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for a multilayer Saint-Venant model with interactions between the layers

Bernard Di Martino* Boris Haspot® Yohan Penelf*
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Abstract

In this paper we investigate the existence of global weak solutions for the multilayer model introduced by Audusse
et al. [3] which is related to incompressible free surface flows. We prove the global stability of weak solutions over the
torus. We observe that this model admits the so called BD-entropy and a gain of integrability on the velocity in the
spirit of the work of Mellet and Vasseur [27]. It allows us to obtain enough compactness estimates in order to show
the stability of global weak solutions.

1 Introduction

The issue of modelling and simulating free-surface flows is extensively addressed in the literature. It is of major interest
for a large amount of engineering applications such as the design of harbours, the protection of coasts, the production of
energy or the prevention of natural hazards. Depending on the wavelengths of hydrodynamic processes at stake, several
models of reduced complexity have been designed.

A renowned simplified model implemented in many industrial codes is the system of viscous Shallow Water (SW)
equations [16,25] which consists of a hyperbolic 15 order partial differential equation (PDE) modelling the conservation
of volume and of a 2" order PDE for the momentum. The SW equations are dedicated to a specific regime of water flows,
namely when dispersion effects can be neglected and for water heights small compared to the characteristic longitudinal
length of the domain. For such flows, the SW equations turn out to provide reliable numerical results.

From SW equations to the Navier-Stokes (NS) equations, there exists in the literature a hierarchy of models of increasing
complexity including Boussinesq type models [17,24,31-33] with higher order derivatives to account for dispersion
effects (necessary for modelling shoaling) or non-hydrostatic models [9,11] with a larger amount of unknowns (like the
hydrodynamic pressure). This process aims at widening the range of applications of hydrodynamic models.

For the specific regime addressed by the SW equations, another technique consists in splitting the flow into horizontal
layers similar to a discretisation procedure along the vertical axis in order to improve the accuracy of the results. In this
framework, the SW equations correspond to a coarse vertical mesh with a single layer. As a consequence, this multilayer
approach is still relevant for non shallow flows.

First, such models have been introduced with 2 or 3 layers for immiscible multifluid flows [10,28,29]. They were then
extended to an arbitrary number of layers without [2,4] or with [3,14, 15, 23] mass transfer between layers. A major
consequence is the noticeable increase of the number of unknowns related to the number of layers. In the inviscid case,
open questions like the hyperbolicity of the model still hold (let us mention that recently Aguillon et al. in [1] proved the
well-posedness of the Riemann problem for a two layer model). In the present work, we focus on the viscous case. We

*Université de Corse, SPE, UMR CNRS 6134, Campus Grimaldi, BP 52, 20250 Corte, France.

TANGE project-team (Inria, Cerema, UPMC, CNRS), 2 rue Simone Iff, CS 42112, 75589 Paris, France.

tSorbonne Université, UMPC Univ. Paris 06, LJLL, UMR CNRS 7958, F-75005 Paris, France.

$Université Paris Dauphine, PSL Research University, Ceremade, UMR CNRS 7534, Place du Maréchal De Lattre De Tassigny 75775
Paris cedex 16 (France), haspot@ceremade.dauphine.fr



r\—/ z=nt,x) = zy41/2(t )

o _ /"Z:Za+1/2(tvx)
me) || Jhee T e

z = zp(z) = 21/2(1’)

Figure 1: Multilayer approach

are interested in proving the stability of the global weak solutions (in a future work, we will consider the construction of
global approximate solution which will imply the existence of global weak solutions).

In the sequel of this section, the equations are detailed (§ 1.1) and a review of classical techniques to obtain global
existence of weak solutions is presented (§ 1.2). The main result is stated in § 1.3 (Th. 1.1).

1.1 The multilayer Saint-Venant model

We consider in this paper a multilayer description of a geophysical flow with a free surface and a varying topography.
N is the number of layers which might correspond to physical discontinuities but in the present approach layers are
predetermined elements of the discretisation.

Horizontal layers £, are separated by given surfaces z = z,41/2(t, ) where x € T4, with d € {1,2,3}.1 See Figure 1 for
notations. Without loss of generality, we assume that all layers have the same thickness h, = 2, 1= Zh 1= h/N, so
that we have o

Zayi (@) = 2(x) + Nh(tm).

The multilayer approach amounts to approximating the velocity field by a layer-wise constant function through a Galerkin
discretisation procedure. More precisely, u, denotes an approximation of the average velocity over the layer /,,

N Za+% (t,m)
U (t, @) 8 ———— u(t,x,z)dz

a,%(t#ﬂ)

where u satisfies the Navier-Stokes equations. Let us introduce the notations
1N
u=(up,...,uy) €RY, and TL:NO;Uw

The multilayer Saint-Venant model proposed by Audusse et al. [3] is obtained by integrating the hydrostatic Navier-Stokes
equations over each layer, which reads with e € {1,..., N}:

:h + div(ha) = 0,

Or(hug) + div(hus ® ug) + giF = —ghVz, + N (ua+%Ga+% — ua_%Ga_%)

(1.1)
+ div(4vhD(uqa)) + E(tat1 — Ua) — K(ta — Ua—1),

(h(O, ')7’[1,1(0, '), e ,’U,N(O, )) = (ho,ul}o, . .,uN,0)7

with up = u; and uyi1 = uy. The model has for initial data (ho,uq,0) With a € {1,..., N}. The term z,(x) denotes
the bottom topography assumed sufficiently smooth and stationary. In the sequel we assume that z, € W1 (T4).

1The model considered here results from an averaging process over the vertical axis applied to the Navier-Stokes equations. Hence it has
a smaller dimension: d = 1 corresponds to the 2D Navier-Stokes equations and d = 2 to the 3D equations.



The term D(u) = %(Vu + VTu) corresponds to the stress tensor. G, 1 represents the mass flux through the interface
Z=Zoyl from {41 to .. It is defined by

@ N
1 .
j=li=a+1

Let us consider standard kinematic boundary conditions at the surface and at the bottom which read

Finally, we define the value of the interface velocity u, 1 by means of an upwind formula

a i GL 1 <0,
Ugyy =4 0 DT (13)
2 Ug+1, Otherwise.
Let us observe that using the definition (1.3), we have:
1 1
Ga+%ua+% = iGOH_%(UQ + Ua—i—l) — 5|G(¥+%|(ua — ua+1). (14)

Remark 1. In [1}], the authors consider the following choice:

1
Ugt+l = §(ua + Ua+1)-

From (1.4), we notice that our choice for u, 1 gives the same value for G, 1u, 1 as in [14] up to an additional term
LGy 1 (e — tay1) 2 S

2 a+3 fe' a+l)-
Remark 2. Let us notice that the definition 1.2 implies the following partial mass law

Och + div (hua) ZN(GQJF% _Ga—%)' (1.5)

Remark 3. In [3], the friction term at the leading order is derived from a finite difference method with respect to the
vertical variable: Nzyw. Unfortunately we are not able to deal with this term in our proof of stability, mainly
because we have not enough compactness information in order to treat this term. Indeed it would require some control
on % in suitable Lebesgue spaces.

In case of immiscible multilayer fluids, some other modelling approaches of the friction term are proposed. For example
in [36], the friction term is defined by

. hihs
frlc(vl,vg) = —{B(hl,hg)(’vl - UQ), B(hl,hg) = P17 | P21
BLhy + 22Dy

P2 P1

where ps (Tesp. vy) is the density (resp. velocity) of each layer and & a positive constant [30]. Consequently, if densities
and height are the same, the viscous term is proportional to h. In this paper we use a more conventional friction term
of the form —k(vy — v1) where K is a positive constant.

