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Global existence of strong solution for shallow water system
with large initial data on the irrotational part

Boris Haspot*

Abstract

We show existence of global strong solutions with large initial data on the ir-
rotational part for the shallow-water system in dimension N > 2. We introduce a
new notion of quasi-solutions when the initial velocity is assumed to be irrotational,
these last one exhibit regularizing effects both on the velocity and in a very surpris-
ing way also on the density (indeed the density is a priori governed by an hyperbolic
equation). We would like to point out that this smoothing effect is purely non linear
and is absolutely crucial in order to deal with the pressure term as it provides new
damping effects in high frequencies. In particular our result gives a first kind of
answer to the problem of the existence of global weak solution for the shallow-water
system. We conclude by giving new point wise decay estimates on the solution which
improves the previous works [18, 19].

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) = 0, (1.1)
(ps 1) ji=0 = (po,uo)-

Here u = u(t,z) € RY 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 u the two
viscosity coefficients of the fluid, which are assumed to satisfy p > 0 and A + 2 > 0.
Such a condition ensures ellipticity for the momentum equation and is satisfied in the
physical cases where A + %“ > 0. In the sequel we shall only consider the shallow-water
system which corresponds to:

w(p) = pp withp >0 and A(p) =0.

We supplement the problem with initial condition (pg,up). 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.

In this paper we are interested in proving the announced result in [14]. Before giving
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our main result, let us recall some important results concerning the existence of strong
solutions for the compressible Navier Stokes system (1.1). 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 [26]. 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 [23]. More precisely Matsumura and Nishida in [23] 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 (pg — 1,ug) € H® x H3.
Refined functional analysis has been used during 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 [30], , [20], [4], [9].

Guided in our approach by numerous works dedicated to the incompressible Navier-Stokes
equation (see e.g [25]):
NS) {@v—i—v-Vv—uAv—i—VH:O,

dive = 0,

we aim at solving (1.1) in the case where the data (pg, uo) 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,z),u(t,x)) — (p(%t,1x),lu(l?t,1z)), 1R, (1.2)

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

One of the main difficulty of compressible fluid mechanics is to deal with the vacuum,
indeed in this case the momentum equation loses its parabolicity. That is why in the
sequel we will work around stable equilibrium in order to control the vacuum.

Definition 1.1 In the sequel we shall note: ¢ = p — 1.

The use of critical functional frameworks led to several new well-posedness results for
compressible fluids (see [11, 9, 10, 6, 3]). 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 parabolicity but also for dealing with
the non linear term as the pressure). Additionally we also must have some Lipschitz
control on the velocity in order to control the density via the transport equation on the
density. For that reason, we restricted our study to the case where the initial data (pg, ug)
are in homogeneous Besov spaces such that:

N N _
P1
q € B,y and wp € B,

with (p,p1) € [1, +oo] suitably chosen.
Recall that R. Danchin in [6] shows for the first time a result of existence of global strong

solution close with small initial data in critical space for the scaling of the system. More

N N_q N_q
precisely the initial data are chosen as follows (qo,uo) € (By'; N Byy ) x By . The



main difficulty consists in obtaining estimates on the linearized system given that the
velocity and the density are coupled via the pressure. The crucial points is the obtention
of damping effect on the density in order to control the pressure term. This last result
has been generalized to the case of Besov space constructed on LP space by F. Charve
and R. Danchin in [3] and the author in [10] by using two different methods. In [3] the
authors in order to obtain estimates on the linearized system associated to (1.1) including
the convection terms combines a paralinearization method developed by T. Hmidi and a
accurate study of the linear system without the convection term in order to get estimates
in Besov space. In [10] we extend the results of Charve and Danchin [3] to the case where
the Lebesgue index of Besov spaces are not the same for the density and the velocity and
by reaching general index p for the density. Indeed in [3] the authors need the following
restriction p < 2NN where p is the Lebesgue index for the density. To do that, as in [9] we
introduce a new notion of effective velocity in high frequencies which allows us to cancel
out the coupling between the velocity and the pressure. This effective velocity enables
us to get as in R. Danchin in [6] 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. In
particular the system has to be handled differently in low and high frequencies.

Recall that in [17], Hoff stated the existence of global weak solutions with small initial
data including discontinuous initial data (namely go € L?N L and is small in 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 + A)divu — P(p) + P(p). This also
plays a crucial role in the proof of Lions for the existence of global weak solution (see
[22]). 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. We would like to mention that the results of [10]
makes the link in term of scaling between the results obtained in [3] and [17].

However the existence of global strong solution with large initial data remains open even
in dimension N = 2 except for some very specific viscosity coefficients (see [31]). Indeed
in a remarkable work Vaigant and Kazhikhov prove the existence of global strong solution
when the viscosity coefficients are chosen such that u(p) = p and A(p) = p? with g > 3.
To do this, they use very clever energy inequalities by taking profit of the structure
of effective flux that introduce the choice of the viscosity coefficient. We would like to
mention that the condition 8 > 3 is crucial in order to get L> estimates on the density.
In [10, 3, 17] all these works need to assume a smallness condition on the initial data in
order to obtain global solution.

