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We derive the BBGKY hierarchy for the Fermi and Bose many-
particle systems, using the von Neumann hierarchy for the cor-
relation operators. The solution of the Cauchy problem of the
formulated hierarchy in the case of an n-body interaction poten-
tial is constructed in the space of sequences of trace-class operators.

1. Introduction

In recent years, a large progress in the mathematical the-
ory of the BBGKY hierarchy for quantum many-particle
systems is observed. A good example of such progress
is the rigorous derivation of quantum kinetic equations
that describe the Bose condensate [1-3]. In the original
works of Bogolyubov [4-6], the solution of the initial-
value problem of the BBGKY hierarchy was constructed
in the form of an iteration series. The same representa-
tion of the solution is also used in modern works [7-9].

In the case of the Maxwell-Boltzmann statistics, the
solution was also constructed in the form of the expan-
sion over particle clusters, whose evolution is governed
by the cumulants of the groups of operators for the von
Neumann equations [10] (or by reduced cumulants [11]).
These expansions of the solution were constructed on
the base of the non-equilibrium grand canonical ensem-
ble [11,12].

In this paper, we propose an alternative method of
description of the evolution of quantum many-particle
systems. States of such systems are described in terms
of correlation operators, whose evolution is governed by
the von Neumann hierarchy. Based on the solution of
such hierarchy, we define the s-particle (marginal) den-
sity operators and derive the BBGKY hierarchy [5] that
can describe the evolution of infinite-particle systems.

Using the solution of the von Neumann hierarchy for
the correlation operators, we derive a formula for the
solution of the Cauchy problem of the BBGKY hierarchy
in the form of an expansion over particle clusters, whose
evolution is governed by the cumulants of the group of
operators of finitely many Fermi or Bose particles.
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The usual iteration series representation of the solu-
tion can be obtained from the constructed solution with
the use of analogs of the Duhamel formulas for some
classes of interaction potentials.

Let us outline the structure of the present work. In
Section 2, we define the basic notions of the Fermi and
Bose many-particle systems and introduce the evolution
equations for the correlation operators. In Section 3, we
introduce the s-particle density operators based on the
solution of the von Neumann hierarchy for correlation
operators and derive the BBGKY hierarchy. In Section
4, we construct the solution of the initial-value problem
of the BBGKY hierarchy in the case of the initial data
satisfying the chaos property.

2. Evolution of Correlations of Fermi and Bose
Many-particle Systems

We consider a quantum system of a non-fixed (i.e., ar-
bitrary but finite) number of identical (spinless) parti-
cles with unit mass m = 1 in the space R”, v > 1 (in
the terminology of statistical mechanics, it is known as
a non-equilibrium grand canonical ensemble [12]) that
obey the Fermi—Dirac or Bose—Einstein statistics.

States of the system belong to the space 2;(]—";_;) =
@ £L(HE) of sequences f = (I,f1,..., fn,...) of
n=0

trace-class operators f, = fu(1,...,n) € £L(HF),
satisfying the symmetry condition f,(1,...,n) =
falin, ..o in), if {i1,...,in} € {1,...,n}, where H is
a Hilbert space associated with a single particle, H; =
HO™ is the symmetric (or antisymmetric) tensor prod-

uct of n Hilbert spaces H; F3; = @ H;" is the Fock
n=0

space over the Hilbert space M. The spaces £} (F3;) are
equipped with the trace norm

o (o9}
||f||}:1i(}'f‘)zz ||fn||gli(H§):Z Tr1, ol fa(L, .o )l
n=0 n=0
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By E(l)’i, we denote the everywhere dense set in
it (}"ﬁ) of finite sequences of degenerate operators [13]
with infinitely differentiable kernels with compact sup-
ports. Note that the space Si(}%) contains the se-
quences of operators more general than those determin-
ing the states of systems of particles. Hereafter, we as-
sume that H = L*(RY).

