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CONTROLLABILITY OF PARTIAL DIFFERENTIAL EQUATIONS
AND ITS SEMI-DISCRETE APPROXIMATIONS

ENRIQUE ZUAZUA

Dedicated to the memory of Jacques-Louis Lions.

ABSTRACT. In these notes we analyze some problems related to the control-
lability and observability of partial differential equations and its space semi-
discretizations. First we present the problems under consideration in the clas-
sical examples of the wave and heat equations and recall some well known
results. Then we analyze the 1 —d wave equation with rapidly oscillating coef-
ficients, a classical problem in the theory of homogenization. Then we discuss
in detail the null and approximate controllability of the constant coefficient
heat equation using Carleman inequalities. We also show how a fixed point
technique may be employed to obtain approximate controllability results for
heat equations with globally Lipschitz nonlinearities. Finally we analyze the
controllability of the space semi-discretizations of some classical PDE models:
the Navier-Stokes equations and the 1 — d wave and heat equations. We also
present some open problems.

1. Introduction. In these lectures we address some topics related to the control-
lability of partial differential equations and its space semi-discretizations.

The controllability problem may be formulated as follows. Consider an evolution
system (either described in terms of Partial or Ordinary Differential Equations).
We are allowed to act on the trajectories of the system by means of a suitable choice
of the control (the right hand side of the system, the boundary conditions, etc.).
Then, given a time interval ¢ € (0,7, and initial and final states we have to find a
control such that the solution matches both the initial state at time ¢t = 0 and the
final one at time t = T.

This is a classical problem in Control Theory and there is a large literature
on the topic. We refer for instance to the book of Lee and Marcus [83] for an
introduction to the topic in the context of finite-dimensional systems described
in terms of Ordinary Differential Equations (ODE). We also refer to the survey
paper by Russell [129] and to the book of Lions [88] for an introduction to the case
of systems modelled by means of PDE, also refered to as Distributed Parameter
Systems.

There has been a very intensive research in this area in the last two decades
and it would be impossible in these Notes to report on the main progresses that
have been made. For this reason we have chosen a number of specific topics to
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present some recent results that exhibit the variety of problems arising in this field
and some of the mathematical tools that have been used and developed to deal
with them. Of course, the list of topics we have chosen is rather limited and it is
not intended to represent the whole field. We hope however that, through these
notes, the reader will become familiar with some of the main research topics in this
area. We have also included a long (but still incomplete) list of references for those
readers interested is pursuing the study of these problems.

As we have mentioned above, when dealing with controllability problems, to
begin with, one has to distinguish between finite-dimensional systems modelled
by ODE and infinite-dimensional distributed systems described by means of PDE.
Most of these notes will deal with problems related to PDE.

However, even if we work in the context of PDE, for computational purposes one
is obliged to analyze also the corresponding numerical approximations. In this way
one is driven naturally to analyze discrete or semi-discrete systems. Therefore, in
these notes we shall also address the space semi-discrete approximations of the PDE
under consideration. Therefore, when doing this, we are back to the controllability
problem for finite-dimensional systems of ODE. As we shall see, understanding the
limit behavior of the controllability properties as the size of the finite-dimensional
system tends to infinity to recover the controllability of the PDE model is not a
simple issue.The purely discrete systems will not be addressed here.

Even in the context of PDE, in order to address controllability problems, one
has still to distinguish between linear and non-linear systems, time-reversible and
time-irreversible systems, etc. For this reason in these notes we discuss both the
wave and the heat equation as well as some semilinear variants.

Recently important progresses have been made also in the context of the systems
of thermoelasticity in which the parabolic nature of the heat equation and the time-
reversibility of the wave equation are coupled. We do not address this topic here.
We refer the interested reader to the works of Hansen [52], Zuazua [145] and Lebeau
and Zuazua [82].

The content of this paper is as follows. In section 2 we describe the main issues
related to the controllability of the linear heat and wave equations. In section 3 we
discuss the controllability of the wave equation with rapidly oscillating coefficients
following the works [7, 15, 16] and [18]. In section 4 we discuss in detail the
controllability of the heat equation. In section 5 we present a fixed point method
allowing to prove the approximate controllability of the semilinear heat equation
with globally Lipschitz nonlinearity. In section 6 we analyze the controllability
of some space semi-discretizations. In particular we discuss the controllability of
the Galerkin approximations of the Navier-Stokes equations following [96]-[98], the
finite-difference approximation of the 1-d wave equation as in [62, 63] and the finite-
difference space approximation of the heat equation as in [104]. We end up with a
section devoted to present some open problems.

2. Problem formulation: The linear wave and heat equations.

2.1. The wave equation. Let 2 be a bounded domain of R™,n > 1, with bound-
ary I of class C?. Let w be an open and non-empty subset of Q and T > 0.
Consider the linear controlled wave equation in the cylinder @ = Q x (0,T'):

Ut — Ay = flw in Q
u=0 on X (2.1)
u(z,0) = ul(z),us(x,0) =ul(z) in Q.
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In (2.1) X represents the lateral boundary of the cylinder @, i.e. ¥ =T x (0,7, 1,,
is the characteristic function of the set w,u = u(x,t) is the state and f = f(x,t) is
the control variable. Since f is multiplied by 1,, the action of the control is localized

in w.

When (u?,ul) € HE(Q) x L?(Q) and f € L?(Q) system (2.1) has an unique
solution u € C ([0, T]; H}(22)) N C* ([0, T7]; L*()).

The problem of controllability consists roughly on describing the set of reachable
final states

R(T; (u’,u')) = {(u(T),u(T)) : f € L*(Q)} .

One may distinguish the following degrees of controllability:

(a)

(b)

()

Approzimate controllability: System (2.1) is said to be approximately control-
lable in time T if the set of reachable states is dense in H{(2) x L?(Q2) for
every (u®,u') € H} () x L*(Q).
Ezact controllability: System (2.1) is said to be exactly controllable at time
T if

R (T; (u’,u")) = Hy(Q2) x L*(Q)
for all (u®,u') € HY(Q) x L3(Q).
Null controllability: System (2.1) is said to be null controllable at time T if
(0,0) € R (T; (u®,u")) for all (u®,u') € Hi(2) x L*(Q).

Remark 2.1. (a) Since we are dealing with solutions of the wave equation, for any

(b)

of these properties to hold the control time 7" has to be sufficiently large due
to the finite speed of propagation.

Since system (2.1) is linear and reversible in time null and exact controllability
are equivalent notions. As we shall see, the situation is completely different
in the case of the heat equation.

Clearly every exactly controllable system is approximately controllable too.
However, system (2.1) may be approximately but not exactly controllable. In
those cases it is natural to study the cost of approximate controllability, or,
in other words, the size of the control needed to reach to an e-neighborhood
of a final state which is not exactly reachable. This problem was analyzed by
Lebeau in [77]. We shall address this problem below in the case of the heat
equation.

The controllability problem above may also be formulated in other function
spaces in which the wave equation is well posed.

Null controllability is a physically interesting notion since the state (0,0) is
an equilibrium for system (2.1).

Most of the literature on the controllability of the wave equation has been
written on the framework of the boundary control problem. The control prob-
lems formulated above for system (2.1) are usually refered to as internal con-
trollability problems since the control acts on the subset w of €.

Let us now briefly discuss the approzimate controllability problem.
It is easy to see that approximate controllability is equivalent to an unique con-
tinuation property of the adjoint system:

o —Ap =0 n @
p=0 on X
QO(IE,T) = 900(37)7<Pt(937T) = (pl(m) in

(2.2)
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Indeed, system (2.1) is approximately controllable if and only if the following

holds:
p=0inwx (0,7) = (¢°,¢") =(0,0). (2.3)

By using Holmgren’s Uniqueness Theorem it can be easily seen that (2.3) holds
if T is large enough. We refer to [88], chapter 1 and [20] for a discussion of this
problem.

There are at least two ways of checking that (2.3) implies the approximate con-
trollability:

(a) The application of Hahn-Banach Theorem.
(b) The variational approach developed in [89].
The second approach will be presented below in the context of the heat equation.
We refer to [88] for the application of the first approach.
When approximate controllability holds, then the following (apparently stronger)
statement also holds:

Theorem 2.2. ([149]) Let E be a finite-dimensional subspace of H}(Q) x L?(Q) and
let us denote by g the corresponding orthogonal projection. Then, if approximate
controllability holds, for any (u®,u'), (v°,v') € H{(Q) x L*() and € > 0 there
exists f € L?(Q) such that the solution of (2.1) satisfies

H(u(T) — 0%, uy(T) — Ul)”Hé(Q)xL?(Q) <e; mp (W), w(T)) =g (v°,0"). (2.4)

This result, that will be referred to as the finite-approxzimate controllability prop-
erty, may be proved at least in two different ways:

(a) By a suitable modification of the variational approach introduced in [89].
(b) As a direct consequence of the approximate controllability and the following
Theorem of functional Analysis (we refer to [94] for a proof):

Theorem 2.3. ([94]) Let V and H be two Hilbert spaces and L a bounded linear
operator from V to H with dense range. Let E be a finite-dimensional subspace of
H and mg the corresponding orthogonal projection.

Then, given any ey € E, when v runs over the set of elements of v such that
mpLv = ey, Lv describes a dense set in eq + EL.

The results above hold for wave equations with analytic coefficients too. Indeed,
the control problem can be reduced to the unique continuation one and the latter
may be solved by means of Holmgren’s Uniqueness Theorem.

However, the problem is not completely solved in the frame of the wave equation
with lower order potentials a € L*°(Q) of the form

utr — Au+ a(z, t)u = f1, in Q.

Once again the problem of approximate controllability of this system is equivalent
to the unique continuation property of its adjoint. We refer to Alinhac [1], Tataru
[134] and Robbiano-Zuilly [127] for deep results in this direction.

Let us now discuss the exact controllability problem.

The unique continuation property (2.3) by itself does not allow to address the
exact controllability problem. As it was shown by Lions [88], using the so called
HUM (Hilbert Uniqueness Method), exact controllability is equivalent to the fol-
lowing inequality:

T
1((0), 0 (0D I72(0) w1110y < C o dadt (2.5)
Q) () 0
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for all solutions of (2.2).

