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Abstract. This paper is devoted to studying the effects of a vanishing structural damping
on the controllability properties of the one dimensional linear beam equation. The vanishing
term depends on a small parameter ¢ € (0,1). We study the boundary controllability
properties of this perturbed equation and the behavior of its boundary controls ve as € goes
to zero. It is shown that for any time T sufficiently large but independent of € and for each
initial data in a suitable space there exists a uniformly bounded family of controls (ve)e in
L%(0,T) acting on the extremity z = ©. Any weak limit of this family is a control for the
beam equation. This analysis is based on Fourier expansion and explicit construction and
evaluation of biorthogonal sequences. This method allows us to measure the magnitude of
the control needed for each eigenfrequency and to show their uniform boundedness when
the structural damping tends to zero.

Keywords: beam equation; null-controllability; structural damping; moment problem;
biorthogonals
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1. INTRODUCTION

The starting point of this paper is a controllability problem for the one dimensional
linear beam equation
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Ut (t, T) + Upgza(t, ) =0, (t,z) € (0,T) x (0, ),
0(t,0) = tpa(t,0) = wsu(t, %) =0, ¢ € (0,7),
(1.1) u(t, ) = v(t), te (0,7),
u(0, 1) = u’(z), x € (0,7),
u (0, 2) = ul(x), z € (0,7).

Given T > 0 we say that equation (1.1) is null-controllable in time T if for every
initial data (u° u') € H, there exists a control v € L?(0,T) such that the corre-
sponding solution of (1.1) verifies

(1.2) w(T,z) =u(T,z) =0, z€(0,n),
where
(1.3) H=H'0,1)xV

and V = {p € H*(0,7); ¢(0) = ¢(r) = ¢uz(0) = @ua(r) = 0} N
In the sequel, given any function h € L?(0, ), we denote by h,, the n-th Fourier
coefficient of h,

B = /h(a:) sin(nz)dz, ne N
0

There exists a large literature concerning the controllability of both the linear and
nonlinear beam equation. In our case (1.1), we use one of the oldest methods used to
study the controllability problems. This consists in reducing it to a moment problem
whose solution is given in terms of an explicit biorthogonal sequence to a family of

exponential functions. The exponential functions are given by (e!”»),cz+, where

2

v, = —isgn(n)n® are the eigenvalues of the operator (840 _OI).

TxrTT

We recall that a family (£,,)mez- C L?(=T/2,T/2) with the property

T/2
(1.4) / Emt)e”mt dt = 6y, mum € I*
-T/2
is called a biorthogonal sequence to (e’"!),cz+ in L?(=T/2,T/2). In (1.4), dmn
stands for the Kronecker symbol.
Once a family of biorthogonal functions (&,)mez+ verifying (1.4) is given, a con-
trol v € L%(0,T) for (1. 1) may be easily constructed. Indeed, for any initial data

(u,u') € H such that @) = [ u®(z)sin(nz)dz and @}, = [; u'(z)sin(nz)dz the
formula

(_1)m+1 T —T/2vm,
(L5)  wt)= D (=i, + v, )gm( 2) 2rm e (0,T)

meZ*
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gives such a control leading the solution (u,u;) of (1.1) to zero in time T, provided
that the series in (1.5) converges in L*(0,7T).

The existence of a biorthogonal sequence to (e/V"),,c 7+ is a consequence of Ingham’s
inequality

) Y lwPcm [

nerl* =T/2

dt, (an)neZ* C l2,

which holds for any 7' > 0 due to the fact that lim inf |v,11 — v, | = 00 (see [2], [10]).

One of the first articles using this method in 7‘Efeooframework of partial differential
equations is the one by Fattorini and Rusell [6], [7]. In their papers, a linear parabolic
problem is shown to be null-controllable for a large class of initial data. Some of their
ideas for the construction of a biorthogonal sequence will be used in our article, even
if the properties of the corresponding exponential functions are quite different.

In this paper, we study the possibility of obtaining a control for (1.1) as the limit
of controls of the perturbed equation

