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Abstract

In this work we study partial cases of the 2D Boussinesq system and the relation
between the accumulation of gradients of temperature and the global in time
regularity. Initially we make the deduction of the Navier-Stokes equations as well as
the equations involved in thermal convection. We developed the mathematical
framework presented by Dongho Chae related to the formulation of the Boussinesq
system in terms of vorticity and its relation to a blow-up criterion for smooth solutions
of the zero-viscosity-thermal Boussinesq system. We establish the relation between
the accumulation of gradients of temperature and the behavior of solutions at finite
time. Moreover, using the blow-up criterion developed for the zero-viscosity-thermal
Boussinesq system we go over the zero-thermal case of the Boussinesq system and
we show that provided of initial data belonging to a particular Sobolev space, then
we can prove that the solutions remains bounded for any time. That is, we prove the
global in time regularity to the zero-thermal 2D Boussinesq case. Finally, we study
the limit case when the thermal diffusivity constant of the complete Boussinesq
system tends to zero and its convergence to the solutions of the partial zero-thermal
Boussinesq system.

Keywords: Partial Differential Equations, Boussinesq system, blow-up for solutions,
global regularity.



Resumen

En este trabajo estudiamos casos parciales del sistema 2D de Boussinesq y su
relacion entre la acumulacion de gradientes de temperatura y la regularidad global
en tiempo. Inicialmente se realiza la deduccién de las ecuaciones de Navier-Stokes
asi como las ecuaciones que involucran el fendbmeno fisico de conveccion natural.
Desarrollamos el marco de referencia matematico desarrollado por Dongho Chae
en cuanto a la formulacién en términos de vorticidad del sistema de Boussinesq y su
relacibn con un criterio de explosion para soluciones suaves del sistema
cero-viscosidad-termal de Boussinesq. Se establece la relacion entre la acumulacion
de gradientes de temperatura y el comportamiento de las soluciones en tiempo
finito. Ademas, usando el criterio de explosion desarrollado para el sistema
cero-viscosidad-termal de Boussinesq abordamos el caso parcial zero-termal de
Boussinesq en el cual mostramos que provisto de datos iniciales en un espacio de
Sobolev apropiado, entonces podemos probar que las soluciones permanecen
acotadas para cualquier tiempo. Es decir, probamos la regularidad global en tiempo
para el caso parcial zero-termal 2D de Boussinesq. Finalmente, se estudia el caso
limite en el cual la constante de difusividad termal del sistema completo de
Boussinesq tiende a cero y su convergencia hacia las soluciones del caso parcial
zero-termal de Boussinesq.

Palabras claves: Ecuaciones Diferenciales Parciales, Sistema de Boussinesq,
explosion de soluciones, regularidad global.
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1 General introduction

Fluid Mechanics studies the behaviour and the motion of fluid flows present in nature. When we refer to a fluid
we think about either liquid, gas or plasma. For more than one hundred years mathematicians have developed
a general framework to study the equations arising in Fluid Mechanics. Precisely, these equations are some
of the most relevant in the field of Partial Differential Equations (PDEs) and present links to other branches
of mathematics. PDEs usually arise to mathematically study nature phenomena. To study mathematically a
PDE we mean to show crucial aspects like existence, uniqueness and regularity of the solutions. In most of the
cases it is not possible to analytically find an explicit solution to a PDE and we turn to construct appropriate
numerical methods.

Among the most important PDEs arising in Fluid Mechanics we have the so-called Navier-Stokes equations,
[1]. These equations describe the motion of incompressible fluid flows when we consider velocity, pressure and
density. The names of brilliant mathematicians like Leray, Ladyzhenskaya, Fefferman and others are linked to
the study of Navier-Stokes equations. However, until now there are still open problems related to existence and
regularity for the 3D case, [2].

Another very useful partial differential equation is the so-called convection-diffusion equation. This equation
models the evolution of some quantity when it is transported at some velocity with the presence of a diffusion
effect, [3]. In fact, a simplification of the convection-diffusion equation leads to consider the diffusion and heat
equations. The heat equation describes the distribution of temperature over a determined region when time is
evolving. The first mathematician who studied the heat equation was Joseph Fourier , who analytically found
an explicit solution to this equation in one dimension.

Taking into account the equations for the motion of incompressible fluids and convection-diffusion we can
obtain a system of PDEs which models the interaction of cold air masses at higher altitudes with hotter air
masses at lower altitudes, [4]. In this direction, Joseph Valentine Boussinesq' at the nineteenth century, re-
alized that the system governing natural thermal convection consists into a coupling between Navier-Stokes
and convection-diffusion equations. Precisely, this coupling was called Boussinesq approximation, [4]. Several
applications of practical importance of Boussinesq equations are: moving of fluids to transport or remove heat,
thermal process in meteorology, atmospheric sciences, air and water pollution and chemical engineering, [5].
Studies for the Boussinesq system started with a paper by Canon and Dibedenetto of 1980, [6], and until now
there are still open problems for partial cases, [7].

The 2D Boussinesq system for an incompressible fluid flow in R? is

%tl + (u-V)u+ Vp—vAu = fey,
o0
2D Boussinesq system B +u- Vo = kA, (1.1)

divu =0,
u(z,0) = up(z) 6(x,0) = by(x),

where u = (uj,us) is the velocity vector field of the fluid, and w; = u;(z,t),i = 1,2, (z,t) € R? x (0, 00),
p(z,t) is the scalar pressure, 0(x,t) the real valued temperature, v > 0 the viscosity coefficient and k& > 0 the
constant of thermal diffusivity. We have introduced system (1.1) in a compact way, however it consists of four
scalar equations for the four unknown variables. As it was said before, the first equation of (1.1) describes the
motion of an incompressible fluid and second equation of (1.1) governs the transport and distribution of fluid’s
temperature.

The case where v > 0 and k& > 0 was studied in the seminal work, [6], where the authors dealt with the
Cauchy problem (1.1) with initial data in LP, finding a unique global weak solution.

11842 1929 Joseph Valentine Boussinesq was a French mathematician and physicist who made significant contributions to the
theory of hydrodynamics, vibration, light, and heat.
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We can consider partial situations of the Boussinesq equations (1.1) by setting to zero both or at least one
of the viscosity or thermal diffusivity constants. Studies in this direction was considered out by Cordoba et
al. in [8], where the authors work with the case k = 0, > 0 and showing that a type of squirt singularities
are absent. Dongho Chae? inspired in [8] and using [9] proves in [10] the global-in-time regularity for partial
cases k = 0,v > 0 and k > 0, v = 0. Independently, Thomas Y. Hou and Congming Li, [11], show the global
well-posedness for the partial case £k = 0, v > 0. Finally, studies for the global regularity for Kk = v = 0
constitute an open problem for the Boussinesq system, [7].

In this work we study partial cases k = v = 0 and £k = 0, v > 0 of the Boussinesq system. We develop
the mathematical framework presented by Dongho Chae in [9] and [10] in the following way. First, we deduce
the Navier-Stokes equations and in particular we present the linearized forms of these equations based on [1]
, [3], [4] and [2]. We give an introduction to the well known heat and transport equations which allow us to
introduce the Boussinesq approximation. Then, based on [12] and [13] we introduce an appropriate functional
approach, that is, using Lebesgue, Distributions and Sobolev spaces. By using these functional spaces we give
a schematic way to construct solutions for Navier-Stokes and we establish the relation between accumulation
of vorticity and blow-up for smooth solutions. Finally, we use all the functional analysis approach developed
previously to show a blow up criterion for the zero-viscosity-thermal Boussinesq system which later allows us
to prove the global in time regularity for the zero-thermal Boussinesq system.

2 Preliminaries

In this section we introduce the basic notation that will be useful for the rest of this work. Through this work
we are dealing with the whole space R® and in particular the two dimensional space R?. However for practical
examples we sometimes consider 2 C R" to be a bounded domain and denote by 9f its boundary.

2.1 Basic notations

[13

We use notation “:=" for the expression “by definition”, and we consider the spatial variable x = (1, ..., Z,)
together with the time variable ¢ € [0, 00) as the independent variables for the functions introduced later. To
avoid overload notation and to give a realistic physical intuition we denote the spacial components in three
dimensions by x,y and z respectively.

For x,y € R", we denote:

n
X-y= Z%yi,
i=1

[N

n
2
|X| = Z Z; )
i=1
en =000 --- 1)}
where w' denotes the transpose of the corresponding vector/matrix w.

In particular for the two dimensional Euclidean space R? we have:

x| = V2% + y?

=)o)

We denote the ¢ — th partial derivative by D; = Oi = 0., and use indistinctly D or V to express the
derivative or gradient of a function.

2Dongho Chae is a Korean mathematician developing theoretical studies of Partial Differential Equations arising in Mathematical
Physics (Fluid mechanics, Gauge theories, Relativity).
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We define the vector u(z,t) = (ui(x,t),us(x,t)) as the velocity of a fluid at z € R™ and ¢ > 0. For
u we can assume that u(¢,x) — 0 as |x|— oo which later will be expressed simply by belonging to a certain
functional space. By simplicity, in the notation, sometimes we do not write explicitly the dependence on = and t.

For the vector function u we denote u(z,0) = ug(z) and the following standard operations in R? are
considered:

divu =V -u=0,u; + dyus,
Au= (0 +02)u,
(u-V)u = (u10; + u20y) u,

Vu-— <8IU1 ayu1> )

&Cug 8yu2

2.2 The Navier-Stokes equations

In the study of Fluid Mechanics we describe the motion of a fluid by means of Euler or Lagrange coordinates,
[4]. On one side, the so-called Eulerian framework consists on looking the fluid’s motion at a referenced time
and considering the evolution of an infinitesimal portion of the fluid. For example, it can be interpreted like
being on the bank of a river and see the water passing, [4]. On the other side, Lagrangian coordinates consists
in describing the motion of a fluid by looking at a fluid particle and following it through its evolution.

The Navier-Stokes equations is a system of non-linear PDEs describing the motion of an incompressible
fluid, [4]. These equations owe its name to Claude-Louis Marie Henri Navier® and Sir George Gabriel Stokes®.
Physically the Navier-Stokes equations consist of a formulation of Newton’s law for the motion of a continuous
distribution of the matter in fluid state. Based on the work of Charles Doering, [4], and Juan Luis Vasquez, [2],
we shall use the Eulerian coordinates to show a deduction of the Navier-Stokes equations.

Initially we consider a fluid which is not affected by the presence of viscosity, i.e. an ideal inviscid fluid. With
the aim of having a better physical intuition we consider the three dimensional case, that is x = (z,y, z) € R?
and t > 0 representing the space and time variables. In the Eulerian description the dependent variables are:

p = p(x,t) := density of the fluid,
u = u(z,t) := velocity vector field of the fluid,

p = p(z,t) := scalar pressure.

Let us think about an infinitesimal element of the fluid having volume 6V and located at position x = (z, y, 2)
at time ¢ with mass dm = p(x,t)0V (see Figure 1). This infinitesimal element of fluid is moving with velocity
u(z,t) and momentum dmu(zx,t). The normal force directed into §V, of area nda centered at x, is —np(z,t)da,
where n is the outward directed unit vector normal to the upper face of §V. Moreover, the pressure p(z,t) is
the unit of force per unit of area imposed on elements of the fluid from neighboring elements, [4].

Remark. The use of 0V,dm,dn,da comes from the Engineering and Physics point of view to express small
changes or small sizes. In the subject of Variational Calculus it gives us a convenient way to express admissible
increments. For further references see for example [14].

31785-1836 Claude-Louis Marie Henri Navier was a French physicist, mathematician and engineer.
41819-1903 Sir George Gabriel Stokes was a Anglo-Irish physicist and mathematician.
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Figure 1: Infinitesimal element of fluid 6V

The rate of change of a quantity f(x,t) with respect to time at fixed position is given by %. Additionally,
we introduce the rate of change of a quantity seeing it with respect to an observer with velocity u(z,t) by

df(x,t)  Of(x,t)

i = o +u-Vf(zt), (2.1)

where (2.1) is referred as the convective or material derivative of u, [4].

The equations for the motion of an incompressible fluid comes from the Newton’s second law and we take
into account physical parameters like density, velocity and pressure. The law of conservation of mass states
that dm can not be created or destroyed, even if it can be expanded or contracted, so that we must have:

dom
— =0. 2.2
o (2.2)
The rate of change of the infinitesimal volume §V = dxdydz occupied by dm is physically obtained by
sV déx ddy ddz

Since velocity is equal to distance over time, it is natural to think that the rate of change of dx,dy, dz can
be computed as follows:

% — sy + %, 2, 1) — us(a,y — 3L, 2, 1) :%25@,, (2.4)
% =us(w,y,z+ 5. 0) —us(w,y, 2 - §.1) = %&'
Combining (2.3) and (2.4) we get:
dzi:/ = %&céyéz + 88—1;251:@62' + %51‘59527
C%/ — V.uwV. (2:5)
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Thus, the divergence of the velocity vector field is the local rate of change of the volume of elements having
mass dm, [4]. Moreover, the rate of change of the density p in terms of 6V and dm is given by

dp(z,t) dom
dt  dtov
_ 0m doV
S oV2 dt
= —?STZV -udV
=—pV-u (2.6)

On the other side, using the definition of convective derivative (2.1) for the density p, we get

dp(z,t) _ Op(x,t)

i - o +u- Vp(z,t). (2.7)
Using (2.6) and (2.7), it follows that
%+u~Vp:—pV~u,
%-Fu-Vp—ka'u:O,
dp
9p —o. 2.
5 +V(up)=0 (2.8)

We refer to (2.8) as the continuity equation.

Newton’s second law states that the rate of change of the momentum equals to the net applied force. And,
in the absence of external forces, the net force § F' is provided by the pressure field on each element of the mass.

plx+ 6x/2,y,z)6y8z

ov

U Ve

fv

p(x — 8x/2,y,2)6yéz

Figure 2: Net force provided by pressure.

