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CONTROLLING LINEAR AND SEMILINEAR SYSTEMS FORMED BY ONE
ELLIPTIC AND TWO PARABOLIC PDES WITH ONE SCALAR CONTROL*

E. FERNANDEZ-CARA!, J. LiIMACO? AND S.B. DE MENEZES?

Abstract. In this paper, we prove controllability results for some linear and semilinear systems where
we find two parabolic PDEs and one elliptic PDE and we act through one locally supported in space
scalar control. The arguments rely on a careful analysis of the linear case and an application of an
inverse function theorem. The facts that we act through a single scalar control and one of the PDEs
has no time derivative are the main novelties and introduce several nontrivial difficulties.
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1. INTRODUCTION AND STATEMENT OF THE PROBLEM

Let {2 be a bounded domain of RY, with boundary 942 of class C? (N > 1 is an integer). We fix 7' > 0 and
we set Q := 2 x (0,7) and X := T x (0,T). We also consider a non-empty (small) open set w C §2; as usual,
1, denotes the characteristic function of w.

In this paper, we will analyze the null controllability of the parabolic-elliptic coupled systems

Y1

y2 | — Ay = Ay + Bul,, in Q,

0], (1.1)
y=0 on X,
y1(2,0) = 49 (x), wa(z,0) =9y9(x) in 2

and

Y1

y2 | — Ay = F(y) + Bvl, in Q,

0], (1.2)
y = on X,

y1(2,0) = y{(z), y2(z,0) =yd(z) in £
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Here, y = (y1,v2,93)T and we have B = ¢; := (1,0,0)7 or B = e5 := (0,1,0)T or B = e3 := (0,0,1)T.
In (1.1), we assume that
A1 A2 A3
A= | By By By |, with Aj,Bj,Oj eR, C5¢ U(—A), (13)
Ci1 Oy C3

where o(—A) is the set of the eigenvalues of the Dirichlet Laplacian in (2. On the other hand, in (1.2), the
assumptions on F' are the following:

F = (Fy(y), Fa(y), Fo(y))" with Fy € W2(R), F;(0) =0 (1< j <3). (1.4)
Sometimes (but not always), we will also impose that

0F3

8—y3(y) <a <\ forall y € R?, (1.5)

where )1 is the first eigenvalue of the Dirichlet Laplacian in 2.
If (v9,99) € L?(2) x L?(2), v € L*(w x (0,T)) and A (resp. the function F) satisfies (1.3) (resp. (1.4)
and (1.5)), then (1.1) (resp. (1.2)) possesses exactly one weak solution y = (y1,ys,y3)7, with
y1,y2 € L2(0,T5 Hy (2)) N C°(0, T); L*(92)),
yl,tayZ,t S L2(03T7H_1(Q))7 (16)
ys € L*(0,T; D(=4)), ys € C°([0,T]; D(=A4)) if B # e3

and appropriate estimates. If we additionally have (y?,y3) € H(£2) x Hi(£2), the following can also be affirmed:

Y1,Y2 € LQ(OaTv D(_A)) N CO([OvT]v H(%(‘Q))v Y1t Y2, € Lz(Q)a (17)

again with appropriate estimates. The proofs of these assertions are sketched in Appendix A (see Sect. A).

Throughout this paper, C' denotes a generic positive constant depending on (2, w and maybe other data.
Sometimes, we will emphasize the fact that C' depends on (say) T by writing C(T). For all m > 1, the inner
product and norm in L?(£2)™ will be respectively denoted by (-,-) and || - ||; on the other hand, | - | will stand
for the Euclidean norm in R™.

Definition 1.1. It will be said that (1.1) is null-controllable at time T if, for any (y?,v9) € L?(§2) x L%*(£2),
there exist controls v € L?(w x (0,7')) such that the associated states satisfy

y1(x,T) =y2(x, T) =0 in S (1.8)

A completely similar definition can be given for (1.2). Finally, it will be said that (1.2) is locally null-controllable
at time 7T if there exists € > 0 such that, for any (y?,49) € L?(£2) x L*(£2) with

I3, )l < e,
there exist controls v € L?(w x (0,7')) such that the associated states satisfy (1.8).

It will be seen later that, under the assumptions (1.3) or (1.4), we can also get information from (1.8) on the
behavior of ys(-,t) as t — T'; but, for the moment, we will forget this (see Rems. 2.10 and 3.4 below).

The analysis of the controllability of (1.2) is motivated by many relevant applications: reaction-diffusion
systems, semiconductors modelling, chemotaxis phenomena in biology, etc. Roughly speaking, any non-scalar
system of the parabolic kind for which the individual variables evolve at very different speeds may be concerned.
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However, to our best knowledge, very few results are available. See [9] and [15], where other similar parabolic-
elliptic systems are considered; see [18,19] for Keller—Segal systems; finally, see [7,8] for degenerating reaction-
diffusion systems.

Recall that, in the finite-dimensional context, a linear system with constant coefficients is controllable if and
only if the so called algebraic Kalman rank condition is satisfied. Accordingly, when a system is controllable at
some time, it is controllable at any time.

The first goal of the present paper is to extend the Kalman rank criterion to the framework of (1.1). This
will be achieved in our first main result (see Thm. 2.1).

For the proof, as usual, the null controllability of (1.1) is reformulated in terms of the observability of the
adjoint system, that is given by

®1
—le2| —AQp=A% in Q,

0], (1.9)
=0 on X,

o1, T) =T (x), w22, T) =T (x) in .

Of course, the main difficulty found to establish this property is that only one scalar control is used in (1.1).

In our second main result, we will prove that, under some conditions, the nonlinear system (1.2) is locally
null-controllable, see Theorem 2.7. Specifically, we will see that, if N < 4 and B = e; or B = e, the Kalman
rank condition for a linearized version of (1.2) is a sufficient condition for the local controllability of (1.2). As
commented below, for the remaining cases (N > 5 or B = e3), some maybe technical difficulties are found.

For the proof, we will employ a technique relying on the so called Liusternik’s Inverse Function Theorem in
Banach spaces, see [1]. The arguments are inspired by the work of Fursikov and Imanuvilov [17]. Thus, in a first
step, we will consider linearized systems of the form

Y1

y2 | — Ay = Ay+ Bvl, +k in Q,

0], (1.10)
y=0 on X,

yi(x,0) = yP(x), y2(z,0) =yd(x) in £,

where the components of A are obtained from the partial derivatives of the functions F; at 0 and the function
k decays fast enough to zero as t — T. Using Theorem 2.1 and some arguments from [20], it will be seen
that (1.10) is null-controllable and, moreover, one can find state-control pairs in a space Y of sufficiently regular
and rapidly decaying functions.