Ut (t, T) + Ugzas (t, T) — U (t,2) =0, (t,2) € (0,T) x (0, 1),
u(t,0) = Uga(t,0) = uga(t, ) = 0, te (0,7),
(1.7) u(t, m) = v (t), t e (0,7),
u(0,2) = u%(z), x € (0,m),
u(0,2) = ul(x), z € (0,7),

where ¢ is a small parameter which tends to zero. As for (1.1), v. € L%*(0,T) is
a control for (1.7) in time T if the corresponding solution verifies (1.2). If, for any
(u®,u') € H, there exists a control v. € L2(0,T) for (1.7) we say that (1.7) is
null-controllable in time T. In (1.7), —eusy(t, x) represents the structural damping,
supposed to vanish as ¢ goes to zero. The introduction of a vanishing term is a
common tool in the study of Cauchy problems or in improving convergence of nu-
merical schemes for hyperbolic conservation laws and shocks. For instance, in [8], [9],
it is proved that, by adding an extra numerical viscosity term, the dispersive prop-
erties of the finite difference scheme for the nonlinear Schriodinger equation become
uniform when the mesh-size tends to zero. On the other hand, a viscosity term is
introduced in [3] to prove the existence of solutions of hyperbolic equations. In both
the examples the viscosity is supposed to tend to zero in order to obtain the original
system. Thus, a legitimate question is related to the behavior and the sensitivity of
the controls during this process which is precisely the aim of this paper. The main
result of this paper is given by the following theorem.
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Theorem 1.1. There exists T > 0 with the property that, for any (u°,u') € H
and € € (0,1), there exists a control v. € L*(0,T) of (1.7) such that the family
(ve)eso is uniformly bounded in L?(0,T) and any weak limit v of it is a control in
time T of (1.1).

The method we use to prove Theorem 1.1 is the same as the one presented above to
show the null-controllability of (1.1). More precisely, we use an explicit biorthogonal
sequence to the family of exponential functions (e#"?),cz+ to construct a family of
controls (v:)e>o for (1.7) which is uniformly bounded in L?(0,T). Here (p)necz+ are
the eigenvalues of the differential operator ( 3331@ egfjr )

We remark that, unlike v,,, the eigenvalues p,, are no longer purely imaginary com-
plex numbers. Thus, the existence of a biorthogonal sequence to the family (e#"!),,c7+
cannot be obtained as a consequence of an Ingham inequality similar to (1.6). In-
stead, we shall use the biorthogonal sequence (6, )mez+ to (e#nt),cz+ constructed and
evaluated in [14]. The main difference between (&, )mez+ and (0., )mez+ is the fact
that the norm of (6,,)mez+ is not bounded by a constant as in the case of (£,,)mez+-
Indeed, as we shall see in the proof of Theorem 1.1, the sequence (0,,)mez+ verifies

(1.8) 10l 2(—1/2,7/2) < C(T)eFum)l,

where C(T) and w are two positive constants independent of m and e.
As in the case of equation (1.1), a control v, for (1.7) is given by

(1

T
N ) 1 o 2\~0 - —T/2pm

(L9) ve(t) = D

me’z*
te (0,T).

The absolute convergence of the series from (1.9) in L?(0, T') will be a consequence of
the estimate (1.8) and the exponential decay of the sequence (e~7/2#n), ¢ 7., provided
that T is sufficiently large.

The existence of a biorthogonal sequence (6, )mecz+ with the property (1.8) implies
that the following Ingham-type inequality holds, for any finite sequence (B, )mez+:

(1.10) /_i

where T" and ¢ are any positive numbers, w is an absolute positive constant and C'

2
Z Bme—isgn(m)m2+sm2 dt > C(T) Z |6m|26—2w5m2,

mez* meZ*

a positive constant depending only of 7. From this point of view our article ex-
tends the results obtained in [4], where Ingham-type inequalities are obtained under
the condition that the real parts of the exponents do not increase too much. As
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shown in [4], Theorem 3, a consequence of these results is the uniform controllability
property of the perturbed beam equation

where a € (0,1/4]. Our problem (1.7) deals with the case of a much stronger
dissipation by considering o = 1/2.

The paper is related to [5] where the null-controllability of a beam equation with
hinged ends and structural damping depending on a positive parameter is studied.
The main difference with respect to our paper consists in the fact that in [5] the
control function is located on a subset of the domain. The proof of the uniform
controllability as the viscosity goes to zero is done by analyzing separately the con-
trols for the high and the low frequencies. For the high frequencies, the authors use
a Lebeau-Zuazua estimate for finite combinations of functions (sin(nnx))p>1 (see
[12]) together with exponential decay, while for low frequencies a generalization of
Ingham inequality (see [10]) for exponential functions with exponents in a bounded
vertical strip is the main ingredient. Their technique cannot be applied to our case,
since the control depends only on time and the high frequencies cannot be treated
by using the results from [12]. Inequalities similar to (1.10) are also present in [15],
where the main concern is to study the behavior of the controls as T' goes to zero
(and not ).

The rest of this paper is organized as follows. Section 2 gives the equivalent
characterization of the controllability property in terms of a moment problem. In
Section 3 we construct a biorthogonal sequence to the family (e/~!), 7+ and evaluate
its L2-norm. Finally, in Section 4 we prove the main result of the paper.

