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ABSTRACT. The main objective of these Notes is to provide an introduction to
variable density NS: their motivation, some of the main mathematical prob-
lems connected with them, the main techniques used to solve these problems,
the main results and open questions. First, we will describe the physical origin
of the equations. Then, we will be concerned with existence, uniqueness, reg-
ularity and control of initial-boundary value problems in cylindrical domains
Q x (0,T); as usual, Q is the spatial domain, an open set in R2 or R? “filled”
by the fluid particles and (0,7') is the time observation interval. Some open
problems (not all them of the same difficulty) are also recalled.

1. Introduction.

1.1. Objectives, audience and motivation. The main objective of these Notes
is to provide an introduction to the variable density Navier-Stokes equations: their
motivation, the main mathematical problems connected with them, the main tech-
niques used to solve these problems, the main results and open questions.

From the mathematical viewpoint, we will be mainly concerned with existence,
uniqueness, regularity and control of initial-boundary value problems in cylindrical
domains  x (0,7) (as usual, Q is the spatial domain, an open set in R? or R3
“filled” by the fluid particles; on the other hand, (0,7) is the time observation
interval).

The considered problems and results are:

e In part, purely theoretical (existence, regularity, etc.).

e In part, connected to applications (interpretations in fluid mechanics).

e And, sometimes, oriented and motivated by control theory (optimal control
of variable density Navier-Stokes fluids, controllability questions).

The relevance of variable density Navier-Stokes fluids and the way they are pre-
sented here can be justified in several ways.

Thus, many incompressible fluids found in Nature actually are variable density
and Newtonian. This is the case of an ocean, a river and, also, many viscous fluids
in large containers. This is also the case of the complex fluid found after mixing
two or more fluids with different (constant) densities.
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We hope that the discussions in Section 2 on the physical origin of the equations
will clarify this.

On the other hand, the techniques extend those generally used for the Navier-
Stokes equations and can be applied to many other nonlinear problems in me-
chanics, engineering, biology, .... They rely on approximation schemes for PDEs
(Galerkin, semi-Galerkin, ...), energy estimates, compactness results in spaces of
the LP(0,T; B) kind, regularity theory for elliptic and parabolic PDEs, etc.

Some open problems (not all them of the same difficulty) are given; we expect
that they will motivate research in the field.

1.2. Notation and terms.

ODE: ordinary differential equation.

PDE: partial differential equation.

R: the field of real numbers.

R, : the set of positive real numbers.

RY: the set RV~ x R,

Q, w, U, O: open sets in RV,

02 the boundary of €.

n(x): the unit normal vector at x € 99, outwards directed.
a,b,...: N-dimensional vectors with components a;, b;, . ...
ab: the tensor with components (ab);; = a;b;.

1g: the characteristic function of G; equal to 1 in GG and equal to 0 outside G.
0i5: Kronecker’s symbol; 0;; = 1 if i = j, §;; = 0 otherwise.

C°(U), C°(U): the space formed by the continuous functions ¢ : U + R (resp. ¢ :
U — R).

Ck(U), C*(U): the subspaces formed by the functions with continuous partial
derivatives of orders < k in U (resp. U).

C>(U): the intersection of all C*(U) with k > 1.
Supp ¢: the support of ¢ (the closure of the set where ¢ # 0).

Ck(Q), C¥(Q): the subspace of Ck(Q) (resp. C*(Q)) formed by the functions with
compact support in Q (resp. Q).

D(R2), D(Q): the subspace of C*°(Q) (resp. C°°(Q)) formed by the functions with
compact support in Q (resp. Q).

a.e.: “almost everywhere” (it indicates that a property is satisfied at any point
except possibly in a set of measure zero).

D(A), N(A) and R(A), where A is a linear mapping: the domain, the kernel and
the rank of A, respectively.
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2. Physical motivation of the equations. This Section is devoted to a presen-
tation of the main physical ideas related to the derivation and formulation of the
PDEs that model variable density Navier-Stokes fluids. We have mainly followed
the approach of Chorin and Marsden [13]. We have also incorporated arguments
from [48, 54], among others.

2.1. Introduction. The fundamental problem in continuum mechanics.
To fix ideas, let us (first) adopt the viewpoint of a physicist. Thus, let Q C R? be a
bounded connected open set and let 7' > 0 be given. It is assumed that a continuum
occupies the set Q during the time interval (0, 7).

This means that the medium under study is composed of particles and that there
exist sufficiently regular functions p, u and w such that the following holds:

1. The mass of the particles of the medium whose positions at time ¢ are points
of the open set W C € is given by

m(W,t) = /W p(x,t) dx. (1)

2. The linear momentum associated to the particles in W C Q at time ¢ is

p(W, 1) = /W<pu><x,t> dx. @)

3. Finally, the total energy associated to the particles in W C Q at time ¢t is
1
Bv.0) = [ (Goll 4 pu) (1) i 3
w

The functions p, u and w are respectively called the mass density, the velocity
field and the internal energy distribution per unit mass. For each t, the func-
tions p(-,t) and u(-,t) provide a complete description of the mechanical state of
the medium at time t. The fundamental problem in continuum mechanics is the
following:

FPM: Assume that, for a given medium, the mechanical state at time
t = 0 and the physical properties for all t are known. Then, determine
the mechanical state of this medium for all t.

The physical properties of the medium are usually expressed as a system of PDEs,
where we find p and u, the internal energy w and, in some cases, other additional
variables, completed with appropriate boundary conditions on 9Q x (0, 7).

Therefore, the fundamental problem in continuum mechanics is, in fact, a bound-
ary/initial value problem for an evolution partial differential system in Q x (0,7T),
where the main unknowns are p and u.

2.2. Lagrangian coordinates and the transport lemma. In order to be more
precise in the formulation of FPM, we need some tools. In particular, we have to
first define a trajectory: for any x € €2, one considers the Cauchy problem

{ yi =u(y,t),
y(0) =x.

Under appropriate regularity assumptions on u, there exists exactly one solution y
to this problem that is maximal to the right and is defined in an interval of the form

(4)
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[0,T%(x)), where T\(x) < T. By definition, we say that ¢t — y(¢) is the trajectory
of the fluid particle that was at x at time ¢ = 0.

The individual trajectories can be put together by introducing Lagrange coordi-
nates.

More precisely, let us set

O={(xt) eQx[0,T):0<t<Tu(x)} (5)

and let the function Y : O + R3 be defined as follows: for each (x,t) € O,
Y (x,t) = y(t), where y is the solution of the associated problem (4). We then
say that Y is the fluz function of the medium and the components of Y (x,t) are
the Lagrangian coordinates at time ¢ of the particle that was initially at x. Again,

under suitable regularity conditions imposed to u, we have Y € C?(O;R3).
For any open set W C Q, if W x {t} C O, then the set

Wy :={Y(x,t): xe W} (6)

must be viewed as the set of the positions at time ¢ of the particles of the medium
that were at a point of W at time O.

The following result, that we state without proof, is known as the transport
lemma.

Lemma 2.1. Assume that f = f(x,t) is given, with f € C*(Q2x(0,T)). Let W C Q
and Ty > 0 be such that

W x [0,Tp) C O (7)
and let us set
Ft):== [ f(y,t)dy (8)
Wy
for all t € [0,Ty). Then F :[0,Tp) — R is a well defined C* function. Moreover,
dFr
0= [ GV oy vee 0.1y )
Wi
0

2.3. The universal laws. Let us come back to the fundamental problem FPM.
In order to identify the physical properties of any medium without ambiguity, we
will deduce a set of PDEs that must be satisfied by p, the components of u and w.

The physical principles that lead to these equations are of two kinds:

e Universal conservation laws, that are common to all media,

e Particular constitutive laws, only satisfied for some media.

In this Section we recall the usual conservation laws, and present associated
integral formulations. Moreover, we show how they lead to a first set of PDEs for
the variables of interest.

The first conservation law concerns mass. It asserts that the mass of any fixed
set of particles is invariant in time:

Conservation of mass: Let W C Q be an open set such that W x [0,T) C O,
where O is given by (5). Then

% ( /Wt p(x,1) dx) —0 (10)

for allt €10, Tp).
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From lemma 2.1, we can rewrite identity (10) in the form

[ o097 (i tyax = (11)
Wy

Then, since W C 2 is arbitrary and T} is only constrained to the restriction W x
[0,Th) C O, the same property must hold for any open set U C Q and any t € [0,T)
and we find that
pr+ V- (pu) =0 in Qx(0,7). (12)
This is a first PDE for p and u. It is frequently called the continuity equation.

The second universal principle concerns conservation of linear momentum. It is
the following;:

Conservation of linear momentum: Let W C Q be an open set such that
W x [0,Tp) C O. Then

dt
for all t € [0,Tp), where F(Wy,t) is by definition the resultant of the forces acting
on the particles whose positions are in Wy at time t.

i ( IR ix) = (1) (13)

This principle is in fact the version in continuum mechanics of the famous New-
ton’s second law.

In our framework, the resultant F(W;,¢) must be split as the sum of two vectors:
F = Fien + Fext, where Fye, is the resultant of the tension forces (i.e. those exerted
by the particles located outside Wy on the particles located inside) and Fey is the
resultant of all other external forces.

It is usual to assume that Fie, (Wi, t) and Fex (We, t) are respectively given by
integrals on OW; and W;. More precisely, one writes

Foon(Wi, 1) = / (W x, 1) dI, (14)
101%%
for some T = T(W;; x,t), and
Fost (Wi, ) = / (of) (. 1) dx, (15)
Wy

for some f = f(x,1t).
It is also usual to assume that T is of the form

T=o0"n, (16)

where 0 = 0(x,t) is a new unknown, a C! matrix-valued function, usually called
the stress tensor and f = f(x,t) is known.

Taking into account the conservation of linear momentum (13) and these as-
sumptions, one gets

| /i )= [ RECURCEELES I .
= [ (7o) ety

for all W and ¢t.
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In view of lemma 2.1 and (again) the fact that W C € is arbitrary and we are
only requiring Tp to satisfy W x [0,Tp) C O, we are lead to the so called equation
of motion:

(pu)¢ + V- (puu) =V -0+ pf, in Qx(0,7). (18)

Conservation of energy: Let W C Q be an open set such that W x [0, Ty) C O.

Then
d 1
— —plul]® + pw | dx | = P(W,t), (19)

where P(Wy,t) is the instantaneous power of the work done by the forces acting on
the particles located at the points of Wy at time t.

The work we are mentioning in (19) can be originated either by mechanical forces
(those considered in Fie, (W, t) and Fexi (W, t)) or other mechanisms. Accordingly,
it is usual to write that

P(Wy,t) = /BWt(T -u)dl' + -/Wt (pf - u)dx + /QWt(—q~n) dx, (20)

where q = q(x,t) is a new unknown, called the heat fluz (or internal energy flux)
of the medium. An interpretation of q is given below, in Section 2.6.2.
Recalling (19), we find that

P(Wt,t):/ ((U-u)-n)dF+/

8W¢ Wy
:/ (V-(c-u)+pf-u—-V-q) dx,
Wy

(pf - u) dx—l—/aWt(—q-n) dx o

Putting (19) and (21) together, we obtain the following integral identity

£, (o o))

:/ (V-(c-u)+pf-u—V-q) dx.
Wy

Again, this identity must be satisfied for any open set W C Q and any t € [0,Tp),
provided W x [0,Tp) C O and, arguing as before, we find the so called energy
equation:

(pw)t +V - (pwu) =0:Vu—-V.q in Qx(0,7). (23)

In this way, we obtain a system of 5 equations (the equation (12), the 3 equations
(18) and the scalar equation (23)) for 17 unknowns: the scalar unknowns p and w,
the 3 components of u, the 3 components of q and the 9 components of o. Of
course, they do not suffice by themselves to provide a complete description of the
behavior of the media. In order to get a precise description, we have to particularize
and introduce specific additional laws.

2.4. A particular set of constitutive laws. We will now consider a particular
kind of media, determined by some additional laws:
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e We first assume that the medium is an incompressible fluid. This means that
no rigidity assumption is imposed to the particles motion and, also, that if
W C Q is an open set and W x [0,Tp) C O, then

d
i () = .
for all t € [0, Tp).

e We will also assume that the fluid is Newtonian, i.e. the velocity field u is of
class C? and satisfies

2
o=—pld+ pu(Vu+vVu') — g,u(V -u)Id, (25)

for some C! function p (the pressure) and some positive constant pu.
In view of lemma 2.1, we see from (24) that

/ (V- -u)(x,t)dx =0 (26)
W

for all t € [0,Tp), whence we easily get the so called incompressibility equation
V-u=0 in Qx(0,7). (27)

The assumption (25) is frequently known as the Newtonian law. It means that the
stress tensor o can be written as the sum of a diagonal or normal stress tensor —p Id
and an oblique stress tensor that only depends on the spatial gradient of u. The
latter is due to friction forces. Indeed, in this case we are assuming that particles
interact not only normally but also tangentially. It seems reasonable to suppose
that the tangential forces are motivated by friction and consequently depend on the
spatial variations of the velocities.

Taking into account (25) in (18), the continuity equation (12) and the incom-
pressibility condition (27), we see that the components of u and p must satisfy the
following equations in © x (0,7T):

() + V- (puu) — pAu+ Vp = pf, (28)
V-u=0.

These are the non-homogeneous (or variable density) incompressible Navier-

Stokes equations of a fluid. We find a system of 5 PDEs for 5 unknowns and

an adequate strategy to solve FPM is to first find p, u and p from (28) and then,
if it is desired, to find w from (23), which now takes the form

(pw)t +V - (pwu) = pDu: Vu—-V -q. (29)

2.5. Some initial / boundary value problems. The nonlinear system (28) must
be complemented with appropriate boundary and initial conditions.

The boundary conditions describe the behavior of the fluid particles at the points
x € 90 for all t € (0,T). They can be of several different kinds and their charac-
teristics depend on the particular situation we are considering. We will now recall
those most frequently found.

Dirichlet boundary conditions for u and p:
u=a on 00 x (0,7), (30)
p=p on X, (31)
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where a is a (sufficiently smooth) vector-valued prescribed function and
Yin ={(x,t) €02 x (0,T) : a(x,t) -n(x) <0},

that is, X, is the part of 9Q x (0,7) through which the fluid particles enter the
domain.
A particular case corresponding to a = 0 is the no-slip condition:

u=0 on 90 x (0,7). (32)

Now, ¥, = 0, i.e. no new particle enters the domain during (0,7) and (31) has no
sense.

Slip conditions for u: Sometimes, it is not realistic to have a complete knowl-
edge of u on the boundary. However, it can be quite natural to assume that the
behavior of the normal component of u is known. Indeed, this is the case when 02
is a genuine wall, impermeable to the fluid particles.

In particular, if we assume that 02 is at rest, we find the so called slip condition:

u-n=0 on 002 x (0,7T). (33)

In general, this is not sufficient to determine the behavior of the fluid near 02
and has to be complemented with other boundary conditions (typically, 2 scalar
additional equalities).

Natural (free normal stress) conditions: At those points on 9Q x (0,7T)
where the fluid is assumed to be leaving the domain, it is natural to assume that
the normal component of the stress tensor vanishes:

oc-n=0 on 90 x (0,T). (34)

This means that these particles are free, in the sense that they do not receive tension
forces from other adjacent particles.

Fourier conditions and rugosity: On a wall it is also customary to assume
that normal stresses are parallel to the relative velocity:

oc-n+Ku—a)=0 on 902 x (0,T). (35)

Here, the term a is again a prescribed vector field (the wall velocity) and the coef-
ficient K is positive and may depend on x. This coefficient provides quantitative
information on the rugosity of the wall. In fact, condition (30) can be viewed as
the limit of (35) when the effect of rugosity is important, i.e., when K is very large.
On the other hand, condition (34) can be regarded as the limit of (35) as K — 07,
that is, in the case of an (ideal) smooth wall.

A modified form of condition (35) is the following:

u-n=a-n, (oc-n),+K(u—-a),=0 on 90 x(0,7), (36)
where, for any vector g, we have denoted by g, the associated tangential component,
i.e.

g-r=g—(g-n)n.
These conditions indicate that €2 moves with velocity a, that the fluid slips on 02

and, also, that the tangential tension efforts are parallel to the tangential relative
velocity.

Finally, let us mention that, sometimes, it can be more appropriate to prescribe
on (a part of) the boundary the behavior of the pressure p. For a discussion on this
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subject and some indications on “good” and “bad” boundary conditions on p, see
for instance [49].

On the other hand, the initial conditions indicate that u and p must be known
at the initial time ¢ = 0. This is a part of our information, recall the statement
of FPM.

Consequently, we have to impose that

p(x,0) = p°(x) in (37)

u(x,0) = u’(x) in Q, (38)

where p® and u” are prescribed

In these Notes, we will be mainly concerned with the variable density Navier-
Stokes equations (28), completed with the Dirichlet conditions (30) and (31) and
the initial conditions (37) and (38).

We end this Section with a short justification of the need and convenience of the
theoretical analysis of problems of this kind.

Adopting the viewpoint of a physicist, we have got a mathematical model. We
have assumed that the variables exist and satisfy our equations and additional
conditions. In order to get quantitative information, what we have to do is to solve,
in practice numerically, the resulting problem.

Let us now adopt the viewpoint of a mathematician. For example, let us start
from a problem like (28), completed with (32), (37) and (38).

In principle, we do not know whether there exist functions p, u and p satisfying
this. Our first task is thus to prove that this is true. In that case, we will have got
a confirmation of the fact that we were not wrong before; that the problem was not
overdetermined; that we did not introduce contradictory hypotheses, etc.

Furthermore, even in the case that solutions exist, we do not know in principle
how many there are. Hence, a second task is to prove that the solution is unique.
The existence of at most one solution shows that the set of assumptions we have
used is complete.

However, there is still a third important point to check. It could be very well
that our system possesses exactly one solution for each set of prescribed data but
this solution is unstable with respect to them. In such a situation, the model is
useless. Consequently, a third and crucial task is to prove stability (more precisely,
continuous dependence of the solution with respect to the data) and this is also
strongly justified.

Finally, we may be interested in interacting with the system in order to get a
good behavior. For instance, this is the case if we want to stop the flow at time
t =T, ie. to have u(x,7T) = 0 by choosing f appropriately. This is the viewpoint of
control theory and a fourth task concerning our system is the analysis of questions
of this kind.
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2.6. Additional remarks.

