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Abstract

We study here mild solutions for the forced, incompressible fractional Boussinesq system. Under
suitable estimates for the terms involved (in an adapted functional framework) we can invoque
a fixed point argument in order to obtain mild solutions. Although many functional spaces can
be considered, we are interested here in a critical setting which ensures the existence of global
solutions and we will work in particular with parabolic Morrey spaces which provide one of the
largest critical functional frameworks available for constructing mild solutions for the fractional
Boussinesq equations.
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1 Introduction and presentation of the results

In this article we are interested in studying mild solutions for the fractional incompressible Boussinesq
system over R? with d > 2, which is given by the following coupled equations

it = —(—A) 2@ —div(@® @) — Vp+ 0+ f, div(@)=0, (1<a<?2),
0,0 = —(—A)20 + div(6 @) + g, (1.1)
’17:(0, ) = 1y, dlv(ﬁo) =0, 9(0’ ) = 6y,

where i : R — R denotes the initial velocity of the fluid, fy : R — R is the initial temperature
of the fluid, 7 : [0, +oo[xR?Y — R? is the velocity field which is assumed to be divergence free (i.e.
div(#) = 0), p : [0, +00[xR?Y — R is the internal pressure and 6 : [0, +0o[xR% — R is the temper-
ature of the fluid (which can be viewed as convection force which is both diffused and transported
along the flow of the velocity #). The functions f [0, +00[xR? — R? and g : [0, +oo[xR? — R
represent two given external forces. We recall that for an index a > 0, the frac/tio\nal Laplacian op-

erator (—A)2 can be defined as a Fourier multiplier through the expression (—A)2 ¢(¢) = |¢ ]0‘5(5),

*diego.chamorroQuniv-evry. fr
fmazence.mansais@ens-paris-saclay. fr



where ¢ : R? — R is a suitable function (say ¢ € S(R?)). For vectorial functions ¢ : R? —s R? the

a =
2

expression (—A)2 ¢ is considered component-wise.

The classical Boussinesq system (i.e. when o« = 2) has been studied by multiple authors. For
weak solutions a la Leray and their properties see [3], [9], [11] and for mild solutions a la Kato see [2],
[8], [] as well as the references therein. For other results related to this system (in 3D or in 2D) see
[B], [10], [13], [21], [25]. The fractional Boussinesq system has been a little less studied than the
classical equations, see however the articles [14], [12], [23] and [24] for some results in the fractional
framework.

In this article we are particularly interested in constructing mild solutions of the system in a
very large critical functional setting (essentially based on parabolic Morrey spaces and this approach
seems to be new for the fractional Boussinesq equations) and in order to present our framework we
need to recall some basic facts.

Indeed, we first remark that it is possible to link the study of the pressure p to the velocity field
i and to the temperature 0: by formally applying the divergence to the first equation of the system
and using the divergence free property of the velocity field (div(#) = 0) we obtain the following
expression

(—A)p = div <div(ﬁ® @) —f— 9€d> ,

which allows us to deduce information over the pressure as long as we have suitable informations
over the velocity field #, the temperature § and the external force f This enables us to consider
the functions « and 6 as the main variables of the system and we will thus focus our study
in these functions. To continue, and in order to get rid of the pressure, we consider now the Leray
projector defined by the expression P(¢)) = 1 + V(—A)~!div(¢)) and since we have P(Vp) = 0 as well
as P(@) = @ (since div(@) = 0), if we apply this projector to the first equation of (L.I]), we obtain the
equation
Oyt = —(—=A)2 i — P (div (7 @ @) + P(0&y) + P(f),

where the pressure p does not intervene. We will thus work with the following system

it = —(—A) 3 — P (div (2 ® 7)) + P(02,) + P(), L)
90 = —(=A)20 + div(h @) + g, |

and a very important feature of this system is the following: if (i, 6) is a solution of ([1.2)), then for all
A > 0, the rescaled couple (i), 8) where

in(t, z) = AL\, \x), Ox(t, x) = A2271O(\, Ax), (1.3)
is also a solution of the same system, of course with the rescaled forces
At z) = X227, Ax), ga(t, ) = N1\, Ax), (1.4)
and with the rescaled initial data:
iixo(z) = A Liig( ), Ox0(x) = N2> 10y (\z). (1.5)

We soon shall see how this homogeneity (or scaling) property of the system ([1.2]) will be essential in
what follows.



As we are mainly interested in studying mild solutions for the system ((1.2) (see Theorem 1| below),
we will consider its integral formulation:

—

t t t
ﬂ':pt*u_é—/ pt_s*]P’(diV(ﬁ(X)ﬁ))ds—l—/ pt_S*IP’(Gé'd)ds—l—/ pe—s x P(f)ds
0 0 0 (1.6)

¢ ¢
Hzpt*90+/ pt_s*div(Gﬂ')ds—i—/pt_s*gds,
0 0

—t(-A)% (

where py, with ¢ > 0 is the fractional heat kernel associated to the semi-group e we thus have

in the Fourier level the expression p;(¢) = e H&l%).

Before we state our first result, we need to introduce some definitions.

e Morrey spaces. We will say that a locally integrable function ¢ : R — R belongs to the
Morrey space MP4(R%) with 1 < p < ¢ < 400, if we have

1 P
[6lama = swpsup s [ JowPay) <o (1.7)
z€RIT>0 ¢ (5—9) B(z,r)

Morrey spaces are a generalization of Lebesgue spaces and from this expression we easily obtain
the identification MPP(R?) = LP(R?). See more details on these functional spaces in the books
[20] and [22].

e Triebel-Lizorkin-Morrey spaces. We will need the following thermic characterization of
Triebel-Lizorkin spaces based on Morrey spaces. Indeed, for a regularity index ¢ < 0 and for
two parameters 1 < p < ¢ < +o00, we will say that a function ¢ : R? — R belongs to the
Triebel-Morrey spaces T, (R%) if

00 gy dt\ "
g = H ([ meoor) '

where p; stands for the kernel associated to the semi-group e *(~2)? with 1 < a < 2 and where
MP9(R?) is a Morrey space given in the expression (1.7) above.

