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CHAPTER 1

Introduction

In the last recent years an increasing interest has been devoted to degenerate
parabolic equations. Indeed, many problems coming from physics (boundary layer
models in [13], models of Kolmogorov type in [7], ...), biology (Wright-Fisher
models in [50] and Fleming-Viot models in [29]), and economics (Black-Merton-
Scholes equations in [23]) are described by degenerate parabolic equations, whose
linear prototype is

{ut — Au=h(t,z), (t,z)€ (0,T)x (0,1),

(1) u(0, z) = ug(x)

with the associated desired boundary conditions, where Au = Aju := (auy), or
Au = Asu := aug,.

In this paper we concentrate on a special topic related to this field of research,
i.e. Carleman estimates for the adjoint problem to (1.1). Indeed, they have so
many applications that a large number of papers has been devoted to prove some
forms of them and possibly some applications. For example, it is well known that
they are a fundamental tool to prove observability inequalities, which lead to global
null controllability results for (1.1) also in the non degenerate case: for all T' > 0
and for all initial data uy € L2((0,7) x (0,1)) there is a suitable control h €
L2((0,T) x (0,1)), supported in a subset w of [0,1], such that the solution u of
(1.1) satisfies u(7T,z) = 0 for all x € [0,1] (see, for instance, [1] - [6], [13] - [19],
[26], [27], [30], [31], [33], [40], [41], [42], [47] and the references therein).

Moreover, Carleman estimates are also extremely useful for several other ap-
plications, especially for unique continuation properties (for example, see [25], [36]
and [40]), for inverse problems, in parabolic, hyperbolic and fractional settings, e.g.
see [8], [21], [38], [48], [49], [53], [54] and their references.

The common point of all the previous papers dealing with degenerate equations,
is that the function a degenerates at the boundary of the domain. For example, as
a, one can consider the double power function

a(z) =21 —2)*, z € [0,1],

where k£ and « are positive constants. For related systems of degenerate equations
we refer to [1], [2] and [14].

However, the papers cited above deal with a function a that degenerates at
the boundary of the spatial domain. To our best knowledge, [51] is the first paper
treating the existence of a solution for the Cauchy problem associated to a parabolic
equation which degenerates in the interior of the spatial domain, while degenerate
parabolic problems modelling biological phenomena and related optimal control
problems are later studied in [43] and [9]. Recently, in [32] the authors analyze
in detail the degenerate operator A in the space L?(0,1), with or without weight,
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4 1. INTRODUCTION

proving that it is nonpositive and selfadjoint, hence it generates a cosine family
and, as a consequence, an analytic semigroup. In [32] the well-posedness of (1.1)
with Dirichlet boundary conditions is also treated, but nothing is said about other
properties, like Carleman estimates or controllability results. Indeed, these argu-
ments are the subject of the recent paper [33], where only the divergence case is
considered and the function a is assumed to be of class C! far from the degenerate
point, which belongs to the interior of the spatial domain.

In this paper we consider both problems in divergence and in non divergence
form with a non smooth coefficient (for the precise assumptions see below), and we
first prove Carleman estimates for the adjoint problem of the parabolic equation
with interior degeneracy

uy — Au = h, (t,iﬂ) €Qr = (OaT) X (Oa 1)7
(1.2) u(t,0) = u(t, 1) =0,
u(0,x) = ugp(x),

that is for solutions of the problem

{vt+Avh, (t,z) € Qr,

(1.3) o(t,1) = v(t,0) =0, te (0,T).

Here g belongs to a suitable Hilbert space X (L?(0,1) in the divergence case and
L2 (0,1) in the non divergence case, see the following chapters), and the control

h € L?(0,T;X) acts on a nonempty subinterval w of (0,1) which is allowed to
contain the degenerate point xg.

We underline the fact that in the present paper we consider both equations in
divergence and in non divergence form, since the last one cannot be recast from the
equation in divergence form, in general: for example, the simple equation

up = a(T)Ugy
can be written in divergence form as
/
up = (aUy)y — a'Ug,

only if a’ does exist; in addition, even if a’ exists, considering the well-posedness
for the last equation, additional conditions are necessary: for instance, for the
prototype a(x) = x¥, well-posedness is guaranteed if K > 2 ([44]). However,
in [16] the authors prove that if a(x) = 2% the global null controllability fails
exactly when K > 2. For this reason, already in [18], [19] and [31] the authors
consider parabolic problems in non divergence form proving directly that, under
suitable conditions for which well-posedness holds, the problem is still globally null
controllable, that is the solution vanishes identically at the final time by applying
a suitable localized control. In particular, while in [18] or [19] Dirichlet boundary

conditions are considered, in [31] Neumann boundary conditions are assumed.

The question of controllability of partial differential systems with non smooth
coefficients, i.e. the coefficient a is not of class C! (or even with higher regularity,
as sometimes it is required), and its dual counterpart, observability inequalities, is
not fully solved yet. In fact, the presence of a non smooth coefficient introduces
several complications, and, in fact, the literature in this context is quite poor. We
are only aware of the following few papers in which Carleman estimate are proved
always in the non degenerate case, but in the case in which the coefficient of the
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operator is somehow non smooth. In [22] and [41] the non degenerate coefficient is
actually assumed smooth apart from across an interface where it may jump, with or
without some monotonicity condition ([22] and [41], respectively), while in [10] the
non degenerate coeflicient is assumed to be piecewise smooth. Carleman estimates
for a non degenerate BV coefficient were proved in [39], but however, the coefficient
was supposed to be of class C'! in an open subset of (0,1), and then controllability
for (1.2) and semilinear extension are given. Finally, in [37] a is supposed to be of
class W1>°(0, 1), but again it does not degenerate at any point. For completeness,
we also quote [28], where boundary controllability result for non degenerate BV
coefficients are proved using Russel’s method and not Carleman estimates.

As far as we know, no Carleman estimates for (1.3) are known when a is globally
non smooth and degenerates at an interior point xg, nor when a is non degenerate
and non smooth. For this reason, the object of this paper is twofold: first, we prove
Carleman estimates in the non degenerate case when a is not smooth. In particular
we treat the case of an absolutely continuous coefficient, and thus globally of class
BV, though with some restrictions, and the case of a W coefficient. This case
was already considered in [37], but they proved a version of Carleman estimates
with all positive integrals in the righ-hand-side, while in our version we include a
negative one, which is needed for the subsequent applications (see Theorem 3.1 and
Theorem 3.2). Second, we prove Carleman estimates in degenerate non smooth
cases. Such estimates are then used to prove observability inequalities (and hence
null controllability results).

To our best knowledge, this paper is the first one where, in the case of an abso-
lutely continuous coefficient - which is even allowed to degenerate - non smoothness
is assumed in the whole domain, though with some restrictions.

Concerning the non smooth non degenerate case, in the spatial domain (0, 1)
we assume that

(a1) a € WH0,1), @ > ag > 0 in (0,1) and there exist two functions g €
L'(0,1), h € Wh>(0,1) and two strictly positive constants go, ho such
that g(z) > go for a.e. x in [0,1] and

__d@)
2y/a(x)
in the divergence case,
a'(z)

2y/a(x)

in the non divergence case; or

(LQGWP+%)+v€@mu>:w@ for a.e. z € [0,1],

(L}@ﬁ+%>+wmwmﬁﬂ@)bMﬁxepm

(az) a € W1°°(0,1) and a > ag > 0 in (0,1).

However, in Chapter 3 we shall present the precise setting and the related Carleman
estimate in a general interval (A, B), since we shall not use it in the whole (0,1)
but in suitable subintervals.

Concerning the degenerate case, we shall admit two types of degeneracy for
a, namely weak and strong degeneracy. More precisely, we shall handle the two
following cases:
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HypOTHESIS 1.1. Weakly degenerate case (WD): there exists g € (0,1)
such that a(zg) = 0,a > 0on [0,1]\{z0}, a € WH1(0,1) and there exists K € (0,1)
such that (z — z¢)a’ < Ka a.e. in [0,1].

HypPOTHESIS 1.2. Strongly degenerate case (SD): there exists o € (0,1)
such that a(zg) =0, a > 0on [0, 1]\{z0}, a € W*°(0,1) and there exists K € [1,2)
such that (z — z¢)a’ < Ka a.e. in [0,1].

Typical examples for weak and strong degeneracies are a(x) = |x — zo|%, 0 <
a < 1and a(z) = |r — x0|%, 1 < a <2, respectively.

For the proof of the related Carleman estimates and observability inequalities
a fundamental role is played by the following general weighted Hardy-Poincaré
inequality for functions which may not be globally absolutely continuous in the
domain, but whose irregularity point is “controlled” by the fact that the weight
degenerates exactly there. Such an inequality, of independent interest, was proved
in [33, Proposition 2.3], and reads as follows.

PROPOSITION 1.1 (Hardy—Poincaré inequality). Assume that p € C([0,1]), p >
0 on [0,1]\ {z0}, p(xo) = 0 and there exists q € (1,2) such that the function

x
T — L is monincreasing on the left of x = x¢
| — xold
and nondecreasing on the right of x = xq.
Then, there exists a constant Cgp > 0 such that for any function w, locally abso-

lutely continuous on [0,xo) U (x9, 1] and satisfying

1
w(0) =w(1) =0 and /0 p(2)|w'(z)? dr < +oo,

the following inequality holds:
1 1
p(x) 2 / / 2
1.4 — de < C dx.
(14) | G2t @ < Car [ pw)' @) da
Actually, such a proposition is valid without requiring ¢ < 2.

Applying the Carleman estimate (and other tools) to any solution v of the
adjoint problem (1.3), we derive the observability inequalities

1 T
/ v%(0, z2)dx < C’/ /112(t,x)da:dt,
0 0 w

in the divergence case and

! 1 r 1
/ v%(0, ) —dx < C’/ /02(t,l‘)*dl‘dt,
0 a 0 Juw a

in the non divergence one. The proof of these last inequalities are obtained by
studying some auxiliary problems, introduced with suitable cut-off functions and
reflections (see Lemmas 5.1, 5.2 and 5.4), and is the content of the long Chapter
5, where, using a standard technique in this framework, one can also prove null
controllability results for (1.2).

Finally, such results are extended to the semilinear problem

we— Aut f(ta,w) = h(to)xo(@),  (62) € (0,T) x (0,1),
(1.5) u(t,1) = u(t,0) =0, te (0,1,
u(0,x) = ug(x), xz € (0,1),
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in the weakly degenerate case using the fixed point method developed in [27] for
nondegenerate problems. We note that, as in the nondegenerate case, our method

1
relies on a compactness result for which the fact that — € L*(0,1) is an essential
a

assumption, and it forces us to consider only the weakly degenerate case. However,
in the complete linear case, i.e f(t,x,u) = ¢(t, z)u(t, x), the null controllability re-
sult holds also for the strongly degenerate case, since in this case it is a consequence
of the results proved for (1.2), see Corollary 6.1.

The paper is organized as follows. First of all, we underline the fact that all
chapters, except for the final Chapters 6 and 7, are divided into two subsections that
deal with the divergence case and the non divergence one separately. In Chapter 2
we give the precise setting for the weakly and the strongly degenerate cases and some
general tools we shall use several times. In Chapter 3 we prove Carleman estimates
for the adjoint problem of (1.2) with a non smooth non degenerate coefficient. In
Chapter 4 we provided one of the main results of this paper, i.e. Carleman estimates
in the degenerate (non smooth) case. In Chapter 5 we apply the previous Carleman
estimates to prove observability inequalities which, together with Caccioppoli type
inequalities, let us derive new null controllability results for degenerate problems. In
particular, in the divergence case, we handle both the cases in which the degeneracy
point is inside or outside the control region w; on the contrary, in the non divergence
case we consider only the case of a degeneracy point being outside w (see Comment 2
in Chapter 7 for the reason of this fact). In Chapter 6 we extend the previous results
to complete linear and semilinear problems. Finally, in Chapter 7 we conclude the
paper with some general remarks, which we consider fundamental.






CHAPTER 2

Mathematical tools and preliminary results

We begin this chapter with a lemma that is crucial for the rest of the paper:
LEMMA 2.1 ([33], Lemma 2.1). Assume that Hypothesis 1.1 or 1.2 is satisfied.
(1) Then for all v > K the map

|z — xo|” . ‘
T — ——— is nonincreasing on the left of x = g
a

and nondecreasing on the right of x = xg,

|z — @0

~
so that lim =0 for allv> K.

Tr—x0 a

1
(2) If K < 1, then — € L*(0,1).
a

(3) If K € [1,2), then % € L'(0,1) and % ¢ L'(0,1).

1 1
REMARK 1. We underline the fact that if ~ € L'(0,1), then 7 € L'(0,1).
a a

1 1

On the contrary, if a € W1>°(]0,1]) and Ja € L'(0,1), then o ¢ L*(0,1) (see [33,
a

Remark 2]).

1. Well-posedness in the divergence case

In order to study the well-posedness of problem (1.2), we introduce the operator
Aju = (aug),

and we consider two different classes of weighted Hilbert spaces, which are suit-

able to study two different situations, namely the weakly degenerate (WD) and the

strongly degenerate (SD) cases. We remark that we shall use the standard notation

H for Sobolev spaces with non degenerate weights and the calligraphic notation H

for spaces with degenerate weights.
CASE (WD): if Hypothesis 1.1 holds, we consider

HL(0,1) := {u is absolutely continuous in [0,1],
Vau' € L*(0,1) and u(0) = u(1) = 0},
and
H2(0,1) == {u € HL(0,1)]a’ € H'(0,1)};
CASE (SD): if Hypothesis 1.2 holds, we consider
Ho(0,1) :={u € L*(0,1) |u locally absolutely continuous in [0,z0) U (zo, 1],
vau' € L*(0,1) and u(0) = u(1) = 0}

9
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and
H2(0,1) := {u e Hy(0,1)|av’ € H'(0,1)}.

In both cases we consider the norms

lull3ss 0,1y = lullZzqo,ny + IVawlIZ20,1),
and

||U||3{3(o,1) = ||UH'2H;(0,1) + H(au/)/||i2(o,1)
and we set

D(Ay) = H2(0,1).
Thanks to lemma 2.1 one can prove the following characterizations for the (SD)

case which are already given in [33, Propositions 2.1 and 2.2].

PROPOSITION 2.1 ([33], Proposition 2.1). Let
X = {u € L?(0,1) | u locally absolutely continuous in [0,1]\ {0},
Vau' € L*(0,1),au € H}(0,1) and
(aw)(wo) = u(0) = u(1) = 0},
Then, under Hypothesis 1.2 we have
HA(0,1) = X.

Using the previous result, one can prove the following additional characteriza-
tion.

PROPOSITION 2.2 ([33], Proposition 2.2). Let
D = {u € L*(0,1)| wu locally absolutely continuous in [0,1]\ {xo},
au € Hy(0,1),au’ € H'(0,1),au is continuous at xo and
(au)(w0) = (au)(0) = u(0) = u(1) = 0}
Then, under Hypothesis 1.2 we have
HZ2(0,1) = D(A;) = D.
Now, let us go back to problem (1.2), recalling the following

DEFINITION 2.1. If ug € L?(0,1) and h € L?(Qr) := L*(0,T;L*(0,1)), a
function w is said to be a (weak) solution of (1.2) if

u € C([0,T]; L(0,1)) N L2(0, T; HL(0,1))
and

/O1u(T,:U)80(T,x)dx_/luo(x)tp(O,x)dz—/ wpy dedt =

0 T
— / AUy, drdt + / hpxw dxdt
T T
for all o € H(0,T; L?(0,1)) N L2(0,T; HL(0,1)).

As proved in [32] (see Theorems 2.2, 2.7 and 4.1), problem (1.2) is well-posed
in the sense of the following theorem:
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THEOREM 2.1. Assume Hypothesis 1.1 or 1.2. For all h € L?*(Qr) and ug €
L2(0,1), there exists a unique weak solution u € C([0,T); L*(0,1))NL2(0,T;HL(0,1))
of (1.2) and there exists a universal positive constant C such that

T
(2.1)  sup Ju(®)Z20,1) +/ a3 0.1y 4t < ClluollZzo1) + I1PIZ2(0r))-

t€[0,T] 0
Moreover, if ug € HL(0,1), then
(2.2)  we H'(0,T;L%(0,1)) N C([0,T];H,(0,1)) N L*(0, T; H3(0, 1)),
and there exists a universal positive constant C such that

T
sup ([u®ly00) + [ (el + Ieua e ) de
(2.3) te[0,T] 0
< C (Jluolidey 0.) + 132 ) -

In addition, Ay generates an analytic contraction semigroup of angle 7 /2.

2. Well-posedness in the non divergence case

We start proving some preliminary results concerning the well-posedness of
problem (1.2) in the non divergence case. For this, we consider the operator

Aou := atgy,

which is related to the following weighted Hilbert spaces:
1,2
L3 (0,1) := {u € L*0,1) | / —dz < oo} ,
a O a/

M5 (0,1) := L3 (0,1) N Hy(0,1),
and
H2(0,1) == {u e 11 (0,1) |u € H'(0, 1)},

endowed with the associated norms
1,2
2 2
||'U;||Li (071) = /(; Edl’, V’UJ c L%(O, 1),

||UH§-11l = ||U||%'i o1t HUIH%Z(O,l)v Vu e 7‘[1%(07 1),

and
3 01y =l oy + e’ B oy Y € HA(0,1).

a

Indeed, it is a trivial fact that, if «’ € H'(0,1), then au” € L2 (0,1), so that the

norm for H2 (0, 1) is well defined, and we can also write in a more appealing way

H2(0,1) == {u e 11 (0,1)|u' € H'(0,1) and au” € L3 (0, 1)}.

Finally, we take
D(Az) = H3 (0,1).

Using Lemma 2.1, also the following characterization in the (WD) case is
straightforward:
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PROPOSITION 2.3 ([32], Corollary 3.1). Assume Hypothesis 1.1. Then, H! (0,1)

and H}(0,1) coincide algebraically. Moreover the two norms are equivalent. As a
consequence, H3 (0,1) = H*(0,1) N H}(0,1).

Hence, in the (WD) case, C2°(0,1) is dense in H% (0, 1).

