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Distributed null controllability of some 1D cascade parabolic systems

FrANCK BOYER
MoRGAN MORANCEY

Abstract

We consider several coupled systems of one-dimensional linear parabolic equations where only one
equation is controlled with a distributed control. For these systems we study the minimal null-control
time that is the minimal time needed to drive any initial condition to zero.

In a previous work [Comptes Rendus. Mathématique, 361:1191-1248, 2023] we extended the block
moment method to obtain a complete characterization of the minimal null-control time in an abstract
setting encompassing such non-scalar controls. In this paper, we push forward the application of this
general approach to some classes of 1D parabolic systems with distributed controls whose analysis is out
of reach by the usual approaches in the literature like Carleman-based methods, fictitious control and
algebraic resolubility, or standard moment method. To achieve this goal, we need to prove refined spectral
estimates for Sturm—Liouville operators that have their own interest.

1. Introduction

1.1. Problems under study

In the last 15 years different works exhibited that for some coupled systems of parabolic
partial differential equations (see for instance [3, 5, 16, 22, 23]) or degenerate parabolic
equations (see for instance [2, 6, 7, 8, 9, 17]) it might be needed to wait for some positive
minimal time for null controllability to hold even if, in a parabolic context, the information
propagates at infinite velocity.

This phenomenon, quite surprising at first sight since it is not related to any constraint
imposed on the state or on the control, is now better understood. It is more related to
the geometry of the high frequency eigenelements of the underlying evolution operator
relatively to the observation operator. For instance, it may occur in the following (non
exclusive) situations: if there is condensation of eigenvalues, if the observation of
eigenvectors is too small with respect to the parabolic dissipation rate, or if the norm of
suitably chosen generalized eigenvectors is asymptotically too large.

In the previous works [10, 13], we developed the block moment method which is
well adapted to study the minimal null-control time for autonomous coupled linear
one-dimensional parabolic partial differential equations. Our goal in this paper is to
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provide several applications of this approach to some classes of such systems whose
analysis is out of reach by using other techniques available in the literature. Based on the
general results obtained in [13] we first characterize the minimal null-control time of
such systems in terms of the asymptotic behavior of some explicit quantities based on the
eigenelements of the evolution operator. In a second step, an extra spectral analysis is
developed, extending the one given in [1], in order to obtain a tractable expression of the
involved quantities that can be computed for actual examples. With this approach, we
manage to compute the minimal null-control time for many systems, extending the results
in the literature.

To be more precise, the first class of control problems that will be studied in this paper
is the following one

ay+ (4 3]y = (). (L e 1) x (0, 1),
y(1,0) = y(z,1) =0, 1€ (0,7), (1.1
¥(0,x) = yo(x), x€(0,1),

where

e A is the unbounded Sturm-Liouville operator defined in L*(0, 1) by
D(A) = H*(0,1) n Hy(0, 1), A = =3y (ydx) + ¢, (1.2)
with ¢ € L*(0, 1), y € C'([0, 1]) satisfying ¢ > 0 and infjo 17y > 0.

e the coupling function g belongs to L= (0, 1)
e w C (0,1) is a non empty open set.

This system is well-posed in the sense that for every yo € X = (L?(0,1))?, for
every u € L>((0,T) x (0, 1)) there exists a unique solution in C°([0,T]; X). The null
controllability property we shall study for this system is defined as follows.

Definition 1.1. Let 7 > 0. The system (1.1) is said to be null controllable at time T if for
any yo € X, there exists a control u € L*>((0,T) x (0, 1)) such that the associated solution
of (1.1) satisfies y(T) = 0.

This problem is not straightforward since the control u is localized in space and
only acts in the first equation of the system; therefore controlling both components is
only possible through the action of the coupling term corresponding to the function ¢
in the second equation. It is now well known that such system may not be short-time
null-controllable and our goal is to go deeper into the understanding of this phenomenon.
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Definition 1.2. The minimal null control time for system (1.1) in X is defined as the
unique value Tp(X) € [0, +oo] such that

e forany T > Ty(X), system (1.1) is null controllable at time T';

e forany 0 < T < Ty(X), system (1.1) is not null controllable at time 7.

When no confusion is possible, we shall simply denote this minimal time as 7Tj.

It will be also useful to introduce, for any yo € X, the number Ty (yg) € [0, +oo] which
is the minimal time that is necessary to drive the system to O starting from the particular
initial data yo. Notice that To(X) = supy, cx To(y0)-

The question we address is thus the computation of the minimal null control time
(being possibly O or infinity) of system (1.1).

This question has already been answered in some particular geometric configurations:
when w intersects the support of the coupling function Supp(g), by means of Carleman
estimates or in the opposite setting when w is an interval disjoint from the support of ¢,
by solving the associated moment problem. We will discuss those results more in details
in Section 1.2.

Our goal in this article concerning (1.1) is twofold. First we prove that applying directly
the abstract results on block moment problems from [13] encompasses all the previously
known results for this problem even though they were proved with completely different
techniques. Then, improving the strategy developed in [1] to study spectral quantities of
interest in this problem, we are able to extend these results to any choice of coupling
term ¢ and control domain w. We will emphasize the role of the geometry (that is of the
relative position of the connected components of w with respect to the support of g) in
the determination of the minimal null control time for system (1.1). Moreover, contrary
to the related results in the literature, our proof does not rely on the explicit expression of
the eigenfunctions of A so that it applies for a general Sturm—Liouville operator (instead
of the Dirichlet-Laplace operator that was considered in [4, 5]). All these results are
precisely stated in Section 1.3.

To point out even more the ability of our approach to determine the minimal null-control
time for such problems we propose the study of some other related systems. To begin
with, we obtain new results for a similar cascade problem in which coupling terms in the
second equation now contain first-order operators, as studied in [16]. More precisely, we
consider the following control problem

Ory + (q(x)+2(x)8x g)y = (1‘“”(()”x) ) (t,x) € (0,T) x (0,1),
y(,0) =y(t,1) =0, 1€ (0,7), (1.3)
¥(0,x) = yo(x), x € (0,1),
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with ¢ € L*(0,1), p € WH*(0, 1). As a consequence of our analysis we will give an
example for which the system is not approximately controllable, even if the coupling
terms are active inside the control domain w.

Finally, we analyze the null-controllability of the following simultaneous control
problem which has not been studied in the literature so far

A 00 1,u(t,x)

(x) A0 = T 1
af”(;’;x) OA)y ( 0 ) (t,x) € (0,T) x (0, 1),
¥(t,0) = y(1,1) =0, t € (0,7), 1.4
y(0,x) = yo(x), x € (0,1),

with g2, g3 € L®(0, 1). This problem can indeed be seen as a simultaneous controllability
problem since we look for a single control u that simultaneously controls two systems of
the form (1.1): the one satisfied by (y1, y2) and the one satisfied by (y1, y3).

The expression we obtain for the minimal simultaneous null control-time for (1.4)
shows that this time can be strictly larger than the two minimal null-control times
associated to the two subsystems. This kind of phenomenon was already observed, for
instance, in [22].

In the sequel of this introduction, we will set some notation and present the results
available in the literature concerning the analysis of the control problems we are interested
in that is (1.1), (1.3) and (1.4), then we will state precisely our main results.

1.2. State of the art
1.2.1. Notation
e Forany w C (0, 1), we set for convenience ||-||,, = || - l12(,,) and the associated

inner product (-, -),

e We denote by (vi)i>1 the increasing sequence of eigenvalues of the Sturm-—
Liouville operator A defined in (1.2). Notice that the sign assumption we make
on c ensures that for any £ > 1, we have v > 0. The associated normalized
eigenvectors are denoted by (¢ )x>1; they form a Hilbert basis of L?(0, 1).

e For any k > 1, we define @ as the unique solution of the Cauchy problem

(A-vi)er =0,
or(0) =1, (1.5)
@1 (0) = 0.
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e We will also need to introduce ¥ 4, the unique solution of the boundary value
problem

(A=vidrqg = (Ir(q) — q) ek,
Yi,q(0) =Yk q(1) =0, (1.6)
<90ka lpk,q>w =0,

where I (g) is the integral defined by

1
I(q) = /0 4 (02 (x)dx. (17)

Such a solution exists since, precisely by (1.7), the right-hand side of the
equation is orthogonal to g and it is unique thanks to the choice of normalization
(@k, ¥k g)w = 0.This particular choice is possible thanks to the fact that |||, >
0 and it implies that ¢ , is, among all the solutions of the underdetermined
problem

(A=viy = (Ik(q) — @) ¢k, ¥(0) =y (1) =0,

the one with minimal L?(w) norm. This will simplify some computations in
the paper since it ensures orthogonality between observations of (generalized)
eigenvectors.

e Following [14], forany F € L*(0, 1) and any € connected component of (0, 1)\w
we define an element of R? as follows

(/ts '; P ), if € touches the boundary of (0, 1)
My (F,C) =
( %i;ﬁ ), otherwise,
. F i
that we gather into a single collection defined by

My (F,w) = (Mi(F,E)) (1.8)

sec(@ D)

where C(U) stands for the set of all connected components of any U c [0, 1].
We finally set

M (F, @) = |y (F, )| = sup“Mk(F, ©). :Ce c((o, 1)\w)}. (1.9)
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1.2.2. About the cascade system (1.1)

Approximate controllability. By using the Fattorini—-Hautus test (see [20]), it is proved
in [14, Theorem 3.2] that, if Supp(q) N w = @, approximate controllability of (1.1) holds
if and only if

M (g, w) # 0, Vik>1. (1.10)

Notice also that applying [14, Theorem 2.2] we obtain that

o If Supp(g) Nw # @, approximate controllability of (1.1) holds without any other
condition.

e If Supp(g) Nw = @, the necessary and sufficient condition (1.10) for approximate
controllability of (1.1) can be rewritten as

Mi((Ik(9) - Qe w) #0, V=1, (1.11)

where Ii(g) is introduced in (1.7). Rewriting the approximate controllability
condition as (1.11) is more coherent with the expression of the minimal null
control time that we obtain below (see Section 2.2). The equivalence between
conditions (1.10) and (1.11) is proved in Lemma 3.3 (choosing there p = 0).

Null controllability under a sign assumption. If there exists wg C w such that g has a
strict sign inside wy then it follows from [21] that null controllability holds in any arbitrary
small time. The proof is based on Carleman estimates.

Null controllability with disjoint control and coupling domains. System (1.1) was
then studied in the case where A = —d,, and w = (a, b) is an interval such that
Supp(¢) Nw = @.

First, it was proved in [4] that if Supp(g) C (b, 1) then, approximate controllability
holds if and only if

Ir(g) #0, Vik>1.

This condition is just a rephrasing of (1.10). In this case the authors proved that the
minimal null-control time Ty ,, for this system is given by

—In|/,
To,q = limsup —nl £(9)] .
k—+00 Vk
Later on, it was proved in [5] that if Supp(g) is included in (0,a) U (b, 1), then
approximate controllability holds if and only if

[Ik(@)| + |k (9)] # 0, Vk>1,
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where
a 1
I (q) = /0 (O 0dx,  balq) = /h g 0dr.  (L12)

In that situation, this condition is also a rephrasing of (1.10) and it was also proved in [5]
that the minimal null-control time is

—Inmax1 |/ , | , |
To.g = lim sup {11, 111k (@)], | 2,k(5])|}.

k—+00 Vi

(1.13)

Moreover, it is proved that for any 79 € [0,+oo] there exists a coupling function
g € L*(0,1) such that the corresponding minimal time is actually Ty, = 7. Let us
underline that these results are the first results exhibiting a positive minimal null control
time for a system of coupled parabolic equations with a distributed control.

The proofs of those results are based on the moment method since, due to the assumption
Supp(g) N w = @, the strategy based on Carleman estimates is inefficient.

1.2.3. About the system with a first-order coupling term

Null controllability of system (1.3) with a coupling term of order one has been studied
in [11, 16, 18, 19]. Among other things, the author proves in [16] that, when approximate
controllability holds, the minimal null-control time T 4, , of system (1.3) when w = (a, b)
is an interval and A is the Dirichlet Laplace operator is given by

—Inmax{| Ik ()], |Ix ()], Ik ()]}

To,q,p = limsup s
k—+0c0 Vk

where r = g — % p’. Note that the value of Ty, , only depends on r and is equal to Tp - as
defined in (1.13). As proved in Section 3.4.1, this feature is specific to the case where w
is an interval since in general Tp , ,, really depend on both ¢ and p, and not only on r.

