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EXISTENCE AND COST OF BOUNDARY CONTROLS FOR A
DEGENERATE/SINGULAR PARABOLIC EQUATION

U. BICCARI, V. HERNANDEZ-SANTAMARIA, AND J. VANCOSTENOBLE

ABSTRACT. In this paper, we consider the following degenerate/singular parabolic equation

ut — (2%ug )z — Lu:O, z € (0,1), t € (0,T),
x

2—«

where 0 < o < 1 and g < (1 — «)?/4 are two real parameters.

We prove the boundary null controllability by means of a H'(0,7T) control acting either at = = 1 or at
the point of degeneracy and singularity x = 0. Besides we give sharp estimates of the cost of controllability
in both cases in terms of the parameters o and p. The proofs are based on the classical moment method by
Fattorini and Russell and on recent results on biorthogonal sequences.

1. INTRODUCTION AND MAIN RESULTS

The aim of this paper is to prove boundary null controllability for some degenerate/singular parabolic
equation in 1 — D and establish sharp estimates of the control cost. More precisely, we focus on the following
degenerate/singular operator:

I

- I270¢

Po v = us — (2%ug)e u, z € (0,1).

Observe that, when p = 0, this operator is purely degenerate:
Pou:=Pyou=1u — (2%Uy)q, x € (0,1),

whereas, when a = 0, it becomes purely singular with a singularity that takes the form of an inverse square
potential:
Pou =Py u=u — tuzy — %u, x € (0,1).
x

Null controllability properties by means of a locally distributed control for such operators have been
investigated in various papers. We refer the reader to the following pioneering contributions:

e Concerning the degenerate operator P,, the first complete result was obtained in [5] and shows
that null controllability holds true if and only if 0 < o < 2. One distinguishes here the two cases
0<a<landl <a <2 for well-posedness reasons: in the natural functional setting associated
to the weakly degenerate operator, that is when 0 < a < 1, the trace at z = 0 exists. So one can
consider a Dirichlet condition at = 0. On the contrary, the trace does not exist when o > 1. Here
the Dirichlet boundary condition needs to be changed by some Neumann-kind one. We also refer to
[1, 4, 6, 21] for various related results.

e Concerning the inverse square singular operator P, the first study was made in [27] and comple-
mented in [11]. In these references, it was shown that null controllability holds true if and only if
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p < p* where p* = 1/4 is the constant appearing in the well-known Hardy inequality

1.2 1
l/ Z—Qd:vg/zid:v.
4 )y x 0

Also here one distinguishes the two cases p < p* and p = p* again for well-posedness reasons:
the natural functional space in the critical case y = p* slighly differs from the one in the general
sub-critical case. Let us refer to [2, 10] for other similar situations.

o Finally, the mixed degenerate/singular operator P, , was studied in [26]. Null controllability here
holds true if and only if

0<a<2 and p<pa)

where
(1-w?
/,L(Of) T 4
is the constant appearing in the generalized Hardy inequality
1 o 2 1 2 1
(1=a) / 2Z_a dx S/ %22 d. (1.1)
4 o T 0

See also [14, 17] for other works on this theme.

Dealing with locally distributed controls, all these mentioned contributions are mainly based on a Carle-
man approach, suitably adapted for taking into account the degeneracy/singularity in the equation.

In the present paper, we turn to the case of a boundary control. To our knowledge, the question
has never been studied for the degenerate/singular operator P, ,,. However, some recent works studied this
problem for the purely degenerate operator P, and next for the purely singular one P . In more detail:

e In the case of P, the first result of boundary controllability was obtained in [15] for a control
acting at = 0 and in the case of a weak degeneracy 0 < « < 1. It has been complemented in [7]
where sharp estimates of cost of the control have been obtained. Next, in [9], the case of a strong
degeneracy (1 < « < 2) with a control acting at = 1 has been studied, analyzing again both the
existence and the cost of the control.

o In the case of P, the boundary controllability from x = 1 has been studied in [22] whereas the case
of a control at z = 0 is treated in [3].

When addressing the boundary controlability problem, the approach by Carleman estimates presents some
difficulties. Indeed, the specific weight functions introduced in [5, 26, 27] to deal with the degeneracy and/or
the singularity do not provide suitable boundary terms. For this reson, the approach of the aforementioned
papers is based on decomposition in series and the well-known moment method. This is the methodology
that we will employ also in the present work.

The rest of the paper is organized as follows: in Section 2, we formultate precisely the problems we are
going to study and we present our main theorems. In Section 3, we introduce some preliminary results on
the spectral properties of the operator P, , which will then be at the basis of our proofs. Moreover, we
briefly describe the main procedure of the moment method. Section 4 is devoted to the well-posedness of
our problems. In Section 5 and 6, we present the proof of our main results, Theorem 2.1 and 2.2. Finally,
in Section 7 we give some conclusive remarks and open problems.

2. PROBLEM FORMULATION AND MAIN RESULTS

2.1. Description of the controllability problem. Let us describe more precisely the controllability
problems we are interested in. First of all, we focus in this work on the case of a weak degeneracy, that is,
0 <« < 1. The case of a strong degeneracy (1 < « < 2) requires a change of boundary condition and it will
be treated in a future work. So throughout the paper, we assume that the parameters o and p satisfy the
following assumption:
(1-a)?
0<a<1l and ,ugu(oz):T. (2.1)
Moreover we will consider boundary controls acting either at z = 1 or at the degeneracy /singularity point
z = 0.



2.1.1. Control acting away from the degenerate/singular point. We will first study the case of a boundary
control acting at 2 = 1 (that is, away from the degenerate and singular point): let ug € L?(0,1), T > 0 and
consider

up — (2%Ug )y — Bl = 0, (z,t)€(0,1)x(0,7):=Q

u(0,t) =0 te(0,7) (2.2)
u(l,t) = H(t), te(0,7)

u(z,0) = uo(z), xz € (0,1).

Here H represents some control term that aims to steer the solution to zero at time 7T'. Our first goal is to
establish the existence of such control (which could in this case be deduced from the result of controllability
by a locally distributed control via the method of extension of the domain). Moreover, in this work we are
also interested in providing sharp estimates of the cost of such control, in dependence of the parameters a
and p entering in our problem.

2.1.2. Control acting at the degenerate/singular point. Next we will turn to the case of a control acting at
2 = 0 (that is on the point of degeneracy and singularity). In this case, even the existence of a control is
new since it cannot be deduced from the result of controllability by a locally distributed control. Moreover,
as previously, we also aim at estimating precisely the cost of the control. The problem we consider here is:

Ut — (Iauac)z - x;iau =0, (:E,t) €qQ
(a=u)(0,¢) = H(1), te(0,7) (2.3)
(1, ) = 0, te(0,T)
u(z,0) = up(x), z € (0,1)

Due to the presence of the singularity at = = 0, it is not possible to impose a standard non homogeneous
Dirichlet boundary condition. For this reason, as in [3], we use the above weighted Dirichlet condition where
the coefficient v is defined by

11—«

5 —%\/(1—04)2—4u=\/M(a)—\/u(a)—u. (2.4)

v = (e, p) =
Notice that we have

Y(a,0) =0 and ~4(0,p) =

(1— 1—4u),

|~

consistently with [3, 7].

2.2. Main results. We present here the main results of the paper. To this end, we firs need to introduce
the following notion of controllability cost.

For any T > 0, 0 < a < 1, g < p(a) and any initial datum ug € L2(0,1), we introduce the set of
admissible controls:

uad(aa ,U,T, U‘O) = {H € H1(07T) u(H)(T) = O}a

where u#) denotes the solution of (2.2) or of (2.3) corresponding to the control H. Then we consider the
controllability cost for any ug € L*(0,1)

1
CH (o, pu, T, up) := inf H ,
(a, 11, T, uo) e ) | 1 0,1
which is the minimal energy needed to drive the initial datum wug to zero. Finally, we define the global
notion of controllability cost:

1 1
lei—ctr(av Hy T) = sup CH (Oé, 1y T, Uo).
”“0”1,2(0,1):1
3



2.2.1. Results for a control acting at x = 1. Our first main result, concerning the existence of a control for
equation (2.2), will be the following.

