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Résumé

La presente these étudie certains probleémes de contrdlabilité, de confinement et de transmission de 1’équation
de Schrodinger pour certains choix de variétés Riemanniennes. Nous présentons un test de contr6labilité pour
I’équation de Schrodinger bilinéaire a spectre discret qui permet de conclure la contrélabilité approchée du systéme
en vérifiant la contrdlabilité en dimension finie d’une famille infinie de projections et une condition spectrale faible
du systeme en dimension infinie. Ce test peut étre appliqué en particulier a 1’étude du probleme de la contrdlabilité
de I’évolution quantique sur les variétés Riemanniennes, et il est particulierement adapté aux systemes a haut degré
de symétrie (et donc a de séveres dégénérescences spectrales). Nous spécialisons la technique a I’équation de
Schrodinger sur la variété physiquement pertinent SO(3) : de cette facon, nous fournissons une classification des
symétries et des propriétés de contrélabilité de la dynamique rotationnelle quantique des molécules. Le corps rigide
symétrique ou asymétrique subit I’interaction entre son moment dipolaire et trois champs électriques orthogonaux
comme contrdles, et le probleme de contrdlabilité est résolu en termes de moments d’inertie et de configuration
dipolaire. Grace a la structure géométrique qui sous-tend la technique de contr6le, nous obtenons en fait des
résultats plus généraux tels que la contr6labilité approchée de la matrice de densité et la contrdlabilité approchée
dans des topologies plus fines.

Notre approche spectrale et algébrique permet également d’identifier les fréquences et les polarisations néces-
saires pour contrdler le systeme : sur la base de ces informations, nous simulons numériquement la dynamique
rotationnelle de molécules chirales asymétriques de dimension finie.

En outre, nous nous concentrons sur les propriétés de confinement et de transmission quantiques pour 1’équation
de Schrodinger sur des variétés presque riemanniens généralisés de dimension deux. Ces structures sont des
généralisations naturelles du cylindre de Grushin, et leurs Laplaciens associés contiennent des termes singuliers
divergents. Le probléme de I’auto-adjonction est d’abord analysé pour le Laplacien de courbure —A + c¢K sur
des variétés presque Riemanniennes en 2D : ici, A et K désignent respectivement ’opérateur de Laplace-Beltrami
et la courbure Gaussienne de la surface, ¢ > 0 est une constante, et un tel opérateur est typiquement issu des
procédures de quantification géométrique sur les variétés Riemanniennes. Si ¢ = 0, le Laplacien A est connu pour
étre essentiellement auto-adjoint : un tel phénomene sur les variétés presque Riemanniennes est généralement
appelé confinement quantique, car il implique qu’une particule quantique ne peut pas traverser les singularités de
la structure, méme si les particules classiques le peuvent. Nous prouvons qu’il n’y a pas de confinement quantique
pour 'opérateur Laplacien de courbure, en montrant différentes propriétés des opérateurs de fermeture et adjoint.

Nous considérons ensuite I’opérateur de Laplace-Beltrami A, associé a la structure a-Grushin, pour « € [0, 1).
Cette structure est une variété presque Riemannien généralisé a deux dimensions qui interpole entre le cylindre
euclidien et le cylindre de Grushin. Nous classons les extensions locales auto-adjointes de A, en utilisant la théorie
des extensions de Krein-Visik-Birman pour les opérateurs symétriques semi-bornés. Les réalisations auto-adjointes
sont caractérisées en termes de différentes conditions aux bords a imposer a la singularité de la structure. Grace
a notre analyse, nous obtenons également la régularité de Sobolev des conditions aux bords locales permises pour
les évolutions de Schrodinger bien posées sur la surface anticonique a-Grushin.

Mots clés: Equation de Schrodinger, contrdle quantique, systémes de contrdle bilinéaires, confinement quan-
tique, approximations de Galerkin, dynamique rotationnelle, molécule symétrique, molécule asymétrique, molécule
chirale, équation du corps rigide d’Euler, transfert sélectif d’énantiomeres, variété presque Riemanniennes, plan de
Grushin, procédures de quantification géométriques, auto-adjonction du Laplacien, opérateurs de Bessel, théorie
des extensions auto-adjointes de Krein-Visik-Birman.



Abstract

In this thesis we study some problems of controllability, confinement, and transmission for the Schrodinger
equation for some choices of Riemannian manifolds. We present a controllability test for the bilinear discrete
spectrum Schrédinger equation that allows to conclude the approximate controllability of the system by checking
the controllability of overlapping finite-dimensional projections and a weak spectral condition of the infinite-
dimensional system. This test can be applied in particular to study the controllability problem for the quantum
evolution on Riemannian manifolds, and it is particularly suited for systems with high degree of symmetry (and
hence, severe spectral degeneracies). We specialize the technique to the Schrodinger equation on the physically
relevant manifold SO(3): in this way we furnish a classification of the symmetries and the controllability properties
of the quantum rotational dynamics of molecules. The symmetric or asymmetric rigid body is experiencing the
interaction between its electric dipole moment and three orthogonal electric fields as controls, and the controllability
problem is solved in terms of the inertia moments and the dipole configuration. As a byproduct of the geometric
structure behind the control technique, we actually obtain stronger results such as approximate controllability of
the density matrix and approximate controllability in finer topologies.