The proof given in [16] is also based on the moments method and follows that
of [5]. More precisely, the analysis in this reference is reduced, thanks to well-suited
manipulations, to the one of a scalar moment problem despite the fact that the control
space is, by nature, infinite dimensional. Those computations are thus specific to the
problem under study and makes use of the explicit formulas for the eigenfunctions of the
1D Laplace operator, which is not the case of our proof.

In [18], the authors give a sufficient condition for null controllability for general
parabolic systems in any dimension with first-order coupling terms. They deal with
coefficients depending both on space and time but their analysis does not apply when
p = 0in w. In [19], the same authors study the influence of the position of the control
domain on controllability for one dimensional parabolic systems with first-order coupling
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terms. Their result can hardly be compared with our study since the two equations they
consider are associated to different evolution operators.

1.2.4. About the simultaneous control problem

To the best of our knowledge, the only available result in the literature concerning
the controllability of (1.4) is the necessary and sufficient condition for approximate
controllability given in [14, Theorem 3.2] that we recall now: approximate controllability
for system (1.4) holds if and only if, for any £ > 1,

My (gapk, w) and My (g3¢k, w) are linearly independent in (RQ)C((O’I)\M), (1.14)

where the notation i is introduced in (1.8).

This gave rise to unexpected geometric control conditions for this problem. For
instance, if w is an interval that does not touch the boundary of (0, 1), approximate
controllability of system (1.4) never holds when Supp(g>) and Supp(g3) are located in
the same connected component of (0, 1)\w. However, if there are located in two distinct
connected components then approximate controllability holds if and only if the two
subsystems are approximately controllable (see [14, Section 3.4]).

1.3. Main results of this paper

First, we obtain the following characterization of the minimal null-control time for
system (1.1).

Theorem 1.3. Let w C (0, 1) be a non empty open set and let g € L™ (0, 1). Assume that
either Supp(q) N w # @ or that (1.11) holds. Then, the minimal null-control time for
system (1.1) is given by

—In(1k () llgxllz, + 1¥aqll7,)

To., = lim sup
.q :
k—+o0 2vi

We recall that i/ 4 is defined in (1.6) and Ix(q) is defined by (1.7).

This theorem is proved in Section 2.1. It is valid without any geometric assumptions
on the control domain w nor on the support of the coupling term ¢. In this respect, it
unifies the different results obtained in the literature for the study of null controllability of
system (1.1) recalled in Section 1.2.2. For example, even if it is not clear at first sight, we
manage to prove, in Section 2.3, that the formula above reduces to Ty , = 0 when ¢ has a
strict sign on wo C w as proved in [21].

Theorem 1.3 will be obtained as a consequence of [13, Theorems 11, 14 and 18]
where the minimal null control time issue is analyzed in an abstract general setting.
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It relies on a careful estimate of the cost of resolution for block moment problems
associated to a general admissible control operator. With some additional work, based on
the method developed in [1] to obtain spectral estimates for the eigenelements of A, we
also obtain the following characterization of the minimal null control time in the case
where Supp(g) N w = 2.

Theorem 1.4. Let w C (0, 1) be a non empty open set with a finite number of connected
components. Let g € L*(0, 1) be such that Supp(g) N w = @. Assume that (1.11) holds.
Then, the minimal null-control time for system (1.1) is given by

—In My ((1 - )
Ty.g = limsup n My ((Ix(q) — @) er, w)

k—+0c0 Vi

where My is defined by (1.9).

The proof is given in Section 2.2. Compared to the one in Theorem 1.3, the expression
for Tp,, above is more convenient to deal with since it does not involve the function ¢ .
As we shall prove in Section 2.3, this formula is a natural extension of the ones obtained
in the literature in some particular cases. However it holds true in more general situations,
so that we are able to compute Ty 4 in cases that were not covered in the literature (see
Proposition 2.5 as an example).

This theorem also extends the previous works in the field by considering for A a general
Sturm-Liouville operator (and not only the Dirichlet-Laplace operator) since it does not
make use of the explicit expressions of its eigenvalues and eigenfunctions.

Remark 1.5. Notice that the assumption Supp(g) N w = @ is necessary for this theorem
to be true. For instance, if ¢ = 1 and w is an interval then, from [21], null controllability
holds in any time 7' > 0 whereas we have I (¢) — g = 0 for any k > 1.

However, this is not restrictive for our study since it is well-known that when Supp(g) N
w # @, the system is indeed null-controllable at every time 7 > 0 (see for instance [21]).

The tools used to prove Theorems 1.3 and 1.4 allow for a similar analysis for system (1.3).
The corresponding results are stated in Section 3.

We now turn to the simultaneous controllability problem (1.4). For ¢,, g3 € L*(0, 1),
we set ¢ = (g2, ¢3) and denote by Ty, the minimal null control time for system (1.4)
in (L2(0,1))3. Since simultaneous null controllability at a given time implies null
controllability at the same time for both subsystems (1.1) with ¢ = g2 and ¢ = ¢3 it
directly comes that

Toq > maX(To’qz,T(),%). (1.15)
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Actually, by linearity of the system, simultaneous null controllability at a given time implies
null controllability at the same time for system (1.1) with any ¢ in Span(g», g3)\{0}
that is

Tog 2 sup To.q- (1.16)

q€Span(q2,q3)
q#0

We give below general characterizations of Tp 4 similar to those obtained in Theorems 1.3
and 1.4 for system (1.1) and give, in Section 4.4, an explicit example of system (1.4) for
which the inequality in (1.16) is strict.

In order to state the results, it will be convenient to use some extra notation. For any
q € L*(0,1), we set

kg = Vg + I(@)er, (1.17)
where Y , was introduced in (1.6), and
g = (Ik(q) — q) @k (1.18)

The formulas obtained in Theorems 1.3 and 1.4 for the minimal null-control time of
system (1.1) can now be rephrased respectively as follows

—In k
To,q = limsup —M alle
k—+co Vi

and

—In My (9%.g4, @
To,q = limsup cPrq: @) .
k—+oo Vi
We shall generalize those expressions for system (1.4) as follows.

Theorem 1.6. Let w C (0, 1) be a non empty open set and let g3, q3 € L= (0, 1). Assume
that (1.14) holds. Then, the minimal null control time Ty 4 for system (1.4) in (L*(0,1))?
is given by

. | max(Hgk,quIi,, | §k,q3“i))
To,q = limsup — In

k—+00 2vi ||§kq2||i)||§kq';“i) - <§k,q2’ gk,%)%u '

This theorem is proved in Section 4.2. Though it is not obvious at first sight, we will
show in the proof of Proposition 4.3 that the approximate controllability assumption (1.14)
actually implies that

||§k,q2”i“§k,q3||i ~ (Lkogor Cgy)e > 0, Vk=1

and thus the formula defining 7y 4 is well-defined. Since for any k > 1 we clearly have

||{k,qz‘|i)|‘§k,43||i) - <§k,qz7§k-43>2 = ||§kv42||i;||{kﬂ3”iﬂ
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we immediately see, by Theorem 1.3, that this formula is compatible with the expected
property (1.15).
Notice that, when (Supp(g2) U Supp(¢3)) N w = @, we have

wap= Y, ek vien2n
GeC((O,l)\w)

Hence, it comes that the approximate controllability condition (1.14) is equivalent in that
case to the condition

M (I%,q,» w) and My (I, 4, w) are linearly independent (1.19)
where ¥ 4, and ¥y 4, are defined by (1.18).

Theorem 1.7. Let w C (0, 1) be a non empty open set with a finite number of connected
components. Let g2, q3 € L*(0, 1) be such that

(Supp(g2) U Supp(q3)) Nw = @.
Assume that (1.19) holds. Then, the minimal null control time for system (1.4) in (L(0, 1))3
is given by
—In mil’lqeg[q] Mk (ﬁk,q, w)

To,q = lim sup
k—+0co Vi

where My is defined by (1.9), Oy 4 is defined by (1.18) and
Slq] = {q € Span(q2, ¢3), llqll = 1}.

This theorem is proved in Section 4.3. Notice that, by compactness of S[q], the
min appearing in this formula is actually achieved and moreover, since the approximate
controllability condition (1.19) implies that

Mi(9k.q w) 20, Vg €S[ql,

we know that this min is positive. Thus, the formula for Tp 4 in the above theorem is well
defined.

This formulation is more convenient to deal with than the one of Theorem 1.6 on actual
systems. For instance, with this formulation, we prove that the minimal null control time
is not related to the minimal null control times of the subsystems. Indeed, in Section 4.4,
for any 7y € [0, +00], we design a couple of functions g = (g2, g3) such that Ty 4 = 79 and

sup To,q = sup  Toy =0
q<Slq] g&Span(g2,93)
q#0

which proves that the inequality in (1.16) can be strict.
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1.4. Outline of the article

Section 2 is dedicated to the proof of the two formulations of the minimal null control
time for system (1.1) stated in Theorems 1.3 and 1.4.

In Section 2.3, we give some applications of the obtained formulas: we prove that they
encompass previously known results and let us get precise results in more general new
configurations.

Section 3 is dedicated to the analysis of system (1.3). We show that taking into account
first-order coupling terms in our methodology is relatively straightforward, compared to
the original proofs in [16].

In Section 4, we determine the minimal null control time for the simultaneous
controllability problem (1.4) as stated in Theorems 1.6 and 1.7.

Finally, we have gathered in Appendix A some spectral properties of Sturm—Liouville
operators that are used all along this article.

2. A system with a space varying zero order coupling term

In this section we prove the characterizations of the minimal null control time for
system (1.1). We prove Theorem 1.3 in Section 2.1 as an application of the results of [13].
Then, analyzing the behaviour of the spectral quantities arising in Theorem 1.3, we prove
Theorem 1.4 in Section 2.2.

2.1. A first formula for the minimal time

First, let us check that our system (1.1) fits in the formalism of [13]. There, we considered
abstract control problems of the form

Y (1) + Ay (t) = Bu(1),
y(0) = yo.
Thus, for system (1.1), the evolution operator (A is defined by

5‘(=(A 0), D(A) = D(A)?
qg A

and the control operator 8 is defined by
B:iueU=L*0,1)— (1‘6“).

In [13] the results involve a Gelfand triple of Hilbert spaces X; ¢ X C X_, in order to
deal with possibly unbounded control operators. In the present article we only consider
distributed control operators which implies that there are no particular subtleties on
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the functional framework and we shall set here X_, = X = X = LQ(O, I;R)2 (see [13,
Section 2.1.1]). This implies the wellposedness of system (1.1) in the sense of [13,
Proposition 2].

Thus, to use the characterizations of the minimal null control time obtained in [13]
we shall prove that the operators A and B satisfy the assumption (H) defined in [13,
Section 2.1.2]. Roughly speaking this assumption states that the operator A* admits a
complete family of generalized eigenvectors which are observable (i.e. not in the kernel of
$*). It also requires that the associated family of eigenvalues, each of them having finite
geometric multiplicity and globally bounded algebraic multiplicity, satisfies a weak-gap
assumption (i.e. they can be gathered in well separated blocks of bounded diameter and
cardinality) and appropriate estimates on its counting function (see (A.4) and (A.5)).

Let us detail the spectral analysis of the operator A*.

Its spectrum is given by A = (vi)r>1. Recall that I (g) is defined by (1.7) and ¢ 4 is
defined by (1.6). We distinguish the following cases.

o If I (q) # O then vy is algebraically double and geometrically simple. A Jordan
chain is given by

0 _ [Pk | 1 (‘/’k,q)

= , = . 2.1

Pk ( 0 ) Pk Ii(9) \ ¢
o If Ix(g) = O then v is geometrically double and a basis of eigenvectors is

given by

0 Pk 0 Vk,q
= = ) 2.2
2= (2) e[ o

Properties of eigenvalues. The eigenvalues of (A* are real and, due to the assumption
¢ > 0 they satisfy v > 0.

