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Summary. — By using the reduced Wigner formalism we consider a kinetic theory
for a quantum gas. We introduce a set of generalized kinetic fields and obtain a hi-
erarchy of Quantum Hydrodynamic (QHD) equations for the corresponding macro-
scopic variables. To close the QHD system a maximum entropy principle is asserted,
and to explicitly incorporate particles indistinguishability a proper quantum entropy
is analyzed in terms of the reduced density matrix. This approach implies a quantum
generalization of the corresponding Lagrange multipliers. Quantum contributions
are expressed in powers of hZ2.

PACS 47.45.Ab — Kinetic theory of gases.
PACS 05.30.-d — Quantum statistical mechanics.

1. — Introduction

The development of hydrodynamic (HD) approaches is of great interest from both an
applied and theoretical fundamental point of view. In particular, to include the details
of a microscopic description, different closure schemes can be implemented for the con-
struction of self-consistent HD models [1,2]. In classical mechanics, the introduction of
a maximum entropy principle (MEP) proved to be very fruitful in solving the closure
problem to any degree of approximation [2]. This is no longer the case in quantum me-
chanics, apart from some partial attempts [3-5]. In the quantum MEP (QMEP), the
main difficulty rests on defining a proper quantum entropy for the explicit incorporation
of statistics into problems involving a system of identical particles. Furthermore, also
the quantum generalization of the corresponding Lagrange multipliers is an open prob-
lem. On the other hand, the availability of rigorous quantum HD (QHD) models is a
demanding issue for a variety of quantum systems like interacting fermionic and bosonic
gases, quantized vortices, quantum turbulence, confined carrier transport in semiconduc-
tor heterostructures, nuclear physics, etc.

The aim of this work is to expand the results known in the literature [3-5]. To this
purpose, we define a suitable quantum entropy, in terms of the reduced density matriz,
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and incorporate the indistinguishability principle for a system of identical particles. As
a consequence, we include explicitly both Fermi and Bose statistics in the framework of
a non-local theory for the reduced Wigner function. We further determine a quantum-
hydrodynamic system for an arbitrary set of scalar and vectorial central moments used
as constraints in the QMEP approach. Finally, we develop a quantum closure procedure
using a set of quantum Lagrange multipliers to determine the potentials associated with
external constraints.

2. — The Wigner formalism, the QHD equations, the QMEP approach

We consider a given number N of identical particles and introduce, in Fock space, the
statistical density matrix p with Tr(p) = 1 (we suppress the symbol ™ to refer to operators
acting in Fock space) and the standard Hamiltonian including many-body interactions,

(1) H= /d?’r Tl(r) {;L;VQ +V(r)] T(r)
R
£ b [ @ [ @) W) Ve W)
k=2

where m is the quasi-particle effective mass and, neglecting the spin degree of freedom,
U is the particle field operator. Analogously, in the coordinate space representation
we define the reduced density matrix [6] of single particle (r|g|r’) = (¥f(r)¥(r)) =
Tr(pW(r')¥(r)) that in an arbitrary representation takes the form (v|g|v’) = (ai,a,,} =
Tr(p al/ay), v, V' being single particle states, a,, alT,, the annihilation and creation oper-
ators for these states and (- --) the statistical mean value. By using this formalism [6-8],
we define the reduced Wigner function

2) Fiw = ()™ [ dre kTRl = /20 + 7/2)

obtaining for the momentum space distribution function [d3rFy = <a;f)ap> = (Np)
and, analogously, the dual expression [d®pFy = (U(r) ¥(r)) = n(r), where (N,) is
the mean occupation number, n(r) is the quasi-particle numerical density, with Tr(p) =
N. Accordingly, we look [9] for a function M(r,p) in phase space that corresponds
unambiguously to an operator of single particle M (r,p), introducing the Weyl-Wigner
transform W(M) = M(r,p) = [d37 (r+ 7/2| M|r — 7/2) e~# TP. Analogously, we
define the inverse Weyl-Wigner transform W=1(M) = (x| M|r/) = (2rh)~3 [ d®p M((r+
¥')/2,p) etPE). Thus, 5(r,p) = W(@) = (27h)° Fyv(r,p) and (x]g') = W (3).
Following a usual script, in the generalized Hartree approximation, the equation of motion
for the reduced Wigner function takes the compact form