In this paper we would give a first kind of answer to this problem for a large family of
initial data, more precisely we are going to prove the existence of global strong solution
for initial data with large irrotational part. To do this we shall work around a irrotational
quasi-solution of the system (1.1) (we also refer to [13] for a such type of solution in the
context of Korteweg system). It is not clear as for the Euler system how to write the
Saint-Venant system under a purely irrotational form (it means with a solution such that
u = V#0) because the strong coupling between the velocity and the density, however we
can check that (p!, —uVlInp') is a particular irrotational solution of the system (1.1)



(more exactly when we consider the eulerian form of (1.1)) when the pressure term is
null (P(p) = 0) and with:

pl (0,-) = pé'
Here we recall that we assume no vacuum on the density p. It is crucial to show that
(p', —uV1Inp') is well a solution of (1.1) with P = 0. We shall call this solution a
quasi-solution of the system (1.1) . We recall that the control of the vacuum will be also
important in order to take advantage of the parabolicity of the momentum equation.
It is then natural to work around this particular quasi-solution in order to obtain global
strong solution with large initial data for (1.1), the difficulty shall consist in canceling
out the effects of the pressure as the solution (p!, —uV In p') does not take into account
the pressure P(p). One of the main argument will be to explain why by the regularizing
effects on the density p' or scaling arguments this pressure can be ignored in some sense.
Let us mention that the regularizing effects on p! shall play a crucial role in the proof,
we shall discuss on this point in more details in the sequel.
We now search solution of the form In p = In p' + h? with p = pleh2 and u = —uVinp, +
u?, assuming that there is no vacuum, we can rewrite the system (1.1) under the following
form:

{ opt — puApt = 0.

Olnp+u-Vinp+divu =0,
ou+u-V —pAu—puVinpDu+ VF(p) =0, (1.3)
(Inp, u) ji—o = (In po, up).

By using the fact that (p!,u') = (p', —uV In p!) with:

Oip' — plp' = 0.
p1(07 ) = pé

we can rewrite the system (1.3) as follows:

Oh? 4+ u - Vh? 4+ divu? = —u? - Vin p?,
o 4+ u - Vu? — pAu® + aVh? = —aVinp' —ug - Vul + pVinpt - Du?

+ uVh? - Dul + pVh? - Du?,
(¢*,u®) ji=0 = (45 3).

(1.4)

where we assume that P(p) = ap. In fact it would be very easy to generalize our results
to general pressure, we are just interested in simplifying the notation.
We now are going to use the same strategy than in [10] in order to prove the existence of
global strong solution (h%,u?) of the system (1.4), in particular we shall use the notion
of effective velocity introduced in [9] and developed also in [10], in order to obtain some
damping effects on ¢2. One of the main point consist in distinguishing the behavior
between the low and the high frequencies as in [10]. We are going the following definition
of the Besov space.

Definition 1.2 Furthermore we will note B the Besov space where the be-
(plfl),(p?ﬂ?)

s . so ) . - .
havior is Bp! . in low frequencies and B2, n high frequencies. If r1 = ry we will



simplify the notation, and we will write B;?;i | for Bf;l’sf) (po.1) - 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 1 < p < max(4,N) such that sup( ) <1+ mf(1 1), sup(+, 1) <

Q1’2
1+ mf(q ,2) and po = pg Lehd and ug = —puVinph + uo Furthermore we assume that
N_ N N _o9N_ 1N NN
ps>e>0, ¢ € BY 1ﬂBq1qwqﬂB%p7 v ,hQGB;’p’l P andu2632p1 . Then
it exists € such that if:
||QO||~— 2, N ot Hh ||~ﬂ 1, N + Hu0||~%71,ﬂ71 <e,
B,? B ?
2,p,1 2,p,1 2,p,1

then zf + > N, 2 + > N, = + > 1 there emsts a global solution (p,u) of the
system (Z.Z) written under the followmg fm‘m. p=pte and uw= —pVinp' 4+ u® with:

{ Op' — pApt =0,

(1.5)
Pi=0 = Pi-

and such that:
9 _ St B LY Lt B2ty
h* e C(R™, By ),y ")NL (R, By, y ")

~N_ 1N Ny, N+1
and v> € C(RY; By, " )NL'R+,B7,, " ).

We refer to the definition for the definition of the hybrid Besov spaces.

Remark 1 We would like to emphasize on the fact that the density consists in the product
of a reqular function p* and of a small perturbation of the equilibrium e . This point is
very surprising in the sense that the density is governed by a hyperbolic equation which
means that a priori we do not wait for any reqularizing effects on the density. It seems
that there is a singular behavior around the quasi-solution (p',—uVInp') and we note
that this effect is strictly non-linear. Indeed it depends on the convection term w - Vu.
Furthermore this reqularizing effect is crucial in order to deal with the term u? - Vln p!,
indeed we lose one derivate on V1n p', it is then crucial to obtain reqularizing effects in
order to treat this term.

Remark 2 Up our knowledge, it is the first result of global strong solution for compress-
ible Navier-Stokes equations with large initial data in dimension N > 2 in critical Besov
spaces for the scaling of the equations. In particular it improves strongly the results of
[3, 10]. Indeed the only condition of smallness on p is on the following Besov space

B;J)’1 P which is largely subcritical, it is the same for the velocity for the Besov space

B;J)’1 P . We observe that the density is not necessary small in norm L as it is the
case in [10, 3].

