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Outline
● Idea of holographic duality (few words)
● Nonperturbative classification of defects in QCD
● New developments for QCD phase diagram
● New phenomena in magnetic and electric  fields
● QGP via holography and transport phenomena
● «Perturbative» calculations (N=4 SYM)
● Baryons 
● Light-Cone  Holography
● QCD versus Condensed matter via holography



  

Holographic duality  - the great 
synthesis. Result of 30 years of 

developments

● String theory and D- branes
● Black Hole Holography- Area versus Entropy
● Brane World paradygm and Higher dimensions
● RG scale as 5-th coordinate
● Zoo of Dualities, stringy and field theoretic ones
● Brane democracy- different observers
● Quantum mathematics — proper language 
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 The idea of holography - to use a probe to 
understand the  structure of  a complicated object.

  Rutherford experiment

 

                  

    



  

Two models are distinguished by the scattering
                 of the probe - Rutherrford

Holography;  our 4d Universe as atom and closed
 string as alpha- particle. Problem  to be solved - 
select the correct  model of our world, looking at the 
closed string  dynamics



  



  



  

                 Brane democracy. 

The fundamental string as a probe
is not unique possibility. Just one selected probe.

There are  different types of Dp branes in the 10dim 
space-time  with p+1 worldwolumes. 

Typically the brane configururation describing the
particular gauge theory involves branes of several
types, say, D4,D6 and D8 branes. If we live at D4 brane
our physics has to be equally described by the theories
on D6 and D8 branes. 

There is highly nontrivial mapping between theories in 
different dimensions = theories at the worldvolumes of 
different branes



  

Examples
● QCD is the theory on  worldvolume of N_c 

«color» D4 branes while the Chiral Lagrangian 
(derived!) is the theory on N_f «flavor» D8 
branes. The theories in the different dimensions 
are equivalent at low energies

● 2d\4d duality. Discovered in SUSYQCD 
(Tong,Shifman,Yung..). Consider the magnetic
string (D2 brane). All physics in 4d gauge 
theory is recognized in the theory in 2d theory 
on the worldsheet. 



  

Frontline in the holography in N=4 
SYM

● All-loops in the scattering amplitudes. 
Reggeization of the amplitude 
(Basso,Sever,Vierra, Kazakov,Lipatov....)

● Different aspects of the entanglement 
entropy.Counting of degrees of freedom.a-
theorem (Maldacena et.al,Komargodsky et.al..)

● Evaluation of the correlators from the string 
theory(.....)

● Attempt to formulate the exact RG equations
● To reduce SUSY in a controllable way 



  

                   Top-down versus bottom -up

Top-down.  Start with 10 -dimensional space-time and attempt
to break SUSY in controllable way. Consider the theory on the
Worlsvolume of the probe branes in the fixed geometry 
(Witten,Sakai-Sugimoto)

Bottom-up. Consider the simplest 5d model which fits
With the QCD physics (Son-Stephanov,Karch........)

Similar approach to to the condensed matter. Consider
The 4d models with the probe bulk fields (Hartnoll, Herzog
.McGreevy.........)
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Light -cone holography -version of bottom-up model
          useful in phenomenologyl(Brodsky-Teramond}

 

Pion formfactor in LC holography

Oversimplified model  but works



  

Proton formactor in LC holography



  



  

External magnetic field in QCD. Condensation of the
vector mesons ? (Chernodub). Positive answer in
holography(Erdmenger et al.)

                      Black hole geometry is important!



  

Schwinger effect in Holography
● Pair creation (or string creation in the external 

electric field. How it goes at strong coupling?

Geometry of the Schwinger effect at weak
coupling



  

Geometry of the Schwinger process at strong coupling
(Saraikin,Selivanov A.G. 2001, Semenoff Zarembo 2011)

There is critical electric field at stong 
coupling above which there is
no exponential suppression of particle production



  

Baryons
● Oblate instantons , no SO(4) symmetry 

(Rozali,Stang,van Raamsdonk)
● Dyonic Instantons , chiral symmetry breaking is 

taking into account (Krikun,A.G)
● The role of the «flat soliton» , new scale which 

logariphmically depends on coupling 
(Bolognesi,Satcliffe)

● New results on the baryon formactor in 
holography (Colangelo et.al)

● Holographic nuclear matter 
(Kaplunovsky,Sonnenshain, Choroku et al, Lee 
et al)



  



  



  

The are many defects predicted by the brane framework. Dp 
branes wrapped or non-wrapped around compact 
coordinates. Classification of defects is possible (Zakharov, AG 
07). Some of them are seen in the lattice simulations.

Magnetic defects. Some of them becomes low tension object
above phase transition. Condensation?



  

New anomalous transport 
phenomena in QGP

● Anomalous hydrodynamics (Son,Surowka...)
● Chiral magnetic wave (Kharzeev,Yee) — 

anomalous mixing of axial and vector currents. 
Holography provides the way to handle with it

● Zero sound at strong coupling via 
holography(Karch,Son,Starinets.....)

● Anomalous zero sound - interpolation between
CMW and zero sound (Zayakin,A.G)
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Entanglement entropy versus 
confinement

● EE as the measure of confinement , 
Klebanov,Kutasov,Muradyan -97

● Phase transition in QCD = Phase transition in 
EE, Sonnenshain et al, 2014

● The approach of Ryu-Takayanagi in 
nonconformal theories. Fine structure of the 
multiregion correlators

● EE and black hole horizon. Application to 
thermal QCD



  

Holographic Condensed Matter
● Kondo problem
● Holographic superconductivity
● Quantum phase transitions
● New phases of the matter
● Holographic formation of the Fermi surface
● Special point on the Fermi surface via 

holography (Weyl semimetals)



  

Typical phase dyagram in the (g,T) plane. It can
be obtained via holography in AdS_4 + gauge field background  

Temperature ----- black hole in the bulk
Chemical potential – asymptotics of the bulk gaige field



  



  



  



  

Holographic models for undoped Weyl semimetals
Umut Gursoy, Vivian Jacobs, Erik Plauschinn, Henk Stoof, Stefan Vandoren 



  

Conclusion
● AdS\QCD — useful tool, like QCD sum rules
● Predict many nontrivial defects to be found in 

the lattice simulations
● To look for more complicated matching 

conditions for the theories on the different 
defects

● To say more on the hidden symmetries of the 
low energy sector in QCD

● A lot of applications to the condensed matter 
physics. New phases at strong coupling.
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