Derivation of viscous correction terms for the
isothermal quantum Euler model

S. Brull *f F. Méhats8T

Abstract

The aim of this paper is to compute viscous correction terms for the
isothermal quantum Euler system of Degond, Gallego, Méhats (SIAM
Multiscale Model Simul., 6, 2007). We derive this model by using a
Chapman-Enskog expansion up to order 1. In a last part, we con-
sider a situation where the flow is nearly irrotational in order to get a
simplified model.

1 Introduction.

This paper is the continuation of a program of work initiated in 2003 in
[9]. Extending Levermore’s moments method [16] to a quantum context, P.
Degond and C. Ringhofer derived hydrodynamical models from Chapman-
Enskog expansions around quantum local equilibriums. Next, after this
work, an entropic quantum drift-diffusion model was derived in [8], numeri-
cally discretized in [11] and discussed in the context of quantum transport in
electronic nanostructures in [4]. In [6], an isothermal quantum Euler system
was derived, recovering at a semiclassical asymptotics a model obtained in
[14]. Note that extended quantum hydrodynamical models were also derived
and discussed in [10, 12, 15, 2, 5].

All these models were obtained —formally— by applying a hydrodynamic
or a diffusive scaling to a Wigner equation with ad-hoc relaxation operators
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and performing the limit as the mean free path converges to zero. In this
paper, we are interested in the next order approximation of the hydrody-
namic limit. In the classical setting, it is well-known [1] that this leads to the
viscous correction to the Euler equations, i.e. to the Navier-Stokes system.
Here, we apply the same idea in the quantum setting in order to derive the
first order correction to the isothermal Euler equation of [6]. By analogy,
we shall call quantum Navier-Stokes system the obtained model. A viscous
model has been considered in [13, 3] where existence theorems are proved.
It consists in two conservation equations for mass and current coupled with
the Poisson equation.

Let us shortly present the approach. From the Wigner equation, inte-
grations with respect to the momentum variable p € R? lead to equations
for the first two moments n(¢, ) (the mass density) and n(t, x)u(t,z) (the
current density), both densities being functions of the space variable x € R3
and the time variable ¢t € R:

o + div(nu) =0, (1)
O(nu) + div(nu @ u +P) +nVV =0, (2)

where V' denotes an applied potential. Of course, this system of equations
is not closed, since the pressure tensor P is still expressed in terms of the
microscopic Wigner function f(¢,z,p):

P [ -0 (tnp) o, 3)

where £ is the dimensionless Planck constant. The Wigner function f(t,x,p)
can be seen as a quantum extension of the phase-space Boltzmann distribu-
tion function, though f(t,x,p) is not a positive function.

In [6], an isothermal quantum Euler system was derived by closing the
system of moments as follows. The expression (3) of IP is simply replaced by
another one in terms of n and nu:

cq P
P:/Rd(p_u)(p_u) n,nu W’ (4)

where f,%,, is the so-called local equilibrium, depending only on n and nu
in a non local (and non explicit) way — see Definition 1. Equivalently, this
isothermal quantum Euler model can be obtained as the limit € — 0 of the
following quantum BGK equation in a hydrodynamic scaling:

Ouf +p-Vaf +O(V)] =~ (i~ f)



In the present paper, in order to obtain a Navier-Stokes model, f will be
formally expanded up to first order around the local equilibrium f5,%,, as
f = f?ez?nu + €f1-

The outline of the paper is the following. In Section 2, the quantum
Navier-Stokes model is derived and formulated in Theorem 1. Then, Section
3 is devoted to some simplifications of this model when the flow is assumed
to be nearly irrotational: Proposition 1 is a reformulation of the quantum
Navier-Stokes model in this situation.

2 Derivation of the model

In this section we first recall some backgrounds about the Wigner equation
and we present the model derived in the general situation.

