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Abstract. A new method to prove exact controllability for the wave equation is demon-
strated and discussed on several examples. The method of proof first uses a dynamical
argument to prove shape controllability and velocity controllability, thereby solving their
associated moment problems. This enables one to solve the moment problem associated
to exact controllability.
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1. Introduction

Controllability properties of the wave equation is a central topic of the control
theory of partial differential equations. A large number of papers describe many
powerful methods, which prove controllability of the wave equation in various
spatial domains under the action of various types of controls (see, e.g. [25], [24],
[23], [26] and references therein). In this paper we describe an approach that is
based on the relationship between exact controllability, on one hand, and shape
and velocity controllability on the other hand. This relationship was used in [4]
for a vector wave equation, in [5], [6] for a string with attached point masses, and
in [15] for the wave equation on a metric tree graph. In the present paper we
consider three control problems for the wave equation: on an interval with one
and two boundary controls, and on a graph with cycle — a ring with two attached
edges.

The purpose of the first two examples is partly methodological. We demon-
strate how the known (we can say classical) results in PDE control theory can be
obtained in a much more simple way using a new approach. The third example
contains a new result in control theory for PDEs on metric graphs. Control prob-
lems for the wave equation on graphs have important applications in science and
engineering and were studied in many papers (see the monographs [10], [20], [22];
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the surveys [2|, [27]; and references therein). They also have a deep connection
with inverse problems on graphs, see, e.g. [17], [13], [1], [7], [21]. In this paper we
consider exact controllability for the wave equation of the form

Ut — Uze + q(z)u = 0.

There is a growing body of work in the case where the graph is a tree, i.e. a graph
without cycles, and the controls are assumed to act on the boundary. Typically,
the so-called Kirchhoff-Neumann (KN) conditions are assumed at all interior ver-
tices. This problem was studied, e.g. in [18], [20], [22], [15] (in those papers the
problem was stated in slightly different forms). It was proved that the system
is exactly controllable if the control functions act at all or at all but one of the
boundary vertices.

In the case of graphs with cycles, there are only few results concerning exact
controllability [8,9,16]. In these papers it was assumed that the controls and
solutions are pretty regular. In the present paper we consider the classical for
PDE control theory case of L? Dirichlet type controls.

To reach the exact controllability of systems on graphs with cycles we need to
use not only boundary but also interior controls, as was proposed in [3], for the
graph, denoted €2, consisting of a ring with two attached edges, see Figure 1.1.
First we prove the shape and velocity controllability using the dynamical method
— we reduce these problems to the Volterra integral equations of the second kind.
Then we prove exact controllability using the spectral approach — the method of
moments and properties of exponential families.

Let I,T > 0. We consider the following initial boundary value problem (IBVP):

Uy — Ugy + q(x)u =0, (x,t) € (0,1) x (0,7T), (1.1)
u(z,0) = u(z,0) =0, x € (0,1), (1.2)
u(0,t) = f(t), u(l,t) =0, t € (0,T). (1.3)

Here ¢ is a continuous real valued function on [0,1], f € H!(0,T) := {h €
H1(0,7T) : h(0) = 0}. In what follows, we will refer to f as a Dirichlet boundary
control. For any given f, this IBVP has a unique solution u = uf(x,t) such that

u € C(0,T; HY(0,1)), us € C(0,T; L*(0,1)).

The following theorem concerning controllability of the system (1.1)—(1.3) is
known, see, e.g. [11], however, its proof is not elementary and requires using
delicate results of nonharmonic Fourier series.

Theorem 1.1. Let (¢,%) € HE(0,1) x L?(0,1) and T > 2. There ezists a control
f € H}0,T) such that the solution u'/ to the IBVP (1.1)-(1.3) satisfies the
equalities

ul (1) = ¢, uf (- T) = ¢. (1.4)
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Fig. 1.1. A ring with two attached edges

We will present an elementary proof of this theorem and demonstrate that our
approach can be extended to much more general situations. A key ingredient in
the proof of Theorems 1 are shape and velocity control results.

Theorem 1.2.

a) (Shape control) Let T > 1 and ¢ € H(0,1). There exists a control f €
HY(0,T) such that v/ (-, T) = ¢.

b) (Velocity control). Let T > 1| and v € L*(0,1). There exists a control
f e HN0,T) such that u{(-,T) = ).

