N

N

Well-posedness in critical spaces for the system of
compressible Navier-Stokes in larger spaces
Boris Haspot

» To cite this version:

Boris Haspot. Well-posedness in critical spaces for the system of compressible Navier-Stokes in larger
spaces. Journal of Differential Equations, 2011, 251 (8), pp.2262-2295. hal-00778802

HAL Id: hal-00778802
https://hal.science/hal-00778802

Submitted on 21 Jan 2013

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-00778802
https://hal.archives-ouvertes.fr

Well-posedness in critical spaces for the system of
compressible Navier-Stokes in larger spaces

Boris Haspot *'

Abstract

This paper is dedicated to the study of viscous compressible barotropic fluids in
dimension N > 2. We address the question of well-posedness for large data having
critical Besov regularity. Our result improves the analysis of R. Danchin in [13], of
Chen et al in [8] and of the author in [15, 16] inasmuch as we may take initial density

N

in Bgl with 1 < p < +oo. Our result relies on a new a priori estimate for the
velocity, where we introduce a new unknown called effective velocity to weaken one
the coupling between the density and the velocity. In particular for the first time we
obtain uniqueness without imposing hypothesis on the gradient of the density.

1 Introduction
The motion of a general barotropic compressible fluid is described by the following system:

Op + div(pu) =0,
I (pu) + div(pu ® u) — div(u(p)D(u)) — V(A(p)divu) + VP(p) = pf, (1.1)
(p, U)/t:o = (po,uo)-

Here u = u(t,z) € RN stands for the velocity field and p = p(t,z) € R* is the density.
The pressure P is a suitable smooth function of p. We denote by A and p the two viscosity
coefficients of the fluid, which are assumed to satisfy p > 0 and A+ 24 > 0 (in the sequel
to simplify the calculus we will assume that the viscosity coeflicients are constant, except
in the case of the theorem 1.3). Such a condition ensures ellipticity for the momentum
equation and is satisfied in the physical cases where A + ZWM > 0. We supplement the
problem with initial condition (pg,u) and an outer force f. Throughout the paper, we
assume that the space variable z is in RY or in the periodic box TY with period a;, in
the i-th direction. We restrict ourselves to the case N > 2.

The problem of existence of global time solutions for Navier-Stokes equations was ad-
dressed in one dimension for smooth enough data by Kazhikov and Shelukin in [27], and
for discontinuous ones, but still with densities away from zero, by Serre in [32] and Hoff
in [20]. Those results have been generalized to higher dimension by Hoff in [23, 25]. The

*Karls Ruprecht Universitit Heidelberg, Institut for Applied Mathematics, Im Neuenheimer Feld 294,
D-69120 Heildelberg, Germany. Tel. 49(0)6221-54-6112

tBasque Center of Applied Mathematics, Bizkaia Technology Park, Building 500, E-48160, Derio
(Spain), haspot@bcamath.org



existence and uniqueness of local classical solutions for (1.1) with smooth initial data
such that the density pg is bounded and bounded away from zero has been stated by
Nash in [31]. Let us emphasize that no stability condition was required there. On the
other hand, for small smooth perturbations of a stable equilibrium with constant positive
density, global well-posedness has been proved in [29]. Refined functional analysis has
been used for the last decades, ranging from Sobolev, Besov, Lorentz and Triebel spaces
to describe the regularity and long time behavior of solutions to the compressible model
[33], [35], [22], [26]. Concerning the existence of global strong solutions in two dimension
with large initial data and specific choice on the viscosity coefficients, we refer to the pi-
oneering works of Vaigant and Kazhikhov in [34]. For results of weak-strong uniqueness,
we would like to mention the recent works of P. Germain [14].

Guided in our approach by numerous works dedicated to the incompressible Navier-Stokes
equation (see e.g [30]):
(NS) {(’%U—F%V@—,uAU—FVHzO,

dive = 0,

we aim at solving (1.1) in the case where the data (pg,uo, f) have critical regularity.
By critical, we mean that we want to solve the system in functional spaces with norm
independent of the changes of scales which leaves (1.1) invariant. In the case of barotropic
fluids, it is easy to see that the transformations:

(p(t, ), u(t,x)) — (p(I*t,1x), lu(l*t,1x)), 1€R, (1.2)

have that property, provided that the pressure term has been changed accordingly.

The use of critical functional frameworks led to several new well-posedness results for
compressible fluids (see [10, 11, 13, 5, 15, 16, 19, 7, 8]). In addition to have a norm
invariant by (1.2), we need to control the L> norm of the density (or more exactly the
vacuum what is equivalent) in order to take advantage of the parabolicity of the system.
For that reason, we restricted our study to the case where the initial data (pg,ug) and
external force f are such that, for some positive constant p > 0:

N N_q 1 -1
(po—p) € By, uwo € Byl and f € L, (RT,€ Byl )

for suitable choice of (p,p1) € [1,+00].

In [13], however, we hand to have p = p; with the limitation p < 2N for the existence of

solutions and p < N for the uniqueness, indeed in this article there exists a very strong

coupling between the pressure and the velocity. To be more precise, the pressure term

is considered as a remainder for the parabolic operator in the momentum equation of

(1.1). This present paper improves the results of R. Danchin in [10, 13] and Chen et
N

al in [8], inasmuch as the initial density belongs to larger spaces Bg , with p € [1,+0o0]
without any restrictions. More precisely, we extend the results of [10, 13] to the case
where the Lebesgue index of Besov spaces are not the same for the density and the
velocity. The main idea of this paper is to introduce a new variable than the velocity
in the goal to cancel out the relation of coupling between the velocity and the density.
This work may be considered as an extension of [1] and [17] (where the authors are



working with different Lebesgue index for the velocity and the density) where the authors
study the existence of strong solution in critical space for the scaling of the equations of
the dependent density incompressible Navier-Stokes system. However one of the main
difference concerns the fact that in this case the velocity and the density are naturally
decoupled. It is unfortunately not the case for the barotropic Navier-Stokes system (1.1)
that is why it seems appropriate to work with some new unknown in order to overcome
this difficulty.
Before explaining the main idea to do this, in order to simplify the notation, we assume
from now on that p = 1. Hence as long as p does not vanish, the equations for (a =
p~t — 1,u) read:

{ oa+u-Va = (1+a)divy, (1.3)

ou+u-Vu—(1+a)lAu+ V(g(a)) = f,

In the sequel we will note A = pA + (A + p)Vdiv and g a smooth function which may
be computed from the pressure function P.

As we mentioned below, the key of the proofs is to introduce a new unknown vy to
avoid the coupling between the density and the velocity, we analyze by a new way the
pressure term. More precisely we write the gradient of the pressure as a Laplacian of
some vector-field v (it means that Av = VP(p)), and we introduce this term in the linear
part of the momentum equation ( in other words, v = GP(p) where GP(p) stands for
some pseudo-differential operator of order —1). We then introduce the effective velocity
v1 = u — v. By this way, we have canceled out the coupling between v; and the density.
More precisely we have then from (1.3) the following system:

B + (o1 + %v) g+ %Pl(l)q — _(1 + q)dives
~ 2 (Plp) ~ P() ~ P (1))~ ~a(P(p) ~ P(1),

14

Oor — (1+ a)Av = f —u-Vu+ %V(A)‘l (P (p)div(pu)).

aji=0 = ao, (V1) i=0 = (v1)o,

where v; = u — %v is called the effective velocity and ¢ = p — 1 (we will conserve this

notation in the sequel). Here we can check that v; verifies a parabolic equations with the
low order terms in remains V(A)~! (PI (p)div(pu)) while ¢ satisfies a damped transport
equation. We next verify easily that we have a Lipschitz control on the gradient of u (it
is crucial to estimate the density by the mass equation). For more details on the strategy
of the proof we refer to section 5.5.
One can now state our main result.

Theorem 1.1 Let P be a suitably smooth function of the density and 1 < p; < p < 400
N N

N _q =1
such that ]%1 < % —i—% and % + p% > &. Let ug € B, f€ Lllac(R+7B;11,1 ) and
N

ao € Bgl with 1 4+ ag bounded away from zero.
There exists then a positive time T' such that system (1.1) has a solution (a,u) with 1+a
bounded away from zero and:

2 0 ~ ol gyt 1 o
a € C([OvT]7Bp,1)’ uec([ovT];Bpl,l +Bp,1 )OL ([OaT]va,l )

3



Moreover this solution is unique if:

2

SSot (1.4)

1
pl'

S

Remark 1 We refer to the definition 2.2 for the notation Lp( ) (withs € R, (p,7,p) €
[1, +00]?).

Remark 2 We can observe that when p goes to infinity we are close from getting solution
with initial data (ag,up) in ngl X B?VJ. These spaces are absolutely critical for com-
pressible Navier-Stokes system in the sense that B?V,l is close to LN which is critical for
incompressible Navier-Stokes. Furtheremore in this case we do not ask any information
on the derivatives of the initial density when ag is in ngl (this is really new compared
with the different previous results existing in the literature of the topic). In passing we
can remark that Bgo,l is not far of L> (L™ being in some sense the most general space
where we can hope to get solutions, indeed it is necessary to have p € L in order to
control the non linearities appearing on the density, for example the pressure but also for
some reasons related with the notion of multiplier). In this sense, we can consider that
our result is quite optimal.

Remark 3 It seems possible to improve the theorem 1.1 by choosing initial data ag in

Bl N Bgo’l. For this we could use some arguments of density to deal with the variable
coefficients of the heat equation . However some supplementary conditions appear on pi in
this case, in particular for treating some non linear terms requiring additional conditions
to use the paraproduct.

