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Quantitative Fattorini-Hautus test and minimal
null control time for parabolic problems

Farid AMMAR KHODJA*, Assia BENABDALLAH!
Manuel GONZALEZ-BURGOS* and Morgan MORANCEY®Y

Abstract

This paper investigates the link between the null controllability prop-
erty for some abstract parabolic problems and an inequality that can be
seen as a quantified Fattorini-Hautus test. Depending on the hypothe-
ses made on the abstract setting considered we prove that this inequality
either gives the exact minimal null control time or at least gives the qual-
itative property of existence of such a minimal time. We also prove that
for many known examples of minimal time in the parabolic setting, this
inequality recovers the value of this minimal time.

1 Introduction

1.1 Presentation of the minimal null control time problem

We consider an abstract control problem written in the form

{ Y (t) = Ay(t) + Bu(t), >0,

4(0) = 1. (1)

In this equation, w is a control that modifies the evolution of the state y. In all
what follows we consider that the operator A is the infinitesimal generator of a
CY-semigroup on the Hilbert space (H, || - ||) denoted by ¢ ~ e*4.

The space of controls will be denoted by (U, || - ||r). It is assumed to be a
separable Hilbert space and is identified with its dual. The inner products on
H and U are respectively denoted by (-,-) and (-,-)y. To take into account as
many situations as possible we consider admissible control operators (see [29]
Sec. 4.2] for instance) i.e. B € L(U, D(A*)") and its adjoint operator satisfies

T
I >0y e D), [ BN ylpa < Kelylt (12
0
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This setting allows to consider, for any yo € H and any u € L?(0,T;U), the
unique solution y € C°([0,T], H) of system (1.1)) defined by the following iden-
tity,

((8), 21 — (o, 4" 51) = /O (u(r), B*e=DA N dr, e [0,T],  (1.3)

for any 2' € H (see for instance [12, Sec 2.3.1.] or |29, Sec 4.2|).

The property under investigation in this article is null controllability. Recall
that system is null controllable in time T" > 0 if for any yo € H there exists
u € L%(0,T;U) such that the associated solution of satisfies y(T') = 0. We
will also mention another notion of controllability: system is approximately
controllable in time T > 0 if for any yg,y1 € H, for any € > 0, there exists
u € L?(0,T;U) such that the associated solution of satifies ||y(T)—uy1 || < e.

The following necessary condition for null controllability has been proved
in [I5], Prop 2.3].

Theorem 1.1. Assume that problem (1.1)) is null controllable in time T. Then,
there exists Cp > 0 such that for any y € D(A*), for any A € C with Re(\) > 0,

one has,
* 2 *,,012
2 arre(n) A"+ Nyl 1B*yllt: 14
Iyl < crermmeoy (W= apll 120wl ), (1)

The aim of this article is to prove that this necessary condition is also suffi-
cient for certain classes of parabolic control problems.

As detailed in Sec. [I.3] let us mention that this inequality can be seen as a
quantified version of the Fattorini-Hautus test. In all this article we define

Ty = inf{T >0; 3Cr > 0; Yy € D(A*),VA € C with Re(\) > 0,

ANl | Bl
o - oy (I ;
Iyl = Cre Re()2 | Re(\)

(1.5)

and Ty = +o0o when the previous set is empty.

The null controllability of parabolic partial differential equations has been
widely studied since the pioneering work of FATTORINI and RUSSEL [17]. From
the works of FURSIKOV and IMANUVILOV [I9] and LEBEAU and ROBBIANO [23],
it was commonly admitted that, in the context of parabolic partial differential
equations, there is no restriction on the final time 7" and no geometric restriction
on the control domain (in case of internal or boundary control).

But recently the study of particular examples highlighted the existence of
a positive minimal time for null controllability or a geometric condition on the
control domain. Actually, such an example was already provided in the 70s
in [13] but the full scope of this result was not understood at that time due
to the particular pointwise control exerted. The more recent results concerning
such a minimal time have been proved in contexts that have also been consid-
ered as specific, namely control of coupled parabolic equations [2] 4, 5] [14] or
control of degenerate parabolic equations [7, [8, [, [6]. Though these three set-
tings exhibit the same qualitative behavior, no precise link between them have
been established so far.



Our aim in this article is to give an abstract framework encompassing those
different frameworks to study the minimal null control time property. More
precisely, we will relate this minimal time to the time Ty defined in . We
will emphasize that this minimal time can have different origins. It can be
created by some localization of (generalised) eigenfunctions with respect to the
observation operator B* (as in [13] [5l 14} [7, [8, @, [6]). This aspect is dealt with
in Theorem But the minimal time can also be created by a condensation
of the eigenvalues of the underlying operator as in [2 4]. This aspect is dealt
with in Theorem In those two abstract settings the minimal null control
time will exactly be given by Tj.

We will also propose a more general setting (encompassing the two previous
ones) to deal with the situation where the minimal time comes from both the
localization of the eigenfunctions and the condensation of the spectrum. In this
case (see Theorem, we will prove that the existence of such a minimal time
is related to T but the exact value of this minimal time will remain an open
problem.

Finally there are still examples that will not fit into the different settings
we study. For some of these examples (see Sec. [4]) we will still be able to prove
that the minimal null control time is given by Ty. This analysis of particular
examples will require to know a priori the value of the minimal time and thus,
for the moment, the degenerate parabolic equations studied in [7, [8, [6] will
remain out of the scope of this article.

1.2 Main results
Let us now define the setting that we will deal with in the next sections.

Hypothesis 1. Assume that the operator —A* admits a sequence of eigenvalues
A = (M\g)ken+ such that

“+o0

1
36 >0, Re(Ax) > 0| Mil, VR €N* and > —— < +oc. (1.6)
i Al

For any k € N*, we denote by r, = dim(Ker(A* + A\)) the geometric multi-
plicity of the eigenvalue Ay and assume that supycy-ri < +00. We denote by
(P, )ken= 1<j<r, the associated sequence of normalised eigenfunctions and we
assume that it forms a complete sequence in H i.e.

(<<1>,gok,j>:o, VkeN*,Vje{l,...,rk}) — P =0.

Remark 1.1. As we will study parabolic problems, the hypothesis mainly
restricts our study to the one dimensional case. However, as presented in Sec. [4]
inequality is also a sufficient condition for certain examples in higher di-
mensions such as the 2D Grushin equation or a generalisation in any dimension
of the academic example studied in [2].

Moreover, as underlined in Sec. hypothesis is not a technical
assumption due to the technics at stake in this article (namely the moment
method) but is deeply related to the characterization we are studying.

Remark 1.2. As it will be precised in Remark 2.2 one can weaken the assump-
tion supycn- 7 < +00 by authorizing a suitable growth.



Remark 1.3. We will always assume that the sequence of eigenvalues is normally
ordered that is

|)\k| S |)\k+1|7 Vk Z 17 ( )
s s 1.7
— 5 < arg ()\k) < arg (/\k+1) < 5 when |)\k‘ = ‘)\k+1|-

Remark 1.4. Without loss of generality (through an orthonormalization process)

we can always assume in Hypothesis [1| that for any & € N*,

,4y g/ — 94,5, ‘7. PR .
(Ph,is Prj) = 01, Vi, j €{1 Tk}

Here and in all this article 6; ; denotes the Kronecker symbol i.e. §; ; is equal
to 1if ¢ = j and is equal to 0 otherwise.

Before stating our results, let us recall the following definition of the con-
densation index of a complex sequence in this setting.

Definition 1.1. Let A = (Ag)ken+ be a complex normally ordered sequence
satisfying (1.6). Then the condensation index of this sequence is defined as

W)
A)=1 — B )l
() =lmewe =R )

where the function E is defined by

+o0 2
E:zGCHH(l—j\i). (1.8)
k=1

This definition can be found in [27]. The original (and of course equivalent)
definition can be found in [I0]. The first result of this article is the following
theorem.

Theorem 1.2. Assume that A* satisfies Hypothesis[1] and that the control op-
erator B is admissible. We also assume that the condensation index of the
sequence A = (Ag)gen+ satisfies ¢(A) = 0. Let Ty be defined by (1.5). Then:

o IfTy >0 and T < Ty, system (L.1)) is not null controllable in time T';
o IfTy < +oo and T > Ty, system (1.1) is null controllable in time T.

