GLOBAL WELL-POSEDNESS FOR A BOUSSINESQ-
NAVIER-STOKES SYSTEM WITH CRITICAL DISSIPATION

TAOUFIK HMIDI, SAHBI KERAANI, AND FREDERIC ROUSSET

ABSTRACT. In this paper we study a fractional diffusion Boussinesq model which
couples a Navier-Stokes type equation with fractional diffusion for the velocity
and a transport equation for the temperature. We establish global well-posedness
results with rough initial data.
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1. INTRODUCTION

The aim of this paper is to study the global well-posedness for the Boussinesq system
with partial fractional viscosity

0w +v-Vu+|Dlv+ Vp = ey
8t0 + (U V9 = 0

(1.1) dive =0
Vlt=0 = 00, O1=0 = 6°.

Here, we focus on the two-dimensional case, the space variable z = (21, z3) is in R?,
the velocity field v is given by v = (v!,v?) and the pressure p and the temperature
0 are scalar functions. The factor fes in the velocity equation, the vector es being
given by (0,1), models for example the effect of gravity on the fluid motion. The
operator |D| stands for the multiplication by |£] := /&2 + &5 in the Fourier space.
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If we take ° = 0 then the system (1.1) is reduced to the generalized Navier-Stokes
system which was studied in a series of papers [24, 25, 26] for all space dimension
d > 2. In particular, for the generalized Navier-Stokes system in dimension two, from
the Beale-Kato-Majda criterion [3] and the maximum principle for the vorticity [10],
smooth solutions are global in time.

The system (1.1) can be seen as part of the class of generalized Boussinesq systems.
These systems under the form

Ow+v-Vu+ Vp=bey+Dyv
0i0 +v - VO = Dy

dive =0

Vit=0 = oY, Ojt=0 = 6°

(1.2)

are simple models widely used in the modelling of oceanic and atmospheric motions.
They also appear in many physical problems, we refer for example to [6] for more
details about the modelling issues.

The operators D, and Dy whose form may vary are used to take into account the
possible effects of diffusion and dissipation in the fluid motion.

Mathematically, the simplest model to study is the fully viscous model when D, = A,
Dy = A. The properties of the system are very similar to the one of the two-
dimensional Navier-Stokes equation and similar global well-posedness results can be
obtained.

The most difficult model for the mathematical study is the inviscid one, i.e. when
D, = Dy = 0. A local existence result of smooth solution can be proven as for
symmetric hyperbolic quasilinear systems, nevertheless, it is not known if smooth
solutions can develop singularities in finite time. Indeed, the temperature 0 is the
solution of a transport equation and the vorticity w = curl v = 910 — 9! solves
the equation

(13) Ow +v - Vw = 0:6.

The main difficulty is that to get an L* estimate on w which is crucial to prove
global existence of smooth solutions for Euler type equation, one needs to estimate
fOT 1010|| > and, unfortunately, no a priori estimate on 016 is known.

In order to understand the coupling between the two equations in Boussinesq type
systems, there have been many recent works studying Boussinesq systems with par-
tial viscosity i.e. with a viscous term acting only in one equation. We refer for
example to [2, 7, 12, 13, 14, 15, 16].

In this paper, we shall focus on system (1.1) which corresponds to the case where
the heat conductivity is neglected and D, = —|D|.

When considering the usual Navier-Stokes equation for the velocity, i.e. for D, = A,
global well-posedness results were recently established in various functional spaces.
In [7], Chae proved the global well-posedness for large initial data v°,0° € H® with
s > 2. This result was improved by the first two authors [15] for less regular initial
data, that is, v%,0° € H®, with s > 0. The uniqueness in the energy space L? was
recently proved in [13]. According to a recent work of Danchin and Paicu [14] one
can construct global unique solution when the dissipation acts only in the horizontal
direction: D, = 0O11.

To explain the new difficulties that appear when a weaker diffusion D, = —|D|?,
«a < 2 is considered, let us write the system under the vorticity formulation. By



GLOBAL WELL-POSEDNESS FOR BOUSSINESQ SYSTEM 3

using the vorticity defined as the scalar w = 01v? — dyv', we have to study the
system

Ow +v - Vw + |D|*w = 040,

0 +v-VO =0,

Wig—o = curl V0, Oji=0 = 6°.

The standard L? energy estimate for this system gives

1d 9 1 9

S lls + Sl < 16llns, 10Oz = 6ol
When a = 2, the combination of these two estimates provides the useful information
that w € LY L2 N L2 _H'. When o < 2 since no a priori estimate on 0[] ;-4 1s

known some additional work is needed in order to estimate w. As in [15], the idea
would be to use maximal regularity estimates for the semi-group e “P1* in order
to compensate the loss of one derivative for 6. Nevertheless, some restriction will
appear in order to control the nonlinear term. For the sake of clarity, we shall focus
on the most difficult case @ = 1 where this approach would fail: we consider (1.1)
for which the vorticity form of the system is

Ow +v - Vw + [D|w = 016,
8t9 +v- Vo = 0,
Wig=0 = curl ’UO, 0‘,;:0 =0V,

This is the critical case in the sense that the gain of one derivative by the diffusion
term roughly compensates exactly the loss of one derivative in 8 in the vorticity
equation and has the same order as the convection term.

The main result of this paper is a global well-posedness result for the system (1.1)
(see section 2 for the definitions and the basic properties of Besov spaces).

Theorem 1.1. Let §° € L? ﬁBgQ1 and v° be a divergence-free vector field belonging

to H' N WP with p €]2,+o0[. Then the system (1.1) has a unique global solution
(v,0) such that

ve LRy H NWYYNLE (Ry;BL ) and 0 e LS (R, ; L2 N B2 1)-

00,1 loc

A few remarks are in order.

Remark 1.2. From the a priori estimates that we shall get in the proof of Theorem
1.1, it is possible to obtain the existence of various types of global weak solutions,
this is discussed in section 5.

