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Abstract

In this paper, we study controllability and observability problems for the wave and
heat equation in a spherical region in R™, where the control enters in the mixed
boundary condition. In the main result, we show that all “finite energy” initial
states (i.e. (wo,vo) € H'(1) x L2(0)) can be steered to zero at time T, using a
control f € L2(89 x [0,T)), provided T > 2. On this basis, we use the duality
principle to investigate initial observability for the wave equation. Applying the
Fourier transform technique, we obtain controllability and observability results
for the heat equation.

I. Introduction

In this paper, we consider the controllability problem for the wave equation
wy — Aw =0,t >0, z € (1, where (1 is a spherical region in R™. The control
force enters in the boundary condition dw/dv + ow = f, where o > 0 is fixed.
In our main result we show that all initial states (wp,vo) € H'(2) x L%(Q)
can be steered to the zero state at time T > 2 using the control f. On this
basis, we investigate the initial state observability problem for the wave equation.
Furthermore, we study observability problems for the heat equation w;—Aw = 0,
t >0, z € (1 with the mixed boundary condition.

In many physical processes, control is applied at the boundary of the spatial
region, in which the process evolves. The wave equation plays an important role
in the study of structural vibrations, tubular catalytic reactions, etc. Boundary
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controllability and (final state) observability of the parabolic equation w, — Aw =
0 has applications in heat transfer and diffusion processes.

Following the steps of [9], we can weaken the assumption (wo, vo) € H2(02) x
H'(Q?), which was imposed on the initial conditions in [10, p. 81). More precisely,
we can show that finite energy initial states, i.e. (wo,v0) € H(Q) x L?(Q)
can be steered to the zero state with a control f € L2(89 x [0,T]) appearing
in the mixed boundary condition, provided T > 2. However, we obtain this
stronger result only for the case in which the region (2 is the interior of the unit
sphere in R™ (n > 2). This is in contrast to the weaker controllability result
obtained in [15], where the specific geometry of 2 does not need to be prescribed.
Further results concerning boundary controllability for the wave equation subject
to various boundary conditions in other regions can be found in {4], [16]. For
the case involving only one space dimension, complete results on these topics are
available. For details, see [17], [18], [22] and the references cited therein.

In the case of the heat equation w; — Aw = 0, our first aim is to investigate
observability problems. On this basis, a duality theorem proved in [4] can then
be used to obtain the controllability result, where the control f again enters
in the mixed boundary condition. In [2], [3], [14], [19], [21], results concerning
various observability problems for the heat equation in one space dimension or
higher dimensions are established. For more details concerning controllability
results see [6], [7].

This paper is organized as follows. In Section 2, we describe the abstract linear
systems and specify the boundary control problem for the wave equation. A brief
summary of preparatory results is also given. The underlying results, which lead
to the definition of certain weak solutions of the wave equation established by
the technique of transposition, are described in detail. On this basis, we proceed
in Section 3 with the proof of our main result via solving an equivalent moment
problem. We shall, however, indicate only the important steps in the proof,
because the procedure is similar to that given in [9]. With the aid of this main
result, initial state observability for the wave equation is obtained in Section 4,
applying a duality theorem. Finally, in Section 5, we shall deal with the heat
equation again subject to the mixed boundary condition. Hereby we use the fact
that the boundary control problem of the heat equation is closely linked to the
corresponding boundary control problem for the wave equation.

2. Preparatory results
Let X, Y, Z be Banach spaces. Consider the abstract linear system
X>DC) Sy

Fl (2.1)
Z
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where the ‘observation’ operator C: X — Y is linear with dense domain D(C)
and F is linear and bounded. The system

xX>D(C) Sy (2.2)

is a specialisation of (2.1) obtained by taking F to be the identity operator on
X. Together with (2.1) and (2.2) we consider the dual systems

x* < pecrycy
J (2.3)
7
or when F is the identity on X

x* < peYycy, (2.4)

obtained by letting X*, Y* and Z* denote the conjugate spaces of X, Y and Z
respectively. C* and F* are taken to be the adjoint operators for C and F.
With this notation, we give a general definition of observability and control-
lability problems.
DEFINITION 2.1. The system (2.1) is (continuously) F-observable if there is
a constant K > 0 such that

|Fz)|z < K||Cz|ly, =z € D(C).
The system (2.2) is observable (i.e. initial state observable), if
lzllx < K||Cz]ly, z € D(C).