From (A.1), these eigenvalues satisfy a gap condition with parameter o and thus a
grouping in the sense of [13, Proposition 6] is given by G = {vi}.

The associated counting function N satisfies (A.4) and (A.5).

Gathering all these properties, we have that the sequence of eigenvalues of A satisfies

1
A € LW(17 Q,(), §7K)
as defined in [13, Section 2.1.2].

Properties of eigenvectors. The eigenvalue v is either geometrically simple and alge-
braically double or semi-simple with geometric multiplicity 2. Due to the expressions (2.1)
and (2.2) we obtain that the family of (generalized) eigenvectors of A* forms a complete
family in X.
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As stated in Section 1.2, the approximate controllability assumption
Ker(A* — 1) N Ker 8" = {0}, VaieA

follows from (1.11) and [14, Theorem 2.2].
Thus, the operators A and B satisfy the assumption (H) stated in [13, Section 2.1.2].

Proof of Theorem 1.3. From [13, Theorem 11], for any y¢ € X the minimal null control
time from yy is given by

. 1n+C(Gk, 0
To,q(yo) = limsup 2 2%k Yo) )
k—+0co 2'Vk

where In* s = max(0, In s), for any s > 0 and the cost of the k-th block is given by

0 ol 00 @E 40 0
. 2 2 Q,Q €U with(Q", B¢, )u = (yo, $1)x
C(Gk, yo) = inf “QOHU"'”QIHU; 0 g 41 1 . oy _ ¢ 1
and (", B ¢k>U+ (Q, 8 ¢k>U = <)’O’¢k>X
if Ix(g) # 0 and
C(Gr.yo) = inf {IIRIF ; @ € U with (@.8"6) Jur = (o, 6 )x for j € {1,2}}

if Ik (q) =0.
To compute C(Gy, yo) we distinguish the two cases.

Case 1: Assume that I, (q) # 0. Then, from [13, Theorem 14], it comes that
C(Gr,yo) = (M7'¢, &)

where
llell? 0
M = Gram(8*¢°, B*¢1) + Gram(0, B*¢) = @
(800 8°01) + Gram(0.8°00) = | 70 1o 2, 4 L w2,
and
£ = (<YO,¢(1)]<>X).
<y0a¢k>x

Thus,

2 2
1 Pk 1 Uk
llollZ, 0/ Ii(@)?llexlls, + kgl oK ]y

Case 2: Assume that I;.(q) = 0. Then, from [13, Theorem 18], it comes that
C(Gr.yo) = (M7'&,&)

where

M = Gram(8"¢? |, 8°¢" ,) = (Ilsﬁklli, 0 2 )
’ ’ 0 kgl
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and

£= (<y0»¢k,1>X)
(yo, pr.2)x)

2 2
Yo, + ————{ Yo, ’ .
lewll?, 0/ kgl bk ]y

Finally, in both cases, the cost corresponding to the group Gy is given by

2 2
1 Pk 1 Yk
C(G ’ ) - < ’ ( )> + < ’ ( ’q)> ’ (2.3)
S TP S WO ) A AP SRR Sl W |

We now evaluate the different contributions of the terms in the right-hand side of (2.3).
Recall that ||¢k|lo,1) = 1, that (Yx,4)« is bounded thanks to Lemma A.2, and that,
from (A.3), we have

Thus,

C(Gk,yo) =

lekllw = C >0, Vik>1.
Thus, getting back to (2.3), we obtain that

1
Le(@)*lelle + gz

C(Grk,y0) < Cllyollx|1+ , Yk=1,VyeX,

which proves that

. =In(Le(@)?Nlexllz, + IWrglls,
To,4(yo) < lim sup ( > 1 )
k—+co Vi

This estimate holds for every y(, which gives the upper bound for 7j 4.
To prove the converse inequality let us choose

e
Yo = - 5

which is indeed a converging series in X. From (2.3) we obtain that for this particular
choice of yy,

1 1
C(Gr,y0) = — , 1.
Vi I(@)?ll@lle + kgl
Thus,
—In(Ix(g)? 2 4 2
Ty > Toy(v0) = lim sup (7x(q) ||902k||w ||Wk,q||w)'
k—+o0 Vk
This ends the proof of Theorem 1.3. O
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2.2. A second formula for the minimal time with disjoint control and coupling
domains

The minimal null control time has been characterized in Theorem 1.3. Thus, the proof of
Theorem 1.4 consists in comparing the asymptotic behaviors of

Mi((Ik(q) = @), w)
and
(@) Nlexll?, + kgl

To do so we will use the following result whose proof is postponed to the end of the
section, to improve the readability.

Proposition 2.1. Let w C (0, 1) be a non empty open set with a finite number of connected
components.

(i) There exists K € N* and C > 0 such that for any k > K, any F € L*(0, 1) and
any u satisfying the differential equation

(A-viu=F,
we have

Mi(F.0) < C(Virllullo + 7)) + (D)) + [IFll).

(ii) There exists K € N* and C > 0 such that for any k > K and any F € L*(0, 1)
such that /01 F(x)or(x)dx = O, there exists u satisfying the boundary value
problem

(A=vi)u=F,
u(0) =u(l) =0,

as well as the estimate
Villulle £ CMi(F, w) +[|F]lw)-
We now turn to the proof of Theorem 1.4.

Proof of Theorem 1.4. Recall that, from Theorem 1.3,

—In(Ix(q)? 24 2
i = timsup ~ @Ik, + 1)
k—+00 2Vk
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By (1.6), we can apply point (i) of Proposition 2.1 to u = yrx 4 and F' = (Ix(q) — q) i to
get, for k > K,

Me((1i(q) = 90k 0)* < C(villwi g1, + 111k (9) = Dl )
< (Il + I@Pllenl).

since Supp(g) N w = @. Thus,
—In My ((I _ )
Tp,q < lim sup k(( k(@) — @)k a)) '

k—+o0 Vk

We now prove the converse inequality. For k large enough, let u be the function given by
the point (ii) of Proposition 2.1 with F = (Ix(g) — q)¢x (which, by definition of Ix(q),

satisfies /01 F(x)pr (x)dx = 0). We observe that there exists @ € R such that we can write
u =Yg 4 + api. Recall that we have imposed in (1.6), that (i, ¥ ¢4)w = 0, so that we
have |[¥x,4llw < |lulle. Thus, using the estimate given by point (ii) of Proposition 2.1
and the assumption Supp(g) N w = @, we obtain that, for any k > K,

Villigl?, < C(Me(F.0)* +1IFIZ) < C(Mk(F, 0 + (@) llgel, ). 24)

We denote by €1, ..., €y the connected components of (0, 1)\w. As Supp(g) Nw = @,
notice that

N N N
2 Ji W= i) / A=) / atgicoa

= (@) (1 - llel2) - (@)
= ~Ik(q)llgxlle,-
Thus, from (A.3) we deduce that
k(@ ekl < CMi(F, w).
Plugging this inequality into (2.4) we obtain
Wk.gllZ, + (@) llexllz, < CMi(F, w)*.

This implies that

—In My ((Z - , W
Toy > limsup K((Ik(q) = @)k, w)
k—+00 Vk
and ends the proof of Theorem 1.4. O

To conclude this section, it remains to prove Proposition 2.1. To do so, we start with
the following result that comes from Lemma A.1.
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Lemma 2.2. Let A be the Sturm—Liouville operator defined by (1.2) and let 1y > 0. There
exists C > 0 depending on 7y, ¢ and Ay such that, for any A > A, for any F € L*(0, 1),
forany 0 < a < b < 1, for any u satisfying

(A=Du=F onla,b],

and for any x € [a, b], we have

7( ) C 1
o () < a(1+ﬁ(b_a)2)llull(a b)

Proof. Let yo € C*(R;R) be a cut-off function such that 0 < yo < 1 and

(b)

u () +

LEONFIR, -

e yo(x) =1foreveryx € [1/4,3/4],
e yo(x) =0foreveryx ¢ (0, 1).

We then set

X—a
X = xo(5—=):
in such a way that, if we set @ = a + b;—“ and8=0b - ’%, we have
e y(x)=1foreveryx € [a, 8],

e y(x) =0foreveryx ¢ (a,b).

Let C; > 0 be the constant given by Lemma A.1 and assume that 1 > 2.
Letx € [a, b]. We apply Lemma A.1 to obtain for any y € (a, b)

Ouunz 7()m(mﬂ)<c{wom2 + et nFmam)

Integrating in the variable y € (a, B) gives

O()P Y(Nuunﬂ

b o
SG@NQM+L—memm) ;/'ﬂwM@W@.a&
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Then integrating by parts, using (A — A)u = 0 and Cauchy—Schwarz inequality yield

B
! / YOl () Pdy

A
b
<1 [ xOroIw o)l
1 o[t Lot
-3 / )y + 1 / KO (A= oDy Pdy
, - b
< P el + [ x)[t - 2 ey
AR I G I
< (ﬁnm ||<a,b>)(%uun<a,m) + (1 i Ll )” llta)

Thus, for any C >0,

lellz V713 X’ ||Loo
Ao 4C

Cc
[|ue “(ab) ZHWM,”%&JI)'

B
2 [ o oray < (1 :

Plugging it into estimate (2.5) and using that || x/||;~ = ||X0||L°° (b —a)~!, we obtain

_ N || VIl -

Ao 4CA(b - a)?

Ci(b - a)? C c
+ T F Iy + = INF ) 26)
Applying again Lemma A.1 gives that, for any y € (a, b),
Y0 < P+ X2 wr) + e 224,
1 (a.b)"

Integrating in the variable y € (a, b) and setting C= we obtain

402 ’

B c:c
CIC”\/_M 2, ,) < C12C(b—a)(|u(x)|2 & )I "(x )Iz) —— b= a’lIFI, .,

2
"(|u<x>|2 £ 29, (>|2) 1e- ") IFIZ, ).

Plugging it into (2.6) ends the proof of Lemma 2.2. O

‘We now have all the ingredients to prove Proposition 2.1.
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Proof of Proposition 2.1. We denote by wy,...,wy the connected components of w
labeled such that

supw; < infwj, Vje[l,N-1].

Let
1

Adp= max ——
jell.N] |w;]?

2.7
and, let K > 0 be such that
k>K = vi=>Ap.

We start with the proof of item (i). Let € = [a, b] be a connected component of (0, 1)\w.
Integrating by parts we obtain

/GF(x)cpk(X)dx = —(yu' i) (b) + (yu'@i)(a) + (wye)) (b) — (uyg)(a).

Recall that from (A.6),

1
— ¢ <C, Y 0,1), Vk > 1.
low (x)] + MI%(X)I < x€(0,1)
Similarly, applying Lemma A.1 with y = 0 we obtain
1
or(x)| + —|¢, (x)| < C, Vxe(0,1),Vk=>1. 2.8)
8001+ =17, (0] (0.1)
Thus,
1 Vy(a) Vy(b)
—| | F(x x)dx| < Cl|u(a)| + —==|u'(a)|| + C||u(b)| + —=—=|u’(D)]].
VWM () () O(n e @]+ () + 2= o)

If €N {0,1} = @, then there exists j € [2,N] such that ¢ € w;_; and b € w;.
Applying twice Lemma 2.2 (recall that A is defined by (2.7)) we obtain

wm+%%%mws4wmﬂ+%ﬂw%}
and
y(®), , 1
lu(b)| + N lu’(b)] < C(Ilullw,- + \/—V_kIIFllw,)

where C now also depends on w. This implies

< C(Vrllullo + IFll)-

/FMWMM
¢

The same computations hold for | f@ F(x)px (x)dx|.
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Now, if @ = 0, taking into account the boundary condition ¢y (a) = 0, the same
computations yields

F(x)er (x)dx
il
As b € w, applying Lemma 2.2 (recall that A is defined by (2.7)) we obtain

(b)) + VJ(—,()' )| sc(||u||w+

< Clu(0)] + Cf |u(b)| + ——

Vv (D) )
N |u’ (b)]

1
—||F
=17l
where C now also depends on w. This implies

/gF(x)sok(X)dx < C(Vvicllulle + Vilu(0)| + IFll o).

Similarly, if b = 1, we prove that

/@F(X)%(X)dx < C(Wvkllullw + Vvilu(D] + | Flle).-

Gathering these results proves item (i).