This inequality allows to estimate the total energy of the solution of (2.2) by
means of a measurement in the control region w x (0,77). Thus, it establishes the
continuous observability of system (2.2). The energy ||(¢(¢), got(t))||2Lz(Q)X1{71(Q) of
solutions of (2.2) is conserved along trajectories. Thus, (2.5) is equivalent to

T
H(SDO’QDI)HQLQ(Q)XHA(Q) < C/O /9"2d$dt' (2.6)

When (2.5) holds one can minimize the functional

//dedtJr ©(0),:(0)), (u',—u?)) (2.7)

in the space LQ(Q) x H=1(€2). Indeed, the following is easy to prove: When the ob-
servability inequality (2.5) holds the functional J has an unique minimizer (cp %) )
in L2(Q) x H=1(Q) for all (u°,u') € H{(Q) x L*(Q). The control f =  with ¢
solution of (2.2) corresponding to ({50, @1) is such that the solution of (2.1) satisfies

u(T) = w(T) = 0. (2.8)

Consequently, in this way, the exact controllability problem is reduced to the
analysis of inequality (2.6).
Let us now discuss what is known about the observability inequality (2.6):

(a) Using multiplier techniques in the spirit of C. Morawetz [113], Ho in [5§]
proved that if one considers subsets of I' of the form

F@%) ={zeTl:(z—2" n(z) >0}

for some 2° € R™ (by n(x) we denote the outward unit normal to Q in z € T
and by - the scalar product in R™) and if 7" > 0 is large enough, the following
boundary observability inequality holds:

T 2

%)

©(0), (0 2, 2oy < C —
[[((0), 1 ( ))HHU(Q)XL @ = /0 /1"(.750) on

for all (%, ') € HF(Q) x L*(Q).

This is the observability inequality that is required to solve the boundary
controllability problem mentioned above.

Later on inequality (2.9) was proved in [87, 88], for any T' > T'(z°) =
2| z—a° | Lo (0)- This is the optimal observability time that one may derive
by means of multipliers.

Proceeding as in [88], vol. 1, one can easily prove that (2.9) implies (2.5)
when w is a neighborhood of T'(z%) in Q, i.e. w = QN O where O is a
neighborhood of I'(z") in R, with 7> 2 || # — 2° || e (\w). More recently
Osses in [Os] has introduced a new multiplier which is basically a rotation of
the previous one and he has obtained a larger class of subsets of the boundary
for which observability holds.

(b) C. Bardos, G. Lebeau and J. Rauch [9] proved that, in the class of C*
domains, the observability inequality (2.5) holds if and only if (w,T') satisfy
the following geometric control condition in Q: Every ray of geometric optics

that propagates in ) and is reflected on its boundary I' enters w in time less
than T.

drdt (2.9)
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This result was proved by means of microlocal Analysis techniques. Recently
the microlocal approach has been greatly simplified by N. Burq [12] by using the
microlocal defect measures introduced by P. Gerard [47] in the context of the ho-
mogenization and the kinetic equations. In [12] the geometric control condition
was shown to be sufficient for exact controllability for domains Q of class C® and
equations with C? coefficients.

We have described here the HUM and some tools to prove observability inequal-
ities. In particular, we have explained how HUM can be combined systematically
with multiplier methods. One can also combine HUM with the theory of nonhar-
monic Fourier series when the coefficients of the system are time independent. We
refer to Avdonin and Ivanov [6] and Komornik [67] for a complete presentation of
this approach.

However, other methods have been developed to address controllability problems:
Moment problems, fundamental solutions, controllability via stabilization, etc. We
will not present them here. We refer to the survey paper by D. L. Russell [129] for
the interested reader.

2.2. The heat equation. With the same notations as above we consider the linear
controlled heat equation:

—Au=f1l, in @

u = O on X (2.10)
u’(z) in Q.
We assume that u € L2 (©) and f € L2 (Q) so that (2.10) admits an unique solution
ue C([0,7];L ) (0 T; Hy(%2)).
We set R( T ul) = {u cf e L3(Q } The controllability problems can be

formulated as follows

(a) System (2.10) is said to be approximately controllable if R(T;u°) is dense in
L2(Q) for all u® € L?(Q).

(b) System (2.10) is exactly controllable if R(T;u") = L*(Q) for all u® € L?().

(c) System (2.10) is null controllable if 0 € R(T;u°) for all u® € L?(Q).

Remark 2.4. (a) Approximate controllability holds for every open non-empty sub-
set w of Q and for every T > 0.

(b) It is easy to see that exact controllability may not hold except possibly in
the case in which w = 2. Indeed, due to the regularizing effect of the heat
equation, solutions of (2.10) at time ¢ = T are smooth in Q\@. Therefore
R(T;u®) is strictly contained in L?(Q) for all u® € L?(Q).

(c) Null controllability implies that all the range of the semigroup generated by
the heat equation is reachable too.

(d) Proving that null controllability implies approximate controllability requires
the use of the density of S(T)[L?*(2)] in L?*(). In the case of the linear
heat equation this can be seen easily developing solutions in Fourier series.
However, if the equation contains time dependent coefficients this is no longer
true. In those cases the density of the range of the semigroup, by duality,
may be reduced to a backward uniqueness property in the spirit of Lions and
Malgrange [92] (see also Ghidaglia [46]).

Let us now discuss the approrimate controllability problem.
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System (2.10) is approximately controllable for any open, non-empty subset w of
Q and T > 0. To see this one can apply Hahn-Banach’s Theorem or the variational
approach developed in [89]. In both cases the approximate controllability is reduced
to the unique continuation property of the adjoint system

—pr —Ap=0 n @
=0 on X (2.11)
o0, T) = @) i @

More precisely, approximate controllability holds if and only if the following
uniqueness property is true: If ¢ solves (2.11) and ¢ = 0 in w x (0,T) then,
necessarily, ¢ = 0, i.e. p° = 0.

This uniqueness property holds for every open non-empty subset w of 2 and
T > 0 by Holmgren’s Uniqueness Theorem.

Following the variational approach of [89] the control can be constructed as
follows. First of all we observe that it is sufficient to consider the particular case
u® = 0. Then, for any u! in L?(Q),e > 0 and E finite-dimensional subspace of
L?(Q) we introduce the functional

1 T
Js(cpo) = 5/0 / Qrdxdt + ¢ ||(I - WE)SDOHLz(Q) - /anouldx (2.12)

where 7 denotes the orthogonal projection from L?(Q) over E.
The functional J. is continuous and convex in L?(Q). On the other hand, in
view of the unique continuation property above, one can prove that

J(£°)

; _Jew) S (2.13)
1991 20y —o0 | 90 [IL2(0)

(we refer to [149] for the details of the proof).
Then, J. admits an unique minimizer $° in L?(2). The control f = $ where
@ solves (2.11) with $° as data is such that the solution u of (2.11) with u® = 0
satisfies
I u(T) = u' 2@ < &, 75 (u(T)) = 7p(u'). (2.14)

A slight change on the functional J. allows to build bang-bang controls. Indeed,
we set

2
- 1 T
JE(QOO):Q(/O /|go|dxdt> tell (I—mg)e HLZ(Q)—/Quledx. (2.15)

The functional J. is continuous and convex in L?(Q2) and satisfies the coercivity
property (2.13) too.

Let 3° be the minimizer of J. in L%(Q) and & the corresponding solution of
(2.11). We set

T
= [ |18 dwarsen(@) (2.16)

where sgn is the multivalued sign function: sgn(s) = 1if s > 0, sgn(0) = [—1,1]
and sgn(s) = —1 when s < 0. The control f given in (2.16) is such that the solution
u of (2.10) with null initial data satisfies (2.14).

Due to the regularizing effect of the heat equation, the zero set of non-trivial
solutions of (2.11) is of zero (n + 1)—dimensional Lebesgue measure. Thus, the
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control f in (2.16) is of bang-bang form, i.e. f = 4\ a.e. in ) where

T
A:/ /|@|dxdt.
0 w

We have proved the following result:

Theorem 2.5. ([149]) Let w be any open non-empty subset of Q and T > 0 be any
positive control time. Then, for any u®,u' € L*(Q), ¢ > 0 and finite-dimensional
subspace E of L*(Q)) there exists a bang-bang control f € L>(Q) such that the
solution u of (2.10) satisfies (2.14).

Remark 2.6. The control (2.16) obtained by minimizing J. is the one of minimal
L*>°(Q)-norm among the admissible ones (we refer to [35] for the details of the proof
in the particular case where E = {0}).

Let us now analyze the null controllability problem.
The null controllability problem for system (2.10) is equivalent to the following
observability inequality for the adjoint system (2.11):

T
1 (0) 1720y < C/o /<p2dxdt, Vol € L2 (). (2.17)

Due to the irreversibility of the system, (2.17) is not easy to prove. For instance,
multiplier methods do not apply.

In [129] the boundary null controllability of the heat equation was proved in
one space dimension using moment problems and classical results on the linear in-
dependence in L?(0,T) of families of real exponentials. Later on in [130] it was
shown that if the wave equation is exactly controllable for some T > 0 with controls
supported in w, then the heat equation (2.10) is null controllable for all T > 0 with
controls supported in w. As a consequence of this result and in view of the control-
lability results above, it follows that the heat equation (2.10) is null controllable
for all T' > 0 provided w satisfies the geometric control condition.

However, the geometric control condition does not seem to be natural at all in
the context of the heat equation.

More recently Lebeau and Robbiano [81] have proved that the heat equation
(2.10) is null controllable for every open, non-empty subset w of Q and T > 0. This
result shows, as expected, that the geometric control condition is unnecessary in
the context of the heat equation.

A simplified proof of this result from [81] was given in [82] where the linear system
of thermoelasticity was addressed. Let us describe briefly this proof. The main
ingredient of it is an observability estimate for the eigenfunctions of the Laplace
operator:

—AQZ)j = )\j’(/)] in Q
{ Y = on 0f. (2.18)

Recall that the eigenvalues {\;}, repeated according to their multiplicity, form an
increasing sequence of positive numbers such that A\; — oo as j — oo and that the
eigenfunctions {1;} may be chosen such that they form an orthonormal basis of
L2(Q).

The following holds:
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Theorem 2.7. ([81, 82]) Let Q2 be a bounded domain of class C*°. For any non-
empty open subset w of 1 there exist positive constants Cq,Co > 0 such that
2

/ > ajii(x)| do>CremVEN " [ a; (2.19)

Aj<Sp Aj<p
for all {a;} € ¢? and for all pn > 0.

This result was implicitly used in [81] and it was proved in [82] by means of
Carleman’s inequalities.

As a consequence of (2.19) one can prove that the observability inequality (2.17)
holds for solutions of (2.11) with initial data in E,, = span {<pj}Aj<#, the constant

being of the order of exp (C \/ﬁ) This shows that the projection of solutions over E,,
can be controlled to zero with a control of size exp (C \/ﬁ) Thus, when controlling
the frequencies A; < p one increases the L?(2)-norm of the high frequencies \; >
by a multiplicative factor of the order of exp (C \/ﬁ) However, solutions of the heat
equation (2.10) without control (f = 0) and such that the projection of the initial
data over E,, vanishes, decay in L?({2) at a rate of the order of exp(—ut). This can
be easily seen by means of the Fourier series decomposition of the solution. Thus,
if we divide the time interval [0, 7] in two parts [0,7/2] and [T'/2,T], we control to
zero the frequencies A; < p in the interval [0,7/2] and then allow the equation to
evolve without control in the interval [T/2,T], it follows that, at time ¢ = T, the
projection of the solution u over F,, vanishes and the norm of the high frequencies
does not exceed the norm of the initial data u°.