< 400, (1.8)
MP-a

e Parabolic Morrey spaces. Now, for a function ¢ : [0, +00[xR? — R we will say that it
belongs to the homogeneous parabolic Morrey space M5 ([0, +00[xR9) where 1 < p < g < 400
and 1 < a < 2 if

S =

1
9] ppa = sup sup @ (ioT) // N [Y(s,y)|Pdyds | < 4o0. (1.9)
>0 (t,2)€[0,4-00[xRe 1 P a {lt—s|a +|z—y|<r}

It is easy to see that we have the space inclusion M5 ([0, 4-00[xR%) € ME([0, +oo[xR?) for
all 1 <po < p1 < g < +oo.

e Parabolic Sobolev-Morrey spaces. Finally, for a function v : [0, +00[xR? — R, we will
say that it belongs to the homogeneous Sobolev-Morrey space W5 77([0, +o0o[xR%) where 1 <
p<g<+oo,yeERand 1 <a<2if

_X
191y rra = I(=A) "2y < +o0. (1.10)
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Of course these definitions can be generalized without any problem to vector valued functions. Note
also that, in the definition of these parabolic spaces, the time interval [0, +oco[ can be extended to R
without any problem. See also Section [2| below for more properties of these functional spaces.

With these functional spaces at hand we can now present our first result.

Theorem 1 (Initial data in Triebel-Lizorkin-Morrey spaces) Let d > 2 denote the dimension
and consider a fractional power such that 1 < o < 2. Fiz now a real parameter 1 < p < 400 such that
4 < 3a 2 <p< d+a

1) If iy : RT — R? is a divergence free initial velocity such that iy € T]\},?,q (RY) where we have
1 a—1 g(l a—l)

q — dta d

p d+a/’

if By : R — R is an initial temperature such that 6y € T]\_/[Eq(Rd) where p = (£ )p and
_ (2a—1\  arl 2a—1
= (=) —dl )

p d+a

d

o=

2) If f : [0,400[xRY — Rd is an external force such that f € Wy "™ ([0, +00[xR%), where

; _ _ d+
0 <7y <awithm= (5:25=)p and v = 577"

2a— 1 -y -y’
if g [0, +oo[xR? — R is an external force such that we have g € Wa‘“q([o, +oo[xRY), where

0<d <o withn= (3a_1_5)p and s = 3adj1a_5~

If the quantity
Ioll_-2 +116oll_-5 + Fllyzme + llgllyons,

D p
MP-9q MP:a

is small enough, then there exists a global mild solution (@,0) of the fractional integral problem @
such that

d+a [

U e MZ’ﬁ([O, +oo[xRY) and 6 € ./\/lp’za ([0, 4-00[xRY).

This result deserves several remarks. Indeed, we first note that, from the point of view of the homo-
geneity with respect to the dilations (1.3]), (1.4]) and (|1.5)), the spaces considered here are critical since
we have the identities

| —
’

—a = ||ltup|]| —~« and | = ||6o|| - , for the initial data,
p p p
MP-q MP-q MP-a MPb-q

H.]E;\”W;'y,m,r = ”ﬂ’w(;'y,m,r and  [|gxll}i,~sms = llgll);,~sns, for the external forces,
« «@

e S U

d+a , for the resolution spaces,
2a—1

so we are working here in a complete critical setting, and this is possible through the choice of the
different indexes that define the functional spaces considered above. An interesting consequence of
this fact is that, under a smallness condition over the initial data and the external forces, we can
obtain mild solutions that are global in time.

To the best of our knowledge this result is new for the Boussinesq fractional equations (|1.1]) as it
provides a quite general framework for mild solutions and we do not know if it is possible to consider
a largest critical functional setting than the one presented here.

Let us make now some comments on the values of the parameters used here. Besides the dimension
d > 2 and the fractional power of the Laplacian 1 < o < 2, the main parameter is the index p that



satisfies 4 < % <p< % and which determines the rest of the indexes of the functional spaces

used for the initial data, the external forces and the resolution spaces.

In particular we remark that the upper bound p < % is essential as it guarantees that the dif-
ferent Morrey spaces are well defined: indeed, this upper bound gives the conditions p < ¢, p < q,
m < v and n < s for the Morrey spaces MP? used for the initial data g, for the space M9 used for
the initial temperature 6, for the spaces Mgu* and Mgy* used for the external forces f and g, and for

dta d+a
the spaces Mb °~1 and ME2a=T yeed as resolution spaces.

We note now that the lower bound % < p not only gives the conditions 1 < p, p, m, n needed to

correctly define the corresponding Morrey spaces, but it will also be crucial in order to perform some
t

estimates over the bilinear quantity B(-,-), specifically in the term [ p;_s* div(0@)ds that takes into

account the product 0u: indeed, since the resolution spaces linked to each one of these variables are
of different homogeneity, it is necessary to have enough integrability information to obtain the wished
estimates. See Remark below for more details on this particular point.

This lower bound for the parameter p will also have other consequences. Indeed, parabolic Morrey
spaces MEY appear quite naturally in the study of mild solutions for the fractional Navier-Stokes
equations as they provide a good functional framework for time-space estimates (see our recent work
[7] as well as the computations performed below), moreover they also allow us to consider a very large
class of initial data.

To make this point clear, let us for a moment focus our study in the functional spaces for the initial
velocity field 4y. From a generic point of view, when dealing with homogeneous spaces -if in addition we
ask a translation invariant property- it is known (see [18]) that Besov spaces Bl ™ (R?) are maximal
in the sense that they contain all the functional spaces with the same homogeneity invariances. Recall
that the homogeneous Besov spaces B **°(R%) can be characterized by the condition

B
1l gz = suptellps = fllzee < oo, (L.11)
>

for any f € §’'/P. See [19] and [17] for more details about this thermic characterization of Besov spaces.