We also have the following characterization for the (SD) case:

PROPOSITION 2.4 ([32], Propositions 3.6). Suppose that Hypothesis 1.2 holds
and set
X :={ucHL(0,1) |u(xg) =0}
Then
Hi(0,1) = X,
1

and, for allu € X, [lull3, is equivalent to (fol (u/)de) z
2 (0,1)

We remark that [32, Propositions 3.6] was proved assuming that
“there exists xg € (0,1) such that a(xzg) =0, a >0 on [0,1] \ {zo},
a € WhHe(0,1), % ¢ L*(0,1) and there exists C > 0 such that ﬁ < \z—%l“ for
all z € [0,1]\ {zo}”.
However, the last assumption is clearly satisfied under Hypothesis 1.2, thanks to

Lemma 2.1.1, Lemma 2.1.2 and Remark 1.
We shall also need the following characterization:

PROPOSITION 2.5. Suppose that Hypothesis 1.2 holds and set
D:={ucH3(0,1) | au' € H'(0,1) and u(zo) = (au’)(x¢) = 0}.
Then D(A2) = H2(0,1) = D.

PROOF. Since it is clear that D C H2 (0,1), we take u € H3 (0, 1) and we prove

that v € D.

By Proposition 2.4, u(zg) = 0, so that it is sufficient to prove that au’ €
H'(0,1) and (au')(wg) = 0. Since v’ € H'(0,1) and a € W1*(0,1), we imme-
diately have that au’ € L?(0,1). Moreover, (au’)’ = a’u’ + au” € L?(0,1) since
au” € L,,(0,1) C L*(0,1), and thus au’ € H'(0,1) € C([0,1]). Thus there exists
lim, 4, (au')(z) = (au')(zg) = L € R. Assume by contradiction that L # 0, then
there exists ¢ > 0 such that

|(a')(z)| > ¢

for all x in a neighborhood of zy. Thus
2
2 c
> -
[a)?) @] > 50
1
for all = in a neighborhood of zg,  # x¢. But — ¢ L'(0, 1), thus we would have
a
Vvau' & L?(0,1), while \/au’ € L?(0,1), since a is bounded and u’ € L?(0,1). Hence
L =0, that is (au')(xg) = 0. O

For the rest of the paper, a crucial tool is also the following Green formula:
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LEMMA 2.2. For all (u,v) € H%(0,1) x H1(0,1) one has

1 1
(2.4) / u'vdr = —/ u'v' dx.
0 0

PROOF. It is trivial, since v’ € H'(0,1) and v € H(0,1). O
Finally, we will use the following

LEMMA 2.3 ([32], Lemma 3.7). Assume Hypothesis 1.2. Then, there exists a
positive constant C' such that

- 1
/ v? =dx < C/ (v')?dx
o @ 0

We also recall the following definition:

for all v € H1(0,1).

DEFINITION 2.2. Assume that ug € LQ% (0,1)and h € LQ% (Qr) == L*(0,T; LQ% (0,1)).
A function u is said to be a (weak) solution of (1.2) if
u € C([0,T]; LZ%(O, )N L2(0,T;Hlé(0, 1))
and satisfies

' U(Tvx)@(T"r) _ ! uO(x)sp(va) T — @t(t,x)u(t,x) rdt =
/O—dx /07(1 /QTddt—

a(x) a(z) a(x)

—/ uz(t,ac)apx(t,x)dxdt—&—/ h(t,x)wéz;g)c)dxdt

for all o € H(0,T; L2 (0,1)) N L2(0,T;H1 (0,1)).

Problem (1.2) is well-posed in the sense of the following theorem:

THEOREM 2.2. Assume Hypothesis 1.1 or1.2. Then, the operator As : D(As) —
L?(0,1) is self-adjoint, nonpositive on L3 (0,1) and it generates an analytic con-
traction semigroup of angle 7/2. Moreover, for all h € L% (Qr) and ug € L2 (0,1),
there exists a unique solution u € C([0,T]; L3 (0,1)) N L2(0,T;H%(0,1)) of (1.2)
such that ‘ ‘

(2.5)

T
o u(®)E o + / a2 o.1ydt < Cr (nuonia o)+ Il1%2 (QT>) ,
€10, a a a a

for some positive constant Cp. In addition, if h € WH(0,T; L% (0,1)) and ug €
H1(0,1), then
(2.6) ue C'([0,T]; L3 (0,1)) N C([0,T]; D(As)),

and there exists a positive constant C such that

T
2 2
sup ||U(t)||?-[1 01 | T [[ue][7,2 ((],1)+||aumiHL2 (0,1) dt
yon )+ i s

te[0,T] a a

2.7)
<€ (ol o + 1Mo )
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PROOF. In the (WD) case the existence part is proved in [32, Theorems 3.3
and 4.3]. For the (SD) case, under different assumptions on the domain of the
operator Asu := au,,, it was proved in [32, Theorems 3.4 and 4.3], but here we
must prove the theorem again, since the domain of A is different.

First, D(Aj3) being dense in L2 (0,1), in order to show that Ay generates an

analytic semigroup, it is sufficient to prove that As is nonpositive and self-adjoint,
hence m—dissipative by [20, Corollary 2.4.8].
Thus: As is nonpositive, since by (2.4), it follows that, for any u € D(As)

1 1
Ao, w2 oy = | vwudr = — u')%dz < 0.
1 (0,1)
: 0 0

Let us show that As is self-adjoint. First of all, observe that H! (0,1) is equipped
with the natural inner product ‘

(u,v); := /01 (% +u’v'> dx

for any u,v € H1(0,1) and thanks to Lemma 2.3, the norm \/(u,u); is equivalent
to [|u']|£2(0,1), for all u € H5(0,1).
Now, consider the function F : L3 (0,1) — L3(0,1) defined as F(f) := u €

H1 (0,1) where u is the unique solution of

/ vdm—/ ~vdz

for all u € H1(0,1). Note that F is well-defined by the Lax-Milgram Theorem,
which also imi)lies that F' is continuous. Now, easy calculations show that F' is
symmetric and injective. Hence, F is self-adjoint. As a consequence, Ay = F~1 :
D(As) — L2 (0,1) is self-adjoint by [52, Proposition A.8.2].

At this apoint, since Ay is a nonpositive, self-adjoint operator on a Hilbert
space, it is well known that (Ag, D(As2)) generates a cosine family and an analytic
contractive semigroup of angle g on L2 (0,1) (see [4, Example 3.14.16 and 3.7.5])
or [35, Theorem 6.12]). '

Finally, let us prove (2 5)—(2.7). First, being Az the generator of a strongly
continuous semigroup on L3 (0, 1), if ug € L2 (0,1), then the solution u of (1.2) be-
longs to O([O,T};Li(o,n) N L2(0,T; HY (0 1)), while, if ug € D(Az) and h €
WU(0,T3 12 (0, 1)), then u € C([0,T]; L2 (0,1)) n C(0,T];H3 (0,1)) by [20,
Lemma 4.1.5 and Proposition 4.1.6].

Now, we shall prove (2.7).

First, take ug € D(A2) and multiply the equation by u/a; by the Cauchy—
Schwarz inequality we obtain for every ¢ € (0, 7],

1d 1 1
(2.8) 5 dtHu( )||2L2‘l 0.1 F lua®l200,1) < 5”“@)”%1(0,1) + §||h(t)||2Li(0,1)7

from which we easily get

(2.9 01 0 = " (IO 01, + 1715 o))
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for every t < T. Integrating (2.8), from (2.9) we also find

T

@10) [ Ol < Or (u<0>||iaé o+ Al (QT>)

for every t < T and some universal constant Cp > 0. Thus, by (2.9) and (2.10),
(2.5) follows if ug € D(Az). Since D(Ay) is dense in L3 (0, 1), the same inequality
holds if ug € L3 (0,1).

Now, we m({ﬂtiply the equation by —ug,, we integrate on (0,1) and, using the
Cauchy—Schwarz inequality, we easily get

d
201 + lloaa (s 01) < 1PIIZ2 (0,1)

for every ¢ < T, so that we find C/. > 0 such that
(2.11)

T
s ()13 0.0y + / lattaa(8) 125 (0.t < Cf (|uz<o>||m<o,1> 1A (QT>)

for every t < T.
Finally, from u; = aug, + h, squaring and integrating, using the fact that
a? < ca for some ¢ > 0, we find

T T
/0 ||Ut(t)||:22(0,1) <C </0 ”auacarH%i ont ||h|‘%i (QT)> )

a

and together with (2.11) we find

T
212 [ e <0 (luOlsen + 1 )

In conclusion, (2.9), (2.11) and (2.12) give (2.7). Clearly, (2.6) and (2.7) hold
also if ug € H1 (0,1), since H3 (0,1) is dense in H! (0,1). O






CHAPTER 3

Carleman estimate for non degenerate parabolic
problems with non smooth coefficient

1. Preliminaries

In this chapter we prove Carleman estimates in the non degenerate case, but
in the case in which the coefficient of the operator is globally non smooth, in the
stream of [33], thus improving [10], [22], [37], [39] and [41].

Fix two real numbers A < B and consider the problem

ve +Av = h, (t,x) € (0,T) x (A, B),
v(t,A) =v(t,B) =0, te(0,T).

Here we suppose that in a case a is of class W11(A4, B) C BV(A, B), but no
additional smoothness condition is required in some subsets, as in the previous
related papers, and in the other case we assume that a is of class WH>°(A, B).
More precisely, we assume to deal with a non degenerate problem with a coefficient
a satisfying one of the two conditions below:

(3.1)

HyproTHESIS 3.1.

(a1) a € WHY(A,B), a > ag > 0 in (A, B) and there exist two functions
g€ LY (A, B), h € Wh(A, B) and two strictly positive constants go, ho
such that g(x) > go for a.e. z in [A, B] and

_Qj//% </mB g(t)dt + f)o> ++va(z)g(x) =b(x) for ae. x €[4, B],
in the divergence case,
a/(x) B

> Ja(@) (/w g(t)dt + h()) +va(z)g(z) = h(z) for a.e. z € [A, B],

in the non divergence one, or

(az) a € WH°(A,B) and a > ap > 0 in (4, B).

REMARK 2. Of course, the first equality in (a;) can be written as

B
- [ ) ( / alt)dt + m)

and the second one as
B !
~a(2) (fz ks "0) = b(a),
a(z)

17

/

= h(2),
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EXAMPLE 3.1. Let us fix (A,B) = (0,1). In the divergence case, if a(z) =
2 —+/1 —x, we can choose hy =1, h = 0 and

V2 3 1
= — a /2 > — = .
o)==t TR
in the non divergence case, if a(x) = /2 — x, we can choose hy = 1, h = 0 and
1 1
>

g(z) = 1432 = 8\7@ ‘= go-
Now, let us introduce the function ®(t,x) := O(¢)y(x), where

1
(3.2) o(t) ::m
and
-r - ’ s)ds L — if (a1) holds
(3.3) ¥(z) = VA \/@/t g(s)d dt+/A a(t)dt] ¢, if (a1) holds,
et —¢, if (az) holds.
Here

B
¢(x) :D/ %dt,

where 0 = ||a'|| o (a,B), > 0 and ¢ > 0 is chosen in the second case in such a way
that max ¢ < 0.
[A,B]

REMARK 3. Hypothesis 3.1 lets us treat non smooth coefficients in the whole
spatial domain. To our best knowledge, this is the first case in which such a situation
is studied, and for this we need a technical assumption, precisely represented by
our hypothesis. However, we believe that, since non smooth coefficients are present,
some conditions must be imposed, otherwise it would be impossible to differentiate
and obtain the desired Carleman estimates.

2. The divergence case.

Our related Carleman estimate for the problem in divergence form is the fol-
lowing:

THEOREM 3.1. Assume Hypothesis 3.1. Then, there exist three positive con-
stants C, so and r such that every solution v of (3.1) in

V1= L2(0,T; H2(A, B)) N H'(0,T; H:(A, B))

satisfies, for all s > sq,
(3.4)

T B
/ / (8@(7)1)2 + 83@3’02) e2*® dadt
0o Ja
r=B

T B T B
<C / / h2e?® dxdt — sr/ la3/2623¢@ (/ g(T)dr + b()) (vx)Q] dt |,
0o Ja 0 P

r=A
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if (a1) holds and

T /B
/ / (50" (v,)? + s°©%e* ™ v?) 2P dadt
0 A

T B T =B
<C / / h2e*® dxdt — sr/ [aeQSq)@eTC(vx)ﬂw;A dt |,
0o Ja 0

if (ag) is in force.

(3.5)

Here the non degenerate Sobolev spaces are defined as
H!(A, B) := {u is absolutely continuous in [4, B],
vau' € L*(A, B) and u(A) = u(B) = 0},
and
HZ(A,B) :={ue H,(A B)|av' € H'(A,B)},

with the related norms.
Observe that, since the function a is non degenerate, H (A, B) and H2(A, B)
coincide with Hg (A, B) and H?(A, B) N H}(A, B), respectively.

REMARK 4. Obviously, in (3.5) we can delete all factors "¢ and e3¢, since ¢
is non negative and bounded. Indeed, in Chapter 5, we will use such a version.
However, we think that inequality (3.5) is more interesting due to the presence of
the weights.

Let us proceed with the proof of Theorem 3.1. For s > 0, define the function
w(t,z) = Py (L, z),

where v is any solution of (3.1) in V;; observe that, since v € V; and ¢ < 0, then
w € Vy. Of course, w satisfies

(e75%w); + (a(e™**w),) =h, (t,x) € (0,T)x (A, B),
(3.6) w(t, 4) = w(t, B) = 0, te (0,7),
w(T~,z) =w(0",z) =0, x € (A, B).
The previous problem can be recast as follows. Set
Lv:=uwv + (avy), and Low=e*®*Le*%w), s> 0.
Then (3.6) becomes
Lsw = e°®h,
(3.7 w(t,A) =w(t,B) =0, te(0,7),
w(T—,z) =w(0%,z) =0, z€ (A B).
Computing Lsw, one has
Low=Lfw+ L, w,
where
Liw := (aw,), — s®w + s%a(®,)*w,
and
L;w:=w — 2sa®,w, — s(ad,),w.
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Moreover,

2LFw, Lyw) < 2ALFw, Lyw) + | LFwl2 g, + 1L wla g,

(3.8) )
= [|he*®|3,

= Ll 0,

(Qr)’
where (-,-) denotes the usual scalar product in L?(Qr) and Q7 = (0,T) x (4, B).
As usual, we will separate the scalar product (LT w, L; w) in distributed terms and
boundary terms.

The following lemma is the crucial starting point, which will be used also in the
degenerate cases; for this reason, some comments refer to the degenerate situation.

LEMMA 3.1. The following identity holds:
(3.9)
(Liw, Lw)

s [T B T B
=2 / / & widrdt + 53/ / (2a<I>m + a'q)m)a(fl)ac)zwzdxdt
2Jo Ja 0o Ja

T B T B {D.T.}
—252/ / a@xq)mdexdt—&—s/ / (2a®,, + a'®,)a(w,)*drdt
0o Ja 0o Ja
T B
Jrs/ / a(a®,) ppwwydxdt
0 JA
T
—|—/ [awy,wi)5= Adt_i/ [w 2<I>tTd:I:+—/ V2w?i=tdt
0
1 B T
{B.T.} 75/14 [a(wx)z}iigder/o [—sa(a®y)  wwy )= Adt

T
+/ [—sq)ma2(wz)2+32a<I>tCI>Iw2—s3a2(¢ )3 2]”“ Bdt
0

PROOF. It formally reminds the proof of [3, Lemma 3.4] in (0,1), but therein
all the calculations were immediately motivated due to the choice of the domain of
the operator: in particular, a was assumed to be of class C! with the unique possible
exception of the degeneracy point z = 0, where Dirichlet boundary conditions were
imposed in the (WD) case and the condition (au;)(0) = 0 was assumed in the (SD)
case, thus making all integration by parts possible.

Now integrations by parts are not immediately justified, since, at least in the
(SD) case - or if (aq) holds -, the unknown function is not in a Sobolev space of
the whole interval (A, B), and so different motivations are necessary; moreover, the
boundary condition for the (SD) case chosen in [3] corresponds exactly to the one
which characterizes the domain of the operator, and of course this fact makes life
easier.

Here, we start noticing that all integrals appearing in (L}w, L;w) are well
defined both in the non degenerate case and in the degenerate case by Lemma 2.1,
as simple calculations show, recalling that w = e*®v. Then, in the following, we
perform formal calculations, that we will justify accurately in Appendix A.



2. THE DIVERGENCE CASE. 21

Let us start with
/ / LTwwidrdt = / / {(awy) s — sPyw + s%a(®,)*ww,dxdt
1d ([P
= . dt — wy ) dx | dt
[ vz / m(/ a(w,)? x)
—f/ da:/ O, (w?)dt + — /dx/ )edt
(3.10)
:/ [aw,w;]*= Adt—i/ [w 2<I>tde+—/ V2w?i=Edt
0
1 2
- = [ ( z d —|— <I>ttw dxdt
—s / / a®,®,wdzdt.
In addition, we have
T B T B
/ / Liw(—2sa®,w,)dzdt = —s/ / D, [(awx)z]xdxdt
0o JA 0o Ja
T B T B
+52/ / ad, D, (w2) dxdt—sg/ / az(q)z)g (w2) dxdt
o Ja ¥ 0o Ja ¥
T

(3.11) :/ [—5®, (aw,)? + s2a®Pw? — s3a*(D,)3w?]*Z Bdt
0
T B T B
Jrs/ / @mm(awm)zdxdt—SQ/ / (a®,) <I>tw
0o Ja 0o Ja
B T B
—32/ / a@méthQdmdt—l—s:g/ / d,) wadmdt
A 0 JA
Finally,

T
/ / Liw a®,)w)drdt = / [—saw,w(a®,), )" =5 dt
(3.12) +s/ / (a®, mwwmdacdt—i—s/ / (a®,)(wy) dadt
+ s / / (a®,), Pyw?drdt — s° / / a®,)wdzdt.