The second problem we choose to demonstrate our approach is the IBVP
described by equations (1.1), (1.2) with two boundary controls, Dirichlet and
Neumann:

u(0,t) = f(t), us(l,t) = g(t), t € (0,T), f € HI0,T), g€ L*(0,T). (1.5
Theorem 1.3.

a) Let $ € H0,l) and T > 1/2. There exist controls f € H}(0,T), g €
L*(0,T) such that the solution uf9 to the IBVP (1.1), (1.2), (1.5) satisfies
the equality u/9(-,T) = ¢.

b) Let ¢» € L?(0,1) and T > 1/2. There exist controls f € HI(0,T), g €
L%(0,T) such that u/9(-,T) = 1.

c) Let (¢,%) € H0,1) x L?(0,1) and T > 1. There emist controls f €
HL(0,T), g € L*(0,T) such that uf9(-,T) = ¢, ul?(-,T) = 1p.

A similar problem with two Dirichlet controls was studied in [10, Sec. VIIL.4|.
The statement c) of Theorem 1.3 can be proved following the methods developed
there methods based on the theory of vector exponential functions [10]. In the
present paper we demonstrate a much more simple proof of this theorem.

In the last example we consider the wave equation on the graph shown in
Figure 1.1. Our graph = {V, E'} consists of four vertices, V = {v;, j =1,...,4},



Shape, Velocity, and Exact Controllability for the Wave Equation 125

and four edges, E = {ej, j = 1,...,4}. Denote the length of e; by ;. In what
follows, we denote by ¢; the restriction of function ¢ to the edge e;. Assume g;
is a uniformly continuous, real valued function for each j. We denote the space
L*(Q) by H. Let H! be the space of continuous functions on Q whose restriction
to each edge e is in H'(e). Define H} as the set of ¢ € H' such that

¢1(v1) = ¢a(ve) = 0.

We set its norm by [|¢[|3,, = 2321 Hqﬁ;-H%z(ej) + ||¢j||%2(ej). Let H~! be the dual
space of H}. In what follows, we denote by 0¢;(v;) the derivative of ¢; at v; in
direction away from v;. We define H? as the subset of H! such that

3 4
¢ € H? if and only if ¢; € H?(ej) and Y d¢;(va) = Y _ d¢;(vs) =0.
j=2

J=1

The self-adjoint operator L in x associated to our wave equation has operator
domain H? NH} and acts on functions by the rule

(Lo)(z) = —¢"(x) + q(z)¢(x), = € A\ V.

To motivate our control problem for the wave equation on this graph it is
convenient to start with the observation problem. We consider the following

IBVP on [2\ V] x [0,7]

W — Wag + q(z)w = 0, (1.6)
w|t:0 = U)O € H(l), wt‘t:() = ’U)l S H, (17)
3
wi(vg,t) = wo(va, 1) = ws(va,t), Y Ow;(va,t) = 0. (1.8)
j=1
4
UJQ(Ug,t) = wg(’l)g,t) = w4(1)3,t), Zaw]‘(vg,t) =0. (1.9)
j=2

Conditions (1.8) and (1.9) are called the Kirchhoff-Neumann (KN) conditions.
Using the Fourier method one can show, following the approach presented in [14],
that this IBVP has a unique generalized solution such that for any i,j =1, 2, 3,4,

w e C([O’T]§H(1))7 w € C([O,T];H),

w(vi,) € HY(0,T), dw;(v,-) € L2(0,T). (1.10)

We introduce two observations: Owi(vy,t), Ows(ve,t), t € [0,T]. We say that
the system (1.6)—(1.9) is observable in time 7' if there is a positive constant C,
independent of w?, w!, such that

lows (w1, 17207y + 10w2 (2, )72y = C {5 + lw' 3.} (1.11)
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for every w® € H!, w! € H. We emphasize that our observations are feasible and
nondestructive, and hence the corresponding dual control problem is natural.

To state the exact controllability result that is equivalent by duality to the
observability inequality (1.11), we consider the following system:

Ut — Ugy + q(z)u = 0, (1.12)
u(+,0) = u(+,0) =0, (1.13)
ur(vi,t) = fi(t), wa(va,t) =0, (1.14)

3
t@('l)g,t) = ul(vg,t) + fg(t), U3<’U2,t) = U1<’U2,t); Zauj(vg,t) = 0; (1.15)
j=1

uj(vs, t) = u(vs, t), j #Kk; Z@u] vs,t) = 0. (1.16)

Here f1, fo € L?(0,T). Evidently, the control f2 should have the effect of breaking
the symmetries, which obstruct controllability, that are caused by the cycle.