DEFINITION 2.2. Let R(A) denote the range of the operator A. Then system
(2.3) is F*-controllable, if
R(F*) € R(C*)

and the system (2.4) is (exactly) controllable, if
X* C R(C").
We now state a theorem relating observability and controllability.
THEOREM 2.3. (a) System (2.1) is F-observable if and only if system (2.3)
s F* -controllable.

(b) System (2.2) i3 observable if and only if system (2.4) is (ezactly) control-
lable.

PROOF. For part (a) see {4, Theorem 2.3} and for (b) see {4, Theorem 2.1).
We now pose the boundary control problem for the wave equation. Consider
the initial boundary value problem consisting of the equation

32 n 32
a_t;”_z—axzzo, z€Q, t20, (2.5)
k=1
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where 1 = {z € R",||z|le <1} and 90 =T = {z € R", ||z|le = 1}, || - || denotes
the Euclidean norm.
The boundary condition is given by

Z—Z}(z,t) tow(zt) = f(z,t), z€T,t>0,0>0fxed,  (2.6)

where v denotes the unit outward normal vector to I and

fe L} x[0,T)) (2.7)
for some T > 0. The initial conditions are
w(z,0) = wo(z) € H(Q), %—’:’(z, 0) = w(z) € LAQ),  (28)

where H1(Q2) denotes the Sobolev space of order 1. The Sobolev spaces H"({1),
H?(T') of real orders 7, s are defined as in [11].

Our control problem is defined as follows. Let T be prescribed and (wg, vo)
be an initial state as specified in (2.8). Then, find a control f satisfying (2.7) so
that the solution of (2.5), (2.6) and (2.8) also satisfies

w(z,T) = wr(z) € H(Q), %—1:)(2:, T) = vr(z) € L%(Q).
Because of the time reversibility of (2.5), there is no loss of generality in assuming
that
wr = vr =0. (29)

The main result of this paper is now summarized in

THEOREM 2.4. If T > 2, the control problem is solvable with a control
f € LT x [0,T)) such that

1122 reor) < Kllwolld gy + lvollZz(qy)s
where K 1s a positive constant independent of wg and vo. If T < 2, the control
problem i3 not solvable in general.
The proof of this theorem is given in Section 3.
Let the space V defined by
V = {we H}Q): 8w/dv + ow|r =0, o > 0 fixed}.

First, we note from the trace theorem [11, Chap. 1, §3.3] that w, dw/dv are
defined on I' and are elements of the interpolation space H3/2(T"), H/2(T) re-
spectively. Furthermore, the map

w— (w] r, a‘w/alll r)
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is a linear, continuous and surjective map of H?(Q2) onto H3/2(T') x HY?(T').
Thus, V is a closed subspace of H2({2) and hence a Hilbert space with the inner
product from H?2(f).

Next, we show that V is dense in H!((1), which is needed for Theorem 2.5. Let
f € HY(Q). It is sufficient to show that f L V implies f = 0. Since the Laplace
operator —A is coercive on H'({1), one can equip H'(f2) with an equivalent
scalar product defined by

(u,f)lE/nVquda:+Ko/nufd:c+/raufds,

where K denotes the coercivity constant. Let u € V, f L V. Application of
Green’s formula yields

0= (u, N =/nf(——A+K0)uda:+/F(au+8u/6u)fds
=/ f(—A+ Kp)udz, sinceueV.
0

In [23, p. 339] it is shown that the boundary value problem
—Au+ Kou = g, ou+ Ou/dv|r =0, o >0 fixed,

has a unique solution u € H?(Q) for every g € L%(02). Hence,

0=(ufi) = /n f(—A + Ko)uds = /n ofdz, VgeILXQ).

Thus, f = 0, and the claim is proved.
In order to define a weak solution of (2.5), (2.6), (2.8) we need the following
theorem, whose proof can be found in [11, Chap. IV].

