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ABSTRACT. In this work we are concerned with the null controllability of coupled parabolic
systems depending on a parameter and converging to a parabolic-elliptic system. We show
the uniform null controllability of the family of coupled parabolic systems with respect to the
degenerating parameter.

1. INTRODUCTION

Let € RY be a bounded connected open set whose boundary 952 is regular enough (N > 1).
Let T > 0 and let wy and we be two nonempty subsets of €2, which will be referred as control
domains. We will use the notation @ = Q x (0,7) and ¥ = 90Q x (0,7).

The main objective of this paper is to analyze the controllability of linear coupled parabolic
systems in which one of the equations is degenerating into an elliptic equation.

In order to state our problem, we introduce the following system

up —Au=au+bv+ fx, in Q,

evy — Av=cu+dv+gx,, in Q, (1.1)
u=v=0 on X, )
u(0) = up; v(0) = vy in Q,

where a = a(z,t), b = b(z,t), ¢ = c(,t) and d = d(z,t) are functions belonging to C3(Q), f
and ¢ are internal controls and € is a small positive parameter, intended to tend to zero. In
particular we want to study this problem when only one control is active, namely when g = 0
or f =0 and analyze the dependence of the cost of the null controllability of system (1.1) with
respect to the parameter e.

Our interest in this problem comes from the fact that in many physical situations system
(1.1) is formally approximated by the following parabolic-elliptic system

up — Au =au+bv+ fy, in Q,
—Av = cu + dv + gXuw, in Q,
u=v=20 on X,
u(0) = ug in Q.
This is the case for instance of biological systems modeling aggregation phenomena or chemical
systems having two different concentrations, see [%] and references therein. However, even if this
approximation is consistent with the existence and uniqueness point of view, it is not clear at
all what can be done from a control theory point of view. The main reason for that arises from
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the fact that we are considering systems having different physical properties and therefore, at
least a priori, different control properties.

The analysis of existence and uniqueness of solutions to system (1.1) is done in [10]. In this
work the author proves existence and uniqueness of solution when the initial data are in L?(£2).
The author also studied the asymptotic expansion of solutions of (1.1) in terms of e.

It is important to mention that this question of approximating an equation by another having
different physical properties was already studied in the case of a hyperbolic equation degenerating
into a parabolic one and vice-versa. In fact, it was proved in [9] that system

eup — Au + up = wa in Qx (O,T),
u=0 on 90 x (0,7, (1.3)
u(0) = uo; w(0) =wu1 in Q,

is null controllable, for each € fixed, and the controls remains bounded when ¢ — 0 if we impose
some geometric condition on 2. Furthermore, the control sequence converges, when ¢ — 0, to a
control for the heat equation

ug—Au= fy, in Qx(0,T),
u=20 on 00 x (0,7), (1.4)
u(0) = up in Q.
Another relevant work is [0], in which the authors consider the linear transport diffusion
equation

Yo — €Ay + M(z,t) - Vy = fxo in Qx(0,T),

y=0 on 00 x (0,7), (1.5)

y(0) =yo in Q,

and investigate the cost of the control in the vanishing viscosity limit € — 0% and, in particular,
they try to determine in which situation it is possible to obtain a control which remains bounded
as € — 07. In that paper the authors are able to prove boundedness of controls by assuming
some conditions on the vector field M and the time T'. See also [2] and [7] for the analysis of
(1.5) in the 1-d case, with M constant.

Regarding the case of parabolic systems converging to parabolic-elliptic systems, as far as we
know, the first time this problem was addressed was in [!], where the authors considered the
case of a nonlinear parabolic-elliptic system appearing in electrocardiology as a simplification of
a coupled parabolic system modeling electrical activities in the heart and, combining Carleman
estimates and weighted energy inequalities, the authors are able to prove that the control prop-
erties of the parabolic-elliptic system can be viewed as a limit process of the control properties
of a family of parabolic systems.

Let us denote by (u(t;e, (up,vo), f,9),v(t; €, (ug,vo), f, g)) the solution of (1.1) at time t €
[0, T associated to (ug,vo) € L?(2)? and (£, g) € L*(Q)>.

Our first main result in this paper is given by the following Theorem.

