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Abstract

In this paper, we consider the hyperbolic partial differential equation w, ,+1/r
w, — »2/r? w, where v > 1/2 or » = 0 is a parameter, with the Dirichlet, Neuma.nn and
mixed boundary conditions. The boundary controllability for such problems is investi-
gated. The main result is that all “finite energy” initial states can be steered to the zero
state in time T, using a control f € L2(0,T), provided T > 2. Furthermore, necessary
conditions for controllability are also presented.

1. Introduction and problem formulation

In this paper, we consider controllability for the hyperbolic partial differential

equation
2,

% ¥+ Bhyw =0, (r,1)€(0,1) x(0,T), (11)
where B, ,, denotes the Bessel differential operator of order » = 0 or » > } given
by

1d({ d
Boyy = rdr( d‘p)“"’z/’ v.

The control force f € L%(0, T') for some T > 0 enters in the boundary condition

a2 (r, 1) +ow(r, ) =f(1), 130, (12)
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where a® + 6% # 0, ac > 0. We require (0 + ) to be bounded since B ), has a
discontinuity at zero. We pose for (1.1) the initial conditions

w(r,0) = wy(r) € H,, %(r,O) = 0(r) € H, (1.3)

where H,p denotes the “energy space” to be defined in Section 2 and
H = {x: Vrx(r) € L*0,1)}.

In this problem, a = 0 corresponds to the Dirichlet problem; ¢ = 0 to the
Neumann problem; and ¢ > 0, a = 1 (without loss of generality) to the mixed
boundary value problem. For brevity, these three problems are to be called
problem 1, problem 2, and problem 3, respectively.

The term “control problem” refers to:

Let T > 0 be given and let (w,,v,) € Hy X H be a given initial state. Then, find
a control f €& L?(0,T) such that the solution of (1.1)-(1.3) also satisfies the
terminal conditions

W T) =wp(r),  S2(r,0) = vr(r),

where w; and v, are given elements in Hy and H, respectively.

Because of the time reversibility of (1.1), there is no loss of generality if we
assume w, = vy = 0, i.e. we consider our control problem to have zero terminal
conditions

w(r,T) = %(r,T)=0. (1.4)

Our main result is:

THEOREM 1.1. Let v = 0 or v > % be fixed. If T > 2, then the control problem is
solvable with a control f € L*(0,T) such that

2 2 2
W 220m < K(lIwoll, + 126l

where K is a positive constant independent of w, and vy. If T < 2, then the control
problem is not solvable in general.

In most physical processes, control is applied at the boundary of the spatial
region in which the process evolves. The equation w, = -Bg,,w is a wave
equation, which is of importance in the study of structural vibrations of a circular
membrance and tubular catalytic reactions, where the wave speed depends only
on the radius r. These examples are particular cases of the control problem
considered in this paper.
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Graham and Russell [4], Russell [11]-[16], Lagnese [S], Littmann [9], and other
authors have presented certain results concerning boundary and distributed
control for systems governed by linear hyperbolic partial differential equations in
various spatial regions in which the process evolves. Our controllability result
stated in Theorem 1.1 is of the same type as the main result on boundary control
of the wave equation reported in [4] and [21]. However, the treatment of our
control problem is rather different from that of [4] and {21]. More precisely, an
existence and uniqueness theorem for our evolution problem is to be estimated
under weaker assumptions. Note that controllability results of the same type as
ours are also available in [4], [11] and [21], where the domains are, however,
assumed to take specific forms. Furthermore, stronger conditions on the initial
data are also required in [11]. Note that results concerning boundary control in
unspecified or star-complemented regions are reported in [13] and [16] by using
different approaches from ours. However, in the cases of the Neumann and mixed
boundary control problems, these approaches give rise to only sufficient condi-
tions for controllability. Our approach, however, shows that the sufficient condi-
tion is, in fact, also necessary. In the case of the Dirichlet boundary control
problem, our technique needs to be slightly modified. As a result, we obtain only
the same sufficient condition for controllability. However, we shall show that this
sufficient condition is not necessary.

In Section 2 we rewrite the evolution problems in variational form. This enables
us to define weak solutions of (1.1)—(1.3) by using the method of transposition. In
Section 4 we show that each of the control problems is equivalent to a collection
of trigonometric moment problems solvable by the theory of nonharmonic
Fourier series developed in [11] and [12], together with certain results concerning
the separation of eigenvalues of the operator B 0.1) (B denotes the closure of B).
The proof of Theorem 1.1 and the proofs of results concerning necessary
conditions for controllability depend on special properties of the eigenvalues and
eigenfunctions of 301) and the spectral representation of the energy spaces Hy.
Some of the preparatory results reported in Section 3 (see also [20]) may also be
of interest by themselves.

