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Abstract

In this note, we consider a hyperbolic system of equations in a domain made up of
two components. We prescribe a homogeneous Dirichlet condition on the exterior
boundary and a jump of the displacement proportional to the conormal derivatives on
the interface. This last condition is the mathematical interpretation of an imperfect
interface. We apply a control on the external boundary and, by means of the Hilbert
Uniqueness Method, introduced by J. L. Lions, we study the related boundary exact
controllability problem. The key point is to derive an observability inequality by using
the so called Lagrange multipliers method, and then to construct the exact control
through the solution of an adjoint problem. Eventually, we prove a lower bound for
the control time which depends on the geometry of the domain, on the coefficients
matrix and on the proportionality between the jump of the solution and the conormal
derivatives on the interface.
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1 Introduction

Let us consider an open bounded subset £2 of R”,n > 2, and let £2; = 2\ $2,, where
£2, is an open and bounded set such that £2, CC 2. Denote by 952 and I" = 952>
the external and the interface boundaries respectively (see Fig. 1).

In the above mentioned domain we want to study the boundary exact controllability
problem for a hyperbolic system of equations with appropriate boundary and interface
conditions on 92 and on I". This evolution system describes the wave propagation in
acomposite made up of two components having very different coefficients of propaga-
tion. More precisely, we prescribe a homogeneous Dirichlet condition on the exterior
boundary and a jump of the displacement proportional to the conormal derivatives on
the interface. The discontinuity of the solution is the mathematical interpretation of
imperfect interface (see [1,3,5-13,15,16,21,22,25-31] and references therein).

The boundary exact controllability problem consists in finding a suitable control,
acting on the external boundary or even on just a part of it, driving the trajectories
of an evolution system to a desired state at a certain time 7" > 0, for all initial data.
Eventually, it reduces to prove an estimate for the energy of an uncontrolled system, at
time ¢t = 0, through partial measurements of its solution done on the boundary control
set. This estimate, known as observability inequality, yields an upper bound for the
norm of the initial data of the uncontrolled problem.

In general, the observability inequality does not hold for arbitrary T or control
regions. Indeed, the part of the boundary where the control is acting has to satisfy
certain geometric conditions. Moreover, as usual in the hyperbolic case, due to the
finite speed of propagation of waves, one needs to require that T is sufficiently large.
For instance, in the class of regular domains, when using the microlocal approach, one
can achieve the observability inequality if and only if every ray of geometric optics,
propagating into the domain and reflecting on its boundary, enters the control region
in time less than the control time T (see [2]).

In this note, we prove the above mentioned observability inequality by means of
Lagrange multipliers method. This is done making use of some results of Monsurro
et al. [28], where the exact internal controllability of the same system of equations is
studied.
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Usually, when dealing with controllability problems, one fixes a point x* € R”
which can be viewed as an observer, and which determines the control action region.
In the framework of boundary controllability, this control region could be either the
entire external boundary of §2 or just a part of it, according to the shape of the domain.

In our context, we need to choose x inside £2 and to assume that £25 is star-shaped
with respect to it. This particular choice of x° will influence the control time too (see
Lemma 5). Moreover, due to the imperfect transmission condition, the control time
will depend also on the coefficients matrix and on the proportionality between the
jump of the solution and the conormal derivatives on the interface. See Sect. 3 for
more details.

The paper is organized as follows. Section 2 is devoted to the introduction of
the imperfect interface problem and of the appropriate functional spaces required
for its solution (see also [12,25]). Moreover, as usual when studying controllability
problems, since the initial data are in a weak space, we need to apply the so called
transposition method (see [20], Chapter 3, Section 9). Finally, we give the definition of
exact controllability. In Sect. 3, by using a crucial identity proved in Lemma 3.2 of [28]
and by adapting to our case some arguments as in [18,19], we obtain the observability
inequality and find the lower bound for the control time 7 (see Lemma 5). To this
aim, we apply the above mentioned identity in order to establish two fundamental
inequalities, given in Lemmas 2 and 3. Lemma 4 justifies the particular choice of the
point x°. In Sect. 4, we find the exact control by using the Hilbert Uniqueness Method
(HUM for short) which is a constructive method introduced by Lions [17,18]. The key
point is to define a suitable functional which, as a consequence of the observability
estimate, turns out to be an isomorphism. Let us recall that the control obtained by
HUM is also the energy minimizing control.

