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Abstract. This paper deals with the boundary controllability for a coupled
system of singular parabolic equations by means of one control force. In
particular, we consider well posedness of the problem and then we prove
both approximate and null controllability results. Moreover, an estimate
on the null-control cost is provided. Our proofs rely on the use of the
moment method together with some properties of Bessel functions and
their zeros.
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1. Introduction

The goal of this paper is to analyze controllability properties for a singular
system of two equations when we apply just one control on a part of the
boundary. More precisely, we consider the following linear control system:

Yt = Yzz — x%y = Aya (t,l‘) € Q = (OaT) X (071)7

y(t,1) = Bu, t e (0,7), 11
y(t,0) = 0, t€(0,7), (1.1)
y(O,x) = yO(x)a T € (07 1)7

where yo € H~1#(0,1)? (that will be defined later in sect. 2), u is a real
parameter such that p < %, v = v(t) represents the control force which is
exerted at point x = 1 by means of the boundary Dirichlet condition, and
y = (y1,y2)* is the state variable.

Moreover, A € L(R?) and B € R? are, respectively, a suitable coupling

matrix and a control operator, chosen so that the Kalman rank condition
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is satisfied. Indeed, as highlighted in [25], it is well-known that a necessary
condition for the controllability of this kind of systems is given by the so-
called Kalman’s rank condition:

rank|[B|AB] = 2. (1.2)

On the other hand, as explained in [25], by taking P = [B|AB], the change of
variables

g=rPrly,

leads to the following reformulation of (1.1):

gt — Jee — 255 = A7, (t,2) € (0,T) x (0,1),

p(t.1) = B, te(0,7), (13)
g(t,0) =0, te(0,7),

7(0,2) = P~ lyg(x), x€(0,1),

with

Therefore, passing through this mentioned change of variables, the situation
reduces to the case where

A= (? Z;) and B=e¢ = (é) . (1.4)

For simplicity, it will be assumed in the rest of the paper that A and B are
given by (1.4). Let us observe that this choice amounts to suppose that we
are exerting only one control force on the system but we want to control the
corresponding state y = (y1,y2) which has two components. In fact, y; is
directly controlled by the boundary control and the second equation in (1.1)
is indirectly controlled by means of the coupling term y;.

We are particularly interested in the study of system (1.1) under the
assumption that the coupling matrix A admits two distinct eigenvalues, that
is:

a3 +4ay #0. (1.5)

Prior to controllability issues is the well-posedness of problem (1.1), a
question we address in sect. 2. We will see that, for every v € L?(0,7) and
yo € H~1#(0,1)2, system (1.1) admits a unique weak solution defined by
transposition that satisfies

y € L*(Q)*nC([o,T], H "*(0,1)%).

Observe that the previous regularity permits to pose the boundary controlla-
bility of the singular system (1.1) in the space H~1#(0,1)2.

Then, we pass to see whether one can force the solution of system (1.1)
to have certain desired properties by choosing appropriate control inputs. In
particular, we analyze both approximate and null controllability issues. So, we
use the following notions:
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Definition 1.1. 1. It will be said that system (1.1) is approximately control-
lable in H~=%#(0,1)? at time T > 0 if for every yo,ya € H>#(0,1)? and
any € > 0, there exists a control function v € L?(0,7) such that the
solution y to system (1.1) satisfies

ly(T,-) — yd”H—lvH(OJ)? <e.

2. It will be said that system (1.1) is null controllable at time T' > 0 if for
every yo € H=1#(0,1)?, there exists a control v € L?(0,7T) such that the
solution y to system (1.1) satisfies

y(T,-) =0, in H *"(0,1)%

Our first result for the boundary controllability of system (1.1) concerns
the approximate controllability and is proved in sect. 4 under the rank con-
dition (1.2) together with a condition (see (3.13)) that is equivalent to the
simplicity of the spectrum associated with system (1.1). We refer to Theorem
4.3 for a precise statement of this result. In order to prove this result, we argue
by duality reducing the problem to the obtention of an unique continuation
property for the corresponding adjoint system.

In this work, we will also prove the boundary null controllability of (1.1)
assuming the previous conditions which characterize the approximate control-
lability property (see Theorem 5.1 for a rigorous statement). The strategy for
proving our null controllability result for system (1.1) is based on the well-
known moment method initially developed in [23,24]. In the literature, this
moment method has been successfully applied for treating the controllability
of (nonsingular) parabolic systems of PDEs, see [4-6,9,10,20,28].

Before dealing with problem (1.1), let us first review some previous re-
sults concerning the theory of singular PDEs. In this framework, the Hardy
inequality (see (2.1)) has a crucial role in the analysis of these equations. The
intimate relation between Hardy’s inequality and the nonexistence results of
positive solutions of parabolic equations with a singular potential was discov-
ered by Baras and Goldstein in [7]. For better contextualise this fact, let us
consider the following heat operator with a singular potential

"
— 0,1 1.6
Lou we o), (16)

Pu=u; — ugy —
with Dirichlet boundary conditions. The case L = 2, we have the so-called
inverse-square potential (that appear in particular in the context of quantum
mechanics or in linearized combustion problems). Baras and Goldstein [7,8]
proved that the Cauchy-Dirichlet problem for Eq. (1.6) has a global positive
solution (for any value of u € R) if L < 2 whereas instantaneous and complete
blow-up occurs (for any value of p) if L > 2. Next, when the exponent is
critical i.e. when L = 2, it is the value of the parameter p that determines
the behavior of the equation: if p < 1/4 (which is the optimal constant of
the Hardy inequality, see (2.1)) global positive solutions exist, while, if p >
1/4, instantaneous and complete blow-up occurs (for other comments on this
argument we refer to [40]). Later on, this result has been improved by J. L.
Vazquez and E. Zuazua [43] where the authors gave a complete description of
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the functional framework in which heat equations perturbed by such inverse-
square potentials are well-posed.

Recently, the null controllability properties of the linear heat equation
with an inverse-square potential began to be studied. In [42], using Carleman
estimates it has been proved that such equations can be controlled (in any
time T > 0) by a locally distributed control under the condition p < i. On
the contrary, if 4 > 1, the null controllability fails as shown in [22]. After these
first results, several other works followed extending them in various situations.
See for instance [26,27,29,38,39] for parabolic problems in divergence and non
divergence form with interior singularity and [15,16,40] for boundary singu-
larity. It is also worth to mention the work [13] for the case of a potential with
singularity distributed all over the boundary.

It is interesting to point out that all the previous papers are dealing with
locally distributed controls and contributions are mainly based on a Carle-
man approach, suitably adapted for taking into account the singularity in the
equation. To our best knowledge, the first results on controllability in the case
of a boundary control, have been established in [11,37]. In more detail, the
boundary controllability from = 1 has been studied in [37] whereas the case
of a control acting at © = 0 is treated in [11]. Different from the distributed
case, the approach of these mentioned papers is based on decomposition in
series and the moment method.

In the present work, we are interested in studying the more complex
situation case in which we are exerting only one control force on the system (a
boundary control) but we want to control the corresponding state y = (y1,y2)*
that has two components. As far as we know, the analysis of problem (1.1)
that we are presenting has never been treated in precedence, although it is a
natural extension of the results achieved in the articles presented above.

Throughout this paper, we shall use the following notations. Given D €
L (RN;RM), N,M>1,D*e L (RM;RN) stands for the transpose of D. For
z € C, R(z) and J(z) denote the real and imaginary parts of z.

Let us now precise the main technical tools for obtaining our main con-
trollability results. For the proof of the approximate controllability result, we
are going to apply the following known result which relates the existence and
bounds of biorthogonal families to complex exponentials to some gap condi-
tions (see [6] or [25]).

