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Abstract

This paper is devoted to the study of the null and approximate controllability for some classes
of linear coupled parabolic systems with less controls than equations. More precisely, for a given
bounded domain  in RN (N € N*), we consider a system of m linear parabolic equations (m > 2)
with coupling terms of first and zero order, and m — 1 controls localized in some arbitrary nonempty
open subset w of €. In the case of constant coupling coefficients, we provide a necessary and sufficient
condition to obtain the null or approximate controllability in arbitrary small time. In the case m = 2
and N = 1, we also give a generic sufficient condition to obtain the null or approximate controllability
in arbitrary small time for general coefficients depending on the space and times variables, provided
that the supports of the coupling terms intersect the control domain w. The results are obtained
thanks to the fictitious control method together with an algebraic method and some appropriate
Carleman estimates.
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Résumé

Cet article est consacré a I’étude de la contrdlabilité a zéro et approchée d’une classe de systémes
paraboliques linéaires couplés avec moins de controles que d’équations. Plus précisément, pour un
domaine donné borné Q de RY (N € N*), nous considérons un systéme de m équations (m > 2)
avec des termes de couplages d’ordre un et zéro, et m — 1 controles localisés dans un sous-ensemble
ouvert non-vide arbitraire w de 2. Dans le cas de coefficients de couplage constants, nous fournissons
une condition nécessaire et suffisante pour obtenir la controlabilité a zéro ou approchée en temps
arbitrairement petit. Dans le cas m = 2 et N = 1, nous donnons également une condition générique
suffisante pour obtenir la contrélabilité a zéro ou approchée en temps arbitrairement petit pour des
coefficients généraux dépendants des variables de temps et d’espace, lorsque le support des termes
de couplage intersecte le domaine de controle w. Les résultats sont obtenus par combinaison de la
méthode par controle fictif avec une méthode algébrique et des estimations de Carleman appropriées.

1. Introduction

1.1. Presentation of the problem and main results

Let T > 0, let Q be a bounded domain in RY (N € N*) supposed to be regular enough (for
example of class C*), and let w be an arbitrary nonempty open subset of Q. Let Qr := (0,7) x Q,
gr = (0,T) X w, X7 := (0,T) x 02 and m > 2. We consider the following system of m parabolic
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linear equations, where the m — 1 first equations are controlled:

Oyr = div(diVyr) + D000 g1i - Vi + ey aviyi + Lo in Qr,
Opyr = div(daVya) + vy g2i - Vyi + Y oiey a2iyi + Lous in Qr,

Otm—1 = AV (do 1 V1) + X0y Gom-1yi - Vi + S0 @gm1)i¥i + Lottt 0 Qp, (1)

6tym = diV(diZ/m) + Z:il 9mi ° vyz + Z:il AmilYi in QT7
y1=--.=yYm =0 on X,
yl(oa‘) :y?,“'a ym(07') :ygn in Q,

where y° := (¢9,...,9%) € L?(Q)™ is the initial condition and u := (u1,...,um_1) € L*(Qr)™ ! is
the control. The zero and first order coupling terms (a;;)1<i, j<m and (gij)1<i,j<m are assumed to
be respectively in L>®(Q7) and in L>(0,T; WL (Q)Y). Given some [ € {1,...,m}, the second order
elliptic self-adjoint operator div(d;V) is given by

N
div(d)V) = Y 9;(d9;),
i,j=1
with B
7
d;j = d-l” in QT7
where the coefficients d;j satisfy the uniform ellipticity condition

N
D dy&g > dol)? in Qr, VE € RV,

4,J=1

for a constant dy > 0.
In order to simplify the notation, from now on, we will denote by

D = diag(dl, . ,dm), G = (gij)lgi)jgm S Mm(RN),

diag(1,...,1
A= (aij)1<i7j<m € M, (R), B:= < fag 6 1) ) S Mm,m—l(R)v

so that we can write System (1.1) as
Oy =div(DVy)+ G -Vy+ Ay+1,Bu  in Qr,
y=20 on X, (1.2)
y(0,) =" in Q.

It is well-known (see for instance [1, Th. 3 & 4, p. 356-358]) that for any initial data y° € L?(Q)™
and u € L?(Q7)™ !, System (1.2) admits a unique solution y in W (0, T)™, where

W(0,T) := L*(0,T; H} ()N H*(0,T; H () — ¢€°([0,T]; L*(Q)). (1.3)

Moreover, one can prove (see for instance [1, Th. 5, p. 360]) that if y* € H} ()™ and u € L?(Qr)™ 1,
then the solution y is in Wg’l(QT)m, where

W3 H(Qr) »= L*(0, T; H*(Q) N Hy (Q)) N H(0,T; L*(Q)) < €°([0, T]; H)(Q)). (1.4)

The main goal of this article is to analyse the null controllability and approximate controllability
of System (1.1). Let us recall the definition of these notions. It will be said that



e System (1.1) is null controllable at time T if for every initial condition y° € L?(2)™, there
exists a control u € L?(Qr)™~! such that the solution y in W (0,T)™ to System (1.1) satisfies

y(T)=0 in Q.

e System (1.1) is approzimately controllable at time T if for every € > 0, every initial condition
Y € L2()™ and every yr € L*(Q)™, there exists a control u € L*(Qr)™ ! such that the
solution y in W(0,T)™ to System (1.1) satisfies

ly(T) = yrlli2@)m <

Let us remark that if System (1.1) is null controllable on the time interval (0,7"), then it is also
approximately controllable on the time interval (0,7") (this is an easy consequence of usual results of
backward uniqueness concerning parabolic equations as given for example in [2]).

Our first result gives a necessary and sufficient condition for null (or approximate) controllability
of System (1.1) in the case of constant coefficients.

Theorem 1. Let us assume that D, G and A are constant in space and time. Then System (1.1)
is null (resp. approzimately) controllable at time T > 0 if and only if there exists ip € {1,...,m — 1}
such that

Gmio 70 0O Gy # 0. (1.5)

This condition is the natural one that can be expected, since it means that the last equation is
coupled with at least one of the others, and is clearly a necessary condition (otherwise one cannot
act on the last component y,, which evolves freely).

Our second result concerns the case of general coefficients depending on space and time variables,
in the particular case of two equations (i.e. m = 2), and gives a controllability result under some
technical conditions on the coefficients (see (1.7) and (1.8)) coming from the algebraic solvability (see
Section 3.1). To understand why this kind of condition appears here, we refer to the simple example
given in [3, Ex. 1, Sec. 1.3]. Let us emphasize that the second point is only valid for N = 1 and under
Condition (1.8), which is clearly technical since it does not even cover the case of constant coefficients.
However, Condition (1.8) is generic as soon as we restrict to the coupling coefficients verifying go; # 0
on (0,T) X w, in the following sense: it only requires some regularity on the coefficients and a given
determinant, involving some coefficients and their derivatives, to be non-zero. Since this condition
may seem a little bit intricate, we will give in Remark 1 some particular examples that clarify the
scope of Theorem 2.