However, if we consider the classical 3D Navier-Stokes equations (i.e. when a = 2 and # = 0 in
(1.1)), it was shown in [I] that the largest homogeneous Besov space Bx™(R3), although critical
with respect of the dilations associated to the structure of the Navier-Stokes equations, is not well
suited to perform a fixed-point argument. As an alternative the space BMO~1(R3) c B3 (R?) was
proposed in [15], which seems to be -at the best of our knowledge- the largest critical functional space
for initial velocity fields .

This situation changes completely if we consider the fractional Navier-Stokes equations with 1 <
a < 2, indeed, as it was pointed out in [26] (see also [27] or [7]), an initial dat Uy € Bgo(afl)’oo(R‘g)

can be used without any problem in order to perform a fixed-point argument, in particular when we
d+a

use as a resolution framework the critical parabolic Morrey space M‘Z’ﬁ and this is due to the fact
that we have the estimate

ool asq < ] v (1.12)

o

!This Besov space corresponds with the scaling l} for .



as long as the parameter p is small enough. Indeed we have the following generic result which shows a
useful relationship between the quantity p; * f, considered in a parabolic Morrey space and the Besov
norm of the function f:

Proposition 1.1 Consider a function f : R — R such that f € B;B’M(Rd) for some parameter
0< B <d. Ifpq are indexes such that 1 < p < % 53 a= CHTO‘ and p < q, then we have the following

estimate:

[pe * fllmze < ClIfl gzpeoe-

See a proof of this result in the appendix [A]l In the general context of this article, this result states
that, when dealing with a parabolic Morrey spaces ME? as resolution spaces, we can work with an
initial data iy (or ) that belongs to a suitable Besov space as long as the first parameter p of the
parabolic Morrey space is small, which is unfortunately not the case of the Theorem [1| as we have

the lower bound % < p: the quantity ||p; * ﬁOHMIL dtq Can not be easily controlled by a Besov
norm of the initial data @ (in the sense of the estimate (1.12) above) as the arguments displayed in

the proof of the Proposition fail in this case (the constraint 35‘__12 < p is incompatible with the

[0

condition p < % = 2. if 1 < a < 2). This particular point forced us to consider for the initial data

a—1
tip the Triebel-Lizorkin-Morrey spaces introduced in the expression ([1.8]). Note that the context is
even more delicate if we want to consider an initial data 8y € Bofo(m*l
have 8 = 2a — 1 > « which would give the condition p < % =

not be applied.

*°(R%) since in this case we

a
2a—1

In the following result, we show that, as long as we want to work with the critical parabolic
d+a
a—1

Morrey spaces Ma as resolution spaces, then the Triebel-Lizorkin-Morrey spaces introduced in
the expression above are quite natural:

Theorem 2 For 1 < a < 2, if (i,0) is a mild solution of the fractional integral problem @ such
that
p7d+o¢ d P72d+a1 d
4 € My ' ([0,400[xR?) and 6 € My ** " ([0, +00[xR?),

3a 2

where the pammeterp satisfies the conditions <p< d+°‘ , then the initial velocity field ty belongs

to the space T),p. Q(Rd) with 1 =a-l_al_ O‘—_1) and the initial temperature 0y belongs to the space

N — dta P d+a
T b (B with p = (£ = (2sh) - (- 22

d+o/  d

P d+a

Lyp and 1

2a—1 d

In order to establish this theorem we will prove the following equivalences

e @oll ase = loll_s  and oo Ol gua = 60l -
My o7t MPq Mg 2ot MPq

which show how the Triebel-Lizorkin-Morrey spaces appear naturally in this context.

To the best of our knowledge, Theorems [1| and [2| are new in the context of the fractional Boussi-
nesq equations and although critical parabolic Morrey spaces can be used to perform a fixed point
argument, it seems that due to the structural homogeneity structure of the system, the homogeneous
Besov spaces can not be considered for the initial data in this framework: the possibility of considering
mild solutions in a critical setting with an initial data @ € Balem e (R%) and 6y € B (221,00 “(R%)
seems to be a new open problem.

The plan of the article is the following. In Section [2] we recall some notation and useful estimates
and properties of the functional spaces involved in this article, in Section [3| we give the proof of the
Theorem [I] and in Section [d] we give the proof the Theorem [2]



2 Kernel estimates, parabolic Riesz potentials and some inequalities

In the section we gather some essential facts that will be used in the proofs of our theorems.

¢ Pointwise estimates for the fractional heat kernel. One of the essential features that
will be displayed on this article is related to some specific pointwise estimates for the fractional
heat kernel p;. Indeed, we first introduce the following notation: let o, € C*°(R¢\ {0}) be a
positive, homogeneous function on R?\ {0}, with homogeneous degree p > —d (i.e. we have
p(A) = No,(-) for all A > 0). Then, for 1 < o < 2 and for ¢ > 0, we define the function
Kf : RY — R in the Fourier level by the condition

K2(€) = o,(€)e 1",

It is worth mentioning that the condition p > —d is only used to ensure that Jp(f)e*tma is
integrable with respect to £ in a neighborhood of the origin. With this notation at hand we
can present now a pointwise estimate for such kernels, which will immediately grant us useful
integrability properties: indeed, for 1 < a < 2, for ¢ > 0 and for some constant C' > 0, we have:

C

Kf(z)] < ————
' (t5 + |a])d+e

(2.1)

A proof of this estimate can be consulted in [I7]. From this pointwise inequality we easily deduce
the LP control if p > —]%

1
ptd(1—3)

IKf|lr <Ct™ o, (2.2)

valid for 1 < p < 400. For more details and properties of this type of semi-groups, see the book
[16].

e Parabolic Riesz potential. For a locally integrable function f : R x R — R, we define the
parabolic Riesz potential Ig with 0 < 8 < d + « by the expression

