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Existence of global strong solutions in critical spaces for
barotropic viscous fluids

Boris Haspot *

Abstract

This paper is dedicated to the study of viscous compressible barotropic fluids in
dimension N > 2. We address the question of the global existence of strong solutions
for initial data close to a constant state having critical Besov regularity. First, this
article shows the recent results of [7] and [11] with a new proof. Our result relies on
a new a priori estimate for the velocity that we derive via the intermediary of the
effective velocity, which allows us to cancel out the coupling between the density and
the velocity as in [21]. Second we improve the results of [7] and [11] by adding as
in [7] some regularity on the initial data in low frequencies. In this case we obtain
global strong solutions for a class of large initial data which rely the results of D.
Hoff in [25, 28, 29] and those of [7, 11]. We conclude by generalizing these results for
general viscosity coefficients.

1 Introduction

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

Op + div(pu) = 0,
O (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) € RY stands for the velocity field and p = p(t,z) € RY 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+ 2u > 0 (in the sequel
to simplify the calculus we will assume the viscosity coefficients as constants). Such a
condition ensures ellipticity for the momentum equation and is satisfied in the physical
cases where \ + %“ > 0. We supplement the problem with initial condition (pg,up) and
an outer force f. Throughout the paper, we assume that the space variable z € RY or
to the periodic box 7;N with period a;, in the i-th direction. We restrict ourselves to the
case N > 2.

The problem of existence of global solutions for Navier-Stokes equations was addressed
in one dimension for smooth enough data by Kazhikov and Shelukin in [33], and for
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discontinuous ones, but still with densities away from zero, by Serre in [40] and Hoff in
[23]. Those results have been generalized to higher dimension by Hoff in [26, 27]. The
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
[38]. 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 [36]. More precisely Matsumura and Nishida
in [36] obtained the existence of global strong solutions for three-dimensional polytropic
ideal fluids and no outer force with initial data chosen small in the following spaces
(po — 1,up) € H? x H3. 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 [41], [42], [25], [32].

Guided in our approach by numerous works dedicated to the incompressible Navier-Stokes
equation (see e.g [37]):
NS) {avarv-vu—ﬂvan_o,

dive = 0,

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

(p(t,2), u(t, z)) — (p(IPt, 1), lu(lPt, 1)), 1€ER, (1.2)
have that property, provided that the pressure term has been changed accordingly.
Definition 1.1 Let p > 0. In the sequel we will note: q = £=2.

The use of critical functional frameworks led to several new well-posedness results for
compressible fluids (see [13, 17, 19, 21]). In addition to have a norm invariant by (1.2),
appropriate functional spaces for solving (1.1) must provide a control on the L* norm
of the density (in order to avoid vacuum and loss of ellipticity). For that reason, we
restricted our study to the case where the initial data (pg,up) and external force f are
in homogeneous Besov spaces such that, for some positive constant p:

N N _q 1 . N _q
q € By, uo € B;’il and f € Lj, (RT, e B;’il )

with (p,p1) € [1, 4+00[ suitably chosen.

Recall that in [25, 24], D. Hoff stated the existence of global weak solutions with small
initial data including discontinuous initial data (namely gq is small in L? N L™ and ug is
small in L* if N = 2 and small in L8 if N = 3). One of the major interest of the results
of Hoff is to exhibit some smoothing effects on the incompressible part of the velocity u
and on the so-called effective viscous flur F = (2u+ N)divu — P(p) + P(p) (see also the
work by D. Serre in [40]). This also plays a crucial role in the proof of P-L Lions for the
existence of global weak solution (see [34]). However if the results of Hoff are critical in
the sense of the scaling for the density, it is not the case for the initial velocity. In [28, 29],



D. Hoff extends the previous results by considering simply slightly subcritical initial data
on the velocity whereas the initial density belongs always to L (see also [30]). In [26],
D. Hoff shows a very interesting theorem of weak-strong uniqueness when P(p) = Kp
with K > 0. To speak roughly, he shows that if (p,u), (p1,u1) satisfy a L control
on the density combined with a Lipschitz control on the velocity then (p,u) = (p1,u1).
D. Hoff uses this result to show that the solutions of [28] are unique in two dimension.
In [22], we prove a new criterion of blow-up for compressible Navier-Stokes equations of
Prodi-Serrin type, where we show that the good unknown to control is the pressure term
and not the velocity as for incompressible Navier-Stokes equations. More precisely the
weak solutions of compressible Navier-Stokes equations turn out to be smooth as long as
the density remains bounded in L (L(N+1+€)7) with ¢ > 0 arbitrary small (a crucial part
of the proof is based on the notion of effective velocity which possesses some additional
properties of regularity compared with the classical velocity). Finally R. Danchin in [14]
shows for the first time a result of existence of global strong solution close to a stable

equilibrium in critical space for the scaling of the system. More precisely the initial data
N N N

are chosen as follows (qo,up) € (Bf1 N Bf,l_l) X Bf’l_l. The main difficulty is to get
estimates on the linearized system given that the velocity and the density are coupled
via the pressure. What is crucial in this work is the smoothing effect on the velocity and
a L' decay on p — p (this plays a key role to control the pressure term). In this work,
R. Danchin uses some clever energy inequalities on the system in Fourier variable. This
explains in particular why the result is obtained in Besov space with a Lebesgue index
p = 2. In the same time of the redaction of this paper, Q. Chen et al in [11] and F.
Charve and R. Danchin in [7] improve the previous result by working in more general
Besov space.

The goal of this article is to make a connection between the articles of D. Hoff [25, 24,
28, 29], D. Hoff and M. Santos [30] and those of F. Charve and R. Danchin and Q. Chen
et al in [7] and [11]. In fact we extend the results [7] and [11] to the case where the
Lebesgue index of Besov spaces are not the same for the density and the velocity. To do
that, as in [21] we use the notion of effective velocity (also used by D. Hoff in [24], see the
variable up in his work which is not exactly our effective velocity but more precisely the
velocity v that we will define in the sequel) in high frequencies so as to kill the relation of
coupling between the velocity and the pressure. This effective velocity enables us to get
as in R. Danchin in [14] a L! decay on ¢ in the high frequency regime. In low frequencies,
the first order terms predominate, so that (1.1) has to be treated by means of hyperbolic
energy methods (roughly ¢ and the potential part of the velocity verify a wave equation).
This implies that we can treat the low regime only in spaces constructed on L? as it is
classical that hyperbolic systems are ill-posed in general LP spaces. So as in [11] and
[7], the system has to be handled differently in low and high frequencies. In short, we
will use the analysis of R. Danchin in [14] in low frequencies and the effective velocity
introduced in [21] in high frequencies.

To simplify the notation, we assume from now on that p = 1. Hence as long as p does
not vanish, the equations for (¢ = p — 1,u) read:

oq+u-Vqg=—(1+ q)divu,

1.3
8tu+u-Vu—LAu+M:f. (13)

1+g¢ 14¢



In the sequel we will note A = pA + (X + p)Vdiv.

Definition 1.2 Furthermore we will note B(S;’sfl) (pz ) the Besov space where the be-
havior is Bp! . in low frequencies and 352 ro high frequencies. If r1 = ro we will
51752

simplify the notation, and we will write B? l’m , for B (1) (pal) * For more details on the

definition of these spaces we refer to the definition 2.6.
One can now state our main result.

Theorem 1.1 Let P be a suitably smooth function of the density such that Pl(l) > 0,
and 1 < p; <p < +o0 withi<i—&-l l—i—i>%,p<max(4]\7) and%ﬁ%%—p%.

N N N N

-1,X
Assume that ug € ngl [ f € L'(RT, B ) and qo € ng1 ?. Then there

exists a constant €9 such that zf.

lgoll _x 1 5 + [Juo s¥-ug +||f|! y

P1
Bz,p,l P11 LY(RT,By.