THEOREM 2.5. Let Ty > 0 and suppose oo € V, 1 € HY(Q), h €
L%([0,T1]), H*(Q)). Then there exists a unique function o such that
©(:,t) 1s continuous from [0,T1] into V and o(-,0) = vy, (2.10)
df/8t(-,t) is continuous from [0,T] into H'(Q)) and dp/dt(-,0) = ¢y, (2.11)
0%p/0t? and Ap lie in L2(0,T1;V') and satisfy in L2(0,T1; V')
9%p/0t? — Ap = h. (2.12)
For the following it is important that one can identify the dual V'’ of V (with
respect to H'(Q)) with L2(2). In order to show this, we need the next two
lemmas.

As usual, by a region in R™, we mean an open connected (nonempty) bounded
set of points.
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LEMMA 2.6. Let Q) be a region in R™ and suppose that 30 =T € C2. Then
there i3 a constant C > 0 such that any function f € V satisfies the inequality

1flz2 ) < CllASfllL2(0)- (2.13)

PROOF. Suppose that f € V and let F denote Af. Then f(z) satisfies
Poisson’s equation

Af=F (2.14)

almost everywhere in (). Moreover, by the definition of V, 8f/dv + o f| aq = 0.
Multiplying Af = F by an arbitrary function v € H}(Q2) and applying Green’s
formula, we obtain

/nvAfdx=/ndez=—(/anVfd:c+/ravfds).

Hence, f is a generalized solution (cf. [13, p. 193]) of the mixed boundary value
problem for equation (2.14). The inequality (2.13) follows then from Theorem 4
of [13, p. 217] (see footnote on that page).

LEMMA 2.7. LetQ C R™ be a bounded region of class C and T be the bound-
ary with positive (n — 1)-dimensional Lebesgue measure. Let o(s), defined on T,
be a measurable bounded function with o(s) > 0. Then, the norms || f|g1(q) and

]y = (/QkX::l|8f/89:k|2dz> 1/2+ (/Fa(s)|f(ac)|2ds>l/2

are equivalent.

PROOF. Theorem 28.5 of [20].
Let H'(Q) be equipped with the scalar product

(f,9)1 =/QVngdz+/rafgds.

The dual V' of V with respect to H!(Q2) in the norm | - |, is defined as follows.
Let w € H'(f)) and define a continuous linear functional on H!((2) by

Ly (u) = (u,w):, u € H(Q). (2.15)
For u € V C H?((1) we have with a positive constant ¢
luly = llullarsqy > eluly
and hence

()| < (1/¢)l|ullv |w],
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showing that [, is also a continuous linear functional on V. Since V is a Hilbert
space, there exists a unique v(w) € V such that

Ly (u) = (u, v(w))v, ueV. (2.16)

We define
lwllv: = [lo(w)llv,

and V" itself to be the completion of H!(f)) with respect to this norm. Now,
lwllv: = lv(w)llv = sup |(u,v(w)v|/llulv.
0£ueV

Since

(u,v(w))y = (u,w); =/ Vu-de:z+/auwds,
0 r

(by (2.15) and (2.16)) integration by parts together with u € V' leads to

(u,v(w))y = —/(Au)wdz.
0
Thus,

lwlly: = sup

op | @wwds /v
< s [ [ 1ouiae] " hulis 1ty 2.17)

0#£ueV
< sup Klullvljwllzz@)/llully = Kllwll2a)
0#u€eV

for some fixed positive constant K. By Lemma 2.6,
—Au=w

has a unique solution 4 € V with |||y < KllwnL2(Q). Equation (2.17) with
u = 1 gives '

/Q(Aa)w dzx

= llwllZ2() < lallv llwllv: < Kllwllzz@llwllv,

so that

lwllz2(qy < Kllwllv:-
Therefore, the L2(0) and V'’ norms of w € H*() are equivalent. Since V' is the
completion of H!((2) with respect to the V' norm, it is then also the completion
of H'(f) with respect to the L2(Q2) norm, which is L?((?). Topologically, V’
and L%(Q) are the same space, and the norms are equivalent. This completes
the proof.
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Using Theorem 2.5, together with the technique of transposition and Green'’s
formula as done in [11, p. 319] and in (1], we obtain

THEOREM 2.8. Let (wg,v) € H(Q) x L?(Q) and f € L2(T' x[0,T1]). Then
for each solution of (2.12), as described in Theorem 2.5, together with

#(z,Th) = 63—?(23, T)=0

there exists a unique functionw € L%(Q x [0, T]) such that the following relation
1s valid:

02¢
w(5s — Ang) dzdt = whdz dt
Qx[0,T1] ot ax[0,71]
15]

=/n (vo(:c)d)(z, 0) —wo(z)g(z,0)> dz

+/ f(z,t)¢(z,t) dsdt.
FX[O,T]]
(2.18)

We use (2.18) as the definition of weak solutions of (2.5).

