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Abstract. Pressure of plasma is calculated by using classical molecular dynamics method.
The formula based on virial theorem was used. Spectrum pressure’s fluctuations of singly ionized
non-ideal plasma are studied. 1/f-like spectrum behavior is observed. In other words, flicker
noise is observed in fluctuations of pressure equilibrium non-ideal plasma. Relations between
the obtained result and pressure fluctuations within the Gibbs and Einstein approaches are
discussed. Special attention is paid to features of calculating the pressure in strongly coupled
systems.

1. Introduction

It is well known that fluctuations of thermodynamic quantities are characterized by a Gaussian
distribution function. According to Einstein approach the probability of thermodynamic
fluctuations near the equilibrium point is described by the relation [1]:

w(Az) ~ expS A7), (1)

where Az is deviation of thermodynamic quantity from equilibrium value, AS(Az) is the
deviation of entropy from its equilibrium value, which depends on the value of the fluctuations.
Assuming that the entropy is analytic function, and considering that the equilibrium point
corresponds to the point of its maximum it can be represented as a power series: AS(Ax) =
asAx? + azAx3 + ... The first member of this series gives a Gaussian distribution for (1) at
negligibly small deviation of x from the equilibrium value.

The article [2] presents non Gaussian fluctuations of pressure in plasma. Resolving of this
paradox was general motivation of this work.

In this paper spectrum pressure fluctuations was determined by MD simulation. The first
three sections are devoted to the description of the model, discussion of the simulation accuracy
and validity of the model for studying pressure fluctuations. The final section presents the
results and their discussion.

2. Simulation model
The model is exactly the same as in the [2]. It considers a system of non-degenerate electrons
and singly charged ions with masses m and M respectively . The mass ratio is chosen to be equal

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd 1



ELBRUS 2015 IOP Publishing
Journal of Physics: Conference Series 653 (2015) 012154 doi:10.1088/1742-6596/653/1/012154

M /m = 100, since the values of M/m > 100 , this parameter has little effect on the dynamics of
electrons [3]. For the integration of the equations of motion used Leap-Frog scheme second-order
accuracy with time step At = 1.66 as. The Langevin thermostat is applied for equilibration
system. Presented in this paper results obtained from analysis of the equilibrium MD trajectory
without using any thermostat, the total duration of which was 8.3 ps, which corresponds to
the 5 x 100 steps in time. The temperature of ions and electrons are equal 7' = 11600 K. The
number of ions and electrons in the system is N = 1000. The periodic boundary conditions are
used.

To eliminate the Coulomb singularity and to account for quantum effects the electron-ion
interaction potentials are usually corrected at short distances [4]. A simple shell-like potential

was used: )
U(rij) = —Tmeqr;» Tid = Teut
2
U(T’Z’j) = E() =-5.0 eV, Tij < Tcut-
The electron-electron interaction and ion-ion interactions are the simple Coulomb. The potential

energy of system is pair-additive. It means that total potential energy of system is the potential
energies of all particles pairs in sum.

2)

47‘(‘60 Tcut

3. Pressure calculations
The technique of pressure calculations used in this article is conventional for this class of
problems [5-8]. The pressure P can be calculated by a mechanistic prescription equating the
exterior and interior forces on the container [5,9]. This leads to the virial expression for the
pressure in an atomic system:

Z f;r;. (3)

It should be noted that this method of obtaining the equation (3) is not really valid for the infinite
periodic systems used in computer simulations: there are no container walls and external forces.
This article do not discuss the problem of finding limits applicability of virial expression here.
It considers only the applicability of formula (3) for the potential (2) with periodic boundary
conditions. The equation (3) is proved for the case when the potential energy of the system is a
homogeneous function (if the argument is multiplied by a coefficient, then the result is multiplied
by some power of this coefficient E,(ar) = o*E,(r) ) [10]. The proof is based on Bogolyubov-
Zubarev theorem. The main advantages of this evidence is independence on any suggestions
about container walls and any separation of internal and external forces. The potential (2) is
homogenous function (k = —1). Thats why according to [10] equation (3) is the exact expression
for calculating the instantaneous pressure of an infinite system.

Well known that MD simulations with periodic boundary conditions is only approximation
of continues infinite media. The so-called long-range corrections of equation (3) usually are used
to account the difference between the infinite system and the system with periodic boundary
conditions [11,12]. The potential (2) is pair-additive. The article [7] shows that in this case any
long-range correction is not needed.