The Bose-Einstein and Fermi-Dirac statistics endow
the state operators with additional symmetry proper-
ties. We illustrate them on the kernels of operators[11].
Let fn(qi,---,an;4i,---,q,) be the kernel of the oper-
ator f, € £L(L>%). In the case of the Bose-Einstein
statistics, the kernel is a function that is symmetric with
respect to permutations in each group of arguments:

fn(Q17 q2; -+, Q4n; q/17 (Zé7 7q;7,) =

= fn(Qﬂ'(l)a Ar(2)s -3 dr(n)3 q"n”(l)? q;'r’(2)7 () q;/(n))’
and, in the case of the Fermi-Dirac statistics, the corre-

sponding kernel is antisymmetric:

Fo(@1s @2y s @i @15 @y oon @) = (—1)ITHITD

an(QW(1)7Q7r(2)7 7Q7r(n)a q;—/(l)a q;—’(2)7 sy Q;/(n)%

where m € &,, and n’ € &,, are the permutation func-
tions, &,, is a symmetric group, i.e. the group of all the
permutations of the set {1,2,....n}, |7| = 0, |7’| = 0 if the
permutation is even, and |7| = 1, |7’| = 1 if it is odd.

We define the permutation operator p, : £1(H®") —
£1(H®™) in terms of kernels of operators by the following
formula:

(Prfr) (@1, 42, s Gni 41, @5, - Gy) =

= f’rL(t7Q7'r(l)7Q7'r(2)7 <5 Qr(n); qlla ql27 ey q'/n)

Let us introduce the symmetrization operator S, :
£HH®") — €1 (H;}) and the antisymmetrization oper-
ator S,; : L1(H®") — £ (H,;) by the formulas

1
SrT:E Zpﬂ'a

eSS,

S = 3 (<17, (1)

eSS,

The Hamiltonian of the system, H = @ H,, is a self-

0
adjoint operator with the domain D(H) = {¢ = &, €
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Fi | n € D(H,) € HE, S [ Hothu|? < 00} € Fii. On

n
the subspace of infinitely differentiable symmetric (or
antisymmetric) functions with compact supports ¢, €
Ly=(R¥™) ¢ L*E(R¥™), the n-particle Hamiltonian H,
acts according to the formula (Hy = 0)

h? &
Hn'(/Jn = _? Zz:; Aqlwn'i'

2 > ), 2)

k=111<...<ip=1

where ®*) is a k-body interaction potential satisfying
the Kato conditions [13], and h = 27h is the Planck
constant.

We  describe states of the system with
Hamiltonian (2) by the sequence ¢(t) =
(I,g1(t, 1), ..., gn(t,1,...,n),...) € LL(FF) of corre-

lation operators, whose evolution is determined by the
initial-value problem of the von Neumann hierarchy:

d
219 (6Y) = =Nu(Y)gn(t,Y)+
(‘Eri‘ |Z:)
+ SN (Z1s.., Zpp)))x
P:Y=U,X,Z CX1, Zp C Xjp|s
[Pl #1 Zi#£0  Zp #£0
X'Sn g\X1|(ta Xz)a (3)
X, CP
gt Y)],_y =9n(0,Y),  n>1, (4)

where > is the sum over all possible partitions of the
P
set Y = {1,...,n} into |P| nonempty mutually disjoint

subsets, X; CY, > isa sum over all subsets Z; C
Z;CX;

Xj, for f, € Eé,i(Hf) C D(N,) C £L(HF), the von
Neumann operator N, is defined by

ann = 7%(ann - ann)y

and

int

N(k)fn = _%(fnq)(k) - <I)(k)fn)

In the case of the Maxwell-Boltzmann statistics, this
hierarchy was studied in work [14].
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We note that the relation between correlation op-
erators defined by (3)-(4) and the density operators
D(t) € £1(F3;) has the form

9n(t,Y) = Dy(t,Y) + Z (—1)IP\—1><
| |
X(IP‘ - 1)' Sv% H D|X1\(t’Xz>7 (5>
X;CP

where the sequence D(t) is a solution of the Cauchy
problem of the von Neumann equation [11].

Further, we consider a more general notion, namely,
the correlation operators of particle clusters that de-
scribe the correlations between clusters of particles.