REMARK 2.9. The identification of V' with L2(Q) together with (2.12) shows
that the left-hand side of (2.18) s defined for w € L?() x [0, T4))-

Because we can reverse the direction of time in the wave equation, the replace-
ment of the initial conditions stated in Theorem 2.5 by the terminal conditions
in Theorem 2.8 causes no problem. Since w(-,T) and dw/dt(-, T} are not very
well defined by Theorem 2.8, as required for our control problem, we replace
condition (2.9) as follows. Let T; > T, and extend f from [0,7] to {0,T;] by

setting

f(z, t)=0, zeTl, te(T,Ti). (2.19)
Then (2.9) is replaced by

w(z,t) =0, (z,t) € Q x [T, Th]. (2.20)

Then (2.9) and (2.20) are equivalent for classical solutions of (2.5), (2.6), (2.8).

3. Proof of Theorem 2.4

Following the arguments of [9], we can transform the controllability problem
(2.5), (2.6), (2.9) into a sequence of equivalent moment problems. For the sake
of convenience, let us give a sketch of the procedure.

Denote by Ag; = w¥%,, K = 0,1,..., I = 1,2,... the eigenvalues, and by
Ukmi € L?(Q) the orthonormalized eigenfunctions of

AU+ AU =0

https://doi.org/10.1017/50334270000005956 Published online by Cambridge University Press


https://doi.org/10.1017/S0334270000005956

(9] Controllability and observability 469

with the boundary condition

a—U-+-c:7U|r=0, o > 0 fixed.

v
Here m, m = 1,2,..., h(K,p) = (2K + p)(K + p — 1)!/(p'K!), denotes the
multiplicity of each eigenvalue. We remark that the eigenvalues are positive
numbers. For each K, these numbers are defined by Ax; = w%,, where wk;

satisfies
(0 = 2/2) Ik 1p/2(wrr) + wra Ty 4 pr2(Wri) =0, 1=12,...,p=n-2.

Here J, is the Bessel function of the first kind with order v. Furthermore,
wg) < wgg < -+ — 00 and wg, — 00 as K — oo for each | = 1,2,.... The
corresponding normalized eigenfunctions are a triply indexed sequence given by

UKml(z) = UKml(r’ 6, d)) = RKI(T)YKm(ea (I)),

m=12,..., h(K,p) = (2K + p)(K + p — 1)!/(p!K").
Here 6, ® are hyperspherical coordinates, r € [0, 1} is the radial coordinate,
6={0:0<0; <m j=1,...,p} is the coordinate of latitude and ® € [0, 27) is
the coordinate of longitude. The sequence {Yxm(6,®)}, m = 1,2,... h(K,p)
is then an orthonormal basis in L2(T') for the surface harmonics of degree K.
The functions Ry (r) are defined by (see e.g. [5]):
_ V2wir?/? Jr+p/2(wkir)
T {wk — (K +0)(K+p—0)}V2 [Tk yppa(wii)l’
For each K, the functions are orthonormal (with weight function r"~!) in
L?(0,1). We now state a result which is needed for the proof of Theorem 2.4.

Rru(r) (3.1)

LEMMA 3.1. Ifvg € H*(Q), then the inequality
Z AKiViemp < 00
Km,|l
13 satisfied, where
VKml = / vo(2)Ukcrni () dz.
0

PROOF. Lemma 3.2 of [10].
Let w be a solution of (2.5), (2.6), (2.8) as defined in Theorem 2.8. The initial
data have an expansion in L?():

(i }- P {2t U, (3:2)
where Wkmt | _ wo(r, 8, ®) U 6 BV grds
{ Vicmi } /n { vo(r, 8, B) } Kkmi(r,0, %)
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Let Ty > T, g = g(t) € C®[0,00) have support in [T, T;] (cf. Remark 2.9);
define a function gg.m € C(f x [0,00)) by
9xmi(2,t) = g(t)Ukmi(z). (3.3)

