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 Introduction
 Relativistic Boltzmann equation (ReB).
 Two and three body collisions.
 EOS at zero baryon densities and finite T.  
 Entropy production and its experimental determination.
 Conclusions and outlook



  

    JPCIAE model (old code )

     ReB model (new code)

    Preliminary results 

both based on
     PYTHIA
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    (1) Radial position of a nucleon in colliding nucleus A
          sampled in Woods-Saxon distribution.

    (2) Solid angle of the nucleon sampled uniformly in 4                                                                          π

(3) Beam momentum of each nucleon is given in z                    
      direction  and zero initial momentum in x and y            
      direction

ReB model (new code)

based on mean free path idea

(4) The origin of the time is set at the moment when the 
projectile and target nuclei touch



  

Using time evolution method 
At each time step a two(three)-body collision takes 
place in this way:
1) For each particle i, find  the closest particle j in phase
 space
2) A mean free path is defined as:
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tΔ is the time step interval

ijυ the relative velocity of particle i and j

3) A collision probability is:

4) A random number      ,  in the                 interval, is compared 
   
    with             ,if                       the collision can occur .           
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After each collision the particle list is updated



  

For each collision pair:

   (a)  If CMS energy  > 4 GeV                strings are                
formed              PYTHIA is used to deal with particle 
production.
   (b)  Otherwise, the collision is treated as a two-body 
collision.

Both the old code and the new code:

The threshold , 4 GeV, is the minimum energy for 
which Pythia works.  Implement cross sections for 
lower energies: very important for secondary 
processes producing low energy particles.
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2+3 body collisions

In the last collision only particle production is possible



  



  

EOS at zero Baryon densities
• Initially prepare two colliding pion systems 

in a box with periodic boundary conditions.
• Include all possible elastic and inelastic 

channels from data (if available) or theory.
• Calculate temperature and entropy after 

equilibrium has been reached.
• Define entropy in p-space only (which 

could be measured) and compare.
• Include possibility for a QGP based on the 

Bag model (SU2).
• Compare to LQCD results



  



  

Entropy
• Define entropy: S=-1/N∑(f lnf±(1±f)ln(1±f));  

N=number of particles ×number of events (time). 
Normalize ∑f(i)=1

• f(i)=cnst/d3rijd
3pij;where j is the closest particle 

in phase space to i
• Reduced entropy Sp=-1/N∑(g lng±(1±g)ln(1±g)); 

Normalize ∑g(i)=1

• g(i)=cnstρ/d3pij;where j is the closest particle to i

• S proportional to Sp if the system reaches 
equilibrium at a freeze-out density.
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How did we determine the Temperature?
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FIG. 2: Energy density divided by T 4 (top) and energy density (bottom) versus temperature for

a classical ideal gas of finite mass. The full lines represents the analytical, while the dots are our

numerical result.

A resonance is followed in time until it decays according to its experimental lifetime. The

possibility of decays in 2 or more pions is included according to data. In these preliminary

calculations we have arbitrarily neglected the possibility of strange particles creation. In this

way we are restricting our results to be able to compare to LQCD with 2 flavours. A gener-

alization to include strange particles is straightforward and we will discuss it in a following

publication in order to explore the differences of calculations with and without strange par-

ticles. In figure (4) the energy density versus temperature for the resonance meson gas is

given by the full circles. As it is shown in the figure there is a limiting temperature that

the system can reach of about 200 MeV. This is due to the fact that when increasing the

energy density more and more resonances of higher masses are formed. These resonances

take kinetic energy away from the system thus lowering the temperature. This is the Hage-

dorn scenario of the limiting temperature that can be reached in a purely hadronic system.

There is another reason why the system cannot overcome the Hagedorn temperature. It is

the possibility that a resonance such as the ω might decay into 3 π thus converting kinetic

energy into mass. These resonances are however very narrow and to excite them is very

6



  

QGP
• Massless quark and gluon gas:            

P=gtot(π
2/90)T4;ε=3P; gtot=37 (2 flavors)

• Define the critical pressure and energy 
density in the Bag model: εc=3B=0.71 

GeV/fm3 (B1/4=206 MeV)
• If in a h-h collision ε≥εc, quarks and gluons 

are liberated: nq=nqbar=f(ε); ng=g(ε)

• quarks and gluons can collide elastically (to 
reach equilibrium), and also decay (g) or 
combine to form new hadrons (q-qbar).
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τq=τg=∞ 
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FIG. 6: Energy density divided T 4 versus temperature for Nf = 2 (full circles). The LQCD results

are given by the squares.

partons are followed in time exactly like the hadrons solving the transport equation. In

particular the partons can collide elastically with other partons and hadrons using a cross

section of 1 mb in eq.(1). If in a collision between a parton and an hadron the local energy

density is larger then the critical value, new partons are liberated from the hadron similarly

to the mechanism discussed above. The possibility of collisions among partons and hadrons

is necessary in order that the total system can reach thermal equilibrium.

The results of our calculation when including the QGP are displayed in figs.(5) and (6).

In particular in figure (5) it is demonstrated the drastic difference with the pure hadrons

calculations (full circle symbols) including the resonances. In fact the Hagedorn limiting

temperature is not present anymore, furthermore the energy density has a change of slope

at about 0.17 GeV temperature. The nature of this change is better explicated in figure(6)

where the energy density divided the T 4 (see equation(3)) is plotted versus T. The cases

displayed are obtained by changing the pion mass and without including the possibility of

resonance formation. This is done in order to understand the role of the hadron masses.

In fact we find that increasing the mass gives a different critical temperature where the

cross over is obtained. This feature is easy to understand: when calculating the (kinetic)

energy density in the elementary collisions which should overcome the critical value defined
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FIG. 7: Equation of state including QGP formation and for pion masses equal to 0.14 GeV (open

circles) and 0.77GeV (open squares).

AA data and can reproduce the pp data at a price of a large (and unreasonable) energy cutoff

in the elementary inelastic collisions. Finite hadronization times and a careful inclusion of all

possible inelastic channels down to the pion threshold production gives a good description

of pseudo-rapidity distributions both in pp and Au+Au data. The possibility of a finite

ht hints to the formation of a mixed QGP and hadronic state after kinetic equilibrium is

reached (i.e. after 5 fm/c). The comparison to data in this paper has been restricted to the

highest RHIC energy at the moment. We plan to extend the calculations with the present

model to other observables and different energies. Collective flow calculations are also of

interest. A priority however is the possibility of including a phase transition in the model

to see if the data (or which data) is sensitive to the phase transition. This we hope to

accomplish within a Constrained Molecular Model (CoMD) for quarks degree of freedom

recently developed [26].

Finally, Z.D.M and Z.G.T: acknowledge the financial support from INFN and Department

of Phys. University of Catania in Italy (where most of the work was performed) and NSFC
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τq=1.0fm/c, τg=0.5fm/c, ρ<ρc(B)
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Summary and outlook
• Proposed a new method to solve the relativistic kinetic equation 
with 2 and 3 body collisions:

Results critically dependent on the hadrons formation time

Need to include collisions at the parton level☑

Bose-Einsten and Fermi statistics are still lacking☑

Include a phase transition in the model in a (possibly) 
realistic way☑