The components of §F: §Fy,6F5,0F5 in the x,y, 2- directions can be seen in Figure 2 and are represented
by the following expression
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5F1 :p(l' - %ay7zat)5y62 7p(x + %7yvz7t)6y52a

_ _Op
=5,V (2.9)

In the same way, doing the force decomposition in (2.9) for §F» and 0F3 we get

Jp

6F = —2L5
2 ay Vv

dp
0F; = ——4V.
3 0z v

Thus, the Newton second law for an element of fluid mass dm takes the form

d
ﬁ((Sm u) =0F,
d d
£6mu+(5m£ u=_20F,
(5m% u=4F =-46V(Vp). (2.10)

Taking in to account the definition of convective derivative (2.1) for the velocity field u

du(z,t)  Ou(z,?)

i - o +u- Vu(z,t),

which, combined with (2.10) gives the so-called Euler’s equations:

ou 1
i . = = . 2.11
5 +u-Vu p(Vp) (2.11)
Summarizing equations (2.8) and (2.11) we have

dp . .

% +V(up) = 0 (Continuity equation),

0 1

a—ltl +u-Vu = —;(Vp) (Euler’s equations).

Note that when n = 3 we have 4 equations for the 5 unknowns (uy, ug, us, p, p). This motivates to look for a
relationship between pressure p and density p. From the continuity equation (2.8) we can assume that density
of the fluid to be constant. This assumption gives what is known as the incompressibility condition:

V.-u=0, (2.12)
which physically means that all the relevant velocities of the fluid, are much smaller than the sound speed, [4].

Therefore, Euler’s equations for an incompressible homogeneous fluid are

ou 1
V-u=0,

(Vp),

where p is a parameter and in three dimensions we have 4 unknowns and 4 equations. Note that boundary
conditions are necessary for both u and p. Those conditions are imposed by the particular physical conditions
of the problem.
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During the deduction of Euler’s equations we assumed only that the pressure was acting over the fluid, i.e.
the absence of external forces. Considering the study done for the pressure p, we can extend the deduction to
the case when external forces f., are acting over the fluid, [2]. In this case we have that Euler’s equations in
the presence of an external force are given by

ou 1
V-u=0.

1
V “Jex;
( p)+pf

In order to derive the full Navier-Stokes equations it is necessary to consider the viscosity present in the
fluid. We define viscosity as the property of fluids to resist shear stress and it is analogous to the friction force
of solid mechanics, [4]. Consequently, we are going to consider another force imposed over the fluid, namely,
viscosity. The force due to viscosity f,is, a shear stress, is defined by

fvis = V1OV = VT1izdydz, (2.13)

where 7 is a shear stress.

Unlike pressure which has one component of force per direction, shear stress of viscosity is a tensor which
has 3 forces in each direction (see Figures 3 and 4).

Tzz
z
oV
8z
. *Tyy
v
r
/
/ Tax 8x
'Y é‘y

X

Figure 3: Orthogonal components of the forcing viscosity terms in a small region of volume V.
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oV Ty

Sx

X

Figure 4: planar components of the forcing viscosity terms in a small region of volume §V.

For each direction the sum of forces due to viscosity with respect to x,y, z axis are given by

0 T 0 T 0 2T . .
gx + (;Z + gz = fyis,, (a-direction), (2.14)
OTyy O ot oo

Toy | Tluy 4 Ty fuis, (y-direction), (2.15)

Ox Ay 0z
OTys 8Ty2 0T, . . .
o+ By + 5= fuis. (z-direction). (2.16)

For a Newtonian fluid (constant viscosity), we denote by p the viscosity. The shear stress is proportional to
the shear strain rate over the time. For arbitrary ¢ and distance y from the reference point x we have the strain

rate given as follows

éy.t) = (;gi) (y,t)

— 2% ( t)
~ \oyar )W
Jdu
= ——(y,t).
ay (y,t)
For each component of the shear stress we have
Taoy =Tya = (€ay + €ya)pt

_ (909y 00x
= \otor "oty )

= gu +£u
— 9z TP
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= (éyz +éxy)u
<3 Oz 0 3y)

Tyz = sz
ooy ' Otoz
(o, 0
- 8yu3 aZU2 Hy
Toz = Tze — (emz + EZ:E)M
LAY
~ \otor " otoz)"

= 2u +2u
= 3T g M My

vz = 2H5 UL,
T /Jaxul
0
Tyy = 2u8—yuQ,
Toy = QMEU;g.
Substituting the above stress-strain relations into (2.14), (2.15), (2.16) we get for the a-direction

OTze  OTyz = OTey
+ =+

Fois = Oz Oy 0z
L0 (AN (2 2N D (Pt D
- Oz ”axul dy K 8:qu2 8yu1 0z a 8:cu3 Bzul
A N B )

H\ 922 oy? 022 U e \ar ™ 8yu2 92"

0? 02 0? 0
m + u+ p5-V - u
Y2 ox

22 "o T o2
02 02 0?
Ml TaE T |

where we have used the condition V - u = 0. In the y and z directions respectively we get

Putting all equations above together and considering (2.13) we get
fvis = ,uAu(SV

Using Newton’s second law in the presence of pressure p, viscosity p and an external force f., we have

1 d
5 2T = ™
L CUpV 4 fondV + pAusV) = 22 4w V)u
5m p exr /’L - at b
0 1 1
ot P P P
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Defining v = K we have the Navier-Stokes equations with constant density and viscosity, under the action

of an external force f.;, given by

gltl+(u-V)u+;Vp—vAu:/1)fw,

Navier-Stokes equations (2.17)

V-u=0.

Notice that in a domain 2 with boundary condition and initial data we have what is known as a Navier-Stokes
problem.

By simplicity, in most of the cases we assume p = 1 and we call v the viscosity constant of a fluid. Moreover,
we just consider the Navier-Stokes equations in two dimensions, namely, u = (uy(z,t), us2(x,t)), z € R? and the
time variable ¢ € [0, 00).

Albeit that we will work with equations (2.17) which are nonlinear, we present some useful simplifications of
Navier-Stokes equations. We consider 2 C R" be a bounded domain and its boundary given by 0€). Moreover,
we assume the presence of an arbitrary external force f. These simplifications are needed because the general
problem has no global solutions and it is difficult to treat, [2].

The Stokes system

The Stokes equations are the linear form of the complete Navier-Stokes equations. In this case we consider very
viscous fluids which produce the motion terms to vanish. Adding the assumption of constant density p = 1 and
Dirichlet boundary condition we obtain

—vAu+Vp=f in Q,
Stokes system V-u=0 in Q, (2.18)
u=0 on 0N.

Steady-State Navier-Stokes system

At this point we allow to assume certain kind of transport given by the nonlinear term (u-V)u. Adding Dirichlet
boundary condition, the Steady-State Navier-Stokes system is given by

(u-Viu—vAu+Vp=f in Q,
Steady-State Navier-Stokes V-u=0 in £, (2.19)
u=0 on ONQ.

In the previous equations we have considered Dirichlet boundary conditions. This condition on the boundary
can be seen as the adherence of the fluid to the boundary of Q. For studies related to the existence, uniqueness
and regularity of solutions for the systems (2.18) and (2.19) we recommend the book by R. Temam, [1].

2.3 The heat equation

We are going to describe, briefly, one of the most important PDEs, hat is, the problem of describing the diffusion
of heat over a region. The study of this problem has its origin with Joseph Fourier® who, in 1807 proposed what
is known as Fourier’s law of heat conduction, whence he obtained the heat equation. Fourier also proved that
a solution of the heat equation can be represented in an infinite sum of sine-cosine functions which is known as
a Fourier series.

Let Q C R", be an open bounded set, which is made of a homogeneous material having constant thermal
diffusivity k. We denote the heat external source by f(z,t) and by 0(x,t) the temperature at € Q and time
t > 0. We also consider the initial distribution of heat given by 8y(x), = € 2. Then from the conservation of

5Jean-Baptiste Joseph Fourier (1768 — 1830) was a French mathematician and physicist born in Auxerre and best known for
initiating the investigation of Fourier series and their applications to problems of heat transfer and vibrations.
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energy and the Fourier law, we present the equation modeling the evolution of the heat diffusion in 2, and we
complement it with a Dirichlet boundary condition and an initial heat distribution 6.

% —kAO(z,t) = f(z,t) in QxR
The heat equation f(z,t) =0 on QxRS (2.20)

0(z,0) = 6p(x) in .

Note that in equation (2.20) we denote ¢ € R} and we provide a condition over the boundary of © which
gives a boundary value problem. The Dirichlet boundary condition physically means that the domain €2 is sur-
rounded by constant temperature equal zero. Moreover, the assumption of initial conditions lead us to consider
what is known as Cauchy problem. The problem (2.20) can be roughly explained as the evolution of heat with
respect to time when a effect of diffusion is presented and a source provides heat externally.

Some important remarks about the heat equation are described in the following:

e The quantities involved in equation (2.20) have physical units. Since our objective is to mathematically
study equations like (2.20), we neglect this dependence of physical units.

e The case of Dirichlet boundary condition in (2.20) can be extended depending of the physical context of
the problem, [3]. For example when heat flux from Q to the exterior is not allowed, then we introduce
another boundary condition, namely, V8 - n = 0, where n is the outward unit vector to 2.

e The model introduced in equation (2.20) is not only describing the heat propagation. In fact, the heat
equation can be easily generalized to the case of modeling the dissipation of any quantity over a region.

e Several applications of equation (2.20) can be mentioned. For example it is linked to probability, random
walks, Brownian motion, financial applications. Moreover, several modifications of the heat equation can
be found in the literature (see for example [15, Chapter 7]).

e The heat propagation in a fixed medium can be extended to the case when we have a phenomenon of
convection or transport through a non fixed medium. For example, we want to determine the distribution
of heat trough the motion or transport of fluid. The introduction of a transport phenomenon requires the
addition of the velocity u of the medium in which the heat propagates, [3]. Under the conditions described
above we present the convection-diffusion equation,

%ﬁ’“ +uVO(@, 1) — kAO(z, 1) = f(x,t) in QxRY,

The convection-diffusion equation O(z,{) =0 on A0 xRS (2.21)
0(z,0) =6p(x) in L.

From equation (2.21) we can consider a simplification by setting the thermal-diffusivity constant k to
zero. For the case k = 0, we have the convection or transport equation that will be introduced in the next
section.

2.4 The transport equation

The transport or convection equation is a first order linear PDE. The term convection is typically used in Fluid
Mechanics. This equation can be obtained from the convection-diffusion equation (2.21) by setting the thermal
diffusivity k to be zero. To introduce the transport equation we consider a scalar field 6, which by simplicity
can be though as the unknown distribution of a physical quantity that we want to determine. In this sense,
under the presence of an external force f we have the transport or convection equation given by

%) +u-Vl(z,t) = f(z,t) in QxRS

. . ot
The convection or transport equation O(z,t) =0 on 09 x RY, (2.22)

0(x,0) = 6pg(x) in Q.

Mathematician 12 Final Grade Project



School of Mathematical and Computational Sciences YACHAY TECH

Physically we can describe equation (2.22) as the evolution in time of some quantity 6 when it is transported
proportional to the velocity u and the transport phenomenon is enhanced by an external force f.

So far, we have introduced the equations for the motion for incompressible fluids, the convection-diffusion
equation and the heat and transport equations separately. From a mathematical and physical point of view
it is important to consider cases of coupling between equations described before. Precisely, the Navier-Stokes
equations and the convection-diffusion equation gives the core of this memory, namely, the Boussinesq equations.

2.5 The Boussinesq approximation

At the beginning of this section we have considered equations governing motion for incompressible fluids, namely,
Navier-Stokes equation for the velocity field u, and we neglected temperature and density variations of the fluid.
Here we deal with the problem of thermal convection by an incompressible fluid. That is, we consider the case
when motion of fluid is caused by an external heat source. Thermal convection or heat transfer was analyzed
by Joseph Valentine Boussinesq who realized that variations in density are produced by the presence of gravita-
tional force. According to [4, Sec. 1.5] thermal conduction between neighboring fluid elements is carried out by
including a diffusive term, introducing the thermal diffusion coefficient and taking into account a buoyancy force
into the velocity evolution equation. The inclusion of a buoyancy force comes from the fact that temperature
variations lead to density variations.

Based on [4] and apart from the previous equations, we consider the whole space R® and in that case we
present a sketchy idea for the deduction of the equations in the Boussinesq approximation. From (2.8) we have
the continuity equation given by:

ap B
a-ﬁ-v-(pu)—o.

If density variations are neglected we have:
divu = 0. (2.23)
From Navier-Stokes equations (2.17) with an external force F we have

Ju 1 1
2t (u-V) u+;Vp = I/AU‘F;F. (2.24)

Assuming that density variations are product of temperature variations, that is,
p—po=—o(T —Tp),

and F being a gravitational force i.e, F = pg, where g = —eag. Then F results into

F = —(po — a(T = Tp))ezg.
Replacing F in (2.24) gives us

0
a—ltl + (u-V)u+Vp =vAu+ega(T — Tp),

where pg, Ty, are the density and temperature reference, o the thermal expansion coefficient, and we have in-

cluded additive constants to p.

Moreover, the equation for the heat flow is given by

aa—f + (u-V)T = kAT, (2.25)

with k being the thermal diffusion coefficient.

In fact, the relative temperature § = T — Ty can be put into the previous equations because Ty can be
considered as an arbitrary additive constant and derivatives in (2.25) depends only on T'. In this way, equations
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(2.23), (2.24) and (2.25) constitute the Boussinesq approximation. Indeed, setting go = 1 and providing initial
conditions we write the Boussinesq equations as follows:

aa—;l + (u-V)u+Vp = vAu+bes,
00
The Boussinesq equations e + (u-V)0 = kA, (2.26)

divua =0,

u(z,0) =ug(z), 6(x,0) = 0by(x).

