
Quantum simulations of strongly coupled Quantum simulations of strongly coupled 
electromagnetic  and quarkelectromagnetic  and quark--gluon plasmas.  gluon plasmas.  

11Joint Institute for High Temperatures, RAS, Moscow, RussiaJoint Institute for High Temperatures, RAS, Moscow, Russia
22Institut Institut ffüürr TheoretischeTheoretische Physic und Physic und AstrophysikAstrophysik, Kiel, Germany, Kiel, Germany
33Gesellschaft Gesellschaft furfur SchwerionenforschungSchwerionenforschung, Darmstadt , Darmstadt , Germany, Germany

V. FilinovV. Filinov11,, M. Bonitz2 , Y. IvanovY. Ivanov33, 
P. Levashov1,, V. FortovV. Fortov11

Joint Institute for High Temperatures, Moscow, RAS



OUTLINE

•• Phase diagram of strongly coupled quantum Phase diagram of strongly coupled quantum 
Coulomb systems Coulomb systems 
••Basic assumptions of Basic assumptions of semisemi--classicalclassical theory for nontheory for non--
AbelianAbelian plasma and limits of applicability plasma and limits of applicability 
•Simulation of thermodynamics of quantum many-
particle systems by Feynman path integral Monte 
Carlo method
•Wigner approach to simulations of quantum 
dynamics
•Applications to the semi-classical models of quarkquark--
gluon plasmagluon plasma
•Applications to the strongly coupled electromagnetic 
plasmaplasma



Interaction and Interaction and quantumquantum effectseffects in in stronglystrongly
coupledcoupled CoulombCoulomb systemssystems withwith different different 
massesmasses of of particlesparticles..

Nonideality boundary:

>>=<< KinCoul EU

atomes, molecules, clusters

Inside: Strong Coulomb interaction,
Many-body effects

Degeneracy boundary
re =λ

Below: overlapping electron
Wave functions, 
Quantum and spin effects

Coulomb interaction: reerU baab /)( =

Schocks

Pressure dissociation and 
ionization, Mott effect

CTCP

QTCP

COCP

QOCP

Classical two-component
plasma - CTCP
Quantum two-component 
plasma model - QTCP

Classical one-component
plasma - COCP

Quantum one-component
plasma - QOCP

34513 10~,10~ −cmnKT
Quark-gluon
plasma- QGP



SemiSemi--classicalclassical theory for nontheory for non--AbelianAbelian system of system of 
color Coulomb quasicolor Coulomb quasi--particlesparticles

Phase diagram
(F.Karsch)
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is based on resummation technique and lattice simulations allowing for consideration of 
quark-gluon plasma as system of dressed quark, antiquark and gluon presented by 
color Coulomb quasiparticles with T-dependent dispersion curves and width 



Basic asumptions of the semi-classical quasiparticle 
model of quark – gluon plasma 

is based on resummation technique and lattice simulations allowing for 
consideration of quark-gluon plasma as system of dressed quark, 
antiquark and gluon presented by color Coulomb quasiparticles

with T-dependent dispersion curves and width.
(Phys.Lett.B478,161(2000), Phys. Rev. C, 74, 044909, (2006))

• All color quasiparticles are massive (m > T) and move non-
relastivistically
•Interparticle interaction is domonated by a color Coulomb potential with     
distance dependent coupling constant.
•The color operators are substituted by their average values

– classical color vectors in SU(3) (8D vectors with 2 Casimirs condit.).

The model input requires :
•The temperature dependence of the quasiparticle mass. 
•The temperature dependence of the coupling constant.

All the input quantiries should be deduced
from lattice QCD calculations

and substitued in quantum Hamiltonian.



Thermodynamics of quark - gluon plasma in grand canonical
ensemble within Feynman formulation of quantum mechanics
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PATH INTEGRALS
MONTE-CARLO METHOD
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Density matrix
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Color Color KelbgKelbg potential  potential  
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First studies and testing method within simplified
quasiparticle model of quark – gluon plasma.

