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Effective models of QCD
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Nambu-Jona-Lasinio model
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Polyakov-quark-meson model
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Signals for the critical point

Moments/cumulants of particle dis-
tribution are sensitive to correlation
length
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Signals for a first order phase transition

Out of equilibrium: Fluctuations at the first order transition can be as
strong as at the critical point
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(Sasaki, Friman and Redlich, J. Phys. G 35 (2008))

Goal: study phase transition within fully dynamical model



The Chiral fluid dynamics model

(K. Paech, H. Stécker and A. Dumitru, Phys. Rev. C 68 (2003))

(I. N. Mishustin and O. Scavenius, Phys. Rev. Lett. 83 (1999))

—ge "y 1. quark fluid coupled to
=, 0 chiral fields

: ’ 2. inclusion of fluctuations
T et 3. dissipation and noise

(M. Nahrgang, C. H., S. Leupold, I. N. Mishustin and

M. Bleicher, arXiv:1105.1962v2)



A dynamical model for the Polyakov loop

Phenomenological kinetic term and biquadratic coupling to chiral fields
h2
L=Ls+ fla UET? —uU(l) - 5¢>2\€\2T2

(Dumitru, Pisarski, Phys. Lett. B 504 (2001))

Problem when T = T(x*) Possible solutions
due to » replace T by Ty
o [N, » Polyakov loop always in
Ixi {g;mumznx”)z] equilibrium

» use simple relaxation
in Euler-Lagrange equation equation



Chiral fluid dynamics with a Polyakov loop

£ =q[i (78, — igacor°Ao) — go] q +1/2(8,0)? — U (o) — U(L,7)

» quarks: heat bath in local thermal equilibrium, interacting with:
» o: mesonic field, propagated via Langevin equation
» ¢: Polyakov loop, coupled to heat bath

(I. N. Mishustin and O. Scavenius, Phys. Rev. Lett. 83 (1999), K. Paech, H. Stécker and A. Dumitru, Phys. Rev. C 68 (2003),

M. Nahrgang, S. Leupold, C. H. and M. Bleicher, Phys. Rev. C 84 (2011), In preparation: C. H., M. Nahrgang, I. N. Mishustin and M. Bleicher)



Thermodynamics

Grand canonical potential in the mean field approximation
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The coupled dynamics of fields and fluid

Langevin equation for the sigma field

9 3“0+UU(T)810+8\/6” =&, (E ()& (1)) = —6(1‘ )Mo, coth (27)

(Nahrgang, Leupold, C. H., Bleicher, Phys. Rev. C 84 (2011))
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Box: Relaxation to equilibrium at 4 =0

Polyakov-loop
Polyakov-loop

“o 20 40 60 80 100

first ordeﬂlgw etvransition, critic;wleiooint,
g=47,T.=172.9 MeV g=13.52, T, =180.5 MeV
» study CP and FO by tuning quark meson coupling g
» initialize a cubic volume with T > T,
» initialize o, ¢ with their equilibrium values
» quenchto T < T;
» initialize energy density and pressure of quark fluid
» let system evolve and relax



Box: Relaxation to equilibrium p = 0, critical point

n=22/fm n=>5.0/fm n=10.0/ fm
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Box: Relaxation to equilibrium p = 0, first order

n=22/fm n=>5.0/fm n=10.0/ fm
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Box: Fourier analysis of Polyakov loop fluctuations
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Box: Fourier analysis of sigma fluctuations
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Expanding plasma: first order vs. critical point
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Expanding plasma: trajectories at finite

Isentropic trajectories in T-u-plane are determined by

S Se(T7M)+p(T7H)7N’n(THU')
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S/A=24,16,12,10,8,6,4 (Stephanov, Rajagopal and Shuryak, PRL 81 (1998))



Expanding plasma: Nonequilibrium fluctuations
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Expanding plasma: Baryon density fluctuations
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» Root mean squared fluctuations (An) = /((n(x) — (n(x)))?)

» Enhancement of density fluctuations along first order transition
line

» Density inhomogeneities are pronounced after crossing the
phase transition



Expanding plasma: Formation of high density domains

n(x)/(n), first order n(x)/(n), critical point
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Summary

» Chiral fluid dynamics with Polyakov loop
» at zero baryochemical potential:

» supercooling and reheating

» critical slowing down

» out of equilibrium: large fluctuations at first order transition

» in equilibrium: enhanced fluctuations of soft modes at critical point

» at finite baryochemical potential:

» trajectories overshoot isentropes due to supercooling
» enhanced density fluctuations at first order transition



The Polyakov loop extended linear-sigma-model

The Lagrangian

£ = q[i(+*9, —igacor’Ao) — go] g +1/2(9,0)?
—U(o) —U(t, D)

with the mesonic potential

A2,

U(o) = 4(0 —V)Z—th'—Uo

and the Polyakov loop potential

Uy =20 (10 1 177) - 2 (24 ) + 25 (102 + |7P)

(C. Ratti, M. A. Thaler, W. Weise, Phys. Rev. D 73 (2006), B.-J. Schaefer, J. M. Pawlowski and J. Wambach, Phys. Rev. D 76 (2007))



Thermodynamics
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Propagation of the quark fluid: Source terms

For the quarks: T#* of ideal fluid
0Ty = =0, (T +T;")=8S,+ S/

Source terms

Sy = (— Mg _ 170(910) 0o

Oo
Q _
S = (_ 8an — 2;2’%3,”2) ol

» account for energy-momentum transfer only due to damping
» transfer of stochastic energy is estimated numerically



Box: Fourier analysis of Polyakov loop fluctuations
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Box: Fourier analysis of sigma fluctuations
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