Well-posedness of this system is proven in [14], where it is shown that for any
T > 0, the solution u satisfies

u € C0,T;H)NCH0,T; H ™).
Without loss of generality, in what follows we will assume that lo > 3.
Theorem 1.4. Assume the operator kernel of L is trivial. Let
T =max{ly +1lo, l3+1s}, T >2T,,
and (¢,v) € H x H~L. There exist controls
f:=(f1, f2) € L*(0,T) x L*(0,T)
such that the solution uf to System (1.12)-(1.16) satisfies

and there exists a constant C' that depends only on q,lj,j =1,...,4, such that
I fillz2or) + I f2llz20r) < C (9 ll3e + Nl llag-1)- (1.18)

Key ingredients in the proof of Theorem 1.4 are shape and velocity control
results that can be formulated as follows.

Theorem 1.5. a) (Shape control) Let T > T, and ¢ € H. There exist controls
f:=(f1, f2) € L?(0,T) x L?*(0,T) such that
uf(" T) = ¢7
and there exists a constant C' that depends only on q,l;,5 = 1,...,4, such
that

I f1llzz0m) + 1 f2ll 200y < C llDll%- (1.19)
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b) (Velocity control). Assume the operator L has trivial kernel. Let T" > T
and 1 € H™L. There exist controls £ := (f1, f2) € L*(0,T) x L*(0,T) such

that
u (- T) = o,
and there exists a constant C' that depends only on q,l;,7 = 1,...,4, such
that
I f1llz201) + 12l 200y < C N9 ll3- (1.20)

2. Proof of Main Results

2.1. Proofs of Theorems 1.1-1.3

Proof of Theorem 1.2. When T' < [ and f € L9(0,T), it is well known that
the IBVP (1.1)-(1.3) has a unique generalized solution u/ presented in the form

0, O<t<z
uf (z,t) = t (2.1)
ft—x) +/ k(xz,s)f(t—s)ds, x<t.
Here k(x,t) is a solution to the Goursat problem
k:tt—k‘m+q(x)k::0, 0<$<t,
1 [* 2.2
k(0,8) = 0, k(x, ) = —2/ o(s) ds (22)
0

that can be found by a standard iteration method (see, e.g., [12] for ¢ € L1(0,1)).
Then the equation u/ (z,1) = ¢(z) can be written as a Volterra integral equa-
tion of the second kind (VESK):

l
fll—x) +/ k(x,s)f(l —s)ds = ¢(x). (2.3)

For any ¢ € HE(0,1), this equation has a unique solution f € HE(0,1), which
proves the shape controllability for 7' = [. Then the system is clearly shape
controllable for any 1" > [.

Using equation (2.1), the velocity control problem for 7' = [ is reduced to
solvability of the VESK

!
fll—=z)+ / k(z,s)f' (I —s)ds =(z). (2.4)

For any ¢ € L?(0,1), this equation has a unique solution f’ € L?(0,1). That gives
a unique f € HX(0,1) : f(t) = fg f'(s)ds. It proves the velocity controllability
for T' =1, and hence for all T' > [.
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Proof of Theorem 1.8 (ab). For t,1, the solution u/9 to the IBVP (1.1), (1.2),
(1.5) can be presented in the form

uf’g(ac,t):f(tx)Jr/ k(x,s)f(t —s)ds
+G(tl+x)+/t r(l —xz,8)G(t — s)ds, (2.5)

l—x

where G(t) = fot g, and 7 is a solution to the Goursat problem similar to (2.2)
with the Neumann boundary condition 7;(0, s) = 0. Then from (2.5),

wl(z,t) = f'(t — ) +/ k(z,s)f'(t —s) ds
+g(t—1+x)+ /l_ r(l —x,s)g(t —s)ds, (2.6)

The proofs of each a) and b) are thus reduced to solving a VESK.

Proof of Theorem 1.1. Now we prove the exact controllability in time 27T,
for T > T, using the shape and velocity controllability in time 7. Let {w2}$°
and {¢,}3° be the eigenvalues and corresponding normalized eigenfunctions of
the classical Sturm—Liouville problem

— @+ q(@)pn = wipn, 0 <z <1, (2.7)

(Pn(o) = Son(l) =0. (2'8)

We represent the solution to the IBVP (1.1)-(1.3) in the form u/(z,t) =
Yonry an(t) ¢n(z). It is well known (see, e.g. [10, Ch. III]) that

T sin w —
o) = [ 106,00 sinen('=1) 4y (2.9)

Wn

Therefore, the shape controllability result can be formulated as solvability of the
moment problem

T
Wpay, = / fo(t) @, (0) sinw, (T —t)dt, Vn, (2.10)
0
for arbitrary sequence {anwy,} € 2 by the function fy € H}(0,T).