In [21], D. Hoff shows a very strong theorem of uniqueness for weak solutions when the
pressure is of the specific form P(p) = Kp with K > 0. Similarly in [23], [25], [22], D.
Hoff gets global weak solutions and point out regularizing effects on the velocity when
the initial data are small. In particular when the pressure has this form, he does not need
any estimates on the gradient of the initial density, he considers only pg € L. In the
following theorem, we will observe that this type of pressure ensures a specific structure
and avoid to impose some extra conditions for the uniqueness as (1.4). We obtain in
this particular case the following result which extends the analysis of theorem 1.1 for the
uniqueness.

Theorem 1.2 Assume that P(p) = Kp with K > 0. Let 1 < p1 <p < +oo such that

-1 N1
! +f and % _1_7 > & . Assume that ug € Bpl1 , f e L. (R BM ) and

p1—N p1,1

ay € B, 1wzth 1+ ag bounded away from zero.

o There exists a positive time T such that system (1.1) has a solution (a,u) with 1+a
bounded away from zero,

@€ C(0.7).5,). we CQO.TLE, + By )N L(0.TLBL).



° Ifmoreover we assume that \/poug € L2, po—p € L, ug € H® with s >0 if N =2
and s > 5 zf N = 3. Finally we need to assume that uy belongs to L2Jr6 if N =2
and to L6+5 if N =3 with € > 0. Furthermore we assume that 0 < A < 4,u . Then
the solution (a,u) is unique.

Remark 4 In the previous theorem we did not want strive with generalities which may
hide the main functional spaces used on the initial data. But in fact we need of additional
reqularity on the source term f when N = 2,3 to obtain the previous corollary, we refer
to the conditions (1.13) and (1.14) of [24].

Remark 5 Here L} defines the corresponding Orlicz space ( see definition in [28]).

Remark 6 This theorem improves theorem 1.1 inasmuch as we do not need of the con-
dition % < zl) + p% to get uniqueness as in the theorem 1.1.

Remark 7 Up to my knowledge, it seems that it is the first time that we get strong
solution without any control on the gradient of the initial density Vpgy. Indeed in [12],

we have Vpg € BRN. In our case Vpgy has a negative index of reqularity, more precisely
N

N_q
Vpo € B,  with % —1<0 whenp> N.

Remark 8 Furthermore we can observe that with this type of pressure we are very close

N

to have existence of strong solution in finite time for initial data (ag,ug) in ngl X Bfl_l.
It means that this theorem bridges the gap between the result of D. Hoff (see [21]) where
the initial density is assumed L°° but where we have no uniqueness in dimension N = 3
and the results of R. Danchin in [13] where the initial density is far from being only L.
However we are slightly subcritical on the initial velocity as we need an additional con-
dition of type ug € L5F¢ with ¢ > 0 in dimension N = 3. It remains that it is the first
result of strong solution where we can reach the critical case ag € BY. |

We finally treat the case of variable viscosity coefficients. More particularly we are
interested in considering the specific case of the so-called BD wiscosity coefficients (see
N

[4]). Indeed with this choice, we naturally obtain some informations on ¢ in 325’2 when

N
N = 2. In this context, the hypothesis of theorem 1.1 on ¢g € 32271 becomes natural when
p = 2 (for more explanations see remarks 9).
We obtain then a natural extension in the case where the viscosity coefficients are variable.

Theorem 1.3 Let P be a suitably smooth function of the density, u and A are reqular
functions such that p > 0 and Q,u +A>0. Let 1 < p; < p < 400 such that p% < % + %

N

N _q N
and %—i— p% > % Letug € B (RT, B;’il ) and ag € B with 1+ ag bounded
away from zero.
There ezists then a positive time T such that system (1.1) has a solution (a,u) with 1+a

bounded away from zero and:

p11 ’fELloc

YA Lo, 1], B"+ ).

N - N N
a€ C([0,7],B))), ueC([0,T]; B;ll +Bp

Moreover this solution is unique if 2 ¥<5 —|— —
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Remark 9 This result is very interesting in the context of the BD viscosity coefficients.
In this case our result is very close of the energy initial data with the optimal condition for
the scaling (qo,wo) € Bgoi X B?\ﬂl' In particular it applies to the shallow-water system.
Indeed in [4] Bresch and Desjardins have discovered a new entropy inequality whenever
the density-dependent viscosity coefficients satisfy the algebraic relation:

Ap) = pr (p) — 1(p).

In this case they show that we can control \/pN¢(p) in L°°(L?) where 0 (p) = “T(m.

Roughly it means that we control the density p in L°(H?'). It is very close in dimension

N
N = 2 from the initial data that we need. Indeed we ask that ag belongs to By, and
N N

when p > 2, we have Bp?l — Bfl. By this way, the theorem 1.3 seems extremely critical
in the case of initial data verifying the BD entropy.

Remark 10 Our method is more flexible than the proofs of D. Hoff in [23], [25], [22]
as these works are based crucially on the notion of effective pressure and on a gain of
integrability on the velocity which works only in the case of constant viscosity coefficients.
By working in Besov space our technique of effective velocity appears more robust.

We now are interested in showing a blow-up result for the solutions constructed in theo-
rem 1.1. For this we will see as in [18] that only a control on the density is necessary to
extend the strong solution of theorem 1.1. It is a crucial difference with the results on
incompressible Navier-Stokes inasmuch as we need enough regularity on the velocity u for
avoiding any blow-up effects. In our case, we get more precisely the following theorem.

Theorem 1.4 Let P be a suitably smooth function of the density and 1 < p; <p < 400

such that p% < % + %, % + p% > % and p1 = N + ¢ (where € > 0 arbitrary small). Let
N _q14e 1 N_14e Nyie
up € By, f€ LlOC(RJF,B;ll’l ) and ap € B, with 1+ ap bounded away from
1

zero. In addition we assume that py* ug € LP', ug € B?Vl and ag € B}Vl. Furthermore
we assume the following conditions on the viscosity coefficients:

ap

P
- N2(pr—1)

(1.5)

Now, we assume that the solution constructed in theorem 1.1 satisfies on the time interval
[0,T) the following conditions:

N

p

+
e the function a belongs to L*(0,T; Bp,oos), with € > 0 arbitrary small.

Then (a,u) may be continued beyond T.

Remark 11 As in [18], the main argument of the proof will be to obtain a gain of
integrability on the velocity at the condition that we have enough integrability on the
pressure.



Remark 12 We can observe that in this theorem, our assumption are subcritical on the
N

initial data. In particular as we assume that pg > ¢ > 0, we have ug € LP! — B;:,l
by Besov embedding. In fact we need of this additional assertion on the reqularity of the
wniatial data in order to prove that the time of existence T of the strong solution in theorem
1.1 depends on the initial data. More precisely we have:

C

>
(lwollzrs + llaoll xv.. + 155l + Hfllzl(B%_Hs))“’

p,1

with a > 0. Here C and « depend on N and on the viscosity coefficients.

Remark 13 Here we also assume that ug s in B?VJ and ag n Bll\f,l‘ Indeed without
these assumptions we are unable to prove some results of uniqueness. In fact we will
have similar estimates on (a,u) than in theorem 1.1 and in addition by persistency results
using similar techniques than for incompressible Navier-Stokes, we will show that:

a € L¥(BY,) and ug € LF(BY 1) N Li(B% ).
It will be then enough to use some arguments of uniqueness.

Remark 14 We would like to point out that we do mot need to assert a control on the
vacuum. Indeed as in [18] to control the norm L™ on the density, it is enough to control
the norm of% mn L.

Remark 15 As in [18], we obtain a criterion of blow-up for strong solution for com-
pressible Navier-Stokes system without imposing a control Lipschitz on the norm Vu as
in [13]. In fact it improves [18] inasmuch as we are working with slightly subcritical
initial data on the density and the velocity. In the case of [18], we need to control the
velocity in dimension 3 in LS which is far from being critical.

Our paper is structured as follows. In section 2, we give a few notation and briefly
introduce the basic Fourier analysis techniques needed to prove our result. Sections 3
and 4 are devoted to the proof of key estimates for the linearized system (1.1). In section
5.5, we prove the theorem 1.1 , theorem 1.2 and 1.3. whereas section 6 is devoted to the
proof of continuation criterions of theorem 1.4.

2 Littlewood-Paley theory and Besov spaces

Throughout the paper, C' stands for a constant whose exact meaning depends on the
context. The notation A < B means that A < CB. For all Banach space X, we
denote by C([0,7],X) the set of continuous functions on [0,7] with values in X. For

€ [1, +o0], the notation LP(0, T, X) or L%.(X) stands for the set of measurable functions
on (0,T) with values in X such that ¢ — || f(¢)||x belongs to LP(0,T"). Littlewood-Paley
decomposition corresponds to a dyadic decomposition of the space in Fourier variables.
Let @ > 1 and (g, x) be a couple of smooth functions valued in [0,1], such that ¢ is



supported in the shell supported in {¢ € RY /o~ < [¢] < 2a}, x is supported in the ball
{¢€ e RV /|¢| < a} such that:

VEERN, Xx(&)+> (27 =1.

leN

Denoting h = F 1, we then define the dyadic blocks by:
A_ju=x(D)u=h*u with h =F 'y,
A= (27! D)u = ZIN/ h(2y)u(z — y)dy with h=F 1y, if 1 >0,

RN
S’lu = E Aku.
k<l—1

Formally, one can write that: v = Ekz—l Apu. This decomposition is called nonhomo-
geneous Littlewood-Paley decomposition.

2.1 Nonhomogeneous Besov spaces and first properties

Definition 2.1 Fors € R, p € [1,400], ¢ € [1,+], andu € S (RN) we set:

1
lullzs, = (D (2| Avul|Lp)7)a.

