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Based on a chain of BBGKI equations with a modified boundary condition that takes into
account multiparticle correlations, kinetic equations in the approximate “pairs” collisions
and in the polarization approximation, taking into account the interaction through the
third particle, obtained. The specifics of the model representation of the pair potential
of particle interaction through short-range and long-range parts were taken into account.
In the case of the short-range potential in the form of the potential of solid spheres, the
contribution of Enskog’s revised theory to the complete integration of the collision of the
kinetic equation is obtained. The collision integrals include paired quasi-equilibrium dis-
tribution functions that depend on the nonequilibrium mean values of the particle number
density and the inverse temperature. The method of collective variables Yukhnovskii is
applied for the calculation of pair quasi-equilibrium distribution function with an alloca-
tion of short-range and long-range parts in the potential of the interaction of particles. In
this case, the system with short-range interaction is considered as a frame of reference.

Keywords: kinetic equations, non-equilibrium statistical operator, distribution function,
simple fluid.
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1. Introduction

Studies of the role of repulsive and attractive forces between atoms, molecules of liquids and their
influence on thermodynamic, structural, and dynamic properties have a history, starting with Van
der Waals [1-26]. And this is probably not all the work in which the problem is primarily the correct
definition of the nature of forces, the construction of model capacity within the first coordination sphere
of the liquid state. Everything that happens with the nature of the interaction of particles in the first
coordination sphere of liquids is essential because, for highly correlated liquids, the contribution of
long-range attraction will not be significant. For complex fluids: molecular, polar, and magnetic, when
the orientational degrees of freedom are also necessary, the structure of the first coordination sphere will
obviously determine the nature of the forces of interaction, the emergence of certain cluster formations,
collective hydrodynamic sound, thermal modes, and nonhydrodynamic modes [27-30]. On a spatial
and temporal scale, nonequilibrium processes, which are the main within the first coordination sphere
of simple fluids, belong to the kinetic stage of the temporal evolution of transfer processes.

In the nonequilibrium theory of dense gases and liquids, the approach of kinetic equations makes it
possible to obtain the transfer equation for the hydrodynamic densities of the number of particles, their
momentum, and energy, and the expressions for the transfer coefficients as a function of the particle
parameters and external parameters [31-35]. However, constructing a kinetic theory for ordinary
potentials at high densities is significantly complicated (there are no small parameters). For dense
gases and liquids, time intervals 7, — time of free run and 73,4 — characteristic time of change of sizes
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which are locally stored — densities mass, momentum, and energy have the same order of magnitude.
Therefore in the process of “collision” of two particles, an important role is played by other system
particles. This means that the kinetics of dense systems must consider the collective effects that
are characteristic of the hydrodynamic approach. In other words, this means that for dense gases
and liquids, kinetics and hydrodynamics are closely related and should be considered simultaneously.
There are only a few model systems for which it is possible to introduce a proper kinetic equation (and
then in the approximation of paired collisions) and obtain formulas for the transfer coefficients. There
are only a few model systems for which it is possible to introduce a proper kinetic equation (and then
in the approximation of paired collisions) and obtain formulas for the transfer coefficients. This is a
system of solid spheres [32-34,36-41], a system with a square-well potential(SWP) [42-51] and with a
multistep potential (MSP) [52-59] as a generalization of SWP. The first model system replaces all the
real potential by the effective diameter of solid spheres. It is a sure recipe for calculating the contact
value of the pair distribution function. The latter two are unique in that they explicitly consider the
far-reaching part of the potential due to the corresponding irreversible integral of the collisions.

In other models, Enskog’s kinetic theory or its revised variant (RET) [37,38] is mainly used as a
basis, and long-range interaction is taken into account indirectly. In particular, Rice and Allnatt [60]
added a Fokker—Planck contribution to the integral of Enskog collisions: the particles between colli-
sions on a solid core seem to undergo Brownian motion due to the far-reaching part of the potential.
Due to this approximation, the numerical calculations for shear viscosity and thermal conductivity
differ significantly [61] from the data of molecular dynamics. Based on the entropy maximization
approach with some elms, for the potential “solid spheres + smooth tail”, several kinetic theories of
the mean-field type (KTMF) have been proposed [62-64|, which are parallel and indirect, and take
into account the attractive interaction. In [65], the kinetic theory of the mean-field is applied to mix-
tures, and the result is obtained within the Katz boundary. In [66], the calculations of KTMF for
the coefficients of self-diffusion, shear, and bulk viscosity are compared with the results of other indi-
rect approaches — stochastic kinetic theory and renormalized Kirkwood theory. Other works that use
semi-phenomenological methods to account for attractive interactions include [67], where an averaged
scattering cross-section for viscosity is introduced. The work [68] also proposes a kinetic theory for a
system of particles with the potential “hard spheres + truncated tail”, which combines a kinetic theory
for SWP systems and KTMF'. This theory gives a good agreement between the numerical calculations
for the transfer coefficients and the results of computer simulations and experiments.