Differentiating (2.9) with respect to T, we reformulate the velocity controlla-
bility result as solvability of the moment problem

T
by, = / f1(t) ¢1,(0) coswy, (T — t)] dt, ¥n, (2.11)
0

for arbitrary sequences {b,} € £2 by the function f; € H}(0,T).
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Now we extend the function fy in the odd way with respect to ¢ =T from the
interval [0,T] to [0,277], and the function f; — in the even way. We define the
functions

p=270 ¢ ho,0m)
and observe that this function solves the moment problems
2T
AnWp, = f(t) @ (0)sinw, (T —t)dt, (2.12)
0
27
by, = () 9, (0) coswy, (T —t)] dt, (2.13)

0

for arbitrary sequences {a,wy}, {b,} € £2. By rewriting sine and cosine in the last
two equations in terms of complex exponentials, it becomes an easy algebra exer-
cise to check that solvability of the moment problem (2.12), (2.13) is equivalent
to solvability of the moment problem

ap = " () @, (0) sinw, (2T — t) dt (2.14)
0

2T
Bu= | J()£h(0) cosw,(2T — 1) dt, (2.15)
0

for arbitrary sequences {a,}, {B,} € £2. It’s not hard to see that having solved
these moment problems is equivalent to proving exact controllability in time 27
The proof of Theorem 1.1 is complete.O

Proof of Theorem 1.3 (c) is similar to the proof of Theorem 1.1. We consider
the eigenvalue spectral problem

— @+ q(x)on = wipn, 0 <z <1, (2.16)

n(0) = @, (1) = 0. (2.17)
Presenting the solution to the IBVP (1.1), (1.2), (1.5) as a series with respect to
eigenfunctions of this problem, u/*9 = 3" | a,,(t) ¢n (), we get

sinwy, (T — 1)
Wn

T
an(T) = /0 () @ (0) + 9(t) (D] . (2.18)

Therefore, the shape controllability result can be formulated as solvability of
the moment problem

T
i = /O [ol8) 2. (0) + go(t) on(1)] sinwon (T — £) dt, ¥n, (2.19)

for arbitrary sequence {a,wy,} € £ by the functions fo € H3(0,T), go € L*(0,T).
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Differentiating (2.18) with respect to T', we reformulate the velocity control-
lability result as solvability of the moment problem

/m() 1(0) + 91(t) pu(D)] coswn(T — D] dt, ¥n,  (2.20)

for arbitrary sequences {b,} € ¢ by the functions f; € H}(0,T), g1 € L*(0,T).
Now we extend the functions fg, gg in the odd way with respect to t = T from

the interval [0, T to [0, 277, and the functions f1, g1 — in the even way. We define

the functions

€ H(0,2T),

f= € L*(0,27),

fo+ fi _gotg
2 2

and observe that these functions solve the moment problems

2T
i = /0 F(8) £ (0) + g(¢) (D)) sinwn (T — 1) dt, (2.21)

2T
by = /O F(5) () + g(t) on(1)] coswn (T — 1) dt (2.22)

for arbitrary sequences {a,wy}, {bn} € 2. By rewriting sine and cosine in the last
two equations in terms of complex exponentials, it becomes an easy algebra exer-
cice to check that solvability of the moment problem (2.21), (2.22) is equivalent
to solvability of the moment problem

2T
o = /0 () @, (0) + 9(¢) on(D)] sinwn(2T — ) dt (2.23)

2T
B, = /0 [f(t) @0, (0) + g(t) n(l)] coswn (2T —t) dt, (2.24)

for arbitrary sequences {ay}, {3} € £2. Having solved these moment problems is
equivalent to proving exact controllability in time 27". The proof of Theorem 1.3
is complete.O

2.2. Forward Problem for the Interval

A key ingredient for our proof of Theorem 1.5 is a representation of the solution
of the wave equation on the interval which accounts for reflections off the boundary
points, found in [15], generalizing d’Alembert’s original representation to a finite
interval with ¢ # 0. We consider the IBVP:

Vgt — Ve +q(x)v =0, 0<z <, t€(0,T), (2.25)
v(x,0) = v(x,0) =0, 0 <z <1, (2.26)
v(0,1) = f(1), (2.27)

o(l,t) =g(t), t>0. (2.28)
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Throughout this section, we assume that f,g € L?(0,T).
We begin by solving

(2.29)

U — Upe +q(z)u=0, 0<z<l, 0<t<T
u‘té(] = 07 U(O,t) = f<t>7 U(l,t) =0.

