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Abstract. We prove a null controllability result for a parabolic problem with Neumann
boundary conditions. We consider non smooth coefficients in presence of a strongly singular
potential and a strongly degenerate coefficient, both vanishing at an interior point. This
paper concludes the study of the Neumann case.
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1. INTRODUCTION

This paper deals with null controllability issues for a class of degenerate and singular
parabolic Neumann problems with interior degeneracy and singularity, whose proto-
type is

o e (60 €Qr = (0T)x (0.1,

Uz (£,0) = uy(t, 1) =0 te(0,7),

uw(0,2) = ug(z) € L?(0,1) z € (0,1),

up — Au —

where
Au = (|x — xo\K”'ux)z or Au:=|x— x0|K“um.
Here xg € (0,1), the control function f is located in an open set w compactly contained
in (0,1) and X is a real parameter.
Actually, we shall consider more general operators of the form

u — (a(x)ug), — b()\x)u’
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where a(x) ~ |x — xo|%e and b(z) ~ |x — xo|5® are possibly non-smooth functions (for
more comments see [18,19] or [20]).

Related problems have been studied for example in [1-8,13,15-17,21] and in [10]
(for the nonlinear case), when A = 0. If A # 0, the first null controllability result was
proved in [29] for the non degenerate heat operator with singular potential

1
Up — Ugy — )\mu, (t,z) € Qr, (1.1)
under Dirichlet boundary conditions: Carleman estimates (and consequently null
controllability properties) are established when A < 1/4. On the contrary, if A > 1/4,
in [9] it is proved that the null controllability for (1.1) fails.

As far as we know, [28] is the first paper where a degenerate diffusion coefficient is
coupled with a singular potential, precisely considering

uy — (2

1
Uy )y — )\mm (t,z) € Qr.
Under suitable conditions on A and assuming K, + K, < 2, but excluding K, = K, =1,
the author establishes Carleman estimates, and so null controllability results. These
results were extended in [12] and in [11] to operators of the form

up — (a(@)ug)y — A%w (t,z) € Qr,
where a(x) ~ 2.

We notice that in the previously cited papers the degeneracy and the singularity
occur at the boundary of the domain. However, it seems natural to consider degen-
eracy occurring at an interior point of the space domain. This fact originates some
complications because the boundary conditions do not play any role in controlling
the loss of ellipticity or the singularity in the equation. For these reasons, a related
research has started focusing on interior degenerate coefficients, possibly non smooth:
for instance, see [3,4,15,16,21] and [27] when A = 0 and [14,18-20] and [22] when
A #£ 0, and the references therein.

In particular, problems strictly related to the one studied in this paper are consid-
ered in [14,18,19] and in [20], to which we refer for any further comment and for the
general setting. First of all, let us recall the following possibilities for the degenerate
function a, or similarly, for the singular potential b:

(a) a € W1(0,1) is said to be weakly degenerate, (WD) for short, if there exists
xo € (0,1) such that a(zg) =0, a >0 on [0,1] \ {zo} and there exists K, € (0,1)
such that (x — z¢)a’ < Kya a.e. in [0, 1];

(b) a € WH°°(0,1) is said to be strongly degenerate, (SD) for short, if there exists
xo € (0,1) such that a(xo) =0, a >0 on [0,1] \ {zo} and there exists K, € [1,2)
such that (x — z¢)a’ < Kya a.e. in [0, 1].

Standard examples are a(r) = |z — zo|%* with 0 < K, < 2. The restriction
K, < 2 is related to controllability and existence issues ([16] and [24]) and to certain
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characterizations of the domains of the operators which permit some integrations by
parts ([7] and [21]). For this reasons, from now on, we will only consider coefficients
K., Ky <2.