Theorem 1.1. Let (ug,vg) € L*(Q)? and a,b,c and d be C3(Q) functions. Then

(1) Ifc# 0 inw, for some w CC wy and ||d|[r~(q) < p1 (1 being the first eigenvalue of the
Laplacian), then system (1.1) is uniformly null controllable, with respect to €, with control
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only in the first equation. More precisely, for each € > 0 there exists f = f(e) € L*(Q)

such that
(U(T7 € (UOa UO)? f(e)a 0)? U(Ta € (u()a UO)a f(e)a 0)): (07 0) (16)
Moreover, we have the following estimate on the control
1 (€)xwn llz2(@) < Clluollz2(q) + €llvollr2(q)); (1.7)

where C is a constant that does not depend on €, uy and vy.

(2) If b # 0 in @, for some w CC wa and d < p1, then system (1.1) is uniformly null
controllable, with respect to €, with control acting only in the second equation. More
precisely, for each € > 0 there exists g = g(e) € L*(Q) such that

(u(T's €, (uo, v0), 0, g(e)), v(Ts €, (w0, v0), 0, g(e))) = (0, 0). (1.8)
Moreover, we have the following estimate on the control
lg(€)xwallLz(@) < CllluollL2@) + €llvoll L2(e)), (1.9)

where C' does not depend on €, ug and vg.

In order to prove Theorem 1.1 we are led to consider the adjoint system of (1.1),

—pt—Ap=ap+cf in Q,
—e& — Al =bp+d in Q,
(pifzof P+ dS on %, (1.10)
o(T) =pr; {(T) =& in Q,
with (o1, &r) € L?(Q)2.
It is well known that case 1 of Theorem 1.1 is equivalent to prove the existence of an universal
constant C, which does not depend on €, such that the observability inequality

(0}l Z2() + €llEO)IZ2 (0 SC//Q || dadt, (1.11)
w1

holds for all solutions (¢, &) of (1.10). Analogously, one can prove that case 2 of Theorem 1.1 is
equivalent to show that

(0} B2y + €ll€O) ey < € [ /Q e dwdt, (1.12)
w2

for all solutions (¢, &) of (1.10).

The study of the controllability of systems of parabolic equations has obtained a lot of atten-
tion in the recent years. For instance, in [1] the authors analyze the controllability of a reaction
diffusion system of a system of two parabolic equations coupled by zero-order terms, obtaining
the null controllability for the linear system and the local null controllability of the semilin-
ear system. In [5] the controllability of a quite general system of two coupled linear parabolic
equations is studied and, combining Carleman inequalities and some energy inequalities, null
controllability is proved.

Following [1] or [5] one can prove that for each € > 0 system (1.1) is null controllable in L?(€2).
A carefully analysis on booth proofs shows that uniform null controllability with respect to e
can be obtained only in the case of a control on the second equation of (1.1), i.e., following [1] or
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[5] it is possible to prove that the cost of the null controllability is bounded, with respect to e,
when the control is acting on the second equation of (1.1). The same is not true if one is trying
to control (1.1) by means of a control in the first equation. Indeed, in that case the cost of the
null controllability is of order e~ 1.

Thus, in this paper we obtain a uniform estimate on the cost of controllability of (1.1) in the
case of a control acting only on the first equation, Theorem 1.1, case 1. Our proof can also be
applied in order to obtain the boundedness of the cost of the null controllability of (1.1) when

the control is acting on the second equation, see Theorem 2.3.

2. CARLEMAN ESTIMATES AND AN EXTENDED ADJOINT SYSTEM

In this section we deduce Carleman type estimates that will be used to prove observability
inequalities (1.11) and (1.12). To this end we first define several weight functions which will be
useful in the sequel.

