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Models at our disposal  
Relativistic 

Hydrodynamics 
  



 
 



 
 

Number of variables – 6 
 
Number of equations – 4 
 
Missing  equations:  
 

(1) EOS, that links energy density and pressure 

(2) 



 
 



  

Models at our disposal  
Microscopic 

Transport Models 
  



Steffen A. Bass 

Initial Particle Production in UrQMD 



  



  

Central cell: 
Relaxation to  

(local) equilibrium  



Pre-equilibrium: Homogeneity of baryon matter 

                      
       

  

The local equilibrium in the central zone is quite possible  

L.Bravina et al., PRC 60 (1999) 024904 



Equilibration in the Central Cell 

                      
Kinetic equilibrium: 
 Isotropy of velocity distributions   
Isotropy of pressure        

 Thermal equilibrium:  
Energy spectra of particles are 
described by Boltzmann distribution 

 

Chemical equlibrium:                                                                 
Particle yields are reproduced by SM with the same values of  

L.Bravina et al., PLB 434 (1998) 379; 
JPG 25 (1999) 351 



Statistical model of ideal hadron gas 
input values                            output values 

 Multiplicity  
 

Energy 
 

Pressure 
 

Entropy density 



Kinetic Equilibrium 

                      

       
 Isotropy of pressure 

  

Pressure becomes isotropic  
for all energies from 11.6 
AGeV to 158 AGeV 

  L.Bravina et al.,  
PRC 78 (2008) 014907 



Kinetic Equilibrium in a Small Cell 

                      
       Isotropy of pressure 

  

Longitudinal and transverse pressures in a small cell (4x4x1)fm3 
converge at the same rate as those in a larger cell (5x5x5)fm3 
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Thermal and Chemical Equilibrium 

                      
 Boltzmann fit to the energy spectra       Particle yields 

  

Thermal and chemical equilibrium seems to be reached 
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Infinite hadron gas: 
a box with periodic 

boundary conditions  



 BOX WITH PERIODIC BOUNDARY CONDITIONS 

                      
            M.Belkacem et al., PRC 58, 1727 (1998) 

Test for equilibrium: particle yields and energy spectra   

Initialization: (i) nucleons are uniformly 
distributed in a configuration space; 
(ii) Their momenta are uniformly distributed 
in a sphere with random radius and then  
rescaled to the desired energy density. 



THERMAL AND CHEMICAL EQUILIBRIUM 

                      
 Boltzmann fit to the energy spectra       Hadron yields 

  

Box calculations are on the top of the cell results  
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Equation of State 
T vs. energy,  

etc   



Isentropic expansion 

                      
     

  

Expansion proceeds  
isentropically (with constant 
entropy per baryon). This 
result supports application of 
hydrodynamics 



Equation of State in the cell 

                      
    pressure vs. energy 

  

sound velocity 

P/ε = const  very early (!) 



   

Conclusions 
•  MC models favor early pre-equilibration of hot and dense 

nuclear  matter already at t ≈ 2 fm/c 
•  After that the expansion of matter in the central cell 

proceeds isentropically with constant  s/ρB (hydro!)   
•  The EOS has a simple form: P/ε = const  (hydro!) even at 

far-from-equilibrium stage   
•   The speed of sound C2

s  varies from 0.12 (AGS) to 0.14 
(40 AGeV), and to 0.15 (SPS & RHIC) => saturation 

•  Good agreement between the cell and box results     
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