This argument allows to control to zero the projection over E,, for any u > 0 but
not the whole solution. To do that an iterative argument is needed in which the
interval [0, 7] has to be decomposed in a suitably chosen sequence of subintervals
[Tk, Tk+1) and the argument above is applied in each subinterval to control an
increasing range of frequencies \; < ui with py going to infinity at a suitable rate.
We refer to [81] and [82] for the proof.

Remark 2.8. (a) Once (2.17) is known to hold one can obtain the control with
minimal L?(Q)-norm among the admissible ones. To do that it is sufficient
to minimize the functional

J(%) = ;/OTL¢2dmdt+/§lw(O)uodm (2.20)

over the Hilbert space
T
H = {¢°: the solution ¢ of (2.11) satisfies / / p*drdt < oo}
0 w

To be more precise, H is the completion of L?(§) with respect to the norm
[fOT L, @?dxdt]'/?. In fact, H is much larger than L?(2). We refer to Theorem
4.5 for precise estimates on the nature of this space.
Observe that J is convex and, according to (2.17), it is also continuous in
H. On the other hand (2.17) guarantees the coercivity of J and the existence
of its minimizer.
(b) As a consequence of the internal null controllability property of the heat equa-
tion one can deduce easily the null boundary controllability with controls in
an arbitrarily small open subset of the boundary. To see this it is sufficient
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to extend the domain €2 by a little open subset attached to the subset of the
boundary where the control needs to be supported. The arguments above
allow to control the system in the large domain by means of a control sup-
ported in this small added domain. The restriction of the solution to the
original domain satisfies all the requirements and its restriction or trace to
the subset of the boundary where the control had to be supported, provides
the control we were looking for.

(¢) The method of proof of the null controllability we have described is based on
the possibility of developing solutions in Fourier series. Thus it can be applied
in a more general class of heat equations with variable but time-independent
coefficients. The same can be said about the methods of [130].

The null controllability of the heat equation with lower order time-dependent
terms of the form
us — Au+a(z,t)u=f1l, in Q
u=0 on X (2.21)
u(z,0) = u’(x) in Q

has been studied by Fursikov and Imanuvilov (see for instance [21, 42, 43, 44,
45, 60] and [61]). Their approach, based on the use of Carleman inequalities, is
different to the one we have presented here. As a consequence of their results on
null controllability it follows that an observability inequality of the form (2.17)
holds for the solutions of the adjoint system

—pr — Ap+alz,t)p=0 in @
p=0 on X (2.22)
o(x,T) = () in

when w is any open subset of €.
‘We shall return to this method in section 4 below.

3. The wave equation with rapidly oscillating coefficients. In practice, the
equation under consideration often depends on some parameter. In those cases it
is natural to analyze whether the controls depend continuously on this parameter
or not. When the parameter enters in the system as a singular perturbation, this
continuous dependence may be lost. This is for instance the case in the wave
equation with rapidly oscillating coefficients, a classical problem in the theory of
homogenization that we address here.

Let us consider the wave equation

ple/e)ug — Uz =0,0<z<1,0<t<T
w(0,t) = u(l,t) =0,0<t<T (3.1)
u(x,0) = u0(z), ug(z,0) = ul(z), 0 <z < 1.

Here p € L*°(R) is a periodic function of period £ > 0 such that
0<pm <plx)<py <ocoae zeR

where p,,, py are two positive constants.
The parameter € ranges in the interval 0 < £ < 1 and is devoted to tend to zero.
System (3.1) is a simple model for the vibrations of a string with rapidly oscil-
lating density.
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Let us denote p.(x) = p(x/e). It is easy to check that
pe — p weakly —x in L>(0,1); ase — 0, (3.2)

i.e.,
1 1
| paretards —p [ plaldo as e 0. % € L0,
0 0
where
1 Y/
=7 / pla)dz (3.3)
0

is the average density.
The energy of solutions of (3.1) is given by

1

Bt = 5 | [oelo) Lanlent) P ot (o) ] da (3.4

and it is constant in time.
The observability problem for (3.1) can be formulated as follows: To find T' > 0
and C.(T) > 0 such that

&@gqm4|%@m%t (3.5)

holds for any solution of (3.1).

If p is regular enough, say p € C1(R), one can show that observability holds for
all T'> 2,/par and for all 0 < e < 1.

We address here the problem of uniform observability: Given T' > 2,/par, is the
observability constant C.(T) in (3.5) bounded as e — 07

This question arises naturally since the limit of system (3.1) as ¢ — 0, in view
of (3.2), is given by the wave equation with constant density p:

Pu — Uz, =0, 0 <z <1, 0<t<T
u(0,t) =u(l,t) =0,0<t<T (3.6)
u(z,0) = u¥(z), u(z,0) =ul(z), 0 <z <1

and the later is observable for any T' > /p.
Solutions of (3.1) can be developed in Fourier series. Indeed, for any € > 0 the
eigenvalue problem

ST News, 0<a <1 (3.7)
wi(6) = wi(1) = 0

admits a sequence of eigenvalues
D<A <A< <A< >0

with corresponding eigenfunctions {wj}, ., that may be chosen to constitute and
orthonormal basis of L?(0,1) with the scalar product

(0, 9)e = / () () pe (z)da (3.8)

Then, solutions of (3.1) may be written in the form

Ue = Z <a2 cos ( )\Zt) + \;% sin ( Ait)) wi () (3.9)

k>1
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where af and bj, are the Fourier coefficients of the initial data
u’ = Z aswi; ut = Zbiwi (3.10)
k>1 k>1
On the other hand, solutions of (3.6) can be written as

u=>y [ak cos <f};> + \/]f:’“ sin <f};>} sin(kmz). (3.11)

k>1

Using the mini-max characterization of the eigenvalues of (3.7) one can deduce

that, for each k > 1,
2.2

AL — ase — 0, (3.12)

2
w§ — 4/ = sin(knz) in H}(0,1), as e — 0. (3.13)
p

However, these convergences are far from being sufficient to address the uniform
observability problem. Indeed, in order to attack the problem of uniform observ-
ability, one has to know how uniform the convergences (3.12)-(3.13) are with respect
to the index k.

Classical results in the theory of homogenization provide convergence rates for
(3.12)-(3.13) (see for instance Oleinick et al. [117]) and this allows to show that for
any 0 > 0 there exists ¢s > 0 such that

VA — \k/g <6, Vk < ¢5/V/E. (3.14)

However, this result is far from being sufficient for our purposes. Indeed, the
critical scale for the problem under consideration is k ~ 1/e which corresponds to
the case where the wavelength of the solutions is of the order of the microstructure.
Obviously, this critical size is much beyond the range k < C/y/e in which (3.14)
applies.

In fact, as we shall see, whatever T > 0 is, the uniform observability fails because
“spurious” oscillations occur when k ~ C/e if C is large enough. Using the WKB
method (see [10]) we shall exhibit a complete asymptotic description of the spectrum
in the range k& < ¢/e with ¢ > 0 small enough. We shall show how uniform
observability results may be obtained provided the high frequencies are filtered in
an appropriate way. The results of this section are proved in detail by Castro and
Zuazua [18, 19]. We refer to [15] for a complete analysis of the limit behavior of
the controllability properties as e — 0 and to [16] for the analysis of the spectrum
at the critical frequencies k ~ C'/e.

In order to analyze the behavior of the eigenvalues of the order of A\ ~ 1/&?
it is natural to introduce the change of variables y = z/e, so that equation (3.7)
becomes

—wyy = pp(Y)w, 0<y<1/e
{ w(0) = w(1/2) = 0 (3.15)
with
= A (3.16)

Consider the problem in the whole line associated to (3.15):

—wyy = pp(y)w, y € R. (3.17)
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Taking into account that p is periodic, the behavior of solutions of (3.17) de-
pending on the different values of 4 may be analyzed by means of Floquet Theorem
(see [32]). This analysis suffices to prove the following result:

Theorem 3.1. ([7, 18]) Assume that p € L™ (R) is £-periodic and such that
0 < pm < p(x) < pm < 00,ae z€R (3.18)

Then, there exists a sequence €; — 0 and a sequence of indezes k; — oo of the
order of E;l such that the corresponding eigenfunctions wZi of (3.7) satisfy

/O1 Doy (m)f dx/

for some C > 0.

2
8mw;§(1)‘ >exp(C/ej) as € —0 (3.19)

As an immediate corollary the following holds:

Corollary 3.2. Under the assumptions of Theorem 3.1, there exists a sequence
e; — 0 such that

E.(0
sup __EBEO — 00, as g — o0 (3.20)

. T
u solution of (3.1) / ‘Uac(la t)|2 dt
0

for all'T > 0.

Proof of Corollary 3.2. Assuming for the moment that Theorem 3.1 holds we
consider solutions of (3.1) of the form

e, (x,t) = cos ( )\ij t) wy’ ()

J

. E4 . .
where the sequence ¢; — 0 and the sequence of eigenvalues A,/ and eigenfunctions
J

E4 .
w,’ are as in Theorem 3.1.
J

We have
1 [t o2
EE(O):§/ 8zwk;(x)‘ dz (3.21)
0
and
T 9 9 T
€4 281 €4
/O &kaj_(l,t)‘ dt = amwk;(l)’ /0 cos2< /\k;t) dt. (3.22)
Since
)\2]] — oo ase; — 0, (3.23)
we have
T
/ cos? ( Y t) dt — T)2. (3.24)
0 :

Note that (3.23) holds since, by using the min-max characterization of eigenvalues,

one has
I€2 2 k2 2
T <x< s
M Pm

forall0 <e<1andk>1.
Combining (3.19), (3.21), (3.22) and (3.24) we deduce that (3.20) holds.
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Let us now give a sketch of the proof of Theorem 3.1.

Since p is assumed not to be constant, by Floquet’s Theorem we deduce the
existence of some p > 0 such that (3.17) has a solution of the form w;(y) =
e"pi(y) with @ > 0, p; being ¢-periodic. Let us assume for simplicity that
p1(0) = 0. We refer to [19] for the case where p1(0) # 0.

The function p; has an unbounded sequence of zeroes. Let us denote by 0 <
21 < 29 < ++0 < zp < -+- — 00 the positive zeroes of p;. Given a zero zp of p; we
set wi(x) = e~ ****p;(zxx). Note that wy, may also be written as

wn(e) ==l (2)
€k

with e = 1/2. Taking into account that p;(0) = p1(2x) = 0 we deduce that
wg(0) = wi(1) = 0. On the other hand, in view of (3.17) we also have

—aiwk = A\pp (;) wg, 0 <x <1

with A\, = p/ez.

Moreover, in view of the explicit form of wy it is easy to see that (3.19) holds
along the sequence ¢, — 0.

This completes the proof of Theorem 3.1.

Remark 3.3. Note that the proof of Theorem 3.1 provides necessarily sequences
of eigenvalues )\k such that )\s’ > c/e with ¢ > 0. As we shall see below, this
is a sharp estimate since uniform observability estimates hold for eigenfunctions
corresponding to eigenvalues \ such that A < ¢/e? with ¢ > 0 small enough.

|
Let us now analyze the asymptotic behavior of the spectrum following [18, 19].