Theorem 1.2. Let T > 0. Suppose that {A,, }n>1 is a sequence of complex num-
bers such that, for some §,p > 0, one has

- < 400.

(1.7)

Then, there exists a family {qn}n>1 C L?(0,T) biorthogonal to {e=*nt}, >
i.e., a family {q,}n>1 in L*(0,T) such that

T
/ qn(t)e_A’"t dt = b6pm, Vn,m > 1.
0
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Moreover, for every e > 0, there exists C. > 0 for which
lgnllz2(0,r) < Cees i) Yn > 1.

It is worth mentioning that the above Theorem can also be applied to get
the null controllability result for the system (1.1). However, it does not permit
to deduce the required exponential estimate on the null-control cost.

For this reason, to obtain the null controllability result together with an
estimate of the control cost, we will need the next result provided in [10].

Theorem 1.3. Let {A,},>1 be a sequence of complex numbers fulfilling the
following assumptions:

1. A, # Ay, for all my,m > 1 with n # m;

2. R(A,) >0 for everyn > 1;

3. for some § >0

IS(AL)] < 0VR(A,) Vi > 1
4. {An}n>1 is nondecreasing in modulus,
[An| < |Apt1] Yn > 1;
5. {An}n>1 satisfies the following gap condition: for some p,q > 0,

A — M| > 0n? —m?| Vn,m:|n—m|>q,
inf Ay = Ap| > 0; (1.8)
n#m, ln—m|<q
6. for some p,s > 0,
Ipvr —N(r)| <s, Vr>0, (1.9)

where N is the counting function associated with the sequence {Ay}n>1,
that is the function defined by

N(r)=#{n: |A,]| <7}, Vr > 0.

Then, there exists Ty > 0, such that for any T € (0,Tp), we can find a family
{gn}n>1 C L3(=T/2,T/2) biorthogonal to {e "+*},51 i.e., a family {gn}n>1
in L?(=T/2,T/2) such that

T/2
/ qn(t)efA"‘t dt = 0pm-
—T/2

Moreover, there exists a positive constant C > 0 independent of T for which
@nllL2(—12,7/2) < CeCV RAn)+E Vn > 1. (1.10)

The rest of the paper is organized as follows. In Sect. 2, we prove the
well-posedness of the problem (1.1) in appropriate weighted spaces using the
transposition method and recall some characterizations of the controllability.
In sect. 3, we discuss the spectral analysis related to scalar singular operators
and present a description of the spectrum associated with system (1.1) which
will be useful for developing the moment method. Section 4 is devoted to
studying the boundary approximate controllability problem for the system
(1.1). Finally, in sect. 5, we prove the boundary null controllability result.
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2. Preliminary results

2.1. Functional framework

In the study of evolution PDEs containing singular inverse-square potentials,
it is by now classical that of great importance is the Hardy inequality, guar-
anteeing that for any function z € Hj(0,1) we have 2 € L?*(0,1) and the
following estimate holds (see, for example, [30, Theorem 327] or [19, Lemma

5.3.1]):
/ 7dx</ 22 da. (2.1)

Let us fix p < i. We introduce the associated functional space:

Hy*(0,1) :={z € (0,1) N H}oc((a 1)) | 2(0) = 2(1) =0,

and / 22 —u da:<—|—oo}

Note that Hy*(0,1) is a Hilbert space obtained as the closure of C2°(0,1), or
H}(0,1), with respect to the norm

1 ' 2 2? 3
vreH0.0),  Nel= ([ G2ouZde)’
0 X

In the case of a sub-critical parameter p < i, thanks to Hardy inequality (2.1),
one can see that || - ||, is equivalent to the standard norm of H}(0,1), and thus
Hy"(0,1) = H(0,1). In the critical case u = 1, it has been proved (see
[43]) that this identification does not hold anymore and the space Hy™*(0,1)
is slightly (but strictly) larger than Hg(0,1). Further, in both cases, one can
define H="#(0,1) the dual space of H}"(0,1) with respect to the pivot space
L?(0,1), endowed with the natural norm

Hf||H_1>”(0,1) = sup <f, g>H71‘M(O’1)’Hé=M(O’1).
9ll 1m0,y =1

Observe that, if we denote H'*(0,1) the Hilbert space obtained as the com-

pletion of H'(0,1) with respect to the norm || - || 2(0,1) + H ‘||z, we have
Hyt(0,1) = {z € H"(0,1) | 2(0) = 2(1) = 0}.
We also define
H2#(0,1) = {z € H"(0,1) N HZ,((0,1])) | 2 + 52 e L2(0,1)}.

We recall (see [41,43]) the following fundamental embedding result.

Theorem 2.1. Let pu < 1 be given. Then H, a™(0,1) — L2(0,1) with compact
embedding.

Notice besides that, as C2°(0, 1) is dense both in L2(0, 1) and in Hy*(0,1),
Hy*(0,1) is dense in L2(0,1).

In what follows, for simplicity, we will always denote by (-, -) the standard
scalar product of either L?(0,1) or L?(0,1)2, by (-,-)x/ x the duality pairing
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between the Hilbert space X and its dual X’. On the other hand, we will use
| -[|,. (resp. ||-||zr—1.») for denoting the norm of Hy*(0,1)? (resp. H=1#(0,1)2).

2.2. Well-posedness

Now, we are ready to give some results related to the existence, uniqueness
and continuous dependence with respect to the data of the singular problem
(1.1). To this aim, let us consider the nonhomogeneous adjoint problem:

—Qt — Paz — mp=A%p+g, inQ,
@(t,0) = ¢(t,1) =0, t € (0,7), (2.2)
@(Tv x) = Yo, in (07 1)7

where A is given in (1.4) and g and g are functions in appropriate spaces.
Let us start with a first result on existence and uniqueness of strict so-
lutions to system (2.2). One has (see [37, Definition 2.2] or [2, Theorem 2.1]):

Proposition 2.2. Assume that oo € Hy'™(0,1)2 and g € L2(Q)2. Then, system
(2.2) admits a unique strict solution

p €W :=C°([0,T]; Hy"(0,1)*) n H'(0,T; L*(0,1)%)
N L2(0,T; H*#(0,1)2 N Hy*(0,1)?)
such that
||SO||CO([0,T];H3’“(0,1)2) + [lell 1 0,7522(0,1)2) + ||§0||L2(07T;H2,M(0,1)20[—[5*“(071)2)
< C(lwollu + lgllzacar ). 29)
for some positive constant C.

In view of Proposition 2.2, the following definition makes sense:

Definition 2.3. Let yo € H~1#(0,1)? and v € L?(0,T) be given. It will be said
that y € L?(Q)? is a solution by transposition to (1.1) if, for each g € L?(Q)?,
the following identity holds

T
/ /Q v gdedt =0 g0 sy — [ Brealt el dr, (2.4)
0
where ¢ € W is the solution of (2.2) associated to g and ¢y = 0.

With this definition, we can state the result of existence and uniqueness
of solution to system (1.1) by the transposition method in the spirit of [34].

Proposition 2.4. Assume that yo € H=1#(0,1) and v € L?(0,T). Then, sys-
tem (1.1) admits a unique solution by transposition y that satisfies

y € L*(Q)*NC°([0,T], H*#(0,1)%),

yi € L2(0,T; (H*#(0,1)* 0 Hy " (0,1)%)), /
Yt = Yzz — a%y = Ay in L2 (Oa T; (HQ’M(Ov 1)2 N H37M(0a 1)2) )a
y(0,-) =yo in H-H#(0,1)?

