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Notation

t € Ry or (0,00):
r = (11,29, 73) € R3:

v(t,z) € R3:

p(t,z) € R:
p(t,z) € R:

pe,:

BS.

p7r'

Bs -

p7'r.‘

The time variable.
The spacial variable.

The distribution of the fluid velocity
localized in « € R? | at time t > 0.

The mass density of the fluid.

The force of internal pressure.

The influence of the buoyancy force in the fluid motion in

the vertical direction &, = (0,0, 1).

The viscosity of the fluid.

The molecular diffusion of the fluid.

The fluid is incompressible.

The cylindrical base.

The components of x in cylindrical coordinates.
{(r,z) e R*:r >0}

Axisymmetric flow without swirl.

The component of the vorticity along ép .
O; +v -V The convective derivative.

v"0, + v*0, in cylindrical case.

0?2 + %& + 02 in cylindrical case.

rjs r /T
{u S HUHB;T = (Zj271 2" HAJuHLP) < OO}
with (s,p,r) € R x [1,00]%.

risll A r \1/7
{ue S lullgy, = (e 27 I1Azullf,) " < oo}
with (s,p,r) € R x [1,00]%.







B;:Z (R3):

st
HS(R?’):
HS(R?’):

MP(R?):

st
Hpp'

||M||(//Z(R3)3

—\

s v 1/
{u € 85 fJull gy = (2 229 A) Al 3,) 77 < o0}
with (s,t,p,q) € R? X [1,00]*? Anisotropic Besov spaces.

s,t
B272 .

{fueS'/uecl?, (RY) and |ul

te = Jpa(L+ [E)°[0(€)[PdE < oo}

{ueS'fie Ly, R and |lull}, = [pa €*[A(6)PdE < oo}

Q=

{fe LqLOC/SHpR%(ﬁ [51f]9) 7 < oo} with 1< ¢ <p< oo

the Morrey space on R3.

{u: B(R?) — [0, 00]/p(K) < oo} with K is a compact set.
The continuous functions space on R3.

The pairing between . (R?) and Cy(R3?).

The Lebesgue decomposition of .

[ac, hse and fi,, are concentrated on pairwise disjoint sets.
Absolutely continuous part of .

Singular continuous part of p which has no atom.
Punctual part of u.

Total variation of pu.

Weak convergence in . (R?).



1 General introduction

The current thesis occupies the study of some problems raised by the incompress-
ible three-dimensional fluid mechanics. It mainly deals with the Boussinesq system.
Through it, we will present and comment on the results obtained in our research
concerning the well-posedness of the studied system. It comprises five chapters. We
embark on a general introduction, where we state the system in question in the
axisymmetric framework and a brief concise for its derivation. To simplify our pre-
sentation we start, in particular with the Navier-Stokes system, which is a special
case of this system, where the density is constant. Then we present the most im-
portant results achieved by previous researchers, then we focus on the most recent
ones that are directly related to our research.

In the second Chapter, we provide the basic tools freely used throughout this
thesis, which allow us to understand the rest Chapters. We begin by some vocabulary
of fluid mechanics like the vortex and its explanation, illustrated by many examples,
Biot-Savart law which can be viewed as the source to recuperate the velocity through
the vorticity, a brief reminder on the theory semi-groups and some applications to
solve evolution problems in the general case. We end with some phrases on the
measure theory.

The third Chapter mainly deals with the global well-posedness of the axisym-
metric Boussinesq system in critical Lebesgue spaces. Such spaces contribute some
difficulties like the velocity in this situation do not belong to the energy space.
To remedy this problem and derive the local existence in time, we handle with the
equivalent Duhamel’s formula for vorticity -density equations and we apply the fixed
point formalism in some appropriate function spaces combined with the axisymmet-
ric Biot-Savart law. Even so, we find another difficulty arises from vorticity and
density which are defined in different spaces endowed with different norms. For this
purpose, we introduce a new unknown which satisfying the same equation than the
vorticity. To deduce the global well-posedness we combine the Bootstrap method in
Lebesgue spaces with some a priori estimates for vorticity and density though the
coupled function.



1 General introduction

The fourth Chapter is dedicated also to studying the global well-posedness of the
axisymmetric Boussinesq system with a finite measure as initial data provided that
the atomic part is small enough. More precisely, we shall extend the results already
obtained in the previous chapter, but the situation, in this case, is very hard to
deal with it, in other words, the question is how to give a rigorous sense to some
quantity if the initial density is a finite measure. To surmount this problem, we
shall introduce some terminology about the measure theory, in particular, the push
forward of a measure with a specific function and we state a new concept called an
axisymmetric measure. To establish the local well-posedness, we employ the fixed
point method combined with the smallness of the atomic part and some properties
of the associated semi-groups, while the global well-posedness is also derived from
the Bootstrap argument and some asymptotic estimates.

We conclude this thesis with an appendix in which we shed light on the derivation
of the system in question for better understanding. It is dedicated to the physical
side and is considered a new aspect of knowledge for us from the physical aspect,
where we pass from pure mathematics to fundamental mathematics dedicated to
physics.

1.1 Boussinesq system

The environmental concerns raised by the potential impact of industrial activities
on the climate and the accompanying changes in the atmosphere and oceans are the
decisive issue of our time, and this has led many researchers in various branches of
science to try understanding the phenomena of geophysical fluid dynamics, especially
in light of the tremendous numerical progress, counting on the modelling of these
phenomena in simple ways to give global previsions as numerical solutions. Despite
the efforts carried out by researchers for the purpose of geophysical fluid dynamics,
the models presented are still very complex. We try to highlight one of these models
which is called the Boussinesq approximation.

In geophysical fluid dynamics, density variations may arise at low speeds due to
the changes in temperature or humidity like in atmosphere, or salinity as in oceans
which give rise to buoyancy forces. The effect of these density changes can be expres-
sive even if the fractional change in density is small. The Boussinesq approximation
retains density variations in gravity term responsible for the buoyancy effect but
disregards them in the inertial term. The outcome of this analysis in the space is
the following full viscous Boussinesq system

Ow+v-Vo—pulAv+Vp=pe, if (t,r) € Ry x R3,
Op+v-Vp—rAp=0 if (t,r) € Ry x R3, (B, )
dive = 0, pore

(Uv P)\t:o = (U(), ,00)



1.1 Boussinesq system

Usually, v(t, z) refers to the distribution of the fluid velocity localized in x € R?
at a time ¢ € (0,00) with free-divergence, the scalar function p(t,z) designates the
mass density in the modelling of geophysical fluids and p(t, z) is the force of internal
pressure. The non-negative parameters p and x represent respectively the kinematic
viscosity and molecular diffusivity of the fluid which can be seen as the inverse of
Reynolds numbers and pe, models the influence of the buoyancy force in the fluid
motion in the vertical direction €, = (0,0, 1).

Notice that the system (B, ;) seriously omnipresent in the mathematics commu-
nity either theoretically or experimentally because that arises in many phenomena
like thermal convection, dynamic of geophysical fluids, and optimal mass transport
topic, see, e.g. [13, 74]. Also, we mention that for 2D and ¢ = x =0, (B, ) has a
close resemblance with three-dimensional Euler axisymmetric swirling flows.

When the initial density is constant, the Boussinesq system (B,, ;) can be reduced
to the classical Navier-Stokes equations. This provides us the following system

dw+v-Vo—pAv+Vp=0 if (t,z) € R, x R,
dive = 0, (NS,)

U|t:0 = p-

The first successful attempt goes back to J. Leray’s paper in the thirties of the
last century, where he established the global existence of weak solutions in energy
space for any dimension. Nevertheless, the uniqueness of such solutions has been
till now an open question, unless for the two-dimensional case. Lately, the local
well-posedness issue in the setting of mild solutions for (NS,) was done by H. Fujita
and T. Kato [32] for initial data belonging to the critical Sobolev space H? in the
sense of scale invariance which means that the (NS,) is the fact that it is invariant
under the transformation

v(t, ) = oa(t,z) = (A%t Ar). (1.1)

In other words, if v is a solution of (NS,) on [0,7] with initial data vy, then vy
is a solution on [0, \"277] with intial data vy, = Avp(\-). More similar results are

. . . . 143
established in several functional spaces like L3, Bpo ? and BMO™!. Tt should
be noted that these types of solutions are globally well-posed in time for initial
data sufficiently small with respect to the viscosity, except in two-dimension, see

63, 76].

We point out that the topic of blow-up in finite time of smooth solutions with
large initial data of (NS,) is still now not known, except in some partial situations.
Chemin et all.  Investigated in a series of references [22, 23| that (NS,) is, in
fact, global in time where the initial data which are not small in any critical space
but satisfies some structure like oscillations or slow variations in one direction. For
another connected subject, we refer to [16, 48, 69, 83| and the references therein.



1 General introduction

About the system (B, ) we will give a brief overview of the existing results. K.
Moffat is among the first to raise the global existence problem of solutions for the
Boussinesq model in his XXI Century Problem 3, see |75].

< Suppose that the velocity field v is itself " driven " by in-homogeneity of the
p-field, according to some well-defined dynamical prescription (e.g. p could
represent temperature variation in a gravity field, the flow being driven by the
buoyancy force in the Boussinesq approximation). The problem is to examine the
evolution of the p-field in the neighborhood of its saddle-points, to determine
whether singularities of Vp can develop, and to examine the influence of weak
molecular diffusivity k in controlling the approach to such singularities.”

Lately, D. Cordoba, C. Fefferman and R. De La Llave [24] presented a kinematic
argument which shows that if a volume preserving field has these singularities, then
some integrals related to the vector field must diverge. They also showed that if the
vector fields satisfy certain partial differential equations (Navier-Stokes, Boussinesq),
then the integrals must be finite. These singularities are therefore absent in the
solutions of the above equations. In dimension two of spaces, the system (B, ) was
tackled by lot of authors in various functional spaces and different values for the

parameters x and p. For a details literature, we refer to some selected references
[49, 51, 52, 55, 62, 70, 82|.

Before sketching some theoretical keystone results on the well-posedness topic for
the three-dimensional viscous Boussinesq system (B,, ,;), first, let us point out again
that the topic of global existence and uniqueness for (NS,) in the general case is
till now an open problem in PDEs. It is therefore incumbent upon us to seek out
a subclass of vector fields which in turn leads to some conservation quantities, and
so the global well-posedness result. Such subclass involves rewriting (NS,) under
vorticity formulation by applying the "curl" operator to the momentum equation,
which is defined by w = V x v. Thus, we get:

{8tw+v~Vw—qu=w-W it (t,w) € Ry x R?, (1.2)

w|t:0 = Wo-

According to Beale-Kato-Majda criterion in [8], we have the following blow-up cri-
terion

T*
T < 00 o / (7)o dr = +o00. (1.3)
0

So, the control w in L}L* is a key step for the global well-posedness of solutions
for (NS,). Notice that for the 2D case, we have w - Vv = 0, then we immediately
deduce for ¢ > 0 that ||w(t)||zr < ||wolr» for all p € [1,00]. According to (1.3), this
latter boundedness is the main tool to achieve the global well-posedness. However,
for three-dimensional flow the situation is more complicated due to the presence of
stretching term w - Vv, which contributes additional drawbacks for the fluid motion.
In the class of axisymmetric flows without swirl, the velocity vector field v can be



1.1 Boussinesq system

decomposed in cylindrical coordinates (€, €y, €,) as follows:
v(t,r,0,z) =v"(t,r z)e. + v (t,r 2)e,,
where for every z = (21, 2, 2) € R? we have
xry=rcosf, xy=rsinf, r>0 0<60<2r.

Above, the triplet (€., €y, €,) represents the usual frame of unit vectors in the radial,
azimuthal and vertical directions with the notation

gr:(ﬂaﬁao)a 59:<_ﬁ7£70>7 gz:(oaoal>
ror ror

For these flows the vorticity w takes the form w £ wyéy, with
we = 0,0 — OV, (1.4)

An elementary calculus claims that w - Vv close to 1;—Tw and wy obeys the following
inhomogeneous transport-diffusion equation

Qtwg—l—v-ng—,u(A—T%)wgz%wg (15)
Wolt=0 = Wo- '
By taking II = “2, we check obviously that II satisfies
. — 2 =
{ Ol +v - VII— p(A+29,)I1 =0 (1.6)
l_[|t:0 - HO’

with homogeneous Neumann condition at the boundary » = 0. The fact that dive =
0 and A + %& has a good sign enable us for ¢t > 0 to write

)| zr < [[ol[ o, p € [1, 00]. (1.7)

This latter boundedness offers a good setting to Ladyzhenskaya [61], independently
Ukhovksii and Yudovich [80] fifty years ago to establish that (NS,) is global well-
posed in time as soon as vy € H' and wy, “ e L? N L>. Lately, this result was
relaxed by S. Leonardi, J. Malek, J. Necas and M. Pokornyin [64] for initial velocity
Vg 1in H? . But it is possible to obtain the same result under the weaker hypothesis
H:.

Now, we shed light on the 2D Navier Stokes system under rough initial data.
We recall that the study of this system in vorticity formulation with singular initial
data has attracted by many authors. Worth motioning that Ben Artzi in [5] proved
that (NS,) is well-posed for initial vorticity laying in L'(R?). His approach is based
entirely on elementary comparison principles for linear parabolic equations. In the
context of finite measure, Cottet in [25], independently Giga, Miyakawa, and Osada
in [41] have granted a global result when the initial vorticity wy belongs to . (R?)
(where . (R?) is the space of Radon measures with finite mass). The uniqueness
issue in this situation seems very hard for an arbitrary initial data in .#(R?). For
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this purpose, Giga, Miyakawa and Osada imposed that the atomic part of wy is small
enough. The interpretation of [41] that the size requirement only entails the atomic
part of the measure coming from the axial estimate

. _1
hn};llptl Plle®pullLe < Collippllamey,  p € (1,00,

with ||yl r2) refers to the total variation of the atomic part of u € .#(R?). The
case of a large Dirac mass was solved recently by C. E. Wayne and Th. Gallay in
[35] by using a completely different approach where it is based on entropy estimates.
This latter’s result was early enhanced by Gallagher and Gallay in [33|, where they
established that if wy € .#(R?), there exists a unique solution w € C'((0,00); L' N
L>) and so we have [|w(t,")||r1 < |lwo||.z(r2). In addition, they demonstrated that
such solution is continuously dependent on initial data, deducing that the Navier-
Stokes equations are globally well-posed in 2D case. For large literature, we refer
the reader to [39].

The global regularity topic of (B, ) in dimension three of spaces has received
considerable attention. As shown in [27], for k = 0 R. Danchin and M. Paicu inves-
tigated that (B, ) is locally well-posed in time in any dimension in the framework of
Fujita-Kato’s and Leray’s solutions. Next, in axisymmetric case H. Abidi, T. Hmidi
and S. Keraani proved in [3] that (B, ) is globally well-posed by rewriting it under
vorticity-density formulation:

Owwg + v - Vwy — %wg = (A — T%)wg —0,p if (t,x) e Ry x R3
Op+v-Vp=0, (1.8)
(w97p>|t:O = <w07p0)7

with, the notation v -V = v"0, + v*0, and A = 97 + 10, + 82. Consequently, the
quantity IT = 2 solves the equation

2
O+ v VIL— (A + ~0,) = _@;p' (1.9)

They assumed that vy € H'(R3), TIy € L?(R3), pg € L*NL> with supp poN(0z) = 0
and P,(supp po) is a compact set in R3, especially to remove the violent singularity
of a;p , with P, being the orthogonal projector over (Oz). These results are improved
later by T. Hmidi and F. Rousset in [53] for k > 0 by dropping the assumption on the
support of the density. Their paradigm is heavily based on the coupling between
the two equations of the system (1.10) by introducing a new unknown which is
called coupled function. In the same way, C. Miao and X. Zheng have succeeded
in [71] to recover the system (1.8) globally in time, where they replaced the full
dissipation by a horizontal one by keeping the same conditions as in [3] expect the
initial density py € H' N L*® and 0,wy, € L% Taking advantage of the coupled
function introduced in [53], another result was established later by the same authors
[72] with the presence of horizontal dissipation in both equations for initial data
(vo, po) € HY(R?) x HM°(R3) with Ty € L?(R?) and d,w, € L*(R?), with H(R?) =
ng anisotropic Besov space. More recently, P. Dreyfuss and H. Houamed treated
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in [29] the uniqueness issue of the Boussinesq equations with horizontal dissipation,
and they proved the global well-posedness if the axisymmetric initial data (v, Iy, o)
lies in H*(R?®) x L*(R?®) x L*(R?), improving some conditions to that of [72]. In
the same fashion, in [47] H. Houamed and M. Zerguine demonstrated that (B, ,)
is globally well-posed in time for k = 0 and axisymmetric initial data (vg, po) €

(H2 N BY,)(R?) x (L* N BY,)(R?). Their idea is inspired from [1, 27, 53].

1.1.1 Aims

The objective of this thesis is to derive the same results recently obtained by Gallay
and Sverak in [36] for the viscous axisymmetric Boussinesq system (B, ,.) expressed
by the following vorticity-density formulation.

Oywg + v - Vg — “T—ng = (A — T%)ujg — Owp
Op+v-Vp—Ap=0 (1.10)
(we,P)|t=0 = (wo, po)-

The significant remark is that the axisymmetric flows without swirl constitutes a
special class relatively simple to study compared to other three-dimensional incom-
pressible flows, although it still contains interesting examples, such as circular vortex
filaments or toroidal vortex rings. Notice that the study of these flows is due to the
similarity between this category and the 2D flows for which it has a huge amount
of studies and results. The importance of the 2D flows arises in the observation
that the fluid’s motion is essentially flat, meaning that the velocity of the fluid in
some characteristic spatial directions is negligible compared to the velocity in the
perpendicular plane. This situation often occurs for liquids in thickness layers, or
for rapidly rotating fluids where the Coriolis force strongly alternates displacements
along the axis of rotation. Typical examples are geophysical flows, for which are
agreed upon by the geometry of the field (atmosphere or ocean) and the effect of
earth’s rotation to make the 2D approximation accurate and effective.

1.2 Main results

In this section, we will discuss the results obtained for the global well-posedness for
the 3D —axisymmetric Boussinesq system (B, ,.). In particular, it is shown that this
system is generally well-posed for optimal regularities, also called critical regulari-
ties.

This study is motivated by the work published recently by Gallay and Sverak in
[36] for the axisymmetric three-dimensional Navier-Stokes system (NS,,). In [36] the
authors studied this system with initial data in L!(€), where they proved the global
existence of an infinite energy solution. More precisely, they proved the following
theorem
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Theorem 1.2.1. For any initial data wy € L'(Q), with Q = {(r,z) € R* r > 0}
endowed with the measure drdz, the axisymmetric vorticity equation (1.5) for up =1
admits a unique global mild solution

wy € C°([0,00), L'(22)) N C°((0,00), L™(R)).
The solution satisfies ||we(t)| 1) < [|woll L) for all t >0, and

limy g t17%||w9(t)||Lp(Q) =0, for 1<p<oo,

limy o 7517%||W9(t)||m(9) =0, for 1<p<oo.

If in addition, the axisymmetric vorticity is non-negative and has finite impulse
I = / r2wo(r, 2)drdz < oo,
Q

then P
. _7‘2+z2
tlggo 2wy (rVt, 2Vt t) = T AR (r,z) € Q,

where, the convergence holds in LP(Q2) for 1 < p < oco. In particular ||we(t)||Lro) =

H(t_2+%) as t — oo in that case.

Remark 1.2.2. The local well-posedness claim was expected, because the class of
initial data considered by the authors covers by at least two existence results in the
literature, like wy € L'(€), so w = wyéy belongs to the Morrey space M3/?(R3).
From Giga and Miyakawa’s result in [40], the Navier-Stokes system in R*® admits
a unique local solution. On the other hand, under the same assumption on the
vorticity, the velocity field v given by the Biot-Savart law in R? belongs to the space
BMO™Y(R?). So, thanks to the result of Koch and Tataru [48] the local existence
is guaranteed.

The second result due to Gallay and Sverak is the generalization of the previous
result, where they assumed that the initial vorticity is a finite measure whose atomic
part is sufficiently small with respect to the viscosity. Their result is structured in
the following theorem.

Theorem 1.2.3. There exist positive constants € and C such that, for any initial
data wy € A (S2), with ||wopllw < €, the axisymmetric vorticity equation (1.5) for

1w =1 has a unique global mild solution
wy € C°((0,00), L'(2) N L>®())
satisfying

lim sup [|ws (£)|| 1) < 00, limsupti||wp(t)]| 4 . < Ce
t—0 t—0

and such that we(t) — wo as t — 0. Moreover, the asymptotic estimates for t — oo
giwen in Theorem 1.2.1 hold without change.



1.2 Main results

Let us briefly give outlines of the proof of the previous theorems. For the local
existence issue, they rewrite the equation (1.5) for u = 1 as follows

1
Oywe + div, (vwp) — (A — = )ws = 0. (1.11)
r
Thereafter, they associate Duhamel’s formula to the last equation (1.11) in the
following way.

wy(t) = S(t)wo + /Ot S(t — 7)div, (vwy) (T)dT, (1.12)

with div, = 0,4-0., A = 02 +02+19, in the axisymmetric setting and (S(t)),¢ refers
to the semi-group family associated to the differential operator A — %2 Afterward,
they applied the fixed-point formalism to (1.12) in an appropriate functional space,
so, by using Biot-Savart’s law and the asymptotic properties of the semigroup, they
derived local existence. For uniqueness, they explored a technique due to Brezis,
while the globality and the asymptotic behavior of the solution in the neighborhood
of infinity are guaranteed by a priori estimations in appropriate functional spaces.

Our contribution in this field is divided into three parts. The first one deals
with the global well-posedness of axisymmetric viscous Boussinesq system in critical
Lebesgue space L'(Q2) x L'(R3). The second one treats a partial extension of the first
result when the initial vorticity is a finite measure, in other words, (wo, po) € 4 (£2) x
LY(R3), where .# () is the set of finite measure. In the last part, we give a global
extension where all the initial data are finite measure (wo, po) € A () x . (R?).

1.2.1 When all initial data is Lebesgue integrable

This subsection addresses to state the first main result for initial data (wy, po)
in L'(Q) x L'(R3), where LP(Q2), LP(R3) respectively equipped by the following
norms: )

(fQ |we (r, z)|pdrdz>; if p € [1,00),

ool 20 2) = .
essup(, yeqlws(r, 2)|  if p = 0.

and

1
1T oy = <fQ |TI(r, z)|p7’drdz)p if p € [1,00),

essup(, e |H(r, 2)| if p= 0.

Let us denote that the spaces L'(Q2) and L*(R?) are scale invariant, in the sense

INwo(A) @) = lwollzr@ys 1A po(A) sy = lpoll o sy

The emergence of the term 9,p in the first equation of (1.10) leads to complications
in the computations, in particular when we deal in a critical space, which prompted
us to define a new function named p £ rp which solves
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~ 1 Iy~
Oip + divy(vp) = (872, + 02+ ;& - ﬁ>p — 20,p.

We can easily see that p satisfy the same equation as wy. To achieve our aim we will
handle with the following system.

Oywg + v - Vwy — ”T—ng = (A — %)wg —Owp, (t,r,2) ERy xQ
0p + div, (vp) = (az +02+ 10, - T%),z;— 20,p,, (t,r,2) €Ry x Q
Op+v-Vp—Ap=0, (t,z) e Rt xR?

(wp, P)|t:o = (wo, po)-
(1.13)

At this stage we are ready to show that the system (1.13) is globally well-posed.
More precisely, our first main result is the following.

Theorem 1.2.4. Let (wy, po) € L' () x L'(R3) be azisymmetric initial data, then
the system (1.10) admits a unique global mild solution. More precisely we have:

(wg,Tp) € <CO([0, 00); L'(2)) N C°((0, o0); L‘X’(Q)))

p € C°([0,00); L'(R?*)) N C°((0, 00); L=(R?))

Furthermore, for every p € [1,00], there exists some constant K,(Dy) > 0, for which,
and for all t > 0 the following statements hold

wo(t), roE Nl r@yx o) < 17 K, (D).

(0| ogesy < t207#) K, (Dy),

where
Dy £ H(WOaPO)HLl(Q)XLl(R3)-

Remark 1.2.5. First, we note that the assumption wy € L'(€) doesn’t imply in
general that the associated velocity v is in L?(Q) space. Indeed if v € (L*(R?))? and
if w € L'(R?), we always have [, wdz = 0. So, the obtained solution is never of
finite energy. This mismatch of functional spaces for the vorticity and the velocity
field is specific to dimension two. Consequently, the classical energy estimate is not
available to derive a uniform bound for the velocity. In dimension three, if w(¢, x) is
a solution of the vorticity equation with wy € (L2 (R?))3), the velocity field obtained
by Biot-Savart’s law is indeed a solution for the velocity equation in (L3(R?))3. In
this case, we do not gain anything in generality by studying the equation for the

vorticity.