At first, it is possible to get the existence without uniqueness of Leray type weak
solutions of (1.1) in the energy espace

(v,0) € LS, (Ry, L?) N L2, (Ro H %) x LiS,(Ry, L?)

by using the energy estimate for the system (1.1). We refer to Proposition 5.1.

We also point out that this system has the following scaling: if (v,#) is a solution
of (1.1) and A > 0 then (vy,#)) is also a solution, where v)(t,z) := v(At, Az) and
0x(t, ) := AO(Mt, \x). As a consequence, the space of initial data H' x L? which is
invariant under this transformation is critical.

From the a priori estimates that we shall establish (see Proposition 5.3), we can
also get the existence of global weak solutions (but stronger than the previous ones)
by assuming only that v© € H! and ° € L? N L" with r > 4 for example i.e. we
can get global weak solutions which almost have a critical regularity. Nevertheless
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the uniqueness for such solutions which do not satisfy the additional regularity
assumptions stated in Theorem 1.1 remains unsolved.

Remark 1.3. Our proof gives more time integrability on the velocity v. More pre-
cisely , we have v € L{, (Ry; Bl ;) for all p € [1,5].

loc

Let us say a few words about the main difficulties encountered in the proof of
Theorem 1.1. Even if we neglect the nonlinear terms in the Boussinesq system,
which reduces the system to the following one

Ow + |D|w = 819, 00 = 0,

it is not clear how to perform the standard energy estimate on w without using
neither the control of higher order derivatives of 6 nor the maximal regularities of
the heat kernel e P which would not be compatible with the nonlinear problem.
For example for the L? energy estimate, one gets

sl + iy = [ o0wda. 10z = 160l

from which no conclusion can be made.

The main idea in the proof of Theorem 1.1, that was also successfully used in the
study of the Euler-Boussinesq system [19] is to really use the structural properties
of the system solved by (w,#). We note that the symbol of the system which is given

by
A S
is diagonalizable for £ # 0 with eigenvalues 0 and —|¢| which are real and simple.
By using the Riesz transform R = %‘, one gets that the diagonal form of the system
is given by
8t(w—7'\’,9) —|—|D|(w—R¢9) :0, 8159:0

This last form of the system is much more convenient in order to perform a priori
estimates. For example one gets immediately from the continuity on L? of R that

lw@®llzz + 1012 < C(llwollzz + 160l 2)-

To prove Theorem 1.1, we shall use the same idea, we shall diagonalize the linear part
of the system and then get a priori estimates from the study of the new system. The
main technical difficulty in this program when one takes the nonlinear terms into
account is to evaluate in a sufficiently sharp way the commutator [R, v - V] between
the Riesz transform and the convection operator. Such commutator estimates are
stated and proven in section 3 of the paper.

The remaining of the paper is organized as follows.

Section 2 is devoted to the definition of the needed functional spaces and the state-
ment of some of their useful properties. Some technical lemmas are also given.
Section 3 is devoted to the study of some commutator estimates involving the Riesz
transform. Section 4 is dedicated to the study of linear transport-(fractional) dif-
fusion equation. Basically two kind of estimates are given: smoothing effects and
logrithmic estimate. In section 5 we discuss a first set of a priori estimates and the
issue of weak solutions. Section 6 is dedicated to the proof of Theorem 1.1. The last
section is devoted to the proof of some technical lemmas.
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2. NOTATIONS AND PRELIMINARIES

2.1. Notations. Throughout this work we will use the following notations.

e For any positive A and B the notation A < B means that there exist a positive
harmless constant C such that A < CB.

e For any tempered distribution v both @ and Fu denote the Fourier transform of

u.
e Pour every p € [1,00], || - ||Lr denotes the norm in the Lebesgue space LP.
e The norm in the mixed space time Lebesgue space LP([0, T], L™ (R%) is denoted by

I Ilzz L (with the obvious generalization to || - ||z x for any normed space X).

e For any pair of operators P and ) on some Banach space X, the commutator
[P, Q)] is given by PQ — QP.

e For p € [1, 0], we denote by WP the space of distributions u such that Vu € L.

2.2. Functional spaces. Let us introduce the so-called Littlewood-Paley decom-
position and the corresponding cut-off operators. There exists two radial positive
functions xy € D(R?) and ¢ € D(R?\{0}) such that

D) x(€)+ D e(27%) =1; ¥qg=>1,supp xNsupp p(2°9) =2
q=0
i) supp p(277-) Nsupp p(27%) = @, if [j — k| > 2.
For every v € S'(RY) we set
A_jv=xD)v;VgeN, Ajv=p(27D)v and S, = Z Ap.
—1<p<qg-1
The homogeneous operators are defined by
A =@(279D)v, Spu= Z Ajv, Vq € 7.
J<q-1
From [5] we split the product uwv into three parts:
wv = Tyv + Tyu + R(u,v),
with
Ty = Z Sq—1ulAgv, R(u,v) = ZAqquv and Aq =Ag—1+ Ay + Ayt
q q

Let us now define inhomogeneous Besov spaces. For (p,7) € [1,+00]? and s € R we
define the inhomogeneous Besov space B, , as the set of tempered distributions u
such that

lulls;, == (221 8guller ) < +oc.

The homogeneous Besov space B;,r is defined as the set of u € S'(R?) up to poly-
nomials such that

lullsg, = (271Agulzr),, . < +oo.
Notice that the usual Sobolev spaces H® coincide with Bj , for every s € R and that
the homogeneous spaces H® coincide with B;Q
We shall also use need some mixed space-time spaces. Let T > 0 and p > 1, we
denote by L’%B;J, the space of distributions u such that

lullzgmg, = || (2 NAgule) |, <+oc.

Ly

28
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We say that u belongs to the space E%B;,T if

lull gy s, = (218gull g0 ), < +oo.