2.1 Notations and background.

By a density operator, we shall always mean a positive, Hermitian, trace-
class operator acting on L?(R3). Let us recall the definition of the first
moments of a density operator g, i.e. the mass density n and the current
density nu. These quantities are defined by duality, considering scalar test
functions ¢ and vector ones ®. We set

Vo e CR®) [ nodo = Tr{es), (5)

V(IDGCSO(Rg)3 /nu-fbdx = Tr{ngl[p-@]}

_ —ihTr{g <<I>-V+ ;(V«D))} (6)

Note that an immediate consequence of (5) and (6) is the following property
which will be useful later:

vq)_;Tr{g(q).v)}:/nu-@dx+12h/nv-f1>dx. (7)

In (6), W~ denote the inverse Wigner transform (or Weyl quantization).
Let us recall the definitions of the Wigner transform and the inverse Wigner
transform. The Wigner transform maps operators on L?(R?) onto symbols,
ie L?(R3 x R3) functions of the classical position and momentum variables
(r,p) € R? x R3. More precisely, one defines the integral kernel of the



operator o to be the distribution o(z, ') such that g operates on any function
P(x) € L?(R?) as follows:

oY(z) :/Q(l‘,x/)?j)(x/)dw/,

Then, the Wigner transform Wpl|(x, p) is defined by:

Wlol(z,p) = /Q <x - 1n,ﬂf + ;n> e dy. (8)

2
The Wigner transform can be inverted and its inverse (called Weyl quanti-
zation) is defined for any function f(z,p) as the operator acting on ¢ (z) €
L?(R3) as:

W () = (2mh)~ / f(xljy,p) b T dpdy.  (9)

We have also the following Parseval property: for any operators p and o in
L% = {0 : Tr(eo") < oo}:

Tr(po') = / Wp o] (10)

(2mh)3’

where the bar means complex conjugation. We also recall the cyclicity of
the trace, where a, b, ¢ are three operators:

Tr{[a, blc} = Tr{[c, a]b} = Tr{[b, c]a}.

In quantum statistical mechanics, the Von Neumann entropy is defined
by:
S(e) = Tr(elng — o). (11)

In order to deal with isothermal problems, we introduce the quantum free
energy defined by:

G(e) =TS(0) + E(0) = Tr (T'(¢In o — 0) + Ho) - (12)
where H is the Hamiltonian defined by

h2

For simplicity, the potential V' = V (¢, x) applied to the system of particles
is assumed to be given, independent of the particles.



In this paper, we suppose that the particle system interacts with a ther-
mal bath and that the mass n and the current nu are conserved by this
interaction. Following [9], [8], [6], we shall model this interaction via a
relaxation operator constructed according to a principle of free energy min-
imization. To this aim, we define the local thermal equilibrium associated to
n and nu, at temperature T' through the following formal procedure.

Definition 1. Let the scalar function n(x) > 0 and the vectorial function
nu(z) be given. Consider the following constrained minimization problem:

min {G(o) such that ¢ is a density operator satisfying (5) and (6)}. (14)

The solution, if it exists, is called the local equilibrium density operator
associated to n and nu. Lagrange multiplier theory for the constrained prob-
lem (14) (see [9], [6]) shows that there exist a scalar function A and a vector
function B, both real valued and defined on R3, such that this local equilib-
rium density operator takes necessarily the form:

1
Qfgnu = €xp <_T H(Aa B)> ’ (15)
where H(A, B) is the following modified Hamiltonian:
1 1

The local equilibrium Wigner function associated to n and nu is the Wigner
transform of ophu:
eq 1

n,nu [Qi?nu] :

2.2 Derivation of the quantum Navier-Stokes system

Let us now introduce the quantum BGK equation, by adding a relaxation
operator to the quantum Liouville equation. This operator, denoted by
Q(0), describes the collisions between the particles and a surrounding envi-
ronnement at temperature T'. In this paper, we choose this collision operator
equal to the simplest quantum BGK operator that can be constructed ac-
cording to the minimization problem (14):

_ Qfgnu — 0
1hdo = [H, o] + zhf, (17)

where, for all ¢, the local equilibrium g’ (¢) is defined thanks to Definition
1 from the density n(t, -) and the current (nu)(t, -) associated to o(t) through

(5), (6).