In [18], Chapter 6, J. L. Lions studies for the first time the exact controllability,
via HUM, for the wave equation with transmission conditions. More precisely, he
considers a Dirichlet problem with a matrix constant on each component of the domain
and a control set on part of the external boundary. For the case of a Neumann boundary
exact controllability problem in the same framework we quote here [24]. For what
concerns the internal exact controllability of hyperbolic problems in composites with
imperfect interface we refer to Faella et al. [14], Monsurrd and Perugia [29] and
Monsurro et al. [28].

2 Setting of the problem

Let us consider an open bounded subset £2 of R”, n > 2, and let £2; = £\ $2,, where
£2 is an open and bounded set such that £2, CC £2. Denote by 052 and I" = 952,
the external and the interface boundaries respectively. Suppose that the interface is
Lipschitz continuous. By construction one has

32N =40 2.1)

Let T > O0anddefine Q1 = 2, x (0, T), Q2 =2, x (0, T), X =98 x (0, T) and
YXr=Ix(0,T).
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Given a control ¢, we consider the following boundary exact controllability problem
defined in the domain £2

u{ —div(A(x)Vuy) =0 in Q1,

uy —div (A(x)Vuz) =0 in Q»,

Ax)Vuiny = —A(x)Vurnpy on X,

A(x)Vuiny = —h(x)(u; —ur) on X', 2.2)
Uy =¢ on Y,

u(0)=UY, uj(0)=U]  ing,

ur(0) = U3, uh(0) = U} in £2,,

where n;’s are the unitary outward normals to §2;, fori = 1, 2.

Let us define a class of function spaces which takes into account the geometry of the
domain as well as the boundary and interfacial conditions, suitable for the solutions
of this kind of interface problems. They were introduced for the first time in [25] in
the analogous stationary framework (see also [12] for more details). First of all, let

V= {vieH (£21)|vi =00nd},
which, as proved in [4], is a Banach space endowed with the norm
lvilly = ”vaHLZ(_Ql)-
By (2.1), V can be defined as the closure, with respect to the H'(£21)-norm, of the
set of the functions in C°°(§2;) with a compact support contained in £2. Indeed the

condition on 952 in the definition of V must be interpreted in a density sense, since
we do not assume any regularity on 92. We set

Hp = {v:(vl,vg)lvl eVandvzeHl(.Qz)}. 2.3)
The space Hr is a separable and reflexive Hilbert space when equipped with the norm
7. = IVVill72g, + 1VO207200,, + o1 = 021175

and, as evidenced in [7], it can be identified with V x H 1 (£2,) endowed with its usual
norm. The dual of H is denoted by (Hp)" and observe that the norms of (H)" and
V' x (H'(£23)) are equivalent (see [9]). Moreover, if v = (v1,v2) € (Hr) and
u = (uy,uy) € Hr, then
(v, M)(Hr)/,Hp = (v1, Ml)V’,V + (v, MZ)(HI(QZ))/,HI(_QZ) .
As proved in [7,8], (H, L% (£21) x L? (£2»), (Hr)') is an evolution triple. Let us set
W= {v — (v, ) € L2 (o, T:V x H' (92)) ..
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v = (v vp) € L2 (0,73 L2 (@1) x L2 (22) ], 2.4)

which is a Hilbert space if equipped with the graph norm given by

lvllw = llvillz2,7;vy + 020l 200, 7; 11 (25)) + vy ||L2(0,T;L2(91)) + | ”§||1,2(0,T;L2(:22)) :

For what concerns the initial data and the control problem (2.2), we suppose that

