An Introduction to the Controllability of Partial
Differential Equations

Sorin Micu* and Enrique Zuazual

Introduction

These notes are a written abridged version of a course that both authors have
delivered in the last five years in a number of schools and doctoral programs.
Our main goal is to introduce some of the main results and tools of the modern
theory of controllability of Partial Differential Equations (PDE). The notes are
by no means complete. We focus the most elementary material by making a
particular choice of the problems under consideration.

Roughly speaking, the controllability problem may be formulated as follows.
Consider an evolution system (either described in terms of Partial or Ordinary
Differential Equations (PDE/ODE)). We are allowed to act on the trajectories
of the system by means of a suitable control (the right hand side of the system,
the boundary conditions, etc.). Then, given a time interval ¢t € (0,7), and
initial and final states we have to find a control such that the solution matches
both the initial state at time ¢ = 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 by Lee and Marcus [44] for an
introduction in the context of finite-dimensional systems. We also refer to the
survey paper by Russell [55] and to the book of Lions [45] for an introduction to
the controllability of PDE, also referred to as Distributed Parameter Systems.

Research in this area has been very intensive in the last two decades and
it would be impossible to report on the main progresses that have been made
within these notes. For this reason we have chosen to collect some of the most
relevant introductory material at the prize of not reaching the best results that
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are known today. The interested reader may learn more on this topic from the
references above and those on the bibliography at the end of the article.

When dealing with controllability problems, to begin with, one has to dis-
tinguish between finite-dimensional systems modelled by ODE and infinite-
dimensional distributed systems described by means of PDE. This modelling is-
sue may be important in practice since finite-dimensional and infinite-dimensio-
nal systems may have quite different properties from a control theoretical point
of view ([74]).

Most of these notes deal with problems related to PDE. However, we start
by an introductory chapter in which we present some of the basic problems and
tools of control theory for finite-dimensional systems. The theory has evolved
tremendously in the last decades to deal with nonlinearity and uncertainty
but here we present the simplest results concerning the controllability of linear
finite-dimensional systems and focus on developing tools that will later be useful
to deal with PDE. As we shall see, in the finite-dimensional context a system
s controllable if and only if the algebraic Kalman rank condition is satisfied.
According to it, when a system is controllable for some time it is controllable
for all time. But this is not longer true in the context of PDE. In particular, in
the frame of the wave equation, a model in which propagation occurs with finite
velocity, in order for controllability properties to be true the control time needs
to be large enough so that the effect of the control may reach everywhere. In
this first chapter we shall develop a variational approach to the control problem.

As we shall see, whenever a system is controllable, the control can be built
by minimizing a suitable quadratic functional defined on the class of solutions of
the adjoint system. Suitable variants of this functional allow building different
types of controls: those of minimal L2-norm turn out to be smooth while
those of minimal L°°-norm are of bang-bang form. The main difficulty when
minimizing these functionals is to show that they are coercive. This turns out
to be equivalent to the so called observability property of the adjoint equation,
a property which is equivalent to the original control property of the state
equation.

In Chapters 2 and 3 we introduce the problems of interior and boundary
control of the linear constant coefficient wave equation. We describe the vari-
ous variants, namely, approximate, exact and null controllability, and its mu-
tual relations. Once again, the problem of exact controllability turns out to be
equivalent to the observability of the adjoint system while approximate control-
lability is equivalent to a weaker uniqueness or unique continuation property.
In Chapter 4 we analyze the 1 — d case by means of Fourier series expansions
and the classical Ingham’s inequality which is a very useful tool to solve control
problems for 1 — d wave-like and beam equations.

In Chapters 5 and 6 we discuss respectively the problems of interior and
boundary control of the heat equation. We show that, as a consequence of
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Holmgren Uniqueness Theorem, the adjoint heat equation posesses the property
of unique continuation in an arbitrarily small time. Accordingly the multi-
dimensional heat equation is approximately controllable in an arbitrarily small
time and with controls supported in any open subset of the domain where the
equation holds. We also show that, in one space dimension, using Fourier series
expansions, the null control problem, can be reduced to a problem of moments
involving a sequence of real exponentials. We then build a biorthogonal family
allowing to show that the system is null controllable in any time by means of
a control acting on one extreme of the space interval where the heat equation
holds.

As we said above these notes are not complete. The interested reader may
learn more on this topic through the survey articles [70] and [72]. For the
connections between controllability and the theory of homogenization we refer
to [12]. We refer to [74] for a discussion of numerical apprximation issues in
controllability of PDE.

1 Controllability and stabilization of finite di-
mensional systems

This chapter is devoted to study some basic controllability and stabilization
properties of finite dimensional systems.

The first two sections deal with the linear case. In Section 1 it is shown
that the exact controllability property may be characterized by means of the
Kalman’s algebraic rank condition. In Section 2 a skew-adjoint system is con-
sidered. In the absence of control, the system is conservative and generates a
group of isometries. It is shown that the system may be guaranteed to be uni-
formly exponentially stable if a well chosen feedback dissipative term is added
to it. This is a particular case of the well known equivalence property between
controllability and stabilizability of finite-dimensional systems ([65]).

1.1 Controllability of finite dimensional linear systems

Let n,m € N* and T' > 0. We consider the following finite dimensional system:

z'(t) = Az(t) + Bu(t), te(0,7), 1

2(0) = zV. ()
In (1), A is a real n x n matrix, B is a real n x m matrix and 2° a vector in
R™. The function « : [0,7] — R™ represents the state and u : [0,T7] — R™
the control. Both are vector functions of n and m components respectively
depending exclusively on time ¢t. Obviously, in practice m < n. The most
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desirable goal is, of course, controlling the system by means of a minimum
number m of controls.

Given an initial datum z° € R™ and a vector function v € L?(0, T; R™), sys-
tem (1) has a unique solution = € H'(0,T;R") characterized by the variation
of constants formula:

t
z(t) = eMal + / eAt=9) Bu(s)ds, vt e [0,T). (2)
0

Definition 1.1 System (1) is exactly controllable in time T > 0 if given
any initial and final one x°, 1 € R™ there exists u € L*(0,T,R™) such that
the solution of (1) satisfies x(T) = x*.

According to this definition the aim of the control process consists in driving
the solution x of (1) from the initial state 2° to the final one 2! in time T by
acting on the system through the control .

Remark that m is the number of controls entering in the system, while
n stands for the number of components of the state to be controlled. As
we mentioned before, in applications it is desirable to make the number of
controls m to be as small as possible. But this, of course, may affect the
control properties of the system. As we shall see later on, some systems with
a large number of components n can be controlled with one control only (i.
e. m = 1). But in order for this to be true, the control mechanism, i.e. the
matrix (column vector when m = 1) B, needs to be chosen in a strategic way
depending on the matrix A. Kalman’s rank condition, that will be given in
section 1.3, provides a simple characterization of controllability allowing to
make an appropriate choice of the control matrix B.

Let us illustrate this with two examples. In the first one controllability
does not hold because one of the components of the system is insensitive to the
control. In the second one both components will be controlled by means of a
scalar control.

Example 1. Consider the case

Then the system

!
' = Az + Bu
can be written as
=21 +u
/
Ty = T2,

or equivalently,
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where z°

= (29, 29) are the initial data.

This system is not controllable since the control u does not act on the second com-
ponent xo of the state which is completely determined by the initial data 3. Hence,
the system is not controllable. Nevertheless one can control the first component x1

of the state. Consequently, the system is partially controllable. O

Example 2. Not all systems with two components and a scalar control (n = 2,m =
1) behave so badly as in the previous example. This may be seen by analyzing the
controlled harmonic oscillator

2’ 4+ =u, (4)

which may be written as a system in the following way

=y
Y =u—z.

The matrices A and B are now respectively

(o) o)

Once again, we have at our disposal only one control u for both components x and
y of the system. But, unlike in Example 1, now the control acts in the second equation
where both components are present. Therefore, we cannot conclude immediately that
the system is not controllable. In fact it is controllable. Indeed, given some arbitrary
initial and final data, (xo, yo) and (:tcl7 yl) respectively, it is easy to construct a regular
function z = z(t) such that

(0) =20 A1) =4, -
0=y D)=y

In fact, there are infinitely many ways of constructing such functions. One can,

for instance, choose a cubic polynomial function z. We can then define u = 2"’ + z as

being the control since the solution z of equation (4) with this control and initial data
(x°,9°) coincides with z, i.e. = = z, and therefore satisfies the control requirements
(5).

This construction provides an example of system with two components (n = 2)
which is controllable with one control only (m = 1). Moreover, this example shows
that the control u is not unique. In fact there exist infinitely many controls and dif-
ferent controlled trajectories fulfilling the control requirements. In practice, choosing
the control which is optimal (in some sense to be made precise) is an important issue
that we shall also discuss. U

If we define the set of reachable states
R(T,2°) = {«(T) € R"™ : z solution of (1) with « € (L*(0,7))™},  (6)

the exact controllability property is equivalent to the fact that R(T,2°) =
R™ for any 20 € R".
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Remark 1.1 In the definition of exact controllability any initial datum z° is

required to be driven to any final datum x'. Nevertheless, in the view of the
linearity of the system, without any loss of gemerality, we may suppose that
! = 0. Indeed, if x* # 0 we may solve

y=Ay, te€(0,7)
L 2 "
backward in time and define the new state z = x — y which verifies
7= Az+ Bu
Vo2 5 ¥

Remark that x(T) = x' if and only if z(T) = 0. Hence, driving the solution
x of (1) from x° to x' is equivalent to leading the solution z of (8) from the
initial data 2° = 2° — y(0) to zero. O

The previous remark motivates the following definition:

Definition 1.2 System (1) is said to be null-controllable in time T > 0 if
given any initial data 2° € R™ there exists u € L*(0,T,R™) such that z(T) = 0.

Null-controllability holds if and only if 0 € R(z", T) for any 2° € R™.

On the other hand, Remark 1.1 shows that exact controllability and null
controllability are equivalent properties in the case of finite dimensional lin-
ear systems. But this is not necessarily the case for nonlinear systems, or,
for strongly time irreversible infinite dimensional systems, for strongly time
irreversible ones. For instance, the heat equation is a well known example of
null-controllable system that is not exactly controllable.

1.2 Observability property

The exact controllability property is closely related to an inequality for the
corresponding adjoint homogeneous system. This is the so called observation
or observability inequality. In this section we introduce this notion and show
its relation with the exact controllability property.

Let A* be the adjoint matrix of A, i.e. the matrix with the property that
(Az,y) = (x, A*y) for all x,y € R™. Consider the following homogeneous ad-
joint system of (1):

o(T) = ¢or.
Remark that, for each ¢ € R, (9) may be solved backwards in time and

it has a unique solution ¢ € C¥([0,T],R™) (the space of analytic functions
defined in [0, 7] and with values in R™).

{ —<p/ = A*SO, te (O7T) (9)
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First of all we deduce an equivalent condition for the exact controllability
property.

Lemma 1.1 An initial datum 2% € R™ of (1) is driven to zero in time T by
using a control u € L*(0,T) if and only if

T
| Bt + (o 0(0)) =0 (10)
0
for any op € R™, ¢ being the corresponding solution of (9).

Proof: Let w7 be arbitrary in R™ and ¢ the corresponding solution of (9).
By multiplying (1) by ¢ and (9) by & we deduce that

(', ) = (Az, ) + (Bu,p); —(z,¢") = (A%, z).

Hence,
d

dt

which, after integration in time, gives that

<$, 4,0> = <Bu7 <P>

T s = ! U = Tu * .
(@(T), or) — (22, 0(0)) / (Bu, )t / (w.B*g)dt. (1)

We obtain that (T) = 0 if and only if (10) is verified for any pr € R™. O
It is easy to see that (10) is in fact an optimality condition for the critical
points of the quadratic functional J : R® — R",

Her) =5 [ 18 i+ @ 0(0)

where ¢ is the solution of the adjoint system (9) with initial data @ at time
t="T.
More precisely, we have the following result:

Lemma 1.2 Suppose that J has a minimizer o7 € R™ and let @ be the solution
of the adjoint system (9) with initial data . Then

w= B3 (12)

is a control of system (1) with initial data x°.
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Proof: If pr is a point where J achieves its minimum value, then

lim J(@r + hor) — J (1)
h—0 h

=0, V(pT € R".

This is equivalent to

T
/<B*A,B*w>dt+<x°,<ﬂ(0)>=0, Vor € R”,
0

which, in view of Lemma 1.1, implies that © = B*@ is a control for (1). O

Remark 1.2 Lemma 1.2 gives a variational method to obtain the control as a
minimum of the functional J. This is not the unique possible functional allow-
ing to build the control. By modifying it conveniently, other types of controls
(for instance bang-bang ones) can be obtained. We shall show this in section
1.4. Remark that the controls we found are of the form B*p, ¢ being a solution
of the homogeneous adjoint problem (9). Therefore, they are analytic functions
of time. [

The following notion will play a fundamental role in solving the control
problems.

Definition 1.3 System (9) is said to be observable in time T > 0 if there
exists ¢ > 0 such that

T
| iBerazcloop (13
0

for all o € R™, ¢ being the corresponding solution of (9).

In the sequel (13) will be called the observation or observability in-
equality. It guarantees that the solution of the adjoint problem at t = 0
is uniquely determined by the observed quantity B*¢(t) for 0 < ¢t < T. In
other words, the information contained in this term completely characterizes
the solution of (9).

Remark 1.3 The observation inequality (13) is equivalent to the following
one: there exists ¢ > 0 such that

T
/ |B'o [2dt > c|er |, (14)
0

for all o € R™, ¢ being the solution of (9).
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Indeed, the equivalence follows from the fact that the map which associates
to every o € R™ the vector ¢(0) € R", is a bounded linear transformation in
R™ with bounded inverse. We shall use the forms (13) or (14) of the observation
inequality depending of the needs of each particular problem we shall deal with.

O

The following remark is very important in the context of finite dimensional
spaces.

Proposition 1.1 Inequality (13) is equivalent to the following unique contin-
uation principle:
B*p(t) =0, Vt € [0,T] = pr = 0. (15)

Proof:  One of the implications follows immediately from (14). For the
other one, let us define the semi-norm in R™

T
o7l = [/ | B |? dt]

Clearly, | - |« is a norm in R™ if and only if (15) holds.
Since all the norms in R™ are equivalent, it follows that (15) is equivalent
to (14). The proof ends by taking into account the previous Remark 2.3. O

1/2

Remark 1.4 Let us remark that (13) and (15) will no longer be equivalent
properties in infinite dimensional spaces. They will give rise to different no-
tions of controllability (exact and approximate, respectively). This issue will be
further developed in the following section. [J

The importance of the observation inequality relies on the fact that it im-
plies exact controllability of (1). In this way the controllability property is
reduced to the study of an inequality for the homogeneous system (9) which,
at least conceptually, is a simpler problem. Let us analyze now the relation
between the controllability and observability properties.

Theorem 1.1 System (1) is exactly controllable in time T if and only if (9)
1s observable in time T

Proof: Let us prove first that observability implies controllability. According
to Lemma 1.2, the exact controllability property in time 7" holds if for any
2% € R”, J has a minimum. Remark that J is continuous. Consequently, the
existence of a minimum is ensured if .J is coercive too, i.e.

lim J(er) = oo. (16)

[T |—00
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The coercivity property (16) is a consequence of the observation property
in time 7. Indeed, from (13) we obtain that

Jer) = 5 Lor P =@ p(0)].

The right hand side tends to infinity when |pr| — oo and J satisfies (16).

Reciprocally, suppose that system (1) is exactly controllable in time T'. If
(9) is not observable in time T, there exists a sequence (p%)r>1 C R™ such
that |¢k| =1 for all kK > 1 and

T
lim |B*©|?dt = 0. (17)
k—oo 0

It follows that there exists a subsequence of (¢%)r>1, denoted in the same
way, which converges to pr € R™ and |pr| = 1. Moreover, if ¢ is the solution
of (9) with initial data @7, from (17) it follows that

T
/ |B*p[2dt = 0. (18)
0

Since (1) is controllable, Lemma 1.1 gives that, for any initial data 2° € R™,
there exists u € L%(0,T) such that

T
/0 (u, B* i)t = —(2°, o (0)), k> 1. (19)

By passing to the limit in (19) and by taking into account (18), we obtain
that < 2%, ¢(0) >= 0. Since z" is arbitrary in R", it follows that (0) = 0 and,
consequently, o = 0. This is in contradiction with the fact that |pr| = 1.

The proof of the theorem is now complete. [

Remark 1.5 The usefulness of Theorem 1.1 consists on the fact that it reduces
the proof of the exact controllability to the study of the observation inequality.
O

1.3 Kalman’s controllability condition

The following classical result is due to R. E. Kalman and gives a complete an-
swer to the problem of exact controllability of finite dimensional linear systems.
It shows, in particular, that the time of control is irrelevant.
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Theorem 1.2 ([44]) System (1) is exactly controllable in some time T if and

only if
rank[B, AB,---, A" 'B] = n. (20)

Consequently, if system (1) is controllable in some time T > 0 it is control-
lable in any time.

