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We prove the interior approximate controllability of the following broad class of reaction diffusion
equation in the Hilbert spaces Z = L?(Q) given by z' = —~Az + 1,u(t), t € [0,7], where Q is a
domain in R", w is an open nonempty subset of Q, 1, denotes the characteristic function of the
set w, the distributed control u € L?(0,t;;L*(Q)) and A : D(A) ¢ Z — Z is an unbounded
linear operator with the following spectral decomposition: Az = 37, \; Z£:1<Z' ¢ik)Pjk. The
eigenvalues 0 < Ay < Ay < .-+ < ---A; — oo of A have finite multiplicity y; equal to
the dimension of the corresponding eigenspace, and {¢;«} is a complete orthonormal set of
eigenvectors of A. The operator —A generates a strongly continuous semigroup {T'(f)} given by
T(t)z = Z;’il et Zle (2,9 k) Pj k- Our result can be applied to the nD heat equation, the Ornstein-
Uhlenbeck equation, the Laguerre equation, and the Jacobi equation.

Copyright © 2009 H. Leiva and Y. Quintana. This is an open access article distributed under
the Creative Commons Attribution License, which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.

1. Introduction

In this paper we prove the interior approximate controllability of the following broad class of
reaction diffusion equation in the Hilbert space Z = L*(Q) given by

' =-Az+1,u(t), tel0,7],
(1.1)
Z(O) = Zo,

where Q is a domain in R”, w is an open nonempty subset of Q, 1, denotes the characteristic
function of the set w, and the distributed control u € L?(0,t;; L?>(Q)) and A: D(A)C Z — Z
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is an unbounded linear operator. Here we assume the following spectral decomposition for
A:

00 Yi ©
Az = 30>z i) bix = D NE)z, (1.2)
=1 k=1 j=1

with (-, -) denoting an inner product in Z, and

Ejz = > (2 ®jk)Pik- (1.3)

The eigenvalues 0 < Ay < Ay < --- < /\j < -1, — oo of A have finite multiplicity Y equal
to the dimension of the corresponding eigenspace, and {¢;x} is a complete orthonormal set
of eigenvectors of A. So, {E;} is a complete family of orthogonal projections in Z and z =
> 721Ejz, z € Z. The operator —A generates a strongly continuous semigroup {T(t)} given
by

T()z =Y e V'Ejz (1.4)
j=1

Systems of the form (1.1) are thoroughly studied in [1, 2], but the interior controllability is
not considered there.

Examples of this class of equations are the following well-known partial differential
equations.

Example 1.1. The interior controllability of the heat equation,

zr = Az+1,u(t,x), in (0,7) xQ,
z=0, on (0,7)x0Q, (1.5)
2(0,x) = zo(x), in €,
where Q is a bounded domain in R”" of class C?, w is an open nonempty subset of Q, 1,

denotes the characteristic function of the set w, zg € L*(Q), and the distributed control u €
L%(0,7; L*(Q)).

Example 1.2 (see [3, 4]). (1) The interior controllability of the Ornstein-Uhlenbeck equation is

d 2
0°z 0z

= |xin5 —xim— | +leult,x), £>0, x€RY, 16
Zt 2. [xl o X ax,-] wt(t, x) x (1.6)

where u € L2(0,7; L2(R%, p)), p(x) = (1/xV)[1L, e dx is the Gaussian measure in R,
and w is an open nonempty subset of R.



Mathematical Problems in Engineering 3

(2) The interior controllability of the Laguerre equation is

d 2

0°z 0z

z; = 21: [xi@ + (o +1 - xi)a_x,-] +1,u(t,x), t>0, xeRY, (1.7)
i

i

where u € L2(0,7; L2(R?, ua)), pa(x) = Hf;l(xf"e‘x"/l"(ai + 1))dx is the Gamma measure in
R4 and w is an open nonempty subset of RY.
(3) The interior controllability of the Jacobi equation is

=2 [(1 B xf)% (P (@i fi+ Z)Xi)%] + 1u(t, x), (1.8)

where t > 0, x € (-1,1)%, u € L2(0,7; L2([-1,11%, ptap)), prap(x) = TTL1 (1 = %)™ (1 + x;)Pdox is
the Jacobi measure in [-1,1]% and w is an open nonempty subset of [-1, 1]%.

To complete the exposure of this introduction, we mention some works done by
other authors showing the difference between our results and those of them: the interior
approximate controllability is very well-known fascinate and important subject in systems
theory; there are some works done by [5-9].

Particularly, Zuazua in [9] proves the interior approximate controllability of the
heat equation (1.5) in two different ways. In the first one, he uses the Hahn-Banach
theorem, integrating by parts the adjoint equation, the Carleman estimates and the Holmgren
Uniqueness theorem [10]. But, the Carleman estimates depend on the Laplacian operator A,
so it may not be applied to those equations that do not involve the Laplacian operator, like
the Ornstein-Uhlenbeck equation, the Laguerre equation, and the Jacobi equation.