Theorem 1.2.4 is proved by rewriting the system (1.13) in terms of a fixed point
problem for a functional constructed using an appropriate pair of semi-group. Un-
der adequate smallness assumptions, the Picard fixed point theorem then allows to
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obtain a unique local solution. This approach is particularly efficient if the func-
tional space used is critical. For this we define the Banach space of contraction
X1 x X7 X Zp where the X7 and Zp are defined by:

Xp = {f € (0,71, () : ||, < o0},

Ty — {h e CO((0,T), LYA(R®)) : [|h]l 2, < oo},

equipped with the following norms

Ifllxe = sup 7 f ()l parsays Ihllze = sup 73(A(0)]] psagas)-
0<t<T 0<t<T

As we mentioned before the main difficulty in the proof is the estimation of the term
0,p, for this we defined the function p. We take advantage of the fact that it has
the same semi-group as wy, and it helps us with weighted estimates to estimate the
nonlinear term in p—equation. We showed that the local solution often constructed
can be extended to the global one by introducing two new unknown functions I' =
IT — £ and I" where I' = 7T following [53] with IT = “2, which solve respectively

{ Ol +v-VI — (A+20,)I' =0 if (t,z) € Ry x R?,
F\t:O — Fo. ’

and
AT + div, (o) — (A — )T =0 if (t,z) € Ry x Q,
F\t:O - Fo.

The previous functions I' and r play the same role in a priori estimates for (1.10) as
the function IT with respect to the Navier-Stokes system, where we do such estimates
for (', T, wy, p, p) in Lebesgue spaces.

1.2.2 When the initial data is finite measure

It is natural to ask whether the results obtained in Theorem 1.2.4 remain valid in the
space of finite measures, especially since the latter contains the Lebesgue space L'?
We have succeed to answer this question in the affirmative in two steps, where we
have restricted in a first step the fact that the vorticity wy is only a finite measure,
taking advantage of the results obtained by [36]. Thus, the local existence of the
solution cost us to impose the smallness condition on the punctual part of the initial
vorticity wo pp-

To streamline the above topic, we fix some notations freely used in the last chap-

ters. Let us start by recalling that Co(2) (resp Co(R?)) the set of all continu-
ous functions over Q (resp R®) that vanish at infinity and on the boundary O

11
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and . () (resp . (R?)) the class of all real-valued finite measures over the half-
plane Q (resp ]R3) Notice that the pairing between .Z () and Cy(£2) is defined by
= [yl ). Consequently, .Z(2) endowed with the norm

eellao) = sup [, ), e A(Q).
{p€Co(V),ll¢ll oo (2) <1}

is a Banach space. For f € L'(2) define the measure iy by 1y, @) = [, f(
where dx designates the Lebesgue measure. It can easily be seen that p 6 /// ( )
thus we deduce that L'(Q2) can be identified as a closed subspace of .# () and

gl = I fllLr ). Each p € .#(2) can be decomposed in unique way as

= fac + fse + Hpp,  Hac L prse L Hopp

and
)l ) = [itacll.z) + el + |||z

where, in the sequel we denote by:

® /i, is a measure which is absolutely continuous with respect to Lebesgue measure,
that is % = f for some f € L'(Q).

® /is. is a singular continuous measure which has no atom but is supported on a set
of zero Lebesgue measure.

® /1, is punctual part (an atomic measure), f,, = > <1 Apda,, (M) CR, (a,) C €,
with 6,, stands to be the Dirac measure supported at a, € €.

We will explore the second main result which treats principally the global well-
posedness issue for the system (1.10) whenever the initial data (wg, po) € #(§2) x
L*(R?) and some convergence. More precisely the first result in this framework is
given by the following theorem

Theorem 1.2.6. There exist non negative constants € and C' such that the following
hold. Let (wo, po) € A (2) x L'(R®) with py azisymmetric and ||wo ppll.z@) < €, then,
the Boussinesq system (1.10) admits a unique global axisymmetric mild solution
(wa, p) satisfying

(wa, p) € C((0,00); L'(Q) N L=(Q)) x C°([0,00); L'(R?)) N C°((0, 00); L=(R?)),
rp € C°([0,00); L'(Q)) N C°(L>(0, 00); L®()).

Furthermore, for every p € (1, 00|, we have

, 1
lim sup $20- ||p( )| Lr(r3) = limsup t! ?llrp(t)|| ey = 0

t—0 t—0

and )
limsup '~ 7 [|w(t)|| o) < Ce.
t—0

Moreover, we have
limsup |lwe(t)||1@) < oo, lim||p(t) — pollrr@sy =0
t—0 =0

and wy(t) — wo as t — 0.
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The proof of local existence in Theorem 1.2.6 is almost the same as the proof of
Theorem 1.2.4 where the initial data is L'—integrable, with minor changes due to
the fact that we are not act with the same data. We can say that all the difficulties
appeared in the proof of weak convergence of wy to wp, where we combined the idea
cited in [36, 34| and the coupled function I

For the global existence, since we are concerned with the behavior of the solution
when t is big enough and the fact that the solution is Lebesgue’s integrable when
t > 0, then the global existence and all the a priori estimates which proved in the
first Theorem 1.2.4 remain valid.

The study in the case where all the initial data laying in () x .4 (R3) is
more delicate, because we do not have an explicit relation between p, € .#(§2) and
po € A (R?) - especially as we are forced to use the equation of p-. In other words,
how to define a measure on €2 from a measure on R?, in addition, does the constructed
measure keep the property of axisymmetry? Furthermore, the constructed measure
must not disturb the weak continuity of the solution near ¢ = 0. We overcame these
difficulties firstly by using the concept of "push-forward measure" which is in fact
an image of a measure by a measurable function. Thanks to this concept we were
able to define an axisymmetric measure, then define a measure that answers our
questions.

The last main result is presented in the following theorem.

Theorem 1.2.7. There exists a non negative constant € > 0 such that the following
hold. Let (wo,po) € A () x A (R?) with py being azisymmetric in the sense of
Definition 4.2.53 and

[woppll.a) + lPoppll.amsy <€, (1.14)

then, the Boussinesq system (1.10) admits a unique global mild axisymmetric solu-
tion (wy, p) such that

(wa, p) € C°((0,00); L'(€2) N L®(2)) x C°((0, 00); L' (R?) N L>¥(R?)),

rp € C°((0,00); L'(Q2) N L=(Q)).

Furthermore, for every p € (1, 00|, we have

lim sup #2075 o(1) | oeee) < Ce, limsup 175 (o (t), ro(t)) | oi@ysariey < Cc
t—

t—0

and
limt s(}lp | (wo(t), p())]| L1 () x 1 (R3) < 0O.
—

Moreover, we have that (we(t), p(t)) — (wo, po) as t — 0.

Let us briefly sketch the proof of the Theorem 1.2.7. It is essentially based on the
proof of the weak convergence of the solution towards the initial data. After having
indicated the existence of such solution by an argument of the fixed point under a
condition of smallness to the punctual part of the initial data.

The major difficulty encountered is the convergence of the nonlinear term in

13
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Duhamel’s formula associated to the equation of wy or p (almost the same equa-
tion) to 0, because the differential operators 0, and div do not commute with S;.
For this we have rewritten the equation of p in terms of S;. By this remedy we
have succeeded in proving the convergence. Concerning the globality of solution is
deduced by the same way from the second theorem because the solution for ¢ > 0 is
more regular more precisely, it is in the Lebesgue spaces.



2 Preliminary Chapter

In this preliminary chapter, we gather the basic ingredients freely explored in the
course of this work. We start with the definition of critical spaces based on scale
invariance. As our research is devoted to axisymmetric incompressible fluids based
on the study of the vorticity equation combined with the density one, we thought it
best to present the vortex as a physical ingredient. To simplify the presentation, we
have focused on the two-dimensional Navier-Stokes equation. We embark this para-
graph by defining this ingredient and give some illustrative examples, to conclude
with the famous Biot-Savart Law, which allows to recover velocity from the vortex.
Before concluding this chapter with some concepts related to positive measures, we
mention the definition of semi-groups and some properties

2.1 Scaling invariance

The definition of critical spaces is based on the properties of invariance by dilatation
and translation of the solutions of a partial differential evolution equation (PDE).
Let’s be more explicit we have the following definition.

Definition 2.1.1. A partial differential evolution equation is said to be scale in-
variant if there are two parameters a and (8 such that for any A > 0, we have : if
the initial vector field vy(x) generates a solution v(t, z), then the solution associated
with the rescaled data A\%vy(\z) is A0 (\°t, A\z).

Example 2.1.2. - The Boussinesq system
Ow+v-Vo—pAv+Vp=pe, veR te(0,00),
Op+v-Vp—rAp=0 reR3 te(0,00), (B, )
dive = 0, pore

(U7 p)lt:() = (UO, po).

is invariant by the transformation

v(t,z) = A\t x);  plt,z) = NP p(\*, )

- Navier Stokes system

Ow+v-Vo—puAv+Vp=0 ifz € R te(0,00),
dive = 0, (NS,)

Vjt=0 = Vo-

15
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is invariant by the transformation
v(t, ) = ANt \x)

Remark 2.1.3. If (v,p) is a solution of (B,,) associated with the initial condi-
tion (vg, po) on [0,7] x R? | then for all A > 0 and zy € RY, (vA(¢, ), pA(t, 7)) =
(Av(N*, Az), N3p(A?t, Ax)) is a solution of (B, ;) associated with the initial condition
(Avo(AM(z — 0)), Mpo( Az — 20))) on [0, \72T] x R

Definition 2.1.4. A Banach space X — &’ is said to be critical for the initial
conditions of (B,,) if its norm satisfies

VA > 0,Yzo € RY, lugllx = AlJvo(A(-—=0))|lx, and |[lpollx = X*||po(A(-—20)) I x

Remark 2.1.5. |27] The critical spaces for the velocity of the Boussinesq system (B, ;)
are the same as for the Navier-Stokes system (NS,), As for density, it requires two
derivatives more than the velocity.

Example 2.1.6. Let us consider the Navier Stokes system (NS,), according to the
above definition the following spaces are critical

2 d
LR, L"(RY); with =+ - =1.
q T
Remark 2.1.7. |39]

1- Any critical space X for (NS,) verifies X — B!

2- We have the following chain of inclusions:

d d
e gt

L By 5o | = OBMO — B

with2<p<p<ooand 2<¢q<q< .

Definition 2.1.8. We say that a space X is critical for the vorticity if its norm

satisfies
VA > 0,Vxg € Rd, lwllx = )\2||w()\(- — xo))||X

Example 2.1.9. L'(R?) and .# (R?) are critical spaces for the vorticity.

2.2 Vortex

The solution of the momentum equations is often complicated by the presence of
pressure terms. However, in some circumstances, it is possible to get rid of them, by
relying on other parameters of motion. Among these parameters, there is a quantity
that plays a fundamental role in the description of the movement of a fluid: it is
the "vortex".
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Definition 2.2.1. The vortex is defined as half of the curl of the velocity: w =
%V x v, which is a vector. The coefficient % ensures that the magnitude is exactly
equal to the local angular velocity ws of a fluid particle. The magnitude w?/2 is
called the vortex intensity or the vorticity.

In other words, in a fluid in motion with a local velocity v = (v, ve, v3), the vor-
tex in cartesian coordinates is the vector where its components are defined by the
expression: w= (wy,ws,ws) are related to those of the velocity by the relations:

o= L (G O L (0w vy o 1 (Ove Ou
"Vol\oy a:) P2\ 9z ax ) P 2\ar oy
2.2.1 Interpretation and Examples

To understand and illustrate the information carried by this vortex vector, let us
consider the differences between the displacements of two very close points P and
@ within a small fluid particle, which we assume to be two-dimensional.

Let 0x and dy the components of the vector PQ. We have

which we can write it as:

1
oy :%&E—i—— (%—I—%) 0y +
ox 2 Y x
. (91}2 1 81)2 87)1 1 81}2 31}1
Ovg = 8y5y+2<8x+8y>&c+2( — )51:.
\\/_/ N S o J

. . vV vV
dilatation pure deformation rotation

These expressions show that, in a very general way, the displacement PQ has three
distinct contributions. The first one represents the dilatation of the fluid particle,

which is identically zero in the case of a fluid with invariant density (incompressible)
8?)1 31}2

where — + —— = 0. The second one represents the pure deformation and has the

or Oy
characteristic of not involving any block rotation of the particle, but a simple shear.

As for the third one, it represents the block rotation of the fluid particle around an

axis perpendicular to the plane of the figure passing through the point P, with the
1 (8112 ovy

angular velocity ws = — S By
€ Y

5 ), without any shear, as shown in the figure
(2.1)

Let us now give some examples of vortex structures, represented in figure (2.2).

On the example of figure (2.2(a)), we can notice that the vortex is concentrated
in the center of the structure, where the velocity distribution is close to that of a

17
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Figure 2.1: Illustration of the displacements dvi = —ws3dy and dvy = wzdx where wy = (

of various points QQ of a particle supposed to be square, showing its rotation
in block with the angular velocity ws.

(@ (b)

Figure 2.2: Simple examples of vortex structures: (a) rectilinear vortex schematizing a
tornado , (b) toric vortex schematizing a round of smoke.
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block rotation, of the form wr. Otherwise, the velocity is annulled out quite quickly
as soon as we leave this structure, since the velocity distribution then becomes
proportional to 1/r and keeps the quantity I' = 27rvy invariant, which is nothing
other than the circulation of the velocity on the circle of radius r, or even the flow
of the vortex vector through the portion of flat surface limited by this circle. This
often leads to schematize the vortex structures as vortex lines, by attributing to
each the circulation of the velocity:

F:j{v-ds:Q/w-ndS (2.1)
c S

The second equality of (2.1), deduced from the Stokes formula, shows that the
circulation of the velocity I' is necessarily equal to the double of the flow of the
vortex through the surface S limited by the contour C'. Note that, since the vortex
vector is a pure rotational , its divergence is zero. Thus, this vector field is part of
the conservative fields, like the magnetic field and the density of electric current. Its
flow I' through a portion of surface S therefore constitutes an invariant of a vortex
tube, just like the flow which circulates in a pipe, or the electric current which passes
through a conductive fill of electricity. Since this flow cannot vary from end to end,
a vortex tube must either close in on itself, as in the case of the smoke ring (2.2
(b)), or go from one wall to another.

The vortex equation

To simplify, let us limit ourselves to the case of an incompressible fluid, whose motion
satisfies the Navier-Stokes equation.

Ow+v-Vu+Vp=vAv (2.2)

To know the dynamics of the vortex, we take the rotational of the Navier-Stokes
equation (2.2), taking into account divv = 0, we acquire

Ow + (v Vw = (w-V)v + rAw. (2.3)

The interpretation of equation(2.3) is: For the first member, which is the particle
derivative of the vortex vector, as well as for the last term, which represents the
diffusion of the vortex by viscosity. The question then arises, what is the meaning

v

of the term (w-V)v = wa—, especially since it has no equivalent in the Navier-Stokes
s

equation?

To answer this question, consider a small section MIN = ¢§s of a vortex line, as

shown in figure (2.3) . Neglecting the viscous term, generally which is the case of
air and water, the vortex equation (2.3) can be written

ldw_ﬁv

= _ 7 2.4
w dt 0s (2:4)

19
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Figure 2.3: figure 3. Illustration of the variation of the vector MIN = §s linked to the
difference to in velocity between its ends M and N.

Moreover, according to the construction performed on figure (2.3), the relative vari-
ation of the vector ds is given by

1d _81}

%%( s) = 75 (2.5)

These two equations (2.4) and (2.5) show that the two vectors w and ds have identical
dimensional behaviors: their relative elongation and rotation coincide exactly. Fluid
mechanics are thus accustomed to calling (w -V)v the term for the production of
vorticity by stretching of the vortex lines.

2.2.2 Biot-Savart Law

We also recall that for the Navier Stokes equations we can recover the velocity v
from the vorticity by a non-local operator. To achieve this, it may be advantageous
to introduce, in addition to w, a second function of v; and wv,, the latter is called the
stream function V.

Its composition goes back to the well-known relation div(curlA) = 0 for any vector
A= (A, A, A,), then we can choose the vector A such that v = curlA, thanks to
the definition of the rotational, plus that the flow is in the plane (zoy), we can find
the following relations:

. 0A,
1= -
K Aazy (2.6)
2= Tor
Let’s pose now U = A,(z,y), then
v = (vy,v2) = VU := (=0, 0, 0, V) (2.7)
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This function satisfies the continuity equation, moreover the vorticity w ! is easily
expressed as a function of W

W = 81'112 —82’01 = 8%1’4—8%‘11 = AV

The solution to this equation is given by a convolution with the Newtonian potential
with w as shown by the following lemma

Lemma 2.2.2. [68] Suppose that f € L'(R?) N CY(R?) and fl$|>1 |f(z)]log|z|dz <

00, for d = 2. Then there exists a solution v € C*(R?) to the Poisson equation

—Av=Ff
given by the convolution
viz) = | Nz —y)fy)dy
R
where N (-) is given by
—5r loglal; d=
N(w)=q _p-a (2.8)
{ ~dor d> 2.
2
7r
with wy is the area of unit sphere in RY given by wy = @) This solution can be
2
differentiated under the integral to yield
1 T —y
Vu(z) = —a/(W)dy.

_w_d Rd |$_y|d

Then

1
Wit,r) = 5- [ ol — ylettu)dy

Because we can compute the gradient of W by differentiating under the integral, the
velocity v can be recovered from ¥ by

v(t, ) = . Ky(z — y)w(t,y)dy (2.9)

where the kernel Ks(+) is defined by

Ty X1\t
Ky=—(—-—=, = 2.10
2 27r( |x|2’|x|2) (2.10)

Equation (2.9) is the famous law of Biot Savart

!The word vorticity refers to the rate of rotation of the vortex, which is a scalar quantity like
kinetic energy. Its local value within a mass of fluid rotating with angular velocity w3 is w?/2.
The rotating mass of fluid represents what is typically called an eddy, which, during its lifetime,
may be considered as a single object
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2.3 Semigroups of linear operators

In this section, we present some of the main points of the theory of semigroups and
evolution equations. The study of the linear part of semigroup theory began in the
1930s with the work of E. Hille, Y. Yosida and R. Phillips on semigroups of linear
operators in Banach spaces. The initial idea of this theory came from an article by
G. Peano of 1887 where he wrote the system of differential equations in a matrix
form. For more details see [|4] [30],[73]]

d
% = A11U1 + G12Ug + ++ - + AU, + f1<t>
: (2.11)
du,
B — st + gty -+ Gt + Fo(1)
in a matrix form as
d(t) = Au(t) + F(2) (2.12)

where u<t> = (ul(t)7u2(t)7 T ’un(t))t ) f(t> = (f1<t)’f2(t)7 T 7fn(t))t and A = (aij)

and solved it by means of the explicit formula

u(t) = e4u(0) + /O =94 ¢(5)ds (2.13)

where e = 377 Ltk A* So he transformed a complicated one-dimensional problem
to a formally simpler one in a higher dimension.

2.3.1 Definitions and basic properties

Let X be a Banach space

Definition 2.3.1. A one parameter family 7'(¢) with 0 <t < oo of bounded linear
operators from X into X is a semigroup of bounded linear operator on X if

i T(0) = I, (I is the identity operator on X.)
ii T(s+1t)="T(s)T(t) for every s,t > 0 (the semigroup property.)
A semigroup of bounded linear operators T'(¢) is uniformly continuous if
lim | 7(t) ~ 1] = 0

The linear operator A defined by

D(A) = {z € X : lim L2 =

t—0
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and (1) d+T(1)
. xr—X X
A.Z' = }51_{% ; = dt |t=07 fO?" xr € D(A)

is the infinitesimal generator of the semigroup 7'(t). D(A) is the domain of A.

Remark 2.3.2. If T'(t) is uniformly continuous semigroup of bounded linear operators
then
lim || 7(s) = T(¢)|| =0

s—t

Corollary 2.3.3. [73] Let T(t) be uniformly continuous of bounded linear operators,
then

i There exists a constant w > 0 such that || T(t)]| < e’

it There exists a unique bounded linear operator A such that T(t) = e'4.

13t The operator A is the infinitesimal generator of T'(t).

i t— T(t) is differentiable and

dT(t) B
= = AT() = T()A

2.3.2 Strongly continuous semigroup of bounded linear
operators

Definition 2.3.4. A semigroup 7'(t), 0 < ¢t < oo, of bounded linear operators on
X is a strongly continuous semigroup of bounded linear operators if

ImT(t)r =z, VrelX (2.14)

t—0

A strongly continuous semigroup of bounded linear operators on X will be called a
semigroup of class Cy or Cp—semigroup.

Theorem 2.3.5. [73] Let T'(t) be Co—semigroup. There exist constants w > 0 and
M > 0 such that
IT@)|| < Me** for 0<t< oo. (2.15)

Remark 2.3.6. If w =0, T'(t) is called uniformly bounded and if moreover M =1 it
is called Cy—semigroup of contraction.

Lemma 2.3.7. [30] For the generator (A, D(A)) of a Co—semigroup T(t), t > 0,
the following properties hold

i A: D(A) C X — X is a linear operator.
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1 If v € D(A), then T(t)x € D(A) and

%T(t)x =T(t)Ax = AT (t)z, for every t>0.

111 For everyt > 0 and x € X, one has
t

Tt —x = A/ T(s)xds, if ze€X
0

t
= /T(S)A:L'ds, if ze D(A).
0

2.3.3 The Hille-Yosida Theorem

In the previous subsection we saw that for any semigroup 7'(t), 0 < t < oo, there
is an associated infinitesimal generator operator, so it is natural to ask whether an
unbounded operator on X is the infinitesimal generator of a Cy—semigroup? The
Hille-Yosida theorem is central in the theory of semigroups, providing a clear answer
to this question.

Theorem 2.3.8 (Hille-Yosida). [73] A linear (unbounded) operator A is the in-
finitesimal generator of Cy—semigroup of contraction if and only if

i A is closed and and D(A) = X.

@ The resolvant set p(A) of A contains RT and for every A > 0, ||[R(A: A)|| < +.

Where the resolvant set p(A) of A is the set of all complex numbers A\ for which
A — A is inversible .i.e (A\] — A)~! is bounded linear operator in X. The family
R\ : A)=(M[—A)"" X € p(A) of bounded linear operators is called the resolvant
of A.

Definition 2.3.9 (differentiable Semigroup). A Cy—semigroup 7'(¢) is called differ-
entiable for ¢ > ¢ if for all x € X the map t — T'(t)x is differentiable for ¢ > .

2.4 Well-Posedness for Evolution Equations

One of the fundamental problems of operator semigroup theory is how to express
the solution of an evolution problem using the semigroup generated by the differ-
ential operator. Now, since we want to apply this abstract theory to solve partial
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differential equations, we must work in infinite dimensions. So our main object will
be the study of evolution problems of the form:

{ Z’(((;E))l—;lu(t) = f(t), on (0,7) (2.16)

where the independent variable ¢ represents time, u(-) is a function with values in a
Banach space X, f:(0,7) — X , A: D(A) — X is a linear operator and = € X.

2.4.1 The abstract Cauchy problem
The homogeneous initial value problem

Definition 2.4.1. The initial value problem

(ACP){Z&Q;;@U% on t>0 (2.17)

is called the abstract Cauchy problem associated to (A, D(A)) and the initial value
.

Definition 2.4.2. A function u : R™ — X is called a classical solution of (ACP)
if is continuously differentiable with respect to X, u(t) € D(A) for all t > 0 and
(ACP) holds.

By using Lemma 2.3.7 and Theorem 1.24 in [73] we get, if A is the generator of a
strongly continuous semigroup, then the semigroup yields solutions of the associated
abstract Cauchy problem. This illustrates by the following result.

Proposition 2.4.3. [30] Let (A, D(A)) be the generator of the Co—semigroup T'(t),
t > 0. Then for every x € D(A), the function

u:t—u(t) =Ttz
is the unique classical solution of (ACP).

Theorem 2.4.4. [73] If A is the infinitesimal generator of a differentiable semi-
group, then for every x € X the initial value problem (APC') has a unique solution.

Remarks 2.4.5. 1- If the Cy—semigroup generated by the infinitesimal operator A
is not differentiable, then in general, if x ¢ D(A), the problem of initial value

uw'(t) = Au(t), on t>0

w(0) = 2. (2.18)

(Apcm{

does not have a solution.

2- The function t — T'(t)x is a generalized solution of the problem (2.18) wich called
a mild solution.
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The inhomogeneous initial value problem

In this case the problem is given by

{ YO A =10, o 07 (2.19)

where f: (0,7) — X, A is the infinitesimal generator of Cy—semigroup 7T'(¢).

