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GENERALIZATION OF THE GROSS-PITAEVSKII EQUATION
FOR BOSE GAS IN THE PRESENCE OF QUASI-PARTICLES
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The Gross-Pitaevskii equation has been generalized for the case of presence of the Bogolyubov quasi-particles at
hydrodynamic stage of their evolution. Hydrodynamic equations for quasi-particle subsystem are constructed
by the Chapman-Enskog method. The obtained equations can be considered as a new form of hydrodynamic
equations of superfluid Bose gas. In the Landau-Khalatnikov hydrodynamics the total density of the system is
used instead of amplitude of the condensate wave function.

1 Introduction

The problem of justification and generalization of the Gross-Pitaevskii equation is widely discussed in the
literature (see, for example, [1, 2]). In the present paper it is studied on the basis of the Bogolyubov reduced
description method which allows investigating domain of applicability of the theory and building corrections to
it. Key issue of our consideration is definition of condensate wave function 1 (z,t) as an average value of the
Bose field operator ¢ (x) with statistical operator of the system p(t)

P(z,t) = Spp(t)h(z) = n(z, )™ (n(z,t) >0, 0< p(z,t) < 2m). (1)

This definition leaves aside the questions: is the condensate as a subsystem of a Bose gas in a pure state and is
this state stable. However, this definition is a fruitful basis for various generalizations of the Gross-Pitaevskii
equation. Hamilton operator of the system takes into account short range repulsive interaction between particles
®(r). Our consideration is based on set of equations obtained in paper [3] in which nonequilibrium states Bose
gas in the presence of condensate are described by amplitude n(z,t) of the condensate wave function, local
velocity of the condensate v, (z,t) = m~td¢(x,t)/0x, (m is mass a particle; in this paper i = 1), the Wigner
distribution function for the Bogolyubov quasi-particles f,(x,t) in reference system of the condensate rest.
Gradients of parameters &,(x,t): fp(z,t), n(z,t), vn(z,t) are assumed to be small (small parameter g) and
therefore states of the system are weak non-uniform. Interaction between particles ®(r) is also considered as
small one. For summation of contributions of the perturbation theory, which leads to the Bogolyubov quasi-
particles spectrum in the leading approximation, estimations ®(r) ~ A2, n ~ A~! are used (small parameter \).
Equations of the mentioned paper one can consider as a generalization of Gross-Pitaevskii equation for case of
presence of quasi-particles at kinetic stage of their evolution. The purpose of the present work is a generalization
of the Gross-Pitaevskii equation for case of presence of quasi-particles at hydrodynamic stage of their evolution.

2 Basic equations of the theory

Set of equations obtained in paper [3] has structure

on n  n vy, 9 v?
— = —Up=— — = L=1L,, - =— —+h],
ot~ ow, 20w, Tt - M\ 2T
Oy _ 0y OEp tputn) | 0JpOEp £putn) | f = O O Oh _ @)
ot ox; Opy op; ox; ot 0x, Ox,
where €, is spectrum of the Bogolyubov quasi-particles
2
o o_ P — — 1pT
€p = (0112) - ﬂ;g)l/zv Qp = Ep +ﬂpa 6;0 = %7 61) = VI)T}27 Vp = /dgl‘(b(|l‘|)€ e (3)

Right hand side part of this equations were calculated in [3] with accuracy shown below
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I = L(0,3) +L(1’1) +O(gOA5,glA2,g2Al); Lp — L;O’Q) + L;OA) + O(gOA5,g1)\2,92)\1), (4)

where L03) (11D p(0:2) LZ(,O’2)7 L;(UOA) are known functions of parameters £, (x), which are given by bulky ex-
pressions and omitted here (A(m’”) is contribution to A of the order g™ \"™; LZ(,O’Q), L,(,0’4) are collision integrals
for quasi-particles). The forth equation in (2) is a consequence of the second one. The second equation was
given above because it with the first one are equivalent to the Gross-Pitaevskii equation if we restrict ourselves
by approximation

L=0, h=h"4n" (5)

The problem of this paper is to construct hydrodynamic equations for quasi-particle subsystem of the Bose
gas interacting with the condensate subsystem. The hydrodynamic equations are a consequence of energy
and momentum conservation laws for quasi-particles and in the local reference system of the condensate rest
according to the third equation in (2) have the form
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Here €°, 7y, are densities of energy and momentum, ¢y,,¢;, are flux densities of energy and momentum in the
mentioned reference system, a is thermodynamic force which condensate acts on quasi-particle subsystem with.

