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“Non” in Physics 

        Non-linear 
        Non-Fermi 
        Non-Gaussian 
        Non-perturbative 
        … 

17. 4. 1. Postech 2 



17. 4. 1. Postech 

Perturbation , 攝動 
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(ex) Quantum Mechanics 
•  Energy level corrections by perturbation 

•  Valid only when λ is small enough 
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Taylor expansion 

Valid if  

Invalid if  

Need many terms if  
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Successes 
•  Perturbations are applied to many systems 

•  Successes of physics in the 20 century are all 
based on perturbation 

•  Feynman diagram 

•  (ex) Quantum Electrodynamics 
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Magnetic moment of electron 
•  Lande g-factor 

– Dirac Eq. 

– Exp.:  
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Penning Trap 
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the most accurately verified prediction in the history of physics 

•  QED perturbation theory 
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Measured by Qauntum Hall Effect 

Precision up to 
12th digit 
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Fundamental Forces in Nature 
•  Electromagnetic Interaction 

– Condensed matter systems 
– Quantum Electrodynamics (QED) 

•  Weak Interaction 
– Standard model of elementary particle physics 
–  Interactions are small 

•  Gravity 
– Even weaker than the weak interaction 

•  Strong interaction 
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Strong Force (QCD) 
•  Quarks inside proton interacts very weakly 

–  Asymptotic freedom (2004 Nobel prize in physics) 
    when very close or high energy 

•  Even strong interaction is perturbative! 
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So, Perturbation is enough? 

 
No! 

There are many phenomena which are  
Non-perturbative 
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Renormalization 
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r r 
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Perturbative domain Nonperturbative 
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QED 
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Nonperturbative 

Asymptotic free 

QCD 
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Need infinite terms 
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Renormalization group  

Scale invariance 

QCD 

QED 
Wilson-Fisher 
Fixed point 
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Condensed matter system 
•  Landau: metals as fermi gas with perturbation  

(Fermi liquid) 

 
•  Many interesting phenomena: Luttinger liquid, 

Mott transitions, etc show non-Fermi liquid 

•  Strongly correlated electron systems 
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Non-perturbative methods so far 

Postech 

•  Classical: (ex) monopole, instanton 

•  Trivial theories: (ex) g=0 or infinity 

•  Trivial quantities: (ex) BPS 

•  Qualitative: (ex) holography 
 
•  Non-dynamical: (ex) localization 
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Real non-perturbative method 

•  Only way is EXACT SOLUTION 

•  INTEGRABILITY 
SYMMETRY à exact solution 
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Integrable models 
•  Special models with infinite conserved charges 

•  Possible only in one dimensional space 

•  Experimental technics can now realize these 

•  Applicable to even 3 dimensional space 
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Examples 

1.  Low dimensional condensed  
     matter systems 
 
2. Gravity / Gauge or AdS/CFT  
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2D Ising model 
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RG Fixed point 

Onsager (1944) 

Can we solve for            ?      

Partition function  
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S-matrix 
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•  Infinite chargesà completely elastic scattering 

•  S-matrix enables exact computations of certain
physical quantities 

space 

time 
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•  Pole of S à bound state  
•  (ex) delta-function potential in QM 

– Bound state energy: 

– Scattering amplitudes: (E>0) 

 

Griffiths pp.73-74 

Pole at  
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Bootstrap 
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Exact results 
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•  S-matrices by Zamolodchikov (1988) 

•  Mass spectrum from poles of S-matrices 

 
 

Perron-Frobenius vector  
of  Cartan matrix 

Golden ratio 
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•  2D Ising model = 1D Ising spin chain 

•  Material:   CoNb2O6   

Experimental evidence of E8 
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Critical Ising model 
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R Coldea et al. Science 2010;327:177-180 
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(A) Cartoon of a neutron spin-flip scattering that creates a pair of independently propagating 
kinks in a ferromagnetically ordered chain. 