The multistage potential has some advantage over a square-well because it allows us to approximate
real interaction better. It should note that in the calculations of the transfer coefficients for argon [56],
we have to some extent seen the role of the first coordination sphere in the optimal choice of the number
of attraction walls in the multistage potential, which simulates the Lennard—Jones potential. In fact,
in these calculations, there is a problem of optimal choice of the number of repulsive and attractive
walls, which is primarily manifested in the pair function of particle distribution, the behavior of which
determines the first coordination area. In fact, due to these pairwise particle distribution functions, the
liquid argon transfer coefficients were calculated. It was shown that after the self-consistent optimal
number of attraction walls, the increase in their number did not significantly affect the calculation
results. It is obvious that within the first coordination sphere in simple, complex liquids, there are
short-acting repulsive and attractive forces, the true nature of which is connected with the internal
nuclear-electronic structure of atoms and molecules, and has a quantum-mechanical nature (regardless
of temperature) in a certain way we model one or another potential of interaction at the classical level
of description. The kinetic theory of mixtures with a multistage interaction potential is considered
in [59]. The boundary transition to a smooth continuous potential for the kinetic equation and the
balanced equation for the potential energy density is analyzed. When the limit potential is chosen in
the form of “solid spheres + smooth tail”, the kinetic equation is reduced to the equation of kinetic
variation theory (KVT). Still, the limit equation of balance for the kinetic energy density differs from
the corresponding equation KVT.
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To highlight the contribution of short-range repulsive and attracting particles within the formation
of the short order (first coordination sphere) in the theory of nonequilibrium processes, we consider
a chain of BBGKI equations for nonequilibrium distribution functions of interacting particles of a
classical system. We use the approach proposed in [69] based on the modification of the boundary
conditions for the weakening of correlations to the chain of BBGKI equations. This approach was
further developed in the works [30,55,56,70-79]. It considers both the nonequilibrium of the one-particle
distribution function and the local laws of conservation of mass, momentum and total energy, which
form the basis of the hydrodynamic description of the system’s evolution. Based on the modification
of the boundary condition of attenuation of correlations to the Liouville equation, a system of coupled
generalized equations for the nonequilibrium one-particle distribution function and the average total
energy density was obtained, which are valid for describing nonequilibrium states of both far and near
equilibrium. An important achievement of this approach is that the formulated modified boundary
condition, which takes into account local conservation laws to the chain BBGKI, made it possible for
the first time in [71] to consistently derive the kinetic equation of the revised Enskog theory [34,37,38]
for the system of solid spheres. Based on this result, we obtained a kinetic equation for a system
with a model multistep interparticle interaction potential [55] (in particular, for this kinetic equation
was proved H-theorem in [55]), as well as the kinetic equation Landau [70,71,80] for a system of
charged solid spheres. For the new kinetic equations obtained in this way, normal solutions were found
by the Chapman—FEnskog method, which was used to perform numerical calculations of the transfer
coefficients of bulk, shear viscosities, and thermal conductivity for systems that simulate argon [56,80],
once ionized argon |74].

An important problem in applying the obtained kinetic equations with integrals of collisions in
approximations of pair collisions or polarization is the calculation of the pair quasi-equilibrium distri-
bution function go(7r1,r2|n, 8;t) as functions of nonequilibrium values: of average density n(r;t) and
inverse temperature 3(r;t). In the works [39,41,64|, when considering the corresponding models of the
collision integral for this distribution function, we used the generalization of the virial decomposition
by the density chosen over time.

In the second section, we consider a chain of BBGKI equations with a modified boundary condition
and with the selection of short-range repulsive and attractive interactions between particles of the
classical system. In the third section, we consider a chain of BBGKI equations with a modified
boundary condition to approximate “paired ” collisions and obtain the corresponding kinetic equation.
In this section, we obtain the kinetic equation for the nonequilibrium one-particle distribution function
with the collision integral in the polarization approximation when the interaction of two particles is
taken into account through the interaction of the third particle. In the fourth section, we present
one of the ways to calculate the pair quasi-equilibrium distribution function, which is included in the
collision integrals of the corresponding kinetic equations.

2. Chain of BBGKI equations for nonequilibrium particle distribution functions of a
simple liquid

As a model of a simple fluid, we will consider a system of classical interacting particles with the

following Hamiltonian:
N P 1 N
_ J .
H = 2% + §Z;<I>(rj,rl)
Jj= Js

where the indices j, | number the particles with mass m with vector pulses p; and vectors with
coordinates r; simple liquid, IV is the total number of particles in the volume V';

O(rj, 7)) = Prep(rj, 70) + Parir (v, 1) = O30 (v, 71) + Popy (75, 71) + Oy (15, 7), (1)

there is a pair potential for interaction between particles, consisting of a short-acting repulsive (for

example, a model of solid spheres) ®;¢ (r;j,7), short-range attractive @33, (r;,7;) and long-range
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attractive parts ®", (r;, 7). The full short-term interaction is equal to

i (rj, 1) = Bp(r, 1) + Pt (v, 71).
The nonequilibrium state of the system is completely described by the nonequilibrium distribution
function of all particles p(x1,...,zn;t) = p(z™;t) (where the notation 2™V = zq,..., 2, T; = p;rj),

whose evolution in time is given Liouville equation

—p(xN;t) +iLyp(aN;t) = 0.

ot
with the Liouville operator
N N
p; O 0 0 0
Ly = — = D(r; -
N ; m  or; or; (r5, 1) <8pj op,

We will describe the nonequilibrium state of the system with the help of chain of BBGKI equations
for nonequilibrium fluid particle distribution functions. To do this, we use the approach proposed
in [71,75], where a modified chain of equations BBGKI is built, taking into account the concept
of a consistent description of kinetics and hydrodynamics of nonequilibrium processes of the system
of interacting particles in the method of nonequilibrium statistical operator Zubarev, based on the
Liouville equation with the source:

ap(iﬂN§ t) +iLnp(a™;t) = —e(p(a™;t) — ora(z™;1)), (2)

which selects the delayed (¢ — +0, after thermodynamic transition) solutions of the Liouville equation
under given initial conditions:
p(xN; t)t:to = Qrel(xN; t()),

prei(xzNest) is the relevant (quasi-equilibrium) particle distribution function obtained according
to [71,75] from the condition of the maximum of the Gibbs entropy functional with preserved nor-
malization conditions for the distribution and the set parameters of the abbreviated description of
the nonequilibrium state of the liquid: (A(x))! = fi(z;t) is the nonequilibrium one-particle particle
distribution function of liquid and (€;,:(r))! is the nonequilibrium average energy of the interaction of
liquid particles, which has the following structure:

et (2 1) = exp{ /dr P )esm(r /d:na _— )} (3)