The basic weight will be a function ¢ € C?(Q) verifying

P(z)>0,in Q, P =00n0dN, |Vi(z)| >0, Vre Qwo,

where wyp CC w; (wp CC we in the case 2) is a nonempty open set. The existence of such a

function 1 is proved in [3]. Then, for some positive real numbers s and A we introduce:
(@) (@) _ o2M[Y]loo
t) = —s afz,t) =
d(t) = min ¢(z,t); ¢*(t) = max ¢(x,t); o (t) = min oz, t). (2.1)
€ e e

The following Carleman inequality will be very important to our purposes:

Lemma 2.1. Let f € R, 0 € RT and wg CC w. There exists a constant A\g = \o(Q,w) > 1
such that for every X > X\g there exists so = so(2,w, ) and C' = C(Q,w, \) such that, for every
s > so(T + T?), the following inequality holds:

N

- e 9%q

S [ T al 1 3 gl e
igj=1 """

+85+1 // 625a¢5+1‘vq|2d$dt+85+3 // 628a¢6+3‘q|2dxdt
Q Q

< C<SB // e®*2¢P|od,q + Aq|Pdxdt + P2 // e2$a¢ﬁ+3|q|2dmdt>,
Q wx(0,T)

for all g € C?*(Q), with ¢ =0 on X.

Proof. See [1] or [3]. O

Now we state the second main result of this paper, a Carleman type estimate for the adjoint
system (1.10) given by the following Theorem:
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Theorem 2.2. There exists \g = A\o(Q,w1) > 1 such that for every A > Ao, there exists
s0 = s0(2, w1, A\g) > 0 such that, for every s > so(T + T?), the solution (p,&) of system (1.10)
satisfies

84// 628a¢4|(p|2d.73dt+// 628a<p4|€’2dmdt§0814 // (6230:* +64304*72504)(¢*)14|¢’2dxdt7
Q Q w1 x(0,T)
(2.2)

with C' depending on 0, w1 and A.

For the purpose of proving Theorem 2.2, we extend our adjoint system to a system of 4
equations. We set the notation:

Lyo=70 —A—0, with y € Rand § € L™(Q).
With this notation, we define the following function
w=L_cqp

and, if o7 and &7 are smooth and (¢, &) is the solution of (1.10) associated to this initial data,
a simple calculation gives

—wy — Aw —aw = p(cb+ L_cpa — L_1d) + EL_coc — 2VEV e + 2V p(Vd — Va).

Therefore, we can add two more equations to our adjoint system, going from a system of 2
equations to a system of 4 equations, namely

L_o1qw=¢(cb+L_coa—L_10d)+EL_coc—2VEVe+2Vp(Vd — Va) in Q,
Lfe,d(p =w in Q’
Lorap=ct in Q,
L_caf = by mqQ (9
p==w=0 on %,
o(T) = ¢r; §&(T) =&r; w(T) = —epr — Apr — depr in Q.

The plan of the proof of Theorem 2.2 contains five parts:

First part: We see equations of (2.3) as heat equations and apply the Carleman estimate for
the heat equation given in Lemma 2.1. This yields a global estimate for ¢, w and ¢ in terms of
local terms of ¢, w and &.

Second part: Using the second equation in (2.3) we eliminate the local integral of w appearing
in the Carleman estimate obtained in Step 1.

Third part: We estimate a local integral of ¢ in terms of a local integral of ¢, a local integral
of ¢ and some small order terms.

Fourth part: Using the extend adjoint system, we show that we can estimate ¢; locally in
terms of a local integral of ¢ and some small order terms.

Fifth part: We gather the estimates of previous steps and absorb the small order terms,
obtaining our desired Carleman estimate.

Along the proof we will use the notation:



6 F. W. CHAVES SILVA, S. GUERRERO, AND J.-P.PUEL

Ig(s,05p) = s973 // 5P T3 pl2dudt + 5P // e ¢P |V |2 ddt
Q Q

N
- 5o e &p
T s //Q Nl 4| Y 5 )t (2.4)
ij=1 """

where s, 5 and o are real numbers and p = p(x, t).
Proof of Theorem 2.2. For an easier comprehension, we divide the proof in several steps:
Step 1. First Carleman inequalities.
Let w’ be a nonempty set such that wy CC w’ CC w. We apply Lemma 2.1 to (2.3);, with
B =2, and to (2.3)3 and (2.3)4, with 8 = 1. Then

