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The paper deals with a rigorous description of the kinetic evolution of a hard sphere system in the low-density (Boltzmann-
Grad) scaling limit within the framework of marginal observables governed by the dual BBGKY (Bogolyubov-Born-
Green-Kirkwood-Yvon) hierarchy. For initial states specified by means of a one-particle distribution function, the link between
the Boltzmann-Grad asymptotic behavior of a nonperturbative solution of the Cauchy problem of the dual BBGKY hierarchy for
marginal observables and a solution of the Boltzmann kinetic equation for hard sphere fluids is established. One of the advantages
of such an approach to the derivation of the Boltzmann equation is an opportunity to describe the process of the propagation of

initial correlations in scaling limits.

1. Introduction

The main consistent approaches to the derivation of kinetic
equations from underlying large particle dynamics were
formulated by Bogolyubov [1] and Grad [2, 3]. For a hard
sphere system Grad’s method was developed by Cercignani
[4] and Lanford [5, 6]. The rigorous results on the derivation
of the Boltzmann equation with hard sphere collisions by
methods of perturbation theory of the BBGKY hierarchy
was proved in [7-10]. The most recent advances on the low-
density (Boltzmann-Grad) scaling asymptotic behavior [11]
of many-particle systems, in particular, systems with short-
range interaction potentials, came in [12-24].

As is well known, many-particle systems are described by
means of two objects: observables and states. A functional
of the mean value of observables defines a duality between
observables and states and as a consequence there exist
two approaches to the description of the evolution within
the framework of the evolution of observables and states,
respectively [25]. Traditionally the evolution of many-particle
systems is described within the framework of the evolution of

states governed by the BBGKY hierarchy for marginal distri-
bution functions. An equivalent approach to the description
of the evolution of many-particle systems is given in terms of
marginal observables governed by the dual BBGKY hierarchy
[26].

The objective of the paper is to develop an approach
to the description of the kinetic evolution of a hard sphere
system within the framework of the evolution of observables.
For this purpose in Section 2 we consider the microscopic
description of the evolution of a hard sphere system within
the framework of marginal observables governed by the
dual BBGKY hierarchy. Then in Section 3 the origin of
the dual kinetic evolution is stated; namely, a low-density
(Boltzmann-Grad) limit of a nonperturbative solution of the
Cauchy problem of the dual BBGKY hierarchy is established.
In Sections 4 and 5 for initial states specified by means of
a one-particle distribution function the link between the
dual Boltzmann hierarchy for the limit marginal observables
and the Boltzmann kinetic equation and the process of the
propagation of initial chaos is established. In Sections 6 and
7 obtained results extended on hard spheres fluids, namely,
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for initial states specified by means of a one-particle distribu-
tion function and initial correlation functions, characterized
condensed states. Finally, in Section 8 we conclude with some
perspectives for future research.

2. The Dual BBGKY Hierarchy with Hard
Sphere Collisions

As is well known, the evolution of many-particle systems
can be described within the framework of a sequence of
marginal (s-particle) distribution functions as well as in terms
of a sequence of marginal observables. In this section we
construct a nonperturbative solution of the Cauchy problem
of a hierarchy of evolution equations for marginal observables
of a hard sphere system.

We consider identical particles of a unit mass with a
diameter o > 0, interacting as hard spheres with elastic colli-
sions. Every particle is characterized by its phase coordinates
(@»-p) = x; € R x R% i > 1. For configurations of
such a system the following inequalities are satisfied: |g; —
qjl = 0,i # j > 1; that is, the set W, = {(qy,...,q,) €
R | lg; — qjl < o for at least one pair (i,j) : i #
j € (1,...,m)} is the set of forbidden configurations in the
configuration space of n > 1 hard spheres. Let &, be the space
of sequences b = (b, b,,...,b,,...) of bounded continuous
functions on R x (R™ \ W,) which are symmetric with
respect to permutations of the arguments x,,...,x,, equal
to zero on the set of forbidden configurations W, and
equipped with the norm: ||b||%y = maxnzo(y”/n!)”b"%” =

maxnzo(y”/n!)supxl)___,xnIbn(xl, ..>x,)|, where 0 <y < 1.