By a direct application of the Minkowski inequality, we have the following links
between these spaces.
Let € > 0, then

LBy

— LOBS, — LLBs ., if > p,

7,,“ p’r ’

LiByte — L4By, — LBy, if p>r.
We will make continuous use of Bernstein inequalities (see [8] for instance).

Lemma 2.1. There exists a constant C' such that for ¢,k € N, 1 < a < b and for

f e LYRY),
sup 0°Soflly < CF 20k G=D|IS, £l e,
la|=k
CTF2| Ay flle < sup [0Agfllze < CF2*||ALf| 1o

|laf=Fk

The following result generalizes the classical Gronwall inequality, see Lemma 5.2.1
[8] for the proof. It will be very useful in the proof of the uniqueness part of Theorem
1.1.

Lemma 2.2 (Osgood lemma). Lety € LL (Ry;R.), p a continuous non decreasing
function, a € Ry and o a measurable function satisfying

0<a(t)<a —i—/o y(T)u(e(T))dr, Vt e Ry.

If we assume that a > 0 then
Loar

t
~M(a(t)) + M(a) < / V(F)dr with M(z) = / .
0 T u(r)
If we assume a =0 and lim, o+ M(z) = 400, then a(t) = 0,Vt € R,.

Remark 2.3. In the particular case u(r) = r(1 — logr) one can show the following
estimate, see Theorem 5.2.1 [8]: for every t € R

a< 6l—exp fg ~y(7)dT — Oé(t) < aexp—fot 'y(T)dTel—exp(—fOt ’Y(T)dT).

3. RIESZ TRANSFORM AND COMMUTATORS

A crucial step in the implementation of the strategy exposed in the introduction for
the proof of Theorem 1.1, is the study of commutators between the Riesz transform
R = 01/|D| and the convection operator v - V. The results of this section hold for
all space dimension d > 2.

Let us first recall some well-known properties of the Riez operator.

Proposition 3.1. Let R be the Riez operator R = 01/|D|. Then the following hold
true.
(1) For every p €]1,4o00],

IRl gzry S 1.
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(2) Let C be a fized ring. Then, there exists 1 € S whose spectum does not meet the
origin such that

Rf =2%4)(29.) x f
for every f with Fourier transform supported in 29C. In particular, RA, is uniformly
bounded (with respct to ¢ € N) in LP for every p € [1,+00].

The property (1) is a classical Calderén-Zygmund theorem (see [21] for instance)
and (2) is obvious.
The proof of the next lemma is easy and can be found in [19].

Lemma 3.2. Letp € [1,00|, f,g and h be three functions such that Vf € LP, g € L™
and xh € L'. Then,

lhx (fg) = f(hxg)llee < [lzhll L2 [V £l zrllgllzes-

Here is the main result of this section.

Theorem 3.3. Let v be is a smooth divergence-free vector field. Then the following
hold true.
(1) For every s €]0,1]

IR, 010l s Ss IVl L2100l go-1 + llvll2]16]] 22,
for every smooth scalar function 6.
(2) For every p € [2, 0]

IRy v -0l _ Sp IV0leollllmg_ + vl 26122
for every smooth scalar function 6.

Proof of Theorem 3.3. (1) We split the commutator into three parts, according to
Bony’s decomposition

[Rv]0 = D[R, Sq-1v]A0 + Y[R, Agv]Sy—10
geN geEN

+ ) [RAAH

qg>—1

= > T+ Mg+ ) I,

qgeN qeN qg>—1
= I+ 1T+ 1III

e Estimation of I. According to the point (2) of Proposition 3.1 there exists h € S
whose Fourier transform does not contain the origin such that

Iy(z) = hg * (Sq—1vA¢0) — Sq—1v(hg * AgH),
where h,(x) = 2%h(297). Applying Lemma 3.2 with p = 2 we infer
Mgllz < llwhgll [V Sq-10][ 12| Agf| Lo
(3.1) S 27UVl (| Agll| oo

In the last line we have used the fact that ||xhg|/,1 = 279||xh||f1. Since for every
q € N the Fourier transform of I, is supported in a ring of size 29 then

I = > 2% L[ 7.
q
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Combined with (3.1) this yields
Tl < IVoll72 00017

B3
e Estimation of II. As before we can write
I (x) = hg % (Sq—10A4v) — Sq—160(hg * Aqv),
and again by Lemma 3.2 with p = 2 we obtain
Hgllz2 < [Vollp2279|Sg-10] <
S IVll227 Y 1148 e
J<q—2
Thus,
29[, || 12 S IV L2 (207 %2079 A6]| o ) (g).

where x is the discrete convolution in NU {—1}.

Here again the Fourier transform of II, is supported in a ring of size 29 and by conse-
quences [|TI[| s ~= ||2%||L.|| 2 || ,2- Combined with (??) and discrete Young inequalities
(remember s < 1) this yields

M0z Ss IV0llz2][257 0 A0 oo |

~S
=~ [IVoll2[10] g1
e Estimation of III. We distinguish two parts
1= "[R, Agu]Ag0 + )[R, Ag] A0 = Jy + Ja.
g1 q<0

J1 contains only terms whose Fourier transform are localized away from zero. For
them, we can use Proposition 3.1 and Lemma 3.2 as before. This gives

IR, AqulAgbliz2 < 27Vl 2| Agf] o
Note that we have used the fact that for ¢ > 1, we have HRKQQHLOO < ||£q9HLoo.
Now we have
21 AjTi[lp2 S IVollze Y 207992907 A 6| oo
q=j—4
Since s > 0 then the convolution inequality leads to

[Sillgs < ||VUHL2||9||B§;5.