1.2 Main results of existence of global solutions for the compressible Navier-Stokes equa-
tions

A large amount of papers in the literature has been devoted to the study of existence of global weak solutions for the
compressible Navier-Stokes system. The first result of existence is due to P.-L. Lions in [22] where the mono-layer
counterpart of (1.1) with constant viscosity coefficients is considered for a gamma law P(p) = p? (with P the pressure
and p the density which replaces the height h) with v > % in dimension 3 and vy > % in dimension 2. One of the main
ingredient in order to assess the compactness of the global approximate solutions is the so-called theory of renormalised
solutions and the introduction of the effective pressure. In [13], Feireis] et al. extend the latter result to the case v > g
by introducing the notion of defect measures. Let us mention that recently Bresch and Jabin [8] generalised these
results to the case of anisotropic viscous tensors. The case of the compressible Navier-Stokes equations with degenerate



viscosity coefficients is completely different in terms of analysis. Indeed one of the main issues is due to the fact that
there is no equivalent to the so-called “effective pressure” (or in other words we cannot invert the viscous stress tensor).
Recently several authors obtained significant progress on the existence of global weak solutions with degenerate viscosity
coefficients. Bresch and Desjardins [6] introduced a new entropy (the so-called BD entropy) which gives new estimates
on the gradient of the density provided that the viscosity coefficients g and A verify the following algebraic relation

Ap) = 21 (p) — 2p(p)- (1.6)

Let us mention that a particular choice of viscosity coefficients A(p) = 0 and p(p) = up satisfying (1.6) leads to the so-
called viscous shallow water system which corresponds to our problem in the mono layer framework. At least heuristically

Bresch and Desjardins observed that the quantity “/%Vp is conserved in L>(0,T; L?(R?)) norm for any 7" > 0. This

allows to prove the existence of global weak solutions [6] with either a drag friction or a cold pressure term (a pressure
that is singular at the vacuum). The addition of a friction term allows to get a gain of integrability on the velocity which
provides enough compactness estimates in order to deal with the stability of the term pu ® u. Indeed compared with the
constant viscosity case there is no control on the gradient of the velocity Vu in L?(RT, L?(R?)) and it is not possible to
apply classical Sobolev embeddings to deal with the term pu® u. This is related to the fact that the viscosity coefficients
are degenerate (see the relation (1.6)). The same remark holds when a cold pressure is added. We refer also to [7,37]
for more developments on the existence of global weak solutions with a cold pressure or with a drag friction.

The problem of stability of global weak solutions for classical v law (when 1 < v < +o0 ford =2 and 1 < v < 3 for
d = 3) has been solved by Mellet and Vasseur [27]. To do this they introduced a new energy estimate allowing a gain of
integrability on the velocity. However the problem of existence of global weak solutions remains open. Indeed it remains
to prove the existence of global approximate solutions of the system verifying uniformly energy estimates, BD entropy
and the gain of integrability a la Mellet- Vasseur which is tricky. However recently for the particular case of the shallow
water system, the proof has been completed simultaneously and independently by Vasseur and Yu [34,35] and Li and
Xin [21] using different methods.

Concerning the existence of global strong solutions with large initial data for degenerate viscosity coefficients, the problem
remains completely open in dimensions greater than 1. We can however mention some results in the case d = 1. For
viscosity coefficients of the form p(p) = p® with 0 < a < %, the BD entropy allows to bound the density from below.
It allowed Mellet and Vasseur [26] to prove the existence of global strong solutions for initial density far away from
vacuum. Indeed the BD entropy gives a bound on 9, (p®~2) in L°°(0,T; L2(R)) for all T > 0 and a control on p~*
in L>(0,T; L*°(R)) from Sobolev embeddings. Next it is classical to propagate any regularity on the density and the
velocity in order to prove the uniqueness. This result has been recently extended by the second author in [18] to the case
of general degenerate viscosity coefficients a > % and in particular the shallow water system (o = 1) which corresponds
to System (1.1) for N = 1. The main idea was to rewrite the system by introducing a suitable effective velocity v and
apply a maximum principle.

Let us also recall some results on multilayer systems. To our knowledge most existence results concern immiscible fluid
flows. In other words it means that there is no mass flux between each layer at the interface, in particular G, 1= 0
for any a. In [12,28] the authors obtained existence results of weak solutions for the bilayer case with a viscous term
of the form vAu,. In [36], it is proven stability of global weak solutions for viscous terms like in (1.1) with surface
tensions and with test functions depending on the density itself. When mass transfer is involved, let us mention the
work from Fernandez Nieto et al. [14] who construct numerical solutions of finite element type satisfying the classical
energy inequality.

In our paper, we prove the stability of the global weak solution of System (1.1). The main difficulty comes from the
terms describing the transfer of flux between the layers which are not taken into account in the immiscible case. In
particular it makes the analysis more difficult when we wish to prove the BD entropy and the gain of integrability a
la Mellet-Vasseur which ensures the stability of the convection term. These two estimates are the cornerstone of the
proof of stability of global weak solutions following the argument developed in [27]. However the lack of compactness
for the mass flux terms prevents from recovering the expected limit. This is due to the fact that we can not prove the
convergence almost everywhere of the terms G7, +1-

In a future work, we will prove the existence of global weak solution. It remains essentially to construct global approximate
solutions verifying uniformly all the entropy inequalities (in order to do this, we follow the method developed in [34,35].



1.3 Main results

Before stating the result (Th. 1.1), we define the notion of weak solutions which differs depending on the space dimension
d.

Definition 1. Letd = 1. (h,uq,...,un) is said to be a global weak solution of (1.1) supplemented with initial conditions
h(0,-) = ho, (hua)(0,-) =ma.o, (1.7)
such that for any a € {1,...,N}:
ho € LY(TY), V/hoOyloghg € L2(TY), ho > 0,
Vholtao € L*(TY), uao € L2(TY), (1.8)
Vholua,oly/10og(1+ [ua,of?) € L*(TY),

if the following smoothness assumptions are satisfied for any o € {1,...,N}:
o he L™ (0,T;LY(TY)), ,vVh € L™ (0,T; L*(TY)), Vhu € L (0,T; L*(TY)),
o Vhdyua € L2 ((0,T) x TY), Vhlua|y/log(1 + [ual?) € L= (0,T; L2(TY)),
with h > 0 satisfying in the sense of distributions over [0,T] x T for any a € {1,...,N}:

Oh + 3x(hua) = N(Ga+% - Ga_%),
h(0,-) = ho,

and if the following equality holds for all smooth test functions p(t,x) with compact support such that p(T,-) = 0, we
have:

maogo da:—i—/ / \fua atgp—k\fuaxxfuaxaxgo—i— h2 Jd<,0}dal:dt
T1

//T[ < 2 (g + Uat1) — M.y (Ua — Uat1) — %G s (o + )

a

2

1
il PPN 1—ua>)—ghamzbm(uaﬂ—zuﬁuan}sadxdt—<4uhD<ua>,axso>:o7 (1.9)

where M, 1 is the weak limit in L2((0,T) x TY) of a+2 . Moreover, we give sense to the diffusion term and the flux
term:

T
(4vh D(uy), Opp) = — / Vhoua (VhOssp + 2050 0,Vh) dadt (1.10)
0 T!
and G, 1 defined by (1.2).

Definition 2. Let d € {2,3}. (h,u1,...,un) is said to be a global weak solution of (1.1) supplemented with initial

conditions
h(Ov ) = hOv (hua)(oa ) = Ma,0, (111)

such that for any o € {1,...,N}:

ho € LY (T, v/hoVloghg € L*(T?), hg > 0,

V 0|ua,0| € L2 Td)a (112)
V holtta,o]\/10g(1 + |ua0l?) € L*(T?),
if the following smoothness assumptions are satisfied for any o € {1,...,N}:



o he L™ (0,T;LY(T%), VVh € L= (0,T; L*(T?)), Vhua € L= (0,T; L*(T%)),
o VhVu, € L2 ((0,T) x T?), Vh|ua|\/log(1 + [ua[?) € L= (0,T; L*(T%)),
with h > 0 satisfying in the sense of distributions over [0,T] x T for any o € {1,...,N}:

Oih + div(hug) = NGy s — Gory),
h(07 ) = h07

and if the following equality holds for all smooth test functions (t,x) with compact support such that (T, ) = 0, we
have:

/ Mao - ¢(0 dw+/ /d \fua 8t<p+\fua®\fua Vo + thIV(p:|d£Bdt
T

« a 1 Gﬂé*l O‘fl
/ / { ( +2 (o + Uart1) — — 2Bty — Uap1) — = (ta—1 + ua) + “Vh(ua-1 — “a))
- 2 2 2

— ghVzp + k(Uas1 — 2uq + ua_l)] p daedt — (4vh D(uy), V) =0, (1.13)

where M, 1 is the weak limit in L2((0,T) x T) of +"‘ . Moreover, we give sense to the diffusion term and the flux
term:

(4vh D(ua), Vi) = =) /O 5 Ve, (VhOjp; + 20;0; 9;V'h) dadt (1.14)
i,

and G 1 defined by (1.2).

(1.15)

Remark 4. In the previous definitions, the sequences (h™)nen and (G™ | 1 Jnen are related to the sequence (h™, u™)pen

ats
of global weak solutions defined in Theorem 1.1.

Let us state now our main result about global weak solutions for the multilayer system (1.1).