where ®(t) is the Masier—Planck functional

/dI‘N exp{ /drﬁ 7, )it (7 /dma x, t)n )} =1InZ,(t),

Zrel(t) = /dFN(x) exp {— /dr B(r,t)éint(r) — /dm a(x,t)ﬁ(a;)}
is the statistical sum of the quasi-equilibrium distribution p,e;(zV;t), in which
N N
=> d(x—x;)=> d(r—r;)ip—p))
j=1 j=1
is the microscopic phase density of the number of particles and
€mt Zq> T‘J,’T‘[ ’T‘—T‘J) _grep( )4‘52;57«( )+égttr( )

is the microscopic energy den81ty of the interaction of particles with the selected contributions of
repulsive and attractive interactions; dI' = (dz)"N /N!, dz = dpdr. Moreover, the sum of the first
two £;,(r) form the microscopic energy density of the interaction of particles in the first coordination
sphere. The Lagrange parameters B(r,t) (inverse of the nonequilibrium temperature of the liquid),
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a(x,t) are determined from the conditions of self-agreement:

Emt(r))' = Eme(P)rerr  (A(2))" = (A2(2))er- (4)
Taking into account, the structure prel(a:N ;t) and the approach [71, 75|, integrating the Liouville
equation with the source (2) by the corresponding coordinates and momentum of the particles, we
obtain chain of BBGKI equations with modified boundary conditions (taking into account space-time
interparticle correlations) for a simple fluid:

<% + z‘L(l)> filzyst) + /da;Q iL(1,2) fo (a1, x2:t) = 0, )

<2 + iL(l) + ’iL(Q) + ’iL(l, 2)) fg(:El,:Eg;t) + / dl’g(’iL(l,?)) + iL(2,3))f3(:E1,:E2,:E3; t)

ot
= —e(fo(@1, 2;t) — go(r1, 720, B t) f1 (13 ) folwas t)), (6)

where € — +0 after the limit thermodynamic transition,

p D
J

- 0 o o

LGN = =g, i) (ap- - apl>
J J

0 sr sr Ir 0 0
= _aTj (q)rep(rﬁrl) + (I)attr(rjv Tl) + (I)attr(rj7 Tl)) : <a—pj - 8—pl> )

there are one-part and two-part parts of the Liouville operator, go(ri,r2|n;t) is a pair of quasi-
equilibrium coordinate functions of the distribution of fluid particles

! /dFN(x) n(r1) i(ra) pre (25 1). (7)

n(ry;t)n(re;t)
The distribution functions of the three particles satisfy the following equations of the chain of equations
BBGKI, which include nonequilibrium functions of the distribution of four particles. It is important
to note that one- and two-particle nonequilibrium distribution functions determine the behavior of
hydrodynamic variables: average nonequilibrium values densities of the number of particles n(r;t),
their momentum p(r;t), kinetic energy ¥ (r;t), as well as the potential energy £ (r;1):

n(r;t) Z/dpﬁ(r,p;t), p(r;t) Z/dpﬁ('r,p;t)p,

g2(r1, 720, Bit) =

2

kin D
1) = [ dp — ot
e"™(r;t) / p2mf1(r,p, ),

e (ryt) = /dp/dp’/d"“’@(r,r’)fz(r,p, ', p';t),

which satisfy the corresponding conservation laws of the average nonequilibrium values of the number
of particles of a simple liquid n(r;t), their momentum p(r;t) and full of energy

e(r;t) = ¥ (r;t) + ™ (r:t),

underlying the hydrodynamic description of nonequilibrium processes of a simple fluid. In addition,
the pair is a quasi-equilibrium coordinate distribution function go(r,7’|n, 8;¢) and higher coordinate
quasi-equilibrium distribution functions gs(r, v, 7"|n, 8;t), ..., gs(r%|n, B;t) in the following equations
BBGKI chains describe multiparticle correlations and are functions of nonequilibrium densities n(r;t)
and temperature 3(r;t). The structure of the data of correlation functions should reflect the features
of the selected model for the pair potential of particle interaction (1). One of the ways to calculate
them will be considered in the last section.

In the next section, we consider the chain of BBGKI equations in the approximation of pairwise
collisions between particles.
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3. The chain of BBGKI equations in the approximation of pairwise collisions of particles
and in the polarization approximation

In the approximation of pairwise collisions between particles, when the distribution functions of the
three particles are not taken into account, for nonequilibrium two-particle distribution functions, we
obtain [71, 75| the following equation:

(% +iL(1) +iL(2)+iL(1, 2)>f2(x1, 22;t) = —e(fo(x1,22;) — go(r1, m2|n, B5t) fr (w15 t) fi(22; 1)) (8)

The solution of this equation (8) can be represented as

0 _
fa(x1, a3 t) = E/ dr eEHEWDT o (01 mo|n, Byt + 1) f1 (w1t + 1) fr (w2t + 1),
where

iL(1,2) =iL(1) +iL(2) +iL(1,2).

Substituting this solution into the equation (5), we obtain a non-Markov kinetic equation for nonequi-
librium one-particle simple fluid distribution function:

o 0 .

