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CUMULANT EXPANSIONS OF GROUPS OF OPERATORS
FOR PARTICLE SYSTEMS WITH TOPOLOGICAL
NEAREST-NEIGHBOR INTERACTION

VIKTOR GERASIMENKO AND IGOR GAPYAK

ABsTrACT. This article discusses the structure of expansions that represent non-
perturbative solutions of the Cauchy problem for the evolution equation hierarchies
for the state and observables of many-particle systems with topological nearest-
neighbor interaction. The generating operators for these expansions are derived using
a proposed cluster expansion method applied to the groups of operators in the Liouville
equations for both states and observables, respectively. The article also introduced the
concept of a cumulant representation for distribution functions that describe the state
of many particles with topological interactions and constructs a non-perturbative
solution to the Cauchy problem for the hierarchy of nonlinear evolution equations for
the cumulants of distribution functions. Furthermore, a relationship is established
between the constructed solution and the series expansion structures for reduced
distribution and correlation functions.

1. INTRODUCTION

A few years ago, to describe complex systems, particularly systems of mathematical
biology, "topological" interaction models were introduced [4, 5, 8, 3]. Namely, the notion
of interaction was introduced, which is described as a constituent of the system reacting
to the presence of another not according to the distance between them, analogous to
many-particle systems, but according to the rank of proximity or their order of preference.
Interactions between living beings in nature are weighted as a function of their rank,
regardless of relative distance, that is, the probability of an individual interacting with
its nearest neighbor is the same whether that individual is close or far away. This new
type of interaction was called "topological" in contrast to the usual "metric" interaction,
i.e., a function of the relative distance between entities.

A typical example of a topological model of the interaction in many-particle systems
is a one-dimensional system of particles that interact with their nearest neighbors. In
particular, such systems include the well-known Toda lattice, which models a crystal
in solid-state physics, the Ising model, which describes ferromagnetism phenomena, or
a one-dimensional hard-rod system, which is characterized by non-symmetric functions
of phase space variables; in other words, functions that are not invariant under particle
renumbering [11],[26].

The basic approach to constructing solutions for the evolution equations for many-
particle systems has been developed since the work of M. Bogolyubov, H. Grad, and O.
Lanford [7, 18]. This approach primarily relies on perturbation theory methods. For
this reason, to describe the evolution of the state of infinitely many colliding particles,
the solution to the BBGKY hierarchy of equations (Bogolyubov—Born—Green-Kirkwood—
Yvon) and its scaling asymptotic behavior are represented by the iteration series of
these equations. In recent works [16],[19],[20], a non-perturbative representation of the
solution to the BBGKY hierarchy for states, as well as the dual hierarchy of equations for
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observables of many colliding particles was constructed. This approach classifies various
non-perturbative representations of a solution, including the perturbative solutions as a
partial case.

As is known [7],[16], the evolution of the state of finitely many classical particles is
traditionally described within the framework of probability distribution functions that
are symmetric over to the phase variables characterizing the particles and are governed
by the Liouville equations. In the paper [17], an alternative approach to describing
the evolution of the state of many colliding particles was developed, which consists of
using functions defined as cumulants of probability distribution functions. Cumulants
of probability distribution functions are interpreted as correlations of particle states,
therefore the term correlation functions [24, 27, 1] is also used for them. The evolution
of correlation functions is described by the Liouville hierarchy of nonlinear evolution
equations, constructed for a system of many hard spheres in the paper [17].

This article formulates the concept of a cumulant representation for probability distribu-
tion functions, which describes the evolution of state correlations of many-particle systems
with topological interaction. It is established that the structure of cumulant expansions
for such systems depends on the symmetry of the probability distribution functions of
many-particle systems. Then based on the dynamics of correlations, expansions in series
for reduced distribution functions and their cumulants, known as reduced correlation
functions, are determined. In particular, this allowed us to explain the structure of
the generating operators of the nonperturbative solution of the Cauchy problem for the
BBGKY hierarchy for particle systems with topological interaction. Additionally, the
expansion structure of a solution to the Cauchy problem for the dual hierarchy of evolution
equations for reduced observables of topologically interacting particles is established.

2. PRELIMINARIES: TOPOLOGICAL NEAREST-NEIGHBOR INTERACTION

In one-dimensional space, we consider a system of many identical particles that interact
with their nearest neighbors through a short-range interaction potential ®, namely,
®(q) =0, 1if |¢| > R > 0, with a hard core of length o, i.e. ®(0) = +00. Let the interaction
potential ® satisfy the following conditions: ® € C?[o, R]. For the configurations of many
particles with such "topological" nearest-neighbor interaction, the following inequalities
hold: o+ ¢; < ¢;+1, where ¢; € R is the coordinate of the center of the i-th particle. Since
a system of a non-fixed number of ordered particles is considered, it natural to number
the particles using positive and negative integers from the set Z \ {0} as follows [11],[26].
The phase coordinates of a single-particle subsystem are numbered as canonical quantities
characterizing the first particle. The phase coordinates of particles in many-particle
subsystems located to the right of the first particle are numbered with positive integers,
and those located to the left of the first particle are numbered with negative integers.
Let L} ,,, be the Banach space of double sequences f = {fn,4n,(T—ny,... 21,
T1, - Tny) bny4ne>0 Of integrable functions fr, 1n, (T_pn,, ..., Tn,) defined on the phase
space R™ 72 x (R™*72 \ W, .. ) equal zero on the set of forbidden configurations
W tms = {(@onys 01, q1s - -+ s Gny) € R | o+ q; < g;41 at least for one pair (4,7 +
1) e ((—n1,—n1 +1),...,(=1,1),...,(n2 — 1,n2))}, and non-symmetric with respect to
the permutation of arguments z; = (¢;,p;) € R X R with the norm

| fry +ns HL}H+R2

:/ dx_py oo dTpy | frydne (T—nyy ooy Ty )l
R™1 xR™2

Under the conditions formulated above for the interaction potential ®, the functions

Xi(—t),i € (—n1,...,—1,1,...,n9) are global-in-time solutions of the Cauchy problem
to the Hamilton equations of the system n; + ng of particles with initial data X;(0) =
X, © € (—n1,...,—1,1,...,n2) [7]. Then in the space of integrable functions L}nJrn27 the
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group of operators of the Liouville equation is defined as follows [7],[2]:

*

ni+no (t)fn1+n2 = ( :Ll+n2 (tv —Ni,... ,?7,2) fn1+n2)(x*n1a cee ,an) = (21)
fn1+n2 (X—nl (_ta Temyy--oy xnz)a ) an (_t7 Tomyse-es $n2))7

(‘T—nu e ’xn2) € (Rn1+n2 X (Rnl+n2 \W"1+n2))7
07 (q7n17 s 7qn2) € Wn1+n2'
In the space L}Ll 4n,, the one-parameter mapping (2.1) is a strongly continuous group of
isometric operators. The infinitesimal generator of the group of operators (2.1) has the
following structure

i = > L*(j) + > Li(Gii+1), (22)
je€(—n1,...,—1,1,...,n3) (7,d+1)€e((—n1,—n1+1),...,(n2—1,n2))

where on the subspace of continuously differentiable functions with compact supports the
Liouville operators are determined by the following formulas, respectively [26]:

0

(L) fratn) (@—nys oo, Tny) = _pjaiqum-i-nz (Tonyse s Tna),
o . 0 d
(Line (G, J + D) fraana)(@onys ooy Tny) = 87%(1)(% - Qj-i-l)(@_
0
_%)fnl—i-nz(z—nu e Tng).
Let DY . € Ly o, (R™F™2 5 (R™F72 \ ' W, .,)) be a probability distribution

function. Then all possible states of the system of ni +no particles at an arbitrary instant
t € R are described by the probability distribution function

D’ﬂ1 +n2 (t) = S’:l “+n2 (t)D’(I)Il +noo (23)

which is a unique solution to the Cauchy problem for the Liouville equation. This is
a strong solution for initial data from the subspace of finite sequences of continuously
differentiable functions with compact supports. For arbitrary initial data from the space

L} 4., n1+ng2 > 1, it is a weak solution [7].

3. CLUSTER AND CUMULANT EXPANSIONS OF DISTRIBUTION FUNCTIONS

For a system of a non-fixed number of particles [26], which will be considered further,
the state is described by a double sequence

D= {D’ﬂlJrﬂz(x*’ﬂlw s -1, L1y 7xn2>}n1+n220

of non-symmetric to the permutation of their arguments z; = (¢;,p;) € R x R probability
distribution functions, which are defined on the phase space R™ "2 x (R™*"2\ W, |, ).

Let us introduce a sequence of correlation functions g = {gs(z—_s,, ..., %Tsy) Fs=s1+52>0
of particle states as cumulants (semi-invariants) of probability distribution functions using
cluster expansions:

Dsl+52(93_51, cee 7x52) = Z H g\Xil(Xi)v S1+ S22 17 (34)
P:(x_sy,...,zsy) =U; Xi XiCP

where the symbol ) denotes the sum over all ordered partitions P of the partially
ordered set (z_g,,..., £—1,21,...,Ts,) into |P| nonempty partially ordered subsets X; €
(T_syy--v,To1,21,..., Ts,) that do not intersect. The origin of the presented approach
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of describing states in terms of correlation functions will be justified in Section 5. We
give examples of cluster expansions (3.4):

Doy1(z1) = got1(x1),
Diji(z—1,21) = g141(z—1,21) + g140(z-1)go+1(21),
Dyyo(x_1,71,22) = gry2(®_1,71,22) + g141(2_1, 21)go1(w2)+

g14+0(x-1)go+2(z1,22) + g1o(z—1)go+1(21)g0+1(z2),

It should be noted that the concept of cluster expansions was initially introduced for
Gibbs distribution functions in the work [25]. This was to describe the equilibrium state
using Ursell functions for many-particle systems characterized by distribution functions
symmetric concerning permutations of arguments. It is important to highlight that the
structure of cluster expansions (3.4) differs significantly from the structure of analogous
cluster expansions for systems described by symmetric functions [17].

On the set R***52 \ W, , o of allowed configurations, the solutions of the recursive
relations (3.4) are represented by the following cumulant expansions:

g81+32($—817' . v‘rsz) = Z (_1)|P\*1 H D\XL|(X1)7 (35)

P:(zosy,. .., Tsp) =U; Xi X;CP
s1+s22>1,

where the used denotations are similar to that of the recursive equations (3.4). We give
examples of cumulant expansions (3.5):

got+1(z1) = Doy1(z1),
grr1(r—1,21) = Dipa(2—1,21) — Dio(—1)Doy1(1),
grr2(r—1,71,22) = Dija(z_1,21,22) — Diy1(z—1,21)Doy1(z2)—
Dito(z-1)Doy2(w1,22) + Dito(x—1)Doy1(w1) Doy (z2),

Thus, the structure of the expansions (3.5) for correlation functions is such that they
have the meaning of cumulants (semi-invariants) of the corresponding order of probability
distribution functions [16],[9],[10] (see also [6],[28]). We note that correlation functions
provide an equivalent method of describing the states of many-particle systems analogous
to distribution functions. The interpretation of correlation functions is related to the fact
that the state of statistically independent particles on allowed configurations is described
by the product of one-particle correlation functions, i.e., the probability distribution
functions of each particle.

To compare the structure of the expansions (3.4) and (3.5) with similar expansions
for symmetric functions, we will represent them on sequences of functions. In the set
of double sequences f = {fn,4n,(T—nys- s To1, 21,5+, Tny) bng+ny=n>0 Of measurable
functions f,,n,, Where fy is an arbitrary number, we introduce the following tensor
*-product

(f1 % f2)1x(X) = Z (O (Y) (f2)x\w (X \Y),
Yox

where the symbol ), -y denotes the sum over all possible partially ordered subsets Y of
the partially ordered set X = (_p,y ..., Z_1, L1, .., Tpy)-
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On the set of double sequences f of measurable functions, the mapping (I — o)~ is
defined as the *-resolvent, namely,

(I-f=14+> 1, (3.6)

where I = (1,0,0,...) is a unit sequence and is represented component by component
form by the following expansions:

((I - f)_]l*>sl+sl(x—817' . ,3352) =
581+8270 + Z H f\X1|(X1)7 51+ 852> 1.