Adding (3.10)-(3.12), writing [a?(®,)3], = [a(®)?].a®, + a(P,)?*(a®Py)., (3.9)
follows immediately. (I

Now, the crucial step is to prove the following estimates:

LEMMA 3.2. Assume that Hypothesis 3.1.(a1) holds. Then there exist two pos-
itive constants so and C such that for all s > so the distributed terms of (3.9)
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satisfy the estimate

s [T B T B
f/ / CIJtthdxdt—i—s?’/ / (2a<1>m+a’<l>$)a(<bx)2w2dwdt
2Jo Ja o Ja
T B T B
7232/ / a@mCI)mwzd:cdtJrs/ / (2a®,, + a/®,)a(w, ) dxdt
0o Ja 0o Ja

T B
+ s / / a(a®y)zpwwydrdt
0o Ja

T B T B
> C's / / O(w,)?dxdt + Cs® / / O3w3dxdt.
0 A 0 A

PROOF. Using the definition of @, the distributed terms of fOT fol LIwL; wdxdt
take the form

s [T B . T B B 2
f/ / OYw?dzdt + 253r3/ / ©3Vag (/ g(7)dr + f)o> widxdt
2 0 A 0 A T
T B B 2
- 2327"2/ / 00 (/ g(7)dr + bo> w?dxdt
(3.13) 0 /A @
/T /B o /B , v e
_ O _ .
sr ], a NAUS g(7)dr + by ag ) ww,dx

T B
+ 231"/ / Oav/ag(w,)*dxdt.
0 A

Hence, since, by Hypothesis 3.1.(a1), g > go and a > ag, we can estimate (3.13)
from below in the following way:

T B T B
(3.13) > %/ / OYw?dzdt + 2537“3\/%90%/ / ©*w?dxdt
0 Ja 0o Ja

T B B 2
- 232r2/ / 00 (/ g(7)dr + f)o) w?dxdt
0 A T

T B T B
+ 237‘90@0\/%/ / O(w,)?*dzdt + 57‘/ / Oah’ww,dzdt.
0 A 0 A
Observing that
(3.14) 96| < 0% 0" < 0" if 0 < u < v and |0] < c0/? < c0?

for some positive constants ¢, we conclude that, for s large enough,

T B B 2
7252r2/ / 00 (/ g(7)dr + ho) w?
0 A T
B 2T B
< 2r?s%c </ g(T)dr + ho) / / O*w?dxdt
A 0o Ja

C T B
< —83/ / 93w2dxdt,
6 0o Ja



2. THE DIVERGENCE CASE. 23

/AB g(r)dr + ho) 2

12r2¢ (
for some C' > 0 and s > ol

s [T B
- / / OYw?dzdt
2 0 A

. Moreover, we have

T /B
< semax || / / O3 w?dxdt
[A,B] 0o Ja

T B
< 953/ / O3w2dxdt
6 Jo Ja
6
for s > ,/%&B]W and

T B
s / / Oah’'ww,dzdt
0o Ja

T B
+58r/ / O(w, ) dxdt
0o Ja
1

2 2 e 3,2 e 2
Zsrcmax a?||§’||5 o 03w dxdt+ssr/ / O(w, ) dzdt
€ [AB] 1571z (A’B)/o /A 0o Ja (12c)

C ., T /B - T B ,
—s O w*dxdt + esr O(wy)=dxdt,
6 Jo Ja 0o Ja

6z~ remax(a,g) @ (1017 (4, 5) . o .
- . In conclusion, by the previous inequali-

1 T B
< fsr/ / 0a? | |Pwidadt
€ Jo Ja

IA

IN

for s >

ties, we find

C T /B
(3.13) > §* <2r3\/%goh% - 2) / / ©*w?dxdt
0o Ja
T B
+ sr (2goao/ag — €) / / O(w,)?dxdt.
0o Ja
Finally, choosing € = goag+/ag and r such that

C
27"3\/%90{)3 Y >0,

the claim follows. O

The counterpart of the previous inequality in the W> case is the following

LEMMA 3.3. Assume that Hypothesis 3.1.(az) holds. Then there exist two pos-
itive constants so and C such that for all s > so the distributed terms of (3.9)
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satisfy the estimate

s (T (B T B
7/ / @tthdJ;dt—I—sg/ / (Qa@wx+a'<l>w)a(<l>w)2w2dxdt
2Jo Ja o Ja
T B T B
—232/ / a@z@tmwzdxdt—i—s/ / (2a®,, + a'®,)a(w,)?drdt
0o Ja 0o Ja
T B
—|—8/ / a(a®,) prwwydrdt
0o Ja
T B T B
> Cs/ / @erc(wz)dedt—i—C’s?’/ / 033 widadt.
0 Ja 0o Ja

PROOF. We proceed as in the proof of the previous Lemma. In this case the
distributed terms of fOT fol LIwL; wdxdt take the form

/ / Oyw?drdt + s*r30® / / @3

2r¢
(3.15) — 2527"2/
0

Nw?dadt

w?dxd + 87’0/ / Qe [2rd — d)(w,) dzdt

T By
— sr?0? / / —0e" [rd + d'|Jww,dadt.
0o JAa @

By Hypothesis 3.1.(az), choosing r > 1, one has
0°(2r0 —a') > [|a/[[ 1,5y and (210 —a) > [|0'[| 7 4, p)s

thus
3 3||a/||4

(3.15) > / / Oywdrdt + ——— ;AB’ / / ©3e3 w2 dwdt
X
25212 N1 2rC, 2 1112 C
(3.16) — |@6|e "Swdzdt + sr||a ||L°°(AB @er V2 dxdt
@ Jo JA

T By
— sr%0? / / —0e"[rd + d'Jww,dadt.
0o Ja @

Using the estimates in (3.14), we conclude that, for s large enough,

2r2
|@®\62’“< 2drdt| < ——° / / 0% e* Cw2dadt
~ ag gomines.
(3.17)
g / / 0%e3Cwidadt,
12r2c
for some C > 0 and s > ———. Moreover, we have
Cagmin e
s (T (B .
7/ / OYwidxdt| < fcmax\w\/ / ©3w?dxdt
2 )y Ja [A,B]
(3.18) < Csmaxf“fgw' / / O3 rCw2dadt
min e>" 0

g—s?’/ / @%e3rCwldadt
6 0o Ja
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|6cmax|4 ) [Y
for s 2 W and

T By
—sr20? / / —0e™ [0 + d'Jww,drdt
0o Ja @

< 2s73||a’ HLOO(A B) / / Oc" \ww, |dzdt

a oo
< 37’3”]:(14’3)/ / O™ widxdt
5||a HLOO(A B) / / O (1, ) 2dadt

a 0o
| ”L ("‘B)/ / 033w dadi+

“min e2¢ age

€Ha HLM(A B)/ / Oc" (wy ) dxdt

T rB
/ / O Sudadt + s LM‘AB)/ / O™ (wy)*dudt
0 A

6 )
for s > min e2"Cage

In conclusion, by the previous inequalities, we obtain

rld | eap © B )
(315) Z W — 5 53/ / @3€3T<w dxdt
X
gl|la )
+srlla [T a,m) (1— 2l (AB))/ / Oe" (w

ao

———— and r > 1 such that
2r2||a’|| o= (a,B)

Finally, choosing ¢ =

7“3”‘1/”%&(,4,3) ¢
max a2 2

>0,

the claim follows.

Concerning the boundary terms in (3.9), we have

LEMMA 3.4. The boundary terms in (3.9) reduce to
T

sr/

0

if (a1) holds and
T
srlolecam) [ 00w Ppz=Rar
0

=B

B
a®/?0 (/ g(7)dr + f)o) (wm)Q] dt

z=A

if (a2) holds.

dwdt

25
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PROOF. First of all, since w € V1, then w € C([0,T]; H'(A, B)). Thus w(0, z),
w(T,x), we(0,2), we(T,2), (wy)?(t,B) and (wy)?(t, A) are indeed well defined.
Moreover, we have that wy(t, A) and w;(t, B) make sense and are actually 0.

But also w,(t, A) and w,(t, B) are well defined. In fact w(t,-) € H?(A, B)
and w,(t,-) € WH2(A, B) € C([A, B]). Thus fo [aw,w,]*=5 dt is well defined and
actually equals 0, as we get using the boundary conditions on w. Thus, using the
boundary conditions of w = e*®v with v € V;, we get

[W?@ ;=5 = [e*Pv?®,=5 =0,

2
(a(®,)2w?)=T — [©2r2 (sz g(7)dr + f)o) e2s®p?i=l" = 0, if (a;) holds,

[©2e27¢r2e25292]t=T = 0, if (ag) holds,
91t=T
{aezsq} (— 0 (f g(m)dr + ho) v+ Ua:) ] =0, if (a1) holds,
_ =
[a(wa)?liZ5 = / 21"
oo Oe™¢
2e25® (_srla Lo (a,)0¢ Hw) =0, if (as) holds.
a
=0

Finally, all integrals involving [w]2=% are obviously 0, so that the boundary terms
n (3.9) reduce to

T
NGt
0

sy [a%/20 ([ a(r)dr + bo ) (w)?] ;j dt, if (ar) holds,

srlla’ || L= ) o [a©€™ (w,)2]2=Radt, if (as) holds.

x

O

From Lemmas 3.1 - 3.4, we deduce immediately that there exist two positive
constants C' and sg, such that all solutions w of (3.6) satisfy, for all s > s,

T B T B
/ / LTwL;wdxdt > Cs/ / O(w,)?dxdt
0o Ja 0o Ja

T /B
(3.19) +Cs® / / O3w?dzdt
0 A

T B
+ sr/o [a?’/Q@ (/x g(7)dT + b0> (wm)ﬂ dt,

rz=A

if (a1) holds, and

/ / L+wL wdxdt > Cs/ / @erC da:dt

(3.20) +Cs® / / 03e* Swdrdt
0 A

T
+ST||QIHLM((A7B)/ [a@erc(wx) 5= Adt
0

if (az2) holds.
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Thus, a straightforward consequence of (3.8), (3.19) and (3.20) is the next
result.

ProrosiTiON 3.1. Assume Hypothesis 3.1. Then, there exist three positive
constants C, so and r such that all solutions w of (3.6) in Vy satisfy, for all s > sy,

T B T B
s/ / O(wy)?dxdt + 33/ / O%w?dxdt
0o Ja 0o Ja
T B T
<C / / h2e2®dxdt — 87”/
0o Ja 0

if (a1) holds and

T B T B
s/ / O™ (w, ) 2dxdt + 83/ / O%e*rCwdrdt
0o Ja 0o Ja

T B T =B
<C / / h?e**® dxdt — sr/ [a©e™ (wy)?] _, dt |,
0o Ja 0

Now, we are ready to conclude the

=B

B
a®?0 (/ g(7)dr + f)0> (wx)Q] dt |,

rz=A

if (a2) does.

PROOF OF THEOREM 3.1. Recalling the definition of w, we have v = e~*®w
and v, = —s0Y'e*®w + e *®w,. Thus, recalling that ¢’ is bounded, since a is
non degenerate, we have that, if (a;) holds, there exist some ¢ > 0 such that

(50(vz)? + 5°0%0%) €% < ¢ [s0(s20% 2P w? + =2 (1,)?) + s3@%e~2Pyy?] 25
< c(s°0%w® + s0(w,)?) .
Analogously, if (az) holds, we have
(s@e’”C (vz)% + 53@363T<U2) e < ¢ [s@er<(52@2w2 + (we)?) + SSGSeBTCwQ]
< c[s0e™ (w,)? + s70%e¥ w?]

since ¢ > 0. Therefore, there exists a constant C' > 0 such that
T B
/ / (50(vy)? + s°0°0?) e**®dadt
0o Ja
T /B
< C’/ / (5O(wy)dadt + s°0°w?) dadt,
0o Ja
if (a1) holds, and
T /B
/ / (s©e™ (v,)? + s°0%e* < v?) e P dadt
0o Ja
T B
< C'/ / (s0€™ (wy)?dxdt + s*©%e* ™ w?) dudt,
0o Ja

if (a2) holds. By Proposition 3.1, Theorem 3.1 follows at once. O
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3. The non divergence case
For the problem in non divergence form Theorem 3.1 becomes
THEOREM 3.2. Assume Hypothesis 3.1. Then, there exist three positive con-
stants C, so and r such that every solution v € Vo = LQ(O,T; Hé(A,B)) N
Hl(O,T;H%(A,B)) of

(3.21) {vt + aVzg = R, (t,z) € (0,T) x (A, B),

v(t,A) =v(t,B) =0, te(0,T),

satisfies, for all s > sq,

T B
/ / (sO(v2)? + s°0°v?) e dxdt
0o Ja
=B

<C /OT /AB h2e*® dxdt — sr /OT O(t) [\/ﬁ (/mB g(T)dr + f)o) (vz)2e25‘b] dt |,

z=A
if (a1) holds and (3.5) if (a2) is in force.

Here HY (A, B) and H? (A, B) are formally defined as in the degenerate case.

REMARK 5. Remark 4 still holds also for the previous theorem.

3.1. Proof of Theorem 3.2 when (a;) holds: We proceed as in Chapter 2.
For s > 0, define the function
w(t,z) = e *EDy(t, x),

where v is any solution of (3.1) in Vs; observe that, since v € V, and 1 < 0, then
w € Vy. Of course, w satisfies

(e=*®w); +ale™*Pw) = h, (t,z) € (0,T) x (A, B),
(3.22) w(t, 4) = wit, B) =0, te (0,T),

w(T~,z) =w(0",z) =0, xz € (A, B).
Setting

Lv:=v +avy, and L,aw= eS(I)L(e*S@w), s> 0,
then (3.22) becomes

Lsw = e°®h,
(3.23) w(t,A) =w(t,B)=0, te(0,T),

w(T~,z) =w(0",2) =0, z¢€(A4,B).
Computing Lsw, one has

Lsw = Lfw+ L w,

where

Ltw = awy, — s®yw + sza(q)m)zw,
and

L;w:=ws — 25aPw, — sa®Pyw.

Moreover, similarly to (3.8), we have

(3.24) AULTw, Ly w)pa (gpy < MR IITs (00
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where (-, ->Lri (0 denotes the usual scalar product in LQ% (Qr) and Qr = (0,T) x
(A, B). As usual, separating the scalar product (ij,L;w)Lzl (0r) in distributed

terms and boundary terms, we obtain

LEMMA 3.5. The following identity holds:
(3.25)

< Lrw,L7w>pa g = $ / (@B + (D)) (ws)2ddt
a QT

+5° / (@)% (a®ys + (a®y),)w?drdt
o C @ (D.T.)
— 242 ¢Z¢Itw2d$dt + 5/ lUﬂdl‘dt

Qr ¢

Qr
—|—5/~ (a® ) zww dadt
Qr
B T
_%/A [(wGC)Z} de +/O {wmwt}jdt
—s/T [a@m(u}m)ﬂjdt — s /T[aq)mwwm}jdt
0 0
—&—;S/AB[ <5(<I>35)2 - q;t) wz} de

P /OT [(sa(q)w)g — <I>I(I>t)w2}

(B.T)}

PROOF. It is an adaptation of the proof of [16, Lemma 3.8] to which we refer.
Let us simply remark that in our case all integrals and integrations by parts are
justified by the definition of H? (A, B) and by the regularity of the functions g and

b. O
Now, the crucial step is to prove the following estimates:

LEMMA 3.6. Assume that Hypothesis 3.1.(a1) holds. Then there exist two pos-
itive constants so and C such that for all s > so the distributed terms of (3.25)
satisfy the estimate

T B T B
s / / (a®Pps + (a®,),)(w, )2 dxdt + 53 / / (@)% (a®yy + (a®,), )widzdt
0 A 0 A

T B s [T rBo
— 242 / / O, P pwidedt + = / / —Lw?dzdt + s / (a®ys)rwwydzdt
0o Ja 2Jo Ja a oz

T B T (B
> Cs/ / O(w,)*dxdt + 083/ / ©3w?dxdt.
0 Ja 0o Ja
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1
PROOF. Using the definition of ®, the distributed terms of / —LYwL; wdzdt

T

take the form
(3.26)

5 2
/ / wadexdt+2s3r3/ / —@5 </ g(T)dT+ho> wdxdt
T B
232r2/ / ~006 (/ (T)dT—i—f)O) w2dxdt+2$r/ / OVag(w,)*dxdt
0o Ja
+sr/ / oy ww,dzdt.
0o Ja

Hence, since, by Hypothesis 3.1.(a1), g > go and a > ag, we can estimate (3.26)
from below in the following way:

1
(3.26) / / f@wadmdt—FQs gobo/ / O’ w?dwdt
maXAB]\f
1 .
2522 L / / 0|6 / o(r)dr +bo | widzdt + 25790 /a0 / / O(w,)’ dadt

ao Jo Ja @ 0 J4

T B
+sr/ / O wwydxdt.

0o Ja

By the estimates in (3.14), we conclude that, for s large enough,

2
//e@|</ )d7+ho> w?
1 B 2 r B
<2rsc</ g(T)dTJrhO) / / O3w?dxdt
ag A 0o Ja
T B
§933 / / O3widadt,
6 0o Ja
5 2
127‘%(/ g(T)dT—i-ho)
A

Cao

< sc— max / / O3w?dzdt
< gs?’/ / O3w?dzdt
6 0o Ja

for some C' > 0 and s >

/ / —Oyw?dzdt

. Moreover, we have




3. THE NON DIVERGENCE CASE 31

6cmax(4 | o

Cao
1 ToB T B )
< —sr Oy |*wdzdt + esr O(wy)“dzdt
€ Jo Ja 0o Ja

T B
sr/ / Oy ww,dxdt
0o Ja
1 T B T B
gsrc||h'||%w(AyB)/O /A @3w2dxdt+esr/0 /A O(w,)*dxdt
C T B T B
—53/ / @3w2dxdt+€sr/ / O(w, ) dxdt
6 Jo Ja 0 Ja

6~ trclh H2°°(A B) . L .
for s > c “— . In conclusion, by the previous inequalities, we find

1
3.26) > s° (2 3 )/ / O3w2dxdt
( )2 maxAB]f 0[)0 0

+ s7 (2g0+/a0 —s)/ / O(w, )?dxdt
0 JA
for some C' > 0 and s large enough.
Finally, choosing € = gg+/ag and r such that
1 s, C
_— - — >0,
max, g \/&gOhO 2

the claim follows. O

for s >

IN

AN

273

Concerning the boundary terms in (3.25), we have

LEMMA 3.7. The boundary terms in (3.25) reduce to

o /O “om

PrOOF. Using the definition of ® we have that the boundary terms become
(3.27)

{BT.} = —% /AB [(wz)ﬂ:de + /OT {wxwt};:jdt

L o 202 T , 2:1::B
vy ), (o2~ ov)ur] Jjae—s [ ow[artwnr] ~a

2 z=A

=B

B
Va (/ g(r)dr + bo) (%)2] dt.

rz=A

s / ’ ot )[aw”wwrrzjgdt—s?’ / ' 0% () [a(v)*w?] K

rz=A 0 =

x=B
+s / ot L:Adt.