Definition 2.4.6. A function u : [0,7) — X is a classical solution of (2.19) on
[0,7") if u is continuous on [0,7"), continuously differentiable on (0,7"), u(t) € D(A)
for 0 <t < T and (2.19) is satisfied on [0,7).

Let T'(t) be the Cy—semigroup generated by A and u the solution of (2.19). Then
the function ¢ : [0,7) — X defined by g(s) = T'(t — s)u(s) is differentiable and

g'(s)=T(t—5)f(s) (2.20)

By integration from 0 to t of (2.20), we obtain

u(t) =T(t)x + /Ot T(t—s)f(s)ds (2.21)

Definition 2.4.7. Let A be the infinitesimal generator of Cy—semigroup T'(¢). Let
z € X and f € L'([0,T); X). The function u € C([0,T); X) given by

u(t) =T(t)r + /OtT(t —s)f(s)ds, 0<t<T. (2.22)

is the mild solution of the infinitesimal value problem (2.19) on [0, 7).

Remark 2.4.8. In general, the continuity of the function f is not sufficient to guar-
antee the existence of the classical solution of problem (2.19) for x € D(A). The
following example illustrates this remark.

Example 2.4.9. Let A be the infinitesimal generator of Cy—semigroup 7'(t) and
let x € X be such that T'(t)x ¢ D(A) for all t > 0. Let f(t) = T'(t)x, so the function
f is continuous for all £ > 0. Now consider the following problem

{ u'(t) = Au(t) + T(t)x

2(0) = 0 (2.23)

Note that the problem (2.23) has no solution even though «(0) = 0 € D(A), because
the mild solution of (2.23) is

u(t) = /0 T(t — $)T(s)z = tT(1)x

is not differentiable for ¢ > 0, and therefore cannot be the solution of (2.23).
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The following theorem gives the conditions which guarantee the existence of a clas-
sical solution.

Theorem 2.4.10. [73] Let A be the infinitesimal generator of Co—semigroup T'(t).
Let f € L'([0,T); X) be continuous on (0,T) and let

o(t) = /OtT(t—s)f(s)ds, 0<t<T

The problem (2.19) has a solution u on (0,T) for every x € D(A) if the following
conditions is satisfied

i v(t) is continuously differentiable on (0,T).
it v(t) € D(A) for 0 <t <T and Av(t) is continuous on (0,T).

If (2.19) has a solution u for some x € D(A), then v satisfied both (i) and (it).

2.5 About Measure Theory and Integration

This section is devoted to a reminder on the measure theory and integration we
start with the definitions and properties of a few kinds of measures, then we give the
main theorems used in this study. Before presenting these concepts, we ask what
is Measure Theory. And what is Integration Theory? In short, Measure theory is
concerned with the distribution of mass over a set X, while integration theory is the
theory of weighted sums of functions over a set X when the weights are specified
by a mass distribution .

—Measurable spaces

Definition 2.5.1. A collection of sets .# C Z(X) is called an oc—algebra if
i Xed.
iiAe s = A e

iii If {A,,n > 1} C A then U,en+ A, € A .

The elements of .# are called the measurable parts of X. We say that (X, .#) is a
measurable space.
—Definition of a measure

Definition 2.5.2. Let (X, .#) be a measurable space. Then a set function y on .#
is called a measure if
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i u(A) € 0,00] forall Ae .
i u(0) = 0.

iii For any disjoint collection of sets Aj, As,.... € A, then p(U,>14,) =

anl p(Ay).

We say that (X, .#, 1) is a measured space.
We now present some special measures that we need during our studies.

—Absolutely continuous measure

Definition 2.5.3. Let (X,.#) be a measurable space and let x and v be two
measures on (X, .#). The measure p is said to be dominated by v or absolutely
continuous with respect with v and written as p < v if

V(A)=0= u(A)=0; VAe.#

Proposition 2.5.4. The property < v is equivalent to the following statement
for any e > 0 there exists § > 0, such that pu(A) < e for every A with v(A) < 0.

Example 2.5.5. o The measure p(A) = [, |z|dr on the real line is absolutely
continuous with respect to the Lebesgue measure.

e The measure supported at 0 (u(A) =1 iff 0 € A) is not absolutely continu-
ous with respect to the Lebesgue measure, and is a singular measure.

—Density of measure
Definition 2.5.6. Let (X,.#, ) be a measured space, and let f : X — [0,00] a

measurable function. We define an application v : .# — [0, 00| by

V(A):/Afdu:/flAd,u. (2.24)

Then v is a measure on (X, .#) called a measure of density f with respect to p.

Remark 2.5.7. Note that the measure v defined by (2.24) is absolutely continuous
with respect to pu because if A € .# verifies that u(A) = 0, then v(A) =0 .

—Singular measure

Definition 2.5.8. Let (X, .#) be a measurable space and let p and v be two
measures on (X, .# ). The measure y is called singular with respect to v and written
as i L v if there exists a set B € .4 such that

wB)=0 and v(B)=0
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Example 2.5.9. The Dirac measure dq is not absolutely continuous with respect to
Lebesgue measure.

Remark 2.5.10. Note that if p is singular w.r.t. v implies that v is singular w.r.t.
(. Therefore, the notion of singularity between two measures p and v is symmetric
but that of absolutely continuity is not.

—Borel and Radon Measures

Definition 2.5.11. Let X a topological space.
1- A measure on the Borel o-algebra Z(X) is called a Borel measure on X.

2- A Borel measure p on X is called a Radon measure if for every B in (X)) and
e > 0, there exists a compact set K. C B such that

ul(B\ Ke) < e

where |u| = p* + = the total variation of u and ™, p~ are the positive and
negative parts of u.

2.5.1 The Lebesgue-Radon-Nikodym theorem

The following theorem is known as the Radon Nikodym Theorem, it considered as
one of the key facts of the theory of measure

Theorem 2.5.12. [10] Let pn and v be two finite measures on a space (X, . #). The
measure [t is absolutely continuous with respect to the measure v precisely when there
exists a v—integrable function f such that p is given by

u(A) = /Afdy; VAec

We denote p by f.v. The function f is called the density of measure p with respect
d

to v (or the Radon - Nikodym density) and is denoted by d—ﬂ

v

Among the results of Radon Nikodym’s theorem, Lebesgue’s decomposition

Theorem 2.5.13. [10] Let p and v be two finite measures on a o—algebra M .
Then, there exists a measure vy on M and a v—integrable function f such that

w=fur+uv, 1vylv

For the proof of the two previous theorems, you can consult the following two
references [|6] and [10]]
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Remark 2.5.14. The decomposition of the singular part of a regular Borel measure
on real line can be refined as follows (see [45])

M= Hac T fse T Hpp

with
® i, is the absolutely continuous part.
® /i, is the singular continuous part.

® /i, is the pure ponctuel part.

Example 2.5.15. The Cantor measure ( the probability measure on the real line
whose cumulative distribution function is the Cantor function) is an exemple of a
singular contiuous measure.

—Lebesgue’ s dominated convergence theorem (DCT)

Theorem 2.5.16. [6] Let (f,)n>1 be a sequence of measurable function from a
measure space (X, 4, ) to R and let g be a measurable nonnegative function on
(X, A, ). Suppose that for each x € X

1- |fu(2)| < g(x) for alln > 1.

2- limy, 00 fu(x) = f(2).

Then, f is integrable and

lim fnd,u:/fd,u:/ lim f,du
n—oo n—oo
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3 On the global well-posedness of
axisymmetric Boussinesq system
in critical Lebesgue spaces

This chapter is the subject of the following publication:

Adalet Hanachi, Haroune Houamed and M. Zerguine: On the global well-posedness
of axisymmetric Boussinesq system in critical Lebesque spaces. Discrete and Con-
tinuous Dynamical Systems - A, 2020, 40 (11) : 6473-6506.

3.1 Introduction

The contribution of this chapter will be focused on the global existence and unique-
ness topic in three-dimensional case of the axisymmetric viscous Boussinesq system
in critical Lebesgue spaces. We aim at deriving analogous results for the classical
two-dimensional and three-dimensional axisymmetric Navier-Stokes equations re-
cently obtained in [34, 36]. Roughly speaking, we show essentially that if the initial
data (vg, po) is axisymmetric and (wy, po) belongs to the critical space L'(Q) x L!(R?),
with wp is the initial vorticity associated to vy and Q = {(r,z) € R? : r > 0}, then
the viscous Boussinesq system has a unique global solution.

T. Gallay and V. Sverak in [36] essentially used the fixed-point argument in an ap-
propriate functional space coupled with estimations based mainly on the properties
of the semigroup. Since our system is given by a coupling between the velocity field
v(t,xz) and the density p(¢,z) according to the equations:

Ow+v-Vo—plAv+Vp=pe, if (t,r)e R, x R3
Op—+v-Vp—rlAp=0, if (t,r) e Ry x R3, (B, )
dive = 0, pore

(Ua p)|t=0 = (v0> pO)a
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and the first equation of (B, ) is a non-homogeneous Navier-Stokes equation, so
under vorticity-density formulation for y =x =1

Owwy + v - Vwy — %wg = (A — %)we —Owp, if (t,r,2z) e Ry x Q,
Op+v-Vp—Ap=0, if (t,r) e Ry x R3, (3.1)
(we,P)\t:o = (wo, po),

where v - V = 070, + v*0, and A = 9% + %ar + 02, we can check that the linear
vorticity equation keeps the same semigroup, that is the reason why we try to inspire
a couple of semigroups that achieve the same goals as their semigroup. Although we
succeeded in forming this pair, we only could estimate the solution in the functional
space after creating a new function rp so a new equation. Fortunately it admits the
same semigroup as the vorticity equation. Thanks to this new function, we could
estimate the term 0,p, which was considered as an obstacle in the estimations.

As we pointed out in the introduction the global regularity of (B, ) in dimension
three of spaces has received a considerable attention. Let us mention in particular
R. Danchin and M. Paicu [27|, H. Abidi, T. Hmidi and S. Keraani [3], T. Hmidi
and F. Rousset [53|, C. Miao and X. Zheng [[71], [72]], P. Dreyfuss and H. Houamed
[29], H. Houamed and M. Zerguine[47].

In the present chapter, we are interested to study the global well-posedness of

axisymmetric Boussinesq system (3.1) in critical Lebesgue space in other words,
(wo, po) € L1(N2) x L*(R3).

During this work, we will fix some notations which be useful in the sequel. First,
we endow the half-space Q = {(r, z) € R? : r > 0} with the two-dimensional measure
drdz and define for p € [1,00] the Lebesgue space LP(2) as the set of measurable
functions wy : 2 — R such that the norm

( Joy e, z)|pdrdz)5 it p e [1, 00),

|wollr () = .
essup(,.yealws (1, 2)|  if p = oo.

and
1

<fQ |TI(r, Z)|f"7’drdz)5 if p € [1,00),

[ITL)| 2o sy =
essup(, e |H(r, 2)| if p = 0.

For the reader’s convenience, we provide a brief headline of this chapter. In
section 2, we briefly depict the framework that exists regarding the axisymmetric
Biot-Savart law. Many results could be spent in explaining this framework in detail,
in particular, the relation between the velocity vector field and its vorticity by means
of stream function. Along the way, we recall some weighted estimates which will
be crucial in the sequel. Afterwards, we focus in the linear equation of (3.1) and
some characterization of their associated semigroup, in particular the LP — L4
estimate as in two-dimension space. Section 3, mainly treats the well-posedness
topic for the system (3.1). The main tool in local well-posedness is the fixed point
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argument on the product space combined with a few techniques about the semigroup
estimates. We conclude this section by investigating some global a priori estimates
through coupling the system (3.1) and introducing the new unknowns I' and T'.
Considering these latest quantities will be a helpful to derive the global existence
for the equivalent system (3.1) and consequently the system (B, ).

3.2 Setup and preliminary results

In this section we recall some basic tools which will be employed in the subsequent
sections. In particular, we develop the Biot-Savart law in the framework of axisym-
metric vector fields, and we study the linear equation associated to the system (3.1),
usually specialized to the local existence.

3.2.1 The tool box of Axisymmetric Biot-Savart law

Recalling that in the cylindrical coordinates and in the class of axisymmetric vector
fields without swirl the velocity is given by v = (v",0,v*) with v" and v* are inde-
pendently of §—variable, wy its vorticity defined from €2 into R by wy = 0,0" — 9,v*
and the divergence-free condition dive = 0 under homogeneous boundary conditions
v" = 0,v* = 0, turns out to be

O (rv") 4 0, (rv*) = 0.

In this case, it is not difficult to build a scalar function Q > (r,z) — ¥(r,z) € R
which called axisymmetric stream function and satisfying

1 1
V= —=01, v°=-=0. (3.2)
r r

Consequently, one obtains that v evolves the following linear elliptic inhomogeneous
equation

1 1 1
——82 + 50,V — -2 = wy,
T T T

with the boundary conditions ¢(0,2) = 0,1(0,z) = 0. By setting £ = —%87? +
7%87" — %83, one finds the following boundary value problem

{ LY(r, z) = wp(r, 2) if (r,2) € Q
W(r,2) = 0(r,z) =0 if (r,2) € 09,

where 90 = {(r,z) € R? : r = 0}. It is evident that £ is an elliptic operator of
second order, then according to [79], £ is invertible with an inverse £~ (For more
details see Appendix ). Consequently, the boundary value problem (3.3) admits a
unique solution given by

\D(r,z)éﬁ_lwg(r,z):/_oo /OOO fF(O"_m +(=2) >w9<?,z)dmz, (3.4)

(3.3)

rr
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where the function F :)0, 00[— R is expressed as follows:

T cos ado
F(s) = /0 o o (3.5)

1—cosa)+s

Remark 3.2.1. Although F' in (3.5) cannot be expressed as an elementary functions,
but it has nice asymptotic properties near s = 0 and s = oo listed in the following
proposition. For more details about the proof, see [31, 79].

Proposition 3.2.2. Let F' be the function defined in (3.5), then the following as-
sertions are hold.

i F(s) = 110g§+10g8—2+0<510g%> and F'(s) = —2—18+O<10g§> ass— 0",

2

i F(s)z#—l—@(#) and F’(s):—g’%ﬂjLO(S}/Q) as s — 00.

111 For every k € N*, we have

and

o (D)0 (37 el

i The maps s — s*F(s) and s — s°F'(s) are bounded for 0 < o < 3 and
1< < g respectively.

Now, let

K(r,z,7,2) =

2 T

\/'ﬁF<(r—r2+(z—Z)2>' (3.6)
Thus in view of (3.4), ¥ takes the form

\I/(r,z):/ / K(r, 2,7, 2)wy(T, 2)drdz,
—o0 JO

with IC can be seen as the kernel of the last integral representation. The last es-
timate combined with (3.2) claim that there exists a genuine connection between
the velocity and its vorticity, namely, azisymmatric Biot-Savartlaw which reads as
follows

V" (r, 2) :/ /0 Ko (ry 2,7, 2wy (T, 2)drdz,  v*(r, 2) :/ /0 K.(r, 2,7, 2)wy(T, 2)drdz.
(3.7)
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Remark 3.2.3. At first glance, the comparison between the usual Biot-Savart law in
Ri’)
1 T—y

v(x) =—

and the axisymmetric biot-savart law (3.7) seems that the latter is more compli-
cated and have no advantage. But (3.7) indeed capture certain characteristics of
axisymmetric fields without swirl.

T Jeo ToyF <O

Here, with the notation &2 = w we have

1 2—72

Ko(r,z,7,2) = —;WF/@Q) (3.8)

and
:F F/ 2 1 ~/2 2 2 2F/ 2 39
Kol 27 7) =~ F(€) + 1 (FE) - 28°F(@). (39

A worthwhile property of the kernels I, and I, are given in the following result.
For more details about the proof, see [36].

Proposition 3.2.4. Let (r,z,7,2) € Q x Q, then we have

C
((r—r2+(2—532)1/2

\ICo(ry 2,7, 2) | + K. (1, 2,7, 2)| < (3.10)

Now, we state the first consequence of the above result, in particular the LP — L4
between the velocity and its vorticity. Specifically we have:

Proposition 3.2.5. Let v be an axisymmetric velocity vector associated to the vor-
ticity we via the axisymmetric Biot-Savart law (3.7). Then the following assertions
are hold.

(i) Let (p,q) €]1,2[x]2,00[, with p < q and * —% = 1. For wy € LP(Q), then
€ (LU(Q))* and
v < Cllwallzmo (3.11)
(ii) Let (p,q) € [1,2[x]2,00], with p < q, and define o €]0,1[ by 1 = 2+=2%. Then
for wp € LP(Q) N LYQ), we have v € (L*(2))? and
[0]| 2 (0) < Cllwsl|To (e llwsll 2oy (3.12)

Proof. (i) Combining (3.7) and (3.10), we get

rz|<C'// |“’9 )| Lz,
(r=7)2+ (2 — 2)?)
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and

rz\<c// |“9 )l ARz,
(r=7)2+(z—2)2)

The last two integrals of the right hand side are be seen as a singular integral. So,
by hypothesis % — % = %, Hardy-Littlewood-Sobolev theorem, see e.g. [19, Theorem
6.1.3| yields the desired estimate.

(ii) Let R > 0, then in view of (3.10) we have

|wa(r — 7,2 = Z)| |wo(r — 7,2 — 2))|
|v(m)|§/QR (r+) dd+/Q\QR =Ry drdz,

where Qr = {(r,2) € Q@ : 0 <r < R,—R < z < R}. Thus, Holder’s inequality
implies

_2 1
[o(r, 2)| S lwallLa@ R 5 + l|wll o) —z—
P
: ¢ . - s
It is enough to take R = (||w||zr()/||lwol|Lae)) , With £ = 57 = 2}7;_1. Then by
an easy computations we achieve the estimate. O

In the axisymmetric case the weighted estimates practice a decisive role to bound
some quantities like r*v in Lebesgue spaces for some a. Now, we state some of them
which their proofs can be found in [31, 36].

Proposition 3.2.6. Let o, 5 € [0,2] be such that f — o € [0,1[, and assume that
p,q €]1,00] satisfy

poa 2
Assume that rPwy € LP(Q), then r*v € (L4(Q))? and the following bound holds true.

I 1 1+a-p

70| ooy < Cllr’wol Lo (oy- (3.13)

Proposition 3.2.7. Let v be the axisymmetric velocity vector associated to the vor-
ticity wy via the axisymmetric Biot-Savart law (3.7). Then the following weighted
estimates are hold.

1 2 1/2
o]l o) < Cllrwoll iy llwo /71112 . (3.14)
and ;
v 1/3 2/3
iy = Cllnliy oo/ 71172 o) (3.15)

3.2.2 Characterizations of semi-groups associated with the
linear equation

We focus on studying the linearized boundary initial value problem associated to
the system (3.1) and we state some properties of their semipgroups. Specifically, we
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consider
Oywy — (A — T%)wg =0,
Op—Ap =0, (3.16)
(Waap)ht:o = (wo, Po)

in the product space Q x R3, with Q = {(r,2) € R? : r > 0} is the half-space
by prescribing the homogeneous Dirichlet conditions at the boundary r» = 0 for wy
variable. For (wp, po) € L*(Q) x L'(R?), the solution of (3.16) is given explicitly by

{ wo(t) = Si(t)wo,

p(t) = Sa(t)po;
where (S;(t)):>0 and (S2(t)):>0 being respectively the semigroups or evolution oper-
ators associated to the dissipative operators (A — %) and A.

Such are characterized by the following explicit formula, namely we have:

Proposition 3.2.8. The family (Si(t),Sa(t))i>0 associated to (3.16) is expressed by
the following

'r—?2 2—52
(S1(Dw0)(r,2) = 77 Jo B M (5 )™ o w7, )iz,

(3.17)
1/2 _=4-n? ~
(82(t)p )(T Z) 47rt fQ 7n1;2'/1/2( ) Z—t po(?”, @d’r’dz,

where the functions |0, +oc[> t — A (t), H2(t) € R are defined for everyt > 0 by

M(t) = \ﬁ fi/jz e cos(2a)da,
(3.18)
/2 sm e
a(t) \ﬁ /. 7/r/2 do.

Proof. We assume that (wy, p) solving (3.16), then a straigthforward computations
claim that (w, p), with w = wyéy satisfying the usual heat equation dyw — Aw = 0
and 9;p — Ap = 0 in R?® with initial data (w(0,-), p(0,-)). Therefore, for every ¢t > 0
we have

_l=—3

w(t,z) = Wfﬂ@ @ w(0,7)dz,

(3.19)

_ == I\

p(th) = (47Ttl)3/2 fR?’ (0 QT)CZJ,'

In the cylindrical basis (€, €&, €,), we write © = (rcosf,rsinf,z) and = =
(rcos@,rsinf, z), hence the first equation of (3.19) takes the form

(3.20)
—sind e ac\2 —sinf N
wy(t,r,z) | cosB = ¥ t3/2/ // i 72 | cos@ | TdOdzdF
0 T - 0
= 1.
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Since, |z — 2> = (r —7)? + (2 — 2)® + 4r7 sin® (%5), thus we have

1 0 1 T _rFsin? 0-8 o Sln,ve o~ (r—F)2+(z—5)2 —~ ~ g~
b= (47t) / / (W/ e | cos |TdO e wwo(F, 2)dEdr.
0 R —m

0
(3.21)
To treat Iy, we set a = % then we have
]_ T —risin? g%g ~ ~ 1 0/2+7T/2 —rFsin? o
e 7 —sinrdf = ——— e ¢ sin 6 cos 2ac — cos 8 sin 2a) rda
VAt /_W ( ) VTt Joj2—r/2 ( )
1 +ﬂ—/2 —rFsin2 a ( )
= —— e ¢ sin @ cos 2a ) Tda
vVt —7/2
1 +ﬂ-/2 7r?sin2 =%

e ¢ ( cos 0 sin 2a) rdo.

- \/ﬁ —7/2
For t €]0, co[, define
1 /2 9

_ e_sin «
\/7Tt —7/2

© cos(2a)da.
Then the last estimate becomes

(1)

1 ™ —r7sin? e%g Lo ?1/2 t .
i)} /_We © (—sinf)rdf = ] l(r_?)(_ sin 6).
Similarly,
1 ™ —risin2 0~57~ ~_ o~ ?1/2 t
W /;ﬂ_ (& t cos 0rdfd = m:/t/l (ﬁ/) cos 6.

Combining the last two estimates and plug them in I; we reach the desired estimate.

For the second equation in (3.19) we express the density formula in (€, ép, €,)
basis

1 1 T rsin2(0) ~> (r—24(z—5)2 _ o
t,r,z) =— e” ¢ rdf |e” at 0,7,2)drdz. (3.22
er = [ (o= [ 0.7 D). (3.22)

Setting

1 m r7sin? (9%5) —~
I, = - t rdf.
2 24/t /_7r ¢ "

The same variable o = % allows us to write

1 7I'/2 r'FsinQQ ,7\: t
2 /_’/Tt /2 r 2
with .45 is defined for ¢t > 0 by
1 w/2

= — e
\/7Tt —7/2

Plug I5 in (3.22), we get the result. This reached the proof of the Proposition. [

_ sin? o

do.

%1
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The following Proposition provides some asymptotic behavior of the functions
A1 and A5 near 0 and oo, will be fundamental in the sequel.

Proposition 3.2.9. Let A7, 45 :]0, 00[— R be the functions defined in (3.18). Then
the following statements are hold.

(i) A(t) =1 =3 +0(t?) and A (t) = =2 + O(t) when t ] 0;

w172

(ii) M(t) = [5m + O(t5/2> and N (t) = —% + O(t%) when t T 0o;
(iii) A5(t) =1— L+ O(?) and A (t) = —1 + O(t) when t | 0;

4

. x1/2 x5/2 <1/2 x5/2
(iv) M(t) = 555 — Sar +O<t5/2) and Ny (t) = =557 — 557 +O<%) when
t 1 oo.

Proof. (i) Substituting ¢ =

1,

1w 12t
() = f/} Nl

- _/\/ 12

- - Voo

_ ¢z 120 1- 2t§2 e 1 =20 >
/0 / \/ 1—t(2 N

= II; +IL,.

S

Note that lim;joII; = 0, so the behavior of .4; near 0 comes from II;. Hence, let
. . . . 1 .
us deal with II;, we insert the Taylor expansion of the function { — T in the

integral of II; to obtain

L2 [ ey Bia g
Hl_ﬁ/() (1= 21— PG+ O(F).

It is straightforward to show that

OO*CQ _\/_E OO?*CQ _\/_E OO4*C2 __ﬁ
/Oe ¢ = X7, /OCe ¢ = Y7, /OCe ¢ = —3¥L.