Theorem 2.1. Let 0 < a < 1 and u < p(a). Given any T > 0 and ug € L?(0,1), the following assertions
hold :
(i) Ezistence of a control. There exists a control function H € H*(0,T) such that the solution of
(2.2) satisfies u(x,T) = 0.
(ii) Upper bound of the cost. There exists a constant C,, > 0, independent of o, p and T, such that
the cost of null controllability for (2.2) satisfies

2
Clgictr(Oé?u?T) S CuecTu |:1 + /M(CY) _ M:| e*Cu [1+ #(a)*#} T'

(iii) Lower bound of the cost. There exists a constant C,, > 0, independent of a, p and T, such that
the cost of null controllability for (2.2) satisfies:
e in the case

via,n) € {0, %} ,  that is, u € [%(3@ — 4),,u(a)} ,

then

2
Cu —C, |1 — T
Cctrfbd Z Cue 7 e " { Vi) M] ;

e in the case

2 165 _4)]’

1
via,p) € [—,—i—oo), that is, pu € ( — 0, il

then

2 4/3
Cotrba > Cu o o Cu {1+ u(a)—u] T ,~Cu {\/u(a)—u] (ln{\/u(a)—u] +1In %)'
The proof of Theorem 2.1 will be given in Section 5.

2.2.2. Results for a control acting at x = 0. The second main result of our work concerns the existence of a
control for equation (2.3), and it reads as follows.

Theorem 2.2. Let 0 < a <1 and u < p(a). Given any T > 0 and ug € L?(0,1), the following assertions
hold:
(i) Ezistence of a control. There exists a control function H € H'(0,T) such that the solution of
(2.3) satisfies u(x,T) = 0.
(ii) Upper bound of the cost. There exists a constant C,, > 0, independent of o, p and T, such that
the cost of null controllability for (2.3) satisfies

2
oy < Co (1 +v(a,p)) e [1 I /7H(04) —u} e—cu(1+ u(a)w) T
V(o) +/ule) — p
(iii) Lower bound of the cost. There exists a constant C,, > 0, independent of o, p and T, such that
the cost of null controllability for (2.3) satisfies:
e in the case

1
v, p) € {0, 5} ,  that is, p € [%(3@ — 4),#(@)} ,
then
Cetr—bd > C 1 *Cu(lfa)zTecTu;

Vir(@) + /o) T

e in the case

1
via,u) € [5, —i—oo), that is, pu € ( — 00, 1%(304 — 4)] ,

4



then
C

Cctrfbd > “
Vi) +vule) —u
The proof of Theorem 2.2 will be given in Section 6.

¢ ~Cu [14/u@)—u] T ~C.[Val@ =] "’ (1n[ /(@)= +1n £)

eTe

3. PRELIMINARY RESULTS

The strategy for proving Theorems 2.1 and 2.2 is based on the moment method (see [12, 13]) and requires
the study of the associated Sturm-Liouville problem: one needs the expressions of the eigenvalues and
eigenfunctions together with suitable estimates on the eigenvalues. We summarize here all these preliminary
results that are useful to transform the controllability problems into moment problems and solve these
questions.

3.1. Spectral properties of the operator P, ,. In order to transform the question of null controllability
into a moment problem, we first study the eigenvalue problem associated to the degenerate/singular operator
P,

{Pa,,ﬂs = —(2°¢)/ (@) - = 6(2) = Ao(2), @€ (0,1)

3.1
¢(0) = 0 = ¢(1). &y

We prove:

Proposition 3.1. Assume 0 < a <1 and p < p(a) and define

Vo) = (1;“>2—u— 2 i@ . (32)

2—-«a 2—-«
For any v > 0, we denote by J, the Bessel function of first kind of order v and we denote
0<jo1<fu2<- < Jurp<-— +00 as k = 400
the sequence of positive zeros of J,,. Then the admissible eigenvalues \ for problem (3.1) are

2—a\’ .
vk > 17 )\a,u,k = ( 9 ) (]V(a,u),k)2 (33)

and the corresponding (normalized) eigenfunctions are

V2—a«a l—a . 2—a
Vk>1, (I)oz,u,k(x) = | T 2 Jv(a,,u) (]v(a,,u),kx 2 )

Iy Uy )|

Moreover the family (®o.,k)k>1 forms an orthonormal basis of L*(0,1).

Proof. Let us first prove that that any admissible eigenvalue X satisfies A > 0. Let ¢ be an eigenfunction.
Multiplying the equation by ¢ and integrating by parts over (0, 1), we get

/01 (x%i - gﬂ%aaf) do = A/Ol o2 du.

Using p < p(ar) and the generalized Hardy inequality (1.1), we have

1 1
)\/0 ¢2d:v2/0 (wo‘¢§—52(—al¢2> dz > 0.

It follows that A > 0 since ¢ # 0. Assume now that A = 0. Then

/01 (x%g—x%aof) dx:)\/01¢2dx20.

This implies that ¢ = 0 since the left hand side of the above relation defines a norm on H, i’g (0,1). (Tt

is a consequence of (1.1) when p < p(a) and of [26, Theorem 2.2] when p = u(a)). Since ¢ # 0, it follows
that A > 0.
5



In view of the above discussion, in what follows we will always assume A > 0. Now, using the changes of
variables

(b(x)—xlTad)( 2 \/Xa:2Ta> and y= 2 \/Xx%Ta,

2—« 2—«

one can easily see that ¢ satisfies (3.1) if and only if 1) is solution of

v (y) +yd' () + (v° — vl p)?)e(y) =0, ye <0, —
2\/X>

w<0>=0=w(2_a

Hence 9 is a solution of the Bessel equation of order v(a, ). A fundamental system of solutions of the
above Bessel equation is given by {Jl,(ow), Yy(aﬁﬂ)}, where Jy,(q,,) and Y, ) are the Bessel’s functions of
order v(a, 1), respectively of the first kind and of second kind. So ¥ takes the form:

2V
vy € (Ov m) ) \Ij(y) = C']u(a,u) (y) + C/Yu(a,u) (y)a

for some C,C" € R. It is known that J,(4,,)(0) = 0 and Y,(4,,)(0) = —0c0 (see [19, sections 5.3 and 5.4]). In
order to satisfy the boundary condition at x = 0, it follows that C’ = 0. Thus

Vy € (07 2\/X> ) \I](y) = CJv(a,,u)(y)a

2—«

with C # 0. Then the other boundary condition implies that
g (22
view) \ 9, ) T

2V

= Jv(a,u),k>

So one has

2 —«
for some k € N*. Therefore the set of admissible eigenvalues is given by

2—a\’
.2 *
)\u(a,,u),k = (T) ]u(a,,u),k’ ke N*.
As for the eigenfunctions, they take the form
1—a 2—a
Vk > 17 (I)a”u,k(x) = CkITJV(a,u) (ju(a,u),kxT) .

It remains to show that (®x)x>1 forms an orthogonal family in L?(0,1) and choose C, so that it becomes
normalized. For any n,m > 1, let us compute

1
/0 (I)v(a.,,u),n(x)q)u(a,,u),m (‘T) dx

2

! — . o . 2—a
= Cncm/o xl O[']u(a,u) (]u(a,u),nIT) Ju(a,u) (.]V(oz,u),mx 2 ) dx

2C,Cr [* . )
- /0 Yoty (Gt n¥) Tt (uoouy.my) do

2—«

CnCim .
= 5 _ aanm [Ju(oz,u)-i-l (]u(a,u),n)]2a

where we used the orthogonality property of Bessel’s functions (see [19, section 5.14]). Moreover, Bessel’s
functions satisfy the identity (see [29, p. 45, equation (4)]):

xJ)(z) —vdy(z) = —xJ,11(2),

6



yielding Jy41(Jun) = —J.,(ju,n). It follows that

1
CnCr, .
/0 (I)u(a,u),n(x)(bu(a,u),m(x) dr = mignm{JL(a,u) (.]V(oz,u),n)]z'

Finally, choosing

V22—«
I ey Uy )]

Ck=|

the family (®4)r>1 is orthonormal in L?(0,1). a

Next we give some estimates on the eigenvalues that will be useful in the analysis of the problem. Referring
to [29, Section 15.53], we can give the following asymptotic expansion of the zeros of the Bessel function J,,,
for any fixed v > 0:

v 1 42 — 1 1
= k+—=—— -4+ 0= |, k — .
Jvk < +2 4>7T S(k—i-%—%)w—i_ (k3> as +o00

Moreover, in what follows we will also need the following bounds on j, 5, which are provided in [20,

Lemma 1]
VEol Vk>1 [ L <ok < b+ ” L
v 525 = 4y 7T 2 4 _.]V,k_Tr 4 R )
(3.4)
W |E to0), VE>1 P N PPy AL
2’ ’ =5 7 4 8 = Juvk =T 2 4)°

The inequalities above become exact when v = 1/2 (which corresponds, according to (3.2), to a = p = 0).
We also recall the following result, whose proof is classical and can be found in [18, Proposition 7.8].