2.6.1. Justification of the existence and properties of the stress tensor. The tension
forces corresponding to the transported domain W; are due to the action of the par-
ticles located outside W, on those particles located inside. It is therefore reasonable
to assume that the resultant Fie, can be computed by integrating on the boundary
OW, a field T = T(W,; x,t).

It is also reasonable to assume that T is unknown. Indeed, this fields provides
information on the way the particles interact.

In view of its physical meaning, it seems reasonable to admit that T depends on
Wy through the outwards unit normal vector n:

T(Wy; x,t) = s(n; x,t)

for some s. Furthermore, from the analysis of some particular flows, it becomes
clear that the dependence on n must be linear, that is,

s(n;x,t) = o -n, for some o = o(x,t); (39)

see for instance the related argument in [13].

The stress tensor ¢ must be symmetrical. This is implied by the angular mo-
mentum conservation law. Indeed, this principle states that the time variation of
the angular momentum associated to an arbitrary set of particles is equal to the
torque of the corresponding applied forces. In other words, for any open set W C Q
with W x [0,Tp) C O (where O is given by (5)) and any time ¢ € (0,7}), we must
have

- ( /Wt ((pu)(x,) x ) dx) = B(W.,1)

= /awt ((o0-n) x x) dI‘—l—/ ((pf) x x) dx.

Wy

(40)

We easily find from (40), lemma 2.1 and the motion equation (18) that o must
be symmetrical at each (x,t).

Finally, in the framework of fluid mechanics, it is completely natural to require
o to be continuously differentiable.

The formula (25) states that the stress tensor o is the sum of a normal stress
tensor —pld and an additional oblique tensor that depends linearly on the spatial
gradient of the velocity field.

The hypothesis “oblique stresses are proportional to spatial derivatives of ve-
locitties” was first introduced by Isaac Newton and is the analog of Hooke’s law
for a solid. All gases are Newtonian, as are most common liquids such as water,
hydrocarbons, and oils.

We will now provide a short justification of (25):

e First, notice that it seems reasonable to assume that

aui
o(x,t) = Zo(p(x,t), w(x,t),..., a—(x,t), ce )y (41)
Ty
where Xy = Xo(p,w,...,d;j,...) is given. Accordingly, o depends on the local
values of p, w, etc. and, in particular, memory effects are neglected.

In our context, it is also natural to assume that the medium is isotropic. That

is, from the viewpoint of the mechanical action, a variation of u; in the direction x;
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is as relevant as a variation of u; in the direction x; . This means that

0%y 9%

ddy; — 0dy;

Vi, j. (42)

Consequently, we can write
o(x,t) = X(p(x,t), w(x,t), Du(x,t)) (43)

for some ¥ = ¥(p,w, D), a symmetric tensor-valued function defined on Ry x Ry x

L4(R3).

e On the other hand, a rotation of the reference system must not affect the stress
tensor values, i.e., we must have

Y(p,w,R-D-R Y =R-%(p,w,D)-R* (44)

for any orthogonal matrix R. Under these conditions, as a consequence of the
Rivlin-Ericksen theorem (see for instance [59]), there must exist functions ag, a;
and as, with

ai:ai(p,w,dl,dg,dg), O§Z§2,
dy = trace D, dy = trace D?, dz = det D, (45)
¥ = apld + a1 D + aoD?.

Notice that, up to now, the hypotheses are completely general and reasonable
from the physical viewpoint in a purely viscous context.

e Let us simplify a little the previous formula. More precisely, let us assume that
the mapping D — X(p,w, D) is affine. Then, we must have

0 = [—ps + M(V - w)]Id + i (Vu+ Vu') (46)

for some functions p., Ax and p, depending only on p and w. This is equivalent
to assume in (45) that the a; have the form ag = apo + ao1d1, a1 = a1 (with agp,
ap1 and a1 independent of d;) and az = 0. When we suppose (46), we say that the
considered fluid is Newtonian.

e Finally, we will assume that the so called Stokes law
3AIN+2u=0 (47)

is satisfied. In order to justify this law, let us consider a fluid in a domain of the form
B(0; R)\ B(0;7) with velocity u(x,t) = ax, where a is a positive constant. Suppose
also constant density and constant total energy: p(x,t) = pp and w(x,t) = wp. In
such a situation, it is natural to accept that there is no friction and, consequently,
viscous efforts are identically zero. Hence, a simple computation shows that (47)
holds and

2
o= —p.Id + p. (Vu + Vu' — g(V . u)Id> , (48)

where p, and p. are functions of p and w.

In the derivation of the equation of motion (18), we have also assumed that the
external forces are given by (15). Here, f = f(x,t) is the so called external field.
As we have said, it is customary to assume that f is known. Indeed, in our context,
this is an information on the medium that we must have.
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2.6.2. The energy equations for ideal and Newtonian fluids. Let us indicate the final
forms of the energy equation for the incompressible fluids considered in Section 2.4.
Up to now, we have found the equation (29). We still have less equations than
unknowns for the computation of w. In order to complete our information, it is
again necessary to use additional laws, this time coming from thermodynamics.
A usual additional assumption is Fourier’s law. It states that the heat flow q
is proportional to the spatial gradient of the temperature. More precisely, we have

q=-xkV0o (49)

for some positive k, that is called the heat diffusion coefficient.
On the other hand, w is usually assumed to be a linear function of the tempera-
ture, that is,
w = ¢ob (50)
for some positive ¢y, usually called the specific heat coefficient. '
Taking into account (49) and (50), (29) can now be rewritten as follows:

co ((p9)¢ + V - (pfu)) — kA = p(Vu + Vu') : Vu. (51)

2.6.3. Laminar and turbulent flows. Some basic ideas. Consider a homogeneous,
incompressible, Newtonian fluid governed by the system

po(u-Vi)u—pAu+Vp=0 in Q,
V-u=0 in Q, (52)
u=a on 01,

where  C R3 is a bounded, regular, connected domain and a is a constant vector
(for simplicity).

We are assuming here that the flow of this fluid is stationary, i.e. that the vari-
ables u and p are independent of .

It has been observed since longtime that such a fluid can flow in two completely
different ways:

e For “small” data a or “large” kinematic viscosities v = u/pg, the velocity field
and pressure are regular and, roughly speaking, the fluid particles follow more
or less ordered trajectories. It is then said that the flow is laminar.

e Contrarily, for sufficiently large a or sufficiently small v, both the velocity
and the pressure exhibit extremely rapid variations or oscillations in time and
space and the particles seem to have a chaotic behavior. In this case, we say
that the flow is turbulent.

The transition from the laminar to the turbulent regime can be explained if we
consider a dimensionless reformulation of system (52).

More precisely, let us introduce a characteristic length L and a characteristic
velocity U of the problem. For example, we can take

L = diameter of Q, U =]al. (53)
To fix ideas, we will assume that 0 € 2 and we will set
Q = ZQ7 a = ﬁa, X ZX, u ﬁu, p = Wp

I Here, we have assumed for simplicity that & and cg are constant, but it is also meaningful to
suppose that they depend on x and/or ¢.
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Then, the so called adimensionalized variables u* and p* satisfy

1
(U VU’ — o ATt V=0 in O,

V*our =0 in Q*, (54)
u* =a* on ON*,
where Re is the Reynolds number, a dimensionless quantity given by
UL
Re = Tp‘) . (55)

It is well known that (54) possesses at least one solution (u,p) for each Re > 0.
For small Re, this solution is furthermore unique and coincides with the asymptotic
limit of the similar time-dependent problem as ¢ — 400, independently of the
prescribed initial data. This is the mathematical realization of the laminar regime.

For large Re, a much more complex situation is found. On the basis of what is
known in the context of ordinary differential equations, it is expected that, as Re
grows, in a first step, bifurcation phenomena appear, uniqueness is lost and several
stationary solutions exist, with different stability and attractivity properties. This
can be interpreted as an evidence of transition to turbulence. For even larger Re,
fully turbulent behavior is expected.

For more detailed explanations of these phenomena, see for instance [26, 58].

3. The existence of weak solutions.

3.1. Notation and preliminary results. In this Section, we recall the main
technical results needed to formulate and solve the PDEs under study; for the
proofs, see [1, 20, 57].

In the sequel, 2 will be a connected open subset of RY; very frequently, N = 3 but
we will also sometimes consider two-dimensional domains. We will always assume
that the boundary 99 is regular enough (at least Lipschitz-continuous and maybe
something more in some of the results that follow). We will denote by D(Q2) the
space of the C* functions ¢ : Q — R which have compact support. The space of
distributions on € will be denoted by D’'(2).

For any multi-index a = (ay,...,ay) € NV, we write |a| = a; + -+ + ay and

ole
= 1 an
Oz ... 0z}

We will need the usual Sobolev spaces W™P(Q), with norms

aa

1/p 1/p
v||wme = o0“v|? = 0%vl|h, for 1 <p< +o0
L
jf<m ¢ laf<m
and
|v]|[wm.e = sup [ess sup,cq [0%v(x)|]] = sup [|0%v| L.
la|<m laf<m

We denote by W™ (Q) the closure of D(Q) in W™P(2). As usual, we write
H™(RQ) instead of W™2(Q) and HZ*(€) instead of W™?(€). Then, H™ () and
H{" () are Hilbert spaces if they are endowed with the inner product

(u,v)gm := Z /Qaaua%: Z (0%u, 0%v) 2. (56)

lee|<m loe|<m
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Furthermore, if 2 is bounded at least in one direction, then Poincaré’s inequality
holds and therefore
(u, ) gm = Z (0%u, 0%v) 2 (57)

lal=m
is an inner product in HJ"(Q2), with associated norm

1/2

lollzg = | > loul®| (58)

la|=m

This norm in HJ*(Q2) is equivalent to the usual norm of H™(€2).

The points of RV will be denoted with bold face letters. In general, for functions
with values in R™, we will specify the components with appropriate indices. For
example, by writing v.€ W™P(Q)V we mean that v = (vy,...,vx) and each
component v; belongs to W™P(Q), j =1,..., N. Obviously, for any integer k > 1,
WmP(Q)* is a Banach space for the standard product norm. The inner products
in H™(Q)* and HF*(Q)* are defined as in (56) or (57), with the 0%u 0%v replaced
by appropriate Euclidean inner products

k
Z 8a’LLj 8%]-.
j=1
For simplicity, the scalar products and norms in L?(Q2)¥ will be denoted by (-, -)
and || - ||, respectively. Moreover, the notation will be abridged as much as possible;
for instance, || - [[z» will stand for || - [[zr(q) or || - [|Lr (k-

For any integer m > 1 and any p € [1,+00), the space W’m’p/(Q) is, by defini-
tion, the dual of Wi"?(2). It can be identified to a space of distributions:

(1.2) WP (Q) 2 {SeD(Q):S= D 0%va, va €LY(Q)}
laf<m

through the identities

S = X (07 [ v v eWp@)

lee|<m
Theorem 3.1. Let Q € RY be non-empty, open and bounded, with Lipschitz-
continuous boundary 0S2.
1. Let p* be defined as follows: 1/p* = 1/p — 1/N if p < N, p* € [1,+00)
(arbitrary) if p= N and p* = 400 if p > N. Then the embedding
WP (Q) — L (Q)

is continuous (and dense if p* < +00). Moreover, the embedding is compact
in L5(Q), for all 1 < s < p*.
2. More generally, the embedding

W™ (Q) < W™I(Q),

where 1/¢g=1/p— (m—n)/N if (m—n)p< N, g€ [1,400) if (m—n)p=N
and ¢ = +oo if (m —n)p > N, is continuous and dense. Moreover, it is
compact in W™*(Q), forn <m and 1 < s < q.
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3. Finally, if 02 is of class W™ mp > N, k is the greatest integer such that
0<k<m-—N/p, and

N
m—;zk—ka, with « € (0,1],

then WP (Q) — C**(Q), with continuous embedding.

We will now recall an improved version of theorem 3.1 in a simple but important
particular case:

Theorem 3.2. If u € WH1(0,T), then (a suitable representative of) u belongs
to C°([0,T)) and satisfies

to

u(ty) — u(ts) :/ u'(t)dt Wity te € (0,7
ty

Moreover, the embedding W11 (0,T) < C°([0,T]) is continuous.

Remark 1. When we consider derivatives of functions in W11(0,7), we mean

classical derivatives, defined almost everywhere in [0, T. O

Lemma 3.3. Let Q C R? be as in theorem 3.1, with N = 2 or N = 3.
1. If N = 2, there exists C' > 0 such that

[vllpe < CllollY2[Vol'? Vo € HY(Q). (59)
2. If N = 3, there exists C' > 0 such that
[vllzs < Clloll*?|[ Vol Vo e HY(Q) (60)
and
[vllLs < Cll|H[Vol’* Yo e HY(Q). (61)

If (B,|-|ls) is a Banach space, then L?(0,T; B) is also a Banach space with
norm

T 1/[’
Iflle o) == [/ 1£() I dt] if 1 <p < +oo,
0

£l 0,1;8) = ess supye(o.) Lf (1)]| -
If p = 2 and B = H is a Hilbert space with scalar product (-, )z, then L2(0,T; H)
is also a Hilbert space, with scalar product

(f,9)L20.1:m) ::/o (f(t),g(t))m dt.

Let us denote by D’(0,T'; B) the space of the B-valued distributions on the open
interval (0,7). Recall that any f € L}, .(0,T;B) defines a unique distribution
Ty € D'(0,T;B) by

(Ty ) = / [yt Vg e D(O,T).

As it is usual in this context, we make no distinction in the notation and we also
denote the distribution T’y by f. This allows us to speak of B-valued distributional
derivatives of “functions” in LP(0,T’; B). Of course, the derivative of f € L?(0,T; B)
in the sense of D’(0,T; B) is the distribution defined by

T
Goor == [ f0Z w0 veepE.1),
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The spaces W™P(0,T; B) are Banach spaces with respect to the norms

1/p
I lwm.»0,1;8) == ZH P ||Lp(oTB)] if1 <p<+oo,

1L
o |G oo,

If p=2and B = H is a Hilbert space for (-,-)g, then H™(0,T; H) is a Hilbert
space as well, with scalar product

(w, v) grm0,15H) = Z / “u, 0%) g dt. (62)

la]<m

||fHWmv°<>(0,T;B) =

We will denote by D(0, T'; B) the space of the functions ¢ : (0,T") — B of class C™
with compact support. The closure of D(0,T; B) in W™(0,T; B) (in H™(0,T; H))
will be denoted by Wi™?(0,T; B)) (in HJ*(0,T; H), respectively). The seminorm
dtm
is in fact a norm in HJ"(0,T; B), which is equivalent to the norm of H™(0,T’; B).

For any p € [1,400), the space (LP(0,7;B))’ is isometrically isomorphic to
LP(0,T; B') in the sense that, for any continuous linear form ¢ € (L?(0,T;B)Y,
there exists exactly one g € L’J'(O7 T; B’) such that

Ifllmg0.:m) = |7 A (0,T;B)

T
<€7 f>LP’(O,T;B'),LP(0,T;B) = /0 <g(t), f(t»B’,B dt Vf € Lp(o, T; B)~ (63)

The mapping £ — g is an isometrical isomorphism from (L?(0,T; B))" onto the dual
space L]”,(O7 T;B").

The dual of W} (0, T; B) is denoted by W~™%'(0,T; B'). Tt is then clear that
I/V’”"“’”,(O7 T; B’) can be identified to the space of distributions

m k
{SeD’(QT;B):S:Z%, vp € LP (0,T;B') }. (64)
k=0

One still has W1(0,T; B) — C°([0,7); B) and any f € WbH(0,T; B) has a
representative that is absolutely continuous from [0, 7] into B.

We now state some important and more specific results which will be used along
the text. For the proofs, see [55, 56].

Lemma 3.4. Let Q C R? be a bounded open set, with Lipschitz boundary T.
1. Forany 1 < s <r < +o0, define a by
1 1 1

a 1 s

where r* is related to r as in theorem 5.1, that is, 1/r* =1/r—1/N if r < N,
r* € [1,400) (arbitrary) if r = N and r* = 400 if p > N. Ifa > 1, then
(u,v) — wv is a well defined continuous mapping from WHT (Q) x Whs (Q)
into Wha (Q).

2. For any 1 < r,;s < oo with 1/r + 1/3 S 1, (u,S) — uS is a well defined
continuous mapping from W () x S () into W1 (Q), where a is as
above.

)
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Let B be a Banach space. Given a function f : (0,7) — B and a (small) constant
h > 0, we introduce 7, f : (—h,T — h) — B, with
(raf) (8) = F(E+ D)Vt e (=h,T = h).
Let us now recall a useful lemma concerning compact embeddings in L?(0,T’; B)

spaces:

Lemma 3.5. Let X, B andY be Banach spaces, with X — B — Y, the embedding
X < B being compact. Let § : Ry — R be a function such that

d(h) =0 as h—0

and let 1 < p < +oo. Let W be the space
1
W={velLl(0,T;X): sup —~I7a(v) —v|Lror-ny) <+0},
o<h<T 0(h)

endowed with its natural norm. Then W is compactly embedded in LP(0,T; B).

In order to prove the existence of a weak solution to the variable density Navier-
Stokes equations, we will need later the so called Nikolskii spaces, which are defined
as follows.

For any 1 < ¢ < 400 and any 0 < s < 1, the corresponding Nikolskii space
N#1(0,T; B) is defined by

N#H0,T:B) := {f € L7(0, T3 B) : sup b= |7 f = fllpao.r-nim) < +00}-
>
The N*1(0,T; B) are Banach spaces for the norms
Hf”Ns,q(o,T;B) = Hf”Lq(o,T;B) + sup [h_s 7nf — fHLQ(O,Tfh;B)] :
0<h<T

Lemma 3.6. Let X, B andY be Banach spaces, with X — B — Y, the embedding
X < B being compact. Then the following embeddings are compact:

1. L0, T:X)N{¢: %2 € L' (0,T:Y) } — L7(0,T; B), with 1 < q < oo.

2. L= (0,T;X)N{¢: % € L"(0,T;Y) } — C°([0,T]; B), with 1 < r < +00.

3. L9(0,T; X)NN*9(0,T;Y) — L7 (0,T;B), with0 < s < 1 and 1 < q < +o0.

Furthermore, if B C L* (0,T; X) is bounded, K € L' (0,T) is given, r > 1, and
C is a constant, any set of the form

9¢
]::BO{QS:H&S ron S0}

<K+ ac, 4]
Y

is relatively compact in C° ([0,T]; B).
Now, let us introduce the space
Vi={veDQ)V:V-v=0}

i.e. the vector space of all R¥-valued C> functions on €2 that are divergence-free
and have compact support in €. Let us set

H := the closure of V in L*(Q)Y (65)
V := the closure of V in H}(Q)V (66)

Obviously, H and V are Hilbert spaces for the norms of L2(Q)" and H}(Q)V,
respectively. One also has (see [57]):

H={uecl?QY:V-u=0, u'n=00n00}
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and
V={ueH O :V.-u=0}

(recgat any u € L2()Y such that V -u € L%(Q) possesses a normal trace u - n in
the Hilbert space H~'/2(9Q); it is thus meaningful to impose u-n = 0 to any u
such that u € L%(Q)" and V- u = 0).

