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CONTROLLABILITY TO TRAJECTORIES FOR SOME PARABOLIC
SYSTEMS OF THREE AND TWO EQUATIONS BY ONE CONTROL
FORCE

ASSIA BENABDALLAH *, MICHEL CRISTOFOL ', PATRICIA GAITAN ¥, AND LUZ DE
TERESA &

Abstract. We present a controllability result for a class of linear parabolic systems of 3 equa-
tions. To prove the result, we establish a global Carleman estimate for the solutions of a system
of 2 coupled parabolic equations with first order terms. We also obtain stability results for the
identification of coefficients of the systems are also obtained.

Key words. Control, observability, Carleman estimates, reaction diffusion systems, inverse
problems.

AMS subject classifications. 93B05, 93B07, 35K05, 35K55, 35R30.

1. Introduction and notations. The controllability of linear ordinary differ-
ential systems is a well understood subject. In particular, if n,m € N with n,m > 1
and A € L(R™) and C € L(R™,R"), then the linear ordinary differential system
Y’ = AY + Cu is controllable at time T' > 0 if and only if the Kalman rank condition

(1.1) rank [A|C] =rank [A"'C|A"?C| .- |C] =n,

is satisfied (see for example [18, Chapter 2, p. 35]).

In the last ten years there has being an increasing interest in the study of null
controllability and inverse problems for systems of parabolic equations. To the best
of our knowledge most of the existing results in the litterature deal with zero order
coupling systems or constant coefficients (see for instance [23], [1] [7], [2], [3], [9],
[13], [15], [4], [5], [6] and [14]). In these papers, almost all the results have been
established for 2 x 2 systems where the control is exerted on the first equation. The
most general results in this context seem to be those in [14], [4] and [5]. In [14], the
authors study a cascade parabolic system of n equations (n > 2) controlled with one
single distributed control. In [4] and [5], the authors provide necessary and sufficient
conditions for the controllability of n x n parabolic linear systems with constant
or time-dependent coefficients. The main goal of our work is to propose sufficient
conditions to control 3 x 3 parabolic linear systems with non constant coefficients by
one control. They generalize the Kalman condition obtained for parabolic systems
with constant coefficients in [4]. The main ingredient of the proof is a Carleman
estimate for a 2 x 2 reaction-convection-diffusion system. This Carleman estimate
allows us to derive a new controllability result for such systems and a stability estimate
for identifications of coefficient of 3 x 3 or 2 x 2 systems.

Let Q C R™, n > 1 be a bounded connected open set of class C2. Let T > 0 and
let w be an open non empty subset of 2. We define Qr = Q x (0,7), wr =w x (0,7)
and X7 = 9Q x (0,7). Our main objective is to establish new controllability results
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for coupled parabolic equations with one distributed control force in wpr. To be more
precise, let us consider second order elliptic self adjoint operators given by

(1.2) div(H,\V) = zn: 0 (hi;(2)0;), 1=1,2,3,

i,j=1
with
1 o
{ hi; € WH(Q),
l _ 1l .
hij(x) = hj;(z) ae. in Q,

and the coefficients hij satisfying the uniform elliptic condition

(1.3) 3 hh(@)&E > holél?, VEER", ae inQ, 1=1,2,3,

,j=1

for a positive constant ho. Let (ai;)1<ij<3 € C*(Qr) (this assumption can be weak-
ened see Remark 3.5). We consider the following 3 x 3 reaction-diffusion system

Oy =(L+A)y+Cfl, in Qp,
(1.4) y=0on X,
y('v 0) = yo() in Qv

where
div(H, V) 0 0
L= 0 div(H3V) 0 ,
0 0 div(H3V)

A= (aij)lgi,jgii» C = (I,0,0)t € L(R, RB), f € LZ(QT) and Yo = (y071)1§i§3 S
L*(Q)3. In (1.4), y = (y:)1<i<3 is the state variable while 1,, denotes the characteristic
function of the open subset w.

We will say that (1.4) is null controllable if for all initial data in L%(Q2)3 there
exists f € L?(Q27) such that the solution of (1.4) satisfy y(-,T') = 0. In [4] it has been
proved, among other results, that if all the coefficients (a;;) are constant and if there
exists d; € R such that dy H; = Hs = Hs, then System (1.4) is null controllable if and
only if the algebraic Kalman condition, det [A|C] # 0, is satisfied. Our main interest
is to remove the assumption that the coefficients have to be constant.

The main result of this paper is

THEOREM 1.1. Suppose that asy, azy are time independent, that there exists
J € {2,3} such that |aji1(x)] > C > 0 for all x € w and that Hy = Hs. Let j be as
before. We define k; = ?,

ag. .
Bki = 72H2 <V(Zk7.1 — kJIVajl) y
: . aji1

bj _ 2H2Vaj1(Vakj12aj1—Vajlakjl) I akj1diU(HQvajl)—ajldiU(szakj1) _ (_1)]' det[A|C].
a

i1 aji1 aj1



Assume that either
1. By, =0andb; #0 onwr,
or
2. 0wNoQ=r, |yl #0, and By, -v #0, on~y .
Then, for all yo € (L*(Q))3, there exists f € L*(Qr) such that the corresponding
solution of (1.4) satisfies y1(-,T) = y2(-,T) = y3(-,T) = 0.
REMARK 1.2.

1. If all the coefficients are constant, By, = 0 for all j € {2, 3}, then assumptions
of Theorem 1.1 are reduced to b; # 0 and more precisely to det[A|C] # 0. So
we recover the condition obtained in [5].

2. Furthermore, it is not difficult to construct an example where the algebraic
Kalman rank condition is not satisfied but assumption 2 of Theorem 1.1 is
verified. For example, take Q any smooth domain in R? containing w = {y <
—1,(z—2)2+ (y+1)? <1} and v = [1,3] x {—1}. Take now azz = as3 =
age = azz =0, az1(v,y) = —y?, asy = v +y and Hy = Hy = Hz = I;. Then
azy # 0 in wr, but det[A, C] =0 in Q. Moreover, we have

(Va,21 — a21Va31) cv(x)=2x—1>0, on~.
a3y

So assumption 2 of Theorem 1.1 is satisfied.