• All color quasiparticles are massive (m > T) and move non-
relastivistically
•All quasiparticle masses are the same. 
•We do not distiguish between quark flavors. 
•Interparticle interaction is domonated by a color Coulomb potential with     
interparticle distance dependent coupling constant.
•The color operators are substituted by their average values
– classical color vectors in SU(2) (3D vec.with 1Cas.) instead of SU(3). 

Canonical ensemble instead of grand canonical ensemble. 
•Numbers of quarks, antiquarks and gluons are equal.

The model input requires :
•The temperature dependence of the quasiparticle mass. 
•The temperature dependence of the coupling constant.
•The temperature dependence of the quasiparticle density.

All the input quantiries should be deduced
from lattice QCD calculations.



Input quantities from lattice calculations
in simplified version
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Snapshots of typical Snapshots of typical 
configurations configurations 

T=3T0
Liquid-like dense system 
of individual quasiparticles

T=1.1T0
Gas-like rarefied system 
of 3-4 quasiparticle clusters    



Equation of State.  Equation of State.  
Comparison path integral results                   Comparison path integral results                   

with lattice  (2+1) QCDwith lattice  (2+1) QCD



Pair distribution functions in canonical emsemble
Color correlation functions
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PAIR DISTRIBUTION AND COLOR CORRELATION FUNCTIONS

Similar quasiparticles Different quasiparticles



PAIR DISTRIBUTION AND COLOR CORRELATION FUNCTIONS

e-e
h-h
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Similar quasiparticles Different quasiparticles



Estimation of the Estimation of the quasiparticlequasiparticle bound statesbound states
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Color bound states and Color bound states and 
mean force potential (mean force potential (TT=1.1=1.1TTcc))
Distribution functions r2 * Distribution function

Linear part of the mean force potential
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Decay of color bound states and Decay of color bound states and 
mean force potential (mean force potential (TT=2=2TTcc))
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Kinetic properties of quark – gluon plasma 
in canonical ensemble
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Integral equation
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Schematic snapshot 
for color phase space dynamics
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Time autocorrelation function of the stress energy 
tensor and shear viscosity of quark –gluon plasma

, ,
1

0

( ) ( / 2) ( / 2)
3

1 1( )
2

lim ( ) lim ( )

XY XY
X YB

N

XY i ix iy ij x ij y
i i j

t

t t

n
k T

m v v r F
N

t d

η τ σ τ σ τ

σ τ

η η τη τ

<

= ≠

→∞ →∞

= −

⎛ ⎞
= +⎜ ⎟

⎝ ⎠

= =

∑

∑ ∑

∫



Velocity autocorrelation function 
and diffusion constant QGP
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Diffusion coefficient and Diffusion coefficient and 
shear viscosityshear viscosity

Shear viscosity
agrees with 
Gelman et al., 2006

Diffusion coefficient
is ~103 lower in 
comparison with
Gelman et al., 2006



Electromagnetic  plasma
Crystallization of protons

HYDROGEN, PIMC-SIMULATION, 
n = 1025 cm-3, T=10 000 Ko

Bloch oscillation of electron density 
in periodic potential 



HOLE CRYSTALLIZATION AND QUANTUM MELTING
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HOLE-HOLE DISTANCE FLUCTUATIONS

Lindemann criterion

M = mh/me

28



T = 10000 K, n = 1022 сm-3, ρ = 0.0167 g/сm3

Phase transition to metallic state  
Metallic drops and many particle clusters in hydrogen plasma

3D quantum two-component plasma.

- proton
- electron

- electron



CONCLUSIONS

• Path integral Monte Carlo is a reliable and very 
fast method of simulation thermodynamic properties 
in a wide range of plasma parameters
•Quantum dynamics can be constructed on
the basis of Feynman and Wigner formulation of
quantum mechanics 

•The developed numerical approach can be applied 
to consideration of EM and QG  plasmas. 
•Results of simulations agree with available 
theoretical  and experimental data. 



Thank you for attention.
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