Jo contains a finite number of terms with low frequencies and it can be handled
without using the commutator structure. Indeed, from Bernstein inequalities and
the L2-continuity of the Riesz transform we obtain for ¢ < 0

IR, Agu]AGllzz < [1Ag0llz2 ([ AgfllL + [RAGH] L)
S lvllzz (0] + RO 2)
S vl 1101 ze-
Thus we get for every s € R
12l s < Nlwll 221161l 22
This ends the proof of (1).
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(2) We use again Bony’s decomposition to write

[R,v-V]0 = D [R,Sp10-VIAH+ Y [R,Agu-V]Sg_10
qeN qeN
+ Y[R, A VA
g>—1

= I+ 114111
Similarly to (3.1) we have
[1R. S0 VIAGh] S 27 V0l A, V0] 1
S IVollee|Agf e

Thus we get
1Tlsg _ S IV0llzol]l o, _-
For the second term we have

IR, Ago - V1810, S 279V AG]ol|Sg1 V0] 1

S
S Vol Yo 2779A| e
J<q—2
It follows that
105y < V020l _-

To estimate the remainder term we use the embedding LP — ngo,

|y S > IR, Agv- VIAS| e + || D div(R, Aqv]ﬁ(I@HBgm.
q<1 q>2

For the first term of the RHS we use Bernstein inequalities (p > 2) and the L2
continuity of R to get

SR A -VIALl S oz Y _(IVASllLe + [RVAL] 1)
<1 <1
S vllz2l0] ze-
The second term is estimated as follows
ID R Aw-VIASlpy . S [Volmesup Y 2079 A0)
q>2 T og>j-4
< Vol il -

This ends the proof of Theorem 3.3. O

4. TRANSPORT-DIFFUSION MODELS

This section contains some estimates needed in the proof of Theorem 1.1. We start
with the following Besov space estimate for the transport equation, for the proof see
for example [2].

Proposition 4.1. Let v be a smooth divergence-free vector field. Then, every scalar
solution ¥ of the equation

at?,ZJ—F’U'v?,Z):f, sz)|t:():¢07
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satifies, for every p € [1,400],

t t
[0() 5o, < Cexp (C /0 lo(ll, dr) (14°0 1, + /0 1) 7).

The second proposition is dedicated to logarithmic and LP estimates.
The second proposition is dedicated to logarithmic estimates and LP estimates.

Proposition 4.2. Let v be a smooth divergence-free vector field, k € R4 and (p,r) €

[1,00]2. Then there exists C > 0, such that every scalar solution of
(4.1) O +v- VY + kDR = f, g = ¢,
satisfies
t
Illzemy < C(I°lmg, +Ifllgsm ) (1+ / IVo(r)llz=dr),
p,r ’ t=p,r 0
and

t
IO llr < 19" v +/0 1 () Ledr.

The first result was first proved by Vishik in [23] for the case k = 0 by using
the special structure of the transport equation. In [17] the first two authors have
generalized Vishik result for a transport-diffusion equation where the dissipation
term has the form —xAa. The method described in [17] can be easily adapted to
the model (4.1), for more details the complete proof can be found in [19]. The L?
estimates are proved in [10].

In the proof of the uniqueness part of the main theorem we shall also need some
estimates for the linearized velocity equation.

Proposition 4.3. Let v a smooth divergence free vector field, s € (—1,1) and p €
[1,00]. Let u be a smooth solution of the system

(LB) Ou+v-Vu+ |Dju+Vp=Ff, divu = 0.

Then, we have for every t € Ry

vt (1,0 1-5
Jullzess... < OO (lelllms  + 111, orip (+277)),

tB2,0o
where V (t) == [ | Vo(T)| oo dr.
Proof of Proposition 4.3. For ¢ € N we apply the operator A, to (LB)
Orug + v - Vug + |Dlug + Vpg, = —[Ag, v - V]u+ f,.
Taking the L? inner product of this equation with ug we get due to the incompress-

ibility of v and u,

1d
gl + [ (Do < gl (11800 - hullze +14lz2).
From Parseval identity we get

C2 gl < [ (Dluugde.
Thus we get

d
Jplua®llzz + c2luq(t)ll2 < lI[Ag, v - VIu®) L2 + |l fa (@)l 2.
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Integrating in time this differential inequality we obtain

t
Jua®llzz < €l + [ e =D (JAg0- Vu(r)laa + 1)z )r

Using Holder inequalities we get

0 ! (-1+1)
ugllzeere < llugllze +/0 I[Ag; v - V]u(r)||p2dr + 257727 fo(7) || o2

Multiplying by 29° and taking the supremum over ¢ € N we find

t
(4.2) Su§2qs”uqHL§°L2 S HUOHBgmﬂL/ Su§2qs”[AqvU'V]U(T)HLQdT"*'HﬂLp o143
0

qe S t P2,00

Let us recall the following classical commutator estimate (see [8] for instance)

sup 220[Ag, v - VIu(m)ll g2 Ss IVollzellullss o Vs € (=1,1).
o>

Combined with (4.2) this yields

t
Sug?quuqlngOL2 < Iellsg +/ Vo)l llu(T)lBs dT + AL oais-

qe 0 t P2 00

For the low frequency block, we have from the energy estimate of the localized
equation

IN

A1, v - Viu@)| 2 + [|A-1f ()]l 2
S IVe@®)llzeluliss ., + 1A f(E)] 2

d
A1)

It follows

t
[A—u(®)llz2 < HA—luolleJr/O Vo)l e llu(T)lBs  dT + |A-1 fllzy e

t
S HUOIIBgmﬂL/O IVo() | oo llu(r) | 3, d7 + PIIfH Gl

t20<>

The outcome is

1—1
lu(®)l1s ., < 1l / Voo llu(r)lps cdr + A+ ) fIL ) avt
LYB P

t 2,00

A Gronwall inequality gives the claimed result. (]

The proof of the next proposition can be done in a similar way as Theorem 1.2 in
[1].

