




Quark production 

How does the system reaches chemical equilibrium 
between light quarks and gluons?

Earlier works by F. Gelis, K. Kajantie and T. Lappi

• Limitation from numerical costs
• Treatment of the boost-invariance

PRC71, 024904(2005)
PRL96, 032304(2006) 

CGC, glasma purely gluonic matter

There have been theoretical and technical advances on

 classical statistical method for over-occupied bosonic fields
 real-time lattice simulations of fermionic fields
 treatment of a boost-invariant system





 Keldysh transformation











 The Wigner transform of the density matrix

Perturbative vacuum                     Gaussian distribution



 The Wigner transform of the density matrix

Finally,

1. Generate an ensemble of initial values according to the Wigner 
distribution.

2. Solve the classical equation for each initial conditions.
3. Take the ensemble average.

Quantum effects are incorporated only through the initial condition. 
But the initial vacuum fluctuations contain rich physics.

Perturbative vacuum                     Gaussian distribution



Fermions and the classical statistical method

 gauge part























Borsanyi, Hindmarsh 2009
Monte Carlo method with male and female stochastic fields

 Male and female fields

 Gaussian random numbers

The expectation value can be reproduced by male-female ensemble average.

• initial condition

• evolution equation

















Boost-invariant expansion

: momentum conjugate to space-time rapidity 

: momentum observed in a frame moving with the velocity 

 The relation between the particle mode having the quantum number     and        .

 QFT in the          coordinate system
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Summary

 Fermion dynamics can be implemented in the classical
statistical method.

 The MC method reduces the numerical cost for the
computations of fermion production.

 The quark production in expanding gauge fields with the MV
initial condition can be computed.


