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A COMPRESSIBLE MULTIFLUID SYSTEM
WITH NEW PHYSICAL RELAXATION TERMS

D. BRESCH, M. HILLAIRET

ABSTRACT. In this paper, we rigorously derive a new compressible multifluid system
from compressible Navier-Stokes equations with density-dependent viscosity in the one-
dimensional in space setting. More precisely, we propose and mathematically derive a
generalization of the usual one velocity Baer-Nunziato model with a new relaxation term
in the PDE governing the volume fractions. This new relaxation term encodes the change
of viscosity and pressure between the different fluids. For the reader’s convenience, we
first establish a formal derivation in the bifluid setting using a WKB decomposition and
then we rigorously justify the multifluid homogenized system using a kinetic formulation
via Young measures characterization.

Keywords. Compressible Navier—Stokes, density-dependent viscosity, multifluid systems,
Baer-Nunziato, homogenization, Young measures, effective flux, relaxation terms.

AMS classifications. 35Q30, 35D30, 54D30, 42B37, 35Q86, 92B05.

1. INTRODUCTION

This article is devoted to the mathematical derivation of multifluid systems with one
velocity and with variable viscosity. This generalizes the usual Baer-Nunziato system with
one velocity, already justified in [6], by modifying the PDE on the fractions through the
relaxation term. This term takes into account the change of viscosity and pressure between
the different fluids.

If we look at physical books such as those written by M. IsHII and T. HIBIKI (see [14])
or by D. DREW and S.L. PASSMAN (see [8]), we understand well that it is not so easy to
choose the averaging process that has to be used to derive appropriate multifluid systems
and that formal closure assumptions are all the times made in physicist’s articles. How
to derive appropriate multifluid systems reflecting interface flux laws? How to recover
mathematically a PDE governing the fraction of each component with physical relaxation
terms? These issues require a careful study of the interface evolution between the phases.
Unifying the equations for all the phases into a single compressible Navier Stokes equation
allows to follow the dynamics of these interfaces (with an appropriate notion of solution
enabling to control the divergence of the velocity). Multifluid systems are then interpreted
as reduced systems satisfied by particular Young measure (namely convex combinations of
a finite number of Dirac masses) solutions to the homogenized compressible Navier Stokes
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2 D. BRESCH, M. HILLAIRET

equation. Proving propagation of the number of Dirac masses in Young measure solutions
to this homogenized equation is then the key-point to derive the multifluid system with
new relaxation terms. In this paper, we decide to work on the compressible Navier—Stokes
equations with density-dependent viscosity in the one-dimensional in space setting. The
density-dependent framework enables to consider phases with different viscosities. We first
prove that it is possible to define an appropriate sequence of weak solutions on which we can
perform the homogenization process. Our result generalizes to compressible Navier—Stokes
equations with density-dependent viscosity the work performed in the one dimension in
space by [18] related to compressible Navier—Stokes equations with constant viscosity.

Let describe in more details the method we apply here. Consider for instance in a three-
dimensional container €2, the mixture of two viscous compressible phases described by
triplets density/velocity /pressure (py,us,ps) and (p_,u_,p_) respectively. Introducing
(f+, Ax) and Py the respective viscosities and pressure laws of the phases, we obtain that,
for ¢ = 4, — the triplet is a solution to the compressible Navier Stokes equations

Opi +div(pu;)) = 0
Oh(piwi) + div(pu; @ u;) = divy;
on its domain F;(t), with the equation of state:
Y = (Vs + V) + (adive — py)ls
pi = Pilpi)
Neglecting the properties of the interfaces, so that:
e FLUF_ U(FNF)=1Q,

e the phases do not slip one on the other at the interface,
e we have continuity of the normal stresses at the interface,

we have that the extended unknowns
p=p+lr +p-1r u=uslr +u-lp
satisfy the compressible Navier Stokes equations on the whole container €2 :
(1) Op+div(pu) = 0
(2) O(pu) +div(pu @ u) = divy.

Assuming further that the densities of the different phases range two non-overlapping
intervals I, and I_, we can complement this system by the equations of states:

(3) Y o= 2m(Vu+ V') + (Idive — p)l;
(4) p = Plp) m=M(pp) l=Ap),
with functions P, M, A such that for i € {+, —} we have:
P(p) =pi(p), Ml(p)=mi Alp) =X, Vpel.

We aim here to compute solutions to this system where any time/space cell of arbitrary
small size contains a fraction of phase + and a fraction of phase —. Thus, our problem
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reduces to a mathematical study of the homogenization of solutions to the extended com-
pressible Navier Stokes equation (1)—(4) with respect to initial density. This method for the
justification of multifluid systems has been successfully applied in the multi-dimensional
setting recently by the authors starting from the compressible Navier—Stokes equation with
constant viscosity [6]. The interested reader is also referred to [17, Section 7] where the
kinetic equation formulation has been proposed in terms of the cumulative distribution
function and without characterization of the Young measures which gives multifluid sys-
tems. One corollary of the results in this paper is that the method is robust as it extends
to the viscosity-dependent case making precise, in the multifluid setting, previous results
initiated by A.A. AMOsov and A.A. ZLOTNIK in the 90’s, see [1] and references cited
therein. Note also that we do not use the Lagrangian formulation but directly work on the
Eulerian system.

In the one-space dimension setting, that we consider in this article, we construct appro-
priate solutions (p, u, p) of the following system

(5) Op + O0u(pu) = 0,
(6) Opu+ 0, (pu*) = 0u(u(p)Osu) — Oup,
(7) p = plp)

and derive a kinetic equation which governs the evolution of the homogenized system (in
terms of Young measures/velocity). With Young measures written as the convex combi-
nation of k Dirac masses, we obtain then the multifluid system that reads:

P
(10) 0i(pu) + 0x(pu?) = du|pdyu — p|

for 1 <4 < k with

J

fi = ]<8xu2aji(</;];> +plp;) for1<i<k
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Note that in the bifluid setting, to get such a system we can also formally search for
two-scale solutions (a kind of WKB expansion) under the following form:

(1) ptx) = > 6 (t,é,x,f)p"?(t,x),

i=+,—
t t t

(12)  wu(t,z) = wug (t, -, T, E) + euy <t, —,:c,£> + e%u, <t, —,:c,£> +0(£%),
e e e e e e

assuming that

(13) it ) = pd(t,z) +O(e), 6i(t,7,2,9) € {0,1} ae..

After some calculations, the general system that we obtain on (a.,ug, p%,p), where ay
denotes the average with respect to the fast variables (7,y) of 04, reads

(14) ay+a_ =1,
O O

15 Oyox +U8x04 =
( ) t 4 0 + oz,,u(_)FjLonr,u(l

(0% = p°) + (1 — %) Ozuo)
(16)  Di(avypl) + Oy plug) =0,
(17)  p(Oyug + ugOpug) — Op(Mdyug) + Oy =0,
0,,0

e

(18) p§ =p(pl),  p2 =plp), m=—Gg——p,
* * app? + apl
_ o pip? o plpl
o p 4 apl

19) pL=p(%), P =p("), P=apltap’, 7

Remark that, in the two-fluid setting, we obtain a new equation on the fraction a in
which the difference on the effective fluxes plays a crucial role. Namely, we obtain

OZ+ Q_
F, —F].
ol agm e

8toz+ + UanOZ+ =

where Fy = —u%0,up + pY. and p% and pY are defined by (19)-(18). In the particular
case p(p) = p = cste , the system reduces to the one-dimensional system that has been
formally derived by W.E. in [12] and fully mathematically justified by D. SERRE in [18].
In that case, the PDE on «a simplifies as

oy o

0oy + upOyary = (pi —p?).
In the appendix B, we show that the system obtained through the formal WKB method and
the system derived using kinetic formulation and characterization of the Young measures

are the same.

The outline of the paper is as follows. We start by our mathematical results. Then, we
provide a formal derivation for two-fluid flows plugging the WKB ansatz mentioned above
in the compressible Navier—Stokes system with density-dependent viscosity and identifying
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the different terms. Finally, we justify this formal calculation to get a multifluid system
with k& phases using homogenization technics through Young-measures characterization.
The control of the divergence of the velocity field is a key-point of our analysis as it
enables to follow the dynamics of the interfaces. In an appendix, we recall some well-
known results on the transport equation and as mentioned previously we compare the
result obtained formally and the one obtained through Young-measures characterization
in the bifluid setting.