M

then there exists a global solution (q,u) for system (1.1) with 1 + q bounded away from
zero and,

St B2 b Lt B2 the
q€CR™, By, )ﬁL(R By ,1 7)) and
1, X NN ~N1 Ny
ue CRY BQPL P4+ By P)NLY R, B, T ).

Moreover this solution is unique if 2 N5 + —

Remark 1 This theorem improves the result of Chen et al obtained in [11] as here one
may take p # p1. But as in [11] we have strong restrictions on p, that is p < max(4,2N).
This fact is due to the interactions between low and high frequencies in the paraproduct
laws. However we obtain this result with a new method which seems more flexible ( see
theorem 1.2) and more simple than [7] and [11].

Remark 2 It seems possible to improve the theorem 1.1 by choosing initial data qg in

N_1 N Nl()

Bé D, (;’ ) N B( 1), (00,1 however some supplementary conditions appear on p1 in this

case.

The key to theorem 1.1 is to introduce a new unknown v; 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 v; = 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:

1 1,
Orq + (v1 + ) Vgt P (1)g = —(1 4 ¢)divey

_ l(P(p) —P(1)-P (1) - %q(P(p) - P(1)),

v

Oyv1 — ﬁA’Ul f—u-Vu+ %V(A)_l (Pl(p)div(pu)),

[ 4/t=0 = a0, (v1)t=0 = (v1)o,




where v1 = u — %v is called the effective velocity. Here we can check that v verifies a

parabolic equations with the low order terms in remains V(A)_l(P/ (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 4.1.

In the previous theorem 1.1, we have as in [11] very strong restrictions on p (p <
max(4,2N)) because of the behavior in low frequencies. At the difference with the
results of strong solutions in finite time (see [21]), we cannot choose p arbitrarly large.
To overcome this difficulty, we need to add some additional conditions on (g, ug) in low
frequencies as in [7] to avoid these restrictions in the use of the paraproduct laws. We
obtain then the following theorem:

Theorem 1.2 Let P be a suitably smooth function of the density with P'(1) > 0 and 1 <

N N

p1 < p < +oo such that i < %—l—l and l—}-i > 5. Assume that ug € E;p:la_ ﬁBzr,

— N
f e LY(RT, BZm e ﬂB2r) and qo € B2p1 e HBQ:T withr =400 if N >3 andr =1
if N = 2. Then there exists a constant 9 such that if:

lgoll vy~ A+ luoll v 5, AL oy < ¢o,
B;’ZPJ P Bg:: 27,2171,1 . 8,7‘ 1( ’ 2717 1 Bg,'r)

then there exists a global solution (q,u) for system (1.1) with 1 4+ q bounded away from
zero and,

N
p

SRE B2 N A B0 A Tl RE B2 T B2t
qe C(R",By,; " NBy,)NL(RT,By,, " NBy,) and

~%71,%71 ~%—1 N 1 + 2+ ’p+1 2
ue O(R" s (B py 1 +By,, ")NB3,)NL' (R B2p 1 NBj,).
; L : 2 1, 1
Moreover this solution is unique if 5 < >t o

Remark 3 Here we improve the results of [7] and [11] by the fact that we have no
restriction on the size of p of type p < 2N. In particular, we can observe that when p

~1,0

~N
goes to z'nﬁm'ty, we are close to get a weak solution with initial data (qo,ug) in B22oo 1 X

B22N |- It means that this theorem bridges the gap of the result of D. Hoff (see [25, 26,
28, 29] where the initial density is in L™ but where the initial velocity is more regular
and the results of R. Danchin in [17]. Moreover it holds for general pressure laws with
P'(1) > 0 while in the works of D. Hoff the pressure has to verify P(p) = Kp with K > 0.

Remark 4 If r = +o0o, then we have to replace above the strong continuity in B3, by
the weak continuity.

Remark 5 To some extent the case p > N is not so important because we obtain only the
existence of global weak solution as in the works of D. Hoff in [25, 26]. However as in the
work of F. Charve and R. Danchin in [7] it is of interest, indeed by adding some additional
condition on the data such that ug € BN 1 (without assumption of smallness on HUOHBO )

it is easy to prove some results of persistency on u as for incompressible Namer-Stokes



00 2 —1 0 = 7N 1 2 +17ﬂ+1
equations, more precisely that u belongs to L (32 ‘N1 T B2p . P)NL (B2,p71 P In

this case, we will get the existence of global strong solutions but with only a condition
of smallness for [lqoll _x_,, N [luol| NN and || f1] NN but
2p 1 2 By 1 tonBy, L By i1 . nt,r

not on [lug|| gy

In particular it improves widely the results of [11] and [7] inasmuch as we can choose p as
large that we want. Therefore one can almost handle the case qo € Bgo,l‘ Hence we are
close to the results of D. Hoff in [25, 28, 29] in terms of initial density (a bit more regular)
except that we really work in critical spaces for the scaling of the equations in particular
concerning the initial velocity. Furthermore we are able to build unique solutions when p

s arbitrarily large by adding a condition on ug € B?V,l (without assumption of smallness
on ||u0HBoN 1) . The only point is that we need to ask a condition of reqularity on gy € Eg”i
(we will see how to deal with this problem in some case, see remark 7).

In particular as in [7], we can take uo(z) = ¢(z)sin(e "'z - w)n where w and n stand
for any unit vector in RN and ¢ for any smooth compactly supported function then we
have if p1 > N, and for s < 0:

- _
[|luo| X <Ce 7 and |uops, <Ce*,

p1,1

so that the smallness condition is satisfied by ug if € small enough. However we remark
that ug is arbitrarily big in L>. On the other hand, ug belongs to Schwartz class S hence
also in B?\/,l so that uniqueness holds true by persistency results.

In our case, we can not directly apply the previous theorem because we work with ug € Bgr
(it means that in this case with the above choice on HUOHBO is not small ). We have

then to modify the assumption on ug to obtain the same type of result than [7]. In fact,
it is enough to assume that ug € B; ' and q € B, SLIZSU ith s> 0 arbitrary small, in
this case we have some new lzmztatzon on the choice of p in function of s1 (because the
law of paraproduct). However we can easily check that p goes to infinity when s1 goes to
0. So we can get the result of [7] by choosing again arbitrarily large p.

Remark 6 We can observe that ug € BgT corresponds exactly to the energy space when
r =2, in this sense this additional assumption on the velocity seems very natural. How-
ever the condition qy € Eg”i seems a little bit too strong in the general case for general
viscosity coefficients, but we will explain in the theorem 1.8 why in some specific case of
viscosity coefficients this condition is suitable.

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
[5, 6]). Indeed with this choice, we naturally obtain some informations on g in 32172 = H'.
In this context, the hypothesis of theorem 1.2 on ¢y € B becomes natural (for more
explanations see remark 7).

In the following theorem, we then extend the theorem 1.2 to the case of general viscosity
coefficients.

Theorem 1.3 Let P be a suitably smooth function of the density with P/(l) >0, u
and X\ are general reqular functions such that p > 0 and 2pu + X > 0. Furthermore we



suppose that 1 < p; < p < 400 such that p% < % + % and 1 + i > i. Assume that
N_ N_4 N N

~ NN .
ug € By, 1" NBY,., feLYRY,By, 7" NBY) and q € 32p1 v N'By, with
r=4o0c0 if N >3 andr =1 if N =2. Then there exists a constant €y such that if:

HQOH~N—1,E T Huo”NN—l,ﬂ—l + Hf”~ N Ny < ¢o,
pn L NBY, L NBY, LY(®+,By, /"1 nBY,)

there exists a global solution (q,u) for system (1.1) with 1+ q bounded away from zero
and,

GR* B "7 B NI R, B2 A B d
g€ C(R",By,; " N )m ( op1 N 2T) an
N%*L%*l ~7—17]§ Lot B2 Thy Tl o
ue C(RF s (Bap, 1 +By,1 ")N B3, ) NLY(R B2p 1 NBj,).