Lemma 3.1. Let (j,i)r>1 be the sequence of positive zeros of the Bessel function J,. Then the following
holds:

e The difference sequence (jy jx+1 — Ju.k)k converges to m as k — +00.
o The sequence (Jyk+1 — Ju.k)k 1S strictly decreasing if |v| > 1/2, strictly increasing if |v] < 1/2, and
constant if |v| =1/2.

In addition, using the bounds on the zeros of Bessel functions that we just presented, we can provide
upper and lower bounds, uniform with respect to k, for the difference \/ Ao k41 — \/ Aa,u,k between the
square roots of two successive eigenvalues of our original problem. These bounds will be crucial in the proof
of the controllability result and in the estimation of the controllability cost. In more detail, we have the
following result.

Lemma 3.2. We have the following bounds for the difference \/Aa7#7k+1 — \//\a%k:
(i) When v(o, ) € [0,3) that is when p € (%(3@ — 4),,u(oz)}, then

7 2 -
Vk > 1, 1_2—(2 - CY) < \/)\a,u,k-i-l - \/)\a,u,k < ( a)

. (3.5)

(i) When v(a, p) € [5,+00) that is when p € (—oo7 1%(304 - 4)}, then

2-o)

vk > 17 g(2 - a) < \/)\a,u,kJrl - \//\a,,u,k < (.] (ot,p),2 _.ju(oz,u),l)' (36)

Proof. Let us start with v(a, p) € [0, 3]. Concerning the lower bound, employing the estimates (3.4) we can
easily obtain

2—a . .
VAaktt = VAauk = 5 (o () b1 = Jutanmy k) = 5 3)2 1%

(2 o) (V(CZM) ;) >To_q),

7



since v(a, 1) > 0. Concerning the upper bound, thanks to Lemma 3.1 we immediately have that j, () k+1—
Ju(a,u),k < T, which clearly implies

\/Aa”u,kJrl - \/Aa”u,k S g(2 - a)-

For v(a, ) € [%, +00), instead, thanks again to Lemma 3.1 we have that j,(a,u) k+1 = Jv(a,u),k > T, which
clearly implies

\/Aa”u,kJrl - \/Aa”u,k Z g(2 - a)-

Finally, the upper bound is again a consequence of Lemma 3.1:

2—a . , 2—a . .
\/)\a,u,k-l-l - \/)\a,u,k = T (]u(oc,,u),kJrl _ju(a”u),k) < 9 (]u(a,,u),2 _]v(a,,u),l) )

since the sequence (jy(a1#)1k+1 — jy(aﬁﬂ)ﬁk)k is nonincreasing in that case. Observe that it is the best upper
bound (valid for any k > 1) that one can obtain here. O

Notice that, using the fact that 0 < o < 1, one can deduce the following estimates that are also uniform

with respect to o and  :

e when v(a,u) € [0, %) ,

VE > 1, — <V k1 — VAauk < T (3.7)

e when v(a, p) € [3,+00) ,

Vs
Vk > 1, 5 < \/Aa7#7k+1 — \/)\a”u.,k- (3.8)

On the other hand, let us observe that in the case v(a, 1) € [%, —|—oo), the upper estimate given in Lemma
3.2 is not satisfactory. Indeed, one can quote the following inequality from [23]:

1/3
Qn 1/3 . (07 1/3 3 2 2
VV>05VTL217 V_WV <]u,n<V—WV %anm,
where a,, is the n-th negative zero of the Airy function. It follows that there exists a > 0 such that
1/3

Jv2 = Jui ~av as v — +oo.

Consequently, for any a € [0, 1),
jv(a,,u).,Q - ju(a,,u),l ~ al/(a7u)1/3 — +00 as fi — —0oQ. (39)

Moreover, this upper estimate being the best possible one valid for any k > 1 (see the proof of Lemma
3.2), it is of course not possible to improve it.

Therefore, in order to get sharp estimates of the cost of controllability, it will be important to provide
some better upper estimates. To this end, we will use the following complementary asymptotic estimates
that is only valid for k£ large enough but that has the advantage of being uniform with respect to o and p:

Lemma 3.3. When v(a,u) € [%, +oo) , for any k > v(a, 1), we have

\/)\a,u,k-i-l - \/)\a7u7k < 2.

Proof. It directly follows from the definition of A\, and Lemma 5.1 in [9] that says that the zeros the
Bessel functions satisfy

Yv>—-, Vk>v, Jukt1 — Juk < 2.

N =

4. WELL-POSEDNESS OF THE CONTROLLABILITY PROBLEMS

This section deals with the well-posedness of the models we are considering. To this end, let us first recall
the functional framework associated to the purely degenerate operator P, (see for instance [5]).
8



4.1. Functional framework. For all 0 < a < 1, we set
HY(0,1) := {u € L2(0,1) N HL((0,1]) } 2%y, € L*(0, 1)}.

Obviously, for any u € HL(0,1), the trace at z = 1 exists. Moreover, in the case 0 < a < 1 (which is
the one considered in this paper), it can be proved that the trace at = 0 also makes sense. This allows to
introduce the space

HL(0,1) = {u € HL(0,1) ’ w(0) =0 = u(1)}.

Next we introduce the functional setting associated to the degenerate/singular operator P, , (see [26]).
For any p < u(a), we define

1
HY(0,1) = {u e L2(0,1) N HL((0,1]) ‘ / (xaui - leia u2) dx < —I—oo}
0

and
HE(0,1) = {u e HL1(0,1) ‘ u(0) =0 = u(l)}.

In the case of a sub-critical parameter u < p(a), thanks to the generalized Hardy inequality (1.1), it
is easy to see that H;g(O, 1) = H} ((0,1). On the contrary, for the critical value p = ju(e), the space is
enlarged (see [28] for this observation in the case oo = 0):

Hio(0.1) Hyb ™ (0,1).

Next we define

2—« u

H24(0,1) 1= {u € Hy*(0,1) N H((01]) | (2%un)a + —fu € 20, 1) }.
Finally, the domain of the operator P, is given by
D(Pq.,) == H2"(0,1) N H,5(0,1).

4.2. Homogeneous boundary conditions and a source term. Let us first consider the system with
homogeneous boundary conditions and a source term

wy — (2%wy )y — xiaw = f(x,t), (x,t) €Q

w(0,t) =0, te(0,7T) (4.1)
w(l,t) =0, t e (0,7T)
w(z,0) = wo(x), x € (0,1).

Under the assumption (2.1) and for any wy € L?*(0,1) and f € L2((0,1) x (0,7)), problem (4.1) is
well-posed (see [26]) and we state the following definitions:

Definition 4.1. We have the following notions of solution:
a) Given wyg € L?(0,1) and f € L*((0,1) x (0,T)), one defines the mild solution of (4.1)

w e €°([0, T]; L*(0,1)) N L2(0, T H,'5(0,1))

as the one given by the variation formula:
t
w(z,t) = ePorwy + / (=P f (1. 5)ds.
0
b) We say that a function

w € C[0,T]; Hy6(0,1)) N H' (0,T; L*(0,1)) N L*(0,T; D(P )

is a strict solution of (4.1) if it satisfies the equation a.e. in (0,1) x (0,T) and the boundary and
initial conditions for all t € [0,T] and z € [0, 1].

Notice that, if wy € H, i’_ﬁ(O, 1), then the mild solution of (4.1) is also the unique strict solution.
9



4.3. Non homogeneous boundary condition at x = 1. Next we turn to the boundary value problem
(2.2). To define the solution of (2.2), we transform it into a problem with homogeneous boundary conditions
and a source term. Let us introduce

11—«

5 T Vi) —p

V€ [0,1], p(x) :=2? where ¢:=

Observe that p(0) =0, p(1) =1 and

(=°p) (2) + ——p(x) = 0.