1>-1
The Besov space By, is the set of temperate distribution u such that ||ul|ps < +oo.

Proposition 2.1 The following properties hold:

1. there exists a constant universal C' such that:
CHulls;, < [Vullgs-1 < Cllullsg,-

BS—N(l/Pl—l/Pz).

2. If p1 < p9 and ry < ry then B2 — Bpyro

p1,r1

! . ! . /
3. B;,'rl(_)B;S;,r ZfS >50T2f528 (mdrlgr,

Before going further into the paraproduct for Besov spaces, let us state an important
proposition.

Proposition 2.2 Lets € R and 1 < p,r < +o00o. Let (uq)q>—1 be a sequence of functions
such that

1
(3" 297 fugl[f0) 7 < +oc.
q>—1

If suppt; C C(0,29Ry1,29Ry) for some 0 < Ry < Ry then u = Zq>71 uq belongs to B,
and there exists a universal constant C such that:

1
lullgg, < CHPI(Y 7 (2% luglo)")

g>—1



Let now recall a few product laws in Besov spaces coming directly from the paradifferen-
tial calculus of J-M. Bony (see [3]) and rewrite on a generalized form in [1] by H. Abidi
and M. Paicu (in this article the results are written in the case of homogeneous spaces

but it can easily generalize for the nonhomogeneous Besov spaces).
Proposition 2.3 We have the following laws of product:

e Forall s € R, (p,r) € [1,+00]? we have:

[wolls;, < C(l[ullze<llvllB;,, +[lvllLelluliB;,) -

p,r T

(2.6)

o Let (p,p1,p2,7, A1, A2) € [L,+00]” such that:y < -+ oo, pr < Aoy p2 S Mi, 5 <

= pn
p% + )\1—1 and I% < p% + )\—12 We have then the following inequalities:

if31+82+Ninf(0,1—i—pi2)>0, 51+%<pﬁ1 a7ui<92+%<pﬁ2 then:

1

lwvll pnihas -1 S lullg Mol
p,T

(2.7)

when s1 + % = pﬁl (resp so + )\ﬂl = p%) we replace HUHBZLTHUHBZ%,OO (resp HU”Bég,oo)

by lullg 0l (resp lollpg anee) if 51+ 55 = 1 and 5o+ 50 =
=1.
’;:fSl‘i‘SQ:O, s1 € (%_%’%_%] cmdp%—i—p% <1 then:
ool _xponoty S Nl Iollggs
D00
If |s| < % forp>2 and —g <s < % else, we have:
luv|[y, < Cllullsg, [lv] Yo

Remark 16 In the sequel p will be either p1 or pa and in this case % = p% — p%
or%:p%—p% if p2 < p1.

Corollary 1 Letr € [1,400], 1 <p <p; < 400 and s such that:

N Ny r1 1
[ ] SE(_E7IT1) Zfﬁ-f—pflgl,

N 1 1 Ny r1 1

N

then we have if u € By, and v € BE’OO NL>:

luvllBy, < Cllullsg, ol

1717°0r-\|

We recall now a result concerning the composition for Besov spaces:

N we take
P2

(2.8)

(2.9)

if p1 < p2



Proposition 2.4 Let I be an open interval of R. Let s > 0 and o be the smallest integer
such that o > s. Let F : I — R satisfy F(0) = 0 and F' € W>*>(I;R). Assume that
v € By, has values in J CC I. Then F(v) € By, and there exists a constant C depending
only on s, I, J, and N, and such that

I (0)ll;, < C(1+[[vllLee) I1F weeev] 5,

p,r T

The study of non stationary PDE’s requires spaces of type L?(0,7, X) for appropriate
Banach spaces X . In our case, we expect X to be a Besov space, so that it is natural to lo-
calize the equation through Littlewood-Paley decomposition. But, by doing so, we obtain
bounds in spaces which are not type L (0, T, X) (except if r = p). We are now going to de-
fine the spaces of Chemin-Lerner (see [6]) in which we will work, which are a refinement of
the spaces L.(B; ).

Definition 2.2 Let p € [1,400], T € [1,+00] and s; € R. We set:

lullze g1y = ( > 2 A o))

>-1

1
T

We then define the space E%(B;}T) as the set of temperate distribution u over (0,T) x RV
such that ||lul|z, (B < +oo.
T p,r

We set éT(Eng) = E%" (E;lr) N C([0,T], ByL.). Let us emphasize that, according to
Minkowski inequality, we have:

ol gseny < Nl g a3 72 o lullzg gy > lullpg oy 1 7 <

Remark 17 [t is easy to generalize proposition 2.3, to E’%(B;}T) spaces. The indices s,
p, r behave just as in the stationary case whereas the time exponent p behaves according
to Holder inequality.

Here we recall a result of interpolation which explains the link between the space B4
and the space BS , see [9].

p?m’
Proposition 2.5 There exists a constant C such that for all s e R, e >0 and 1 < p <
+00,

1+e¢

||u||Zp (Bs+e)

||u||ZPT(B;700)
Now we give some result on the behavior of the Besov spaces via some pseudodifferential
operator (see [9]).

Definition 2.3 Let m € R. A smooth function function f : RY — R is said to be a S™
multiplier if for all muti-index o, there exists a constant C, such that:

VEE RN, [9°(€)] < Call + €)1,

10



Proposition 2.6 Let m € R and f be a 8™ multiplier. Then for all s € R and 1 <
p,7 < +oo the operator f(D) is continuous from By, to By ™.

We conclude this section by giving two lemma of commutators which will be useful in
section 3 and 4. For a proof, we refer the reader to [2].

Lemma 1 Let1 <p; <p<+o0ando € (— min(%, pﬁ,), %—1—1]. There exists a sequence
1

cq € IN(Z) such that ||cgllp =1 and a constant C' depending only on N and o such that:

VgeZ, |[[v-V,Agallrm < ch2_qU||VUHB% HQHBgl,l' (2.10)
p,1
In the limit case o0 = — min(%7 p—]\,f), we have:
1
N
VgeZ, |[v-V,Alallrr < Cec29% ||Vo|| n|al _w. (2.11)
BP B P1
p,1 p,00
11

Finally, for all o > 0 and p% =T
and on o and a sequence c, € I*(Z) with norm 1 such that:

there exists a constant C depending only on N

Va € Z, |[[v-V,Aqvlzr < Ceg2™([Vllze<lvllBg, , + [Vollzr[[Vollgoa). (212)

Lemma 2 Let 1 < p; < p < 400 and a € (1 — %,1], ke {l,---,N} and R, =
Aq(adpw) — Ox(alqw). There exists ¢ = c(o, N, o) such that:

29| Rylle < Cllall v Jlwll gos1-o (2.13)
BP pl,l

q p,1

whenever —% <o<a-+ %.

In the limit case o = —%, we have for some constant C' = C(a, N):
—qX
sup2 "7 [ Ryl < Cllall v flwll vy (2.14)
q p,1 P1,00

Remark 18 For proving proposition 3.9, we shall actually use the following non-stationary
version of inequality (2.14):

—_aN
sup2 "7 || Rl ooy < Cllall . v fwll_ vy
q L%o pzy)l %‘ P1Z,)<%o

which may be easily proved by following the computations of the previous proof, dealing
with the time dependence according to Hélder inequality. For a proof, we refer to [2].

3 Estimates for a parabolic system with variable coeffi-
cients

Let us first state estimates for the following constant coefficient parabolic system (see

[2]):

(3.15)

Ou — pAu — (A + p)Vdivu = f,
U/tzo = Uup.

11



Proposition 3.7 Lets € R and 1 < p,r < +00. Assume that pn > 0 and that A42u > 0.
Then there exists a universal constant k such that for all s € Z and T € R,

lellzge s ) < Clluolls, , + 11zt ss, )
wvllull y aizy < D 20(1 = eI (| Aguol| o1 + A fll Ly (o)
>0
T(|luolls;, + I1f L1 (ss.,)),
with v = min(p, A + 2p).

We now consider the following parabolic system which is obtained by linearizing the
momentum equation:

{atu— b(pAu+ (A + p)Vdivu) = f + g, (3.16)

1,2
Ujp=p = U = Uy +~ Up-

Above u is the unknown function and b = 1+ a. We assume that ug € B} ;, f €
L'(0,T; B]‘jhl), g € L'(0,T; B;QJ), that b is bounded by below by a positive constant b
N

and a belongs to L*°(0, T Bgl) with p € [1, +o0].

Proposition 3.8 Let g=0. Let v =bmin(pu, A+2u) and v = p —|— A+ p]. Assume that

se (=X Nlnf(; p—l)]zf +1<1ands€( ,,Nlnf(]; p—l)]zf +1>1 Letm € Z

be such that by, = 1 4+ Spa satisfies:

inf b (t, ) >

b (3.17)
(t,x)€[0,T) xRN 2

There exist three constants ¢, C and k (with ¢, C, depending only on N and on s, and k
universal) such that if in addition we have:

la — Smal N <= (3.18)
Loo( El ;sz’gl) v
then setting:
t
Zn(t) = 220201 [ la(r )P & dr,
p
p1,1

we have for all T > 0 and u a solution of (3),

< CO+TZm(T)((1 4 T)lluoll s

T
+ [F etz i
0

HUHZOO((O,T)XB;LI) + HZHUHZl((o,T)xB;l*’ZI) 11

dr).

p1,1

N

Remark 19 Let us stress the fact that if a € L>®((0,T) x Bgl) then assumption (3.17)
and (3.18) are satisfied for m large enough. This will be used in the proof of theorem 1.1.
Indeed, according to Bernstein inequality, we have:

la — Small ooy xan) < Y 18qall e (o ryxmry S D 2° 71la, Ao (ze).

g=zm qgzm

12



~ N
Because a € L>((0,T)x B, ), the right-hand side is the remainder of a convergent series

hence goes to zero when m goes to infinity. For a similar reason, (3.18) is satisfied for
m large enough.