Theorem 2. Consider the following system:

Owyn = div(diVir) + 911 - Vi + g12 - Vye + a11yr + a12ye + Lou  in Qp,

Owyo = div(daVya) + go1 - Vi + gaz - Vo + a21y1 + azay2 in Qr, (1.6)
y1=y2=0 on Y, '
y1(07 ) = y(1)7 yQ(Oa ) — yg; in Q,

where y° = (y?,49) € L?(Q)? is the initial condition.
Then System (1.1) is null (resp. approximately) controllable at time T if there exists an open
subset (a,b) x O C qr where one of the following conditions is verified:

(i) Coefficients of System (1.6) satisfy d; € C'((a,b),C2(O)N"), gij € CY{((a,b),C2(O)N), a;; €
C'((a,b),C*(0)) fori,j=1,2 and

g21 =0 and ag; #0 in (a,b) x O. (1.7)



(ii) N =1 and coefficients of System (1.6) satisfy di, gij, ai; € C3((a,b),C"(O)) fori=1,2 and

|det(H (t,z))| > C for every (t,z) € (a,b) x O, (1.8)
where
—a21 + 0z g21 g21 0 0 0 0
—0ga21 + Ozzg21 —a21 + 202921 0 g21 0 0
Ho— —0taz1 + Otz g21 g1 —az1 + 0zg21 0 g1 O
' —0z2a21 + Ozzzg21 —20za21 + 3022921 0 —a21 +30z921 0 g:1
—a22 + 0z922 go2 — Ozd2 -1 —ds 0 0
—0za22 + Ozzg22 —a22 + 205922 — Ozzdo 0 g2 — 20zd2 -1 —ds
(1.9)

Remark 1. (a) The first part of Theorem 2 has already been proved in [4] and [5] (see the point 4.
of Section 9 in [5]) with less regularity on the coefficients, and is not a new result.
(b) We will see during the proof of Theorem 2 that, in Item (ii) of Theorem 2, taking into account
the derivatives of the appearing in (1.9), (3.5) and (3.10) and the regularity needed for the
control in Proposition 3.4, we only need the following regularity for the coefficients:

d; € C((a,b),C2(0)), gij € C°((a,b),C%(O)), as; € C°((a,b),CH(O)) (1.10)

for all 4,5 € {1,2} in the first case (i) and

g21 € CO((‘L
da, g2z €C°
aoo € CO((CL,b

((a,b

)((9)), (1.11)

in the second case (i1).
(¢) One can easily compute explicitly the determinant of matrix H appearing in (1.8):

Haoy Od 5 5 o o
det(H) = 29521 572 43, — 452214, 921921+ d2921+2a21 52Ldagar — “52L 93,922 + gt 931

ddy dg 224 a2y 2

—4az1 52 52 ga1 + an ﬁ*ggl +1121 3, 921 - 3a21d2 Lga1 4 6az1da(52L)% — 2a3 d2 L tan? 221 51922
e} 2 2%dy 8 dd a2 dd e} a3

—a21 ggl g21 — a2193, 322 + aﬁz 93, — 3;2 gﬁl 93, — 52 ngl 21 +3%52(55 gm )2ga1 — d2 3g§1 )
8goy 02 8 E E E) E) 8921 O

+5dp =521 azﬁl g21 — 4dp(521)% + 2521 g7 2922 0(71221 931922 — Sil 921922 — ai%ﬁgzl + =521 2921 g5y

3 0
—921 (;;22-
(d) We remark that Condition (1.8) implies in particular that
g21 # 0in (a,b) x O. (1.12)

Our conjecture is that, as in the case of constant coefficients, either the first line of (1.7) or
(1.12) is sufficient as soon as we restrict to the class of coupling terms that intersect the control
region, since it is the minimal conditions one can expect (as in the case of constant coefficients,
this only means that the last equation is coupled with one of the others).

(e) Even though Condition (1.8) seems complicated, it can be simplified in some cases. Indeed, for
example, System (1.6) is null controllable at time T if there exists an open subset (a,b) x O C qr
such that

go1 = Kk € R* in (a,b) x O,
as1 =0 in (a,b) x O,
0za22 # Orzgoz  in (a,b) x O.

In the case 0,a20 = 031922, we do not know if the controllability holds and we are not able to
prove it using the same techniques as in this paper.



Another simple situation is the case where the coefficients depend only on the time variable. In
this case, it is easy to check that Condition (1.8) becomes simply: there exists an open interval
(a,b) of (0,T) such that

921(t)0raz1(t) # a2 (t)0iga1(t) in (a,b).

(f) In fact, it is likely that one could obtain a far more general result than the one obtained in
Theorem 2. By using the same reasoning, one would be able to obtain a result of controllability
for arbitrary m and N, however the generic Condition (1.8) would be far more complicated and
in general impossible to write down explicitly. That is the reason why we chose to treat only
the case m =2 and N = 1.

This paper is organized as follows. In Section 1.2, we recall some previous results and explain
precisely the scope of the present contribution. In Section 1.3, we give some natural perspectives of
this work. In Section 1.4 we present the main method used here, that is to say the fictitious control
method together with some algebraic method. Section 2 is devoted to the proof of Theorem 1. We
finish with the proof of Theorem 2 in Section 3.

1.2. State of the art

The study of what is called the indirect controllability for linear or non-linear parabolic coupled
systems has been an intensive subject of interest these last years. The main issue is to try to control
many equations with less controls than equations (and ideally only one control if possible), with
the hope that one can act indirectly on the equations that are not directly controlled thanks to the
coupling terms. For a recent survey concerning this kind of control problems, we refer to [6]. Here, we
will mainly present the results related to this work, that is to say the case of the null or approximate
controllability of linear parabolic systems with distributed controls.

First of all, in the case of zero order coupling terms, a necessary and sufficient algebraic condition
is proved in [7] for the controllability of parabolic systems, for constant coefficients and diffusion co-
efficients d; that are equal. This condition is similar to the usual algebraic Kalman rank condition for
finite-dimensional systems. These results were then extended in [8], where a necessary and sufficient
condition is given for constant coefficients but different diffusion coefficients d; (the Laplace operator
A can also be replaced by some general time-independent elliptic operator). Moreover, in [7], some
results are obtained in the case of time-dependent coefficients under a sharp sufficient condition which
is similar to the sharp Silverman-Meadows Theorem in the finite-dimensional case.

Concerning the case of space-varying coefficients, there is currently no general theory. In the
case where the support of the coupling terms intersect the control domain, the most general result
is proved in [4] for parabolic systems in cascade form with one control force (and possibly one order
coupling terms). We also mention [9], where a result of null controllability is proved in the case
of a system of two equations with one control force, with an application to the controllability of a
non-linear system of transport-diffusion equations. In the case where the coupling regions do not
intersect the control domain, only few results are known and in general there are some technical and
geometrical restrictions (see for example [10], [11] or [12]). These restrictions come from the use of
the transmutation method that requires a controllability result on some related hyperbolic system.
Let us also mention [13], where the authors consider a system of two equations in one space dimension
and obtain a minimal time for null controllability, when the supports of the coupling terms do not
intersect the control domain.

Concerning the case of first order coupling terms, there are also only few results. The first one
s [14], where the author studies notably the case of N 4 1 coupled heat equations with N control
forces (we recall that N is the dimension of ) and obtains the null controllability of System (1.1) at
any time when the following estimate holds:

ull @) < Cll(g21 - V + ag1)*ul| 2o~ (1.13)



for all u € H}(2). Let us emphasize that inequality (1.13) is very restrictive, because it notably
implies that go; has to be non-zero on each of its components (due to the H'—norm appearing in
the left-hand side). Moreover, in the case of two equations, the result given in [14] is true only in
the dimension one. Another case is the null controllability at any time 7" > 0 of m equations with
one control force, which is studied in [4], under many assumptions: the coupling matrix G has to
be upper triangular (except on the controlled equation) and many coefficients of A have to be non
identically equal to zero on w, notably, in the 2 x 2 case, we should have

g21 =0 in gr
and (1.14)
(ag1 > ap in gr or ag < —agp in gr),

for a constant ag > 0. The last result concerning first order coupling terms is the recent work [15],
where the case of 2 x 2 and 3 x 3 systems with one control force is studied under some technical
assumptions. Notably, in the 2 x 2 case, the authors assume that

{ there exists an nonempty open subset v of dw N 912, (1.15)

Jzo € v 8.b. g21(t, o) - v(wg) £ 0 for all ¢ € [0,T],

where v represents the exterior normal unit vector to the boundary 9Q2. Under these technical
restrictions on the control domain and the coupling terms, System (1.1) is null controllable at any
time T' > 0.

Here we detail how our results differ from the existing ones:

1. In the case of constant coefficients, we are able to obtain a necessary and sufficient condition
in the case of m equations, m — 1 controls and coupling terms of order 0 or 1, which is the
main new result. Moreover, the diffusion coefficients can be different, we are able to treat the
case of as many equations as wanted and we use an inequality similar to Condition (1.13) but
with the L? —norm in the left-hand side (see Lemma 2.4). To finish, we do not need the control
domain to extend up to the boundary as in Condition (1.15). The main restriction is that all
the coefficients of System (1.1) must be constant.