In particular we emphasize on the fact that the we can choose initial data with large initial
data in the energy space. Indeed we recall that the energy space is such that py € L3 (RY)



(we refer to [22] for the definition of the Orlicz space) and \/poug € L2(RN). In our
case in dimension N = 3 if p = q = 2 we need in high frequencies an assumption of
1 1

smallness on q¢* in BQ_E And in high frequencies L? is embedded in Bz_f We can then
choose initial density with large norm. It is exactly the same for the initial velocity as
3

the smallness condition in high frequencies correspond to the norm B;f

In particular it gives a first kind of answer to the problem of the existence of global
weak solution for the shallow-water system. Indeed in [24], Mellet and Vasseur prove the
stability of the global weak solution for the shallow-water system. However it seems ex-
tremely difficult to construct a sequence (pp, un)nen of reqular approzimate global solution
of the system (1.1) which verifies uniformly in n the different entropies that use Mellet
and Vasseur for proving their result. The theorem 1.1 allows us to obtain the existence
of global weak solution for a family of large initial data in the energy space (it means

some initial density such that p° is small in high frequencies in B;f but not necessary in
L?). To do this it suffices to reqularize the energy initial data to construct approximate
global solution (py,, un)nen of the system (1.1) and to pass to the limit by the compactness
arguments developed in [24).

Remark 3 By using the same idea than in [10], it would be possible to cancel out the

coupling between h? and u?, and in particular obtaining the existence of global strong
N

solution with h3 € Bzfl with p close from the infinity if we assume additionaly that p° is
in HY(RN) with is conform with the energy space used in [24].

Let also mention that it would be possible to improve the reqularity hypothesis in low
frequencies, indeed by studying only the variable u = u' + u? in high frequencies and by

working directly with u in low frequencies following the same idea than in [10].

Remark 4 We would like to mention that this result is strongly related to the structure of
the viscosity coefficient as we are able to construct quasi-solutions. Indeed with constant
viscosity coefficient it seems not clear how to construct quasi-solution.

Remark 5 We would like to point out that our initial density is continuous as we assume
that g is in ngl. In [15], we are able to prove the existence of global strong solution
with discontinuous initial density for the Korteweg system, this is due to the fact that
for the Korteweg system we have also reqularizing effects on h?. Here the term Vh%.Du'
imposed a control L™ on Du' (it means a Lipschitz control). To have this, by using the
proposition 2.5 we see that the condition qé € ngl is optimal.

Remark 6 We could weaken the condition on (h%,u?) by following also the idea of [4].

We are now going a result on the time asymptotic behavior of our solution (p, u).

Corollary 1 Let (p,u) the global strong solution constructed in the theorem 1.1 with the
following additional condition on the initial data, qf belongs to L'. We set:

Sl L T
5Py P



Then the global solution (p,u) satisfies the following decay estimates for:

1
(o= 1)t e < C(%(l £+, (16)
and .
Jutt, Y pmr_ < O(—No0lEL_ o) ()

(1+1)2+2

where C' depends on the viscosity p and the initial data h, ug.

Remark 7 This result improves the works of [18, 19] as we are working with critical
initial data without assuming that the regularity of po is the same than ug. Indeed in
[18, 19] consider the compressible Navier-Stokes equations as a reqularizing system of the
compressible Fuler system.

We refer also to the thesis of Rodrigues (see [28]) for more details on the time asymptotic
decay of the global strong solution with small initial data.

We shall come back on this problem in a forthcoming paper.

We are now going to consider the viscous shallow water model with friction. This model
is also called by the french community the Saint-Venant equations and is generally used
in oceanography. Indeed it allows to model vertically averaged flows in terms of the
horizontal mean velocity field u and the depth variation p. In the rotating framework,
the model is described by the following system::

Op + div(pu) =0,

\Y
O(pu) + div(pu @ u) — div(upD(u)) + F—:; +rpu =0, (1.8)
(p; ) j1=0 = (po, uo)-

Fr > 0 denotes the Froude number. The turbulent regime (r > 0) is obtained from the

friction condition on the bottom, see [27]. We shall work in the sequel with r = ﬁ
In this case we are able to exhibit explicit solution (p', —uV Inpl) which verifies (1.5),

by using similar idea than in theorem 1.1 we shall obtain the following result.

Theorem 1.2 Let 1 < p < max(4,N) such that sup(%, %) <1+ inf(%, %), sup(qll, 3) <
1+ inf(qll, %) and py = p(l]ehg and ug = —uVin p(l] + ug. Furthermore we assume that

N _| N N_9 N_ N_1 N _N_|N_4
py>c¢>0,q¢" € By  NB! ’

1N 2 ~D 1
b q 2 7p 2 b p 2 ) P
drgo (1 Bg 1 s h"e By, " andug € By, . Then
it exists € such that if:

2 2
||ho\|~2g_ll,% + HUOllég_ll,%_l <e,
3Py sPs

then if % + % > % there exists a global solution (p,u) of the system (1.1) written under

the following form: p = pleh2 and v = —puV1np! + u? with:

Op' — pApt =0,
Pi=o = Pi-



and such that:

N 77777

~J41 N ~ No1,81 ~ N1, N
)NL'RT, By, ') and v> € C(RT; By, ;" )NL'(R+,By,, "

™[z

).

~ ~ﬂ,17
h* e C(RY, By, ,
We refer to the definition for the definition of the hybrid Besov spaces.

Remark 8 Compared with the theorem 1.1, we do not need any assumption of smallness
on the density pg, it is completely a result of global strong solution for large initial data
when N > 2. It is the first result up our knowledge of global strong solution with large
wniatial data for a compressible system.

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 77,
we prove estimates on a linear system with convection terms. In section 3 we prove the
theorems 1.1, the corollary 1 and the theorem 1.2. 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
p € [1,40oc], the notation LP(0, T, X) or L%.(X) stands for the set of measurable functions
on (0,7") with values in X such that ¢ — || f(¢)||x belongs to LP(0,7T). 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 = {¢ € RY/3 < |¢| < 3} such
that:
Do) =1 if £#£0.