Since w € Vo, w(0,z), w(T,z), wy(0,z), wy(T,z) and ff [wi]zgd:v are well de-
fined, using the boundary conditions and the definition of w itself, we get
t=T

/AB [— %(%)2 + %(32@2@’)2 _ Zéw)wﬂ e = 0.

t=0
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Moreover, since w € Vy, we have that w; (¢, A) and w, (¢, B) make sense. There-
fore, also w,(t,A) and w,(¢, B) are well defined, since w(t,-) € H2 (A,B). Thus

fOT[wxwt]ﬁiﬁdt is well defined and actually equals 0. Indeed, by the boundary
conditions, we find

1/2

B
|we(t, z)| < (/A wm(t7y)2dy> max{vz — A, vVB—2z2} =0

as © — A or x — B, the integral being finite.
Now, w(t, A) and w(t, B) being well defined, by the boundary conditions on w,
the other terms of (3.25) reduce to

x=B

_s /OT o(t) [aq//(wm)ﬂszdt = sr /OT o(t) [\/& (/g;B g(m)dr + h0> (wz)2] dt.

z=A

O

3.2. Proof of Theorem 3.2 when (a3) holds: Now, assume that Hypoth-

esis 3.1.(az) holds. Then inequality (3.5) in the non divergence case is a simple
consequence of Theorem 3.1: B B

rewrite the equation of (3.1) as v + (avy ), = h, where h := h+ a’v,.. Then, apply-

ing Theorem 3.1, there exists two positive constants C' and sg > 0, such that for
all s > sg,

/ / Sgerc +53@3 3r¢ 2) 2S<I>dilfdt

T
<C (/ / h2e*® dxdt — sr/ [a®e™ (vy)%e 2‘@] dt)
0o Ja 0

Using the definition of h, the term fQT h2e2s®(t:2) drdt can be estimated in the
following way
(3.29)

/ / h’e 25¢d:rdt<2/ / h2e*®dxdt + 2|’ IIQW (Gr )/ / 25 (y, ) dadt
< 2/ / h2e®®dzdt + 2| (G2)C / / Qe e (v,) 2 dxdt,
A

7\ 8
where ¢ := max 7 (¢(T — t))* = <2> . Thus, by (3.28) and (3.29), one has

(3.28)

T B
/ / <s@e"<(vI)2 —2||d’||? (3 )c(ﬂe’"c(vm)Q + 8393637"41}2) X dxdt
A T

T B T
<C (/0 /A h262$‘bdxdt—sr/0 [a©e™ (v,)?e 25‘1)}2? Adt)



3. THE NON DIVERGENCE CASE

Now, let s; > 0 be such that %1 > 2Ha’||2m( c. Then, for all s > s

Qr)
T B

/0 /A (s@erq(vm)2 - 2Ha/||ioo(QT)c@erc (vz)2) > dxdt
s (T (B

> f/ / O™ (vy)%e** P dxdt.
2Jo Ja

Hence the claim follows for all s > max{sg, s1}.
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CHAPTER 4

Carleman estimate for degenerate non smooth
parabolic problems

In this chapter we prove crucial estimates of Carleman type in presence of a
degenerate coefficient. Such inequalities will be used, for example, to prove ob-
servability inequalities for the adjoint problem of (1.2) in both the weakly and the
strongly degenerate cases.

1. Carleman estimate for the problem in divergence form

Let us consider again problem (3.1) in divergence form, where now a satisfies
one of the assumptions describing the (WD) or the (SD) case, which we briefly
recollect in the following

HypoTHESIS 4.1. The function a satisfies Hypothesis 1.1 or Hypothesis 1.2.
Moreover, if Hypothesis 1.2 holds with K >
constant ¥ € (0, K] such that the function

3’ we suppose that there exists a
(1) = a(x) is nonincreasing on the left of x = x,

. T —
|x — zo]? is nondecreasing on the right of x = .

3
In addition, when K > —, the previous map is bounded below away from 0 and

there exists a constant ¥ > 0 such that
(4.2) ld/ ()| < S|x — 20|73 for a.e. z €[0,1].

REMARK 6. Condition (4.1) is more general than the corresponding one for
2o = 0 required in [3] for the (SD) case. Indeed, in this paper we require it only

in the sub-case K > 3 of the (SD) case. On the other hand, let us note that

requiring (4.1), also with g = 0 as in [3], together with Hypothesis 1.1, implies
Ya < (x —x0)d’ < Ka in (0,1), so that o’ is automatically bounded away from 0
far from xo. Similar situations were considered in [10], [22], [39], or [41], where a
certain regularity was assumed somewhere, even in the non degenerate non smooth
case.

To our best knowledge, this paper is the first one where non smoothness is
assumed globally in the case of an absolutely continuous coefficient, besides degen-
erate.

REMARK 7. The additional requirements for the sub-case K > 3/2 are technical
ones, which are used just to guarantee the convergence of some integrals (see the
Appendix). Of course, the prototype a(z) = |r — zo|¥ satisfies such a condition
with 4 = K.

35
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Now, in order to state our Carleman estimate in presence of a degenerate non
smooth coefficient, we start similarly to the previous chapter; but, being such an
inspiration only formal, the result is completely different. In particular the sign of
the boundary term will have a different and crucial role in the two cases.

Let us introduce the function ¢(t,z) := O(t)¢(z), where © is defined as in
(3.2) and

w e[

(1 —20)? g
a(1)(2 - K)" a(0)(2 - K)
on ¢ will be needed later for the observability inequalities of Chapter 5. Observe
that ©(t) — +o00 ast — 07,7, and by Lemma 2.1 we have that, if z > o,

with ¢; > max { } and ¢; > 0. A more precise restriction

[ [ (y—z0)™ 1 .
s s || o e !
. [(x — 20)K (2 — 29)2~ K .
(4.4) = 1_ a(x) 2—-K 2]
<e (1—20)® (1—mp)* " e ]
) 2-K ?
[ (A =m)?
= | a0 ] <0

In the same way one can treat the case x € [0,x¢), so that
P(z) <0 for every z € [0,1].
Moreover, it is also easy to see that ¥ > —cyjco.
Our main result is the following.

THEOREM 4.1. Assume Hypothesis 4.1. Then, there exist two positive constants
C and s such that every solution v of (3.1) in divergence form in

(4.5) Si = L*(0,T;H2(0,1)) N H' (0, T; HL(0,1))

satisfies, for all s > sq,

2
/ (s@a(vm)2 + 8393WU2> e**Pdxdt
Qr

a
T =1
<C h2e?*?dxdt + sc, / [a©e?*? (z — x0) (v,)?dt] o |
Qr 0

where ¢y is the constant introduced in (4.3).

1.1. Proof of Theorem 4.1. We start as in the proof of Theorem 3.1: for
s > 0, define the function

w(t,z) == eyt ),

where v is any solution of (3.1) in &1, so that w € S; and w satisfies (3.6), which
we re-write as (3.7), with @ replaced by . Moreover, Lemma 3.1 still holds also in
this case, again with ® replaced by (. Thus we start with the analogue of Lemma
3.3, which now gives the following estimate:
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LEMMA 4.1. Assume Hypothesis 4.1. Then there exist two positive constants
so and C such that for all s > sq the distributed terms of (3.9) satisfy the estimate

[ ()~ ol apa)a)udadt

_|_

N »

opw?drdt — 282/ Py prpwdrdt
Qr T

+ s / (02ea® + alapy ) ) (wy ) dadt
C’ Cc3 — 29)?
- @a(wz) dadt + —s* @3Mw2da¢dt.
2 2 Qr a
ProOF. Using the definition of ¢ and recalling that
(4.6) ap, = c10(x — x9) and (apy), = 10,

so that (aps )z, = 0, the distributed terms of fOT fol LiwL; wdzdt take the form

. T rl _ 3 _ 2
2 Jor a - a
4.7) - 25201/ / @@ w?dxdt
+ s¢1 / / { < xo) + 1} a(wy ) dxdt.

T —x0)3

Now, by Lemma 2.1, we immediately have that <(
a

> > 0. Moreover,
xT

_ _ _ !/
a(x x()) zwzl—l( for every x € (0,1).
a ), a

Hence, in the (WD) case it is immediately positive, while in the (SD) case we have

a<xx0) +1>2—-K >0 forevery z € (0,1).
a x

Hence, we can estimate (4.7) from below in the following way:

T 1
_f/ /éwadwdt+s3c/ /@3 — 20 2 drdt

— 25%¢ //@@ — T 2dxdt+sC/ Oa(w,)2dxdt

T

(4.8)

for some universal positive constant C' > 0.
Using (3.14), we conclude that, for s large enough,

23202/ / 99 — %o w2dzdt <QCc 2/ / @3 — %o w2dzdt
_813/ /@3 —10) 2 dadt,

as soon as s > —
C1

(4.9)
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Moreover, © being convex and since (3.14) holds, by the very definition of v,
we have

S : 2 C1C2 T 3/2, 2
(4.10) 3 OYwdxdt > —s— ¢ O°/“wdxdt,
o Jo

T

a(y)

fOT fol ©3/2w?dxdt. Using the Young inequality, we find

x
—x
since / Y Ody > 0 for every = € [0,1]. Hence, it remains to bound the term
zo

1
5%0/ 03/ 2w%dx
2 0
1 1/3 3/4 2 1/4
411 _ac 0" .2 g3l —@ol® -
e 2%, ( o — o7 a
3cieo ! al/3 9 C1C2 ! 3|$_350|2 2
§ se 3 C/O @WU} dx+8gc o @ Tw dx.
a1/3

1
Now, we concentrate on the integral / 2dx.
0

|z — 330|2/3w

4
If K< 3 (where K is the constant appearing in Hypothesis 1.1 or 1.2), we

4
introduce the function p(z) = |z — 2¢|*/3. Obviously, there exists ¢ € <1, 3)
p(x)

| — 2|9
nondecreasing on the right of z = zy. Thus, using the Hardy-Poincaré inequality
(see Proposition 1.1) and Lemma 2.1, one has

! al/? ! 1
/ ﬁwzdaz < max a1/3/ szdx
o |z — 0| [0,1] o |z — o]

such that the function = — is nonincreasing on the left of x = x¢ and

1
:maxa1/3/ %deaj
0

[0,1] x — x0)?
1
(4.12) < max a1/3CHp/ p(w,)?dx
[0,1] 0

1 o 4/3
= maxal/SCHp/ aw(ww)zdx
[0,1] 0 a

1
Smaxa1/3CHpC’g/ a(w,)?dr,
0

[0,1]
acg/g (1- x0)4/3
a(0)”  a(1) '

where C'yp is the Hardy-Poincaré constant and Cy := max{
In this way, we find

.. 3
% @¢w2dxdt > — se ¢
(4.13) @r

1
2 cmax a'PCypCy / a(wy)?dx
[0,1] 0

1 2

C1C2 r — X

-5 ~C @3¥w2d9€.
851/3 0 a
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If K > 4/3 consider the function p(z) = (a(z)|x — zo|*)*/3. It is clear that,

setting L
C“:W{(c«m) ’(am) }

by Lemma 2.1 we have

(x — x0)?

2/3
) e

pta) = alo)

al/? p(x) . :
and = . Moreover, using (4.1), one has that the function
|z — x0]2/3 (x — x0)2
T |p(a:)|q is nonincreasing on the left of + = x¢ and nondecreasing on the
T — X
449

right of x = x¢ for ¢ = —3 € (1,2). Thus, the Hardy-Poincaré inequality (see

Proposition 1.1) implies

1 al/3 ) 1 D ) 1 )
— w¥dr= | —L  _widz<C z)"d
/0 \x—xo|2/3w x /0 (x—xo)Qw x < HP/O p(w ) T

(4.14) 1
SCHPC1/ a(w,)?dz,
0

where Cyp and C; are the Hardy-Poincaré constant and the constant introduced
before, respectively.
Using the estimates above, from (4.10) we finally obtain

s .. 3cice
— OYw?drdt > —se ! 2CCHp01 Oa(w,)?dxdt
2
Qr Qr
(4.15) e — (& — 0)?
— s 22, 03" Y 2 dedt.
853 0 0 a

Thus, in every case, we can choose ¢ so small and s so large that, by (4.8),
(4.9), (4.10), (4.13) and (4.15), we can estimate the distributed terms from below
with

c 3 1 32
s— Oa(w,)?*dzdt + ﬁSB/ @3Mw2d$dt.
2 Qr 2 0 a

O

As for the boundary terms, similarly to Lemma 3.4, we have the following
calculation, whose proof parallels the one of Lemma 3.4 and is thus omitted.

LEMMA 4.2. The boundary terms reduce to

—scy /0 [Oa(z — xo)(wx)ﬂzié dt.
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From Lemma 4.1, and Lemma 4.2, we deduce immediately that there exist two
positive constants C' and sg, such that all solutions w of (3.1) satisty, for all s > sq,

T 1
/ / LiwL;wdzdt > Cs Oa(wy)*dzdt
0 Jo Qr

(x — x0)

2
(4.16) +Cs? e? w?dxdt

Qr B
T =1
— scq / [@a(m - x0)<ww)2]z;0 dt.
0
Again, we immediately find

PROPOSITION 4.1. Assume Hypothesis 4.1. Then, there exist two positive con-
stants C and sg, such that all solutions w of (3.1) in Sy satisfy, for all s > so,

32
s Oa(w,)*dzdt + 53 @Swuﬁdmdt
Qr Qr

T
<C (/ h2e?*dxdt + sc, / [aO(z — xo)(wz)Q]zzé dt) .
T 0

Recalling the definition of w and starting as in the end of the proof of Theorem
3.1, from Proposition 4.1 we immediately obtain Theorem 4.1.

2. Carleman estimate for the problem in non divergence form

Now, we consider the parabolic problem in non divergence form

{vt + avgy =h (t,z) € Qr,

(4.17) v(t,0) =v(t,1) =0 te(0,T),

where a satisfies one of the assumptions describing the (WD) or the (SD) case, plus
an additional condition, which we briefly recollect in the following

HypoTHESIS 4.2. The function a satisfies Hypothesis 1.1 or Hypothesis 1.2.
Moreover,
(z — x0)a’ ()

1,00
a(m) ew (Oa 1)7

and if K > % (4.1) holds.

REMARK 8. We underline the fact that in this subsection (4.2) is not necessary
since all integrals and integrations by parts are justified by the definition of D(A3).

Now, we introduce the function ¢(t, z) := O(¢)1(z), where © is defined as in
(3.2) and

- y—mo R(y—=z0)*
(4.18) P(x):=dy (/ ——e dy —ds ),
xo a(y)
(1— 1,0)26R(17;p0)2 x%eng
(2—-K)a(l) " (2- K)a(0)
precise restriction on d; will be given in Chapter 5, while the reason for the choice

with R > 0, dy > max and d; > 0. A more
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of do will be immediately clear: observe that, by Lemma 2.1 and operating as in
(4.4), we have that

—dyde < (x) <0 for every x € [0,1].

The basic result concerning Carleman estimates is the following inequality,
which is the counterpart of [33, Theorem 3.1] or of Theorem 4.1 for the non diver-
gence case:

THEOREM 4.2. Assume Hypothesis 4.2. Then, there exist two positive constants
C and s such that every solution v of (4.17) in

(4.19) Sy = H'(0,T;H4(0,1)) N L2(0,T;H3 (0,1))
satisfies
z—z0\’
/ (S@(UI)Q + 3393 (CLO> U2> 625Lpdl‘dt
4.20 ’
( ) 6284} T =1
<C h? - dxdt + sdl/ [0e**% (x — wo) (vy) dt] o0
Qr 0

for all s > sq, where dy is the constant introduced in (4.18).

2.1. Proof of Theorem 4.2. The proof of Theorem 4.2 follows the ideas of
the proof of [33, Theorem 3.1] or Theorem 4.1, but the non divergence structure
introduces several technicalities which were absent before. We start as in the proof
of Theorem 3.2: for every s > 0 consider the function

w(t,z) == e EDy(t, ),

where v is any solution of (4.17) in Sa, so that also w € Sa, since v € Sy and ¢ < 0.
Moreover, w satisfies (3.22), which we re—write as (3.23). Moreover, Lemma 3.5 still
holds also in this case. We underline the fact that also in the degenerate case all
integrals and integrations by parts are justified by the definition of D(A3) and the
choice of ¢, while in [16] they were guaranteed by the choice of Dirichlet boundary
conditions at x = 0, i.e. where their operator degenerates. Thus we start with the
analogue of Lemma 3.6 in the weakly and in the strongly degenerate case, which
now gives the following estimate:

LEMMA 4.3. Assume Hypothesis 4.2. Then there exists a positive constant Sg
such that for all s > sqg the distributed terms of (3.25) satisfy the estimate

5/ (22 + (ape)e) (W) *ddt + 33/ (02)?(apzs + (ape)o Jw?dadt
Qr Q

T

— 242 / P pprw?drdt + % / Pt dedt + s/ (aprz ) ww drdt
a
T T

T

3 N 2
> gs/ @(wz)Qda:dth%sS/ o3 (w> w2dadt,
T T a

for a universal positive constant C'.
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1
PROOF. Using the definition of ¢, the distributed terms of / —LYwL; wdzdt
Q a
take the form ’

s é%wgdajdt — 252 00y ) widxd + s 020y + d'¢') (w,)?dxdt
2J)q, a Qr Qr

+ 83 0% (2ay)” 4 a'¢") (¢)*widzdt + s/ O(ay)") ww,dxdt.
QT Qr

Because of the choice of ¥(z), one has
—a'(z)(z — z0) + 4R(x — z0)?a(x)

2a(z)" (z) + d (2)Y (z) = dy @) 2a(x) L

By Hypothesis (1.1) or (1.2), we immediately find

_ i
Q_MEZ—K>O a.e. x € [0,1];

a

hence, for every R > 0 we get

(x —xzg)d

2 — +4R(x —19)* > 2 - K ae. x€][0,1].