2. In the case N =1 and m = 2, we are able to obtain the controllability in arbitrary small time
under some generic condition which is purely technical. In Theorem 2, the geometric condition
(1.15) is not necessary, which is satisfying.

1.3. Related open problems and perspectives

Let us describe briefly some related open problems and the difficulties that prevent us to go further
in the present paper:

e As explained in Remark 1, we believe that the condition involving the determinant of H is
purely technical, which means that either the first line of (1.7) or (1.12) is sufficient as soon
as we restrict to the class of coupling terms that intersect the control region. This conjecture
includes the particular cases mentioned in item (e) of Remark 1 (for instance the condition
appearing in the case of time-dependent coefficients should not be necessary). However, we
were not able to treat the general case because it is crucial in the proof of Theorem 1 that the
coefficients are constant, at least at two levels:

1. Lemma 2.4 is not true anymore for variable coefficients (maybe in the case of time-varying
coefficients only this can be adapted though).

2. During the proof of the Carleman estimate (2.15), it is crucial that the operator N in-
troduced in (2.2) has constant coefficients, so that it commutes with all the terms of the
equation. This enables us to obtain an equation like (2.17), hence we apply directly Lemma
(2.2), which would not be possible in the case of non-constant coefficients (there will be
some remaining terms that cannot be absorbed).



e Another important limitation of our study is that we are restricted to the case of m —1 controls.
One natural extension would then be to try to remove more controls. However, even in the
case of m equations and m — 2 controls (m > 3) and constant coefficients, the situation is much
more intricate because we do not have any idea on what would be a “natural condition” similar
to the one of Theorem 1 that will be enough to ensure the null controllability. Moreover, using
the fictitious control method is not totally straightforward, because it is likely that the operator
N needed in (2.2) has to be of order 2 in space, which would lead to important technical issues
since it would require to prove a Carleman estimate similar to (2.15) with a local term involving
derivatives of order 2.

e To prove the algebraic solvability of system (1.6) (see (1.21) for the definition of this notion),
we introduce a differential operator Q in (3.7) which is a key issue of the proof of the second
item in Theorem 2. The matrix H given in (1.9) is then deduced from Q. The operator Q has
been found with the help of formal calculations. The authors have not been able to find simpler
expressions. It could be interesting to improve it and notably to investigate if looking at higher
derivatives would give some different (and simpler) conditions.

1.4. Strategy

The method described in this section is sometimes called fictitious control method and has already
been used for instance in [5], [16] and [17]. One important limitation of this method is that it will
never be useful to treat the case where the support of the coupling terms do not intersect the control
region, because, in what we call the algebraic resolution, we have to work locally on the control
region.

Roughly, the method is the following: we first control the equations with m controls (one on each
equation) and we try to eliminate the control on the last equation thanks to algebraic manipulations.
Let us be more precise and decompose the problem into two different steps:

Analytic problem:
Find a solution (z,v) in an appropriate space to the control problem by m controls which are regular
enough and are in the range of a differential operator. More precisely, solve

Oz =div(DVz)+ G -Vz + Az + N(1gv) in Qr,
z=0 on X, (1.16)
2(0,-) =4° 2(T,)=0 in Q,

where N is some differential operator to be chosen later and @ is strongly included in w. Solving
Problem (1.16) is easier than solving the null controllability at time T' of System (1.1), because we
control System (1.16) with a control on each equation. The important points (and somehow different
from the usual methods) are that:

1. The control has to be of a special form (it has to be in the range of a differential operator A/),

2. The control has to be regular enough, so that it can be differentiated a certain amount of
times with respect to the space and/or time variables (see the next section about the algebraic
resolution).

If we look for a control v in the weighted Sobolev space L?(Qr, p~'/2)™ for some weight p, it is well
known (see, e.g. [18, Th. 2.44, p. 5657]) that the null controllability at time T of System (1.16) is
equivalent to the following observability inequality:

/|¢(o,x)|2dx<cobs // PNt ) dadt, (1.17)
Q qr



where 1 is the solution to the dual system

—0ip = div(DVY) — G* - Vi + A in Qr,
1/) = 0 on ET7
W(T,-) = ¢° in Q.

Inequalities like (1.17) can be proved thanks to some appropriate Carleman estimates. The weight p
can be chosen to be exponentially decreasing at times t = 0 and ¢t = T', which will be useful later. In
fact, we will have to adapt the usual HUM duality method to ensure that one can find such controls.

Algebraic problem:
For f :=1,wv, find a pair (z,7) (where ¥ now acts only on the first m — 1 equations) in an appropriate
space satisfying the following control problem:

0z =div(DVZ)+G-VZ+ AZ+ Bv+Nf inQr,
=0 on X, (1.18)
200,-) = 3(T,") = 0 in Q,

and such that the spatial support of ¥ is strongly included in w. We will solve this problem using
the notion of algebraic solvability of differential systems, which is based on ideas coming from [19,
Section 2.3.8] and was already widely used in [16] and [17]. The idea is to write System (1.18) as an
underdetermined system in the variables Z and ¥ and to see N f as a source term, so that we can
write Problem (1.18) under the abstract form

L(z,0)=NF, (1.19)
where
L(Z,0) = 0z —div(DVZz) -G -VZ— AZ — Bv. (1.20)
The goal will be then to find a partial differential operator M satisfying
LoM=N. (1.21)

When (1.21) is satisfied, we say that System (1.18) is algebraically solvable. This exactly means that
one can find a solution (z,?) to System (1.18) which can be written as a linear combination of some
derivatives of the source term A f. The main advantage of this method is that one can only work
locally on qr, because the solution depends locally on the source term and then has the same support
as the source term (to obtain a solution which is defined everywhere on Qr, one just extends it by
0). This part will be explained in more details in Sections 2.1 and 3.1.

Conclusion:
If we can solve the analytic and algebraic problems; then it is easy to check that (y,u) := (2 — 2, —0)
will be a solution to System (1.1) in an appropriate space and will satisfy y(T") = 0 in Q (for more
explanations, see [16, Prop. 1] or Sections 2.4 and 3.3 of the present paper).

2. Proof of Theorem 1

Let us remind that in this case, D, G and A are constant. In Section 2.1, 2.2 and 2.3, we will
always consider some ig € {1,...,;m — 1} such that

Imiq 7 0 0T amig 7 0. (2.1)

We will follow the strategy described in Section 1.4, and we first begin with finding some appropriate
operator N.



2.1. Algebraic resolution

We will here explain how to choose the differential operator N used in the next section. We
will assume from now on that all differential operators of this section are defined in C*°(Qr)™. The
appropriate spaces will be specified in Section 2.4. We consider N as the operator defined for all

f:: (fla"'afm) by

le (_gmio 'v_amin)fl
N(f) = NQf = | Fmi '?_‘“mio)f? : (2.2)
Mnf (_gmio -V — amio)fm

Let us recall that the definition of £ is given in (1.20).
As explained in Section 1.4, we want find a differential operator M such that

LoM=N. (2.3)
We have the following proposition:

Proposition 2.1. Let N be defined as in (2.2). Then there exists a differential operator M of order
1 in time and 2 in space, with constant coefficients, such that (2.3) is verified.

Proof of Proposition 2.1. We can remark that equality (2.3) is equivalent to
Mo L* =N, (2.4)
The adjoint £* of the operator L is given for all ¢ € C*=(Qr)™ by
—0p1 — div(diVer) + 3252 {g51 - Vi — ajigp;}

LYo = 180 = ~O1pm = div(dm Vipm) + Z;nzl{gjm Vs~ ames} ;o (2.5)
L:;mfl(p 1
Pm—1
the m — 1 last lines coming from the particular form of our control operator B. Now we apply
Gmio © V — Gmi, to the (m + @)™ line for i € {1,...,m — 1} and we add (9; + div(d;,V)) L}, ;. ¢ +
Z;n:_ll(—gﬁo-v+aﬂo)£;+j<p to the (i)™ line. Hence, remarking that £, , ;0 = ¢; (i € {1,...,m—1}),
we obtain

(gmio -V — amio)‘C:n—&-l(P
e ) V.
(gmio -V - amio)f’zqulw v

L3 @+ (0 + div(dig V) Lhpi + 20501 (=Gjio = V + jig ) L1y 40

0
Thus if we define M* for ¥ := (1, ..., P2, _1) € CZ(Qr)>™ ! by
miov — Amig )¥Pm
U (9 a )¢ +1
M = . (26)

¢2' . ) (gmi, V — amio)w_%mfl
" Yiy + (O + div(dig V) Vmrio + 22521 (=Giio = V + @jig ) omrj

then equality (2.4) is satisfied and hence equality (2.3) also. Moreover, the coefficients of M* are
constant, hence it is also the case for the coefficients of M. [ ]

Remark 2. Looking carefully at the proof of Proposition 2.1, we remark that one could also have
constructed some differential operator M such that Lo M = N with V] = ... = N,,_1 = Id and
./\~/'m = —Gmiy-V —mi,. However, it is more convenient for the proof of (2.15) to work with a differential
operator of same order on each line of N and that is the reason why we copied —gmi,.V — am;, on

each line.