Proposition 4.4. Let v be a smooth divergence-free vector field and 1 be a smooth
solution of the equation

oY +v -V + Dl = f, T/J\tzozi/JO-
Then, for every s €] — 1;1[ and (p,p,7) € [1, 00]3 there exists C > 0 such that

llizesy, < OO (1005, + A+ DI, iz).  Vi€Ry,

tPT

where V(t) = ||V 1 oo



12 T. HMIDI, S. KERAANI, AND F. ROUSSET

5. WEAK SOLUTIONS

Throughout the coming sections we use the notation ®; to denote any function of
the form
O (t) = Coexp(...exp(Cot)...),
N—_——
ktimes

where Cj depends on the involved norms of the initial data and its value may vary
from line to line up to some absolute constants. We will make an intensive use
(without mentionning it) of the following trivial facts

/t Oy (7)dT < Pr(t) and exp(/t O (7)dr) < Py (2).
0 0

In this section we shall establish a first set of a prior: estimates and discuss some
results about weak solutions which are easy consequences. These a prior:i estimates
are also needed in order to construct the global strong solutions as stated in Theorem
1.1.

The first result is concerned with weak solutions in the energy space.

Proposition 5.1. Let (v9,0%) € L? x L? then there exists a global weak solution of
(1.1) in the space LS (Ry; L2) N L2 (Ry; H%) x L>®(Ry; L?) such that

loc loc

t
o1+ [ It yar < o1+

ol < 16°ILe

If in addition, 6° € LP for some p € [1,00], then there is a weak solution which

satisfies also
16(8)]1 e < 116°]| e

Proof of Proposition 5.1. The estimate of 6 in L? is a consequence of the incom-
pressibility of the flow. The L? energy estimate for the velocity can be obtained
by taking the L2-inner product of the velocity equation in the Boussinesq system
with v,
1d
2dt

IN

[0 2110(E)]] 2

o (&)1l z2116°]| -

t
2 2
Jo(0)+ [ IR, ydr

IN

Thus we obtain

IN

t
()2 me+Auwmmm

1%l 2 + 16°)| 22

IN

Inserting this inequality into the previous one leads to the desired estimate. Now
to construct global solution we can proceed in a classical way using the Friedrichs
method. We omit here the details and for complete description of this method we
refer for example to [12]. O

Remark 5.2. Due to the weak regularity of the velocity, the uniqueness problem for
these weak solutions seems an interesting widely open problem.

Now we aim at constructing global weak solutions for more regular initial data near
the scaling space H' x L? described in the introduction of this paper.
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Proposition 5.3. Let (v°,0%) € H' x L> N L", with r €]4,00]. Then, there exists a
global weak solution (v,0) for the system (1.1) such that

t
(Ol + [ 1= ROIE yar < @1(0),
where w = curl v.

Remark 5.4. From the estimate of Proposition 5.3 we see that we have an additional
smoothing effect for the quantity w — R since # belongs only to the space L{°(L?N
L™). This phenomenon illustrates the strong coupling between the velocity and the
temperature.

Proof of Proposition 5.3. We shall, here again, restrict ourselves to the proof of the a
priori estimates. The construction of global solutions can be done by following [12].
As explained in the introduction we do not have any available obvious LP estimate
for the vorticity. Thus in order to get some LP estimates we write the Boussinesq
system under its diagonal form. For this purpose we set I' = w — Rf. Then we get
from (1.1)

(5.1) (@ +v-V+ D)L = [R,v- V6.

By using the identity [R,v - V]§ = div([R,v]¢) and a standard L? energy estimate,
we find

1d 9 9 B .

5 TOR+IPOI, = [ div(R.ulo) (2)T (e )de

IR 56O, 3 ITOI,
From Theorem 3.3 and Proposition 5.1 we have

[[R. 00|, < IVe@)llzllo@)]

~

IA

sb T [o()] L2 10()]] 22
S llw®lze 0@ + (1 +1).
< w6l + (1 +1).

[N

Here, we have used that | Vvl ;2 =~ |w| 12 and the continuous embedding L" — B
for every r > 4. Thus we get

[[R, 10| ;3 < w2 + (1 +1).

00,27

However, the L?-continuity of R and the conservation of the L? norm of  yield
together

Il z2 + RO 2

lw(@®)lr2 <
< IP@)zz + 16° 2.

Collecting the previous estimates, we find
1d

2dt
It follows from the Young inequality that

IPOIZ2 + 1T, S (IPOlz2 + 1+ IT@I -

d
ZIC@IZ2 + TNy < CollPB72 + Co(1+£).
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After an Integration in time and the use of the Gronwall inequality we obtain

t
PO + [ NI ydr < Coft+ )

< By(h).

This ends the proof of the claimes a priori estimate in Proposition 5.3.

6. PROOF OF THEOREM 1.1

The proof of Theorem 1.1 will be done in three steps. First we prove other a priori
estimates for the equations (1.1). Second, we prove the uniqueness part. Finally, we
discuss the construction of the solutions.

6.1. A priori estimates. We have already proven some «a priori estimates in Propo-
sition 5.1 and Proposition 5.3. In the sequel we shall prove some other estimates.
To estimate the LP norm of w we have to distinguish two cases. If p €]2,4[ then we
can prove this estimate in one step. If not, we establish first an estimate of the L"
norms of w for all r €]2,4[ and then® use it to get a smoothing effect on the quantity
(w—"RA). This will in turn yield the crucial estimate on the lipschitz norm of the
velocity. Finally, by using the estimate on the lipschitz norm of the velocity, one can
easily propagate the LP norm of the vorticity and conclude the subsection about the
a priori estimates.

Proposition 6.1. Let (v,0) be a solution of the Boussinesq system (1.1) such that
0 e HEN WY and 6° € L2 N L* with p €]2, +ool. Then,

t
lw(®)[Zr +/0 [(w =RO)(T)|[2rdr < 1(2),
for every r € [2,4]N[2, p].