Moreover this solution is unique if 2 ~ <1 —|— o

Remark 7 This result is very interesting in the case of the BD wviscosity coefficients. In
this case our result is very close of the energy initial data with the optimal condition for
the scaling (qo,wo) € ngl X B?V 1+ In particular it applies to the shallow-water system.
Indeed in [5, 6] D. Bresch and B. Desjardins have discovered a mew entropy inequality
whenever the density-dependent viscosity coefficients satisfy the algebraic relation:

/

Ap) = ppv (p) — u(p).

In this case they show that we can control \/pNV¢(p) in L°°(L*) where o (p) = “;p).

Roughly it means that we control the density p in L>°(H"Y). It is exactly the additional
condition that we ask in the theorems 1.2 and 1.3.

We would like to point out that D. Bresch and B. Desjardins use a type of effective
velocity that they note u + Vo(p) (see [5] for more details) different from the one that
we introduce in this paper.

Remark 8 Our method is more flexible than the proofs of D. Hoff in [26, 25, 28, 29]
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.
Indeed the used technics are essentially based on energy inequalities that is why the fact
to work with constant viscosity coefficients is crucial.

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. In section 3,
we prove estimates on the transport equation. In section 4, we prove the theorem 1.1.
In section 5 we prove the theorems 1.2 and 1.3. Some technical continuity results for the
paraproduct in hybrid Besov spaces have been postponed in appendix.

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,T],X) the set of continuous functions on [0,7] with values in X. For

€ [1,4o0], 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 ¢t — || f(¢)||x belongs to LP(0,T). Littlewood-Paley
decomposition corresponds to a dyadic decomposition of the space in Fourier variables.
We can use for instance any ¢ € C°(R"), supported in C = {¢ € RV/3 < |¢| < 3} such
that:

Y e =1 if £#0.

lEZ

Denoting h = F 1, we then define the dyadic blocks by:

A= (27 'D)u = 2lN/ h(2'y)u(z — y)dy and Sju = Z Agu.
RN k<i—1

Formally, one can write that:

u:ZAku.

keZ

This decomposition is called homogeneous Littlewood-Paley decomposition. Let us ob-
serve that the above formal equality does not hold in &' (RV) for two reasons:

1. The right hand-side does not necessarily converge in S’ (RN).
2. Even if it does, the equality is not always true in S (RY) (consider the case of the
polynomials).
2.1 Homogeneous Besov spaces and first properties
Definition 2.3 Fors € R, p € [1,400], ¢ € [1,+], andu € S (RN) we set:
1
lullss, = Q@[ Awl|zr)?)s.
leZ

The Besov space B, , is the set of temperate distribution u such that |[ul|ps < +oo.

Remark 9 The above definition is a natural generalization of the nonhomogeneous Sobolev
and Holder spaces: one can show that BS, ., is the nonhomogeneous Holder space C* and
that Bj 5 is the nonhomogeneous space H?.

Proposition 2.1 The following properties holds:

1. there exists a constant universal C such that:
O ullsg, < 1 Vul gy < Cllulls,

2. If p1 <p2 and r1 <1y then By . — B;;ig(l/plfl/m).

1,71

3. BS

s . / . o
o Bprifs >sorifs=s andry <r.



Let now recall a few product laws in Besov spaces coming directly from the paradifferen-
tial calculus of J-M. Bony (see [4]) 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 sapces
but it can easily generalize for the nonhomogeneous Besov spaces).

Proposition 2.2 We have the following laws of product:
e Forall s €R, (p,r) € [1,+00]? we have:

[wolls;, < C(l[ullze<llvllB;, + [lollzellulis;,) - (2.4)

p,r =

o Let (p,p1,p2,7’ A, A2) € [1,+00]® such that:p < -+ o=, p1 < Ao, p2 < A, 5 <
i + /\11 and < 1 + )\ We have then the followmg inequalities:
zf31+52+N1nf(0 1—]71——)>0 81+)\ <—1 and82+/\ <— then:

IIUUHB:}:SQ_N(# -1 Slullpg Mol (2.5)

when s1 + % = pﬂl (resp so + /\ﬂl = p%) we replace ||uHBS1 ||vHBsz (Tesp ||’UHBZ§700)

by HUHB;i,lHUHB;g,T (resp HUHBS;MOLOO) if s1+ )\2 p—l and s + )\1 = p% we take
r=1.
If s1 +s0=0, s1 € (A—l—%,pﬂl—%] andp%—i-piz <1 then:
luvll vegep -1 S lullps ollgg .- (2.6)
Bp.oo /1
If |s| < % forp>2 and —g <s< % else, we have:
luvllgg, < Cllulls;, vl - (2.7)

BpsoN

Remark 10 In the sequel p will be either p1 or ps and in this case % = pil— p% if p1 < pa,

resp x = 5o — 5 if p2 < pr.

Corollary 1 Letr € [1,400], 1 <p <p; < 400 and s such that:
o sc (- Ny zf +L1l<i,

p1’ p1 P11 —
o se(——+N( +——1) —) zf +—>1

N
then we have if u € By . and v € By} o N L>:

luvl|Bg, < Cllullsg vl »

p1 oo
The study of non stationary PDE’s requires space of type LP(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
localize the equation through Littlewood-Payley decomposition. But, in doing so, we ob-
tain bounds in spaces which are not type L?(0,7T, X) (except if r = p). We are now going
to define the spaces of Chemin-Lerner in which we will work, which are a refinement of the

spaces Li.(B; ).



Definition 2.4 Let p € [1,400], T € [1,+0o0] and s; € R. We set:

ll o ggeny = (30 27 At [ 1)
lEZ

3=

We then define the space z%(Bf,’lT) as the set of temperate distribution u over (0,T) x RN
such that ||lul|z, By < +oo.
T\=PpP,"

We set éT(Eglr) = E%O(Egl,,) N C([0,7T],ByL). Let us emphasize that, according to
Minkowski inequality, we have:

”UHZ{;(B;}T) < ||U||L;(B;}T) if 7> p, ”UHZ;(B;}T) 2 ||U||Lg(B;}T) if < p.

Remark 11 [t is easy to generalize proposition 2.2, to E%(B;}T) spaces. The indices s1,
p, r behave just as in the stationary case whereas the time exponent p behaves according
to Holder inequality.

In the sequel we will need of composition lemma in E’T’,(B;’,,) spaces.
Lemma 1 Let s >0, (p,r) € [1,400] and u € Z%(B;}T) N LFP(L>).

1. Let F € WET2®(RNY such that F(0) = 0. Then F(u) € LA(B2.). More precisely
l T\=p,r

oc

there exists a function C depending only on s, p, r, N and F' such that:

1Pz 55, < Cllullz ao)llelzo s

2. Let F € WET3°(RNY) such that F(0) = 0. Then F(u)— F (O)u € E’%(BZ’T). More

loc
precisely there exists a function C depending only on s, p, r, N and F' such that:

1)~ F O)ullzy g, ) < Cllulige o) g e

Now we give some result on the behavior of the Besov spaces via some pseudodifferential
operator (see [12]).

Definition 2.5 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:

VEERY, [9°(€)] < Cull + €)1,

Proposition 2.3 Let m € R and f be a 8™ multiplier. Then for all s € R and 1 <
p,7 < 400 the operator f(D) is continuous from B, . to B, ™.