2. MATHEMATICAL RESULTS.

In this section we make precise the assumptions on the equations of state in the system
under consideration. Then, we give the first result of existence which will be used in the
homogenization process.

We consider the following Navier—Stokes system with density-dependent viscosity:
Op+ 0(pu) = 0,
20) Lot i) = So o, 0D

completed with the equations of state:

(21) p=plp)  p=upnlp)

where p and p are given and sufficiently smooth: we assume throughout the paper that
(22) p€ CH[0,00)), with p/(s)>0, Vs € [0,00).

(23) pe CH[0,00)), with pu(s) > u’(1+4/s), Vs e [0,00).

where 1 is a given strictly positive constant. The assumption on p can be relaxed into:
(24) pe€ CY[0,00)), with p/(s) >0, Vs >>1.

But we compute with the previous one for simplicity. We complement the above pdes with:

e periodic boundary conditions in x
e initial conditions:

(25) p(0,2) = (@), u(0,2) = u’(x).

Conventions for periodic functions. We denote indifferently with # or quotient-set
periodic-function spaces. For instance L*(R/LZ) = Lg°. The symbol L is implicit for any
sharped notations. For a Banach space X such as L” or H™, we endow X; with the norm:

HuHXu = Hu|(0,L) ”X(O,L)-

We recall that X, is a Banach space endowed with this norm and that a sequence wu,
converges toward u in Xy for the strong topology (resp. for the weak or the weak—x
topology) if and only if u,, converges toward w in X (—M, M) for the strong topology (resp.
for the weak or the weak—x* topology), whatever the value of M € LN*. In particular, if
u, converges toward u in X (endowed with the weak/weak—x topology) then u,, converges
toward u in D'(R).
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Our first target result is the following theorem:
Theorem 1. Given p° € L3® and u® € H satisfying
(26) P = inf p°(z) > 0, o0 =sup p’(r) < o0,

there exists Ty depending on p_O,E, HUOHH; such that there exists at least one pair (p,u) for
which:

(HDS), we have the regularity statements:

(27) p € L¥((0,Tp); L) N C([0, To); Ly)
(28) u e L=((0,Ty); HY) N C([0, To]; L) ,
(29) 2= p(p)dyu — p(p) € L*((0,Ty); Hy );

(HDS), (p,u) satisfies (20) in D'((0,T) x R), with p, u given by (21), and matches initial
conditions (25) in L x HJ
(HDS),. we have the following bounds :
o for a.e. (t,x) € (0,Ty) x (R/LZ) there holds:

1 _
5/)_0 S p(t,.l’) S 2/)07

o for a.e. t € (0,T}) there holds (see (60) for the definition of q):

s [ [yweoraeen] - [ [ o< [ e+ )]

o there exists a constant Ko depending only on p°, 0 and ”U/OHHﬁI for which

(30)

To
(32) sup [t )y + [ 10:5(2 )1 < Ko

te(ovTO)

We call solutions in the sense of Theorem 1 HD solutions to (20)-(21) (after D. HOFF
and B. DESJARDINS who constructed independently such solutions for the constant viscos-
ity case). The scheme of our proof follows classical lines but we write details for reader’s
convenience :

e first, we obtain classical solutions to a regularized version of our system using the
BD entropy procedure. This procedure in one-D is well known since the work in
1968 by Y. KANEL in [11]. In our case, "regularized” only means that we assume
the initial data to satisfy further p° € H ;

e second, we prove that the strong solutions are HD-solutions on some time-interval
(0,Ty) where T, depends only on p° o0, ||u0||Hﬁ1 ;

e third, we apply a compactness argument showing that a sequence of solutions to
the regularized system converges to the solution whose existence is claimed in our
theorem. These HD solutions provide us with the solutions on which we justify the
homogenized procedure through Young measures.
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Enlarging the range of the compactness argument, we also obtain the main result of
this paper, namely, the mathematical justification of a generalization of the Baer-Nunziato
with one velocity. More precisely we obtain the following mathematical result

Theorem 2. Let Ty > 0 and (pn, un)nen be a sequence of solutions to (20)-(21) on (0, 1),
in the sense of Theorem 1, with respective initial data p° € Ly and ud e Hﬁl. Assume
that the sequence of initial data satisfies

o u) = u’in Hf —w
e there erists a constant Cy > 0 such that 1/Cy < p° < Cy uniformly,

.....

(to be defined below) towards
k
0= Z a?csg:pci)
i=1

Then, up to the extraction of a subsequence, (pn,u,) converges to ((a, pi)izi1,. .k, ) (in a
sense to be made precise) for which we have:

e the reqularity statements:

(33) a; € L=((0,Ty); L) N C([0, To); L) with
k
o >0,  Vie{l,... k}, dai=1, ae
i=1
(34) . € L2((0,T0): L) 1 C((0, T; L) with
00/2 < Pi < 200 a.ce.
(35) w € L2((0,To); H) 0 C((0, Tols H} — w);
e the partial differential system (in the sense of D'((0,Tp) x R)):
(){4
36 80(1' + 896 o;U) = . fi,
%) t ) = L
Pi
37 Ovpi + u0pp; = ———fi,
(37) v CNTraLs
(38) at(pu) + ax(pUQ) = 0, [maxu - 7T]>
where :

and




8 D. BRESCH, M. HILLAIRET

e the initial conditions:

_ 07l
(39) @;(0,-) = in Ly,

_ 0 o7l
(40) pi(0,-) = p; in Lﬁa

_ 0 oyl
(41) u(0,-) =u’ in Hy.

3. FORMAL DERIVATION FOR BIFLUID FLOWS.

In this part, we prove how to get the bifluid system using a formal WKB decomposition.
The reader interested by some formal papers related to heat-conducting case or to non-
monotone pressure discussions are referred to [12] and [19].

We assume throughout this section that (p,u) is a solution to the compressible Navier
Stokes system (5)-(6)-(7) given by the expansion (11)-(12) in which (13) is satisfied.

3.1. General setting. Let us formally multiply the continuity equation by a function 3’
such that:

£ =1 on the support of pg, £ =0 on the support of p”.

We get the classical equation

9iB(p) + 0x(B(p)u) + (pB'(p) — B(p))0su = 0.
Replacing 5(p) by its value, we get the supplementary equation

Then, we can decompose the derivatives in terms of the slow variables (t,x) and fast
variables (7,y) of 6. We get two equations when we consider terms which are O(1/¢) or
terms which are O(1):

(43) 679+ + anye_;,_ =0
uU—u
(44) @@+w@,=—L—ﬂ@@
€

The first equation provides the behavior of #, on a cell. This equation is consistent with
the assumption that 6, is an indicator function. Averaging with respect to the fast variable
the second equation, we get the following PDE on the averaged quantity a, = 6,

_ u—u
(45) atO[+ + u@xe_,_ = —%aye_,_.
We denote temporarily with bars averages on a cell. As this lightens notations a lot, we
keep this convention throughout this section only. However, it must not be confused with
lower and upper bounds for densities as it has been used in the statement of our Theorem

1 and as will be in the next section. Remark that there is no vacuum in the mixture so
that 6, +6_ =1 a.e.. Consequently, we have:

ar +a_ =1.
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Choosing then (' such that:
B = p on the support of pg , =0 on the support of p” .

We obtain that
0 (040%) + 0u(01p5u) = 0

Keeping only the first order in v and averaging with respect to fast variables, we obtain
then:

(46) Oi(vspl) + 0u(p304u0) = 0

Now the main objective is to calculate the averaged terms in (45)-(46) and obtain the
momentum equation. To proceed, we use the other equation. We distinguish two cases: the
constant viscosity case which gives at the end the system which has been justified recently in
[18] (generalized to the multi-dimensioncal case in [6]) and the density-dependent viscosity
case which gives at the end the homogenized system under consideration in this paper.

3.2. The constant viscosity case. Plugging the expansion of u in (45), we obtain at
first order in e:

(47) 8t(){+ + 'U/(]ame+ = —Ulay9+.

It remains then to compute the averaged quantity on the right-hand side and to justify
the homogenized momentum equation. Let us recall quickly the different steps to get the
limit system which asks to interprete the divergent parts (in €) of the momentum equation.
Indeed, we get the following cascade of equations:

At order £72, we get:

Oyytp = 0.
The velocity field ug is therefore independent of the fast variable y.
At order £ !, we get then:

(48) P° (Orug + up0ytg) = 2U0yyUo + Oy, Uy — pro.

