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Abstract

In this research, the Cauchy problem of the 3D viscous Boussinesq sys-
tem is studied considering an initial temperature with negative Sobolev
regularity. Precisely, we construct local in time mild solutions to this sys-
tem where the temperature term belongs to Sobolev spaces of negative
order. Our main contribution is to show how the coupled structure of the
Boussinesq system allows us to considerably weaken the regularity in the
temperature term.
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1 Introduction

We consider the incompressible three dimensional Boussinesq system, which
describes the dynamics of a viscous incompressible fluid with heat exchanges
[14, 15). Mathematicaly, this system couples the Navier-Stokes equations and
the equations of thermodynamics as follows:

Ou—Au+ (u-V)u+ VP —fez =0,
0:0 — A +u-Vo =0,

div(u) =0,

u(0,-) =ug, 6(0,-) =bp.

(1)

Here, u : [0, +00) x R? — R? is the velocity of the fluid, P : [0, +o0) x R? —
R is the pressure and 6 : [0,+00) x R® — R is the temperature. Moreover,
e3 = (0,0,1) is the third orthonormal vector in the canonical basis of R3, while
U : R? — R? and 6y : R? — R denote the initial (divergence-free) velocity and
the initial temperature respectively. With a minor loss of generality, we have
set all the physical constants equal to one.
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The Boussinesq system was studied in the L? setting in [2] and weak solu-
tions were constructed in [9, [13]. In recent years this model have taken interest
in the fluids mechanics community. On the one hand, in view of its proximity
to the incompressible axisymmetric Euler system with swirl, the partially vis-
cous Boussinesq system in dimension two is of great interest, it was addressed
for example in [I0, 11l [16]. On the other hand, in [5] the authors show that
the classical results for the standard Navier-Stokes system remain true for the
Boussinesq system even considering a null viscosity for the temperature term:

Ou—Au+ (u-V)u+ VP —0fez =0, div(u)=0, @
2
00 +u-Vo =0,

and considering compatible regularity conditions for both the initial velocity and
the initial temperature. Precisely, in Theorem 1.1 of the paper [5], global in time
weak solutions are constructed under the well-known initial condition for the
velocity ug € L?(R?), and the initial condition for the temperature 6y € LP(R?),
6/5<p<2.

Concerning the case of initial data belonging to Sobolev spaces, and recalling
the embedding LP(R3) ¢ H*(R?), with 6/5 < p < 2 and 0 < s < 1, this last
condition on the initial temperature suggests to look for solutions of the system
with 6y € H—5(R3).

In this article, we address the stronger setting of mild solutions and we will show
the existence and uniqueness of mild solutions for the three dimensional viscous
Boussinesq system with initial temperature in Sobolev spaces of negative
order. In this context, we show that the coupled structure of the system
allows us to weaken the regularity in the temperature term.

Recall that mild solutions to the Boussinesq system solve the following
coupled system of integral equations:

u(t,-) =e®ugy — /0 eTAP ((u- V)u) (1, -)dr
; 3)
+ / e"IAP (Ges) (1, -)dr,

t
0(t,-) = €0y —/ "% Vo(r, - )dr, (4)
0

where, for the heat kernel h; we denote ey = h; * ¢, and P stands for the
Leray’s projector.

Our key remark is the fact that expression formally verifies the equation
Opu— Au+ (u-V)u+ VP = ez, div(u) =0,

where fes acts as a source term of the classical Navier-Stokes equations. Fujita
and Kato’s theory of mild solutions in Sobolev spaces [§],[I, Chapter 5.2],[12]
Chapter 7.4] shows that this equation can be studied by considering initial
velocities ug € H"(R?) with r > 1/2, and source terms belonging to the space
A1 (R?). In particular, the limit value r = 1/2 suggests the minimal regularity
condition § € H~1/2(R3).



Main results. Coming back to the Boussinesq system , and motivated
by this last remark, for » > 1/2 we shall assume that ug € H"(R?®), with
div(ug) = 0, and for 0 < s < 1/2 we shall assume that g € H—*(R3). We thus
look for conditions on r and s to prove the existence of local in time solutions.

In order to simplify the statement of our next theorem, we will say that the
system is locally solved in the space H"(R3) x H~*(R3) if for any initial
data (ug,6p) € H"(R?) x H™*(R3) (with div(ug) = 0) there exists a time
Ty > 0, depending on ug and 6y, and there exists a couple

u e L>=([0, Tp], H (R®)) N L2([0, Tp], H™H(R?)),

6 € L>([0,To], H*(R?)) N L*([0, To], H**(R?)),
which is a solution to —. In this setting, our main result reads as follows:

Theorem 1 Let 1/2 <r <2 and let 0 < s <1/2.

1. If s<1/2 <r and
1<s+r<2, (5)

then the Boussinesq system (@— is locally solved in the space H" (R?) x

H~3(R?). Moreover, the obtained solution is the unique one.

2. In the limit case s = 1/2, and for 1/2 < r < 1, the Boussinesq system
(@- is locally solved in the space H™(R?) x H~Y/?(R?).

The following comments are in order. Existence of local in time solutions to -
will be obtained by a fixed point argument joint with some sharp regularizing
effects of the heat kernel. However, equation imposes new defies. On the one
hand, we deal with Sobolev spaces of negative order and, on the other hand, the
term Au is more difficult to treat due the fact 8 and u have different regularity
properties. To overcome these difficulties, we have considered two cases of the
parameters r and s.

In the first point of Theorem [I} we consider the case s < 1/2 < r with the addi-
tional relationship . Observe that this relationship constraints s in function
of r. Precisely, by the lower bound in we have

—s<r—1, (6)

and then —s in contained in the interval (—1/2,r — 1). This fact shows us how
much the regularity of the initial temperature 6, € H*(R3) can be weakened
respect to the given regularity of the initial velocity uy € H"(R?). On the other
hand, the upper bound in constraints the parameter r to r < 2. We thus
observe that the given regularity for initial velocity ug cannot be arbitrary high,
when initial temperature with negative regularity is considered.