2.2. An appropriate Carleman estimate
Let us consider the following dual system associated to System (1.16)

—0pp = div(DVY) — G* - V¢ + A*  in Qr,
=0 on X, (2.7)
W(T,) =" in Q.

The two main results of this section are Propositions 2.2 and 2.3, which are respectively some
Carleman estimate and observability inequality. The particularity of theses inequalities is that the
observation will not be directly the L2—norm of the solution ¢ to System (2.7) on the subset w, but
it will be the L?—norm of some linear combination of ¥ and its derivatives of first order on the subset
w. This particular form will be used in the next section to construct a solution to the analytic control
Problem (1.16).

Let wp, w1 and ws be three nonempty open subsets included in w satisfying

Wy C wy, Wi C wo and Wy C w.

Before stating the Carleman estimate, let us introduce some notations. For s, A > 0, let us define
I(s, \;u) == s3\* // e 25 2 dzdt + s\? // e~ 25|Vl dxdt, (2.8)
QT Qr

where

exp(12A]|1°]|0e) = exp[A(10[7°||oe + 7°(2))]

exp[A(10[7°||oc +1°())]
t5(T — t)5 '

at,x) == 5(T — t)5

and (¢, z) =

(2.9)
Here, 7" € C2(9) is a function satisfying

V| = kin Q\wz, 7°>0inQ and 7° =0 on 09,
with x > 0. The proof of the existence of such a function n° can be found in [20, Lemma 1.1, Chap.

1] (see also [18, Lemma 2.68, Chap. 2]). We will use the two notations

o*(t) :=maxa(t,z) and £*(¢) := miné(¢, x), (2.10)
e e

for all t € (0,T).

2.2.1. Some auziliary results

Let us now give some useful auxiliary results that we will need in our proofs. The first one is a
Carleman estimate which holds for solutions of the heat equation with non-homogeneous Neumann
boundary conditions:

Lemma 2.1. Let us assume that d > 0, u° € L*(Q), fi € L*(Qr) and fo € L?*(X7). Then there
exists a constant C' := C(Q,wq) > 0 such that the solution to the system

—Owu — div(dVu) = fi  in Qr,

% = f2 on ZT’
u(T, ) = u° in Q,

satisfies

I(s,\ju) <O [ s3M\4 // e 25 dedt + // e 259 f1 )2 dadt
(07T)><UJ2 Qr

+5\ / / e 2507 g% f2|2dadt> ,
T

for all X > C and s > C(T° +T').

10



The proof of Lemma 2.1 can essentially be found in [21]. In fact, in this article, the weights are a
little bit different (+(T — t) instead of #3(T — t)%), but the proof just needs to be slightly adapted to
obtain the present result.

From Lemma 2.1, one can deduce the following result:

Lemma 2.2. Let h € L2(X7)™. Then there exists a constant C := C(Q,ws) > 0 such that for every
oY € L2(Q)™, the solution ¢ to the system

—0ip = div(DVy) —G*-Vp+ A*¢ in Qr,

% —p on Y7, (2.11)
o(T,) = ¢° in

satisfies

I(s,\;) < C (33)\4 // e 2593 || dxdt + sA // e 2T ex |h|2dadt> ,
(O,T)XUJQ S

for every A > C and s > sg = C(T° + T0).

The proof of Lemma 2.2 is standard and is left to the reader (one just have to apply Lemma
2.1 separately to all equations of System (2.11), sum of all the Carleman estimates and absorb the
remaining lower-order terms thanks to the left-hand side).

In this section, we will use also the following estimate.

Lemma 2.3. Let r € R. Then there exists C := C(r,ws2, Q) > 0 such that, for every T > 0 and every
u e L?(0,T; HY(Q)),

g2 )\r+2 // 6_2sa£T+2|u|2d$dt <C <ST)\T // 6_25a5T|VU|2d.’IJdt
T T

T2 )TH2 //( ) e2safr+2|u|2dxdt> ,
0,7) Xwa

for every A > C and s > C(T° +T°).

The proof of this lemma can be found for example in [22, Lemma 3]. Our next Lemma is some
Poincaré-type inequality involving the differential operator N'*.

Lemma 2.4. There exists a constant C := C(Q2) > 0 such that for every u € H}(Q), the following

estimate holds:
/u2 < C/ IN*ul?, (2.12)
Q Q

where N* := gpmio - V = Qmi, -

Lemma 2.4 is obvious if g, = 0. If a,,;, = 0, this is exactly the usual Poincaré inequality. The
case mg, 7 0 and g, 7 0 can be reduced to the previous case by considering

) exp (= 2 (g ) ).

|| gmio| |2

In order to deal with more regular solutions, one needs the following lemma:

11



Lemma 2.5. Let zg € HY(Q)™ and f € L*(Qr)™. Let us denote by R := —div(DV:) — G-V — A
and consider z the solution in W' (Qr)™ to the system

Oz =div(DVz)+ G-Vz+ Az+ f in Qr,
z2=0 on X, (2.13)
2(0,-) = zo in Q.

Let d € N. Let us assume that zg € H?*¥L(Q)™, f € L?(0,T; H*(Q)™) N H0,T; L?(Q)™) and
satisfy the following compatibility conditions:

go ‘= 2o € H&(Q)m,
g1 := f(0,-) = Rgo € Hy ()™,

ga =0 £(0,7) — Rga—1 € H(Q)™.
Then z € L%(0,T; H?>*2(Q)™) N HHL(0,T; L%(Q)™) and we have the estimate

121l 20,1 2042 )y nE A+ 0,7522 ()m) < CUf | L2(0,7;524 () )nE (0,7:L2 () + (120 2041 () )-
(2.14)

It is a classical result that can be easily deduced for example from [1, Th. 6, p. 365].

2.2.2. Carleman inequality
We are now able to prove the following inequality:

Proposition 2.2. There exists a constant C' := C(wp, Q) > 0 such that for every 0 € L?*(Q)™, the
corresponding solution ¥ to System (2.7) satisfies

// e 25 STXBETIN* |2 + SN IVUN* |2 + 3N VYN |2 + sA2E|VV VN | b dadt
Qr

< Cs™)8 // e 2T IN* Y| dwdt,
(0,T) xwo

(2.15)
for every A > C and s > sg = C(T° + T0).

Remark 3. It may be quite surprising that one can put so much derivatives at the left-hand-side of
equality (2.15), because the initial condition 1 is only supposed to be L2, hence 1 is only assumed
to be in W(0,T) (see (1.3)). However, because of the fact that the exponential weight e =25 is strong
enough to absorb the singularity that only exists at initial time ¢ = 0, it is quite easy to prove that all
the integrals appearing in the left-hand side of (2.15) exist (this can notably be deduced for example
from inequalities like (2.26), (2.27) or (2.28)).