Consequently, limjoII; = 1. Combining all the previous quantities, we find the
asymptotic behavior of II; near 0, that is,

I, =1- Zt + O(t?).
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By derivation of II;, we find the behavior of .47’

sin2 a . .
(ii) The Mac Laurin’s expansion of the function o — e~ ¢ at 0 is given by

2

Sant 1
S o(d),

Thus we get
1 w/2 2

o
\/ﬁ o (1 - —) cos 2ado + O(

After an easy computations we achieve the estimate.

sin v

(iii) To prove this assertion, setting y = N in .45 and we split the integral into
two parts, one has

M) =

<+
m\ml —

2 (/M eV’ p ViV d)
VT\Jo  /1—ty? 2

We follow the same steps as .47. For the second integral in right-hand side, we have

ViV eV
Iy = \/1—\/¥y ViV
< Ce !

v

Let us observe that the last estimate goes to 0 as t | 0, so the asymptotic behavior

of A5 near 0 comes only from the first integral. To be precise, it is clear that
L : 1

t— T is bounded function whenever 0 <y < NG and

1

2 [avi
lim—/2 t e_y2dy ~ 1.
0

tl0 m

Thus, the expansion of the function z +— (1 — x)_% for x = ty? enuble us to write

2 (™ ./

_ 11t 2
= 1-,+0(®).

(iv) Using the fact sin @ ~ « near 0, then we get

el f/g

We set y = %, clearly that y | 0 as ¢ T oo and the power expansion of the function
e? near 0 yields the asymptotic expansion, whereas .45 is a direct derivative of .45
expansion.

]
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Remark 3.2.10. (i) It should be noted that the functions t — A1 (t) and t — A5(t)
are decreasing over |0, co[, but the proof seems very hard.

(ii) The functions t — t*A](t),t + t*AH5(t) and t — t° A, (t),t — P45 (t) are
boundedforOgozS%andOgﬁgg.

Other nice properties of (S;(t))i>0, with ¢ = 1,2, in particular the estimate
LP — L7 are given in the following result.

Proposition 3.2.11. The family ((S1(t),Sa2(t))i>0 associated to (3.16) is a strongly
continuous semigroup of bounded linear operators in LP(Q) x LP(R3) for any p €
[1,00). Furthermore, for 1 < p < q < oo the following assertions are hold.

(i) For (wo, po) € LP(Q2) x LP(R?), we have for every t > 0

C
[ (S1()wo, S2(t)po) | La()x Lars) < prs; | (wos Po) || Lo (02 x Lo (R3)- (3.23)

(i) For f=(f", f%) € LP(Q) x LP(Q2), we have for every t > 0

. C
||Sl(t)dlv*f||Lq(Q) S FHJCHLP(Q) (324)

(iii) For f = (f", f*) € LP(R3) x LP(R?), we have every t > 0

. C
[S2(8)div f| Laes) < Fllflhp(m) (3.25)

Here, div,f = O,.f" + 0.f% (resp. divf = 0,f" + 0,f* + %) stands the divergence
operator over R? (resp. the divergence operator over R? in the axisymmetric case).

Proof. (i) We follow the proof of [36] with minor modifications, for this aim let
(r,z),(1,2) € Q, we will prove the following worth while estimates

Art r172 T =t ’

7 (r=7)*+(z-%)? (r—7)*+(z=%)?
L T1/2</V1<t> - < Cem

(3.26)

71/2 _ =+ (mn)? _=?4(=5)°
T (L )en TR < e

We distinguish two cases ¥ < 2r and 1 > 2r.
e 7 < 2r. Employing the fact ¢ — (t*41(t), t*A5(t)) is bounded for o € [0, 5], see,
(ii)-Remark 3.2.10 and ¢ — e" is decreasing, we get the result.
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e 7> 2r. The remark 7 < 2((r A)Q +(z—2)? )% anew use of t — (A (t),t*A5(t))
12
is bounded for o € [0, 1] and te~T < Ce™5 for t > 0 leading to

)
c <<r — 72+ (2 - 532)% R
— €

1 72 t\ =192
ERLgrARMEES
T

Art ri/2 -t 4t
O r—7)24(2—3)2
< et e {1,2).
Next, from (3.26) and the last estimate we write
1 72 t\ _=2+G-n2 o
\Sl(t)w0| + |SQ(T,),00| < E/Q m,/ﬁ(rf)e 4 wo(r,éj drdz
1 T2 tN\ _e=2+e-n? |
e A e O o Rl

_r=24(:=5)2 - ~ ~
< ¢ / S (ol 3] + o7 3 .

The last line can be seen as a convolution product, then Young’s inequality gives
the desired estimate.
(ii) By definition for every (r,z) € €, we have

T1/2 P24 (2—F
S0div)r) = o [ Spi()e T 0o 2) + 0 )T

47t T

1 N1/2 t r—7)24(2—32)2 ~ e e
- 4775/ :W/Vl(*)‘f‘( S o (7, 7 drdz
Q

rr

1 2 TN _e=24G-2%
T am /me/“ﬁv)e w0 0zf*(r, 2)drdz
= IIl + 112

After an integration by parts, it happens
1 72 /¢ t 1 r—r t (r=9)2+(2=5)2
= [P (D) (e (T2 ok (L) ) o e
! 47Tt/9r1/2 (r?? Y\r7 2'r+ 2t 7)) )° f1F2)drdz

and »
1 T z—z t (r="2+(=52 o
TRl St BT B
2 47rt/9r1/2 2t 7)) (7 2)drdz

We proceed by the same manner as above, that is to say, the fact that the functions
N, N and t— t* A (t),t — t* A (t) are bounded, see Remark 3.2.10, one finds

| < 9/6 DR o 5 3 R,

t2

and

w O

L] < —/e IR s 5 3 R,
t2
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Together with Young’s inequality, we obtain (3.24).
(iii) Let (r,2) € ©, then we have

1 712

Sy ()divf(rz) = o / L () e T (072 4 057 (D) 6 7) )iz

1 712 P\ e )
Pl e G B e SRCR L
(r=)2+(z-5)2

+ﬁ/ﬁi—2%(%>eu8gfz(ﬁ5)?d5
(;)

1 712
— | =M
+47Tt /Q r1/277?

= I3 + 111, + 11T, (3.27)

r—7 zz21
e( )+( : fr(r 2)drdz

The two terms III3 and III; ensue by the same argument as in (ii). It remains to
treat the term III; in the following way

1 s t ==’ 1, s
Il; = R/Qm%(ﬁ)ﬁ ~f ( 72’)drdz
1 1 E\ _remtreen?
- 1 iR T e A e)

The fact that (-/r7)Y245(-/r7) is bounded guided to

C

|III5| < —= t3/2 / e (=72 +(z %)2 ’fr(,r 2)|d7’dz

By pluging the last estimate in (3.28) and combine it with (3.27), it follows

C

Sat)divf| < i [ TG 4 1 Db

Then a new use of Young’s inequality leading to the result.

To close our claim, it remains to establish that Ry > t +— Si(¢) (resp. Ry >
t — Sy(t)) is continuous on LP(Q) (resp. on LP(R?)). We restrict ourselves only for
(S1())i>0- Let wo € LP() and define its extension on R? by &y which equal to 0
outside of Q. Thus, in view the change of variables 7 = r + vt and Z = z + /17,
the statement (3.17) takes the form

(Sy(b)wy) (1, 2) = ﬁ /R 2 <1+@)mm ((;)e—ﬁzfz Gio(rv/10, -1+t ) didry.

r r(r + V)
The fact ) ,
2 e T ddy =1
4T
leading to
1 192+’y
(S1(t)wo)(r, 2) — wo(r, 2) = E/ e Y(t,r, z10,v)dddy, (3.29)
R2
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where

Yt r, 2, 0,7) (1 + Q) Vi (W)C&O(r VS, T+ V) — Bo(r 2).

Taking the LP—estimate of (3.29), then with the aid of the following Minkowski’s
integral formula in general case

( /X | ( /X 2 F(xl,x2)dA2(x2>)pdA1<xl))l/p < /X 2 ( /X | F(a:l,xz)Pd)\l(azl))1/pd)\2(;g2)7

one obtains for p € [1,00) that

| (S1()wo)(, 2) — wo(r, 2) || Lr(e) < —/

Now, we must establish that | Y(¢,7,2,9,7)||r@) — 0 as t — 0. To do this, let
r >0 and r + v/t > 0. Writting

(i) () = ()"

=7
s e,

)| Loy dddy.

C

Therefore

It 9Dy < CO+ ) (ol + VED, -+ VEY) o) + lwoll o))

<
< COA A+ [ lwoll e

1/2
On the other hand, it is clear to verify that (1 + @) </V1<m> goes to 1

as t — 0. Thus Lebesgue’s dominated convergence asserts for (9,v) € R? that
T (t, 7, 2,9,7)||Lr@) — 0 when ¢t — 0. A new use of Lebesgue’s dominated conver-
gence, we finally deduce

|(S1(t)wo)(r, 2) — wo(r, 2)||Lr) = 0, t—=0, (3.30)

which accomplished the proof. O]

In the spirit of Proposition 3.5 in [36], another weighted estimates for the linear
semigroup (3.17) is shown in the following proposition, the proof of which can be
done by the same reasoning as in the previous proposition.

Proposition 3.2.12. Let 1 < p < q < o0, i € {1,2} and (o, 8) € [—1,2], with
a < B. Assume that r° f € LP(Q), then

N C
17°Si(®) fll o) < =7 17 fllo (). (3.31)
2

tra "

In addition, if (o, 8) € [-1,1], a < B and r°f € LP(Q), then

C
Q) = T%Ml‘rﬁf"LP(Q)- (3.32)

— 1,1
t2 vy

H?"aSi(t)diV*fHLq(
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We end this section by recalling the following classical estimate on the heat kernel
in dimension three, the proof of which is left to the reader.

Proposition 3.2.13. Let 1 < p < ¢ < co. Assume that f € LP(R?), then

C
1S2(t) f|| arsy < t%(;—_;)’\fHLP(R%- (3.33)

3.3 Main results

At this stage, we are ready to state the main result of this chapter. To be precise,
we will prove the following theorem.

Theorem 3.3.1. Let (wy, po) € L' () x L'(R3) be azisymmetric initial data, then
the system (3.1) admits a unique global mild solution. More precisely we have:

(wo.Tp) € (CO([o, 50); L}(€)) N C°((0, 00); L°°<Q>)) (3.34)

p € C°([0,00); L'(R?)) N C°((0, 00); L®(R?)) (3.35)

Furthermore, for every p € [1,00), there exists some constant K,(Dy) > 0, for
which, and for all t > 0 the following statements hold

(wa(t), rp(t)) | ooy < 807 K, (Do). (3.36)

_3(1_1
lo(t)llssy < 217K, (Do), (3.37)
where
Dy = ||(w0ap0)||L1(Q)XL1(R3).

A few comments about the previous Theorem are given by the following remark.

Remark 3.3.2. Tt is worth pointing out the hypothesis wy is in L'(€2) doesn’t implies
generally that the associated velocity v is in L?() space. Consequently, the classical
energy estimate is not available to derive a uniform bound for the velocity.

The proof is organized in two parts. The first one cares with the local well-
posedness topic for (3.1) in the spirit of Gallay and Sverak [36]. We make use of
fixed point-method for a system equivalent to (3.1) on product space equipped with
an adequate norm with the help of the axisymmetric Biot-Savart law and some
norm estimates between the velocity and vorticity. But in our context, we should
deal carefully wih the additional terms 0,p and 6—;9 which contributes a singularity
over the axe (Oz). The remedy is to hide those terms by creating a new function p
and exploiting the coupling structure of the system (3.1) for k = 1 for introducing
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a new unknown functions I' and I in the spirit of [53] by setting I' = ¢ — £ and

I' =rI'. A straightforward computation shows that I' and I" solve, respectively

Ol +v- VI — (A+29,)I =0,
{ T\ —T, (3.38)
T i v4 R — 1\ =
O +v-VE - 2T — (A= %)l =0, (3.39)
Limo =1Ly

In fact, in the second part, we shall investigate some a priori estimates for the coupled
functions in order to derive the global regularity for the system in question. Signif-
icant properties of the new unknowns, such as the maximum principle, are gained
in this transition and I' evolves a similar equation and keeps the same boundary
conditions than II in the case of the axisymmetric Navier-Stokes without swirl, see
(1.6). As consequence, the function I' (and eventually I" after some technical com-
putations) satisfies the boundedness estimate as in (1.7) which will be crucial in the
process of deriving the global regularity of our solutions.

3.3.1 Local existence of solutions

We will explore the aforementioned results and some preparatory topics in the pre-
vious sections, we shall scrutinize the local well-posedness issue for the system (3.1).
For this reason, we rewrite it in view of the divergence-free condition in the following
form

Oywp + divy(vwy) =
Oyp + div(vp) — Ap
(wo, P)\t:o = (wopo)-

VS

02+ 024 10, — %2)“’9 —O0pp if (t,r,2) € Ry x
0 if (t,l’) S R+ X Rg,

(3.40)

The direct treatment of the local well-posedness topic for (3.40) in the spirit of
[36] for initial data (wp, pg) in the critical space L'(Q2) x L'(R3) contributes many
technical difficulties. This motivates to add the following new uknown p 2 7p which
solves 1 1

0,5 + div, (vp) = (af + 02+ -0, - ﬁ)ﬁ— 20, p. (3.41)
We can be easily seen that p satisfying the same equation as wy with additional
source term and their variations are in €.

To achieve our topic we will handle with the following equivalent integral formu-
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lation

we(t) = Si(t)wo — [ S1(t — 7)divy (v(T)we(7))dr — [) Si(t — T)0,p(7)dT
p(t) = Si(t)po — [y Si(t — 7)div, (v(7)p(7))dr — 2 [ Si(t — 7)8,p(7)dT

p(t) = Sa(t)po — fg Sa(t — 7)div(v(7)p(T))dr.
(3.42)
In order to analysis the above system, we will be working in the following Banach
spaces

Xp = {f € C(0.7), (@) « | fllx, < oo},
Ty = {h € CO((0,T], LY3(R) : ||h]| 2, < oo},
equipped with the following norms

1l = sup 4 F (Ol a0y
0<t<T

Rl 2 = sup t°||A(t)]] passes)-
0<t<T

Now, our task is to prove the following result.

Proposition 3.3.3. Let (wy, po) € L'(Q) x L*(R?), then there exists T = T (wo, po)
such that (3.42) admits a unique local solution satisfying

(we, mp, p) € C((0,T); X7) x C((0,T); Xr) x C((0,T]; Z7). (3.43)

Proof. We will proceed by the fixed point theorem in the product space Zr =
Xr X Xp x Zr equipped by the norm

1(we, 2, )l = llwsll, + 121 + 1ol ;-

For ¢ > 0, define the free part (win(t), iin(t), prn(t)) = (S1(¢)wo, S1(t)(rpo), Sa(t)po),
where (S;(¢),S2(¢)) is given in Proposition 3.2.8. In accordance with the (i)-
Proposition 3.2.11, it is not difficult to check that for (wg,po) € L'(Q2) x LY(R?)
we have for 7' > 0

V4w < : 44
Oiltlth o () 4 ) < Cllwollzr@) (3.44)

and
sup 751/4Hﬁlin(75)||L§(Q) < Cllrpollri@) = Cllpollrre)- (3.45)

0<t<T
On the other hand, the fact that

3
)l sy = IO,
together with (3.31) stated in Proposition 3.2.12, we further get
sup £l 4 gy < Cllrpollis @ = Clloollsces (3.46)

0<t<T
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Combining (4.32), (4.33) and (4.34) to obtain that (win, Plin, Plin) € 27

Next, define the following quantity which will be useful later

A(wo, po, T) = C|(wiin, Plin, Piin) || 27 (3.47)

We claim that A(wo, po,T) — 0 when T — 0. To do this, we employ the fact
(LA3(Q) N LY(Q)) x (LY3(R3) N L' (R3)) is a dense space in L'(Q) x L'(R3). Then
for every € > 0 and every (wo, po) € L'(Q) x L'(R?) there exists (¢,v) € (L*3(Q)N
LY(Q)) x (LY3(R%) N LY(R?)) such that

| (wos po) = (&, )| Lr()xrr (m3) < €.

On account of (i)-Proposition 3.2.11 we write

win(®) | Lz ) = IS1(E)(wo — @+ @)l Lars(q)
< ISi()(wo — &)l Larsy + [IS1() @l Lars o
C

< meo =l + CllollLas@nw@)-
Multiply the both sides by ¢!/ and taking the supremum over (0, 7] to get

OS?ET#MHWHn(t)||L4/3(Q) < Cllwo = ¢l + CT1/4||¢||L4/3(Q)mL1(Q)
<t<

< Ce+ CTY 8]l (i o)-

Thus, by setting
Cg(wo, T) = Sup t1/4||whn(t)||L4/3(Q) (348)

0<t<T

and let T' (resp. €) goes to 0, one deduces

m Co(wp,T') = 0. (3.49)

li
T—0
By the same reasoning as above, it holds

sup /|5 (t) || a0y < Ce + CTY 6|l s @ynrr 0

0<t<T
with
C1(po,T) = sup "] 5 (1) /20 (3.50)
0<t<T
Likewise
T—0

For py,, a new use of Propositions 4.2.13 and 3.2.12 yield

1S2(t)(po — ¥ + V)| as3 w3
1S2(2) (po — )| a3 sy + [S2(D) Y] La/3 (ms)

C
m”ﬂo - ¢”L1(R3) + HwHLAL/B(RB)

| p1in (E) [l La73 (=)

IN

IN
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Now, we multiply the both sides by t3® and taking the supremum over (0,7 to
deduce

sup (Bl pany < Cllo= Ul + CT Wl ey (3:52)
<i<
< Ce + CT3/8||77Z)||L4/30L1(R3).

Similarly, by putting

Ca(po,T) = sup t3/8lein(t)HL4/3(R3)7 (3.53)
0<t<T
we shall obtain that
T—0

Collecting (3.49), (3.51) and (3.54), so that by (3.47), we end up with

%gno A(wo, po, T') = 0.

Now, we are ready to contract the integral formulation (3.42) in 27. Doing so,
define for (wp, p, p) € Z7 the map

(0,T] >t = T (t)(ws, P, p) € L3(Q) x LY3(Q) x LY3(R3)
by

Jy Su(t = 7)div (v(7)wo (7)) dr + o S1(t = 7)0,p(r)dr
T (t)(wo, p, p) = fo Sy (t le*( (T)p(T))dr + 2 fot Si(t — 7)0.p(T)dr | . (3.55)
[ Sa(t — 7)div(v()p(T))dr
We aim at estimating .7 (t)(wy, p, p) in L¥3(Q) x L¥3(Q) x L*3(R3). Due to simi-
larity of the first two lines of (3.55), we will restrict ourselves to analyse the first and

the third ones. For f(f Si(t — 7)div, (v(7)ws(7))d7, we employ (3.23) in Proposition
3.2.11 and Hoélder’s inequality with respect to time to obtain

¢ ¢
. 1
I /0 Si(t — 7)div, (U(T)Wg(T))dT”L%(Q) < /0 —(t IR |v(T)wo () || 1y dT

t
1
< dr.
</ Tl el g dr

Thanks to (3.11), it follows that
t 1 )
I 8=t s den i3, S [ =l g

t
dr
S| ———llwsl3
/o@_s)?w;” e

<t |wl %,

~J
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We show next how to estimate fot S1(t—7)0,p(T)dT in L3(). In view of Proposition
(3.2.12) for =0 and §§ = 3, we get
3

t t
|| / Su(t - T)op(r)dr|l 4 < /
0 L3(Q) 0 (t—7)5+ .
<[ X ol
“ o =i e

t
dr
< 7
N/O (t—T)%T%HpHZT

_1
Stlplze-

1

The above estimates combined with (3.47) provide the following inequality
lwallxr < Alwo, po, T) + Cllwsl %, + Cllpll 2 (3.56)

As explained above, the estimate of f(f S1(t — 7)div, (v(7)p(7))dr can be done along
the same lines, so we have

t
. ~ 1 ~
I 8utt = v, (oOF) g gy S ¢ sl Pl (357)
0
we deduce then the following estimate for p

1Pl xz < Alwo, po, T) + Cllwsllxr 0]l x1 + Cllpll 2 (3.58)
Let us move to estimate the last line in (3.55). Under the remark div(vp) = “p +

div,(vp), we write

dr
L4/3(R3)

(3.59)

+/0 [So(t — 7)divi(v(7)p(7))l LaragsydT

st — ) (i)

r

/0 I8a(t — 7)div (u(r)p(r) [ passgusydr < /

So, for the first term, we shall apply (3.31) stated in Proposition 3.2.12 for a = 2
and 8 = 2 to get

S /ot (t— 7')1—3}4+(2—3/4)/2 [o"()rp(T) || Loy dT
S [ el OlosolFe s
< [ el dr

S 7wl xer 17
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Therefore

< N
PR i P

o [ -0

The second term of the r.h.s. in (3.59), will be done by a similar way as above, but
we employ (3.32) in Proposition 3.2.12 for a = % and § = 1, one may write

t
tg/s/ 1S2(t = 7)divi(v(T) p(T)) | Lars sydm < Nlwo | [1 Pl -
0

Gathering the last two estimates and insert them in (3.59), one has

t
t3/8/ 1S2(t = 7)div (v(7)p(7)) | /s sy dT S llwollxer 1Bl x
0
combined with (3.53), it follows

ol z < Calpo, T) + llwollxr 2l xr- (3.60)
Collecting (3.56), (3.58) and (3.60) we finally find the nonlinear system

sl < Alwo, po, T) + Cllwslk, + lloll ;- (3.61)
1Pl x7 < Awo, po, T) + Cllwsl| x|l xz + [loll 2 (3.62)
1ol zr < Awo, po, T) + Cllws|| x| 2] x- (3.63)

In order to better justify the contraction argument, let us denote
Br(R) = {(a,b) € Xz x Xz : [[(a,b)||xpxx, < R}.

and we claim, for R, T sufficiently small, (wy, p) € Br(R).
By substituting (3.63) into (4.37) and (3.62), the contraction argument is satisfied
if

3A(wo, po, T) + CR* < R.

Since A(wo, po, T) — 0 when T' — 0, then an usual argument leads to the existence
of T* > 0 for which ||wg||x, + ||p]|x; remains bounded by R for all T' < T*. Finally
by substituting this latest in (3.63) we deduce that ||p||z, remains bounded as well
for all T < T™*. The local existence and uniqueness follow then from classical fixed-
point arguments. The continuity of the solution will be treated after the proof of
the next proposition.

This ends the proof of Proposition 3.3.3. n

Remark 3.3.4. In fact in the proof of the local existence above we skip two steps by
assuming that p = rp, the rigorous proof should be as the following: In a first step
instead of dealing with (3.42), we need first to solve the system

we(t) = Sy (t)wo — fg Si(t — 7)divy (v(7)we (7)) dr — fot Si(t — 7)0pp(T)dT
p(t) = Si(t)po — [y Si(t — 7)divy (v(T)p(7))dr — 2 [y Si(t — 7)0,p(7)dT
p(t) = Sa(t)po — [ So(t — 7)div(v(7)2(7))dr
(3.64)
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by following the idea developed in the previous proof, and finally we check that
p = rp by solving a heat-type equation evolving the quantity p — rp with 0 initial
data.

Remark 3.3.5. In the light of Remark 4.2 from [36], the local lifespan T" given by
Proposition 3.3.3 above can not be bounded from below, by using only the norm
[(wo, po) || 21 ()= £1(r3). However, in the case where (wo, po) € (L'(Q)) x L*(R?)) N
(LP (Q) x LP (R3)), for some p > 1, it is easy to provide explicitly a lower bound
on T from an upper bound of ||(wo, po) || Lr()xLr(r3), by making use of Propositions
3.2.11, 3.2.12, and 4.2.13.

We supply the above local well-posedness result by the following properties of the
solution constructed in the previous part. Especially, we will prove.

Proposition 3.3.6. For any p € (1,00), we have

_ _1
11_{%15(1 P ||wo (t) || Log) = O,

i - 0) _
lim 14 (1) o0y = 0.

. 3(1-1
mtz“ ()| ogesy = 0.

