
Under the spell  
of gauge theory
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Gauge theories

U(N) or SU(N) gauge group 
gauge bosons force carriers 

Matter fields (quarks and leptons)  

Feynman: how to calculate a process perturbatively: 380.jpg (JPEG Image, 291 × 265 pixels) http://www.museumsyndicate.com/images/artists/380.jpg
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Gauge theories

Feynman diagrams
 have taken us very far!

ge
exp. = 2.0023193043617 ± 3

Precision tests of QED

Very important for the search of new physics!
Precision electroweak/pQCD:

ge
th. = 2.00231930436…



A big open problem
Confinement:   

Quarks cannot be isolated in 
Nature, and cannot be directly 

observed.

Millennium Prize Problems  ($1,000,000) 
21st century analogue of Hilbert's problems

2000px-Quark_structure_proton.svg.png (PNG Image, 2000 ... http://upload.wikimedia.org/wikipedia/commons/thumb/9/92...
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Find an analytic proof that  
quantum chromodynamics (QCD) should be confining.

breaking.png (PNG Image, 418 × 487 pixels) http://webarchiv.fz-juelich.de/nic/Publikationen/Broschuere/...

1 of 1 02/10/14 17:24

Cannot be done pertubatively

cmi-1493x484.jpg (JPEG Image, 1493 × 484 pixels) http://www.newton.ac.uk/files/logos/cmi-1493x484.jpg

1 of 1 07/10/14 15:50



Many big open problems
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What is the correct description?
QCD: From quarks and gluons to baryons and mesons?

Superconductivity: Cooper pair: high-TC?

Hall effect: composite fermions

One big question



Emmy Noether
Symmetry        Conservation law

Use the Symmetry to solve the problem.

The more symmetry the easier it 
is to solve the problem.

noether8.jpg (JPEG Image, 510 × 600 pixels) http://www.mathematik.uni-wuerzburg.de/Noether/noether8.jpg

1 of 1 02/10/14 15:02Gauge theories are very hard to understand: 
Let’s add Supersymmetry.

boson         fermion
6
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Adding supersymmetry

Help understanding 
and solving the problem



Supersymmetric Gauge theories in 4D

Less susy more
realistic

More susy easier 
to calculate

The real world

No matter fields are allowed! Only “gluons”!
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Super Yang-Mills (SYM)

Conformal: λ ≠ λ(E) !
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Plan of attack

  Add more symmetry: supersymmetry! 

  N=4     SYM  is the harmonic oscillator of our century! 

 Remove supersymmetry (more realistic theories). 

Understand non-perturbative phenomena
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Before my 
time
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Can we uniquely fix the dynamics of QFT  
by using only symmetry plus general principles?

Symmetry alone

1960’s

 1970's and 1980’s 

  S-matrix approach 

The Conformal Bootstrap!
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The Conformal Bootstrap

  Conformal symmetry  =  the scale doesn’t matter!

 Infinite set of consistency relations

For conformal theories by using symmetry plus 
general principles we can derive an

λ ≠ λ(E) 
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Symmetry alone

1960’s

 1970's and 1980’s 

Great success!

  S-matrix approach 

The Conformal Bootstrap!

 Exactly solve 2D theories with Conformal symmetry.

Can we uniquely fix the dynamics of QFT  
by using only symmetry plus general principles?
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Did success stop only in 2D?

Supersymmetry + EM duality

What about 4D?
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maps to itself

small fluctuations x           large fluctuations p

1D

2D

elementary field           soliton solution 
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Electromagnetic Duality
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Electromagnetic Duality
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Electromagnetic Duality

Where are the magnetic monopoles?

The magnetic monopoles are solitons!
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Electromagnetic Duality

Together with supersymmetry it becomes powerful!

Weak - strong coupling duality!

The elementary particles of A are 
magnetic monopoles of B

We can use it to solve for the low energy spectrum
of theories with              and              supersymmetry!

