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Abstract

We consider the steady-state Boussinesq system in the whole three-dimensional space, with the action
of external forces and the gravitational acceleration. First, for 3 < p < 400 we prove the existence
of weak LP-solutions. Moreover, within the framework of a slightly modified system, we discuss the
possibly non-existence of LP—solutions for 1 < p < 3. Then, we use the more general setting of the
LP>°—gpaces to show that weak solutions and their derivatives are Holder continuous functions, where
the maximum gain of regularity is determined by the initial regularity of the external forces and the
gravitational acceleration. As a bi-product, we get a new regularity criterion for the steady-state Navier-
Stokes equations. Furthermore, in the particular homogeneous case when the external forces are equal
to zero; and for a range of values of the parameter p, we show that weak solutions are not only smooth
enough, but also they are identical to the trivial (zero) solution. This result is of independent interest,
and it is also known as the Liouville-type problem for the steady-state Boussinesq system.
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Lorentz spaces, Liouville problem.

AMS Classification: 35A01, 35B53, 35B65.

1 Introduction

In this note, we consider the steady-state (time-independent) incompressible 3D Boussinesq system in the
whole three-dimensional space. For % : R? — R? a divergence-free velocity field, P : R®> — R a pressure and
6 : R3 — R the temperature of the fluid we have:

~Ad+div(@@ @)+ VP =08+ f,  div(@) =0,
in Rg, (1)
~ A + div(8d) = g,

where g : R? — R3 is the gravitational acceleration and f :R? = R3, g : R® - R denote external forces
acting on each equation of this system. Moreover, with a minor loss of generality all the physical constants
have been set to be equal to one.

The system (1) describes the dynamics of a viscous incompressible fluid with heat exchanges [3, 9],
and moreover, it takes into account the physical phenomena carried out by a gravitational field g, like the
Earth’s gravitational field. This system arises from an approximation on a system coupling the classical
Navier-Stokes equations and the equations of thermodynamics. In this approximation, the variations of the
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density due to heat transfers are neglected in the continuity equation, but are taken into account in the
equation of the motion through an additional buoyancy term proportional to the temperature variations and
the gravitational acceleration: g. In our study, we shall observe that this term yields interesting qualitative
properties to the system (1), in particular the possible non-existence of LP-solutions for some range of values
of the parameter p.

When we set 6 = 0, the system (1) boils down to the classical steady-state Navier-Stokes equations:
—AG+div(i®@ad) + VP =f, div(@)=0, in R (2)

which contains many challenging open problems. We refer to the books [17] and [18] for a complete theoretical
study of these equations.

In the homogeneous case when f = 0 and g = 0, the steady state Boussinesq system has been mainly
studied in the setting of a bounded and smooth domain € C R3, jointly with the Dirichlet conditions:

—VAG+div(E®T) + VP =08,  div(d) =0, in Q,
—Af +div(hi) =0, in Q, (3)
’L_L‘:_'b, 9:91, on Of).

Here, v > 0 is the viscosity parameter, and moreover, the given functions i : 92 — R3 and 6, : 9Q — R are
boundary data. The qualitative properties of this system: existence, uniqueness and regularity of solutions,
deeply depend on suitable hypotheses on the functions g, i, and 6, as well as on suitable hypothesis on the
boundary 0f2.

When 09 is assumed to be a connected set of class C2, and additionally, when the viscosity parameter v
is large enough, in [24, 25] it is proven the existence and uniqueness of weak solutions (i, ) € L3(Q) x L?()
to the system (3) with boundary data (i, 6) € L%(02) x L*(9€2) and § € L>(Q).

Thereafter, the case of more irregular boundary data was studied in [16]. For g € L*°(Q), the existence
and uniqueness of weak solutions (#,0) € LP(Q2) x LI(€2) to the system (3) are proven under the smallness
assumption ||@|ly-1/0.090) + 10/l -1/0.0(90) < 1; and where the parameters p and g verify the following
set of technical conditions: with 3 < p < 400, p’ < ¢ < +oo (where 1/p+1/p’ =1) and 3p/(3+ 2p) <.

On the other hand, the more general case when 92 is of class C'! but not necessarily connected is
addressed in [1]. In this work, for a weaker assumption on gravitational acceleration: g € L3/2(Q), it is
proven the existence of weak solutions in the space H'(f) just considering smallness of i} across each
connected component 9€2; of the boundary 02. Moreover, it is also proven a gain of regularity of weak
solutions in the space W1P(Q) with p > 2; and in the space W2P(Q) with p > 6/5. For more related results,
we refer to [12, 22, 23] and the references therein.

To the best of our knowledge, these qualitative properties of LP-solutions to the system (1) (in whole
space R3) have not been studied before. It is worth highlighting the previously cited works are not longer
valid in R? due to the lack of some of their key tools, for instance, the embedding properties of the LP(€2)-
spaces and the compact Sobolev embeddings. We thus use different approaches to study the existence,
regularity and uniqueness of LP-solutions to the system (1); and our key tools are mainly based in useful
properties of the Lorentz spaces. We refer to the book [7] for a complete study of these spaces.

We recall that for a measurable function f : R? — R and for a parameter A > 0 we define the distribution
function

df(N) =dz ({z € R®: |f(x)] > A}) |

where dx denotes the Lebesgue measure. Then, the re-arrangement function f* is defined by the expression

Fr(t) =inf{A >0 dp(\) < t}.



By definition, for 1 < p < 400 and 1 < ¢ < 400 the Lorentz space LP(R3) is the space of measure functions
f:R3 — R such that ||f||zre < +00, where:

q +00 1/q
L[ amrard) L a<oe,
[fllLpa =

sup tYP (1), ¢ = +oo.
>0

It is worth mentioning some important properties of these spaces. The quantity ||f||z».« is often used as
a norm, even thought it does not verify the triangle inequality. However, there exists an equivalent norm
(strictly speaking) which makes these spaces into Banach spaces. On the other hand, these spaces are
homogeneous of degree —3/p and for 1 < ¢; < p < g2 < +00 we have the continuous embedding

P (Rfi) C LP(R?’) - Lp,p(Ri%) C [P (]R3).

Finally, for p = 400 we also have the identity L>>°(R3) = L>°(R?).

In our first main result, we find some smallness conditions on the external forces and the gravitational
acceleration to construct LP-weak solutions to the system (1). Precisely, by following some of the ideas in
[2], first we solve this system in the L3°°—space, where (to the best of our knowledge) we are able to apply
a fixed point argument. Thereafter, we show that these L3°°—solutions also belong to the space LP(R3)
(with 3 < p < +00) as long as the external forces verify additionally suitable conditions.

Theorem 1.1 Assume that the external forces f and g satisfy
(—A)IP(f) € L¥®(R®) and (—A)"lge L3®(R3).
Moreover, assume that the gravitational acceleration g satisfies
g € LY/ (RY).
There exists a universal quantity € > 0 such that if

6 = ||(=a)"B(f)

L3, + H(*A)_IQHL&OO <e and [g| 321 <e,

then the following statements hold:

1. The system (1) has a weak solution (ii,0) € L3>*(R3) satisfying and uniquely defined by the condition
HﬁHLB,oo + HeHLs,oo < 3.

2. This solution verifies (i,0) € LP(R3), with 3 < p < 400, as long as
(—A)7'P(f) € LP N LAR?), (—A)~lge LPNLYR®), when 3 <p <4,
and g€ L' (RY).

—

(—A)'P(f) € LP(R3), (~A)~'g € LP(R?), when 4 <p < 4o,

Some comments are in order. As mentioned in the first point above, the smallness assumption § < ¢ yields
the existence of weak L*>*-solutions, where this particular space naturally appears in the involved fixed point
estimates (see the Proposition 3.1 below for more details). However, the conditions (—A)~'P(f) € L¥*(R3)
and (—A)~tg € L3*°(R?) allow us to consider very rough external forces, for instance, for suitable constants
1M, n2 > 0 and for the Dirac mass dy, we can consider f: 11 (d0, 00, 9p) and g = 1n2dp. On the other hand, the
gravitational acceleration g also plays an important role in this existence result. In particular, the required
condition g € L3/?%1(RR3) is similar to the condition g € L3/2(Q) found in [1].



The second point above shows a persistence property of solutions in the LP-spaces (see the Proposition
3.2 below for all the details). Under minor technical modifications, this result is also valid in the (more
general) setting of the LP'?—spaces.

As may observe, this last result is valid for the range of values 3 < p < +oo and it is natural to look
for similar persistence properties in the complementary range of values 1 < p < 3. It is thus interesting to
remark that the constraint 3 < p < 400 is not only technical (see the Remarks 2 and 3 below), but it seems
to be a phenomenological effect of the system (1). More precisely, the term 0g in the first equation of this
system potentially yields the non-existence of LP-solutions for 1 < p < 3.

To study this phenomena, let us consider the following toy model for the system (1):

—AG+div(pi © @) =g + f, div(i=0), |o(x)| < TP

(4)
—Af + div(8u) = g.

Here, the localizing function ¢ in the nonlinear term is a merely technical requirement and, in further
research, we aim to get rid of this function. However, the main goal of this toy model is to highlight the
effects of the term 6g in the non-existence of solutions.