Formally, if u is a solution of (2.2), then the function defined by

= u(x _]Lx) =u(x,t) — x?
v(z,t) = u(z,t) p(l)H(t) (x,t) H(t) (4.2)

is solution of

Ut — (xavz)z - U= _@H/(t)a (xvt) €qQ

z2me p(1)
v(0,t) =0 te(0,7) (4.3)
v(1,t) =0, te (0,T) '
p(z)
v(x,0) =up(x) — —=<H(0), z e (0,1).
(2.0) = w(z) - B3 1(0) 0.1
Reciprocally, given h € L?(0,T), consider the solution of

Vg )a — B, = —]Lx)h(t), (z,t) € Q

v — (@ 2o p(1)

v(0,t) =0 te(0,T)
v(1,t) =0, te (0,T)
v(x,0) = vo(z), x € (0,1)

Then the function u defined by

u(z,t) = v(z,t) + p(z) /Ot h(r)dr

p(1)
satisfies

up — (2%Ug )y — x;iau =0, (z,t)eq
u(0,t) = 0, te(0,7)

t
(1, t) = / h(r)dr, te(0,7)

0
u(z,0) = vo(x), xz € (0,1).

Let now H be given in H*(0,T). The results of section 4.2 apply in particular to problem (4.1) when one
chooses

_ p(@) ., N p
flz,t) = —mH (t) and wvo(z) = up(x) — p—H(O) (4.4)

This allows us to define in a suitable way the solution of (2.2):

Definition 4.2. We have the following notions of solution:
a) We say that u € C°([0,T]; L*(0,1)) N L2(0,T; H:#(0,1)) is the mild solution of (2.2) if v defined by
(4.2) and (4.4) is the mild solution of (4.3).
b) We say that u € C°([0,T); H:*(0,1)) N H'(0,T; L*(0,1)) N L*(0,T; H2#(0,1)) is the strict solution
of (2.2) if v defined by (4.2) and (4.4) is the strict solution of (4.3).

We deduce

Proposition 4.1. Assume that 0 < o <1 and p < p(a).

a) Given ug € L*(0,1) and H € H'(0,T), problem (2.2) admits a unique mild solution.
10



b) Given ug € HY#(0,1) such that ug(0) =0 and H € H'(0,T) such that uo(1) = H(0), problem (2.2)
admits a unique strict solution. In particular, this holds true when ug € Hi’fé(O, 1) and H € H'(0,T)
is such that H(0) = 0.

The proof of Proposition 4.1 follows immediately noticing that

= p(x)
H(x,t) .= —=H(t
(a.):= D H D)
satisfies
H e C°([0,T); Hy"(0,1)) N H' (0, T; L*(0,1)) N L2(0,T; H2"(0,1)).
4.4. Non homogeneous boundary condition at z = 0. Finally we study to the boundary value problem

(2.3). To define its solution, as we did for (2.2) before, we transform it into a problem with homogeneous
boundary conditions and a source term. Let us introduce

vV € [0,1], p(x):=1—2? where ¢:=2v/u(a)— p. (4.5)
Observe that ¢ = 0 in the critical case p = u(a). (See also Remark 4.1 later). So we assume here that
i < pi(c). Then notice that p(0) = 1, p(1) = 0. Moreover, one can readily check that

[2%(27p)'] (=) + p(z) =0, (4.6)

where 7 is the parameter introduced in (2.4). Formally, if u is a solution of (2.3), then the function defined
by

pr2—a—y

_ - p(2) _ o q
v(x, t) = u(z,t) —x WH(t) =u(x,t) — 27 (1 — ) H(t) (4.7
is solution of
ve — (2% )z — iav = F(z,t), (x,t) €@
v(0,1) = 0, te(0,7) (4.8)
v(1,t) =0, te(0,7)
v(x,0) = vo(x), x € (0,1),

where we denoted

F(x,t) := —xV]Lx)H/(t) and  wvo(z) = ug(x) — xV]Lx)H(O).

Observe that (2.3) actually implies (z77v)(0,¢) = 0 which, in particular, gives v(0,¢) = 0 as written in
(4.8). Indeed, notice that v in (4.7) is given explicitly by

v(x,t) = Z g (£) P (),

k>1
with
t
vg(t) := vy ge M +/ Fi(s)e M%) ds
0
1
Vg0 = | wvo(x)Pk(x)dx
0

1
F(x,t)®(x) dx.
0

Fy, (t)

Then, as x — 0 we have

.I_V’U(:Z?,t) - ka(t)xliTa_VJV (ju(a,u),kI%Ta) = ka(t)x H(Ol)—HJU (ju(a,u),kx%Ta) — 0.

k>1 k>1

In view of that, we get

x Tu(x,t) = 27 Yo(x, t) + MH(t) — H(t), as © — 0.



Reciprocally, given h € L?(0,T), consider the solution of

vy — (2% )2 — °o, = —x”lﬂh(t), (x,t) € Q

z?me p(0)
v(0,t) = 0, te(0,T)
v(1,t) =0, te (0,7)
v(x,0) = vo(x), x € (0,1)

Then the function u defined by

u(z,t) = v(z,t) + x”zﬂ /Ot h(r)dr

p(0)
satisfies
up — (%Uy )y — xﬁau =0, (z,t)eqQ
(2 7u)(0, ) = /0 hr)dr,  te(0,T)
u(1,t) =0, te (0,T)
u(z,0) = vo(z), xz € (0,1).

Let now H be given in H'(0, 7). The results of section 4.2 apply in particular to problem (4.1) when one
chooses
- ,Yp(x) / _
flx,t) = -z WH (t) and wo(z) = up(r) — 27 =—=H(0). (4.9)
This allows us to define in a suitable way the solution of (2.3):

Definition 4.3. We have the following notions of solution:
a) We say that u € C°([0,T); L*(0,1)) N L?(0,T; H:#(0,1)) is the mild solution of (2.3) if v defined by
(4.7) and (4.9) is the mild solution of (4.8).
b) We say that u € C°([0,T); H:#(0,1)) N H(0,T; L?(0,1)) N L*(0,T; H2#(0,1)) is the strict solution
of (2.3) if v defined by (4.7) and (4.9) is the strict solution of (4.8).

We deduce

Proposition 4.2. Assume that 0 < a <1 and p < p(a).

a) Given ug € L*(0,1) and H € H*(0,T), problem (2.3) admits a unique mild solution.

b) Given ug € H*(0,1) and H € H*(0,T) such that (x77uo)(0) = H(0) and ug(1) = 0, problem
(2.3) admits a unique strict solution. In particular, this holds true when ug € HL#(0,1) such that
(27 up)(0) = up(1) = 0.

The proof of Proposition 4.1 follows immediately noticing that

H(z,t) = ﬂ%ﬂ(t)

satisfies
H e C°([0,T); Hy"(0,1)) N H' (0, T; L*(0,1)) N L2(0,T; H2"(0,1)).

Remark 4.1. As a final remark we observe that, when p = u(a), the value of q that we defined in (4.5) is
zero. This means that, in the case of critical potentials, the change of variables introduced for defining the
solution to our problem is the trivial one. Therefore, in what follows, when dealing with (2.3) we shall always
assume p1 < p(a). Notice, however, that this assumption is not a limitation. Indeed, for critical potentials
we do not expect our equation (2.3) to be well posed, at least not with the boundary conditions that we are
imposing. This behavior had already been observed in [3] for purely singular operators (v =0), and a more
detailed discussion on this point can be found in the Appendix A of that mentioned work.
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5. PROOF OF THEOREM 2.1

This Section is devoted to the proof of our first result Theorem 2.1 on the boundary controllability for
(2.2).