Proof of Proposition 2.2.
The proof is inspired by [22]. The main difference here is that we keep N*t at the right-hand
side, which complicates a little bit the proof. Let us denote by

R:=—div(DV)+ G* -V — A*. (2.16)
We can assume without loss of generality that
¢ € H(Q) and ¢° Ry, R*° € Hy(Q)™

(The general case follows from a density argument). Thus, using Lemma 2.5, the solution ¢ to System
(2.7) is an element of L2(0,T; H%(Q)™) N H3(0,T; L?>(Q)™). First of all, let us apply the differential
operator

VVN* =VV(—=amiy + Gmis * V)

12



to System (2.7) satisfied by 1. Thus, if we call ¢ := (¢i;)1<ij<n With ¢;; := 9;0;,N*1), then one
observes that ¢ is a solution of the following system:

—0i¢ij = div(DV¢y5) — G* - Vi + A%y in Qr,

% = W’i%jﬁ% on X, (2.17)
i (T, ") = 0;0;N* in Q.

By applying Lemma 2.2 to ¢, we have

I(s,)\,gi)) <C s3At // 6_250‘53‘¢|2dmdt + s\ // 6—2504*5*
(0,T) xwa Sr

for every A > C and s > C(T® + T').
The proof will be divided into three steps :

A(VVN*)
on

2
dodt> ,

(2.18)

e In the first step, we will estimate the boundary term in the right-hand side of inequality (2.18)
with some global interior term involving 1 that will be absorbed later.

e In the second step, we will compare I(s, A, ¢) with the left-hand side of inequality (2.15).

e Finally, in the last step, we will estimate the local term of high order appearing in inequality
(2.18) thanks to some local terms that will be absorbed in the left-hand side of inequality (2.18)
and also thanks to the local term of the right-hand side of inequality (2.15).

Step 1: Let us consider a function 6 € C%() such that

00
e 6 =1 on 09.
After an integration by parts of the boundary term, we obtain
T 2
x 0
SA / e 25 ¢* 99 dodt
0 o0 | On

T

= s\ / e 25 g %V¢~V¢9dadt
0 a0 On

= s\ / e 250 ex / APV - VOdzdt + s /
0 Q 0

T *
e sl gx / V(V0-Ve) - Vodrdt.
Q

Using successively Cauchy-Schwarz inequality and Young’s inequality, we deduce that

T
s)\/ 6_250‘*5* ¢
0 a0

2

T
an dgdt < C)\/ 6—2804 ||(S£*)4/51/JHH4(Q)NL||(S£*)1/5'(/J‘|H5(Q)77Ldt
0

< oA / €725 (5€% )54 gyl
0

T
e\ / €25 (5725 )] 2ps oyl
0

(2.19)
Let us introduce ¢ := pyp with p € C°°(]0,T]) defined by
p = (sf*)ae—sa*7
for some a € R to be chosen later. R
One remark that p verifies 9{p(0) = 0 for all i € N. Then v is solution to the system
—0p = div(DVY) = G* - Vi + A* — pp in Qr,
=0 on X, (2.20)

13



Lemma 2.5 gives for 1,//1\ the estimate

191l 20,75 12042 (@)my e+ (0,132 @)m) < Cllpedll L2 (0,732 ()mynHA (0,13 L2(@) ) (2.21)

for d € {0,1,2}. Using the definitions of £* and a* given in (2.10) and the particular form of p
chosen, we have

[0up] < CT(s")"+0/5e5" (2.22)
|Oup| < CT?(s¢)*H12/5ems (2.23)

and
|8tttp| S CTS(Sf*)a+18/5€_Sa . (224)

Using inequality (2.21) with p := e~ (s¢*)*/® and d = 1, we obtain

T
/0 e=250" (5315 | pa oyt

T . T i (2.25)
<C (/0 10 (e (sg*)4/5)1/}||§{2(mmdt+/0 10:(0: (e (85*)4/5)1/))II%z(szyndt) :
Applying now inequality (2.21) with p := 9,(e=** (s¢*)*/5) and d = 0, we get
T * 4 T * 5
/ 10 (7 (s€")® ) g2 ym lt +/ 10 (D (=" (s€")®)) [ 2 g2y m It
0 0 (226)
C/ 01 (= (€)Yl 32qymlt
Using (2.23) with a = 4/5 together with (2.26) and (2.25), we deduce
T * T *
A 6728a (Sg*)8/5||¢”%[4(9)mdt < CTQ/O 67280{ (Sg*)32/5||1/}H%2(Q)1ndt. (227)
Using exactly the same proof and taking into account (2.24), one can also prove that
T * T *
/0 €20 (5% ) A3 4p 20 gyt < CT / 2 (s )| 2yt (2.28)

Using inequalities (2.27) and (2.28), the interpolation inequality

u”}—I/GQ(Q)m for every u € HG(Q)m’

1/2
| 752y < Cllull 2y

and the Cauchy-Schwarz inequality, we deduce that

T T
/O o250 (55*>2/5H¢“%{5(Q)mdt < C/O || —sa™ (55 ) 2/5'¢)||HG(Q)mH€76‘a (55*)4/51/)||H4(Q)mdt

T
< 0r92 [ e ) O .

(2.29)
Thus inequalities (2.18), (2.19), (2.27) and (2.29) lead to

I(s,\;0) < C <33/\4 // e 2593 p|2dadt
(0,T) xwa

—|—)\832/5(T2 +T5/2)/ 62sa*(§*)32/5|’¢|2d$dt>,
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for every s > C(T® 4+ T'°) and A\ > C. Hence, since
T2 +T5/2 < 6182/57

we have

I(s,)\¢0) <C [ s\ // e 23| p|2dadt + /\334/5/ e 25T (€3O Pdadt |, (2.30)
(0,T) xw2 Qr
for every s > C(T° 4+ T'%) and A > C.

Step 2: We apply Lemma 2.3 successively to N*i with r = 5, then to VAN ™ with r = 3, and
we obtain

sTA / / e PN Y Pdedt < C <55A6 / / e 2L VN Y P dudt
Qr Qr

(2.31)
+57\8 / / 6_230‘£7|N*w2da§dt>
(O,T)XWQ
and
sP\6 // e B\ VN Y|P dadt < C <53A4 // e B3I VYN Y2 dadt
or ’ (2.32)

+s5)\6//( . e_Qsa§5|VJ\/*w2dacdt>,
0,7)Xw2

for every A > C and s > C(T® + T'°). A combination of inequalities (2.30)-(2.32) gives
// e 25U STNEETIN Y| + P ACEP VN |2 + 3N IV VN |2 + sA2E|VV VN | Ydadt
T
<C (}\834/5/ e—ZSa* (f*)34/5‘w‘2d$dt
T

+// e—QSa{S7)\8£7|N*w‘2 +S5>\6§5|VN*’(/J|2 +83)\4§3VVN*’L/J|2}CZ:)Sdt> .
(0,T) Xwa

B (2.33)
Step 3: Let us consider 6; € C*(Q) such that

Supp(6:) C wi,
0=1 in woy,

0<6, <1 in Q.

Then, after an integration by parts,

s3At / / e P VN Y dudt
(O,T)sz

< s3A\ o) 016”23 IVVN |2 dadt
0,7)Xw1

N
= —33/\4 / Z {81 (916_250‘53)6i8j./\/*1/; + 916_25a§331»28j./\[*1/}}8j (N*w)dxdt
(0,T) xw1 ij=1

< O3\ //( ) {IV(01e729€3)|[VVN* || VN* Y| 4 01 23|V VYN | [ VN * 1| yddt.
0,7)Xwq
(2.34)
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Using the definition of £ and « given in (2.9), we deduce that
|V(01e7259¢%)| < Oshe™25%¢?, (2.35)

which, combined with Young’s inequality, leads, for every ¢ > 0, to

s34 // e 23| VVN* Y| dadt
(0,T) xwa

(2.36)
<C / / e 25U BN VVN Y| + esAZE|VVVN |2 + CosP N2 | VN * 1|2 Yddt,
(0,T) xwy

where C; depends only on e. Thus, thanks to inequalities (2.33) and (2.34), one can absorb (by
taking e small enough) the local terms involving |[VVN*|? and [VVVAN*9|? into the right-hand
side of inequality (2.36) and obtain

// e 2 STABETIN |2 4 s AP VN Y| + PN VN2 + sA2EVVVN* |2 dadt
<C <)\534/5/ 672sa* (E*)34/5|1/1|2dxdt