For f € H}(0,T), the system (2.29) has a unique solution u”** € C([0, T]; H'(0,1)).
This solution can be presented by the so-called “folding ruler formula", see [15]:

t

w0 (z,t) = f(t—:p)+/ k(z,s)f(t —s)ds

T
t

—f(t—2l—|—a:)—/2 k2l —xz,s)f(t —s)ds

|—x

+f(t_2l_$)+/2l+ E(2l+z,s)f(t —s)ds

_f(t—4l+x)—/4 k(4 —z,s)f(t—s)ds+ ...

l—x
tglx .
— ;:0 <f(t —2nl —x) + /Qon E(2nl + x,s)f(t — s) ds>
5 .
_Z <f(t—2nl+m)+/ k(2nl—a:,s)f(t—s)ds> . (2.30)
n=1 2nl—x

where | -] is the floor function; k(z,t) is a solution to the Goursat problem (2.2) in
which the potential ¢(x) is extended to the semi-axis 2z > 0 by the rule ¢(2nl+x) =
q(z) for all n € N. Setting f(¢) = 0 for ¢ < 0 guarantees that the sums above are
finite.

The folding ruler formula gives convenient presentations of the solution with
various boundary conditions and will be used in many constructions of this paper.
When the Dirichlet control function g € H!(0,T) is applied at = [, the IBVP

(2.31)
u|t<0 =0, U(O, t) 0, U(l, t) = g(t)'

can be solved by changing of variables in (2.29). We put p(z) = ¢(l — z) and

extend p by letting p(2nl + z) = p(z). Letting k(z,t) be the solution to the

Goursat problem (2.2), where g(x) is replaced with p(z), then

{utt—um—i—q(x)U—O, O<xz<lt>0

t

u(x,t) = g(t—l+x)+/ kE(l —x,8)g(t — s)ds

l—x

g(tlx)/l+ E(Z+:L',s)g(t—s)ds+...

(2.32)
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By linearity, the general solution v/9 to (2.25)-(2.28) is thus given by

v/ 9(x,t) = v/ 0z, t) + 009 (. t).

2.3. Velocity Control for Graph with Cycle

In this section we prove part b) of Theorem 1.5. The proof for part a) is
similar the proof of Proposition 1 below, and is left to the reader.

One technical challenge for proving velocity control is that it is unclear how to
restrict a generalized function in H ™! to proper subsets. We avoid this difficulty by
first proving velocity control in a more regular space, and then using a functional
analytic argument to conclude velocity controllability for H 1.

Proposition 1. Let T > T, and ¢ € Hé. There exist controls f := (f1, fo) €
HEZ(0,T) x H3(0,T) such that

ui (- T) = 4,
and there exists a constant C' that depends only on ¢,l;,j = 1,...,4, such that

| f1llz20,m) + 1 f2ll 20,0y < C 19 ]l941- (2.33)

We construct our controls in several steps.

Step 1. We begin by rewriting our interior vertex conditions, (1.15) and
(1.16), in a convenient way. Let u be the solution to the system (1.12)-(1.16). We
adopt the following notation:

g](t) = Uj(’[}z,t), J=12,3, and h(t) = Uk(U;},t). (234)

We first express (1.15) in terms of { f1, gj, h}. We identify e; with (0,[;) with z = 0
corresponding to vy. Then for each j, we can use (2.30) and (2.32) to represent
uj. In particular,

uy (z,t) = v (2, 1); wj(x,t) = w9l (x,t) for j = 2,3, (2.35)

with the associated integral kernels labelled k; or k;. By (1.15), we have

3
0=320us(0,6) = - (9 (,0) + 09"z, 8) + 09 (2, 0) o,
1
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and hence:
3 3
0==> (gjt) =2 gt —2nl;)) =2 > " k;(2nl;,2nl;)g;(t — 2nl;)
jfl n>1 j=1n>1
+Z / 0k;(0,s)g;( t—s)ds—i—?Z ak:j(inj,s)gj(t—s)ds)
n>1 2nl;
+2 Z fit — (2n — D)) + k1 ((2n — Dy, (20 — D)) f1(t — (20 — 1)11)
n>1
_/t OFy((2n — 1)Ly, ) fu(t — s)ds)
(Zn 1l
+2Z [Z (B (t — (2n — D)) + F;((2n — DI, (2n — D);)A(t — (2n — 1)1;)
j=2 n>1
_ /t Ok;((2n — 1), )h(t — s)ds)]. (2.36)
(2n—1)l;
Also, by (1.15), we get the equations:
91(t) + f2(t) = ga(2), (2.37)
g1(t) = gs(t). (2.38)