P:(z_sy,. - ,msy) = U; Xi X,;CP

The inverse mapping I — (I + o)~™ to the mapping (I — o)~" is defined in terms of the
*-product by the following series

I—(I+f)” Z DR (3.7)

which is represented in component-wise form by the following expansions:
_H* J—
(I—(I+f) )lersl(x,Sl,...,xsZ)—

Z (_1>‘P‘_1 H f\X1|(Xl)7 81+ 82 > 1.

Pi(z_sy,. - smsy) =U; Xi X;CP

Thus, cluster expansions for the sequence of probability distribution functions (3.4) of
a system of particles interacting with their nearest neighbors have a structure determined
by mapping (3.6), namely,
I+D=(1-g) "

The structure of cumulant expansions for the sequence of correlation functions (3.5) is
defined by the inverse mapping (3.7)

g=I—(I+D)™"

The origin of the structure of expansions (3.4) and (3.8) will be argued in Section
5. We note that in the case of many particles whose state is described by symmetric
distribution functions, the structure of cluster and cumulant expansions is determined
by exponential and logarithmic mappings defined by the suitable tensor *-product [17],
respectively.

We will also introduce some generalizations of the concept of cumulant expansions.

Namely, we will define cumulant expansions for a cluster of particles (—s1,...,s2) and
particles (—(nq +s1),...,—(s1+1)),(s2 + 1,..., 82 + n2), i.e., correlation functions of a
cluster of particles and particles

91+n1+ny ('r*(nlJrsl)v cos LT—(s141) {33751 yeee 7$Sz}ﬂ Tsytls - Tsgtny) = (3'8)

> (=D 1T Drocxa (0(X0),
Pi(T_(nytsy)s- 1T (sqy41)s 1T =575+ Tsg }s X;CP
LTso+1y--- aza‘2+712) = U1 X
ny +ng > 0.

In the expansion for the (1 + ny + ng)-th order cumulant (semi-invariants) of probability
distribution functions, the following notation is used: the symbol ), denotes the sum over
each ordered partition of P of the partially ordered set of indices (—(nq + s1),...,—(s1 +
1),{-=s1,...,82},82+ 1,...,82 + n2) into |P| nonempty partially ordered subsets X;
that do not intersect each other, the connected set {—si,...,s2} belongs entirely to



16 VIKTOR GERASIMENKO AND IGOR GAPYAK

one of the subsets X;, and the declusterization mapping 6(-) is defined by the equality:
0({X:}) = (Xa).

We emphasize that cumulants (3.8) are solutions to the recursion relations known
as the cluster expansions of the groups of operators (2.1) of a cluster of particles and
particles, namely,

Dn1+sl+52+n2 (xf(nlJrsl)a sy T (5341)y L =519+ 3 Lsyy Lsot1y- -+ 7x52+7l2)) = (39)
E H g\XJ(XZ)a ny +ng > 1.
P:(%_(ny4s1)s s T(s41)s {Tsqs--+1Tsg}, XiCP
$52+17---a7552+n2) i v

The correlation functions of a particle cluster and particles are related to the correlation
functions of particles by the following relations:

91+ni+ns (x—(nl—&-sl), cees T (5141) {.’E,S“ s ,$52}, Tsgt1s--- 7x52+n2) = (310)
P|—-1
) Gt || ) I 92,2
P (z—(n1+51)7 e T (s141)s {x,ﬂ IR X:CP P 9(Xz:)=Uji Zj; Zj; CP
1552}, Tsogd1s:--s I52+n2) = Uz Xi

Let us provide instances of these relations:

giroro({71}) = go41(z1),
grroro({z—1,71}) = grr1(r—1,21) + gr0(r—1)go+1(21),
girori({z_1, 1}, 22) = grp2(2_1, 21, 22) + 9141 (21, 21)gog1(w2)+

g1+o(z-1)go+2(x1,22) + g140(x—1)go+1(z1)got1(x2),

In the particular case ny + no = 0, i.e., a cluster consisting of s; + so particles, relations
(3.10) take the form

giroro({z—s,s - 25, }) = Z H 91x,(X5).

P:0({z—sy,msy })=U,; Xi XaCP

Note that the structure of cluster and cumulant expansions for systems of particles with
topological interaction of nearest neighbors is determined by the symmetry of the functions
to the renumbering of their phase variables and is not related to the dimensionality of
the space, in which the particles move.

4. A HIERARCHY OF EVOLUTION EQUATIONS
FOR CUMULANTS OF DISTRIBUTION FUNCTIONS

As noted above, the sequence of correlation functions (3.5) describes the state of
systems of a non-fixed number of particles in an alternative way to the sequence of
probability distribution functions.

The evolution of the state of a system of particles with topological interaction is
described in terms of correlation functions which are governed by the hierarchy of the
nonlinear Liouville equations:

0 *
EQSNLSQ (t,x gy Tsy) = £51+52951+52 (62 syy s Tsy)+ (4.11)

Z Z ‘Cfnt(j?.] + 1)g|X1|(t7Xl)g|X2|(t7X2)a
p: (zfslv"@é'z):Xl UX2 j:max)?l

Gortsa ()], = Gorpsrs  S1+ 85221, (4.12)
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where the Liouville operator L%, , ,, is defined by expression (2.2), > p. () roray) =1 U Xo
is the sum over all possible ordered partitions P of the partially ordered set (z_,,...,Ts,)
into two subsets X7 and X5 that do not intersect, the symbol X; denotes the set of indices
of the corresponding set X; of phase coordinates of particles, and maxX; is the maximum

value of the set of indices X;.