(2.5)



61 Page 8 of 33 B. Allal, J. Salhi and A. Sbai NoDEA

and
yllz2(@)2 + llyllcom-1m) + Hyt||L2((H2 #(0,1)2NHy " (0,1)2)")
< C(|lvll2o,ry + llyollr-10) s
for a constant C = C(T) > 0.

(2.6)

Proof. Let yo € H-%#(0,1)?, v € L?(0,T) and consider the following func-
tional 7 : L?(Q)? — R given by

T(g) = <y07 90(0’ ')>H*1»“,Hé"‘ - A B*‘pz(tv 1)U(t) dt,

where ¢ € W is the solution of the adjoint system (2.2) associated to g €
L?(Q)? and ¢y = 0. In view of the results of Proposition 2.2, the mapping 7
is well defined and it is linear. Next, observe that

1 T(9)] < llyoll -1 (0, )l + 11B* 0 (8, Dll 20,0y 0] 2200,7)-
Since ¢ € L2(0,T; H>*(0,1)2 N Hy*(0,1)?) ¢ L*(0,T; H? ,((0,1])2), by in-
voking the theory of traces (see, for example [1, Theorem 4.3.28]), one has:
1Bzt D207y < Cllwx(t D20,y < CllellLz0,m;m2, ((0,17)2)

< CH90”L2(0,T;H2vﬂ(0,1)2ﬂHé“‘(0,1)2)
(by (2.3))
< Cllgllz2(@)2-

Using again (2.3), we also have:

1200 )l < Cligll L2 (@2

Therefore,

1T(9)] < ClvllL2o.1) + lIvoll -1 ) lgll 2202
for all ¢ € L*(Q)?. We infer that 7 is bounded. Hence, by Riesz-Fréchet
representation theorem, there exists a unique y € L?(Q)? satisfying (2.4), i.e
a solution by transposition of (1.1) in the sense of Definition 2.3. Moreover,
[Yllz2@y2 = 171l < C(llvllz20,r) + lyoll 1)

Moreover, this solution satisfies the equality y; — Yoo — sy = Ay in

D'(Q)?2. Indeed, it suffices to multiply (2.2) associated to g and o = 0 by any
regular solution y of (1.1) (corresponding to regular data (yo,v)) and integrate
on (@, obtaining

// gdxdt—i—/ Ay - pdxdt
// Yt = Yzz — )(pdl‘dt (27)

(0,000, )) g g — / B (t,1) v(t) .
0
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By comparing (2.4) and (2.7), we deduce that

// (yt—yzga—%y)wdwdt:// Ay - pdxdt, VpeW.
Q x Q

Since D(Q)? C W, the claim follows.

Next, we are going to prove that the solution y of system (1.1) is more
regular. To be precise, let us show that y,, + £y € L?(0,T; (H**(0,1)% N
Hy*(0,1)?)") and

W
Y2z + ;yIILz((qu(o,1)20H01,u(0,1)zy) < C(Ivllzzo,) + lyollz-1m). (2:8)

To this end, let us consider two sequences {yZ},n>1 C Hy*(0,1)% and {0 },,51
C H}(0,T) such that

o —yo in HY#(0,1)> and v™ —wv in L?*(0,7).

Now, the strategy consists in transforming our original system (1.1) (as done
for instance in [37] in the context of a scalar singular parabolic equation) into
a problem with homogeneous boundary conditions and a source term. To this
end, let us introduce the following function:

1++/1—4p
5 .

Formally, if y™ is the solution of (1.1) associated to y§* and v™, then the
function defined by

Yz € [0,1], p(x) := x where Qu =

gt @) = y™(t, x) — Bp(x)v™ (1),

is solution of

G = g™ = AT+ f (), on (0,T) x (0,1),

gm(t,0) =g™(t,1) =0, n (0,7), (2.9)

gm(ovx) = y(r)n(x)v in (07 1)’
where f™(t,2) = p(z)v"™(t)AB — p(x)v/*(t)B € L*(Q)?. With the previous
regularity assumptions on the data, we can apply Proposition 2.2, to deduce
that system (2.9) has a unique strict solution

[

g™ € C°((0,T); Hy"'(0,1)) n H' (0, T; L*(0, 1)%)
N L2(0,T; H>*(0,1)2 N Hy*(0,1)2).
By setting
0™ (t, ) := Bp(x)v™ (t),
we observe that 0™ satisfies
o™ € C°([0, T); HV*(0,1)%) N H*(0,T; L*(0,1)*) N L?(0, T; H**(0,1)?).
Therefore, the problem (1.1) for v and y{* has a unique solution

y™ € CO([0, T]; HY*(0,1)%) N H'(0,T; L*(0,1)%) N L(0, T; H**(0,1)?)
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which satisfies
T
[ gt = 0.0 s g = [ st o @, v =1,
Q ’ 0

for all g € L2(Q)?, where ¢ is the solution of the system (2.2) associated to g
and ¢g = 0. Using this last identity and (2.4), we get

Hym||L2(Q)2 < C'(||U||L2‘ 1) + Ilyollzr-1.4)  and (2.10)
y — Y mL (Q)2 '

From this, we also deduce that y’, — vy, in D/(Q)Q. Indeed, for every ¢ €
D(Q)?, we have

|// g - ¢dtdx—// —rT
:‘// ym¢wwdtd$_//y¢x$dtdx’_)oa
Q Q
as claimed.

On the other hand, integrations by parts that may be justified as de-
scribed in a detailed manner in [17], lead to

// vl + L5y dt da= // (oot Qw)dtdx_/oTB*%(t,1)Um(t)dt,

for every v € L*(0,T; H*#(0,1)? N H{"(0,1)%). From this equality we de-
duce that the sequence {y + £5y™ },,>1 is bounded in L2 (0, T; (H?#(0,1)*N
Hy"(0,1))"). This property together with (2.10) implies that y,, + Ly e
L2(0,T5 (H?#(0,1)2 N Hy*(0,1)?)) and satisfies the estimate (2.8).
Combining the identity y; = Yz, + 25y + Ay and the regularity property
for Yoo + L5y, we also see that y, € L*(0,T; (H**(0,1)* N Hy*(0,1)%)") and

||yt||L2((Hm(0,1)2mHév“(o,1)2)') < C(”””LQ(O,T) + ||y0||H_1>“)7
for some positive constant C. Therefore y € C([0,T]; X?), where X is the
interpolation space X = [L2(0,1), (H>"(0,1)2 N Hy*(0,1)) ], o = H~1#(0,1)
(see [35, Proposition 2.1, p. 22]). In conclusion, we get
[Yller-1y < C(llvllL2o,r) + lyoll 1)

Finally, one can easily check that y(0,-) = yo in H~%#(0,1)2. This ends the
proof. O
2.3. Duality
Let us consider the adjoint of system (1.1)

—Pt — Paz — gc%‘;o =A%p, inQ,

@(T’ J?) = %0, in (07 1)’
where o € Hy*(0,1)2. In the sequel, the solution to (2.11) will be called
the adjoint state associated to ¢g. The controllability of system (1.1) can be
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characterized in terms of appropriate properties of the solutions to (2.11). In
order to provide these characterizations, we use the following result which
relates the solutions of systems (1.1) and (2.11). One has:

Proposition 2.5. Let yo € H™"#(0,1)2, v € L2(0,T) and o € Hy"(0,1)2 be
given. Let y be the state associated to yo and v and let ¢ be the adjoint state
associated to pg. Then:

T
/0 B*pr(t 1)U(t) dt = <y07 QO(O’ ')>H*1=H,Hé‘“ - <y(T)7 900>H71,u7]—]j*“'
(2.12)

This result is a straightforward consequence of the properties of y stated
in Proposition 2.4.

