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Course of relativistic heavy-ion collisions
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Evidence of the early stage equilibration

Success of hydrodynamic models in describing elliptic flow
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Equilibration is fast
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U. Heinz,  AIP Conf. Proc.739, 163 (2004)
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Eccentricity decays due to the free streaming!
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Decay of Eccentricity

free-streaming model
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W. Jas and St. Mrówczyński, Phys. Rev. C76 (2007) 044905. 

0=m2223

3

3
2 ),,(

)2(
ttfxrd

pd
x x α+σ=

π
= ∫ ∫ rp

2223

3

3
2 ),,(

)2(
ttfyrd

pd
y y α+σ=

π
= ∫ ∫ rp

2

2

22

22

1

)0(
)(

t
R

xy

xy
t

T

α
+

ε
=

+

−
=ε 2

,)0(

22
2

22

22
xy

T

xy

xy
R

σ+σ
=

σ+σ

σ−σ
=ε

02/1 ≈=α Yat

Y – parton’s rapidity



6

Decay of Eccentricity cont.

teq = 1.5 fm/c

0.75 ε0

the largest flow

Au-Au collision

(R = 7 fm)
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Collisions in weakly coupled QGP
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hard scattering ~ momentum 

transfer of order of T
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Collisions are too slow !
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Instabilities
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Terminology

Plasma instabilities – interplay of particles and classical fields

Quantum Field Theory – no particles, no classical fields

particles – hard excitations, hard modes

classical fields – highly populated soft excitations, soft modes

Tp ~hard

gTp ~soft
2/1~ g
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Plasma instabilities

instabilities in configuration space – hydrodynamic instabilities

instabilities in momentum space – kinetic instabilities

instabilities due to non-equilibrium 

momentum distribution
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Kinetic instabilities

longitudinal modes – )(e~,|| krEk −ω−δρ ti

transverse modes – )(e~, krjEk −ω−δ⊥ ti

E – electric field,  k – wave vector, ρ – charge density, j - current
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Logitudinal modes
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Energy is transferred from particles to fields
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Lp

Tp

Lp
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time

Parton momentum distribution is initially strongly anisotropic

CM after 1-st collisions local rest frame

Unstable modes occur due to anisotropy of the momentum distribution

Transverse modes

Transverse modes are relevant for relativistic nuclear collisions!
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Evolution of Parton Momentum Distribution
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Evolution of Momentum Distribution cont.
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Seeds of instability
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Mechanism of filamentation
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Dispersion equation
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Equation of motion of chromodynamic field Aµ in momentum space
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Dynamical information is hidden in .   How to get it?
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Transport theory

CQxFp
g

QDp
v
pv =∂− µ

µµ
µ }),({

2fundamental

adjoint

free streaming mean-field force  

collisionless limit:

collisions 

0=== gCCC

],,[ GQQjFD
νµν

µ = mean-field generation

],[,....],[
νµµννµµνµµµ −∂−∂≡−∂≡ AAigAAFAigD

quarks

antiquarks

gluons
g

v
pv CGxp

g
Gp =∂− µ

µµ
µ })(,{

2
FD

CQxFp
g

QDp v
pv =∂+ µ

µµ
µ }),({

2



20

Time scale of collisional processes
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Transport theory - linearization
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Transport theory – polarization tensor
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Diagrammatic Hard Loop approach

=Πµν )(k
k k k k

k k

p
p

kp + kp +

p

Hard loop approximation: 

+ +

µµ << pk

λ
σ

σ

λν
νλ

µ
µν

π p

f

ikp

kp
g

E

ppdg
k

∂

∂

+
−=Π

+∫
)(

0)2(2
)( ][

3

32 p

0)(),()( =ΠΠ=Π µν
µ

νµµν
kkkk
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Dispersion equation

Dispersion equation
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Dispersion equation – configuration of interest

Direction of the momentum surplus
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Existence of unstable modes – Penrose criterion
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Unstable solutions
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Hard-Loop dynamics
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Soft fields in the passive background of hard particles
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Growth of instabilities – 1+1 numerical simulations

SU(2) Hard Loop Dynamics

A. Rebhan, P. Romatschke & M. Strickland, Phys. Rev. Lett. 94, 102303 (2005)

γ* - maximal growth rate
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Isotropization - particles

Direction of the momentum surplus
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Isotropization - fields

Direction of the momentum surplus
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Isotropization – numerical simulation

Classical system of colored particles & fields
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Prolate vs. oblate 
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Conclusion

The scenario of instabilities driven equilibration 

provides a plausible solution to the fast equilibration 

problem of weakly coupled plasma