Our spectral and Lie algebraic approach also allows the identification of frequencies and polarizations needed
to control the system: based on this insight, we numerically simulate the rotational dynamics of finite-dimensional
asymmetric chiral molecules.

Further, we concentrate on the properties of quantum confinement and transmission for the Schrédinger equation
on two-dimensional generalized almost-Riemannian manifolds. These structures are natural generalizations of the
Grushin cylinder, and their associated Laplacians contain diverging singular terms. The problem of self-adjointeness
is firstly analyzed for the curvature Laplacian —A + cK on 2D almost-Riemannian manifolds: here A and K denote
respectively the Laplace-Beltrami operator and the Gaussian curvature of the surface, ¢ > 0 is a constant, and such
an operator typically arises from coordinate-free quantization procedures on Riemannian manifolds. If ¢ = 0, the
Laplacian A is known to be essentially self-adjoint: such a phenomenon on almost-Riemannian manifolds is usually
called quantum confinement, as it implies that a quantum particle cannot cross the singularities of the structure,
even though classical particles do. We prove that there is no quantum confinement for the curvature Laplacian
operator, by showing different properties of the closure and adjoint operators.

We then consider the Laplace-Beltrami operator A, associated with the @-Grushin structure, for @ € [0, 1). This
structure is a two-dimensional generalized almost-Riemannian manifold which interpolates between the Euclidean
and the Grushin cylinder. We classify the local self-adjoint extensions of A,, using the Krein-ViSik-Birman
extension theory for semi-bounded symmetric operators. The self-adjoint realizations are characterized in terms
of different local boundary conditions to be imposed at the singularity of the structure. As a byproduct of our
analysis, we also obtain the Sobolev-regularity of the allowed local boundary conditions for well-posed Schrédinger
evolutions on the a-Grushin anti-conic surface.

Keywords: Schrédinger equation, quantum control, bilinear control systems, quantum confinement, Galerkin
approximations, rotational dynamics, symmetric-top molecule, asymmetric-top molecule, chiral molecule, Eu-
ler rigid body equation, enantiomer-selective population transfer, almost-Riemannian manifolds, Grushin plane,
coordinate-free quantization procedures, self-adjointness of the Laplacian, inverse square potential, Krein-Visik-
Birman self-adjoint extension theory
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Chapter 1

Introduction

1.1 Controlled and free quantum evolution on Riemannian manifolds

1.1.1 Outline of the subject

Given a quantum particle subject to the (possible time dependent) Schrédinger equation, in this thesis we consider
the following type of problems:

¢ is there a positive probability of finding it at any point of the space?

* by varying the time evolution of the potential via a fine number of parameters, is it possible to drive its wave
function from any initial state arbitrarily close to any final state?

The first question can be attacked by trying to prove that the Schrodinger operator is essentially self-adjoint in a
subset of the space. The second question is a classical question of controllability. Let us be more precise: the
quantum evolution on a Riemannian manifold M with associated Riemannian volume w is described through its
wave function , which is an element of the Hilbert space L*(M, w) of norm one. When a system is experiencing a
(possibly time-dependent) potential, the evolution in L?(M, w) of the wave function is governed by the Schrodinger
equation

(1.1.1) i%l{/(p, 1) = Hy(p,t) + W(p, ) (p, 1),

where H = Hy + V is an operator which stands for the quantization of the kinetic Hy plus potential V energies,
and W : M xR — R is a potential of interaction with an external field. The usual choice for Hy is given by
Hp = —A, where A is the Laplace-Beltrami operator of the Riemannian manifold M. Other choices of Hj present
in the literature, coming from geometric quantizations, are given by Hy = —A + cK, where ¢ > 0 is a positive real
constant determined by the quantization procedure, and K : M — R is the scalar curvature of the Riemannian
manifold M (see, e.g., [13]). The operator H + W is in general unbounded, symmetric and defined on the domain
Cy’(M) of the smooth functions compactly supported on M. A first natural problem is given by the existence and
uniqueness of solutions of the Schrodinger equation (I.1.T)). If the potential of interaction W is time-independent,
we denote by D(H + W) the completion of C;°(M) w.r.t. the norm induced by H + W. The self-adjointness
problem for the operator H + W consists in establishing whether the space of functions f € L?(M, w) such that
(H +W)f € L*(M,w), in the weak sense, coincides with D(H + W). As a consequence of a celebrated theorem
by Stone [104]], it turns out that the symmetry of the operator H + W is not sufficient for a well-posed quantum
evolution, since the latter property is equivalent to the essential self-adjointness of H + W: there exists a unique
solution ¥(-) € C'(R, L*(M, w)) to (I.I.I) with y(¢) € D(H + W) ¥t € R if and only if the operator H + W is
self-adjoint. Moreover, the solution is implemented via a strongly continuous one-parameter unitary group, given
by y(r) = e 1H Wy (0).

