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Introduction

The aim of this thesis is to present some results about controllability of evolution equations
by means of a bilinear control.

In the field of control theory of dynamical systems a huge amount of works is devoted to the
study of models in which the control enters as an additive term (boundary o locally distrib-
uted control), see, for instance, the books [49] and [50] by J.L. Lions. Such controls can,
for example, be a source of heat/mass—transfer or a piezoelectric actuator placed on a beam.
This kinds of controls describe the effect of external sources of forces on the considered phe-
nomenon. On the other hand, such control systems are not suitable to describe processes that
change their physical characteristics in presence of control. This issue is quite common in
many biomedical, chemical and nuclear chain reactions as well as in new technologies, like,
for instance, the so—called smart materials.

For example, in a nuclear chain reaction the number of particles involved increases by the
interaction with the surrounding medium. In particular, the process of nuclear fission is ob-
tained by the collision of neutrons with active uranium nuclei that leads to the growth of
the amount of particles involved in the reaction. These new neutrons start interacting with
active nuclei and so the number of such particles keeps increasing. A simplified model of this
phenomenon can be represented by the following equation

u, = a’*Au+v(t,x)u, (0.0.1)

where u(t, x) > 0 is the neutron density and the coefficient v is strictly positive since the chain
reaction is equivalent to a source of neutrons that is proportional to their concentration.

In order to control an a priori endless chain reaction, the so—called “control roads” are em-
ployed. These devices are indeed able to absorb neutrons. The action of the control roads
can be associated to the change of sign of the coefficient v in (0.0.1).

It is important to stress that describing a nuclear fission by the action of additive controls
would yield to the following equation

u, = a’Au+v(t,x). (0.0.2)

However, the additive locally distributed control v(t,x) in (0.0.2) would represent the pos-
sibility to add or withdraw out at will a certain number of neutrons to the reaction, that is
obviously not realistic.

Another example of a model that involves a bilinear control is the SMA—composite beam
containing NiTi fibers that are able to change the response when heated by an electric current.
The equation that describes this phenomenon is

Upe + Uyyyy T V(U =0, (0.0.3)

with v(t) that represents the axial load.



When the multiplicative control depends both on time and space variables, many results of
approximate and exact controllability have been obtained for different types of initial/target
conditions. For instance, Khapalov in [45] proved a result of non-negative approximate con-
trollability of the 1D semilinear parabolic equation. In [46], the same author proved approx-
imate and exact null controllability for a bilinear parabolic system with the reaction term
satisfying Newton’s law. Paper [39] is devoted to the study of global approximate multiplic-
ative controllability for nonlinear degenerate parabolic problems. In [18] and [19], results of
approximate controllability of a one dimensional reaction-diffusion equation via multiplicat-
ive control and with sign changing data are proved. Moreover, in [62] the authors presented
a result of exact controllability of parabolic equations to special positive target states for large
time.
The controllability of equations in which the control is a scalar function depending only on
time, however, is a more delicate issue. A structural obstruction to obtain such property for
systems of the form
/
{ u'(t) +Au(t) + p(t)Bu(t) =0, t>0 0.0.4)
u(0) = uy.

has been presented by Ball, Marsden and Slemrod in [6]. Let X be a infinite dimensional
Banach space, let A be the generator of a C°-semigroup of bounded linear operators on X and
let B : X — X be a bonded linear operator. Then the main result of [6] establishes that system
(0.0.4) is not controllable. Indeed, if u(t; p,u,) denotes the unique solution of (0.0.4), then
the attainable set from u, defined by

S(ug) = A{ult;p,up); t =0,pe L] ([0,+00),R), r>1}

loc

has a dense complement.

On the other hand, when B is unbounded, the possibility of proving a positive controllability
result remains open. This idea of exploiting the unboundness of the operator B was developed
by Beauchard and Laurent in [11] for the Schrédinger equation

iu, +uy, +p(Ou(x)u=0, (t,x)e(0,T)x(0,1)
u(t,0)=u(t,1)=0.

For such an equation the authors proved the local exact controllability along the ground state
solution (namely, the solution of the free dynamics with initial condition equal to the first
eigenfunction of the second order operator) in a stronger topology than the natural one of
X =H?’n Hé(O, 1) for which the multiplication operator Bu = u(x)u is unbounded. In other
terms, the above result could be regarded as a description of the attainable set from an initial
submanifold of the original Banach space.

Following the same strategy, Beauchard in [7] studied the wave equation

utt_uxx_p(t),u(x)uzo; (t)x)e(oi T)X(O: 1)
u,(t,0)=u(t,1)=0

showing that for T > 2 the system is locally controllable in a stronger topology than the
natural one for this problem and for which the operator Bu = u(x)u is unbounded.

In both papers [7] and [11] a key point of the analysis is the application of the inverse mapping
theorem which is made possible by the controllability of the linearized problem. This is the
reason why, for parabolic problems, the above strategy meets an obstruction: the spaces for



which one can prove controllability of the linearized equation are not well-adapted to the use
of the inverse map technique.
Therefore, for bilinear control problems of parabolic type, a natural question that arises is
whether it is possible to steer the solution exactly to a fixed trajectory i(t; p, iiy) in finite time
T > 0. Since in this case the target is represented by the evaluation of @ at time T, and not
by a neighborhood of it (as it happens for the classical exact controllability property), the
aforementioned work by Ball, Marsden and Slemrod does not represent a hindrance to such
kind of result.
The controllability to a target trajectory is not a new property. It has been studied, for in-
stance, in the work [38] by Ferndndez-Cara, Guerrero, Imanuvilov and Puel for the Navier-
Stokes equations, by means of additive controls. The authors obtained controllability to free
trajectories by a Carleman estimate and an inverse mapping argument. Such a strategy seems
hard to adapt to problems like (0.0.4). In [33] Duprez and Lissy showed the controllability
of the Fokker-Plank equation to a target trajectory with a multiplicative control depending
on both space and time. However, to our best knowledge, for bilinear control systems of the
form (0.0.4) this property has not yet been explored.
Therefore, our first interest regarded the possibility of steering the solution of (0.0.4), with a
bilinear control, to a specific uncontrolled trajectory of the equation, namely the ground state
solution.
To be more precise, let X be a separable Hilbert space, A: D(A) C X — X be a self-adjoint ac-
cretive operator with compact resolvent (see Chapter 1 for more on notation and assumptions)
and let {A; }ren+ be the eigenvalues of A, (A, < Ay, Vk € N*), with associated eigenfunc-
tions {@y }ren+- Since it is customary to call ¢, the ground state of A, we refer to the function
Y,(t) = e My, as the ground state solution.
Our main result of Chapter 2 (Theorem 2.1.4) ensures that, if {A;}.cn- satisfy a suitable
gap condition (see condition (2.1.3)) and B spreads the ground state in all directions (see
condition (2.1.4)), then system (0.0.4) is locally stabilizable to 1); at superexponential rate,
that is, one can find a control p € leoc(O, 00) such that the corresponding solution u(-) of
(0.0.4) satisfies

log|u(t) —,(t)]] < C —e®t, VYt >0, (0.0.5)

for suitable constants C,w > 0. This property can be seen as a weak version of the exact
controllability to the ground state solution.

An important point to underline is that our approach — based on the moment method for
the linearized system — is fully constructive. First, we use the gap condition (2.1.3) to build
a biorthogonal family {0} (t)};en- to the exponentials e*‘. Then, we apply such a family
to construct a control p(-) that steers the linearized system of (0.0.4) exactly to the ground
state solution in finite time. Finally, we repeatedly apply such exact controls for the linearized
system in order to build a control p(:) for (0.0.4) which achieves (0.0.5).

We point out that our method applies to both cases A; = 0 and A, > 0, giving an even faster
decay rate in the latter case.

In Chapter 3 we address the more delicate issue of the exact controllability to the ground state
solution. Under stronger assumptions, we prove that for any T > 0 such property is enjoyed
by the abstract control system (0.0.4). Taking advantage from the stability estimates proved
in Chapter 2, we repeat the linearization argument for a suitable sequence of time intervals
of decreasing length T;, with 210:1 T; =T, in order to construct a control p € L%(0,T) such

that u(T; p,ug) = ¢1(T).



Furthermore, from the local exact controllability property (Theorem 3.1.1) we were able to
infer two different kinds of global results (Theorems 3.1.2 and 3.1.3).

We show in Chapter 2 that the superexponential stabilizability result can be applied to several
classes of parabolic equations as, for instance, the heat equation with a controlled source term

Up — Uyyx +p(t).u'(x)u =0,

with different kinds of boundary conditions, as well as to a variable coefficients equation of
the form

e — (1 +x)%uw,), + p(Ou(x)u =0,

and also to degenerate parabolic equations as
u, — (x%uy), + p(u(x)u=0. (0.0.6)

Moreover, in Chapter 3, we observe that all the examples presented in Chapter 2 fulfill also
the stronger hypotheses needed to prove the exact controllability to the ground state solution.
While checking the validity of the assumptions on A and B of Theorems 2.1.4 and 3.1.1 turned
out to be straightforward for almost all the aforementioned examples, it required a more com-
plex and careful analysis for the degenerate equation (0.0.6). However, we were interested
in treating this kind of operators since degenerate differential equations describe valuable
phenomena in many fields such as in physics, climate dynamics, biology and economics (see,
e.g., [40, 34, 22]). Furthermore, the problem of controlling such equations is, by now, a fairly
well-developed subject (see, for instance, [21, 22, 24, 23]). Nevertheless, we noticed that
very few results are available in the case of degenerate hyperbolic equations. To our best
knowledge, a class of degenerate wave equations has been studied from the point of view of
control theory in [2], by means of boundary controls, using HUM and multiplier methods,
and in [59, 60, 61], where locally distributed controls are considered.

This has been the inspiring reason to study a bilinear control problem for the following equa-
tion

Wi — (xw, ), =p(Oulx)w, x€(0,1),t€(0,T),
(x*w,)(x=0)=0, te(0,T),

{w(x=1)=0, te(0,T), (0.0.7)
w(x,0) = wqy(x), x €(0,1),
w(x,0) =w;(x), x €(0,1),

where a € [0,2) is the degereracy parameter (a = O for the classical wave equation and
a € (0,2) in the degenerate case), p € L%(0, T) is a bilinear control, and u is an admissible
potential. The goal of Chapter 4 is to extend to the degenerate case a € (0, 2) the result [7]
by Beauchard for the controllability of the classical wave equation.

A further direction of research arose from the analysis of the potentials u that are suitable for
each bilinear control problem. In particular, a necessary condition that the functions u have
to fulfill in [7, 11, 13, 29, 20, 25, 52, 53, 54, 55] and in the examples of [3, 4] is that

(we1,0r) #0, VkeN-. (0.0.8)

Namely, the Fourier coefficients of the multiplication operator by the potential u, applied to
the ground state, must not vanish. This requirement usually appears when facing a moment
problem. Even though such condition is satisfied generically, it is not so easy to exhibit a



large explicit class of real valued potential u satisfying it and only few examples of suitable
potentials are available in the existing literature. Moreover, these examples are based on the
knowledge of the explicit form of the eigenvalues and eigenfunctions. However, the eigen-
values cannot longer be explicitly represented when changing, for instance, the boundary
conditions from Dirichlet-Dirichlet to Dirichlet-Robin. Therefore, natural questions that raise
in this context are: is it possible to exhibit large classes of functions u satisfying (0.0.8)? Can
we build a general constructive algorithm to define such functions u? Is it possible to ex-
tend Beauchard and Laurent controllability results for the Schrodinger equation and Alabau-
Boussouira, Cannarsa and Urbani superexponential stabilization [4] and controllability [3]
results for parabolic equations, and further existing results for other equations to more gen-
eral boundary conditions?

The aim of Chapter 5 is to give positive answers to these questions.

This thesis is organized as follows. In Chapter 1 we introduce the notation and recall some
classical results that will be used throughout the work. Chapter 2 is devoted to present our
result of rapid stabilization for abstract parabolic equations by mean of bilinear control. We
also give applications to several examples of parabolic problems. In Chapter 3 we exhibit
and prove our result of exact controllability to the ground state solution for the same class
of problems considered in the previous chapter. Bilinear control for hyperbolic degenerate
equations is studied in Chapter 4. Finally, in Chapter 5 we present an algorithm to build
polynomials of any degree that satisfy (0.0.8). Furthermore, we extend [4, 3, 11] to mixed
boundary conditions of Dirichlet-Robin type.

The Appendix A is dedicated to the investigation of spectral properties of degenerate operator.
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CHAPTER 1

Preliminaries

Let (X, (-,-)) be a separable Hilbert space. We denote by || - || the associated norm on X.
Let A: D(A) C X — X be a densely defined linear operator with the following properties:

(a) Ais self-adjoint,
(b) Ais accretive: (Ax,x) >0, Vx € D(A), (1.0.1)
(c) 3IA>0such that (AI +A)™! : X — X is compact.

We recall that under the above assumptions A is a closed operator and D(A) is itself a Hilbert
space with the scalar product

(XD’)D(A):(X’}’)"‘(AX’AJ’): VX,J’GD(A)

Moreover, —A is the infinitesimal generator of a strongly continuous semigroup of contractions
on X which will be denoted by e™*A. Furthermore, e~* is analytic.

In view of the above assumptions, there exists an orthonormal basis {¢; }ren+ in X of eigen-
functions of A, that is, ¢, € D(A) and Ap;, = A, i YV k € N*, where {4, } e+ C R denote the
corresponding eigenvalues. We recall that A, > 0, V k € N* and we suppose — without loss of
generality — that {A; }ren- is ordered so that 0 < A, < Aj,; — 00 as k — oo. The associated
semigroup has the following representation

oo
ey = Z(w, prye Mg, Vo EeX. (1.0.2)
k=1

For any s > 0, we denote by A° : D(A’) C X — X the fractional power of A (see [57]). Under
our assumptions, such a linear operator is characterized as follows

D(A) = {x ex | D ren Aisl(x,gok)lz < oo}

(1.0.3)
Ax =Zk€N* A3 (X, 1) P Y x € D(&A%).
Let T > 0 and consider the problem
! A = 0, T
u' () +Au(t) = f(¢t), t€[0,T] (1.0.4)
u(0) =u,

where uy € X and f € L?(0,T;X). We now recall two definitions of solution of problem
(1.0.49):

e the function u € C([0, T],X) defined by

t

u(t) = e “uy + J e =1 (5)ds

0
is called the mild solution of (1.0.4),

11



e uisastrongsolution of (1.0.4) in L?(0, T; X) if there exists a sequence {u,} € H'(0, T;X)N
L?(0, T; D(A)) such that

w, = u, and u; —Auy — f in L*(0, T; X),
u,(0) > uy in X, as k — oo.

The well-posedness of the Cauchy problem (1.0.4) is a classical result (see, for instance, [15]).

Theorem 1.0.1. Let uy € X and f € L%(0, T;X). Under hypothesis (1.0.1), problem (1.0.4)
has a unique strong solution in L%(0, T;X). Moreover u belongs to C([0, T1;X) and is given by
the formula

t
u(t) = e Ay + f e (A1 (5)ds. (1.0.5)
0
Furthermore, there exists a constant Co(T) > 0 such that
S[up ] (I < Co(T) (ol + 11f z2¢0,7)) (1.0.6)
telo,T

and Cy(T) is non decreasing with respect to T.

Given T > 0, we consider the bilinear control problem

{ u'(t) +Au(t) +p(t)Bu(t) =0, te€[0,T] (1.0.7)

u(0) =u,

where u is the state variable, B : X — X is a bounded linear operator and p € L2(0, T) is the
control function.

Given an initial condition u, € X and a control p € L2(0, T), we denote by u(+;uq,p) : [0, T] —
X the corresponding solution of (1.0.7) and we call it a trajectory of problem (1.0.7).

Definition 1.0.2. Let T > 0. Given an initial condition ii, € X and a control p € L?(0,T)
we say that the control system (1.0.7) is locally controllable along @(t; i, p) in time T if, for
every € > 0, there exists 5 > 0 such that, for every (ug,us) € X x X with |[ug —iip|| < 6 and
llup —a(T; i, p)I| < 6, there exists a control p € L%(0, T) such that

u(T;ug,p) =uy,

||P_I_’||L2(0,T) <e.

We recall that, in general, the exact controllability problem along a given trajectory for system
(1.0.7) has a negative answer as shown by Ball, Marsden and Slemrod in [6].

Theorem 1.0.3 (Ball, Marsden, Slemrod 1982). Let X be an infinite dimensional Banach space.
Let —Agenerate a C°-semigroup of bounded linear operators on X and let B : X — X be a bounded
linear operator. Let u, € X be fixed, and let u(t;uy, p) be the trajectory of (1.0.7) corresponding
to p € L} ([0,+00),R). Then, the attainable set from u, defined by

loc

S(HO) = {u(fQUO,P)Q t= 0> p €L ([0,+OO),R)’ r> 1}’

loc

is contained in a countable union of compact subsets of X and, in particular, has a dense comple-
ment.

12



A different notion of controllabilty is the exact controllability to a given trajectory.

Definition 1.0.4. Let T > 0. Given an initial condition ii, € X and a control p € L*(0,T), we
say that the control system (1.0.7) is locally exactly controllable to i(t; iy, p) in time T if there
exists 5 > 0 such that, for every u, € X with ||uy —iio|| < 5, there exists a control p € L*(0,T)
such that

U(T, uO:p) = L_l(T; ﬁO:p)'

Since in this definition of controllability the target set reduces to a point, Theorem 1.0.3 does
not represent an obstruction when proving such property for control systems like (1.0.4).

13
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CHAPTER 2

Superexponential stabilizability to trajectories

This chapter is devoted to the study of a weaker notion of controllability to a given trajectory
and it is based on [4, 25].
We prove rapid stabilizability to the ground state solution for a class of abstract parabolic
equations of the form

u'(t) +Au(t) + p(t)Bu(t) = 0, t>0

where the operator A satisfies hypothesis (1.0.1), B is a linear bounded operator and p(:)
is the control function. The proof is based on a linearization argument. We prove that the
linearized system is exactly controllable and we apply the moment method to build a control
p(-) that steers the solution to the ground state in finite time. Finally, we use such a control
to bring the solution of the nonlinear equation arbitrarily close to the ground state solution
with doubly exponential rate of convergence.

The aforementioned stabilizability result can be used to study several classes of parabolic
problems, for which checking the validity of the assumptions on A and B is quite often straight-
forward. We show the stabilizability property for the heat equation with a controlled source
term of the form

Up — Uyy +P(f).u(x)u =0

with Dirichlet or Neumann boundary conditions, as well as for operators with variable coef-
ficients
u, = ((1+x)%u,), + p(O)u(x)u =0,

for 3D problems with radial data symmetry such as
u, — Au+ p(u(lxu =0,
and finally for degenerate parabolic equations of the form

u, (t,x) + (x%u, (t, %)), + p(t)x>*u(t,x) = 0.

2.1 Main result

We are interested in studying the stabilizability of system

{ u'(t) +Au(t) + p(t)Bu(t) =0, t>0 (2.1.1)

u(0) =uy

15



with p € LZZOC([O,—i—oo)) to a fixed trajectory. Let X be a Hilbert space equipped with the

scalar product (-,-). We denote by || - || = v/ (;, ) the associated norm and by Bz(¢) the open
ball of radius R > 0, centered in ¢ € X. Given an initial condition u, € X and a control
p < LZZDC([O,+00)), we denote by u(;ugy,p) : [0,+00) — X the corresponding solution of
(2.1.1).

Definition 2.1.1. Given an initial condition iy, € X and a control p € leoc([O, +00)), we say

that the control system (2.1.1) is locally stabilizable to i(-; iy, p) if there exists & > 0 such that,
for every u, € Bs(ii,), there exists a control p € LIZM([O, +00)) such that

Jim |u(e; u, p) —a(t; o, p)I| = O.

Definition 2.1.2. Given an initial condition i, € X and a control p € leoc([O, +00)), we say
that the control system (2.1.1) is locally exponentially stabilizable to (-; iy, p) if for any p > 0,
there exists R(p) > 0 such that, for every uy € Bg(,,(iy), there exists a control p € LIZOC([O, +00))
and a constant M > 0 such that

[lu(t;ug, p) —a(t; g, p)I| < Me ", Yt >0.

Definition 2.1.3. Given an initial condition ti, € X and a control p € LIZOC([O,+OO)), we
say that the control system (2.1.1) is locally superexponentially stabilizable to @(-; g, p) if for
any p > 0 there exists R(p) > 0 such that, for every uy € Bp(,(do), there exists a control

p € L? ([0,+00)) such that

loc

llu(t; uo, p) —a(t; g, )| < Me™", V>0,
where M, w > 0 are suitable constants depending only on A and B.

For any j € N* we set ;(t) = e Mty ; and we call ¢, the ground state solution. Observe that
1 ; solves (2.1.1) with p = 0 and u, = ;. We shall study the superexponential stabilizability
of (2.1.1) to the trajectory ;.

We observe that if there exists v > 0 such that (Ax, x) > v||x||?, for all x € D(A), then the
semigroup generated by —A satisfies

[le™™)| < e, Vt>0.

If we consider any initial condition u, € X, then the evolution of the free dynamics with initial
condition u, can be represented by the action of the semigroup, u(t) = e~*Au,. Therefore, one
can prove easily that, when A is strictly accretive, choosing the control p = 0, system (2.1.1)
is locally exponentially stabilizable to the trajectory ;. Indeed,

lu(t) =1 (O] = lle ™ ug —e Ayl < e lug — @1l (2.1.2)

and this quantity tends to 0 as t goes to +00.

On the contrary, in the general case of an accretive operator A, we do not have a straightfor-
ward choice of p to deduce any stabilizability property of system (2.1.1) to the ground state
Y.

The novelty of our work is the construction of a control function p that brings u(t) arbitrary
close to vy, (t) in a very short time. Namely, we prove that (2.1.1) is locally superexponentially
stabilizable to the ground state solution. This can be seen as a weak version of the exact
controllability to trajectories.
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Let B : X — X be a bounded linear operator. From now on we denote by Cy the norm of B

Cp= sup [[By]|
peX, llpli=1

and, without loss of generality, we suppose Cyz > 1.
We can now state our main result.

Theorem 2.1.4. Let A: D(A) C X — X be a densely defined linear operator satisfying hypothesis
(1.0.1) and suppose that there exists a constant a > 0 such that the eigenvalues of A fulfill the

gap condition
vV )LkJrl — 4 )Lk > a, Vk e N*. (2.13)

Let B : X — X be a bounded linear operator and let T > 0 be such that

<B(p1) (pk> ;é 05 Vk € N*:

—27LkT (2.1.4)

> < +oo.
S 1By, or)I?

Then, system (2.1.1) is superexponentially stabilizable to 1) ;.
Moreover, for every p > O there exists R, > 0 such that any u, € BRp(tpl) admits a control
p € L2 ([0,+00)) such that the corresponding solution u(-;u, p) of (2.1.1) satisfies

loc
llu(t) =1 (0)]] < Me™Pe"+M0, Y >0, (2.1.5)
where M and w are positive constants depending only on A and B.

To prove Theorem 2.1.4 we first start assuming that the first eigenvalue of A is zero, A; =0,
and we prove the local superexponential stabilizability of (2.1.1) to the trajectory ¢,. Then,
we will recover the general case from this one.

The proof of Theorem 2.1.4 will be built through a series of propositions. The first result is
the well-posedness of the problem

{ W (t) +Au(t) + p(t)Bu(t) + f(t) =0, te€[0,T] (2.1.6)

u(0) = uyg.
We introduce the following notation:

1 120 := IIf llz2(0,7:3)5 VfeL*0,T;X)

[1f o0 := If llcto,r1:%) = SUPtero,ry I1f (O, Y f ec([0o,T];X).

Proposition 2.1.5. Let T > 0. Ifuy € X, p € L?(0,T) and f € L%(0, T; X), then there exists a
unique mild solution of (2.1.6), i.e. a function u € C([0, T];X) such that the following equality
holds in X for every t €[0,T],

t
u(t) = ey, —f e (A p(s)Bu(s) + £ (s)]ds. (2.1.7)
0
Moreover, there exists a constant C,(T) > 0 such that
[ulloo,0 < CLTI(Huoll + 11£112,0)- (2.1.8)
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Hereafter, we denote by C a generic positive constant which may differ from line to line even
if the symbol remains the same. Constants which play a specific role will be distinguished by
an index i.e., Cy, Cg, ....

The proof of the existence of the mild solution of (2.1.6) is given in [6]. For what concerns
the bound for the solution u of (2.1.6), it turns out that if Co(T)Cg||p|l20,r) < 1/2, then we
have inequality (2.1.8) with C; = C, defined by

Cy 1= 2C,(T). (2.1.9)

Otherwise, to obtain (2.1.8), we proceed subdividing the interval [0, T] into smaller subin-
tervals for which Cy(T)Cyl|pll;2 < 1/2 in all of them, and in this case the constant C; of
inequality (2.1.8) is defined by

C, = (1+N)(2C,(T/N)), (2.1.10)

where N is the number of subintervals.
Consider the system

{ u'(t) +Au(t) + p(t)Bu(t) =0, te[0,T] (2.1.11)

u(0) = uy,

and the trajectory ¢ that is a solution of (2.1.11) when p = 0, uy = ¢; and A; = 0. Set
v :=u— @, we observe that v is the solution of the following Cauchy problem

{ V/(£) +Av(t) + p(6)Bv(t) + p(t)Bp, =0, t€[0,T] (2.1.12)
v(0) = Vo =Uy— P1.

Remark 2.1.6. Applying Theorem 1.0.1, we find that v € C([0,T];X) is a mild solution of
(2.1.12), that is

v(t) = ey, —f p()e ™ NMB(v(s) + 1 )ds = Vo (£) + V4 (b), (2.1.13)
0

where
Vo(t) := e~ vy,

Vi(t) := —fotp(s)e’(t’s)AB(v(s) + ,)ds.
Since p(-)B(v(+) + ¢;) € L%(0,T;X), we have that V; € H'(0,T;X) N L%(0, T; D(A)), while
Vo € C1((0,T];X) N C((0, T]; D(A)). Therefore, for every € € (0,T), v € H'(e, T;X) and for
almost every t € [¢, T] the following equality holds

V/(t) +Av(t) + p(t)Bv(t) + p(t)By; = 0. (2.1.14)

Showing the stabilizability of the solution u of (2.1.11) to the trajectory ¢, is equivalent to
proving the stabilizability to 0 of system (2.1.12): we have to prove that there exists & > 0
such that, for every initial condition v, that satisfies ||v,|| < &, there exists a trajectory-control
pair (v, p) such that lim,_,, o ||[v(t)|| =0.

For this purpose, we consider the following linearized system

{ﬁ(t)’+A17(t)+P(f)B‘Pl:0’ te[0,T] (2.1.15)

7(0) = v,.

For this linear system we are able to prove the following null controllability result.
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Proposition 2.1.7. Let T > 1 and let A and B be such that (1.0.1), (2.1.3), (2.1.4) hold and
furthermore we assume A, = 0. Let vy € X. Then, there exists a control p € L?(0, T) such that
#(T)=0.

Moreover, there exists a constant C,(T) > 0 such that

||P||L2(0,T) < Co(T)A vl (2.1.16)
where Ay is defined in (2.1.18) and a > 0 is the constant in (2.1.3).

Let us recall the notion of biorthogonal family and a result we will use to show the null con-
trollability of the linearized system (2.1.15).

Definition 2.1.8. Let {{;} and {0} be two sequences in a Hilbert space H. We say that the two
families are biorthogonal or that {{;} (resp.{o}) is biorthogonal to {o} (resp. {{;}) if

(Cj:o-k>H=6j,k7 V],kZO
where 6 is the Kronecker delta.

The notion of biorthogonal family was used by Fattorini and Russell in [37], where they
introduced the moment method. Such a technique was developed later by several authors.
We recall below the result proved in [24].

Theorem 2.1.9. Let {w; }rey be an increasing sequence of nonnegative real numbers. Assume
that there exists a constant a > 0 such that

VkeN, /wiy—or=a.

Then, there exists a family {0;};>o which is biorthogonal to the family {e“*'};5, in L2(0,T),
that is,

T
Vk,jEN, f O'j(t)ewktdtzéjk'
0
Furthermore, there exist two constants C,, C,(T) > 0 such that
o112, 1y < CA(T)e 2TV 1% yjen. (2.1.17)

Remark 2.1.10. For all T € R we define the quantity

o2 oCar/Tila 1/2
(2.1.18)

Api=| ST
! (kGZN: By, wi)?

and we observe that if there exists T > O such that (2.1.4) holds then, forevery T > 1, Ar < +00.
Furthermore, if A; > 0then A - 0as T — +00.

Thanks to Theorem 2.1.9 and Remark 2.1.10 we are able to prove Proposition 2.1.7:

Proof (of Proposition 2.1.7). Forany v, € X and p € L2(0, T), it follows from Proposition 2.1.5
that there exists a unique mild solution ¥ € C°([0, T],X) of (2.1.15) that can be represented
by the formula

t
W(t) = ey, —f e (=4p(s)Byp,ds. (2.1.19)
0
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We want to find p € L2(0, T) such that ¥(T) = 0, thus the following equality must hold

T
Z {vo, oy T oy = J p(s) Z (B, pr)e T pds. (2.1.20)
0

keN* keN*

Since {@y }ren- is an orthonormal basis of the space X, the equality must hold in every direction
and it follows that

T
(vo, px) = f M p(s)(Bypy, pr)ds (2.1.21)
0

for every k € N*. Therefore, proving null controllability of the linearized system reduces to
finding a function p € L2(0, T) that satisfies

T
f elksp(s)ds = M (2.1.22)
0 {Ber, k)
for all k € N*. Thanks to assumption (2.1.3), there exists a > 0 such that the gap condition
vV As1— v/ A = a holds for all k € N*. Then, Theorem 2.1.9 ensures the existence of a family
{0k }ken that is biorthogonal to {elks}keN* Taking p(s) = X.icn- kO« (s) one finds that the

coefficients ¢, are given by ¢; = (1(5:; ‘i,’j Yk € N*. Thus, in order to show that
Vo>
p(s) := Z Mak(s) (2.1.23)

& (Boy, pi)

is a solution of (2.1.22), it suffices to prove that the series is convergent in L2(0, T). Indeed,

[EA
lIpll20m) < Z 5| okl < ol P

keN* keN* [(Bw1, i) ?

VO’ ‘pk

and we appeal to estimate (2.1.17) for {0 }ren+, With w, = A for all k € N¥, to obtain that

/2
oW or ) ¢~ 2T o Cad/ T

(Z 5 ( |)2 AT Y S oo P ) = Cu(T)A;
keN* (pl’ (pk keN* ‘pl’ ‘pk
that is finite thanks to hypothesis (2.1.4) and Remark 2.1.10. Thus, the following bound for
the L2-norm of p holds true:

[1pll1200,1) < Co(T)A7|Voll-

O

In Proposition 2.1.7 we have found a control p that steers the solution of the linearized system
to 0 in time T. We use such a control in the nonlinear system (2.1.12) to obtain a uniform
estimate for the solution v(t).

Proposition 2.1.11. Let A and B satisfying hypotheses (1.0.1), (2.1.3), (2.1.4) and furthermore
we assume A = 0. Let p € L2(0, T) be defined by the following formula

plt)= > ok O’QP" oi(t) (2.1.24)

keN* ( $1, ¥

where {0 }en- is the biorthogonal family to {e*'},cy. given by Theorem 2.1.9.
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Then, the solution v of (2.1.12) satisfies

s[up ] [V(O)I[? < eSMAIMIFGT (1 + ¢, (T)AZ)]|v,l[? (2.1.25)
te[0,T

where Cy > 1 is the norm of the operator B, C3(T) := 2/TCyC,(T), and C4(T) := CBC§(T).
Proof. We consider the equation in (2.1.12). Thanks to Remark 2.1.6, since (2.1.14) is satis-
fied for almost every t € [¢, T], we are allowed to take the scalar product with v:
(v (6), v(t)) + {Av(t), v(t)) + p(t){(Bv(t) + By, v(t)) = 0. (2.1.26)
Thus, using that B is bounded, we get
%%IIV(t)II2 +(Av(6), v(0)) < Cg (IO + Pl

(2.1.27)
<G (|p(t)|||v(r)||2 +2Ip(OP + énv(t)nz)

and therefore, since A is accretive, we have that
1d 5 ( 1) 5 1 5
-— t <cC t)+ = t +-=C t)|".
5 V@I < Gy IO+ 5 IV + S Colp(o)

We integrate the last inequality from ¢ to t:

T

L < ves)IPds <26y f (1b)1+3 ) IvIPds + ¢, J pG)Pds

0

and by Gronwall’s inequality, we obtain

Iv(®)II* < (IIV(s)II2 + CBJ
0

and taking the limit ¢ — O we find that

T
|p(s)|2ds) 2G5 [ (P()I+1/2) 4

T
VOl < (||vo||2 * cgf |p(s)|2ds) 20 PO/ s,
0

Thus, taking the supremum over the interval [0, T], the last inequality becomes

sup [v(0)I? < e CVTIPLzon T ({jyo |12 + CallpliZago ) (2.1.28)
te[0,T]

and finally, recalling the estimate (2.1.16) for the L?-norm of p from Proposition 2.1.7, we

get

sup |[v(OI < G CVTCDAIMIRTY (1 4 G c2(T)AZ) Il (2.1.29)
t€[0,T]

O

We want now to measure the distance at time T of the solutions of the nonlinear system and
the linearized one when using the same control function p built by solving of the moment
problem in Proposition 2.1.7.

Therefore, we introduce the function w(t) := v(t) — ¥(t) that satisfies the following Cauchy
problem

w(0) = 0. (2.1.30)

We define the constant K2 := CgC,(T)A2eSMHGIT (1 + C,(T)A2).

{ w(t) +Aw(t) + p(t)Bv(t) =0, te€[0,T]
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Proposition 2.1.12. Let A and B satisfy hypotheses (1.0.1), (2.1.3), (2.1.4), and furthermore
we assume A, = 0. Let T > 7, p be defined by (2.1.24), and let vy € X be such that

Krllvoll < 1. (2.1.31)

Then, it holds that
[lw(T)I| < Krllvol[*. (2.1.32)

Proof. Observe thatw € C([0, T];X) is the mild solution of (2.1.30). Moreover w € H*(0, T; X )N
L?(0,T; D(A)) and thus w satisfies the equality

w(t)+Aw(t) + p(£)Bv(t) =0 (2.1.33)

for almost every t € [0, T].
We multiply equation (2.1.33) by w(t) and we obtain

d
%EIIW(UII2 < IpOIIBvOIIIw(I
1 1 (2.1.34)
< EIIW(t)II2 + Cﬁalp(t)IZIIV(t)llz-

Therefore, applying Gronwall’s inequality, taking the supremum over [0, T ] and using (2.1.25)
and (2.1.16), we get

sup [[w(OI* < Cze'llpllfaory sup V(DI
t€[0,T] t€[0,T]

< e MMMIFGTHT (1 + Cy(TIADIVOIPIPIIF2qo,7) (2.1.35)

< C2C2(T)AZ S MM IMIFCHIT (1 4 ¢, (T)AZ)||vol|*.

We can suppose, without loss of generality, that C,(T) > 1. Thus, from (2.1.31), we obtain
that A;||vy|| < 1. Therefore,

sup [[w(t)II* < KElvoll*,

te[0,T]
that implies
Iw(T)II < Kyl [vol[?. (2.1.36)
O
Recalling that ¥(T) = 0, we deduce from (2.1.32) that
[IV(T)I| < Ky lvoll?, (2.1.37)
and, moreovetr,
Kr|v(DII < Krllvol)* < 1. (2.1.38)

We observe that we can apply Proposition 2.1.12 to problem (2.1.12) defined in the interval
[T,2T]. Indeed, vy := v(T) that was computed by solving (2.1.12), is the initial condition of
the problem
t)+Av(t)+p(t)Bv(t)+p(t)B =0, te€]|T,2T
{vt() v(©)+p(IBV(O) +p()Bpy =0, ¢ [T,2T] 2159
v(T)=vy.
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We shift this problem to the interval [0, T ] by introducing the variable s := t — T in the above
system. If we set ¥(s) :=v(s+ T) and p := p(s + T), then ¥ solves

(6 + AV(S) + BI(s) + B(s)Bor =0, s €[0.T] 1.4
7(0) = vy.
Here the control p is given by Proposition 2.1.11, with initial condition v, that is:
B(s) = Z e ‘p" o (s) (2.1.41)

keN* ( $1, ¥

where {0(s)}rex- is the biorthogonal family to {e**}, . in [0, T]. Thus, it is possible to
bound the L?-norm of p by
[1B1112¢0,1) < Cal(T)A7|vel| (2.1.42)

thanks to the estimate for {0 (s)}ren- given in Theorem 2.1.9. Therefore, for the control p of
the linearized system associated to (2.1.39), it holds that

||p||L2(T,2T) = ||I3||L2(0,T) < Co(T)Azlvrll.

Finally, thanks to (2.1.38), the hypotheses of Proposition 2.1.12 for problem (2.1.39) are
satisfied and we obtain that ||[v(2T)|| < K7||[v(T)||%. Furthermore,

Krllv2T)Il < (Krllvoll)* <1, (2.1.43)

and we can repeat this argument for the next intervals [2T,3T],[3T,4T],...,[(n—1)T,nT],....
Therefore, we deduce that
Killv(nT)|| <1, Yn € N*. (2.1.44)

Now, we want to obtain an estimate as (2.1.37) for the solution v of problem (2.1.12) defined
in time intervals of the form [nT,(n+ 1)T], with n > 1.

