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OUTLINE

••States of matter at high energy concentrationStates of matter at high energy concentration
••Formation of quarkFormation of quark--gluon plasmagluon plasma
•Conclusions from Lattice QCD simulations
•Simulation of quantum many-particle systems
• Path integral Monte Carlo method 
• Applications to hydrogen plasmas 
•Applications to the models of quarkquark--gluon plasmagluon plasma



Matter transformation at high Matter transformation at high 
energy concentrationenergy concentration
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APPROACHES TO QUANTUM APPROACHES TO QUANTUM 
THERMODYNAMICSTHERMODYNAMICS

ThomasThomas--Fermi methodFermi method
HartreeHartree--Fock(Fock(--SlaterSlater) method) method
Density Functional TheoryDensity Functional Theory
Monte Carlo methods (Monte Carlo methods (variationalvariational, , 
diffusion, diffusion, pathpath--ingegralingegral))



Interaction and Interaction and quantum effectsquantum effects 
inin dense 3D and 2D plasma mediadense 3D and 2D plasma media 
with different mass ratio of charges.with different mass ratio of charges.
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Relativistic collisions heavy ions, Relativistic collisions heavy ions, 
elliptic flowselliptic flows

Initial space anisotropy Final space anisotropy
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Color 
deconfinement

Formation of quarkFormation of quark--gluon gluon 
plasmaplasma

Phase transition
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SpaceSpace--time evolution of matter time evolution of matter 
after collision or after collision or ‘‘Big BangBig Bang’’
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Evolution of matter Evolution of matter 
after after ‘‘Big BangBig Bang’’
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INTRODUCTIONINTRODUCTION
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Main Problems: starting from Lagrangianstarting from Lagrangian

(1)(1)
 

obtain hadron spectrum, obtain hadron spectrum, 
(2)(2)

 
calculate various matrix elements,calculate various matrix elements,

(3) describe phase transitions, and phase (3) describe phase transitions, and phase 
diagramdiagram

(4) explain (4) explain confinement confinement of colorof color

httphttp://://www.claymath.orgwww.claymath.org//millenniummillennium//



INTRODUCTIONINTRODUCTION
MethodsMethods

Imaginary time Imaginary time tt→→itit

SpaceSpace--time time discretizationdiscretization

Thus we get from functional integral the Thus we get from functional integral the 
partition function for statistical theory in four partition function for statistical theory in four 
dimensionsdimensions
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httphttp://://wwwwww..ihed.ras.ruihed.ras.ru//fortov/polikarpov.pptfortov/polikarpov.ppt



Integrals ofIntegrals of dimension dimension 32L32L4 4 (L=48, (L=48, 
32L32L44=169,869,312)=169,869,312)

}exp{ ϕϕϕϕ MddZ ∫=

WWork with matrices
 

12L4
 

x
 

12L4

(L=48, 12L4=63,700,992)

For  lattice L4     (L=48, L4=5,308,416)

httphttp://://wwwwww..ihed.ras.ruihed.ras.ru//fortov/polikarpov.pptfortov/polikarpov.ppt



INTRODUCTIONINTRODUCTION
Three limitsThree limits
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We calculate integrals of
 

dimension 32L4 =169,869,312
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Conclusions from 
Lattice simulations

Computer simulations a) reproduce well known hadron 
properties b) predict new phenomena c) help to create new 
theoretical ideas.

Low dimensional objects (regions or quasiparticles
 

-
 

dressed quarks and 
gluons) are responsible for most interesting nonperturbative

 
effects: chiral

 symmetry breaking, topological susceptibility and confinement.

The era of traditional quantum field theory (Feynman graphs,  perturbation 
theory) is over, nonperturbative

 
field theory is close in spirit to solid state 

theory; we have to study dislocations, fractals, phase transitions etc.

httphttp://://wwwwww..ihed.ras.ruihed.ras.ru//fortov/fortov/polikarpov.pptpolikarpov.ppt



SU(2) glue SU(3) glue SU(2) glue SU(3) glue 2qQCD 2qQCD 
(2+1)QCD(2+1)QCD Phase diagram
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SU(2) glue SU(3) glueSU(2) glue SU(3) glue 2qQCD2qQCD (2+1)QCD (2+1)QCD 

Quark-Gluon Plasma at Finite Temperature
Plasma thermodynamics, example: pressure
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Quantum Monte Carlo method
Canonical ensemble

• Binary mixture of Ne electrons and
 

Ni protons

( ) ( ) !!,,,,, ieieie NNNNQVNNZ ββ =
• Partition function:
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σ

βσρβ
V
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• N-particle density matrix:
( ) ( ) ( )HHH βββρ Δ−××Δ−=−= expexpexp K

n+1
( )1+=Δ nββkT1=β



ACCURACY OF DIRECT PIMC
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Quark-gluon plasma in canonical ensemble

•High temperature partition function [Phys. Rev. C, 74, 044909, (2006)]
•NEW:Mixture of quasiparticles: Nq quarks, Nq’ antiquarks,

 
and

 
Ng gluons, 

• Q – color coordinates of each 
quasiparticle - vector on unit 3D sphere
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•Our modification
 

of [Phys.Rev. C, 74, 044909, (2006)]
 

: 
temperature decomposition of N-particle density matrix:
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PATH INTEGRALS
MONTE-CARLO METHOD
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Density matrix
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KELBG PSEUDOPOTENTIAL

abababx λr=

First order perturbation theory solution of two-particle Bloch equation 
for density matrix in the limit of weak coupling
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Color Coulomb or Color Kelbg
 

potential ? 
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(r=0 ?) 

Objects Q are color coordinates 
of quarks and gluons
There is no divergence

 
at small 

interparticle
 

distances and 
it has a true asymptotics
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PERIODIC BOUNDAY CONDITIONS 
TREATMENT OF EXCHANGE EFFECTS

Inside main cell –
exchange matrix (exact)

Accuracy control of sign problem 
–

 
comparison with ideal

degenerate gas

30~3
een λ

Main
 MC cell

λ q

q’

Filinov V.S. // J. Phys. A: Math. Gen. 34, 1665 (2001)
Filinov V.S. et al. // J. Phys. A: Math. Gen. 36, 6069 (2003)
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EQUATION OF STATE
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Shuryak 2 -

<r> = 0.42 fm

Three models for Mall (T), n(T), g2(T): 
1) Shuryak,2)Ivanov, Skokov, 3)Modified Shuryak



Pair distribution functions 
Color correlation functions
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PAIR DISTRIBUTION FUNCTIONS

COLOR CORRELATION FUNCTIONS
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Thank you for attention. 

Contact E-mails: 
vs_filinov@hotmail.com

Vladimir_Filinov@mail.ru
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