Then, the solution of 82¢/8t* — And = grmi, 0¢/0v + od|r = 0, with zero
terminal condition

is given by

d(z,t) = dxmi(z,t) = (o1 cos(wkit) + a2(1/wi) sin(wxt) ) Urkmi(z);
T

2
oy = / (1/wki) sin(wgt)g(7) dr, Qg = —/ cos(wgiT)g(7) dr.
T T

Hence, ¢ € C* (2 x [0,T}]) satisfies the hypotheses of Theorem 2.8. Thus the
solution w(z, t) must satisfy (2.18) for such a ¢(z,t). Now, by substituting ¢(z,t)
and 0¢/0t(z,t) together with the expansions of wg, vy into (2.18), we obtain

o (/ f(z,t) cos(writ) Ukmi(z) dsdt + va,)
r'x[0,T)

+ as </ f(l‘, t)(l/wl(t) sin(wmt)UKmp(z) dsdt — mel) (3'4)
I'x(0,T]

= / w(z, t)gKml(fB,t) dx dt.
nX[T,Tll

If we expand f(z,t) in terms of hyperspherical harmonics:

f@t)=>" Y fkm(t)Ykm(8,®), t€[0,T], z=(1,6,9) €T, (3.5)
K=0 m=1

and use the orthonormality property of the sequence {Yky,} in L?(T'), it is clear
that the right hand side of (3.4) is zero, and hence (2.20) is satisfied if and only
if the function fx,, € L2?(0,T] solves the infinite collection of moment problems:

T
/o Jrm () exp(iwkit) dt = (—vkmi + wxiwrmi)/Rii(1), (3.6)

T
/ Freom (£) exp(—iwrat) dt = (—vimi — iwiwicm)/ Rict(1), (3.7)
0
K=0,1,..,1=1,2,..., m=1,2,..., h(k,p).

The solvability of such a moment problem depends on the value of T and the
properties of the nonnegative numbers wg;.
The proof of the following lemma can be found in (8.
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LEMMA 3.2. For fitedp>2,0 >0, and K =0,1,..., 1t i3 true that:

WKI+1 —WKI>T

lim (Wi 41 — wii) =T
l—o0
This lemma implies that for each K = 0,1,..., the sequence {wg;} has an
asymptotic gap m and density
D = lim (I/wki) = 1/7.
l— o0

In [12, p. 3] it is shown that the functions exp(iwk;t), exp(—iwkit), | =
1,2,..., are linearly dependent in L2[0, 7] if T < 2« D. Thus, for

S = {exp(iwkit),exp(—iwkit), 1 =1,2,...}

there does not exist a biorthogonal set in L2[0,T] if T < 2xD. Since D = 1/7
in our case, this implies the statement of

LEMMA 3.3. IfT < 2, the moment problem (3.6), (3.7) has in general no
solution.

Using Lemmas 6.3 and 6.4 of [9], we can prove the following theorem.

THEOREM 3.4. IfT > 2 and

Z I'UKml|2 = 0,2 < 00, (38)
Km\l
Y lwkiwgml|® = 5% < 0o (3.9)
K,m|(

then the moment problem has a solution f(z,t) € L?(T x [0, T)) which satisfies
I 122exp0,r)y < Ki(a® +b%), (3.10)

where the positive constant K, 1s independent of the coefficients vimi, Wrmi-

PROOF. Let the functions fx, € L2[0,T] be the solutions of the moment
problems (3.6), (3.7) which exist for T > 2 by Lemmas 6.3 and 6.4 of [9]. For
each K, m it follows from (3.6), (3.7) and Lemma 6.3 [9] that

I femli3207) < 2K1 Y _(1/IRi(D)P)(lvkemt|® + lwxiwremil?),
1=1

where the constant K, is determined by the positive number T — 2 as well as
the uniform lower bound 7 of the asymptotic gap wk,1+1 — wk,i. Recalling
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the definitions of f(z,t) and Uxmi(z), one sees that the orthonormality of the
hyperspherical harmonics Y, (0, ®) implies that

oo h(k, 2
> Z fkm(t)Ykm(©,®)
K=0 m=1 L*(T'x[0,T))
oo h(K,p
=D Z 1 fxm &)E2(0.7)
K=0 m=1
oo k(K,p) oo
<2K) E Z (/1R (V1) (lvkemi|® + lwriwremi|?)
Z a%(ml
Kmd

