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High temperature highly compressed media:

mixture of L components

electrons, atoms, molecules, ions

(atomic and molecular)

Given: 

volume V, temperature T

and the number of nuclei K of chemical elements

Quasi-chemical representation for describing the 

thermodynamics of high-temperature highly 

compressed media

The structure of thermodynamic dependences for multicomponent systems in a quasi-chemical representation



Quasi-chemical representation 

Thermodynamic equilibrium conditions 
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The structure of thermodynamic dependences for multicomponent systems in a quasi-chemical representation
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Equilibrium equations 



Chemical picture. Applicability problem

Hydrogen phase diagram

Initial range of applicability
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Confined Atom Model





Argon thermal equation of state
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Confined atom model idea

Non-ideal plasma

chemical picture

Hartree-Fock calculation

of atomic structures





under conditions 

Calculation of compressed atomic structures by the Hartree-Fock method
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The variational principle of quantum mechanics
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For the Hamiltonian
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Wave function in the Hartree-Fock approximation (RHF)
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{nl}=1s2 2s2 2p6 3s2 3s2 3d2…

Confined atom model for describing thermodynamic properties

 )1(ˆ2  LLL

 )1(ˆ 2  SSS



nl и nl,n’l’ are determined from the orthonormality conditions

Calculation of compressed atomic structures by the Hartree-Fock method

Hartree-Fock system of integro-differential equations

Solution method - iterative self-consistency procedure

at every step
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Confined atom model for describing thermodynamic properties



Boundary conditions for radial wave functions
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Boundary conditions for radial wave functions
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Energy levels of compressed argon and cesium atoms
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Confined atom model for describing thermodynamic properties

Ar Cs



Thermodynamic model

Atoms, ions and electrons : Nonideality effects:

A  A+ + e Ze

e

rc

A

A++ A+A+

A++

• Coulomb corrections :

Debye approximation in GCE

pseudopotential model, ...

• Short-range repulsion :

atoms are hard spheres of finite radius

Confined atom model for describing thermodynamic properties
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Atomic partition functions:
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Caloric equation of state for cesium

V=200сm3/g V=1000сm3/g

Confined atom model for describing thermodynamic properties



Thermal equation of state for argon
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Confined atom model for describing thermodynamic properties



5 10 15 20 25 30 35 40 45 50

1

2

3

4

5

6

T= 17200K

 - experiment

 - DH in GCE

 - CA+DHGCE

 

 

P
, 

k
b

ar

V, сm
3
/g

Confined atom model for describing thermodynamic properties

Thermal equation of state for argon



Weakly non-ideal plasma.

Solar plasma thermodynamics.

SAHA-S model



Inversion,

(S.Vorontsov, 2004)

?



Chemical picture. General approach of SAHA models.

Plasma - mixture of interacting

atoms, ions, molecules and electrons
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Atoms, ions, molecules:
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Electrons:

Nonideality effects : ( in t)

,...ee,ie,i iF

• Dependence of PF on density and temperature:

Qj =g0 , Planck-Larkin, Starostin-Roerich. …

A  A+ + e Ze

e

rc

A

A++ A+A+

A++

Partition functions: )} ,{,( TnQQ jijj 

• Coulomb corrections:

modified Debye approximations, Coulomb 

pseudopotential model, ... 

•Strong short range repulsion between all species:

atoms, molecules and ions - spheres of nonzero 

radius...

•Neutral-neutral short range attraction



• Partition functions:
Modification of  Planck-Larkin partition

function (A.Starostin, 2002-2004)

Equilibrium composition (SAHA-S1)

54 species (H He C N O Ne):
{e, H, H+, ..., He, He+, He+2, 

C,  C+, …, N, N+,…, O, O+, …, Ne, Ne+, …},

+ Si Fe (SAHA-S2) > 90 species + Mg S (SAHA-S3) > 150 species
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•Coulomb interaction:
Debye approximation

in Grand canonical ensemble
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Thermodynamics of solar plasma

SAHA-S

A  A+ + e Z

e
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Thermodynamics of solar plasma

• Diffraction corrections:

•Exchange corrections:

•Relativistic corrections:
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SAHA-S

A  A+ + e Ze
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A++ A+A+

A++



Structure of the Sun •Core:

•Convective

zone:
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•Radiative

zone:



Element composition of solar plasma
H He C  O  …

C  O  …
Convective zone

Standard solar model



Density and temperature along
solar trajectory



T



Convective zone

Tmin 4000 K

min  10-9 g/cc

Tmax 1.5· 107 K

max  150 g/cc

Standard solar model

Helioseismology
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Plasma parameters along solar trajectory
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SAHA –S calculations 
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Adiabatic exponent. 

