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Using the method of nonequilibrium statistical operator by Zubarev, an approach is proposed for the descrip-
tion of kinetics which takes into account the nonlinear hydrodynamic fluctuations for a quantum Bose system.
Non-equilibrium statistical operator is presented which consistently describes both the kinetic and nonlinear
hydrodynamic processes. Both a kinetic equation for the nonequilibrium one-particle distribution function and
a generalized Fokker-Planck equation for nonequilibrium distribution function of hydrodynamic variables (den-
sities of momentum, energy and particle number) are obtained. A structure function of hydrodynamic fluctua-
tions in cumulant representation is calculated, which makes it possible to analyse the generalized Fokker-Planck
equation in Gaussian and higher approximations of the dynamic correlations of hydrodynamic variables which
is important in describing the quantum turbulent processes.
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1. Introduction

The development of the nonequilibrium statistical theory which takes into account one-particle and
collective physical processes is a difficult problem in modern physics. The separation of contributions
from the kinetic and hydrodynamic fluctuations into time correlation functions, excitation spectrum,
and transport coefficients allows one to obtain more information on physical processes at different time
and spatial intervals that define the dynamic properties of a system. A considerable success was achieved
in the papers [1H4] in which the approach of a consistent description of kinetics and hydrodynamics of
classical dense gases and fluids is proposed based on the Zubarev method of nonequilibrium statistical
operator [5H8]. It is appropriate to apply this approach for the study of the dynamics of quantum liquids
such as liquid helium in the normal and superfluid states. The quantum system of Bose particles serves as
a physical model in theoretical descriptions of both equilibrium and nonequilibrium properties of liquid
helium and trapped weakly-interacting Bose gases [9} [10]. Many books [11H15] and articles are devoted
to a theoretical description of this system.

In the studies by Morozov [16] [17] and Lebedev, Sukhorukov and Khalatnikov [18] the theoretical
approaches were proposed to the description of nonlinear hydrodynamic fluctuations connected with
the problem of calculating the dispersion for kinetic transport coefficients and the spectrum of collective
modes in the low-frequency area of the superfluid Bose liquid. The microscopical derivation of hydro-
dynamic equations of a superfluid liquid taking dissipative processes into account was presented by
Kovalevsky, Lavrinenko, Peletminsky and Sokolovsky [19], where kinetic coefficients are expressed in
terms of time correlation functions of the corresponding flux operators. The generalized Fokker-Planck
equation for nonequilibrium distribution function of slow variables for quantum systems was obtained
by Morozov [20].
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The problems of building a kinetic equation for Bose systems based on the microscopic approach
were considered by Akhiezer and Peletminsky [21] and by Kirkpatrick and Dorfman [22H24]. The results
of [22}123] were extended and used to describe the trapped weakly-interacting Bose gases at finite temper-
atures [25}26]. Lauck, Vasconcellos and Luzzi [27] developed a nonlinear quantum transport theory for a
far from equilibrium many-body system, which is based on nonequilibrium statistical operator method.
The hierarchy of generalized evolution equations of dissipative processes in a Bose fluid was derived
by Madureira, Vasconcellos and Luzzi [28] [29]. The proposed approach may be suitable for a descrip-
tion of the transport coefficients in molecular hydrodynamics, where the coefficients are frequency and
wavelength dependent. Molecular hydrodynamics of nondegenerate Bose gas [30} [31] and degenerate
one [32}133] was derived using the method of two-temporal Green functions [34)}[35].

The nonequilibrium statistical operator of many-particle Bose system which consistently describes
the kinetics and hydrodynamics, was derived in [36}37]. The quantum nonequilibrium one-particle dis-
tribution function and the average value of density of interaction potential energy have been selected
as parameters of a consistent description of the nonequilibrium state. Generalized transport equations
were obtained for strongly and weakly nonequilibrium Bose systems with separate contributions from
both the kinetic and potential energies of particle interaction.

