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Abstract

The possible ways to describe the states of a system of many hard spheres are consid-
ered, in particular by means of functions describing correlations of states. It is stated
an approach to the description of the evolution based on the dynamics of correlations
in a system of hard spheres. In addition, we consider another approach to describ-
ing the evolution of correlations in a system of many hard spheres, namely, in the
framework of a one-particle distribution function (correlation function) governed by

the non-Markovian Enskog kinetic equation.
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1. Introduction

Recently, mainly in connection with the problem of the rigorous derivation of the kinetic
equations [[1]-[S]], a number of articles have discussed approaches to describing the evolu-
tion of states of a system of many hard spheres [4]-[17].

As known, many-particle systems are described in terms of such notions as observables
and states. The functional for the mean value of observables determines a duality of observ-
ables and states. As a consequence, there are two approaches to describing the evolution
of a system from a finite number of particles, namely, in terms of observables, which are
governed by the Liouville equation for the function of observables, or in terms of states gov-
erned by the dual Liouville equation for the probability distribution function, respectively
[L71,[19].

An alternative approach to the description of states of a system of finitely many particles
is to describe states using functions determined by the cluster expansions of the probability
distribution function. They are cumulants (semi-invariants) of the probability distribution
function and are interpreted as correlations of the state (correlation functions). The evo-
lution of correlation functions is governed by the Liouville hierarchy (the von Neumann
hierarchy for quantum many-particle systems [20]]-[24]).

One more approach to describing a state of many-particle systems is to describe a state
by means of a sequence of so-called reduced distribution functions (marginal distribution
functions) governed by the BBGKY (Bogolyubov—Born—-Green—Kirkwood—Yvon) hierar-
chy [1]-[4]. An alternative approach to such a description of a state is based on sequences
of functions determined by the cluster expansions of reduced distribution functions. These
functions are interpreted as the reduced correlation functions that are governed by the hier-
archy of nonlinear evolution equations (in papers [25[],[26] in the case of quantum many-
particle systems). The mention approaches are allowed to describe the evolution of states
of systems both with a finite and infinite number of particles.

In the paper, it is also developed an approach to the description of the evolution by
means of both reduced distribution functions and reduced correlation functions which is
based on the dynamics of correlations in a system of hard spheres. It should be emphasized
that the structure of solution expansions of the corresponding hierarchies is induced by the
structure of a solution expansion of the Liouville hierarchy for a sequence of correlation
functions. We note the importance of the description of the processes of the creation and
propagation of correlations [27]], in particular, it is related to the problem of the description
of the entanglement of states in many-particle systems.

In addition in the paper, an approach to the description of the evolution of states of a hard
sphere system by means of the state of a typical particle governed by the generalized Enskog
equation [13] is discussed, or in other words, the foundations of describing the evolution of
states by kinetic equations are considered. We note that the conventional approach to the
mentioned problem is based on the consideration of asymptotic behavior (the Boltzmann—
Grad asymptotic behavior [28]-[31]) of a solution of the BBGKY hierarchy for reduced
distribution functions represented in the form of series expansions of the perturbation theory
in case of initial states specified by a one-particle distribution function without correlation
functions [IL]-[5],[32]].

Thus, the paper deals with the mathematical problems of the description of the evolu-
tion of many hard spheres based on various ways of describing of the state, in particular
by means of functions describing correlations of states. Moreover, the origin of different
approaches to the description of states is discussed.
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2. Dynamics of finitely many hard spheres

The system of many hard spheres is describing in terms of observables and states. The
functional for the mean value of observables determines the duality of observables and
states, and, as a consequence, there are two equivalent ways to describe the evolution of
a system of finitely many hard spheres as the evolution of observables governed by the
Liouville equation, and as the evolution of states governed by the dual Liouville equation
(usually called the Liouville equation). An equivalent approach adapted to describing the
evolution of observables and states of systems of both finite and infinite number of hard
spheres is to describe a state by means of a sequence of so-called reduced distribution
functions (marginals) governed by the BBGKY hierarchy of equations and of observables
by means of sequences of so-called reduced functions of observables (marginal observables)
that are governed by the dual BBGKY hierarchy of equations.

2.1. Observables and states

We consider a system of identical particles of a unit mass interacting as hard spheres with a
diameter of o > 0. Every particle is characterized by its phase coordinates (g;,p;) = x; €
R3 x R3, i > 1. For configurations of such a system the following inequalities are satisfied:
lgi — qj| > 0,1# j > 1,ie. theset W, = {(ql,...,qn) € R?’"Hqi — gj] < o for at least
one pair (i,7) : i #j € (1,... ,n)}, n > 1, is the set of forbidden configurations.

Let C, be the space of sequences b = (bg,b1,...,by,...) of bounded continuous
functions b, € C, equipped with the norm: [b,|c, = max,>o %L 16|, and let
L} = LY(R3™ x R3") be the space of integrable functions that are symmetric with respect
to permutations of the arguments 1, . . ., ¥, equipped with the norm: || f,, || 1 (m3n xgan) =
[dzy...dzy|fr(z1,. .., x,)|. Hereafter the subspace of continuously differentiable func-
tions with compact supports we will denote by L}L,O C L and the subspace of finite se-
quences of continuously differentiable functions with compact supports let be L} C LY =
EBZO:OQ"L}@, where v > 1 is a real number.

For a hard-sphere system of a non-fixed, i.e. arbitrary but finite average number of
identical particles (nonequilibrium grand canonical ensemble) in the space R?, an observ-
able describes by the sequence A = (Ao, A1(z1),..., An(z1,...,Zn),...) of functions
A, € C}, defined on the phase spaces of the corresponding number n of hard spheres.

Then the meaning of positive continuous linear functional on the space (', is determined
the average value of an observable (the expected value or mean value of an observable). For
a system of non-fixed number of hard spheres it is defined as follows [1]:

o
. _ 1
(A) = (A,D) = (I,D) 12—,/ dzy ... dxyn Ay Dy, (1)
"0 n: (R3 xR3)"
where D = (1, Dq,...,D,,...) is a sequence of symmetric nonnegative functions D,, =
D, (z1,...,2,), n > 1, equal to zero on the set of forbidden configurations W,, and
the normalizing factor (I, D) = ZZO:O% f(Rngg)n dxy ...dz,Dy(21,...,x,) is a grand

canonical partition function. The sequence of functions D describes a state of a system of
a non-fixed number of hard spheres.

For the sequences A € C., and D € L} mean value functional (I) exists and it deter-
mines a duality between observables and states.

We note that in the particular case of a system of N < oo hard spheres the observables

and states are described by the one-component sequences: AN = (0,...,0,An,0,...)
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and DOV = (0,...,0,Dn,0,...), respectively, and therefore, functional (1)) has the fol-
lowing representation

1
<A>:(A,D)i—'([,D)_1 / dxy...dzxy Ay Dy,
N. (RSXRS)N
where (I,D) = % f(RngS) ndry...dexyDy is the normalizing factor (canoni-

cal partition function), and it is usually assumed that the normalization condition
f(Rngg)N d:L'1 PN dl’NDN = 1 holds.

The function Dpy(x1,...,xy), which describes all possible states of a system
of N hard spheres, is called a probability distribution function, since the expression
(I, D)™'Dy(z1,...,2N)dxy ...dzy is the probability of finding the phase states of the

1st,..., Nth hard sphere in the phase volumes dz1,...,dxy centered at the phase points
z1,...,TN, respectively.