Since ¢ € L*(R3) the modified bilinear term div(¢@ ® @) follows the same estimates of the original one
in the equation (1). See the Section 3 for all the details. Consequently, the result obtained in Theorem 1.1
is valid for the system (4). In particular, one can consider external forces f_; g € S(R3) and a gravitational
acceleration g € S(R?) verifying

~
—

0 ¢ supp(f), 0¢supp(g) and O ¢ supp(g), (5)

hence we have

(=A) e SR, (-A)'geSER? and (—A)"'ge S(R?).

Then, we assume the smallness condition in Theorem 1.1 and there exists a solution (i,8) € L>*(R3) to
the system (4) which verifies (i7,6) € LP(R3) with 3 < p < 4o00. In this context, our next result reads as
follows:

Proposition 1.1 There exist f,g,8 € S(R?) well-prepared functions satisfying (5), such that the associated
solution (i, 0) to the system (4) verifies @ ¢ LP(R3) for 1 < p < 3.

The proof is essentially based on the following estimate from below (see the Proposition 4.3 for more

details)
1

]

[ owEmay| Sl el >0,

which yields @ ¢ LP(R3) for the range of values 1 < p < 3. Here, the well-prepared data f, g and g ensure
that / 0(y)g(y)dy # 0. It is also interesting to compare this result to the one obtained in [2, Theorem 3.5]
R3

for the steady-state Navier-Stokes equations (2). In this work, it is proven a non-existence of LP-solutions
for 1 < p < 3/2 and we thus observe the strongest effects of the term 0g is the Boussinesq system (1).

In our second main result, we study another persistence problem associated with the system (1), which
is an important question to a better mathematically comprehension of this system: the gain of regularity
of weak solutions from an initial regularity in the data f, g and g. We shall consider here a fairly general
notion of weak solutions, which is given in the following:

Definition 1.1 Let f:g € D'(R3) and let g € L} (R?). A weak solution of the coupled system (1) is a triplet
(@, P,0), where: @ € L} (R?), P € D'(R3) and 6 € L} (R3), such that it verifies (1) in the distributional

loc
sense.



It is worth observing we use minimal conditions on the functions f, g,&, 1, P and 6 to ensure that all the
terms in the system (1) are well defined as distributions. In addition, we let the pressure P to be a very
general object since we only assume P € D'(R3).

The LP*°-spaces provide us a general and suitable framework to improve the regularity of weak solutions
defined above. For 1 < p < 400 and for a regularity parameter &k € N, we introduce the Sobolev-Lorentz
space

WHEP(R?) = {f € LP>®(R®): 0°f € LP*°(R®) for all multi-indice |o| < k}.

Moreover, we denote by W#>(R3) the classical Sobolev space of bounded functions with bounded weak
derivatives until the order k. Finally, for 0 < s < 1 we shall denote by €**(R?) the Holder space of C*¥—
functions whose derivatives are Holder continuous functions with parameter s. In this setting, our second
result reads as follows:

Theorem 1.2 Let (4, P,0) be a weak solution to the coupled system (1) given by Definition 1.1. Assume
that

7€ LP®R3?) and 6 e LP®(R?), with 3 <p < +oo.

Then, if for k> 0:
— 3
o g € WEsss R (R?), (6)

and o
g € Whser N W= (RY), (7)

it follows that i@ € WF2P(R3), P € WETLP(R3) and § € WFET2P(R3). Moreover, we have

e CF(R?), P e (R and 6 € €FTLS(RY), with s=1-3/p.

In (6) and (7) the parameter k measures the initial regularity of the data, which yields a gain of regularity
of weak solutions of the order k + 2. This (expected) maximum gain of regularity is given by the effects of
the Laplacian operator in both equations of the system (1). We refer to Remark 6 for more details.

Let us briefly explain the general strategy of the proof, which bases on two key ideas. First, by assuming
@ € LP*°(R3) and § € LP*°(R?) and by using useful properties of the parabolic (time-dependent) Boussinesq
system ( given in the equation (59)), we prove that @ and # are bounded functions on R3. Thereafter, we use
a bootstrap argument to show that @ € W*+2P(R3) and § € W*+2P(R3). Finally, we use the more general
setting of the Morrey spaces to conclude the wished Holder regularity.

These ideas can also be applied to the other relevant coupled system of the fluid dynamics, for instance,
the magneto-hydrodynamics equations and some variations of the Boussinesq system as the Bérnard system
and the magnetic-Bérnard system. In particular, when we set § = 0 the system (1) agrees with the Navier-
Stokes equations (2); and as a direct consequence of the theorem above we obtain a new regularity criterion
for these equations:

Corollary 1.1 Let (@, P) € L? (R?) x D'(R3) be a weak solution to the equation (2). If i € LP>°(R3)

loc

with p > 3 and if the external force f verifies (6) for some k > 0, then we have @ € WF2P(R3) and
P € WHLP(R3). In addition, we have @ € €*135(R3) and P € €%%(R?) with s =1 — 3/p.

Another interesting consequence of Theorem 1.2 arises when we consider the homogeneous system (when

—

f=0and g=0):

—Ai+div(i® @)+ VP =0g,  div(d) =0,
in R3, (8)
— A + div(0) = 0,



and then, the gain of regularity of weak solution is now determined by the gravitational acceleration &
as long as it verifies (7). In particular, we have (i, P,6) € C®(R3), provided that i, € LP**(R?) with
3
3<p<+ooand ge (| Wit nWhe(R?),
k>0

Regularity of weak solutions to the homogeneous system (8) is also one of the key assumptions when
studying another relevant problem: the uniqueness of the trivial solution (i, P, ) = (0,0,0). This is problem
is commonly known as the Liouville-type problem for the homogeneous Boussinesq system (8) and, to the
best of our knowledge, it has not been studied before. Thus, in our third main result, we find a range of
values of the parameter p for which LP9(R3)-solutions to the system (8) vanish identically.

Theorem 1.3 Let (i, P,0) be a weak solution to the coupled homogeneous system (8) given by Definition
1.1. The trivial solution (4, P,0) = (0,0,0) in uniquely determined in the following cases:

1. When @ € L29(R3), 0 € L39(R3) with 1 < q < +00, and § € WH/2 0 WL (R3).
2. When @ € LP>=(R3), 0 € LP>°(R3) and § € WP N WL (R3), with 3 <p < 5.

The proof of this theorem is based on fine local estimates for each equation in the system (8), which are
known as the Caccioppoli-type estimates (see the Proposition 6.1 below). To do this, a minimal regularity
of solutions is required, more precisely, we need that u,0 € CfOC(R?’) and P € Cllo C(Rg’). Thus, this regularity
is ensured by the assumptions on #, # and & given above; and by a direct application of Theorem 1.2.

The Liouville-type problem has been extensively studied in the homogeneous Navier-Stokes equations
(2) (when f= 0). See, for instance, [4, 5, 6, 8, 19, 20, 21] and the references therein. In this sense, this
result is a generalization of these previous works to the coupled framework of the system (8). In particular,
the first point above generalizes the well-known Galdi’s result [11, Theorem X.9.5]. Here, it is important to
emphasize that the Liouville problem for the equation (2) in the largest space L% (R3) and in the setting
of the Lebesgue or Lorentz spaces with parameter p > 9/2 is still an open question far from obvious. The
second point above generalizes to the system (8) some previous results obtained in [13, Theorem 1] for the
equation (2). Here, the constraint 3 < p < 9/2 allows us to work in the largest space LP»*°(R3).

Finally, let us mention that in future research some recent results on the Liouville problem for the
equation (2), which consider more sophisticated functional spaces, could be also adapted to the system (8),
but this come out the scope of this note.

Organization of the paper. In Section 2 we summarize some useful properties of the LP?-spaces.
Section 3 and 4 are devoted to the proof of Theorem 1.1 and Proposition 1.1 respectively. Then, in Section
5 we give a proof of Theorem 1.2; and this note finishes with the proof of Theorem 1.3 given in Section 6.1.

2 Preliminaries

For the completeness of this note, we summarize here some well-known results which will be useful in the
sequel. In the forthcoming estimates, C' > 0 is a generic constant.

Lemma 2.1 (Young inequalities) Let 1 < p,p1,p2 < +oo and 1 < q,q1,q2 < +00. There exists a
constant C; > 0, which depends on the parameters above, such that the following estimates hold:

1. || f * hl|zr.a < Ch||fllprra ||B||Lr2a2, with 14+ % = p% + p%,

2

2. Hf * hHLp,q < CQ ||f||L1 ”h”Lp,q, with CQ = CI%

8.1 #Bllzee < Colfllma IRy, with 1= 3+ 51 <L L and G5 = € (321) (7#5)-

1
P



For a proof see [7, Section 1.4.3 |.

Lemma 2.2 (Holder inequalities)
1. Let f € LPY3(R3) and h € LP*%(R3) with 1 < p1,p2 < +oo, 1 < q1,q2 < +o0 verifying the
relationships 1 = 1/p; + 1/ps and 1 = 1/q1 + 1/qz. Then we have fh € L'(R3) and it holds

[fhllr < Cllfllzrva 1] Lr2as -

2. Moreover, for 1 < p,p1,p2 < 400, 1 < q,q1,q2 < +00 and with the relationships 1/p = 1/p1 + 1/p2
and 1/q =1/q1 + 1/q2; we have fh € LP4(R3) and it holds ||fh||rr.a < C||f|lLrrar ||B| Lr2az

A proof can be found in [7, Theorems 1.2.6 and 1.4.1].