It is interesting to observe that the inequality @ appears inverted in the recent
paper [7] on the micropolar system, the reason is the different nature of the
coupled part in the equation for d;u. While the coupled part in the Boussinesq
system is —fes, the coupled part in the micropolar system is V A w, where w is
the coupled variable.



Getting back to @, we observe that when r goes to 1/2 then —s tends to
the limit value —1/2. Thus, in the second point of Theorem [1} we focus on the
(more delicate) case of minimal regularity conditions for the initial temperature:
0o € H~'/2(R?), and we show the existence of a local solution to H where
the initial velocity ug verifies ug € H"(R?) with 1/2 <r < 1.

In the range 1/2 < r < 1, the limit points » = 1/2 and r = 1 are of particular
interest. On the one hand, when r = 1/2 we deal with the limit case of the
relationship @ On the other hand, the value r = 1 seems to be the maximal
one for which we can prove the local-well posedness of - in H"(R?) x
H—l Q(RS).

When s = 1/2, the uniqueness of solutions seems more complicate to treat. In
fact, the methods used in the previous case when s < 1/2 are not longer valid
when studying the term fu in equation (4]) with 6 € H’l/z(R?’). As pointed out
in [3], this particular term makes more difficult to study the uniqueness issue of
solutions to the Boussinesq system, and additional regularity conditions on the
temperature term are required to obtain partial uniqueness results.

Following these ideas, we are able to obtain the next (partial) uniqueness result.

Proposition 1.1 Withing the setting of the second point in Theorem[], assume
that we have two solutions (u1,01) and (ug,02) to the Boussinesq system
associated with the same initial data, and such that

u; € LOO([()»TO]leﬂ(Rg)) n L2([0»T0]7 H3/2(R3))7
0i € LOO([(LTOL Hﬁl/z(RS)) n L2([03T0]a H1/2 N Wl’S(RB)%
fori=1,2. Then (u,01) = (ug,6s).

As noticed, uniqueness of solutions is ensured under the additional regularity
condition § € L?W}3. Moreover, this result also holds for velocities u belong-
ing to the space L{°H] N LfH;‘*‘l with 1/2 < r < 1, due to the continuous
embedding L HZ N L2HT+ ¢ LeeHY? n L2HY?.

Related works. Here we make a short discussion on some previous related
works. To this end, some mentioned results are not stated in their rigorous form,
since it requires a considerably set of highly technical definition and notation.
But, we shall emphasize their main features concerning the regularity of the
spaces involved. For all the technical details we refer to the articles cited below.

Previous studies on the Boussinesq systems and in functional spaces of
negative or null regularity were done in the framework of Besov spaces, generally
defined on the space R™ with n > 2. For our purposes, we shall only focus on
the case n = 3. In [6], the authors work with (1)) and essentially consider initial
velocities ug € By'; (R?) and initial temperatures 6 € B3_/1271(R3). Then, it is
proven that small data yields local in time solutions to the system , which in
essence verify

(u,0) € LF(BX)a N L (Bo 1) X Li*(Byjp 1 )a N L (B5)a 1)

The main objective of this work is to perform sharp estimates on the coupling
term u - V6 to obtain the local well-posedness in low regularity Besov spaces
with index —1.



On the other hand, in [5, Theorem 1.3] the authors consider the Boussinesq
system . They also consider any initial data ug, 6y € Bg’l(R?’) to construct
local in time solutions

(u,0) € L(B31)s N Li (B 1)o x Li*(B3 ).

By scaling properties, we have that the space BY | (R?) is embedded in L*(R?),
which is the well-known scale invariant space for the first equation in involv-
ing the velocity u.

Compared with these results, the main difference with our work bases on the
fact that we exploit the coupled structure of the system (mainly the crossed
term u-V#) and we use some sharp smoothing effects of the heat kernel (see for
instance the third point of Lemma and Lemma below) to consider differ-
ent regularity properties for u and 6, principally with a considerably weakened
regularity on the temperature term 6.

Open questions and future research. Our first natural question is to look
for if Theorem |1{still holds for the null viscosity system . This is not a trivial
fact due to the loss of smoothing effects in equation involving the temperature
term 6.

On the other hand, we emphasize that in contrast to the classical Navier-Stokes
equations (when 6 = 0), global in time mild solutions in Sobolev spaces arising
from small initial data (controlled by universal constants) seem not to be a trivial
issue for both Boussinesq systems and . In fact, in our case mild solutions
to (1)) are constructed by an iterative fixed point argument given in Lemma
below, and the main difficulty focuses on the linear term in equation : in
the required estimate Hfot et=TAP(fes)(T, ~)d7‘HHT < Cp||0|| -, the continuity
constant C, > 0 depends on the time T. However, due to the first technical
constraint in , this constant must be small enough independent of the size
of initial data, and this fact blocks to apply classical arguments to construct
global in time solutions.

Coming back to [5], Theorem 1.4 yields that local in time solutions to ,
obtained in Theorem 1.3 from initial data ug, 6y € BgAl(RS), can be extended to
global ones under the supplementary hypothesis ug € L3> (R3), 6, € L'(R?),
and with smallness conditions on the quantity ||ug||zs. + ||6o]|z1, Wwhich are
given by universal constants. In future research, we aim to adapt this method
to our framework. Nevertheless, this does not seem to be trivial, principally
when handling with Sobolev spaces of negative regularity for the temperature
term 6.

Finally, in further research we also aim to understood the optimality of the
relationship involving the parameters r and s. Precisely, we aim to study
some ill-posedness issues in the complementary cases s+ <1 or 2 < s+ 7.