D)UY = (U, UY) € L?(£2)) x L* (22),
RO 1 , 2.5)
() U' = (U}, Uy) € (Hp),
and
e L¥(X). (2.6)
We also assume that A is a symmetric matrix field such that
2
(i) aij e (W (2))" , 1<i,jk<n, @7
(i) (A)A, &) = alAl?, JA)A| < BIAL,
for every A € R" and a.e. in £2, where «, 8 € R, with 0 < « < 8, and put
Ba,-j
M = max max|—|. 2.8)
1<i,jk<n xef2 | 0xk
Furthermore, the function % satisfies
h e L®(I')and 3 hg € R suchthat 0 < hg < h(x) a.e.in I. 2.9)

Since the initial data are in a weak space, we need to apply the transposition method
to define in an appropriate way the solution of problem (2.2) (see [20], Chapter 3,
Section 9). Thus, for every g = (g1, g2) € L>(0, T; L? (£21) x L? (£23)), we consider
the following backward problem

Y —div(A(x) V) = g1 in Oy,

Yy — div(A(x) Vi) = & in 0>,

AX)Vy1n = —Ax)Vyony onlr,

AX)Vying = —h(x)(Y1 —¥2) on X, (2.10)
Y1 =0 on X,

Yi(T) =y ((T) =0 in £21,

Yo (T) = ¥5(T) =0 in £2,.

The existence and uniqueness of the weak solution in W of problem (2.10) are proved
in [7]. For sake of simplicity, in the sequel we omit the explicit dependence on the

@ Springer



S. Monsurro et al.

space variable x in the matrix A and in the function 2 when considering integrals.
Now, we give the following notion of transposition solution.

Definition 1 For any fixed (U, U') € (L?(£2) x L? (22)) x (Hr)', we say that a
function u = (u1, uz) € L>(0, T; L? (£21) x L? (£22)) is a solution of problem (2.2),
in the sense of transposition, if it satisfies

/ u1g1dxdt+/ urgrdxdt = —/ UY Odx + (U], 1 0))
Qi 02 £2) Vv

- [ udvsorax + (ud va0)
£2;

(H'($22))', H(522)

—/ AV ny ¢ doydt @2.11)
X

forall g = (g1, g2) € L*(0, T; L? (£21) x L* (£22)) and v is the unique solution of
problem (2.10) corresponding to g.

0
Remark 1 Observe that, since ¥; = 0 on X, one has that V| = n a—wl on Y. Hence

n
(2.11) reads as follows

/ ulgldxdt—l-/ urgrdxdt = —/ U?$i(0)dX+<U11,I/I1(0)> )
0 0> 2 Vv

(H'($22)), H1(522)

- [ udvsorax + (ud va0)
2

9
—/ Amym 2 ¢ do, dr.
x ong
(2.12)

Problem (2.2) admits a unique solution u € C ([0, T]; L*(2) x L* (22)) N
C' (10, T1; (Hp)') satistying the estimate

0
lull oo 0, 7: 1220 x L2522y + N L. 7:cmryy < CUU N 2020y x12(20)

10 N apy + 181225
(2.13)

with C as a positive constant (see [20], Chapter 3, Section 9, Theorems 9.3 and 9.4).

It is clear that the solution of problem (2.2) depends on the control ¢, i.e. u (¢) =
(u1 (¢), uz (£)). Nevertheless, for sake of simplicity, in the sequel we omit this explicit
dependence.

Definition 2 System (2.2) is exactly controllable at time 7 > 0, if for every
(UO, Ul) , (ZO, Zl) in (L2 (£21)x L? (§22)) x (Hr)', there exists a control ¢ belonging
to L2(X) such that the corresponding solution u of problem (2.2) satisfies

w(T)=2° u'(T)=27".
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Remark 2 1t is well known that for a linear system reversible in time, exact con-
trollability is equivalent to null controllability (see, for instance, [32]). Hence, it is
enough to prove the existence of a control ¢ € L*(X) of (2.2) such that u(T) =
u'(T) =0.

