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Abstract. In this work, we propose a Finite-Volume scheme on cartesian grids for the numerical approximation
of some solutions of the Quantum Navier—Stokes (QNS) equations. An augmented formulation is implemented
by introducing an additional drift velocity v, which reduces the third-order quantum operator to a second-order
operator. A set of QNS equations is thus obtained for the density p, the drift velocity v = V log p and the so-called
effective velocity w = u + vv, where u is the fluid velocity and v its kinematic viscosity. This formulation includes
both the case v = 0 (Quantum Euler equations) and v > 0. The originality of our contribution lies in proposing
a scheme that provides some discrete BD-entropy inequalities, similarly to the continuous case, for the system in
(p,w, V). To do this, we consider a numerical scheme based on a time splitting strategy. The first step consists of
a classical first-order Finite-Volume scheme for the hyperbolic part. The second step includes second order terms
and source terms, some of which must be carefully discretized. This step is treated implicitly but only requires the
inversion of a linear system. Discrete BD-entropy inequalities are established in dimension d. Moreover, for d = 1,
this result is extended to so-called k-entropies. Numerical tests in one and two dimensions illustrate the efficiency
of the scheme in several configurations.

2020 Mathematics Subject Classification. 35Q30, 35Q40, 65MO08.
Keywords. Quantum Navier—Stokes equations, Finite Volume method, BD-entropy inequality.

1. Introduction

The Quantum Navier—Stokes (QNS) system corresponds to a generalization of the usual Navier—Stokes
system when quantum effects need to be taken into account, as in certain physical phenomena such as
superfluids evolution, electron flow in semiconductors or Bose—Einstein condensates. It can be shown
that the QNS system corresponds to a limit hydrodynamic model derived from the kinetic description
of a fluid by the Wigner—Fokker—Planck equation, associated with a Chapman—Enskog expansion [9].
In fact, the QNS system is nothing other than the usual Navier—Stokes system, to which a third-order
quantum correction term is added in the momentum equation, called the “Bohm potential”, see the
system (1.1) below. Note that the QNS system can also be considered as a particular case of the
general Navier-Stokes Korteweg (NSK) system derived from multiphase flow modelling, see [8] and
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the University of Lille, the Initiative of Excellence of the University of Lille, the European Metropolis of Lille for their
funding and support of the R-CDP-24-004-C2EMPI project.

https://doi.org/10.5802/jcm.143

© The authors, 2026

43


mailto:caterina.calgaro@univ-lille.fr
mailto:robin.colombier@uphf.fr
mailto:emmanuel.creuse@uphf.fr
https://doi.org/10.5802/jcm.143

C. CALGARO ET AL.

references therein, where the capillarity coefficient and the shear and apparent viscosities are given by
particular functions.

From the continuous point of view, some recent contributions have derived theoretical results on the
QNS and NSK models. For example, the global existence of weak solutions has been established in [20]
for the QNS system in the case of a linear dependent viscosity. In [27] the authors construct global
weak solutions to the QNS system and perform the semi-classical limit to the associated compressible
NS equations. The aim in [7] is to show that a global weak solution of the QNS system (which is
also a dissipative solution) converges to a dissipative solution of the quantum Euler system. In [8] the
exponential decay of the solution towards a stationary state has been studied for the NSK system
with a drag term. In all these papers, the starting point is a so-called Bresch-Desjardins (BD) entropy
inequality (see Proposition 10 in [20], Introduction and Appendix A in [27], Propositions 3 and 4
in [7] and the assumptions of Definition 2 in [8]), initially coming from a seminal work from Bresch
and Desjardins [4, 5]. In order to establish the BD-entropy inequalities, the authors introduce a new
variable w corresponding to the so-called “effective velocity”, defined as w = u+ vV log p, where u is
the fluid velocity, v its kinematic viscosity and p its density. Note that such BD-entropy inequalities are
also needed in other contexts, such as the study of the existence of certain solutions of the compressible
NS system with degenerate viscosities, see Remark 2 in [6] where an estimate of k-entropy is provided.
For a recent survey of the vast bibliography devoted to global existence results for the NSK and QNS
systems, we refer in particular to the introduction in [8].

In this paper, we focus on the numerical aspects of approximating the solutions of the QNS system.
The main difficulty lies in the presence of the Bohm potential in the momentum equation, which
corresponds to a third-order term, increasing the complexity of the numerical scheme used to obtain
approximate solutions. Several methods have been proposed in the literature for NSK and/or QNS
systems. One possibility is to discretize the original system directly. In this case, we can cite, for exam-
ple, the use of H?(Q)-conform elements associated with a variational formulation for approximating
the isothermal NSK system [21], the use of some C' — B splines associated with a least squares method
for calculating multiphase flows using the NSK equations [29], or a finite difference method in a 1D
stationary case of the QNS system [24]. A second way of proceeding is to introduce several additional
unknowns, in order to obtain an augmented system of first order only, allowing the use of standard
classical finite volume or discontinuous Galerkin methods. In this case, we can cite, for example, the
reformulation of the defocused nonlinear Schrédinger equation [10, 13], the approximation of the NSK
equations for modeling the dynamics of a compressible fluid [11, 12, 15, 32] or the thin films flow
simulation subject to capillarity and viscosity [14]. A third possibility is to introduce a new variable
v = Vf(p)/p where the function f must be specified and to add to the original third-order system
an additional equation, allowing it to be reduced to a second-order one. Examples include the surface
tension approximation of the shallow water system [2], the Euler-Korteweg equations [3], the NSK
system using a relaxation technique [23, 26, 30], or the surface tension modeling including the full
curvatuves of the free surface [31]. In this work, we focus on this third possibility for the QNS system.
The barotropic Quantum Navier—Stokes equations reads for ¢ € ]0,7] and x € Q as:

Op + div(pu) = 0, (1.1a)
dr(pu) + div(pu @ u) + Vp(p) — 2e2pV (A\/\;ﬁ> + rpu = 2vdiv(pD(u)), (1.1b)
Plt=0 = po,  (pu)je=0 = pouo. (1.1c)

Here, T > 0, Q = T? is the torus in dimension d (1 < d < 3), and u ® u the matrix with components
uju;. The function p(p) = p? with v > 1 is the pressure, and D(u) stands for the symmetric part of
the velocity gradient, namely D(u) = (Vu+ V7u)/2. Finally, the physical parameters are the reduced
Planck constant € > 0, the viscosity constant v > 0 and the drag coefficient r > 0.
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We introduce the energy & of the system corresponding to the sum of the kinetic, quantum and
internal energies as:

_ [P 2 2 2 P’
E(p,u) = /Q 5 (\u| +e*|Vlog pl ) + - 1dX. (1.2)
Using a formal computation, we easily obtain:
d
é(p, u) + 1// p|D(u)?dx + r/ plul?dx = 0. (1.3)
dt Q Q

In addition to the energy estimate (1.3), a BD-entropy equality can be proved. Introducing
v = Vlogp, the drift velocity, (1.4)

w = u + vv, the effective velocity,

and defining the BD-Entropy E. by :

Ee(p,v,w):/ e<(p, v, w)dx (1.6)
Q
where
_P 2 2 2\ (4,2 P’
ee(p,v,w) = D(IwP + (&2 +17)v?) + S vlogp, (1.7)

it can be proved that

dF,
=(p,v, W) —l—y[/ 'ypv_Z]VpIde—i—aQ/ p\Vdex—i—/ p[Vu]de} —l—r/ plulfdx =0.  (1.8)
dt Q Q Q Q

The proof of (1.8) in the case r = 0 is available in [20] (see Proposition 10) for the barotropic
compressible QNS problem or in [7] (see Proposition 4) for the more general Euler—Korteweg and
Navier—Stokes—Korteweg systems. The generalization to r # 0 is straightforward. We emphasize in
particular that, based on the definition of v in (1.4), the authors have made extensive use of Vv = V7v.