Lemma 2.3 (Interpolation inequalities)

1. Let f € LP>®(R3) N L>®(R3), with 1 <p < —|—oo Then, for all 1 < 0 < 400 we have f € L (R?) and
the following estimate holds: ||f||rre < C ||f||Lp oo Hf||Loo .

2. Let f € LPLAL(R3) N LP2:%2(R3) where 1 < p; < p < p2 < +00 and 1 < q,q1,q2 < +00. Then we have
f € LP9(R3) and it holds: || f| pra < Cl T m ||f||1L;§,§2, where 0 < o1 < 1 depends on p,p1 and ps.

For a proof see [7, Theorem 1.1.2 | and [17, Proposition 2.3].

Lemma 2.4 (Lorentz-Besov embedding) For all t > 0 it holds: t%HetAfHLoo < C|fllzpoe, with 1 <
p < +o00.

_3
This estimate is a direct consequence of the continuous embedding LP*>°(R3) C Boo” 700 (R3). See [18, Page

_3
171]. We recall that the homogeneous Besov space Boo?’ (R3) can be characterized as the space of temperate
distributions f € &'(R3) such that sup £ €' f| oo < +oo.

Lemma 2.5 (Riesz transforms) Fori = 1,2,3 let R; =

9;
be the i-th Riesz transform. Then, for

VA f f
i,j = 1,2,3 the operator R;R; is continuous in the space LP>®°(R3) (with 1 < p < +00) and we have
IRiR;(f)llre < C|fllppoe. In particular, the Leray’s projector P is a bounded operator in the space

LP>°(R3).
A proof can be found in [15, Lemma 4.2]. Finally, we shall use the following result linking the Morrey spaces

and the Holder regularity of functions. For a proof see [10, Proposition 3.4]. Recall that for 1 < p < 400
the homogeneous Morrey space M1P(IR?) is defined as the space of locally finite Borel measures du such

that
B (g [ dlel@) ) <+ (9)
sup P = pi(x) | < —+oo.
20€R3, R>0 |B(z0; R)| JB(0,R)

Lemma 2.6 (Holder regularity) Let f € S'(R?) such that Vf € MYP(R?), with p > 3. There exists a
constant C > 0 such that for all z,y € R® we have | f(z) — f(y)] < C |V fllypp |z — y|t3/p,



3 Proof of Theorem 1.1

First note that the system (1) can be rewritten as the following (equivalent) problem:

—

— AT+ P(div(@ ® @) = P(0g) + P(f),  div(@) =0,

(10)
—Af + div(6d) = g,
hence we obtain the integral formulations:
1 o 1 B 1 .
i = —— (Pdiv(@ @ ) + — (P (08) ) + — (P(F)). (11)
1 1
0= ——— (div(fa)) + —(9). (12)

A —A
In the next propositions, we shall prove each point stated in Theorem 1.1.

1 = 1
Proposition 3.1 Assume that E(P(f)) e L3*®(R3), —A(g) € L3°(R3) and g € L3?Y(R3). There

exists a universal constant €1 > 0 (defined in (21)) such that if

=t

then the system (11)-(12) has a solution (i,0) € L>*(R3) satisfying and uniquely defined by |||, +
0] 3,00 < 30.

<er and ||gl 21 <er, (13)

A H_IA@)

[3,00

Proof. To prove this proposition, we shall use the next version of the Picard’s fixed point theorem. The
proof is rather standard but, for the reader’s convenience we give a sketch.

Lemma 3.1 (Picard’s fixed point) Let (E,| - ||g) be a Banach space and let uy € E be an initial datum
such that ||upllp < . Assume that B : E x E — E is a bilinear application and that L : E — E is a linear
application. Assume moreover the following controls:

1B(u,v)llz < Cpllullellule,  [IL(u)lez < Crlulle, (14)
for all u,v € E, where the continuity constants of these applications verify:
0<3CL <1, 0<9CB<1 and Cp+66Cg<1. (15)

Then the equation u = ug + B(u,u) + L(u) admits a unique solution u € E such that ||u||g < 39.

Proof. From the initial datum ug we consider the iterative equation: wun+1 = wo + B(up,uy) + L(uy,) for
n € N. By the boundness of the operators B(-,-) and L(-) given in (14), and moreover, by the first and the
second condition in (15), we can prove that ||u,+1||z < 36 for all n € N. On the other hand, always by (14)
we have the estimate |[up+1 — un||p < (Cr + 65CE)"||u1 — uo||g. Finally, since 0 < C, + 66Cp < 1 the rest
of the proof follows from well-known arguments. |

Withing the framework of this lemma, we set the Banach space

E={(4,0) € L>*(R?) : div(@) =0},

with its natural norm [|(@, 0)|| 13,00 = ||t||13.0 + ||0]|13.0. Moreover, from the equations (11) and (12) we set
- 1 (IP(f)
u:<z>, w=| % , (16)
—x(9)



and

(s (Biv(d® ) [ k(P68
B(unﬂ—( — L (div(6i)) ) L(u)_< A<0 >> "

We shall construct a solution to the fixed point problem:
u = ug + B(u,u) + L(u). (18)
By the hypothesis of Proposition 3.1 we directly have ug € E, so we must verify the controls given in
(14) with constants Cp, C, > 0 satisfying (15); and where the quantity ¢ > 0 is defined in (13).
Let us start by st‘udying each component of the bilinear term B(u,u). We remark that in the Fourier

div N ~ ~ .
level the operator z(P()) has a symbol m(§) = (m17i7j7k(§))1§i7j’k§3, where each my ; ; is a C*—

function outside the origin, and moreover, it is a homogeneous function of degree —1. Consequently, in
the spatial variable, the action of this operator can be seen as a product of convolution with the tensor
my = (ml,id}k)Ki k<3 where mq ; ;1 is a C°°— function outside the origin and homogeneous of degree —2.

In particular we have m; € L%’OO(R3).

Then, by the first point of Lemma 2.1 (with p = 3, p1 = p2 = 3/2 and ¢ = ¢1 = ¢2 = +00) and by the
second point of Lemma 2.2 (with p = 3/2, py =p2 = 1/3 and ¢ = ¢1 = g2 = +00) we write

=1+ (@@ )| s.00 < Crllmallps/zce|[@ @ Ul 372,00
3,00

H L (B(div(i @ 1))

< Ctllmal parzco @750
where we set the constant Cp 1 = C1||mi]| 13/2.00-

1
The other term N (div(0%)) follows the same estimates: we denote by my € L¥/%°(R?3) the convo-

1
lution tensor of the operator X (div(-)) and we write

——— (div(Aq))

N < Cillmallgs/2.00 0] 300 @] 3o, Cp2 = Cillmal|ps/2,00-

1
L3,

With these estimates at hand, we set the constant Cp = max(Cp,1,Cp2) and we get

IB(u, w)l| g3 < Cp [l 7200 (19)

We study now the linear term L(u). In this case we remark that the operator % (P(-)) has a symbol
m3(§) which is a tensor containing C'°°- functions outside the origin and homogeneous of degree —2. Then,
in the spatial variable we have N (P(0g)) = mg * 0g, where the tensor mg is smooth outside the origin
and homogeneous of degree —1. Consequently, it verifies mg € L3*°(R3).

By the second point of Lemma 2.1 and by the first point of Lemma 2.2 (with p; = 3/2, po =3, ¢1 =1,
g2 = +00) we write

|5 e

| = lIms < Ogll a0 < Coffms] oo [[08]1 1
3,0

< Callms|[ 3. |l /2.1 [10]] 5.0 -

We set the constant Cf, = Co||mg3|| 3.0 ||&]| 1 3/21 and we have the estimate

[L(u)l[ L300 < CLllull s, (20)



Once we have the constants Cp and Cf, given above, we must verify the constraints given in (15). To

verify the first constraint we set ||g|| 321 < to get Cp < % With this inequality the second

3Cs||mi|| 3.0

and the third constraint in (15) are satisfied as long as § < 9 We thus set
B
1 1
€1 < min , , 21
(st ) 2y
and Proposition 3.1 follows from the assumption (13) and Lemma 3.1. [

With this first result, now we are able to prove that the solution (i, #) € L>*°(R?) also belongs to the
space LP(R?) with 3 < p < 400, provided that the external forces verify suitable supplementary hypotheses.
In the case of the Lorentz space LP4(R3) (with 1 < ¢ < +00) the proof follows the same lines, so it is enough
to focus on the Lebesgue spaces.

Proposition 3.2 Let (i,0) € L>*(R3) be the solution to the equations (11)-(12) constructed in Proposition
3.1. Let 6 > 0 be the quantity given in (13) and 1 > 0 defined in (21).
Assume in addition that
L () e PN LARY), Li(g) € IPNLYRY), 3<p<4,

= and g € L¥(R3). (22)
L (P() e 2(®?), x(g) € IP(R?), 4<p<+oo,

There exists a universal quantity 0 < € < &1 (defined in (34)), such that if § < e then we have (i@, 0) € LP(R3)
with 3 < p < +o0.