From literature it is renowned that it is not possible to achieve controllability with-
out additional requirements. Hence, in this paper, we prove a boundary controllability
result under the further geometrical assumption that £25 is starshaped with respect to
a point x° € £2,. More precisely, we prove that system (2.2) is exactly controllable,
for a suitable time 7' > O sufficiently large, taking a control acting on a part of the
external boundary 952, or even on the entire external boundary, according to the shape
of the domain (see Theorem 2). We use a constructive method known as the Hilbert
Uniqueness Method, HUM for short, introduced by Lions in [17,18]. Eventually HUM
reduces to the derivation of a delicate estimate from below, known as observabil-
ity estimate, for an uncontrolled problem, see (3.1). This estimate can be obtained
by proving some preliminary fundamental results based on the so called Lagrange
multipliers method. These results are proved in the following section. We point out
that the control obtained by HUM is also the energy minimizing control, hence it is
unique.

3 The observability inequality

In this section, we consider an imperfect transmission problem similar to (2.2) pre-
senting a homogeneous Dirichlet condition on the external boundary and more regular
initial data. Namely, for T > 0, let us introduce the following problem

7 —div(A(x)Vz)) =0 in O,

Zg —div(A(x)Vz2) =0 in Q,

A(x)Vziny = —A(x)Vzony, on X,

A(x)Vziny = —h(x)(z1 —z2) on X, 3.1
z1=0 on X,

21(0) =2Y,  Z((0) =z} in 21,

200) =29, 25(0) =z] in £2,,

with

{ZO = (%.29) e Hr, (32)

2 = (21, 23) € L2(21) x L (22),

where n;’s are the unitary outward normals to £2;,i = 1, 2. In view of (2.7) and (2.9),
as already observed in [7], problem (3.1) admits a unique weak solution in W and its
variational formulation is given by
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Find z = (z1, z2) in W such that
(Z/l/, U])V/’V + <Z/2/, U2>(H1(92))’,H1(92) +/ Alevvl dx +/ AVZ2V'U2 dx
21 §22

+/ 721 — 22) (01 — v2) doy =0, ¥ (v, v2) € V x H'(22) in D'(0, T),

r
21(0) =27, 2{(0)=z{ ingy,
2(0) =29, Z5,(0) =z} in 2.

(3.3)

More precisely it holds the following result.

Theorem1 [7] Let T > 0 and Hr and W be defined as in (2.3) and (2.4). Under
hypotheses (2.7), (2.9) and (3.2), problem (3.1) admits a unique weak solution z € W.
Moreover, there exists a positive constant C, such that

L2<91>xL2<92)) ’
(3.4)

1 0 1
Izl oo, 7117 + |12 ”LOO(O,T;LZ(.Ql)xLZ(.Qz)) =C (HZ ‘Hr + HZ ‘

In fact, under the same hypotheses of Theorem 1, the solution of problem (3.1) has
further regularity

€ C0. T Hp), 2 e C(10.T1: L2 (2) x L ().

see [20], Chapter 3, Theorem 8.2 for more details. Hence the initial values z(0) and
7/(0) are meaningful in the appropriate spaces. Let us recall a fundamental identity,
proved in [28], crucial when establishing the inverse inequalities involved in the exact
controllability problem. For clearness sake, from now on we use the repeated index
summation convention.

Lemma1 [28] Let ¢ = (q1, ...qn) be a vector field in (W (2))" and let z =
(z1, 22) be the solution of problem (3.1)—(3.2). Then, the following identity holds

1

9z1\? 1 & 92\
3 . Anyn 8_}11 qiniy doy dt + 3 21: . An; n; B_n, qiniy doy dt
i=

_ / h (21 = 22) gk (Vo (21 — 22 do d
Xr

2
1
i 2/ ('ZHZ - AVJZiVUZi) giknik doy dt
i=17%r
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T 2

1 72 aqk

=) : —AVV')—d dt
+2i—1/Qi <|Zl| R Oxy g

2
=> <Z§1 %?)
i=1 Y/ 2

2 0z; 1 2 " day; 0z; 0z;
+ / AVZi Vg — dx dt — - / qk —L L gy dt,
; o, ax 2 ; 0 5y 0%k 9x dx;

(3.5)

where

0z; dz; (t
<Zz/‘s41k—Zl> =/ 2 (D qr EAQPN
Xy 2 2 Xk

and Vy7; = (UjZi)'}zl denotes the tangential gradient of z; on I' fori = 1,2 (see,
for instance, [18], p. 137).