2. Existence, uniqueness and regularity results of the evolution problems

We shall follow the treatment given in [7, Chapter IV]. First, we introduce some
notation and hypotheses.
Consider the Bessel differential operator By, of order » > 0 given by

o 1d( dy
B(0‘1)¢=—7$( dr)+v2/r ¥, I’E(O,l).
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Let the domain of B, be defined by
D(Bp,y) = { x(r)lx(r) = rru(r),u(r) € €=(0,1),
u'(0) = au’(1) + au(1) = 0,a’> + 6> # 0,a0 > 0}. (2.1)

The requirement u’(0) = 0 is only necessary in the case when » = 0, since we
need to show B¢ € H = {x(r): Vrx(r) € L*(0, D}.

The domain D(Bg,,)) is dense in the separable Hilbert space H, because
C§(0,1) is dense in H (see Theorem 2 of [22, page 8]).

We define the “energy space” HB(-OJ) for each of the three boundary-value

problems as follows: HB(O,., = Hy = closure of the domain (2.1) with respect to
the norm

el = (* Al I+ 12O+ v/ ) ar) 7 22)

The technique of the construction of the energy space outlined in [19, Section
17] leads to our definition in the cases a« = 0 or o = 0 in the domain (2.1). For
the mixed boundary condition, (ie. a =1, o > 0), the technique has to be
modified, as indicated in the Appendix, in order to obtain a similar definition.

It is important to note that the space Hy depends on the parameter » > 0 and
the chosen domain. However, we shall use the same symbol H, throughout the
paper.

Identifying H with its dual, and denoting by Hj the dual of the separable
Hilbert space Hy, we have

HyC HC Hy
and Hy is dense in H since C3°(0,1) C Hy is densein H.

With the operator By,,,, we associate for Dirichlet and Neumann boundary

conditions the symmetric bilinear form

(By.p, ), =alp,¥) = f0‘ (r’(r) /(1) + v%/rp(r)¥(r)) dr,

p’ 4’ € HB) (2-3)
and for the mixed boundary condition (i.e. ¢ > 0, @ = 1 without loss of general-

ity),
(Boup ¥) = ale,¥) = op(1)¥(1)
+ j(;l (ro’(r)y'(r) + v2/ro(r)y(r)) dr, p, ¥ € Hy. (2.4)

Therefore, the operator B, is symmetric in each case and from (2.2) and (2.3)
(resp. (2.4)) a Garding-type inequality

2
a(p,p) +lolla=lpllu,, Vo € Hp (2.5)
follows.
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For our second-order evolution problem, we have verified that all the assump-
tions of Theorem 1.1 in {7, Chapter 1V] are valid. Thus, we have

THEOREM 2.1. Under the assumptions (2.3) (resp. (2.4)) and (2.5) there exists a
uniquey € L*(0,T; Hy) with 9y/dt € L*(0, T, H) satisfying

3%y /dt> + By, y = g€ L*(0,T; H),
the initial conditions
d
y(r,0)=y0(r)EHB, _5;_)('30):)}1(’)61{
and the homogeneous boundary condition
a%—f(l,t)+oy(1,t)=0, a’+ 0% # 0, ao > 0,

together with the requirement that y(0 + , t) is bounded. Furthermore, the mapping
(8 Yo» 1} = {»,0y/0t} is a linear continuous map of L*(0,T; H)X Hy X H
into L*(0, T; Hg) X L*(0, T, H).
In [8, Chapter 3] the result is extended to
y € C([0,T], Hg) = { y: y is continuous from [0,T] - H,},

%—{ e c([0,T); H).

Since we can reverse the direction of time in equation (1.1) it is clear from
Theorem 2.1 that for h € L*(0,T; H) there exists a unique p € L*(0,T; Hy)
satisfying dp /9t € L2(0, T; H),

3%/81> + By p = h, (2.6)
the zero terminal conditions
o(r.T) = 2(r,T) = 0

and the homogeneous boundary condition.

We proceed now with the principle of transposition outlined in [1] and [7].

By use of Theorem 2.1 we construct an isomorphism that we transpose to solve
the nonhomogeneous boundary value problem (1.1)-(1.3). For this purpose, we
introduce the set

X= { plp € LZ(O,T; Hy), %‘tl € L*0,T; H),
3%/31> + By, p=h € L*(0,T; H), p(r,T) = g—’:(r, T)=0,

p(0 +, 1) bounded, a%:-(l,t) +0p(1,1)=0,a’+ 02+ 0,a0 > O}.
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Endowed with the norm ||p|ly = |d%/31> + BoyPll 20,71y = Wl 20,751 the
space X is a Hilbert space and, by virtue of Theorem 2.1,

p— d%/3t> + By,p (2.7)

is an isomorphism of X onto L%(0, T; H).