EZ

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

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

Formally, one can write that:

keZ

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

1. The right hand-side does not necessarily converge in S’ (RM).

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 For s € R, p € [1,400], ¢ € [1,+c], and u € S (RN) we set:

1
lulls;, = Q2% Awlz0)?)s.

LEZ

The Besov space By , is the set of temperate distribution u such that |[u|| s < +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 B3 5 is the nonhomogeneous space H?.

Proposition 2.1 The following properties holds:

1. there exists a constant universal C' such that:
CHullps, < IVull gs-1 < Cllulgs,-
2. If pr <p2 and ry < ry then By . — B;;g(l/m—l/m)_

1,71

! . . !
3. B, < Bs, ifs >sorifs=s andr <.

Let now recall a few product laws in Besov spaces coming directly from the paradiffer-
ential calculus of J-M. Bony (see [2, 1]).

Proposition 2.2 We have the following laws of product:

e Forall s € R, (p,7) € [1,+00]? we have:

luvlis, < CllullLllvllsg, + lvllze<lullss,)- (2.9)

e Let (p,p1,p2,7, A1, A2) € [1,400]? such that:% < le + p%; p1 < Az, p2 < Aq, % <

pil + )\—11 and % < p% + )\% We have then the following inequalities:
z'f51+82—|—Ninf(0,1—]%1—1%2) > 0, 51+)\—]\£ < pﬂl andsz—i—)\—]\i < p% then:

ltl] oyvopat 1) S Tl lollgss (2.10)
p,T

when s1 + % = pﬂl (resp so+ )\—]\i = p%) we replace HUHBZ},THUHB;QOO (resp HUHBZ;oo)

by ullpes ol (resp Nollpss o), if 51+ 2 = X amd s+ % = & we take
r=1.
If s1 4+ s3 =0, 316(%—%,%—%] andpil—l—égl then:
<
HWHB;VO%+%_%) S lullgsr vllggs .- (2.11)
If |s| < % forp>2 and —g <s< % else, we have:
[uvllsg, < CHUHB’S’"HUHBiom - (2.12)



Remark 10 In the sequel p will be either p1 or ps and in this case % = p%—p% if p1 < po,
resp x = o — o if p2 < p1.

Corollary 1 Letr € [1,+00], 1 <p <p; < +oo and s such that:

N N\ r1 1
[ ] SG(—p—l,p—l) lf§+z)—lgl,

N 1 1 Ny r1 1
° SG(—p—l—FN(E—Fp—I—l),p—l) 2f§+17_1>17

N

then we have if u € By, . and v € BEOO NL>:

<C
Il < Cllelleg, ol g

The study of non stationary PDE’s requires space of type LP(0,T,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-Paley decomposition. But, in doing so, we
obtain bounds in spaces which are not type L”(0,T, X) (except if r = p). We are now go-
ing to define some useful spaces in which we will work, which are a refinement of the spaces
Lgﬂ(B;,,,).

Definition 2.4 Let p € [1,400], T € [1,+00] and s; € R. We set:

3=

lllze sy = (3 27 A [ 1)

lEZ

We then define the space sz(B;}T) as the set of temperate distribution u over (0,T) x RV
such that Hu||E%(B;1T) < 4o00.

We set CN'T(E;}T) = E%O(E;}r) N C([0,T],B,L). Let us emphasize that, according to
Minkowski inequality, we have:

HUHZPT(B;#) < HUHL’%(BIS,}T) if r>p, HUHZPT(B;}” 2 HUHL’%(BIS,}T) if 7 <p.

Remark 11 It is easy to generalize proposition 2.2, to E%(B;}T) spaces. The indices sq,
p, T 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 Zg(B;r) spaces.
Lemma 1 Let s >0, (p,r) € [1,400] and u € ZL}(B;T) N L (L>).

1. Let F € I/Vl[i—i_Q’oo(RN) such that F'(0) = 0. Then F(u) € zg}(B;r). More precisely
there exists a function C depending only on s, p, r, N and F' such that:

HF(“)HZPT(B;,T) < C(HUHL%O(LOO))HUHEQ(B;W)-

10



2. Let F € I/VZ[SH?’ P(RN) such that F(0) = 0. Then F(u)— F (0)u € E%(B;,T). More
precisely there exists a function C depending only on s, p, r, N and F' such that:

1F(w) = F Ol g, ) < Cllullgeee)) lulZy s, |
Now we give some result on the behavior of the Besov spaces via some pseudodifferential
operator (see [1]).

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:

Ve € RY, (9 F(€)] < Ca(l+ [€)™ 1.

Proposition 2.3 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 ™.

Let us now give some estimates for the heat equation:
Proposition 2.4 Let s € R, (p,r) € [1,400]2 and 1 < py < p1 < +o00. Assume that
and f € Lp2 (Bpr 2Jr2/’)2) Let u be a solution of:

{Btu—uAu:f

Ut=0 = UQ -

UQG pr

Then there exists C' > 0 depending only on N, u, p1 and p2 such that:
-
el geszresy < Clluollmg, + 175 1l e r-svaren,) -
If in addition v is finite then u belongs to C([0,T], B} ).

Proposition 2.5 Let s be a positive real number and (p,r) € [1,+00]?. A constant C
exists which satisfies:

- A
C M lullgyze < || 1€ ull o [l g ary < Cllull gz

2.2 Hybrid Besov spaces

The homogeneous Besov spaces fail to have nice inclusion properties: owing to the low
frequencies, the embedding B ; ;71 does not hold for s > t. Still, the functions
of By, are locally more regular than those of B;J: for any ¢ € Cg° and u € By, the
functlon ou € Bt This motivates the definition of Hybrid Besov spaces 1ntr0duced by
R. Danchin (see [1 10]) where the growth conditions satisfied by the dyadic blocks and the
coeflicient of integrability are not the same for low and high frequencies. Hybrid Besov
spaces have been used in [10] to prove global well-posedness for compressible Navier-
Stokes equation. We generalize here a little bit the definition by allowing for different
Lebesgue norms in low and high frequencies.