(E + iL(1)> fi(zt) = — /d332 iL(L?)E/ dr eETHUIT gy (ry, 70, B5t47) fi (w1; t47) fr(wa; t47).
—oQ

The obtained kinetic equation for the nonequilibrium one-particle particle distribution function is taken

into account also the spatial heterogeneity of the system. According to the nature of the interaction

of particles (1), the integral of the collisions in the right part is given in the form:

0 _
I(z;t) = —/d(L’g iL(1,2)E/ dr e(e+’L(1’2))ng(r1,rg]n,ﬂ;t—i—T)fl(a:l;t—i-T)fl(xg;t+7') (9)

—0o0

Tmin

o 0 o 0 -
= —/dp2</ iLigp(l,Q)e/ dr e(EHL?‘eP(l’z))T—I-/ i Z:tr(lﬂ)e/ dreE+ilat, (1L2)r
0 —00 o —00
oo

0
+ / L (1,2) 5/ dr e(EHLgﬁr(lz))T)gg(rl, rolnB;t + 1) fr(z1;t + 1) fi(xe; t + 7) dra,
Tmin —0o0
where the first term of the collision integral describes the repulsive short-range processes of particle
scattering, and the second represents the attractive short-range scattering processes in the approximate
pair interactions. They form the kinetics of the middle order (the first coordination sphere) in a simple
fluid. The third term in the collision integral describes the attractive long-range processes of particle
scattering. It forms a long-range order with a consistent description of the kinetics and hydrodynamics
of a simple fluid. In the future, we will choose the repulsive short-range interaction potential in the
form of a model of solid spheres:

@51, (17 l) = B (|rl) = lim & (|,

where

€ Y &, |rjl| < o0;
¥ = 5 S

o is the diameter of a solid sphere. The potential <I>h'5'(|'rjl|) for solid spheres is strongly singular (in
particular, the operator Liouville iL(j,1) is poorly defined). That’s why we will consider the potential

®%(|rj;|) and only in the final expressions we put lim. Note the characteristics of the potential
E—00

®"-5:(|r;]), ®(|r;|). First, since the radius of their interaction is ro = o™, then the area of interaction
Arg — 40, and, secondly, time interaction 79 — +0, which is due to the singular the nature of the
potential. Then, according to the approach |71,75], this part of the collision integral can be represented
in the form of the collision integral in the revised theory of Enskog:
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ey (x; /dpz / iLyep(1, / dre LT go () roln, Bt +7) 1215t + 7) f1(22; ¢+ 7)dr

——n [ dza T(1,2)gn(r1,valn B58) i s t) (i), (10)
where
T(1,2) = o? / d6©(6-g)(6-g) [5@«1 —ry+0t6)B(o) —6(r1+1y— 0T 6)
is the operator of collisions of solid elastic spheres of Enskog, where
vll :’Ul“_a-(é"g)v 1),2:’1)2—6'(6"5]), (11)
v, v are vectors — the velocities of particles to the interaction, and v}, v} are vectors — their
velocities after interaction with the relative velocity g = vy — v1, B(6)p(v1,v2) = @(v),v)) is the
speed shift operator defined ratios (11). Further, if in the second and third terms of the collision

integral (9) perform the integration in parts and take into account (10), the collision integral can be
represented as:

I(z:t) = —n / ds T(1,2) ga(r1, moln, ;1) fi(arst) fi(wa; )
- / dp, / L (1,2) go(r1, malns t) fu(aas t) f (e )drs

Tmin 0
w famy [0 [ ardertianr (2, 0.)

X ga(r1,m2ln, Bt + 7) fr(wst + 7) fr(was t + 1) dry

/dp2/ Ll (1,2) go(r1, ralns t) fi(zst) fi(zast) drs

0 0
+ /dp2/ iszTl;tr(la 2)/ dr e(E—HLattT(l 2))T <8t + ZLattr( ))

X ga(r1,m2ln, Bt + 1) fi(z1;t + 7) fi(zo;t + 1) dro, (12)
in which the second and fourth terms in the right part correspond to the generalized middle fields with
potentials of short-range and long-range attraction. The third and fifth terms of the collision integral
are of the second order in terms of interactions taking into account non-Markov processes (time delay).

The kinetic equation with the collision integral (12) is derived from the BBGKI chain of equations
in approaching “pair” collisions, although a significant part of the coordinates of dynamic correlations
is already taken into account in the quasi-equilibrium distribution functions go(71,r2|n, 5;t).

For analysis of chain connections of BBGKI equations (5)—(6) in higher approximations by interpar-
ticle correlations it is convenient to apply the concept of group compositions [81-83]. Group deposits
were applied to the chain of equations of BBGKI in many works [81-89,92| with a boundary condi-
tion corresponding to the attenuation condition correlations by Bogolyubov, in the works of Zubarev
and Novikov [83,90,91|, which he was developed diagram method for constructing connections of the
chain of BBGKI equations. For the connection of the chain of equations (5)—(6) similarly as in the
works [83,90,91], and even more so in the works [81,82,84], let’s move from nonequilibrium of distri-
bution functions fs(x*®;t) to irreducible distribution functions F(x®;t), which are introduced by the
quantities [81,83], but in in our case with some modification:

fi(zi;t) = Fi(x;t), (13)
fo(z1,x2:t) = Fo(z1, 225 t) 4+ go(r1, ro; t) Fi(z1;t) F1 (x93 1),
f3(w1, 22, 23;t) = F3(21, 72, 23; 1)

+ ZP Fy(zy,wo5t)Fi(z35t) + g3(r1,ro, m3s t) Fi (x5 t) Fi(vos t) Fi(w35t), ...,

in which the coordinate quasi-equilibrium distribution functions go(7r1,72;t), g3(r1,72,73;t), gs(7°; 1)
are determined by the relations (7) and
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1
n(ri;t)...n(rst)

gs(r®|n, B;t) = /dFN(:E)ﬁ(rl) e ﬁ(rs)prel(ajN; t).