Thus, since eR@=20)* is bounded and bounded away from 0 in [0,1], the dis-

tributed terms satisfy the estimate

2

{D.T} > s éguﬂdm‘dt ~s°C |00 (x - xo) w?dxdt
2 Qr @ Qr a

2

(4.21) +sC | O(wy)dadt + s3C | ©3 (x _azo) wdzdt
Qr Qr
+s O(ay") ww,dzdt,
Qr

where C' > 0 denotes some universal positive constant which may vary from line to
line.
By (3.14), we conclude that, for s large enough,

2 2
520/ [EE] (x — x0> widzdt < 0052/ o3 <:c — zo) w?dxdt
T a T a

Moreover, by (3.14) we get

T ,1 B
f/ éwwzdxdt‘ < fc/ / @3/2—¢w2dxdt
2 Jor a 2 Jo Jo a
T /1 2
< sdldQC/ / (93/2w—dxalt7
2 o Jo a

by the very definition of ¥. In order to estimate the last integral, we distinguish
the cases K < % and K > In the former case, using the Young inequality, we

(4.22)

1
3
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get

1 2
e / 032%" 4,
2 0 a

/4 2 1/4
- d1d2 1 w2 3 3 (T — X0 2
(4.23) T /0 <@ a?/3|x — xo|2/3 © a v

didy 1 w? didy ' 5 (z— 2 2

Now, we introduce the function

. 4/3 2N 2/3
p(x) = |z a;U/OJ = (m Zo| ) — 0 as x — 0 by Lemma 2.1,

a(x)

and we take q = % — %K . Then the function

b P@) <|$—9€0|K)2/3

|z — xold a

is nonincreasing on the left of x = z( and nondecreasing on the right of z = xg
by Lemma 2.1. Since K < 1/2, we have that ¢ € (1,2). Thus, using the Hardy-
Poincaré inequality (see Proposition 1.1), one has

1 1
/ dex:/ ﬂwzda:
o a*/3lw — ol o |z =zl

1
(4.24) < CHP/ p(wI)Qdm
0

4/3 4/3 1

< |1 — | / 2
<C o, 2 )2dz,
< Hnumax{a(o)z/3 ()2 } O(w) T

by Lemma 2.1. Thus, by (4.23) and (4.24), we have that for s large enough
(4.25)

d d 1 2 1 3 . 1 . o 2
sgc/ 032 4z < gs/ O(wy)?dx + 0—53/ o3 (L1 w?dez,
2 0 4 Jo 8 0

a ¢

for a positive constant C. Using (4.25), from (4.22) we finally obtain

s é¢w2da¢dt‘ < %s O(w,)?dxdt

2 Qr @ Qr

3 _ 2
+ G [ e (1) v
Qr a

1
If K > 3 we proceed as follows. We take r > 2, v < 2 and «a, 8 > 0 to be

(4.26)

chosen later, and, by (3.14) and the Young inequality, we get

1 2 1 9\ 1/7 . 8 1-1/r
/ @3/2w7dx < C/ (@w2> (@almfduﬁ) dx
(4.27) 0 “ o\ 7 @

1 2 1 B
c w T T—x
< f/ @—2dm+—/ @aguﬂdaj,
rJo = r—1Jo a”
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which holds true provided that:

3r—2
a= 2::72(< 3 since r > 2),
and
11 |z—af~
a = “z2rr v
which, by (4.1), is true if
r
4.28 >
( ) U r—1
and
M < 9.
Vr=1)—r"

Notice that (4.28) is consistent with the requirement v < 2 since r > 2.
Moreover, we shall clearly use the inequality

B _ 2
x—T A |r—x0
7‘ 0| <C< |) ’

a” a

which is true if

2-6 .

22—y~
Hence, choosing  and ~ satisfying the conditions above, from (4.27) and the clas-
sical Hardy inequality (recall that H1(0,1) C H(0,1)) we get

! w? ! ! z—z0\"
(4.29) / 032 —dx < cl/ O(w,)?dx + 02/ e? <) w?dx
0 a 0 0 a

for some universal constant ¢1,ca > 0. Hence, as before, (4.26) also holds in this
case, if s is large enough.

Now, we consider the last term in (4.21), i.e. szT O(ay") ww,dxdt. Observe
that, using the definition of 1) and Hypothesis 4.2, we have

_ /
(@) || 1 (0.1) < dre® (432 L 6R+2R ‘ (x%)“
L°°(0,1)
x—x0)a’\’
+ <(aO)> = CR.
£°(0,1)

Hence, proceeding as for (4.25), one has

1
s @(ad)”)'wwxdxdt‘ < 3 Ol (av”) Pw?dxdt
Qr Qr

+ 1s O(w,)*dxdt

2 Jor
1 1
< fsc||(a¢”)’\|%oc(0 1 / O3 2wldxdt + = s O(w, )?dxdt
2 U Jor 2 Qr
3 _ 2
< gs/ O(wy)?dxdt + SSC— o3 <ac:c0> w?dxdt.
4 T 8 Qr a
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Summing up, we obtain

3 . 2
{D.T}> —%s O(wy)?dxdt — %83/ e? <x$0) w?dxdt
Qr T

a
3 _ 2

0—83/ e3 (M)) wdzdt

8 - a

2
+sC/ @(wx)dedtJrs?’C/ o3 (:v—m0> w?dxdt

a
3
- gs O(wy)?dxdt — C—s?’ 03 (w,)?dxdt
4 Qr 8 Qr
c c3 — a9\’
= —5s O(wy ) dadt + —53/ o3 (mm) wdaxdt.
2 Jaor 2 Qr a

O
As for the boundary terms, similarly to Lemma 3.7, we have the following
result, whose proof parallels the one of Lemma 3.7 and is thus omitted.

LEMMA 4.4. Assume Hypothesis 4.2. Then the boundary terms in (3.25) reduce
to

—sdy /O ' o(t) [(:17 - xo)eR@*wo)Q(wz)ﬂ .

z=0

By Lemmas 4.3 and 4.4, there exist C > 0 and sg > 0 such that all solutions
w of (3.22) satisfy, for all s > s,

1
/ S LiwL wdzdt > Cs / O(w, ) dxdt
Qr @

T

2
L o8 / o3 (-) wdedt
T a

— sd, /0 ' o(t) [(x - xo)eR@*wo)Q(wz)?] .

=0
Thus, by (3.24) and (4.30), we obtain the next Carleman inequality for w:

2
s/ @(wm)ZdIdt+s3/ e? (:ca:o> wdxdt

(4.30)

a

2s¢p T 1
<C (/ h2 € dxdt + sdy / [9(:6 _ iEo)eR(w_wO)Q (wx)g}x dt)
T a 0

for all s > sg.

Theorem 4.2 follows recalling the definition of w and starting as in the end of
the proof of Theorem 3.1.






CHAPTER 5

Observability inequalities and application to null
controllability

In this chapter we assume that the control set w satisfies the following assump-
tion:

HypoTHESIS 5.1. The subset w is such that
e it is an interval which contains the degeneracy point, more precisely:

(5.1) w = (a, ) C (0,1) is such that z¢ € w.
or
e it is an interval lying on one side of the degeneracy point, more precisely:
(5.2) w = (a,B) C (0,1) is such that z¢ & @.

1. The divergence case

Now, we consider the problem in divergence form and we make the following
assumptions on the function a:

HypOTHESIS 5.2. Hypothesis 4.1 is satisfied. Moreover, if Hypothesis 1.1 holds,
we assume that there exist two functions g € L2, ([0,1]\ {z0}), b € W.°([0,1] \

{0}, L>°(0,1)) and two strictly positive constants go, ho such that g(z) > go for
a.e. z in [0,1] and

_2% </ch s+ ho) + Va(@)g(z) = bz, B) for ae. z,B € [0,1]

with z < B < xg or g < x < B.

(5.3)

REMARK 9. Contrary to the non degenerate case, the identity in (5.3) is as-
sumed to hold with functions which are bounded only far from zg. Indeed, (5.3)
will be applied in sets where a is non degenerate and the corresponding identity
given in Hypothesis 3.1 will be applied. For this reason, functions g and § can be
easily found, once a is given.

To the linear problem (1.2) we associate the homogeneous adjoint problem
vy + (avg), =0, (t,x) € Qr,
(5.4) v(t,0) = v(t,1) =0, te (0,T),
v(T,z) = vr(z) € L*(0,1),

where T' > 0 is given. By the Carleman estimate in Theorem 4.1, we will deduce the
following observability inequality for both the weakly and the strongly degenerate
cases:

47
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PRrROPOSITION 5.1. Assume Hypotheses 5.1 and 5.2. Then there exists a positive
constant Cr such that every solution v € C([0,T]; L*(0,1)) N L2(0,T; HL(0,1)) of
(5.4) satisfies

(5.5) /01 v*(0,2)dz < Or /OT /w v?(t, x)dxdt.

Using the observability inequality (5.5) and a standard technique (e.g., see [40,
Section 7.4]), one can prove the null controllability result for the linear degenerate
problem (1.2), another fundamental result of this paper.

THEOREM 5.1. Assume Hypotheses 5.1 and 5.2. Then, for every ug € L%(0,1)
there exists h € L?(Q) such that the solution u of (1.2) satisfies

w(T,z) =0 for every z € |0,1].

T 1 1
/ / hldzdt < C/ ugdx,
o Jo 0

for some universal positive constant C.

Moreover

We remark that Proposition 5.1 has an immediate application also in the case
in which the control set w is the union of two intervals w;, i = 1,2 each of them
lying on one side of the degeneracy point. More precisely, we have the following
observability inequality, whose proof is straightforward:

COROLLARY 5.1. Assume Hypothesis 5.2 and w = wy U wa, where w;, 1 = 1,2
are intervals each of them lying on one side of the degeneracy point, more precisely:

(56) w; = ()\Z,ﬂl) C (0, 1), 1=1,2, and B1 < xp < Aa.

Then there exists a positive constant Cr such that every solution v of (5.4) satisfies

1 T
/ v*(0,2)dx < CT/ /vg(t,:v)dxdt.
0 0 w

As a consequence, one has the next null controllability result:

THEOREM 5.2. Assume (5.6) and Hypothesis 5.2. Then, for everyug € L?(0,1),
there exists h € L?(Q) such that the solution u of (1.2) satisfies

w(T,z) =0 for every z € |0,1].

T 1 1
/ / h2dzdt < C’/ ud(z)dr,
o Jo 0

for some positive constant C.

Moreover

1.1. Proof of Proposition 5.1. In this subsection we will prove, as a con-
sequence of the Carleman estimate established in Theorem 4.1, the observability
inequality (5.5). For this purpose, we will give some preliminary results. As a first
step, we consider the adjoint problem with more regular final-time datum

vt + (avfﬂ)fb = 07 (t,$) € QTv
(5.7) W(t,0) = v(t, 1) = 0, te (0,7),
v(T,x) = vr(z) € D(A?),
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where

D(A2) = {u € D(A) | Aju € D(A) }

and, we recall, Aju := (auy),. Observe that D(A?) is densely defined in D(A;)
(see, for example, [12, Lemma 7.2]) and hence in L?(0,1). As in [16], [17] or [31],
letting vr vary in D(A?), we define the following class of functions:

Wy = {v € C*([0,T); L*(0,1)) N C([0,T); D(A1)) | v is a solution of (5.7)}.
Obviously (see, for example, [12, Theorem 7.5])
Wi C C'([0,T]; HZ(0,1)) C Si C U,
where, S; is defined in (4.5) and
Uy = C([0,T]; L*(0,1)) N L*(0, T; Hi (0, 1)).

We start with the following Proposition, for whose proof we refer to [33, Propo-
sition 4.2], since also in this weaker setting that proof is still valid. We underline
the fact that the degeneracy point is allowed to belong even to the control set.

PRrOPOSITION 5.2 (Caccioppoli’s inequality). Assume Hypothesis 1.1 or Hy-
pothesis 1.2. Let w’ and w two open subintervals of (0,1) such that w' CC w C (0,1)
and xog € &'. Let p(t,x) = O(t)Y(x), where © is defined in (3.2) and

Te C([Oa 1]’ (_007 O)) n Cl([()? 1] \ {.130}, (_OO’ O))
is such that
(5.8) Tal < = in 0.1\ {ao}

for some ¢ > 0. Then, there exist two positive constants C' and sqg such that every
solution v € Wy of the adjoint problem (5.7) satisfies

T T
/ /(vz)Zezs“’dmdt < C’/ /’L)le‘dt,
0 w’ 0 w

REMARK 10. Of course, our prototype for T are the functions v defined in
(3.3) or in (4.3). Indeed, if ¢ is as in (4.3), then

for all s > sg.

|z — 20| |z — )2 1 <

1
a(w) —a a(x) A /a,(x) - C, /a(x)

by Lemma 2.1. In the case of (3.3), inequality (5.8) is obvious.

V(@) =1

REMARK 11. Actually, in the proof of Proposition 5.2, only the regularity on
a required in Hypothesis 1.1 or Hypothesis 1.2 is used, and not the inequality
(r —xz)d’ < Ka.

We shall also need the two following lemmas, that deal with the different sit-
uations in which x( is inside or outside the control region w. The statements of
the conclusions are in fact the same, however, we state the results in two separate
lemmas, since their applications are related to different situations and the proofs,
though inspired by the same ideas, are different. First, we state both the results
and then we will prove them.
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LEMMA 5.1. Assume (5.1) and Hypothesis 5.2. Then there exist two positive
constants C and so such that every solution v € Wy of (5.7) satisfies, for all s > s,

/ (s@a(vgj)2 + s3@3 20 (z = xo) 2) e2Pdxdt < C/ / vidadt.

Here © and ¢ are as in (3.2) and (4.3), respectively, with c¢1 sufficiently large.

LEMMA 5.2. Assume (5.2) and Hypothesis 5.2. Then there exist two positive
constants C and so such that every solution v € Wy of (5.7) satisfies, for all s > s,

/ G@M%F+§®@“j@ >2wm&<c/‘/2Mﬁ

Here © and ¢ are as in (3.2) and (4.3), respectively, with ¢; sufficiently large.

We underline the fact that for the proof of the previous lemmas a crucial role
will be played also by the Carleman estimate for nondegenerate equations with
nonsmooth coefficient proved in Theorem 3.1.

PrOOF OF LEMMA 5.1. By assumption, we can find two subintervals w; =
()\1,,81) - (0,130),(.4}2 = ()\2,,32) C (560,1) such that (w1 UWQ) CCw \ {ZEQ} Now,
consider a smooth function ¢ : [0, 1] — [0, 1] such that

0 z€l0,q],
f(x)=q1 x €[\, fo]
0 zels1],

and define w := v, where v solves (5.7). Hence, w satisfies

(5.9) {wﬂwm=mm%+ww:j,@memmx@m
w(tv 0) = w(tv 1) =0, te (O,T)

Applying Theorem 4.1 and using the fact that w = 0 in a neighborhood of x = 0
and z = 1, we have

2
(5.10) / (s@a(ww)2 + SSGSMwQ)eQW dzdt < C e**? f2dxdt

T a Qr
for all s > sg. Then, using the definition of £ and in particular the fact that &, and
&zo are supported inside & := [a, A\1] U [B2, B], from Hypothesis 5.2 we can write

f?= ((a€zv)z + afmUI)Q < C(U2 + (Ux)Z)Xa;-
Hence, applying Proposition 5.2 and inequality (5.10), we get

2
/ / <s®a V) 2y 53@3M02> e dxdt
A1 a

2
/ / s@a (wg) 24108 (z = 20) w2>62‘w dxdt
AL

a

2
S/ / s@a(wz)2+S3Q3Mw2>e2wdmdt

< C/ / 250 (02 4 (vy)?)dadt < C’/ / vidadt,

for a positive constant C.

(5.11)
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Now, we consider a smooth function 7 : [0,1] — [0, 1] such that

2+82
T(x)z{o o [0,
1 Z‘E[ﬁg,l].

Define z := 7v, where v is the solution of (5.7). Then z satisfies (3.1), with
h = (aT,v), + aT,v,, A = Ay and B = 1. Since h is supported in [AQ;_BQ,/BQ}, by
Proposition 5.2, Theorem 3.1 applied with A = A9, B =1 and Remark 4, we get

T 1 T 1
/ / 5@(21)2623¢dl‘dt+/ / s303 22> dxdt
)\2 /\2
(5.12) < c/ / e p2dadt < C/ / 2dmdt+C/ / 25 () dadt
A2 Wi
< C/ /UQdJZdt,
0 w

where @1 = (A2, f2). Let us remark that the boundary term in 2 = 1 is nonpositive,
while the one in x = A3 is 0, so that they can be neglected in the classical Carleman
estimate.