Proposition 2.1.13. Let A and B satisfy hypotheses (1.0.1), (2.1.3), (2.1.4) and furthermore
we assume A, = 0. Let vy € X be such that

Krllvoll < 1. (2.1.45)

Then, the following iterated estimate holds:
1 n
(Tl < = (Krllvol)®,  Vn=o0. (2.1.46)
T

Proof. We proceed by induction on n. For n = 1, the formula has been proved in Proposition
2.1.12. We suppose that (2.1.46) holds and we prove the estimate for v((n+ 1)T): iterating
the construction of the solution v of (2.1.12) in consecutive time intervals of the form [k T, (k+
1)T] until k + 1 = n, we come to the following problem

{ V() +Av(t) + p(£)Bv(t) + p(t)By; =0, t € [nT,(n+1)T], (2.1.47)

v(nT) = v,

where v,,; is the value assumed at time nT by the solution of the same problem solved in the
interval [(n—1)T, nT ] with initial data v(,,_;)r. We shift this problem in the time interval [0, T ]
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by introducing the variable s := t —nT and the functions ¥(s) = v(s + nT), p(s) = p(s + nT).
Then, 7 is the solution of the following Cauchy problem

{ V.(s) +Av(s) + p(s)BV(s) + p(s)Bp; =0, s€[0,T]

5(0) = v, (2.1.48)

The control function p is defined in [0, T] by solving the null controllability problem for the
associated linearized system and its L2-norm can be bound by

1B1112(0,) < Ca(TIAL|Vyrll.

Therefore, coming back to the original time interval [nT, (n + 1)T ] we find that

1Pl z2(ar (nr1yry = Bl 20,1y < Ca(TIAL|Var |l (2.1.49)

Moreover, since it holds that
Krlvarll <1 (2.1.50)

we can use Proposition 2.1.12 for problem (2.1.47), obtaining

1 n 2 1 n+1
(@ DI < K VEDIP <Ky (- @l ) = = Gelol®™ 225D
T T
and this concludes the induction argument and the proof of the proposition. O

The last step that allows us to prove Theorem 2.1.4 consists in showing the rapid decay of the
solution u of our initial problem (2.1.1) to the fixed stationary trajectory ¢;.

Proposition 2.1.14. Let 6 € (0,1) and ||v,|| < K%. Then, under the hypotheses (1.0.1), (2.1.3),
(2.1.4) and A, = O, there exists a constant Cy > 0 such that

C =
llu(e)— il < L6277 ¥exo. (2.1.52)
K
Proof. We have supposed that ||vy|| < K%, with 6 € (0,1). Thus, (2.1.46) becomes
on

[lv(nT)|| < %. (2.1.53)

Consider now the time interval [nT,(n+ 1)T]. From estimate (2.1.8) for the solution of the
control system in the time interval [nT, (n+1)T] and from the bound (2.1.49) for the control
p, we deduce that there exists a constant C; > 0 such that

[lv()I| < Crllv(nT), te[nT,(n+1)T]. (2.1.54)

Therefore, using (2.1.46) in (2.1.54), we obtain that

Cr o Cr (1) \1/2
V(DI < Crlv(nT)l| < —6* = — (67 : 2.1.55
IV < CrlvDll < 2267 = 22 (67) (2.1.55)

Since n < + < (n+1) and 6 € (0, 1), it holds that

C n+ 1/2 C t 1/2 C t/T—
(ol < = (62") " < L (02") "= Lo (2.1.56)
Ky Kr Ky
By definition, v(t) = u(t) — ¢;. So, we get
C t/7—
lu()— ¢yl < =L62""",  t>o0. (2.1.57)
Kr
O
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We are ready to prove Theorem 2.1.4.

Proof of Theorem 2.1.4. We first consider the case in which the first eigenvalue of A is zero.
Let 6 € (0,1) and let p > 0 be the value for which 6 = e2°. Then, from Proposition 2.1.14,
there exist a constant R, > 0 such that if ||ug — ¢ || <R,, then

[Ju(t) — 1]l < Mpee"" ¥t > 0.

where M, wy > 0 are constants that depend only on T. With the notation of the previous
propositions, we have that

—2p C log2
Ry=5—,  Mpi=—L, wpi=—o2 (2.1.58)
Ky Ky T
Now, in order to deal with a general operator A satisfying (1.0.1), we introduce the operator
A i=A—241. (2.1.59)

We observe that A; : D(A;) C X — X is self-adjoint, accretive and —A; generates a strongly
continuous analytic semigroup of contraction. Its eigenvalues are given by

Ui = Ak—ll, VkEN* (2160)

(in particular, u; = 0) and it has the same eigenfunctions as A, {¢y}ren+- Moreover, the
family {u; }ren- satisfies the same gap condition (2.1.3) that is satisfied by the eigenvalues of
A. Indeed, it holds that

Ak+1 — Ak Ak+1 _ Ak
,/,uk —‘/‘U,k = > = A‘k — A‘k > a, VkEN*
" St VIE A+ VA Y
Thus, the operator A; satisfies the hypotheses that are required in Theorem 2.1.4.
We observe that if we introduce the function z(t) = e*fu(t), where u is the solution of (2.1.1),
then z solves

{z’(t)+A12(t)+P(f)BZ(t)=0’ t>0, (2.1.61)

z(0) = u,.
So, we can apply the previous analysis to this problem and deduce that there exist My, wy > 0
such that, for all p > 0 there exists R, > 0 such that, if |Juy — ¢, || <R, then

12(6) — 4| < Mpe ™, Vt>o. (2.1.62)

We claim that the local superexponetial stabilizability of z to the stationary trajectory ¢,
implies the same property of u to the ground state solution 1;. Indeed, it holds that

lu(0) =1 ()l = [le M 2(0) —e M oy || = e 3(t) — @3] < Mpe @< +MO, Y >0
and this concludes the proof also in the case of a strictly accretive operator A. O

Remark 2.1.15. Even in the case when A : D(A) € X — X has a finite number of negative
eigenvalues, we can define the operator A; := A— A,I. A, has nonnegative eigenvalues and
we can perform the proof of Theorem 2.1.4 and deduce the superexponential stabilizability of
the solution u of the problem with diffusion operator A to the ground state solution. In this case
21 (t) = e*Mtp; blows up as t — oo since A, < 0, and the same occurs for the controlled solution
u.
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2.2 Applications

In this section we discuss examples of bilinear control systems to which we can apply Theorem
2.1.4. The first problems we study are 1D parabolic equations of the form

u(t,x)—u,, (t,x)+ p(t)Bu(t,x)=0, (t,x)€[0,T]x(0,1)

in the state space X = L2(0, 1), with Dirichlet or Neumann boundary conditions and with B
the following multiplication operators:

Bu(t,x) = u(x)u(t, x).

Then, we prove the superexponential stabilizability of the following one dimensional equation
with variable coefficients

u(t,x)—((1+ x)zux(t,x))x + p(t)Bu(t,x)=0

with Dirichlet boundary condition.
Moreover, we apply Theorem 2.1.4 to the following parabolic equation

u,(t,x)— Au(t,x)+p(t)Bu(t,x) =0, (t,x)e[0,T]xB>

for radial data in the 3D unit ball B3.
Finally, we use the abstract result to prove stabilizability for a class of degenerate parabolic
equations of the form

u(t,x)—(x%u,(t,x)), +p(t)Bu(t,x)=0, (t,x)e[0,T]x(0,1),

with a € [0,3/2).

In each example, we will denote by {A; }ren- and { ¢y }ren-, respectively the eigenvalues and
eigenfunctions of the second order operator associated with the problem under investigation.
We will take (i1, p) = (31, 0) as reference trajectory-control pair, where 1), = e *1t¢p; is the
solution of the uncontrolled problem with initial condition the ground state u(0, x) = ¢;.

2.2.1 Diffusion equation with Dirichlet boundary conditions.

Let Q= (0,1), X = L?(Q2) and consider the problem

u, (6, %) =11y, (£, X) + p(OUU(t, x) =0 x €2, >0
u=0 x€oNt>0 2.2.1)
u(0, x) = uy(x) x €N,

where p € L2(0, T) is the control function, u the state variable, and u is a function in H3().
We denote by A the operator defined by

d2

D(A)=HNHY(R), Ap=———2. 2.2.2)
dx?

A satisfies all the properties in (1.0.1): in particular, it is strictly accretive and its eigenvalues

and eigenvectors have the following explicit expressions

A = (km)?,  @p(x) = V2sin(knx), Yk eN*.
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It is straightforward to prove that the eigenvalues fulfill the required gap property. Indeed,

VA — VA =(k+1)n—kr =m, Vk € N*,

So, (2.1.3) is satisfied.
In order to apply Theorem 2.1.4 to system (2.2.1) and deduce the superexponential stabiliz-
ability to the trajectory 1;, we need to prove that there exists T > 0 such that:

e (Byq, i) #0, for all k € N*,

e the series
e—Z)L,(T

keN* I(B(,O], @k)lz
is finite.

For this purpose, let us compute the scalar product (Byp1, ¢r) = (U1, Vi)
1
(U1, pr) = ﬁf p(x) 1 () sin(kx)d x
0
X 1
-2 (— TSNS izl

- ((wl)x( jsinlkn) |

1
f (wl)x(x)wdx)

sm(krcx) x)

f (.U’(pl)xx( )

(kn)? (k)2
k k
- ﬁ((uwl)xx( )C"(S,f ;ﬂf‘) f (wl)m(x)“’(slf ;;x)dx)

= o [ (D — @) - J (1401 )y cOS(kx)dx.

(km)?

Observe that the last integral term above represents the k‘"-Fourier coefficient of the integ-
rable function (1), (x) and thus, it converges to zero as k goes to infinity. Therefore, if
we assume

pe(D)£u, (0)#0  and  (upy,p) #0 Vk N (2.2.3)

then, we deduce that {uyp;, ¢;) is of order 1/k> as k — oo.

Remark 2.2.1. An example of a function which satisfies (2.2.3) is u(x) = x2. Indeed, in this

case .
e, k=2
{x*p1, 1) =
B k=1

and so (x2¢1, pi) # O for all k € N* and furthermore

2n2—31 m(2n?-3) 1
|<x2(101:(»0k>|2 — = W’ Vk € N*,
k

6m2 k3 6
We conclude that, under assumption (2.2.3),
3 € > 0 such that |(Byy, ¢, )| = ck > =CA*%, VkeN* (2.2.4)
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and thanks to the polynomial behavior of the bound, the series

2. o aiP

5 (B, i) 12

—Zlkf

converges for all T > 0.
Therefore, all the hypotheses of Theorem 2.1.4 are satisfied and system (2.2.1) is superexpo-
nentially stabilizable to the trajectory .

Remark 2.2.2. Assumption (2.2.4) for problem (2.2.1) is not too restrictive. In fact, it is
possible to prove that the set of functions in H3(Q) for which (2.2.4) holds is dense in H3().
For a proof of this fact, see Appendix A in [11].

2.2.2 Diffusion equation with Neumann boundary conditions

Now we look at an example with Neumann boundary conditions: let 2 = (0, 1) and consider
the following bilinear stabilzability problem

U (£, x) = Uy (6, x) + p(Op(u(t,x) =0 x€Q,t>0
u, =0 x€edt>0 (2.2.5)
u(0, x) = ugy(x). x €N

Let X = L2(92). When we rewrite (2.2.5) in abstract form, the operators A and B are defined
by
D) ={p € H*(0,1): p, =00n 30}, Ap =—p,,
D(B)=X, By =up.

where u is a real-valued function in H2().
Operator A satisfies the assumptions in (1.0.1) and it is possible to compute explicitly its
eigenvalues and eigenvectors:

Ao =0, po=1
A = (km)?,  (x) = v/2cos(kmx), Vk=>1.

Since the eigenvalues are the same of those in Example 2.2.1 for k > 1, the gap condition is
satisfied for all k > 0.

Let us compute the scalar product (up,, @) to find, if it is possible, a lower bound of the
Fourier coefficients of By,:

1
(upo, i) = ﬁf p(x) cos(kmx)dx
0
_ sm(krtx) ! sin(k7x)
—ﬁ( Ol L“X(”—kn dx)

! cos(kmx)
. JO P (X)———— k)2 dX)

/32
(km)?

cos(knx)
=«/5(ux( )~

_ V2
(k)2

(e (D=1 = (0)) —

1
f Uy () cos(kmx)dx.
0
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Thus, reasoning as Example 2.2.1, if (Byg, @) # 0 Yk € N and u, (1) £ u,(0) # 0, then we
have that
3 C > 0 such that [(Byg, pr)| = Ck2=CA', VkeN (2.2.6)

and therefore the series in (2.1.4) is finite for all 7 > 0.

Remark 2.2.3. An example of a suitable function y for problem (2.2.5) that satisfies the
above hypothesis, is u(x) = x2, for which

S k21,

(xz(‘pO’ @k) =
k=o0.

W=

Applying Theorem 2.1.4, it follows that system (2.2.5) is superexponentially stabillizable to

Y1

2.2.3 Variable coefficient parabolic equation with Dirichlet boundary conditions

In this example, we analyze the superexponential stabilizability of a parabolic equation in
divergence form with nonconstant coefficients in the second order term.
Let Q= (0,1), X = L?(Q2) and consider the problem

u,(t,x)— (1 + x)%u, (t,x)), + p(Ou(x)u(t,x) =0 x€Q,t>0
u(t,0)=0, u(t,1)=0, t>0 (2.2.7)
u(0, x) = ug(x) x €N

where p € L2(0,T) is the control and u is a function in H2(Q) with some properties to be
specified later.
We denote by A the operator

A:DA)CX -»X, Au=—((1+x)w),

where D(A) = H?N Hé(ﬂ) and it is possible to prove that A satisfies the properties in (1.0.1).
The eigenvalues and eigenvectors of A are computed as follows

_1 k” -1 1/2 (_ )
)Lk_4+(ln2 s (1+x) sin In(1+ x)

The gap condition holds true because

s
VA — VA= —, VYkeN.
k+1 Y v
Now, we check the hypotheses on the operator By = ¢y needed to apply Theorem 2.1.4. We
recall that we want to prove that:

e (Byq, i) #0, for all k € N*,

e there exists T > 0 such that the series
2}Lkr

Z G (2.2.8)

keN* P15 (pk

is finite.
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Let us compute the Fourier coefficients of By;:

e I .f uP (A +x) 72 Sln(— In(1+ x)) dx
1 kn
=\= ™ ;3 (— u(x)p1 (x)(1 +x)"2 cos (E In(1 + x)) 0

+ 1((1+x)1/2pt )(x)cos(k—nln(1+x))dx
o ¥1lx In2

\ In2)? r
= é(;—;) (((1+x)1/2M<P1)x(x)(1+x) sin(é]n(l +X))O

' km
f (((1+x)1/2u<p1) (1 +x)) (x)sm(—ln(l—i—x))dx)

(1112 3 ( (1 n x)l/zlwl) (1+ x)) (x)(1 + x) cos (k— In(1 +x))

f ((((1+x)1/zwl) (1+x), (1+x)) (x)cos(lk—ln(1+x) )
((

1

+

3
1n2 2T (—2p, (1(=1)F — 1 (0)) +
n2

J ((1+x)1/2“¢1) (1+x))x(1+x))x(x)cos(§1—7;1n(1+x))dx)

Observe that, for the same reason of Example 2.2.1, if 2u, (1) £, (0) # 0 and (ug,, i) # 0,
Vk € N* then, there exists a constant C > 0 such that |(Byp, ¢ )| is bounded from below by
Cl;g/z, for all k € N*. Thus, series (2.2.8) is finite for all 7 > 0.

Remark 2.2.4. As an example of a function u that verifies the lower bound |(Byp, ;)| =
C AZB/ 2 one can consider again u(x) = x: indeed, it satisfies the sufficient condition 2u, (1)+
1 (0) # 0 and the Fourier coefficients of By, = x; are all different from zero:

2(2(=1)k+1-1) 3 2 2_n
rn 1)2(1+ (k+1272 )(1+(k_l)2ﬂ2 ) (4k +k+1+ 2k(k —1 M2y ) , k>2
(xap ") >= (In2)2 4 (In2)2
Yk 1 ((1_ln2)( ) -85 ) k=
2 ’ =1
l+( In2

This concludes the verification of the hypotheses of Theorem 2.1.4, that imply the superex-
ponential stabilizability of (2.2.7) to ;.

2.2.4 Diffusion equation in a 3D ball with radial data

In this example we consider an evolution equation in the three dimensional unit ball B* for
radial data. The bilinear stabilizability problem is the following

u.(t,r)—Au(t,r) + p(u(ru(t,r)=0 re[0,1],t>0
u(t,1)=0, t>0 (2.2.9)
u(0,r) =uy(r) ref0,1]

30



where the Laplacian in polar coordinates for radial data has the form
5 2
Ap(r) =0 p(r)+ ;arso(r)-

The function u is a radial function as well in the space H f’ (B%), where the spaces H f (B®) are
defined as follows

X :=L2(B*) ={p € L*(B*) |3y : R > R, p(x) = y(|x])}
H*B®):= H"(B*)n L*(B%).

The domain of the Dirichlet Laplacian A := —A in X is D(A) = H> N H}(B*). We observe
that A satisfies the hypotheses required to apply Theorem 2.1.4. We denote by {A; };en- and
{¢1}ken- the families of eigenvalues and eigenvectors of A, Ay, = Ay, namely

sin(kmr)

[ Vorr

Vk € N*, see [48], section 8.14. The family {¢; }rcn- forms an orthonormal basis of X.

A = (km)? (2.2.10)

In order to prove a superexponential stabilizability result to the trajectory v;, we need to
verify the remaining hypotheses in Theorem 2.1.4 regarding the gap condition of the eigen-
values of A and the properties of the operator B : X — X, By = u¢.

Since the Laplacian in the 3D ball for radial data behaves as a one dimensional operator, the
analysis is very similar to the previous cases. Indeed, since the eigenvalues of the operator A
are actually the same of the 1D Dirichlet Laplacian, we have

VA —vVAc=n, VkeN-.

In order to compute a suitable lower bound for the Fourier coefficients of By, we recall the
following property of radial symmetric functions f = f(r): the integral over the unit ball
B" C R" of f = f(r) reduces to

1
ffdv=|s"1|f f(rrdr (2.2.11)
Bn 0

where |S"7!| is the measure of the surface of the sphere S™!.
Therefore,

sm(ﬂ:r) sm(knr)
r

=4“J1 Lo )sm(nr) sin(kmr) 2
0

r

(M@l:@k)zf —u(r)———
B3

1
=J 2u(r) sin(ntr) sin(kwr)dr (2.2.12)
0

~ z(aru(l)( 1"+ 8,u(0)) +

1
_(ki)SJ; 3r3(MSin(m’))(r)COS(knr)dr,
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Following the same argument as in Example 2.2.1, if all the coefficients (u;, @) are different
from zero and, moreover, d.u(1) £ 3,u(0) # 0 then, there exists a constant C > 0 such that

upr, o)l = CA2, VkeN*
and thus the series in (2.2.8) is finite also in this case, for all 7 > 0.

Remark 2.2.5. An example of a function u € H f (B®) with the aforementioned properties is
wu(r) = r2. In this case the Fourier coefficients of By, are defined by

_ k+1k
ot k22
(Bo1, or) =
2
227123’ k = 1

Finally, applying Theorem 2.1.4, we deduce that, fixed T > 0, there exist constants M, w >
0 such that, for all p > 0, there exists R, > 0 such that, if the initial condition u, satisfies
lluo — @11l <R, then

lu(t) —p1(£)]] < Mpe P +™0 Y >0,

2.2.5 Degenerate parabolic equation

Let I = (0,1), X = L?(I) and consider the following degenerate parabolic equation

u[—(x“ux)x+p(t)x2_“u20, (t,x)€(0,00)%x(0,1)
w6 1) =0, { u(t,0) =0, ifae[0,1),
(x%u,)(t,0)=0, ifaec[1,3/2),

u(0, x) = ugy(x).

(2.2.13)
where p is the bilinear control function and the parameter a € [0, 2) describes the degeneracy
magnitude. In particular, the problem is called weakly degenerate for a € [0, 1), and strongly
degenerate for a € [1,2).

Depending on the type of degeneracy, it is customary to assign different boundary conditions
to the problem and therefore the spectral analysis of the second order degenerate operator
will be different. We refer to Appendix A for a more detailed discussion.

The natural spaces for the well-posedness of degenerate problems are weighted Sobolev
spaces, that we will indicate by H:(I), and that differ in the weak and strong degeneracy
settings.

We introduce the linear operator

A:DA)CcX—-X

u = —(xuy )y

that can be shown to be a densely defined, self-adjoint, accretive operator with compact re-
solvent for all a € [0, 2).
For any a € [0, 2), let
[1—af 2—a
Vg i = ———, o .
2—a 2
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Given v > 0, we denote by J, the Bessel function of the first kind and order v and by j,; <
Jya <+ <jyk <... the sequence of all positive zeros of J,. It is possible to prove that the
eigenvalue {24, ; }xen- and the corresponding eigenfunction {¢, ; }ren- related to the operator
A are given by

A’a,k = k2

a

Jae (2.2.14)

V2ka  (-ay2

U’ Gy ol Vg (jva,kxka) (2.2.15)
Vo Y Vas

Pa,k (X) =

for every k € N*. Moreover, the family (cpa,k) is an orthonormal basis of X, see [41].

keN*
To apply Theorem 2.1.4 to problem (2.2.13), we have to prove the validity of the gap condition
(2.1.3) and of hypothesis (2.1.4) for the multiplication operator

B:X—-X

u— uu,

a

with p(x) = x27%.
Concerning the gap condition, it has been proved (see [47], page 135) that

o ifac[0,1), v, = ;—Z € (0, %], the sequence (jvwarl _jvask)keN* is nondecreasing and

converges to 7. Therefore,

V )’k-l—l - m = ka (]Vaxk"'l _]vaxk) 2 ka (]vu"z _]va’l) 2 ETE’

o ify, > %, the sequence ( Tvg k1™ jva,k)keN* is nonincreasing and converges to 7. Thus,

% Ak+1 - \/A—k = ka (jva,k+1 _jva,k) 2 kan = g

Therefore, (2.1.3) is satisfied in both weak and strong degenerate problems with different
constants.

The operator B is linear and bounded in I. What remains to prove is that there exists T > 0
such that

(M(Pa,l, (pa,k) 7& 0: Vk S N*;
Z e 2hT (2.2.16)

< +0Q.
S a1, o)l

We compute the scalar product (u, 1, @, x) for k # 1 and, from now on, we write ¢, instead
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of ¢, x to lighten the notation:

1 1
(ucpl,cpu:f M(X)%(x)sok(X)z—%kf p(x) 1 () (x* () )y (x)dx
0 0

1
= ‘%k (u(x)sol(x)x“(sok)x(x)% - f (1), (x)xa(sok)x(x)dx)
0

1
- ( f b0 (X (9 () + f
k 0

0

1

u(x)(%)x(X)xa(sok)x(x)dx)
1

= %k (J 1 ()01 () () (0 )dx + () (1) ()x ()
0

1
—f (u(tpl)xxa)x(X)wk(X)dX)
0

1

1
- %k U “X(x)‘pl(x)xa(“’k)x(x)dx—f e (1) ()X oy (x)dlx
0 0

1
- f M(X)(x“(sol)x)x(x)wk(x)dx)
0
1
= %k (f P () [01(0) (i) (00) — (1) (X)) i (x) ] d x
0

1
+244 f M(X)%(X)‘Pk(x)dx) .
0
(2.2.17)

We observe that in the weakly degenerate case, thanks to the Dirichlet conditions in both
extrema, the boundary terms vanish. We can deduce the same vanishing property at x = 0
for the strong degenerate case thanks to the first item of Proposition A.1.1 and to (A.1.12).
Moving the last term of (2.2.17) to the left-hand side, we get

1

A
(1—i)(u¢1,¢k) = %kfo ux(x)X“Wf(X)(%) (x)dx (2.2.18)

1/7x

and therefore, integrating by parts we obtain

a 2 Pr(x)
(MX(X)X wl(x)—¢l(x)

1

(Lo, @) =

1
a, 2 ‘Pk(x)d
PRy . Jo(“*x 1) (5 x)

1 ! @ (x)
_ — a 2 k
ey (fo (e x )x(x)wl(x)—¢l(x)dx

or(x)
v1(x)

1
+2J W () x %01 (x) (1), (x) dx) (2.2.19)
0

1

1
BT (Jo (e ()1 (X)p ()l x

1
+2f MX(X)Xa((pl)x(X)(pk(X)dX).
0
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The boundary terms vanish for the Dirichet conditions if a € [0, 1) and thanks to the second
item in Proposition A.1.1 for a € [1,3/2).

Recalling that u(x) = x2~%, we have that

1
{uepr, i) = —2/1(2__;) J. x(01) ()i (x)dx
k 1 Jo
_2e-a (' .
= mjo x(01) () (x* (@1 )y )y (x)dx
1
= Akz((kzk__a)gl) (X((pl)x(x)xa(@k)x(x)hl) _JO (X(‘Pl)x)x (X)Xa((pk)x(x)dx)
= —Af((fk__“;ﬂ (X2 (@ 0]y = (o)) (Dx (3]
1
+f ((x((pl)x)x (x)x"‘)x ﬂpk(x)dx)
0
__2@-a) lt+a 1
=2y (x (CCHNEIINEI] N
1
+J (((‘pl)x + x(@l)xx)xa)x (x)¢k(X)dX)
0
= _2(2 — Ct) 1+a 1 _ !
= )Lk(}’k —Al) (X (Sol)x(x)((pk)x(-x”o AlL @1(X)(,0k(X)dX
1
+f (XH"‘(«pl)xx)x(x)npk(x)dx)
0
1
- Af((;k—_agl) (x1+“(¢1)x(x)(¢k)x(X)|é+L (™91 )xa ). (x)gok(x)dx)

(2.2.20)

where we have used the fact that, for a € [1,3/2), (x(¢;), )x(x)x“gok(x)lé vanishes in view
of Proposition A.1.1.

Since ¢ is an eigenfunction of A for all k € N*, it satisfies the equation

— (ax® M (@) () + x4 (1) xx (D) = A pr(x), (2.2.21)
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then we can rewrite the expression of (@), (x) in (2.2.20) using (2.2.21):

1
0100 = 235 (x“a(«pl)x(x)(gok)x(x)ié o[ e, (x)«pk(x)dx)
0
22—a)

" A —2y) ERECHNESCIHNES

1
—f (Axpq +ax*(p1)y), (x)(pk(x)dx)
0

1

22— a) o 1
‘zk(ik—‘al)("l (P (NP ()] = A fo x(91) () pe(x)dx

1 1
~ f «pl(x)cpk(x)dx—aj (x%(91),)x (x) @ (x)dx).
0 0 —2A191(x)

(2.2.22)

Recalling that {¢;}ey- is an orthonormal basis of L2(0,1), the last two terms on the right-
hand side of the above equality are zero.
Thus, from the first equality of (2.2.20) and the last one of (2.2.22), we obtain that

2(2—a) A [ L 202-a) 4. 1
22D (1-2) [ st tptan = o= («pl)x(x)(cpk)x((xno |
2.2.23
that implies
1
(up1, or) = _275;{2—_;1) J x(91)x ()i (x)dx = % x“"(sol)x(X)(w)x(x)|(l,
0

(2.2.24)
Recalling that the eigenvalues {A; };en+ Of A are defined by (2.2.14) where v, = |[1—a|/(2—a),
and the eigenfunctions, {¢; }ren:»> by (2.2.15), we compute the right-hand side of (2.2.24):

X44(1), (X)) () =
1+a
= AR (1o yany, ), )
U7 G, G 2 D

(2.2.25)
+ jva,lkax(l_za)/zJ; (jva,lxka))

l—a
: (Tx_(“—a)/zjva (jva,kxka) + jva,kkax(l_za)/zj;a (jva,kxka )) .

Therefore

(1) (i) () [y = (1) (D (i) (1) = Pharar vt I, Gy, Gy i)
(101 X ‘Pk X 0 (pl X (‘pk X |J;a(jva’1)||.];a(jva’k)| Vg ]va,l Vg ]va:k .
(2.2.26)

Now, we recall that the zeros of J;a, j;wk, satisfy v, < j’vw1 < Jy1 < j’vw2 < Jy,2-+-, tO
conclude that the right-hand side of (2.2.26) does not vanish.
From (2.2.24) and (2.2.26) we deduce that there exists a constant C such that

C
(e, pr)l = PETER Vk e N*, k # 1. (2.2.27)
k
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For k = 1, we have

2k !
(W, 1) = mjo xz_“xl_“Jfa(jvwlxka)dx
Va a
4 i (2.2.28)
= 2 Vel 23J2 (2)dz.
@= T, G Jy
We now appeal to the identity
z 1 z
(o+2) | t°PJ(t)dt=(oc+1){v*—=(0 +1)? toJ2(t)dt
4 v
. . ) . (2.2.29)
+ EZUH [{ZJ;(Z)— E(O‘ + 1)Jv(z)} + {22 -4 Z(O‘ + 1)2}J3(z)}
with o =1 (see [51], equation (17) page 256) to turn (2.2.29) into
4kqjd Jrai
(up1,ip1) = -1 f 2J3 (2)dz
P (2 (X)|J/ (]va 1)|2 3 a } (2.2.30)
1. . . . . .
+ g']ia:l [{]va,l‘];a(.}va,l) _Jva(.]va,l)} + {]3{1,1 - Vi + 1}J12,a(]va,1):| .
Using Lommel’s integral
c 2
2 g2
zJ,(az)*dz = - [Jv (ac) —Jv,l(ac)JvH(ac)] (2.2.31)
0

in (2.2.30), we obtain

(upy,01) =
4k

aly 1
m[—{ —1}( (J (Ug1) =1 G 1 W+ I(Jval)))

+ 281 (i, G |
4k, j

1 . .
m(— val{v =1}, 3Gy W, 11Givg 1)

1 . . 2
+ 2_4] ( va—l(]va,l) _Jva+1(]va,1)) )
4kaj

2 - JZ .
= o i (@ (U +72,000)

-5
1. Ty, . .
- (gjnzza,l {Vi 12 )Jva—l(]va,l)‘}va+l(]va,l))

N 4kojy ( 1 E
Q=] GGy, )2 \ 2471

jS
_( v 1{ 2_1}+ 12 )%(Jn%a—l(jva,l)+Jfa+1(jva,l)))'

(Ji—l (jva,l) + Jfa.'.l(jva,l))

Thus, (ug,, ¢q) > 0 if
5
1. 1(1, ., isa
5477173 (glm {v—1}+ 17 |- (2.2.32)
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Since
ae€[0,1) = v, €(0,1/2],

ae€[1,3/2) = v,<€[0,1),

equation (2.2.32) holds true for both weak and strong degeneracy.

Hence, since (up1, i) 7 0 for every k € N* and (2.2.27) is valid, the series (2.2.16) converges
for every T > 0.

We have checked that every hypothesis of Theorem 2.1.4 holds for problem (2.2.13) if a €
[0, 3/2). Therefore, we conclude that, for any p > 0, if the initial condition u, is close enough
to ,, the system is superexponentially stabilizable to the ground state solution ;.
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CHAPTER 3

Exact contrallability to trajectories

In this chapter we present results of local and global controllability to a target trajectory that
are based on [3].
In a separable Hilbert space X, we study the linear evolution equation

u'(t) +Au(t) + p(t)Bu(t) =0,

where A is an accretive self-adjoint linear operator, B is a bounded linear operator on X, and
p €L} (0,+00) is a bilinear control.

We give sufficient conditions in order for the above control system to be locally controllable
to the ground state solution, that is, the solution of the free equation (p = 0) starting from
the ground state of A. Such a property, that is obviously stronger than superexponential
stabilizability, holds true in more restrictive settings than those considered in Theorem 2.1.4.
Nevertheless, the result we present in this chapter apply to all the examples of parabolic
problems we have treated in chapter 2.

We also derive global controllability results in large time.

3.1 Main result

In a separable Hilbert space X, consider the control system

u'(t) +Au(t) + p(t)Bu(t)=0, t>0
(3.1.1)
u(0) = uy.

where A : D(A) ¢ X — X is a linear self-adjoint maximal accretive operator on X, B be-
longs to £ (X), the space of all bounded linear operators on X, and p(t) is a scalar function
representing a bilinear control.
In chapter 2, we have studied the stabilizability of (3.1.1) along the ground state solution of
the free equation (p = 0). More precisely, we have given sufficient conditions on A and B to
ensure the superexponential stabilizability of (3.1.1) along v;: for all u; in some neighbor-
hood of ¢, there exists a control p € LIZOC([O, +00)) such that the corresponding solution u of
(3.1.1) satisfies

llu(t) — ()] < Me " +MD yi>0 (3.1.2)

for some constants w, M > 0.
In this chapter, we address the related, more delicate, issue of the exact controllability of
(3.1.1) to the ground state solution 4, via a bilinear control.
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Theorem 3.1.1. Let A: D(A) C X — X be a densely defined linear operator such that (1.0.1)
holds and suppose that there exists a constant a > 0 for which the eigenvalues of A fulfill the gap

condition
vV A’k-%—l - A‘k > a, V ke N* (3.13)

Let B : X — X be a bounded linear operator such that there exist b,q > 0 for which
(Bo1,91) #0, and Al|(Boy,¢p)|=b Vk>1. (3.1.4)

Then, for any T > 0, there exists a constant Ry > 0 such that, for any uy € Bg (1), there exists
a control p € L%(0, T) for which system (3.1.1) is controllable to the ground state solution in
time T. Furthermore, the following estimate holds

e—nch/Tf
lIpll20.1) < EET AT (3.1.5)
where ,
T; :=min{T,T,}, T,:= %min{l,l/az} (3.1.6)

and Cy is a suitable positive constant.

The main idea of the proof consists of applying the stability estimates of [4] on a suitable
sequence of time intervals of decreasing length T}, such that Z;:l T; < oo. Such a sequence,
however, has to be suitably chosen in order to fit the error estimates that we take from [4].
From the above local exact controllability property we deduce two global controllability res-
ults. In the first one, Theorem 3.1.2 below, we prove that all initial states lying in a suitable
strip, i.e., satisfying |{uy, ;) — 1| < r1, can be steered to the ground state solution (see Fig-
ure 3.1). Moreover, we give a uniform estimate for the controllability time.

Theorem 3.1.2. Let A and B satisfy hypotheses (1.0.1), (3.1.3), and (3.1.4). Then there exists
a constant r; > 0 such that for any R > 0 there exists Ty > O such that for all u, € X that satisfy

[{ug, p1) — 1| <1y,
(3.1.7)

[lug — (ug, p1) @11l <R,

problem (3.1.1) is exactly controllable to the ground state solution 1, (t) = e *1t(p, in time Tk.

40



r

U

¥ (T) 1

Figure 3.1: the colored region represents the set of initial conditions that can be steered to the ground
state solution in time Tj.

Our second global result, Theorem 3.1.3 below, ensures the exact controllability of all initial
states up € X \ (,01l to the evolution of their orthogonal projection along the ground state
solution defined by

$1(t) = (ug, p1)¥1(t), Vt=0, (3.1.8)

where 1), is the ground state solution.

Theorem 3.1.3. Let A and B satisfy hypotheses (1.0.1), (3.1.3) and (3.1.4). Then, for any
R > 0 there exists T > 0 such that for all uy € X satisfying

|l — (o, p1) 111 < RI{uo, 1) (3.1.9)
system (3.1.1) is exactly controllable to ¢4, defined in (3.1.8), in time Tj.

Notice that, denoting by 6 the angle between the half-lines R, ¢, and R, 1, condition (3.1.9)
is equivalent to
|tan 6| <R,

which defines a closed cone, say Qp, with vertex at 0 and axis equal to Ry, (see Figure 3.2).
Therefore, Theorem 3.1.3 ensures a uniform controllability time for all initial conditions lying
in Qz. We observe that, since R is any arbitrary positive constant, all initial conditions u, €
X\ golL can be steered to the corresponding projection to the ground state solution. Indeed,
for any uy € X \ @7, we define

—¥1

Ry =
0 ‘ <u0: @1)

Then, for any R > R,y condition (3.1.9) is fulfilled:

1
= llug — (ug, p1) 11l =Ry <R.
|<u0’ ()01>|
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Figure 3.2: fixed any R > 0, the set of initial conditions exactly controllable in time Tj to their projection
along the ground state solution is indicated by the colored cone Q.

3.2 Proof of Theorem 3.1.1

First, we recall some results from chapter 2 that are necessary for the construction of the proof
of Theorem 3.1.1. Fixed T > 0, consider the following bilinear control problem

u'(t) +Au(t) + p(t)Bu(t)+ f(t)=0, t€[0,T]
(3.2.1)
u(0) = uy,

with uy, € X, p € L?(0,T) and f € L2(0, T;X). Proposition 2.1.5 ensures the existence of a
unique mild solution u € C([0, T];X) of (3.2.1) for which the following estimate holds

lulloo,0 < CL(TIluoll + 11 112,0)- (3.2.2)
Our aim is to show the controllability of the following system

u'(t) +Au(t) + p(t)Bu(t)=0, te€[0,T]
(3.2.3)
u(0) = uy,

to the ground state solution v; = e ‘¢, that is the solution of (3.2.3) when p = 0 and u, =
1. We first consider the case A; = 0 and prove the controllability result to the corresponding
ground state solution vy; = ¢;. Then, we recover the result also for the case A, > 0.