The modification of group compositions (13) is that a significant part of simple correlations is taken
into account over time quasi-equilibrium functions gs(r®;t). When g4(r®;t) = 1 for s = 2,3,... these
group clauses coincide with group clauses [81,82,84]. Since each line of equivalences (13) introduces
exactly one new one function Fy(r®;t), s = 1,2,3,..., then the data of the equation can be related
relatively of irreducible separation functions and write:

Fi(z1;t) = fi(x1st), (14)
Fy(w1,m05t) = fa(w1,22;t) — g2(r1, 725 ) fr(2151) f1 (225 1),
(21,22, 23;t) = f3(21, 22, 351) — ZP fo(w1,295t) f1(z35t)
— h3(ry,re,r3;t) f1(z1;t) f1(xest) f1(xs;t), ... (15)

Here and in (13) ) p denotes the sum of all different permutations the coordinate of three or more
particles,

h3(r1,m2,73:t) = g3(r1,72,73;t) — g2(7r1, 725 t) — g2(T1,7351) — g2(7T2, 7351) (16)
is a three-particle quasi-equilibrium correlation function. Now we write down the chain of equations

BBGKI (5)-(6) for irreducible distribution functions Fs(z*;t), the first two comparison. The first
equation of the chain has the form:

(%4‘@(1)) Fl(xlﬂf)+/d$2iL(1,2)92("“1,7°2§t)F1($1;t)F1(332;t)

+/d$2iL(1,2)F2(JZ1,JZ2;t) =0. (17)

Differentiating by time the expression for Fy(x1,xz2;t) in (14) and using the second equation of the
BBGKI chain (6) for the function fo(z1,x9;t), for Fo(z1, x2;t), the following equation:

0 0
<§ + 'iLQ + E) Fg(xl,xg;t) = — <a + iL2> gg(’l"l,Tg;t)Fl(xl;t)Fl(ajg;t)

— /dxg{iL(l, 3) + iL(Q, 3)}{F3(x1,x2,a:3;t) + ZP Fg(xl,ajg; t)Fl(xg; t)

+93(7‘1,7‘277°3;t)F1(9€1;t)Fl(xz;t)F1(373§t)}- (18)

In a similar way, you can get an equation for a three-particle of the irreducible function F3(x1,x2,x3;t)
and higher functions Fg(x®;t) of particle distribution. Recall that the emergence of quasi-equilibrium
functions distribution gs(71,72;t), g3(r1,72,73;t) and gs(r°;t) in the chain of equations (17), (18) due
to the fact that the boundary condition for the binding of the equation Liuville (2) is considered an
imbalance one-particle distribution functions and local security laws, which corresponds to the agreed
description of kinetics and hydrodynamics systems [69-72, 75, 78, 79]. Because in this work we will
analyze only the first two equations (17), (18), then the following we will not write down the chain.
It is necessary note that if put formally gs(r®;t) = 1, s = 2,3,... in (17), (18), then we get the
first two equations of the BBGKI chain of equations for irreducible distribution functions Fj(x1;t),
F5(z1,x9;t), taken in the work [90,91]. A characteristic feature systems of equations (17), (18) is the
first term in the right part of the equation (18), ie the term with the time derivative from the double
quasi-equilibrium distribution function go(71,72;t). As we already are marked according to (7), the
quasi-equilibrium pair the distribution function is a functional of local values temperatures (r;t) and
average particle density n(r;t). Therefore, derivatives in time from go ('rl, ra|B(t), n(t)) will apply to
B(r;t) and n(r;t), which in turn under the terms of self-agreement (4) will be to be expressed through
the average values of energy in the monitored system counting (£/(r))* and (i (r))?, which form the
basis of the hydrodynamic description nonequilibrium state of the system.
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Now consider the system of equations (17), (18) in approximation, when the second equa-
tion (18) does not take into account three-particle irreducible distribution functions F3(x1,z9,x3;t),
hs(ri,72,73;t), which is analogous polarization approximation in the case of retrieval of the
Bogolyubov-Lenard—Balescu kinetic equation [31,93-95] for Coulomb plasma in the same case. Taking
into account (16), and that F5(z1,x9,z3;t) = 0, and also hs(ri,7r2,73;t) = 0. The equation (18) is
written as follows:

0 0
(875 +iLlo +€> Fy(x1,x95t) = <6t +ZL2> ga(r1,m2|n, Bit) Fi(x1;t) Fi(z2;t)
—/dl’g iL(1,3) { Fy(x1, xo; t) F1 (235 ) + Fo(we, 3 t) Fi(x1:t)}
—/dl’?, iL(2,3) {Fa(x1, x2; t) F1 (235 ) + Fo(xr, s t) Fi(xo;t)}

- /divs {iL(1,3) +iL(2,3)} {ga(r1, 2|0, B5t) + g2 (71, 73|n, B t) + ga(r2, 73N, B 1)}

X F1 (:El; t)Fl(ﬂj‘Q; t)Fl (xg; t). (19)
Next, we introduce the operator that can be obtained by varying of the mean field collision operator
near the nonequilibrium distribution F(z1;t):

d (/dlﬂs iL(1,3) Fi(zs:) F1(331§t)> = /dll?s iL(1,3) Fi(x3;t) 6F1 (213t) = L(w15t) 6 F1 (21;8).

Then the equation (19) using the operator L(xq;t) is represented in in the form of

0 )
<§ +iLo + L(z1,z2;t) + 6) Fy(x1, x9;t)

0 )
=— (E +iLg + L(961,352;t)> g2(r1,m2|n, B5t)Fi(z1;t) Fi(x2;5t),

where we find the formal solution for the fundamental two-particle function distribution:

t
Fy(z1,x9;t) = —/ dt' e DU (1)

0
<@ +iLy + L(xy, x2;t )> g2(r1,ro|n, Bt ) Fi(z1; ') Fy (293 t), (20)

where U(t,t') is an evolution operator:

t
U(t,t') = exp, <—/ dt" (iLa + L(x1, z2; t”))> ;
t/
L(zy,z9;t) = L(z1;t) + L(xa; t).