We emphasize that the Liouville hierarchy (4.11) is a hierarchy of recurrent evolution
equations. We give examples of evolution equations (4.11):

0
&QOH(’Z%) = ﬁ*(l)gl(t7x1)7

0 %/ - *
aglﬂ(t,z—l,xl) =( E(E 1 1)5 () + Ly (=1,1)) g1 (21, 21)+
Jel—4,

'C;knt(_]-v 1)gl+0(t7 m71)90+1(ta xl)a

atg1+2(t,$—1,$17$2) =
( Z L£(j) + Z L5e(5,7 + 1)) graa(t, z o, 21, 22)+
Jje(=1,1,2) (4,3+1De((—1,1),(1,2))
L (=L, Dg1+o(t z-1)go+2(t z1,22) + L (1, 2)g141 (8, 21, 21) go+1 (¢, 22),

To construct a solution to the Cauchy problem of the Liouville hierarchy (4.11), we
introduce the concept of cumulants of the groups of operators of the Liouville equations,
i.e. a connected part of the groups of operators of the Liouville equations. The cumulant

of the (s1 + s2)-th order of the groups of operators (2.1) is defined by the following
expansion

W, pog (b, =51, .., 89) = > ()P T St X0, (413)

P:(=s1,...,82) =U,; X X;CcP

where the symbol ) ' denotes the sum over all ordered partitions P of the partially
ordered set of indexes (—s1,...,—1,1,...,2) into |P| nonempty partially ordered subsets
X; € (=$1,...,—1,1,...,82) that do not intersect. Here are some examples of cumulant
expansions (4.13):

Ro+1(t,1) = Sg11(E, 1),
A1 (t,—1,1) =S, (¢, —1,1) = S5, (t, —=1) S5, (8, 1),
Ryy2(t,—1,1,2) = S4o(t, —1,1,2) — ST (¢, =1, 1) S5, (¢,2)—
STt =1)S542(t,1,2) + S4o(t, —1)5541 (2, 1)5514 (2, 2),

We remark that cumulants (4.13) are solutions of the recursive equations known as
cluster expansions of the groups of operators (2.1) of the Liouville equations

Siita(t =51, 52) = > TT 2t X0), s1 482> 1. (4.14)
P:(—s1,..., s2) =U; Xi XuCP

The structure of these cluster expansions is determined by the structure of the generator
(2.2) of the group of operators (2.1) for topologically interacting particles.
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The evolution of initial cumulants of distribution functions (3.8) is described by the
following correlation functions:

Gsitsy(byTesgyyeen  Tsy) = (4.15)
> IT 2%, (6 K)o (X0} AX ey}, 51+ 52> 1,

Pi(@_sy,@sy)=U,; X; X; CP

where the symbol ) ' denotes the sum over all ordered partitions P of the partially
ordered set of indexes (x_s,,...,%s,) into |P| nonempty partially ordered subsets X; €
(x_sy,...,Ts,) that do not intersect, the symbol X; denotes the set of indices of the
corresponding set X; of phase coordinates of particles, and the generating operators of
these expansions are products of cumulants (4.13) of the groups of operators (2.1). We
adduce some examples of correlation functions (4.15)

got1(t,z1) = Ay (t,1)g0 41 (1),
gre1(t,z_1,21) = Ao (t, =1, 1) g0 o ({z_1, 21}) + Aa (, = 1)1 (¢, gy (w1, 71),
g3(t,x_1,x1,22) = As(t, —1,1, 2)g?+0({x_1,x1,x2})+
A (t, =1, 1)1 (£,2)g7 11 ({w—1, 21}, 22)+
A2y (8, —1)Az(,1,2)g7 1 (@1, {21, 22 })+
+21 (¢, = 1)1 (£, 1)A1 (£, 2)) g8 4o (-1, 1, 22),

Indeed, by applying cluster expansions (4.14) of the groups of operators (2.1) to
operator groups in the definition of cumulants (3.5) of distribution functions (2.3) and
considering the definition of initial correlation functions (3.5), we derive expansions (4.15).

For arbitrary initial states from the space of double sequences of integrable functions the
solution of the Cauchy problem of the Liouville hierarchy (4.11),(4.12) is also represented
by the following expansions which are equivalent to expansions (4.15):

Gsitso (B Togyy ety Xgy) = (4.16)
> W (tAX 1} AX e D) [ ofx, (X0, s1+s2>1.
P2y ,etsy)=U; Xi X, CP

The generating operator 2 p(t) of the expansion (4.16) is the |P|-th order cumulant (4.13)
of the groups of operators (2.1) which is represented by the following expansion

2App(t, {)?1} AXp ) = (4.17)
\p| 1
i Z 11 Sioz (&6 (Zy)),
P ({ X1} AX e D=U,, Ze Z,CP’

where the Aconnected set of ordered indices )AQ, i.e., one element of the set, is dengted by tAhe
symbol {X;}, the declusterization mapping 6(-) is defined by the equality: 8({X;}) = (X;)
and the symbol ZP/:({}?I},-u’{X\P\}):Uk 7. (ienotes thf sum over all possible ordered
partitions P of the ordered set of indices ({X1},...,{X|p/}) on [P’ | nonempty partially
ordered subsets Z, ¢ ({X1},..., {)/(\"p‘}). We adduce some examples of correlation
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functions (4.16)

got1(t,z1) = A (t,1)g0 41 (1),
gra(te1, @) = Wt {1,111 41 (w1, 21) + Aa(t, =1, 1)1 o (1) 9041 (21),
grie(t, w1, 1, 22) = A1 (¢, {—1,1, 2})g(1)+2(x,17m1,x2)+
+2As (4, =1, {1,21) g7 o (€ -1)g0 4o (w1, 22) + Aa(t, {=1,1},2)g0 1 (€2) g1 41 (z -1, 21)+
+23(t, —1,1,2)g% 4 o(2-1) 9041 (21)90 41 (22),

The validity of the expansions (4.16) for the solution of the Liouville hierarchy (4.11) is
proved by point-wise differentiation for the time variable.
The following existence theorem for the Liouville hierarchy (4.11) holds.

Theorem 4.1. Fort € R the solution of the Cauchy problem of the Liouville hierarchy
(4.11),(4.12) is represented by expansions (4.16). For infinitely differentiable initial
correlation functions with compact supports from the space L}HJHL27 ni+ng > 1, expansions
(4.16) represent the strong (classical) solution and for arbitrary initial correlation functions
from the space L%lﬁ_m, ny +ng > 1 it is the weak (generalized) solution.

We emphasize that the characteristic properties of the constructed solution (4.16) are
generated by the properties of the cumulants (4.17) of the groups of operators (2.1) of
the Liouville equations.

The following criterion holds.

Criterion 1. A solution of the Cauchy problem for the Liouville hierarchy (4.11),(4.12)
for particle systems with topological interaction is represented by expansions (4.16) if and
only if the generating operators of expansions (4.16) are solutions of cluster expansions
(4.14) of the groups of operators (2.1).

