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Abstract The purpose of this paper is to address the question of well-posedness and spec-
tral controllability of the wave equation perturbed by potential on networks which may
contain unbounded potentials in the external edges. It has been shown before that in the
absence of any potential, there exists an optimal time 7* (which turns out to be simply twice
the sum of all length of the strings of the network) that describes the spectral controllability
of the system. We will show that this holds in our case too, i.e., the potentials have no effect
on the value of the optimal time 7*. The proof is based on the famous Beurling-Malliavin’s
Theorem on the completeness interval of real exponentials and on a result by Redheffer
who had shown that under some simple condition the completeness interval of two complex
sequences are the same.
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1 Introduction

In the recent years, considerable efforts have been devoted to the mathematical study of
mechanical systems constituted by coupled flexible or elastic elements as strings, beams,
membranes, or plates. These systems are known as multi-link or multi-body structures.
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Their practical relevance is huge. However, the mathematical models describing their evo-
lution are generally quite complex. They can be viewed as systems of partial differential
equations (PDE) on networks or graphs.

This paper is mainly devoted to analyze the vibrations of a simplified 1-d model of a
multi-body structure consisting of a finite number of flexible strings distributed along a
planar graph. Deformations are assumed to be perpendicular to the reference plane.

For a general graph, if one considers wave equation on each edge of the graph, it was
shown in [6] that when the time is greater than twice the total lengths, i.e., T > 2L, one
can deduce that there exist some Fourier weights so that the observation property holds in
the corresponding weighted norm if and only if all the eigenfunctions of the network are
observable. Furthermore, for times smaller than 2L system is not spectrally controllable.

The main goal of this paper is to give a necessary and sufficient condition for the spec-
tral controllability of the wave equation perturbed by potential on networks. The potentials
could be singular on exterior vertices. The importance of this singularity emanates form the
fact that in 1-d case, the so-called inverse-square potential arises, for example, in the con-
text of combustion theory [3, 5, 8, 10] and quantum mechanics [1, 7, 15]. We consider two
cases:

(1) All of the potentials are bounded on each edge, but they do not need to be positive.

(2) We let the potentials on the external edges unbounded but positive. For simplicity, we
assume that they behave like 1/x* for « € (0, 1]. We consider the bounded potentials on
the internal edges too.

It will be shown that in two cases above, there is an optimal time T* that describe the
spectrally controllability of the system. That is for every T > T* system is spectral control-
lable if and only if all the eigenfunctions of the system are observable. Whereas for T < T*
system is not spectrally controllable. This optimal time depends only on the length of the
edges and is equal to the optimal time for the spectral controllability of the corresponding
system without any potential. In other words, the potentials (even the singular ones in the
external edges) have no effect on the value of the optimal time for spectral controllability. In
fact, this is a consequence of the celebrated Buerling-Malliavin’s Theorem [4] and a result
proved by Haraux and Jaffard [12] that relates the spectral controllability of the system to
the asymptotic behavior of the eigenvalues of the network.

The paper is organized as follows. In Section 2, we state some elements of modeling
and introduce the problem. Well-posedness of the system will be discussed in Section 3. In
Section 4, we study the spectrum of the operator A corresponding to the system and as a
consequence, we derive a necessary and sufficient condition for the spectral controllability
for large enough time 7.

2 Networks of Strings

2.1 Elements on Graphs

A graph G is a pair G = (V, &), where V is a set, whose elements are called vertices of
G, and & is a family of non-ordered pairs v, w of vertices, which we denote by vw. The
elements of &£ are called edges of G. When G does not contain edges of the form v, it is
said that the graph is simple.

Let us suppose that G has a finite number of N > 2 vertices and M > 1 edges:

V={v,...,un}, E=lel,...,ey}
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Spectral Controllability of Some Singular Hyperbolic Equations

We denote deg(v) as the degree of the vertex v in the graph G. We also define the sets
Vs:={veV:degw)=1}, Vr:=V\Vs,

where Vs is the set of those vertices that belong to a single edge, the exterior ones, while
Va contains the remaining vertices, the interior ones, i.e., those that belong to more than
one edge.

For a vertex v, we denote by

I, := {i : v is a vertex ofe; },

the set of indices of all those edges of G which are incident to v. If the vertex v; is exte-
rior, Ly, contains a single index; it will be denoted by i(j) and, if this does not lead to
misunderstanding, simply by i. Also let us define

Ly :=1{i : v € Vs,i € 1)}, Ling =1\ Loxs.

In this paper, we consider only simple finite and connected graphs whose edges are
viewed as rectilinear segments joining some of those points. The length of the segment
corresponding to the edge e; is called length of ¢; and is denoted by ¢;. On every edge
of G, we choose an orientation (that is, one of the vertices has been chosen as the initial
one). Then, ¢; may be parametrized as a function of its arc length by means of the functions
x; 2 [0,¢;,] — e;. Fori € I, we choose the orientation x; such that x;(0) shows the
exterior vertex. We define the incidence matrix of G

—1 ifx; (0) = vy,
€ij =
+1 ifxi(ﬁi) =vj.
Given functions u’ : [0,¢;] — R, i = 1,..., M, we will denote byu : G - R the

function defined for x € ¢; by
a(x) = u' (x7'(x)).

In this case, we say that i is a function defined on the graph G with components u'.
Frequently, we indicate this fact just by writing iz = (u!, ..., u™).

2.2 Equations of Motion for Networks

Now, we consider a network of elastic strings that undergo small perpendicular vibrations.
Let us suppose that the function ut =ul(t,x) : R x [0, £;] - R, describes the transversal
displacement in time ¢ of the string that coincides at rest with the edge ¢;. Then, for every
t € R, the functions u’,i = 1, ..., M, define a function i (¢, x) on G with components ul
defined by ul(t,x) = ul(t, X ! (x)) for x € e;. This function allows to identify the network
with its rest graph.