Set v :=u— ¢;, then v is the solution of the following Cauchy problem

v/(t) +Av(t) + p(t)Bv(t)+ p(t)Byp; =0, t€[0,T]
(3.2.4)

v(0) = vy =up— 5.
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We observe that the controllability of u to ¢, is equivalent to the null controllabiliy of (3.2.4).
In order to prove this latter result, we consider the following linearized system

v(t)Y +Av(t) + p(t)Bp,; =0, t€[0,T]

(3.2.5)
17(0) = Vo.
and we recall the definition the constant Ay
- 1/2
—24,T ,C+/ A/
Api=| D (3.2.6)
keN* | <B(pl; wk) |

where «a is the constant in (3.1.3). We observe that, thanks to assumption (3.1.4), A con-
verges for any T > 0.
Thanks to Proposition 2.1.7, we are able to build a control p € L2(0, T)

p()= >, %ak(t) (3.2.7)

keN* < 1> k)

that steers the solution of (3.2.5) to 0 in time T. Such a control p satisfies the following bound

[IPll120,7y < Ca(TIAL vl (3.2.8)
where Ay is defined in (3.2.6) and a is the constant in (3.1.3).

Remark 3.2.1. The behavior of C,(-) with respect to its argument has been studied in [24 ] and
is given by ]
(G, 1<k
cxAm=C-{ (3.2.9)
Ca?, T>4,

a

where C > 0 is a constant independent of T and a.

By using the control p built in Proposition 2.1.7 also in the nonlinear system (3.2.4) and we
have proved in chapter 2, Proposition 2.1.11 that the solution v of (3.2.4) satisfies

sup [[v(6)[[? < e@MAIMIFCT (1 4 ¢ (T)AZ)||vol 2 (3.2.10)
te[0,T]

where Cg > 1 is the norm of the operator B, C3(T) := 2v/TCC,(T), and C,(T) := CBC§(T).
We introduce the function w(t) := v(t) — v(t) that satisfies the following Cauchy problem

w(t) +Aw(t)+ p(t)Bv(t) =0, t€[0,T]

(3.2.11)
w(0) =0.
We define the function K on (0, o0) by
K2(T) := Cpe*@VTHGHDT 0 (TYAZ (1 + C,(T)A2). (3.2.12)

In the following Proposition we estimate how close we are able to steer v to 0 in time T by
means of the control p defined in (3.2.7).
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Proposition 3.2.2. Let A and B satisfy hypotheses (1.0.1), (3.1.3), (3.1.4), and, furthermore,
we assume A, = 0. Let T > 0, p be defined by (3.2.7), and let v, € X be such that

Co(T)A7||voll < 1. (3.2.13)

Then, it holds that
Iw(T)I| = V(DI < K(T)[volI*. (3.2.14)

Proof. Observe thatw € C([0, T];X) is the mild solution of (3.2.11). Moreover w € H(0, T; X )N
L%(0, T; D(A)) and thus w satisfies the equality

w(t)+Aw(t) + p(£)Bv(t) =0 (3.2.15)

for almost every t € [0, T].
We multiply equation (3.2.15) by w(t) and we obtain

1d
=—w(OII* < [p(OIIBvOIlIIw(t)]|
2dt (3.2.16)

1 1
< §I|W(t)ll2 + Cﬁilp(t)IZIIV(t)llz-

Therefore, applying Gronwall’s inequality, taking the supremum over [0, T ] and using (3.2.10)
and (3.2.8), we get
sup [[w(OI* < Cle'llpllfo 1y sup V(DI
t€[0,T] t€[0,T]

< CpeMMIMIRGTT (1 4 ¢y (TIADIvo | P10 1) (3.2.17)

< CHC2(T)NG S MAIMIF DT (1 1 ¢y (T)A) vl |*.

We can suppose, without loss of generality, that C,(T) = 1. Thus, thanks to (3.2.13), we
obtain

sup [[w(t)]|> < C2CA(T)AZe2VTHGHDT (1 4+ Cy(T)A2)| |, I*
te[0,T]

that is equivalent to
sup |lw()l1* < K(T)|Ivoll*.

te[0,T]
By the last inequality we infer that
[Iw(TII < K(T)lIvoll>. (3.2.18)
O

Fixed 0 < T < min {1, 1/a2}, we define the sequence {T;};cy. by

T, =T/} (3.2.19)
and the time steps
T,= Zn: T, VneN, (3.2.20)
j=1
with the convention that Z?:l T; = 0. Notice that Z;:l T, = %2 T.
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The proof of our result relies on the construction of the solution v of (3.2.4) in consecut-
ive intervals of the form [7,, T,,;] for which we are able to perform an iterate estimate of
(3.2.14).
First, through the following Lemma, we study the behavior of the constant K(T) with respect
toT.
We define the function

—Z}LkT+M\/—

Gy (T) := —eM/T , 0<T<1 3.2.21
(1) Zw%wk T (3.2.21)

where M is a positive constant.

Lemma 3.2.3. Let A: D(A) C X — X be such that (1.0.1) and (3.1.3) hold and B : X — X be
such that (3.1.4) holds. Then, there exists a suitable positive constant Cy, such that

Gu(T)<e™'T — Yo<T<I1. (3.2.22)

Proof. Thanks to assumption (3.1.4), we have that

—2A A
Gu(D) =5 M/Tze ML
M |(Ber, i) 2
2 oo
< MzeM/T eM*/(8T) lz 2q _)LkT _AkT.;.M‘/)Tk )
T [(Bor,@1)l2 " b k:2

(3.2.23)

For any A > 0 we set f(A) = e MY The maximum value of f is attained at A = (éw—T)Z

So, we can bound G,,(T) as follows

MZ/(ST) MZ/(4T)

M
Gy(T) < EeM/T{

ZAZ‘I W] (3.2.24)

Now, for any A > 0 we define the function g(1) = A%9e=*". Its derivative is given by

|<B(p1a 901

g'(A)=(2q—AT)A* e T
and therefore we deduce that

increasing if0<A<(2q)/T
g(A)is
decreasing if A > (2q)/T

and g has a maximum at A = (2q)/T. We define the following index:

2
k= kl(T):sup{keN* A< ?q}

Note that k;(T) goes to oo as T converges to 0. We can rewrite the sum in (3.2.24) as follows

oo
Z Aiqe_AkT = Z Aiqe_AkT + Z Aiqe_}‘kT + Z Aiqe_lkT. (3.2.25)
k=1 k<k;—1 ky <k<k;+1 k=ky+2
For any k < k; — 1, we have
Ak
f 22 dA > Ny — AT e T > aly/ A, + /AA e T (3.2.26)
Ak
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and for any k > k; +2

Ak
J 22 AR > (M — M)A e T > aly/ A, + /AA e T (3.2.27)

A1

So, by using estimates (3.2.26) and (3.2.27), (3.2.25) becomes

22T ) + Z A2 M (3.2.28)

oo
ZkzqeilkT = —2 f
k
k=1 a(v/ A2+ v/ A1) Jo Ky <k<k,+1
Furthermore, recalling that g has a maximum for A = 2q/T, it holds that
k=kik+1 = AT <(29/T)* e ™. (3.2.29)

Finally, the integral term of (3.2.28) can be rewritten as

oo oo oo
1 2q 1 'cg+1
AMe Mgy == (i) e *ds = s2%e™5ds = L, (3.2.30)
o T o T T1+2q 0 T1+2q

where by I'(:) we indicate the Euler integral of the second kind.
Therefore, we conclude from (3.2.29) and (3.2.30) that there exist two constants CyCqa>0
such that

C
2q e MT < 9
E 7L k TZq + Tieeq’ (3.2.31)

We use this last bound to prove that there exists C,; > 0 such that

M?/(8T) M2/(4T) r C C
e 2+e - ( q a,q )}SQCM/T, O<Tsl
[(Be1, 1)l b

Gy (T) < %e’”/ ! [ 720t g
as claimed. O
Remark 3.2.4. We recall that K(+) is defined by
K2(T) := C2e25 YT+ DT C2(T)A2 (1 + C5C(T)A2).

For any 0 < T < min {1, 1/a2}, Ci(-) is given by

(1 1 A2
2 _ el C/(a*T)
Ca(T)—C(T+T2a2)e .
Thus, we have the following bound for K(+)
K(T)?* < C2e2VTHGHIT Gy (T) (1 + C5Gyy(T)), (3.2.32)

where Gy, (+) is defined by (3.2.21) and the subscribed M is given by M = C (1 + %)
Thanks to Lemma 3.2.3, we infer that there exists a suitable constant Cx > 0 such that Cx > Cy,;
and

K(T)<e%/T VYT e(0,1] (3.2.33)

In the following Proposition we prove that it is possible to iterate the construction of v in
consecutive time intervals of the form [7,_;, 7,,].
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Proposition 3.2.5. Let 0 < T < min {1, 1/a? }, and consider the sequence (T;);en- defined by
(3.2.19). Let vy € X for which ||vy|| < e /T, let A: D(A) C X — X be such that (1.0.1) and
(3.1.3) hold and let B : X — X satisfies (3.1.4). Moreover, we assume that A, = 0. Then, for
every n € N*, problem

V/(t) +Av(t) +P(t)BV(t) +P(I)B‘P1 = O’ te [Tn—l’ Tn]
(3.2.34)

v (Tnfl) = Vn—1,

where v,_; is determined by induction from the previous steps, p € L2(T,_1,T,) is given by

o

_ {(Va—1, ox) _
p(t) —; B O~ T, (3.2.35)

admits a unique mild solution v € C ([T,_1,T,],X) that satisfies
v (x| < e(Zim2 it -2e)err, (3.2.36)

where the time steps {T,} ey are defined by (3.2.20).

Proof. To prove the result, we proceed by induction on n. For n = 1, by Proposition 3.2.2, the
hypothesis on v, and Remark 3.2.4, v it satisfies

V(T < K(T)|vol> < e 11/,

Now, suppose the statement is true for all indices k < n— 1, we show the validity for index
n. Therefore, by inductive hypothesis, the solution v has been constructed in consecutive
intervals until [7,_,, T,,_; ] and it satisfies

v (7,-)Il < e(Z;: 2"_1_j12—2"‘16)CK/T.
Hence,

Ca(Tn)AT ||V(Tn_1)|| < eCM"Z/Te(Z;: 2“’1’jj2—2“’16)CK/T
< (P +H(=(n=1)*=4(n-1)+2""16-6-2""16)C /T (3.2.37)

— o (2n+3)Ce/T
b

where we have used that C,; < Cx and the identity
n )
]—j =2 (= —4n+6(2"—1)), n=0, (3.2.38)
=0 2
which can be easily checked by induction.
Consider problem (3.2.34) with v,_; the solution built in the previous interval, evaluated at
T,_1- By the change of variables s = t — 7,,_;, we shift (3.2.34) into the interval [0, T, ]. We

introduce the functions 7(s) = v (s + 7,_;) and p(s) = p (s + 7,_;) and we rewrite (3.2.34) as

V/(s) +AV(s) + p(s)BV(s) + p(s)Bp; =0, s€[0,T,]
(3.2.39)
7(0) =v,_;-
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From (3.2.37) it follows that C,(T,)Ar, |[v(7,—1)I| < 1 and thus we can apply Proposition
3.2.2 to problem (3.2.39), obtaining

19(TII < K(T)lvps 2. (3.2.40)
We shift back the problem into the original interval [T,_;, T,] and we get
v (eIl < K (Tl vaall™. (3.2.41)
By inductive hypothesis, we can estimate ||v (7,)|| as follows
IV (Tl < G/ [6(2;1 226/ TT = (B re)adT, (3.2.42)
O

Proposition 3.2.6. Let 0 < T < min{l, 1/ az} and consider the sequence (T;)jey- defined by
(3.2.19). Let vy € X be such that ||v,|| < e™°%/T, let A: D(A) € X — X be such that (1.0.1) and
(3.1.3) hold and let B : X — X satisfies (3.1.4). Let p € L?(T,_;,T,) be defined by (3.2.35).
Moreover, we assume that A, = 0. Then, the solution of (3.2.34) satisfies

n
v (el < [ [R) vl 2, (3.2.43)
j=1

for all n € N*.

Proof. We prove formula (3.2.43) by induction on n. The case n = 1 follows from Proposition
3.2.2, thanks to the assumption ||vy|| < e ®%/T. Now, suppose the formula holds for all the
indices less than or equal to n—1. We prove it for n as follows. We consider problem (3.2.34)
and in order to shift it in the interval [0, T, ], we introduce the variable s = t — 7,_; as before
and the functions ¥(s) = v (s + 7,_;) and p(s) = p (s + 7,,_1). Thus, (3.2.34) can be rewritten
as

V'(s) +AV(s) + p(s)BV(s) + p(s)Bp; =0, s€[0,T,]

(3.2.44)
7(0) =v,;-

By Proposition 3.2.5, it holds that C,(T,)Ar, ||v,—1 || < 1 and hence, we can apply Proposition
3.2.2 considering as final time T, (instead of T), obtaining that

v (eI = 1FCTII < K(T)l v |12 (3.2.45)

Finally, by inductive hypothesis, we conclude that

n—1
v (eIl S K(TIve P < KCT) [ KT 1ol (3.2.46)
j=1
that is equivalent to formula (3.2.43). O

We are now ready to prove our main result.
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Proof of Theorem 3.1.1. We start the proof by considering the case in which A; =0. Let T >0
and let T, and T, be defined by (3.1.6). We define T= %Tf and Ry := e~™C/Tr  Observe
that 0 < T < 1 and we define the time steps {7, },cy as in (3.2.20) with T, := T/j2. Fixed
Vo € Bg,(0), we apply (3.2.43) to obtain

n
v (el < [ JE@) vl
j=1

\ ,

PN n

<[ T(eS™ 1) Hiwoll?
j=1

n/eSMm j n
= ¢Ck? /sz:112/2]||v0||2

(3.2.47)
< G2 Iy 2
. on
< (5T, 1)
where we have used that ZJO:I j2/27 = 6. We take the limit as n — 00 of (3.2.47) and we get

uﬁ—zf—
6 ¥1

.
V(FT)H = (Tl <0 (3.2.48)

since ||vo|| < e ™ %/Tr = ¢=6Cc/T  This means that, we have built a control p € L7 ([0, 00)),
defined by
oo
Zn=0pn(t)x[fn,7n+1](t)’ te (O’ Tf]’
p(t) = (3.2.49)
O, te (Tf’ +OO)
where
= <V (T ):@k)
pu(t) =Y K (t—1,),  VneN, (3.2.50)

(B, ¢k)

such that the solution u of (3.1.1) reaches the ground state solution ¢, in time T, and stays
on it forever.

Observe that, thanks to (3.2.8) and (3.2.37), we are able to yield a bound for the L%-norm of
such a control:

oo
||p||%2(0,T) = Z ||p“||%2(fn,7n+1)

=
(=]

< > (CalTu)Ag,,, 1Y (I

8 1[M]8

IA

Z e—2(2(n+1)+3)CK/T (3.2.51)

n=0
2~ 6Ck /T

e4C/T — 1

efnch/Tf

272Ce/(3T;) _ 1
Now we face the case A; > 0. We define the operator

A i=A—A\l.
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It is possible to check that A; satisfies (1.0.1) and moreover it has the same eigenfuctions,
{¢1}kens> Of A, while the eigenvalues are given by

Ui = )t’k — 2,1, Vk € N*. (3252)

In particular, u; = 0 and furthermore, {u; }ren- satisfy the same gap condition (3.1.3) fulfilled

by {Axken:-
We define the function z(t) = e*1tu(t), where u is the solution of (3.1.1). Then, z solves the
following problem
() +Az(t)+p(t)Bz(t) =0, t>0,
(3.2.53)
2(0) = u,.

For any T > 0, we define Ty as in (3.1.6) and the constant Ry := e~ Cc/Tr ' We deduce from
the previous analysis that, if u, € Bz (¢), then there exists a control p € L%([0,400)) that
steers the solution z to the ground state solution ¢, in time Ty < T. This implies the exact
controllability of u to the ground state solution v, (t) = e %, : indeed,

e (Tp) = wr ()| | = [l 2 (Tp) —e T o || = e |2 (T) — o || = 0.
This concludes the proof of our Theorem. O

Remark 3.2.7. We observe that, from (3.2.51), it follows that ||p||L2(0,Tf) —0as Ty — 0. This
fact is not surprising because as Ty approaches 0, also the size of the neighborhood where the
initial condition can be chosen goes to zero.

3.3 Proof of Theorems 3.1.2 and 3.1.3

Before proving Theorem 3.1.2, let us show a preliminary result that demonstrates the state-
ment in the case of a strictly accretive operator.

Lemma 3.3.1. Let A and B satisfy hypotheses (1.0.1), (3.1.3) and (3.1.4). Furthermore, we
assume A, = 0. Then, there exists a constant ry > 0 such that for any R > O there exists T > 0
such that for all v, € X that satisfy

[{vo, 1) <11,
(3.3.1)

[[vo — (vo, p1)@1ll <R,
problem (3.2.4) is null controllable in time Tg.

Proof. First step. We fix T = 1. Thanks to Theorem 3.1.1, there exists a constant r; > 0 such
that if ||u;(0) — ¢;|| < +/2r; then there exists a control p; € L?(0,1) for which the solution
u; of (3.1.1) on [0, 1] with p replaced by p,, satisfies u;(1) = p;. We set v; = u; —¢; on
[0,1]. We deduce that if ||v;(0)|| < +/2r; then there exists a control p; € L?(0,1) for which
the solution v; of (3.2.4) on [0, 1] with p replaced by p,, satisfies v;(1) = 0.

Second step. Let v, € X be the initial condition of (3.2.4). We decompose v, as follows

Vo = (vo, 1)1 + Vo1,
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where v, ; € <,01l and we suppose that [{vy, p1)| < r;. We define ty as

1 R?
tp 1= — log| — 3.3.2
R 22, Og(rlz) ( )

and in the time interval [0, tz] we take the control p = 0. Then, for all t € [0, tz], we have
that

Iv(II? < He_tA((vo,gol)gol +"(),1)”2 < (v, p1)|* + 722t HV0,1||2 <17 +e R

In particular, for t = tg, it holds that ||[v(tR)||* < 2r.

Now, we define Ty := tz + 1 and set v;(0) = v(tg). Thanks to the first step of the proof, there
exists a control p; € L?(0, 1), such that v;(1) = 0, where v; is the solution of (3.2.4) on [0, 1]
with p replaced by p;.

Then v(t) = v;(t — tg) solves (3.2.4) in the time interval (tg, Tz] with the control p,(t — tg)
that steers the solution v to 0 at Tg. O

Proof (of Theorem 3.1.2). We start with the case A; = 0. Let u, € X that satisfies (3.1.7). Set
v(t) :=u(t) — ¢;, then v satisfies (3.2.4) and moreover v, := v(0) = uy — @, fulfills (3.3.1).
Thus, by Lemma 3.3.1, problem (3.1.1) is exactly controllable to the ground state solution
Y, = ¢, in time Tg.

Now, we consider the case A; > 0. As in the proof of Theorem 3.1.1, we introduce the variable
z(t) = eMtu(t) that solves problem (3.2.53). For such a system, since the first eigenvalue of
A; is equal 0, we have the exact controllability to ¢; in time T;. Namely z(Tg) = ¢;, that is
equivalent to the exact controllability of u to ¢;:

W(T)=¢, <= eMu(TR)=9; <= u(Tx)=1Y(Tp). (3.3.3)
The proof is thus complete. O

The proof of Theorem 3.1.3 easily follows from Theorem (3.1.2).

Proof (of Theorem 3.1.3). Suppose that y := (ug, ;) 7 0. We decompose u as uy = y¢;+1,
with &y :=ug— (ug, ¢1) 1 € ¢y and define @(t) := u(t)/y. Hence, i solves

{ﬂ’(t)+Aﬂ(t)+p(f)Bﬁ(t):0’ t>0 (3.3.4)

a(o) =¢1 + {1:

where &, :=¢,/7.

We apply Theorem 3.1.2 to (3.3.4) to deduce the existence of Ty > 0 such that @i(TR) =
Y1(Tg). Therefore, the solution of (3.1.1) with initial condition u, € X that do not vanish
along the direction ¢, can be exactly controlled in time Ty to the trajectory (ug, @)1 ().
Note that if u, € X satisfies both u, € nplL and (3.1.9), then we have trivially that uy = 0. We
then choose p = 0, so that the solution of (3.1.1) remains constantly equal to ¢; = 0. O

3.4 Applications

In this section we present some examples of parabolic equations for which Theorem 3.1.1
can be applied. The hypotheses (1.0.1), (3.1.3) and (3.1.4) have been verified in Chapter 2,
section 2.2, to which we refer for more details. Furthermore, we observe that also the global
results Theorem 3.1.2 and Theorem 3.1.3 can be applied to any example.
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3.4.1 Diffusion equation with Dirichlet boundary conditions

Let I = (0,1) and X = L2(0, 1). Consider the following problem

u(t, x) —uyy (8, x) + p(Ou(x)u(t,x) =0 x€I,t>0
u(t,0)=0, u(t,1)=0, t>0 (3.4.1)

u(0,x) = ugy(x) xel.

We denote by A the operator defined by
d?p

DA)=H?*nHy(I), Ap= —Tx

and it can be checked that A satisfies (1.0.1). We indicate by {A;}ien- and {@y}ren- the
families of eigenvalues and eigenfunctions of A, respectively:

A = (km)?,  @p(x) = V2sin(knx), Yk eN*.

It is easy to see that (3.1.3) holds true:

VA —VAc=m,  VkeN

Let B : X — X be the operator
By =uyp
with u € H3(I) such that

g (0)#0 and  (upy, ) #0 VkeN™. (3.4.2)
Then, there exists b > 0 such that

22 upr, @)l = b, VkeN~.

For instance, a suitable function that satisfies (3.4.2) is u(x) = x2, for which b = 276[:;3.

For any T > 0, we define Ty as in (3.1.6). Then, there exists a constant RTf > 0 such that
the solution u of (3.4.1), with u, € BRTf (1), reaches the ground state solution v;(t,x) =

. 2t . . .
v2sin(mx)e™™ ¢ in time Ty and stays on it forever.

3.4.2 Diffusion equation with Neumann boundary conditions

Let I = (0,1), X = L%(I) and consider the Cauchy problem

u(t,x) —uyy (8, x) + p(Ou(x)u(t,x) =0 x€I,t>0
u,(t,0)=0, u,(t,1)=0, t>0 (3.4.3)

u(0, x) = ug(x). xel.
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The operator A, defined by

2 / / dz(p
D) ={y €H*(0,1): ¢(0) =0, ¢’(1) =0}, Ap=—"3

satisfies (1.0.1) and has the following eigenvalues and eigenfunctions

Ao =0, po=1
A = (km)?,  ¢p(x) = v2cos(kmx), Vk=>1.

Thus, the gap condition (3.1.3) is fulfilled with a = 7. The ground state solution is just the
stationary function 1, (x) = ¢;(x) = 1.
We define B : X — X as the multiplication operator by a function u € H2(I), B¢ = uy, such
that

w(D)xu'(0)#0 and (u,pr) #0 VkeN. (3.4.4)

It can be proved that, there exists b > 0 such that
Mcl{ppo, o)l = b, VkeN™. (3.4.5)

For example, u(x) = x? satisfies (3.4.5) with b = 2+/2.
Therefore, equation (3.4.3) is controllable to the ground state solution v¢; = 1 in any time
T > 0 as long as u, € By, (1), with Ry > 0 a suitable constant.

3.4.3 \Variable coefficient parabolic equation

Let I =(0,1), X = L%(I) and consider the problem

u (t,x)— (1 + x)u,(t, %)), + p(Ou(x)u(t,x) =0 x€I,t>0
u(t,0)=0, u(t,1)=0, t>0 (3.4.6)

u(0,x) = ugy(x) x€el.
We denote by A : D(A) € X — X the following operator
DA =H’NHyD),  Ap=—((1+x)¢,),.

It can be checked that A satisfies (1.0.1) and that the eigenvalues and eigenfunctions have
the following expression

1 km \? 2 km
L =\ =1 —1/2'(—1 1 )
Ak 4+(ln2) s Pr lnz( +x) sin 2 n(1+ x)

Furthermore, {4, }icn- Verifies the gap condition (3.1.3) with a = nt/In2.
We define the operator B : X — X by By = uy, where u € H2(I) is such that

2u/(1)£u'(0)#0, and {(upy,pr) #0 VkeN* (3.4.7)

Hence, thanks to (3.4.7), (3.1.4) is fulfilled with ¢ = 3/2. An example of a suitable function
u that satisfies (3.4.7) is u(x) = x, see Chapter 2, section 2.2.2 for the verification.

Thus, from Theorem 3.1.1, we deduce that, for any T > 0, system (3.4.6) is controllable to
the ground state solution if the initial condition u, is close enough to ;.
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3.4.4 Diffusion equation in a 3D ball with radial data

In this example, we study the controllability of an evolution equation in the three dimensional
unit ball B® for radial data. The bilinear control problem is the following

u(t,r)—Au(t,r)+p()u()u(t,r)=0 re[0,1],t>0
u(t,1) =0, t>0 (3.4.8)
u(0,r) =uy(r) ref0,1]

where the Laplacian in polar coordinates for radial data is given by the following expression
9 2
Ap(r) = 0%0(r) + Z8,p(r)

The function u is a radial function as well in the space H f (B®), where the spaces H f (B®) are
defined as follows

X :=L12(B*) = {p € L*(B*) |3y : R —> R, p(x) = ¢(Ix)}

H*B®):= H*(B*)n L*(B®).

The domain of the Dirichlet Laplacian A := —A in X is D(A) = H rz NH, é (B®). We observe that A
satisfies hypothesis (1.0.1). We denote by {A;}ren+ and {@y }ren- the families of eigenvalues
and eigenfunctions of A, Ap; = Ay, namely

_sin(knr)

P T A = (km)? (3.4.9)

Vk € N*, see [48, Section 8.14]. Since the eigenvalues of A are actually the same of the
Dirichlet 1D Laplacian, (3.1.3) is satisfied, as we have seen in Example 3.4.1.

Let B : X — X be the multiplication operator Bu(t, r) = u(r)u(t, r), with u be such that
w(1)£u'(0)#0, and {(upy,pr) #0 VkeN* (3.4.10)
Then, it can be proved that

22 uer, @) 2 b, VkeN, (3.4.11)

with b a positive constant. For instance, u(x) = x? verifies (3.4.10) and (3.4.11) with b =
2m%—3
6m2

Therefore, by applying Theorem 3.1.1, we conclude that for any T > 0, the exists a suitable
constant Ry > 0 such that, if uy € B (¢;), problem (3.4.8) is exactly controllable to the
ground state 1, in time T.
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3.4.5 Degenerate parabolic equation

In this last section we want to address an example of a control problem for a degenerate
evolution equation of the form

u, — (x"uy), + p()x*Tu =0, (t,x) € (0,+00) x (0,1)

u(t,0)=0, ify €[0,1),
{ u(t,1)=0,
(x"u,)(t,0)=0, ifye[1,3/2),

u(0, x) = ug(x).

(3.4.12)
where y €[0,3/2) describes the degeneracy magnitude, for which Theorem 3.1.1 applies.
If y € [0,1) problem (3.4.12) is called weakly degenerate and the natural spaces for the
well-posedness are the following weighted Sobolev spaces. Let I = (0,1) and X = L2(I), we

define
Hyl(I) = {u € X : u is absolutely continuous on [0, 1], x"/%u, € X}

HL () ={ue H:(1): u(0)=0, u(1) =0}

2 — 1 Y 1
HX(1) = {ue H\() : x7u, e H'(D}.
We denote by A : D(A) € X — X the linear degenerate second order operator

Yue D(A), Au:=-—(x"u,),,
(3.4.13)
D(A):={ue HYI’O(I), x"u, € HY(I)}.

It is possible to prove that A satisfies (1.0.1) (see, for instance [16]) and furthermore, if we
denote by {A; }en- the eigenvalues and by {¢; }en+ the corresponding eigenfunctions, it turns
out that the gap condition (3.1.3) is fulfilled with a = %n (see [47], page 135).

If y €[1,3/2), problem (3.4.12) is called strong degenerate and the corresponding weighted
Sobolev space are described as follows: given I = (0,1) and X = L%(I), we define

H;(I) = {u € X : u is absolutely continuous on (0,1], x"/?u, € X}
H! (D)= {ueH:(1): u(1)=0},

207y — (7Y - 1
H(1)={ueH\D): x"u, e H'(D)}.
In this case the operator A: D(A) C X — X is defined by

YueD(A), Au:=—(x"u,),,

{ D@ ={ueH! (D: x"u, eH\(D)}
= {u € X : u is absolutely continuous in (0,1], x"u € Hé([),
x"u, € H'(I) and (x"u,)(0) = 0}
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and it has been proved that (1.0.1) holds true (see, for instance [21]) and that (3.1.3) is
satisfied for a = 7 (see [47]).

For all y € [0,3/2), we define the linear operator B : X — X by Bu(t,x) = x> 7u(t, x) and in
Chapter 2, section 2.2.5 we have proved that there exists a constant b > 0 such that

9‘2/2|<Btp1, vl =b VkeN".

Finally, by applying Theorem 3.1.1, we ensure the exact controllability of problem (3.4.12)
to the ground state solution, for both weakly and strongly degenerate problems.
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CHAPTER 4

Exact controllability of degenerate wave equation

In this chapter we consider the linear degenerate wave equation

wee = (xwy ), = p(Oulx)w, x<€(0,1)

controlled by means of a bilinear control p and subject to Neumann boundary conditions. We
study the controllability of such an equation locally around the ground state solution. We
prove that, generically with respect to u, any target state close to the ground state solution in
the H® x H? topology (suitably adapted to the underlying degenerate operator) is reachable
in time T > 5%, with controls in L2((0, T), R).

The content of the chapter is based on [20] in which we extend to the degenerate case the
work of Beauchard [7] concerning the bilinear control of the classical wave equation (a = 0),
and adapt to bilinear controls the work of Alabau-Boussouira, Cannarsa and Leugering [2] on
the degenerate wave equation where additive control are considered.

It is worth noting that one the main difficulties when dealing with degenerate operators is
the study of the associated spectral problem. Since it requires a long and technical analysis,
we discuss this topic in Section A.2 of the Appendix A.

4.1 Main result

This chapter is devoted to the study of the controllability property of the following degenerate
control system

Wi — (xw,), =p(Oulx)w, x€(0,1),t€(0,T),
(x*w,)(0,t) =0, t€(0,T),
{w,(1,t)=0, te(0,7), (4.1.1)
w(x,0) = wy(x), x €(0,1),
w(x,0) =w;(x), x €(0,1),

where T is a positive constant, a € [0, 2) is the degereracy parameter (a = O for the classical
wave equation and a € (0, 2) in the degenerate case), p € L2(0, T) is the bilinear control and
u is an admissible potential.
We recall that when a € [0,1) the problem is said to be weakly degenerate, while when
a € [1,2) we have a strongly degenerate problem (see chapter A). For a € [0, 1) we consider
the following Hilbert spaces

H!(0,1) := {u € L*(0,1), u absolutely continuous in [0,1], x*/?u, € L*(0,1)}, (4.1.2)
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and
H2(0,1) := {u € H}(0,1),x"u, € H'(0,1)}. (4.1.3)

We define the operator A: D(A) c L%(0,1) — L2(0,1) by

{Vu e D(A), Au:=—(x%u,),, (4.1.4)

D(A) := {u € H;(0,1), (x"u,)(0) = 0,u, (1) = 0}.
For the strongly degenerate problem, we introduce the Hilbert spaces

H!(0,1) := {u € L*(0,1), u locally absolutely continuous in (0, 1], x*/?u, € L*(0,1)},

(4.1.5)
H2(0,1):={ue€H.(0,1) | x*u, € H'(0,1)}. (4.1.6)
and the operator A : D(A) € L%(0,1) — L2(0,1)
YueD(A), Au:=—(x%u,),, 4.1.7)
D(A) := {u € H2(0,1), (x*u, )(0) = 0,u, (1) = O}

For any a € [0, 2) we have proved in Propositions A.2.1 and A.2.5 that the operator A : D(A) C
L%(0,1) — L%(0,1) defined by (4.1.4) and (4.1.7) (for the weakly and strongly degenerate
setting, respectively) is self-adjoint, accretive and with dense domain. Thus, —A is the infin-
itesimal generator of an analytic semigroup of contraction e~* on L2(0, 1)

Furthermore, from Propositions A.2.3 and A.2.7 it follows that the eigenvalues and eigen-
functions of A are given by:

e forae([0,1):

Ao =0, @golx)=1 (4.1.8)
and forallm>1
_ 22
)’a,m - Ka ]—va—l,m’ (419)
la . 2-a
Pam(0) =Ko T, (jyamx ™), (4.1.10)
where
2—a l1—«a
Ka = > va = P
2 2—a

J_,, is the Bessel’s function of order —v,, (j_, _1,m)ms>1 are the positive zeros of the
Bessel’s function J_, 1 and K, , are positive constants,

e forae(1,2):

Aao =0, puolx)=1 (4.1.11)
and forallm>1
Aam = Koo i1 (4.1.12)
Pam(x) =Ky mx'TJ,, (jvaﬂ,mx%“), (4.1.13)
where
2—a a—1
Kq 1= , Vg i= ,
“ 2 ¢ 2—a

J,, is the Bessel’s function of order v, (j,1+1,m)m>1 are the positive zeros of the Bessel’s
function J, ., and K,, ,, are positive constants.
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To avoid possible problems generated by the eigenvalue 0, we denote

1 forn=0,
An i=max(1,A,,) = (4.1.14)
’ ’ Aqn fornz=1.

We recall that since the operator A satisfies hypothesis (1.0.1), for any s > 0 the fractional
powers A° : D(A’) ¢ X — X are characterized by (1.0.3) and the fractional Sobolev spaces

(0)(0 1) := D(AY/?) are defined by

k=0

H:y,(0,1) := {¢ e 12(0,1), Z(A W Py < oo} (4.1.15)

equipped with the norm

1/2
||°~/J||H(O)(01) —(Z(A k) (4, ‘Pak)Lz(OD) .

We also introduce the following spaces, that are related to the potential u:
V220)(0,1) := {u € H2(0,1), x**u, € L*°(0, 1)}, (4.1.16)

V(2:00:2)(0,1) := {u € H2(0,1), x*?u, € L>°(0,1), (x%uy)x € L=(0,1)}, (4.1.17)

y(200) 0,1 if a €[0,1),
v2o,1):=| e @1 - ifeclon) (4.1.18)
V(20.)(0,1) ifae[l,2),
and also the following closed subspace of H 2(0, 1)
V29(0,1) := {w € H(0,1), (x"w,)(0) = 0}. (4.1.19)

Given (wg, w;) € H}(0,1) x L2(0,1) and p € L*(0, T), we will denote w*o*1:P) the solution
of (4.1.1). When (wy,w;) = (1,0), that is when the initial condition of the problem is the
ground state, and p = 0, we observe that

w00 = 1

solves (4.1.1). We are interested in studying the controllability of problem (4.1.1), with initial

condition (wgy, w;) = (1,0), along the ground state solution, that is the stationary trajectory
(1,0;0)
w .

Thus, we consider the following control problem

—(x*w,), =p(ulx)w, x€(0,1),t€(0,T),
(x*w,)(0,t) =0, t€(0,T),
1w, (1,8) =0, t€(0,T), (4.1.20)
w(x,0)=1, x €(0,1),
wt(x,0)=0, X E(O,l).

The solution of (4.1.20) will be denoted by w(1:%P) or, more simply, by w(®.
The main result of this chapter is contained in the following theorem.
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Theorem 4.1.1. For any a € [0, 2), let

4
T>To=—, (4.1.21)
—Qa

and let p € V2(0, 1) be such that

c
3 c> O . |<‘LL, @a,n)Lz(O,l)l Z AT, V n Z O (4122)
a,n

Then, there exists a neighborhood ¥ (1,0) of (1,0) in H?O)(O, 1) x D(A) and a C'-map
T,r:%(1,0)— L*0,T)

such that, for all (W{),WD € ¥(1,0), the solution of (4.1.20) with p = p/ := a’T(W)(;,Mfi)
satisfies

W), (1)) = W, wh).

Remark 4.1.2. Let us immediately note that there the set of functions u satisfying (4.1.22) is

not empty. For instance
a

p(x) = x>,

verifies (4.1.22).
Furthermore, the set of functions in Vf(O, 1) that fulfill (4.1.22) is dense in Vaz(O, 1), see section
4.2.4.

4.2 Proof of Theorem 4.1.1

The proof of Theorem 4.1.1 is built through a series of preliminary results. The first one is
the well-posedness of our control system.

4.2.1 Well-posedness

Let T > 0 and consider the nonhomogeneous problem

Wi — (xfwy ), =p(OuIw+ f(x,t), x€(0,1),t€(0,T),

(x*w,)(0,t) =0, te(0,T),

w,(1,t)=0, t<(0,T), (4.2.1)
w(x,0) = wy(x), x €(0,1),

w.(x,0) =w;(x), x €(0,1).

We recast it into the a first order problem: introducing

w w 0
W::(wt)’ Wo:=(w(1) ), fi(x,t)::(f(x,t) ),

the state space
2 :=H.(0,1) x L*(0,1),
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and the operators

o ;z( _OA I(<)i ) D(./) :=D(A) x H(0,1), (4.2.2)
and
0 O 1 5
B = u 0 S D(%) = Ha(O, 1) X L (0, 1), (423)

then, problem (4.2.1) can be rewritten as

W (x,t)=.IW(x,t)+p(t) B (x,t)+F(x,t), 4.2.4)
#(x,0) = #y(x). o
We also introduce the space
VLe(0,1) 1= {w € Hy(0,1), x**p, € L%(0, D)} (4.2.5)
Proposition 4.2.1. Let T >0, p € L*(0,T) and f € L*((0,T),H1(0,1)). Assume that
H(0,1) ifae[0,1),
puevio,1):= «(0,1) f [0.1) (4.2.6)
v ifae[1,2).