The aim of the present paper is to construct transport equations for a quantum system that take
into account nonlinear hydrodynamic processes. Large-scale fluctuations in a system, which are related
to the nonlinear hydrodynamical processes, play an essential role in the transition from normal to su-
perfluid state [38], in the transition from laminar to turbulent flow, and in the acoustic turbulence in
superfluid helium [39}[40]. Similar problems arise while describing low-frequency anomalies in kinetic
equations related to “long tails” of correlation functions [41H44]. To achieve this aim, a nonequilibrium
statistical operator, which consistently describes both the kinetic and nonlinear hydrodynamical fluctu-
ations in a quantum liquid, is derived. Then, a coupled set of kinetic equations are obtained for quantum
one-particle distribution function and generalized Fokker-Plank equations for the functional of hydrody-
namical variables: densities of particle number, momentum and energy. A structure function of hydrody-
namic fluctuations is calculated using a cumulant representation. It provides a possibility to analyse the
generalized Fokker-Planck equation in Gaussian and higher approximations of dynamic correlations of
hydrodynamic variables which is important in describing the phase transitions and quantum turbulent
processes.

2. Kinetic equation for nonequilibrium Wigner function and Fokker-
Planck equation for distribution function of hydrodynamic variables

The observable average values of energy density (¢q) !, momentum density (Pq)t, and particle num-
bers density (7q)" are the reduced description parameters of the hydrodynamical nonequilibrium state
of a normal Bose liquid characterized by the energy, momentum and mass flow processes. Operators for
these physical quantities are defined through the Klimontovich operator of the phase density of particle
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The average value of the phase density operator of particle number is equal to the nonequilibrium
one-particle distribution function fi(q,p, t) = (7iq(p))’, which satisfies the kinetic equation for a quantum
Bose system.

The agreement between the kinetics and hydrodynamics for dilute Bose gas does not cause any prob-
lems because in this case the density is a small parameter. Therefore, only the quantum one-particle
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distribution function fj(q, p; t) can be chosen as the parameter of a reduced description. At a transition
to quantum Bose liquids, the contribution of collective correlations, which are described by average po-
tential energy of interaction, is more important than one-particle correlations connected with fi(q,p; ).
Hence, in order to consistently describe the kinetics and hydrodynamics of Bose liquid, the one-particle
nonequilibrium distribution function along with the average potential energy of interaction should be
chosen as the parameters of a reduced description [36}[37]. The nonequilibrium state of such a quantum
system is completely described by a nonequilibrium statistical operator ¢(¢) which satisfies the quantum
Liouville equation

a
a—t@m +iLnQ(1) = —€[p(0) — pq(D)] . (2.3)

The infinitesimal source ¢ in the right-hand side of this equation breaks the symmetry of the Liouville
equation with respect to t — —t and selects retarded solutions (¢ — +0 after limiting thermodynamic
transition). The quasi-equilibrium statistical operator Q¢ (%) is determined from the condition of the infor-
mational entropy extremum at the conservation of normalization condition Sp 04(#) = 1 for fixed values
of (fig(p))" and (&5")" [361137:

0q(t) = exp { -®(1) - ; ﬁ_q(t)éiqm - qZ}‘;},_q(p; 1)ig(p) } , 2.4
where the Lagrangian multipliers §_q(f), Y—q(p; f) are determined from the self-consistent conditions:
(M)’ = (AP, (&g = (&g

Here, ((...))" =Sp(...)o(r) and ((.. .))(’I =Sp(...)0q(1). The Massieu-Plank functional

(1) =In Sp exp { =Y BqDEg = y_q(p; Ditg(p) } (2.5)
q qp

is determined from the normalization condition Sp 94(#) = 1.

The system of equations for the one-particle distribution function and the average density of potential
energy are strongly nonlinear[36}[37]. The system can be used for a consistent description of the kinetics
and hydrodynamics of both strongly and weakly nonequilibrium states of the Bose systems. Projecting
the transport equations on the components of the vector ¥ (p) = {1, p, p?l2m) - q?/ (8m)} yields the
equations of nonlinear hydrodynamics, in which the transport processes of kinetic and potential parts
of the energy are described by two interdependent equations. Obviously, such equations of nonlinear
hydrodynamics provide more opportunities to describe in detail the mutual transformation of kinetic
and potential energies during nonequilibrium processes in the system.