We now rewrite (1.16) in terms of {g;, h}. To this end, for this paragraph we
identify e; for j = 2,3,4 with (0,[;) with = 0 identified with v3. Let x;, resp.
R;j be the integral kernels associated to (2.30), resp. (2.32), for j = 2,3,4. Thus
ug(z,t) = v™0(x,t). A similar argument to the derivation of (2.36) at v3 gives

4
0=—> (W) —2> W(t—2nl)) —2> > r;(2nl;, 2nl;)h(t — 2nl))

W~

=2 n>1 j=2n>1
4 t
+ / 0k;(0,s)h(t — s)ds + 2 Z Okj(2nl;, s)h(t — s)ds)
=2 n>17 21l
3
237 [ (5t = 2n = 1)) + F5((2n = D, (20 = D)t — (20 = 1))
j=2 n>1
—/ O (20 = Dl 8)g5 (¢ — 5)ds)] (2.39)
(2n—1)l;

Step 2. Let ¢ € 7—[(1) be our target velocity. To construct our velocity control,
we will use fo alone to attain the desired shape on ey, while f1, fo will be used
jointly to attain control on the other edges. Recall T, = max(ly + l2,l3 + l4). In
the construction that follows, fo will be supported in the interval (T, — max(ls +
l4,12),Ty)) while f; will be supported in (T — Iy — I3, T%).
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In this step, we solve for h. Recall we identify e4 with (0,l4) with z = 0
identified with v3. First, we will solve v"0(z,T,) = ¢4(x). We set h(t) = 0 for
t <Ty—1l4in (2.3), and h(t) = h(t — (Tx — l4)). Then

Iy
) = (s — 2) +/ ka(, 8)i (I — $)ds, @ € (0, 14).
x
This is a VESK, and thus has a unique solution W e H 1(0,14). Furthermore,
the equation above gives we A/(0) = 14(l4) = 0. Translating again in time, b’ €
H(Ty — 14, Ty). We set h/(t) = 0 for t < T, — l4, and integrate using h(0) = 0.
We get h € H2(0,T).
Step 3 In this step, we compute

g2 € HX(T, —15,T,) and g3 € H2(T, — 1y — I3, T, — I3),

from which we will fully determine fo and partly determine fi.

Let A = min(ll,lg) if l2 = l3, and A = min(ll,lg,lg - lg) if lg > 13. Define
tf = nA for n > 0. We will use (2.39) to solve for g3 on successive intervals
[ty ty, 1] in terms of the known function h; this process will stop when t < T\, —I3..
As n increases, the number of non-zero terms in (2.39) increases. In what follows,
we will denote by «(t) various functions, which change from line to line, that are
known for ¢t < t;-. Also, S(t) are functions, that varying from line to line, that are
determined by h, and hence are known for all ¢ in the argument below.

In this paragraph, we use (2.39) to solve for g3(t) for t < T, — l3. Assume
first that ¢ < t]. We begin For n > 1, we have t — 2nl; < 0 for j = 1,2,3 by the
definition of ¢}, and hence the terms in such as g;(t —2nl;) all vanish. In addition,
since go(t) will vanish for ¢t < T, — la, the wave generated by g2 will not interact
with the vertex vs. Thus (2.39) simplifies to

t
Oé(t) = 29§(t — lg) + Eg(lg, lg)gg(t — lg) — 8E3(13, S)gg(t — S)dS, t < tT.