Let us now give some estimates for the heat equation:

10



Proposition 2.4 Let s € R, (p,7) € [1,+]? and 1 < ps < p1 < +oo. Assume that
ug € By, and f € Lf? (B;;Hz/m). Let u be a solution of:

O — plAu = f
Ut=0 = UQ -
Then there exists C' > 0 depending only on N, u, p1 and py such that:
|
”“HE?(ng/m) < C(HUOHB;T e HfHEpTQ(B;;”Q/”Q)) :

If in addition r is finite then u belongs to C([0,T], B, ).

We now want to conclude by a useful lemma of commutator.

Lemma 2 Let1 <p; <p<+o0ando € (— min(%, p—]\,[), %—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:
Yg € Z, |[[v-V, Adlallir < Ceq2™|[Vol|_x [lalls; (2.8)

p,1

117

, we have:

In the limit case o = — min(%7 o

1
N
Vg ez, |[v-V,Agallin < Cep2® [Vol| s llall - (2.9)
Bpl,)l Bp,ggl

Finally, for all o > 0 and p% = p% — %, there exists a constant C depending only on N

and on o and a sequence cq € I*(Z) with norm 1 such that:
Vq € Z, |[lv-V,Aqvllre = Ceg 27 ([|Vollz<lollsg, , +[[Volle2|[Vol poa). (2.10)

Proof: These results are proved in [3] chapter 2. O

2.2 Hybrid Besov spaces

The homogeneous Besov spaces fail to have nice inclusion properties: owing to the low
frequencies, the embedding By, — B;l does not hold for s > t. Still, the functions
of By, are locally more regular than those of B}t,’l: for any ¢ € C§° and u € B4, the
function ¢u € BIt%l' This motivates the definition of Hybrid Besov spaces introduced
by R. Danchin in [14] where the growth conditions satisfied by the dyadic blocks and
the coefficient of integrability are not the same for low and high frequencies. Hybrid
Besov spaces have been used in [15] to prove global well-posedness for compressible gases
in critical spaces. We generalize here a little bit the definition by allowing for different
Lebesgue norms in low and high frequencies.

Definition 2.6 Letly € N, s,t,€ R, (r,r1) € [1,+00]? and (p,q) € [1,+oc]. We set:
_ _ ls It
HUHBZIZJ = 22 Al + 22 | Al L,
I<lp >l

and: .
e

lullgee = (3@ 1Awm]L)")" + (Z(Q“HAWIILCI)”)%-

(p,r),(a:m1 1<lo >l

11



Remark 12 [t will be important in the sequel to chose ly big enough.

Notation 1 We will often use the following notation:

UBF = ZAZU and ugp = ZAZU.

1<lp I>1lo
Remark 13 We have the following properties:

o We have B>®

J— S
p,p,l T Bp,l'

e If sy > s3 and sg > s4 then B;?’q’sf s B;lq’sf.

We shall also make use of hybrid Besov-spaces. For them, one can prove results analogu-
ous to proposition 2.2, we refer to proposition 6.8 in the appendix.

3 The mass conservation equation

We begin this section by recalling some estimates in Besov spaces for transport and heat
equations. For more details, the reader is referred to [3].

Proposition 3.5 Let 1 <p; < p < 400, r € [1,40] and s € R be such that:

Suppose that qo € By ., F € LY(0,T, By ,) and that ¢ € LF(B,,) N C([0,T];S) solves

the following transport equation:

Oq+u-Vqg=F,
q t=0 = qo-

There exists a constant C' depending only on N, p, p1, v and s such that , we have for
a.ete[0,T]:

t
lallze s ) < €O (llollsg, + /O e O F(7)| By, dT), (3.11)

with: U(t) = [7 |Vu(r)| ~ dr.

Byl soNLe®

We want to study now the following problem:

Oq+u-Vqg+aqg=F,
(H) {

4 t=0 = qo-
Above ¢ is the unknown function. We assume that ' € L"(0,T; B, ,), that v is time

|
dependent vector-fields with coefficients in L*(0, T} Bj!, ) and a > 0 a constant.

12



Proposition 3.6 Let 1 < p; <p < +oo, r € [1,400] and s € R be such that:

There exists a constant C depending only on N, p, p1, r and s such that for all a €
L>([0,T],B5,) of (H) with initial data ag in Bj, and g € L*([0,T],Bs,), we have for
a.ete[0,T]:

t
ol g, + Iolzgesg, ) < €O llamllg, + [ NP5y, ar). @12)
with: U(t) = [7 |Vu(m)| ~ dr.
o 0o NLo®

Proof: Applying A; to (H) yields:
O:Ajg+u-VAg+ alg= R + A/F,

with R; = [u -V, Aj]g. Multiplying by Aja|A;alP~2 then performing a time integration,
we easily get:

t t
L.
1A (t)l|zr + a/ [1Aq(s)||Lrds < [[Agol| e +/ (IRl e + ];HdwuHLoollAquLp
0 0
+ ”AlFHLp)dT.

Next the term || R;||zrmay be bounded according to lemma 2 in appendix. We get then:

t
lall g5, + @l s s < 1800, + /0 (IF Mg, +CU' () lalze 55 )

We end up with Gronwall lemma by letting X (¢) = Hq”Z;”(B;,T) + aHQHZ}(B;;,T)'

4 The proof of theorem 1.1

4.1 Strategy of the proof

To improve the results of Danchin in [14], Charve and Danchin in [7] and Chen et al in
[11], it is crucial to kill the coupling between the velocity and the pressure which exists
in these works. To achieve it, we need to include the pressure term in the study of the
linearized equation of the momentum equation as in [21]. For that, we will try to express
the gradient of the pressure as a Laplacian term, so we have to solve:

Av = VP(p).

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:

Vdive = VA(E * [P(p) — P(p)]) = AV(E * [P(p) — P(p)]) = Av = VP(p).

13



By this way we can now rewrite the momentum equation of (1.3) as:

Ou +u - Vu — HA(u — lfu) - deiv(u — lv) = f,
p v p v

with v = 2 + X\. We now want to calculate 0;v, by the transport equation we get:
B = VE x 9 P(p) = —VE * (P (p)div(pu)).
Notation 2 To simplify the notation, we will note in the sequel
VE « (P (p)div(pu)) = V(A) (P (p)div(pu)).

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

(

1 1
Orq + (v1 + ;U) Vg + ;P (1)g = —(1 + ¢)divey

1 / 1
——(P(p)—P(1)—P (1)) —=q(P(p) — P(1)),
1 PO PO PO =P PO
Oy — m.Avl =f—u-Vu-+ ;V(A)_l(Pl(p)div(pu)),
q/t=0 = Qo, (vl)/tzo = (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 (g,v;). The advantage
of the system (4.13) is that we have canceled out the coupling between v; and a term
of pressure. Indeed in the works [7] and [11], 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.

4.2 A linear model with convection

In this section, we will explain how we treat the low frequency regime by following
the approach of Charve and Danchin in [7]. In low frequencies, the first order terms
predominate and the viscous term Au may (almost) be neglected so that (1.1) has to
be treated by means of hyperbolic energy methods. It means that we can only work in
spaces constructed on L?. Moreover in the case of low frequencies the effective velocity
is not a suitable unknown in the sense that is less regular than u as (A)~'VP(p) is not
very regular in low frequencies (indeed the index of regularity for the Besov space is to
high) . It is better in this case to work with u. Namely the first idea would be to study
the linear system associated to (1.1):

Oq + divu = F',
(PH) { Lq ivu

Ou — pAu — AVdivu + Vg = G

This system has been studied by D. Hoff and K. Zumbrun in [31]. There, they investigate
the decay estimates, and exhibit the parabolic smoothing effect on © and on the low
frequencies of g, and a damping effect on the high frequencies of q.