The proof of Theorem 1.1 uses in an essential way a new Carleman inequality
for two coupled reaction-diffusion-convection equations. This inequality allows us to
prove a new controllability result for such a system (see Section 2).

Our controllability result does not need restrictive assumptions such as for cascade
systems or constant coefficients. In the case of constant coefficients, we recover the
Kalman’s criterion proved in [4]. In Section 2, we derive a controllability result for a
class of 2 x 2 reaction-diffusion-convection systems. In [15], the author studies the null
controllability of systems of two parabolic equations, where the coupling terms are
first order space derivatives in one equation and second order space derivatives in the
other. The results of [15] cannot be derived as a particular case of ours. The reverse
holds true as well. They are independent results, proved with different techniques,
both aiming for a better understanding of the complexity of Carleman estimates for
coupled equations and their controllability and identification consequences.

The results in this paper are inspired in related research results that can be found
in [6] where similar systems are studied under the same conditions. However, we
obtain a null controllability result while in [6] the authors obtain an approximate
controllability result.

A large area of applications in ecology and biology requires the identification of co-
efficients for reaction-diffusion systems. Starting with the pioneer work of Bukhgeim-
Klibanov [8], Carleman estimates have been successfully used for the uniqueness and
stability for determining coefficients. Often, it is difficult to observe all the com-
ponents for reaction-diffusion systems, thus the increasing interest in reducing the
number of observed components. There are very few research papers devoted to this
problem. We can refer to [9], [6], for 2 x 2 parabolic systems and to [17] for Lamé
sytems. We use our new Carleman estimate for 2 x 2 parabolic systems with advec-
tion terms to prove, for a 3 x 3 reaction-diffusion system, a stability result for three
coefficients (one in each equation). We only observe one component and we need the
knowledge of the solution at a fixed time 7" € (0,7") and all the domain 2 and these
three coefficients on w. We generalize for a n x n parabolic system: a stability result
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for n coefficients observing only n —2 components with the partial knowledge of solely
three coefficients.

The paper is organized as follows. In Section 2 we prove a new controllabil-
ity result for a 2 x 2 reaction-diffusion-convection system. This section contains the
main ingredient of this paper: a new Carleman estimate for 2 x 2 reaction-diffusion-
convection systems with only one observation. In Section 3 we prove our main result:
Theorem 1.1. To prove this, we establish an observability estimate for the correspond-
ing adjoint system. This Carleman estimate for 3 x 3 reaction-diffusion systems follows
from the previous one for 2 x 2 reaction-diffusion-convection systems. We conclude
in Section 4 with some applications to inverse problems and generalizations for more
than 3 equations.

2. Controllability for a 2 x 2 reaction-diffusion-convection system. In
this section we present a null controllability result for coupled parabolic systems.
We consider the case of two coupled reaction-diffusion-convection equations and we
control one of them. Let us consider

Owyn = div(H1Vy1) + a1 y1 +ai2 yo+ A - Vyr + A2 - Vo + fxo in Qp,

Oy2 = div(HoVy2) 4 az1 y1 + a2z y2 + A1 - Vy1 + Az - Vo in Qr,

yl('7t) = y?(at) =0 on ET,

y1(-,0) = 49(-), v2(-,0) = 43(:) in Q.
(2.1)

with a;; € C*(Qr) and A;; € CH(Qr)™ for i, = 1,2 (here again this regularity can be
weakened see Remark 3.5). We say that system (2.1) is null controllable if for every
initial data (y?,49) € (L?(2))? there exists f € L?(wr) such that the corresponding
solution of (2.1) satisfies

The first controllability result we obtain is the following one :

THEOREM 2.1. Let us assume that Aoy is time independent on wr and that w of
class C%, w C Q) is such that for some v C 08, |y| # 0 with v C Ow NI we have that
| A1 (z) - v(z)| # O for every x € . Furthermore, assume that Asi|, € W3 (w)".
Then, System (2.1) is null controllable at time T > 0.

As in the scalar case the null controllability of (2.1) is equivalent to the obtention
of an observability inequality for the adjoint system (2.3) (see e.g [12], [11], [10]).
That is, Theorem 2.1 is equivalent to prove the following result:

THEOREM 2.2. Under the assumptions of Theorem 2.1 there exits C' > 0 such
that

T
(2.2) / (10 + lp2(0)[2) da < C / / o1 [*dvdt

holds true for any solution of

—0tp1 = div(H1Ve1) + (a11 — V- A11)e1 + (a21 — V- A21)pa2 — A11 - Vo1 — Az1 - Vo in

—0ip2 = div(H2Vp2) + (a12 — V - A12)p1 + (a22 — V- Aaa)pa — A12 - Vip1 — Azz - Vo in
w1(t) = p2(,t) =0 on
901('7T) = 90{()7 902('7T) = Wg() in

(2.3)
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2.1. Proof of the controllability result. We prove Theorem 2.1 assuming
that Theorem 2.2 holds true. The proof of Theorem 2.2 uses the Carleman inequal-
ity proved in the next subsection. So we first state the Carleman inequality, prove
Theorem 2.2, and conclude the section with the proof of the Carleman inequality, i.e
Theorem 2.5.

Proof. [Proof of Theorem 2.1]

We now prove Theorem 2.1 using (2.2). They are several ways to prove it. We use
the most direct technique. Let V = L?(Q) x L?(Q), and let G and L be the following
linear mappings:

L:L*wr)—V = (i (T), y2(T))
where (y1(+),y2(+)) is the corresponding solution of (2.1) with (y?,%9) = (0,0), and
G:V -V (W1, 92) = (y1(T), y2(T))

where (y1(+),y2()) solves (2.1) with f = 0. Then Theorem 2.1 is equivalent to the
inclusion

(2.4) R(G) C R(L).

Both G and L are V-valued, bounded linear operators. So (2.4) holds if and ounly if,
for every (¢, ¢3) €V,

(2.5) IG™ (15 ¢2)llv < CIL* (97 2122 wr)

for some constant C' > 0. A simple computation shows that

G (o1, 93) = (¢1(2,0), 02(2,0)), L*(¢],¢3) = o1lu,

where 1 and @3 solve the adjoint system (2.3). Hence (2.5) is just (2.2) and Theorem
2.1 is proved.
0

2.2. A new Carleman estimate for a 2 x 2 reaction-diffusion-convection
system with one observation. We consider the following reaction-diffusion-convection
system:

opu =div(H1Vu) +au+bv+A-Vu+B-Vuo+ f in Qp,
o = div(HoVv)+cu+dv+C-Vu+D-Vv+g in Qp,
u(,t) =v(,t) =0 on Xr,
u(+,0) = up(+),v(+,0) = vo(+) in Q.