2. THE MOMENT PROBLEM

For the sake of completeness, we first present a result that concern the well-
posedness of (1.7).

Theorem 2.1. Given any T > 0, ¢ > 0, (u®,u') € H and h € L?*(0,T), there
exists a unique weak solution (u,u;) € C([0,t],H) of the problem

Ut (t, T) + Ugzas (t, ) — U (t,2) =0, (t,2) € (0,T) x (0, 1),
u(t,0) = Uy (t,0) = uze(t, 1) = 0, te (0,7T),
(2.1) u(t, m) = h(t), te (0,7),
u(0,2) = u%(z), x € (0,m),
u(0,7) = ul(x), x € (0,m).
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Proof. The proof of this theorem is based on transposition method and is
similar to the proof of Theorem 4.2 from [13]. Therefore we omit it and refer the
interested reader to [13]. O

The following property concerns the spectrum of the differential operator corre-
sponding to the adjoint system of (2.1) and will be useful for the characterization of
its controllability properties.

Proposition 2.1. The unbounded operator in H}(0,7) x H=1(0,7), (D(A), A)
defined by

D(A) = {u e H*(0,7); u(0) = u(r) = tzr(0) = z4n(n) =0}, A= <804 6_812)

x

has a sequence of complex eigenvalues

€ V4 —e?
—n? —it———sgn(n)n®, ne %,

2.2 =
(2.2) fn = 5 5

and the corresponding eigenvectors

(2.3) on— ( ! )Sm(m:), nez*

sgn(n)n \ —pn
form a Schauder basis of H}(0,7) x H1(0, ).

Proof. It is easy to see that u is an eigenvalue of A with the corresponding
eigenfunction (Z) if and only if v = —pu and the pair (u,w) verifies

(2.4) { Uzaze + EMUzy + 12w =0
w(0) = u(n) = Uz (0) = g (1) = 0.

Since (sin(nz)),>1 is a complete set of solutions in H}(0,n) for (2.4), if fol-
lows that (fin)nez+ are all the eigenvalues of the operator A and the correspond-
ing eigenvectors orthonormalized in H}(0,7) x H'(0,n) are given by (2.3). The
fact that (®"),cz~ forms a basis of H}(0,m) x H~1(0,n) is a consequence of the

fact that ((ﬁn_losin(m))) - is an orthonormal basis of H}(0,7) x {0} whereas
nz

(( Van S?n(m)>>n>1 is an orthonormal basis of {0} x H~1(0,x). O

We can give now the characterization of the controllability property of (1.7) in
terms of a moment problem. We recall that, based on Fourier expansion of the
solution, the moment problems have been widely used in linear control theory. We
refer to [1], [11], [17] for a quite complete discussion on the subject.
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Theorem 2.2. Let T > 0, ¢ > 0 and let initial data (u°,u') € H be given. Then
there exists a control v. € L?(0,T) such that the solution (u,u;) of (1.7) verifies (1.2)
if and only if v. € L*(0,T) is a solution of

T/2

(2.5) (—1)"+1(n3—6nun)/ ’ug(t—f—%)et“" at

—T/2

= e—T/Q/m (_a\lnl + (Mn - EnQ)a(\)nl)v ne Z*’

where (in)nez- are given by (2.2).

Proof. Let us introduce the “backward” equation

it (t, ) + Quzax(t, ©) + EQaa (t, ) = 0, (t,z) € (0,T) x (0, 7),
(26) p(t,0) = @(t, 1) = ra(t,0) = pau(t,m) = 0, t€(0,T),

o(T,2) = ¢°(), z € (0,7m),

ot (T, ) = o*(z), x € (0, 7).

We multiply (1.7) by @ and integrate by parts over (0,7) x (0,7). It follows that
ve € L?(0,T) is a control for (1.7) if and only if it verifies

T Y
(2.7) / 02 () B (12 7) + £y (£, 1) dt = — / o (2)P(0, ) da

+ [ @0, + B 0.0) do — (0,77, 0.7,
0

for any solution ¢ of (2.6).

Since (sin(nz)),>1 is a basis for L?(0, ) we have to check (2.7) only for the initial
data of the form (¢, ') = (sin(nz),0) and (¢°, ') = (0,sin(nx)). In the former
case the solution of (2.6) has the form

(2.8) o(t,z) = (_Le(tfﬂ“" + Min_e(th)ﬁ") sin(nz), n€Z*
Ky — Hn Hn — Hy

and in the latter the solution of (2.6) has the form

1 1
(29)  wlta) = (el

— — e(t_T)ﬁ"> sin(nx), ne€Z".