Remark 1.5. Notice that the negative result in time T < T} directly comes from
Theorem [T11

Remark 1.6. It has to be highlighted that the condition ¢(A) = 0 is not a
strong condition. It is more general than many situations previously considered
when applying the moment method in the parabolic setting where a gap-like
condition was assumed (see [3, Proposition 3.11]). For example, the sequence
A= {k2, k2 + %; ke N} does not satisfy a gap-like condition whereas ¢(A) = 0.
Remark 1.7. As it will be discussed in Sec. (on the particular case of
system )7 the minimal time Ty given by inequality can also turn out
to be the minimal time for null controllability even if generalised eigenfunctions
need to be taken into account to obtain a complete family. In the abstract
setting we are considering, we were not able to prove (neither to disprove) this
result. Instead, we prove in Proposition [2.1] a qualitative property: if a minimal
time is needed for inequaltiy to hold, then a minimal time is also needed
for null controllability.



Using inequality , we may also characterize null controllability in cer-
tain settings where we allow the spectrum to condensate. First, we define the
Bohr index (adapted from [10] for a real-valued sequence) of a normally ordered
sequence A = (Ag)ren+ by

_Ininf O\
n;gklkk Al

Bohr(A) = limsu
(W) =T eup =5 )

The Bohr index measures how two eigenvalues can get exponentially closer. The
condensation index is in general a more subtle notion as it measures how packets
of eigenvalues (with possibly increasing cardinality) get closer. Thus for any
sequence A, it comes that ¢(A) > Bohr(A). Under some additional assumptions,
we prove that the equivalent of Theorem still holds when c(A) = Bohr(A),
that is, that we allow eigenvalues to get closer two by two.

Theorem 1.3. Assume that A* satisfies Hypothesis |1 and that the eigenfunc-
tions form a Riesz basis of H. Assume that the control operator B is admissible
and that for any k # j € N*,

Ker(B*) N Span(p, ¢;) # {0} (1.9
and for any € > 0
HB*@kHUeERe(/\"") —3  +oo. (1.10)
k— 400

Finally, assume that the condensation index of the sequence A = (Ag)ren+ sat-
isfies ¢(A) = Bohr(A).
Let Ty be defined by (L.5)). Then:

o If Ty >0 and T < Ty, system (L.1)) is not null controllable in time T';
o If Ty < +oo and T > Ty, system (L.1)) is null controllable in time T.

In this result we obviously only consider the case ¢(A) > 0. Otherwise if
¢(A) = 0 the result stated in Theorem is the same with less hypotheses.

Remark 1.8. In the case Ty < 400, assumption ([1.9]) implies that the eigenvalues
are geometrically simple. In fact, assume that for some k£ € N* we have r; > 2.
Then, it comes that there exist ay,1, ar 2 € C such that

Uk 1= 19k + ok 29k 2 € Ker(B*)\{0}.

But applying inequality (1.4) with v = v, and A = A implies v, = 0. This is
why we denoted simply the eigenfunctions by ¢, instead of ¢y ;.

Remark 1.9. Notice that assumption is automatically satisfied when we
consider a scalar time-dependent control (for example a boundary control in
dimension one) i.e. U = C. However this assumption can also be satisfied
by systems of coupled parabolic equations with a particular structure (see for
instance (3.7))). Actually, assumption does not need to be satisfied for any
k and any j. This is detailed in Remark [3:3]

Remark 1.10. Some examples of problems satisfying these assumptions (as well
as verifications of the hypothesis Bohr(A) = c¢(A)) are discussed in Sec.



Remark 1.11. It seems that hypothesis is only technical; it allows us to
study the effect of condensation of the spectrum when there is no localization
of the eigenfunctions (with respect to B*). However, if we do not assume this
behavior of the observation operator B* on the eigenfunctions, we would obtain
only a qualitative result of existence of a minimal null controllability time be-
longing to [Tp, 270] (see Remark . Such a qualitative result is stated below
in Theorem in a more general setting.

Finally, in the most general setting we study, we higlight a striking phe-
nomenon: in the case where a positive minimal time is needed for inequal-
ity to hold (i.e. Ty € (0,+00)) then a positive minimal time is also needed
for null controllability of system . More precisely, we prove the following
result.

Theorem 1.4. Assume that A* satisfies Hypothesis[1, Assume that the control
operator B is admissible. Let Ty be defined by (1.5). Then, there exists T €
[To, To + c(A)] such that

o szv >0and T < f, system (|1.1)) is not null controllable in time T';

o if T < +00 and ¢(A) < 400, for T > T, system (L1)) is null controllable
i time T'.

Remark 1.12. Notice that this setting is rather general: no restriction is im-
posed on the condensation of eigenvalues, we allow geometric multiplicity for
the eigenvalues and the control operator is only assumed to be admissible.

1.3 A brief review of previous results

As mentioned, inequality can be seen as a quantified Hautus test. The
Hautus test refers to a well known controllability necessary and sufficient condi-
tion in finite dimension [20]. In the case where H and U have finite dimensions
and the operators A and B are matrices then system is controllable in
time 7" > 0 if there are no eigenfunction of A* in the kernel of B*. This can be

rewritten as
Ker(A* + A\) NKer(B*) = {0}, vieC. (1.11)

Actually, a more general result was proved by FATTORINI in [I6] before the
work of Hautus. Consider again that H and U are Hilbert spaces (actually the
result can be extended to Banach spaces) and that A generates a C%-semigroup,
has a compact resolvent and that the generalised eigenfunctions of A* form a
complete sequence. Consider that the control operator B is bounded. Then, the
criterion is proved to be equivalent to some unique continuation property
(in infinite time) that turns out to be equivalent to approximate controllability
when the semigroup generated by A is analytic. We also mention the work of
OLIVE [24] where the hypothesis on B is weakened.

Of course, inequality implies . This is why we considered it as
quantified Fattorini-Hautus test.

The origin of this work is a conjecture of RUSSELL and WEISs [25]. To de-
scribe it briefly, let H and U be two Hilbert spaces and A : D(A) C H - H
the generator of a C- semigroup (denoted by e*4) on H. Consider the observ-
ability operator C': D (A*) — U which is assumed A*-bounded and admissible



in infinite time: there are two positive constants o, and 7., such that for all
y € D (A*),
1CYlly < oo | A7y

and -
| e, at <ol
0 U

The cited authors proved that, with the previous assumptions, if the pair (A4*, C')
is exactly observable on (0, c0), namely

Elmoo>0,/ HC’etA*yHU dt > me |lyll, Yy e D(A"),
0

then there exists m > 0 such that for any complex number A with Re (A) > 0
and any y € D (A*),

I+ Nyl | [Culy

T+ Rz m bl (112)

The conjecture was then (see [25], p. 2]): if holds then the pair (A*,C) is
exactly observable on (0, 00).

In the same paper, they showed that if A* has a Riesz basis of eigenfunctions
and a strong extra condition on the eigenvalues is satisfied, then the conjecture
is true. But, some years later, JACOB and ZWART [2I] proved by mean of a
counterexample that the condition is not sufficient in general for exact
observability on (0, o).

Exact observability on (0, co) implies exact observability in some time Ty > 0
(see [29, Proposition 6.5.2. p. 194]). For skew-adjoint operators A, a lot of works
with various assumptions show that the condition is sufficient for exact
observability on (0,00). They also give an estimate of this finite time T of
observability (for more details, see [29, Chapter 6 and the comments of this
chapter] ).

To our knowledge, only few papers deal with observability in finite time.
The corresponding necessary condition for observability in time 7' > 0 (see
Theorem relation in this paper), due to DUYCKAERTS and MILLER
[15], asks again about the sufficiency of this condition for observability in time
T > 0. In [15], the authors give, in a parabolic setting, an example showing
that can be true for any T' > 0 without the pair (A*, B*) being observable
at any time T > 0. This example together with its implications in our context
are given in Sec. [£.3] Let us mention that these authors provide in the cited
paper some positive results (sufficiency of condition for any time 7' > 0) for
abstract parabolic equations. The remark that this inequality can also identify
a positive minimal time of observability in a parabolic setting seems to be new.

Structure of the article

We end this introduction by giving the strategy of proof in the simpler case
where the eigenvalues of A* are simple. Then, in Sec. 2] we prove the general
case stated in Theorem[T.2] In this case, the minimal time will be inherited from
a localization of the eigfunctions with respect to the control operator. Section [3]
is dedicated to the proof of Theorem [I.3] where we allow some condensation of
the spectrum of the underlying operator. We also prove in this section the more



general result of this article stated in Theorem [[.4] Finally, in Sec. ] we prove
that the minimal null control time is given by Ty in some examples that do not
fit into the different abstract results and discuss the assumption (L.6]).

1.4 Strategy of proof

To detail the general idea used in this article, let us start by proving Theorem I.2]
in the simpler case of simple eigenvalues (r; = 1 for all k£ € N*). For the sake of
simplicity the associated eigenfunction ¢y, ; will simply be denoted by ;. The
negative result follows directly from Theorem [I.I} Thus, assume that Ty < 400
and set T > Tp.