As already said, related problems have been studied in [14,18,19] and in [20]. In
[14] the problem in non divergence form was considered under Dirichlet or Neumann
boundary conditions; moreover, if a and b were both (SD), the well posedness and the
null controllability were proved only in the case K, = K, = 1. In [18] the problem
in divergence form was considered only under Dirichlet boundary conditions and, if
a and b were both (SD), only the well posedness was proved, provided that A < 0;
indeed, when A > 0 and small, the controllability was proved for K, + K; < 2,
excluding the case K; = 1, as a consequence of Carleman and observability inequalities:
these estimates were obtained by the Hardy—Poincaré type inequality with interior

degeneracy
1

1
/% SC/au’2
0

0
which follows by the inequality

1 1
(1 704)2 / u? / 2
< — x0l® 1.2
1 |x—x0\2_adx < | |z — xo|“(u')*dx (1.2)
0 0

valid for every o € R and for every v € H. Here

we H := {u e W' (0,1) : /]o — zolou’ € L2(0,1),

u
V—ar U0 ”}'
— 40

It is clear that inequality (1.2) fails to be interesting precisely for o = 1, in agreement
with the celebrated characterization of Muckenhoupt [25]. Thus, if both a and b are
(SD), in order to obtain the controllability result, one cannot follow the approach used
n [18]. For this reason, in [20], we proceeded in a completely different way, proving
the null controllability also when K, = K, = 1, only by using cut—off functions. This
technique was applied also in the non divergence case, thus generalizing the result
given in [14].

The degenerate/singular problem in divergence form with Neumann boundary
conditions appeared in [19]. In this case we couldn’t use (1.2) due to the lack of
Dirichlet conditions, and in the (SSD) case (i.e. both @ and b are (SD)) we proved
only the well posedness, provided that A < 0. Again the null controllability was not
considered in the (SSD) case, and this is what we are going to face here. Hence,
this paper completes the previous works, concluding the description of the evolution
systems

Ut — ( ( )’U,w)m ( ) :f(tvl‘)xw(x)) (t,l‘) € Qr,

Ug (t,0) = ug(¢,1) = t e (0,7), (1.3)
u(0,z) = uo(z), x € (0,1),
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and
up — a(T)Ugpy — Lu = f(t,x)xw(z), (t,z)€Qr,
b(x)
e (t,0) = uy(t,1) = 0, te (0,T), (1.4)
u(0, z) = ug(x), z € (0,1).

when K, K}, > 1. In particular, we aim at showing null controllability results for (1.3)
and (1.4), that is: for every ug € L?(0,1) there exists f € L?(Q) such that the related
solution u satisfies u(T,2) = 0 for every x € [0,1] and || f[|7(q,) < Clluoll7:( ) for
some universal positive constant C' (for (1.4) replacing L? with L2).

A final comment on the notation: by C' we shall denote universal positive constants,
which are allowed to vary from line to line.

We remark that the divergence form case will be treated in full details, while for
the non divergence form case we will be more sketchy, since many calculations are
analogous to the former case.

2. WELL POSEDNESS

As just remarked, we focus in (1.3). Let us start introducing the functional setting
from [18]. First of all, define the weighted Hilbert spaces

HY0,1) = {u e W (0,1) : Vau' € L2(0, 1)}

and

H:=H,,(0,1):= {u € H}0,1) : % € L2(071)},

endowed with the inner products

1 1
(U, V) 1(0,1) = /au'v/d:17+/uv dz,
0 0

and
1 1 1

(u,v)g1 (01) = /au’v'dw—k/uvdw—k/u—bvdx,

0 0 0

respectively.
Finally, introduce the Hilbert space

HZ, = {u € HY0,1) : au/ € H(0,1),4/(0) = /(1) = 0 and Au € L2(0,1)}7

where \
Au = (au') + 7Y with D(A) = H,(0,1).



Controllability of degenerate and singular parabolic problems. . . 211

We recall the following definition:

Definition 2.1. Let ug € L?(0,1) and h € L?(0,T;H*). A function u is said to be
a (weak) solution of

u — (a(x ) )g % u=h(t,z), (tz)¢€Qr,
(t,1) =0, t e (0,7), (2.1)
(O,:L') = up(x), xz € (0,1),
if
u €U :=L*0,T;H) N H([0,T]; H*)
and it satisfies (2.1) in the sense of H*-valued distributions.