We now turn to the proof of item (ii). We start designing u a solution of

(A-viu=F
{u(m = u(1) =0,
such that
|u(x)| + \/EI ()] < vi_(Mk(F W)+ [Fllw),  VYxewr. (29
To this end let us take any solution i of
(A-vp)u=F
{ﬁ(O) =i(1)=0

Such a solution exists since /01 F(x)pr(x)dx = 0.
If 0 ¢ wy we set b = inf w; whereas if 0 € w; we set b € w;. Notice that in both cases

b
/0 F(x)@r(x)dx = it(b)y (b) ¢ (b) = y(b)i' (b) i (b).

Applying Lemma A.1 with y = b, integrating with respect to the variable x € (0, 1) and
using ||¢k|l0,1) = 1 we obtain that there exists C > 0 such that

Vv (D)

lox ()] + N

i (D) = C.
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_ b
o If |pr(b)| = 2,we setu =iu— :k((b))go

Thus, we have u(b) = 0 which implies

-1 b
' (b)z —— | F dx.
VB (b) 7@%@L ()i ()
Thus,
uw+ﬁ9|wmv4/memﬁ (2.10)
e Otherwise, we have ‘JV(;) l (B)| = % Setting u = i — %%, the same

computations also imply (2.10).

We now prove that (2.10) implies (2.9).
As b € wy, applying Lemma A.1 and (2.10) we obtain for any x € wj,

Vy(x) Vy(b)
o «/_l u' (b)] + V_IIFllwl

b
s%ﬂAmemw

()| + ——=u’ (x)] < C(Iu(b)l +

+ IIFIIM).

e Assume first that 0 ¢ w; and recall that b = inf w;. Then, by definition of
M (F,w) (see (1.9)), we have

b
‘Amemwstw»

Thus, for any x € wy,

Vy(x)

N lu’ (x)] < \/_—(Mk(F cw) + 1Fllw,)-

e Otherwise, 0 € w; and we have set b € w;. Then, since (0,b) C w; and
lello,1) = 1, we have

lu(x)| +

b
'Amemmswm.

Thus, for any x € w7,

VD < -

I()|+\/_ N7
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Gathering these two cases proves (2.9).
We prove by induction that the function u designed at the previous step satisfies

'J(_)| ()|<\/_(Mk(F L)+ |Fllw), Vxew;. (2.11)

The case j = 1 is exactly (2.9) that was proved in the previous step. Let j € [2, N] be
such that

lu(x)| +

| ()| + 3//(7)' )l < \/L—(Mk(F w)+[IFlle),  Vxew.
Leta; =supw;_1 and b; = inf w;. Integrating by parts we obtain
1 [ _ Y(b)¢ (b)) y(bj)u' (b))
N F(x)pr(x)dx = u(bj) N er(bj)
v(aj)¢gila;) y(aj)u'(a;)
~ula) =2 EE g ).

The same computations hold replacing ¢ by @i . Using the notation in Appendix A, this
can be rewritten in matrix form as

1 be dx )
Wb, )(y(b()u 0, >) v f“éj (e +Wk(aj>(y<3j(>3'f’<)a,>). 2.12)
oS \/_rkfa, F(x)pr(x)dx N

Using Lemma A.3 and the definition of My (F, w) (see (1.9)), we deduce that
\Vr(bj) C vVr(a;)
lu'(b;)] £ —=Mi(F,w)+Clu(a;)|+C
VVi ! VVk g ! VVk

As a; € w;_; the induction hypothesis imply

Vy(a;)
Vi

V(b)) -, c

N |u’(bj)] < \/—V_k(Mk(F,w) +11Fllw)-

As b; € wj, applying Lemma A.1 we obtain for any x € w;

A0 O 1+ i,
VVE Vi Ve

_(Mk(F w) +|Fllw).

lu(bj)| + lu’(a;)|.

& Mu(F.w) + 1Fll)

lu(aj)| + N

—u'(aj)l < =

and thus we conclude that

lu(bj)| +

u(x)[+ ——1u’(x)| < C|lu(b;)| +

ﬁ
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This proves (2.11).
Conclusion. From (2.11) we obtain

C .
] < = (MuF @)+ IFlL). Ve oy Ve [1LN]

This leads to
llloy € ~—(Mc(F, @) +[IFllo), ¥ jelLN]
VVk
with a new value of C and ends the proof of item (ii). |

2.3. Application of the minimal null control time formulas

In this section we apply the characterizations of the minimal null control time obtained in
Theorems 1.3 and 1.4 to different specific configurations.

In Section 2.3.1, we recover previous characterizations of the minimal null control
time proved in [4, 5] when w is an interval. Note however that in the above references,
explicit computations of eigenelements when A is the Laplace Dirichlet operator are used.
Our analysis does not make use of such computations and thus extend those results to any
Sturm—Liouville operator as defined in (1.2).

In Section 2.3.2, we recover null controllability in arbitrary time when ¢ has a strict
sign on a part of w as proved in [21].

Finally, in Section 2.3.3 we prove a new null controllability result for an explicit g
when w is the union of two intervals.

2.3.1. Unification of previous formulas for the minimal null control time

Let us prove that the obtained results unifies previous characterizations given in the
literature and stated in Section 1.2.

e Let us consider the setting studied in [4] i.e., w = (a, b) and Supp(q) C (b, 1).

In this case, (0, 1)\w has at most two connected components both touching the
boundary of (0, 1). Thus, setting

F=(I(q) - Q)¢

we obtain

a 1
Mk(F,a))zmax{/o F(x)gok(x)dx',’/b F(x)gok(x)dx'}.
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Using the assumption Supp(gq) C (b, 1) we get

’ / F(x)sok(x)dx':uk(qn / & (0)dr,
0 0

and
1 1 b

/ F<x>¢k<x>dx' - 1 (0) / ¢i<x>dx—zk<q>' ~ 11 (q)] / &2 (x)dr.

b b 0
This gives

b
Mi(F,0) = 11(q)] /O & ()dr.

Recall that from (A.3)

b
inf 2 (x)dx > 0.
1121/0 ¢ (0dx >0

This implies that approximate controllability holds if and only if
Ir(q) # 0, Vik=>1,

and in this case that
To,q = limsup — IniZi(q)l .
k—+oo Vi
Thus we have extended the result proved in [4] for the Dirichlet-Laplace operator to a
general Sturm—Liouville operator.
e Let us now consider the setting studied in [5] i.e., w = (a, b) and Supp(g) Nw = @.
Again, setting

F=(I(q) —q)ex

we obtain

a 1
Mk(F,w)zmax{‘L F(x)gok(x)dx’,‘/b F(x)(,ok(x)dx'}.

Using the notations introduced in (1.12) we have

/ " Fpr(0dx = Ii(q) / " 2 )dr - e (q) 2.13)
0 0
and
1 1
/ F(Opr()dx = I (q) / &2 (0)dx - I (). 2.14)
b b

Thus,
M (F,w) < 2max{|I(q)|, 111.x(@)|. | L.k (9)}-
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Conversely, using (2.13) and (2.14) we have
a 1
| et [ F@eas
a 1
=1k(q)( | deoa+ [ soi(x)dx) ~ (L) + b(a))

b
—-1@) [ o
a
where we have used that Iy (q) = I1.x(q) + I2.x(g). Thus, from (A.3) we get
1Ik(q)| < CMi(F, w).

Using (2.13) or (2.14) and the previous inequality we obtain

1 k(q)] < CMi(F,w), V¥ je{l,2}.
Thus,

max{|1c(q)], 111,k (@)], 112,k (q)|} < CM(F,w).

This implies that approximate controllability holds if and only if

max{|1x(q)], 111,k (@), 112,k (q)|} # O, Vk=1

and in this case

— Inmax- |/ | Sz
To.g = lim sup {11, 11 k(). | 2,k(Q)|}.

k—+c0 Vi

Thus we have extended the result proved in [5] for the Dirichlet-Laplace operator to a
general Sturm—Liouville operator.

2.3.2. Null controllability in arbitrary time with intersecting control and coupling
regions
Let us here consider the setting studied in [21].
Proposition 2.3. Assume that there exists an open set wo C w and qg > 0 such that
infg >qo or supg < —qo,
w( wo
then, system (1.1) is null controllable in any time T > O.

Even though this result is already known from [21], we provide here a proof without
Carleman estimates.
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Proof. We assume that inf,,, ¢ > go since the other case is similar. Here we consider the
minimal time characterization given by Theorem 1.3 and we shall prove that I; (¢)?|| ¢« ||2,+
1¥k,q |2, does not tend to zero exponentially fast, with respect to vk, as k goes to infinity.

We split Y 4 into two parts Yx 4 = Yk .1 + ¥k q,2 Where Yy 4 1 is the unique solution
of the Cauchy problem

(A= vidWi,q1 = 1k(q) gk,

Yk.q1(0) =0, (2.15)
a,//;,q’l (0) =0.

From Lemma A.1, there exists C > 0 depending only on y and c¢ such that
C
l¥k.gallL=c.1) < \/—V_kllk(ﬁlﬂ-
Then, from (A.3), we deduce that, when v; > 1,
kg2l < 2(10gll?, + 1Wkqi Beg)

C
< 2(Illﬁk,qlli + —IIk(q)Iz)
Vk

< C(I0ag I, + 1) Pllgel, )

Thus, in order to prove the result, it is enough to find some explicit lower bound r; > 0
such that
—In Ik

Wk gollw =re with  limsup
k—+00 Vi

=0. (2.16)

As we seek for a lower bound for ¢ 42 on w, and thanks to our assumption on ¢,
we can restrict w to an interval (a, b) such that g(x) > g¢ > 0 for almost every x € w.
Taking some ¢ > 0 small enough to be determined later (see (2.19)), we introduce the
following subsets of w:

e w=(a,a+?);

wy = (b-{,D);
e w=wiVUuws;

_[atb _ b-a a+b , b-a].
o C=[%4 5 Gt + b

s

C=la+l,b-1].
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%o C=la+£0,b—{]
0 aa+/? b—¢b 1 w=(a,a+£)U((b—-1¢0b)

Figure 2.1. Splitting of w = (a, b)

This configuration is pictured in Figure 2.1. Notice that w is a subset of w and thus for
any k > 1,
Wkg2lle, 2 Wiq2ll
From (A.3), there exists a; > 0 depending on vy, ¢ and €, such that

/<pi(x)dxza1, Vik>1. (2.17)
€y

Following closely the proof of item i of Proposition 2.1 with a careful tracking of
the dependency with respect to £ we can obtain the following lemma whose proof is
postponed at the end of the section.

Lemma 2.4. There exists ap > 0 depending on y and c¢ such that for any € < l’%“, any
k > 1 such that vy > 1, any F € L*(0, 1;R) and any u satisfying the differential equation

(A-vpu=F

we have

<az\/_(1+ )||u||a+azf||F||l;~ (2.18)

G ‘ [ Feecou e

It is important to notice that the norms in the right-hand side of (2.18) are taken on the

small set w whereas the left-hand side is an integral on the large set € = w \ w. Hence,

this inequality can be understood as an estimate of cancellations that occur in this integral.

Let ap > 0 be the constant given in the above lemma and assume in all what follows
that ¢ > 0 is fixed such that

b _
VE < min{[2—2, 10U . (2.19)
3 2amllgliz=,n

There exists K € N* such that

1
Vi = {)—2, Vk=>K.
In the rest of the proof, we assume that £ > K.
Thanks to the equations (1.6) and (2.15) satisfied respectively by i 4 and Y 4.1, we

see that ¥y 4 2 solves

(A= VviWig2=—q¢k, in (0, 1).
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Applying Lemma 2.4, with u =y 4> and F' = —q ¢y we obtain

ﬁmedmm

Ast < b%“ we have €y c € and thus

<20\l g.2lla + @2fllgerlls.

/mmdmw
[

> 90/ @3 (X)dx > o
€
Notice also that, since ||¢k|l(0,1) = 1, we have

laewlla < lgli=co.1)-

Gathering these estimates and using (2.19) we obtain the lower bound
20\illWkg.2lla > \/z'/c ()¢ (x)dx

a
2 \/z(ﬁloafl —0/2\/Z||61||Lm(0,1)) = \/Z%

which leads to (2.16) and ends the proof of Proposition 2.3. O

- alllqerlls

It remains to prove the lemma.