Theorem 1.1. Given 1 < d <3 and (ho,m1,0,...,mn,0) initial data verifying the assumption (1.8) and (1.12). Let us
assume that there exists a sequence of global weak solutions (h™,ufl,...,u})nen for System (1.1) such that the energy
inequalities (2.1), (2.5), (2.9) and (2.21) are uniformly verified. In particular the corresponding initial data are chosen
such that:

hi >0, hi ——— ho in LT, hgug — = hotioa (1.16)

and satisfy the following bounds (where C' > 0 is independent from n):

N n|2
/ (Z hg|“2| + (A1) )dw < / ‘V«/hg de < C, (1.17)
T a=1
and when d > 2:
N
1 n|2
/ > h(;% log (1 + |uf o|*) dz < C (1.18)
Td “—
or when d = 1:
Vae {1, N}, Ul ol < C. (1.19)

In addition we assume that h™ is a continuous function on Rt x T such that for any (t,z) € Rt x T, we have:
h™(t,x) > 0.

Then up to a subsequence, (™, Vh™ul,...,Vh*u};) converges strongly to a global weak solution (h, \ful, .., Vhuy)
of System (1.1) in the sense of Deﬁmtzon 1 or 2. More precisely, h™ converges strongly in C((0,T); L3 Td)) hrul

converges strongly in L2((0,T); L?(T%)) and the momentum m” = h™u® converges strongly in L*((0,T); L*(T<)) for any
T >0. When d =1, h is continuous on Rt x T!.



Remark 5. In the paper of Audusse et al. [3] the authors claim that the modelling is physically relevant in terms of
thermodynamics since they exhibit a classical energy. In our result in order to prove the stability of global weak solutions
we need in addition to show the BD entropy which is another hint of the physical interest of the model.

Remark 6. In a future work, we shall prove the existence of such a sequence (h™, u™)nen of global regular approximate
solutions verifying uniformly (2.1), (2.5), (2.9) and (2.21).

Remark 7. Let us emphasize that in Theorem 1.1, it seems difficult to deal with the mass transfer flux, essentially

because we are not able to prove that \GZ+%|(UZ+1 — ug) converges in the sense of distributions to |G, 1|(Uat1 — ta)-

Indeed it is not clear to prove the convergence almost everywhere of Gz+l,
2

In [14], with the choice uq 1 = 2 (ta + Uat1), the additional term |GZ+%|(uZ+1 —ul) does not appear. Then it is easy

to deal with the mass transfer term. For this specific choice for u, 1, we are also able to prove the BD entropy but
it seems tricky to obtain a gain of integrability a la Mellet Vasseur. For this reason we have not enough compactness
information to treat the convection term.

We would like to mention that we could obtain global weak solutions for the system proposed in [14] if we consider friction
terms of the form hlua| T u, with € > 0 in each layer. Indeed in this case the friction terms ensure directly a gain of
integrability on the velocity.

The paper unfolds as follows. In Section 2, we give new estimates for System (1.1) involving the BD entropy and
some gain of integrability on the velocity u,. In Section 3, we show the stability of global weak solutions following the
arguments developed in [27]. We postpone an appendix which details some computations and prove the BD entropy for
the choice u, 41 = 1 (ta + Ua+1) used in [14].

2 A priori energy estimates

In this section, we are interested in proving at least heuristically different energy estimates: the classical energy of the
system, the BD entropy (see [5]) which is less obvious and an equivalent of the Mellet-Vasseur estimate from [27].

2.1 Classical energy

Proposition 2.1. Let (h,u1,...,un) be a classical solution of System (1.1). Then, the following equality holds:

N
d
— [ E 4vh|D 2
2 /T da:—i—;_l:/w Vh|D(u)|? do

N N
N
+ N E /Td K|t g1 — ua|2 dx + 5 E /Td [tat1 — UQIQIGM%\ dz=0 (2.1)
a=1 a=1

with
1 N
2 2
E = 3 <Ngh + g hlug| > + Nghzy,. (2.2)

a=1
Hereafter, A: B =}, ; A;;Bi; denotes the scalar product upon matrices and |A]2 = A: A

Proof. We follow here the arguments of [3]. The main difficulty concerns the coupling between the different equalities
through the flux terms. Simplifications arise only after summing the equations. Multiplying the momentum equations
(1.1) by u, and summing over «, we obtain:

N N
1. (;/Td [0t (hug) + div(hug @ ug)] « te d — N(;/Td (ua+%Ga+% *Ua_%Ga—é) Uy d



a=1 T a=1
N
_Ng /d(ua+%Ga+1 Uy_1G, 1) Uq d;
a=1

)
N =
[]=
\
>

<

o

<
&Y
o

|

=
N
|

~
\
Y
o

a=17/T¢
N

4 ;/Td [(Uat1 — Ua) *Uq — (Ug — Ua—1) U Z/ |ua+1—ua| dx;
al d

5. Z | e Vadz=Ng | zhdz.

Let us observe now that:

*Z/ Gort (lual® = luatal?) dm—NZ/ —ua_%Ga_%>-uadm

N
Y Z/ |Go¢+%‘ [uat1 — ua|2 de. (2.3)

Combining the different previous estimates and (2.3), we obtain the energy estimate (2.1). O

2.2 BD entropy

Unfortunately this last energy inequality is not sufficient in order to prove the existence of global weak solutions.
Indeed we need additional compactness information to deal with the pressure term and the convection terms. As in [5],
we would like to prove that a BD entropy estimate is satisfied. Let us introduce as in [18,19] the effective velocity
Vo = Uq + 4vV1og h. Then system (1.1) can be written

&h + div(ha) = 0,
h[0va + (ua - V)va] — 2vdiv (h curlvy) + $VA? = —ghVz,
G . 1-G
+N (Ga%(ua% —tg) = Go_y(Uuq_y — ua)) +4vNhV <+h

2

N[
N———
—
[N}
>
~—

+ K(Uat1 — Ua) = K(Ua — Ua-1),
with curlv, = (Vo, — VTv,) the vorticity.

Proposition 2.2 (BD entropy). If we assume that (h,u1,...,un) is a smooth solution of System (1.1), then

1d Ng d d
-— h 2dx h?d N*/ hd 2 h lvg|? d
5 q ;| Vol +— dt/d z+ Ny szb x+2v » | curl v,|* de

N
—|—4N1/g/ |Vh|? d:c+4NVg/ Vzb~Vhda:—|—/<aZ/ [Vat1 — Vo|* dz
d d d

+ = Z/ [ | [Vat1 — val? d:r,—l—Z/ TNE Z (div(h —uj)))Qdm:O. (2.5)

j=a+1



Remark 8. From this estimate we deduce two new pieces of information which are essential to obtain convergence results.
Firstly, v/hvg is bounded in L>(0,T; L*>(T%)). We deduce that \/hV log h = 2V/h is bounded in L>°(0,T; L*(T?)). This
is the crucial point ensured by the BD entropy. On the other hand, thanks to (1.2), the last term of this estimate also
gives a bound for Ga+%/\/ﬁ in L2(0,T; L?>(T%)) that enables to give sense to the term Ug1Goypt

Remark 9. We mention that we can also obtain energy and BD entropy with the choice for Ugy 1 used in [14].

Proof. Multiplying the momentum equations of (2.4) by v,, integrated over T¢ and summing over a we get:

N N
1 d
L. ; | 10000 + (o - V)va) - v d:c:Q(;/rd [(ithlva|2+NGa+;(|va+1|2—|va|2) dz:
al g Ng d
2. ) 2| va-VhPde=—">— [ h? AN / 2 da;
;2/Td” Vh?dz = == - Tdh da + 4Nvg Td|Vh| dz;

N
3. g/ hVz, - v, de = Ng/ zph dx + 4gNV/ Vzp, - Vhdz;
1 JTe Td Td

a=

N N
4. Z/ Vg - 2vdiv(h curlv,)) de = — Z/ 2vh| curl v, |? da;
a=17T" a=17T¢

5. Since for all @ € {1,..., N} we have v, — v4—1 = Uy — Uq—1 we deduce that:

N N
K Z/ (Uat1 — Ua) * Vo — (Ug — Uq—1) * Vo d& = —K Z/ [Vat1 — va|2 dx.
a=1 Td a=1 Td

Combining the previous estimate we have:

%% hZ|Ua|2 _,_7& h2 dw-s—Ng%/Td zbhdx—i—/Td 2vh| curlv,|? de
N
—|—4Nyg/ |Vh|2d:c+4NVg/ VZb~Vhd{B+I€Z/ [Vat1 — Val|* dz
d d —JTe
1 X
52 atl ([var1? = [val?) dx—NZ/ Gog1(Uapr —ua) = Go1(ug 1 —ua)) cvade

Gor1 — Gy 1
—4I/NZ/ hv <+h) vadz =0. (2.6)
a=1 T



Next we have due to G1 = Gy 1 =0:
X N
5 Ga+%(|va+1| —[val?) = Z (GOH*%(UOH»% Ua) — Ga—%(ua—l - “a)) Va

a=1 a=1
| N N-1

= 5 Gy (s = 0al?) = 3Gy (o y = ta) *va = D Gy (Wt = Uoy) Vi

a=1 a=1 a=0

N-1 - ]

=D ~Gars ua+;-<u11@+1>+<ua+1-va+1ua~va>QUva+n2|vaPﬂ
a=1 -
N-1 - 1

=D —Goit |Uars - (e = tat1) + [var1|* = Jual® +4v(tat1 — ua) - Viegh — §(|Ua+1|2 — |val®) |
a=1 -
N-1 -

1 2 2

= _Ga—i-% Uatl - (Ua = Uat1) + §(|Ua+1| = [ual?) |,
a=1 -
N-1 1

= _GaJr%(uOt - UOtJrl) . (uaJré - §(U’Oé+1 + ua)) )
a=1

since
|’U0Hr1|2 - |Ua|2 = (uaJrl - uoz) ’ (uaJrl + uq +8vVlog h)
= |Ua+1|2 - |uoz|2 + 8V(ua+1 - ua) : V1Og h.