Now, we need to show that

3" ok < K1 D (lvkmil? + lwkiwkml?) = Ki(a® + 7).
K,m,l Kvm)l

Thus, it is sufficient to show that there exists a positive number K; such that,

for all K, I, :
2K, |Rii(1)|72 < K. (3.11)

For this, we recall that |Rg;(1)|? = 2wk, {w%, - (K +0)(K +p—0)}~!. Thus,
|Ri(1)]* 2 2(1+ 02 Jwky) ™! 2 2(1 + 0% Jwiy) ™Y,

since wyg; < wgg < --- — 0o (see [8, Theorem 1.1]). Using the fact that
Wt w00 as K — oo forl=1,2,... and wgy > 0 for all values K, !, we
conclude that there exists a constant u such that

0 < p=min{wg;, K=0,1,...}.
Therefore,
o2\ 7?
|Rii(1)|2 > 2 (1 + F) =c,

which proves the inequality (3.11). Thus, the series (3.5) converges in
L%(T x [0,T)) and represents a solution of the moment problem (3.6), (3.7).
This completes the proof.

We are now in a position to prove our main theorem.

PROOF OF THEOREM 2.4. Lemma 3.1 shows that if wgp € H({2), then the
inequality (3.9) is satisfied. Of course, condition (3.8) indicates that vg € LZ(02).
Theorem 3.4 now shows that there exists an f € L?(T" x [0, 7T]) which solves the
moment problem (3.6), (3.7) provided T' > 2. In the derivation of the moment
problem we see that this is equivalent to the controllability condition.
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The proof is complete.
The next lemma indicates that one can not, in general, obtain more informa-
tion from Theorem 2.4 by using inequalities (3.8) and (3.9).

LEMMA 3.5. If the inequalities (3.8) and (3.9) are satisfied, then (wp,vp) as
given in (3.2) is an element of H'(Q) x L?(Q).

PROOF. Clearly, (3.8) is equivalent to vy € L%(Q2). (3.9) implies that wp
given by (3.2) lies in the domain of the positive definite operator (—A)'/2 in
L?(Q2). Since V' has been identified with L2((2), the operator —A defines an
isomorphism of V onto L2(12), i.e. given u € V there is exactly one w € L2(2)
such that w = —Au and vice versa. Moreover, there are constants Lo,L; > 0
such that :

Lollullzr2(a) < llwllz2(n) < Lillullaz ).
The domain of (—A)!/? is the interpolation space
[V, L2 Q)]1/2 € [H*(), L*(Q)]1/2 = H' ().
Hence, (3.9) implies wy lies in the domain of (—A)!/? which in turn is contained
in H(0Q).
The proof is complete.

4. Initial state observability for the wave equation

In this section, we apply our main theorem to establish the initial state ob-
servability result for the wave equation subject to the mixed boundary condition.

Consider the initial boundary value problem, which consists of (2.5) with Q
and I' defined as before:

ow/dv(z,t) + ow(z,t) =0, z€Tl, t>0, 0 >0 fixed (4.1)
w(z,0) = wo(z) €V, dw/dt(z,0) = vo(z) € L*(Q). (4.2)

This problem is known [11, Chapter IV] to have a unique solution w(z,t) with
the properties

w € C([0,T); H}()), dw/dt € C([0,T), L* ().
The observing operator H: H'(2) x L?(Q0) — H~Y/%(T) is defined by
H(w(-,t),00/0t(- 1)) = dw/dt(- ).

Again, the trace theorem shows that H is a bounded linear operator. The
corresponding observation operator

C: D(C) C H}(Q)) x L}(Q) — L3(T x [0,T))
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is given by
C(wo,v0) = H(w(-,),0w/0t(-,-)) = dw/dt(:, ). (4.3)

Using regularity results (e.g. Theorem 2.5) for solutions of (2.5), (4.1), (4.2)
together with the trace theorem it follows that V x H}(Q?) c D(C).