Models and inversion results

Ideal plasma

H+ + He++

H  He

Convective zone

SAHA -S

Inversion,

(S.Vorontsov, 2004)



H+ + He++

+ Coulomb 

corrections

H  He

SAHA -S Adiabatic exponent. 

Models and inversion results
Convective zone



H + He

+ QP-L

H  He

SAHA -S Adiabatic exponent. 

Models and inversion results
Convective zone



+ electron

degeneracy

H  He

SAHA -S Adiabatic exponent. 

Models and inversion results
Convective zone



+C N O Ne

QP-L

QStarostin

H  He C N O Ne

SAHA -S Adiabatic exponent. 

Models and inversion results
Convective zone



+ radiation

pressure 

and energy

H  He C N O Ne

SAHA -S Adiabatic exponent. 

Models and inversion results
Convective zone



+ exchange

effects 

H  He C N O Ne

SAHA -S Adiabatic exponent. 

Models and inversion results
Convective zone



+ diffraction 

effects H  He C N O Ne

SAHA -S Adiabatic exponent. 

Models and inversion results
Convective zone



All 

included

H  He C N O Ne

SAHA -S Adiabatic exponent. 

Models and inversion results
Convective zone



+ Si Fe

H He C  N O Ne

Z = ZModel S

Adiabatic exponent.

Heavy elements contribution

Z = ZModel S/2

Inversion,

(S.Vorontsov, 2004)

SAHA -S

Convective zone

Z = {C,O,N,Ne,Si,Fe}



H He (C  N O Ne)

Versions of SAHA-S modelsSAHA -S

SAHA-S1

Element composition

Heavy element abundance 0.01 ÷ 0.02

H He (C  N O Ne Si Fe)

SAHA-S2

Element composition

Heavy element abundance 0.01 ÷ 0.02

H He (C  N O Ne Si Fe Mg S)

SAHA-S3

Element composition

Heavy element abundance 0.005 ÷ 0.02

50 species of particles

95 species of particles, ground states of heavy elements

145 species of particles, detailed excitation spectrum of all particles

Heavy elements

Heavy elements

Heavy elements

SAHA-S7…



Convective zone

N, Z=7
C, Z=6

He, Z=2
H, Z=1

O, Z=8

Ne, Z=10

Si, Z=14

Fe, Z=26

Mean charge of ions along solar trajectory

iZ

SAHA–S calculations 

Helioseismology
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Z = 0.011
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 = 10-10g/cc

Hydrogen. Deviations to the ideal Saha pressure along isochore

 = 10-10g/cc

 

 

SAHA-S

H+ + e

H + H+ + e

H2

Fig. from A. Alastuey and V. Ballenegger, Contrib. Plasma Phys. 52, 2012

AA et al., JSP, 2008

Rogers, ApJ, 2002
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rs=14;  = 0.001 g/cm3

Thermal EOS of hydrogen along isochore
( low density )

H <=> H+ + e

H2 <=> 2H
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rs=14;  = 0.001 g/cm3

Thermal EOS of hydrogen along isochore
( low density )
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H <=> H+ + e

H2 <=> 2H

G. Chabrier, S. Mazevet, F. Soubiran, A New Equation of State for Dense Hydrogen–Helium Mixtures, The ApJ, 872:51, 2019
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Caloric EOS of Hydrogen along isochore
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rs=14, r=0.001 g/cm3
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Caloric EOS of Hydrogen along isochore  

rs=14, r=0.001 g/cm3

QMD
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Caloric EOS of Hydrogen along isochore

rs=14, r=0.001 g/cm3
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D Saumon, G Chabrier, HM Van Horn, An equation of state for low-mass stars and giant planets, The ApJ Supplement Series 99, 713, 1995



52

Caloric EOS of Hydrogen along isochore

rs=14, r=0.001 g/cm3
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G. Chabrier, S. Mazevet, F. Soubiran, A New Equation of State for Dense Hydrogen–Helium Mixtures, The ApJ, 872:51, 2019
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Leiden 2004
Equation-of-State and Phase-Transition Issues in Models of Ordinary Astrophysical Matter 

from 2 Jun 2004 through 11 Jun 2004
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