As a result, we obtain the expression for the irreducible quasi-equilibrium two-particle distribution
functions Fy(x1,x2;t) in generalized polarization approximation. Substitute this expression (20) into
the first equation of the chain (17), then we get:

0 .
<8t + ZL( )> Fl(xl; t) + /dxg ZL(l, 2) 92(7‘1, 1“2‘77,, ,8; t) Fl(xl; t) Fl(xg; t)
/ dzo / dt'e* " =ViL(1,2)U(t, 1)
8 / /
(@ +iLg + L(w1,m2;t )> ga(r1,m2|n, Bt ) Fi(z1;t)) Fi(z2;t')  (21)
is a generalized kinetic equation for a nonequilibrium one-particle function distribution with the non-
Markov collision integral in the generalized polarization approximation. It should be noted that the

presence in the integral collisions (21) of the mean field collision operator L(x1,x2;t) indicates that it
takes into account the collective effects. In general, the analysis of the integral of collisions in (21) is
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a rather complex mathematical task. Obviously, for each physical model of a system of particles, or
of the nonequilibrium state, the integral of collisions in (21), or the expression for Fy(x1,x2;t) (20)
can be significantly simplified. In addition, for further application of the obtained kinetic equations,
in particular, their solution by the Chapman—Enskog method and construction of the corresponding
equations of hydrodynamics, it is necessary to set the algorithm for calculating the pair coordinate
quasi-equilibrium distribution function go(r,7’|n, B;t).

In the next section, the method of collective variables Yukhnovskii [96-100] will be used to calculate
the pair quasi-equilibrium distribution function and higher-order distribution functions.

4. Calculation of the statistical sum of the quasi-equilibrium distribution and coordinate
functions of the distribution g,((7)®|n, 3;t) by the method of collective variables

For calculations of the even coordinate quasi-equilibrium distribution function go(r,7’'|n,S;t) and
higher correlation functions gs((r)*|n, 8;t) use the statistical sum of the quasi-equilibrium distribution:

Zrel(t /dFN exp{ /drﬁ r,t) Eine(r /d:na x,t)n )}

Correlation functions gs((r)*|n, 8;t) are determined by variational derivatives on the parameter a(x,t)
of the corresponding order from the statistical sum Z,..;(t):

1 5 5
s s 3 7t == s 1 ZT’@ t).
95((r)"[m, B:1) nlryt) .. n(rs, 0) /dpl /dp Salpr,ri,t) " dalp,,re,t) i(t)

The calculation of the statistical sum of the quasi-equilibrium distribution will be performed using the
method of collective variables [96-100]. In doing so, we Will take into account the nature of short-range
and long-range interactions of particles, therefore Z,..;(t) is given in the form:

Zoa(t /dFN exp{ /dr Br 1) & ( /dr B(r 1)l ( )—/dma(az,t)ﬁ(a:)}.

Next, assuming that for the far-reaching part of the potential @attr(lrm\) there is a Fourier image
v(k) in the space of wave vectors k, the far-reaching part of [ dr 8(r,t)él" (r) will be presented in

the form of
JEECUE 2V2226 ) (ask ok = o) (22)

where
N
ﬁk: — E e—ik’r'j
j=1

is the Fourier component of the particle number density. Taking into account (22), the statistical sum
of the quasi-equilibrium distribution is given in the form:

Zeatt) = [ atstayesp {~ [ a0 )~ [asatey i}

x exp{ 572 225 ) (g-hp—te — m)}. (23)

Next, enter the Jacobian transition
J(p) =6(p—p) =[] (b — pr)

to the collective variables p, the statistical sum (23) is written as:

Zrel( ) Zrel( )/dp <j(p)>f"el,sh exp{ V2 ZZB Pq+kﬂ k— Pq)}a
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where dp = [, dps and
TNt = [ AN @6 = ) proen(ast)

is the average Jacobian transition to collective variables by quasi-equilibrium distribution, which takes
into account only short-range repulsive and attractive interactions between particles

sex p{ /drﬁfr B ET (r )—/d:na(:n,t)ﬁ(:n)}, (24)

the statistical sum of which has the followmg structure:

Z3h(t) = /dFN(x)exp{—/drﬁ(r t)Ein(r) — /da:a(a:,t)ﬁ(a:)}.

Next, we apply the integral representation for the J-function, then J (p) is given as

J(p) = /dwexp{ — iﬂZwk(ﬁk — pk)}
k

Using the cumulative schedule [98-100] for <j(p)>f’el,sh =W(p;t), we get:

W(o:t) = (Dt = | derrel,sh@N;t)f(p)
dwexp{ mekpk - — Z Mo (kq, ko; )wklwkz}exp{ZD w;t) } (25)

k1,k2 n>3

prel,sh(xN; t) Zsh

rel

where
Pk = Pk — (ﬁkﬁ“el,sh’ dw = dewzdwlsw

T . S *
W = W — Wg, W = W,

n

(— m)"

D, (w;t) = Z My (K1, .. knst) Wiy .. Wi

ki,....kn

Quasi-equilibrium cumulative averages of n-order

E)ﬁn(kla ERE) kn; t) = (ﬁkl s Pkn>iecl ,sh

calculated with the relevant distribution function with short-range interparticle interaction (24), where
the superscript ¢ means the cumulative average. It is important to note that in (3) we have separated
the contributions from the short-term ones and long-range interactions. Short-term interactions are
taken into account in the relevant distribution (24) (which can be considered as basic), and long-range

interactions are presented through collective variables.
For further calculation, the structural function W(p; ) is given in the form:

W(p;t) = /dwexp{ —szkpk -y Z My (K1, ko )wk1Wk2}

k17k2
2 3 n
X<1+B+EB +§B +"'+HB +> (26)

where B = ) -5 Dp(w;t). If in the schedule in a number of exponents (26), ie exp{}_, -5 Dn(w;t)},
save only the first term, equal to one, we obtain the Gaussian approximation for W (p;t):

W (p /dweXP {szkpk — = > My(ky, ko )wklwkz} (27)

ki,k2
where the quasi-equilibrium cumulative average density—density has the form:

A A 0t I R R
mt?(kb kQ;t) = <pk1pk2>7«ecl,sh = <pk:p—k:>iel,sh - <pk>£el,sh<p—k>£el,sh'
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To integrate for dw in (27) it is necessary to give expression in the exponent to the quadratic
diagonal form for wg. In this regard, you need to find your values by solving the equation:

Mo (K, ko;t) — E(kl,kz;m =0,

E(ky,ka;t) is a diagonal matrix. With this in mind, we obtain:

0= [doew{—in IS - > Bk i (28)

The subintegral expression in (28) is a quadratic function @y, therefore, performing integration for
duwy, for a structural function in the Gaussian approximation W (a;t) we obtain:

WY (p;t) = eXp{——ZE (K;t) pr p— k:}

where
1 .
Z(t) = exp {—5 Ek:lnﬂdetE(k;t)} .