Once we have introduced the Boussinesq equations we can go further and we can consider partial cases for
the Boussinesq system. These partial cases are introduced by setting either viscosity or thermal diffusivity to
zero. In the next section we present the most representative cases.

2.6 Partial Boussinesq approximations

The key feature in this section is the fact that we can consider cases when physical constants associated to
(2.26) are allowed to be zero. Beyond the physical meaning of this new models, the simplifications introduced
allow a theoretical treatment of this systems as we will see in the outcoming sections.

We introduce the case when v, k = 0. In this case we have a coupling between the equations for the motion
of an inviscid fluid (Euler) and a transport equation. We present the zero-viscosity-thermal Boussinesq system.

0
au ., (u-V)u+Vp = fey,
ot
00
The zero-viscosity-thermal Boussinesq equations e + (u-V)8 =0, (2.27)

diva =0,
u(z,0) =ug(x), O(x,0)=0(x).

The partial case v = 0 and k£ > 0 is referred to the zero-viscosity Boussinesq system. In this case we have a
coupling between the equations for the motion of an inviscid fluid and the convection diffusion equation.

0
a—? + (u-V)u+Vp = fey,
00
The zero-viscosity Boussinesq equations t + (u-V)0 = kA8, (2.28)

divua =0,
u(z,0) = up(x), 6O(z,0)=0(x).

Finally, setting v > 0 and k£ = 0 we obtain a coupled system between the Navier-Stokes equations and the
transport equation. We denote this case as zero-thermal Boussinesq system.

du

N + (u-V)u+Vp =fey +vAu,
00
The zero-thermal Boussinesq equations En + (u-V)6 =0, (2.29)

divu = 0,
u(z,0) = up(x), 6(z,0) = 0y(x).
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3 Functional Analysis approach

In order to mathematically study the Boussinesq system (2.26) we need to introduce some modern mathematical
facts arising in the study of fluid mechanics PDE’s. First, we present some explicit solutions for the equations
mentioned before. Then we review the functional spaces on which the theory of PDE’s is developed and its
applications to the Boussinesq system. Finally we give a schematic way to construct smooth solutions for the
Navier-Stokes equations and the relation between the accumulation of vorticity and the existence of global
smooth solutions for Navier-Stokes.

3.1 Fundamental solutions

For the study of PDEs is important to look for explicit solutions given by the nature of the problem. For exam-
ple after looking for properties like invariance under rotation and translation of the equations, we can suggest a
simple solution that can be later improved, [15]. In this sense, we introduce the concept of fundamental solution
for PDEs. The concept of fundamental solution is closely related to the space of distributions that shall be
introduced later. For the moment we just concentrate on explicit solutions for partial differential equations.

Lemma 1 (Explicit solution for the convection-diffusion equation in R). Let us consider the convection-diffusion
equation (2.21) with continuous and bounded initial data. If we assume Q = R, u be a constant velocity and
f=0. Then the solution of
00(z,t) 0 0?
— —0(x,t) — k=—=0(x,t
ot +u8x (l’, ) 8.132 (.’E, ) ’
0(x,0) = bo(x),

is given by the expression

x —ut — y|?
B(,t) = @/}R@O(y) exp (-W) dy. (3.2)

For a complete proof see [3, Exercise 1.2.1].

Now we summarize classic results for the heat and Laplace equations. For further studies of these equations
we recommend the book of L. Evans, [15].

Lemma 2 (Explicit solution for the homogeneous heat equation in R?). Let us consider the heat equation (2.20)
provided of continuous and bounded initial data. If 2 = R? and f = 0. Then the solution of the problem

9@t Ao ) = 0,

ot
0(x,0) = Og(x),

s given by the expression

1 z—yl?
Oz, t) = ypn /]Rz exp <—M> Oo(y)dy, (r € R%t > 0).

The proof is presented in [15, Section 2.3].

An important particularization of the heat equation is given by its stationary version. This stationary version
of the heat equation does not consider the evolution in time of § and in the homogeneous case it is typically
known as the Laplace® equation. Under the presence of an external force f the stationary case of heat equation
is known as the Poisson” equation.

61749-1827 Pierre-Simon Laplace was a French scholar whose work was important to the development of engineering, mathe-
matics, statistics, physics, astronomy, and philosophy.
71781-1840 Siméon Denis Poisson was a French mathematician, engineer, and physicist, who made several scientific advances.
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Lemma 3 (Solution of the Poisson equation). Let f be a smooth function in R?, vanishing sufficiently rapidly
as |x|— oo. Then the solution to the Poisson equation

~A0 =],

s given by

0(z) = . N(z —y)f(y)dy,

where the fundamental solution N, also called kernel is

1
N(z) = ~5 In|z|.

The proof is presented in [15, Section 2.2].

Leaving aside our aim of looking explicit solutions of partial differential equations in the whole space, we
present the Grénwall inequality. This is also called Gronwall’s lemma and allows us to bound a function assumed
to satisfy certain differential or integral inequality.

Lemma 4 (Gronwall’s inequality, differential form). Let u, 8 be real valued functions defined on [0,T] such that
u, B are continuous at [0, T] and differentiable at (0,T), satisfying the inequality

' (t) < Bt)u(t) te(0,T),
then

u(t) < u(0)exp (/0 5(8)(18) . (3.3)

For the proof see [15, Appendix B].

Lemma 5 (Gronwall’s inequality, integral form). Let a, 8 and w be real-valued functions defined on [0,T].
Assume that 8 and u are continuous such that B is non negative and if u satisfies the integral inequality

u(t) < a(t) + /t B(s)u(s)ds, Vte[0,T],

then

u(t) < aft) + |

a

a(s)B(s) exp (/ B(r)dr) ds, te€]0,T].

Moreover, if a is non-decreasing, then

u(t) < a(t) exp (/ ﬂ(s)ds) , telo,T]. (3.4)

For the proof see [15, Appendix B].

In the next sections we give an introduction to the functional spaces used to study PDEs. These functional
spaces make use of the integration theory developed by Lebesgue® with the construction of Lebesgue measurable
functions and LP spaces. We give an elementary review to the space of generalized functions or distributions
developed by Schwartz®. Then, the LP and Distributions spaces reached the pinnacle of its development with
the theory presented by Sobolev'® with the so-called Sobolev spaces.

81875-1941 Henri Leén Lebesgue was a French mathematician with contributions to integral and measure theory.

91915-2002 Laurent-Moise Schwartz was a French mathematician pioneering in the theory of Distributions or generalized func-
tions.

101908-189 Serguéi Sébolev was a Russian mathematician who worked in mathematical analysis and PDE’s.

Mathematician 16 Final Grade Project



School of Mathematical and Computational Sciences YACHAY TECH

3.2 LP spaces

In this section we present some elementary facts about LP—spaces. There is an extensive classical literature
for this topic, and we refer for example [16] and [17] for a rigorous treatment about Functional Analysis and
Measure Theory. In this matter, by simplicity we consider the whole space R™ and we show results that will be
useful for further considerations. The next results will be based on [12].

Let 1 < p < co. We denote by LP(R™) the Banach space of all (equivalence classes of) Lebesgue measurable
real functions u defined on R™ which have finite norm

1
el oy = 1l = ( / |u<x>dx) 7

where two functions v and v are in the same equivalence class if and only if ©v = v almost everywhere. For
sake of simplicity we shall identify an equivalence class with one of its representatives. We also write “a.e” for
“almost everywhere” concerning the Lebesgue measure.

Let 1 < p < co. We define LY (R™), the set of Lebesgue measurable functions such that

1
P
lull Lo (mey = [Jullze == (/ |u(x)|d:1:> < 400, VK C X compact.
K

L?(R") is a Hilbert space whenever is endowed with the scalar product given by

(U V) p2(rny = (U, V) 2 ::/ u(z)v(z)de,

n

for u,v € L*(R").
If p = oo, we define L*>*(R™) be the Banach space of all measurable functions u with finite essential supremum

|l oo ey = lul|z~ := ess sup |u(x)].
z€ER"

Let p € [1,00]. We denote by ¢ the conjugate exponent,
1 1
S4-=1
p q

Theorem 1 (A density result). The space of test functions C2° (infinitely differentiable functions with compact
support) is dense in LP(1 < p < 00).

A proof is presented in [18, Proposition 8.17].
We collect some classical results on LP-spaces for real valued functions that later can be extended to vector

functions. The proof of the next results can be found in any Functional Analysis book, in particular we
recommend [16].

Theorem 2 (Holder’s inequality). If u € LP(R"), v € LY(R"), then uv € L*(R™), and
Juvl[pr < Jlullze 0]l za-
By using Holder’s inequality we get the following interpolation inequality.

Corollary 1 (Interpolation inequality). Let u € LPNL" with 1 <p <~y <r <oo, 0 < a <1 such that

1 a 11—«
=4 .
vy p r
Then u € LY and
Jullzr < [lull g llully = < llullze + lullLr- (3.5)
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Theorem 3 (Young’s inequality). Let a and b two nonnegative real numbers such that 1 < p,q < oo and

11
S+ Z=1,
p q
then »
ab< L 4+ 2 (3.6)
P q

Theorem 4 (A generalized Minkowski inequality). Let F be a measurable function on the measurable product
space X XY with dx and dy the measures in X and Y respectively. Then

(/Y (/XF(x,y)lddey)l/pS/x(LIF(w7y)|pdy>l/pdx, 1<p<oo. (3.7)

Corollary 2 (Minkowski inequality). Let f and g in LP. Then f+ g € L?, and we have the triangle inequality
If +gllee < fllze +llgllze, 1 <p < oo (3.8)

We can go into several directions when studying LP spaces. For example: reflexivity, separability and duality.
For treatments in these directions, we refer again to the classical book of Brezis, [16].

Let (u;) = (u;)32; be a sequence in LP(R"). Then we write the convergence of u; in this space as

u= lim u; in LP(R")
J—00

meaning that v € LP(R") and
hm ||U — UjHLp(]Rn) =0.
j—o0

Taking into account the Boussinesq equations in two dimensions we have to deal with LP spaces for vector
fields in two dimensions u = (uy,us). We define (LP(R™))? as the Banach space of vector functions such that
each component belongs to LP(R"), namely,

(LP(R™))? := {(ul,ug);uj € LP(RY),j = 1,2}.

Moreover, (LP(R"))? is endowed with the norm

=

lallze@ee = llullze@s = (lualls + luzllf)

In particular, the space (L?(R™))? is a Hilbert space with scalar product

(uvv)LQ(R“) = (U,V)L2 ::/ ll-VdJ,‘, (39)

n

with u-v = ujv; + ugvs.

Finally observe thatn the previous results for real valued functions, Hoélder, interpolation and Minkowski
inequalities in LP spaces naturally extend to the case (L (R?))2.

3.3 Distributions

Let 2 C R™ be an open set. We denote by
D(Q) = C=(),

the class of continuous infinitely differentiable functions with compact support. We say that a function f has
compact support if there is some compact set K C €2 such that f is identically zero outside of K.

Let o be a multiindex in R", n € N that is a is a vector in R™ given by

a = (()[1,062,"' 7an)7
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where o; € N. Then the derivative of order ||, where
ol = a1 + g + -+ + ay,

is defined by
lor]
D® = %
aahl 89:5 U (9%’3
We consider a notion of convergence in the space D(Q) as follows: let {¢x }ren C D(2). We say that {og }x
converges to ¢ € D(Q) if

1. 3K CQ:supp(pr) C K VkeN
2. Va e N*: D%}, — D¢.

Definition (Space of distributions). We define the space of distributions as the topological dual space of D(2),
that is
D'(Q) :={T : D(Q) — R/T is linear and continuos}.

If T € D'(Q) and ¢ € D(R2) we denote the duality product as
(T, ) pryxn(e) = T(¢).
In D'(§2) we say that {Tj}ren C D'(92) converges to T € D'() if and only if
Vo € D(Q) : (T, ¢) — (T, ¢).

Note that the notion of convergence given above makes sense due to the fact that (T, ¢) is a real number.

Example

e Given a function f € L] (), f induces an operator Ty € D'(Q) given by

(T}, ) = /Q fode, o e D(Q).

Indeed, if supp(f) C K C € then

< 6l /K |fldz < oc.

Therefore by taking ¢ = fK | f|dx we have
Ty (u)] < cllgll =

So, Ty is well defined and it is continuous in D(£2). Obviously it is linear in ¢. We make an abuse of
notation and denote f € D'(Q).
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Example

e Let us see that L?(£2) can be seen as a subspace of D’(Q2). Remember that L?(2) is a Hilbert space and by
Theorem 1 D(f2) is dense in L?(£2). Given a function f € L*(Q), we associate the distribution Ty € D'(2)
as

(Ty, ) iz/ﬂfédﬂc, Vo € D(Q).

Note that Ty = 0 is equivalent to say,
/ fode =0, V¢ e D(Q).
Q

Which implies f = 0. Namely, T is injective, or L?() is a subspace of D’(Q2). Moreover the injection
L?(Q2) — D'(Q) is continuous.

Remark. Note that the condition of L? being a subspace of the space of distributions gives us a characterization
for the condition of functions vanishing sufficiently rapidly as |x|— oco. That is, a function vanishing sufficiently
rapidly can be though as being in L? in such a way that in the case of integration by parts the border terms
neglect.

d
Definition (Distributional derivative). Let T € D'(2). We define = 0;,T € D'(Q) as

Observe that the last definition makes sense for f € C1(Q). If f € C1(Q) then 0;f € C() C D'(Q), and
we have:

(0T, ¢); = —(Ty, 0:9)

/f&(bdm
- /Q 0 f

= <T3if, ¢>7 V¢ S D(Q)

Then, the derivative in the sense of distributions and the usual derivative coincide for f € C1(Q).