Now, choose the constant ¢; in (4.3) so that

(5.13)
1 1 1 ! bO
r - g(s)dsdt + dt
[/M \/@/t = x0)2/M a(t) =:II in the (WD) case,
c1 > . €2~ m
c( 1__ — in the (SD) case,
2T anE-K)

where ¢ is the constant appearing in (3.3). Then, by definition of ¢, the choice of
c; and by Lemma 2.1, one can prove that there exists a positive constant k, for

example
1— 2
k= max{maxa (%)} ,
[A2,1] a(l)
such that
(5.14) a(z)e2se(t2) < fe2s®(t2)
and
2

(515) MGQSW(L@ < ke2s¢(t7w)

a(z)

for every (t,x) € [0,T] X [A2,1]. Note that the value of k can be immediately
found by estimating the coefficients of €2*?(t:%) in (5.14) and (5.15), once known
that e25¢(t7) < ¢252(t:2) ysing Lemma 2.1. Finally, condition (5.13) is a sufficient
one to get e25¥(th7) < ¢25®(t:2) and it can be found by using Lemma 2.1 and rough
estimates.
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Thus, by (5.12), one has

2
/ / s@a (zz) +33@3( ~ %) )eQS‘pda:dt

A2

T 1

< k/ / s@(zz)Qe2s¢dazdt+k/ / 530322625 dydt

0 Ao 0 Ao

T
< kC / / v2dxdt,
0 w

for a positive constant C. As a trivial consequence,

/ / sOa(v 24 8393( xo) 112) e25?dadt

/ / sOa(z;) 24583 (= xo) )e2wdxdt

< / / s@a(zm)2 + 53@3Mzz)62wd:cdt
0 Jx a

T
< / / vidxdt,
0 w

for a positive constant C'.
Thus (5.11) and (5.16) imply

3 3( —70)* 5\ o g 2
(5.17) / / 50a(vy)? + 5°0 )e 5 dxdt < C/ /v dzdt,
)\1 a 0 w

for some positive constant C.
To complete the proof it is sufficient to prove a similar inequality on the interval
[0, A1]. To this aim, we perform a reflection procedure introducing the functions

ol x), z € 0,1],
(5.18) Wit o) = {m, —x), z€[-1,0],

(5.16)

where v solves (5.7), and
(5.19) i(x) = {a(a:)7 z€[0,1],

Then W satisfies the problem

Wi+ (aWy)z =0, (t,z) € (0,T) x (—1,1),
(5.20)
W(t,—1)=W(t,1)=0, te(0,T).
As above, we introduce a smooth function p : [-1, 1] — [0, 1] such that

0 zel[-1,-2fA]
plx) =491 xze[-A1,\],
0 €[5 1]
Finally, set Z := pW, where W is the solution of (5.20). Then Z satisfies (3.1)
with h = (ap, W), + ap,W,. Observe that Z,(¢t,—p1) = Z.(t,$1) = 0. Using
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Proposition 5.2, Theorem 3.1 with A = —f; and B = 1, Remark 4, the definition
of W and the fact that h is supported in [—’\17;51, —)\1} U {)\1, %} give
(5.21)

/ / 2 2S<I>dl‘dt+/ / 3@3z2 QSq)dJ?dt
B1
<C / / e n2dxdt
—B1
/\1+[31

< O/ /)\ +ﬁ 28@ W2 ( ) )dl‘dt+0/ / 25¢(W2 + (ng)Z)dJ?dt
A1+I51

< C/ / XY (W2 + (W,)?)dxdt
A1

]+ﬂ] ]+ﬂ]
A1

T
v?dxdt + C/ / e (v,)2dadt < C/ / v?dzxdt,
Al 0 w

for some positive constants C', which we allow to vary from line to line. Now, define

(t ) == O(t)i(x),

where

1/J(37)7 x Z 0,

(5.22) d(x) = b(et) = &1 U: t;(tggodt_c?] .z <.

and choose the constant ¢; so that

ﬁl b
/ / s)dsdt + / -
Va( _s, \alt
max ¢ 11, o o Valt) in the (WD) case,
0
Cy— —_FO___
o> 27 a(0)(2 - K)
max c—1 c—1 in the (SD) case
) S A '
T aDE-K) 0@ -K)

Thus, by definition of %, one can prove as before that there exists a positive constant

k, for example
2
kmax{ max &,(:E(J)},
[~B1,B1] a(O)

such that
d(x)ele@(t,m) < ker'iI)(t,x)
and

2
(xj(fﬂ)O) p258(t,2) < Le2s®(t,2)
a\x
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for every (t,x) ,T] X [=51,81]. Thus, by (5.21), one has
/ / s@a, 2y 53@3¥Z2) e Pdxdt

(5.23) <k / / V2e25®dadt + k / / 203 7% P dydt
<kC / / v?dxdt.
0 w

Hence, by (5.23) and the definition of W and Z, we get

T A1 _ 2
/ / 5363 MUQ + 5@@(%)2) e2*Pdydt
a

A1
:/ / 3@3 7o)* W2 + s0a(W, ))eQS‘pdxdt
T A1
S/ 3@3 z0)* W2+ s0a(W,) )625‘7’dxdt
(5.24) o 11
=/ / 3@3 %0)* 72 +s0a(Z ))e2s‘ﬁdxdt
0 A1
T rp1
S/ 3@3 ) 72 + s0a(Z )) 252 ddt
0 /31 a

T
/ v3dxdt,

for a positive constant C.
Therefore, by (5.17) and (5.24), Lemma 5.1 follows. O

PrOOF OF LEMMA 5.2. The idea is quite similar to that of the proof of Lemma
5.1, so we will be faster in the calculations. Suppose that zg < « (the proof
is analogous if we assume that 8 < x¢ with obvious adaptations); moreover, set
A= @ and v := O‘fﬁ, so that o < A < v < 8. Now, fix & € (a, \), Be (v, B)
and consider a smooth function ¢ : [0,1] — [0, 1] such that

0 ze€]l0,al,
flr) =41 e\,
0 zelb1].

Then, define w := &v, where v is any fixed solution of (5.7), so that w satisfies (5.9)
with
(5'25) f2 = ((afwv)x + angw)Q < C(U2 + (Uw)Q)XLZJa

where & = (&, A\) U (7, 8), by Hypothesis 5.2.

Applying Theorem 4.1 and using the fact that w = 0 in a neighborhood of
x =0 and z = 1, we have
(5.26)

2 T 1
/ / sOa(wy) 24 33@3( ~ %) 2)625“’ drdt < C/ / eQSSOdexdt,
o Jo
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for all s > sg. Hence, we find

2
/ / (s@a +83@3( xo) v) e25? dadt

2
/ / s@a (wy) 24 53@3( 7 ) )628(’9 dxdt

/ / 5®a (wy) 24 5‘3@3( - ) 2)625“” dzdt
(5.27) (by (5.10) and (5.25))

<C//25‘”v+ 2)?)dxdt

(by Proposition 5.2 with ¢ = O, since & CC w, and using the fact that

€2%¢ is bounded)

T
< C’/ /v2dxdt.
0 w

Analogously, we define a smooth function 7 : [0, 1] — [0, 1] such that

ﬂm_{Oxem?L

1 ze€ly1].

Defining z := 7w, then z satisfies

(5.28) {Zt + (CLZx)m =h, (t, QJ) S (O’T) X (Oé, 1)

z(t,a) = 2(t,1) =0, te(0,T),
with h := (a7,v), + a7, v,, which is supported in @ = (A, 7).

Observe that (5.28) is a nondegenerate problem, hence, thanks to Remark 4, we
can apply the classical Carleman estimate (3.4) with A = o and B = 1, obtaining

T 1 T 1
/ / s@(zg;)Qerq)dxdt—&—/ / s30322e2 % dxdt
0 a 0 «
T 1
< c/ / e2*®h2dzdt,
0 a

where r > 0, s > sg and ¢ > 0. Let us note that the boundary term which appears
in the original estimate is nonpositive and thus is neglected.
Now, we use Proposition 5.2, getting as above
(5.29)

/ / $0(zz) 2 25@dwdt+/ / 3032225 drdt
T
gO/‘/J”@M%%WMﬁgc/./ﬁwﬁ+O ./J@@YMﬁ
0 @ 0 @ 0 @
T
< C/ /’Udedt.
0 w
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Now, choose the constant ¢; in (4.3) so that

bl / : ' b
r [/ —— g(s)dsdt—!—/ dt
st b (1-— x0)2a v in the (WD) case,
S T O e |
(1 — 1’0)2 in the (SD) case.
“TaDE-K)

Then, by definition of ¢ and the choice of ¢, one can prove that there exists a
positive constant k, for example

k= o) 25}

such that
a/(x)eQSLp(t,I) < ker@(t,x)

and 2
(@ = 20)” aspttn) < pe2stit)
a(x) B

V(t,z) € [0,T] x [, 1]. Thus, by (5.14) and (5.15), via (5.29), we find
2
/ / s@a (22) + 83@3( i) )ezswdxdt

1
< k/ / s@(zz)Qegs(pdxdt—I—k/ / 530322625 dydt
0 a 0 a
T
< C’/ /dexdt,
0 w

for a positive constant C' and s large enough. Hence, by definition of z and by the
inequality above, we get

T /1 2
/ / (s@a(fum)2 + 83@3Mv2>625“’d1dt
0 ¥ a
T 1 )2
= / / <s®a(zx)2 + SSGSMZQ)BQS“’dIdt
0 ¥ a
T )2
< / / (s@a(zl)2 + 33@3wz2>623“’dxdt
0 «

T
< C/ /v2dxdt,
0 w

for a positive constant C' and for s large enough.
Thus (5.27) and (5.30) imply

2 T
(5.31) / / s@a (vz) 24 5393( — ) )623“’ dxdt < C/ / vzdacdt,
0 w

for some positive constant C' and s > sg.
To complete the proof it is sufficient to prove a similar inequality for = € [0, A].
To this aim, we follow the reflection procedure introduced in the proof of Lemma 5.1:

(5.30)
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consider the functions W and & introduced in (5.18) and (5.19), so that W satisfies

(5.20).
Now, consider a smooth function p : [—1,1] — [0, 1] such that
0 zel[-1,—1],
plx) =<1 z €[\,
0 weyl],
and define Z := pW; thus Z satisfies
(5 32) Zt + (aZr)r == ?L7 (t7l’) € (OvT) X (7536)5
' Z(t,—B)=2Z(t,B)=0, te(0,7),

with h = (apa W) + ape Wy, which is supported in [—7, =A] U [\, 7).

Now, define @(t,z) := O(t)ih(z), where () is defined as in (5.22). Using the
analogue of Theorem 4.1 on (—f3,3) in place of (0,1) and with ¢ replaced by @,
the equalities Z,(t, —8) = Z.(t,8) = 0, and the definition of W, we get

/ / (s@a 3@3( = )Z2> e2*Pdxdt
§c/ / e2*Ph2dxdt
-2
<C// (W2 4 (W,)?) 29%"dmdt+c/ / (W2 + (W,)?)e***dxdt

(since ¥(z) = (—z) for 2 < 0)

=20 / / W2+ (W,)He?*dxdt = 2C / / (v? + (v,)?)e?*Pdxdt

(by Propositions 5.2)

T
< C/ /U2dxdt,
0 w

for some positive constants ¢ and C and s large enough.
Hence, by the definitions of Z, W and p, and using the previous inequality one

e25? dadt

has
T rA — 2
/ / (s@a(vm)2 + 8393(96%)1)2) e dxdt
a
2
:/ / <s®a )2 —|—s3@3(a0)W2> e dxdt
T )2
_ / / (s@a )2 +53®3MZ2> 252 ddt
o Jo a
(5.33) 20 @ — an)?
S/ / <s@a 2)? +53®3Z2> eXdydt
o Jo a
2
(z —z0)* ,
a

T rB
< ( ) +83@333
0

-B
T
< C’/ /dexdt
0 w
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for a positive constant C' and s large enough. Therefore, by (5.31) and (5.33), the
conclusion follows. (]

We shall also use the following

LEMMA 5.3. Assume Hypotheses 5.1 and 5.2. Then there exists a positive
constant Cp such that every solution v € Wy of (5.7) satisfies

1 T
/ vz(O,x)d;L’ < CT/ /v2(t,x)d:cdt.
0 0 w

ProoF. Multiplying the equation of (5.7) by v; and integrating by parts over
(0,1), one has

1 1 1
0= / (vt + (avz )z )vedx = / (V2 4 (avy)vp)dx = / vida + [avwvt]izé
0 0 0

1 1 1 1
l1d 1d
_/ AV Vg dT = / vide — S — a(ve)? > —5— a(vy)?dz.
0 0 24t Jo 24t J,
Thus, the function ¢ +— fol a(vy)?dx is increasing for all ¢ € [0,T]. In particular,

1 1
/ av, (0, )%dz < / avy(t, x)*dx for every t € [0, T].
0 0

T 3T
Integrating the last inequality over [4, 4] , © being bounded therein, we find

[ atwroaies 2 [* [ ot

Lo
< CT/ / 50a(vy)%(t, x)e* P dxdt.
z Jo

Hence, by Lemma 5.1 or by Lemma 5.2 and the previous inequality, there exists a
positive constant C such that

1 T
(5.34) / a(vy)?(0,2)dx < C / vidadt.
0 0 Juw

Proceeding again as in the proof of Lemma 4.1 and applying the Hardy-
Poincaré inequality, by (5.34), one has

/01 ((33:230)2> v v%(0,z)dx < /01 mﬁ(o,@d:y

1
SCHP/ p(vm)Q(O,x)dx
0

1
gmaX{Cl,C’g}CHp/ a(vy)?(0,z)dx
0

T
< C/ /Udedt7
0 w
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4
for a positive constant C. Here p(z) = (a(z)|z — 20/*)Y/? if K > 3 o p(z) =

max alz — 20|*? otherwise,

[0,1]
oo ()" (0) ")

223 (1-— x0)4/3
C5 := max { —2 and Cyp is the Hardy-Poincaré constant, as be-

a(0)”  a(l)

fore.
a(z)

By Lemma 2.1, the function x —
(x — )2

is nondecreasing on [0, zo) and

nonincreasing on (xo, 1]; then

(255) = e (255) (%)}
03/01’()(0,33‘)2d$ < C’/OT/WUdedt

and the thesis follows. O

Hence

PROOF OF PROPOSITION 5.1. The proof is now standard, but we give it with
some precise references: let v € L?(0, 1) and let v be the solution of (5.4) associated
to vr. Since D(A3?) is densely defined in L%(0,1), there exists a sequence (v}),, C
D(A?) which converges to vr in L*(0,1). Now, consider the solution v,, associated
to vi.

As shown in Theorem 2.1, the semigroup generated by A; is analytic, hence
Ay is closed (for example, see [24, Theorem 1.1.4]; thus, by [24, Theorem II.6.7],
we get that (vy,), converges to a certain v in C([0,T]; L?(0,1)), so that

1 1
lim vi(O,x)dw:/ v?(0, )dz,
0

n—-+oo 0

T T
lim /Ufbdxdtz/ /U2dxdt.
n=+0 Jo Ju 0 Juw

But, by Lemma 5.3 we know that

1 T
/ v2(0,z)dr < CT/ /vidmdt.
0 0 w

Thus Proposition 5.1 is now proved. (I

and also

2. The non divergence case

In this section we make the following assumptions on the degenerate function
a (see also Remark 9 concerning the divergence case):



605. OBSERVABILITY INEQUALITIES AND APPLICATION TO NULL CONTROLLABILITY

HypOTHESIS 5.3. Hypothesis 4.2 is satisfied. Moreover, if Hypothesis 1.1 holds,
then there exist two functions g € L2 ([0,1]\{z0}), h € W,5°([0, 1]\ {z0}, L>=(0,1))

loc
and two strictly positive constants go, ho such that g(z) > go for a.e. x in [0, 1] and

a'(x)
2¢/a(x)
with x < B < xg or g < x < B.

(5.35)

(/ g(t)dt + f)0> ++va(x)g(z) =h(z,B) for a.e. z,B €[0,1]

As for the case in divergence form, by the Carleman estimates given in The-
orems 3.2 and 4.2, we will deduce a fundamental observability inequality for the
homogeneous adjoint problem to (1.2), i.e.

Vp + Uz = 0, (t,z) € Qr,
(5.36) v(t,0) = v(t,1) =0, te (0,7),
v(T,x) = vr(z) € L% (0, 1),

where T' > 0 is given. Such an observability inequality will hold true both in the
weakly and in the strongly degenerate cases, as the next proposition shows.

PROPOSITION 5.3. Assume (5.2) and Hypothesis 5.3. Then there exists a pos-
itive constant C such that the solution v € C([0,T]; L% (0,1)) N L2(0,T; H1 (0,1))

of (5.36) satisfies

! 1 r 1
(5.37) / v%(0,z)~dx < CT/ /vadacdt.
0 a 0 Ju @

Using inequality (5.37) the following null controllability result for (1.2) in non
divergence form holds:

THEOREM 5.3. Assume (5.2) and Hypothesis 5.3. Then, given ug € L% (0,1),
there exists h € L2 (Qr) such that the solution u of (1.2) satisfies

w(T,z) =0 for every z € [0,1].

/ / h?=dxdt < C’/ ul~dzr,
o Jo a 0 a

for some positive constant C independent of ug.

Moreover

We refer to Comment 2 in Chapter 7 to explain why in Proposition 5.3 and
Theorem 5.1 we consider only the case in which the degeneracy point is outside the
control region.

As for the divergence case, a straightforward consequence of Proposition 5.3
and of Theorem 5.3 are the following results, which are of interest when the control
region lies on both the two sides of the degeneracy point.

COROLLARY 5.2. Assume Hypothesis 5.3 and (5.6). Then there exists a positive
constant C such that every solution v € Wy of (5.38) satisfies

! 1 T 1
/ v2(0,x)fdx < CT/ /vQ(t,x)fdxdt.
0 a 0 Jw a

As a standard consequence one has the next null controllability result:
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THEOREM b5.4. Assume Hypothesis 5.3 and (5.6). Then, given ug € L3 (0,1),
there exists h € L2 (Qr) such that the solution u of (1.2) satisfies

w(T,z) =0 for every z € [0,1].

/ / h?—dzdt < C/ ud(z)~dx
o Jo a 0 a

for some positive constant C.

Moreover

2.1. Proof of Proposition 5.3. As for the problem in divergence form, we
will start giving some preliminary results for the following homogeneous adjoint
final-time problems having more reqular final-time datum:

v+ avgy = 0, (t,z) € Qr,
(5.38) W(t,0) = o(t, 1) = 0, te(0,7),
o(T,z) = vr(x) € D(A3),

where, we recall, Aou = aug, with D(As) = H32(0,1), and

D(A2) = {u € D(Ay) | Asu € D(Ay) }
Observe that D(A3) is densely defined in D(Ajz) (see, for example, [12, Lemma
VIL.2]) and hence in L2 (0,1). As in [16], [17] or [31], letting vy vary in D(A2),

we introduce the class of solutions to (5.38), i.e.
Wy 1= {’U e C*([0,T); L3 (0,1)) N C([0,T]; D(Az)) | v solves (5.38)},

with the obvious meaning that it is a class and not a set of one function, since v
vary.
Obviously (see, for example, [12, Theorem VIIL.5])

Wo C Cl([07T]; Hi(o,l)) C Sy C Us,
where Ss is defined in (4.19) and
Uy := C([0,T); L3 (0,1)) N L*(0, T; HL (0, 1)).

Also in this case the Caccioppoli’s inequality is crucial. In the non divergence
case it reads as follows:

PROPOSITION 5.4 (Caccioppoli’s inequality). Assume that either Hypothesis
1.1 and (5.35) or Hypothesis 1.2 hold. Let w' and w two open subintervals of (0,1)
such that w' CCw C (0,1) and xo € @. Let p(t,x) = O(t)Y (), where © is defined
in (4.3) and
T € C([0,1], (=00,0)) N C*([0, 1]\ {wo}, (—0,0))
satisfies (5.8). Then, there exist two positive constants C and sy such that every
solution v € Wy of the adjoint problem (5.38) satisfies

T T T 1
v )2ePdxdt < C v3dxdt < C v? = dxdt
(va) ;

0 w’ 0 w 0 w a

for all s > sg.
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Observe that we require xg € @, since in the applications below the control
region w is assumed to satisfy (5.2). Moreover, as in Remark 10, one can prove
that our prototype for T is the function 1 defined in (4.18).