Proof of Lemma 2.4. From (A.6), there exists C > 0 depending on y and ¢ such that

1 4
\/T—k||90k||L°°(o,1) <C, Vk>1. (2.20)

lowllL=o,1) +

Integrating by parts, we obtain

bt
[rweman= [ - voumeodr
(0 a+tl
=—(yu'or)(b =€)+ (yu'¢r)(a +0)
+ (uye)) (b =€) — (uye))(a+0).
Using (2.20) we obtain

= ¢
M/@F(x)wk(x)dx < C”W”L‘”(W(“‘*m*@Iu’(aﬂ’ﬂ)
b-¢
+C||\/7||Lm(|u(b e Y20 _{,)l)'
v

Let 1o = 1 and let K € N* be such that

k>K = v 2=A.
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Assume that k > K. As a + ¢ € w; the application of Lemma 2.2 (recall that 1y = 1)
yields

Vya+¢0) ( 1 ) cVe
ua+)|+ ——u'(a+0)| < —=(1+ —|||lu||lw Fllo .
lu(a +0)| o lu"(a +0)] VAN llull o, ,—II Il
As b — ¢ € w; the application of Lemma 2.2 yields
y(b-0) 1 CVe
b-0)|+ ——u'(b-¢ F
lu(b —0)] N7 ' (b= 0)] < \/_ \/_ llull w, + \/_II ll o
which concludes the proof. O

2.3.3. Dealing with new geometric configurations

We now illustrate that the minimal time formula obtained in Theorem 1.4 can be
successfully exploited to give an explicit value of this minimal time in more general
geometric configurations than the one available in the literature, for example when w is
not an interval and Supp(g) N w = @. We provide below an example inspired by [14].

Proposition 2.5. Let A be the Dirichlet Laplace operator (i.e., y = 1 and ¢ = 0) and let
1
q:x€(0,1)+— (x— E)l(lsi)(x)'
() Ifowc (% 1), then approximate controllability for system (1.1) does not hold.

(i) Ifw = (0,%) U (3,1), then system (1.1) is null controllable from X in any time
T > 0.

Proof. In this case, we have for any k > 1,
v = k*n?, o = V2sin(kn), ox = cos(km).

The proof of item (i) can be found in [14, Section 3.3.1] and relies on explicit computations:
due to symmetry it comes that I (¢) = O for any k£ > 1. This implies that

inf(w)
‘/0 q(x) @i (x) @i (x)dx = Ir(q) =0

Let € be any other connected component of (0, 1)\w than [0, inf(w)]. Then € C (% 1).
This means that ¢ = 0 on € which gives

/ 4 () pr(¥)gx (x)dx = f 4 (O (1) (x)dx = 0.
(y (0
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Thus,

Mi(qpr, w) =0, Vik>1.
We now turn to item (ii). In this case (0, 1)\w has only one connected component which
is [?lw %] but the key point is that it does not touch the boundary of (0, 1). Approximate
controllability in this case was also studied in [14, Section 3.3.1]. Again for symmetry
reasons we have

)

[ 1O e (A =0, V> 1,

1

but -
3 —m, if k is odd,
| a0 - 222k
! —%, if k is even.
This implies that for any k£ > 1, e
—, ifkisodd,
Mi((Ik(q) — @) er, w) = 2\/?712]{2
ok if k is even.

Thus, from Theorem 1.4, we get
—In My ((Ie(q) = Q) i, )

To,q = limsup =0,
k—+o0 Vi
which means that null-controllability holds at any time 7" > 0. O

3. Cascade system with a first order coupling term

In this section we describe how the analysis conducted in Section 2 can be directly
extended to system (1.3) that is when the coupling between the two equations operates
through a zero order term and a first order term. This is for instance the setting studied
in [16] and that we complete here.

3.1. Setting and spectral analysis

To fit in the formalism of [13], we define

e the evolution operator A by

A= (q+p3x A), D(A) = DAY,
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and the control operator 8 by

B:ueU:LZ(o,n._)(lg”).

It will be convenient to separate the symmetric and skew-symmetric parts of the
coupling terms in A. In order to do so, we define a function r and an operator
S, as follows

1 ’ 1 ’
r:q—Ep, and szzp + pOy. 3.1

We observe that S, is skew-symmetric in D (A) and that we can write

A 0
ﬂ_(r+Sp A)'

o The adjoint operator of A is given by

«_ (A q—0x(p)\ _[(A r-=§ *)
A —(0 A )—(O Ap)’ D(A™) = D(A).

Recall that Iy () is defined by (1.7). In this section, ¢/ . , denotes the unique solution of

(A= viWirp = (I(r) = 1) + Spers
Yir,p(0) =¥irp(1) =0, (3.2)
(@ ¥kr,plow = 0.
This system has indeed a unique solution since, due to the definition of I (r) and the fact
that S, is skew-symmetric, the right-hand side of this equation is orthogonal to ¢.

Let us detail the spectral analysis of the operator A*: its spectrum is given by
A = (vi)r>1 and we can distinguish the following cases.

o If I1(r) # O then v is algebraically double and geometrically simple. An
associated Jordan chain is given by

0 _ [Pk 1 1 lpk,r,p)
- , = ) 3.3
a=(5) od-rml' G
o If I} (r) = Othen vy is geometrically double and an associated basis of eigenvectors
is given by
0 _ Pk 0 _ (//k,r,p) 34
‘pk,] ( O )’ ¢k’2 ( Qak . ( . )
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Except from the definition of ¢ , p, the spectral analysis is the same as for system (1.1)
(see Section 2.1). Thus, for the operators ‘A and B to satisfy the assumption (H) stated
in [13, Section 2.1.2] it only remains to study the approximate controllability condition

Ker(A* — 1) N Ker B = {0}, VAeA.

This is the goal of the following section.

3.2. Approximate controllability

From the Fattorini—Hautus test, we obtain the following characterization for approximate
controllability of system (1.3).

Proposition 3.1. Let w c (0,1) be a non empty set and let ¢ € L*(0,1) and p €
W12(0, 1). Approximate controllability of system (1.3) holds if and only if

M (rex = Sper, w) #0, Y k > 1 such that rog — Spex = 0 in . (3.5)

The proof follows directly from [14, Theorems 2.1 and 2.2].
Notice that, for approximate controllability to hold, we have two very different
situations.

e When (Supp(g) U Supp(p)) N w = @ condition (3.5) has to be checked for any
k>1.

e Whereas, when (Supp(g) U Supp(p)) Nw # @ condition (3.5) has to be checked
for at a most a single k > 1.

Remark 3.2. The question of approximate controllability for system (1.3) was already
studied in [16, Theorems 1.1 and 1.2]. There it is stated that, if

(Supp(p) U Supp(q)) # @,

approximate controllability holds in any time. In fact, this result is not correct since there
can exist k > 1 such that

rex —Sppr =0inw  and Mk(rtpk—Sptpk,w)=0.

Such a counter-example was constructed by A. Dupouy in her Master Thesis [15], under
the supervision of the first author.

We set ¢ = 0, which implies that r — S, = —0x(pe). For a given k > 1, the idea is
to select an interval w = (a, b) such that ¢ # 0 on w, which is possible since ¢, has
only finitely many zeros in (0, 1). Then, we choose p = # in w so that, by construction
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rox — Spok = —0x(pex) = 0 in w. Finally, it is possible to extend p outside w with
appropriate regularity such that

a 1
/ o (1) (o) (x)dx = / (1) (po) (x)dx = 0,
0 b

ie, Mi(rex — Sper,w) =0.

Due to the analysis conducted in Section 3.1, under the assumption (3.5), the operators
A and B satisfy the assumption (H) stated in [13, Section 2.1.2].

For more coherence with the expression of the minimal null control time obtained in
Theorem 3.6 below, instead of the approximate controllability condition (3.5), we use the
following characterization.

Lemma 3.3. Let w (0, 1) be a non empty set and let ¢ € L*(0,1) and p € W= (0, 1).
Assume that (Supp(q) U Supp(p)) Nw = @. Then, for any k > 1,

Mi(rex = Spei, w) =0 = M ((Ir(r) =)ok + Spgk, w) =0.
Thus, approximate controllability of system (1.3) holds if and only if
M (i (r) = r) ek + Spoi, w) # 0, V k > 1 such that rox —Sppx = 0in w. (3.6)

Proof. Let k > 1. First of all notice that for any connected component € of (0, 1)\w we
have

[ Spe0wenas =o. 67)
Indeed, for any a, b € [0, 1] such that p(a) = p(b) = 0, integrating by parts we obtain

/ (S 0) (¥)r (¥)dx = / ( xp<x>¢k(x>+p<x>ax¢k<x>)sok<x>dx

b
- / ()00 (Xpr () + / P(0)3epr () pr (X)dx
=0.

Thus, the assumption Supp(p) N w = @ proves (3.7).
Now assume that Mk(rgok - S,ek, a)) = 0. Then, using (3.7), for any connected

component € of (0, 1)\w we have

/ F()@2 (x)dx = / (S0 (Dgr(x)dx = 0.
[ ¢

Since Supp(r) N w = @, this gives

wn= Y [reecie=o

cec((0.0\w)

254



Distributed null controllability of some 1D cascade parabolic systems

which proves that My ((Ix(r) = )¢k + Spx, w) = 0.
Finally assume that Mk((lk(r) - 1)k +Spok, a)) = (. Then, using (3.7), for any
connected component € of (0, 1)\w we have

1(r) /«, o (x)2dx = /G F(x)ex (x)2dr.

Since Supp(r) N w = @, this gives

rO(1=lelt) =0 Y [ere

sec(@ma)
- Y [rwaera-no.
cec(@ma) "*

Using (A.3) we obtain I (r) = 0 and thus My (rex — Spek, w) = 0. |

3.3. Minimal null control time

We now turn to the determination of the minimal null control time. For this system, we
have a result which is similar to Theorem 1.3 and that reads as follows.

Theorem 3.4. Let w C (0,1) be a non empty open set and let g € L*(0,1) and
p € Wh(0, 1). Assume that (3.5) holds. Then, the minimal null control time Ty g, for
system (1.3) is given by
—In(Ix(r)? 2 4 2
To,q,p = limsup (T2 llerll + War.plle)
k—+00 2V

where Yy . p is given by (3.2).

The proof follows exactly the proof of Theorem 1.3 and is left to the reader. The only
difference is that, due to the change of definition of i , , one cannot use Lemma A.2
but shall instead use the following lemma.

Lemma 3.5. There exists C > 0 such that
Wxrpllon <C, Vik>1
where Yy . p is given by (3.2).

The proof follows the proof of Lemma A.2 with the use of the estimate

1 1
/0 B (pr) ()2 < 20[p’ |2 +2 /0 ()¢, () %dx < Cv,

due to (A.2).
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Then, as in Theorem 1.4, we can simplify the formula in the case where the coupling
terms are not active in the control domain.

Theorem 3.6. Let w C (0, 1) be a non empty open set with a finite number of connected
components. Let ¢ € L*(0,1) and p € WH*(0, 1) be such that
(Supp(g) U Supp(p)) Nw = @.
Assume that (3.6) holds. Then, the minimal null control time for system (1.1) is given by
—In My ((Ix(r) — 1 +S , W
Tong p = limsup K (T (r) = )i + S ppie, w)
k—+00 Vk

where My is defined by (1.9).

The proof follows exactly the proof of Theorem 1.4 and is left to the reader.

3.4. Applications of the minimal null control time formulas
3.4.1. When the coupling is not active in the control region

In this section, we assume that

(Supp(p) U Supp(g)) Nw = @. (3.8)

Assume first that w = (a, b) is an interval.

In that case, and when A is the Dirichlet-Laplace operator, it is proved in [16,
Theorem 1.4] that, under the condition (3.8), when approximate controllability holds, the
minimal null control time is given by

_1 I , I ’ I
To,q,p = limsup nmax{| k()] i 1J<(r)| | 2,k(”)|}’

k—+co Vi

(3.9)

where I  and I j are defined in (1.12).

Let us show that the formulation given in Theorem 3.6 allows to recover this result, for
a general diffusion operator A.