The main objective of this paper is to propose a Finite-Volume scheme that satisfies a discrete BD-
entropy inequality. It should be noted that the discrete counterpart of the continuous inequality (1.8)
cannot be guaranteed since, in discrete form, the symmetry of the gradient of v does not hold. Nev-
ertheless, we propose to reformulate the system (1.1) in terms of variables (p, w,v), in order to derive
another discrete BD-entropy inequality, such that entropy reduction is also guaranteed in the discrete
case. It should be noted that the originality of our contribution compared to [2] and [3] lies in the
fact that we derive a discrete BD-entropy inequality instead of an energy inequality. To achieve this
goal, the system of equations is reformulated in terms of the variables (p, w, v) instead of the variables
(p,u,v). In the numerical part, several tests are performed to prove the correct behavior of the scheme
in several physical and analytical configurations, as well as the consistency of the calculated solutions
with those of the initial third-order system (1.1).

The paper layout is as follows. Section 2 is devoted to deriving the new entropy inequality that will
replace (1.8), since when the system is discretized, the identity Vv = V7v can no longer be used.
Although the approach is almost the same as in [20] and [7], the proof is given in a specific form, in
order to be used as a guide for the proof in the discrete case. It begins in particular by reformulating the
system in terms of variables (p, w,v). Next, Section 3 describes the proposed Finite-Volume scheme
with the definitions of the discrete operators. It is based on a time splitting, enabling us to deal
successively with the hyperbolic and parabolic parts of the system. Section 4 establishes the discrete
BD-entropy inequality, leading to the Theorem 4.4 which constitutes the main result of the article.
Section 5 is devoted to the special case d = 1, for which the BD-entropy inequality can be generalized
into a so-called “k-entropy inequality”, see the Corollary 5.2. Finally, Section 6 is devoted to numerical
benchmarks, in order to underline the efficiency of the proposed numerical scheme. We first present

45



C. CALGARO ET AL.

some 1D tests from [13], namely the one-dimensional “gray” soliton as well as the dispersive Riemann
problem. Next, we propose a 2D benchmark to illustrate the accuracy of the numerical scheme.

2. The continuous BD-entropy equality

2.1. System reformulation

As already mentioned in the introduction, our goal is to provide a numerical scheme designed to
approximate the solutions of (1.1), while allowing to obtain a discrete BD-entropy inequality which
consists in the discrete counterpart of (1.8). To do it, we first reformulate the system (1.1) in the
system (2.1), which constitutes an equivalent one in the (p, w,v) variables:

Op + div(pw) = vAp, (2.1a)

dr(pw) + div(pw @ w) 4+ V(p(p) + rvp) = vdiv(w @ Vp) + (2 — 1) div(pVTv)

‘ (2.1b)
+ vdiv(pVw) — rpw + 2rvVp,

Or(pv) + div(pv @ w) = vdiv(v @ Vp) — div(pV? w) + v div(pVv), (2.1c)
Pi=0 = pos  (pW)ji=0 = powo,  (pPV)ji=0 = PoVo- (2.1d)

Let us note that equation (2.1c¢) is nothing else but the gradient of equation (2.1a). Introducing this
new unknown v allows to decrease the degree of the system, and to obtain a second-order system
easier to solve from the numerical point of view. From the definition of v in (1.4), we also replace Vv
by VIv in (2.1b) and Vv by Vv in (2.1c). Moreover, let us note that we could substract the value
of rvVp in the left and in the right-hand sides of equation (2.1b), since it appears in both of them.
Nevertheless, for numerical reasons to be explained later (see Remark 2.3 below), the system (2.1) is
left in this form.

2.2. Continuous BD-entropy equality
The system (2.1a)—(2.1b)—(2.1c) takes the formulation:

U 4+ divF(U) =divM(U) + S(U) (2.2)
where
p pw 0
U=|pw |, FU)=| pww+pplyg+rvely |, SU)=| —rpw+2rvVp |,
pv PV ROW 0
and
M(U) = My(U) + Mz(U),
with
0 Vp
Mi(U) = | (2 =vH)pViv+rvpVw and M(U)=v| w®Vp |. (2.3)
vpVv — pVTw v® Vp

We give now the proof of the entropy equality (1.8), by a specific way which will be used as a
guideline for the discrete developments in Section 4.
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Lemma 2.1. Suppose that (p,w,Vv) is a strong enough solution of (2.2) and that the entropy E. is
defined by (1.6)—(1.7). Then, we have

dFE.
dt

(p,v,w)—ky{/ 'yp7_2Vp2dx—|—82/p|Vv|2dx+/p]VW—VVTV|2dX]
Q Q Q

+ 7“/ plw —vv|?dx = 0. (2.4)
Q

Proof. Without loss of generality, the proof is given for d = 2. Defining U = [Uy, Us, U3, Uy, Us]T =
[p, pwy, pwa, pv1, pvo]T, we first observe that:

U2+U2+(2+12)(U2+U2 Uyt
— OB ) 4 30 4 (1 + log(U0))

v B UQ/Ul

vee(U) = Us/Uy . (2.5)
(62 + V2)U4/U1
(62 +V2)U5/U1

Then, we define F} and F5 by

U2 U3
U22/U1+UY—|—’I”I/U1 U2U3/U1
Fl(U) = U2U3/U1 and FQ(U) = U32/U1+UY—|—7“I/U1 , (26)
UsUy /Uy UsUs /Uy
U2U5/U1 U3U5/U1
so that div F(U) = 01F1(U) + 02F>(U). We also define Gy and G by:
U U.
G (U) = ;(eg(w + U] +rU;) and  Go(U) = is(eg(U) + U] + rvly). (2.7)
1 1
Then it can be easily proved that:
(Vue-(U)'VuFi(U) = (VuG(U)T  fori=1,2, (2.8)
leading to:
(Vye(U)T div F(U) = div G(U),
so that:

/Q (Vue (U) div F(U)dx = 0. (2.9)
Now we have :
[ (Vo))" divan @)ax
- /Q{ [(62 _ 1/2) div(pVTv) + Z/div(pvw)} W+ (62 + 1/2) [u div(pVv) — diV(pVTw)} ' v}dx

= / {(62 — 1) div(pVIv) - w — vp|Vw|? — (2 +1?) [1/p|Vv|2 + div(pVTw) - v] }dx.
Q

Using the usual notation A : B =37, A; ;B;; so that A : AT = i A?j = |A|? is the square of the
Frobenius norm, we have:

/ div(pVTw) - vdx = —/ pVTw : Vlvdx = / w - div(pVT v)dx. (2.10)
Q Q Q
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Consequently we obtain:

/Q (Vuee(U))T div My (U)dx

J
J

J
Moreover:
[ (Vo))" diva0)ax

—vpe?|Vv|? - 1/p(|VW|2 + 1/2|VTV|2) — 202 div(pV7Tv) - w}dx

2

2

{
{ —vpe?|Vv|? - 1/p(|VW|2 + 2|\ VIvP? —20VTv . VTW>}dx
{

—vpe?|Vv|? — vp|Vw — I/VTV|2}dX. (2.11)

)

= [ {5 0w + @4 0AvE) + o rwa + dogo) v

+vdiv(w @ Vp) - w + v(e2 + %) div(v ® Vp) - v}dx.
Using now the fact that for any a € R? we have:
/ (div(a ® Vp)) - adx = / la|?Apdx,
Q

we obtain:

A
[ (v divdta@yax = [ {58 (1w + (4 02 vE) = 2P
Q Q

Vp
ryp p‘ /|w| Ap + (e + 2 /|v| Ap}
= [ (= v 2190 — ol hx (2.12)
Q

Now, it remains to evaluate:

/Q(VUea(U))TS(U)dX_/{ rpw+27“1/pvf} wdx

ol T o

_ / —rp{jw — v — 2 |v]P}dx (2.13)
Q
From (2.11), (2.12) and (2.13), we obtain:

/Q (Vueo(U) (div M(U) + S(U))dx

- — /Q {1/*}/p7_2|Vp|2 + vpe?|Vv|? + vp|Vw — Z/VTV|2 + rplw — yv|2}dx. (2.14)
Finally, from (2.2), (2.9) and (2.14) we have:
/Q(VUe{.:(U))T&gUdX =— /Q {V7p7_2|Vp|2 + vpe?|Vv|? + vp|Vw — Z/VTV|2 +rplw — yv|2}dx
so that (2.4) holds. |
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A BD-ENTROPY INEQUALITY PRESERVING FV SCHEME FOR THE QNS SYSTEM

Remark 2.2. Clearly, in the continuous case, definitions (1.4) and (1.5) and the symmetry of the
gradient of v allow us to obtain the equivalence between (2.4) and (1.8). But in the discrete case
VTv # Vv, which is why we leave the result of Lemma 2.1 written in this form.