One important result that will be useful for treating the approximate
controllability of the system (1.1) is the following characterization in terms of
the unique continuation property for the corresponding adjoint system (2.11).
More precisely, we have:

Theorem 2.6. Let us consider T > 0. Then, system (1.1) is approzimately
controllable at time T if and only if for all initial condition pg € Hé’“(O, 1)2
the solution to system (2.11) satisfies the unique continuation property

B*¢.(-,1)=0 on (0,T)=9o=0 in (0,1) (ie, ©=0 in Q).

This result is well known. For a proof see, for instance [18,25] and [45].

3. Spectral analysis

3.1. Spectral properties of scalar singular operators

In this section, we discuss some preliminary results related to a spectral anal-
ysis of the operator y +— —y.,. — 5y, i.e., the nontrivial solutions (A, ®) of

{ —0" () — Ld(z) = \b(z), x € (0,1),

®(0) = ®(1) = 0, (3-1)

that will be essential for our purposes. For this reason, we will start by giving
a brief account of some results concerning the Bessel functions that will be
useful in the rest of the paper. For a complete treatise on Bessel functions, see
[44].

For a real number v € R, we denote by J, the Bessel function of the
first kind of order v defined by the following Taylor series expansion around

= 0:
B (_1)m N 2mtv
Jy(x)—n;)m! P(l+v+m) (5) ’

where I'(.) is the Gamma function.
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We recall that the Bessel function J, satisfies the following differential
equation
2y (x) + zy/ (z) + (2? — v?)y(z) = 0, z € (0,+00).

Moreover, the function J, has an infinite number of real zeros which are simple
with the possible exception of x = 0 (see [21,33]). We denote by (j,.n)n>1 the
strictly increasing sequence of the positive zeros of J,,:

0<ju,1 <jy72 < e <j1/,n<"'
and we recall that
Jun — +00 as n — 400

and the following bounds on the zeros j, ,, which are provided in [36]:

1
— >
OVVG[O,Q},Vn_L
+Y 1 < gn < +Z 1 (3.2)
ntg ) TSdms(ntg 3 . )
e V> —,VYn>1,
v 1 v 1
P <7 < - — = . .
<n+4 8>W_]V7n_(n+2 4)7r (3.3)

In our investigation we need the following classical result (see [32, Proposition
7.8]):

Lemma 3.1. Let j, ,,n > 1 be the positive zeros of the Bessel function J,.
Then, the following hold:

1
o Ifv e [0, 5}, the difference sequence (jun+1 — Jun)n S nondecreasing

and converges to ™ as n — +00.

1 . . . . .
o Ifv> 5, the sequence (]l,7n+1 —],,m)n 18 monincreasing and converges to
T asn — +00.

We also have that the Bessel functions enjoy the following integral formula
(see [44]):

1
5nm .
/ 2y (o) (Jom®) dz = [Ju(Jv,n)Fa n,m € N*,
0

where, d,,, is the Kronecker symbol.

Next we recall the expression of the eigenvalues and eigenfunctions related
to problem (3.1) that have been computed in [37]. To this end, given p < i,
let us introduce the quantity

Vy == —

With the previous notation, we have the following result:
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Proposition 3.2. Assume p < %. Then the admissible eigenvalues A for prob-

lem (3.1) are given by
— 42
New = 72 W1 (3.4)
and the associated normalized (in L?(0,1)) eigenfunctions are

2
D, n(z) = U,(\j[)\/i],,“ (rumz),  z€(0,1), n>1 (3.5)

Moreover, the family (®,, ,)n>1 forms an orthonormal basis of L*(0,1).

We end this subsection with the following lemma which will be used later.
One has:

Lemma 3.3. The sequence of eigenvalues (A, n)n>1 satisfies the following gap
condition: there is a constant p > 0 such that

N = A > pln® —m?|, Vn,m > 1. (3.6)
Proof. Let n,m € N* with n > m. We have
Man = Aam = (o, = 0, m)
= Uvuin = dvem) G in + Ju,m)
= (G = dupin1) o+ Gt = G ) G + m)-

1 1
We can now distinguish the two different cases v, € [0, 5} and v, > >

depending on the parameter u.

1

o ify, € [O, %} (ie. p € [0, 1

have that

}), by virtue of Lemma 3.1 we immediately

Jvpn = Jupn—1 2 Ju,2 = Ju,1, V2> 2.
Therefore,
A = Apgm 2 (0 =m) (v, .2 = Ju,1) (v n + dvm)-
Using (3.2), the last inequality becomes:

7 1
M= A > =)+ m+ v, — 1),
Moreover, we have
(n+m+u _1)>n+m
) 2 7

and thus, that there exists p = 1—767T2 such that

M = Apm 2 p(n® —m?).
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e Let us now see the case v, > % (i.e. p < 0). Here we use the fact that
the sequence ( Jv 1l — jl,wn)n is nonincreasing and converges to 7. This
ensures that

Jvpmtl = Jugm =T, Yn>1.
Therefore:
Aan = Apm = (0 —m) (o, n + Jvm)-

Owing to (3.3), we also have

. , e 1
Jupm + Juem = (n+m+ - Z)
2

Combining the above last two estimates, the thesis follows with p = 7.

m > 7w(n+m).

Thus, in every case there holds
Apn — Aum = p(n2 — m2).
In both cases, after reversing the roles of n and m, one has
Apom — A > p(m2 — nz).
Hence,
A — Apm| > pln?® —m?|, Yn,m > 1,
for a constant p > 0. O

3.2. Spectral properties of vectorial singular operators
Let A be given by (1.4) and consider the singular vectorial operator
L:D(L) C L*(0,1)* — L?(0,1)?
p (3.7)
Y= Yz — 5y — Ay,
x
with domain D(L) = H>#(0,1)2 N Hy*(0,1)? and also its adjoint L*.
This section will be devoted to giving some properties of the eigenvalues
and eigenfunctions of the operators L and L* which will be useful for devel-

oping the moment method. Let us first analyze the spectrum of the operators
L and L*:

Proposition 3.4. Let us consider the operator L given by (3.7) and its adjoint
L*. Then,
1. The spectra of L and L* are given by o(L) = o(L*) = {)\L{ZL,)\EEZL}”N
with B
AD = Nom —o1, A =X —aa, Yn2>1, (3.8)

where ay and gy are the eigenvalues of the matriz A defined by :
e Case 1: a3+ 4a; > 0,

1 1
alzi(ag—\/a%Jrllal) and a2:§(a2+m>- (3.9)
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e Case 2: a3 +4a; <0,
1 1
a = 5((12 +iy/—(a3 +4a1)> and ag = 5(02 —iy/—(a3 +4a1)).
(3.10)

2. For each n > 1, the corresponding eigenfunctions of L (resp., L*) asso-
ciated to /\E}}L and )\(2721 are respectively given by

1p£;1) == Ulq)u,ny 1;[}53) = U2(p[l,7n7 (311)
with

1 — 1 —

U, =— a2 and Uy = ——— o
a1 — (9 1 g — (X1 1

(resp.,

v =vi0, ., 2 =150, ,, (3.12)
with

1 1
1= (1) e (2

Proof. We will prove the result for the operator L. The same reasoning provides
the proof for its adjoint L*.