Proposition 1 (Properties of distributional derivatives). Let {T}}ren C D'(Q) and T € D'(Q2). We have:
i) (D°T,¢) = (~=1)l*N(T, D*¢), Vo € Np.

iii) I To 2 T then DT, 2% DoT, Vo e Np.

Proof.

i) Let T € D'(Q) and ¢ € D’(Q2), by using the integration by parts formula we have, for all 4,j =1,--- ,n:

9;(0;T) = (0:(0;T), ¢)
= —(0,T, 9;¢)
= (T, 0;(0;0))
—_@T@@
=(0;(0:T),9)

= 0,(0;T).
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ii) Let T € D'(Q2) and ¢ € D(Q) with « a multiindex. Then, if & = (a1, -+ ,ay), |a|=Y i o,
(DT, ) = (05 - 00T, )

1

S R e )
= (-1)*KT, D).

—~
=

iii) Let {Ti}ren C D'(Q), T € D'(Q) and for any ¢ € D(Q), we assume that T, @), T, i.e.

Jim [Tk (9) = T()] = 0.

By property (ii) we have

Ty _TaDa¢>|

Thus,
lim |D°Ti(¢) - D°T()| = lim (T}, - T, D*¢)| =0,

k—o0

since ¢ € D(Q) implies D*¢ € D().

3.4 Sobolev Spaces

Sobolev spaces provide a convenient framework when working with PDEs. These spaces use the already men-
tioned distributional derivative and the L? theory. Let us fix p € [1,00] and let m be a nonegative integer. We
define function spaces whose members have distribution or weak derivatives of various orders and its derivative
lies in LP spaces. By simplicity we consider the whole space R™, however the next results can be stated over a
domain Q C R"; these are based on [12], [15] and [16].

Definition. The Sobolev space W™ P(R™) consist of functions u belonging to LP(R™) such that for each multi-
index o with |a| < m, D*u exists in the distribution sense and belongs to LP(R™).

The norm in W™P(R") = W™P is defined by

> [ ptarar) o a<p<s)
Rn

lullwms 2= { \jal<m

Z ess sup [D%u|, (p= o00).

la|<m

We denote LP = WP, The cases of m = 1,2 for 1 < p < oo will be frequently used and we use notations

n P
Vu=Du= (Dju)jey, |Vulre = [Dullre = | Y IDjulls |

j=1

similarly

=

V2u=D*u:=(D;Dw)} iy, IV?ullpe = [ D*ullpe i= | > ID; Dullf,
ji=1
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And for p = ©

HVUHLW ‘= max ||DjUHL°°7 HV2u||Loo = max HDleuHLoo.
j=1,---.n Jl=1,---n

Sometimes we use convenient equivalent norms. For instance,
[ullze + IVulle = [[|ulllwre,

and
lullze + [ Vulle + [IV2ullze = |[Julllw2s-

In particular if p = 2, we denote,

Wm2(RY) := H™(RY) = {u € L*(R™) : D% € L*(R"), Y 0< |a|< m} .

The importance of this space is given itself by the well know properties of the space L?, which is a Hilbert
space. In, in H™(R") = H™ we define the inner product,

(w,0)pm = Y DuD%vdz, (3.10)
0<|a|<m ’B"
and the induced norm
2
fullgm = > IID%ull7= ] - (3.11)
0<|al<m

We present now some basic properties of Sobolev spaces, which can be found in several books (see for ex-
ample [15], [16].)

Theorem 5. H™ is a Hilbert space with the inner product (-, )gm defined in (3.10).

Proof. Note that H™ is prehilbert because it is endowed with the inner product (-,-)gm. Thus, we have to
prove that the H™ is complete with respect to || - || gm.

Let {v,}n € H™(R") be a Cauchy sequence. Using the definition of H™ norm (3.11) we have

lvn = vmllL2 < [lvn — vmllEm,
|IDYvy, — D% |2 < |D%vp, — D% |lm, ¥V |a|< m.

Namely, {v, }, and {D%v,},, are Cauchy sequences in L?(R™) which is complete. Then, there is v,w € L?({2)
such that

v, — v, in L*(R™),
D%, —w in L*(R"), V |a/<m.

Thus, if we prove w = Dv in the distribution sense, we would have D% € L?(R™) which implies v € H™(R")
and v, — v in H™(R"). We know

lon = vlFm = llon = vllZ2 + D [1D%0n — D0|[3s. (3.12)
1<]al<m
We mentioned above that injection L?(R®) < D’(R™) is continuous. Then,
v, — v, in D'(R"),
D%, - w in D'(R"), V |a|<m.
Since the derivative in the distribution sense defines a continuous linear operator in D’(Q), and v,, — v in

D'(Q), then D*v,, — D*v in D’(Q)) and in particular w = D%v.

Finally, (3.12) implies that lim, . ||vn — v||gm = 0. O
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One question which arises when studying Sobolev spaces is the approximation of functions in H™ by smooth
functions, as is possible for LP spaces. In this direction we present the following density result.

Theorem 6 (Density result). In the whole space R™ we have that the closure of smooth functions D(R™) gives
H™(R"™), namely,
Cx(R») = H™(R").

In other words, given v € H™(R™) there exist (¢n)n C D(R™) such that ¢, — ¢ in H™(R™).

The proof uses the techniques of convolution( to get C*° functions) and cut off (to get compact support).
The details of the proof can be found in [15].

Since we are working on the whole space R", we make use of the Fourier transform and its properties to get
an equivalent definition of the space H™(R"). As is pointed in [19] we define the Sobolev space H™(R") by

H™(RY) = {u € L2®"): (1+ ¢ #a € L2R™) ], (3.13)

and the norm
[l grom oy = [[(1+ 1) ™%l L2 (geny, (3.14)

where @ denotes the Fourier transform of the function w. That is,
u(€) = / u(z)e 2™ 8 dz,  for £ € R™.
We can also consider the case when m = s € R and the previous definition remains valid.

Now we present a result which shows us that if we consider the space H™(R") with m large enough, then
the functions belong to spaces with classical derivatives.

Theorem 7. If m > § then H™(R") is continuously embedded in C(R™), i.e. there exist a constant ¢ > 0 such
that
[ullee < effullzm-

Proof. Let uw € H™(R"), m > §. By means of the Fourier transform we have

m
2

a(§) = (L+ ")~ F (1 + [g*) Fae). (3.15)

Since u € H™(R™), then (1 + [¢|?)% a(¢) € L2(R™). On the other hand, using polar coordinates we obtain

/<+\5| //S +\|z " do(«')dr

=m(S" ! 77" .
(S )/0 (1—|—|r\) dr, (3.16)

where m(S™1) is the measure of the n — 1 unit sphere.

Note that expression (3.16) is finite if and only if

2m—n+1>1

>n
m> —.
2

Namely, (1 + [¢[*)"% € L?(R") and using (3.15) together with the Cauchy-Schwartz inequality we have
@ € LY(R™). Thus u = @ € C(R"), since the Fourier transform of a L!-function is continuous.
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Moreover,

)] = | [ a(eri=<ag

< [la@)l s

< Cln,m) (1 + 1€ Fa(©)]
< C(n,m)|ull o,

where we used the alternative definition for the norm H™ given in (3.14).

Finally, note that sup,cpn|u(z)|< c||ul|gm, which give us the result. O
Corollary 3. If k € Z* and m > % + k, then
H™(R™) — C*(R™).
Proof. Since m — k > 5, Theorem 7 gives the continuous injection,
H™ ¥ R") — C(R").
If w € H™(R"), then D € H™ *(R®), V |a|< k. Moreover using the above continuous injection we have

Dy € C(R") which give us u € C¥(R"). O

Example
e In two dimensions (n = 2) and for k = 1 we have the continuous injection
H™(R?) — C' (R?), m > 2,

and the estimate

IVullz < llul . (3.17)
Sobolev inequalities

Once we have presented some elementary results for the space Hilbert space H™, we deal with the general
Banach space W™ P, The space W"P inherits the completeness, reflexivity and separability from LP. The
most important facts related to WP are called Sobolev embeddings. These embeddings are summarized in
the following theorem. For a good treatment of Sobolev embeddings see for example [15].

Theorem 8 (Sobolev inequalities). In the whole space R™ we have

1 1 1
ifp<n WWERY)CLIRY, Voellp], =

p p n
if p=n WWR") C LIR"), Vg € [1,+o0],

if p>n WH(R") c C(R"),

b

with continuous injection, that is, WHP(R®) — E, with E denoting the corresponding space. Moreover, there
exists a constant C' > 0 such that, for all u € WHP(R"),

lulle < Cllullwre @)
The proof is presented in [15].

More general, if £ > [ and 1 < p < g < oo such that
1 k

P n

S|

1
q

then we have the continuous injection
WHhP(R™) — WHY(R™).
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Example
e In two dimensions (n=2), for m > 2 we have the continuous injection
H™(R?) — WP (R?),
provided p satisfies,

1-m 1-p 1

P < —=,
2 p 2
p
1l-p<—2,
P="3

2 <p.

Thus, for m > 2 and p > 2 we have the estimate for u € H™ (R?),
ullw2p r2y < Cllullgm @2)- (3.18)

Theorem 9 (Gagliardo-Nirenberg interpolation inequality). Let 1 < ¢,r < oo and let m € N. Assume «,j € N
are such that

1 ] 1 1-—
_j+<m a+ a, (3.19)
P n r n q
and )
L <a<t.
m

Then, there exist a constant C depending only on m,n,j,q,r and a such that
D70 Lo (ny < CID™ gy [0l iy (3:20)

The proof is presented in [15].

Examples

e In two dimensions (n = 2) and for j, p, q, r satisfying (3.19), we have

I~ < ClulZ [valZ=, p>2, (3.21)
IVull e < CIValZ = [D2u|E=, p>2. (3.22)

e In R”, for 0 < k < m, it holds
1D a2 < Cflu 2™ D™ w5 (3.23)

e For w = curlu in two dimensions, for ¢ = 2,7 = 2,5 = 0 and m > 2, it remains true that for

oo P—2
(m—1)p’
l—az24 (m—2)(p —2)
p (m—1)p
Then,
2+(m 2)(117 2) 1 : 712)
lwllize < Cllwlly. ™07 D™ w507 (3.24)

e For a function € in two dimensions and j = 1,7 =2,g = 2,m > 2. It is true that

man2(1—%) 21
IV0llz» < CID™0ll ll6]7. (3.25)
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3.5 Mollifiers

Now we give an introduction to the regularization technique by mollifiers. This regularization involves convolu-
tion of a non regular function with a function having better properties. Mollifiers have the well known property
of smoothing things. For further references in this way see for example [16].

We define a regularizing operator called mollifier, and then we show how to use this tool to answer important
questions for Euler and Navier-Stokes equations. Given any radial function

plol) € C= @), pzo. [ pro—1.
RZ

we define the mollification J.u of a function u € LP (R?), 1 < p < oo, by

€

o) =< [ o (T )ty > (3.26)

We present now, some of the main properties of mollifiers.

Lemma 6 (Properties of mollifiers). Let u € LP (R?) and J. be the mollifier defined in (3.26). Then J.u is a
C® function and the following statements hold:

(i) Assume u is continuous in R%. Then

| Teullpe < llullp= and lim Jeu=u
e—0

on any compact set 1 in R2.
(ii) Mollifiers commute with distribution derivatives,

D*Jou=J. D%, V]a|<m, ueH™.

i) Mollifiers commute with integrals. For every u € LP, v € LY with L1 1 —1 we have
(ii1) g Y ; sta=1
/ (Je u)vdx =/ w(J.v)dz.
R2 R2

The proof is presented in [13]. (Appendix of chapter 3).

3.6 Linear transport equation

In this section we study the homogeneous linear transport problem (2.22) in the case 2 = R" ;¢ > 0, provided
with an initial condition 6y and variable velocity u = u(z, t):
00
— V=0, R"xRS
6t + u ) * 7
0(z,0) = Op(x), x€R".

(3.27)

Here u represents the velocity vector field of a fluid. Moreover, instead of considering an infinitesimal
volume of fluid at fixed time, we present now the concept of particle trajectories mapping which makes use of
the Lagrangian coordinates (see [13] for details).

Definition (Particle trajectories mapping). Given a fluid particle with velocity field u , we define the particle
trajectories mapping V(-,t) as the function which takes a marker « € R™ and give us the location ¥(«a,t) =
(21, ,2n)t of a fluid particle at time t that was initially located at . Moreover, this mapping V(-,t) satisfies
the following differential equation:

d
aq/('ﬂf) = u(\IJ(-,t),t),
¥(-,0) = a,

where « is known as the Lagrangian particle marker.
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Theorem 10. Let 6y € C1(R™) and ¥ be the particle trajectories mapping associated to u. Then the problem
(3.27) has a unique solution given by
0(t,x) = Oo(¥(—t,x))

Proof. Let us consider the single valued function ¥ (t) = 6(t, ¥(+,t)) depending on ¢. By using the chain rule we
have:

V() = G0t W) G0 - VO U, ),

Since U(-, t) satisfies the differential equation of the particle trajectories mapping and ¥(-,t) is a diffeomor-
phism such that W(-,¢)~! = ¥(-, —t),we have

P(t) = ¥(0) = 0(0,a) = bo(c).

If we define « := U (—t, z), then
O(t, z) = 0o (T (—t, z)).

O
Theorem 11 (Basic estimate). Ifp € [1,00] and divu € L*(0,T; L°°(R™)), then the solution of (3.27) satisfies

16z < [I60]lzr-

Proof. Note that the condition divu € L(0,7T;L>(R®)) naturally implies that the flux velocity between a
temporal average [0, T is finite and it is bounded spatially. So that, the assumption divu € L(0,7T; L>(R"))
has clearly a reasonable physical support.