Let us now expand g around gpln, as follows:

0= 0y, + o1

By inserting this expansion of p into the equation (17), we get the relation
defining 01

1
01 = _6tgfz?nu + % [H7 Qfgnu]‘

By using a Wigner transformation of the equation (17), we get the following
Wigner-BGK equation

eq
0 +p Ve —0(V)f = =t (15)
with
Vit,e+ ) —Vit,a -2 o, .
oW = (2;)3 /Re ( x+2n)h e QU)f(:v,p)ez(p PN dndp.

(19)
The Wigner transformation of the expansion of ¢ gives f = fr%., + cf1.
Hence f1 has the expression

fi==0f—p-Vaf+O(V)f
and, formally,

fr = —0uf5s

n,nu

D VS + O[5, + O(e). (20)

n,nu

Moreover, by considering the first moments of (18) with respect to p, we
obtain

dp . dp
]9 et | S i =

and

dp . dp B
8t/fp (@rh) —l—d1v/p®pf(27rh)3 +nV,V =0.

The last equation can be rewritten

b
(2mh)3”

d
O¢(nu) + div/p @ P (27717;)3 +nV,V = —ediv/p ® pfi



Then (20) gives formally

dp
at(nu)+div/p®pfnnU(2 h) —|—TLV V

. dp 2
ediv /p ®p<at n,nu +p V n nu @(V) n,nu) (27[';1)3 + O({;‘ )

The isothermal quantum Navier-Stokes system is simply the model obtained
when the O(e2) term is dropped in this equation:

On + div(nu) = 0, (21)

at<nu>+div/p®p

dp
(2rh)? +nV,V

: e dp
= €dlv/p®p<atfn nu TP Vaifn nnu - @(V) n?nu) (27Th)3’ (22)

where fr%,, is still defined from n and nu through Definition 1.

Let us now simplify this system. Equation (22) contains moments of
order 2 and 3 of the equilibrium function f;%,, which might not be easy to
handle. Denote

e dp e dp
Hij = /pipjfn?nu(%_rh)ga Qijk = /pipjpkfn?nuw' (23)

Using commutator properties as in [6] and [5], one can express divII in terms
of n, nu, A and B only. We recall from [6] that:

(divIT); =Y 05Tl = Y Oa;(nu; B Z —ndy, A. (24)
J J
Similarly, we shall express Zj,k Qqjx in terms of n, nu, A, B and II only.

This is the aim of the following theorem:

Theorem 1. The above defined isothermal quantum Navier-Stokes system
(21), (22) is formally equivalent to the following system, up to terms of order
O(e2):

on + div(nu) =0, (25)

nul + Z ( Zj nu@ + n( j)ariBj) + naﬂfz‘(v - A) =eS; (26)



where A and B are related to n and nu via Definition 1 and where S; is
equal to:

3 3
= —ZZ@M nul )Bk —nax].(u]' — Bj)axiBj Bk)
k=1 j=1
3 3
_ Z Z 8$2Bk <8¢C] (nukB]) + na:C]. (Uj — Bj)(?kaj
k=1 j=1
3 3
= Oy, (00, (V = A) Bi) + > _ (O, (n1; 0 By) + O, 0 By nug,)
k=1 k=1
3 B2 B?
_ Zna B0y, (V —A) + Znukaxz (A + ) —n 0y, 0 (A + )
k=1 =
3 3 2 2
— Z Z Oz; (833]. (A + B2> nu; + Oy, (A + B2) nuj>
Jj=1j=1
3 3
+ Z ar] T (BkHz]) + azJ Bk I1; ik + 8m1Bkij)
Jj=1k=1

9 3 3 3
_h Z Oz ;0r, (n0y, O ; B) + Z Oz, <8mjVnui + 0,V nuj>, (27)
j=1 k=1 j=1

the tensor I1 being defined by (23).