Using the fact that the function ®,, ,, is the eigenfunction of the Dirichlet-
singular elliptic operator (—0,, — %) associated to the eigenvalue A, ,, one
can see that the eigenvalues of the operator L correspond to the eigenvalues
of the matrices

Monld— A, ¥n>1,

(Id € L(C?) is the identity matrix) and the associated eigenfunctions of L
are given under the form v,,(-) = 2,®,.,(-), where z, € C? is the associated
eigenvector of the matrix A, ,/d — A.
Taking into account the expression of the characteristic polynomial of
Apndd — A:
P(2) = 2% — 22000 — a2) + Aun(Aun — a2) — an, n>1,

a direct computation provides the formulas (3.8) and (3.11) as eigenvalues and
associated eigenfunctions of the operator L. This ends the proof. O

Let us now check that the sequence of eigenvalues of L and L* fulfills the
conditions in Theorem 1.3. One has
Proposition 3.5. Assume that the following condition holds
Apn — Apl a1 —oag, Vn,leN*,  with n#l. (3.13)
Then, one can construct a family from the spectrum {)\(1}“ )\fﬁl} defined

by

n>1’

{Au,n}nz1 {/\(1) + az, A (2) +0‘2}n21

(3.14)
={d\yntas—ar:n>1U{\,, :n>1},
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which satisfies the hypotheses in Theorem 1.3.
A2

X S refers to the union of

Here, we note that the sequence {)\Ll)n,
two families of sequences.

Proof. We distinguish between two cases depending on the spectrum of matrix
A.

Case 1: A has two real eigenvalues «; and oo, chosen such that a; < as.
Let us introduce the sequence {A#v”}n>1’ where

{Mpnin =1} = {)‘E}ZL + az, )‘LQL + O‘2}n21‘

The hypothesis 1) holds true if and only if the condition (3.13) is satisfied. In
addition, the hypotheses 2) and 3) are obviously satisfied by definition.
Let us now show the hypothesis 4). Since as — oy > 0, observe that

{/\E}ZL + a2}n21 and {)\f% + ag}n21 are increasing sequences satisfying
0< A+ <Al +as, VYn>1.

Thus, we deduce that the sequence {A,, ,, }
increasing sequence.

Let us move to prove hypothesis 5). For this purpose, we are going to give
an explicit rearrangement of the sequence {)\E}% +oag, AP+ az} ., Firstly,

observe that there exists an integer ng > 1 and a constant C' > 0 such that

> can be rearranged into a positive

AL{ZL_l < )\LQZL < )‘lew < /\SZLH <.+, Vn2>ng, and
min A2~ XA - A2} > € o
Indeed, using (3.6), one has
A=A = N = A1+ ar — az
>p2n—1)+ a1 — a9 el +o0. (3.16)

From (3.16) and the fact that )\,(}% - )\,(4221 = ap — a1 > 0, we can conclude
(3.15).
Therefore, if 1 < n < 2ny — 2, we define A, ,, such that
{A i} cncong—2 = A, + a2 hicngng—1 U{ADZ) + 02} 1<n<ne—1  and
Apn <Apnt1 Vn:1<n<2ng—3.
Moreover, from (2ng—1)-th term, we choose to arrange the sequence as follows:
A/L,Qn—l = )\/(3)” +az and Au,2n = >\/(i1721 + g, Yn > ng. (317)
Since the elements of the sequence {/\#m}n>1 are pairwise different and from
(3.15), one has: -
inf |A() = A2 | > 0. (3.18)

n,m>1l:n#m
Hence, thanks to (3.18), the sequence {Au,n}n>1 satisfies the second inequality
in (1.8) for every g > 1. -
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Our next task will be to prove the first inequality of (1.8) for appropriate
g > 0 and o > 0. To this aim, as it has been remarked in [28], it is enough to
prove the existence of ¢ > 0 and ¢ > 0 such that

A, — Ap| > 6n* —m?| Vn,m >gq, |n—m|>q. (3.19)
We divide the proof of (3.19) into two steps.
1. Observe that, if n,m € N* are such that n,m > ng and |[n — m| > ny,
then by (3.17) and using (3.6) we have
|Ap,2n - Au,2m| = |>\u,n - )‘u,m| > P|n2 - m2| = §|(2n)2 - (2m)2|

and
|Alh2n*1 - Au,2mf1| = |)‘u,n - /\/mn| > p\nQ - m2|

> Bl2n—1)? = (2m - 1)?|
We obtain thus the proof of (3.19) for ¢ = ng and o = .

2. Let n,m € N* such that n, m > ng. From (3.17), by denoting 7 = 2n and
m = 2m — 1 and using again (3.6), we readily see that

1 2
|Au,ﬁ - Awﬂ| = P‘Et,% - )‘Em)ﬂ
= |Auin = A + (a2 — o)
> pln® —m?| = (a2 — 1)
= 21A% = (M +1)?| = (a2 — )
:ZVQ—ﬁﬂ—2m—1w—m2—ag
Now, observe that if n < m, we have
P9 ~2( 4(a27a1)>
| M, K |—4(m TL) p(mg_ng)
Let us take an integer gy > max{2ng — 1, @}. Then, Vim,n > qqg
with |m — 71| > qo, one has

Pr-o -2 Ao — a)
Apn — Al > - - -
A, poml 4(m " )( p(m+n)qo)

> B — 7)1 2(02[)(]—0(“))

> P2 — i2).

On the other hand, if n > m, we have

Prs2 -2 4(az — ) - 1
Let us work with an integer ¢; given by
A v —
¢1 > max{2ng — 1, M +4}.

p
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Thus, if 7, m € N* are such that n,/m > ¢; and |n — m| > ¢1, then one
has

4 _
A — Apm| > g(ﬁz — m2)(1 — ((O‘Qpal) + 2+ 1)

277~’qu )

> B —n?)(1- ;(2(%; ) | 2))
> P2 —m?).
8

Hence, choosing ¢ = max{qo, q1}, (3.19) follows immediately for ¢ = £.

In conclusion, we have proved the existence of a number ¢ > 1 such that (3.19)
holds.

Let us now show the hypothesis 6). From the definition of {Amn}
any r > 0, we can write:

N(r) = #{k: Apk +ag —aq <r}+#{k: Ak <r}
= #A,(r) + #A2(r) = n1 + no,

10 fOT

where A;(r) = {k : )\Ei)k + ay < r}and n; = #A;(r), i=1,2. Our purpose is
to prove suitable estimates for ny and ns.

From the definition of As(r) and ny, we deduce that ns is a natural
number which is characterized by A, n, <7 and A, 41 > r. We distinguish
two cases depending on the value of v,,. Let us start by the case v, < % From

the inequality A, ,, < r and by (3.2), we have (n2 + % — i)2w2 < r so that
Vo, 1

< -. .2
2 = T 2 Jr4 (3.20)

On the other hand, from the inequality A, n,4+1 > 7, we get

Summarizing, ns is a nonnegative integer such that

\/F vy 7 ﬁ L 1
A < VTP L s, 3.21
x4 g<Mms ooyt V> (321)

Next we are going to estimate ni. Using arguments similar to the ones used
above, we can see that

Apn, Foag—ap <r

and
)‘;L,n1+1 + a9 —ap >r
imply that
Vrd+oar—as v, 7 Vr+oar—ax v, 1
A L T A e U Ry
- y g~™Mm= p > 71
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Then, using the fact that /a — Vb < Va—b and va—b < \/a provided
a > b >0, one gets
o —ar v, 1
VE_oYerman v (T VT v L 509
us T 4 8 s 2 4

Recall that N () = nq + ns. Thus, combining (3.21) and (3.22), it follows that
for v, < %:

2 Voo — . 7 2 1
\/;_ (0% al—i—*</\/(r)§£—1/u+*, Vr >0,
T T 2 4 T 2

and deduce (1.9) with

2 Voo — 7 1 Voo — 7
p=— and s:max{ﬂ+@+,7 —VM"F*}:M“FQ'F*-
T s 2 4 2 T 2 4

The case v, > % can be treated in a similar way, but, instead of working with
the bounds (3.2), we will use (3.3) to obtain
Voo, 3 N

14 1
AN <V P 1y ,
s 2 4<n2*7r 4 8’ r>0, (3.23)

and

— 1
Vo Veezar v 3 oV e Loy g (50
T T 2 4 s 4 8

From the inequalities (3.23) and (3.24), we obtain that:

2 Voo — 3 2 1
VT Ve al—uu—f</\/(r)§£—ﬁ+f, Vr > 0,
T U 2 m 2 4
and again deduce (1.9) with
p:g and s=max 7a2_a1+l/p—|—§, —V—“—Fl A +Vu+§-
™ 0 2 2 4 0 2

We thus obtain the last hypothesis 6) of Theorem 1.3. This ends the proof in
this case.
Case 2: A has two complex eigenvalues «; and as.