When the Riemannian manifold M is complete as a metric space, that is, is geodesicaly complete, a theorem
by Gaffney states that A is essentially self-adjoint [61]. The same property holds for —A + ¢K if K is bounded; in
particular, it holds when M is compact. So, thanks to Stone’s and Gaffney’s theorems, the free (i.e., in the absence
of potentials) quantum evolution on a compact manifold without boundary is well-defined, w.r.t. Hy = —A and also
Hp = —A + cK. The same holds in the presence of bounded potentials.

In this thesis we are also interested in a complementary case, that is, when the manifold M is not complete
(and the curvature K is not bounded). Let us figure out a simple one-dimensional example, motivated by singular
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operators which we shall encounter later on, to show which different phenomena may occur in this case: consider
a quantum particle moving on a punctured line R \ {0}, and imagine that an inverse square potential -5 is applied
to the system, with amplitude ¢ € R. The wave function for this system evolves on the sphere of L*(R) according

to the equation
2

0 0
ialﬁ(x, 1) = —ﬁtﬁ(x, 1+ %zﬁ(x, 1), ¥(,0)=yo() e R\ {0}).

We may want to know if there is a positive probability of finding the particle in any point of the space. In particular,
if the initial state y for this system is supported on one half-line, say R*, will the wave function spread also on
the other half-line R™ during the evolution? The punctured line is a non-complete manifold, so in the absence of
potential we may expect the quantum particle to cross the origin, with a dynamical transmission between R* and
R™. On the other hand, the singular behaviour of the inverse square potential at the origin may create a barrier
which alters the dynamics. An answer to such a question is furnished by the study of the self-adjointness of the
Schrodinger operator H + W = —aa—;z + -5 defined on the half-line with the domain Cg’ (R*): by regarding the two
linearly independent solutions of the stationary Schrodinger equation —"(x) + S¢(x) = 0 on R*, a celebrated
theory of Weyl called limit point-limit circle method [112] implies that such an operator is essentially self-adjoint
if and only if ¢ > 3/4. As a consequence, when ¢ > 3/4, the Schrodinger evolution is well-defined on L*(R"),

and the wave function y(r) = e "H+*W)y, is supported on R* for all # € R, if suppyy € R*. In particular, two
wave functions ¥, and y_ respectively supported on R* and R~ cannot be joined by a trajectory of the systems,
and the quantum particle is confined in each half-line. On the other hand, a small variation of the amplitude ¢
may destroy the self-adjointness, implying the possibility for the wave function to spread out the half-line, and also
the necessity of some boundary condition at x = 0 to describe the interaction between the wave function and the
singular potential.

Throughout the thesis we assume that the operators of interaction with the quantum system has the following
affine form

W(p,t) = u1(t)Bi(p) + - - - + ug(t)Be(p)

where the B; are control operators and the functions u; are piecewise constant control laws. The controllability
problem for the Schrédinger equation on a Riemannian manifold consists in establishing whether, for every pair of
states Yo and i in the sphere of L?(M, w), there exists a choice of piecewise constant control laws uj, . . ., u, and
a time T > 0 such that the solution to the Schrodinger equation with initial condition y(0) = ¢ satisfies
W (T) = 1. Such a problem has a negative answer if the control operators B; are bounded [14}[107]], so one has to
look for weaker notions of controllability, such as approximate controllability.

Let us describe how such a problem can be analyzed: for simplicity, we consider now a compact manifold
M without internal potential, that is V = 0. The controllability problem for (I.T.T) can be studied through its
finite-dimensional spectral approximations: the compactness of M guarantees that Hy is essentially self-adjoint,
and also that the spectrum {4;};eiy C R of Hj is real discrete with the eigenfunctions {¢; };en of Hy forming an
orthogonal Hilbert basis of L?(M, w). Following the paper [27]], for any n € N one can then project the Schrodinger

equation onto the span{¢y, ..., ¢, } = C" and study the controllability of the finite-dimensional quantum system
. d () : (n)
(1.1.2) iU = HYW(0) + ) B0, w(0) € span{@..... 4}
i=1
where H(()") = diag(4y,...,4,) and BE") = (¢}, B;¢k))2 «—1- This can be done in several ways, for example using