The proof of null controllability in time 7" > Ty will rely on the moment
method (initially developed in [I7,[I8]) although the considered space of controls
may not be of finite dimension. From , it comes that for any k& € N*,

T
(W(T), px) — (yo, e 1) :/O e M T=D(y(t), B*pp)pdt. (1.13)

Thus, as the family (x)ren- is assumed to be complete, it comes that y(7") = 0
if and only if for every k € N*, the control u satisfies

T
/ eI (u(t), Brpp)udt = = (yo, 1), (1.14)
0

To apply the moment method let us recall the concept of biorthogonal family.

Definition 1.2. Let 0 = (0k)ken be a complex sequence and T > 0. We say
that the family of functions (qi)ren C L?(0,7;C) is a biorthogonal family to
the exponentials associated with ¢ if for any k,j € N

T
/ €_thqk(t)dt = 5k,j«
0

The following result is proved in [4, Theorem 4.1].

Proposition 1.1. Let T > 0 and let 0 = (o) ken be a normally ordered complex
sequence satisfying , Then, there exists a biorthogonal family (qx)ken to
the exponentials associated with o such that for any € > 0 there exists Cc > 0
such that

llarllz20,7:0) < C.eRelor)(e(o)+e) for k sufficiently large,

where c(o) is the condensation index of the sequence o.
Remark 1.13. In all what follows, C; will always denote a constant that may
vary from one line to another which only depends on the parameter €.

We now generalise the strategy previously used for instance in [22] 111 [,
that is, we seek for a control u solving (1.14) in the following form
B*gak

ut) = — S apge(T —t)—— Pk

keN*

(1.15)

where the complex coefficients (ay)ren+ have to be determined.



Remark 1.14. Notice that when u is a scalar control only depending on time
(i.e. B* : H — C) then this is the classical form of controls used in the moment
method. When B is a localization operator and u depends both on time and
space, this is different from the usual strategy where one looks for a fixed space
profile multiplied by a control depending only on time. In any other situation,
this is a new way of applying the moment method.

First of all notice that in the previous form we divided by || B*¢g|ly. This is
done only by convenience, as it could be incorporated in the constant «y, but
we should justify that | B*pg||lu # 0 for every k € N*.

Since we assumed T < 400 it comes that for any € > 0, for any A € C with
Re(A) > 0 and any v € D(A*),

* 2 *,0112
2 sRe(N) (To+e) [ (A" + Xl 1B*v||5;
Joll” < Cee ( Re(V2 | Re(n) /)

The choice A = A\ and v = @}, in the previous inequality implies that for all
k € N*,

IB*orllu > Cen/Ape™ RO ToHe) > o, (1.16)

Now, using the biorthogonality in the time variable, plugging u given by (|1.15)
in the moment problem (1.14)) leads to

Qg = _ei/\kT<y0a ¢k>7

and thus a formal solution of (1.13)) is given by
— Yo, Pk *
wt)=—3 e MH<B*%”>2%(T—15)B o (1.17)
kEN* u

The only remaining point is to prove that this series is indeed convergent in
L?(0,T;U). This comes directly from the estimate (1.16]) and Proposition
Indeed, for any £ > 0, there exists C. > 0 independent of k such that

Z e—)\kT <y07§0k> q (T—)B*@k

B* 2 k
& Tl -
gkl L2(0,7)
< |<y07 9016) |€—Re()\k)T )
2 1B ol
eeRe(Ak)

<Ce ) |(yo, pn) e BT

= VReQ e RO+
which converges for ¢ sufficiently small, since T' > Tj.
The strategy we develop in this article will be the same to prove Theorems[T.2]

and Namely we seek for a control in a suitable form and use inequality (1.4)
to obtain sufficient estimates to prove that this control is well defined.

2 Localization of eigenfunctions

In the first subsection we prove Theorem[I.2] We then end this section by giving
some examples in the literature of parabolic partial differential equations (with
a zero condensation index for the underlying operator) exhibiting a minimal
null control time given by .



2.1 Proof of Theorem [1.2]

The case T' < Tj follows directly from Theorem Thus we focus on the case
To < +oo and we fix T > Ty.

As the moment problem is solved component by component, we distinguish
two sets

Ys={keNr, =1}, Yu={keNyr,>2} =N"\Zg,

where 7, is the geometric multiplicity of the eigenvalue A defined in Hypothe-
sis (I For the sake of simplicity, when r;, = 1, the associated eigenfunction ¢y, 1
will simply be denoted by .

In Sec. [[.4] we already proved Theorem [I.2)in the case where ¥g = N* thus
we will assume in the following that Xy, # @.

From a simple computation it comes that for any & € N*, for any i €

{1,...,7%},

T
W(T), i) — (Yo, e or ;) =/ eIy (t), B* . i) prdt. (2.1)
0

Thus as the family (¢gi)ken+ 1<i<r, is assumed to be complete, it comes that
y(T) = 0 if and only if for every k € N* and every ¢ € {1,...,7}, the control u
satisfies

T
/ e M0y (t), B*opyudt = —e = (yo, or.1)- (2.2)
0

Using Proposition let (gx)ken be the biorthogonal family to the exponentials
associated with A = (Ag)gen+. Following Sec. we define

HOEESY e*AkT7<y2’“”"’>2 (T — t)B*¢x. (2.3)
1B* x|
keSg U

We already proved that u! is well defined in L?(0,7;U) and with this choice of
control, the moment problem is satisfied for every k € Xg.

To deal with multiple eigenvalues we will need the following lemma whose
proof is postponed at the end of this subsection.

Lemma 2.1. Let (H,(-,-)) be a Hilbert space and r € N*. Let us consider
v=(v1,...,0.) € H" a linearly independent family. We denote by

G = ((vi,vj)1<i j<r

the associated Gram matriz. Then the matriz G is invertible and the family
w = (wi,...,w,) defined by w' = G~ is biorthogonal to v i.e.

<vi7wj) :5i,j7 Vi, j € {1,...,T}.
Moreover, this biorthogonal family satisfies

\/77

|lw|| < Y=,  where 0? is the smallest eigenvalue of G.
o

10



Let k € X)s. To design our control we will apply this lemma to the family

(B*@k,l, ey B*@k,rk)~
To this end we prove that it is linearly independent. Assume that there exist
t,...,cr, € Csuch that

0=c1B k1 +-+cn B 0rr, = B,
where ¢ = c1pp1 + -+ + CryPh,ry,- Since ¢ € Ker(A* + X)), from (1.5) and the

assumption Ty < 400 it comes that ¢ = 0 which proves the linear independence.

Remark 2.1. Notice that this construction would not be possible for a scalar
control depending only on the time variable (i.e. B* : H — C). This case
is excluded in the presence of multiple eigenvalues thanks to the assumption
Ty < 4o00. In this situation, system is not approximately controllable since
one could combine two eigenfunctions (associated with the same eigenvalue) to
design a solution which would not be observable.

Using Lemma [2.1] we denote by Wy = (U1, ..., ¥, ) such a biorthogonal
family to (B*¢k.1,- .., B*prr, ). We seek for a control u? in the form

) = D @ =t) | > oniVis

keX 1<i<rg

such that with this choice of control, the moment problem ({2.2)) is satisfied for
every k € X)s. Plugging 2 in (2.2 and using biorthogonality both in time and
space variables leads to

i = —(yo, priye M.

The only remaining point to prove is the convergence of the series defining 2
in L2(0,T;U). The estimate on g, comes directly from Proposition

From Lemma to estimate ||¥g||y~ one can simply give a lower bound
on the smallest eigenvalue of the matrix

Gk = (<B*<Pk7iaB*@k,j>U)1§i7j§Tk .
For any ¢ = (¢1,...,¢,,)" € C™ it comes that the vector defined by

p=C1Pr1t+ -+ Cr Pk

belongs to Ker(A* + A;). From (1.5) it comes that for any € > 0 there exists
C. > 0 such that for any v € Ker(A* + \x),

1B*vllf; > CeRe(Ag)e 2R Tty |2,

On the other hand, a direct computation gives that (Gic,c)cre = ||B*¢l%.
Gathering these two estimates it comes that for any ¢ € C"*,

(Gre, cyere > CERe()\k)e_QRe(’\’“)(TO+E)chpm + ot Pl I|?
> C.Re(\g)e 2R Tote) (2 4oy 2 ),

Tk

Finally we obtain that for any ¢ € {1,... 7},

[Prillv < Ce VT Re(u) (Tote) (2.4)

\/ Re()\k)

11



Indeed, for any € > 0, there exists C. > 0 such that

Z (T =) Z e M (Yo, or,i) Ui

keN* 1<i<rg

L2(0,T;U)
<Mool 3 e RO gl aory S 10kl
keN* 1<i<ry
1
< C. HyOH sup Tk) Z 7Re()\k)T€eRe()\k)eRe()\k)(ToJrs)

rerv- VRe(Ar)

which converges since T' > Ty and sup 7 < co.
kEN*
Finally, notice that using biorthogonality with respect to the time variable

u? does not affect the moment problem (2.2) for k € ¥ and vice-versa. Thus,
setting u = u! + u? ends the proof of Theorem
O

Remark 2.2. Following closely the lines of the proof of Theorem[I.2]it is direct to
remark that the hypothesis sup,cy- 7 < 400 can be replaced by the following:
for any € > 0,

78RC()\)C) — 0

i€
k—+oco

Nevertheless, we stick with supcy- 7 < +00 for the sake of simplicity.