Proof: In the sequel, we will treat only the case p; < p, the other case is similar. Let
us first rewrite (3) as follows:

Ou — by (pAu + (X + p)Vdivu) = f + B, (3.19)

with B, = (pAu+(A+p)Vdive)(Id—Sp,)a. Note that, because s € (—— Nmf(f —)] if
%—l—pil <landse€ (- ]Y,Nlnf(f ] if L + - > 1, the error term Ej, may be estimated

P’ p1
by:
2
1EmliBs , S lla = Small ~[[D%ullB;, |, (3.20)
D, 1
Now applying A, to equation (3.19) yields for ¢ > 0:
— udiv (b, Vug) — (A + @)V (bdivig) = fy + Emg + Ry (3.21)

dt

where we denote by u, = Aju and with:
Ry = 11(Ag(bmAu) — div(b, Vug)) + (A + 1) (Ag (b Vdiva) — V(bydivuy)).

Next multiplying both sides by |uq]p1*2uq, and integrating by parts in the second, third
and last term in the left-hand side, we get:

1
|| ugllgr — /(IU [Prdive + pdiv (b Vug) lug "' ~*uq + €V (bmdivug) [uq P uq) ) da
b1

—1 =~
< NlugllZor (1fallzor + 1| AgEmller + [ RgllLr),

where we have denoted £ = 1+ A, v = min(u, A + 2u). Now by using (3.17), lemma [A5]
of [10] and Young’s inequalities we get:

Vb(Pl 1)
1

-1 =~
H uqllpm + 22 ugll7er < llugllfes” (I fallzer + | Emgllize + | Rgllzen),

which leads, after time integration to:

vb(pr — 1 t t
fuallzos + =220 g dr < 18 guollm + [ (Ufyllos + VEmglir

+ || Ryl o1 ) dr

(3.22)

where v = bv. For commutator Rp we have the following estimate (see lemma 2 ):

IRqllzor < ¢q727|1Small x| Dull 5

p1,1’

(3.23)
m 1

where (cg)qez is a positive sequence such that > ., c; = 1, and ¥ = p + |A + pl|. Note

that, owing to Bernstein inequality, we have:

|| Small RIS <2Mall ~.

P
pl Bp,

=

13



Hence, plugging these latter estimates and (3.20) in (3.22), then multiplying by 2%° and
summing up on g > 0, we discover that, for all ¢ € [0, T:
vb(p1 — 1)
lw = AvullLgess )+ THU = Avullpygorzy < luollsy, , +1Fllaas )
. (3.24)
= _ m
#0 [[(lo— Smal i el + 2l g2

We now need to control the block Aju corresponding to the low frequencies. To treat the
term Aju similarly we apply the operator A_; to the equation and by energy inequalities,
we get:

t
[A1u()l|Le < [A-1uol|ze + IIfHLI(Lm)+/ (la = Small x[lull gs+2
0 BP p1,1

p,1
+ 2%l llul g1 ds,

p,1

and:

t
A 1u®lzgzrny < H1A-00llr + £ sy + [ (la=Suall_y ulgers

p,1
+2% el x el g1 )dls).

p,1

So we have by the two previous inequalities and (3.24):

vb(p1 — 1)
lullse(Bs ) + TH“HL}(B;ﬁ) <C+ lf)(HuOHB;;L1 + HfHLtl(B;I’l)

P11

t
e . \
+7 [ (la Smal, Il + 27l ol ),
1,1

for a constant C' depending only on N and s. Let X(t) = |lullzoo(ps ) + vollull 1 gs+2y-
t P t( pl,l)

Assuming that m has been chosen so large as to satisfy:

Cvlla — Spmal| N SV,
L (By)

and using that by interpolation, we have:

B 0217222777, 9
Oolol i Wy < ot p 0=l Nl
’ p,

We end up with:

i AU
X(0) < O+ Dol + gy o+ O [ 27 1al?  X(rar).

p,1

Gronwall lemma then leads to the desired inequality [l

In the following corollary, we generalize proposition 3.9 when g # 0 and g € ZI(B;;J).

!
Moreover here ug = uy + us with uy € stn ; and ug € B;Q 1-

14



Corollary 2 Letv = bmin(pu, \2u) and v = u+|)\—|—u| Assume that s € (—— Ninf(i, 1)

P’ D1
if 1 st < lands € (—]\,[,Nlnf(i p—l)] if L 5+ o0 = 1. Moreover we assume that:
s € (—— Nlnf(;? 1)—2)] z'fp + 172 <1ands € (— ,,Nlnf(;] p—2)] zf +— 1. Let

m € Z be such that b,, = 1+ S,,a satisfies:

inf b (t, ) >

(3.25)
(t,x)€[0,T) xRN

I\DHO"

There ezist three constants ¢, C and r (with ¢, C, depending only on N and on s, s and
K universal) such that if in addition we have:

la = Small y < c% (3.26)

then setting:

We have for all T > 0,

, < JLCU+T)Zpn(T) 1.
Il vy Ry iy S € (@+ Dbl ,+
T
-C ) Zm (T
8l )+ [ e Oy + )y ).

Proof: We split the solution u in two parts u; and us which verify the following equations:

{ Owu1 +v-Vur +ur - Vw — b(,uAul + (A4 M)Vdivul) =f,

U/t=0 = ’U/?,
and:

Oyug +v - Vug +us - Vw — b(,uAuQ + A+ M)Vdivuz) =g,

U/tzo = Ug
We have then u = u; + u2 and we conclude by applying proposition 3.8. U
Proposition 3.8 fails in the limit case s = —%. The reason why is that proposition 2.3

cannot be applied any longer. One can however state the following result which will be
the key to the proof of uniqueness in dimension two.

Proposition 3.9 Under condition (3.17), there ezists three constants ¢, C' and r (with
¢, C, depending only on N, and r universal) such that if:

la—Smal_ x <e=, (3.27)
P

L?O(Bp,l)

then we have:

lull,_ g+l o S OO+l g 4171 s )

t p1,00 t p1,00 p1, 00 t( pl,oo)

whenever t € [0,T] satisfies:
A+ t)|al?  x <e27Mw (3.28)
Lo® P

]



Proof: We just point out the changes that have to be be done compare to the proof
of proposition 3.8. The first one is that instead of (3.20), we have in accordance with
proposition 2.3:

1Emll_ _x Sla=Small__ x |D?ull_ x| (3.29)
1 P1 e’} P 1 P

1
P1,00 t p,1 t Pl,OO)

The second change concerns the estimate of commutator Eq. According remark 18, we
now have for all g € Z:

~ N
IRq]l < 72771 || Small X, [Dull_~ _~ . (3.30)
Loo(B 1

t p,1 (Bpl OO)

Plugging all these estimates in (3.22) then taking the supremum over g € Z, we get:

lull  _x 2wful o ox <@+ (fuoll -y +CPlla - Small & llull e
7 (Bpy o L (Bpy o0 B, (B 1) Li(Bpy.06 )
c2al ol AL ).
LE(Byy)  Li(Bpy,ee) L} (By,"%)
Using that:
1
g SV
BPl e (Bpl ool) LOO(Bglloo)

and taking advantage of assumption (3.27) and (3.28), it is now easy to complete the
proof. O

4 The mass conservation equation
Let us first recall standard estimates in Besov spaces for the following linear transport

equation:

oia+u-Va=yg,
(H) {

a/t:() = ap.

Proposition 4.10 Let 1 <p; <p < +oo, r € [1,400] and s € R be such that:

11 N
—Nmin(—, =) <s <14 —.
p1’p b1

There exists a constant C depending only on N, p, p1, r and s such that for all a €
>([0,T], Bs,) of (H) with initial data ag in By, and g € L'([0,T], By ), we have for
a.et e [0,T]:

t
11z sy < eV (ol + /0 e VOF(7)||ss, d7), (4.31)

with: U(t fo [|Vu(r)|| x dr.

Bpl’ooﬂL‘x’
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For the proof of proposition 4.10, see [2]. We now focus on the mass equation associated
to (1.3):

{ oa+v-Va = (1+ a)divo, (4.32)

a/t:() = ag.

Here we generalize a proof of R. Danchin in [13].

Proposition 4.11 Let r € 1,400, 1 < p; < p < +o00 and s € (—min(X, ¥) &) 4f

p1’p ) p1
r < 400 and s € (—min(%,g),pﬂl) if r = 1. Assume that a9 € B,, N L*, v €
ot =~ . t
L0, T; B, ) and thata € LY (B, . )NLE satisfies (4.32). Let V(t) = [q [[Vo(7)] x dr.