Lo(f)(t2) = / ! F(s,y)dyds. (2.3)

RxRe (|t — s|é + |z — y|)dto—p

As we shall see, the parabolic Riesz potential Ig will naturally appear as a corollary of the
estimates (2.1) given previously (for this it will be “enough” to set p = a —  in the kernel
inequality above).

e Parabolic Morrey spaces inequalities. We recall here two important inequalities in the
context of the parabolic Morrey spaces presented in ([1.9). The first result is nothing but a
suitable version of the Holder inequalities:

Proposition 2.1 Let 1 < a < 2 be fized. Let also p1,p2,q1,q2 denote real parameters such that
1<p <q < +o00o and 1 < py < qo < +oo. If f € MEPH(R x RY) and if g € ME> (R x R?),
then we have the following version of the Hélder inequality in the parabolic Morrey space setting:

£ gl pza < NFlpgeran llgll pgpzeaz,

1_ 1,41 1_ 1,1
wherep—p1 + 0 (mdq— P
The second result present some boundedness of the parabolic Riesz potentials in parabolic Morrey

spaces:



Proposition 2.2 Let 1 < p<q< 400 and 1 < o < 2. If f is a measurable function on R x R?
such that f € MEY(R x RY) and if 0 < B < ©2 | then we have the following estimate

Ta
s ()l < Cllfll g

P a
MR

where A =1 — Bzl

See a proof of this fact in [17].

3 Proof of the Theorem (1

We first remark that the integral formulation (1.6)) can be rewritten in the following manner

U=Uy+F+ LU+ BU,U), (3.1)
fpesers
. = o - o pi—s * P(f)ds
where 7 = [ ¥ )isas3 + 1 vector, Uy = Pe o is the initial data, F' = 0
0 pe * 0o
Pi—s * gds

. 0

is the external force (recall that f and g are given), L(U) = /0 Pi—s * P(0€q)ds is a linear term

0

t
Lo —/ prs * P (div(u ® )) ds
and B(U,U) = o

is a bilinear term.

/ pr_s x div(0u)ds
0

The equations of the form (3.1)) can be easily studied as we have the following version of the Banach
fixed point theorem:

Lemma 3.1 Let (E,| - ||g) be a Banach space. Consider Uy € E and let L : E —s E be a linear
operator and B : E x E — E be a bilinear operator that satisfy the estimates

ILD)e < CilUle,
IBU, V)l < CplUlelV|e,

for all U,V € E. Assume moreover that Cp, < 3. If we have |Uollz < 6/2 and ||F||g < 6/2 for a
constant 6 > 0 such that § < ﬁ, then there exists a unique U € E such that |U||g < 38 which is a

solution of the equation .

See [0, Théoreme 7.1.1] for a proof of this lemma.

In what follows we will apply this general result to construct mild solutions of the integral problem
(1.6]) and of course the choice of the resolution space (E, || - ||g) will condition the nature of the results
that we want to obtain. Indeed, we are interested here in considering a resolution space that is critical
with respect to the scaling , however, since the scaling for the variable @ is different from the one

of the variable 6, we will separate the information in the following manner: for the vector U= < Y )

0
= U
1= (5 )

we will consider the norm

= ||z, + €[0] 5., (3.2)
E

8



where (E1, | - ||g,) and (Es, || - ||g,) are two Banach function spaces and where € = €(a,d) > 1 is a
Uy
0
the scaled functions #) and 6y are given in the expression above, we will say that the norm || - ||
is critical with respect to the scaling if we have the identity

constant that will be fixed later. Thus, if we define for some A > 0 the vector Uy = , where

I1UxE = |laxle, + €ll0AlE,
= |ldllg, + €0, = IU||e-

Note that the homogeneity property asked for the Banach spaces E7 and F» is different since the
scaling of the variables & and 6 is different.

As we will see, one very important feature of critical norms is that it is possible to obtain mild
solutions that are global in time (as they preserve the scaling structure of the equation). However, in
order to work in a fully critical setting, we also need to choose a suitable framework for the initial
data (i, ) and for the external forces (f,g). We will thus say that a Banach space (€, - ||¢) is a

critical space for the initial data ( ) if we have the identity

(vl
00

where the scaled functions iy ¢ and ) are given in the expression (1.5)) above. In the same spirit,

to

; (3.3)
£

= la@nolle, + 18x0lle, = Iolle, + Iolle, = H< b >

we will say that a Banach space (F,|| - ||#) is a critical space for the external forces < ! ) if we have

the identity

[(2)] = 150m + o = 170 sk = | (1) 3.4
where the scaled functions f:\ and gy are defined in the formula |i above.

With this generic critical framework at hand, we will construct in this article global mild solutions
for the system and in order to apply the Lemma once we have fixed a critical function Banach
space (E, || -||g) as a resolution space, we will need to establish the following estimates (where we are
considering the formulation above):

e For the initial data [70:

> * U S
1Uolle = H( l;t e > = lpe * uollz + €llps = bol|
tx00 )|

< Clliolle, +CC|bo]le, (3.5)
e For the external force E:
t
) JERR G t ) t
1Fs =] o, — | [ o epias| s [pxgas
Pis*gds 0 Er 0 Bz
0 E
< CHfH]"l + CQ:HQH]"Q (3'6)
e For the linear term L(U
- s x P(0E,)ds ! .
IL(O)|| e = /pt *P(0eq) = H/ pi—s x P(0€g)ds|| < Coll0] &,
0 B
E



recalling that we have [0z, < 2(||@]|z, + €[|6] £,), we can write

ILO)lle

IN

Co o Co =
=D lz, + €llle) = LNl
CulU] (37)

A

where we have C, = %.

e For the bilinear term B(U,U):

t
_ / b % P (div(@ ® i) ds

IBW,D)e =
/pt s * div(0u)ds

IN

/pt s * P (div(u ® 1)) ds

Cilldll g, llall e, + C2¢||U||E1||9||E27

/pt s * div(0u)ds

Es

IN

and since we have
ldllg, <ille, + €0, = IU|e and €0k, < ||dllg, + €[0]E, = U]k,

we can write

1B, D)l < (C1+ Co)|U||l|U |- (3.8)