If t > 0, the evolution of marginal observables B(t) =
(B> By (t, %)+ .» Bo(t, xq5 .05 Xg),...) € %y of a system of a
nonfixed number of hard spheres is described by the Cauchy
problem of the weak formulation of the following hierarchy
of evolution equations [26]:

B (t) = (Zg

+€ Z Zint G 12)

h#j2=1
-B,_; (t,xl,...,x

Z Zine Givs Jz)) B (1)
j1<j2:1
¢))

x),

i1 X1

S, b, (x1,..,x,) =S, ¢t 1,...,n) b, (xq,...,x,)

where X;(t) = X;(t,x;,...,x,) is a phase trajectory of ith
particle constructed in [7, 10], and the set Mg consists of
the phase space points which are specified by initial data,
generating multiple collisions of hard spheres in the evolu-
tionary process, that is, collisions of more than two particles,

b, (X, (t,x1,. %) X, (B x5
0,
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,xs)|t:0 = Bi’o (xp, ...

B, (t, x5 .. VX)), s=1, 2

where the coefficient € > 0 is a scaling parameter (the
ratio of the diameter ¢ > 0 to the mean free path of hard
spheres) and on the set €, < @, of the continuously
differentiable functions with compact supports the operators
Z(j) and &, (j;, j,) in a dimensionless form are defined by
the formulas

g J
3(])@1 = <Pj’a_q>bn’
J

gint (jl’jZ)bn = J'Sz d?’] <’7’ (ph _sz)>

-(bn(xl,...

-b, (x5 s

3)

* *
’qjl’pjl"'"qu’pjz""’x")

x,)) 8 (a;, —a;, + en),

respectively. In (3) the symbol (-, -) denotes a scalar product, &
is the Dirac measure, Si ={ne R? | nl =1, (y, (pjl _Pj2)> >
0}, and the momenta p; , p; are defined by the equalities

p;l ipjl_rl<}1’(p]‘1_pj2)>’
(4)
p;z =p12+rl<}1’(p11_p12)>

We refer to recurrence evolution equations (1) as the dual
BBGKY hierarchy for hard spheres in a dimensionless form.
If t < 0, a generator of the dual BBGKY hierarchy for hard
spheres is defined by the expression of corresponding form
[10].

To construct a solution of recurrence evolution equations
(1) on the space €, = B(R> x (R>\ W,,)) we introduce the
group of operators S, (¢) that describes dynamics of n hard
spheres. It is defined by means of the phase trajectories of
a hard sphere system almost everywhere on the phase space
R x (R \ W,,), namely, beyond of the set M of the zero
Lebesgue measure, as follows:

,x,))s if (xp,...,x,) € (R3” x (IR3” \ Wn)) , (5

if (q,--.,q,) €W,

more than one two-particle collision at the same instant, and
infinite number of collisions on a finite time interval.

On the space @, one-parameter mapping (5) is an
isometric *-weak continuous group of operators; that is, it is
a Cy-group [27].



Advances in Mathematical Physics

The infinitesimal generator &, of a group of operators
(5) is defined in the sense of a s-weak convergence of the

space ¥, and it has the structure &, = Z;;l Z(3j) +
Zz%:l Zint(1> J2)> and the operators Z(j) and Z;,,(j;> /)
are defined by formulas (3).

A nonperturbative solution of the Cauchy problems (1)

and (2) is determined by the following expansions:

B.(tx, ... %) = z% S, LY\ 2},2)

n=0""" j #tj,=1
> xS) >

s> 1.

B (xl, .. ©

o s Xj DX g X X e

The generating operators of expansions (6) is the (1 + n)th-
order cumulant of groups of operators (5) defined by the
following expansion:

2[1+n (t’ {Y \ Z} > Z)

= Y ()P -

P(IN\2}.2)=U; X (7)
. HSIQ(X,)I (t,@(Xl)), nz= 0,
X;cpP
whereY = (1,...,5), Z = (j;,..., j,) C Y, the set, consisting

of one element of the set of indices Y \ Z = (1,...,j; —
Lj+1L,...,j,-1j,+ 1,...,5), we denoted by {Y \ Z},
the declusterization mapping 0 is defined by the formula
O0({Y'\ Z}, Z) = Y, and 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).

The simplest examples of expansions (6) for marginal
observables have the following form:

B, (tx,) =, (¢, I)Bi’o (1),
B, (t,x1,x,) = A, (£ {1,2}) BS® (x,x,) ®)
£ 2, (6,1,2) (B (x,) + B (x,)).