(we denote p” = 0, p% + 0_p° and for the pressure: p® = 0,p% + 6_p°). As ug does not
depend on y (and p° remains far from 0), multiplying this equation by d,ug and integrating
on a cell, we obtain d,uy = 0. Therefore uy does not depend on both fast variables. In
particular

upOp0y = ugdrary ,  Orug = ayug,
and (46) rewrites:
(49) Ol 1) + Dy o) = O,
Using then that uy does not depend on the fast variables in (48) gives, because p is constant:

Nayyul - aypo = 0, and then , Maylh = po — E
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Multiplying this identity by 6, and taking the average (we recall that p} = p(p%) and
p° = p(p°) do not dependent of the fast variable), we get

—u10y04 = 0,.9yus = %w = a+Ma (g —p2).
Finally, we obtain the expected equation for the volume fraction:
(50) Ducvs + updolly = E= (0 — pP).
At order £°, in the momentum equation, we have now:
(51) p°Oug + p ugOyug + p° (Oruy + upOyuy) = 0x X0 + 0y

where

o = w(Datg + Oyur) — > Oiplp}) -
i=+,—
On the left-hand side, we recall that

Byur — % ( S 0t - p0>

i=+,—
and, in terms of the fast variables (7,y), J,u; is thus a linear function of 6, only so that
(43) induces that
Gy(&ul + anyul) =0
and consequently (because 0,uy + uodyu; has average 0 on a cell):
8Tu1 + uoﬁyul = 0.

Taking the average of (51) w.r.t fast variables, we obtain finally:

POy + puodyuo = 0y
with

p=au +ap’, To=pdug— » ol
i=+,—

Combining with (49)-(50), this completes the justification of the bifluid system in the
constant-viscosity case.

3.3. The density-dependent viscosity case. In this second case, we go back to the
relation

(52) 8t0+ + ana;e_i_ = —U18y9+.

that we want to average. We write again the different scales on the momentum equations.
We recall that we assume density-dependent viscosity = p(p). Therefore we can write

po=0,ps +0_p°

where we assume at first order that 5. ~ p9 which does not depend on the fast variables.
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Order 2. We get
83/ [,uﬁyuo] =0
This implies that
poyuy = K.

To determine Ky we use the equation at order e~! for 6, (and 6_) (43) that we multiply
by p5 (et p respectively). After some combinations, we get:

Orpt + upOyp = 0

Averaging the equation on a cell, we get that

0 = upOyp = —pdyug = Ko

Finally, we get that d,uo = 0 and therefore 4y does not depend of the space fast variables.

Order £~ !. We get with the same arguments as previously
pP0,uo = 9,1 (Dyur + dyug)] — 9yp”

and therefore, because 0,uq is constant, we obtain 0,ug = 0 after multiplication by 0, ug
and integration on a cell. Hence, uy does not depend on both fast variables again and we
obtain (49). Also, the above equation then reduces to:

0= 8y[u0(8yu1 + Oyup)] — 8yp0.
This gives
(53) 100yur + (1 — 10)dyug — (p° —1°) = K3

Let us note that at first order Ky = p°dyu;. We want to calculate this quantity. To
calculate K7, we proceed as previously, we multiply (52) by p% (and its equivalent for 6_
by ). After some combinations, this gives:

O 4+ ugOppt® + ulﬁy,uo = Z 0; (O + ug0y) 5.
=+

Averaging with respect to the fast variable, we get

w Oy’ = Z a; (0 + uody) 1 — (0 + updy) 1°

=%

= = 1 (O + uedy) o

i=+
= (,u(l - Mi) (O + up0,) ay
and finally

(54) Ky = p0dyur = (S — p2) (9 + o) ay
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Thus we can calculate at first order:

—U1ay9+ = 9+ayU1
0+ 0 0 0+ 0_ ;0 +
= — " =% = —5 (W0 — ) Opuo + — K1
M M
Then we have
s Ay o At 0 0
— @ =1°) = 5y — — (awpy +ap”
,LL0< ) NE)F + NE)F ( +F+ )
o
- ;0 (pg’ - pg)v
+
and on the other part
0 o)
N—Jgfﬁ = ,u—:)r( SL — %) (04 4 up0y) ay,
Jr
and finally :
0 _ o
_J(F](MO — 1) 0y ug = Opug +0 (MSL - ,u(l)
H Hy
Thus
0
- ajo o
08 = S (=) - Dl — ) + e (1= E0) @ w)
+ +

Therefore we get finally the following equation on ay :

5 (1+an (5 -1)) Qo+ wtian) = 20 (04 - ) - ol — i)

Jr
which may be rewritten as:
[eANe

(56) Doy + ugdpcry = —FA
s T

((pi —p?) = Opue(pd — p2)) .

As for the momentum equation, we write the €° order of the momentum equation as in the
previous case. We remark again that, thanks to (53), the quantity d,u; depends on the
fast variable only through 6. so that after averaging, we obtain:
POyug + Puodyug = 0,0

with

- _ 0 0 S — 09 e — 0 T8

P O Py ta_p”, 0 K OzUg Q;P; + yU1-

i=+,—

Combining (54) and (56), we have:
ava_(u — 1)
app® +apl

100y = (0% = p2) — Duo(pd — p2)),
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so that, after tedious but straightfoward algebraic combination (using many times that
ar +a_ =1), we get:
= opge oy plp® + a_p®ul
Yo=—5—¢0u0— 0 N
o pl® + o pl

apl + o pf

This completes the justification of the bifluid system mentioned in the introduction.

4. M ATHEMATICAL PROOFS.

In this section, we mathematically justify the derivation of a multifluid system with
variable viscosities from the compressible Navier—Stokes system with a density-dependent
viscosity. We consider the one-dimensional in space case to be able to construct global
strong solutions far from vacuum in the classical setting. We therefore recall and make
precise the result of existence and method of proof coming from [16] and recently [10].
Then, we perform the compactness result and derive the multifluid system.

4.1. Strong solution theory. By adapting the arguments of [16] to our periodic frame-
work, we have the following existence theorem

Theorem 3. Given p° € H} and v’ € H} satisfying

P’ = inf p°(z) > 0,

there exists a unique pair (p,u) such that:
(CS), we have the regularity statement
(57) p € C([0,00); H) with p >0,
(58) u € C([0,00); Hy) N L, ((0,00); H) ;
,u) satisfies a.e. in (0,00) X R with p, n grven by ;
Cs), (p sfies (20 in (0 R with p, i given by (21
(CS), (p,u) matches initial conditions (25) a.e..

We sketch the proof of this theorem for completeness.

Local existence of solutions is obtained by a classical fixed-point argument so that the
only difficulty lies in proving these solutions are global. As the local-in-time theory yields
a time of existence depending only on

£(0) == 2 + 116"y + Il

we aim to obtain a local-in-time uniform bound on &(#) for the associated solution (p,u).
This solution is defined a priori on a non-extendable time interval [0, 7T%).
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Step 1. Dissipation of energy. First, with classical arguments, we obtain

(59) /OL [p(t,x)|;(t,x)| dz +q(p } / / (t, )|0pu(s, z)|*dzdt
:/0 [—< >|20< W gz + 400 (@))| do

for all t € [0,T,) where ¢ is defined by:

(60) o(2) = 207! {le)} |

S

Step 2. BD entropy. We control now the growth of the H'-norm of p. Namely, we
adapt to our periodic case the BD-entropy method which may be found in its simplest
form in [5] for instance. So, we introduce ¢ € C'((0,0)) defined by

@(z)z/j%ds, Vze (0,00).

Note that for a nonlinear function ¢, of the density, we have

Ap1(p) +udzpr(p) + ¢ (p)pOzu = 0.

Thus differentiating with respect to space
@ea (o1 (p ))+3 (u0zp1(p)) + 0=(#1 (p)pOru) = 0.

Let us now choose ¢1(p) = [/ 11(p)/p, then we get from the definition of ¢
&(p@zw(/})) + 0x(pudaip(p)) + Ou(p(p)Oau) =

Adding the relation to the momentum equation gives

(61) O(p(u+ 0zp(p))) + Oulpulu + 020(p))) + O2p(p) = 0.

In what follows, we denote @, := d,¢(p(x)) to be distinguished with z — ¢/(2) the simple
derivative of the above defined function ¢. We keep subscript « to denote partial derivatives
w.r.t. space variable (we have thus d,u = u,). Testing the equation (61) with u + 0,
yields finally:

©2 s [ [ et it + [ pinr=o.