the Lie-algebraic structure of the equation: (I.1.2)) defines a left-invariant control system on the Lie group U(n) for
the propagator U(#)™ := it H R ”"(’)Bf'n)), that is controllable if and only if Lie{iH\", iB§">, s iBE,")} =u(n)
[75], where u denotes the Lie algebra of U(n). The question is then how to pass from the finite-dimensional to
the infinite-dimensional equation. The first assumption needed is the essential self-adjointness of Hy + Zle u; B;
on span{¢; | i € N}. Then, a condition that guarantees the controllability of (I.I.2) and the (approximate)
controllability of (I.T.T) can be given in terms of a non-resonant spectral graph constructed as follows (we recall
that the controllability of (T.I1.2) for every n € N does not imply, in general, the controllability of (T.T.T): see
section example 3| for details). Let us suppose for the sake of simplicity that £ = 1. Define = as the subset
of N? given by all (ki, kz) such that (¢, Bi¢x,) # 0. Assume that for every (j, k) € = such that j # k, we have
A; # A (meaning that degenerate states are not coupled by By). If there exists a subset S of = such that the graph
whose vertices are the elements of N and whose edges are the elements of S is connected, and moreover for every
(j1,J2) € S and every (ky, k») € E different from (jy, j») and (2, j1),

(1.1.3) 14y = Al # [y = s |
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then the infinite-dimensional system (I.I.1)) is approximately controllable. If such a graph exists, we say that the
system admits a non-resonant chain of connectedness. Notice that, in particular, the existence of a non-resonant
chain of connectedness can also be applied to check the controllability of the finite-dimensional approximations as
in (I.T.2). Summarizing, the compactness of M (that implies the self-adjointness of Hy and its discrete spectral
decomposition) and the self-adjointness of Hy + Zle u; B; permit to conclude the (approximate) controllability of an
infinite-dimensional system, if the following properties hold: (i) the controllability of a family of finite-dimensional
systems as in (I.1.2), and (ii) a non-resonant condition (I.1.3)) on the spectral gaps of Hy used for the control.

If the manifold M is not compact, the spectrum of Hy will not be discrete, but analogous controllability prop-
erties hold in the presence of a non-zero potential V, when it is such that the spectrum of Hy + V is discrete.

1.1.2 Qutline of the main contributions of this thesis

In this thesis we follow the approach outlined for the controlled quantum evolution on compact Riemannian man-
ifolds: we present a new spectral Lie-algebraic control condition, which generalizes the non-resonant chain of
connectedness technique, and which is deeply related to the Lie-Galerkin tracking condition introduced in [28]].
We apply it to the Schrodinger equation on the compact Lie group of rotation M = SO(3). This manifold naturally
describes the rotational dynamics of symmetric and asymmetric rigid bodies, so that we refer to this problem as the
controllability of the quantum rotational dynamics of symmetric and asymmetric molecules. In this way, we are able
to classify the symmetries (i.e., the conserved quantities) and the reachable sets of quantum rotating molecules. We
moreover numerically simulate some of our controllability results on rotational dynamics in experimentally relevant
finite-dimensional subspaces of chiral asymmetric molecules. Problems of confinement and transmission for free
quantum evolutions on singular Riemannian surfaces are then considered. We present a non-self-adjointness result
for the curvature Laplacian Hy = —A + cK on two-dimensional almost-Riemannian manifolds of step 2 (see Section
[5.2]for a definition of these structures). We then study the self-adjoint extensions of the Laplace-Beltrami operator
Hy = —A on a collection of @-Grushin surfaces: we characterize four families of local self-adjoint extensions which
describe allowed transmissions between the two-halves of the a-cylinder, or in other words boundary conditions
that make the free quantum evolutions (I.I.T)) well-defined on such singular Riemannian structures.

1.2 A controllability test for the discrete spectrum Schrodinger equation

1.2.1 State-of-the-art

The controllability criteria we discuss in this thesis concern the general framework of the bilinear multi-input
Schrodinger equation on an infinite-dimensional Hilbert space H

¢
Ay (1)
(1.2.1) i— = Z w; (B, (1) € H,
t =
with piecewise constant control laws (uy, . . ., ug) taking values in U ¢ RY, being U a neighbourhood of the origin.
The main spectral assumptions we need are the following: (i) the operators H, By, . . ., By are self-adjoint; (ii) the

operator H has discrete spectrum {4; }; i (with associated eigenfunctions {¢; };en); (iii) the operator (H +Z§= L u;jBj)
is essentially self-adjoint on the set of finite linear combinations of eigenfunction of H, given by span{¢; | i € N},
for all u € U. Applications to cases of particular interests are, e.g. : (i) H = L*(Q), where Q is R¢ or a bounded
domain of R? and H = —A + V has discrete spectrum, where A is the Laplacian (with e.g. Dirichlet boundary
condition if Q is a bounded domain); (ii) H = L2(M, w), where M is a compact Riemannian manifold, w is the
Riemannian volume, and H = —A is minus the Laplace-Beltrami operator of M; (iii) H = LZ(M, w), where M is
possibly not compact and H = —A + V has discrete spectrum; (iv) systems for which H has discrete spectrum and
cannot be written as a sum of a Laplacian and a potential (for example, the so called Eberly Law model [81} 25]).
We say that a couple (j, k) € N? is a non-degenerate transition for (H, By) if |4 = Ak] = |Am — An| implies
{j, k} = {m,n}or {j,k} n{m,n} = O or (¢, Bi¢,,) = 0. One of the main ideas behind the controllability criterium
of the non-resonant chain of connectedness is the periodic excitation of a given spectral gap of the system: if
o = |4; — Ax| > 0 is a spectral gap corresponding to a non-degenerate transition (j, k) for (H, B;), coupled by B;
(i.e., {¢j, Bipx) # 0), then a control law of the form u;(t) = cos(ot)/K induces a transfer of population from the
state ¢; to the state ¢,. This idea, also called by physicists the rotating wave approximation, is based on averaging
techniques applied to bilinear quantum systems (see, e.g., [41]]). Following the paper [28], we thus define for any
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o > 0, the decoupled control Hamiltonians & (By) as