(2.6)

Recall that for a,b,c,d € L®(Qr) and A,C, D € L>®(Qr)", B € L>®()" and for
ug,vo € L2(Q), f,g € L?>(Qr) the reaction-diffusion-convection system (2.6) admits
a unique solution (u,v) € C([0,T]; L*(Q))? N L*(0,T; H(2))2. Moreover, if ug, vy €
H2(Q) N HY(Q), then (u,v) € C([0,T); H*(Q) N HE(Q))? N C*([0,T); L*(2))2. This
result can be obtained in a classical way, see for example [20].

In order to prove (2.2), our main interest is to derive an observability estimate for
(u, v) solutions of (2.6) by solely the observation of u in wyp. First of all let us recall
the notations for Carleman’s estimates (see [12] and [16]).



Let 3 € C?(Q2) be the function constructed by Fursikov and Imanuvilov in [12]
such that 8> 0in Q, [V3| > 0 in Q \ @ and define by

62)\K _ ez\ﬁ(;c)

n(l‘,t) = W’ V(x,t) S QT7
(2.7 A(x)
- vt e (0,7)
p(t) ° t(T _ t)) ) Y
where
(2.8) K 2|8l L=(0

is a fixed constant whose choice will be specified later. We introduce the functional

I(r,¢) = / / (sp)" ' (th” > Iaizisof+(sxp>2|w?+<sw|w|2> ddt.
Qr
2.9

1<i<js<n

ASSUMPTION 2.3.
1. Let w C Q be a non-empty subdomain of class C? with dw N OQ = v and |y
7é 07
2 [B(@)-v(@)| £0, wen,
3. Hyl, € W2®(w)"", B|, € W2®(w)", Al,, € L®0,T;W5®(w))" and
b‘wT S W2’OO(OJT).
We first recall a Carleman inequality for a single parabolic equation. That is, for
a € L®(Qr), Ae L®Qr)", He Wh(Q)" let R = div(HV) + A-V + a and
I(7, ) defined by (2.9) we have the following result
THEOREM 2.4. Let w C  open and non empty, T € R. Then, there exist two
positive constants so, Co (which only depend on Q, w, T, H, A, a and 7) such that for
every ¢ € L*(0,T; H} () with O, + Rp € L*(Qr), the following Carleman estimate
holds

(r,¢) < Co (// (sp)"e™ 2" |0pp + Ry|* ddt + \* // (sp)™ 3725 || d;vdt)
Q
(2.10) ’

for all s> so and n, p defined in (2.7) with K > 0 satisfying (2.8). The proof of this
result can be found in [16]. The new Carleman estimate for a 2 x 2 reaction-diffusion-
convection system is:

THEOREM 2.5. Under Assumption 2.3 there exist two positive constants sg, C
(which only depend on Q, w, a, b, ¢, d, A, B, C, D, Hy, Hy, 71 and 72) and a
constant K, satisfying (2.30), such that for every (ug,vo) € L*(2)? and |1 — 2] < 1,
the following Carleman estimate holds

I(r1,u) + I(m2,v) < C ()\8 // e (sp") u|dadt
wr

ey o [ e iofaa [ e23”((sp)’1|f|2+(sp)”gIQ)dwdt)
wr Qr

where Q is an appropriate operator defined in the Appendix (see (5.4)), n* = max,
Q
n— =minn, o = 4n_ — 31", p* = maxp and 7F = 419 — 311 + 15, for all s > s¢ and
Q Q



for all (u,v) solution of (2.6) and n defined by (2.7) .

We first prove Theorem 2.2 assuming that Theorem 2.5 holds true.

Proof. [Proof of Theorem 2.2]

We want to prove (2.2). We define u(t) = ¢1(T — t),v(t) = w2 (T — t). Then, u
and v are solutions of (2.6) with a(x,t) = (a11(x, T —t) = V- A1 (2, T — t), bz, t) =
(a21(z, T —t) =V - Ay (z,T - 1)), A(z,t) = —An (2, t = T), B(x,t) = —Aa (2, t = T),
C(.’E, t) = (a12(xa T - t) -V AlQ(xa T - t)a d(.’E, t) = (a22(x, T - t) -V A22(xa T - t))a
C(z,t) = —A1a(z,t = T), D(z,t) = Aga(x,t —T), f = g = 0 and initial conditions
u(0) = o' v(0) = pI'. We can then apply the results of Theorem 2.5 to ¢; and @2

and get
[ eital +leapa <o [[ o
T wT

Note that C' > 0 is a generic constant that may change from line to line. We
multiply the first equation in (2.3) by 1 and the second equation by s , we add the
two equations, we integrate by parts and apply Gronwall inequality, we then get that
forany 0 <t<7<T

/ (o1 (O + [pa(t)P)de < C / (i1 (]2 + |9 (r)2)da.
Q Q

This inequality implies on one hand that for 7 > 0

/ (1 (0)2 + [a(0)2)d < C / (o1 (]2 + |0 (r)2)dz,
Q Q

and on the other hand that

3T/

4
(2.12) /Q (1 (0)2 + [2(0)?)dx < C(T) /Q (o1 (M) + pal(r)|?)drdr.