As a model of the motion of the network, we assume that the displacements u’ satisfy
the following non-homogeneous system with some conditions on the exterior vertices

up — ey +bi()u’ =0, (t,x) eRx[0,¢4],i=1,...,M

W'Dt v;) =hj@), teR,v; €C,

Mi(j)(t, Uj):o, teRR, v € Vs \C, 0
u' (1, v) = ul (1, v), teR,v eV, i, jel,

Zielv dau (1,v) =0, teR,veV,

u'(0,x) = ué(x), ui (0, x) = u’i (x), x €10, ¢;].

@ Springer



Morteza Fotouhi and Leila Salimi

Indeed, conditions in second and third lines in Eq. 1 reflect the fact that over some
of the exterior nodes, precisely over those corresponding to the vertices contained in
C = {v1,..., v} (ie., the set of controlled nodes), some controls act to regulate their dis-
placements, while the remaining nodes are fixed. Also, duul(t,v) = € j u; @, x; ! (v)) is the
exterior normal derivative of u; at the node v.

For the functions b;, we consider one of these cases:

(1)Foreveryi =1,..., M, we have b; € L*(0, £;).

(2) For every i € Iins, we have b; € L°°(0, £;) and for every i € I,y the non-negative
potentials b; are unbounded near the exterior vertices. Here, we consider a singularity of
the order 1/x* on the exterior vertices for some o € (0, 1], i.e. b;(x) = O(X—a) near the

exterior vertices.
In order to study system (1), we need a proper functional setting. We define the Hilbert
spaces
M
Vi={ie ]_[ HY0, ¢;):u' (v)=ul (v)ifi, j eI, forveVp, u' (v)=0ifi €I, forveVs},

i=1

M
H:=]]L20. ).
i=1
endowed with the Hilbert structures

M M 2
P ._ i _ i
<u,w >y:= <u',w' >pgi.)= uw,wedx,
i=1 i=1 Y0
and

M M Iz
<, w >H:=Z<u’,w’ >L2(0Jii)=2/ u'w'dx,
0

i=1 i=1
respectively. Obviously, the space

M
Co={ue[]C'O.t):u'w)=u/w) if veVy., suppinVs=0n},
i=1
is dense in H and V. Besides, we will denote
U= (L*0.T)),
the space of controls.

Remark 2.1 Since the elements of V are zero at the exterior vertices, we can write on a path
on graph starting from an exterior vertex

X 4
|u(x>|s/ |ux|dxs/ iy ldx.
0 0

Then, the Poincare inequality will be valid on different paths starting from an exterior vertex
and one can easily deduce that the following Poincare inequality for the elements of V' (note
that the graph is connected and the paths may have intersection)

M 2 M 4
S [utaxzcy [Turax, viev.
1 1

which shows that the embedding V C H is continuous and compact.
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3 Well-posedness

The existence of the solution of system (1) could be studied in the standard way by the clas-
sical transposition method. Let us describe the main steps. First, we study the homogeneous
problem (h; =0 forall j =1,...,r)

bl — ¢, + bi(x)¢' =0, t.x) eRx[0,4]i=1,....,M
¢i(j)(ts vj):07 telR, vj EVS,

¢ (1, v) = ¢/ (1, ), teRveVa.ijel, 2)
Yicr, ' (1,0) =0, teR,veV,

¢'(0, %) = $h(x), ¢ (0, x) = ¢} (x), x € [0, £;],
Define the operator A : V — V' by
M . o
Ail, D >= Z/ ul vl + b (x)u'v'dx.
We have two following Lemmas.
Lemma 3.1 The operator A : V. — V'’ is bounded.
Proof Note that in case 1, boundedness of A is clear since all b;’s are bounded. But in case

2, we first need to prove a Hardy inequality on external edges:
Forevery i € Iy, and i € Cp, one can write

i i 1u' 2
(uy, — =—)"dx >0,
0 2X

2 iy2
/( 1((”))x+l(”)

thus

)—* 1 2 dx > 0.

Then by using the integration by parts, we will have

Lo 1 2 1 2
/0 (u;)Q—f(”z) Wy,

x2 T2 x

Note that u’ is equal to zero near the exterior vertices, so
(7 1 £ (ui)Z
i\2
u')dx > - dx. 3
[ )dx = g /0 = 3)

Thus for every it, v € V and every i € I,,;, we have

by 4 2 4 2
/ Iu |dx<(/ ()dx)2(/ ()dx)2 <C( (u de)2(/ (v)ZdJC)2
0

“4)

C4
Now for every i € I, consider C; > 0 such that 0 < b;(x) < —; Consequently,
X

UN . b c ..
| < Au,v>| < E lul vl | + |bi (x)u'v' |dx + E lut vl | + —;|u‘v‘|dx
, 0 , X
i€lins i€loxs

Clullvllvlly.

IA

O
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Lemma 3.2 There exists K > 0 such that the operator A+ K1 : V. — V' is coercive.
Proof Case1: b; € L*°(0, ¢;) for every i. We have
M 2
<(A+KDu,u >= Z/ [ 4 b; () (u')? + K (') dx > ||ull,
. 0
i=1

for
K > Maxi<i<mbillco-
Case 2: Clearly, for K > 0 sufficiently large, one can write

Mool ¢ . .
< (A+KDu,u >= Z/ (ul)?dx + 2/ bi(x)(u)? + K (u')?dx
1 0 0

Toxt

4 . . M ¢ . .
+ / (i)W + K @))dx > Cy / [@)? + @')*] = Clluly,
Iine 70 Vo
for some C > 0.

O

Now let K > 0 be as defined in Lemma 3.2, then A + KI : V — V' is a self-adjoint,
bounded and coercive operator, thus by Lax-Milgram Theorem A + KI : V — V' is an
isomorphism. Also, the injection V C H is compact, so the restriction (A+ K 1 )1 | g (When
H is identified with its dual H' by means of the Riesz-Frechet isomorphism) is a compact
operator . Note that the spectrum of a compact operator, either is finite, or is a sequence
that converges to zero. On the other hand, by Lemma 3.2, all of the eigenvalues of A + K1
are non-negative, therefore one can deduce that the number of negative eigenvalues of the
operator A is finite. For some technical reasons, we assume all of the eigenvalues of A are
nonzero.