Notation and organization of the article The Fourier transform (in the
spatial variable) of a function f is denoted by f, while 7 1(f) stands for the
inverse Fourier transform. Moreover, in our estimates we shall use a generic
constant C' > 0 which may change from one line to another.

In Section[2 we collect all the technical lemmas which we shall use later. Section
is devoted to prove Theorem[l] while in Section[dwe give a proof of Proposition
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2 Preliminaries

In this section, we summarize some known estimates concerning smoothing ef-
fects of the heat kernel. For the sake of completeness, in some cases we give a
short proof of these statements.

Lemma 2.1 Let sy € R and sy > 0 be two real numbers. There exists a constant
C > 0, which depends on s1 and s3, such that for any t > 0 we have:

_ 352
€2 fllgeae < COAU+EZ) | fllaren

The proof of this lemma is straightforward. It follows from direct computations
in the Fourier variable and the well-know identity e*2 f(£) = e’t|§|2f(§).

Lemma 2.2 Let f € L?([0,400), L2(R3) N H* (R?)), with s; € R. Define the
function

F(t,-) = / t et=DA £ (7, Vdr.

0
Then, the following estimates hold:

1. For allt >0 we have [|[VF(t,-)|lr2 < C||fl|p2L2-
2. We have ||AF|[p2r2 < C| fll2z2-

3. Let s1 € R and 1 < s9 < 2. Definep =
Then we have the estimate:

52%1, which verifies 2 < p < 4o00.

I o gz < C Il 2 gz

Proof. The first point and the second point are well-known facts, see [12]
Lemma 7.2] for a proof. The third point follows from the previous ones: we
write

t
||F||L;DH51+32 = H/ e(t—T)A(_A)(Sl"FSQ)/Qf(T’ )dT
. ’ L
t

For simplicity, denote G = fot et=A¢(7 )dr, with g = (~A) 7 f. We apply
interpolation inequalities in homogeneous Sobolev spaces with the parameter
o=—s24+2¢€(0,1), hence we have 1 — o = s3 — 1. Then, we use the first and
second point stated above to get

|8y f e
0

LPH3?

1G] Lrszze < CHGNT s Gl 370 < Cllgllzzre = ClIflpzpgs- ™

Our last lemma is essentially proven in [I, Theorem 5.4]. However, we will state
it in a more general version adapted to our needs in this article.



Lemma 2.3 Let s1 € R and let s1 < s3 < 81 + 1. Define p = ﬁ, which
verifies 2 < p < 400.

For all € > 0 there exists a quantity Re > 0 such that
€
e £ ]|y srza < 5+ (RED)VPI £ g
Proof. For a parameter x > 0 (which will be set later) we write
tA —1( _—t|¢|? n
||6 fHLfH;2 < H‘Fx (6 <l ]1|5|2N(€) f)‘ Lfﬂiz

+ H}—;l (67”5‘2]1|5|<n(€) f)

LYH;?

In order to estimate the first term, recall the the identity p = 32381 and the
relationship s; < s2 < s1 + 1. Using interpolation inequalities in homogeneous

Sobolev spaces with 0 = s1 +1 —s2 € (0,1) and 1 — 0 = s9 — s1, we have

H]:gc_l (6_”5'21\5\2;{(5) J?) ‘

LPH;?

<c ( / e e F)

o

F (el 1 ) A7 "
’ 2 ( le|> (§)f))

rs1+2

op

Hs1
—1( _—t|¢|? I

‘]:I (e l€] 1|5|2”(§)f)‘L3H21+1

+C H}"{l (67t\5‘2ﬂ|g|zn(f) f)‘

l1-0

<C H]-';l (e_”ngIl\g\zn(f) f)

<C HEZl (67”5'211\5\2,%(5) f)’

L$° H

. c sy 41"
L;’OHil LgHil

By well-known properties of the heat kernel, each term above is controlled by
the quantity HF;l (11|5|>,€(§) f) H _, and we get
> o

“f;1 (e_t‘£‘21|g|zn(§) J?)‘

<0 |7 (b= 7).,
Lo S = Lz &) F)| ..,
Thereafter, since f € Hsl(RS), for € > 0 we can set kK = R. > 0 big enough
such that
|

o (Len©F)] . <5

2
S2—S81

we write

For the second term, using again the identity p =

H]:;l (e_t‘§‘2ﬂ|£|<R5 ) f)‘

LPH;?

T . R 1/p
</0 I |€]2 e~té] 1|s<m(£)f||’£2dt>

T , R 1/p
</O g2 e g < g, (€) §|slf||1£zdt>

< (REC== TP f oy = (RET)YP £ e u



3 Proof of Theorem

In equations and , we have a bilinear term
B((u,0), (8,0)) = (Bi((w,0). (8,0)), Ba((w,0), (1.0))),

where B; involves only u and 1, while By involves u and é, as follows:

Bu((w,0), (&,0)) = — /0 c=IAP (u- V)id) (, )dr,
By((u,0), (0,0)) = —/0 =12 vo(r,-)dr.

Moreover, we have a liner term involving 6,

L( (uae)) = ( Ll((u’6>>7 L2<(u70)) )a
with

t
Li((u,0)) = / e"TAP (fes) (1,-)dr and Lo = 0.
0

Thus, letting e = (u,0) and ey = (e*®uy, €6 ), the whole system — is
written of the form
e =ey+ Ble,e) + L(e), (7)

and to construct a solution we use the following version of the Picard’s iteration
scheme:

Lemma 3.1 Let (E,| - ||g) be a Banach space and let eg € E be an initial
datum. We set ||eg||p < 5. Moreover, let B: E x E — E be a bilinear form and
let L: E — FE be a linear form, which, for all e, f € E verify

IB(e, f)lle < Callelle Ifllz and ||L(e)|z < CLllelle-

If the constants Cg > 0 and Cp, > 0 satisfy the relationships:
1
O<CL<§7 0<9Cgd<1 and Cr+6Cgd <1, (8)

then equation@ has a solution e, which is uniquely defined by |le|]|g < 36.