On the space &, for the Cauchy problems (1) and (2) the
following statement is true [28].

Theorem 1. For finite sequences of infinitely differentiable func-
tions with compact supports B(0) = (By, BS®,...,B°,...) €
‘53 C €, a sequence of functions determined by expansions (6)
is a classical solution and for arbitrary initial data B(0) € €,
it is a generalized solution.

Under the condition that y < e™', for a sequence of
marginal observables (6), the estimate holds

IB(®llg, < e (1-ye) " IBO)lg, - ©)

We remark that a one-component sequence of marginal
observables corresponds to observables of certain structure;

namely, the marginal observable BY(0) = (o, bi(x),0,...)
corresponds to the additive-type observable, and a one-
component sequence of marginal observables B®(0)

(0,...,0,b.(xy,...,x),0,...) corresponds to the k-ary-type
observable [26]. If in capacity of initial data (2) we consider
the additive-type marginal observables, then the structure of
solution expansion (6) is simplified and attains the form

Bgl) (t,xl>--~axs) = 2[S (t’l""’s) ible (xj)’
P2 (10

s>1,

where the generating operator of this expansion is the sth-
order cumulant of groups of operators (7).

In the case of k-ary-type marginal observables solution
expansion (6) has the form

1 s
ng) (t’ xl"">xs) = Z 2[lJrs—k (t’
(=I5 =1
(oo 9N G oo e B (R )
'le—l’ le+1, e ,xjs_k_l, xjs_k+1, e ,.xs) N

s>k,

where the generating operator of this expansion is the (1 +
s — k)th-order cumulant of groups of operators (7), and, if
1 < s < k, we have ng)(t) =0.

We remark also that expansion (6) can be also represented
in the form of the perturbation (iteration) series [26] as a
result of applying of analogs of the Duhamel equation to
cumulants (7) of groups of operators (5).

Let LL = L' (R x (R* \ W,,)) be the space of integrable
functions that are symmetric with respect to permutations
of the arguments x,,...,x,, equal to zero on the set of
forbidden configurations W, and equipped with the norm:
||fn||L1(R3an3n) = jdx1 coodx,| f,(x5. .., x,)]. A subspace of
continuously differentiable functions with compact supports
we denote by L} € L,..

The mean value of the marginal observable B(t) € %y at
t € R is determined by the functional

<1

(B(t),F(O)):Z—'J dx, ---dx,
05t J(R3xR?) (12)
By (%15, %) FEO (%100 %),

where initial state of finitely many hard spheres is described
by means of a sequence of the marginal distribution functions
FO) = (1,F...,F%..) e L' = @P2,L. Owing to
estimalte (9), functional (12) exists under the condition that
p<e .

We remark that for mean value functional (12) the
following equality holds:

(B(t),F(0)) = (B(0),F (), (13)



where the sequence F(t) = (1,F(t),...,F,(t),...) €
L' = @,L) is a solution of the BBGKY hierar-
chy for hard spheres. Generally such a solution is con-
structed by methods of perturbation theory [5-12, 29-
32] (a nonperturbative solution was constructed in [33]).
In case of infinitely many hard spheres [29, 30] a local
in time solution of the Cauchy problem of the BBGKY
hierarchy [7-12] is determined by perturbation series for
arbitrary initial data from the space L‘go of sequences
of bounded functions equipped with the norm:| f IIL? =

SUP,of sup,, | fu(61r- )| exp(B X1, (p2/2)). In this
case a local in time existence of the mean value functionals
(B(0), F(t)) and (B(t), F(0)) was proved in papers [7], [10] and
[34], [35], respectively.

3. The Kinetic Evolution of Hard
Sphere Observables

We consider the problem of the rigorous description of
the kinetic evolution of hard spheres within the frame-
work of marginal observables by giving of a low-density
(Boltzmann-Grad) asymptotic behavior of the Cauchy prob-
lem of the dual BBGKY hierarchy (1), (2).