Remark 1.6 From now on we shall simply say that (A, B) is controllable if
(20) holds. The matriz [B, AB,---, A" 'B] will be called the controllability
matriz. O

Examples: In Example 1 from section 1.1 we had

1 0 1
(s () o

(B, AB] = ((1) é) (22)

which has rank 1. From Theorem 1.2 it follows that the system under consideration
is not controllable. Nevertheless, in Example 2,

0 1 0
(e

(B, AB] = (? é) (24)

which has rank 2 and the system is controllable as we have already observed. [

Therefore

and consequently

Proof of Theorem 1.2: “ =" Suppose that rank([B, AB,---, A" 'B]) < n.
Then the rows of the controllability matrix [B, AB, - --, A"~ B] are linearly
dependent and there exists a vector v € R™, v # 0 such that

v*[B, AB,---, A" 'B] =0,

where the coefficients of the linear combination are the components of the
vector v. Since v*[B, AB,---, A" 1B] = [v*B, v*AB,--- ,v*A""'B], v*B =
v*AB = --- = v* A""'B = 0. ;From Cayley-Hamilton Theorem we deduce
that there exist constants ci, - - -, ¢, such that, A” = ¢ A" 1 + .- + ¢, and
therefore v* A" B = 0, too. In fact, it follows that v* A*B = 0 for all k¥ € N and
consequently v*eA*B = 0 for all ¢ as well. But, from the variation of constants
formula, the solution x of (1) satisfies

¢
x(t) = eta” Jr/ e Bu(s)ds. (25)
0
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Therefore

T

(0,2(D) = (0,470 [ (0, AT Bus))ds = (v,e4700),
0

where (,) denotes the canonical inner product in R™. Hence, (v,z(T)) =

(v,eAT20). This shows that the projection of the solution z at time 7" on the

vector v is independent of the value of the control u. Hence, the system is not
controllable. [

Remark 1.7 The conservation property for the quantity (v,x) we have just
proved holds for any vector v for which v[B, AB,---, A" 1B] = 0. Thus, if the
rank of the matriz [B, AB,---, A" 1B] is n — k, the reachable set that x(T)
runs is an affine subspace of R™ of dimensionn — k. O

“ <" Suppose now that rank([B, AB,---, A" 1B]) = n. According to The-
orem 1.1 it is sufficient to show that system (9) is observable. By Propo-
sition 1.1, (13) holds if and only if (15) is verified. Hence, the Theorem is
proved if (15) holds. ¢From B*p = 0 and o(t) = eA (T~ pr, it follows that
B*eA"(TYpp = 0 for all 0 < ¢t < T. By computing the derivatives of this
function in ¢ = T we obtain that

B*[A*)*or =0 Vk >0.
But since rank( [B, AB,--- 7A”_IBD = n we deduce that
rank([B*, B*A*, -, B*(A*)"_l}) =n

and therefore op = 0. Hence, (15) is verified and the proof of Theorem 1.2 is
now complete. [J

Remark 1.8 The set of controllable pairs (A, B) is open and dense. Indeed,

e If (A, B) is controllable there exists € > 0 sufficiently small such that any
(A%, BY) with | A® — A |[< ¢,| B — B |< ¢ is also controllable. This
is a consequence of the fact that the determinant of a matriz depends
continuously of its entries.

e On the other hand, if (A, B) is not controllable, for any e > 0, there
exists (A%, B®) with | A— A% |< e and | B — B° |< ¢ such that (A°, B?)
is controllable. This is a consequence of the fact that the determinant of

a n X n matriz depends analytically of its entries and cannot vanish in a
ball of R™. O
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The following inequality shows that the norm of the control is proportional

to the distance between e72° (the state freely attained by the system in the

absence of control, i. e. with u = 0) and the objective .

Proposition 1.2 Suppose that the pair (A, B) is controllable in time T > 0
and let u be the control obtained by minimizing the functional J. There exists
a constant C > 0, depending on T, such that the following inequality holds

I llz2om) < CletTa® — | (26)

or any initial data z° and final objective x!.
Y ]

Proof: Let us first prove (26) for the particular case ! = 0.
Let u be the control for (1) obtained by minimizing the functional .J. From
(10) it follows that

lullZ20,m) = /OT |B*@dt = — < 2°,5(0) > .
If w is the solution of
then w(t) = e*z® and

Z<w,p>=0
ar S

for all o7 € R™, ¢ being the corresponding solution of (9).
In particular, by taking ¢ = @r, the minimizer of J, it follows that

< 2°,3(0) >=< w(0), 3(0) >=< w(T), pr >=< T2, op > .

‘We obtain that

lullZ2(07) = = < 2°,8(0) >= — < e"a?, @r >< |2’ |57 |-

On the other hand, we have that
o7 | < el|B*@l|12(0,7) = llullz2(0,1)-
Thus, the control u verifies
lullz20,r) < cle™a”]. (28)
If z' # 0, Remark 1.1 implies that a control u driving the solution from x°

to 2! coincides with the one leading the solution from z° — y(0) to zero, where
y verifies (7). By using (28) we obtain that

llullp2om) < ele™ (2° = y(0))] = cle" 2 — 2|

and (26) is proved. O
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Remark 1.9 Linear scalar equations of any order provide examples of sys-
tems of arbitrarily large dimension that are controllable with only one control.
Indeed, the system of order k

x(k) + alz(kfl) +...+ar_1x=1u

18 controllable. This can be easily obtained by observing that given k initial data
and k final ones one can always find a trajectory z (in fact an infinite number
of them) joining them in any time interval. This argument was already used in
Ezxample 2 for the case k = 2.

It is an interesting exercise to write down the matrices A and B in this case
and to check that the rank condition in Theorem 1.2 is fulfilled. [

1.4 Bang-bang controls

Let us consider the particular case
B S M'n,><17 (29)

i. e. m = 1, in which only one control u : [0,7] — R is available. In order to
build bang-bang controls, it is convenient to consider the quadratic functional:

+(2?,¢(0)) (30)

o 1/
Jbb(%")zi /0 | B*p | dt

where ¢ is the solution of the adjoint system (9) with initial data @r.

Note that B* € M, and therefore B*p(t) : [0,7] — R is a scalar function.
It is also interesting to note that Jy, differs from J in the quadratic term.
Indeed, in J we took the L?(0,T)-norm of B*p while here we consider the
LY(0,T)-norm.

The same argument used in the proof of Theorem 1.2 shows that Jp, is also
continuous and coercive. It follows that Jp, attains a minimum in some point
pr € R™.

On the other hand, it is easy to see that

) 1 T 2 T 2 B
Jim (/ |f+hg|dt> —(/ f|> - "
T T
—2 / f 1 di / sen(f(£))g(t)dt

if the Lebesgue measure of the set {¢ € (0,T) : f(t) = 0} vanishes.
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The sign function “sgn” is defined as a multi-valued function in the following

way
1 when s > 0
sgn(s) =<¢ —1 when s < 0
[-1,1] when s=0

Remark that in the previous limit there is no ambiguity in the definition of
sgn(f(t)) since the set of points ¢ € [0,T] where f = 0 is assumed to be of zero
Lebesgue measure and does not affect the value of the integral.

Identity (31) may be applied to the quadratic term of the functional Jyp
since, taking into account that ¢ is the solution of the adjoint system (9), it
is an analytic function and therefore, B*y changes sign finitely many times in
the interval [0,7] except when @7 = 0. In view of this, the Euler-Lagrange
equation associated with the critical points of the functional Jy, is as follows:

T T
/ | BB di / sen(B*) B (t)dt + (22, 0(0)) = 0
0 0

for all o7 € R, where @ is the solution of the adjoint system (9) with initial
data .
T
Consequently, the control we are looking for is v = / | B*@ | dtsgn(B*Q)
0

where @ is the solution of (9) with initial data @r.

Note that the control u is of bang-bang form. Indeed, u takes only two
values + fOT | B*@ | dt. The control switches from one value to the other
finitely many times when the function B*® changes sign.

Remark 1.10 Other types of controls can be obtained by considering function-
als of the form

2/p

Jp(”) = % (/0 | B¥p [P dt) + (2%, ¢°)

with 1 < p < 0o. The corresponding controls are

- @2-p)/p
u- ( | iser dt) B o2 g
0

where @ is the solution of (9) with initial datum @, the minimizer of Jp.
It can be shown that, as expected, the controls obtained by minimizing this
functionals give, in the limit when p — 1, a bang-bang control. [

The following property gives an important characterization of the controls
we have studied.
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Proposition 1.3 The control us = B*$ obtained by minimizing the functional
J has minimal L?(0,T) norm among all possible controls. Analogously, the

control Uy, = fOT | B*¢ | dtsgn(B*®) obtained by minimizing the functional
Jop has minimal L>°(0,T) norm among all possible controls.

Proof: Let u be an arbitrary control for (1). Then (10) is verified both by u
and us for any pr. By taking ¢ = @ (the minimizer of J) in (10) we obtain
that

T
/ <u,B*@>dt = — < 2°,5(0) >,
0

T
el = | < e B3 > dt = = <2°,5(0) >

Hence,

T
||U2||2L2(0,T) = / <u, B*9 > dt < ||ul|L20,1)[|B* Pl = |[w||£2(0,7) w2l 22(0,7)
0

and the first part of the proof is complete.

For the second part a similar argument may be used. Indeed, let again
be an arbitrary control for (1). Then (10) is verified by u and ue for any ¢r.
By taking @1 = @r (the minimizer of Jy,) in (10) we obtain that

T
/ B*pudt = — < 2°,3(0) >,
0

T 2 T
ttoel 2 0.1y = / Brgldt | = / B*Guocdt = — < 2°,3(0) > .
Hence,

T
et 2 e (0.1 = / B*Gudt <

T
< HUHLw(o,T)/O |B*@ldt = [[ul| Lo (0.1 |[teoo || Lo 0.1

and the proof finishes. [

1.5 Stabilization of finite dimensional linear systems

In this section we assume that A is a skew-adjoint matrix, i. e. A* = —A. In
this case, < Az,z >= 0.
Consider the system

' = Ar + Bu

{ x(0) = zV. (32)
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Remark 1.11 The harmonic oscillator, mx"” + kx = 0, provides the simplest
example of system with such properties. It will be studied with some detail at
the end of the section. [J

When u = 0, the energy of the solution of (32) is conserved. Indeed, by
multiplying (32) by z, if u = 0, one obtains

d

—|z(t)[* = 0. 33

(o) (3)

Hence,
lz(t)] = |2°], Vt>0. (34)

The problem of stabilization can be formulated in the following way. Sup-
pose that the pair (A, B) is controllable. We then look for a matrix L such
that the solution of system (32) with the feedback control

u(t) = La(t) (35)

has a uniform exponential decay, i.e. there exist ¢ > 0 and w > 0 such
that
|2(t)] < ce™"[2?| (36)

for any solution.
Note that, according to the law (35), the control w is obtained in real time
from the state z.
In other words, we are looking for matrices L such that the solution of the
system
¥’ =(A+ BL)z = Dz (37)

has an uniform exponential decay rate.

Remark that we cannot expect more than (36). Indeed, the solutions of (37)
may not satisfy z(T") = 0 in finite time T'. Indeed, if it were the case, from the
uniqueness of solutions of (37) with final state 0 in ¢t = T, it would follow that
2% = 0. On the other hand, whatever L is, the matrix D has N eigenvalues Aj
with corresponding eigenvectors e; € R™. The solution z(t) = e*ite; of (37)
shows that the decay of solutions can not be faster than exponential.

Theorem 1.3 If A is skew-adjoint and the pair (A, B) is controllable then
L = —B* stabilizes the system, i.e. the solution of

r_ _ *
{m—Ax BB*zx (38)

2(0) = 2°

has an uniform exponential decay (36).
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Proof: With L = —B* we obtain that

1
S Gl OF = = < BB a(t),2(t) >= — | B*a(t) P< 0.

Hence, the norm of the solution decreases in time.
Moreover,

(D) — [2(0)2 = —2 / | B |2 dt. (39)

To prove the uniform exponential decay it is sufficient to show that there
exist T'> 0 and ¢ > 0 such that

T
(02 < c/ | B |2 dt (40)
0

for any solution = of (38). Indeed, from (39) and (40) we would obtain that

2
[2(T)” = |2(0)]* < == |z(0)? (41)
and consequently

|2(T)[* < y]x(0)[? (42)

with 5
y=1- p < 1. (43)

Hence,

l2(kT)[2 < A*|20)2 = eMDE|202 v e N. (44)

Now, given any t > 0 we write it in the form ¢t = kT + §, with 6 € [0,T)
and k£ € N and we obtain that

2(t)[2 < |2(kT)[2 < eIk 2012 =

— e IOI(F) M) 1102 < %ef‘lnié””tw?.

We have obtained the desired decay result (36) with

| In(y) |
= . 45
o= 0 (45)
To prove (40) we decompose the solution x of (38) as © = ¢ +y with ¢ and
y solutions of the following systems:

{gf;; ) (46)

=T
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and

;o _ *
{y—Ay BB*zr (47)

y(0) = 0.

Remark that, since A is skew-adjoint, (46) is exactly the adjoint system (9)
except for the fact that the initial data are taken at t = 0.

As we have seen in the proof of Theorem 1.2, the pair (A, B) being control-
lable, the following observability inequality holds for system (46):

T
1202 < C'/ | B*¢ |? dt. (48)
0

Since ¢ = z — y we deduce that

T T
292 < 2C V | B*x \QdH—/ | By |2 dt].
0 0

On the other hand, it is easy to show that the solution y of (47) satisfies:

S Ly = — (B, Bry) < BB |y < 5 (l* + |B*P|Bal?)

From Gronwall’s inequality we deduce that

t T
WO BB [ e | BaPas< BR[| Bafd @

and consequently
T T T
/ | By 2 dt < |B|2/ ly |2 dt < T\B|4eT/ | B |2 dt.
0 0 0
Finally, we obtain that
T T T
| 20 2< 20/ | Bz 2 dt+C|B*|4eTT/ | B 2 dt < c’/ | B |2 dt

0 0 0

and the proof of Theorem 1.3 is complete. O
Example: Consider the damped harmonic oscillator:
mz" + Rz + kx' =0, (50)

where m, k and R are positive constants.
Note that (50) may be written in the equivalent form

/

mz” + Rz = —kx
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which indicates that an applied force, proportional to the velocity of the point-mass
and of opposite sign, is acting on the oscillator.

It is easy to see that the solutions of this equation have an exponential decay
properties. Indeed, it is sufficient to remark that the two characteristic roots have
negative real part. Indeed,

—k+Vk2 -4
mr2+R+kr:O¢>ri:—mR
2m
and therefore
—£ if k* <4mR
Rery = > 5
—5e /4 — 5= if k? > 4mR.

Let us prove the exponential decay of the solutions of (50) by using Theorem 1.3.
Firstly, we write (50) in the form (38). Setting

w= ()

the conservative equation ma’ + kxz = 0 corresponds to the system:

0 /R
X' = AX, withA—( m).

/B 0

m

Note that A is a skew-adjoint matrix. On the other hand, if we choose

00
B_<0 \/E)
. [0 0
BB_(O k)

X'=AX - BB*X (51)

we obtain that

and the system

is equivalent to (50).

Now, it is easy to see that the pair (A, B) is controllable since the rank of [B, AB]
is 2.

It follows that the solutions of (50) have the property of exponential decay as the
explicit computation of the spectrum indicates. [J

If (A, B) is controllable, we have proved the uniform stability property of
the system (32), under the hypothesis that A is skew-adjoint. However, this
property holds even if A is an arbitrary matrix. More precisely, we have

Theorem 1.4 If (A, B) is controllable then it is also stabilizable. Moreover, it
is possible to prescribe any complex numbers A1, As,...,\n as the eigenvalues of
the closed loop matriz A+ BL by an appropriate choice of the feedback matriz
L so that the decay rate may be made arbitrarily fast.
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In the statement of the Theorem we use the classical term closed loop system
to refer to the system in which the control is given in feedback form.

The proof of Theorem 1.4 is obtained by reducing system (32) to the so
called control canonical form (see [44] and [55]).

2 Interior controllability of the wave equation

In this chapter the problem of interior controllability of the wave equation is
studied. The control is assumed to act on a subset of the domain where the
solutions are defined. The problem of boundary controllability, which is also
important in applications and has attracted a lot of attention, will be considered
in the following chapter. In the later case the control acts on the boundary of
the domain where the solutions are defined.

2.1 Introduction

Let Q be a bounded open set of RY with boundary of class C? and w be an open
nonempty subset of 2. Given T" > 0 consider the following non-homogeneous
wave equation:

v — Au = f1, in (0,7) x Q
u=0 on (0,T) x 09 (52)
w(0, ) =u’, (0, ) =ul in Q.

By ’ we denote the time derivative.

In (52) u = u(t, ) is the state and f = f(t, x) is the interior control function
with support localized in w. We aim at changing the dynamics of the system
by acting on the subset w of the domain €.

It is well known that the wave equation models many physical phenomena
such as small vibrations of elastic bodies and the propagation of sound. For
instance (52) provides a good approximation for the small amplitude vibrations
of an elastic string or a flexible membrane occupying the region 2 at rest. The
control f represents then a localized force acting on the vibrating structure.

The importance of the wave equation relies not only in the fact that it
models a large class of vibrating phenomena but also because it is the most
relevant hyperbolic partial differential equation. As we shall see latter on,
the main properties of hyperbolic equations such as time-reversibility and the
lack of regularizing effects, have some very important consequences in control
problems too.

Therefore it is interesting to study the controllability of the wave equation as
one of the fundamental models of continuum mechanics and, at the same time,
as one of the most representative equations in the theory of partial differential
equations.
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2.2 Existence and uniqueness of solutions

The following theorem is a consequence of classical results of existence and
uniqueness of solutions of nonhomogeneous evolution equations. All the details
may be found, for instance, in [14].

Theorem 2.1 For any f € L*((0,T) x w) and (u°,u') € HY(Q) x L}(Q)
equation (52) has a unique weak solution

(u,u') € C((0,T], Hy(Q) x L*(2))

given by the variation of constants formula

(u,u')(t) = S(t)(u’, u') +/ S(t =)0, f(s)1w)ds (53)
0

where (S(t))ter is the group of isometries generated by the wave operator in
HY(Q) x L2(Q).

Moreover, if f € WHL((0,T); L?(w)) and (u®,ul) € [H?*(Q) N HL(Q)] x
HY(Q) equation (52) has a strong solution

(u,u') € CH([0, T, Hy(Q) x L*(€2)) N C([0, T], [H?(Q) N Hy ()] x Hg (%))
and u verifies the wave equation (52) in L*(Q) for all t > 0.

Remark 2.1 The wave equation is reversible in time. Hence, we may solve it
fort € (0,T) by considering initial data (u®,u') int =0 or final data (u}., uk)
int="T. In the former case the solution is given by (53) and in the later one
by

T

(w!)6) = ST = O uh) + [ S=T+00.f(6)1)ds. (54)

2.3 Controllability problems

Let T > 0 and define, for any initial data (u®,u') € H}(Q) x L*(Q), the set of
reachable states

R(T; (u®,u")) = {(w(T),us(T)) : u solution of (52) with f € L2((0,T) x w)}.