+ / / e 2 sTAETIN Y + 55/\6§5|VN*¢2}dmdt> :
(0,T) xw1

(2.37)
Using exactly the same reasoning we just performed for the term

s3\ // e 23|\ VYN Y2 dadt,
(0,T) xwa

one can also absorb the term s®\% ff(o ) e~ 252¢P| VN *p|2dzdt in the right-hand side of (2.37)

Xwi
and we obtain

// e sTNETIN Y + $PAOC VNP + P AP VYN Y + sAE VY VN | b dadt
T
<C (}\334/5/ 6725a*(£*)34/5|w|2dxdt+ s7T)8 // 625a£7|j\/*¢|2dxdt> )
T (0,T) xwo
(2.38)
Applying now Lemma 2.4, and using the definitions of a* and &* given in (2.10), we obtain the
following inequalities:

57)\8// (€)7e 2 |y Pdadt < 037/\8// (€)Te > |V | dudt

< 087/\8// e 25 N* | ddt.
QT

(2.39)

The two last inequalities (2.38) and (2.39) give

57)\8 // (g*)7e—25a*|,¢)|2d$dt
+ / e SINETINT Y + NP [VN P> + S MNEIVIN P + sA2E[VV VN[ }dadt

T

<C )\834/5/ e—2sa* ({*)34/5|1/)|2dxdt+ s7)\8 // 6_28af7|/\[*’(/}|2dxdt> ]
(0,T) xwo

T

Hence, since 34/5 < 7, one can absorb the global term of the right-hand side by taking s large enough
and obtain inequality (2.15).
|
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Thanks to our Carleman inequality, we can deduce the following observability inequality:

Proposition 2.3. Then for every '° € L*(Q)™, the solution ¢ in W (0, T)™ to System (2.7) satisfies
/ |90, )2 dz < Cops / / e~ 20 TN |2 dedt, (2.40)
O (O,T)Xwo

where Copy := CeCAATHL/T?)

The proof of Proposition 2.3 is very classical and is mainly based on dissipation estimates and the
fact that the weights are bounded from below by some positive constant as soon as we are far from
0 and T (for example on (7'/4,3T/4), together with the fact that Lemma 2.4 leads to the inequality

// Pdwdt < c// N [2dadt.
(T/4,3T /4)x 2 (T/4,3T/4)xQ

2.8. Analytic resolution

This section is devoted to constructing a solution to the analytic control problem (1.16), with
a control regular enough belonging to the range of the differential operator N. We recall that the
definition of A is given in (2.2). Let us consider 6 € C%() such that

Supp(¥) € w,
=1 in wo, (2.41)
0<0<1 in Q.

Proposition 2.4. Let us assume that Condition (2.1) holds. Consider the system

Otz =div(DVz) + G -Vz+ Az + N(6v) in Qr,
z2=0 on X, (2.42)
2(0,) =y in Q.

Then System (2.42) is null controllable at time T, i.e. for every y° € L?(Q)™ , there exists a control
v € L2(Qr)™ such that the solution z to System (2.42) satisfies z(T) = 0 in . Moreover, for every
K € (0,1), we have 50 v € W3 (Qr)™ (the definition of Wi (Qr) is given in (1.4)) and

X5l gy < ST 0] oy (243)
Proof of Proposition 2.4.

We will use the usual duality method developed by Fursikov and Imanuvilov in [20] in the spirit of
what was done in [23] to obtain more regular controls. Let y° € L%(Q)™ and p be the weight defined
by

pi= 576—230a.

Let k € N* and let us consider the following optimal control problem

2

1 k
minimize Ji(v) := 7-/ p71|v\2d$dt + 5/ |Z(T)|2d$a
Qr Q
RS LQ(QT7P71/2)ma

(2.44)

where z is the solution in W(0,T)™ to System (2.42).
The functional J; : L*(Qr, p~'/?)™ — R* is differentiable, coercive and strictly convex on the
space L?(Qr, p~'/?)™. Therefore there exists a unique solution to the control optimal problem (2.44)
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(see [24, p. 128]) and the optimal control vy, is characterized thanks to the solution zj of the primal
system
Oz, = diV(DVZ)k +G-Vz + Az, + N(Gvk) in Qr,
zp =0 on X, (2.45)
Zk(oa ) = yO in Qa

the solution ¢y to the dual system

—Btgok = le(DV(p)k - G*- VQD]@ + A*(pk n QT,

v =0 on Y, (2.46)
or(T, ) = kzi(T, ) in Q
and the relation N 0
v = —pON*pp in Qr,
{ ok € L2(Qp, p~1/2)™. (2.47)

The rest of the proof is divided into two steps. In the first step, we will prove that the sequence
(vk)ken- converges to a control v € L?(Qr, p~/?)™ with an associated solution z to System (2.42)
satisfying z(T') = 0 in 2. Then, in the second step, we will establish (2.43).

Step 1:
Firstly, the characterization (2.45), (2.46) and (2.47) of the minimizer vy of Jy in L?(Qr,p~Y/?)™
leads to the following computations

1

r 1
—5/ <9N*ka,vk>L2(Q)mdt+ -
0

Jr(vr) 5

(z1(T), o1(T)) L2()m

1T 1t

= —5/ <(pk,N(90k)>L2(Q)1zLdt —+ 5/ {<Zk,at<,0k>L2(Q)m + <8tzk, (pk>L2(Q)m}dt (248)
0 0

1

+ §<y07@k(07 ) r2@m

1
5@07 ©(0,°)) L2()m-

Moreover, using the definition of Jg, the definition of 8, our observability inequality (2.40), the
expression (2.48) and the Cauchy-Schwarz inequality, we infer

k(0 )2 gam < Cobs //Q PO IN [Pt = Cos //Q o~ op Pdadt

< 2C0ps Tk (k) < 2C0bs |0k (0, )| 2(ym 14| L2 (2
from which we deduce
0 (0, )| L2y < 2Cobs |yl L2(0)m - (2.49)
Then, using (2.48) and (2.49), we deduce
Ji(v) < Cobsuyoni?(ﬂ)m' (2.50)

Furthermore, we have (see [24])

lzkllworym <C (”N(evk)||L2(O,T;Ig*1(ﬂ))"" + 119° Ml L2(ym ) »
< C (lvkllz2@r) + 19°llz2@m) - (2.51)
<O+ CobS)HyOHL?(Q)ma

where C' does not depend on y° and k. Then, using inequalities (2.50) and (2.51), we deduce that
there exist subsequences, which are still denoted vy, 2z, such that the following weak convergences
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hold:
Vg — v in L2(
2 — 2 in W(
2(T) =0 in L2(2)™.
Passing to the limit in &, z is solution to System (2.42). Moreover, using the expression of J; given
in (2.44) and inequality (2.50), we deduce by letting &k going to oo that z(T) = 0 in Q. Thus the
solution z to System (2.42) with control v € L?(Qr, p~/?)™ satisfies z(T) = 0 in Q and using (2.50),
we obtain the inequality
011720 p-172ym < Cobs19° 722y (2.52)

Step 2: One remarks that for every K € (0, 1), there exists a constant C' > 0 such that
62Ksooz* < 05_76280(1.

This inequality and estimate (2.50) imply that
* 5
HeKSOa vk||%2(QT)'rn < C/ 5_762S°O‘|vk|2dxdt < Ji(vg) < eCUFTHL/T )”yoHiz(Q)m. (2.53)
Qr

We recall that vy, is defined in (2.47), moreover, thanks to the definitions of £ and « given in (2.9),
one has, for every n > 0 ,

‘V(gne—Qs()a)l g C€n+1e—2500¢,

[A(§rem20e)| < CEmr2eon,

‘at(£n€7250a)| < CT€U+6/5€72800¢.

These above inequalities, for n := 7, lead to the fact that

le™e0® Vur|[f2(gpym < C / / e Asoat 2o {ANGN* o |2 4 10N o[ Ydad, (2.54)
T
le™e0®” Ave |32 (g ym < C / / e~ te0a P20 {ANTYN* o1 |2 + EO VN k| + €8 |IN ™ o1 [* Yt

T
(2.55)
and

”at(eKsoa*Uk)H%Q(QT)m <CT // 6*4soa+2K50a* {514|N*8t@k|2 + 682/5|N*(pk|2}d93dt
. (2.56)
N*pr|?}dadt.