(s tiw) < (s [[ oy Ol / /Q P22 (ol + [Vl + 1€ + Ve [)dadr),
w’ % (0,

(2.5)
Ii(s,1;9) < 0(34 // e pH |2 dxdt + s// e p|¢ | dadt) (2.6)
w’x(0,T) Q
and
Ii(s,6¢) < C’(s4 // e?5 2ot €2 dadt + s// e2s°‘¢]g0|2dazdt). (2.7)
w’x(0,T) Q

Adding (2.5), (2.6), (2.7) and absorbing the lower order terms, we get

-[2(87 ]_,’U)) + _[1(8, € 5) + 11(57 1; 90)

<C(s? // eZ2 gt p|?dxdt + s* // e** e pt|¢Pdadt + s° // e*¢° |w|*dxdt).
w'x(0,T) w’x(0,T) w’x(0,T)
(2.8)

Step 2. Estimate of the local integral of w.

In this step we estimate the local integral of w in the right-hand side of (2.8) in terms of
a local integral of ¢ and a small order term involving w. In order to do that, we introduce a
cut-off function ¢ with

0 e CP(wW),with0 <0 <1land §=1ond,

where w’ CC w” CC w.
We use (2.3)2 to write

s // 25245 w|*0dxdt = s° // X5 0w(—epr — Ap — dp)dzdt
W% (0,T) W% (0,T)
= M1 —+ M2 + M3 (29)

and we estimate each term in the expression above.
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For the first term, we integrate by parts to see that

M, = 5esd // Hroe® Quwpdrdt + 2es® // adPe***Qwpddt
WX (0,T) W (0,T)

+ €s” // ( )¢5625a9wtg0dxdt (2.10)
w'x(0,T

and use Young’s inequality to obtain

M < é(s° // e |w | dxdt + s// ¢625a|wt|2dazdt)
W% (0,T) W% (0,T)
+Cs? // $Ye*5 p|?dxdt. (2.11)
w' x(0,T)

Here we have used that |ay| < C¢?.
Next, since

My = 55° // Hre*wh(V - V)dxdt + 2s° // P°e*wh(Va - Vip)drdt
w' % (0,T) w’ % (0,T)

+ 5° // $°e** (VO - V)drdt + s° // $°e**9(Vw - V)dadt,
w'' x(0,T) w'' x(0,T)
it is not difficult to see that
My + Mz < §(s° // X5 ¢ |w|?dadt + 53 // 25293 | Vw|*dadt)
"% (0,T) W% (0,T)

+C(s7 // X297V 2dadt 4 s° // PP e* || dxdt), (2.12)
w''x(0,T) w''x(0,T)

for all 4 > 0.
Hence

s // 25 ¢? |w|?dxdt < C(s° // e |p|Pdxdt + 57 // 5T |V p|*dadt)
w’%x(0,T) w' % (0,T) w''x(0,T)
+ (8 + D Ix(s, 1, w). (2.13)

Now we eliminate the local integral of V. For this, we consider a set w” with v’ CC " CC
w and a cut-off function 6; € C§°(w") satisfying

0<6, <1, 6=1o0onu".

Integration by parts gives

s7 // e%%0,¢7 |V 2dxdt = — 57 // 2590, ¢" Appdadt
W' % (0,T) W% (0,T)
- 137 // A(61e*997) || dxdt. (2.14)
2 W % (0,T)

Using the fact that
’A(91625a¢7)‘ < 082¢9625a in " x (O,T),
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together with Young’s inequality, we see that

s // X291 |V p|2dadt < 5// 5% Ap|*dadt
W% (0,T) W% (0,T)
+ Cs' / / e252 1| |2 dxdt, (2.15)
W% (0,T)

for all 4 > 0.
Therefore

s° // e259p5|w|* < (6 + €)Ix(s, 1;w) + 611 (s, 1; @) + Cs* // 5l | 2dadt,
w'%x(0,T) w""x(0,T)

(2.16)
for all 6 > 0.
Combining (2.8) and (2.16) we get
I2(87 17 w) + .[1(8, € f) + Il(S, 1; SD)
<C(s* / / eZ oM o2 dxdt + s* / / et |¢ |2 dadt). (2.17)
w'""x(0,T) w’x(0,T)

Step 3. Estimate of the local integral of £.

In this step we estimate the local integral of £ in the right-hand side of (2.17) in terms of a
local integral of ¢, a local integral of ¢; and some small order terms.