In this paper, as previously [36} [37], the nonequilibrium quantum distribution function f(q,p;?) =
(ﬁq(p))t is chosen as a parameter to describe one-particle correlations. However, to describe the collec-
tive processes in a quantum system, we introduce the operator function

o 5
f(a) :fdxelx(a—a)’ dx = l—[ l—[ dx ’ 2.6)
m=1Kk 27

where a = {dyy, doio, d31), ik = e, Aok = Py, Gz = &k = éﬁm + ég‘t are the Fourier-components of the op-

erators of particle number, momentum and energy densities . The scalar values a,,;x = {nk, Pk, €x}
are the corresponding collective variables. The average values of the operator function represent
a microscopic distribution function of hydrodynamic variables obtained in accordance with Weyl corre-
spondence rule from the classical distribution function [20]

N
f@=56@-a)= [] [16(Amk - @m0, @7
m=1 k

where A = {Ax..., Ayx} are the classical dynamical variables.
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The average values fi(q,p; t) = (7ix(p)) t f@in =< f (@)’ are calculated using the nonequilibrium
statistical operator Q(¢), which satisfies the Liouville equation. In line with the idea of a reduced descrip-
tion of the nonequilibrium state, the statistical operator g(f) should functionally depend on the quantum
one-particle distribution function and on the distribution functions of hydrodynamic variables

o =0[Alap0), f@n)].

Thus, the task is to find a solution of the Liouville equation for ¢(¢) which has the above form. To this end,
we use the method of Zubarev nonequilibrium statistical operator [5H8]]. We consider the Liouville equa-
tion with infinitely small source. The source correctly selects retarded solutions in accordance with
the reduced description of nonequilibrium state of a system. The quasi-equilibrium statistical operator
0q(1) is determined in a usual way, from the condition of the maximum informational entropy functional:

S[p'1 = -Sp{p'Ing’} = > y_qp; NSp{0'fiq(P)} — f daF(a;t)Spip'f(a)}.
p
Then, the quasi-equilibrium statistical operator can be written as
0q(0) = exP{—CD(t) =Y v-q(P; D) g(P) —fdaF(a; 0 f(@ } (2.8)
qp

where da — {dny, dPy, dex}. The Massieu-Plank functional ®(¢) is determined from the normalization
condition SpPq(#) = 1:

The functions y_q(p; t) and F(a, ¢) are Lagrange multipliers and can be defined from self-consistent con-
ditions

®(t)=InSp {exp

=Y y_qp; D itg(p) - f daF(a; 1) f(a)
q,p

filgp; D) = (gD =g, @ =(f@) = (f@)g. (2.9)

The generalized solution of equation in nonequilibrium statistical operator method by Zubarev
can be presented in the following form:

t
(1) = pq(t) - f dr’ e =0 T (150 [1 = Py(1)]iLnog (1), (2.10)
where
t
Tq(t; 1) :exp+{—fdt'[l—Pq(t/)]iLN} 2.11)
[’

is the generalized time evolution operator that takes the projection into account. To obtain the solution
(2.10) we used the Kawasaki-Gunton projection operator [7, [45] which in our case acts on the arbitrary
statistical operator according to the rule:

004(1)

N _ ~ N N AN t Al
Pq(9" = q()SPP +(§—a<ﬁq(p)>t{8p[nq(p)9] (fiq(P))'SpQ'}
004(1) A ) N
+[da6f(a; 5 {Sp[f@@'] - f@;n)Spp'}. (2.12)

We consider the action of the Liouville operator on the quasi-equilibrium operator (2.8):

1
iLnog) = =Y v-qp; t)fdr[@q(mfﬁq(p) [Dg(O1'T
q,p 0

1
- f daF (a; 1) f dr(pg(O)iLy f(@[pg(O]' T, 2.13)
0
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where ﬁq(p) = iLNﬁq(p). One introduces the operator function as in [20]

1
J@ = f dxe*@-a f dre”™4i yae ™, (2.14)
0
then,
I PR ) SN CY
lLNf(a) = _aj(a) =— mzzl; ka . (2.15)
The second term in the right-hand side of can be represented as follows:
1 5 5 1
fdaF(a; r)fdr[@q(m’(—a—af(a))[@q(ml‘T =fda(£F(a; t))fdr[@q(tn’f(a) [0q0]' .
0 0
Now the expression (2.13) reads
1 P 1
iLnOg(D) == y—qP; t)fdrﬁq(p;r)@q(t)+fda(£F(a; t))fdrj(a;r)@q(t), (2.16)
TP 0 0
where
ng;7) = [0q(D g [Og(D1™",  J@71) = [pq(D])"J@)[dq(D] . (2.17)

