : 4d conformal group psu(2,2|4)

* From symmetry to S-matrix

I,.b b
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e §:16 x 16 matrix

(ab)(aB) (aB)(ab)

N
S
=
S
=
S
=1 0O
S
A, Sgg:D,
1 pa ]
SA=B), Shi=2A+B).
| Ba 1
E(D—E), Saﬁ—i(D-f'E),
1 1
G, sv9-py, seolg  sea_p

- _
A = sy timm
X3 = x| i
- + - + - + — +
B = -§y|2—1 () = XD0G = X)X
Xy =Xy (x] =) xy —x7x3) | il
c - 2ix7 x5 (X7 = X Do
B X7 () = x3)(1 = x7x5) ’ -0
v o sl 2(x1_ — x5 = x3)(x] +x3)
ST s - |
oo s BT XD0S - — )
(x] = x3)(1 = X7 )i
(x5 = x7) (xF = x3)
(x5 —x)M (x] = x3)7i2
I Rl =
K = So———==. L=So——F~
(x] —x3)M (x] = x3)i12
Nl = 77(]71)6“)2/2, Ny = 77(1?2) , 7“7‘1 — 77(171) , ﬁ2 — n(p2)ez'p1/2
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beta-deformed SYM

Vg = [e™PZX - e XZ| +e XY - Y X| ey Z - 7Y

* N=1 super-CFT

* Dual to string theory on Lunin-Maldacena
background AdSs X S g
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S-matrix
| CA-Bajnok-Bombardelli-Nepomechie (2010a)]

* Drinfeld-twist by a constant matrix

Sp(p1,p2) = Fp - S(p1,p2) - Fp
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Y-system

InYy,pr = sk[In(1 + Yy prep) + In(1+ Yy )]sk [In1 + vk 0+ I+ vyt )l

AN

S0 .

dp

Az—oo —1log(1 4+ Yy o) = A(g)
N§1/27T N,0 g
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4-Loop su(2) Konishi

[Fiamberti, Santambrogio, Sieg, Zanon (2008)]

N=1 supergraphs
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Results from Y-system
[CA-Bajnok-Bombardelli-Nepomechie (2010b)]

~ dq  4Lg2L F. 1 1 (ji)(11)
- Z /oozw Q%+ ¢2)F Z( D700 [$190(g p)&D a, - )](jj')(ll)
After residue integrals 00 f2
Y = Q3 + f3(Q)
; - 2560(1 + 2u? + 2u3)? Q=1
1 (4u2 + 1)2(4u2 + 1)2
num
fa =

(4u? + 1)*(4u3 + 1)4

num = 2048 (-1 + 5uf + 48uf 4 96uf — 2uyup — 16ufun — 32uFus + 5us + 224ufu

+ 1024ufu3 + 1536ufu3 + 768ufu3 — 16uiu3 — 128uju3 + 64uf
— 256uju3 + 48ud + 1024uFud + 3200uiud + 2560ufud — 32uiu3
- 256u1u2 — 512u ug —+ 96ug + 1536u%u8 + 2560ui"ug —+ 64u§ + 768u%ug>

_ (1-36)°

fa = 1775 terms 41,2 = 5 5 3130
2/~14+96% (3V1- 822, /33)
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But the sum can be done by maple
At four loop 1t match with Feynman diagrams

No five loop yet
But S-matrix gives EXACT formula!
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 Exact solution

FT I I I I I I T
I e ]
10 —_ -
ol String computation
I Dy = 22441994 3714 0 (A7)
s .
7k :
6| :
5L Dp, i = 24 12X — 4832 4 336X% 4 96 (—26 + 6¢(3) — 15¢(5)) A\* l
I ~96 (—158 —72¢(3) 4 54¢(3)2 + 90¢(5) — 315((7)) A 4+0 <A6> I
43 Gauge theory computation
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Conclusion

perturbation

Non-perturbation

Rigorous, analytic understanding based on
integrability is at the core of non-perturbative
phenomena
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Thank you
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