Proof. From (24), we deduce directly that the Lh.s. of (22) can be rewritten
as the L.h.s. of (26). To prove the theorem, it remains to consider the r.h.s.
of (22), which is

. dp
—5d1v/p pfi—=s @rh)3 =¢€g1 + €92 + €93,
where we have set, for ¢ = 1,2, 3,
- eq P

o = D00, [ ri St (25)

]3 3 . dp
) = 300,00 [ vttt (29)

3 dp

ol = =30 [ ps 001 it (30)



The expressions of g1, go and g3 are given in the following lemmas whose
proof is in the appendix. By summing up these expressions, the proof of the
theorem is complete. O

Lemma 1. The quantity gs defined by (30) can be written
3
(93)i = Z Oz, (&TJ.V nu; + Oy, V' nuj>. (31)
j=1

Lemma 2. The quantity go defined in (29) has the following expression:

3 3
B? B?
3 3
+3 0 0y (0w, (BrILyy) + On, By iy, + O, BiTl )
j—lk—l
h?

3
-7 > " 0, 0n, (N0, 00, B). (32)

j=1k=1

Lemma 3. Up to O(e) terms, the quantity g1 defined in (28) has the fol-
lowing expression:

3 3
= - Z Z O, (ij (nu;Bj) By, — 10y, (uj — Bj)0x,Bj Bk)
k=1 j=1
3 3
__ZZ:EZZ%HBk(a”(nukE%)%—na%(uj——f%)awf%
k=1 j=1
3 3

> 0y (000, (V = A)Bi) + Y (Oay, (nt; 0, By,) + 0,01 By g,
k=1 k=1

3
BQ
— 10, B, (V — A) + Z nud,, <A + 2)

k=1 k=1

2
) (A + g) . (33)

3 The system in the irrotational case

In this part we focus on the special case of irrotational flows, which enables
to simply notably the system obtained in Theorem 1. Indeed, it has been



shown in [6], [5] that when V x u = 0 then the quantity B defined in
Definition 1 is nothing but the velocity w itself.

In the case of the isothermal quantum Euler equation, i.e. when we
make € = 0 in (26), it has been shown in [6] that when the initial data is
irrotational, then the solution remains irrotational for all time. Unfortu-
nately, it is not clear whether this property remains true for the quantum
Navier-Stokes equations (25), (26). Instead, we have the following property:
if (V xu)(t=0)= O(e) then we have (V x u)(t) = O(e), which implies
B = u+ O(e). In such situation, the model obtained by replacing B by u
in the r.h.s. of (26) will only differ from (26) by O(g?) terms, and thus will
remain consistent with our theory.

Proposition 1. Assume that (V x u)(t = 0) = O(e). Then, for all time,
we have (V x u)(t) = O(e) and the following system is formally equivalent
0 (25), (26), up to O(e?) terms:

Orn + div(nu) =0 (34)
 (nu;) Z ( s (nu; Bj) + n(u; j)&tiB]) + 10y, (V — A) = £5; (35)
where
N 3 3
S =3 (axj (O, Pite) + 0, (O, Pj) + 02, (IP’”uk)>
j=1 k=1
3 S
+ Oy (k) O, A — 0z (D1 A) — Z O, Oy, (10,0, i)

k=1 k=1 j=1

(36)

and where P is the following tensor:

eq _ P
P= [ (=0 — ) fih s

Proof. If B =u+ O(¢), then (25), (26) yield

3
Ot + Y upOp i + 0, (V = A) = O(e). (37)
k=1

2
So 9 “7 reads

3

3 3
Z Z (ujug Oz, uj) Z u;0z,;(V — A) + O(e).

j=1k=1 j=1

10



Let us replace B by u in the expression (27) of S;. The terms depending on
V' vanish:

— 0y, (nuy, 01, V) — On) (n; 03, V') + Op, (— 02, V) nug, — 10z, V O, uge
410z, (uk0z, V') + Ox), (0, V nt;) + Oy, (0, V nuy) = 0.

Let X be defined by

X

—0q, (ﬁzj (nujul)uk) — Og,, (nuiuj&rjuk) — O, (uj&rjuk> nuy
— Oz up O, (nuguj) + Oq, <nuj)uk8xiuk + 10y, <uk8wjuk uj>
+ O (ukamjuk nuz) + Ou; (ukﬁxiuk nuj>.
and consider the terms depending on the stress tensor II:
Y = 0p;(0n;ur nuiug) + O, (Oz,up nujug) + 8%. 2, (MUuju)
+ Oy (O u Pir) + Oy (On,un Pji) + 03, 4, (Pijus).
Straightforward calculations lead to

X +Y = 0y, (00w Pig) + On, (O, wi Pji) + 02, (Pijup).