In order to prove the direct inequality, stated in the next Lemma 2, we apply the
above identity for a particular choice of the vector field ¢g. At first, let us denote by
E(t), the energy of the problem (3.1)—(3.2) which is defined as

1
E(r)=5[ /ﬂ 12, () Pdx + /Q 1250 Pdx + /Q AVZ1 (V21 (Hdx
+ f AV (1) V22 (1)dx + / hlzl(f)—zz(t)lzddx] (3.6)
2o r

It is easy to see by a direct derivation that the energy defined in (3.6) is conserved (see
[8], Lemma 4.1), i.e.

E(t)y=E©), Vtel0,T] 3.7

Lemma2 Letz = (z1, 22) be the solution of problem (3.1)—~(3.2). Then, forany T > 0,
it holds

2
/ <@> doy dt < CE(0), (3.8)
P

an

with C as a positive constant.
Proof_Let us choose gy = 7w in (3.5) for k = 1,..,n, where T = (Tx)k=1,.n €
(C'(£2))" is such that

(i) T=mn; onds2,
(ii) =0 1in 2y, 3.9
@i0) lItllze @y = 1.

The existence of such a vectorial field is proved in [18]. By (3.9)(i) and (3.9)(ii) we
get
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T
aT
+ 7f (|z’l|2 - AV21Vzl) 2R dx dr
2 0 BXk

9 1 " day; 971 9
+/ AVZ V2L dxa'z——/ g 3 S ELEL g ar, (3.10)
01 0xk 2 Jo, o 0x 0x; dx;

Passing to the absolute value, lﬂ/ (2.7), (3.9)(iii), Young inequality, (3.6), the conser-
vation law and since T € (C'(£2))" , we obtain

1 071 2
/ Aniny | — | doy dt
2 > 8]11

1 T 1 R 1 5
<[ O] dax+ [ | dx+ = | vz (0 dx
2 Ja, 2 Ja, 2 Ja,

1
+—/ V21 (T)2 dx+C1/ (|z3\2+AvZ1le) dx dr
2 21 0
+02/ AVzVz, dx dt—|—C3/ IVz1|? dx dt
0 [

1
< 2 max (1, 7> E©) + c4/ (|z’, P+ vz \2> dx di < CE(0),
o o

where the last inequality is a consequence of estimate (3.4). Then, hypothesis (2.7)(ii)
gives the result. o

At this point, in order to derive the observability estimate, we adapt to our context
some arguments introduced in [18,19] (see also [28]). Here, for x0 e R", we set

mx) =x —x% = (xx —x)r_;. 3.11)

Lemma 3 Letz = (21, z2) be the solution of problem (3.1)—(3.2). Then, forany T > 0,
it holds

3z \*
An;n; <£> mynii doy dt—/ h(z1—2z2) mg (Vo (21—22)) doy dt
i Xr

=< CE(0), (3.12)

2
1
+ E E / <|Z;|2 — AVgZngZi> myn;i doy dt
. p)
i=1 r

with C as a positive constant.
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Proof Let us choose gy = my win (3.5)fork = 1,...,n, where w € CI(R”) is such
that

(i) suppw C 2,
(i) 0<w<1 in$2y,
(iii)yw=1 onr,
(iv) VWl < 1.

(3.13)

The existence of such a vectorial field is proved in [18]. By (3.13)(1)—(iii) we get

1 2 E)Zi 2
> Z Aniny minik doy dt — | h(z1 = 22) mi (Vo (21 = 22))i doy dt
2 — ani Xr

1
+ 2 Z/ <|Z;|2 - AVoZiVaZi> myn;x doy dt
i=172r

T
0z n

= <z2, miw 2) + —/ (Iz/zl2 — AVZ2sz) wdx dt
a.xk 92 0 2 Q2

1 0 0
+ —/ <|Z/2|2 — AVZZVZz) mk—w dx dt —i—f AVZ2VU)£mk dx dt
(0} dxg 02 9xx

2

dajj 022 022

1
AV V dx dt — - ———=dx dt. 3.14
+ /Qz 22VZw dx 2/ mpw Z o 91 0%, X ( )

Passing to the absolute value, by (3.13)(iv), Young inequality, (3.6), the conservation
law and (3.4), we obtain