Remark that, for any (u®,u') € H} () x L?(Q), R(T; (u°,u')) is an affine
subspace of H}(Q) x L?(Q).
There are different notions of controllability that need to be distinguished.
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Definition 2.1 System (52) is approximately controllable in time 7' if,
for every initial data (u®,ul) € HE(Q) x L2(2), the set of reachable states
R(T; (u®,ut)) is dense in H}(Q) x L*(Q).

Definition 2.2 System (52) is exactly controllable in time T if, for every
initial data (u®,u') € H} () x L%(Q), the set of reachable states R(T; (u®,ul))
coincides with H}(Q) x L%(Q).

Definition 2.3 System (52) is null controllable in time T if, for every
initial data (u®,ul) € HE () x L2(2), the set of reachable states R(T; (u®,ut))
contains the element (0,0).

Since the only dense and convex subset of R™ is R"™, it follows that the ap-
proximate and exact controllability notions are equivalent in the finite-dimen-
sional case. Nevertheless, for infinite dimensional systems as the wave equation,
these two notions do not coincide.

Remark 2.2 In the notions of approrimate and exact controllability it is suf-
ficient to consider the case (u°,u') = 0 since R(T;(u’,u')) = R(T;(0,0)) +
S(T)(u,ut). O

In the view of the time-reversibility of the system we have:

Proposition 2.1 System (52) is exactly controllable if and only if it is null
controllable.

Proof: Evidently, exact controllability implies null controllability.

Let us suppose now that (0,0) € R(T; (u°,u')) for any (u°,u') € HE(Q) x
L?(€2). Then any initial data in H}(€2) x L?(2) can be driven to (0,0) in time
T. From the reversibility of the wave equation we deduce that any state in
HY(Q) x L%(2) can be reached in time T by starting from (0,0). This means
that R(T, (0,0)) = H(2) x L?(£2) and the exact controllability property holds
from Remark 2.2. O

The previous Proposition guarantees that (52) is exactly controllable if and
only if, for any (u®,u') € H}(Q) x L*(Q) there exists f € L?((0,T) x w) such
that the corresponding solution (u,u’) of (52) satisfies

w(T, ) =w(T,-)=0. (55)

This is the most common form in which the exact controllability property
for the wave equation is formulated.

Remark 2.3 The following facts indicate how the main distinguishing proper-
ties of wave equation affect its controllability properties:
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e Since the wave equation is time-reversible and does not have any reqular-
izing effect, one may not exclude the exact controllability to hold. Nev-
ertheless, as we have said before, there are situations in which the exact
controllability property is not verified but the approzimate controllability
holds. This depends on the geometric properties of 0 and w.

e The wave equation is a prototype of equation with finite speed of propaga-
tion. Therefore, one cannot expect the previous controllability properties
to hold unless the control time T is sufficiently large. O

2.4 Variational approach and observability

Let us first deduce a necessary and sufficient condition for the exact control-
lability property of (52) to hold. By (-, -); _; we denote the duality product
between Hi(§2) and its dual, H ().

For (%, o%) € L%(Q) x H=(Q), consider the following backward homoge-
neous equation

"= Ap=0 in (0,7) x Q
v =0 on (0,T) x OQ (56)
o(T, )=}, ¢ (T, )=y inQ

Let (¢, ") € C([0,T], L?(Q) x H=(£2)) be the unique weak solution of (56).

Lemma 2.1 The control f € L*((0,T) x w) drives the initial data (u’,u') €
HE() x L3(Q) of system (52) to zero in time T if and only if

/OT/W<Pfdxdt=<<p’(0),u0>L1—/9(;)(0)uldx, (57)

for all (p%, pr) € L2(Q) x H=Y(Q) where ¢ is the corresponding solution of
(56).

Proof: Let us first suppose that (u®,u'), (¢%,¢k) € D(Q) x D(Q), f €
D((0,T) X w) and let v and ¢ be the (regular) solutions of (52) and (56)
respectively.

We recall that D(M) denotes the set of C°°(M) functions with compact
support in M.

By multiplying the equation of w by ¢ and by integrating by parts one

obtains
T T
/ / pfdxdt = / / o (U — Au) dzdt =
0 w 0 Q
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T
- / (pu' — o'u) da:|g + / / u (" — Ap) dedt =
Q 0o Jo

- /Q [p(T)e! (T) - @' (T)u(T)] dex — / [p(0)(0) — &/ (0)u(0)] da

Q

Hence,

/ / ofdrdt = / (%' (T) — pru(T)] dm—/ [0(0)u' — ¢/ (0)u] dz. (58)
0 w Q Q

From a density argument we deduce, by passing to the limit in (58), that
for any (u®, u') € H} () x L*(Q) and (p%, k) € L2(Q) x H71(Q),

T
/0 /w pfdrdt = )

=_ <<p%p,u(T)>1771 + /Q O3’ (T)dx + <<,0'(O),u0>1’71 — /Q 0(0)u'dx.

Now, from (59), it follows immediately that (57) holds if and only if (u°, u!)
is controllable to zero and f is the corresponding control. This completes the
proof. O

Let us define the duality product between L?(Q) x H~1(Q) and H}(Q) x
L*(Q) by

<(8007<P1) 7 (u07u1)> _ <<p1,u0>1,_1 _ / Culde

for all (¢°, ') € L*(Q) x H_l(Q) and (u®,u') € Hg(2) x L*().

Remark that the map (cp ! <( ) , (uo )> is linear and contin-
uous and its norm is equal to ||(u u )||Hle2

For (¢°, 1) € L2(Q2) x H—X(

tion

), consider the following homogeneous equa-
" —Ap=0 in (0,7) x Q
=0 on (0,T) x 9N (60)
00, ) =" ¢'(0,-)=¢' nQ.
If (¢,¢") € C([0,T], L?(Q) x H~(Q)) is the unique weak solution of (60),
then

llZoe 0.7 p2 () + 119120 0,750-1(02)) S 1@ T2 @yxm-1(0y- (61

Since the wave equation with homogeneous Dirichlet boundary conditions
generates a group of isometries in L?(Q) x H~1(Q), Lemma 2.1 may be refor-
mulated in the following way:
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Lemma 2.2 The initial data (u°,u') € H}(Q) x L*(Q)) may be driven to zero
in time T if and only if there exists f € L*((0,T) X w) such that

T
| [ erdsar= (0 (a2 u)) (62
0 w
for all (°,0') € L?(Q) x H=Y(Q) where ¢ is the corresponding solution of
(60).

Relation (62) may be seen as an optimality condition for the critical points
of the functional J : L?(Q) x H=Y(Q) — R,

T
I =5 [ [ el () (0u)). o)

where ¢ is the solution of (60) with initial data (¢°, ¢!) € L?(Q) x H=1(Q).
We have:

Theorem 2.2 Let (u°,ut) € H}(Q) x L3(Q) and suppose that (P°,p') €
L2(Q) x H=Y(Q) is a minimizer of J. If § is the corresponding solution of
(60) with initial data (P°, 3') then

f=a. (64)

is a control which leads (u®,ul) to zero in time T.

Proof: Since J achieves its minimum at (@°, @), the following relation
holds

0= lim = (F((@%3") + h(e®,o')) — T (@, ")) =

T
:/ /@gpdzdtJr/ulngdxf <t ul >1,-1
0 w Q

for any (¢, ') € L2(2) x H~1(Q) where ¢ is the solution of (60).
Lemma 2.2 shows that f = @ is a control which leads the initial data
(u®, ul) to zero in time T. O

Let us now give sufficient conditions ensuring the existence of a minimizer

for J.

Definition 2.4 Equation (60) is observable in time T if there exists a pos-
itive constant Cy1 > 0 such that the following inequality is verified

T
Cr | (2% 61) a1y < /0 / o |7 dudr, (65)

for any (£, 1) € L*(Q) x H~Y(Q) where ¢ is the solution of (60) with initial
data (¢°,¢").
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Inequality (65) is called observation or observability inequality. It

shows that the quantity fOT I, I ¢ |? (the observed one) which depends only on
the restriction of ¢ to the subset w of (2, uniquely determines the solution on
(60).

Remark 2.4 The continuous dependence (61) of solutions of (60) with respect
to its initial data guarantees that there exists a constant Cy > 0 such that

T
/0 / o 2 dadt < Cs || (6% 0Y) s (66)

for all (¢°, ') € L*(Q) x H71(Q) and ¢ solution of (60). O

Let us show that (65) is a sufficient condition for the exact controllability
property to hold. First of all let us recall the following fundamental result
in the Calculus of Variations which is a consequence of the so called Direct
Method of the Calculus of Variations.

Theorem 2.3 Let H be a reflexive Banach space, K a closed convex subset of
H and ¢ : K — R a function with the following properties:

1. ¢ s convex
2. ¢ is lower semi-continuous
3. If K is unbounded then ¢ is coercive, i. e.

lim  ¢(x) = oco. (67)

[|z]|—00
Then @ attains its minimum in K, 1. e. there exists o € K such that

plao) = minp(z). (68)
For a proof of Theorem 2.3 see [10].
We have:

Theorem 2.4 Let (u°,u') € H}(Q) x L?(Q) and suppose that (60) is observ-
able in time T. Then the functional J defined by (63) has an unique minimizer
(@°,8") € L*(Q) x H™H(Q).

Proof: Tt is easy to see that J is continuous and convex. Therefore, accord-
ing to Theorem 2.3, the existence of a minimum is ensured if we prove that J
is also coercive i.e.

T (%, o) = 0. (69)

H(@07§D1)||L2XH*1—>OO
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The coercivity of functional J follows immediately from (65). Indeed,

1 T
.7(%00,@1) > 5 </0 / \S0|2 - ||(U0aU1)||Hg(sz)xL2(Q)||(<P0aSﬂl)|L2(Q)xH1(Q)>

Ch 1
> ?H(S‘jov@1)‘|2L2(Q)><H*1(Q)_§H(u07u1)|‘H(}(Q)><L2(Q)H(SDO>Qpl)HL?(Q)xH*l(Q)-

It follows from Theorem 2.3 that J has a minimizer (p°, @) € L?(Q) x
H Q).

To prove the uniqueness of the minimizer it is sufficient to show that J is
strictly convex. Indeed, let (%, '), (¢°, 1) € L2(Q)x H~1(2) and X € (0,1).
We have that

TP ") + 1 =N, 9h) =

A1=X) [T
= AT (¢% ") + (1= NT (W% 9" - (2)/0 /w o — ¥|2dwdt.

From (65) it follows that
T
/ / o — pPdadt > Crl (9% 0") — (@, V)| 2@y -1 @
0 w

Consequently, for any (27, ¢") # (120, 1),
T @) + (1= 9h)) < AT (@, ¢") + (1 = NI (¥°, )
and J is strictly convex. O

Theorems 2.2 and 2.4 guarantee that, under hypothesis (65), system (52) is
exactly controllable. Moreover, a control may be obtained as in (64) from the
solution of the homogeneous equation (60) with the initial data minimizing the
functional 7. Hence, the controllability problem is reduced to a minimization
problem that may be solved by the Direct Method of the Calculus of Variations.
This is very useful both from a theoretical and a numerical point of view.

The following proposition shows that the control obtained by this variational
method is of minimal L?((0,7) X w)-norm.

Proposition 2.2 Let f = @ be the control given by minimizing the functional
J. If g € L*((0,T) x w) is any other control driving to zero the initial data
(u®,ul) then

1122 0,7y xw) < 1911220,y xw)- (70)
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Proof: Let (3", ') the minimizer for the functional J. Consider now
relation (62) for the control f = @) . By taking (2°,@') as test function we
obtain that

T
1o = [ [ 1oPdndt = (@), — [ @ulde.
~0

On the other hand, relation (62) for the control g and test function (@°, 1)

gives
T
/ / gpdxdt = <@17u0>1 o / Outda.
0 Jw ’ Q

‘We obtain that

T
17120 2y = (B %),y — /ﬂ Pulde /O [ apzit <

3

< lgllzz(0,1)x) 18l L2 (0,7 xw) = [l9llL2((0, 1) x ) | FlI L2((0, 1) xw)
and (70) is proved. O

2.5 Approximate controllability

Up to this point we have discussed only the exact controllability property of
(52) which turns out to be equivalent to the observability property (65). Let
us now address the approximate controllability one.

Let ¢ > 0 and (u% ul), (2% 2') € HY(Q) x L*(f2). We are looking for a
control function f € L2((0,T) x w) such that the corresponding solution (u,u’)
of (52) satisfies

1((T),u'(T)) = (2%, 2| g ) x2(0) < - (71)

Recall that (52) is approximately controllable if, for any € > 0 and (u, u'),
(29,21) € HE(Q) x L*(Q), there exists f € L*((0,T) x w) such that (71) is
verified.

By Remark 2.2, it is sufficient to study the case (u°, u') = (0,0). From now
on we assume that (u°, u') = (0,0).

The variational approach considered in the previous sections may be also
very useful for the study of the approximate controllability property. To see
this, define the functional J. : L*(Q) x H~1(Q) — R,

T=(%, ") =
1

T
= 5/0 / lolPdzdt + (% "), (2% 21)) +ell (@, )| Lewa1,

(72)
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where ¢ is the solution of (60) with initial data (©°, ') € L*(Q) x H=1(Q).
As in the exact controllability case, the existence of a minimum of the
functional 7. implies the existence of an approximate control.

Theorem 2.5 Let ¢ > 0 and (2°,2') € HY(Q) x L*(Q) and suppose that
(@°, 2% € L2() x H™Y(Q) is a minimizer of J.. If ¢ is the corresponding
solution of (60) with initial data (P°,p') then

f=o., (73)

is an approzimate control which leads the solution of (52) from the zero initial
data (u®,u') = (0,0) to the state (u(T),u'(T)) such that (71) is verified.

Proof: Let (¢°,3%) € L?(Q) x H=Y(Q) be a minimizer of J.. It follows
that, for any h > 0 and (%, ¢') € L?(Q) x H~1(Q),

1 IR ~
0 <+ (F((@") +h(¢’, ¢) = To(2°,8")) <
T no T
< [ [ Godaderg [ [ ol aaden(( ) ()4l 0D
being ¢ the solution of (60). By making h — 0 we obtain that
T
—ell@ lzmrrr < [ [ Godadt +((6)  (51)).
A similar argument (with h < 0) leads to
T
| [ Bedudt+ (. 01) (2,21 < el 0.
0 w

Hence, for any (%, ') € L?(Q) x H~1(Q),

T

/ / pedzdt + ((¢°, "), (2°,2"))
0 w

Now, from (59) and (74) we obtain that

(% 9"),[(2% ") = (u(T),w'(T)])| < ell(¢®, @)llL2xm-1,

for any (%, o) € L?(Q) x H~1(Q).
Consequently, (71) is verified and the proof finishes. O

< el Mlezxm-1. (T4)

As we have seen in the previous section, the exact controllability property of
(52) is equivalent to the observation property (65) of system (60). An unique
continuation principle of the solutions of (60), which is a weaker version of
the observability inequality (65), will play a similar role for the approximate
controllability property and it will give a sufficient condition for the existence
of a minimizer of J.. More precisely, we have
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Theorem 2.6 The following properties are equivalent:
1. Equation (52) is approzimately controllable.

2. The following unique continuation principle holds for the solutions of (60)
Plo,Tyxw — 0= (9007 901) = (0,0). (75)

Proof: Let us first suppose that (52) is approximately controllable and let
¢ be a solution of (60) with initial data (°, ') € L2(2) x H~(2) such that
(p‘(o,T)xw = 0

For any € > 0 and (2°,2%) € H}(Q) x L?(Q2) there exists an approximate
control function f € L%((0,T) x w) such that (71) is verified.

From (59) we deduce that ((u(T),u'(T)), (¢° ¢')) = 0. From the control-
lability property and the last relation we deduce that

(2% 2), (€%, )] = [{I(z°, 2") = (u(@), &/ (D)), (% ¢M)| < ell(@, M-

Since the last inequality is verified by any (2°,2') € HZ(Q) x L2() it
follows that (¢°, 1) = (0,0).

Hence the unique continuation principle (75) holds.

Reciprocally, suppose now that the unique continuation principle (75) is
verified and let us show that (52) is approximately controllable.

In order to do that we use Theorem 2.5. Let ¢ > 0 and (2°,2!) € H}(Q) x
L?(2) be given and consider the functional [J.. Theorem 2.5 ensures the ap-
proximate controllability property of (52) under the assumption that J. has a
minimum. Let us show that this is true in our case.

The functional J. is convex and continuous in L?(Q) x H~1(Q). Thus, the
existence of a minimum is ensured if 7. is coercive, i. e.

J((¢°,¢")) = 0o when [|(¢%,")||L2xs-1 — oo, (76)

In fact we shall prove that

T2 o) /1% oL xm—1 > €. (77)

i
10Dl L2y -1 —00

Evidently, (77) implies (76) and the proof of the theorem is complete.
In order to prove (77) let ((gp?,cp}))Pl C L?(Q) x H71(22) be a sequence

of initial data for the adjoint system such that || (0}, 07) llL2xm-—1— oo. We
normalize them

@85 = (02 oN/ 11 (€%, 03 lrexa-1,

so that || (0, 31) llzexm-=1
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On the other hand, let (#;,%}) be the solution of (60) with initial data
(&}, ;). Then

T ((¢5,95))

(2%, 1) | = 2 @;v ” / / | ©; |2 dxdt + <(ZO,Zl),([ﬁO,[§1)>+a
Jjrrg

The following two cases may occur:

T
1) lim inf/ / | #; |*> 0. In this case we obtain immediately that
iz Jo Ju
VE ((tpj,%))
I (#9,#3) T

T
2) liminf/ / | $; |*= 0. In this case since ((p],goj) >1 is bounded in
9] w

J]—00
L?x H™', by extracting a subsequence we can guarantee that (QZ?, 5});‘21
converges weakly to (9,41) in L2(2) x H~1(Q).