We introduce the following notations: Yp =
{X1,..., Xjp|} is a set, whose elements are |P| mutually
disjoint subsets X; C Y = {1,...,s} of the partition

P
P:Y = U X;. Since Yp = {X1,. ..,
i=1
that consists of one element Y = {1,..., s} of the parti-
tion P(|P| = 1). To underline that the set {1,...,s}isa
connected subset (variables that characterize the cluster
of s elements) of a partition P(|P| = 1), we also denote
the set Y7 by the symbol {1,...,s};. In particular case,
the cluster can consist of one particle.
We define the declusterization mapping © by the fol-
lowing formula:

Xip(}, Y1 is the set

o(Yp) =Y.

Let us consider the set X, = {Y1,s+1,...,s+n}. It
holds:

OX,)=X={1,...,s+n}.

The relation between correlation operators of particle
clusters g(t) = (I,91(¢, Y1), ..., g14n(X.), .. .) and corre-
lation operators of particles (5) is given by:

91+n(t,Xc) - Z (—1)‘P‘71(|P| — 1)' X

P:X.=U, X

H Z H glzijl(t7Zij)' (6)

X, CP P’ @(Xi):Uj Zq;j ZUCP'

+
X‘Ss-i-n

Using hierarchy (3) from formula (6), we derive the
von Neumann hierarchy for the correlation operators of
particle clusters:

d
gl+n(t X ) ./\/;;-‘,-n(AXV)gl-i-n(t)(C)+

dt
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5, Y Y >

P:X.=U;Xi, 21 CO(X1), Zip| C O(X|p|),
Pl >1 [Z1] > 1 [Zp(| > 1
P
(T 12:)
(=Nt (2o Ze) T 9t X0, (7)
X;CP
where X = {1,...,s+n}.

3. The Derivation of the BBGKY Hierarchy
from the Dynamics of Correlations

Let us introduce the s-particle (marginal) density opera-
tors using the correlation operators that satisfy hierarchy
(7) by the formula

1
Fy(t,Y) Z Trs+1 Lstngin(t, Xe), (8)

where Y = {1,...,s}, X, = {Y1,s+1,. s—|—n} Series
(8) is convergent in £} (F3) if grn(t ) € Si(Hngn)

We show that the evolution of marginal density opera-
tors defined by expansion (8) is governed by the chain of
equations introduced by Bogolyubov [4]. The following
derivation is given for the case of a two-body interaction
potential, i.e. the terms J\/;Elt) with [ > 2 are equal to
Zero.

Let us differentiate both sides of expansion (8) with
respect to the time variable in the sense of pointwise
convergence in £} (]-'ﬁ) and use equality (7):

d

=1
EFS(ta Y):Z ﬁTrs+1,..‘,s+n (_Ns+n(X)91+n(tv XC)"‘
n=0

+
+Ss+n
P: X,

2 > > |

= X1 U X2 i1€O(X1) ZQGO(XQ)

mt Zl’ 7’2)) X

Xg|X1|(t7X1)g\X2|(ta X2)>7

where X = {1,...,
defined by (1).
In view of the fact that

2> W

i1CY iaCX\Y

s+ n}, and the operators ST, are

1nt 11722 )
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and that, for g1, (t) € €4 (HZ,,), it holds

Trsqq,... No(X\Y))g14n(t, Xe) =0,

,s+n(*

we rewrite the last equation in the following form:

n=3 s (M)

DD INC

1€Y 7,26X\Y

mt (i1,12))) g14n(t, Xe)+

DS 2. 2

P:X.=X, U X i1 E@(X1) le@(Xz)

mt Zl, Z2)) X

x91x,|(t, X1)g)x5) (L, X2))-

Since the operator N, (Y) does not depend on the vari-
ables s +1,...,s 4+ n, we obtain, according to the sym-
metry properties of operators gj 4y, (¢):

d

SEY)=—
7 stY)

Z TI'ks-‘,-l7 ,s+ngl+n(t X )+
n= 0

+Z Tt (M (SN (s 1) gan(t, Xo)+

n= O €Y

+55+n Z Z Z

P:X.=X1 X 61€0(X;) i2€0(Xz)