Since w is an interval, setting

F = (Ix(r)ox — ror) + Sp ek,

a 1
/ F(x)sok(x)dx,‘ / F(xm(x)dx'}_
0 b

Due to the assumption Supp(p) N w = @ we can use (3.7) to get

we have

Mi(F,w) = max{

a 1
/0 (Sper)prdy = /b (S )erdx = 0.
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Thus, it follows that

/ F(Ogr(x)dx = I (1) / & (X)dx - I ()
0 0
and
1 1
/ F(Opr(x)dx = I (1) / &2 (¥)dx — L4 (r).
b b

The rest of the proof follows that of Section 2.3.1, by using Theorem 3.6.

In the previous setting it appears that the minimal control time given in (3.9) only
depends on the quantity r. We will show now that when the control domain w is not an
interval, this may not be true any more. More precisely, we shall design an example such
that r = 0, but nevertheless null controllability holds for any time 7 > 0.

Assume that w = (0,a) U (b, 1) with 0 < a < b < 1. The main difference with the
previous situation comes from the fact that (0, 1)\w has a (unique) connected component
that does not touch the boundary of the domain, which makes an important difference in
the definition of the quantities My, see Section 1.2.1.

We build our example as follows. We first choose a smooth function p supported in
(a, b) and such that

/ PO 4 20, (3.10)
a Y(X)
We now set g = 5 in such a way that r = g — % p’ = 0. Moreover, by assumption on p,

the condition (3. 8) holds.
For any k, since r and p are supported outside w, we immediately have that

rer —Sper =0, in w,
and, by (1.8) and (3.7), we get

My (I (r) = r)er + Sp e,

b
w) = / (801 ()G () dx].

By definition of S, we can integrate by parts, using that p(a) = p(b) =0, to find

b _ _ p(x)
[ smnwmmar=1 [ 2w, o

where Wi = (y¢) )@k — 1 (y¢}) is the Wronskian of ¢ and @y Since ¢, and ¢y solve
the same second order linear ODE, this Wronskian is constant and we get

(0)90 (0) pe)
/ (Spio0) (0 (x)dr = 2k /
y(x)
Thanks to the assumption (3.10) we see that this quantity is not zero, which proves the
approximate controllability condition (3.6). In addition, by using Theorem 3.6 and the
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asymptotics (A.2), it follows that the minimal null control time for our system is simply
given by

—1In|p; (0
To,q,p = limsup M =0.

k—+co Vi
In this case, despite the fact that r = 0, we get that the system is null-controllable at any
time 7 > 0.
Observe that if the control domain is restricted to w = (0, a) (or w = (b, 1)) then this
particular system is not even approximately controllable.

3.4.2. When the coupling is active in the control region

We now use the formulation given in Theorem 3.4 and the computations done in
Section 2.3.2 to get the following sufficient condition for null controllability in arbitrary
small time.

Proposition 3.7. Assume that the coefficients defining the Sturm—Liouville operator A
in (1.2) are sufficiently regular, i.e., y € C*([0, 1]) and ¢ € C°([0, 1]). Assume that there
exists an open set wy C w and ro > 0 such that
infr>ry or supr<-rg 3.11)
wo wy
and that the approximate controllability condition (3.5) holds. Then, system (1.3) is null
controllable at any time T > 0.

We observe that the approximate controllability condition is crucial in this result. For
instance, the example shown in Remark 3.2 is not approximately controllable even if we
1(.1

have r = —3 (W)/ which clearly satisfies (3.11).

Proof. The proof follows closely the one in Section 2.3.2 but needs to be adapted to
handle some boundary terms coming from integration by parts in integrals involving the
first order coupling terms. We assume that inf ,, 7 > ro, the other case being similar.

From Theorem 3.4, it is sufficient to prove that the quantity I (7)||¢x ||i) + ”lﬂk,r,p“i
does not tend exponentially fast to zero with respect to the eigenvalue vy.
The contribution of I;(r) is dealt with as in Section 2.3.2 by writting Y, , =
Yirp1 Wik rp2 With g ., 1 solving the Cauchy problem
(A= vidWirpi1 =)ok,
lpk,r,p,l(o) =0,
w;c,r,p,l(o) =0.
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It is thus sufficient to obtain a lower bound of the following form

||¢rk,,,p,2||i > Ry with lin_l)sup “InRe _ 0, (3.12)

k—+c0 Vi

where Y ., 2 satisfies the equation

(A - Vk)'ﬁk,r,p,Q =—ryg+ Sp‘pk~

As we seek for a lower bound it is sufficient to assume that w = (a, b) is an interval
and that r(x) > ro for almost every x € w.

Due to Sturm oscillation theorem (see for instance [12, Corollary A.4.33]), there exists
{o € (0,1) and K € N* depending on y, ¢ and b — a, such that for any k > K there exists
ck,dy € (a, b) satistying

er(cr) = gi(dy) =0,

ldi —ckl = 2|b—al and min(|b - dil,|cx —al) > &, (3.13)
2 2
Vk > 70

For every k > K, we now set

1
bo=—, VYkx1 (3.14)
Yk

To mimic the proof of Section 2.3.2, we introduce a; and by such that ay + € = ¢y
and by — {x = di. By the last point of (3.13) we see that { < %fo so that we have
(ak,bk) - (a, b).

We now operate a splitting of the interval (ay, by) similar to that of Section 2.3.2 that
is we set

o & = (ag,ax +€x) U (b — b, by),
o Cp =[ar+ &, by — 6]
e and &y = [#_l%,a_;b_i_b%a]

Notice that, by construction, we have €y c & for every k > 1.
From (A.3), there exists a; > 0 depending on vy, ¢ and €, such that

/ @1 (x)dx > ay, Vk>1. (3.15)
Co

Applying Lemma 2.4, with u = Yy, > and F' = —rgy + S, ) we obtain

N/ < azﬁ(l .

/ F(x)pr()dx

Cr

)||lﬁk,r,p,2||zzk + a2l Fll &, -

1
bk
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Using (A.6) we obtain the existence of C > 0 depending on v, ¢, ¢ and p such that

1
2

1
IFlla, < 2(/0 r(0)@r(x)* + p’ (x) 2@ (x)? +p(X)290}<(X)2dX) < Cyt.
Thus,

N

Since €y c €, we have

/ F(x) o ()dx
Cr

1 _
< 1+ —— o, + 2 Ce .
Q'ZM( gk\/ﬁ)”'l’k,r,p,lnwk an k‘/ﬁ

[ rwemar=- [ rweera,
G [

because the contribution of S, ¢y in this integral is zero, by integration by parts using
the first point in (3.13). This integration by parts is the reason of the adjustments needed
compared to Section 2.3.2. Thus,

‘/ F(x)pr (x)dx| > rO/ <pi(x)dx > roaj.
(Ck G0

Gathering these estimates we obtain

az\/ﬁ(l + fk\l/ﬁ)ﬂlﬁk,r,p,zllak > \/f_k(rom - azc_\/a\/ﬁ)-
Using the definition of ¢, in (3.14), it follows
Wkr.polla, = 3;(?0&1 - %)
afzvk/z(l + vi/z) Vi
This proves (3.12) and ends the proof of Proposition 3.7. O

4. Simultaneous controllability of systems with a space varying zero order
coupling term

This section is dedicated to the analysis of the minimal null control time for the
simultaneous null controllability problem stated in (1.4). In Section 4.1 we detail the
spectral analysis of the underlying evolution operator. Section 4.2 is dedicated to the proof
of the first formulation for the minimal null control time given in Theorem 1.6. Using the
computations done in Section 2.2, we then deduce in Section 4.3 the second formulation
given in Theorem 1.7. Finally an example is considered in Section 4.4.
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4.1. Spectral analysis

To fit again in the formalism of [13], we define the evolution operator (A in the state space
X = (L*(0.1))* by

A 0 O
A=|qgp A 0], D(A) = D(A)?
q3 0 A
and the control operator 8 by
1,u
B:ueU=L*0,1)+—]| 0
0

The spectrum of A* is given by A = {vi ; k > 1} and thus, as proved in Section 2.1,

1
A € LW(17Q’05 E’K)

as defined in [13, Section 2.1.2].
In any case,
Pk
‘/52,1 =10
0
is an eigenvector of A* associated to the eigenvalue v. Recall that, for any g € L*(0, 1),
the function ¥ 4 is defined by (1.6).

Case i. If It (q2) = Ix(g3) = 0 then vy is geometrically triple. A basis of associated
eigenvectors of A* is given by

0 0 wk,qz 0 ‘//k,qs
br.1> bra2=| ¥x | ¢r3=| 0 | 4.1)
0 Pk

Caseii(a). If I;(g2) = 0and I} (g3) # Othen vy is geometrically double and algebraically
double. A basis of the generalized eigenspace of A* is given by

0 0 wk’ql 1 1 wk,%
¢k,1’ ‘f’k,z =1 Yk | ¢k,1 =—— 0 4.2)
0 1i(q3)

where ¢>2 , and ¢2 , are eigenvectors and the generalized eigenvector ¢}€ | satisfies
* 1 _ 4,0
(ﬂ - Vk)¢k,1 = ¢k,l‘
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Caseii(b). If Ix(q2) # 0and I (g3) = 0 then vy is geometrically double and algebraically
double. A basis of the generalized eigenspace of A™* is given by

0 0 (//k,q3 | 1 lpk,qz
Pr.1> 2= O | en = 7| ¥ (4.3)
1i(q2)
Pk 0

where ¢° | and ¢ . are eigenvectors and the generalized eigenvector ¢! . satisfies
k1 k2 k1
* 1 _ ,0
(ﬂ - Vk)¢k,1 = ¢k,1‘

Case iii. If I} (q2) # 0 and I (g3) # O then vy is geometrically double and algebraically
double. A basis of the generalized eigenspace of A* is given by

0 0 Yk.q Yk.qs ' 1 Vi
e Gro=l(@3)| ek |- I(q2)] O |, Pt = o] ex 4.4)
0 o ka2

where ¢° | and ¢ . are eigenvectors and the generalized eigenvector ¢! . satisfies
k1 k.2 g g g k1

(A" = vi)dp, = oY .

Thus, using (4.1)—(4.4), we obtain that the family of (generalized) eigenvectors forms
a complete family in X.
From [14, Theorem 3.2], the approximate controllability assumption

Ker(A* — 1) N Ker B = {0}, YAieA

is equivalent to (1.14).
Thus, the operators A and B satisfy the assumption (H) stated in [13, Section 2.1.2].

4.2. Characterization of the minimal null control time

This section is devoted to the proof of Theorem 1.6.

4.2.1. An abstract characterization of the minimal null control time

Since the operators A and B satisfy the assumption (H) stated in [13, Section 2.1.2] it
comes from [13, Theorem 11] that, for any yo € X, the minimal null control time for
system (1.4) from yq is given by

In* C(Gy,
To.q (o) = lim sup °_C\Gk:30) s
k—+co ka

where In* s = max (0, In s), for any s > 0 and the cost of the k-th block is given by
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e in Case i

QeU
_ 2.
C (G y0) -“‘f{”g”v’ with (Q, B°¢} v = (vo, ). )x for j € {1,2,3}} 6

e and in Cases ii (a), ii (b) and iii
Q. Qleu
. 2 2 . « .
C(Gr.yo) = inf{ [|Q%, + [|Q'l, : with (Q°, B*¢] v = (vo. ¢, ;)x for j € {1,2}

and (Q°, B°6L Yu+(@Q', B°6) Y= (vo. 8L x
4.7
The proof of Theorem 1.6 consists in computing the quantity C(Gy, y¢) and evaluating
its asymptotic behaviour.
From [13, Theorem 18], in Case i, an explicit expression of the cost C(Gy, yg) of the
block is given by

C(Gr,y0) = (M7'&,&) 4.8)
where
(yo. 87 1 )x
&= ()’0,¢2’2>x and M = GramU(3*¢2,1’B*¢2,2’B*¢2,3)
(y0,¢2,3)x
lpll?, 0 0
= 0 Hwk»%“i Wi,q0s¥k.g3)w |-

0 <¢k,q2»¢k,q_3>w ”'vbk,q_;Hi)

Since Cases ii (a), ii (b) and iii involve algebraic and geometric multiplicities occuring
simultaneously inside the same block, we cannot apply [13, Theorem 14] nor [13,
Theorem 18] to get a similar expression. We compute such an explicit expression in the
next subsection.