For a proof, we refer to [4] (proof oh Theorem 3.2 in Appendix). Observe that
the last inequality in is consequence of the two first inequalities.

Now, to prove Theorem [I| we shall consider the cases s < 1/2 < r and s =
1/2, 1/2 < r <1 separately.

3.1 Thecase 0<s<1/2<r<2.

Let T'> 0 a time. For the sake of simplicity we shall denote the Banach spaces

Ey = L>([0,T], H"(R*)) N L2([0, T], H" " (R)),



and
Ey = LOO([O7T]7 H_S(Rg)) n LQ([O>T]>H_S+1(R3))7

with the usual norms

1
2

T
||f||E1=02§T||f<a~>||m+( | s ) 7

T 3
”sz:OzltlgTHf(ta')”H5+</0 [FECoRI-— ) 7

respectively. Here the homogeneous Sobolev spaces are defined as the closure of
the test functions with respect to the homogeneous Sobolev seminorm. We will
use the Picard’s iteration scheme (given in Lemma [3.1)) to construct a local in
time solution (u,8) € E; X Ey of the coupled system —.

and

In these equations, terms involving initial data are simple to estimate and we
have
le"® o)l < Clluollar,  [le"6ollm, < Cllboll - (9)

Moreover, for the bilinear term in equation we have the well-known estimate

see for instance [I12, Theorem 7.3].

1 min r—
<Cri™™ 02U g, v]e,  (10)
E,

/t eDAP (u- V)V) (7, )dr

0

Thus, the novelty in this proof is to use the information u € E; and 6 € Fs to
¢

perform sharp estimates on the term / (t=mAP (fes3) (1, -)dr in equation ,
0

t
and the term / =8y VO(r,-)dr in equation . For the sake of clearness,

0
we state these estimates in the following set of technical lemmas.

Lemma 3.2 We have

t
/ AP (fes) (1, )dr

0

(+)

<C(r+7750 ) ole, (D)

Eq
where the upper bound in (5) yields that 2 — (r + s) > 0.

Proof. To control the first term in the norm || - ||g,, for 0 < ¢ < T fixed we

write
= L L],

Then, we apply Lemma (with s; = —s and sy =7 + s) to write

dr.

T

/ (t— T)AP (963)

0

/Ot ’e(t”m(&es)(n-)” dr <C/ (L4 (t— 7)) 00T, )| s dr

<c/ L4 (= 7)Y 00 ) o

161 e o

<C(t+t



where we have used the fact that s > 0. We then obtain

t
/ e=TAP (eg) (1, -)dr

0

(T+5)

sup
0<t<T

<OT+T°
HT

Olle,.  (12)

To control the second term in the norm || - ||z, , we write

t
/ t=AP(Gey) (1, )dr
0 L2EIH

(TN = (/Ot elt- Tﬁp(aeg)(ﬂ-)m) .

=lAa ( / t eIAP(—A) T (fes)(r, .)dT)

0

)
L2L2

and by the second point of Lemma [2.2] we have

HA (/t cE=TAP(A) T (fey) (7, -)dr)

0 < O]l -

L7Lg

Then, we use interpolation inequalities in homogeneous Sobolev spaces by writ-
ingr—1=o0(-s)+(1—0)(—s+1), hence 0 =2 — (r + s).

Remark 3.1 Note that 0 < o <1 as long as @ holds.
We thus obtain

1

T 2
c(/ 100, )%, dr )

SC(/O 160G, 3. 16, )15~ dr ) (13)

T 3
2(1—0o
<ClON7 o - (/0 (2] b)dT> :
1

In order to control the last integral, we apply Holder inequalities with p = ;=
and ¢ = % (hence we have 1 =1/p + 1/q) to obtain

N

l1—0o

r 2(1-0) : T : o
(/ ||9<T,~>||Hud> s(/ 16, )20 dr ) S

=100} T2

L2H1 s

Gathering and , and applying the discrete Young inequalities with p
and ¢ given above, we have

Inequality directly follows from and , and the identity o = 2 —
(r+s)>0. [

< CT%|0 5, (15)
L2ETH

t
/ ct=AP(Gey) (1, )dr
0

10



Lemma 3.3 We have

t
s 1
/ "Ry Vo(r, )dr|| < C’T_ﬁ'%HuHEl||9||E27 P (16)

0 o 4 8
1 1
Observe that 0 < —4 + g as long as s < 3.
Proof. For the first term in || - || g,, we have the estimate
¢ 5 1
‘ / "% Vo(r, )dr <CT 35 ullp 10 s,-  (17)
0 LHL®

Indeed, using the first point in Lemma [2.2] we write

¢
=72y . vo(r,-)dr

H s

s H(feseee],

<c|v ( (-8 (u)(r, i

<O|(=A)"2 ()l g2z = CllOul| 125

L2

To control the last term, by the Product laws in homogeneous Sobolev spaces
we have

r 3
cneuuLgH;SC(/o ORI DI sz> )

Remark that 0 < =% + 3 < 2 aslong as —3 < s < 2

5+ 73 5 5, which is verified for
0<s<s.