The proof will employ the classical moment method (see [12, 13]). This procedure is based on the explicit
construction of the control H, given in terms of a family (0q,um(t))m>1 biorthogonal in L*(0,T) to the
family of real exponential (e*ew), 51, that is

1ifm=mn,

0 if m # n. (5.1)

T
VYm,n >0, / aa%m(t)eh’“’"t dt = O, = {
0

In order to show the existence of such a sequence, we will use [7, Theorem 2.4], whose proof has been
inspired by the works of Seidman-Avdonin-Tvanov [24] and Tucsnak-Tenenbaum [25]. In this part, it will
be fundamental that the eigenvalues associated to our problem fulfill the gap conditions

vn Z 17 \/)\a,u,n-i-l - \/)\a,u,n 2 Ymin-

Furthermore, to define properly the control H, we also need to provide some sharp lower bound of the
norm || oo, pm(t)m>1ll2(0,7y, which will be obtained as a consequence of this second spectral estimate

Vn > 1, \/)\a,u,nJrl - \/)\a,u,n < Ymax- (5.2)

When v(a, p1) € [0, 3], (5.2) holds true for some Yy,q, that is independent of o and p. Here we will use
[7, Theorem 2.5], inspired from Guichal [16].

When v(o,p) € [%, —|—oo), (5.2) still holds true but with 7,4, that tends to 400 as p — —oo. So one
could still use [7, Theorem 2.5] but this would not give a sharp estimate. For this reason, we complement
(5.2) by the better asymptotic estimate given in Lemma 3.3. Then we will use [8, Theorem 2.2].

Therefore, according to the above discussion, our proof will be organized into the following steps:

Step 1. Following the classical approach of [12, 13], we first reduce our control problem to a moment
problem.

Step 2. We give a formal solution, using the properties of the spectrum of the operator P .
Step 3. We prove the existence of the control, its regularity (in H'(0,7)) and also give an upper
bound of the cost of controllability.

Step 4. We finally derive a lower bound of the cost of controllability.

Let o and p be given such that 0 < o < 1 and u < p(«). For simplicity in the notations, we denote in the
following by ®, (instead of ®, ;1) and A; (instead of A\, , k) the eigen-elements given by Proposition 3.1,
and by oy, (instead of 0 ,,m) the biorthogonal family. Besides, also for simplicity in the notations, we will
denote in a generic way by C all the constants (independent of k, a,, u and T') that appear in the calculus.
We stress that the value of C may change from line to line.

5.1. Reduction to a moment problem. In this part, we treat the problem with formal computations.
We will present a rigorous justification in a second moment.

Let us start expanding the initial condition uy € L2(0,1) in the basis of the eigenfunctions (®j)x>1.
Indeed, we know that there exists a sequence (pY);>1 € £2(N*) such that, for all z € (0,1),

1
uo(x) = Zpgfbk(x), o ::/ uo(z) Py (z) dx, k> 1.
E>1 0
Next, we expand also the solution u to (2.2) as
u(w,t) =Y Bet)®r(z), (2,t) € Q,
k>1

with



and

37 Bi()? < oo

k>1
Therefore, the controllability condition u(z,T) = 0 becomes
Vk>1, Bu(T)=0. (5.3)

Moreover, we notice that the function vy (z,t) := ®(x)e*#=T) solves the adjoint problem

Vet + (2% 0)e + 2,u v =0, (z,t) €Q
ve(0,t) = vi(1,¢) =0, te(0,7).
Combining (2.2) and (5.4) we obtain

0 :/Q [vk (ut — (2%Uy)y — xﬁ‘l u) +u (vk,t + (2%Vk0)s + xz%vk) ] dxdt

1 T T 1 T 1
= ViU ‘ dr — ULV, ‘ dt + Mg pU ‘ dt
0 0 0 0 0 0

1 1 T
—/0 vk(x,T)u(a:,T)d:r—/O vk(a:,())uo(x)dx—l—/o H(t)vk,(1,t) dt

1 1 T
:/ u(z, T)®p () do — e~ T / uo ()@ () de + e~ T d) (1) H(t)e ! dt
0 0 0

T
=Br(T) — ppe M7 + e T (1) | H(t)e M dt.
Bi(T) — py, k
0
Then, (5.3) yields
T
VE > 1, @2(1)/ H(t)e ! dt = p}. (5.5)

0

On the other hand, since we are looking for a solution of the moment problem belonging to H'(0,T),
instead of (5.5) we would rather be interested in a condition involving the derivative of the function H. This
condition can be obtained integrating by parts in (5.5), as follows
T

T 1 1 T
/H(t)e’\’“tdt:—H(t)e’\kt ——/ H'(t)e Mt dt.
0 Ak o A Jo

Therefore, H'(t) has to satisfy
(bl
VE>1, — / H'(t)e Mt dt = pf — A( ) (H(T)eMT — H(0)). (5.6)

We will provide a solution to the above problem which satisfies H(0) = H(T') = 0.

5.2. Formal solution of the moment problem. We exhibit here a formal solution of the moment problem
(5.6).

5.2.1. Formal definition of the control H. Set artificially Ag := 0, so that we have now a sequence (Ag)r>0
We assume for the moment that we are able to construct a family (0y,)m>0 of functions o, € L*(0,T),
which is biorthogonal to the family (e*#!),>q. Observe that for n = 0, using Ao = 0, (5.1) implies

T
Ym > 1, / om(t)dt = 0. (5.7)
0
Then let us define the function H as follows:
H(t / K(s)ds, with K(t):=—-> q), pk K (t (5.8)
k>1
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It is straightforward that, if K € L*(0,T), then H € H*(0,T) with H(0) = 0 and H'(t) = K (t). Moreover
thanks to (5.7) we have, at least formally,

H(T) /T Mk ok (s) ds Ak _ o /T (s)ds =0
— — kok = — k (o = U.
0 2 30 2w ()" ),
Finally,
o (1) [T (1) [T o (1) [T
/A H'(t)e Mt dt = — il )/ K(t)e*ktdtzﬁf ,AZ plo(t) | et at
e o e Jo Ak Jo =1 (1)
/ T /
k(l) A 0/ At (I)k(l) Ae 0 0
= oe(t)e™ * dt = Okt = Pp,

and the moment problem (5.6) is formally satisfied.

5.2.2. If reqular, the control H drives the solution from ug to zero. Let us assume for now that K € L2(0,T)
(and, consequently H introduced in (5.8) belongs to H*(0,7)). We show here that H is able to drive the
solution to (2.2) from the initial state uy to zero in time 7. To this end, let us remind the change of variables

v(x,t) == u(x,t) — ;ﬁH(t), (x): o

+ /L(CY) — M,
that transforms our original equation (2.2) in

N R C)] .
Ut ( 1)1 22— p(l) K(t)7 ( 7t) € Q

v(0,t) = v(1,t) =0, te (0,T)
v(x,0) = ug(x), x € (0,1)

Now, for a fixed € > 0 we have

T 1
/ / —MK(t)q)k(x)e)‘ktdxdt
£ 0 p(l)
T 1 ’
= / / (vt = (2%)e — —5— ’U) Dy (z)e Mt dadt
€ 0 €z
1 T T 1
= / @Mt | do + / / v (—(za®;€)/ - QLq)k - /\kfl)k) Mt dxdt
0 € < Jo T

1 1
_ e)ucT/ o(z, T)®y () dz — e>"‘€/ v(x, )P () dx.
0 0

Hence, taking the limit for ¢ — 07 we find

p(1)

From this last identity and (5.8), it immediately follows

/ _@K(t)cpk(x)em drdt = M7 /1 v(x, T)®p(x) do — py.
Q 0




Moreover,

! () o
/o () T d

5 | i o = 5 [ES (@) + ) da
1 pl) . 1) . L@ e
=5 o° 2, (x) o_/\_/o o @ (z) dx +Ak/0 p(l)xz,afbk( )d
_ e 1) , P ar @Y a—2D(T)
B R Tl [<‘” ) W)] Pl
_ o) 1 0. (1)

1

o,/ -2 d dr =
s g | (@ @) )| o) do = T
since from the definition of p(x) it is straightforward to check that

(2P ()" + pa®*p(x) = 0.

Hence, we get

1
e’\’“T/ v(x, T)®(x)de =0,
0
which of course implies v(z,T) = 0 and, since H(T') = 0, we can finally conclude that

p(x)
w(x,T)=v(x, T)+ —=H(T)=0.
(@.T) = v(e. T) + LS H(D)
At this stage, in order to prove point (i) of Theorem 2.1, it remains to prove the existence of a suitable
biorthogonal family and to show that K belongs to L?(0,7). This will be done in the next subsection

together with the obtention of the upper bound of the cost of controllability.
5.3. Existence of the control, H' regularity and upper bound of the cost of controllability.