Moreover, if (1,1') is the solution of (60) with the initial data (1), !
at t =T, then (@, @;);>1 converges weakly to (¢,) in L*(0, T; L*() x
H=Y(Q)nHY0,T; H-Y(Q) x [H?> N HY(Q)]).

By lower semi-continuity,

T
/ /de:cdt<hm1nf/o / | ¢ |? dedt = 0

and therefore 1) =0 en w x (0, 7).

From the unique continuation principle we obtain that (¢°,¢!) = (0,0)
and consequently,

(£9,25) — (0,0) weakly in L*(Q) x H~'().

Hence
jE(((tDOv(Pl)) _
hmlnf J J > 11m1nf5+ P Zl ~0’ 1 —,
e N B (%21, (@, 8")]

and (77) follows. O

When approximate controllability holds, then the following (apparently
stronger) statement also holds:
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Theorem 2.7 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'), (2%, 2') € Hg() x L*(Q) and e > 0
there exists f € L2((0,T) x w) such that the solution of (52) satisfies

| (w(T) - 22w (T) — 2) HH[%(Q)XH(Q) <& g (W), w(T)) =7 (2%, 2").

This property will be referred to as the finite-approximate controllabil-
ity property. Its proof may be found in [71].

2.6 Comments

In this section we have presented some facts related with the exact and approxi-
mate controllability properties. The variational methods we have used allow to
reduce these properties to an observation inequality and a unique continuation
principle for the homogeneous adjoint equation respectively. The latter will be
studied for some particular cases in Chapter 4 by using nonharmonic Fourier
analysis.

3 Boundary controllability of the wave equation

This chapter is devoted to study the boundary controllability problem for the
wave equation. The control is assumed to act on a subset of the boundary of
the domain where the solutions are defined.

3.1 Introduction

Let Q be a bounded open set of RY with boundary I' of class C? and Ty
be an open nonempty subset of I'. Given T > 0 consider the following non-
homogeneous wave equation:

' =Au=0 in (0,7) x Q
u= flp,(x) on (0,7) xT (78)
u(0, -) =u’, (0, -) =u! in Q.

In (78) u = u(t,z) is the state and f = f(¢,x) is a control function which
acts on I'g. We aim at changing the dynamics of the system by acting on I'y.

3.2 Existence and uniqueness of solutions

The following theorem is a consequence of the classical results of existence and
uniqueness of solutions of nonhomogeneous evolution equations. Full details
may be found in [46] and [68].
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Theorem 3.1 For any f € L*((0,T) x I'g) and (u°,u') € L?(Q) x H~1(Q)
equation (78) has a unique weak solution defined by transposition

(u,u') € C([0,T], L*(Q) x H~Y(Q)).

Moreover, the map {u®,u', f} — {u,u'} is linear and there ezists C =
C(T) > 0 such that

I[(w, W)L 0,752(0) x H-1(0)) < (79)
< C (1w®, uh)||L2@yx -1 + |11 L2((0,7)xTy) ) -

Remark 3.1 The wave equation is reversible in time. Hence, we may solve
(78) fort € (0,T) by considering final data at t = T instead of initial data at
t=0. O

3.3 Controllability problems

Let T > 0 and define, for any initial data (u®,u') € L?(2) x H~1(Q), the set
of reachable states

R(T; (u®,u")) = {(u(T),u/(T)) : u solution of (78) with f € L?((0,T) x T'o)}.

Remark that, for any (u,u') € L?(Q) x H=Y(Q), R(T; (u°,u')) is a convex
subset of L?(Q) x H~1(Q).

As in the previous chapter, several controllability problems may be ad-
dressed.

Definition 3.1 System (78) is approximately controllable in time 7' if,
for every initial data (u°,u') € L?(2) x H=1(Q), the set of reachable states
R(T; (u®,ut)) is dense in L?(Q) x H=(Q).

Definition 3.2 System (78) is exactly controllable in time T if, for every
initial data (u®,ul) € L2(Q)x H=Y(Q), the set of reachable states R(T; (u°, u'))
coincides with L?(Q) x H~1(Q).

Definition 3.3 System (78) is null controllable in time T if, for every
initial data (u®,u') € L2(Q)x H1(Q), the set of reachable states R(T; (u®,u'))
contains the element (0,0).

Remark 3.2 In the definitions of approzimate and exact controllability it is
sufficient to consider the case (u’,u') =0 since

R(T; (u®,u')) = R(T;(0,0)) + S(T)(u’, u),

where (S(t))ter s the group of isometries generated by the wave equation in
L?(Q) x H=Y(Q) with homogeneous Dirichlet boundary conditions. [
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Moreover, in view of the reversibility of the system we have

Proposition 3.1 System (78) is exactly controllable if and only if it is null
controllable.

Proof: Evidently, exact controllability implies null controllability.

Let us suppose now that (0,0) € R(T; (u’,u')) for any (u°,ul) € L?(Q) x
H=Y(Q). Tt follows that any initial data in L?(Q) x H~(Q) can be driven to
(0,0) in time T. From the reversibility of the wave equation we deduce that
any state in L?(Q) x H~1(£2) can be reached in time T by starting from (0, 0).
This means that R(T, (0,0)) = L?(2) x H~(Q)) and the exact controllability
property holds as a consequence of Remark 3.2. [

The previous Proposition guarantees that (78) is exactly controllable if and
only if, for any (u°,u') € L?(Q) x H=() there exists f € L?((0,T) x T'y) such
that the corresponding solution (u, ') of (78) satisfies

W(T, ) ='(T, -) = 0. (80)

Remark 3.3 The following facts indicate the close connections between the
controllability properties and some of the main features of hyperbolic equations:

e Since the wave equation is time-reversible and does not have any reqular-
izing effect, the exact controllability property is very likely to hold. Nev-
ertheless, as we have said before, the exact controllability property fails
and the approzimate controllability one holds in some situations. This
is very closely related to the geometric properties of the subset I'g of the
boundary I' where the control is applied.

e The wave equation is the prototype of partial differential equation with
finite speed of propagation. Therefore, one cannot expect the previous
controllability properties to hold unless the control time T is sufficiently
large. O

3.4 Variational approach

Let us first deduce a necessary and sufficient condition for the exact control-
lability of (78). As in the previous chapter, by (-, -); _; we shall denote the
duality product between HE(2) and H ().

For any (9%, ¢¥) € HE(Q)x L3(Q) let (¢, ') be the solution of the following
backward wave equation

" —Ap =0 in (0,7) x Q
¢ loa=0 on (0,7) x 09 (81)
o(T, ) =%, ¢ (T, ) =p}. inQ.
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Lemma 3.1 The initial data (u®,u') € L?(2) x H=1(Q) is controllable to zero
if and only if there exists f € L2((0,T) x Tg) such that

T
/O /F g::fdadt-l-/ﬂuo@/(())dx—<u1,<p(0)>1’1 =0 (82)

for all (¢%,¢k) € H(Q) x L*(Q) and where (p,¢') is the solution of the
backward wave equation (81)

Proof: Let us first suppose that (u® u'), (¢%, 1) € D(Q) x D(Q), f €
D((0,T) x Tp) and let u and ¢ be the (regular) solutions of (78) and (81)

respectively.
Multiplying the equation of u by ¢ and integrating by parts one obtains

0 */ / — Au) dxdt = / (pu’ — ©'u) d:B|OT+
/ / ( w+ u) dodt = / —udadt—i—
Fo

+[ymﬂwavf¢av<>uxfzjﬂm W (0) — ¢ (0)u(0)] dx

Hence,

/ 5 —udadtJr/Q [5u/ (T) — phu(T)] dxf/ [p(0)u' — ¢’ (0)u’] dz = 0.

Q

By a density argument we deduce that for any (u°,u!) € L2(Q) x H=1(Q)
and (7, ¢7) € Hg(Q) x L*(Q),

T
/ g—@udgdt =
0 Jro 91 (83)

= [ u Ldx + (W 9 w0 (0)dz — (u' )
= [ ulP)chde+ (T, L+ [ 00— o),

Now, from (83), it follows immediately that (82) holds if and only if (u°, u')
is controllable to zero. The proof finishes. [

As in the previous chapter we introduce the duality product

(o) ) = [ adelde = (o),

for all (%, ¢') € HF(Q) x L*(Q) and (u°,u') € L*(Q) x H1(Q).
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For any (¢, ') € H(Q) x L2(Q) let (¢, ') be the finite energy solution
of the following wave equation

"= Ap=0 in (0,7) x Q
¢ loo=10 in (0,T) x 09 (84)
@0, ) =¢% ¢'(0,-) =" nQ.

Since the wave equation generates a group of isometries in H{ () x L?(Q),
Lemma 3.1 may be reformulated in the following way:

Lemma 3.2 The initial data (u®,u') € L?(Q) x H=1(Q) is controllable to zero
if and only if there exists f € L*((0,T) x I'g) such that

//Fo o2 fdadt+ (", ¢") , (u°,ul)) = 0, (85)

for all (¢°, ') € HE(Q) x L?() and where ¢ is the solution of (84).

Once again, (85) may be seen as an optimality condition for the critical
points of the functional J : H3 () x L?(2) — R, defined by

_1/T/ op|*
20 1“06

where ¢ is the solution of (84) with initial data (¢, p!) € H}(Q) x L*(Q).
We have

dodt + ((¢°,¢") , (u®,u')), (86)

Theorem 3.2 Let (u®,u') € L2(Q) x H=1(Q) and suppose that (P°,p') €
HY(Q) x L2(Q) is a minimizer of J. If @ is the corresponding solution of (84)
with initial data (3%, 3%) then f = g—flr is a control which leads (u’,u') to
zero in time T ’

Proof: Since, by assumption, J achieves its minimum at (@°, @), the fol-
lowing relation holds

1

0= lim - (7((@" @) + h(¢"¢") - T (3", 8") =

/ / 8(,0 88003 dt—‘r/ 1d$— < ul,goo >1,-1
To on on Q

for any (¢, ') € H}(Q) x L?(Q) where ¢ is the solution of (84).

From Lemma 3.2 it follows that f = a—wl is a control which leads the
To

initial data (u°,u!) to zero in time 7. O

Let us now give a general condition which ensures the existence of a mini-
mizer for J.
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Definition 3.4 Equation (84) is observable in time T if there exists a pos-
itive constant Cy1 > 0 such that the following inequality is verified

T
Cr (9% ") H%{(}(Q)XLZ(Q)S/ /
0 Ty

for any (¢°, ') € HF() x L*() where ¢ is the solution of (84) with initial
data (¢, ¢').

Jp

2
on dodt, (87)

Inequality (87) is called observation or observability inequality. Ac-

9¢

2
52| dodt (the observed quan-

cording to it, when it holds, the quantity fOT fFo
tity) which depends only on the trace of g—i on (0,T) x Ty, uniquely determines
the solution of (84).

Remark 3.4 One may show that there exists a constant Co > 0 such that

I,

for all (¢°, ') € HE(Q) x L2(2) and ¢ solution of (84).
Inequality (88) may be obtained by multiplier techniques (see [41] or [45]).
Remark that, (88) says that g—i‘r € L%((0,T) x Ty) which is a “hidden” regu-
0

larity result, that may not be obtained by classical trace results. [

dp

2
5| At =<C2 | (@ 0") 1 @yxr2(@) (88)

Let us show that (87) is a sufficient condition for the exact controllability
property to hold.

Theorem 3.3 Suppose that (84) is observable in time T and let (u®,u') €
L2(Q) x H7Y(Q). The functional J defined by (86) has an unique minimizer
(@°,@") € Hy(Q) x L*(Q).

Proof: It is easy to see that J is continuous and convex. The existence of
a minimum is ensured if we prove that J is also coercive i.e.

T(¢°,0!) = co. (89)

1m
H((PO,QDI)HHéxLz—N)O

The coercivity of the functional J follows immediately from (87). Indeed,

S

T(°, o) >

¢
on

2
- ||(UO,U1)||Hg(sz)xL2(Q)||(<P0,@1)||L2(Q)xH1(9)) >
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Ch 1
> 7“(9‘707901)‘|2L?(Q)><H*1(Q)_§H(u07ul)HH(}(Q)xLQ(Q)H(WO7301)||L2(Q)><H*1(Q)-

It follows from Theorem 2.3 that J has a minimizer ($°,3%) € H}(Q2) x
L2(Q).

As in the proof of Theorem 2.4, it may be shown that J is strictly convex
and therefore it achieves its minimum at a unique point. [

Theorems 3.2 and 3.3 guarantee that, under the hypothesis (87), system
(78) is exactly controllable. Moreover, a control may be obtained from the
solution of the homogeneous system (81) with the initial data minimizing the
functional 7. Hence, the controllability is reduced to a minimization problem.
This is very useful both from the theoretical and numerical point of view.

As in Proposition 2.2 the control obtained by minimizing the functional 7
has minimal L2-norm:

Proposition 3.2 Let f = %i\r be the control given by minimizing the func-
0

tional J. If g € L*((0,T) x Tg) is any other control driving to zero the initial
data (u®,u') in time T, then

[ f1lz2(0,7)xr0) < 1l9llz2((0,7)xT0)- (90)

Proof: Tt is similar to the proof of Property 2.2. We omit the details. [

3.5 Approximate controllability

Let us now briefly present and discuss the approximate controllability property.
Since many aspects are similar to the interior controllability case we only give
the general ideas and let the details to the interested reader.

Let ¢ > 0 and (u®,ut), (2%, 21) € L2(Q) x H~1(Q). We are looking for a
control function f € L?((0,T)xTy) such that the corresponding solution (u,u’)
of (78) satisfies

1((T),u'(T)) = (2%, 2|2 (@) x-10) < €. (91)

Recall that, (78) is approximately controllable if, for any ¢ > 0 and (u?, u'),
(20,21) € L3(Q) x H=Y(Q), there exists f € L?((0,T) x Tg) such that (91) is
verified.

By Remark 3.2, it is sufficient to study the case (u°,u') = (0,0). Therefore,
in this section only zero initial data (u°,u') will be considered.

The variational approach may be also used for the study of the approximate
controllability property.
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To see this, define the functional J. : H} () x L?(Q) — R,

..75(4,00, ‘pl) =
i ’ 0 1 0 1 0 1
=5 | [ |Ga] et {0 () + el s
where ¢ is the solution of (81) with initial data (©°, p!) € H(Q) x L?(1Q).
The following theorem shows how the functional 7. may be used to study
the approximate controllability property. In fact, as in the exact controllability

case, the existence of a minimum of the functional 7. implies the existence of
an approximate control.

dp (92)

on

Theorem 3.4 Let e > 0, (2°,2')e L3(Q) x H=Y(Q). Suppose that (3°,p') €
HY(Q) x L2(Q) is a minimizer of J-. If ¢ is the corresponding solution of (81)
with initial data (2°, ') then

_9%
N 8n|r0

f (93)

is an approzimate control which leads the solution of (78) from the zero initial
data (u®,u') = (0,0) to the state (u(T),u'(T)) such that (91) is verified.

Proof: 1t is similar to the proof of Theorem 3.4. [

As we have seen, the exact controllability property of (78) is related to the
observation property (65) of system (81). An unique continuation property of
the solutions of (81) plays a similar role in the context of approximate control-
lability and guarantees the existence of a minimizer of J.. More precisely, we
have

Theorem 3.5 The following properties are equivalent:
1. Equation (78) is approzimately controllable.
2. The following unique continuation principle holds for the solutions of (81)

g;’i| =0= (9007@1) = (070)' (94)

(0,T)xTq

Proof: The proof of the fact that the approximate controllability property
implies the unique continuation principle (94) is similar to the corresponding
one in Theorem 2.6 and we omit it.

Let us prove that, if the unique continuation principle (94) is verified, (78)
is approximately controllable. By Theorem 3.4 it is sufficient to prove that J.
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defined by (92) has a minimum. The functional 7. is convex and continuous in
H}(2) x L*(2). Thus, the existence of a minimum is ensured if J. is coercive,
i e.
T=((°,¢")) — 0o when [|(¢°, @)l g1 x 2 — 0. (95)
In fact we shall prove that

lim inf T, M)/, g2 > € (96)

160Dl g 2 —00

Evidently, (96) implies (95) and the proof of the theorem is complete.
In order to prove (96) let ((<pj , goj)) C HY(Q) x L?(2) be a sequence of

initial data for the adjoint system with || (goj ,%%) | 713 x 2 — 00. We normalize
them

(@5,85) = (3, 05)/ | (£5,95) laaxre,
so that
(85, @5) ez xz2= 1.
On the other hand, let (¢;,9}) be the solution of (81) with initial data
(@?,@;) Then

T((¢5,95)
Tehel) | =3 1 Ghed ”/ /

The following two cases may occur:

T ~ 12
1) 1i_minf/ / 9%;
J—00 0 FO

©j

2
| dodt+((2%,21), (2, @") +e.

> 0. In this case we obtain immediately that

Je ((@pr]))
I (#9,#3) T

) lim mf/ /
]HOO FO

H} x L2, by extractmg a subsequence we can guarantee that ({59, QE;) j>1
converges weakly to (1/0,41) in H () x L?(Q).

Moreover, if (1,1') is the solution of (81) with initial data (¥°,¢!) at
t =T, then (@}, 2});>1 converges weakly to (¢,%’) in L*(0,T; Hg(£2) x
L2(Q) N HY(0,T; L?(Q) x H-1(Q)).

By lower semi-continuity,

A

= 0. In this case, since ((ﬁ?, &})Pl is bounded in

J

2 T oG, 12
dodt < lim inf/ / dodt =0
Jj—00 0 To
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and therefore 2 7 =0on Ty x (0,7).