P11

There exists a constant C' depending only on N such that for all t € [0,T] and m € Z,

we have:
< 20Vt

HQHZ?‘J(B;VTMLOO) < )||CLOHB§,TWL°° 120V 1 (4.33)

1
la—Small ~ <llao—Smaol »+=(A+[aol » (VO -1)+Clal|L=V(t), (4.34)
P BF 2 BP NL>

BPa

-

N
(D" 2" | Aa = ao)llpee(rey) < (1 + laol x)(e“V® —1)
I<m sz,)l

. (4.35)
O a|| / loll  dr.
szjl 0 Brfl

1.1

Proof: Applying A; to (4.32) yields:
OhAja+v-VAa= R+ A((1+a)dive) with R = [v-V,Aa.
Multiplying by AjalA;alP~2 then performing a time integration, we easily get:

t
[Awa(t)[ze S I|Aaol| e +/ (1Rl e + [[divo|| Lo | Asal e + [|A((1 + a)dive)| z» ) dr.
0

According to proposition 2.3 and interpolation, there exists a constant C' and a positive
sequence (¢;)jen in " with norm 1 such that:

1A:((1 + a)divo)||zr < Ce27(1+ ||allps, z=)|divo] N

p1,1

Next the term ||R;||z» may be bounded according to lemma 1. We end up with:
¢ !
vt e [0,T], VIl € Z, 2| Aa(t)|zr < 2ISHAla0||Lp+C/ a(l+lallBy ,nLe=)V dr, (4.36)
0 :

hence, summing up on Z in I,

t t
vt e 0,T), Ve, [a)s, < \|a0||B;m+/0 cv ||a(T)||B;,TdT—|—/O C(1+ [lal| )V dr.
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Next we have:

’

al[zge < /0 (14 ||a(7)|| )V (7)dT.

By summing the two previous inequalities, applying Gronwall lemma and proposition 2.2
yields inequality (4.33). Let us now prove inequality (4.34). Starting from (4.36) and
summing up over [ > m in I, we get:

t
1 1 ’
(32 2 Avall e )7 < (32 2 | Avallf)F +C / V(€Y aoll 5, + Y — 1)dr
0

[>m [>m
t
+/ C(1+|la]|p=)V dr.
0

Straightforward calculations then leads to (4.34). In order to prove (4.35), we use the
fact that @ = a — ag satisfies:

oa + v - Va = (14 a)divv + apdive — v - Vay,
5/t:0 — O

Therefore, arguing as for proving (4.36), we get for all ¢t € [0,7] and [ € Z,
X ~ LN .
27 Al < / 27 ([[Ai(aodivo) || e + [|Ai(v - Vao) || v ) dr
0

t
+c/ (14 lall )V dr
0 BP

p,1
N N N_q N_
3 P 3 P p 1 p 3 .
Since B, is an algebra and the product maps By, x B, inB) ,we discover that:

t t
N — ’
2 Al < O [ Hellanl ol g+ [t +laoll_y +lall s )V'ar).

p,1 p,1 0 p,1 p,1

hence, summing up on | < m,

N t t /
> 25 |Alleian < O [ 2ol y ol ydr+ [+ faoll g + lall_y)V'ar)
I<m 0 Bp,l prl 0 prl Bp,l

Plugging (4.33) in the right-hand side yields (4.35).

5 The proof of theorem 1.1

5.1 Strategy of the proof

To improve the results of R. Danchin in [10], [13] and of the author [15, 16], it is crucial to
kill the coupling between the velocity and the pressure. To achieve it, we need to include
the pressure term in the study of the linearized equation of the momentum equation. For
that, we will try to express the gradient of the pressure as a Laplacian term, so we have
to solve for p = 1 a constant state:

Av =V P(p).

18



Let £ be the fundamental solution of the Laplace operator. We will set in the sequel:
v =VEx(P(p)—P(p)) = V(Ex[P(p)—P(p)]) ( * here means the operator of convolution).
We verify next that:

Vdivo = VA(E * [P(p) — P(p)]) = AV(E * [P(p) — P(p)]) = Av = VP(p).
By this way we can now rewrite the momentum equation of (1.3) as:

ou+u-Vu — HA(U — lv) — MVdiv(u — lv) = f,
p v p v

with v = 2+ A. We now want to calculate 0;v, by the transport equation we get:
A = VE * 8, P(p) = —VE * (P (p)div(pu)).
Notation 1 To simplify the notation, we will note in the sequel
VE * (P'(p)div(pu)) = V(A)"L(P' (p)div(pu)).

Finally we can now rewrite the system (1.3) as follows:

( 1 1.
oq + (v1 + ;v) -Vq+ ;P (1)g = —(1 + gq)divey

1 / 1
——(P(p)—P(1)—P (1) — —q(P(p) — P(1
PO~ PO = PO = CatPo) = POD. (s
o1 — (1+a)Avy = f —u-Vu+ ;V(A)‘l(P' (p)div(pu)),
q/t=0 = Qo, (Ul)/t:O = (v1)o,
where v; = u — %v is called the effective velocity. In the sequel we will study this

system by exhibiting some uniform bounds in Besov spaces on (q,v1). The advantage
of the system (5.37) is that we have canceled out the coupling between v; and a term
of pressure. Indeed in the works [10, 13, 15, 16], the pressure was included in the study
of the linear system, thus entailing a coupling between the density and the velocity. In
particular it was impossible to prescribe different index of integration in Besov spaces for
the velocity and the density.

5.2 Proof of the existence
Construction of approximate solutions

We use a standard scheme:

1. We smooth out the data and get a sequence of smooth solutions (a”,u"),en to
(1.3) on a bounded interval [0, 7"] which may depend on n. We set v} = u" — o™
where dive”™ = P(p™) — P(p) with v" = V& « (P(p") — P(p)).

2. We exhibit a positive lower bound T for 7" (which does not depend on n), and
prove uniform estimates on (a”,v7) in the space:

~ N - N _q Nq ~ N g N9
Er = Cr(B)y) x (Cr(Byly + By )NLp(B)'y + By ).
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We will deduce then that (a™,u™) belong to the space:

x é\i -1 TR NI
FT—CT( y1) X (CT(Bpll + B )NLp(B) ).

3. We use compactness to prove that the sequence (a™, u™) converges, up to extraction,
to a solution of (5.37).
Througout the proof, we denote v = bmin(u, A+ 2,u) and 7 = pu+ |p+ A|, and we assume

~ -1
(with no loss of generality) that f belongs to L} (Bzil 1)

First step

We smooth out the data as follows:
ag = Spag, ufj = Spup and f" = S,f.
Note that we have:

VIi€Z, |Awagllre < [[Ajaollre and  ag]] ~ < laol| »~
Byloo Bl

and similar properties for uf and f", a fact which will be used repeatedly during the

next steps. Now, according [13], one can solve (1.3) with the smooth data (ag,ug, f*).
We get a solution (a”,u™) on a non trivial time interval [0, T},] such that:

N

a" € C([0,T,), BY,) and u" € C([0,T,), B, )N Lk (BQH). (5.38)

)

Uniform bounds

Let T}, be the lifespan of (ay, uy), that is the supremum of all ' > 0 such that (1.1) with
initial data (a(,uq) has a solution which satisfies (5.38). Let 1" be in (0,73,). We aim at
getting uniform estimates in Er for T small enough. For that, we need to introduce the
solution (v}")r, to the linear system:

Op(vi)L — Alvf)L = [",
(v1)2(0) = (v1)o-

with o™
nally we set v

’I’L

& x (P(p™) — P(p)) (in particular we have
v} — (v]")r and we can check that v satisfies

Now, we set u™ = v} + 1
dive™ = P(p™) — P(1)). Fi

the parabolic system:

~n
U1

1 ~n ~n n n n 1 n n
ot — (1 +a"™)Avt = —((v’f)L—i——v")‘Vvl — o7 - Vu" +a"A(v]) L — ;((vl)L-Vv

FO V) + 0" T = ) V() + oV (A) (P () div (),

(5.39)
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which has been studied in proposition 3.8. Define m € Z by:

m=int{p e N/ 203 2'% | Awaf |1 < cv) (5.40)

I>p

where ¢ is small enough positive constant (depending only on N) to be fixed hereafter.
In the sequel we will need of a control on a”™ — S,,a™ small to apply proposition 3.8, so
here m is enough big (we explain how in the sequel). Let:

b=1+ sup ag(z), Ag=1+2|aol| n, Uo=llugll ~_, +llaoll ~ +Ifll  ~x_,,
BP p1 BP Ll 1

N p
zeR p,1 p1,1 p,1 T\"p1,1 )

and [70 = 2CUy + 4CvA( (where C' is a constant embedding and C' stands for a large
enough constant depending only N which will be determined when applying proposi-
tion 2.3, 3.8 and 4.10 in the following computations.) We assume that the following
inequalities are fulfilled for some 7 > 0:

(H1) la" = Spa®|_  ~ <ewr !,
LE(By))
(H2) CPT|a"|?  » <27My,
L%O(Bp?l)
1 _
(Hs) 5@ <1+a"(t,x) <2b forall (t,z) € [0,T] x RY,
(Ha4) la®.  ~ < Ao,
T(Bpl:)l
(Hs) el xy ~xy <Uo, 07)Lll xy xyy <
Ll +B ) LB 4B
(o) W s A we . <Oon
L¥(B,!, +BJ) Ly(Byla +By )
(H7) " w,, < C A,
p+
%o( p,1 )
(Hs) IVur(|_ o~ < (@@ 'Uo+1)n
L%“(Bpl,)l

Remark that since:
14+ Spa" =1+a" + (Spa™ —a"),
N
assumptions (H1) and (H3) combined with the embedding B’} < L* insure that:

inf (1+ Spa™)(t,x) >

b, (5.41)
(t,z)€[0,T|xRN

o |

provided c¢ has been chosen small enough (note that £ < b).