The necessary condition means that cluster expansions (4.14) are valid for groups
of operators (2.1). These recurrence relations are derived from the definition (3.5) of
correlation functions, provided that they are represented as expansions (4.16) for the
solution of the Cauchy problem to the Liouville hierarchy (4.11),(4.12). The sufficient
condition means that the infinitesimal generator of one-parameter mapping (4.16) coincides
with the generator of the Liouville hierarchy (4.11), which is a consequence of Theorem 1.

5. THE BBGKY HIERARCHY FOR TOPOLOGICALLY INTERACTING PARTICLES

An alternative approach equivalent to the one presented above is used to describe the
evolution of states of both finite and infinite numbers of particles. This approach is based
on the description of the evolution of states by reduced distribution functions.

Further, we will formulate an approach to describing the evolution of the state of a
system of many particles with topological interaction in terms of reduced distribution
functions defined within the framework of the dynamics of correlations (4.11). Re-
call [26] that reduced distribution functions are defined through the sequence D(0) =

{DY (T gy 1, %1, Tny) by 4na>0 OF probability distribution functions at the
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initial instant and the groups of operators (2.1):

E91+32(t7x—s17"'7x32) = (IvD(O))ilz Z / dx—(nl-l‘sl)"'
(RxR)m1+n2

n=0 n=mn; +no

ni,nz >0
(5.18)
d$,(51+1)d1'52+1 e Ty oy (S* (t>D(O))n1+81+Sz+n2 (x*(nlJrSl)’ e ,$52+n2),
§1+ 82 > 1,
where the normalizing factor
(1, D(0)) =

g E / dr_p, .. AT, DY (T py, e T, T, Ty)
RxR)m1+m2

n=0 n=mng +no
ny,ne >0
known as the grand canonical partition function. The justifications for introducing this
definition of reduced distribution functions for topologically nearest-neighbor interacting
particles are provided in [26]. Notice that the sequence of reduced distribution functions
(5.18) satisfies the BBGKY hierarchy (5.23) for topologically nearest-neighbor interacting
particles [11].
The result of dividing the series in expression (5.18) by the series of the normalizing
factor naturally allows one to redefine the reduced distribution functions as a series
expansion over the cumulants of distribution functions (3.5)

F?1+S2(t7x—317~ .. 7Is2) =

00
Z Z / dx,(nlJrsl) ...d$7(81+1)d$82+1 ...dajs2+n2
(RXR)"1+7’2

n=0 n=mn; +ns
ni,nz >0

> (=DP= T (57 () D(0)) 1x, (X,

P: (z—(n1+51)’ s T (s141)s {517751,-..,:1:52}, XicP
Tagt1,- o5 Tagtng) = U; Xi

81+ 82 > 1.

Thus, the definition of reduced distribution functions, equivalent to the definition of (5.18),
is formulated based on correlation functions (3.5) by the following series expansions:

Fopss (X gyyno o, Tsy) = (5.19)

D / 02 pery AT oy g1y gy -
(RxR)m1t+7m2

n=0 n=mn;+ny
ni,nz >0

ATy iy 91440 (L T (ni4s1)r- 1 L—(s14+1)> {foU cee ux52}7 Togtls- > Tsotns)s
S1 + 8o Z 1.

On the set of allowed configurations, the correlation functions of the particle cluster and
particles g14n,4+n,(t), n1 + n2 > 1, are defined by the following expansions:

G1+ny+ns (1, L—(ni+s1)r-- 1 L—(s1+1)> {Z sy Ty Jy Tt 1y - oy Tsniny) = (5'20)
> e (8, {0(X1)}, ..., {0(Xp))} T obx, (X
Pi(@_(nyts1)r 1 T (s 415 {Tosys 5 Tsn b X cP
Togtls -y Tsgtng) = U; Xi

Recall that the generating operators of the expansions (5.20) are represented by the
|P|th-th order cumulants (4.17) of the groups of operators (2.1) and the symbol >,
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denotes the sum over all ordered partitions of the set of indices (—(ny + $1),...,—(s1 +
1),{=s1,.-.,—1,1,...,82},82 + 1,..., 82 + ng) into intersecting subsets X;.

Thus, we observe that the structure of cumulant expansions for states (3.4) for topo-
logically interacting particles is determined by the method incorporating the normalizing
factor in the mean value functional which is determined through reduced distribution
functions.

Let’s introduce the space L, = > > >, _, 1, @Da™t2L!

1 +n, Of double se-

ni,ng >0
quences f = {fn,+ns ni+ns>0, Of integrable functions fy, 4n,(T—n,,...,Tn,), defined on
the phase space R"+"2 x (R™*"2 \ W, ., ) with the norm

oo
£l = Z Z an1+n2/ dT_p, . ATy | fryns (Tonys - i),

n=0 1 = ny + ns (RxR)m1+n2

ni,nz >0

where the parameter o > 1.
The following bounded operators are defined on sequences of functions f € L.:

(a+f)n1+n2(x*n17"'7$n2) = / dxn2+1 fn1+n2+1(x*n1w"7xn27xn2+1)ﬂ (5'21)
RxR

(a—f)n1+n2 (I—n1 g axnz) = / dx—(’ﬂl"l‘l) fn1+1+n2 (x—(n1+1)7 LTomyyeeey an)a
RxR

which are analogs of the particle annihilation operator of quantum field theory, as well as
the following operators:

(I —ay)” Z al. (5.22)

n=0

Since the correlation functions (5.20) are determined by the Liouville hierarchy (4.11),
the reduced distribution functions (5.19) satisfy the BBGKY hierarchy for a system of
many topologically interacting particles [11]

d

() = LF(t) + [ LIF(0) + lay, LTF (1), (5.23)

where £* =307 (> 1, DL L, is the direct sum of Liouville operators (2.2),
ni,ne >0

the brackets [o, o] denote the commutator of two operators, and, therefore, in component

form, these terms of the generator BBGKY are represented by the following expressions:

(6 L1F®), o (s s ) =
0
/dx*(nﬂrl) m@(qwl -q- "1“))8;3 - Foy 14, (1),

([CH., £*]F(t))n1+n2 (x—nw te ’xnz) =

0 0
/d$n2+1 @@(an - Qn2+1>w Fn1+n2+1(t)'

na

A solution of the Cauchy problem to the BBGKY hierarchy (5.23) of a many-particle
system with topological nearest-neighbor interaction is represented by the following series
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expansions for the sequence of reduced distribution functions 23, 22, 12]:

Fopo,(t,msy,. 00 2sy) = Z Z / AT _(nytsy) -+ AT (5,41) (5.24)
(RxR)™1+m2

n=0 n=mng +no

ni,nz 20
dx52+1 s dl'52+n2 §2’[1+77«1+7L2 (tv _(nl + 81)7 cey _(81 + 1)7 {_Sla cey 32},
0
so+ 1,80+ m2) Fy i, (T (nydsy)s oo Toniny)s 51+ 82 > 1,

where the generating operators of these series are cumulants of the groups of operators
(2.1) of the Liouville equations

W bngtns (& —(n1 +51), .., —(s1+1),{—s1,...,8hs2+1,...,80+n2) = (5.25)
> (DP T Soe & 0(X0).
P:(—(n1+s1),...,—(s1+1),{—s1,...,82}, X;CP

sa+1,...,82+mn2) =, Xi

In the expansion for the (1 + ny + ns)-th order cumulant of the groups of operators (2.1),
the following notation is used: the symbol », denotes the sum over each ordered partition
of P of the partially ordered set of indices (—(ny + s1),...,—(s1 + 1), {—s1,...,82},52 +
1,...,82 +n9) into |P| nonempty partially ordered subsets X; that do not intersect each
other, and the connected set {—s, ..., 2} belongs entirely to one of the subsets Xj.

We emphasize that cumulants (5.25) are solutions to the recursion relations known as
the cluster expansions (4.13) of the groups of operators (2.1), namely

S;1+31+82+n2(t, _(nl +31)7~ . .7_(51 + 1), —S81,...,82,89+ 1,...,589 +n2)) _ (526)
Z H Ajx, (6, Xi), n1+ng>1
P:(—(n1+s1)...,—(s1+1),{—s1,...,82}, XiCP

s2+1,..., s2 +n2)U; X

In terms of the introduced operators (5.21) in the space L., the series expansions
(5.24) of the sequence of reduced distribution functions have the following structure

Ft)=(I —a_)"'(I —ay) YT - 5*(t)) " F(0). (5.27)

For the initial reduced distribution functions of the space L., the series (5.24) is

defined. Since for the generating operators (5.25) of series expansions (5.24) in the space
L i 4sytn, the following estimate holds:

11+
Li1+n1+32+n2 <2mTne ||f81+n1+52+712‘

||Ql1+7l1+n2 (t) f81+7l1+82+n2| LY fnytentny’

then for the sequence of functions (5.24) in the space L., under the condition o > 2, we
have the following estimate

IF®)zy < cal FOllzy,
2

where ¢, = (1 — E)_l. The parameter a can be interpreted as a quantity inversely
proportional to the density of a system of many particles, that is, the average number of
particles per unit volume.

Thus, for a non-perturbative solution (5.24) of the Cauchy problem for the BBGKY
hierarchy of particle systems with topological interaction, the following theorem holds

[23],[22].

Theorem 5.1. If F(0) € L! is a double sequence of non-negative initial distribution
functions, then for t € R under the condition o > 2, there exists a unique solution of the
Cauchy problem for the BBGKY hierarchy (5.23) for particle systems with topological
interaction, which is represented by series expansions (5.24). This is a strong solution for
initial data from the subspace of finite sequences of continuously differentiable functions
with compact supports. For arbitrary initial data from the space LY, one is a weak solution.

«’
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The following criterion holds.

Criterion 2. A solution of the Cauchy problem for the BBGKY hierarchy (5.23) for
particle systems with topological interaction is represented by series expansions (5.24) if
and only if the generating operators of series expansions (5.24) are solutions of cluster
expansions (5.26) of the groups of operators (2.1).

The necessary condition means that cluster expansions (5.26) are valid for groups of
operators (2.1). These recurrence relations are derived from the definition (5.18) of reduced
distribution functions, provided that they are represented as series expansions (5.24)
for the solution of the Cauchy problem to the BBGKY hierarchy (5.23). The sufficient
condition means that the infinitesimal generator of one-parameter mapping (5.27) coincides
with the generator of the BBGKY hierarchy (5.23), which is the consequence of Theorem
2.

In the articles [11],][26], a solution of the Cauchy problem for the BBGKY hierarchy
(5.23) was constructed in a reduced form, the expression of which in terms of operators
(5.21) has the following structure

F() = (I —a_)"'(I —ay) 'S ()(I — a_)(I - a.)F(0).

Component-wise, such a sequence of reduced distribution functions is represented by
expansions in a series:

F81+82(t Tosyyee 1'52 Z Z /]R Ry + da_ (n1+s1) - ~dx_ (s1+1) (5 28)
X nipTn2

n=0 n =ng +no

ni,ne >0
dlL'SQJrl FPN d$52+n2 U1+n1+n2 (t, 7(TL1 + 81), ey 7(81 + 1), {781 ey 71, ]., ey 82},
0
so+ 1,80 F2)Fy o e (T (nitsi)s e Tsgtmy),  S1+ 82> L

were the generating operators {Uitn,+n, () bny+ne>0, Of series (5.28) are determined by
the following expansions:

U1+n1+n2(t *(nl + Sl)a ey *(51 + 1)7 {*51, ceey 52}, S2 + la <o, 82+ nQ) =
min(1,n1) min(1,n2)
Z Z k1+k2 S*1+S1 ki+s2+na— kz(t *(n1+51 kl)?"'752+n27k2)'

k1=0 ko=0

Such expressions are solutions of reduced cluster expansions of the groups of operators
(2.1) in terms of cumulants (semi-invariants).

In the space L. of sequences of integrable functions, due to the isometrics of the group
of operators (2.1), the representations (5.24) and (5.28) of the solution of the Cauchy
problem for the hierarchy of BBGKY equations (5.23) are equivalent. We emphasize
that a traditional representation of the solution of the Cauchy problem for the BBGKY
hierarchy is the series expansion of the perturbation theory [7],[12]. Under appropriate
conditions for the initial data and the interaction potential of particles, the equivalence of
the representations of these solutions is proved due to the validity of the analogs of the
Duhamel equations for the generating operators of the series (5.28).

The characteristics of fluctuations of the mean value of observables on a macroscopic
scale are directly determined by reduced correlation functions describing the state of a
system of many particles on a microscopic scale [16].

