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NULL-CONTROLLABILITY OF SOME SYSTEMS OF PARABOLIC TYPE
BY ONE CONTROL FORCE

FARID AMMAR KHODJA!, AssiA BENABDALLAH?, CEDRIC DUPAIX! AND ILyA KOSTIN?

Abstract. We study the null controllability by one control force of some linear systems of parabolic
type. We give sufficient conditions for the null controllability property to be true and, in an abstract
setting, we prove that it is not always possible to control.
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INTRODUCTION

Null-controllability of linear and semilinear parabolic equations has been extensively studied these last ten
years. In their work, Lebeau and Robbiano [6] considered the heat equation in bounded domains 2 C R™ and
for positive times T'

u = Au+ fxo inQr=(0,T)xQ
u = 0 on Xy = (0,T) x 90
u(0,.) = wup € L*() (1)

where w is an open set which satisfies @ C Q. They proved its null-controllability by a localized (in space)
control: for any ug € L?(Q2), there exists f € L?(Qr) such that the associated solution of (1) satisfies u(7,.) =0
in 2. The main tool to establish such a result is a Carleman estimate. Fursikov and Imanuvilov [7] proved the
same result for the problem:

Lu = wa in QT
u = 0 on X
u(0,.) = wp € L*(Q) (2)
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where L is a general linear second order parabolic operator. Again, the main tool is a global Carleman es-
timate satisfied by the solutions of (2). This estimate allowed these authors to prove the null-controllability
(controllability to the trajectories) of semilinear equations:

Lu = h(u)+ fxw in Qr
u = 0 on X
u(0,.) = wp € L*(Q) (3)

when £ is a globally Lipschitz-continuous function. Fernandez-Cara and Zuazua [8] and Barbu [4] generalized
this result to some superlinearities using a fixed point method and a precise expression of the constants appearing
in the global Carleman estimate.

In contrast, very few results are published for linear or semilinear parabolic systems. Anita and Barbu [3], for
a reaction-diffusion system, and Barbu [5] for the phase field system, proved local exact controllability results
by two localized (in space) control forces. In a recent paper [1], the authors give local exact controllability and
exact controllability results for phase field systems by only one localized control force. All these papers pass
first through the study of the controllability of a “linearized” version of the system and use some Carleman
estimate in order to apply a fixed point theorem.

As it is by now well-known, the controllability result of this linearized system amounts to prove an observ-
ability estimate for its adjoint system. This part is in a way the corner-stone for the proof of the controllability
of the initial semilinear problem when using a fixed point method. In particular if a control problem by only
one force is considered, it is to obtain this estimate that the coupling operator between the equations of the
system plays role. So in view of these facts, a natural question arises: is it always possible to control coupled
linear parabolic systems by a reduced number of control forces. It is the aim of this paper to give some partial
answers to this question.

To address this question, this article is organized as follows.

We first consider in Section 2 a linear system which naturally appears when dealing with the controllability
of some nonlinear reaction-diffusion systems. In this case, the observability estimate is related to the existence
of a definite, non-negative quadratic form ®, which is introduced in the proof of Lemma 1. This ® takes into
account the way in which the equations of the system are coupled and it leads to the desired observability
estimate. The goal of this section is to illustrate, in a simple case, the main ideas contained in the proof of such
a result.

In the light of Section 2, one may ask if it is possible to adapt this approach to general abstract linear
systems of parabolic type (at least to obtain some sufficient condition for their controllability). This is the goal
of Section 3 where it turns out that the observability estimate is actually related to the existence of such a
® which is itself related to the existence of a multiplier M as shown in Theorem 2.1. Note that this relation
between ® and M was hidden in Section 2 since in this case M was equal to the identity. Finally, to conclude this
third section we exhibit some examples of linear “parabolic-like” systems showing that it is not always possible
to control such coupled systems by a reduced number of control forces. In this case the non-controllability is
related to the compactness of the coupling operator (this operator being in some sense “too compact”). Note
that the operators in these examples are not of partial differential type and thus do not seem to be physically
relevant.

In order to illustrate the relevance of the assumption concerning the existence of a multiplier M in Theo-
rem 2.1, we present in Section 4 an example of linear parabolic system for which it is not possible to take the
identity for M. We show how the abstract theorem of Section 3 can be used for this example to deduce the
controllability of the system by a single (but non-localized) control force. Finally, using this first result together
with suitable Carleman estimates we obtain the controllability of the system by a single localized control force.
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1. AN EXAMPLE: REACTION-DIFFUSION SYSTEMS

We consider a general reaction-diffusion system which arises in mathematical biology:

e = A+ h(Y,w) +w on Q x RT

wy = Aw + g(¢,w) + f on @ x RT 4
1/}|5Q:w|5Q:0 iIlRJr ()
Y(x,0) = o, w(z,0) = wo

where () is a bounded domain of R™with smooth boundary, h, g smooth functions and f a source term. Let
T >0, f*in L3(Qr) (with Qr = Qx]0,T[), and (¢, wg) € L?(2)2. Suppose that there exists a (¢*,w*)
satisfying (4) in (C (]0,T] x L2(Q)))2With (1(0),w(0)) = (&, wy) and consider the controllability question of
finding a function f € L?*(Qr) such that the corresponding solution pair (¢, w) of (4) satisfies ¥(T) = ¢*(T)
and w(T') = w*(T). Note that this is still an open question with a single control force (even for a non-localized
control) which will be address in a future work [2]. To our knowledge, the only result in this direction is the
one of Anita and Barbu [3] for a localized control acting on both equations. The sketch of the proof of such a
result, is to set first

w*

w*

<
|
gl |

where (1, W) satisfies (4), to get:

Y = A+ (h(P, W) — h(y*,w*)) +w on Q x RF

wy =Aw + (9(¢,w) — g(¥*,w*)) + f — f* on Q@ x RF
1/}|5Q :w|5g :0 inRJr

P(x,0) = o — ¥, w(z,0) = wy — w§.