(¢), Es(Bi)or) = {<¢*"’ Bipr), if |4 -l =0

0, otherwise,
and denoting by X, := {|4; — 4|, j,k = 1,...,n}, one can generalize the non-resonant chain of connectedness
technique for finite-dimensional quantum systems of the form (I.1.2) as follows: if there exist oy, ...,09,; € 2,
such that

Lie{iH™, &, (B™) |i=1,...,m [ =1,....6} = u(n),

then (T.1.2) is controllable. Further, to obtain the control of the original infinite-dimensional system, in [28] the
authors added a non-resonant condition: one defines Z,, as the set of (o, /) € Z,, X {1, ..., £} such that, for every

N >n, "
. n
0 *

and hence =, is the set of frequencies which preserve the finite-dimensional truncations of the original system.
Notice that in E,, degenerate transitions are allowed, but only inside span{¢y, ..., ¢, }. Then, if for every ng there
exists n > ng such that

Lie{iH"™, &,(B\"), (0, 1) € E,} = u(n),

the Schrodinger evolution (T.2:1)) is approximately controllable. The main advantage of this controllability criteria,
called the Lie-Galerkin tracking condition, is that it allows the drift operator H to have a very degenerate spec-
trum, as for example in [28] it was applied to prove the approximate controllability of the Schrodinger equation on S2.

1.2.2 A new controllability test

In this thesis we present a variation of the controllability criterium described above: the idea is to check the
controllability of the approximations on a sequence of overlapping subspaces, instead of a sequence of increasing
subspaces. This is inspired by symmetry considerations: if there exists an operator J # H such that [H, J] = 0,
it is convenient to project the evolution on the eigenspaces of J. We present here a simplified and more intuitive
version, and a more general version in Section [3.1.3] which does not assume the existence of such a commuting
operator J.

Let us assume that there exists a self-adjoint (possibly unbounded) operator J, with domain 9(J), such that

* span{¢y | k € N} ¢ D(J),
* J has discrete spectrum and infinitely many distinct eigenvalues (possibly degenerate),
e J(span{¢y | k € N}) ¢ D(H) and J commutes with H on span{¢; | k € N}.

Then, there exists an Hilbert basis, which we denote by 8, made by eigenvectors of H and J at the same time, that
is, if ¢} € B, then H ¢2 = A,.¢; and J¢, = 1/ ¢, . Denote by m; the multiplicity of the eigenvalue 1/, then we can
label the basis B as (¢, | j € Nk = 1,...,m;)).
Consider H; := span{¢>f( | k =1,...,m;}, j € N, which are the eigenspaces of the operator J, and let us denote
by
i = AL ALV €, j+ 1 K =0, omp, k=0,...,m}

the spectral gaps in the subspace H; ® H;..;. Moreover, for every j € N, define the orthogonal projections

(12.2) M H3 ¥ o > (G, € H,
l=j,j+1,
k=1,...,m[
H(),j_,_] H > o Z <¢§(» ﬂl’>¢i €H,
1=0,...,j+1,
:1,...,m1

and we define B?’jﬂ) :=1I1; 11 B;11; j41, and BS"H) := o j+1B:lg j+1, forevery i = 1,..., .
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Denote by u(j,j + 1) the Lie algebra associated with the Lie group of the unitary operators on the space
H; & Hj.1, thatis, u(j, j + 1) := u(m; + mj.1). We define

[0 0 0 ]
E?,jﬂ ={(o,i) € Zj 1 X {1, ... 1} | Sa(iBl(-h)) =10 SU(iBEj’j”)) 0 | forevery h > j },
0 0 0|
and
- 0 .
Ej o = (v € x {1, 1} | &™) =] 0 SU(iBy’j+1)) 0 | forevery h > j},
* 0 *

where &, (iBlg’j H)) is in the block j, j + 1. A transition associated with spectral gaps in Ejlj 1 may be resonant to a

transitions between two state that are both inside or outside H; @ #;,1, while a transition associated with spectral

gaps in E?j . may only be resonant to a transition between two state that are both inside H; ® #.1. In both sets
EJ‘ je1 S = 0, 1, degenerate transitions are allowed, but only inside H i ® H i 41
Let )
. j,j+1 - p(f.J+1 . —_ _
Vil = {HUI*D, 80(1B§” )| (0,i) €Ej ;1,0 >0}, s=0,1.