As p'¢’ > 0 we conclude that

L
/ {plu+e.*+aqp)} <Co, Vt>0.
0

L
(63) | WastomP <c. wizo
0
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As the continuity equation implies the conservation of the mean of p on (0, L) we derive
that, setting f € C((0,00)) any primitive of z — u(z)/2%?, there holds:

IFo(t Nl < Co, ¥t 0.

In particular, our assumption (23) on p enforces that f(z) diverges when z — 0 or z — co.
Hence, we obtain from the control above that

(64) ot g + o7t )l < Co, VE20,

and, plugging this inequality into (63) (and applying again that the mean of p is constant
with time so that the H@:PHL% controls the H'-norm of p), we get:

(65) oty < Co. VE0.

From the BD-entropy argument we developed up to now, we obtain global-in-time control
on the p in the H'-norm and in the L>®-norm from above and from below.

Remarks.

1. In case p merely satisfies (24), equation (62) induces that for a constant C,, > 0
there holds:

(66) s [ [ ol + i < [ slentt

Hence, recalling that the total energy of the solution remains uniformy bounded
with time, we obtain, by applying a Gronwall lemma, that there exists a positive
constant Cy depending only on initial data, for which:

L
/ {plu+ ea|” + a(p)} < CoCppu(1+t) exp(2C,,t) Vi >0.
0

2. Recently, B. HASPOT has extended the range of viscosity that provides global exis-
tence of strong solution for the compressible Navier-Stokes equation with density-
dependent viscosity if initially the density is far from vacuum. His nice idea is to
remark that the equation on v = u+ 0,¢(p) contains a damping term if we replace
the pressure term in terms of the v and u. More precisely, we get the equation

Pp)p*  _ P(p)r”

#(p) #(p)
Thus for p(s) = as? (v > 1) if we assume u(s) < C + Cp(s) for all s > 0 then he
first proves that v is L>°(0,7; L*°) and then coming back to the mass equation that
1/p belongs to L. This allows him to extend a local in time result to a global

one. In conclusion, our homogenized result may for instance be extended to the
shallow-water system where p(p) = p and p(p) = ap?.

(67) Oi(pv) + 0y (puv) +

Step 3. Regularity. Finally, we obtain propagation of the H* regularity for u. Namely,
we differentiate once the momentum equation, yielding:

p(Opuy + udpuy) = Oy (O0LUL) — Paz — P (Opu + udpu) — p|ug:|2 + 0 (pptiy).
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Multiplying this equality with u, yields:
1d L L L L
2dt |y 0 0 0

On the right-hand side, we have after integration by parts:

L
/ PrzUy
0

C 2 r 2
< lolfnen + [ oot

Then, we replace

so that:
L . L 3
[ o v < o ol ([ sl
0 0

o™ g ol Nl ez | 70

o7 g ol el s

L
< o (1t )+ [ lunf
0

where we applied the previous controls on p in the H' and L* norms, and that, for an
absolute constant C', there holds:

1 1
Ug||Le > Uy 2 || Uz 2 -
Jtlage < Clual 5l

We have similarly:

and

L CO ) L )
/ ot Oytta]| < Sy 2 + & / lttzal
0 € # 0

Combining all these computations in our first identity, and choosing e sufficiently small,

yields:
1d [ [* ,] 1 [F ) 4

Applying a standard Gronwall inequality and recalling the dissipation of energy estimate,
we obtain then that:

L
/ lu,(t, 7)[Pdr < Co(1 +t)exp(Cy), Vt>0
0

This ends the proof.
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4.2. Uniform estimates. Prior to establishing Theorem 1, we show in this section
that the global strong solutions of the previous section, that we construct for initial data
(p°,u’) € H} x H{, do satisfy the requirements (HDS),, (HDS), and (HDS), of The-

orem 1 on some time interval (0,7,) with 7 depending only on p% p°, ||u0||H1 This
completes the proof of Theorem 1 in the case p° satisfies the further property p° € Hy. !

So, let (p°,u°) € H} x H/ and (p,u) the associated global strong solution given by
Theorem 3. Clearly, (CS), (resp. (CS),) induces that (HDS), (resp. (HDS),) holds
on arbitrary time-interval (0, 7;). We remind also that this solution satisfies the dissipation
energy estimate (59). Hence, denoting by

L | 0],0 2
OC::/O [%der max q(z)] dz

[p°,p"]
we have that, for arbitrary Ty > 0 :
1 L t L
(68) sup [—/ p(t,x)\u(t,x)ﬁdx—l—/ / /,L(s,x)|8xu(s,x)|dsdx} <&
te0,10) L2 Jo o Jo

The only point is thus to obtain the bounds (30) and (32). Note also that thanks to the
regularity (CS),, these conditions are indeed satisfied but for a sufficiently small Ty only.
The actual difficulty is thus to prove that we may choose Ty = Tj depending only on
p°, P9, |[ul ny- For this purpose, in what follows, we pick a positive time Tg for which (30)

and (32) are satisfied by (p,u) on [0, Ty] for a well chosen K°. We show then, that, if we
assume Ty < Ty, for some Ty to be constructed with the expected dependencies, we obtain
a better bound for (p,u). By a standard connectedness argument’, we obtain then that we
may choose TO =1Ty.

For the computations below, we introduce the following notations:

e we introduce the function kK = p/pu

e given [ € C([0,00)), we denote
K3 = max{5(2) = € [2/2 57}

o K0 =36 (u ) [H\/ 0)0, 1o — 2+ 1+ LIKDP

We remark that K? do depend only on F,p_o, ||u0||Hﬁ1 It will play the role of K% in our
proof.

!Given the regularity statements (CS), the following quantities are continuous functions of time-
variable ¢ € [0, c0):

t
in p(t ax p(t 0:2|13 s
mino.), ot ), [ sl sl
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~ According to the method of proof we described above, we assume from now on that
Ty > 0 is chosen and fixed such that we have the a priori bounds:

0

(69) % < p(t,x) <209 on (0,Ty) x R
To
(70) sup ||u||§{1 +/ ||8xz||%2ds < K?.
(0,7) L 0 ¥

We state first the following lemma:

Lemma 4. Let denote:

1 1 0cc 0,2 0\ 3 Kg
__0(\/Z+ﬁ) (2K)E5 + 2L|K)|* + K) +W’

(see (23) for the definition of u°). Then, KY depends only on p°, p°, HUOHHul and, if Ty < 1,
there holds

Ty i
(71) | 1oy < TR
0

Proof. We recall first the classical embedding Hﬁl C Lg® with the embedding inequality:

1
ol < (VE+ =) ol

Let now T < Tp. Due to (70), we have

T L
/ / 0,2 < KU,
o Jo

Then, by construction, there holds:
2> < 2 (|ul?|0xul® + [pf?)

Consequently, recalling (68), we obain:

L T L
/ / 2P < / / P10yl + 2 / / pf?
0 0 0 0

T L
0 2 02
< 2K“/0 /0 p|dpul® + 2T L|K)|
< 2K)E5 + 2T LK)

Finally, we have:

T 2
1
/O l2lZe < (\/Z+ —\/Z) (2K0ES + 2TLIKY)* + KY) .
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and thus
T
1 1
/ 2|l ee < VT (\/Z + —) (2K0E5 + 2T L|KS)* + KQ)* .
0 : VL

Then, we remark that

1
Opu = : +p’ so that (with the bound (23)), [0,ul < — [z + %
pu pu 7

and :

T \/— T
/ |0zl e < =5 <f+ —) (2K,&5 + 2T LIK)|? +K°) + K.
0 VL e

Hence, under the further restriction 7' < 1, we obtain:

g 1
[ ot < VT [(VE+ ) Conts + 20im3p 4 K2 4 8D

which yields the expected result setting T = Tp. O

We now consider the continuity equation and derive bounds for p:

Lemma 5. There exists Ty depending only on p°, o, H'U/OHHuI for which, if we assume that
Ty < T¢ then, there holds:

2 3—
=’ <p(t,z) < 5,00 V(t,x) € (0,Tp) x R.

3
Proof. By standard arguments, we have that, for arbitrary p € [1,00[U] — 0o, —1[ there
holds:
1d /L } 1 [t L
—— pl? +—/ u@mpp:—/ p|P Oy u
S L[] [ == [
so that:

d L L L
L] <=1t i < 2tiondez [ 1o
0 0 0

Consequently, there holds:

(/OL\p\p) <(['w |p) ew (2 [ o).

