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Elliptic flow and the quark-gluon plasma

2

F igure 1.1: Illustrat ion of the almond shaped collision region for a non-
central heavy ion collision. T he beam line is perpendicular to the plane of
the drawing.

therefore strongly Lorentz contracted. T hey most probably do not collide
perfect ly head on, so that there is an almond shaped collision region. If
nothing interest ing happens and the nucleons simply collide independent ly
the detector will show an isotropic distribut ion of transverse momenta. But
in the experiments an anisotropic distribut ion is detected. T his can be ex-
plained, if we assume that the products of nucleon-nucleon collisions can
not  y out freely but collide themselves with the products of other nucleon-
nucleon collisions and therefore come to approximate local thermal equilib-
rium (e.g. locally thermalized Q G P). A short t ime after the collision of the
Lorentz contracted nuclei the almond shaped collision region is þlled up into
an almond shaped cylinder. T here is some central pressure and no pressure
outside the cylinder, such that there exists an anisotropic pressure gradi-
ent (the pressure gradient must be larger along the shorter diameter of the
almond). Due to this pressure gradient the part icles are accelerated more
along the shorter diameter, which results in an anisotropic momentum dis-
tribut ion. T his is called ellipt ic  ow and it is one indicat ion beside others
that the Q G P has been produced.

However, when simulat ions of ideal hydrodynamics are matched to ex-
perimental data, it is found that the data is described well only if the Q G P
thermalizes very rapidly on a t ime scale of the order of or perhaps smaller
than 1 fm/ c. One way to describe this fast thermalizat ion is to assume a
strongly coupled plasma. A ctually the data harvested at RHIC seems to
indicate that the produced Q G P is indeed not weakly coupled. T his means
that at center of mass energies achieved at RHIC the Q C D coupling con-
stant is not su Ž cient ly small such that perturbat ive methods could be used.
Strongly coupled systems have been invest igated analyt ically by making use
of the AdS/ C F T conjecture in the recent past . However, soon the experi-
ments at the LH C at C E RN will study heavy ion collision at much higher

vn =

∫
dN
d3p e

in(φ−φR )d3p∫
dN
d3pd

3p

elliptic flow → n = 2

φR ... orientation of reaction plane
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Hydrodynamics and experimental data

Luzum, Romatschke ’08

“RHIC serves the perfect fluid” (2005)

large v2 ⇒ small η/s!

Dominik Steineder 8th Vienna Central European Seminar November 27, 2011 3 / 13



Hydrodynamics and experimental data

Luzum, Romatschke ’08

“RHIC serves the perfect fluid” (2005)

large v2 ⇒ small η/s!

Dominik Steineder 8th Vienna Central European Seminar November 27, 2011 3 / 13



What does small η/s mean?

η/s is a measure for the interaction strength!

Perturbative QCD

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

leading result for shear viscosity

η

s
=

#

g4 log(#/g)

η/s ∼ 5 for gauge coupling g ∼ 1 ⇒ magnitudes too large!
[Huot, Jeon, Moore ’06]

η/s <∼ O(1) ⇒ Strong coupling effect!
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The challenge of strong coupling

Lattice QCD

powerful non-perturbative tool
not suited for real time phenomena (transport coefficients)
(see however [Meyer ’09] )

Gauge/gravity duality

string theory inspired method to study large N gauge theories at strong
coupling
not (yet ?) established for QCD
⇒ Need to study “wrong” theory!

thermal state in boundary theory

m

black hole geometry
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A brief history of η/s

N = 4 SU(N) SYM plasma has [Policastro, Son, Starinets ’01]

η

s
=

~
4π

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]

finite coupling corrections increase η/s [Buchel, Liu ’05]

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

non-commutative N = 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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Figure 2: The viscosity-entropy ratio for some common substances: helium, nitrogen and

water. The ratio is always substantially larger than its value in theories with gravity duals,

represented by the horizontal line marked “viscosity bound.”

experimentally whether the shear viscosity of these gases satisfies the conjectured bound.

This work was supported by DOE grant DE-FG02-00ER41132, the National Science

Foundation and the Alfred P. Sloan Foundation.
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Anisotropy and heavy ion collisions

Shock waves in AdS5 [Chesler, Yaffe ’10]

start with something simpler: stationary anisotropic plasma
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Anisotropic axion-dilaton gravity [Mateos, Trancanelli ’11]

Boundary

Bulk

S = SN=4 +
1

8π2

∫
θ(z)Tr F ∧ F

with θ(z) = 2πaz

Sbulk =
1

2κ2

∫ √
−g
(
R + 12−

(
∂φ
)2

2
−

e2φ
(
∂χ
)2

2

)
with χ = az

a is the anisotropy parameter!