In the first term on the right of , we apply interpolation estimates with the
relationships —% + 2 = —soy + (1 — s)(1 — 01) with o1 = —% + ;. Remark
that the requlred control 0 < o1 < 1 is ensured by our assumption 0 < s < %
Therefore we can write

166,25y < C 66,2

2(1—0o
NG iy

Similarly, in the becond on the right of . we use —3 —|— 3 =020+ (1 —o02)r

with o9 = 2% -+t where we also have 0 < o9 < 1. Indeed, on the one
hand, observe that 0 < o2 as long as 1 <3+ r However, this last inequality
is verified thanks to and the fact that s < 5 < r: by the lower bound in
. we write 3 g < 45 + gr. The inequality 2 48 + %r < § + 7 is equivalent to the
inequality s < r, wh1ch is enbured by s < 5 < r. On the other hand, observe
that 0'2 < 1 aslong as s < 3 , which is ultlmately verified by the assumption

s < 5. Therefore, we write

o 2(1—0o
()2, 4 0g < Cllulr 32 ulr N5~

11



We thus obtain

T
e ( |10,y ')|2;+3d7>
T
§O</O 66,11,
" :
w7l ( / ||9<T,->||§§1Sff>d7>

T 3
c 2(1—c
Ol e 1o (/O |0(T,.)|F§s+;)d7> '

We still need to estimate the last integral. For this we use Holder estimates (in
the variable of time) with % =1-—o07 and % = o01. Moreover, recalling that

SIS

N

00 LT e Y -)||§;i_"2)dr>

o

<ClullLenr

0<01=—§+iwe obtain

N

T
o 2(1—0o
Cllullzze g 10117 - ( / lo¢r, )l ;_s+3>df>

1—0y
2

T
o1
< Ollullzzem; 1015, ( / nemnzm) e
sy 1
<CT 5%5 |ul|g, |0] £,

which yields .

For the second term in | - || g, we have the estimate

t
/ =AYy . Vo(r, )dr
0

|

<OT™i5 |ullp, |0llp,-  (19)

LEH;S+1

Indeed, we write

t
/ et=TAy . Vo(r,-)dr
0

L%H:s+l

t
/ A div(0u)(r, - )dr
0

r—s+1
L2H; "t

/t e(t_T)A(Hu)(T, dr

0

i
We use here the second point in Lemma [2.2] to write

/ =2 (gu)(r, ) ar

d
0

r—s+2
L2H;

<C HA (/t e=IA (- A)7E (fu)(, -)dT)

0

LPLg
<CI(=A)"2(0u)llpz 2 = Cll0ull 2,

12



where the last term was already estimated above. Estimate now directly
follows from estimates and . |

With estimates (9], (10)), and at our disposal, we set a time Tp small
enough in order to satisfy all the set of conditions (8] in Lemma and we
obtain a solution (u,) € Ey x E5 to the system (3)-(4).

In addition, this solution is the unique one in the space Fy x E5. The proof
of this fact is rather standard, so we shall only detail the main ideas. Let
(u1,61), (us, 62) be two solutions of (3)-(4) arising from the same initial data.
We define v =u; —uy and n = 01 — 2. Then, (v, 7) solves the coupled system:

vit,) = — /Ot e(t*T)AIF’((m V)V + (v V)u2> (r,)dr

t
+ / e=TAP (nes) (1, -)dr,
0

t
n(t,-) = —/ et=mA (V -V +uz - Vn) (7,)dr.
0

On the other hand, we denote by 0 < T, < Ty the maximal time such that
(v,n) = (0,0) on [0,7,] x R3. We shall prove that T, = Ty. For this, we shall
assume that T, < Ty to obtain a contradiction. Indeed, if T, < T let a time
T, < Ty < Ty. Then, we consider the spaces 1 and E5 on the interval of time

[T., T1]. By performing again the estimates (10)), and (16]), we obtain

1 —
IVll5, <C(Th = To)3 ™02 ((luy ||, + [usllg,) V] 2,
2— (r+s)

+0 (T =T + (T =T 5 ) s,

and
_ s 1
nlle, < C(T = T)~ 175 (vl &, 1011 2, + luzlle 7]le,) -

Here, we can set the time T} close enough to the time T, such that ||v||g, +
|nll &, = 0. We obtain that (v,n) = (0,0) on [0, T}) <R3, which is a contradiction
with the definition of the time T... We thus have T, = Tj.

3.2 Thecase s=1/2and 1/2<r <1.

Due to technical difficulties, and for the sake of clearness, we will divide this
case in the following subcases.

3.2.1 When s=1/2 and r =1/2.

We set
By = L([0,T], H? (R®)) N L([0,T], H > (R%)),

and
By = L([0,T], H* (R®) N L*((0, T}, H* (R*)),

considering the norms

N

r 2
171 = sup 15085 + ( / |f<t,->|Hgdt> ,

13



and

N

4 2
171 = s 1506l + ( / IIf(tw)IIH;dt)

For the initial data part we have

le'*uolls, < Clluoll, 3, lle®6ollz, < Cl8oll -2 (20)

However, in contrast to the previous case s < % < r, estimates on the bilinear
terms in equations (3]) and are not longer dependent on the time 7', and this
fact constraints to consider small initial data (ug,6p) € H'/?(R?) x H~1/2(R3)
in order to construct a local in time solution (u,f) € E; x Es to the system

B)-@.

To overcome this problem (in order to work with large data) we shall consider
different functional spaces to apply the point-fixed argument. Remark that by
interpolation inequalities we have the continuous embeddings

E, c LA([0,T), H*(R®)), and E, C L*([0,T], L*(R?)). (21)

By and we obtain that e/®uy € L*([0,T], H'(R?)) and 26, €
L4([0,T], L?(R?), and we thus have the following bound, uniformly in T,
Hemuo||L4([07T},H1(R3)) < C||110||H%,

le“* 80|l La(to. 17,2 ®3)) < Cllfoll gr-1/2-

Moreover, in Lemma[2.3| we set the parameters (s, s2) = (1/2,1) and (s1,s2) =
(—1/2,0), hence in both case we get p = 4. Then, one have the controls:

g 1
le" % uoll g, < 5+ C(RET) ol s 2, (22)

and . )
le200]| s 2 < 5+ C(RET)E 0 y-12- (23)

Consequently, estimates and allow us to consider any initial data
(uo,6p) € H'/?(R?) x H™'/*(R?),

and to still use the Picard’s iteration scheme to construct a (local in time)
solution (u,6) € L*([0,T], H(R?)) x L*([0,T], L*(R3)) to the coupled system

®-@-

As before, we shall estimate all the terms in —. For the bilinear term in
equation (3)), by [I, Corollary 5.11] we have the well-known estimate

where the constant C' > 0 does not depend on the time T. So, we must focus
on the rest of the terms in equations —.