¢ A, p)z/Dg [ﬁ (r’ + I p+ ¢) —H <r' ~ I - ‘1’)} Fw(r',p'),

ot 2 2 2’ 2
where D¢ = d3r’d3p’d37d3¢eé["'(p'*p)*d"(r*rl)] and H is the phase func-
tion of single-particle operator H = (H) being H = —h*/2mV? + V(r) +

kR;f (/K [ d3rq - [ d3rp Ul (rq) - Ul () V(r, 11, oo i) U(r) - U(1).
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Without loss of generality, it is possible to expand the integrand of eq. (3) as a
McLaurin series around 7 = 0. Thus, by using the Fourier integral theorem, we obtain the
full gradient expansion to all orders in i, in the generalized Hartree approximation [10,11]

OFw Pk OFw > Zh/2 2l aQH'lveff 82l+1fw
CHEE 2
ot m oxy, 20+ 1)! | Oxgy - - - 6$k2l+1 Oy - 8pk21+1

where Einstein convention is used on the saturated indices and the effects of interactions
are entirely contained in the definition of Veg(r).

As relevant application of this approach we consider a Bose gas with many-body
contact interactions [12] and set V(r1,ra2,...,Tk) = ¢r—1 Hl 1 O0(ry —riyq) for Vi > 2
to obtain

(5) Ver(r) = V(r) +

WM?J

k—’“ B (w) (o)),

where ¢ (r) = ([TF(r)]*[¥(r)]*)/[n(r)]* is the k-order correlation function [13]. We
stress that, by considering the explicit relation (5), the kinetic equation (4) loses its
formal value and, consequently, all non-linear phenomena imputable to weak interac-
tions between bosons can be expressed in terms of increasing powers of density. The
advantage of this approach will be evident in the corresponding QHD system. Indeed,
all closure relations imputable to contact interactions are explicitly determined as known
polynomial functions of the field variable n(r). In this sense, a theory based on egs. (4)
and (5) is a first major result of the work because it can be applied to describe the same
approximations governed by a generalized Gross-Pitaevskii equation (see Appendix A).

The above results can be formulated by including explicitly the spin degrees of freedom
and egs. (3), (4) can be supplemented by other interaction terms. In this way the theory
can be used for a variety of physical systems, including metals, Fermi liquids [7], non-ideal
gases and plasmas [14].

Below, we develop the extended QHD model associated with (4). We further express
the leading-order correction to the classical models within an expansion in powers of
order 12, hereafter labeled as QHD,. By recalling that the expectation value of M (T, f))
can be expressed by the global quantity (M(A p)=/[d d3rM(r p) Fw(r,p,t), w
define the macroscopic local moment M of M by means of the local relations M (r,t) =
J &®p M(r,p) Fw(r,p,t). Asin classic extended thermodynamics [1], by introducing the
group velocity u; = p;/m, we define the mean velocity v; = n=! J d®pu; Fyy, the peculiar
velocity u; = u; — v;, and the quantity & = mu?/2. Thus, we consider the set of traceless
kinetic fields M4 = {€°,&u;,, ..., &%y, Ui, - - - U;,) } and the corresponding set of central
moments Ma(r,t) = {My, M(s)jirs---s Ms)|iy i,y } (Where with Ay ;) we indicate

the traceless symmetric part of tensor A, ...;,) being, by construction, Mgy;, = 0, and