I3

Integrating, we get

at) =2gs(t) + /Ot Ks(t,r)gs(r)dr, t <t3.

where

- t—l3

Rt =la.9) = Fallanl) + [ RalOur +1 = )iy,

r=

This is a VESK, and thus g3(t) is uniquely solvable for ¢t < t]. By the regularity
of K3, we have g5 € H?, and one can also verify that g3(0) = g4(0) = 0. Now
assume g3(t) has been determined for ¢ < t;. In this case, ¢ <t} ; implies that
for n > 0 and j = 1,2, 3, we have (t —2nl;) < t;, and so the function g3(t — 2nl;)
have been previously calculated. Thus (2.39) can be rewritten

t
at) =2g3(t) + | Ks(t,r)gs(r)dr, t € [ty tyq]-

t
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Thus we solve this VESK for g3(t), t < t;_ . Iterating the argument above, until
tir1 = Ti — I3, we determine g3 for ¢ € (0, 7% —I3). We remark in passing that by
definition, we have g3(¢) = 0 until ty > T, — Iy — 3. Also, by construction g3, gé
are continuous, hence

93(Te — g —I3) = g4(T — Iy — I3) = 0.
We now solve for g3(t) for t > Ty, — l3. By (2.30), (2.32),

T. _
ba(2) = dy(Ts — 15 + ) + / Falls — 2, )g3(Ts — 5) — ..

ls—x

T
(T, — ) +/ ky(x, )/ (T — 5) ds

T,
— W (T, =23 +x) — / k3(2l3 — 2, 8)W (T — 8)ds + ..., x € (0,13).
2l3—x

Observe that the only unknown terms in this last equation are the first two on the
right hand side. Thus we solve this VESK to determine g5(t) for ¢ > T, — 3. Then
g5(t) is continuous at t = Ty — I3 by the following argument. Letting x — l;l(i) in
the equation above, one gets g5((T'—13)7) = g5((T' —13) ™), so that g4(t) extends
to a continuous function at x = T'—I3, and so g5 € H[T. —14—I3, T.]. Integrating,
we get g3 € H2(0,T.). We now compute go € H2(T, — l2,T3). By (2.30), (2.32),
we have

T.
Po(z) = W (T — x) —|—/ ko(z, s)W (Ty — s)ds — h' (T + x — 2l3) — ...

T,
+g5(Ty — ls + ) +/ k(ly — x,8)g5(Tx — 5), © € (0,12).
lo—x

Only the last two terms in this equation are unknown, so we solve this VESK to
obtain gh. Letting z — 0% in this equation, we can show g4(Ty — l3) = 0. We set
gh(t) = 0 for t < Ti—ls, and then solve for gy by integration. Thus go € H2(0,T}).

We now apply (2.37) and (2.38) to solve for fo, g1. Since g3, g3 € H2(0,T}), the
same is true for fo. We also have fo(7%) = 0 by (2.37), (2.38), and the continuity
of u at ve. Also, f5(T) =0 by (2.37), (2.38), and the continuity of u; at va. Thus
f2 € H3(0,Ty).

Step 4. In this step, we solve for fi. First, we will apply (2.36) to solve for
fi(t) for t € (T — Il — 11, T — l2). We have already determined h and g; in that
equation, so it simplifies to

B(t) =2 Z (fit = (2n—1Dh) + k1((2n — 1)l1, (2n — 1)) fr(t — (2n — 1)l1)

n>1

-f OR(2n - Dl )it - s)ds.

2n—1)l;
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We can use an iterative argument as in Step 2 to solve for fi(t) with t < T, — Iy,
with f1(0) = f1(0) = 0; the details are left to the reader.

For t < T, — Iy, we identify e; with the interval (0,1;) with z = 0 identified
with ve. Using (2.30), (2.32), we get

T,
V1(z) = g1 (T — x) + / ki(z,s)g)(Te — s)ds — ...

1 —x

—f—f{(T*—ll—i-x)-i-/

li—x

T

ki(lh — 2, 8) f1(Te — 8) — ..., w € (0,11).

Solving this VESK, it is straightforward to verify that f{(¢) is then continuous at
T, —11, and that f{(Tx—1; —1l2) = 0. If T, — 13—l > 0, then we extend f; trivially
to zero. Integrating, we get f1 € H2(0,T). We can then prove f{(Ti) = 0 by
noting f1(7%) = wi(v1,Ty) = t(v1) = 0. That f1(7T%) = 0 follows from ¥ (v1) = 0.
Thus f1 € HX(T, — ly — Iy, T.).

The proof of Proposition 1 is complete.

Remark 2.1. Recalling that T, = max { {1 +l2, l3+14 }, we summarize the supports
of the controls fi, fo.

Difly+le+pu=1I3+1ly, p >0, then Ty = I3+ 14, supp f1 C [, Ti] and supp
f2 - [O,T*];

2)ifly+lo=1I3+1l4+p, p>0,then T, =1y + 12, supp f1 C [0,7%] and supp
fa C [1,Ty], where 7 = min {yu,[; }.