Remark 3.3 The eigenvalues of A can be represented in the form {&,},c;+y;- where IT
and /™ are indices with respect to the positive and negative eigenvalues, respectively, and
the cardinality of /™ is finite. The corresponding eigenfunctions {6, }{;+u;- may be chosen
to form an orthonormal basis of H.

In what follows, in order to simplify the notations, we suppose that » = 1, that is, only
one node of the network is controlled, the one corresponding to the index i = 1. Obviously,
this is the most delicate situation for controllability to hold. When the number of controls
increases, the controllability properties of the system are enhanced. Now, the corresponding
system of Eq. 1 is

ul, —ul . +bi(x)u =0, (t,x)eRx[0,¢],i=1,....M
ul(t,v)) = h(), teR,

u'(t,vj) =0, teR,vj € Vs \{ui}, )
u'(t,v) = u’ (t,v), teR,veVa,i,jel,

Y ier, duul (8, v) =0, teR,veVpm,

u' (0, x) = ub(x), ul(0, x) = ul (x), x €0, ¢].

Now fo_r every r € (0, T'] define the operator A, : H x V — L2(0, T), which associate
to every (¢1, —¢o) € H x V the normal derivative 9,01 (-, v1) in the controlled node of the
solution of the system (2).
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Proposition 3.4 The operator A, : H x V. — L?(0, T) is continuous.

Proof Consider the C! function ¢ : G — R such that ¢ (v;) = —1 and q(v;) = 0 for other
vertices. Now multiply the first equation in Eq. 2 by —2¢¢;. and integrate by parts:

T rt .
Zf / biqd' pdxdt
0 0

T l; . . .
2 / @, — & )qdidxd
0 0
[T T rti . .
-2 [ dlagiaxil +2 [0 [ Wiadl, + dhaadrdra

L . . T £ ) .
= -2 A plqpidx|l + /0 /0 ql@H? + (¢1)1xdxdt

[T r o . )
=2 [ olagaxif + /0 [(¢)2 + (@) gdr]C

T eti )
_/0 A (@)% + (¢1)?1q dxdt. (©)

Summing over i, using the boundary conditions in Eq. 2 and the properties of g, one may
obtain

M . M .
2y T ¢igidxdt = —23° ‘ dlqdidx|l + T|a 6'(¢, v))|2dt
o Jo iq X = ) 4Py 0 o n , U1
1 1

M T l; . .
[ [ e+ @briaar, )
1 0 0

which results in

T M7 el ) M T g o
/|3n¢1(t,v1)|2dt§CZ/ / (¢;)2+(¢;)2dxdt+22/ / biqd' ¢idxdr
0 1 70 0 1 Y0 0

+C ess sup o<i<r (1o O + 16" O117)- 8)

Now, we need to distinguish two cases.

Case 1. Since all the potentials b; are bounded, one can use methods used for the proof
of the regularity properties of solutions of the second order hyperbolic equations,
i.e., Galerkin approximations to obtain

esssup o<r<r (19 OIF + 119/ O1%) < CUid1 113 + ligol}), )
therefore by Eq. 8, we get
T
/O 19,01 (7, v1)dr < C(Ip111% + ligoll3), (10)

which gives the desired result.
Case 2. Here, we need to use the Hardy inequality (3) obtained before. Then

Z/T/Eiib ¢ 9} 1dxd CZ/T/eiwipﬂw
i ldxat X
0 JO 1 0 JO x2

<
i€loxt i€loxt
T e
<cC (@)
< 7.
i€l Y0 70
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Also by using the Hardy inequality (3), one can rewrite all the steps in Galerkin approxima-
tions to obtain

ess sup o<i=r (1913, + 16’ D7) =< CUi Iz + ol an
and therefore the proof will get completed. O

Therefore, the operator A : L%(0,T) - H x V', the adjoint of A;, is also continuous
(we have identified L2(0, T') and H with their duals). Furthermore, for every h € L0, T),
we define the solution of system (1) with initial state (ug, u1) € H x V as

it = Afh + S (ito, 1), (12)

where S; (19, 1) is the solution of Eq. 5 with null control, i.e., 2 = 0. To clarify the meaning
of this formula, let us calculate the operator A}. We will show that it coincides with the
operator B defined for 4 € C'([0, t]) by

Bh = (ﬁs I’_lt)v

where u is the solution in the classical sense of the problem (5) with null initial data gy =
u1 = 0. Now multiply the first equation in Eq. 2 by ©; and integrate over [0, ] x [0, ¢;]. Note
that in case 2, since Hardy inequality (3) is hold, one can rewrite all of the steps in proving
the regularity of solutions of hyperbolic equations to obtain H? regularity of solutions ¢’
and u' in this case. Therefore, one can use integration by parts to get

t £ X . . . t 4 X X X X
0= / / (@1, — iy + bi(X)P"Hu' dxdt = f / (uh, —ul, +bi(x)u')¢' dxdt
0 JO 0 JO

&G o ro - )
+/O (u’¢:—¢’u;)dx|g+/0(u;¢l—u'¢;>dt|0'. (13)

Now in view of the boundary conditions in Eqs. 2 and 5 and by adding equalities above, we
get

t Moo . . .
/Oh(f)antﬁl(f, Ul)dTZZ/(; (u' (t, x)¢; (1, x) — @' (t, X)uy (¢, x))dx,
1

and this equality means that
< %d (t, v h >0 =< G0, $(O) >xn — < @@, @) >yiy . (14)
Consequently, we have

<A, h >120,)=< Bh, ¢ >Hxv)yx(HxV) -
Thus,
< ATh, ¢ >HxvyxHxV)=< Bh, ¢ >Hxv)xHxV) -
That is, Bh = Ajh for every h € C L0, 1]). Taking into account that the operator A} is
continuous and that C!([0, 7]) is dense in L2(0, r), we can ensure that A} coincides with
the extension of B to L2(0, t).