(6) Mgy ((iyigiv) = /dg’Pgs Uiy Uiy U,y Foy
with s = 0,1,...N and r = 1,2,... M. In particular, by using a finite but arbitrary

number of scalar and vectorial kinetic fields M 4 = {&%,&%u;} we obtain in correspondence
the set of scalar and vectorial central moments My = { M), M(g);}, with s = 0,--- N.
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Accordingly, for N’ = 0, as set of macroscopic variables we get the numerical density
n = My and the velocity v;. For N'= 1 we get in addition M) and M(1)|;, which admit
a direct physical interpretation being My = (3/2) P and M); = g;, respectively, the
internal energy density (with P the pressure) and the heat fluz density. By contrast, for
N > 1, as macroscopic variables, we consider also some scalar and vectorial moments of
higher order. Multiplying eq. (4) by My, integrating over p we exactly determine the
corresponding set of quantum balance equations to all orders in &i. In particular, following
this approach, we can formulate a theory that is consistent up to the first quantum
correction. Thus, the moments {v;, M4} must satisfy the extended QHD system up to
terms of order h? (QHD;) and we have the following balance equations:

() g =0, e S DM o,
(8) Mgy + My g—:i + 3]\6/-[3(:.@’:1« +sm Ms_1)ik % - s% Ms—1))i aj\gg);ik -
;5(3 1) {(5 2) m (s—3)|(ijk) T+ g(l —;28) 3xf;:ifgxk s 2)Ikr}
(9) Mg + M<s)\lgﬂ + %‘“ + smMs-1) z]kg;)j Aﬁ”w + f‘4<s>|k(§71jfc
- mM(s;I)\ij 3J\(/-9f$])€jk _ gs {(s 1) (s — )(%M(s_g)wm
_ 3 3
N 3(sm 1) (3—1—728) (ax?aifgxk M s axf% M, 2)|(kr)>

where one has to take M(y,..;,, = 0 if [ < 0. The set of balance equations (7)-(9)
is a second major result of the work and, for A — 0, it recovers the classic form
of extended thermodynamics [1,15]. The previous set of equations contains unknown
constitutive functions which are represented by the central moments of higher order
HA = {MN‘H’MU)HU) M( )|<”k>,Mp)| ijqk) } with [ = O N; r = O,N - 1; and
p=20,- - 3.

In general, the closure problem of a set of balance equations is tackled using the QMEP
formalism [3-5]. Accordingly, to take into account ab initio the statistics for a system of
identical particles, we follow the Landau strategy [16] by evaluating the entropy as the
logarithm of statistical weight. Thus, for a non-interacting system of fermions or bosons,
in non-equilibrium conditions, the quantum entropy can be determined in terms of the
mean occupation numbers in the form S = —kp )", y[(N Y In(N,) £+ (15 (N,)) In(1 F
(N,))] with kp the Boltzmann constant, (N,) = (ala,)/y, and y = (25 + 1) the spin
degeneration where the upper and lower signs refer to fermions and bosons, respectively.
If we consider the Schrodinger equation of single particle [H(r) — Ey]goy(r) = 0, then,
under stationary conditions, both the reduced density matrix ¢ and any operator </IS( 0) are
diagonal in the base ¢,. Thus, by introducing as a function of g the following quantity:

o 0= {n () £0i (7 2)m (7=0))
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with IAihe identity, we obtain (v[g|v’) = (a}a,) 0, and w|®()v) = y[(N,) In (N,) +
(LF(Ny)) In(1 F (N,))] dprr. As a consequence, by generalizing existing definitions [3-
5,17-19], Bose or Fermi statistics can be implicitly taken into account by defining the

quantum entropy, for the whole system, in terms of the functional
(11) S(2) = ~kp Tx(®(2))

with 215(@) given by eq. (10).

To develop the QMEP approach in phase space, by rewriting eq. (11) as S(p) =
—kp (27h) 73 [ [ d3pd3rW(®) we introduce the corresponding phase function ®(r, p) =
W(@), and search the extremal value of entropy subject to the constraint that the ac-
cessible information on the physical system is described by the set {M4(r,t)}. To this
purpose, we consider the new global functional

(12) §S/d3r{iXA [/d:sp/{/lvAfwMA}},

XA = XA(r,t) being the local Lagrange multipliers to be determined. It is possible to
show that the solution of the constraint 6S = 0 implies
-1
+7 }
with Ag = Aa/ks.