For further discussion, it is important to emphasize that all the evidence of the formula (3)
explicitly or implicitly use the Gibbs approach.

kTN
p_"B

4. Numerical noise and pressure fluctuations

The fluctuation of any quantity determined from MD simulations consists of physical fluctuation
and numerical errors. The important task in the study of pressure fluctuations is to evaluate last
one. There are three general sources of numerical mistakes in MD—errors computing force acting
between two particles, summation of forces acting on the particle and integration equations of
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motion. The contribution of these errors can be estimated by the change in pressure when
increasing of accuracy of computing forces or decreasing of the time step. It was established
that the relative error of three sources outlined above does not exceed 107%.

It was found that increasing amounts of particles N in the system leads to the fast increasing
computational error. But the dispersion of pressure behaves like N~! in full agreement with
the generally accepted theory. So increasing number of particles in the system leads to the fast
increasing of the ratio between numerical and physical fluctuations of pressure. The source of
it is a summation on the right hand side of equation (3). Let approve it analytically.

Replace the summation over the particles on the summation in pairs:

N N N
S fri=>3 firig =W. (4)
i i j>i

Let’s present the virial of a system W as the sum of three variables. Where W,., W;; and W,
is the virial of all electron-electron, ion-ion and electron-ion interactions respectively:

W = Wee + Wis + Wi (5)

According to the [13], you can replace the summation over pairs of particles to integration at
an average density n including the pair correlation function g(r). Without loss of generality we
can assume molecular cell a spherical with radius R:

Ne Ne Ne
Wee =D fifriy =) wit, (6)
i j>i i
N. R
Wi = Zriejefij = / [rf(r)] (negee(r))(4ﬂ'r2 dr) =
j>i 0

R R
1
= 47Tne/gee(r) (——2> r®dr = —47Tne/gee(r)r dr. (7)
r
0 0

To simplify the equations coefficient % omitted. The well-known property of the pair
correlation function is li_>m (g(r)) = 1. Assume that g(r) = 1 for sufficiently big r:
s o

€ R

wi® = —4mn, /gee(r)rdr—l—/rdr =
0 15

= Qee(e) + 27N R2 ~ R2 ~ N3,
Wee = No(@ee(e) + 2. R%) ~ N3, (8)

Similarly we can prove the following assertions:

Wi ~ Ni(ii(e) + 2rNyn; R?) ~ N3, (9)

wlot
—~
—_
o
~

Wei & (Ni + Ne)pei(e) — 2mR*(Nine + Neni) ~ N3,
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Figure 1. Dependence of normalized pressure on time.
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Figure 2. Pressure fluctuations spectrum S(w), f = w/2w. The solid line represents the MD
result. Other lines are fits of it.

It appears from this that the virial W is little difference between the two fast-growing and
very close quantities W,; and W, + W;;. This conclusion and equation (8,9,10) are perfectly
confirmed by the MD results. Note that the numerical problem in formula (3) exists only in
systems with a long-range potentials because ngn w§®(R) = const for short-range force fields.
[e.e]
After analyzing all sources of numerical errors can conclude that the ratio of amplitudes of
numerical noise and thermodynamic fluctuations is less 1073.
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5. Spectrum pressure fluctuations

Consider a system with temperature 7" = 11600 K and density n. = n; = 5 x 10"® cm
According to the article [2] at these parameters difference between Gaussian distribution and
distribution of pressure fluctuations are most evident. Electron plasma period in this system
is 7o = 1/fe = 2m/we = v/eome/(e?ne) = 49 fs. The MD trajectory length is 8.3 ps. or 169
electron plasma periods. The coupling parameter is:

4mn, 1/3 e2
= = 0.4. 11
( 3 ) dmegkpT (11)

73.

The average of the pressure P, and its variance were calculated according to generally accepted
formulas. Figure 1 shows the dependence of the normalized equilibrium pressure in the electron-
ion system on time. Without any analysis it is obvious that P(t) is not Gaussian process. To
analyze properties of this process we estimate spectrum of pressure as function of time. There
is an conventional way of calculating the spectrum S(w) = |F{P(¢)}|?, where F the Fourier
transform. But Welch method is used here. Although mathematically this method is equivalent
to Fourier transform based one, they differ from the numerical point of view. The Welch method
is more precisely (see [14] for the details).