The main task is now to prove the controllability of a linearization of this system with suitable estimates on the
control (with the help of Carleman estimates if the control is localized) to be able to use a fixed point argument.
As mentioned in the introduction, the question under interest here is the study of the controllability of this
linearized system. This system takes here the following form:

Yy = Ap+ar) +bw on Q x RT

wy = Aw +dip +cw+ fon QxRT

Plsg =wlso =0 in RT (5)
P(x,0) = g, w(z,0) = wo.

We assume a, b,c,d € L=(Qr) and f € L?>(Qr).

The rest of this section is now devoted to the study of the controllability of (5). To begin with we recall
for completeness why this controllability property is actually equivalent to the so called observability estimate.
Then we prove in Lemma 1.2 this estimate.

Existence and uniqueness for (5) follow from classical results on parabolic systems (see [9]). System (5) can
be written in the following abstract form:

Y: = A(t)Y + Bf
with
( A+al bI
A(t)< dI A—i—cl)’

- (2)n-(2)
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One gets that for all initial data (Yo, wo) € H = L?*(Q)x L?*(Q) and all f in L?(Qr), there exists a unique
solution (¢, w) € C([0,T]; H).
Our aim is to prove that for all initial data Yy = ( ZO ) € H, one can find f € L?*(Qr) such that the
0

corresponding solution of (5) satisfies
Y(T) = 0. (6)

As in [13], for any ¢ > 0, we define the operators S; which associates with an initial data Yy € H the solution
of the homogeneous system ((5) (f = 0) at time ¢ and L; which associates with f € L*(Qr) the solution at
time ¢ of (5) corresponding to null initial data. Then, the controllability property is equivalent to the existence,
for all initial data in H, of f € L?*(Q) such that

StYo+ Lrf =0, (7)

which is equivalent to
R(St) C R( Ly). (8)
This last inclusion holds if and only if (see for instance [13], Th. 2.2, p. 208) there exists Cr > 0 such that

ST (Yol < Cr IL7Yoll 20,7781 VYy € H,

where, for any bounded operator M, M* denotes the adjoint operator. Since (L%h)(t) = B*S}_, h for any
h € H and if A*(t) denotes the adjoint operator in H of A(t), this last inequality can be written as

T
6T + |u(T) < Cr / /Q fut, )| dadt, (9)

where |.| stands for the L?-norm and (¢, ) is the solution of the adjoint problem:

¢y = Adp+ap+duon Q x RT
ug = Au +cu+bp on Q x Rt
¢|5Q :u|5Q :0 inRJr
d(x,0) = ¢o, u(z,0) = ug.

(10)

Remark 1.1. We insist again here on the fact that the purpose of this article is to study the way to prove the
observability estimate in the case of a reduced number of control forces. In particular we are not interested at
this level by the localization in space of the control. However let us mention that if f = gy, in (5) then the
corresponding observability estimate (namely with w instead of €2 in the right-hand-side of (9)) can be deduced
by using some suitable Carleman estimate (see [2]).

Let us show the observability inequality (9) for solutions of (10).

Lemma 1.2. For T > 0, assume that b > > 0 a.e in Q. Then there exists a positive constant Cp such that
for all initial data (po,uo) € L?(Q) x L*(Q) the corresponding solution of (10) satisfies (9).

Proof. (9) is an observability estimate. It shows the possibility of recovering the total L?-norm at time 7' by
observing only the L?-norm of u from ¢ = 0 to t = T. The proof of this Lemma, is based on the introduction of
a suitable functional itself based on suitable multipliers. Let us introduce, for any solution (¢, u) of (10), the
functional:

O(p,u ) =t*|¢]* + M2 [ul® — ut® (6,u),

where A, u are positive constants witch will be chosen later.
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One has

d 4412 _ 3402 4
S (B16F) = 43| + 2t (6. 1)

2 2 2
443 |9 = 24 [VI* + 264 Jall g | 6]
+20% [|dl| e (g (9510

IN

d
dt (752 Iul2) = 2t ful” + 262 (u, uy)

2tJul* = 262 |Vul® + 22 |lcl| oo o) | Ul
26 [|b]l o (@) 1 (S 0)]

IN

and
d .
— (@) < 32 (6,u)]

+2{21(Ve , Vu) |+ (llallzn(gp) + el on) (0]}
~13(66,6) + 8 |l e g lul

Thus, differentiating ® with respect to time, we obtain:

d
E@(u,v) S Il + IQ + I3

where we have introduced the following notations

o= 4819 =2t |VoI" + 26" [lall gy | ¢I° — 1t® (b, )

L= (2 ldlpein 4 100l + (2A Il ey +31) ) l(90)]

+2u|(Ve ,Vu)| £,
where ||(aac)||Loo(QT) = ”a”LOO(QT) + ||c||L°°(QT)'
2 2 2 2 2 3 2
Is = 2Xt|ul” —2X¢2 |Vu|” + 2X¢t HC”LOC(QT) | u|” + pt ||d||L°°(QT) |u]” .
Now we estimate each of the three quantities I, I and I3.
e Estimate of I;.

Recall that we have assumed that b > § > 0 a.e. in Q. Therefore, choosing

8 47 ||a’||L°°(QT)
= 11
5 (1D

leads to

I < =22+ T [lall oo o, [81° = 2t4 [V
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e Estimate of I5.
Using Cauchy-Schwarz’s and Young’s inequalities, we have:

2
, [
L < 24 T|la]l (o)t I8 + 2¢* |V<Z>|2+Tf2|Vu|2

+ [2 ldllz~(@ry t* + 1l (@ v

tlul’

2
24T lal (g )

2
+ 220l e () + 3;4
e Estimate of I3.