Lo 0
Theorem 2. If for initial data B, € €,
the limit b € &,

n > 1, there exists

w* - lim (672"BZ’0 - br?) =0, (14)

€—0

and then for arbitrary finite time interval there exists the
Boltzmann-Grad limit of marginal observables (6) in the sense
of a x-weak convergence of the space €

e B.(t) = b, (1) = 0, (15)

w' - lim(
€—0
which is determined by the expansions
1

Zj dt, - L dt,,

1_[ Sl () z ‘gmt(ll’Jl

je(,..., i#j1=

b (t,xp, ..., x,

X H S, (¢
JELeu\(j1)

[T Siti—tw)) (16)

JE LN\ Grremnfin 1)

Y ZLilin i)

i, #j,=1,
s jn# (ioees 1)

< 1

JEseees$)\(frseens fin)

b ((xl,...

l_tZ’j)

Sl (tn’ J)
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where the operator £ (jy, j,) is the collision operator of point
particles, namely,

Lo (> 12) b, = LZ dn <’7» (le - Pj2)>

-(bn(xl,...

-b,(x,...

n) (17)

* *
aqjl)pjla‘-‘)quypjz)'..,x

’x”)) 6 (qjl - qu) !

Before proving this statement we give some comments.

We consider the Boltzmann-Grad limit of a special case
of marginal observables, namely, the additive-type marginal
observables. If for the initial additive-type marginal observ-
able by the following condition is satisfied:

w' ~lim (76 - b}) = 0, (18)

then, according to statement (15), for additive-type marginal
observables (10) we derive

w* - llm( 2B (1) - (f)) = (19)

where the limit marginal observable bs(l)(t) is determined as
a special case of expansion (16):

1 t t572
b (x5 0x,) = L dt, L dt,

H S, (t—1t1,j) Z 31nt(ll’]l

je(1,...08) i1 #j,=1

x H S, (ty —ty )

7L\ (jy)

Sl (ts—z -

te1 ) (20)
FEWarNGrnds_2)

S

x )
o fa#ia=h
ig 12 fs1#(1fs—2)

H Sl (ts—l’j)

FEW s\ peemrfiso1)
B (e 80\ (5000003,,)).

We make several examples of expansions (20) of the limit
additive-type marginal observable:

g?nt (is—l’ js—l)

s> 1.

bfl) (t’x1) =8 ( l)b? (x1))

b2<1) (t,x1,%,) = J dt1H81 t—tl,z)gmt(l,Z) @

: ZSI (ty, 7) b? (xj)~

j=1
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If for the initial k-ary-type marginal observable b the
following condition is satisfied:

w" ~lim (B - b)) =0, (22)

then, according to statement (15), for k-ary-type marginal
observables (11) we derive

w' -lim (B (1 - " (1) = 0, (23)

where the limit marginal observable bs(k) (t) is determined as
a special case of expansion (16):

i1
b® (t,xp,...,x) = Jdtl J T,

0
1_[ Sl (t=t1,5) z 3mt(11’11

je(l,..., i #j;=1

X l_[ Sy (t =2, §)

j€(1,..9\ ()

l_[ Sl (ts—k—l — I o J) (24)
FELaees Ny seeos fs—k—1)
s
0 /. .
X Z ‘gint (ls—k’ ]s—k)
is #Fjs-k=1
s footF (frommns footem1)

[T  Si(twi)

FELeeSO\Upreeesfsi)

-b,?((xl,...,xs)\(le,..., 1<s<k.

Xk )) ’

Ifo’ e €, then the sequence b(t) = (b, b,(t),...,
b,(t),...) of limit marginal observables (16) is a generalized
global solution of the Cauchy problem of the dual Boltzmann
hierarchy with hard sphere collisions

= Zg (]) bs (t) (25)

l(t (xl,...,xs)\(le)),

+ Z Zoe Gt 12) by

h#j2=1
by (t %15 s X))y = B (Xpsenn X)), 521, (26)
where the operator #) is defined by (17). This fact is proved

similar to the case of an iteration series of the dual BBGKY
hierarchy [26].

It should be noted that equations set (25) has the structure
of recurrence evolution equations. Indeed, we make a few

examples of the dual Boltzmann hierarchy with hard sphere
collisions (25):

0
b (t,x,) = <P1> a> by (t,x,),
1

) 2 )
abz (t, %, %,) = J; <Pj’ a_qj> b, (t, %1, %,)

(27)
v [ antn (e =)0 (@~ )

(b (q1>p7) = by (1) + b, (2 p3) = by (x3)) -

Thus, in the Boltzmann-Grad scaling limit the kinetic
evolution of hard spheres is described in terms of limit
marginal observables (16) governed by the dual Boltzmann
hierarchy with hard sphere collisions (25). Similar approach
to the description of the mean field asymptotic behavior of
quantum many-particle systems was developed in paper [36].