Tj T
Furthermore, the terms depending on A become

Oz, (N Og; Aug) + Oy, (nu; 03, A) + On, (05, A) Ny
+n0y, A Oy, uk, + 0z, (nug) Oz, A — 10y, (ug, 0y, A)
— 0Oz, (O, Anu;) — Ox, (05, Anuy) — n0y, (0LA)

= Oy, (nug)0y; A — 10y, (0 A).

Hence (36) follows. O

Remark 1. The semi-classical limit of (36) leads to the classical isother-
mal Navier-Stokes equation. Indeed, in that case, P;;, A and B have the
expressions [6]

Pij = anijv A= —Tln(n), B =u.

So we obtain

3

3
Z Z 85,;]. (8m]uk Pik + &Cluk ij) = Z 895]. ((835]11@ + 8$iu]')'l”LT),

k=1 j=1 j=1

11



—n0y, (0tA) = =10y, (div(nu)) + Z&cin div(nu),
n

T
div(nu) 0y, A = —div(nu) - O, M,

3
> 0, (div(uPij)) = T Oy, div(nu),
j=1

and we get finally

S; = Z&Tj ((axju@- + ﬁxiuj)nT).

J=1

Appendix.

Proof of Lemma 1.
Let f be given. Then we have

—

(38)

/mﬁWﬁdﬂz—@@ﬁwmwam

(27h)
But from (19), it holds that

G(V)f =1 A f(tv l‘,?])

Hence

1 h 1
/pipj@(V)fdp = —10, (58%.‘/(15, T+ 577) + §8ij(t,a: —

N Vit,z+n) - Vit,x —

oo
577)10

&)

h

So
dp

05)

[ p0s0 s Gy = =100,V 00 f 40,7 9y, ) t..0).

Then

d
/piij(V)f(%f;)?) = =0y, V nu; — 0y, V nuy,

12



where

":/f(2h /fp2h

and (31) follows. O

Proof of Lemma 2.
Recall the definition (23) of Q. We claim that, for all ¢ and j,

3 2 9
B B
§ 8zk(@zgk = _8901- <A + 2) nu; — &Cj <A + 2> nu;
k=1

(axin Wik + On; By i + Og, (Bk:Hz‘j))

NE

+
1

3
- Z (n Oy, 0x, By,). (39)
k=1

D’ﬁ

From (39), we deduce (32) and the proof of Lemma 2 is complete.

Let us prove (39). To this aim, we recall a useful commutator lemma
that was established in [5]. Let us first introduce some notations. If o =
(1,2, 3) € N? is a multi-index (with N the set of natural integers), we
denote

p* = p'ps?pst,  0F = 0/0x110/0x5%0/0x5°%, |a| = a1 + o + as,

2 oSS e ()= (5)(3)

0<y<a  7m=072=0~3=0

i

where ( & ) are the binomial coefficients.

Lemma 4 (Lemma 3.4 of [5]). Let a = (a1, a0, a3) € N3 and 3 = (31, Bo, 33) €
N3 be two multi-indices and let \(x) and p(x) be any smooth real or com-
plex valued functions. Let us denote [\p®, up®]n the symbol associated to the
commutator of the operators W1 (Ap®) and W= (up?), i.e

o, upln = W ([W‘l ), W (upﬂ)D : (40)
The following formal expansion holds:

L(la+Bl-1)/2]

YN P W <—4> M, 1plakr,  (41)
k=0

13



with

[/\paj,upﬁ]%ﬂ = Z (—1)|7| ( : ) < g > CINCD potB—1=¢,

0<v<e, 0<¢<B

[v+<¢|=2k+1

(42)
where |-| denotes the floor function.
Let p(z) be a given test function. From Lemma 4, we compute:
3 2
_ 2 [Ipl
> 0w upipipk = 7+ | o 1piDs | - (43)
h| 2 h

k=1

Hence, an integration by parts gives
3 3 dxdp
/Nzamk@ijkdx = —Z/axkﬂpipjpkfﬁ?num
= = (2mh)