Proof of Lemma[2.d. The matrix G is hermitian. Since we assumed that the

family (vy,...,v,) is hnearly independent, the Gram matrix G is also positive
definite. We define w® = G~ 'v*. Let us notice that w is biorthogonal to v.
Indeed, for any 4,5 € {1,...,r}

T

(wi, v5) = O (G )ikve, v))

k=1

= Z z k vka vj>
= (G 'G)ij = 0.
Finally the estimate on this biorthogonal family comes from the following iden-

tity
r = (v,w) = (Gw,w) > 02||w||2.

2.2 Dealing with algebraically double eigenvalues

In this subsection we state and prove the qualitative result mentioned in Re-
mark We will use the following hypotheses.

Hypothesis 2. Assume that the operator —A* admits a sequence of eigenvalues
A = (A\i)ren- satisfying (1.6).

12



For any k € N* we assume that the algebraic multiplicity of the eigenvalue i,
is equal to 2. We denote by o1 and @y 2, respectively, the associated normalised
eigenfunction and generalised eigenfunction i.e.

— A" = Mer1,
— A%pr2 = MNer,2 + kPR, 1 (2.5)
lerall = llenall =1.

We assume that these eigenfunctions and generalised eigenfunctions form a com-
plete sequence in H 1i.e.

(<<I)7<Pk,j> =0, VkeN*"Vje {1,2}) — & =0.

Remark 2.3. Without loss of generality we will always assume that (¢g 1, pr2) =
0. The orthonormalization process only affects the value of .

Proposition 2.1. Assume that A* satisfies Hypothesis |9 and that c¢(A) = 0.
Assume that B is an admissible control operator and for any k € N*,

Ker(B*) N Span(vg,1, k,2) # {0} (2.6)
Let Ty be defined by (L.5)). Then, there exists Te [To, 2Ty) such that
o I[fThy >0 and T < f, system (L1.1)) is not null controllable in time T';

o I[fTy < +oo and T > ZN“, system (1.1)) is null controllable in time T.

Remark 2.4. As for Theorem the proof relies on the moment method and
the control is built separately for each eigenvalue. Thus, the same result also
holds if we have a complete sequence which is made with

e cither eigenfunctions satisfying Hypothesis
e or eigenfunctions and generalised eigenfunctions satisfying Hypothesis

Moreover as the main concern in the proof is the convergence of the series
defining the control, if the latter has a finite occurrence, one recovers that Ty is
the minimal time for null controllability.

Remark 2.5. The structural hypothesis made on B* is similar to ([1.9)) thus the
comments of Remark [T.9] still hold in this setting

Proof. As the construction of the control will be done separately for each eigen-
value, we can assume that py, # 0 for any k € N*: otherwise, for these frequen-
cies, one simply follows the lines of Theorem [T.2]

Now, as we are dealing with generalised eigenfunctions, the moment problem

is different from ([1.14)) or (2.2)). Let y be the solution of ([1.1). From (L.3)), it
comes that for any k € N* and any j € {1,2}

T
Y(T), or5) = (o, €™ ory) :/o (Bu(t),e" " o j)u. (2.7)

13



Using ([2.5)), we obtain

(T=DA" o | = e (T=0)

Pro = e T

Pk,1,

(2.8)
oro — (T = tyupe T =D,

o(T—1)A"
Using the assumption that the generalised eigenfunctions form a complete fam-
ily, it comes that y(T") = 0 if and only if, for any k € N*

T
/ e T (u(t), B*op1)udt = —e~ M (yo, or1),
0

T T
/ e M= (u(t), B*pp o) dt — s / (T — t)e M T=(u(t), B*pp. 1 pdt
0 0

— _e—AkT<

Y0, P2 — kT Pr1)-
(2.9)
The main difference with respect to the previous moment problem is
the presence of the function s — se™** in the second integral of the second
equation. To deal with this, we will use an adapted biorthogonal family.
We denote by ey 1 and ey o the L2(0,T;C) functions defined by

er1(t) = e Mt er2(t) = te Mt

To define and estimate a suitable biorthogonal family, we will use the following
general proposition. Its proof is postponed to Appendix |A] and follows [3] [4].

Proposition 2.2. Assume that A = (Ag)ren+ is a normally ordered sequence

satisfying (L.6). Then, there exists a biorthogonal family {qx.1,qk 2} ken to
{ex1,ex2}ren+ in L?(0,T;C), i.e.,

T
/ e (Dai(D)dt = 60180, VE 1€ N* Vi € (1,2},
0
Moreover, we have the following estimate: for any e > 0,
@il 220y < CeeldeMHeRO) vk e N* V) € {1,2}. (2.10)

Using this biorthogonal family we look for a control u satisfying (2.9)) in the
following form

B* B*
u(t) = ng: g (T — t)ﬁ + Breqra(T — t)ﬁ. (2.11)
Thus, for u to solve , the coefficients ay and §; have to satisfy
ap = —e "y, pr1),
Qk <B*Tgf;j?|fg’l>[] — B = —e M (yo, k2 — ThEYk1)- (2.12)

From assumption (2.6]) it comes that there exist a1, ag,2 € C such that

k1K1 + Qk20k,2 € Ker(BT).

14



As Ty < +oo, inequality (1.4) implies that B*pr 1 # 0. Thus, there exists
v, € C such that vrpr1 — ¢k2 € Ker(B*) leading to

B*pr2 = B r1-

Thus we obtain the following choice

aE = _67)%T<y07 on,1>7
B . B 1 (2.13)
B =—e M2 o 1) — e T = lyo, opa — Thiegra)-
Mk Mk

To conclude we need to prove that this defines a control u € L?(0,T;U) when
T > 2Ty.

Using inequality (1.4 it comes that for any ¢ > 0,
1B* k1]l = CeRe(Ag)e2ReC)Tote), (2.14)

From the definition of 7y, inequality (1.4) with v = yx@k,1 — @k,2 implies for
any € >0

Ik l® > CeRe(A)2e 2RO T0r) |y o) 1 — oy 52
= CERe(Ak)26_2Re()"°)(T°+€)(1 +~2).
Thus we deduce that

k] > C-Re(\g)e ReGnr)(Tote) (2.15)

and

[kl = " Re(Ax)
Using ([2.10) with the assumption ¢(A) = 0 and (2.14) it comes that for any

e >0,

el L Re(u)(To+e) (2.16)

B g1 [(Y0, Pk, | “Re(\i)T _Re(Ae)(To+2¢)
Oék(]kJ(T—') . > < 1L g RelAR)L phielAk ) (Lo 2e)
”B ‘pk,IHQU L2(0,T;U) : vV Re()\k>
Similarly,

B k1
Brar2(T — )i
’ i | B <Pk,1H2U L2(0,T;U)

Re()\k)(T0+28) | | 1
I (] L)
< G Ro(Ar) | [(Y0s ¢k,1) | |Mk||<y0 ©k,2)|

1 RO (T T
< Ceqapnym® T (o o) + o ra))-

As T > 2Ty, the last two estimates end the proof of Proposition 2.1
O

If we add another hypothesis on the behaviour of the control operator on
the eigenfunctions then, we recover the exact value of the minimal time. More
precisely, we get the following corollary.
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Corollary 2.1. Assume that the hypotheses of Proposition hold. Assume
moreover that for any € > 0,

ERe(/\k) — +OO.

HB*SDkJ“Ue koo
Then, the conclusion of Proposition hold with T = Ty.
Proof. The proof is exactly the same except that is now replaced by
IB*¢rally > Ceem RO,

for k sufficiently large. Following the lines leads to null controllability in time
T>1Tp.

O
2.3 Examples of application
2.3.1 Pointwise controllability of a one dimensional heat equation

Let us consider the system

Oy = Opgy + Og,u(t), (t,z) € (0,T) x (0,1),

y(t,0) =y(t,1) =0, te(0,7), (2.17)

y(0,2) = yo(x), z € (0,1).
The eigenfunctions and eigenvalues of the underlying operator are denoted by
on(x) = V2sin(krz), A\, = k*r2 (2.18)

In this case, the condensation index of the sequence A = {\; k € N} is equal to
0 (see for instance Remark [1.6]). It is proved in [I3] that there is a minimal time
for null controllability of in H = L*(0,1) with controls in L?(0,T;R)
given by
Tinin = limsup M.
k—4o0 )\k

This is historically the first example of a minimal null control time in the
parabolic framework.