Theorem 3.4. ([18, 19]) For any § > 0 there exists C'(6) > 0 such that
k-l—l V )\E Z 7, - 5 (325)

for allk < C(0)/e and 0 < e < 1.
Moreover, there exist C,c > 0 such that

! 101 / 0w 2 dz < C |9pus (1)) (3.26)

forallk <c/e and 0 <e < 1.

Remark 3.5. The first statement of this theorem guarantees that the gap between
consecutive eigenvalues remains uniformly bounded below in the range k < C/e for
C > 0 small enough (which is equivalent to A\ < C’/e? for a suitable C’). In fact,
the gap corresponding to the limit spectrum Ay = k?72/p is precisely 7//p, i.e.

(k+1Dm  krm T
)\ — —
Vi =V =5 = B
According to (3.25) the gap may be made to be arbitrarily close to 7/4/p for all
0 < e < 1 provided k < C(0)/e with C(0) small enough.
The second statement of Theorem 3.4 guarantees the uniform observability of
the eigenfunctions from the extreme z = 1 provided k < ¢/e with ¢ > 0 small
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enough. This result is sharp since, according to Theorem 3.1, there exists ¢; — 0
and a sequence of eigenvalues of the order of )\2 ~C/ s? for a sufficiently large C'

such that )
2
0

Let us now briefly comment the proof of Theorem 3.4.

We perform the change of variables y = x /¢ so that the differential equation cor-
responding to the eigenfunctions becomes (3.17). We employ the shooting method.
Thus we solve (3.17) under the “initial conditions”

w(l/e) =0;0,w(l/e) = 1. (3.27)

Finding the eigenvalues Af is then equivalent to find the values of uj, such that
the solution of (3.17)-(3.27) satisfies

w(0) = 0. (3.28)

We employ the WKB asymptotic expansion method (see [10]) to analyze the
structure of the solutions of (3.17)-(3.27). This asymptotic expansion turns out to
converge in the interval (0,1/¢) when p > 0 is small enough, i.e. when A\ < C/e?
for C' > 0 small enough.

This allows us to rewrite equation (3.28) as finding the zeroes of a infinite series.
We conclude that in the range A < ¢/e%, with ¢ > 0 sufficiently small, A% is an
eigenvalue if and only if A7 is the root of

Nip+ Y (a1 + e en, (7)) ()P = ke (3.29)

n>1

2
81111,2(1)‘ — 0, ase; — 0.

where {ds;_1};., are constants and {cz;},5, are {-periodic functions that may be
computed explicitly.

The same method provides and asymptotic expansion of the eigenfunctions wj,
as well.

In order to illustrate how the gap condition (3.25) arises let us consider the
second order approximation of A7. According to (3.29) it follows that

km d1

A~ — — e (km)? = 3.30
Ll (k) pe (3.30)
Therefore
T e2xdd,
VA — VAL~ N ((k+1)° — k%) (3.31)
r  e2mxdd,
= ————— (ek®+3k+1
NG 2 ( )
T 3m3dy 9
~ — — — Ek) .
veooop? (
Thus, according to the second order approximation, (3.25) holds if
h< VO (3.32)

- v 37T3d1 ’

To summarize, one can say that the WKB expansion method allows to prove that

the uniform gap condition (3.25) is guaranteed up to the critical level k < Ce™1
with C' > 0 small enough.
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As we shall see, this uniform gap condition together with the uniform observ-
ability of the eigenfunctions (3.26) is sufficient to prove the uniform observability of
the solutions whose spectrum lies in the range A < Ce~2 with C' > 0 small enough.

To do this we need a classical result due to Ingham in the theory of non-harmonic
Fourier series (see [142]).

Ingham’s Theorem. Let {y1}, ., be a sequence of real numbers such that
k1 — pg >y >0, Vk € Z. (3.33)
Then, for any T > 27/~ there exists a positive constant C(T,~) > 0 such that

1 ) /T -
ap |°< ape'tr
C(T,v) Z i "< 0 Z g

keZ kEZ

2

it <C(T,7)> | ax |? (3.34)
kEZ

for all sequence of complex numbers ay, € £2.

Remark 3.6. Ingham’s inequality may be viewed as a generalization of the orthog-
onality property of trigonometric functions. Indeed, assume that

=k, k€Z
for some y > 0. Then (3.34) holds with equality for all k. We set T" = 27 /~. Then

2m /[y ) 2
/ § akez'ykt
0

2
dt="5"Ja . (3.35)
keZ 7 ez
Note that under the weaker gap condition (3.33) we obtain upper and lower bounds
instead of identity (3.35). It is also important to note that the Ingham inequality
is in general false in the criticial case T' = 27 /7.

|
The uniform observability result we have proved is as follows:
Theorem 3.7. [18, 19]) Assume that p € L°(R) is {—periodic and such that
0 < pm < p(z) <ppm <00, ae.x €R.

Then, for any T > 2./p there exist positive constant c¢(T'), C(T) > 0 such that
LT 2 ’ 2
— |0zu(1,t)|"dt < E.(0) < C(T) |Ozu(1,t)|” dt (3.36)
() Jo 0
for all 0 < e <1 and all solution u of (3.1) in the class
u € span {w, : k < c(T)e '}, (3.37)
Remark 3.8. Observe that the minimal time needed to apply Theorem 3.7 is 24/p

which is the observability time for the limit wave equation

{putt—um=0, O<zx<l, 0<t<T (3.38)

u(0,t) =u(l,t) =0, 0<t<T.
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Proof of Theorem 3.7. We set
i = VG BEg = =g why, = wy, for kB> 1.

Then, according to (3.9) u can also be written as follows

u= Z ettty (3.39)
keZ\{0}
where .
i b
B 2
and af = a®,, b, = b% .
According to (3.39) we have
Ou(l,t) = Z s ekt 9w (1). (3.40)
kez\{0}

We now consider solutions with frequencies in the range k < ce~!. Then

u= Z c§ ettt (3.41)
sy
and
Opu(l,t) = > e 9w (1), (3.42)
IklSe/e
Given T > 2./p we have
T>2nm/y (3.43)

for some v < w/y/p. Let § > 0 be such that
L 5>~>0. (3.44)

Nz

According to Theorem 3.4, there exists ¢(d) > 0 such that

71'
XL > >y 3.45
k+1 k \/ﬁ ( )

forall 0 <e<1and k< C(6)e
In view of (3.45) we can apply Ingham’s Theorem to the series in (3.42) provided
¢ < ¢(9). Tt then follows that there exists C' > 0 such that
2

1 r e
& X ldPlawim P < [ 3 deritug] dr
Ikl <e/e O likj<ese
k#0 k#£0
< OY [dPlowim . (340
Ik Se/e

On the other hand, taking into account that

1 1
/0 10, (2) 2 i = X / | wf | pla/e)de = X,

according to (3.26) we deduce that, for k < ¢/e,
Ak

o< |8,wi (1)]° < CAS. (3.47)
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Combining (3.45) and (3.47) and choosing ¢ > 0 possibly smaller such that both
(3.46) and (3.47) apply in the range k < ce~! we deduce that
2

1 T -
G SNl < / D et towi(1)] dt (3.48)
[k|<c/e 0 |k|<c/e
k#0 k#0
< C D> Nlal.
Ikl\é%/e
On the other hand,
1
YNl lP=5 > la P+l =E0. (349
|kl\€§¢%/z 1<k<c/e

Combining (3.48)-(3.49) inequality (3.36) follows.
|

Let us summarize the content of this section. We have shown that the uniform
observability does not hold when the wavelength of solutions is of the order € of the
microstructure. We have also shown that uniform observability holds in the class
of solutions whose spectrum is in the range A < ce~2 for ¢ > 0 small enough.

Analyzing carefully the proof above it can be seen that if

k<ce! (3.50)
with
O<e<c (3.51)
and
/2 1/2
o = <3W2d1) (3.52)

uniform observability holds for T' > T'(¢) where T'(c) is such that

o T(c) \\2y/pasc\,0;

e T(c) /o0 asc /c*.

This result shows that the observability inequality for the limit wave equation
(3.38) may be viewed as the limit when ¢ and ¢ tend to zero of observability in-
equalities for systems (3.1) in the range (3.50).

All this section has been devoted to the analysis of the low frequencies k < ¢/e.
Note however that, under suitable regularity assumptions on the density p, the
WKB method allows to obtain an asymptotic expansion for the high frequencies
k >> 71 as well. We refer to [19] for a careful analysis of this problem. At this
respect, it is worth mentioning that, in a first approximation, the effective wave
equation for the high frequencies is

P U — Ugy = 0, O<zx<l, 0<t<T
u(0,t) =u(l,t) =0, 0<t<T

2
* 1 ¢
o= (8 / ﬁdx> .
0
Note that p* < p. This indicates that the time of observability for the high fre-
quencies k >> ¢! is smaller than for the low ones.

where
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We refer to [16] for a detailed discussion of the behavior of eigenvalues and

eigenfunctions corresponding to the critical case A ~ ce 2.

4. Approximate and null controllability of the linear heat equation.

4.1. The cost of approximate controllability. In this section we present some
of the results of [41] on the cost of approximate controllability of the system (2.10).
In [41] we address the more general case of the heat equation perturbed by a
potential depending both in space and time. But here, to simplify the presentation,
we shall focus on the constant coefficient heat equation.

We shall use in an essential manner the fact that solutions of (2.10) and of its
adjoint (2.11) may be developed in Fourier series. Therefore the case in which
potentials depending both on x and ¢ arise needs further developments (we refer to
[41]).

As we said above, without loss of generality, we may assume that 4u® = 0. Given
ul € L2(Q) and € > 0 we set

Cu',e) = min || f ||lL2(wx(0,1)) (4.1)
feuad
where Uy,q is the set of admissible controls v € L?(w x (0,7)) such that u the
solution of (2.10) with u® = 0 satisfies

| u(T) —u' || 2@)< e (4.2)
Obviously C(u', ) represents the cost (the size of the control) needed to drive the

solution of (2.10) from the initial state u® = 0, to a ball of radius ¢ around u'.
We have the following result

Theorem 4.1. ([41]) Let T > 0 and w be a non-empty open subset of Q0. Then
there exists a constant C' > 0 such that

clute) < exp (Cllu! lmye /) I 0" ooy (4.3)
Jor allu' € H{(Q) and 0 < e <[| u' || 12¢0).

In order to prove this result we first need suitable observability estimates for
the adjoint system (2.11). Using the methods developed in [45] and [42] based on
Carleman inequalities, in [41] the following is proved:

Proposition 4.2. ([41]) There exists a constant C > 0 depending only on Q@ and

w such that
1 T
| 9(2,0) |22 < exp (c (1 i T)) / / Sdudt (4.4)
0 w

holds for all solution of (2.11) and for all T > 0.