I < Pt)uf —2x2 |Vul?
where
Pot) = [l gy £+ 2 llell o gy 12+ 2.

2
In view of these last estimates, choosing A > %, one gets

d 2
—® <P
S0(u,0) < P0)Jul

with

t

PO = A0t o el =)

(211l = g £
9 2
1 (Nl g (my + el )+ 23 1Bl e gy + 305

To end the proof, it remains to show that ®(u,v) is a quadratic definite form in L?*(Q) for t = T. This is a
direct consequence of the definition of ®, with A = g2, Actually, one has:

1 1 1
®(u,0)(T) > <§T2 +5A— VT A2)> 7 (I6(7)* + [u(T))
Therefore, all solutions of (10) satisfy (9) with

1Pl 0,7)

Cr =
(372 + 4r - L/ TT=2T2 +39)) T2

1%
o T3’

since || Pl 0,7) > aiT and 1 (T2 + A= /(T4 =217 + )\2)) T2 > c2T where C, c1, ¢y are positive constants
independent of T. O

Remark 1.3. The question of the optimality of the minimal norm steering control as T' | 0 is by now well-
known. Let’s briefly recall some background connected to this question. Consider an abstract and general
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control problem:

Y; = AY + Bu,
Y(0) = YyeH.
where (A, D(A)) is an unbounded operator in a Hilbert space H and B, the control operator, is defined from
the control Hilbert space X in H. If the null controllability property holds for this abstract system, then for
arbitrary T > 0 and Yy € H, there exists u € L?((0,7); X) such that the corresponding solution satisfies
Y(T') = 0. Then one can look for the control u which minimizes [|ul|;2( 7. x). Let us denote it by ur and let
the minimal energy function Epmin(T) defined by

Emin(T) ‘= sup ||UT(Yb)|‘L2(O,T;X)'
[IYoll=1

When dim H < oo, it is well known that E;, (7T') is exactly the best constant +/C7 of the observability inequality
and it has been proved (see [11,12]) that /Cr > T-%=2 where k is the smallest integer such that

Ae M,[R) et B e M, ,[R)
rg|B, AB, ..., A*B] = n.

If we consider the correspondence between our system and a finite dimensional one with:

(=X +ta d (0
A( b —A+c>’B<1)’d7AO

then a simple computation gives £ = 1 and then T—*=2 = T—3%. Therefore it is interesting to notice that our
computations leads to the same behavior near T' = 0 since we have obtained /Cr ¥ CT-5.

2. Null-controllability for general systems

2.1. Sufficient conditions

This section is devoted to the question of null-controllability for some general systems of parabolic type when
using control forces acting on a single equation of the system.

More precisely, let & and V be two real Hilbert spaces with scalar-product ( , ),, and ( , ),, respectively, and
let | |,, and | ||, denote the corresponding norms. Let A and C' be linear self-adjoint operators with the domains
D(A) Cc U and D(C') C V, respectively. We assume that these operators are positive definite. We also introduce
two linear, possibly unbounded, densely defined operators B : D(B) CV — U and D : D(D) C U — V. Assume
also that the sets

D(A)ND(D)ND(B*), D(C)NDB)NDD")

are dense in U and V so that the matrix operators

A2 —p . ([ A* -B
(@) A% )

be defined on a common dense set F C U x V. Finally, suppose that for any (u,v) € U x V the inequality

(Bv, wy + (Du, v)y < |Auffy + |Cul}
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holds. Thus A is a densely defined dissipative operator. It is therefore closable [10], p. 15, Theorem 4.5. Let
us retain the notation A for its closure. The domain of the adjoint operator A* contains the dense set F
and thus A* is also dissipative. Therefore both A and A* generate Cy semigroups of contractions [10], p. 15,
Corollary 4.4.

This allows us to consider the following initial value problem

Yy = =A%) + D*w u
we=BY—-C>w+f V (12)
¥(0) = 1o, w(0) = wo,

where f € L2(R*, V) is the control force.

The aim of this section is to find conditions under which system (12) is L?-null-controllable at any time 7' > 0,
i.e., for any time 7' > 0 and any initial data Yy = (1o, wo) € U x V there exists a control force f € L2(R*, V) for
which the corresponding solution (), w) of (12) vanishes at time 7. It is by now classical (see for instance [13],

Th. 2.6, p. 213) that, if we denote by R : V — U x V the operator defined by Rf = ( 2 ), this property is

equivalent to the existence of a constant ¢p > 0 such that for all (¢, wp) €U x V
T 2 T 2 2
el zer [ e ol
0

which reads
2 2 T 2
TG+ ) < er [ oo at, (13)
for the solution (u,v) of the adjoint system,

u; = —A%u+ Bv
v = Du— C%v (14)
u(0) = up, v(0) = vg.

Throughout this section we agree to denote by ¢ a constant depending only on the operators A, B, C, and D.
The main result of this section reads as follows:

Theorem 2.1. Let (ug,vp) € D(A). Assume that there exists a linear (maybe unbounded but not necessarily
closed) operator M : D(M) CV — U such that for some p € R the following inequalities are defined and hold
for any (u,v) € D(A):

— (Bv,Mv),, < c|Cv]3, (15)
|M*u|$} < c|A_pu|Z (16)
|APBo|) < clCul (17)
(MDu,u),, > c|A_pu|Z (18)
|AYPMuf;, < cl|Culy (19)
|ATHPMCl], < e[} (20)
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Assume also that there exists a positive constant v such that for all € > 0,

IN

_ 2 2 c 2
|A= 1P D | e|Cvl}, + = v}, (21)

AP Mof) < e ot + E% w2, (22)
for any (u,v) € F. Then for any T > 0 the solution of problem (14) satisfies the estimate
|A=Pu(T)|}, + [o(T)[3, < cT_27_4/T lo(t)[3, dt.
0
If, in addition, there exists a constant ¢ > 0 such that the estimate
(D)o + [(T) 3 < (1 + T~9)(|APugly; + [vol3) (23)
holds for any T > 0, then system (12) is L? null-controllable at any time.