11



Definition 2.6 Letly € N, s,t,€ R, (r,r1) € [1,+00]? and (p,q) € [1,+00]. We set:

Huugzg = Z 215 Ayul| e + Z 2| Ayul|La,

I<lp I>lp
and:

1 1
lellgee )= (D@ IAwllze)) " + (@ I Aullze)™) T

(er) (e, 1<lo 1>l
Remark 12 [t will be important in the sequel to chose ly big enough.

Notation 1 We will often use the following notation:

UBp = ZAlu and ugp = ZAlu.

I<lp 1>l
Remark 13 We have the following properties:
o We have Bpp 1 =By

o If sy > s3 and sy > s4 then B;3q’ B;1q’54

We shall also make use of hybrid Besov-spaces.The basic idea of paradifferentiel calculus
is that any product of two distributions u and v can be formally decomposed into:

w = Tyv + Tyu + R(u,v) = Tyv + Tou

where the paraproduct operator is defined by T, v = > q Sq—1ul4v, the remainder oper-
ator R, by R(u,v) =3 Aqu(Ag—1v + Agv + Agi1v) and Tou = Tyu + R(u,v).
We recall here an important proposition on the paraproduct for hybrid Besov spaces (see

[10]).

Proposition 2.6 Let py,p2, p3,pa € [1,+00], (51, 89,53,51) € R* and (p,q) € [1,+0c]?,
we have then the following inequalities:

. If < _+ <1,1 : _p%ﬁ% < 1 with (\N) € [1,+00]? and p1 < X, py < A,
D3 S N then.
B0l gty gy ey - iy S el ol o (243)
if81+%épﬂl; 31+%§pﬂ1 andsg—i—%ﬁ%

<L 4+ L gnd s+ s4+ Ninf(0, l—p—g——)>0th€n

) N N
(o800 =00 =) | Ay R (w, 0) | 14 < ||uHBSI 3 llgszes - (2.14)

12



1 1 1 1 1 1 1 1
St Sl ySptnSshysp g shys o+ < land
s3+84>0,834+52>0, s4+51 >0, s14+52>0 then
toppd NN
32 T A R, )| S |, xoxg ol oo, (215)
<4 P1,p3,1 P2:P4,T
wzth83—l%——+51 (md54—pﬂ4———i—82
o [fue L, we also have:
ITwvllgorse S lullzeel[ol gs1s2 (2.16)
and if min(sy, s2) > 0 then:
[1R(u o)l gorse S Nlullzeellvll gsrca- (2.17)

3 A linear model with convection

In this section, we will explain how we deal with the linear system associated to the
system (1.4) that we can write under the following form:

oh? +v-Vh? +divi® = F —u? - Vinp',
o’ +v - Vu? — pAu? +aVh*: =G —ug - Vul + pVinp! - Du? (3.18)
+ uVh? - Dul, '

(hZ,UQ)/t:O = (h%aug)‘

Here (F,G) are external force with a regularity that we shall precise in the proposition
(3.8) and (¢',u',v) are such that:

1 X o~ By ~ N1 o~ B
qg € L>=(By)NL (B ), w,vel>B)y )NL(By; ),
and:
0<cec< ,01 <M,

with p verifying the conditions of theorem 1.1. We would like to start with recalling
the following result which has been proved in [10, 6] by using two different method. In
particular in [10], we introduce the notion of effective velocity.

Proposition 3.7 Let p < max(4,N). Let s = % and s = 8 —1. Let (p*,ul) = (1,0)
and (h?,u?) the solution of (8.18). There exists a constant C depending only on u, N, s
and s such that the following estimate holds:

2 2 2 2
e P N (X (O
t
< (IR s, 5_131+/e-v<s>||<F,G><s>|| e s ads).
2p1 BQpl 0 BQpl BQpl
with V(T fo [Vv(s)| pds.

13



We are going to generalize this proposition to the case when (¢!, u!) is different from

(0,0). More precisely we have the following proposition:

Proposition 3.8 Let p < max(4, N), q such that % -1< % and (F,G) € LY (B %%) x

EI(BS;}l) and (h?,u?) a solution of (3.18), let s = % and s = 3.
holds:

2,2 2
H(h y U )HLOO(B;p—lls B;p—lls 1)+||(h ?u )H"’ (Bszj—lls ng—lls-l»l)
V(T)
< Ce ( (”(h07u0)HBs —1,s Bs 715 1 + H(F7
2,p,1 2,p,1
with V(T) = [T O sy sy Hla )]sy Vul(5)]
Bglge *° By q,00 Lee

Proof: By using the proposition 3.7 we obtain that:
2 2

< CBV(T (Il(ho,u())\l + H(Fl,Gl)||~

s—ls s—ls 1
B
,p,l

with:
Fy=F —u*-Vinp',

@)l

Ny n+|[Vo(s)||pee )ds
q1 q

LY(B

2,p,1

919,90

2,p,1

Gi =G —uy-Vu + uVinp' - Du® + uVh? - Dul.

Therefore, it is only a matter of proving appropriate estimates for Fj, G by using
properties of continuity on the paraproduct (we refer in particular to the appendix of

[10] when the Besov spaces are hybrid).