In a second step, we will rewrite the null controllability property of (1.2) as an equation for (y,v) in Y.
In fact, the choice of this space is nontrivial, motivates some preliminary estimates of the null controls and
associated solutions to (1.10) and deserves some work. Then, we will apply Liusternik’s theorem and we will
deduce the (local) desired result.

The paper is organized as follows. Section 2 deals with the linear case; more precisely, we analyze there the null
controllability of systems of the kind (1.1). In Section 3, we consider the nonhomogeneous linear system (1.10)
and, then, the nonlinear system (1.2). As already explained, we establish a local null controllability result. Some
additional comments and open questions are indicated in Section 4. Finally, Sections A, B and C contain the
proofs of several technical results.
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2. THE LINEAR CASE

2.1. The first main result

We will consider the linear parabolic-elliptic coupled system (1.1), where B = e; or B = e3 or B = e3. We
assume that A is given by (1.3).

Recall that, for any (y9,48) € L%(£2) x L?(£2) (resp. (y9,98) € HE(£2) x HE(£2)) and any v € L*(w x (0,T)),
there exists exactly one weak solution to (1.1) satisfying (1.6) (resp. (1.7)).

Let us denote by L the operator given by

L=AI+A:D(L)C L*$2)3 v L*(2), with
{D(L) = D(~A) = [HX(2) N HY(D)].
Then, the Kalman operator associated with L and B is by definition
K:D(K) C L*(2)3 — L?(£2)3, with
D(K) :={we L*(2)* : [L*B LB Blw € L*(2)*},
Kw = [L|Blw := [L?B LB Blw Yw € D(K)
and the (formal) adjoint of K is given by
K*: D(K*) € L?(2)? — L*(02)3, with
D(K*) = {p € LA(Q)° :3C, > 0 with |(Kv,9)| < Cyllv]| Vo€ D(K)},
K*¢:=[B*(L*)> B*L* B*]'¢ V¢ € D(K").
The first main result in this paper is the following:

Theorem 2.1. The linear system (1.1) is null-controllable, with controls depending continuously on the initial
data in L2(£2) x L*(£2), if and only if the Kalman operator K satisfies

N(K*)nU = {0}, (2.1)
where KC* is the formal adjoint of K and
U:={p=(p1,02,03)" : p3 = (—A— CsI)""(Asp1 + Bsgpa) }.

The proof is given in Section 2.4.
Let 0 < A1 < A2 < --- be the eigenvalues of the Laplace—Dirichlet operator in {2, with associated eigenfunc-
tions ¢,. For each p > 1, let us introduce the matrices

L,=-M\I+A, K,=[L.B|L,B|B].
Also, let us denote by P, : L?(£2)? + R3 the orthogonal projector associated to ¢,:

Py = (1, 8p), (2, ), (¥3,0p))T Vop € L?(02)%.

Then it is known that
N(K*)={p e L*(2)’ : K;Pyp=0 Vp>1}

and, consequently,
N(K*)={0} & detK,#0 Vp>1,

which is equivalent to the so called Kalman condition
rank [A?B|AB|B] = 3. (2.2)

For detailed proofs of these assertions, see [2].
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Remark 2.2. In [2], it is proved that (2.2) is a necessary and sufficient condition for the null controllability of
the parabolic system

Y1

ya | — Ay = Ay + Bvl, in Q,

ys |, (2.3)
y=0 on X,

yl(xa 0) = y(l)(x)a yQ(xa 0) = yg(x)a y?’(xa 0) = yg(x) in £

Consequently, if (2.3) is null controllable, this is also the case for (1.1). Furthermore, some simple computations
show that, if B = ey, then

rank [A?B|AB|B] = 3 < BiCy + B1C(Cs — By) — B3C}? # 0.
On the other hand, if B = e,
rank [A?B|AB||B] = 3 & A3C) + A3Co(C3 — Ay) — A3C3 # 0.

Finally, if B = eg3,
rank [A?B|AB||B] = 3 & A3B; + A3B3(By — Ay) — A3 B3 # 0.

From the practical viewpoint, the following result is interesting. It is an easy consequence of Theorem 2.1
and the arguments in the proof of Lemma 2.4, see Section 2.2.

Corollary 2.3.

(a) If B =e1, (1.1) is null controllable if and only if, for all p > 1, one has Bi\p, + BsC1 — B1C3 # 0 or

B3 7’5 0 and Ci+ (3102 + C1C3 — BQCl)

WGARa

(b) If B = e, (1.1) is null controllable if and only if, for all p > 1, one has Ao\, + A3Cy — A2C3 # 0 or

Az 7’5 0 and C5+ (AQOl + CyC3 — Ang)

S

(¢) Finally, if B = es, (1.1) is null controllable if and only if
A%Bl + Ang(Bg — Al) — AQBg 75 0.
Notice in particular that, if B = es, the null controllability of (1.1) and (2.3) are equivalent properties.

However, the situation is different for B = e; and B = es. In these cases, it may happen that (1.1) but not (2.3)
be null-controllable: for example, the system (1.1) with N =1, 2= (0,1), B =¢; and

A Ay As
A=1]1 -21
1 1 -2

is null-controllable, while the corresponding parabolic system (2.3) is not.



1022 E. FERNANDEZ-CARA ET AL.

2.2. Some technical results (I): Properties of K and IC*

Before giving the proof of Theorem 2.1, we will recall and/or establish and prove some preliminary lemmas.
The first one contains several crucial properties of the Kalman operator:

Lemma 2.4. There exists C > 0 such that:

IKv]| < Ol A%0| Yo € D(K) N HA(2)?, (2.4)

IK*pll < Ol A% Yo € D(K*) N H(2)°. (2.5)
Furthermore, if condition (2.1) is fulfilled, for any integer m > 2 there exists C' > 0 such that

A" 2|2 <CIlA™(K*@)|* VoeU with K*peD((—=A)™)>. (2.6)

Before giving the proof, let us collect some identities concerning I and K*.
The following is easy to prove for any b € R® and any p > 1:

L(¢pd) = dp(Lpb), K(dpb) = ¢pKpb.
From these identities, taking into account that L and K are closed unbounded operators, a direct computation

gives
Ly=> L,Py¢, Vye D(L),
p>1
Kv=> K,Puv¢, YucD(K)
p>1

and, consequently, we find that
D(K) ={ve L*(2)*: Y |K,Pul* < +o0}.
p=1
In a similar way, we also get that

K*p = ZK;PW% Yo € D(K¥),

p>1
D(K*) ={p e L*(2)*: Y |K;Pppl” < +00}.

p=1
Finally, we introduce the operator

KK*: D(KK*) € L*(22)% — L*(2)3, with

D(KK) = {p € LA(Q)* : p € D(K?), K*p € D(K) },
KK ¢ :=K(K*p) VYo € D (KK*).