Remark 2.2. The assumptions of Theorem 2.1 may seem strange. Indeed, they naturally appear when we
apply to the abstract system the same ideas which allowed us to treat the example in the previous section. Let
us briefly explain these ideas. If we had to control system (12) by two functions (one for each equation of the
system), we should have to prove the estimate:

(T, + (D) < er ( / ()2 dt + / |v<t>|idt> 7 (24)

for the solution (u,v) of the adjoint system (14). If this estimate is obtained, the difficulty now is to get rid
of fOT |u(t)|i dt. Roughly speaking, it is the role of the second equation to allow this: thus we have to find a

suitable multiplier (the operator M of the theorem) leading to an estimate of fOT |u(t)|$, dt. If we multiply the
second equation of the adjoint system (14) by M*u, we are naturally led to the assumption (18) and the other
assumptions are here to manage the “bad” terms appearing after this. For instance, if D was invertible (with
a bounded inverse) and of the same “order” as B, the natural choice is M = D~! and p = 0 (it corresponds to
the situation in the example treated in the previous section). Based on these ideas, the functional we introduce

allows both to prove (24) and to get rid of fOT |u(t)|idt but, in doing this, the condition (23) (it is a kind of
parabolic property) becomes necessary to end the proof.

Remark 2.3. For another application of this process, the reader should refer to the third section (system (41)).
Proof. For u and v satisfying (14), define the quadratic form ® by

®(u,v) = t!2 |A_pu|i[ + At |v|$, — pt"™ (Mo, u),, (25)
where the positive parameters [, A\, and p will be chosen later. The first step of the proof is to show that there
exists a positive constant ¢ such that

d
&(P(u,v) < c|v|$,.
Using (14) we deduce that:

d
— ( I+2 |A"’u|i,) = (I+2)t+! |A"’u|i, + 2612 (A7 %Py, uy)

dt u

(1 + 2)t A Puly, — 20142 [ AP,
+2t12 (Bv, A=), (26)
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and
d 1,2 _ I—11,,2 1
T toly, ) = Wl + 2t (v, )y,
= W f} -2t |Cvl} + 2t (Du,v),,
as well as
d
— (t“‘l (Mv,u)u) = (I+ Dt (Mv,u), + tH (Mo, u)y, + ¢ (Mo, u),,

dt
= (I + t"(Mv,u), + t' (MDu,u),

—t"* (u, (A2M + MC?)v),, + t"+! (Bv, Mv),, .

Thus, differentiating ® with respect to time, in view of (26)—(28) we obtain

d
&(I)(u,v) = Il + IQ + 137

where we have introduced the following notations

L o= (1+2)tf! ‘A_pu‘i{ — 2t!+2 |A1_”u‘z — pt"™ (M Du, ), ,
= 2t"? (Bv, A"*u),, + 2Mt' (Du, v),,
—pu(l+ 1)t (Mu, u)y, + ™ (u, (A°M + MCQ)’U)M ,
Iy = Mt'! |v|$, — 2t |C’U|$} — pt"™ (Bu, Mv),, .

Now we estimate each of the three quantities Iy, I and I3.

e Estimate of I;.
In view of (18), one can choose p large enough so that

2 2
I <ttii+2- cu)2|A Puly, — 2672 | APl
< —9opl+2 |A1’pu}u )

e Estimate of I5.
Using Cauchy-Schwarz’s and then Young’s inequality, we have

I, = 242 (A*I’va,Alfpu)u
+2Xtt (A'Pu, A7HP D)
—pu(l + 1)t (AP Mo, AV Pu),
Fut L (AP, (AYPM + AT MC2))

L2 | ALy’ 4 20172 | A7 P Bol},

IN

L2 | APy 2222 [ A e D)
L2 | Ay 4 L2 (14 1)22 |AT M|

+%t”2 |A17pu}i{ + 2t |A1+va|Z 42! }A*H”MC%E{,

435

(27)

(28)

(29)
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and therefore
L < 2tl+2<|A1*Pu\2+\A*1*PBv\Z)

+ 2t (|A1+pMU‘Z + |A_1+pMC2U‘Z>
opl2 ()\2 |A=1+P Dy
Using (17) and (19)—(22), we have

2 _ 2
b+ b DA ).

1+2 | g1—p, |2

I < 22 |Alr
142 241 2
+2c(t"2 4 p2th) | Ol

27202 + 1214 1)2) (5 Cvf, + e |v|$,) :

or, setting
1
s:tQ(AMZu?(lH)?)*l and [ =2+ 2y >0, (31)
L < 2 |Alryf) (32)
(26t 4 202272 4 2627H2) | O,
T4y, 2
+4 (N2 + 122y +3)2) T ol -
e Estimate of I3.
To estimate I3 we use (15) to obtain
I3 S A2+ 29)t27H ol + (=202 4 cput®+3) | O, (33)

Now in view of (30), (32) and (33), which we substitute into (29) we have

d .
&(P(u, v) < (=2XPH2 et TS 4 26t 2021202 4 2622 |Owl}, (34)
+ (402 + 122y + 3)2) 17 + A2+ 29)2H) o3,

Going back to (25), recalling (16) and making A larger if necessary, we remark that
®(u,v) > 1 (t2v+4 |APuf?, 4 £27+2 |v|$,) .
Thus integration of (34) over [0,7/2] yields:

|APu(T/2)l5, + [0(T/2)[3 < o(T) [i 7 o(t)[3 dt, (35)

with for T small:
e(T) ~T 24
which already implies the null-controllability of system (12) in the case p < 0. Otherwise use first (23) on the
interval [T/2,T] and then (35) to obtain
_ _ 2
(D) + (D) < 1+ T~ (|Au(T/2)[ + [o(T/2)1})
< =24 [T (1) 2, dt

< T2 [ o (t)[3, dt. O
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2.2. Some necessary conditions: a counterexample

Here, we construct an example showing that for some coupling operator, the system cannot be null-controllable.