If at initial instant an observable specified by the sequence A(0) = (A, AY(z1), ...,
A%(x1,...,2y),...), then the evolution of observables A, (t), n > 1, i.e. the sequence

A(t) = (Ao, A1(t,z1), ..., An(t, 1, ..., 2y), . ..) is determined by the following the one-
parameter mapping S(t) = &2 ;5 (1):

A(t) = 5(t)A(0), 2

which is defined on every the space C,, = C(R3" x (R3" \ W,,)) by means of the phase
trajectories of a hard-sphere system, which are defined almost everywhere on the phase
space R3" x (R3" \ W,,), namely, beyond of the set M of the zero Lebesgue measure, as
follows

(Sn(®)bp) (21, -y xn) = Sn(t, 1, ... ,n)by (21, ... 2p) = 3)
b(X1(t, 1, oymp), ., Xp(t,x1, ..., 2n)),
if (z1,...,2,) € (R3 x (R3"\ W,)),
0, if (q1,---,qn) € Wy,

where for ¢t € R the function X;(¢) is a phase trajectory of ith particle constructed in [1]]
and the set M consists of the phase space points which are specified such initial data that
during the evolution generate multiple collisions, i.e. collisions of more than two particles,
more than one two-particle collision at the same instant and infinite number of collisions
within a finite time interval [1],[31].

On the space C, one-parameter mapping (3) is an isometric *-weak continuous group
of operators, i.e. it is a C{j-group. For the group of evolution operators (3] the Duhamel
equation holds

n ¢ n n
Hsl(t,i)bn—i—/dTHSl(t—T,i) Z £int(j17j2)5n(7_717---7n)bn =
i=1 0 =1

J1<g2=1
n ¢ n n
Hsl(t,i)bn—i—/dTSn(t—T,l,...,TL) Z £int(j17j2)Hsl(T7i)bn7
0 1

i=1 j1<jo=1 i=
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where for ¢t > 0 the operator Lin(j1,j2) is defined by the formula

£int(j17j2)bn = 02 /S\Q d77<77, (pjl _pj2)>(bn(x17 .- 7p;17qj17 ey (4)
+
p;zv Qjoy - 7:L'n) - bn(:Eh s 7$n))5(QJ1 — 43 + 0-77)

In definition () the symbol (-,-) means a scalar product, the symbol § denotes the Dirac
measure, ST = {n € R3| |n| = 1(n, (p1—p2)) > 0} and the momenta p;, p; are determined
by the equalities:

p; =pi —n{n, (pi —p;)),
p; =p; +n{n (pi —pj)) -

If t < 0, the operator Lin(j1, j2) is defined by the corresponding expression [1]].
Thus, the infinitesimal generator £,, of the group of operators (3)) has the structure

Loby =D L(bn+ > Lins(j1,52)bn, 5)
j=1

J1<jz2=1

where the Liouville operator of free motion £(j) = (pj, 8%1) defined on the set C), o, we
had denoted by the symbol L(j).

If A(0) € C,, the sequence () is a unique solution of the Cauchy problem for the
sequence of the weak formulation of the Liouville equations

%A(t) _ CA®), ©)
A(t)|t=0 = A(0), (7

where the operator £ = ©2° (L, is defined by formula (3).
Taking into account the equality (I, D(0)) = (I, S*(¢)D(0)), and of the validity for
functional () the following representations:

1
A(t),D(0)) = (I, D(0))! —/ dzy ...dxz, Sy(t)A° DO = 8
(A(t), D(0)) = (1, D(0)) Z_%n! . 1. .. dxy Sn(t) (®)

* -1 - i T T 0 gx* 0 —
(I, §*(1)D(0)) ;n! /(RsstyLd Lo day A S (8)DP =
(I, D(t)) "' (A(0), D(t)),

where the adjoint group of operators S (¢) to group of operators (3)) is defined on the space
of integrable functions L}

Sn(t) = Sn(=t), ©)

then, as a result, we can describe the evolution of many hard spheres within the evolution
of states.

On the space L. the one-parameter mapping defined by formula (9) is an isometric
strong continuous group of operators. Indeed, ||.S; () H =1
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We note that the group of operators (9)) satisfies the Duhamel equation

S*(t,1,...,n) =

n t n n
T]s:t) + / i (IS5t =m0 S Lol j2)Sa(r 1, n) =
=1 0 =1

J1<jz2=1
n t n n
Hs;(t,z')+/d75;;(t—7,1,...,n) S L Gui) [[ S0,
i—1 5 j1<ja=1 i=1

where for ¢ > 0 the operator L}, (j1, j2) is defined by the formula

£Tnt(j1>j2)fn = 02 /S2 d77<77> (pjl _pj2)>fn(3:1a cee 7p>;17QJ'17 ) (10)
+
Piys Qjas -+ -+ Tn)0(q5y — Gy + o) = frul@1, ..o 0)0(q5, — g5y — on)).

In formula (1Q) the notations similar to (4)) are used.
Hence the infinitesimal generator £ of the group of operators S} (¢) has the structure

n n
Lifa =Y LD+ Y. Lilirsda) fn, (11)
j=1 J1<j2=1
where the Liouville operator of free motion £*(j) = —(pj, (%) defined on the subspace

Ly o C L}, we had denoted by the symbol £* ().

In view of the validity of equality (8] the evolution of all possible states, i.e. the se-
quence D(t) = (1, Dy(t),..., Dy(t),...) € L} of the probability distribution functions
D, (t), n > 1, is determined by the formula

D(t) = S*(t)D(0), (12)

where the one-parameter family of operators S*(t) = ©°° ;S5 (¢), is defined as above.

If D(0) € L}, the sequence of distribution functions defined by formula (I2) is a
unique solution of the Cauchy problem for the sequence of the weak formulation of the
dual Liouville equation for states (known as the Liouville equation)

2 D(t) = £°D(1), (13
D(t)|4=0 = D(0), (14)

where the generator £* = @°° (L of the dual Liouville equations (13) is the adjoint
operator to generator (3)) of the Liouville equation (6) in the sense of functional (), i.e. it
is defined by formula ().

2.2. Reduced functions of observables and states

For the description of a system of hard spheres of both finite and infinite number of particles
another approach to describing observables and states is used, which is equivalent to the
approach formulated above in the case of systems of finitely many hard spheres [1[],[32].



8 V. I. Gerasimenko, I. V. Gapyak

Indeed, for a system of finitely many particles mean value functional () can be repre-
sented in one more form

1
A =I,D)Y'y = dry ...dwy A, D, = 15
W)= (DS g Bt s

o

1
Zg/(3 . dzy ...dzxs Bs(xq,...,xs) Fs(x1, ..., x5),
—0 °° R3S xR3)s

where, for the description of observables and states, the sequence of so-called reduced

functions of observables B = (By, Bi(z1),...,Bs(z1,...,x5),...) (other used terms:
marginal or s-particle observable [[17]]) was introduced and the sequence of so-called re-
duced distribution functions F' = (1, Fy(x1),..., Fs(x1,...,2s),...) (other used terms:

marginals [4], [15], truncated or s-particle distribution function [32]), respectively. Thus,
the reduced functions of observables are defined by means functions of observables by the
following expansions [19]:

Bs(ml,...,xs)iz# > Al )\ (e adn), 821, (16)

n=0 " ji#.Fjn=1
and the reduced distribution functions are defined by means of probability distribution func-

tions as follows [1]]

Fy(z1,...,x5) = (17)

o0
_ 1
(I,D) 15 5/3 \ drsiq ... dxsipn Dsyn(x1,.. ., Tsqn), s> 1.