We are going to prove that under suitable assumptions on 7" and 7 (to be specified
below) if condition (#1) to (Hs) are satisfied, then they are actually satisfied with strict
inequalities. Since all those conditions depend continuously on the time variable and
are strictly satisfied initially, a basic bootstrap argument insures that (H;) to (Hsg) are
indeed satisfied for 7" enough small (with a 7" which could depend of n). In the sequel, we
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will see that these conditions on T do not depend on n and by a criterion of continuation
we will see that our T" check T < T,,.
First we shall assume that 1 and T satisfies:

/

C(1+v 'Uo)n+ %AOT <log2 (5.42)
so that denoting;:
/ IVl godn V' / Vo' ydr and
p,1 P 1
0= [ VDl S ydn U0 = V0 + (F)e0) + V"0
Byl +Bpy

We have, according to (Hs) and (Hs):

COMILAVIHVIT) < 9 and CVMFAVI+VID) 1 < 1, (5.43)

N

In order to bound a™ in E%O(Bp’: 1), we apply inequality (4.33) and get:
la™l_ <1+ 2aoll Ly =4 (5.44)

T pl Pv

=

Hence (H4) is satisfied with a strict inequality. (H7) verifies a strict inequality, it follows
from proposition 2.6 and (H4). Next, applying proposition 3.7 and proposition 2.6 yields:

[T R (5.45)
L%O(Bpll,l +Bpp1 )
(& _1 22l
ALl x v < 32TV —e ) (Aol + [ Asaol )
Lp(Byin +Byi ) >0 (5.46)
+ T'Uy.

Hence taking 7' such that:
avl|(f)ll v N, <R,
NETI Y (5:47)

insures that (Hs) is strictly verified. Since (H1), (H2), (Hs5), (He), (H7) and (5.41) are
satisfied, proposition 3.8 may be applied, we obtain:

H@J{LH~ N _q N +H||?j711|‘ N 4 N
F(ByLL +B LL(BJY p’,’lu)

< 0?0+ / (la"A@D)Ll o w +1@D - VO xy s
) +B Pr1 P

Pl Ppl P p,1
sl (AP RV PR ol (G v’U”II x VA TP (p)div(p"u")]|
p11v1 + pzjl Pl Bp,l
1
+ " V)Ll x-, %+|\((v?)L+;v) Vv1|| N

BYL, +B) B
+ [[or - Va|| o~ m)dt.
P1 P

P11 +Bp,l
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As % + pﬂl —1>0and P,(p")div(p"u”) = VP(p")-u" + Pl(p")p”divu”, we can take

advantage of proposition 2.3, 2.1 and 2.6. ( In passing, we would like to mention that here
N N

~ N N _q
a crucial point is that A} belongs to L%F(Bpf 1+ B,ly ), it means that we are able to

give sense to the product a”. A7 with the condition & + ﬂl —1 > 0. It is the main novelty
compared with the works of R. Danchin in [10, 13|, indeed we are able to cancel out in
some sense the coupling between the pressure term and the velocity. And it is exactly
at this point that we can use paraproduct laws without the restrictions that it exist in
[10, 13]. An other way to express this point is to say that the constraints concerning
the law of paraproduct for the term aAu are less important. It means that we are able
to ask no more than the hypothesis on p and p; used in the case of Navier-Stokes with
dependent density (see [1] and [17]).)

We get then with h and h; regular function checking the conditions of proposition 2.4:

IV(A) (P (p")div(p"u"))

[P
L'}(sz,)l)
< O(IV(A) T (h(a™)div(hy(@™)u™)] .~ + IV(A) T (div(u)|| .~ ),
L%”(Bpl,)l) L%"(szjl)
<Cp(luml. ~ @+[a™*  ~)),
Ly (B L2 (BF)

<Op(VIIODLL |  wpw TITT, » sy + Tl )
L%’(Bp,ll +Bp;?l ) L%’(Bp,ll +Bp1,)1 ) L%) (Bp,l)
< (L+fla"2  x )
L%O(szjl)
N 1 N

The next term v™ - Vo™ determines the choice of working in the space E%,,(B]fil + B;fl)
for the remainder, indeed we recall here that at the difference of the works in [10, 13],
we have no coupling between the density and the velocity. So in this sense this term
is crucial inasmuch as he decides on the regularity of v] and in particular the following
term v"™ - Vo™ where we have:
[0" - Vo[ N -
L} P

x < CiT||a™|?
T p) L

(BPvl %o (Bp,l)
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We proceed similarly for the other terms and we end up with:

L L T ] (L
L°°(B 1 +BR) LlT(B;’I{1 +BS ) LE(Br)
+Cp(VT(ID)el . v m 00 x ny +Tle™. o~ )
( ' E%(Bzill+3p1?1+2) ! z%"(B:}l pp1+1 LOO(B pl)
X (L+]la™>  ~ )+ lla™]| v 1)Ll vy x,
L%O(Bzfl) T Pl L (B i +szj1 )
@Dl vy vy [l N
' LOO(BPI ' pp1+1) ' T( P 1-"_1 D 1+3) (5 48)
+ VT|lu xooxp el ow +TI vy o fle”]l
L3(By1 +B)) LF (B}, T(Bpll1 +B,")) LE(B)
+ (el o~ vy, + VTl )”le NN
2(BI B ) wmr) LaBIBR )
I o e (T o~y gy IO vy ))
T ;11,1 Bp,l) T ppll,l pl ) T(Bf,ll + ;1 )

with C = C(N)and Cp = (N, P,b,b). Now, using assumptions (H4), (Hs) and (#s), and
inserting (5.43) in (5.48) gives:

[[of || xoox o Ny Ny, S 20 (7Ag + Ugn + Up)n + C1TAg(1 + Ag)
pll,l + pl,ll T( pll,l + pz,)l )
+ \/TAOU07
hence (Hg) is satisfied with a strict inequality provided when T' and 7 verifies:
2C (0 Ay + Uy + Udn)n + C1T Ag(1 + Ag) + VT AgUy < Cim. (5.49)

(Hs) follows from proposition (Hs), (He) and (H7) indeed we recall that by Besov em-
bedding as p; < p:

it /Hw”n Nd¢+/ VDL g
p1,1 pljl

1

v, s </Hv%n
B

We easily obtains by this previous inequality (Hs).
We now have to check whether (H;) is satisfied with strict inequality. For that we apply
proposition (4.11) which yields for all m € Z,

> 2 7| A" sy <27 7 (| Avaoll o + (1 + Hao|| y ) (SR 1),
>m I>m Pl

(5.50)
Using (5.42) and (Hs), (He), we thus get:

N C i~
la" = Sma®ll__ 5 <3227 [Aaoller + st llaoll )1+ Lo

7 Byt I>m p,1
Hence (H;) is strictly satisfied provided that n further satisfies:

C

cv
gz (L ol )1+ 27 T < 2. (5.51)

Y

pl
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In order to check whether (H3) is satisfied, we use the fact that:
a" —ag = Sp(a" —ap) + (Id — Sp)(a" — ag) + Z Aao,

I>m
N
whence, using B vL o Lo
o~ aolimqryesy < OIS — all_y -+l — Spa” [
L¥ (B, F(B)

+ 2 Z 2l p ||Ala0HLP)-

I>m

Changing the constant ¢ in the definition of m and in (5.51) if necessary, one can, in view
of the previous computations, assume that:

b
O(lla™ = Sma"ll._ x +23 2% HAlaoHLp) <7
LT (Bp 1) l>m
As for the term || Sy, (a™ — ao)|| ~ , it may be bounded according proposition 4.11:
L%O(Bp’jl)
I1Sm(a” = ao)ll__ x < (1 +llaoll 5 )(CMHVHIOIDD 1) 4 022" VT ag||
LT( pyl) pl Bp,l
< lul

L2 (Bp11+B D)

Note that under assumptions (Hs), (He), (5.42) and (5.51) (‘and changing c if necessary),
the first term in the right-hand side may be bounded by %. Hence using interpolation,
(5.45) and the assumptions (5.42) and (5.51), we end up with:

Isma =)l <5 +02mfua0|y 3 \/n(Uo + Tom) (1 + T,
1 pl
Assuming in addition that T satisfies:
b
C2"VTaol| \/n (U + Tom) (1 + 110 < ¢, (5.52)

and using the assumption b < 1 + ag < b yields (H3) with a strict inequality.

One can now conclude that if 7' < T™ has been chosen so that conditions (5.47), (5.49)
and (5.52) are satisfied (with 7 verifying (5.42) and (5.51)), and m defined in (5.40) then
(a™,u™) satisfies (H1) to (Hg). Thus we observe that (a",u™) is bounded independently
of n on [0,T].

We still have to state that 7" may be bounded by below by the supremum 7 of all times
T such that (5.47), (5.49) and (5.52) are satisfied. This is actually a consequence of the
uniform bounds we have just obtained, and of remark continuations theorems (see for
example [13]) and proposition 4.10. Indeed, by combining all these informations, one can
prove that if 7" < T then (a™,u™) is actually in:

~ N N ~ N +1 o1 ¥ A\Y
L (B2 N BP) x [ L (B N Bp’j ) N L (B (Bp; . +BS )

hence may be continued beyond T as we control Vu" € L'(L>) (see the remark on the
lifespan following the statement in [13]). We thus have T > T.
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Compactness arguments

We now have to prove that (a”,u"),en tends (up to a subsequence) to some function
(a,u) which belongs to Fr. Here we recall that:

~ y ~ o/ el B = B
FT:C([()?T]?B])J) X (L (Bpl,l +Bp71 )mL (Bp71 ))

The proof is based on Ascoli’s theorem and compact embedding for Besov spaces. As
similar arguments have been employed in [10] or [13], we only give the outlines of the
proof.

e Convergence of (a")en:
We use the fact that a" = a™ — ag satisfies:

oa" = —u" - Va" + (14 a")divu™.