Remark 2.3. Let us note that the addition of rvpl; in the second component of F'(U) - and, conse-
quently, the addition of rvVp in the second component of S(U) - is necessary to obtain the entropy -
entropy flow pair (2.8).

3. The finite volume scheme

In this section, we aim to define a finite volume scheme for the numerical approximation of the
solutions of (2.1) in the case d = 2 where Q = [a,b] X [¢,d] is a rectangle and where system (2.2) is
considered with periodic boundary conditions. For (N7, N2) € (N*)? we define hy = (b — a)/N; and
ho = (d — ¢)/N2. We then define h and the regularity-mesh coefficient 7 as

hi h
h = max(hy, ha) and 7 = max(l, 2), (3.1)

ha’ hy
where 7 is supposed to be uniformly bounded when the mesh is being refined. For Ny € N*, we define
At = T/Nr and t,, = nAt, 0 < n < Np. The unknown ;' ; is the approximated value of a(tn, Xi ;)

With Xi’j = ((.7}1)2‘, (ZCQ)j)T, (xl)z = ihl — h1/2 (1 S 7 S Nl) and (.TUQ)]' = th — h2/2 (1 S] S Nz).

3.1. Time integration

From the knowledge of U™ corresponding to the time approximation of U(t,), we define U"*! by
considering two successive steps, following the same principle as in [2, 3].
First, the hyperbolic step, which is explicit :

U"ts —un
At
Then, the parabolic step associated to the source term, which is implicit :

+div(F(U™)) = 0. (3.2)

Un+1 o UnJr%
At

Let us note that the parabolic step (3.3) remains linear. Indeed, according to the first component of
Untl S(U™t) and M(U™H), the computation of p"*! can be done independently of the other part
of the system.

= div M (U™ + S(U™). (3.3)

3.2. Hyperbolic step

The hyperbolic step (3.2) is computed with the use of a classical Rusanov scheme, namely:

oo ((a)ﬁ;,j};(m)?;,j N <F2>;fj+;};<F2>2j;)7 i N <N (34
with
(Fl);:_%J _ Fl(U{Lj) +2F1(Uﬁ~_1,j) B (kergiil}(cl)z,j> < ﬁs-LjQ— UZ}j)’
(F2)ijes = Pl +2F2(U£j+1) - (ker{rgl%}%}(@)z"c) (UﬁjH; ir}j)’
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with

n_ (|W2)E
(Cl)k,j - (‘ (Ul)

and where F; and F, are defined by (2.6). The stability of the scheme is ensured under the CFL
condition

\/’Y ((U1)i ;)7 1 —|—rv> (c2)in = (‘EZ?;Z’C + \/'y((Ul)Zk)v—l _|_W>,

ik

cAt < h, (3.5)
with

c= max{max{(cl)”, (c2)i;}}  and  h=min(hy, ha).
7‘7

Let us note that under the CFL condition (3.5), the positivity of pn+% is ensured.

3.3. Parabolic step
3.3.1. Operators definitions and numerical scheme

In order to define the numerical scheme devoted to the parabolic step, we define some generic discrete
operators, where in the following a; ; and 3; ; are discrete scalar quantities, and a; ; = ((a1)i j, (a2)i ;)T
a discrete vectorial one, 1 <7 < Np, 1 < j < No:

Qij T Qitlj Qij T Cijt1

a’i+%,j = 2 ) ai7j+% = 9 (36)
Gyl = \/%+d%41-1> Qjjpl = /010 1511 (3.7)
(010); 11 5 = @ig1j — i, (0200); 41 = @ijp1 — Qi
a1 :(018);01  —o,_1.(018),_1
(O1(01P))i; = T2 T2 2 22 2 (3.8)
1
a; .. 1(028); ;01 —a,; . 1(628), 1
(O2(02p3))i; = CAs CAs % C C (3.9)
5
asz,jJrl((Slﬁ)sz 41 ai,lyj((;lﬁ)ifl’j
(02(@d1P)); 1 ji1 = e 2 (3.10)
ai+1,j—l(526)i+1,j—l - ai’j_l((SQB)i,j_l
(01(ad2f))ip1 5 1 = : hth 2 2 (3.11)
(O10); 15— (1)1 (820); 5,1 = (820); 5
div(Va)i; = (Aa);; = [ 3 7 J A z ! ] (3.12)
. ~_ (01(a1010)ij + Oa(a10200);
div(a ® Va),; <81 A o v (3.13)
. o 81(0581&1) + 82(0&32&1) i,
div(aVa); ; = (81(0481@2) - Oy(adaaz); 5 (3.14)
61(0481&1)@ (0481&2) _1 1
div(aVTa); ; = i=3.J+3 3.15
iv(aV*©a) J (31(Oéa2a1)i+;,j . 82(&82&2)” ( )



A BD-ENTROPY INEQUALITY PRESERVING FV SCHEME FOR THE QNS SYSTEM

The discretization of Vp arising in the definition of S(U) is given by:
—(010),_y ; —020),; 1\ "
Pi,, T3 Pi, s
(Vp)ij = ( ,a._i e - B, ._Jl h; 2) ) (3.16)
1=5.] HLIT Y
where ﬁi_%d € |pi—1,j, pij| and ﬁi,j—% € |pij—1,pi ;| are defined by:

20 log(piy) — log(pi-1,5)

piJ — pimj_l (317)

and p. . 1= .
Pii=s ™ log(piy) — log(pij1)

Finally, for the discretization of the pressure term we define p; 1, € 1pi—1,pij[ and p, -1 €
27 ’ 2
1pij—1, pi ;| respectively by:

—1 -1 -1 -1
o 1 oply =i O . R v
pl 1. = and p/ 7 = . (3.18)
=3 (y—=1) pij— pi-1; W=z (v =1) pig— pij-1
Kﬁ:jﬂ
i+ 3
(x2)j+% ai,j+%
0627]
(2)j ~=====-F--==-~-~ r—-® it

+ &
(SIS

(1172)]'7

Yit1,5-1

FIGURE 3.1. Notations for the discrete scalar quantities corresponding to (3.6)
and (3.7).

Remark 3.1. While the discretizations (3.8) and (3.9) are rather classical and expected, the discreti-
zations (3.10) and (3.11) arising in (3.15) are less so. In the particular case where « is constant, it can
be easily shown that (3.10) (resp. (3.11)) corresponds to a discretization of the continuous operators
at point Xi_%,j_% (resp. at point Xi+%,j—%) to order O(h?). If « is not constant, we introduce the

geometric mean given by (3.7) (see Figure 3.1 where & (resp. & belongs to the red (resp. blue)

i+3. ij+1)
line). As we shall see, this choice is necessary to derive the discrete entropy inequality. In Appendix A
we show that (3.10) and (3.11) correspond to discretizations of the continuous operators at point X ;

to order O(h). Another possibility, instead of (3.10) and (3.11), would have been for example the more
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expected one, similar to the one in Section 3.2 of [2] but on a smaller stencil:

a;, 1. 1(018), 11—, 1 .(6018), 1.
i 3.J+1 1—5,5+1 1—5,] 1—=35,J
ai—&-l,j—%(é?ﬁ)z’—s—l,j—% - ai,j_%(525)i,j—%

hiho

(01(a2)) i1 j_1 =

Nevertheless, with such a choice it would not have been possible to obtain (4.10) in the proof of
Lemma 4.3 (see below). Moreover, as we shall see, the way to discretize the gradient of the density
in (3.16) is also necessary to derive the discrete entropy inequality.