Several remarks are in order here. First note that the only purpose of the constant € introduced in
the norm is to make the constant Cf, in the estimate small enough, which is necessary to
apply the Lemma|3.1] Remark next that since we want to work in a critical setting, the constants that
appear in all the previous estimates will not depend in the time variable: thus, under a “smallness”
hypothesis (stated in terms of suitable norms) over the initial data (i, ) and over the external forces
( f, g), we will obtain global in time mild solutions for the problem . This smallness condition is
then expressed by the estimate

Cliall, + Celtoll, + €1 fllz + CClallr < g

Note now that, following the structure of the norm || - || of the resolution space given in (3.2)), the
norm naturally “linked” to the variable @ is || - ||z, while the norm “linked” to the variable 0 is || - || g,
(this peculiarity is also reflected in the initial data as well as in the external forces, see the expressions
and above) and most of the estimates presented in — respect this separation of
norms. However, since the Boussinesq system contains coupled terms, the study of the linear term

L(U) as well as the bilinear term B(U,U) will structurally require some mixed norm estimates (see
the estimates (3.7)) and (3.8) above), and this will demand a certain flexibility in the norms considered.

We will now establish the general estimates (3.5))-(3.8)) within the functional framework stated in
Theorem [11

P * Up
pe * O

Pt * up
L (GO

e For the initial data (70 = < ) we write

= lpex @oll, seq +CllpexOol] s

[e3

(1p) (2p)

10



For the first norm (1p) in the right-hand side, using the definition of the parabolic Morrey norm

given in (1.9), we have

1

} 1 y '

bl gg =swp s ([ b # 0 y)Pdyds |
METT >0 (ta)el0 roolxka G TaER) \ S S fji—sl @ +z—yl<r}

Since the integration domain {|t — s\% + |z — y| < r} is included in the set [0, +oo[x B(z,r) we
find the upper bound

—+o00
l|lps * ﬁo|| pdta < sup sup — / / Ips * do(y |pdsdy
Mo r>0 zeRd r(‘”a) 5 ara) (@.r)

We thus have

19pP
1 +o00 ? P
a < su up ————————— s Pq d
Hpt*UOHMZ ot §>% xse]de r(d a)(% E:olt) </B(x,r) [</0 ‘P *UO(yN 8> ] y)

1 Td(%_%) 400 %
<sup sup s ([ s dnras)
r>0 geRrd (4t @)(5~ dra) rd=3) 0 Lr(B(z,r))
Sin(:(? by hypothesis we have 611 = fl‘j%olé - %(% - d+a) then (d + a)(; - fl‘T;) = d(% — %) and we
obtain
1
+o0 D
Iz * dol| , are <sup sup —=— </ [ps *ﬁo(y)\pd8> = [[do]| -2
My r>0 gcRd ¢ (p_q) 0 LP(B(z.r)) Tyipa

For the second norm (2p) we have in a similar manner

1

) v
ool e = s s (] I, * Bo(y) Pdyds
Mbr2a=T >0 (t,2)€[0,+o0[xRd (AT G2 {|t—s|& +|z—y|<r}

p
1 +oo
< sup sup TS / / Ips * 0o (y \pdsdy ,
r>0 geRd r(d+a P dta (z,r)

and the previous expression can be rewritten as

|9z * 6ol = <sup sup
My r>0 gcRd ¢

L?(B(z,r))

) (indeed, recall that we have the identity

(/ o+ 60@)%);

We can finally write, with the two previous estimates for (1p) and (2p):

As by hypothesis we have (d+ a)(% —Za=ly _ g

d+a
% = 2d°_fal g(; 2;:&1)), we thus obtain

a =

1
[[pe * 6o e < Sup sup — 5y
M, r>0 gerd p4G—7)

= H90H
M

L?(B(z,r)) p q

[Tollz = e o, g5+ €lpe B0l g, <10l 5+ €ol|_-o < -+

P
a MP-4q TMP,q

11



e We study the linear term L(U) and we want to establish the estimate . For this we write

e

Now, since the Leray projector P is a vector of pseudo—differential operators with homogeneous
symbol of degree 0, smooth outside the origin, using the estimate (2.1)) with p = 0, we have the
pointwise estimate (using the definition of the Riesz potentials ([2.3])):

d+a

p’ozfl
M,

t
[ s spiozas
0

1
<c / . 10(s, y)|dyds = CTa(6])(t, ),
RxRe ([t — s|o + |z — y|)?

from which we easily derive the control

t
/ pi—s * P(0€y)ds
0

Applying Proposition with A = 5= 1, we can write

g SCIL(BDI ass.

@ @

Hla(|9|)||Mp,% <O gt =IOy oo,

@ @

(recall that p = (- da-2

finally obtain :

)p > 1 since by hypothesis we have p > and 1 < o < 2) and we

t
- o xP(0Ey)d ! R
IL{@)|e = /Opt * P(0ea)ds S’/pt_s*xp(oed)ds g SOIOI , gae
0 o o T
0 E
C /. C
< (0 u + 101, s ) = ST

e We will study now the bilinear term B(U,U) and we have

t
|B(U,U)||lg < H/O pi—s * P (div(d @ @)) ds

Mg%
(1s)
t
pi—s *x div(0d)ds o dta - (3.9)
0 Ma‘ 2a—1

(2B)

For the term (15) above we note that, since Pdiv(-) is a vector of pseudo-differential operators
with homogeneous symbol of degree 1, smooth outside the origin, using the point-wise estimate
of (2.1) for p = 1, we obtain

t
1
/ P #P(div(@® @) ds < C / (s, y)\lii(s, y)|dyds
0 Rde(]t—s] + |z — y|)dt+t

IN

C o (Jallal)(t, z),

where we used the definition of the parabolic Riesz potentials given in (2.3) above. We then

derive .

