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Transport model:  Dissipative fluid dynamics 
A Muronga, PRC 76, 014909 (2007)    Energy- 

momentum 
   tensor: 

Equations 
of motion: 

  Sound 
equation: 

Heat 
flow: 

Equation 
 of state: 

Heiselberg, Pethick, Ravenhall,  
    Ann. Phys. 233, 37 (1993) 
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Ideal fluid dynamics 

Energy-momentum tensor: 

E 

M 

Non-relativistic flow (v << 1): : 
E 
M 

Sound equation 

Equation of state:  p0(ε) 

(sound speed)2 
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Small disturbance in a 
uniform stationary fluid 

First order in δε:	


Evolution of small disturbances 
=>  v << 1 

Sound equation: 

Harmonic disturbance: 

Dispersion relation: 

Diverges for large k! 
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Ideal fluid dynamics with one conserved charge 

E 

M 

Sound equation 

Continuity equation C

Tµν(x): 

η, ζ, κ = 0 

ρ tracks ε when κ=0 E & C => 

=> 

Dispersion relation => => 

Diverges for large k! 
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Inclusion of gradient correction 

=> 

=> 

=> 
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Viscous fluid dynamics with one conserved charge 

E 

M 

Sound equation 

Continuity equation C

Tµν(x): 

=> 

E & C => 

κ = 0 

ρ tracks ε when κ=0 

=> 

=> Dispersion relation 
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Viscous fluid dynamics with one conserved charge 

Scaling expansions  ....  on the board! 
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Chiral O(4) field: 

Equation of motion: 

Linear sigma model: Semi-classical treatment 

Lagrangian: 

Hamiltonian: 



JRandrup: Dubna School, 2010 

Separation into order parameter and quasi-particles 

Order parameter: 

Quasi particles: 

Equations of motion: 

Field fluctuations: 

Order parameter: 

Quasi particles: 

Periodic 
   box 
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Thermal fluctuations: 

Quasi-particle modes 

Effective masses  
are determined by 
the gap equations: 

Quasi particles: 

L=8 fm 
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Effective potential for the order parameter 

Separation of 
the total energy: 

Bare energy: 

Quasi particles: 

Correction: 
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Free energy of the order parameter 
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Chiral phase diagram 
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Phase structure for different pion masses 

The phase structure washes out when the volume is reduced 

First-order transition emerges below about half the physical mass 
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Thermal distribution of the order parameter 

=> 

=> 
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Is the equilibrium consistent with the dynamics? 

Initialize a sample of fields from the calculated thermal distribution 

Then follow their dynamical evolution to check for consistency 

The calculated equilibrium distribution 
is indeed reproduced by the dynamics 
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Chiral dynamics 

Prepare sample of initial fields 

Follow dynamical evolutions 
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Pseudo Bjorken expansions in D dimensions 

Augment the equation of motion 
with a dissipative term that 
emulates the Bjorken expansion: 