This fact gives_ sense to the equality (12). In the classical case, h € c (10, t), (o, i1) €
(H x V') and ug, uy € C! ([0, £;]), then formula (12) simply expresses the fact that the
solution of the inhomogeneous problem with initial state (itg, i) can be represented as the
sum of the solution of the homogeneous problem with initial state (uo, #1) and the solu-
tion of the inhomogeneous problem with null initial state (0, 0). This fact is an immediate
consequence of the linearity of the system (1). Finally, note that in view of Eq. 14 and the
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estimate (10), it follows that for every i € L2(0, T) the solution i of Eq. 1 defined by Eq.
12 has the property

aeL®0,T; HynwWh>©, T: V), (15)

together with the estimate

lallzoo, 1m0y + llitllwioo ;v < ClllGos &)<y + Al L20,7)]- (16)
Remark 3.5 If all the potentials b; are smooth, then as a consequence of a density argument,
(15), (16) and the fact that, for smooth data, the solution # is smooth as well, one may get

aeC(0, T, HynCcYo, T; V.
Summarizing the previous results, we can formulate

Theorem 3.6 Consider the inhomogeneous problem (5) with h € L2(0, T). Then, for all
(o, it1) € H x V', it has a unique solution

it € L0, T; H)YN W0, T; V).
Moreover, if all the potentials b; are smooth, then

ieC(0,T]; HyNnC' 0, T; V.

4 The Control Problem
4.1 Basic Definitions

Definition 1 Let T > 0. We say that the initial state (izg, i#1) € H x V' is controllable in
time 7', if there exists function # € L2(0, T) such that the solution of Eq. 5 with initial state
(o, u1) satisfies

ilr = ulr = 0.
When for every € > 0 there exists control 4€ such that the corresponding solutions i€ verify

G |7, a7 )l xv: <€,

it is said that (i, i) is approximately controllable in time 7.

Definition 2 Let 7 > 0. We say that the set K C H x V'’ is controllable in time T, if all
the initial states (g, 1) € K are controllable in time 7. Then, we shall say that the system
5)is

1) approximately controllable in time T if there exists a dense set K C H x V/,
which is approximately controllable in time 7. (And consequently, all the initial states
(g, 1) € H x V' are approximately controllable).

2) spectrally controllable in time T if the subspace Z x Z C H x V'’ is controllable in
time 7', where Z is the set of all the finite linear combinations of the eigenfunctions of
the operator A.

Remark 4.1 Obviously, spectral controllability in time 7 results the approximate controlla-

bility in 7. We will show later that under some conditions, these two notions are equivalent
for system (5).
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We start the study of the control problem for a network of strings as follows:
Consider the simplest case, i.e., all the potentials b; in the system (1) are equal to zero:

ul, —ul =0, (t,x) eRx[0,¢),i=1,....M
u'D(t,vj) = h;), teRvj el

u'D(, vj) =0, teR,vj eVs\C, a7
u' (t,v) = ul(t, v), teR,veVum,i, jel,

Yier, duu' (2, 0) =0, teR,veVy,

u' (0, x) = ul)(x), ul (0, x) = u' (x), x € [0, ¢].

It has been proved in [6] that even in the case that the underlying graph G has a simple
topological configuration, for example G is a tree, then for the exact controllability of the
system (17), high number of controls on the exterior vertices are needed. In other words

Theorem 4.2 If G is a tree and there are at least two uncontrolled nodes, then system (17)
is not exactly controllable whatever T > 0 is, i.e., there exists initial states in H x V' which
are not controllable in any finite time T.

Consequently, in our case, where we have only one control, i.e., » = 1, one only expect
the controllability of the system (1) to hold in strict subspaces of H x V’. In fact, we show
that for 7" sufficiently large (i.e., T be greater than twice the sum of the length of the edges)
system (1) is approximately controllable if and only if all the eigenfunctions of the network
are observable. (see Theorem 4.7).

So far, we do not know of any necessary and sufficient condition guaranteeing that all
the eigenfunctions are observable in the general graphs. However, this condition, in the
particular case of stars and trees, turns out to be sharp: the lengths of the strings are mutually
irrational in the case of stars or the spectra of all pairs of subtrees with a common end-point
are mutually disjoint in the more general case of trees. (see [6]).

Now, let us give an equivalent formulation of the control problem in term of operators in
a superficial level. Let Py : U — H x V' be the operator defined by

Prh = a(T), a(T)),

where u is the solution of system (5) with initial state (0, 0). Also denote by Wr the rank
of P7. Due to the linearity and time reversibility of system (1), one can see that the con-
trol problem in time T is reduced to study the rank WWr of the operator Pr. On the other
hand, with the aid of a general result in functional analysis, one can describe the space Wr
in terms of the adjoint operator of P7. This is essentially the Hilbert Uniqueness Method
(HUM). Now, as shown in Section 3, the operator P}. coincides with Ar. (A7 has been
defined in Section 3). Therefore, the following theorems hold (see [6] for the proofs).

Theorem 4.3 The initial state (iig, it;) € H x V' is controllable in time T if and only if,
there exists a constant C > 0 such that

T
f |6y (1, v)Pdt = C| < i, §1 > — < i1, $o >vixv I, (18)
0
for every solution ¢ of system (2) with initial state (¢o, 1) € Z X Z.

Theorem 4.4 System (1) is approximately controllable in time T if and only if the following
unique continuation property for the homogeneous system (2) is verified

ol(t,v1) =0, ae. te[0,T]= (¢, P1) = (0,0).
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Let 6, be the corresponding eigenfunction of i, such that {6}, ;+_;- form an orthonor-
mal basis of H. Then, the solution of the homogeneous system (2) with initial data
(¢0, ¢1) € V1 x Hp with the expansions

o= D tonbs, b= Y Grubn (19)
neltUl— neltul—

is defined by the formula

7 [ - L
$(1,x) = Y (¢o.n cOS Ant + - sindat)d + D @ine +dype 0, (20)

nelt nel—
in which A, = /&, forn € I and A, = /=&, forn € I~ (Remember that {£,} is the
sequence of eigenvalues of A). Furthermore,
¢1,n ¢1,n
A An
By this notations and similar methods used in [6], one can prove

1 1
dl,n = 5(¢0,n + )» d2,n = E(gbo,n - )

Theorem 4.5 Suppose that there exists a constant C > 0 and non-vanishing coefficients
cn such that for every initial data (¢o, ¢1) with Fourier coefficients {¢o n} and {¢1,} as
defined in Eq. 19, the following observability inequality holds

T
f it v Pdt = C Y cF(und, + D7)
0

neN
then the space of initial states (i, 1) € H x V' defined by
1 2 1 2
Y b < Yok, <
neN neN

is controllable in time T. In particular, any initial state (ug, u1) € Z x Z is controllable in
time T.