< CT// 67450a+2Ksoa*{514(|N*S0k|2 + |AN*§01€|2 + |VN*g0k|2) + 582/5

For every n,v > 0 there exists a constant C;,, such that

|£7]e—4sa+2K500¢*

< Cn’ygl/e—2sa'
Combining the last inequality with (2.53)-(2.56), we deduce that

Ksoa™ 2
”6 UkHng(QT)m

< eC(1+T+1/T5) // 6_250(1{57‘/\[*@“2 + §5|VJ\/*<pk|2 +§3|VVN*(pk‘2d$dt.
Qr
Using (2.15), we obtain that eX50® Vo, 02" Ay, 9 (ef*0 vy,) € L?(Qr)™, and that

||6Ksoa*

5 _ 5
Uk”%vjl(QT)m < COFTHYT )// e~ 2 TION* o |2 dadt = COFTHY/T )||UkH%2(QT)m.
T
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The estimate (2.50) of vy, gives

* 5
||eK80a g eC(1+T+1/T

0
Uk”W;*l(QT)m )||y [L2(@)m-
We conclude by letting k — +o0o (after extracting an adequate subsequence) in the inequalities above.
|

2.4. End of the proof of Theorem 1

Let us assume that Condition 1.5 holds. We will prove first the null controllability at time 7" of
System (1.1). Let y° € L?(Q)™. We follow the method explained in Section 1.4. Let us remind that
0 is defined in (2.41). Using Proposition 2.4, the following system:

Oz =div(DVz)+ G -Vz+ Az + N(0v) in Qr,
z=0 on X, (2.57)
2(0,-) = ¢° in Q

™ guch that the solution z in

is null controllable at time 7', thus there exists a control v € L?(Qr)
W(0,T)™ to System (2.57) satisfies

2(T)=0 in Q.

Moreover N
eKsoa"y e W2 Q)™ (2.58)

Taking into account Proposition 2.1 and the definition of M* given in (2.6), one has (2.3) with the
operator
M : W2271(QT)m N LQ(QT)m > LQ(QT)m—l

f > M,
defined by
0
0
fm (i line)
0
Mf = 0

—(gmio - V + @mio) f1 + (9150 - V + @1i9) fm

—(Gmio - V + @mio) fio—1 + (9io—1)i0 - V + Alig—1)io ) fim
(_875 =+ dlv(dmvfm) - (gmio -V + amio)fio + (gioio -V + aioio)fm
—(Gmio = V + @miy) fig+1 + ((ig+1)i0 * V + lig11)i0) fm

—(Gmio * V F @mig) frn—1 + (Gim=1)io * V + @(m=1)is) fn

(g) =M (6v).

Using (2.58) and the fact that M is a differential operator of order 1 in time and 2 in space (see
Proposition 2.1) with bounded coefficients, we obtain that (Z,0) € L?*(Qr)™ x L?(Qr)™*. Moreover,

Let (Z,0) be defined by
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o~

using (2.58), we have 2(0,-) = 2(T,-) = 0 in ©Q and we remark that (Z,?) is a solution to the control
problem

0z = div(DVZz) + G -VZ+ AZ+ Bu+ N (6v) in Qr,

z2=0 on X, (2.59)

2(0,)=2(T,)=0 in Q,
in particular £o M = A. Finally, (2,0) € W(0,T)™ x L?*(Q7)™ ! thanks to the usual parabolic
regularity. Thus the pair (y,u) := (2 —Z, —0) is a solution to System (1.1) in W (0,T)™ x L*(Qr)™ !
and satisfies

y(T,-)=0 in Q.

3. Proof of Theorem 2

Let us remind that in this case, we have only 2 equations.

3.1. Algebraic resolution

We will assume in this section that all differential operators are defined in C>(Qr)?. We recall
that N is simply the identity operator and £ is given in (1.20). We want to find a differential operator
M satisfying

LoM =Id. (3.1)

Let us emphasize that when coefficients are depending on time and space, we prove equality (1.21)
with the identity operator in the right-hand side (and not A as defined in (2.2)), that is equality
(3.1), because Proposition 2.4 holds only for constant coefficients and does not seem to be adapted
to the case of non-constant coefficients. We have the following proposition:

Proposition 3.1. One has

(i) Under Conditions (1.7) and (1.10), there exists a differential operator M of order at most 1 in
time and 2 in space, with bounded coefficients on (a,b) x O, such that equality (3.1) holds.

(i) If N =1 and under Condition (1.8) and (1.11), there exists a differential operator M of order at
most 2 in time, 4 in space, and 1—2 respectively in crossed space-time, with bounded coefficients
on (a,b) x O, such that equality (3.1) holds.

Proof of Proposition 3.1.
Equality (3.1) is equivalent to

M* o L =1d. (3.2)
Taking into account the definition of £ given in (1.20), the adjoint £* of the operator L is given by
19 —0pp1 — div(di V1) + div(gi11) + div(ga192) — a1191 — az21p2
E*QO = ﬁ;(p = —6t<p2 — div(d2V<p2) + diV(gm(pl) + diV(ggg(pg) — 121 — a2292 . (33)
Lzp P1

We remark first that
Lip + {0 +div(d1V-) —div(gi1-) + a11} o L3 = div(ga1p2) — a21¢2. (3.4)

(i) Let us consider some open subset O included in O on which we have |ag;| > C > 0 (such an
open subset exists thanks to (1.7)). Since g21 = 0 in (a,b) x O, one can just consider M*

defined for every v := (11, 19,13) € C°(Qr)?, locally on (a,b) x @, by

* ,ll)3
M = ( {0 div(dy V) —div(gn ) a5 (3.5)

a21

so that equality (3.2) is satisfied. Moreover, the coefficients of M* (and hence of M) are
bounded.
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(ii) If N =1 and under Condition (1.8), one can proceed as follows: we consider the operator
L3
L3+ {0 + 0:(d10x+) — 0(g911°) + a11} o L3
O (L0 + {0 + 0x(d102+) — 0x(911-) +anr} o E;@)
Qe) = | 0Ll +{0i + 02(dr0s-) — Oe(g11-) +anr} o L30) |, (3.6)
Oua (L1 + {0k + 05(d105) — 02(g11°) + @11} o L3p)
L3¢ +{a12 — 0x(g12)} 0 L3p,
0 (L3¢ + {a12 — Ou(g127) } © L5p)

i.e.

Y1
(—a21 + 9z 921)p2 + 9210202

(=0zaz1 + Ozzg21)p2 + (—az21 + 20:921)0z w2 + 9210z P2

QA(p) = (—0taz1 + Otz g21)p2 + 0:g210: 92 + (—az1 + 0xg21)0t 2 + g210zt P2
(=0zza21 + Ozaxg21)p2 + (—20za21 + 3022921)0xp2 + (—a21 + 302921)0zz 92 + g210zzz P2
(—a22 + 9z g22)p2 + (—0zd2 + g22)0zp2 — Otz — d20zap2
(—0za22 + Ozxg22)P2 + (—0zada — a22 + 20, 922)0ep2 + (—20zd2 + g22)0zep2 — Otapa — d20zzz 02
(3.7)

It is easy to see that there are only 7 different derivatives of ¢ appearing in (3.6), which are the
following ones:

©1, P2, 0x02, 012, One P2, 0212, OrzaPa-

Hence, we can see the operator Q as a matrix M acting on these derivatives (see [16, Sec. 3.2]),
so that M is a square matrix of size 7 X 7. More precisely, one has

Q(@) = M(@lv ©2, az§02’ 8t(,02, amw(p% aﬁtSOZa axww<p2)7 (38)
with
1 0 0 0 0 0 0
0 —az1 + 05921 g21 0 0 0 0
0 —0zaz1 + Oz g1 —az1 + 205921 0 g21 0 0
M = 0 —0taz1 + Otz ga1 0t g21 —az1 + 0z9g21 0 g21 0
0  —0zza21 + Ozzzg21 —20ga21 + 30zx921 0 —a21 + 30921 0 g21
0 —azz2 + 05922 —0zd2 + g22 -1 —ds> 0 0
0 —0zaz2 + Opago2 —Ozzd2 — a2z + 20,922 0 —20zd2 +g22 —1 —d2

(3.9)
Matrix M is invertible since Condition (1.8) is verified. Let us call P the projection on the two
first components
P(xla X2,T3,T4,Ts5, L6, Jj7) = (.1:17 .’132).