Taking into account (2.16) we represent the nonequilibrium statistical operator (2.10) in the following
form:

t

1
oq0+ Y [ dr'e I Ty(t, 1) [1- Py(e))] f d7 g (p; 7)Y —q(P; ) 0q (1)
QP 0

o)

t 1
+fdaf dr'e® I T (1, 1) [l—Pq(t')]fdrf(a;T)%F(a; Nog(t)
—00 0
t

1
= g+ Y | dref O Ty(r, 1) [1—Pq(r’)]fqu(p;r)y,q(p; t)oq(t)
QP s

t
+Zfdaf dt'ef O Ty(t, 1) [1 - Py(1))]
q —00

1

A 0 “ 0 A 0

der{]nq(a;r)ﬁF(a; t’)+Ipq(a;T)‘a—E1F(a; t’)+]gq(a;T)EF(a; t’)}gq(t’), (2.18)
0

which contains both nondissipative 94 (f) and dissipative parts that consistently describe non-Markovian
kinetic and hydrodynamic processes with microscopic flows ﬁq (p; 1), J(a; 7). Moreover,

5 . (pq .
hap) = —ilig(p), Al = ~i L g (p)
'_N At PN
_i ‘v k'Zp/v(k) (6p,_p,% —6p;'p+%)dp,+%nk(lp,_k;2q (2.19)

and one obtains the microscopic conservation law of particle density 7q:

fg = —ilig, H- = —i(q-Jq) :_%(q'f)q); (2.20)
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where iq is the flow density operator of Bose particles. Respectively, the expressions J (Pq;r), J (éq;r)
contain the microscopic conservation law of the momentum density operator

pa__ Ly Pa o VN _ -
o = \/N;m(p Digp) - - ;[V(k)ka"‘v(k"‘q)( ka + Ga)) kft—k+q .21)

and the microscopic conservation law of the complete energy density operator

2
2 (P‘DA
fa = __Z(Zm Sm) m T aP)
_1\/_Z{v(k)—v(—k+q)ka+V(k)+V(—k+q)qa}
v & 2 2
17, 4 1 2
x— |10 P+ v ;v(k)nq. (2.22)

The nonequilibrium statistical operator (2.18) is a functional of the reduced description parameters
fi(q,p; ©) and f(a; £) contained in self-consistent conditions (2.9) of determination of Lagrange multiplier

Yq(P; £). The values F(a; f) and fi(q,p; t) are necessary for a complete description of transport processes
in a system. With this aim in mind, we use the conditions:

9., r_ﬁ <) = (7 t i S ) = 5(Diln T
5@ = —fil@pi)=(ng@)', - f@ 0 =Sp(p(Nilnf(a).

Calculating the average values in the right-hand parts of these equations with nonequilibrium statistical
operator (2.18) we obtain a system of the following transport equations:

9 _ p) . _iVN .
Fh@pn + hgp0)= T%/V(’C) (6p,yp+n§< —6p,,p_%)fz(q,p,p 1)

t

+ Yy fdt’ S0 0@, q, PP 1 )Y (P 1)
q,p'
- d
- fdaf dr'ef" D, (q,p; b, t’)aF(a; ), (2.23)
0 0 1 e(t'—1)
af(a;t) + a(](ﬁ))q Z fdt —<p1n(a,q pit,)y_q®;t)
qa.p_,
- 9
+ fda’fdt’eg(t t)a ¢;(aa’;t, r) F(a 1), (2.24)
—00
where
f2(q,p,p’ . k; ) =Sp {a;+kTq ﬁqap,_.%q@q(t)} (2.25)

is the two-particle quasi-equilibrium distribution function of Bose particles,

onn(@,q,p,p’;t, 1) = n(qp; 1) Ty(t, 1) f drin(q.p’st, DL (2.26)

is the transport kernel (memory function) which describes the dissipation of kinetic processes. Quantities
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Yns(q,p,a’;t, 1), pra(a,q,p;t, t') are the matrices with elements

1
ony @ p, a6, 1) =I,(qp; ) Ty(t, t’)/dr i,@; ),
0

1
Pn@qp;t,t) =) @0 Tyt 1) f drin(qp;t, 1) 2.27)
0

These elements are the transport kernels which describe the dissipation between kinetic and hydrody-
namic processes. ¢;;(a, a’; t, t') is the matrix with elements

1
@y, @a’t ) = @0 Ty, t')fdr I, @; t',T))g, (2.28)
0

which describe the dissipation of hydrodynamic processes in a quantum Bose fluid. Transport kernels
(2.26)—(2.28) are constructed on generalized flows

L@ p; ) =Q)igp),  Ij@1n=QW0@), (2.29)

where Q(f) =1— P(#). Operator P(f) is the generalized projection Mori operator which acts on any oper-
ator A according to the rule