Notice that any solution belongs to C([0,T]; L?(0,1)) by [26, Lemma 11.4].
Our fundamental assumption is the following:

(H) a and b are (SD) and A < 0.
For completeness, we show that D(A) is dense in L?(Q). Indeed, if

T € D(A)* = {T e L*(Q) : /Tuda: =0 forallue D(A)},
Q

take u € D(A) solution of —Au + u = T (the existence of a unique weak solution
u € H is guaranteed by the Lax-Milgram Theorem and the equation itself implies that
u € D(A)). Then

0= /Tudx = / [— (a(r)uy), u — b(/\x)u2 + u2]dx > Q/quac,

Q Q

so that u = 0, which implies T = 0, and thus D(A) is dense in L?(€).
As a particular case of [19, Theorem 2.1], we have the following well-posedness
result.

Theorem 2.2. Assume (H). If ug € L?(0,1) and h € L2(0,T;H*), there ewists
a unique solution of (2.1). Moreover, if ug € D(A), then

h e L*(Qr) = u e H'(0,T;L*(0,1)),
he WHH(0,T; L2(0,1)) = u € C(0,T5 L2(0,1)) N C([0,T]; D(A)).

3. THE CONTROLLABILITY RESULT

In order to study the controllability property, on the control set w we assume one of
the following hypothesis:

(O) First item either
w = (a, ) C (0,1) is such that z¢ € w, (3.1)

or
w=wi Uwy, (3.2)

where
w; = (O‘iaﬂi) - (071)7 1= 1723 and Bl < zo < Q.
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The main result of this paper is the following.

Theorem 3.1. Assume (H) and (O). Then, given ug € L?(0,1), there exists
f € L3(Qr) such that the solution u of (1.3) satisfies

w(T,z) =0 for every z € [0,1].

1
/deJ:dt < C/u%dx (3.3)
Qr 0

for some universal positive constant C'.

Moreover,

The proof of the previous theorem is based on the next result, that will be proved
in the Appendix.

Theorem 3.2. Take A < B in R, a € WH°(A, B), b € C([A, B]) are such that
a(x) > ag > 0 and b(xz) > by > 0 for all x € [A,B]. Assume w CC (A, B) is
an interval. Then, given ug € L*(A, B), there exists f € L*((0,T) x (A, B)) such that
the solution u of

- (@), = gz = f(ta)(). (o) € (0.7) x (A.B).
u(t, A) = u(t, B) =0, te(0,7), (3.4)
u(0, %) = uo(2), v (AB),

satisfies uw(T,x) =0 for every z € [A, B]. Moreover,

T B B
//fzdxdtSC/ u%dx
0 A A

for some universal positive constant C'.

Clearly, if a and b are strictly positive then the spaces H,(0,1) and H, ,(0,1)

coincide with H'(0,1), while HZ (0, 1) coincides with H?(0,1).
Proof of Theorem 3.1. Let v be the solution of (1.3) with right-hand-side hy, and
introduce

(—QZ‘), S [_laO]a b(_‘r)7 US [—1,0],

(z), z € [0,1], b(x) := 4 b(x), z € [0,1],
al2—-x), ze€ll,2], b(2—2x), zell,2],

(

(

(

i h(t, —x), x € [-1,0], uo(—x), x € [-1,0,
h(t,x) :== < h(t, z), x € [0,1], Go(x) = < up(x), x € [0,1],
h(t,2 —z), x€]l,2], up(2 —xz), =€ll,?2]
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Now, assume (3.1) and consider 0 < v/ < 7 < r with (9 — r, 29 + ) C w and take
three cut-off functions ¢; € C*>°([—1,2]), |¢;| < 1,7 =0,1,2, with

M@:&’ﬁﬁAr%—MUm—mL

1, = €[—(xo—r),z— 1],

) e 0, z €1, mo+7]U[2— (mo +7),2],
92(e) = {1, T €lxo+7,2— (T +7)],

and ¢g = 1 — ¢1 — ¢o. Finally, define
v(t, —x), x € [-1,0],
W(t,x) == { v(t,z), z € 10,1], (3.5)
v(t,2—2x), z€ll,2],
and
@:=(—-f,—a)U(a,f) U (2= 5,2 — a),
so that W satisfies

Wt — (&Wz)x — A% = ilX@, (t,l’) € (O,T) X (71,2),
Wo(t,—1) = W,(t,2) =0, te (0,T), (3.6)
W(0,x) = (), z € (—1,2).