We emphasize that the possibility of describing states within the framework of reduced
distribution functions naturally arises as a result of dividing the series in expression (I)
by the series of the normalization factor, i.e. in consequence of redefining of mean value
functional (13).

If initial state specified by the sequence of reduced distribution functions F'(0) =
(1, F)(z1), ..., FO(z1,...,2n),...) € LL, then the evolution of all possible states, i.e.
the sequence F(t) = (1, Fi(t,21),..., Fs(t,z1,...,25),...) of the reduced distribution
functions F(t), s > 1, is determined by the following series expansions [33]:

o
1
Fs(t,x1,...,25) = Z ot / drsiq ... dxsin RAn(t,{1,..., s}, (8)
n—0 n. (RS XRS)"
s—|—1,...,s+n)F§+n(3:1,...,3:s+n), s>1,

where the generating operator

Wn(t,{1,...,s},s+1,...,8+n)= (19)
> (PP =D TT Sfoc (1 0(X0)
P:({1,...,s},5+1,....s+n)={J, X; X;CP

is the (1 4 n)th-order cumulant of the groups of operators [33]. In expansion the
symbol {1,...,s} is a set consisting of one element (1,...,s),ie. [{1,...,s} =1, p
means the sum over all possible partitions P of the set ({1,...,s},s+1,...,s+n) into
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|P| nonempty mutually disjoint subsets X; C ({1,...,s},s+1,...,s+n) and 0 is the
declusterization mapping: #({1,...,s},s+1,...,5+ n) (1,...,s+ n). The simplest
examples of cumulants (19) of groups of operators (I2)) have the form

A, (¢, {1,...,s}) = Si(t,1,...,s),
Wi (t,{1,...,s},s+1) =8, ,(t,1,...,s+1) = S5(t,1,...,5)ST(t,s + 1).

If F(0) € L., = & ya" L}, series (I8) converges on the norm of the space L} provided
that « > e. The parameter « can be interpreted as the magnitude inverse to the average
number of hard spheres.

We note that the method of constructing the reduced distribution functions (I8) is based
on the application of cluster expansions to the generating operators (I2) of series (I7),
as a result of which the generating operators of series (I8)) are the corresponding-order
cumulants of the groups of operators S*(¢) [11,[33].

If F(0) € &3 4" L. and o > e, then for t € R the sequence of reduced distribution
functions (I8)) is a unique solution of the Cauchy problem of the BBGKY hierarchy [1],[32]:

%Fs(t,wl,...,xs) = LiF(t,x1,...,xs) + (20)

s
Z/ dl’s—i—lﬁiknt(j)s_‘_ 1)Fs+1(t7$17"' 7$s+1)7
R3 xR3)

Fy(t,x1,...,25) |t=0= Fso(ajl,...,ajs), s> 1, 2D

where we used notations accepted in formula (L)), i.e. for ¢ > 0 the Liouville operator £
is defined in [[1] and the equality holds

3 / dys1 Lo (o5 + 1) Fypa (£) =
— JR3xR3

s
02 Z / dps+1d77 <777 (pl - p8+1)>(FS+1(t7 Ty,... 7qi7p7>,'k7 SRR

R3xS3.
Tsy qi — 0-777pz+1) - Fs+1(t7$17 sy Ty Qi+ 0'77,]73—1—1))7

and for ¢ < 0, the generator of the BBGKY hierarchy (20)) is defined by the corresponding
expression [1]. Sequences of functions from the space L describe the state of a finitely
many-particle system, because in this case the average number of hard spheres (N) =
f(R_ngg) dxy Fy(t, 1) is finite.

We note that traditionally [[1]],[5],[32] the reduced distribution functions are represented
by means of the perturbation theory series of the BBGKY hierarchy (20))

(t, Tly.ee,Tg) =

o t tn—1 s

S /dt1 / / Agr - dein S3(E—11) 3 Lot s +1))

n=0 RSXRS =1

0 J1

s+n—1

S§+1(t1 - t2) s S:—l—n—l(tn—l - tn) Z ‘Ciknt(ij s+ n))ss—l—n(tn)Fs—l—n(xl’ s
jn:l

:L's—i-n), S 2 17
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where we used notations accepted in formula (I0). The nonperturbative series expansion
for reduced distribution functions (I8) is represented in the form of the perturbation theory
series for suitable interaction potentials and initial data as a result of the employment of
analogs of the Duhamel equation to cumulants of the groups of operators (12)).

We remark that, if initial observable (16) specified by the sequence of reduced observ-
ables B(0) = (By, BY(x1),...,B%(x1,...,5),...) € C,, then the evolution of observ-
ables, i.e. the sequence B(t) = (Bo, B1(t,x1),...,Bs(t,x1,...,xs),...) of the reduced
observables Bg(t), s > 1, is determined by the following series expansions [19]:

S 1 S
Bs(t,wl,...,ws)zzm S A (AL )\ G )} (22)

n=0 " ji#£.#jn=1

(jl, ce ,]n)) Bg_n(l'l, sy Lg =15 Tgy 41y e e oy Ly =15 Ljp 1y - - - ,:L'S), s > 1.

The generating operators of expansions is the (1 + n)th-order cumulant of groups of
operators (3) defined by the following expansion:

Q[H-n(t? {(17 s 73) \ (j17 cee 7jn)}7 (j17 cee 7]”)) =
DFE P =) T Siecx (t0(X0)), n=>0,

P: ({(1773)\(.]177.]”)}7(]177.]”)):U1X’L X;CP
where the symbol )", means the sum over all possible partitions P of the set (1,...,n)
into |P| nonempty mutually disjoint subsets X; C (1,...,n). This sequence is a unique

solution of the Cauchy problem of the weak formulation of the dual BBGKY hierarchy for
hard spheres [18]],[19]:

0 8§ . - o
EBS(thla"'aws) = (]:Zlﬁ(])—i_ Z ﬁint(]lajZ))BS(tawla"'7x8)+ (23)

J1<j2=1

s
+ Z ‘Cint(jl)jQ)Bs—l(tyml)"'733]'1—1733]'14-17"'71'8)7
N#j2=1

Bs(t, @1, ) jp—o = BY(z1,...,x5), s>1, (24)

where it is used notations accepted in formula (3)).

Thus, there exist two approaches to the description of the evolution of many hard
spheres, namely, within the framework of observables that are governed by the dual
BBGKY hierarchy @23)) for reduced functions of observables, or in terms of states gov-
erned by the BBGKY hierarchy (20) for the reduced distribution functions, respectively.
For a system of finitely many hard spheres, these hierarchies are equivalent to the Liou-
ville equation for observables and to the Liouville equation for states (the dual Liouville
equation), respectively.