14



The problem is that if we focus on this linear system, it appears impossible to control
the term of convection u - Vq which is one derivative less regular than q. However in low
frequencies the Green matrix of the linearized system behaves as the heat kernel ( see
[11]), the terms v - Vq and v - Vu can be handled as the perturbation terms. We study
then the following system:

(LHY 6tq+divu:F—?J'Vq,
O — pAu — AVdivu + Vg =G — v - Vu.
Proposition 4.7 Let (¢,u) a solution of (LH)', let s € R. The following estimate holds:
(g, W) BF | zoe (5 ) + 1@ W) BFIE 5512) <Il(q0,w0)BF B3, + I G)BFl 715 )
(v Va,v - Vu)prliz g -

Proof: In this case for j < 0, in terms of Green matrix (see [11]), the solution of (LH)'
can be expressed as:

Ajq(t) ) _ Ajqo /t _ AjF(s) = Aj(v-Va)(s)
< Aju(t) ) W) Ajug ) "y Wit ~o) A;jG(s) — Aj(v-Vu)(s) o
with W the Green matrix. From proposition 4.4 in [11] and Young’s inequality we obtain
the result.

4.3 Proof of the existence
Construction of approximate solutions

We use a standard scheme:
1. We smooth out the data and get a sequence of local solutions (¢", u™),en on [0, T},]
to (1.3) on R by using the result of [17].

2. We prove uniform estimates on (¢",v}) in high frequencies and on (¢”,u") in low
frequencies on [0, 7),] and we deduce that T,, = 400 .

3. We use compactness to prove that the sequence (g™, u") converges, up to extraction,
to a solution of (1.1).

First step

We smooth out the data as follows:
Qg = Snqo, Ug = Spug and f" = S,f.
Note that we have:
VieZ, [|Awggllr < [Agollrr and flggll x  ~ ) <llqoll x n.,,
p,1 p,1 p,1 p,1
and similar properties for u{ and f”, a fact which will be used repeatedly during the
next steps. Now, according [17], one can solve (1.3) with the smooth data (g7, ug, f™).
We get a solution (¢",u™) such that:

N
N

~ N _ ~ ~ N
¢" € C(0.T,), B}y N B, ) u* € C(0,T).. B, )NIN0, T, B ). (414)
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Uniform bounds

We set now

1
vp = V(Ex[P(p") — P(1)]) with dive" = P(p") — P(1) and of =u" — ;v”,

with £ the fundamental solution of the Laplace operator and v = A + 2u. In the sequel
we will note ¢g(¢") = P(p") — P(1) where g is a regular function.

In this part, we aim at getting uniform estimates on (g}, (v1)% ) in high frequencies
and on (¢}, uhp) in low frequencies in the following space E and F':

E = (Zoo(B%)le(BP )) % (L°°(B§f1 +Bp1) +L1(B;111+1 +B;+2))'
= (B NN BAT) < (LoB )+ INBAT).

More precisely we will obtain uniform estimates on (¢",«") in E and on (¢",v]) in F
whith:

T N R
E= (L (B 2,p,1 p)mL <B2,p,1 p)) X (L (B2,p,1 ! +B?7P1,1 ' )
N N
le(B;,p,l ")
Foo 52 A EE Y o (T BEY 4 BER
F=L (B2,p, )ﬂL (B 2,p,1 )X (L (B p,1 +B 2,p1,1 )
~, ¥+ M2 T4 4
NL' Byt 7+ Byt ™))

We will work finally in the space H with:
(¢,u) € Hp < (q,u)pr € Ep and (q,v1)ur € Fy.

Here when we write Eép or F’T, we means that we consider E' or F' locally in time on
the interval [0, 7]. We have then: ||(¢, )|z = [|(¢,v)BF || + (¢, v1)HF| zr- We can now
check that (¢",v7) satisfies the following system:

P
Oq" +u" - Vg" + £1) )qn = FY,
14
ol — Avt = GT + f, (4.15)
1
g0 = qo, (V1) j1=0 = ug — — v’

which is a transport equation and a heat equation. Here we have:

/

FI' = —(1 + ¢")divo} — %(P(l +4¢")—P(1) - P (1)q") - %q”(P(l +4q") = P(1)),

Moreover (¢",u™)nen is the solution of the following system:

— 1) AP —u™ - Vu" + %V(A)*l(P’ (p™)div(p"u™)).

oq" +u" - V¢" +divu"™ = F"
du™ +u" - Vu" — Au" + P (1)Vq" = G™ + 7 (4.16)
(qn’ un)/tzo = (an US),
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with:

F" = —¢"divu
e L (P - PO+ )V
1+4+4¢
Let us set:
Elgu)=lal. vy~ +lul_ ~,~v, ~ 5 +]dql N
LOO(BQZ;JLP > 2?;)1,1171?1 1+Bz?p,11, ) L1(B 22p+11 )
+ ||u N 1 N_q,
ol o5,
FEq = ~ N_, + + ||u .
(@00 = ol v+l vl s+l v
Ex(gu)=llqll. ~ +ful. »~, ~ +ld »~
LOO(Bzfl) =~ ;11,1 + pz,)l) Ll(Bzfl)
flull o~ N, -
Lt (Bml :r1+BpZ,)1+2

In the sequel we will work always on the interval [0, T,], but for simplifying the notation
we do not mention the time 7, in the Lebesgue spaces. One can now apply the proposition
2.4 to our system to obtain uniform bounds. We have then in high frequencies to control
(v, ¢"™) and in low frequencies for (¢",u"):

Ex((¢",v1)mr) < C(H(QO)HFHB% % + [[(wo)

p,1 +B

n n
+i|(F1)HFHL1(B%)+HGlHLl Ny ﬂ));

p,1

and
Ei((¢",u")Br) < C(H(QO)BFHB%—i + || (uo) 5F||

21 21

N\Z
~—

HIE) el |y HIGT
Ll(BZ?l B21)

Therefore, it is only a matter of proving appropriate estimates for F*, G} F" and G" by
using properties of continuity on the paraproduct and proposition 2.4, 4.7.

We begin by estimating |[(F])pr|. ~ and |[(GY)urll ~ , ~ , we have to
BB LBy +By0)
use proposition 2.2 and proposition 6.8 and the fact that by interpolation dive] is in
T1 2 N T1 2+ St N%"'l’pﬂ T1 N%'H’ﬂ
L (B ,pl ?) because L (B P4+ Byy ) L(By,y T)aspr <
H((l + q")divv?)HF]L ¥ < Hdivvl H N+1 X + HQHL‘X’ L) Hdlvvl H~ ~%+ 2
Ll(Bp,l) 2,p,1 2p,1 )
+ [ divoy |y zee ™l _yyn -
(B2, 7)
P(1+¢") — P(1)— P (1)g" N Cq2 ,
I(P( )—P(1)—P(1) )iHFHZl(B:l) g™l (5

1" (PA+a") = POyl 5 <CIa"E g

N
(prl) L2 (32 1P

Py
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1 N
Next we have to treat the term [+LAv}]gp in Ll(Bp1 + B,)), where we can split

1+q P11
Avf on the form:
vf = h"+g",
~N_1, N T2, 841 ~ 5N +2,%¥ 42
with: A" € LOO(BQP N )ﬁLl(B op1 ) and g" € L>(B %pyf)ﬁLl(B;pyl P
We obtain then by propositlon 6.8:
1T AT el < A" . [
144 LB (Bl L A D)
qn
+ | R(Ag" Iy~
L4+q" L B, )
<Clg"ll.  _xoux A"y
LOO(BQZ’II’ LY(By,) P
Next we have to use proposition 6.8 to treat the term 7 4pn (ﬁ— ) and R(AR™, 1+q -1)
when p; > N, we have then:
qn
| Tapn —— || yxo, < HAh"H x| |L NN
L+q" LV(B, 1t YBypt ) 1 + qa (Bypa 7))

where following the proposition 6.8, we have chosen p = 2, ¢ = p; , and as p > p; we

have ; = pil — 5 and A = 4o0. It means that: ﬂ -1< ]; (what is assumed) and 2 < X’
if 2 > p p . We need then the following assumptlon