Let p — L(p) be a continuous linear form over the Hilbert space X. Applica-
tion of the Riesz representation theorem combined with the isomorphism (2.7)
yields the existence and uniqueness of # € L%(0, T; H) such that

L(p)=f0’<i1(~,r),%j—‘;( 1)+ By (- t)> VoeXx. (8

H
Specializing to our linear form over X using Green’s formula, we obtain

LEMMA 2.2. There exists a unique functionw € L*(0, T; H) such that for p € X,

f f 8 20/3t% + Ol)p)dtdr
_ ](;1 ‘/(')T vk dtdr +f1 r(p(r,O)Uo(") — %%(r,O)Wo(r)) dr

ff’) (1,8)dt, 0+0,a=0, 29)
ff(t Jo(1,1) dt {orztg,’ :(1): (2.10)

where it is assumed additionally that in the case of the Dirichlet boundary condition
(ie.a=0)

[ 1050
0
is defined for all p € X.

PROOF. By virtue of (2.8), it remains to show that the integrals over (0, 7T) are
well defined. First, under the additional assumption for the Dirichlet problem, the
chosen linear form is well defined on X and it is a continuous linear form
thereon. From the eigenfunction expansion of (2.6) for the Neumann or mixed
homogeneous boundary condition as described in Section 3, we obtain, for » = 0
orv > i,

le(1, )] < XS

[ sinl (R o = ) ) 1,0

ety

j=1

2 1/2
h,,j('r)l df) < 00,
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using /A, ; = O(j) (see Lemma 3.1 in Section 3) together with Parseval’s
equality

Ef |, (7 )| dr =||lh(r, ) 20
Jj=1

where h, (t) = (h(-,1),f, j(:))y with f, in H orthonormalized eigenfunctions.
(If » = 0 in the case of the Neumann problem, then A, = 0 and we shall adopt
the convention sin‘/)\—(,; t/ \/)TJ = 1) Since f € L*0,T), we conclude that the
linear functional

o= [ 1001 d

is continuous on X, This completes the proof.
We summarize the above results in

THEOREM 2.3. Let v = 0 or v > % be fixed, (wy, v,) € Hy X Handf € L*(0,T})
with T replaced by T, > T. Then, there exists a unique function w € L*(0,T,; H)
such that for all solutions p of the equation (2.6) as described in Theorem 2.1
together with the zero terminal conditions

3
p(r,Ty) = 37 (r. ) =0,
the following equation is valid:

f f ap/at +B(01)p)dtdr= fl '/(;Tl rwhdt dr

0
= fol r(uo(r)p(r,O) - wo(r)%(r,O)) dr
+(2.9) or (2.10), (2.11)

where it is assumed that in the case of the Dirichlet boundary condition

p—»] f(t) P11 di

is a well defined continuous linear functional on X.
Note that, (2.11) is, in fact, a definition of weak solutions of problem (1.1)—(1.3).

REMARK 2.4. (i) Using Green’s formula, we can verify as in [7, pages 194-195,
Remark 7.2, page 320] that the function w(r, 1) satisfies (1.1)-(1.3) in a gener-
alized sense. Indeed, the choice of the linear functional was motivated by that.

(i1) It is easy to derive an eigenfunction expansion for w(r,t) similar to that
for the Neumann problem given in [7, Chapter IV, Remark 7.3].
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(i) Smooth solutions of (1.1)—(1.3) satisfy the integral relation (2.11). This is of
importance for the proof of our main result, since the function A is specialized to
be in C*([0,1] X [0, T}]).

As interpreted in Theorem 2.3, the solution w of (1.1)-(1.3) is an element of
L*(0, T; H) and thus w(-, T), 3w/dt(-, T) are not necessarily defined at the fixed
T as required in the statement of the control problem. Therefore, we replace
condition (1.4) by the following,

Let 7, > T and f be extended from [0,T] to [0,7;] by setting f(z) =0,
t € (T, T,]. Furthermore, let w(r, t) be the solution obtained from Theorem 2.3.
Then (1.4) is replaced by

w(r,t)=0, (r,t)e(0,1)X[T,Ty]. (2.12)

Clearly, (1.4) and (2.12) are equivalent in the case of classical solutions of
(1.1)-(1.3).