Let A be an unbounded positive definite self-adjoint operator in a Hilbert space H with discrete spectrum
{ Ak }ken (definitely, A could be viewed as —A with Dirichlet homogeneous boundary conditions). If we denote
by {¢k}r the corresponding orthonormal basis of eigenfunctions, A may be written

A= Z)\k (-, Or) dr-
e

Therefore, if f is a real function defined on spec(A), we set

FOA) =" FOw) (o 0r)

k

Assume f : spec(A) — R satisfies
0<|f(s)] <s, Vs, and f(s)=o0(s) as s— oo,

so that the operator f(A) is relatively compact with respect to A.
Consider the following control problem: given ug,v9 € H and a positive number 7', find a function h €
L?((0,T), H) such that the solution of the Cauchy problem

uy = —Au+ f(A)
v =—Av+ f(Au+h (36)
w(0) = ug, v(0) =1y

satisfies u(T") = 0 and v(T") = 0.
The desired h exists if and only if there exists a positive constant Cp such that any solution (u,v) of the
homogeneous problem
up = —Au+ f(A)v
v =—Av+ f(A)u
u(0) = ug, ©v(0) =1
satisfies the estimate

lu(T)? + [[o(T)]* < CT/O lv(®)]*dt, (37)

where we denote by ||.|| the norm in H.
The main result of this section is:

Theorem 2.4.
1/- System (36) is null-controllable in time T if and only if the function s=3f2(s)e?T* stays bounded away
from zero as s — oo.
2/- If f(s) decays polynomially, the system is null-controllable for any T > 0.
3/- For f(s) = e™* we have the null-controllability result for any T > 1, but not for smaller values of T'.
4/~ If the decay rate of f(s) is super-exponential, the system is never null-controllable.

Remark 2.5. Note that if f satisfies one of the condition of this theorem, then f(A) is a compact operator (as
a limit of finite rank operators).

From an heuristic point of view, this result gives some indications on the “order” of the coupling operators for
the null-controllability property to hold. For instance, if the coupling operator is a partial differential operator
of order 0 or 1, or if it is of order AP for some real p > 0, then (may be with some additional assumptions) the
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null-controllability of the system should hold. If the coupling operator is “too compact” (by this, we mean that
its sequence of eigenvalues decays very fast to 0), then the null-controllability property will in general be false.

Proof. In terms of quadratic forms, (37) reads as follows:
T
e~ 2LT < CT/ e~ Lt pe—Lt ¢ (38)
0

where L and P are operators in H x H given by

(o W) ()

It is easy to see that the eigenvalues of the 2 x 2 matrix L are Ay (A), where Ay (s) = s = |f(s)|, and that the

orthogonal matrix
1 1 -1
v=5(h )

diagonalizes L with

So, it is easy to check that
e M =ye Ly,
Thus:
T
e AT < Of / e MY PYVFe Mt (39)
0

with

S DA B
VPV§<_I 1>'

For any real s we set n(s) = (e® — 1)/s. Computing explicitly the integral at the right-hand side of (39), one
can rewrite the null-controllability condition in the form

where
B(s) = n(2T A4 (s)) —n(=TA4(s) = TA_(s))
—n(=TAs(s) = TA-(s)) n(2TA_(s))
Denote by o(s) the smallest eigenvalue of the 2 x 2 matrix B(s). Clearly, using assumptions on f(s)
detB(s) detB(s)
< <2 .
trB(s) — ols) trB(s)

Since inequality (40) is equivalent to the positive definiteness of the operator o(A), we arrive at the following
assertion: system (36) is null-controllable if and only if the function detB(s)/trB(s) is bounded away from zero.
To estimate detB(s)/trB(s) first note that

1 1
1 " - - .
() = = =————
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Thus the function 7 is log-convex and

1 1
— < (1 "< .
52 + 12 —_— (nn(s)) —_— 52
Applying the Taylor formula to Inz(s), for two real numbers s; and sz we have

5))" (51 —s2)2
77(281)77(282) = 7’2(51 —+ 52)6(11177(‘5)) ( 2) ,

where § € [s1, $2]. Replacing s1 and so by A4 (s) and A_(s), respectively, we obtain the following expression for
the determinant of the matrix B(s):

detB(s) = n(2T A4 (5))7(2TA_(s)) |1 — e 47T () |

where
1

1
AT2)2 (5) + 12 Sv(s) < AT?)2 (s)

This, in particular, shows that the function detB(s)/trB(s) is strictly positive for any value of s. To verify if
it is bounded away from zero it suffices to study its asymptotic behavior as s — co. As is easy to see,