3. Dynamics of correlations of a hard-sphere system

An alternative approach to the description of states of a hard-sphere system of finitely many
particles is given by means of functions determined by the cluster expansions of the prob-
ability distribution functions. They are interpreted as correlation functions (cumulants of
probability distribution functions).
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3.1. Correlation functions

We introduce the sequence of correlation functions g(t) = (1,¢1(¢,21),...,9s(t, o1,
...,Ts),...) by means of the cluster expansions of the probability distribution functions
D(t) = (1, Dy(t,z1),...,Dp(t,x1,...,2,),...), defined on the set of allowed configura-
tions R3™ \ W,, as follows:

Dn(t7$17 s 7$n) = gn(t7$17 s 7$n) + Z H g\Xl\(tXZ)v (25)
P:(z1,...,an) =U,; Xi, XiCP
|P| >1
n>1,

where ZP:(xlv---vxn)=Ui X, |P|>1 is the sum over all possible partitions P of the set of the ar-
guments (z1,...,Z,) into |P| > 1 nonempty mutually disjoint subsets X; C (z1,...,Ty).

On the set R3" \ W,, solutions of recursion relations (23)) are given by the following
expansions:

gs(t,z1,...,xs) = Dg(t,21,...,25) +

> DFEY P =) I Dyt Xi), s>1. (26)
P:(z1,...,zs) =U,; Xi, X;CP
Pl >1
The structure of expansions (26) is such that the correlation functions can be treated as
cumulants (semi-invariants) of the probability distribution functions (12).

Thus, correlation functions (26)) are to enable to describe of the evolution of states of
finitely many hard spheres by the equivalent method in comparison with the probability
distribution function, namely within the framework of dynamics of correlations [20],[21].

If initial state described by the sequence g(0) = (1,¢%(1),...,9%(z1, ..., 2n),...)s
of correlation functions g0 € L. n > 1, then the evolution of all possible states, i.e.

the sequence g(t) = (1,¢1(t,z1),...,9s(t,x1,...,25),...) of the correlation functions
gs(t), s > 1, is determined by the following group of nonlinear operators [21]:
gs(t,z1,...,xs) = G(t;1,...,5 | g(0)) = (27)
> A (6 AX Y AX D) [T o (X, s> 1,
P: (1,....5)=U; X; X,;CP
where Y . (1,0e)=U, X; is the sum over all possible partitions P of the set (1,...,s) into

|P| nonempty mutually disjoint subsets X, the set ({X1},...,{X|p|}) consists from el-
ements of which are subsets X; C (1,...,s), i.e. |[({X1},...,{Xjp/})| = [P|. The
generating operator 2l p|(t) in expansion (27) is the |P|th-order cumulant of the groups of
operators (12 which is defined by the expansion

Ap (¢, { X1} {Xjp}) = (28)
3 ()PP = 0 T Sz (6(Z0),

P': ({Xl}vv{X\P\}):Uk Zy, ZkCPI
where 0 is the declusterization mapping: 6({X1},...,{Xp}) = (1,...,s). The simplest
examples of correlation operators are given by the following expansions:
g1(t,x1) = As(t,1)g (1),
92(t7 Iy, 332) = Qll(tv {17 2})98(3:17 332) + Ql?(t7 1, 2)9? (:El)g?(‘rQ)‘
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Thus, the cumulant nature of correlation functions induces the cumulant structure of a
one-parametric mapping (27).

In particular, in the absence of correlations between hard spheres at the initial mo-
ment, known as the initial states satisfying the chaos condition [1]-[3]], the sequence of the
initial correlation functions has the form ¢(?(0) = (0,¢{(z1),0,...,0,...) (in terms of
a sequence of the probability distribution functions it means that D©)(0) = (1, D (),
DY (1) DY (x2) Xgevw,, - - - [11mq DY (i) Xran\wy,,, - - -), Where Xpan\yy, is the Heaviside
step function of allowed configurations of n hard spheres). In this case for (x1,...,x5) €
R3S x (R3¢ \ W) expansions @27) are represented as follows:

gs(t,zr, ... xs) = Us(t, 1,...,9) Hg(l)(aji), s>1, (29)

where 2 (t) is the sth-order cumulant of groups of operators defined by the expansion

As(t,1,...,8) = > =P e = I Six 6 Xa),  30)

P: (17"'78):Ui X; X;CP

and it was used notations accepted in formula (I2). From the structure of series (29) it is
clear that in case of absence of correlations at the initial instant the correlations generated
by the dynamics of a system of hard spheres are completely determined by the cumulants
of the groups of operators (30).

3.2. The Liouville hierarchy

If 9 € L, s > 1, then for ¢ € R the sequence of correlation functions is a unique so-
lution of the Cauchy problem of the weak formulation of the Liouville hierarchy [20],[21]:

0
—gs(t,xy, ... xs) = Ligs(t,x1, ..., xs) + (€2))

ot
> DT Lhilinin)gix (8 X1)gx,) (t, Xa),

P: (z1,....x5)=X1 J X2 11€X1 12€X2

gs(t 1, )|,y = 90 (w1, ms), s> 1, (32)

where > p. (@1srs)=X1 U X2 is the sum over all possible partitions P of the set (x1, ..., )
into two nonempty mutually disjoint subsets X; and Xo, and the operator L} is defined on
the subspace L(l) C L. by formula (TT). It should be noted that the Liouville hierarchy (31)
is the evolution recurrence equations set.

For t > 0 we give a few examples of recurrence equations set (31)) for a system of hard
spheres:

Gt =~ (o1, 5 ) (t),

2
0 *
5702t 21,2) Z Dy 92w w) + o /82 dn(n, (p1 — p2)) (92(t, q1, P},
j=1 i
q2,05)0(q1 — q2 + on) — 92(@331,332)5(611 —q2—on)) +
o’ /S2 dn(n, (p1 — p2)) (91(t, q1, 1) 91 (t, g2, 5)0(q1 — g2 + o) —

+
g1(t,21)g1(t, 22)8(q1 — g2 — om)),
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where it was used notations accepted above in definition ().

We note that because the Liouville hierarchy is the recurrence evolution equations
set, we can construct a solution of the Cauchy problem (31)),([32), integrating each equation
of the hierarchy as the inhomogeneous Liouville equation. For example, as a result of the
integration of the first two equations of the Liouville hierarchy (31J), we obtain the following
equalities:

gl(t7x1) = Sik(t, 1)9?(‘T1)7
g2(t,1,2) = S3(t,1,2) g9 (w1, x2) +
t
/ dtyS5(t — t1,1,2) Ll (1,2)S5 (b1, 1) (1, 2)08 (1) (1),
0

Then for the corresponding term on the right-hand side of the second equality, an analog of
the Duhamel equation holds

t
[ dnsit - 01,2 £, 287 (0 D81 (.2 =
0

t
d
—— [ dn (S5l - 0,127, )87 (0,2) =
0

= S3(t,1,2) — S;(t,1)S7(t,2) = A (t, 1,2),

where 25(t) is the second-order cumulant of groups of operators (30). As a result of similar
transformations for s > 2, the solution of the Cauchy problem (31)),(32)), constructed by an
iterative procedure, is represented in the form of expansions (27).

We remark that a steady solution of the Liouville hierarchy (3I)) is a sequence of
the Urse211 functions on the allowed configurations of a hard-sphere system, i.e. ¢(¢9) =

(0, e BT ,0,...,0,...), where (3 is a parameter inversely proportional to temperature.

We emphasize that the dynamics of correlations, that is, the fundamental equations (31))
describing the evolution of correlations of states, can be used as a foundation for describing
the evolution of states of a system of both a finite and an infinite number of hard spheres
instead of the Liouville equation for states [17]-[27].