The proof of the following result, which holds trivially in the classical setting,
is left to the reader.

Lemma 2.1. Let f € H3(0,T) x H3(0,T). Then
OPuf(x,t) = ufﬁ(*,t), (2.40)
this equation holding in C(0,T;H™1).
The following completes our proof of Theorem 1.5 b).

Corollary 2.1. Assume 0 is not an eigenvalue of L. Let T > T, Let 1) € H~L.
Then there exist f1, fo € L?(0,T), such that

ug (%, T) = ().
Proof. Because zero is not an eigenvalue, L
L:Hy—H!

is an isometry. Thus, using (2.40), there exist ¢ € H} and f € H2(0,T) x H2(0,T)
such that

¥ = L,
= Luf(*,T),
= Ofuf(x,T) = uj (*,7),
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so it suffices to set f = ~f”. O

2.4. Proof of Theorem 1.4

Now we prove the exact controllability in time 27, for T' > T, using the shape
and velocity controllability in time 7. Let {w2}$° and {, }$° be the eigenvalues
and corresponding normalized eigenfunctions of the spectral problem associated
to System (1.12)-(1.16):

— @+ (@) pn = wipn, T € e i =1,..,4, (2.41)
(en)1(v1) = (pn)a(ve) =0, (2.42)
3
(n)1(v2) = (Pn)2(v2) = (Pn)3(va), > Apn)j(va) =0, (2.43)
j=1
4
(on)2(v3) = (on)3(v3) = (on)a(vs), Y _ Opn);(vs) = 0. (2.44)

<.
Il
¥

Here and in what follows, we denote the restriction of ¢, to edge e; by (¢n);.
The following estimates can be extracted from [14], [19], and [21]:

10(en)1(v1)] <1, [(en)2(v2)] < 1, |wn| < n.

We write u(z,t) = Y77 an(t)pn(x). To find the coefficients a,, we integrate by
parts in z the identity

T
0= / / [0t — Ogzu + q(z)u] @r (z)u(t) dedt
0 Q
with arbitrary p € Cg [0,T]. We obtain the initial value problem

apn(t) + whan(t) = f1(t)(0pn)1(v1) + f2(t)(Don)2(v2), an(0) = a,(0) =0.
By variation of parameters, we get

sinwy, (T' — t)

Wn

T
an(T) = / [f1(£)(Bpn)1(v1) + f2(t)(Oon)2(v2)] dt.  (2.45)
0
In what follows, the controls solving the shape control problem will be denoted
by f; = fjo, and the controls solving the velocity control problem will be denoted
by fj = fj1, for j = 1,2. Setting a,, = a,(T), the shape controllability result can
be formulated as solvability of the moment problem

sinwy, (T —t)

T
an :/0 [f10(t)(Opn)1(v1) + f20(t)(Dpn)2(v2)] dt, Vn,  (2.46)

Wn
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for arbitrary sequence {a,} € £? by the functions fig, foo € L?(0,T).
Differentiating (2.45) with respect to T', we reformulate the velocity control-
lability result as solvability of the moment problem

coswy (T —t)

T
bn=/0 (11 () (Opn)1(v1) + f21()(Opn)2(v2)] dt, Vn,  (2.47)

Wn

for arbitrary sequences {b,} € £2 by the functions fi1, fo1 € L?(0,T).

Now we extend the functions fig, foo in the odd way with respect to t = T
from the interval [0, 7] to [0,27], and the functions fi1, fa1 — in the even way.
We define the functions

_ ot/
2

_ Jfao+t+ fa

€ L*(0,27), fo =",

fi e L?(0,21),

and observe that these functions solve the moment problems

2r inw —

on= [ 1HO@n00) + RO@e00] T (2
2T CcOS w —

b= [ OO0 (0) + ) @pa(e) =T (a9

for arbitrary sequences {a,}, {b,} € ¢2. By rewriting sine and cosine in the last
two equations in terms of complex exponentials, it becomes an easy algebra exer-
cice to check that solvability of the moment problem (2.48), (2.49) is equivalent
to solvability of the moment problem

2T sin w —

an= [ 1hO@e ) + 0O 2w 250)
2r coswn (T —t)

B | 10O 00 + )Op)()]) S (251)

for arbitrary sequences {a,}, {3} € €. Having solved these moment problems is
equivalent to proving exact controllability in time 27". The proof of Theorem 1.4
is complete.O
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