The structural function WG(p;t) in the Gaussian approximation makes it possible to calculate full
structural function (25) in higher approximations by Gaussian moments [99,100]:

W (p;t) = W (p;t) exp {Z@n(p; t)>c;} ,

n=3
where
WY (p;t) = exp{ %ZE Yk t) o ﬁk}
k
and (D,,(p;t))¢ approximate as follows:
(Ds(pst))c = (Ds(pst)a,
(Da(pst))a = (Dalpst))a,
(Ds(ps ) = (Ds(pi ) — 5{Ds(pr )2

(Ds(p: 1)) = <D8<p;t>>a ~ (Ds(pi el Ds(pit))a — 5 (Dalpi )%

(Bulpit))cr = § 5 ki it L

w¢ ;1)
) 1S (im)"™ 6k, - - - 6Pk, (632)

WG (pt

(Dy(p;t))g are renormalized n- quam—ethbmum cumulative averages for variables pg higher orders.

Zoa(t) = Z340) [ dpWatpst) WO ) exp{Z@n(p; t>>G},

n=3
where

Ws(p;t) = exp ( o2 225 ) (Pgkp—k — Pq))

In the Gaussian approximation of the collective variables for W3(p;t) quasi-equilibrium distribution
function will look like this:

78,(t) = Z3(t) / (dp) Wilps ) WE (p: ).

In this approximation for the pair quasi-equilibrium function of particles, we obtain:

1 1) )
A In(Z 2
92(r17r2|n75a t) TL(T’l,t) Tl(’l"g,t) /dpl /dp2 (5@( I,Tl,t) (5@( ,’I"Q,t) < rel( ) ( 9)
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X exp { — % Zlnﬂdet E(k:;t)}V(B,n;t)>a
k

where

V(ﬁ,n;t)Z/(dp)eXp{——ZE (ks t) pr p— k}eXP< szzﬁ ) (PPt — pq)>-

To integrate the collective variables in V' (/3,n;t) in the first exponent under the integral we write
Pk = Pk — (Pk)yer sp- Then we get

——ZE (k5 t)prp— k:—__ZE (k5 t)prp—k

+ ZE k t Pk p— k: rel ,sh — ZE rel,sh<ﬁ—k>£el,sh'

Then in the second exponent under the integral, you need the first term to the quadratic form:
225 ) (Pg+kP—k — Pq) V2Z)‘ktl)kl) K+ VQZ v(k') Zﬁ t) Prs

where )\(k:l, kg; t) there are eigenvalues from the equation:
det [B(k1, kost) — M1, ks t)| =0,

in which B(k1, k2;t) = By —k, (t)v(k1).
Given the transformation data in the exponents of V(8,n;t), you can submit it as

Vgt = /(dp) eXp{ N %ZG(k;t) (Pk: - %R(k:;t))Q}
k
X exp{ — % Ek: (E—l(k; )Pk e, sh Pk Vvel sh — iG(k;t)R%k:;t))}

where
G(k;t) = E~Yk;t) + #/\(k,t),
1 /
R(k;t)_ 2&.2)\(k t) (k t) <<p >relsh+ VQZ k /Bk: )>

After integration by collective variables, we finally get

V(B,n;t) = exp{ - %Zln det é(kﬂf)}
k

1 _ R R 1
cexp{ = 5 2 (B0t pulb -l — 16 OR D)) .
k
After substituting V' (8, n;t) in (29), we get:
1

n(ry,t),n(ra,t)
x /d /d i 0 1ZlnwcietE(lc-t)+121ndetc?(k:-t)
P P2 50’ plarl7t) 5a(p2ur27t) 2 k 7 2 k ’

4+ Z < )Pk Vet sh (P—k)vel sh — iG(k’;t)R%k;t)))’

where ggh(rl, rao|n, B;t) is an even quasi-equilibrium coordinate function of particle distribution with
short-range interaction. The following terms are complex in structure and are related to the func-
tional derivatives 6a(p16,7"1,t) 6a(p(,$r2,t) , acting on <ﬁk>£el,sh end My (kq, ko;t), through which the functions
E(k;t), G(k;t) ta R(k;t). The results are as follows:

ga(r1,m2|n, Bit) = g8 (r1maln, Bit) —
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5 0 A N ~ A~
W@kﬂ%h = {Pr)ret,sn (1(22) et on = (PR (T2)) et sh

1) 0
da(py,r1,t) da(py, T2, t
- <ﬁk>$’el7sh<ﬁ($1)ﬁ(x2)>f’el7sh - <ﬁ(x2)>f“el,sh(ﬁkﬁ($1)>iel,sh + (ﬁkﬁ(xl)ﬁ(:EQ»f’el,sh’

) <ﬁk>$’el,sh = 2<pk>£el,sh<ﬁ($‘1)>f’el7sh(ﬁ(:nz)ﬁ“el,sh - (ﬁ($1)>£el,sh<ﬁkﬁ(x2)>f’el,sh

5 ) ) A A N ~ ~ A
5a(py.72.) PPkt sh = (PrP—k)ver,sn((@2))ber sh — (PrP—k(T2)) petsh>