The orthogonal complement of H in L?(Q)" is given by

H*={uecL*(Q)" :u=Vp forsome pc H'(Q)}. (67)
In other words, any f € L2(Q)" can be uniquely split in the form f = u + Vp with
ue H and p € HY(Q) (p is unique up to an additive constant) and, furthermore,
(u,Vp) = 0.

We will now recall Schauder’s fixed point theorem:

Theorem 3.7. Let X be a Banach space, and let K C X be nonempty, bounded,

closed and convex. Then, any continuous compact mapping ® : K — K possesses
at least one fized point.

The following lemmas contain Gronwall-like estimates. For the proofs, see for
instance [14, 55, 56].
Lemma 3.8. Let g and k satisfy g € WH(0,T), g >0, k € L*(0,T) and

d
ggQ <kg ae in (0,7),

9(0) < go-

Then, one has
1 t
g(t) < go + 5/ k(s)ds Yt e [0,T].
0
Lemma 3.9. Let g € W"'(0,T) and k € L'(0,T) satisfy

% <F(g9)+k a.e in(0,T),

9(0) < go,
where F': R +— R is bounded on bounded sets, that is:
VYa >0, JA >0 such that |z| < a= |F(z)| < A.
Then, for everye > 0, there exists t., with 0 < t. < T (independent of g), such that
g(t) <go+e Vtel0,t]
3.2. The Stokes Operator. The stationary Stokes problem in Q with homoge-
neous Dirichlet conditions on the boundary 0f2 is the following:

—Au+Vp=h in Q
divu=0 in Q, (68)
u=20 on Of.

Here, h € L2(Q)" and we look for the solution in V' N H2(Q)V.
Let us introduce the orthogonal projector P : L?(Q)N — H, with

PveH and v—PvecHY YelL*Q)V.
Using the operator P, the Stokes problem (68) can be rewitten as follows:
ucVnH*(Q)N, P(-Au)= Ph. (69)



VARIABLE DENSITY NAVIER-STOKES EQUATIONS 1039

Indeed, in view of (67), if u solves (69), there exists Vp € H* such that Au+h =
Vp and, consequently, the couple (u,p) solves (68).
Let us set D(A) := VN H?(Q)N. Then the linear mapping A : D(A) — H, with

Av = P(—Av) Vv e D(A), (70)

is called the Stokes operator. It is not difficult to check that, for any w € D(A) and
any v € V, one has:

(Aw,v) = /Q(—AW) vdx = (u,v)pg . (71)

We will use the following result, whose proof can be found for instance in [14]:

Lemma 3.10. The Stokes operator A : D(A) — H is definite positive and sym-
metric. Furthermore, it possesses a compact inverse A~ : H — H.

As a consequence, we have:

Lemma 3.11. The Stokes operator A has a sequence {\;} of eigenvalues, with
0< A <A< .., N\ —=o00asi— oco. The associated eigenfunctions W' with
Wi =1 form a complete orthogonal system for H.

Let us denote by Vj the k-dimensional space spanned by the first k eigenfunctions

wl, ..., wk, corresponding to the eigenvalues A\; < --- < A\g. Let Py : L2(Q)N — V4
be the associated orthogonal projector, that is,
k

Puf = (F,w'w' Vfe L*(Q)".
i=1
Then, one has:

Lemma 3.12. The functions )\i_l/Qwi form a complete orthonormal system in V.
On the other hand, for any f €V, Pif - f in V.

Lemma 3.13. Let us assume that O is of class W™ with m > 2. Then the
eigenfunctions w' belong to H™(Q)N.

For the proofs of these results (and also for other sharper results), see for in-
stance [3].

We end this Section with a vector-valued version of De Rham’s lemma that will
be needed below. For the proof, see [56].

Let E be a Banach space. Recall that, for any open set 2 ¢ RY, D'(Q2; E) denotes
the linear space of continuous linear mappings S : D(€2) — E. These mappings are
the so called E-valued distributions on €.

As in the scalar case (with E = R), L}, (£; E) can be viewed as a subspace of
D'(; E). We can also speak of (partial) derivatives of E-valued distributions of
all orders and we can introduce the vector-valued Sobolev spaces W™?(Q; E) and
WP (Q; E).

Lemma 3.14. Let Q C RY be a non-empty bounded connected open set, with
Lipschitz-continuous boundary 0Q. Assume that S € D'(Q; E)N and

(S,0) =0 VYpel.

Then, there exists ¢ € D'(; E), unique up to a constant, such that S = Vq.
Furthermore, the mapping S — q can be defined in such a way that it becomes
linear and continuous from WP (Q; E)N into WP (Q; E) for any r € R and
any 1 < p < 4o00.
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3.3. The existence of a global weak solution. In this Section, we will prove
that the variable density Navier-Stokes equations, complemented with appropriate
initial and boundary conditions, possess at least one global weak solution. It will
be assumed that Q C R? is non-empty, open, connected and bounded and 9< is
Lipschitz-continuous and we will set @ = Q x (0,7) and ¥ = 9Q x (0, 7).

Theorem 3.15. Let T > 0 be given. Assume thatug € H, pg € L>°(Q) with po > 0
a.e. and £ € L1(0,T;L?(Q)3). Then, there exists (p,u,p) with

p € L2(Q) N0, T L' (9)) Y1 <7 < +oc, -
ue L*0,T;V), pe W 1%(0,T; L*()),
pue L>(0,T; L*(Q)*) N NV42(0,T; W= 13(9)?), (73)
igf po < p(x,t) <suppo a.e. inQ, (74)
Q
such that the equations
0
%—FV-(puu)—l—Vp:,uAu—i—pf,
Op (75)
b v =0
5 TV (pu) =0,
V-u=0,
are satisfied in Q, the boundary condition
u=20 (76)
is satisfied on ¥ and the following initial conditions hold:
plt=0 = po (77)

(/qu~v> (0):/Qp0u0'v VveV. (78)

The solution furnished by theorem 3.15 satisfies the incompressibility condition
(27) and the homogeneous boundary condition (32) in the following sense:

u(-,t) e V() fortae. in [0,7]. (2.2)

From the regularity of p, u and p, we also notice that the second equality in (75)
must be satisfied in the space W~=1°°(0, T; H~1(Q)?3), while the first one holds in

L0, T; H1(Q)*) N L0, T; W 15(Q)?).

Finally, remark that, for more regular initial data with pg > o > 0 a.e. in €, it
can be deduced that u and p are also more regular and the previous equations are
satisfied, at least for small ¢, in a stronger sense. This will be seen in Section 4.

Remark 2. Of course, the uniqueness of weak solution is out of scope: it is a major
open problem for the constant density Navier-Stokes system! But, as explained
in Section 3.4 and at the end of Section 4, the uniqueness is also open for similar
two-dimensional problems. O

Let us give a proof of theorem 3.15. To this end, we will introduce a family of
semi-Galerkin approximations and we will obtain appropriate estimates.
For clarity, the proof will be divided in several steps.
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Step 1. The existence of approximate solutions.

Since V is dense in V and V is a separable Hilbert space, we can consider a
Schauder basis in V, denoted {w!,...,w™, ...} with w™ € C*(Q)3 for all m > 1
and o

(Wl,WJ) = 6ij VZ,] Z 1.
Let V™ := [wl,..., w™] be the space spanned by w',...,w
Let {f™} be a sequence in C°([0, T]; L?(2)®) such that
f" —f in L'(0,T;L*(Q)°)
and let u* € V™ and py* € C1(Q2) be such that

m

1 1
— +infpy < pg' < — +supppin 2 forallm=1,2,...
m Q m Q

and . -

u, — Up 1N s

po" — po weak-x in L™ (§2) (79)

(obviously, functions f™, u® € V™ and pf’ satisfying the previous properties do
exist).

It will be said that (p™,u) is an approximate solution of the variable density

Navier-Stokes problem (75)-(78) if p™ € C*(Q), u™ € C'([0,T]; V™),

BL:L+UW-V;)’”:O in Q, (80)
/Q [pm(a;tm + @™ -V)ju" — ") v4+puVu" Vv =0 YwvelV™ (81)
and the following initial conditons are satisfied:
P lt=0 = P’ (82)
u™|t—o = ug’. (83)

Remark 3. Note that (81) is a non-scalar ODE of dimension m, while (80) is a
PDE. This is why (80)—(83) is called a semi-Galerkin aprozimation. This is an
appropriate way to approximate the original problem since, assuming that u™ is
known, the associated Cauchy problem (80), (82) is well-posed and can be easily
solved via the method of characteristics. ]

Remark 4. The equations (80) and (81) can also be equivalently written in the
following conservative form

agt +V-(pm"u™)=0 in Q, (84)
En + V- (pma™u™) = p" ™ |ov4+pVu™ Vv | =0 Vv e V™. (85)
Q

O

Let us prove that, for each m > 1, the approximate problem (80)—(83) possesses
at least one solution (p™,u™).
Indeed, for any w € C°([0,T]; V™), we can consider the following problem: find
p € CHQ) and u € C([0,T]; V™) such that
9p

L iw-vp=0

pli=o = pg’

(86)
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and

0
/[(paltl+((pw)~V)u—pf’”>-v +uVu-Vv| =0 ¥YvelV™,
Q

u"|i—g = uf.

(87)

Let us assume that there exists exactly one solution (p,u) to (86)—(87), that the
mapping w — u is continuous from C°([0,T]; V™) into C*([0,T]; V™) and, also,
that u is uniformly bounded for instance in C°([0,T]; V™) (independently of w).
Then, since V™ is finite-dimensional, as a consequence of Schauder’s theorem, we
deduce that this mapping possesses at least one fixed-point and this shows that
(80)—(83) is solvable.

The existence of a solution to (86)—(87) for any w and the continuity of the
mapping w — u can be proved as follows.

First, it is clear that for each w € C°([0,7]; V™) the corresponding transport
problem (86) is uniquely solvable in C'(Q). This is established in the following
result from [21]:

Lemma 3.16. Let w € C([0,T]; CY(Q)?) and pi* € C*(Q)? be given, with
V-w=0 in@Q, w=0 ondQx][0,T],
O<a<py<pB inf.
Then there exists a unique (renormalized) solution p to (86), with
p € L®(Q)NC([0,T]; L7(Q)) V1 <r < 4oo.

Moreover, the mass distribution of p(-,t) is independent of t, that is,

meas {x € N:a<p(x,t) <b}=meas {x€Q:a<py(x)<b}
for all a,b € R and any t € [0,T). In particular,

O<a<p<p inQx0,T].
We also have the following stability result, whose proof can be found in [45]:

Lemma 3.17. Let w and w,,, n =1,2,..., be functions satisfying the hypotheses
of lemma 3.16 and assume that w, — w in C°(Q). Let us denote by p, the
solution to (86) with w replaced by w,,. Then p, — p in C°([0,T); L"(Q)) for all
1<r<+o0.

In view of lemma 3.16, problem (86) has a unique solution p € C1(Q), satisfying
Tim < p(z,t) < rom in Q,
where
e mo Lo m_ 1
rim = inf pg* > — +inf pg, 72, = sup pg" < — + sup po-
Q m Q Q m Q

Now, let us look for a solution u to (87) of the form

u(z,t) = Z i ()W (), (83)
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where ¢; € C*([0,T]) for j = 1,...,m. Plugging this expression in (87) with v = w’
for all 4, we see that u solves (87) if, and only if, the functions ¢; satisfy

m m

S (w3+§:m]<%+d() i (0,7), 1<i<m,
j=1
¢;(0) = the ]—th component of uf* for 1 < j <m,

where the a;;, b;; and d; are given as follows:

j i
aijZ/PW]'W,
Q

bi; :/gz{([PW'V}wj)-wi+ﬂij:Vwi},

di:—/pfmwvi.
Q

Notice that a;; € C'([0,T]), b;; € C°([0,7]) and d; € C°([0,7]) for all i,j.
Moreover, the matrix A = {a;;}]";_; is symmetric and uniformly definite positive
in [0, T, since {w'} is an orthonormal system in H. More precisely, we have:

Zaij(t)fz‘fj :/ 1) |Z§z 2> Tlm2|£7,|2 V¢ eR™.
j

In particular, A is invertible and (3.3) can be rewritten in the form

% =—-A"'B¢—-A"'D in (0,7),

¢;(0) = the j-th component of uf* for 1 < j < m,

(89)

where ¢ is the column vector with entries ¢;.

This Cauchy problem is uniquely solvable. We conclude that (87) is uniquely
solvable as well.

Moreover, its solution depends continuously on p and w. In other words, if w
and the w,, satisfy the conditions in lemma 3.16 and (p,u) and (p,,u,) are the
solutions of the associated linearized problems, one has u,, — u in C1([0,T]; V™).

Let (p,u) be the solution to (86)—(87), where w € C°([0,T]; V™) is given. We
will prove now that u is uniformly bounded in C°([0,T7]; V™).

For any v € V™, multiplying (80) by %u -v and integrating over {2 and adding
the resulting equation to (81), we get

du udp u m _
/{( a+§§+(pw-V)u+§V~(pw)—pf )-v—l—,uVu~Vv}_0.

Setting v = u(t) € V™, we also have

L5 (M) =9 (oo ) v peaf <o

Since V-u=0and u=0 on 99 x (0,T), we obtain the energy identity

1d 9 / 9 /
p ul*+p | |Vul* = pf™ -u 90
53 [olen [ val = [ (90)

ld 2 21/2 / m2 12
yo [ ol (Amm) [ )

and, therefore,
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We can now apply Gronwall’s lemma and deduce that

(/qu|2>1/2 < (/QP?IHB"F)UZ/OT (/Qplf’"F)l/Q in [0,7].  (91)

Since 0 < ri,, < p < 1o, in @, in view of the properties of pi*, ug’, and £™, we
see that
u is bounded in C°([0, T; H) (independently of w). (92)

Since u is given by (88) and {w'} is an orthonormal system in H, we also have
> i) =/ u?< ¢ vtelo,T)
j=1 @

and, since V™ is a finite-dimensional space, we also have
u is bounded in C°([0,T]; V™) independently of w. (93)

As we said before, Schauder’s theorem can be applied to the mapping w +— u.
This proves that (80)—(83) possesses at least one solution.

By construction, the estimates (91) are satisfied by the approximate solutions.
This will be used below.

We also have:

u™ < ([0, T); V™),
preCH@Q),  infpf <p™ <suppy’ in@Q
Q
and

1 1
Fim = — +inf pg < p™ < — 4suppo < 1+suppg:=b in Q. (94)
m Q m Q Q

Step 2. A priori estimates for the approximate solutions.

We are now going to establish a priori estimates (uniform with respect to m) for
the approximate solutions (p™, u™).

We begin by noting that, due to (94), we already have:

p"™ is bounded in L*(Q). (95)
Let us first indicate what can be obtained under the additional assumption

po>a>0 in . (96)

A) ESTIMATES OF p™ AND u™:
In view of (94), one has

P >a>0 in Q. (97)
Taking p = p™ and u = u™ and arguing as in (90) and (91), we now have
1d 9 9
—— [ p™u™] —I-,u/ vu™| :/pmum-fm (98)
2dt Jo | Q | Q
and
1/2 1/2 T 1/2
(Lomere) < ([opwgr) [ ([omeme) o)
Q Q 0 Q
Therefore,

u™ is bounded in L*(0,T; H). (100)
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Integrating the identity (98) over (0,7), one also gets

s (o) [ (f )
(o)« e [ ([re) " (fer)”

IN

< C+ Clla™||p(o,mr2(0)) [IE™ 21 0,7522(0)2) < C.
Consequently,
Vu™ is bounded in L?(0, T; L?(£2)3*3) (101)
and
u™ is bounded in L*(0,T; V). (102)
Since we have H{(Q) < L°(Q) with a continuous embedding, we also see that
u™ is bounded in L?(0,T; L5(Q)?); (103)

On the other hand,
(™[ a™ (176

8/3 3 2/8
a2 = (/ ] )
= P .

Thus, (100) and (103) together imply the following:
u™ is bounded in L8/3(0, T; L*(Q)?). (104)

IN

Let us now get an estimate of pu™u. One has:
1/2

1/2
||umumn=(/9 |uMuM|2) S U
i,J
1/2 1o
[ S S M FATY
4 7

= [[u™|Zs.

Hence, in view of (104), one has

u™u™ is bounded in L*3(0,T; L?(0)>*3). (105)
This, together with (95), give
pmu™u™ is bounded in L*/3(0, T; L?(€)%*®). (106)

B) ESTIMATES OF SOME TIME DERIVATIVES:

First, notice that the conservation of mass law (84) tells us that
ap™
ot

Therefore. suitable bounds of p™u™ imply bounds of p{*. Using (95), (100) and
(103), we get:

p™u™ is bounded in L>°(0,T; L*(22)*) and L?(0,T; L°(2)%). (108)

=-V-(p"u™). (107)
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Consequently,

m

% is bounded in L*(0,T; H~1()) and L*(0,T; W ~16(Q)). (109)

In order to get a bound of the time derivative of p™u™, we first observe that
dp™u™ d
/ p v=— [ pmu™ - v.
0 Ot dt Jg
Using this identity in (85), we deduce that

i/ v
dt /"

< ([lp™u™u™ = pNu™ || 4 [ ")) [Vl

/ (p"uu™ — pVu™) - Vv 4 p" " v
Q

for all v.e V™.

In the inequality above, we have denoted by =y the constant in the usual Poincaré’s
inequality ||v|| < ~||Vv|. This notation will be preserved in the sequel.