PROOF OF PROPOSITION 5.4. The proof is an adaptation of the one of [33,
Proposition 4.2], so we will skip some details. Let us consider a smooth function
€ :10,1] — R such that

<{(z)<1 forallze|0,1],
§(x) =
§(x)

1 T EW,
0 ze[0,1]\w

Hence, by the very definition of ¢, we have

T 1
d
0 :/ a (/ §2e2s*0v2dx> dt :/ (2582 pie**0? + 262> vvy ) dadt
0 0 T

dt
(since v solves (5.38) and has homogeneous boundary conditions)

=2 s€2p 250 dadt + 2/ (§2ezwa)mvvmdmdt
QT T

+2 2252 q(v, ) dxdt.
Qr

Therefore, by definition of &, the previous identity gives

T T
2/ /fzezswa(vm)zdzdt: 72/ /sfchtezs“"vzd:cdt
0 w

_ 2 2sap €esgp\/6
2/ / e mfsw\[vvgcdgcdt

(by the Cauchy—Schwarz inequality)

< —2/ /sz@tezs“’demdt—i—/ /(fes‘p\/&vm)dedt
0 w
52 25apa 2
/ /( NG v dxdt
T
= —2/ /sﬁZ@tezs‘pdexdt—i—/ /5262“%( ) dzdt
0 w 0 w

+4/0T/w[(§es“’\/5)w]2v2da:dt.

Thus

T T
/ /fzezwa(vx)zdzdt < —2/ /5§2got625"°v2dxdt
0 w 0 w

+4/0T/w[(§esw\/&)m]2v2dxdt.
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Since 2o € w’, then

T T
infa(x)/ /ezw(vx)QdmdtS/ / 2e252 (v, ) 2dadt
w’ 0 Ju 0o Jor

T
S/ /52625"’a(vx)2dxdt

0 w

T T
< —2/ /s§2<,ote2s“’v2d:vdt+4/ /[(ﬁes‘/’\/&)r]%2dmdt.
0 w 0 w ’

As in [33, Proposition 4.2], one can show that sp;e?*% is uniformly bounded if
s > sg > 0, since T is strictly negative, a rough estimate being

1
88/4(— max T)5/4.

On the other hand, ({e°#y/a), can be estimated by

|spse?5?] < cs\T|®5/4623T9 <c

2
C (eQS‘P + 8% ()25 + €257 (@) > )

(a')?

a
holds with Hypothesis 1.1 or Hypothesis 1.2 is in force, while s%(¢,)?e?*%? can be
estimated with

Of course, e2*¢ < 1,

exists and is bounded in w since xg & @ and (5.35)

c 5 _C
- < Z
(— maXT)Q(Tx) T a

by (5.8), for some constants ¢ > 0 (see [33, Proposition 4.2]). Hence, there exists a
positive constant C such that

T T
72/ /s§2¢t628“"v2dzdt+4/ /[(gew\/&)m]%zdxdt
0 w

w 0
T T 1
< C/ /dexdt < C/ /UQfdxdt,
0 w 0 w a

and the claim follows. O

LEMMA 5.4. Assume (5.2) and Hypothesis 5.3. Then there exist two positive
constants C and sg such that every solution v € Wh of (5.38) satisfies

2 T
— 1
/ s0(v,)? + s°0° (W> v? | e2Pdadt < C/ / v2=dadt
Qr a 0 w a

for all s > so and dy sufficiently large.

PROOF. Suppose that zo < « (the proof is similar if we assume that § < xg

with simple adaptations); moreover, set A := % and v := QEZB , so that o <

A <y < f. Now, fix & € (o, \) and 3 € (v,5) and consider a smooth function
€ :10,1] — R such that

0<¢&(x)<1, forallzel0,1],
f(l’) =1, T e P‘vV]a ~
§(z) =0, z € 0,1\ (&,5).
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Define w := £v, where v is any fixed solution of (5.38). Hence, neglecting the
final-time datum (of no interest in this context), w satisfies
Wi + QW = a(&uov +2&v,) =1 f, (t,2) € (0,T) x (0,1),
w(t,0) = w(t, 1) =0, te (0,7).

Applying Theorem 4.2 and using the fact that w = 0 in a neighborhood of
x =0and z =1, we have

(5.39) / / s@ (wg) 24+ s%03 ( xo) w2> e2%? dxdt < C
QT

for all s > 5. Then, using the definition of § and in particular the fact that {, and
&z are supported in @, where @ := (&, A\) U (y, 8), we can write

2
D o (e + 2600° < 007 + ()50,

2sp

dxdt,

(5.40)

Hence, we find

2

/ / ( 24508 (awo> v2> e25? dadt

0
2
/ / 21508 <a$0> w2>62” dxdt

2

</ (sem)uss@s (555) w?)e o

. a

(5.41)  (by (5.39) and (5.40))
T
€252 (v? + (v,)?)dz
gc/o/@ (0 + (vp)?)derdt

(by Proposition 5.4 with ¢ = O, since & CC w, and using the fact that

ae?*%¥ is bounded)

T 2
gc/l/ﬂmu
0 w @

Now, consider a smooth function 7 : [0, 1] — R such that

0<n(z)<1, forallzel0,1],

n(x) =1, z € [v,1],
n(z) =0, x€0,N],
and define z := nv. Then z satisfies
(5.42) 2+ azer = (t,z) € (0,T) x (a, 1)
2(t,a) = 2(t,1) =0, te€(0,T),

with A = a(nz2v + 215v;) € L2((0,T) x (a,1)). Observe that (5.42) is non degen-
erate, since x € (a,1).

Moreover, since the problem is non degenerate, we can apply Theorem 3.2 with
A =a, B=1 and Remark 5, obtaining

T 1 T 1
/ / (50(22)* + s°0%2%) e**Pdadt < C/ / h2e*® dxdt,
0 a 0 «
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for s > sg. Let us note that the boundary term which appears in the original
estimate is nonpositive and thus is neglected.

Now, we use the analogue of (5.40) for h, Proposition 5.4 and, recalling what
the support of 7 is, we get
(5.43)

T 1

/ / (50(2)% + $°0%27) e** P duadt

0 a
T T T

< C/ / % (v? + (v,)})dxdt < C/ / v2dadt + C/ / e*® (v,)2dadt
0o Jo 0o Jao 0o Jao
T o2

< C’/ /—d:z:dt
0 w @

where @ = (A, 7).
Now, choose the constant d; in (4.18) so that

(5.44)
V drdt+/1 LI
a t
v (1 — z)2eR1—0)” o0 in the (WD) case,
— &0
dy > c %1’ a(1)(2 - K)
p (1— xo)zeR(pxo)? in the (SD) case.
2T T A2 - K)

Then, by definition of ¢ and the choice of d;, one can prove that there exists a
positive constant k, for example

oo (57)

such that
2sp(t,x) < 25 (t,x)
(5.45) e < ke
and
2
(5.46) TZT0\ " 2sp(te) o fp25®(te)
a(x) -

V(t,z) € [0,T] x [o, 1].
Thus, by (5.45) and (5.46), via (5.43), we find

2
/ / 5@ (zz) +53®3 <$$0) 22)6289"dxdt
a
<k / / )? 25¢dxdt+k/ / s°0°22e**® dudt
0
/ /—dajdt

\ /\
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for a positive constant C' and s large enough. Hence, by definition of z and by the
inequality above, we get

T 1 _ 2
/ / (s@(vm)2 tste8 (L% v2) e dydt
0 o a
T 1 r — o 2
= / / (s@(,z:,c)2 + 503 z2> e**Pdxdt
0 0% a
T ! r — o 2
< / / s@(zw)2 + 503 ( - ) zz)eQS‘dedt
< C/ / —dzdt,

for a positive constant C' and for s large enough.
Thus (5.41) and (5.47) imply

(5.48) // s@vm +33@3( x“) )29¢dxdt<c/ /%dmdt

for some positive constant C' and s > sg. To complete the proof it is sufficient to
prove a similar inequality for 2 € [0, A]. To this aim, we follow a reflection procedure
already introduced in [33], considering the functions

ot ), v €[0.1]
W(t,x):= {_U(t’ —z), z€[-1,0]

(5.47)

and

so that W satisfies the problem

Wi+ aWy,e = 0, (tax) € (OaT) X (_17 1)a
W(t,~1) = W(t,1) =0, te(0,T).

Now, consider a cut off function p : [-1,1] — R such that

0<p(x)< for all z € [-1,1],
pla) =1, €[=AN,
p(z) =0, z € [-1, ][y, 1],

and define Z := pW. Then Z satisfies

Zt +(~1Zxa: - iLa (t>$) € (O’T) X (7ﬂvﬁ)a
Z(t7 _ﬁ) = Z(tvﬁ) =0, te (07T)7

where i = Gppe W + 2ap,W,. Now, defining G(t, ) := O(t)i(z), with

(5.49)

) Y(@), 220,
R L R e A

—ao O(F
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we use the analogue of Theorem 4.2 on (—f, ) in place of (0, 1) and with ¢ replaced

by ¢. Moreover, using the fact that Z,(t,—8) = Z,(t, 8) = 0, the definition of W
and the fact that p is supported in [—v, —A] U [\, 7], we get

// ( 1 5303 (a””o>2z2> 25% ddt
<e / / iﬂeg
/ / (W? 4+ (W,)H)e**Pdadt + C / / (W2 + (W,)?)e**?dxdt

(since 9 (z) = 1h(—x), for x < 0)

_20/ / (W2 + )2*¢d:cdt—20/ / V% 4 (vg)?)e* P dadt

(by Propositions 5.4)

T 7)2
< C/ / —dzdt,
0 w @

for some positive constants ¢ and C' and s large enough.
Hence, by the definitions of Z, W and p, and using the previous inequality one

| /\

has
2o\ 2
/ / ( 2459038 <ao> v2> e**Pdxdt
-0\’
—/ / (5@(Wx)2 + 5763 ( 0) W2> e**?dxdt
o Jo a
T A Tr — X9 2
—/ / s@(Zw)2+s3®3< ) Z? | 2% dxdt
a
(5.50) 070
T B T — X0 2
§/ / 50(Z,)? +s3®3( ) Z? | 2% dxdt
o Jo a

for a positive constant C’ and s large enough. Therefore, by (5.48) and (5.50), the
conclusion follows. (]

We are now ready to prove the observability inequality in the case of a regular
final-time datum:

LEMMA 5.5. Assume (5.2) and Hypothesis 5.3. Then there exists a positive
constant C such that every solution v € Wy of (5.38) satisfies

! 1 T 1
/ v?(0,2)—dx < CT/ /vadxdt.
0 a 0 Jw @
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PRrROOF. Multiplying the equation of (5.38) by o and integrating by parts over
a
(0,1), one has
1 1 2 1
0= / (ve + avm)vt dx = / Mda: + [vat]iz(l) — / Vp Vs dT
0 a 0 0

a

1 2 1 1
(vr) 1d/ , 1d/ ,
- de— =2 [ ()2 > 22 [ (0p)2da.
/0 a v 2 dt O(U) - 2 dt O(U) x

Thus, the function ¢ — fol(vr)zdx is nondecreasing for all ¢ € [0,T]. In particular,
T 3T}

fol (v2)2(0, z)dz < fol (vz)?(t, z)dz. Integrating the last inequality over {4, Ve

we find
1 9 1
/(vw)Z(O,x)de—/ /(Uw)zdxdt
0 T z Jo

L
< CT/ / O(v,)%e?*0% dudt.
T Jo

Hence, by Lemma 5.4, there exists a positive constant C' such that

1 T o2
/ (v2)2(0,z)dx < C/ / —dzxdt.
0 0 Juw @

First, in the strongly degenerate case, by Lemma 2.3, there exists a positive constant
C > 0 such that

1 1
/ v2(t,x)1dx < C/ (vy)?(t, x)dz,
0 a 0

for all ¢ € [0,T]. Thus, from the previous two inequalities, we get

! 1 r 1
/ v%(0, ) —dx < C’/ /UZfdmdt
0 a 0 Ju @

for a positive constant C, and the conclusion follows.
In the weakly degenerate case, proceeding as in the proof of Lemma 4.3 and
applying the Hardy—Poincaré inequality of Proposition 1.1, one has

/01 v2(0,x)%dm = /01 (p(x)UQ(O,x)d;U

x —x9)?

< Cup / p() (02)%(0, z)da

1 T 2
< C’lCHp/ (v2)2(0, 2)dz < C/ / v—dxdt,
0 0 w

a

)2
for a positive constat C. Here p(z) = (&= 20)°

o (1 — )

a(0)” a(l)
the assumptions of Proposition 1.1 (with ¢ = 2 — K) thanks to Lemma 2.1. Hence,
also in this case, the conclusion follows. O

, Cyp is the Hardy-Poincaré
a(x)

constant and C; := max{ } Observe that the function p satisfies

Using Lemma 5.5 and proceeding as in the proof of Proposition 5.1, one can
prove Proposition 5.3.



CHAPTER 6

Linear and Semilinear Extensions

In this chapter we will extend the global null controllability result proved in
the previous chapter to the linear problem

ug — Au+ c(t, z)u = h(t, z)xo(x), (t,z) € (0,T) x (0,1),
(6.1) u(t,1) = u(t,0) =0, te(0,T),
(0, z) = uo(z), z € (0,1),

where ug € X, h € L?(0,T;X), ¢ € L*®(Qr), w is as in (5.1) or in (5.2). We
recall that X is L2?(0,1) in the divergence case and L% (0, 1) in the non divergence

one. Concerning a, we assume that it satisfies Hypo(ichesis 4.1 or Hypothesis 4.2
in order to prove the Carleman estimates in Corollary 6.1, and Hypothesis 5.2 or
Hypothesis 5.3 to prove the observability inequalities in Propositions 6.1 and 6.2.
Observe that the well-posedness of (6.1) follows by [32, Theorems 4.1, 4.3]. As for
the previous case, the global null controllability of (6.1) follows in a standard way
from an observability inequality for the solution of the associated adjoint problem

v+ Av —cv =0, (t,z) € (0,T) x (0,1),
(6.2) v(t,1) =v(t,0) =0, te(0,7T),
v(T) = vr € L*(0,1).

To obtain an observability inequality like the one in Proposition 5.1 or in Proposi-
tion 5.3, the following Carleman estimate, corollary of Theorem 4.1 and Theorem
4.2, is crucial. For this, consider the problem

(6.3) {Ut +Av—cv=h, (t,z) € (0,T) x (0,1),

v(t,1) =wv(t,0) =0, te(0,T)

and denote with S the space S if we consider the divergence case and Ss if we
consider the non divergence one.

COROLLARY 6.1. Assume Hypothesis 4.1 or Hypothesis 4.2. Then, there exist
two positive constants C' and sg, such that every solution v in S of (6.3) satisfies,
for all s > sg,

a

2
/ (s@a(vm)2 + 83@3($$0)v2> e dadt

T
<C (/ h2e*$? dxdt + scl/ [a©e?*? (z — x0) (v,)?dt] z:(l)> ,
Qr 0
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if Hypothesis 4.1 holds and

2
/ (8@(%)2 + 5703 (m—axo> 112) 2P dxdt

2s¢p

gc( n2E
Qr a

if Hypothesis 4.2 is in force. Here ¢y and dy are the constants introduced in (4.3)
and (4.18), respectively.

T
drdt + sdy / (062 (2 — o) (v,)dlt] z:é> :
0

PROOF. Rewrite the equation of (6.3) as vy + (av,)s = h, where h := h + cv.
Hence h? < 2h* 4 2||c|| (@, )v?. Now, we will distinguish between the divergence
and the non divergence case.

Divergence case. If Hypothesis 4.1 holds, then, applying Theorem 4.1, there
exists two positive constants C' and sg > 0, such that
(6.4)

)2
/ (s@a(vgg)2 + 5393Mv2) e P dxdt
Qr

a

T
<C ( h2e*$?dxdt + scy / [a©e?*? (z — xo)(vx)th]i:é>
Qr 0
T =1
<C (/ h2e*s? dxdt —l—/ e*Pvidrdt + scl/ [a©e?*? (z — x0) (v,)?dt] i_())
T T 0

for all s > so. Applying the Hardy-Poincaré inequality (see Proposition 1.1) to
w(t,z) = e*?t)y(t, ) and proceeding as in (4.11), recalling that 0 < inf ©@ < © <
c©2, one has

1 1 1 1 . \2
/ e Pvidr = / w?dx < C/ a(wy ) dx + f/ Muﬂdm
0 0 0 2.Jo a

! : ! (z — x0)®
< C’@/ ae®*? (v,)%dx + 6’6352/ e?sPy? 2 dx.
0 0 a

Using this last inequality in (6.4), we have

2
/ <5®a(vr)2 + 5363($$0)vg> e dydt

a

(6.5) <C </ h2e?% dzdt + Oae*? (v, ) dxdt
T Qr
_ 2 T _
+52 / 625“’@3Mv2d1’dt + s¢1 / [a@ezw(x — xo)(vm)zdt] x:é)
r a 0 -

for a positive constant C. Hence, for all s > sg, where sg is assumed sufficiently
large, the claim follows.



6. LINEAR AND SEMILINEAR EXTENSIONS 71

Non divergence case. If Hypothesis 4.2 holds, then, applying Theorem 4.2,
there exist two positive constants C' and sy such that
(6.6)

2
/ (s@(vm)2 + 503 <W) v2> e*Pdxdt
. a
T 625('0 T z=1
<C / h? dxdt—i—sdl/ [0e**% (z — wo) (vy)dt] 0
T a 0 =

2 e’ 2 e’ T 20 (. 2 gyz=1
<C h dxdt + v dzdt + sdy (06 (z — w0) (vs) dt] e
T T 0

a
for all s > sg. Applying again the Hardy-Poincaré inequality to w := e*¥v, setting

p(x) = (x(:z:)o)’ using Lemma 2.1 and proceeding as in Lemma 5.5, one has
a(x

1 1 1 p(ﬂ:) 1 1
/ w?=dr = / 72w2dx < CHp/ p(z)(wy)?dr < C'/ (wy)*dx
0 a o ( 0 0

x — xg)
-0\’
<C 0e?*? (v,)*dxdt 4 s* 3 [ 22 v2dadt |,
Qr Qr a

for a positive constat C' (we recall that Cyp is the Hardy-Poincaré constant).
Finally, using the previous inequality in (6.6), one has

2
/ (S@(’Uz)Q +s79° (x—axo> 112) e*Pdxdt

2s5¢p
<C ( / RS Cdudt+ | ©e2%(v,) dudt
Qr a Qr

+52 / @3p2s¢ (araaso) vidadt + sdy / [0e**% (z — wo) (vy)2dt] i_é)
T 0

As for the divergence case, choosing sy sufficiently large, the claim follows.
O

As a consequence of the previous corollary, one can deduce an observability
inequality for the homogeneous adjoint problem (6.2). In fact, without loss of
generality we can assume that ¢ > 0 (otherwise one can reduce the problem to this
case introducing ¥ := e~*v for a suitable \). Using this assumption we can prove
that the analogous of Lemma 5.1, of Lemma 5.2 and of Lemma 5.4 still hold true.
Thus, as before, one can prove the following observability inequalities:

PROPOSITION 6.1. Assume Hypotheses 5.1 and 5.2. Then there exists a positive
constant O such that every solution v € C([0,T]; L*(0,1)) N L?(0,T;HL(0,1)) of
(6.2) satisfies

(6.7) /01 v*(0,2)dx < COr /OT /w v?(t, x)dxdt.