1 p|? eq dzdp
= Tz 5 2 HPiPj n,nu 3

h 2 po M (2mh)

dxdp

— —h/Wq—h;A,Wl (upipj)D 5?nu(2ﬂ.h)3’

Now, using the Parseval property (10) and observing that

K2 B2
—?A = H(A,B) - w™! (—B-p+A+2) ,

where H(A, B) is defined by (16), we get
5 1 h
/u ; 0z, Qijrdx = - ({—ZA, wt (upipj)] Qfﬂ,nu>

32
= —%Tr <[H(A, B)—-w™1 (—B ‘p+A+ 2> L (upipj)] QZ‘{M>

BQ
— %Tr ( {Wl <—B D+ A+ 2) Wt (upipj)] @iq,nu>

1 B? dxdp
— =B p+ A+ 2 | fe
7 / |: p+A+ 9 y UP p]:| . n,nu (27Th)3

where we used the cyclicity of the trace and the crucial fact that, by (15),
Onlnu, commutes with the operator H(A, B).

14



Let us now compute [—B p+ A+ %Q,upipj] . From Lemma 4, we

deduce

B? B? B?
[A + o0 /“Lpipj:| =1h <axi (A + 2> pj + Ox; <A + 2> Pi) K,
h

and that

1h3
[B - p, upipjln = oh[B - p, ppipjli — ——[B - p, ppipjls,
4
with
3
[B-p,ppipjli = D _[Bipk, ppipih
k=1
3
= (0, Bept pjp + Oz, Bept pivk — Bi Oy 11 pip;)
k=1
and
3 3
[B-p,ppipjls = D _[Bipk, ipinsls = — Y 00,00, Br, Oy .
k=1 k=1
Hence,
3
—[B - p, upivjln = —Zﬁz (0, Br. pjpk + Oz, By pik)
k=1
3 FLZ
_ zhz <48xi8ijk — By, pip]) Oy 11

k=1

15



We get finally, after an integration by parts,
3
/ 1> 0w, Qijrda
k=1

B? B? dxdp
= - T; A 5 j T A . i by

dxdp
(2wh)3

3
h? dxdp
— —04.0,. By, — Brpipi | 2
/;azk (( 4 azza;tj k kplpj> n,nu) u(zﬂ_h)g
2 2
= —/ (8% <A + 32) nuj + O, <A + BQ> nul> pudx

3
+ / > (0w, Br M + O, B i) pdx
k=1

3 h2
_/Zﬁxk <4n8xi(9ijk — By, Hij> pdz.
k=1

Therefore, since this expression holds true for all function p(x), one can
identify (39).

3
+ / Z (02, B pjpk + O, B pibk) i f i
p}

Proof of Lemma 3.
From (24), we deduce

(gl)i = 8t(diVH)i

3 3 3
= Z Oz, (0¢(nu;) By) + Z O, (nu; Oy By,) + Z 0., 0L By, nuy,
k=1 k=1 k=1
& B2 B2
+ ; O, By Oy (nug,) — Oyn Oy, (A + 2) —1.0y,0; <A + 2) .
(44)
But according to (21), (22), we have
on = —div(nu),
3 3
O(nu;)) = — Z Oz, (nu; Bj) — nz Oz, (uj — Bj)0y, Bj — 0y, (V — A) + O(e).
j=1 j=1

16



So, neglecting the O(g) terms, we get the following relations:

3
O(nu;)Bry = — Z Oz, (nu; Bj) By —n Z Oz, (uj — Bj)0y, Bj By,
j=1
— 10y, (V — A)By,

k=1

3
Za By (nuy) Zax23k< 3 0., (nuy B)) —nZa B) O, B;
= j=1
— 08y (V — A)

and
1 5 1
Ond; <A + 232> ; nuy)0 (A + 232>

which enable to simplify (44) and gives (33).
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