Due to (101) and (106), ||p™u™u™ —puVu™|| is bounded in L*/3(0, T). Moreover,
since p™ is bounded in L>(Q), and f™ is bounded in L(0,T; L2(2)3), ||p™f™|| is
bounded in L*(0,7T). Thus,

i/ a™ v
dat /o

where g, = ][p™ 7| + [umpmu — V.

< gm||VV|| VveVv™

(110)

Notice that gy, is uniformly bounded in L!(0,T).

C) ESTIMATES OF SOME FRACTIONAL-LIKE TIME DERIVATIVES:
We prove now that there exists a constant C' > 0, independent of m, such that,
for all A with 0 < h < T, one has:

lrnu™ = w™ | 20, 0—nimy < C BME (111)
Since u™ is uniformly bounded in L?(0,T; H), (111) implies that
u™ is bounded in NY/42(0,T; H). (112)

We divide the proof of (111) in three Steps:

C-1: THERE EXISTS C' > 0 SUCH THAT
T—h
h ::/ / [o™ ™ (t+ ) — p™u™ ()] - [w™ (¢ + h) —u™ ()] < C AV (113)
0 Q

Let v € V™ be given. Due to (110), we have

t+h
< ( / gm<s>) 19V, (114)

where g, is bounded in L'(0,7). Setting v = u™(t + h) — u™(t) € V™ and
integrating with respect to ¢ over (0,7 — h), one gets

T—h t+h
L g/o ITu™ (¢ + h) — Tu™ ()| (/t gm(s)ds> dt.
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Therefore,
T s*
I < / Im (s) (/ [Va™(t + h) —Vum(t)||dt> ds,
0 (s—h)*
where
0, for s <0,
s =<s, for0<s<T —h,

T—h, fors>T-—h.
Using Holder’s inequality and the estimates (101) and (110), we readily see that

T o* 1/2
< gm<s>(s*—<s—h>*>“2< / |Vum<t+h>—Vum<t>|2dt> ds
0 (s—h)*
T
Sh1/2\@\\vum||L2(0,T;L2(Q)9) / gm(s)ds < C hY/2
0
which proves (113).

C-2: THERE EXISTS C' > 0 SUCH THAT
T—h
p= [ ([pren - e e m - wne)) < o vt as)

Let t € [0,T — h] be given. Let us multiply (107) by w € W01,3/2(Q) and let us
integrate over €2. Then

apm _ m,.m _ m..m
Wwff/QV(pu)wf/pu Vuw.

Q Q

Integrating this equation over (t,t + h) and using then Holder’s inequality, one
obtains:

/Q[p’”(t +h)—=p"(t)] w= /:HL (/Q(pmum)(s) : vw>

t+h
<c / ™ o [ Veol| o
t

t+h
< OVl s / IVun(s)]
t

t+h 1/2 t+h 1/2
<c ( / 12> ( / ||Vum<s>||2) Vol
t t

Using (101), we conclude that
/QW"(t TR =g w < C Rl Yo e WEVRQ).  (116)
Now, let us take
w=u"(t) [u™(t+h) —u™(t)] € W3 (Q).

Then
[Vwl[gsre < CIVA™ @) [[V(™(t + h) —u™(¢))]]. (117)
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Therefore, recalling (101), we deduce that the right hand term in (117) is uni-
formly bounded in L'(0,7 — h). Integrating (116) with respect to t over (0,7 — h),
we get:

T—h
m _.m um . um o um 1/2
A (Lm<twn O () - [ (¢4 ) <m)s0h ,
as desired.

C-3: CONCLUSION.
To end the proof of (111), note that

L - 12_/0Th </me(t+h)um(t+h)um(t)|2>.

The estimates (113) and (115) give

/0“ (/Q Pt + h)|a™ (¢ + h) u’”(t)F) <Ch'2 (118)

Since p™ > a > 0 in @, we find that
T—h C
[ [resn-umop < cwe
0 Q «@
which proves (111).

Let us now consider the general case, in which we simply have py > 0 a.e. and
the assumption (96) does not necessarily hold.

Basically, in this case we will be able to deduce estimates similar to those above,
but for p™u"™ instead of u™.

Indeed, notice first that (94) yields an upper bound for p™:

P <b in Q. (119)

Consequently, p™ is uniformly bounded in L% (Q).
From (99), one has

1/2
(/ pm|um2> < \/Z;(C+ ||meL1(L2)) < C in [O,T]
Q

Therefore,
(p™)Y?u™ is bounded in L>=(0,T; L*(Q)%), (120)
which, in particular implies
p™u™ is bounded in L*°(0,T; L*(Q)*). (121)

As before, integrating (98) over (0,7T), we get
T 1 T
L () = ([ f (o)
0 Q Q 0 Q
T 1/2 1/2
S C+/ (/ |pmum|2) </ fm|2>
0 Q Q

SOH |[p™ua™ oo 2y 1™ |1 (z2)-

Consequently, Vu™ is bounded in L?(0,T; L?(2)3*3), which is (101). Again,
this implies (103) and (102).
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On the other hand, from (103) and (120) one has
(p™)YBu™ is bounded in L¥3(0,T; L*(Q)%), (122)

where the exponent 1/8 is sharp.
Indeed, (p™)*u™ bounded in L7(0,T; L#(Q)?) if and only if ||(p™)*u™]|], is
bounded in L(0,T). Now, for fa + B(1 — 2a)/6 = 1, one has:

v/B v/B
1(p™)™ m”LB _ </| )e um|ﬁ> _(/|(pm)1/2um|25a |um5(12a)>

m m « m 1— 2(1 m @ m 1—2«
< (I /2arm i am30-20) 77 =y ),

Note that ||(p™)Y?u™||>** is uniformly bounded in L>(0,T). Moreover, in view of
(103), [[u™] 7' ~2*) is bounded in L!(0,T) for 7(1 — 2a) = 2. Thus,
Ba+ (1 —2a)/6 =1,
(p™)u™ is bounded in LY(0,T; LP(0)%) if
v(1 —2a) =2.

One obtains (122) by choosing 8 =4, « = 1/8, and v = 8/3.
From (122), one has

(p™)*?u™ is bounded in L¥3(0,T; L*(Q)%) (123)
and finally, arguing as when we proved (105), one can obtain:
pmu™u™ bounded in L3(0,T; L*(Q)%*3). (124)

Secondly, observe that the estimates on the time derivatives (109) and (110) can
be deduced as before and remain true in this general case.

Let us now show that there exists C' > 0 such that

[Ta(p™ ™) = p" "™ (|20, 7—nsw-13) < C W'/t (125)
This will imply
™™ is bounded in NV/42(0, T; W—13(Q)3). (126)
As before, we have
T—h
I :7/ / _ ()] a4 ) —um ()] < C V2,

T—h
Iy = /0 /Q[pm(t +h) = p"(O)u" () - [w(t+h) =™ ()] < C KV
Therefore,

L —-1,= /OT_h </Q [P (t+ h) (0™ (t+ h) — um(t))|2) < C h'/?,

that is to say,

HThpm(Thum — um)||L2(O,T—h;L2) < C h1/4. (127)
Our aim is to obtain an appropriate estimate of 7, (p™u™) — p™u™. Since
Thpm(Thum _ um) + (Thpm _ pm>um _ Th(pmum) _ pmum’ (128)

it remains to get an estimate of (7,p™ — p™)u™.
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To this end, first notice that
t+h apm

t+h
o =i = [ B == [ e

t

Therefore, taking norms in W~1%(Q) and recalling that u™ is bounded in the space
L2(0,T; L5(Q)3) (see 103), one obtains
t+h
(7™ = ™) () lw-r6 < C/ ™™ (s)| Lo
¢
< C M2 lpmu™ 20,5y < C A2,
that is to say,
17p™ = " | 0.0—nw 16y < C A2, (129)
Since u™ is bounded L?(0,7 — h; H'(2)?), we can use the continuity of the product
mapping H! x W=16 1 W~13 (lemma 3.4) and obtain
[(Thp™ = ™0™ L2 (0, 7w 130y < C A2
Inequalities (127) and (129) imply the desired estimate (125).

Step 3: Extracting a convergent sequence, taking limits and concluding.
Let us summarize the estimates we have obtained up to now:

Property (119): p™ is bounded in L*°(Q).
ap™

Property (109): a0 is bounded in L*°(0,T; H~*(Q)) N L*(0, T; W~ 1%()).
Property (102): u™ is bounded in L*(0,T;V).
Property (108): p™u™ is bounded in L>°(0,T; L*(Q)*) N L?(0,T; L°(2)?)).

(

Property (126):  p™u™ is bounded in N*/*2(0,T; W~13(Q)?).
Property (124):  p™u™u™ is bounded in L*/3(0, T; L?(€)%*®).

Using (109), (119) and lemma 3.6 with X = L>(Q), B = W~1>°(Q) and Y =
H~1(Q), one has:

p™ € compact subset of CO([0, T]; W~1°(Q)).

From (108), (126), and lemma 3.6 with X = L%(Q)3, B = W=1*°(Q)3 and Y =
W=13(Q)3, we also have

p™u™ € compact subset of L?(0,T; W~ 5(Q)?).

Consequently, we can choose subsequences (again indexed with m), with the
following properties:

C°([0, T); W—=12°(Q) — strong,
Jpe L™®(Q) suchthat p™ —p in (130)
L>(Q) — weak-x,

Juec L*0,T;V) suchthat u™ —u in L*(0,7;V) — weak, (131)
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L2(0,T; L%(Q)?) — weak,
Jx1  such that p™u™ — x1 in § L%(0,7T; L?(2)3) — weak-*, (132)

L2(0,T; W=1(Q)?) — strong,
Jx2 suchthat pmu™u™ — xo in LY3(0,T; L2(Q)%*3) — weak.  (133)
We claim that x; = pu and x2 = puu.
Indeed, from lemma 3.4 (ii), we know that the product mapping H} x W1
W16 is continuous. Therefore, by the first part of (130) and (131), one has
pmu™ — pu in L2(0,T; W 15(Q)3) — weak .
This fact, together (132), implies x; = pu.
On the other hand, due to (131) and the third part of (132), one gets
prumu™ — puu in L0, T; WH0(Q)%) — weak .

Therefore, y2 = puu.

We will finally prove that p and u solve, together with an appropriate p, the
original PDEs (75).
Recall that
{u € L2(0,T;V), peL™(Q)NC((0,T); W~ >(Q)) and

pu € L>=(0,T; L*()%). (134)

D.1: CONSERVATION OF MOMENTUM
Let m’ > 1 and v € V™ be fixed and let us take m > m’. Recall the equation
(85) with v™ replaced by v™ . It can be written as follows:

/{<8p8;1 _pmf’m> . vm’—|—(,uVum—Pmumum) . va,}:() YW e V',
Q
(135)

This equation holds in C°([0, T]) and, consequently, also in D’(0, 7). Our aim is to
take limits as m — co. We will study each term separately:
e In view of (132), p™u™ — pu in D'(0,T; H=(Q)3). Therefore,
opmu™  Jpu

el / -1 3
5% o D'(0,T; H(Q2)°).

Since we can write that

(O = [( [0 = [ ([ 25) e

for any ¢ € D(0,T) and any v € H}(Q2), (136) means that

/Q ETRE — o , V) -1 in D'(0,7).

e (130) and the strong convergence of f™ in L1(0,T; L*(Q)?) together imply
that p™f™ — pf weakly in L1(0,T; L*(Q)?). Hence,

/ pm v — / pf - v weakly in L'(0,7T).
Q Q
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e Using (133), one has
/(pmumum) Vv = / (puu) - Vv weakly in L¥/3(0,7T).
Q Q

In other words,
(V- (p™u™u™),v) g1 = (V- (puu),v) g1 weakly in L*3(0,T).
e Finally, from (131), one has:
(=Au™,v)-1 = (—Au,v)y-1 weakly in L*(0,T).
Since all these convergences hold in particular in D’(0,7T), we can take limits
in (135) as m — oo and obtain
Jpu . /
<W +V - (puu) — pAu+pf , vig-1 = 0 in D'(0,7) (137)

for all v € V™. Now, by density, we see that (137) must also hold for all v € V.
In particular, it holds for all v € V.
On the other hand,

dpu

S = o + V- (puu) — pAu+ pf € W0, 7; H1(Q)?)
since
00 T2 3 dpu —1,00 T2 3
puEL (07T7L (Q)) = WEW (O7T7L (Q) )7

puu € LY3(0,T; L*(Q)°) = V- (puu) € L*3(0,T; H1(Q)?),
uc L*0,T;V) = Auc L*0,T; H 1 (Q)%),
pf € LY(0,T; L(Q)3) — W20, T; (H™1)?).
This can also be written in the form
S e H Y Q;w=1°(0,T))>.
From lemma 3.14 with E = W~=1°°(0,T), r = —1, and p = 400, we deduce that

there exists a distribution p € L?(Q; W=1°°(0,T)) =2 W~1°°(0,T; L?(f2)) such that
S =—Vp,ie.
Jpu _ : —1,00 1003
5 + V. (puu) — pAu+Vp=pf in W (0, T; H*(Q)°).

This shows that (75) is satisfied.

D.2: CONSERVATION OF MASS
We can also take limits in (84) as m — +o0. Indeed, the convergence properties
in (130) imply that p™ — p in D’(Q) and, consequently,
op™ ap

W—)a m D(Q)

Moreover, in view of (132) and the fact that x; = pu, one also has
V.- (p"u™) = V- (pu) in D'(Q).

Therefore,
0
6—? YV (pu)=0 in D(Q). (138)
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Since p € L>®(Q), and pu € L*>(0,T; L?(Q)%) N L?(0,T; L°(Q)3), this PDE also
holds in the space

W10, T; L*°(Q)) N L*°(0,T; H () N L*(0, T; W~ 15(Q)).

D.3: INITIAL CONDITIONS
From (130), we have p™(-,0) — p(+,0) in W~1°°(Q). Thus, the initial conditions
satisfied by the p™ and (79) lead to the desired initial condition (77).
In order to prove that (78) holds, let us fix v in V and let us introduce a sequence
{v™} with
vteV™” v™—=v in V. (139)
Then
/ pmu™ - v™ is bounded in L°°(0,T). (140)
Q
We also know that [[f™| — ||f|| in L'(0,T). Consequently, there exist a subse-
quence (again indexed by m) and a function K € L'(0,T) such that [|f"| < K

a.e. in (0,7).
Since the norms [[Vv™| are uniformly bounded, we can use (110) to get the

estimates
d m m m
— u”-v
dt /Q g

where ¢, = ||[p"u™u™ — pVu™| is uniformly bounded in L*/3(0,T). From (140),
(141) and lemma 3.6, we see that the sequence { [, p”*u™-v"™} belongs to a compact
set of C°([0, TY)).

On the other hand, one has:

/ prtu™ v — / pu-v  weakly-x in L°°(0,T).
Q Q

Hence, this convergence also holds strongly in C°([0,7]) and [, pu-v € C°([0,T]).
In particular, at ¢ = 0 one has

(oo (s

But we also know that

/ P (0™ (0) - v = / R ARR L / potto - v.
Q Q Q

Consequently, the desired initial condition (78) holds.

< Cgp < COK + ), (141)

D.4: ADDITIONAL PROPERTIES
In view of (130), we can take limits as m — oo in (94) and deduce that

igfpo <p<suppy ae. in Q. (142)
Q

On the other hand, taking into account the regularity of p, u, and pu, one also
has
pu e NY4200, 7, w=13(Q)3).
The proof is completely analogous to the proof of (126), so it will not be repeated

here.
This ends the proof of Theorem 3.15.
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3.4. Some additional results and open questions. In this Section, we indicate
briefly some other results, similar to theorem 3.15. Their proofs are also similar to
the previous one. We also recall several open problems.

e T'WO-DIMENSIONAL FLOWS.

It makes sense to consider variable density viscous Newtonian flows in two di-
mensions. They are described by the system (75), where now u and f have two
components and (x,t) must belong to a set of the form  x (0,7) with Q C R2.

Obviously, conclusions like those in theorem 3.15 also hold in this case. In fact,
the regularity of u is slightly improved: additionally to (72) and (73), one also has

(pu): € L*(0, T3 V")
and, consequently, regarded as a V’-valued function, ¢ — (pu)(¢) is abosultely

continuous.
However, as indicated above, this is not sufficient to ensure uniqueness.

e OTHER BOUNDARY CONDITIONS.

Many other boundary conditions can be used to complement the PDEs (75).
Some of them were introduced in Section 2.

For example, let us see how the arguments in the proof of theorem 3.15 can be
adapted to cover the case in which the fluid slips on the boundary and the tangential
part of the normal stress is proportional to the tangential part of the velocity field,
ie.

un=0, (c-n);+K(u—a),=0 on 992 x(0,7), (143)
with K > 0.
Let us introduce the space

W={veH(Q?:V-v=0in Q, v-n=0 on 90}.
The following result holds:

Theorem 3.18. Let T > 0 be given. Assume that a € R®, ug € H, py € L*°(Q)
with po > 0 and £ € L1(0,T; L?(Q)). Then, there exist

uc L*0,T;W), pe W 1(0,T; L*(Q)) and pc L=(Q)
such that
pu € L=(0,T; L*(Q)%) N NY42(0,T; W~13(Q)?), (144)
igf po < p(x,t) <suppo a.e. inQ, (145)
Q

the equations (75) are satisfied in Q, the boundary conditions (143) are satisfied
on X in the sense

u(-,t) e W a.e. in (0,7) (146)
and
/{p(au—i—(u~V)u—f>~v+uVu~Vv}—|—K (u—a) - vdl'=0 WweW
Q ot 20
(147)

and, finally, the following initial conditions hold:
pPli=o0 = po (148)

(/qu~v> (O):/ngu0~v VveV. (149)
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e UNBOUNDED DOMAINS.

We will assume in this Section that  C R? is an unbounded connected open set
with Lipschitz boundary.

In order to get an existence result similar to theorem 3.15, we can apply the
following strategy: first, we approximate 2 by regular bounded regions g, with
Qr — Q2 as R — oo; then, as in the previous Section, we prove the existence of
a solution in Qg x (0, R) for each R > 0; in the third step, we deduce uniform
estimates for these solutions; then, a convergent subsequence is extracted and we
finally check that the corresponding limit solves the original problem.