T/4

Observe that, by construction, p3(t)e=2"®) > C(T) for t € [T/4,3T/4]. This fact
combined with (2.12) imply that

1010 + lpat0)Pran < [ o,

Proof. [Proof of Theorem 2.5]
Consider @ CC w open and non empty. If |13 — 72| < 1, a direct application of
Theorem 2.4 leads to

I(t1,u) + I(m2,v) < C ()\4 //~ (sp)™ TP M)’ dedt + \* //~ (sp)2 e o> dadt
wr wr

(2.13) + // (sp)™ e > | fI? dadt +// (sp)T2e 2" |g2dxdt>.
Qr Qr

The main question is to get rid of the term

//~ (sp)T3e ™25y 2dadt .
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As in ([2], [9]), one will use the first equation in order to derive a local observability
estimate for v with respect to u. In comparison with the previous results, the main
difficulty here is the presence of first order terms on v. Roughly speaking, the idea
used in ([2], [9]) is to transform locally (in w x (0,T)) the first equation of (2.6) as
v = Lu where L is a partial differential operator (first order in time and second order
in space). In these cases, A = B = C' = D = 0 and therefore the main assumption
for this solvability is that b # 0 in an open set w’ X (0,7) C wy. In our case, this
condition is replaced by B - v # 0 on vy x (0,T) where « is a part of the boundary of
QNw and requires w to be a neighborhood of y. With these assumptions, one can still
transform the first equation of (2.6) locally in space as v = Lu, but the operator L is
not a partial differential operator. With some technical computations, we are able to
still deduce a local observability estimate for v with respect to u:

THEOREM 2.6. Let Assumption 2.3 be satisfied. Suppose thatu € C([0,T]; H*(Q)N
H ()N CL([0,T); L3(Q)) and v satisfies

bv+ B-Vv=0u—div(HiVu) —au—A-Vu—f in wrp,
v(,t) =0 on  r.

Then, for any & CCw and for all € > 0, there exists Cc > 0 such that
A4 //’: (Sp)rz+3€72sn‘v‘2d$dt < C«E/\lﬁ // e~ 25a (sp*)T*|u|2dxdt
wT wr
(2.14) +A // e 25 (sp)3 2 |Q f1Pdxdt + e1(To,v),
wr

where Q 1is an appropriate operator defined in the Appendix (see (5.4)), n* = maxmn),
Q
n— =minn, o =4n_ — 3n*, p* = maxp and 7* = 419 — 311 + 15, for all s > s¢ and
Q

Q
n defined by (2.7).
Proof. [Proof of Theorem 2.6 | In order to make the proof clearer to the reader,
we are going to prove Theorem 2.6 in the simplest case where

(2.15) Q=(00,1)xQ, w=(0,¢) x o

with ' C QY C R"1,0<e< 1, and

(2.16) B(z) = (1,0,...,0).

In this case v = {0} x w’. As we will show in Remark 2.8, the general case comes

down to this simplest one. With these assumptions, the first equation of (2.6) has the
particular form

(2.17) O, v +bv =0 —div(Hy - Vu) —au — A-Vu — f,
with
(2.18) x = (x1,2).

We will denote yp := v x (0,T).
The proof of the Theorem will be done in 3 steps



e Step 1: An equation for v
One can define the following operator

(2.19) L:=0,, +b,

with D(L) = {v € L*(0,T); H*(w));v(0,2',t) = 0 on yr). (L,D(L)) is an
unbounded invertible operator from L?(wr) to L?*(wr). For w € L*(wr),
direct computations give that

zq / 1 rvi ’
(2.20) L™ " (w)(x,t) = efo Pyt D / e fo blrne ’t)dMUJ(yhx/,t)dyL
0

For, p,q € L (wr), let us define

T

(2.21) K(p, quw(z,t) = p(l‘,t)/ qa(yr, ", yw(yy, a', t)dys.
0

Note that K(p,q) € L(L*(wr)) and L™ = K(p,q) with

(2.22) plz,t) = eJo b’ du gz, t) = e [ b’ s

Moreover under Assumption 2.3, we have p,q € W2 (wr). As it will be clear
in the sequel, we need to compute the effect of the composition of operators
as K(p, q) on partial differential operators.
We summarize here these computations:

1. For p,q,e € L®(wr), w € L*(wr)

(2.23) K(p,q)(ew) = K(p, ge)w.

2. For p,q € Wh*(wr) and E € L*®(0,T;Wh*(w)), 2 < i < n and
w € HY(wr), we have
K(p, q)(E0zyw)(x,t) = —K(p, 0z, (Eq)w)(x, 1) + pgEw(w, t) — p(x,t)(¢Ew)(0, 27, 1),
K(I’: Q)(Eaﬂciw)(mvt) = 83¢,iK(p, EQ)w(Ivt) - K(aﬂfipv Eq)w(zvt) - K(p, 89% (Eq))w(m’t)u
K(p, Q)(atw)(xvt) = atK(p7 Q)w(xvt) - K(atp, q)w(xvt) - K(p, atq)w($, t)'
(2.24)
3. For p,q € W2>®(wr), H € L®(0,T;Wh®(w)), 1 < i < n and w €
L?(0,T; H*(w)), we have

K(p, 0)(0a,(HOz w))(2,t) = K(p, a0, H)z,w(x,t) + K (p, H)03 w(z, 1),

K(p,q)0;, w(x,t) = K(p, 95, Q)w(,t) — (pde, qu) (=, t)
+(pq811w)(x7t) +p(:v,t)(w811q - qazlw)(o’ xlv t)7

K(p,q)(03,w)(z,t) = 87, K (p, Q)w(x, t) — 202, K (9z;p, Q)w(x, t) — 202, K (p, O, q)w(, 1)
(2.25) +K(8gip, qQuw(z,t) + K(p, Bgiq)w(x, t) + 2K (Og;p, Oz; q)w(z, t).

LEMMA 2.7. Let Hy,A,b, B satisfy Assumption 2.8, p,q defined in (2.22).
Then there exist (pi, q¢>2§i§n S WQ’OO(WT)2(H_1), (]5@, (ji)lgign S Wl,oo(wT)2n)
k € L>(wr) such that, for anyu € C([0,T]; H*(Q)NH(2))NCL([0,T]; L2(Q)),
the solution v of (2.6) satisfies for every (x,t) € wr :

v(@,t) = K@y @)ule,t) + Y 0% K(pia)ulw, t) + Y 0o, K (i, @)ulx, 1)
( : +K(p,aq)u(z,t) + kg:?t)u(m, t) + K(p, q)f(a::?)Q-i- pq(z,t)h1(0,2',1)0z,u(0, 2, t).
2.26
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Proof. [Proof of the Lemma 2.7] It is a direct consequence of (2.23), (2.24)
and (2.25). 0

e Step 2:  An observability inequality for v with two observations: u
on wr and d,u on v x (0,7).

Let @ CC @ CC w, and & € C*(Q) a cut-off function, such that

&(z) =1,Vz € 5
(2.27) () =0,V ¢ w.