Proof. Recall that the solution (i, 6) € L3>*°(R3) to the equations (11)-(12) is obtained as the limit (in the
strong topology of the space L3°°(R?)) of the sequence (uy,)necn, which defined by the iterative expression:

Up+1 = ug + B(up, un) + L(uy), for n >0, (23)

and where wug, B(uy,uy) and L(uy,) are given in the expressions (16) and (17) respectively. We shall use
this sequence to prove that (i, 0) € LP(R?). We thus write

[untillze < lluollr + [|B(unun)|| e + [|L(un)l| v, (24)

where, by the assumption (22) we have |lug||» < +00. On the other hand, in order to estimate the bilinear
term we recall that its first component writes down as my * (@ ® @) with m; € L3%°(R3). Then, by the
first point of Lemma 2.1 (with p = ¢, p1 = 3/2, p2 = 3p/(3 + p), g1 = +00 and g2 = p2) we get

3p?

2p — 3

[m1 * (@ @ @)||Le < C1(p) Imill gzl @] 3 , with 0<Ci(p) =C (25)
L3+p

Remark 1 Note that the constant Ci(p) given above blows-up at p = % and p = +o0o. This fact yields the
first constraint % < p < 400, which is the same in [2].

Then, from the estimate (25) and by second point of Lemma 2.2 (remark that (34 p)/3p =1/3 +1/p) we
write
[ma (@ @ @) r < Cr(p)Imallpsrzee 0]l [l ps.c-

Moreover, recall that the sequence (uy,)nen defined in (23) verifies ||uy]| 73,0 < 36 and we thus obtain

[my (@ @ @)|| e < 36C1(p) Imall pa/z.co [|T] -

10



The second component of the bilinear form B(u,,u,) essentially follows the same arguments and we
have

= |lma * (04) | r < 30C1(p) ||ma2llL3/2. [10] e (26)

1
——div(6g
|-see)],

With these estimates at our disposal, for the sake of simplicity we introduce the constant C,, =
max(||m1||;3/2.00, |[M2]|;3/2.00) and we obtain the estimate

1B (tn, un)l[Le < 36CmCy(p)||unl|Lr- (27)

We study now the linear term L(u,). Let 1 < p; < 3/2 defined by the relationship 1/p; = 2/3 + 1/p.

Remark 2 Observe that the relationship 1/py = 2/3 4+ 1/p yields the new constraint 3 < p < +00.

By the first point of Lemma 2.1 (since 1/p; = 2/3 + 1/p we have 1 + 1/p = 1/3 + 1/p1, hence we set
p2 = 3, g2 = 400 and ¢ = p, ¢1 = p1) and by using again the second point of Lemma 2.2 (recall that
1/p1 =2/3 +1/p) we write

=||ma * (0G)||r < C'1(p)||m3|| 3. |0€|r1 < Cy(p)|Imsl| 5.0 |€]l 1372 16]| e
L

’ -
< C1(p)llms|| L3 [|&]l 3721 [10]] Lo

|5 (ko)

Remark 3 We have Ci (p) = C;%Z, which is well-defined as long as 3 < p < +oo.

For the sake of simplicity, we introduce the constant C', = ||ms]| 3. and we thus get
L) < (ConC Dl ) el (28)
Once we have the estimates (27) and (28), we get back to the inequality (24) to write
lunt1lloe < ||uollze + (36C’m6’1(p) +C. Cy(p) Hg’HL3/2,1> llun|lLp, for n>0 and 3 <p<+oo. (29)

At this point, we need to find additional constraints on the quantities § and ||g||;s/21 to obtain

(30)

N | =

(35CnCr(0) + OO0 [0 ) <

With this inequality we will able to prove that the sequence (uy)nen is uniformly bounded in the space
LP(R3) (see the estimate (33) below) and consequently its limit verifies u € LP(R?®). However, there is a
problem to overcome: the quantities C(p) and C(p) (defined in the expression (25) and the Remark 3
respectively) are not bounded in the whole interval 3 < p < 4+00. So, we shall use the following strategy:
first we will prove the wished inequality (30) in the interval 4 < p < 7 to obtain u € LP(R?) for these
values of p. Thereafter, we shall use this information to get that u € LP(R?) in the intervals 3 < p < 4,
7 < p < +o0 and the value p = 400.

e The case 4 < p < 7. We get back to the expression of the quantity C1(p) given in (25) and we define
0< M= max. Ci(p) < +00. Then, we set the new constraint on the parameter § (which already
<p€

verifies (13)) as follows:

30C, M < i (31)

11



Similarly, we get back to the expression of the quantity Ci(p) given in Remark 3 and we define
0< M = max Cy(p) < +00. We thus set the new constraint on the quantity ||&|| s/21 (which also
P

verifies (13)) as the next one:

, N 1
CmM,Hg”m/?,l < 1 (32)

By these new constraints, for all 4 < p < 7 we have the inequality (30); and we get back to the
inequality (29) to write

1
lnsallze < Jluollze + 5llunlLe, for all m = 0.

Hence, we iterate to obtain the uniform control

“+o00

1
mwﬁm§<zL%>Mﬂm,hmHn2& (33)

k=0
and then we have u = (i, 0) € LP(R3) with 4 < p < 7.

Moreover, we emphasize that this fact holds true as long as the quantities ¢ and ||g]|;3/21 verify the
set of constraints (13), (31) and (32), which can be jointly written as

1 1
5, & ‘ - i
el Lsren <mm<1zcmM’4C;nM”€1> ) ()

The case 3 < p < 4. By the assumption (22) we have ug € L*(R3) and by the uniform control (33)
we have u € L*(R3). Moreover, recall that by Proposition (3.1) we also have u € L3*°(R?) and by the
second point of Lemma 2.3 we have u = (i,0) € LP(R?) with 3 < p < 4.

The case 7 < p < +oo. First recall that by assumption (22) we have ug € LP(R3) and since we also
ug € L>*(R3) by the standard interpolation inequalities we obtain ug € L* N L7(R3). Thus, always
by the uniform control (33) we obtain u € L* N L7(R3) and then by the second point of Lemma 2.3
we have u € L52(R3).

With this information we can prove that B(u,u) € L>®(R?). Indeed, this bilinear form essentially
writes down as m * (u ® u) where the tensor m € L3/%>°(R?) denotes each tensor m; (with i = 1,2)
in each component of B(u,u) (see the expression (17)). Then, since u € L52(R3) by the second point
of Lemma 2.2 we obtain u ® u € L>'(R3); and since m € L3%°(R3) by the third point of Lemma 2.1
we have

B(u,u) € L™ (R?). (35)

As we also have B(u,u) € L3>*(R3) (see the estimate (19)) and by using again the second point of
Lemma 2.3 we obtain B(u,u) € LP(R3) with p € (7, +00).

Now, we shall verify that L(u) € L>(R?). Indeed, by the third point of Lemma 2.1 we write

= [lms * (08)[| o < C5 lIma|| L3 [10€] L3201+

|5 o)

But, since § € L3>*(R3) and g € L3 (R3?) (see the assumption (22)) by the second point of Lemma
2.2 we get ||0g|| 3721 < 10|13, ||&]| £3.1. We thus obtain

L(u) € L®(R3). (36)

As before, since we also have L(u) € L>*°(R3) (see the estimate (20)) we use using the second
point of Lemma 2.3 to conclude that L(u) € LP(R®) with p € (7,+00). Consequently, we have
u = (@,0) € LP(R3) with 7 < p < +oo0.

12



e The case p = +0o. We just remark that from the information given in (35) and (36) we have u =

1 —
(@,0) € L>=(R3) as long as ug € L>(R3), which holds true under the assumption N (P(f)) € L®(R?)

1
and —A(g) € L>®(R?). Proposition 3.2 is proven. [
Once we have Propositions 3.1 and 3.2, Theorem 1.1 is now proven. |

4 Proof of Proposition 1.1

The proof is divided into three main steps, which we shall study separately in the next (technical) propo-
sitions. In addition, we recall that in all this section the external forces f,g € S(R?) and the gravitational
acceleration g € S(R?) verify (5) and we have (~A)™'f € S(R?), (—~A)"1g € S(R®) and (—A)~'g € S(R?).

Step 1. Pointwise decaying properties. We start by proving the following pointwise decaying
properties of solutions to the system (4).

Proposition 4.1 Let f:g, g € S(R?) werifying (5). Moreover, let € > 0 be the quantity defined in (34).

There exists a universal quantity 0 < €2 < €, such that if
0o = [[(=A) " Fllzswe + Hal(=A) " Fllzeo + 1(=A) gl s + || [2[(=A) gl < &2, (37)

and
1€l zsr20 + [[(=A)HE |z < €2, (38)

then the solution (i, 0) € L3>°(R3) N L>®(R3) to the system (4), given by Theorem 1.1, verifies the following

pointwise estimates:

C 1 02

i(x)| < ,
()] < o

z € R3, (39)

|6(z)] <

1+ |z|’
with constants C1,Co > 0 depending on f,g,g’,ﬁ and 6, but independent on x.