In order to study the observability problem (2.5), (4.1), (4.2) via (4.3), we
consider the dual control system:

2 n 2
%‘ZQ=0, zeN, t>0, (4.4)

with terminal conditions
2(z,t) = 3z/3t(z,T) =0 (4.5)
and the boundary condition
8z/0v(z,t) + oz(z,t) = f(z,t), zel, t>0, o >0 fixed. (4.6)

By using the divergence theorem together with the assumption that wg € V,
it can be deduced from

9z (0w dw (9%
0= ‘/QX[O,T] [—a—t— (W —A,,w) + E (W —AnZ)] dz dt
that the following relationship holds:
dwo(z) 92(z,0)
/ﬂ [vo(a:) 9% £,0) + Z e
=/ <az( ) e t)+‘9"(z t)aw( t)) ds dt
rxfo,r] \ 0¢

ov

=/ %w (z,t)(f(z,t) — oz(z,t)) dsdt
rxfo,r) ot

+/ oz(z,t)a—w(z,t) dsdt+/az(x,0)w(z,0)ds
I'x[0,T] ot r
Thus,

/ f(z, t)a—”’ (z,¢) ds dt

rx[0,T] ot

—/ oz(z,0)wo(z) ds.
r

In particular, (4.7) holds when (w(z,0), dw/3t(z,0)) = (wo,v0) € V x H ()
so that dw/8t € H/*(T x [0,T])) c L% x [0,T]), and for control functions
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f € L*(T x [0,T]), which steers the state (z(-,0),82/dt(-,0)) € H*(Q) x L%(Q)
to zero at time T'.

Define X = {(w,v): (w,v) € H'(Q) x L2(Q)}. Note that X is a Hilbert space
with the inner product

((w,v), (0,9)) x —/ (v(:z:)v z) + Z Bw(z) Bw(z)) d:c+/row(:c)w(i) ds.

0Tk

Let the associated norm be denoted by || - ||x- Lemma 2.7 shows that this norm
is equivalent to the usual norm in H!(Q) x L%(0). Equation (4.7) shows that

C: D(C)C H}(Q) x L}(Q) = L} T x [0,T)) =Y
has an adjoint operator
C*: D(C*) C L} T x [0,T)) = X* = X = H'(Q) x L}(),
where
C*f = —(2(-,0),02/0t(-,0)).

The right-hand side is the initial state to be steered to zero at time T when the
control f is used in (4.4)-(4.6). The domain of C* consists of those f for which

(2(-,0),92/t(-,0)) € X.

From Theorem 2.4, we have the following controllability result for the system
(4.4)-(4.6): If T > 2, each initial state with

2(+,0) = 20 € H'(QV),
dz/0t(-,0) = z; € L(Q),

(i.e. each initial state in X) can be steered to zero at the time T by use of a
control f € L?(T" x [0,T]). This means that C* maps from D(C*) onto X.
Application of Theorem 2.3 part (b) with X and Y as indicated above yields

l(wo, vo)llx < KI||C(wo,vo)lly

for each (wg,vp) € D(C) and T > 2. Thus the system given by (4.3) is observ-
able.

5. Observability and controllability of the heat equation

In this section, we consider some observability problems for the heat equation.
Our aim is to deduce the controllability result by using Theorem 2.3.
Let 2 and I' be defined as in Section 2. Consider the parabolic equation

>
Zazx 0, z€0,t>0 (5.1)
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with the initial condition
w(z,0) = wo(z) € L2(N) (5.2)
and the boundary condition
dw/dv(z,t) + ow(z,t) =0, z€Tl, t>0, >0 fixed. (5.3)

Té 2n vernll Voo e (oo
4V 1D WwCil nIUWiLL \DCC

solution w of (5.1)-(5.3

serving operator

H: HY(Q) - L3(T),  Huw(t) = w(-t)| zer

[E %]
|9,
)i

Chapier Vi, §2, Theorems i and 3j) that the unique
8 an

element in L2(0,7; H'(1)). Introducing the ob-

the observation operator C is defined by
C: wp € L) —» we L3(T x [0,7]) (5.4)

for some fixed 7 > 0.
In conjunction with (5.1)-(5.3), we consider the controlled parabolic process:

0z/0t — Apz=0, ze, t>0, (5.5)
z(z,0)0=0 (5.6)
0z/0v(z,t) + oz(z,t) = f(z,t), z€l, t>0, 0 >0 fixed, (5.7)

where f € L2(T x [0,7]). Using the divergence theorem, we obtain

0= w(z, 7 — t)(02/0t — Apz)dzdt
0x%[0,T]

= / wo(z)2(z,7)dz — / w(z,7 —t)f(z,t)dsdt.
0 r'x[o,7]
Substituting 4 = 7 — ¢t and replacing u by ¢, we get

/ wo(z)2(z,7)dz = / w(z,t)f(z, 7 —t)dsdt
Q rx(o,r

]

= / w(z,t)h(z,t) dsdt.
rx|o,r]

Since w € L2({0,7]; H'(€1)) it follows from the trace theorem that
w|r € LE(T x [0,7]).