In particular, the system is spectrally controllable (and then approximately controllable)
in time 7.

Proposition 4.6 (i) Suppose T > 2L. Consider two sequences {A,},c;— and {d,},er+.
If each of them has distinct elements, then for every n € N, there exists a constant C,
such that for every function f of the form

fO =Y fre™ '+ Y et Y fyh Y fiue TRl @l)

j1eJt jredt kieJ— kyedJ

in which J*, J~ are finite subsets of I'" and I~ respectively, andn € J* U J~, the
Sfollowing inequality satisfies

T
| ful < Cul fo Lf ()22 (22)

(ii) On the other hand, for every T < 2L and each finite sequence {a,} of complex
numbers having a non-zero term, there exists no C > 0 such that

T
el <ctf 1rwPan'?. @3)

nekF
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for every function f of the form Eq. 21 with F c JT U J~.

The proof of this proposition needs some preliminaries of the spectrum of the operator
A. So, we prove it in the next section.
Now, as a consequence of proposition 4.6, we state the main result of this paper.

Theorem 4.7 (a) For every T > 2L, the following properties of the system (5) are
equivalent

(1)  The system is approximately controllable in time T.

(2) The system is spectrally controllable in time T.

(3) The spectral unique continuation property holds, i.e., w!(vy) # 0 is verified by
any non-zero eigenfunction .

(b) When T < 2L, system (1) is not spectrally controllable; no element of Z x Z is
controllable in time T

Proof Clearly, (2) = (1), so it_suffices to show (1) = (3) = (2).
(1) = (3): First denote by 6, the eigenfunction corresponding to the eigenvalue u, and
set x, 1= 9,}’)5 (v1). Then observe that if x,, = 0 for some n = ng, then the function

B (2, x) = COS Ayt Oy (x),

is a solution of Eq. 2 for which (ﬁ% (t, v1) = 0 for every ¢t € R which means that the unique
continuation property in not valid for any 7 > 0. Therefore, by Theorem 4.4, system (5) is
not approximately controllable in time 7.

(3) = (2): Suppose that ¢ is a solution of the homogeneous system (2) with initial
conditions (¢g, ¢1) € Z x Z. For the proof of spectral controllability, it suffices to show
that there exist nonzero coefficients ¢, such that the following observability inequality is
satisfied

T
f i, v Pde = Y en((n + K)lgonl” + 161417, (24)
0 -
neltUl
where the positive constant K has been defined in Proposition 3.2. Indeed, if Eq. 24 holds,
then by an argument similar to one used in the proof of assertion (ii) of Theorem 4.4 (see
[6]), one can deduce that all the initial data (itg, 1) € H x V' satisfiyng

2
E E R 25
2|”0n| + 2( n+K)|u1,n| < 00 (25)

neltUl~ €n neltUl~

are controllable in time 7. In particular, since all ¢,’s s are nonzero, then every element of
Z x Z is controllable in time 7T'. Now for initial data

d_)O = Z ¢0,n9—n, (51 = Z ¢l,n0_ns

neltUul— neltul—

the solution of the system (2) is defined by

Gt x) =Y ($oncosy

D0+ Y (drne™ + dyne™")6,,

nel+ nel~
in which A,, = /i1, forn € I and A, = /—u,, forn € I~. Also
1 4)1 n 1 ¢l n
d = — d = — — 2 .
1,n 2(<i>o,n . —),dzn 2(¢o,n . )
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Now set I, = IT U —I1 and forn € I define A,, = —A_, and
1 &1.)n|
== + —).
an 2(<I>0,|n| . )
Therefore, by setting x, = 9,}, (v1), one can obtain
1, . i
D (@00 cos hnt + L1 Gin )t = Y anxime™,

An

nelt nel,

and inequality (24) becomes

T
/ | Z anX|n|el)L"t + Z (dl,neknt +d2,ne_}\n,))(n|2dt >4 Z Cﬁﬂn|an|2
0

nely nel~ nelt
+ Y QK +4un)dindan + K Y caldonl’ + K Y ca(dr, +d3,).  (26)
nel~ nelt nel~

Let us observe that the eigenvalues u, are all simple. Indeed, if ¢ and ¢ are two linearly
independent eigenfunctions corresponding to u,, then the function

B = Y (VDG — @ (VDY
is also a non-trivial eigenfunction. Besides
wi(v) =0,

which contradicts our hypothesis on the network. Thus, all the eigenvalues are simple and
the sequence {A,}, n € I~ UI™ is strictly increasing. Now from proposition 4.6, there exists
a sequence {C,} of positive numbers such that

\

T
f|¢;(z,v1>|2dz_cnx,%|an|2, vn el
0

\

T
f|¢;(r,v1>|2dz_Cnx,%(d%,n+d§,n), wnel
0

Thus for suitable sequence {y,} of positive numbers (for example choose
yn2 =4C, )(,%/(n2 + 1)), one obtain

T
/0 it vD)Pdt =2 Y yllan* +2 Y yidr, +d3,). @7

nelt nel~

Now remark that for every n € I~, we have
i, + (K +2un)’d3 , = 2(K + 2tn)dy nda . (28)

Hence for C = max{1, K, (K + 2;/«,,)2},,517, we get (observe that C < oo since | 7] is
finit)