Remark 4 It is worth emphasizing this result also holds true for the (original) system (1), since here we
only need the information p € L®(R3); and we thus can set ¢ = 1.

Proof. First, remark that the solution (i, 0) € L3°°(R3) is constructed as in the proof of Proposition 3.1:
we assume the stronger inequality (37) (remark that 6 < d2, where § is defined in (13)) and we solve the

fixed point equation
u = ug + By (u,u) + L(u) (40)

in the Banach space L>*°(R3). Here, the terms u,uy are given in (16) and the term L(u) is given in (17)
(without the Leray’s projector P). Moreover we have

1 . N —
——x (P(div(pu ® u)))
By,(u,u) = Lo . (41)
——x (div(0d))
This solution is uniquely defined by the condition ||ul| 73,00 < 3d2.
On the other hand, we introduce the weighted L°°- space:
LP(R?) = {f:R* - R® / fis measurable and |z|f € L™(R?)}, (42)

which verifies L$°(R3) C L»*°(R3). Thus, we shall solve the problem (40) in the smaller Banach space
L$°(R3) with the norm

[l = [zl fllzee + 111230
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Since ¢ € L>®(R3) the quantity || By (u,u)| 13 is similarly estimated as in (19) and we have
1By (u, u) e < llepllzoe O llul7a.00- (43)

Moreover, the quantity ||L(u)||z3. was already estimated in (20). So, it remains to estimate the quantities
| |z|By(u, w)||r and || |z|L(w)| ro. The first quantity follows the same estimates in [2, Lemma 3.6] and we
can write

2| By (u, w) || oo < Cllpllzee | |20 (44)
To study the second quantity, for z # 0 fixed we write

1 1
< —0(y)] 1E(y)|dy < / +/ 0(y)| |1E(y)|dy
/R3 ‘x_y‘l (W) 1€(y)] <oz e ,x_y|\ ()| 1€()]
=L+ Is.

NG

To estimate the term I}, we remark that since |y| < |z|/2 we have |x — y| > |z|/2 and by the first point of
Lemma 2.2 we can write

C - - C -
L < — 10(y)| 1€(v)|dy < ||0g|lLr < — 10|13, ||&]] L3721
%] iy <lal /2 |z

To estimate the term Iy, since [y| > [x|/2 we can use expression [|[| s> to get

1 C 1
ROl [ gl < el [ 8(y)ldy
U s lely2 17—yl Yl lz[ 7 Sy s ely2 17— Yl
C / 1 . C T C 1o
< —|0|| e —|€(y)|dy < —||0]|pee (—A) 7 Hg(x)] < —||0]|poe |[(—A) " |&]| £oe-
SO [ By < 0l (~8) B @) < 0l I-) gl
From these estimate we obtain
| L(w) ||z < C (1€l psren + [1(=A) " &l ) 101 (45)

Once we have the estimates (43), (43) and (45), and moreover, by the estimate (20) we are able to write
1By (u, w)l1 < max(Cp, O)ll¢llr<llulf, L)l < max(C, CL)(lIgllLs21 + I(=A) Mgl zoo)l[ull1.

We set a quantity 0 < €2 < € small enough such that the constraints given in (15) hold. We also assume
(37 ) and (38). Consequently, by Lemma 3.1 there exists a solution v = (#,0) € L{° to the equation (40)
which is uniquely determined by the condition |ul|; < 3d2. But, since ||u||z3. < |Jul|; this solution is the
same to the one given by Theorem 1.1.

Finally, recall that this solution also verifies u € L°(R?), hence we obtain the wished estimates (39).
Proposition 4.1 is proven. |

Step 2. Asymptotic profile. Once we have the estimates (39), in the next proposition we develop an
asymptotic profile for the velocity .

Proposition 4.2 Within the framework of Proposition 4.1, the velocity U has the asymptotic behavior

o) = o ([ owamar) +o( 1) lel =+, (40

Remark 5 To the best of our knowledge, the identity (46) strongly depends on the well-prepared function
@. In particular, to justify our estimates, here we need the pointwise inequality |p(z)| < ﬁ
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Proof. Recall that u verifies the fixed point equation

ii(x) = — 5 (08) () — —x (div(pi © 1) (2) + — (F)(x). (47)

Our starting point is to prove that the first term on the right-hand side splits as follows:

1 1

00 = o ([ owaman) +o(1) el 4, s)

BE

Indeed, for |z| > 0 fixed large enough we write

08w = [ owEwy

s |z —yl
o ([ owgmar) + [ (1 - ) st
|| \Jrs r\|lz—yl |zl ‘
. 1 1 1 .
The, for i = 1,2,3 we shall prove that / ( — > 0(y)gi(y)dy = o <> We thus write
r \|lz—yl |z ||

/IR3 (Iat - yl lel) Ylsily)dy = </y|SImI/2 ! /|y|>:c|/2) (Ix - yl lel) OWwleilv)dy =5 + Lo

To estimate the term I, recall that the function kcil is smooth outside the origin and by the mean value
theorem, for w = a(x —y) + (1 — a)z with 0 < a < 1, we write ‘Il’iiy\ - |71‘ < ﬁ|y| Moreover, remark
that w = =z — ay and as we have |y| < |z|/2 then we get |w| > |z| — aly| > |z| — |y| > |z|/2. We thus

_ 1
|z

6 € L*(R3), the term I; verifies

obtain ‘ﬁ ‘ < %Ly[ With this inequality at hand, and moreover, by recalling that g; € S(R?) and

C C
I < 0] / yllgi(W)ldy < —5 100z ||| - 1gill - (49)
|| ly|<|z|/2 ||

To estimate the term I we write

1 1
I < / —10W)llgi(v)ldy + — 0(y)|gi(y)|dy = Lo1 + D2
yi>[z1/2 |2 =yl %] iy (212

Then, in order to study the term I, we recall that  verifies the pointwise estimate (39), and moreover,
since g; € S(R?) we have |g;(y)| < ﬁ, with 2 < 8 < 3. We thus get

d C d C
1271 S C 7yﬂ S T y ﬂ S B_l . (50)
wi>lal/2 [ = yllyllyl® — lel Jes [z —yllyl” — |2|
Thereafter, in order to estimate the term I5 2, we use again the previous arguments to write
C C
ha<in [ ey < ol (51)
212 Szl |27
With the estimates (49), (50) and (51) at hand, we finally obtain the wished identity (48).
Now, we need to verify that
o 1
v m)@ =o(q). el toe (52)

15



Since |p(z)] < 1+|
obtain the asymptotic profile

T3z One can follow the same estimates in the proof of [2, Theorem 3.1, equation (2.3)] to

R a0 = malo) ([ s itdy) + 0 (D), el o 4oc,

()

where my denotes the tensor of the operator di_V—A'; and it verifies the estimate |ma(x)| < ‘2 outside the

|z

origin. Hence we have the identity (52).

1 =
Finally, recall that the condition (5) yields —A( f) € S(R?). With this information and by the identities
(48) and (52) we obtain the wished asymptotic profile (46). Proposition 4.2 is proven. [ |
Step 3. Estimate from below. In out last step, the asymptotic profile (46) will allow us to obtain
the next estimate from below on the velocity i, which yields @ ¢ LP(R3) for 1 < p < 3.

Proposition 4.3 Within the framework of Proposition 4.1, assume that

—

f=rf, g=rg and &=nrg, (53)

with f,g,ﬁ € S(R?) wverifying (5); and with k > 0 a suitable quantity defined in the expression (58) below.
Moreover, for the external force g and gravitational acceleration § = (g1, 92,93), assume that
1 ,

Then there ezists two quantities My = M;(0,&) > 0 and My = M(0,g) > 0, which depend on 6 and g, such
that the velocity U verifies the estimate from below:

My

o] 1@ M < el (55)

Then, i ¢ LP(R3) for 1 <p < 3.

Proof. From the asymptotic profile (46), for |z| > 0 large enough we can write

m(ésa(y)g(y)d?’)”Q )| 2 | L owawa) o ()| (56)

)€(y)dy| and, in order to verify that M; > 0, we have the following

ju(z)| =

We thus set the quantity M; =

technical lemma:

Lemma 4.1 The assumptions (53) and (54) imply that My > 0.

Proof. Recall that the temperature 8 verifies the fixed point equation

1
0=—x(9)— I(dw(%))

1 1
where we denote —A(g) =0p and —A(div(Qﬁ)) = By(0,4). Moreover, since g = kg we shall denote

_ 1
O = Kby = nz(g). Then, by the identities (53), for i = 1,2,3 we write
‘/ Ggidy’ = ‘/ (Ogi — Oogi +90gi)dy‘ > ’/ 90gidy‘ - ’/ (60— Go)gidy’
R3 R3 R3 R3

/ éogidy‘ — K / (0 — 90)%6@‘ :
R3 RS

>
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We must estimate the last term on the right-hand side. To do this, we recall that 6 — 6y = By (0, @); and by
the Holder inequalities we write

\ /o~ eo>gidy\ <110 = 00ll 4113 s < 120, )| 5l s

Here, we still need to estimate the term ||B2(6,%)||rs. By the estimate (26) (with kdy instead of §; and
where 02 is given in (37) with the functions § and g) we have

[B2(0, @)|| 1 < 3k62C1(4)[[mall La/2.00 101 L2 = Cr||0] 4.