N N
PP opd S —1< = (4.17)

bp—p D1 b

2>

Next we have as pﬂl + % — 1 > 0 by proposition 6.8 for the remainder term on the high
frequencies:

1 1
ITR(AR™, ( —Dypll. o~y < Hh"II yoany e/ -1.  yox
[ 1+qn ]HF s plll) 22 11p 1) 1+q L°°(B2?p711 p)
We have seen that we need the following condition to treat this term:
N N
4+ —1>0. (4.18)
pr P
~ N_1 N
Easily we have by proposition 6.8 as L>®(By’,, ") < L>:
qn
1T an AR mpll o oy < AR oy g || NN
st Al BBy, T L0 T, )

We now treat the term «” - Vu™ and we have as u” 6 E, it exists A} and g7 such that

N N N
+

~ NN ~ N, —-1,2-1
"= gt + h} with hf € L®(By,; ") N L'(B 2’p1 ) and g} € LOO(BQP1 Uo)n
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N
T+1,841

Lt (BZ,n ). We have then by proposition 6.8:
[(AY - VAY) ypll . v < HTh”Vh"II Y + | Twnnht ||~ P
Ll(Bp,l 2,p,1p) 2,p,1 7))
+ [[R(VAY, h")H NN
L (B2,p,1p)
< |’h?||~ ~%+1,ﬂ+1 ||h7f||~ %—1% .
! BQ ,p,1 P ( 2,p,1 )
Next we have to treat the term Tyn Vg by using the proposition 6.8 with i, pil — %,
2§)\ andé\i 1§Nthen.
H le” ~ -1, ﬂ—l > ||91H %—1 ——1 va1||~ %,% .
Lt (BZ P11 s ) (B2 ;P11 BQ,p,l )
We have seen that we need the hypothesis:
N N
T 1< and 2< 2P (4.19)
P p p—n

N N

Easily we have as B2 pf — L by proposition 6.8:

N _y SC”Q?‘L -1, N 1 Hv91H~
) L>(B

110
1

ITegpgrll_,

=

NN
’p
2 2l LY(By,p,1

To finish with the term g{‘Vgl, we have to treat the term (R(g{‘, Vg?))HF. By proposi-
tion 6.8, as ¥ + & — 1 > 0 we have:

p ' p1
R ",Vg" N _ SC g” N , N Vgn N N .
H( (97 1))HFHZl 51171 1 91 ”~oo 52?171711,171 1)” 1 Hil(éfp:f’)
We have seen that we need the condition:
N N
——=14—2>0. (4.20)
P p
From the previous inequalities, we have obtained:
ot Vo) el . x <Clgtll _yoyn i [IVeY H~ yu -
LY(BL, ) LBy, 1" ) LY(By, )

We can treat similarly the terms g7 - VAT and AT - Vgi'. We have finally under the
conditions (4.17), (4.18), (4.19) and (4.20):

po oy <Cll
el ;

p,1
We finish with the following term where h is a regular function such that h(0) = 0:
V()P () div(p" )] gl oy

1(Bp1 +Bp7j1)

<[V F (@M div(@" )] gl -~ 3

L1 (Bpll +B 1)
+ [|[V(A) Y (div(g"u™ ~ V@A) Mdiv™] Ll ~, N
1[V(A) ™ (div(g"u™))] FHLl(Bplll—kBJ’\’r) [ e i st
< COldive"|| .~y vy, (57 + e H~ xx +lld"E wx )
DB, ) 20 (B, ) L(B2, 1)
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In the last inequality we just take in account the fact that [V(A)~!div(u")],, is in

~ N
Ll(Bpf 1 ), so we deduce the following inequality:

I [V(A)fldiv(u")]

1 ..
N, % _2TOHdlvun||~ N

[
e L (Bp11 +B,1) LY(B,

2 é\z

+1)'

s

In the sequel we will need to assume that [y is big enough to assure some bootstrap
estimates. We have now to treat the case of low frequencies, in particular estimating

mn mn 1 3 mn
||(F )BFHfl(BQ%lfl) and ||(G )BF”Zl(B?It];l). We begln with ||(F )BFHEl(BZ%;l)' ‘We have
then according proposition 6.8 if p < max(4,2N):

g "divu)gr|l. ~_, <||Tyn(dive™ N + | Taivunq || _ N
sl o S WG s ™l s
n : n
R )
<C(llg" NN fJu” N~ +¢" N~ |u” NN )
(0 19 e I, oy I, )

Here the only difficulty is to treat the term R(q"™,divu') when N = 2, we need in this
case of the previous condition:

p < max(4,2N). (4.21)
and:

[(R(q", divu”)) gl .y, < Cllg" ||~ you . oy

( Y )BF Ll(B2?1 ) 22p 1;7 L2(322 1;7)
We now want to estimate [|G"|| N, N_, _n_, N, we begin with the following

T1(p2 'pP1 +§ 2 )
2,p1,1 2,p,1
term ||(1 T Au") Hp||~ y_; - The main difficulty corresponds to treat T pur T +q and
2,1

(1+qn,Au ). We have by using proposition 6.8 if: 1 < ]%, N—-1>0, 2% —1>0 (we

N N

-1,
recall here that LOO(B A 1) = L>(B 27p, "))

n

q n n
R(——— <C .
IRGE o A il 3 < Ol vy AL oy
We need then of the following conditions:
p < max(4,2N). (4.22)

Next we have according proposition 6.8 with A = X" = +oo:

’I'L n

T pyn ———— R
H( Au 1+q )BF”" (B;jl_l) = || Au 1+qn ||~ (~% 11 %—1)7
<C v~ ||Au" ¥
Il e L v
Finally we have:
K@) Ve )prll, 0 <la"l, y .
B2 L2B2)F)
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To finish, it stays in low frequencies the terms: Ty,~u™ and R(u"™, Vu™). We have then
by proposition 6.8 if p < max(4,2N):

R(hY,Vhy _ ~_, ZC|nrY N_, ~_, ||[VRT NN .
IR VBl o) < CIBRL oy ovpos IVREIL, oy

s
s

We have seen that we need again of condition (4.21).
We want now to treat (R(g7, VgT'))BF, we have then by proposition 6.8 if pﬂl + % —-1>0

1 1,4 1
and?*p—i_m’

R(g1, Vgl N ., <C|lgt ~_, [|Vg? N .
I(R(g1 91))BFHL1(BQ%1 3 gl P I)H 91 HZl(Eﬁ,,?)
We have seen that we need the following conditions:
1 1 1 N N
- <-+4+—and —+—-1>0. (4.23)
27 p m pLp

Next we have by proposition 6.8:

[Tonphtll. x4 w CthH~ s x VAT oy o~
Ll(BQ,p,l P ) B ) Ll(‘B2,p,1p )
and
[Twgy 7 !L yany SCOlgrl oy - HV91|L X
B2,p,1 ) B2p11 2p1 )

We proceed similarly to control T» Vu"™. Therefore the above inequalities with conditions
(4.17), (4.18), (4.19), (4.20), (4.21), (4.22) and (4.23) imply that for all ¢t € [0,7;,] we
have if [y is big enough :

MqumH<c¥W“'mmmrwm+w%Hg

2,p,1

+ Hf” % 1, ﬂfl)

+H(q U )”Ht)'

From a standard bootstrap argument, it is now easy to conclude that there exists a
positive constant ¢ such that if the data has been chosen so small as to satisfy:

1, =
1

l\)

HqOH %—1% + HUOH N1, N + ”f“ %—1,%—1) <ec

2,p,1 BZ NID 1 (BQ,pl,l

then T,, = +00. Furthermore it exists C' > 0 such that for all ¢ € R:

(g™, u™) ||, < C, VteER.