The spectra pressure fluctuations are given in figure 2. According to the Einstein approach [1],
this spectrum should be white noise spectrum (S(w) = const). But it is clear that the graph
can be approximated by superposition of three lines:

S(w)=c/f, 003<f<03 fs71
S(w)=rca/f% 2<f<20 fs71, (12)
S(w)=c3/f° [>20 fs7',

where ¢1, ¢2 and ¢35 some constants, f = w/27w. Maximum of spectrum is reached at the minimum
resolvable frequency. Maximum of spectrum is reached at the minimum resolvable frequency
and depends on the time observation (length of MD trajectory). Last property and shape of
the spectrum allowed to assert that the flicker noise are observed in pressure fluctuations of
equilibrium plasma [15-19].

For Coulomb systems pressure and potential energy are strongly correlated values [10, 20].
There are articles [21-24] which reported flicker noise in potential energy of their system. In all
cases it is different biophysical MD system with a strong Coulomb interaction. This demonstrates
that the flicker noise is observed for a fairly wide range of different Coulomb systems.

6. Conclusions

The spectrum of equilibrium plasma pressure are investigated. Confirmed result of the article [2]:
fluctuation of plasma with temperature 7' = 11600 K and density n, = n; = 5 x 10'® cm™3 are
non Gaussian. On the basis of the obtained spectrum concluded that the flicker noise are found
in the pressure fluctuations.

It is shown that the accuracy of calculations by formula (3) requires special attention in the
case of long-range potentials. A physical explanation of the reasons for this are given.

The article [10] shows that the pressure fluctuations in the Gibbs and Einstein approach are
not equal. Moreover their physical meaning is generally not equivalent. Any conclusions about
Gauss distribution of pressure fluctuations are obtained using Einstein’s approach. At the same
time all results based on the virial equation obtained in the Gibbs approach. This is the reason
of paradox, which is announced in the introduction.



ELBRUS 2015 IOP Publishing
Journal of Physics: Conference Series 653 (2015) 012154 doi:10.1088/1742-6596/653/1/012154

Acknowledgments

We thank I M Saitov, G E Norman and I V Morozov for fruitful discussions. The work is
supported by the grant No.14-19-01295 of the Russian Science Foundation. Computations
were performed on the clusters K-100 (KIAM RAS, Moscow) and Lomonosov (Moscow State
University).

References
[1] Landau L D and Lifshitz E M 1969 Statistical Physics. Part 1 vol 1
[2] Bystryi R G, Lavrinenko Y S, Lankin A V, Morozov I V, Norman G E and Saitov I M 2014 High Temp. 52
475-482
[3] Morozov I V and Norman G E 2005 JETP 100 370-384
[4] Filinov A V, Bonitz M and Ebeling W 2003 J. Phys. A 36 5957
[5] Allen M and Tildesley D 1980 Computer Simulation of Liquids (Oxford: university press)
[6] Maiorov S A, Tkachev A N and Yakovlenko S I 1995 Phys. Scr. 51 498
[7] Louwerse M J and Baerends E J 2006 Chem. Phys. Lett. 421 138-141
[8] Butlitsky M A, Zelener B B and Zelener B V 2014 J. Chem. Phys. 141 024511
[9] Kvasnikov I A 2002 Thermodynamics and Statistical Physics vol 2 (Moscow)
[10] Rudoi Y G and Sukhanov A D 2000 Phys. Usp. 43 1169-1199
[11] Thompson A P, Plimpton S J and Mattson W 2009 J. Chem. Phys. 131 154107
[12] Winkler R G 2002 J. Chem. Phys. 117 2449-2450
[13] Fisher I Z, Rice S A and Gray P 1964 Statistical Theory of Liquids (Chicago: University of Chicago Press)
[14] Stoica P and Moses R L 2005 Spectral Analysis of Signals (Pearson/Prentice Hall Upper Saddle River, NJ)
[15] Keshner M S 1982 P. IEEE 70 212-218
[16] Voss R F and Clarke J 1976 Phys. Rev. B 13 556
[17] Bochkov G N and Kuzovlev Y E 1983 Phys. Usp. 26 829
[18] Kogan S M 1985 Phys. Usp. 28 170
[19] Bak P, Tang C and Wiesenfeld K 1987 Phys. Rev. Lett. 59 381
[20] Pedersen U R, Bailey N P, Schrgder T B and Dyre J C 2008 Phys. Rev. Lett. 100 015701
[21] Bizzarri A R and Cannistraro S 1997 Phys. Lett. A 236 596-601
[22] Bizzarri A R and Cannistraro S 1999 Physica A 267 257-270
[23] Sasai M, Ohmine I and Ramaswamy R 1992 J. Chem. Phys. 96 3045-3053
[24] Dewey T G and Bann J G 1992 Biophys. J. 63 594