5.3.1. Existence of a suitable biorthogonal family. We will use the following result.

Theorem 5.1. (see [7, Theorem 2.4]) Assume that for all k > 0, A\, > 0, and that there is some Ymin > 0

such that
Vk >0, vVAetr1— VA > Ymin

Then there exists a family (om)m>0 which is biorthogonal to the family (eM)>o in L?(0,T). Moreover,
there exists some universal constant C,, independent of T', Ymin and m such that, for all m > 0, we have

\/_ cu
oml3207) < Cue™2 T S Amin € in™ BX(T, Ymin), (5.9)
with
. Cu ) 1
B (T, Ymin) = Zmaz § TV T (5.10)

Remark 5.1. [7, Theorem 2.4] is formulated in the following way:

VAm
- CTI/ ~ .
||Um||%2(0,T) S Cue 2>\mT€ Ymin B(T; 'szn)a

with
C1L
I T W e T
B(Tv F)/mln) - (T :— T2'Ymm) € 1f T = /777_1;717
Cu’ymln it T 2 Yimins

and this is clearly equivalent to (5.9)-(5.10).
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Using (3.7) and (3.8), the eigenvalues of the problem satisfy for all p < u(a)
7 7
VE>1, Vst — Ve >min 4 — 21 = T
16° 2 16
As before, define artificially Ao := 0. Then, for all u < p(«),
2 -« 2—a 3m 3w 3T
V=V = 24 SZTX T _ Mgy >
1 2 Jv(a,p),1 = 2 4 ) ( Oé) =g
using the fact that, thanks to (3.4), one can easily prove that j, ;1 > 37/4 for all v > 0 and next using the
fact that 2 — a > 1. Therefore we can apply Theorem 5.1 to the family (e**);>q provided that we choose

T 3w } 37

vmm—mm{m 3 <

We obtain that there exists a family (0, )m>0 biorthogonal to (e*!);>o in L(0,T), and such that

VAim ~
loml| 20,7y < Ce™ e i B(T) < Ce AT eV B(T), (5.11)

with

1
B(T) = max{l, ﬁ}e% for all T' > 0.

The form of B(T) casily follows from the definition of B(T, Yy )*-

5.3.2. The control f belongs to H*(0,T). We have to check that the control H defined as in (5.8) belongs
to H'(0,T). To this end, we are going to prove, instead, that the function K belongs to L?(0,T). From
(5.8) we have

Ak
1K | 20y = | D s oo <> 1)
o). (1)

k>1 L2(0,T) E>1

s | ol

Let us compute the value of |®}(1)]: we recall that

V2 —«
|J1//(oz,u) (jy(a”u),k” '

Dy ( ) CkI En J( ) (jl,(au)kx 2 ), with Cp =

Thus, a direct computation gives

1—« _1lfa . 2-a 2—a . 1-2a _ s
(I);Q(I) = Crx™ 2 Ju(a,u) (‘]u(a,u)JCI 2 )+ Ck‘],j(aw)’k;p p Jli(a,u) (]U(a,u),kx > )
Therefore
e - 2-ag,; - 2-a)?
(D) = ‘ Chdutar) Uit e) + =5 Cdutamy b Uitan )| = =5 Jutam. e
(5.12)
Consequently, employing (5.12) and the explicit expression of the eigenvalues Ay we obtain
2—a\2 .2
Ak (2) V(ozu)k 2—« . .
= = v(a < 2 via
‘%(1)’ (2= a) g drtan ke S V2 k
Ju(ap) k
Therefore, we get
1/2 1/2
j . 2
18l aomy < V2D | ARl lokllizomy < V2 D1 | | D dbiamb lonlizaom)
k21 k>1 k>1
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2

Using the explicit expression of A\, we get jy(a )

the estimate (5.11), we deduce that

p = 4A,/(2 — a)? <4\ since a < 1. Hence, using also

1/2
150 202 < Clluollao,ny | D Awe M eV B(T)
k>1

which is finite. This implies that K € L?(0,T). Therefore we have H € H'(0,T) with of course H(0) = 0.
And the fact that H(T') = 0 follows from (5.7) with m = 0.
5.3.3. Upper bound of the cost of controllability. As shown before, the function H defined in (5.8) is an
admissible control. It follows that

H K
< I H |11 0,1) < oMKl L2y

l[uollz2(0,1) l[uollz2(0,1)

0o 1/2
Cetr—ba <C E(T) <Z )\ke—zx\kTec\/E> '
k=1

C

Hence

Then let us write

/
C/ A\ < MT + CT

s 1/2
Cctr—bd < C \/ E(T) <Z )\k@AkTe%>
k=1
[Gms [~ (2-a) 2-ar? i
~ — —a)? 2
<C B(T)e% <ZT(ju(a,M)vk)2€ 4 vawu)wkT)

k=1

o 5 1/2
C _(2-a)” 2
<CeT <§ (ju(a,u),k)ze 1 ]“("‘v“)v’“T> .

k=1

One deduces that

Next we use the following Lemma proved in [9]:
Lemma 5.1. There is some constant C > 0, independent of v and of Y, such that :
Vv >0, VY >0, ijike_jaky < Cly—’—T/V;e_(H’ﬂ)%.
k=1
Applying Lemma 5.1 with Y = %T , it follows that
cl +l/(a,u)e_%

Cctr—bd S CeT T3/4
< 1+ g ] )
B 2—«
2
< Ce¥ [1 + \/m} (V=) T

5.4. Lower bound of the cost of controllability. Let us fix m > 1 and let us choose uy = ®,,,. Consider
H,,, any control that drives the solution of (2.2) to zero in time T'. Then (5.5) reads as

EET  oof [1+ v(a, p)]eCOHv@mIT

T
Yk > 1, <1>;€(1)/ H,, (H)eMt dt = pQ = 6.
0
It follows that
T
VEk > 1, / (q>;n(1)Hm(t)) Nt = Gk
0

18



In other words, the sequence (®/,,(1)H,,),,>1 is biorthogonal to the set (e*!);>1. At this stage, we will
distinguish the two following cases:

1 . o
v(o, p) € [0, 5} that is, p € [E(?)a - 4),u(a)]
and
1 . o}
via,p) € [5,4—00) that is, p € (—oo7 —6(3a - 4)} .

5.4.1. Lower bound in the case v(a,u) € [0,1/2]. In this first case, we are going to use the following
generalization of Guichal [16], proved in [7]:

Theorem 5.2. ([7, Theorem 2.5]) Assume that A\, > 0 for all k > 1 and that there is some 0 < Ymin < Vmaz

such that
Vk 2 17 Ymin S \V/ )\k—i-l -V )\k S Ymaz- (513)

Then there exists ¢, > 0 independent of T and m such that any family (om)m>1 which is biorthogonal to the
family (eMt)>1 in L*(0,T) satisfies

1
”Um ||%2(O,T) > 6_2)\mTe2’Y%MT b(Tu TYmazx> m)u

with .
CQ 1 m 1
O’ Amaz, M) = - 5.14
( 7 m) C(mu’Ymazu )\1)2T (27727mxT> (4/71271azT+ 1)2 ( )
and
m 2\/ﬂ 1 2 /
C(m, Ymaz, A1) = m! 2 J{MM]JF (mJF{W )\1}+1>.

When v(a, 1) € [0, 1], using (3.7), we see that assumption (5.13) is satisfied with

'3
7
Ymin ‘= 1_761-’ and  Ypax (= 7.
So, using Theorem 5.2, we obtain that any family (0,,)m>1 which is biorthogonal to the family (e+!);>;
in L2(0,T) satisfies:
lomlFa0,r) > €T e BT, Yz, ),

where b(T, Vimaz, m) is given in (5.14). Let us now apply this inequality for m = 1. Tt implies

lo1l320.7) 2 €T T (T, Yimaz, 1)- (5.15)

Next, we observe that, for v € [0, 3] and n = 1, (3.4) gives

sm_ (3 v\ (] Y
1 ="\gTy)=Im =T \""39))="

It follows that

and
A < C(1+ v(a,p)?

