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Abstract: Shear viscosity is atransport coefficient in the hydrodynamic description of liquids, gases and plasmas. The ratio of the shear viscosity and
the volume density of the entropy has the dimension of the ratio of two fundamental constants - the Planck constant and the Boltzmann constant -
and characterizes how close agiven fluid isto a perfect fluid. Transport coefficients are notoriously difficult to compute from first principles.

Recent progress in string theory, in particular the development of the gauge-gravity duality, has enabled one to approach this problem from atotally
unexpected perspective.

In my talk, | will describe the connection between the dynamics of black hole horizons (encoded in their quasinormal spectra) and the
hydrodynamics of certain strongly coupled plasmas. | will comment on the relevance of this approach for the interpretation of data obtained in
experiments on heavy ion collisions.

Pirsa: 07030034 Page 1/60









Prologue

» We certainly have an intuitive notion of what
viscosity, thermal conductivity and other
transport coefficients mean

» As physical quantities, however, they are hard to
compute from first principles, especially for liquids

» Here we discuss how transport coefficients in a
arge class of MODELS can be computed from
nigher-dimensional gravity
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Holographic principle (‘t Hooft, Susskind) relates
a d+1 dimensional theory with gravitational d.o.f.
to a non-gravitational theory in dimension d

Hydrodynamic properties of strongly interacting hot plasmas in 4 dimensions

can be related (for certain models!)
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to fluctuations and dynamics of 5-dimensional black holes



Experimental and theoretical motivation

» Heavy ion collision program at RHIC, LHC (2000-2008-2020 ??)

» Studies of hot and dense nuclear matter
T ~10'° K ~ 150,000 Ty e~ 5Gev/fm> ~ 30 enycleus

» Abundance of experimental results, poor theoretical understanding:
- the collision apparently creates a fireball of “quark-gluon fluid”

- need to understand both thermodynamics and kinetics

-in particular, need theoretical predictions for parameters entering
equations of relativistic hydrodynamics — viscosity etc —
computed from the underlying microscopic theory (thermal QCD)

-this is difficult since the fireball is a strongly interacting nuclear fluid,
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The challenge of RHIC
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QCD deconfinement transition (lattice data)

as(Truic) ~ O(1)
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Quantum field theories at finite temperature/density
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The hydrodynamic regime

Hierarchy of times (example)

0 Tinter Tmft Trelax ¢
i i T i T i ‘[‘ <

Mechanical Kinetic Hydrodynamic  Equilibrium
description  theory approximation  thermodynamics
Coordinates, Coordinate- Local densities Globally conserved
momenta of and time- of conserved charges charges

individual dependent G o) E

particles distribution functions .

Page 11/60

Hydro regime: | "micro <7 <tgiobal| |Imicro <! < Lgjobal













Computing transport coefficients
from “first principles”

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

Kubo formulae allows one to compute transport
coefficients from microscopic models

n = lim ——/dt d3erWt([Tmy(t x), Ty (O, O)})
w—0 2w
In a certain regime, the correlators can be computed

from black hole physics
...4.ising the gauge-gravity duality in string theory,_ .



** Transport coefficients and the speed of sound
can be computed from string theory for SOME
thermal gauge theories in nonperturbative regime

** This calculation is based on the approach known as
“gauge/gravity duality” or “AdS/CFT correspondence”

AdS = Anti de Sitter space
CFT = Conformal Field Theory

Maldacena, 1997; Gubser, Klebanov, Polyakov; Witten, 1998
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“ Transport coefficients and the speed of sound
can be computed from string theory for SOME
thermal gauge theories in nonperturbative regime

** This calculation is based on the approach known as
“‘gauge/gravity duality” or “AdS/CFT correspondence”

AdS = Anti de Sitter space
CFT = Conformal Field Theory

Maldacena, 1997; Gubser, Klebanov, Polyakov; Witten, 1998
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Gauge-gravity duality in string theory

.-"/-'_*

{5 N Closed strings in 10D bulk
.