3. Properties of eigenfunctions and eigenvalues of E(’{M).
This material is required for effective representation of our controllability
result.
Let » =0 or v > 1/2 be arbitrary but fixed. We consider from now on the
operator 5(5,1), which is the closure of B ,, as defined in [19, Section 17].

It is known that the spectrum of B, consists, in each of the three cases, only
of the eigenvalues A, which, together with an associated eigenfunction f, satisfy

d*f/dr? + %Z—’: +(A=2¥/rt)f=0, (3.1)

where f is subject to the homogeneous boundary condition at r = 1 and f(0 + )
is bounded. Such solutions are J,(m r), the Bessel functions (first kind) of
order ». In [2], it is shown that the numbers A which satisfy (3.1), (3.2) can be
identified as

=2 _—
A, = He s Jj=12,....

Here p, ;, j =1,2,..., denoteany of p, ,, y, , or v, ;, where these are respec-
tively the jth nonnegative roots of the equations

J,(p,,) =0 (Dirichlet boundary condition, « = 0,0 > 0),
J/(»,,) =0 (Neumann boundary condition, o = 0, « > 0)

and

Y., 0/ (v,. ;) + aJ,(v, ;) =0 (mixed boundary condition, « = 1,6 > 0).
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In [2], it is further shown that the complete set {f, ;}, j=1,2,..., of
normalized (in H) eigenfunctions are given by
-1
fv,j(r) = ‘/2_ Jv+l(pu,j)| Jv(pv,jr)’ (3'3)

L) =20 =22 )2 ) ), vt (34)
(fo(r) = V210030, ) Tl 30,7),
Lo, (1) =2 [(1 + (o2 = v2) 02 ) 52(v, )] 20y r) (3.5)

respectively.
The solution of the second-order evolution problem of Theorem 2.1 in terms of
eigenfunctions is then given by

]
y(r’t) = Z {(yo’fv,j>Hcosl"'ll,jt + <y1’fll,j>HSin’J'll,]t/y‘V,j
=1

+

1 T .
i [ e()sinn (= r)dr) (),

where
gv,,(t) = <g(" ')’fw(')>y'

Certain results concerning the roots of the eigenvalues for each of the problems
1, 2, 3 are summarized in

LEmMA 3.1. For eachj=1,2,..., and fixed v=0or v> %, let p, = A, ;
denote any of p, ;, ¥, , or ¥, ,. Then, it is true that
lim (,‘,‘v.j+1 - y‘v,j) =, (36)
J=oo
w,,=0(J), (3.7)
D= lim j/u,,=1/m, (39)
J— oo
+ —_—
lim sup limsup 2T 2) —¢(x) _ 1 (3.9)

3

y—oo x—o0 Y

where ¢(u) = the number of p, ; < u. Let v > 1. For all three cases of homoge-
neous boundary conditions (except in the case 0 = %, a = 1), the inequalities

“”,2 — p'v,l > e > l‘"v,j+1 —_ p,v,j > s > O q (310)

are valid. If v = %, (3.10) is also true in the case of o = 0. For the Dirichlet and

mixed boundary condition with o = % all inequalities in (3.10) become equalities.
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Forv =0,
. 1 1 .
J=g)m<po;<\i= )™ Poje1—Po; < VjEN,  (311)
.1 3
(J - §)" S oS (1 - z)", Yoje1 = Yo > Yoa=1, (312)
Yo, =Jr+a+¥1(j)/, JEN, (3.13)

where q is a constant and \( j) is a suitable bounded function in N.

ProoF. For each fixed » > } and for the corresponding choice of p, j» the
inequalities (3.10), the asymptotic gap statement (3.6) and the density statement
(3.8) are proved in [3], Theorems 1.1, 1.4 and 1.2, respectively.

Case v = 0:a) po, = po ;5 (3.6) and (3.11) are known (see [18, page 43]).

b) po,; = ¥o,;: see [17, page 314] for the first inequality in (3.12).
Since Jy(r) = ~Ji(r) implies y, , = p;, ,» the validity of (3.6) and the second
inequality in (3.12) follows from part a).

€) ko, = Yo, (313) follows from equation (57) of [10, page 406).
The expression (3.6) follows then directly from (3.13).

The first inequalities in (3.11), (3.12) and the expression (3.13) imply (3.8) in
the case of » = 0. The statement under (3.9) for each » considered follows from
(3.6), since ¢(x) is proportional to x/7 and hence ¢(x + y) — ¢(x) — [y/7] for
x — oo ([x] = greatest integer less than or equal to x).