We outline the sketch of the proof of the limit theorem.
For the group of operators (5) the analog of the Duhamel
equation is valid [27]

(S, (¢, 1,..

58) =Sy (t(L,...,8)\ j1) S (£ 1)) b

»S) Z L (11> J1) (28)
iy=1,
il*jl

>\ 1) $1 (75 1) b

where the operator &, (i, j) is defined by formula (3). Then
for the (1 + n)th-order cumulant of groups of operators (5)
the analog of the Duhamel equation holds

A, ({0 9\ (s - -
-bs_n((xl,...

t
—ezj drS,(t—-1,1,...
0

Se (1.(1,. ..

’jn)}’jl"">jn)
EAANCIRNE))

L1
=€ n'Jdtl J dt, S, (t—t,)
0

Z int 11’]1 51( )

: Ss—n+1 (tn—l - tn) (29)

Z gint (in’ ]n) Ss—n (tn)

..,xs)\(le’-“’xjn>)’

where notations accepted above are used, S._,(t,) =

Se_n(ts (L, .. 9)\(Jy5 - - - » Ju))> and we take into consideration
the identity
8, (b jis- s jin) B, ((xl’ s %)\ (le, e >xjn))
; (30)
= B, (0 x)\ (350-00%;,)



For arbitrary finite time interval *-weak continuous
group of operators (5) has the following Boltzmann-Grad
scaling limit in the sense of a *-weak convergence of the space
4

S

w —11m<S (t)b, - ]‘[s1 (t, ) > 0. (31)
] 1

Taking into account assumption (14) and an analog of
the Duhamel equation (29), then in view of formula (31), for
cumulants of asymptotically perturbed groups of operators
we have

w” —lim

€—0

t
..,jn)—n!J dt, - J
0

€A, (A o)\ G e )b oo

l_[ Sl ()

]6(1
S
Z 3?m (i1 j1) H S, (t; —t5, )
i #j=1 je€(Lu\(ir)
H Sy (tyes = tw J) (32)
JEMees\(rseens 1)
N
Z =‘??nt (in’ ]n)
i,#j,=1,
i jnF (JiseeesJino1)
X 1_[ Sl (tn’j) bsfn ((xl"">

FEi\ i)

x)\ (x50 000%;,)) = 0.

As a result of equality (32) we establish the validity of
statement (15) for nonperturbative solution (6) of the Cauchy
problem of the dual BBGKY hierarchies (1) and (2).

4. The Derivation of the Boltzmann
Kinetic Equation

We shall establish the link between the constructed asymp-
totic behavior of marginal observables of a hard sphere
system (Theorem 2) and the description of kinetic evolution
of states by means of a one-particle marginal distribution
function governed by the Boltzmann kinetic equation.

In case of the absence of correlations between particles
at initial time, that is, for initial states satisfying a chaos
condition [10], the sequence of initial marginal distribution
functions for a system of hard spheres has the form

£O E<1 FO (x,).. HF )ngss\Ws,..), (33)

where &\, is the Heaviside step function of the allowed
configurations. This assumption about initial state is intrinsic
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for the kinetic theory, because in this case all possible states
of gases are described by means of a one-particle distribution
function.

Let F?’e € L?’(R3 x R?); that is, the inequality holds:

|F(x;) Eexp(—B(p?/2)), where & > 0, B > 0 are
parameters. We assume that the Boltzmann-Grad limit of the
initial one-particle (marginal) distribution function F)* €
L?’(R3 x R?) exists in the sense of a weak convergence of the

space L‘g"(IR3 x R?), namely,
. 2 10, 0
w-lim ('R - f7) =0, (34)

and then the Boltzmann-Grad limit of the initial
state (33) satisfies a chaos property too, that is, f© =
(L fL ) T L) ).

We note that assumption (34) with respect to the
Boltzmann-Grad limit of initial states holds true for the
equilibrium states [37].