Notice that v?j cvl. . cu(j,j+1). Wedenote by Lie(v; ) the Lie subalgebra of u(n;) generated by the matrices

+1 J.j+1
in v;. , 5 = 0,1, and define 7; as the minimal ideal of Lie(v}) containing v](.). Then we have the following result:

Theorem 1.2.1. If 7; = u(n;) for every j € N, then (I.2.1)) is approximately controllable.

A proof of a more general version of the above controllability test is given in Theorem [3.1.21]

1.3 The controlled Schrodinger equation on SO(3)

In Chapter[3|we apply the controllability test stated in Theorem[I.2.T]to classify the symmetries and the controllability
properties of quantum rotational dynamics. We present a study of the Schrédinger equation associated with a rotating
rigid body, also named a rotating top, that is a symmetric or asymmetric molecule rotating around its center of
mass. The Schrodinger equation is infinite-dimensional, and the approximate controllability is obtained through
its finite-dimensional approximations together with weak spectral conditions. The rigid top is experiencing the
interaction of three orthogonal electric fields as controls, so that the dynamics is described via the following bilinear
multi-input controlled Schrodinger equation

3

(1.3.1) D yrn= (A B B yry- > ()RS, ey (R 1), (1) € LA(SO(3))
o ot 2 I V43 I ’ j=lj o T ’ ’

where % (1;—1‘2 + 113_222 + I;—j) is the rotational Hamiltonian, /1, I», I3 are the moments of inertia of the molecule, Py, P>, P3
are the angular momentum operators (their differential action is given in (I.3:10)), self-adjoint w.r.t. the Haar
measure of SO(3), and —(R6, ¢;) is the interaction Hamiltonian between the electric dipole moment & of the
molecule and the direction e; of the electric field, i = 1,2, 3 (its action as bounded multiplicative operator is given
in (I.3.6)). The Hamiltonian that generates the evolution is also called Stark effect Hamiltonian, and the control
law u = (uy,up,u3) € U is smooth or piecewise constant and represents an electric field polarized in the three
orthogonal direction ey, e, €3, where U C R3isa neighbourhood of the origin. Finally, R € SO(3) is the matrix
which describes the orientation of the molecule in the space.

Rigid molecules are subject to the classification of rigid rotors in terms of their inertia moments I} < I < I3:
one distinghuishes asymmetric-tops (I} < I, < I3), prolate symmetric-tops (I; < I = I3), oblate symmetric-tops
(I1 = I, < I3), spherical-tops (I} = I, = 1), and linear-tops (I; = 0, I, = Iz).

Rotations can in general couple to vibrations in the so-called ro-vibrational states. In our mathematical analysis,
however, we shall restrict ourselves to the rotational states of the molecule, neglecting the vibrations. This approxi-
mation is in general well-justified on a physical level, being the rotational and vibrational transitions experienced at
different scales. For further details on this subject called in literature the distortable rotor, we refer to 68} Chapter §].

The capability of controlling molecular rotations can be very important in quantum physics and chemistry

because of the variety of its applications, starting from well-established ones such as microwave molecular spec-
troscopy [45]], rotational state-selective excitation of chiral molecules [51}, 152], and going further to applications
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Figure 1.1: Three orthogonal electric fields to control the ellipsoid of inertia of a symmetric rigid molecule with:
[(@)]dipole & parallel to the symmetry axis;[(b)]dipole 6 orthogonal to the symmetry axis;[(c)|dipole 6 neither parallel
nor orthogonal to the symmetry axis. The dipole configurations[(a)]and[(b)|correspond to non-controllable quantum
systems, due to the presence of different symmetries, after Theorems and The dipole configuration
is (approximately) controllable, after Theorem [3.2.5]

in quantum information [[115,[9]. The general problem on whether molecular rotation is controllable goes back to
the early days of quantum control; for example, in the paper [[72]] crucial ideas were presented and in particular a
first prove of the wave-function approximate controllability for a rotating linear-top was proposed. For a general
overview on the controllability problem in molecular rotational dynamics we refer also to the review [77]], where
the controllability problem for the Schrodinger evolution on SO(3) was presented as an open problem, which is
solved in this thesis (under non-resonant assumptions on the inertia moments).

1.3.1 State-of-the-art: the controlled Schrodinger equation on S' and S?

Due to its discrete quantization, molecular dynamics perfectly fits the mathematical quantum control theory which
has been established until now. In fact, the control of the Schrodinger equation has attracted substantial mathematical
interest in the last 15 years (see [[11} 161291167, 761193\ |17] and references therein). The partial differential equation
(T31) is an example of closed quantum system modelled through a bilinear infinite-dimensional multi-input
Schrédinger equation of the form (I.2.I). The controllability of is a well-established topic when the
Hilbert space H is finite-dimensional, thanks to general controllability methods for left-invariant control systems
on compact Lie groups (see [74}(75] 541 165]). When H is infinite-dimensional and the control operators By, . . ., By
are bounded (as in (T.3:1), where H = L*(SO(3)) and the control operators are trigonometric polynomials of the
Euler’s angles, cf. (I.3.6)), it is known that (T.2.1)) is not exactly controllable [[I3}[107]. Hence it is natural to look
for weaker controllability properties such as approximate controllability.