Cy2(d}, +d3,) = v (d}, + (K +2us)d3 ). (29)
Thus from Egs. 28 and 29, one can obtain
2,12 2 Ya
Vi, +d3,) 2 7 QK+ dpan)d . (30)
Now for any n € It choose positive number ¢, such that
2 2
2 < min{-2, Yry, 31)
u, K
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2
%. Note that > > Kc2, because C > K. Now by Egs. 27, 29

and the choice of ¢,, we can write

T
fo ol voPdr = Y ylanl + Y Rlal + 3 vRa?, +d2,)

nelt nelt nel~

+ Y vi@d, +d3,) 24> unlanl* + K Y cElanl?

nel~ nelt nelt

Y QK +4u)dinday + K Y crldr, +d3,).

nel~ nel~

Also forn € 17, set cﬁ =

On the other hand, it is obvious that |a,|> > [b0.n |2. Therefore, the above inequality results
in

T
[ 18k v0Pdn = 4 Y GunlanP + Y GK + dundi
0

nelt nel~
+K Y calponl* + K Y ca(di, +d3,).
nelt nel—
which is exactly (26).
(b) Let Z C N be a finite set. By Theorem 4.3, the initial state
(o, i) = (Y 0nbn, Y Pubn) € Z x Z (32)
nel nel

is controllable in time T if, and only if, there exists a constant C > 0 such that

T
fo 6yt v)Pdt = C1 Y andpin — Y Budbonl’,

nel nel

for any solution ¢ of system (2) with initial state (¢o, ¢1) € Z x Z. Therefore, if the initial
state defined by Eq. 32 is controllable in time T, then there exists a constant C > 0 such that

T
f 1Y anxime™ + Y (diae +drpe ) xal?dt = C| Y anlan —ap)ikg
0

nely nel— neZNnit
2

— Bulan+an)+ Y cnhn(din —dan) = Bu(din + don)
neZNl—

=C| > (ianhy = Bu)an + (—ichn — Br)a_y
neZNl+
2

+ ) @uda = B+ (—onhn — B)da
neZNl—
2

=C Z Pnan + Z pl,ndl,n + p2,nd2,n ’(33)
ne(ZNITH)U—(ZNI+) neZNl—

for every finite sequences (ay), (d1,,), and (d2,,), where p,, p1.,, and pp , can be chosen
appropriately. On the other hand, since T < 2L, in account of proposition 4.6, we can
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ensure that there are no sequences p,, p1,,, and pp ,, satisfying (33). Therefore, the initial
state (ug, u1) defined by Eq. 32 is not controllable in time T, if T < 2L. O

Remark 4.8 The proof of assertion (a) shows why we assume all of the eigenvalues of A
are nonzero. In fact for the zero eigenvalue, the expression (¢1,0f + ¢0,0)0_0 would appear
in the expansion of solution ¢, then because of the term ¢ one can not rewrite the proofs of
proposition 4.6 and theorem 4.5. On the other hand in [9], a model of one-dimensional wave
equation with potential has been considered for which by the use of Carleman estimates an
observability inequality like (18) has been proved. Thus, one can guess that even in the case
of zero eigenvalue, by using Carleman estimates, Theorem 4.5 holds. But the subject of
Carleman estimates for a general network is far from being complete. We refer to [2] for the
analysis of the wave equation with potential on a star-shaped network by using Carleman
estimates.

5 Spectrum of A

Suppose that A = {A,} be a sequence of complex numbers none of which is zero. Also
denote by © the set of all the finite linear combinations of the functions {e*#/}.

Definition The completeness radius of the sequence A = {A, } ey is defined as
I (L) :==sup{r e R: ®isdensein C([—r, r])}.
The following has been proved in [14].

Theorem 5.1 Suppose that . = {),} and n = {n,} are sequences of complex numbers none
of which is zero. Then under condition

1 1
Y= ——l <o, (34)
P An Nn
one can deduce 1 (\) = I (n).

Also, the celebrated Buerling- Malliavin’s Theorem gives a relation between the com-
pleteness radius and density of real sequences, [12]:

Theorem 5.2 Let A, = {X,} be a sequence of real numbers. Assume that there exists
constants d*,d~ > 0and 0 < « < 1, such that

HreA:0<r<tl=dTt+0@1%),

HAeA:—t<A<0}=dt+0(@1%.
Then
I(\) =md, d= max{d*, d—}.

In the previous section, we see that the eigenvalues of the operator A : V — V' can
be represented in the form {&,},c;+u;- where I and I~ are indices with respect to the
positive and negative eigenvalues respectively, also |/ ~| < oo.

Now, set A, = /&, forn € I'" and A, = \/—£, forn € I~. Also sort the eigenvalues of
A such that the sequence {/1,} be an increasing sequence and A = (X,). As we will show
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later, the number I (A") gives the optimal time for spectral controllability. On the other
hand, by Theorem 5.2, it equals to the density of the sequence A ™.

Now, it is not difficult to obtain certain information on the asymptotic behavior of the
sequence of eigenvalues of the network. In fact, using the min-max principle of Courant
[13], the eigenvalues of the network may be compared with the eigenvalues of the strings
with Dirichlet and Neumann boundary conditions. For this purpose, some preliminaries are
needed.

Let V, H be Hilbert spaces, V densely and continuously embedded in H. Identify H and
H’, so that

Ves H=H V.

Proposition 5.3 Leta : V x V. — H be a continuous, symmetric, and coercive (i.e.,
o > 0: |a(u,u)| > allull?, Vu € V) bilinear form. Define A : V — V' by
(Au,v) =a(u,v),  Yu,veV.

and consider

A:D(A) CV — H, where D(A) :={u € V|Au € Hy = A"'Hand A := A|p(a).
Also put the following norm on D(A):

lullpay == lAullg.
Then, (A, D(A)) is self adjoint and A is an isomorphism.

Proof In fact, this is one of the forms of the Friedrichs extenstion for semibounded
symmetric operators. See section XI.7 in [17]. O

Now, we have the following important result which compares the eigenvalues of opera-
tors. In fact, it is a consequence of the Minimax principle of Courant. See [11], theorem 2.2,
p- 31.