From the unique continuation principle we obtain that (¢°,¢!) = (0,0)
and consequently,

(#9,25) — (0,0) weakly in Hj () x L*().
Hence

iminM imin z zl 20 )Y =
Tl en 1 2 il + (D, (Gl =<

and (96) follows. O

As mentioned in the previous section, when approximate controllability
holds, the following (apparently stronger) statement also holds (see [71]):

Theorem 3.6 Let E be a finite-dimensional subspace of L?(Q) x H=1(Q) and
let us denote by wg the corresponding orthogonal projection. Then, if approz-
imate controllability holds, for any (uo,ul), (zo,zl) € L*(Q) x H71(Q) and
e > 0 there emists f € L*((0,T) x T'g) such that the solution of (78) satisfies

| (w(T) - 20 uy(T) — zl)HLQ(Q)XH_l(Q) <e; g (W), w(T)) = (2°,2").

3.6 Comments

In the last two sections we have presented some results concerning the exact
and approximate controllability of the wave equation. The variational methods
we have used allow to reduce these properties to an observation inequality and
a unique continuation principle for the adjoint homogeneous equation respec-
tively.

Let us briefly make some remarks concerning the proof of the unique con-
tinuation principles (75) and (94).

Holmgren’s Uniqueness Theorem (see [33]) may be used to show that (75)
and (94) hold if T is large enough. We refer to [45], chapter 1 and [13] for a
discussion of this problem. Consequently, approximate controllability holds if
T is large enough.

The same results hold for wave equations with analytic coefficients too.
However, the problem is not completely solved in the frame of the wave equation
with lower order potentials a € L*>((0,T) x ) of the form

ugy — Au+ a(x, t)u = f1, in (0,T) x Q.

Once again the problem of approximate controllability of this system is equiv-
alent to the unique continuation property of its adjoint. We refer to Alinhac
[1], Tataru [62] and Robbiano-Zuilly [54] for deep results in this direction.
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In the following chapter we shall prove the observability inequalities (65)
and (87) in some simple one dimensional cases by using Fourier expansion of
solutions. Other tools have been successfully used to prove these observability
inequalities. Let us mention two of them.

1. Multipliers techniques: Ho in [32] proved that if one considers subsets
of T" of the form

Ly =T(2%) ={zel: (z—2° - n(z)>0}

for some 2° € RY and if T > 0 is large enough, the boundary observability
inequality (87), that is required to solve the boundary controllability
problem, holds. The technique used consists of multiplying equation (84)
by ¢ - V¢ and integrating by parts in (0,7) x €. The multiplier ¢ is an
appropriate vector field defined in Q. More precisely, ¢(z) = 2 — 2° for
any x € Q.

Later on inequality (87) was proved in [45] for any T' > T(z%) = 2 ||
x—a0 | (). This is the optimal observability time that one may derive
by means of multipliers. More recently Osses in [51] 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.

Concerning the interior controllability problem, one can easily prove that
(87) implies (65) when w is a neighborhood of I'(z°%) in €, i.e. w =QNO
where © is a neighborhood of T'(2°) in R™, with T > 2 || 2 — 2° || e (0\w)
(see in [45], vol. 1).

An extensive presentation and several applications of multiplier tech-
niques are given in [40] and [45].

2. Microlocal analysis: C. Bardos, G. Lebeau and J. Rauch [7] proved
that, in the class of C*° domains, the observability inequality (65) 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'. This result was proved by means
of microlocal analysis techniques. Recently the microlocal approach has
been greatly simplified by N. Burq [11] by using the microlocal defect
measures introduced by P. Gerard [30] in the context of the homogeniza-
tion and the kinetic equations. In [11] the geometric control condition
was shown to be sufficient for exact controllability for domains 2 of class
C® and equations with C? coeflicients.

Other methods have been developed to address the controllability problems
such as moment problems, fundamental solutions, controllability via stabiliza-
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tion, etc. We will not present them here and we refer to the survey paper by
D. L. Russell [55] for the interested reader.

4 Fourier techniques and the observability of
the 1D wave equation

In Chapters 2 and 3 we have shown that the exact controllability problem may
be reduced to the corresponding observability inequality. In this chapter we de-
velop in detail some techniques based on Fourier analysis and more particularly
on Ingham type inequalities allowing to obtain several observability results for
linear 1-D wave equations. We refer to Avdonin and Ivanov [3] for a complete
presentation of this approach.

4.1 Ingham’s inequalities

In this section we present two inequalities which have been successfully used in
the study of many 1-D control problems and, more precisely, to prove observa-
tion inequalities. They generalize the classical Parseval’s equality for orthogo-
nal sequences. Variants of these inequalities were studied in the works of Paley
and Wiener at the beginning of the past century (see [53]). The main inequality
was proved by Ingham (see [37]) who gave a beautiful and elementary proof
(see Theorems 4.1 and 4.2 below). Since then, many generalizations have been
given (see, for instance, [6], [58], [4] and [38]).

Theorem 4.1 (Ingham [37]) Let (An)ncz be a sequence of real numbers and
v > 0 be such that
Ant1 —An =7 >0, VYnelZ (97)

For any real T with
T>m7/y (98)

there exists a positive constant Cy = C1(T,~y) > 0 such that, for any finite
sequence (ap)nez,

dt. (99)

Ay laf< [

T
n€e”Z =T

§ anez)\nt

ne”Z

Proof: We first reduce the problem to the case T'= 7 and v > 1. Indeed, if T
and ~ are such that Ty > 7, then

T .
/ E anez)\nt
-T |5

2
ds

2 T -
d = —
L "

2 T
Ubn S
ds:—/ gane“
L

i TAn
E anez s
n
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where w, = TAp /7. Tt follows that ppi1 — pin = T (Apg1 — An) /T > 7 =
Tv/m > 1.
We prove now that there exists C] > 0 such that

s Jan |2§/ 3 ageitnt

nez T nez

2
dt.

T

Define the function

cos(t/2) if |t|<m7

h:RHR,h(t)—{ 0 i [t n

and let us compute its Fourier transform K (),

T - o 4 4dcosTp
K(p)= [ h(t)e'"dt = h(t)e™?dt = .
(0= [ noerein= [ nwetea = 10
On the other hand, since 0 < h(t) < 1 for any ¢ € [—7, 7], we have that
/ Zane”‘"t dt > / h(t) Zanei""t dt = ZanamK(un — ) =
= K(O)Z ‘ 27 |2 + Z anamK(ﬂn _Mm) >
n n#EmM
1
>4Y lan P =5 3 (lan P+l an P) | K — ) 1=
n n#m
=4 Jan P =Y lan P Y 1 Kt — ptm) | -
n n m#n
Remark that
4 4
K n — Hm < < =
P L by prveyry o e Dl vy

1 8 1 81 1 1 4
-8y - <N - _°- - = —.
;47%7"2—1_712;47“2—1 71222<2r—1 2T—|—1) o

r>1
/—71'

Hence,

2
dt

vV
N
i
|

ol B
~——
S

3
o

E Qn, elUnt
n

T 4 4 2
a-(-9)-5(-)
n 71 T Y

the proof is concluded. O

If we take



46 CONTROLLABILITY OF PARTIAL DIFFERENTIAL EQUATIONS

Theorem 4.2 Let (A,)nez be a sequence of real numbers and v > 0 be such
that
Ant1 —An =77 >0, VYnelZ (100)

For any T > 0 there exists a positive constant Co = Co(T,7) > 0 such that,
for any finite sequence (ap)nez,

/.

Proof: Let us first consider the case Ty > w/2. As in the proof of the previous
theorem, we can reduce the problem to T'= 7/2 and v > 1. Indeed,

T
/ E anez)\nt
-T n

where p, = 2T\, /m. Tt follows that p, 11 — pn = 2T (A1 — An) /7T > 71 =
2T~ /m > 1.

Let h be the function introduced in the proof of Theorem 4.1. Since V2 /2 <
h(t) <1 for any t € [-n/2,7/2] we obtain that

/ Za gitnt dt<2/
7% jus

2
- 2
2/ h(t) Zanei“”t
_8Z‘an|2+22anam _Nm)é

n#Em
<82|an|2+z an‘2+|am|2)|K(Hn—#m)|-
n#Em
As in the proof of Theorem 4.1 we obtain that

4
Z ‘K(Mn_ﬂm) ‘S R
1

2
dt<CyY fan|*. (101)

ei/\nt

2

E anerns

n

s
2

2
dt <

E an, elﬂrL

dt = QZan@mK (i, — pom) =

Hence,

/ g apetnt
x
-7

dt§82|an|2 2Z|an|2<8(1+ >Z|an|2
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and (101) follows with Cy = 8 (47%/(%) + 1/%) .
When Ty < w/2 we have that

/ ’ E an 61)\"75

z—” s

wtfl

* ‘ Al ®
s< /71'/2 Zae

Since Apy1/7 — An/v > 1 from the analysis of the previous case we obtain

that

2
Zane s ds§162|an|2.
n

I3

Hence, (101) is proved with

472 1 2
Cy = 8 max —+— ], -
w2 ?)

and the proof concludes. [

Remark 4.1 e Inequality (101) holds for oll T > 0. On the contrary,

inequality (99) requires the length T' of the time interval to be sufficiently
large. Note that, when the distance between two consecutive exponents
An, the gap, becomes small the value of T must increase proportionally.

In the first inequality (99) T depends on the minimum ~y of the distances
between every two consecutive exponents (gap). However, as we shall see
in the next theorem, only the asymptotic distance as n — oo between
consecutive exponents really matters to determine the minimal control
time T. Note also that the constant Cy in (99) degenerates when T goes

to w/7.

In the critical case T = 7 /v inequality (99) may hold or not, depending
on the particular family of exponential functions. For instance, if A, =n
for alln € Z, (99) is verified for T = w. This may be seen immediately by
using the orthogonality property of the complex exponentials in (—m, ).
Nevertheless, if A, = n —1/4 and A_,, = =\, for all n > 0, (99) fails
for T =m (see, [37] or [64]). O

As we have said before, the length 2T of the time interval in (99) does not
depend on the smallest distance between two consecutive exponents but on the
asymptotic gap defined by

lim inf | Adpy1 — M |= Yoo (102)

In|—o0
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An induction argument due to A. Haraux (see [31]) allows to give a result
similar to Theorem 4.1 above in which condition (97) for v is replaced by a
similar one for vo.

Theorem 4.3 Let (A,)nez be an increasing sequence of real numbers such that
Ant1 — Ap =y > 0 for any n € Z and let v, > 0 be given by (102). For any
real T with

T> 7/ (103)

there exist two positive constants C1,Cy > 0 such that, for any finite sequence
(an)nEZ;

2
dt<CoY an | (104)
nezZ

E anez)\nt

ne”Z

Ayl s [

T
neE”Z -T

Remark 4.2 When oo = 7, the sequence of Theorem 4.3 satisfies Ap11—Apn >
Yoo > 0 for all n € Z and we can then apply Theorems 4.1 and 4.2. However,
in general, Yoo < v and Theorem 4.3 gives a sharper bound on the minimal
time T needed for (104) to hold.

Note that the ezistence of C1 and Cs in (104) is a consequence of Kahane’s
theorem (see [40]). However, if our purpose were to have an explicit estimate
of Cyp or Cy in terms of 7, Yoo then we would need to use the constructive
argument below. It is important to note that these estimates depend strongly
also on the number of eigenfrequencies A that fail to fulfill the gap condition
with the asymptotic gap Yoo-

Proof of Theorem 4.3: The second inequality from (104) follows immedi-
ately by using Theorem 4.2. To prove the first inequality (104) we follow the
induction argument due to Haraux [31].

Note that for any €1 > 0, there exists N = N(g1) € N* such that

[Ant1 — An| = Yoo — €1 for any |n| > N. (105)

We begin with the function fo(t) = >, > n an,e*t and we add the missing
exponentials one by one. From (105) we deduce that Theorems 4.1 and 4.2

may be applied to the family (e”‘"t)ln|>N for any T > 7/ (700 — €1)

T
Y s [ ThOFa<e: Y laf.  am)

n>N - n>N

Let now fi(t) = fo +ane’ V' =35y ane*! +ane ', Without loss
of generality we may suppose that Ay = 0 (since we can consider the function
fi(t)e= ¥t instead of fi(t)).
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Let £ > 0 be such that T =T — € > 7 /7. We have

€ IAnE _ )
/(ﬁa+m—ﬁ@wm=§j%(eul—gewa vi e (0.77].

0 n>N

Applying now (106) to the function h(t) = / (frt+n) — fi(t))dn we
0

obtain that:
2 T 2
wl< [
—T7

TARE _ 1
¢ dt.  (107)

TAn

C1 Y

n>N

— &

A?ﬁa+m—ﬁ@»m

Moreover,:
iAne . 2 2 : 2
e — 1 —idne|” = [cos(Ane) — 1|7 + [sin(Ane) — Ane|” =

4(25) i gle <

™

An :
= 4sin? (5) + (sin(Ane) — Ape)® > ,
2 (Ane)?, if [Aple > 7.
Finally, taking into account that [A,| > 7, we obtain that,

ei)\na -1
iAn

We return now to (107) and we get that:

201 Z |an|2 /

n>N

2
dt. (108)

€

; (frt+m) = f1(t)) dn

On the other hand
T/
/.
r 2
<25/ / fu(t+m)? +|f1()|)dndt<25/ 12 (0)[ di+
T/
e T’
—1—25/ / |f1(t—|—77)|2dtd17:252/ | f1(t)] dt+2€/ / | f1(s \ dsdn
o Jo1 - T/
T 5 T
fﬂg/LMWW+%//)M®WMWM¥/IMM%t
—-T 0 =T -T

2 T .
= /_T,g/o |fu(t+m) = f1(1)[ dndt <

Aiﬁu+m—ﬁu»m
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From (108) it follows that

T
DY IACIE (109)

n>N

On the other hand

o § an ez)\nt

n>N

1 T ?
< = f1 dt—l—/ ae”
i\ [ onoras [ page

<7 (/ P+ 08y |> <

n>N

. Cy 4 2
1+ — t)|” dt.
<7 (1+&) [ 1no
From (109) we get that

T
&Yl < [ 1n0P .
-7

n>N

>
= 2T/_T fi(t) —

lan|?* =

§ an ez)\nt

n>N

dt <

ﬂ \

Repeating this argument we may add all the terms a,e*!, |n] < N and
we obtain the desired inequalities. [J

4.2 Spectral analysis of the wave operator

The aim of this section is to give the Fourier expansion of solutions of the 1-D
linear wave equation

@ — Pz + o =0, z € (0,1), t € (0,7)
o(t,0) =p(t,1)=0, te(0,7) (110)
©(0) =% ¢'(0) = ', z€(0,1)

where « is a real nonnegative number.
To do this let us first remark that (110) may be written as
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Nextly, denoting ® = (¢, z), equation (110) is written in the following
abstract Cauchy form:

/ _
{ '+ AP =0 (111)

D(0) = @°.
The differential operator A from (111) is the unbounded operator in H =
L?(0,1) x H71(0,1), A: D(A) C H — H, defined by

D(A) = H}(0,1) x L2(0,1)

o5 )0

where the Laplace operator —? is an unbounded operator defined in H~1(0, 1)
with domain H}(0,1):

~82: HE(0,1) € H1(0,1) — H1(0,1),

Remark 4.3 The operator A is an isomorphism from Hg(0,1) x L%*(0,1) to
L2(0,1) x H=1(0,1). We shall consider the space HE(0,1) with the inner prod-
uct defined by

1

1
(u, ) 1 0,1) :/0 (um)(x)vz(x)dera/ u(z)v(z)dx (113)

0
which is equivalent to the usual one.
Lemma 4.1 The eigenvalues of A are A, = sgn(n)wiv/n? + a, n € Z*. The
corresponding eigenfunctions are given by
1

" = <)‘ﬂ1) sin(nrx), n € Z%,

and form an orthonormal basis in HZ(0,1) x L?(0,1).

Proof: Let us first determine the eigenvalues of A. If A € Cand ® = (p, 2) €
H}(0,1) x L?(0,1) are such that A® = A® we obtain from the definition of A

that
—z =X
{ —02¢ + ap = Az (114)
It is easy to see that
07 — ap = N

@(0) =p(1)=0 (115)
€ C?0,1].



52 CONTROLLABILITY OF PARTIAL DIFFERENTIAL EQUATIONS

The solutions of (115) are given by

A =sgn(n)wiv/n? +«, ¢, =csin(nrx), nezZ*

where c is an arbitrary complex constant.

Hence, the eigenvalues of A are A\, = sgn(n)mivn? + a, n € Z* and the
corresponding eigenfunctions are

o = <)‘”) sin(nmx), n € Z*.

It is easy to see that

1 1
o || O ||§101XL2: m (/ (n7 cos(nmz))? dav—|—0¢/ sin2(n7m:)dx> +
0 0
1
/ (sin(nmz))?dz = 1
0

nmm?

1
o (O™, d™) 1: /0 (nm cos(nma)mm cos(mmzx)) dx +
(a+1) /0 (sin(nmzx) sin(mnx)) de = dpm.

Hence, (®"),cz+ is an orthonormal sequence in H{(0,1) x L2(0,1).

The completeness of (®"),cz- in Hg(0,1) x L2(0,1) is a consequence of the
fact that these are all the eigenfunctions of the compact skew-adjoint operator
A=Y Tt follows that (®"),cz+ is an orthonormal basis in H}(0,1) x L2(0,1).
O

Remark 4.4 Since (®"),cz+ is an orthonormal basis in H}(0,1)x L?(0,1) and
A is an isomorphism from H}(0,1) x L2(0,1) to L?(0,1) x H~*(0, 1) it follows
immediately that (A(®™))nez~ is an orthonormal basis in L2(0 1) x H=1(0,1).

Moreover (A, ®")pez~ is an orthonormal basis in L*(0,1)x H=1(0,1). We have

that
e =3 . a,®" € H}(0,1) x L*(0,1) if and only if 3,y |an|? < 00.