Hence, v1 := ¢1 W and vy := ¢oW satisfy the nondegenerate problems

Vit — (a’vl,m)m - %'Ul = BleIH (tvx) € (O7T) X (_(1‘0 - TI)7J:0 - 7"/),
v (t, —(zo — 1)) = v1(t, 0 — ') =0, te(0,7T),

v12(t, —(xo — 1)) =vi.(t,xzo —7") =0, te€(0,T),

v1(0,2) = ¢1(2)to (), z € (—(zo —1'),20 — 1)

and

Vo — (AV2,3)y — ~v2 = hoXa, (t,z) € (0,T) x (o + 1,2 — (2o + 1)),
U2(t $O+T): (t,2—(l‘0+7"/)):0, tG(O,T),
V2.4 (t, x0+r): Voo (t,2 —(zo+7')) =0, t€(0,T),
v2(0, ) = ¢o(x)io(z), x € (zg+71',2— (xg+717)),
with h; == pih — (@(ds)aW)e — a(di)eWa, i = 1,2.
Then, by Theorem 3.2, there exist two control functions hy € L2((0,7)x

(—(zo—7"),20—7")) and hy € L*((0,T) x (xo+71',2— (zo+7"))), such that vy (T, z) =0
forall z € (—(xo —7"), 20— 71 ) and vo(T, ) = 0 for all z € (zo +1',2 — (zo +7')) with

/ / Wma<c/ / addzdt

0 —(zo—r") 0 —(wo—r")
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and
—(zo+7") T 2—(zo+7")
/ / tha:dt < C’/ / Ug 2dadt
xo+r’ zo+r’!

for some constant C. In particular hy € L?((0,T) x (0,29 — '), ho € L*((0,T)x
(o +7r',1)), v1(T,x) =0 for all z € (0,29 — '), v2(T,z) = 0 for all x € (zg +1',1)

with
T xo—1' T xo—1' T 1
/ / hidxdt < C / / aidzdt < C / / uddxdt (3.7)
0 0 0 —(zo—r') 0 0

and
T T 2—(zo+7") T 1
/ / hidxdt < C / / w2drdt < C / / uldxdt (3.8)
0 xo+7r/ xo+71’ 00

for some constant C.
Now, let u3 be the solution of

ur — (a(x)ug), — b():;)u =0 (t,z)e€(0,T)x(0,1),
ug(£,0) = ug(t,1) =0, te(0,7),

(071') = UO(z)a T e (07 1)7

(3.9)

and denote by uy and f; (resp. us and f3) the trivial extensions of v; and hy (resp.
ug and hg) to [zg — ', 1] (resp. [0,z¢ + 7’]), so that all functions are defined in the
interval [0, 1]. Finally, take

wlt, @) = un (b, ) + us(t, ) + —— o (x)us(t, ).

Then, u(T,z) = 0 for all z € [0,1] and u satisfies problem (1.3) in the domain Qr
with

1 —t —t
[ = fixe + faxw — f¢ou3 ¢0 augz — <¢0 au3) .

Since a belongs to W1:°°(0,1), one has that f € L?>(Q7), as required. Moreover, it is
easy to see that the support of f is contained in w.