pi—s * P (div(d ® @)) ds
0

ase < Clllaa(j@ll@]] , arq

P, Prge

M Ma

12



By the Proposition with A = % we can write

(15) < Ol (AT s2g < CUN g, 0 < Oy s 14

d+ta ,
p

Pge
a a My

where in the last estimate above we used the Holder inequalities for parabolic spaces.
For the term (2p) of (3.9), by the same pointwise arguments as above we have

t
/ pis + P (div(6i0)) ds < C'To_1(0]]d]),
0

from which we obtain (recall that p = (2=L)p):

t
/ pr_s + P (div(6)) ds
0

< CTaz1(10)|12 o o
g S Ot (01D gmy e

Now, applying Proposition ﬂ with A = gg:; we obtain

Mot V0D gon, < CNOINTI gy gy, = CNONTN s, o
since p = (£ )p we have (ga_é) = (£=1)p. Note that we have the condition 1 < (=% )p (as
by hypothesis we have 30‘ 2 <p< ifo‘ which is needed in order to apply the Proposmon

Remark 3.1 Note here that the constraint 1 < (5-— L 5)p is crucial in order to perform our
computations (i.e. using the boundedness property of the parabolic Riesz transform in parabolic
Morrey spaces via the Pmposition and this forces the condition p > % > 4. The value of

the parameter p can not be made small using these arguments.

By the Holder inequalities in the parabolic spaces with (iofl)Qp == —|— (i‘”‘ 1)1p and 3dﬁa2 = gT_; +
Qd"f;al, we can write
(25) < OMarOITN gt g < CIT g 191 oty -

With these two estimates for the terms (1p) and (2p), we can come back to the expression (3.9)
above to write (recall that p = (:2=%)p)

2a—1
IBO Ol < Ol aeq T eq + O s 101 g

< CU|elUlE,
which is the wished estimate.

For the external force F, in order to establish the estimate 1) we write:

- /Pt s * P(fds t - t
1Pl = — | [ b e B [ e gas
/Pt * gds 0 0
E (1r) (2r)

and we will study these two terms separately. For the term (1r) we write

d+a
MP2a—1

d+a +Qt
Pra—=1

/ms*P>@ /}twp A)E(—A)7H fids,

13



and by the properties of the Leray projector we have

/Otpt—s «P(f)ds = /Ot[p«_A);pt_s . (CA)3 s,

We note now that the operator P((—A)Zp,_s * (-)) has a convolution kernel K;_, and from
Proposition 2.I] with p = v we can obtain the following pointwise decay

C

|ICt*S($)| S 1 d+~y’
(1t = 517 + |2])

we can thus write
t . “+o00 1 -
R e | . (=) fi(s, y)ldyds
0 —co JRE (|t — s|a + |z — y|)dtY
< Claey(J(=2) 72 f)(t, 2),

where we used the expression of the parabolic Riesz potential I,_- given in . With this
estimate at hand we have the control

t
/ pt,S * ]P(f)ds
0

—

siq <C ||y (RN aes

Pyag—1 MZ’Q*I
thus, applying Proposition H with A = 5= 11 ot since we have by hypothesis
20 —1—7 a—1
O<a—vy<(d _ d m=(—"—)p,
a—y<(d+e)—— an (206_1_7)1?

we obtain the inequality

—

(V1| PE of (SN

Moz

2a

d+a )

from which we easily deduce the bound (as we have v = Sa—1—7)"

o P(f)ds <O|f] - = CIfllyjyms-

1

p’a—l
M

For the second term (2p), we have by the same arguments:

t _9
Jreseods| o <Cfasta) o] e
thus, applying Proposition n with A = 3295= 5 we obtain
_9
Lo—s(I(=4) QQI)HMZ% < CH(— 29H et
where n = (559 11 5)p, which lead us to the control (since s = 3adf1‘{ 5):

t
0

With the estimates obtained for the terms (17) and (2f) we finally have

t ¢
/Pts*}P’(f)ds /Pts*gds
0 0
< Ol fllyyzrme + C€|glly-sns-

gt S Clallzone

2a—1

1] 2

dta +¢
MP’ a—1

d+a
MP2a—1

14



We have established the estimates — needed to apply a fixed-point argument, and as the
constants that appear in the computation do not depend on the time variable, under a smallness
assumption over the initial data (@,60y) and on the external forces (f,g) we can obtain a global in
time mild solution for the fractional Boussinesq system. |

4 Proof of the Theorem [2

We start noting that, if (@, #) is a mild solution of the integral problem (1.6 such that

d+a d+a

@€ Mo ([0, +00[xR%) and 0 € Mb T ([0, +00[xRY),

then we have
s * JOHM%% < +4oo and |[|pg * OOHMp’% < +00.

o @

Thus, in order to prove the Theorem [2] we will establish the following equivalence of norms

lpe  fllage = IFIl_-5 (4.1)
Ty "pa
for a generic function f : R — R, where 1 <p <gq,p > d_%lq and q is such that % = CHTO‘ — %. Note
in particular that with this definition of the parameter q (since p < ¢), we also have p < q. Remark
also that the condition ¢ = CHTO‘ — % corresponds to the one given over the parameters of the Theorem
for the initial data @y and 6.

