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Outline.

    We study kinetic equations for reactions:

We established* speed of chemical equilibration of resonances;
 We show how the medium can affect particle decay rate;
 We consider reactions  π0 ↔ γ + γ,  (ρ↔ π + π,  φ↔K+K,)

                                        and 

 Investigate freeze-out from chemical equilibrium of decaying  particles 
with universe expansion.

* I. Kuznetsova and J. Rafelski, Phys. Rev. C 79, 014903 (2009) 
[arXiv:0811.1409 [nucl-th]] 

  I. Kuznetsova and J. Rafelski, Phys.Lett. B 668, 105 (2008) 
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Time evolution equation
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213 fermionfermion boson +↔

213 bosonfermionfermion +↔

boson3 ↔ boson1+ boson2 

Particle 3 yield change =  Particle 3 formation –Particle 3 decay 
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   Quantum reaction rates

Lorentz invariant rates are:
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Fugacity definition
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for in the rest frame of heat bath

We assume chemical potential μ=0, particle-antiparticle symmetry



  

Detailed balance condition

R
dtdV

dW

dtdV

dW ≡Υ=ΥΥ →++→ 321
3

213
21

Equilibrium condition:

)1(213 =ΥΥ=Υ



  

Detailed balance conditions
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      Time evolution equation
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Particle 3 yield change =  Particle 3 formation –Particle 3 decay 
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Calculation of particle 3 decay / 
production rate
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Calculation of particle 3 decay / production 
rate
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Particle 3 decay / production rate in a medium can be calculated, 
using particle 3 decay time in the this particle rest frame.
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τ is time in fluid element co-moving frame.  

The relaxation times for the decay and backward reactions are the same.



  

Example: γ+γ→π0
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Early Universe
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π0 stay in chemical equilibrium;

π0 can intensively participate in reaction with nucleons



  

Effective degeneracy in the Universe
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Lepton equilibration
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This can be important if μν > 0, neutrinos freeze out earlier. 

π± has dominant influence on neutrino equilibration between 7-100 MeV



  

Muon equilibration 

 γ+γ ↔ μ+ + μ-

 e+ +e- ↔ μ+ + μ-

where I=1 for identical particles photons and I=0 for e+e-.
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Rate for muon production

 Equation for                     is similar to that for strangeness 
production in QGP, see review Koch et al, Physics Reports, 142, 
4 (1986)  and I. Kuznetsova and J. Rafelski, Phys.Lett. B 668, 105 (2008)
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Matrix elements for muons production 
near threshold

 

 Near threshold we find:  
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The reaction e+ +e- →μ+ + μ- involves  a single photon,  and thus  it 
is more constrained (by factor 2)  compared to the photon fusion, 
which is governed by two Compton type Feynman diagrams.
Indistinguishability of the two photons introduces an additional 
factor 1/2, so that both reactions differ only by the  difference in the 
quantum Bose and  Fermi distributions:
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Time evolution of μ±
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π±  equilibration

 π0 + π0 ↔ π+ + π-

 γ + γ ↔ π+ + π-

 e+ + e- ↔ π+ + π-

Production rate, using cross section for two to two body processes:
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where s=(p1 + p2)2, λ2(s)  = (s-(m1+m2)2)(s-(m1-m2)2), m1 and m2, g1 and g2, Υ1 and 
Υ2  are masses, degeneracy and  fugacities of initial interacting particles.

π± lifespan is 2.6∙10-8 s
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π± evolution equation
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Relaxation times and cross sections for
charged pions production

Cross sections for pions production 

are from:  
R.Kaminski, et al, arXiv:0710.1150 [hep-
ph]; 
H.Terazawa, Phys. Rev.  D, 954 (1995); 
G.J.Gounaris and J.J.Sakurai, Phys. Rev. 
Lett.  21, 244 (1968); G.~Mennessier et 
al, arXiv:0707.4511 [hep-ph]



  

Equilibration times for pions and 
muons in different reactions



  

Conclusions

 We studied here kinetic equations for 1 to 2 particle and backward reactions 
and derived how reaction rate in medium and in frame of radiation is 
connected to the reaction rate in the frame of decaying particle in vacuum. 

 We showed how thermal medium influences the particle decay time and the 
backward reaction relaxation time.

 We showed that in expanded universe the pions, the muons and other 
hadrons (except n and p) stay in chemical equilibrium with radiation up to 
the few MeV. Until these temperatures their densities are larger than 
nucleon density and they can actively participate in the reactions with 
nucleons.

 We showed that reaction                                 can be important for 

      the neutrinos equilibration at T > 7 MeV.
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