Finally, we must estimate the term |[|6||;4. We use the uniform control (33), where we recall that wug is
defined in (16); and for uy = <(—A)*1f, (—A)~! g) we have ug = kug. Moreover, for the sake of simplicity

we shall denote C' = (3% 2%) We thus have ||0||p1+ < C'||ug||p2+ = C'kljug||ps. From these estimates we

finally obtain
/ (0 — 6o)gidy
R3

We thus get back to the estimate (57) to write

/ 9gidy' > K2
R3

< CC'K*||uo)| |G| fas3-

[ o] = CC el

hence we have

| [ Bomy| - 2 CC ol 0 > 0,
R
as long as
Ji: eogidy‘ d 0 / fogid ) (58)
K< - an < 0g:ay|,
CC"[luoll L4 llgll ass RS
where this last inequality is ensured by the assumption (54). |

Once we have M; > 0, there exists quantity Ms > 0 large enough such that for |z| > My we have

(@)l <2
o — )| < 5=
|z] 2|

Then, we get back to the inequality (56) to obtain the wished estimate from below (55). Proposition 4.3 is
proven. |

As noticed, Proposition 1.1 is now proven by Propositions 4.1, 4.2 and 4.3. |

5 Proof of Theorem 1.2

For the sake of clearness, we shall divide the proof in three main steps.

Step 1. The parabolic system. Our starting point is the study the time-dependent Boussinesq
system. For the velocity ¥ : [0, +00) x R? — R3 and the temperature 9 : [0, +00) x R? — R, and moreover,
for the time-independent functions f, g, g, we consider:

O — AT+ div(i® 6) + VP =9g + f,  div(d) =0,
B9 — AY + div(97) = g, (59)
17(07 ) = 1707 19(07 ) = 1907

where 7 : R? — R3, g : R? — R are the initial data. For a time 0 < T' < 400, we denote Cy ([0, T], LP>°(R?))
the functional space of bounded and weak—sx continuous functions from [0, 7] with values in the Lorentz
space LP*°(R3). We prove now the following:
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Proposition 5.1 Consider the initial value problem (59) where f,g verify (6) and g verifies (7). Letp > 3
and let Tp € LP*°(R3), ¥g € LP>°(R3) be the initial data. There exists a time Ty > 0, depending on vy, Yo,
f.g and &; and there exists a unique solution (7,9) € C,([0,To], LP>(R3)) to the equation (59). Moreover
this solution verifies:
sup 2 ||5(t, )| + sup £25 | 9(t, )| poo < +00. (60)
0<t<Ty 0<t<

Proof. Mild solutions of the system (59) write down as the integral formulation:

—

PHt _ etAv ! (t—s)A S (t $)A (D P ! (t $)A 3(s.-))ds
) =i s [ p it [ s s+ [ SR s

) L(0)

Bl(ﬁr

<y

and

t t
O(t,-) = e + / =92 gds + / =92 iv(97) (s, -)ds .
0 0 (62)

B2 (9,0)

By the Picard’s fixed point argument, we will solve both problems (61) and (62) in the Banach space X,
where

- {f € C.([0. T, IP(R%) : sup 3] f(t, )|~ < +oo},
0<t<T

with the norm ,
[l = sup [|f(t,)llLoco + sup ¢2e[[f(2,-)][ Lo
0<t<T 0<t<T

Let us mention that for f1, fo € X, for simplicity we shall write ||(f1, fo)|lx = || fillx + || f2] x-

We start by studying the terms involving the data in the equations (61) and (62).

Lemma 5.1 The next estimate holds:

t
H (etAﬁo,etAﬂg)HX + H/ elt=9)A <JF, 9) ds
0 X

Proof First, for the initial data (7, ¢) € LP°°(R3), by the second point of Lemma 2.1 we have the estimate

< Cl@, doll +CT | ()|, . (63

("2, €200)|| r.ce < Call(To, Vo) HLpoo We thus get (e, e®9g) € C.([0, ] LP>°(R3)). On the other
hand, by Lemma 2.4 we write sup t% HemvoHLoo < C||vh]| pp.ee and sup t% HemﬁoHLw < C)|Yo|| Lproe-
0<t<T 0<t<T

We thus have (e/27, e!®¥g) € X and the following estimate holds:

| ("0, €"290) || < C|l(To, o) || oo (64)

1

Thereafter, recall that the external forces f, g are time-independent functions. Since we assume (6) by
the second point of Lemme 2.1 we can write:
t
(=)
Lp;>e 0

[ o eia)ad] < [et2 (o)

and we get .
[l (el _ser|(en)
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3
On the other hand, to estimate the expression sup t2»
0<t<T

t
/ eU=IAP(f)ds we remark that by Lemma
0 L

P(f)

2.4 we have

e<t*S>A1P>(f)HLOO <O(t—s)

Ipyoo

and then we can write

/ (t— SAP(f
0
t
gmz‘l/(t—s)—%
0

We thus obtain

3
t2v

<t [,
[B(7

|| . </Ot(t—s)—2‘l ds> <ot e

/t IAp(fds|| < oT Hp(f)(
0 Lo

P(f)HW ds < Ct%

Lpyoo

3
sup t2zr
0<t<T

Lpoo
The other term involving the external force g follows similar estimates and we have
3

sup t2r
0<t<T

t
| et 2gds| <t gl
0 oo

By the estimates above we get

| (o] < |(e0s)

Thus, the wished estimate (63) follows from the estimates (64) and (65). [

X Lpoe

We study now the bilinear terms in (61) and (62).
Lemma 5.2 The following estimates hold:
1.3 S
1B 9)lx < CT* %63, |Bo(0,0) | < CT> % 0] ], (66)

whereﬁ——>0asl0ngasp>3

Proof. First, the term B (@, ) in (61) is estimated as follows:

1_3
sup ||B1(¥,9)|| pe < CT2 2 |53, (67)
0<t<T

Indeed, by the second point of Lemma 2.1, by the well-known estimate on the heat kernel: Hﬁh(t,s)(-) |l <

W, and moreover, by Lemma 2.4 we have
sw\&wWWWSCam/Ht@w@, @ )(s,)|_ds
0<t<T 0<t<T Lp:©
<C su /173,-@1; 1 poods
Ogth 0 (t_s)l/QH ( ) ( )” P

t 1 3 .
SCsm>/(3®%W®JWwWM&wa%

1
o<t<T t_ 5)5 52p
<CoT* % |53

Thereafter, we have also the estimate

3 1 3
sup 195 |By(3, ) < OTH % 3. (68)
0<t<T
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Indeed, we write:

3 3 t
sup £ ||By(,5)] 0 < sup tzp/ [e¢-2paiv (@0 ) (s, )| _ds = (a).
0<t<T 0<t<T 0 Lee

Here, we recall that the operator e(*~9)2P(div(-)) writes down as a tensor of convolution operators (in the

C o, .
(= )2+ )t See [17, Proposition 11.1].

Then, we have || K; j(t —s,-)||p1 < ﬁ; and we can write:
- s

spatial variable) whose kernels K ; . verify |K; j (t — s, 2)| <

s [t d 3 2
<0 swp o5 [T (i, ) o) ds
0 (

t— 5)1/25%
3 [ d
<o swp e [T
0<t<T 0 (t— 5)1/255
1_3 92
SO A (]
By the estimates (67) and (68) we obtain

1_3
1B1(, )| < T2 2 ||7]%. (69)

—

We estimate now the term By (v, ¥). By following the same arguments in the prove of the estimate (67)

3
(where we use the information s27 ||U(s, )|~ < 400 and ||9(s, )| Lr.e < 400 ) we have

1_3 .
sup ||B2(d, 0)||Lpoe < CT2 2 |0 x|0]] - (70)
0<t<T

Moreover, by following similar ideas in the proof of the estimate (68) we can prove:

3 . 1.3 .
sup 20| By(0, V)| Lo < CT2 20 [0 2|0 x- (71)
0<t<T
Indeed, we just write
3 . 3 [t ds . 1_3 .
sup 12| By (0, 0)||L < C | sup tQp/ 5 | [0llxllv]lx < CT2 2 9] |0 -
0<t<T 0<t<T 0 (t—s)/2s2% %
By the estimates (70) and (71) we get
13 .
1B2(, 0)||x < CT2" 2 || x| ]| - (72)
To finish the proof, we gather the estimates (69) and (72) to obtain the wished estimate (66). |

Finally, we must study the linear term £(¢) in the equation (61). Recall that by the assumption (7) we
have g € L°°(R3).