Note that ICC* is again a closed unbounded operator. A simple calculation shows that
D(KK") = {9 L(2)° : 3 K3 Pypl? < oo, 3 [K, K Pyl < 00 )
p>1 p>1

and
KK*o =Y K,K;Pyp¢, Ve DKK").

p>1
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Proof of Lemma 2.4. The estimates (2.4) and (2.5) are proved in [2]. Let us prove (2.6).

‘We have: )
U={peL?*(2)?: 3:(A103) Y(Asp1 + Bsgs) }

2.7
={p e () : ¢f = - (Asl + Bsgh) Wp>1}, @7)
p — U3
where we have denoted by ¢! the pth Fourier coefficient of ;.
For instance, let us assume that B = e;. Then ¢ € N(K*) N U if and only if
B
Y1 = 07 (‘p3v¢p) = 73(()027¢P) vp 2 1a
Ay = Cs (2.8)
Bs . '
<Zf2 +Z§)3)\p _ C3> (9023¢p) = 0 VP Z 17 .7 = 1723
where the Z%, stand for the components of the matrix K.
Let us introduce the real numbers
B3
. C
Aj.—Zﬂ—l—Z:s)\ o j=12.
Then we see that
NK)YNU={0} & AV #0or AL #0 Vp>1. (2.9)
After a short computation, we deduce that Kjp = w if and only if
ARl + Al = FY, Al + ASph = FY, ¢ = Fy,
where the FF are the components of w and
AR = (A1=Xp)?+ A2 Bi+ A5C1 + 5 _303 (C1(A1+C3—2),)+B1Ch),
P
As
Al:=—)\,+ A C1.
4 - + 1 + )\ — 03
Thus, we see that, if (2.1) holds, the components of p2 must satisfy
FY A% FP A%
QOIQ) ?_ﬁFp pr#O and Q02 F—EFP pr#O
Consequently, if ¢ € L?(£2)? and K*p € D((—A)™)3, one has
(D12 + el + |82 < CO, + 1) ()% + (F5)? + (FF)?) 2.10)
< ONJ((FF)? + (F9)? + (FF)?) Wp=1 '
and
DTGP HIGEPHIRE) < DN (FD+(FE)*+(FF)?) - (2.11)
p>1 p>1
Hence, we have (2.6) in this case.
The other two cases B = es and B = e can be treated similarly and lead to the same conclusion. O

Remark 2.5. This result can also be proved in the more general case where, in (1.1), B is an arbitrary nonzero
vector. The argument is essentially the same, although the computations are a little more involved.
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2.3. Some technical results (II): Properties of the adjoint state

As usual, the null controllability of (1.1) is equivalent to a suitable observability property for the adjoint.
Accordingly, we will be concerned with the system (1.9), where (pf, p2") € L2(£2) x L?(02).

The null controllability of (1.1), together with the continuity of the control in the space L?(w x (0,T)) with
respect to the initial data, is equivalent to the observability inequality

le(0)|? < C(T) // B dadt, (2.12)
wx (0,T)

with O(T') independent of (¢T,¢l) € L?(2) x L?(£2).

In order to prove (2.12), we will need some (well-known) results from Fursikov and Imanuvilov [17]; see
also [13]. Thus, let us introduce a new non-empty open set w’ with w’ CC w C £2. The following technical result
from [17] is fundamental:

Lemma 2.6. There exists a function g € C%(82) satisfying:
ap(z) >0 Vz e, ap(r)=0 Vzedl,
{ |Vag(z)| >0 VzeR\uw'.
Let us introduce the auxiliary functions

erao(w)

() = T~ ), plat)i= "o
a(z) == e — @ n(x t) :=a(z)/B(t),

where v > |lao|| () +10g2 and A > 0. For any 7 € R and any s > 0, we set

I(r.5;):= //ésp>f-1e—23"<|¢t|2+A¢|2+<sp>2|v¢2+<sp>4¢2> d dt.

Then the following global Carleman estimates are satisfied:

Theorem 2.7. Let 7 € R be given. There exist oo and C, only depending on §2, W' and 7, such that any
¢ € L2(0,T; HY(2)) with ¢¢ + Ap € L*(Q) satisfies

I(r.5:6) < C ( J /Q (59)7e=257 |y + A[? du

+ // (sp)"T2e™2|p|? da dt (2.13)
W% (0,T)

for every s >3 := oo(T + T?).
See [17] for the proof.

Let us set

a*:=2mina(r)—max@(z), b*:=4mina(zr)—3maxa(x), ¢ :=max(a”,b").
7} 7} 7} 7}

The proof of Theorem 2.1 relies on the following technical result, that is established in Appendix B (see Sect. B):

Lemma 2.8. Assume that (2.1) holds. Then, for any T € R and any integer m > 2, there exist &,C > 0, only
depending on 2, w, A, m and 7, such that, for any s > &(T +T?) and any (o, o) € L2(02) x L*(12), the
associated solution to (1.9) satisfies

// Sp 2577|Am 2<,0|2 dzdt < C/ o sp T+10m+26 e ,(T f)|B*<p|2 dz dt. (2.14)
wx(
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2.4. Proof of Theorem 2.1

We can now achieve the proof of our first main result.

Let us begin with the necessary part. Thus, let us assume that N(K*) NU # {0}. Then, in view of (2.9),
Al = AL = 0 for some p.

First, let us consider the case B = e;.

There exist final data (o7, p2) such that the associated solutions to (1.9) satisfy B*p = 0 and ¢(z,0) % 0.
Indeed, let ¢ = (1, 102,13)T be the solution to the ODE system

U1
— | V2| +MpY=4" in (0,7),
0
t
Ui(T) =0, o(T) = 1.
and let us set p(x,t) := ¢,(x)1(t). Then ¢ fulfills the required properties:

e Obviously, 1(0) # 0, whence ¢(z,0) £ 0.
e Also, a simple computation shows that

(2.15)

Bs
A5 = —B) - O ——
2 e

whence the first equation in (2.15) reads

B C1 43
i+ gty = (A1 + Cg) o

and, therefore, 11 (t) = 0. This implies that B*¢ = 0.

Consequently, the observability estimate (2.12) is not satisfied and (1.1) is not null-controllable.

The proof in the case B = e is similar.

Finally, let us assume that B = e3. If A3 # 0, we consider the solution to the ODE in (2.15), with final data
1(T) = —Bs/As, ¥2(T) = 1 and we set ¢(x,t) := ¢p(x)(t). This way, we find again a solution to (1.1) such
that B*p =0 and ¢(x,0) # 0. A very similar construction can be performed if Bs # 0.