We multiply (2.26) by (sp)™+3¢e~2%"v and we integrate on Q.

// (sp)2T3¢e™ 22 dxdt = // (sp)T3¢e™ 200, K (1, ¢1 )udxdt
QT QT
// sp)t3ge 25”1}282 (pi, ¢i)udzdt
Qr i= 2
// (sp) 72+3§e_23’7v28 K (p;, G; )udxdt
Qr

=2

// sp)2 T3¢ MK (p, aq)udxdt+// sp)2 T3 ¢e™ 2 Mykudrdt
Qr

(sp)™2T3¢e 2y~ 1fdxdt+// (sp)™2 T3¢ 2Mupd,, u(0, 2, t)dxdt.
QT QT

We estimate each term of the right hand side of the previous equality. For
example for the first one, using the definition of I(72,v), Cauchy-Schwartz
and Young inequalities, we can write :

At / / (sp)™2 3¢ 250, K (p1, g Judzdt = A / / 0: ((sp)2+3ee™20) K (p1, g1 Judadt,
Qr Qr
then
4 // Ot ((sp)72+3§e_23"v) K(p1, G )udzdt| < |34 // Ot ((sp)72+3£e_25") vK(p1, g1 )udzdt|
Qp Qrp
+A (sp)2+26e™2°10; (v) K (1, 41 Judadt]
Qr

< el(r2,v) + X572 / / ()2 FP€e™ 2 (K (p1, 41 )u)>dudt
Q

+A3sT2HT / / (p)2H7¢e™ (K (p1, 41 )u) dzdt
Qp

3
< Ol gl / / e (/ o t)dyl) ety
0
< C: A\8s 7‘2+7/ / </ _2377 T2+7d271> da’ dt+61(7'27’0)
1
< CE/\8872+7/ / {/ lul? (1,2, t) (/ 625"(P)72+7dz1) dylj| dz'dt + eI (72,v)
0 w! 0 0

< el(r2,v) +CE)\857'2+7/ M (', t)|u|?dadt

wT

with M (2/,t) = f p2 e 29 dr, .
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After technical calculations, we keep the higher exponents for s and A, we
obtain:

bS /ﬁ (sp)2 325 |y 2dxdt < eI(72,v)
wr

(2.28) +C- (AS T2+/ M(z',t)|ul?dxdt + A* // 2N (5p)3F 72| L7 f 2 dadt

// / 5p)2 372519, u(0,2', t)|2dx1 da dt)

Step 3: Estimate of the boundary term
Observe that for any f and h in H?(w),

[ osnae == [pooae s} [ wemiow - (semo.

We apply this formula for f = 0,,u, f = u and h such that h(e) = 0. If we
denote N(z',t) = fol p2t3e=25Mdy, n* = 215 — 71 4+ 7 then we have

A // (5p) 2|0, u(0, ', t)|Pdadt
wp
T 1
= \tgm2T? / / (/ (p)72+3625"dm1> |0, u(0, ', t)|*da’ dt
0 w’ 0

T
= \tgm2 T3 / /N(m',t)|811u(0,x/,t)|2dw'dt
0 w’

= )\t // ailuaxluEN(;t/,t)dmdt—%/\4/ |0z, u>N (2, )8y, Edzdt
Qr

Qr

5// (sp)”_le_gs"*|8§1u|2dacdt+)\805 s // p 2 N2 (2 1)|0,, uldadt
Qr wr

For the first term in the right hand side of the previous estimate, we obtain

// (sp)“*le*%”*|8§1u|2d3:dt < I(7y,u).
Qr

For the second one, we have

28 // p771+1sn*625”*N2(x/,t)|8z1u|2dxdt < \8 // p771+15"*625”*N2(z',t)uagludxdt
wT wT
. * u?
28 Oz, (p_Tl'Hs” e2sn N2($/,t)) Oz, (—)dzdt
w 2
=P+ P
Using Young estimate, for the first term P;, we have

Py <el(m,u) + A0C. // p 3T FB A2 =3nALS B0 N4 (3! ) w2t
wT

< E[(Tl, u) + )\1606 // (Sp*)47—2—37—1-5—158—857]_+6sn* \u|2dxdt
wT
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The last term will be bounded if
(2.29) —4n_ +3n* < 0.

For P,, we obtain
Py <el(r,u) + CA® / / p ST LA =TI 60" N4 (0! ) |2 dedt
wr
<el(m,u) + CA° // (sp*)ire—Smit18 = 8sn—+6s0" 412 J gy
wr

The last term is bounded under the same condition (2.29).
So if we come back to the definition of the weight function

2AK _ AB(2)

e
t) = ——7—7—
n(z,?) Hr—-t
assumption (2.29) is checked for
2in2
(2.30) K> maX{W, [1Blloo }-
Finally, we obtain
T
4 To+3 —2sn / 2 /
. x ) )
(2.31) A // (5p)7 36210, u(0, 2/, £)|2da’dt
0Jw!

< CA6sT // P> 3T N (! ) |u|dadt + eI (4, w).
wr
So, using (2.28) and (2.31), we obtain
At / /~ (sp) T3 2 dwdt < CA'0 57 / / P33T N4 (o ) ul2dadt,
wT wT
+C. \® ST2+7/ M (2, t)|ul|*dxdt,
wr

% // e 2 (sp)3 2| Lt f|Pdadt
+el(m,u) + el(2,v).

Moreover

A6g7" // p373me0 N (o ) ufPdadt + N3s™2HT // M (2, t)|u|*dxdt
wTr wr

< )\1687* // p37371 (p*)47'2+12 €725a|u|2d$dt,
wr

and the proof of Theorem 2.6 is complete for the case where B = (1,0, ...,0).

REMARK 2.8.
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1. Note that for more general vector field B we obtain, by a change of variables,
a similar equation:

O,V 4 bb = Oyl — div(H - Vi) — E - Vi — eli — .