Then, for all (wy,w;) € D(A) x H;(O, 1), problem (4.1.1) has a unique classical solution of
(4.2.1), i.e. a function
(w,w,) € C°([0, T1,D(A) x H}(0,1)),

such that the following equality holds in D(A) x H;(O, 1): forevery t €[0,T],

t

W(t)=e"“W,+ f e (BW (s) + F(s))ds. (4.2.7)
0

Moreover, there exists C = C(a, T, p) > 0 such that ‘¥ satisfies

191l coqo.r1.00ay) < € (I#ollpeary + 1 20,700y - (4.2.8)
To prove the above proposition we need first to prove the following lemma.

Lemma 4.2.2. Let u € Val(O, 1). Then, the operator 9 defined in (4.2.3) satisfies
B e %.(D(A),D(A)).
Proof. We have to prove that
z€D(A) = uz €H(0,1)
and that there exists C > 0 such that
luzllo,1) < Cllzllpy V2 € D(A). (4.2.9)

We distinguish the cases a € [0,1) and a € [1, 2).
a€[0,1)
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For any z € D(A), by definition we have that
2 1 a2 2
z €H2(0,1) = z € H(0,1) = x**z, € L*(0,1).

Moreover, we can express z, as z, = (x*2z,)(x~*?) and this implies that z, € L(0,1) and

thus z € L°°(0, 1). The same holds for u because V; (0,1)= H;(O, 1) when a € [0, 1). Hence,

(uz), = uyz+uz, € L1(0,1) and therefore uz is absolutely continuous in [0, 1]. Furthermore,
a/2 _ a/2 a/2 2 1

we have that x*/?(uz), = (x*?u,)z+u(x*?z,) € L?(0,1) and we deduce that zu € H,(0,1).

Finally, there exists C > 0 such that

1
Vw e H,(0,1),

[Wllzeo0,1) < Cllwllao,1y,

and this implies that (4.2.9) holds.

a€[1,2).

First we note that u € V-°°(0, 1) implies that |u, | < <. Therefore we get that u, € L'(0,1).
So, u € L°°(0,1) and uz € L%(0,1). Moreover, x*?(uz), = (x*?u)z + (x*?z,)u, and
since x%2u, € L*°(0,1) and z € L?(0,1), we have (x*2u,)z € L%(0,1). Furthermore,
since x%/2z, € L?(0,1) and u € L°°(0, 1), we have (x*?z,)u € L?(0,1), hence x*/?(uz), €
L?(0,1). By reasoning as in the case a € [0, 1), we deduce that also (4.2.9) is verified. O

Proof of Proposition 4.2.1. We prove the existence and uniqueness of the solution of problem
(4.2.4) by a fixed point argument. We consider the map

A : C°([0,T],D(27)) — C°([0, T],D(.«7))

defined by

t

Vtel[0,T], H(#)t):=e"“"w, +f e (p(s)BW (s) + F(s))ds. (4.2.10)
0

We first prove that ¢ is well-defined, which means that it maps C°([0, T], D(.«/)) into itself.
We observe that, thanks to Lemma 4.2.2, forany # € C°([0, T],D(.«/)), B#% < C°([0,T],D(.«¢))
and thus p 8% < L?((0, T),D(.«)). Hence, it is possible to apply the classical result of exist-
ence of strict solutions (see Proposition 1.0.5) and deduce that .#(#) € C°([0, T ], D(.«/)).
Moreover, for any #;, #, € C°([0, T],D(.«¢)), it holds that

lo2(#1)(0) — A (#2)(Olpary = f eI p(s) B (H4(5) — #a(s)) ds
0

D(o)

t
< f Ip)lle“™ B (#:(5) = #5(5)) Ipgryds
0
t
= C1f ()28 (#1(s) — #a(s)) lpc.aryds
0
< C1C99||P||L1(0,T)||W1 - WZ”CO([O,T],D(JZY))'
Suppose C;Cgllpll 10,y < 1. Then, A is a contraction and therefore it has a unique fixed
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point. Furthermore, we have that

171l coqo,r1,pca)) < SUP
te[0,T]

et Wy + f e (p(s)BW(s) + F(s))ds
0

D()
T

SCI(”WO“D(ﬂ)"i_J Ip(s)lll%‘fﬂ(s)llp(ﬁ)+|I9(s)llp(md3)
0

< C, (I1#llpeay + Call# oo 1100y 1P i 0,1y + VTIE Il 20,700 -

Hence

C
Fleotriocy < 1 Ul + VTIZ 200.1:00.7))- (4.2.11)
1—-CCyllpllpo,r

Thus, we have obtained the conclusion under the extra hypothesis that p satisfies C; C5||pll11(0,1) <
1. In the general case, it is sufficient to represent [0, T ] as the union of a finite family of suf-
ficiently small subintervals on each of which we can repeat the above argument. O

Equivalently, (4.2.8) can be proved by Gronwall’s Lemma, obtaining:

17| coto, 11,00 < C1 (”WOHD(ﬂ) + ﬁ”9”L2(O,T;D(,e/))) eGPl (4.2.12)

4.2.2 Controllability of the linearized problem

In this section we prove that the solution of (4.1.20) is more regular than expected (extending
[7, Theorem 3] to the degenerate case). So, we can introduce the endpoint map
©r : L?(0,T) — H(30)(0, 1) x D(A)
p — (W(1), w(T)).

Our aim is to apply the inverse mapping theorem to ©. This would mean that, chosen any
target state (W(f), WD in a suitable subspace of the image of ©, we are able to provide a control
p € L%(0, T) such that the solution of our control problem (4.1.20) satisfies (w®)(T), w(tp )(T)) =
(Wg, w{). Namely, (4.1.20) is exactly controllable.

Proposition 4.2.3. Let u € V(f(O, 1) (the space defined in (4.1.18)). Then,

a) for all p € L*(0, T), the solution w® of (4.1.20) has the following additional regularity
W), wi(T)) € HEy (0,1) x D(A), (4.2.13)

b) given p € L?(0, T), Oy is differentiable at p, and DO(p) : L*(0,T) — Hg’o)(O, 1) x D(A)is a

continuous linear application, that satisfies

DO (p) - q = (WPD(T), wPI(T)),

where W®9 is the solution of

WD — (x*wPD), = p(O)u(x)WPD +q()u(x)w®, xe€(0,1),t €(0,T),
(x*WPD)(x =0,t) =0, t€(0,T),

{ W)Ep,q)(x =1,t)=0, t€(0,T), (4.2.14)
w®9D(x,0) =0, x €(0,1),
wP9(x,0) =0, x €(0,1),
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¢) moreover, the map
©r 1 L¥(0,T) = H},) (0,1) x D),  ©7(p) := (wP(T),w(T)) (4.2.15)
is of class C.

The proof of Proposition 4.2.3 is based on several steps, the first one consists of analyzing the
eigenvalues and eigenfunctions of the operator .«/. Thus, we first solve the problem

Pq(x)
Py(x)

Lemma 4.2.4. The solutions ¢ of problem (4.2.16) form a sequence (iw, ),z With

GV =0 with W(x)= ( ) € D(A). (4.2.16)

Won = Aa n» M= -1,
Wao=0, n=0, (4.2.17)
WOon = 1/ Aans n>1,

associated with the eigenfunctions

(Pa\n\ ) Tl<—1,
\/ a\n(palnl

) n=o0, (4.2.18)

L Pan , n>1,
L }La,n(pa,n

where {Ag ntneny and {@, ,}nen are the eigenvalues and eigenfunctions of A, respectively.
Proof of Lemma 4.2.4. The spectral problem (4.2.16) can be explicitly written as
Pa(x) = oy (x),
{(xw;)' = G,(x),
hence, v, solves
(x®y1) = &%y, (x), withy; € D(A).

Using Propositions A.2.3 and A.2.7 concerning the eigenvalues of A, we obtain that
In>0, suchthat &%= —Agn and Py =94,

Vice-versa, given n € Z, let & = £i4 /A, |y, and Y1 = @q |, and Y, = @1P;. Then, it can be
checked that & solves of the eigenvalue problem. Therefore, the eigenvalues of .« form the
sequence (iw, ,)qez defined in (4.2.17), associated with the eigenfunctions (4.2.18). O

Since the family {¢, ,},cy is an orthonormal basis of L%(0, 1), we can decompose the solution
w® of (4.1.20) under the form

WP, 1) = > wo ()@ ().

n=0
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We decompose in the same way the nonlinear term

oo

r(x, £) = p(OPEIWP(x, 1) = D 1 (£)9gu(x)

n=0
with
rn(t) = (P(UM(')W(p)(', t); @a,n)LZ(O,l)'

So, (4.1.20) implies that the sequence (w,(t)),>o satisfies

wq(t) =ro(t), wi () + Ag Wy (£) = (),
we(0) =1, and VYn=>1, w,(0)=0,
wy(0) =0, w(0)=0.

We obtain that

t o siny/AL(t—s)
wo(t)=1 +f ro(s)(t—s)ds and w,(t)= f r(s) — .
0 0 V A’(1,1’[
Hence, the solution of (4.1.20) can be written as

t [e=] t s /A _
wP(x,t) = (1 +J>0 ro(s)(t —s)ds) +Z (JO rn(s)%ds) Van(x), (4.2.19)

n=1

and

t [ee) t /A —
w(tp)(x, t)= (JO ro(s)ds) + ; (VA%HJ‘O rn(s)m;—\/%’(:ﬂds) Can(x), (4.2.20)

or, equivalently,

( W (x, 0 )z ( wo(t) )+ $ (J 2T 45 ) g, )
W(tp)(x, t) Wg(t) — (mfot rn(s)cos 1/1/7;7,7”15[—5) ds) cpa,n(x)

Now, by manipulating the above formula and we get

W(p)(x, t) B wo(t) 3
w®(x, ) wi(e) )~
1 (Jo eVt — e VElt0)ds ) g, (1)
i3/ Zoan \ (Jo )Vl 4 7V Al ds )i /2 10 0(x)
1

t
—i Pa n(x) 14/ Agnt
r.(s)e ’VA“)"Sds)( . ] )e’ n
2i4/Agn ( L 1/ AanPan(x)
t
i«/laynsd )( Soa,n(x) ) —i4/Agnt
r.(s)e s . e
21 Aa,n (JO ( ) -1 A’a,n('pa,n(x)

t
= Z (f r (s)e_i“’ﬂ:"sds)( Soa,|n|(x) )eiwa,nt
nez,n#0 Ziwa,” 0 ! lwa,n(pa,|n|(x)

N

1M 1DVe

[

=
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that can be expressed more compactly by

( w?(x, t) ):( 1+ [, ro(s)(t —s)ds )

wP(x,t) fot ro(s)ds
t (4.2.21)
+ Z (J n(s)e_i“’“v"(t_s)ds) B, ()i ent,
n€Z,n#0 le
To lighten the notation, we rewrite (4.2.21) as
w®(x, T) ) ( )
’ =TP(T) + (P)(T)\p R()ei@enT (4.2.22)
( W({P)(x’ T) r;Z* a,
with . )
_ P
() = ( 0, ()T =5)ds ) ( YOO)(T) ) (4.2.23)
[ Tols)ds r&(T)
and
T
YneZzZ*, }fglp)(T) = J. rp(s)e e’ ds, (4.2.24)
0

where we recall that r,(-) is defined by
Vnez, r(s)= (P(S).U(‘)W(p)(',s), %,|n|)L2(o,1)-

From Proposition 4.2.1, we already know that (w®(T), w(p )(T)) € D(A) x H;(O, 1). To prove
the hidden regularity result, it is useful to consider expression (4.2.22). We have that

oo
WM =) =3 =

n=1 a,n

(s ) g 0,

hence, w?)(T) € H(O)(O, 1) if and only if

oo 1 2
3 (p) iwg,T _ . (P) —iwg, T
ZAO"" Ziwan(yn (De r=a(Te )| <o
n=1 g
Moreover,
o0
1 ] —iw
W) =y G0 = 37 (P + 7O e ) (),

n=1

thus, w(p)(T) € H? (0,1) if and only if

(0)

iliﬂ %(y?)(r)efw +y8U(T)e @) <o
=
Therefore,
D2 PP <o = WOT),wP(T) € H (0,1)x D(A).  (42.25)
nez
In what follows we prove that
2 IPPAT)P < oo, (4.2.26)

nez
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Lemma 4.2.5. Let T > 0, p € L*(0,T), g € C°([0,T],V{*%(0,1)). Consider the sequence
(S,Sp’g))na defined by

T
Vn>1, S,(lp’g) = J p(s) (g(-,s), goa,n)LZ(o’l)eiV Pans ds. (4.2.27)
0
Then (Sﬁlp’g))nzl satisfies
oo
D22 [sP)? < oo, (4.2.28)
n=1

and moreover, there exists a constant C(a,T) > 0 independent of p € L*(0,T) and of g €
c°([o, T, Vaz’O(O, 1)) such that

00 1/2
(Z Ai’n |S£p,g)|2) < C(a’ T) ||p||L2(O,T) ||g”CO([O,T],Va(Z’O)(O,l))' (4229)
n=1
Proof. We proceed as in [7], but the properties of the space VOEZ'O)(O, 1) will help us to over-

come some new difficulties. (Note that V>?(0,1) = H3(0,1) if a €[1,2).)
First, we observe that

T
S,(lp’g)ZJ P(S)(g(',s)} @a,n)LZ(O,l)ei Aa'nsds
0

T
1 .
=f p(s)(g(:,s), T(Awa,n))L2(0,1)el VAarsds (4.2.30)
0 a,n

T
_1 7 / i/ s
A J.p(S)(g(.’s)’(Xa(pa,n))LZ(O,l)e Fans s,
a,n Jo

Next, integrating by parts, we have

1

(g,(xaﬁ%’;,n)/)B(o,n:f g(x)(xatp;,n)’(x)dx
0
1

=[g()xp;, ()] —f g'(x)x"p;, (x)dx
0

1
= [g(x)x %y, , ()15 = [x*8 () pn ()]s + J. (x“g") () n(x)dx.
0

Using the above expression of the scalar product in (4.2.30), we get

— Ay nSP8) =5 g 4 g3, (4.2.31)

with ’
Vie{1,2,3}, s¥= f RO (s) e' v Aansds, (4.2.32)

0
and the associated functions

hD(s) = p(s)[g(x,8)x @l (), (4.2.33)
hP(s) = p(s)[x* g, (x,5)0 0 n ()15, (4.2.34)
hgg)(s) = p(s)«xagx)x’ wa,n>L2(0,1)' (4.2.35)

To conclude the proof we appeal to the following results.
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Lemma 4.2.6. Let T > 0, p € L*(0,T) and g € C°([0,T],V*%(0,1)). Then function h{"
defined in (4.2.33) satisfies
Vse[o,T], hM(s)=o0.

Proof of Lemma 4.2.6. The proof follows from regularity properties: since g(:,s) € H 5(0, 1),
then g(-,s) € H 1(%, 1) and has a finite limit as x — 1. Hence, thanks to the Neumann bound-
ary condition at x =1 for ¢, ,, we have

g(x,s)x%! (x)—0, asx—1.

When x — 0, we have to distinguish the cases of weak and strong degeneracy:
a€e[0,1)
First, we note that g(-,s) has a finite limit as x — 0: indeed,

8x(,8) = (x*2g, (x,8))x~*/2,

and since x — x*?g (x,s) and x — x~*? belong to L%(0, 1), then g,(-,s) € L*(0, 1), which
implies that g(-,s) has a finite limit as x — 0. Therefore,

g(x,$)x¢/, (x) >0, asx—0,

a€ll,2)
Observe that g can be unbounded as x — 0. However, the series of ¢, ,, obtained thanks to
(A.2.37) gives that

3Cam X0, (< Cppx Vx €(0,1).

We claim that x — xg(x,s) has a finite limit as x — 0. Indeed,

a/2 1—-a/2
3

(xg(x,5))x = g(x,5) + xg,(x,5) = g(x,8) + x* g, (x,5)x

and since g(-,s) € L2(0,1), x — x*?g (x,s) € L*(0,1) and x — x'~*/2 € L°°(0, 1), we have
that (xg(x,s)), € L'(0,1). Therefore x — xg(x,s) has a finite limit as x — 0:

3O, xg(x,s) — (¥, asx—o0.

However, since g(-,s) € L(0,1) we get that x — e;_) € L%(0,1), which is possible only if
() = 0. Therefore,
xg(x,s)—0, asx—0,

and so
g(x,s)x%p! (x)—0, asx—0.

O
Lemma 4.2.7. Let T > 0, p € L*(0,T) and g € C°([0, T], V*%(0,1)). Then, h'¥) defined in

(4.2.34) belongs to L%(0, T) and there exists C(a, T) > 0 independent of p € L?(0,T) and of
g€ C°(o,T], VOEZ’O)(O, 1)) and of n = 1 such that

”h,(-lz)”LZ(O,T) < C(a’ T)”p”LZ(O,T)||g||C0([0,T],V3:0(0’1))- (4236)
Furthermore,
oo
D> ISPP? < oo, (4.2.37)
n=1
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and there exists C,(a, T) > 0 independent of p € L*(0,T) and of g € C°([0, T],V>9(0,1))
such that

(o]
SUSPP < Cola, TYlpIP . g1

= coo.13v 20,1 (4.2.38)
Proof of Lemma 4.2.7. We recall that
h2(s) = p(s) (x*8(x,8)0qn(X))] ., —P(s) (x*8(x,8)00n())] g - (4.2.39)

Using the definition of VDEZ’O)(O, 1) and respectively (A.2.23) when a € [0,1) and (A.2.47)
when a €[1,2) in (4.2.39), we obtain that

(xagx(x,s)tpa,n(x))}xzo =0
Therefore from (A.2.22) and (A.2.46), we have

[hP(s)] = |p(s)(x*gx(x,5) 00 n(X))|,_, | = V2= [P(s)(x* g (x,8)] s |-

Moreover, since g(-,s) € Hi(O, 1), then x — x%g,(x,s) belongs to H*(0,1). By the continu-
ous injection of H'(0,1) into L°°(0,1) (and hence of Hi(O, 1) into L°°(0,1)), there exists a
positive constant C,, such that

|(xagx(x:5))|x=1| < Coo”g("s)”Hg(O,l) < Coo“g||C0([0,T]’V§2:°)(0’1))-

Therefore, we get
Vn>1, K@) < Coom|P(S)|||g||C0([0,T],V§z,<>)(o,1)),
hence, h® € L*(0, T) and
3¢, > 0, such that [|AP]| 201y < C</>oHp||L2(0,T)”g”CO([O,T],VOEZ’O)(O,D)’ Vn>1. (4.2.40)

This proves (4.2.36).

Now, we prove (4.2.37) and (4.2.38). These results follow from (4.2.36) and from classical
results of Ingham type (we refer, in particular, to [ 11, Proposition 19, Theorem 6 and Corollary
4]).

We have seen in Proposition A.2.3, when a € [0, 1), and in Proposition A.2.7, when a € [1, 2),

that
V an+1 V an_>_7T asn— 9.

Furthermore, a stronger gap condition holds

VaG[O,Z), Vv an+1 Vv an—

Hence we are allowed to apply a general result of Ingham (see, e.g., [47, Theorem 4.3],
generalized by Haraux [42], see also [11, Theorem 6]), and we derive that given

27 4
VT,>T,:= = s
=P T

there exist C;(a, T;), Co(a, T;) > 0 such that, for for every sequence (c,,),»; with finite support
and complex values, it holds that

C e ant

oo
Cie, T) D e l? <

n=1

dt < Cy(a, Tl)Zlc 2. (4.2.41)

n=1
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Therefore, if T; > T,, (4.2.41) implies that the sequence (e'v*«r!) ., is a Riesz basis of

Vect {e!V*«nt n>1} c L%(0, T;) (see [11, Proposition 19, point (2)]).
So, for all T > 0, there exists a positive constant C;(a, T) such that

2

T
f f)eVrertde| < Cla, TSI 1 (4.2.42)
0

YV f €L2(0,T), Z
n=1

(by applying [11, Proposition 19, point (3)], if T > T, or extending f by 0 on (T, T) if
T < T,, see also [11, Corollary 4] ).

And this is what we need to conclude the proof of Lemma 4.2.7. First, we note from (4.2.39)
that

T T
f R (t)e' vV artdt f P(E)(x g (x, )Py, (x))(x = 1)e'V et dt
0 0

=+v2—a

>

T
J p(t)g, (1, t)elvV antds
0

and then we can apply (4.2.42) to the function t — p(t)g,(1, t) (which is independent of n),
and we obtain that

oo oo
QISPr=2,
n=1 n

=1

=(2- a)Z
n=1

< (2 — a)cj(a’ T)”p()gx(l: ')”%Z(O,T)

< (2 - (X)CI((I, T)Cio ||P||%z(0’T) ||g||20([0 7] V(Z’O)(O 1))'

2

T
P4/ Agns
f hgz)(s)e an (g
0

2

T
f p(t)g. (1, t)e' vV artdt
0

This concludes the proof of Lemma 4.2.7. O

Lemma 4.2.8. Let T > 0, p € L*(0,T) and g € C°([0,T],V>9(0,1)). Then, the sequence
(S5 satisfies

[ee]
DUSE? < oo, (4.2.43)
n=1

and there exists C3(a, T) > 0 independent of p € L?(0,T) and of g € C°([0, T],VOEZ’O)(O, 1))
such that

oo

3)|12 2 2 2
D ISP < Cola TPl 0,1) 18124 g 719101 (4.2.44)
n=1

Proof of Lemma 4.2.8. First, let us prove that >, |S®)|? < co. Notice that

T 2 T
|S,(13)|2 < (J |h$13)(5)|d5) < ”P”%z(o,n (f |<(xagx)x, @a,n)LZ(O,l)lzds) )
0 0
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hence

oo T oo
DUSEP < Iplago 1y ( f PHIETSM soa,nnzm,wds)
n=1 0

n=1

T
< IplP2o.r, ( f ||(x“gx)x||§2(o,l)ds)
0

2 2
<Pl T8 o 16, 71.4290.1))°

This concludes the proof of Lemma 4.2.8. O

Then, the proof of Lemma 4.2.5 follows directly from (4.2.31) and Lemmas 4.2.6, 4.2.7 and
4.2.8. O

In what follows we prove that Lemma 4.2.5 implies that (4.2.26) holds true, and then from
(4.2.25) we deduce that (w®(T), WEP)(T)) € H(BO)(O, 1) x D(A), which is the aim in point a) of
Proposition 4.2.3.

Let us prove the following regularity result:

Lemma 4.2.9. If u € V2(0,1) and w € C°([0,T],D(A)), then pw € C°([0, T1,V9(0,1)).
Moreover, there exists C(a, T) > 0, independent of u € Vj(O, 1) and w € C°([0, T], D(A)), such
that

lewll coo,11.v290.1y) < €l DlIlly2c0,[Wllcoqo,7,00a7- (4.2.45)
Proof. We separately treat the case of weak and strong degeneracy.

a€[0,1).
Let u € V>*)(0,1) and w € V>9(0,1). As we have already shown,

peH*0,1) = pel™(0,1) = pwel?0,1).
Moreover,
(W) = pew +uw, € L'(0,1)

because u, w € L°°(0,1), u, = (x*?u,)x"%? € L'(0,1) and w, = (x*?w )x~*? € L1(0, 1).
Thus uw is absolutely continuous on [0, 1].
Furthermore,

x*(pw), = (xpudw + (x*?w,Iu € L*(0,1)

because x*?u,., x*?>w, € L?(0,1) and w, u € L*°(0, 1).
We observe that
O (uw)y )y = (s )ew + (W )t + 22X e Wy

Since (x%u,),,(x%w,), € L?(0,1) and w,u € L°°(0,1), then we deduce that (x*u,),w +
(x*w,),u € L%(0,1). Concerning the last term of the above identity, we note that

pevE®N0,1) = |x*pw,| < Cxw,],

and since x*/*w, € L(0,1), we obtain that uw € H>(0,1).
It remains to check the condition at x = 0. We have that

xa(;u‘w)x = Xa‘u,xW + anXnU"
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Since p € V>°°)(0,1) and w € L°°(0, 1), it holds that
x*u,w—0 as x—0,

and moreover, since w € V>°(0,1) and p € L*°(0, 1), then
x*w,u—0 as x—0.

Thus pw € V%9)(0, 1).

We conclude that u € V(*>°°)(0,1) and w € C°([0, T], D(A)), then uw € C°([0, T1, V(>9(0,1)).
ac<[1,2).

We observe that

pevEeee( 1) = |ul< = u,€L'(0,1) = wpelL™(0,1).

x /2
This implies that uw € L2(0,1).
Moreover

x 2 (uw), = (x*u)w + (x**w,)u € L2(0,1)

because x*/?u, € L*(0,1), w € L?(0,1) (thus, (x*?u,)w € L%(0,1)) and x*?w, € L*(0, 1),
w € L>=(0,1) (hence, (x*?w,)u € L*(0,1)).
Now, we consider

(e (uw),)x = (X% ) w + (X Wy )+ 2x % p, W .

Since (x*u,), € L°°(0,1) and w € L?(0, 1), we have that (x*u,.),w € L2(0, 1). Furthermore,
since (x*w, ), € L%(0,1) and u € L°°(0, 1), it holds that (x®w,),u € L?(0,1). Concerning
the last term of the above identity, we note that

peveo(0,1) = |x%u,w,| < Cx¥?w,| e L(0,1),

therefore uw € Hg(O, 1). Finally, uw € Hi(O, 1), with a € [1,2), imply that x*(uw), — 0 as
x — 0.

So, we have proved that uw € V>9(0,1). And, if u € V>°>°°)(0,1) and w € C°([0, T], D(4)),
then uw € C°([0, T1, V{%9(0, 1). O

We now proceed to prove Proposition 4.2.3.

Proof of Proposition 4.2.3. The first result to prove is that the solution (w(®, W(tp )) of (4.1.20)
fulfills the regularity property (4.2.13). By using formula (4.2.24), Lemma 4.2.9 (with w =
w®)) and Lemma 4.2.5, we obtain that (4.2.26) holds true and then (4.2.25) shows that
(W (T),w(T)) € HZ, (0,1) x D(A).

Now we show that ©; is differentiable at every p € L?(0,T). Let po,q € L2(0,T). Then,
consider w9 solution of (4.1.20) with D = Do, and wPotD | solution of (4.1.20) with p=
Potq.

Formally, let us write a limited development of wPo*%) with respect to q:

W(Po*‘l) — W(Po) + W1(‘1) 4.

We use this development in (4.1.20) to find the equation satisfied by the supposed first order
term W;(q): denoting
Pw:=w, —(x%w,),,
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we have

P (W + Wy (@) +--+) = (po(0) +a(6)) (LCIW™ + uC )W (@) + ),

hence we deduce that W;(q) is (probably) solution of

PW;(q) = po(£)u(xIW;(q) + q(t)u(x)wo,

which is the motivation in taking W;(q) as the solution of (4.2.14) with p = p,, or in other
words:

Wi(@) = W,
This is the motivation to introduce
yPo@) .= 4, (Pota) _ 1, (Po) _ W(PO,Q)’ (4.2.46)
which allows us to write
Or(po +q) = Or(py) + (WO (T), W P(T)) + (oD (T), vPo9(T)).
We are going to prove the following Lemmas:
Lemma 4.2.10. The application

L%(0,T) — H(BO)(O, 1) x D(A)
g = (W), WO (T))
is well-defined, linear and continuous.

and

Lemma 4.2.11. The application

L%(0,T) — H(30)(0, 1) x D(A)

g (Voo (T),vFV(T))

is well-defined, and satisfies

(v (T), v °’Q)(T))||Hgo)(o,1)xD(A)

—0, as |lqllz20,r) —O. (4.2.47)
||CI||L2(0,T)

Then, we conclude that ©; is differentiable at p, and that
DO (po) - q = (WP (T), WO (T)).
Proof of Lemma 4.2.10. First, we prove that

WD (T), WP (T)) € H(30)(0, 1) x D(A).

We observe that problem (4.2.14) is well-posed. Indeed, from Proposition 4.2.1 we de-
duce that w®) e ¢°([0,T],D(A)), and by applying Lemma 4.2.9 we obtain that uw®) e
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c°([0, T1,v#9(0,1)) because p € V*(0,1). Therefore uw®) € C°([0,T],H.(0,1)). Mul-
tiplying uw(® by q, we get that quw®o € L%(0, T; H;(O, 1)). Thus, we can apply Proposition
4.2.1 to (4.2.14) (taking f = quw(?)), and we deduce that

(W2, WPy e cO([0, T1, D(A) x HA(0,1)).
Furthermore, (4.2.8) gives that

(Po,)
WP Dl oo, r100a + W™ llcoqto 1301
< C(TNguw® |l 20, 751100,1) (4.2.48)

< C(T)||Q||L2(0,T)||MW(p°)||c0([o,T],H;(o,1)))-

We now decompose (W ®oD(T), Wt(p *9(T)) as follows: denoting

R,(5) = (po(S)u(IWED(-,5) + g()u(IwP (-, ), P jal) 12(0,1)> (4.2.49)
we have
W(Poﬂl)(x, T) 1 )
( WoD (s T) =r(§"°’q)(T)+Z T yPoD(TYD, ,(x)e e, (4.2.50)
t s nez* a,n
with ; o)
Ry(s)(T —s)d (T
o) 7) = Jo 0T =s)ds ) _ Y?goq)( ) (4.2.51)
fo Ry(s)ds or (T)
and
T
Vnez:, yPO(T)= f R, (s)e @ansds. (4.2.52)
0

Moreover, the following implication holds true

DA PN <00 = WD), WD) € By (0,1) x D(A).  (4.2.53)

nez

Therefore, to prove that

WD (T), WP (T)) e Hy,(0,1) x D(A)

we have to prove the convergence of the above series. We decompose as follows: Vn # 0

T

y&o(T) = f Po(S)UCIWPD(,5), 0y o) 2(0,1y¢ o ds
0

T
o s (4.2.54)
+J q(s)(u(-)w(PO)(-,s), @a,lnl)LZ(O,l)e an’ g
0

= Yflpo’u’W(PO’q))(T) + qu’“’W(PO))(T).

We apply Lemma 4.2.5 first choosing p = p, and g = uW®9, Since p, € L%(0,T) and
uw®ed e ¢o([o, T], VOEQ’O)(O, 1) we obtain

DAz, eI < oo, (4.2.55)

a,n|
nezx
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and furthermore

2 W (P00 2 1/2
(Z Aa,|n||)/$lp0“ )(T)| )

nez*

< C(a: T)||p0||L2(O,T)||;uW(p0’q)”CO([O’T]’V;Z:O)(O’D)

4.2.56
< C'(a, T Ipollaco. Iz W Pl cogo 1.0 (4.2.56)
< C"(a, DlIpoll2(o,r)lllly2 ”q“LZ(O,T)||.UW(‘DO)||C0([0’T],Hé(0,1)))
<C"(a, T)”pO”LZ(O,T)“q”LZ(O,T)“M“é‘f||W(p0)||C°([0,T],D(A))’
In the same way, we apply Lemma 4.2.5 with p =q and g = uw(po) and we get
(po)
DA T < oo (4.2.57)
nezx
Moreover,
2 u,wP0)) 2 1/2
(D022 e (P
nezx
(4.2.58)

< C(a, T)”CIHB(O,T)“HW(pO)||c0([o,T]’v:«°(o’1))
<C'(a, T)”q”LZ(O,T)”.U'“VaZ”W(pO)”CO([O,T],D(A))'

We have proved that
D122 Iy (T)? < oo.

nezx

So, from (4.2.53) we have that

W PD(T), W (T)) € HY,)(0,1) x D(A),

and furthermore

w®ed(. T
H (poq)( ) _F(gpo’q)(T)
W[ ’ (': T)

<32, o)

nezx

<C"(a, T)||p0||L2(O,T)||q”L2(O,T)“H“éaz(oJ)“W(po)”CU([O,T],D(A))

H(30)(0,1)><D(A)

+C'(a, T)”q||L2(0,T)||M||va2(0,1)||W(p°)||c0([o,T],D(A))-

However, Fép »9(T) is independent of x, hence

T
TSP (Tl 0.1yx008) = T (D20 1712001 < € f IRo(s)lds,
0
and
[Ro(s)I < |P0(5)||<MW(p°’q)(S), @a,o>L2(0,1)| + |Q(5)||<HW(p°)(S), <Pa,o>L2(o,1)|
< 1po()uW PoD ()l 20,1 + [g(uw® ()l 20,1y
< C|p0(5)|”.uf“VaZ(O,l)”W(Po’q)”CO([O,T],D(A))
+ C|CI(S)|||M||va2(o,1)||W(p°)||c0([o,T],D(A))
< C/|Po(5)|||M||€3(0,1)||q||L2(0,T)||W(p°)||c0([o,T1,D(A))

+ C|Q(S)|||M||vaz(0,1)||W(p")||c0([o,T],D(A))-
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Thus
IRoll 10,1y < C(a, T, u, W(p‘)))HQHLz(o,T),

w®od(. T)
|| Wt(Po’Q)(_’ T)

This concludes the proof of Lemma 4.2.10. O

and therefore

<cC(a,T,u, wro .
H2, (0,1)D(A) ( w )||q||L2(O,T)

Proof of Lemma 4.2.11. The function v(>9, defined in (4.2.46), is the classical solution of

VD — (@ D), = po()uC)yPoD + g(OUC) WD —wlr),

(x*vPoD)(0,t) =0,

{ vPed(1,6) =0, (4.2.59)
v(Pod(x,0) =0,

vt(p"’q)(x, 0)=0,

that is actually a problem similar to (4.2.14) with p = p, and wo*® — (o) that replaces wP.
The linear control system (4.2.59) is well-posed, and

(oD, y#oD) € ¢O([0, T], D(A) x H1(0,1)).
So, (4.2.8) gives that

||V(p°’q)||c0([o,T],D(A)) + ||Vt(p°’q)||c0([o,T],H;(o,1))

< Cliqu(w®r® — w2 a1 01y

(ota) (50) (4.2.60)
< Cligllzo,m (W™ —w )| cogro,11,10,17))
< Cligllzago,my lllvagony I (WP = wPo) oo 1911 0,17)5
We decompose (vPo9(T), v?*?(T)) as follows: denoting
2,(5) = (po()u( VPP, 5) + q()u(IWPHD —wP)(-,8), 0 0 1) 1200.1)» (4.2.61)
we have
(Po,q)
% x, T 1 ;
( (po,q)( : ) = EP V(1) + > ———ePoD(T)P, ,(x) ei@erT, (4.2.62)
Vt (X, T) nezx a,n
with ;
T —s)d
g0y = [ Jo 20T =5)ds ) (4.2.63)
fo 2o(s)ds
and .
YnezZ* sflpo’q)(T) = f 2z, (s)e 1 @ansds, (4.2.64)
0

As showed by (4.2.25), we have that

A2 leP VTP <00 = (ve(T),v"(T)) € B} (0,1) x D(A).  (4.2.65)
nez
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Thus, we have to prove the convergence of the series on the left-hand side of (4.2.65). We
observe that

POV P + g(O)GIW PP — w0 = (po(6) + (ORI D + q(OuC)W

therefore, we decompose eflpo’q)(T) as follows: Yn#0

T
€£p°’q)(T) = f (po(s) + Q(S))(M(')V(p"’q)(',s); <%7a,|n|)LZ(o,l)e_iw“’"SdS
0

T
—iWy S (4266)
+J qpOW D, 5), 0y 1) 120, e o ds
0

= ngo+q,u,v(‘)°"”)(T) + qu,u,W‘PO’q))(T)_

Applying twice Lemma 4.2.5, we obtain

G 1/2
b0.0
(z Ai’nh,slpﬁq,u,v"o")(T)|2)
n=1

< C(a,T)llpo + CI||L2(0,T)||.UV(p°’q)||c0([o,T],v§'°(o,1)) (4.2.67)
< C'(a,T)llpo + q||L2(0,T)||.U||vaz(o,1)||V(p°’q)||CO([0,T],D(A))

< C"(a,T)llpo + q||L2(O,T)”q||L2(O,T)||“||\2/(12(0’1)||W(p0+q) - W(po)”CO([O,T],D(A));

and

oo
(Po:a) 1/2
(D122 lyas W™ 2) " < cla, Tl eomn 14W Pl cogo r1u200.1)
n=1

(4.2.68)
< C'(a, T)||q||L2(o,T)||M||vaz(o,1)||W(p°’q)||c0([o,T],D(A))

<C"(a, T)”q“%Z(O’T)”U”é}(o’l)”W(pO)“CO([O,T],D(A))-

Thus, we have proved that
D122 1P (T2 < oo,

nez*
which implies that

O D(1), v (1)) € HY,)(0,1) x D(A).

Furthermore,

(Pod)(., T)
H( :EPO»Q)(_’ T) )_Eépo’q)(T)

<c(S2,, lemo(m)p)"”

nez

<C"(a,T)llpo+ q||L2(0,T)||q||L2(0,T)||M||%/;(0,1)||W(p°+q) - W(po)”CU([O,T],D(A))

H(30)(0,1)><D(A)

+C"(a, T)||CI||%2(0,T) ”U”\Z/HZ(O’D ”W(pO) ”CO([O,T],D(A)) .