Because all intervals between two successive positive roots u, ; are equal or
greater than , it follows that

p,;2(—-Dm,  j=1,2,...,

except in the cases of (3.11) and (3.13), where in the latter case such a result is not
known. But p, ;> (j — 1)7 together with the first inequality in (3.11) (resp.
(3.13)) in the exceptional cases imply that g, ;= O(j) foreach» > 1/2 or v = 0.
This completes the proof.

To establish our controllability result, we need lower bounds for the eigenfunc-
tions f, ;and f atr=1.

LEMMA 3.2. a) For the eigenfunctions f, ; in (3.3), it is true that:
b) 1o, (DI = V2, 1f, I V2 /A +v/y,)=¢c,, (#> )

wheref, ;, j = 1,2,..., are the eigenfunctions of (3.4).
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c) In (3.9),

fv,/(l)l 2 ﬁ/(l + a/Yv,l) = cv,3'

PROOF. a) From the recurrence relation, J/(x) = v/x J,(x) — J,,(x), which is
valid for » > 0 and x € R, we obtain

£, =2 ) {2 [ per) + /00,130 0] )

Hence, since J,(p, ,) = 0, we get |/, (1)| = \/2—17,,,].
b) » = 0, a direct computation gives |f, (1)| = V2.
Since y, , > y,, for all j € N and for each » > }, we obtain

501> 2 =v22) > 2@+ ) =y

£, =v2v,,(v2, + 0 =) 5 2 (1 4+ o2y2,)

>V2(1+ O/Yv,l)_l =6,

since y, , > v,, forall j €N.
The proof is complete.

The next two lemmas are important for the characterization of the controllable
states.

LEMMA 3.3. Let A be a positive definite self adjoint operator with pure point
spectrum and let H, denote the energy space. Let 0 <A <A, < --- denote the
(multiple) eigenvalues of A and {x;}, j =1,2,..., be the corresponding system of
orthonormalized eigenvectors in the Hilbert space H. Then

ind 2
H, = { x|xeH, Y }\j|<x,xj>H| < oo}.
j=1

Furthermore, { x j)\;l/ 2}, j=1,2,..., is a complete orthonormal system in H, and
the operator A'/? defines a unitary mapping from H, onto H, i.e. | 4" x|,y = |Ix|| 5,
and D(A?) = H,, R(A/*) = H.

PROOF. Theorem 21.2 (a) of [19].

Note that Ay, = y2, = 0 is an eigenvalue of BJ,, with Neumann boundary

condition. Thus, B(‘(’)'l) is not positive definite and hence we cannot apply Lemma
3.3. Nevertheless, the following result is valid.
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LemMa 34. Let f, , j=1,2,..., be the eigenfunctions defined in (3.4) and yg,
the corresponding eigenvalues. Then,

o0
2
w € Hpy = is equivalent to Zl)’oz,j|<wo’fo,,>| < o0.
=
The proof of the Lemma is given in the Appendix

4. Proof of Theorem 1.1

Using the definition of weak solutions of the boundary value problem (1.1)—(1.3)
given in Theorem 2.3, we transform the control problems into a sequence of
equivalent moment problems. These are solved using the theory of nonharmonic
Fourier series. In that process, we obtain our controllability result reported in
Theorem 1.1.

Let w(r,t) be the weak solution of (1.1)-(1.3). Then, the expansion of the
initial data (w,,v,) € Hy X Hin H is

(i) = £},

where
()= [ ey ar

Let T, > T and let g = g(t) € C*[0, o) with compact support in (T, T;) (cf.
end of Section 2). Define a function g, ; € C*((0,1) X [0,00)) by

& (r,)=g()f, (r), j=12,.. (41)
Consider the equation

3%/ + By yp=g,, (r,1)e(0,1)x[T,T],

with zero terminal data p(r,T,) = dp/0t(r, T;) = 0 together with the homoge-
neous boundary condition (1.2) and the boundedness condition p(0 + ,7) < o0
for ¢ > 0. Its unique solution is given by

p(r’ t) = pv,j(r’t) = (alcosp'v,jt + a2Sinp‘v,jt/p'v,j)fv,_/(r),

_(nhn_1 . o
aT -/T B sin(p, ,7)g(7)dr,  a,= _fr cos(p, ,7)g()dr.