We can now define the numerical scheme allowing to perform the parabolic step (3.3). First of all,
the value of p"*! is computed by solving the heat equation, which corresponds to the first component
of (3.3):

Pt UAK AP =9l 7, 1< i< N, 1< j < Ny (3.19)

" and v 1 <i < Np,1 <5 < N

Then, we solve the remaining system in order to compute w; p
9. I

pzjlw?jl _ At[(EQ _ y2) div(pnﬂvTvnH)M + ydiv(p”HVW"H)iJ

1 1
n+s Ntz

+vdiv(w"tt @ Vot — rp?jlw”*l} =pi; w0+ 2rv(Vp™ 1) (3.20a)

1,7

ijIVZjl — At {y div(p”HVv"‘H)M — div(p”HVTW"‘H)M + vdiv(v"l @ Vp"“)i,j}

1 1
n+s5 n+s
2y, . 2
B piJ 2%

(3.20b)

Remark 3.2. Note the presence of terms in V7 in (3.20) that correspond to the discretization of
My (U) in (2.3). According to [7] (see (24)-(25)-(26)), we can read the term V'u = VI'w — vV7v in
the equation for v. In Lemma 4.3 below, we will see that the term VZ'w in (3.20b) cancels out with
V7Tv in (3.20a). This could not be done if we had left Vv, as in the original system. Finally, replacing
Vv with V7v in (3.20b) would prevent us from obtaining the Frobenius norm |Vv|? in the discrete
counterpart. This is why we did not leave V''v, as in the original augmented system.

Remark 3.3. The matrix M of the linear system (3.20), expressed in term of p"*! Vo1 v ¢ and
r, takes the following form:

M =T+ AtC. (3.21)

In the case v = 0, corresponding to the quantum Euler equation, we can show that C' is similar to an
anti-symmetric matrix. Consequently, the real part of all the eigenvalues of M is equal to 1, so that M
is invertible. In the case v > 0, according to (3.21) it is clear that M is invertible provided that At is
sufficiently small. Note that in the case € > v > 0, numerical simulations suggest that, as in the case
v = 0, the real part of all the eigenvalues of M always remains larger or equal to 1 (see Appendix B),
so that M is invertible. As explained in [1] (see Corollary 1.2), this regime corresponds to the case for
which the wave energy of a quantum particle with a given frequency in the BGK model is larger than
the kinetic energy of a particle which crosses the domain in time 1/w. Consequently, the configuration
€ > v > ( corresponds to an upper bound for the collision frequency, which is physically meaningful
to preserve the quantum behavior of the particles.
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4. The discrete entropy inequality

4.1. Hyperbolic step
Let us define the discrete BD-entropy Ea(dis) by:
EY(U) = hihy Y e.(Uyy),
2%

where e is defined pointwise by (1.7).
Lemma 4.1. Suppose that Unts s defined by (3.4). Then we have:
Eédis)(Un-i-%) < Eédw)(Un) (4.1>

Proof. Defining G;(U) and G2(U) by (2.7) and thanks to (2.8), it il clear that (e., G) constitutes an
entropy - entropy flow pair. Consequently, under the CFL condition (3.5), the Rusanov scheme (3.4)
is entropy dissipative, in the sense that it satisfies the following discrete entropy inequality:
" GU, )= Gi(UT, ) GaUM )~ Ga(UT )
ee(U; +2) <e(U;) — A ( b L - 20 Jt3 - JT 3 ’
1 2

1,J J

1§ZSN171§J§N27
where G1(U” , .) (resp. G2(U™.  ,)) is the entropy numerical flux associated with (Fy)" , . (resp.
i+5,7 ihj+3 1+3.0

(Fg)’;j N ). Consequently, and thanks to the periodic boundary conditions, (4.1) holds. ]

1
2

4.2. Parabolic step

We first establish Lemma 4.2, which constitutes the discrete counterpart of (2.10). Let us note that
this result is proved in [2], but for another choice of discretization that ours. In particular, their way
to evaluate the cross-derivatives is not similar to the choice we did in expressions (3.10) and (3.11).

Lemma 4.2.

Y div(pVIv)ig - wij =D div(pVI W) - viy
i i

Proof. The proof of Lemma 4.2 is given in Appendix C. |

Lemma 4.3. Suppose that U™t is defined by (3.19)(3.20). Then we have :

Eédis)(Un+1)+At(Tp(Un+1)+TV(Un+1)+Tu(Un+1)+Tr(Un+1)) SEE(dzs)(UnJr%) (4'2)

(52p)i,j—% ?
Sl

2 (5lvk)ifl j 2 (52Uk)ij,l 2
[2¥}
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with:

2

(51/))@_1 2
Tp(U) = vvyhihs Z |:ﬁ7_2 (2’]> + /“)’7_2
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Grwn)i_r;  (Gv1)_1 )\
Tu(U) = Vhlhgz I:pi_§7j< hl 2J v i 27])

.3
2
. (1 /pi,jfé(éﬂul)i,j—% ,/Pi;,j(5lv2)i;,j)

ha s h
2
\ /pzé%,j(élwz)i—%,j ,/pi,jfé((S?Ul)i,jf%
+ -V
hl h2

N (52“)2)1‘,]'—% (9202); -3 ’
pld*f hg v h2

and

v 1\’ o). 1\ 2
T(U) =rhahy 3 piy ((wl)m‘ - %) + ((wz) i %) .

i ha, /PiiPij— 1

Proof. First of all, since e. defined by (1.7) is a convex function in the variable U, we have:

ntl
e (U < e (US2) + (U~ U )VUeE(U”H).

Then, from (2.5), (3.19) and (3.20), we have:

1
St - U;fj*2) Ve (U = At Z A
i?j
where, neglecting the superscript n + 1:

vy -1
Al = E ,0;’ (
,Y _ 1 ZJ 5J

AQ = V€2 Z diV(pVV)Z'J . Vi,j

2%
Ay = VZ(diV(pvw)i,j Wi+ V2 div(pVv); - vij — VdiV(pVTV)iJ‘ “Wij — VdiV(PVTW)z‘,j 'V"J)
i,
Ay =r Z ( (Ap)ii(1+log(pij)) + ZWZ,J —Pij Wi+ 2V(VP)i’j)>
7]

=—v Z( (Ap) ,J’Wu| —div(w® Vp);; - Wi,j)

1 )
Ag = —v(?+17) Z(Q(Ap)i,ﬂvi,ﬂQ —div(v® Vp)i; - Vm‘)

2

A7 = 82 Z(div(vaV)i,j : Wi,j - diV(vaW)i’j . V@j) .

0,
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Now, it remains to evaluate each of the quantities Ay, 1 < k < 7. From the definitions (3.12) and (3.18),

we have:
vy

= vy (61,0)1’—&-% J (61/))1——,] pﬂy_l " (52/0)1'7]‘4_ (52,0) 7]_7 p'y—l
’y - 1 7’7] h% b h2 1,
Y — 1 i h% h%
2 2
= —V’yz P2 % + 12 %
ij i3 hy i3 ho

T,(U)
o ' 4.

ke (43)

Then we have:
Ay = ve? Z div(pVv);j - Vi

,J
2 _ _
Pivt (0108); 1 s —pi_1 (O1vg),_1 . p; i1 (O20k); i1 — p; i 1(02vk); -1
e ZZwk)i,j( T gy B PR Rk P
k=1 i,j
9 2 (51%)1—5] ? (62Uk)ij—% ?
= —Ve . | —2 + 0w 2
kguzg: Pt ha Pii=s ha
Ty(U)
— . 4.4
i (4.4)
From Lemma 4.2, we have:
= VZ(diV(pVW)i,j "W+ v? diV(pVV)Z’J “Vi— 2v diV(vaV)iJ . W@j). (45)
%,J
We can write:
Pipd j(O1wi); 1 s —pi1 (Sr1wk);_1
ZdlvprU Wi = ZZ[wk ,]( 3] 2]h2 3 3:J
2,] k=1 1,5 1
pi,j+%(52wk)i7j+ pz,‘]——((52wk’) -1
+ 2
h3
= A3 + Az (4.6)
with
pi 1 (Gw1)? 1 p1(Sewn)?
Any = _Z =320 1=35,] T Ll—3 hJ—5
31 — h2 h2
ij 1 2
and
Pil (51102)2 L 1 (Bown)?
A =-3 (= R 73
32 h2 h2 .
i,j 1 2
Similarly,
v? Zdiv(va)m‘ v = Asz3 + Az (4.7)
%,J
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with
10?7 p 1 (02v2)?
Asg = —1/? Z( —24 4 e n2 o
ht 2
and
10?1 (Gavn)?
A34——VZZ< —2) W 72 i
ht 2
Moreover,
- 21/2 diV(vaV)iJ‘ * Wi j
1,7
Pi+17j(51211),-+1’j - pi_l’j(élvl)i_ld
:—QUZl(wl)i,j< 2 2 2 2 :
i, 1
,/pi—%,j—ﬁ-lpi,j-i-%(617}2)1‘—%,]'-&-1 - Pi—%,jpi,j—%((slw)i—%,j
+ hiho
,/pi+1,j—%Pz‘+%,j(52@1)i+1,j—% —\/Pig-iPil J(52vl)z j—1
+ (w2)i,j Il
Pi ]—‘,— (521}2)1 j—',— P j——(éQUQ)z ]—7
2
= Aszs + Asg (4.8)
with
pi_1 i(61wr); 1 ;(G1v1); Pij—1(62w2); ; 1(02v2); 5 1
A35_2yz<z j zh2j A j+ )= 3 1}522 %]~ 3
1 2
and
ey JPin 1P -1 (01v2); 1 5 (d2wn); 5o 1oy 1 (G1we); 1 (Gav1); 5
0= hiha * hiha ‘