In the limit |p| — oo we thus have

T
(6, )z < Pexp (2 / ||axu||Lgo) ,
0
1 T
1
(e, ) uLgosEexp(z / H@muHL;o)-
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(1] 1 3\ |”
T¢ := min (5"2—1(21n(§) )

(which has then the expected dependencies, see the definition of K9), and assuming Ty <
Ty < 1, we apply Lemma 4 on (0,7}) and obtain:

Pexp (2Tl KG) < plt,x) < Pexp (2T 2K3) |

Setting

where

(NN V]

exp(2|Ty|2 KY) < exp(2V/T{Ky) <

We conclude with deriving estimates for v and z :

Lemma 6. There exists T > 0 depending only on p_o,ﬁ, HUOHHnl for which, if we assume
that Ty < T}, there holds:

To
sup ||6$u||%§+/ 18, 2|%ds
0

t€[0,7p)
8 _
< <E + 36p°) 1IN0 0utto = w(p) 2 + 1+ LIKSP]

Proof. The proof of this result is based on the use of a suitable multiplier for the momentum
equation:

p(Opu + udpu) = 0y [nOyu — p]  a.e. on (0,00) x (0, L)

Precisely, we introduce the following conventions:

e the operator E corresponds to the mean of an L-periodic L!-function;

e the operator 9, ! corresponds to the periodic mean-free primitive of an L-periodic func-
tion of mean 0. It maps H;" into HﬁmJr1 for arbitrary m € N and admits a straightforward
density extension for m € Z\N (when m € Z\N, H}" stands for the dual of the subspace

of Hﬁ‘m‘ containing all functions with mean zero);

e throughout the proof, Cj is a constant which depends only on p°, PO and ||u°|| - It may
vary between lines.

Then, we let T € (0,T}) and we set:

v=0m— 0, [0k —E[0;k]] on (0,T).
We recall that thanks to the continuity equation, there holds, for arbitrary 8 € C1([0, 00))
(72) 9B (p) + 9:(B(p)u) + (B'(p)p — B(p))dsu = 0.
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Hence we have that x, 1, p belong to the space H'(0,T; L7) N C([0, T]; Cy) N L*(0,T; H}).
Consequently, v € L*((0,T); Lg) and we have then:

(73) /OT /OL p(Oru + ud,u)v = /OT /OL Oy [u0pu — plo

On the right-hand side, we note that we can approximate u by projecting on Fourier series
with a finite number of terms. This yields a sequence u” converging to u in H'(0,T; L) N
C([0,T7; H{) N L*(0,T; H?). Furthermore, the extension of 9, to negative sobolev spaces
yields that:

v =0,"[0,0,u — (O — E[O,k])] .

Hence the following formal integration by parts that are valid for L-periodic trigonometric
polynoms (with v = gu® — 0,1 [0k — E[0;k])):

L L
/ Oy [,uamuN —p] oV = —/ [u&qu —p] oo™
0 oL .
— —/ L [8muN — k] 0 [&BuN — K] —/ [u&qu — p] E[0]
0 0
1d [F s 1 [T 2
— i [ e =5 [ Mo -

L
—E[u&qu—p]/ Ok,
0

extend into:

T L 1 L 2T 1 [T (L )
//6m[uﬁmu—p]v:——[/ ,u|8mu—/<;|} +—/ / Ot |0zu — K|
o Jo 2 LJo o 2Jo Jo
T L
—/ E[u@xu—p]/ Ok
0 0

This simplifies the RHS of (73), whereas, on the left-hand side, we have:

LHS — / ! / O+ udhr) (Ot — 07 [Dhr — EJow])

1 (T L , T L T L ,
5/ / P |0 + ud,ul —/ / plud,ul? —/ / p |07 [0 — E[Ops]]|” .
o Jo o Jo o Jo

v
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Finally, (73) reduces to*:

1 L ) 1 T L )
I A - A RCATC ]
0 i=r 40" Jo Jo
1 L 9 1 T L ) T L
§§ {/ 1(p°) |0u” — K(p°)] ] +§/ / Oppt |0zu — K| —/ E[z]/ Ok
0 0 0 0 0
T L T L 9
—l—/ / p|u8xu\2—|—/ / p|0; [0k — E0ws]]|”
0 0 0 0

L[ /" 1
< 3 {/ 1(p°) |0pu” — m(po)f] + 5[1 — L+ I3+ I
0

We bound now 1[4, I, I3, I4.
Applying (72) with 8 = 1/u, we have first:

I = //& {—} |10pu — pl?
L P
_ _2// L0t — ) [10yu — p] // ”p+“8ulﬂé’u—pl2-

Recalling that thanks to (68):

pluf® _ 4&
||u||L2—/||2 —/ =1
s

we obtain that, for arbitrary small ¢

T
A< Co [ [Hullplelllonslss + ooz =12
0

1 [T , T ) ;

S g Jy 192l + Co [ [ + sz + owulz ]

Rewriting z in terms of d,u and p(p), 11(p), we obtain finally that
L

T T
1) 101<Co [ (10l + oz +1) [ o=+ o5 [0l

80" Jo

Concerning I, = fo fo [2]0;k, we have, applying (72):
Ok + Op(ku) + (K'p — K)Opu = 0,

2Note that p(Oru + udyu) = Oz [dyu — pl and p < 2p0
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L L
/ Opk = —/ (K'p — K)Oyu
0 0

and consequently, with the same arguments as above:

T T T L
@) 15l< [ Golllgloal < Go [ ol + Co [ [ plo P
0 0 0 0

Concerning I3 = fOT fOL plud,ul?, we proceed as previously:

T L
B < Gl [ 10
0 0
T L
2 2
00/0 (1+H8quL§)/O 18,4

Finally, expressing d,u in terms of z and functions of p, there still exists a constant C for
which:

T L T
Bl Co [ oy [ o= kB Co [+ oy,
Then, for I, we note as previously that:
Ok — E[0yk] = =0, (ku) — [(K'p — k)Opu — E[(K'p — k)0, u]]
Consequently, there holds:
0, [0k — E[Oik]] = — [ku — E[ru]] — w

so that

IN

where
w=0;"[(Kp—r)Opu—E[(Kp— r)Ou]] .
A classical Poincaré-~Wirtinger inequality yields that:
105" (9 — BIOA]) 125 < Colllull?; + 2.l

Hence I, = fOTp|8;1 [0yk — E[0;k]] |* satisfies:

T
(78) 12 g/ Co (1 + sl )
0 #

Combining the computations (75)—(78) of Iy, I, I3, 14, we obtain finally that (74) reads:

78
(79) [/OLMaggu—mPLT / [ o
<[ [ uo ot s+ [ 50 [ g+ [ gte

£(6) = Co (1+ 10l + |0sull <oy ) -

where



24 D. BRESCH, M. HILLAIRET

and
_ 2
gt) = Co <1 + HamUHLg)

On the one hand, we have that (we may assume 7' < 1 without restriction so that (71)

holds true):
T T
/ f(t)dt < Co (T +/ ||8xu||L°°(O,L) + ||aa:u||i§)
0 0
< G (T(1 + K9 + \/TKg) .

Consequently, there exists T < 1 depending only on p o9, HUOHHul such that:

T
exp ( f(t)dt) <2
0

T
/ g(t)ydt < CoT (1+ Ky)
0

Hence, restricting the size of 7§} if necessary, but keeping the same dependencies, we have

that, for T' < T§' :
! 1 - 0 0 0y|2
[ awar< g | [ a0 o - +1).
0 0

Finally, by a standard application of the Gronwall lemma, we obtain then that, for arbitrary
T < Ty, there holds:

s VO =)l < v ([ o) (1t Gean sl +2 [ gts)as)
4 (V)00 = w() 3 +1)

Similarly we have:

IN

Consequently:

swuawg<——M¢ Mouo = k(o3 +1+ LI

te(0, T

and we also have:

%/jmﬂlzds < % [/OLM(/)O) |Osu” — ﬁ(po)\z}
+4/TfﬁﬂtHv@@@@Mm—H@WN@$+Q-%ATmﬁds
9 (IN/()Gruo = k()33 + 1)

IN
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Finally, we have indeed, that, for arbitrary 7" € [0, T3) there holds:
T
sup |0 u||L2 / 0,2|7ds
0

t€[0,7]
8 _
< (5 +367 ) [IVAG w0 — n(P)E; + 1+ LIKZF]
U

Combining Lemma 5 and Lemma 6, we obtain finally, that, for 7o = min(1, 73, T§) /2
we have (HDS), with

Ko —36< ) [||\/ 0)0,up — K(p ||L2+1+L|K0|2
0

4.3. Compactness argument : proof of main theorems. In this last section, we
complete the proof of our mains results: Theorem 1 and Theorem 2. We first remark
that the proof of both results reduces to a study of compactness of HD solutions to (20)-
(21).