Then an alternative approach to describing the evolution of topologically interacting
particles is based on reduced correlation functions defined by the cumulant expansions
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over the reduced distribution functions (5.18):

G81+82(t7m7517""x52) = Z (_1)‘P|_1 H ﬂxi\(t7Xi)7 (5'29)

P:(z_sy,. r2sy) =U; Xu X;CP
s1+s22>1,

or in terms of sequences of functions, these expansions are defined by the inverse mapping
(3.7) and take the form
Gt)=1-(I+F(t)™",
where the used denotations are similar to that of the recursive equations (3.4).
Then the definition of reduced correlation functions is formulated based on the solution
(4.16) of the Cauchy problem for the hierarchy of Liouville equations (4.11),(4.12) by the
following expansion into a series:

Giriss (b Ty 1s)) = AT (ntsy) - - 5.30
1+ 2( L—s1 1.2) Z Z /(RXR)"1+"2 L—(n1+s1) ( )

n=0 n=ng +no
ni,na >0
dx—(81+1)dx82+1 cee dxs2+n2 Ini+si+sz+na (tv T—(ni+si)s--- ,$S2+n2),
s1+s22>1,

where the generating functions g, +s;+s,+n,(t) are determined by the expansions (4.16).
In terms of sequences of functions, the sequence of reduced correlation functions (5.30)
has the following structure

G(t)=(I —a-)7"(I —ap)"Mg(t).

We emphasize that the (n1 + n2)-th term of expansions (5.30) of reduced correlation
functions is determined by the correlation function of (n; + s1 + $2+n2) particles (4.16), in
contrast to the expansions of reduced distribution functions (5.19), which are determined
by the (1 4+ ny + ng)-th correlation function of a particle cluster and particles (5.20).

Since the correlation functions gn,4s,+s,+n,(t) are determined by the hierarchy of
Liouville equations (4.11), the reduced correlation functions (5.30) satisfy the hierarchy
of nonlinear evolution equations.

Note that for many-particle systems whose states are described by symmetric distri-
bution functions, a non-perturbative solution of the Cauchy problem to the BBGKY
hierarchy was constructed in the works [17],[19, 20, 21].

6. THE HIERARCHY OF EVOLUTION EQUATIONS FOR OBSERVABLES
OF TOPOLOGICALLY INTERACTING PARTICLES

Because of the mean value functional of observables determines the duality of observ-
ables and the state of particle systems, we will consider another approach to describing
the evolution of a system of a non-fixed number of ordered particles with the topological
interaction of nearest neighbors. This equivalent approach is based on the concept of
observables governed by the hierarchy of evolution equations for reduced observables.

In the case of a non-fixed number of many identical ordered particles interacting with
their nearest neighbors through a potential defined above, the mean value of the double
sequences of reduced observables By, 1n,(t), n1 + no > 0, is determined by a continuous
linear functional represented by the following expansion into the series [26]

(B(t), F(0)) =

o0
0
E E /( - dr_s, ...dx52le+52(t,x_sl,...,x52)F51+52(x_51,...,xSZ).
_ RXxR)®1752
s=0

s =81+ 82
s1,82 >0
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Let Cpy1ny = C(R™MT72 x (R™M1FT72\W,, . )) be the space of bounded continuous func-
tions which are equal to zero on the set of forbidden configurations W,,, ,,. The following
operators are defined on sequences of functions b = {by, 41, (T—ny;s - - - Tny ) fra+ne>o0 from
the space by, 4n, € Cnytny:

(ajrrb)n1+n2 (Tonyy ey Tny) = bngdng—1(T—nyy - vy Tnp—1), (6.31)
(afb)nﬁ_n2 (T ngs oy Tny) = by 14 (T —1) - -+ Ty,

which are analogs of the particle creation operator of quantum field theory, as well as the
operators and their inverses:

(I- ai)71 = Z(ai)”, (I—af)=1-a].
n=0

In terms of operators (5.22) the mean value functional takes the form

(B(t), F(0)) = (I —a_)""(I —ay) ' B(t)F(0)),. (6.32)

Note that operators (6.31) are adjoint to operators (5.21) in the sense of functional (6.32),
ie., (ai b, f) = (b, aif).

On sequences of functions b = {by,4ny (T—nys - -« s Tny) by +npe>0 from the space Ch, 1n,,
the direct sum of the adjoint groups of operators to the operators (2.1) is defined,

(S(t) b, f) = (b, S*(t)f), and, consequently,
Snytna (£) = S5, 4, (1) (6.33)

Accordingly, on finite sequences of differential functions, a direct sum of the Liouville
generators’ adjoint to the operators (2.2) is defined, (E b, f) = (b, ﬁ*f), and, consequently,

Ln1+n2 = ‘C’;kzl—i-nz
Recall [26] that a sequence of reduced observables are defined using the sequence of
initial observables A(0) = {A% | (z_pn,,...,Z—1, 21, .., Zny) }ny+ns>0 and the groups

of operators (6.33):
B(t) = (I —ar)(I —al)S(t)A(0), (6.34)

or in a component-wise form reduced observables are represented by the following expan-
sions:

BSl+82 (t x—Sz’ s xsl) = ((I - at)(I - ui)s(ﬂA(O))ﬁ-‘rsz (x—827 ce ,.1‘51) =

min(1,s1) min(1,
n +n 0
E § T ni4ss—na (t>Aslfn1+82*n2 (xf(slfnl)a e 73752—712)-

The sequence of reduced observables (6.34) satisfies the hierarchy of evolution equations
for reduced observables [7]. In terms of operators (6.31) this hierarchy has the following
abstract form

9B = (1) (1 —ad)£(1 —a?) " (1 —al) B,
or in the case of a pair interaction potential under consideration
%B(t) = LB(t) +[L,at|B(t) + [£,al]B(t), (6.35)

where the brackets [o, o] denote the commutator of two operators.
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Therefore, in a component-wise form, the Cauchy problem for the hierarchy of evolution
equations (6.35) for reduced observables is represented as follows:

0
7le+82 (t; Lgyyen- 7:1?82) = £81+52(_817 R 82)351+82 (t7:1;7517' H 7$82>+

ot
+£int(_817 —S1 + ]')BSl*lJrSQ (t7 x751+17 e 75552)"_
+£int<82 - 17 82)3814»5271(1:7:1;7817 L] 7',1"8271))
B51+52 (tax—su- . 73332) = Bgl+52 (x—sw' . 751752)7 S1+ S22 1.