Then, by the definition 1.3 of u,, 1 we have:

. IfGM_% > 0 then Uyl = Uatl and:

N—-1 1 1 N-—1
Gy o = ) (g = 501 +10)) = 5 3 Gy s = o)
a=1 a=1
o IfGoyy <0 thenu, 1 = uq and:
N-—1 1 1 N-—1
Gar 3 tn = ) (tayy = ltatr 4 0) ) = 5 2 [Gas (s — o)
a=1 a=1

Finally we have proved that:

N |

N N
Z Ga+%(|va+1|2 - |Ua|2) - Z (Ga-i-é(ua—i-% - u(X) - Ga—l(ua—% - utx)) Vo
a=1

a=1

a=1
From the relation (1.2) and by integration by parts, we have
al Gorr—Gy_1 Nl G o1
Z/ hva.v<a+2w) de — / h(va_vaﬂ).v( m) -
a=1 Td h a=1 Td h
N-—1 Ga+l
=- /rd W 2 div (h(ug — Uat1)) de
a=1
N-—1 1 @ N (28)
- / hIN?2 Z Z div(h(u; —u;)) div(h(ua = vat1)) de
a=17T1 J=1i=at1
N—1 1 N ,
- / hNZ2 [div(h(ua - UJ))} dx
a=17T? j=a+1
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A detailed proof of the latter relation is given in 4.1. Combining (2.6), (2.7) and (2.8) implies the estimate (2.5). O

2.3 Mellet-Vasseur logarithmic estimate

In order to deal with the convection term hu, ® u, which is only bounded L>(0,T; L'(T9)), it is important to get a
gain of integrability on the velocity as in [27]. Let us mention that in [5], in order to overcome this difficulty the authors
need to work with a friction term. We have the following result.

Proposition 2.3 (MV inequality). If we assume that (h,u1,...,un) is a smooth solution of System (1.1), then

N

2
Z(d/ [hleog (1+ |ua|2)} dw+3u/ h[1+1log (1+ ual?)] [D(ua)l? d:z:)
a—1 dt Td 2 Td

N ? s %
< Z(c (/Td h|Vug|? dac) +c< Tdh% daz) x (/Tdh 2+ log (1 + [ual?)]? da:)
a=1

2
tg h +|ua| [

1+1log(1 + |ual*)] V2| dx) (2.9)
Td

for any ¢ € (0,2) and for some constant C > 0.

Remark 10. Let us mention that it seems difficult to obtain a similar result with the choice for Ugy 1 used in [14].

Proof. Let us first rewrite equations (1.1) under the non-conservative form

Och + div(ha) = 0, (2.10a)
h|O¢te + (ug - V)ua] + thQ =—ghVz, + NGy i1 (ugq1 — Ua)
+ NG, 1 (Ua —uq_1) +div (40hD(ua)) + K(Uat1 — Ua) = K(Ua — ta—1)- (2.10b)
Let us set
1+2° 2 / 2
O(x) = 5 log(1+ z*) and ¢(z) = ®'(z) = = [1 + log(1 + 2?)] . (2.11)

Let us notice that

5 <1+2|u| log (1+ |u|2)> = (u-0u) [1+log (1 + [uf*)] .

We multiply equation (2.10b) by u, [1 + log (1 + |ua|2)] and we integrate over T¢. Hence each term becomes

1. /Td hug - Opug [1+1og(l + ual?)] de = /Td (01 (h®(|ual)) — D(Jua|)O:h] dz
2. Using (1.5), we obtain by integration by parts:
/Td hug - (U - Vug [1+1og(1 + |ug|?)] dz = /Td hug - VO(Juy|) de
_ /T B([ua]) [0ih — N(Gosrys — Ga_rj2)] da.
3. For the pressure term we apply the same approach as in [27]

'/ [1+log(1 + |ua|?)] ua - Vh*da
Td

2uauak
: itg, d
ZTd 1+ [ual? iUoy, AT | +

<2(/ h|Vua2dw> (/ h3dw) +
Td Td

11

dx

/Td h? [1+log (1+ |ua|2)] (divug,)

R [1+1og (1 + |ua|?)] (divus)de| .
Td




Since

(divu)? ZZ@ula uJ<ZZ ((05u:)* + (95u;)?) < d|D(u)]?

where d is the dimension of the space, we have

R [1+1og (1 + |ual?)] (divug)de

Td

< (/T h[1+1log (1+ |ual?)] (divua)zd:c> ’ (/T B3 [1+log (1 + |ual?)] d:c)

<v [ h[1+1og(1+ lual?)] |D(ua)|2dm+(],,/ B[+ log (14 [ual?)] de
Td Td

1
2

according to the Young’s inequality with C,, = %. It follows that for C!, large enough:

’/ [1+log(1+ |ual®)] ua - VA*de
Td

<v </ h|Vua|2dac> +u/ h[1+1log (1+ |ual?)] |D(us)|*de
Td Td
+ Cl’,/ R [1+1og (1 + |ua|?)] de
Td

Finally, for any ¢ € (0,2), the last term is bounded by means of the Holder’s inequality

S
/h3 [1+1og(1+|ua|2)]dw<</ hgé?dm> i x(/ h[1+1og(1+ua2)]3dw>2
Td Td Td

4. Likewise we have

1 ol?
/ hug - Vap [1+log(1 + |ual?)] de < / hw [1+log(1 + |ual?)] |V2b|de.
Td

Td 2
Since 2, is assumed bounded in W1 this term can be treated by the Gronwall’s lemma.

5. For the viscous terms we have

[rd Uq - div (4vhD(ua)) [1+1og(1 + ua|?)] de

B 9 9 Ug,; Ug - OjUq
= —4v /Td h[1+1log(1 + ual?)] |D(uq)?de — ZSV/T hWDij(ua)dm.

. d
i,j

and we have for C, > 0 large enough:

/ Ug - div (4vhD(ua)) [1+log(1 + ua|?)] da + 4u/ h[1+1og(1 + [ual?)] |D(ua)|*de
Td Td

< Ca/ h|Vue|*da.
Td
6. For the friction terms (since by definition up = u; and uy = uy41) we have:
N
Z /d [(Uat1 — Ua) * Ua — (U — Ua—1) - Ua] [1+log(1+ |ua\2)] dex
T

__ Z / ~tte1) - [t [1+ 1081+ [uaf?)] — tias [1 +108(1 + [uta2]?)] [ de < 0
since the function ¢ defined by (2.11) is increasing.