4.2.2. An intermediate optimization argument

As detailed in [13, Section 5.4], when both algebraic and geometric multiplicities appear
in the same group, one can repeat the arguments developed there to obtain an explicit
expression of the cost of the block. This is what we do in the following proposition.

Proposition 4.1. Let U be a real Hilbert space. Let v, bg, b% € U be such that b(l) and
g,w% eR,

0 ol . 0,00 _ 0 .
) o2 e Q,Q e Uwith(Q", b))y = w; for j € {1,2}
inf{ [[Q°], + ([l - 0,1 Uiy
and (°, b))y +(Q', b))y = w,

bg are linearly independent. Then, for any w?, w

} =(M7'&,&)
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where

M = GramU(b(l), bg, b}) + Gramy (0, 0, b(l))

Proof. First of all, notice that by projection the infimum can be computed for

0 1 0 50 21
0, Q! € Span(bY, b3, b1).

and ¢=|w

Thus, we are solving a finite dimensional optimization problem with a quadratic coercive
functional and linear constraints. It admits a unique solution characterized by the existence

of multipliers m(l), mg, m% € R such that

QY H%y +(Q H Yy

= mCHO, B + m3(H, by +m} ((H. by + (H' b)) 4.9)

forany H*, H' € U.

Using the constraints (Q°, b?.)U = w?. for j € {1,2} and (Q°, b%)U +(Q!, b(l))U = wi

and choosing successively
e H'=b"and H' =0,
o H° :bgandH1 =0,

e H'=bjand H' = bY

yields
0 0
i
w% =M m%
Wy my
with

M = Gramy; (b%, b3, b}) + Gramy, (0, 0, 69).
We now prove that M is invertible. Let x € R3 be such that Mx = 0. Then,

0=(Mx,x) = ”xlb(l) +x2bg +x3b”|§] +x§”b?”?].

(4.10)

This implies x3 = 0. Then, since b(l) and bg are assumed to be linearly independent, we

obtain x; = x, = 0. Getting back to (4.10), this gives

0

3

0
m;
i

m
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Finally, choosing H? = Q° and H'! = Q' in (4.9) yields that the seeked infimum is

my
01 + o', = (k| ) = s
ml
1
which ends the proof of Proposition 4.1. O

4.2.3. Spectral characterization of the minimal null control time
To prove Theorem 1.6 we now give a more explicit expression for the quantity C(Gy, yo)-

Lemma 4.2. Forany k > 1, let C(Gy, yo) be defined by (4.6)-(4.7). Then,

2 Y.y Yi.q3 2
o (5o (5 )= o (5]
C(Gr, yo) = Xy SR Xz @ (4.11)
llpxlle, 125l 1kasl, = (Chans Chas)2

where (.. is defined in (1.17).

Proof. The explicit expression of C(Gy, yo) is given either by (4.8) or by Proposition 4.1.
In all cases, we have

C(Gr,y0) = (M7'&,&)

where, due to the choice of normalization (Y« 4,, ¥k )w = 0, the matrix M has the form

nmi | 0 0
M = 0 ma> mz3|.
0 my3 m33

Thus, explicit computations yields

1 2 2
3 (ms,sfz = 2ma 36263 + m2,2§3)~
mjpom3 3 — m2’3

_ 1
(M7I€,6) = —&] +
mi
We now distinguish the different cases.

Case i. We have

(0,69 x lleill?, 0 0
‘f = <y07 ¢2’2>X and M= 0 ”l//k"h”w (Wk,qz"/’k,g;)w
(o, ¢2,3>X 0 <¢’k,q2’ Wk,q3>w ”'pk,qg”w
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where ¢} |, ¢} , and ¢ ; are defined in (4.1). Thus,

Or\\2 Yk,q, Yk,q3 2
<)’0, ( 0 )> Yo, ‘%k Yi.qs — Yo, «;9;( Vg,
- 0
(M7'¢.¢) = s yT— e
||90k||a) ”l//k,(h”w”wk,qg,”w - <lpk,qz’ lﬁk,q3>w
Notice that, due to the approximate controllability assumption
Ker(A* — 1) N Ker B* = {0}, VAeR,
2 2
we have ||‘//k,qznw“l//k,q3”w - <l//k,q2’l//k,q3>%) > 0.
Case ii(a). We have
<}’O, ¢2’1>X
f = <)’O, ¢2’2>X
<}’0, ¢]1€’]>X
and
lexllZ, 0 0
2
M = O ||Wkﬂ2||w I (1(]3) (lﬁk,qz; lpk,q3>a)
2
0 Ik(]q3) kg2 Vkogs)w Ik(,lh)z”‘»”k,q;“w +lleklle
where gbg 12 (bg , and gb,l( , are defined in (4.2). Thus,
2
2 Yk,
(v0.( %)) Ik(q3)2<yo, ( o )> lxll?,
—1 0 X 0 X
(M~'¢,¢) = E - - . -
el ||l//k,q2“w(nl/’k,q3“w + Ik(qs)llcpkllw) ~ Wk Ykags)w

l//k.qz wk,q3 2
H<)’0,( @ )> Wk,q3—<yo,( 0 )> Yk,
0 X Pk X w

kel (k.05 2, + T a0k I2,) = Wt kg%

Using the normalization condition (¥/x 4, ¢k)w = 0, this can be rewritten as

o (5L (%5 )) 0= o (75 ))

ek, Wraall2 N12kasls, = Wk Chgs)

2

w

(M7'¢,&) =
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Notice that, from Cauchy—Schwarz inequality,

Wk [ s 12, = Wt Za),
= Hd’k,qz“i(”d’k,qg“i) + 1k(¢13)2||90k||%,) — Wk Vg )b

> 1t () Wra|], Ikl

Then, due to the approximate controllability assumption
Ker(A* — 1) N Ker B* = {0}, VA€eR,
2 2 2
we have ”'/’k,qznw“gk,qsnw — kg2 Chigs)e > 0.
Case ii (b). This case is exactly Case ii (a) when exchanging the roles of g, and g3. Thus,

o (50, 1o (5 )= [75)) s

”on“i) ”{k,@”i”lﬁk,qg”i - <§k,qz’ lﬁk,tp)i)

2

w

(M7'¢,¢) =

and ||€Vk,qz“i||‘”ksqz||i = (Lkgr> ‘ﬁk’fh)tzu > 0.

Case iii. Recall that the eigenvectors are defined in (4.4). To preserve symmetry, we
consider here the generalized eigenvector given by

! 1 'J/k"h 1 lv[/k,%
S TAE] A TR
‘We have
(v, 89 1 )x 00 0
£=|0odh x| and M=Mi+[0 0 0
Vo, ¢p )x 0 0 llexl
with
My = Gramy | ¢k » 1k(q3)Wk,q, — 1k (q2) Wk g5 » A (q )lﬁk @t 3 (q )lﬁk @
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As in the previous cases, straightforward computations (which are left to the reader) give

o (5)),

2
lexlle

l/’k,qz wkﬂ}
'<yo,( Px )> l//k,q3_<y0a( 0 )> Yi,q
0 X Pk X W

7k @)Wk = TeCa)Wra || ekl + kol kol = g Yras)

2 l//k,qz 2 2 Wk,qg 2 2
Ii(q3)"(yo, | e« +1k(q2)"{yo.| © lexlle
0 X Pk X

17630 0 = T (@)Wras PNk 12, + kol ksl = W V)

Using the normalization condition (Y/x 4, ¢k)w = 0, this can be rewritten as

()1
<y0’ 0 >x
llell?,

Yk,q, Yik,q3
'<yo,( Pk )> {k,q3—<yo,( 0 )> I
0 X Pk X w

2 2 2 2 :
11k (@30 k.qr = Te(@2)Wie.qs | Nkl + W rgall W kaasll, = Wiagos Yieaqs )
Using again the normalization condition (Y« 4,, ¥k )w = 0, we obtain

(M7, &) =

(M7'¢,&) =

2

120l 12k.as |2, = Crgos Coa)?s = 1Tk (@)W = T (@)Wnasll- Nk,

2 2
+ ||¢k,qz||w||l/fk,q3“w — Whogns Vkogs ) o
Thus, from Cauchy—Schwarz inequality and the approximate controllability condition

Ker(A* — 1) N Ker B* = {0}, VA€eR,

it comes that ||§k’q2||i)||§k,q3“i) - <§k,q2’ é'k,q3)f(, > (0 and

Dk 2 wkfz _ l//k,% )>
o (50, oo (5 )= o (750 00
lexlle el s, = (G rae

Notice that the last formula obtained in Case iii degenerates as expected when
I (q2) =0and/or I (g3) = 0. Thus, gathering all cases proves (4.11) and ends the proof
of Lemma 4.2. O

2

w

(M™'¢, &) =

We now have all the ingredients to prove Theorem 1.6.
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Proof of Theorem 1.6. Recall that from (4.5) we have

: In* C(Gy,
To,q(yo) = limsup In” C(Ge. yo)
k—+0c0 2yk

where, due to Lemma 4.2, we have for any k > 1,

Gr L2 Yi.ay B Yk.q; )>
o (500, oo (5 )= o (750 )) 00
lexl, I¢eall N1E.asl, = (Crgnr L)

We now estimate the previous right-hand side. As proved in Lemma A.2, we have

”‘/’k,qz”(o,l) + ”'ﬁk,an(o,l) <G, Vkz1

2

w

C(Gk,yo) =

Thus,

lpk,qz wk,q_g
vo, | e« Ckgs — (Yo, | 0 Ck,g
0 X Pk X w

Recall that ¢y satisfies (A.3). This implies that

max(“{k,m”i’ “é,k’%”i;)
i|§k,qz|ﬁ,||§k,q3||i - <§k,qza gk,cn)%)

for any £ > 1 and any yog € X which gives

| max [|¢e.qe [ 6.0 )

To.g < limsup — In :
T ke 2% el kgl = (g Cras)

We now prove the converse inequality. We define for all k£ > 1

o - {1 if[|¢x.aall, > lEk.aall,
L=

0 otherwise

2

< Clyolly max([|¢anlfy e )

C(Gr, o) < Cllyollx| 1+

and we choose the particular initial condition

| 0 0

y0=§ —|e| O |+ (1 —-e)] ek
Vi

k>1 Ok 0

From the expression (4.11) we obtain

max ||¢k,gs| sl

||(k112||i||§k613“i - <é’k,qz’ é’k,qaﬁu.

1
C(Gk.y0) = =
Vi
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This gives that

| ma (¢, 2 .12, )
To.q = To,q(yo) =limsup —In

k—>+0co ka ||§k,q2||i“§k"13ni - (fk,qz» gk,q3><2u

which ends the proof of Theorem 1.6. O

4.3. A second characterization of the minimal null control time

The goal of this section is to prove Theorem 1.7.
We first notice that, by (1.19), we have that g» and g3 are linearly independent and
thus there exists C, C > 0 such that

Claal +las)) < lleaga + @331l < C(laa| +las), VYV az,a3 €R. (4.12)
Proof. From Theorem 1.6 we now estimate, for any £ > 1,
2 2
ax(| [ [

‘gk,qzui,”gk,%”i) - <§k,q2’ fk,q3>31 ’ ||§k,q2||i;“§k,613”i - <§k,qp gk,‘h)%u .

Let k > 1 and assume that ”-(k,qs“w > Hgk,quw. Notice that

2
(Ck.qrs Chogs)
||§k,qs||i, Chiga = W@,qs = ||§k,qs||2m||§k,qz“i, - <§k,qza§k,qs>3u'

k.3l w

Thus,

max([ean 5 Ioanll) i
ek 2 12eas ) = s ) R
gstZ ”{’\343”1, -(k,% ” (413)
1

- minTe]R”gk,qz - Tgk,QSHi) .