If A3 = B3 =0and N(K*)NU # {0}, there must exist p such that (1, ¢,) # 0 or (p2, ¢p) # 0 and, however,

(()017¢P) 0
K; (@27¢P) = 0
0 0

Let 11 and 15 solve the ODE problem
( Ay By .
_ b = 0, T
L/fz Rl i ! o)
Vi(T) =1, ¢(T) =0.
and let us set ¥3(t) = 0, ¥ = (¥1,%2,1%3)T and ¢(z,t) = ¢,(x)¥(t). Then, again, ¢ is a solution to (1.9)
satisfying B*p = 0 and ¢(z,0) # 0 and, once more, (1.1) is not null-controllable.
We turn now to the sufficient part. Thus, let us assume that (2.1) is satisfied and let us prove the observability

inequality (2.12) for any solution to (1.9) with (T, o) € L?(2) x L?(§2). Let & be the constant furnished by
Lemma 2.8, let us fix s = 6(T + T?) and let us introduce the weight

po(t) := (sp) et =D. (2.17)
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Thanks to (2.1), we can use (2.14) with 7 = 0 and m = 2. This gives:

// —2sn” |go\2dxdt<C// ( T) 0o 2| B*p|? d dt. (2.18)
wXx (0

In 2 x (T/4,3T/4), we have 2sn* < C(1 + 4). Consequently, if B = ¢; (1 <i < 3), we get:

// lp|? da dt < CUH/T) // o 2| B*p|? da dt
2% (T/4,3T/4) wx(0,T)

C(141/T) // p0—2‘¢2|2 dz dt.
wx(0,T)

From the standard energy estimates satisfied by the solution ¢ to the adjoint system (1.9), we have that
1d
3@ (leall® + llo2l?) + IVerll* + V2|

< C(llerl? + lleall + llesl?) . (2.20)
lesll® < € (lorll? + leall?)

(2.19)

whence we deduce that

lo1 (0% + 2, 001 < e (e (S I + llpa (-, )117) (2.21)
for all ¢. From (2.19) and (2.21), we find at once that

. 2 2 2 oCT ST L2 L2
1 (5 017 + llp2 (-, 0)[1 < (a0l + llpa( 1) dt
T/4

T
< CUATHT) // o 2| il? da dt. (2.22)
wx(0,T)
Also, we have from the second estimate in (2.20) that
(017 < C (lr (- 0)II7 + [lp2(-, 0)]1%) - (2.23)

Accordingly, (2.12) holds and the proof is achieved.
Remark 2.9. The precise observability estimate that we have found for (1.9) is

(-, 0) 2 < CO+T+1/T) // Py 2| B ol du dt (2.24)
wx (0,T)

(this will be used in Sect. 3). Thus, we see that we can find null controls for (1.1) of the form
v =py w, with w e L*(w x (0,7))
(recall that py ' decays exponentially to zero as t — T).

Remark 2.10. If B = e; or B = ey, one has y3(-,t) = (=A — C3I)"HCiy1(-,t) + Cryi(-,t)) for all t.
Consequently, (1.8) implies
y3(x,T)=0 in {2

The situation is different when B = e3. However, in this case, in view of the previous Remark, we deduce that
there exist controls such that one has (1.8) and

Y3 = palz'g, with z3 € L2(0,T; D(—A)).
We can thus also say that ys3 vanishes at T" in this weak sense.

Remark 2.11. Theorem 2.1 also holds in the more general case where we assume in (1.1) tat B is an arbitrary
nonzero vector. The proof is essentially the same and is left to the reader.
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3. THE NONLINEAR CASE

3.1. The main result

In this section, we will prove a local null controllability result for the nonlinear system (1.2), where we assume
that the F; satisfy (1.4). Unfortunately, we cannot consider the case where the control acts on the third (elliptic)
PDE; see Remark 3.5 below.

The following holds:

Theorem 3.1. Let us assume that N < 4 and B = ey or B = ey. Let K be the Kalman operator associated to
A = F'(0) and let us assume that A satisfies (1.3) and K satisfies (2.1). Then (1.2) is locally null-controllable.

As mentioned above, we will follow for the proof a nowadays well known argument, introduced by Fursikov
and Imanuvilov in [17], that relies on the following ideas:

(1) The null controllability problem for (1.2) is rewritten as a nonlinear equation of the form
H(y,v) = (0,%0), (y,v) €Y, (3.1)
where Y is an appropriate Hilbert space formed by couples (y,v) that (among other things) satisfy
y(z,T)=0 in 2 (3.2)

and H : Y + Z is a C* mapping (Z is another Hilbert space).

(2) With these (good) definitions of Y, Z and H, we prove that H'(0,0) is onto. This amounts to show that
the linearized system (1.1) with A = F’(0) is null-controllable even if we add a non vanishing right hand
side that goes sufficiently fast to zero as t — T'. At this point, we have to use some ideas from [20].

In these two points, we have to impose the hypotheses N < 4 and B # e3; for the remaining cases, some
difficulties are found.

(3) Finally, we apply Liusternik’s theorem and solve (3.1) when (y?,%9) is sufficiently small.

3.2. The null controllability of a nonhomogeneous linear system

Let us consider the system (1.10), where A = F’(0), the initial data (y{,y9) € L?(£2) x L?(£2) and the right
hand side k € L?(Q)3. Recall that, by assumption, C5 < \;.

Our aim in this section is to find conditions on & under which (1.10) is null-controllable and, also, to deduce
appropriate estimates of the null controls and the associated states. The adjoint of (1.10) is given by (1.9).

If (1.1) is null-controllable at time T" > 0 and we introduce the family of null controls

Cr :={v e L*wx (0,T)): (v,y) solves (1.1) and y(z,T) =0},

then the quantity

E(T):= sup ( inf |v||L2(wX(07T))
IS w9 lI=1 \PECT

is by definition the cost of control at time T

The following holds:

E:R' +— R" is nonincreasing and Thm+ E(T) = +oc.
—0

Indeed, if 0 < T' < S, any control in Cr belongs (after extension by zero) to Cs, whence E(T) > E(S). On the
other hand, it is clear that E(T) cannot be uniformly bounded as T'— 0%.

Let us see that

BE(T) < CoUFT+YT) w5 (3.3)

for some Cjy > 0 independent of T'.
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To this end, let us consider again the weight py = po(t) given by (2.17) and, for each € > 0, the functional J.
defined by

1 - *
Je(el,03) = 5// o po*|B*pl? dudt
wx (0,
2 (3.4)
+ell(el, e + > (@i (-, 0), ),

j=1

where ¢ denotes the solution to (1.9) associated to (o7, pZ).
The function J. : L2(£2) x L?(§2) — R is continuous, strictly convex and coercive. Consequently, it possesses
a unique minimizer (¢7 ., ¢3 ). Let us denote by ¢, the associated solution to (1.9). We have

Je(et 08.0) < Je(0,0) = 0.