Note that (4.4) provides the observability inequality (2.17), but that it also
provides the dependence of the observability constant on 7.

However to prove Theorem 4.1 we need a more precise result providing global
information about ¢ in all of Q). The following holds:

Proposition 4.3. ([41]) Let T > 0 and w be an open non-empty subset of Q. There
exist positive constants ¢, C' > 0 which are independent of T such that

T _ e(14+T) 9 C(1+l) T )
e” Tt pdrdt <e T pdxdt (4.5)
0 Q 0 w
holds for all solution ¢ of (2.11).
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Estimate (4.5) is a direct consequence of the Carleman estimate proved in [41]
following the method introduced in [45]. Let us recall it briefly.
We introduce a function 7° = 1°(z) such that
n’ € C3(Q)
n° >0 in Q,n°=0 in 0Q (4.6)
vl #£0 in  Q\w.

The existence of this function was proved in [45]. In particular cases, for instance
when 2 is star-shaped with respect to a point in w, it can be built explicitly without
difficulty.

Let £ > 0 such that

k > 5maxn® — 6 minn°
Q Q

and let 5
B =0 +k 5= "max/°, pl(x = M _ A
n 1 P
with \, 3 sufficiently large. Let be finally

v =p(@)/(H(T = 1); pla, t) = exp(y(x, 1))
and the space of functions
Z:{q:QﬁR:qECz(Q),qzoenE}.
The following Carleman inequality holds:
Proposition 4.4. ([41]) There exist positive constants C, s1 > 0 such that

1
o [ om0 [l + 180 dod
$JQ

—l—s/ p~ 2t~ (T — t)~ 1 |Vq|* dudt + s / p 23T — t) 3¢ dadt
Q Q

< Ck

T
/ p~2 |0rq + Aq|? dadt + 53 / / p~2t73(T — t) 3¢ dxdt | (4.7)
Q 0 w

forallqe Z and s > s,.
Moreover, C, depends only on Q and w and sy is of the form

81 = SO(va)(T + TQ)’
where so(2,w) only depends on Q@ and w.

From (4.7) we deduce (4.5) immediately taking into account that the first term
on the right hand side of (4.7) vanishes when ¢ is the solution of (2.11) and making
use only of the third term on the left hand side of (4.7).

From (4.5) we easily obtain an observability result for ¢ at time ¢ = 0 which im-
proves substantially (4.4). To do this we consider the eigenvalues and eigenfunctions
of the Laplacian:

—Awk = /\kwk in Q

{ wr =0 on Of. (4.8)

We normalize the eigenfunctions {wy} such that they constitute an orthonormal
basis of L?(£2). Then the solution ¢ of (2.11) may be written as

o= e T Dy (x)
k=1
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where {ay} are the coefficients of the initial datum

oo

0 _

Q= E ApWk-
k=1

Let us now analyze the left hand side of (4.5). We have

T _c(141T) 2 > 2 T __c 22, (T—t
e” Tt pidrdt = Zak e Tt (Tt gy,
0 Jo 1 0

It is easy to check that

T > *
/ e_L%ttT) e 2 (T=t) gy > o= VA when A — 00
0
for a suitable ¢* depending on T
In this way we obtain the following result:

Theorem 4.5. ([41]) Let T > 0 and w an open non-empty subset of Q. There exist
C,c > 0 such that

[eS) T
Z |ag|? e~V < C’/ / O dxdt (4.9)
k=1 0 w

for all solution of (2.11).

Note that the left hand side of (4.9) defines a norm of ¢° that corresponds to
the one in the domain of the operator exp (fc\/j).

It is also worth to note that (4.9) is much stronger than (2.17) since the later
provides an upper bound on the quadratic the quantity

oo
E aie_T)"".
k=1

Let us now proceed to the proof of Theorem 4.1 from Theorem 4.5.
Given u! € H}(Q) we introduce its Fourier series expansion:

u' = brw. (4.10)
k=1

We have
It 1 @)= D Bk |t [120)= Y 0} (4.11)
k=1 k=1

Given N we fix the following projection of u!:

N
uy =Y bpwg. (4.12)
k=1

We look for a control fx such that the solution of (2.10) satisfies exactly
uw(T) = uk. (4.13)

This is possible since uk; € S(T)L?(1).
In view of (4.12)-(4.13) we have:
oo 1 oo
[uT) ~ ! Bay= 3 B < o B = ! [y /A (410
k=N+1 N+
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Then we choose N = N(e) such that

! ||?{5(Q)/)\N+1 <e. (4.15)
In this way, we will have
| u(T) = u' [|L2@)< e (4.16)
and
C (u',e) <l fnee) llnz(wx0.1)) - (4.17)

Let us finally see how we may get upper bounds on fxy). It is easy to prove
that the control fy () satisfying (4.13) can be chosen in the form

Ine) =@ inw x (0,T)

where ¢ is the solution of (2.11) with initial datum ¢°, the minimizer of the func-
tional
1 T
J(¢") = */ / * - / un @ dx
2 0 w Q

T
H= {(po : the solution ¢ of (2.11) is such that / / Yrdzdt < oo} .
0 w

in the Hilbert space

In view of inequality (4.9) it is easy to see that the minimizer ©° of J exists.
Moreover, the minimum satisfies

N
I e 1Z2@xory < Czbiezcm (4.18)
k=1
< OV |l [Faq < CXVANE Ul |[Faq -

In view of (4.15), (4.17) and (4.18) we immediately deduce the result in Theorem
4.1.

Let us now see that the estimates above on the cost of approximate controllability
in Theorem 4.1 are optimal.
The following holds:

Theorem 4.6. ([41]) Let T > 0 and w be an open non-empty subset of Q such that
w # Q. Then, there exists a sequence {ué} of data in H} () such that

| ul Iz y=1,Ye>0 (4.19)
and
C (ut,€) > exp(c/e) when & — 0 (4.20)

for a suitable positive constant ¢ > 0.
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Proof. It is sufficient to build a sequence of solutions {¢g} of the adjoint problem
(2.11) such that

|| <P0 HL2 Q
|WHM®]T%4Q—€ZWWW) (4.21)
Pe ||H5(Q)
and
T
/ / idxdt =1, Ve > 0. (4.22)
0 w

Indeed, once this sequence is built, it is sufficient to take
uz = o2/ Il 08 llmace - (4.23)
Then, if fe is the control of (2.10) such that
| ue(T) — ut |2 @< e,

we have

T
| [ teveduit = [ ue()otao = [ (uer) ul) b+ [ ukitds
0 Ju Q Q Q
and therefore, in view of (4.21) and (4.23):

| fe lozexomy > L@%m—ﬂwwp@

|| @2 HL2(Q)

+exp(c/e€).
122 Tirgcon (e/)

— &

= || %0: HLZ(Q) [

In order to build the sequence of solutions of (2.11) satisfying (4.21) and (4.22)
we assume, without loss of generality, that 0 ¢ Q\@. Then, for a suitable A > 0 we
have | z [> A in @ U (R™\Q). We then introduce the function

A
Y(x,t) = cos (;;) AG 1)
where G is the fundamental solution of the heat equation
G(x,t) = (4mt) M2 exp (— | = [*/ 4t).

It is then easy to see that v is a solution of the heat equation in the whole space.
We then define g (z,t) = ¢¥(z,t + 0(e)) with 0 < §(e) < 1 that will be chosen
later on. It is easy to check that

T
o<01§/ /|w5|2dxdt<Cg,V5>O.
0 w

On the other hand
| e |<C, on %, Ve > 0.
Let then he be the solution of

athg - Ahg =0 in Q
hg = —wg on by
hg(O) = in Q

From the maximum principle we have

| he |<Cin Q, Ve > 0.
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Finally we set xe = 1¢ — he that satisfies

Oixe —Axe =0 in
xe =0 on
xe(0) =4(6(e)) in

We normalize the solution xg¢ such that

T
/ / XZdrdt =1
0 w

and we make the change of variables ¢t — T —t. We then obtain a sequence of
solutions pg of (2.11) satistying (4.22). On the other hand, an explicit computation
shows that

DMO

[ @2 HL2(Q)/ I 902 ||H3(Q)N | ¥(6(e)) ll2 Q)/ | ¥(6 ”Hl(Q)N cd(e)
with ¢ > 0, while

| 902 ||L2(Q)N|| Y(6(e)) ||L2(Q)N 05(5)n/2€A /2508,

In this way we obtain (4.21).

4.2. Convergence rates in the penalization procedure. It is rather natural to
build approximate controls by penalizing a suitable optimal control problem. This
has been done systematically for instance for numerical simulations in the works
by Glowinski [49] and Glowinski et al. [50]. This method has also been used to
prove the approximate controllability for some linear and semilinear heat equations
in [91] and [39] respectively.

Let us briefly describe this procedure in the example under consideration. First
of all, without loss of generality, we set u® = 0. Given u! € L?(2) we introduce the
functional

/ / Pwdt+ 5 | u(T) ~ o 32 (4.24)

which is well defined in L?(w x (0, 7)) for all k: > 0, where u is the solution of (2.10)
with u® = 0.

It was proved in [91] that Ji has a unique minimizer f, € L?*(w x (0,T)) for all
k > 0 and that this sequence of controls is such that

up(T) — u' in L*(Q), k — oo. (4.25)
In view of (4.25), to compute the control f satisfying (4.2) it is sufficient to take
f = fr where k = k(¢) is sufficiently large.
Using the results above it is easy to get explicit estimates of the rate of conver-
gence in (4.25) (we refer to [41] for the details of the proof):

Theorem 4.7. ([41]) Given T > 0, w an open non-empty subset of Q and u' €
H (), there exists C > 0 such that

| up(T) —u' ||< C/logk (4.26)
and
I fr lz2@xo.r)< CVE/logk (4.27)
when k — oo.
Note that (4.26)-(4.27) provide logarithmic (and therefore very slow) convergence

rates. This fact agrees with the extremely high cost (exponentially depending on
1/ ) that approximate controllability requires.
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4.3. Unbounded domains. It is well known that one of the most relevant features
of the heat equation is the infinite speed of propagation. This property has also
important consequences on the controllability of heat like equations. Indeed, due to
infinite speed of propagation, the heat equation is approximately controllable also
in unbounded domains, in an arbitrarily small time and with controls supported in
any non empty open subset of the domain or of the boundary. This result can be
also extended to the semilinear setting (see [137]).

The situation is completely different in the context of null controllability. Indeed,
as it was shown in [110], the heat equation in the half line is not controllable to
zero by means of boundary controls. Even more, it was proved that none C'*° and
compactly supported initial data may be driven to zero in any time 7" > 0. This
result was later extended to several space dimensions in [111]. According to these
results, roughly speaking, in order to obtain the null controllability property for
the heat equation in an unbounded domain one may only leave a bounded domain
without control. In this geometrical setting the null controllability property was
proved in [14].

5. The semilinear heat equation. In section 4 we have analyzed in some de-
tail the approximate and null controllability of the constant coefficient linear heat
equation and the corresponding observability estimates.