Now, we prove (3.3) proceeding as in [20]. To this aim, consider the equation
satisfied by uz and multiply it by us. Then, integrating over (0, 1), we have
1d 2

-y o
2 dt

)

lus ()1 22(0,1) + Vaus o (D)l 72(0,1) — A <
L2(0,1)

Using the fact that A < 0, we get

d d
sz 0,1) < 2 lus®lz20,1) + 21 Vaus 2 ()1 720,1) < 0.
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Thus, the function t — Hu;>,(t)||2L2(0 1) is decreasing. This implies that

||u3(t)||2L2(0,1) < Hu0||i2(0,1) for all t € [0, 7]
and so
[uzl|Fz(0r < Clluoll7zo,qy- (3.10)
Now, integrating over (0,7T) the inequality

d
a”w(tm%z(o,n) +2||Vauz o (8)[|72(0,1) < 0,

we immediately find
IVaus o|li2 g,y < Clluolliz g (3.11)

for some C > 0.
Now, let us note that, since a € W1>°(0, 1), then

l(aus)zllz2(@r) < C (lusllz2(@r) + IVaus 2|l 2(qr)) -

By using (3.10) and (3.11) in the previous inequality, we get

I(aus)slz2(@r) < IluollZz(gq (3.12)

for some C > 0.

In conclusion, by (3.10), (3.11), (3.12), from the definition of f and by (3.7) and
(3.8), inequality (3.3) follows immediately.

Now, assume (3.2). Take r > 0 such that 51 < xg —r and g + r < as. As before,
take three cut-off functions ¢; € C*([—1,2]), |¢:;| <1,i=0,1,2, with

or(z) == {0’

pa(x) =

8

€ [71> 7ﬂ1] U [ﬁ132]7

S [_alv al]a

=
8

€[-1,a2] U2 — ag,2],
xr € [B2,2— P2,

—N
= o
=2

and ¢g =1 — 1 — 2. Defining W as in (3.5), we have that W satisfies (3.6) with
W= (—ﬁz, —042) U (_517 —0[1) JwU (2 — ﬂ2,2 — 0[2) U (2 — 61,2 — Oél).

Setting vy := 1 W and vy := oW, one has that vy and vs satisfy the nondegenerate
problems

Vet — (AV4,2)g — %m = B4X(_517_a1)u(a1751), (t,z) € (0,T) x (—(xg — 1), 20 — 1),
va(t, —(xo — 7)) = valt,z0 — 1) =0, te(0,7T),

Vaz(t, — (20 — 7)) = vau(t, 0 — 1) =0, te(0,7T),

v4(0,2) = ¢1(x)ag(x), z € (—(xg—1),z0— 1)
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and

U5,t_(c~w5,x)x_%v5:}_L5X(a27ﬂ2)u(27ﬂ2,27a2)7 (t,z) € (0,T)x (zo + 7,2~ (w0 +T7)),
vs(t,zo + 1) = v5(t,2 — (2o + 1)) =0, te (0,7),

U5 5 (t, ko + 1) = U5 4(¢,2 — (o + 1)) =0, te (0,7T),

v5(0, ) = pa(z)to(2), z € (vo+72—(z0+71))

with h; := @;i_3h — (a(@i—3)eW)s — a(pi—3)sWa, @ = 4,5. Again, by Theorem 3.2,
there exist two control functions hy € L?((0,T) x (—(xo — 7),79 — 7)) and hs €
L2((0,T) x (g +7,2 — (zo +7))), such that vy (T, z) =0 for all & € (—(xo — 1), 20 —7)
and vs(T,z) =0 for all x € (xg + 7,2 — (xo + r)) with

To—T

T T xo—r
/ / ﬁm&gc/ / addxdt
0

—(zo—7) 0 —(zo—r)

and

T 2—(zo+r) T 2—(zo+7)

@magc/ / addxdt

0 xo+T 0 zo+r

— 7)), hs € L*((0,T)x

for some constant C. In particular hy € L?((0,7T) x (0,
= for all z € (xg+r,1) with

(zo +7,1)), va(T,x) = 0 for all = € (0,20 — 1), vs(T,

T xzo—r T xo—r T 1
/ /@@&§0/ / ﬁmagc//%ma
0 0 0 —(zo—r) 0 0
and
T 1 T 2—(xo+T) T 1
/ /@@¢§0/ / ﬁm&gc//ﬁm&
0 zo+7r 0 zo+r 0 0

for some constant C'.
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As before, let us and f4, us and f5 be the trivial extensions of v4 and hy, vs and
hs in [zg — 7, 1] and [0, z¢ 4 ], respectively, considered in the interval [0, 1]. Finally, set