/ t eTTAP ((u- V)V) (1, -)dT

0

< Cllull Vg, (24)
LiH;
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Lemma 3.4 We have

Proof. By the first point in Lemma 2.2 we write

T 4 i T
/ at) < ([ 16l e
0 Hl 0 t -z

SCTH(|0] e < CTH X T34 0] o

< CT?|0]| a2 (25)
LiF} ’

t
/ c=DAP (gey) (7. )dr
0

Al

t
/ e=TAP (fes) (1, -)dr
0

Lemma 3.5 We have

with a constant C > 0 independent of T.

t
/ Ry . Vo(r,-)dr
0

<Ol g 101l ars, (26)
LiL2 N

Proof. We write

t t
/ A Vh(r, )dr / eI Adiv(Ou) (T, )dr
0 0

LiL2 ‘ LiL3

t
<C /e(t_T)A(Gu)(T,~)dT

0

Lif!

Using the third point in Lemma with s; = —1/2, so = 3/2 and p = 4, we

get
T 1/2
<o [ el )
LA} 0

Applying the Hardy-Littlewood-Sobolev inequalities and Holder inequalities, we

write
T T
o(/ ||eu|i,_1,2dt> <c (/ ||eu<t,.>|§3/2dt>
0 0

T 1/2
<C </0 160G, )II72 [ult, -)lI7e dt)

T 1/2
<C (/0 10, )72 [[ut, )7 dt>

<C ull gy 16 22

/ =2 (gu)(r, ) dr

0

d

1/2 1/2

Now, we are able to set a time Ty small and to apply Lemma as follows:
first, by estimate (25) we set Ty small enough to satisfy the first condition in

15



(8). On the other hand, recall that by estimates and (26)) the constant C
does not depend on Tj. Thus, we define 6 = HetAuo||L4 + etAGOHL4L2, and in

estimates — we impose an additional smallness condition on Tj to get
0 < g, with € small. We thus satisfy the second and the third condition in .
This way, we obtain a solution (u, ) € L*([0, To], H'(R?)) x L*([0, Tp], L*(R?))
to -.

This solution also belongs to the space E; x FEs. To verify this fact, we shall
use the following result.

Lemma 3.6 (Lemma 5.10 of [1]) Let v € C([0,T],S'(R3)) be a solution of
the heat equation

ov—Av =g, u(0,-)=ug.
Let 0 € R. Ifvg € H?(R®) and g € L2([0,T), H*~1(R?)) then we have

v e L=([0,T], H°(R®)) N L2([0, T], H 1 (R?)).

We start by proving that 8 € F,. In this lemma we set 0 = —%, vg = by €

H~'/2(R?) and g = u - V6 = div(fu), where we must verify that
g € L*([0,To], H*/*(R?)).

Indeed, since u € LEH! C LYLS and # € LIL? by Holder inequalities and
Hardy-Littlewood-Sobolev inequalities we have fu € Lng/ ’c LfH - 1 2, hence
we get g = div(fu) € LEH;3/2. We thus have § € Es.

Now we prove that u € E;. Note that this lemma also holds for vector fields,
and by a slight abuse of notation we set o = %, v9 = up and g = —P((u-V)u) +
P(fes), where we will verify that

g € L*([0, To], H'/*(R?)).

It is well-known that u € L{H] yields P((u-V)u) € Lngc_l/2 (see [1, Theorem
5.6]). Moreover, since 0§ € Ey we have P(fey) € L;’OHQUQ C Lwa_lm. We
thus get u € LfoH;/Q N L%Hgﬂ by Lemma and it remains to prove that
ue LL2. Since (u-V)u = div(u®u) € LfH;l/z we can perform the classical
energy estimate in the first equation in the system to get u € L°L2. This
way, we have u € Ej.

3.2.2 When s=1/2and 1/2<r <1.
Here, we consider the spaces
By = L>([0,T), H"(R®)) N L*([0, 7], H"*(R?))

and
By = L([0,T), H=* (R®)) N L*([0, T], H? (R%)),

with their usual norms. In order to construct a solution (u,f) € E; x Ey of
the system —, we shall follow some of the ideas of the previous case when
s =1 =1/2. First, remark that we have the following embeddings:

Ey c L*([0,T), H™/2(R?)) n L4(0, T], H*(R®)) = F},

16



and
Ey ¢ LA([0,T), LA(R®)) n LY r=V([0, T], H"~Y(R?)) = F>.

Indeed, by interpolation inequalities we have E; C L?H;H/ 2, Moreover, we

have By C LHY? N L2HY? ¢ LAH!, which yields the first embedding By C
Fy. The second embedding F5 C F5 also follows from interpolation inequalities:
on the one hand, we have Fy C L}L2, and on the other hand, since 1/2 < r <1

then —1/2 <7 —1 <0 and we have Fy C L?/(Qrfl)H;—l_

Spaces F and F5 are equipped with their standard norms
Dl =1 sy + 1 g genree

-l =1 llzazs + 1l par@ren gres

respectively. Firstly, these norms will allow us to control all the terms in equa-
tions — and to construct a solution (u, ) € Fy x Fy. Then, we will verify
that this solution belongs to the space E; X Fo, and we shall finish this part of
the proof with the uniqueness of this solution.

For the data term in equation , in Lemmawe set the parameters (s1, $3) =
(ryr 4+ 1/2) and (s1,s2) = (1/2,1), hence in both cases we get p = 4, and we
have the control: .

le"®uo|, < 5+ (RET)Y*uo) - (27)

Similarly, for the data term in equation , in Lemma we set now the
parameters (s1,s2 = —1/2,0), hence we get p = 4, and (s1, s2) = (—1/2,7r — 1),

hence we obtain p = ﬁ. We thus have the control:
€ _
e300l < 5+ (R4 (R4 6y 0o (28)

Then, the rest of the terms in equations — can be estimated as follows.