Using equation (2.3)3 we see that

. .0
[ e ePdude =5t [ ety - Ap - ap)dade
w" % (0,T) W x(0,T) ¢
= My + Ms + Mg, (218)

where 0 is the cut-off function introduced in Step 2.
As in previous step, we estimate each term in the expression above. We have

4 4

. . 0

My< // €359 (%) ¢ Pdwdt + > // e*5" — (%) |ou|*dadt. (2.19)
2 JJurxor) 2 JJurxor) c

Integration by parts gives
. 0 0 0
M==st [[ e @A+ v Ve (A pdat
W % (0,T) C C C
Using this last equality, we can show that

Ms + Mg < 6(34 // eZ2p4 €2 dxdt + s* // X2 2|\ VEPdadt
W x (0,T) W' x (0,T)

+ / / 2| A¢|2dwdt) +C's® / / 50" =259 ()81 5| 2 ddt. (2.20)
W % (0,T) W' x(0,T)
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Hence

84 // era*0(¢*)4‘§|2
w’x(0,T)

<o [[ @ pPduder s [ e Pdndt) +51 (5. 6:6).
w' % (0,T) w''x(0,T)
(2.21)

From (2.21), our objective is now reduced to estimate a local integral of ¢; in terms of a local
integral of ¢ and small order terms. This will be done in the next steps.

Step 4. Estimate of the local integral of ;.

In this step we deal with the first term appearing in the right-hand side of (2.21).

First, we integrate by parts to get

R o e | R R R
W x(0,T) W % (0,T)

st

+= / / (€2 (")) || 2. (2.22)
2 JJurxo,r)

Since

3—6

84 // 623a* (¢*)480tt80d33dt < 7 // 628d$75|@tt|2d$dt
w''x(0,T) w''x(0,T)
14
+2 / / ehoot 258 (g3 P2 drdt,  (2.23)
2 JJwrxo1)

we just have to estimate the local integral of ¢y in the right-hand side of (2.23). In order to do
that, we use (2.3)2 to see that

—e(e* 0 o) — A(e* ™ 2y
= "9 2wy — (e o + €262 (dyp + 2dpr + diou) (2.24)
with 68d¢§_5/2§0tt =0in 0N and 88&$—5/2%t(T) = 65d$_5/2<ptt(0) =0.
Next, multiplying both sides of (2.24) by e**¢~%/2¢;, integrating over @ and using Young’s

inequality, we get

// V(e 2 )| P dadt < C(// |58 5/ 20y | 2 dadt + 62/ (€412 01 |2 dxdt
Q Q Q
+// |656‘¢A55/2g0t]2dxdt+// |656‘q§75/2ap\2d:cdt)
Q Q

+//(|dlloo+5)!e3&<2>‘5/2wtt|2dxdt. (2.25)
Q

Choosing now § small enough such that ||d||oc + & < u1, we have
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56 // |v(esd¢375/2sott)|2dxdt < CSG(// |eSng;5/2wtt\2da:dt+// |esd¢;*5/2¢t|2dxdt
Q Q Q

+// 5822 o2 dadt + ¢ // |(68d¢3_5/2)tcptt|2dazdt).
Q Q
(2.26)

Step 4.1. Estimation of the term in .
Here, we estimate the last term in the right-hand side of (2.26). Using (2.3)2 and (2.3)3 we
can show that

—epy = —€py — ewy — edyp — €dpy + earp + eapy + €cré + ecky, (2.27)
from where we see that

62|(esd¢375/2)t<ptt|2 < 64|(€sd$75/2)t’2|(ptt|2 _’_€2|(€sd$f5/2)t’2|wt|2 +062(‘(65&$75/2)t|2‘¢|2
1G22 lil + 122672 2)e 1% + (262 2)eP14]). (2.28)

Since
(5567512) < Cs2g12e5%,
inequality (2.28) implies

€256 //Q ’(6Sdé_5/2)tﬂptt’2dxdt < Ce2s2 //Q 623&(£_1(|§’2 + ‘ft’Q + !%!2 + ’(,0‘2 4 \wt\z)dxdt.
(2.29)

Step 4.2. FEstimation of the term in wy.
Here, we estiamte the first term in the right-hand side of (2.26). From (2.3); we have

—wy — Awy — apw — awy = (eb)p + cbpy — ecué — ey — eapp — eaypy — §Ac — EA¢y
—2V&EVe — 2VEV e + ol A(d — a) + pA(d — a)y + 2V V(d — a)
+2VpV(d — a) + dup + dipr.