To conclude, we observe that
uPoD <= 1 Po+d) _ 1,(Po) (4.2.69)

is solution of
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w2 = (eulpoD), = po(Ouu® D + g(Op(x)we,

(x*uPoD)(0,t) =0,

ugpﬂ’q)(l, t)=0, (4.2.70)
uPoD(x,0) =0,

ulP?(x,0) =0,

hence (4.2.8) implies that
[[wPota) — W(pO)”CO([O,T],D(A)) = ||u(p°’q)||c0([o,T],D(A))
< Cliguw® | a0, 581101y
< C||CI||L2(0,T)||M||V3||W(p°+q)||c°([0,T],D(A))—

So, we get

(o) (., T)
H( :EPO:Q)(_’ T) )_E(()po’q)(T)

H(30)(0,1)><D(A)
< C"(a, TglZ20.1 [ 1P0 + @ll 20,y 1411 20 1y WP Nl coo,71,p0a1)
(0,7) 2(0,1)

+ ”M”éaz(o’l)”W(po)“CO([O,T],D(A)))'

However, E(()p %9 (T) is independent of x, hence

T
||E(()p°’q)(T)”Hfo)(o,l)xD(A) = ES" (Tl 2011201 < CJ |zo(s)lds,
0

and

I20(8)] < Ipo (v @D (s), @ 0) 12001y + () (W PoTD —wPI)(s), 04 0) 120,1)]
< 1po) v ® D) 20,1y + g WP D —wP)(5)][ 20,1
< C|Po(5)|||M||vaz(o,1)||V(p°’q)||c0([o,T],D(A))
+ Clg(lellvzco,) [|wipote) — W(po)“CO([O,T],D(A))
< C/|Po(5)|||H||\2/az(0,1)||Q||L2(0,T)||(W(p°+q) - W(P°))||c0([o,T],H;(o,1)))
+ Clq(s)| ||H||‘2/5(0,1) gl 20,09 WPl cogpo.r1.0a7)
< C/|p0(5)|“U“\g/az(o’l)“q”iz(o’T)||W(p0+q)”CO([O,T],D(A))

+ a0 191 200,r) WP o 71,000

Hence, we have showed that

||ZO||L1(0,T) < C(a, T, U, W(pO))”q”%Z 0.T)?
(0,7)

H( y(Pod(. T) )
vfp‘)"”(-, T)

This concludes the proof of Lemma 4.2.11. O

and therefore

< C(a, T, u, w')||q|?

HE,(0,1)xD(A) 12(0,T)"
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It remains to prove that ©y is of class C!. To this purpose, we have to prove that the application
D@y is continuous from L2(0, T) into £.(L2(0, T),H?O)(O, 1) x D(A)), namely

s 0.1)xp(ay) = 0, as [|pllzz,r) — O.

[IDO1(po + P) — DO1(po)ll |$C(L2(O,T),H(0)

Proceeding as in the proof of Lemma, 4.2.10 it is easy to verify that there exists C(a, T, U, pg) >
0 such that for any p, g € L2(0, T)

ID©1(po + P) - q— DO (po) - qllp2

2, (0.1)xD(A) = (| W @otP(T) — W(Po’q)(T)”H(?’O)(o,l)xD(A)

< C(a, T, w, po)lIBl 20,1191l 200, 795
(4.2.71)

which implies that

VD, [lIDOr(po+P)—DOr(pollll e 120,112 0,1)xp(ay) < C(a, T, th, po)lIPll 20,7y

©
Thus, DOy is continuous and this concludes the proof of Proposition 4.2.3. O
The proof of Theorem (4.1.1) follows from the application of the classical inverse mapping
theorem to the function © : L2(0, T) — H>.(0,1) x D(A) at the point p, = 0. We recall that

(0)
©r(po =0) =(1,0).
The key point of the proof is represented by the following Lemma.
Lemma 4.2.12. The linear application
DO;(0): L%(0,T) — H(30)(0, 1) x D(A)
g = W), woO(T))

is surjective, and

DOr(0) : Vect {1,t,008 1/ Aqnt,sin 4/ Agnt,n = 1} — H (0,1) x D(A)

is invertible.

Proof. Since w(® = 1, (4.2.14) implies that W(®9 is solution of the following linear problem

WP — (WD), = q(t)u(x), x €(0,1),t€(0,T),
(x*w®D)(0,t) =0, t€(0,7),
{ W)Eo’q)(l, t)=0, te(0,T), (4.2.72)
wOD(x,0)=0, x €(0,1),
w9 (x,0) =0, x €(0,1).

Following the procedure presented in the proof of Proposition (4.2.3) , we introduce

rn(s) = (CI(S)M, @a,n)Lz(O,l) = nu'a,nq(s) (4-2-73)

with g, = (U, Ya.n)12(0,1)> and we have

T

( T sin /A, ,(T —s)
[
0

wOd(x )= J ro(s)(T—s)ds+i
YV A’a,n

0 n=1

ds) Can(x), (4.2.74)
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and

T = T A T —
WPMQJU=J~rd9®+§E(VAmJ~rdﬂfil%g;—:2“)¢mﬂﬂ- (4.2.75)
0 n=1 0 Aoc,n

To prove the surjectivity of DO, (0), we choose any pair (Y/,Zf) e H (0)(0, 1) x D(A), and we
want to show that there exists ¢ € L2(0, T) such that

weOd(T), w(T)) = v/, z). (4.2.76)
Introducing the Fourier coefficients of the target state

YO{H = (Yf) @a,n)Lz(O,l)’ and Zé,n = <Zf’ (pa,n>L2(0,1)

we can decompose (Y7, Z/) as follows

oo oo
YH(0) = DY 0un() =Y+ DY, 0, a(x)
n=0 n=1
and - -
zf(x) = Zzincpa,n(x) = Zf;o + ZZ({,napa,n(x).
n=0 n=1
We derive from (4.2.74) and (4.2.75) that (4.2.76) is satisfied if and only if

foT ro(s)ds = io’

V Aan(T—s)
VA f () 2V len 2 s —Z({n, foralln>1,
oo I Ve (4.2.77)

fo ry(s )Sm ‘/iT 2 ds —an, foralln>1,

fo ro(s)(T—s)ds =Y aO

Introducing
Q(s) :=q(T —s),
(4.2.77) becomes

Al'l‘aofo Q(t)dt_ aO’
Mo, fo Q(t)cos atdt =27 foralln>1,

T . p (4.2.78)
Wan fo Q(t)sin Aa,ntdt =4/ Aq, LY/ foralln>1,

a,n’
T
Hao [, QUOtdE = Y/,
System (4.2.78) is usually called moment problem. Observe that (4.1.22) implies that the

coefficients u,, , are all different from O for all n > 0, which is necessary for solving (4.2.78).
Let us introduce

f Z£,0
Aa: H()xc,o
z
A= foralln>1,
e (4.2.79)
AanYl{n L
B{;n = foralln>1,
fo._Y
Ba,O - ua,(())’
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and
Cao:t€(0,T)—1,

Can:t €(0,T)—>cos/Ay,t, foralln>1,

(4.2.80)
Sqn:t €(0,T)—sin,/A,,t, foralln>1,
Sq0:t€(0,T)—t,
so that (4.2.78) can be written as follows
(Q: Ca 0>L2(0 T) = f,oa
»Can —A » foralln>1,
(Q Candrz0m (4.2.81)
(Q: Sa n)LZ(O T) = n’ for all n = 1:
(Q,s,4 0>L2(0 T) = f’O'

Finally, we define the space

Ea = Vect {Ca,O’Ca,n;sa,n’ nz 1};

which is a closed subspace of L2(0, T).

To solve (4.2.81) we use the following characterization of the Riesz basis (see [11, Prop. 19]
or also [32]):

the family {c, o, Cy n,Sq.n, 1 = 1} is a Riesz basis of E,, if and only if there exist C; (a, T), Cy(a, T) >
0 such that, for all N > 1 and for any (a,,)o<n<n> (bn)1<n<n it holds that

N T
Ci(a,T) (ag +Za§ + bi) < J
0

n=1

st b)(t)‘ dt < Cy(a, T)(a +Za +b ) (4.2.82)

n=1

where .
S@D(t) = ageao(t) + D | AnCon(t) + by n(t). (4.2.83)
n=1
We observe that (4.2.82) holds as a consequence of Ingham theory. Indeed, by expressing
cosy and siny as

e +e ey —e
cosy=——— and siny=-——F1,
2 2i
we have
N eiwa,nt + e—iwalnt eiwa’nt _ e—iwaynt
S(a’b)(t) — aoeiwa’ot + Za
e 2 " 2i
N
= Z d,ei@ent,
n=—N
with
dO = dy,
d, —a"+2’:, forn>1,
b_
d,=%—5, forn<-1.

Since wg 41— Wg, > 0 foralln € Z and

2—a
Vin|>2, wgn—wen= — T,
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we can apply a general result of Haraux [42] (see also [11, Theorem 6]) that ensures that if

2
T>27T _ 4 ’
Zin 2-a

then there exist Cil), Cél) > 0 independent of N, and coefficients (d,)_y<n,<y such that

0 310 |3 aee
0

n=—N

(4.2.84)

n=——

Since

Z \d, |2—a0+2Z 2+b2

n=—N
(4.2.84) implies that (4.2.82) is verified and so {c, o, Cy n,Sq ., = 1} is a Riesz basis.
We can now use [11, Proposition 20] that ensure that if {c, o, 4,54, = 1} is a Riesz basis,
then the application & : E, — £2(N):

F(f)=({f, Ca,O)Lz(O,T)’ (f, Ca,l)LZ(O,T)’ (f’sa,l)Lz(O,T): (f, Ca,2>L2(0,T): <o)
is an isomorphism.
We note that

vfeH} (0,1) = 2/13 /1% < oo,

and

7feDd) = ZAZ |12/ |? < oo,
n=0
and then (4.1.22) ensures us that

oo
AL 2+ > 1AL 12 +1BL I < oo,

and therefore there exists a unique Q, € E, such that

g(Q )_(AOLO’ a]:Bﬁl)Aj;zz )

Thus,
(Qu>ca0)r20m) = A);,O,
(QusCan)izor =4, foralln>1, (4.2.85)
(Qu>San)iz0m) = B{;n foralln>1;

and, moreover, the application

’(N) - E,,

f f f
(Aa O’Aa pBa 1,Aa 2" ) = Qa

is continuous.

Finally, we claim thats, , ¢ E,: indeed, if t — t was the limit of a sequence of linear combin-
ations of ¢, o, ¢4, and s ,, so it would be t — t* by integration. Then, by integrating further,
also t — t> would be the limit of a sequence of linear combinations of Ca0> Con and s .
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Thus, by iterating this procedure, we deduce that all the polynomials could be written in this
form. Therefore, L2(0, T) would be equal to E, and (4.2.85) would have a unique solution.
However, this is not the case: define Ty, := 5+, and choose g, smooth, compactly supported

2—a’
in (0, T_ZTU) and different from Q, on that interval. Now, consider the following problem

<Qa’ Ca,O)LZ(?)T) ZAJ;’O - (qa: Ca,O)p(g)@);

(Qqs Ca,n)p(%j) ZAJ;,H —{Ga> Ca,n);ﬂzm)%) foralln>1, (4.2.86)

<Qa>sa,n>L2(¥,7) = Bé,n - <qa;5a,n)L2(0J#) foralln> 1.

. T-T, _ T+T, -~ ~
Since T — 52 = ~32 > T,, and the sequences ({d,, ca’n)LZ(O’?))n and ((q&,sm’n)Lz(o’?)),l

are square-integrable (by integration by parts), there exists a solution Q € Lz(%, T) of
(4.2.86). So, the function

o {q“ on (0, 5%,

Qg on (55, T)

solves (4.2.85) and it is different from Q,. Hence s, , ¢ E,, and if we denote pio the ortho-
gonal projection of s, o on E,, then s, o — pio # 0, and
1. sa,O - pi_’o

Q, 5

.: l
”sa,O _pa,0||L2(O,T)

is orthogonal to E,, and furthermore

<Qi—;sa,0>L2(0,T) =1

Thus,
Q:=Q4+B,oQ:

solves (4.2.81). Moreovetr,

o0
2 _ 2 f ALy2 f o2 f o2
Q1. 0,7y = 1QallZ0 1 + 1BL 0QE 122 0.1y < C(D 1AL 12+ 1B, 2),
n=0

which completes the proof of Lemma 4.2.12. O

4.2.3 Inverse mapping theorem

Proof of Theorem 4.1.1. We have proved in Proposition 4.2.1 that problem (4.1.20) is well

defined and the solution (W(P),w(tp )) is of class CO([0, T]; D(A) x H((0,1)). Moreover, from

Proposition 4.2.3 we know that (w®)(T), W(tp )(T)) is even more regular

WP (T),wP(T)) € H3(0,1) x D(A).
Therefore, the end point map
O : L(0,T) - HEy(0,1) x D),  p — (wP(T),w(T))
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is well defined. Furthermore, in Proposition 4.2.3 we have showed that © is of class C' and
the action of the differential DO can be represented by

PO (p)-q = (WPI(T),wP(T)),

where WP is the solution of (4.2.14).
Now, since we want to apply the inverse mapping theorem to ©;, we have proved in Lemma
(4.2.12) that

DO.(0) : L2(0, T) = H},(0,1) x D(4), q— (WOO(T),w9(T))

is surjective. Moreover, if we define the space

F, :=Vect {1,t,cos y/Aq nt,sin /Ay, t,n = 1}
then, the restriction of ©; to F,

ea,T : Fa - H(So)(oa 1) X D(A):

p = 641r(p) :=067(p)
is C! (Proposition 4.2.3) and DO, r(0) is invertible (Lemma 4.2.12). Thus, the inverse
mapping theorem ensures that there exists a neighborhood ¥(0) c F, and a neighborhood
¥(1,0) C H(30)(0, 1) x D(A) such that

O,1 : ¥(0) — ¥(1,0)

is a C!-diffeomorphism. Hence, given (W(f), WD € ¥(1,0), we choose pf := @;}(w{), w{ ), and
so the solution of (4.1.20) with p = pf satisfies

W(T), w,(T)) = ©r(p’) = ©(6, 1 (wh, w))) = (W), w]).

Therefore, we have proved that, starting from the first eigenfunction ¢, o, = 1, the solution
of the control system (4.1.20) reaches a neighborhood of the trajectory w»%® = 1 in time
T > T,. Hence, by time reversibility, we have proved the local exact controllablility of (4.1.20)
along the ground state solution w(*%% in any time T > 2T,. O

4.2.4 Proof of Remark 4.1.2

First we check that
a

p(x) = x>~

satisfies all the regularity assumptions.
a€[0,1)
We observe that
w(x)=2—-a)x* e L0,1).

Hence u is absolutely continuous on [0, 1]. Moreover,
x¥?(x) = (2—a)x"? € L*(0,1).
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Thus, u € H}(0,1). Furthermore,
x*u/(x)=(2—a)x € H(0,1)
and therefore y € H2(0,1). Finally,
xu'(x)=(2—a)x' "2 € 1°°(0,1)

that implies u € V>°)(0,1).
a€ell,2)
It easy to check that u € L2(0, 1). Moreover,

x?u'(x)=(2—a)x"? € L*(0,1)
and therefore u € H ;(O, 1). Furthermore,
x*u/(x) = (2—a)x € H(0,1).
Thus u € Hi(O, 1). Finally,
xu (x)=(2—a)x"? € L°°(0,1),

and

(x*u')Y(x)=2—ae L*(0,1).
Hence u € V(2°°:°°)(0,1).
We have showed that the regularity assumptions are satisfied.

It remains to check the validity of (4.1.22). We have that

1

(u, ‘Pa,o)Lz(o,l) = f x*dx =
0

>

3—a
and, for all n > 1, we develop the scalar product as follows

1
<,U., (pa,n>L2(0,l) = f M(X)QOa’n(X)dX
0

1
1
= J HOO kg fn(x)dx
a,n Jo

1 1
=7 J p()(=x“e;, ) (x)dx
a,n Jo

1

== ([—xau(x)so;,n(x)]3,+ J X“u’(X)so;,n(X))-

o,n 0

Recalling that u(x) = x2~%, we obtain
1 1
f X () (x)=(2— a)f Xy (x)
0 0 1
= (2 - a)[x(pa,n(x)](l) - (2 - a) L SOa,n(X)dX

= (2 - a)[x‘pa,n(x)]é - (2 - a)(@a,O) (pa,n>L2(0,1)'
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Since the eigenfunctions are orthogonal, we have that

((Pa,O’ (Pa,n>L2(0,l) = O;

hence

(1 Pan) 20 = 7— ([—x2¢ (O + 2= @)x e, (]}) -

1
Aan
From the Neumann boundary conditions satisfied by ¢,, ,, we know that x<p;’n(x) — 0 as
x — 0 and x — 1, thus

[—x?¢!, ,(x)]g =0.

We have also proved (Lemmas A.2.4 and A.2.8) that ¢, , has a finite limit as x — 0, therefore
XPgn(x)—0, asx—0.
Finally, once again from Lemmas A.2.4 and A.2.8 we have that |¢, ,(1)| = v2 — a that yields

(2= DX e ()]l = (2— )2,

and
2— a)3/ 2

|<M’ wa,n>L2(0,1)| = Aa’n

Hence, (4.1.22) is satisfied.
Now, let us prove that the set of functions u satisfying (4.1.22) is dense in Vj. By integrating
by part, we get

1

(,LL, @a,n)Lz(O,l) = AL ([_xau(x)go;,n(x)](l) + f

a,n 0

x“u’(xw;,n(x)dx)

1
= Al ([—X“M(X)tp;,n(xné+[X“u’(X)soa,n(X)]2,—f (X“u’)’(X)cpa,n(x)dX)-
a,n 0

Then, since u € L°°(0,1), we have
[—x*ulx)e;, ,(x)]; = 0.
Moreover, since x*2u’ € L°°(0,1) and ¢4, has a finite limit as x — 0, we deduce

x4/ (x)pgn(x) =0, asx—0.

Thus, we obtain
[x 1 ()@ ()]g = 1/ (D n(1),

and we recall that [¢, ,(1)| = V2 —a.
Finally, since (x®u’)'(x) € L2(0, 1), we get

1
f (WY ()P 00 () = (WY (), P r20m) = 05 a5 1 — 00
0

So,
peVA(0,1) = |Agnlth Pan)izon = v2—alp/(1)l, asn— oo.
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We define the spaces

{{u € V20,1, (U, Pun)i2ony #0}  forn=0,

{uev2(0,1), (1) # 0} forn=-1,
and
Y2:=n2 Y.

Clearly every ¥, is open in Vaz, and they are also dense. Indeed, consider (i € Vaz(O, 1) such
that (i ¢ ¥, for some n > —1, and define

a

fie(x) = () + ex>

where ¢ € R*. Then, if n > 0, we have

(Aas’ @a,n)LZ(O,l) = g(xz—a’ ¢a,n>L2(0,1) 7& O:

and if n = —1, we have
f.(1)=e(2—a)#0.

Therefore i, € ¥, and it is close to {i in Va2 if ¢ is sufficiently small. This means that ¥, is
dense in Vj- Thus ¥ a2 is the intersection of a sequence of open and dense subsets and, thanks
to Baire Theorem, it is dense in Vaz.
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CHAPTER 5

A constructive algorithm for building mixing coupling
real valued potentials

Given an unbounded linear operator A on a separable Hilber space (X, (,)), such that its
eigenfunctions {¢,} form an orthonormal basis of X, we are interested in characterizing the
functions u such that

(up1, pr) #0, VkeN* (5.0.1)

In particular, in this Chapter we will consider the Laplacian operator on the space X = L2(0, 1)
and we provide an algorithm to build polynomials of ant degree q € N* that fulfill the non-
vanishing property (5.0.1).

Furthermore, we will explain the importance of such kind of functions in the context of con-
trol theory by giving examples of applications to different types of problems as the bilinear
controllability of the Schrodinger equation with mixed boundary conditions as well as the
stabilizability and the controllability of the heat equation with mixed boundary conditions via
bilinear control.

The content of this Chapter is based on [5].

5.1 Introduction

As we have seen in the introduction, bilinear controls are well-suited to describe processes
capable of modifying some of their physical characteristics in presence of the control. A
well-known example of bilinear control system is given by the description of the motion of a
quantum particle in an electric field. The corresponding model is given by the Schrodinger
equation

iatu(t; X) = —alel(t, X) _P(t)u(x)u(t; x)) (t) X) € (01 T) X (0, 1))
u(t,0)=0, u(t,1)=0, (5.1.1)
u(O’ ) = uO(') € (O, 1);

where u is the wave function of the particle, p € L2(0, T;R) is the control and represents the

magnitude of the electric field and u is a real valued function called dipolar moment of the
particle. Denote by A the operator defined by:

d2
D(A) := H2NHL ((0,1);C) , A =—d—f, (5.1.2)
x
then, its eigenvalues and eigenfunctions are given by:
A := (km)?, op(x) := V2sin(knx), V k eN*. (5.1.3)
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Beauchard and Laurent in [11] proved a local controllability result along the ground state
solution v, (t) = e ™!, for system (5.1.1) (in a smoother space than the natural one for
the well-posedness) provided that u € H>(0, 1) satisfies

> # Vk € N*. (5.1.4)

k

dc¢ > 0 such that

1
f ()1 ()i (x)dx
0

They also prove that this condition holds generically in H3(0,1). Observe that a necessary
condition for (5.1.4) to hold is that

1
J. w(x)p1()pr(x)dx #0 Vk € N*. (5.1.5)
0

On the other hand, Beauchard and Morancey in [13] proved that if condition (5.1.5) is viol-
ated for an index k € N*, then there exists a minimal time such that the Schrédinger equation
(5.1.1) is controllable along the ground state solution.

A further example of bilinear control problem is represented by the heat equation with a
controlled potential

duu(t,x)—32u(t,x) + p(Ou(x)u(t,x) =0, (t,x)€(0,T)x(0,1),
u(t,0)=0, u(t,1)=0, (5.1.6)
u(0,-) =ue(-) €(0,1),

where p € L?(0, T;R) is the control and stands for the temperature and y is an admissible
potential. More generally, one can consider a parabolic control system of the form

{ du+Au+p(t)Bu=0, te(0,T), (5.1.7)

U(O, ) = uO(')’
where A is a self-adjoint accretive operator on a Hilbert space and p(+) is the control function.
Alabau-Boussouira, Cannarsa and Urbani proved in [4] (see Chapter 2) a result of superex-

ponential stabilizability to the ground state solution of (5.1.7) when B : X — X is a linear
bounded operator such that there exists T > 0 for which

(By1,px) #0,  VkeNF,

e—2AkT (518)
—_— < 4+00.
Z |(Be1, ¢i)]?

keN*

Moreover, we proved in [3] (see Chapter 3) a result of exact controllability for (5.1.7) to the
ground state solution in X, under the following condition on the linear bounded operator
B:X—-X

(Bp1, 1) #0, and3 b,q>0, suchthat AJ[(Byy, )l =b Vk>1. (5.1.9)

When B is defined as Bu = uu for all u € X (under suitable assumptions on u), several
examples of applications of these two abstract results are also given in [4, 25, 3].
Observe that, in both [4] and [3] the weaker condition

(Bo1,r) #0,  VkeNF, (5.1.10)

is necessary to have (5.1.8) and (5.1.9).
In practice:
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e even though conditions (5.1.4), (5.1.8) and (5.1.9) are satisfied generically, it is not so
easy to exhibit a large explicit class of real valued potential u satisfying them and only
few examples of suitable potentials are available in the existing literature,

o these examples also are based on the knowledge of the explicit form of the eigenvalues
and eigenfunctions. However, if one changes, for instance, the boundary conditions
from Dirichlet-Dirichlet to Dirichlet-Robin, the eigenvalues cannot longer be explicitly
represented.

Therefore, some natural questions that raise are:

1. Is it possible to exhibit large classes of functions u satisfying (5.1.10)?
2. Can we build a general constructive algorithm to build such functions u?

3. Is it possible to extend Beauchard and Laurent controllability results for Schrodinger
equation and Alabau-Boussouira, Cannarsa and Urbani superexponential stabilization
[4] and controllability [3] results for parabolic equations, and further existing results
for other equations to more general boundary conditions?

The purpose of our work has been to give positive answers to these questions and, in particular,
to give a general algorithm to provide a large (infinite) class of explicit real valued potential
u satisfying (5.1.10).

Let us describe the general framework that can be considered for bilinear control systems by
using spectral properties of the eigenvalues and eigenfunctions associated to the infinitesimal
generator of the semigroup —A.

Let X be a separable complex Hilbert space equipped with a scalar product denoted by (-, )
and the corresponding norm || - ||x.

Fix T > 0 and consider the following bilinear control problem associated to the pair (A, B)

u/(t) + B, Au(t) + Bop(t)Bu(t) =0, te<[0,T]
(5.1.11)
u(0) = uy,

where f3;, B, are given suitable complex numbers.
The control operator B is defined as follows. We consider real valued potentials 4 € Y where
Y is a suitable subspace of X so that the multiplication operator B defined by

Bv=uv, VvelxX, (5.1.12)

is well-defined on X and such that B € £ (X).

Let A : D(A) € X — X be a given unbounded linear operator acting on X. The operators
that we consider for applications are differential operators. We shall denote in the sequel by
A, the unbounded operator when we do not precise the boundary conditions to which it is
associated.

For the sake of simplicity, we fix the spatial domain as Q = (0,1). We set X = L2(Q), A= —A,
that is the Laplacian operator with some admissible boundary conditions denoted by (BC) (so
that the associated elliptic problem is well-posed) and B the multiplication operator defined
in (5.1.12).
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Observe that, taking 3, = 8, = —i, we recover from (5.1.11) the bilinear control problem
(5.1.1) for the Schrodinger equation, while by choosing ; = 8, = 1 we obtain (5.1.6) from
(5.1.11).

Examples of boundary conditions (BC) that can be imposed to u € D(A) are Dirichlet-Dirichlet
boundary conditions denoted by (DD), Dirichlet-Robin boundary conditions denoted by (DR),
Dirichlet-Neumann boundary conditions denoted by (DN), Neumann-Neumann boundary
conditions denoted by (NN), ...:

(DD) u(0)=0, u(1)=0,

(DR) u(0)=0, w(1)+u(1l)=0,

(DN) u(O) =0, u/(l) =0, (5.1.13)
(NN) w/(0)=0, w(l)=0,

Note that the domain of A is defined with respect to the chosen (BC) among the above ones.
The method that we present is valid for different boundary conditions and allows to prove new
controllability results for bilinear Schrédinger equations as well as for parabolic equations. It
also gives a large variety of explicit classes of real valued potentials u for which the existing
controllability results are valid.

Our goal is thus to find and explicit algorithm to select functions u in certain classes of func-
tions that satisfy

1
f w(x)p1(x)pr(x)dx #0, Yk € N*. (5.1.14)
0

The more refined asymptotic behavior (5.1.4) required as sufficient condition in [11] for
Schrédinger equation with (DD) boundary conditions, or of the form (5.1.8) and (5.1.9) for
parabolic bilinear control systems in [4, 3] respectively, can be proved more easily than the
above (necessary) nonvanishing condition. This will be shown in the sequel.

5.2 Main results

We present the following key result based only on the property that (¢, A ) are the eigenfunc-
tions and eigenvalues of the Laplacian operator (without specifying the boundary conditions).
Let Ag 1.qp De the second order differential operator defined by

dz
AO,Lap = _@; (5.2.1)

and let (¢, A )ren+ be any pair that solves
Ao,Lap Pk = Mcis il lx # 0. (5.2.2)

Moreover, we define the positive constants
ag :=2(A; + Ap). (5.2.3)

Theorem 5.2.1. For any pair (py, A;) that solves (5.2.2), for any function u € H*(0,1) and
for any k = 2 the following relation holds
1

1
(A — l1)2J p(x)e1 () @r(x)dx = f Ti(u)(x) 1 ()i (x)d x + Bg (1) (5.2.4)
0

0
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where Ty : H*(0,1) — L?(0, 1) are the linear operators defined by
Te(w) == [ + "], VYueH*(0,1), VkeN, (5.2.5)
and Bg . : H*(0,1) — R are the linear operators defined by

BG,k(H) =
—" (D [e1(Der/(1) + 1/ (D] + uB (1)1 (D)pr (1) + 4”(0) [91(0) 01 /(0) + 1 /(0) 0, (0)]
—u®(0)p1(0)x(0) + p/(1)[(A; + A1 (Dpr (1) + 2601 /(1) i /(1)]
—p/(0) [(A1 + A)91(0) 1 (0) + 291 /(0) 01 /(0)] + (1) (A — A1) [91/(1) i (1) — 01 (1) /(1)]

+u(0)(Ai — A1) [1(0) i/ (0) = 91/(0)p,c(0)],
(5.2.6)

for all u € H*0,1) and k € N*,

Proof. Thanks to (5.2.2) we have the following identities:
1 1
/lkj p(x) 1 ()i (x)dx = f (/) 1(x) + p(x) 1 /(x)) /() x — p(x) i1 ()i /()]
0 0

1 1
A f pl)p1(x)epi(x)dx = J () () + p() i/ (x)) 1 /(x)dx — p(x)ip2/ () ()] -
0 0
(5.2.7)

Taking the difference between the first and the second equation in (5.2.7), we obtain

1

1
(Ak—%)J M(X)%(X)(Pk(x)d)f:f w/(x) L1 ()i’ (x) — @1/(x)pi(x)]1dx
0 0 (5.2.8)

— ) [91(0) i/ (x) = @1/(x) 0 ()]l -
Now, recalling that ¢;/(x) = —A, ¢, (x), for all k € N*, we compute the following equalities

1

1
?ka w(x)%/(X)wk(X)dx:—J w/(x)p17(x) gy (x)dx
0

0

1
= J (wr@11)/(x )i/ (x)dx — p/(x) 1 /(x )i/ ()|
0

1
= f [ /() = 2 /()01 () ] /() dx — /() ep () pi ()]
0
(5.2.9)

By exchanging the indices 1 and k we have that

1 1
llf p/(x)p1 ()i /(x)dx =J [ ()i (x) = At/ () () | 01 /(3 )dxx— /(3 )p 1 /(3 Yo () -
0 0

(5.2.10)
We consider the left-hand side of (5.2.9) and we integrate by parts:

1 1

lkf w/(x)p1/(x) @ (x)dx =7Lk(u/(X)<p1(x)cpk(X)lé—f (u/sok)/(xwl(x)dx)
0 0

1

()1 ()i (x) + /()1 ()i (x)) dX) .

(5.2.11)

= A (W(X)SO1(X)<P1<(X)|(1) —f
0
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Using (5.2.11) inside (5.2.9), we get

1 1

w’ ()1 ()i (x)dx — Ay f w/(x)p1(x) g/ (x)dx

lkﬂ/(x)%(x)%(x)%—lkf
0

0
1

1
=f u”(X)tplf(X)cpk/(X)dx—llf /()01 () pi/(x) — /()1 /(3 )i/ ()
0 0
(5.2.12)

and therefore, recasting the terms (5.2.12) becomes

1 1

1
(?\k—?\l)f w(X)sal(x)wk/(X)dx=—J u”(X)W(X)wk/(x)dx—/lkJ w’ () pq ()i (x)dx
0 0 0

+ () p1/00) i/ (X)lg + Agea (1)1 (X)) (X)) -
(5.2.13)

By exchanging the indices 1 and k in (5.2.13), we obtain

1 1

1
—(lk—ll)J W(X)cpl/(xwk(X)dx=—f u”(X)cplf(X)tpk/(X)dx—llf u’ ()1 ()i (x)dx
0

0 0
+ /()01 /() i/ () g + A/ ()1 () ()] -
(5.2.14)

Adding (5.2.13) to (5.2.14), we get

1 1
(Ak—ll)f /() (01 () @r/(x) = 01 /(x)pp(x)) dx = — J p () ip1/(x) i/ (x)dx
0 0

1
— (A + MJ w’ (x) @1 ()i (x)dx
0

+ (A + 4w ()1 ()i (x)]g

+ Zu/(x)apll(X)tpk/(X)kl),
(5.2.15)

and using (5.2.15) in (5.2.8), we obtain

1

1 1
(kk—kl)zf M(x)¢1(x)90k(x)dx=_2f u”(X)cplf(X)sok/(X)dx—(lk+/11)f w’ (x) 1 ()i (x)dx
0 0

0
+ (A + A ()1 ()1 () g + 20X )1 /() @i/ ()
— (e = ADp00) [91 () @i () — 01/ pi ()] -

(5.2.16)
On the other hand, we have that
201/(x) (%) = (1901)" () + (A + A )1 ()i (). (5.2.17)
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We use expression (5.2.17) in the first term on the right-hand side of (5.2.16) and we get that

1

1 1
Zj u” ()1 /() i/ (x)dx = f p () (1) (x)dx + (A, + Ak)f p ()1 ()i (x)dx
0 0

0

1
= u(x)(1 (%)) —J p”(x)(p1pr)/(x)dx
0

1
+ (A + 24) f W ()91 () @i (x)dx
0
= u(x)(1 9]y =" ()91 ()i ()]

1 1
+ f pO )1 ()i ()dx + (A + ?\k)f ()1 () (x)dx.
0 0
(5.2.18)

Thus, thanks to (5.2.18), (5.2.16) becomes

1

1 1
(lk—M)ZJ p(x )1 (x) iy (x)dx =—f pD ()91 ()i (x)dx —2(24 +7Lk)f " (x)ip1 ()i (x)dx
0 0

0
"

— 1)1 0] 1 ()01 (X))
+ (A + Ak)W(X)‘Pl(X)‘Pk(XN(l) + ZM/(X)Wlf(X)¢k’(X)|(1)
— (A — 2)u() L1 () @/ () — 01 /()1 ()1
(5.2.19)
that can be rewritten as (5.2.4). O

In the following Theorem we derive a relation to express (ug;, ;) through higher order
derivative of u. For this, we introduce for any n € N* and any k = 2, the following inductive
boundary linear operator %, on H*'(0, 1) as follows

Definition 5.2.2. Let (@, Ai)ren be any pair that solves (5.2.2) and let a; be the constant in
(5.2.3). We define, for any n € N* and any k = 2,

n—1 n—p—1
R o) = D (A —2)2(=1) > L ol [Be (u 07201 4 e H¥(0,1).
p=0 =0

(5.2.20)

Remark 5.2.3. Note that this definition is valid for any boundary conditions that can be asso-
ciated to the Laplacian operator Ay 14, (in such a way that the corresponding elliptic problem is
well-posed in a suitable Sobolev space for its corresponding variational form).

Remark 5.2.4. Observe that the operator Z ., involves only derivatives of u (as well as deriv-
atives of the eigenfunctions ;. and ) at the boundaries of the interval (0, 1). This is the reason
why we called it boundary operator with respect to u.

We denote by [-] : R — Z the function that associates to every real number x the smallest
integer greater or equal to x.

Theorem 5.2.5. Let (¢, A )ken+ be any pair that solves (5.2.2) and a, be defined by (5.2.3).
For any function u € H**(0, 1), for any n € N* and any k > 2, we have the following inductive
formulas:
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®

1

1
(lk—?\l)z”f M(X)%(X)tpk(X)dX=f T () (x) @1 (x)pr(x)d x
0 0

- (5.2.21)
+ D =A% [Bo (T (w))],
p=0
where T}'(u) = (T o+~ o T)(u) and TO(u) = Id,
| —
n
(ii)
P
TP ()= (—1) Y Clalp®=2),  ypeNr, (5.2.22)
1=0
where the notation CIZ7 stands for the binomial coefficient Cll) = (? ) = “(S—il)l, forall 0 <
[<p,
(i)

1 n 1
(xk—xl)znf u() 1 (x)pi (x)dx =(—1)“Zc,§a§<f ()i, () pr(x)d x
0 1=0 0

+ '%G,k,n(.u’)ﬁ
(5.2.23)

where for any function u € H**(0, 1), any n € N* and any k > 2, the following identity

2(n—1) min(r,n—1)
Ropa)= D Bor(u®) > (1Y Ta (A= 2"V (5.2.24)
= <71

holds.

Proof. (i) We proceed by induction on the index n € N*. For n = 1, we have proved the
validity of formula (5.2.4) in Theorem 5.2.1. Suppose (5.2.21) holds true up to index
n. We shall prove that it also holds for n + 1.

Consider equation (5.2.21) and multiply it by (A, — A1)?:

1 1

p()p1 ()i (x)dx =(Ay —ll)zf T () (x) @1 (x)pr(x)d x
0

(A — A )20 f

0

n—1
+ D (= 22D [Bg (1777 (w))].
p=0

Then, for the integral term on the right-hand side, we use the identity (5.2.4) applied
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to the function T,'(u) and we obtain

(A‘k _ 11)2(n+1) J.

0

1 1

p(x)pr(x)px(x)dx = f T (T () (x )1 () ipi (x)dx + B 1 (Ty (1))
0

n—1
+ > (A = A 20D [Bg (1777 ()]
p=0

1
- J TP ()01 () () + B (TE)
0

+ D (=A% [Bo (T ()]
p=1

1
=f T (W) ()1 ()i (x)d x
0

n
+ D (=A% [Be (TP (W) ]
p=0
which is exactly equation (5.2.21) with index n+ 1. This concludes the induction argu-
ment.

(ii) To prove formula (5.2.22), we use again an induction argument on the index p € N*. If
p =1 we have

1
Ti(w) = (1) ), Ciagu™2"
‘ ; 1K (5.2.25)

= —ap”
that is the definition of the operator T,. We suppose that (5.2.22) holds till the index p
and we prove it for p + 1:

p
Ti(T{ (W) = Ty ((—DP >, c;,aiu“ﬂ”)
=0
p
= (-1 D Cha Tu(u® ")
=0

p
— (_l)p Z C}l) ai(_‘u(4p721+4) _ C‘k‘u(4ple+2))
1=0
p+1
=(=1)P*! Z C;Haium(pu)—zz),
1=0

(5.2.26)

where we used the relation for the binomial coefficients CZ) + Cll)_1 = C; +1- Hence
(5.2.22) also holds for p + 1. This concludes the induction argument to prove (5.2.22).