By taking in (2.7) ¢ of the form (2.8) and (2.9) we obtain that v. € L%(0,T) is
a control if and only if it verifies (2.5). O
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It is easy to see from (2.5) that, if (6., )mez~ is a biorthogonal sequence to the family
(e)pez+ in L*(=T/2,T/2), then a control v. of (1.7) is given by (1.9) provided
that the series from the right hand side converges in L?(0,T). Now, the main task
is to show that there exists a biorthogonal sequence (0,,)mez+ and to evaluate its
norm in order to prove the convergence of the series.

3. A BIORTHOGONAL SEQUENCE

The aim of this section is to construct and evaluate a biorthogonal sequence to
the family of exponential functions (e#n?),cz+ in L?(=T/2,T/2).

Theorem 3.1. There exists T > 0 such that, for any e € (0, 1], we find a biorthog-
onal sequence (0,,)mez+ to the family (etn'), 7« in L*(—=T/2,T/2) with the property

(3.1) ||9m||L2(7T/2,T/2) < Cexp(alR(pm)]), me L7,

where C and « are two positive constants independent of m and €.

Proof. For any p € Z*, we define the function

2 A osin (78(4S(Ap)) LA, — 2))
(3.2) Rp(Z) = kg* ( - x) e _k/\p Sin(ﬂ5/2) )
|k|#p

where § > 0 is an arbitrary small constant and (\x)rez+ are given by

N k=q* qeN*,
1+ e2)(4 — &2
(3.3) Mo = 4 iYL +€2)( ) kAP k>0, geN,
X_k, k <O0.

Like in [14], Lemma 3.1, we can prove that for any m € Z*, R,,2 is an entire
function of exponential type independent of m and ¢ with the property

(3.4) Rp2(iTi,) = pm, 1 € .

Moreover, by using the estimate from [14], Lemma 3.2, we deduce that there exist
two constants C7 and a7 independent of m and ¢ such that

(3.5) | Ry ()] < Crexp(are(V/]z] + [R(um)]), = € R.
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Finally, from [14], Lemma 3.3, it follows that there exists an entire function M, .
and two positive constants Co and «s, independent of m and ¢, such that

(3.6) Mo o(i7i,,) = 1
and
(3.7) M2 o (2)] < Coexp(—aie/|z] + az|R(pm)|)-

For each m € Z* we define the function

sin(d(z — i)

(3.8) U, (2) = Ryp2(2) M2 o (2) 5 —i7)

and deduce that there exists 7' > 0 independent of m and ¢ such that ¥,, is an entire
function of exponential type T'/2. Moreover, from (3.5), (3.7) and Plancherel-Polya’s
Theorem [16], Theorem 16, Chapter 2, Section 3, we have that

C1Cy
v, |2 < —22  o2(azta1e)[R(um)|
1¥mllzem) sin(m0/2)

Sin(0(43 ()~ (T, = ) sin(d(z = i77,)) [
<. 5@ — 171)

CLO™ (az+aret26)[R(um)]
= sin(nd/2)

sin(r§(43(\pn)) ") sin(dz)
J

ox
where « is a number greater than as + aie + 26.

dx

2
dr < Ce%m(um)l,

Now, we have all the ingredients needed to construct the biorthogonal sequence.
For each m € 7*, we define the function

(3.9) O (1) ! /R W, (x)e® dz.

T2

By taking into account the properties of ¥,, and by applying the Paley-Wiener
Theorem we deduce that 6,, € LQ(—f/ 2, f/ 2). Moreover, from the inverse Fourier
transform property we obtain that (6,,)mez= is a biorthogonal sequence to (e#n!),c 7=
Finally, from Plancherel’s Theorem we deduce that (3.1) holds and the proof of the
theorem is complete. ([

To prove the uniform controllability of the beam equation with vanishing viscosity,
we have to construct a new biorthogonal sequence to the family (e/»"),,c 7« with better
norm properties than those of the biorthogonal (6,,)mez+ from Theorem 3.1. The
following theorem gives us such a biorthogonal sequence.
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Theorem 3.2. Let Ty be any number larger that T. There exists a biorthogonal
sequence (Cn)mez+ to the family (etm),,cz+ in L?(—Ty/2,Ty/2) such that for any
finite sequence (Qm,)mez+, we have

2
dt <C(Th) Y lom|® exp(2a|R(pm ),

meZ*

(3.10) / "

—To/2

Z CVmCm (t)
meZ*

where « is the same as in Theorem 3.1 and C(T}) is a constant depending only on Tp.