¢ ©=3, p an®" € L2(0,1) x H1(0,1) if and only if 3,z 25 < c0.
0

The Fourier expansion of the solution of (111) is given in the following
Lemma.
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Lemma 4.2 The solution of (111) with the initial data

W= 3" a,®" € L*0,1) x H'(0,1) (116)
nez*
s given by
W(t) = Z an et (117)
nez*

4.3 Observability for the interior controllability of the 1-
D wave equation

Consider an interval J C [0,1] with | J |> 0 and a real time T' > 2. We address
the following control problem discussed in 2: given (u®,u') € H}(0,1)x L?(0,1)
to find f € L2((0,T) x J) such that the solution u of the problem

u' = Uy = f1y, xz € (0,1), t€(0,7)
u(t,0) =u(t,1) =0, ¢€(0,7) (118)
uw(0) = u’, u'(0) =u!, z€(0,1)
satisfies
w(T, ) =u'(T, ) =0. (119)

According to the developments of Chapter 2, the control problem can be
solved if the following inequalities hold for any (¢°, ') € L?(0,1) x H=1(0,1)

T
Cu I (%, 0Y) 2o < / / | o(t,z) 2 dedt < Co || (0% 0") [2a s

(120)
where ¢ is the solution of the adjoint equation (110).

In this section we prove (120) by using the Fourier expansion of the solutions
of (110). Similar results can be proved for more general potentials depending
on z and ¢ by multiplier methods and sidewiese energy estimates [73] and also
using Carleman inequalities [66], [67].

Remark 4.5 In the sequel when (120) holds , for brevity, we will denote it as
follows:

T
I (% %") ||2L2(o,1)xH—1(o,1>X/0 /J | p(t,z) |* dudt. (121)

Theorem 4.4 Let T > 2. There exist two positive constants Cy and Cy such
that (120) holds for any (¢°, ') € L*(0,1) x H=1(0,1) and ¢ solution of (110).
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Proof: Firstly, we have that
2

(0% ") 172y 1=

)
nez*

=Y o P o

Hé % L2 neL*

HlxL?

2

Hence,

I o) Ierr= D la

nez*

On the other hand, since ¢ € C([0,T],L?(0,1)) C L?((0,T) x (0,1)), we
obtain from Fubini’s Theorem that

[ frsenran- | |5

Let first T = 2. From the orthogonality of the exponential functions in
L?(0,2) we obtain that

s

n2w2 (122)

2
dtdx.

1
™™ — sin(nmr)
nm

nez*

2
inmt dtdr = ‘ ‘ / 102 dz.
g ane sm(mrx) x = g 2.3 JSln (nmx)dx

nez nezs "
If T > 2, it is immediate that
G eznﬂ't Z’I’Lﬂ't
/ / sm(mrx dtdx > / / sin(nmx)| dtde >
ne nez

lanl® [
> Z n2n7r? J81n2(mrx)dx.

On the other hand, by using the 2-periodicity in time of the exponentials
and the fact that there exists p > 0 such that 2(p—1) < T < 2p, it follows that

> -

T+2 |an|? .2
=p Z - 2/sm (nmz)dz < —5 Z 20 /Jsm (nmx)de.

nez* nez*

; 2
ane znﬂ'

dtdzx

znﬂ't
Sm(mr:r

sin(nmx)

nez*
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Hence, for any T' > 2, we have that

s

2
) 1 nl?
Z anem“ta sin(nmzx)| dxdt < Z 1”212712 /JsinQ(mrx)dx. (123)

nez* nez*
If we denote b, = [, sin®(nmz)dz then
B = inf b, > 0. (124)
nez*
Indeed,
2 1
bn:/SiHQ(mrm)dx:M_/Mzﬂ_ .
J 2 7 2 2 2 n|mw

Since 1/[2 | n | 7] tends to zero when n tends to infinity, there exists ng > 0
such that 7] ) 7]
—_ — >— >0, V > ng.
=2 2| n|w 4 ’ [n[>no

It follows that

By = inf b, >0 (125)

[n|>ng

and B > 0 since b,, > 0 for all n.
Moreover, since b, < |J| for any n € Z*, it follows from (123) that

‘an‘z r 2 5 1
B> i J\np(t,aﬁ)| dodt < |J] Y | ap | = (126)

nezZ* nez*

Finally, (120) follows immediately from (122) and (126). O

As a direct consequence of Theorem 4.4 the following controllability result
holds:

Theorem 4.5 Let J C [0,1] with | J |> 0 and a real T > 2. For any (u’,u') €
H(0,1) x L%(0,1) there exists f € L*((0,T) x J) such that the solution u of
equation (118) satisfies (119).

Remark 4.6 In order to obtain (123) for T > 2, Ingham’s Theorem 4.1 could
also be used. Indeed, the exponents are u, = nm and they satisfy the uniform
gap condition ¥ = 41— pn = T, for alln € Z*. It then follows from Ingham’s
Theorem 4.1 that, for any T > 27 /v = 2, we have (123).

Note that the result may not be ontained in the critical case T' = 2 by using
Theorems 4.1 and 4.2. The critical time T = 2 s reached in this case because
of the orthogonality properties of the trigonometric polynomials ™. O
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Consider now the equation

=g +au=fl;, x€(0,1), te(0,T)
u(t,0) =u(t,1) =0, te(0,T) (127)
u(0) = u’,u'(0) =u!, =x€(0,1)

where « is a positive real number.

The controllability problem may be reduced once more to the proof of the
following fact:

s

where A, = sgn(n)mivn? 4+ « are the eigenvalues of problem (127).
Remark that,

2
|an|2/ . 92
dtdr = E sin“(nmwx)dx 128

nez*

1 .

E anet— sin(nmz)
nw

ner*

v = inf{An-‘rl . /\n} — mf{ (277, + 1)'/T } ™

Vin+1)2+a+Vn?+a N (129)

Yoo = liminf, oc(Any1 — Ap) = 7.

It follows from the generalized Ingham Theorem 4.3 that, for any 7' >
27 /Y00 = 2, (128) holds. Hence, the following controllability result is obtained:

Theorem 4.6 Let J C [0,1] with | J |> 0 and T > 2. For any (u°,ul) €
H}(0,1) x L*(0,1) there exists f € L*((0,T) x J) such that the solution u of
equation (127) satisfies (119).

Remark 4.7 Note that if we had applied Theorem 4.1 the controllability time
would have been T > 27/ > 4y/a.. But Theorem 4.3 gives a control time T
independent of a.

Note that in this case the exponential functions (e*t),, are not orthogonal in
L2(0,T). Thus we can not use the same argument as in the proof on Theorem
4.4 and, accordingly, Ingham’s Theorem is needed.

We have considered here the case where a is a positive constant. When « is
negative the complex exponentials entering in the Fourier expansion of solutions
may have eigenfrequencies \,, which are not all purely real. In that case we can
not apply directly Theorem 4.3. Howewver, its method of proof allows also to
deal with the situation where a finite number of eigenfrequencies are non real.
Thus,the same result holds for all real o. O
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4.4 Boundary controllability of the 1-D wave equation

In this section we study the following boundary controllability problem: given
T > 2 and (u°,ut) € L*(0,1) x H71(0,1) to find a control f € L?(0,T) such
that the solution u of the problem:

u” um—O xz € (0,1), t €10,T]
u(t,0) = t€[0,7]
ult 1) = < ) te (0.7 130
w(0) = ul,u/(0) =ut 2z €(0,1)
satisfies
u(T,) = (T, ) = 0. (131)

From the developments in Chapter 3 it follows that the following inequalities
are a necessary and sufficient condition for the controllability of (130)

T
Crll (.0") g [ ot Pt < Call (2.0") e (132

for any (%, ) € H}(0,1) x L%(0,1) and ¢ solution of (110).
In order to prove (132) we use the Fourier decomposition of (110) given in
the first section.

Theorem 4.7 Let T > 2. There exist two positive constants Cy and Cy such
that (182) holds for any (¢°, ') € HE(0,1) x L?(0,1) and ¢ solution of (110).

Proof: If (¢°, ') =3, ey an®,, we have that,

2
Z an®,,

nez*

= lan . (133)

Hol x L2 nez*

1% ") I xr2=

On the other hand
2

T T
/ oo (t, 1) dt = / Z (—=1)"a,e™™| dt.
By using the orthogonality in L?(0,2) of the exponentials (e®"*),,, we get

that

2
dt=> " lan*.

nez*

Z (71)”(1”6”””5

0/2
0 nez*

If T > 2, it is immediate that

T ) 2 2
/ Z (_l)nanemmﬁ dt > /
0 0

nez*

=2 laul.

nez*

Z (_l)nan inmt

nez*
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On the other hand, by using the 2-periodicity in time of the exponentials
and the fact that there exists p > 0 such that 2(p—1) < T < 2p, it follows that

T P 2 A
(71)”0,“67'”7“ dt Z p/ (71)naneznﬂ't
L1z g

nez* nez*

=Yl P Y P

neL* nez*

2
dt =

Hence, for any T' > 2, we have that

[ 1S e

nez*
Finally, from (133) and (134) we obtain that

=3 Jan P (134)

nez*

2
2
/0 (2, 1)|” dt <|| (% ©") ||§13(0,1)><L2(0,1)
and (132) is proved. O

As a direct consequence of Theorems 4.7 the following controllability result
holds:

Theorem 4.8 Let T > 2. For any (u°,u') € L*(0,1) x H=1(0,1) there exists
f € L*(0,T) such that the solution u of equation (130) satisfies (131).

As in the context of the interior controllability problem, one may address
the following wave equation with potential

u’ — Ugy +au =0, z € (0,1), t €(0,7)
u(t,0) =0 telo
ult.1) = £() te0T)
u(0) = W/ (0) = ul, =€ (

(135)

where « is a positive real number.
The controllability problem is then reduced to the proof of the following
nm
Z (_1)n)\*nan€’\”t

inequality:
/T
0 |nez~

where A\, = sgn(n)mivn? + « are the eigenvalues of problem (135).

It follows from (129) and the generalized Ingham’s Theorem 4.3 that, for
any T > 27 /v = 2, (136) holds. Hence, the following controllability result is
obtained:

2

dt =< Y ag|? (136)

nez*
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Theorem 4.9 Let T > 2. For any (u® u') € L?(0,1) x H=(0,1) there exists
f € L?(0,T) such that the solution u of equation (135) satisfies (131).

Remark 4.8 As we mentioned above, the classical Ingham inequality in (4.1)
gives a suboptimal result in what concerns the time of control. [

5 Interior controllability of the heat equation

In this chapter the interior controllability problem of the heat equation is stud-
ied. The control is assumed to act on a subset of the domain where the solutions
are defined. The boundary controllability problem of the heat equation will be
considered in the following chapter.

5.1 Introduction

Let © C R"™ be a bounded open set with boundary of class C? and w a
non empty open subset of 2. Given T > 0 we consider the following non-
homogeneous heat equation:

u—Au= fl, in (0,7)xQ
u=0 on (0,T) x 99Q (137)
u(z,0) =u’(z) in Q.

In (137) u = u(z,t) is the state and f = f(x,t) is the control function with
a support localized in w. We aim at changing the dynamics of the system by
acting on the subset w of the domain 2.

The heat equation is a model for many diffusion phenomena. For instance
(137) provides a good description of the temperature distribution and evolution
in a body occupying the region 2. Then the control f represents a localized
source of heat.

The interest on analyzing the heat equation above relies not only in the
fact that it is a model for a large class of physical phenomena but also one
of the most significant partial differential equation of parabolic type. As we
shall see latter on, the main properties of parabolic equations such as time-
irreversibility and regularizing effects have some very important consequences
in control problems.

5.2 Existence and uniqueness of solutions

The following theorem is a consequence of classical results of existence and
uniqueness of solutions of nonhomogeneous evolution equations. All the details
may be found, for instance in [14].
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Theorem 5.1 For any f € L*((0,T) x w) and u® € L?(2) equation (137) has
a unique weak solution u € C([0,T], L?(Q)) given by the variation of constants
formula

u(t) / S(t—8)f(s)luds (138)

where (S(t))ter is the semigroup of contractions generated by the heat operator
in L2(Q).

Moreover, if f € WHL((0,T) x L?(w)) and u® € H2(2) N HY(Q), equation
(137) has a classical solution uw € C1([0,T], L*(Q)) N C([0,T], H*(2) N HY(Q))
and (137) is verified in L*(Q) for all t > 0.

Let us recall the classical energy estimate for the heat equation. Multiplying
in (137) by u and integrating in Q we obtain that

zdt/\u|2dx+/|Vu|2d:vf/fudx< /|f|2dx+ /\u|2dx

Hence, the scalar function X = [, | u |* da satisfies
X’§X+/ | f1? da
Q

which, by Gronwall’s inequality, gives

X(t) < X(0)e! +//|f|2dxds<X //\f|2dzdt

On the other hand, integrating in (137) with respect to ¢, it follows that
T

1
§/u2dm —|—/ / | Vu |? dzdt < / /fzdxdt—l— / / u?dzdt
Q2 0

From the fact that u € L>°(0,T; L?(€2)) it follows that u € L2(0,T; H}(Q)).
Consequently, whenever uy € L?(Q2) and f € L?(0,7;L*(w)) the solution u
verifies

u € L*(0,T; L*(Q)) N L2(0,T; Hy (Q)).

5.3 Controllability problems

Let T > 0 and define, for any initial data u® € L2(Q2), the set of reachable
states

R(T;u®) = {u(T) : u solution of (137) with f € L*((0,T) x w)}. (139)

By definition, any state in R(T’;u") is reachable in time T by starting from
u® at time ¢ = 0 with the aid of a convenient control f.

As in the case of the wave equation several notions of controllability may
be defined.
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Definition 5.1 System (137) is approximately controllable in time T if,
for every initial data u® € L?(S2), the set of reachable states R(T;u®) is dense
in L?(Q).

Definition 5.2 System (137) is exactly controllable in time T if, for every
initial data u® € L?(Q), the set of reachable states R(T;u°) coincides with
L3 ().

Definition 5.3 System (137) is null controllable in time T if, for every ini-
tial data u°® € L?(Q), the set of reachable states R(T;u°) contains the element
0.

Remark 5.1 Let us make the following remarks:

e One of the most important properties of the heat equation is its reqular-
izing effect. When Q\ w # 0, the solutions of (137) belong to C*°(Q\ w)
at time t = T'. Hence, the restriction of the elements of R(T,u°) to Q\ w
are C* functions. Then, the trivial case w = Q (i. e. when the control
acts on the entire domain ) being excepted, exact controllability may not
hold. In this sense, the notion of exact controllability is not very relevant
for the heat equation. This is due to its strong time irreversibility of the
system under constderation.

e [t is easy to see that if null controllability holds, then any initial data may
be led to any final state of the form S(T)v® with v° € L*(Q), i. e. to the
range of the semigroup in time t =T.

Indeed, let u°,v° € L?(Q) and remark that R(T;u® —v°) = R(T;u%) —
S(T)°. Since 0 € R(T;u’ — ), it follows that S(T)v° € R(T;uP).

It is known that the null controllability holds for any time T > 0 and
open set w on which the control acts (see, for instance, [29]). The null
controllability property holds in fact in a much more general setting of
semilinear heat equations ([23] and [24]).

e Null controllability implies approrimate controllability. Indeed, we have
shown that, whenever null controllability holds, S(T)[L?(Q)] € R(T;u°)
for all u® € L?(Q). Taking into account that all the eigenfunctions of the
laplacian belong to S(T)[L?(Q)] we deduce that the set of reachable states
is dense and, consequently, that approximate controllability holds.

o The problem of approximate controllability may be reduced to the case
u® = 0. Indeed, the linearity of the system we have considered implies
that R(T,u°) = R(T,0) + S(T)u°.



62 CONTROLLABILITY OF PARTIAL DIFFERENTIAL EQUATIONS

o Approzimate controllability together with uniform estimates on the ap-
prozimate controls as € — 0 may led to null controllability properties.
More precisely, given u', we have that u* € R(T,u®) if and only if there
exists a sequence (fe)e>0 of controls such that ||u(T) — u*||p2(q) < € and
(f-)eo0 is bounded in L*(w x (0,T)). Indeed in this case any weak limit
in L*(wx (0,T)) of the sequence (f-)e=o of controls gives an exact control
which makes that w(T) = uy. O

In this chapter we limit ourselves to study the approximate controllability
problem. The main ingredients we shall develop are of variational nature.
The problem will be reduced to prove unique continuation properties. Null-
controllability will be addressed in the following chapter.

5.4 Approximate controllability of the heat equation

Given any T' > 0 and any nonempty open subset w of ) we analyze in this
section the approximate controllability problem for system (137).

Theorem 5.2 Let w be an open nonempty subset of Q and T > 0. Then (137)
18 approximately controllable in time T .

Remark 5.2 The fact that the heat equation is approximately controllable in
arbitrary time T and with control in any subset of Q is due to the infinite
velocity propagation which characterizes the heat equation.

Nevertheless, the infinite velocity of propagation by itself does not allow
to deduce quantitative estimates for the norm of the controls. Indeed, as it
was proved in [50], the heat equation in an infinite domain (0,00) of R is
approzimately controllable but, in spite of the infinite velocity of propagation,
it 1s not null-controllable.

Remark 5.3 There are several possible proofs for the approximate controlla-
bility property. We shall present here two of them. The first one is presented
below and uses Hahn-Banach Theorem. The second one is constructive and uses
a variational technique similar to the one we have used for the wave equation.
We give it in the following section. O

Proof of the Theorem 5.2: As we have said before, it is sufficient to consider
only the case u® = 0. Thus we assume that u® = 0.
From Hahn-Banach Theorem, R(T,u") is dense in L?(Q) if the following

property holds: There is no o7 € L%(Q), ¢ # 0 such that / w(T)prdr =0
Q
for all u solution of (137) with f € L?(w x (0,7)).
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Accordingly, the proof can be reduced to showing that, if pr € L?(Q) is
such that [, u(T)erdz = 0, for all solution u of (137) then 7 = 0.
To do this we consider the adjoint equation:
or+Ap=0 in (0,T) xQ
¢ |lon=10 on (0,T) x 09 (140)
o(T) = or in Q.
We multiply the equation satisfied by ¢ by w and then the equation of u
by . Integrating by parts and taking into account that «® = 0 the following
identity is obtained

/ / fodxdt = / (uy — Au)pdzdt = / (ot + Ap)udadt+
Qx(0,T) Qx(0,T)

Op B
/ugpd:l: / /zm< e +u3n) dadt—/ﬂu(T)gonx.