We deduce the inductive formula (5.2.23) using (5.2.22) in (5.2.21) together with the
linearity of the operators T, and Bg .

(iii) We now prove (5.2.24) as follows. We make the change of index r =2(n—p—1)—1[ in
the second sum of (5.2.20) defining % ; ,(u). This gives

n—1 2(n—p-1)
—p— 2(n—p—1)—r _2(n—p—1)—
R nl) =D (A —A)P(—1) 2t D g (y(0),
p=0 r=n—p—1
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Then, we perform another change of indices, replacing p by j = n—p — 1. We obtain

n—1 2j
R jen(1) 1= D (A= AT (1) D 7 0l B (ul). (5.2.27)
j=0 r=j

We can rewrite (5.2.27) as

—1 2j
R n) =D Brs D TijrTir (5.2.28)

j=0 r=j
with A A
Brj = (g = 2,)2 T D(-1Y

_ ~2j-r 2j-r
Yirj = €)7o

Ok = B ().
Therefore, we have

n—1 2j n—1 2j
Z ﬁk,j Z Yk,jr Ok, = Z Z ﬁk,j)’k,j,r(fk,r
j=0  r=j =0 r=j

2(n—1) min(r,n—1)
= Z Z ﬁk,j}’k,j,r(fk,r

=]

2(n—1) min(r,n—1)
= Ok,r Z Yk,j,rﬁk,j-
=

We conclude thanks to the equality Cjzj = er_j :

2j—r __ j! r—j j!

< C@jemG-ny < C(r=pr2j-nr
O

From now on we denote by &, (R) the space of real valued polynomials of degree q on R, and
by #(R) the space of real valued polynomials on R.

Definition 5.2.6. We define the function R.(-) : R > R as

— T
R(a):= Y (-1Ya/C[’, VaeR. (5.2.29)
=31
Corollary 5.2.7. Let u € Z,(R) and n be such that 2n > q. Then, for any k = 2, the following
inductive formula holds

1 n—1 )L _A{ 2(n—1) 2
(ak—xl)znjo u(x)gol(x)sok(x)dx=;Bak(um)—( : ai) Rr((ak(ﬁxl))

k

(5.2.30)

where (¢, Ai), for all k € N*, are the eigenfunctions and eigenvalues associated to Ag 14, and
ay is given by (5.2.3). Moreover, the following inequality holds

2
Ak
k= 2. 5.2.31
(Ak —7\1) >4, V ( )
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Proof. We use the inductive formula (5.2.23) for n > 2q. Looking at the first term on the
right-hand side of (5.2.23), we observe that the involved derivative of u with the lowest
order is u®™. Thus, since u is a polynomial of degree q, with q¢ < 2n, then all the terms of
ZLO fol u@=2D(x )¢, (x)pr(x)dx vanish. The second term on the right hand side is R (W)
which is given by (5.2.24). Thus for r > n, we have 2r > 2n > g, so that u®” = 0 and
BG,k(u(zr)) =0 for all r € [n,2(n—1)]. Using this property in (5.2.24), we have

n—1 r
R ) =D B (@) > (1Y C o (A — 1) D, (5.2.32)
r=0 i—[r
J [ 2 -|
Therefore, we can easily conclude by using the definition of R, and a. O

We concentrate now on the operator R.(a), with a > 4 arbitrary. We shall prove that it has a
precise sign depending on the parity of r.
If risodd, r =2m+ 1, m > 0, we have

2m+1

j ~2m+1—j
Romn(@)= D (=ay ;™7

j=m+1

and we perform the following change of variable s = j — (m + 1) obtaining
m
Ropmia(a) = Z(—a)”m“c‘;ﬁ;sﬂ. (5.2.33)
s=0

If r is even, r = 2m, m = 0, the expression of R, is
2m
j ~2m—j
Rym(a) = D (—a) G,
j=m
and if we introduce the variable s = j —m, we get

m

Rom(@) = Y (—a)*™Cly. (5.2.34)

s=0

In the following Lemma we prove a relation between three consecutive elements of the se-
quence {R,(a)},, where a > 0 is fixed.

Lemma 5.2.8. Let a > 0. Then, the sequence {R.(a)},, with R,.(-) defined by (5.2.29), satisfies
Rom(@) = —a (Rym—2(a) + Ry (), (5.2.35)

and
Romi1(@) = —a(Ryp—1(a) + Ryp(a)) (5.2.36)
forany m>1.
Proof. We can compute the expression of R,,,,, using (5.2.34):
m+1
Romaa(a) = (—0)™1 > (—a)f CIMHLs, (5.2.37)

s=0
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Moreover using in (5.2.37) Pascal’s formula for the binomial coefficients, that is: C,’f + C,’f“ =
C*1foralln>0and forallk =0,...,n—1, we have

n+1
Ropia(@) = (—a)™*! {1 +> (~ayCrtis+ (—a)m“}
s=1
m
= (—a)y™*! {1 + D> (—af(CIE + Crsty + (—a)m“}
s=1

— |:(_a)m+1 + (_a)m+1 Z(_a)scnn;_ssi| + (_a)m+l |:Z(_a)scnn11+ss+1 + (_a)m+1:|
s=1 s=1

m m—1
— (_a)m+1 Z(_a)scr;n;s + (_a)m+1 |:Z(_a)s+1 Crrrrll:ss+1 + (_a)m+1:|

5s=0 s=0
m m
= (o)™ D () Cpt + () D (e O
s=0 s=0

= —aR,,(a) — aRyp1 (@),

and therefore
Romya(a) = —a(Ryp(a) + Ry (@)).

Thus, since we have prove the relation for R, when r is even, we can recover formula (5.2.35)
Rym(a) = —a(Ryy—s(a@) +Rypq(a)).

Let us show what relation R, satisfies for r odd:
m
Ryper(@) = (o)™ > (—a)CI2,
s=0

m—1
= (—a)y™! [Z(—a)sc,;“;;l + (—a)'“]

s=0

m—1
= (~a)™! [Z(—ar (Cp+ )+ (—a)m]

s=0
m—1 m—1
= (=)™ > (—ay Tt + (—a)™ [Z(—aycg;; + (—a)m]
s=0 s=0
=—aRyn_1(a) —aRyy(a)
that implies formula (5.2.36). O

Lemma 5.2.9. Let R.(-) be defined by (5.2.29). Then, it holds that
Ry () >0, Va>4,Ym=>=0, (5.2.38)

Rymir(@) <0,  Ya>4,¥Ym=>0. (5.2.39)

Proof. We define the following vectors

[ Ram(a) _ [ Ram—a(a)
U'"(“)‘( Romn (@) ) Una(@) ‘( Rops(t) ) (5:2.40)
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for all m > 1, and thanks to (5.2.35) and (5.2.36) we can write the following relation

Lo Rom () - — 11 Ryp—o(a)
( a 1 )( R2m+1(a) )_ a( 0 1 )( R2m71(a) ) (5241)
We set
Moo= 19 v 11
T \e 1) o1

then, (5.2.41) becomes
MU, (a) =—aNU,,_;(a), Vm=>1. (5.2.42)

Observe that det(M,) = 1 for all @ and therefore M,, is invertible and we can rewrite (5.2.42)
as follows

Uy(a)=—aM;'NU,_,(a). (5.2.43)
A » 11
Let us set A, := —aC, with C, := M'N = o 1—a ) Hence, we have U,,(a) =

A,U,_1(a) for all m > 1 and it holds that
Un(@) = AuUp1(@) = A (AU o(0)) = -+ = ATUp(a) = (~a)"CJUp(a)  (5.2.44)

where by definition of R,.(a), we have

Uo(a) =( ﬁ‘;gg; )=( _1a ) (5.2.45)

To compute éy for any m € N, we prove below that we can diagonale the matrix C,. For this,
we look for its eigenvalues. Its characteristic polynomial IT is given by ITI(1) = A2 +(a—2)A+1
for all A € R. The eigenvalues of C, are real and distinct if and only if

0, :=ala—4)

is such that 6, > 0. This holds in particular for all a > 4.

2
We recall that, for our analysis, we are interested in studying R,.(a) for a = ( lk(ﬁ(ll) for all
k = 2, and where the coefficients a; are given by (5.2.3). Thanks to the inequality (5.2.31)

203

2
proved in Corollary 5.2.7, we have ( p— ) > 4 for all k > 2. This implies that we only need

to consider the matrices C, for parameters a > 4. For all these cases, the matrices €, have
thus always two distinct real eigenvalues given by
2—a—+/0,

2—a+4/6
+ a - —
Aéa = 5 , Aéa— 5 (5.2.46)

and corresponding eigenvectors given by

. 1 o 1
fe,= AL -1 ) fe,= A -1 ) (5.2.47)

The diagonalization of the matrix C, is given by €, = QaDaQ;1 where D, is the diagonal
matrix formed by the eigenvalues, and Q, is the matrix of the eigenvectors f C* and fé_, SO
that ‘ ‘
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We can easily get that

1 l_ -1
Q' =——F=
=l )
Thus, we have for any m € N é‘ "= QaDmQ_l. ThlS implies that for or any m € N, we have
1 [ RIIA=20)+02)0L - D) L=
« /0, —(7L+ —D@A; - 1)((7L+ "= (l M (Amg —D=( )m(l_ -1
(5 2.48)

It is possible to simplify the above expression of CA,’Z‘ Observing that

—a++/0
At —1=—X 2 p —1=— Y ¢
Cy 2 Cy 2

we have (Ag — 1)(7% —1) = a. Moreover, we also have
+ 4= —
Aéa )Léa =
Thus, we obtain
—ymqy+ + \ym(y— — (22— yn—1lra— 9+ - + ym=1lrq+ 97— +
(Aéa) (Aéa - 1) - (Aéa) ()Léa - 1) - ()Léa) (Aéaléa - Aéa) - (Aéa) (Aéa Aéa - Aéa)
— (= Y1l _a—Y_(at yn—1lp1 _ 1+
= ()" =20~ (LI A=AE),
Thus, (5.2.48) is equivalent to
+ ym—1 + — ym—1 — — \ym + ym
+ \m — ym — ym(y— + ym(y+
(5.2.49)

a /9a
So, we can rewrite U, (a) as
il )
Up(a) = Cy
0, —a

[ QLTI -AE) -0 ) A2 ) = el ) = (A ™
- \/9—(1 a(()t-é-u)mﬁ—l _(Aga )rn+1) .

(5.2.50)
Furthermore, since both the eigenvalues are strictly negative, we can use that
i _— |yt | — —
Aéa = |)Léa|’ 1=+,
inside (5.2.50), obtaining
m m— + |m-1 + m—1 + |m
—&@(4)1(|%J (122 D= 1A "1+ 1A D+ a2 " I%J))

Um(a): m+1 m+1
NCH MM&W‘IAI+)

I/1+ ™ 1(1+I/1+ I—aW D—1Ag "™ '+ e |—alAz )
- Qa a(|)'+ |m+1 |l |m+1)
(5.2.51)
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Now, we introduce the function f,,(x) = x™ (1 + x —ax), m > 1, a > 4, and we observe
that (5.2.51) is equivalent to the following formula

( Ran@ \_ o [ Fal2ED=Fnl2Z D)
U’”(a)_(mmﬂ(a)) Vo, (a(w et 2 iy ) 6252

To deduce the sign of the first component of U,,(a), we study the variation of f,,:
frn(x)=(m-—1)x""2+mx™(1—a).

Thus, f,, has a maximum at x = Moreovet, since 0 < % < 1 and a > 4, we deduce

m(a 1)
that 0 < Ta 11) < 2=7. We claim that
o<-m=t 1 <AL<|As ] Vm>1,Va>4 (5.2.53)
< ' R m>1,Va>4. 2.
mla—1) a—1 Ca Ca

Indeed, it is easy to check

1 a—2—4/6,

<
a—1 2

, Ya>4.

Moreover,

a—2—\/9a a—2+ \/

P _
e | = 3 =2 |

Hence, since f,, is strictly decreasing in I:m(a L +oo) and thanks to the above inequalities,
we get that fm(lkg D> fm(|7Lé |). Thus, we have

Ron(@) = <= (£ (122 D= FulAE D) >0, ¥m=1,Va>4,

7l

(5.2.54)
am+1 + | +1 | | +1
Rypey (@) = (MA mtl_ |3 |m )<o, Vm=>1,Va>4
2m+1 ,\/G_a C, Cy
Note that thanks to (5.2.45), we also have Ry(a) > 0 and R,(a)) < 0 for all a > 4. O

5.3 Example of application with respect to the choice of bound-
ary conditions: Dirichlet-Robin boundary conditions

In this section we consider the Laplacian operator A, ;,, associated with mixed boundary
conditions of (DR) type. The eigenvalues and eigenfunctions are now precisely defined by
the spectral problem

— 7 (x) = A pr(x), x €(0,1),
(5.3.1)
er(0)=0, ¢r(1)+¢/(1)=0,
for all k € N¥, and are given by
=rg i) = myesin(rex), (5.3.2)
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where r, are the positive solutions of
sinry +rcosr, =0, (5.3.3)
and 7, > 0 are defined by

M= V2I——rk  YkeN (5.3.4)
/T2 +sin®ry

Proposition 5.3.1. The following properties hold

3
rke(g+(k—1)rc,7ﬂ:+(k—1)n),Vk€N*, (5.3.5)
and -
sinr, = (1) sinr| = (1) ——. (5.3.6)
re+1

Proof. Thanks to (5.3.3), we know that cos r # O for all k € N*, thus (5.3.3) is equivalent to
the equation tan(r;) + r, = O for all k € N*. Observing that tan(BT“ +(k— 1)71:) + 37“ +(k—
Dn=-1+ 37“ + (k—1)rt > 0 for all k € N*, we easily deduce (5.3.5). On the other hand,
using once again (5.3.3), we obtain

sin® ry = rf cos® rp = re(1—sin®ry),

so that -
|sinr| = k| (5.3.7)
ri+1
We deduce (5.3.6) thanks to (5.3.5). O
We set 1
Ypi=———, Vk=1 (5.3.8)

‘/r12+11/r£+1,

From Theorem 5.2.1, we deduce the following formula for the Fourier coefficients of u¢p;.

Corollary 5.3.2. Let (¢, Ai)cen+ be any pair that solves (5.3.1). Then, it holds that
Bgx(u) = Bi(u) + Ce(n), YueH*0,1), Vk=>2, (5.3.9)

where the linear operator Ty is defined in (5.2.5) and the linear operators B, : H*(0,1) — R
and Cy : H*(0,1) — R are respectively defined for all k > 2 by

Bi(w) = mmirire (1D My [ + A + 2) (1) + 20" (D) +pP(1)],  VpeH*(0,1).
(5.3.10)
Ce(u) = =201, reu’(0), Ve H*0,1). (5.3.11)

Moreover, the following identity holds

1 1
(Ak—me (e () pr(x)dx = f Te(W) ()1 ()i (X)dx + Bi() + Ce(w). (5.3.12)
0 0

Proof. We use identity (5.2.4) proved in Theorem 2.1. Thanks to the (DR) boundary con-
ditions given in (5.3.1) satisfied by ¢, and the expression of the eigenfunctions (5.3.2), we
easily deduce that (5.3.9) holds. By using the expression (5.3.9) for B in (5.2.4), we obtain
(5.3.12). O
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Proposition 5.3.3. For any function u € H**(0, 1) and for any n € N*, and any k = 2, we have

1 n 1
(/\k—/M)Z”J M(X)%(X)W(X)dx=(—1)”ZC}1(X§<J uA 20 (x) 01 (o) () dx+1y ey T Dy (1),
0 =0 0

(5.3.13)
where Dy, (+) is the linear operator defined on H*(0,1) by
2(n—1)
Dk,n(‘u') — Z [(_1)k—1Yk ((Ak + ll + 2)“(2r+1)(1) + z‘u(2r+2)(1) + M(2r+3)(1)) _ 2M(2r+1)(0)],
r=0
min(r,n—1) o
> (1Yo T (A — 4D,
i=[5]
(5.3.14)

where v, is defined in (5.3.8).

Proof. We use the formulas (5.2.23) and (5.2.24) of Theorem 5.2.5 together with the formulas
(5.3.9), (5.3.10) and (5.3.11). This concludes the proof. O

From now on, we drop the argument u in Dy, to shorten the notation.
We consider the even and odd terms with respect to the index k of D, ,, and we define

Ai,n = _D2i,n
2(n—1)
= > [rai (o + A1 +2)u@D(1) + 2u@ (1) + p@+3(1)) + 2u2+D(0)] -
r=0
min(r,n—1)

(=1YC a5l (g — A2,

=31
(5.3.15)
foralli > 1, and
Bin = Dait1n
2(n—1)
= > [rain (Ao + A1 + 2@ (1) + 2u@2(1) + p@ (1)) — 2u@+1(0) ]
r=0
min(r,n—1) o
(1Y ¢ a5 T (Rin — 2027,
i=[5]1
(5.3.16)
foralli>1.
Lemma 5.3.4. For any u € Z,(R), and any n € N* such that 2n > q, it holds that
n—1
Ain = D [12i (i + A0 +2)u@ (1) +2u@ (1) + p@+3(1)) + 2u2+D(0)] -
r=0 (5.3.17)

(Agi — M)z(nﬂ)R (( Qi )2)
a;i ' (AZi - A’l) ’
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foralli>1, and

—

n—

B =D [Yairr ((Raiss + Ay + 2u@ (1) + 227 D(1) + ur3(1)) — 2@ (0)]
=0

‘(7&21'+1 — Al)z(n_l)R (( Qoit1 )2)
Aip1 "\ (A1 — A1)

(5.3.18)

foralli>1.
Proof. We apply the formula (5.2.30) of Corollary 5.2.7 for k = 2i and k = 2i + 1. O

Since we have proved in Lemma 5.2.9 that the sign of R,.(-) depends only on the parity of r,
we are able to give sufficient conditions to build a polynomial u(-) that satisfies (up;, i) # 0,
Vik>1.

For any g € N*, we now choose the smallest n so that the assumption 2n > q of Lemma 5.3.4
holds, as follows

Definition 5.3.5.

if q is even, q = 21, thenweset n:=1+1=1+1,
(5.3.19)
ifgisodd, q=21+1, then we set n:=%+1=l+1.
This choice is now fixed in all the sequel. We set
a, :=puP 1) +2u®*2(1), r=0,1,...,1—1
b, := u?+(1), r=0,1,...,1—1(r=0,1,...,lifgisodd), (5.3.20)
¢, :=2ul+D(0), r=0,1,...,1—1(r=0,1,...,1 if g is odd),
and define the function
g.(x):= ‘/% (a, +(x+A;+2)b.), Vxe(Ay,+00). (5.3.21)

Remark 5.3.6. Note that if ¢ = 21 and defining n as in Definition 5.3.5, then it is still meaningful
to write a,_,, b,_; and c,_; (or similarly a;, b; and c;) but one has in this case a,_; = b,_; =
€1 = 0 (or similarly a; = b; = ¢; = 0). We may use the upper bound n—1 (or similarly 1) even
in the case q = 21 for shortening some statements as for instance the next Corollary.

Corollary 5.3.7. For any u € #,(R), choosing n with respect to q as in Definition 5.3.5, it holds
that foralli>1

n—1 _
1 (A — 2?7
A, = g () +c, | 22T R (1), 5.3.22
1,n r_O[mgr( 21) Cr:| agi r( 21) ( )
and
n—1 —
1 (Agipq — Aq )20 D
B, = |:—gr(A’2i+1) - Cr] 2 - - R, (T2i41), (5.3.23)
—oLvVA +1 2i+1
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where for all k > 2

Ak +2Aq )2
= > 5.3.24
Tk (%k T ( )
and ay, is given in (5.2.3). Moreover if u is such that
A, #0, B, #0, VieN" (5.3.25)
then
1
f p() 1 ()i (x) # 0,V k = 2. (5.3.26)
0

Our aim is to give an algorithm to build an infinite set of polynomials u € #,(R) such that,

choosing n as in Definition 5.3.5, we have (5.3.25). Notice that such polynomials are com-

pletely determined by the knowledge of u® for all k € {0, ...,q}, thanks to the (finite) Taylor

expansion of u at 1:

alaney
k!

p(x) = (x—1).

k=0
We shall prove that knowing the coefficients u®)(1), k = 1,..., q is equivalent to knowing the
coefficients (a,) and (b, ) for a suitable range of indices r (depending on the parity of g, see

(5.3.19), (5.3.20)).

Remark 5.3.8. Observe that knowing the coefficients u’(1), k =1, ...,q determines the poly-
nomial u up to a constant, namely u(1) is completely free at this stage.

For the sake of clarity, let us introduce the linear operator P, defined on the set #(R) by

Py(uw)=u(1), YVueP(R). (5.3.27)
We set
QO = Id - po, EO = PO:@ (R), FO = QO(@ (R), (5.3.28)
and for any g € N*
onq = PO‘@q(R)’ Fo’q = QO(@q(R)’ (5.3.29)

where Id denotes the identity operator on & (R).
Lemma 5.3.9. Let g € N* be given. We have the following properties

(i) If q is an even integer; that is ¢ = 2l with | > 1, then

for all ((a,)o<r<i—1, (b, )o<r<i—1), there exists a unique u € F 5 such that for all r € {0, ..

a, := ‘u(2r+3)(1) + 2u(2r+2)(1)’

(5.3.30)
b, = pr (1),
and u is determined by the relations
1
“(zr)(l)zi(ar—l_br): VTG{],...,Z—l},
(5.3.31)

M(2r+1)(1)=br; Yre{o,...,—1}.

.....
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(ii) If q is odd, that is ¢ = 21 + 1 with | > 0, then
for all ((a,)o<r<i—1,(b;Jo<r<1), there exists a unique u € Fy 5,1 determined by the relations

p(1) = %(GH —b,), Vrefl,..,1-1},
(5.3.32)

u®t(1)=b,, VY refo,...,1}.

,,,,,

thanks to (5.3.30).

Remark 5.3.10. Note that for q = 21, the second relation in (5.3.30) for r = L is still meaningful,
since it can be written as b; = 0 even though we are only interested in coefficients (b, )o<r<j—_1)-
This is due to the fact that u is assumed to be a polynomial of degree 21 in that case. In a similar
way, for q = 2l+1, the first relation in (5.3.30) for r = [ is still meaningful, since it can be
written as a; = 0 even though we are only interested in coefficients (a,)o<,<;—1)- This is due to
the fact that u is assumed to be a polynomial of degree 21 + 1 in that case.

Proof. Let q € N* be even, q = 21. Then, the second relation in (5.3.30) implies that
uP D) =b,,Yrefo,...,1—1}.

Choosing r = [ —1 in the first relation of (5.3.30) and since u is a polynomial of degree 21,
we have

1
@)= Zq,_,.
p(1) 5 di-1
Hence, changing r into r — 1 in the first relation of (5.3.30), we deduce that

HEI) = 2 (@, —b), Y 7 € (1. 1= 1),

Therefore, u®)(1), V k = 1,..., 2l can be uniquely determined from the coefficients ((a,)o<,<_1, (b:)o<r<i_1)-
Let g € N* be odd, g =21 + 1. Then, the second relation in (5.3.30) implies that

uP D) =b,, Vrefo,...,l}.
Hence, changing r into r — 1 in the first relation of (5.3.30), we deduce that

ue() = %(ar_l—b,), Vre{l,... -1}

Namely, we recover every u(1), k = 1,...,2I+1 from the coefficients ((a, )o<,<i—1> (b;Jo<r<1)-
O

Thus, in the sequel, instead of working directly on the coefficients (u(k)(l))k=1 o e shall

.....

determine sufficient conditions on ((a, ), (b,)) with the suitable range of indices r (depending
on the parity of q), which will ensure that

1
J u(x)p1 () p(x)dx #0, V k=2
0
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Remark 5.3.11. We observe that the coefficients ¢, = 2u"+*V(0) can be completely determined
from (M(k)(l)hgkgq since we have:

(1)
u®(0) : Z“ (kl))' )ik, (5.3.33)

Therefore, we can explicit the coefficients c, in terms of the coefficients ((a, ), (b,)) with the
suitable range of indices r (depending on the parity of q) as explained in the following Pro-
position.

Proposition 5.3.12. Let ¢ = 21 with | > 1, and ((a,)o<r<i—1,(b:Jo<r<i_1) be a given set of
coefficients. Then, we have

Mv

[2(k+1) 1

R =0,1...,1—1 5.3.3
@k (2k+1)!“”’<]’ PED T (5339

Let q =21+ 1with 1 >0, and ((a,)o<r<i—1,(b;)o<r<) be given. Then, we have

(I—D—r

2(k + 1) Z 1
Z b — — 4., r=0,1,...,1, (5.3.35)
(2Kk)! £ (2k +1)!

with the convention that Y7 -, = 0.

Proof. Let g =2l with [ > 1. We multiply by 2 (5.3.33) and set i = 2r + 1. On the left hand
side of the resulting equation we have c,, on the right hand side we separate the sum between
odd and even indices, and use (5.3.31). We easily get (5.3.34). For g = 21 + 1, we proceed
in a similar way to get (5.3.35) using (5.3.32). O

From Lemma 5.2.9, we know the sign of R.(7;) for all k > 2. Hence, looking at formulas
(5.3.22) and (5.3.23), we find out that a sufficient condition to guarantee the non-vanishing
property of A; ,,B;, will come from the choice of the sign of the factors in (5.3.22) and
(5.3.23), respectively, where n is chosen with respect to q as in Definition 5.3.5.

Assume that either

{0,1,....1—1}ifg =2,

{0,1,...,1}ifq=20+1,

ﬁgr(lm)+cr20,‘v’i21,‘¢r even,re{

{0,1,...,1—1}ifg =21,

.1 A -
O ifgeoit1, — vamsrGalte>0¥izl

3r* even, r*e{

{ and
———g.(Ay)+¢, <0,Yi>1,Vrodd, re 0.1,....[=1}ifg =21,
Va+1 {0,1,...,1}ifg=20+1,
» » {0,1,...,1—-1}ifg=2I, i
Ar*odd, r*e (Ay)+c<0,Vizx1

. 1
01, 1 ifqg=21+1,  Vao"
(5.3.36)

109



or that

=g () +e, <0, Vi1, Vreven, re{

{0,1,...,1—1}ifg =21,

dr, even, r, €

{0,1,...,1}ifg=21+1,
and
ﬁgr(kzl-)+cr20,\7’i21,k/r odd , re{

{0,1,...,1—1}ifg =21,
{0,1,...,1}ifq=21+1,

dr,, odd, r,, € {

. 1
Chaien

: oS

{0,1,...,1—1}ifg =2,
0,1,...,1}ifq=20+1,

(2,21')+Cr* <0, VlZ 1

{0,1,....1—1}ifg =21,
0,1,...,1}ifq=20+1,

1 g (Ay)+c, >0,Vix1.

(5.3.37)

Defining n with respect to g as in Definition 5.3.5, then, we observe that

(5.3.36) =>A;,>0,Vi=1,

(56.337)=>A;,<0,Vi=1.

Furthermore, assume that either

;gr()t'zi+l)_cr20:vizl:vreven:re {0’1’71_1}1fq=21’

VA+1 {0,1,...,1}ifg=21+1,

I7#* even . F* e {O,l,,l—l}lquZZ, L1 (A )— >0,Vi>1
TR0y ifg=2r 41, VRmS T Z R TS

{ and
g ()=, <O, ¥i 1, Vrodd, ref bt Ta=2
VA+1 {0,1,...,1}ifg=21+1,
0,1,...,1—1}ifg=2l,
35 odd , 7 € {EO Oy ifc}ll—qzz+1 g (i) = e <0, ¥i2 1

(5.3.38)
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or that

ﬁgr(xzm)—

{0,1,...,1—1}ifg =2,
{0,1,...,1}ifq=20+1,

¢, <0,Vi=1,Vreven, re{

L . [ -yig=21, L )
f, even, 7, =g (A1) —
01, 1}ifqe=2l+1,  Jaror 2

{ and
—==8(A41)—¢, = 0,Vi=1,Vrodd, re O.Lot =1 g =2,
VA {0,1,...,1}ifg=21+1,

{051771_1}1fq=21, . 1
{0,1,...,1}ifg=21+1, VYRS

I#, 0dd, #, € {

Defining n with respect to q as in Definition 5.3.5, then, we note that

(5.3.38) =B;,>0,Vi>1,

(5.3.39) = B;, <0, Vi>1.

C;*<O,Vi21

g (Agi1)—c >0, Vi1

(5.3.39)

Hence, keeping in mind that n is defined with respect to g as in Definition 5.3.5, we have to

check that there exist coefficients (a,, b,, c,) such that

A,>0andB;,>0,Vi>1, (5.3.40)
or

A, >0andB;, <0,Vi>1, (5.3.41)
or

Aj,<0andB;,>0,Vi>1, (5.3.42)
or

Ai,<OandB;, <0,Vi>1. (5.3.43)

If one of the options (5.3.40), (5.3.41), (5.3.42) or (5.3.43) holds, then (5.3.25) is verified
and it implies fol w(x)p(x)pr(x)dx # 0, ¥V k = 2. For the sake of brevity, we will analyze in
detail only choice (5.3.40), which holds true as soon as (5.3.36) and (5.3.38) are satisfied.

For this purpose, we introduce the following definitions:

e we say that property (27, ) holds if

Ao Ao
_ &) o ean) (5.3.44)
e we say that property (27, ,) holds if
gr-(Aa) .
——=—= <, Viz1], (5.3.45)
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e we say that property (2% ,) holds if
. < 8r(Agi11)

CVART

e we say that property (£, ,) holds if

Vi>1, (5.3.46)

gr(AZH—l)SC < gr(z'zi)

—— < <-—F—=u, Vizl, (5.3.47)
e we say that property (£, ,) holds if
gr()t2i) .
¢, <———=, Vi=>1], (5.3.48)
e we say that property (£;,) holds if
Ao
&) o yisa, (5.3.49)

v+l

Assume that (27, ;) holds for every r even, r € {0,1,...,[—1}ifg=2land r € {0, 1,...,1} if
q = 21 + 1, and that there exist r*, #* even, where r*,#* are in {0,1,...,l — 1} if ¢ = 2l and
are in {0,1,...,1} if ¢ = 21 + 1, such that (2,,+) and (£ ;.) hold respectively, then the first
properties in (5.3.36) and (5.3.38) are satisfied.

Moreover, if (£, ,) is fulfilled for every r odd, r € {0, 1,...,I—1}ifg=2land r € {0,1,...,1}
if g =21 +1, and there exist r**, #** odd, where r**, #** are in {0, 1,...,l—1} if ¢ = 21 and are
in {0,1,...,1} if g = 2 + 1, such that (£, ,..) and (£; ;..) hold respectively, then the second
properties in (5.3.36) and (5.3.38) are satisfied.

For the sake of simplicity and shortness, we will give conditions on (a,, b,) (with a suitable
range of indices r) to satisfy (5.3.44) and (5.3.47) with strict inequalities. Thus, to guarantee
that A;, >0 and B;,, > 0, Vi > 0 (where n and [ are defined with respect to q in Definition
5.3.5), we should give sufficient conditions on (a,, b,) to fulfill

VL Va1 {0,1,...,1}ifg=20+1,
] (5.3.50)
{0,1,...,1—1}ifq =2,
{0,1,...,1}ifg=21+1,

0,1,...,1—1}ifg=2I,
_ & (Ay) <c < gr(AZiJrl)’ Vi>1,Vr even,re{{ } q

A+l A+’

&r(Aaiv1) <c, <_M Vi>1,Vrodd,re {

For every k > 1 we define

Set

Ki = Uq + vV Uaiv/ Uait1s vl > 1. (5352)

Lemma 5.3.13. A necessary condition for (5.3.50) to hold is

{0,1,...,1—1}ifg=2l,
{0,1,...,1}ifg=20+1,
3 (5.3.53)
{0,1,...,1—1}ifg =2,
0,1,...,1}ifq=20+1,

a.>—K;b,, Vi=1,Vr even,rE{

a, <—K;b,, ViZl,‘v’rodd,re{
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Proof. From (5.3.50), the following compatibility conditions must hold

{0,1,...,1—1}ifg =21,

(A)+ & (Api41)>0, Vi=1,Vreven,re
8r(Ag; &rAgit1 {0’1’...’l}ifq=21+1’

{0,1,...,1—1}ifg =21,
{0,1,...,1}ifq=21+1,

& (Ag) +8,(A5:41) <0, Vi=1,Vrodd,re {

(5.3.54)
Recalling the definition (5.3.21) of g,(-), we have
1 1 o 1t
gr(le-)+gr(le»ﬂ)=ar(—+ )+br(“2 F1 ) Fain “1)
VUi 4/ U2i1 v Ui v Wi+l

1 1 Vi T /Uy
:(1/_'+«/_‘)(ar+( Ulz .“12+1+M1)br>
Wi Mait1 i + T

1 1
z(‘/u_ﬂ"‘m)(ar"‘(ﬂl"‘\/@v.‘hiﬂ)br)

1 1
:( + )(ar"l'Kibr).
Vvl v H2it

Hence, (5.3.54) is equivalent to

{0,1,....1—1}ifg =21,

a.,>—K;b.,, VYi=1,Vreven,re
{0,1,...,1}ifg=21+1,

{0,1,...,1—1}ifg =21,
{0,1,...,1}ifq=20+1,

a. <—K;b.,, Vi=1,Vr odd,re{

Remark 5.3.14. (K;);>; is a strictly increasing sequence and lim K; = +oo.
- i—+00

Lemma 5.3.15. Conditions (5.3.53) imply

{0,1,...,1—1} ifg =21,
{0,1,...,1}ifq=20+1,
$ (5.3.55)
{0,1,....1—1}ifg =21,
0,1,...,1}ifq=21+1,

b, =0, Vreven,re{

b. <0, Vrodd,re{

Proof. We proceed by contradiction. Let r be even, in {0,1,...,l — 1} if ¢ = 2[ and in
{0,1,...,1}ifg = 21+1, be such that b, < 0. From Lemma 5.3.13 condition 0 < a,+K;b, must

be satisfied Vi > 1. Taking the limiti — 400 in this inequality, we find 0 < ‘_ljgloo(ar +K;b,) =—o0.
Thus, the coefficients b, should be necessarily nonnegative, for every r eve;n, re{o,1,...,1—
1}ifg=2land r €{0,1,...,1} ifg=21+1.

Analogously, let r € {0,1,...,[—1}ifg=2land r €{0,1,...,1} if g = 2I+1, be odd and such

that b, > 0. From the second condition of Lemma 5.3.13, we get that a, +K;b, <0, foralli >
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1. Therefore, taking the limit i — + oo in this inequality, we obtain 0 > lim (a, +K;b,) = +o0.
1—+00

Hence, b, should be necessarily nonpositive, for every r odd, r € {0,1,...,l—1} if ¢ = 2] and

re{o,1,...,1}ifg=20+1. O

Lemma 5.3.16. The first condition in (5.3.53) holds if and only if

{0,1,...,1—-1}ifqg=2l,
—K;b.<a,, Vreven,re . (5.3.56)
{0,1,...,1}ifg=21+1,

The second condition in (5.3.53) holds if and only if

{0,1,...,1—-1}ifqg=2l,
a, <—K;b,, Vrodd,re . (5.3.57)
{0,1,..., 1} ifg=21+1,

Proof. If a, > —K;b,, Vi>1,Vreven, r€{0,1,...,1—1}ifg=2l and r € {0,1,...,1} if
q =2l +1, then (5.3.56) trivially holds. Vice versa, if (5.3.56) is verified, then, since (K;);>;
is strictly increasing and from Lemma (5.3.15) b, > 0, we get

. {0,1,...,1—-1}ifqg=2l,
—K;b. < —K;_1b, <+ <—-K;b,<a,, Vi=1l Vreven,re
{0,1,...,l}ifg=20+1,
Ifa, < —K;b,,Vi>1,Vrodd, r € {0,1,...,1—1}ifg =2l and r € {0,1,...,1} if g =
21 + 1, then (5.3.57) trivially holds. Vice versa, if (5.3.57) is satisfied, since (K;);>; is strictly
increasing and from Lemma (5.3.15) b, < 0, we have

{0,1,...,1—1}ifg =2,

a, <—K;b, < —Kyb, <---<—K;b,, Vi=1,Vrodd,re
0,1,...,1}ifg=21+1,

O
In summary, necessary conditions for (5.3.50) to hold are
b, >0
{0,1,...,1—1}ifg=2I,
Vreven,re )
{0,1,...,1}ifg=21+1,
—K;b, <a,,
{ and (5.3.58)
b, <0
0,1,...,1—1}ifqg=2l,
Vrodd,re { yifq
{0,1,...,1}ifg=20+1,
ar < _Klbr,

114



We define the following functions

L= e, Vizl, ()= S
Li=y(/m), Yizl, (x) o= S

(5.3.59)
Tii= il (Vlgie1), Viz1, (x):= 7=,

Ql :Vtu‘lg(VAU'Zi)’ VIZ:I., g(X) = x];%—l’
and the quantities
(I=1)—-r

. [2(k+1) 1

], r=0,1...,1—1, when q =2l

_2(l=r+1)
Mt = a =),

Lemma 5.3.17. The following properties hold true:

1+ Gy, r=0,1...,l—1whengq=2[+1.

o {J;};>1 is a positive, strictly increasing sequence,

. 41 +u,)

< miny(y/piz),
251

{T;}i>1 is a positive, increasing sequence and T; < 1 forall i > 1,

{Q;}i>1 is a positive, decreasing sequence and Q; > 1 for all i > 1.

¢, =2b,—a,+G,,Vr=0,1...,1—1, when q=2I,
(5.3.60)
¢ =2b,—a,+M,;,Yr=0,1...,1—1,¢,=2b;, whenq=21+1.