If b(t) e €, and |f1()(xi)| < Eexp(—ﬂ(piz/Z)),
then the Boltzmann-Grad limit of mean value functional
(12) exists under the condition that [7]: t < t, =
(const(&, ﬂ)llffIILch(Rsst))_l, and it is determined by the
following series expansion:

=
b(t), £) = —j dx, - dx
( () f ) SZ:(;S' (R3><R3)5 1 s
(35)

b (£,x7,. .0, X

Hfl (%)

In consequence of the following equality for the limit
additive-type marginal observables (20) (below it is proved
in more general case)

(50 1), ) = Zﬁ J(wxuv)s dx, - dx,

s=0°""
Y (txpex) [ 600 = |
i-1 R3xR3
filtxy),

where function bs(l)(t) is given by expansion (20) and the
distribution function f;(t, x,) is given by the series

filtxy) = ZJ dty - LtH dt,

. J dx,
(ROXR3Y"

2
0, *
-FY(1,2) ]‘[s1
jl:l

dxlb? (xl) (36)

sdx, Sy (t—1,1)

t2>J1

1s: (37)

i,=1

: (tn—l - tn’in) Z g?n: (k n+ 1)
k,=1
n+l n+l
HS (tn’]n) Hfl 1 >
Jn=1
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where the following operator was introduced:

0,% /.
JR3 R} danrlgint (l’n+ 1)fn+1 (x1>' "’xn+1)
X

= [,y @t o ) .

(faer (215
= fan (xl""

and the group of operators S; (t) is a group of adjoint oper-
ators to operators (5) in the sense of mean value functional
(12).

The distribution function f;(¢) is a solution of the Cauchy
problem of the Boltzmann kinetic equation

<P1’ 0 >f1 (t.x)

e o2 01 (1 = ) )

* *
’qi’pi oo X g pn+1)

> X i pn+1)) .

f1 (t.x;)

“(fi(t.q0,p0) f1 (B0, p3)
- fi(t.x,) fi (41, p2)) s

fi(tx1)] g = £ (x)). (40)

Thus, we establish that hierarchy (25) for additive-type
marginal observables and initial state (34) describes the
evolution of hard sphere systems just as the Boltzmann
kinetic equation (39).

We differentiate over the time variable expression (37) in
the sense of the pointwise convergence of the space L‘EO(R3 X

R?)
= (t ) =" (1 (t ) J d
atfl » X1 (M) fi (6 x,) + . X2

[}
e z)zj dt, - L dt,

. J(R3XR3)”’1 Aty
2

l_[s (t_tl’ll Z‘gmt (k1’3)

i=1 k=1 (41)

3
*
x[si (1
Jr=1

n+l

t2>J1 HS

n+1

’ (tn—l n) Z "(Z?n: kn’ n+ 2)

n+2 n+2

’ HST (tn’jn) Hflo (xi) >
s i=1

where the operator F° “(k;,i + 2) is defined by formula (38).

int

Using the product formula for the one-particle marginal
distribution function f;(t,x;) defined by series expansion
(37) in case of initial data (34)

Hfl(tx) Zjdtl J dt,

k
: dxp,, - dx ST (t—ty,i
J(R3XR3)" k+1 k+ni11:[1 1( 1 1)
k
x Z gmt (kl’k + 1) (42)
k=1
k+1 k+n-1
HS (ty —ty 1) H S (tyes = turin)
k+n-1 k+n k+n

x Z gmt (kn’k+n) HS n’ ]n) Hflo (xi)’

where the group property of one-parameter mapping (5)
is applied, we express the second summand in the right-
hand side of equality (41) in terms of []., f,(t,), and,
consequently, we get (39).

We remark that in a one-dimensional space the collision
integral of the Boltzmann equation with elastic hard sphere
collisions identically equals zero. In a one-dimensional space
the Boltzmann-Grad limit is not trivial in case of hard sphere
dynamics with inelastic collisions [38]. In paper [38] for
one-dimensional granular gas the process of the creation of
correlations in the Boltzmann-Grad limit was also described.

5. On Propagation of Initial Chaos in
a Low-Density Limit

If the initial states of hard spheres are specified by a sequence
of marginal distribution functions (33), then the property of
the propagation of initial chaos holds in the Boltzmann-Grad
limit. It is a result of the validity of the following equality for

the limit k-ary marginal observables (24); that is, b(k)(O) =
(0,...,b,?(xl,...,xk),o,...),

(¥ (1), £) = Z%
s=0""

. J dx,
(REXR3)S

1
=— J dx,
k! (RSXRS)k

k
Hfl (t.x;),

- dx b (

Hfl (x:)

txl,...,
(43)

cdx (- x)

where for finite time interval the limit one-particle marginal
distribution function f; () is defined by series expansion (37)
and therefore it is governed by the Cauchy problem of the
Boltzmann kinetic equations (39) and (40).