12



Combining all the previous estimates, we have:

N /4 1+ |ual?
Z(/ [halog (1+|ua|2)} dw—i—/ 3vh [1+log (1 + |ual?)] D(ua)|2dw>
o dt Td 2 Td

N
+ Z [Ga+l(uo¢+l - u&) + Gafl(ua - uozfl)} CUq []- + IOg(l + |ua|2)]
= Td 2 2 2 2

1+ |ug|?
+ % log (1 + [ual?) (Gat1/2 — Ga—1/2)> de

N = : \3
<N (c( /] nVua?dz)+C ([ r&5da)  x h[2+1og (1+[ual?)]” de
B Td o Td Td ¢ o

a=1

1 ol?
tg h% [1+log(1 + |ual?)] [V dx);
Td

We have now since G1 = Gy, 1 = 0:
2 N+2

N
Z/ [Ga+%(ua+% - U‘Oé) + Gafé(ua - uozfé)] *Ua [1 + log(l + |ua|2)]
a=1 T
+ ——"log (1 + [ual?®) (Gay1 — G 1)dx

2

N
=30 | Gary (s = ta) - ua [1+log(1 + ua )] da

a=1 T
N
" Z /Td Ga_%(ua N ua_%)] “tig [1+log(1 + ‘Ua‘z)] dx
a=1
N
1+ |uq|?
* Z frd % log (1 + |u0‘|2) (Ga-&-% - Ga—%)dm
a=1
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Gop1 (tgy1 — ta) - uq [1+log(1+ lua|?)] da

+ Gori(Uast = Uqp1)] - tarr [1+10g(1 + [uata]?)] de
.

d
N
1+|ua|2 2
+Z/Tdf10g (1+|uo¢| )Ga_,'_%dSC
a=1

N—-1
1+ |ugs1]?
=S / Lt fuanil® o0 (14 jupr?) G, 2 de
' Td 2 2

N—-1
= Z /,—d Ga+%1{Ga+%§0}(ua+1 — Uq) - Uat1(1 +log(1 + |“a+1|2))
a=1

+ Ga+%1{Ga+%20}(ua+1 - ua) e [1 + log(l + |Uoc|2)}

1+ |ua|2

1+ |u 2
Y (A T

71 081 4l ) ) o

N-1
- Z /Td |Ga+%|1{Ga+%S0}(uO¢+l — ta) - tap1 (1 +10g(1 + [uat1]?))
a=1

+ |Ga+%|1{ga+%20}(ua — Ugt1) " U [1 +log(1 + |ua|2)}

1+ |ug 2 14 Jugr 2

+1Casy e, <0 (lzlk’g (14 o) — 01 4 ) )
1+ Uq+1 2 14+ Uq 2

+ |Ga+%|1{Ga+%ZO} (l 5 +1] log (1 + |uat1]?) — 7|2 | log(1 + |ug|?) |dz

N-1
=— Z / |Ga+%| [1{Ga+l§0}\ll(ua7ua+1) + 1{Ga+120}\11(ua+1, tq)| de < 0.
e 2 2

Indeed, the function ¥ : (z,y) — y(y—=) [1 + log(1 + y?)] +®(x) —P(y) satisfies ¥(y,y) = 0 and 0, ¥(z,y) = ¢(x)—P(y).
As the function ¢ defined by (2.11) is increasing, it shows that ¥(z,y) > 0. Finally, we obtain the estimate

N
Zi/ h<I>(|ua|)d:c+3y/ h[1+Tlog (1+ [ual?)] |D(ua)[2de)
1 dt Td Td

N 2 2 2
< Z cy </ h|Vua2d:c> +C,, (/ hggdw) X (/ h[1+1log (1+ |ual?)]’ d:c)
ot Td Td Td

1+
+g/ h 2U’a [1+log(1+ |ual?)] V2| de.
Td

Remark 11. Let us notice that VU satisfies the following estimate

@—x)[ (y — )

2 5 [3 + log (1 + max(z, y)?)] .

1+log(1 4 min(z,y)*)] < ¥(z,y) <

Indeed given (2.11) we check that

U(z,y) = (y— m)/o [<I>’(y) - <I>/(y + s(x — y))] ds = (y — x)z/o /0 s@’/(y +s(1—-t)(z— y)) dsdt

with ®"(z) =1+ ff; +log(1 + 22). We obtain the bound above inserting min(x,y) <y + s(1 —t)(z — y) < max(x,y)

for all (t,s) € [0,1])? into the integral.
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We observe that the function V(ug,uqr1) mesaures the distance between u, and uqa41 in the Mellet-Vasseur inequal-
ity (2.9). In particular, this provides a better estimate for ua+1—uq in L%-(L?) according to the classical energy inequality.
Indeed we get here a factor log(l + min(ug, ua+1)2).

2.4 Mellet-Vasseur gain of integrability on the velocity when d = 1

We are interested now in proving a gain of integrability on the velocity u, when d = 1. Our goal is to prove that u,
belongs to L>=([0,T] x T1).

Proposition 2.4 (MV inequality). If we assume that (h,u1,...,un) is a smooth solution of System (1.1), then we have
for any p >0 and any t € [0,T] with T > 0:

Zp+2/ hlug [PT2(t, z)dx) T <C ( Zp+2/ h0|u0a|p+2d9€) T+ |hll7e L)

+ ||h||L;e<Lw>T||v2b||L?<Lw)).

(2.12)

Proof. For p > 0 we have

1
1. / hOugug|ug|Pde = —— hoi|ue P2 dz.
p+2

/ hto, Oz g Ug [Ug [Pda = 7/ [t [P0 hdx — 7/ [ua|P**(Gat1/2 — Ga—1/2)dz.

O (4vh0yug) Ug|ug|Pde = —(p+ 1) / 4vh (0 ) U [Pd
T T1

4. Using Young’s inequality, we have

N N-1
1 p+1
U —Uy) — (Ug — Ua— Un | Uy pd$< U p+2dx+/ Ug p+2 dx
/nglu o) — ( )] taltal Z/1p+2| -l [ 2 )
1
/ ua|P+2)da Z/ +2|ua|p+2 / P+ | a1 [P dx—/ g |P2)dz < 0.

5. All terms including G, 12 including last term of the right hand of the first item give (passing all terme at the left
of the equality),

N
N
—NZ/ Uyl — Uq) + Ga_%(u o — ua_%)]ua|ua|p+1dx D) QZZI /T1 |ua|p+2(Ga+% - Ga—%)dx

= — — p+1
- Nazl /Tl Ga+%1{Ga+%>O}(uo¢+l ua)ua‘ua‘ dz
N N
-N Z Ga—%l{G 1 <0}(u04 - ua—l)ualua|p+ldx -N Z/ |ua|p+2(Ga+% - Ga—%)dx
*T2
NP1 NPHL
Z / a+3 1{G ati? >O}|u0‘|p+2dm Z/ 01—51{(;0 %QO}‘ua‘p+2dz

p+2cy p+2
12 Z/ [ual"""Gay1lia, +%<0}d$+ P (12_:1/1'1 || Ga,%l{ca%%}dx

15



N
-N Z/ Ga_,'_%l{g +l20}11,1“%!|u,l|p+1dgv+NZ/ Ga_%l{g 7l<0}ua_1ua|ua|p+1dx Using an usual Young’s
T1 aT2 — JT1 “T2

inequz;lity we obtain
+1
N Z 1 GQJF%l{GM%)O}uaHua\ua\p dx

N
N
p + 2N Z Ga+%1{Ga+% 20}‘ua|1’+2d$ + m Z /—,—1 Ga+%1{Ga+% 90}‘ua+1‘p+2dm (2.13)
a=1

and
N
- N Z ) GOH%1{Ga_%go}ua,lua|ua|p+1d3€
N-1
p+ 1 / 2 N / 2
G 1 o p+ dr — G 1 o p+ dzx. 2.14
p4#2 2{; | Garilia +1>o}|u | x o2 2;; L Cats {Ga+%>oﬂu 11l . (2.14)
We deduce

N

1
E 7/ at(h|ua|p+2)dx+4(p+1)/ Vh(0ptia ) ue Pdz
a:1p+2 T1 T

N
a=1 2 ™ ™

We are going now to follow some ideas developed in [20] in order to get a gain of integrability on w for any p > 0. By
integration by parts we have since (h,u, ) are regular:

t t
_Q/ Dxhug |ug|Pdsde = g/ / Oz (|t [Prg ) W2 dsd.
2 Jo Jm 2 Jo Jm

Using Young inequality we get for € > O:

\f/ / 12 PO, uadxds|<< // Bl || Ot dxds—i——/ / B |pdxds) (2.16)

Plugging (2.16) in (2.15) with € = 1 and since 0 (Jua[Puqa) = (p + 1)|ua[POruq we have using again Young inequality:
T 1, [
Z 7/ h(t, ) |ua(t, z)[P2dz + (p+ 1) (4v — ) / / h(Optia)?|ua|Pdeds
o1 p + 2 T1 2 0 T
N N
1 2(p+1) [* i
< Z m /1 ho(2)|ug,o (2)[PT2dz + Z %/ /rl h3|ug [Pdads — g/ /1 hOyzpug ue|Pdzds

+1)
> ho(z)|u de+§ g / / hlua|Pt?dadsdads (2.17)
aﬂp+2/ o(@)|uo,a(z)| @+2 |tal

a=1

1) P 1
<g elp + / / 2(p++23> (s,x) dxds+ p+ / / Rlug P12 (s, z)dxds
p + 2 T T!

h(Dp2)P 2 (s, x)dxds)

N

M

p+2 T1
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We deduce that:
N
Z h t,2)|ua(t,2)[PP2de + (p+ 1) (p+2)(4v — = / h(0yta)? [t [Pdads

N

2 t
42 gl 1 +2
< g /1 ho(z)|ug,q(x)PT*dx + g (p + 1)(§z + 9)/0 . hlug|PT*dzdsdzds (2.18)

1 2(p
Z ge p—|— / / (p++23) (s,z)dzds + € g/ h(0x2p)P 2 (s, x)dzds.
T1

Using Gronwall lemma, we have for C; > 0,Cy > 0 and C5 > 0 independent on p and for any ¢ € [0,T7:

N
_1
D bR ua(t)|FY, < Coe@ Tt Z A7 = ua (8)|PE2, + T(p+1)%(1 + 1Rl1 250 (o)

(2.19)
+ CS||h||L;°(L°°)T||VZb||I£§<>2(Lp+2))-
Next we have that for any p > 0, there exists C{ > 0, C4 > 0, C4 > 0 independent on p:
N ) )
(> A7 ua (8)[242,) 77 < CpeiT Z 177 ua (8)1253.) 777 + T (1 + 1Al e (poey) (2.20)
a=1 .
+ Cé||h\|L39(L<>°)THVZb||L;O(Loo))~
It ends up the proof. O

We deduce in particular the following proposition.