L Ayl AL .
POA= (A +Y % (jig(p) = (g () +fozaA—°I (@) - (f@)’

and corresponds to the structure of the projection Kawasaki-Gunton operator Pg(#) . It is important
to note that the transport kernels contain both a contribution from quantum diffusion in the coordinate
and momentum space and a contribution from the generalized function “force-force”. One can readily
derive this by substituting into @,,(q,q,p,p’; 1, ') and open the contribution from kinetic and

potential parts of (2.19):

!, ! _ 1 oI, ! ! 1 . !
¢Ynn(q,p,q,p;tt) = Wq-Dnn(q,p,q,p,t,t)-q—Eq-DnF(q,p,q,p,t,t)
A / 1 li 1o, !
—Drn(q,p,q ’p’t’t)Eq +Drr(q,p,q,p; L 1), (2.30)
where
Dun(q,p,q’,p'; 1, 1) = (Q(1) - pig(p) - Ty(r, ) Q") -p' g () g (2.31)

is the generalized diffusion coefficient of quantum particles in the space {q, p}. Other components have
the following structure:

DnF (q! p) qlr p,) t) t/)
Dry(q,p.q,p’;t,1)
Drr(q,p,q,p’;t, 1)

Q) - pag(p) - Tq(£, 1) Q) - Fg (PN,
(Q(1)- Fq(p) - Ty(1, 1) Q2 - p' g (D),
Q1) - Fq(p) - Ty (1, 1) Q1) - Fyy (p"), (2.32)

where

PN

ivVN s s
Fq(p) = T]{Z};{"’(k) (5p’,p+% - 6P/vp_%) aP/*'k_Tq nq(p)ap/_k%q .

For a detailed study of the mutual effect of kinetic and hydrodynamic processes we will allocate the
“kinetic” part in quasi-equilibrium statistical operator using the operator representation:

1
Dq(1) =0 (1) — f daF(a; 1) f drU(FI7) f (@;7) 5 (1), (2.33)
0
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where
05 (1) = exp{—cbk(t) =Y v t)ﬁq(p)}, o*(r) =InSp exp{— Y v q; t)flq(p)} (2.34)
q,p q,p

is the quasi-equilibrium statistical operator which is the basis of the kinetic level of description, and
f@n) =5 f@lpkm1™. (2.35)

The operator U(F|t) satisfies the equation
T
U(Flt)=1- f daF(a;1) f dr'UF|T) f(a;7)). (2.36)
0

We use the expression (2.33) for determining the Lagrange multiplier F(a;t) from the self-consistent
condition:

f@n=(f@)g=(f@)- f da'W,a’;r,1)F@’; 1), (2.37)
where
1
Wa’;1) = f dr({f@U(FI7) f(@;1) (2.38)
0

is the structure function, in which the averaging is implemented with quasi-equilibrium statistical oper-

ator (2.34). From we find F(a; 1):
F@t)=- f da'sf@;nwW_(a,a’;n, (2.39)

where

Sf@ D =f@n—(f@)=(f@) - (f@). (2.40)

are the fluctuations of the distribution function of hydrodynamic variables determined as a difference be-
tween the complete distribution function and the one averaged with operator @lé( 1). Taking into account
equation (2.39) the quasi-equilibrium statistical operator 94(f) can be written as follows:

1
0q(D) =@§(t)+fdafda’fdrU(me_l(a’,a; Df@n)sf@; r)@{;(t). (2.41)
0

The function W_;(a,a’; 1) is the inverse to the structure function W(a,a’; r) and is the solution of the
integral equation:

f da"Wa,a";nW_,(@",a’; 1) =da—a). (2.42)
Only the functions W (a,a’; r) and W, (a,a’; ) satisfy the equation which have singular parts:
W(,a';t)=W(a;t)[6(a—a') + R(@a,a’;1)], W_i(a,a’;t)=W_(a;t)[6(a—a) +r(a,a’;1)],
where R(a,a’; t) and r(a,a’; r) are the regular parts and
W) = fda’ W(@,a';n), W_i(@an= fda’ W_i(a,a’;1).
An important point is that the expression (2.39) is the equation to determine F(a; £), because the function

W_1(a,a’; t) depends on F(a; t) according to the structure function W (a,a’; r), which in turn depends on

U(Fl7) Z36).
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By means of (2.39) and (2.41) we rewrite the equation system (2.23), (2.24) in the following form:

0 ) ivN
5 i@ + E fi@pin= Tg,v(k) (5pr,p+ Oy p_,)fz(p q.p k1)

t
. fdt’ 0 n(q,q, 0P’ 1 )Y —q @5 )

/ !

q,p"

t
a
+ fda’fda"fdt’ (=00 QP ) t’)a—a,w_l(a’,a”;t’)éf(a; ),  (2.43)

%6f(a;t) - Zan(a,q pi0Y-q®t)+— fda/da"v(a,a” nw_i@",a;néf@; 1
q.p

t
= - X /dt' ett=0 wfn(ayq pit,t)y_q@;t)

q9.p 2

- fdafda”fdt’ e(t'~ —(p]](aa t t)—W 1@,a”;théf@"; ), (2.44)

where the generalized hydrodynamic velocities

v@aa’;r) = f da” f drSp J@OQ(F|7) f@"; r)pq(t)} 1@, a5 ). (2.45)

were introduced. While deriving these equations, the following property was used:
J . t_ 0 A t AN 1.4l
—J@)=—= (@) — Y Qrula;q,pit)y_¢®;1),
Oa ot ap

where
Qppla;q,p's0) = Sp{f(a) f drlo§ (01" I5(q',p; D) [@%.}(t)]l"}
0

is the time correlation function between f (a) and Ii‘l(q’ ,p’; ). Here, the generalized kinetic flows
Iﬁ(q,p; ) =[1-PX(1)] 7q(p) and the kinetic generalized projection Mori operator

A t

{
PX(HA=(A — 'k
(HA=( >k+25< Fa® ))t

(7q(P) — (Ag(P))’)
were introduced.

The two limiting cases follow from the system of transport equations (2.43), (2.44). First, unless we
consider the nonlinear hydrodynamic correlations we will obtain the kinetic equation for Wigner func-
tion of quantum Bose particles. Second, if we do not take into account the kinetic processes, then we will

obtain a Fokker-Plank equation for distribution function f(a; #), that corresponds to the results of the
article [20]:

9 ia: L AP
6tf(a,t) + aafdav(a,a)f(a,t)_

t
' 0 0
fdt’ee(t_”alfda'l((a,a’;t— t’)@fda”W_l(a’,a”)f(a”; 1), (2.46)
—00
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where transforms to v(a,a’) from [20]
v(a,a) = f da"sp{j(a) f@")W_, (@’ a"} (2.47)
and the structure function is reduced to
W(a,a) = sp{f(af@)}. (2.48)
Accordingly, K (a,a’; £) is the matrix with elements
Kip@a’;) =Sp{l;(@) Ty(r, ) @)}, (2.49)

where [;(a) = (1 — P)J;(a) are the dissipative flows with projection operator
PA= fdaf da’ f(@W_1(a,a)sp{Af@}.

If we neglect the memory effects on the hydrodynamical level in the system of transport equation
(2.43), (2.44), then we will obtain the following system of equations:

Jap)
m
_iVN .
- T Ew Oyt ~Opps) DD k0

+

0
3 filg,p; 0 filgp; )

t
+ Z f dt’eg("‘”<pnn(q, q/’p’p/; t, t/)Y—q’ (p/; t’)
q.p'"_

a
f da’wnf(q,p,:a’)awfl(a’; D6 f(@a 1), (2.50)

iv(a; Nof(a; 1)

5
—Of(at
5:07@0 + o

0 - o0 ]
T 4P)Y-q Pl =50 —Woa@nof(an, 2.51
2 Ga P @ P 50~ sy @50 W 805 @51 251

in which the memory effects on the kinetic level are preserved. In this system, the following designations
are used:

0
®nj,(q,p,a) = f dee*(I,(q,p) Tq(0 ), @), (2.52)

0
<p,l]f(a):fda’fdte”(f,l(a)Tq(t)i,f(a’»f;, (2.53)

where v(a; ) is the contribution from a singular part of generalized velocity v(a,a’; ) = v(a;)6(a—a’) +
u(a,a’, t), during which v(a; 1) = (J(a; r))li. Another point to emphasize is that a contribution only from a
singular part of the structure function W_j (a,a’; r) is present in the equation system, namely W_1 (a; t).
Such local approximation can be used near the critical point when the values that strongly fluctuate are
hydrodynamical variables and long-wave components of the order parameter.