These values are given by formulas
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In order to close equations (6) we use the Bogolyubov functional hypothesis on which the Chapman-Enskog
method is based [4]. According it distribution function of quasi-particles f,(z,t) at times of their hydrodynamic

evolution (¢ > 7,) is a functional of parameters (,(x,t) : °(x,t), 72 (x,t), n(x, t), v, (2, t)
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In hydrodynamics of quasi-particles instead of densities £°(z,t),n2(x,t) one can use their local temperature
T(x,t) and drift velocity wy,(z,t) in the reference system of the condensate rest which are defined by relations
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is the Planck distribution (in this paper kg = 1); wy,(
particle subsystem in the lab reference system; x(x
to (2), (8) functional f,(x,() satisfies equation
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3 Hydrodynamic equations for quasi-particles

Distribution function of quasi-particles f,(z,¢) at the reduced description is calculated from equation (11) in
perturbation theory in g and A taking into account relations (9). As a result it has been obtained in the form
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where functions A,,(p), Bni(p), C(p) are solution of integral equations
an(p) = / Ep'K(p,p)An(p),  bu(p) = / &Py K(p,p")Bu(p'),  clp) = / Pp'K(p,p)C@)  (13)

(an(p),bni(p), c(p) are known functions) with additional conditions

An(p)pr =0, Bri(p)ep =0, C(p)ep =0 (14)

where for arbitrary function F(p) notation

F(p) = /dTpnp(l +np) F(p)

is introduced. These conditions are a consequence of definition of the temperature T and drift velocity w,, (9).
Kernel K(p,p’) of integral equations (13) is defined by linearized collision integral
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Solution of equations (13) will be discussed in another paper.
Main contribution in gradients to fluxes can be calculated using approach of our paper [5]
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where w is thermodynamic potential of quasi-particles defined by the formula
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Entropy density of their subsystem s is given by definition

s=sm), s(f)= [+ )+ 5 - fiug) (18)
which leads to thermodynamic relations
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Distribution function (12) gives equations
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which generalize the Gross-Pitaevskii equation, and connected with them hydrodynamic equations for quasi-
particles
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In contrast to standard Chapman-Enskog method we took into account approximate nature of the equation set
(2) (Al™"] is contribution to A of the order g™A™ connected with expansion of distribution function f,(x, ()
in series of the perturbation theory; al®% = ap). Equations (21) contain also dissipative values which have the
structure
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Here Ky, is heat conductivity and 7, is viscosity of quasi-particle subsystem. For calculation of these kinetic
coefficients we obtained the following expressions
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These relations allow to investigate dependence of kinetic coefficients of quasi-particle subsystem on temperature.
The result will be presented in another paper. This investigation can be simplified in the small drift velocity
approximation. In this limit non-zero kinetic coefficients are scalar functions.

Additional information about properties of dissipative fluxes and kinetic coefficients can be obtained from
evolution equation for entropy. This equation follows from relations (19) and has the form

0s 0sp,

where s, is flux and R is production of the entropy. In the considered approximation these values can be written
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According to the Onsager principle this result allows to establish symmetry of kinetic coefficients (23) and to
prove inequality R > 0.

4 Conclusions

The reduced description method allows to justify domain of applicability of the Gross-Pitaevskii equation and to
find various corrections to it. The obtained in the paper equations can be applied to investigation of possibility
of quasi-particles creation at evolution of the condensate and to problem of stability of equilibrium quasi-particle
subsystem.
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