In this case a3 + 4a; <0,

alz%—i—iﬁ, and a2:a2—2—iﬁ,

where 3 := 3\/—(a3 + 4ay).

Now, we consider the complex sequence {A, ,}n>1, with
Nt = A 02 =, V21 29
Apon =AY +as =X —2iB, Yn>1. '

Let us check if the hypotheses in Theorem 1.3 hold true for {A, .}, ..
First, it is clearly that the sequence {Au,n}n>1 always satisfies the hypothesis
1). Furthermore, the hypothesis 2) follows directly from the fact that

éR(AH}Qn) = %(Au,anl) = )‘H,’ﬂ > 0.
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The hypothesis 3) is clearly fulfilled. Indeed, one can find 6 > 0 (which depends

on () such that
|C\\Y(AM,2’VL)| = 25 < d §R(A;/‘,Zn)
IS(Ap2n—1)] =0 < 64/R(Ap2n-1)-

Let us now prove hypothesis 4). To this end, it suffices to prove that there
exists an integer ng > 1 such that for all n > ng |Ap 20| < [Ap2n+1]- Using
(3.6), we have

‘A,u,Qn—i-1|2 - |Ap,,2n‘2 = )‘i,n+1 - Ai,n - 4ﬂ2
> ()\,u,n+1 - )\,u,,n)2 - 462
> p*|(n +1)% = n?|* — 4%
=p*(2n + 1) — 452,

and

which implies that

nEIJIrloo (‘Au,2n+1|2 - |Au»2n‘2) = F00.

Therefore, there exists ny > 1 such that {A, ,}n>2r, is nondecreasing in
modulus. This shows hypothesis 4).

Let us now check if the hypothesis 5) holds true. To this aim, we choose
to arrange the sequence {A, ,}»>1 defined in (3.25) as follows:

{Aum}lsngzﬁoﬂ = {)‘;(}21 +azti<n<ing-1 U {/\ELQZL + azti<n<ng-1 and
[Apnl <|Apnt1] Vn:l<n<2n5-—3.
Moreover, from (279 — 1)-th term, we set:
Au,2n71 = )\1(12,21 + s  and AH,Qn = )\f}}l + ag, Vn > ny. (326)

First, observe that the second property is actually satisfied for any ¢. Our next
objective will be to prove the first inequality in (1.8). Arguing as done in the
real case, by Lemma 3.3, there exists p > 0 such that

Apon — Ao > §|(2n)2 —@2m)?, Vn,m > g
and
[Apon—1 — Apom—1| > §|(2ﬂ — 1> = (2m—1)%, Vn,m > .

Moreover, denoting n = 2n and m = 2m — 1, one can prove that there exists
q > max{4,2ng — 1} such that Vi, m > g with | — m| > ¢, we have

2
|A/t,ﬁ - Au,ﬁl|2 = |Au,2n - Au,2m71‘2 > (ng - m2|> .
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Indeed, by (3.6), for n,m > 219 — 1 we have
|A/1«;7~1 - Au7ﬁl|2 = |AM,2TL - Au72m—1|2
= ’)‘/m - )‘u,m|2 +4p°
> |Aun = Nysm |
o o\  _ (P2 ~2 o 2
> <p|n —m \) = <Z|n —m 72m71|> .
Next, if |7 — m| > 4, simple computation gives

|72 —m? —2m — 1] = |(#* — (1 — 50—

Y%

1
5|ﬁ2 m?|.

Hence, the conclusion follows by working with ¢ given by
q > max{4,2n9 — 1}.

Finally, proceeding as in the real case, it is not difficult to obtain some
suitable parameters p and s for which the inequality (1.9) holds. This completes
the proof of Proposition 3.5. O

We will finish this section giving a result on the set of eigenfunctions of
the operators L and L*. It reads as follows:

Proposition 3.6. Let us consider the sequences
B={yp® g2, n>1} and B ={vP 0@  n>1}. (3.27)
Then,

1. B and B* are biorthogonal families in L*(0,1)2.

2. B and B* are complete sequences in L*(0,1)2.

3. The sequences B and B* are biorthogonal Riesz bases of L?(0,1)2.

4. The sequence B* is a basis of H&’”(O, 1)2 and B is its biorthogonal basis
in H=1#(0,1)2.

Proof. From the expressions of 15 and ¥ (see (3.11) and (3.12)), we can
write

O =U;®,, and ¥ =V®,, i=12 n>1,
where U;, V; € R? and ®,, ., is given (3.5).

1. It is not difficult to check that {U;}i=1,2 and {V;}i=12 are biorthogonal
families of R2. Moreover, since (®yn)n>1 is an orthonormal basis for
L?(0,1), we readily deduce

<7~/J(1) \Ij > U V< n,ns /,J,k> - 67,j6nk7 ank Z 17 Za] = 172

This proves the claim.
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2. We will use [31, Lemma 1.44]. For this purpose, let us consider f =
(f1, f2) € L?(0,1)? such that
(f) =0, ¥n>1 i=12

If we denote f;,, (i = 1,2) the corresponding Fourier coefficients of the
function f; € L?(0,1) with respect to the basis (®,,,)n>1, then the pre-
vious equality can be written as

(f1.ns fon)[U1|U2] = Op2, Vn > 1.

Using the fact that det[U;|Us] # 0, we deduce f1, = fo,, = 0, for all
n > 1. This implies that f; = fo =0 (since (P, ,)n>1 is an orthonormal
basis in L2(0,1)) and, therefore, f = 0 which proves the completeness
of B. A similar argument can be used for B* and the conclusion follows
immediately.

3. By [31, Theorem 7.13], we know that {wﬁl), wﬁf)}ml is a Riesz basis for

L?(0,1)? if and only if {1/}%”, 7(12) }n>1 is a complete Bessel sequence and
possesses a biorthogonal system that is also a complete Bessel sequence.
Using the previous properties 1) and 2), we only have to prove that the

sequence {wﬁbl), 7(12)}721 and {\1153), \11%2)}”21 are Bessel sequences. This
amounts to prove that the series

S1(f) = Z [<fﬂ/’£})>2 +{f, 1/17(12)>2] and

n>1
Sa(f) =3 [(F WD) + (f, ¥ D))
n>1
converge for any f = (fi, f2) € L*(0,1)%.

From the definition of the functions 1/)7(3') and \1153 ), it is easy to see
that there exists some constant C' > 0 such that

SN <O (1fral + [ fonl?) and

n>1
S2(f) < C Y (fral® + [f2nl?)-
n>1

Recall that f;, is the Fourier coefficient of the function f; € L?(0,1)
(¢ = 1,2) with respect to ®,, ,,. Accordingly, the series S1(f) and Sa(f)
converge since (P, ,),>1 is an orthonormal basis for L?(0,1). We obtain
thus the proof of desired result.