A hard problem to examine the nonlinear fluctuations based on the equation system (2.43), is
to calculate the structure function W (a, a'; t) and generalized hydrodynamical velocities v(a; t). To this
end, we use the method of iterations. In the first approximation for the operator function U(F|t), we take

uYFEIr) =1,
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which follows from (2.36), and then by substiting into (2.38), we obtain the first approximation for the
structure function:

1
wWa,a’;r) = fdr<f(a)f(a’;r)>li. (2.54)
0

In a similar manner using the following approximation
T
U@ (Flr)=- f daF(a; 1) f dr’ f(a;7)
0
for the second approximation of the structure function, one obtains
1 T
wP@,a’;n = —[ da"F(@", t)f drfdr’(f(a)f(a”;r)f(a’;T))li. (2.55)
0 0

In a such a manner, the structure function is equal to
W@a;n=wVaa;n+waa;n+.... (2.56)
To calculate the first approximation of the structure function, we present it as follows:
wWV@,a;n=wWan[6@@-a)+RV@a’;n)], 2.57)
where
wW@;r) = fda/ wh@,a’;1) = (f(@)f.

After simple transformations, for the regular part of the structure function we can obtain [20]

1
sl al 3 PEEPN sl al s \a 1
R(l)(a,a';t) :fdxfdxlema—mafdr<emae—ma(r)_el(x—x)a>f( .
W (a; 1)
0

From this expression it follows that if the basis operators commute with one another, then R(a,a’;r)
vanishes. Thus, the presence of the regular part of W(a,a’; r) (reciprocally in function W_;(a,a’; ) is
characteristic only of a quantum system.

Now we calculate the function W (a; r)

WD (a1 = f dxe ™ sp {™ g (1)} (2.58)
Using the cumulant expansion, we write it in the following form:

1
WO (a; t):fdxexp{—inaaa+Z% > xal...xalMalmal}, (2.59)
a =1

Coar..qp

where a = {m,k} and } ,(...) = Z?nzl > k(...). To calculate cumulants My, . q,, we write the average from
the exponent as follows:

(o)

;1
i
t
EF E Xoq - Xa {Qqy - Ay

[=0 " ay...a;

oo ;l
1
= exp{g ﬁ E xal-uxalMal...al}

I=1"

<e2a ixa aa >lt(
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and expand the right-hand side in a series. We compare the coefficients at the same products of x, and
for the first three cumulants obtain:

M(X = (aOi)(l;um = (a(l>ll;»
Moo, = <&a1da2>£um:<&a1&a2>1i_<aa1>1i<&a2>1i,
A a4 A a4 3 . J
Malafgag = <aalaa2 aa3>£um = <aa1 aag aﬂf3>]i - 5(“(11 >1i<aa2 aa:;)ﬁ
—§<a Qg Qo) + 2, Y (Aay )i (gL (2.60)
2061062k @37k ay /g \Paz /g \Paz/ ko :

which are averaged with quasi-equilibrium statistical operator @g(t).
Now, we separate the sum over / in the exponent (2.59) in two parts: with [ <2 and [/ = 3. Thus, we
select a Gaussian component and expand the rest in a series. As a result, we have

1 1 1
W(l)(a;t):fdxexp{ina(Ma—aa)—E Z xalxazMalaz}{l+A+§A2+§A3+.‘.}, (2.61)
a .

a)ao

where

]
A=) % YD Xay Xay - Xay Mayay...a -

=3 "* m1a2 a

Let us consider the Gaussian approximation

1
W (a; t):fdxexp{ina(Ma—aa)—E > xalxazMalaz} (2.62)

araz

and integrate it with respect to x. To this end, we should transform the quadratic form x4, Xq, Mg, q, in
the exponent into a diagonal form. We need to solve the equation for the eigenvalues and eigenvectors of
the symmetric matrix Mg, q,