Consequently, we have

Az + Asz + Ass
(d1w1);-1 5 (01v1);_1 2 (6owa); ;_1 (62v2); ;1 2
== pi_;,]( 2y 2”) +pm_< T2y J 2) , (4.9)
]

hl hl
as well as

2
Pij— 1 (Gawn); 5 1 pi—1 ;(0102); 1
Agy+ Ay + Azg = — > (\/72 : 2 >
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Finally from (4.5), (4.6), (4.

7) and (4.8) we have

6
A3 =V Z A3k7
k=1
so that from (4.9) and (4.10) we obtain
Tu(U)
A = . 4.11
= -2l (.11

From the definitions (3.16) and (3.17), we have:
Ay =1 (8p)ig (v2 (1 +log(pi )+rzwm
i,J

(14 1og(pij))

(51p)z—% 7

—pijWij +2v(Vp)i ;)

n (520)i7j+%

—r Z <(51p)i+§vﬂ' B

nt

- (52p)i7j—%
h3

17]

—(01p);_1 (02p); 51
— p (w02 + (W) + 2wy |22 4 () [P ——
i—1 .5 1 Pij-1 ha
2 2
) ((51p)i§,j(log(pi,j) — log(pi-1,5)) . (02p); ;1 (log(pi ;) — 1Og(m,j—1))>
—V
hi h3
(610);_1 —(02p); ;1
— i 2 2 Pij 1735 9 . Pi,j 4J—3
Pi,j ((wl)zﬂ + ( ) ) + V(wl) 1,J Pi_éd hl + I/(w2) »J ﬁi,j_% h2
01p)? 1 - 2w(wy)i(d1p); 1 ;
_ 2J 3] +(w1)12,j

I/2
—TY i
i

2
hlpz,JPi—%,j

hy, /pi,jﬁi_%,j

(52/)) -1 2y(w2)i,j(52p)i,j—% T (wp)?
_ _ ws)?;
h2Psz J-1 ha, [PiiPij—1 ’
2 2
Z (510) -1 + () V(52p)i,j—%
=1 pij| | (wi)ij — w2)ij — =
h1,/Pi,gPi,§7j h2,/m,jpi,jf%
Tr(U)
e (4.12)
We write:
1
B > (Ap)ijlwi sl
(2%]
1 ) ) (519)%% — (519)#14 (529)1'471 - (52P)i,j+l
=73 - [((wl)i,j + (wZ)z‘,j)< : 72 2=+ 2 2 2
1 2 (51P)Z,l J((wk)%,j (wk)z—l j) (62p)zjf—((wk) i+ (wk) 1,j— 1)
— _QZZ[ E 2 , o (4.13)
k=1 i,
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and moreover

div(w ® Vp)ij - Wi

[ (wk)i+%,j(5lp)i+%] (W) (51/))
Wi 6,7

=> 2| 2

k=1 i,
(Wk); 41 (020); 541, — (wk)i,jé((s?p)i,j;,]

+(wg )i

h3
2 (wi); 1 ;(01p); 1 ;Orwp); 1 5 (wi); 5 1(d2p); 5 1(Sowp); ;1
=22 : + 2
P hi h
=1 17 2
1 01p);—y j((w)i; = (wr)iy ;) (O2p); 1 ((wi)f; — (we)?; 1)
Yy [ 2 n 2 r . (4.14)
k=1 2,5
From (4.13) and (4.14), and similar calculus, we obtain
As=0 and Ag=0. (4.15)
Finally from Lemma 4.2, we get:
A7 =0. (4.16)
To conclude, from (4.3),(4.4),(4.11),(4.12),(4.15) and (4.16), it is clear that (4.2) holds. [ |

4.3. Complete scheme

Theorem 4.4. Suppose that Unts s defined by (3.4), U™ is defined by (3.19)—(3.20), and that the
entropy E. defined by (1.6)—(1.7). Then we have :

Eédis)(Un-‘rl) +At( (Un—H) + T, (Un+1) + Ty (Un—I—l) + T, (Un—I—l)) (dzs)(Un)
where T,,(U), Ty(U), Tu(U) and T,(U) are defined in Lemma 4.3.

Proof. Direct consequence of Lemma 4.1 and 4.3. |

5. The one-dimensional case : the k-entropy inequality

In this section, we investigate the particular case d = 1, where the previous results can be generalized
to the so-called “k-entropy” inequality. Indeed, instead of defining w as in (1.5), we can for any
k € (0,1) define w by:

W =u+ 2Kkvv.

In this case, the system (2.1) takes the more general formulation:
Op + div(pw) = 2k Ap, (5.1a)
O (pw) + div(pw @ w + (p(p) + 2rxvp)la)
= 2ukdiv(w ® Vp) + 2v [div(,oD(w)) — mdiv(pVTW)} +4revVp  (5.1D)
— 4k1? {div(pD(v)) - /idiV(pVTV)} —rpw + 2 div(pVv),

A (pv) + div(pv @ w) = 2kv div(v @ Vp) — div(pVT w) + 2kv div(pVT v). (5.1c)
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A “k-entropy” inequality can be found. Namely, defining this time the x-entropy by

EY (p,v,w) :/Qeg’“)(p,v,w) dx

where

v
el (p,v,w) = g(|w|2 + (€2 4+ 4r(1 — H)y2)|v|2> + % + 2rveplog p, (5.2)

it can be proved that there exists C, , > 0 only depending on v and ~ such that:

dE)
d7;(/),v,w)—i—Cy,,§ [/ ’yp7*2|V,o\2dx+52/ p|Vv|? dx+/ p|Vu]2dx} —|—r/ plul?dx < 0. (5.3)
) Q ) )

The inequality (5.3) is available in [8]: see (6) given in the Definition 2, using p(p) = p?, u(p) = vp,

A(p) = 0 and K(p) = 1/p. Unfortunately, the constant C,, is no more explicit, and the proof of
Lemma 2.1 is no more valid. Indeed, instead of v div(pVw) arising in the right-hand-side of (2.1b) in

the case K = 1/2, we have the more general formulation 21/{diV(pD(W) — HdiV(pVTw)} in the right-

hand-side of (5.1b) and the sign of v(1 — 2k) [, div(pVT'w) - wdx can not be controlled. Nevertheless,
in the particular case d = 1, system (5.1) becomes:

U + 0, F(U) = 8,M(U) + S(U), (5.4)
where
B p o pw o 0
U=|pw |, FU)=| pw?>+pp)+2rkvp |, SU)=| —rpw+4rkvdp |,
pv pVW 0
and
o 2kV0,p
MU) = | 26vwdep + (€2 — 4k(1 — Kk)v?)p0pv + 2(1 — K)vpDpw
2kvv0yp — POy w + 2KV POV

Consequently, it is easy to check that the proof of Lemma 2.1 can be adapted to the case k € (0,1)
since for any function from R in R, the V and V7 operators both reduce to the 9, one, so that the
following result can be proved:

Corollary 5.1. Suppose that (p,v,w) is a strong enough solution of (5.4) and Q = (a,b). We further
define u = w — 2kvv. Then, for any k € (0,1) we have:

(k) b
E
(o) + [ 2 0up)? + 20,0 + 21— Wp(@)? + rpu) de =0, (5.5)

Defining now the discrete k-entropy at time t, as

Ny
BT = by Y (U7, (5.6)
i=1
and proceeding in the same manner as in the proof of Theorem 4.4, we can easily show the discrete
counterpart of (5.5).