Therefore, we see from (2.24) that

J[ e e dedr < O TD 02 (35)
wx(0,T)
and, introducing ve := 052 B*p. 1) we find that
>< 9
// P8 |vel? dardt < @UHTH/TI||y 0)12, (3.6)
wx(0,T)

Letting € — 0, we obtain a (sub)sequence of controls v, that converge weakly in the space L?(p3;w x (0,T))
to a null control v again satisfying

// pg |’U|2 dedt < GC(HTH/T)HyOHQ-
wx(0,T)

This proves (3.3).
A fundamental consequence of (3.3) is the following controllability result for (1.10). The proof is given
in Appendix C (Sect. C):

Proposition 3.2. There exists a positive constant R, only depending on (2, w and A, such that, for any k
satisfying

sup /e%wzdw < 00, (3.7)
te[0,T] J 2

the linear system (1.10) is null-controllable. More precisely, there exists a constant Ry, again depending only
on 2, w and A, such that Ry < R < 2R and, for any (y{,y9) € HL(2) x HL(£2), there exist state-control pairs
(y,v) satisfying (1.10), (1.8) and

Rg g g Rg
sup [ e |Vy|*dz+ [[ e™ |Ay|” da dt+ eT |v|* da dt
te[0,T]J 2 Q wx(0,T)

2R
< C(T) ( sup /QeT—t\del‘*‘ ||(y?,yg)|§13(9)2> :

te[0,T]

(3.8)

In the next section, this result will be used to prove the local null controllability of the nonlinear system (1.2).
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3.3. Proof of Theorem 3.1

First, note that it is not restrictive to assume that (y?,49) € H}(2) x H}(£2). Indeed, we can initially take
v =0 and let the system evolve to a small time tg, with

yi (-, to) € Hy(92), (- to)lmgco) < Clto)ll (W2 9)ll, 4 =1,2.

R,
Let us set & = eT=% and & = eTiEt, where R and Ry are the constants furnished by Proposition 3.2. Let us

introduce the spaces

Y :={(y,v) :v e L*w x (0,7T)), // & |v]? dz dt < +oo,
wx(0,T)

y=(y1,92,y3)", y1,y2 € C°([0,T]; H3(£2)) N L*(0,T; D(—A)),
ys € L>(0,T; H(£2)) N L*(0,T; D(—A)),

sup gg/\Vy\zdx—k// §§|Ay|2dxdt,
t€[0,T] 0 Q

2

h
+ sup &2 y2 | — Ay — F'(0)y — Bvl,| dz
t€[0,T] (o} 0

< 400},

G:={kec L>0,T;L*(2)*) : sup 52/\k|2dm<+oo}
te[0,7]
and
7 =G x L*(2)%.

We endow Y and Z with the norms || - ||y and || - | z, where

I )3 = // €2 |of? dzdt
wx (0,T)

+ sup 58/|Vy|2dx+// €2| Ay[? da dt
2 Q

te[0,T]
2
Y1
+ sup &2 yo | — Ay — F'(0)y — Bvl,| dx
te[0,T] 2lo

and

106 68U = s € [ Ao+ 108 )l -

This way, Y and Z become Banach spaces.
Let us consider the mapping H : Y — Z, with

U1
H(y,v) = | |y2| —Ay—F(y) — Bvly, (y1(-0),52(-,0)) | , (3.9)
0 t
where B =e¢; or B = es.

We will prove that there exists € > 0 such that, if (k, (y?,49)) € Z and ||(k, (v{,49))||z < €, then the equation

H(y,v) = (k,(1),99));, (y,v) €, (3.10)
possesses at least one solution.
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In particular, this will show that (1.2) is locally null-controllable and, furthermore, the state-control pairs
(y,v) can be found in Y.

We will apply the following version of Liusternik’s Inverse Theorem in infinite dimensional spaces (see for
instance [1]):

Theorem 3.3. Let Y and Z be Banach spaces and let H : B,.(0) C Y — Z be a C' mapping. Let us assume
that H'(0) is onto and let us set (o = H(0). Then there exist € > 0, a mapping W : B.({o) C Z — Y and a
constant K > 0 satisfying:

W(z) € B-(0) and HW(z)) =z Vz € B:((o),

W(2)lly < Kllz=H(0)z Vz € Be(Co)-

Let us prove that the mapping given by (3.9) satisfies the hypotheses in Theorem 3.3:

e H:Y — Zis well defined and C*.
Observe that

H(y,’l}) = HO(ya U) - (M(ya U)a (070)) V(y,’l}) € K (311)
where we have introduced
Y1
H()(y,l)) = Y2 _Ay_F/(O)y_B'U]-wa(yl('vo)v?ﬁ('»o))
0

t

and
M(y,v) = F(y) — F'(0)y.

Accordingly, it will suffice to show that the mapping M : Y + G is well defined and C*.
First, since the F; belong to W (R3), we have

|F(y) — F'(0)y] < ( :t[;pl] |F'(sy) — F’(0)> lyl < Clyl?, (3.12)

whence

1My, 0)|% = sup € / F(y) — F/(0)y|? de dt
te[0,7] 2(2 ) (3.13)
< C sup Ey(, l1a)-
te[0,T

Since N < 4, the space H}(§2) is continuously embedded in L*({2) and, therefore, we have

M (y, )& < C sup €| Vy(-,t)|*
te[0,T

2R—4R
=C sup e T - &3[Vy(-, )|
te[0,T
< C|(y.v)|[3-

Here, we have used that R < 2Rj.
This proves that M : Y +— G is well defined.