Dp-brane (p+1 - dimensional topological defect in 10D)

Perturbative string theory. open and closed strings
(at low energy, gauge fields and gravity, correspondingly)

Nonperturbative theory:. D-branes (“topological defects” in 10d)

Complementary description of D-branes by open (closed) strings:

gy Ve < 1 perturbative gauge theory description OK
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Gauge-gravity duality

._,R Open strings attached to the brane
N
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\ N f ——— Closed strings in 10D bulk

Dp-brane (p+1 - dimensional topological defect in 10D)

= Two descriptions of a D-brane (topolog. defect)
= 4-dim gauge theory at strong coupling =

S5-dim gravity at weak coupling
= Build a dictionary between the two descriptions
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Holographically dual system
in thermal equilibrium

M, J Q

THawking SBekenstein-Hawking = 4/4 j | S

Gravitational fluctuations > — Deviations from equilibrium
QJE&?A') + huv < 7777
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Computing finite-temperature correlation
functions from gravity

= Need to solve 5d e.o.m. of the dual fields propagating in
asymptotically AdS space

= Can compute Minkowski-space 4d correlators

= Gravity maps into real-time finite-temperature formalism
(Son and A.S., 2001; Herzog and Son, 2002)
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Shear viscosity in N =4 SYM

W=

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

' 1 135¢(3) 1

e Y ax T 32z N2

- Serection to 1/4m: A.Buchel, J.Liu, A.S., hep-th/0406264 page 34160



Universality of 7/s

Theorem:

For a thermal gauge theory, the ratio of shear viscosity
to entropy density is equalto 1/4w
in the regime described by a dual gravity theory

(e.g. at g%_wNC:oo,,Nc=m in N=4 SYM)

Remarks:

« Extended to non-zero chemical potential:

Benincasa, Buchel, Naryshkin, hep-th/0610145

- Extended to models with fundamental fermions in the limit Ns/Ne < 1
Mateos, Myers, Thomson, hep-th/0610184
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« String/Gravity dual to QCD is currently unknown
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Universality of 7/s

Theorem:

For a thermal gauge theory, the ratio of shear viscosity
to entropy density is equalto 1/4n
in the regime described by a dual gravity theory

(e.g. at 912/MN6=DG,,NC= oo i N =4 SYM)

Remarks:

« Extended to non-zero chemical potential:

Benincasa, Buchel, Naryshkin, hep-th/0610145

- Extended to models with fundamental fermions in the limit Ns/Ne < 1
Mateos, Myers, Thomson, hep-th/0610184
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« String/Gravity dual to QCD is currently unknown









Can we test
n/s > 1/4n

experimentally?

A characteristic feature of systems saturating the bound:
strong interactions

» Heavy ion collisions - experiments at RHIC

» (Indirect) lattice QCD simulations

oo | F@apped atoms — strongly interacting Fermi systems ««


















Viscosity “measurements” at RHIC

Viscosity is ONE of the parameters used in the hydro models
describing the azimuthal anisotropy of particle distribution
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Viscosity “measurements” at RHIC

Viscosity is ONE of the parameters used in the hydro models
describing the azimuthal anisotropy of particle distribution
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Lattice test of the viscosity/entropy bound n/s > 1/4x?
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The “species problem”

Classical dilute gas with a LARGE number of components

has a large Gibbs mixing entropy
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Epilogue

» On the level of theoretical models, there exists a connection
between near-equilibrium regime of certain strongly coupled
thermal field theories and fluctuations of black holes

» This connection allows us to compute transport coefficients
for these theories

» At the moment, this method is the only theoretical tool
available to study the near-equilibrium regime of strongly
coupled thermal field theories

» The result for the shear viscosity turns out to be universal
for all such theories in the limit of infinitely strong coupling

r-éNulating for experimental/theoretical research in otherfields



The “species problem”

Classical dilute gas with a LARGE number of components

has a large Gibbs mixing entropy
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Lattice test of the viscosity/entropy bound n/s > 1/4=?
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The “species problem”

Classical dilute gas with a LARGE number of components

has a large Gibbs mixing entropy
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