1nt Z17 7’2)) X

X g1x,|(t, X1)g)x,) (t, X2))'

According to definition (8), the first term on
the right-hand side of the equation is equal to
(=N Fs). Using the symmetry property of the prod-
uct gix,|(t, X1)g,x,|(t, X2) which is the consequence of
being under the trace sign, we make the following rear-
rangement in the last term:

P DD

P: X .=X1UX2 i;€0(X1) 12€0(X2)

1nt Zla iQ))X

X9 x,|(t, X1)g)x,) (t, X2) =

596

n+1

=2 2

k=1 Zc{s+1,...,
| =

2.2 (-

s+mn+1}, 1€Y i2€Z

1nt Zl7 7'2)) X

ng(t, Z)gg+n_k(t, {Xc, s+ 1+ n}\Z)
As a result, we obtain

d

SERY) =
g Y)

_NS(Y)F + Z Trs+1 ,s+n+1><

nO

X(Z( ./\/'lilt) (i,8+ 1) goyn(t, Xe, s +n+ 1)+

n+1

+77,+1 s+n+lz
k=1 ZC{s+1,.

2. IIDIE

..,8+1+n}, €Y 2€Z
1Z| =k

X (=S (in,12)) g (t, Z) g mk(t, {Xoys + 1+ n}\Z)).

Then we get Trsy; out of the sum and use the sym-
metry property to rewrite the last term as

d

SF(t,Y) =
SE(Y)

*A/’s (Y)Fs (tv Y)+

— 1
+Trs+1 Z -/\[1(1121;) Z s+ ]- Z ﬁTrs+2,...,s+n+1 X

€Y n=0
n+1
X (gngn(t,Xc,s-i-n—&-l s+n+1z o r 1R X
Xgr(t,s+n+2—Fk,...,s+n+1)x
Xgoan—k(t,Yi,s+1,...,8+n—k+ 1))

Now, to finish the derivation, we need an auxiliary
fact. In view of the symmetry of the operators gy, (t)
with respect to s+ 1,...,s + 1 4+ n variables under the
corresponding trace signs, it holds:

Gent,{l,...;8+ 1,84+ 2,...,8+n+1) =

:gn+2(t7{17"'33}1,s+17"'7s+n+1)+
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n+1 '
+ mn.

+Ss+n+1
—(k—1!(n

_k_’_1)'gk(t,s—|—n—|—2—k:,...7

s+n+Dgoyn—r(t{1l,...,s}1,s+1,...,s+n—k+1).

Thus, we obtain the equality

d

SFRMLY) =
s Y)

_Ns(y)Fs(tv Y)+

+Trs+1 Z

1
(i,s+1)) Z ETfs+2,“.’s+n+1 X
€Y ’

n=0

Xgr4n(t {1, .., s+ 1,84+ 2,...,s+n+1),

and, according to definition (8), we deduce finally:

d

ZFEtY) =
SE(LY)

T D (=N (s + 1) Faga (1Y, 5+ 1).

€Y

This equality can be treated as the hierarchy of evo-
lution equations for the marginal density operators and
was derived by Bogolyubov in work [4] from the von Neu-
mann equation for a system of fixed number of particles.
For the case of a n-body interaction potential, we derive
the BBGKY hierarchy in a similar way. Its initial-value
problem has the form

d o0
SR(LY) = —NA(Y) ;

XTroisin D (NI (2 X\Y) ) P (8, X, (9)
zZcy,
Z#0

Fs(t) |t=0= F5(0), s>1. (10)
4. On the Solution of the Cauchy Problem for

the BBGKY Hierarchy

Let us construct the solution of the Cauchy problem of
the BBGKY hierarchy (9)-(10) for one physically moti-
vated example of initial data, namely the case of initial
data satisfying the chaos property. A chaos property
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means that there are no correlations in the system at
the initial moment of time (t=0):