The abstract setting to fit into the formalism of system is given for
example in [4, Sec. 6.1]. With this abstract setting it is straightforward to
prove that this example satisfies the assumption of Theorem [I.2 Thus we
deduce that Ty = T}in-

2.3.2 A parabolic cascade system with a variable coupling coeffi-
cient: a particular case of internal control

Let g € L>(0, 1;R). Let us consider the following system studied in [5]

Oy + (g“ _gm) Y+ (8 q%”) y= (ui) . (t,z) € (0,T) x (0,1),

vit.0 =yt = (7). )
y(O,J;) = yO(I)v T < (?a 1)7)
2.19
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with w = (a,b) C (0,1) and Supp(¢) Nw = 0. For any k € N* let

1 a
@)= [ a@e@lds, L@ = [ d@aie @2)
0 0
To fit into our abstract setting, we set H = L?(0,1;R?), U = L?(w) and

a2 0 q(x)
A_deId_<O 0 >

D(A) = H*(0, 1;R?) N H}(0,1;R?).
The following proposition is proved in [5, Proposition 2.1, Lemma 2.3].

Proposition 2.3. The spectrum of —A* is given by the sequence of eigenvalues

A = k22, Let
_(0 _ (¥
Pe,1 = (@k) ) Pk,2 = <'(/)k> )

with (A, pr) s given by (2.18) and 1y is the unique solution of

- dd*;l/’(w) — Mt(@) = (I(g) — a(2) (@), 2 € (0,1),
Y(0) =9(1) =0, (2.21)

1
/O () pr(x)dz = 0.

Then,
(A" 4+ Ag)pr1 =0, (A" + X)pr2 = —I(qQ) k1,

and the family {pr1,¢k2 : k € N*} forms a Riesz basis of H.
Moreover it is proved in [5, Theorem 1.3] that if

11k ()] + [ T1,k(q)| # 0, Vk € N7, (2.22)

which is a necessary and sufficient condition for approximate controllability,
then there is a minimal time for null controllability of system (2.19) in H given
by

Lo — limsup @)~ (@)}
Here, it is implicitely assumed that In(0) = —oc.

From Proposition it comes that if we assume that Iy(¢) = 0 for any
k € N* then the eigenvalue Ay has geometric multiplicity equals to 2. Thus, in
this case, system fits into the setting of Theorem [1.2] (recall that c(A) = 0)
and we deduce that

—In|I
To = Tinin = limsup 7| l’k(q)‘.
k—+o0 Ak
Remark 2.6. In this example, the general case where I (q) # 0 for some k €
N*, does not fit into our abstract setting. One needs to take into account
generalised eigenfunctions to obtain a complete sequence but assumption (2.6)

is not satisfied by the internal control operator. Nevertheless, this general case is
discussed in Sec. where we still prove that Ty = Ty (see Proposition [4.1]).
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2.3.3 A parabolic cascade system with a variable coupling coeffi-
cient: boundary control

Let ¢ € L>(0,1;R). Let us consider the following system studied in [5]

Oy + (_g’” gﬂ) Y+ <8 q?) y=0, (t,z)€(0,T) x (0,1),

y(t,0) = (u?t)>, y(t,1) =0, te(0,7),
y(0,2) = yo(z), z € (0,1),

(2.23)

We keep the notations introduced in the previous example. It is proved in [B]
Theorem 1.1] that if

[Ix(q)| # 0, Vk €N, (2.24)

which is a necessary and sufficient condition for approximate controllability, then
there is a minimal time for null controllability of system (2.23)) in H~1(0, 1;R?)
with controls in L?(0,T;R) given by

Tinin = limsup M
k— 400 )\k
From Proposition it comes that system fits into the setting of Propo-
sition [2.1] (the assumption being automatically satisfied as we are dealing
with a scalar control depending only on the time variable). For a precise defi-
nition of the operator B as well as its admissibility we refer for example to [4]
Sec. 6.2|. Thus Tpin € [T, 270
Moreover it comes that

|B*pr1llv = |9k (0)] = V2kn.

Thus, from Corollary 2.1} one has Ty = Typin.

3 Condensation of the spectrum

In this section we prove Theorems [I.3] and The sketch of proof is the same
as Theorem [I.2] except that the condensation of eigenvalues has to be taken into
account while estimating the biorthogonal family.

3.1 Condensation of eigenvalues given by the Bohr index

The case T' < T follows directly from Theorem thus we focus on the case
To < +o0 and we fix T > Ty.

We start by proving that in this setting the condensation index is necessarly
finite.

Proposition 3.1. Assume that the hypotheses of Theorem [I.3 hold. Then, if
To < +oo it comes that
C(A) < T().
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Proof. From Hypothesis it comes that there exist oy, a; € C such that
aper + ajp; € Ker(B*).
Inequality implies that B*¢y, # 0. Thus, there exists ay, ; € C such that
Uk = Qg ek + @5 € Ker(BY).

Applying (1.4) it comes that for any € > 0 there exists C. > 0 such that for any
k € N* and any j € N*,

A% + N |2

12 < C 2(To+e)Re(Ag) ||(
vkl < Cee Re(Ar)2

(3.1)

A direct computation leads to (A*+Ag)vk; = (Ax—A;)p;. Thus, as we assumed
that the eigenfunctions form a Riesz basis, there exists ¢ > 0 such that for any
k,j € N*

ok, 1* > e(1+ag ;) > e (3.2)

This leads to
Ak — Aj| > C.Re(\y,)e Re@wn)(Tote), (3.3)

Thus, estimates (3.1), (3.2) and (3.3) imply Bohr(A) < Tp. The conclusion
follows from the assumption Bohr(A) = ¢(A).

O

Remark 3.1. As seen in the previous proof, inequality allows to estimate,
under the structural assumption , the Bohr index of the sequence of eigen-
values. However, it is not clear if inequality leads to an estimate for the
condensation index in the general case. This is the main reason why we imposed
the extra condition Bohr(A) = c(A).

One should notice that the structural assumption (1.9)) is necessary for
Proposition [3.1] to hold. Consider the following system

D). =0

with d > 0. It is direct to notice that controllability in H~*(0, 1; R?) holds in
any time T > 0 and thus T, = 0. However, from [4] Proposition 6.20], one can
choose d to prescribe any value in [0, +oc] for the condensation index of the
spectrum of the underlying operator.

Proof of Theorem[1.3 Let T > Ty. As we assumed that the eigenvalues are all
simple the strategy is exactly the one detailed in Sec. Indeed the control

given by (1.17) is a formal solution of the moment problem (1.14). Thus, in
117

view of | , the only remaining point is to prove that the following series

- <y0790k> %
Z e AkTiHB* B qe (T — ) B*px
keN® Prlly
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converges in L2(0,T;U).

Recall that, from Proposition [1.1} we deduce that for any € > 0 there exists
C. > 0 such that for any k € N*

gkll 20,7y < CeeRePwletie), (3.4)
Thus, using Proposition [3.1] it comes that

larll 220y < CeeftePn)Tote), (3.5)
As a consequence, we obtain that

— <y07()0k> *
H M Bz T~ B

L2(0,T5U)

| (Yo, k) | e~ Re(A)(T—Tp—2e)
EeaRe(/\’“)HB*QPk”U ’

As T > Tj the choice of € sufficiently small and assumption (|1.10) end the proof.
O

Remark 3.2. Notice that if in the previous proof, instead of assuming (1.10)), we
had applied inequality (L.4]) with v = ¢, and A = A\ we would have obtained
the following estimate

I1B* okl > Cex/Re()\k)e_Re()"‘)(T‘H'E).

This would have led to controllability in time 7' > 2Tp. Using Proposition [3.1}
this result is contained in Theorem proved in the next subsection.

Remark 3.3. A careful inspection of the proof of Theorem [I.3] shows that as-
sumption ((1.9) can be replaced by the less explicit assumption

Ker(B*) N Span(yg,, , v;,) # {0}, Vn e N7, (3.6)

where the sequence (ky,)nen+ is such that

—In inf |Ag, — Aj] —Ininf [Ag — A
lim §7 b = lim sup iZk
n—rto0 Re(Ag,) k—+oo Re(Ag)

and the sequence (j,)nen+ is such that

Ak, = Aj | = jgl]fn Ak, = Ajl-

3.2 A qualitative result in the general setting

We prove in this subsection the qualitative result in the most general setting
considered, namely Theorem The proof follows the lines of the proof of
Theorem except that we take into account the effect of the condensation
index in the estimate of the biorthogonal family (in time).
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Proof of Theorem[I.J} The lack of null controllability when T' < Tj follows di-
rectly from Theorem We thus focus on the case Ty < +oo and we set
T > To + C(A)

e To clarify the presentation let us start with the simplified case where the
eigenvalues are geometrically simple i.e. rp = 1.