If p = 00, using Theorem 10, we have

0(¥(x,t),t) = bp(x).
Taking supremum over the trajectories we have

16| < (6ol

If p < oo, multiplying by 6|6|P~2 we observe that

00
— +u-Ve ) 9|gP3=
<at+uV) 4 0,

%|9|P+u.vw|p: 0.

Integrating over R™ and using integration by parts we have

d
— |9\pdx:/ div u|f|Pdz.
dt RD Rn

Since div(u) € L1(0,T; L (R")), it follows that

d .
0@z < [l divul|z[[0()]|r
< cll6(t)] -
Moreover, by using Gronwall’s inequality we get
16()]» < cllfo]| e,

where ¢ depends on u. O
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3.7 Leray’s formulation of incompressible flows

As it is pointed out on [13], the Navier-Stokes equation contains only three derivatives in time of the four
unknown variables. This fact motivates the search of an equation p = p(u) to eliminate the pressure from the
Navier-Stokes equations. We recall the Navier-Stokes equations in two dimensions

1 1
%tl—i—(u-V)u—i—;Vp—yAu:;feg,;7

Navier-Stokes equations (3.28)

V-u=0,

ll|t:0 = Ug.

Proposition 2 (Leray’s Formulation of the Navier-Stokes equations). Solving the Navier-Stokes equations
(3.28) with smooth velocity ug, divug = 0 is equivalent to solving the equation

ou 1 x—y 9
— -Vu=—— —=tr(V t))“d A 3.29
i+ V= o [ (Tu )Ry + vaw, (3.29)
u|t:0: Up.
The pressure p(-,-) can be recovered from wvelocity u(-,-) by the Poisson equation
— Ap = tr(Vu)?, (3.30)
where tr denotes the trace of the corresponding matriz.

Proof. To set notation let us assume that u € L2. We introduce a subspace of L? which contains all vector field
with null divergence in the sense of distributions. Notice that if u is a C' vector field with zero divergence,
then for any test function ¢ we have

0= /]R2 div ugdxr = /R2 div(u¢)dx — / u- Vodz.

R2

Thus, we introduce the following subspace E C L?, such that it contains all vector fields u whose divergence
(in the distribution sense) vanishes.

E:{UELQ:/ u-Vodr =0 forany¢€D(R2)}.
R2

Note that if u(t) € E Vt > 0, then its partial derivative with respect to time also belongs to E for all times.
Moreover, considering the condition divu = 0 into the first equation of Navier-Stokes, we observe that

divu=0 = divAu=0,
divu=0 =~ div(u-Vu) =0.

And in particular,

div(u - Vu) = tr(Vu)? 4 (u - Vu) divu
= tr(Vu)?

We now search for a scalar function p such that the equation

ou
T (u-Viu+vAu— Vp,

lies in the subspace E. Observing that the previous equation lies on FE if the identity

div[(u- V)u+ Vp] =0,
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is fulfilled, the following Poisson equation
— Ap = tr(Vu)?, (3.31)

has to be satisfied.
From Lemma 3 we can solve (3.31), and compute the pressure as follows,

1
p(t,z) = / o In|z — yltr(Vu(t,y))?dy.
R2 4T
And the gradient of p takes the form
1
Vp(z,t) = %Vln|x|*tr(Vu)2(x).

Computing V In|z| we have

1 r—y 2
Vp(z,t) = — ———tr(Vu(t d
pat) = 5= [ Tl w(Vulty) Py,
Using this formula we can drop the pressure from the standard formulation of Navier-Stokes equation and we
obtain a system of equations for u given by (3.29).

O

Remark. Note that if u(t,-) € E for allt > 0, in particular we have that divug = 0 is enough to have divu = 0
for all times, so the incompressiblity condition can be dropped when we are solving (3.30). That is, we have
shown that we can recover the scalar pressure(up to additive constants) from a closed evolution equation for u.
In what follows we will assume that pressure can be recovered from (3.29) and we will not go into its explicit
computation.

In the solution of the Poisson equation for the pressure (3.30) we were dealing with a kernel which has a
singularity at the origin i.e. this kernel is not locally integrable and we need to take into account the cancellation
of the integral of N over any sphere centered at zero. Thus, we have to consider the integral over |z|> ¢, for a
given € > 0 and then let ¢ — 0. Namely, we consider the expression

lim N(y)f(z —y)dy, (3.32)

e—0 lz|>e
which is referred as a singular integral.

The kernel N mentioned above and iﬂ
27 ||

which include any function N(-)+ in R™ of the form

for ¢ = 1, 2., are typical examples of Calderdn-Zygmund kernels

P(x
N(z) = |x|EL+)d’

where P(z) is a homogeneous polynomial of degree d > 1 with f\z|:1 P=0.
In this context we present a fundamental result by Calderén and Zygmund. This result lies outside the scope

of this memory and is presented as a result that lies in the subject of singular integrals and differentiability
properties of functions.

Theorem 12 (Calderén-Zygmund theory). Suppose N(:) is a Calderén-Zygmund kernel in R™. For any func-
tion g € LP(R™), 1 < p < oo, the limit

(Tg)(x) = lim N(y)f(z —y)dy

e—0 |.’E‘>€

converges a.e. in LP and
ITgllr < C(n,p)llgllLe-

For a proof see for example [20, Section 3.2].
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3.8 Vorticity stream formulation for Euler and Navier-Stokes equations

We turn out to the study of the vorticity associated to a fluid. Roughly speaking, vorticity is a particular form
in the motion of fluid, which has its origin in the rotation of fluid elements. Physically we can say that vorticity
is the quantity that characterizes the rotation of a fluid. Mathematically we define the vorticity as w = V x u,
where u is the velocity field of the fluid. In this manner, we can also define vortex as the region of the fluid
which has high concentration of fluid rotation in comparison of its surroundings. Even when the motion of the
fluid implies the origin of small vortex, this region have essential importance and it has been called by several
authors as “the voice of the fluid”, [21].

In this section, based on [13], we present the vorticity stream formulation for the Euler and Navier-Stokes
equations. We show that, in two dimensions, we can transform the Navier-Stokes equations into a self contained
equation for the vorticity w. In particular, we present the so-called vorticity-transport formula, which states
that for inviscid fluid we can integrate exactly by means of the particle-trajectory mapping.

For two dimensional flows, we can transform the Navier-Stokes equations into a vorticity equation by means of
the curl operator. Seen the velocity field as u = (uq, u2,0)?, we can define the vorticity as w = (0,0, dyus—dyu1 )",
which is orthogonal to u. Thereby, taking curl operation to both sides of Navier-Stokes equations we have

V x <(?;tl—|—(u-V)u+Vp—1/Au) =0,

since the dimension is two, we denote w = curl u = (dyuz — dyu1) .

For each term

V x (811) = g (azu2 - 8yul) =

o) o o
Vx(u-V)u=(u-V)uw,
V x Vp =0,

V X vAu = vAuw,

V X ug = wy.
Putting all above computations together we get

o + (u- Vw = rvAw,

ot (3.33)

w|t=0= wo-

Let us note that for inviscid fluids we have v = 0. In this case we state the following result which is called
the vorticity-transport in two dimensions.

Proposition 3. Let U(a,t) be the smooth trajectories corresponding to a divergence-free velocity field. Then
for v =0, the vorticity w(-,-) in equation (3.33) satisfies

w(¥(a,t),t) =wo(a), «€R? (3.34)
and the vorticity wo(a) is conserved along particle trajectories for two-dimensional (2D) inviscid fluid flows.

Proof. Note that for v = 0 we have a linear transport equation in terms of w. Then using Theorem 10 we have
the result. ]

In general for fluid flows in two dimensions we can render vorticity equation (3.33) into a self contained
equation for w.
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Proposition 4. For 2D flows vanishing sufficiently rapidly as |x| — oo, the Navier-Stokes equations (2.17) are
equivalent to the vorticity-stream formulation,

%: +(u-Vw=rvAw, (z,t)€R?x][0,00),

w|t:0: wo,

where the velocity u is determined from the vorticity w by

u(z,t) = g Ko(z — y)w(y, t)dy, x¢cR?

1 [(—x9 K
Ko(z)=— | —5,— ] -
0= 5 (k)
Proof. From the condition of incompressibility we have div u = 0. Since we are in two dimensions it implies
the existence of a stream function ¢ defined by

1mvolving the kernel

oY _ oY

U = —873/, U = %

Note that with the previous definition, 1) makes sense, and it is valid for all fluid flows. The equation that
the stream function v has to satisfy comes from the vorticity equation as follows

u =V, (3.35)
w = A,

where we have applied curl operation to both sides of the equation for the velocity field u.
Thus, we have arrived to a Poisson equation w = A1 in R? in terms of the vorticity and the stream function.
The fundamental solution of this Poisson problem is given by (see Lemma 3)

1
Y(x,t) = 2—/ In|z — y|lw(y, t)dy.
™ JR2
Since we can define 1 as the product of convolution, we can compute the gradient of ¢ by differentiation
under the integral. Thus, velocity can be recovered from ¢ by applying orthogonal gradient to equation (3.35)
as

u(e,t) = [ Ko — yloly, Ody. (3.36)
R2
Where Ks(+) is given by
1 —T2 X1 ¢
Ko(r) = — (22, 71 .
)= 5 (5 (3.7
[

Remark. Note that Ky (3.37) defines a Calderdn-Zygmund operator and (3.36) a singular integral operator.
Then, using Theorem 3 we obtain

IVullzr < CpllwllLr, 1<p<oo. (3.38)

Moreover if w € WHP (R?),
|D?ullr < Cpl|Vwllrr, 1<p< o0 (3.39)
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3.9 Other useful inequalities

Using the theory of Sobolev spaces and the vorticity formulation for incompressible fluids in two dimensions we
present the following useful results.

Theorem 13 (Potential theory estimate). Let u be a smooth velocity field in L* (R?)NL*>® (R?), divu = 0.
Then, for m > 2

[Vu| = <C (1 + log™ ||u gm + log™ ||w||Lz) (1+ lwllze=) , (3.40)
here log™ (x) denotes log(x) for x > 1 and 0 otherwise.

A proof is presented in [13].
Theorem 14 (Brezis-Wainger inequality). For u € L? (R?) N W'P(R?) and p > 2 we have the inequality

Jallpe < C U+ [V ulze) [1+10g" (IVul,)]” +Cllue. (3.41)

Proof. For the proof see [22]. O

Proposition 5. Let u be a solution of the Navier-Stokes equations (2.17). If the norms ||u(t)||gm and
IV u(t)|| L~ remain bounded. Then there exist a constant c,, such that

d
L u(t)|[Fm < el V()] zo[lut)l|.. (3.42)

Proof. The proof takes D% of the Navier-Stokes equations and multiply it by D®u . After we integrate over
R™ and make use of Sobolev inequalities. A complete proof is presented in [13]. O

Proposition 6. Let 6,u be a solution to the Boussinesq system (2.27) such that the norms |u(t,-)||gm,

IVu(t,)||pe and ||0(t,-)||gm remains bounded. Then there exists ¢, such that

%H@(t)IIHm < em|Vu(@®)llze (lua@)lam + 6@ mm)- (3.43)

Proof. Similar to Proposition 5 we take D% of the Boussinesq equations and multiply it by D*f . Then we
integrate over R™ and make use of Sobolev inequalities. A complete proof is presented in [9]. O

3.10 Energy methods, stability and uniqueness for Euler and Navier-Stokes equa-
tions

In this section we give an introduction to a fundamental method for the study of PDEs, that is, we describe
the concept of the energy method. Energy methods arise from questions like, [13]:

e Given an initial data. Is it possible to find a solution at any time?

e If there is a solution. Is it unique?

e Does the solution present a singularity or experiment a blow-up at finite time?

e Is there a criterion for the blow-up of smooth solutions at later times?

To answer this type of questions we construct finite estimates for physical quantities like kinetic energy

1
E:=— [ |u]?dzx
2 Je

and we use approximation schemes associated with the equations, [13]. To be more intuitive, we consider the
prototype case of Euler and Navier-Stokes equations and we show a sketchy process for the construction of its
solutions. Moreover, we state the relation of the accumulation of vorticity and the existence of smooth solutions
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globally in time.

In a general framework, we construct energy estimates by multiplying a PDE by a function which is as-
sumed to be smooth enough, and then integrating it over the corresponding domain. In most of the cases we
use integration by parts and in the case of being working with the hole space we neglect the border terms by
recalling the condition of rapidly decreasing as |z|— oo, say for example being in L2, [13].

It is important to remark that multiplying by a smooth function and estimating its norm in a determined
functional space will give the regularity of a determined function in a problem. Moreover, any estimate has to
involve an appropriate initial condition, say for example, being in L? or having distribution derivatives in L?.

We present an standard argument to show uniqueness of the Navier-Stokes equations. It makes use of the
ideas described above.
3.10.1 Uniqueness of solutions

Let us consider the Navier-Stokes equation for an incompressible fluid in two dimensions

0
o +(u-V)u+Vp=rvAu,

ot
divu =0, (3.44)
u(z,0) = ug(x).

Theorem 15 (Uniqueness of solutions). Let u; and uy be solutions of the Navier-Stokes problem (3.44), having
bounded energy with the same initial conditions. And if us satisfies

T
/ HV Uus ||Loodt < 00, (345)
0

then uy(t,-) = ua(t,-) for all t € [0,T].