LI(BS —1 S Bs —1,s— 1))

2,p,1

The following estimate

sfls Bsflsl

2,p,1

(3.19)

We start with the first term u? - V1n p', we have then by proposition 5.9, interpolation
(with s + 3 = (s — 1) + 3(s + 1)), composition estimates and Holder inequality:

T T
|-l as< / <Hu2<s>||§;_l,s_luv1np1<s>u x

2,p,1

2
2,p, 1 q1,9,90

T
2 1 2
S/O () gy 1ol O aia s+ 076 g, iy lla'(s N x-

B
2,p,1 q1,9,00 2,p,1

T
S/ () el S vy
0 B 1 q

Bap1’ 91,4,00
2 1 2 4 1
4 4
IOy IOy IO
T
< _
< [ U@l s M g
1
+ 32O gl O gy + 5

419,00

14

(S) HBS +1,s+1

2,p,1

ds,

(3.20)
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We are going to deal with the terms of G, let us start with the term u? - Vu! , we have
as —% <s—-1< % and as Vu! € LL(L>):

T T
[Vt s < [l R gy ds (20)
0 0 !

2,p,00 2,p,1 Bql,q,oc:q NL>
We now have by Holder inequality:
r 1 2
Vinp' - Du? . ds</ Ving'|| v _3~5_1 Du“(s)|| v/ 1. 1
/0 [VInp gy rsmds < [ [Ving g shbd ] ()HB;W;,S ]
FIVIG x g ay IO g gds (g0
q1q<><> 2,p,1
1 142
S/ CIVEE x xSy gy Fellu®($)] g )ds
0 € BN q szl BQ,p,l
q1,9,1
It remains to deal with VA2 - Du! and by using the fact that %
/ o T / 1921, DuM )|, v ds, (3.23)
0 B3 1 By p1 B 4

q1,9,1

By combining the estimates (3.19), (3.20), (3.21), (3.22), (3.23) and Gronwall lemma, we
achieve the proposition.

4 The proof of theorem 1.1

4.1 Proof of the existence

We recall here that (p!,u!) = (p!, —uV1n p') is a quasi-solution of the system (1.1) with:

Op' — pAp' =0,

(4.24)
Pi=o = Po-

It means that (p',u!) is an irrotational solution of the approximate system:

Op + div(pu) = 0,
O(pu) + div(pu @ u) — div(pupD(u)) = 0, (4.25)
(p’ u)/t:O = (ptl)’ utl))

Nle - N

As we assume that qO is in Bq1 q, ' N B0 1N B2p 1 , by using proposition 7?7 and

the fact that ¢! verifies an heat equation, we show that for any T > 0:

0wy IO s <Ol oy
L>(Bgy,q,00 " NBY, 1) 4,00 nBZ, B q,00 NBY, , (4 26)
[ e . L8 H~ NNy, < Cllugl| _ NN ;
(qullqooq NB 1) (qu11q NBL, , b a,00 1 NBY,

15



and: ) . )
<
lq sz(émggﬁ) + [lq ||Zl s S Cllgoll x5 5, (4.27)

2
2,p,1 (B2,p, 2,p,1

—

By the maximum principle, we also obtain that for all (¢,z) € RT x RV:
0<c<p'(t,z) < lpgllLe (4.28)

Our goal now consists in solving the system (1.4) in order to obtain solution of the system
(1.1) under the form p = p'e"”, u = ul +u2 with p > ¢’ > 0. To do this, we use a standard
scheme:

1. We smooth out the data and get a sequence of local solutions (h2,u2),en on [0,7,]
to (1.4) by using the result of [9].

2. We prove uniform estimates on (h2,u2) on [0,7;,] by using the proposition 3.8 and
we deduce that T,, = 400 .

3. We use compactness to prove that the sequence (h2,u2) converges, up to extraction,
to a solution of (1.4).

Construction of approximate solutions

We smooth out the data as follows:
(hd), = SphE and (ul), = S,u?

Note that we have:

1,

=

Vi€ Z, [|Au(hg)nllze < | AuhGlle and [[(hY)nll _y_y x < [IRGI _y_ ,
B p,1 B2,p,1

N

and similar properties for (u2),, a fact which will be used repeatedly during the next
steps. Now, according [9], one can solve (1.4) with the smooth data ((¢3)n, (u)n). We

get a solution (h2,u2) on a non trivial time interval [0, T},] such that:

~ N_q ~ N_q
h? € C([0,T,], By, N B2 ) up € C([0,T,],, By,

)

)N LY([0, T3], Bz%“)- (4.29)

Uniform bounds

In the sequel we set:
Inp, =Inp' +h2 and u, = u' +u?.

We recall that (h2,u2) satisfies the following system:

n»-n

Oh2 + u, - VA2 + divu2 = u2 - Vinp!,
Ou2 + uy - Vud — pAuZ +aVh2 = —u? - Vu' + uVinp' - Du2

4.30
—aVinp' + uVh2 - Dut + uVhE - Du2, (4.30)

(hgu u?z)/t:O = ((h%)nv (u%)n)
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In this part, we aim at getting uniform estimates on (h2,u2) in the following space Fr
with the norm || - || ¢,

~ ~N_ N ~ ~Ny N ~ ~N N g ~ N, N+
Pr=(L¥(By,, ")NLy(By,, ")) x (LF(By,, " )NLp(By,, " ).
h2U2F2h2 N_| N N~ |l N_; N_ N | N
| (hays up ) P = || n\lz%o(éfp’ll,?) paind | n\|~%o s ¥ e

P
We can observe that (h2,u2) verifies exactly the system (3.18) with v = u™ and:

F* =0,
G™ = —aVinp' + uVhZ - Dul + uVh2 - Dul.