T
Hence, fQ w(T)prdr = 0 if and only if / /fgodzdt = 0. If the later

0 w
relation holds for any f € L*(w x (0,7)), we deduce that ¢ =0 in w x (0,7T).
Let us now recall the following result whose proof may be found in [33]:

Holmgren Uniqueness Theorem: Let P be a differential operator with con-
stant coefficients in R™. Let u be a solution of Pu = 0 in Q1 where Q1 is an
open set of R™. Suppose that u = 0 in Q2 where Q2 is an open nonempty subset
of Q1.

Then u = 0 in Q3, where Q3 is the open subset of Q1 which contains Qo
and such that any characteristic hyperplane of the operator P which intersects
Q3 also intersects Q1.

In our particular case P = 0, + A, is a differential operator in R**! and
its principal part is P, = A,. A hyperplane of R"*! is characteristic if its
normal vector (£,¢) € R"! is a zero of P, i. e. of P,(¢,¢) = [£|?. Hence,
normal vectors are of the form (0,+1) and the characteristic hyperplanes are
horizontal, parallel to the hyperplane ¢t = 0.

Consequently, for the adjoint heat equation under consideration (140), we
can apply Holmgren’s Uniqueness Theorem with @1 = (0,7)xQ, Q2 = (0,T") x
wand Q3 = (0,7) x Q. Then the fact that ¢ = 0 in (0,7) X w implies p =0
in (0,7) x Q. Consequently o7 = 0 and the proof is finished. O

5.5 Variational approach to approximate controllability

In this section we give a new proof of the approximate controllability result
Theorem 5.2. This proof has the advantage of being constructive and it allows
to compute explicitly approximate controls.
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Let us fix the control time 7' > 0 and the initial datum u® = 0. Let
u! € L?(Q) be the final target and € > 0 be given. Recall that we are looking
for a control f such that the solution of (137) satisfies

[[u(T) — u1|[L2() <e. (141)
We define the following functional:

J.: L*(Q) = R (142)

1 /T
_ 5/ / Qrdxdt + € |l or 20 7/ uyprde (143)
0 w Q

where ¢ is the solution of the adjoint equation (140) with initial data ¢7.
The following Lemma ensures that the minimum of J. gives a control for
our problem.

Lemma 5.1 If 1 is a minimum point of J. in L*(Q) and ¢ is the solution
of (140) with initial data Pr, then f = @) is a control for (137), i. e. (141)
is satisfied.

Proof: In the sequel we simply denote J. by J.
Suppose that J attains its minimum value at @y € L?(Q). Then for any
1o € L*(Q) and h € R we have J(P1) < J (pr + hi)o) . On the other hand,

J (P + hpg) =

/ / | @+ hp |2 dadt + ¢ || r + hbo ||r20) — / u1 (P + hipo)dx

= //|A|2dxdt—|——//|1/)|2dxdt+h//z/)dxdt—i—

+e || @1 + hibo |22 —/ w1 (o1 + hpo)dx
Q

Thus
h? 9
0< <[l Br o s — | Br o] + 5 [ wPdde
(0,T)xw
T
h / /cﬁwd:ﬁdt—/ul@bodm .

0 w Q

Since

| o1 + htbo [|L2) — | @1 2@ = 1A] [ Yo L2



S. Micu AND E. Zuazua 65

we obtain

h2 T T R
0<e|h| |l %o |2 +?/ /wzdxdt—l—h/ /gmﬁdxdt— h/ uyhoda
0 w 0 w Q

for all h € R and vy € L*(Q).
Dividing by A > 0 and by passing to the limit h — 0 we obtain

T
0 w Q

The same calculations with A < 0 gives that

T
/ /@¢dxdt—/u1¢0dx
0 w Q

On the other hand, if we take the control f = @ in (137), by multiplying in
(137) by ¢ solution of (140) and by integrating by parts we get that

/0 ! /w Ppdadt = /Q u(T)odz. (146)

From the last two relations it follows that

<ellvoll Vi € L*(Q). (145)

| /Q(U(T) —ur)thodal| < ellvollr2i), Vo € L*(Q) (147)

which is equivalent to
[u(T) — url|r2(0) <e.

The proof of the Lemma is now complete. [
Let us now show that J attains its minimum in L?((2).
Lemma 5.2 There exists pr € L*(Q) such that

or)= mi . 14
J(@r) Wrenngl(Q)J(saT) (148)

Proof: Tt is easy to see that J is convex and continuous in L?(f2). By
Theorem 2.3, the existence of a minimum is ensured if .J is coercive, i. e.

J(pr) — oo when ||o7||12(q) — oo (149)
In fact we shall prove that

liminf  J(o7)/ller!|L2(0) > €. (150)

||<PTHL2(Q)‘>°°
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Evidently, (150) implies (149) and the proof of the Lemma is complete.
In order to prove (150) let (¢7.;) C L?(£2) be a sequence of initial data for
the adjoint system with || ¢7; [|12(q)— co. We normalize them

o1, =15/ || 1 llLz@),

so that H &T,j ||L2(Q): 1.
On the other hand, let ¢; be the solution of (140) with initial data @r ;.
Then

1 s -
Her! lens lw=g Il ors lixw [ [ 13 P dodtre= [ ngrd.

The following two cases may occur:

T
1) lim inf/ / | #j |*> 0. In this case we obtain immediately that
0 w

j—oo

Jeri)/ | erj |2 @)— oo

T
2) liminf/ / | @; |*= 0. In this case since pr ; is bounded in L?(2),
0 w

J— 00

by extracting a subsequence we can guarantee that @ ; — 9o weakly in
L2(Q) and @; — ¢ weakly in L*(0,T; H} (Q))NH(0,T; H~(£2)), where
¥ is the solution of (140) with initial data 1o at ¢ = T. Moreover, by
lower semi-continuity,

T T
/ /zp?d:cdt < liminf/ / | ¢ |* dodt = 0
0 w J—oe Jo w

and therefore 1 = 0 en w x (0, 7).

Holmgren Uniqueness Theorem implies that ¢ = 0 in Q x (0,7) and
consequently ¢y = 0.

Therefore, o7 ; — 0 weakly in L?(2) and consequently Jo u1@r,jdx tends
to 0 as well.

Hence

J j -
lim inf (pr) > liminf[e — / w o jdx] =€,
i=oo |lprj || T e Q

and (150) follows. O
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Remark 5.4 Lemmas 5.1 and 5.2 give a second proof of Theorem 5.2. This
approach does not only guarantee the existence of a control but also provides a
method to obtain the control by minimizing a convex, continuous and coercive
functional in L2(£2).

In the proof of the coercivity, the relevance of the term e||or||r2(q) is clear.
Indeed, the coercivity of J depends heavily on this term. This is not only for
technical reasons. The existence of a minimum of J with € = 0 implies the
existence of a control which makes u(T) = u'. But this is not true unless u' is
very regqular in Q \ w. Therefore, for general u' € L*(S)), the term ellerlzz (o)
s needed.

Note that both proofs are based on the unique continuation property which
guarantees that if ¢ is a solution of the adjoint system such that ¢ = 0 in
w x (0,T), then ¢ = 0. As we have seen, this property is a consequence of
Holmgren Uniqueness Theorem. [

The second proof, based on the minimization of J, with some changes on
the definition of the functional as indicated in 1, allows proving approximate
controllability by means of other controls, for instance, of bang-bang form. We
address these variants in the following sections.

5.6 Finite-approximate control

Let E be a subspace of L?(€) of finite dimension and IIg be the orthogonal
projection over E. As a consequence of the approximate controllability prop-
erty in Theorem 5.2 the following stronger result may be proved: given u°® and
ul in L*(Q) and ¢ > 0 there exists a control f such that the solution of (157)
satisfies simultaneously

p(u(T) =Tgp(w), [[wT)-u'[2@=<e (151)

This property not only says that the distance between u(7T") and the target
u! is less that € but also that the projection of u(T') and u' over E coincide.

This property, introduced in [71], will be called finite-approximate con-
trollability. It may be proved easily by taking into account the following
property of Hilbert spaces: If L : E — F is linear and continuous between the
Hilbert spaces E and F and the range of L is dense in F, then, for any finite
set f1, fa,...,fn € F, the set {Le: (Le, fj)p =0 Vj=1,2,...,N} is dense
in the orthogonal of Span{fi, fa,..., fn}.

Nevertheless, as we have said before, this result may also be proved directly,
by considering a slightly modified form of the functional J used in the second
proof of Theorem 5.2. We introduce

1 T
Je(pr) = 5/0 /QOdedtJre | (I =1lg)er |20 —/Qulgon:c.
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The functional Jg is again convex and continuous in L?(§2). Moreover, it is
coercive. The proof of the coercivity of Jg is similar to that of J. It is sufficient
to note that if $r; tends weakly to zero in L*(Q), then Ilg(pr ;) converges
(strongly) to zero in L?(Q).

Therefore || (I —Ilg)@7; |lL2) / || @15 |22(Q) tends to 1. According to
this, the new functional Jg satisfies the coercivity property (150).

It is also easy to see that the minimum of Jg gives the finite-approximate
control we were looking for.

5.7 Bang-bang control

In the study of finite dimensional systems we have seen that one may find
“bang-bang” controls which take only two values £\ for some A > 0.

In the case of the heat equation it is also easy to construct controls of this
type. In fact a convenient change in the functional J will ensure the existence
of “bang-bang” controls. We consider:

2
1 T
T (1) = 3 (/0 / | ¢ | dxdt) +e |l er L2 —/Qulcpde.

Remark that the only change in the definition of Jy, is in the first term
in which the norm of ¢ in L?(w x (0,T)) has been replaced by its norm in
LY((0,T) x w).

Once again we are dealing with a convex and continuous functional in L?(2).
The proof of the coercivity of Jp, is the same as in the case of the functional

J. We obtain that:

lim inf M > e.

lerllp2q)—o0 ” YT || L2(Q) -

Hence, Jp, attains a minimum in some pr of L? (Q). Tt is easy to see that,
if ¢ is the corresponding solution of the adjoint system with @7 as initial data,
then there exists f € [ fOT |@|dz sgn(p) such that the solution of (137) with
this control satisfies ||u(T) — uq|| < e.

On the other hand, since @ is a solution of the adjoint heat equation, it is
real analytic in 2 x (0,T). Hence, the set {t : @ = 0} is of zero measure in
Q x (0,T). Hence, we may consider

T
/= / / \ldedt sen(P) (152)

which represents a bang-bang control. Remark that the sign of the control
changes when the sign of @ changes. Consequently, the geometry of the sets
where the control has a given sign can be quite complex.
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Note also that the amplitude of the bang-bang control is [ fOT |p|dxdt
which, evidently depends of the distance from the final target u! to the uncon-
trolled final state S(T)u® and of the control time 7.

Remark 5.5 As it was shown in [18], the bang-bang control obtained by mini-
mizing the functional Jy, is the one of minimal norm in L*°((0,T) X w) among
all the admissible ones. The control obtained by minimizing the functional J
has the minimal norm in L*((0,T) x w). O

Remark 5.6 The problem of finding bang-bang controls guaranteeing the fin-
ite-approzimate property may also be considered. It is sufficient to take the
following combination of the functionals Jg and Jyp:

2
1 T
Jbb,E((PT) = 5 (/ / ‘ (%2 | dxdt) +e€ || (I—HE)QDT ||L2(Q) —/ ulngdx.
0 w Q
t

5.8 Comments

The null controllability problem for system (137) is equivalent to the following
observability inequality for the adjoint system (140):

T
160 = C [ [ Parit, v e 12(@), (153)

Once (153) is known to hold one can obtain the control with minimal L2-
norm among the admissible ones. To do that it is sufficient to minimize the
functional

1 (T
J(%) = 5/ / o> dxdt +/ 0(0)u'dz (154)
0 w Q
over the Hilbert space

T
H = {° : the solution ¢ of (140) satisfies / / prdadt < oo}
0 w

To be more precise, H is the completion of L?(§2) with respect to the norm
[fOT [, ¢?*dzdt]'/2. In fact, H is much larger than L?(Q2). We refer to [23] for
precise estimates on the nature of this space.

Observe that J is convex and continuous in H. On the other hand (153)
guarantees the coercivity of J and the existence of its minimizer.

Due to the irreversibility of the system, (153) is not easy to prove. For
instance, multiplier methods do not apply. Let us mention two different ap-
proaches used for the proof of (153).
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1. Results based on the observation of the wave or elliptic equa-
tions: In [56] it was shown that if the wave equation is exactly control-
lable for some T > 0 with controls supported in w, then the heat equation
(137) is null controllable for all T > 0 with controls supported in w. As
a consequence of this result and in view of the controllability results for
the wave equation, it follows that the heat equation (137) is null control-
lable 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.

Later on, Lebeau and Robbiano [42] proved that the heat equation (137)
is null controllable for every open, non-empty subset w of 2 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 it was given in [43] where the linear system of thermoelasticity was
addressed. The main ingredient in the proof is the following observability
estimate for the eigenfunctions {v;} of the Laplace operator

2

[|2 an)| dezce S g a5

Aj<p Aj<p

which holds for any {a;} € ¢? and for all u > 0 and where C,Cs > 0 are
two positive constants.

This result was implicitly used in [42] and it was proved in [43] by means
of Carleman’s inequalities for elliptic equations.

2. Carleman inequalities for parabolic equations: The null control-
lability of the heat equation with variable coeflicients and lower order
time-dependent terms has been studied by Fursikov and Imanuvilov (see
for instance [16], [26], [27], [28], [34] and [35]). Their approach is based
on the use of the Carleman inequalities for parabolic equations and is dif-
ferent to the one we have presented above. In [29], Carleman estimates
are systematically applied to solve observability problem for linearized
parabolic equations.

In [21] the boundary null controllability of the heat equation was proved in
one space dimension using moment problems and classical results on the linear
independence in L?(0,7T') of families of real exponentials. We shall describe this
method in the next chapter.
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6 Boundary controllability of the heat equation

In this chapter the boundary null-controllability problem of the heat equation
is studied. We do it by reducing the control problem to an equivalent problem
of moments. The latter is solved with the aid of a biorthogonal sequence to
a family of real exponential functions. This technique was used in the study
of several control problems (the heat equation being one of the most relevant
examples of application) in the late 60’s and early 70’s by R. D. Russell and
H. O. Fattorini (see, for instance, [21] and [22]).

6.1 Introduction

Given T > 0 arbitrary, u® € L?(0,1) and f € L?(0,7T') we consider the following
non-homogeneous 1-D problem:

Up — Ugy = 0 z € (0,1), t €(0,T)
u(t,0) =0, wu(t,1)=f(t) te(0,T) (156)
w(0,7) = u’(z) x € (0,1).

In (156) u = wu(z,t) is the state and f = f(¢) is the control function which
acts on the extreme x = 1. We aim at changing the dynamics of the system by
acting on the boundary of the domain (0, 1).

6.2 Existence and uniqueness of solutions

The following theorem is a consequence of classical results of existence and
uniqueness of solutions of nonhomogeneous evolution equations. All the details
may be found, for instance in [47].

Theorem 6.1 For any f € L?(0,T) and u® € L*(Q) equation (156) has a
unique weak solution u € C([0,T], H~1(2)).

Moreover, the map {u°, f} — {u} is linear and there exists C' = C(T) > 0
such that

Nl Lo o, m-1(9)) < C (w20 + 1l L20,1)) - (157)

6.3 Controllability and problem of moments

In this section we introduce several notions of controllability.
Let T > 0 and define, for any initial data u® € L?(f2), the set of reachable
states

R(T;u®) = {u(T) : u solution of (156) with f € L*(0,T)}. (158)

An element of R(T,u") is a state of (156) reachable in time T by starting
from u” with the aid of a control f.
As in the previous chapter, several notions of controllability may be defined.



72 CONTROLLABILITY OF PARTIAL DIFFERENTIAL EQUATIONS

Definition 6.1 System (156) is approximately controllable in time T if,
for every initial data u® € L?(S2), the set of reachable states R(T;u®) is dense
in L?(Q).

Definition 6.2 System (156) is exactly controllable in time T if, for every
initial data u® € L*(Q), the set of reachable states R(T;u’) coincides with
L2(Q).

Definition 6.3 System (156) is null controllable in time T if, for every ini-
tial data u® € L?(R2), the set of reachable states R(T;u®) contains the element
0.

Remark 6.1 Note that the regularity of solutions stated above does not guaran-
tee that u(T) belongs to L?(Q). In view of this it could seem that the definitions
above do not make sense. Note however that, due to the regqularizing effect of
the heat equation, if the control f vanishes in an arbitrarily small neighborhood
of t = T then u(T) is in C> and in particular in L*(Q). According to this,
the above definitions make sense by introducing this minor restrictions on the
controls under consideration. [

Remark 6.2 Let us make the following remarks, which are very close to those
we did in the context of interior control:

e The linearity of the system under consideration implies that R(T,u") =
R(T,0) + S(T)u® and, consequently, without loss of generality one may
assume that u® = 0.

e Due to the regularizing effect the solutions of (156) are in C*° far away
from the boundary at time t = T. Hence, the elements of R(T,u°) are
C® functions in [0,1). Then, exact controllability may not hold.

o [t is easy to see that if null controllability holds, then any initial data may
be led to any final state of the form S(T)v° with v° € L?(Q).
Indeed, let u®,v° € L*(Q) and remark that R(T;u® —v°) = R(T;u%) —
S(T)v°. Since 0 € R(T;u® — oY), it follows that S(T)v° € R(T;u®).

o Null controllability implies approximate controllability. Indeed we have
that S(T)[L*(Q)] C R(T;u°) and S(T)[L*(Q2)] is dense in L?(£2).

e Note that u' € R(T,u®) if and only if there exists a sequence (f:)eso
of controls such that |[u(T) — u'|[2(0) < € and (fo)eso is bounded in
L2(0,T). Indeed, in this case, any weak limit in L*(0,T) of the sequence
(fe)eso gives an exact control which makes that w(T) =wuy. O
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Remark 6.3 As we shall see, null controllability of the heat equation holds
in an arbitrarily small time. This is due to the infinity speed of propagation.
It is important to underline, however, that, despite of the infinite speed of
propagation, the null controllability of the heat equation does not hold in an
infinite domain. We refer to [50] for a further discussion of this issue.