To complete the proof of Theorem 1, we remark that, given an initial data (p°, u°) €

Ly % Hﬁ1 we may approximate this initial data by a sequence (p?,u?) € Len Hﬁ satisfying
(80) A<= upllm <1l VneN,

and

(81) py — p°in Ly uy — u’ in H.

This can be done by a standard mollifying/projection argument. Then, the result in the
previous section shows that there exists 7Ty > 0 independant of n € N for which there
exists a HD solution (p,,, u,) to (20)-(21) on (0,T,) associated with initial data (p2,u?).
Our objective is to prove that we can extract a subsequence of these HD solutions that
converges to an HD solution to (20)-(21) on (0, Tp) associated with initial data (p°, u®).

On the other hand, to complete the proof of Theorem 2, we consider a sequence of
initial data (pj,u,) € L° N H{. Under the assumptions of Theorem 2, there exists a
constant Cy € (0, 00) for which:

1
(82) oA < <Gy ”UgHHﬁl <Co, VneN.
0

Assuming that Theorem 1 holds (that would result from a first application of the proof
below), there exists Ty > 0 independant of n € N for which there exists a HD solution
(P, up) to (20)-(21) on (0, Tpy) associated with initial data (p2, u®). We aim then at studying
if this sequence admits cluster point and to compute a system satisfied by these cluster
points.

We first make precise the convergence of the initial data that we apply in Theorem 2.
We have the definition below:
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Definition 7. Given (L,Cy) > 0 we call L-periodic Young-measure on R x [0,2Cy] any
positive bounded measure i on R x [0,2Co], L-periodic in the first variable, and satisfying:

(53) @) o) = [ ot
We denote Yy([0, L] x [0,2C)]) the set of L-periodic Young measures.

This definition is an adaptation to the periodic framework of the definition of L.. TARTAR
[21]. Tt goes with several remarks:

(1) As L,Cy will be fixed in what follows, we drop it in the notations for Young mea-
sures. From now on, we denote simply ;.

(2) As in the non-periodic case our Young measures form a closed subspace of the set
of positive measures on R x [0,2Cy]. As we work in an unbounded domain (in z),
"weak—x convergence” is understood locally (see [21, Section 2] for more details).

(3) there holds Yy C [L'((0,2L); C([0,2C]))]*. Indeed, if ¢ € C.((0,2L) x [0,2Cy]), we
have then that [¢(z,&)| < ||o(x, )|l (o,2¢0)) and, by the positivity of v and (83):

2L
. 8)] < / 16z, Mo

The embedding property yields then from the fact that C.((0,2L) x [0,2C)]) is
dense in L'((0,2L); C([0,2Cy))),
(4) given p € LZ° such that [|p| e < 2Co, we define v, € V; by

(v, B / Bz, p(x))dz, Ve C(R x[0,2CH)).
In the frame of Theorem 2 we assume that there exists k € N and (o, p)) € [LQ’O]% for

which there holds:

e a?>0ae for 1 <i<kwith " al=1, ae.,

e 1/Cy < p? <(C%ace. for1<i<k,
o vy =10 =3 iy,

Given the topology on measures, the last item is equivalent to:
k
) = Y aiB(p') in L —wx, VB € C([0,2C)).

We recall in particular, that, if ||p? | Lz < Cy for arbitrary n € N and P2 — p®in L}, there
holds:

Vpy —Vp In Yy —
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Hence, the compactness study leading to Theorem 1 is a particular case of the proof of
Theorem 2 (in the case k = 1). We complete thus the study by the proof of Theorem
2 only.

So, we have now a uniform time 7 > 0, and a sequence (p,, u,) of HD solutions associ-
ated with data (p%,u?) satisfying (82). Thanks to these uniform bounds (HDS), yields:

® p, is bounded in L>(0, Ty; Lg°) (from above and by below), and so do ju, := p(pn), pn =

p(pn) and Ky == K(py),
e u, is bounded in L>(0, To; Hﬁl>7

® 2, := i, Oy, — Py is bounded in L?(0, Ty; Hﬁl)

Lemma 4 together with standard computations imply then that

e 0,u, is bounded in L'(0, Tp; Lg°) N L>(0, To; L3).

We have thus, up to the extraction of a subsequence (that we do not relabel for conciseness):

® Pn = P, Pn = P, pn — p> and K, — £ in L>(0, To; Lg°) — w,
o u, — uin L>(0,To; H}) — wx with d,u € L(0, To; L)
o z, = 2 in L*(0, To; H)) — w.

Furthermore, introducing;:

p_ = liminf( inf pn) , Poo :=limsup [ sup p, ,
oo (0,79)xR neN (0,To)xR neN

classical weak convergence arguments also yield that,

e for a.e. (t,x) € (0,Tp) x (R/LZ) there holds:

(84) L. <P <Pu

e there exists a constant K, depending only on C and sup,,cy [|ul]| } for which

To
(85) sup u(t, )y + [ 170y < Ko
tE(O,To) 0

4.3.1. Convergence of momentum equation. We want now to pass to the limit in the mo-
mentum equation satisfied by p, and wu,. To this end, we first obtain strong-compactness
for two quantities. We have:
Lemma 8. Up to the extraction of a subsequence, we have that

u, — u in C([0, Ty; Lf).

Proof. We already have that w, is bounded in C([0, To; L) N L>*(0, To; H,') where H} C L
is compact. Furthermore, we have from the continuity equation that:

1
Oy, = —UpOglly, + — Oy 2,

n



28 D. BRESCH, M. HILLAIRET

Consequently:

| Ovtin || 2 (0,To; L2) ||Un||L°° 0,To;Lg° ||un||L2(OTo H}) + [/l on|™ 1||L°° 0,To;Lge) 1022 ]| 12 (0,T0;L3)-

But, the bounds claimed above and the embedding Hﬁ C L yield that the right-hand
side of this inequality is bounded uniformly in n € N. Consequently, we have that wu,
is uniformly equicontinuous in C([0, T 0];L§) and we may extract a strongly converging
subsequence. O

Remark. We can then prove that p"|u"|2 — plul? (in L*((0,T) x (R/LZ)) — w for
instance) and, if p2 converges strongly to p°, classical arguments on the dissipation estimate
satisfied by (p u™) imply that for a.e. ¢ € (0,7p) there holds:

w0 [ [t [ [

where ¢° = q(p°).

Second, we state the equivalent result to the viscous-flux lemma that was crucial to the
proof by P.-L. Lions [15] and by E. FEIREISL, A. NOvOTNY and H. PETZELTOVA [9] to
obtain existence of global weak solutions to compressible Navier—Stokes systems:

Lemma 9. Let § € C'((0,00)) then, up to the extraction of a subsequence, we have that
B(pn) — B in L>(0, To; Ly®) — wx,
B(pn)zn — 2 in L*((0,Ty) x R/LZ) —

Proof. Under the assumptions of this lemma (and keeping the conventions of the previous
section for the operator d9;!), we set:

Bu="P(pn), wn=0;"[Bn—E[B,]].

Then, , and w, are bounded respectively in C([0, To]; L) N L>((0,Ty) x R/LZ) and
C([0, To]; H}). In particular, we may extract a subsequence s.t. 3(p") and 3(py)z, converge
respectively in L=((0,Ty) x R/LZ) — w* and L?*((0,Ty) x R/LZ) —w. We denote 3 the
weak—sx limit of 5(p,). Furthermore, there holds:

at'wn = 8;;1 [atﬁn - E[atﬁn]]
where, as previously:

O[] —E[(8'(pn)pn — Br)0sun] € L>(0,Tp).

Consequently :
rwy = — (Bpun — E[Bnu,]) — 63;1 [(B"(pn)pn = Bn) Ozt — E[(B'(pn) pr — Bn) Oxttn]
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and repeating the computations for I, in the previous paragraph, we obtain that d,w, is
also bounded in L*(0, To; Lg) We may again extract a subsequence we do not relabel such
that:

wy, = w® = 9 [ — E[~]] in C((0, To); L7)

(as this is the only possible limit). Consequently also E[3,] is bounded in W1>°((0, Ty)) so
that we may extract a subsequence for which E[3,,] — E[3>°] in C(]0, Tp)).