—

Proof. The proof is based principally on a bootstrap argument similar to that of
[36]. For this aim, we will use the notaions

_1 311
N,(f, T) 2 sup "9 fllovy,  Jp(f,T) 2 sup 2772 £l 1ors),-
0<t<T o<t<T

M,(fo,T) = sup t(1_5)||31(t)f0||m(ﬂ),

0<t<T

311
Fy(fo, T) 2 sup 272 [1So(t) fol 1o (re)-

0<t<T

From the properties of the semi-groups S; and S, we have for all p € (1, o0]

%ii% My(wo, T) = %iil% M,(rpo, T) = %ig%) F,(po,T) = 0. (3.65)
In addition, from the local existence the desired inequalities hold also for p = %,
assuming for a moment that the L'(Q) x L*(R3)-norm of (wy(t), p(t)) is bounded
for all ¢ small enough (for ¢t < T', with 7" denotes the local time of existence given
by the local existence theorey). Thus, by interpolation the proposition in question
holds for all p € (1, 4]. In order to extend it to the other values of p we consider the

Duhamel formula (3.42), and we will argue as in the local existence part, thus we
omit some steps to make the presentation simpler. In view of Proposition 3.2.12,
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we write

2

% HW9H2q
o)l 2r(y < 181 (ol oy + C / Ladla I
0

(t — 7)575
+C/ ||w9 ) zo1 @) ||W01( )1||Lq2(9)d7
(t—71) EJFE_E

EHMNM
CZ/W (t— )éf;}fidT

+C/HP|W®

Under the conditions

1 1
q2 P

AN
SN V)
|
N | —

<1, (3.66)

N | —
"=

1
< —+
q1
we shall obtain

NP(WQ’ T) < Mp<w07 T) + CP#INQ(W@’ T)2 + CQ1,Q2NQ1 (CUg, T)NQ2 ((,dg, T)
+ CpJg (0. T) + Cpdy(p, T). (3.67)

We recall that p evolves the same equation as wy, so we have

Np(ﬁ> T) < Mp(ﬁo, T) + Cp,qu(°J9> T)Nq(ﬁa T) + Cq1,q2Nq1 (Wea T)qu (ﬁy T)
+ CpJ% (0. T) + Cpdy(p, T). (3.68)

Finally, to claim similar estimate for J,(p, T'), first we write

%HWQH 4 ||ﬁ|| 4
o) lr@s) < 1IS2(t)poll oges) + C / i@ L)

1

(t — ﬂﬁlwfl

+C/ oo ()| s el (T )Hw @ g,

1L 1%
2+f—;+T

with
1 1 1

1
@ q @ 2
Under the additional condition on p, g1, g2

and for ¢ = %, we obtain

J(p,T) < Fylp0, ) + CoNs(we, TYN3 (3.T) + Cop g Ny (w0, T) N (5,T). (3.60)
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Plugging (3.69) in (3.67) and (3.68) for ¢ = %, and by denoting
Up(T) 2 Nywo, T) + Ny(BT), Vy(T) 2 My(wo, T) + My(50, T) + Fy(po, ),
we deduce, that
Up(T) < Cparge (Vo(T) + Us(T)* + J1(p, T) + Uy, (T) Uy (T)).

Now, to cover all the range p € (%,oo), we proceed by the following bootstrap
algorithm:

e For g =q = % we can check that U,(T) - 0asT —0forall 1 <p< %

e Next, by taking ¢; = ¢o sufficiently close to %, we obtain the same result, for all
p<?2

e Forgi =¢ = %, the estimate in question will hold then for all p < 2.

e Taking ¢, sufficiently close to 2, the result follows for all p < %q2 and for all go < 2.
e Finally, we define the sequence p, by py = % and p,, sufficiently close to %pn_l,
by induction, we find that p, is sufficiently close to (%)”po. Hence, letting n goes to

oo, we can cover all the range p < oo, and thus we obtain
Uy (T)—0, T —0, forallpe(1,00).
Finally, substituting this latest into (3.69), leads to
Jp(T')—0, T —0, forallpe(l,00). (3.70)

This ends the proof of Proposition 3.3.6 provided that we prove the existence of
some Cy > 0 for which

1w (), p(2), p(E) | L@ x 1@< L1 w3y < Coll(wos po) |1 (@)x Lt (rs)-
From the definition of f, we have
lwo (D)l 210y < ITE) 2@ + 1A 1)
and since p = rp, our claim is equivalent to
||(f(t)7p(t))HLl(Q)xLl(R?’) < Col[(wo, po) L1 () x L1 (®3)- (3.71)

Let us then prove (3.71), we will restrict ourselves to the estimates of the nonlinear
terms since the linear part can be dealt with by applying the properties of the semi-
groups proved in the previous section. Thus, according to the equations of I" and p,
we need to show that

t o~
/ HSl(t — T)diV*(UF)(T)HU(Q)dT S H(wo, pO)HLl(Q)XLl(R3), (372)
0

and .
/O [S2(t — 7)div(vp) ()| 1 rsydT < [[(wos o)l L1 (0w rr mo) - (3.73)
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For (3.72), Holder inequality, axisymmetric Biot-Savart law and the definition of X
norm, we write

. t
~ 1 =~
— 1 1 < 4 4
/O 1S1(t — 7)div, (vI)(7) || 1 pdT S /0 . 7')% llv(T)]|L (Q)||F(T)||L§(Q)d7'

t
1 ~
<
S e TG LRI LG TP

t
~ 1
S HWeHXTHFHXT/ ——dr
o (¢

—7)2Te

AN

o | 11 x7-

For (3.73), we have

182 = 7)div(vp)(7) || L1 sy = [[7S2(t = T)div(vp) (7)1 »

then in view of Proposition 3.2.12, we infer that

| ISty 5 |

So, the definition of p = rp and Hélder inequality yield to

[orp(T)ll 1 (@) AT

185(t — 7)div(op) (7)1 sy S / !

o O 18],

The rest of the estimate is then similar to the proof of (3.73) above by replacing
[’ by p. Finally, (3.72) and (3.73) follow from the local existence theory given by
Proposition 3.3.3. []

3.3.2 Continuity of the solution

Our last task of this section is to reach the continuity of the solution stated in (3.34)
and (3.35) of the main Theorem 3.3.1. For this aim, we briefly outline the continuity
of wy, the rest of quantities can be treated along the same lines. So, we will show
that

wy € C°((0,T%); LP(Q)), Vp € [1,00).

To do so, let 0 < ty <t < T*, so we have
t
wy(t) — we(to) = (S1(t — to) — D)wa(to) — / Si(t — 7)div, (v(7)ws(T))dr
to
t
— [ Si(t —7)0-p(7)dr. (3.74)
to

The first term (free part) is derived by the same manner as in (3.30), that is to say,

lim || (S1(t = to) = Dwilto.)llney = 0. (3.75)
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Concerning the second term in the r.h.s of (3.74), (3.24) in Proposition 3.2.8 provides

[o(T) L@ lwa (T) | o (@ -

H/t Sl(t—T)diV*(U(T)wg(T))dTHLp(Q) ,S/ L

tO (t - T)%
By virtue of the following interpolation estimate, see, Proposition 2.3 in [36], we

have for some 1 < ¢; <2 < g2 < 0

o . -2
() |0y S Nlws(P) |G llwn(T)|5a,  with o = @h € (0,1),

one may conclude that
t
|y / S1(t — )div (0(r)wn (7)) dr | ooy
to
< - o todr
S essup.¢ gy 7+ (lwo (7) || o @) l|w (7) | an lwn (7)1 1287

to (t—1)

g —0 l
< essup, et o (190 (1) 60 |00 (7)1 i (1) 1) (¢ — o),

N

which is sufficient to obtain

t—to

lim | /t S1(t — 7)diva (0(7)wn(7)) d7 ]| 1oy = 0. (3.76)

Let us move to the last term of (3.74) for which we distinguish two cases for p. For
p € (1,00), (3.32) stated in Proposition 3.2.12 for « = 0 and § = ]lj yield

t t
1 1
I [ sut=nopnirlve S [ o madr. G1)
to

to (t — 7)2 2p
and the fact that p € L=((0,T*); LP(R?)) ensures that
t o
I [ 81t = 10rp(r)drlisey S essubreu o o) et — 1020
to

combined with (3.77), one has

t
lim | / S1(t — 1), p(r)dr |y = O. (3.78)
to

t—to

For the case p = 1, we will work with [ instead of wy to avoid the source term 0,p.
The fact ||7p| 1) = ||pll 21 ®s) leads to

|wo(t) — wo(to)ll L1y < IT(E) — T'(to) |l + lo(t) — p(to) L1 rs),

so, the continuity of [jwy(-)||zr(q) relies then on the continuity of ||f(')||Lp(Q) and
oGl 21 zs)-

o6
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On the one hand, seen that the equation of r governs the same equation to that of
wy, but without the source term 9,p, hence we follow then the same appraoch as

above to prove that B B
tim [|(8) — F(to) 130y = 0. (3.79)

t—to

On the other hand, p solve a transport-diffusion equation, for which the continuity
property is well-known to hold, thus we skip the details. Therefore

lim [jwy(t) — w (o)1) = 0.

t—to

Combining the last estimate with (3.75), (3.76) and (3.78), we achieve the result.

In the case p = 1 and #, = 0, we should just be careful about the term d,p which
can be completely avoided in the estimates by using the coupled functions I' and T',
the details are left to the reader.

3.4 Global existence

To reach the global existence for the local solution constructed in sections 3.3.1, we
will establish some a priori estimates in Lebesgue spaces. For this target,

(we,rp, p) € CO((0,T); LP(Q) x LP(Q2) x LP(R?)), p€[l,00), T € (0,T*).

be a solution of the integral formulation (3.42) and so does (wy, p) to the differential
equation (3.40) associted to initial data (wo, pg) € L*(Q2) x L*(R?), where T* denotes
the maximal time of existence. Our basic idea is to couple the system (3.40) by
introducing the new unknown I' = II — £ following [53] with IT = 2. Some familiar
computations show that I' obeys

Ol +v-VI — (A+29,) =0 if (t,2) € Ry x R3,

r (3.80)
F‘t:() = FO.

For our analysis, we need to introduce again the unknown 2T = Wy — g , which

solves

0T + div,(vT) — (A = LT =0 if (t,7,2) € Ry x Q,

3.81
F|t=0 — FO. ( )

The role of the new function I' (resp. f) for the viscous Boussineq system (B,, ;) is
the same that II (resp. wy) for the Navier-Stokes equations (NS,). For this aim, it

is quite natural to treat carefully the properties of I' and T'.

The starting point of our analysis says that I" enjoys the strong maximum principle.
We will prove the following.
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Proposition 3.4.1. We assume that To(xy,29,2) > 0 (or, < 0), then
[(t,z1,79,2) >0 (or, <0) for any (z1,72,2) € R® and t > 0.

Proof. We follow the formalism recently accomplished in [31]. Up to a regularization
of I' by standard method we can achieve the result as follows: we suppose that
Co(x1,22,2) > 0 (likewise the case I'g(z1,x2,2) < 0). Due to the singularity of the
term %&F, we can not apply directly the maximum principle. To surmuont this
hitch, we can be appropriately interpreted the term A + %(’L as the Laplacian in R®.
Thus we recast (3.80) in ]0, co[xR® by setting

F(ta X1,T2,T3,T4, Z) = F(t7 \/Z’% + x% + x% + xzzlv Z)

and

(t, w1, To, 3, T4, 2) = V" (t,\/x% + 22 + 23 + 23, z)ér

+v* <t, \/;z% + 22+ 22+ xi,z)éz.

Above,

= /a2 + 2% + 22 + 22 —:ﬂﬁ@%()) . = (0,0,0,0,1
r \/l’1+$2+1’3+$4, €r <7"’7’77"’7“, ) €z (avaa)

Thus the equation (3.80) becomes

L oT AT .
{@F+v VsD — AsT =0 if (t,2) € Ry x R®, (3.82)

F|t=0 = FOa

where V5 and Aj designate the gradient and Laplacian operators over R? respec-
tively. Consequently, by the strong maximum principle for (3.82), we deduce that

>0 in ]0,00[xR,

which leads to
['>0 in ]0,00[xR%

Thus, the proof is completed. ]

The second result cares with the classical LP—estimate for I' and showing that
t = [|[T'(t) || Lr(m3) is strictly decreasing function for p € [1, 00]. We will establish the
following.

Proposition 3.4.2. Let v be a smooth divergence-free vector field on R3 and T' be
smooth solution of (3.80). Then the following assertion holds.

Tl zr@2) < [[Tolloes),  p € [1,00]. (3.83)

In particular, for p € [1,00] the map t — ||I'(t)|| Lo (r3) is strictly decreasing.
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Proof. Thanks to the Proposition 3.4.1, we can assume that I'y > 0, thus we have
I'(t) > 0 for t € [0,7]. We developp an integration by parts and taking into account
the I'—equation, the fact that dive = 0 and the boundary condition over 0f2, one
has

d —
IO ey = [ AL Ordrd:
0
=P / v- (V)P 'rdrdz + p / (AD)I?'rdrdz
Q Q
+2p/(8TF)Fp_1drdz
0
=—p(p— 1)/ |VF\2FP_2rdrdz+/8erdrdz
Q 0
= —p(p— 1)/ |VT |’ T*?rdrdz +/F”(t,0,z)nrdz
Q R
= —p(p— 1)/ |V’ TP 2rdrdz — / I'?(t,0,2)dz < 0. (3.84)
Q0 R

where n = (n,,1.) = (—1,0) is a outward normal vector over €. Thus, integrating
in time to obtain the aimed estimate for positive solutions.

Generally, if Iy changes its sign, we procced as follows: we split I'(t) = I'" (¢) —I'~(¢),
where I'* solves the following linear equation with the same velocity

OI* +v-VIE — (A+20,)T* =0 if (t,z) € Ry x R?, 585
Fﬁ:o = max(+[,0) > 0. (3.85)

Arguiging as above to obtain that I'* satisfies (3.83). Thus we have:
() [l e () T @) zogrey + 1T @)l o ra) (3.86)

<
< TS| esy + 175 leesy = [IToll Lo (rs)-

If Ty # 0, we distinguish two cases: I'g > 0 or I'y < 0. For this two cases the last
inequality is strict and consequently (3.83) is also strict. Therefore, t = ||I'(t)|| 1 (r3)

is strictly decreasing for ¢t = 0, and analogously we deduce that is strictly decreasing
over [0, 7. O

Now, we state a result which deals with the asymptotic behavior of the coupled
function T" in Lebegue spaces LP(R3). Specifically, we have.

Proposition 3.4.3. Let py, %2 € L'(R?), then for any smooth solution of (3.80)
and 1 < p < oo, we have

C

< — -
IP@®e @) < 7

1 Toll 21 (m3), (3.87)

where I'yg = Il — 2.
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Proof. Due to (3.83), the estimate (3.87) is valid for p = 1.

From the estimate (3.84) we have for p = 2"

%HF( )HLP R3) — p/ﬂatr(t)I‘pl(t)'r’drdz (3.88)

= —p(p—1) / VT’ TP %rdrdz — / I2(t,0,2)dz
Q _

e}

< plp-1) [ VORI
RB

= —p(p—l)/Q %

Thanks to the well-known Nash’s inequality in general case

1—v 2y 2
2 2 _
[z [ wpe) ([ ) o=ty G

one obtains for N = 3

d Alp—1 ) /3 5/3
Fp( yrdrdz > (p )C / T2 |rdrdz / [Prdrdz ) .
dt p Q 0

To simplify the presentation, setting E,(t) = [|[['(¢)||ks = [, |[T'(t)[Prdrdz, then the
last inequality becomes

2

\AN

4(p — 1 P
rdrdz = —M/ ‘VF5|2rdrdz.
b Q

1) a3
i TCEp (B2 (3.90)
We prove (3.87) for p = 2" with nonnegative integers n by induction. Assume that
(3.87) is true for ¢ = 2F with k > 0, and let p = 2*"!. Combined with (3.90)

d 4(p—1)C

_3 —4/3
—=Ey(1) > (Cgt 30Tl o))~ E (1),

Thus we have

3d -2/3  —4F(t 4(p — 1)C
(Bi) "= gt s A0 DGy,

el 4q/3 42(q-1)
2t B (1)

HLl Rd)

219/3 t(P—=2)

4p-—1C
— TCqQP/SHFOHL )

Hence, integrating in time le last inequality yields

8C

_ _ — 2p/3
Ep2/3(t)EEp2/3(O)+%C’q2p/3HFo P/ =1,

HLl R5)

After a few easy computations, we derive the following

: 3]9 2p
T @)l o ray = B (8) < (80) CylITol| 1 syt~ 2/23-2/7),
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3

By setting C), = ( >2p C,, then (3.87) remains true for p = 251, Let us observe

8C
that
3D\ 3 3\ gz 3tk+1)
Cp — (@) Oq f <@> 2 2 ok+2 OQ]C
3 1
> (%) P 2% 2k0 %01 £ Co

which means that C, is independtly of p. Letting p — oo, we deduce that
ID()]] oo 3y < Coot ™32 To]| 1 g2y (3.91)
For the other values of p, we proceed by complex interpolation to get
1 1-1
()| oesy < CITE g I () | 1 (g

combined with (3.91), so the proof is completed. ]

Next, we recall some a priori estimates for p—equation in Lebesgue spaces. To be
precise, we have.

Proposition 3.4.4. Let py € L*(R®) and p € [1,00], then there exists some non-
negative universal constant C, > 0 depending only on p such that for any smooth
solution of p—equation in (3.1), we have

(1) [l llzes) < llpollrs),

. c
(1) o)) 1ers) < t%u—ﬁ%)HPoHLl(R%-

Proof. (i) Can be done by a routine compuations as shown in Proposition 3.4.2,
while (ii) can be obtained along the same way as Proposition 3.4.3.

We should mention also that the constant C, is bounded with respect to p (see the
proof of Proposition 3.4.3), and according to the proof of Proposition 3.4.3 Cy is

given by
3

O, 2 (8C)242k>0 O < oo (3.92)

]

Now, we will prove another type of estimates for the quantities f, p and wy. Namely,
we establish.

Proposition 3.4.5. Let py, e € L'(R?) and p € [1,00], then there exist a nonneg-

ative constants ép, K,, depending only on p and the initial data, such that for any
smooth solution of (3.40), (3.41) and (3.81), we have
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(1) 1Ty < 28,

(ii) [Ip(t)]| o) < =52

(iii) [Jwe(®) v S %;
where
Dy = |[(wo, po)ll L1 () x L1 (r?) (3.93)
and
sup ép(s) 2 () < oo, ép(s) —0, ass =0, Vpell, o] (3.94)
pE[l,00)

Proof. Let us point out that (iii) is a consequence of (i) and (ii). Thus, we shall
focus ourselves to prove (i) and (ii).

(i) Due to the similarity of the equation of [ and the one of wy for the Navier-Stokes
(NS,,) treated in [36], we follow the approach stated in Proposition 5.3 in [36]. The
key point consists to employ the following estimate,

,UT

1
. S ;H(CUOyTpO)HLl(Q)- (3.95)

Leo(Q)

Indeed, Proposition 2.6 in [36] gives

T 2
3

v 1 We
. < 3 “0
r o) ™ HwHHLI(Q)H r (@)
by using the fact that
‘ We _||©
r Lo () 7 |l Leo(R3)

combined with #¢ = £+ T, together with Propositions 3.4.3 and 3.4.4, lead to (3.95).
So, the inequality (i) follows then by exploring (3.95) and repeating the outlines of
the proof of Proposition 5.3 from [36], the details are left to the reader. We should
only mention that the constant C’p in our proposition is the same as the one from
proposition 5.3 in [36], which guaranties (3.94).

(ii) The estimate obviously holds for p = 1, whereas in the rest of the proof we shall
deal with p > 3. The case p € (1, 3] follows by interpolation.

We multiply the p—equation by |p|P~!, after some integrations by parts we obtain
(p—1)
P2
+ ‘ - / div, (vp)|plP~tdrdz — / Opp|plP~tdrdz

Q Q

/Q V(7% Pdrd=

1d, -
5%”/)@)‘“&(9) < —4

. (3.96)




3.4 Global existence

On the one hand, a straightforward computation give

1 T
—/ div, (vp)|p|P~tdrdz = <1 - —) / U—|ﬁ|pdrdz,
Q p;Jar

then (3.95) provides

- 1 -
- / div, (vp)|p|P~tdrdz < CDy (1 - —)tl/ |p|Pdrdz, (3.97)
Q p Q
where D is given by (3.93).

On the other hand, the fact —0,p = _—27'5 + ;53 yields

A
— [ Oplp|Pdrdz=(1— - —5drdz.
Q p/Ja T

2 1 27 ( M )
Q7

Next, let us write

with _ N
7,2 [P0y ards. 1,2 [ 177 drd
1= 2 Lr<i/zy rdz, 5 = L {T>t1/2}(r, z)drdz.
Q

For p > 3 we have,

T= [ oL casnrdrds < Ol
So, by virtue of Proposition 3.4.4, we infer that
T, < CPPa, (3.99)
where Gy £ || po||11(r#), and C,, is the constant given by Proposition 3.4.4.

For the term Z, an easy computation yields
I, <t /Q |p[Pdrdz. (3.100)
Therefore, (3.99) and (3.100) give rise to
— /Q Orp|plP~tdrdz < ’%1 (Cgt—pGg + ¢! /Q yﬁypdrdz). (3.101)

Finally, Nash’s inequality allows us to write

/|,5|pdrdz5 (/ |v<|,z;|’z’)|2drdz) (/ |5|5drdz). (3.102)
Q Q Q
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Since p > 3, so we have 1 < £ < p, and then by interpolation method, it happens

p—2
P " 2(p—1) _ 2(p—1)
(/ |ﬁ|2drdz> < (/ |,0|drdz) (/ |p|pdrdz) :
Q Q Q

Plugging the last inequality in (3.102), it holds

(o)™ ' < (] rvs )( / |ﬁ|drdz)“;">_

Since the inequality we aim to prove holds for p = 1, accordingly

G ( / |“1pdrdz) < / L |drdz> (3.103)

Thus, by gathering (3.97), (3.101) and (3.103) and insert them in (3.96), it happens

705 -0 = S6a7T ()T + D0+ D)+ ), (B10)
where, f(t) = [, |p(t)|Pdrdz.

We recall that one may deduce from Proposition 3.3.6, for all p € [1, 00)

) < ep(De)Pt= 0V VO <t<T (3.105)
for some e, (Dy) > 0.
In a first step, we will show that f(¢) is finite for all ¢ > 0, then we prove that the

decay property (3.105) holds as well for all ¢ > 0, for a suitable non negative constant
K,(Gy). Indeed, the first step is easy, one should remark that (3.104) implies

') S (0= D((CDo+ D £() + CREGE).

Via, Gronwall inequality on (%o, t), for some 0 < ty < T*, we get for all t > ¢,

£\ P~ D(CDo+1)
F@) < (f(to) + CPty7P) (t—) , (3.106)
0
which ensures that f(¢) is finite for all ¢ > 0.
Now, let us denote
T2sup{t>0: f(t) < KP(Do)t~ "V}, (3.107)

where K,(Dy) will be chosen later, and we will prove that (3.105) holds as well for
all t € [T, T + €], for some € > 0, this should be enough to contradict the fact that

T < oo, and we shall conclude then that (3.105) is true for all ¢ > 0. If T is finite
then we deduce B B
F(T) = K2(Do)T~#7 V. (3.108)



3.4 Global existence

Now, define g by
g(t) & f(t) = KB(Do)t~ @Y.

By virtue of (3.104) and (3.108), we find out that

g(T) <TP(p—1) ( - %Ga”fl (Kp(Do))"% + KP(Dy) + Ep(Do)), (3.109)

where Y,(Dg) = CDgy + 1+ C2Dg. Since p’%l > p, then if we choose KP(Dy) large

enough, in terms of 3,(Dy) and Gy, we may conclude that
g(T) <0,
which in particular gives, for ¢ < 1
g(T +¢) < g(T) =0.

This means that (3.105) holds for t = T + &, which contracits the fact that T is
finite. The choice of K,(Dy) can be made as

1
K,(Dy) = max { (C’lpGé’l (CDo + 2+ Cg;Dg)) : 1}. (3.110)
and we end with, for all p > 3

17 o0y < Kp(Do)t™ 7%, (3.111)

By denoting

Ko(Do) £ lim max { (C_lpGé’l (C’DO + 2+ C&DS)) P, 1} =14 CyDy,
PpP—00

from Proposition 3.4.4, C, is finite, hence K (Dy) is also finite, thus by letting

p — 00 in (3.111), we end up with

19()]| () < Koo(Do)t ™.
]

Remark 3.4.6. As pointed out for the Navier-Stokes equations in Remark 5.4 from
[36], for the global existence part in our case, we only need to mention that due to
Proposition 3.4.5 (resp. Proposition 3.4.4) the LP(€2) norms of wy(t) and rp(t) (resp.
the LP(R?) of p(t)) can not blow-up in finite time, hence in view of Remark 3.3.5, it
turns out that any constructed solution in the previous section is global for positive
time, in addition of that, all the assertions (3.34)—(3.37) follow as a consequence of
Propositions 3.4.4 and 3.4.5.
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Remark 3.4.7. To be more precise about the assertions (3.34) and (3.35) in the case
of L, remark that the constants C,,(Dy) and K,(D;) given by the last Proposition
above do not blow-up as p goes to infinity, which we do not know whether it holds
true or not for the constants that appear in the bootstrap argument in the proof
of Proposition 3.3.6, this is why we did not say any thing about the L*° case in
the local existence part. As fact of matter, now while we know that the triplet
(wo(to),rp(to), p(to)) holds to be in L=(Q) x L>®(2) x L¥(R?), for all t; > 0, we
can prove that the map
t > (wolt), rp(t), p(t))

is continious with value in L>(2) x L>(Q) x L>(R?) just by following exactely the
same procedure we showed in the case p € (1, 00).