In this section, following [157], we discuss the approximate controllability of the
semilinear heat equation with a globally Lipschitz nonlinearity. We shall apply the
fixed point method introduced in [147] and later adapted to the heat equation in
[34] and [149].

Consider the semilinear heat equation

up — Au+ f(u,Vu) =01, in Qx(0,T)
u=0 on O x(0,T) (5.1)
u(x,0) = u(z) in Q.

The function f : R x R" — R is assumed to be globally Lipschitz all along the
paper, i.e.

Yy, z € R;&,n € R™. (5.2)

We observe that, for any y € L?(0,7; H}(2)) the following identity holds:

bd
[y, Vy) = £(0,0) = /0 %(f(ay, oVy))do (5.3)
Lof Lof
/O @(Uy,UVy)dawa/o %(Jy,aVy)da - Vy.

In (5.3) 0f/0y and Of/Jn denote respectively the partial derivatives of f with
respect to the variables y and Vy.
We set

Fo)= [ Gonovnin cw = [ Fonovpa 6

In view of the globally Lipschitz assumption (5.2) on f, F and G map L? (O7 T; H} (Q))
into a bounded set of L (2 x (0,T)). Moreover,
I F(y) | @x 0.0 < L, Yy € L? (0, T; Hy ()

| G(y) l(z=@x 1)< L, Yy € L* (0,T; Hy () , (5.6)
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L being the Lipschitz constant of f.
Using these notations system (5.1) can be rewritten as follows
uy — Au+ F(u)u + G(u) - Vu+ f(0,0) =vl, in Qx (0,7)
u=0 on 00 x (0,7) (5.7)
u(x,0) = u'(z) in Q.
Given y € L? (0,T; H}(2)) we now consider the “linearized” system
uy — Au+ F(y)u+ G(y) - Vu+ f(0,0) =vl, in Qx (0,7)
u=0 on 90 x (0,7) (5.8)
u(x,0) = u’(z) in Q.
Observe that (5.8) is a linear system on the state u with potentials
a=F(y) € L*(Q x (0,7)) and b= G(y) € (L=(Q x (0,7)))"
satisfying the following uniform bound

[ allze@xo.r)< L | b ll(zee@x(0,7))" < L- (5.9)
With this notation system (5.8) may be rewritten in the form

ur —Au+au+b-Vu+ f(0,0) =01, in Qx(0,7T)
u=0 on 002 x(0,T) (5.10)
u(z,0) = u%(x) in Q.

We now fix the initial datum u® € L*(Q), the target u' € L*(Q), € > 0 and the
finite-dimensional subspace E of L?(Q).

Using the variational approach to approximate controllability introduced by
Lions in [89], further developed in [34] and adapted to the problem of finite-
approximate controllability in [149], we build a control v for the linear system
(5.8) such that

| ulT) — b [l < e,
{ me(uw(T)) = WE((U%) (5.11)

Thus, for any y € L* (0,T; H}(Q2)) we define a control v = v(z,t; y) € L*(w X
(0,7)) such that the solution u = u(z,t; y) € C ([0, T]; L*(2)) N L? (0, T; H ()
of (5.10) satisfies (5.11). This allows to build a non-linear mapping

N L?(0,T; Hy(Q)) — L* (0,T; Hy()), N(y) = . (5.12)

We claim that the problem is then reduced to finding a fixed point of N'. Indeed,
if y € L?(0,T; H}(Q)) is such that N'(y) = u = y, the solution u of (5.10) is
actually solution of (5.7). Then, the control v = v(y) is the one we were looking
for since, by construction, u = u(y) satisfies (5.11).

As we shall see, the nonlinear map N :L? (0,T; Hg(Q)) — L?(0,T; Hg(Q2))
satisfies the following two properties:

N is continuous and compact; (5.13)
the range of A is bounded, i.e. IR > 0: k14

In view of these two properties and as a consequence of Schauder’s fixed point
Theorem, the existence of a fixed point of N follows immediately.

The uniform bound (5.14) on the range of N is a consequence of the uniform
bound (5.9) on the potentials a and b which, in turn, is a consequence of the globally
Lipschitz assumption (5.2).
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Roughly speaking, the control problem for the semilinear equation (5.1) through
this fixed point method, is reduced to the obtention of a uniform controllability
result for the family of linear control problems (5.10) under the constraint (5.9).
At this level the unique continuation result of C. Fabre [33] for equations of the
form

ot — Ap + ap + div(bp) =0
with L°-coefficients ¢ and b plays a crucial role.

As a consequence of these developments the following result is proved:

Theorem 5.1. ([39, 157]) Assume that f satisfies (5.2). Then, for all T > 0,
system (5.1) is finite-approximately controllable.

More precisely, for any finite-dimensional subspace E of L?(2), u°, u' € L?(Q)
and € > 0 there exists a control v € L?(w x (0,T)) such that the solution u of (5.1)
satisfies (5.11).

Remark 5.2. This result was proved in [39] by means of a suitable penalization
of an optimal control problem. The proof based on the fixed point technique we
present here was given in [157].

The rest of this section is devoted to give a brief sketch of the proof of this result.
We proceed in several steps.

Step 1. Let us first analyze in more detail the controllability of the linearized
systems.

Given L*-potentials a € L>®(2 x (0,7)),b € (L=(Q x (0,7)))" and a real
constant A € R we consider the control problem

u—Au+au+b-Vu+Ar=vl, in Qx(0,T)
u=0 on 0 x(0,T) (5.15)
u(0) = u® in Q.

Let E be a finite-dimensional subspace of L?(Q2). Given u® € L?(Q2), u! € L*(Q)
and € > 0 we look for a control v € L?(w x (0,T)) such that the solution u of (5.15)
satisfies (5.11).

The following holds:

Proposition 5.3. Let T > 0. Then, there exists a control v € L?(w x (0,T)) such
that the solution u € C ([0, T]; L*(2)) N L? (0,T; H3 () of (5.15) satisfies (5.11).
Moreover, for any R > 0 there exists a constant C(R) > 0 such that

[ v |2 @x (0.0 < C(R) (5.16)
for any a € L>=(Q x (0,T)), b € (L>(2 x (0,T)))" satisfying
lallz=@x©m)< By 16 [l @x o< R (5.17)

Remark 5.4. Proposition 5.3 does not provide any estimate on how the norm of
the control v depends on E, u°, u! and ¢ > 0. However (5.16) guarantees that v
remains uniformly bounded when the potentials a, b remain bounded in L°.

The control v is not unique. The construction we develop below provides the
control of minimal L?-norm. It is this control of minimal norm which satisfies the
uniform boundedness condition (5.16).
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Proof of Proposition 5.3. Without loss of generality we may assume that A =0
and v’ =

Consider the adjoint system

—pr — Ap+ap —divibp) =0 in  Qx(0,7T)
=0 on 00N x(0,T) (5.18)
o(T) = ¢° in Q.

Taking into account that the potentials a and b are bounded it is easy to see
that for any ¢° € L2() system (5.18) has a unique solution in the class ¢ €
C ([0,T]; L2(2)) N L* (0,T; H(92)).

We now consider the functional J : L?(2) — R defined as follows:

1 T
J(gpo) = 5/ /(dexdt +el|l (I—mg)° l22(0) —/ ullda. (5.19)
0 w Q

It is easy to see that

J: L*() — R is continuous; (5.20)
J: L*(Q) — R is convex. (5.21)

Moreover
J: L*() — R is strictly convex . (5.22)

This property is a consequence of the following unique continuation result due
to Fabre [33]:

Proposition 5.5. ([33]). Assume thata € L>=(Qx(0,T)) andb € (L>=(Qx(0,7)))".
Let ©° € L?(Q2) be such that the solution ¢ of (5.18) satisfies

=014 wx(0,T). (5.23)
Then, necessarily, ©° = 0.

Using this unique continuation result it can be shown that the functional J :

L?(Q) — R is also coercive. More precisely, the following holds:
Proposition 5.6. Under the assumptions above
J 0
lim inf # > (5.24)
le0llz2 =00 || €% l22(0)

Proof of Proposition 5.6. The proof of this Proposition follows the argument
in [34] and [145] combined with the unique-continuation result of Proposition 5.5.
Let us recall it for the sake of completeness.

Let {ap?} be a sequence in L?(f2) such that

[€51] 2() = 00 a8 5 — 0. (5.25)

We denote by {¢;} the corresponding sequence of solutions of (5.18).
We also set

75 =5/ 1] ll2ys 85 =05/ | €5 lr2y - (5.26)
Obviously @; is the solution of (5.18) with the normalized initial data 9.
We have
J (0 0 T
70(%) L ) / / ;1 dudt (5.27)
I 5 22 2 0 Juw

+ (-T2l ey - /Qulﬁ;dx.
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We distinguish the following two cases:

T
Case 1. 1iminf/ / |<2j|2dxdt > 05
J=o Jo w

T
Case 2. liminf/ / |3;|° daedt = 0.
0 w

j—o0
In the first case, due to (5.25), the first term in (5.27) tends to +oo while the
other two remain bounded. We deduce that

7 (¢7)

= fo0
15 2

lim inf
JHOO
in this case.
Let us now analyze the second case. Let us consider a subsequence (still denoted
by the index j to simplify the notation) such that

T
/ / 3|7 dedt — 0, as j — oo. (5.28)
0 w
By extracting subsequences we may deduce that
@2 — 3" weakly in L*(Q). (5.29)
Consequently
$; — @ weakly in L* (0,T; Hy(9)) (5.30)

where @ is the solution of (5.18) with datum @". According to (5.28) we deduce
that

p=0inwx (0,7)
and, as a consequence of Proposition 5.5, that @ = 0. Therefore, if (5.28) holds,
necessarily

@? — 0 weakly in L?(92). (5.31)
But then, F being finite-dimensional, WEg’o? — 0 in L%(Q) and therefore
~0
T = 758y — 55

since HQE?HLQ(Q) =1 for all j.
As a consequence of (5.31) and (5.32) we deduce that

J (0
lim inf (% )

> lim inf 7— 30 _/ 1Aqd]:.
m in HSD? > limin [5”( WE)QOJHLQ(Q) Qu p;dx €

J—o0

20
This concludes the proof of Proposition 5.6.
| |

In view of the properties (5.20), (5.21) and (5.24) of the functional J we deduce
that J achieves its minimum at a unique @° € L?(Q), i.e.

S0} — : 0
T@P) = ming, / (#°) (5.33)
J(@°) <J(¢°), Ve € L2(Q), ¢° # &°.
It is easy to see that the control

v=_ginwx (0,T), (5.34)
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@ being the solution of (5.18) with the minimizer @ as datum is such that the
solution u of
u—Au+au+b-Vu=vl, in Qx(0,7T)
w=0 on AN x (0,T) (5.35)
u(0) =0 im0

satisfies (5.11) (see [157] for the details of the proof).

This concludes the proof of the finite-approximate controllability of the linear
equation (5.15).