4. Processes of the propagation of correlations in a hard-sphere
system

Another approach to the description of states of hard-sphere systems of both finite and
infinite number of particles is can be formulated as in above by means of functions de-
termined by the cluster expansions of the reduced distribution functions. Such functions
are interpreted as reduced correlation functions of states (marginal or s-particle correlation
functions [24]-[26]], or cumulants of marginals [7]],[8]). On a microscopic scale, the macro-
scopic characteristics of fluctuations of observables are directly determined by means of the
reduced correlation functions.

The following also outlines the approach to the description of the evolution of states
by means of both reduced distribution functions and reduced correlation functions which is
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based on the dynamics of correlations in a system of hard spheres governed by the Liouville
hierarchy of equations for a sequence of correlation functions.

4.1. Reduced correlation functions

Traditionally reduced correlation functions are introduced by means of the cluster expan-
sions of the reduced distribution functions similar to the cluster expansions of the probabil-
ity distribution functions (23) and on the set of allowed configurations R3" \ W, they have
the form:

Fy(t,xy,...,x5) = > I Gixt.X0), s=>1, (33)

p: (xlv"'vxs) = U»LXL XlCP
where ZP:(IL. 29)=U, X; is the sum over all possible partitions P of the set (x1,...,z;)
into |P| nonempty mutually disjoint subsets X; C (x1,...,zs). As a consequence of this,

the solution of recurrence relations (33)) represented through reduced distribution functions
as follows:

Gt a1, ..., 25) = > ()PP =Dt ] Fix, . X0), (34)
P:(z1,...,zs) =U; Xs X;CP
s>1,

are interpreted as the functions that describe the correlations of states in a hard-sphere
system. The structure of expansions (34) is such that the reduced correlation functions can
be treated as cumulants (semi-invariants) of the reduced distribution functions (I8]).

We note that the reduced correlation functions give an equivalent approach to the de-
scription of the evolution of states of many hard spheres along with the reduced distribution
functions. Indeed, the macroscopic characteristics of fluctuations of observables are directly
determined by the reduced correlation functions on the microscopic scale [25]],[26], for ex-
ample, the functional of the dispersion of an additive-type observable, i.e. the sequence
AN = (0,a1(z1), . 52 —=1@1(2iy ), - - ), is represented by the formula

(AD — (ADY)2y () /R o (@) — (AOP0)G 1) +

/ dmld(ﬂg al(xl)al(acg)Gg(t,wl,wg),
(]R"X]R:’)

where (AM)(t) = Jxs«grs dr1 a1 (x1)G1(t, z1) is the mean value functional of an additive-
type observable.

If G0) = (1,G9(z1),...,G%w1,...,25),...) is a sequence of reduced correlation
functions at initial instant, then the evolution of all possible states, i.e. the sequence G(t) =
(1,Gy(t,x1),...,Gs(t,x1,...,xs),...) of the reduced correlation functions G(t), s > 1,
is determined by the following series expansions [24]]:

Gs(t,z1,...,25) = (35)

1
L / Qoger - dzgin Roon(t: {1 shs+ 1o s+n] GO)
n R3 xR3)n

s> 1,
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where the generating operator 204, (¢;{1,...,s},s+1,...,s+n | G(0)) of this series is
the (1 + n)th-order cumulant of groups of nonlinear operators (27):

Win(t:{1,...,s},s+1,...,s+n|G(0) = (36)
> (=DIPIH (P = D)IG(5HO(X0) | -
P:({1,...,s},54+1,...s+n)=U, Xk
G@t;0(Xpp) | G(0))...), n=>0,

and where the composition of mappings (27) of the corresponding noninteracting groups of
particles was denoted by G(¢;0(X1) | ... G(t;0(X|p|) | G(0))...), for example,

G(t;1]G(t;2 | G(0))) = A (¢, DA (¢, 2) G (21, 72),
G(t:1,2] G(t:3| G(0))) = At {1.2)21 (1. 3)GY (w1, 22, 23) +
ng(t, 1, 2)9[1 (t, 3) (G?(xl)Gg(l'Q, 1’3) + G?(I’Q)Gg(xl, xg))

We will adduce examples of expansions (36)). The first order cumulant of the groups of
nonlinear operators (27)) is the group of these nonlinear operators

Ay (t:{1,...,s} [ G(0) = G(E:1,..., s [ G(0)).
In case of s = 2 the second order cumulant of nonlinear operators has the structure

Arp1(t{1,2},3 | G(0) = G(£:1,2,3| G(0)) - G(t: 1,2 | G(£:3 | G(0))) =
A141(t,{1,2},3)G5(1,2,3) +
(A1 (8, {1,2},3) — Aa(t,2,3)As (2, 1))
(A141(¢,{1,2},3) — Aa(t,1,3)A1 (¢, 2))
Ay 1 (t,{1,2},3)GY (23)GY (w1, w2) + As(t, 1,2, 3)GY (21) G (22) G (3),

where the operator
Q[S(t7 1,2, 3) = Qll-i—l(ta {17 2}7 3) - QlQ(ta 2, 3)Qll (ta 1) — Ay (t7 L, 3)§2{1 (t7 2)

is the third-order cumulant (30) of groups of operators (9) of a system of hard spheres.

In the case of the initial state specified by the sequence of reduced correlation functions
Gl = (0, G(l), 0,...,0,...), that is, in the absence of correlations between hard spheres at
the initial moment of time [3],[30], according to definition (36)), on the allowed configura-
tions reduced correlation functions (33)) are represented by the following series expansions:

G, (t Tly.o.,Xs) = 37
s+n
Z n! /RSXRS dTst1 - dTspn Asin(t; 1 ,$+mn) H G1 XR3(S+n)\Ws+n
s 2 1,

where the generating operator . ,,(t) is the (s + n)th-order cumulant (3Q) of groups of
operators ().

If G(0) € ®°, L1, then provided that max, >, HGgHLl < (2€3)71 [24], for t € R the
sequence of reduced correlation functions (33) is a unique solution of the Cauchy problem
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of the hierarchy of evolution nonlinear equations for hard spheres (for quantum systems
known as the nonlinear BBGKY hierarchy [25]]):

%Gs(t,xl,...,xs) = LiGs(t,x1,...,x5) + (38)
> D0 Lilin,i2)G x| (t X1)Gxy (8 X2)) +

P:(z1,...,2s)=X1J X2 11€X1 i2€X2

s
/ d$s+12£?nt(’i,8+ 1)(GS+1(t7$17"' 7$S+1) +
R3xR3 i—1

> Gx,| (8, X1)Gx, (8, X2)),
P:(1,...,s+1)=X1 U Xo,
1€ Xy;s+1€eXo

Gs(t,x1,...,x5) :Gg(xl,...,ws), s>1, (39)

[i=o
where the generators of these evolution equations are defined as in (L)), and we used nota-
tions accepted in the Liouville hierarchy of equations (31).