Since (u")pen is uniformly bounded in L3(B), )N LF(B,, + By ), then

~ N_q42
(u™)nen is also bounded in Lix(B); ") for any r € [1, +-00]. By using the standard
product laws in Besov spaces, we thus easily get that (9;a™) is uniformly bounded in
N N

~ N_q ~ N_q N
LZ( 1 ). Hence (a")nen is bounded in L (B, N B,;) and equicontinuous on
N_q N_ N
[0, 7] with values in B, . Since the embedding B, N B, is (locally) compact,
N

and (a2)nen tends to ag in B, we conclude that (a™)nen tends (up to extraction)

p,1?

- N
to some distribution a. Given that (a"),en is bounded in LF(B,’;), we actually
N

have a € E%’( Ifl)'
e Convergence of ((v]'))nen:
From the definition of (v}");, and proposition 3.7, it is clear that (v]")r goes to a
solution (v1)r, of:
O(v1)r — A(v1) = f,

(UI>L(O) = Uug — %1)0.

~ N Nijoo L N N3
. 1
in LF(Bply + By )NLp(Byly + By, ).

e Convergence of (0})pen:
By proceeding similarly, we can prove that up to extraction, (V] )nen converges in
the distributional sense to some function 77 such that:

N

~ N_q
U € LB, +B)

N N
» +

NI BT, (5.53)

By interpolating with the bounds provided by the previous step, one obtains better
results of convergence so that one can pass to the limit in the mass equation and in the
momentum equation. Finally by setting u = v + v + (v1), we conclude that (a,u)
satisfies (1.3).
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In order to prove continuity in time for a it suffices to make use of proposition 4.10.

+1
Indeed, ag is in B pl, and having a € LOO(B " 1) and u € Lk (B " ) insure that d;a+u-Va

belongs to LlT(szj 1)- Similarly, contlnulty for u may be proved by using that (v1)g €

N

N _q -~ -1 N
B}l and that (81 — pAvy) € Lj (B;l1 1+ Byy). We conclude by using the fact that

u:vl—i-%v.

5.3 The proof of the uniqueness

In this section, we are interested in proving the results of uniqueness of theorem 1.1, we
will use similar arguments as in [10, 13, 16].

Uniqueness when 1 < p; < N, % < %—Fp% and N >3

In this section, we focus on the cases 1 < p; < N, % < % + p%, N > 3 and postpone the
analysis of the other cases (which turns out to be critical) to the next section. Throughout
the proof, we assume that we are given two solutions (a',u!) and (a2, u?) of (1.3). In the
sequel we will show that a' = a? and v} = v? where v’ = vi + %vi (for the notation, we
conserve the same as in the previous section). It will imply in particular that u! = u?).
We know that (a!,v]) and (a?,v?) belongs to:

~ N ~ X Niyg oo oo N Mo
C([0,T]; By) x (C([0,T); B;lll +B), )NLN0.T: B, + B ).

Let 6a = a® — a', dv = v? — vland vy = v? — vi. The system for (da, dv1) reads:

1 1
diba + u? - Via = dadivu® + (dvy + —ov) - Va' + (1+a')div(év, + —ov),
Odv1 + u? - 6V + dvy - Vul — (1+ al)A5v1 = 5aAv% — 1(u2 - Vv

v

, , , 5.54
—dv-Vu') + V(A)™! ((P (%) = P (p")div(p*u®) + P (p")div(p' u) 20

# PN~ ) ).

The function da may be estimated by taking advantage of proposition 4.10 with s = % -1
Denoting U'(t) = ||u’|| . ~,, fori=1,2, we get for all t € [0,T],
1 P

t p,1

t
1
I6a(t)]| x_, < CeCUD / e~CU®) |Sadiva? + (01 + ~6v) - Va!
Bzfl 0 v
1
+ (1 4 ab)div(dvy + =v)|| ~_,dr,
v szjl

Next using proposition 2.3 and 2.6 we obtain:

loa@®)ll < Ce” ”/ U H5aH N 1(Hu2\| N+1+(1+2HG1H ))

p,1 pl pl
P 2all ol x s

p,1 Bp1,1 p,1
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Hence applying Gronwall lemma, we get:

2 —
fsaol y- < VO [ CTO@ L ol y y b 655)

0

p,1 p 1 Bp1 1+ p,1

For bounding dv;, we aim at applying proposition 4.8 of [16] to the second equation of
(5.54). So let us fix an integer m such that:

b
1+ inf Spal > 5 and |a' — Spal||

N <cE (5.56)
(t,2)€[0,T]xRN L(BF) v

~ N
Note since a' satisfies a transport equation with right-hand side in L%F(Bp’jl), proposition
N

4.10 guarantees that a' is in éT(BIf 1). Hence such an integer does exist (see remark 19).
Now applying proposition 4.8 of [16] with s = pﬂl —2and s = % — 1 insures that for all
time t € [0, 7], we have:

¢
Jovil]  ~  x,, < CeC(Ht)U(t)/ e~ IV (|50 Avf — 1((51} Vi 4 vl - Vo)
Ly(Byl +B)y ) 0 v

1 1 2
— (0" Vvt du- Vv )||B%;2+B%,1)d7',

with U(t) = UL(t) + U(t) + 22mu =152 [ ||a}]|?  dr.
p

p,1

Hence, applying proposition 2.3 we get:

[ [~

N =
L} (B”11+BFH

t
<CeC(1+t)U(t)/ e CHIUE) (1 4 [a!
) 0

+ HU%H %+1 %+2
P11 +5,1 p,1

Finally plugging (5.55) in (5.57), we get for all t € [0,77],

ol x <c/ (0l g+ 1) + Il
LB +B} 1+1 B, B o f ' ,f,’1+2)
X H(5U1H N N+1 dr.

LB +BF )

2
) and v? belongs to L3 (B, " 1 B b ), applying Gronwall

)

Since a! and a? are in L>(B,
lemma yields dv; = 0, an [0,

HL“‘Z

Uniqueness when:% = p% + % or p =N or N =2.

The above proof fails in dimension two or in the case % = p% + % or p1 = N . One of
N_ N _9 N _9
the reasons why is that the product of functions does not map By x B;lll in B]fll 1

N _9 N_q
but only in the larger space By~ . This induces us to bound da in L7(B)« ) and
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N N N

N _o N N Noq
dv1 in L¥(Bploo + Bioo) N LL(Bpl o + Bioo ) (or rather, in the widetilde version of
N

those spaces, see below). Yet, we are in trouble because due to By} is not embedded
in L, the term dv; - Va' in the right hand-side of the first equation of (5.54) cannot
be estimated properly. As noticed in [12], this second difficulty may be overcome by
making use of logarithmic interpolation and Osgood lemma ( a substitute for Gronwall
inequality). Let us now tackle the proof. Fix an integer m such that:

b
1+ inf Spal > = and |a' — Spa'l. 0~ < c%, (5.58)
(t,x)€[0,T] xRN 2 Lge (szjl) 1%
and define T; as the supremum of all positive times ¢ such that:
t<T and ti?|al]|. ~ <2720 (5.59)
L (B},

N

Remark that the proposition 4.10 ensures that a' belongs to C~’T(Blfl) so that the above

two assumptions are satisfied if m has been chosen large enough. For bounding da in
N

N1
LY (Bp~ ), we apply proposition 4.10 with 7 = +o00 and s = 0. We get (with the
notation of the previous section):

t
vVt € [0,T], [[da®)| ~n_, < CeCU2(t)/ e—CUQ(T)||5adivu2 + (6v1 + l51}) - Val
By 0 v

P,00

+ (1 + a)div(dv; + l51})||
v

%71d7',
Bp,oo

N N N

N_ N N_q
hence using that the product of two functions maps By X B]fi1 in Byw , and applying
Gronwall lemma,

t
I6a()] v, < CeCV' / VD14l x)|6ui] x  n,dr. (5.60)
BP 0 BP P1 P

P,00 p,1 Bp1,1+ p,1

Next, using proposition 4.8 of [16] combined with proposition 2.3 and corollary 1 in order
to bound the nonlinear terms, we get for all ¢ € [0, T1],:

t
C 1 2
6w ]| x N < Ce A+ (Ut+U )(t)/ (1+Hal|| N +H02|| N
Lh(Bfl ot Byl ) 0 Ba o Bh (5.61)
2
il x xo)léal o
P11 p,1 P,

In order to control the term |[6v1]| ~  n,, which appears in the right-hand side of
P

B +B
p1,1 p,1
(5.60), we make use of the following logarithmic interpolation inequality whose proof
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may be found in [12], page 120:

ool S

Li(Byla+By )

(2

H51}1H~1 %71 +H5'U1Hzl %+1

Bpi,o Bl
|0v1]] . ~ log (e+ t 1’(157 i (Bpy, ))
LiBH) ool 562
Li (Bpo0
[dv] .~ 0w~
L} (B LY(BP.
+ [|dv1 ]| N, log (e—l— tAp + (Bp, ))'
1A lovill_»
¢ (Bplos
1 2 T pﬂ_l ﬂ-f—l 1 pﬂ-i-l ﬂ+2
Because vy and vj belong to L (B! + B, )N Lyp(B,'y + By ), the numerator

in the right-hand side may be bounded by some constant C7 depending only on 7' and
on the norms of v{ and v?. Therefore inserting (5.60) in (5.61) and taking advantage of
(5.62), we end up for all t € [0,T7] with:

lgorll x o, SO+l x)
LlT(Bzfll,OO‘*‘BpZ?oo ) L%O(B;fl
t
< AFfatl oy Fle?) x F ol xy w 0wl oy
/0 szjl sz,)l ' ;ﬁjl szl+2 Z% (BzfllvOO""BPZj;l)

x log(e + Crlldv || 7" L
LL(Bp)\cot+Byloo )

Since the function ¢ — [la*(¢)|| ~ + |a®*(t)|| ~ + [[v}(¥)]] ~,, ., is integrable on
BP BP r1 P

p,1 p,1 p1,1 p,1
[0, 7], and:
/1 dr _
o rlogle+Cpr=1) >
Osgood lemma yields ||dv]| N ~,, = 0. Note that the definition of m depends

Z%—'(B;jllvoo—"_Bva’oo )
only on 7' and that (5.56) is satisfied on [0,7]. Hence, the above arguments may be
repeated on [17,2T1], [2T7,311],etc. until the whole interval [0,77] is exhausted. This

yields uniqueness on [0, 7] for a and v; which implies uniqueness for w. (I

5.4 Proof of theorem 1.2

The proof follows the same line as theorem 1.1 except concerning the uniqueness. In the
sequel we will concentrate us only on the result of uniqueness which improves significantly
in the specific case P(p) = Kp with K > 0 the theorem 1.1. Indeed we will be able to
reach the critical case for the initial density . For that we use the main theorem of D.
Hoff in [21] which is a result of weak-strong uniqueness. For the completeness of the
proof we would like to recall the result of D. Hoff (see [21] for more details).