Proof of Proposition 6.1. Multiplying (5.1) by |I'|"~2I" and integrating in space vari-
able we get for every s €]0, 1 (s will be carefully chosen later)

1d
——|IT@)|7- + / (ID|T) 7" 2Tdz = / div([R,v]0) |T|"*T'dx
T dt R2 R2
(6.1) < IR0 | g JITT 2T () | gy
According to Lemma 3.3 in [18] one has
2 r
2Ty < [ (piny rrPrds.
r H2 R2
Combining this estimate with the Sobolev embedding H 7 L*, we find
(62) N T

To estimate the RHS of (6.1), we use the following lemma (see the appendix for the
proof).

Lemma 6.2.

INotice that, concerning the velocity, the assumptions of Theorem 1.1 are equivalent to v° € L?
and w® € L" for all r € [2,p], for some p €]2, +0c0].
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Let (8 € [2,+00[ and s €]0, 1[. Then, we have
Il®~ull o S Ml 2ol PRy
for every smooth function u.

Combined with (6.1) and (6.2) this lemma yields

d T T
ZITOILr + T @72 5 [[[R:v10(0)]| o TR a2

T

We choose s €]0,1[ such that s + 1 — 2 = 1 which means that s = 2 — I, this is
possible if r € [2,4[. Thus we get

&HFG)HTL" + IOl 7 < [[[R,v10@)| oo ITITEITI 3
Theorem 3.3 and Proposition 5.3 yield
[[R,vl6() IR, 0)0()]| -
S IVollzz 18l s, + @l (0] 2
S 1wl l008) s, + Col1 + )
< BUD)00) s, + Col1 +12),

IN

-

It suffices now to use the embedding L™ — B;O‘fz for s > 0. and Proposition 5.1 to
get that

[[R, vl(t) < O4(1).

[P
Therefore

d
g IOz + ellT @72 < ®a(t ITNEIT g
From the Young inequality

labl < Clal> + 3
we get

d r
g POz + POl 72 < 21T, -
After integration in time and the application of the Holder inequality (remember

that r < 4), we find

M\»—l

t
T T 7“ 4 r
T 7r +/O D) rdr < @4(t / ING H2 MO
(6.3) <
In the last line we have used Propositlon 5.3. O

Next we give a smoothing effect for the quantity I" which will be the keystone of a
Lipschitz control of the velocity.

Proposition 6.3. Under the assumptions of Proposition 6.1 we have

lw — RHH 2 < Py(t),

trl

for every r € [2,4[N[2,p] and p € [1, 5].
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Proof of Proposition 6.3. For ¢ € N we set I'y = A,I'. Then, we localize in frequen-
cies the equation (5.1) for T' to get

o'y +v-VIy + DIy, = —[Agv-VII'+AL[R,v-V]0)
= fq

Since Ty is a real-valued function then multiplying the above equation by |T',|" 2T,
and integrating in the space variable we find

1d T r— r—
LTI+ [ (DIE) ITar~2Fyde < IO 1Ol

From [9], we have the following generalized Bernstein inequality

[ DIEIT =2y do > 2T
for some ¢ > 0 independent of ¢ and hence we find
1d _
— ATz + 2@ L < ITe@5 1 fa @)z
This yields
t
ITq ()l < e Tgllzr +/ e D2 fo ()| d.
0
By taking the L”|[0,¢] norm and by using convolution inequalities, we find

dr

t
2 2_1 2_1
20 | Tyl porr S 290 D0 + 27670 [ ||[Ag 0 VID(M)| L,
£ 0

dr.

(6.4) Logud) /0 18g([R, v - V1) (7)),

To estimate the second integral of the RHS we use the part (2) of Theorem 3.3,
Proposition 5.1 and Proposition 6.1 to get, for every ¢ € N

2[R, v- VIO, < Vol 160 + (0]l 21161l 2
|/l 16 o + [0l 2216112
By (t).

To estimate the first integral of the RHS we use the following lemma (see the ap-
pendix for the proof).

LT
S
(6.5) <

Lemma 6.4. Let v be a smooth divergence-free vector field and f be a smooth scalar
function. Then, for all o € [1,00] and ¢ > —1,

[Ag v VIfllize S UIVOll-llfll 2
a,l

Using this lemma and Proposition 6.1 we infer

l[Ag v VIT|l S Vol T

LT ~
,1

< o|IT
S Mz Tl

2
T
T

NG

7,1

1
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Let NV € N to be chosen later. We shall split the sum that we have to estimate into
two parts ¢ < N and ¢ > N. Since 4 > r > 2p we get

(6.6) S 210 [[Ag v - VT

q>N

_N(L_2
P X ROl
7,1

To estimate the low frequencies, we first use the crude estimate
2 2N
2 Tllpprr S 27N ey
q<N
(6.7) < 2:V%(1).

In the last line we have used (6.3). Gathering (6.4), (6.5), (6.6) and (6.7) together
yield

2 2
”F”Z”B% = Z 297 [[AgL | o + Z 29[| AgT | Lo v
tonl q<N >N
2 —N(1-2)
< 27:No (1) +2 o ()T
< e+ el
2 ,N(;,z) 1—-1
< 22Nd () +2 oy ()t e |0
< 1(t) + oy (E) | HLth,%l
2 -N(2-2)
< 22Nd(t) +2 o ()T~
< 2a) + 2N D@, .
We choose N such that .
12
26Dy~
and we finally obtain
r < ®q(t).
Tl 5 < 2100
This ends the proof of the desired result. O

2
Remark 6.5. From the embedding B} — ngl we immediately get from the above
estimate that for ¢t € Ry

(6.8) Ilizpp0 < ®1(0)

The previous propositions allow us to prove a crucial a priori estimate on the gradi-
ent of v and to propagate the Besov norm of 6. This will be particularly important
for the uniqueness part of the proof of the main theorem.

Proposition 6.6. Let (v,0) be a smooth solution of the system (1.1). Letv® € H' 0N WP
with p €]2,+oo[ and 6° € L?> N BY Then, we have

00,1°
ol + 1005, < ®1(0),
for every p € [1,2[N[1, &[.
Proof of Proposition 6.6. Using the definition of I and (6.8) for p = 1 we get
lwlliipe,, < Ilzipo , +IROlLrme
@1(6) + ROl 3.