In particular, using A\; > 972 /64, we obtain that

C
(T, Ymaz, 1) = A+ TR

From (5.15), we deduce

C
2 -2\ T
H01||L2(0,T) Z 71_,3(1 +T)26 1te

1
2727 |
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Hence,

C _ 1
|‘(I)I1(1)H1||%2(01T) > me 2)\1T62ﬂ2T'

From (5.12), one has

(2 B a)3/2jv o), .
|(I)/1(1)| = 2 ()1 < \/iju(a”u),l < \/577-

So we obtain that

C
Cotr—bd 2 g€ 1
trebd = a4 1)

Finally, using the fact that A\; < C(1 + v(a, u))?, we get
C
CC T— > 279714
trobd = a1 1)
Since 2 — a > 1, we have v(a, p) < 24/p(a) — . Hence

2
c —C|1 — T
Cctrfbd Z CeTe { Vi) M] )

c
eT.

—CA+v(@m)’Tof > O e~ C+V(an)’T

which gives the result.
5.4.2. Lower bound in the case v(o, u) € [1/2,400). In this case, one still could apply Theorem 5.2. Indeed,
assumption (5.13) is satisfied with

T _2—a. .
Ymin = 5; Ymaz = T[]u(a,u),? _.]V(a,u),l]-

Nevertheless, since Yimge — +00 as p — —oo (as mentionned in (3.9)), this would not give the best
possible result. On the other hand, from Lemma 3.3, one has

VEk> N, vV Aers = VA < Yo

with
N, :=w(a,p)]+1 and ), =27

In that context, when there is a bad global upper gap Vmaz, and a good (much smaller) asymptotic upper
gap Yy axs it is interesting to use the following extension of Theorem 5.2:

Theorem 5.3. ([8, Theorem 2.2]) Assume that A, > 0 for all k > 1 and that there are 0 < Ypmin < Viaw <

Ymaz Such that
vk 2 17 Ymin S \V4 )\k—i-l Y )\k S Ymazxs

VE> N, vV ert — VA% < Vua

Then any family (0 )m>1 which is biorthogonal to the family (e !),>1 in L?(0,T) satisfies

and

2
HO'mH%Q(&T) 2 6_2)\mT eT('y;‘naI)2 b* (T, /Ymawu/y:;baza J\/'*7 )\1,’]7L)2,

where b* is rational in T (and explictly given in [8, Lemma 4.4]).

We are here in position to apply Theorem 5.3. So we obtain that any family (o, ).m>1 which is biorthogonal
to the family (e*?);>q in L?(0,T) satisfies
||Um||%2(0,T) 2 6_2>\MT eﬁ b (Ta TYmaz FY:nam7 N*v )‘1a m)zv
where, when m < N,, b* (see Lemma 4.4 in [8]) has the following explicit value of

v1+ T\ (T (V;ﬁnam)2)K*+K;+2

VT (L4 (T (Yaq)?)) V- HEHEOHS
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with

% = {2\/A_1+ (N: +m)~ymax] N2,
/Ymaz
K. = [—7’;“1 (N, — m)] ~ N, +2,
’Ymaz
c* 1 CU(FY:;Lam)Q(N*il)
T (N.+ K AKL+3) e
and with
() _ ((Ymas )" (N*+m+ [iﬂ] +1)!
C _ max max
(%*;m) (ot [2E] 4 1) (|2 tmme | )1 (2m 4 [222] 4 1)

and

*
’Ymaz

O (Ama T (m = DIV, = m)!
C()_( ) (1+[”m(N*—m)D!'

Vrmaw
In the above expressions, we take m = 1 and we only need to look at the behavior as u — —oo i.e.
v(a, ) — +o00. This is possible to study (see [9]) and one obtains

4/3(In v(o, 1) +1n )V 1+ T

O (T, Ymaz Vinaws Nes A1, 1) > e~V

Consequently,
HO’1 H%%O,T) 2 Q(Tv Q, W, 1)27
with
b(T, o, [, 1) — €_>\1T847r12T v1+ Te—Cu(a,u)4/3(ln v(a,p)+In %)
- VT
Hence,

H(I)Il(l)Hl ||L2(0.,T) > Q(Tu Q5 [, 1)

This gives the following lower bound of the cost:

1
Cctrfbd Z —Q(Ta Q, [y 1)
|©5(1)]

From (3.4), we have j, (o)1 < C(1+v(a, p)). We deduce that Ay < C(1+v(a, 1))? and, using also (5.12),
|®1(1)] <C(1+ v(a,p)). So, we get

Cetr—bd = ¢ e MT gammg g=Cvlam)/*(Inv(apu)+in 3) ¥ 147
14 v p) VT
S Co—C4(@m)’T s —Cr(am)/*nv(ap)+in t) VIHT
a VT
¢ —c[tty/ul@)—n]'T _~c[\/nla)- }4/3 (nly/m(@)—pl+1n & )
> Cefe w@—p| T —Cl\/u(e)—n Vi(e)—pl+in 7 )

6. PROOF OF THEOREM 2.2

This Section is devoted to the proof of Theorem 2.2 on the boundary controllability for (2.3). As for the
case of a control acting at x = 1, the proof will be organized into the following steps:

Step 1. The reduction to a moment problem.
Step 2. Formal solution.
Step 3. Existence and regularity of the control and upper bound of the cost.
Step 4. Lower bound of the cost.
Moreover, in what follows we are not going to present all the details of our computations, since they are
in many aspects similar to the ones in the previous sections.
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6.1. Reduction to a moment problem. Once again, we expand the initial condition ug € L?(0,1) and
the solution to (2.3) with respect to the basis of the eigenfunctions (®g)x>1:

uo(w) = Y pp®i(x), wlx,t) = Br(t) k().
k>1 k>1

Therefore, the controllability condition u(x, T) = 0 reads again as in (5.3)
Besides, we notice again that the function wvy(z,t) := ®(x)e* =T) solves the adjoint problem (5.4).
Hence, combining (2.3) and (5.4) we obtain

0 :/Q {vk (ut — (2%uy)y — xia u) +u (vk,t + (2% z)z + ﬁ%vk) } dxdt

1 T T 1 T 1
:/ ViU ‘ dr — / TN ULV ’ dt +/ xo‘vk@u’ dt
0 0 0 0 0 0
1 1 T
:/ v (2, T)u(x, T) dx — / v (2, 0)up(z) doe — / H(t)(z* k. )(0,t) dt
0 0 0
1 1 T
:/ u(z, TPy (z) doe — e_’\’“T/ uo(z) Py (x) dr — e Ty, / H(t)e ! dt
0 0 0

T
=B(T) — pgefA’“T — e My / H(t)e ! dt,
0

where we have indicated

rE o= lim 2*T®) (x). (6.1)

z—0t

Then, from the controllability condition (5.3) it follows that
T
Yk > 1, —Tk/ H(t)e! dt = p?. (6.2)
0

On the other hand, since we are looking for a solution of the moment problem belonging to H'(0,T),
instead of (6.2) we would rather be interested in a condition involving the derivative of the function H. This
condition can be obtained once again integrating by parts as follows

T 1 T 1 T
/ H(t)e M dt = —H(t)eM! | — —/ H'(t)e ! dt.
0 Ak o MJo
Therefore, the derivative H'(t) has to satisfy
T
Vk > 1, ;—’“/ H'(t)e et dt = p9 + ;—’“ (H(T)eMT — H(0)). (6.3)
k Jo k

Also in this case, we will provide a solution to the above problem which satisfies H(0) = H(T) = 0.
To this end, we remark that the value of r; can be computed explicitly, starting from (6.1) and using the
definition of the Bessel function J,(4,,). In particular, one can readily verify that

Bi(a, )

Ty = m]v(aﬂu),k,

(6.4)

with

o V22—« o o)
Bi(a, ) = T Goom s (\/u( ) + V() u)-

6.2. Formal solution of the moment problem.
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6.2.1. Formal definition of the control H. We present here the formal computations showing that the mo-
ment problem (6.3) has a solution H. To define this function H, we will employ again the biorthogonal a
sequence (0y)r>1 that we introduced before, and whose existence is guaranteed by the gap conditions (3.5)
and (3.6) and by Theorem 5.1

Now, let us define the function H as follows:

= t s)ds wi = ﬁ Vo
H(t) _/O K(s)ds, th K (t) ._I; ok K (0). (6.5)

It is straightforward that, if K € L?(0,T), then we have H € H'(0,T) with H'(t) = K(t) and H(0) =
0= H(T). Moreover,

okt Tk Akt ﬂ et
/H dt = /K dt = /\k/ prlag() et dt

>1
A A
Z fo/ )Aktdt )\Z Zgake_plw
k=1 0 k=1 Tt
and the moment problem (6.3) is formally satisfied.
6.2.2. If regular, the control H drives the solution from ugy to zero. We show here that the control H that

we introduced in (6.5) is able to drive the solution to (2.3) from the initial state ug to zero in time T. To
this end, let us remind the change of variables

v(x, t) = u(z,t) — x”%]i(t}, plx):=1—2% q=2vpla)—pu,

that transforms our original equation (2.3) into

a poo o pl)
vy — (2%g)z — eV = ¢ WK(I?), (x,t) € Q
v(0,t) = v(1,t) =0, te(0,T)
v(x,0) = up(x), z € (0,1).