The second method is constructive and uses a variational technique: let us fix the
control time 7 > 0, the initial and final state, zg = 0, z; € L*(Q), respectively, and € > 0.
The control steering the initial state zy to a ball of radius € > 0, and center z; is given by the
point in which the following functional achieves its minimum value:

1 T
g = 5[ [ waxateelpclg - [ = (19

where ¢ is the solution of the corresponding adjoint equation with initial data ¢-.
The technique given here is motivated by the following results.

Theorem 1.3 (see [11, Theorem 1.23, page 20]). Suppose Q& C R" is open, nonempty and
connected set, and f is real analytic function in Q with f = 0 on a nonempty open subset w of
Q. Then, f =0in Q.

Lemma 1.4 (see [1, Lemma 3.14, page 62]). Let {ac]-}].>1

and {f;;j:i= 1,2,...,m}].>1 be two
sequences of real numbers such that ay > ap > a3 ---. Then

D=0, Vte[0,t],i=1,2,...,m, (1.10)
j=1
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if and only if

Bii=0, i=12..,m j=12,..., 0. (1.11)

2. Main Theorem

In this section we will prove the main result of this paper on the controllability of the linear
system (1.1). But before that, we will give the definition of approximate controllability for
this system. To this end, the system (1.1) can be written as follows:

Z =-Az+Bou(t), z€Z
@2.1)
z(0) = zo,

where the operator B,, : Z — Z is defined by B,,f = 1,,f. For all zg € Z and u € L*(0,; Z)
the initial value problem (2.1) admits only one mild solution given by

z(t) =T(t)zo + f;T(t —-s)Byu(s)ds, te]l0,r]. (2.2)

Definition 2.1 (exact controllability). The system (2.1) is said to be exactly controllable on
[0,7] if for every zp,z; € Z there exists u € L*(0,7;Z) such that the solution z of (2.2)
corresponding to u satisfies z(7) = z;.

Definition 2.2 (approximate controllability). The system (2.1) is said to be approximately
controllable on [0, 7] if for every zp,z1 € Z, ¢ > 0 there exists u € L*(0,7; Z) such that the
solution z of (2.2) corresponding to u satisfies

lz(7) — z1 < . (2.3)

Remark 2.3. The following result was proved in [12]. If the semigroup {T(f)} is compact, then
the system z' = —Az + B,u(t) can never be exactly controllable on time 7 > 0, which is
the case of the heat equations, the Ornstein-Uhlenbeck equation, the Laguerre equation, the
Jacobi equation, and many others partial differential equations.

The following theorem can be found in a general form for evolution equation in [2].

Theorem 2.4. The system (2.1) is approximately controllable on [0, T] if, and only if,

B;T*(t)z=0, Vte[0,7]=2z=0. (2.4)

Now, we are ready to formulate and prove the main theorem of this paper.

Theorem 2.5. If for an open nonempty set w C Q the restrictions d);"k = Piklw to w are linearly

independent functions on w, then for all T > 0 the system (2.1) is approximately controllable on
[0,7].
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Proof. We will apply Theorem 2.4 to prove the approximate controllability of system (2.1). To
this end, we observe that B,, = B}, and T*(t) = T(t). Suppose that B},;T*(t)z = 0, Vt € [0, 7].
Then,

© ) Yi
B, T*()z = D.e™V'BLEjz = >.e™" > (2, ¢jk)lwpjx =0
j=1 =1 k=1

© Vi
— ZE_MZ<Z’ ¢j,k>1w(x)¢i,k (x)=0, VxeQ (2.5)
=1 k=1

o) Yi
= Ze‘)‘ftz<z, Pik)Pik(x) =0, Vxew.
=1 k=1

Hence, from Lemma 1.4, we obtain that
Yi
Uz dik)ik(x) =0, Vxew, j=1,2,3,.... (2.6)
k=1

Since ¢; x are linearly independent on w, we obtain that (z,$;x) =0, j = 1,2,.... Therefore,
Eiz = 0, j = 1,2,3,..., which implies that z = 0. So, the system (2.1) is approximately
controllable on [0, T]. O

Corollary 2.6. If ¢; i are analytic functions on Q, then for all open nonempty set w C Q and T > 0
the system (2.1) is approximately controllable on [0, T].

Proof. 1t is enough to prove that, for all open nonempty set w C Q the restrictions (j)}"k = Qjklw
to w are linearly independent functions on w, which follows directly from Theorem 1.3. O

3. Applications

As an application of our result we will prove the controllability of the nD heat equation, the
Ornstein-Uhlenbeck equation, the Laguerre equation and the Jacobi equation.