0 )
da(py,T1,t) da(py, ra2,t
— (Prh—k et sh (P(1)(52))rer,sh — (UT1) Vet o (PrP—kP(T2))ver oh
— ((@2))rer,sh (PR —k(1)) vt st + (PP (21)(22)) fet o1

) <ﬁkﬁ—k>iel,sh = 2<ﬁkﬁ—k>£el,sh<ﬁ($1)>£el,sh<ﬁ(gj2)>iel,sh

After integrating by impulses [ dp; [ dp, we get the expression for go(r1,72|n, 8;t) through one-,
two-, three-, four-particle coordinate quasi-equilibrium distribution functions for particles with short-
range interaction. In addition, go(7r1,72|n, 5;t) also depends on the long-range part of the interaction
v(k) due to certain renormalizations G(k;t), and is also a function of the local inverse temperature
B(r;t). Thus, we obtain the expression for the quasi-equilibrium pair coordinate function of the particle
distribution in the Gaussian approximation WG(p;t) (chaotic phase type approximation). Higher
approximations will be related to quasi-equilibrium renormalized cumulatives (Dj,(p;t))q, which will
also be expressed in terms of one-, two-, three-, four- and higher-order particle coordinate quasi-
equilibrium distribution functions for particles with short-range interaction. And so we come to the
problem of calculating one-, two-, three-, four- and higher-order particle coordinate quasi-equilibrium
distribution functions for particles with short-range interaction.

5. Conclusions

Within the concept of the coordinated description of kinetic and hydrodynamic processes, generalized
kinetic equations are obtained for the nonequilibrium one-particle distribution function in the approx-
imation of “paired” collisions and in the polarization approximation when the interaction through the
third particle is taken into account. In this case, the contributions from the short-range and long-range
nature of the interaction of particles are distinguished in the collision integrals. The resulting collision
integrals include a quasi-equilibrium coordinate distribution function gs(71,72|n, 5;t) as a function
of nonequilibrium densities of the number of particles n(r;t) and inverse temperature 3(r;t) and de-
scribes multiparticle correlations. go(r1,72|n, 8;t) is of independent interest, as it may be related
to the corresponding dynamic structural factor quasi-balanced state of the system. The calculation
of go(r1,72|n, B;t) is one of the important problems [39,41,64]. In this paper, the calculation of
g2(r1,7m2|n, B;t) is applied to the method of collective Yukhnovskii variables, with the allocation of
the frame of reference, which is a system of particles with a short-range nature of the interaction.
In addition, it is important to note that it is promising to use the Ornstein—Zernike equation, which
depends on the time [101-104] to calculate ga(r1,72|n, B;1).

In the following, we consider in detail the kinetic equation for a nonequilibrium one-particle dis-
tribution function with collision integral in the pair collision integral with a pair quasi-equilibrium
coordinate distribution function in the Gaussian approximation (chaotic phases) in the Yukhnovskii
method of collective variables.
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o kiHeTn4HOI Teopii rycTunx rasie Ta pignH. Po3paxyHok
KBa3ipiBHOBa>XHUX pYHKLi po3nogisly 4aCTUHOK MeToA0M
KONEKTUBHUX 3MIHHUX

Toxkapuyk M. B.

Incmumym gisuxu xondencosaruxr cucmem HAH YVipainu,
sya. Ceenyiuvkozo, 1, 79011, Jlvsis, Yxpaina
Hauionarvrut ynisepcumem “/Iveiscora nosimexnira”,
eyn. Bandepu 12, 79013, Jlveis, Ykpaina

Ha ocnosi nammioxka pisassab BBI'KI 3 monundikoBaHoo rpaHIYIHOI0 YMOBOIO, IO BPaxo-
By€ OaraTodacTHHKOBI KOPeJIsIlil, OTpUMaHO KiHeTUYIHI piBHAHHSA y HAOJMKeHH] “‘napHux’
3ITKHEHB Ta MOJITPU3AIHHOMY HAOJIMKEHH], TOOTO 3 BpaxyBaHHSAM B3a€MO/Iil Y€pPe3 TPETIO
qacTuHKy. [Ipn nboMy BpaxoByBaJsach crerudika MOJIEIBHOTO MOJIAHHS MaAPHOTO MTOTEH-
niaJjy B3a€MO/Iil YACTHMHOK Yepe3 KOPOTKOCSKHY Ta JAJIEKOCHKHY YaCTUHU. Y BUIAJKY
KOPOTKOCSI?KHOTO TIOTEHITIAIY y BUIVIS MMOTEHIAIY TBEPAUX chep OTPUMAHO BKJIAJ PEBi-
30BaHO1 Teopil Exckora y moBHUi inTerpaJi 3iTKHeHHs KIHETUIHOTO piBHAHHA. B inTerpaJsu
3ITKHEHb BXOJATH IMapHi KBa3ipiBHOBaXKHI (DYHKINI PO3MOIIILY, siKi 3a/1e2KaTh BiJl HEPIBHO-
BaXKHUX CEPEJIHIX 3HAYEHb I'YCTUHU KLJIBKOCTI 9aCTUHOK Ta O0DEPHEHOI TeMIepaTypu. 3a-
CTOCOBAHO METOJ, KOJIEKTUBHUX 3MiHHIX HOXHOBCBHKOIO /jIsi PO3PAaXyHKY ITapHOI KBa3ipis-
HOBaKHOI (DYHKIIT PO3MOILIY 3 BUAIIECHHIM KOPOTKOCSI?KHOI Ta JAJEKOCIKHOI IaCTUH Y
MOTeHITa I B3aeMOJIil JacTUHOK. [Ipu 1iboMy cucTeMa i3 KOPOTKO/III0U0I0 B3aE€MO/TIEI0 PO3-
NJISJAETHCS K CHUCTEMA BiJIIIKY.

Knw4osi cnoBa: xinemuuhi pieHAHHA, HEPIGHOSAMCHUL cmamucmuynull onepamop,
Pyrruia po3nodiay, npocma piouHa.
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