By linearity we have, for any 7 € R,

Ckqr = Tlkoqs = Ckogn—7qs-

We proved in Section 2.2 that there exists K € N*, C{, C; > 0 such that, for any &k > K
and any g € L*(0, 1) such that Supp(q) N w = @, we have

2
Cilléealll, < Mi(91g- @) < Covilléall, (4.14)

where ¥y 4 is defined by (1.18). The analysis is the same in the symmetric case ||§ X, ||w >

||§k,q3||w'
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Thus, from Theorem 1.6, (4.13) and (4.14), it comes that

—Inmin{min;ex Mk (9%,go-7q5> @), Minger M (Fr,g3-7qr» @)}

To,q = limsup
k—+c0 Vi

4.15)
To conclude the proof of Theorem 1.7, let us prove that the quantity

min{min M (ﬂk,qrrqp a)), min My (ﬁk,qrmz’ w)}
TER TeR

appearing in the formula above has the same asymptotic behaviour as
min My (9,4, w).
q<slq] k. @)

q42-71493

Notice that, for any 7 € R, the function g, = Tor—rasln

belongs to S[q] and thus

Mk(ﬁk,qz—‘rqg, LU) = ||6]2 - Tq3||ooMk(l9k,q.,, w)

> gqrerél[rtlﬂ My (9%.q, w),

where we have used (4.12). It follows that

rrnelxg Mi(Ok.gy-7g50 ) = gq?si[l;]Mk (9k,q0 ©)

and the exact same computation holds for g3 — 7¢g>.
Conversely, let ¢ = a2q2 + a3q3 € S[q]. If |az| > |as|, then by (4.12), we have
las| > % and thus

Mk (ﬂk,qv w) = |a'2|Mk (ﬁk,q2+a3q3’ (,4))
@

|
2 2_5 l;l:lel]g M (ﬁk’th—‘r%’ w)'

Otherwise, we have |a3| > |a;| and a symmetric analysis gives

1
MiBrq, @) 2 -2 min Mi (k. gs-rgz. ©)-

Finally, from the expression of the minimal null control time given in (4.15), the claim
of Theorem 1.7 is proved. O
4.4. An explicit example

In this section we consider A to be the Dirichlet-Laplace operator (i.e.,y = 1 and ¢ =0

in(1.2))andw = (0, 1) U (3, 1).
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Proposition 4.3. Let A and w be defined as above. Let 1y € [0,+o0]. There exists
q2,q3 € L*(0, 1) such that

(1) approximate controllability of system (1.4) holds,

(i) for any (as,a3) € R?\{0}, the minimal null control time for system (1.1) with
q = axqga +a3q3 is Ty 4 = 0. In particular Ty 4, = To 4, = 0.

(iii) the minimal null control time for system (1.4) is Ty 4 = 70.
Proof. For j € {2,3}, we set q; = 19, with
1 1
O, = (5 ~ 02,5 +52) and O3 = (73 — 03,113 + 03),

where 13, d, and 3 are chosen such that
Supp(¢2) Nw=2 and Supp(g3) Nw = @. (4.16)

The approximate controllability of system (1.4) with these coupling functions has been
studied in [14, Section 3.4.2]. It is proved that approximate controllability holds if and
only if
n3¢Q and 03¢ Q. (4.17)

Using for instance [5, Lemma 7.1], we can find 73 ¢ Q and 0>, 63 ¢ Q such that 2773 and
28, are irrational algebraic numbers of degree 2 and

lim sup M =1 (4.18)

Koo k272

These choices prove (i).

Let us now focus on (ii) that is the determination of the minimal null control time for
system (1.1). Under the considered assumptions, we have explicit formulas for ¢ and @y
as follows:

YK = V2sin(kn)  and @ = cos(km).
From Theorem 1.4, for any g € L*(0, 1), we have

. —In My ((Ix(q) = @)k, w)
To,q = limsup o) .
k—+00 k*m

Since (0, 1) \ w has only one connected component € = [4]'1’ %] it comes that

Mi((Ik(q) — @) ¢k» w)

mewﬂmwm%

= max{

jémm%ﬂmwm@mwﬁ
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Then, for j € {2, 3}, since Supp(q;) C €, we have

/G (1) = 43D (0%dx = (g ) (1 = NlpxlZ) = Tilay) = ~llgili, ol
where we have used
iian = [ e =l

J
From (A.3) it comes that there exists C > 0 such that for any k > 1 and any j € {2, 3},

C < = llerlip, lellz, < 1. (4.19)

/@ (e(ay) - 4; () or(x)dx

This already implies that T 4, = To 4, = 0. Let (@2, @3) € R?\{0} and ¢ = a2¢> + @3¢3.
We prove that

limsup k2|1 (q)| > 0 (4.20)

k—+0co

which implies Ty , = 0 since

/G(Ik(q) - q(X))wk(x)de‘ = 11e()llxlI5,-

Explicit computations yield

Ik(q)zaz/ sinz(knx)dx+a3/ sinz(knx)dx
02 03

(_ 1)k+1 a
2kn

If @202 + @393 # 0, the property (4.20) follows directly. Otherwise, we necessarily have

ay # 0 and since 203 is an irrational algebraic number of degree 2 we have (see for

instance [5, Lemma 7.1])

= 0262 + @305 + sin(2knds) — 261”(—; cos(2kxn) sin(2kxd3).

inf k|sin(2knd,)| > 0.
k=1

Together with the choice of 63 in (4.18) this proves (4.20) and thus gives Ty 4, = 0.
We now turn to (iii) that is the determination of the minimal null control time for
system (1.4). From Theorem 1.7 we have that the minimal null control time is given by

—Inmingespq) Mk (ﬁk,q’ w)

Tp,q = lim sup 4.21)

k—+co Vi

Let k > 1. Since € is symmetric with respect to %, we have
3
—_—~ 4 .
/ 1 ()P (x)dx = \5/ sin(kmx) cos(kax)dx = 0.
(7 1
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Thus, for j € {2,3}, we have

) ~L(g )Nl )
Mk(ﬂk,qj"(g) - (_./(i qj(x)tpk(X)(Zk(x)dx .

Again a symmetry argument shows that
/ g2(xX) o (x)pr (x)dx = \/5/ sin(knx) cos(kmx)dx = 0.
c @)
It follows that for any g = a»q2 + a3q3 € S[q], we have

@l
Mk(ﬁk,q’q) = (—a/3 Jo, gok(X)Jk(x)dx)

and thus

M1 0) = max{uk(q)nnokui,, as|

/O wk(x)ak(x)dx'}. 4.22)

Let us now prove that (4.21) reduces to

~tn [, ¢ (0Fe(x)dx|
To,q = limsup . (4.23)
k—+00 Vk
We set _
—~ _ qk
qr = I (g3)q2 — Ik (g2)q3, Gy = 7=
lgxloo
in such a way that Ix(g;) = 0 and |G ||« = 1. By (4.22) and (4.12), we get
1 —
Mifinza) < | [ etomeoa]
ClJo,
so that
. 1 -
min Mk(ﬂk,q, a)) < —‘/ <pk(x)gok(x)dx‘. 4.24)
q€Sq] ClJos
Recall that C is the constant appearing in (4.12).
We now prove that, for some C > 0 that does not depend on k, we have
min My (9,4, w) = C / o (x)@r (x)dx|. (4.25)
q€Slq] O

If it were not the case, we would have, up to a subsequence, the inequality

/ 0 (0 (x)dx

O3

min M; g, W) < Ek
q<5lq] (P> @)

’

for some g, — 0.
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In particular, from (4.22), it would exist for each k, a function gx = @2 kg2 + @3 kg3 €
S[q], such that

L@ llexll?, < ek

/0 ¢k<x>ak(x>dx', 4.26)
and ‘

|3, k| < &k

/ o (01 (x)dx / mxm(x)dx‘. @.27)
03 03

From (4.27), we deduce first that |a3 x| < &g, and in particular @3 x — 0. Since ||gk |l = 1,

it follows that | x| — m, from which we deduce that
. —~ 1 . o
lim 17| = —— lim [7,(q2)| = 2
k=0 llg2lleo k= llg2lleo
By using (A.3), we obtain a contradiction with (4.26).
Using (4.24) and (4.25) in (4.21) exactly proves (4.23).
Finally, explicit computations yield
sin(2knn3) sin(2knds3)

‘/03 Pk (X) @i (x)dx = /03 sin(kzxx) cos(kmx)dx = i

Since 273 is an irrational algebraic number of degree 2 we have (see for instance [5,
Lemma 7.1])

inf k|sin(2knn3)| > 0.
k>1

Together with the choice of 3 in (4.18) this ends the proof of Proposition 4.3. O

Appendix A. Spectral properties of the Sturm—Liouville operator

Let A be the Sturm—Liouville operator defined by (1.2). We recall here some spectral
properties that will be used in our study.
From [1, Theorem 1.1 and Remark 2.1], there exist o > 0 and C > 0 such that

0 < Visl — Vi, Vk>1, (A.1)
1
cVE Sl < Cyr. Vre {01 Viz 1, (A.2)

and, for any non-empty open set w C (0, 1),
inf [l¢xllw > 0. (A3)
k>1

Let N be the counting function associated with the sequence of eigenvalues (v )r>1 i.e.,

N :r e (0,+00) — #{vi; vk < r}.
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Using [12, Theorem IV.1.3], this counting function satisfies for some « > 0,

N(r) <xvVr, VYr>0, (A4)
and
IN(r) = N(5)| < K(1+\/|I"—S|), Vrs>o0. (A.5)

To estimate various quantities, we will make an intensive use of the following lemma
proved in [1, Lemma 2.3].

Lemma A.1. Let A be the Sturm—Liouville operator defined by (1.2) and let 1o > 0. There
exists C > 0 depending on y, ¢ and Ay such that, for any 1 > Ao, for any F € L?(0, 1),
for any x,y € [0, 1], for any u satisfying

(A-Du=F in[0,1],
we have

)
1

P+ X0 o < el P +

/ " |F(s)lds 2).

Applying Lemma A.1 with u = ¢, F = 0, A = v} and integrating with respect to the
variable y € (0, 1) we obtain

1
’ 2

+ =
[u"(y)] 1

1, 1 r! ,
|90k(x)|2+v_k|90k(x)|2 < C(l +;/0 V(y)ltpk(y)lzdy), Vxe(0,1), Vk=>1.

Integrating by parts leads to

1 1
[ rolecoiar= [ on=conenmiay < vie el
which yields the existence of C > 0 such that
1
Vi

ek ()P + =l ()P <C,  Vxe(0,1), Vi1 (A.6)
We shall also use this lemma to estimate i/ , (defined in (1.6)) as follows:
Lemma A.2. There exists C > 0 such that

Wegllon sC. V1.

Proof. The function Jk,q defined by

v}, (0)

Uig =Vk,q — W

P>
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satisfies _
(A= viWiqg = (I(q) = q)pr
lz;k,q(o) = J;k,q(l) =0,
Ui 4(0) =0.
From Lemma A.1 with y = 0 it comes that
- - 2 C
e + 227 S <= vee@©n Vi1
Vi ’ Vi
which yields

[gllo <€ VEk=1.

Notice that, by definition of ¥y 4, we have (Y 4 — ¥k 4) € Rox. Then, multiplying by
¢k, integrating over w and recalling that (Y« 4, ¢x)w = 0, we obtain that

- <Jk, 7901()
'ﬁk,q — lﬂk,q _ q—z‘”
Il

This implies that

~ 1
Weallon =Wkt ) Ve 1

Then, estimate (A.3) ends the proof of Lemma A.2. |

By definition, ¢ and @y, are solutions of the same linear second order ODE (A—vy )¢ =
(A = vi)@r = 0. It is therefore natural to introduce the associated Wronskian matrix

¥ (%) ¢y (x)

2 —pr(x)
Wi(x) = (@ ~gr(x)]
e Pk

for which we can prove the following estimate.

Lemma A.3. There exists C > 0 such that
IWe @I+ W) <C, Vxel01], Vk=>1.

Proof. Letus fix a k > 1. Applying Lemma A.1 to u = ¢, and y = 0, we obtain
G (x)[* + Vik|§5,;(x)|2 <C, Vxe(0,1),Vk>1

Together with (A.6), this shows the uniform estimate on ||W (x)]].

Moreover, the determinant of Wy (x) does not depend on x and is thus equal to the
determinant of Wy (0) that is to —y(0)¢, (0)/+/vk. By (A.2), we know that this quantity
is uniformly bounded from below. The bound for Wy (x)~! follows. m|
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