That M is continuous can be easily deduced in a similar way; see for instance some related arguments
in [14,16].
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Let us now prove that M is G-differentiable at any (y,v) € Y and let us compute the G-derivative M’ (y, v).
We suppose, for instance, that B = e;y.
For each (y,v) € Y, let us introduce the linear mapping DM (y,v), with

(DM(y,v))(y',v') = (F'(y) = F'(0))y" V(y',v') €Y. (3.14)
Then, DM (y,v) € L(Y;G), since
DM (y,0)(y"v")|E& = sup € | |[(F'(y) — F'(0)y'|* dz
te[0,T] N

<C sup Ely(-, l7aolly' ¢ D70
t€[0,T]

< o( sup 53||Vy<-,t>|2> ( sup 53||Vy'<~,t>||2>
te[0,7T] t€[0,7]
< Cllw, I ) 2
Also,
lim =M ((4.) + 0(y/,v")) ~ M(y,v)| = (DM(y,0))(y/.2) in G (3.15)

o—0 o

for all (y',v’) € Y. Indeed,

Hl[M(( v)+o(y',v)=M(y,v)] - (DM(y, v) (¥ v

— sup 52/|— (v +0y) — Fy) — F'(w)y/|? dz
te[0,T]

<Osup52/\ "y + boy’) — F'(y))y/ P da
tEOT

for some measurable § = 0(x,t) with 0 < 6 < 1. But this goes to zero as o — 0, in view of the estimates
EIF (y+0oy) = F'(y)y'|* < CEY|'o < C&ly' |0

We deduce that M is G-differentiable at any (y,v) € Y, with a G-derivative given by DM (y,v).

As usual, let us denote by M'(y,v) the linear mapping defined by (3.14). Now, we shall prove that the

mapping (y,v) — M'(y,v) is continuous from Y into £(Y;G). In other words, it will be shown that,

whenever (y",v") — (y,v) in Y, one has

(DM (y",v") = DM(y,v)) (v, ")l < el (v, ) Iy (3.16)

with €, — 0.
The following holds:

(DM (y" v"™)~ DM (y,0))(y' w')lI&= sup € \( (")~ F' )y dz

te[0,T]
<C swp & [ =y /P da
te[0,7]
< C sup Ely"(-,t) —y(- »t)||2L4(Q)||Z//(‘ vt)||2L4(Q)
te[0,T]
< O( sup &5]Vy" (-, 1) —Vy<~,t>||2> ( sup fSIIVy/(-,tHz)
te[0,T] te[0,T]

< Cliy"0") = (o)l Iy, )5
Consequently, we certainly have (3.16) with €, = C/||(y",v™) — (y,v)||? — 0.
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Obviously, this implies that M is continuously differentiable and, therefore, the same is also true for H.
e H'(0,0):Y — Z is onto.

This is obvious, thanks to the facts that that A = F’(0) satisfies (1.3) and the associated Kalman operator K
satisfies (2.1).
Indeed, note that

Y1
H'(0,0)(y,v) = (| yo | — Ay — F'(0)y — Bvly, (y1(,0),92(-,0))) V(y,v) €Y.
0

t

Let (k, (v9,99)) € Z be given. In view of Proposition 3.2, there exist couples (y,v) satisfying (1.10) and (3.8).
But this means that (y,v) € Y and H'(0,0)(y,v) = (k, (¥?,99)).

The conclusion is that the equation (3.10) can be locally solved in Y and, in particular, (1.2) is locally
null-controllable. This ends the proof of Theorem 2.7.

Remark 3.4. We have found a couple (y,v) such that y3 € C°([0,7]; H}(£2)) and
ys(x,T) =0 in 2.

Indeed, recall that B # es and one has (1.8). Therefore, in the framework of Theorem 2.7, all the components
of the state vanish at t =T

Remark 3.5. It does not seem easy to extend the argument in the proof of Theorem 2.7 to the cases where
N > 5 or B = e3. Let us try to explain this:

e In order to be able to apply Liusternik’s theorem, we must find solutions to the linear problems

H'(0,0)(y,v) = (k, (11, 99)), (y,v) €Y

such that M (y,v) belongs to the same space where k lives; in other words, if £k € L™(0, T; L%(§2)?), we must
be able to bound ¢M (y,v) in L™(0,T; L*(£2)3). In view of (3.13), we would have to prove an estimate of
t— &ly(-,1) H%4(Q) in L"(0,T). But it is not clear at all how to get this unless &y belongs to L2 (0, T; L*(£2)?)
for some a > 0, which can be ensured only if &5y € L?"(0,T; Hi(£2)?) and H}(2) — L*(£2). From the
structure of the (elliptic) PDE satisfied by ys, it becomes clear that we need r = +oc.

e If N > 5, the embedding H{(£2) < L*(£2) is not satisfied and the argument fails.

e On the other hand, if B = e3, the right hand side of the equation satisfied by ys is (only) in L?(Q),
independently of the regularity of k3. Consequently, the desired property ¢y € L>°(0,T; HL(£2)3) does not
necessarily hold and again we cannot achieve the proof.

4. SOME ADDITIONAL COMMENTS AND QUESTIONS

The controllability result in Theorem 2.1 is completely satisfactory: a necessary and sufficient criterion for
the null controllability of (1.1), relatively easy to check, is given. Furthermore, Theorem 2.1 can be generalized
to cover, at least, the following two situations:

e The system (1.1) with a general nonzero vector B; see Remark 2.11.
e The linear system

Y1

y2 | — DAy = Ay + Bvl, in Q,

0, (4.1)
y=0 on X,

y1(:c,0):y?(w), yg(x,()):yg(w) in £,
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where D = diag (D, 1), D is a 2 x 2 diagonalizable matrix satisfying
De-€>ale)? VEER? a>0,

the matrix A satisfies (1.3) and B is a general nonzero vector. Indeed, after a standard change of variable, (4.1)
can be equivalently rewritten as a system of the form (1.1) with a new matrix A that again satisfies (1.3)
and a new nonzero vector B.

On the other hand, we do not know at present what happens if, in (4.1), D is a general 3 x 3 diagonalizable
matrix.

Unlike Theorem 2.1, Theorem 2.7 only furnishes a partial solution to the controllability problem for (1.2):
we are only able to prove a local result and, moreover, several cases are excluded. This is in contrast with the
situation found in the scalar case; see [11,12].

We have explained in Remark 3.5 (and also at the beginning of Sect. 3.3) that, in the argument used in the
proof of Theorem 3.1, the restriction N < 4 is needed: we have to estimate the spatial L*-norm uniformly in
time and we only have estimates of this kind in the Sobolev space H{; consequently, in order to conclude we
need the previous restriction on N.

Unfortunately, we do not know how to avoid this. Perhaps, more regular controls give better estimates of the
time derivative and Laplacian of the state in an appropriate weighted space, but this does not seem easy. Or
maybe a different formulation of the null controllability problem should be investigated.

Note that, if (1.4) and (2.2) are respectively satisfied by F and A = F’(0), arguing as in the proof of
Theorem 2.7, it is possible to prove that the parabolic system

Y1

y2 | —Ay=F(y)+ Bvl, in Q,

v ], (4.2)
y=0 on X,

yl(xa 0) = y(l)(x)a yQ(xa 0) = yg(x)a y?’(xa 0) = yg(x) in £
is locally null-controllable without any restriction on N and B.