As already used the control given by ([1.17)) is a formal solution of the moment
problem (1.14). Thus, in view of (1.17)), the only thing to prove is that the

following series

— yoMPk %
E o= T T ||>2 qr(T — t)B* vy,
keN*

converges in L2(0,T;U).
For any € > 0, inequality (L.4), implies that

|B*grlly > Cey/Re(Ay,)e ReGw)ToFe)

and Proposition [I.I] implies that
@i(T — )| p20.) < CoeRePr)le@ite),

Thus, the formal solution is actually a solution of the moment problem in
L?(0,T;U) as soon as T > Ty + c(A).

e We now turn to the case of geometrically multiple eigenvalues. As in the
proof of Theorem [[.2) we define the sets

Ys={keN5r, =1}, Yu={keN5r,>2}

and the control u = u; + ug where u; is given by (2.3)) and

us() == > (T =) [ Y worpra)e Wy |,

keEX 1<i<rg

with (¥g1,..., Vg, ) the biorthogonal family to (B*yk1,...,B* ¢k ) given
by Lemma [2.I] The same computations as in the proof of Theorem [I.2] imply
the same estimate (| . ) for this biorthogonal family. This, together with Propo-
smon. directly gives that u € L2(0,T;U) if T > Tp +c(A) and u is a solution
of the moment problem.

O

3.3 Examples
3.3.1 An academic example
Let (Mg, @) be defined as in (2.18). Let f : R — R satisfying

0<|f(s)]<s, Vs and f(s)= o (s).

s——+oo

Consider the operator Ly defined by

Ly= Z M), r) Pk

keN*
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Let us consider the following system studied in [2, Sec. 2.2]

ey = <%Jf (.i ' > y+ (u?t)) (t,x) € (0,T) x (0,1),
y(t,0) =y(t,1) =0, te (0,7),
y(()?x) = yO(x)a HAS (07 1)a

Let H = L?(0,1;R?) and U = R. Define the operator A by

_ (O Ly
4y = (Lf 3m)y

D(A) = H*(0,1;R*) N H}(0,1;R?),

(3.7)

0
1)

The spectrum of the operator —A* is given by A = {\x £ f(A\x); k € N*}
and the associated eigenfunctions are given by

ot = L (e
V2 \Fer
Moreover from [2] it can be proved that there exists a minimal null control time
for system (3.7)) given by

and the bounded control operator B =

Tynin = limsup M
k—+o00 )\k

For k sufficiently large the eigenvalues are ordered in the following order

A — F(Ak) < A+ f(Me) < A1 — F(Ag1)-

Thus the spectrum A can be split into the following condensation grouping
G = { x £ f(Ar)}. From [27] we deduce that

—1 A
¢(A) = Bohr(A) = limsup —ln|fOw)l
k—+o00 Ak
Given the particular structure of the eigenfunctions it comes that

~_ (V2
(p;—i_spk :< O(Pk

and thus B*(p{ + ;) = 0. According to Remark it comes that system (3.7)
fits into the setting of Theorem Thus, it comes that

-1 A
To = Tinin = limsup e FANAL)) £ k)|
k—4o00 Ak

Remark 3.4. This example is generalised in Sec. in any space dimension.
Though this generalisation will not fit into our abstract settings it will exhibit
a minimal null control time still given by 7j.
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3.3.2 A parabolic cascade system with different diffusions: boundary
control

Let us consider the following system studied in [4, Sec. 6.2]

Oz 0 0 1

y(t,0) = (u?t)> L 1) =0, te@r), 8
y(0,2) = yo(x), z € (0,1),

with d € (0,4+00), d # 1.
To fit into our abstract setting, we set H = H~1(0,1;R?), U = R and

o0 0 1
— [ a=
D(A) = H*(0,1;R?*) N Hy (0, 1; R?).

The precise definition of the operator B as well as its admissibility are given
in [4, Sec. 6.2].

Let (A, vk) be as in . The following proposition is proved in [4, Propo-
sitions 6.11 and 6.12].

Proposition 3.2. The spectrum of —A* is given by the sequence of eigenvalues
A={g1 = M, A2 = dAgs k € N*}. These eigenvalues are simple if and only
if Vd ¢ Q.

If Vd & Q, the associated eigenfunctions are given by

@k,lz\/E(i:)a @k,2:m<0)a

Pk

’Ujlth wk = 7)\1«(3*1) (pk
The family {pr1,¢k2 : k € N*} forms a Riesz basis of H and

V2

_— B* = V2.
d—1 Pk,2 \[k

B o =
Moreover it is proved in [4, Theorem 6.17] that if

Vd¢Q (3.9)

which is a necessary and sufficient condition for approximate controllability,
then there is a minimal time for null controllability of system in H given
by

From Proposition [3.2] it comes that the only remaining point to prove to fit
system into the setting of Theorem [1.3|is ¢(A) = Bohr(A).
This property is proved in [26]. For the sake of completeness, we reproduce
the proof in Appendix [B]
Thus we deduce that
To = Tmin = C(A)
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3.3.3 A parabolic cascade system with different diffusions: pointwise
control

Let us consider the following system studied in [4, Sec. 6.3]

Oy = ( > (&Eou ) (t,x) € (0,T) x (0,1),

y(t,0) = y(t, 1) te(0,7),
(0,$) = yO( ) T e (071)7

with d € (0,400), d # 1.

The abstract setting for the operator A is the same as the one introduced in
Sec. Thus the spectral analysis is the one given in Proposition The
abstract setting for the operator B is the one introduced in Sec.

Moreover it is proved in [4, Theorem 6.31] that if

(3.10)

VdgQ and  ¢p(zo) # 0, Vk € N* (3.11)

which is a necessary and sufficient condition for approximate controllability,
then there is a minimal time for null controllability of system (3.10)) in H given
by
-1 —In|E' (Mg
Trnin = max limsup n ok (@o)| = In |E'( k’z)|.
=12 p 4o )\k,i

Thus, if d is such that ¢(A) < 400, system (3.10) directly fits into the setting
of Theorem [[4] and we deduce that

To < Tiin < To + c(A).

4 Further results

This section is dedicated to further results. First we prove that for some ex-
amples of parabolic problems exhibiting a (positive finite) minimal null control
time (that does not fit into the abstract setting developed in this article), this
minimal time is still given by Ty. Then, we propose an academic example (in-
spired by ) to give a multi-dimensional setting where the minimal time is
given by Ty. Contrarily to the rest of this article, the proof does not rely on the
moment method. Finally we end this article with a (counter-) example showing
that hypothesis is not a technical assumption due to the use of moment
method but is deeply related to the validity of the presented results.

4.1 Known examples of minimal time not covered by the
abstract setting.

4.1.1 A parabolic cascade system with a variable coupling coeffi-
cient: the general case of internal control

Let us consider the setting and notations detailed in Sec. 2:3.2] for the study of
system ([2.19) but with the general hypothesis

[T (@)| + [I1,x(q)] # 0.
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Recall that, in this setting, the eigenvalue Ay could have algebraic multiplicity
equal to 2. One has,

Proposition 4.1. Let Ty be the minimal time defined by (1.5). Then

in{—In |J —In|I
To = Tin = limsup min{—1In[Z;(q)|, —In| 1,k(‘Z)|}.
k——+o00 Ak

Proof. Assume that T > T,,;,. Then, from [5], system is null controllable.
Thus, Theorem implies that inequality holds and thus T" > Ty which
giVGS TO < Tmin-

Assume now that T is such that inequality holds. From the definition
of Tp,in we deduce that, for a subsequence still denoted k, for any € > 0, there
exists K € N* such that

max{|Zx(q)], [110(@)]} < e Tmin=9) vk > K. (4.1)

We will use the following lemma which gives details on the structure of the
generalised eigenfunctions. Its proof is given in [5, Proposition 2.6].