Proposition 2.5. Under the same assumption as in Proposition 2.4, let us consider (h™,u™),en @ regularising sequence
of System (1.1) such that h™ verifies for any t > 0:

R"(t,x) > Cpy >0 Vo € T
We have then for any o € {1,...,N} and for all n € N:

luallLse (Lo (rryy < Cr VT > 0. (2.21)

Proof: We observe that Ve > 0 sufficiently small, we have for any p > 2 and ¢t € (0,7T):

S

1™ 2w ()20 > ( R (t, @) |ug [P (¢, @) da)

/{% [un (t,2)|> || (¢,-) | Loo —€}
1
> (st e~ - ([ W, 2)de) (2.22)

{z, [un (t,z)[>[|un ()| Lo —€}
5 1
> (lua(t, Mo = CE 7 [{, Jub(t,2)] = (e, = = e}]?

Since we have C,r > 0 and [{z, |ul(t,z)| > [|ul(t,-)|| — €}| > 0, we can pass to the limit when p goes to +oo in
(2.22). It implies that for any € > 0, we get using (2.12):

lug (t; )|z — € < Cr.

It concludes the proof of the proposition.

17



3 Stability of global weak solutions

Let us assume that we have proved the existence of a sequence of global approximate weak solutions (h™, u™),cz verifying
uniformly all estimates of section 2. In addition we assume that:

R™(t,x) > 0 almost everywhere on (0, 4o00) x T¢. (3.1)

In other word there exists C' independent on n € N such that for every a and all T' > 0 we have:

H it <G, (3.2a)
L (0,T;L2(T4))

A" (| Lo 0,752 (Tay) < C, (3.2b)

HV h"Vug, <C, (3.2¢)
L2(0,T;L2(T4))

IVR™ | L200,1522(Tay) < C, (3.2d)

|vvar <c. (3.2¢)
Lo (0,T;L2(T4))

The initial data satisfy the following conditions:
h is bounded in L?(T%), h# > 0 a.e. in T¢,
h8’|ug70|2 = |mz,0|2/hg is bounded in Ll(Td)7

V/hy is bounded in L?(T%), (3.3)

L+ [ul o2
/ hgM log(1 + |u? o|*)dz < C.
Td 2 ’

The proof of the stability of the sequence (h"™,u™),en follows the same arguments as in [27]. We adapt them to our
case.

Step 1: Convergence of VA"
Lemma 3.1. We have that for any T > 0:
Vh" is bounded unifomly in L™ (O,T; Hl(Td)) ,
oVh" is bounded uniformly in L? (O,T; H_l(Td)) .

As a consequence, up to a subsequence, (\/ h”) converges a.e. and strongly in L? (O,T; L2(Td)). We write

Vhr — Vh a.e. and L*((0,T) x T¢) strong.

Moreover, (k™) converges strongly to h in C ([O,T]; L%(Td)>,

Proof. v/h™ is uniformly bounded in L>((0, T), H*(T%)) due to (3.2b) and (3.2e). The estimate on d;v/h™ can be deduced
from the mass equation since

VA" = %mdiv a" — div ( h"a”) . (3.4)

The first term in the right hand side is bounded in L?(0, T'; L?(T%)) and the second term is bounded in L>(0,T; H~1(T4)),
so it implies that d;v/h" is uniformly bounded in L?((0,T), H~'(T%)). Aubin Lions Lemma gives directly the strong
convergence in L2((0,T) x T%).

To prove the convergence in C([0, T1; L2 (T%)) we first deduce by Sobolev embedding that v/A" is bounded in L (0, T'; LS (T¢)).
We deduce that
A /hn

hn—n —
Y N

N
3 ( hnug) is bounded in L(0, T; L (T%)).
a=1
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The continuity equation thus yields ;2™ bounded in L>(0,T; W~13(T4)) and since VA" = 2/h"Vv/A" we have h"
bounded in L>((0,T), W' (T%)). From Aubin Lions theorem we deduce that h" converges to h up a subsequence in
C([0,T); L7 (T%). -

Step 2: Convergence of the pressure
Lemma 3.2. The pressure (h™)? is bounded in L"((0,T) x T%) for all v € [1,2[. In particular, (h™)? converge to h?
strongly in L"((0,T) x T9) for every T >0 and 1 <r < 3.

Proof. From inequalities (3.2b) and (3.2d) we deduce that k™ € L?(0,T; H'(T%)). We deduce h™ € L?(0,T; L5(T¢)). In
addition A" is bounded in L°°((0,T), L2(T%)). By interpolation h” is bounded in L= ((0,T) x T%). We conclude recalling

that (h™)? converges almost everywhere to h? and is uniformly bounded in L3 ((0,T) x T%), it implies then the strong
convergence of (h")? to k% in L"((0,T) x T%) for 1 <r < 2. O

Step 3: Bound for vh™u]
Lemma 3.3. h"|u?|?log(1 + [un|?) is bounded in L>(0,T; L*(T%)).

Proof. We use the inequality given by the Mellet-Vasseur approach and it implies that :

N

d 1 + |u2|2 n|2 n n|2 ny|2

Z i 72 log(1+ |up|“)de + [ 3vh™(1 +log(1l + |un]®))|D(ul)|“de
a=1 ¢

2-5 5

/(h”)i‘édw) x (/ [2+1og(1+|ug|2)]§h"dm)
Td Td

+QZ/ DO (14 tog(1 + i) Vanda

—

a=1

for any & € (0,2). Since A™ is uniformly bounded in L= ((0,T) x T%) we deduce that for § small enough:

C(/ (h”)gi‘sdx) T x (/ [2+1og(1+ug2)]§hndm)2 <c
Td Td

Since zp is bounded in W1 (T%), applying Grénwall’s lemma we deduce that

al 1+ |ul |2
> / W —— 2 log(1 + [u?)(t)de < Cr YVt € (0,T). (3.5)
Td

Step 4: Convergence of the momentum

Lemma 3.4. Up to a subsequence, the momentum m? = uh™ converges strongly in L*(0,T; LP(T%)) to some mq,(t,x)
for allp € [1,2). In particular

h"ul, T Ma almost everywhere in T% x (0, T)
n—-+0o0

Proof. We have h™u? = v/h"vh"u?. Since vh™ is bounded in L%°(0,T, L5(T¢)) we deduce that h"u? is bounded

«

in L>®(0,T; L3 (T4)). Next, since V(h"u") = VA"Vh"Vu® + 2v/h*u"Vv/h", we obtain that V(h"u?) is bounded in

«
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L2((0,T), LY(T%)).
In particular, we have
h"™u” is bounded in L?(0,T; WH1(T9)).

(63

Let us bound now 9;(h™u?) in order to apply the Aubin-Lions lemma. Let us consider the momentum equation (1.1-b,c,d).
We have then the uniform bounded estimates using in particular the fact that h"u” is bounded in L?(0,T; W11(T9)):

div(h™u" @ u?) = div(vVh u? @ Vhu) € L=(0,T; W11 (T4))

1
div(hDul) = div(D(h"ul) — 5(ug ® VR" +' (u ® Vh™))) € L*(0,T; W~ 1(T?)
Vh? € L0, T; W 11(TY).