Proof. We assume that uy,uy € L? and py, ps are two solutions of (3.44) with the same initial conditions and
satisfying the condition of rapidly decreasing as |z|— oco. If we make the difference of the equations satisfying
the corresponding velocities , and we define t := u; —ug, p = p; — p2. Then u and p satisfy the following
partial differential equation

%‘; + (u-V)a+ (- V) up +Vp = vAt. (3.46)

Since we have uy, uy having bounded energy, we take L? inner product of (3.46) with @, that is

1d

— ﬁ2+y/ |Vi|?de = —/ (- V) uy -udx, (3.47)
2dt R2 R2 R2

diva =0,

where we used integration by parts and the following facts

2 ~ 2 i
- | / : '

u; -V)u-udr = /u-V — | = divu; — | =0,
/Rz(1> ;Rzl (2 ZRZ )

i=1
Vp-u= —/ pdiva = 0.
R2 R2
From (3.47) we obtain

1d
sai [y [ VaPde< [ Vuslfaps,
2dt R2 ]Rz Rz

d

1N < 2V ua (@)= [a(t)|[7z,
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where we used Cauchy-Schwartz inequality.

Using Gronwall’s inequality we have

()72 < [a(0)]Z: exp (/0 2||vu2(s)||L°°d5> :

Since we assume u; and us having the same initial condition and using estimate (3.45), then we conclude
that
l.ll(t7 ) = UQ(t, ) Vit € [O,T]

3.10.2 Construction of solutions

Now we present an argument to show the existence of solutions to the Navier-Stokes equations, locally in time.
The key step is related with the construction of finite estimates for the velocity in the || - ||gm norm. The
next energy estimates assume the existence of smooth solutions and then we construct a priori estimates about
them. In particular based in the book by Andrew Majda, [13], we show that for smooth initial data belonging
to some functional space, we can prove that solutions exists on a finite-time interval. We emphasize that the
following results will be presented in a sketchy way and it does not constitute a rigorous proof for the existence
of solutions to the Navier-Stokes equations.

The scheme for proving the existence of solutions is summarized as follows: first we prove existence for
regularized Navier-Stokes equations, and then we make use of a priori H" estimates to pass to the limit in the
approximation scheme which give us a solution to the Navier-Stokes equations.

We present the arguments used for the construction of solutions to the Navier-Stokes equations in two steps.

Step one

Let us consider the Navier-Stokes equations

88—;1 + (u-V)u+Vp=rvAu,

divu =0,

u(z,0) = ug(x).

By using the properties of mollifiers presented in Lemma 6 , we apply J. to the above equations. After some
computations we obtain

u; + 7. [(Jeu®) - V(T u)] = =Vp© + v Te(J. Au),
0,

ue‘tzo = Ug .

div u®

Using the Leray formulation for incompressible fluids, we can drop the dependence of p in the above equations.
That is, we project into the space of free divergence functions. Then the regularized Navier-Stokes equations
produces an ordinary differential equation in the Banach space E C L?,

dug
=F. 67
7 (uf)

ll€|t:0 = o,

(3.48)

where F,(u¢) = v J.> Au® —P J.[(J. u®) - V(J. u)] and P denotes the Leray projection operator.
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Since the right hand side of (3.48) is Lipschitz because of the presence of mollifiers, then we can use Picard’s
theorem for ODE’s in Banach spaces (see [23]) to prove existence, uniqueness and global persistence of solutions
in the space C1([0,T];C* N V™), with V™ := {u € H™(R") : divu=0}.

Step two
From Proposition 5 we have for regularized solutions,

d

1 @l < e[V @)l [ u @) 7

Using Corollary 3, provided that m > 5 + 1, we get

d

@l < eml @7

Definig z(t) := || u(¢)||%m, the corresponding ODE takes the form:
2 (t) < emz(t)®/2
Then for an appropriate small enough interval [0,7], the Gronwall inequality gives us that ||uc(t)||%.
remains bounded.
Step three
We claim that the sequence u® : [0,7] — E C L2, is Cauchy when ¢ — 0. Thus for €,¢’ > 0 it is possible to
show that (see [13, Section 3.2] for details)
d € €/ € E/ / € €,
gl —u e < e+ [lu® flmm + [ [l [(€+€)+ [u®—u ||
By step two || u®||gm is uniformly bounded for ¢ € [0,7T] and using Gronwall’s inequality we obtain
() — u @l 2 < (e + ) exp(kt), t € [0,T].

Passing to the limit when ¢ — 0 we conclude that u® is a Cauchy sequence. Namely, there is u €
C([0,T]; L?>(R")) such that
liné [[u(t) —u(t)]|rz = 0.
e—

Step four

We claim that the derivatives D® u® with |a|< m converge to the corresponding derivatives of u. For 0 < k < m
we make use of the Gagliardo- Nirenberg interpolation inequality (3.23) which give us

. . 1-k/m . k/m
tim [ — e < i lim [ [/ i ([t~ [5 = 0,

where we used step three and the Banach!!-Alaoglu'? theorem, [18, Theorem 5.18], which in particular states
that a bounded sequence in H™ has a convergent subsequence in H™.

In particular, if m > %, we have the following uniform estimates for ¢ € [0, 7]

[(u®-Vu®) — (u-V)ulgz =0,
[Au®—Aulr2 — 0.

111892-1945 Stefan Banach was a Polish mathematician who is generally considered one of the world’s most important and
influential 20th-century mathematicians. He was the founder of modern functional analysis.

12Leonidas Alaoglu was a Greek mathematician, known for his result, called Alaoglu’s theorem on the weak-star compactness of
the closed unit ball in the dual of a normed space.
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Step five
From equation (3.48) we get

u‘(t) =110+/0 VJEZAue(S)dS_/O Puﬂ[(je u‘(s)) - V(7 ue(s))]ds.

Moreover, using step four and letting ¢ — 0, we have that there is u € E such that
t
u(t) =ug +/ {P[(u(s) - V)u(s)] +vAu(s)}ds, tel0,T]. (3.49)
0

Finally, all the above steps can be summarized in the next theorem.
Theorem 16. Let ug € H™ and m > 4 + 2. Then there exist a solution of the Navier-Stokes equations given
by (3.49) fort € [0, T] with T sufficiently small.
3.10.3 Accumulation of vorticity and existence of solutions

In the previous section we have constructed classical solutions for the Navier-Stokes equations. Namely, u €
CH([0,T);C2NV™). A key feature for the proof of existence of solutions were related to the boundedness of
||u(-,t)|| . In fact, the solutions can be extended provided that || u(-,¢)| g~ remains bounded. In this section
we follow ideas presented in [13, Section 3.3] to show that the global existence is related with the accumulation
of vorticity. We state that the maximum of H™ norm for u is controlled by the L!([0,T]; L°°(R")) of the
vorticity.

Theorem 17 (L> Vorticity control and global existence). Let the initial velocity ug € V™, m > & +2, so that
there exist a classical solution u € C([0,T]; C? N'V™) to the 2D Navier-Stokes equation. Then:

i) If for any T > 0 there exists a classical solution u € C1([0,T]; C? N V™) such that the vorticity w satisfies
T
| et 0t < 0, (3.50)
0

then the solution u exist globally in time, u € C1([0,00); C2NV™).

ii) If the mazimal time T of the existence of solutions u € C1([0,T];C?> N V™) is finite, then necessarily the
vorticity accumulates so rapidly that

¢
lim/ lw(-y s)||Leods = 0. (3.51)
0

t—T

For a proof see [13, Theorem 3.6].
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4 Blow-up criterion for the zero-viscosity-thermal Boussinesq sys-
tem

In this section we mathematically study the zero viscosity-thermal Boussinesq system under the action of an
external force f satisfying curl(f) = 0. That is,

ou
E—Fu-Vu—i—Vp—Gf,
00
a-i—u-VO:O, (4.1)

V-u=0,
u(x,O) = UO(x)a 9(1’70) = QO(x)a

where 6 is the scalar temperature depending on x and ¢, u = (uj,us) and (z,t) € R? x (0,00).

We want to show mathematically that provided of suitable initial velocity and temperature ug, 6y, there
exists a unique solution for the system (4.1) that is controlled by ug and 6, . Moreover, we want to establish a
blow-up or breakdown criterion for smooth solutions. Concretely, the solution for (4.1) remains bounded if we
control the gradients of velocity and temperature. In this sense we present the following theorem

Theorem 18. Suppose (ug, ) € H™(R?), divuy = 0 with m > 2 being an integer and suppose that f €
L ([0, T]; W™ ((R?)). Then, there exist a unique local classical solution (u,0) € C([0,T1]; H™(R?)) for some
Ty = Ti(|Juo||zrm, ||0ol|zzm). Moreover, the solution remains in H™(R?) up to some time T > Ty, namely
(u,0) € C([0,T); H™(R?)) if and only if

T
| 1900t < . (42)

Proof. Existence and uniqueness of solutions follow ideas presented in Section 3.10.2. That is, we regularize
the Boussinesq equations and we use properties of Sobolev spaces to show that there is a sequence converging
to the solution of the Boussinesq system. A complete proof for existence and uniqueness of (4.1) is presented
in [9]. The second part related to the breakdown of solutions is summarized in the next theorem. O

Theorem 19. Let (ug, ) € H™(R?) with divug = 0 for some m > 2 and suppose that £ € L>=([0, T]; W™>°(R?)).
Then we have:

T
L sup(fu(, )l + 100, )] rrm) < oo if and only if / VO, 7)o dT < o0
0

Proof. (=) Let us assume that

sup ([[u(,)lgm +10C, )| am) < Cr. (4.3)
0<t<T

Assumption (4.3) implies that
sup [[0(,#)[|zm < Cr.

0<t<T

In particular,
10C, )|l zm < Cp, Vtel0,T].

Since we are in two dimensions we can use Sobolev inequality (3.17) to get

Sup [VO(-, )< 100+ 8)lm sy,
r€ER2

moreover using the bound for ||0(-, )| gm r2), we get:

IVO(-, )| oo (r2) < [[0(, )| m (r2) < O
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Integrating from 0 to 7"
T T
/ IVO(-, )] codt < / Crdt,
0 0
which give us the result
T
| 198, < M.
0

( <) Let us suppose that

T
| 1960l < . (44)
0
Applying the curl operator to the first equation of (4.1) and following the scheme presented in Section 3.8
we get a scalar equation in terms of the vorticity w, namely,
we+u-Vw = (VO xf),, (4.5)
with initial condition curl ug =V X ug = wp and (-)3 denoting the third component of a 3D vector.

Note that (4.5) can be seen as a first order equation in w, more precisely, as a transport equation with
velocity u and external force (V x f),. Thus, using Proposition 3 we obtain

w (Vy(a),t) = wo(w) —|—/0 (VO x £); (¥s(a), s) ds, (4.6)

where U, () is the particle trajectories mapping satisfying the following ordinary differential equation

d
glllt(a) =u (¥y(a),t),

T(a)|imo = ar.

Applying modulus to both sides and taking p power on (4.6) we get

p

p
‘w (\Ilt(a)7t)’ = 1<p<oo.

wo () —1—/0 (VO x £), (Vs(e), s) ds

Integrating over R? and taking p root,

(/Rz w(@t(a),t)‘pdx); - /]Rz

Applying the classical Minkowski inequality (3.8) to the right hand side of (4.7),

J. o) e (fer) o)

Moreover, the Minkowski generalized inequality (3.7) gives us:

b NP,
I w) <[ (/
R2 0 R2

Thus, equation (4.7) implies,

(Lletweafa) s ([ ler) « ['(],
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1
P
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In particular, inequality above can be written as

(/R w(wt(a),t)\pdx); < ( g }wo(a)|”);+/0t (/R pdx>’1’ds.

By using the Cauchy-Schwartz inequality and the assumption £ € L>([0, T]; W™ (R?)) we obtain

(L

(VJ‘G - f) (Vs(a),s)

w(wxa),t)\pdxf <(/. <w0<a>|p)’l’ (]
<([ptr) + [ ( [
<([. !wo<a>|”); + [l (/. |vo (ws<a>,s)!pdsv); ds.

Note that by definition of LP norm we have

p

f(Vs(a),s) ‘p d:r) ' ds

v+ (\I/S(a), s)

vie (\I/S(a), s)

P » v
sup | (z,s)|" dz | ds
zER?

T

lwCt)llzr < floolLr +/O VG, 8) 2o lI£(, 8)l Lo ds. (4.8)

On the other hand, since f € L*°([0, T]; W™>°(R?)), it is possible to take L> norm of (4.6) to get, as before,
T

(D)L < flwoll e +/O VO, 8)l[ Lo [[£(-s 8) || L~ ds, (4.9)

where |lwo(t)||Le is finite because the Sobolev inequality (3.17) for m > 2 implies that
lwoll Lo < [luo|lzzm < o0. (4.10)

Moreover, by using (4.4) and (4.10) in (4.9) we obtain

Hw(-,t)||Loo S C <|u0|H'rn(]R2), sup ||f(~,S)Loo,MT> . (4.11)
0<t<T

Together with the above estimates, we can apply the orthogonal gradient V- to second equation of (4.1) to
obtain
V40, + (u- V) Vo = Vuvte. (4.12)

If we denote by ¥ = U(z,t) the particle trajectories associated to u and we evaluate (4.12) in ¥ we have
d
ﬁvie (U(2,t),t) = Vu (¥(z,t),t) V=0 (U(z,1),1).
Integrating from 0 to ¢ the above equation yields
t
V4O (U(z,t),t) = VLHO(JS)Jr/ Vu ((U(z,t),t) V10 (Y(z,1),t) . (4.13)
0

Taking into account the previous steps done for (4.6), we can estimate the LP norm of V(-,t) in equation
(4.13) as follows

T
IVO(, )|l < [IVOollLr +/O IVO(, ) Lo IV al, )] Lo di.

By using Calderén-Zygmund inequality (3.38) to the right hand side of the above inequality we get

T
IVO(, t)llLe < [IVOollLr +Cp/0 IVO( D) o< [l (- )| Lo dt. (4.14)
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Adding (4.8) and (4.14), we obtain

T
lw( Ol e +VO( D) e < ||V90||Lp+\|wo||Lp+Cp/O (IEC, )z + 1VOC, s)llL=) (lw( s)lle + [VO(, 1)l e ) ds.

