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“RHIC serves the perfect fluid” (2005)
[Luzum, Romatschke '08]

large v> = small r/s!
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@ well justified for highest energy densities — small couplings (asymptotic
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@ leading result for shear viscosity

n____#
s g*log(#/9)

@ n/s ~ 5 for gauge coupling g ~ 1 = magnitudes too large!
[Huot, Jeon, Moore '06]

n/s < O(1) = Strong coupling effect!
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The challenge of strong coupling

@ Lattice QCD

e powerful non-perturbative tool
@ not suited for real time phenomena (transport coefficients)
(see however [Meyer '09] )
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The challenge of strong coupling

@ Lattice QCD

e powerful non-perturbative tool
@ not suited for real time phenomena (transport coefficients)

(see however [Meyer '09] )
@ Gauge/gravity duality
e string theory inspired method to study large N gauge theories at strong
coupling
@ not (yet ?) established for QCD
=- Need to study “wrong” theory!
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HO|OgI‘aphIC V|eW [Policastro, Son, Starinets '01]

absorbtion of transverse gravitons ¢ = h; (~ T)
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absorbtion of transverse gravitons ¢ = h; (~ T)

ify = im m L [ atx &10(0)([7](1.0). TH(.0))

_ Uabs(o)
167G

Einstein egs. to linear order in ¢

Oy =0 massless scalar

X x A S

vy =T 162G~ arn

Only assumptions: 2 derivative gravity and isotropy
[Kovtun, Son, Starinets '03; Buchel, Liu '03; Kovtun, Son, Starinets '04]
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The holographic viscosity bound n/s > 1/4x

conjectured lower (quantum) bound for any fluid in nature
[Kovtun, Son, Starinets '04]

200 T T T
| :
4mn ! : l‘
Tis L |— Helium 0.1MPa ! H i 4
—— Nitrogen 10MPa : : ‘l
Water 100MPa | : 1
150 - \ o —
B 1
1 H !
1 oy
L 1 B 1 4
| : !
\ Lo
| N
100 — \ i —
\ H
\ i
\ i
L \ I 4
\ /%
\ /v
\ / E
50— \\ / —
\ ,/
L Viscosity bound \\~// |
0 | l | |
1 10 100 1000

Dominik Steineder

September 17, 2012 8/18



The holographic viscosity bound n/s > 1/4x

conjectured lower (quantum) bound for any fluid in nature
[Kovtun, Son, Starinets '04]
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The holographic viscosity bound n/s > 1/4x

conjectured lower (quantum) bound for any fluid in nature
[Kovtun, Son, Starinets '04]

How to violate it?
@ higher derivative gravity?
e finite coupling corrections increase 7/ [Buchel, Liu '05]

e but also higher derivative gravity theories that violate the bound were found
[Kats, Petrov '07; Buchel, Myers, Sinha '08]

@ spatial anisotropy?

e non-commutative N' = 4 SYM plasma satisfies the bound
[Landsteiner, Mas '07]

@ anisotropic p-wave superfluids have a non-universal shear viscosity
component above the bound [Erdmenger, Kerner, Zeller *10]

@ anisotropic axion-dilaton gravity violates the bound [Rebhan, DS '11]

@ anisotropic top-down model with 5+1d field theory can violate the bound
[Polchinski, Silverstein ’12]

spatial anisotropies important in early stages of heavy ion collisions
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Boundary

S=Sn=a
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Thermodynamics at infinite coupling

[Mateos, Trancanelli '11; Gynther, Rebhan, DS ’12]
Note: anisotropic system is in thermodynamic equilibrium

thermodynamically unstable (wrt. redistribution of D7 branes):

()0 = (aiara®

a/a
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Thermodynamics at infinite coupling

[Mateos, Trancanelli '11; Gynther, Rebhan, DS ’12]
Note: anisotropic system is in thermodynamic equilibrium

thermodynamically unstable (wrt. redistribution of D7 branes):
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(thermodynamics at zero coupling — [Gynther, Rebhan, DS '12])
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Shear viscosities
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Shear viscosities