Lemma 3.7 We have

t
’ /O DA ((u- V)v) (7, )dr| < Cllullr, [[0] (29)
Fy
with a constant C' > 0 independent of T.
Proof. The term involving the norm || - || a1 was estimated in (24). Then, for

the norm || - ||L¢HT+1/2, by the third point of Lemma we get

and we write

<OVl
L;LHT+1/2 ’

/ t "IAP ((u- V)V) (1, -)dr

0

Cl(a-V)vll 2z < Clldiv(v @) 2 fr-1

<ClIveulg,.
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By product laws in homogeneous Sobolev spaces (with the relationship r =
(r4+1/2) 41— 3/2), and by Holder inequalities in the time variable (with
1/2 =1/4+ 1/4) we obtain

Clv @l SCIl,iollsgiy + Oy ol
<Cllullg, vl

hence estimate follows. [ |

Lemma 3.8 It holds

‘ /Ot e(t_T)AlP(Geg) (1,+)

where, since 1/2 < r <1 we have (3 —2r)/4 > 0.

< Cmax (T2, T2 o], (32)
Fy

Proof. The term concerning the norm || - || a1 Was estimated in , so it
remains to study the term concerning the norm || - ||L4HT+1/2 By the thlrd point
of Lemma [2.2] and by the fact that 4/(2r —1) > 2 (recall that 1/2 <r < 1), we

write
t
(t— TA]P) 0
e e
‘ / () (7.

where the expression 1/2 — (2r — 1)/4 computes down as (3 — 2r)/4. We thus
obtain the wished estimate (32]). [ |

< C0l 2 g1
LiFLT/? e

<C T1/2_(2T_1)/4||0||L4/(27~71)H7‘717
t T

Lemma 3.9 We have

Proof The term involving the norm || - [[L172 was already treated in estimate
, and must study the term involving the norm Il - ||L4/<27 1 gr—1. For this,

remark first that in the case r = 1 we have L4/(2T 1)HT V= L}L2, so this case
is done. We thus focus on the case 1/2 < r < 1. We start by writing

< Ter-1/4

<CA+T VY |ul|p |0]F.  (33)
F>

t
/ e VO(r, )T
0

t
/ =M% vo(r, )dr
0

L;L/(Zr—l)l_‘lgfl

t
/ =R Vo(r, )dr

0 Leemy !
t
<cTer-v/A / = iy (-8)C 2 (0w) (rdr|
0 LyL2

18



We apply the first point of Lemma [2.2] to obtain
t

c e/ / A i ((=2) 7V 2(0w) ) (7,)dr
0

<CTEVA(=2) D2 (0u)| 22 = CTE D 0ul| 2 r1

Lyl

Observe that we —1/2 < r —1 < 0 (since 1/2 < r < 1). We thus apply
Hardy-Littlewood-Sobolev inequalities and for p = 6/(5 — 2r) (which verifies
3/2 < p < 2) we write

C’T(2T71)/4||0u||L%H;71 < CT(QT?I)/HIGUHL%LZ'

Then, we use Holder inequalities (with 1/p = 1/2+41/q and ¢ = 3/(1 —r)) to
obtain

. 1/2
CTC VA gul 13y < CTE D/ (/ ||e<r,~>|%2||u<r,~>||%qdr> -

In the last term, remark that by Hardy-Littlewood-Sobolev inequalities we have
the continuous embedding H"*'/2(R3) c L(R?). Moreover, by Hélder inequal-
ities in the time variable (with 1/2 =1/4 + 1/4), we have

T 1/2
cTer=hA </0 ||9(7'7')||2L2||11(7'7')||2qu7>

T 1/2
<crer-/iH </O 16(7, 172 lu(r, ')Ilfqm/sz)

<CTE =0 a2 [lal g2

<CT® 0|k, | a7, -

We thus obtain the desired estimate (33]). |

With estimates (27), ([28), (29), and at hand, we proceed as in the

previous case (when r = s = 1/2) to obtain a solution (u,8) € F; x Fy of the
system — for a time T > 0 small.

Now, by Lemma and the information (u,0) € Fy; x Fy we have (u,0) €
FEy x E5. Indeed, the fact that 6 € FEs; was already proven in Section [3.2.1
(below Lemma, so it remains to prove that u € F;. For this, we must prove
that (u-V)u + fes € L?H.~1. For the first term, by estimates and
we directly obtain (u-V)u € L?H?~'. For the second term, since § € Fy we
have 6 € Lf/(Qrfl)H;_l. Moreover, since r < 1 in particular we have r < 3/2
hence 4/(2r — 1) > 2. We thus get § € L?H’~', and by Lemma [3.6/ we have
u € L H: N L2H . Moreover, following the same ideas at the end of Section
we also have u € L°L2 and we get u € Fj.

Theorem (1| is now proven. |
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4 Proof of Proposition |1.1

As in Section [3:2.1] we denote
By = L((0,T], H? (R*) n L*([0, T, B ? (R?)),

and
By = L>°([0,T], H = (R*) N L2([0, T], H> N W"3(R3)).

Moreover, we define v = u; —ug and = 61 — 03. Then, the couple (v,n) solves
the following system:

Ov —Av+P((ur - V)v+ (v V)ug) —P(nes) =0, div(v) =0,
o —An+uy-Vn+v-Vly =0,
V(Oa ) =0, 77(03 ) =0.