Equation (13) is a third major result of the work. We remark that, by using eq. (10),
Bose or Fermi statistics are implicitly taken into account. Thus, from eq. (13) the reduced
Wigner function takes the form

N
(13) 0=y {exp [W_l <Z Aa(r,t) MVA>
A=1

1
(2rh)?

(14) Fy = W (@Xa(r, 1), Ma))

We stress that, in the set of hydrodynamic equations (7)-(9), the effects of interactions
are entirely contained in Vig(r). Then, to take into account the detailed kinetics of
the interactions, we consider the above approach in a dynamical context. Indeed, as in
the classical case [2], by itself the QMEP does not provide any information about the
dynamic evolution of the system, but offers only a definite procedure for the construction
of a sequence of approximations for the non-equilibrium Wigner function. To obtain a
dynamical description, it is necessary: i) to know a set of evolution equations for the
constraints that includes the microscopic kinetic details, ii) to determine the Lagrange
multipliers in terms of these constraints. In this way, the QMEP approach implicitly
includes all the kinetic details of the microscopic interactions between particles. From
the knoweledge of the functional form (13), (14) of the reduced Wigner function, we use
eq. (4) to obtain a set of equations for the constraints. This set completely represents
the closed QHDy model (7)-(9) in which all the constitutive functions are determined
starting from their kinetic expressions. Accordingly, for a given number of moments M 4,
we can consider a consistent expansion in powers of i of the Wigner function. In this
way we separate classical from quantum dynamics, and obtain order-by-order corrections
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terms. In particular, by using the Moyal formalism, one can prove [20-22] that the Wigner
function, and hence the central moments, can be expanded in even power of A

oo oo
(15) Fw=3 WFFEY . Ma=>" 0 MEY.
k=0 k=0

With this approach, the dynamics of the system is described by resolving, order by order,
a closed QHD set of balance equations for the moments {Ma(r,t)}. To this end, the
Lagrange multipliers A 4 must be determined by inverting, order by order, the constraints

(16) MA:ﬁ /dSpMVAW(@\[)\B(I‘, t),/’\/thD.

The inversion problem can be solved only by assuming that also the Lagrange multipliers
admit for an expansion in even powers of

(17) A=A+ 3T AR
k=1

With these assumptions, and using eq. (13) and eq. (14), we succeed in determining the
following expression for Fyy:

__Y 2
(18) fw—enil{l‘f'?zh P2r}’

=1

where § = y/(27h)%, T = Y As M, and the nonlocal terms Pj. are expressed by
recursive formulae (as an example, for r» = 1, the term P2jE is reported in Appendix B).

Equation (18) is a fourth major result of the work. By considering terms up to first
order in the quantum correction, the Lagrange multipliers are obtained as solutions of
eq. (16). In this case, M4 must satisfy the QHDy system (7)-(9). From the knowledge
of the Lagrange multipliers, both the Wigner function and the constitutive functions H 4
can be determined explicitly. In this respect we remark that: i) In the limit 7 — 0 we
obtain that Ay — )\Ef) and Fyy — .7:1(,8) where )\Ef) = )\g])(M}(BO)) and .7:1(,8) recover the
expressions for both the Lagrange multipliers and the distribution function obtained in
the framework of the classic MEP approach [1]. ii) In local equilibrium conditions we
obtain the Maxwell-Boltzmann distribution function for nondegenerate gases, and the
Bose or Fermi distribution functions for degenerate gases, a result which was left open
since the Wigner seminal papers [20,21].

We conclude by remarking that this approach could be further generalized, to develop
a non-local theory, also in fractional statistics. In this case, the entropy of the system
should be expressed in terms of the logarithm of the statistical weight introduced by
Wu [23] and the QMEP should be developed in terms of the reduced density matrix for
particles obeying fractional exclusion statistics.
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APPENDIX A.