The proof is given in Appendiz.
2. Observe that in the case B and b are such that for some subset O C w,
Blo =0 and blo # 0 the proof is much more simpler.
Finally using Theorem 2.6 in (2.13), we obtain Theorem 2.5. O

3. Carleman Estimate for 3 x 3 Systems.

3.1. Statement of the problem. In this section we prove the main result
of this paper, i.e., Theorem 1.1, that is the null controllability under appropriate
conditions of the 3 x 3 reaction-diffusion system

8ty = (E + A)y + Cflw in QT7
(31) Yy = 0 on ET7
y(-,0) = yo() in Q,

where,
div(H,V) 0 0
L= 0 div(HaV) 0 ,
0 0 div(H3V)

A = (aijhi<ij<s, C = (1,0,0)" € L(R,R?), f € L*(Qr) and yo = (yo,i)1<i<3 €
L2(Q)3.

As in the two dimensional case the result is reduced to proving an observability
inequality to the adjoint system to (3.1). That is, consider

—Opp1 = div(H1Vp1) + ainpr + a1z +azipz  in Qr,
—0ip2 = div(HaVp2) + a12¢1 + 2292 + asaps  in Qr,
(

(3.2) —0ips = div(HaVp3) 4+ a13p1 + agzps + assps  in Q,
o1 =p2=¢p3=0 on S,
901('7T) = @?a @2(vT) = @ga (,03(,T) = @ga in Q

Then, Theorem 1.1 is equivalent to the following result:
THEOREM 3.1. Suppose that a;; € C*(Qr), Suppose that as1, az1 are time

independent, that there exists j € {2,3} such that |a;1(x)| > C >0 for all x € w. For
such j we define kj = %,

Bk. = —2H2 (Vakjl - %Vajl) y
i1

J

aj
and
b 2H3Va;1(Vak;1a51 — Vajiak;1) N a;1div(HaVag1) — ajidiv(H2Vay,;1) (_1y det [A]C)
i = (1?1 aj1 a;1 '

Assume that either
1. Bg;, =0andb; #0 onwr,
or
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2. OwNoQ=r, |yl #0, and By, -v #0, on~,
Then, there exists C > 0 such that for every (o1, T 1) € L?(Q)? the corresponding
solution to (3.2 satisfies:

(3.3) /Q (1 (2 0) + 2l 0)[2 + o, 02}z < C // o1, )Pt

Observe that the case By, (z,t) = 0 and bj(x,t) # 0 was already treated in [3].
The really new result is the case By, -v(x) # 0, on 7. Inequality (3.3) will be deduced
by an appropriate Carleman estimate (as in the two dimensional case treated below).
So, the next subsection is devoted to the proof of this Carleman inequality.

3.2. A new Carleman estimate for a 3 x 3 reaction-diffusion system with
one observation. In view of applications regarding inverse problems we will consider
the following 3 x 3 reaction-diffusion system (which is the adjoint system of system
(3.1)) where (f,g,h) € L*>(Q)3.

Let (aij)1§i7j§3 S 04(97'1“)7 Hl = (héj)lgz}jg& 1 S l S 2 defined by (1.2) and
(1.3). We consider the following system:

Opu = div(H1Vu) + ajiu+ ag1v + agiw + f in Qr,
O = div(HaVv) + a12u + ag2v + agpw + g in Qr,
(3.4) Opw = div(HaVw) + a13u + agzv + aggw + h  in Q,
u=v=w=>0 on X7,
u(+,0) = g, v(-,0) = v, w(-,0) = wo, in Q.

Uniqueness, existence and stability results for (3.4) can be proved by classical theory
(e.g., [20]). In particular, (3.4) admits an unique solution (u, v, w) € C([0,T]; L*(£2))3N
L2(0,T; HY(Q))3.

Moreover, if ug, vo, wo € H?(2) N H(Q), then (u,v,w) € C([0,T]; H2(Q)NH(2))3N
CL([0,T]; L*(2))? and we will call it strong solution.

The Carleman estimate (2.11) allows us to perform a new Carleman estimate for
this 3 x 3 reaction-diffusion-system. First of all, let us precise the assumptions on the
coefficients of system (3.4).

ASSUMPTION 3.2.

1. as1 and az; do not depend on time t,
2. w C Q is a non-empty subdomain of class C? with dw NI =~ and |y| # 0,
3. There exists j € {2,3} such that |a;i1(z)] > C > 0 for all x € w and for

6
k‘:f
T

(2 (Var — 22905 ))-0)a] 0. on,
J

2

4. Let Hs|, € (W3 (w))"
REMARK 3.3. In this result, we are again assuming that By, # 0 in wr. The
Carleman inequality is still true in the other case and it was already proved in [3].
We obtain the following theorem :
THEOREM 3.4. Under Assumption 3.2 there exist a positive function 3 € C?(Q)
(only depending on Q and w) and two positive constants so, C' (which only depend on
Q, w, (aiy)(<ij<3), T), a constant K (see (8.9)) such that for every (uo,vo,wo) €
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L2(Q)3,(f,g9,h) € L?>(Qr)3, the following Carleman estimate holds
I(r,u) + I(r,v) + I(1,w) < C()\32 // (TH33) ()T (st 2em) (1412 4| £12)dadt
(3.5) [ e 50 (g +1Qh)duds

wr

b [ ).

for s > so and all (u,v,w) solution of (3.4), n defined by (2.7), and @ defined in
(5.4), ao=4n_ = 3n", n" = maxn, 7- = minn and p* = maxp.
o Q Q

Proof. [Proof of Theorem 3.4 ] The proof is done in three steps:
1. We first prove a Carleman estimate with three observations taking sets W CC

W C w, such that ¥ = 0w N IQ C v and dist (0L\7,dw\7y) > 0 (this is
necessary technicality that allows to construct £ satisfying (2.27). A direct
application of Theorem 2.4 leads to

I(r,u) + I(T,v) + I(T,w) < C<A4 / (sp) " T3e™29M|u|? dadt

//: (sp)™3e7 2|02 dadt  +A* //: (sp) " F3e™ 25" w|? dzdt
+// (sp)76725"|f\2da:dt+// (sp)Te 257 |g|? dxdt+// (sp)Te 25 || dxdt),
Qr Qr Qr

for any & CC Q. The main question is to get rid of

//: (sp)7+3e_25"|v|2dxdt+//~v (5p)" e |w|*dxdt.