Since v € E; and n € F», in the first equatlon above we can perform an energy
estimate in the H'/2—inner product (fs9) g2 = f]R3 |§|f g(&)d¢, while in

the second equation above we perform an energy estimate in the H~1/2_inner
product (f,g) g—1/2 = [gs |€]” 1f( £)g(&)d¢. Then, for 0 < t < T, we obtain

d
IV Bz + 207 @ V() 20

- 2<(111 Vvt (v V)UQ’V>H1/2 + 2<ne?”v>H1/2’

d
(e, yossa + 209008
= — 2<u1 -Vn+v- VGg,n>H_1/2.

To simplify our writing, we shall denote

Ev(t) = vt e + I N1

and
82(t) = ||v ® V(t, ')”?'{1/2 + ||V77(t7 ')”?51—1/2'
We thus have

d
—&1(t 2E5(t
1) +282(2)
= — 2<(u1 -V)v+ (v-V)ug, V>H1/2 + 2<77e3, V>H1/2 (34)
— 2<U1 . VT] +v- Veg,’ﬂ>Hil/2,
where we must estimate each term on the right-hand side.
Lemma 4.1 We have
2 ‘<(u1 V)v+ (v- V)ug, U>H1/2
1
<) ([lunlt )l + et i ) + 5E20)
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Proof. By [I, Lemma 5.12], the interpolation inequalities and the discrete
Young inequalities (with 1 = 1/4 + 3/4), we have

2 ‘<(u1 -V)v, V>H1/2
S Clas (&) gV ) [V @ (E )l e

1/2 1/2

< C (8, g IV LIV D IV @ v(E ) e
1/2 3/2

< C () I (I |V® v(t, ),

<C ity )%, v (E,- >||H1/2 + - Hmv(t,-)nzl/Q

<Ca Wl )i + g Lex(o).

By the same arguments, we can write

2‘<(V'V)U2,V>Hl/2
< CIV(t, Y gl g IV © V() e
<O vt LIV E 1 az(t ) g IV @ v () e

(t,)
<C it )2 s, >HH1||V®v< WL,
(t,)

SC”V tv'H 1/2”“2( )H EHV(@V( )”Hl/z

< C& (t)[|ual(t, )H +652(t)~

Gathering these estimates, we obtain . ]

Lemma 4.2 It holds
1
|(nes,v) | < et + 360 (36)
Proof. We write

2 ‘<7Ie37

/ At )| [l ) de

S2||77( Mz v ()
< Cllnt, eIVt IV @ v, )|

H1/2 H1/2
1/2 1/2
=Clv(t )L It )L lIV @ v, ).

Then, we apply the discrete Young inequalities (first with 1 = 1/4 + 3/4 and
thereafter with 1 = 1/3 +2/3) to get

1/2 1/2
ClIv(t, g Int, a1V @ vit, )

<OVt + IR IV @ v, )12,
1
<OV e+ C llntt, Mz + 1V @ v o

1
SC&) +Cn 7= + &),
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Moreover, by interpolation inequalities and using again the discrete Young in-
equalities (with 1 =1/2 4 1/2), the term (¢, -)||3. is estimated as:

Clin(t, )1z < Clin(t -zl Mg
SClnt g2 V0t ) g2

1
<Clnlt M g-ae + GIVIE -2

<CE) + %52(15).

Gathering these estimates, we obtain ([36]). [ ]

Lemma 4.3 We have

2’<’U,1 Vn+vV02,n>

Ho (37)

<C&0(0) (e, + 10206, +1) + 3E:00)

Proof. To study the first term involving the expression u; - V), by the identity
u; - Vi = div(nuy) we write

2 ’<dz’v(nu1), 77>H71/2

<c [ el Al

<c / 70| [7lde
RS
<C lmus(t, 2 Inct, -

Then, applying Holder inequalities and Hardy-Littlewood-Sobolev inequalities,
we get

Cllmaa(t,)llz2 In(t )z <Clln()llzs laa (s, )llzs 0t ) 2
<Clints ) e llaa (s )l g line, )l 22

Thereafter, in the last we apply interpolation inequalities to write

C e, W gz a6 g It )l 2
1/2 1/2
< C It gl (&) g (L2, 2l
1/2 3/2
<C 2, ol (t ) (e )12
1/2 3/2
<C e, 2, el (8 ) 1902, .-

We use the discrete Young inequalities (with 1 =1/4+ 3/4) to get

1/2 3/2
Cllnt, )2, ol ) 19 N2,

)
1
<C Hn(t7 ')H?’{—l/z ||111 (t7 )”?{1 + §||V77(t7 ')Hi’[—l/z
1

<C&() it )l + 362(0).
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Now, we study the second term involving the expression v - Vf,. Using Hardy-
Littlewood-Sobolev inequalities and Holder inequalities (with 2/3 =1/3+41/3)
we write

2(v-Vo2,m) | SCIV- VOl o Il -oro

<C|v-VOallparz 0l g-1/2
<OVl sl VO s 1]l g-1/2

<ClVllgrar2102llyi1.s 0ll gr-1/2-

Then, we apply the discrete Young inequalities to obtain

ClIvll e l02llyirss Inll -1 < CIVIF 21020150 + I0lF -2

<C &) (62015 +1).

Gathering these estimates we have the wished inequality . |

With estimates , and at our disposal, we get back to identity
to obtain

d
Z0(0) + E2(t) < C (s (8, )1 + et Vs + 1026231 + 1) E4(0)

Moreover, we define the quantity

N(t) = &(t) + /Ot E(7)dr,
and by the last inequality we write
%N(t) < Ol )+ lua( s + 10208 )3 + 1N ).
We apply the Gronwall inequality to obtain
N(t)

<N(0) exp (c / (I (s + (Dl + 107, e + 1)d7)

<N () exp (C (I3 0 + 12l g + 16212005 +T0) ) -
Here, recall that u;,us € By C LfH; and 6, € L%Wé’?’, therefore the exponen-

tial term above is well-defined. Finally, since N'(0) = 0 we obtain the wished
identities v = 0 and 1 = 0. Proposition [1.1]is proven. |
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