4. For showing item 4) we make use of [31, Theorem 5.12]. First, using
Theorem 2.1, one has

HYM(0,1) € L2(0,1) € (H(0,1)) = H=1#(0,1).

Furthermore, observe that B* ¢ Hy*(0,1)? and is complete in this space
since it is in L?(0,1)2. On the other hand, by the definition of the duality
pairing, we have

WD U)o gae = @0, OP) = 60k, Yk > 1, ij=1,2.
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Thus, B C H~1#(0,1)? and is biorthogonal to B*, which also yields that
B* is minimal in H,*(0,1)? thanks to [31, Lemma 5.4]. To conclude the
proof, it remains to prove that for any f = (f1, f2) € Hé’”((), 1)2, the
series

SU) =Y [, F v gpon @D + @D, F) e g O]

n>1

converges in Hy™*(0,1)2.

Using again the definitions of 1/17(? and \Ilgf ), one can prove that

8 M 1 —2fint fon
<wn af>H71,;L,H3,;L\I/n = m ¢M7"
! 2 —aroefin + a1 fon
and
(@) ) 1 _alfl,n + f2,n
N Py

—aronfin +asfon

where f; , is the Fourier coefficient of the function f; € H&’“ (0,1), i =
1,2.

But, we know that the series . f;,®
n>1

Hy*(0,1) since (®,.,)n>1 is an orthogonal basis for Hy*(0,1) and fy, fa €
H{*(0,1). This implies that, the series

D@D N v e U and > (W f) 1 e O

n>1 n>1

wmns = 1,2 converges in

converge in Hy*(0,1)? and assure the convergence of S(f) in Hy*(0,1)2.
This concludes the proof of the result.

O

4. Boundary approximate controllability

We will devote this section to proving the approximate controllability at time
T > 0 of system (1.1). To this aim, we are going to use Theorem 1.2. Firstly,
we give the following result:

Lemma 4.1. Let (A, x)r>1 be the sequence of eigenvalues of the spectral prob-
lem (3.1). Then, the following properties hold:

1. For all n,m € N*, there is a constant p > 0 such that the sequence of
eigenvalues (A, n)n>1 satisfy the separation condition:

[N — Apm| = pln —m), Vn,m > 1.
1
2. The series 18 convergent.
Z Ain

n>1
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The proof of the above Lemma is similar to the one given, for instance,
in 3, Lemma 2], so we omit it.

Using the previous result and similar techniques as in Proposition 3.5,
we also have the following result.

Proposition 4.2. Assume that condition (3.13) holds. Then, the family defined
in (3.14) satisfies (1.7).

Now, we are ready to state our first main result on approximate control-
lability. One has:

Theorem 4.3. Assume that condition (1.5) holds. Let p < i and let us denote
by a1 and ay the eigenvalues of the matriz A. Then, system (1.1) is approz-
imately controllable in H~'#(0,1)? at time T > 0 if and only if condition
(3.13) is satisfied.

Remark 1. We highlight that the above approximate controllability result can
be derived as a byproduct of the null controllability one (see, Theorem 5.1).
Here, we will provide a direct proof, which is interesting in itself and poten-
tially useful in other situations such as pointwise control problem where the
approximate controllability holds at any time 7" > 0, whereas a minimal time
of control appears for the null controllability result.

Proof. As said in sect. 2, in order to prove this theorem we will follow a duality
approach leading us to study the unique continuation property for the adjoint
system.

Necessary condition: By contradiction, let us assume that condition (3.13)
does not hold, i.e., that there is ng,ly € N* with ng # [y such that

AD =A@y

H5M0 w,lo
Let us see that the unique continuation property for the adjoint system (2.11)
is 1o longer valid. Indeed, let us take @y = aWS) + b\I/(Q) € Hy™(0,1)2, with
a,b € R to be determined. In this case, it is not dlfﬁcult to see that the
corresponding solution to the adjoint problem (2.11) is given by

p(t,x) = (@Y (@) + b0 (2)e X T0, V(t,2) € Q.

On the other hand, direct computations show that

V2jsm
¢ n,r 1 .H Jl// ju n)-
22U ( ) | (]Vﬂ,n” u( i) )

Coming back to the definition of ‘Ilsl), and taking into account the previous
property, one obtains

Boy(t,1) = B* (a®l) (1) + b¥;2, (1)) e T

no,T

J] (]V n) J] (]V l)
:\/i(aB*ij ool g gy e vwlo) )e*MT*ﬂ
P17 (o) 2T Gyto)]

J;, (]V no) J}, (]u lo)
—f(&]y . : w100 _|_ij . : b0 )e*)\(Tft).
$ T, G )| $NTY, (Gto )|
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Choosing
a ] Jllju (jlﬁ“lo)
= JvuloT 1 7. N\
N Gt
le/ (jvu,no)

pene |JLM (Jvpmo)|

and

b

we have that B*p,(t,1) = 0 but ¢o # 0, which proves that the unique con-
tinuation property for the adjoint system (2.11) fails to be true. This ends the
proof of the necessary part.

Sufficient condition: Let us now assume that the condition (3.13) holds and
prove that the unique continuation property for the solutions of the adjoint
system (2.11) holds.

Let us consider o € Hy*(0,1)% and suppose that the corresponding
solution ¢ of the adjoint problem (2.11) satisfies

B*ou(t,1) =0, Vte (0,T). (4.1)

From Proposition 3.6, we know that B* is a basis for H&’“(O,l)2 and thus
@o € Hy"(0,1)? can be written as

po = (ba W) + ¢, 0 ),
n>1

where
by, = <¢;1)7@0>H71,u7]—137u and ¢, = <¢$L2),<,00>H71,#7H3,u, for any n > 1.
Using Proposition 3.4, the corresponding solution ¢ of system (2.11) associated
to o is given by

olt.) = 3 (B WD NAT o w@eNRTD) v e (0,7)

n>1

Therefore,

0= B¢, (T —t,1)

= 30 B (b (e N 4 B, (e NN
n>1

1 (2) ¢

. ENED) _
mun(an*Vle )\“‘"t +CnB*‘/26 )\“'n )

M _aA@
e Munt Lcne Atwt)

. —_ (@ _(\(2)
|Juu,n€a2t (bne A ntaz)t + cpe ()\“’nJraQ)t)'

From Proposition 4.2, we can apply Theorem 1.2 in order to deduce the exis-
1 2
tence of a biorthogonal family {¢5", {2 }n1 to e~ (inta)t, e*(AL}"JrO‘z)t}nZl
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in L2(0,T). Thus, the previous identity, in particular, implies
S B o (T — t, 1) em2t ¢{D (¢) dt
= \/> Vu(?U# ) ju‘“nbn = 07 vn >1
I}, G|
Jo Blig(T ~1,1) ozt ) (t) dt
= \/> V,L (‘7‘”“ ) juu,ncn = 07 vn > 1.
u,, (]VW )‘
Then b, = ¢, = 0 for any n > 1. In conclusion, ¢y = 0. This proves the
continuation property for the solutions to the adjoint problem (2.11) and,

thanks to Theorem 2.6, the approximate controllability of system (1.1) at any
positive time T holds. O

5. Boundary null controllability

In this section, we will address the main achievement of this work which is the
boundary null controllability result of system (1.1), providing an estimate of
the control cost as a function of T'. In this sense, one has:

Theorem 5.1. Assume that condition (1.5) holds. Let u < i and let us denote
by a1 and aq the eigenvalues of A. Then, system (1.1) is null controllable in
H=Y1(0,1)? at time T > 0 if and only if condition (3.13) is satisfied.