Here, we again adopt the convention that sin y;;¢/y,, = ¢, since Ay, = y¢, = 0.
Thus p € C*((0,1) X [0, T,]) satisfies the hypotheses of Theorem 2.3. The addi-
tional assumption needed in the Dirichlet problem is also satisfied for that p.
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Substituting p, dp/0¢ together with the expansions of w,, v, into (2.11), it
follows that

/l le rw(r,t)g, (r,t)dtdr=20
o Jr

for all functions g, , as described in (4.1), and hence (2.12) is satisfied if and only
if the functions f € L?(0,T) solve the corresponding moment problems, which
consist of the equations

fo(t) exp(xp, t)dt =o(v, , ¥ ip, w,;)/f, (1) (Dirichlet), (4.2a)
0
f Tf(1)exp( 2y, t) dt = a(-v, , F iy, w,,)/f, (1) (Neumann) (4.2b)

(v =0 =15 [T 100 de = —avu/foa(0), [ (1) it = o /(1)

and
[ 1@ exp( 2y, 1) dr = e, £ 9, ) /6, (1) (mined). (4.20)

For abbreviation, we denote o(v,, — ip, w, )/f,/;(1) and o(y,, +
ip, w, )/1,.,(1) by ¢l and d{!) respectively. Here the “+sign” in exp(+p, )
refers to ¢{)) and the “-sign” in exp(+p, ) refers to d{"). Similarly, ¢, d3)
and ¢¥), d) are used, respectively, to denote the right-hand sides of the moment
problems (4.2b) and (4.2¢).

The solvability of such a moment problem depends on the value of T and

properties of p, | listed in Lemma 3.1.

LEMMA 4.1. If T < 2, each of the moment problems (4.2a)—(4.2c) has no solution
in general.

PrOOF. This is a special case of a result proved by Levinson [6, page 3] where
T < 2aD. Since D = 1/7 (cf. (3.8)) in our case, the assertion follows from this
result.

LEMMA 4.2. Let T>2 and v = 0 or v > } be fixed. Let the sequences {c{’},
{d,f')}, J=12,..., i=1,23, be elements in the Hilbert space l,. Then, each of
the moment problems (4.2a)—(4.2c) has a solution f € L*(0, T) such that

2
+

- [+ 2]
KX

Py

)

2 L X 42 2
) <l lzon < K X (|0 +la0[).  @3)
j=1
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where the positive constants K, IE’, are determined by the asymptotic gap w (cf.
(3.6)) and the positive number T — 2. (IE',, K, are independent of the particular
sequences {c{)}, {d{")} forafixedv=0orv> })

Proor. [11, pages 549-555] under the assumption that the properties
(3.6)-(3.10) of Lemma 3.1 are satisfied.

As a consequence of that lemma, we can prove the following theorem concern-
ing solutions of the moment problems (4.2a)—(4.2c).

THEOREM 4.3. If for T > 2 and for v =0 or v > % fixed

o, ;| = a* < oo, (4.4)

™8

1

J

8

lw, ., = 6% < o (4.5)

Jj=1

then each of the moment problems (4.2a)—(4.2c) has a solution f€ L*0,T).
Furthermore,

||f||L2(0 n< K, (a® + b?),
where the positive constant K, i = 1,2, 3, is independent of the coefficients v, ,, w, ;.
PRrOOF. Let f € L%(0, T) be the solution of the corresponding moment problem
(4.2a), (4.2b) or (4.2c), which exists by Lemma 4.2 since the sequences {c{’)},
{d{}, j=1,2,..., i=1,2,3, are elements in [, by virtue of Lemma 3.1.

Combining (4.3) and the right-hand sides of each of the moment problems
(4.2a)-(4.2c) we have, respectively,

2 = 40 0
I fllzon <K X ( +]d®)| )
Jj=1
2 X
@) <4

2 o
)SK

><:

>q
TMS 1ps u[VJs

15,0f (1o, +12m,F).

> ¢]

IfVivon < & X (e

fv j(l)l (Ivv,j|2 + va,jwv,j|2)9

v _}(l)l (lvv,_llz + le,]wv,j'z)'

2 [>2]
If Vo < &s X (1)

3)
v.J

Thus, from the uniform lower bounds for the numbers f, (1) and f, (1) as
described in Lemma 3.2, we obtain the inequalities

1/ |20 < Ki(a? + b2),  i=1,2,3,
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where K, is independent of w, ;, v, . Here, we recall that the Fourier-Bessel

coefficients W, js Uy of wy, vy (and hence {c{"},{d{")}) depend on f, ; which, in
turn, vary with the considered boundary conditions.

This completes the proof.

PROOF OF THEOREM 1.1. Condition (4.4) is equivalent to v, € H. Lemma 3.3, or
Lemma 3.4 in the Neumann problem with parameter » = 0, indicates that
w, € H, implies condition (4.5). Thus, Theorem 4.3 shows that the moment
problems (4.2a)—(4.2c) are solvable for f € L?(0,T), provided T > 2. But this is
equivalent to controllability, as we have seen in the derivation of the moment
problems.