Let us present a more precise result. It will be assumed that (2 satisfies the
following property: there exist open bounded subsets with Lipschitz boundaries
Qr C Q, with R > 0, such that Qr C Qg for R < S and Ugr~oQ2r = Q.

Theorem 3.19. Assume that ) is as before, the initial data satisfy
up € H, poeL™(Q), po=>0

and the right hand side f satisfies
f e LY0,T; L*(Q)% N L5/5(Q)?).

Then, there ezists (p,u,p), with

peL®Q), pecC(0,T);W,>(Q), (150)

ue L0, T;W()), (151)

pe W0, T; L), VpeWw 1o0,T; H1(Q)%), (152)

pu € L>(0,T; L*(Q)?), / pu-vdx € C°[0,T]) Vv eV(Q), (153)
Q

which satisfies (75) in the distributional sense, the initial condition (77) in the usual
sense in I/Vl;ClDO(Q) and the initial condition (78) in the following sense:

(/qu.vdx) (O)Z/QPouo~vdx Vv € V(Q).

e THE EXISTENCE OF WEAK SOLUTIONS WHEN p = u(p).
As shown in Section 2, it is meaningful to consider variable viscosity fluids,
i.e. fluids for which the motion equation is

%u + V- (puu) = V- (u(p)D(u)) + Vp = f,

where p : R — R is a function satisfying
pe€ COR),  u(r) > po > 0.

In this case, the existence of a weak solution to the variable density Navier-
Stokes problem, that is, a result similar to theorem 3.15, can also be established;
see a detailed proof in [45].

e THE CONVERGENCE TOWARDS A SOLUTION TO THE NAVIER-STOKES EQUATIONS
AS pp CONVERGES TO A CONSTANT.

The situation is the following. Assume that ug € H is given and {p§} is a family
of initial densities in L°°(£2), with

O<a<pg<B, py—p weakly-*in L>()
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(P is a positive constant). For each € > 0, let (u®, p°) be a solution to (75)—(78).
Then, at least for a subsequence, u® — u and p* — p (in an appropriate sense) for
some solution u to the Navier-Stokes system with constant density p.

e STATIONARY SOLUTIONS.

As noticed in [45], the “good” formulation of the existence-uniqueness problem of
a stationary solution is unknown. This is because, in the stationary case, the conti-
nuity equation and the incompressibility condition are too similar and accordingly,
in some sense, we are led to an underdetermined system.

Indeed, the stationary system

V. (puu) _UAU+Vp:Pfa V-u= Oa (th) € Qv
V.(pu) =0, (x,t)€qQ, (154)
u=0, (x,t)ex
possesses not one but many solutions. Hence, in view of the known results for the
classical Navier-Stokes equations, the natural question is: which condition(s) must

be added to (154) in order to get (a) existence for any u and (b) existence and
uniqueness for large u?

4. Strong solutions, regularity and uniqueness. In this Section we will be
concerned with local and global existence of strong solutions to the N-dimensional
nonhomogeneous Navier-Stokes equations

%ﬂLV%puu)—uAuﬂLVP:f’ Vous=0 (xeQ
0
67§+V(Pu)20a (X,t)€Q7 (155)

u=0, (x,t)en,
pli=o = po, (pu)i=0 = pouo, x € 2
with N = 2 or N = 3. We will also present some additional regularity results.

Additionally, we will analyze uniqueness.

4.1. Strong solutions. First results. Very frequently, the following will be as-
sumed:

Q c RY is non-empty, open, connected and bounded, 9 is of class W, (156)
po € C°(Q) and 0 < a < py(z) < B < +oo in Q, (157)
u € V. (158)

Now, we rewrite problem (75)— (78) is as follows: find p € C°(Q x [0,7)) and
ue L%0,T; D(A))NC°([0,T); V), with u, € L%(0,T;V) N C°([0,T); H) such that

(pug,v) + (p(u-V)u,v) + p(Au,v) = (pf,v), Vv eV,
pt+u-Vp=0, (x,t)€Qx(0,7T), (159)
ult=o = ug, pli=0 =po, x € L

If the couple (u, p) satisfies (159), it will be said that (u, p) is a strong solution
(in (0,7)) to the variable density Navier-Stokes problem (155).

Before giving new results concerning the existence and uniqueness of strong solu-
tions, let us introduce the so called spectral semi-Galerkin approximations of (155).

To this purpose, let us recall that we have denoted by A, and w” the eigenvalues
and associated eigenfunctions of the Stokes operator. Recall that the w* form an
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orthonormal base in H (that is also orthogonal in V' and D(A)). Thus, if we set
Wy, := [w',...,w"], it makes sense to consider the semi-Galerkin approximation

(PFul,v) + (o (0F - V)uk,v) + p(Aub,v) = (PH,v) Wy € W,

pF+ub - Vpk =0, (x,t)€Qx(0,7), (160)
u(z,0) = ug(z), p(0,z)=po(z), x€Q.

Here, ulg is the orthogonal projection of ug on Wi.

A first result concerning strong solutions is the following:

Theorem 4.1. Let the assumptions (156)—(158) be satisfied. There exists T, €
(0,T) and a unique strong solution (u, p) to (155) in (0,Ty). Furthermore, T, =T
if N = 2. Also, there exists p € L*(0,T; H(Q)) (unique up to a distribution
independent of x) such that u and p satisfy the motion equation (75) in the strong
sense in Q x (0,T), that is, a.e.

Proof. For the proof of this result (and also for many other proofs in this Section),
it suffices to get appropriate estimates of the spectral semi-Galerkin approximations
u”. They are different for N = 2 and for N = 3.

For simplicity, we will skip the super-index k£ and we will denote also by u the
solution to (160).

Observe that the energy estimates obtained in theorem 3.15 hold for u, i.e.

all e 0,75 + [l 220,75y < C. (161)

e ESTIMATES OF u; AND D?u FOR N = 2: With v = w(¢) in (160), recalling
lemma 3.3 and (161), we easily obtain:

wd
o2 + 52Vl < Cllca - Dull ucl + CE] uel

< Cllul[zal|Vul[pallue|| + ClIE]] [ae]

< Cllu|*2(|Val[[|D*u|| /2 |[ug || + C£]| ||

<ellw? + C.||Vul?| D?ul| + C.||£]]?

<ellw? + Co||[Vul|* + || D*ul|* + C| ]
for all small € > 0.

On the other hand, if we view (160) as the Galerkin approximation of the Stokes
problem,

—pAu+ Vp=pf —pu-Viu—pu;, V-u=0,

we deduce that D?u(t) can be estimated at any t as follows:

|D*u]| < Cllpf - plu- V)u— puy

162
< e+ |+ o[V + 51D e
As a consequence, we obtain a differential inequality for |[Vu]|*:
d
el + 2 [[Val® - < C[val* + Cif]? (163)

This suffices to deduce that a globally defined strong solution exists.
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e ESTIMATES OF u; AND D?u FOR N = 3: Proceeding as before, we get now

wd
o™ % ue ) + 5 g 1Vull* < Cllu- V)ull|[ue ]| + ClE]fal]
< Cllallze [Vl zs || + ClIEI |
< C|VulP2 D*u| 2l + CI£] [[ue]
< efluel® + C-[|[Vul|® + ¢ D*ul* + C [ £]?

for all small € > 0.
On the other hand,

[D?ul| < Cllpf — p(u- V)u— puy|| (164)
< O]l + lwell + Cs|[Val|* + 8[| D?u|
and, consequently,
d
le* + = Vul* < C[Vu]® + ] (165)

This is not sufficient to assert global existence. However, a local in time estimate
is found; see for instance [36]. We deduce that there exists 0 < T, < T such that
(159) possesses at least one strong solution in (0, T%).

The uniqueness of the strong solution is a consequence of the results in Sec-
tion 4.3. O

Notice that, under the previous assumptions, the following holds for the spectral

semi-Galerkin approximations (and consequently also for the strong solution):

d

%HVHII2 +lu|? + | D*u|)? < C|[Vu|? + O f|? (166)
where f =4if N=2and § =6 if N =3.

To end this Section, let us recall without proof a slightly different result, due
to Salvi [52], where the existence and uniqueness of a more regular solution is found
(see also Kim [41]):

Theorem 4.2. Let the assumptions (156)—(158) be satisfied and suppose that
up € D(A), po € C'(Q), feL*0,T;H (Q)N), £ € L*0,T;L*(Q)").

There exists T' € (0,T] and a unique strong solution (u,p) to (155) in (0,T"),
furthermore satisfying

uec L20,7; H*(Q)N)nC°([0,T'); D(A)), peCYQx[0,T")).

Remark 5. The regularity of the solution up to ¢ = 0 is much harder to establish for
the nonhomogeneous Navier-Stokes equations than for the classical Navier-Stokes
equations. Indeed, in the context of (155), the regularizing effect is severely weak-
ened and even lost, in view of the lack of smoothness of p. g

4.2. Global existence of strong solutions for small data. In the following
results, we are going to prove the global in time existence of strong solutions for
sufficiently small data. We will also see that, under some appropriate conditions,
the solutions converge exponentially to zero as ¢ — +o0.

Theorem 4.3. Let (156)—(158) be satisfied. Suppose that N =3,
g € D(A), po € C*Q), fe L®0,+o00; H'(Q)?), £ € L>(0,+00; L*(2)%).
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Then, if ol 1 () and ||| Lo (0,400;22(0)3) are sufficiently small, the strong solution
to (159) exists globally in time and satisfies

ue C°[0,400); D(A)), pe CHQx[0,400)).

Moreover, the following estimates hold:

sup ([Vu@)l] + J[u @) + [Au(®l) < € (167)
and )
sup e /Ot " (IVue(s)I* + uls) =0 + [[Vu(s)Z=) < C. (168)
for all ~ ; 0.

SKETCH OF THE PROOF: We start from (166) with 8 = 6. In particular, we deduce
easily that

d
S IVull* < CIvull® —|[Vu|* + C

Consequently, if we set ¥(t) := || Vu(t)||?, we have
dip

5 SOV v+ G

$(0) = [[Vuol[*.
Let us consider the Cauchy problem

do 3

=0+ C,

¢(0) = ¢o,

where ¢ = ||Vug||?. From standard results for ODEs, we see that ¢ (t) < ¢(t) for
all ¢ in the interval of existence. But it is also clear that, if ¢q is sufficiently small,
this interval contains [0, +00).

Therefore, if the data in (159) are small in the indicated sense, the strong solution
is globally defined and there exists a constant C' > 0 such that

sup [[Vu(t)|| < C. (169)
>0
Using again (166), we also see that
+oo
| Q)P + Au(o)?) as < (170)

Now, let us argue as in [37] in order to establish the remaining estimates.
Let us fix v > 0, let us multiply (166) by ¢?* and let us integrate in time from 0
to t. Then we have

V()| + / & (Jue(s)[? + | Au(s)|?) ds

t t t
<C (/ e”s||Vu(s)||6ds+/ e’ ds—i—’y/ 678||Vu(s)|2ds) .
0 0 0

Multiplying by e~ and recalling that |[Vu(t)| is uniformly bounded, we first
deduce that

t t
/ e Au(s)]? and e / €7 Juy(s) 2ds
0 0
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are uniformly bounded.
Now, by differentiating (160) with respect to ¢t and setting v = u, after of some
computations, we have:

Sl Pl VP
= (pef,uy) + (pfy, up) — 2(p(u- V)ug, uy) (171)
—(p(ug - V)u,up) = (pe(u- Viu,ue).
The terms in the right hand side can be bounded as follows:
e Using lemma 3.3, we get:

[(p(u-V)ug, ug)| < lpllzee [ufl o | Vag [ ug] Lo
< lpllze al 4Vl fug | 4] Vg |7+
< | Vug|? + Cc|lug| 2.

Analogously, we have
[(p(ur - V)u, up)] < e Vae|* + Ccflug .

e Also,
(ot ue)| < e V|| + Co |||

Using the identity p, = —V - (pu) and integrating by parts, the following is
found:
(pet,ur)| < l(p(u- V)E,us)| + [(p(u - V), £)]
<e|Vugl® + Cc||VE|]? + Cc | £]| 7

Finally, after some integration by parts, we see that

72/ pe(u-Viuuw = 2/ V- (pu)(u-V)u u,
Q Q
< Cllpllze< lallzs [Vull s [Vl [ugl|zs
+Cllpl Lol Zo [ Aul| [[ue]| o
+Cllpll Lo lulZo ]|Vl o [IVue]
<e|[Vuy|]* + Cc || Aulf?,
thanks to Holder’s inequality, the Sobolev embedding H!(Q) — L5(f2) and

Young’s inequality.

Now, if we choose & small enough and we take into account (169) and (171), we
easily deduce the following:

d
oM ]2 + [V |
< Cllwel® + [|Au]* + €] + [ V£][*).
After integration in time and taking into account (170), we deduce that

sup [lu(?)[| < C. (172)
t>0
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Multiplying by €?, integrating in time from 0 to ¢, and then multiplying the result-
ing inequality by ™7, we also get the following:

t
oM 2uy (D)2 + e / [ Vuy(s)|2ds
0
t
< Ce " (0)]? + Crye / &7 Juy(s) | 2ds
0

t
+C€_ﬂyt/o e (ug(s)|* + | Au(s)|* + 1) ds

< Cle " u (0)]* + 1)

Thus, in order to conclude, it will be enough to find an estimate of ||u:(0)
(actually, |[uf(0)||?). But this is straighforward from (169) and the hypotheses on
Up.

This shows that

I

t
sup e_"’t/ 7% Vuy(s)||? ds < C.
0

>0
Let us now set v = Au(t) in (160). We get:

[ Aul2 = (pf, Aw) — (pu;, Au) — (p(u - V)u, Au)

and, therefore,

A

[Aull < lpllzee Il + lloll o el + ol < [l s [[ V] s
1
C (Il + l[uell + [Vall*) + 5| Au]

IN

thanks to Young’s inequality. In view of the hypotheses on f, this implies
sup [[Au(?)|| < C. (173)
>0
The estimates (169), (172) and (173) give (167).

We know that Au is the projection of p(us + (u- V)u) — f on W. Thanks to the
previous estimates,

t
ef'yt/ e |F(s)||3eds < C.
0

Consequently, from the results in [3] and the usual Sobolev embeddings, we deduce
that

e /t ™ (lu(s)lfy2e + [IVu(s)lli~) ds < C,
that is, (168) holds. i O
Let us now show that, for two-dimensional flows, a similar result holds without
any smallness assumption on the data:
Theorem 4.4. Let (156)—(158) be satisfied. Suppose that N = 2,
uy € D(A), po € CH(Q), e L>0,+o00; H(Q)?), fi € L>(0,+00; L*(Q)?).
Then the strong solution to (159) exists globally in time and satisfies
u € C°([0,4+00); D(A)), pe CHQ x[0,+00)).

Moreover, the estimates in theorem 4.3 are true for any v > 0.
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SKETCH OF THE PROOF: The estimates are similar to those in the proof of theo-
rem 4.3. We now have

d
ZIvull® < Clva||* = [Vul* + C.

Consequently, for ¥(t) := ||[Vu(t)||? and o = ||Vug||?, we get 1(t) < n(t), where n
is the maximal solution to the ODE problem

dn

= (Cp(t) - 0+ C,

n(0) = no.
Since ¢ € L'(0,T) for all T > 0, the maximal existence interval contains [0, +-00),
independently of the size of 7).

The rest of of the proof can be obtained exactly as in the three-dimensional

case. O

We will end this Section by recalling some results corresponding to external forces
that decay exponentially in time; their proofs can be found in [7, 8, 12].

Under assumptions of this kind, the solutions behave better at infinity (actually,
it is even possible to establish a uniform in time estimate for the L°°-norm of the
gradient of the density):

Theorem 4.5. Let (156)—(158) be satisfied. Suppose that N =3,
up € D(A), po € CY(Q)
and, also, that for some constant 5y > 0 one has:
eT'f € L°°(0, 4+o00; HY(Q)?), €7'f; € L™(0, +00; L*(Q)?).
Then, if |uo| mrq) and [|€7f|| Lo (0, 4+00;22(0)3) are sufficiently small, the solution

o (159) exists globally in time. Furthermore, there exists v* € (0,7] such that, for
any 0 < 0 < ~*, the following estimates hold:

sup € Y|Vu(t)||? < +oo,
>0

Sup " ([ue ()| + [ Au(t)]|?) < +oo,
sup / (IVue(s)I* + lu(s)fy2o + [IVu(s)i) ds < +oo,

sup (IVe@)llze + [lpe(t)[ =) < 400,

sup o(1)[|Vu ()[|* < +oo,
>0

t
sup / o (5) (e (3] + | Auy(8)|?) ds < +oo.
t>0 Jo
In the last two estimates, we have used the notiation o(t) := min{1,t}e%.

In the two-dimensional case we have a stronger result:
Theorem 4.6. Let (156)—(158) be satisfied. Suppose that N = 2,
ug € D(4), po € C'(Q)
and, also, that for some 5 > 0 one has:
eV € L°°(0, +o00; HY(Q)?), €', € L>(0, +00; L*(Q)?).
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Then, if |uol i) and [|€7f|| Lo (0, 400;22(0)3) are sufficiently small, the solution
to (159) exists globally in time. Furthermore, the estimates in theorem 4.5 hold
true for any 0 < 6 < 7.

4.3. Uniqueness. For the variable density Navier-Stokes equations, uniqueness

is a complicate question, even in the two-dimensional case. Unfortunately, the

regularity of the weak solution is not sufficient to get good estimates and some

additional regularity must be imposed in order to apply a Gronwall-like lemma.
Let us present a partial result that illustrates the situation.

Theorem 4.7. Let us assume that ug € D(A) and py € C*(Q). Let (p,u) be a
solution to (159), with
Vo, Uy € L2(0,T; L>(Q)Y), Vu € L*(0,T; L= (Q)V*N),
peC’@Q), we '@V,

Then the solution furnished by theorem 3.15 satisfies u =14 a.e.

(174)

SKETCH OF THE PROOF: The main idea of the proof is to use the energy identity
satisfied by (p, W), the energy inequality satisfied by (p,u) and then the PDEs
satisfied by these functions.