Given two vectors g, ¥ in H of norm one, we say that i is approximately reachable from iy if for any
€ > 0, there exist a control law u (in a class of admissible functions) and a time 7' > 0 such that the solution to the
system ([.2.T)) with initial condition /(0) = yy satisfies ||¢(T) — ¢1|| < e. Then (I.2.I) is said to be approximately
controllable if, for any ¢ in H of norm one, all unit vectors are approximately reachable from .

Approximate controllability and exact controllability are known to be equivalent conditions for finite-dimensional
bilinear quantum systems [29]], and more in general for any finite-dimensional bilinear systems as it is proved in
the very recent paper [39]. However, this is not the case for infinite-dimensional systems.

Approximate controllability results of (T.2Z.T) have been obtained with different techniques: adiabatic control
[3}136], Lyapunov methods [87,192] 193] and Lie-algebraic methods [24, 25| 27, 41}, 142} 128 140, [76].

In particular, the problem of controlling the rotational dynamics of a planar molecule by means of two orthogonal
electric fields has been analyzed in [27], where approximate controllability has been proved using a suitable non-
resonance property of the spectrum of the rotational Hamiltonian. In [28] the approximate controllability of
a linear-top controlled by three orthogonal electric fields has been established. There, a sufficient condition for
controllability, called the Lie-Galerkin tracking condition, has been introduced in an abstract framework and applied
to the linear-top system; such a condition is based on the controllability of the finite-dimensional approximations
combined with weak spectral conditions which permits to treat severe degenerate and resonant spectra. Let us
recall these two models already studied in the literature.

* Planar molecule The system of a planar bipolar molecule interacting with two orthogonal controls is
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modelled by the following bilinear controlled Schrédinger equation on the circle S':

2
(1.3.2) iﬁw(a, 1) = _0 +u1(f) cos(@) + ur () sin(@) | ¥(a, 1), w(-1) € L*(SY),
ot oa?

where @ € [0, 2r) is the coordinate on the circle, related to the Euclidean coordinates through the identities
x =cos(a), y =sin(a).

This equation has been proved to be approximately controllable in [27, Proposition 8.2], using a technique

Figure 1.2: Two orthogonal electric fields to control the rotation of a linear bipolar molecule confined to a plane.
Its rotation is (approximately) controllable, after [27].

2
based on the existence of a non-resonant connected chain in the spectrum of the drift H := —%.

Let us point out that the spectrum of H is given by {E; = k? | k € Z}, which is degenerate, as E; = E_; and
an Hilbert basis made of eigenfunctions of H is given by the trigonometric functions {¢*®/V2x | k € Z}.
The eigenspace corresponding to the degenerate eigenvalue Ey, k > 1, is spanned by the pair of functions
{px := cos(ka)/vm, ¢_x := sin(ka)/x}. The control fields are given by the bounded multiplicative
operators By := cos(@) and B; := sin(a).

— 1) B 1} B,
- W \ -
g0 B, “
Figure 1.3: Spectral graph associated with a planar linear-top: transitions at frequencies w; := |E| — Ep| and
wy = |Ey — Eq|, between states |k) := ¢y, for k = =2,...,2, driven by B; or B,. Same-shaped arrows correspond

to equal spectral gaps.

In the example [3] of chapter 3 we show that this system satisfies the Lie-Galerkin tracking condition. This
implies that it is approximately controllable, and also satisfies stronger properties such as approximate
controllability in the sense of density matrices, by means of piecewise constant and smooth controls u, u €
[-6, 6], for any & > 0.

* Linear molecule The system of a linear bipolar molecule interacting with three orthogonal controls is
modelled by the following bilinear controlled Schrodinger equation on the sphere S2:
(1.3.3)

i%lﬁ(a, B.1) = [ = A+ui(t) sin(B) cos(@) + ua(t) sin(B) sin(a) + us(t) cos(B) |¢(a, B 1), W(-~1) € L*(S?),
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where (@, 8) € [0, 27) X [0, 7] are the spherical coordinates, related to the Euclidean coordinates through the

identities
x = sin(B) cos(a), y =sin(B)sin(a), z = cos(B),
and 5
1 1
sm ()
sin(B8) 98 0B)  sin*(B) da?
is the Laplace-Beltrami operator of > ¢ R3. The interaction Hamiltonians B; := sin(8)cos(a), B, :=

sin(B) sin(a), B3 := cos(B) are sometimes called in the physical and chemical literature, resp., x-,y-, and
z-polarization of the electric field.