Lemma 5.3 The following estimate holds:

I£W)l[x < CligllLT [[9]|x- (73)
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Proof. We start with the following estimate, where by the second point of Lemma 2.1 and the Holder
inequalities we write

ds

su
b Lp:oo

0<t<T

¢ t
/ c=IAP(9g) (s, )ds| < sup / |92 (0g) (s, )|

Lpoo  O0<t<T

<C sup / 10&(s, ) zneds < ClIE| LT[0 x-
0<t<T

Moreover, by the third point of Lemma 2.1 and by using again the Holder inequalities, the next estimate
holds

3
sup t2r
0<t<T

3 [t _3 . .
<C ( sup t2 / (t—s) 2Pd5> [9€]|x < CIE|lLT[|V] -
0<t<T 0

t
<C sup t / (t — 5)7 3% |P(98) (s, )| rods
Lo 0<t<T 0

t
/0 el=AP(0g) (s, -)ds

We thus obtain the wished estimate (73). n

With the Lemmas 5.1, 5.2 and 5.3 at our disposal, we set a time Ty > 0 small enough and Proposition
5.1 follows from standard arguments. |

Step 2. Global boundness of 4 and . Now, we get back to steady-state system (1). With the help
of Proposition 5.1, we are able to prove the following:

Proposition 5.2 Let (i, P, ) be a weak solution of the system (1) given in Definition 1.1. If @ € LP>°(R3)
and 6 € LP>°(R?) with p > 3, then we have @ € L®(R?) and § € L>=(R3).

Proof. In the initial value problem (59), we set the initial data (¥, Jo) = (
there exists a time 0 < Ty and there exists a unique arising solution (¥,
equation (59).

i, ) Then, by Proposition 5.1
) € Ci([0, Tp], LP>°(R?)) to the

On the other hand, we have the following key remark. Since @ and 6 are time-independent functions we
have 0yt = 0 and 0,0 = 0. Thus, the couple (#,0) is also a solution of the initial value problem (59) with
the same initial data (i, ), and moreover we have (i, 0) € C.([0, Tp], LP*>°(R3)).

Consequently, in the space C, ([0, Tp], LP*°(R?)) we have two solutions of (59) with the same initial data:
on the one hand, the solution (¥,%) given by Proposition 5.1 and, on the other hand, the (steady-sate)
solution (#, #). By uniqueness we have the identity (v,9) = (4, 6) and by (60) we can write

sup t2pHuHLoo + sup t2pH6HLoo < +o0.
0<t<Tp 0<t<Tp
But, as the solution (i, 6) does not depend on the time variable we have @ € L>®(R?) and § € L>(R3).
Proposition 5.2 is now proven. |

Step 3. Estimates on high order derivatives in Lorentz spaces. The global boundness of @ and
0 yields the following:

Proposition 5.3 For k > 0 assume that f,g verify (6) and g wverifies (7). Moreover, assume that U €
LP®(R3) and 6 € LP>®(R3) with p > 3. Then we have @ € WKT2P(R3), § € WF2P(R3) and P <
WHHLP(RS).

Proof. We will use the integral formulations (11) and (12) to prove that for all multi-indice |a| < k+ 2 and
for all 1 < o0 < +00 we have 9% € LP7>®°(R?) and 9% € LP7>°(R?). We shall prove this fact by an iteration
process respect to the order of the multi-indices o, which we will denote as |«|. For the sake of clearness, in
the following couple of technical lemmas we separately prove each step in the iterative argument.
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Lemma 5.4 (The case initial case) Recall that by Proposition 5.2 we have @,0 € L>(R3). Then, for
|| <2 and for all 1 < 0 < +o0 we have % € LP7>®°(R3) and 0%0 € LI%>°(R3).

Proof. Due to the coupled structure of the equations (11)-(12), we must study first the equation (12) and
then we study the equation (11).

e Let |a| = 1. By the equation (12) we write

[0} [0}

920 = -2 (aiv(om)) +

- ). (74)

Then, remark that since § € LP:*°(R3)N L>°(R3) by the first point of Lemma 2.3 we have § € LP?>°(R3)
for all 1 < o < co. Moreover, since @ € L®(R?) we have i € LP7*°(R3). With this information, for
(6%

the first term on the right-hand side, remark that since |a| = 1 the operator ——A(div(-)) writes down

as a combination of the Riesz Transforms R;R; (with 4,5 = 1,2, 3). Thus, as we have 0@ € LP7>(R3),

[0}

by Lemma 2.5 we obtain —%(div(@ﬁ)) € LP7>°(R3).

e}

On the other hand, for the second term on the right-hand side, recall that the operator %() writes

down as a product of convolution with the tensor mg € L3/%%°(R3). Moreover, recall that by the

3
assumption (6) we have g € Lﬁ’m(RS). We thus apply the first point of Lemma 2.1 (with 1 +1/p =
(63

2/3 + (3 + p)/3p) to obtain %(g) € LP*°(R?). Thereafter, also by (6) and by the second point

of Lemma 2.3 we have g € L3(R3) (remark that ?i—pp < 3) and by the third point of Lemma 2.1
(0% 6]

0 0
we get —A(g) € L>®(R3). Finally, by the first point of Lemma 2.3 we have —A(g) € LP7(R3).
Consequently, we get 9“0 € LP7*°(R?) for all 1 < o < +o0.

With this information, we can study now the equation (11). As before, we write

i = ‘92 (P(div(il @ @))) + _B—Z (Pog)) + _% (P()).

(75)

and we shall prove that each term on right-hand side belongs to the space LP?>°(R3) for all 1 < o <

+00. Indeed, for the first term we recall that since @ € LP*°(R3) N L>°(R?) by Lemma 2.3 we have

@ € LP7*°(R3); and consequently #®i € LP7>°(R?). Then, we follow the same ideas above to conclude
1%

that —_% (P(div(@ ® @))) € LP7°°(R?).

(0%
For the second term, recall that the operator —A]P’() writes down as a product of convolution with

<

the tensor m; € L3%°°(R3). Then, by the first point of Lemma 2.1 we write H%P(Qg’)‘ ;
Pp,00
Chllma|l 3720 110Z]| B oo Then, by the assumption (7) and the second point of Lemma 2.2 we get
L3+p

o _. o -
Hm1HL3/2,oo|]9g||L33+p o < C0||r||g]| 13.0c. We thus get —AP(Gg) € LP*°(R?). On the other hand,
o
by the third point of Lemma 2.1 we can write || ZXP(0g)| 00 < Cs||ma | a2, ||08]| 3.1 < [|0] 1o || €] 5.1

We thus get %P(Gg) € L>®(R?); and consequently we have a—A]P’(Gg) € LP7>(R3).

(67 (&7

The first term is similarly estimated as the term %@) and we have %(P( f)) € LP7°(R3). We

thus obtain 0% € LP7>(R3) for all 1 < o < +oo.
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o Let |a] = 2. We get back to the expression 06 defined in (74). For the first term on right-hand side
we write

« e %1

—a—A(diV(Gﬁ)) = —8A(div(8°‘2(9ﬁ))), where a =ag + ag, |ai| = |ae| =1.

Here, we shall verify that 9°2(0u) € LP7>°(R3). Indeed, for i = 1,2,3 we write 9% (0u;) = (0°20)u; +
0(0°2u;) and since we get 920, 0°2i € LP7<, ii,0 € L>°(R3) we directly obtain 0°2(0@) € LP7>°(R3).

[5]
A(div(~)) writes down as a combination of the Riesz trans-

Thereafter, recall that the operator —

Q

0
forms R;R; and by applying the Lemma 2.5 we have ——A(div(Hﬁ)) € LP7®(RR3). The second term on
the right-hand side of the expression (74) also belongs to the space LP7>°(R?) due to the hypothesis (6).

We study now the expression 0%« defined in (75). The first term on the right-hand side follows the same
(0%

0
arguments above and we have N (P(div(7 ® ©))) € LP"*(R3). To study the second term on the
(%
right-hand side, we also remark that in this case the operator ——(P(+)) writes down as a linear com-

aOé
bination of the Riesz transforms, and moreover, since g € L (R3) we have —A(P(Hg')) € LP7(R3).

(6%

0 —
Finally, always by the hypothesis (6) we have N (IP’( f)) e LP7°°(R3). [

Lemma 5.5 (The iterative process) For all 1 < m < k (with k > 2) and for all multi-indice |a| < k,
assume that 0% € LPT°(R3) and 00 € LPT°(R3), for all 1 < o < +oo. Then it holds true for all
multi-indice o] < k + 2.

Proof. We shall similar ideas in the proof of the previous lemma.

o Let |a] = k+ 1. We start by studying the expression 0%6 defined in (74). For the first term on the
right-hand side we write

o] [63]

——A(div(Gﬁ)) =— A(div((?”(&ﬁ))), a=o1+a, |o|=1, |ae|=Ek.

In this last expression, we must verify that 9%2(0@) € LP7°°(R3). Indeed, for i = 1,2,3 by the Leibniz
rule we write 0%%(Qu;) = Z cag,gﬁﬂ 0 02~ Pu,;, where the constant Cay,3 > 0 depends on the multi-
IBI<k
indices ap and (. Recall that by hypothesis we have 9°0, 0°2=u; € LP7*°(R3) and by the Holder
inequalities we get 9°0 02~ Pu; € LP7*°(R?). We thus have 9°2(0ii) € LP7*°(R3) and consequently
(6%

—%(div(&ﬁ)) € LP7>°(R3). For the second term on the right-hand side, we write
aa 8041
I(g) = I(({)O‘Qg), where a =a; +az, |ai| =2, |az] =k —1,

[0}

and by the assumption (6) we get ?—(g) € LP72(R3).

