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Motivation 
1.  Flavor dependent  Freeze-out temperatures in A+A collisions at RHIC and LHC 
In the crossover region of QCD phase diagram.  
F.A. Flor, G. Olinger, R. Bellwied ArXiv: 2009.14781  
T_u,d = 150 MeV, T_s= 165 MeV 
 
2. Tom Reichert, Gabriele Inghirami and  Marcus Bleicher : 
Probing chemical freeze-out criteria in relativistic  
nuclear collisions with coarse grained transport simulations EPJ (2020)  
arXiv:2007.06440   The average chemical break-up time remains constant  
at t ≈ 7 fm above √sNN = 7.7 GeV 
 
3. Gabriele Inghirami, Paula Hillmann, Boris Tomášik, Marcus Bleicher 
Temperatures and chemical potentials at kinetic freeze-out in relativistic heavy  
ion collisions from coarse grained transport simulations arXiv:1909.00643 
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Central cell: 
Relaxation to  

(local) equilibrium  



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 



NEGATIVE NET STRANGENESS DENSITY 

                      
 Net strangeness density in the central cell at 11 to 80 AGeV       

  

Net strangeness in the cell is negative because of different interaction 
cross sections for Kaons and antiKaons with Baryons 



THERMAL AND CHEMICAL EQUILIBRIUM 

                      
 Boltzmann fit to the energy spectra       Particle yields 

  

Thermal and chemical equilibrium seems to be reached 
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HOW DENSE CAN BE THE MEDIUM?  

                      

”B
ig

” 
ce

ll 
(V

 =
 5

x5
x5

 fm
3 ) 

  
  

Dramatic differences at the non-equilibrium stage;  after beginning of 
kinetic equilibrium the energy densities and the baryon densities are the 
same for ”small” and ”big” cell  
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COMPARISON BETWEEN MODELS  

                      
 The phase trajectories at the center of a head-on Au+Au collisions       

  

Different models exhibit a large degree of mutual agreement 

I. Arsene et al.,  PRC 75 (2007) 034902 

Green area  : freeze-out region; 
Yellow area : the phase coexistence  
region from schematic EOS that has 
a critical point at final density 
 



  

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. 



 BOX: PARTICLE ABUNDANCES 
                      

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

Saturation of yields after a certain time. Strange hadrons are 
saturated longer than others . 

L.Bravina et al., PRC 62, 064906 (2000) 



BOX: ENERGY SPECTRA AND MOMENTUM 
DISTRIBUTIONS 
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Nearly the same temperature and complete isotropy of  dN/dpT 

Fit to Boltzmann 
distributions ~exp(-E/T) 

Fit to  Gaussian 
distributions   
~exp(-p2/2mT) 



BOX: HAGEDORN-LIKE LIMITING TEMPERATURE 

       E.Bratkovskaya et al., NPA 675, 661 (2000) 

      

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

A rapid rise of T at low ε and saturation at high energy densities. 
Saturation temperature depends on number of resonances in the 
model. W/o strings and many-N decays – no limiting T is observed.   

UrQMD 

HSD 



  

Freeze-out of main  
hadron species  



                    



                    Different particles  
are frozen at different space – 
times  
with different values of  
T-µB-µS 
  



                    



















  

Consequences of the different  
space-time freeze-out: 

-   Differences in yields in SM 

L.Bravina et al, Springer Proceedings 
in Physics, vol. 250  (2020) p. 215 



                    
The difference between average freeze-out and  
freeze-out for particular species  is very large 





                    



                    



                    



  

Conequences of the different  
space-time freeze-out: 

-   Directed flow  

L.B. et al., Universe 5 (2019) 3, 69  







                    Directed flow for Lambdas and kaons 

V1 for Λ changes sign at midrapidity with decreasing collision energy, 
 whereas V1 for kaons has negative slope (antiflow)   



Different slopes of different particles: URQMD and Data  



  

Consequences of the different  
space-time freeze-out: 

-   Difference in Polarization  
    for lambdas and antilambdas 

 
O.Vitiuk, L.B., E.Zabrodin, PLB 803 (2020) 135298 

O.VITIUK ET AL SPRINGER PROCEEDINGS IN PHYSICS, VOL. 250  (2020) P. 429 
 















   

Conclusions 
•  MC models favor chemical equilibration of hot and dense 

nuclear  matter at t ≈ 7 fm/c 
•  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 

•  In MC models different particles are frozen at different 
times: K-π-antiΣ-Σ,antip-p-antiΛ-Λ 

   and in different space regions with different T-µB-µS 
 It naturally explanes such effects as directed flow for p, Σ, Λ     and  
 antiflow for K-antiΣ-,antip-antiΛ    
 and higher polarization for anti-Λ  than for Λ at low energies. 
             

     
•  Good agreement between the cell and box results     



IV. Cross-over between phase and 
space freeze-out (in collaboration 
with Yu. Sinyukov et al) 

































3FD-Hydro and polarization byYu.B. Ivanov 
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PUBLICATIONS FOR 2019-2020 

Ò L. Bravina – 21 publications, ca 10 talks 
Ò Yu. Ivanov  - 8 publications, ca 10 talks 
Ò M. Baznat – 5 publications  
Ò E. Zabrodin – 15 publications, ca 10 talks  



  
                                                        Chemical Freeze-out  
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                                                        Chemical Freeze-out of pions at b=6 fm 



BOX: HAGEDORN-LIKE LIMITING TEMPERATURE 

       E.Bratkovskaya et al., NPA 675, 661 (2000) 

      

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

A rapid rise of T at low ε and saturation at high energy densities. 
Saturation temperature depends on number of resonances in the 
model. W/o strings and many-N decays – no limiting T is observed.   

UrQMD 

HSD 
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