(4.15)
Then using Gronwall’s inequality to (4.15),

lw( O)llze + VO, )lLe < (lwollzr + [IV6ollzr) exp

Cp /O C(I6C 9o~ + 1900 5) 1) ds]

< C (ol zrm + |60l =) exp

C, / (G ) + ||ve<',s>Lmds>]

< C ([luollzm + |60l ) exp

t
C’p/ sup |[f(-, s)|lLee +||V9('a3)|L°°]
0 0<t<T

<C (IuOIIHmJI@oIIHm sup ||f(~78)||Lm7MT,Cp>7
0<t<T

where we estimate ||Jwp||r» and || V6| r» by means of the Gagliardo-Nirenberg interpolation inequalities (3.24)
and (3.25) for ug and 6y respectively.

From Theorem 13 we recall that
[Vulle < € (1+1og* ullmn +log* wlz2) (1+ w]z=)

which together with estimates (4.8) and (4.11) gives

|9 t)z~ < C (nuonHm, sup ||f<-7t>|Loo,MT,0p> (1 -+ 108"l ) (4.16)
0<t<T

Applying Proposition 5 to the first equation of (4.1) we have

%Ilu(-,t)lle < C(IEC Ollwm +IVul, )| L=) l[ul, )|z

<C (IIUOIHm, |00l gz, sup ||f(~,S)IIWmv°°,MT,Cp> (1 +log* Hu(',t)lle) Ju )l e,
0<t<T
(4.17)

where we have used (4.16).

Note that it is possible to write (4.17) as follows

d
= (1+ 108" ullam) < € (1+ 108" ullam )

and by means of Gronwall’s inequality we have
(1 + log™ ||uHHm) < (1 + log™ ||u0||Hm) exp (CT).

Therefore (4.17) can be written as

d
a8l < € (1+10g" Juollm ) exp (CT) [laC 1) am-

Again, by means of Gronwall’s we have

la(, )|l gm < |uo||gm exp <C (1 + log™ HlloHHm) exp (CT)> <oo, VO<t<T
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and thus

sup |ufjgm < C <||uO||Hm, 16| sz, sup ||f(~,8)||Wmv°°,MT,Cp> : (4.18)
0<t<T 0<t<T

Taking in to account Proposition 6 together with the previous estimates (4.16) and (4.18) we can use
Gronwall’s inequality to get

%H@(t)llml < CIIVu@)ze(la@®)llem + 10@)] zm),

d
i 10C Dl < ClOC, Oz,
10, t)][zm < [|6o]lexp (CT) < 00, YO<t<T,

sup [[0(-t)||pm < C (Iuole, |0o]| rrm, sup ||f(~,8)wwoo,MT,Cp> ~ (4.19)
0<t<T

0<t<T
Finally, using estimates (4.18) and (4.19) we obtain

lim sup([u(-,?)[|zm +[10(, )| m) < oco.
t—T
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5 Global in time regularity for the zero-thermal Boussinesq system

We consider the 2D zero-thermal Boussinesq system (2.29). This system can be seen as a coupling between the
Navier-Stokes equations and a linear transport equation:

aa—ltl + (u-V)u+Vp = ey + vAu,
06
5 T V)I=0, (5.1)

divu =0,
u(z,0) = ug(x), 0O(x,0)=0(x).

We want to prove mathematically that provided of suitable initial data, there exists a unique solution that
can be extended to an arbitrary time 7' > 0. The fact that the solution of the zero-thermal Boussinesq system
can be continued until any time give us what is know as the global in time regularity. The global in time
regularity for the 2D zero-thermal Boussinesq system is summarized in the next theorem.

Theorem 20. Let v > 0 be fized, and divug = 0. Let m > 2 be an integer and (ug, 0g) € H™(R?). Then, there
exists a unique solution (u,0) with § € C([0,00); H™(R?)) and u € C([0,00); H™(R?)) N L2(0, T; H™T1(R?))
of the system (5.1). Moreover, for each s < m, the solutions (u,0) of (2.26) converges to the corresponding
solutions of (5.1) in C([0,T]; H*(R?)) as k — 0.

Taking into account the proof of Theorem 18 we can infer that a similar conclusion holds for system (5.1)
when viscosity is included, [10]. Thus, for the proof of the global-in-time regularity, it suffices to prove that
the L* norm of the gradient of the temperature remains bounded for any T € (0, 00) for the solutions (u, ) of
(5.1). Namely, we have to prove that, for any 7" > 0,

T
/ IV6(-, )| pdt < o,
0

remains true.

This section is dedicated to the proof of Theorem 20

5.1 Preliminary estimates

Let T > 0 be a fixed time. From the second equation of (5.1) we have

00

We recall the following standard result for the linear transport equation (5.2) (see Theorem 11)
10@) e < l16ollLe ¥t € [0,T], p e [1,00]. (53)

Now, we consider the first equation of (5.1) and we take L? inner product with u. For each term we have

<8u ) Ou
—.,u = — - udr,
ot 12 Rz Ot

1d, o, 1d, .
=/ |55 -2 d
/R2 [2 (M)t g g w7 de,
1d ,
= 5@ - |u| d$7

= 5= )]l (5-4)
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For the nonlinear term we get, after integration by parts
((u~V)u,u)L2 :/ (u-V)u-ude
R2
= / (ulamulul + u20yurur + U1 0pugug + ugﬁyung) dx
R2

Oy 0
— /R2 (U1? |u|2+uQ?y \u\Q)dx

= 1/ u-V|u?)dzx
2 R2

1
=— 7/ div ulu|*dz
2 R2

—0. (5.5)

For the gradient of the pressure, we find after integration by parts,

(Vp,u);- :/ Vp - udx
Rz

=— / divu pdx
R2

=0. (5.6)

For the viscosity-diffusion term, using integration by parts

(vAu,u), = / vAu-u
RQ
_ 2 2 2 2
= V/ (ulamul +u10,uy + u2d;us + ugayug) dx
R2 ’

=— 1//]R2 {(GIU1)2 + (ayul)2 + (awu2)2 + (5yU2)2} dz

—u/ (|Vur >4+ Vug|?)dz
R2

= —V/ \Vul? dz
R2

= —|[Vu(®)|3a. (5.7)

Using Holder’s inequality we obtain

(fez,u), . = Ouodz,
R2

() (o) s
([ ra) (L)

< |02 lu(t)| 2o (5.8)
Joining (5.4),(5.5), (5.6) , (5.7) and (5.8) we have
1d
3 g lulze + vIIvalze < 0]z ull 2.
Using estimate (5.3) for p = 2 in the above equation we get
1d
g@ﬂu\l%z < [|6ollz>[lull L2,
d
g lullzz < 16l z- (5.9)
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Integration from 0 to ¢ equation (5.9) yields

[u®)llz2 < [luollzz + |60l L2t
< llwollzz + 8ol z2T, ¥t € [0,T]. (5.10)

Now we transform the first equation of the Boussinesq system (5.1) into an equivalent vorticity formulation
as was presented in Proposition 4:

w4 (u-V)w = 00 + vAw, (5.11)

where w = 0,us — Oyus.

We are going to construct a LP estimate for the vorticity w by multiplying equation (5.11) by w |w|” ~2 and
integrating it over R2. After integration by parts for each term and p > 2 we get

_ 1 d
/ ww |w|P 2 da = 7/ — |wl? dx. (5.12)
R2

P JRr2 dt

_ 1
/ (u-V)ww|wl? 2dx:f/ u-Vwl’dr
R2 P JRr2

1
Ig'—f/ divu |w|? dz
R2

p
—0. (5.13)
/ 0,0 w |w|f 2 da 'L —/ 00, (w|w|P~?)dx
R2 R2
— (-1 / 0 0y [w]P 2 da. (5.14)
R2
/ vAww |wP~% de 'L 71// Vw - V(w|w|P~?)dz
R2 R2
= v | V- (Vw7 +(p-2)|wf > Vw)
]R2
= —(p— 1)1// [Vw|? |w|P~? da. (5.15)
RQ

Combining (5.12), (5.13), (5.14) and (5.15) we can write (5.11) as follows

1 d ) )
ff/ \w\de+(p—1)y/ Vel Jw]? de:_(p_n/ 0 Oy [w]? 2 d,
pdt R2 R2 R2

-1 _ — -
<D )/ 02 w2 de + PV ””/ (0:0)? |w[P % da
2v R2 2 R2

—1 _ —1 _
< )/ 012 o]P 2 dp 4+ L= DY >”/ Vool [w]? 2 da,
2V R2 2 R2

where we have used Young’s inequality

a’® + gbg for v > 0.

1 1
such that = + = = 1 we have

Note also that using Holder inequality for p =
p—2 Pq

[0 =2 do < o "
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Replacing in the above equation we find that
2 (p—1r 2 ( )
g / ol dot (o= 1w [ 196l 2 do < B2 [ 10uf? pdo + D01, il

1d (p— _ (»— _
llpts + E2 [ (ot - ae < QV)IIGI\%pI\wHif- (5.16)

In particular for p = 2 and using initial estimate (5.3) we obtain
L lollfs +vIVwls < ol
Integrating from 0 to ¢ yields, for ¢ € [0, T]
K 1
lw(®)lI72 = llwollZ> + V/ IV (s)IlZ2ds < — 100|722,
oT |
lwo(®)11Z2 — llwollZ2 + V/ IV (t)Z2dt < ;||9o||%zTa vt € [0,T],
OT
lw(®)lI7 +V/0 IV ®)ll72dt < llwollZ> + = Heol\LzT vt € [0, 7],

We find that, by Holder inequality,

T T
/ [Vw(s)||L2ds < CVT (/ Vw(s)HQdes) )
0 0

N

and noting that

1
2

T
(/ Vw(s)||2L2ds> < C(||lwoll 2 + |\90||L2f) vt € [0, 7], (5.17)
0 Vv
we get
T
/ |Vw(s)|| p2ds < Cllwoll 2 VT + C||0o]| 2T ¥t € [0,T]. (5.18)
0

Note that expression (5.17) give us a priori that u belongs to L?(0,T; H™+1(R?)). This fact will be clarified
in the outcoming steps.

On the other hand, from (5.16), we have for p € [2,00)

G-
Ll < E= Dol o2,

d (p— 1)
12> Loz < L2312

(r-1)

@nw(t)n%ps Dol
Integration from 0 to ¢ gives
p—1
ol < lwollzs + 22 o]t

(r—1)
lw®)17s < llwollZs + V [60l|7,T  Vt € [0,T)

2
vp—1
< <||w0|Lp + ]\)/;HeoHLp\/T) YVt € [O,T],
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so that,

vp—1
lw®llee < lollo + L= 00laVT Ve € DT], p € [2,00) (5.19)

Now we recall the following Gagliardo-Nirenberg interpolation inequality (3.22) in R? :

p—2 P
p—2

[ullpe <Cllu| B 7 |Dullfa?, ue WH(R?), p>2. (5.20)

Thus using inequality (5.20) and the Calderén-Zygmund inequality (3.38) combined with estimates (5.10)
and (5.19) for p € (2, 00) we find

@)~ < a3 Va7
< Clla@lzz w2
< C(ug,bo,T,v,p) Vtel0,T]. (5.21)

So far, L? estimate for u and LP estimate for w allow us to use Gagliardo-Nirenberg and Calderén-Zygmund
inequalities such that u remains uniformly bounded. Namely,|| u |z < C. In the next section we will see how
the estimate for || u ||z allows us to bound ||V u||p~ such that ||[VO(t)|Lr < oo remains finite.

5.2 W?2P estimate for u

We take derivative operation D = (8w, 8y) on the vorticity equation (5.11), and then we take L? inner product
with Dw |Dw|p72 for p > 2. For each term, after integration by parts, we get

(Dwt, Duw |Dw|p_2)L2 = / Dw; - Dw|Dw|P ™2 da
R2

1d

== Dwld
pdt ]R2| w| v

1d
= = 1D,

L2

(D (u~V)w,Dw|Dw|p_2) :/Rz [D(u-V)w] - Dw|Dw|P~* da
:/ [(u-V)w]D - (Dw |Dw|P~%)dx

— (-1 /RQKH V) w] [ Dl =2 D2d.

(DOZ,Dw|Dw|p_2> :/ Db, - Dw |Dw[P’™? dx
L2 R2
:/ 0,D - (Dw | Dw|?~2)dar
R2

=—(p— 1)/ 0. | Dw|P~? Dwdz.
R2

(I/DAw, Dw |Dw|p72) = z// DAw - Dw | Dw|P~? da
L2 R2

=v [ AwD-(Dw|Dw|’"?)dx
RQ

=—(p— 1)u/ |D?w|?|Dw|P~? da.
R2
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Collecting the previous results, we get for p > 2
1d _ _
—— | Dw||5, + (p — w w T =(p— u- w w wdr — (p — | Dw wdx
1Dl 1 D*w|?|Dw|P*d 1 V) w] |Dw|’~? D?wd 1) [ 6,|Dw’? D*wd
R2 R2

Using the inequality ab < Va2 + b2 in the right hand side of the preceding equation,

+(p 71),// | D?w|?| Dw|P~? dx
]R2
-1 —1
< (p )V/ |D2w|2\Dw|p_2dx+ (p )/ |u(
4 R2 1% R2

-1 -1
A y )”/ D2 Dufr-2ds + 21 )/ V6P| DeofP~2d.
R2 R2

1d
prilr

z)|?| Dw|Pdx

Grouping similar terms to the left hand side we obtain

,%HDWHZ, + w /RQ|D2w|2|Dw|p—2 dz < / lu(z)?| Dw|Pdx + M/ |V0)2| Dw|P~2da
<! o / sup [u(z)]2| DwfPds + L= 1) / V0| Dl 2da
R2 z€R?
e )ku B ) [ 8
where, in the last line, we used Young’s inequality
a?P2 < 2ap + P 2bp for p > 2.
Taking in to account estimate of ||ul|p« in (5.21), we get that
pdtHlelm < C||Dwllzs + ClIVOIIL, + CllDw]Ls
$||Dw||m < CDw|7y + CIIVOI[L, V€ [0,T], (5.22)
where C(||ug [|[w1.e, |60l 2, T, v, D).

