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Elliptic flow and the quark-gluon plasma
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Hydrodynamics and experimental data
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large v» = small 7/s!
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What does small 1/s mean?

7/s is a measure for the interaction strength!
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What does small 77/s mean?
7/s is a measure for the interaction strength!

Perturbative QCD

o well justified for highest energy densities — small couplings (asymptotic
freedom)

@ leading result for shear viscosity

n_ . #
s g'log(#/g)

@ 7/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

o Lattice QCD

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

e Lattice QCD

e powerful non-perturbative tool

e not suited for real time phenomena (transport coefficients)
(see however [Meyer '09] )

o Gauge/gravity duality

e string theory inspired method to study large N gauge theories at strong
coupling

e not (yet 7) established for QCD
= Need to study “wrong” theory!

SU(N.) Gauge Theory

thermal state in boundary theory

i)

black hole geometry

String Theory
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A brief history of 1/s

o N =4 SU(N) SYM plasma has [Policastro, Son, Starinets '01]
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A brief history of /s

o N =4 SU(N) SYM plasma has [Policastro, Son, Starinets '01]
n_n
s 4r

@ universal for two derivative Einstein gravity duals
[Kovtun, Son, Starinets '03; Buchel, Liu '03]
= conjectured lower (quantum) bound for any fluid in nature
[Kovtun, Son, Starinets '04]

o finite coupling corrections increase 1)/s [Buchel, Liu '05]

@ exotic theories with higher derivative gravity duals can violate the bound
[Kats, Petrov '07; Buchel, Myers, Sinha '08]

@ non-commutative A" = 4 SYM plasma satisfies the bound [Landsteiner, Mas '07]

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

@ and the story continues ...
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Anisotropy and heavy ion collisions

Shock waves in AdSs [Chesler, Yaffe '10]
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Anisotropy and heavy ion collisions

Shock waves in AdSs [Chesler, Yaffe '10]
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start with something simpler: stationary anisotropic plasma
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Anisotropic axion-dilaton gravity [mateos, Trancanelii '11]

Boundary

SISN:4+L/9(Z)TF FAF
8m2

with 6(z) = 2raz
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Anisotropic axion-dilaton gravity [mateos, Trancanelii '11]

Boundary Bulk

_ L 1 (99)* _ &(0x)°
S_SN:4+87T2/0(Z)TrF/\F Sbulk:?/\/%(R'i'lz_T_f)

with 0(z) = 2raz with x = az
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AnISOtI’OpIC aXion—dilaton graV|ty [Mateos, Trancanelli '11]

Boundary Bulk
1 ) 2% (0x)?
S:SN:4+Q/0(Z)TrF/\F Shuk = /\ﬁ (R+12- 09 ¢) %)
with 6(z) = 2raz with x = az

a is the anisotropy parameter!
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AnISOtI’OpIC aXion—dilaton gl’aVIty [Mateos, Trancanelli '11]

Boundary Bulk
1
S =Sn_4+ a2 0(z)Tr FAF Shulk = /,F R +12 —
with 0(z) = 2raz with x = az

a is the anisotropy parameter!

(TH) = diag(e, P, PL, Pz)

: 1o 4
with conformal anomaly (T}) o a
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Boundary Bulk
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AnISOtI’OpIC aXion—dilaton gl’aVIty [Mateos, Trancanelli '11]

Boundary Bulk
1
S =Sn—a+ a2 0(z)Tr FAF Spulk = //* R LR =
with 0(z) = 2maz with x = az

a is the anisotropy parameter!

(TH) = diag(e, P, P1, P2) _¢

o s 4 2
with conformal anomaly (T}) o a u

_(e+P1)
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Calculating n/s with gauge/gravity duality

Kubo formula
.1 R
i = = Jimy 5 Im Gy (. 0)

with GR,(w,0) = —i [ dedxe™*6(t)([T;(t,x), Tw(0,0)])
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Calculating n/s with gauge/gravity duality
Kubo formula

Nijkl = — i@o %ImGij\jk/(wa 0)
with GFy(w,0) = —i [ dtdxe0(e)([Ty(t,x), Tu(0,0)])
Gauge/gravity duality

perturb metric by ¢, = hj’: and expand action to second order in 1,
= effective action for massless scalar 1),

M,(u,q) . oL®
R - =
G;(q) = J[\? ) (0, 9) with M, = 300u0a) x Dy,
retarded correlator > infalling boundary conditions at horizon
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Calculating n/s with gauge/gravity duality
Kubo formula

Nijkl = — i@o %ImGij\jk/(wa 0)
with GFy(w,0) = —i [ dtdxe0(e)([Ty(t,x), Tu(0,0)])
Gauge/gravity duality

perturb metric by ¢, = hj’: and expand action to second order in 1,
= effective action for massless scalar 1),

M,(u,q) . oL®
R - =
G;(q) = J[\? ) (0, 9) with M, = 300u0a) x Dy,
retarded correlator > infalling boundary conditions at horizon

Either solve numerically or simplify further ...
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Calculating n/s with gauge/gravity duality

Membrane paradigm [igbal, Liu '08]

generic transport coefficient of
boundary theory
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Calculating n/s with gauge/gravity duality
Membrane paradigm [igbal, Liu '08]

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

at the horizon
Ya(t, u,x) = 1a(v,x) where dv = dt — | /g—;”du
—b&tt

shear viscosity

ﬂa(Uh, q)

—_— with M,(up, ) o iwp,
erba{un, ) (t, @) ox i

2 =

and check whether 9,7, = 0.
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n/s for anisotropic plasmas [reshan, bs ‘11

In anisotropic plasma we find 2 shear viscosities:

o purely transverse ¢ = hy

S

nL:E
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In anisotropic plasma we find 2 shear viscosities:
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@ longitudinal 9 = h
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n/s for anisotropic plasmas [reshan, bs ‘11

In anisotropic plasma we find 2 shear viscosities:
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n/s for anisotropic plasmas [reshan, bs ‘11

In anisotropic plasma we find 2 shear viscosities:

@ purely transverse 1| = h’;

s
TU_ = E
@ longitudinal v = h;

gXX(Uh) S

= g2-(up) - 4 H (up)

Violation of the
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The issue Of InSta bI|ItIeS [Mateos, Trancanelli '11; Rebhan, DS '11]
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The issue Of InSta bI|ItIeS [Mateos, Trancanelli '11; Rebhan, DS '11]
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Summary and Outlook

| have talked about ...
7n/s as a phenomenologically interesting quantity
7/s as a conjectured lower bound for realistic fluids

holographic model for stationary anisotropic plasmas

anisotropy can lead to violation of viscosity bound

| could have talked about ...
@ conductivities in anisotropic plasmas

@ charge and momentum diffusion

| would like to talk about ...
o full study of all hydrodynamic modes (in progress)

@ implications of the different shear viscosities for heavy ion collisions
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