N

(6.9)
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Now from Bernstein inequality, Proposition 3.1 and Proposition 5.1, we find

IRO@) 5y, , < (ARO[ + 16 5o,

(6.10) < 16°Mze + 10 5o, -

By applying Proposition 4.2 to the second equation of (1.1) we get

(6.11) 1001z o < 16°m, (1+ 1V0l 5y )-

However, Bernstein inequality and the estimate 27||Av||p~ = [[Agw]/e for very
q € N yield together

Polre, S 1A-rlgre + ol
< Iollnyze + Iwlniee |
t
(6.12) < o+ +Co [ lr)lny,dr
0 o

In the last line we have used Proposition 5.1.

t
We set X (t) = / |w(7)l|po_ dr. Combining (6.9), (6.10), (6.11) and (6.12) we get
0 <

¢
X(t) < &1 (t) + Co / X (r)dr.
0
and the Gronwall inequality yields
t
| 1)l a7 < 100

Form the above estimate and (6.12) we also get

lollpipr S Co(1+1*) + CoX(t)
<

Dy ().
By combining this estimate with (6.10), we find
101z o, < 21(0).
This leads to
(6.13) ||729||Z?<,Bgo’1 < D ().

Finally (6.8) yields for every p € [1, §]
||WHZ§Bg071 < HFHzfggoJ + ”RertPBgoJ
< Dq(t) + ||R9||i53201'
By using Hélder inequality and (6.13) we find
1
< Dq(b).
It follows that

lolizpp < ®1(0)
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and then

I < 1 ().

Izzse.,

It remains finally to propagate the LP norm of the vorticity (when p > 4).

Proposition 6.7. Under the hypotheses of Proposition 6.6 we have

Jo(®)llze < at),

for every t € R,.

Proof of Proposition 6.7. Recall that the quantity I' = w — R satisfies
'+ v- VI +|DII' =[R,v- V]6.

Using Proposition 4.2 we find

t
IT@llze < 7% ze +/0 [[R,v- VIO(T)|| .

Recall now the following commutator result proven in [19]: for p € [2, 00[ we have
(R0 - 10 5o S NV0lle (161l sg, , + 16]12r)
It follows from the Calderon-Zygmund Theorem and Proposition 6.6 that
[1R, - V160, S DOt
On the other hand we have
lw®)llzr < [T@]r + [RO@)]| e
< AT Nee + 16°]]2s.
By putting together these estimates, we find

t
lo(@®llze < lw’llze + 116°] £ +/ Py (7)|w(7)| Lo dT.
0
It suffices to use the Gronwall inequality to end the proof. O

Remark 6.8. Taking this estimate into account, we can also trivially extend the
results of Proposition 6.3 and Proposition 6.6 to every p € [1, £[.

6.2. Uniqueness. We will now prove a uniqueness result for the system (1.1) in
the following space

Xp:=LFH'Nn LBy, x L¥(L* N BY, ;).
Let (v?,6%) two solutions of the system (1.1) with initial data (v?,6) and lying in
the space Xr. We set v = v' —v?, § = ' — 2. Then
ow+v2-Vo+Dlv+Vp = —v-Vo! + ey
0 +v*-VO = —v-Vo'

To estimate v, we shall use Proposition 4.3. By considering the equation for v as a
linear equation with a right hand-side which is made of the sum of two terms, we
can write v = V} + V4 where V; solves

Vi +v* - VV; + |D|V; + Vp; = F
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with F} = —v-Vo!, and F; = fley. To estimate V;, we use Proposition 4.3 for p = 1
and s = 0 while to estimate V5, we use Proposition 4.3 for p = 400, s = 0. This
yields for every t € [0, T

C
©.14)  o®)lsy. SO (10 + o T liymy + 10l (140)):
From Lemma 6.10 in the appendix we get

lv-Volllgy S Il lolle.

Now, by using the logarithmic interpolation inequality of Lemma 6.11 combined
with easy computations, we find

[0l a1 )

lollze S lvllgg_tog (e +

Tollsg
1
S lollpg 1og (e + ———)log (¢ + o]l ).
= Tollsg
Thus we get
(6.15) o Volllpg < lotllp, Tog (e + 1ol )u(lvlpg )-

where pu(z) = xlog(e+1/z). On the other hand, applying Proposition 4.1 with p = 2
to 0 yields

Cllo?ll 1 51 '
616)  [0lepr S (0] +/O o~ V6" ()1 dr ).

To estimate the right hand-side, we use the following product estimate (see Lemma
6.10 in the appendix)

v+ VO g1 S Ilvllzzll 1o, -
The combination of this estimate with Lemma 6.11 yield
(6.17) o V0! ps < 10 po 108 (e + ol ) (vl g -
We set X(t) = HHHL?OBQ_,; + ||U‘|L?°Bg,oo' Putting together (6.14), (6.15), (6.16) and

(6.17) gives

X(0) < F0(XO)+ [ 1o )y, m(¥ (i),

with f a known function depending continuously and increasingly on the quantities
| (v%,6%)||x, and on the variable time. Now from Lemma 2.2 we get the uniqueness.
Finally, let us now give some quantified estimates that will be used later for the
construction of the solutions. Applying Remark 2.3 we get

(6.18) X(0) < oT) = X(t) < B(T)(X(0))"T,

where «, 3, are explicit functions depending continuously on ||(v, 6%)| x, and 7.
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6.3. Existence. We consider the following system

Oyvn, + vy, - Vo, + |Dlvy, + Vo, = 0,62
&ﬂn + Unp * Vtgn =0

divy, =0

Un|t:0 = Sn’UO, 9n|t:0 = SnGO

(Bn)