Theory A with coupling constant g 
is equivalent to 

Theory B with coupling constant 1/g

[Seiberg,Witten1994]

[Montonen,Olive1977]
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Electromagnetic Duality
EM duality plus                 supersymmetry: phase structure of SQCD 

[Seiberg 1994]

For QCD 
a lot of 

guesswork
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More can be done!

Yet another duality!



AdS/CFT correspondence

The 4D    N=4   SYM   =  10D string theory on

A relation: Gravity theories in d+1 and gauge theories d-dimensions.

• Confinement 
• Chiral symmetry breaking

Effective tension

Orbifolds of N = 4 SYM are well known [Kachru, Silverstein, 1998],
[Lawrence, Nekrasov, Vafa, 1998]

Âr�1 quiver gauge theories are dual to AdS5 ⇥ S5/Zr

Vladimir Mitev 18th July 2014 7 / 38

Use weakly coupled gravity: strongly coupled gauge theory.
A duality:  

[’t Hooft 1993, Susskind 1995]

[Maldacena 1998]
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Elli Pomoni Integrability and Exact E↵ective Couplings
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Holographic models: strong coupling regime: geometry
• Ultrahot QuarkQluonPlasma/ Ultracold atoms 
• Applications of Condensed matter systems

AdS5 S5



Before the AdS/CFT
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QCD Then…

⌘

s
⇠ 1

g4YM log g�1
YM

“Transport Coefficients in High Temperature Gauge Theories…”, !
Arnold, Moore, and Yaffe (2000)

What one might have thought:  The viscosity will be!
an important parameter in hydrodynamic modeling of data!
from heavy ion collisions.  In fact, maybe hydro won’t work.

No real way to get at this number from !
lattice gauge theory or integrable systems.

(also earlier work by Baym, Monien, Pethick, Ravenhall, Heiselberg)

Transport coefficients in high 
temperature gauge theories

After the AdS/CFT

The shear viscosity of strongly coupled 

 N=4     supersymmetric Yang-Mills plasma 

… and Now

“The shear viscosity of strongly coupled N=4 supersymmetric Yang-Mills 
plasma”, Policastro, Son, Starinets (2001)!

⌘

s
=

1

4⇡

In fact, the viscosity turned out to be a small effect in !
(successful) hydro modeling of heavy ion collisions !
(Romatschke and Luzum (2008)).

Took a while to divide by s, to appreciate that the number was !
small, to see that the result was a universal feature of field theories !
dual to Einstein gravity. 

Small viscosity: hydrodynamic modeling of data from heavy ion collisions.
 In fact, maybe hydro won’t work. 

AdS/CFT

AdS/CFT today

AdS/CMT

AdS/QCD

AdS/QI

fluid/gravity

black holes
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Wilson Loop
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qq
_

Measures the strength of the 
interaction between quark - antiquark

With AdS/CFT can be computed via the 
area of the string world sheet!

Brief Article

The Author

March 25, 2018
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Modern 
developments



Exact results

Exact results for many observables 

Integrability
Localization
4D/2D relations

due to:
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 Trying to check the AdS/CFT correspondence for   N=4    SYM
 Search for gravity duals for more realistic theories (less supersymmetry)

[EP PhD]
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Integrability

Powerful integrability toolkit

• Exactly: all energies of all states for any coupling!

Integrability now is applied to other observables.

arxiv:1012.3982, AEI-2010-175
CERN-PH-TH/2010-306, HU-EP-10/87
HU-MATH-2010-22, kcl-mth-10-10

UMTG-270, UUITP-41/10
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N=4     SYM is integrable in the planar limit for any coupling
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Perturbation theory: mapped to an integrable spin chain 

Strong coupling: integrable 2D theory on the string world-sheet



Relative renormalization:

A long list of Observables in                theories is obtained  
from their    N=4  counterparts by replacing:

Novel regularization

Regularization prescription for N = 2 theories
Subtract from a given N = 2 diagram the
N = 4 diagram with the same external states

Diagrams different from the N = 4 ones) make hypermultiplet
loops and then let fields from the other vector multiplets propagate
inside

[Pomoni, Sieg, 2011], [Pomoni, 2013]

Vladimir Mitev 18th July 2014 14 / 38
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Gauge symmetry is important: not supersymmetry!Lesson:
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[Carstensen,EP]
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Removing supersymmetry
[EP 2013]

[Mitev,EP]



Localization

The path integral localizes to an ordinary integral
(Cancelations due to supersymmetry)

We can do an ordinary integral. 
Compute the path integral exactly. 