T

u(t,z) = uqg(t, z) + us(t, ) + wo(x)us(t, ),
where ug is the solution of (3.9). As before, u(T,z) = 0 for all z € [0, 1] and u satisfies
problem (1.3) in the domain Qr with

1 T—t T—t
f= f4X(a1,@1) + f5X(a2,ﬂ2) - TSOOU3 - %06TGU3,;L» - <%TGU3)$ .

Again f € L?(Qr), as required and the support of f is contained in w. In order to
conclude we have to prove (3.3) for the control function f, but such an estimate can
be obtained as above, thus concluding the proof. O

Remark 3.3. We strongly remark that if a is (WD), the previous approach does not
work. Indeed, the function f found in the previous proof is not in L? (QT), since a is
only of class Wh1(0,1).

Remark 3.4. If a is (SD) and b is (WD) the technique above, and so the controllability
result, still works provided that there exists a solution of (1.3), for example if A\ < 1/C*
and K, + K, < 2 (see [19, Theorem 3.2]) (observe that in this case Theorem 3.2
still holds true). Thus, we re—obtain the controllability result in [19]. However, we
observe that in [19] in order to prove the controllability result we required the following
additional assumptions:

1. if K, > %, then there exists a constant 6 € (0, K,] such that

(3.13)

= a(x) {is non increasing on the left of x = xy,
x

|x — ¢ is non decreasing on the right of = = xg;

2. if K, > 2 the function in (3.13) is bounded below away from 0 and there exists
a constant ¥ > 0 such that

|l (z)| < X|x — 20?72 for a.e. x € [0, 1];

3. if A < 0 we assume that (z — z¢)b'(z) > 0 in [0, 1].

Hence, Theorem 3.1 improves the result of [19].

3.1. THE NON DIVERGENCE CASE

The null controllability for the problem in non divergence form (1.4) was studied
in [14] (see also [17, Hypotheses 4.2 and 5.2]) requiring additional assumptions: for
example, (x — x0)b(x) > 0 in [0, 1] when A < 0, as recalled in Remark 3.4. However,
using the technique used in the proof of Theorem 3.1, in order to prove the global
controllability result, one has to require only the conditions for the existence theorem
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(see [14, Hypothesis 3.1]) and for the analogous of Theorem 3.2 in the non divergence
case. Indeed, proceeding as in the proof of Theorem 3.1 but with problems written in
non divergence form, the control function f for (1.4) is given by

T—t T—1
T (¢6u3)xa

1
f=Ffixe+ foxw — T%u?’ — Pp———auz, —a T

if w satisfies (3.1) or

1 T—t T—t
f = faX(a1 1) T 5 X(az,82) — T Pous — %Taum o (ous), »

if w satisfies (3.2). In every case f belongs to the L3 (Qr) as required (for the definition
of the space see, e.g., [14]). Hence, the next theorem holds.

Theorem 3.5. Assume a € WH°°(0,1) and (O). Then, given ug € L3 (0,1), there
exists f € L% (Qr) such that the solution u of (1.4) (if there exists) satisfies

w(T,z) =0 for every x € [0,1].

Moreover,

1
2 2
/f—da:dt < O/de,
a a
Qr 0

for some universal positive constant C'.

We remark that the previous theorem generalizes the result given in [14] in the
sense that here we prove the controllability result under weaker assumptions. This is
due to the fact that in [14] the controllability result is proved via Carleman estimates
and observability inequality, while here we use only cut off functions. Of course, since
here we do not make any assumption guaranteeing the well posedness, we can refer to
[14, Hypothesis 3.1] for some sufficient conditions.