For any n € N and ¢ € C°((0,Tp) x )) we have then:

To L To To
0 0

On the one-hand, we have:

/OTO /OLEWW ! /oi /06 /0
- 1 /O /O f /O .

due to the strong convergence of (E(f,))nen in C([0,70]) and the weak convergence of
(foL Zn(p)néN n L2((07T0))'
On the other hand, there holds:

To L To L To L
0 0 0 0 0 0

Combining, the strong convergence of w, in C([0,Tp]; L) and the weak convergence of z,
in L*(0, Ty; H}) we also get:

To L To L To L
/ / Op Wy Znp — —/ / w0, 2> — / / w>z>
o Jo o Jo o Jo

These computations entail finally that

To L To L To L To L
lim / Bpznp = —/ / w“gp@xzoo—/ / w> 2™ $<p+/ / E[B<]w™ ¢
n—=o0 Jo 0 0 0 0 0 0 0
Ty L
0 0

This completes the proof. O

We can now pass to the limit in the equations satisfied by (p,, u,).
Proposition 10. We have in D'((0,Tp) x R) :
A (pu) + aﬂﬁ(puz) = 0y [m™(0pu — £7)].
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where

" {“m u&n)]

Proof. We recall that, for any given n € N there holds:

Combining the weak convergences of p,, and w,, and the strong convergence of u,,, we obtain
that

o pou, — puin L?((0,Ty) x (R/LZ)) — w,
o u, — uin LY(0,Ty) x (R/LZ)) or |u,|* — u? in L*((0,Ty) x (R/LZ)),
o polun®> — pu? in L2((0,T) x (R/LZ)) — w.

This enables to pass to the limit in the right-hand side:
Ou(puttn) + Dy (palunl?) = Dy(pu) + Da(pu) in D'((0,Tp) x R)
On the right-hand side we have that z, — 2 so that:
O (pu) + 0u(pu®) = 0,2™.
It remains to compute z in terms of p and u. We have, for fixed n € N :

z
Oty = — + K(pp).
Lin

Passing to the limit in this identity (in L?((0,7y) x (R/LZ)) — w for instance), we get,
thanks to the previous lemma:

Oyu = lim [

2% + K% or 2% =m™ (O,u — k™).
M(pn)]

This ends the proof of this proposition. OJ

As classical in these compactness arguments, the main difficulty now is to find a relation
between 1>, k> and p. In full generality, this is not possible: the operators ”"lim” and
the operator ”composition by a continuous function 5”7 do not commute. To analyze more
precisely the commutators, we apply Young-measure theory.

4.3.2. Compactness of Young measures. For a given n € N we introduce the young measure
Vp = 1y, From the regularity p, € C([0,To}; Ly) we deduce that v, € C([0, To]; Vs — wx).
We state then

Proposition 11. There exists a subsequence we do not relabel such that v, — v in
C([0,To]; Yy — wx) Furthermore, v is a solution to:

o0 awvaren = ((6575) + 5 )~ (2 () - 548) =
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in D'((0,Ty) x R x (0,2Cy)) with initial condition:
k
(88) v(0,) =Y ald,.
i=1

Proof. By construction, v, € C([0,7p]; Vs — w*) and is a bounded sequence in this space.
Then, we rewrite (72):

(89)  Owwn + Ou(vuy) — (O¢(Evn) + 1) Opun, =0 in D'((0,75) x R x (0,2C))).

For arbitrary ¢ € C2°(R x (0,2C))) there holds:

at(”na ¢> - <Vn7 unam¢> + <Vn7 ¢axun> - <Vn7 gamunaﬁgw
We recall here that w,, is bounded in L*((0,7); Cy) and that 0,u, is bounded also in the
space L'(0,T; Lg°). Hence, for arbitrary ¢ € C2°(R x (0,2C))) we have that ((vy, ¢))nen is
relatively compact in C'([0, Tp)).

As the weak—x* convergence on ); measures only the weak—x convergences in all the
Co((=N,N) % (0,2Cy))* (for N € N, since v, has support in R x [1/Cy, C])) which admits
a denumerable dense set of functions belonging to C°((—N, N) x (0,2C))), we may apply
a classical argument to obtain that, up to the extraction of a subsequence, v,, converges in

C([0, To]; Vs — wx).

Then, we rewrite equivalently (89) as:

s (4 5) ) - (4 (25) ) -

Combining the weak convergence of v,, z,, the strong convergence of u,, and Lemma 9
we may pass to the limit in this equation and obtain (87). O

To end the proof of Theorem 1 we remark that (87)-(88) enters the framework of
Appendix A. Indeed, we rewrite (87) as

O + Oy (vuy) + Oc(vue) + gv =0
with, thanks to the previous arguments u, = u(t,z) € C([0,Tp] x R/LZ) s.t.:

o0

Dutty = — + £ € L0, Ty; L), ety = 0.
moo
and (note that 2> € L?(0,Ty; HY(R/LZ)) C L'(0, Ty; C(R/LZ)) ):

(e 1 2O ¢ o
Ue = (Iu<£> (t, )+ ,u(é)) EL(O,TO7C(R/LZX[O,QCO]))

such that:
Oeug € L0, Ty; L (R/LZ x (0,2C))));

T L
/ / sup |Opue(t, x, &)|dédr < 0o
o Jo

56[0,200}
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Finally, we have:
Z2*(t, p(&

e T M(f)) e L'(0,Ty; C(R/LZ x [0,2Cy)))

such that:
Oeg € LI(O,TO; L>®(R/LZ x (0,2Cy))),

/ / sup |0xg(t,z,&)|dédx < oo
0

£€(0,2Co]

Hence, Appendix A ensures that v is the unique solution to (87)-(88) and that it writes
as a convex combination of k Dirac measures. Plugging formally v = Ele a;0¢—p, in (87)-
(88) we get that the (o, p;) are solutions of the expected pde system. We note that these
equations are actually satisfied by construction (see the proof of Lemma 13). This ends
the proof of Theorem 2.

Let mention that, in the particular case k = 1, we recover that a; = 1 and that (p',u) =
(p,u) satisfies (20)-(21). We also have that (84)-(86)-(85) imply that (30)-(31)-(32) holds
true on (0,7p). This completes the proof of Theorem 1.

APPENDIX A. COMPLEMENTARY RESULT ON TRANSPORT EQUATION

In this section we consider periodic young-measures solution to the transport equation:

(90) O + div(uv) + gv = 0,
in D'((0,7) x R x (0, M)), with initial condition:
(91) v(0,-) =",

For legibility, we turn to notations (z1, z5) for space variables and u = (uy, ug) for velocity-
fields. Throughout this appendix, we assume that this velocity-field satisfies:

o u; € L'(0,T;C(R/LZ x [0, M])) with:

(92) Oy € LY(0,T); L((R/LZ) x (0, M)));
(93> 82U1 =0 a.e.

e uy € L'((0,7); C((R/LZ) x [0, M])) with:
(94) / /o sequM |Ovus(t, 1, x2)|dz1dt < o0
(95) daug € L((0,T); L((R/LZ) x (0, M))).

As for the source term g, we assume that

e gc L0, T;C°(R/LZ x [0, M])) with
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(96) / /0 i%pM |O1g(t, x1, x9)|dz1dl < 00
(97) 029 € L'((0,T); L*((R/LZ) x (0, M))).

We first obtain a uniqueness result:

Lemma 12. For arbitrary v° € Yy and K @ R/LZ x (0, M), there exists T.. < T such that
(90)-(91) admits at most one solution v € C([0,T.]; Yy — wx) with support in K.

Proof. We provide a proof with a duality-regularization argument. By difference, we prove
that if v satisfies :

e v is a continuous function on [0, 7}] with values in periodic measures on R x [0, M]
(endowed with the wx-topology)

e v, has support in K € R/LZ x (0, M) for arbitrary ¢ € (0,7) and v,_, =0

e for arbitrary ¢ € D((0,7') x R x (0, M)) we have:

T
/ <Vuat90+uv¢_ggo>:07
0

then v vanishes globally on [0, 7.

First, by a standard regularization argument, we have that, for arbitrary ¢ € [0, 7] and

o € WH([0,t]; CH(R x (0, M))) there holds:

(98) (v, (1)) = —/Ot<vsﬁt<p+wv<p—gso>d8-

We also fix K’ containing strictly K with K" € (R/LZ) x (0, M) and remark that there
exists T, depending on u and K’ for which any characteristics I' of the flow associated to
u crossing K on [0, T}] satisfies I" € (R/LZ) x (0, M).