Now, for a fixed € > 0 we have

T 1
/ / —xVMK(t)q)k(x)e)‘kt dxdt
€ 0 p(O)
T 1 ’
= / / vt — (2%z)z — s ’U) Dy (z)e Mt dadt
/ ’U‘I)keAkt diZ? + / / aq)/ ! QL_‘I)]C - /\k(I)k) eAkt dxdt
0 A

_ AkT/O (JJ,T)‘I)]C( )dLL'—GA / U(x,g)(l)k(x) dx.

0

Hence, taking the limit for ¢ — 07 we find

1
/ —:CWMK(t)@k(x)e)‘kt dzdt = e’\’“T/ v(z, T)®y(z) dz — p}.
Q 0

p(0)
From this last identity and (6.3), it immediately follows
! p(2)
e)"“T/ v(x, T)®p(x) dz = pf + et dt —177 0) Dy (x) da:)
0
Ak /1 x)
0 0
=P} +
Pk - — Pk 0 ( ) ( )
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Moreover,

- _I’Y@ T x:i 1:1;7@ z2®" () H x X
-5 | e Egaee i = - [ B (@) + ) d
1 1

ol

L) g PO o g L @) g
=)t 2@ ( p<o>) Ph(@)do + / p(0) 7o re)d
e L p@N g o]
W Ak< p<0)> i ()

)
Tk 1

= /01 {(UCQ (2"p(x))') + u$a+7_2p(w)} Op(z)dr = ——

)\kp 0
since we already noticed that (see (4.6))

[z (27p)' ] (x) +

Hence, we get

1
e’\’“T/ v(x, T)®(x)de =0,
0
which of course implies v(z,T) = 0 and, since H(T') = 0, we can finally conclude that

=v(x :ﬂ@ =
w(z,T) =v(x,T) + p(O)H(T) 0.

6.3. Existence of the control, H' regularity and upper bound of the cost of controllability. We
have to check that the control H defined as in (5.8) belongs to H'(0,7) and to obtain the upper bound for
the controllability cost. To this end, as we did before, we are going to prove instead that the function K
belongs to L?(0,T).

In what follows, C,, denotes again a universal constant, independent of T, Vpmaz, Vmin and k, which may
change value even from line to line. From (6.5) we have

Ak
HK”L?(O,T) = Z Epgok(t) < Z | Pk|

k>1 L2(0,T) E>1

Hak )HL?(O,T)'

Moreover, employing the expression (3.3) of Ay and the explicit expression of r; given in (6.4) we obtain

M

Tk

_ (2 - O‘)%F(l =+ V(aa :LL))|JLI/(Q,;L) (ju(a,u),k” X F(l + V(Oé, /1,))

s(Va@ + i@ —g) Co Tata) + /ala) =g lemk

since 0 < o < 1 and |J), () (Juta,w) k)| <1 (see [7, Formula 79]). Therefore, we get

[N

(1 +v(a,p) 5 9
HKHL2 0r) = ||“0||L2(o 1) Z]u(a“u),k ||Uk(t)||L2(0 T)
\//1’ \//J,(Oé) — M k>1

From here, proceeding as in Section 5.3.3, we can immediately conclude that K € L?(0,T) and we have
the following estimate

s vlo) e [ gy e (VFoTR) T
Cctr bd >~ \/’u + \/lu(a) — |:1 + :| .
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6.4. Lower bound of the cost of controllability. Fix m > 1 and consider the initial condition uy = ®,,
n (2.2). Let H,, be any control that drives the solution of the equation to zero in time 7". Then, the moment
condition (6.2) yields

T 1
—Tk/ Hm(t)e)"“t dt = p) = / uo ()P (z) de = 0, m.-
0 0

Hence,

T .
(1 k=
VE> 1, / (v Hon () e dt =y, 2o — 1 TR =
0 Tk 0, if k#m.

This means that the sequence (rmltlm(t))lZ>1 is biorthogonal to (e**);>1 in L?(0,T). Now, as we did
before, we choose m = 1 and we distinguish between the two cases

1 1
via,u) € [O, 5] and v(a,p) € {5,4—00) )
In the former one, employing (5.15) we have

1
HTlHl (t)||i2(07T) 2 e Ml e RanT b(T, “max 1)7

which yields

1 - 1
IH (72001 > e 2N 52,07 (T, Y, 1),

Now, thanks to (6.4) we obtain
1 L1+ v(a,pw)) |J1/,(a,u) u(onmy, )|,

il Vi@ + Vi@ —p vaoa | ent

Moreover, since 0 < a < 1, employing (3.4) and the fact that |J},(j,(a,u,1)| = C with C independent of p
(see [7, Corollary 2]), we also have

L > Cu
il ™ V(@) + i(e) — p
which yields
Cu
Vila) +/u(a) —

Proceeding now as in the proof of Theorem 2.1 it is easy to obtain our final estimate

1
872>\1T€2%2MIT b(T, Vimaxs 1).

IO 20y >

¢ 1 -
Cetr—bd > “ _e—cu(l—a) T,
Vile) +/ple) —p T

When v(a, pt) > 4, instead, the lower bound reads as follows:

2 4/3
Cor v > Cu % oC[rrVile)—n] T —c[y/ue)=u] " (inly/u(@)=pl+in 1)
Vila) +Vpla) —p
The proof of this fact is totally analogous to what we already did in the proof of Theorem 2.1 and we
leave it to the reader.

7. FINAL COMMENTS AND OPEN QUESTIONS

In this paper, we have analyzed the controllability properties of a degenerate/singular parabolic equation
on the space interval (0,1). We have considered the two different situations of a boundary control acting at
x =1 or z =0 (where the degeneracy/singularity occurs). In both cases, by means of the classical moment
method, we have shown that the equation is null-controllable and we provided suitable estimates for the
controllability cost.

We present hereafter a non-exhaustive list of comments and open problems related to our work.
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(1]
2]
[3]
[4]
[5]
[6]
[7]
(8]
[9]
(10]
(11]
(12]
(13]
(14]
(15]

[16]

(1) As a first thing, we recall that in the present work we are not treating the strongly degenerate case
1<a<?2.

e When the control acts at x = 1, we expect this case could be treated with a similar methodology
(also using the ideas of [9]). However, in order to keep the paper of a reasonable length, this
case is not covered here.

e When the control acts at x = 0, instead, this is an open question even in the purely degenerate
case = 0 ([9] deals only with controls in 2 = 1). Indeed, in this case one encounters difficulty
already at the level of the well-posedness of the equation, due to the need to find a suitable
boundary condition.

(2) A second open problem is related to the obtaining of suitable Carleman estimates for boundary
controllability. This is not an easy task. Indeed, the usual weights introduced in previous works
([2, 5, 6, 10, 11, 21, 26, 27]) for proving interior controllability are designed in such a way that all
the boundary terms are greater or equal to zero, and can therefore be ignored. On the other hand,
adapting these weights in order to keep the boundary terms and still be able to prove the Carleman
is a quite cumbersome issue. Nevertheless, the interest in obtaining, if possible, a Carleman estimate
for boundary controllability remains, and it is related to various further applications:

e the treatment of equations with a nonlinear term;

e the possibility of considering general function a(x) (such as in [21]) instead of z* in the purely
degenerate case (and even with a double degeneracy both at x = 0 and = = 1);

e the possibility of studying problems for a purely singular operator with two singular points at
r=0and x =1;

e the case of a degenerate/singular operator with p/x? with 8 < 2—a (instead of p/22~%). In this
case (analyzed in [26] only limited to a locally distributed control), null controllability should
be true for any p but it cannot be studied with the present method.
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