Corollary 5.2. Suppose that U3 and U™ are computed in 1D in the same manner as in the 2D

scheme developed in Section 3, and that the k-entropy Eén’dis)(ﬁ") is now defined by (5.6). Then we
have:

ESH @) + AUT (U™ + T (U™ + Tu(U™H) + T(U™H)) < B0 (5.7)
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where:

o [ (01p);_1 2
T,(U) = 2kvyhy Zﬁj_f (}”2> )
- 2

~ o~ 9 (51“)1'—1 2
T,(U) = 2kve“hy Zpi_% TQ ,
i ].

- (Grw);_1 (10);1)°
Tu(U)ZQ(l—Ii)Vhlzpi%< W 1% I 2) ,

2k1(81p);_1 ) i

T(0) = rin Y pi [ wp — i
() m;p<w o

6. Numerical tests

6.1. 1D-benchmarks
6.1.1. The one-dimensional “gray” soliton

In order to verify the efficiency of the scheme, we aim to reproduce results presented in [13], starting
from the nonlinear Schrédinger equation :

0,0 + %A\IJ — (¥ =0, (6.1)

where f is a function of |¥|? caracterizing the nonlinearity of the equation. It can be rewritten in
an hydrodynamic formulation using the Madelung’s transform [25, 28], which corresponds to the
system (1.1a)—(1.1b) in the case f(p) = p, € = 1/2, v =r = 0 and p(p) = p*/2. Then, by looking for
traveling wave solutions in the form:

p(t,z) = p(), wu(t,x)=u(() with{(=2—UtandU €R,
it can be shown that a family of analytical solutions, called “gray” solitons, is defined by

_ by — b3 b1v/b3
cosh?(v/by — b3(z — Ut)) p(t,z)

Consequently, the analytical solution of system (5.4) with e = 1/2, v = r = 0 and p(p) = p?/2 is given
by (6.2) as well as :

p(t,z) = b and wu(t,z)=U — (6.2)

w(t,z) =u(t,z) and ov(t,z)= 0;logp(t,x).

Figure 6.1(A) (respectively, Figure 6.2(A)) shows the value of p; (respectively, up) in the domain
Q = (—20,20) for by = 1.5, b3 = 1 and U = 2, at time ¢t = 40 which corresponds to two full periods,
and for several values of N; ranging from N; = 10* to N; = 2.10%. Moreover, the Lo-norm of the errors
in p, v and v between the numerical and exact solutions is shown in Table 6.1. As we can see, the
numerical solution converges to the exact one with an order equal to one as the mesh is refined. We
also calculate the value of v, in post-processing, an approximation of v recalculated from the discrete
gradient of logpy, in order to highlight the convergence of vy, towards v,.. We observe a convergence of
order one (see the last column in the Table 6.1) which also implies, by the triangular inequality, the
convergence of v, towards v. The evolution of the BD-entropy over time is shown in Figure 6.2(B) for

the same values of N; (the definition (5.2) of e is therefore modified by replacing p7/(y — 1) with
p%/2, since p(p) = p?/2). It is observed that the larger Ny, the smaller the decrease in BD-entropy,
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which is the expected behavior since in this configuration the BD-entropy is conserved (see (1.8) with

v=r=0).

Remark 6.1. From a theoretical point of view, we could expect a convergence rate equal to one,
due to the use of the Rusanov scheme in the hyperbolic step, which is actually first-order accurate.
It should be noted that the order of convergence could be improved by using a second-order flux
reconstruction with slope limiters in the hyperbolic part. However, to the best of our knowledge, such

an approach would prevent the derivation of Lemma 4.1, and consequently, of Theorem 4.4.

exact solution at t=40 —— 7|
N;=10000 ——
N;=20000
N;=50000 ——
V‘\l1=20000(‘) B

5 10 15 20
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FIGURE 6.1. The
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(B) BD-entropy over time.

FIGURE 6.2. The “gray” soliton : velocity and BD-entropy decay.

35

| N1 | llpn—pll order | [up —ull order | [lup —v|| order | [lvp — v, order |
10000 | 0.1559 0.1633 0.0803 5.3326 x 1074
20000 | 0.0836  0.90 0.0884 0.89 | 0.0442 0.86 |2.7191 x 10~* 0.97
50000 | 0.0349  0.95 0.0371 0.95 | 0.0187 0.94 [ 1.0952 x 10=* 0.99
200000 | 0.0089  0.98 0.0095 0.98 [ 0.0048 0.98 [2.7397 x 10~° 1.00

TABLE 6.1. L2?-Errors and convergence orders for different mesh refinements at ¢ = 40.
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6.1.2. The dispersive Riemann problem

The second 1D-benchmark consists in the propagation of a dispersive shock wave, characterized by
the appearance of an oscillatory wave train in a region of space which expands over time (see e.g. [16,
17, 18]), which is also solution of system (5.4) with ¢ = 1/2 v = r = 0, and p(p) = p?/2. As in the
previous benchmark, the definition (5.2) of e is modified accordingly, replacing p?/(y—1) with p?/2.
The amplitude of this dispersive shock wave is described by Whitham’s modulation equations [33].
Considering the parameters pr, pr, ur, and ug, as well as a regularization parameter 6 > 0, the initial

solution is defined by:

po(z) = py — (pL;pR> tanh(?), up(x) = upr — <uL;uR> tanh(?),

with ppr = (pr + pr)/2 and up; = (ur + ug)/2. It can be shown that the asymptotic profile of the
solution is characterized by the parameters 7; (1 < i < 4) delimiting the different regions of the
solution expressed as a function of 7 = z/t, like displayed in Figure 6.3 (coming from [13, Figure 2]),
and given by:

8pm — 8y/PMPR + PR
2/prr — PR

Let us remark that the oscillatory profile occurs between 7 and 7.

To =UrR ++PM, T3=um —+/pm and T4 =wup —/pL.

TI = UR +

P
ot
Pof N
\\
™
N
hiS
PRI g
»b‘)w#
J
Lk

r=x/t
Ty T3 T2 ]

FI1GURE 6.3. Asymptotic profile of the density p for the dispersive Riemann Problem.

Numerical tests are performed using p;, = 2, pg = 1, up = ug = 0 and § = 0.1. The density
profile is displayed in Figure 6.4 at several times, to observe the evolution towards the stationary
state. Moreover, the density and velocity profiles at time ¢t = 70 are displayed in Figure 6.5. From a
qualitative point of view, the wave train evolves towards its stationary state. At ¢t = 70, the asymptotic
profile is close to the expected Witham envelope, like obtained in [13].

We then provide more quantitative indicators. On the one hand, we investigate the convergence
of the numerical solution of system (2.1) towards a reference solution of the initial barotropic QNS
system (1.1). To do this, system (1.1) is solved using a time-implicit centered finite difference scheme
on staggered grids used in [19, Section 5] in the context of a numerical simulation of a resonant
tunneling diode. The mesh is composed of 1.6 x 10° cells, which allows us to obtain a sufficiently
accurate reference solution (pref, urer). Table 6.2 shows the convergence obtained in p and u at time
t = 14. We observe that the numerical solutions of system (2.1) converge to the reference one of
system (1.1) when the mesh is refined.
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2.2
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FIGURE 6.4. Density p for different times, 2 = (—300, 300), N; = 400000.
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FIGURE 6.5. Solution (p,u) at t = 70, = (=300, 300), N; = 400000.

| NU | o = presll | lun — wpep | |

25000 0.2714 0.3903
50000 0.1865 0.2853
100000 0.1145 0.1860
200000 0.0612 0.1079
400000 0.0209 0.0383

TABLE 6.2. L2-errors in p and v with a reference solution of the original QNS system
at t = 14.