2. We eliminate two observations. Let
(3.6) Z = a9V +az;w in wp.

Suppose, for example, that Assumption 3.2 is satisfied for j = 3. If (u, v, w)
is a strong solution of System (3.4), then z defined by (3.6) satisfies:

(3.7) Opu = div(H1Vu) + ajqu+z+ f in wr,
’ Oz =div(HyVz)+ A-Vz+az+eu+B-Vo+bv+G in wr,

with

b— 2H2Va31 (Va21a31 g Va31a21> + a21diU(H2Va31) - agldiv(HQVagl)

asy asi
43,039 + a31a91a33 — a31021092 — 31023
az1 ’

B = —2H2 (Va21 — %V&gl) 5
(3.8)
A= og, Y _oUhVas) Vag  div(HyVay) | anags +asias

2 )
a31 a3q asi asi
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e = ajoaz1 + aizaz, G = azig+azth.

We first use Theorem 2.6 to estimate v by z, u and G. Then with Assump-

tion 3.2 and (3.6), we have w = 2= %218 Therefore v and w will be estimated

asi
by z (and u,G). It will remain to estimate z by u. Of course, all these esti-

mates are locally (in wr). We apply Theorem 2.6 to the second equation of
(3.7), we obtain:

A //; (sp) " T3e™25Mw|2dadt < C. A6 //V 725 (5p*) 15| 2|2 dadt
wr wr

+oX* / / e 2 (sp)* T (1Qul* + |Qgl* + |QN|?)dxdt
w

+el(T,v).

Now we are going to estimate the local observation in z by the local observa-
tion in u using the first equation of (3.7). For this, we multiply this equation
by AM6(sp*)7+15¢e259 where ¢ is defined in (2.27) and we integrate on wr.

/\16//v (Sp*)f+15672sa|z|2dl,dt

< \16 (// (sp*)T 0255 (2, 1) ¢(Opu — div(H V) — a1u — f)dxdt) .
wr
Using integrations by part we obtain
A6 //~ e (sp* )T |2 Pdwdt < €l (T, 2)
1O // S(T+33)(;)(T+31)6(—4sa+23n)(|u2+flz)dxdt_
wr

The integral in the right hand side of the previous inequality is bounded if:

8n_ — ™" > 0.
In others terms we need
3In2
(3.9) K> maX{W, 11810 }-

Finally we obtain :

I(r,u) + I(1,v) + I(1,w) < C (ASQ // S(T+33)(p*)(7+31)e(*4sa(i)+2sn)(|u|2 4 |f|2)d;tdt
wr

A // e 2 (sp)* T (1Qq? + |Qh|?)dwdt

+// e (sp)T (11 + 191> + |h2)dwdt> .
Qp
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0

REMARK 3.5. Following the proofs presented here it is clear that the regularity
assumptions on aji and Ajy are not optimal. We took much more regularity than the
necessary for simplicity. In fact, in Theorem 1.1 we can assume that aj, € L™ (Qr)
for every j.k € {1,2,3}, axjlu, € WH®(wr) for every j k € {2,3} and ay 1], €
W4 (w) for k € {2,3}. In that case, one can consider the following system:

Oy = d“}(Hlvyl + F(y1,y2,y3) + X f in Qr,
Oy2 = div(HaVys) + a21y1 + a2y + agsys  in Qr,
(3.10) Ovys = dw(HQVy3) + az1y1 + asays + azsys in Q,
y1=y2=y3 =0 on X,
y1(-0) = 47, y2(, 0) = 3, y3(-, 0) = y3, in €.

If F is assumed to be globally Lipschitz with respect to each variable, and as1,a31 and
w satisfy Assumption 3.2, then System (3.10) is null controllable at time T > 0.

4. Applications and Generalizations.

4.1. Generalization for n x n reaction diffusion systems for n > 3. The
results of Section 3 can be generalized to n x n parabolic systems controlled by (n—2)
controls. Consider A = (aym)1<i,m<n & matrix of order n with a;, € C*(Q7). For
j # k € {1,...n} consider Cji, = (p1,p2,-., pn)" with p; = e; (where (e1,...,e,) is
the euclidian basis of R™) except for the two indexes j,k where p; = pp = 0. We
assume that j, k can be chosen in such a way that there exists ¢ # j, i # k such that

a;i(z,t)] > C >0 for all (x,t) € wp. We denote B := —2 (Vay; — #tVa;; ) and
J aj; J

aji

Vagia;; — Vajiar; ar;iAaj; — aj;Aak;
J g1k 7 71 7 7
b= 2Vay; o +
i
a2a~—|—a~a i — Qi Qi1 Ll — Q2 Qs 5
kitiji jillkilyj JillkilUkk jilkij

Qj4

Furthermore, we assume that B(z,t) = 0 and b(z,t) # 0 on wr, or that all the
following conditions are checked
1. Gm, =0 form #k, j, 1.

am,j =0 for m # k, j,1.
ar; and aj; are time independent.
OwNo =1, |7‘ # 0,
B-v(z) #0, on ~.

THEOREM 4.1. Under the previous assumptions, the following system in L?(£2 x
(0,7))".

U

0Y =AY + AY + CitUxw in  Qr,
(4.1) Y(,t)=0 on X,
Y(,0)=Yo(.) mn Q.

s null controllable.
Proof. Controllability of System (4.1) is equivalent to the following observability
estimate:

3C > 0; | ®(T) 320 < C Z // |1 (t) [P dt,

1=1,1#],k
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for all ® = (¢1, ..., P )? solution of the adjoint system:

{ 0P =AP+ A*® in Qp,

(4.2) o(.,t)=0 on Y.

By scalar Carleman estimate applied to each equations of System (4.2), we obtain

l=n l=n
(4.3) S rran <0y [[ orrte o, Pasat
=1 =1 wr

So (@i, ¢;, ¢r) satisfies

i = Adi + > 11 auy in  Qr,
Oo; = Agj + aijd; + aj;¢; + ar;de  in Qp,
(4.4) Ot = Ay, + aind; + ajpd; + appdr, in Qr,
O(.,t)=0 on X7,
B(...0) = B(.) —

satisfy the following Carleman estimate:

I(,¢:) + I(1,¢5) + I(1,¢%) < C ()\32 // sUTE33) (o) (T3 g(—asa®+2em) (1612 4| £12) dadt
wr

(4.5) +//QT e_QSn(sp)T|f2dxdt) .

where f = 27:1,1#,]‘,1@ ap; ¢ It is now straightforward to see that a combination of
(4.3 and (4.5 gives

l=n

l=n
ZI(T,¢1)SC Z // (sp) 325 ¢y (x, t) | dadt.