Observe that the proof of Theorem 3.5 is based on the analogous of Theorem 3.2 for
the problem in non divergence form, whose proof is similar to that of Theorem 3.2 and
is based on the nondegenerate nonsingular Carleman estimate in non divergence form
proved in [14, Proposition 4.1]).

4. APPENDIX: PROOF OF THEOREM 3.2

In this section we will prove, for the reader’s convenience, Theorem 3.2. The
proof is standard: it is based on the equivalence between the null controllability
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for the non degenerate problem (3.4) and the observability inequality (4.7) below for
the associated adjoint problem

v+ (a()vs), + WAx)U =0, (t,z)€(0,T)x (A,B),
v(t,A) =v(t,B) =0, te(0,7), (4.1)

v(T,z) = vr(z) € L*(A, B).

In order to prove the observability inequality for the solution v of (4.1), the Carleman
estimate proved in [18, Proposition 4.8] is crucial:

Proposition 4.1 (Nondegenerate nonsingular Carleman estimate). Let z be the
solution of

2+ (a20)s + A% = h e L*((0,T) x (A, B)),
z(t,A) =z(t,B) =0, t € (0,T),
where b € C([A, B]) is such that b > by > 0 in [A, B] and a € W>°(A, B) is such

that a > ag > 0 in (A, B). Then, for all X € R, there exist three positive constants C,
r and sg such that for any s > sg

T B T B
//(s@(z$)2+s3@3z2) e Pdxdt < C //thQSq)dxdt— (B.T) |,
0 A 0 A

where

T
=B
sr/ e**0e™ (2,) E:A dt.
0

1

Here the function ® is defined as ®(t,x) := O(t)p(x), where O(t) := HT—o

px) =@ —¢
and

B
C() =0 / it
D=0 am™

Here 0 = ||a/|| o (a,5) and ¢ > 0 is chosen in such a way that max p < 0.

)

For completeness, we recall that the previous result is in the lines of the Carleman
estimates in the Lipschitz case proved in [23].
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Moreover, we will also need the following Caccioppoli-type inequality.

Lemma 4.2 (Caccioppoli’s inequality). Assume that the Hypotheses of Proposition 4.1
hold. Let w' and w be two open subintervals of (A, B) such that w' CCw CC (4, B).
Then, there exist two positive constants C and so such that every solution v of (4.1)

satisfies
T T
//(v$)2623¢dxdt < C//vzdxdt,
0 w 0 w

The proof of the previous inequality is similar to the one in [18], but actually easier
since in this case the problem is non degenerate, so we omit it.

Thanks to the previous estimates we can prove a Carleman estimate for the
solutions of (4.1).

for all s > sg.

Lemma 4.3. Assume that a and b are as in the previous Proposition and let
w CC (A, B) be an open interval. Then there exist two positive constants C and
so such that every solution v of (4.1) satisfies, for all s > so,

T B
// s@ (v.)? + s°0% 2) 2§q>dacdt<C// v2dxdt.
0 A

Proof. Let w = (a, 8) and consider a smooth cut-off function ¢ : [4, B] — [0, 1], such

that
E(z)=1, z¢€(ag,B),
&(z)=0, z€(A o) U(B2,B),

where o < a3 < ag < 81 < B2 < 8. We define w := &v, where v is the solution of (4.1).
Then w satisfies

wy + (a(z)wy), + %w = f(z), (t,z) € (0,T)x (4,B),
w(t,A) =w(t,B) =0, te(0,T),

(4.2)

with f(z) := (a&v)s + &rav,. Therefore, applying Proposition 4.1, using that
wy(t, A) = wy(t, B) = 0, we have

T B
// (s0(wy)? + s°0°w?) 25¢dxdt<c//f2 25 dadt. (4.3)
0

Then, using the definition of £ and in particular the fact that £, and &, are supported
in w' := (ay, B2), we can write

2 = ((a€v)s + a&ave)® < C(0* + (v2)*)Xur-
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Hence, by (4.3) and Lemma 4.2 we obtain

T B T B
//(S@(Uw)2+83@31}2) eQSq)dxdtz//(8@(11)1.)24—33@311)2) €25q>d$dt
0 as

T B
g//s@m7+§@2)%%MWiC//2Mﬂ
0 A

Now, we consider a smooth function 7 : [A, B] — [0, 1] such that

N 0 IL’E[A,O[Q],
T(x)_{1 z € 81, B).