The techniques we shall develop in this section do not apply in unbounded
domains. Although, as shown in [50], using the similarity variables, one can
find a spectral decomposition of solutions of the heat equation on the whole or
half line, the spectrum is too dense and biorthogonal families do not exist. [

In this chapter the null-controllability problem will be considered. Let us
first give the following characterization of the null-controllability property of
(156).

Lemma 6.1 FEquation (156) is null-controllable in time T > 0 if and only if,
for any u® € L?(0,1) there exists f € L?(0,T) such that the following relation
holds

1
0

T
/ F()palt, 1)dt = / O (2)p(0, 2)de, (159)
0

for any o7 € L*(0,1), where ¢(t,x) is the solution of the backward adjoint
problem

ot + Pzz =0 x € (0,1), t € (0,7)
(160)

1

p(t,0) =p(t,1) =0 te(0,7T)

p(T,x) = pr(z) z e (0,1)

Proof: Let f € L*(0,T) be arbitrary and u the solution of (156). If o €

L?(0,1) and ¢ is the solution of (160) then, by multiplying (156) by ¢ and by
integrating by parts we obtain that

T 1 1
0= / / (U — Uy )pdxdt = / wpdx
o Jo 0 0
T 1 1
+/ / u(—r — Qo )dadt = / wpdz
o Jo 0

Consequently

T

_|_

T
+ / (—ugp + up,)dt
0 0

T T
4 / F(O)pa(t, 1)t

1
0

! = UOLL' X )axr — 1’LL X xT)ax.
/Of(f)%(tl)dt— / (2)0(0, 2)d / (T, 2)pr(z)dz.  (161)

Now, if (159) is verified, it follows that fol u(T, x)pr(x)dx = 0, for all
ot € L?(0,1) and u(T) = 0.
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Hence, the solution is controllable to zero and f is a control for (156).
Reciprocally, if f is a control for (156), we have that «(T") = 0. From (161)
it follows that (159) holds and the proof finishes. O

From the previous Lemma we deduce the following result:

Proposition 6.1 Equation (156) is null-controllable in time T > 0 if and only
if for any u® € L?(0,1), with Fourier expansion

u’(z) = Z ap, sin(mnz),

n>1
there exists a function w € L?(0,T) such that,
Ap, 2,27

6777, ™

=1,2,... 162
T =12, (162)

T —n2x2t
w(t)e™™ ™ tdt = (=1)"
0
Remark 6.4 Problem (162) is usually refered to as problem of moments.

Proof: From the previous Lemma we know that f € L2(0,7) is a control
for (156) if and only if it satisfies (159). But, since (sin(nmz)),>1 forms an
orthogonal basis in L?(0,1), (159) is verified if and only if it is verified by
ol =sin(nrx), n =1,2,....

If ¢l = sin(nmz) then the corresponding solution of (160) is ¢(t,z) =
e’ (T=0 gin(nmrz) and from (159) we obtain that

T
H(—1)" —n27%(T—t) — aj —n27r2T.
| e v

The proof ends by taking w(t) = f(T —t). O

The control property has been reduced to the problem of moments (162).
The latter will be solved by using biorthogonal techniques. The main ideas are
due to R.D. Russell and H.O. Fattorini (see, for instance, [21] and [22]).

The eigenvalues of the heat equation are A\, = n?72, n > 1. Let A =
(e’A"’f)n>1 be the family of the corresponding real exponential functions.

Definition 6.4 (6,,),,>1 is a biorthogonal sequence to A in L*(0,T) if and
only if
T
/ e Mt ()dt = 8, Yn,m=1,2, ...
0

If there exists a biorthogonal sequence (6,,,)m>1, the problem of moments
(162) may be solved immediately by setting

w(t) = Y (1) T Tl (1), (163)

mm
m>1
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As soon as the series converges in L?(0,T), this provides the solution to
(162).
We have the following controllability result:

Theorem 6.2 Given T > 0, suppose that there exists a biorthogonal sequence
(Om)m>1 to A in L*(0,T) such that

O llz20,) < Me®™,  Vm >1 (164)

where M and w are two positive constants.
Then (156) is null-controllable in time T.

Proof: From Proposition 6.1 it follows that it is sufficient to show that for
any u® € L?(0,1) with Fourier expansion

u = Z ay sin(nrz),

n>1

there exists a function w € L?(0,7) which verifies (162).
Consider

w(t) = Y (~1)" e Ty, (1), (165)

2mm

Note that the series which defines w is convergent in L?(0,7T'). Indeed,

Z H 2m7r 7m27r2T ‘

a _
Z | m| m2r T||0m”L2(O,T) <

2m7r

12(0,T)

MZ | ml —m27r2T+wm < 00

2mﬂ'
m>1

where we have used the estimates (164) of the norm of the biorthogonal se-
quence (0,,).

On the other hand, (165) implies that w satisfies (162) and the proof finishes.
]

Theorem 6.2 shows that, the null-controllability problem (156) is solved if
we prove the existence of a biorthogonal sequence (6,,)m>1 to A in L?(0,7)
which verifies (164). The following sections are devoted to accomplish this task.

6.4 Existence of a biorthogonal sequence

The existence of a biorthogonal sequence to the family A is a consequence of
the following Theorem (see, for instance, [57]).



76 CONTROLLABILITY OF PARTIAL DIFFERENTIAL EQUATIONS

Theorem 6.3 (Miinz) Let 0 < py < po < ... < pp < ... be a sequence of
real numbers. The family of exponential functions (e_““t)n21 is complete in

L2(0,T) if and only if
1
Y — =, (166)
n>1 Hn

Given any T > 0, from Miinz’s Theorem we obtain that the space generated
by the family A is a proper space of L?(0,T) since

1 1
Z N, Z 22 < 00.
n>1 n>1
Let E(A,T) be the space generated by A in L2(0,7) and E(m, A, T) be the
subspace generated by (e~*7!) ., in L?(0,T).
nZm

We also introduce the notation p,,(t) = e~*nt.

Theorem 6.4 Given any T > 0, there exists a unique sequence (0, (T, - ))m>1,
biorthogonal to the family A, such that

(em(T7 ' ))le C E(A,T)
Moreover, this biorthogonal sequence has minimal L?(0,T)-norm.

Proof: Since A is not complete in L?(0,T), it is also minimal. Thus, p,, ¢
E(m,A,T), for each m € I.

Let r,, be the orthogonal projection p,, over the space E(m,A,T) and
define

Pm — Tm

- Hpm - TWH%?(O,T) )

0 (T, -) (167)

From the projection properties (see [10], pp. 79-80), it follows that

L. rm € E(m, A, T) verifies ||pm(t) — 7m(t)||22(0,7) = Minyepim,a,7) [[Pm —
llz20,1)

2. (pm —rm) L E(m,\,T)

3. (pm —7m) Lpn € E(m,A,T),Vn#m

4. (pm —rm) Lrm € E(m,A,T).

From the previous properties and (167) we deduce that
L [ 00 (T, )pa(t)dt = 61

2. 0p(T, ) = ~2n=Tm  F(A,T).

= lpm—rml?
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Thus, (167) gives a biorthogonal sequence (0,,(7, -)),,~; C E(A,T) to the
family A. -

The uniqueness of the biorthogonal sequence is obtained immediately. In-
deed, if (0;,,),,~; C E(A,T) is another biorthogonal sequence to the family A,
then B

(Hm - Q;n) € E(AaT)

ro_
Do L (O —0),), ¥n > 1 };‘em“’m‘o

where we have taken into account that (pp,)m>1 is complete in E(A,T).

To prove the minimality of the norm of (6,,,(T, -)),,>1, let us consider any
other biorthogonal sequence (6),), <, C L*(0,T).

E(A,T) being closed in L?(0,T), its orthogonal complement, E(A,T)*, is
well defined. Thus, for any m > 1, there exists a unique ¢,, € E(A,T)* such
that 0, = 0, + G-

Finally,

17117 = 10 + gml|* = 110l + laml[* > 116m][?

and the proof ends. [

Remark 6.5 The previous Theorem gives a biorthogonal sequence of minimal
norm. This property is important since the convergence of the series of (163)
depends directly of these norms. [

The existence of a biorthogonal sequence (6,,).,>1 to the family A being
proved, the next step is to evaluate its L2(0,T)-norm. This will be done in two
steps. First for the case T' = oo and next for T' < oo.

6.5 Estimate of the norm of the biorthogonal sequence:
T =00

Theorem 6.5 There exist two positive constants M and w such that the bior-
thogonal of minimal norm (60,,(c0, - )m>1 given by Theorem 6.4 satisfies the
following estimate

[0 (00, )|22(0,00) < Mme®™,  Vm > 1. (168)

Proof: Let us introduce the following notations: E™ := E™(A, 00) is the
subspace generated by A" := (ei)\kt)1<k<n in L2(0,T) and E?, := E*(m, A, 00)
is the subspace generated by (e=**'), .., in L*(0,T).

k#tm

Remark that E™ and £}, are finite dimensional spaces and

E(A,00) =Up>1E", E(m,A,00) =U,>1E),.
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We have that, for each n > 1, there exists a unique biorthogonal family
(0 )1<m<n C E™, to the family of exponentials (e_)‘kt)1<k<n. More precisely,

" Pm — T (169)

" lpm - T%HQL2(0,OO)7

where 7] is the orthogonal projection of p,, over E,.
If

0, = ci'p (170)
k=1

then, by multiplying (170) by p; and by integrating in (0, c0), it follows that

T
i =Y ckm/ p(Opr(t)dt, 1<m,l<n. (171)
E>1 0

Moreover, by multiplying in (170) by 62 and by integrating in (0, c0), we
obtain that
1671122 (0,00) = € (172)

If G denotes the Gramm matrix of the family A, i. e. the matrix of elements

o0
géz/ pOp)dt, 1<kl<n
0

we deduce from (171) that ¢ are the elements of the inverse of G. Cramer’s
rule implies that
i [Gnl
"G

where |G| is the determinant of matrix G and |G,,| is the determinant of the
matrix G, obtained by changing the m—th column of G by the m—th vector
of the canonical basis.

It follows that

(173)

" (&
167 22(0.00) = |m' (174)

The elements of G may be computed explicitly

n > > —(n2+k?) 2t 1
ot = J, pelpnl)= o e W= e

Remark 6.6 A formula, similar to (174), may be obtained for any T > 0.
Nevertheless, the determinants may be estimated only in the case T = oco. [
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To compute the determinats |G| and |G,,| we use the following lemma (see

[17]):

Lemma 6.2 If C = (c;j)1<i,j<n 15 @ matriz of coefficients ¢;; = ﬁ then
a; —aj)(b; —b;
|C| H1<'L<j<n( ])( J) (175)
[Ti<ij<n(ai +b5)
It follows that
G| = H1§i<j§n(i27r2 — j?m?)? G| = Hllgi<j§n(i272 - j*r%)?
[Li<ij<n (7 4 j27%) [Ti<ijan (72 + j272)
where ' means that the index m has been skipped in the product.
Hence,
n 2 22
[Gml _ 2m2772H/7(m TR (176)
G| -
From (174) and (176) we deduce that
m +k‘2
||97n||L2(0 o) = \[mﬂ'H | (177)

Lemma 6.3 The norm of the biorthogonal sequence (0,(00, -))m>1 to the
family A in L*(0,00) given by Theorem 6.4, verifies

m 2
[16m (00, )|z2(0,00) = V2 H| +k (178)

Proof: It consists in passing to the limit in (177) as n — oco. Remark first
that, for each m > 1, the product

m+k2
1_[|

is convergent since
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Consequently, the limit lim, oo [|07]22(0,00) = L > 1 exists. The proof
ends if we prove that

T 102122 0.00) = 10|22 0.0 (179)

Identity (169) implies that lim, oo |[Pm — 771|L2(0,00) = 1/L and (179) is
equivalent to

nh—{go Hpm - TleLz(O,OO) = ||pm - TmHLQ(O,oo)' (180)

Let now € > 0 be arbitrary. Since r,, € E(m,A,o0) it follows that there
exist n(e) € N* and r5, € Ei® with

[Irm = o llL2(0,00) < -
For any n > n(e) we have that

s = rall = _min{lpw =l < lpw = il = min [ — ] <

<Hpm = ol < lpm =t [+ |lrm = rinl| < {lpm = rml] + &
Thus, (180) holds and Lemma 6.3 is proved. O

Finally, to evaluate 6,,(c0, -) we use the following estimate

Lemma 6.4 There exist two positive constants M and w such that for any
m>1,

m +l<:2 wm
H E ] < Meo™, (181)

Proof: Remark that

H;|Z2+k2 — exp [Z ln(m H}:z )} < exp [Z ln( 2}{2)}.

2m? m 2m?
2m 2 [e7e] 2
2 2
+/ In (14— dx+/ (14— ) do =
. 22 — m2 o 22 — m2
! 2 2 2
:m[/o 1n( 1m2>dm+/11n(1+x21>dx+
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> 2
+/2 1n<1+x2_1>dx] =m(L+ 1+ 13).

We evaluate now each one of these integrals.

! 2 ! 2
11:/0 ln<1+1$2>d1::/0 ln(1+(1x)(1+x))dx§
! 2 ! 2
/01n(1+H>dx:=—/0(1—x)’1n<1—|—1_x>dac:
9 1
1x>

L9
—|—/ dxr = ¢ < 00,
0 0 3755
2 2 2 2
L=/ In(1 de< [ In(1+ ———)dz=
: / “( W—l) “/1 “( +<x—1>2> !
2 2
= Y14+ —— =
fe- (i 2 ) a

2
—|—/ #d$262<00
0 1 24 (x—1)2 '

o0 2 o0 2
I3 = 1 1 < 1 1+ — <
s / “(*ﬂ—l)da’—é “(*(w—m)d”“—

© 2
< ——dr = ¢ .
_/2 @_12 T =c3 <00

The proof finishes by taking w =¢; +c¢o +c3. O

The proof of Theorem 6.5 ends by taking into account relation (178) and
Lemma 6.4. O

6.6 Estimate of the norm of the biorthogonal sequence:
T <o

We consider now 1" < co. To evaluate the norm of the biorthogonal sequence
(00 (T, - ))m>1 in L?(0,T) the following result is necessary. The first version of
this result may be found in [57] (see also [21] and [58]).

Theorem 6.6 Let A be the family of exponential functions (e”\"t)n>1 and let

T be arbitrary in (0,00). The restriction operator

Rr: E(A,0) — E(A,T), Rr(v)

= UI[O,T]
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is invertible and there exists a constant C' > 0, which only depends on T, such
that
IR <C. (182)

Proof: Suppose that, on the contrary, for some 7" > 0 there exists a sequence
of exponential polynomials

N (k)
Pp(t) = Z apne Mt C E(A,T)
n=1
such that
T ([Pl 20y = 0 (183)
and
[[Pellr20,00) =1, Yk > 1. (184)

By using the estimates from Theorem 6.5 we obtain that

/ Pk(t)ﬂm(oo,t)dt‘ S HPk||L2(07OO)||9m(OO, ')‘|L2(0,oo) S Mewm'
0

|amn| =

Thus
N (k) )

P2 < 3 Jagn| |[e7 5] < MY eonmmim ReC), (185)
n=1 n=1
If > 0 is given let A, = {z € C : Re(z) > r}. For all z € A,, we have
that

o0
|Pr(2)| < MY e < M(w, 7). (186)
n=1

Hence, the family (Pj)r>1 consists of uniformly bounded entire functions.
From Montel’s Theorem (see [15]) it follows that there exists a subsequence,
denoted in the same way, which converges uniformly on compact sets of A, to
an analytic function P.

Choose 7 < T'. From (183) it follows that limy .o || Pr||r2¢r,) = 0 and
therefore P(t) = 0 for all ¢ € (r,T). Since P is analytic in A,, P must be
identically zero in A,.

Hence, (Py)r>1 converges uniformly to zero on compact sets of A,.

Let us now return to (185). There exists ro > 0 such that

|Pu(2)| < Me R Ve A,,. (187)
Indeed, there exists 79 > 0 such that

wn —n*1?Re(z) < —Re(z) —n, Vze A,
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and therefore, for any z € A,,,

2_2 M
P <M wn—n“m*Re(z) <M —Re(z) -n _
[Pe() <MY e S MR et =

n>1 n>1

e—Re(z) )

Lebesgue’s Theorem implies that
i {[Pyllz2(r,00) = 0
and consequently
i {[Pellzz0m = 1.
If we take r < T the last relation contradicts (184) and the proof ends. [

We can now evaluate the norm of the biorthogonal sequence.

Theorem 6.7 There exist two positive constants M and w with the property
that
[10m (T, )l|L20,m) < Me®™, ¥Ym >1 (188)

where (0, (T, - ))m>1 is the biorthogonal sequence to the family A in L*(0,T)
which belongs to E(A,T) and it is given in Theorem 6.4.

Proof: Let (R;')* : E(A,00) — E(A,T) be the adjoint of the bounded
operator R;l. We have that

s = [ pelt)os (oo, = / (R7 Re) (e (£))6 (00, )t =

0

/ Rr(pe (1)) (R7")* (0;(00, 1)) dt.

Since (R')*(0,(c0, -)) € E(A,T), from the uniqueness of the biorthogonal
sequence in E(A,T), we finally obtain that

(R7')"(0(c0, -)) = 0;(T, ), Vj=>1.

Hence
10,7, Nz 017 = || (R O30, | aioy < IRZH 1800, llzz(0,00)
since [|(R71)*|| = [|RZ |-

The proof finishes by taking into account the estimates from Theorem 6.5.
O

Remark 6.7 From the proof of Theorem 6.7 it follows that the constant w does
not depend of T'. [
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