PROPOSITION 6.2. Assume Hypothesis 5.3 and (5.2). Then there exists a pos-
itive constant Cr such that the solution v € C([0,7T]; L3 (0,1)) N L2(0,T;H% (0,1))
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of (6.2) satisfies

! 1 r 1
(6.8) / v%(0,z)~dx < CT/ /vadxdt.
0 a 0 Jw @

Using (6.7) and (6.8) one can prove that the analogous of Theorems 5.1, 5.3 still
hold for (6.1). We underline the fact that also Corollaries 5.1, 5.2 and Theorems
5.2, 5.4 still hold for (6.2) and (6.1), respectively.

Finally, the controllability result can be extended to a semilinear degenerate
parabolic equation of the type

Uy — Au + f(t,:c,u) = h(t7x)Xw(x)7 (t71') € (OvT) X (07 1)a
(6.9) u(t,1) = u(t,0) =0, t e (0,7),
u(0, z) = up(z), z € (0,1),
where ug € X, h € L?(0,T; X) and w satisfies Hypothesis 5.1. However, we can

treat this semilinear problem only in the (WD) case, since we need to use the
following compactness result:

THEOREM 6.1 ([32], Theorems 5.4, 5.5). Suppose that a € C[0,1] and a™! €
LY(0,1). Then the spaces

H(0,T;L2(0,1)) N L?(0,T; H2(0,1)) and H'(0,T; L% (0,1)) N LZ(O,T;HE (0,1))
are compactly imbedded in

L*(0,T;HL(0,1))nC(0,T;L(0,1)) and LQ(O,T;H%(O, 1))nc(0,T; LQ% (0,1)),
respectively.

Also in this case, we assume that a satisfies the degeneracy conditions stated
in Hypothesis 1.1. Moreover, in order to prove observability inequalities analogous
to those proved in Chapter 5, we assume that the conditions assumed therein are
satisfied. More precisely, we suppose that:

Hypothesis 5.2 holds in the divergence case
Hypothesis 5.3 holds in the non divergence case.
Concerning f : Q7 x R — R we make the following assumptions:
e f is a Carathéodory function, i.e.
the map (t,x) — f(t,x,q) is measurable for all ¢ € R and

the map ¢ — f(¢,z,q) is continuous for a.e. (¢,z) € Qr;

e f(t,x,0) =0 for a.e. (t,2) € Qr;

o fy(t,x,q) exists for a.e. (t,z) € Qr;
e f, is a Carathéodory function;

e there exists C' > 0 such that

Ifq(t,x,q)I <C

for a.e. (t,z) € Qr and for every q € R.
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To prove a null controllability result for (6.9) one can use, as in [3] or in [15],
a fixed point method, considering a suitable sequence of linear problem associated
to the semilinear one, apply a related approximate null controllability property for
the linear case, and pass to the limit. We omit the details, which are now standard,
just stating the following

THEOREM 6.2. Under the assumptions above, problem (6.9) is globally null
controllable.






CHAPTER 7

Final Comments

Comment 1. If w = w; Uws, w; intervals, with w; CC (0, xp), wa CC (xo, 1),
and zg ¢ w, the global null controllability for (1.2) follows by [3, Theorem 4.1]
when A = A; and by [16, Theorem 4.5] when A = Aj, at least in the strongly
degenerate case and if the initial datum is more regular. Indeed, in this case, given
up € HL(0,1) or ug € H1(0,1), u is a solution of (1.2) if and only if the restrictions
of u to [0,z¢) and to (:cg, 1],y ,,, and v, are solutions to
(7.1)

up — Au = h(t, x)xw, (z), (t,z) € (0,T) x (0, ),
u(t,0) =0, te(0,7),
(auy)(t, zg) = 0, %n the diverg.ence case Le (0.7),
u(t,xg) =0, in the non divergence case,
U(O, I) = uo(’r)l[o’zo)7
and
(7.2)
Ut — Au = h(t, m)sz ($>7 <t7x) € (07T) X (SC(), 1)’
u(t,1) =0, te(0,7),
(auy)(t, xo) = 0, %n the diverg'ence case te (0.7),
u(t, o) = 0, in the non divergence case,
u(0,x) = uo(m)kzo,u’

respectively. This fact is implied by the characterization of the domains of A; and
As given in Propositions 2.2, 2.5 and by the Regularity Theorems 2.1, 2.2 when the
initial datum is more regular. On the other hand if ug is only of class L?(0,1) or
LZ(0,1), the solution is not sufficiently regular to verify the additional condition

ata(t, Zo) and this procedure cannot be pursued.

Moreover, in the weakly degenerate case, the lack of characterization of the
domains of A; and Ay doesn’t let us consider a decomposition of the system in two
disjoint systems like (7.1) and (7.2), in order to apply the results of [3] and [16],
not even in the case of a regular initial datum.

For this reason, using observability inequalities and Carleman estimates, in
Chapter 5 we have proved a null controllability result both in the (WD) and (SD)
cases, also in the case of a control region of the form w = w; Uws, as above.
Comment 2. It is well known that observability inequalities for the adjoint ho-
mogeneous problem imply the validity of null controllability results for the original
parabolic problem. In fact, as a corollary of the observability inequalities, we give
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the associated null controllability results for (1.2) providing an estimate of the
control function h, see Theorems 5.1, 5.2, 5.3 and 5.4.

Of course, null controllability results can be obtained also in other ways, but
the approach with observability inequalities is very general and permits to cover
all possible situations. For example, if zg € w, one could think to obtain the null
controllability result directly by a localization argument based on cut-off functions,
as in the non degenerate case. But we now show that, at least in the divergence
case, this is not always possible in presence of a weakly degenerate a, but only in
the (SD) case. Indeed, assume that the degenerate point zy belongs to the control
region w, consider 0 < r' < r with (zg — 7,29 + r) C w, the cut-off functions
¢; € C*(]0,1]), i =0,1,2, defined as

0, z €z —1",1], )0, z €[0,z9+ 1],
o1(x) = {17 v €[0,20 1], Pa(x) := I, @ clmotnll,

and ¢g = 1 — ¢1 — ¢ho. Then, given an initial condition ug € L?(0,1), by classical
controllability results in the nondegenerate case, there exist two control functions
hy € L*((0,T) x [wn (0,9 —r'))] and hy € L*((0,T) x [wN (zg 4 1',1)]), such
that the corresponding solutions v; and vo of the parabolic problems analogous to
(1.2) in the domains (0,T") x (0, zo —7') and (0,T) x (xo+1',1), respectively, satisfy
v1(T,2) =0 for all z € (0,29 — ') and vo(T,z) = 0 for all = € (x¢ +7',1) with

T zo—1" T zo—1"
/ / hidxdt < C / / uddzdt
0 0 0 0
T 1 T 1
/ / hidxdt < C / / uddxdt
0 zo+r’ 0 zo+r’

for some constant C.

Now, let vy be the solution of the analogous of problem (1.2) in divergence form
in the domain (0,7) x (zo — r, o + r) without control, and with the same initial
condition ug. Finally, define the function

and

T

(7.3) u(t,x) = ¢1(x)vi(t, ) + do(x)va(t, ) + ; tqﬁo(a:)vo(t,a:).

Then, (T, 2z) = 0 for all z € (0,1) and u satisfies problem (1.2) in the domain Qr
with

1
h = ¢1h1Xwn(0,20—r) T P2h2Xwn(@o+r,1) — f%vo — Phavi , — dhavy .

— (bg%avo,x — (qﬁ’lavl + ¢have + ¢>6Tthwo) .
xr
We strongly remark that in the (WD) case this function is not in L*((0,T) x w)
since the degenerate function in this case is only W1(0,1), so that the problem
fails to be controllable in the Hilbert space L?. For this reason, we think that our
approach via Carleman estimates can be extremely interesting also to prove null
controllability results, which could not be obtained in other ways.

On the other hand, using the previous technique, one can prove that (1.2) in
non divergence form is global null controllable if xy belongs to the control region
w. Being the observability inequality equivalent to the null controllability, it is
superfluous to obtain the first inequality as a consequence of Carleman estimate.
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For this reason we have proved Proposition 5.3 only when xy does not belong to
the control region w.

Comment 3. Finally, let us conclude with a remark on the fact that in the
definition of degeneracy (both weak and strong) we admit only that K € (0,2).
This technical assumption, which is essential to prove Lemmas 4.1 and 4.3, was
already introduced, for example, in [16] or in [17], with the following motivation:
if K > 2 and the degeneracy occurs at the boundary of the domain, the problem fails
to be null controllable on the whole interval [0, 1] (see, e.g., [16], [18]), and in this
case the only property that can be expected is the regional null controllability (see
also [15], [19] and [33]). Let us briefly show that the same phenomenon appears,
for example, in the non divergence case, inspired by [16, Remark 4.6]. Indeed, let
us introduce the following variant of a classical change of variables:

xo 1
xo—/ Wdy if 0 <z < x,
T

X = z 1

x0+/ —dy ifry<zr <1,

o V a(l +xo — y)

so that (0,1) is stretched to (—o0, 00), and U(t, X) = a~/*(z)u(t, ), where u solves
(1.2). Now, take the reference function a(x) = |z—x0|¥ with K > 2, so that we find
that U solves a nondegenerate heat equation of the form Uy — U, + b(X)U = BX@,
where @ is a bounded domain compactly contained both in (—o0,0) and in (0, c0).
Adapting a result of [45], the new equation is not controllable, see [16, Remark
4.6].

In particular, proceeding as in [18], [19], one can prove that if a € W°°(0, 1),
a~t ¢ L*(0,1) and the control set w is an interval w = (a, 3) lying on one side of
Zo, for every A,y € (0,1) such that

0<a<A<fB<zo<l (ifxo>p)
or O<zp<a<y<pB<1l (iffz <a),

there exists h € L?(0,T; H) so that the solution u of (1.2) (or (6.1)) satisfies
(7.4)
w(T,xz) =0 for every x € [0, ] (if o > B) or for every z € [,1] (if zo < ).

Moreover, there exists a positive constant C'r such that

1
/ hldzdt < CT/ u%dx,
T 0
in the divergence case and

21 ! 21
h*—dxdt < Cr up—dzx,
T a 0 a

in the non divergence one.

As pointed out in [18], [19], we note that the global null controllability is a
stronger property than (7.4), in the sense that the former is automatically preserved
with time. More precisely, if u(T,z) = 0 for all x € [0, 1] and if we stop controlling
the system at time T, then for all ¢ > T, u(t,x) = 0 for all z € [0,1]. On the
contrary, regional null controllability is a weaker property: in general, (7.4) is no
more preserved with time if we stop controlling at time 7. Thus, it is important to
improve the previous result, as shown in [18] or in [19], proving that the solution
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can be forced to vanish identically on [0,)] (if zg > ) orin [y,1] (if zg < «)
during a given time interval (T, 7"), i.e. that the solution is persistent regional null
controllable.

These results can be extended also in our situation, i.e. with an interior degen-
eracy, for the problem

up — Au+ c(t, z)u + b(t, v)u, = h(t, z)x,(z), (t,z) € Qr,
(7.5) u(t,1) = u(t,0) =0, te(0,7),

u(0, z) = up(z), z € (0,1),
where ug, h, w, a and ¢ are as before, while b € L>®(Qr) and |b(t,z)| < Cy/a(x)
for a positive constant C. Observe that, in this case, the well-posedness of (7.5)
follows by [32, Theorems 4.1 and 4.2], and the persistent regional null controllability

follows by using cut-off functions, adapting the technique developed in [29] or in
[19].



APPENDIX A

Rigorous derivation of Lemma 3.5

Here we show that all integrations by parts used in the proof of Lemma 3.5
are well justified, both in the non degenerate and in the degenerate case. We will
not prove all integration by parts, which can be treated in similar ways, so we just
consider the (probably more involved) term

T 1
2/ aQ(wm)gwwxdajdt:/ / a* (¢ )% (w?) pdadt,
Qr o Jo

where, we recall w € V1, and ¢ stands for ® in the non degenerate case. First, let
us note that such an integral is always well defined. Indeed, in the non degenerate
case, w(p,)? = wO (1) € L=(Qr), since w = e*©¥v with v € V; € L>®(Qr),
while ff a(wg)? € L=(0,T) and a*? € L>°(A, B).

On the other hand, in the degenerate cases we have that

a

2 32
a2(4px)3wwx = <(I Z0) > @dUJ\/awx

First, by Lemma 2.1.1, we have that the map x — @ is bounded. Then, as
for the (WD) case, by definition of S;, we immediately find that /aw, € L*(Qr)
and /a(z — z0)%, 03w € L>°(Q7), so that the integral is well defined. Finally, in
the (SD) case we have that \/aw,, ©3w € L?(Qr) and \/a(x — x0)® € L>°(Q7).

Since the considerations in the degenerate case are more general, from now on
we shall confine to this case; hence we shall prove the version of Lemma 3.5 just
for the degenerate case.
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Thus, for any sufficiently small § > 0, we get

/ (a®(p2)?)pwidadt
x0+6

/ 2(00) () pdardt = / / w?), dadt

/ /W (00 (0?)odrdt + / /Wa?(son?’(w?)xdxdt

- / [(02(02)*0?) (0 — ) — (a0} (0))dt

/ / 2(p2)% o dadt + / /Ws (0)? (w?)oddt
A o+ / [(@(20)*u?) (1) — (a2(02 ) *u?) o + )t

/

g

A

T T
(a2 (pa)*?) (20 — S)dt — / (a(p0)*w?) (o + 0)dt

o+
<px xw dmdt—!—/ / 4,095

w?) dxdt

- / / (az(gaz)?’)szdxdt,
0 o+

since the functions a?(-)(¢.)3(t, "), w

Z(t,

-) belong to H (0,29 — &) N H(zg + §,1)

for a.e. t € (0,T) and w(t,0) = w(t,1) = 0. Now, we prove that

lim / /
6—0

apx xwdaz—/ / ©Oz)

2
mw dx,

i [ /10+5<a2<%>3>xw2dx= [ /zo<a2<%>3>xw2dz

and
(A.2)

Toward this end, observe that

(A.3)

/OT/OIO (a®(oz)’ x'Lde—//

T xo+9
lim/ / a*(pe)? (w?
§—0 0 o -5

)zdz = 0.

(px xw dx_/ / ;c
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We notice that the identities above are justified by the fact that (a2(p;)3),w? €
LY(Qr). Indeed, by Lemma 2.1.1 applied with v = 2, we immediately have

r—x 3
L G

= |c3e3 3(x — 330)2w2 — 303 a’(a:)(a:z— Jf?0)3u]2
a a
2 2 3,
3 I ) 5,2, 30| @ —m0)d| ,
§3clmax{a(0),a(l) @w +01@ T w-.
Now, in the (WD) case we have that ©3w? = ©3e2*¥v2 € L>°(Qr), while
2
07|20l 2 = ooy (2 < et
a? a -

by Lemma 2.1.1 applied with v = 3/2 > K, and where c¢ is a positive constant. At
this point, a’ € L*(Qr), while ©3w? € L>(Qr), and the claim follows. In the (SD)
case for K < 3/2, from the previous inequality we have that ©3w? = ©3e2%¥¢? €
L?(Q7), while ' € L>*(Q7), and again this is enough. For the (SD) case when
K € (3/2,2), we observe that

19 2
w? = ©3e25¢ ('x - aﬁo‘ ) |$L' _ :1:0\3_219|a'|v2.

a

(x —0)3d

3
© 2

a

By the last requirement in condition (4.1) and from (4.2), since ©%e?*¥ € L>(Qr)
and v? € L' (Qr), also this case is finished (recall Remark 7), and (A.3) and (A.4)
are justified.

Thus, for any € > 0, by the absolute continuity of the integral, there exists
0 :=d(€) > 0 such that

©z) Lw2dmdt < €,

zo+0
a?(¢z)* (w?)pdrdt| < €

T w0+6
/ / (a2 (gpz)g’)mwzdxdt
0 o

Now, take such a § in (A.1). Thus, € being arbitrary,

T xo T o+
lim/ / (a*(¢2)?)pw?dxdt = hm/ / a*(p)? (w?)pdadt
5—0 0 $0*5 5—0 93076

T xo+9 .
= lim/ / (a®(¢2)®)pw?dzdt = 0.
§—0 0 Zo

The previous limits, (A.3), (A.4), together with the integrability conditions proved
above, imply

lim// gpx )zw 2dxdt = // ©Oz) mdexdt
5—0

< €.
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T 1 T 1
lim/ / au'v’dxdtz/ / (a®(p2)?)pw?dxdt.
0=0Jo Jagts 0 Jao

In order to conclude the proof of the desired result, it is sufficient to prove that
T

T
(A5) i [ (a0 w?) (a0 — o)t = lim / (a%(pa)*w?) (o + S)dt,

and

and in particular they are 0, as it follows from the identity

a2(<pm)3w2 = 30%e*% (1 — x0)3av?.
Indeed, in the (WD) case (A.5) follows from the fact that v is absolutely contin-
uous in Qr and from Lebesgue’s Theorem, since the map (t,z) — ©3(t)e?#(H:)
is bounded; in the (SD) case we use the characterization of the domain given by
Proposition 2.1.

The other integrations by parts in Lemma 3.5 are easier and can be proved
proceeding as above.
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