Set z := Tv, so that z satisfies (4.2), with f := (a7,v), + a7, v,. Since f is supported

in @ := [aw, 1], by Proposition 4.1 and Lemma 4.2 we get

B
/ 5@ (vs) +53®3 2) e ®dxdt = // s@ (zz) +53®3 2) e2*®dxdt
0 B

B B
/ 2 25@_1_83@3 2 25'1) dxdgc//el‘;@f?dxdt
A

T
gc// )2ﬂmm<c//2mm

i\ﬂ
O\'ﬂ -

Note that the boundary term in Proposition 4.1 is negative, and thus it is neglected.
To complete the proof it is sufficient to prove a similar inequality on the interval
[A, as]. Working as just done, the boundary term would have a positive sign, and so

we perform a reflection procedure as in [16], introducing the functions

a U(t,x), x € [AuB]7
Wﬁw%{ﬂﬁgA_@,mepA—&AL

i) = {a(:z:)7 x € [A, B],
" |a(2A—-1z), z€[24- B, A

and

T . b(:L'), T € [AaBL
oe) = {b(QA —2), ze[24- B, A

Then W satisfies

Wi+ (@W,)s + f)w —0, (t2)c(0,T)x (24— B, B),
xr

b(
W(t,2A— B) =W(t,B) =0, te (0,7T).
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Now, take a smooth function p : [2A — B, B] — [0, 1] such that

( )_ O, IE[QA*B,QA*ﬂﬂU[ﬂhB],
PR 1, z €24 — az,as]

and set Z = pW. Then Z solves

Zy 4+ ()0 + B()\)Z =h, (t,z) € (0,T) x (24 — B, B),
Z(t,2A— B) = Z(t,B) =0, te (0,T),

with h = (apsW)s + ap, Wy, supported in [24 — 31,24 — az] U [az, f1].
Set @ := O(t)p(x), with )
plx) =@ —¢

and
B

f(x):a/a(lt) i 24— B, B],

x

apply Proposition 4.1 in [24 — B, B] and Lemma 4.2 and find

T «o

// 5@ 2 29‘i’+53@3 2 2$<I>] dxdt

TCE2

/ / [50(Z,)2e*® + $°0° Z22e*®] dudt

. (4.6)
:// (502,20 + 5°6°22¢*% | duat
0 A
T B
g/ / (502,20 + 5°67 72627 | dxdt<0// v2dadt.
5 oal
Thus, by (4.4), (4.5) and (4.6), the thesis follows. O

Using Lemma 4.3 and proceeding as in [18, Lemma 4.9], we will deduce the following
observability inequality:

Proposition 4.4. Take A < B in R and let a,b € WH°°(A, B) be such that a(x) >
ag >0 and b(x) > by > 0 for allx € [A, B]. Let w CC (A, B) be an open interval. Then
there exists a positive constant Cr such that every solution v € C([0,T]; L?(A, B)) N
L2%(0,T; HY(A, B)) of (4.1) satisfies

B T
A/ v*(0,2)dz < Cr 0/ w/ V2(t, ) dadt. (@7)
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Hence Theorem 3.2 follows in a standard way.

Remark 4.5. Lemma 4.3 and Proposition 4.4 still hold true if w = wy U ws, where
w; = (N\i,vi) CC (A,B),i=1,2, v1 < A\a. Indeed, in the proof of Lemma 4.3 under
this assumption it is enough to proceed as before taking «;, 8;, i = 1,2 such that
A <ap <ag <y and Ao < B < B2 < 79, £ as before,

)0, ze[A
T(x)_{l, x € [ag, B

and
0, S [2A—B,2A—62]U[52,B],
p(z) =
1, x€[24-p5,06).

As a consequence, Theorem 3.2 still holds true if w = wy U ws.
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