Now using the remark 8, we have:

n n _ ot Sroon 2 Lrlrd
uoz—&-%GoH—%_ \/hii hUOH_%EL(O,T,L (T ))

In addition we know that u? —u?” , is uniformly bounded in L?((0,7) x T¢) and h"Vz,, is bounded in L>°((0,T), L*(T%)).
In conclusion 9;(h™u?) is uniformly bounded in L?(0,7; W~51(T4)) and using the Aubin Lions lemma we deduce that
h™u? converges strongly in L%((0,T), W*1(T4)) for —1 < s < 1. By Sobolev embedding we obtain what we wish. O

Note that we can define u, (¢, ) = mq (¢, x)/h(t,z) in E = {(t,x); h(t,x) > 0} but u,(¢,z) is not uniquely defined in
the vacuum set £°. In order to define properly u, on {h = 0}, we have to study the weak limit of the terms u[}  , —u..

Step 5: Convergence of ug | — ug

We know via the energy estimate (2.1) that (u?,; — u?) is uniformly bounded in L?((0,T) x T%) then (ul,, — ul)
converges weakly in L%.(L?) to m{, up to a subsequence. Now when d > 1, we have since 1y} € L5 (L)

(ug+1 - Ug)l{hzo} m mil{hzo} in D/((O,T) X Td).
Since u] converges almost everywhere to u, on {h > 0}. We have then:

(uZH — ’LLZ)l{h>0} m} (Ua+1 — ua)l{h>0} = m(lll{h>0} in ’D’((O,T) X Td)

We assume now that 43 = 0 on {h = 0}. It defines all the values of u, on {h = 0} since u; is defined. Indeed we have
u; = 0 on {h = 0} and by iteration us = mi on {h = 0} and so one. When d = 1, we know that u, is uniformly bounded
in L>°((0,T") x T!) then up to a subsequence since h is continuous:

undip—oy e Uuodgn—oy in D'((0,7) x TH).

Step 6: Convergence of v h"u
Lemma 3.5. The quantity Vhmu? converges strongly in L*((0,T) x T%) to ma/Vh (defined to be zero when h =0).

In particular, we have mq(t, ) = 0. a.e. on E° and there exists a function uq (¢, ) such that mq(t, ) = h(t, x)uq(t, x)
and

Vhru' — Vhug strongly in L*((0,T) x T%) (3.6)
Proof. Since m? /+/h™ is bounded in L*>(0,T; L%(T%)), Fatou’s lemma yields for almost every t € (0,T)

n\2 n\2
/ lim inf (";Lia)(t)dw < liminf / (Tr;i‘z)(t)dsc < o0

n—-+400 n n—-+400
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In particular, we have mq(¢t,z) = 0 a.e. in {h(t,2) = 0}. So, if we define the limit velocity u,(¢,x) by setting
ua(t, ) = ma(t,x)/h(t, ) when h(t, ) # 0 and u,(t, ) = 0 when h(t,z) = 0, we have

me(t,x) = h(t, z)u(t, )

and )
Mo g = / hlug |2dz < oo
1a h Td

Moreover, Fatou’s lemma yields that for almost every ¢ € (0,7
/ hlua 2 1og(L + |ual?)(t)dz = / Bt ? log(1 + Jua|?) (£)dz
Td {h>0}

= / lim inf 2" |u?|? log(1 + [u?|?)(t)dz < liminf/ R™ul|? log(1 + |[u”|?)(t)de.
{h>0} n—-+4oo n—-+4oo Td

Let us point out that since u, = %Z has a limit on {h > 0} which is u, and in addition ?—5’ is well defined because
h™ > 0 almost everywhere. We deduce that hlu,|?log(1 + |ua|?) is in L>(0,T; LY(T9)).

Next, since m? and h™ converge almost everywhere, it is readily seen that in {h(t, ) # 0}, Vh™u? = m? /v/h" converges
almost everywhere to v/hua = mq/vh (we observe that m” //h™ has a sense since h™ > 0 almost everywhere). Moreover,

we have
Vh™ug L jun|<ary T) \/Eual{‘u”SM} almost everywhere. (3.7)

As a matter of fact, the convergence holds almost everywhere in {h(t,z) # 0}, and in {h(t,z) = 0}, we have
VA" ugliyni<r < MVh™ — 0. To conclude to proof of lemma, for M > 0, there exists C' > 0 such that:

T T
/ 4 ‘ v hnug - \/Euoz|2d:13 gc/ /d |\/ h”uglmngM - \/Eua1|ua\§M|2dw
0 Td 0 T
T
+C/ / |vh”ugl|u3‘2M|2daz
0 Td

T
+O/ / |\/Eua1‘ua|2M|2da:
0 Td

We observe that:

T T
1
VA U™ < ————— h™[u"|? log(1 n12)d
/O /Td| gy Ljyn > | ‘“—10g(1+1\/.12)/0 /Td lug|®log(1 + [ug|®)de

T
1
N 2dm<7/ hlug|? log(1 + |ug|?)de
| Vhut, sl < o [ o Plos(1 + fuaf?)

and
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We have now:

T
/ ) |\/ h”ugl"U«MSM - \/Eual‘ua|§]y[‘2d$
o JT
T Vewy 2
SC(/O [rd| hnuZlM&\SM,WSM7\/Eua1\ua|§JV1,\/ESM| dx
T
+ /0 /Td v hn“21|uZ\SM,\/ﬁ>M - \fh“al\ua|§M,\/E>M|2dw)
T
: C(/o I Y e T Vhualy, | <arvienl*d®
T T
+/0 » [(Vh™ — \/E)ugl|ug\§M,\/h7>M|dw +/O /Td |\/E(ugllum§M’\/h7>M - “al\ua|§M,\/ﬁ>M)|2dw)
T
: C(/o /Td VR i < arvimear = Vitaly, <uviealde
T T
Yy 2
+/0 - |( hn — \/E)ugllug\SM,\/hT>M|dw+/o /Td |\/El{\/ﬁ>M}(ugl{\ug|§M} _ua1{|ua\§M})| diL‘)

T
+/O /Td VRl (ugi<an 11 vas ary = Ljvams anlde

The first term on the right hand side converges to 0 when M goes to +o00 by dominated convergence. The second term
converges to 0 when n goes to +oo since VA" converges strongly to v/A in L2((0,T) x T¢). The third and fourth term
converge to 0 when M goes to +0co when we apply the Tchebytchev lemma. We deduce that:

limsup [ |[Vh*u? — Vhu,|*dz = 0.

n—4oo JTd

Step 7: Convergence of the diffusion terms
Lemma 3.6. We have

div(h, Vul) — div(hVu) in D'((0,T) x T¢) (3.8)
div(h, VTu?) — div(hVTu) in D'((0,T) x T%).

Proof. Let ¢(t,x) a test function, then

T T
/ / div(h"Vu)pde = 7/ / h"Vuy, : Vodax
0o Jta 0o Jrd
T T
= / / (VR"™ -V¢) - ul d + / / h"ul - Agdx
o Jrd o Jrd

Thanks to lemma 3.4, h"u,,, converges strongly in L2(0,T; LP(T%)) with 1 < p < 2. This is enough to prove the
convergence of the second term. For the first term, we have VA" .u], = AVAVIR h*ul, we know that \/iT"UQ converges
strongly in L?((0,T) x T%) and VvA" converges weakly in L?((0,T) x T%) then Vh"™.ul converges in the sense of
distributions to VA - u,.

n

Step 7: Convergence of G” ;u” ; Let us recall that we have:
ats aty

« N
Gy = % > div(h™(u) — u})).

j=1i=a+1
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Since we know that v'h™u} converges strongly to \/Euj in L? . and vh" converges strongly to v'h we deduce that G" 41
' 3
converges in the sense of distributions to G, 1 with:

1 @ N
N—z:: :z: div (h(uj —u;)).

I\J‘H

We recall that we have:

G +1Ua+1 —§Ga+%(ua+ua+1)—§|Ga+%|(ua—ua+1). (310)

Let us consider the first term on the right hand side GZ+%(UZ +ug,q). We are going to show that GZJF%(UZ +ul )

converges in the sense of the distribution to G, 41 (Uo + uar1). Let us take p a C°° function with compact support in
(0,7) x T, we have then:

T
/0 G"+1uacpdmdt N2 Z Z / /Td div(h"™(u? — ul'))upedzdt

j=li=a+1

Z Z / / Vhr (u? — ul) - VEnVule — \ﬁ?"(u? —ul) - VeVhrul)ddt
Td

j=li=a+1

Using the fact that v h™u], converges strongly to Vhug in L (L?), that vVh"Vu™ converges weakly up to a subsequence
in LZ(L?) to VhVu (indeed we have this convergence also in the sense of the distribution), we deduce that:

T
/ GC¥+ LUy, pdadt
0o J1d

ot N2 Z Z / /Td uj —w;) - VhVuap — Vh(u; —u;) - Vovhuy)dudt (3.11)

Jj=li=a+1

p— / ” Gy i uatpdrdt.