2
Z / An; n< ) manig doy di — / h (21— 22) mi (Vo (21 — 22)) doy dt
_ .

1
+ ) Z/ ('Zz/‘|2 - AVUZiVUZi> mynx doy dt
im1 r

1
SE/ |Z2(0)| dx + - / !zz(T)| dx—l—Cl/ [Vz2(0)|?
22

+C / |sz(T)|2 dx + 5/ (Iz/zl2 + AVZZVZQ) dx dt
2

[05)

+C2/ (|Z/2|2 + AVZQVZz) dx dt
(0))

+C3/ AVzoVzy dx dt + C4/ |sz|2 dx dt < CE(0).
02 0]

2

where C;’s are positive constants independent of 7.
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Usually, in the context of controllability problems, the point x° can be interpreted
as an observer and its choice is strictly related to the region where the control is acting.
Having this in mind, we define

BQ(xO) ={x€d2: mx)ni(x) = mp(x)nig(x) > 0} (3.15)
and
>(x% =032x% x (0, 7). (3.16)

Further, we put

R(x%) = max |[m(x)| = max Z(xk —x0)? (3.17)
e xeR k=1
In our case, as observed in [28], due to the geometry of the domain, x% must be

chosen such that the set §2; is star-shaped with respect to x°. As we will see later on,
this choice will also influence the control time (see Lemma 5). By Lemma 3.3 in [28],
we can easily obtain the following result.

Lemma4 Let us suppose that §2, is starshaped with respect to a point x° € 2. Let
z = (21, 22) be the solution of problem (3.1)—(3.2). Then, for any T > 0, it holds

R(x"B 9z1 / 07\’
—_— d dt E A i doy dt
2 Jswo \dn "2 My ) T EO

- / h(x) (z1 — z2) mg (Vo (21 — 22))x doy dt
zr

4= Z/ 2 _ AV, z; vgzi) myniy, do, d
nR(xOM R(xY (n—1Ja
> |:T <1 — T) — 2max( /o , o )] E(0), (3.18)

with M given in (2.8).

Combining the results of Lemmas 4 and 3, we obtain the claimed observability
inequality.

Lemma 5 Let us suppose that §2- is starshaped with respect to a point x° € §25 such
that

R(x%) < niM (3.19)
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with o and M respectively given by (2.7) and (2.8). Let z = (21, z2) be the solution
of the problem (3.1)—(3.2). Then, there exists Ty > 0 such that

9 2
E(0) < C(T) (i) do, dt, (3.20)
Z‘(XO) 8n1

for T large enough so that

T—-Ty nR&OM

3.21
T T T 4 (3.21)

Proof By (3.18) and (3.12), we get

nR(xOM R(x% (n—1Ja
r(1-220) o (25252

2 )
R(x")B 3z1\2 1 3z

< L) doy dt + — Anin; | =2 « doy dt

- 2 S(xg) \ 071 o +2;./21 i on; Mkik €O

- / h(x) (z1 — z2) mi (Vo (21 — 22))y doy dit
Xr

2
1
+ 5 Z/- ('Z”z - AVUZiVaZi> myn;i doy dt
i=1 72T

- R(xYA
)

9071

2
(—) doy dt + CE(0),
E(xo) al’ll

where C is the positive constant given in Lemma 3. Denoting

B R(x%) (n—1)Ja
T0_2max< Ja , 2y )—l—C, (3.22)
we obtain
0 0 2
[T (1 — M) - TO] E@©) < R&)P (E) do, dt.
o 2 E(xo) 8]11

Following an argument similar as in [23], if (3.19) is satisfied and if T is large enough

nR(xO)M
_ T)

so that (3.21) holds, then T <1 — Ty is positive and we get the required

result. O

As a consequence of the direct and inverse inequalities, we immediately get the
following equivalence.
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Corollary 1 Under the hypotheses of Lemma 5, there exists Ty > 0 such that

2
E0) <Ci(T) <2ﬂ> do, dt < Cr(T) E(0), (3.23)
T(xo) \ 01|

for T large enough so that

T—-Ty nR&xHM
> .
T o

4 The boundary exact controllability result

In this section, let us prove the boundary exact controllability of system (2.2) by means
of the Hilbert Uniqueness Method introduced by Lions (see [17,18]).