Theorem 5.4 Consider Hilbert spaces H, V and bilinear forms a, a1, a; which satisfy the
hypothesis of proposition 5.3. Also assume that the embedding V <— H be compact and

a,u)>0,a;w,u)>0,VueV, j=1,2.

(i) Let A1 and A, with corresponding eigenvalues k}, and A,zl be constructed from the
triples (V, H, a1) and (V, H, ap) as in Proposition 5.3 with
ay(u,u) <ax(u,u), Yue V.

Then
A<a2 wneN
(i1) Consider subspace W C V which is densely and continuously embedded in H. Let
AV and AV with corresponding eigenvalues A,Y and )\,‘,V be constructed from the
triples (V, H, a) and (W, H, a) as previous. Then

A<V vneN.

Now, let us go back to the main problem and investigate I (A™) defined after Theorem
5.2.

Proposition 5.5 Let ). = {Ay},c;+. Then 1) = L = Y M4,
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Proof Casel. Let K be as defined in Lemma 3.2 and choose M; > 0 large enough so
that

Ibilloc + K < M, i=1,....,M.

Also define the spaces

Wy = {i e ]_[H(} (0,¢;) :iu(v) =0 foreveryv € V},
i=1

M
Wy = [ [H'0, €,

i=1

and consider the operators

L
s W= W, <A1ﬁ,ﬁ>::Z/ uv+M1u’v dx,

Ay Wy > W, < Ayil, b > = Z/.Zl ul vl dx.
=170
So one has
Wi = V= W,
and according to the properties of K, M|, we have

0<< Au,u><<(A+KDu,u ><< Aju,u > .

Let us denote by {u,, Dy and {un } the strictly increasing sequences of eigenvalues
of the operators A and Aj, respectively. Then by Theorem 5.4, one may obtain

w <& +K <pl,  Vnel 35)

But note that {nby (resp {uN}) is equal to Uiﬁil{,ui,’D} (resp. U?il{uf{N}) in
which {,u,, } (resp. {M” }) is the sequence of eigenvalues of the corresponding
operator on the string e; of length ¢; with Dlrlchlet (resp. Neumann) boundary
conditions. We know that the eigenvalues {/,Ln } and {,u,, } may be computed

explicitly:
; nmw ; (n—1m
wy? = (=) + M, piN = (———)?
Zi E,’
Therefore,
wi? =+,
and consequently
up = /j“r]tVJrl + My,
According to (35), we will have
u <+ K <pul + M, (36)

This inequality leads us to obtain some asymptotic information of the sequence
{An}. In fact, define )»,]1\’ = /uN, then for r > 0 from the left-hand side of Eq. 36
one gets

n(r, ) < n(f @), 3N,
in which f(r) := +v/r2 + K.
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On the other hand, if )Ly’LV 11 € (0, r) from the right-hand side of Eq. 36, we

deduce that
£ <r’+ M — K,
SO
n(g(r), ) + 1171 = n(r, 0)) — 1,
in which g(r) := /r2 4+ M; — K and I~ is the finite index set of the negative
eigenvalues of A. Therefore,
n(g™ (), ) = L= 17| < n(r. hn) < n(f(r), A

Now
M M ¢
Nyy _ iNyy _ i
n(r, () ))—;n(n o ))—§1+[nr]-

Thus

u ¢ A
D +HIZe T ON = 1= 17 <0 () < Y 1+I=F()].
i=1 i i=1 i
Now from dividing the above inequality by » > 0 and letting » — o0, the density
of the sequence (A,) is obtained:

’

D(A,) := lim L()‘”))=£
r—00 r

b4
where

M
L= t.
i=1
Thus from the theorem 5.2, one can deduce that

I\ =L.

Case 2. Let K be as in case 1 and choose M| > 0 such that ||b;|lcoc + K < M) for every
i € lippand b;(x)+K < M, /)c2 forevery i € I,,; and all x € (0, £;). Also define
the spaces Wi and W, as in case 1 and the operators A; : W; — Wi’ (i=12)

such that
Mool o L
< A, v > = Z u' vy, + Mu'v' dx + Z ufrvfr—{——zu’v’dx,
. ) X
i€lin i€lexs

M 4 o

< Ait, V0 > = Zf u' vt dx.
‘ 0
i=1

for every u € W we have

¢
> / (bi (x)+K)u*dx
0

i€lin;

M 7
<(A+ KD, i >=Z/ (u)2dx+
0
1

£; M b
+Z/ (b,-(x)—l—K)uzdx§Z/ (') ?dx
0 1 0

i€lexs
£ ) £ M, ) o
+ E / Miu“dx—+ E / —u dx=< Aju,u > .
X
i€lint 0 i€loxt 0
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Also for K > 0 sufficiently large, we have
M 4
<A+ KDi,ia >> Z/ W)? =< Ay, it >,
0
1

and in summerize
0<< Ayt,u ><<(A+KDu,u ><< Aju,u > .

Now define the sets {,ui,’D}, {M } {,u”} {Mn} {fin}, and {Afl\’} as in case 1.
Then, by Theorem 5.4, the following holds:
uN <& + K <ub. (37)

((n 1)71

But ,uﬁ,’ )2. Therefore, as in case 1

£
n(r, o)) < n(f(r), (M) = Z L[ f 0, (38)

i=1

where f(r) = +/r2 + K. On the other hand by Eq. 37, we get §, < unD — K, and
)

n(g(r), ) + 1171 = n(r, AD)) = ni (r) + na(r), (39
in which knD = ,/,u,[l’, g(r) = +/r? — K. Also n| (r) and n,(r) are the number of
{Ai{D} fori € Iiy; and i € I,y,, respectively. Now observe that if i € I;;,, then

. ni
WP = T 4y (40)
1

Thus for r > /M, we have
e .
m(r) =Y [=v/r? =Ml (41)
il
Butif i € I,x, then one should compute the eigenvalues of the following Sturm-
Liouvill problem with Dirichlet boundary conditions

—ul 4+ Mii g (42)
xx 2 - .