Ar(s) = s(1+o(1)),
eQTs 1
BN(S) = S (1+0(1),(s) = 7oy (1+0(1),
1 — o 42O)T?p(s)  _ L(Qs)(l +o(1)),

and therefore

B fQ(S)e4Ts - e2Ts

detB(s) = 57— (14 o(1), trB(s) = ——(1+ o(1).
Finally we obtain
detB(s)  f?(s)e*Ts (1+o(1)). 0

trB(s)  4Ts3

3. APPLICATION TO THE NULL-CONTROLLABILITY OF POWER-LIKE SYSTEMS

3.1. Preliminaries

Let 2 be a bounded domain in R™ with C* boundary and let w be any subdomain of 2 with characteristic
function x,,. For T > 0, we set Qr = (0,T) x £ and we consider the system of parabolic equations:

o = —Lp+ L*w in (0,T)x
wy = L% — LPw+ x,u in (0,T) x Q (41)
©(0) = o, w(0) = wo in Q,

where L is the realization of the Dirichlet Laplacian operator on €:

L=-A, D(L)= HX(Q) N H}(%),
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a €R, B R, oy, wy € L2(Q) and u € L?(Q7). We then set H = L%(Q) x L?(Q2) and we define the linear

and unbounded operator:
’ L —L~
I L

with domain D(L) = (D(L) N D(L%)) x (D(L*) N D(L")).

We also denote by < .,. > and |.|| the scalar product and associated norm in H and by (.,.) and [.| the scalar
product and associated norm in L?(Q). Introducing (i )ken+ and (¢ )ken+ the sequences of eigenvalues and
normalized eigenfunctions of L, the eigenvalues and corresponding normalized (in H) eigenfunctions of £ are
given by:

L et T e )? e
v = 9 (42)

1

(e}
of = ( ol ) O (43)
2 \ =AML+ ’

\/uia + (=X + ) kT

To simplify the notations, we set:

T R
N = LA iRz
A, itk <1,
+ .
o, — [ @ k=1
o, ifh<-L

Clearly (®y)rez+ is an orthonormal family in H. Actually, it is total (i.e. span {(®)rez-} = H).
We can now introduce the self-adjoint extension of £ (for which we keep the same notation) with respect to
its base of eigenfunctions according to:

L = Z)\k<.,q)k>q)k (44)
kez*
D(L) = {Y €H, Y AVl < oo} : (45)
kez*
where Y3, :=< Y, ®; >. A necessary and sufficient condition for —£ to generate a C°-semigroup (e":t) is then
that:
IC >0, — < C, VkeZ",
and this last condition is, from the expression of A} (see (42)), equivalent to:
20 < B+ 1. (46)
Together with £ defined by (44)—(45), we introduce the control operator B : L2(2) — H by setting
Bu = ( 0 ) .
Xwl
Using the notation Yy = (@0, wo), system (41) can be rewritten as:
Y = —LY + Bu
{ Y(0) = YoeH. (47)



NULL-CONTROLLABILITY OF SOME SYSTEMS OF PARABOLIC TYPE BY ONE CONTROL FORCE 441

We will now prove the null-controllability of (47) namely that, for any Y € H, there exists a control u € L?(Qr)
such that the solution Y of (47) satisfies Y (T') = 0. Noting that B* = (0, x.,), this property amounts to prove
f} of the adjoint problem

{vo

)P +uT) < Cr [ [ jutt.a)p dsat, (49)

For a single parabolic equation, this property is well-known and has been obtained in particular by
Lebeau-Robbiano [6] and Fursikov-Imanuvilov [7]. In our case two more difficulties occur. The first one is
due to the fact that the control force only acts on a single equation of this system and the second one is that
this control force is localized in a subdomain of €.

To prove (49), we will find in a first step the set of @ and 8 for which this inequality is valid if w = Q. This
result is obtained as a direct consequence of Theorem 2.1 in the particular case of system (47). We will restrict
ourselves to the case

that any solution Y =

—-LY
YO;

(48)

satisfies the estimate:

20 < B+ 1. (50)
For these values of o and 3, we then adapt the method developed in [6] to prove (49).

3.2. Null controllability when w =

The main result of this section is:

Theorem 3.1. Assume that 3 > 0 and 2a < 3+ 1. Then for all o, wo € L*(Q) and all time T > 0 there
exists a constant Cp > 0 such that the corresponding solution of (48) satisfies

(D) + lw(T)? < Cr / /Q o t, ) dadt. (51)

Proof. We prove Theorem 3.1 by showing that the assumptions (15)—(23) of Theorem 2.1 hold.

We first concentrate on (15)—(22). Therefore we have to find p € R and M : L?(Q) — L2(Q) such that
D(M*) € D(L™%) and such that the estimates (15)—(22) are satisfied.

We seek M as a power of L namely M := L™*"P. Estimates (15) and (18) are then automatically satisfied
while the estimates (16)—(22) give

—a—p< £ for (16)
— L4 a< g for (17)
()0  Gf-a-ps§ for (19)
L —p+B<E for (20)
—LEP 4o < g for (21)
P q—p< g for (22)
with for (21)
. 2
L= o] < ‘L‘w‘ + = fwf? (52)
and for (22)
i 2
‘L 72-a m4 <EWL§w‘—%é%||2 (53)
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In order to find 7, remark that the first inequality of system (.5) leads to

—1+p_ . _ —1-p —1+p
L= O‘pw‘:‘[/ 2 O‘w‘gc‘[/ 2 +“w‘

)

so that (52) implies (53). If % +a <0, then (52) holds with v = 0. Otherwise, recall that (see [10] Th. 6.10,
p. 73) for a positive selfadjoint operator T, for any r € (0,1) there exists C' > 0 such that for any p > 0 and
z e D)

D7 < Cp” [e] + 7" Ta.