4.2. On the description of states governed by the dynamics of correlations

A definition equivalent to the definition of reduced distribution functions can be for-
mulated on the basis of the correlation functions (27)) of systems of a finite number of hard
spheres, namely (see Appendix)

Fyt,z1, ... 5) = (40)
=1
Z = / drsiq .. dTsin gran(t{x1, o Tsh Tsp1y e oy Tsgn), S > 1,

n ]R3><]R3)”

where the correlation functions of clusters of hard spheres g1, (t),n > 0, are defined by
the expansions:

gl+n(t7 {‘Tla"'7w8}7w8+17"'7x8+n) = (41)
> Apy({0XD) Y- {0Xp)}) T ol (X
P:({1,...,s},s+1,....,s+n)=lJ; X; X;CP
n >0,

and RA;p|(t) is the |P|th-order cumulant (28) of the groups of operators (I2). The possibility
of redefining of the reduced distribution functions naturally arises as a result of dividing the
series in expression by the series of the normalization factor [21].

Since the correlation functions g14,(t), n > 0, are governed by the corresponding
Liouville hierarchy for clusters of hard spheres, the reduced distribution functions Q) are
governed by the BBGKY hierarchy 20).

We note that correlation functions of hard-sphere clusters expressed through correlation
functions of hard spheres (27) by the following relations:

gl-l-n(tv {3:17 s 73:8}71'8-‘1-17 s 7338-1-”) =

> (~DFL (P - 1t

'({xl7 7-”5} LTs+1;- --7ms+n):Ui X;

11 Z IT 92,02, n=o0.

XiCP P0(Xi)=U;, Z;; %3;CP’
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In particular case n = 0, i.e. the correlation function of a cluster of the s hard spheres, these
relations take the form

grvolt, {z1, ..., 2.}) = >, [T 9x X0).

p: ("Elr'wms):Ui X; X;CP

Assuming as a basis an alternative approach to the description of the evolution of states
of a hard-sphere system within the framework of correlation functions (27)), then the reduced
correlation functions are defined by means of a solution of the Cauchy problem of the
Liouville hierarchy (31)),(32) as follows [26],[24]:

o
) 1
Gs(t,l'l,...,lﬂs):z—' / d[L’S+1...dZL'S+n gs+n(t,$1,...,$s+n), (42)
=0 n: (R3xR3)n
s> 1,
where the generating function gs (¢, z1,...,Zs1y,) is defined by expansion (26). Such a

representation is derived as a result of the fact that the reduced correlation functions are
cumulants of reduced distribution functions (40).

Since the correlation functions gsi,(t), n > 0, are governed by the Liouville hierarchy
for hard spheres (31)), the reduced correlation functions defined as ([@2)) are governed by the
nonlinear BBGKY hierarchy (38).

We emphasize that nth term of expansions of the reduced correlation functions are
determined by the (s + n)th-particle correlation function (27) as contrasted to the expan-
sions of reduced distribution functions (40) which are determined by the (1 4 n)th-particle
correlation function of clusters of hard spheres (@1)).

In the absence of correlations of the states of hard spheres at the initial moment of time
on allowed configurations, the reduced correlation functions (33) and the reduced distri-
bution functions are represented by expansions in the series (37) and (I8)), respectively.
Consequently, the generator of these series expansions differs only in the order of the cu-
mulants of the groups of operators of hard spheres. As a result, the process of creating
correlations in a system of hard spheres is described by means of such reduced distribution
functions or reduced correlation functions.

Thus, as follows from the above, the cumulant structure of correlation function expan-
sions (1)) or (27)) induces the cumulant structure of series expansions for reduced distribu-
tion functions (I8) and reduced correlation functions (33), respectively, or other words, the
evolution of the state of a system of an infinite number of hard spheres is governed by the
dynamics of correlations.

5. On the description of correlations by means of the Kinetic
equations

Further, an approach to the description of states by means of the state of a typical particle of
a system of many hard spheres is discussed, or in other words, foundations are overviewed
of describing the evolution of states by kinetic equations.

We shall consider systems which the initial state specified by a one-particle reduced
correlation (distribution) function, namely, the initial state specified by a sequence of re-
duced correlation functions satisfying a chaos property stated above, i.e. by the sequence



18 V. I. Gerasimenko, I. V. Gapyak

Gl = (0,GY,0,...,0,...). We remark that such an assumption about initial states is
intrinsic in kinetic theory of many-particle systems [[1]-[Sl].

Since the initial data G(©) is completely specified by the one-particle correlation (distri-
bution) function, the Cauchy problem of the nonlinear BBGKY hierarchy (38)),(39) is not
completely well-defined the Cauchy problem, because the initial data is not independent
for every unknown function of the hierarchy of evolution equations. Therefore, the oppor-
tunity takes place to reformulate such a Cauchy problem as a new Cauchy problem for the
one-particle correlation function, with the independent initial data and explicitly determined
functionals of the solution of this Cauchy problem. We formulate such a restated Cauchy
problem and state functionals.

The following statement is true. In the case of the initial state specified by a one-particle
correlation function G(©) the evolution that described within the framework of the sequence
G(t) = (1,G(t),...,Gs(t),...) of reduced correlation functions (33), is also be described
by the sequence G(t | G1(t)) = (1,G1(t),Ga(t | Gi(t)),...,Gs(t | G1(t)),...) of the
reduced (marginal) correlation functionals: G4(¢,x1,...,xs | G1(t)), s > 2, with respect
to the one-particle correlation function G (t) governed by the generalized Enskog kinetic
equation [13]].

A similar statement was proved in the article [13]] for the states of a system of hard
spheres described in terms of the reduced distribution functions governed by the BBGKY
hierarchy 20).

In the case under consideration the reduced correlation functionals G4(t | G1(t)), s >
2, are represented with respect to the one-particle correlation function

Gi(t,r1) = (43)
00 1 n+1
Z m / X . d$2 e dZL'1+n Q[1+n(t, 1, Loy + 1) H G?($i)XR3(n+1)\Wn+17

where the generating operator 241 ,(¢) of this series is the (1 + n)th-order cumulant (30)
of the groups of operators (I2)), by the following series:

Gultsn, .. 2y | Go(1) = (44)
00 1 s+n
nz_: ﬁ /(RSXRS)n drsy1 ... drsin Voin (t7 1...,s+ ’I’L) ,];Il Gl(t’ :Ei)’

s> 2.

The generating operator U, (t), n > 0, of the (s+ n)th-order of this series is determined
by the following expansion [13]]:

Ve (t,1,....8,s+1,...,s+n) = (45)
n n n—mi—...—NMkg_1 1
n! (—=1)* X
kzzo n;::l ng:l (n—ny—...—ng)!
?ﬁl5+n_n1_,,,_nk (t,1,...,s+n—n3—...—ng) X
1 stn—mi—...—n; 1
H Z D! Z H |Xl‘|!Ql1+|ij\(t’ilj’le)’
j=1 D; : Z; =y, Xu,, I a#Aip, =1 X CD; Y

IDj|<s4+n—n1—--—ny
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where sz: 2=Uy, X, is the sum over all possible dissections of the linearly ordered set

Zi=(B+n—-—n —...—nj+1,...,s+n—n; —... —nj_1) on no more than
s4+n —mny — ... —n; linearly ordered subsets, the (s + n)th-order scattering cumulant is
defined by the formula
s+n
Uopn(t, 1oy s+n) = Aein(t, 1,08+ 1) Xgaormnyy,,, || 2061,
i=1

and notations accepted above were used. A method of the construction of reduced correla-
tion functionals (44)) is based on the application of the so-called kinetic cluster expansions
[13] to the generating operators (3Q) of series 37). If [|G'1 (£)[| L1 (rs xrs) < e~ 35%2) series
(@4) converges in the norm of the space L for arbitrary ¢ € R [13].