=1 1=1;l#k,j

Classical energy estimates give now the observability inequality and therefore the null
controllability result. O

REMARK 4.2. Observe that the use of Carleman inequality (1.1) involves terms
that include the operator Q defined in (5.4). This imposes the previous conditions 1
and 2 on the coefficients ami and an,; for m # 1,3, k.

All the regularity assumptions of System (4.1) can be weakened at it has been
pointed out in Remark 3.5.

4.2. Inverse Problems. This subsection is devoted to the question of the iden-
tification of coefficients for a reaction-diffusion system of n equations (n > 3) in a
bounded domain, with the main particularity that we observe only (n — 2) compo-
nents of the system. The key ingredient is the stability result for 3 x 3 reaction
diffusion systems and the case of n equations is a direct consequence, so let us focus
for n = 3.

Consider the following 3x 3 reaction-diffusion system where (a;;)1<; j<3 € C*(€2):

oU = AU 4+ anU + a1V + a1 W in Qp,
0V = AV + a12U + a2V + azo W in  Qp,
(46) oW = AW + a13U + a3V + azsW in  Qp,
U:k17V:k27W:k3 on ZT,

UL0)=Uy V(,0)=V, and W(,0)=W, in Q.
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Let (U, V, W) be solution of

atU AU+a11U+a21V+a31W in Qp,
8tV AV+a12U+a22V+a32W in Qp,
(4.7 (')tW AW + a13U + as3V + agsW in Qp,
U—kl,V—kQ,W—kg on Xr,

U(.,0)=Uy, V(,00=V, and W(.,0)=W, in €.

with a;; € C*(Q)?. Following the method developped in [6] and [9], from Carleman
estimate (3.5), we obtain the following identifiability and Lipschitz stability estimate
for three coeflicients (one in each equation) (e.g. as1,asa, ars) by the observation of
only one component on w assuming the knowledge of these coefficients on w for any
subset w of €.

THEOREM 4.3. Assume that Assumption 3.2 is checked. Assume that there exists
e > 0 such that ky, ko ks € HY(0,T; H>T¢(0Q)) N H2(0,T; H*(9RY)), Uy, Vo, Wy €
H?(Q). Suppose that (a;;) are such that there exist C > 0 and T" € (0,T) such that
[UT) >CinQ, |[V(,T)| > Cin Q, |W(.,T")| > C in Q. Assume that a;; = a;;
onw for (i,j) € {(2,1),(3,2),(1,3)}.
Then there exists k > 0 such that

~ 2 ~ 2 ~ 2 NP
llazt — G21l|72(q) + llas2 — @s2||72(q) + llaws — Gisllz20) < & (”at(U = Ull22(wp

(4.8) +||(U—(7)( )||H2(Q) +[I(V - V)(T )||H2(Q) + (W — W) )HHZ(Q))

REMARK 4.4. As for subsection 4.1, the previous result can be extended to the
identification of n coefficients by (n — 2) locally observations for a (n x n) reaction
diffusion system. We need only the knowledge of 3 coefficients on w. Indeed, follow-
ing the previous method for a (3 x 3) system, consider a (n x n) reaction diffusion
system like (4.1) and fix three components (e.g. y1, Y2, y3) , the three first associated
equations and three coefficients inside to recover. Assuming the knowledge of these
three coefficients on the set of observation w and using the previous Carleman esti-
mate, we derive easily a stability estimate similar to (4.8) for n coefficients, one in
each equation, by the observation of only n — 2 components (y1, and (y;);>3) without
anymore assumption on the coefficients to recover.

All the regularity assumptions of System (4.1) can be weakened at it has been pointed
out in Remark 3.5.

5. Appendix . Let us briefly show how one can tranform (2.6) to the form
(2.17). This idea is to make a change of variables such that B -V is transformed in
O¢ where (§,0) denotes the new variable. From Assumption 2.3, there exists Z > 0
such that the following map is well defined:

C0,E)xy — Q
Ao e A o) =2
where
du B d z(0) =
d?@ (z(£)) and z(0) = o,

and wy == A((0,E) xv) Cw
One has dw; NI = dw N I = . We have to define the derivative with respect to
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one point of 7. To do this, we consider a parametering of v € C2. The new map, still
denoted A, will be defined on (0,Z) x O, where O is the open set of R"~! where we
define the parametering. We denote (£, o) the new variables where o = (071, ...,00-1).
It is easy to check that

OcA = BoA.

It is not difficult to show that under Assumption 2.3, the map A € W2 (wy). It is
onto from (0,Z) x v to w; and A=t € W2>2(0,Z) x O).

If we set

v=voA,

we have
0:v = (VvoA)O:A = (B -Vu)oA.
Define the operator (L, D(L)) with
Lv=BVv+bv, D(L)={ve H" (w);v|, =0}

From the first equation of (2.6), one has
(5.1) Lv = 0w —div(H; - Vu) —au— A-Vu — f.
By the change of variables, L is transformed in

(5.2) LU =8¢0 + by,

D(L) = {v € H'((0,E) x 7); v(0,0) = 0, (0, t) € O}.

where b = bo A. Denote U = uo A, ]7: foA, it is clear that there exist a n X n matrix
H = (hi;), a vector field E = (E;), a scalar field e such that (5.1) is transformed into

(5.3) Lo = 8, — div(H - Vi) + E - Vi + eli — .

The equation (5.3) with L defined by (5.2) has the form (2.17). Then we apply L~}
to (5.3) and obtain an equation for ¥ similar to (2.26). Then we multiply this last
equation by ((sp)™T3¢e=25v) o A|Jac(A)|, where Jac(A) denotes the Jacobian of A

and we integrate on (0,Z) x O x (0,7).
Like this, we get

/ / / ((sp)™ 3620 M) |52 Jac(A) | dedodt — / / (sp) 7362570 2 dadt.
(0,2)xO0x(0,T) Qr

Therefore, we obtain (2.14) with

(5.4) Qf(z,t) = (L7 f) o A" (a, 1),

with L and fdeﬁned previously.
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