First remark that S,v°,5,0° € H* Vs € R since v°,0° € L?. As in the classical
theory of quasi-linear hyperbolic systems, we can prove the local well-posedness of
the system (B,,). The global well-posedness is related to the following criterion: the
solution can be continued beyond the time 7" if the quantity ||Vuy|| iz is finite.
Now from the a priori estimates, in particular Proposition 6.6, the Lipschitz norm of
the velocity can not blow up in finite time and hence the solution (v, 0,) is globally
defined. Once again from the a priori estimates we have for 1 < p < p/2

||UnHL%O(H1r1W1,p) + ”’UnHL’%BéQ1 < Oo(T),
and
16/l e (z2mmo, ) < Pa(T)-

It follows that up to the extraction of a subsequence (vy, 8,,) is weakly convergent to
(v, 0) satisfying the same estimate as above. Now using (6.18) we get the following:
if we have
anm = [|(Sn — Sm)UOHBgDO +[1(Sn — Sm)eo”B;io < a(T)
then
- 6, — 0 < B(T @)

[[vn UmHL%OBg!Oo + |0 mHLOTOB;éC < B( )(an,m) :
This proves that (v,) is a Cauchy sequence and hence that it converges strongly to
v in the space LOTOBSW. By interpolation we can easily get the strong convergence of
vp to v in L2([0, T] x R?). This implies that v, ® v, converges in L*([0, 7] x R?). But
since 6,, converges to  weakly in L?([0, 7] x R?) then, by weak strong convergence,
we have also that v, 8,, converges weakly to v 6.
This allows us to pass to the limit in the system (B,) and to get that (v,0) is a
solution of our initial problem.

APPENDIX: SOME TECHNICAL LEMMAS

Here we restate and prove Lemma 6.2.

Lemma 6.9. ' )
Let 8 € [2,+00], s €]0,1[ and v € L2 N H*' "5 Then we have

— -2
Il ~2ull o S el a2l oo

Proof. We shall actually establish the more accurate estimate:
) —2
l®2ull 4o < Cllull 2 lull g ,-
. 2 .
Once this estimate is established, the result follows from the embedding H sH=5 o Bg 9
for § > 2 which is an easy consequence of Bernstein inequalities. For 0 < s < 1, we
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can use the characterization of the homogeneous Sobolev space Hs,

B2 (N 1 1B—20 (]2
s e [ P =) — P u)l
(6.19) [ful “HHSN/R2 |z[2+2s dz.

On the other hand there exists C' depending on [ such that for every a,b € R
[lal”~2a — [b]7~20] < Cla —b|(lal”~* + [b"2).
Thus using this inequality and integrating in y we get by Cauchy-Schwarz inequality
- - -2
lul®u(e =) = [ul* ()2 < Cllu(z — ) — u() | s llull 7

Inserting this estimate into (6.19) and using the characterization of Besov space
leads to

2
8—2, 112 28—4 ||“($—')—U(')Hm
A e B e

23—4 2
S lulla il

This concludes the proof. O

Lemma 6.10 (Commutators estimates). Let v be a smooth divergence-free vector
field and f be a smooth function then

(1) for every g > —1
IAg, v - VIflie S IIVvllze | £l sy, .. -
(2) For every s € [—1,0]
lv -V £llss ., S lollzzll £l s
Proof. (1) We shall actually prove the refined estimate
IAg, v V10llze < [Vl Lo ]|0l| B, .-

2
The desired estimate will follow from the embedding B, ; — B, oo- We have from
Bony’s decomposition

[Agv-VI0 = > [AnSiw-V]IA0+ > [Ag,Aju- V]S40
l7—aql<4 li—ql<4
+ > [An A VIA;G
Jj>q—4

= T, + 11, + 111,
Observe first that
I,= Y hex(Sjo1v-VA;0) = Sj_qv- (hgx VA;0)
li—ql<4
where hy(€) = ©(279). Thus, Lemma 3.2 and Bernstein inequalities yield

olle < ) NzhgllaIVSj—1v]l e | VA6 oo
li—ql<4

S AVolleelholl > 277740 e
li—ql<4
S Vol 0], -
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To estimate the second term we use once again Lemma 3.2

Mollze S D 274Vl VSj-16] 1

~

li—ql<4
S AVolle > 2879 Akl Lo
|i—ql<4
k<j—2
S IVollee 0] se, -

Let us now move to the remainder term. We separate it into two terms: high
frequencies and low frequencies.

IHq = Z [Aqai, Ajvi]ﬁje + [Aq, A_qv- V]A_le

jzq—4
JEN

= I, + 1117,
For the first term we don’t need to use the structure of the commutator. We estimate
separately each term of the commutator by using Bernstein inequalities.

Ml S > 29140 0]l A,0]
j=q—4
JEN

S IVolle D 2977 A0 e
j>q—4
< IVollee 0l g, -

~

For the second term we use Lemma 3.2 combined with Bernstein inequalities.

MGl S (IVA-0llLe [ VA-6]|

S IVolleel0llsg, -
(2) According to by Bony’s decompostion and dive = 0
v - Vu = T,i0u+ Tp,uv' + O;R(v',u).
To estimate the first term we write by definition
2| Ay (T2 S Y 27F%||Sj10l] 2| Ajul oo
li—ql<4
Now we use the inequality
1Sj-1vllz2 < vl 2.
Thus we get
sup 29°] AT D) 12 % ol s,

Straightforward calculus gives since 1 4+ s < 0,

27 Ay (TouvMre S D 2709 Agull g || Ajv]l 2
li—ql<4
k<j—1

S lvllzellull e

and

2,00 ™Y

10RO w35, < ol z2lful s
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Lemma 6.11. Let v € H' then we have

Il )

lollzz S vl . og (e +
e HUHng

Proof. Let N € N* be a fixed number then using the dyadic decomposition we get

lollze < > 1Az + Y Al

g<N-1 q>N
< Nllollgg_ +2Vfolln.
Choosing
N = [1ogy (e + lollm /lolpg _ )|
gives the desired result. O
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