In fact, taking into account the validity of the following
equality for expansion (16) of the function bs(k)(t)

X, --dxsbs(k) (t,x,, ..

"xk)l—[fl x;)

! cdxby (X, )

— dx
k‘ J(R3XRk)S 1

oo t t'l—l
[ V[ dx e dx,
(R3xR3)"

n=0*0 0
k N (44)
T8 (e -t1y) Z 2% (ky, k +1)
ij=1 k=1
k+1 k+n-1
) HS (t,=t2 1) H S ~tyiy)
k+n—1 0 k+n k+n
’ Z "?m: kn’k+n) HS (tn’]n Hfl 1 >

k,=1

n

and product formula (42), for the limit one-particle marginal
distribution function defined by series expansion (37), we
finally verify the validity of equality (43).

Thus, in the Boltzmann-Grad scaling limit an equivalent
approach to the description of the kinetic evolution of hard
spheres within the framework of the Cauchy problem of
the Boltzmann kinetic equations (39) and (40) is given
by the Cauchy problem of the dual Boltzmann hierarchy
with hard sphere collisions (25) and (26) for the additive-
type marginal observables. In case of the nonadditive-type
marginal observables a solution of the dual Boltzmann
hierarchy with hard sphere collisions (25) is equivalent to
the property of a propagation of initial chaos in the sense of
equality (43).

6. The Boltzmann Equation for
Hard Spheres Fluids

We consider initial states of a hard sphere system specified
by the one-particle marginal distribution function F* €
Lfg"([R{3 x R?) in the presence of correlations, that is, initial
states defined by the following sequence of marginal distri-
bution functions:

F(CC)

0,e 62 0,e 0, (45)
= (1R ) T () g () ).

where the functions g = g5(xy,...,%,) € C,(R™ x (R™\
W,)), n > 2, are specified initial correlations. Since many-
particle systems in condensed states are characterized by

Advances in Mathematical Physics

correlations sequence (45) describes the initial state of the
kinetic evolution of hard sphere fluids.

We assume that the Boltzmann-Grad limit of initial one-
particle marginal distribution function Ff’e € L‘?(Rz' x R?)
exists in the sense as above; that is, in the sense of a weak
convergence the equality holds: w — lim,_q(e* F>* — f7) =
0, and in case of correlation functions let w — lim,_,(g;, —
gn) =0, n > 2;then in the Boltzmann-Grad limit initial state
(45) is defined by the following sequence of the limit marginal
distribution functions:

f(cr:)
- (uf e 1A ) [ 117 <>)

(46)

We consider relationships of the constructed Boltzmann-
Grad asymptotic behavior of marginal observables with the
nonlinear Boltzmann-type kinetic equation in case of initial
states (46).

For the limit additive-type marginal observables (20) and
initial states (46) the following equality is true:

cc — ]'
(b(l) (t),f( )) _ Z;

s=0""

J dx, - dx b0 (£, x,,..., x,)
(R3xR3)’ (47)

“gs (X100, %) l_i[flo (x;) = JR3XR3 dx b (x1)
fi(tx),

where the functions bs(l)(t) are represented by expansions
(20) and the limit marginal distribution function f,(t) is
represented by the following series expansion:

fi(tx,) = ZJ dt, - Jt" dt,

. J dx,
(RExR3)?

S; (tl t2’ Jl HS (48)

i,=1

dx, S (t—1,1) 208 (1,2)

int

n+1

' Z glnt (k"’n + 1) l_[s tn’ .]n) Gi+n

Jn=

n+l

: xl"" n+1)1_[f1 1 .

Series (48) is uniformly convergent for finite time interval
under the condition as above (37).
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The function f,(t) represented by series (48) is a weak
solution of the following Cauchy problem of the Boltzmann
kinetic equation with initial correlations [39, 40]

%fl (tx)) =- <P1’ aiql> filtxy)

+ JR3><§Z dp,dn {n, (p1 — p))
' (49)
(g, (@ - pitsplg - pato p3) fL (Baw pr)

fi(tapy) = 9 (@ = pits P1>@s = ot P2)
- fi(tx) fi (g1 p2))s
hi (t’ x1)|t:o = f10 (x1)- (50)

This fact is proved similarly to the case of a perturbative solu-
tion of the BBGKY hierarchy for hard spheres represented by
the iteration series [10, 29].