Theorem 2 Let us suppose that $2; is starshaped with respect to a point x° € $25 such
that

R < 2
nM’

with a, M and R(x) respectively given by (2.7), (2.8) and (3.17). Under assumptions
(2.7) and (2.9), for any given (UO, Ul) in (L2 (821) x L? (.Qz)) x (Hr)', there exist
a control ¢ € L*(2(x%)) and a time Ty > 0 such that the corresponding solution of
problem (2.2) satisfies

w(T) =u/(T) =0, 4.1
for T large enough so that

T—-Ty nR&xOM
> .

- » 4.2)

Proof Let Ty be as in Lemma 5 and T as in (4.2). Let z be the solution of (3.1) and
consider the following backward problem

0y — div(A(x)V6;) =0 in Q1,
0y — div(A(x)V6y) =0 in Q»,
A(x)VOini = —A(x)Vbrn, on X,
A(x)VOin; = —h(x)(01 — 62) on X,
% on E(xo), .3)
91 = 3711
0 onX\X(x%
0(T) =0{(T) =0 in £21,
6,(T) =65(T) =0 in £2;.
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Similar to the solution of problem (2.2), the solution 6 = (0, 6>) of problem (4.3) is
also defined by the transposition method. Hence, it satisfies

9
/ AV 2L doy di = (9{(0),53) —/ 2101 (0)dx
T (x0) on v,V 2

+ (6300, 23) 210,(0)dx,

(H' (@), H(22) /92
(4.4)

1

where z is the solution of (3.1) for z%, z! as in (3.2). Now, since z; = 0 on X, we see

az .
that Vz; = n; 8—1 on Y. Hence (4.4) can be rewritten as
nj

9z1 9
f Ay 0 L o di =<9{(0),z?> —/ 2101 (0)dx
= (x%) ony  dny vy g

+ (0300, 29) 2165 (0)dlx.

(H\(2)) H'(2) /92
(4.5)

Inspired by HUM method, we introduce the linear operator
A:Hp x <L2 (21) x L (92)) — (Hp) x <L2 (21) x L (92)) (4.6)
by setting for all (z°, z') € Hr x (L? (1) x L? (222)),
A (ZO, z]> = (0'(0), —0(0)), @.7)
where 6 is the unique solution of problem (4.3). It is easy to verify that
(222 (22 = (0. 00y, (2.
— <9; 0), Z?)V/’V - /Ql 2161 (0)dx

+ <9§(0), z3> 216, (0)dx, (4.8)

(H'(2)),H'(22) /92
for every (ZO, zl) € Hr x (L2 (21) x L? (.(22)).

Putting together (4.5) and (4.8), we can obtain the following explicit formula for
the operator A

971 2
A0,1,°,1>=/ A ) o, dr. 49
< (z z) (z z) ) mm {30 Ox 4.9)
Observe that, by (2.7),
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921\ 921\ 921\’
o — | doydt < Anny | — | doydt < B — | doy dt.
20 \9n 2(x0) ony 20 \9n

In view of Corollary 1, the right hand side of (4.9) defines a norm on Hp X
(L2 (£21) x L? (.Qz)) equivalent to the inner one. Therefore, A is an isomorphism
between Hp x (L*(£21) x L*(£2,)) and (Hr) x (L*(£2) x L?(£2,)). Thus, if
(U9, U are the initial conditions of problem (2.2), the equation

A (zo, zl) — U, -U%
has a unique solution. This motivates us to take the control ¢ in (2.2) as

071 0
;: a—nlonE(x ), (410)

0 onX\X(xY).

By uniqueness, we see that u = 6 and therefore, we have the null controllability of
problem (2.2) and hence its exact controllability. O
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