The energy identity

1 [ L1
*/ﬁlulzﬂx// Val? = */ polﬂol2+// pu - f (175)
2 Ja Qx(0,t) 2 Ja Qx(0,t)

is a consequence of (174) and the motion equation in (159) written for (p,u,p) =
(p,4,P). On the other hand, the inequalities

1 1
o [ol e [ vap<g [P [[ e am)
2 Ja Qx(0,t) 2 Ja Qx(0,t)

are obviously satisfied, in view of the properties of the semi-Galerkin approxima-
tions. We also have

// (B(T, + (T V)T — £) - u+ gV - Vaa) = 0 (177)
Qx(0,t)

and
// (p(uy+ (u-Vyu—f) -u+ pVu-Vu) =0. (178)
Qx(0,t)

Then, the linear combination (175) + (176) - (177) - (178) gives the following
estimates:

(/Q pu_u|2> g +M//nx<o,t> vl (179)

< (A= + Be(olp—pP) e [[ -
Q2x(0,t) Qx(0,t)
where A, B, € L*>(0,T).
On the other hand, from the transport equations satisfied by p and p, we also

see that
1d

33 LIo=oP= [ Vo ta—w(-p

([ lo=P)o) < c//mm o —wl?

for all . Therefore,
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and, coming back to (179), we find that

(fom=ue) @ ff wars [ con-ur

for some G € L>(0,T).
This suffices to apply Gronwall’s lemma. The consequence is that u = @ a.e. and
the proof is achieved. O

Remark 6. The regularity needed in this last result to get uniqueness can be
ensured, for example, under the assumptions in theorems 4.5 and 4.6. O

Remark 7. Another strategy for the proof of uniqueness, based on the ideas in [46,
47] is the following. Let (p,u), (p,u) be two solutions and let us set (o,w) :=
(p—p,u—1). Then, consider the identities satisfied by (o, w). They take the form

E(p,u,p,u)(o,w) =0
for some linear differential operator E(p,u,p,u) and the goal is to prove that

N(E(p, u,ﬁﬁ)) = {0}

But, to this purpose, it suffices to check that R(E(p,u,p,u)*) is dense. In practice,
this means that we must be able to solve in an appropriate space a linear system of
the form

E(p,u,p,u)"(g,h)
for instance for any C'*° compactly supported (g, h). Unfortunately, this requires

again some regularity of the solution and the result we can obtain is similar to
theorem 4.7. O

Of course, an interesting but difficult question is which are the minimal regularity
hypotheses that imply uniqueness. This is unknown even when N = 2.

Another related interesting question is which are the most general “structural”
assumptions on pg that imply the uniqueness of a weak solution in the two-dimensio-
nal case. Indeed, if pg is constant, and N = 2, the weak solution is unique; what
happens if, for instance, pg is of the form

po = mlg, +n2lq,

where 71 and 7y are positive constants and {2, s } is a partition of Q7

Other questions concerning uniqueness are the following:

Do we have uniqueness for the solution obtained as in theorem 3.157

How “large” is the set of uniqueness data?

Is it reasonable to expect that a suitable “entropy condition” assumption on the
solution (u, p) can ensure uniqueness? Which one?

4.4. Other results and open questions. Many other results and questions can
be considered in the context of existence, uniqueness and regularity of the solution
to (155). Although not always, they are frequently motivated by what is known for
the constant density Navier-Stokes equations.

We will mention some of them in this Section; for more information, see for
instance [45] and the references therein.

e REGULARITY RESULTS FOR 4 = p(p) AND/OR inf pg = 0.
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As mentioned in Sections 2 and 3, it is meaningful to consider variable viscosity
fluids governed by motion equations of the form
Jdpu

5 TV (pua) =V (u(p)D(w) + Vp = f£.

It also makes sense to assume that py is non-negative, but not necessarily bounded
from below by a positive constant.

The existence and regularity of a strong solution in these cases is more difficult
to analyze; some results can be found in [45].

e MINIMAL HYPOTHESES FOR GOOD BEHAVIOR.

In view of well known results satisfied by the solutions to the classical Navier-
Stokes equations, it would be interesting to find minimal or sharp assumptions on
the solution to (155) of the kind

uc L70,T; L (QY), peC™(R),
ensuring good properties such as the following:

- (u, p) is, together with some p, a strong solution, or
- Additional regularity of the data implies the regularity of (u, p), or
- The energy identity is satisfied, etc.

Notice that this is open even in the case N = 2.

e THE CASE Q = RY AND KATO ANALYSIS.
Let us assume that Q = RY. For the Navier-Stokes equations, a classical way to
attack the existence and uniqueness solutions is to write the system in the form

{ u; + Au = B(u,u),

u(0) = 1o, (180)

where A is the Stokes operator and B is given by

(B(u,w),v) := /Q(u-V)v~udx.

Then, some general abstract results by Kato and Fujita [40] can be applied and it
is deduced that, for each T' > 0, there exists 6 > 0 such that, for ||ug|lyv < 6, (180)
possesses exactly one “mild” solution in [0,7]. This approach has been re-visited
by a lot of authors; see [43] for a complete treatment; see also [10, 11].

More recently, this analysis has been adapted in [19, 30] to the variable den-
sity Navier-Stokes equations to give some existence-uniqueness results for (155).
However, the analysis is still incomplete and many related questions remain open.

5. On the control of the variable density Navier-Stokes equations. Our
aim in this Section is to present some control problems for systems governed by the
variable density Navier-Stokes equations. We will first adopt the optimal control
viewpoint, with several different cost functionals. Then, we will consider some
controllability questions.

5.1. Optimal control. Problems and results. We will view the variable density
Navier-Stokes system as a state equation. For convenience, we will mainly consider
distributed controls, locally supported in space.
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Thus, the velocity field and pressure will be governed by the following initial-
boundary value problem:

%+v (pun) + Vp = pAu+vl,, V-u=0, (x,t) € Q,
0
5€+V (pu) =0, (x,1) €Q, (181)

u=0, (x,1)€x,
pli=o = po, (pu)]i=o0 = pouo, x € €,

where Q@ C RY is a bounded connected open set, @ = Q x (0,7), ¥ = 99 x (0,7),
w C Qis a (small) non-empty open set and pg and ug are given.
For simplicity, we will always assume that

po € L®(Q), po>a>0 ae.

Accordingly, o < p(x,t) < ||pol|L~ a.e. in @ and the initial conditions in (181) can
be written in the form

pli=0 = po, Ult=o =up, x € Q.
The problems to solve have the following structure:
Minimize J(v,p,u)
{ Subject to v € L*(w x (0,T))Y, (v, p,u) satisfies (181).

Several choices for the cost function can be made. For instance, we can take

/
J(v,p.u // [u— ugl? + // o= pal?
Q
2 wx(0,T)

where a, a’, b are nonnegative constants and ug € L?(Q)" and p; € L?(Q) are
given.
A second possibility is the following:

Tvopw =5 [ e T) w0l + /|pr — o)

+ 7// |V‘2,
2 JJuxo,1)

where a, a’, b are as before and u. € H and p, € L?(Q) are prescribed.
Finally, we can also take

1 b
Topm) = 3T e s (185)
wx (0,

where u, is above, § > 0 and
T (v, ue,d) :=inf {T > 0: ||[u(-,T) —u.|| <J}.

The following interpretations are in order:

(182)

(183)

(184)

e (183) provides a balance for two criteria: “being near uy and pg in @ and
“using a small control v”.

e On the other hand, (184) provides a balance for “being near u. and p. in
at time 77 and “using a small control v”.

e Finally, (185) provides a balance for “being near u,. as soon as possible” and,
again, “using a small control v”.
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The admissible set U,q can also be subject to various choices. In the simplest
case, we just take

Upg = L*(w x (0,T))V. (186)
Another “natural” choices are
Upg={veL* (wx (0, THN :|v| <M ae.} (187)
and
I . .
Upg ={v EL*(wx (0,T)N :v = Zvl(x)l(ti’ﬂ.)(t) ae., vie L2 (w)V} (188)
i=1

where M > 0 and the ¢; and 7; must satisfy
0<ti<m<ta<m<---<ty<7 <T.

Control problems arise in many areas with many different objectives and appli-
cations. In fluid mechanics they are very natural and have been studied since many
years. Some references with details on the history and present situation of control
theory and its applications are [35, 6, 32, 42, 4]; see also [27].

As for many other optimal control problems, the main questions for (182) are
the following:

e Existence and uniqueness: Under which conditions on J and U,; can we
ensure that (182) possesses at least one solution? When can we prove that
the solution is unique?

e Characterization: How can we characterize the solution(s) to (182)? In other
words, is it possible to find a system necessarily satisfied by any solution to
this problem and, maybe, some additional variables?

e Computation: Is it possible to provide iterative algorithms that produce se-
quences of controls v that converge (in a sufficiently strong sense) to a
solution to (182)7 If this is the case, can we estimate the convergence rate?

Let us mention that there are many other important aspects in control theory,

some of them closely connected to these above: the determination of feed-back laws
and closed loop maps, robustness, singular control theory, etc.

5.1.1. The existence of optimal control-states. Concerning existence, one has the
following standard result:

Theorem 5.1. Assume that the following hypotheses are satisfied:

1. Upyg C L% (w x (0, 7))V is non-empty, closed and convez.

2. J is sequentially weakly lower semi-continuous, i.e. if the (v™, p™, u™) sat-
isfy (181), v™ — v weakly in L*(w x (0,T))N, p™ — p weakly-+ in L>(Q)
and u™ — u weakly in L?(0,T;V), then

liminf J(v™, p™,u™) > J(v, p,u).
m—0o0

3. Either Uyq is bounded or J is coercive in v, i.e. J(v™, p™ u™) — 400 as

V™ € Uad, [IV™ || L2(wx (0,1)) — 00

Then the optimal control problem (182) possesses at least one solution.

Proof. The argument is classical in control theory; in fact, it stems from the calculus
of variations and, for completeness, will be recalled here.
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Let us consider a minimizing sequence {(v™, p"™, u™)}. We deduce from hypoth-
esis (3) that v™ is bounded in L?(w x (0,7))". Consequently, we can assume that
it converges weakly to some v € L?(w x (0,7))V.

From hypothesis (1), we have v € Ugq.

Now, from the estimates in Section 4, it is clear that the (p™,u™) belong to a
bounded set in L>(Q) x L?(0,T;V) and it can be assumed that p™ — p weakly-x
in L>=(Q) and u™ — u weakly in L2(0,T;V) for some (p,u) such that (v,p,u)
satisfies (181). From hypothesis (2), we also have
inf J = W}gnoo Jv™ pma™m) > J(v, p,u),

Uad

whence (v, p,u) solves (182) and the proof is achieved. O

Notice that the particular cost functions (183) and (184) and the admissible
sets U,q given by (186), (187) and (5.1) satisfy the hypotheses in theorem 5.1.
Hence, there exist solutions to the optimal control problems corresponding to these
choices.

In the particular case of (185), this is also true, but the argument is more intrin-
cate and will be given below, in Section 5.2.

5.1.2. Some optimality systems. Let us now present some optimality results. As
already mentioned, the goal is to deduce a system necessarily satisfied by the op-
timal triplets together with some additional variables. This is much in the spirit
of Langrange multipliers and is completely natural in the present framework, since
(182) can (and must) be viewed as a constrained extremal problem: we minimize
J(v, p,u) subject to the requirement v € U,q and the equality constraints (181).

We will first consider the case (183) with U,q = L*(w x (0,T))"N.

The following holds:

Theorem 5.2. Assume thatU,q C L*(wx (0,T))" is non-empty, closed and convex
and J is given by (183). Let (v*, p*,u*) be an optimal solution to (182) and assume
that (p*,u*) is the unique solution to (181) corresponding to v .= v*. Then, there
exists (n,w) such that one has:

a * ook

patu +V-(p*u*u*)+Vp* = pAu*+v*l,, V-u' =0, (x,t)€Q,

a * * _ sk

;t +V-(pa") =0, (x1)€q, (189)

u =0, (x,t)€x,

P li=0 = po, (p™u")lt=0 = pouo, x €,
0w V)w (VU w Vg

= pAWw + p*Vn+a(u* —uy), V-w=0, (x,¢)€Q,
St (G (V) w = = pa)y (o)€@ 1)
w=0, (x,t)€X,

n*|t=T - 07 (77W)|t=T - 07 X € Qv

//wx(o,:r)(w T lv=vh 20 (191)

Vv € Uyq, v¥e Upa-
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Proof. Let us take v = v* + ah with a € Ry (small), h € L?(w x (0,7))" and
Vv € Ugq- Let (p,u) be a state associated to v. We can then write

(p,u) = (p*,0) + alo,y) + oy, y,)

with
dy . ou* . .
p (aJr(u V)y + (y - V)u*) + +o( 5 + (u* - V)u*) + Vr
:,LLAy+h1wa V’y:()v (Xat) € Qa
oo
5tV (P'y +ou’) =0, (xt)€Q, (192)
y=0, (x,t)€X,
U‘tzo = O) (O-y)|t=0 - Oa X e Qa
and
dy! ou*
P+ (W V) + (vl - V)W) + 40l (G + (0 V)u') + Vi,
= MAY; - anw % y:x = 07 (th) € Qa
!
D 4V 'yl +ohut) = —aV - (ohyl), (1) €Q, (193)
y, =0, (x,t) €.,
ooli=0 =0, (0,¥0)lt=0 =0, x€Q,

Here, we have used the following notation:

dy Oy,
U, = (040, >(E+W)

+ (o +o,) (0 -V)(y+y,)+ ((y+y,) V)u
+a((y +ya) V(¥ +y4))

The functions (o,y) and (¢),,y.,) must satisfy the same boundary conditions like
(p*,u) and homogeneous initial conditions at ¢ = 0.

After some lengthy but straightforward computations relying on energy estimtes,
it is not difficult to check that

o/, = 0 strongly in L*(Q),

y., — 0 strongly in L?(Q)V (194)

By hypothesis, J(v, p,u) — J(v*, p*,u*) > 0. On the other hand,

J(v,p,u) = J(v*,p",u")
RSy Py
+aZ,

where Z, — 0 as a — 07.
Dividing by « and taking limits as o — 07, we see that

a//Q<u*—ud>-y+a’//Q<p*—pd>a+b//w(wv*-hzo. (195)

Let us introduce the linear (adjoint) system (190). From classical arguments, it
is clear that (190) possesses exactly one weak solution (7, w) that belongs to the
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usual energy space, i.e. satisfies
n e L>(Q),
w e L*0,T;V)NL>(0,T; H).

Furthermore, a straightforward integration by parts yields the following identity:

/ /Q (o(w’ —u0) -y +alp" = pi)e) = [[ R

This, together with (195), gives the inequality

// (w+bv*)-h>0.
wx(0,T)

Since this must hold for any h of the form h = 1 (v—v*) with v € Uyq, we find (191).
This ends the proof. O

A very similar result can be obtained for the choice (184) of the cost functional:

Theorem 5.3. Assume that Uyq C L?(wx (0,T))Y is non-empty, closed and convex
and J is given by (184). Let (v*, p*,u*) be an optimal solution to (182) and assume
that (p*,u*) is the unique solution to (181) corresponding to v.= v*. Then, there
exists at least one couple (n, w) such that one has (189),
ow
—P*E —p* (0" - V)w + p" (Vu*)'w + Vg
= MAW-F[)*V’O, V-w =0, (th) € Qv
0 ou*
—S -V (G (0 V)u) w0, (x,8) € Q. (196)
w=0, (x,t)€X,
Nl=r = a(u =1 —uc), Wlh=r =d'(p*li=r — pe), x €,

and (191).

Remark 8. Observe that theorems 5.2 and 5.3 do not assert that v — J(v, p,u) is
differentiable at v*. In fact, nothing indicates that this function is well defined, since
in general a control v close to v* can have several associated states. Nevertheless,
we have been able to express the variation of J at (v*, p*,u*) in the direction
determined by h in the form

// (W+bv*)-h
wx(0,T)

where w solves, together with ¢ and 7, the adjoint system (190) or (196). For this
reason, we can interpret (w+0bv*)|,x (0,7 as the “gradient” of v — J(v, p,u) at v*.
O
Remark 9. In the simplest case, U,q = L?(w x (0,7))", and (191) means that
N 1
Vi = = Wlox(o,)- (197)

More generally, since Uyq is a closed convex set in L?(wx (0, T))Y, (191) is equivalent
to

1
v = Py <_bww><(0,T)) ) (198)

where P4 : L*(w x (0,T))" + Uy,q is the orthogonal projector. O
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5.1.3. Some iterative algorithms. We will now propose some iterative schemes to
compute the solutions to the previous optimal control problems.

For simplicity, we will only refer to the case where J is given by (183) and,
consequently, the optimality system is (189)—(191). The adaptation to the case
(184) is straightforward and will not be given.

The following algorithms rely on the ideas in the proof of theorem 5.2. Specif-
ically, we notice that, if (v, p,u) is given, then for any h € L?(w x (0,T))", any
small @ > 0 and any state (p’,u’) associated to v + ah, one has

J(v’,p’,u'):J(v,p,u)+a// (w+bv) -h+aO(a),
x(0,T

where (1, w) solves

0
—pa—vtv —p(u-V)w + p(Vu)'w + Vg

= pAw +pVn +au—ug), V-w=0, (x,t)€Q,

+ (V) w=d(p-p), xt)eQ 19

377 Ou
at —u-Vn +(6t

=0, (x,t)€ex,
n\t:T =0, (qw)li=r =0, x€Q,

and O(a) = 0 as a — 0T,

The first proposed algorithm (ALG 1) is given in Table 1, at the end of the
Section.

Let us assume that (189) possesses exactly one weak solution (p,u) for each
v € Uyg. Then ALG 1 must be viewed as a classical optimal step gradient method.

Since (189) is nonlinear and we have to solve this system by using an iterative
scheme, it is reasonable to introduce a variant where we perform mixed loops. This
leads to ALG 2 (see Table 2).

Remark 10. A natural choice of the convergence criteria can be

||Vn+1 _ V”HLQ(wX(O’T)) < HHVnJrl”LQ(WX(O,T))’

for k£ small enough. On the other hand, since the numerical computation of 7™ can
be expensive, it may be convenient to simplify ALG 1 and ALG 2 by replacing
step 3 by the following;:

3’.  Set d” = (W" +bv")|,x(0,r) and r™ = r (a prescribed positive constant).