(2.30)

We multiply both sides of (2.30) by 625‘3%25_511)” and integrate over (O, we obtain this way
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// e23dq3_5!wtt\2da:dt:// eQSdé_SAwtwttdmdt—i—// at628d$_5wwttdmdt+// aeQSdé_Swtwttdxdt
Q Q Q Q

+ //Q 625&gz§*5wttg0((cb)t —eay + A(d—a) + dtt)da:dt

+ //Q 623%37511),5,5% (cb —ear + A(d —a) + dt)da:dt

+2 //Q e2sa‘q£_5wttV<pV(d — a)idxdt + 2 /Q 625dg§_5wtthptV(d — a)dzdt
+ //Q e25dg5_5wtt§(—ectt — Act)dxdt + /Q eQS&QE_swtt{t(—ect - Ac) dxdt

+2// 625&q3_5wttVfVctdxdt+2/ 625d$_5wttV§thdxdt. (2.31)
Q Q

After a long, but straightforward calculation, we can show that

570 // 259470 \wy | dadt < Cs™0 <// 259470 Awpwypdedt + // 25445 (lw|? + |wy)?)dadt
Q Q Q

+ [ @GV 1V 4 Ve + (VePanat). 232)
Q

The rest of the proof of this step is devoted to estimate the integrals fQ 625&<;3_5Awtwttdxdt,
fQ €595V o, |2dadt and fQ €250 =5|V¢,|2dadt appearing in the right-hand side of (2.32) . This
will be done in the next two substeps.

Step 4.2.1. Estimation of the term in ;.
We use (2.3)2 to see that —Ay; = wy + ey + dip + dpy and (2.27) to show that

56 / / 29545 | Ay 2dadt < O~ / / PG5 1 (62 + @il + ol + we|)dad. (2.33)
Q Q

The estimate then follows from the fact that —A gives a norm in H3(Q)
Step 4.2.2. Estimation of the term in Awiwy.

We have
~A A _6 ~A A ~A A
570 // e*%¢ 75 Awpwydadt = i // (e%5%¢75); | Vw|2dadt < Cs™ // 5% ¢ 73|V |2 dadt,
Q 2 JJa Q
(2.34)
since

’(625&(;575)” < CSQeZSd(%f?)‘

Next, we use (2.3); to see that
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—wy — Awp — apw — awy = (cb — ear + A(d — a) + di)pr — (ecy + Acy)€ — (et + Ac)éy
+ ((eb)t + A(d — a)y — eay + dy ) — 2VE Ve — 2VEV e
+ 2V V(d —a) + 2VeV(d — a); (2.35)

Multipyling both sides of (2.35) by s™4e250 =3y, integrating by parts and using Young’s
inequality, we get

54 // ¥4 73|V |2dadt < Cs™! (// (Vo) + |VE)? + | V&) dadt
Q Q

+ // Y (Jw|? + |wy|*)dzdt), (2.36)
Q
since
|(€2qu£_3>t| < 0826236!@;—1
and
sl < C. (2.37)

Step 4.2.3. Estimation of the term in V&. )
We use (2.3)3 to see that —efy — A& = by + by + di& + d€;. Multiplying both sides by e25%¢;
and integrating over (), we obtain

//Qem‘vgt!?S<HdHoo+5)//@625d\§t!2dxdt
+C(//Qe%dm?dxdt+//Qe2sd(|¢’2+%yz)dxdt>7 (2.3

which gives, for 4 > 0 small enough,

// e?sd’v£t|2 < C// 625&(’5‘2 + ‘90’2 + ]gotIZ)dxdt. (2'39)
Q Q

Step 5. Last arrangements and conclusion.
From (2.22), (2.23), (2.26), (2.29), (2.32), (2.33), (2.36) and (2.39), we get