〈Tµν〉 = diag
(
ε,P⊥,P⊥,Pz

)
with conformal anomaly 〈Tµ

µ 〉 ∝ a4
ds2 =

e−
φ
2

u2

(
−FBdt2 +

du2

F
+ dx2 + dy2 +Hdz2

)

s =
(ε+ P⊥)

T
s =

Ah

4GV3
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Calculating η/s with gauge/gravity duality

Kubo formula

ηijkl = − lim
ω→0

1

ω
ImGR

ij,kl(ω, 0)

with GR
ij,kl(ω, 0) = −i

∫
dtdxe iωtθ(t)〈[Tij(t, x),Tkl(0, 0)]〉

Gauge/gravity duality
perturb metric by ψa = hij and expand action to second order in ψa

⇒ effective action for massless scalar ψa

GR
a (q) = − lim

u→0

Πa(u, q)

ψa(u, q)
with Πa =

∂L(2)

∂(∂uψa)
∝ ∂uψa

retarded correlator ↔ infalling boundary conditions at horizon

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

Membrane paradigm [Iqbal, Liu ’08]

generic transport coefficient of
boundary theory

⇒ geometric quantities evaluated at
horizon

at the horizon

ψa(t, u, x) = ψa(v , x) where dv = dt −
√

guu
−gtt

du

shear viscosity

ηa =
Πa(uh, q)

iωψa(uh, q)
with Πa(uh, q) ∝ iωψa

and check whether ∂uηa = 0.
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η/s for anisotropic plasmas [Rebhan, DS ’11]

In anisotropic plasma we find 2 shear viscosities:

purely transverse ψ⊥ = hxy

η⊥ =
s

4π

longitudinal ψ‖ = hxz

η‖ = η⊥
gxx(uh)

gzz(uh)
=

s

4πH(uh) 0 5 10 15 20
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Violation of the viscosity bound!

Dominik Steineder 8th Vienna Central European Seminar November 27, 2011 11 / 13



η/s for anisotropic plasmas [Rebhan, DS ’11]

In anisotropic plasma we find 2 shear viscosities:

purely transverse ψ⊥ = hxy

η⊥ =
s

4π

longitudinal ψ‖ = hxz

η‖ = η⊥
gxx(uh)

gzz(uh)
=

s

4πH(uh)

0 5 10 15 20
0.0

0.2

0.4

0.6

0.8

1.0

a �T

4
Π

Η
�s

Η
¦

Ηþ

Violation of the viscosity bound!

Dominik Steineder 8th Vienna Central European Seminar November 27, 2011 11 / 13



η/s for anisotropic plasmas [Rebhan, DS ’11]

In anisotropic plasma we find 2 shear viscosities:

purely transverse ψ⊥ = hxy

η⊥ =
s

4π

longitudinal ψ‖ = hxz

η‖ = η⊥
gxx(uh)

gzz(uh)
=

s

4πH(uh) 0 5 10 15 20
0.0

0.2

0.4

0.6

0.8

1.0

a �T
4

Π
Η

�s

Η
¦

Ηþ

Violation of the viscosity bound!

Dominik Steineder 8th Vienna Central European Seminar November 27, 2011 11 / 13



η/s for anisotropic plasmas [Rebhan, DS ’11]

In anisotropic plasma we find 2 shear viscosities:

purely transverse ψ⊥ = hxy

η⊥ =
s

4π

longitudinal ψ‖ = hxz

η‖ = η⊥
gxx(uh)

gzz(uh)
=

s

4πH(uh) 0 5 10 15 20
0.0

0.2

0.4

0.6

0.8

1.0

a �T
4

Π
Η

�s

Η
¦

Ηþ

Violation of the viscosity bound!
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The issue of instabilities [Mateos, Trancanelli ’11; Rebhan, DS ’11]

large a/T , small a/T

⇒ numerically a/T ' 1.3
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Summary and Outlook

I have talked about ...

η/s as a phenomenologically interesting quantity

η/s as a conjectured lower bound for realistic fluids

holographic model for stationary anisotropic plasmas

anisotropy can lead to violation of viscosity bound

I could have talked about ...

conductivities in anisotropic plasmas

charge and momentum diffusion

I would like to talk about ...

full study of all hydrodynamic modes (in progress)

implications of the different shear viscosities for heavy ion collisions
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