Setting & = p" !, this last inequality writes:

7] <

2| + ¢ [Tz

_r
gl—r

2
Applying this with I' = L8/2 | r = (# + a) =, we get (52) with:

B
B r
v= 1—r
—1+2a+p
= 0,——— 5. 54
nmx{,ﬂ+12ap} (54)

Finally we have to find p € R such that system (S) holds. This is equivalent to:
max(2a—1—-06,|0-1]-2a)<p<1+4+§—-2« (55)

and it is now easily seen that the assumptions 8 > 0 and 2a < 1 + [ imply the existence of such a real p. For
example, one can verify that

b= max{O, |]- - 6| - 204}, (56)

is convenient.
Thus the assumptions (15)—(22) of Theorem 2.1 are satisfied and this implies the existence of a constant ¢

independent of T' such that the solution of (48) satisfies
P 2 2 2v—4 r 2
L8 @)+ w() < e / () dr.
0

It remains to verify that Assumption (23) also holds for the solution of system (48). In this case, Assumption (23)
becomes: there exists ¢ > 0 such that the solution of system (48) satisfies

o) + LoD < o1+ 77 (|27 0]+ o))

This estimate is easily proved by writing down the solution of (48) in the basis (®)kez-. Indeed, we have:

V()= e Yy, By) By
keZx*



NULL-CONTROLLABILITY OF SOME SYSTEMS OF PARABOLIC TYPE BY ONE CONTROL FORCE 443

Thus, using the properties of the @ and setting Yy = (o, wp)

Y@ = > e [(¥o, &)
keZ*
e_QAkt

IN

2 2 2 2
G (M) (15 1o ) + (=2 -+ ) o, o0 )

C Y7 e (1l leo o)) + Lo, o)l | - (57)
keZx*

IN

Studying the asymptotic behavior of A yields that there exist constants C' > 0 and § > 0 such that Ay > Cufkl
for all k € Z*. On the other hand, it is a matter of computation to check that for all ¢ > 0:
2p —2Cud ¢t Q
Mgl T S 4

2
with ¢ = Fp and C' is a constant independent of k£ and ¢. Thus:

C

2 — 2 2

YOI < 5 (G 1< onen >+ 1< unn >T)
keZ*

IN

1 —p 2
c+ ) ([Fe0] + wor?)
which is the desired estimate.

Thus the conclusion of Theorem 2.1 follows:

T
o(T)2 + [w(T)? < Cy / /Q fot, )| dadt,

where the constant C7r is estimated by
Cr=cT 22 4 (58)
v being defined in (54). O

3.3. Null controllability when w € 2

This part is devoted to the proof of the main result of this section.

Remark 3.2. The abstract result does not apply in this situation because the control force is constrained to
be in a strict subspace of L%(Qr) (the abstract result gives a control function in the whole space without more
precision).

Theorem 3.3. Assume that 8 > 0 and 2a < B+ 1. Then for any Yo € H and any T > 0, there exists a
control u € L*(Qr) such that the solution Y of (47) satisfies Y (T) = 0.

Proof. We give it for completeness because it is essentially the same than the one given by G. Lebeau and
L. Robbiano [6] in the case of a single equation. Indeed, the original point here is Lemma 3.4 which itself uses
the results of the previous section. Following [6], we fix § € (0,7/2) and p € (0,b/n) where b = 2min(1,3) — 1
and n is the space dimension. For [ > 1 we set

o = 2., T,=A27"

A > 0 is chosen such that 2ZT1 =T — 24.
1>1
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Then we introduce, for any ¢t > 0, the operator:
t
Ly (Yo, u) = e £Y, + / e~ =9)L Bu(s)ds,
0
(so Y (t) = L (Yo, u) is the unique solution of (47)).
We define the sequence (a;);>0 by setting
ap = )
a = aq_1+20;, 1>1,

and for any initial data Yy € H let w; = Kr 4,(Yo) be a control such that:
7o, (L1 (Yo, w)) =0,

where 7,, is the projection operator on the subspace H,, :span{fﬁf, 1<k< al} of H. Of course, the control
u; needs not to be unique but we will see below that, first it exists and second that it can be chosen as the one
which minimizes a given cost functional.

We are now in position to construct a sequence of states:

Yo € H
Vi = e %%y, (59)
Zr = L (Y, Kn,,0,(Y1)) (60)
Yiin = e hfz, (61)

We first explain briefly this process: until time § = ag the system is freely evolving and dissipates without
control (u = 0 in (47)). On the time interval (ag, ag + 271), we first introduce a control u; which will drive Y;
to a function of HZ, in time 7} and we then let again system (47) evolves freely (with u = 0) from ¢t = ag + T}
to t = ag + 271. We obtain the sequence (Y;) by repeating this construction on (a;—1,a;). The claim of the
Theorem holds true if we are able to prove that lim; ... Y; = 0.

Of course, this construction needs to be justified by proving that, at any step, the control v; = K1, »,(Y7)
which drives the initial data Y; to a function of Hjl in time T} exists. For the solution of system (47) the
following result holds:

Lemma 3.4. Let T > 0. For any !l > 1 and any Yo € H, there exists at least a control u = urp,(.,Yy) €
L2(0,T;U) such that

m (Y(T)) =m (Lt (Yo,u)) =0 (62)
where m; is the projection operator on H; = span {@f, 1<k< Z}.
This control can be chosen such that:

2 —op—d— n 2
[ull 720,70 < T 7274727 VY17 (63)

Proof of the Lemma. We fix arbitrary [ > 1 and Yy € H. Equality (62) can be rewritten as

T
me LYy +m (/ e(TS)cBu(s)ds> =0. (64)
0

If we denote by Dr the operator defined from the space L?(0,7;U) in H by

T
DTuz/ e~ T=9)L By(s)ds,
0
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the first part of Lemma 3.4 is equivalent to
R(m OeiT[:) C R(moDr). (65)

This last inclusion holds if and only if (see for instance [13] Th. 2.2, p. 208) there exists C' = Cp; > 0 such that
e m )|, < CIDEm (W)l 2oz VYo € H.