The proof of the estimate ||[p; * f|| \pa < HfH _a  was already done in the proof of the Theorem

1| with some particular parameters. For the sake of completeness we give now a general version of this
inequality and for this we write:

||pe * fHMpq = sup sup

W(// s * f(y )]pdyds> )
>0 (t,2)€[0,+00[xRd 7 {]t— s\aHx yl<r}

Since the integration domain {|t — s|é + |z — y| < r} is included in the set [0, +oo[x B(z,r) we find
the upper bound

+oo
[pe * fllppe < sup sup e D) (/ / Ips * f(y |Pdsdy>
r>0 zeRd ’I” a) (z,r)

< L </+°O| rras)’
< sup sup ps * s
r>0 geRd T(d—&-a)(%—%) Td(%_%) 0 Lr(B(z,r))
Since by hypothesis we have the relatlonshlp ngO‘ — & we thus have the identity (d+ a)( %) =
d(% - a) and we obtain the estimate
1
1 too P
o+ Al < sup s s ([ o sPas) Mg @)
>0 zeRd ™\p  a 0 LP(B(z,r)) Mpq

We study now the reverse estimate HfHT_% < COllpt * f|| pqee and to this end we write
M P

1 —+o00 %
11,5 =swswp e ([ ([T s sras)an)
TMpq r>0 gcRd p (p q) B(z,r) 0

15



_dta _ a
q p

“+oo
fll —a =sup sup / / ps* f(y pdyds )
I HTMpq b S e (1 I . s )|

from which we derive the control

_a < sup sup / / s * f(y)|Pdyds
I, 5 < s ( sy

by the Fubini theorem and since we have the identity < q we can write

1 +OO/ I
R S TEE) s * fy)ldyds | 4.3
150 aepr @3- D) (/Ta . [ps * f(y)[Pdy ) (4.3)

(B)

We remark now that, by the definition of the functional || - || \4r. given in the formula (1.9), the term
(A) above can be easily estimated in the following manner:

1
(4) = sg%) Suﬂ% ﬁ (/ /B Ips = f(y )‘ded3> < lps * fllpgma-
' e r xr

It remains now to study the term (B) given in the expression (4.3]) above and for this we write

+oo pd p 1 “+oo ) . %
S <7 S oo 9
(d+a / /x o> f)ldyds |- < Goan (/a P iz var S)

where v4 is the volume of the d-dimensional unit ball. We thus obtain

1 d 1
1 +o0 P re +oo P
——T 1 s Pdyd <C——v—- « a||ps -~
T(d+a)(%_%) (\/7"04 /B(x,r) ‘p i f(y)‘ y S) - (d+a)(7_7 <\/7:a S <S Hp * fHL > 8)

d 1
d oo 1
B TP B P
< Csup s« * © —_— s aPds
< Cowp syl s (/ )

Recalling that [|f[| 5-5.00 = sup ngps % f|lpoe, fixing f = CHTO‘ =3+ % and after integrating with
o >0

respect to the time variable we obtain

d
+oo 7"; a B
p . *(1*520)
el VA rdyds) < Ol gz ey
< C|f] ot
< OMllsere @raa
<

O]l oo
since we have § = d‘FTa. Recall now that for a function f : R — R, for z € R? and for a real

parameter A > 0, we have the identity [ps * f(X - +2)[|pp0 = A~ & Hps * fllppa, from which we
deduce the homogeneity and translation invariance for the quantity ||ps * -||yze thus, due to the
maximality of the homogeneous Besov spaces (see [18]) we can derive the control

£l gzproe < Cllps * fllaaze, (4.4)
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since the quantities || - [| 5—s.c and |ps* || pza share the same homogeneity and translation invariance

5=
(see a proof of this estimate in the appendix . B| below). We thus easily obtain

+o0
(B) = sg}g su]é)d (d+a7 (/ / ps * f(y )‘pdyd5> < Cllpe = fllppe,
r>U zeR* p (z,r)

and coming back to the expression (4.3 we finally have

IF1l -~ < Clllps * fll e (4.5)

Tyibra
As we have the controls (4.2) and (4.5)) we deduce the wished equivalence of norms (4.1)): the proof of
the Theorem [2] is now finished. [

A Proof of the Proposition
Assume that p, ¢ are indexes such that 1 < p < % and g = ‘“‘TO‘ and consider a function f: R — R

such that f € B> (RY). Since by the formula (1.9) above we have

|| ps * f||Mpq = sup sup di // [ps * f|pdyds ,
r>0 (t,x)€[0,+o0[xR% 7“( +a)( {|t—s|= +|$ yl<r}

then we can write

oo lagge =swp s [ S|P sl g = £ Pdyds |
r>0 (t,x)€[0,+00[xRe p a) {It— 8\ +lz—y|<r}
< sup Sa”ps  f|lLee X sup sup // |'s| —Pa adyds
r>0 (t,x)€[0,+00[xRe 1 (d+a {It- 3|“+|$ yl<r}

Thus, using the definition of the norm for the Besov spaces B *°(R%) considered here (i.e. we have

B .
| £l g=p.00 = sup sa|[ps * f|[ze), we can write
e s>0

e o < WSl xsup s s | ff sl Edyds ) (A1)
r>0 (t,x)€[0,+oo[xRe r a) {lt— Sla'Hw yl<r}

and now we need to study the integrals above. Since the set {|t — s|é + |z —y| < r} is included in the
set {s>0:|t—s|<r*} x{yeR:: |z —y| <r}, we have

8 8 t+re s
= // 5 |s]Padyds < Crd/ s Pads = C’rd/ |s|Pads.
{lt—s|a +|z—y|<r} {|t—s|<ro} i o

We decompose our study of the last integral in two cases. First, if 0 < ¢t < 2r®, the domain of
integration is then included in the interval [—r®, 3r®] and then it comes

3r® 3 3re P 3re 5
I = CT‘d/ |s| Pads < Crd/ |s| Pads = 2C’Td/ s Pads,
0

77‘0( 737&){

since 1 < p < %, the previous integral is finite and we have

1< Crdpe(1=p2) — opdta—ps,
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We consider now the case when ¢ > 2r®. Since we have here t +r% >t —r* > r® > (0 and —pg < 0,
we can write

t+re t+re
8 8
I< C’?"d/ |s| Pads < C’rd/ (r)Pads = Crdtops,
t

—ra t—ro

With these estimates for I we come back to the formula (A.1) and we obtain

[pe % fllpma < ||f|]B 8,00 X SUP sup (@ra) (1 // || - adyds
>0 (t,2)€[0,+oco[xRI 7" a) {lt— S|0‘+|27 yl<r}

d+a
< Cflfllpzpee x sup « ,z)e[(s)}ipoo[xw (d+a)( O e
But since we have dga =gq, i.e. §= , we can write
Ioox flage < Cllfllgepom xsup  sup S = Oy,
>0 (t,2)€[0,+o0[xRe (T G=7)
which is the wished inequality and this ends the proof of the Proposition |