On the other hand, we investigate the long time behavior of the solution. A simulation is done using
up to t = 200. In Figure 6.6 (A), we display the value of at3/? as a function of ¢, where a corresponds
to the amplitude of the first oscillation on the left vicinity of 74. Since it corresponds to a linear
function, it implies that a+/t is constant in time, so that the amplitudes decrease in time in O(1/v/%),
as physically expected (see [22]). We are also interested in the position of the soliton at the vicinity of
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T = 73. By denoting 7,(t) the soliton position at time ¢, we plot in Figure 6.6 (B) the value of errp,s(t)
as a function of the time, where errpy(t) is defined by:

Ts(t) — T2
T2

errpos(t) =

Once again, it can be seen that this result is similar to the one otained in [13].

60

T T T
)= at N1=128000 ——
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30 - -

position error

20 - -

0 1 1 1 1 1 1 1 L L 0 | I I I I 1 1 L L
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200

t t

(A) at3/? versus t. (B) errpes(t) versus t.

FIGURE 6.6. Long time behavior of the solution, Q = (—400,400), N7 = 128000.

Finally, we investigate the solution profile when v is no longer equal to zero, taking xk = 1/2.
Figure 6.7 displays the value of p at time ¢ = 70 for different values of v (with a zoom at the bottom
left between x = 80 and = = 150). In order to observe the numerical decreasing behavior of k-entropy,

we also introduce the quantity Eéﬁ’dis’th)(ﬁ") defined from Eé'{’dis)(ﬁo) (see (5.6)) by:

Eén,dz‘s,th) (ﬁO) _ Eén,dis) ([70)’
Es(n,dis,th)(ﬁn—i-l) — Eén,dis,th)(('jn) - At(fp(ﬁn—H) + T:U(ﬁn—i-l) + Tu(ﬁn—H) + fr(ﬁn—%l))‘

From (5.7), it is clear that

VneN, Eén,dis) (fjn) < E(n,dis,th)(ﬁn)' (63)

€

Figure 6.8 (A) shows the values of pi/2d) (solid lines) and of g/ disth) (dashed lines) as a

function of time for several values of v. We can see that the larger v is, the more regular the profile
is, and the greater the decrease in BD-entropy. Moreover, for a given value of v, we can see that as
expected by the relation (6.3), that the value of E(5dis) ig always smaller than the value of E(s:disth)
In the particular case v = 0 (and r = 0), the value of E(mdisith) ig constant, and the decrease of E(f:dis)
is solely due to the numerical diffusion, both in the hyperbolic step and in the parabolic one.

Finally, we plot in Figure 6.8(B) the discrete version of the energy & given by (1.2) (replacing
p7/(v—1) by p?/2 since p(p) = p?/2), in order to emphasize that, as predicted theoretically from (1.3),
the energy decreases with time, and the greater the value of v, the faster it tends towards zero.
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FIGURE 6.7. p at t = 70 for different values of v.
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FIGURE 6.8. BD-entropy and energy versus ¢ for different values of v. Q = (—300, 300),
Ny = 400000.

6.2. 2D-benchmark

We finally propose here a 2D-benchmark in order to illustrate the convergence of the numerical scheme.
To our best knowledge, there is no analytical solution available for the QNS system (1.1) in the 2D
case. Consequently, we consider the following periodic density and velocity field given for ¢ > 0 and
o>0onQ=[-L,L]? (with L = 10) by:

T
p(t,x) =1+ e~ "% and u(t,x) = (cos(zaq), sin(zgcg)) , (6.4)

where
P2(tx) = (x1 —ct)? + ZL’%
20

We add source terms to the equations (2.1a), (2.1b) and (2.1c), so that (p, w, v) constitutes a solution
of the system, where v and w verify (1.4) and (1.5). Having set ¢ = 10 and o = 3.6, the initial
condition is shown in Figure 6.9. The physical parameters are given by e = 1, v = % and the numerical
simulation is performed up to t = 2, which corresponds to exactly one period for the exact solution.

We study the convergence rate of the method in order to evaluate how close the numerical solution
is to the analytical one. Table 6.3 shows the L?-norm of the errors in p, w and v for values of N; = No
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FIGURE 6.9. 2D-benchmark : Initial condition.

between 32 and 512. As expected theoretically, the scheme is first-order accurate in both space and
time. Table 6.4 also shows the convergence rate of some post processing calculated values. First we
observe that the reconstructed velocity u, = wy — vvy converges to u at order one. Next, similarly to
what was done in Subsection 6.1.1, the value of v,., defined as the discrete gradient of log pp,, converges
asymptotically to v at order one. This also implies, by the triangular inequality, that v, converges to
v to the same order. We also compute V}j, x vy, defined as the discrete curl of v, to emphasize that
the value of ||V} X vy|| converges to zero at order one. Finally, we illustrate the fact that |V, x vp|

as well as ‘||vh||2 - ||vr||2’ tend towards zero in the infinite norm (see the isovalues of these quantities

for three mesh refinements respectively in Figures 6.10 and 6.11).
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FIGURE 6.10. 2D-benchmark : Isovalues of |V}, x v| for three mesh refinements.
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0.0012

N1=128 N1=256 N1=512

FIGURE 6.11. 2D-benchmark : Isovalues of ‘HV}LHQ - Hvr||2’ for three mesh refinements.
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| N1 | llpn —pll order | [[wy —w|| order | [|vy —v| order |

32| 0.6791 0.9909 0.3359

64| 0.3384 1.00 0.5141 0.95 0.1722  0.96
128 | 0.1692  1.00 0.2620 0.97 | 0.0870  0.98
256 | 0.0846  1.00 0.1324 0.99 0.0436 1.00
512 | 0.0422  1.00 0.0665 0.99 0.0216 1.00

TABLE 6.3. L2-Errors and convergence orders for different mesh refinements at ¢t = 2.

| Ni| flur —ul order | [[v, —va|| order | V) x vi|| order |

321 09279  0.88 0.0717 1.65 0.0198 1.34
64| 0.4834 094 0.0272 1.39 0.0094 1.06
128 | 0.2471 097 0.0120 1.17 0.0045 1.05
256 | 0.1250  0.98 0.0058 1.05 0.0022 1.03
012 | 0.0628  0.99 0.0030 0.92 0.0011 1.03

TABLE 6.4. Post processing calculated values behavior at t = 2.

7. Concluding remarks and perspectives

In this paper, we propose a Finite Volume scheme that preserves the so-called Bresch—Desjardins
entropy inequality for the approximation of the Quantum Navier—Stokes system. The method is based
on a reformulation of the original system into an augmented one in (p, w, v), defined respectively as
density, effective velocity and drift velocity. This work can be understood in the spirit of that developed
in [2, 3], in which an energy inequality was derived using the system expressed in the variables (p,u, v).
A splitting in time allows us to consider first the hyperbolic step which can be handled with a standard
Finite-Volume solver, and then the parabolic step, which in our configuration remains linear. Thanks
to a particular discretization of some of the differential operators involved, it has been proved that the
BD-entropy also decreases in the discrete case. The proposed scheme has been validated on several
benchmarks. It shows a good ability to capture physical behaviors on well-known configurations such as
the one-dimensional “gray” soliton or the dispersive Riemann problem. It also demonstrates its ability
to converge to some analytical solutions that have been constructed or reference solutions that have
been computed directly from the original Quantum Navier—Stokes system. We are now considering
adapting this method to obtain finite volume schemes that preserve entropy inequalities for more
general models, such as for example Navier—Stokes Korteweg systems modeling some multiphase flows
or shallow-water systems modeling thin film flows with several kind of capillary values. Another point
to be investigate is to increase the order of accuracy of the method in space, while preserving the
discrete BD-entropy inequality.
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Appendix A. Proof of the consistency of (3.10) and (3.11)

Let us consider o : R? — R and 3 : R? — R as regularly as necessary. We define :

aij = a((x1)i, (r2);) and Bij = B((z1)i, (x2);)-

Then we have:

Q1@ el = Q154 + O(h1 + ho)

as well as:

s — g _ 2
j+1 - Lj+l _ ((91/8)1;%,3'4@ + O(h?),

so that:

O_éi_%,j+1@z‘,j+%(5z’,j+l - Bz‘—l,j—i—l) B _ _
hy = O‘i_%,j+1(8lﬁ)i_%,]‘+1 + (alﬁ)i_%,j+10(h1 + ha)

+a;_1;,,0(h]) + O(hi + hiha). (A1)

Similarly, we have:

N Y )
2 Zl = ai—%,j(alﬁ)i_%ﬂ‘ + (alﬂ)i_%vj(’)(hl + hy)

+a;_1 ;0(h7) + O(hi + hihs). (A.2)

Consequently,

aifé’j+1ai7j+%(3i,j+l - Bi*l,j‘i’l) - m(gl,] - Bi*lyj)
hiho
_ &if%,jJrl(alﬁ)if%,jJrl - dz;%’j(alﬁ)if%,j N (81/8)1;%,]#1 - (515)%%,;'0(}“ + hy)
hQ h'2
+ 200 + O o + i
hQ h2

= (02(a01));_1 j41 + O(h3) + ((52313)i—%,j+% + O(h3)) O(h1 + ho)

_ h3
+((920);,_1 ;11 +013))O(R}) + O (,é + h%) :

From (3.1), we deduce:

Oéi_%,j+107i,j+%(5z‘,j+1 — Bi—1,j41) — O_éi_%d‘o_éi’j_%(ﬁi,j — Bi-1,)

hiha

= (02(a01f3))i; + O(h(1 +Th)),
= (%(adrf))i,; + O(h)
since 7 is uniformly bounded. Consequently, (3.10) corresponds to a discretization of the continuous

operator at point X; ; to order one in each direction. We proceed similarly for (3.11).
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Appendix B. Study of the Sp(M) in the case ¢ > v >0

Suppose that the unknowns are enumerated from the left to the right (1 < i < Nj) and from the bottom
to the top (1 < j < Na). Denoting U™ the vector U = [(pw1)ij, (pw2)ij, (pv1)i 4, (pvg)m]T, the
linear system (3.20) takes the form

it

w1

_ _ 1
Up+l = MU, + 2r0 &

with
M = I4N1N2 + AtC € M4N1N2 (R)
where C' = CV) + 0@ with

TIN1N2 0 62013 62014 Z/C() 0 —u2013 —1/2014
2 2 2 2
(1) _ 0 TIN1N2 9 023 g 024 (2) _ 0 Z/C() —V 023 —V 024
¢ —62013 —62014 0 0 and ¢ 0 0 VCO 0
—82023 —82024 0 0 0 0 0 I/Co

Here, Cyp € Mn,n,(R). The matrices Ci3, C14, Coz and Coy also belong to My, n,(R), and only

depend on the values of p?jl.

e In the case v = 0, which corresponds to C' = CV)| it can be easily shown that C' is similar to an
anti-symmetric matrix. Indeed, denoting P € My, n,(R) the diagonal matrix whose diagonal

is composed of the coefficients ,/p;‘jl and P € Myn, N, (R) the diagonal matrix defined by

P 0 0 O

0O P 0 O
IP)_OOPO’

0o 0 0 P

we can observe that P~1C3P and P~ 1Cy P are symmetric matrices. Moreover, from the
definitions (3.6) and (3.7) we can remark that F’i+1,jf§ = ﬁi+%,j' Consequently, it can be shown
that P~1C14P = (P~1C3P)7T, so that P-lcOP = P-1CP is an anti-symmetric matrix. We
can deduce that

Sp(M) C {1 + iR},

so M is invertible.

e In the case ¢ > v > 0, C' is no more similar to an anti-symmetric matrix. From (3.12), (3.13)
and (3.14), it can be shown that :

div(aVa)i,j + div(a &® Voz)m- = (A(aa))m,

so that Cj is nothing other than the 2-dimensional discrete laplacian operator with periodic
boundary conditions. Consequently, Cy is symmetric and Sp(Cy) C RT. Nevertheless, the
question of the invertibility of M does no seem easy to prove. In order to investigate this
question, we propose some numerical computations. We set Q =]0, 7[?, ¢ = 1.0 and v = 0.5,
and we take Ny = Ny = N. Then, by fixing k1 modes in z direction and ke modes in y
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direction, we define the vector (p?jl)lgi’jg ~ € (RF)N? using a random process of the form :

k1—1ko—1
PENT =30 Y Gtk sin(l(z1)s) sin(la(22);),
11=0 l2=0
n+1\P
1 N, -9
PZ] —rnaX((pZ] ) 7_7710 )7

where ¢ € [—1,1]¥1%2 is a randomly generated vector using a uniform law. Finally, the matrix
M is computed using the obtained values of pfjl. We plot in Figure B.1 the spectrum of M
in the complex plane for N = {8,16,32,64}, each time for a random value of the vector £
using k1 = ko = 6. We observe that in any case and for all A € Sp(M), Re(\) > 1. Moreover,
it remains always the case whatever the values of v and £ chosen provided that ¢ > v > 0,
whatever the value of r > 0 and whatever the random value of £. Consequenty, we guess that
the matrix M il always invertible in the case € > v > 0, even if the theoretical proof remains

an open problem.

Spectrum for N=8 Spectrum for N=18&
150 1 750 4
100 500 4
50 - . 250 4 .
0 . . gl ¢ ; 0 m——m-ommm,ﬁ-:—m: e
-50 ' -250 ' N
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4000
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1000 2000
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=1000 A —2000 4
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-4000 4
0 5 W 15 20 25 1 I 40 0 1 2 3B 4 w e 70 8

F1cUure B.1. Spectrum of M fore =1, v =1, r =0, At = h and several values of V.
In abscissa : real parts. In ordinate : imaginary parts. Vertical blue line : Re(\) = 1.
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Appendix C. Proof of Lemma 4.2

From (3.15), we get:

Z diV(vaV)i’j . wi,j

]
) (pi+;’j(61v1)i+éaj_pi 5101) \/pz—fj+1p1y+ 1 (0102); L1 7y fPi-LiPig— 7(511)2 1—y>
w1)i,j

:Z(

h? hiha
VP4l d g 0200ien ot =\ Pt Pim 02015k s (Bava); gyt — g (Bav2);
+ (w2)i,j hils + h%
_y Pir 1 5 (W1)ig((V1)it15 = (V1)ig) = Py j(w1)ij((01)ij = (v1)i-1,5)
=2 ®
.3
[Pit jaPigrs (W)i((v2)igen = (V2)icrgen) = Jpi 1 ipi i1 (w1)i((v2)i — (v2)im1,5)
+
h1h2
JPivj-1Pin 1 (W2)ig(0n)ivry = (01)ivrg-1) = fpy 1P 5 (w2)ig((01)ig — (v1)ig-1)
* Tiihs
Pijrr(W2)ij((v2)iger = (v2)ig) = sy 1 (wa)ij((v2)ij — (v2)ij-1)
+ -
2

=~ 5[, pictj(W1)i-1j = it j(Wi)ig = pit j(W1)ig + Pyt j(w)iv s
- . 1)u,j5 h%
7

SPimtiPigor ()i = Jpi1ipi s i (Wn)ivnio1— fo 1 1 (W)t Jpi e o1 (wn)iv)
+ (v2)i

hiho
\ /pi,j—%f’i—%,j(wﬂifl,j T /pi,j-t,-%pi—%,j—}—l(wZ)i*LjJrl . /pi,j—%pi—%,j(wQ)i,j +, [Pij+iPi-1 ]+1(w2)Z j+1)
+ (v1)iy il

+ (v2)s5

<Pi,j;(w2)i,j1 — Piger(w2)ig —p 1 (w2)ig + Pi,j+;(w2)i,j+1>}

h3

> (o) PirdO1w1)i L =Pt ;(1wn);_g + Piy i1 Piget O102)int jin =\ fPint 31—y (D102)i g5
= V1 i,j
¥ I h? hiho
Pit1j—1Pig 1 j(02wn)ipy s 1= Jpi i 1P 1 (G2wi); s 1 poy (gwa), 1 — py 1 (Sows);
n i+1,5 H— Ni +1l,j—5 1,j—5i—5.J i,j—3 +pld+%( ng)Z,JJr% plv]*%( 211)2)2,]7%
(V)i hoihs 12
= Zdiv(pVTw)i,j Vg
%,J
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