84 // GQSQ*(¢*)4|¢t|2d$dt < 084 // (628a*(¢*)4)tt|(p|2d$dt
w''x(0,T) w''x(0,T)

+Cs7 / A (|Vpl? + wel® + [w]?)dwdt + 611 (s, € €).
Q
(2.40)

Putting (2.40) in (2.21), we obtain
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84// era*9(¢*)4‘£|2 < 088 // (625(1* +648a*_28a)(¢*)8|4p|2d$dt
w’x(0,T) W' x(0,T)

R // e25a(|V90‘2 + |1Ut|2 + |w|2)d$dt +011(s,6;6), (2.41)
Q

since
|(e2sa* ((;5*)4)”‘ < 08462511* (¢*)8 (242)

Finally, choosing s large enough and ¢ small enough, we put (2.41) in (2.17) and absorb the
small order terms, we obtain this way

I(s, L w) + I (s, €) + Li(s, L ) < C's™ /

(€2sa* + e45a*_25a)<¢*)14|(p‘2da}dt. (2.43)
le(O,T)

This finishes the proof of Theorem 1.1. [J

Observing that the system formed by the first two equations (2.3) has the same structure as
the system formed by the third and fourth equation in (2.3) we can argue as in steps 1 and 2
above in order to prove the following result, which is the third main result of this paper,

Theorem 2.3. Let ¢, ¢, « the functions defined above. Then, there exists \g = A\o(Q,w2) > 1
and so = s0(2,wa, Ag) > 0 such that, for each A > \g and s > so(T + T?) the solution (p,&) of
system (1.10) satisfies

s // 6250‘¢3|£\2dxdt+3// 628a¢|V£|2dxdt—|—s_1// ey (2|62 4 | AL ) dadt
Q Q Q
+53 // e252e3| |2 dxdt + s// 5|Vl 2dadt + 5! // e* ¢ (|| + |Ap|?)dadt
Q Q Q

< s’ / / %" |¢| 2 dudt, (2.44)
WQX(O,T)

with C' depending on ), wa, ¥ and Ag.

Remark 2.4. In the right hand side of (2.44) we have less power in s¢ than in the right hand
side of (2.2). This occurs because in the third and fourth equation of (2.3)3 we do not have
second order terms in the right hand side.

3. PROOF OF THEOREM 1.1

Now we prove Theorem 1.1. As we said before, it is equivalent to prove an observability
inequality for the adjoint system, inequality (1.11) in case 1 or inequality (1.12) in case 2.

As the proof of (1.11) and (1.12) are similar, we just prove the first one. To do this, we first
change the orientation in the adjoint system (1.10), i.e., instead of going from 7" to 0 the system
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will evolve from 0 to T. Changing ¢ by T' — t, we obtain the system

o — Ap =ap+c€ in @,
e — AL =bp+d§  in Q,
Sp:gzo on 27

©(0) = or; £(0)=¢&p in Q.
Our desired observability inequality becomes

2 2 2d d .
()2 + €D sc//wmm wlt, (3.2)

where C is a constant which does not depend on e.
In fact, multiplying (3.1); by ¢ and (3.1)2 by £ and integrating on {2 we obtain,

eI + 2 IEDI + 190 + 9&@
= [[a' o) + |21 + (b + e)p(t), (8). (3.3)
Using the assumption on d and Poincaré’s inequality we get
—— —— < . 4
S Zle@IP + S S IEDIP < Cllp()] (3.49)
Then, by Gronwall’s inequality we obtain
1 €
DI+ eI < Cle®I + 1D, (3.5)

where C' does not depend on e.
Integrating from 7'/4 to 3T /4 we get

} 2 € 2 5T/4 2 2
slleTIE+llemi<c [ ., [ 1P + 1€ (3.6)

Using the Carleman inequality given by Theorem 2.2, we obtain the desired observability
inequality

1 €
SleIP+SlemP <c [ jopdadt (37)
le(O,T)

where C does not depend on e.
Inequality (3.7) proves case 1 in Theorem 1.1. Using Theorem 2.3 we prove case 2 in Theorem
1.1 . In this way, prove of Theorem 1.1 is stablished. [
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