4 Remarks on the global
well-posedness of the
axisymmetric Boussinesq system
with rough initial data

This chapter is the subject of the following manuscript:

Adalet Hanachi, Haroune Houamed and M. Zerguine: Remarks on the global well-
posedness of the axisymmetric Boussinesq system with rough initial data. Submitted
in Journal of Mathematical Physics 2021.

4.1 Introduction

In this chapter, we deal with the global well-posedness of 3D axisymmetric viscous
Boussinesq system in the context that initial vorticity wg and initial density po are
both finite Radon measures. The existense and uniqueness will cost us to impose a
condition of smallness to the punctual part of the initial data (wp, pp). This result
is considered as an extension of the previous result whenever the initial data is only
Lebesgue integrable.

The success of many researchers in proving the global well posedness for the
Navier-Stokes system despite the initial data is singular, has suggests whether this
extension remains valid for the Boussinesq system. We were able to answer this
question in the affirmative. Before giving this result, it is appropriate to state the
most important results in this regard for the Navier Stokes system.

Ov+v-Vo—pAv+Vp=0 if (t,z) € Ry x R3
divv = 0, (NS,.)

Vjt=0 = Vo-

As we mentioned earlier in the introduction the global regularity of (NS,) with
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a singular initial data has received a considerable attention. Let us mention in
particular Cottet in [25], and independently Giga, Miyakawa, and Osada in [41]
have established a global result when the initial vorticity wy belongs to . (R?).

This latter result was early enhanced by Gallagher and Gallay in [33], where they
established that if wy € . (R?), there exists a unique solution w € C'((0, 00); L' N
L>) so have |[w(t,-)||r1 < [Jwo||.#(r2) and demonstrated also that such solution is in
fact continuously dependent on initial data, deducing that Navier-Stokes equations
is globally well-posed in 2D case. For large literature we refer the reader to [39].

For 3D Navier-Stokes equations the classical paradigm a la Leray and a la Kato
remains valid. In terms of vorticity w = V x v, the situation is very worse because
of the additional term w - Vv in w’s equation. In other words, we have

(4.1)

{&gw—l—v-Vw—qu:w-Vv reR3 te(0,00),
Wjt=0 = Wo.

The appearance of the term w-Vwv is due to the higher dimension and is often referred
to as the vorticity stretching term. Note that for 2D case, we have w - Vv = 0, we
immediately deduce for ¢ > 0 that ||w(t)||zr < |lwol|zer for p € [1,00]. According
to Beale, Kato and Majda criterion [8] this latter boundedness is the main tool
to achieve global well-posedness, controlling w in L, (R, ; L>). Unhappily, for 3D
case, this criterion breaks down because of the stretching term which is one of the
main sources of difficulties in the well-posedness theory of 3D Navier Stokes. To
remedy this situation, we will restrict our selves to axisymmetric velocity vector
fields without swirling. More precisely, the velocity v having the form

v(t,z) =" (t, 1, 2)é, + v*(t,r, z)e,. (4.2)

Here, (1,0, z) refers to the cylindrical coordinates in R3 defined by setting x =
(rcosf,rsinf, z) with 0 < 6 < 27 and the triplet (€, ¢y, €,) indicates the usual
frame of unit vectors in the radial, toroidal and vertical directions with the notation

gr:<ﬂ7@70)7 59:<_ﬁ7ﬂ70>7 gz:(oaOal)

r o r ror

The formula (4.2) allows us to reduce the vorticity to the forme w = wyéy with
wy = 0,v" — 0,v*. In this case, the stretching term w- Vo closes to %w, in particular
the time evolution of wy reads as follows

w V"
Oy + (v~ V)wy — j1ldwy + i = ——twp, (4.3)

with the notation v -V =079, + v*0, and A = 92 + 19, + 02. Moreover, it casy to
check that the quantity II = “¢ obeys the following transport-diffusion equation

2
atH +v- VII — IIL(A -+ ;87«)1_[ = O, H\t:O = Ho. (44)
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First, we remark that II satisfies almost the same equation as w in the bidimension-
nal situation. Thus, the axisymmetric structure is considered in some sense as a
reduction of dimension. Second, an LP— estimate for (4.4) gives

L) e < oo, p € [T, 00]. (4.5)

This estimate provided a good framework for establish the global well-posedness for
(NS,,) by many researchers, like M. Ukhoviskii and V. Yudovich [80], O. Ladyzhen-
skaya [61], S. Leonardi, J. Malek, J. Necas and M. Pokorny in [64] and H. Abidi

1.

The majority of aforementioned results are accomplished within the framework of
finite energy solutions. Further, in terms of the vorticity for rough initial data, the
system (NS,,) has tackled by many authors. It sould be emphisized that in [31], H.
Feng and V. Sverak recently settled a global result in time for (NS,), in a particular
case that the initial vorticity wy is supported on a circle. This result developed lately
by Th. Gallay and V. Sverak [36] in the more general case. They also proved that
the system (NS,,) is globally well-posed in time whenever wy € L'(1Q).

Such result was extended by the same authors to the case wy is only a finite measure
with a small atomic part (see [36]). More recently, the same authors proved in [37]
that the atomic part of the initial measure can be taken arbitrary large for stemming
from circular vortex filaments, i.e wy = yd7z, with 7,7 > 0 and z € R. However, the
well-posedness in the general case of arbitrary measures is still open.

As regards to 3D Boussinesq system (B,, ), the well-posedness subject has been
considerably explored. Danchin and Paicu revisited in [27] the solutions a la Leray
and a la Fujita-Kato for (B, ;) in the case x = 0 and demonstrated that solutions are
global and unique in time under smallness condition. In the same way, Abidi-Hmidi-
Keraani [3| asserted that (B, ) admits a unique global solution in axisymmetric
setting whenever vy € H'(R?), TI, € L*(R?), po € L*NL> with (supp po)N(0z) =0
and P,(supp po) is a compact set in R3 to prohibit the violent singularity #, with
P, being the orthogonal projector over (Oz). By the same process, this problem
has been considered by Hmidi-Rousset in [53] for £ > 0. First, they declined the
assumption on the support of the density. Second, they took advantage of the
coupling phenomena between the vorticity and the density by introducing a new
unknown I' = II — £ which satisfies the equation

2
&l +v- VI — <A + ;ar>r —0, Tjo="To.

We can easily notice that I" plays the same role as Il for the Navier-Stokes system

(NS,).

The main interest of I' is to derive by a simple way a priori estimates for II. More
recently, H. Houamed and M. Zerguine conducted a new result in the sense that
exploited the axisymmetric structure on the velocity and the crititical regularity a
la Fujita-Kato to assert that (B, ), for k = 0, possesses a unique global solution as
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long as and (vg, po) € H%QBQJ X L2ﬂB§71. Finally, in the case K = p > 0, we succeed
lately in [44] in performing a new result of global well-posedeness for (B, ,) in the
setting of (wp, po) is axisymmetric and belonging to the critical Lebesgue spaces
L) x LY(R?) whose idea inspired from [36] concerning Navier-Stokes equations
(NS,

4.1.1 Aims

The current chapter occupies with a topic of the global well-posedness for the system
(B,.x) given under vorticity-density formulation®

Oywg +v - Vwy — %wg — (A - L)w@ = —0,.p,

Bip+v-Vp—Ap=0 ' (4.6)
(w9710)|t:0 = (w()ap())

We aim to extend our result latterly established in [44] to the larger class of initial
data of measure type, i.e, for (wo, po) € A () x A (R?), where, .# (X) denotes the
set of finite Radon measures on X € {R3, 2} being such that

Il ) = sup {1, )| < oo, (4.7)
{oeCo(X). 1l oo gy <1}

with (-, -) symbolizes the pairing between .Z(X) and Cy(X) which is defined by

() 2 / o(@)du(2).

Due to (4.7) the space . () is the topological dual of Cy(£2), so the Banach-Alaoglu
theorem, insures that the unit ball in .Z(2) is a sequentially compact set for the
weak topology in the following sense:

Tim (pn, ) = (1, 9). (4.8)
Each p € () can be decomposed in unique way as
W= Uac + phsc + Hpps  Hac 1 Hse 1 Hpp (49)
and

el ) = lpacll.a) + lttsell.y + ltppll.a -

where, in the sequel we denote by:
® /i, is a measure which is absolutely continuous with respect to Lebesgue measure,

'For simplicity, we take x = u = 1. However, we should mention that our arguments hold also
for k = p > 0.
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d
that is 5“ = f for some f € L'(Q),
T

® /i, is a singular continuous measure which has no atom but is supported on a set
of zero Lebesgue measure.

® /iy, 1s is punctual part (an atomic measure), fy, = Y <1 Anda,, (An) C R, (a,) C
Q, with §,, stands to be the Dirac measure supported at a, € €.

4.1.2 Statement of the main results

This subsection addresses to state the main results of this chapter and thrash out
the headlines of their proofs.

The main contribution of this chapter is dedicated to extending the result of
Theorem 3.3.1 to more general case of initial data, that is to say the initial data
belonging to the class of finite measure over {2 x R3. Specifically, we shall prove the
following theorem.

Theorem 4.1.1. There exists a non negative constant € > 0 such that the following
hold. Let (wo,po) € A () x A (R3) with py being axisymmetric in the sense of
Definition 4.2.3 and

[wo,ppll.z2) + 1lpoppll.arsy <€, (4.10)

then, the Boussinesq system (4.6) admits a unique global mild axisymmetric solution
(weg, p) such that

(wn.p) € CO((0,00): L) N L=()) x CO((0, 00); L'(RY) N L=(RY)),
rp € C’O((O, o0); LY(Q) N LOO(Q)).

Furthermore, for every p € (1, 00|, we have

lim S(}lp t%(l_%)”p(t)HLP(RS) < Ck, limsoup tl_%||(w0(t);Tp(t))“LP(Q)XLP(Q) <Ce
t—s s

and

limsoup ||(w9(t),p(t))||L1(Q)XL1(R3) < 00.
t—

Moreover, we have that (we(t), p(t)) — (wo, po) as t — 0.

Few remarks are in order.

Remark 4.1.2. Observe that Theorem 4.1.1 covers a class of initial data which is
considerably larger than the one treated by Theorem 3.3.1. However, the smallness
condition for the atomic parts is crucial in our arguments to guarantee the existence
and the uniqueness. Nevertheless, we should point out that it is probably possible
to construct global solutions for arbitrary large initial data (see [31] for a precise
result of that in the case of the vortex rings). Such result is based on smoothing out
the initial data, hence, the uniqueness is to be dealt with separately to the existence
part, which, on the other hand, stands to be open in general for the time being even
for the case the Navier-Stokes equations.
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Remark 4.1.3. The serious drawback that arises in Theorem 4.1.1 is how to give
a rigorous and suitable sense to the initial data associated with the quantity rp if
the initial density po is a finite measure. More precisely, it is important to make
a choice that does not perturb the weak continuity of the solution near t = 0.
To get around this, we should understand and give some general notions on the
axisymmetric measures in R? (see, the next section). In broad terms, one should
notice that, with Theorem 3.3.1 on the hand, the most challenging part in the proof
of Theorem 4.1.1 is the understanding of the solution near t = 0. Indeed, after some
to > 0, the solution becomes more regular and, hence, the arguments of Theorem
3.3.1 would apply to garantee estimates alike (3.36) and (3.37), globally in time. In
other words, to be more precise on the main novel part in Theorem 4.1.1, we refer
to Theorem 4.3.7 that we shall prove at the end of this chapter.

Remark 4.1.4. Remark that the case p = oo is missing in the statement of Theorem
3.3.1. However, as we shall see later on, the estimates of Theorem 3.3.1 hold also in
this case. To justify our claim, we will outline the idea to get the L*°-estimate in
the proof of Proposition 4.3.3 below.

Structure of the chapter. We discuss concisely the steps of the proof of Theorem
4.1.1 and the structure of the chapter. The local well-posedness will be done via
the classical fixed point formalism in an adequate functional spaces as in the proof
of Theorem 4.3.1. But before doing so, as noticed in the proof of Theorem 3.3.1,
since the quantity rp will play a significant role in our analysis, we have to give a
suitable sense to the limit of rp(t), as t tends to 0, in the case of initial measure-
type density pg. For a better understanding of this limit, we state in Section 4.2
a succinct about the measure theory, in particular the push forward of a measure
by a measurable function in the general case. This can be also considered as a
preamble to introduce the concept of axisymmetric measures. In the second part of
Section 4.2, we shall recall some nice properties of the semi—groups associated to the
system in study. Thereafter, Section 4.3 contains three parts: In the first one, we
prove a result which can be seen as an intermediate case between Theorem 3.3.1 and
Theorem 4.1.1 where we assume that (wp, po) € #(2) x L*(R?). The details of the
proof we provide in this part should help to simplify the presentation of the proof
of Theorem 4.1.1. Then, in the second part, we shall prove a general version of the
local well-posedness (see Theorem 4.3.7) which implies the local results of Theorem
4.1.1. Finally, in the last part of Section 4.3, we outline the idea that allows to
globalize the local results we prove in the first two parts.

4.2 The framework preliminaries

In this preparatory section, we gather the basic ingredients freely explored during
this work. We begin with a self-contained abstract on some notions from measures
theory. Then, we recall some estimates of the heat semi-group in Lebesgue spaces.



4.2 The framework preliminaries

4.2.1 Results on measure theory

We embark on the measure tool, where we state the notion of the push-forward
of measure, some properties, and we give a new concept about the axisymmetric
measure. To illustrate this notion, we introduce two examples. Overall, we claim
the action of the axisymmetric measure on the heat semigroup. We end this section
with some properties concerning the restriction of any axisymmetric measure on )
to define the quantity 7p.

Definition 4.2.1. Let (X;,%;) and (X3, ¥2) be two measurable spaces and p be
a positive measure on (X, ¥;). Let F' be a measurable mapping from X into X,.
The push-forward measure of by F', denoted Fu, is defined as

Fou 35 — [0, 0]
B Fu(B) 2 u(F(B)).

The main feature of the above definition is the fact that it is useful in the following
generalization formula of change of variable (see Sections 3.6-3.7 in [10])

Theorem 4.2.2. A measurable function g on X, is integrable with respect to the
push-forward measure F pu if and only if the composition g o F' is integrable with
respect to the measure p. As well, we have

/X 2 gd(Fp) = / go Fdp. (4.11)

X1

The typical example that concerns the axisymmetric structure given as follows. For
a € [0,27), define R, : R® — R3 by z — R, x, with

cosa —sina 0
Ro = | sina cosa 0 |, 2= (2, 29,73). (4.12)
0 0 1

An elementary calculus shows that 2R, is an orthogonal 3 x 3 matrix, with R =
R_,. In addition, by exploring Definition 4.2.1, for y € .#(R?), we can define
its push-forward measure R,p as an element of .Z(R?). Moreover, Theorem 4.2.2
provides us the following identity

(Rt 0) = (1,00 R ), Yo € CORY).
Based on that, we state the following definition.

Definition 4.2.3 (Axisymmetric measure). A Radon measure p € . (R3) is
said to be axisymmetric if and only if it is stable by the push-forward mapping R,,
for all o € [0,27). i.e, if

Rop=p, Vael0,2m). (4.13)
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Remark 4.2.4. The above definition says that the measure p is axisymmetric if and
only if it is stable by the push-forward mapping R,, for all o € [0,27). We can,
moreover, check that this definition is equivalent to

1 2
u(B) = 2—/ Rou(B)da, VB e B(RY).
T Jo

Or, also equivalently
1 2

dp = —
'u27ro

d(Rap)da.

To illustrate the above definition we state here two typical examples of an axisym-
metric measure.

o Absolutely continuous azisymmetric measures : If u € #,.(R?), then there
exists an integrable function f, € L*(R?) such that

u(B) = /Bfu(m)da:, VB C R%.

In this case, we can check that p is axisymmetric in the sense of Definition
4.2.3 if and only if f, is an axisymmetric function in the classical sense.

o Atomic azisymmetric measures : Let a € R? and p = §,, one can check that y
is axisymmetric in the sense of Definition 4.2.3 if and only if {a} is stable by
rotation around the (0z) axis. In other words, ¢, is axisymmetric if and only if
a € (0z). More generally, if A C R3, then p = §4 is axisymmetric if and only
if, there exists (r, z) € RT x R such that

A= U {(rcosf,rsind,z)}.

0€[0,27]
As a consequence of the above properties, we have the following elementary result.
Proposition 4.2.5. Let u € .# (R?) be an axisymmetric measure, then the function

x e u(z) is avisymmetric.

Proof. We need to show that, for all « € [0, 27), there holds

To do so, we write

]_ 7|mo¢1—y‘2
) = oy [ )
]_ 2“"7 R_yl
- ~IPal :
- /Rge 1(y)
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2
1 lz—y|

(4rt)3

Now, exploring the fact that |2R,|*> = 1 and by taking ¢;.(y) = e~ i , then

Theorem 4.2.2 implies

P u(Ra(z) = /R 3 Gt © R_o(y)dp(y)
= /R ng(y)d(%ﬂ(y))

Now, because p is an axisymmetric measure, we infer that for all « € [0, 27)

/R3 g (W)d(Raply)) = /R . Gt (y)dp(y).

This completes the proof. O

Remark 4.2.6. For any PDE in general, and for the Boussinesq system in particular,
if we are looking for special solutions, then, we need to impose some kind of suitable
compatibility condition for the initial data that fits well with the desired structure
of the solutions. Definition 4.2.3 plays exactly that role here. In other words, it
provides the requirement of the structure of the initial data that allows to study the
existence of axisymmetric solutions. Proposition 4.2.5 is then a typical example of
the propagation of this special geometric structure of the initial data for all times
t > 0.

Remark 4.2.7. Let us also mention that a similar result to Proposition 4.2.5 would
apply to more general equations such as

f=e®ut B(f f). (4.14)

if B is a bi-linear operator, preserving the axisymmetric structure?, and if a contrac-
tion argument is applicable to the system (4.14) in some time-space Banach space
Xr. Indeed, the proof of such result relies on proving that the sequence

{ fn - etA'u_'_ B(fn—hfn—l)v n > 17
fo=¢e"p.

converges to some axisymmetric limit f in the space Xp. This can be done easily
under the aforementioned assumptions on B and on the space X7.

Lemma 4.2.8 (Action on test functions). Let p be an azisymmetric measure,
then, for any p € C°(R?), we have that

(1, 0) = (1 Paxi)

where, Yay 1S the axisymmetric part of ¢ given by

1 21
o —/ v o Ryda. (4.15)
2w Jo

2 In the case of the Boussinesq system, B takes the form B(p,p) = fot e(=9)2 (v . Vp)(s)ds, and
v is related to p through the Navier-Stokes equations.
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Proof. The definition of axisymmetric measure and the identity 4.13 allow us to
write

(H:0) = (Roap, ), Va €0,2m).
Then, straightforward computation yield

1 2
(,0) = = [ (Roap, p)da

™

2w Jg
1 2
= —/ (ks p 0 Ra)da
2 Jo
1

2w
— — od
g | o Buda)

= {1t Paxi)-
The lemma is then proved. O

Remark 4.2.9. We point out again that the function ¢,,; is indeed axisymmetric due
to the following elementary computation, valid for all 6 € [0, 27)

1 2

Paxi © 9%9 - T (VoRe) %OH_ngé
2 Jo

1 27460

- = N d
or |, oy
1 27

- — N d
or | $ oy

=  Paxi-

Lemma 4.2.8 says then that, when we deal with axisymmetric measures, we can
restrict our test functions to be axisymmetric ones.

Now, let us define the function § as the mapping from Q x [0,27) into R3, with
2 = (0,00) x R, given by

F(r,z,0) =Ry - (r,0,2)" = (rcosd, rsind, z). (4.16)

The following proposition will serve latter to prove our main Theorem 4.1.1.

Proposition 4.2.10. Let p be an avisymmetric measure in 4 (R>). Then, the
mapping i defined on C°(Q)) as

o) 2 [ oudn we @

¢w<x>yv Z) é w( V 3:2 + y2a Z)7

belongs to # (Q) and satisfies, for any function p € C°(R?) and for all € [0,27)

(4.17)

/waxiog(r,z,(?)dﬁ(m)z/waXiOS(r,z,O)dﬂ(T,Z)z/ pdp, (4.18)
Q Q R3
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where, Paxi 15 given by (4.15). Moreover, we have that

72l = 1]l ) (4.19)

Furthermore, the following holds. If 1 = ptac+ fpp+ ftsc @5 the Lebesgue decomposition
of t with fiae, ftyp and pis. denote, respectively, the absolute continuous part of p, its
atomic and its singular continuous part, then, i = fige + fipp + fhsc With

“ﬁacH//l(Q) - H,U/acH///(RS)a

[Epll.ae ) = 1wl 2)
||ﬁsc||///(ﬂ) = ”MSC”///(IR?’)

Remark 4.2.11. Remark that, in view of Lemma 4.2.8, the equality (4.18) yields, for
any axisymmetric function ¢ € C°(R?) and for all § € [0, 27)

/Qap o§(r, z,0)du(r, z) = /Qgp o§(r, z,0)df(r, z) = /RB wd, (4.20)

Proof. From the definition of fi, we can easily check that it belongs to .Z (). We
shall then focus on the proof of (4.18). Remark first that the fact that . is
axisymmetric insures

Caxi 0 §(1, 2,0) = paxi 0 F(r,2,0), V(r,z,0) € Q x[0,27).
which is a direct consequence of the fact that

Soaxi<$7y72) :Qoaxi( 5152‘1‘92,0, Z) :(paxiog(\/ 5524'3/273, 0)7 V(:U,y,z) GRB'
(4.21)
The first equality on the Lh.s of (4.18) follows then. For the second equality, we
only have to use the definition of i together with (4.21) to infer that

/ Paxi © 3’(73 <, O)dﬁ(’l“, Z) - / Spaxid:u'
Q R3

Consequently, the equality on the r.h.s on (4.18) follows by applying Lemma 4.2.8.

Now, concerning the size of i, we only outline the proof of (4.19), meanwhile, the
proof of the estimates for the decomposed parts is straightforward (see also the two
examples below). From the definition of f, it is easy to check that

Nl < |lll.acrs).-

On the other hand, (4.18) provides the converse inequality

el sy < 10]].(2)-

This ends the proof of Proposition 4.2.10 O
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For the sake of clarity, we provide the following two typical examples:

o An example in My(R3) : If 11 is an axisymmetric measure in .#,.(R?), then,
its associated density f,, is an axisymmetric function in L'(R?*). In this case, 1
is the measure in . () associated to the L'(Q)-density function f; give by

falr,z) = 2mr fu(r,0, 2).

o An example in M,,(R*): We saw that u = 04 is an axisymmetric measure if
and only if A is invariant by rotation around the axis (0z) (i.e, A is a circle
with axis (0z)). In this case, we have

() = (04, dy)

=Y v+ dda)

(a1,a2,a3)€A

= (05.v),

where, A = {(\/&%—l-a%,ag): (a1, as,as) EA)}. In particular, if A =
(0,0,a) then fi=Jdpa and more generally, for any » > 0, if A, =
Ugefo,2x) { (1 cos@,rsinf,a)}, then fi = 0(,,q).

4.2.2 Semi-group estimates

In this subsection, we recall some technical results concerning the semi-groups ap-
pearing in the study of the Boussinesq system in question. For more details about
these results, we refer the reader to [44, 34, 36].

In the sequel, we shall be using the following notations: For i € {1,2}, we denote
by (S;(t))¢>0 the semi-groups defined as the propagators associated with the following
two linear equations respectively

Of = (A=) f=0,
{ Foo = fo. (4.22)
8tf - Af = 07
Ll 42

The following proposition states some LP — L9 estimates in the case of initial data

in M(Q). The proof can be found in [36].

Proposition 4.2.12. For any p € # (), we have

_1
sup 79 1S1 Ol ey < Cllpllawy, g € [1,00] (4.24)
>
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and

. _1
Ly(p) = hngT%up 70 1S1 () pll ooy < Clligpllaey, g € (1,00, (4.25)

where, [,y is the atomic part of .

Finally, in the spirit of the previous proposition, we state a quite similar estimates
for the semi—group S,(¢) in the space R? instead of Q. The proof is similar to the
proof of Proposition 4.2.12

Proposition 4.2.13. Let 1 < p < g < co. Assume that f € LP(R3), then
C
[S2(t) f | La(rsy < PETEESY | f1l 3y (4.26)
t2'r q

Moreover, if f = € #(R3), then the above estimate holds by taking p =1 and by
replacing || f|| 1 gsy by || fI| 4(s)- In addition of that, the following assertion holds

i . 311
Lo(w) = limsup #2078 () ullpages) < Cllpgpll. sy Vo # 1, (4.27)

where, f,, is the atomic part of .