9(0) = (1,41(0,Y7),0,0,...),

(1)

which means in terms of the marginal density operators
(8) that

FS(O?Y) :gl(oa}/&)a (12)

where Y = {1,...,s}, Y1 = {1,...,s}1 is a notation

introduced in Section 2.
By 204 4n(t, X.), we denote the (14 n)-th order, n > 1,
cumulant of groups of operators

Gu(—t) f = = H1MIn frehtHin

which is defined by the formula

gt Xe) = Y, (=D)PIT(P=1)!x
PiX.=U, Z
< IT ez (—t.©(Zk)), (13)

ZCP

where H,, is Hamiltonian (2), f, € £L(HF), © is the
declusterization mapping defined in Section 2, and X, =
{Y1,s+1,...,s+n}

In the case of the Maxwell-Boltzmann statistics, a so-
lution of the von Neumann hierarchy for the initial data
(11) was constructed in [14].

In the case of the Bose or Fermi system of particles, a
solution of the initial-value problem of the von Neumann
hierarchy (7) for the initial data (11) has the form

9+71 H gl O Z

1€Xe

gl—i—n(t7X ) Ql1—‘,—n t X (14)

where 20 1, (t, X.) is given by (13), and operators SZ,_,,
are defined by (1).
According to formula (14) and definition (8), we have

S-HnglOZ‘

n=o0"" ieX,
In view of equality (12), i.e. ¢1(0,7) = [] Fi(0,4), we
obtain finally 1o
s4n
Fy(t,Y) Z S Trepn,sin@gn(t Xo) )SE L] Fr(0,0)
i=1
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which is the solution of the Cauchy problem of the
BBGKY hierarchy (9)-(10) for the Fermi or Bose many-
particle system with initial data satisfying the chaos
property.

For arbitrary initial data F(0) € Eéi(}%) =

oo

@ a"LL(HF), a > e,and t € R, there exists the unique
n=0
solution of the initial-value problem (9)-(10) given by the
series

— 1
Fs(t, 1, ey S) = Z ETrs+1,...,s+nm1+n(tv XC)X

n=0

XFsin(0,1,...,84+n). (15)
For initial data F'(0) € Eé,O,i(}—?i) € 2(117i(]:7jj), expan-
sion (15) is a strong solution, and, for arbitrary initial
data from the space ’8&,1(}—%)7 it is a weak solution.

5. Conclusions

In the present paper, the marginal density operators
were defined by means of a solution of the von Neu-
mann hierarchy (7) for correlation operators by formula
(8). This definition allowed us to construct the BBGKY
hierarchy for the Fermi and Bose particles on the basis
of the dynamics of correlations in the space of sequences
of trace-class operators.

We note that, using definition (8) of marginal den-
sity operators, it is possible to justify the BBGKY hi-
erarchy in other Banach spaces that contain the states
of infinite-particle systems, contrary to the definition of
the marginal density operators in the framework of a
non-equilibrium grand canonical ensemble [11].

We have also defined solution (15) of the BBGKY hi-
erarchy (9) for the Fermi and Bose particles with an
n-body interaction potential. Such a solution is repre-
sented in the form of expansion (15) over the clusters of
particles, whose evolution is governed by cumulants (13)
of the groups of operators for the von Neumann equa-
tions. These cumulants for the Fermi and Bose particles
have the same structure, as in the Maxwell-Boltzmann
case [10].
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IEPAPXIS BBI'KI TA JIMHAMIKA KOPEJIAIIIN

Z1.0. Ioriwyx
PezwowMme

Buseneno iepapxito BBI'KI myis @Pepmi ta Bose 6ararouactuako-
BUX CHCTEM Ha OCHOBI iepapxil ¢pon Heiimana st KopessiiiHux
oneparopis. Ilobynosano po3s’szok 3amadi Komri cdhopmynposamol
iepapxil y BUIIaIKy N-YaCTUHKOBOI'O MOTEHIay B3a€MO/IIT I TI0-
YaTKOBHUX JIAHUX i3 IIPOCTOPY IOCIIIOBHOCTEH sIEPHUX OIlEpaTO-
piB.
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