Thus, in case of initial states specified by one-particle
marginal distribution function (46) we establish that the dual
Boltzmann hierarchy with hard sphere collisions (25) for
additive-type marginal observables describes the evolution of
a hard sphere system just as the Boltzmann kinetic equation
with initial correlations (49).

7. Propagation of Initial Correlations in
a Low-Density Limit

The property of the propagation of initial correlations in
a low-density limit is a consequence of the validity of the
following equality for a mean value functional of the limit k-
ary marginal observables:

vl
o (¢ , (c)) = N =
(6% 0, 7) =35
J dx, -+ dxb® (t,x15. .., ) g (X1 %)
(R3xR)*

s 1
1A () = q (51)

=1

. LRs . dx; - dxb) (x1, ..., %) HSI‘ (t,iy)

g G ) [T G) [T (6x).

]

where the one-particle marginal distribution function
fl(t,xj) is solution (48) of the Cauchy problem of the
Boltzmann kinetic equation with initial correlations (49) and
(50), and the inverse group to the group of operators S; (t)
we denote by (S7)7'(t) = S} (-t) = S, (¢).

This fact is proved similarly to the proof of a property of
a propagation of initial chaos (43).

We note that, according to equality (51), in the
Boltzmann-Grad limit the marginal correlation functions

defined as cluster expansions of marginal distribution
functions, namely,

filtxp,... Z H gx,) (6:X5),

Pi(xy,e0x)=; X; XiCP (52)

X;) =

have the following explicit form:

g (tx) = fi(t.x),

9s (t>x1" . "xs)
~ s (53)
=Y (ql _P1t>P1’-~->qs _pst’PS) Hfl (t’xj)’
j=1

s>2,

where for initial correlation functions (46) it is used the
following notations:

Z H 9ix,| (X)), (54)

P:(x,.0%)=J; X; XiCP

7. (1) =

where the symbol ), means the sum over possible partitions
P of the set of arguments (x;, .. ., x,) on | P| nonempty subsets
X, and the one-particle marginal distribution function f, ()
is a solution of the Cauchy problem of the Boltzmann kinetic
equation with initial correlations (49) and (50).

Thus, in case of the limit k-ary marginal observables a
solution of the dual Boltzmann hierarchy with hard sphere
collisions (25) is equivalent to a property of the propagation
of initial correlations for the k-particle marginal distribution
function in the sense of equality (51) or in other words
the Boltzmann-Grad scaling dynamics does not create new
correlations except initial correlations.

8. Conclusion

In the paper a new approach to the problem of the rig-
orous description of the kinetic evolution of a system of
hard spheres with elastic collisions was developed. For this
purpose we established the low-density (Boltzmann-Grad)
asymptotic behavior of a solution of the Cauchy problem of
the dual BBGKY hierarchy for marginal observables of hard
spheres (1) and (2). The constructed scaling limit is governed
by the set of recurrence evolution equations, namely, by the
dual Boltzmann hierarchy with hard sphere collisions (25).

Furthermore, it was established that for initial states spec-
ified by a one-particle distribution function the evolution of
additive-type marginal observables is equivalent to a solution
of the Boltzmann kinetic equation (39) and the evolution of
nonadditive-type marginal observables is equivalent to the
property of the propagation of initial chaos for states (43). In
other words the Boltzmann-Grad dynamics does not create
correlations.

One of the advantages of such an approach to the deriva-
tion of the Boltzmann equation is an opportunity to construct
the kinetic equation, involving correlations at initial time,
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in particular, that can characterize the condensed states.
Moreover, it gives opportunity to describe the propagation of
initial correlations in the Boltzmann-Grad scaling limit (53).

Some applications of the developed method to the deriva-
tion of kinetic equations in scaling limits of large particle
systems of different kinds, in particular, hard spheres with
inelastic collisions [38], are considered in papers [38, 41, 42].

We note that one more approach to the description of
the kinetic evolution of hard spheres is based on the non-
Markovian generalization of the Enskog kinetic equation
[43].
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