3 scalars: ¢, = hy, ¥, = h} and ¢; = h (massive!)
effective action

@ 1 d*K ' o1 / 0
Seff - 167G /Wdu(wncn(K7 U)¢n + 1/Jncn(K7 U)¢n>

retarded correlator

. Na(K, u) . oL®
R _ n ) —
G,(K) = J|_>m0 oK. 1) with M, 3@uin) x Oyt
retarded correlator < infalling boundary conditions at horizon
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Shear viscosities

Membrane paradigm [igoal, Liu 08]

generic transport coefficient of
boundary theory
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Shear viscosities

Membrane paradigm [igoal, Liu 08]

generic transport coefficient of _, geometric quantities evaluated at
boundary theory horizon

at the horizon

balt, U, X) = Ya(V, X) where dv = dt — g;“ du
— O

shear viscosity

HH(K7 Uh)

Nn = m with My(up, g) o iwiy
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Shear viscosities (reohan, os 1]
In the anisotropic plasma we find
@ purely transverse 1, = hy
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Shear viscosities (reohan, os 1]
In the anisotropic plasma we find
@ purely transverse 1, = hy

S
X X __ _
Uyy—UL—E

@ longitudinal ¢, = h%

9ux(Un) _ S
L0 (un) — AnH(up)

Ny, =n=n
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Shear viscosities (reohan, os 1]
In the anisotropic plasma we find
@ purely transverse 1, = hy

S
X X __ _
nyy*nl_—ﬂ

@ longitudinal ¢, = h%

9xx(Un) S

X X p— = =
Mzz TIL nL sz(Uh) 47TH(Uh)
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Shear viscosities [Rebhan, DS *11]
In the anisotropic plasma we find
@ purely transverse ¢, = hy

s
Tyy =L = 47

@ longitudinal v, = h¥

n =nNL=7nL 9o2(Un) = 47 H (up)
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In the anisotropic plasma we find
@ purely transverse ¢, = hy

s
Tyy =L = 47

@ longitudinal v, = h¥

@ 3rd shear viscosity ¢; = h
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Shear viscosities [Rebhan, DS *11]
In the anisotropic plasma we find
@ purely transverse ¢, = hy
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Tyy =L = 47

@ longitudinal v, = h¥

@ 3rd shear viscosity ¢; = h
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From the horizon to the boundary

We find that

au(nJ_) = au(77L) =0
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From the horizon to the boundary

We find that
du(nL) = 0u(n) =0
but j:'f
Du(ng) o< & osl
%0 oz 04 06 08 10
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From the horizon to the boundary

We find that vaf
n;
12
Ou (nl) = au(nL) =0 10 7.

%\ 08}
o Su ]
04F ]

Ou(m) <& = g =mng(u) ool
— only 2 shear viscosities in %% oz T oa 06 08 10

boundary theory u

Furthermore

2 2
777_(“) = anXz(u) = <QZZ(U)> 77xzxz = <gzgz;> L
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Results
@ model of anisotropic plasma
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Results
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e that has a rich phase diagram at infinite and zero coupling
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@ phenomenological implications of 008 I a2 008

the longitudinal shear viscosity 7 oosf

004 // °® \\
o
o

002 ® 4

PHOBOS v, 15-25% central —e—

[Schenke, private communication]
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@ model of anisotropic plasma
e that is in thermal equilibrium (anisotropy is not dynamical)
e that has a rich phase diagram at infinite and zero coupling
o that is very different from hard anisotropic loop effective theory
o different shear viscosities
e longitudinal shear viscosity breaks the holographic bound

PHOBOS v, 15-25% central —e—

Outlook M (2;3 -0.02 —_

@ phenomenological implications of 008 I Ve~ 008 -
the longitudinal shear viscosity ' oost

e impact on elliptic flow seems to be 0osl ° ~
very small / ° Q\
@ studying small but finite coupling

e compare transport coefficients to 7 7 o
strong coupling results

[Schenke, private communication]
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theory of free photons coupled to anisotropic CS charge
— no tachyonic modes for spacelike gradients of ¢
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