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Outline

Electrical conductivity in WDM: Strongly Coupled Coulomb Systems, Quantum statistics

Analytical calculations, Green’s function method, exact results in some limiting cases
(benchmarks).

Numerical simulations: density-functional theory for electrons and molecular-dynamics for
ions (DFT-MD) simulations. Path-Integral Monte-Carlo (PIMC)

Combine different approaches: Example: the electrical conductivity o(T, n) of Hydrogen
and Beryllium plasmas.
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Electron degeneracy:. O=T/T_

5. ELECTRICAL CONDUCTIVITY
OF NONIDEAL PLASMAS

In order to describe the electrical conductivity over
a broad range of parameters where electrons may obey
either Boltzmann or Fermi statistics, expressions (3.1)—
(3.4) were combined into an interpolation expression
within the T approximation [94]; that is,
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FIG. 1. (Color online) Correction factor R.. of the conductivity
due to e-e collisions as function of degeneracy parameter ® at Z =

Qea and Q,; are the transport cross S?Ctions forg respec- 1 for different temperatures 7 = (10°,10*,10°,10°) K. Numerical
th?ly’ eleCtrOI_l_atom and electron—ion scattering; and calculations (LRT, full lines) are compared with the fit formula (34)
Y; is a correction for electlﬁon—elf:cifron scatterlng. For (dot-dashed lines) and the approximations (40) of Stygar et al. [11]
the case where the change in statistics occurs, this cor- and (41) of Fortov et al. [12] (dashed lines).

rection was interpolated as [22]

Ty and Fortov et al. [12],
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with 7% being the Fermi temperature and yf is a correc-
tion for the Boltzmann plasma. with the Spitzer values RX'(Z = 1) = 0.582, see Eq. (29),

V. E. Fortov et al., J. Exp. Theor. Phys. 97, 259 (2003) H. Reinholz et al., Phys. Rev. E 91, 043105 (2015).



Plasma parameter T, n,

Phase diagram: e — e collisions and DFT-MD simulations
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“ab initio” calculations vs. analytic expressions

quantum statistical, many-particle approaches

physical properties — correlation functions

thermodynamics: equation of state (EoS)

transport coefficients: electrical, thermal,...

electrical conductivity: Kubo formula

o(Typ) = z%0= [0 dtet [ NP - P(t + ihB\))

electron total momentum P =, hkalak known equilibrium statistical operator

Green’s functions:

erturbation theor DFT-MD simulations PIMC simulations
b rtial ti v Exchange-correlation sign problem
parual summations functional limited particle number

quasiparticle, screening
limiting cases electron-ion interaction uniform electron gas



Virial Expansion of the Electrical
Conductivity of Hydrogen Plasmas
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dc conductivity o(n,T) = o (n,T)

m

dimensionless resistivity: virial expansion
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p(x,T) = n(e/T) - A1 (T)+p2(T)x+... z=1/In(©/T) virial plot
exact results prPItEeT — ().846 Jim po(T) = psP =0.4917

(benchmarks) V. S. Karakhtanov, Contrib. Plasma Phys. 56, 343 (2016)



The Zubarev Nonequilibrium Statistical Operator

Generalized
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SQJIEKTPOIIPOBO/IHOCTH CUCTEM 3APAKEHHBIX

HYACTNLO N1 METO/ZA HEPABHOBECHOI'O
CTATUCTNYECKOI'O OIIEPATOPA 3YBAPEBA

OpHoit n3 yHIaMEHTAJBHBIX MPOOIeM (DU3WKY, 0 CHUX [OP HE IOJIyJIUBIIEH
CTPOTI'Oro PEIeHMUs], SIBISI€TCS CTATUCTUIECKAsT MEXaHUKa, HEPABHOBECHBIX IIPOIIECCOB.
Bacxknrprit Bkitar B TeOprio HEOOPATUMBIX IIPOIECCOB, OEPYIIYI0 HAYAJIO B 00paTUMO
raMuJIbTOHOBOM Mexanuke, BHec JI. H. 3ybapes, cozmaBmuii MeTos HEpaBHOBECHO-
0 CTATUCTUYIECKOro oreparopa. OOCy»XaeTcs ITOAX0I HEPABHOBECHOI'O CTATHUCTHU-
YEeCKOro OIepaTopa, B YaCTHOCTH pacinupeHHoe ypaBHeHue ¢oH Heiimama. B ka-
9eCcTBE IPUMEPA PACCMATPUBAETCS SJIEKTPOIIPOBOIHOCTD CUCTEMBI 3aPSI?KEHHBIX Ha-
crun. Obcyxpaercss mpobjeMa OTOOPa MHOMXKECTBA, PEIEBAHTHBIX HAOJIIOLAEMBbIX.
IIponemoHcTpUpOBaHa CBSI3b MEXKIy KHHETUYECKOU TEOpHel M TeOpHUeil JIMHEHHOro
oTkymKa. C MOMOIIBIO TEpMOIUHAMUIECKUX (DyHKIM ['prHa cucTeMaTwyecku pac-
CMOTPEHBI KOPPEJISIIMOHHBIE (DYHKIMN, OJHAKO CXOAMMOCTH DAa3JIOXKEHUM Tpedyer
JaJibHelnero usydenusi. [IpoBeqeHO cpaBHEHNE PA3JIMYHBIX BBIPDAXKEHUIN JJIsl IPO-
BOAUMOCTH, a TaK2>Ke€ IIepPEINCJICHbI OTKPBITHIE HpO6.HeMI)I.