Moreover, for every T > 0 and yo € H~1#(0,1)? there exists a null
control v € L*(0,T) for system (1.1) which, in addition, satisfies

c
[vllz20,r) < Ce“T T lyoll -1, (5.1)

where C' > 0 does not depend on T .

Proof. To prove Theorem 5.1, we transform the controllability problem into
a moment problem. Using Proposition 2.5, we deduce that the control v €
L?(0,T) drives the solution of (1.1) to zero at time 7T if and only if v € L?(0,7)
fulfills

T
/ B*Sox(tv ]-) U(t) dt = <y07 @(Ov ')>H*11H,Hé’“5 VQPO € H(%’H(Oa 1)2 (52)
0

where ¢ € C’O([O,T];Hé’“(O7 1)) N L2(0,T5 H**(0,1)* N Hy*™(0, 1)?) is the
solution of the adjoint system (2.11) associated to ¢g.

Using Proposition 3.4, the corresponding solution ¢ of system (2.11) as-
sociated to g is given by

w(t,z)

() _ 2(2)
-3 ( WD 00} o S D= NAT=0 4 @ ooy b LD AT t))_

k>1

From Proposition 3.6, we have that B* is a basis for Hé’“(O, 1)2. In particular,

we also deduce that ¢(t,z) = \Ilgf)(m)e*Agv)n(T*t) is the solution of system
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(2.11) corresponding to ¢ = v e H}™(0,1)2. Therefore, we can deduce
that the identity (5.2) is equivalent to

T
/ B UG (1o(t)e NinT=Ddr = e NinT (yo, w0y, s V0> 1, 0= 1,2,
; :

Taking into account the expressions of o) (see (3.12)), we infer that v €
L?(0,T) is a null control for system (1.1) associated to yo if and only if

V2], m
19}, ()]
AL>,LT<y07\I,(i)>H711M’H3M Vn>1,i=1,2

n

T .
J/ (jl’w")B*‘/i / ’U(t)ef)‘s,)n(T*t)dt
0

l/,,

and equivalently,

T _ .
/ (t)e MR T gt = e, vn>1,i=12, (5.3)
0
where Ol(/i),n is given by
J (i @ 7
) v, Jvum)le i ; .
(’L) _ | p.( )| <y03q/57,)>H*1’N Hé’”’ Vnz 17 1 = 1’2

vien f.?mm (]Vu,n)B*V

Performing the change of variable s = T'/2—t in (5.3), the controllability prob-
lem reduces then to the following moment problem: Given yo € H~1#(0,1)2
find v € L2(0,T) such that u(s) = v(T/2 — s)e*2® € L?(~T/2,T/2) satisfies

T/2
/ u(s)e~Mintaz)sgg — CH.,, ¥n>1, i=12, (5.4)
—T/2
with
i (i)
C, =ehunT2cl) (5.5)

At this stage, the strategy to solve the moment problem (5.4) is to use the con-
cept of biorthogonal family. In fact, Proposition 3.5 and Theorem 1.3 guarantee
the existence of Ty > 0, such that for any T" € (O To), there exists a biorthogo-
nal family {q,(}),q,(f)}n to {e_()‘u n“‘o‘?)t e O v»"‘o‘?)t} >1 in L2(=T/2,T/2)
which also satisfies

\/MJ%, vn>1, i=12  (56)

for some positive constant C' independent of T'.
For T < Ty, a solution to the moment problem (5.4) is then given for
every t € (0,T) by

u(t) =Y (O a0 (6) + C2) a2 (1)),

n>1

a8 | 22— y2,m/2) < Ce

o(t) =Y (CSDaa D (T/2 = 1) + CF) gl (T/2 = t))em 2 T/20. (5.7)
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The only remaining point is to prove that v € L?(0,7) and to estimate its

norm with respect to T' and yy. This can be achieved thanks to the estimate

(5.6). Indeed, from the expression of o) and )\Ef,)n, we can easily deduce the

existence of constants Cy,Cy > 0 such that for i = 1,2:
1€, < Cr/Num = Crvn, |G| < Coe™ NET2yol -1, Y > 1.

From (5.5), it is easy to see that there exists a new constants C' not depending
on n and 7T such that

CD | < CeMinT P lyg |l gor, Y21, i=1,2. (5:8)

Coming back to the expression (5.7) of the null control v, taking into account
the definition of /\Ef)n and using the estimates (5.6) and (5.8), we get

— (e
oll 207y < Ce“Tllyollm-rm Y e dem T2V AT, (5.9)

n>1
Moreover, Young’s inequality gives

)\TC’2

Cv/Aun < el

for every n > 1 and T > 0, so that

Q —
o]l 20y < Ce“THF [yoll g1 Y e en T/,
n>1

On the other hand, by (3.2) and (3.3), it can be easily checked that there exists
a constant C' > 0 such that

Cn? < Ain = Vn > 1.

2
]umna
Finally, for every T' < Ty, we then have

(e} _ 2
[vllz20m) < CeST T |lyoll -1 Y e
n>1

[e'S)
S C@CT_'_% ||y0||H—1,u / G_CT82 dS
0

s
= CeOTE ol g1y 7

< CeTH o -1,

where C is independent of 7. This inequality shows that v € L?(0,7) and
yields the desired estimate on the null control in the case where T" < Ty. The
case T' > Ty is actually reduced to the previous one. Indeed, any continuation
by zero of a control on (0,75/2) is a control on (0,7") and the estimate follows
from the decrease of the cost with respect to the time. This completes the
proof of Theorem 5.1. O
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6. Conclusions and open problems

In this work we have dealt with the boundary controllability for two cou-
pled parabolic equations with singular potentials. In particular, we provided
a well-posedness analysis of the corresponding system and using the method
of moments of Fattorini-Russell, conditions for its controllability through a
boundary action are derived. Moreover, an estimate for the null controllability
cost with respect to 7' > 0 was given.

The methods and results in this paper lead to some interesting open
problems, which we will briefly mention.

1. As a first thing, we recall that in the present work we are not treating
the case of a coupling matrix admitting a double eigenvalue. However,
we expect that null controllability results can be obtained using the ideas
in [6] (see also, [14, Theorem V.4.17]). Moreover, we point out that com-
bining our proofs with the ideas of [12], null controllability result can
be obtained for degenerate/singular parabolic systems in the case of a
boundary control acting away from the degenerate and singular point.
When the control acts at the degenerate/singular point, instead, this is
an open question. Indeed, as explained in [12], in this case the difficulty
comes from the fact that it is not possible to impose a standard non ho-
mogeneous Dirichlet boundary condition. See [11,12] for some results in
the range of subcritical coefficients of the singular potential.

2. In this work, we have addressed the problem of boundary controllability
for a coupled system of parabolic equations with the same parameter of
singularity. It would be interesting to consider a coupled system with two
different parameters of singularity. In this case the difficulty lies in the
behavior of the sequence of eigenvalues of the associated operator which
may not satisfy the gap condition appearing in (1.7), and, consequently,
this is completely an open problem.

3. Inspired by the results in [37], it would also be interesting to give sharp
estimates of the cost of controllability in terms of the two parameters
T >0 and p.

4. Finally, it would be of interest to extend these boundary controllability
results to the more general case of a system of n singular parabolic equa-
tions by means of m controls. Of course, the most interesting case is the
case in which the number of controls is less than the number of equations:
m < n.
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