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

17. 4. 1. Postech 28 



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

R Coldea et al. Science 2010;327:177-180 
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AdS / CFT duality 
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Quantum gravity 
•  Planck scale 

•  Need to quantize gravity 

•  String theory: a rubber band with Planck size 

•  Only possible in 10-dimensions 
–  6 of them are curled up in very small size 
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Space with negative curvature 

•  Anti-de Sitter (AdS) space 
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AdS space 
•  Inside: 5 dim AdS5 space 

•  Boundary: 4 dim space-time 
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time 

3 dim space 
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Holography principle 
•  Hologram 

•  Holography principle 
– String theory on AdS space = gauge theory on the 

boundary space-time 
– Quantum gravity effect    ßà  gauge interaction 
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AdS/CFT conjecture (Maldacena) 
•  String theory on AdS5 x S5 

•  4 dim super Yang-Mills theory 
– Scale-invariant theory 
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•  Electromagnetism (Abelian gauge theory) 

 
•  Yang-Mills (non-Abelian gauge) theory: 

Gauge theory 



•  Supersymmetry  
– Scalar boson, fermion, gauge boson 

– N=4 SYM 

– RG fixed point: scale invariance 
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Spin 0 Spin 1 Spin 1/2 

Supersymmetric Yang-Mills theory 
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AdS/CFT duality 
 

Energy of string = Dimension of SYM 
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Computable for large λ Need non-perturbation 
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4-Loop su(2) Konishi 

 

Postech 17. 4. 1. 40 
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Wrapping diagrams 
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Wrapping diagrams 



•  Wrapping diagrams 

•  Higher order perturbations are not realistic 

•  Need to solve exactly 
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S-matrix 
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Symmetry 

Asymptotic Bethe ansatz Wrapping corrections 



S-matrix 

•  SYM  : scattering of fields on the spin chain 

•  String side : scattering on the world sheet 
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•  Symmetry : 4d conformal group psu(2,2|4) 

•  From symmetry to S-matrix 
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•  S : 16 x 16 matrix 

 

Postech 

0

0
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•  Periodic BC 

– At each crossing, S-matrix 

– Formulae for exact dimension can be derived 
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su(2) Konishi 

•  BAE :  

 
(cf) 
 

•  Discrepancy 
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Why discrepancy? 

•  Because S-matrix is valid only for infinite-size 

•  Asymptotic Bethe ansatz is valid for infinite length 

•  Finite-size: Wrapping effects 
 
•  Need “finite-size” methods based on S-matrix 

– Luscher correction 
– Thermodynamic Bethe ansatz /  Y-system / NLIE 
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TBA	
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Results from TBA / Luscher formula 
For the su(2) Konishi      [Bajnok, Janik (2008)] 
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L=4 

Residue integrals 

Sum 
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Match exactly! 
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beta-deformed SYM  

•  N=1 super-CFT 

•  Dual to string theory on  Lunin-Maldacena  
    background 
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4-Loop su(2) Konishi 
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 [Fiamberti, Santambrogio, Sieg, Zanon (2008)]  
N=1 supergraphs 
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Wrapping diagrams 
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S-matrix 
[CA-Bajnok-Bombardelli-Nepomechie (2010a)] 

 
•  Drinfeld-twist by a constant matrix 

•  Derived asymptotic BAE from PBC 
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Beisert-Roiban BAE (2006) 
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su(2) Konishi 

•  BAE :  
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•  Discrepancy 

•  Need to be explained by TBA/Luscher based on the 
S-matrix 
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Results from TBA / Luscher formula 
[CA-Bajnok-Bombardelli-Nepomechie (2010b)] 
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After residue integrals 
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8 more pages like this 

17. 4. 1. 63 



Postech 

•  After sum, we get exactly the discrepancy 
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•  Exact	solution 

Gubser 
Klebanov 
Polyakov 
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String computation 

Gauge theory computation 
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21st century is an era of  
non-perturbative physics 

Conclusion 

perturbation 

Non-perturbation 
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