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Outline 

I. Introduction and motivation (physics of heavy ion collisions) 

IV. The hydrodynamic regime 

 

- hydrodynamics as an effective theory 

- linear response 

- transport properties and retarded correlation functions 

--second-order hydrodynamics 

III. Gauge-gravity duality (holography) at finite temperature and density 

 

- holography beyond equilibrium 

- holographic recipes for non-equilibrium physics 

- quasinormal spectra  

II. Gauge-string (gauge-gravity) duality: origins and overview 



Outline (continued) 

V. Some applications 

- transport at strong coupling 

- universality of the viscosity-entropy ratio 

- particle emission rates 

- relation to RHIC-LHC and other experiments 
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P.K.Kovtun and A.O.S., ñQuasinormal modes and holographyò, hep-th/0506184 

D.T.Son and A.O.S., ñViscosity, Black Holes, and Quantum Field Theoryò, 0704.0240 [hep-th] 

J.Casalderrey-Solana, H.Liu, D.Mateos, K.Rajagopal, U.Wiedemann, 1101.0618 [hep-th] 

Updated version is now a book published by Cambridge U.Press (2014) 

ñGauge/String Duality, Hot QCD and Heavy Ion Collisionsò 

J.Erdmenger & M.Ammon, ñGauge/Gravity Duality: Foundations and Applicationsò, CUP, 2015 

M.Natsuume, ñAdS/CFT Duality User Guideò (Lecture Notes in Physics), 2014 

H.Nastase, ñIntroduction to the AdS/CFT correspondenceò, 2015 



I. Introduction and motivation  

(physics of heavy ion collisions) 



In the last 15 years or so, holographic (gauge/gravity duality) methods 

were used to study strongly coupled gauge theories at finite temperature 

and density 

These studies were motivated by the heavy-ion collision programs at RHIC 

and LHC (ALICE, ATLAS) and the necessity to understand hot and dense 

nuclear matter in the regime of intermediate coupling  

As a result, we now have a better understanding of thermodynamics 

and especially kinetics (transport) of strongly coupled gauge theories.  

Non-equlibrium behavior (thermalization) is under intense study.   

Caution: these calculations are done for theoretical models such as 

N=4 SYM and its cousins (including non-conformal theories etc).  

We do not have a string dual description of QCD. 



Energy density estimate 

Before: 

After: 





Charged partiple multiplicity in pp, pPb and central PbPb collisions 



RHIC (2000-current): Au+Au 

Heavy Ion Collisions 

LHC (2010-current): Pb+Pb 

* many-body: 

The resulting system is: 

* quantum: 

* at very high energy density 

* in local TD equilibrium at 

* strongly interacting:  

Note: LHC is only about 30% ñhotterò than RHICé 



Heavy ion collision experiments at RHIC (2000-current) and LHC (2010-current) 

create hot and dense nuclear matter known as the ñquark-gluon plasmaò 

Evolution of the plasma ñfireballò is described by relativistic fluid dynamics  

(note: qualitative difference between p-p and Au-Au collisions) 

                             Need to know 

 

thermodynamics (equation of state)  

kinetics (first- and second-order transport coefficients) 

in the regime of intermediate coupling strength:  

(relativistic Navier-Stokes equations) 

initial conditions (initial energy density profile) 

thermalization time (start of hydro evolution) 

freeze-out conditions (end of hydro evolution) 



Quantum field theories at finite temperature/density  

Equilibrium Near-equilibrium 

entropy 

equation of state 

éé. 

 

transport coefficients 

emission rates 

ééé 

perturbative non-perturbative 

pQCD Lattice 

perturbative non-perturbative 

kinetic theory ???? 



QCD phase diagram 



Figure: an artistic impression from Myers and Vazquez, 0804.2423 [hep-th]  

Energy density vs temperature for various gauge theories 

Ideal gas 

of quarks 

and gluons  

Ideal gas 

of hadrons  



Pressure in perturbative QCD 



Luzum and Romatschke, 0804.4015 [nuc-th] 

Elliptic flow with Glauber initial conditions 



Shear viscosity in               SYM 

Correction to            :  Buchel, Liu, A.S., hep-th/0406264 

perturbative thermal gauge theory 
S.Huot,S.Jeon,G.Moore, hep-ph/0608062 

Buchel, 0805.2683 [hep-th]; Myers, Paulos, Sinha, 0806.2156 [hep-th] 



II. Gauge-string (gauge-gravity) duality:  

Origins and overview 



Duality can be viewed as a change of variables in the path integral 

Ordinary integrals can often be simplified by a clever change of (dummy) variables 

Similarly, path integrals can be simplified by choosing the ñrightò set of fields (d.o.f.)  

(for a given corner of the parameter space) 

Example: Kramers-Wannier duality (1941)  

Ising model in d=2  

Note: can be viewed as Fourier transform on (Abelian) groups 



From brane dynamics to AdS/CFT correspondence 

             Open strings picture:  

dynamics of        coincident D3 branes 

      at low energy is described by  

             Closed strings picture:  

dynamics of        coincident D3 branes 

      at low energy is described by  

      conjectured 

exact  equivalence 

Maldacena (1997); Gubser, Klebanov, Polyakov (1998); Witten (1998) 



ÅField content: 

ÅAction: 

Gliozzi,Scherk,Oliveô77 

Brink,Schwarz,Scherkô77 

(super)conformal field theory = coupling doesnôt run 

 supersymmetric YM theory 