In order to establish global results in the nonlinear case, it would be very convenient to prove before a result
like Theorem 2.1 for a system of the kind (1.1) with A depending on z and ¢. But this does not seem a simple
task; see however some related ideas in [3,5,10].

Also, it is natural to consider controllability problems similar to those above with controls acting on (a part
of) the boundary. This is a complex question; however, something can be said, at least when N = 1. This will
be the goal of a forthcoming paper (see [4,6] for some related results).

APPENDIX A. WELL-POSEDNESS OF (1.1) AND (1.2)

For brevity, we will only sketch the proof of existence, uniqueness and regularity of the solution to (1.2).
First, let us check that appropriate energy estimates hold. Indeed, we easily get from (1.2) that

14 3 3

3q% (lyal® + llyell?) + 2 IVyill* = E(Fi(y),yi) + (Bulw,y)

< Cllyll(lyall + lly2ll) + (F3(y), ys) + ellysl|* + Cel| Bulo|®
< Cllylllyall + lly2ll) + (a + e)llysl* + Cel| Bulo|®

2
< Ce Y llyill® + (a+20)lysl® + Cel| BoLy||?
i=1
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for all € > 0, where a < A;. Consequently, if we take € small enough, we see that

3 2
d
37 Ul +ls0?) + D _1Vwill®> < €3 llwill + €l Buly|?

i=1 i=1

and, from Gronwall’s lemma, we deduce that yi, y2 and y3 are bounded in L?(0,T; H}(£2)) and y3 is bounded
in L>(0,T;L?(2)). From the PDEs satisfied by the y;, we also deduce that y;; and y2; are bounded
in L2(0,T; H-1(£2)).

As usual, these estimates suffice to get the existence of a solution satisfying (1.6).

The uniqueness of solution can be proved as follows. Let y = (y1,y2,ys3) and z = (21, 22, 2z3) be two solutions
to (1.2) and let us set w :=y — z. Then

3

3
(ol + lwz 1) + D IVwill® =D (Fiy) — Fi(z), w)

i=1 i=1
< Cllwl[(w ]l + lwll) + (F3(y) = F3(2), ws)
< Cllwl|(lwrll + [[wel)) + allws|®

N —
Q-|Q

t

2
<Oy llwill? + (a + o) s,
i=1

whence
d 3 2
En (lwr]* + flwal|?) + D I Vwil* < Ce > [lwi]*.
i=1 i=1

Again, we can use Gronwall’s lemma here. This time, the conclusion is that w; = ws = 0 and, therefore, we
also have w3z = 0.
Finally, if (y?,y9) € HL(£2) x H{(£2), the usual parabolic regularity results yield (1.7).
APPENDIX B. PROOF OF LEMMA 2.8

The proof of Lemma 2.8 relies on the following result:
Lemma B.1. For any 7 € R and any integer m > 2, there exist constants 6,C > 0, only depending on 2, w, m

and 7, with the following property: for any s > &(T +T?) and any (T ,¢3) € L*(2) x L*(£2), the corresponding
solution to (1.9) satisfies

T .
/ (sp)Te 2" |Am(K*<P)|[2L2(Q)]3 dt < 0// ( T)(Sp)THO'”Jr%e_t(QT*t) |B*|? dx dt. (B.1)
0 wx (0,

Indeed, Lemma 2.8 is an immediate consequence of Lemmas 2.4 and B.1.
Our task is thus to prove Lemma B.1. Before this, let us consider the auxiliary system

(B.2)

P(0:,V)p =0 in 2 x(0,T),
A"p=0 on X Vm >0,

where P(0;, V) is the partial differential operator given by

P(0;,V) = det(d,Iy + M + A*), with I, = diag(1,1,0).
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Notice that s
P(atvv):P?)PQPl—i_ Z ailiQPi1Pi2+ZOéiPi+a7 B
1<y <ia<3 i=1 (B.3)
P=P=0+4, P3=A
We will use the following Carleman estimate for the solutions to (B.2):

Lemma B.2. Let 7y € R and the integers ki, ko > 1 be given. There exist o9, C > 0, only depending of {2, w,
A, 19, k1 and ko, such that

k1 ko

Y>> F (TO —10(£ + j), Afaw < c/ (sp)™0 156~ 7= |92 A dt, (B.4)

=0 j=0 wx(0,T)
for any s > oo(T + T?) and any solution ¢ to (B.2) satisfying
(=AYl ¢ e L2(0,T; D(—A)) VL,5> 1.
In (B.4), F(7,9) is given by

3
F(r,¢):=I(r+6,0)+ Y I(r+3,P¢)+ >  I(1,PP.¢). (B.5)

1<q<n<3

The proof is given in [2] for a very similar (and in some sense more complicate) system. For brevity, we will
not give the details.
Now, let D be the linear space

D:= () D((—

p=0

(a dense subspace of L?(§2)). We have the following.

Proposition B.3. Assume that (p¥,01) € D x D and ¢ is the associated solution to (1.9). Then ¢ €
c’ ([O,T}; D((—A)p)?’) for every £,p > 0. Furthermore, ¢; solves (B.2) for j =1,2,3.

Proof. The change of variable ¢(z,t) = ¢(x, T — t) transforms (1.9) into

Y1y — Ay = Arpr + Brypo + Cris in @,
o — Atpy = Aotp1 + Bag + Coifs in @,
— Az = Azip1 + Bspo + Cs13 in @, (B.6)
1 =12 =193=0 on X,

P1(0) = @o1, ¥2(0) = @o2, ¥3(0) = o3 in £2.

From (B.6)3, we have 13 = (—A — C3I)"*(Azth; + Batbe). Let us set I = diag (1,1) and let us introduce the
linear mapping A : L?(£2)? — L?(£2)?, with

A1 (P1,2) := A1tp1 + Biaps + C1(—=A — C3I) " (As¢1 + Bsia),
A (¥1,92) 1= Agthy + Bathg + Co(—A — C31) " (A3¢)1 + Baiha).

Then, A is a bounded linear operator on L?(£2)?.

Since the operator Al is dissipative self-adjoint in L?(£2)?, it is the generator of an analytic semigroup. From
the perturbation theory of analytic semigroups, we deduce that Aly + A is also the generator of an analytic
semigroup. Since D ((AI + A)?) = D((—A)?)?, we find that 1,12 € C* ([0,T]; D((—A)P)?) and consequently
also ¥3 € C*([0,T]; D((—A)P)) for all £,p > 1.

On the other hand, it is not difficult to check that the three components of ¢ solve (B.2). O
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Proof of Lemma B.1. We will first suppose that (7, ¢1) € D x D.