In order to prove the uniform bound (5.16), we first observe that the problem
may be reduced to the case u® = 0 and A = 0, provided u! is allowed to vary in a
relatively compact set of L?((2).

The following holds:

Proposition 5.7. Let R > 0 and K be a relatively compact set of L2()). Then,
the coercivity property (5.24) holds uniformly on u* € K and potentials a and b
satisfying (5.17).

Remark 5.8. Note that the functional J depends on the potentials a and b and the
target u'. Proposition 5.7 guarantees the uniform coercivity of these functionals
when u! € K, K being a compact set of L?(Q2) and the potentials a and b are
uniformly bounded.

As a consequence of Proposition 5.7 we deduce that the minimizers @° of the
functionals J are uniformly bounded when u! € K and the potentials a and b are
uniformly bounded. Consequently, the controls v = @ are uniformly bounded as
well.

The proof of Proposition 5.7 is similar to the one we have given for Proposition
5.5.

This completes the proof of Proposition 5.3.

Step 2. As indicated above, in order to conclude the existence of a fixed point of
N by means of Schauder’s fixed point method it is sufficient to check the following
three facts:

N L% (0,T; Hy () — L*(0,T; H3(2)) is continuous; (5.36)
N L?(0,T; Hy(Q)) — L? (0,T; H)()) is compact; (5.37)
IR > 0:|| N(y) ||L2(07T; i) S By Wy € L?(0,T; Hy()) . (5.38)

Let us prove these three properties.

Continuity of M. Assume that y; — y in L? (0, T; H&(Q)) Then the potentials
F(y;), G(y;) are such that

F(y;) — F(y) in LP(Q2 x (0,T)) (5.39)
G(y;) — G(y) in (LP(Q x (0,7)))" (5.40)
for all 1 < p < oo and
| F'(y;) [z @xo,0)< L || G(ys) [z @x 0, < L. (5.41)
According to Proposition 5.3 the corresponding controls are uniformly bounded:
| vj lz2(wx )< O Vi >1 (5.42)
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and, more precisely,
v =@; inwx(0,T) (5.43)
where @; solves
—pr = Ap+ F(y;)p —div(G(y;)p) =0 in Q2 x(0,T)
=0 on 9N x(0,T) (5.44)
o(T) = ¢} in O

with the datum @9 minimizing the corresponding functional .J;. We also have
188020y < © (.45
By extracting subsequences we have
@] — ¢” weakly in L*(Q2) (5.46)

and, in view of (5.39)-(5.40), arguing as in the proof of Proposition 5.7, we deduce
that
?; — ¢ weakly in L? (0, T; H; Q) (5.47)
where @ solves
—pr —Ap+ Fy)p —div(G(y)p) =0 in  Q2x(0,7)

=0 on I x(0,T) (5.48)
o(T) = ¢° in Q.
We also have that
9,@; is bounded in L (0,T; H™(Q)) , (5.49)
and, once again, by Aubin-Lions compactness Lemma, it follows that
$; — @ strongly in L*(Q x (0,T)). (5.50)
Consequently
v; — v in L*(w x (0,7)) (5.51)
where
v=pinwx (0,7). (5.52)
It is then easy to see that
uj — win L? (0,T; Hy(Q)) (5.53)
where
us — Au+ F(y)u+ G(y) - Vu+ f(0,0) =vl, in Qx(0,7)
u=0 on 90 x (0,7) (5.54)
u(0) = u® in Q

and (5.11) holds.

To conclude the continuity of A/ it is sufficient to check that the limit @° in
(5.46) is the minimizer of the functional J associated to the limit control problem
(5.54), (5.11).

To do this, given ¥° € L?(2) we have to show that .J ({50) <J (@/}0). But this is
immediate since, by lower semicontinuity, we have

T(3°) <limintJ; (29).
j—o00

on one hand,
J (%) = liminf J; (4°)
j—oo
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on the other one, and finally
Jj (#5) < J; (¥°)
since gﬁ? is the minimizer of Jj.

Compactness of A. The arguments above show that when y lies in a bounded

set B of L? (0,T; H§ () , u = N(y) also lies in a bounded set of L? (0,T; Hg(12)).

We have to show that N'(B) is relatively compact in L? (0,7 Hg(€2)). But this

can be obtained easily by means of the regularizing effect of the heat equation.
Indeed, we have

uy—Au=h in Qx(0,7T)
u=0 on 90 x(0,T)
u(0) = u° in
with
h=vl, — F(y)u—G(y) - Vu— £(0,0)
which is uniformly bounded in L?(Q x (0,7)).
Then, u can be decomposed as

u=p+q

where
pr—Ap=0 in Qx(0,7T)
p=0 on 90 x(0,T)
p(0) = u? in Q

and
@ —Ag=h in Qx(0,7)
qg=0 on 90 x(0,7)
q(0)=0 in Q.

Obviously, p is a fixed element of L2 (O,T; H&(Q)) On the other hand, by
classical regularity results on the heat equation we deduce that ¢ lies in a bounded
set of L? (0, T; H? (Q)) NH! (0, T, LQ(Q)), which, as a consequence of Aubin-Lions
compactness Lemma, is a relatively compact set of L2 (0, T; H} (Q))

This completes the proof of the compactness of N.

Boundedness of the range of A/. Proposition 5.3 shows that there exists C' > 0
such that the control v = v(y) satisfies

| v(¥) 2 (x 0,7 < C-
Classical energy estimates for system (5.54) show that
| w(y) HL2(0,T;H(}(Q))§ C

as well, since the potentials involved in it are uniformly bounded.
This concludes the proof of Theorem 5.1.

6. Space semi-discretizations.
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6.1. Galerkin approximations of the Navier-Stokes equations. Let (2 be a
bounded open set of R? or R3. Let w be an open non-empty subset of 2. Given
T > 0 we consider the Navier-Stokes equations

yr — Ay +y-Vy=—-Vp+ox, in Qr,

y= 0 on ET,
divy =0 in  Qr, (6.1)
y(0) = 4° in Q.

In (6.1) y = y(z,t) is the velocity field (the state), p = p(z,t) is the pressure,
v = v(x,t) the control and x, denotes the characteristic function of the set w.
Thus the control acts on the system through the subset w.

We denote by V the Hilbert space

V= {(p e (H(Q)® :divp =0 in Q}

endowed with the norm induced by (H} (Q))‘3

Let E be a finite-dimensional subspace of V: E = spanley,--- ,en].
The Galerkin approximation of system (6.1) is as follows:
y € C([0,T]; E)
y(0) = 75(y°) (6.2)

(ye,e) + u(Vy,Ve) + (y - Vy,e) = (vxw, ), Ve € E.

In (6.2), 7 denotes the orthogonal projection from V over E and (-, -) denotes the
scalar product in L?(12).
System (6.2) is a set of N ordinary differential equations which are non-linear.
Global existence of solutions is insured by the fact that (e-Ve,e) =0 foralle € E.
The following holds:

Theorem 6.1. ([96]-[98]) Assume that
the dimension of span {e; |w}j:1 .. N ctquals N. (6.3)

Then, for any T > 0 system (6.2) is exactly controllable. More precisely, for any
Yy’ € E and y* € E there exists a control v € L? (w x (0,T)) such that the solution
y of (6.2) satisfies

y(T) =y (6.4)

Assumption (6.3) guarantees that N linearly independent controls act on the
N —dimensional system (6.2). This is a natural sufficient condition for controllabil-
ity, but very possibly it is not a necessary condition.

The existence of Galerkin basis satisfying (6.3) is proved in [95]. In fact, in [95]
it is proved that condition (6.3) is fulfilled generically among the set of Riesz basis
of V.

The proof of Theorem 6.1 uses the fixed point argument of section 5. Given
z € C([0,T); E) we analyze the exact controllability of the linearized system

y € C([0,T]; E)
y(0) = 7u(y") (6.5)
(yt7 6) + M(Vy’ Ve) + (Z -Vy, 6) = (UXwa 6), Ve e E.
Note that in system (6.5) the non-linear term (y - Vy, e) of (6.2) has been replaced
by the linear one (z - Vy, e).
We prove the exact controllability of system (6.5) using the Hilbert Uniqueness
Method (HUM) (see J.-L. Lions [88]). At this level the assumption (6.3) plays a
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crucial role. We then obtain bounds on the control v and the state y which are
independent of z and finally we apply Schauder’s fixed point Theorem as in section
5 to the map z +— y from C([0,T]; E) into itself. To do this we use the cancellation
property of the non-linearity of the Navier-Stokes equations, namely, the fact that
(z-Ve,e) = 0. The fixed point y of this map solves the non-linear system (6.2)
and, by construction, satisfies the control constraint at time ¢t = 7.

We refer to [96] for the details of the proof. We also refer to [97, 98] for the case
where the control acts on the boundary of (2.

There are by now a number of significant results on the null-controllability of the
Navier-Stokes equations (see for instance [28] and [29]). The problem of passing
to the limit in the controls obtained in Theorem 6.1 as the dimension N of the
finite-dimensional system tends to infinity is open.

6.2. Finite-difference space discretizations of the 1 —d wave equation. Let
us consider the 1 — d wave equation

Uy — Uy = 0,0 <2< L, t>0
u(0,t) =u(L,t) =0,t>0 (6.6)
u(z,0) = uo(z), ue(x,0) = ur(z), 0 <z < L.

The energy

L
E(t):%/o [|ut(x,t)|2+|ux(x,t)|2 dw (6.7)

remains constant in time.
Let us consider now the wave equation with a control acting on the extreme
x = L of the boundary

Yt — Yo =0, 0< <L, t >0
y(0,) =0, y(L,t) = v(t), t >0 (6.8)
y(,0) = yo(x), ye(x,0) = y1(z), 0 <z < L.

It is by now well known that the wave equation (6.8) is exactly controllable. More
precisely, the following holds: If T > 2L, for any (yo,y1) € L?(0,L) x H~1(0, L)
there exists a control v € L*(0,T) such that the solution of (6.8) satisfies

y(z,T) =y (2, T) = 0. (6.9)

This exact controllability result is equivalent to the following boundary observ-
ability property of the adjoint system: For any T > 2L there exists a positive
constant C(T) > 0 such that

B(0) < C(T) /O (L) Pt (6.10)

holds for every solution of (6.6).

In this section we report on the work of [62, 63] in which we analyze the semi-
discrete version of (6.10).

Let us take N € N and set h = L/(N + 1). We consider the following finite-
difference space semi-discretization of (6.6):

u;’ = [’U,j+1 +Uj,1 —QUj]/hQ, t>0,5=1,--- , N

Ug = UN+1 = 0, t>0 (611)
©;(0) = uo 5, uj(O) =u;,j=1,---,N.
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The energy of system (6.11) is given by

N N 2
h rong? o b [ () = ()]

En(t) = 5 Z | (8)|” + o) Z = (6.12)

j=1 7=0
and it is also conserved in time.
We analyze the following semi-discrete version of (6.10):
T 2
t
En(t) < C / “NT() dt. (6.13)
0

More precisely, we are interested on the existence of a positive constant C' > 0
such that (6.13) holds. Moreover, we want to analyze whether (6.13) holds with
a constant C' which is independent of i so that the observability inequality (6.10)
for the continuous wave equation (6.6) might be viewed as the limit as h — 0 of
observability inequalities of the form (6.13) for the semi-discrete systems (6.11).