Now we take orthogonal gradient in the second equation of (5.1), similarly to (4.12) we obtain

V30, + (u- V) V0 = Vuvte.
Taking L? inner product with V+6|V+60|P~2, we deduce, for each term

(ngt,vLvao\H)Lz :/ VL0,  vi|vier-2ds

pdt/ |VO|Pdx.

((u-V)VLH,VLGWLG\”’Q)LQ :/ (u-V)VLie.v+to|viePr—2ds
R2

1
*f/ u- V|Vl|Pdx
P Jr2

1

=-— 7/ div u|Vo|Pdx
D Jr2

=0.
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(VUVLH,VLGWLQIP_Q)LZ :/ VuV=>g - vHo|vEier—2ds
R2

< VuV+e - v4e|vEier—2da

R2

< / V|| Vo7 dz.
R2

Bringing together the above computations we find

1d/ /
—— VoPdz < Vu(z)||VO|Pdz,
o L wepds < [ [vut)ve

d
G190 <p [ sup [Fua) Vol
R2 zER?
< plVal o~ V], (5.23)

Note that for u € L? (R?) N WP(R?) and p > 2 we can use Brezis-Wainger inequality (3.41) presented in
Theorem 14. Then we have

1
2
IVullz~ < € (1+]1D%]) 12 ) [1 +log* (||D2u|p)} + ||Vl
3
< O+ [Vuls + [D2ull) | 1-+105" (107l
< O+ [Vl + 10%ul) |1+ 1og (10%ul,) | (5.2
where we used the fact that Va > 1: v/a < a.

Moreover by using Calderén-Zygmund inequality (3.38) together with equations (5.23) and (5.24) for p > 2
we get

d
a\IWHiP < p||Vu| = V0%,

< O+ [Vules + D%l 1+ 1og” (107l ) | 1961,
< OO+ [wllze + 1Dl 1+ o™ (1Dwl, + 19012,)] 19012,
The above inequality and estimate (5.19) gives
d
L0, < OO+ 1 Dwllz2) [+ log" (IDwlE, + IV6IE,)] 161, (5.25)
where C(|| ug ||z, |60l 2, T, v, p).
Adding (5.22) and (5.25) together, and defining
X(t) = IVOILs + | DwlLs,
we obtain

d
SX < C(1+ | Dwllza) [1+1og* (IDwl, + I9011) | V61,
+C(1+ [ Dullze) [L+log* (IDw]f, + V)L, | I1DwIE,

+C(1+ | Dwl2) [t +1og* (IDw], + [VOII3,)] X,
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which implies

d
X< C(14 ||Dwl|r2)(1 +log™ X)X,
for all ¢t € [0,T].

Using Gronwall’s inequality we have

T T
X(t) < X(0)exp (C’T—i— C/ |Dw||des> exp {CT—i— C/ ||Dw||des} vt € [0, 7],
0 0

which combined with estimate (5.18) gives us for p > 2
[1Dw (@)l < Clluollw=zr, [Bollwrs, T,v,p) vt €[0,T]. (5.26)
By the Gagliardo -Nirenberg (3.23) and Calderén-Zygmund inequality (3.39) we have
b2 2 _
IVu(t)l|z= < CIVu®)| 5 I1D*u)l| 2

< Cllw) 752 1Dw(t) 72°
< C(|luollw=zr, |0ollwie, T,v,p), Vte€[0,T], pe€ (2,00, (5.27)

where we used estimates (5.19) and (5.26).

Recall that from (5.23) we have that

d
S IVODIL, < plIValle=[VOD)IZ;

in particular,
d
VOl < [[Vullz= V]| 0.

Moreover, by Gronwall’s inequality we get

IVO#) | Lo < IV 80|10 exp (/0 ||Vu(s)||Locds> . (5.28)

Note that estimate for ||V u |/~ was possible because previous estimates for ||w| 2 and || Dw| r». We also
use the Gagliardo-Nirenberg and Calderén-Zygmund inequalities.

Finally, let us see that in equation (5.28) we can pass to the limit when p — oo. To do that we define the
following region depending on ¢

Acn(t) = {x € R2: |VO(x,1)|> | VO(1)|| L — €, |2|< R}.

We apply interpolation inequality (3.5) presented in Corollary 1 to (5.28), in this way we have

2 1_2 t
V0@ 0 < V06171001 exp ( / |VU(8)||L°°d8> .

If we restrict our attention to the set A r(t), we have

=

(IVO@)[~ —€) (/A o dx) < [IVO(z, )",

(IVO(0)]| 1 — | Acr(B)]7 < [VO(z, )],
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where |A¢ r(t)] is the Lebesgue measure of the set A, g(t) which is finite because of |x|< R and t € [0,T].

Combining computations above, together with (5.28) we obtain

1 2 12 t
(VO] = ) Aer ()7 < [[VOo] L2V o[ po" exp </0 ||Vu(8)||L°°d8> : (5.29)

Taking p — oo, and then € — 0 in (5.29), we have

t
IVO() 1~ < V8]~ exp ( / ||V11(8)||L°°d8>
0
<C Vtel0,T],

where C' depends on ||ug||lw2.», ||0o]|w2»,T,p,v and we used estimate (5.27).

Therefore, since we have the embedding, H™(R?) — W?2P(R?) (see inequality (3.18)) for all m > 2 and
p > 2 we attained desired estimate for the gradient of the temperature for any given T' € (0,00) and for all
110,90 S Hm(RQ) with m > 2.

The last part of Theorem 20 is presented in the next section.

5.3 Vanishing diffusivity limit

Now we are in the position to deal with the problem of letting £ — 0 in the complete Boussinesq system. We
make use of energy estimates, and we use similar techniques as before to get the convergence of solutions.

Let (u,p,0) and (@, p,0) be solutions of the zero-thermal Boussinesq system (5.1) and the full Boussinesq
system (2.26) respectively with the same initial conditions . We can see that all estimates done previously are

still valid for the solutions (1@, p, §). We summarize the key estimates which are independent of thermal constant
k.

From equation (5.27) we have
IVallz= < C(l[uollw2, [|olwre, v, T, p).

Considering the second equation of (2.26), after applying orthogonal gradient and integrating over R? we
find that for p > 2,

%Hvé\\’zp +(p— 1)k/RQ\D29|2|vlé|p—2dx < /szﬁuvéwdx,
GIvalg, < [ va|vira.
which implies after computations
IV0llz= < Cllluollwzr, |0ollwzr, v, T, p).
Note also that from (5.26) we have the following estimate
[allwzr < C(l[uollw=, [Bollw=», v, T, p),
which is independent of 6.

And from (5.28) we get 3
10lw2» < C(lluollw2, [16ollwzr, v, T, p).

Summarizing the previous estimates done for # and u we have

IVl + VO]l + [@]wes + [0]wer < Cl[uollwas. l6ollwzs, v, T, p)- (5.30)
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For® =0—60, P=p—p, U=u—u we obtain
O; + (u-V)O + (U-V)f = kAO + kA, (5.31)
and
Ui+ (u-VYU+ (U-V)a=—-VP + Oes + VAU, (5.32)

with the incompressibility condition div U = 0.

Taking L? inner product (5.31) with ©, after integration by parts we have

1d

§df|\@|\§ﬂ +k|VO2. = —/ (U-V)00dz —k | V- VOdx
t R2

R2

<

/Rz (U - V)0Odx

+ ‘k Vo -VOdz
R2

< ||véHLoc/ |U@|dx+k/ V6 - VO|dx
R? R?
< |[VO|l = U] 21O 2 + k[ VO] 2 VO 2
k., _~ k
<OV + CIBIE: + SIVaIE. + £ 76|,
where we used estimate (5.30) and 2ab < a? + b?. Joining similar terms to the left hand side we obtain
d -
%H@HQL2 +k|VO|1: < CIU|Z: + CllO]72 + Ck|IVOZ-. (5.33)

In the same way for equation (5.32), taking L? inner product with U, and integrating by parts, we have

1d
5£\|U||2L2 +v|VU|32 = —/ (U-V)a-Ude+ | OexUdx
R2 R2
< [Vl U[72 + 1Ol 2 U 2
< C(|U]z= + l1©ll72), (5.34)

where C(ug, 6, T, ) and we used estimate (5.30).

Combining (5.33) with (5.34), and denoting X (t) = [|[U(t)||2, + [|©(¢)||%2, we get

%X(t) < CX(t) + CH|VO|2.

By using Gronwall’s lemma we have
t
X(t) < X(0)eC" + Clk / V() |22 ds
0

T

< CeCTk/ VO(t)||%.dt
0

< Ck,

where we used estimate (5.30) and the fact that both Boussinesq systems (2.26) and (5.1) have the same initial
conditions .i.e., X(0) = 0. Thus we obtain the following estimate

U7 + 18|72 < Ck.
In particular
U2 < IU@G7= + 0172 < Ck,
IU®)]> < CVE,
18@)l|> < CVE,
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which implies that
sup ([U®)]2 + 1©(1)l|2) < CVE,
0<t<T

JSup ([u(t) = a(t)llzz + (1) - 6(t)||2) < CVk, (5.35)

where C(ug, 6o, T, v).
The next argument can be done exactly for © and U. Here we present the case for ©. By (5.35) we have

sup (6(t) —6(t)]2) < CV.

0<t<T

From the Gagliardo-Nirenberg interpolation inequality (3.21), estimate (5.30) and the embedding H™ (R?) —
W2P(R?) for m > 2 we infer that for 0 < s <m

sup [[6(t) — ()= < sup [|6(t) — 6(1)[|72116(t) — 6(1) |7
0<t<T 0<t<T

< C([16ollmm + 1ol m)'~* sup [10(t) — O(t)] 2
0<t<T
< Ck?,

where 5
a=1—— and C = C(ug, b, T,v,s,m).
m

Similarly for U we have
sup (|lu(t) —a(?)||r2) < Ckz=.
0<t<T

Finally, making k — 0 we obtain the convergence (@, 0) — (u,8) in C([0,7]; H*(R?)).
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6 Conclusions

We have studied the global in time regularity for the two dimensional Boussinesq system in the following way.
First, we have introduced the equations involved in the Boussinesq system, that is, the Navier-Stokes equations,
together with the heat and transport equations. Second, we review the functional framework in which PDE’s
are developed, namely, LP, distributions and Sobolev spaces, as well as, the Leray and vorticity formulation
for two dimensional fluid flows. Third, we have presented a breakdown or blow-up criterion for the partial
Boussinesq case when k& = v = 0. Finally, we have proved the global in time regularity for the two dimensional
Boussinesq case when k= 0,v > 0.

The Boussinesq equations constitute a coupling between the Navier-Stokes equations and the convection-
diffusion equation, that is, we have dealt with a system of PDE’s describing the case when temperature variations
are allowed in the fluid. Beyond the physical meaning of the Boussinesq equations, constants like viscosity and
thermal diffusivity of the fluid can be partially neglected to study it mathematically. In this sense we have
considered the cases k =v =0and k =0,v > 0.

Functional spaces like LP, distributions and Sobolev spaces provide an appropriate framework to state cer-
tain inequalities like: Gronwall, Gagliardo-Nirenberg, Calderén-Zygmund and Brezis-Wainger that have been
used frequently through this memory. The above inequalities have been useful to establish a priori estimates
for velocity and temperature concerning the Boussinesq equations. Moreover, we have taken advantage of being
working in two dimensions and we have transformed the Navier-Stokes equations into a self contained scalar
equation in terms of vorticity. This vorticity formulation together with the Leray formulation have gave us a
schematic way to construct solutions locally in time for the Euler and Navier-Stokes equations.

Based on [9], we have established a blow-up criterion for the partial Boussinesq case when k = v = 0. In this
case, we have shown that the breakdown or blow-up of smooth solutions is closely related to the accumulation of
gradients of temperature. That is, || u||g= and 0| g remains bounded if and only if V6§ € L1(0,T; L= (R?)),
and T depending on || ug ||gm, ||0o||zrm for m > 2. In one hand, since we are in two dimensions and m > 2,
we have the injection H™ (R?) < C* (R?). On the other hand, energy estimate for |V u ||z~ together with a
priori estimates for u and 6 gives ||u | gm < oo and ||| gm < co.

Based on [10], we have shown the global in time regularity for the two dimensional zero-thermal Boussi-
nesq system. Namely, we can find solutions of the partial Boussinesq system k = 0 and v > 0 that can be
extended for any time provided that ug, 0y € H™ for m > 2. In this sense, we have realized that if we prove
the blow-up criterion for any time then we are done with the global in time regularity for the case k = 0 and
v > 0. For the proof of the global regularity we have combined a priori estimates for u and 6 together with
Gagliardo-Nirenberg, Calderén-Zygmund and Brezis-Wainger inequalities. That is, we estimate uniformly the
velocity and its gradient, which together with estimates for vorticity gives a bound for the maximum norm of
the temperature’s gradient.

We conjecture that with the theory developed in this memory we can consider without any problem the
remaining content presented in [10], which consider the case k > 0 and v = 0. Moreover, as we mentioned
in the introduction, we believe that we can take advantage of the properties of the space H™ to go over the
implementation of numerical methods for solving partial cases of the Boussinesq system. Aside of this, for
further considerations we can show that in the partial case k = v = 0, the solutions can be extended for any
time. That is, the global in time regularity for the zero-viscosity-thermal is still an open problem in the subject.
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