B A functional inequality

We will prove, for the sake of completeness, the estimate (4.4]) with the proposition below:

Proposition B.1 Let d > 2 and consider 1 < a < 2 be a fixed parameter. Let p,q be two real
parameters such that 1 < p < g < 400 and define § = d‘*'TO‘. Suppose that f € S'/P(RY) verifies

(t,x) = Ty=o X py * f(x) € MEL. Then f € Bgf’o"(Rd), and we have the estimate
£l g=proe < Cllpe s fll pazea-

Proof. It is enough to prove the case where p = 1, since we have the continuous embedding M5E? —

&% In order to simplify as much as possible the calculations, we will use the following norm on

the space MLE?, which is equivalent to the standard norm on this space. Namely, up to changing the
constant C' in the desired estimate, we will use the norm

1 P
[Wllge =sup sup e ( / Wis,y)Pdyds) . (B
r>0 (to)eRxRd TG\ Ji—si<re} J{z—yloo<r}

where |2|00 = [(2i)1<i<d|oc = max |z
1<i<

Now, consider ¢ > 0 and we express p; * f(x) as an integral in time by writing

pex f(x / pex f(x

Due to the semi-group property of the fractional heat kernel, for any i < s < %, we can write
pex f(2) = pi—s * (ps x f) (x) and we obtain

pex f(x /Pts* (ps * f) (x)ds

18



from which we deduce

b @< G b f1@s =3 [ [ @G s Do - vl (B2)

We study now the function p;—4(y) above. Recall that from homogeneity, we have the point-wise

expression py_4(y) = ( )d p1 ( y)1 , furthermore, since 1 < a < 2, the kernel p; possesses a
—s5)a t—s)a
certain decay at infinity guaranteeing integrability, namely one can find a constant C' = C(d, ) such

that
C

< -
‘pl(y)| = (1 + |y‘oo)d+1’

(see [16, Theorem 7.3.1, p. 320]). Using this point-wise decay and inserting it in the expression of

pi—s(y) yields
1 C

d d+1°
(t—s)e <1+ |yoo1>
(t—s)a

Finally, since 4 < s <t onehas % <t—-s< % and we get the following control

pes(y)] <

_27
. <>|<<2)a ¢ <L
2 ST @
t IE BT T lyloo \ 4T
(1+ ()" ) (1+ )

We then insert this estimate in the expression (B.2)) in order to obtain

m/ / d+1|(ps*f)(x— y)|dyds.

L
Ot

Ipe * f(x)] <

We now wish to use the information that ps * f belongs to My4. To do this, we consider the covering
of R? consisting of the balls

1 1 1 1
By = Buoo(tak,3ta) ={y e R?: |y —tak|so < it} ={yeR?: yt% — kloo < 13,

for all k € Z% and for t > 0. We can thus write

where we have

Io= / /B — d+1I(Ps*f)(:v— y)|dyds. (B.4)

1
ta

Now, for a fixed k € Z¢ and y € By, observe that if k = 0, we trivially have

1 1
d+1 — d+1°’
(1+ k) ¥ (1 + [Kfoo)™*

while for k # 0, one has |k|o > 1, hence by the triangular inequality we obtain

[Floo

B

@

>

N | =

Y
Itjloo > [kloo —
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and we have

1 < 1 < C
d — d - d+1°
(1 n |Zt/‘£°> +1 (1 + |k|200) +1 (1 + |k3|oo) +1

Thus, in all cases, we find by inserting this estimate in the integral in space of the expression (B.4))

above:
C :
Iké/ / ps x f)(z — y)|dyds.
AT Bkl( ) )l

We then apply the change of variables y — x — y to obtain

|
Iy < ———— ps o f)(y)|dyds,
CS T Em\( )]

where E;m is the ball Boo(:n—ti k, %té) Note now that the integration domain [£, £] XBOO(SL'—té k, %té)

is included in the set [—¢,¢] X Boo(x — tak, ti), so we trivially obtain the bound

%
P — / / Laso(pe * 1) ()| dyds.
(14 [kloo) ™™ Sis—0<ty J{ly—(a—tE o<t

We now use the assumption that ps * f belongs to the space M (see the formula 1} above) to
write

1

(té) (d+o¢)(1—%)
I, < X / / Ts0(ps * f)(y)|dyds
(1 + [kloo) ™ (ti)(”")“‘i) oor<tt Jiiy—ootb g ciby 0P * D

o ( ;)(dJra)(l—é) o o

d+a
R N X [fpy # f| e
(1 + |K]oo) ™! o5 Fllagzs

(1 + |koo) ! lps * fll pze =

We use the previous estimate of Ij in the expression (B.3|) in order to obain

C 1 d _dta
pex fl@)] < — > o X e Xt xlps x fl g
t1+E keZd(l + |k|00) * “
_dta 1 B 1
< Ot oa HPs*fHM};qZW = Ct™a|lps * f| pgra % ZW’
k‘GZd( +‘ ’00) kEZd( +‘ ’00)

since we have 8 = C”To‘. Note that the sum over k € Z¢ is finite, thus we have the control
_B
pe o f(2)| < Ot lps  fll yy10,
from which we easily deduce the estimate
B
sup o [pe  fllzoe < Cllps * f] yq1a,
>

which is precisely the desired estimate ||f||;-p.c < C|[ps * fl| 1.« and the proof of the Proposition
Bl is now ended. u

Statement. All authors have contributed to the manuscript substantially and have agreed to the
final submitted version. This work does not have any conflict of interest.
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