The proof is complete.

REMARK 4.4. Theorem 1.1 is all one can obtain, in general, from the use of the
inequalities (4.4) and (4.5). Indeed, Lemma 3.3 (Lemma 3.4 in the case of » = 0
and Neumann boundary condition) shows that if the inequality (4.5) is satisfied,
then wj, as given by its Fourier-Bessel expansion lies in Hy. We note that (4.4) is
equivalent to vy, € H.

The next lemma shows that for our control problem with Dirichlet boundary
condition and zero initial data, there exists a control f € L*(0,T) such that the
terminal state (w(r,T), ow/dt(r,T)) does not lie in Hy X H. Due to the time
reversibility in (1.1), this is a direct consequence of the following Lemma.

LEMMA 4.5. Consider the Dirichlet boundary control problem. Let v=0or v > }
be fixed. Then, there exist initial states (wy, vy) &€ Hy X H which can be steered to
the terminal state w(r,T) = dw/dt(r,T) =0 by a control f € L*(0, T), provided
T > 2.

PROOF. Consider the initial state given by wy(r) = 0 and

[= o]
UO(r) = z av,jfv’,j(l)fv,j(r)’ (46)
j=1
where a, = j0*9/2 and & > 0. Then, the expansion coefficients w, , are all
zero and those of v, are
v, =a,,f ;(1)=0(;j4797?) (4.7)

by using Lemma 3.2(a). Thus, for the moment problem (4.2a), we have ¢, ; = oaq, ;.
Hence for the control f to lie in L?(0,T) with T > 2, we see from Lemma 4.2
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that it is sufficient to have

o0 3 o0
Yo, ) = Yt "< o,
j=1 j=1

which is true for any & > 0. Since the coefficients in the expansion (4.6) have the
asymptotic relation (4.7), it follows that for some constant K, > 0,

o0 2 o0
Yo, ()) 2K Y ' =,

=1 Jj=1

if € € (0, 2]. For such a choice of &, (4.6) and w,(r) = 0 represent a state (wy, 0g)
for which v, € H. But this state is controllable in the sense that the moment
problem (4.2a) has a solution f € L2(0, T). This completes the proof.

The main point in Lemma 4.5 is that, in the Dirichlet boundary control
problem, the inequalities (4.4) and (4.5) are more restrictive than the requirements
{cD}), {d)} €1, given in Lemma 4.2. By contrast, for Neumann and mixed
boundary control problems, the order of convergence of the series (4.4) and (4.5)
is the same as in (4.3). This is a consequence of the uniform lower bounds for the
corresponding eigenfunctions f, ; at r =1 given in Lemma 3.2. Therefore, by
noting that the condition for controllability in these two cases is the square
summability of the coefficients appearing on the right-hand side of (4.2b) and
(4.2¢) respectively, we see that for the control f to lie in L*(0,T) with T > 2, we

must have
>, 2 ad 2 & 2
ZIIUV,_/I < o and leyv,jwv,jl < o or le‘YP,jwl',jI < o0
J= = J=

respectively. This implies that v, € H and w, € Hy, by virtue of Lemma 3.3 and
3.4. Combining these with Theorem 1.1, we have the following conclusion.

THEOREM 4.6. Consider the Neumann (resp. mixed) boundary control problem.
(Wy, Ug) € Hg X H is a necessary and sufficient condition for the existence of a
control f € L*(0,T), T > 2, such that each control problem has a solution.

LeMMA 4.7. In the Dirichlet boundary control problem, the conditions wy, € H
and vy, € Hy (= dual of Hy) are necessary for the existence of a solution of the
control problem with a control f € L*(0,T), T > 2.

ProOF. The controllability condition

o0

>

-1 2 2
fl”,](l)l (lvv,jl +|pv,jwv,j| ) <
J=1
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implies by virtue of the inequality in Lemma 3.2(a)
Y (10,78, +1w, 1) <
vu,j/pv,j wv,j 0.

j=1
Hence w, € H and v, € Hp, which completes the proof.