Lemma 4.1. For any k € N*, there exists 7, € R such that
V(x) = Thepr(®) + &(z),  Vrew,
with vy, given in Proposition[2.3 and
1€kl 22 () < C (Hk(@)] + [T1,k(a)]) -

Then, we apply inequality (1.4) with A\ = Ay and v = @2 — Thpr1 =

Pk . Using the previous lemma and Proposition [2.3] we deduce that,
Y — Thk

v =1+ | vr — meerll* > 1,
(A" + M| = [ Tk(q)erall = [Ti(a) |,
1B 0l = llr — Tkl 2w) = 1€kll72w) < C (Hr(@)? + Tk (@)]?)

it comes that o
1< )\—kez’\kT (11k(@))* + 1k (a)]?) -

Using the estimate (4.1 it comes that

1< £ oM@ —(Tin—e),
<t

Letting k go to +oo implies T > T},in — € and thus Ty > T}, which ends the
proof.
O
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4.1.2 Extension to cascade systems with a first order coupling term

In [I4] the results of [B] concerning the controllability of system (2.19) and
system ([2.23)) are extended (using the same technics) to the following systems

— O 0 0 p(z)0: + q(x) (0
8””( 0 —am)y+<0 0 v=\u1, )

it =yt ) = (7).

y(O’ 13) = yo(x)v

and . (g” _gm> . (8 p(x)é)xOJr q(m)) y=0,
u(t0) = <u?t>) |

y(t,1) =0,

y(07 '7;) = yo(x).

The results stated in Sec. Sec. and Proposition directly extend
to these systems.

4.1.3 Degenerate parabolic equation of Grushin-type
In [9] it is proved that the following system

Oty — Oy Y — T30nymyy = Lou(t, zy, 1), (t, (z1,22)) € (0,T) x Q,
y(t, x1,22) =0, (t, (z1,22)) € (0,T) x 09,
y(O,xl,mg) = y0($17 x2)a
(4.2)
with Q = (=1,1) x (0,1) and w = ( —b,—a)U (a, b)) x (0, 1) is null controllable

in L2(Q) if and only if T > T, = % Contrarily to previously mentioned one-
dimensional examples, this is a two dimensional degenerate parabolic problem.
Let us specify the abstract setting to express system (4.2) as (1.1). We set

H = L*(Q) and U = L*(w). For any y,z € C§°(2), let

(yv Z) = / (axlyaxlz + x%aamyaam) dzidzs
Q

YT YL A4

|13 =(,)and V=Cg(Q) . The operator A is defined by

D(A) = {y € V;3c > 0 such that |(y,2)| < c||z||r2(q), V2 € V},
<Ay,Z> = 7(yaz)a VzeV.
The operator B is defined by B = 1,,.

Although this system does not fit into the considered settings (assump-
tion ([1.6) is not proved) the time T} is the minimal null control time.

Proposition 4.2. Let Ty be the minimal time defined by (L.5)) with the operators
A and B defined above. Then,

a2

TO = Tmzn = ?
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Remark 4.1. The existence of a minimal null control time for this system was
already proved in [7] in the case where w = (a,b) x (0, 1) but its value is not yet
known. The following proof needs the value of the minimal time to be exactly
“—22. This is why we considered a control domain made of two symmetric strips

w= ((fb, —a)U (a,b)) % (0,1).

Proof. Assume that T > % Then as problem (4.2) is null controllable, Theo-

rem implies that (1.4) holds and thus T" > Ty which gives T < %
Assume now that T is such that inequality (1.4)) holds. The following prop-
erties are proved in [7, Lemma 2, Lemma 4].

Let A, be the smallest eigenvalue of the operator —% + (nm)%2? on the do-
main H?(—1,1;R)NH (-1, 1;R) and v, the associated L?(—1,1;R) normalised
eigenfunction. Then, there exists ¢ > 0 such that for any n € N*,

nrt <\, <nm+c.

Moreover, v,, is even and

b ) e*llQ’nﬂ‘
vi(z)dx ~ .
/a " n—+oo 2am\/n

Thus applying inequality (T.4) with A = \,, and v(z1, 22) = V20, (1) sin(nras)
it comes that

22, T 20 22, T b
1< OBl = %/ o2 (2)dz
n n a

b
S geerT/ ’Ui(l‘)df
An o
N C ezm(T—%)
n——+oo \/ﬁ/\n

Thus T > % This leads to Ty > % and ends the proof.

Remark 4.2. As it may not appear in the previous proposition (due to the
formulation using the infimum), in this example, inequality (1.4)) even captures
the controllability property when the time is equal to the minimal null control

2
time. Indeed inequality (4.3]) implies that (I.4]) cannot hold in time 7' = %-.
From Theorem it implies that system (4.2)) cannot be controllable in time

2

T="5%.
4.2 An academic example in any dimension

In this section we give an abstract system (inspired by system (3.7)), in any
space dimension, which exhibits a minimal null control time given by T defined

by .

Assume that H = X x X with X being a Hilbert space and that U =
X. Assume that the operator —A is positive self-adjoint on H and denote by
{Mki;i=1,2,k € N*} its sequence of eigenvalues sorted in the following order

c <A1 < Ag2 < Apgrn <o
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Assume moreover that the corresponding eigenfunctions have the following form

Pk,i = PLCi,

where (e, e2) is the canonical basis of R? and {px; k € N*} is a Hilbert basis of
X.

We consider the bounded control operator B = <Zl> € R2.
2

Proposition 4.3. Assume that A and B are as defined above. Let Ty be defined
by (L.5).
e if Ty >0 and T < Ty then system (1.1) is not null controllable in time T';

o if Ty < +oo and T > Ty then system (L.1)) is null controllable in time T.

Proof. Assume that Ty < T < +o00. Inequality with v = ¢ ; and A = Mg,
implies b1by # 0.

To prove null controllability of system we prove that there is C' > 0
such that for any y) € R? there exists ux € L?(0,T;R) with [Jug|/zz < Oyl
such that the associated solution of

{ Ui (t) = Aryr(t) + Bug(t), Vt>0 4

yk(0) = vy,

. —Ak1 0
with Ay := 0 SV
{¢K; k € N*} will then end the proof.

As it is classical (see for instance [30]) this finite dimensional system is
controllable and the minimal L?(0,T;R) norm control is given by

) satisfies y,(T) = 0. The Hilbert basis property of

ug(t) = fB*eA’“(Tft)Q,;}TeA’“Tyg. (4.5)

where

T
Qk,T:/ A% BB*er5ds.
0

2
We now need to estimate the norm of this control. As BB* = <bb11) b;)gQ), it
192 2

comes that

Onr =T b%’r](—2T)\k71) blbln(—T(Ak,l + >\k,2))
’ blbln(fT()\kJ + )\k,2)) b%n(72T>\k12) ’

with n: s — =L, As,

S

32 0,7y = (@i Ty Ty < max = 4T QL IIBI2,  (46)

we will estimate the norm of Q;; Let o be its smallest eigenvalue. The
following computations are closely related to those of [2, Sec. 2.2].
As Qg1 € M2(R) we obtain

2det det
2det Qoo detQur o (@.7)
tr Q.1 tr Qr,r
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where tr denotes the trace of a matrix.
For any s1, s2 € (—00,0) there exists § € (s1,s2) such that

1(281)1(282) = (51 + 82)2e(s275) (OEN”

Explicit computations lead to

1 1 = _ _
(n(n(s)" = 5~ x = =2
and thus 1 1
— < g
Sy < () < 5

Let sy = —=T'\;,1 and sy = —T' Ay 2. Thus,
det Qpr = T2H203n(—2T A1 )(~2T A 2) (1 = e~ =2w2)0)

with ¢y satisfying
1 1

e s SUk S o

T2>\i’2 + 12 4T2)\i’1
Now the trace of Q7 is given by

tr(Qr,1) = Thin(—2T A1) + Tb3n(—2T Ay 2).
Gathering these informations leads to
— c1— 2
Tb%bgn(_QT)\k,l)77(_2T/\k,2)(1 — exp (%) )
b3n(—2T \g,1) + b3n(—2T i, 2)

o o TOR0EN(=2T X 1)n(=2T A 2) (Ak1 = Mi2)”
a ALy (0In(=2T A1) + b3n(—2T Ar2))

Ok 2>

proof of Proposition 3.1} Applying inequality (1.4) with v = g2 — Z—fgpk,l and

We now use inequality ([1.4) to estimate |Ag 2 — A 1] in the same spirit as in the
A = A1 we obtain for any € > 0,

2 2 —2\ T
N2 = A1 |2 > CAZ e 2 (Tote),

Finally using this inequality in the estimate of o} and using

1
<n(=2TAj;) < ——
T, = 12T < 5

yield

o) > Le_Q)\k,l(TO"rE).
T A1+ Ak

From (4.6)), we deduce

[urll7z0.r) < Cehr + Ag2)e” Mt (T ToF)|j0)2

which ends the proof.
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4.3 Comments on the behaviour of the spectrum

We recall some results on the harmonic oscillator proved in [I5], Sec. 5.1].
Let H = L?(R) and U = L?(R). Define the operator

A= —0py + 27, D(A) = {y € H*(R); x > 2?y(z) € L*(R)}.