Compactness arguments

Let us first focus on the convergence of (¢"),en. We claim that, up to extraction, (¢")nen
converges in the distributional sense to some function ¢ such that:

N
1Lx F+1,¥

N?
geL®(By,, ")NLYBy, ") (4.24)
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The proof is based on Ascoli’s theorem and compact embedding for Besov spaces. As
similar arguments have been employed in [13] or [17], we only give the outlines of the
proof. We may write that:

oq" = —u" - Vq" — (14 ¢")divu".

NN; NN _N_| N
Since (u™)pen is uniformly bounded in L2(B 2pf —I—B;p ) and ¢" € L™ (BQQJL1 7, we
N N

————— 1

-1,N
have (1+¢")divu™ which is bounded in L2(32 P+ By ) with the conditions be-

N N 1

~N_ N
tween p and p; in theorem 1.1. Similarly u”-Vg¢" is bounded in L2 (B c o +B2 il L,

7p1

Finally as p > p1, we have proved that d:q" is bounded in L2 (32 . 1 ), it means that

N N N

R*. In addition (¢")nen is bounded in C(R™ B22p1 PN B2p1 ). As the embed-

N N N N

ding By, ; " N By,{ is locally compact (see [3], Chap2), one can thus conclude
by means of Ascoli’s theorem and Cantor diagonal extraction process that there exists
some distribution ¢ such that up to an omitted extraction (1¢"),en converges to 1q in

C(RT, B227p71 "? ) for all smooth ¢ with compact support in RT x RY. Then by using the
so-called Fatou property for the Besov spaces, one can conclude that (4.24) is satisfied.
(the reader may consult [3], Chap 10 too). By proceeding similarly, we can prove that
up to extraction, (u"),en converges in the distributional sense to some function u such

that:

we IoE2 o B My apy g (4.25)
2:1711 7P11 7p1 : :

In order to complete the proof of the existence part of theorem 1.1, it is only a matter
of checking the continuity properties with respect to time, namely that:

|z
w\z

N N

2 'p1
+ B27P171 ).

-~ ~E717 7
qeC(R", By, ") and u € C(R*,B 27p7
As regards ¢, it suffices to notice that, according to (4.24), (4.25) and to the product
laws in the Besov spaces, we have:

N

dq+u-q=—(1+q)divu € L'(B}, 2p ).

_N N
As go € By, ], classical results for the transport equation (see [3], Chap 3) ensure that
NN NN
g € C(R*,B 2,p1 ). And as prev10usly, we have shown that ¢ € C(R™, 322p1 ), it
N

Lf
means clearly that ¢ € C(R*, B22p7 ).
For getting the continuity result for u, one may similarly use the properties of the heat
equation on wv; in high frequncies and on wu in low frequencies.

The proof of the uniqueness

In the case % < % + p%’ the uniqueness has been established in [13, 21].
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5 Proof of the theorems 1.2 and 1.3

5.1 Proof of theorem 1.2

We want here to avoid the condition p < max(4,2N). For simplicity we will treat only
the case N = 3. This condition appears when we want to treat the terms of remainder in
low frequencies. For resolving this problem as in the paper of F. Charve and R. Danchin
in [7], we need an additionnal condition in high frequencies on g and wo.

We want then to follow the same strategy as in the proof of theorem 1.1. It means that we
use the same standard scheme which consists in the construction of approximate solutions,
some uniform bounds and results of compactness. We will use the same notations as in
proof of the theorem 1.1. We just want to treat the non linear term where appears the
condition p < max(2NV,4) in an other way by using the additional hypothesis that we
have on (qo, ug) € Bg:io X ngo. We will work with the same space as in the proof of the

theorem 1.1 except that we expect additional regularity on (¢, u") in E" with:

' ~ 00/ 30,1 >1,52,1
E, = (LOO(Bz,oo) N Ll(B2,oo

)) % (L¥(B3o0) N LY (B3 o))
Here (¢",u")pen is the solution of the following system:
oq" +u" - Vq" + dive" = F"
A" + u" - Vu" — Au™ + P'(1)Vg" = G" + f" (5.26)
(¢" u") =0 = (40, ug),
which verifies proposition 4 in [7] with:
F" = —¢"divu",

n

n_ 4 n / _p n n
G" = 1+anu +(P' (1) = P (14¢"))Vq".

We apply exactly the same proof than for theorem 1.1, however we have to complete
the uniform bounds by showing that (¢",«") is uniformly bounded in H N E;, moreover
we have to treat differently the term in low frequencies where appears the conditions
p < max(4,2N) and % < }D + p% by using the fact that (¢",u") in F,.

We begin with treating the term HF”HE(BS’},O) and ”Gn”il(Bgoo) by using properties of

continuity on the paraproduct and proposition 4 of [7]. We have then:
HTq"diV“nHZl(B;m) < an”Loo(Loo)||diVU/n”Z1(B%’OO).
Similarly:
Handivu"Hzl(Bgm) < anHL2(L°°)HdiVUnHﬁ(Bgm)-

Next we have:
1K @) Vall sy < lallzeo) 1K@ s -

For the term ( %)Au = J(q)Au with J regular and J(0) = 0, we have:

ITso Az my ) < 1@ wo | Aulzipy -

T @l gy < W@y 10y

2,p,00
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Concerning the remainder, we have if p > 2:

IR Aoy ) < 1@l 180l oy

2,p,0 )

We have then obtained:

o0)

9@z sy < Nalsy el yon son + 1@l [Bulzagng

2,p,00

It stays now to treat the terms where appears the conditions p < max(4,2N) and % <
: T I e .

% + p% in an other way. As u”" i 52(32%%{’ + B;pﬁll), we set u" = ¢" + h" with

N N

g ~777+1 =g Y pe . o, .
gt e Lz(BQ%p’f ) and h" € Lz(B;pﬁll). According to proposition 6.8, we have:

H(R(qn,divg”))BFHzl(Bﬁ_l) < C|(R(q",divg™)) pllz sy )

< || : n
<Cllq HLQ(B%,OQ)HdIVg ||Z2(§2%;11,%71)’

<l

S C q" 7 divg” N
14" Nz25 )| HEQ(ég?p,f )

I(R(q", divh™)) yo =0 (R(g",divh™))

- srliieg,)

< CanHZZ(E% )HdthnH~ ~%71,%71 .
;00 L2 2.p11 )

Next we have:

I(R(u", Vu™)) ¥, < ClRW V) el s ),
2 :
< Cllu Hzoo(Bgm)HVu HZI(E?’

-

=
-

Py

It stays to control the term R(%, Au') in low frequencies:

n

q n q" n ~

||(R(1+qn,Au ))BFHEl(B;%—l,) < C’||(R(1+qn,Au ))BFHLl(LQ)’
nil__ n

< O g IO, oo

Therefore the above inequalities imply that for all ¢ € [0,7T),] we have :

no,n Cli(g™u)
16" w" ) gy, < Ce olllaoll vy oy Fllwoll goamon

2,p,1 2,7 2,p1,1 2.7
n o, n\|2
+ Hfuzl(é%il!ﬂil 0 ) + H(q , U )HHtm(Ei)t)

p1
2,p1,1 ne; .

From a standard bootstrap argument, it is now easy to conclude that there exists a
positive constant ¢ such that if the data has been chosen so small as to satisfy:

lgoll x yn <c

Bypa " NBy)

 Hlwoll yo xS
r BQ,pl,l lﬁBg,r Ll(B s

vz

e
L
L
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then T;, = +oo. Furthermore it exists C' > 0 such that for all ¢ € R:
n n
1(q",u )Hth(Ei)t <C, vteR.