We adduce simplest examples of generating operators (43):

Vst 1, ,8) = As(t, 1, ., 8) Xpasyw, [ [ 27 (£,4),

i=1
s+1
Q]S+1(t, 1, ey S8, S + 1) = le+1(t, 1, ceey S + 1)XR3(S+1)\W3+1 H Qll_l(t, Z) -
1=1

As(t,1,. .., 8) Xgasyyy, [ [ A" (51) x
=1

D An(t, g, s + )Xoy, 27 (8, 5% (s + 1),
j=1

We note that reduced correlation functionals describe all possible correlations gen-
erated by the dynamics of many hard spheres in terms of a one-particle correlation function.

If GY € L}, then for arbitrary ¢ € R one-particle correlation function is a weak
solution of the Cauchy problem of the generalized Enskog kinetic equation [13]]

0 " "
aGl (t,xl) =L (1)G1 (t,wl) —l—/ dxo ‘Cint(lv 2)G1 (t,xl)Gl (t,xg) +  (46)
R3xR3

/ dry £5:(1,2)Go (8, 21,22 | G1(1)),
R3xR3

Gi(t, z1)|,_, = GY (1), 47)

where the first part of the collision integral in equation (46) has the Boltzmann—Enskog
structure, and the second part of the collision integral is determined in terms of the two-
particle correlation functional represented by series expansion (44) and it describes all pos-
sible correlations which are created by hard-sphere dynamics and by the propagation of
initial correlations related to the forbidden configurations.

Indeed, by virtue of definitions (I0),(I1) of the generator of the generalized Enskog
equation (46), for t > 0 the kinetic equation get the following explicit form

0 0
EGl(ta"El) - _<p17 a—ql>G1(t7$1) +

o? /RS . dpadn (n, (p1 — p2)) (G1(t, P}, 1) G1(t, ps, 1 — om,)—
xSy
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Gi(t, 1)G1(t, p2, 1 + on)) +

o2 /R3 . dpadn (1, (p1 —p2)>(G2 (t,p“{,th;,ql —on | Gl(t)) _
X3

Go(t,1,p2,q1 + 0 | Gi(1))).

Thus, for the initial state specified by a one-particle correlation function, then all possi-
ble states of a system of hard spheres can be described without any approximations within
the framework of a one-particle correlation function governed by non-Markovian kinetic
equation (46)), and of explicitly defined functionals ([@4)) of its solution (43)).

6. On the low-density approximation of reduced correlation
functions

The conventional philosophy of the description of the kinetic evolution consists of the fol-
lowing. If the initial state specified by a one-particle distribution function, then the evolu-
tion of states can be effectively described by means of a one-particle distribution function
governed by the nonlinear Kinetic equation in a suitable scaling limit [28]],[32].

In the last decade, the Boltzmann—Grad limit (low-density scaling limit) [28]],[29] of the
reduced distribution functions constructed by means of the theory of perturbations were rig-
orously established in numerous papers, for example, in papers [[7],[L1],[[17]] and references
therein.

Further, we consider a scheme for constructing the scaling asymptotic behavior of re-
duced correlation functions (37) in the particular case of the Boltzmann—Grad limit in the
case of the above-mentioned initial state, which is specified by the scaled one-particle cor-
relation function G(l)’e, satisfying the condition:

GO (21)] < ce™ 2P,
where € > 0 is a scaling parameter (the ratio of the diameter o > 0 to the mean free path of
hard spheres), 5 > 0 is a parameter and ¢ < oo is some constant, and for ¢ > 0 the operator

L . in the dimensionless hierarchy of equations (38)) is scaled in such a way that

ﬁiknt(jh]é)fn =é /S2 dn(n, (pj1 _pj2)>f7L(x17 T 7p;k'1’qj17 )

+
p;y Qjos - - - 7xn)5(qj1 — 45, + 677) - fn(xh oo ,xn)5(Qj1 — Qjy — 677))7

where the notations similar to are used.

We emphasize that the states of a system of infinitely many hard spheres are described
by sequences of functions bounded with respect to the configuration variables [1] as it
assumed above.

We will assume the existence of such Boltzmann—Grad limit of the reduced correlation
function G(l)’E in the sense of weak convergence

w— lim (2GY (1) — ¢¥ (1)) = . (48)

Since the nth term of series (37) for the s-particle correlation function is determined
by the (s + n)th-order cumulant of asymptotically perturbed groups of operators (9)), then
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on the finite time interval in the Boltzmann—Grad limit the property of the propagation of
initial chaos holds in the following sense:

w—lim eGy(t, z1,...,25) =0, s> 2. (49)

e—0
The equality (49) is derived by the following assertions.

B§s 2
If |f] < 06_522':1 Pi | then for arbitrary finite time interval for asymptotically per-
turbed first-order cumulant (30) of the groups of operators (), i.e. for the strongly contin-
uous group (9) the following equality takes place [11,[31]

e—0

w— lim (S*( S)fS_HST(t7j)fs) =0
j=1

Therefore, for the (s+n)th-order cumulant of asymptotically perturbed groups of operators
() the following equalities true:

1
w—lim — A5 (¢, 1,..., 8+ 1) fsyn =0, s>2.

e—0 62"

If equality (48] holds for the initial one-particle correlation operator, then in the case of
s = 1 for the series expansion (37) the following equality is true

w— lim (62G1(t,1'1) - 91(t7$1)) =0,
e—0

where for arbitrary finite time interval the limit one-particle correlation function g; (¢, 1)
is represented by the series

tn—1

() Z/dtl /dtn/ To...dei, STt —t1,1) x  (50)
R3 xR3)n

‘C?nt(]‘ 2) H S (tl _t27]1 H Sl —tn,Zn)

Jj1=1 in=1
n n+1 n+1
0, *
Z £1nt kn’n+ 1 H Sl tny]n Hgl ;UZ
kn=1 Jn=1

In this series expansion for ¢ > 0 the operator ﬁior’;tk (J1,J2) is defined by the formula
O/ . . . * *
ﬁint(j17]2)fn = /§2 d77<777 (p]1 - pj2)>(fn(x17 e 7pj17qj17 e 7pj27 qj27 cee 7xn) -
+

fn(l'l, s 7$n))5(Qj1 - Qj2)a

where notations accepted in formula (I0) are used.
Thus, we conclude that the limit one-particle correlation function (3Q) is a weak solution
of the Cauchy problem of the Boltzmann kinetic equation:

0
Egl(tw’nl) = E*(l)gl(t,l’l) —I—/ dxs £1nt(]‘ 2)91(75 l’l)gl(t l’g)
R3 xR3

g1(t, 1) =0 = ¢) (1),
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or, if £ > 0, for a system of hard spheres the Boltzmann equation has the following explicit
form

0 0
aéh(twl) = —(p1, a—ql>91(t,$1) +
/]R3 . dpadn (n, (p1 — p2)) (91 (¢, q1,p1)91(t, a1, 03) — g1 (t, 21)91(t, g1, p2)).
XY

We remark that some other approaches to the derivation of kinetic equations, in par-
ticular, for a system of many hard spheres with initial correlations, were developed in the
works [13]-[16]. In [19], a hierarchy of kinetic equations describing the evolution of the
observables of a hard-sphere system in the low-density limit is constructed.