Let M =v> — 1 for v > 0. Then one can see that solutions of Eq. 42 are in the
form

LT ).
m!(1+v)Q2+v)...(m+v) 2

u (@) =T+ Y
1

i ‘[ is the zero of Bessel function of order

The condition u’ (¢;) = 0 implies that
v:

Jv(x):1+21:m!(1+1))(2+v)...(m+‘)).

Now let us denote by J, , the nth zero of J,. It is proved in [16] that for
sufficiently large n

J (n+ > l)n +0m™h (43)
= - — —)— — 0
v =TS T e "
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Thus if n6 be the first index for which Eq. 43 is satisfied, then for r > nf), one

can write
SN D s = 3 N D g
——(z—-)—1- na(r ——(z—-)—1
ST T Ty =" S T Ty
ext ext

where Né is the number of roots of the equation J, = 0 on the interval (0, né)).
Now from Egs. 39-44, we get

l; oord v 1. m _
DIV =M+ Y NG = (=)= 1) < n(gr), G+
. b4 ) b4 2 474

i€lin; i€loxs

Thus according to Eq. 38, we obtain

2 gl v 1w _
_t —1 2 _ S VT N1 _
E [n\/g (r)s—M;] + E {No + [ - (2 4)&-] 1} — |17

i€lip; i€lex;

Li f(r)

/g

M
<n(r 0a) <Y 141 1,

i=1
L .
and consequently D(A,) = —,so again we get I (A) = L.
b4
O

Remark 5.6 Note that from theorem 5.1, the value of /(1) does not change if a finite number
of points are removed or adjoined to A = (A,),c;+. Therefore, from the above theorem, one
has

I (Mner+ YU Apdper-) = L.

Now we prove Proposition 4.6 which played a key role in the proof of the controllability
result in the previous section.

Proof of Proposition4.6 (i) LetU = (0, T), if Eq. 22 is not satisfied for some n, then
one can find a sequence of the functions { f”} in the form of Eq. 21 such that | f;’| = 1
and fz/t |f1’(t)|2dt — 0 as p — oo. Now there are four cases:

If n € J*, then we have two cases:

(1) The constant function 1 is the limit in LZ() of the functions g of the form

g0 = Y gretn'+ Y gpetitnt £ 3 gy bt

el el *t kie—
+ Z gkze—)ukzt—l)nnt , (45)
kyeJ—

inwhich pj, =Aj, +A,and uj, = 1j, — Ay
(2) The constant function 1 is the limit in L2(l{) of the functions g~ of the form

g () = Z gjleiﬂj11+ Z gjzef””zt—i- Z gkle’\"ltfi’\"’

J1edt jredt kieJ—
—Ak, t—IApt
+ Z 8kpe T,
kyeJ—

in which Wi = )“J] — Ay and Hj, = )“JZ + Ay
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If n € J~, similarly we have

(3) The constant function 1 is the limit in L2(¥{) of the functions g7 of the form

g+(t): Z < it Z ghe_“‘f?t_)“”t—}- Z gkleﬂk't-i‘ Z gkzeﬂkzt

j1€./+ j2€J+ kieJ— koeJ~
(46)

in which B, = Ay, — A, fori =1, 2,
(4) The constant function 1 is the limit in LZ(f) of the functions g~ in the form

g (=Y gt TN " gpem Rl N g ey Yy T g efl!

1eJt jreJt kieJ— koeJ—
47)
where By, = Ay, + Ay fori =1, 2.

Now, consider the first case. In this case by repeated integration in 7, we can deduce

that all polynomials of # with complex coefficients are also limits in L2({) of some
functions g of the form Eq. 45. Indeed, let p € NU{0} and suppose for € > 0 we have

”tp_ Z < eile] t_ Z gjzefi“/?t— Z 2y exklzfixnz_ Z gk2€7Ak2[7i)\"t||2S€,
jieJt jredJt kieJ— koeJ—
then by integrating in # one can obtain
(1

I - - Z i injt + Z S Z Bi —inyt _ Z i
P+ L

j1eJ* ”L]l J1 EJ+ K jpedt ZMJZ et oz
_ Z ki hyt—idat | g (p+1)
ks~ M i ks~ Ma T
. 8ky ef)\kztfi)\,,t + 8k, oo < 6T1/2
kpedJ— _)\kz - M” koeJ— _)LkZ - M” oo
2 2
Therefore,
it it 8ir  —ipit 8ky (Aky —idn)t
tp+1 _ +1 elﬂjl _ e Hjr + e\ Mk n
|| (DY 2 i ) D v w
jieJ* jeJt ke~
k _ g
Y o T+ Cll s € DT,
kyed— 2

where the constant C is equal to
8 8 8k 8k
C=(p+D() T =) B+ ) et ) )
jredt R jredt et h " e ke "

Then by approximating C in L*(I{) by functions of the form Eq. 45, one can find
sequences of coefficients {/,} such that

”t17+1 _ Z hjleil/-jlf_ Z hjze—i,ujzt_ Z hkle()»kl—i)»n)t

j]EJ+ j2€]+ kieJ~
> e TR oy < 2e(p 4+ DT
koeJ~

This proves the claim by induction in p since it has been proved already for p = 0.
Finally, by Stone-Weierstrass density theorem, one can obtain that the functions g
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of the form Eq. 45 are dense in L?(l{), and the same property follows at once for
functions f of the form Eq. 21 which contradict the assumption 7 > 2L. In other
three cases by exactly similar arguments, one can get the above contradiction.

(ii) For any finite subset F C J* U J~, consider the new sequence A := (A g+us-HN\F-

Then as stated in remark 5.6, one has I (1) = I (). Thus for any T < 2L the set of
functions f of the form Eq. 21 with {JT U J~}N F = ¢ are dense in L?>U) and as a
consequence for each non trivial sequence {«, }r of complex numbers, the function

a(t) = Z a,,e“‘"’+ Z (xne)"”

neFNJ+ neFNJ~

can be approached by functions f of the form Eq. 21 with {JT U J~} N F = @. By
taking the difference, we find a sequence of functions of the form Eq. 21 tending to
zero in L?(U) and for which the left-hand side in Eq. 23 is positive and constant. This
clearly proves assertion (ii).

O
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