Let ¢ be the solution to (1.9) corresponding to these data. We can then apply Proposition B.3 and deduce
that ¢ € C*([0,T); D((—A)P)3), for every £,p > 0, and ¢, satisfies (B.2) for 1 < j < 3. Accordingly, Lemma B.2
can be applied to ¢ = (B*¢); with k; = m, ks = 2 and 79 € R, which ensures the existence of two positive
constants ¢ and C' such that

m 2
SoSTF (ro - 1000+ ), A (Bp)) < C / / (sp) B T (B ), Pdedt (BT
=0 j:O wX(O,T)
for any s > &(T + T?).

We observe that £ +j < m + 2 and thus 7 := 79 — 10m — 11 < 79 — 10(¢ + j) + 9. This implies that
(sp)™ = (sp)To—10m—1 < (sp)TO_lO(“JHg and also

//Q(Sp)Te—2snAK8g(B*<p)i2 dedt < //Q(Sp)TO_lO(Z+j)+96_2SW|A€8g(B*Lp)i|2 dx dt

< I(ro — 10(£ + j) + 6, A0} (B*¢):)
< F(7o — 4(L +4), A9 (B*9):). (B.8)

Combining (B.4) and (B.8), we get the following for all s > & (T + T?):
2 ‘ e
Z // (sp)Te” 21| A™ 0] (B*¢);|? de dt < C// (sp)T1e™ =0 | B*p|* da dt
j=07/@Q wx(0,T)

<C // (sp)T F1OMA26,~ D |B*|? dz dt. (B.9)
wx (0,T)

On the other hand, using (1.9) and the expression of K*, after some computations, we see that

(14, —pre,1)  if B =ey,
K= 9 (P2, —p2,.2) if B =es, (B.10)
(0,0, p3) if B =e3.

Hence, replacing in (B.9), the desired inequality (B.1) is found. This concludes the proof in the case (¢T, %) €
D x D.
The general case can be easily deduced from the previous one through a standard density argument. O

APPENDIX C. PROOF OF PROPOSITION 3.2

We will follow an argument inspired in the proof of Proposition 2.3 in [20]. In fact, our statement and the
related estimates are more complete, but the structure of the proof is very similar.
Let ¢ > 1 be a real number (to be fixed below) and let us introduce the intermediate times

1
Tj=<1—f)T, with j >0
qJ

and the functions v, ¢ and (p, with
() := eI ()= ((g=1)g (T =)™, Go(t):=~((g—=1)(T—1))?,

where Cy > Cy (Cj is the constant in (3.3)) and p > 1.
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Note that v is decreasing and goes to +0o as t — 0. Contrarily, ¢ and (y are increasing and go to +oco as
t — T. Furthermore, one has

V(Tjy2 — Tj+1)C(T5) " = Co(Tj2) ™" Vi =>0.

Let k = (k1, ka, k3)T be given, with k € L°(0,T; L(£2)3). For each j > 0, let us consider the nonhomogeneous
system

z
zo| —Az=Az+k in wx (Tj,Tj+1),
0], (C.1)
z=0 on X,

z1(z,Tj) =0, zo(x,T;)=0 in £

and let us denote by z = (21, 22, 23)7 the associated solution. Let us set a/*! := (z(- Tiia)s22(-, Ty q)) for
each j > 0 and a° := (y?,99).
On the other hand, let us introduce for each j > 0 the homogeneous controlled system

w1

w2 — Aw = Aw + Bulw in wx (Tj,Tj+1),

0], (C.2)
w=0 . on 2,
(w1, w2)(z,T;) = a’ (x) in 2

and let us denote by u; € L?(w x (T}, Tj+1)) an associated null control satisfying
lusllz2x (1,100 < ¥ (Ti1 = Tp)lla? |-
That the controls u; exist is implied by the definition of ~.

It is clear that the couple (y, v) defined by y = z 4+ w in each 2 x (T}, T}11) and v = u; in each w x (T}, Tj41)
is a state-control pair satisfying (1.10). Let us prove that

sup CO/\Vy\zda:—l—// C0|Ay|2dxdt+// CGlv|* dx dt
te[0,T] wx(0,T)

< C( sup 42/ [k[* dz + ”(ylvyZ)”Hl Q)le(Q)> (C.3)

t€[0,T)]
Note that the solution to (C.1) satisfies

21,20 € CO([Ty, Tya; Ho (2)%) 0 L2(Ty, Tja5 D(=A)%),
23 € LT, Tjr; Hy (2)%) N L2(Ty, Tja; D(=A)°)

and

sup /|Vz\2dx+// \Az|2dxdt§C’ sup /|k\2dx.
tef0,1) /2 Q te[Ty, Tj1] J 2

In particular,

I g <O _swp [ it
Tjt1]
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whence we get the following estimates for w;41:

w172 x (10 10 < V(Tjrz = Tjga)? [la? |

<OrTe-Tpm) _swp [ hPds
22

tE[Ty,Tj+1]

< COy(Tyin — Ty)2C(T;) 2 sup / kP da
te[T;, Tjp1]

= CG(T) s /<|k\2dw
te[T;,Tj+1]

and then

[Cotjr1llL2(wx (41,1520 < Co(Tir)llwjall 2w (Ty11,7542))
< CllCkl o1y 105220020 -

Obviously, we also have
1ol 22w 0,7)) < V(TIEL, y2)-

Taking into account all this, we deduce that

1Gouoll L2(wx 0.1 < C (IICKk] L0, 7:02(2)%) + (WL ¥3)]) -

We can argue similarly with y = z + w in each (T}, Tj11). Indeed, for any j > 1 we have

sup /|Vy|2dw+// | Ay|? da dt
t€[T},Tj41] 2x(T5,Tj41)

<c (||U3+1||L2(wx( Tyan)) T 1kl 22y 1y 405020203 + 107 HHl(Q) )
< CY(Tjir = TPkl e o1,y 1y0vi22009%)

< CY(Tji1 = T)*(Ti1) 2NICkN T 1y 1y 220202

= CCo(Tj1) ICk oo (7, 1000200209

and

sup G2 / Ty da+ // Gl Ay|? A At < CIICKIE w2y 2y
te [T7,T7+1 .QX T77T7+1)

For j = 0, we have

sup [ Voot [ jayPdede < 0 (I o s + 160 )02
te[0,71] J 02 2x(0,T1)

From these estimates, we immediately obtain (C.3).
Now, taking into account the definitions of ¢ and (y, we easily see that (C.3) can be rewritten in the form (3.8),

with

Ci(1+p)g?
q—1

Cip

R = p—

; RO:

Obviously, Ry < R; moreover, if ¢ is chosen satisfying 1 < ¢?> < 2p/(1 + p) (which is possible, since p > 1), we
also have R < 2Ry.
This ends the proof.
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