Let us first analyze the spectrum of system (6.11). The corresponding eigenvalue
problem is of the form:

{ — [wjt1 +wj1 —2wj]/h2 =\, j=1,---,N

6.14
Wy = WN+1 = 0. ( )

The eigenvalues and eigenvectors of (6.14) may be computed explicitly (see [64]):

Ni(h) = fsin? (52), =1, N

) 6.15
wjz(wj,la"'awij);wjyk:Sin(]ﬂL},Lk)7j7k:17"'7N ( )
The following identity holds:
N 2
WE+1 — Wk 2L ‘wN 2
h = — 6.16
kz:;) h 4—Xh21 h ( )

for any eigenvector of (6.15). Observe that this identity provides the ratio be-
tween the total energy of the eigenvectors (represented by the quantity on the left
hand side of (6.16)) and the energy concentrated on the boundary (represented by

\WN/h|2)~
It is also easy to check that

An(R)h? — 4 as h — 0. (6.17)

Combining (6.16)-(6.17) it is immediate to see that the following negative result
holds:

Theorem 6.2. ([62, 63]) For any T >0

En(0
sup w(0) — 00, as h — 0. (6.18)

. T
u solution of (6.11) / |uN(t)/h|2 dt
0

In order to state the positive counterpart of Theorem 6.18 we develop solutions
of (6.11) in Fourier series:

u= Z (aj sin (ﬁt) +b; cos (\/Et)) wj. (6.19)

N
Jj=1
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The fact that the constant in (6.13) may not remain uniformly bounded as h — 0
(as stated in (6.18)) is due to the pathological behavior of the high frequencies.
Indeed, as a consequence (6.16)—(6.17 it follows that the ratio

/| ~/h)? (6.20)

tends to infinity as h — 0 for the N-th eigenvectors. This allows to prove that the
uniform observability inequality fails simply by considering solutions of (6.11) of
the form

wk+1

u = sin ( )\N(h)t> WN (6.21)

in separated variables corresponding to the N-th eigenvectors, which is associated
to the largest eigenvalue Ay (h).

This indicates that, in order to obtain uniform observability inequalities, the
high frequencies have to be filtered or truncated. To do that, given any 0 < vy < 1
we introduce the following class of solutions C(h) of (6.11) of the form:

u= % (aj sin (\Ft) + b; cos (\ﬁt)) (6.22)

Note that in (6.22) the eigenvectors corresponding to the indexes j > yN do not
enter.
The following holds:

Theorem 6.3. ([62, 63]) For any 0 < v < 1 there exists T(y) > 2L such that for
all T > T(v) there exists C = C(T,~) such that (6.13) holds for any solution of
(6.11) in the class C(h) and any h > 0.

Moreover, T(y) /o0 asvy /1 and T(y) \, 2L as v\, 0.

This result was proved in [62, 63] using two different methods: Discrete multiplier
techniques and Ingham’s inequalities for series of complex exponentials.

Note that, as indicated in Theorem 6.3, the time needed for the uniform observ-
ability to hold tends to infinity as v 1. This is due to the fact that the gap
between the roots of the consecutive highest eigenvalues entering in the Fourier
development of solutions in C,(h) tends to zero as v 1. On the other hand as
v \\ 0 the time needed for the uniform observability converges to the observability
time of the continuous wave equation. Therefore, as a consequence of Theorem 6.3,
the observability of the wave equation (6.6) may be obtained as limit of uniform
observability inequalities as h — 0 provided v — 0 as well.

There are clear analogies between the results of section 3 on the wave equation
with rapidly oscillating coefficients and those of this section. We refer to [158] for
a detailed discussion of this issue.

Very recently a fundamental contribution to this subject has been made by S.
Micu [107]. He has proved that, in particular, if the initial data to be controlled
for the wave equation has only a finite number of non trivial Fourier components,
then the controls of the semi-discrete systems remain bounded as the mesh size
tends to zero. This result has been proved by a technical analysis of the behavior
of the biorthogonal families to the sequences of complex exponentials involved in
the Fourier expansion of solutions of the semi-discrete systems.

Note that this positive result by S. Micu is compatible with the negative ones we
presented above. Indeed, as shown above, the boundary observability inequalities
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for the semi-discrete systems are not uniform when the mesh size tends to zero.
This, according to the Uniform Boundedness Principle, indicates that there exist
initial data for the wave equation in L?(0, L) x H~1(0,L), for which the controls
of the semi-discrete problem diverge. According to the result by S. Micu this
pathological initial data have necessarily an infinite number of non trivial Fourier
components.

6.3. Finite-difference space semi-discretizations of the heat equation. Let
us consider now the following 1 —d heat equation with control acting on the extreme
x=L:

U — Uz =0,0< < L,0<t<T

u(0,t) =0, u(L,t) =v(t),0<t<T (6.23)

u(x,0) = up(x), 0 < z < L.

This is the so called boundary control problem.

It is by now well known that system (6.23) is null controllable (see for instance
D.L. Russell [129, 130]). To be more precise, the following holds: For any T > 0,
and uy € L?(0,L) there exists a control v € L?(0,T) such that the solution y of
(6.1) satisfies

w(z,T) =0 in (0,L). (6.24)

As indicated in section 4, this null controllability result is equivalent to a suitable
observability inequality for the adjoint system:
Pt + e =00<z<L 0<t<T,
©(0,t) =(L,t)=0,0<t<T (6.25)
¢(@,T) = po(x), 0 <z < L.
The corresponding observability inequality is as follows: For any T > 0 there exists
C(T) > 0 such that

L T
/ & (x,0)dz < c/ lou (L, )2 dt (6.26)
0 0

holds for every solution of (6.25).
Let us consider now the semi-discrete versions of systems (6.23) and (6.25):

u;_[uj+1+uj—1—2uj]/h2ZO,O<t<T’j:1’-..7]\7
up =0, unyy1 =0, 0<t<T (6.27)

UJ(()) = Uug,j5, ] = 1,~-~ ,N;

¢2+[¢]+1+¢]71_2¢j]/h2:0) O<t<T7J:17 ,N

wo=pnN+1 =0,0<t<T (628)
¢i(T) = w04, 5 =1,---,N.

In this case, in contrast with the results we have described on the wave equation,
systems (6.27) and (6.28) are uniformly controllable and observable respectively as
h — 0.

More precisely, the following results hold:

Theorem 6.4. ([103, 104]) For any T > 0 there exists a positive constant C(T) > 0

such that N
T
t
P lesof < [0
j=1

holds for any solution of (6.28) and any h > 0.

2
dt (6.29)
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Theorem 6.5. ([103, 104]) For any T > 0 and {uo1,--- ,uon} there exists a
control v € L2(0,T) such that the solution of (6.27) satisfies

uj(T)=0,j=1,---,N. (6.30)
Moreover, there exists a constant C(T) > 0 independent of h > 0 such that

N
2
v 3200y ChY Juo 1 (6.31)

j=1

These results were proved in [104] using Fourier series and a classical result on
the sums of real exponentials (see for instance Krabs [68] and Fattorini-Russell [37])
that plays the role of Ingham’s inequality in the context of parabolic equations.

Let us recall it briefly: Given £ > 0 and a decreasing function N : (0,00) —
N such that N(§) — oo as 6 — 0, we introduce the class £(§, N) of increasing
sequences of positive real numbers {y; }j>1 such that

Hj+1 — My > g > Oa VJ > 13 (632)
> ot <6, 95> 0. (6.33)
k>N (6)

The following holds:

Proposition 6.6. Given a class of sequences L(E,N) and T > 0 there exists a
constant C > 0 (which depends on &, N and T) such that

T e 2 2 —kaT
/ 3 are | dt > ¢ 3 la | e (6.34)
0 k=1 ) k>t Fok
Z“k
E>1

for all {p;} € L(§,N) and all bounded sequence of real numbers.

One can even prove that the null controls for the semi-discrete equation (6.27)
can be built so that, as h — 0, they tend to the null control for the continuous heat
equation (6.23) (see [104]).

7. Some open problems. In this section we present some open problems related
to the topics we addressed in this paper.

1.- The extension of the results of section 3 on the wave equation with rapidly
oscillating coefficients to the multi-dimensional wave equation is a widely open
problem.

Nevertheless, the multi-dimensional counterpart of Theorem 3.3 for smooth den-
sities p has been proved by G. Lebeau in [80] using Bloch waves decompositions
and microlocal analysis techniques.

2.- In section 4 we have proved sharp estimates on the cost of approximate
controllability for the constant coefficient heat equation.

In the more general case where the equation under consideration is (2.21) with
a = a(z,t) a L potential depending both on x and ¢ the estimate we get in [41] is
worse than in (4.3). Indeed, we get an estimate of the order of exp(c/e?) as ¢ — 0.
Whether this estimate is sharp or not is an open problem. Note that the estimate
we got in section 4 of the order of exp(c/e) is also valid when a = a(x) since we
may use Fourier series developments. The same can be said about the case where
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a depends on ¢ only since a simple change of unknown reduces the problem to the
constant coefficient heat equation. The problem is open when a depends both on
x and t.

3.- In the context of the constant coefficient heat equation we have obtained the

sharp estimate
0o T
Z |ag|? e~V < C’/ / O dxdt (7.1)
k=1 0 Jw

for the solutions ¢ of the adjoint heat equation (2.11).

The problem of characterizing the best constant ¢ in (7.1) in terms of the geo-
metric properties of € and w and T is also open. At this respect one should take
into account that the construction in Theorem 4.6 provides an explicit lower bound
on the constant ¢ in terms of the radius A of the largest ball contained in Q \ w.

4.- The results of section 6.2 on the exact controllability of the finite-difference
approximations of the wave equation has been extended to two space dimensions
in [156]. The results of section 6.3 on the null controllability of the finite-difference
approximations of the heat equation to several space dimensions can also be ex-
tended to the case where the domain is a square and the control acts on one side
of the boundary (see [103]). The problem is open in the case of a general domain.

5.- The questions we have discussed in problem # 4 above are open in the case
of the semilinear heat and wave equations with globally Lipschitz nonlinearities.

6.- In section 6.1 we have proved the controllability of the Galerkin approxi-
mations of the Navier-Stokes equations under the condition (6.3) on the Galerkin
basis. The problem is open when (6.3) does not hold.

7.- The results of section 6.1 do not provide any estimate on the size of the
control in terms of the dimension N of the Galerkin approximation. Passing to
the limit as N — oo to recover the controllability properties of the Navier-Stokes
equations that are by now well known (see [28, 29] and [45]) is a completely open
problem.
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