For any value of the coupling constant. 

Pestun Localization:

ZS4 =

Z
[D�] e�S[�] =

Z
da |Z(a)|2

a = h�i
✏1,2 = r

�1 omega deformation parameters serve as an IR regulator

logZHol(a) ⇠ �r

2F(a)

• The UV divergences on the sphere are the same as those on
R4.

The circular wilson loop can be computed

W (g) = Z

�1
S4

Z
da e

� a2

g2
YM |Z(a, r)|2

and is given by a matrix model calculation.
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4D/2D relations

Study how different observables transform under EM duality.

Discover that this is the same as the bootstrap equation of a 2D theory.
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Breakthrough for theories with                 supersymmetry

4D observable  =  2D observable

[Alday,Gaiotto,Tachikawa 2009] [Gadde,EP,Rastelli,Razamat 2009]



Developing a method for finding such relations. 

Can we have 4D/2D relations for                theories?

4D observable  =  2D observable

  2D symmetry algebra and representations 

  Exact results for              (instantons) 

  More observables 
31

Removing supersymmetry

[Coman,EP,Taki,Yagi 2015]
[Mitev,EP 2017]

[Bourton, EP 2017]
[work in progress]
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  Add more symmetry: supersymmetry! 

  N=4     SYM  is the harmonic oscillator of our century! 

 Remove supersymmetry (more realistic theories). 

Understand non-perturbative phenomena
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Vision for the future

                                 Exact results for              SQCD. 

   Exact results at finite temperature?  

   No supersymmetry?  With the bootstrap! 

  Quantum gravity?  Gauge theory provides a reformulation of QG! 
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N=4 SYM

Real world QCD

Vielen Dank für Ihre 
Aufmerksamkeit!
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64 David Simmons-Du�n

Monte Carlo
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Fig. 30. Bound on (�� ,�✏) in a unitary 3d CFT with a Z
2

symmetry and two relevant
scalars �, ✏ with Z

2

charges �,+. The bound comes from studying crossing symmetry
of h����i, h��✏✏i, h✏✏✏✏i, and is computed with ⇤ = 43 using SDPB. The allowed region
is the blue sliver. The dashed rectangle shows the 68% confidence region for the current
best Monte Carlo determinations.

Other open questions include the following:

• How do the bounds behave in the limit ⇤ ! 1? Does the Ising island
shrink to a point, still using a finite number of correlation functions, or
must we study larger systems of crossing equations?

• How does one e�ciently compute higher operator dimensions and OPE
coe�cients? The extremal functional method [56, 65, 94] is one way,
but it is hard to estimate the associated errors.

• Can the requirement of unitarity be relaxed? Gliozzi’s method of de-
terminants [95] has shown success analyzing the crossing equation in
nonunitary theories and other situations where positivity is not obvi-
ously present [96–98]. Can it be made rigorous?

• What information is hidden in correlators of higher-spin operators like
stress tensors?

• What can we prove analytically about the crossing equations? Progress
has been made in certain limits, for example large-N [99], large dimen-
sion [38], large spin [46, 51–53], and combinations thereof [100–102].
Another approach is to study the implications of slightly broken sym-

Back to the Bootstrap

Solution of the 3D Ising model!

What about QCD?

Can we only by using symmetry plus general principles  
uniquely fix the dynamics of QFT?

 Exactly solved 2D theories1980’s 

2014 

In 4D only with supersymmetry for now!

Great success!

[work in progress]

[El-Showk et al 2014]