To conclude we follow the previous proof of the theorem 1.1. Compactness results go
along the same lines of the proof of the theorem 1.1.

5.2 Proof of theorem 1.3

We follow here exactly the lines of the proof of the theorem 1.1 except that we introduce
a new effective velocity. Indeed in our case v verifies the following elliptic equation:

div(u(1)Dv) + V(A(1)dive) = VP(p) + div(fi(q)Dv) + V(f2(q)divv),

with fi(q) = p(1+¢q) — p(1) and fa(q) = AM(1 4+ ¢) — A(1). We can resolve this elliptic
equation as p(1) > ¢ > 0 and 2u(1) + A\(1) > ¢ > 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
N N

~ NN
appendix in [20]. More precisely we have as ¢ € LOO(B;JD’1 PYyforr > 1, p,g > 1 and
|s1] < 5, [s2] < %1
Vol caie) = Ol gy ey

Indeed as ¢ is small, the terms of remainder with fi(q) and fa2(q) are easy to treat. It
means that as in the proof of theorem 1.1, v is one derivative more regular than ¢ in high
frequencies and that we can estimate v in function of q. Moreover we have J,v which
verifies the following elliptic equation:

div(u(p) Do) + V(A(p)divow) = VO, P(p) — div(0¢p(p)Dv) — V(O A(p)divo).

We can in a similar way getting estimates on 0yv in function of ¢ and u. 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.

6 Appendix

This section is devoted to the proof of paraproduct estimates which have been used in
section 2 and 3. They are based on paradifferential calculus, a tool introduced by J.-
M. Bony in [4]. The basic idea of paradifferentiel calculus is that any product of two
distributions u and v can be formally decomposed into:

wo = Tyv + Tyu + R(u,v) = Tyo + T;u

where the paraproduct operator is defined by Ty,v = ) q Sq—1ulA4v, the remainder oper-
ator R, by R(u,v) =3, Aqu(Ag—1v + Agv + Agy1v) and Tou = Tyu + R(u,v).

Proposition 6.8 Let p1,p2, p3,ps € [1,+00], (51,52, 83,51) € R and (p,q) € [1, +c]?,
we have then the following inequalities:
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[f}l7 —]72"" <1, égp%—i—i,gl with (A, )\) [1, 4+00]? and pr < XN, p1 <\,
p3 < X then:

”Tu’U||~51+52+ﬂ7%77 83+S4+M7%f]\i < HUHle 33 H'U”Bs2 34 . (627)

P,q,7T

N N N N N N
ifs1+ 37 < ohs1+ < g and s34 5 <
If%gp%—kp% and s3 + s4 + N inf(0, 1—p—3——)>0 then

! N_N_N
ZQ (satsaty—on p4)|]A1R(u, V)za S lullgsss [|vll gsasa - (6.28)
= P1,P3,1 P2,P4,T
1 1 1 1 1 1 1 1 1 1 1 1

Ifo <o+, <L o< -+-<1 < -4-2<1, 5 < -4--<1and

s34+ 84 >0, 53+82>0, 84+51 >0, s1+52>0 then

> oty ) | ARG )l S ], NN

<4 P1,P3,1 P2,P4,T

wzthsg-%——%—sl and54—pﬂ4——+82

If u € L™, we also have:
[Tuvll gsnsa S Nullzoollvl s1ez (6.30)
and if min(sy, s2) > 0 then:

[1R(u, o)l gorse S Nlullzeelvl gs1sa- (6.31)

Proof: Let us prove (6.27). According to the decomposition of J.-M. Bony [4], we have:

wo =Ty + Tyu + R(u,v),

so for all [ > 0:

AT = > A(Sy_judpv),
i-1'|<3

For «a, 8 € R, let us define the following characteristic function on Z

S

<=4+ 3:<1and

>

1
D2

1
73
® E HSll_luHLw’\’A/ a) ”Al’v||L¢P2aP4(z’)'
li-1'|<3
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We have by Berstein inequalities and as p; < )\,, p3 < )\/, p1 < X and s; + % < N

p1’
81—|—ﬂ<ﬂ 53+E<ﬂ'

N = pr N = ps
N N N N
S < ok(@PLPS (k)= X X () A
1Syl vy S 1Al o5 o
k<l -2
N _ N _ ¢ NN,
k(ePL "U'P3 %3 (k)= N N (1) oke®1:53 (k
< E : ok(e (k)—¢ (1)) k™13 ( )HAWHMWPM)?
k<l'—2
N N
PN

r, N N s
< ol (PP P )= M N D) | ey
~ Bp17p3’1

Since [|Ap ]|, powaqry, = 27 2D ||o]| 5oss  with Yoy ¢y < 1 we finally gather
>0 e
as | > 0:

N, N_N_, _ N, N_N_
517525 Tpg g T3

N —84
AT 0] e S 2™ 77 Ollullgersa lollgzzes

And we obtain (6.27).
Straightforward modification give (6.30). In this case as ||Sg_1u||re < ||ul|z~ we have:

ATl ooy SO NullzoollApoll, rana s -
l-1'|<3

Next we have:

’

/ /
2190?2’1)4([)HAlTuUHLwP*q(D <l e Z oligP2Pa ()1 pP2:Pa(l')) opP2 P (1 )”Al/v“L¢p2,p4<l/).
[1-1'|<3

We conclude by convolution.

To prove (6.29), we write:

AlR(u, U) = Z Al(Akuﬁkv)
k>1-2

We consider now the case [ > 3. By Bernstein and Hoélder inequalities we obtain when

1 1 1
=< =4 =<1
q—p3+p4—1'

NIi(L4 L 1 ~
IAR(u, v)|| e < 2 (55~ Z |Agwl||zes || Axv]| Lra-
k>1-2

Next we have:

N

N_N_N ~
2l(83+54+ 7 73 P4)||A1R(u, U)HL‘Y 5 Z 2(l—k)(83+54)2k53 HAkuHLP3 2k54||AkU||LP4;
k>1—-2

S (k) * (dyy),
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with ¢, = 1[_0072](l<:)2k(53+54) and dy; = 2% 53 || Apu| prs 2¥ s4||Apv||ps . We conclude by
Young inequality as s3 + s4 > 0.

We have to treat now the case when | < 0. We have then as 1 < pis + p%; < 1 and

p
1 1 1
1l 1, 1 ~7.
p—P1+p2—1'

Ni(Ly Lt _ 1 ~
AR, )]l 2V 552700 ST | Al s || Aol s
k>2

1,11 ~
+ > |ARuA o) o + 2V o e s > Aullpe || Ak e
0<k<1,|k—K'|<1 1—2<k<—1
And by convolution on the middle frequencies:

1,1 1 ~ N, N _N_.
18R, )| e S 2N 55 570 ST [ Al pos | Bgol| s + (2105 TRz T E TR
k>2
NJZN_N_g _ 1,1 1 ~
+21 H"’H P S1 84)Cl+2Nl(p1+p2 p) Z HAkuHLmHAkUHLpQ,
1—2<k<—1

with ¢; € I1(Z). Next by convolution we obtain:

N N N N N N N N N
< Cl(2l(E+E_?_S3_S4) + 2“%"'5_?_53_52) + 2l(H+E_?_Sl_S4)

~

AR (u,v)|| Lo
l(ﬂ+ﬂfﬂ781*52)
+ 21 P2 P )HUHEZ?;;1HU”§;§,Zi,T

And we can conclude.
We want prove now the inequality (6.30). We have then:

2@;51,82 ) ||AZR(Ua 'U)HLP 5 Z 2(l_k)¢,sl,sz (l)2k<p31,s2 (l)HAkUHLOO HAk:UHLW”q(k)a
k>1—-2

And we conclude by Young inequality. (I
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