3.1. The Interior Controllability of the Heat Equation (1.5)

In this subsection we will prove the controllability of system (1.5), but before that, we will
prove the following theorem.

Theorem 3.1. The eigenfunctions of the operator —A with Dirichlet boundary conditions on Q are
real analytic functions in Q.

To this end, first, we will consider the following definition and results from [13].

Definition 3.2. A differential operator L is say to be hypoelliptic analytic if for each open
subset Q of R” and each distribution u € D'(Q2), we have that: if L(u) is an analytic function
in Q, then u is an analytic function in Q.
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Corollary 3.3 (see [13, page 15]). Every second-order elliptic operator with constant coefficients is
hypoelliptic analytic.

Proof of Theorem 3.1. Let ¢ be an eigenfuction of —A with corresponding eigenvalue A > 0.
Then, the second-order differential operator L = A + A is an elliptic operator according to [13,
Definiton 7.2, page 97]. Therefore, applying the foregoing corollary we get that L = A + \

hypoelliptic analytic.
On the other hand, we know that L¢p = A¢p + A$p = 0, which is trivially an analytic
function, then ¢ is an analytic function in Q. O

Now, we will make the abstract formulation of the problem, and to this end, let us
consider Z = L*(Q) and the linear unbounded operator A : D(A) C Z — Z defined by
A¢ = -A¢p, where

D(A) = Hy(Q) N HX(Q). (3.1)

It is well-known that this operator A has spectral decomposition given by (1.2) and the
system (1.5) can be written as an abstract equation in the space Z = L?(Q)

z =-Az+B,u(t), z€Z,
(3.2)
z(0) = zo,

where the control function u belongs to L*(0,7;Z), and the operator B, : Z — Z is defined
by Bof = 1w f.

Theorem 3.4. For all open nonempty set w C & and T > 0 the system (3.2) is approximately
controllable on [0, T].

3.2. The Interior Controllability of (1.6), (1.7), and (1.8)
Theorem 3.5. The systems (1.6), (1.7), and (1.8) are approximately controllable.
Proof. 1t is enough to prove that the operators

(i) Ornstein-Uhlenbeck operator: —A = (1/2)V - (x, A,), defined on Q = R4,with
Ay =(0/0x1,...,0/3x4) in the space Z = L2(R?, p);

(ii) Laguerre operator: A = — Zil [x;(8°2/0x7) + (a; + 1 — x;)(8z/0x;)], defined on Q =
(0,00)%, with a; > ~1,i=1,...,d in the space Z = L2(RY, u,);

(iii) Jacobi operator: A = — 3¢ [(1 - x2)(8%2/0x2) + (B; — ai — (a; + B; + 2)x;)(92/0x;)],
Q=(-1, 1)d, with a;, g > -1,i=1,...,d in the space Z = LZ([—l,l]d,ya,p)

can be represented in the form of (1.2). This was done in [3, 4], where they prove that
the eigenfunctions in these cases are polynomial functions in multiple variables, which are
trivially analytic functions. O
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4, Final Remark

The result presented in this paper can be formulated in a more general setting. Indeed, we
can consider the following evolution equation in a general Hilbert space Z:

zZ =-Az+Bu, z,ueZ tel0,1],
4.1)
z(0) = zo,

where A : D(A) ¢ Z — Z is an unbounded linear operator in Z with the spectral
decomposition given by (1.2), the control u € L?(0,7;Z) and B : Z — Z is a linear and
bounded operator (linear and continuous).

In this case the characteristic function set is a particular operator B, and the following
theorem is a generalization of Theorem 2.5.

Theorem 4.1. If the vectors B*¢;x are linearly independent in Z, then the system (4.1) is
approximately controllable on [0, T].

Proof. From [2, Theorem 4.1.7, part (b)-(iii)], it is enough to prove that

B*T*(t)z=0, Vte[0,7]=2z=0. (4.2)
To this end, we observe that
0 o0 Yi
B'T*()z= > e V'BEjz= >.e™' > (z,¢;x)B*Pjx = 0. (4.3)
=1 =1 k=1

Hence, from Lemma 1.4, we obtain that szzl(z, ¢ix)B*Pjx =0, j =1,2,.... Since B*¢; . are
linearly independent on Z, we obtain that (z,¢;x) =0, j = 1,2,.... Therefore, E;z = 0, j =

1,2,3,..., which implies that z = 0. So, the system (4.1) is approximately controllable on
[0,7]. O

Remark 4.2. As future researches, we will try to use this technique to study the controllability
of other partial differential equations such as the thermoelastic plate equation, the equation
modelling the damped flexible beam, and the strongly damped wave equation.
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