Let X = L?(Q), Y = L%(T x [0, 7]), and defining C by (5.4), the dual operator
C*is

C*: h(z,t) = f(z,7—t) € L*(T x [0,7]) — 2(-,7) € L3(Q).
This means that C* takes h(z,t) into the final state z(-,7) when the control f
is used in (5.5)~(5.7).
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Let —Ax <0, K = 1,2,..., denote the eigenvalues of the Laplace operator
subject to the mixed boundary condition. Let the orthonormalized eigenfunc-
tions in L2((2) be denoted by ¢x;, K =1,2,...,1=1,2,...,mg, where mg is
the multiplicity of the eigenvalue —Ag. Then,

Cox,1=e **'oxi|r.

In {15], it is shown that the solution gx.(z,t) of the moment problem for
the parabolic control problem (5.5)-(5.7) can be constructed from the solution
gk i(z,t) of the corresponding moment problem for the hyperbolic control prob-
lem (4.4)-(4.6) by Fourier transformation. There it is shown that the functions
gri(z,t), z €T, K =1,2,...,1l = 1,...,mg form a biorthogonal set with
respect to the functions

dxc,1(z) exp(—Akt) in LT x [0,7]),

that is
6= [ esa) exp(-Axtlamca(zt)ds . 58)
rx|o,r}
Recall inequality (6.17) of [15):
lgx.ilEa(oxioy < C(r)n(T) exp(MAYL?), (5.9)

where C(r) is a constant depending on 7, M = const. > 0, u = Lebesgue

measure. It follows from (5.8) together with the Cauchy-Schwarz inequality that
1 < |lgxcallLzrxfo,r)) - 19K (2) exp(=Akt)l| L2 (rx(o,7))-

Hence, using inequality (5.9), we obtain for each K = 1,2,..., [ =1,2,...,mk,

K(7)ll¢x1(z) exp(=Axt)|| L2(oxo) = [l exp(~MAL)bxa(2) |2y, (5-10)

since @ is chosen to be orthonormal in L2(f2) and K(7) is a constant depending
only on 7.

From inequality (5.10), we can easily establish the observability results. More
precisely, inequality (5.10) means that if we define F: X — X by

F = exp[-M(-4)"/?]
then we have F-observability, that is
K||Cwolly 2 [|[Fwollx, woe€ D(C)CX.

Note that (—A)!/2 is well defined, since —A is a positive-definite self-adjoint
operator. Replacing F by F = exp(rA), final state observability for the system
(5.1)-(5.3) holds if K is replaced by some K > 0. This is due to the fact that
exp[—M(~A)'/?] and exp(rA) are positive-definite self-adjoint operators with
eigenvalues exp(—M /\}(/2) and exp(~—1Ag) respectively, where

lim AK — 0.
K—oo
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Thus, this final state observability result agrees with those obtained in (6], (7],
(14], [19] and [21].

From Theorem 2.3, part (a), we see that the range of the operator C* includes
the range of F** (or of F'*), that is

R(exp[-M(-A)'?])) = R(F*) C R(C"). (5.11)

This inclusion means that the set of final states z(-,7), which may be reached
from z(-,0) = 0 by means of a control f € L?(T" x [0, 7]), includes states A defined

by:
oo My
A= {2(',7)1 Z Zax,td?x,z} ;
K=11i=1
where
O My
33 laxalPlldxal3zoxo.n)) < - (5.12)
k=11=1
In view of the estimate {5.9), (5.12) can be replaced by
oo My
Z Z ok, |2 exp[2M,\}(/2] < 0. (5.13)
k=11=1

An interpretation of the condition (5.13) can be found in {6]. Furthermore,
it follows from Corollary 3.2 and Theorem 3.3 of [6] that this condition is, in a
certain sense, necessary and sufficient for the validity of (5.11).
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