Of course, we can also consider a variant by performing step 3 only a few times (for
instance for n = 10,20, 30, ...) and keeping in between the same fixed r (equal to
the last computed ). O

The second and more efficient and accurate strategy is to consider conjugate
gradient methods. This leads to algorithms similar to those above, where the main
difference is that the descent direction d™ is close but not identical to the “gradient”

(W" +bvn)|w><(0,T)~
Let us set
/ / |f|2 / | (f—g)
JJwuxm) wx(0,T)
L // of
% (0, T) x(0,T)




1072 ENRIQUE FERNANDEZ-CARA

for all f,g € L?(w x (0,T)) with g # 0. The proposed conjugate gradient algorithm
with projection (ALG 3) is given in Table 3.

There, G stands for one of the functions G or Ga; the choice G = G; (resp. G =
Gs) corresponds to the Fletcher-Reeves (resp. Polak-Ribiere) version; see [32] for
more details.

Remark 11. Of course, we can modify ALG 3 as we did in remark 10 in order to
avoid large computational costs concerning r"*. We can also partially linearize the
state systems by simply replacing v* by v?~! in the transport terms. This leads to
an analog to ALG 2. We omit the details. O

5.2. Minimizing the time needed to reach a desired state. In this Section,
we will consider the optimal control problem (182)—(185), where the time needed to
reach a desired state plays an essential role. We will prove an existence result and,
then, we will deduce the corresponding optimality system.

5.2.1. An existence result. Let us fix Ty > 0 and let us introduce a closed convex
set Uyqg C L (w x (0,Tp))N and the set

Eo={(v,p,u) : v €Uuq, (p,u) solves (181) in O x (0,Tp) }.

We have & C L*(w x (0,T))YN x Ey, where Ej is the energy space for the solutions
to (181) in Q x (0,Tp), that is the space of couples (p, u) satisfying

p € L= (2 x (0,Tp)),
u € L*(0,To; V) N L2(0, To; H).
Let us set

1
1(v,pu) = ST (v, w0 / / NG (200)
(0,To)

where u, € H (eventually, we can have I(v,p,u) =
Then the considered optimal control problem can be ertten as follows:
Find (v*, p*,u*) € & such that
I(v*,p*,u*) = min I(v,p,u) (201)
(v,p,u)€&o
Our first goal is to establish the existence of optimal control-state triplets. This
is done in the following result:

Theorem 5.4. Assume that the set of (v, p,u) € & such that I(v, p,u) < 400 is
non-empty. Then, there exists at least one solution to (201).

Proof. The set U,q is weakly closed in L?(w x (0,Tp))" and I is coercive. Ac-
cordingly, we only have to check that this functional is sequentially weakly-* lower
semicontinuous for the norm of Ej.

Let {(v™, p",u™)} be a sequence in & such that v — v* weakly in L?(w x
(0,Tp))N and (p",u"™) — (p ,u*) weakly-* in Fy. Then, arguing as in the proof of
theorem 5.1, we see that (p, u) must solve (181) in Q x (0,T}) for v = v*. We have

hmlnf// v > // |v* |2
n=+00 J Jux(0,To) wx(0,T)

On the other hand, if we set T)f := T*(v™,u";u., ) and T* := T*(v*,u*; u,, 9),
we also have

liminf T > T*. (202)

n—+oo
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Indeed, if this assertion is false, it can be assumed that the T} converge to a time
T that satisfies 3
T= lim T;<T" (203)

n——+00
We will use the following result, whose proof is postponed to the end of this para-
graph:

Lemma 5.5. Under the assumption (203), we necessarily have:
(', T) ~u.,z) < dl|z| VzeV. (204)

In particular, if (203) holds, one has [Ju*(-,T) — u.|| < §. On the other hand,
in view of the definition of T* and the fact that T < T*, we must also have
[lu*(- T — u.|| > d, which is the opposite inequality. Thus, we get a contradiction
and, necessarily,

liminf T > T*.

n—-+oo

This completes the proof of theorem 5.4. O

PROOF OF OF LEMMA 5.5. Let u™, T); and T be as in the proof of theorem 5.4 and
let us assume that (203) holds We can write the following:

|(u( 7T) - ue7z)| < |(u( ,T) - u(' 7T7>:)7 Z)‘
+l(u(, T7) —a" (-, T3), 2)| + [(0" (-, T;) — ue, 2)].
Let us estimate the three terms in the right hand side of (205).
First, noticing that u” — u weakly-x in L*°(0,7;H) and u}? — u; weakly
in L7(0,T; V"), we deduce at once that u™ — u strongly in Cy([0,77;V’). Conse-
quently, for any z € V, one has:

[(u(-,T3) —u"(-, T3), 2)| < Clla(-, T7) — (-, T;) || v/ [|2llv
" (206)
< llu = u"{leogo,zvr) llzllv — 0.
Also, since T — T and u € C9([0, Ty); H), we have u(-,T*) — u(-,T) weakly in
L?(£2), whence

(205)

|(u(-,T) —u(-,T}),2)| — 0. (207)

Finally,
(W™, T7) — e, 2)| < [[u" (-, T;) — velll|z]| < 4]zl (208)
by the definition of T;*. From (205) and (206)—(208), we deduce at once (204). O

5.2.2. The optimality conditions. Now, we will try to characterize the solutions
to (201) in terms of suitable optimality conditions, i.e. to deduce a system of equa-
tions that the optimal solution, together with some appropriate multipliers, must
satisfy.

Let us introduce the function ®, with

T
2T>v) 7+*// (0,70 (209)
Y(T,v) € [0,Ty] x L*(w x (0,Tp))¥

Then, (201) can also be written in the form
Minimize ®(T,v)
Subject to T € [0, Typ],

(V,p, u) € gOa
Ju(-,T) —uc| <.

(210)
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For obvious reasons, it can also be written in the slightly different way

Minimize ®(T,v)
Subject to T € [0, Tp]
1Ok 211
(Vv P l]) € gOa ( )
Ju(-, T) — uell =9,
where the condition for u at 7" has been reformulated as an equality constraint.
The following result holds:

Theorem 5.6. Let the assumptions of theorem 5.4 be satisfied and let (T*,v*) be
a solution to (211), with associated state (p*,u*). Let us assume that

0<T* < T, (212)
Ik > 0 such that t — u*(-,t) is C* in [T* — K, T*] (213)

and
(u (-, T") —ue,u; (-, 77)) <0 (214)

and let us denote by E* the energy space associated to T*. Also, assume that (p*,u*)
is the unique solution to (181) corresponding to T = T* and v = v*. Then, there
exist A € R and (n,w) € E* such that one has:

dp*u*
patu + V.- (p*u*u*) + Vp*
= pAu* +v*l,, V-u* =0, (x,t) € Qx (0,77),
dp* (215)

LY () =0, (1) € Q% (0,T7),
u* =0, (x,t) € 00 x (0,T"),
p*lt=0 = po, (p*u*)|i=0 = poup, x € Q,

—p*aa—‘: —p*(u* - V)w + p*(Vu*)'w + Vg

=pAw + p*Vn, V-w=0, (x,t)e€Qx(0,T"),

—% —u"-Vn+ (8811* +u*-V)u') - w=0, (x,t)eQx (0,17, (216)
w=0, (x,¢) €N x(0,T"),

N li=r+ =0, Wli=r+ = A(u]j=r~ —u.), x€Q,

// (Wb (v v) >0 W EUpas V' EUpss  (217)
wx(0,T*)
* * au* *
T = P[O’To] _A(u(' 7T ) — Ue, W( 7T )) ’ (218)
[a"(-,T7) — ucl| = 6. (219)

Remark 12. The assumption we have made on T™ serves to discard trivial cases.
The assumption (213) is a regularity hypothesis. The assumption (214) plays the
role of a qualification hypothesis; this is explained in remark 13. On the other hand,
it is a reasonable assumption, at least when U,q = L*(w x (0,T))Y; this will be
clarified below, see remark 14. O
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Remark 13. In order to understand the situation and to interpret theorem 5.6, it
is convenient to argue as follows. Let us provisionally replace (181) by the much
simpler system

9 N9+ Rl Vout=0, (x.1)€Q,
ot 920
0=0, (x,t)€x, (220)

9|t=0 =0y, x€.
Let (T, h*) be a solution to the problem

1
Minimize ®(T,h) = 5 T2 + g // |h[?
wx (0,T)

Subject to T € [0, Tp) (221)
(h,0) satisfies (220)
16(-,T) = 0|l = 6

and assume that T* € (0,7p) and h* € int U,q. Let 6* be the state associated to
h* and assume that

Ik > 0 such that t — 0*(-,t) is Ct in [T* — K, T*].
We can view (7™, h*) as a minimizer of ® subject to the equality constraints
E(h,0) := (6; — A — h1,,0(-,0) — 6y) = (0,0),

1 52
V(T,0):= 5100, T) — 0e 1>~ =0.

Therefore, thanks to the classical Lagrange’s theorem, there exist multipliers Ag, A

and (¢,7) (not simultaneously zero) with

Ao, A ER, Y =1(x,t), n=n(x)
and

0= Ao (®'(T, 17), (S,m)) — (¥, m), E' (A", 67)(m, y)) + A (VI(T",67), (S, y))

(TMN//MOT) )

/ Uy — Ay = 1) = (,y(:,0)
T7) = 0c, 05 (-, T7) + (07(-,0) = Oc, 4 (-, 0)))
for all S, m and y. The first consequence is that
AT+ X0 (-, T*)—0.,6;(-,T*)) =0. (222)

The second consequence is that, for all y, one has
S ot By mi) @ T by T o) =0 (229)

and, after some computations, this leads to:
-ty — Ap =0 in Qx (0,77),
=0 on 00 x (0,T%), (224)
Y(x,T*) = ANO0*(x,T*) — 0.(x)) in Q
and
n(x) = ¥(x,0) in Q. (225)
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Finally, we also have

P4+ Agbh* =0 in w x (0,7"). (226)
We see from (222), (224) and (225) that A cannot be zero. For, otherwise, we would
also have A\g = 0, ¢ = 0 and n = 0, which is impossible.

The function ¢ — 1[6*(-,t) — 0.||* is non-increasing at t = T*; consequently,
0*(-,T*)=0.,05(-,T*)) < 0. It is immediate from (222) that, if the strict inequality
holds, then Ag # 0. We can thus assume in this case that A\g = 1 and (226) and (222)
respectively become

Y4+bh* =0 in wx (0,T") (227)

and
T = =X0*(-,T") — 0.,0; (-, T7)). (228)
In this way, we obtain an optimality system similar to (215)—(219). |

Remark 14. Let us consider again (221), where we assume that T € (0,Tp), h* €
int Uyq and (213) is satisfied. We have already seen that, necessarily, (0*(-,T*) —
0,07 (-,T*)) < 0. If we have (6*(-,T*) — 0.,0;(-,T*)) = 0, the identities (222)
and (226) show that Ay = 0 and

=0 in wx(0,T").

But then ¥ = 0, because the solutions to systems of the kind (224) satisfy the
unique continuation property, see for instance [53]. From (225), we also have n = 0.
Taking into account the final condition satisfied by ¥ and recalling that at least one
multiplier must be nonzero, we deduce that

0" (x,T*) = 0.(x) in Q.

But this is obviously absurd. Consequently, (0*(-,T*) — 0.,6;(-,T*)) < 0. This
shows that (214) is a reasonable assumption at least when U,q = L?(w x (0,Tp))"N.
O

SKETCH OF THE PROOF OF THEOREM 5.6: Let us introduce S € R, m € L?(w x
(0,7))N and o € Ry, such that

T:=T"+aSe(0,Tp], v:=v"+ame Uy (229)

Let (p,u) be a state associated to v and let us assume that ||u(-,T) —u.||* = 5.
In view of (229),

0< (T, v)—Q(T",v") =« T*S+b// v -m
LUX(O,T())

S? + b// Im|?
wX(O,To)

for any small & > 0. Moreover, one must have v* = 0 for ¢ € (Tp, T*), whence

T*S+b// v'-m>0. (230)
UJX(O,To)

As in the proof of theorem 5.2, we can write

Lo
2

(pv u) = (p*a U*) + Oé(O', Y) + O‘(O'Zxa y;),

with (o,y) and (¢l,,y.,) solving systems similar to (192) and (193), respectively,
together with homogenous boundary and initial conditions. Arguing as we did in
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that proof, we see that (o,y), (0),,y.) € Eo and |(o),,y.)|lg, — 0 as a — 0T,
Moreover,

0=llu(,7) —ucl|* = 6% = [|(u(-,T) —u*(-,T%)) + (u* (-, T*) — ue)||* = 6
= l[u(,T) = (-, TP +2(u(-, T) = (-, T7%),0" (-, T") - ue)
Taking into account that
u(-,T) —w' (-, T%) = ay(-, T*) + auj(-,T*)S + a O(a) in L*(Q)

where O(a) — 0, we easily deduce that

—(u (-, T7) —ue,u (-, 77)) S = (u* (-, T7) — e, y(-, T7)). (231)
Let us introduce A € R with
— (0 (-, T") —ue,ui (-, T*) A =T~ (232)

and let (n,w) be the solution to (216).
Thanks to (214), A is well defined. Furthermore,

7S =—(u"(-,T%) —ue,uf (-, T*)) AS
= A" (-, T7) = 0c), y(-, T7))
= (W( 7T*)»Y(' =T*))
and, using the equations and boundary and initial conditions satisfied by (1, w)
and (o,y), we see after some integrations by parts that

TS = // W - m.
UJX(O,T())

In view of (230), this yields

// (W=+bv*) -m>0.
UJX(O,T())

On the other hand, since T* € (0,Tp) and X is given by (232), the equality (218)
is trivially satisfied. Consequently, the couple (T, v*), the associate state (p*,u*),
the multiplier A € R and the adjoint state (1, w) satisfy (215)—(219).

This ends the proof. O

Remark 15. The optimality system can be used to deduce iterative algorithms
for the computation of an optimal (v*, p*, u*). This is the goal of the forthcoming
paper [9]. O

5.3. Controllability. Main concepts, problems and results. In this Section,
we will be concerned with some controllability properties of the variable density
Navier-Stokes system (181).

The general controllability question for (181) is the following:

Let Q, w and T be given and let us fiz a desired property at T (for
instance, the requirement u(-,T) = 0 or, more generally, u(-,T) € Ur
for some Up C H). Then, is it true that, for any py and any ug we
can choose v € L?(w x (0,T))N such that (181) possesses a solution in
Q =Q x (0,T) satisfying this desired property?
The underlying control problem is more difficult than those considered in Sec-
tions 5.1 and 5.2. In fact, very few things can be said at the present moment in this
context.
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5.3.1. The constant density case. For the moment, let us consider the system

po(yi +(y - V)y) —pAy +Vp=vl, inQ

V.y=0 in Q,
y=0 on Y, (233)
y(x,0) = yo(x) in Q
and the similar linear Stokes-like problem

polye + (¥ - V)y+(y-V)y) —pAy +Vp=~f+vl, inQ,

V.y=0 in Q,

y=0 on X, (234)

y(x,0) = yo(x) in €,

where po > 0 is a constant and f = f(x,t) and ¥ = ¥(x,t) are given and satisfy
adequate regularity assumptions.

The results that follow have been taken mainly from [22, 28, 38, 24, 25]. They
concern approximate controllability, null controllability and local exact controlla-
bility to the trajectories for (233) and (234). Other important contributions are
[15, 16, 33].

We will mainly consider null controllability and local exact controllability issues.

More precisely, it will be said that (233) (resp. (234)) is null-controllable at time
T if, for any yo € H, there exists v € L?(w x (0,7))" and an associated solution
(an associated state) satisfying

y(x,T)=0 in . (235)

On the other hand, it will be said that (233) (resp. (234)) is ezactly controllable
to the trajectories at time T if, for any yo € H and any solution (y,p) to (233)
(resp. (234)) in Q x (0,7, there exists v € L?(w x (0,7))" and an associated state
satisfying
y(x,T)=y(x,T) in Q. (236)
As usual, it will be convenient to analyze the observability properties of the
following system, which can be viewed as the adjoint of (234):

—po(Wt + (¥ - V)w — (DW)y) — pAw + Vr =g in Q,
V-w=0 in Q,

237
w=0 on X, (237)
w(x,T) = wo(x) in Q.
Furthermore, the following hypotheses on y will be needed:
>6/56 ifN=3
yeL®@Q), ¥, er20,1;7)" (7 . 2
yer=@Y vierorrw® (7277 LUTH) e

In this context, the basic technical result is a Carleman-like estimate for the
solutions to (237). In order to state this result, several weight functions are needed:

eB/4Am Inollee — gA(m [In0lloc+m0(x)) eAm 1m0 lloo+n0(x))
OZ(X,t) = t4(T _ t)4 Y €(X3 t) = t4(T _ t)4 )
a(t) =mina(x,t), o'(t) =maxa(x,t), &(t)=max{(x,t).
€S e zeQ

Here, m > 4 is a fixed real number and ny € C2(12) is a function satisfying

o >0in, n9=00ndQ, |Vn>0inQ)\w,
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where w’ CC w is a nonempty open set. The existence of such a function 7qg is
proved in [29].

Theorem 5.7. Let us assume that (238) holds. There exist positive constants 3, A
and C, only depending on Q and w such that, for every g € L2(Q)N and wo € H,
the associated solution to (237) satisfies

// e ((s©) 7 (lwe|* + |AW[?) + sA% VW] + s° N lw|?)
Q

< C(l +T2) (815/2)\20 //Q e~ 4s@+2sa” 215/2 |g|2 (239)

+ 816/\40 // e—8s&+6so¢* 516 |w|2
wx(0,T)

for any A > X(1+|[Fl|oo + T8 + 17,320 10) and any s > 5 (T4 +T%).

This Carleman inequality provides, in a classical way, an observability inequality
for the solutions to (237) i.e.

Iw(-0)22 < C / / w2 (240)
wx (0,T)

for a positive constant C'.
In order to get (240) from (239), it suffices to argue as follows. First, (239) and
the properties of the weights yield

// wl? < c// lwl2. (241)
Qx(T/4,3T/4) wx (0,T)

Secondly, from the usual energy estimates, we see that

[w(,t)? < C// |w|? Vte[0,T/4]. (242)
Qx(T/4,3T/4)

Using (241) and (242), we deduce (240).

A first consequence of (240) (the observability inequality for the solutions to the
adjoint) is the null controllability of the linear system (234) for £ = 0. This is well
known and obeys to a principle that remains valid for many other similar equations
and systems; see [50, 51].