Then, by definition of the inverse, we have
PM ™M (p1,...,00ep2) = ©.
The expression of Q given in (3.8) leads to
PM~'Q(p) = ¢.

If we denote by Rq := 0y + 0, (d10:+) — 0x(g11-) + a11 and Rg := aj2 — 0:(g12+), using (3.6), we
remark that the previous equality can be rewritten as

PM™'SoL*p =,

where

0 0 1
1 0 Ri1

830 0 893 o Rl

S = 8t 0 8t o Rl . (310)

Oz 0 OrzoRu
0 1 Ro
0 81 895 o RQ



Hence equality (3.2) is satisfied for
M* = PM™'S. (3.11)
Moreover, thanks to Conditions (1.8), the coefficients of M* (and hence of M) are bounded.

Remark 4. The most important point in the construction of Q is to differentiate enough time the
equations as in (3.6) in order to obtain the same number equations than “unknowns”, the unknowns
being ¢ and its derivatives seen as independent algebraic variables (see notably [16, Section 3.2.2] for
further explanations). One can check that this cannot be performed by differentiating the equations
less times.

3.2. Analytic resolution

Let wy be a nonempty open subsets included in w satisfying
w1 C wo.
Let us consider 6 € C*(Q) such that

Supp(f) € wo,
=1 in w, (3.12)
0<0<1 in Q.

We are going to explain what are the main differences with Subsection 2.2 in order to obtain a
Carleman inequality. First of all, we need to find an equivalent to Lemma 2.1, which is the following:

Lemma 3.1. Let us assume that v’ € L*(Q), fi € L*(Qr) and d € WL (Qr) such that d > C > 0 in
Q7. Then there exists a constant C := C(Q,ws) > 0 such that the solution to the system

—Opu — div(dVu) = f1  in Qr,
% = f2 on X,
u(T, ) = uo in Q,

satisfies

I(s,\ju) <O [ s3A\4 // e 25y dudt + // e 259 f1 )2 dadt
(0,T) xwa T

+5\ / / e 2507 g% f2|2dodt> ,
S

The proof of Lemma 3.1 can be easily obtained by using the method of [21] together with the
Carleman estimate proved in [25]. Let us consider the backward system

for all A\ > C and s = C(T° +T'0).

=0y = div(d1 V1) — div(gi1¥1) — div(ga1tp2) + @111 + az192  in Qr,
—0phe = div(d2Vip2) — div(g12¢1) — div(get2) + a12¢h1 + azethe  in Qr,
Y1 =12=0 on Y,
1/11(Ta ) = '(/)(1)7 ¢2(T7 ) = ¢S in Q,

where ¥Y := (¢, 49) € L*(Q)%. From the last Lemma, one can deduce:

(3.13)

Proposition 3.2. One has
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(i) Under Condition (1.7) and (1.10), there exists a constant C := C(w1,Q) > 0 such that for
every 0 = (9,43) € L?(Q)2, the corresponding solution v = (11,19) of the backward
problem (3.13) satisfies

// e 2PN |2 + SN V| + sAZE| VY| b dadt
Qr

< Cs\8 / / e 2505 o) 2 dadt.
(0,T)xwy

(i) If N =1 and under Condition (1.8) and (1.11), we obtain the same conclusion as in item (i)
by replacing estimate (3.2) by

// 672804{89)\1059"@&'2 + s7>\8£7|v¢|2 + 85)\6£5|va‘2
T
+83NE3|VVVY|? + sA2E|VVV VY2 (3.14)
< CsoA10 e 2529y 2 dadt.
(0,T) Xw1
The proof is very similar to the proof of Proposition 2.2, the only difference is the beginning of
the proof, we apply the operator V to the equation (3.13) in the case (1.7) and the operators VVV
in the case (1.8). After that we exactly follow the steps 1,2, and 3 of the proof of Proposition 2.2.
As a consequence, we also can derive the following observability inequality, whose proof is very
classical (see also Proposition 2.3):

Proposition 3.3. Under assumptions (1.7) and (1.10) or under assumptions (1.8) and (1.11), for
every Y0 € L?(Q)?, the solution to System (3.13) satisfies

/ W}(O,I)Fdl‘ g Cobs // 672S°D‘£9|1/)|2dxdt, (315)
(9] (O,T)le

where so := C(T° + T1%) and Cpps := eCUFTHL/T?)
To conclude, one can obtain the following controllability result:
Proposition 3.4. Consider the following system:

Orz1 = diV(d1VZ1) +g11-Vz1+ 912 Vo +a1121 + aro20 + 0v;  in Qp,
Orzg = div(daV22) + g21 - V21 + g22 - V2o + a2121 + azeze + 0va  in Qr,
z1=22=0 on Y,
21(0’ ) = y?a ZQ(Ov ) = yg in .
Under Conditions (1.7) and (1.10) or if N = 1 and under Condition (1.8) and (1.11), System (3.16) is
null controllable at time T, that is for every y° € L?(Q)? there exists a control v := (vy,vs) € L?(Qr)?

such that the solution z to System (3.16) satisfies z(T) = 0 in Q. Moreover for every K € (0,1), we
have eX50% vy € X2 where:

(i) Under Conditions (1.7) and (1.11), X is defined by

(3.16)

X = L*(0,T; HY(Q) N H}(Q)) N H?(0,T; L*(Q)). (3.17)
(i) If N =1 and under Conditions (1.8) and (1.11), X is defined by
X = L*(0,T; HX(Q) N H}(Q)) N HY (0, T; L*(Q)). (3.18)
Moreover in the both cases, we have the estimate
HeKsoa*U”X? < eC(1+T+1/T5)”yOHLz(Q)z. (3.19)

One more time, the proof is very similar to the proof of Proposition 2.3, notably and one can
recover easily estimates on the derivatives of order 1 and 2 in time of the control by using equation
(3.13) verified by ¢ and estimates similar to (2.56).
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3.8. Proof of Theorem 2

The proof is totally similar to the one of Theorem 1. Let us assume that one of the two Conditions
(1.7) or (1.8) holds, and let us prove that System (1.6) is null controllable at time T' (which will imply
the approximate controllability at time 7). Let y° € L?(2)2. Using Proposition 3.4, System (3.16) is

null controllable at time 7', more precisely there exists a control v € L?(Q7)? such that the solution
zin W(0,T)? to System (3.16) satisfies

2(T)=0 in Q.

Moreover
efs0Ty € X2, (3.20)

Let us remind that 6 was defined in (3.12). Let (21, 22,7) be defined by

Z
% ::M( oo )
n 2

with M : X2 — L*(Qr)? x L?(Qr) given as the adjoint of M* defined in (3.5) and (3.11). Thanks to
the definition of € given in (3.12), the fact the coefficients of M are necessarily at least in L>°((a, b) x
wp), the definition of X given in (3.17)-(3.18) and the fact that M is of order 1 in time and 2 in space
under Condition (1.7) and is of order 2 in time, 4 in space and 1 — 2 in crossed time-space (which is
an interpolation space between L2((0,T), H*(Q2)) and H?((0,T), L?(2)) thanks to [26, 13.2, P. 96])
under Condition (1.8), we obtain (Z1,%2,0) € L*(Q7)* x L*(Qr). Moreover, using (3.20), we remark
that (Z1,22,7) is a solution to the control problem

0,z =div(DVZz)+ G-VZ+ AZ+ B+ 0v in Qr,
z=0 on Y, (3.21)
z(0,) =2(T,) =0 in Q.

~

Finally, z € W(0,T)? thanks to the usual parabolic regularity. Thus the pair (y,u) := (2 — Z, —0) is
a solution to System (1.6) in W (0,7)? x L?(Q) and satisfies

y(T)=0 in Q,

which concludes the proof of Theorem 2.
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