Let (p,u) a weak solution of the system (1.1) (see the definition of D. Hoff in [21]) with
the following properties:

uwe C(0,T] x RMYN L ((0,T) x RNy n LY0, T, WH(RNM)) N LS (L= (RY)), (5.63)
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p—p,u, f€L*(0,T) xRY), (5.64)
1

~eL™, (5.65)
p

and
uwe L"((0,T) x RY), (5.66)

with 7 > N . Let (p1,u1) a strong solution such that (5.63), (5.64) and (5.65) are verified
and:

T
/ [lur(t, ) IFee + tIVur(, )lZee +tIVE(,T), Ver |72
0 (5.67)

+ (t|VFL(-,t), Vi [|24)4)dt < +oo,

with Fy = divu; — P(p1) + P(p) the effective pressure, wy the curl of u; and with a = 2

if N=2and a= % for N = 3. We assume in the sequel that: ’
f e L*(0,T), L?Y(RY), (5.68)

for some ¢ € [1,+00]. And finally D. Hoff needs to assume that:
po—pEL>NL*, (5.69)

where p is the Holder conjugate of ¢.
We can now state the result that D. Hoff obtains in [21]:

Theorem 5.5 Assuming that (p,u) and (p1,u1) are weak solutions (for the precise def-
inition see [21]), moreover (p,u) verify (5.63), (5.64), (5.65), (5.66) and (p1,u1) verify
(5.63), (5.64), (5.65), (5.67) and (5.68) . The initial data are chosen as in the theorem
1.2 with the additional condition (5.69). Let P(p) = Kp with K > 0. Then under the
previous hypothesis:

u=wu; and u=wu; on (0,T).

Remark 20 Here (p1,u1) have to consider as the strong solution and (p,u) as the weak
solution.

Furthermore in [24], D. Hoff exhibits a class of solutions (p1,u1) satisfying all the con-
ditions (5.63), (5.64), (5.65), (5.67) and (5.68) except that u; € L'((0,T), WH>(RN)).
For this D. Hoff assume the following conditions on the initial data:

POELOOaPO_ﬁGLéa
infp0>0,
1 (5.70)
ug € H® with s >0 if N =2 or 8>§ifN:3.
ug € L, withg>2 if N=2or ¢q=6if N =3.

For proving these results D. Hoff uses essentially inequalities of energy (in his case the
initial data are assumed small and he obtains existence of global weak solutions, for a
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similar case with large initial data we refer to [18]). The main difficulty for using the
theorem 5.5 is then to prove the Lipchitz condition on w1, i.e u1 in L((0, T), WL (RY)).

In our context, we want to verify that a solution (p, ) constructed in theorem 1.1 with
the additional conditions on the initial data of theorem 1.2 verify all the hypothesis of
theorem 5.5 . It means that (p, @) have to check the hypothesis of the class of the strong
solution and of the class of weak solution. In this case, we will be able to conclude that
if we choose two solutions (p, %) and (p1,u1) in the class of the solutions of theorem 1.1
then (p,u) = (p1,u1).

As we explain previously, the regularizing effects obtained on the velocity in [24] result
from energy inequalities combined with an argument of smallness to apply a bootstrap.
This idea has been developed in [18] in the case of large initial data. In particular it is
shown in [24, 18] that with our choice on the initial data in theorem 1.2 the solution of
theorem 1.1 satisfy all the conditions (5.63), (5.64), (5.65), (5.67) and (5.68). Indeed for
proving (5.63), (5.64), (5.65), (5.67) and (5.68), it suffices to use the same argument than
in [24, 18], it means tricky energy inequalities.

The only new point compared with [24, 18] to achieve the proof of uniqueness corre-
sponds to prove that @ is in LL(W1°°(RY)) and that (p,u) verify the condition of the

weak solution of theorem 5.5. The last point is evident. We only want to point out that
N

N
@ is in LY((0,T), WL (RM)) because @ belongs to L%(Bpljl+ ). This conclude the proof
of the uniqueness. O

5.5 Proof of theorem 1.3

We follow here exactly the same lines than the proof of theorem 1.1 except that we
introduce a new effective velocity. Indeed in our case the viscosity coefficients are variable,
so we set v which verifies the following elliptic equation:

(2u + A)Av + div(fi(g)Dv) + V(fa(g)dive) = VP(p). (5.71)

with f1(q) = u(p) —p(1) and fa(q) = A(p) —A(1). We can resolve this elliptic equation as
w>c>0and 2u+ A > ¢ > 0, indeed in our case we work away from the vacuum. To do
this we have to use the estimates on the Lamé operator of the appendix in [17]. The idea
is in fact to treat the system (5.71) as a Lamé operator with regular variable viscosity
coefficient that we perturb by a remainder with small variable viscosity coefficient. We
use only the fact that the functions in C%. are dense in B % E The idea is exactly the

p,

_ N
same as in the proof of proposition 3.8. More precisely we have as ¢ € L*(B}) for

r>1,p>1and|s| < % (for more details we refer to [17]):
”UHZr(B;J) < C||q||z7‘(B;£1)'

It means that as in the proof of theorem 1.1, v is one derivative more regular than ¢
and that we can estimate v in function of q. Moreover we have 0;v which verifies the
following elliptic equation:

div(u(p)Dowv) + V(A(p)divow) = VO, P(p) — div(0¢p(p)Dv) — V(O A(p)divo).
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We can in a similar way getting estimates on 0;v in function of ¢, v and v, so in function
of ¢ and u. To do this, we have one time more to apply elliptic estimates in Chemin-
Lerner spaces. In the sequel as in the proof in theorem 1.1, we will have to consider an
effective velocity defined by v; = u — v. The rest of the proof is exactly similar to the

proof of the theorem 1.1 and is nothing than tedious verifications. It is left to the reader.
O

6 Proof of theorem 1.4

1

We now want to prove theorem 1.4. We have assumed here that pj*ug € LP' with
p1 = N + € with ¢ arbitrary small. We would like to show that with our hypothesis in
1

particular that a is in L3 and then we are able to prove that prru € L3FP(LP). First
as in [18] we can show that if we control p in norm L then we control the vacuum or
more precisely % in L>°. We refer to [18] for more details. Let now showing that we can

1
control pr1u in L3P (LPY).

We multiply the momentum equation by u|u[P1~2 and we get after integration by part:

1 t -2 [
— p|u|p1(t,x)d;v—|—,u/ |u|p1_2|Vu|2(t,:zt)altalaf:+p1 u/ [ul[Pr 4|V |ul? | (t, ) dadt
p1 JrN 0 4 0

t —92 rt
+A / / (divu)2[u~2(t, z)dtdz + N2 / / divie S wdiul?lul = (¢, 2)dtda—
0o JrN 2 Jo JrN -

/0 /RN (P(P) - P(ﬁ)) (divu]u|p1_2 +(p1 —2) Zuiukaiuk|u\pl_4) (t, z)dtdx

ik
< / poluo|Prdz.
RN

By Young’s inequalities, inequality (1.5) and the fact that P(p)— P(p) belongs in L> (LN
1

L>) we conclude that pr1u is in L3 (LP') and that w is in L (LP') as % is in L*°.

- N_ e
Now as u, % and p are bounded respectively in LF(LP') — LF (B, ), LS (L™)
N e

and in E?(Bgl ). We now can use the remark 12 (for a proof we refer to [10]). It
means that there exists a time 1" > ¢ > 0 where ¢ depends only on the dimension NV, the
viscosity coefficients and on |¢| . ~.e and |jull ~_,, e - In fact it suffices only

co(BP 2 EOO( P1 2

T \p,1 T \pypsl
to verify how the conditions (5.47), (5.49) and (5.52) are verifies.
It means that we can construct by theorem 1.1 a solution (ay,u1) on (T —a, T —a+T')
with initial data (a(T — a),u(T — «)) (here a < T"). The only difficulty is to prove that
on (T — «a,T) we have:

(p17u1) = (pa u)

Now we can use our supplementary condition on the initial data, i.e (ag, ug) € le\al X B?\ﬂl‘
Indeed by persistency results as in [19], we can show that:

a € L¥(Bk,), ue LF(BY ) and u € LL(B%, ).
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It means that (a(T — ), u(T — «)) and (a1(T — ), u1 (T — «)) are in B}\,’l X B?V,l' We
can show then by theorem 1.1 that (p1,u1) = (p,u) on (T' — «, T), because (aj,u;) and
(a,u) are in the class on (T — «, T') of the solutions of theorem 1.1 which are unique.
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