Since (Dih) (t) = B*e~T=9£h for any h € H and £ = L£*, this last inequality can be written as
T
PP + @ < Cr [ [ fultn) dat, (66)
0 w

for any solution Y = <

g 6

> of System (48) with Yy € H;. So we now prove (66). From Theorem 3.1, we have,
with p and ~ satisfying (55) and (54):

T
(D)2 + [w(T)2 < eT-2—1-2 / / (e, )| daedt, (67)

2

for any solution Y = ( w of System (48) with Yy € H. Now since Yy € Hj, we deduce from the invariance

of the eigenspaces of £ under e~ *#, Y'(t) € H; for any t € (0,T] and thus:

MN

Y(t,) = {eAMYO, OB, + Mk (Y, <I>,;><I>,;} .

x>
Il

1

From this last equality and (43), we deduce that:

w(t,.) =

MN

+ - -
{ekkt<Y0, (I)pc;k + MYy, D >027k} Ok

=
Il

1
l
= ar (t)cpka
k=1

where
+ N + 1k
Cok = o
VHie + (SAF + )
and @ is a normalized eigenfunction of the Dirichlet Laplacian. Now, the observability estimates on the

eigenfunctions of the Laplacian due to G. Lebeau and L. Robbiano [6] assert that there exist constants Cy, Cy > 0
such that:

2

1
S lar(®)f < CreCavm / dz,
k=1 w

l
S an(t)pr(a)
k=1

or, equivalently:

/|w(t,x)|2dxgcle02ﬁl/ w(t, 2)[ da. (68)
Q w
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Estimates (68) and (67) yield (66) with
Cr = cT72P74727 (Cavi, (69)

This proves the existence of the desired control.

That « can be chosen in such a way that (63) is satisfied is classical and we recall for completeness how this
can be deduced from (66) with Cp given by (69). Let Yy € H. For all € > 0, we define the quadratic convex
and continuous functional J.; : H; — R by

1 T
Tea(Xo) =5 [ [ Tott,0)* dad + (¥, X(0) + £ 1]
0 w

where X = < f > is the solution of:
X'= LX, X(T)=X, € H. (70)
Clearly, Z(t,z) = X (T —t,x) is the solution of
Z =—L£Z, Z(0)=X(0),

and applying (66) with Cr given by (69) yields

I1X(0)]?

IN

T
CT/ /|U(T—t,x)|2dxdt
0 w

T
CT/ /|u( £2)|? dadt.
0 w

IN

This implies that for any § > 0

1
JgJ(XO) > (5 — (5CT) / |U( t,$)|2 dxdt — Cy ||Y0H2 +e ||X0H ,

and then for sufficiently small values of § we obtain
Te1(Xo0) = e[| Xoll = Cs [|Yol* -

It follows that J. ; is a strictly convex, continuous and coercive functional and, thus, achieves a unique minimum

at )?0,5 € H;. Let )?E = ( Z/;f > be the solution of (70) associated with the initial data )?0,5 and let Y, the

solution of (47) with u := 0. It satisfies

1Ye(T)ll g, < e (71)
Besides, one has:

Js,l()?o,e) § Je,l(o) = 0;
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and thus
T o~
/ /|17E(t,m)|2d:cdt < —2(Yy, Xo.0)
0 w
< 2%l || Xo.
T 1/2
< 2V/Cr </ /|1?€(t,x)|2dxdt> Yol
0 w

From this last estimate, we deduces the boundedness of {@; }c~o in L?([0,T] x w). This allows us to let & going
to 0 in (47) with u := 0;. From (71) we deduce that the weak limit Y of at least a subsequence of {Y:}.>0
satisfies
’/TlY(T) = 0,
and from the previous estimate, that the weak limit u of a subsequence of {7: }.~¢ satisfies (63). This ends the
proof of the lemma. O
We now come back to the proof of Theorem 3.3. From (61), since Z; € H;-l we get

[Yigall = [e ™42

= | S {eimaener sz a0

k>o;+1
1/2
_ ot +\ (2 2N T —\ |2
= > Tz, 00| + T (2, )
k>o;+1
AF T
< Tz (72)

From (60), using that e “? is a semigroup of contractions together with estimate (63), we obtain that:

HZlH = HLTL(}/l7KTl10'L(Y2))H
ar—1+T1;
< e Tew|| + / T2 By (s)ds
ap—1
< 1Y el oy
< Vil eI VY|
= (“MQ”“” ec”"‘”)nw (73)

Combining (72) and (73) yields

Y < eXon™ <1 Ffer C) vl (74)
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Now, recall that o; = 2!,T; = A2 = Ao, ” and that from Weyl’s formula, y,, ~ C(€2) (01)2/". On the other
hand, direct computations yield

9 26
A1 ~ —2fig 4y ~ —2C0; "
with 6 = min(1, 8). Thus
2 —p
)\jl_,_lTl ~ =2Co™ ".
For simplicity we introduce the notation

—2p—4 — 2y
Sy R

Then a > 0 and one has:

20—1
n

Since by assumption p € (0, ), it appears that

C P s E e a c %*/’
e o+l 1 24/Hoy; < CUl ﬂef g,
Ta >

l

Coming back to (74), we get

20,

Vil < Cofre " " ||
1
apl(i+1) 2 —p)
< ot ey
apl(i+1) 280 —p)
S Cl2 Pl2l+1 6702( P) ||YO|| ’
which shows that
ll_lglo ||Y2+1|| =0,
and Theorem 3.3 is proved. (|
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