5. Appendix

We start with the modification of the energy space in the case of « = 1, 06 > 0
in the domain D(B,,). For x, y € D(Bp,,), we have associated with B, ,, the
bilinear form (2.4). Hence, we define for x, y € D(B;,)

I = ax*() + ['H(1x(D)F +1x(P)] +v2/r2x()[) dr,

2 1 N 2 2
bl = [ (1) +1x(n) ]+ v2/r2x() ) dr.
We assert that these two norms are equivalent. To show this, we note that for
0 < a <1 fixed L?(a,1) = L¥a,1, \/;) (with equivalent norms) implies H'(a,1)
= H(a,1; Vr ) (norms are equivalent). Then, by Lemma 23.2a) of [19], there
exists for x(t) € H'(a,b) (-0 < a < b < o) a constant ¢ > 0 such that

sup |x(t)] < cllx|l#a,p).
t€[a, b]

Therefore, with x(¢) € H'(a,1;Vr), a > 0, we have
sup |x(1)] < ¢)llxfjircanipy (5.1)

t€la,1]
which yields
2 2 2
o|lx()|” < cpllxmanip < eyl x w15
This, in turn, implies that
2 2 2 2
Ixly <llxlI” + el x[I” = (1 + )l x".
Since ||x|l, > ||x|| the norms are equivalent for x € D(B,,,). Thus, a limit process
shows that || - || and || - ||, are equivalent for arbitrary

x € Hy = closure of D(B,,) in the norm ||-|.

REMARK 5.1. The construction of the energy space outlines in [19, Section 17]
would lead to the closure of D(B;,) in the norm || - ||;.

REMARK 5.2. Before we return to the proof of Lemma 3.4, we need to show that
the functions

1, 1/2 .
;()ffo,,(l)=-(2/102(yo,,)) h(oyr),  i=23,..., (52
5]
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form an orthonormal system in H. For brevity, we suppress the index “0” and
write y,, f; instead of y, ;, f - From expression (48) of [2, 7.10.4], we recall that

0, J*k,
1 .
EJzz(yj), j=k#1,

Thus, since f/(1) =0, the recurrence relation J,_(r) +J,.(r) = 2»/rJ(r),
v €N, r € R, implies Jo(y;) + ,(3)) = 2/y;Ji(y;) = 0, j = 2,3,.... Therefore,
J&( y)= JX( y,) and the assertion follows by substituting (5.2) into (5.3).

-/ol t (yr ) (yer) dr = (5.3)

PROOF OF LEMMA 3.4. (a) wy € Hgo = L7, |(wo,f),,| < 00. Since Hy C
H, we can expand wy(r) in terms of elgenfuncuons as follows:

wo(r) = Zlhjj}(r).
=
Now,

hy= [ ()5 dr = 57 [ () 5 (v () ) )

j=23...., (54)
The eigenfunctions f(r) are analytic in R and 301) f, € H. Thus, the Cauchy-
Schwarz inequality shows that the integrals

./01 r[wo(r)%%(rdj;(r)/dr) + w(;(r)fj’(r)] dr = j: -j—r(rwo(r)fj’(r)) dr

are finite. In order to show that

[ (o)) dr = () 1(7)

ro-=

= w1 =0, (53)

we proceed as follows:

(i) By Lemma 23.2 of [19], wy(r) € Hy is continuous in [a, 1], a > 0 (after a
possible modification in a set of measure zero). Therefore, w,(1) exists (cf.
expression (5.1)). Thus, by using the fact that f’(1) = 0 we obtain
lim, ., (rwo(r)f/(r)) = 0

(ii) wy € Hy implies that w, cannot have a singularity of type r =%, B > 1 at
r = 0. Hence, f;(0) = 0 implies lim, _, o(rwo(r)f/(r)) = 0

Combining (5.4) and (5.5), we obtain

1 ’ ! .
h,=yj-2j0 mw(r)f(r)dr,  j=12,3,....

By using Remark 5.2 and Bessel’s inequality, it follows that the Fourier-Bessel
coefficients of wy(r) with respect to { /'(r)/y;} are square summable. These
coefficients are

a;= (wo(r) Y (r )> =yh;;
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Hence,
x 2
L 7 (wor )] < 0.
j=1

(b) In order to prove that ZJ=1yJ (wo,f)H| < 00 = wy € Hp , we introduce
the spaces

H=H-~{1} and Hg =Hgp NH.

©.1) 0.1y

We also define
(E(% 1)x)(r) = (B(%l)x)(r) forx € D(B(%l‘)) Hn D(Bo1))

Then, the operator B(o 1 18 positive definite and we can apply Lemma 3.3. Thus
(BQ1,))'/? is a unitary operator from Hg = D((Bg,)'/?) onto H and

o ~ 2
g, = { e B 5ol 1), < ).

j=1
Therefore, w, € H C H and T2,y wp, f,)|* < oo implies that w, € HBo c

H g, v If w, = constant, then it is obvious that w, € Hpy and
L%, ¥/ const, f;) 4|*> < co. Thus, the proof is complete.
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