4.3 Proof of the main results

4.3.1 Median case: Only the initial vorticity is a finite
measure

Before stating the proof of the main result, we embark this section by a particular
result concerning the global well-posedness topic for (4.6) in the case where the
initial density is Lebesgue-integrable and the initial vorticity is a finite measure.
The arguments of the proof for this result will be considered as the platform to
proving the Theorem 4.1.1.

Theorem 4.3.1. There exist non negative constants € and C' such that the following
hold. Let (wo, po) € A () x L'(R®) with py azisymmetric and ||woppll.z@) < €,
then, the Boussinesq system (4.6) admits a unique global axisymmetric mild solution

(wa, p) satisfying
(wp, p) € C°((0,00); L' () N L=(2)) x C°([0,00); L' (R?)) N C°((0, 00); L= (R?)),
rp € C°([0,00); L'(Q)) N C°(L>(0, 00); L®()).

Furthermore, for every p € (1, 00|, we have

. 311 . -1
limsup ¢2 P)||p(t)||LP(R3) = limsup ¢' ?|[rp(t)|| o) =0

t—0 t—0
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and 1
limsup ¢ 7 [lwp(t)| ooy < Ce.
t—0

Moreover, we have
limsup [lwy(t)||z1(@) < oo, lim|[p(t) = pollrirs) =0
t—0 t=0

and wy(t) — wy ast — 0.

The proof of Theorem 4.3.1 will be done in four steps. We begin with the proof of
the local well-posedness for the integral equations (4.30) below (Proposition 4.3.2),
where, we cover the limits stated in Theorem 4.3.1 for p = %. Then, we provide a self
contained proof of the remaining cases of p by a bootstrap argument (Proposition
4.3.3). Thereafter, we establish the contunuity in time and the convergence to the
initial data in Proposition 4.3.5. Finally, the globalization the local solution we
construct in step one is postponed to the end of the next section.

All in all, along the proof of the three incoming propositions, we will only highlight
the big lines of the proof since the idea is the pretty much similar to the section 3.3.
Nevertheless, we shall provide the details of the crucial new technical issues.

First, note that the Boussinesq system (4.6) can be written in the following form

Oywp + div, (vwy) — ((9? + 02+ 10, — )We 0,
Op + div(vp) — Ap =0 (4.28)
(wa, p)t=0 = (Wo, pPo)-

Hence, according to the result of the section 3.3 the direct treatment of the local
well-posedness topic for (4.28) in the spirit of [36] for initial data (wp, po) in the
critical space requires the introduction of a new quantity p £ rp. The outcome
system of this new unknown is given by the following parabolic equation

= di (i to - N\5-
8,5 + div, (vP) (ar + 0240, TQ) 5= —20,p. (4.29)
Thus, we shall consider the following system
we(t) = Si(two — [ S1(t — 7)div, (v(7)we (7)) dr — [3 Si(t — )0, p(T)dr
p(t) = Si(t fo Si(t — 7)div, (v(7)p(7))dr — 2 fot Si(t — 7)0,p(T)dT

p(t) = Sa(t)po — fo Sa(t — 7)div(v(7)p(T))dr.
(4.30)

where py = rpg. In order to study the above system, we use the Banach spaces.

Xy = {f e CO((0,T), LY3(Q)) : || fllxp < oo},
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Ty = {h € CO((0, 7, LY3(R®)) : (k]| 2, < oo},

equipped with the following norms
1 £llxr = sup 874 £l oy hllze = sup 3 (R(E)] asgee)-
0<t<T 0<t<T

The local wellposedness of (4.30) is then given by the following proposition

Proposition 4.3.2. There exist non negative constants ¢ and C' such that the follow-
ing hold. Let (wy, po) € A () x L'(R?) with py azisymmetric and ||wo .20y < €,
then, (4.30) admits a unique local solution (wy, p, p), defined for all positive t < T =
T(wo, po) such that

(wa, p,p) € C((0,T); X7) x C((0,T); Xr) x C((0,T]; Z). (4.31)
Moreover, if the size of initial data is small enough, the local time of existence T

can be taken arbitrarily large.

Proof. We closely follow the demonstration of Proposition 3.3.3 with minor mod-
ifications due to the particularity of initial data. In view of Proposition 3.2.11,
Proposition 3.2.12 and Proposition 4.2.12, we have for T" > 0

sup t/4|S1(H)woll 4 < Cllwol|. . 4.32
Sup IS1(®)enll 4 ) < Cllwoll.ae (4.32)
and

sup t1/4HSl(t)/70HL§(Q) < Cllrpollrr@) = Cllpollrre)- (4.33)

0<t<T

On the other hand, the fact that
3
8261004 oy = I3S2(0l 4
together with the first estimate stated in Proposition 3.2.12, we further get

sup 753/8||Sz(t)ﬂo||L%(R3) < Cllrpollrr@) = Cllpollrre)- (4.34)
0<t<T

Combining (4.32), (4.33) and (4.34) to obtain (wlin,ﬁlin,phn) € Zr with

(Wiin (1), Prn (), prn(t)) = (S1(t)wo, S1(t)po, S2(t) po)

and
%T éXT X XT X ZT

Now, from (4.32), (4.33) and (4.34), we have

A(wo, po, po, T') £ C||(whin, Prins prin) |2 < Co(llwoll.w) + lpollrms)). (4.35)
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Moreover, according to (4.25) and (4.27), we have®

lim sup A(wo, po, po, T) < eC (4.36)
T—0

The estimates of the bilinear terms can be done as in the proof of Proposition 3.3.3.
Hence, we get the nonlinear system

lwellxr < llwiinllx, + Cllwsllk, + Cliollz,
1Pl xr < Mol xr + Cllwsllxr 0]l xr + Cllpl 2, (4.37)

oz < llpinll zr + Cllwsll x|l xz-

for some universal constant C' > 0. By substituting ||p||z, in the two first equations
of (4.37), we readily get

~ ~ =~ ~ 2
lwsllxz + 11512 < Alwo, Po, po, T) + C ([lwellxr + [1Pllxr) " (4.38)

To complete the contraction argument, let us fix R > 0 such that 2CR < 1 and
define the ball

Br(R) = {(a,b) € Xz x X1 [|(a,0)||x,xx, < R},

for (wg, p) € Br(R) the contraction argument is satisfied if A(wo, po, po,T) < R/2.
The last requirement can be realized in either case

— Co(HCUQH//!(Q) + HpoﬂLl(Ra)) < R/2 for any T > 0, or

— Ce < R/2for T > 0 is small enough, depending on wy ,, and py (this is possible
because A(wy, po, po,T) — Ce when T — 0).

In other words, we can prove the global well-posedness if the initial data is sufficiently
small, or the local well-posedness if only the atomic part wy ,), is small. The rigorous
construction of the solution can be done by the standard fixed point schema. This
concludes the proof of Proposition 4.3.2. O

Remark that the local solution constructed above becomes instantly integrable after
time t > 0. Hence, all the a priori estimates proved in first Theorem 3.3.1 remains
valid for all £ > 0. However, for the sake of completeness, we provide in the following
proposition the precise statement of more properties of our solution.

Proposition 4.3.3. Let (wy, p, p) be the solution of (4.30) obtained by Proposition
4.3.2 associated to initial data (wo, po, po) € A () x L'(Q) x LY(R3). Then for any
p € (1, 00|, we have

. _1
glgt(l ?|wa(t)] o) < Cllwoppll.a@), (4.39)

3Remark that since pg € L'(R3), then pg ,, = 0.
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Pﬁkﬂmmm@=& (4.40)

§ _
2070l p(t) | ogeay = 0. (4.41)

For p =1, the above quantities are bounded as t — 0.

lim¢
t—0

Remark 4.3.4. As aforementioned, Proposition 4.3.3 can be proved along the same
lines as the proof of Proposition 3.3.6. However, we should mention that the case
p = oo is missing in Proposition 3.3.6, therefore, we provide below a complimentary
proof that treats this case as well.

Proof. Let us first recall the following notation from Proposition 3.3.6

No(f,T) 2 sup 79| | oo <MﬁﬂAswt2 D) fll oo )-

0<t<T 0<t<

M,(fo,T) & sup 073|184 (¢ Vollry,  Fp(fo, T) = sup 12073 |ISy(t ) foll Lo (s).-

0<t< 0<t<

According to Proposition 3.2.11, Proposition 3.2.12 and Proposition 4.2.12 we find
for all p € (1, o0
P_E% Mp(wo, T') < Cllwoppll.z ) (4.42)

and
lim M, (7o, T) = lim F (o, T) = 0. (4.43)

Thanks to the Proposition 4.3.2, the result in the case p = % is already proved. By
interpolation we find the result for p € (1, 3] as long as the L*(Q2) x L*(R*)— norm
of (we(t), p(t)) remains bounded in a neighborhood of ¢ = 0. Let us suppose for a

moment that this is true and we get back to prove this claim later.
Doing so, it remains to prove the result for p > %. For this purpose, we can proceed
by a bootstrap argument as in the proof of Proposition 4.3.3.

In view of Proposition 3.2.5, Proposition 3.2.11 and Proposition 3.2.12, we have

ol (Dl
Jen (i < 151 ol + [ 0 L/””)“““'“¥mef

0 (t—7)i

+C/2 “:0< >HL3(R3 / ||p ||Lp ]R{3)
o (t—r1) 0 5 +2p

Under the conditions

IN
N
I

<1, (4.44)

DN | —
E=
DN | —
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Thus, straightforward computation yields

Ny(wo, T) < My(wo, T)+CpgNy(wo, T)?+Coy 4o Noy (wo, T) N, (WG,TH'CP*]% (0, T)+CpJp(p, T).
(4.45)
Since p satisfies a similar equation to that of wy, we infer that
Np(p, T) < My(po, T) + CpgNe(we, T)Ny(p, T)
+ CggoNgy (o, T) Ny (0, T) + ijg (P, T) + Cpdy(p, T).
(4.46)

Finally, similar arguments yield*
Jp(p7 T) < Fp(p(b T) + CpNg (w97 T>N% (157 T) + Cqu}sz (w97 T>N(I2 (ﬁv T)7 (4'47>

for any ¢, g2 such that

1 1 3 1
—+——— <=z (4.48)
q1 q2 2p 2

Now, by plugging (4.47) in (4.45) and (4.46), we find for ¢ = %
Np(w9> T) < Op,qmzz (Mp(w()? T) + Fp(p07 T) + N% (w97 T)2 + N% ((,Ug, T)N% (ﬁ? T)
+J§ (pv T) + Nth (w¢97 T)NQ2 (w97 T) + qu (w97 T)N(IQ (ﬁv T))?

and

Np(p, T) < Cpgr.q (Mp<ﬁOaT) + Fyo(po, T) + N% (W%T)Ng (p,T)
+ J (pa T) + qu(WQ,T)qu(ﬁ, T))

ol

Now, to cover all the range p € (%, 00), we can proceed by a bootstrap argument as
in Proposition 3.3.6. The only difference we should point out here is the fact that
%in% M, (wp, T) is not necessary zero, but, it satisfies

%

lim My(wo, T) < Cllwopll.a),  Vp € (1, 00].
Thus, we obtain
:lrig%) Ny(wo, T) < Cllwoppll.z(e)y, and :lpl_r% Ny(p,T) =0, forallpe(l,o00).
Finally, substituting this latest into (4.47), leads to
%ig}) Jp(p,T) =0, forallpe(1,00).

In order to treat the case p = 0o, we need to avoid some technical issues arising
from the restriction (4.48). To this end, we chose first ¢y = 2, ¢, =4 and p = o0 in

4We refer also to inequality (3.69) for more details.

84



4.3 Proof of the main results

(4.45) and (4.46). Remark that this choice of (g1, ¢2, p) is admissible by the relation
(4.44), hence, we obtain

Noo(wp, T) < f1(T) + Cdos(p, T). (4.49)

Neo(p:T) < fo(T) + CJs(p, T), (4.50)
with

f1 (T) = MOO(W(), T)—FCN% (WQ, T)2—|—CN% (wg, T)N4(w9, T)—FCJ% (p, T) T<0 CHWO,ppH///(Q)a
%

fQ(T) = Moo(ﬁo,T)—’—CN%(WQ,T)N% (ﬁ, T)‘i‘CN% (wg,T)N4(ﬁ, T)—f—OJ% (,07 T) E}OO .

Now, we need to deal with J.(p,T). By exploring again the properties of the heat
semi-group as in the case p < oo, we infer that

£ ol g g 11, 4 0 ooy ||
100 e sy < I182(8)poll e sy +C / daorie, / P e 1P oy )
0 (t—7)2t t_7)2+2q
(4.51)

To assert that the last term on the r.h.s above is finite, we need to chose ¢ such that
% + 2% < 1. A possible choice is then ¢ = 6. On the other hand, remark that due to
the Biot-Savart law, we have, for some 1 <m <2 </ < o

a l—«a m
[0(T) | o () S Nwa(T)[m(qy lwo(T) | ey, for a=—5——€(0,1).

Moreover, since m, ¢ < oo, the previous estimates of wy together with a straightfor-

ward computation yield )
[o(T) | ooy S 772 (4.52)

Finally, we infer that

3 3 ~ 1
E )] e grsy < 1 182(8) 0l ooy +C N (0, TN (3, T) 0o, T) sup (7 07| geeqey )-

7€(0,T)
It is easy then to conclude that

%13% Joo(p, T) = 0,

and, therefore, we get from (4.49) and (4.50)
lim Noo(00,T) < Cllwoppllaey, and  Jim Noo(7,T) = 0.

This ends the proof of Proposition 4.3.3 provided that we prove the following claim
[(we(t), p(2), P L1 (0yxr1 () w11 m3) S 1 (wos PO) | (yx 1 (s -

From the definition of I' and the fact p = rp, the above claim is equivalent to
[T, o)) zr@y 21wy S I wor 00) |y x e - (4.53)
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Let us then prove that (4.53). We will restrict ourselves to the estimates of the
nonlinear terms since the linear parts can be treated by applying the properties of
semi-groups recalled in the previous section. So, according to the equations of I’
and p, we must show that

t
J
t
/o [S2(t — 7'>diV<UP)(7')”L1(R3) dr < [|(wo, pO)H,//{(Q)xLl(R?’) : (4.55)

For (4.54), Holder’s inequality, Biot Savart law and the definition of the space X7
lead to

/

Su(t = )div @)@, A7 S 1o Loy (459

and

Si(t — T)diV*(Uf)<T) HLl(Q) dr < /Ot (t—%)%

[0(r) ey [

t
, _
< /0 (t—7)% o (7)1 4 0y 1T 4 7

t—T)%
t
1 —~
< / S
o (t—r7)2T2

S llwsll . 17Nz
To treat (4.55), we use the fact that
1S2(t = 7)div(vp) (7)| L1 sy = [I7S2(t = T)div(vp) (7)1 »

then we use first Proposition 3.2.12 to infer that

t t
] 1
/ 1St — 7)div(0p) ()] 1oy A / ——— [[orp(7) | e -
0 0 (t—7)2

Therefore, the identity p = rp, Holder’s inequality and the Biot—Savart law yield
t
: 1 ~
520 =DMy 5 [ sy 10l 174

S llwollxr 1ol

Hence, the estimates in X7 lead to (4.54) and (4.55), thereafter, (4.53) follows. [

To complete the proof of the Theorem 4.3.1, it remains to outline the proof of
the continuity of the solution and the convergence to the initial data. Precisely, we
shall prove the following

Proposition 4.3.5. Let (wyg, po) be the initial data to system (4.6) that satisfies the
assumptions of Theorem 4.3.1. Let (wg, rp, p) be the local solution given by the fized
point argument such that

(wo,p) € (LOO((O,T); Ll(Q)mLOO(Q))> X (LOO([O, T): LM () NL=((0, T); L°°(Q))>,
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p € L=([0,7); L'(R%)) M L>((0,T); L*=(R?)).

Then
w%moe(C%mij%mmem»>xgﬁwymﬂfm»mo%meme»)
(4.56)
p € C°([0,T); L"(R*)) N C°((0,T); L*(R?)). (4.57)
Moreover, we have the following convergence to the initial
we(t) = wo, ast—0 (4.58)
and
lim {|p(t) = pol 1 (zs) = 0. (4.59)

Proof. Assertions (4.56) and (4.57) concern the continuity of the solution away from
0, this can be done by the same way as in previous Subsection 3.3.2, since the solution
satisfies, for all ¢ty € (0,7

(walto), Blte), p(to)) € LP(Q) x LP(Q) x LX(R®), ¥p € [1, 0],

Let us now investigate the convergence to the initial data (4.58) and (4.59). It
should be noted that the major difficulty in this part is the weak convergence of
the vorticity towards the initial datum. We begin with the proof of the limit (4.59)
which does not differ a lot from the proof given in Subsection 3.3.2.

Indeed, (4.59) is an easy consequence of
lim sup lp(t) = Sa(t)pol| L2 sy = 0 (4.60)
t—

Hence, we should focus on the proof of (4.60), for ¢t > 0. By using Proposition 3.2.12
fora =3 =1, we get

[o(t) = S2(t)poll L1 @s) < /0 [7S2()div(v(7)p(7)) || L2 () d7

< / L o)) oy

(t—7)2

t
1
< 4 4 .
N/O (t_TﬁllU(T)llL @llre(m) 3 o 7

Then, Biot—Savart’s law yields,

t
1
_ < o
1) = Sahlliren S | o el Il
t 1
S e, | —
|| ||XT|| ||Xt 0 (t—T)%T%

< Cllwsllxr 1ol x.
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Thus (4.60) follows from the fact that PH& ]l x, = 0.
%

We turn now to prove (4.58) and we follow the idea in [36]. We begin by proving
the following claim
lim sup ||lwa(t) — S1(t)wol| 1) = 0 (4.61)

t—0

As mentioned earlier, the linear term of d,p is an obstacle in the Ll—esitimate of wyg.
To avoid the estimation of this term, we use the coupling I' = wy — £. First, note
that (4.59) gives

lim sup [[7(6) — $1(6)7o 1@y = 0. (4.62)
t—0
Thus (4.61) is equivalent to the following assertion

limsup [|T() — S ()Toll 110y = 0, (4.63)

t—0

where, [y = wp — %0 € (). Let us define the functional F by

t
(Fo)(t) 2 / S1(t — 7)div. (v(r)g(r))dr.
0
We emphasize that the following estimate holds true, for any g € X
1Fg()l|1@) + I Fallx, < Cllwollxllgllx, VE<T. (4.64)

The proof of (4.64) can be done by using the estimates of subsection 4.2.2. On the
other hand, from the equation of I', we have

T — T = (F(flin) - F(f)) — F(Thin) (4.65)

where Tpin(-) = S1(-)To. Let R be the radius of the ball in which we applied the
fixed-point argument to construct the local solution®. Hence, we have

[11in L+ Nl || x4 {12l x7 + [lwsol| 7 < 2R
Let us also define the two quantities § and ¢,(wp) by

§ = limsup Hf — flinHXT
T—0

and )
p(wp) = lim sup '8 | F(win) )] o, p € [1,00).

t—

Note first that, we have

tin sup |7 = pin |, = lim sup [ F(pin) |, = 0.

T—0 T—

®That is to say, R is such that 2CR < 1, where C > 0 is defined by (4.38)
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Similarly, by a bootstrap argument (Proposition 4.3.3), we can prove that

timsup £' 5| (o) 1@ = 0. ¥p € [1.0],
t—

Thus, by definition of [y and by linearity of the functional F, we deduce that

s HF [l = o), p € [1,0c] (166)
t—
We resume now from (4.65). Note that (4.64) together with (4.66) yield

o < Ctimsup (el IF = Tl ) + €30
t—0 ‘

< 2CR5 + L3 (wo).
We end up with 6 = 0 because, £,(wo) = 0, for all p € [1,00] ¢, and 2CR < 1.

We are now in position to prove (4.63). Again, using (4.65) and (4.64) infer that

lim sup ||T(£) — Tin()|| 210y < Cllws | xp lim sup IT — Thinllx, + £1(wo) = 0,
t—

t—0

where, we have used the fact that 6 = ¢;(wg) = 0. Consequently, we obtain, in view
of (4.62)
lim S&lp ||(,<J9<Zf) — whn(t)||L1(Q) = 0.

t—

This ends the hard part of the proof. To prove the weak limit towards to initial
vorticity, we only need to use the fact that”

1 F1/2 tN\ -2 o
Wi (t,7,2) = R/Qmﬂ/l (E)e ar dwo(T, 2).

From the above formula, we can check then that wy, — wp and finally (4.58) follows.
The proof of the proposition is then achieved. O

Remark 4.3.6. We should point out that, the propositions we proved in this subsec-
tion do not say anything about the global well-posedness, it is all about the local
theory. However, one can prove that the local solution we construct in Proposition
4.3.2 can be in fact extended to be global in time. We postpone the details of that
to the the last subsection of this chapter.

6See the last part in [36, Section 4] and |34, Section 2.3.4] for a detailed proof of the fact £,(wg) = 0.
"See Section 3.2.2 .
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4.3.2 Proof of Theorem 4.1.1: All initial data are finite
measures

In this subsection, we shall outline the proof of Theorem 4.1.1. More precisely, we
will focus on the local well-posedness matter then we give the details for the proof
of the global estimates at the end of this section.

As we pointed out before, the most challenging part is how to give a rigorous and
suitable sense to the initial data of the quantity rp if the initial density pg is only
a finite measure. Also, it is important to make a choice that does not perturb the
continuity of the solution near ¢ = 0®. In the case where py is an axisymmetric
function in L'(R3), we saw in the proof of Theorem 4.3.1 that py = rpy € L'(Q)
with
~ 1
[P0l L1 () = gHPOHLl(Rfﬂ)-

Hence, the general case where p, is axisymmetric measure should fulfill this proper-
ties as well. More precisely, if pg is a finite axisymmetric measure in . (R?), then,

we should look for a measure py in . (2) that satisfies

N 1
- ) 4.67
0l (e2) 27THPH%(R3) (4.67)

The best candidate is then inspired by Proposition 4.2.10. More precisely, we shall
define py as

o) 25 [ ot Vo Co@)

Pu(x,y,2) £ (/22 +y?, 2),

The factor % is added for a compatibility reason’ and all the results of Proposition
4.2.10 and the remark thereafter hold modulo that factor.

(4.68)

In the sequel, we denote by Z?W-(R?’) the space of axisymmetric functions ¢ be-

longing to C°(R?) and satisfying the following boundary conditions

90|r:0 = a1"90|7“:0 = 0.

For such test function ¢, we also adopt the identification ¢ o § ~ 1, where § is
defined by (4.16). Moreover, for simplicity we write

<f> w>Q

instead of

(f,oo8)q,

80r at least the weak continuity near t = 0 as we will see later on.
9see identity (4.90) which is why we should define pg by (4.68).
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for any distribution f on Q. Let us consider p to be any measure in M(2) and we
set the goal of this part to the understanding of the following integral system

wy(t) = Si(t wo—fo Si(t — 7)div, (v(7) 6(T>)d7'—fJS1(t—T)3rp(T)dr,
p(t) = Si(t) — [y Si(t — 7)div, (v(7)p(7))dr — 2 [} Si(t — 7)d,p(7)drT,

p(t) = fo Sa(t — 7)div(v(7)2 (T))dT.
(4.69)

Above, for t > 0 and (r,z) = (y/22 + y?, 2), we consider the identification of ax-

isymmetric functions

Wy = CU@(t, Ty, Z) = (.Ug(t, T, 2)7 p= p<t7 Ty, Z) = p(t7 T, Z)
and p is, for now, an unknown function of the form p = p(¢,r, z). Remark that the

system (4.69) is equivalent to (B, ) if (we, p, p) is regular enough and if p = rp and
1= rpg, at least for integrable initial density.

The following theorem, which is the main result of this section, is a general version
of the local results in Theorem 4.1.1.

Theorem 4.3.7. Let (wo, po, pt) be in A (Q) x M (R3?) x A (), such that py is
axisymmetric in the sense of Definition 4.2.3. Then, the following hold

(i) Local well-posedness of (4.69). There exists a non negative constant € such
that, if
HWO,ppH,///(Q) + HNppH,///(Q) + HPO,ppH,///(R% <¢, (4.70)

then, there exists T = T (wy, po, i) > 0 for which (4.69) has a unique solution,
defined on [0,T], and satisfying, for all p € [1, o]

teSEéPT] {tl_% H(w<t)7ﬁ(t))HLP(Q)><LP( )+t2 H,O( )HLP(RS)} S H<°‘J07“)”///(Q)x//(g)‘f‘HPO\U«RS).
(4.71)
(ii)) Weak convergence to the initial data. For all ¢ € CAM(Rg), we have!?
lim (wa(8)|1)q = {wolt)g (4.72)
lim (50)/t)q, = (1) (w7
i (p(t)[0) s = (Pole)ps - (4.74)

(1it) Local well-posedness of the Boussinesq system (B, ). Moreover, if i =
po s given by (4.68), then the condition on the size of the initial data (4.70)
can be replaced by

||w0,pp||/// o T ||P0,pp||/// gy <&, (4.75)
() (R3)

10We recall that we are using the identification ¢ ~ p o F.
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for some € > 0. Also, we have
lim (5(0) [t = im (rp (1) 0 = (). W0 € C22(),

p(t) =rp(t), Vt>0

and (wy, p) is actually the unique solution of the Boussinesq system (B, ) on

[0, 7.