Proof. e It is easy to check that ¢/(x) = W@(Xﬂ%ﬂw > 0 for all x > ,/u;. Hence,

0<J;=p(Vu3)<J;, Vi>1. (5.3.61)
e It can be easily proved that 1(-) has a minimum over (1/,/fi;, c0) at x = % + /U1

Moreover we have (1/1/ 1) <1< /Uy < /Ugisq foralli> 1. In addition, 1 is strictly
increasing for x > —— —= /i . Therefore,

401+
w = min w(x) < mlm,b(,/,uzl) = mlnL . (5.3.62)
Uq x>1/ /0y
e The derivative of { is given by {/(x) = (XFH)Z > 0. Thus,

V14 U3 < vV 14/ Uit

<1, Vi>1. (5.3.63)
Vi + 1 /g +1
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e It is easy to prove that £/(x) = Wﬁ < 0 that implies

1< V1V o < V1V 2
VIO =1 Jiyip =1

Vi>1. (5.3.64)

O

Theorem 5.3.18. Let (A;,,B; ,)ien- be defined as in Corollary 5.3.7 with respect to the coeffi-
cients (a,, b,) (with r in a suitable range of indices, depending on the parity of q). We present
the algorithm that allows to find coefficients (a,, b,) such that A; ,, > 0 and B;,, > 0. This gives
in particular sufficient conditions so that (5.3.26) holds for all k > 2. The algorithm is built as
follows
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Algorithm 1:

if ¢ = 21 then
r=I0-1;
if r is even then

b,>0
—min{K;,J;} b, <a, <4(1+”1)b ’

else

b, <0 ;
4(1+u1)b <a, <—min{K;,J;} b, ’
forr—l_ ...,0do

if r is even then

QG (1+Q)IG,]
br > maX{ M D 4(1+u1)+J

>

max{—K,b,,—J,b, +|Gyl} < a, < Xp — QG|

else
. QG| —(1+Q,)IG,|
br < mln{ 4(1;1“1)+K B 4(1+H1)+J1 } ;
4(1+uq)
L u—llbr+Ql|Gr,l|<ar<m1n{_K1br’_J1br_|Gr,l|}
else
r=1;
if r is even then
‘ b,>0,a,=0;
else

Lbr<0,ar=0;

forr=1—1,...,0do
if r is even then

QM| (14Qy) M,
bl” > maX{ 401+p1) +K, s 4(1+u1)+J

M1

max{_Kl r> Jlbr + IMr,ll} <a, < 4(1M;1‘U’1)br_Q1|ZM,

>

else

. —QiIMy | —(1+Q1)IM,,|
b, < min :
r 4(1;;11)_'_1(.1 > 4(1+;41)+J

40
(;rlul).br +QIM,;| < a, <min{—K;b,,—J;b, — M|}

>
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Remark 5.3.19. Note that the above algorithm provides easily sufficient conditions on the coef-
ficients (a,, b,) such that A;,, < 0 and B; , < O for all i > 1. It is sufficient to remark that the
sign of (A; ,)i>1 and of (B, ;)i>1 is uniformly changed in the opposite sign when the coefficients
(a,, b,) are all changed into (—a,,—b,) (or equivalently when u is changed into —u). Indeed
by applying the above algorithm to the coefficients (—a,,—b,), we derive the resulting sufficient
conditions on the coefficients (a,, b, ). These conditions are then sufficient conditions for A; , <0
and B; , <0 for all i > 1 to hold.

Thus we just need to explore two cases, that is the above case for which A; ;, > 0 and B, , > 0 for
all i > 1 and the case which consists in producing the second algorithm that leads to coefficients
(a,,b,) such that A; , > 0 and B; , < O for all i > 1. This latter case will also allow to derive
the algorithm to produce coefficients (a,, b,) such that A; , < 0 and B;,, > 0 for all i > 1 by to
changing the coefficients (a,, b, ) into (—a,,—b,), use the second algorithm, and finally changing
back (—a,,—b,) into (a,, b,). The second algorithm will be presented in [5 ].

Proof. The proof consist of showing that following the instructions of the algorithm, we pro-
duce coefficients (a,, b,) that fulfilled (5.3.50) with strict inequalities. Indeed, we have seen
that conditions (5.3.50) guarantee A; , > 0 and B; , > 0, for alli € N.

We recall that, necessary conditions for (5.3.50) to be well defined, are given by (5.3.58).

First case: g is even, thatis g =2 with [ > 1

Let r =1 —1 be even. We prove that

_&a(Aa) <oy < ngl(lzm)’ Vix1,

WS s
b_,>0,
I b1 =0

—min{K;,J1} b1 <a;; < 4(1“;1“1)}’1—1,

_Kl bl*l < ap_q.

Recalling the definition (5.3.21) of g,.(-) and the identity (5.3.34) for ¢, for r = — 1, we
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obtain

Cl—1 m >

bl—l = O:

—Ky1bjy <aj_y,

_ﬁ(ahl + (Ui +01)b—y) <2b gy —ay,  Vix1,

2b gy —a 4 < m(al—l + (Ugip1 +Hdbiy), Vi1,

—Kibiy <ary, b4 20,

_ _Miptn I i
(2= s ) b < (14 s ), iz,

—Kibiy <ary, b1 20,

Mb Vi>1,

U1 < 1 Ol

_ Whia—vm)®

VU /i1 +1 bl*l < a1 vizl,

—Kibiy <ary, b120,

- 2
(VHai++/7) } b1,

Q1 < rlnzl{l{ VT /Tigi—1

_ Wi —vm)® }
r?zalx{ Va1 § bie1 < 8-,

—Kibiy <ary, b;20,

< min{L;

g <min{Li} by,

—min {Kbmi{l {Ji}} by <apy,
>

b, >0.

Therefore, using the properties of L; and J; of Lemma 5.3.17 it can be checked that

b, >0,

—min{K;,J1} b1 <ap; < ‘Klu;lm)bz—l,

@iy <min{L;} by,
i>1
= | —min{K,min ¢} by <ap,
=
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If r =1—1 is odd, we have to prove that

&1-1(Ai41) <q< _ &(Ay) Vix>1,

A+l VA1’
b, <0 1 '
4(1+y) - b, <0
Tylbl—l <a;y <—min{Ky,J1} b,

a1 <—Kibp.
We observe that

Aoi .
&1-1(Agiz1) < Cl_1s Vl > 1’

VAt X

Trvi= (@1 + (o +01)by) <2by —a@p,y, Vi,
gi-1(Ay) :

C1—1 <—ﬁ, Vi>1,

' &1 2b—aq < —ﬁ@(aza + Wy +p)biy),  Vixl,

b, <0

a1 <—Kiby, b <0,

a;_q < _Kl bl—l'
1 Myt P
(1 + Vi Hzi+1)al*1 < (2 V1 /B ) by, Viz1l,

= (2 + Mai

Lot Vg < (1- L ")a,,  Viz1,

a_, <—Kyb;, b_,=0,
( (VP2 —v/P) .

(/P +/F0)? .
<\ Eaar b <a, Vix>1,

a_, <—Kyb_;, b_=<0,

a;_; < min {Kl, m>11n {Jl-}} (—b;_1),

< { min{L}b_; <aq_,,
i>1

Since b;_; <0, from (5.3.62), we have

401+ ) .
e 2 dbi = by, Viz
1

and thus
4(1+ uy)

biy Zmin{L;} b_;.
uq i>1

Hence, it follows that

@iy <min {K;, min (7} } (=b,,),
1=

b_,<0
= min{L;} b;_; < a;_;,
4uu;lul)bl—l <a;_; <—min{K,,J;} b;_; i>1
b, <0.
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For r =1—2,...,0, we should prove that the algorithm yields coefficients (a,, b,.) such that

_ & (Ay) 8r(Aait1) P>
1/m<cr<\/m, Vi>1,
Yreven,re{0,1,...,1—2}
br 2 O, _Kl br < ar,

&r(Aoir1) < 8- (A) Vl > 1,

VA Cr _,Ml+1’ -
Vrodd,re{0,1,...,1—2}

b, <0, a, <—K;b,.

Using (5.3.60), we notice that for any r even, we have

_ 8- (A1) ; .
m <¢, Vi=1, —ﬁ@(arﬁ-(uzﬁ-ul)br)<2br—ar+Gr’l, Yi>1,
Aois . .
¢, < &lan) %ﬁl) Vi1, ©{ 2b,—a,+Gy < 7=, + (i1 +11)b,), Vix1,
br 2 0’ _Klbr < ar, _Klbr < Clr, br Z O,
_ 1 Uit H
(- v )ar < (2+ 25 ) b 46 Viz,

& S (2— Lo il )br +Gy < (1 + Vix1,

1
MaiviTh —_—a
VU1 v/ Bait VU1Vt ) r

_Klbr <a, erO’

T+ 2 .
a, < %—H‘Tﬂbr'i'QiGr,l: VlZl;

= < _ Wi —vm)®

VI Tt br +TiGr,l <a,, Vi> 1,

—K,b, <a,, b,>0,

a, < II1>1{1 {Libr +QiGr,l}’
i>

& S max{—Klbr,m>a1X {~J:b, + TiGr,l}} <a,,
1=

b, > 0.

where T; and Q; are defined in (5.3.59).

The quantities G,; do not have a prescribed sign, however from Lemma 5.3.17 we deduce the
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following bounds

G, ifG,; >0

QG =4{ G, ifG <0 p=2-QGyl, Vix=1,
0 lf Gr,l =
Gy if G,; >0

TG, <{ TG, ifG,; <0 »<I[G,l, Vi1l
O lf Gr,l =

Hence, it is easy to check that
br > max 4(1Q+1;L|1G)r'1| > (}(TfillglGr’[l 5 a. < 1’11‘121{1 {Libr + QiGr,l} >
ek g,

{ max{—K;b,,—J;b, +|Gy |} <a,, ~ | max {_Kl br,ni12alX {~Jib, + TiGr,l}} <a,

ar<wbr_QllGr,ll erO'
(5.3.65)

Observe that the constraint that appears in the algorithm on b, ensures that the set of defini-

tion of a, is nonempty, or equivalently,

41+
maxt-K,by, 1, + 16,01k < S Qi
1
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Thanks to (5.3.60), we notice that for any r odd, we have

&r(Aait1) . .
m <Cr VIZI’ M;m(ar+(u2i+l+ul)br)<2br_ar+Gr,l’ VlZl,
Ao . 1 .
Cr <_f/r%, Vi>1, 2br_ar+Gr,l <_m(ar+(‘u2i+u’1)br): Vi>1,
(=
b, <0, b, <0,
ar < _Kl br ar < _Kl br;
1 | Meintn .
(1+ s ) <~ (Js —2) b, + Gy Viz L,
Mai iy _ 1 1
(2+ 77 ) b, + Gy < (1= 7 ) o Viz 1,
(="
b, <0,
a, <—K;b,,
i .
a, < - + TGy, Viz],
N 2 .
%br+QiGr,l<ar: v121,
& 4
b, <0,
a, <—K;b,,
a, < min {—Klbr,xg{l {—Jb, + T,G,, }}
& g r111>::11x{Libr +Q,G, } <a,
b, <0.

Thanks to the following bounds
QlGr,l if Gr,l >0
QG <4 QilGyl ifG,; <0 »<QlGyl, Vix=1,

0 if G, =0

T\G,,  ifG,>0

TiGr,l

I\

—TilGyl G <0 »=—[Gyl, Vix1,
0 if G,; =0
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it easily follows that

[ —@ulGl —(140)IGyl . .
b, < mm{ 4(1:1;1)+K , 4(1;;‘11)“1 } a, < mln{ K1br’finzlfl{ Jib. + TiGr,l}}
{40+ = . 4
M—lmbr+Q1|Gr,l| <a, I?Zalx{l‘lbr-"QlGr,l} <a;
ar < mil‘l{—Kl br’_Jl br - |Gr,l|} br S O.

Notice that, the constraint on the coefficients b, ensures that

4(1+uq)

1

br + Q1|Gr,l| < min{_Klbr: _Jlbr - |Gr,l|}’
thus, the set where to choose a, is nonempty.
Second case: q is odd, that is ¢ =20+ 1 with [ > 0.

We recall that thanks to (5.3.60) and since q is odd, the coefficients c, are given by

2b,, r=I1,
¢ =
(2b, —a,)+M,;, r=0,1,...,1—1.

Let r = be even. We recall that q; = 0. Then, we should prove that the algorithm implies

_ &a1(Ay) 81(Ai41) P>
1/m<cz< Norsk Vi>1,
(5.3.66)
by=0, —K;b; <0,
which is equivalent to
_ (ugitpy)by (Ugiz1+11) by
Vv < 2b < T
b;=0, —K;b;<0.
Hence, it is sufficient to choose b; > 0 to verify (5.3.66).
Analogously, if r =1 is odd, it easy to check that
81(A9i11) _ &i(Ay) P>
ot << Wt Vi>1,
b<0o =
b; <0, —K;b;>0.
For any r =1—1,...,0, we should prove that, if r is even,
——gr;’lj’l <c, Vi>1,
QIMyl  (14+Q)IMy !
b, > max{ T ) }:
mo T o < 8r(Ai41) Vi>1
¢ < ok i> ;
max{—K,b,,—,b, + M} <a, = (5.3.67)
b_, =0,
401+
a, < %br _Q1|Mr,l|
—Kiby <apy,
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and if r is odd, then

gr(izirl) <c, Vi=1,
(oMl —(sauiMyl 1
b, < mm{ 4(”#11)“; 4(1+“11) o ! },
_ &) Vi>1
{ { ST TIED 5.3.68
4(1+H1)b +Q1|Mrl| <a, - o
b, <0,
a, <& {_Kl br:_‘]lbr - |Mr’l|}
ar < _Kl br.

The case ¢ = 2] + 1 can now be analyzed similarly to the first case ¢ = 2[ noticing that it is
sufficient to replace G,; by M,; (due to (5.3.60)) along the proof of the first case.
This concludes the proof of the Theorem 5.3.18. O

Let g > 1 be given arbitrarily, n be as in Definition 5.3.5 and A; , > 0, B; , > O foralli > 1
being defined in (5.3.15). Then the above algorithm allows us to produce sets of coefficients
(a,,b,) (r varying in a suitable finite range) such that we have A;, > 0, B;, > 0 for all
i > 1. Thanks to the bijection between the sets of coefficients (a,, b,) and the subspace of
polynomials F, , (defined in (5.3.29)), when q varies in N*, this algorithm provides an infinite

class of polynomials fi € U,_,F 4 such that the condition fol wp1rdx # 0 holds for all k > 2.

It remains to provide polynomials u € Z,(R) satisfying the condition fol w1 prdx # 0 for all
k > 1. By definition, for any i € Fy, 5, we have {i(1) = 0. The idea is to use the polynomials
[ built thanks to the above algorithm and to determine suitable associated polynomials u of
degree q using just the degree of freedom we have with u(1), which is for the moment free,

to guarantee that fo u(x)apl (x)dx # 0, once chosen the higher order coefficients. Denote by
{0 a polynomial belonging to the sets of polynomials we have built in Theorem 5.3.18 (using
the bijection above mentioned). We recall that

i (k)
fi(x )_Z.U (1) )k.

We set
u(x) =K+ a(x). (5.3.69)

Note that K = u(1). Then, the following result holds.

Proposition 5.3.20. Let q € N*, and i € Z,(R) € F, ; be any polynomial built as in Theorem
5.3.18 and let u € Z,(R) be defined by (5.3.69). Let K be any real number such that

K #— f u(x)w (x)dx, (5.3.70)

then, u satisfies

1
j p(x)e1(x)p(x)dx #0, Vk=1. (5.3.71)
0

Proof. The polynomial fi € Z,(R) built in Theorem 5.3.18 satisfies by construction that

1
f A1 ()er(x)dx #0, Vk=>2.
0
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Therefore we have

1 1

901(X)<Pk(><)dX+J f(x) 1 (x)x (x)dx

0

1
f p(x) 1 ()i (x)dx = Kj
0

0

1
= f Alx )1 () (x)dx # 0,
0

for all k > 2. Furthermore, for k = 1 we obtain

1 1

@3(x)dx + f ()3 (x)dox

0

1
f p(x)3(x)(x)dx = KJ.
0

0

1
=K +f A(x)p2(x)dx £0,
0
by hypothesis (5.3.70). O

Remark 5.3.21. Hence, Theorem 5.3.18 and Proposition 5.3.20 allow us to build an infinite
class of polynomials of any degree, such that the non vanishing condition (5.3.26) holds. We
will see in the next section how the constructive ideas and algorithm provided here lead to many
applications for the bilinear control of PDEs.

5.4 Applications

In this section we present extensions of the works [11], [4] and [3] by considering control
systems subject to mixed boundary conditions. In particular, we will study the controllability
through bilinear control of the Schrodinger equation with (DR) boundary conditions, super-
exponential stabilizability and exact controllability to the ground state solution of the heat
equation with a controlled potential and (DR) boundary condition.

5.4.1 Bilinear controllabilty of Schrédinger equation with mixed boundary condi-
tions

We consider the motion of a quantum particle that is influenced by the presence of an electric
field. Fixed T > 0, the wave function of the particle is described by the following Schrodinger
equation

idu(t,x) =—32u(t,x) — p(O)u(x)ult,x), (t,x)€(0,T)x(0,1)
(5.4.1)
u(t,0)=0, u(t,1)+ d,u(t,1)=0

where p € L%(0, T;R) is the control function and represents the magnitude of the electric
field. The function u is the dipolar moment of the particle.
Let X = L2(0,1; C) and define the linear operator A by

D(A) = {yp €H*(0,1;C) : (0)=0, 8, p(1)+p(1)=0}cX, Ap=-32p. (5.4.2)
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The eigenvalues and eigenfunctions of A are given by
A =T}, 0r(x) =nesin(rex), Yk €N, (5.4.3)
where the elements of the family {r, },«n- are solutions of the equation
1 cos(r) +sin(r,) =0, (5.4.9
and 7, are normalization constants
V2r,

The family {¢; };en+ forms an orthonormal basis of X. The operator —iA generates a group of
isometries, e~ defined by

e = VkeN*. (5.4.5)

Mo = (00 Mgy, Y el¥0,1), (5.4.6)
k=1

where we denote by (-, -) the standard L?(0, 1;C) scalar product.
The solution of system (5.4.1) with p = 0 and initial condition ¢, thatisy,(t,x) =e p1(x),
is tipically called ground state solution. Our aim is to prove the local controllability of (5.4.1)

along ;.
For all s > 0, we define the spaces

—iAt

H;,,(0,1;C) = D(A/?),

* (5.4.7)
h*(N*,C) := {a = (@ ken * Dpen M;(/Zaklz < +oo},
equipped, respectively, with the norms
— s/2 2\1/?
1ol = (S 1120, 0002) 548

1/2
allps:= keN* kzak .
lallp:= (Deene 127 @l

In the result that follows we characterize the reachable set from the first eigenstate ¢;:

Theorem 5.4.1. Let T > 0 and u € H2(0, 1;R) be such that

Cc
3 C > 0 such that |{uy, 9r)| = o Vk eN*. (5.4.9)
k
Then, there exists & > 0 for which the reachable set from @, with p € L?(0, T;R), is defined by
Ry = {u; € # NHZ(0,1;C) : ||uy — o (T)||,,, < 5}, (5.4.10)
where & denote the unit L?(0, 1; C)-sphere.

In the proposition that follows we establish the well-posedness of the following problem

i0,u=—02u—p(t)ulx)u—f(t,x), (t,x)€(0,T)x(0,1)
u(t,0)=0, u(t,1)+ d,u(t,1)=0 (5.4.11)
u(0, x) = ug(x).
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Proposition 5.4.2. Let T > 0, u € H%(0,1;R), u, € H(ZO)(O,I;(C), p € L?0,T;R) and f €

L%(0,T; (HzﬂH(lo))(O, 1;C)). Then, there exists a unique mild solution u € C°([0, T],H(ZO)(O, 1;C))

of (5.4.11), defined by

t

u(t) = e Ay, + if e A p(uuls) + £ (s)]ds. (5.4.12)
0

Moreover, there exists a constant C = C(T) > 0 such that

”u“CO([O,T];H(Z))S C(||UO|IH(20)+”f”LZ(O,T;HZnHl ) (5.4.13)

0] (0)

The proof relies on a fixed point argument. To use this strategy, a crucial point is played by
the regularizing effect due to the action of the Schrédingr group. This result is contained in
the following Lemma.

Lemma 5.4.3. Let T > O and f € L?(0,T;(H?N H(lo))(O, 1)). Then, the function

F(t):=t HJ e f(s)ds
0

belongs to C°([0, T],H(ZO)(O, 1)) and furthermore the following inequality holds
||F||L°°(0,T;H(20))S Cl(T)”f||L2(0,T;H20H(10))’ (5.4.14)
where C,(T) > 0 is uniformly bounded in bounded intervals with respect to T.

Proof. From the definition of the group generated by —iA, we rewrite F(-) as

F(t) =Z( f (F(s), w)eWSds) o
0

k=1

We observe that the scalar product (f (s, -), ) can be expressed by

1 1
(f(sa ')’ (pk) = _i J f(s, x)axchk(x)dx = _i (f(S, x)axcpk(x)l(l) _f axf(s’x)ax (,Dk(X)dX)
Ak 0 Ak 0
1
= _%k (f(s, 18, 0r(1) = 3. f (5, %) 0 ()1 +f 8ff(s,X)<pk(x)dx)
0

1

= _% (f(s, Dnyryccos(ri) — 3, f (s, 1)y sin(ry) + J

k 0

3zf (s, X)‘Pk(x)dx)
and recalling relation (5.4.4), we have

1
(f(s) i) = %k ((f (s, 1)+ 0, f (s, 1)) g sin(ry) —f 3,ff(s,X)<Pk(X)dX) :
0
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Therefore, using this last expression, we get

() 1/2
IF ()l = (Z AR (D), sok>|2)
k=1
={>] Ak<ZU (f (5), ¢k>emdes) wj,sok>
0

j=1
2)1/2

= f %k((f(s,1)+9xf(s,1))nksin(rk)—(fo(S),th))emksds
0

o\ 1/2

= (Z M f (f (), i)eeds
0

=[] (F6),pide™ds
0

h2

h2

IA

f (f(s,1)+ 2, f(s,1))ns sin(rk)emksds +
0

2 12

t

f (821 (5), pu)e™ds

0
=t [|F1 ()l + I Fo ()l 2

We estimate F,(-) as follows:

oo 2
IFS(Olle = (Z )
k=1
[ t 1/2
< (Zr f (82£ (s), sok>|2ds)
k=1 0

. 1/2
< «/?U ||a,ff(s)lli2(o,od5)
0

< ‘/?”f”LZ(O,t;HZ)'
To bound F;(-) we appeal to [11, Corollary 4], obtaining

IF1()lli2 < mie(0) (1f G Dllzzgo,0H18:F G Dllizo, ) -
Thus, by trace Thorem we get
||F(t)||H(20)S Cl(t)”f“LZ(O,t;HzﬂH(lO)):

where C;(t) is uniformly bounded for t lying in bounded intervals. Hence, we have proved
that F(t) is in H(ZO)(O, 1) and furthermore that F is continuous at t = 0. It is possible to prove
the continuity at any t € (0, T). O

1/2

J (92 (5), pr)eds
0

Now, we prove the well-posedness of problem (5.4.11).

Proof of Proposition 5.4.2. We prove the existence of a solution for problem (5.4.11) through
a fix point argument. Consider the map

®: C°([0, T]; H)(0,1)) — C°([0, T1; Hiyy (0, 1))

t

u(t) = e(w)(6) = e Mup + if e (p(s)puls) + £ (5)) ds.

0
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For any u(-) € C°([0, T];H(ZO)(O, 1)), function p(-)uu(-) belongs to L2(0, T; (H? ﬂH(lo))(O, 1))
since p € L2(0, T), u € H2(0, 1) and furthermore we have used that, in dimension 1, H® is an
algebra for any s > 1/2. Then, Lemma 5.4.3 ensures that & maps C°([0, T]; H2 (0, 1)) into
itself.

We show that & is a contraction: for any u;,u, € C°([0, T];H2 (0, 1)) thanks to (5.4.14) we

(0)
have

2
(O]

||<I>(u1)(t)—<I>(u2)(t)||H(zO)= femsp(s)‘u(ul(t)—uz(t))ds
0

2
H

< G (OIp(Ouluy —ullr2(0,¢520m1 )

(0)

< Cl(t)||P||L2(o,t)||U(u1 - u2)||L°°(0,t;H2ﬁH(lO))

< Cy(t, .u)”p”LZ(O,t) lI(uy — u2)||L°°(0,t;H(20))

that implies

lle(uy) — q’(uz)“L“’(O,T;H(ZO))S Co(T, Il 2o, Iy — u2)“L°°(O,T;H(ZO))'

Hence, if C,(T, wW||pllz2(0,r)< 1/2, @ is a contraction and it has a fixed point u such that

lallzes 0,02,y < 2 (It gz, +Co (T Nizco sy )

If Co(T, WIIpllr20,r)> 1/2, we divide the time interval in subintervals of the form [T}, Tj11],
with0 =T, < T, < -+ < T, = T, in which ||pll;2(r, 1,,,) is small enough for every k =
1,2,...n—1. We perform a fixed point strategy in each interval and eventually we glue the
solution. O

Let T > 0, we introduce the tangent space of ., the unit L2(0, 1;C)-sphere, to the ground
state solution at time T, ¢ (T),

Ty =€ € L2(0,1) : Z(E,1(T)) =0}, (5.4.15)
and the projection onto this space:

L2
Bom L 0,1) = Ty, m)

R{E A (T)) (5.4.16)
oz ™

In the Lemma that follows we prove some properties of the set 7, (r) and the map 9{%“).

g E—

Lemma 5.4.4. 7, (1) is a closed convex subset of L?(0,1). Moreover, it holds that

9‘%1@) (H(ZO)(O’ 1)) c H(zo)(o’ 1)-

Proof. 1t easy to check that 7, (ry is stable under sum and multiplication by a real number.
However, it is not the case for multiplication by a complex number. Let £ € L2(0, 1), we have

2R (&, (T)) = i (&, 1 (T)) = (&, 92(T)) ],

that does not necessarily vanish. Moreover, it can be showed that 7, (ry is closed and for any
o € [0,1] and for any & € J (1), the function o€ + (1 —0)& € Fy (1y. Thus, Ty, (1) is a
closed convex subset of L2(0, 1).
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It can be proved that £ is a projection onto the set 7, (r) and furthermore for every
ce H(Zo)(O, 1), the projection is defined by

ZAED))
11 (TN

and since v,(T) = e ™7y, isin H(ZO)(O, 1), then

Py, (E)=E~ ¥1(T),

(H2,(0,1)) c H2,(0,1).

P4 Ho) ©

(1)

We define the end-point map
.72 . 2
O : L*(0, T;R) = Ty, (ry N H(y (0, 1)
po Py (W(T))

where u is the solution of (5.4.1) with initial condition u(0, x) = ¢;(x).
The results that follows can be proved with the same strategy of [11].

Proposition 5.4.5. Let T > 0 and u € H%(0,1;R). The map ©; is of class C*. Moreover, for
any p,q € L?(0, T;R), the differential of the end-point map satisfies

d6,(p)-q =25,  [U(T)],
where U is the mild solution of the linearized system

i0,U =—032U — p()u(x)U —q(t)u(x)u, (t,x)<€(0,T)x(0,1),
U(t,00=0, U(t,1)+3,U(t,1)=0,
U(0,x)=0,

and u is the mild solution of (5.4.1) with the ground state as initial condition.

Proposition 5.4.6. Let T > 0 and u € H%(0,1;R) be such that (5.4.9) is fulfilled. Then, the
linear map
de;(0): L*(0, T;R) = Ty (1) ﬂH(zo)(O, 1)

has a continuous right inverse d®7(0)™" : Fy, 1y N H(zo)(O, 1) — L?(0, T;R).

Thanks to Proposition 5.4.6 it is possible to apply the inverse mapping theorem to the map
O in a neighborhood of p = 0, proving that the Schrodinger equation (5.4.1) with initial
condition u(0, x) = ¢, is exactly controllable locally along the ground state solution ;. We
refer to [11] for the strategy of the proof of Theorem 5.4.1.

We want to point out that since the eigenvalues and eigenfunctions of the Laplacian with
(DR) boundary conditions are not explicit, it is even more difficult to provide examples of
potentials u that fulfill hypothesis (5.4.9), and in particular such that

(wey, 0r) #0, VkeN-. (5.4.17)

However, following the algorithm presented in Theorem 5.3.18 it is possible to construct
polynomials of any degree g € N* that verifies the aforementioned non-vanishing condition
of the Fourier coefficients of up;. Furthermore, we will show that actually, in this setting,
property (5.4.17) implies (5.4.9).

The first step consists in proving the following Lemma.
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Lemma 5.4.7. Let (A, P )ren- be the eigenvalues and eigenfunctions of the operator (5.4.2)
and let u € H*(0,1).
Then, it holds that

1 1
Akf u(x) ()i (x)dx = M/(l)%(l)ﬁpk(l)—f (ue1)” () (x)dx, Vk>1.
° ° (5.4.18)

Proof. Using the equation satisfied by ¢, and the boundary condition, we have that

1

1
lkf M(X)<P1(X)<pk(X)dx=—f ()1 () (x)dx
0

0
1
= —[u(x) 1 (D) ] + f (1) (X)pp(x)dx
0
= [0/ ()1 ()i () + ()0} ()i () — () () () ],

1
—f (1) (x)r(x)dx
0

1
= ' (D1 (Dex(1) —f (mp1)” () (x)dx,
0

as it was claimed. O

Now, we show the asymptotic behavior of fol w(x) e, (x)pr(x)dx.

Lemma 5.4.8. Let (A, P )ien- be the eigenvalues and eigenfunctions of the operator (5.4.2)
and let u € H?(0,1) be such that u’(1) # 0.
Then, there exists ko € N* and ¢, > 0 such that

1
J p(x) e (x) @i (x)dx
0

> .
_lk’ Vv 0

Proof. Recalling the expression of the eigenfunctions (5.4.3) and noticing that 1 < 1, < V2,
Yk € N*, and that
N = V2, as k — oo,

from (5.4.18) we obtain the following estimate

1 1
1 / LSRR Nk VZi .
u(x)1()er(x)dx| > — ' (D) —=——=m1— 7 f (ue1)” (x) sin(rgx)dx
L Ak Jri+1/ri+1 A |Jo
1 2 V2! .
= A—k|u/(1)|r12+1 —A—k L (uep1)” (x)sin(rex)dx

(5.4.19)

for all k > 1. Thanks to Riemann-Lebesgue Lemma, since u € H%(0, 1), we deduce that

1
f (up1)” (x)sin(rx)dx — 0, ask — oo,
0
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lw' @l _r}
2V2 ri+1°

which implies that, fixed ¢ := there exists k, € N* such that

1
f (wpr)” (O)sin(rx)dx| <e, Vk> k.
0

Thus, using the latter bound in (5.4.19), we get

1
J. u(x) 1 () @y (x)dx
0

> — Vk k
>
_A,k’ 0

@l
where ¢, := T O

Finally, we prove that condition (5.4.17) yields to (5.4.9).

Lemma 5.4.9. Let (A, ¢ )ren- be the eigenvalues and eigenfunctions of the operator (5.4.2)
and let u € H*(0,1) be such that (5.4.17) is verified and u’(1) # 0.
Then, condition (5.4.9) holds true.

Proof. We set I;(u) := |f01 u(x)gol(x)cpk(x)dx‘. From the hypotheses on u, we have that

1 A
I ()| = = | Axc i ()| = A—l min{|L (W], (L)l ..., [T, W]} >0, V1<k<k.
k k

Thus,
I ( )|>imm{c min |1,( )|}—& Vk>1
M= A’k u’lSZSkO (W - A’k, -
O

Therefore, by choosing a polynomial u of any degree ¢ € N* that satisfies Theorem 5.3.18
and Proposition 5.3.20, we have that

(1) = b, # 0.

Hence Lemma 5.4.9 implies (5.4.9) for any function u built through our algorithm.

5.4.2 Superexponential stabilizability of the heat equation with potential

Consider the bilinear control problem

u (t,x)—u,, (t,x)+p(t)ulx)u(t,x)=0, t>0,xe(0,1)

u(t,0)=0, u'(t,1)+u(t,1)=0, (5.4.20)

u(0, x) = uy(x).
Definition 5.4.10. Given an initial condition i, € X and a control p € Lfoc([0,+oo)), we
say that the control system (5.4.20) is locally superexponentially stabilizable to u(-; i, p) if
for any p > 0 there exists R(p) > 0 such that, for every u, € Bg(,(iy), there exists a control
p € L2 ([0,4+00)) such that

loc

|u(t; uo, p) — a(t; d, p)Il < Me P, Yt >0,

where M, w > 0 are suitable constants.
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From [4, Theorem 3.4] we deduce that

Theorem 5.4.11. Let T > 0 and u € H?(0, 1;R) be such that

(uer, ) #0,  VkeN,

2 (5.4.21)

— < +0Q.
S Huer, o) 1?

Then, system (5.4.20) is superexponentially stabilizable to 1.
Moreover, for every p > O there exists R, > 0 such that any uy € BRP(Lpl) admits a control
p € L2 ([0,+00)) such that the corresponding solution u(-;u,, p) of (5.4.20) satisfies

loc
llu(t) =41 (O)]] < Me™Pe+H0, e >0, (5.4.22)
where M and w are positive constants.

We observe that, reasoning as in the previous section, choosing any u that fulfills Theorem
5.3.18 and Proposition 5.3.20, such function verifies (5.4.9). Hence the series in (5.4.21)
converges for all T > 0.

Thus, is possible to exhibit an infinite class of polynomials u that satisfy (5.4.21) thanks to
the algorithm described in Theorem 5.3.18.

5.4.3 Exact controllability to the ground state solution of the heat equation with
potential

Let T > 0 and consider the bilinear control system

u(t,x) —u,, (t,x) + p()u(x)u(t,x)=0, (t,x)e(0,T)x(0,1)
u(t,0)=0, u'(t,1)+u(t,1)=0, t€(0,T) (5.4.23)
u(0,x) = uy(x) x €(0,1).

Thanks to [3, Theorem 1.1] we deduce that

Theorem 5.4.12. Let u € H%(0,1;R) be such that there exist b,q > 0 for which

(o1, 1) #0, and All{upq, o)l =b V> 1. (5.4.24)

Then, for any T > 0, there exists a constant Ry > 0 such that, for any uy € Bg (1), there exists
a control p € L2(0, T) for which system (5.4.23) is controllable to the ground state solution in
time T.

Therefore, it is enough to choose u that verifies Theorem 5.3.18 and Proposition 5.3.20 to
have (5.4.24) fulfilled with ¢ = 1, as showed in Lemma 5.4.9.
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APPENDIX A

Spectral properties of degenerate operators

In this appendix we present a class of degenerate operators and we study their spectral prop-
erties. We revise some known feature of this operators and show new results contained in
[25] and [20].

Let I = (0,1), X = L?(I) and consider the degenerate operator

Au = —(a(x)u,), (A.0.1)

where a(x) is the degenerate coefficient. We now recall the definition of two different kind
of degenerate operators. Let

aec’0,1DNCc((0,1]), a>0on (0,1] and a(0) = 0. (A.0.2)

Definition A.0.1. If (A.0.2) holds and moreover
1 1
—eL'() (A.0.3)

we say that the operator A defined in (A.0.1) is weakly degenerate.

Definition A.0.2. If (A.0.2) holds and moreover

aeCc([0,1]) and % e LY(I) (A.0.4)

we say that the operator A defined in (A.0.1) is strongly degenerate.

In particular, we will be interested in treating the degenerate coefficient
a(x) = x*.

Following the above definitions, we have a weakly degenerate operator for a € [0,1) and a
strongly degenerate one for a € [1,2).

A.1 Dirichlet boundary conditions at x =1

Consider the degenerate operator
Au=—(x"u,),, (A.1.1)
with Dirichlet boundary condition at x = 1. Depending on the type of degeneracy, it is cus-

tomary to assign different boundary conditions at x = 0.
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A.1.1 Weak degeneracy

Let a € [0,1) and consider the degenerate operator (A.1.1) applied to a class of functions
that satisfy Dirichlet boundary conditions at both extrema. The natural spaces to define the
domains such operators are weighted Sobolev spaces. Let X = L2(I), we define the spaces

Hi(I) = {u € X : u is absolutely continuous on [0, 1], x“/zux EX} (A.1.2)

endowed with the natural scalar product

1
(f,g)=J (x*fege +F8)dx, ¥ f,g€H,(0,1),
0

and
H! (D={ueHLI): u(0)=0, u(1) =0},
’ (A.1.3)
H2(I)={ueH:I): x®u, e H\(D}.
The domain of the linear operator (A.1.1) is defined by
D) :={ue H;’O(I), x%u, € HY(I)}. (A1.9)

It is possible to prove that D(A) is dense in X and A: D(A) € X — X is a self-adjoint accretive
operator (see, for instance, [16]). Therefore —A is the infinitesimal generator of an analytic
C%-semigroup of contraction e~ on X.

To determine the spectrum of A, we need to solve the eigenvalue problem

{ —(x%p ) () = Ap(x), x€I
e(0)=0, ¢(1)=0,

and it turns out that Bessel functions play a fundamental role in this circumstance. Indeed,
let us define the function v by

l1-a 2 —a
o) =x Ty 7= Vax ),
2—a
then, 1 solves the following boundary problem
132
YR+ )+ (2= (£8) ) v =0, ye(032),
yEap(y) =0, asy =0,
v (3%)=0.