ZMalaz Vaas, = ZaVaay» det | Mo, a, —2411=0,

az

where vqq,, Zo are the eigenvectors and eigenvalues, I is the unit matrix. Then, out of the eigenvectors

we construct the transition matrix vq, ¢, to the new variables y where the coefficient matrix is diagonal

and consists of eigenvalues Q, = M(ml = 0 qa, Za- Old variables x are connected with the new ones by the

relation xg = Y Vgq, Ya,- NOow, the exponent in has the form of perfect squares Y xq, Xa, Mo, a, =
aq 2

aja.
Y. Qay2 and can be integrated with respect to the variables y.
a

3. Concluding remarks

The nonequilibrium statistical operator was obtained for a consistent description of kinetic and non-
linear hydrodynamic fluctuations in a quantum Bose system. In order to consider the kinetic processes,
the nonequilibrium one-particle Wigner function is used as a parameter in a reduced description. The
distribution function of hydrodynamic variables is chosen for the study of nonlinear hydrodynamic fluc-
tuations. While deriving a quasi-equilibrium statistical operator, the “kinetic” part @};(r) and the part
connected with the superoperator U(F|t), that leads to the approximation in terms of correlation func-
tions for f (a), were examined in detail. The equation of the Fokker-Plank type was obtained, which is
related to the kinetic equation. The nonequilibrium distribution function makes it possible to calculate
the averaged values of (a; .apt= fda (aj...a;) f(a; 1), and to obtain operators iq for flux density and
Reynolds-type chain of equations for values (Jg)’, JqJq), JqJqTq)" as in classical case [46]. This result
is important for the study of quantum turbulence phenomena [39].

We have considered the first two approximations for UV (F|7) and U® (F|7), which allowed us to
obtain the structure of function W (a, a’; t) given by Eq. . We proposed a method to calculate the
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structure function in the first approximation for W (g, @’; t) using the cumulant expansion (approxima-
tion with respect to correlations) with a Gaussian distribution for collective variables. Similar calculations
can be used for hydrodynamic velocities which is important for microscopic derivation of the gen-
eralized transport kernels (2.28). Such a calculation of the structure function enables us to consider the
Fokker-Plank equation in Gauss approximations and higher, and to obtain a chain of Reynolds-type equa-
tions for time correlation functions {&;...4;) ! The generalized hydrodynamical velocities v(a; f) will be
calculated in the same manner as in the classical case [46H48] using the cumulant representations in
Gauss approximations or higher. Then, the transport kernels in the Fokker-Plank equation in the mode-
coupling-like form could be presented similarly to the classical case [49]. The case of quantum statistics
requires a special consideration which will be presented in a subsequent paper.
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KBaHTOBI piBHAHHA nepeHoCy ANnsA 603e-cMCTEM 3 BpaXyBaHHAM
HeniHiVHNX rigpoagnHaMiyHUX npoueciB

M.A. Tnywak, M.B. Tokapuyk

IHCTUTYT di3nKm KoOHAeHCcoBaHMX cnctem HAH YkpaiHw, Byn. I. CBeHuiybkoro, 1, 79011 JibBiB, YKpaiHa

BnKopunCTOBYHOUM MeTOJ HepiBHOBAXHOrO CTaTUCTUYHOrO onepaTtopa 3ybapesa, 3anponoOHOBAHO MNiAXia Ans
Onmncy KiHeTUKM 3 BpaxyBaHHAM HeNiHiiHUX FigpoAnHaMiuHNX AyKTyaLiid Ans KBaHTOBOI 6o3e-cuctemu. Pos-
paxoBaHO HepiBHOBAaXHW CTaTUCTUYHNIA ONepaTop, L0 Y3roKeHO ONMCYE AK KIHETUYHI, TaK i HeniHiliHi rigpo-
AvHaMiYHI npouecn. OTPUMAHO KiHETUYHE PIBHAHHA ANS HEPiBHOBAXXHOT 0AHOYACTNHKOBOI QYHKLi po3noginy
Ta y3ara/sibHeHe piBHAHHA Pokkepa-lnaHka A1 rigPOANHAMIYHUX 3MIHHUX (TYCTUH iMMYbCy, eHeprii i KilbKo-
CTi YaCTUHOK). B KyMYNSIHTHOMY HabAVKeHHI pO3paxoBaHO CTPYKTYPHY GYHKLIO TiApOoANHAMIUHNX GAYKTYaLLiiA.
Lle Hagae MOXAMBICTb NPOaHanisyBaTu y3aranbHeHe piBHAHHA Pokkepa-MNnaHka B raycoBOMY i BULLMX HabAn-
XKEHHAX AN AMHAMIYHNX KOPensLili, Lo BaXJ/MBO AN ONUCY KBAHTOBUX TYpOyNeHTHMX NpoLiecis.

Kntouosi cnoBa: 603e-cuctema, renii, KiHeTvka, rigpoanHamika, KopensyiriHa QyHKLis, piBHAHHA
Pokkepa-lnaHka
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