Proof. We prove the results of the above theorem in the order given in its statement
e Proof of (i): Local well-posedness of system (4.69).

We have to prove the existence of some T' > 0, and a unique solution (wg, p, p) €
X x X7 x Zp to (4.69). This can be done by a fixed point argument, more precisely,
by following exactly the same idea explored in the proof of Theorem 4.3.1. To do
so, the free part (S;(t)wo, S1(t)1, S2(t)po) has to be small enough in X7 x Xr x Zp,
as T is close to zero and the nonlinear parts have to be estimated by using the
properties of the semi-groups stated in the subsection 4.2.2. Indeed, by employing
the results of the subsection 4.2.2 we can get the same estimates obtained in the
proof of Proposition 4.3.2

lwo |z < IS1()wollxr + Cliwsl%,. + Cllpllzr
1Pl xr < S1(C)aellxr + Cllwsllxr 121 x7 + Cllpll 2 (4.76)

ol 2 < [182()pollzr + Cllwsllxr o]l xr

for some universal constant C' > 0. The system (4.76) yields then to the following
estimate, up to a suitable modification in C'

A = ||lwollxr + 19llxr < Ao + CAZ, (4.77)

where, Ay is given by

de
Ao IS1(Ywollxe + 191l + ClISa()poll 22 (4.78)

The local well-posedness follows then by usual arguments if %irrb Ao r is small enough.
—

Now, in order to measure the size of A for small T', we use Proposition 4.2.12 and
Proposition 4.2.13 to get

%ig}] Ao < ||w0,pp||///(g) + ||Mpp||//;(g) +C ||P0,pp||///(R3) ’ (4.79)
which gives, for some C>0
%i_% Ao < C( HWO,ppH,///(Q) + ”:upp”,///(g) + ”PO,pp”,///(RS) ) (4.80)

Thus, if the r.h.s. of the last inequality above is small enough, then the fixed point
argument guarantees the local well-posedness of (4.69). That is to say, there exist
e > 0, such that if

||W0,pp||///(g) + HﬂppH///(Q) + ”pO,pp”///(W) <¢, (4.81)



4.3 Proof of the main results

then there exists 7' > 0 for which (4.69) has a unique solution (wp, p, p) in X7 X
XT X ZT-

Remark that the fixed point argument gives in particular the estimate (4.71) for
p= %. The proof of estimate (4.71) for all p € [1,00] can be done by a Bootstrap
argument. The details of that are exactly the same as in the proof of Proposition
4.3.3. Assertion (i) is then proved.

e Proof of (ii): Weak convergence to the initial data.

Let us introduce the following linear operators

Fi(f)(t) = /0 Si(t — 7)divi (v f)(T)d,

Falg)(t) = /0 So(t — 7)div(vg)(T)dT
and

g@xwzzfxu—ﬂ@Mﬂm,

where, v is the velocity associated with the unique solution (wy, p, p) constructed in
the previous step. Hence, our integral system (4.69) can be rewritten as

wo(t) = Sy (t)wo — F1(we)(t) — G(p)(t)
p(t) =S$i()p — Fr(p)(t) —2G(p)(t) (4.82)

p(t) = Sy(t)po — Fz(?)(t),

First, we point out that, for every ¢ € C°(R?) and ¢ € C°(QQ), we have

li
t—0

m QSl(t)wowdrdzz /Q P(r, 2)d(wo(r, 2)),

1%4&@www=4wnmwmm,

iy [ Saltnpds = [ oa)d(pn(a).

t—0 R R3

Thus, in order to prove the convergence to the initial data in (4.82), we need to
show that the terms containing the operators Fi, F» and G tend weakly to zero as
t goes to 0. Let us begin by proving that

lim | F(2)(t)e(x)de = 0. (4.83)

t—0 R3 T

Remark that the operators div and S,(t) commute, whereas an integration by parts
followed by the Proposition 3.2.12 and Biot—Savart law yield, in view of the notation
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Vo= (Vy)oF
t N

S |rSa(t — T)(UB) Vo(r, 2) \drdzdr
r

t

) R T o R A e

dr
< / sl P [

1
< 2|l x 17 x| V0l e )

This is enough to guarantee (4.83).

For the rest of the limits, we will restrict our selves to the ones appearing in the
equation of p due to the similarity of the equations of p and wy. Let us point out
first that the operators 0, and S;(¢) do not commute. To overcome this issue, let us
rewrite the equation of p in terms of S5. To do so, owing to the fact that

div, (vp) = div(vp) — U?ﬁ,

then the equation of p, given by

05 — Ap + div,(vp) + 7% — —20,p,

can be written in the integral form as

t r

pt) = Ss(t)p — / Sa(t — 7)div(vp)dr + / Sa(t — 1) (-0) dr - / Salt =)

0 r
t
— 2/ So(t — 7)0,pdr. (4.84)
0

Except of the first term on the r.h.s above, all the rest of terms should go to 0 (in
distributional sense) in order to reach our claim. Indeed, by using the fact that the
operator div commutes with Sy(¢), Proposition 3.2.12 and the Biot-Savart law, we
obtain

/Ot/QSQ(t — 7)div(vp)(r, z)drdzdr| < /Ot/Q ‘Sz(t — 7)(vp) - Vi (r, Z)‘drdzdr

t
S TN T e

We continue as in the proof of (4.83) to obtain

t
| / / Sa(t — 1)div(wp)e(r, 2)drdzdr| < 3l |Flxe Ve @)
0

which tends to 0 as ¢ goes to 0. For the 3" term on the r.h.s of (4.84), we proceed
by using again Proposition 3.2.12, and the Biot—Savart law to infer that

//TSQt_T )¢(Z’2)drdzd7'
S [ 1Dl I,

/82 (t—1) )w(r z)drdzdr
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Again, we continue as in the proof of (4.83) to get

‘/ /82 (t—7)( )w(r 2)drdzdr

which tends to 0 as t goes to 0. For the 4 term on the r.h.s of (4.84), we use again
Proposition 3.2.12 and the Biot—Savart law to find that

‘//Sgt—T W(r, z)drdzdr| =

< th il e 2 =),

s %w %) drdzdr

< / ||ﬁ<r>||L%(de||T—anm
dr
< / ||p||XT|| .
0

7_

Hp||XT|| 7l

which tends to 0 as ¢ goes to 0. Finally, for the last term in (4.84), implementing
again Proposition 3.2.12 and Biot—Savart law yield

‘/ /SQ (t = 7)0p(r, z)drdzdr| = ‘/ /7‘482 (t—71)0 r,ow(’ )drdsz

3
r4

(0
< / e [STZCo PP e PO

T2

t 1 ¢
S [ 25105 el S v

dr (0
< / ozl Sl
0 T8

T4

1
S 3ol ze =5 e
ri

which tends to 0 as t goes to 0. All in all, we deduce that p(t) tends to p (in
distributional sense) as ¢ goes to 0. Similar arguments can be used to prove that
wy(t) tends to wy when t goes to 0.

Remark 4.3.8. We should point out that the computations of this step hold true
whenever the test function v is in C*(2) such that

& v Y
I98lzegey + 1 sy + 12 e + 11 5 ey < oo (1.85)
Such a condition is automatically satisfied if we take v = ¢ o §, for any ¢ €

12i(R?).  Indeed, the boundary conditions on the test function belonging to
° Am(]R:S) together with Taylor expansion near r» = 0 would clearly imply (4.85).

e Proof of (iii): Local well-posedness of the Boussinesq system (i = pg).
Now, we assume that p and py are connected by the formula (4.68). That is, we set
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[t = po, Where
Goi) 2 & [ oudm, o e @),
R (4.86)
¢¢(I,y, Z) = w( V x? + y27 Z)'
Proposition 4.2.10 and the remark thereafter yield, for all ¢ € C2%,;(R?)
1 ~ ~
—— (pol®)gs = (ol 0 F)g = (Pol¥)q (4.87)

2T

and
1

||50,pp||///(9) =~ o ”pO,pij{(RS) :

This estimate on the size of ol 4oy can be used then in (4.80) to obtain, for
some 6’0 >0 ~
%ii% Aor < OO( ||W0,pp||///(9) + ||P0,pp||///(R3) )

Hence, it is obvious that, up to a modification in ¢ given by (4.81), then (4.81) can
be replaced by

||W0,pp||///(g) + ||Po,pp||///(R3) <Ee (4.88)
The local well-posedness of (4.69) is then guaranteed as long as (4.88) is satisfied.
This ends the proof of the first part of (iii). Now, since p(t) is axisymmetric, belong-
ing to L'(R?) for all ¢ > 0, then rp(t) belongs to L'(Q) and a change of variables
gives

o (P)le)ss = oDl o B)g- (189

Hence, the weak limits (as t tends to 0) proved in the previous step, together with
(4.87) and (4.89) yield

1 1 -
lim (ro(t)l © 8o = 5= lim (p(B)P)es = 5= (leds = (Polw 0B (4.90)

Consequently, for all ¢ € C2°(2), we obtain
lim (rp ()|t = (oli) = lim (350 [0 (491)
Moreover, remark that for all + > 0, the quantity o(t) = rp(t) satisfies the equation
Do — (A _ %) o + div, (vp) = —20,p.
This, together with (4.91) yield to the following system for o

B 1 . _ +
{% (A =5%) o+ divi(vp) = =20up, (t,7,2) €RT x (4.92)

g|t:o = Po,



4.3 Proof of the main results

where the initial condition is to be understood in the weak sense given by (4.91).
We recall, on the other hand, that p satisfies the system

{ ?tﬁ— (é — r%) p+dive(vp) = =20,p, (t,r,2) € Rf x Q,

5 % (4.93)
t=0

One finds then that the quantity p — rp satisfies a heat equation with zero inputs.
It is easy then to deduce that rp(t) = p(t), for all ¢t > 0.

We emphasize that this characterization of p would imply that (wg, p) solves the
Boussinesq system. Moreover, all the estimates proved for p hold for for the quantity
rp. Theorem 4.3.7 is then proved. [l

4.3.3 Global well-posedness

The results proved in Theorem 4.3.7 provide information only on the local well-
posedness whenever the initial data (wg, po) is suitable and lies in . () x . (R3).
However, one can in fact extend the local solution to be defined for all ¢ > 0.
Indeed, from the proof of Theorem 4.3.7, we deduce that there exists ¢, € (0,7)
such (wy(to), p(to)) € L*(Q2) x L*(R?). Hence, Theorem 3.3.1 insures the existence of
a unique solution of the Boussinesq system with initial data (wy(to), p(t9)), denoted
for now by (&, p). This solution is defined on [ty, c0) and satisfies in particular, for
all p € [1, o0]

1, _ 3(1_1y,
sup(t — to)' 7 [|(@(£), 75(6)) || Lo(@yx Lo() + sup(t — t0) 22| (1) | o) < oo
t>to t>to
On the other hand, the local solution (ws, p) constructed in Theorem 4.3.7 satisfies,
for all p € [1, 00]

3

2

_1 _1
sup (£ —t0)' "7 [[(wa(t), rp(t)) | o@yx o) + sup (= 10)2" "% [|p(t)]| o(es) < oe.
te(to, T te(to,T)

To conclude, we only need to use the above estimates and repeat the arguments
leading to the uniqueness in the proof of Theorem 4.3.7 to end up with (wy, p) =
(@, p) on [tg, T]. This proves that the local solution is uniquely extendable to a global
one.
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5 Appendix

5.1 Derivation of the Navier-Stokes-Boussinesq
equations

Our goal in this section is to develop the equations that control the motion of a strat-
ified fluid in a rotating environment. These equations are then somewhat simplified
by taking advantage of the so-called Boussinesq approximation. In 1903, Boussinesq
stated for the first time the conditions under which the famous " Approximation "
applied:

Il fallait encore observer que, dans la plupart des mouvements provoqués par la
chaleur sur nos fluides pesants, les volumes ou les densités se conservent a trés
peu prés, quotque la variation correspondante du poids de l'unité de volume soit
Jgustement la cause des phénomenes qu’il s’agit d’analyser. De la résulte la possibil-
ité de négliger les variations de la densité la ol elles ne sont pas multipliées par la
gravité g, tout en conservant dans les calculs leur produit par celle-ci. |[12]
Boussinesq’s equations are given by a system that combines the velocity field and
the density.

Without appreciable loss of precision, we can note that the Boussinesq approx-
imation is based on the following remark: In most geophysical systems, the fluid
density varies, slightly around a mean value. [77].

For example for air which is compressible or seawater (where the salinity is negligi-
ble), it can be assumed in most cases that the density of the fluid p, does not deviate
much from one mean reference value, pg, so we can write.

p=po+p(r,yz2t), |pfl<<po (5.1)

where the variance is p’ due to the stratification present in the fluid or from the fact
that its movement is small compared to the reference value py.
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5.1.1 Continuity equation

Thanks to the fundamental principle in fluid mechanics is that :the mass be con-
served which we can formulate mathematically as

dp 0 )

- T o (pv1) + a—y(m&)

5% T o2 (5.2)

0
+ &(PU?}) =0

where (v, v9, v3) are the three components of velocity, due to (5.1), we can write

01}1 61}2 81)3 81}1 8112 82;3
et oyt TGttt
op’ op' op' op'
+(5 g +28+3az) 0 (53

Geophysical flows indicate that the relative variations of density in time and space
are not larger than - and usually much less than - the relative variations of the
velocity field. Consequently the terms of the third group in (5.3) are of the same
order as - if not much less than - those of the second. While the terms of this second
group are always much lower than those of the first because |p'| << po. Therefore,
only this first group of terms needs to be kept, and we write

O | Ovy  Ovs
oxr Oy 0z

(5.4)

Remark 5.1.1. From a physical point of view, the conservation of mass has become
the conservation of volume.

5.1.2 Derivation of velocity equations

Momentum equations

n n

Newton’s second law says " mass times acceleration equals the sum of forces.
Recall that in the frame where we neglect the rotation, the absolute acceleration

has the following three components (%, %2 dvs) [p fluid is better stated per unit

dt > at o adt

volume with density replacing mass (due to p = {), so the Newton’s second law
gives
( dvy (9p or®®  or™  Or*?
dt ~ 9z Oz Ay Oz
dv dp O™ Ot  Or¥*
yip— = (5.5)
dt Jdy Oz dy 0z
dvs D n OT%? n orv*  Ot%
L a0 PIT oz dy 0z




5.1 Derivation of the Navier-Stokes-Boussinesq equations

where —Vp is the pressure force and the viscous force is due to the derivatives of
the stress tensor where its components is given by

( — 8?)1 01}1 oxy _ (91)1 81}2 xr 81)1 8’03
g _“(ax + 8x>’T _M(ay + 01')77 _(Bz + 8:16)
9, 9, 0 0
T = (G G = a0 (5.6)
e (91)3 81}3 .
\ T ,LL( 0z + 0z )7

About the extraction of these components you can see [46]. p is called the coefficient
of dynamic viscosity.

Remark 5.1.2. Let us mention that the acceleration in a fluid is not counted as the
rate of change in velocity at a fixed location but as the change in velocity of a fluid

particle as it moves along with the flow, the time derivatives in the acceleration

dvy, d d
components %, % and %, consist of both the local time rate of change and the

so-called advective terms:

d o _ 0 9 0
dt Ot

Remark 5.1.3. Note that the Navier-Stokes equations result of (5.5) after series of
algebraic manipulations. The significant role in the simplification is due to the
incompressibility condition (dive = 0).

The treatment of the two first equations of the previous system (5.5) is the same

due to the appearance of p only in the left side. Like |p’| << po and with kinematic

viscosity v = [')io , we find

dv, 1 0p
— == A
dt po Ox Hran
(5.7)
dUg 1 ap
—_— = Avy.
dt % ay + VA

We turn now to addressing the third equation z—momentum equation, where p is
appearing in both sides of the equation. With respect to the term on the left, we
deal with it in the same way as before, i.e. we neglect p’ compared to py. While
for the right-hand side, that is not available, because there is a p multiplied by g,
which indicates the weight of the fluid. That weight causes the pressure to increase
with depth (or the pressure decreases with height, depending on whether one thinks
of the ocean or Atmosphere). With the py part of the density goes a hydrostatic
pressure pg, which is a function of z only:

p=rpo(2) +1'(z,y,2,t) with po(z) = Py — pogz
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d
so that % = —pog, and the equation of z—momentum becomes
z

d 1oy o
e A N (5.8)

At this point, we cannot simplify further because the term p'g is responsible for
the buoyancy forces which are considered a crucial ingredient in geophysical fluid
dynamics.

Remark 5.1.4. Note that the hydrostatic pressure py(z) can be subtracted from p in
the reduced momentum equations (5.7), because it has no derivatives with respect
to x and y, and is dynamically inactive.

Remark 5.1.5. The equations (5.7) and (5.8) can be seen as three equations providing
the three velocity components vy,vy and vs. An equation for p is given by the
conservation of mass.

To better understand this topic, we refer to Beckers and Roisin [77] , Geoffrey[38],
Turner [81] and the references therein.

5.2 About axisymmetric Biot Savart Law

Recalling that in the cylindrical coordinates and in the class of axisymmetric vec-
tor fields without swirl the velocity is given by v = (v",0,v*) with v" and v* are
independtly of §—variable, wy its vorticity defined from €2 into R? by

w = curlv = curl ( %T > = ( o,v" 8 0, v* ) (5.9)
v* 0

Remark 5.2.1. For any vector field v = vgey, we have

0 _821)9
curlv = curl( Vg > = ( 0 ) (5.10)
0 Or(rvg)

T

From (5.9) and (5.10), we notice that the application v — curlv takes any axisym-
n

metric fields without swirl to axisymmetric fields of the form wyeg which is " pure
swil" and vice versa.
The divergence-free condition dive = 0 turns out to be
. 1
dive = =0,.(rv") + 0,v* = 0.
r
therefore
O (rv") + 0, (rv*) = 0. (5.11)



5.2 About axisymmetric Biot Savart Law

the equation (5.11) can be written as

ro®

curl( 0 ):o. (5.12)

—Trv

Remark 5.2.2. If the flow is irrotational (its rotation is zero at any point), in math-
ematical terms, the velocity vector is then the gradient of the potential

Thanks to the remark 5.2.2 and under the homogeneous boundary conditions v" =
0,v* = 0, we can build a scalar function Q > (r,z) — ¥(r,z) € R which called
axisymmetric stream function and satisfying

o (39)- (75 o
Hence (5.13) can be written as
vn:—%z¢, w::%7¢. (5.14)
and ; o 0
()-8 -an(}) o

Consequently, one obtains that v evolves the following linear elliptic inhomogeneous
equation

1 1 1
—— O+ S0 — S0 = wp,
r T T

with the boundary conditions 1(0,z) = 9,4(0,2z) = 0. By setting £ = —29? +
%& — %83, one finds the following boundary value problem

Li(r,z) =wy(r,z)  if (rz)€Q
{ o(r,2) = &«J(r, 2)=0 if (r2)€Q, (5.16)

where 9Q = {(r, z) € R? : r = 0}. To solve the elliptic problem (5.16), it is efficient
to write the solution v in terms of vector potential A i.e v = curlA. In accordance
with (5.15), we can write A as

AL
Az(z‘(l)(;):(g) (5.17)

We aim at estimating A, to do this it suffices to evaluate Ay at points = with
cylindrical coordinates (r,0, z). Recall that in cartesian coordinates A is given as

Alz) = / G~ yely)dy (5.18)
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Remark 5.2.3. The last result is due to curlcurl = —A + Vdiv.

Let (1,6, 2") be the cylindrical coordinates of y. A straightforward computation
yields

—sind’

400 400 2w Wy
Ax) = / / / ( cos ¢’ )r'dﬁ’dr’dz’
oo Jo Joo Am\/r2—2r1 cosO + 12+ (2 — 2')? 0

(5.19)

By setting

—sin &

2 /
A(r,r!, 2,2') = / 4 ( cos 0’ >d0’ (5.20)
0 Amy\/r2 =21 cos 0 + 12 + (z — 2')? 0

Thus in view of (5.20), and the fact

2 r' sin &'df’

=0
0 \/r2 —2rr' cos @ + 1?2 + (z — 2')?
(5.20) takes the form
0
A1, 2, 2") = ( Ag(r,7, 2, 2) ) (5.21)
0

with ) / o
™ 0'do
Ag(r,r, 2, 2) = /0 7 Lo (5.22)

—2rr’'cos @ + 1" + (z — 2)?

Plug (5.22) in (5.19), we get
A(z) = Ay(r, 2)eq(x)

where o e
Ay(r, 2) :/ / Ag(r, !, z, 2 we (1, 2")dr'd2' (5.23)
—00 0
Combining (5.23) and (5.17) to obtain
+00 +0o0
P(r, 2) :/ / rAg(r, 1, z, 2w (r', 2" )dr'dz’ (5.24)
—00 0

Combining the last formula (5.24) with the problem (5.16), it results that the formula
(5.24) inverts the operator £ and therefore the function rAy(r, ', z, 2') is considered
as Green’s function of the operator £ . After a suitable change of variables, we find

U(r, 2) & L wy(r, 2) = /OO /000 fF(v =) j_ (2 =2) )wg(?,z)d?d%', (5.25)

rr

where the function F :]0,00[— R is expressed as follows:

T cos ada
Fle)= /0 (2(1 —cosa) + 3)1/2' (526)

Consequently, the boundary value problem (5.16) admits a unique solution.
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Abstract:

This thesis is one of many studies that deal with one of the important subjects of fluid mechanics,
where our study is focused on the Boussinesq system, which is a generalization of the Navier-Stokes
system. It is one of the premium problems, which is specified for its resolution a price of one million
dollars. In this thesis, we have studied the existence and uniqueness of the solution of the
axisymmetric Boussinesq system. This study is motivated by the existence of a similarity between
the axisymmetric case, in which the velocity in cylindrical coordinates is independent of the angle,
and the two-dimensional case, where the study of the vorticity plays a major role in proving the
existence and uniqueness. In this study, we have relied on the results of the axisymmetric Navier-
Stokes system. Since the Boussinesq system has an additional unknown, which is the density, where
is defined on a different set from the defining set of the vorticity, we have defined a new unknown
that balances the previous ones. The new unknown plays an important role in proving the local
existence of an infinite energy solution and in the a priori estimates. This study has also been extended
to include the case of initial data in the space of finite measures. The most challenging part is how to
give arigorous and suitable sense to the initial data of the new unknown. For this, we created concepts
such as the axisymmetric measure and through some results; we were able to prove that the
Boussinesq system is well posed in this case.

keywords: Axisymmetric Boussinesq system, Critical Spaces, Axisymmetric Measure, Global Well-
Posedness.

Résumé :

Cette these fait partie des nombreuses études qui traitent I'un des sujets importants de la mécanique
des fluides, ou notre étude s'accentue sur le systeme de Boussinesq, qui est une généralisation du
systeme de Navier-Stokes. C'est I'un des rares problémes dont il lui a été attribué le prix d’un million
de dollars. Dans cette thése, nous avons étudié I'existence et l'unicité de la solution du systeme de
Boussinesq axisymeétrique. Cette étude est motiveée par l'existence d'une similitude entre le cas
axisymeétrique, dont lequel la vitesse en coordonnées cylindriques est indépendante de I'angle, et du
cas bidimensionnel, ou I'étude du tourbillon joue un réle majeur pour prouver l'existence et I’unicite.
Dans cette étude, nous nous sommes appuyés sur les résultats du systeme de Navier-Stokes
axisymeétrique, et puisque le systeme de Boussinesg a un inconnu supplémentaire, qui est la densité,
ou est définie sur un ensemble différent de celui du tourbillon, nous avons défini un nouveau inconnu
qui équilibre les inconnus précédents. Le nouveau inconnu joue un réle important dans la preuve de
I'existence locale d'une solution d'énergie infinie et dans les estimations a priori. Cette étude a
également été étendue au cas des données initiales dans I'espace des mesures finies. Le plus difficile
est de donner un sens rigoureux et adapté aux données initiales du nouvel inconnu. Pour cela, nous
avons créé des concepts tels que la mesure axisymeétrique et a travers quelques résultats nous avons
pu prouver que le systéme Boussinesq est bien posé dans ce cas.

Mots clés : Systeme de Boussinesq Axisymétrique, Espaces Critique, Mesure Axisymétrique, Bien-
Posé globale.
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