Exact benchmarks from analytical
approaches
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Ziman formula
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Electrical conductivity of plasmas

Kinetic theory (Boltzmann equation): Spitzer (low-density limit)
Linear response theory: Kubo formula (warm dense matter)

o(T, 1) = =559— [° _dtet [ dA(P - P(t + inBA))
electron total momentum P =), hka}iak

Kubo-Greenwood formula, DFT-MD simulations: electron-electron collisions included?
M. P. Desjarlais et al. 2017, N.R. Shaffer and C.E. Starrett, Phys. Rev. E 101, 053204 (2020)

e
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Conductivity of warm dense matter including electron-electron collisions:
H. Reinholz, G. R., S. Rosmej, R. Redmer, Phys. Rev. E 91, 043105 (2015).
DFT-MD contains e-e interaction only in mean-field approximation,
wrong low-density limit of electrical conductivity (Lorentz-model)

Re [c(w)] =

Thermoelectric transport coefficients: o(T, n), o(T, n) , A(T, n)

M. French, G. R., M. Schorner, M. Bethkenhagen, M. P. Desjarlais, R. Redmer, Phys. Rev. E 105, 065204 (2022)



Solution of the kinetic equations
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Correction factor
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Correction factor from RPA

RPA-Debye screening

RRPA(T n) = 0.5945 +

pPET—MD  pRPA (T ) = 0.8467 + 0.732z
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G. R., Phys. Plasmas 31, 042301 (2024)
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Generalized virial expansion

zero second virial coefficient

L em o M)A+ paa(D) + O In(1/m)]
dc — — 1 A2 n n n
pac odc  (kBT)3/2(4mep)? P PA,
b 3T,
A(T,n) =In(1+b)— — =— A, x=15144:
1+b XN,
n (em™3) |p (gecm™2)|T (eV)| T © |c(Q'm™)| 1/A.
1x10% 1.67 20000 |0.00116| 549.1 | 7.9499x10° |0.073381
1x10% 1.67 10000 [0.00232| 274.5 | 3.129%x10° [0.081691
1x10%* 1.67 1000 | 0.0232 | 27.45 | 1.5862x10% | 0.13095
1x10%* 1.67 100 | 0.232 | 2.745 | 1.2493x107 | 0.32617
5.98x10%* 10 1000 |0.04213|8.3252| 2.0711x10% | 0.17987
5.98x 10%* 10 100 | 0.4213 [0.8325| 2.6631x107 | 0.69527
5.98 x102%° 100 1000 |0.09076|1.7936| 3.3978x10% | 0.28052

error:
2 %,

for 10/100:
10 %

G.R., CPP 63, 202300002 (2023)



Correction factor: benchmark
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Virial plot: H and Be plasmas
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Experiments
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Interpolation formulas, ERR: A Esser, R. Redmer, G. R., Contrib. Plasma Phys. 43, 33 (2003).
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G. R., M. Schoerner, M. Bethkenhagen, R. Redmer, Phys. Rev. E 104, 045204 (2021) Supplemental material
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Conclusion

Analytical calculations and Green’s functions approaches provide us with
exact results (benchmarks) in some limiting cases. We show where a virial
expansion of the resistivity can be applied.

Simulations become expansive and time consuming in some limiting cases
(for instance, in the low-density limit). Comparison with analytical results
can used to show the accuracy of calculations, to eliminate wrong results,
and to construct interpolation formulas.

We have shown that electron-electron collisions are not included in ab-initio
DFT-MD calculations, we expect that PIMC calculations can provide us with
correct results in the low-density region. A renormalization factor can be
introduced to take the contribution of electron-electron interaction into
account. One has to take care to avoid double counting, for instance with
screening.