The operator is self-adjoint and generates a C° semigroup. Its eigenvalue are
{A\x =2k — 1;k € N*} and its eigenfunctions are the Hermite polynomials (see
for instance [28]). Thus they form a Hilbert basis.

Consider the bounded operator B defined by B = 1(_ 4,) With 7o € R.
In this setting it is proved in [I5, Proposition 5.1 that system is not null
controllable for any time 7' > 0.

However, still in [I5], Proposition 5.1] it is proved that the following inequality
holds: there exists M, m € R such that

]| < M||(A* 4+ \)v||? +m|| B*v||%, Vv € D(A), YA € R.

As for any T' > 0 the functions

e2AT 2AT
A€ (O,"‘OO) — 7 and M\ € (O, +OO) — b\
are bounded from below, following definition (1.5)), it comes that Top = 0. Thus
inequality (1.4) is valid for any 7" whereas null controllability holds for no value
of T.
It is fundamental to notice that this example satisfies every assumption of
Theorem [[.4] except that in this situation

1 1
25T Lot

ken+ F pen-

Thus assumption (1.6) should be considered as a technical assumption due to
the use of moment method but as a concrete limitation of the characterization
of null controllability using inequality ([1.4)).

A General estimate of biorthogonal families

Let us start recalling that the Blaschke product associated with the sequence
A = (A\g)ken~ is the function W : C; — C defined by:

1— M\

W(A) =W(AA) = H 5km,

k>1
M e =1 A+ 1
A [Ae + 1N — 1

AEC_A'_,

Sk (0 = 1 if A\ = 1).

Under assumption (1.6)), the previous function W is well-defined, W € H>(C,.),
the space of bounded and holomorphic functions defined on C , is defined almost
everywhere on R and satisfies |IW(A)| < 1, for ReA > 0, and |W (iT)| = 1, for
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almost every 7 € R (see for instance [3, Lemma 4.2]). A direct computation
also gives

, | T 1+ /N
= = h :: - < < .
W= gregng P e i o= L5505
1%k
On the other hand (see [4, Theorem 3.9]),
, I W) In Py,

A)=1 —————= =1lim . A1l
W= TR A Reho) .

Let us now prove Proposition when T = oco. To this end, let us first con-
sider functions ej; = e ! and ey, o = te=*** in L2(0, 00; C). Assumption
allows us to apply [3, Proposition 4.1] (with n = 2), and deduce the existence
of a biorthogonal family {qk 1,qk2}ken C A(A,00) to {ex 1, ex2}ken+ which
satisfies for any k € N* and any j € {1,2}

sl 0y < C [1 + ] Re(w)) [+ M*PE (A2)

1
Re(Ax)

where C > 0 is a constant and, for 7 € (0, 00|, A(A, 7) is the closed subspace of
L?(0,7;C) given by

2 T
A(A,7) =span {ex 1,ex2: k € N*}L © ’C).

From formulae (A.1l)) and (A.2), we deduce that, for any € > 0, there exists a
constant C. > 0 such that
1@l 2 (0,00:0) < Cee@eMHOR) -y e N* V5 € {1,2}. (A.3)

This proves Proposition and ([2.10) when T = oo.
The general case T € (0, 00) can be deduced from the previous result and

Lemma A.1. Let A = (Ap)ren+ be a sequence satisfying (1.6). Then, for any
€ (0,00), the restriction operator

Ry o € A(A,00) — Ry = @01y € AN, T)

is a topological isomorphism. In particular, there exists a positive constant Cr,
depending on the sequence A and T, such that

llell2(0,000) < COrllollz2(0,10), Voo € A(A, 00). U

Before proving Lemmal[A.T] let us complete the proof of Proposition Let
us set
arj = (R7') Gy € AN,T), VkeN*, Vje {12}
From Lemma and , it is clear that the function g ; satisfies, for any
£ > 0, inequality (2.10) for any k € N* and j € {1,2}.
On the other hand, we can write

0k,105,i =

€k,j s Q1,i) L2(0,00,C)
Ry Rren , @) 12(0,00:0)

(

= (

= (Rrek; ( 51) Q1,i) 12(0,T;C)

= (exj> @i)r2ric)y, Yk, 1 € N Vj i€ {1,2}
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ie., {qk717qk72}k€N* C A(A,T) is a biorthogonal family to {ekJ?eka}keN* in
L?(0,T;C). This ends the proof of Proposition

Proof of Lemma[A-1 The proof follows the same arguments of the proof of [4]
Lemma 4.2] and uses [4, Lemma 4.6].

From the definition of the space A(A,T), it is clear that we will obtain the
proof if we show that there exits a positive constant Cr > 0 such that

HP||L2(O,00;C) < CTHP”LZ(O,T;(C)ﬂ VP e 3&
where

N
P:=S P:P(z) =Y (ae " +bjze %), with N > 1, aj,b; € C

j=1

We argue by contradiction. Therefore, assume that there exists a sequence
{Pm}mzl C B such that

lim HPm”Lz((],T;(C) =0 and HPmHLQ(O,oo;(C) =1 Vm > 1. (A4)
Observe that condition (1.6)) implies the existence of 5 € [0, 7/2) such that
A={M}lis1 CSsi={z=re? €C:r>0, |0] <05} (A.5)

Let 0y € (05,7/2) where 05 € (0,7/2) is such that (A.5) holds. Let us also
fix e >0, 0y € (05,7/2) and 7 € (0, cos ) and consider the set

cosfy — T
5’5,90772{,2:3:—&—@::1026, |y§0}.

T sin 0
Applying [4] Lemma 4.6] in the set S. g, - we deduce that there exists a constant
C. > 0 such that, for any P € 13, one has

|P(2)] < Cel|Pllr2(0,00ic) (14 |2)) 770 vz e S, o,

where @ = ming>1 [A\g| > 0. Using now (A.4), we can conclude that the se-
quence {P,}, -, is uniformly bounded on the domain Sc g, . Therefore, it
is a normal family of holomorphic functions on S. g, - and there exists a sub-
sequence, still denoted by {Pm}m>17 and a holomorphic function P on S; g, -
such that P,, — P uniformly on the compact sets of S: g, r. Furthermore, from
Lebesgue’s theorem, P,, — P in L?(n, co0;C) for any > . Assumption
implies that P = 0 on the interval (n,T) for any n: 0 < e <n < T. Since P is
holomorphic on S. g, -, we get P = 0 on (g,00). Whence lim || Py, || £2(7,00;c) = 0
and since, by our assumption, lim || Py, ||12(0,7,c) = 0 it follows that

lim HPmHL2(O,oo;(C) = O

This contradicts (A.4) and provides the proof of Lemma
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B Condensation index of a particular sequence

Consider the sequence defined by A = {\,d\y; k € N*} with A\ = k?72 and
Vd ¢ Q.

For the sake of completeness, we reproduce here the computations of [20]
communicated by E.H. SAMB which proves that c¢(A) = Bohr(A).

From the computations in the proof of [4, Proposition 6.20], it comes that

c(A) = max{/y, (2},

with In|E' (A In |E’(dX
élzlimsup; n B k)|, égzlimsup; n B k)|
k——+o00 Ak k—s+00 dA
It is also proved that
—In ‘sin (’%) ’ —In |sin (lm\/ﬁ) ’
. d .
¢y =limsup —————, {5 = limsup .
k—+o00 Ak k—+00 dM\g

The fact that the condensation index is indeed a Bohr index follows from
the application of the next lemma to the particular sequence (ky,),en+ such that

_ ’
Ly —IIEOw,)

= /.
n——+oo )\k 1

n

Lemma B.1 ([26]). For any sequence of integers (kn)nen+ going to +0o as n

goes to +oo there exists a sequence (jn)nen+ such that

—In|Ae, —dN;, | —In|E'(Ag,)|
Ak, Ak

lim ’ ‘ = 0.
n—-+oo

n

Proof. For any n € N*, let j, the nearest integer to k—\/“g Since

we obtain
5 kn, . knm i
\/E JTL \/E .]’VL

Using [4, Proposition 6.20] leads to

<sin

dsinh(k7) sinh (k—”)

d
2k573

[E' ()| = , VkeN.

()
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Finally, this yields

—ln\)\kn _d)\.jn| _ —1I1|E/()\kn)| - L n El(Akn)
M, M, S Ak | Ak, —dA,
1 d sinh(km) sinh (k—\/%) sin (k—\/%)
=—|In
A, 2k (ki + Vjn) | kn — Vdjp,
dsinh(kr)sinh ( £Z
<t m (ﬁ> N
Ak, 2k575 (ky, + Vdjn) Me, | Vd
<1 debme L N
= N | SR o+ V)| e |V

The right-hand side goes to 0 as n goes to +o0o which ends the proof.
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