By using proposition 3.8, we have the following estimate on (h2,u2):

(3wl < CeT (|| (h)n P + 1 (ug)n |y +IGM yoaxe)-

2p1 2p1 T 2,p,1 )

Therefore, it is only a matter of proving appropriate estimates for G by using proposition
5.9. We begin by estimating h2 - Du? and we obtain:

IVh, - Dupll oy x, < IIVhi\L Fouio IDuZll . n o (4.31)
L%“( 2?;7,1 P ) 22;7 1 %“(322;7 1P )
Similarly, we obtain as %1 <Nagnd ¥ 1< X
q P q
IVhG - Dulll_ -y oy <AIVRRIL oy o [Dulll o (4.32)
T 2,p,1 T 2,p,1 LT(B2,q,1 )
And finally by using (4.27), we have:
' yagea ey <Ol gy, (4.33)
Lee (B2p71 ) (B2plp) 2p1

We would like to point out the fact that ||g}]| _ y > _, small is mandatory in order to
’p
2,p,1
deal with the bootstrap argument. Here we use strongly the regularizing effect on ¢'.

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:

||qo||~——2ﬂ—2+||h ||~ 1N +Hu0|| ¥ 111\7’ , <€

2p1 2p1 BQpl

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

(", u™)||F, < C, VteR.

17



Compactness arguments

Let us first focus on the convergence of (h2),en. We claim that, up to extraction, (h2),en
converges in the distributional sense to some function h such that:

heLwU3p

N N
’p

)N LY(B 27; . (4.34)

The proof is based on Ascoli’s theorem and compact embedding for Besov spaces. As
similar arguments have been employed in [1], we only give the outlines of the proof. We
may write that:

OMh2 + up, - VhE 4+ dive2 = w2 - Vinp',.

Since (u2)pen is uniformly bounded in L%Bfé?)and Vinp! € EOO(B%;ZKA), we
have u2 - VInp! which is bounded in L2 (Efp?%_l). Similarly «" - Vh2 is bounded
in LQ(Efpj b ). Finally we have proved ]ShzitN&ghz is bounded in LZ(B;}T:1 E ), it
means that (h2),en seen as a sequence of By o P wvalued functions is locally equicon-
tinuous in R*. In addition (h2),en is bounded in C (R*,gfp?’%_ ). As the embed-
ding Efp; I N 32 I’Y is locally compact (see [1], Chap2), one can thus conclude

by means of Ascoli’s theorem and Cantor diagonal extraction process that there exists
some distribution h such that up to an omitted extraction (1h2),en converges to ¥h in

C(RT, B227p71 "7 ) 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 (4.34) is satisfied.
(the reader may consult [1], Chap 10 too). By proceeding similarly, we can prove that

up to extraction, (u2),en converges in the distributional sense to some function u? such
that: [ [
N N g Ny Ny
w? € L®(By, 7 )NLYBY,, " ) (4.35)

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:

1,
) and u? € C(R, B22p7 P).

o o =NN N
2 ’

h* e C(R",By,; ©

As regards h?, it suffices to notice that, according to (4.34), (4.35) and to the product

laws in the Besov spaces, we have:

N

Oih? +u - VR +dive? = u? - Vinp' € LY(By, fpf ).

NN
As h € B Q,;J,f , classical results for the transport equation (see [1], Chap 3) ensure that
N N N 1N 4
h? ¢ C(R‘F,B;’p:f ). And as previously, we have shown that h2 € C(RT B;p, o ), it
1,N
means clearly that ¢ € C(R™, B %p’ P).

For getting the continuity result for u2, one follows the same ideas.
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The proof of the uniqueness

In the case & < % + pil, the uniqueness has been established in [1].

4.2 Proof of the theorems 1.2

We follow here exactly the lines of the proof of the theorem 1.1 except that we take profit
that (p!, —uVInp') is an exact solution of our system (1.8). Indeed we have no coupling
by the pressure term in the momentum equation on 12, it explains why we do not assume
any smallness condition on gg.

4.3 Proof of the corollary 1

We remind the reader that if K, is the standard heat kernel, that is the solution of the
following system:

8tKu — ,LLAKM = O,

KM(Oa ) = 50

then:
DK (t, )l o @yy < Cla, p)t= " (4.36)

with 7, = %(1 — %) + 5. In the sequel we shall note:

_ 2
M=y

_ and M? = ||u?|_ _~
(B27p’1 ) L

~5 —1
2 £l
(B2,p,1

~_, such that max(M;, My) <,
p
)

with € small enough if we choose the initial data on (h3,u?) small enough. As ¢! verifies
an heat equation, we have that ¢' = K|, * ¢}. We obtain then by using (4.36) that:

1(p = 1)(t, pee < llat (" = 1)tz + g ¢, lzoe + 1" = 1)t ) ee,

ST Y
o (141)2

(4.37)

Similarly we have:

ot Mpar < Tt (8 s + (Yo

lgoll (4.38)

<C(——F= +¢
((1+t)%+5

It achieves the proof of the corollary 1.

5 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 [2]. The basic idea of paradifferentiel calculus is that any product of two
distributions w and v can be formally decomposed into:

w = Tyv + Tyu + R(u,v) = Tyv + Thu
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where the paraproduct operator is defined by T, v = > q Sq—1ul4v, the remainder oper-
ator R, by R(u,v) =3 Aqu(Ag—1v + Agv + Agi1v) and Tou = Tyu + R(u,v).