We proceed similarly for the term G”  ,u[,,. Let us writte now the second term on the right hand side of (3.10) as
ats &

follows:
Gy 10 = 1) = Lgnmop| Gy (= ) + Loy |Gy |0 — ). (3.12)
We know that |G, | 1| = \ ‘H? v/h7| is uniformly bounded in L2(L?2). We are going to prove now that L=} lIG} |

converges strongly to 0 in L1 (Ll). We have then:

/ / Lo 0}\Ga+1|dxdt</ / Z Z Linoy| div(h™(u} — ul'))|dzdt

J=himatt (3.13)
<Z / / (Lmoy VIR VI div(u? — u)| + 20 oy [VVAR VATl — ) dadt

j=li=a+1

Since [Vh" div(u} — u}')| is uniformly bounded in L% (L?) and vh"1g,—gy converges strongly to 0 in Lf.(L5~¢) for any
p > 2 and € > 0, we obtain using Holder inequality that:

Z Z / / 1= o}\//T"I\/hi”dlv(u —uy )|dmdt—>0

n—-+o00
j=li=a+1

Let us estimate now the second term on the right hand side of (3.13), we have then:

T T
/O /T Ay [TV — | ddt < /O /T Ay [VVIRIVER (| +
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Let us consider simply the term in u”, we have then:

Y

g T
/0 /T 1{h=0}|wh7|¢h7|umdxdtg/o /T Lo [V VI VL 1 < a0y
T
* /0 /rd l{hZO}IVW|‘/}Tn‘umlﬂube}dazdt

T
gM/ / Loy [V VI Vi dedt + l/ / Loy [VVRR VAR f (log(1 + [uf[2) ¥ dedt
o J1a 2

(log(1 + M2

The first term on the right hand side goes to 0 when n goes to +oo since v h™1,—¢} converges strongly to 0 in LE.(L%~¢)

and Vvh" is uniformly bounded in L$(L?). The second term goes also to 0 when M goes to +0o and because the
integral is uniformly bounded using the Mellet Vasseur inequality.
It proves that:

G111 =0} — o i LY((0,T) x T%). (3.14)

Let us deal now with the dimension d = 1. We have using (3.14) and the fact that |G}, .| is uniformly bounded in
2
L2((0,T) x T') that ‘GZ+;|1{h=0} converges strongly in L2~¢((0,T) x T!) for any € > 0. Now since we know that
2
up 1 (see proposition 2.5) is uniformly bounded in L3 (L>), we deduce that:

n
Uy —

|GZ+%‘1{]—L:0}(’U,Z — U/Z+1) m 0 in D/((O,T) X Tl)

Let us now consider the term \GZ+%|1{h>O}(ug —up,q). On the set {h > 0}, we know that u], — uj,, converges

almost everywhere to ug — ua+1 and that this term is uniformly bounded in L3 (L*). We deduce in particular that
1insoy(u — up,y) converges strongly in LP((0,T) x T') for any p > 2 to 1jps0y(ta — tat1). Moreover |Gl 1] s

2
uniformly bounded in L?((0,7) x T!) then up to a subsequence, it converges weakly in L?((0,T) x T!) to a function
M,y € L*((0,T) x T'). We deduce then that:

[0}

|G Lm0y (ugy — ugy1) ——— Lns0y Mg 2 (ua — uasa) in D'((0,7) x T, (3.15)

n—-+oo

In conclusion we have proved that:

n 1 1 .
Goiitn, — " 5Ca+ 1 (ta + Uat1) — iMa+%1{h>0}(ua —Ugy1) in D'((0,T) x TH). (3.16)
Let us consider now the case d > 2, we have seen that:
1 n n n : / d
§Ga+%(ua +ugyq) P 2G (ua + ugy1) in D((0,T) x TY). (3.17)

|G 1]
In addition we know that \/hin% is uniformly bounded in L2.(L?), it implies that up to a subsequence it converges to
M,y in L7(L?). In addition we know that vh"(uj — ug,,) converges strongly in L#(L?) to Gyt (Ua — Uat1). We
have then:

1 1
5G|l i) QMWVE(% 4 Uay1) in D'((0,T) x TY). (3.18)
Finally we have prove that:
n 1 1 . / d
Griylingy e 5Gart (o +Uas1) = 5 ar 1 Vh(tg = uat1) in D'((0,T) x T4). (3.19)

O
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4 Appendix

4.1 A useful identity for the proof of Proposition 2.2

We aim at proving the identity

n—1 1 n n—1 n
Vn>2, Z (uj —uk)(ui—ui+1)zz Z (u; — ug)?
1=1 j=1 k=i+1 i=1 k=i+1

Let us first notice that (k > 4) due to a telescoping procedure

k-1
(s — u)® = (s —ug) > (w5 — ujp1). (4.2)
j=i
Inserting (4.2) into (4.1) and switching series twice, we get
n—1 n % k—1
E, = S Sy — k) (wi = wign) = (i — up) > (uj — )
i=1 k=i+1 | j=1 j=i
n k—1 i k—1
= (uj — we)(ui — 1) = (i —uk) ) (u; — ;1)
k=2i=1 | j=1 Jj=1
n (k-1 i k—1 k—1 T
= (uj — ) (s — 1) — 3 (i —ug) Y (uj — ujp)
k=2 _z:l 7j=1 i=1 Jj=1 ]
n |k—1k—1 k—1k—1 1

|
—
S
<
I
<
Ead
=
I
£
+
=
~
I
1[~]
7
£
I
e
o
~
—~
<
<
I
<
<.
+
=

=~
I|
N
<
I
-
.
I
-
o
|
-
<
I
«

which ends the proof.

4.2 Energy and BD entropy when v, 1 = $(Ua + Uat1) [14]

We recall that G1 = Gy 1 = 0. With this definition of u, 1, the energy due to the term in G, 1 computed in section
2 gives

N N

N

0} Zl/Td Goyl (Jual? = |uat1]?) dz — Nzlde (ua%GaJr% - ua_%Ga_%) “Ug dx
o= o=

N N
N 3 N
= 5 /rd G(y-‘r% (|ua|2 + |U()¢+1|2) dx — 5 Z [I—d ((Ua_;,_l =+ uo‘)Ga—i-% — (ua—l _ ua)Ga_ ) g, dx
a=1 a1

N

N N

N N

o Z:l /Td Gari (Jual? = |uat1]?) do — 5 ZL/Td Ut UaGoq1 + |Ua|2Ga+% —Ua-1 UaGo_1 — \ua|2Ga_% dx
a= a=

NI N &
ep> /T Gary (o = fuaa ) dz = 5> /T Uort1 - UaGlory + [Ual* Gy
a=1 a=1

N N-—-1
+5 Z:O Ua Uat1G oyt + [Uas1*Goyy dz =0 (4.3)
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and the energy is then

d
—t/TdEda:+Z/ 4vh|D(uy) |2dm+NZ/ Fi(tiar1 — tg)? de =0 (4.4)
with
1 N
E== (Ngh2 +> hu3> + Ngzph. (4.5)
2 a=1
For the BD-entropy, we have
1 N N
5216 s (Jvastl” = [val?) Zl( (i y = tta) = Gy (Uo_y —1a)) - va
1 N N
:iz::lG |va+1| —\va| z:: 1 va—i—ZG 1 (Ugt1 — U, +1 1) Vg1
N-1 r 1
= > ~Gupy [Uary (Ve = Var1) + (a1 *Vars = ta - va) = 5 ([vass]? = m]
a=1 -
N—1 - 1
= _Ga+% Ugtd (ta = tat1) + [uat1]? = [tal® + 40 (uas1 — ua) - Viogh — 5(\“a+1|2 —[val®)|;
a=1 -
N—-1 r 1
= Y Gar ftars (0 = o) + 500 = )]
a=1 -
e [ 1 1
= _Ga+% (ua — “a+1)(ua+% - §ua+1 - 2“@)] )
a=1 o
N—-1 r 1
= Y Gy |t = 1)ty 50 +1a)| =0
a=1 -
Then we obtain
1d Ng d d
—— o dz h2d Ng— hd 2vh| curlvy|? d
5T az_:|v| +2dt T+ gdt/Tde w+/TdV|0urv\ x
N
+ 4N1/g/ |Vh|? da + 4Nl/g/ Va, - Vhdr +r» / [Vat1 — Va|? da
Td Td — /T
N-1 1 )
d - de=0. (4.6
+3 e 2 (@bt~ 1) da 0. (40
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