We consider the generalized Gross-Pitaevskii equation with nonlinear terms of the
odd type

dp(r, t) - = .
(A1) th——2r = (c|HLle) + D wlo(r, 0)[7 o(r, ),
j=1
where R > 2 H, = p?/2m + V describes the linear dynamics and u; de-

scribe a many-body interaction within the mean-field approximation. By introduc-
ing the reduced Wigner function in term of wave function ¢(r,t), we obtain Fy =

(27h)=3 [ ®re w TP o' (r — 7/2,t) o(r + 7/2,t). To obtain the generalized Wigner
equation we calculate

oFw 1 5 _irp 09T(r—T7/2,1)
(4.2) at  (2rh) /d Ter [ at
Op(r+71/2,t)

XX +7/2,0) + 9" (r = 7/2,8) T

and using eq. (A.1) we have O/t = D /dt|,+0p/0t| N1, where /0t = (r|Hy|p) )ik
describes the single particle linear dynamics, while the nonlinear part is expressed by

Oy

(A.3) 5|

1 R—-1 _
= D ulel )P p(r.1).
j=1

By inserting the term d¢/0t|r, in eq. (A.2) we describe the single-particle linear dy-
namics. Thus, we have the linear part 0F /0t|;, expressed by an expansion analogous
to relation (4) where Vig is replaced by the potential V' (r). Analogously, by inserting
eq. (A.3) in eq. (A.2) we obtain the term which describes the nonlinear dynamics

im

s nguj/d% TR F (r = 7/2,8) = Fy(r + 7/2,1)]

ot

NL

X /dSp’e%""p/}'W(r,p')

with *(r—7/2, t) p(r+7/2,t) = [ d3p'en TP Fy(r,p/,t) and Fi(r£7/2,t) =|o(r=£
7/2,t)|*. By expanding Fj(r £ 7/2, t) in series around 7 = 0 and considering the
following relation (where use is made of the property that F, and all derivatives of Fyy
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vanish for r,p — o0):

B 82l+1Fj(I'7 t) /d3 , 821-‘1-16% Tp ]:W _

axkl T 8zk2l+1 8p;€1 T ap;621+1
82l+1Fj (I’, t) /d3 ’ 821+1.7:W i ’

5 "
axkﬁ] “e axk2l+1 apkl e 8pk}2[+1

we find
R—-1 0o
0Fw 1 (ih/2)% 3 i
(A.4) = u; /d Te nTP
ot |y, (27h)* o ’ ; 20 +1)!

X{ O TLE (x, t) /d o LI E, (e, p b ér.p,}.

axkl T axk2z+1 8pk1 akaH_l

Thus, by using the Fourier integral theorem, the nonlinear contribute (A.4) takes the

following form:
i (in/2)2 [P ) In(r, 1)) {82”1%\;(1‘7 p,t) }
NL 21 + 1 awkl a:L‘k2z+1 8pkl e 8pkm-%—l ’

where use is made of the property Fj(r,t) = [n(r, 1)}’
Being 0F /0t = 0Fw /Ot| L, + OFw /Ot N1, the full gradient expansion of the Wigner
equation will take the form reported in eq. (4) to all order of %, with

OFw

(a5) =

(A.6) Vr () = V) + 3 g ()
k=1

We remark that for R = 2 (Gross-Pitaevskii equation) relation (A.6) coincides exactly
with eq. (5). Analogously, by considering eq. (5) for R > 2, a reasonable description of
the low-energy dynamics can be given by assuming values approximatively constant for
the remaining correlation functions (see § 7.6, in [13]). Thus, also in this case eq. (A.6)
can be determined as a particular case of eq. (5).

APPENDIX B.

By considering explicitly the first term of expansion (18) we have
IIp

+ ello e 2 ello 3
P :_(eHO:I:l> [H3+H2]+2(6H0:|:1> [3H3+H2]_6<6H0:|:1> ‘Hs,

where

L [ oMy oMy 0Ty | 9Ty 0Ty 0Ty, 9Ty Oy ano]
37y Ox;0x; Op; Op;  OpiOp; Ox; Ox; Ox;0p; Ox; Op;
by L { P, oM, 9% GQHO}
S O0x;0x; Op;Op;  Ox;0p; Ox;0p;
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and

N
Mo =Y AP Ma.

A=1

EE S 3
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