7. Conclusion

This article dealt with a hard-sphere system of a non-fixed, i.e. arbitrary but finite average
number of identical hard spheres. The possible approaches to describing the evolution of
the states of a system of hard spheres using various modifications of probability distribution
functions were considered. One of these approaches allows one to describe the evolution
of both a finite and an infinite average number of hard spheres using reduced distribution
functions (I8) or reduced correlation functions (33), which are governed by the dynamics
of correlations (27).

Above it was established that the notion of cumulants 28] of the groups of opera-
tors underlies non-perturbative expansions of solutions for the fundamental evolution
equations describing the evolution of the state of a hard-sphere system, namely of the Li-
ouville hierarchy for correlation functions, of the BBGKY hierarchy 20) for reduced
distribution functions and of the nonlinear BBGKY hierarchy (38)) for reduced correlation
functions, as well as it underlies the Kinetic description of infinitely many hard spheres (44).

We emphasize that the structure of expansions for correlation functions (1)), in which
the generating operators are the cumulants of the corresponding order (28] of the groups
of operators of hard spheres, induces the cumulant structure of series expansions for
reduced distribution functions (I8)), reduced correlation functions (33)) and marginal cor-
relation functionals (44). Thus, in fact, the dynamics of systems of infinitely many hard
spheres is generated by the dynamics of correlations.

The origin of the microscopic description of the collective behavior of a hard-sphere
system by a one-particle correlation (distribution) function that is governed by the gener-
alized Enskog kinetic equation was also considered. One of the advantages of such
an approach to the derivation of kinetic equations from underlying dynamics consists of
an opportunity to construct the kinetic equations with initial correlations, which makes it
possible to describe the propagation of initial correlations in the scaling limits [[17]],[34].
Another advantage of this approach is related to the problem of a rigorous derivation of
the non-Markovian-type kinetic equations on the basis of the hard-sphere dynamics, which
make it possible to describe the memory effects in many-particle systems with collisional
dynamics.

In addition, it was established that in the particular case of a low-density approximation
for initial states specified by a one-particle correlation function the asymptotic behavior of
the constructed reduced correlation functions (37) is governed by the Boltzmann Kinetic
equation with hard-sphere collisions.
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Appendix

The possibility of the description of the evolution of states based on the dynamics of cor-
relations (40Q) or occurs naturally in consequence of dividing the series in expression
(@) by the series of the normalizing factor, or other words, as a result of redefining of mean
value functional ().

To provide evidence of this statement, we will introduce the necessary concepts and
prove the validity of some equalities. On sequences of functions f, f € L} we define the
x-product

(f+ DY) =" H2(2) Frz(Y\2), (A.1)
ZCY
where ), - is the sum over all subsets Z of the set Y = (z1,...,x,). Using the def-

inition of the *-product (A.1), we introduce the mapping Exp, and the inverse mapping
Ln, on sequences b = (0, hy(21),...,hn(21,...,2n),...) of functions h,, € L. by the
expansions

(Exp, h)jy|(Y) = (I+ Z h*n )y Y (A.2)

dviot D, Hh|xi|(Xz

P:Y=U, X; X;CP

where we used the notations accepted in formula (23], djy|,0 is the Kronecker symbol,
I=(1,0,...,0,...), and respectively,

oo

(L (T + b))y (Y Z ) 1h*n )y (¥) = (A.3)
S =P e = IT by (X
P:Y={, X; X;CP

Therefore in terms of sequences of operators recursion relations (23)) are rewritten in the
form

D(t) = Exp, g(t),
where D(t) =1+ (0, D1(t,21),...,Dp(t,z1,...,24,),...). As aresult, we get
g(t) = Ln, D(¢).

Thus, according to definition (A.1) of the x-product and mapping (A.3), in the
component-wise form solutions of recursion relations (23)) are represented by expansions
26).

For arbitrary f = (fo, fi,--+» fn,---) € LL and Y = (21, ..., 2,) we will define the
linear mapping 9y : f — 0y f, by the formula

(Oyf)n(xl, ceyTp) = f‘y‘+n(Y, Z)y|+1s--- ,x‘y|+n), n > 0. (A.4)

For the set {Y'} consisting of the one element Y = (x1, ..., xz;), we have, respectively

Oy fa(@r, - 20) = frea{Y ) Tsi1, -+ Tsan), 1 2>0. (A.5)
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On sequences 0y f and Dy/fwe introduce the *-product

Ovf# oy Nix(X) = Y fizpem (V2 2) fxoziev (Y, X\ 2),
ZCx

where X, YY" are the sets, which terms characterize clusters of hard spheres, and 7cX
is the sum over all subsets Z of the set X . In particular case Y = (), Y’ = (), this definition
reduces to definition (A.1).

For f = (0, f1i,.--, fn,---), fn € L}, according to definitions of mappings (A.2) and
(A.5), the following equality holds

Oy Exp, f = Exp,f * 0y f, (A.6)

and for mapping (A.4) respectively

OovExp,f = Exp,f * Z Ox, fx... x0xp f,
P:y={, X;

where ZP:Y:U.XZ- is the sum over all possible partitions P of the set Y = (x1,...,z5)
into |P| nonempty mutually disjoint subsets X; C Y.
According to the definition

=1
(I7f): - d d nfn( Yy n)v
nzz:on'/( X1 X I X

R3 xR3)n

where I = (1,...,1,...), for sequences f, j~’ € Lé, the following equality holds

(L, f+ ) = (L, U, f)- (A7)

In terms of mappings (A.4) and (A.5) the generalized cluster expansions of solutions
of a sequence of the Liouville equations

Den(t,Y, X\Y) = > IT 9xt. %), s>1, (A.8)
P:({Y}, X\Y)=U, X; X;CP

where X \ Y = (zs41,...,%stn), take the form
oy D(t) = oy Exp, g(t).

Now let us prove the equivalence of the definition of the reduced distribution func-
tions and the definition of (40) in the framework of the correlation dynamics.
In terms of mapping (A.4) the definition of reduced distribution functions is written
as follows:
F(t,Y) = (I, D(t)) " (I,oy D(¢)).

Using generalized cluster expansions (A.8), and as a consequence of equalities (A.6),(A.7),
we find

(I,0y D(t)) = (I,0(y}Exp, g(t)) =
(1, Exp,g(t) *d1yy9(t)) = (I, Exp,g(t))(1,0y19(1)).
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Taking into account that, according to the particular case Y = (), of cluster expansions
(A.8), the equality holds

(I, Exp,g(t)) = (I, D(t)),

and as a result, we establish the following representation for the reduced distribution func-
tions:

Fs(t7 Y) = (Iv D{Y}g(t))'

Therefore, in componentwise-form, we obtain relation (40)).

We remind that the correlation functions of particle clusters in series (40), i.e. the func-
tions g14n (¢, {Y'}, X\Y'), n > 0, are defined as solutions of generalized cluster expansions
(A.8), namely

grn(t{Y 1, X\Y) = > —Prp =1 I bt Xa),
P:({Y}, X\V)=U, X X;CP
s>1,n>0,

where the probability distribution function D(t, X;) is solution of the Liouville equa-
tion (13)).

Thus, we have established relation (#0Q)) between the reduced distribution functions and
correlation functions. In a similar way, the validity of relation between the reduced cor-
relation functions defined by the cumulant expansions: G(t) = Ln, F(t), and correlation
functions, i.e. G5(t,Y") = (I,0yg(t)), can be justified.
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