Once we have 9°0 € LP?>°(R3) for all |a| < k + 1, by the expression (75) and by following the same

arguments above we obtain 9% € LP7>°(R3) for all |a| < k + 1. We just mention that to treat the
(63

term % (IP’ (9§)> we split
L (p0m) = L (p08)). Joal =2 faal = k1.

where we use again the Leibniz rule to study the term 0%2(6g).
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e Let |a| = k + 2. With the information %0 € LP?°°(R3) and 9%t € LP7>°(R3) (for all |a| < k + 1) at
our disposal, we just repeat again the arguments above to get %0 € LP2°°(R?) and 9%% € LP7>°(R3)
for |a| =k + 2. [

Remark 6 By the hypothesis (6) on the external forces f and g, and moreover, by the terms %P(f) and
?—Z(g) in the expressions (75) and (7}) respectively, we get that k + 2 is the mazimum gain of regularity

expected for 0%u and 0“6.

It remains to study the pressure term P in the first equation of the coupled system (1). To do this, we
apply the divergence operator to this equations to obtain that P is related to the velocity , the temperature
f and the force f through the expression

div(div(@ @ @) — ——(div(0g)) — ——(div(F)). (76)

1
P=_
—-A —-A

—A
By following the same arguments in the proof the previous lemmas, we can prove the next one:

Lemma 5.6 (The pressure term) For all multi-indice || < k+ 1 we have 0*P € LP7>°(R3).

Proof. Let |a| < k + 1. By the expression (76) we write

(67 (67
—

P = %div(div(ﬁ@ i) — %(div(eg)) — %(div( ), (77)

where we must study each term on the right-hand side. For the first term, we recall that 0%@ € LP7>°(R3)
for all 1 < 0 < +o0o0. Then, we can use the Holder inequalities as well as the Leibniz rule to obtain

“ 1
%div(div(ﬁ@ ) = —Adiv(div(aa(ﬁ@) @))) € LP7>°(R3). The second term is similarly treated by using
now the information 90 € LP7°°(R3) and the assumption (7). Finally, always by the hypothesis (6) the

0
third term verifies —A(div(div(F))) € LP7(R3). [ |

Now, we are able to finish the proof of Theorem 1.1. For this we recall the Lorentz space LP>°(R3)
embeds in the Morrey space M'P(R3) defined by the expression (9). Consequently, for all multi-indice
|| < k+ 1, by Lemma 2.6 the functions 0@ and 9“0 are Holder continuous with parameter s = 1 — 3/p.
Moreover, for |o| < k this fact also holds true for the function 9*P. Theorem 1.2 is now proven. [

6 Proof of Theorem 1.3

This result is based on the following Caccioppoli-type estimate for the temperature 6. For R > 0 we shall
denote Bp = {z € R®: || < R} and C(R/2,R) = {r € R3: R/2 < |z| < R}.

Proposition 6.1 Let (i, P,0) € C?.(R3) x CL .(R3) x C2 .(R3) be a smooth solution of the coupled system
(8). Let p > 3. There exists a constant C' > 0 such that for all R > 1 the following estimate hold:

2/p ] . 1/p
/ IVO|*dz < C / 16|Pda: R v+ R » / || . (78)
Br/a C(R/2,R) C(R/2,R)

Proof. To prove the estimate (78), we introduce the following cut-off function: let ¢ € C5°(R?) be a positive
and radial function verifying ¢(x) = 1 when |z| < 1/2 and ¢(x) = 0 when |z| > 1. Then, for R > 1 we define
vr(z) = p(z/R). Consequently, the cut-off function pr satisfies the next useful properties: ¢r(z) = 1 when
|z| < R/2, p2(x) = 0 when || > R, and moreover, for all multi-indice av we have supp(0®pr) C C(R/2, R).
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Now, we multiply each term in the second equation in (8) by ¢r#; and we integrate on the ball Br
(remark that supp(¢rf) C Bg) to get

/ (—AQ)QORGCLT—{—/ div(0u)prOdz = 0. (79)
BR BR

Here it is worth highlighting each term above is well-defined since we have @, 0 € C? (R3). To study the

first term we integrate by parts to write

loc

3

3
/B R(—Ae)chde = —Z /B (020)(pr0)dx = > |  0,60;(prb)da

ij=1"Br

_Z/ (9:0)( MRederZ/ aegoRaedx_Z/ dioR) aeederZ/ ©or(8;0)%dz  (80)
Br

. 62 .
= Z/ 0iRr)0 ( >dz+/ @R\Vﬁ\Qd:c: —/ Ach< >d:::+/ goR|V9|2da:.
BR BR BR

Thereafter, to study the second term, we remark first that since div(#) = 0 we have div(f@) = @- V6. Then,
we use again the integration by parts to get

/uV9 goRde—Z/ u; (0;0)( @Rde—Z/ ngul(?@Hdm—Z/ @Ruzz( )da:,
Br

but, always by the fact that div(@) = 0, we can write

Z/B PR 0 ( )dm—Z/ wﬁ( >dx:— BRWR-(‘;Q@)dx. (81)

With the identities (80) and (81) at our disposal, we get back to the identity (79) and we obtain

. 92 . 92
/ or|VO2dr = / Apgr () dr + Vg - <7f[> dzx.
Br Br 2 Br 2

Moreover, since pg(x) = 1 in the ball Bg/,, supp(Vor) C C(R/2,R) and supp(Apr) C C(R/2, R); we

have
. 92 . 02
/ |VO|?dx < / Appg <> dx +/ Vor - (ﬁ) dx. (82)
Brys C(R/2,R) 2 C(R/2,R) 2

In this estimate, we shall study each term on the right-hand side. For the first term, we use the Holder
inequalities with % + 2% =1 (hence we have % —2=1- g) and the fact that pr(z) = ¢(z/R) to write

02 1/q
/ Appr <> dx <C / |Apr|Tdz / |0|Pdx
C(R/2,R) 2 C(R/2,R) C(R/2,R)

2/p
<C R ||A%0||Lq C(1/2,1)) (/C(R/2 o 9|pdx> (83)

e 2/p
<CR » / |0|Pdx )
C(R/2,R)
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For the second term, we use again the Holder inequalities with 1 + % =1 (hence we have 2 —1 =2 — %)

dh 3 — 2 1 ;
and with 5= p—l—p to write

5 1/r 3/p
/ Vor - (26) dx <C ( / Wsoerx) ( / 0% al”/ 3d$>
C(R/2,R) C(R/2,R) C(R/2,R)
2/p 1/p
§7 — —
C(R/2,R) C(R/2,R)

. 2/p 1/p
<CR*3 / 0[P d / i@pde) .
C(R/2,R) C(R/2,R)

Thus, the wished estimate (78) follows from the estimates (82), (83) and (84). Proposition 6.1 is proven. H

With the Proposition 6.1 at our disposal, we are able to proof the Theorem 1.3. The main idea is to use
this Caccioppoli-type estimate, together with the information below on % and 6, to prove first that 6 = 0.
This identity then yields ¥ = 0 and P = 0.

6.1 The case @ € L29(R?), § € L249(R?) with 1 < ¢ < 400 and g € WH2 0 WL (RR3).

With this information on i, § and &, by Theorem 1.2 we have (i, P,0) € C2(R3) x C!(R3) x C%(R3). Then,

we set p = % and by Proposition 6.1 for all R > 1 we have the estimate

4 2

9 9
/ 9612dz < c / 03z | |R3+ / i@tde) | (85)
Br2 C(R/2,R) C(R/2,R)

At this point, we recall the following estimate (see [7, Proposition 1.110] for a proof):

9 9
2 2

9 _ ] N 9
[ Ude < RO, < RSP (56)
R
We thus set f = 1¢(r/2,r)0 and f = Lor/2,r)d; and we get back to the previous estimate to write
| 190R s < cltompnmblom L+ [l (87)
R/2

Thereafter, since 8 € L9/ 24(R3) with 1 < ¢ < +o0o0 we can apply the dominated convergence theorem in the
Lorentz spaces (see [7, Theorem 1.2.8]) to obtain that Rlim ITc(r/2 R)9H2Lg/2 , = 0. Consequently, in the
—+00 ’ ’

last estimate we take the limit when R — 400 to conclude that ||[V| ;2 = 0. From this identity and the
fact that 6 € L9/29(R3) we finally get the identity 6 = 0.

Once we have 6 = 0, the coupled system (59) reduces to the stationary Navier-Stokes equation
— AG+div(i @)+ VP =0, div(d) = 0. (88)
Since @ € LY%9(R3) (with 9/2 < ¢ < 400) is a smooth solution by [13, Theorem 1] we obtain the identities
u=0and P=0.
6.2 The case @ € LP*>*(R?), § € LP*°(R?) and g € W"* N Wh>(R?) with 3 <p < 3.

With this information on % and #; and by Proposition 5.2 we have i, § € L>(R?). Then, by Lemma 2.3 and
by the well-known embedding of the Lebesgue spaces into the Lorentz spaces we obtain @, 0 € L/ 2.4(R3) with
9/2 < q < +o0o. Thereafter, by the point 6.1 above we con directly conclude the identities (@, P, 8) = (0,0, 0).

Theorem 1.3 is proven. |
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