Proof. Leta= (Tp — f)/Q > 0 and k, = v21a"2?(Xa * Xa), Wwhere Y, represents
the characteristic function x[_q/2,4/2)- Evidently supp(k,) C [~a,a]. Also, we have

R ) in?
() = = [ ket = TR 0% - pat L

We define g, () = eStm)E, (x), so supp(om) C [~a, a).
Let (0,,)mez+ be the biorthogonal sequence from Theorem 3.1. We define

1 *

Let us show that the sequence (¢ )mez+ fulfils the requirements from our theorem.
First of all, let us remark that ¢, € L*(=Ty/2,Ty/2) and, for any m,n € Z*, the
following relation takes place:

~

T/2+a _ N N~ fe—
[ et ar = VaG, i, = el
—T/2—a Qm/(liu’m)

It follows that ((m)mez+ is a biorthogonal sequence to the family (e'#"),cz« in
L2(~Ty/2,Ty/2).
In order to prove (3.10) remark that

1 = 1 S = ~
om(ifly) = —= | om(t)e™m dt = — / S g (t)ePm dt = ko (IR (tm)) > 1.
i) = == [ 0u) =/ 0 (1R(10n)
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Now, we evaluate the left hand side of (3.10) as follows:

T/2+a
/—f/Q—a Z

meZ*

2
O Gm (t) dz

-

2dt=/[R‘ Z amgm(x)

mez*

™ a, dn(0)on(2) ‘ »

m ~ . —
O i)

1 / |04m| . R 2
<oz —— = 0mllL=@®)|om(z)]| dz
2t Jp m;* Om (iAm)] ®)
T 2
< Z_K/R m;* |am|||9m||L2(,f/2j/2)|Qm(x)| dz
T2t J Z laem| | m||L2(_f/2,f/2)| a( = S(pm))|| dz
mez*
< T k2 (¢ 0 i)t th
N 90 . a(t) Z el m||L2(,T/2’T/2)e
mez*
T [ ) 2
<=5 | |2 lomllOmll oz zmye ¢ dr.
“%mez+

Since |3 (tm+1) — S(um)| = V4 — €2m, Ingham’s inequality (see [2], [10]) yields
that for any a > 0 there exists a positive constant C' such that

Now, taking into account Theorem 3.1, we deduce immediately (3.10) and the proof
is complete. O

2
dt <C Z |am|2l|9m”iz(,f/2’f/2)'

me”zr*

Z |Oém| ||emHLz(_f/QJN_,/Q)ei‘S(Hm)t

me”’*

4. CONTROLLABILITY RESULTS

Now we are able to prove the main result of this paper.

Proof of Theorem 1.1. Let T' > max{2a, T} and ((m )mez- be as in Theorem 3.2
with Ty = T. We construct a control v. € L%(0,T) of (1.7) corresponding to the
initial data (u®,ul) € H, as follows:

—1)ym+1 R N B ~ T
@D 0= X (o — e )e T (1 - ),
me’rZ* m

t€(0,7),
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where Zm is the extension by zero of ¢, to the interval (—=7'/2,7/2). From the prop-
erties of the biorthogonal sequence ((n)mez+ it is easy to see that v, verifies (1.9).
Now, to conclude that v, is a control for (1.7), we only have to prove that the series
from (4.1) converges in L?(0, 7). This follows immediately from Theorem 3.2 and
the fact that (u%,u') € H. Indeed, we have

/ P
0

T (—ymt ove0 v /2um s (» TY|
fr— _~ J (-7 -~ - Hm m t J— _) dt
/0 m;* m? —€mum( i (gt = £ J ¢ ( 2
T/2+a (_1)m+1 N 90 T/ 2
_ o~ _ -~ — Hm f, dt
/T/za ez ™ g o (S e )

< C(T, @) (u®,u") .

The last inequality results from (3.10) and the constant C' does not depend on ¢
and m. Thus, the sequence of controls (v:)e>o is uniformly bounded in L?(0, 7). Let
v be a weak limit of this sequence. In order to prove that v is a control for (1.1) we
only have to pass to the limit as € goes to zero in (1.9). O

Remark 4.1. The space of uniformly controllable initial data H from Theorem 1.1
coincides with that obtained in [13], Theorem 4.4, page 301, for the limit case e =0
when two controls are considered. Also, we note that, since H3(0,n) C V, the dual
space V' is included in H~3(0,7). Moreover, since (sin(nz)),>1 is an orthogonal
basis of V, it is also a basis of V' and the following characterization holds:

. . |an|2
V'z{uzZansm(na:), Z 5 <00

n=1 n>1
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