Then, we introduce mollified velocities and source term (uf, ¢%).~o obtained by con-

volution with tensorized mollifiers (p:).~o. Given the assumed regularity on u and g we
have that (u®, g¢) € LY(0,T; C*((R/LZ) x [0, M])). We shall use the following convergence
afterwards:

e we have the classical convergences

(99) [u5 — uall L1050y + 119 — gllLr0.152) = 0.
e thanks to (92)-(93) we have Vu; € L'(0,T; L>°(R/LZ x (0, M))) and:
(100) ”Ui — u1HL1(0’T;Loo) S CE

e applying (94)-(96) in the computations of dy¢g° and Oyu§ and Vu; we obtain the
uniform bounds:

(101) 10205 | 1 0,75100) + 10297 L2 (0,75 10) + (Vi Loy < C
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e applying (94)-(96) in the computations of d;¢° and 0;u§ we obtain the divergences:

C
(102) 0145 10,70y + 1019 | L1 0.752) 53;75-

Let now t € (0,T,) and * € C1(R x (0, M)) with support in K’ we construct now ¢°
solution to

O +u° - Vo© = g°¢° on (0,t) x R x (0, M),
p(t,) = ¢ on R x (0, M).

(Classical results on convection equations yield that ¢® has the requested regularity to be
a test-function in (98) for e sufficiently small. In particular, the convergence of the flow
associated with u® towards the flow associated with u ensures that, for € sufficiently small,
©°(s, ) has compact support in R x (0, M) for any s € [0,t]. Consequently, we have

(s ) = — / (v, (u— ) - Vg — (g — ¢°)°)ds.

This entails that:
(v, @) < C L+ I + I3

where :

t
. /|mn—u@a¢wumeM»
0
t
L = /|mm—u9@¢wuwmmM»
0

t
I - /H@—fwwmmmM»
0

Concerning I3 at first, we apply classical maximum-principle arguments yielding that,
for any s € (0,¢) :

t
W@NWQWWwﬁ/w%Q.
0

Due to the convergence of ¢° towards g we obtain that ¢° is uniformly bounded indepen-
dently of € and that

t
\[3\§C/ lg — ¢ |lL= =0 when e — 0.
0

Then, we differentiate the transport equation for ¢® w.r.t. xo. As dyuj = 0, we obtain that
5 = O9° satisfies:
Ahpy +u” - Vol = Dag™ 0" + g7 — Dauspy on (0,2) x R x (0, M),
©5(t, ) = Do on R x (0, M).
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Refering again to a maximum principle argument for transport equations, we obtain that,
for any s € (0,¢) :

t t
(s, Yo < (nazsoﬁnm v ||8298<P8||L°°> exp ( [l + ||azuz||Loo) |
0 0

Applying the uniform bound on ¢° together with (101) we get:
le3(s, = < C', Vs € (0,2).

Combining this remark with the convergence (99) we obtain then:

t
Bl < Csuwleiloe [ 1065 - o)~
(0,%) 0

t
< C/ |(u§ — u2)|[= — 0 when e — 0.
0
Finally, to compute I; we differentiate the transport equation for ¢° w.r.t. x;. We obtain
that ¢] = 01¢° satisfies:
Opp] +u” - Vi = 019" + g — diusph — Oiuips on (0,2) x R x (0, M),
@5 (t, ) = O on R x (0, M).

Again, this yields that, for any s € (0,¢) :

t
165 (s, e < (Halsoﬁum + [ Qoo + ualu;soau;m))
0

t
exp ( [l + ||81ui||Loo)
0

Applying the uniform bound on ¢ and ¢5 with (101) and (102) we conclude that

C
sup [[i(s, )| < —=.
s€(0,t) ! \/g

Combining this remark with the convergence (100) we obtain then:

¢
L] < C?(l]lg ||<Pi||L°°(R><(O,M))/ | (u] — 1) zoe((R/L2) % (0,01))
b 0

< Cye—0 whene—0.

Finally, we have (v, ¢*) = 0 whatever the value of ¢*. As v, has support in K strictly
contained in K’ we conclude that v, = 0 globally. U
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We then construct solutions for initial data which are convex combinations of Dirac
measures. Namely, we assume that there exists (af, p?)i=1.x € [L>°(R/LZ)]** satisfying:

k
(103) 0<al(z)<1 > al(z)=1 ae inR/LZ

i=0
4 M
(104) i < pd(x) < T e in R/LZ.

and we consider the initial data for (90) that reads:

(105) W = Za (€)= p0(0)-
We show that we can construct a solution to (90) with the same structure (under the above
assumptions on the velocity u and g). Namely, there holds:
Lemma 13. Let (103)-(104)-(105) hold true. There exists Ty < T and
(a5, i) € L((0,Ty) x (R/LZ)) N1 C(0, Ty)s L' (R/LZ))

satisfying
k
(106) 0<a(t,z) <1 Zai(t,:c) =1 ae
=0
2 M
1 — < pilt,r) < —  ae.
(107) M_p(ta:) 5 ae

such that v ="F_ a;b¢—, € C([0,Ty); Vs) is a solution to (90)-(91).

Proof. The proof is straightforward. Let v = Zle @;0¢—p, With (cy, p;) as in the statement
of the theorem. We have thus that, for arbitrary ¢ € C.(R x [0, M]), there holds:

(108) (v, & / Z a;(t,x)p(z, pi(t, x))dz.

Hence (v, ¢) € C([0, To]) with [(v4, ¢)| < L||¢[| 1= so that we have indeed v € C([0, To]; Vy).

Then, applying a classical density argument, we obtain that v is charaterized by its
action on tensorized test-functions (x, &) — ¥(x)F(€). Plugging ¥ ® [ as test-function in
(90)-(91), we obtain the following equations:

k k
3t204¢5(/)z‘)+31204z‘5(/%)u1('7'api) = ZOé us (-, -5 i) 8 Zazg 5 i) B(pi)-
i=1 i=1
k
Zaiﬁ(pi)lt:o = Z%’Oﬁ(/’?)-
i=1 i=1
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Finally, we obtain that v is a solution to (90)-(91) if the (o, p;) satisfy simultaneously:

(109) O + 01 (eyur) + g (-, -, pi) = 0
(110) ]}y = 0
and

(111) Ovpi + u101p; — ua(-, -, pi) =0
(112) [0ilji—0 = P}

Remark that we introduced that u; does not depend on p; (by assumption). Existence of
a solution

(i, 1) € L=((0,Ty) x (R/12)) N C([0, Tols L' (R/12)
to this system satisfying (106)-(107) follows from a straightforward adaptation of Di Perna-

Lions arguments in the spirit of [6, Lemma 2].
0J

APPENDIX B. FORMAL CALCULATION VERSUS YOUNG MEASURE METHOD

Let us compare in this appendix the system obtained through a formal WKB method and
the system derived using kinetic formulation and characterization of the Young measures.
With the Young measure method in the two-fluid setting, we get the following equation on
(@7

1 _
8t()é+ + Uax()mr + Oz+amu = % oy o <3mu — <Oé+p—+ + Oép_)) _'_er
e oy H—

Thus we get the following equation

Oy + ul,ay = K10,u + Ko

with
oy 1
KRy = —7ay o T %%
ST
_ &1_,“4—(2_:4?2_:)
ay ao
H e T
1 — Mt
e p— :04+04—(M——M+)
ot Z‘—ijLZ‘—: O fy + Qe fi
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and
ooy 1 P+ p-
Ke = — P+ —ag [ o |\ ta—
oy T oy M
Lo 1
= * oy o (p+ o p*)
Ptb— o 0o
(07NN 7
= ————(p+ —p-).
A fly + Qypfi
This reads
Doy +ud T )+ ( JEX
Qo uo,ooy = —48M— —p_ _ - U
10t + PR b+ —Pp H H+

As for the momentum equation, we obtain :

Or(pu) + 0p(pu*) — 0 (M™0,u) + 9,7 = 0,

where

and thus :

o L e
m- = a4 [
e too app-taopy
and 7 = m>k> with
0 P+ p-
K- =0 — +a_—
K+ M-
o _+a_p_
700 _ ooy _ QP +ap iy

Qi+ iy

This is, up to the notations, the system obtained using the WKB method.
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