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o QCD phase diagram: an equilibrium concept
o deconfinement + chiral phase transition
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o QCD phase diagram: an equilibrium concept
o need out-of-equilibrium dynamics to describe 

initial stages of heavy ion collision
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From heavy ion collisions towards the QCD phase diagram:
an equilibration process
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non-perturbative 
regime of QCD

o QCD phase diagram: an equilibrium concept
o Need of out-of-equilibrium dynamics to 

describe initial stages of heavy ion collision.
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We can investigate this equilibration using effective field theories. 
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o d.o.f.: light quarks and mesons

o chiral symmetry breaking

o phase diagram with 1st order & 
2nd order/crossover transition

The quark-meson model provides 
a successful formulation of QCD below scales ~1 GeV.

Jungnickel, Wetterich. PRD (1996)
Birse. J. Phys. G: Nucl. Part. Phys. (1994)
Petropoulos. J. Phys. G: Nucl.Part. Phys (1998)
Berges, Jungnickel, Wetterich.Int. J. Mod. Phys. A (2003)
Schaefer, Pirner. arXiv nucl-th/9903003 (1999)
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The 2PI effective action is a practical tool to study thermalization. 
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Numerical solution of the equations of motion

o symmetries: spatial homogeneity & isotropy

o propagator decomposition:

o iterative real-time evolution
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When does this stationary 
state become thermal?



(1) Thermal equilibrium is a time-translation invariant state.
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o time-translation invariance implies 

o temporal Wigner transformation:

G(t, t�, | |) � G(�, | |) t � t� t + t�

�(t, t�, | |) � �(X0, �, | |)



The two-point functions become time-translation invariant.
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(2) Thermal eq. as state with thermal particle distributions.
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o thermal initial density matrix implies fluctuation-dissipation relation:

o effective particle number:

o in thermal equilibrium:
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Determination of the thermalization temperature 
using the Bose-Einstein and Fermi-Dirac distribution
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Particle masses from spectral functions by dispersion relation
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A step forward
in describing the thermalizing of the QGP in a heavy ion collision

We were able to

o include non-equilibrium dynamics 

o observe the approach of thermal equilibrium

o determine the physical mass spectrum

Next steps:

o non-zero baryon-chemical potential

o expanding box size

o scaling behavior around critical point
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