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Heavy ion collision experiments at RHIC (2000-current) and LHC (2009-??)
create hot and dense nuclear matter known as the “quark-gluon plasma”

Evolution of the plasma “fireball” 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): Landau; Bjorken

initial conditions (initial energy density profile)
thermalization time (start of hydro evolution)

freeze-out conditions (end of hydro evolution)

Elliptic flow, jet quenching… - focus on transport in this talk 



Quantum field theories at finite temperature/density

Equilibrium Near-equilibrium

entropy
equation of state

…….

transport coefficients
emission rates

………

perturbative non-perturbative
pQCD Lattice

perturbative non-perturbative
kinetic theory ????

Thermodynamics Kinetics



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



AdS/CFT correspondence

conjectured
exact  equivalence

Generating functional for correlation
functions of gauge-invariant operators String partition function

In particular

Classical gravity action serves as a generating functional for the gauge theory correlators

Latest test: Janik’08



• Field content:

• Action:

Gliozzi,Scherk,Olive’77
Brink,Schwarz,Scherk’77

(super)conformal field theory = coupling doesn’t run

supersymmetric YM theory



Dual to QCD? (Polchinski-Strassler)

coupling

energy
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Dual to QCD? (Polchinski-Strassler)

coupling

energy



At zero temperature, N=4 SYM is obviously a very bad approximation to QCD

At finite temperature                    it is qualitatively similar to QCD 

non-Abelian plasma (with additional d.o.f.)

area law for spatial Wilson loops

Debye screening

spontaneous breaking of            symmetry at high temperature

supersymmetry broken

However:

hydrodynamics



Hydrodynamics:  fundamental d.o.f. = densities of conserved charges

Need to add constitutive relations!

Example: charge diffusion

[Fick’s law (1855)]

Conservation law

Constitutive relation

Diffusion equation

Dispersion relation

Expansion parameters:



First-order transport (kinetic) coefficients

* Expect Einstein relations such as                            to hold

Shear viscosity

Bulk viscosity

Charge diffusion constant

Supercharge diffusion constant

Thermal conductivity

Electrical conductivity



Second-order transport (kinetic) coefficients

Relaxation time

Second order trasport coefficient

Second order trasport coefficient

Second order trasport coefficient

Second order trasport coefficient

(for theories conformal at T=0)

In non-conformal theories such as QCD, the total number of second-order transport
coefficients is quite large  



M,J,Q
Holographically dual system

in thermal equilibrium

M, J, Q 

T       S

Gravitational fluctuations Deviations from equilibrium

????

and B.C.

Quasinormal spectrum

10-dim gravity
4-dim gauge theory – large N,

strong coupling



Computing transport coefficients 
from “first principles”

Kubo formulae allows one to calculate transport
coefficients from microscopic models

In the regime described by a gravity dual 
the correlator can be computed using

the gauge theory/gravity duality

Fluctuation-dissipation theory
(Callen, Welton, Green, Kubo)



Example: stress-energy tensor correlator in

in the limit

Finite temperature, Mink:

Zero temperature, Euclid:

(in the limit                                        )

The pole 
(or the lowest quasinormal freq.)

Compare with hydro:

In CFT:

Also, (Gubser, Klebanov, Peet, 1996)



First-order transport coefficients in  N = 4 SYM
in the limit

Shear viscosity

Bulk viscosity

Charge diffusion constant

Supercharge diffusion constant

Thermal conductivity

Electrical conductivity

(G.Policastro, 2008)

for non-conformal theories see 
Buchel et al;   G.D.Moore et al

Gubser et al.



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]



Electrical conductivity                
in               SYM

Weak coupling:

Strong coupling:

* Charge susceptibility can be computed independently:

Einstein relation holds:

D.T.Son, A.S.,  hep-th/0601157



Universality of
Theorem:
For a thermal gauge theory,  the ratio of shear viscosity 
to entropy  density is equal to            
in the regime described by a dual gravity theory

Remarks:

• Extended to non-zero chemical potential: 

• Extended to models with fundamental fermions in the limit

• String/Gravity dual to QCD is currently unknown

Benincasa, Buchel, Naryshkin, hep-th/0610145

Mateos, Myers, Thomson, hep-th/0610184



Universality of shear viscosity in the regime 
described by gravity duals

Graviton’s component         obeys equation for a minimally 
coupled massless scalar. But then                            .
Since the entropy (density) is we get



Three roads to universality of        

The absorption argument
D. Son, P. Kovtun, A.S., hep-th/0405231

Direct computation of the correlator in Kubo 
formula from AdS/CFT A.Buchel, hep-th/0408095

“Membrane paradigm” general  formula  
for diffusion coefficient  +  interpretation as 
lowest  quasinormal frequency = pole of the 
shear mode correlator +  Buchel-Liu theorem
P. Kovtun, D.Son, A.S., hep-th/0309213,    A.S., 0806.3797 [hep-th],
P.Kovtun, A.S., hep-th/0506184, A.Buchel, J.Liu, hep-th/0311175



Chernai, Kapusta, McLerran, nucl-th/0604032



A viscosity bound conjecture

P.Kovtun, D.Son, A.S., hep-th/0309213, hep-th/0405231

Minimum of       in units of 

?



A hand-waving argument

Gravity duals fix the coefficient:

Thus ?



Shear viscosity - (volume) entropy density ratio
from gauge-string duality

In particular, in N=4 SYM:

In ALL theories (in the limit where dual gravity valid) :

Y.Kats and P.Petrov:  0712.0743 [hep-th]

M.Brigante, H.Liu, R.C.Myers, S.Shenker and S.Yaida: 0802.3318 [hep-th], 0712.0805 [hep-th]. 

Other higher-derivative gravity actions

R.Myers,M.Paulos, A.Sinha: 0903.2834 [hep-th] (and ref. therein – many other papers)

for superconformal Sp(N) 
gauge theory in d=4

Also: The species problem: T.Cohen, hep-th/0702136; A. Dolbado, F.Llanes-Estrada: hep-th/0703132



Shear viscosity - (volume) entropy density ratio in QCD

The value of this ratio strongly affects the elliptic flow in hydro models of QGP 



Viscosity-entropy ratio of a trapped Fermi gas

0.2 0.4 0.6 0.8

0.1

0.2

0.3

0.4

0.5

0.6

0.7

η/s

T/TF

T.Schafer, cond-mat/0701251 

(based on experimental results by Duke U. group, J.E.Thomas et al., 2005-06)
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