Proposition 5.9 Let p1,p2, p3,ps € [1,4+00], (51,52, 53,54) € R* and (p,q) € [1, +o0]?,
we have then the following inequalities:

o IflcLlii<, l_%—i—%glwz’th()\,)\')e[1,—1—00]2 and p1 < X, p1 < A\,

q
P3 S N\ then.
HTuv”flffﬁ%fﬁf sprogr Mo _N S HUHEZ?%IHv\l'g;g;;ir, (5.39)
zfsl—i—%gpﬂl,sl%—%gpﬂl and s3 + ﬂ,<pﬂ3.
. Ifégplﬁi and s3 + s4 + N inf(0, 1—p—3——)>0 then
I N_N_N
22 (83+84+q p3 P4)||A1R(u,v)||Lq 5 ||uH§sl,S3 ||U||§32,54 . (540)
= P1,P3,1 P2:P4,T
1 1 1 1 1 1
S ptpslpsptnShySsgtg Sl sty <land
s3+84>0,834+52>0, s4+51 >0, s14+52>0 then
Hsat =P
Yo gflertes ) | AR, )| < Nl .. xox ol oo, (5.41)
<4 P1,P3,1 P2,P4:"
wzths;g—l%———i-sl and34—l)ﬂ4——+32
o [fue L, we also have:
[Tuvllgorse S lullzoe ol gs1.s2 (5.42)
and if min(sy, s2) > 0 then:
[R(u o)l gsrse S Nlullzeel|vll gsisa- (5.43)

Proof: Let us prove (5.39). According to the decomposition of J.-M. Bony [2], we have:
wo =Ty + Tyu + R(u,v),

so for all { > 0:
AT = > A(Sy_judyv),
i-1'|<3

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

P = if r <0,
P =8 if r>1.
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if%gé—k%ﬁland%ﬁi-ﬁ-%ﬁlthen
NP TX TR T
AT || peray S 200 ® Z ”Sl’_1u”L(PA,>\/(l’)”Al'v”LwP?’m(l')'

li-1'|<3

We have by Berstein inequalities and as p; < )\,, p3 < N, p1 < A and s1 + % < pﬂl,
si+ N <N g+ < N

XN = p? N = ps’
N N yx
k(poP1'P3 (k)— A (1
1Sy _yull vy S D 2T OO Apu] s,
k<l —2
< SR PE RT3 (1) = 3 (1)) g1 % () A
<S> [ Akull perres ,
k<i'—2
! ﬂ—sl,ﬂ—s;g / %vﬂ/ /
U (Pt 0 3 () —p AN (1
< olly ()—¢ ( ))HUHESMS ]
P1,p3,1
/ /
Since [|Ap v, pamary = cp 27t el ))HUHESQ,M ) with 37/, ¢y < 1 we finally gather
P2:P4>
as [ > 0:

N, N_N_ N, N_N_ .

N 51—59,
HA[TUUHL‘Z ,S ClngpPl P2 P P2 "P4 q (l)”uHEZi:;?éJ”U”Ezgjlsé,l

And we obtain (5.39).

Straightforward modification give (5.42). In this case as ||Sg_1u||fe < ||u||L~ we have:

ATl poray SO Nl oo l|Ap ol rzw s -
lI-1'1<3

Next we have:

/ / /
21801727174(1)|’A1TuUHL¢M(1) g HU”LC’O Z 2l<p172,P4(l)—l @P2:P4(] ))2@?27p4(l )”Al'UHLwPQ’M(l')'
li—U'|<3

We conclude by convolution.

To prove (5.41), we write:

AlR(u,v) = Z Al(Akuﬁkv)
E>1—2

We consider now the case [ > 3. By Bernstein and Holder inequalities we obtain when
1 < 1.1 <1:

¢ = p3 ' pa

N4l 1 ~
AR, )0 S 2755 570 3T || Al pos [ Ago]| os.
E>1—2

21



Next we have:

N_N_N ~
2l(83+84+ 7 P3 p4)HA1R(U,U)HLq S Z 2(lfl<a)(s:a,+34)2l<333HAkuHLP3 2k84HAkUHLF4a
k>1—2

S () * (dy),

with cp = 1[_q 9 (k)28 T30 and d;, = 2% 53| Agul|Lrs 28 s4||Apv||pes . We conclude by
Young inequality as sz + s4 > 0.
We have to treat now the case when | < 0. We have then as 1 < p%) + p% < 1 and

1 1 1
=< =4 =<1
p—p1+p2—1

hS]

1,1 1 ~
AR, v) || < 2N s Tos ) > Akl zos || Agv] Lra

k>2

1411 ~
+ > 1ARuA vl o + 2V o T o0 > Akl || Agv] Lee.
0<k<1,|k—k'|<1 1—2<k<—1

And by convolution on the middle frequencies:

1 1 1 ~ N N N
1A R(u,v)||re < oM og + o) Z | Agul|Lrs || Akv]| ra + (QZ(EJFE_F_SS_”)CI

k>2
NJ N _N_g 1411 ~
+ 2t MG R T N Al | Ak e,
l—2<k<—1
with ¢; € I*(Z). Next by convolution we obtain:
AR, )| < (@590 =5~y olgtag = —samse)  olGrtag— g —sms)

NN N g g
AT | [ P [ ey
P1,P3,1 P2,P4,7

And we can conclude.
We want prove now the inequality (5.42). We have then:

21(’051,32 ) ||A1R(U, U)HLP 5 Z 2(lfk)(psl,32 (l)Qk‘psl’SQ(l)HAkuHLw ||£kv||anP’q(k),
k>1—-2

And we conclude by Young inequality. O
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