A short explanation is the following. Let us introduce the linear mappings S; €
L(H;H) and Sy € L(L*(w x (0,7))V; H), with

e S1yo =y(-,T), where y is, together with some p, the solution to (234) with

f=0,v=0.

e Sov = y(-,T), where y now is, together with some p, the solution to (234)

with f =0, yg = 0.
Then, (234) is null-controllable if and only if
R(Sl> C R(Sg)
But it is not difficult to check that a still stronger property, namely
{ Vyo € H 3v € L*(w x (0,T))" such that
S1yo + S2v =0, [[vllz2(wx0.1) < Cllyoll
is equivalent to the following estimates relating ST and S3:

|STwoll < C||S5wo|| Vwo € H. (243)
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Notice that (243) and (240) are the same; this is readily seen from the definitions
of S7 and Ss and their adjoints. Consequently, since (240) holds, we certainly have
the null controllability of (234).

Remark 16. The previous argument shows that (234) can be controlled exactly to
zero with controls that depend continuously on the initial data. Furthermore, this
holds for all T > 0 and for any non-empty control open set w C €. Since (234) is
linear, it is expected that these properties imply approximate controllability. This
is true. Indeed, from the previous observability inequalities it is easy to deduce the
following unique continuation property for the solutions to (237) with g = 0:

If w € L*(0,T;V) N L>®(0,T; H), w solves together with some p the

motion PDE in (237) in Q with g =0 and w = 0 in w x (0,T), then

w = 0.
This is equivalent to the approximate controllability of (234), since it indicates that
N(S3) = {0}, i.e. that R(S2) is dense in H. O

A second consequence of (240) is the local exact controllability to the trajectories
of (233). More precisely, one has the following;:

Theorem 5.8. Let y be, together with some P, a solution to the Navier-Stokes
problem

Vi —AY+ (¥ -V)y+Vp=0 inQ,
Y -y=0 in Q, (244)
y=0 on X,
¥(x,0) =¥, (x) in Q,

satisfying (238). There exists € > 0 such that, for any initial state
yo € L*N 2 Q)N nH

satisfying Yo — Yollzev—2 < &, we can find controls v € L*(w x (0,7))N and
associated states'y such that one has (233) and

v(x,T)=3y(x,T) in €.

Remark 17. In particular, we see from theorem 5.8 that (233) is locally null
controllable. More precisely, there exists € > 0 such that, whenever y, € H and
llyoll < e, we can find controls v € L?(wx (0,T))" and associated states y satisfying

y(x,T)=0 in €.

On the other hand, from theorem 5.8 and the well known parabolic dissipativity of
the solutions to (233), it is easy to deduce that this system is null controllable at
large time. In other words, the following holds:

Let yo € H be given. There exist T > 0, controls v € L*(w x (0,T))3

and associated states 'y such that y(-,T) = 0.
The proof of this assertion is simple. It suffices to first take v.=0 up toa 77 > 0
with y(-,71) sufficiently small in L2V =2(Q)" and, then, to apply theorem 5.8 in
the interval (71,77 + 1). |

Remark 18. There is no general global controllability result for (233). To our
knowledge, global results are only known for some modified or particular systems.
Here are some of them:
e Global approximate and null controllability for (234). As mentioned above,
this is a standard consequence of (240).
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e Global approximate controllability for

po(y: +V - (Tu(y)y)) — nAy +Vp=vl, inQ,
V.y=0 in Q,

y=0 on X, (245)
y(x,0) = yo(x) in
for any M > 0, by Fabre [22]. Here, T)s(y) is the vector whose i-th component
is given by
M ify; > M,
(Tm(y))i =1 i if -M <y; <M,

The global approximate controllability was conjectured by J.-L. Lions in 1990.
e Global approximate controllability in a larger space for

po(ye +(y-V)y) —pAy +Vp=vl, inQ,

V-y=0 in Q,

Y @ (246)
Vxy=0, y-n=0, on X,
yv(x,0) = yo(x) in Q

when N = 2 by Coron [15].

e Global null controllability for the Navier-Stokes equations in a 2D manifold
without boundary, by Coron and Fursikov [16]. A similar result is given in [2§]
when N = 3 and periodic boundary conditions are considered.

O

Remark 19. Let us consider a homogeneous viscous Newtonian fluid governed by
the Boussinesq system

po(y: +(y-V)y) — pAy + Vp =0go +vl, inQ,

V.y=0 in Q,

0, +y-V0—rkAO =hl, in @, (247)
y=0, 6=0 on Y,

y(%,0) = yo(x), 0(x,0) = 0o(x) in

where g is a constant vector and the right hand sides v1,, and hl,, are respectively
interpreted as a density of external forces and a heat source. It is natural to view
v and h as controls and ask whether local exact controllability properties hold for
this system. The answer is affirmative; see [34] for detailed results. In particular,

the following holds: if (¥, 0) is a solution to the Boussinesq problem (247) satisfying
(238) and

o>1 ifN=2
there exists € > 0 such that, for any initial state satisfying
(v0.60) € LN 2(Q) x (LN 2N N H), [|(F0:80) = (o, 00) [ 1n -2 <&,

we can find controls v € L?(w x (0,7))Y and h € L?(w x (0,T)) and associated
states (y, 6) such that one has

y(x,T) =5(x,T), 0(x,T)=0x,T) in Q.

6eL>(Q), 0:€L*0,T;L°(Q) <J>6/5 ing)'
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In the following Sections, we will indicate the main ideas of the proofs of theorems
5.7 and 5.8. The detailed proofs can be found in [24].

5.3.2. Sketch of the proof of the Carleman inequality. We will use the notation
I(s,\;w) to denote the left hand side of (239). Let g € L*(Q)" and wy € H be
given and let (w, ) be the associated solution to (237). We can first apply to each
component of w the usual Carleman inequality in w’ x (0,T") for the heat equation
with right hand side in L?(Q). After some arrangements, we get

Heoxiw) < ([[[ e (g + 19nP)aa
Q

+83/\4 // 6—2304 53 |W|2 d.%‘) ,
w’ x(0,T)

for all A > C(1 + ||¥]|oo) and s > C(T7 + T®). For the proof of (248), see [29]; for
the explicit values of A and s, see for instance [23].

In view of the main result in [39] and following the ideas of [38], we can estimate
the gradient of the pressure in (248) and deduce that

I(s,\;w) < C [ s3\* // e 25 €3 |wl|? da
W% (0,T)

+ 82 )\2 // 672so¢ 52 ‘7T|2 dx—i—s// 672sa£‘g|2 dx) )
le(O,T) Q

for any A > C(1 + [[¥le) and any s > C(T* + T?), where w; is an open set such
that w’ CC w; CC w. The rest of the proof is oriented towards the absorption
of the local pressure term in (249). Let us remark that we have only used the
assumption ¥ € L>(Q)" until this moment, while more regularity on y will be
needed to perform a local estimate of the pressure.

We can assume that the pressure has been chosen with zero mean in w; . Then,

// e~ 2 |2 dy < C// e 0 &2 |Vl da
w1 x(0,T) w1 x(0,T)

and, using the equation satisfied by w and 7, we see that the task is to obtain local
estimates of Aw and wy .

For the estimate of Aw, we can use classical arguments for the heat equation;
observe that u = Aw fulfills a heat equation where the pressure is absent. On the
other hand, integrating by parts in time and using well known a prior: estimates

for the Stokes system (see [31]), we can find a local estimate of w; in terms of local
15/2 ,—2sa+sa” 515/2

(248)

(249)

integrals of w and Vw and I(s, A; w). More precisely, with ¢ = s
and wy an open set satisfying w; CC wy CC w, for any small € > 0 we obtain

82)\2 // 6—2.9&22 \Wt|2 dz
w1><(O,T)

<el(s,\w)
+ C AP (14 T) (||119||%2(L2) g wliZe (z2 () + ||qVW||2L2(L2(wQ))>

for A > C(1+ ||¥]leo + €T I¥I% + H?tH%Q(LU)). Let us remark that proving such
a local estimate requires many technical computations and makes it necessary to
assume that y, € L*(L7).
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The local estimates of Aw and w; lead to the desired Carleman inequality (239).

5.3.3. Sketch of the proof of the local controllability result for (233). The proof
of theorem 5.8 follows the ideas in [38]. Thus, we deduce in a first step a null
controllability result for (234), with suitable right hand side f.

More precisely, let us set Ly =y, — Ay + V- (¥y +y¥) and let us introduce the
spaces Ey, with

B ={(y,v): 6255756*3715/4% 6453733,8*378‘,1&0 c Lz(Q)2,
e 2 (y) "Wy € L(0,T:V) N L*(0,T; H),
T : e () V2 (Ly + Vp— vi,) € L3(0,T; H-1()?))
and
By = {erE—sﬁ*a—w/zxy’ 6433—33[3*;7\—8‘,1“/ c LZ(Q)N’
72 (") "y € L2(0.T:V) N L=(0, T H),
e 2 () hy € L0, T L (@)),
Ip 1 e () A (Ly + Vp - vl) € L0, T WS (@) M)},
where the new weight functions 8, 8*, etc. are given by

e3/4Amlnollee _ pA(mlInolloo+m0(x))

B(t) =min 3(x,t), B*(t) = maxS(x,1),
x€eQ xeQ)
Amlnolloctmo(e) .
v(x,t) = 1 , A(t) = maxy(x,t), ~*(t) = miny(x,1).
£(t) 2€Q )

Here, we have introduced

T?%/4 for0<t<T/2
) = { HT —t) for T/2<t<T.
We then have:

Proposition 1. Assume that ¥ satisfies (238) and:

o yo€ H, &8 (v*)"V2f € L2(0,T; H1(Q)?) if N = 2,

e yo € LAV NH, e (v*) V2 € L2(0, T; W-15(Q)N) if N = 3.

Then, there ezists a control v € L?(w x (0,T))N such that, if y is the associated
solution to (234), we have (y,v) € Ex.

Notice that this is actually a null controllability result for (234). Indeed, if
(y,v) € E, we have in particular that y(x,7) = 0 in .

The rest of the proof of theorem 5.8 relies on an appropriate inverse mapping
theorem. More precisely, we use the following result (see [2]):

Theorem 5.9. Let E, F be two Banach spaces and let A : E — F satisfy A €
CH(E; F). Assume that ey € E, A(eg) = hg and A'(eg) : E +— F is an epimorphism.
Then, there exists § > 0 such that, for every h € F satisfying ||h — hol||r < 0, there
ezists a solution of the equation
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Let us consider the mapping A : ' +— I, given by
Aly,v) =Ly + (y - V)y + Vp — vl y(-,0)) V(y,v) € E,
where F = Eny and
L2(es (v Y2, H-Y(Q)?) x H if N =2
L2(e38 (y*) V2, W5 Q)N) x (LA Q)N N H) if N =3.

From the definition of E, one can easily check that A is well defined and satisfies
A € CY(E; F). Furthermore, the identity

R(A(0,0)) = F

is equivalent to the result stated in proposition 1. Therefore, we can apply the-
orem 5.9 to A with eg = (0,0) and hy = (0,0). This ends the proof of theorem
5.8.

5.3.4. The variable density case. Some partial results. As mentioned above, for the
variable density problem (181), the controllability results are much more difficult
to obtain. At present, only a few partial results have been established.

Notice that, for a system like (181), it is not expectable that, with controls of
the previous kind, one can get desired properties for p at time ¢ = T'. Indeed, the
mass distribution of p is completely determined by pg. This was seen in Section 3.
Consequently, at least in a first step, the reasonable controllability problem is to
find controls such that u(-,T) satisfies a desired property.

In this direction, the following holds:

Theorem 5.10. The variable density Navier-Stokes system (181) is locally null-
controllable. More precisely, let p be a positive constant. Then there exists € > 0
such that, for any initial state (po,up), with

po € L7(Q), ug € H, |lpo =Pl + [luoll <,
we can find controls v € L?(w x (0,T))N and associated states (p,u) satisfying
ux,T)=0 in Q. (250)

SKETCH OF THE PROOF: The proof is similar to the proof of theorem 5.8.
Thus, in a first step, we simply take v = 0 and let the system evolve freely up
to a time 77 > 0 with u(-,71) € L*"2(Q)Y N H and |ju(-,T1)| z2~v—2 < C|lug]].
Then, we consider the linearized problem

iyt +(F-V)y+(y-V)y) —pAy +Vg=£f+vl, inQ,

V-y=0 in Q,

251
y=0 on X, (251)
yv(x,0) = yo(x) in Q,

Again, it is possible to deduce a null controllability result for (251), with suitable
right hand side f.

In the second step, we apply theorem 5.9, with ¥ and F' as in Section 5.3.3 and
an appropriate and very similar definition of the mapping A and we deduce, as in
the constant density case, the desired local null controllability result.

We omit the details, that can be found in [5]. O
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Remark 20. It is also natural and meaningful to consider the null controllability
problem for the variable density Boussinesq system

0

%—FV-(puu)—kVp:,uAu—i—Ok—i—vlw, V-u=0, (x,t)€Q,
%—i—v-(pGu):ﬁAH—i—wlw, V-u=0, (x,t)€q,

ot

ap (252)
LAV (=0, (x0)€Q,

u=0, =0, (x,t)ex,

pli=o = po, (pu)li=o = pouo, (pf)|i=0 = pobo, x € Q,

where the controls are now v and w. A result similar to theorem 5.10 can be
obtained; see [5] for details. O

5.3.5. Some additional remarks and open questions. There are many more interesing
questions concerning the control of viscous Newtonian fluids. They are not all con-
sidered here for reasons of space.

Let us however mention some of them.

e CONTROLLABILITY OF GALERKIN AND SEMI-GALERKIN APPROXIMATIONS.

It makes sense to rest at the level of the semi-Galerkin approximations and try
to control the solutions at time t =T

For instance, for appropriate py and ug, it is completely natural to look for
controls v € L%(w x (0,T))" such that the solution to (160) with p*f replaced by
vl, satisfies

u*(x,T)=0 in Q. (253)

This question has been considered by J.-L. Lions and Zuazua in [44] for the usual
Galerkin approximation of the Navier-Stokes equations.

e F'ROM OPTIMAL CONTROL TO CONTROLLABILITY THROUGH PENALIZATION.
Let us consider again the controlled system (181) and the optimal control problem
(182), where J is given by

1 5
J(v.pou) = & / u(x, T) + & / / v, (254)
2 O 2 wx(0,T)

u. € H and € > 0 is given.

For each ¢ > 0, there exists at least one solution (v, p®,u®) to this problem.
If the controls v¢ remain bounded as ¢ — 0%, then, at least for a subsequence,
one may expect the convergence of (v€, p%,u®), at least in a weak sense, towards a
triplet (v, p,u) satisfying (250).

Consequently, it is natural to try to solve the null controllability problem for (181)
by penalization, by previously solving (182)—(254) for each € > 0 and, then, proving
that v© is uniformly bounded in some space. A similar idea can be applied to the
exact controllability problem to the trajectories. However, to our knowledge, this
question has not yet been investigated in depth.

e BOUNDARY CONTROLLABILITY.
It would be very interesting to extend the results in Section 5.3 to the case where
we consider boundary controls.
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For instance, let us consider the system

9pu
ot

dp

- tV- (pu) = Oa (X7t) € Qa

ot (255)
u=al,, (x,t)€eX,

p =l (1) €,

P|t=0 = pPo, (pu)|t=0 = poUup, X S Qa

+ V. (puu)+Vp=pAu, V-u=0, (x,t)€Q,

where v C 092, we have set by definition
v(b) ={x€7:b(x)-n(x) <0},

p is (for instance) a positive constant and the initial data pg and ug are given. The
control is now the boundary data al,.

It is completely meaningful to ask whether controllability results of the kind of
theorem 5.10 hold true for (255).

The situation is technically much more complex because, for a nonlinear problem
of this kind, the nonhomogeneous boundary conditions can be satisfied in a standard
way only if the data are regular enough. If we want to use reasonable and not too
regular controls, it is thus appropriate to work with functions that solve the problem
in a very weak sense.

In the case of constant density, the boundary controllability problem has been
considered in [33]. For variable density fluids, nothing has been made up to now.

e CONTROLLING WITH A REDUCED NUMBER OF CONTROLS.

This is a very interesting question. For the moment, it is not satisfactorily solved.

For the usual Navier-Stokes and Boussinesq equations, something can be said;
see the results in [25, 17]. Something can also be said for the Sokes equations;
see [18].

In the present context, it is reasonable to expect that results of the same kind
can be proved, but this has still to be analyzed carefully.

ALGORITHM 1
a. Choose vg € Uyg;
b. Then, for given n > 0 and v" € U,4, do until convergence:
1. Solve (189) with v = v™, to obtain (p™,u");
2. Solve (190) with (p,u) = (p™,u™), to obtain (n™, w");
3. Set d” = (W" +bv")|,x(0,r) and find r" such that
J™(r™) = inf,~q 5™ (r).
Here, j™(r) is the value of J at any (v™ — rd™, p"(r),u"(r)),
where (p"(r),u™(r)) is a state associated to v — rd";
4. Set v*tl = P (v —rnd™).

TABLE 1. The optimal step gradient method with projection.
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ALGORITHM 2
a. Choose vo € Uy,g and (p~1,u=t) € Ep;
b. Then, for given n > 0 and v" € U,4, do until convergence:
1. Solve (189) with v = v™ and v - V replaced by v*~! .V,
to obtain (p™,u™);
2. Solve (199) with (p,u) = (p™,u™), to obtain (n™, w™);
3. Do as in step 3 of ALG 1;
4. Do as in step 4 of ALG 1.

TABLE 2. A “mixed-loop” alternative to algorithm 1.

ALGORITHM 3
a. Choose vg € Uyg;
b. Perform one gradient step, i.e.
1. Solve (189) with v = vq, to obtain (pg, up);
2. Solve (190) with (p,u) = (po, ug), to obtain (g, wp);
3. Set d” = (W" +bv")|,x(0,1), etc.
c. Then, for given n > 1 and v" € U4, do until convergence:
1. Solve (189) with v = v", to obtain (p™,u");
2. Solve (190) with (p,u) = (p™,u™), to obtain (n™, w™");
3. Set f"=(W" +bv")|,x(0,m), C"=G(",£"71), A" =" + ("d" !
and compute r" as in step 3 of ALG 1 with this new d";
4. Do as in step 4 of ALG 1.
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2]

[3]

[4]

(5]

[6]

7]

(8]

TABLE 3. The optimal step conjugate gradient method with projection.
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