For a €[0,1) let

(A.1.5)

1—a 2—a
= s k,:= . A.1.6
2—a ¢ 2 ( )

We can rewrite the above differential equation as

YD)+ ¥y’ () + (2= 2)Y(y)=0

that is usually called Bessel’s equation for functions of order v,. The solutions of the Bessel’s
equation generate a vector space of dimension 2 and it can be checked (see [58], pag. 43)

Vg !

that the functions

— N (_1)m Y\t _ S 2m+v,
AOEDY mIT(m + v + 1) (E) =2,y
m=0 a m=0
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and - -
(_1)m y 2m=7, _ om—
Iy, (¥) :=Z—(—) = e Y
—mil(m—v, +1) \ 2 = Ve
where T is the Gamma function, are well-defined on R} and are a fundamental system of
solutions of the Bessel’s equation. Hence, any other solution 4 is a linear combination of J,_
and J_, :
2/

Y(y)=CJ, y)+CJ_, (¥), Vye (O, m)
Coming back to the variable ¢, we obtain that any solution of the differential equation in
(A.1.5) is defined by

1-a 2 2—a 1-a 2 2—a
go(x)=C+xTJva( \/XXT)-i—C,xTJ,Va( ﬁxT)

2—a 2—a

Using the series expression of J, and J_, , it is possible to prove that ¢ € H;(O, 1) (see, for
instance, [24, pag. 182]) and, moreover, by imposing the boundary conditions we get that

0(0)=0 = C_=0,

and

2V )
=0.
2—a

For any v > 0, the Bessel function J, of the first kind and order v has an infinite number of
real zeros which are simple with the possible exception of x = 0 (see [58, pag. 478-479]). Let
Ty <Jyyg2 <" <Jyk <... be the sequence of all positive zeros of J, , then the boundary

p(1)=0 = Jva(

condition (1) = 0 implies that

2\/Aa,k . 2—a . 2—a 2_
= Jv, .k — \/A'a,k: 2 ]va,k — Aa,k:( 2 )qu,wk’ VkEN*

2—a @
Therefore, we have proved that the pairs eigenvalue/eigenfunction (A, , ¢, ) that satisfy
(A.1.5) are given by

Aa,k = kijia’k’ (A17)
v 2k, _a i
ealI= G U (A1)
Vg~ Vas

for every k € N*. Moreover, the family (cpa’k) is an orthonormal basis of X, see [41].

keN*

A.1.2 Strong degeneracy

In the case of strong degeneracy, that is, when a € [1, 2), we apply the operator A to a class of
functions satisfying a Neumann condition at the extremum where degeneracy occurs, x = 0,
and a Dirichlet condition at x = 1.
We define the Sobolev spaces
H!(I)={u € X : uis absolutely continuous on (0,1], x*/?u, € X}
H), (1) = {u e H(I): u(1)=0}, (A.1.9)
H2(I)={ueH:I): x®u, e H'(I)}

137



Thus, the domain of A is defined as

D) ={ueHL (1) x“u, e H'(D)}
= {u€eX : uis absolutely continuous in (0,1], x“u € H (D), (A.1.10)

x®u, € H'(I) and (x“u,)(0) = 0}.

It can be proved that D(A) is dense in X and that A is self-adjoint and accretive (see, for
instance, [21]) and thus —A is the infinitesimal generator of an analytic semigroup of con-
tractions e on X.

To compute the eigenvalues and eigenfunctions of A, we should solve the eigenvalue problem

—(x%p, (x), = Ap(x), xelI
(x*p,)(0)=0, (A.1.11)

v(1)=0.

First of all, we observe that A > 0. Indeed, multiplying the equation in (A.1.11) by ¢ and
integrating by parts, we obtain

1 1
AJ 02(x)dx = J x“tpf(x)dx
0 0
that implies A > 0. Moreover, if A = 0, then ¢(x) = ¢ and by imposing the boundary condi-

tions we get ¢ = 0. Thus, A = 0 is not an admissible eigenvalue.
As for the weakly degenerate spectral problem, we introduce the function v, implicitly defined

by
o) =x T (7= VaxF ),

that is the solution of the following boundary value problem

Y ) +y' )+ (v = (£2)) v =0, ye(o,22),
2—a)y7ay'(y) —(a—1)yF=yp(y) =0, as y — 0,
P (%ﬁ) —0.

For every v, ¢ N, every solution of the above Bessel’s equation can be expressed as a linear
combination of the fundamental system (J,, ,J_, ):

247)
),

Y(y)=CJ, () +CJ, (¥), Vye (O, -

or, equivalently,

. 2 » » 2 .
p(x)=C,x' 77, (2_aﬁx27) +Cx I, (2_aﬁx27), Vx €(0,1).

On the other hand, when v, €N, J, andJ_, are linearly dependent. Indeed, for any n €N,
it holds that J,(y) = (—1)"J,(y) (see, for instance, [58, pag. 43]). Therefore, to determine a
fundamental system of solutions, we introduce the Bessel’s functions of order v of second kind
Y,, defined by

sin(v7)

{ Yoy ¢ N. Y (y) = Jy(y) cos(vm)—J_,(¥)
VneN, Y,(y):=lim,.,Y, ).
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For any v € R, the functions J, and Y, are linearly independent (see [58, pag. 76]) and,
in particular, for any n € N the pair (J,,,Y,,) forms a fundamental system of solutions of the
Bessel’s equation.

Therefore, if v, € N, any solution of the Bessel’s equation can be expressed in terms of J,,_
and Y, :

Y(y)=CJ, (¥)+CY, (), Vye (0, ;ﬁ)

or, back to the function ¢:
l-a 2 2—a l-a 2 2—a
px)=C.x2J, Z—ﬁx 2 |+C.x Y, z—ﬁx 2 |, VYxe(0,1).
a —a a —a

In both cases, v, ¢ N and v, = n, € N, it is possible to prove that ¢ € H;(O, 1) if and

only if C_ = 0 (see [23, pag- 13-15]). Hence, p(x) = C,x 7 J,, (ﬁﬁx 2 ) € H}(0,1).
Furthermore, from the series expression of J, it can be shown that

—a 2 —a
x“(xlTJva( \/EXZT)) -0 asx—0,

2—a

thus the boundary condition at x = 0 is automatically satisfied.
Similarly to the weakly degenerate case, from the boundary condition at x = 1 we find that

A =koj5 o VkENT,

a

where {j, ;}en- are the positive zeros of the Bessel’s function J, .
To sum up, for any a € [1, 2), if we define the quantities

_a—1 _2—a

- 2 —a > a T 2 >

Vg
the eigenvalues and eigenfunctions that solve (A.1.11) are
)La,k = kijia,k’

NGTS

(1—a)/2 . k
—_—X Iy (Jy X"
4, Gy v (i)

Soa,k(x) =

for every k € N*, and the family (‘pa,k)keN* is an orthonormal basis of X.

In the following Proposition (from [25]) we present some properties enjoyed by the functions
in D(A), for a € [1, 2), which will be useful to study the degenerate control problem of section
2.2.5 in chapter 2.

Proposition A.1.1. Let a € [1,2). The following properties holds true:

1. v(x)| < %xl_“, Vv e D(A),
2. |x*v(x)| < C+/x, Vv eDQA),

3. for a €[1,3/2) it holds that

lin}) x2v(x)w,(x) =0, VYv,weD(A),
X—
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4. for a €[1,3/2) it holds that
lin})xv(x)w(x) =0, VYv,weD(A),
5. let {¢q k}ken- be the family of eigenfunctions of A. For a € [1,3/2) and for every k, j € N*,

it holds that
lim (x5, )2 (), X“ P () = 0

Proof. 1. For all v € D(A) and y €1, we have

1 1
1
V(1) —v(y)| = f v (x)dx| = J (7, ()~ dx
y Yy X
1— 1—a
< sup ey (oy L2
0<x<1 a—1

< 2||V||D(A) 1—a

a—1

where in the last inequality we have used that, for all v € D(A), it holds that

la(y)ve(¥)l = < llave)ellx vy (A.1.12)

y
f (av,), (x)dx
0

with a(y) = y“. Finally, recalling that v(1) = 0, we obtain the desired formula.

2. For every v € D(A) and y € I, we have

ly*v(y)l < < ll(@v)illx vy

y
f (x*v), (x)dx
0

3. Let v,w € D(A). We can rewrite x2v(x)w,(x) as
X2 % (x)xw, (x). (A.1.13)
Thanks to (A.1.12), there exists a constant C > 0 such that
Ix%w, (x)| < Cx1/2. (A.1.14)
Thus, using the first item and (A.1.14) we obtain that
[x2 %y (x)x*w, (x)] < Cx? %1 7%x1/2 (A.1.15)
and therefore the right-hand side tends to 0 as x goes to 0 for a < 3/2.
4. Let v € D(A). It is sufficient to prove that )1(11)1‘(1) x2y(x)=0.

1/2

For this purpose, we observe that the function x'/“v(x) is integrable in I: indeed, using

again the first point of the Proposition, we get
|x1/2v(x)| < Cx1/2+1—a
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1/2

that is integrable in I. Moreover, the derivative of x*/“v(x) is integrable in I:

(xl/zv(x))x = xl/zvx(x) + %x‘l/zv(x) (A.1.16)
and we can bound the two terms on the right by
12y (x)] < |x%v, (x)x /279 < Cx'@
that is integrable for any a € [1,2) and by
|x"2y(x)| < Cx1/?>

that is integrable for a € [1,3/2).

1/2

Thus, we can deduce that the function x*/“v(x) is absolutely continuous in I for a €

[1,3/2). So, the limit
lir(r)l xV2y(x)=1 (A.1.17)
x—0t+

does exist. If L # 0, then v(x) would be of the same order as ﬁ near 0. This contradicts
the fact that v € X. Thus, L =0.

. Recalling that (x*(¢qx)x)x () = —Ax 9ok (x), we have
(x((pa,j)x)x(x)xagoa,k(x) = (Xa(ﬂoa,j)xxl_a)x(x)xawa,k(x)
= (0 (P, )x)x ()X T4 x % g (%)

+ (1= a)x%(0g,j) ()X x% g 1 (x)
= _ijwa,j(x)goa,k(x) + (1 - a)xa((»oa,j)x(x)(»oa,k(x)-

The first of the two terms in the last equation on the right-hand side of the above formula
goes to 0 as x — 0, for a < 3/2, by the previous item. Moreover, we have

(P, 1)x ()P (X)] < CxM2x' 7%,

Therefore,
lim (x(@a ), ()x%Qai(x) =0

for a € [1,3/2), as it was claimed.

A.2 Neumann boundary conditions

In this section (mostly based on [20]) we study the degenerate operator A, defined in (A.1.1)
applied to functions that satisfy Neumann boundary conditions.

A.2.1 Weak degeneracy

Let a € [0,1), I = (0,1), X = L2(I) and consider the weighted Sobolev spaces H;(I) and
HZ(I) defined in (A.1.2) and (A.1.3) respectively.
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We define the linear operator A: D(A) C X — X by

{ Yue D), Au:=-—(x%u,),,

D(A) := {u € HA(I), (x*,)(0) = 0, u, (1) = 0} . (A2.1)

Proposition A.2.1. Let a € [0, 1), then A: D(A) € L?(0,1) — L2(0, 1) is a self-adjoint accretive
operator with dense domain.
Before proving Proposition A.2.1, let us show the following integration by parts formula.

Lemma A.2.2. Let a € [0,1), then

1

1
J (X“f’)’(X)g(X)dx=—f x“f'(x)g'(x)dx, Vf,ge€HLI) (A.2.2)
0 0

Proof. If f € H2(I), then
F(x):=x*f’'(x) € H(I).

Let g € H2(I), and ¢ € (0,1). Decompose

1 € 1
J F’(x)g(x)dxzj F'(x)g(x)de F'(x)g(x)dx.
0 0 €

Then, since g € Hi([ ) C H!(¢, 1), the usual integration by parts formula gives
1

1
f F’(X)g(X)dx=[F(X)g(X)]§—f F(x)g'(x)dx

€

1
=[F(x)g(x)]; —J (2 £ (x))(x 28" (x))dx.

Now, since x*/2f’ and x*/?g’ belong to L%(I), we have

1 1
f F(x)g'(x)dx — J F(x)g'(x)dx, ase—0,
€ 0
and since F’ and g belong to L2(I), we get

f F'(x)g(x)dx —0, ase—0.
0

It remains to study the boundary terms. First, because of Neumann boundary condition at
x = 1, we have

[F(x)g(x)]; = —F(e)g(e).

We note that F(¢) — 0 as ¢ — 0, and g is absolutely continuous on [0, 1], hence
[F(x)g(x)]; =—F(e)g(e) =0, as ¢ =0,
and this concludes the integration by parts formula. O
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Proof of Proposition A.2.1. First, we note that D(A) is dense in X, since it contains all the
functions of class C®°, compactly supported in I.
We derive from Lemma A.2.2 that

0

therefore A is accretive.

1

(x*£") Cof (x)dx = f x*f(x)*dx >0, Vf eD(),

0

1

In order to show that A is symmetric, we apply Lemma A.2.2 twice to obtain that

1

1

Vf,geD@), (Af,g)= —f (x“f') (x)g(x)dx = f x*f'(x)g'(x)dx
0 0
1

1
=f (x“g’(e)f " (x)dx = —f (x“g"Y (x)f (x)dx = (f,Ag).
0

0

Finally, we check that I + A is surjective. Let f € L2(I). Then, by Riesz theorem, there exists
one and only one element u € H;(I ) such that

1 1
VveH)(D), f (wv +x*u'v') =J fv.
0 0

In particular, the above relation holds true for all v of class C°°, compactly supported in I.
Thus, x — x*u’ has a weak derivative given by

—(x"u’)/ =f—u.

Since f —u € L?(I), we obtain that (x*u’)" € L*(I). Hence, u € H2(I). Now, choosing first v
of class C*° compactly supported in [%, 1], but not equal to O at the point x = 1, we derive

that
1 1
J. fv= f (w +x*u'v')
0 0
1

1 1
= f wv + [x“Uv]; —f (x*u')v =[x"uv]) + J (u—(x*uY ),
0 0 0

therefore u/(1)v(1) = 0 that implies u/(1) = 0. In the same way, by choosing v of class
C®° compactly supported in [0, %], but not equal to O at the point x = 0, we obtain that
(x*u’)(0) = 0. Thus, u € D(A) and (I + A)u = f. So, the operator I + A is surjective. This
concludes the proof of Proposition A.2.1. O

We now investigate the eigenvalues and eigenfunctions of the operator A: D(A) ¢ X — X by
looking for solutions (A, ¢) of the following eigenvalue problem

_(xa¢x)x(x):7up: XEI:
(x*¢,)(0)=0, (A.2.3)
pr(l) =0.

Proposition A.2.3. Given a € [0, 1), let

‘_Z—a ) 1—a
@i’ = 5 :

K
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and consider the Bessel function J_,_of negative order —v,, and the positive zeros (j_, 1 m)m>1
of the Bessel function J_, _;.
Then, the solutions of problem (A.2.3) are

Aao =0, ‘Pa,o(x) =1 (A.2.4)
and forallm=>1
_ 232
Aam =Ky JZy 1o (A.2.5)
1a . 2a
Qpa,m(x) =Kgmx? J—va (]—va—l,mx 2 )’ (A.2.6)

where the positive constant K, ,,, is such that ||¢ o 111201y = 1. Moreover, the sequence (@ m)ms0
forms an orthonormal basis of L2(0, 1).

Furthermore, the following property holds true: the sequence (4/Aq mi1— 1/ Aqm)ms1 is decreas-
ing and

2—
V A‘a,m+1 - Aa,m - Tan: asm— Q. (A.2.7)

Proof. First, we note that if (A, ¢) solves (A.2.3) then A > 0: indeed, for any a € [0,1),
multiplying by ¢, we obtain

1 1
f @ —J —(x%¢ )’¢=[—(X“¢’)<p]§,+f xa(w’)2=J x*().
0 0

If A =0, then x — x*¢’ is constant and, by imposing to the boundary conditions, we find that
it is actually equal to 0. Thus, the constant functions are the ones and only ones associated
to the eigenvalue A = 0.
We now investigate the positive eigenvalues: if A > 0, we introduce the function 1 defined
by the relation

o) = x (= VAx'E),

2—a

and the associated new space variable

y = Vix'E,
2—a

After some classical computations, we obtain that v satisfies the following problem:

2W(y)+yw’(y)+( 2 (B2 () =0, ye(0,55VA),
yF (y)+ Sy F(y) > 0as y — 0, (A.2.8)
VI (V) + 52 (35 VA) = 0.

The first equation in (A.2.8) is the Bessel equation of order

1— 1
Vg i = aE(O,—].
2—a 2

Then, the ODE we need to solve can be rewritten as

YA+ ¥’ () + = v (y) =0. (A.2.9)

The fundamental theory of ordinary differential equations establishes that the solutions of
(A.2.9) generate a vector space of dimension 2. Looking for solutions of (A.2.9) of the form
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of series of ascending powers of y, we find that the Bessel functions of order v, and —v,
solve the equation

J (y) = OOE (_1)m (Z)2m+va _ 200 ct y2m+va (A.2.10)
Ya — m! T(m+ v, +1) \ 2 e Ml ’
m=0 m=0
o0 oo
=™ (J’)zm*v" — 2m—
J_ = = = mVa, A2.11
%) mzz(:) m! T(m—v,+1) \ 2 mzz(;c“’a’my ( )

When v, €N, the two functions J, and J_, are linearly independent and therefore the pair
J vavaa) forms a fundamental system of solutions of (A.2.9), (see [58, section 3.1, eq. (8),
p. 40], [58, section 3.12, eq. (2), p. 43] or [48, eq. (5.3.2), p. 102])): hence

Y2"()+y' () + (P = v (y) =0,
yel

Y(y)=CJ, (y)+CJ_, (¥),
yel.

= 3JC,,C_eR, { (A.2.12)

Thus, going back to the original variables, we obtain that

{—(X“w’)’(X) = Ap(x), @(x) = Crpi(x)+ Cp_(x),

= 3C,,C_eR, {

xel xel,
(A.2.13)
with
(=50, (Vi) =B S e (VA
X)=x X =X C X
P+ "a\2—a A Veml ) —q
- B - (A.2.14)
2 2m+v, - _ -
— Z C;ra,m(z_ - ﬂ) x17a+(27a)m — Z C:;,)L,mxl a+(2—a)m
m=0 m=0
and
(=0 (R V) = e (R VAT
_(x)=x7J_ x =X c x
¥ Vel —q A Veml2 —q
- = (A.2.15)
2 2m—v, o _
= Z c*wm( —a ﬁ) xZem = Z ca’}t’mx(2 am,
m=0 m=0
Note that
0. (x)—>0, asx—0%,
hence ¢, € L(I). Moreover,
. l1—a
@l (x) ~ C:,M?’ as x — 0",
therefore ¢, is absolutely continuous on [0, 1] and multiplying ¢/, by x%/? we obtain

l—a
a2,/ =+ +
x* 2Pl ()~ €50 a2’ A8X7 0%,
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s0, ¢, € H.(I). Finally,
(x*@}Y(x)—0, asx—0",

and we deduce that ¢, € H2(I). With the same procedure, one easily checks that ¢_ € H2(I).
Since the eigenfunctions, in addition, have to satisfy that x*¢’(x) — 0 as x — 0, we have

x%p’ (x)—0, asx—0,
while this is not the case for ¢, :
x%p! (x) = E;’M(l —a)#0, asx—0.
Therefore,

p(x) = C_p_(x),

—(x*"Y(x)=Ap(x), x€lI
xel,

(x%4")(0) =0 — ek {

Furthermore, ¢ has to fulfill the second boundary condition: ¢’(1) = 0. The expression of
the derivative of y_ is given by

Lp/_(x)=1;aX%J,va( 2 ﬂx%)+x%ﬁx7“/2ﬂv (22 ﬁx%Ta),

2—a

and since C_ # 0, the condition ¢’ (1) = 0 is equivalent to require

ey (2=Va)+ \/XJL%(% Va)=o. (A.2.16)

2 2—a

This is the equation that characterizes the eigenvalues A. Multiplying by ﬁ, (A.2.16) be-

comes
zia1;aJ_va(23aﬁ)+%ﬁJim($ﬁ)=0. (A2.17)
Introducing
X3 = 2 V2,
2—a
(A.2.17) can be rewritten as
Vol L, (X3) + X5, (X;3)=0. (A.2.18)

This is a known formula, see [58] p. 45, formula (3):

v, (2) +2J(2) = 2J,_,(2). (A.2.19)
Hence, we get that
X3Jd_y,1(X3) =0, (A.2.20)
which implies
J_, 10)=0. (A.2.21)

Thus, the possible values for X, are the positive zeros of J_, _;:
2 :
2 ﬁ = XA = ]—va—l,m'
—a
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We obtain that the eigenvalues of (A.2.3) have the following form:

Vice-versa, given m > 1, consider
.22 _ la . 2—a
A'm T Ka ]—va—l,m and QPm(X) =x:? J—va ]—va—l,mx > )

From the previous argument, we deduce that ¢, € Hi([ ) and that (4,,, ¢,,,) solves (A.2.3).
Finally, the proof of (A.2.7) follows directly from [47] p. 135. Since —v,—1< -1 < —%, the
sequence (j_,_ 1 m+1 — J—v,—1,m)m>1 i decreasing and moreover

j—va—l,m+1 _j—va—l,m — 7T asm— 0.
This concludes the proof of Proposition A.2.3. O

Lemma A.2.4. Given a € [0, 1), the eigenvalues ¢, , satisfies

o (DI =v2—a, Vn=>1, (A.2.22)
and
2— .
Pan(0)~c; o %(j_va_l,n)r”a, as n— +00, (A.2.23)

where the coefficient ¢, , is defined in (A.2.11). In particular, the sequence (¢4 ,(0)),>; is
bounded if and only if a = 0.

Proof. First we note that j_, _; , is not a zero of J_, :
Vael[0,1),Yn=1, J_, (joy, 1) #0. (A.2.24)

Indeed, if J_, _(j_, —1,) = 0, we derive from (A.2.19) that Jiv (j—y,—1,n) = 0, and then the
Cauchy problem satisfied by J_, would imply that J_,, is constantly equal to zero.
We also deduce from (A.2.19) that

. Y, .
Jiva(]fvafl,n) = = vaa (]7va71,n)- (A225)

—ve—1,n

We compute the value of the constants K, ,, that appear in (A.2.6): we have

1
- . 2-a\2
1 =K§’nf x! 0‘J_va(]_va_l)nx 2 ) dx.
0

2—a
2

Thanks to the change of variables y = x 2 , we get

1
2 2
172 .
1= Ka,n_ —a L .yJ_va (]—va—l,ny) dy,

and applying formula (5.14.5) p.129 in [48], we obtain

2 1 / . 2 'Vi . 2
1=K 570, (ovmn) +( 1 3 Iy, (ovm1n)” |-

J—va—l,n
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Therefore

1/2
2—a
Yae€[0,1),Vn>1, K,,= > ~ > ,
Jiva (j—va—l,n) + (1 - jz'v :n )J—va (j—va—l,n)
and using (A.2.25), we obtain a simple expression for K,
Vv2—a
Vae[0,1),Vn=>1, K,,= (A.2.26)

|J—va (j—va—l,n)l .
Thus, from (A.2.6) we deduce the value of |, ,(1)| given in (A.2.22), and the value of ¢, ,,(0).
Indeed, from (A.2.11), we have

V2—a _ . _
Soa,n(o) = | Cywo(]—va—l,n) Y. (A227)

|vaa (jfvafl,n)

In particular, function ¢, ,, has a finite limit as x — 0. Moreover, using the classical asymptotic
development (see, for instance, [48, formula (5.11.6) p. 122]):

2 1 1
J,@) =\ =[cosz— 2= = Z)1+0(5)+0()], asz - o0, (A.2.28)
g 2 4 22 Z
we obtain that 5 1
J,(2)* = —cos®(z — L E) +0(=), asgz— 00 (A.2.29)
% 2 4 22

Applying this latter formula with v+ 1, we get

2 +1 1
2J,.1(2)? = = cos? (z—u—£)+0(
n

I
N——
Il
3|
%
=]
N
N
N

|

<
"’|:1
|
k]
N—
+
o
N\
W | =
N—

2 4 b4
Therefore
2, &V 430 6F = 2 +0( 7).
T b4
which gives that
2J,(2)? +2J,,1(2)* = %, as z — +00. (A.2.30)

This implies that

2
. . 2 . . 2
]—va—l,nJ—va—l(J—va—l,n) +J—va—1,nJ—va(J—va—l,n) - E: asn— +090.

Hence 9
Iy, GGy 1) ~ = , asn— +00, (A.2.31)
: n]—va—l,n
and then, combining with (A.2.27) we obtain (A.2.23). O

A.2.2 Strong degeneracy

In this section we study the properties of the strongly degenerate operator
Au=—(x%u,),,
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that is, when a € [1,2). Consider the weighted Sobolev spaces H;(I )and H i([ ) introduced
in (A.1.9). We define the domain of A: D(A) C X — X by

D(A) := {u € HA(I), (x“u,)(0) =0, u, (1) =0} .
Then, the following result holds true.

Proposition A.2.5. Let a € [1,2), then A: D(A) C X — X is a self-adjoint accretive operator
with dense domain.

Therefore, also in the strongly degenerate setting, A is the infinitesimal generator of an ana-
lytic semigroup of contractions e** on X.
To prove the above Proposition, the following integration by parts formula will be necessary.

Lemma A.2.6. Let a € [1,2), then

1

1
Vf,g€HI), J (x*fY(x)g(x)dx = —J xf'(x)g’(x)dx. (A.2.32)
0 0
Proof. If f € H2(I), then
F(x):=x%f'(x) € H(I).
Letg € Hi([), and ¢ € (0, 1). Decompose

1

1 €
J F'(x)g(x)dx = f F'(x)g(x)dx +J F'(x)g(x)dx.
0

0 €
Since g € H 5(1 ) C H'(e, 1), the classical integration by parts formula gives

1

1 €
f F'(x)g(x)dx :f F’(X)g(X)dx+[F(X)g(X)]§—f F(x)g'(x)dx.
0 0

€

To prove equation (A.2.32), we have to let € — 0 in this identity. First, we note that

1 1 1
f F(x)g'(x)dx = J (x“f"(x))g'(x)dx = f (2 /() (x*?g" (x)dx,

and since x — x%2f’(x) and x — x*?g’(x) belong to L>(I), we have that

1 1
f (2 /() (x*/?g’ (x))dx —’f (2 f/())(x*?g ' (x))dx, ase— 0.
£ 0

Therefore,
1 1
f F(x)g'(x)dx — f F(x)g'(x)dx, ase—0.
€ 0

Moreover, since F’ and g belong to L(I), we get that

f F'(x)g(x)dx —0, ase—0.
0

It remains to study the boundary terms: first, because of Neumann boundary conditions at
x =1, we have F(1) = 0 and since g has a finite limit as x — 1, we obtain

[F(x)g(x)]; = —F(e)g(e).
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Now, we note that

Vx€(0,1), (F(x)g(x)) =F'(x)g(x)+F(x)g'(x)
= F'(x)g(x) + (x“2f"(x))(x*?¢'(x)),

and therefore (Fg)' € L'(0,1) because F’, g, x*/*f’, x*/2g’ belong to L%(0,1). Thus, Fg is
absolutely continuous on (0,1] and it has a limit as x — 0. This means that there exists L
such that

F(x)g(x)—> L, as x — 0",

We claim that L = 0. Indeed, the function x — x*f’(x) belongs to H'(I), hence it has a limit
asx — 0™
x*f'(x) >, asx—O0".

If( #0,

{
x2f(x) ~ P R 0.

L ¢ 12(I), so £ = 0. Moreover,

However, since a > 1, we have that

Vxe€(0,1), x*f'(x)= Jx(saf’)’(S)ds,
0
and using the Cauchy-Schwartz inequality, we obtain
Vxe€(0,1), [x*f'(x)]<Cvx.
Finally,

Vx€(0,1), [x“f'(x)g(x)l < Cvx|g(x)l,

thus
Yx€(0,1), [F(x)g(x)| < Cvx|gx)l.

If L # 0, then for x sufficiently close to 0 we have
CL
2v/x’

which is in contradiction with the fact that g € L2(I). Therefore, L = 0.
This implies that

lg(x)| =

[F(x)g(x)]; = —F(e)g(e) >0, ase— 0"

This concludes the proof of Lemma A.2.6. O
Proof of Proposition A.2.5. The strategy of the proof is similar to the one of Proposition A.2.1
and relies on the integration by parts formula given by Lemma A.2.6. It is possible to prove, as
in Proposition A.2.1, that D(A) is dense in X and furthermore that A is accretive and symmetric.

To prove the surjectivity of I + A, we have already noted that for any f € L?(I) there exists a
unique u € H}(I) such that

1 1
VveHN(D), f(uv+x“u’v’)=f fv.
0 0
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Actually, we have proved that u € Hi(O, 1). This implies that x%u’(x) — 0, as x — 0. Hence,
the boundary condition is satisfied at x = 0. Taking now v of class C°, but not equal to O at
the point x = 1, we derive that

1 1
f fv =f (wv +x*u'v')
0 0
1 1 1
= f w + [x*u'v]; —J (x*u)'v =[x“Uv]y+ J (u—(x*u'))v,
0 0 0
thus u/(1)v(1) = 0, and therefore u’(1) = 0. We obtain that u € D(A) and (I +A)u = f. So,

the operator I + A is surjective. Therefore A: D(A) C X — X is self-adjoint. O

We now analyze the spectral property of the strongly degenerate operator A: D(A) C X — X.
Thus, we want to solve (A.2.3) for a € [1,2).

Proposition A.2.7. For any a €[1,2), let

2—a a—1
= y va = ,
2 2—a

Kg !

and consider the Bessel function J,, of positive order v,, and the positive zeros (j, +1,m)m=1 of
the Bessel function J,, 4.
Then, the solutions of problem (A.2.3) are

Aao =0, @golx)=1 (A.2.33)

and forallm=>1
Aam =Ko jo 1w (A.2.34)
SOa,m(X) = Ka,mxl%l']v,l(jva+l,mxz%l); (A.2.35)

where the positive constant constant K, ,, is such that ||y mll12(0,1) = 1. Moreover, the sequence
(Pam)mso forms an orthonormal basis of L*(0,1).

Furthermore, the following property holds true: the sequence (1/Ag i1 — 4/ Aam)m>1 is decreas-
ing and

2—
VAamir — vV Aam — Tan, as m— o0, (A.2.36)

Proof. First, we note that if (A, ) solves (A.2.3) with a €[1,2), then A > 0: indeed, for any
a €[1,2), multiplying by ¢, we obtain

1 1 1 1
lf vh =J —(x*¢") o = [~(x*¢)¢]p +f x4 = f x>
0 0 0 0
If A =0, then x — x*¢’ is constant and, by imposing to the boundary conditions, we find that
it is actually equal to 0. Thus, the constant functions are the ones and only ones associated
to the eigenvalue A = 0.

We now investigate the positive eigenvalues. Following the same strategy of the proof of
Proposition (A.2.3), we introduce the function vy defined by the relation

o) =x T (= VaxE),
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and the associated new space variable

y= VAT
2—a

It turns out that ¢ satisfies problem (A.2.8). The first equation in (A.2.8) is the Bessel equation

of order

a—1 ( 1]
Vg 1= €(0,=-].
2—a 2

Then, the ODE we need to solve can be rewritten as (A.2.9).
As recalled previously, when v, ¢ N, J, and J_, form a fundamental system of solutions of
(A.2.9). Hence (A.2.12) and (A.2.13) still hold. However, the difference lies in the functions
¢, and ¢_: here we have

and

We note that

—

l—a 2 2—a
cp+(x)=xTJva( Vax=
2

2—a
1-a > 2 2—q \2M—V,
=x7? Z(:)C;a,m(z S AxT)
m=
> 2 2m—v,
=2 Gl VA A
m(:O
— n; E;A’mxlfa+(2fa)m.

pi(x) >, asx—07,

hence ¢, € L(I). Moreover,

X2 () ~ &5 (2= a)x 7,

that implies ¢, € H;(I ). Furthermore,

(x*l)(x)—> ¢, ,(2—a), asx—0",

thus ¢, € H2(I). However, for ¢_ it holds that

xa/2

a/2

and we deduce that ¢_ ¢ H!(I), and, in particular, ¢_ ¢ H(I).
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asx — 07,

@l (x)~E (T—a)x ™2, asx — 0,

(A.2.37)

(A.2.38)



Therefore C_ =0 and (A.2.13) becomes

{—(x“so’)’ = Ao, 0(x) = Coip, (),

— 3C,€R, { (A.2.39)

xel xel.

Observe that (x*¢’ )(0) = 0 and therefore the boundary condition at x = 0 is automatically
satisfied.

Additionally, to be an eigenfunction, ¢ has to solve the second boundary condition ¢’(1) = 0.
We recall that

1— —la 2 2—a 1—a 2 -
w;(x): zaxlTJva( ﬁxT)+xTﬁx_“/2J;a (—z_aﬁx%).

2—a

Hence, if ¢ is an eigenfunction, C, # 0 and ¢’ (1) = 0 that yields the following relation

iyl (L ﬁ) + Vg, (% ﬁ) —0. (A.2.40)

2 2—a

This is the equation that characterizes the eigenvalues A. Multiplying by 52, (A.2.40) be-

2—a’
comes 5 1 9 9 9
—a
J VA)+ =V (==—+V21)=o. A.2.41
2—a 2 V“(Z—a ) 2—a ”a(Z—a ) ( )
Introducing once again
2
X?L = ﬁ,
2—a
equation (A.2.41) can be rewritten as
—vd, (X3) +X,1J;a(X,1) =0. (A.2.42)
This is a known formula, see [58, p. 45, formula (4)]:
zJ!(2) — vJ (2) = 2J 41 (2). (A.2.43)
that in our case would be the following relation
—vedy, (X3) +XAJ;Q (X3) =X J, 41(X3).
Thus, (A.2.41) implies
X3Jy,1(X3) =0, (A.2.44)
or, equivalently,
Jy (X)) =0. (A.2.45)

The possible values for X are the positive zeros of J, i4:

2

z_aﬁle Zjva+1,m'

This identity provides the following expression for the eigenvalues
_ 232
A= KaJva+1,m'
Vice—versa, given m > 1, consider

) _ e . 2a
A‘rn T KaJva+1,m and (prn(x) =x2? Jva(.]va+1,mx 2 )
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It is clear from the previous analysis that ¢,, € H2(I) and that the pair (4,,, ¢,,,) solves (A.2.3).
Finally, the proof of (A.2.36) follows directly from [47, p. 135]. Since v, +1>1> %, the

sequence (j,, 11,m+1 ~ Jy,+1,m)m>1 is decreasing
Jvg+1,m+1 ~ Jy41m — T asm-— Q.

Now, we cope with the case v, = g%; € N. It has been proved in [23] that (A.2.39) remains
true (with ¢, defined in (A.2.37), the only difference is that the fundamental system of the
solutions of (A.2.9) now involve J, and Y, , the Bessel’s function of order v, and of second
kind (see [58, section 3.54, eq. (1)-(2), p. 64] or [48, eq. (5.4.5)-(5.4.6), p. 104]). Thus,
one can conclude by reasoning as in the case v, ¢ N.

Note that there is a hidden continuity property concerning the eigenvalues as a — 1: if
a €[0,1), then (A.2.5) gives that

. 1. _
% A’m(a) =KgJ—y,—1,m ™ Ejfl,m: asa—17,

and if a € [1,2), then (A.2.34) gives that

ar— . 1. e
Am(a) = Kajfvafl,m - Ejl,m = Am(l) as a — 1+-

From [58, p. 45 formula (1)]
J_1(x)+J,(x) =0,

we deduce that J_; and J; have the same zeros, and therefore

\/)\m(a) - \/lm(l) asa— 1.
O

The following result shows that the eigenvalues of the degenerate operator are unbounded
as x — 0.

Lemma A.2.8. Given a € [1,2), function ¢, satisfies

loen(D=v2—a, Vn=1, (A.2.46)
and
2—a)m .. v,
©an(0) ~ Cja,o % (v, +10) T asn— 400 (A.2.47)

where the coefficient C;ra,o is defined in (A.2.10). In particular, the sequence (¢4 ,(0)),>; is
unbounded.

Proof. First we note that j, 4, is not a zero of J, :
Vael1,2),¥n>1, J, (i, 41.) #O. (A.2.48)

Indeed, if J,,_(j,, +1,,) = O, we derive from (A.2.43) that J}, (ji,, +1,) = 0, and then the Cauchy
problem satisfied by J, would imply that J,_ is constantly equal to zero.
We also deduce from (A.2.43) that

. v .
J;a (]va+l,n) = .—aJva (]va+l,n)~ (A249)

ve+1,n
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With the same strategy of Lemma A.2.4, we compute the value of K, , that appears in (A.2.35),

and we find that

V2—a
Wy, Gysn)l”
Therefore, we obtain from (A.2.35) the value given in (A.2.46) of |¢, ,(1)|, and the value of
¢4.,(0). Indeed, using (A.2.10), we have

v2—a ot
|Jva (jva+1,n)| Ve

Vae[l,2),¥n=>1, K,,= (A.2.50)

$an(0) = oUv41)" (A.2.51)

and, in particular, the function ¢, , has a finite limit as x — 0. Moreover, using once again
(A.2.30), we have

]va+1,n Vo ]va+1,n Jva+1,n Vet+1 ]va+1,n - asn >

and hence 9
Jy, (v, 410)° ~ ———, asn— +00. (A.2.52)
ﬂ:Jvm+1,n
Finally, combining (A.2.52) and (A.2.27), we obtain (A.2.47). O
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