A solution to the Cauchy problem for the hierarchy of reduced observables in component-
wise form is represented by the expansions:

S1 S2
B51+52 (ta Tsyyen- 73332) = Z Z ml+sl—n1+52—n2 (ta 815y 7(77'1 + 1)7 (636)
n1=0n2=0
{-n1,...,=1,1,...;naf,ma+1,... 752)321_‘_”2(33_”1,. Ce L1, Ty ey Ty ),
51+ s > 1.

The generating operators of these expansions are corresponding-order cumulants of the
group of operators (6.33)

2[1+S1—n1+32—n2(t7 81y, 7(711 + 1), {—nl, ey 71, 17 . ,TLQ}’ no + 17 e 52) —
(6.37)
2 (DT Stoceai (8 0(X0),
P:(—s1,..., —(n1 +1),{-n1,...,—1,1,..., nat, X.cp
no+1,...,82) =U,; X

where the notations adopted in formula (3.8) are used. We observe that cumulants (6.37)
are solutions to the recursion relations known as cluster expansions of the groups of
operators (6.33):

SS]+82(t7_515'~'a_(n1+1)?_n15'"7_1717"'7n27n2+1a"'752): (638)
Z H Ql\Xl\(taXz)a
P:(=s1,...,—(n1 +1),{-n1,...,—1,1,...,n2}, XiCP
ne+1,...,82) = U, Xi

In terms of the introduced above operators, the series expansions representing a solution
of the Cauchy problem to the hierarchy of evolution equations for reduced observables
has the following structure

B(t)= (I —af)(I —al)(I—(I+5()")B(0). (6.39)
The following criterion holds.

Criterion 3. A solution of the Cauchy problem of the hierarchy of reduced observables
(6.35) is represented by expansions (6.36) if and only if the generating operators of
expansions (6.36) are solutions of cluster expansions (6.38) of the groups of operators
(6.33).

The necessary condition means that cluster expansions (6.38) are valid for groups
of operators (6.33). These recurrence relations are derived from the definition (6.34)
of reduced observables provided that they are represented as expansions (6.36) for the
solution of the Cauchy problem of the hierarchy of evolution equations for reduced
observables (6.35).

The sufficient condition means that the infinitesimal generator of one-parameter
mapping (6.39) coincides with the hierarchy of evolution equations generator for reduced
observables (6.35).
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Theorem 6.1. A non-perturbative solution of the Cauchy problem of the hierarchy of
evolution equations for reduced observables (6.35) is represented by expansions (6.36) in
which the generating operators are cumulants of the corresponding order (6.37) of the
groups of operators (6.33). For initial data B(0) € Cy of finite sequences of infinitely
differentiable functions with compact supports sequence (6.36) is a unique global-in-time
classical solution and for arbitrary initial data B(0) € C, is a unique global-in-time
generalized solution.

Note that cluster expansions (6.38) of the groups of operators (6.33) underlie the
classification of possible non-perturbative solution representations of the Cauchy problem
of the hierarchy of evolution equations for reduced observables (6.35). For example,
solutions of the recursive relations (6.38) to first-order cumulants can be represented as
expansions in terms of cumulants acting on variables on which initial reduced observables
depend, and in terms of cumulants not acting on these variables. Then the component-wise
sequence of reduced observables (6.36) is represented by such expansions into series:

s1 so  min(1l,s1—n1) min(1,s0—mn2)
_ ki+k
BS1+82(t7$7817"'7$82) = E E E E <_1) ! 2581*7€1+82*k2(t’
TL1:O ’ngZO k1=0 k2=0
0
—(81 — kl), B T P kz)B7L1+n2($_n], RS S TN/ 15 TP ’xn2)7 §1+ s9 > 1.

In terms of operators (6.31), the series expansions of sequence of reduced observables
have the following structure:

B(t)=(I—a)(I—al)SE)I —a)'(I —al)"'B(0).

We note that in the case of many-particle systems whose observables are symmetric
functions, the structure of corresponding cluster and cumulant expansions was analyzed
in [16],[19].

7. CONCLUSION

The structure of expansions into series (5.24) that represent a non-perturbative solution
of the Cauchy problem of the BBGKY hierarchy (5.23) for a state of many particles with
topological nearest-neighbor interactions as well as expansions (6.36) that represent a
non-perturbative solution of the dual hierarchy (6.35) for observables was above justified.

Non-perturbative solutions to these hierarchies are represented in the form of expansions
over the particle clusters whose evolution is governed by the corresponding order cumulants
(5.25) of the groups of operators (2.1) or cumulants (6.37) of the groups of adjoint operators
(6.33) for finitely many particles with the topological nearest-neighbor interaction. Cluster
expansions (5.26) of the groups of operators (2.1) and cluster expansions (6.38) of the
groups of adjoint operators (6.33) underlie the classification of all possible solution
representations (5.24) and (6.36) of the BBGKY hierarchy (5.23) and the dual hierarchy
(6.35), respectively.

Thus, the notion of cumulants of the groups of operators (6.37) or (5.25) is the basis for
non-perturbative expansions solutions to hierarchies of fundamental evolution equations,
which respectively describe the evolution of observables and states of many particles with
topological nearest-neighbor interactions.

A new approach is presented to describe the evolution of correlations for finitely many
particles with topological nearest-neighbor interaction. This approach is based on a concept
of the cumulants of the probability distribution functions, which are governed by the
Liouville hierarchy (4.11). It was established that the constructed dynamics of correlations
underlie the description of the evolution of the states of infinitely many particles within
the framework of reduced distribution functions (5.19) or reduced correlation functions
(5.30), namely, cumulants of reduced distribution functions (5.29). Let us emphasize that
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the correlations created during the evolution of a system of particles with topological
interaction (5.20) by nature differ from the structure of correlations of particle systems
whose state is traditionally described by symmetric over to the phase variables distribution
functions [17].

In conclusion, we note that the statistical properties of physical systems are simulated by
the collective behavior of infinitely many particles [7]. It should also note the importance
of a mathematical description of the processes of creation and propagation of correlations,
in particular, for numerous applications. In the case of systems of colliding particles, the
dynamics of correlations were constructed in [17], and for quantum many-particle systems
in [13, 14, 15].
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