€3

us(t)

f 44
e | / us(t)
/ /
/ /

Figure 1.4: Three orthogonal electric fields to control the rotation of a linear molecule in R?. The diagram represents,
e.g., the hydrogen chloride molecule HCI. Its rotation is (approximately) controllable, after [28]].

System (I.3.3)) has been proved to be approximately controllable, and satisfy stronger properties (e.g., it is
a modulus tracker [28, Theorem 3.1]), by means of piecewise constant [28, Theorem 2.8] and smooth [40}
Theorem 2.7] controls uy, up, u3 € [—a,al, for any @ > 0. In fact, it has been proved to satisfy the Lie-
Galerkin tracking condition in [28| Lemma 3.2]. Let us point out some spectral properties of the drift —A:
its spectrum is given by the set of eigenvalues {E; := j(j + 1) | j € N}, and the associated eigenfunctions are

the spherical harmonics {Y?,(e, 8) | j € N, m = —j,..., j}. The spherical harmonics satisfy the following
partial differential equations:

(1.3.4) ~AY) = JGHDYh, m=—j..j
LY = myl
where the operator J3 := —i-Z is the third component of the angular momentum. From ([:34) we see that

each E;, j > 1, is degenerate with associated (2j + 1)-dimensional eigenspace spanned by {Y,‘L(a', B) | m=
A

Even if non-resonant chains of connectedness may be constructed for degenerate systems, an unbounded
amount of degeneracies make in practice very hard the application of this technique in order to get control-
lability results, since an unbounded amount of transitions occur at the same frequency.

As we shall see in the next section, system (I.3.3) can be realized as a subsystem of the symmetric molecule.

1.3.2 New results: symmetries and controllability on SO(3)

In this thesis, we study the symmetric- and asymmetric-top as a generalization of the linear one, characterizing its
controllability in terms of the position of its electric dipole moment, fixed inside the molecular frame. While for
the linear-top two quantum numbers j, m are needed to describe the motion, the main and more evident difference
here is the presence of a third quantum number &, which for symmetric-tops classically represents the projection
of the total angular momentum on the symmetry axis of the molecule. This should not be a surprise, since the
configuration space of a linear-top is the 2-sphere S2, while symmetric- and asymmetric-tops evolve on the Lie
group SO(3), a three-dimensional manifold. As a matter of fact, by fixing k = 0, one recovers the linear-top as
a subsystem inside the symmetric-top. It is worth mentioning that the general theory developed in [27, 142} 93] is
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Figure 1.5: Spectral graph associated with a spherical linear-top: transitions at frequencies 0¥ := |E| - Ep| and
ol := |E, — Ei|, between the eigenstates |j, m) := Y7, driven by By, B>, and B;. Same-shaped arrows correspond
to equal spectral gaps.

based on non-resonance conditions on the spectrum of the internal Hamiltonian. A major difficulty in studying
the controllability properties of the rotational dynamics is that, even in the case of the linear-top, the spectrum
of the rotational Hamiltonian has severe degeneracies at the so-called m-levels. The symmetric-top is even more
degenerate, due to the additional degeneracy of the so-called k-levels.

We shall first study the symmetric-top, and set I = I,. Anyway, our analysis does not depend on whether I3 > I,
or I; < I, so we are actually treating in this way both the cases of a prolate, spherical, or oblate symmetric-top.
The principal axis of inertia with associated inertia moment /3 is then called symmetry axis of the molecule. The
position of the electric dipole with respect to the symmetry axis plays a crucial role in our controllability analysis:
a symmetric molecule with electric dipole collinear to the symmetry axis will be called genuine, otherwise it will
be called accidental (68, Section 2.6]). Most symmetric molecules present in nature are genuine. The diagram
of a genuine symmetric top is given in figure and corresponds to the CH3Cl molecule. Nevertheless, it can
happen that two moments of inertia of a real molecule are almost equal, by “accident”, although the molecule does
not possess a n-fold axis of symmetry with n > 3[TFor instance, the inertia moments of the molecule HSOH are
I, ~ I, < I3, while its dipole components are §; > &, = 6;/2 > 63 # 0 [113]. Such slightly asymmetric-tops
are often studied in chemistry and physics in their symmetric-top approximations (see, e.g., [L13[,[68} Section
3.4]), which correspond in general to accidentally symmetric-tops. The diagram of an orthogonal (i.e. 63 = 0)
accidentally symmetric-top is given in figure [I.3.2] and corresponds to the symmetric top approximation of the
D»S> molecule.

OF

Figure 1.6: Diagram of the orthogonal accidentally symmetric-top approximation of the molecule D, .S,. Its rotation
is not controllable, after Theorem [3.2.11] as the electric dipole 6 lies in the orthogonal plane to the symmetry axis.

For the rotational Hamiltonian of a symmetric-top, closed expression for the spectrum and the eigenfunctions
are known. Beside its own interest, the accidentally symmetric-top is then used in this thesis to obtain controllability
of asymmetric-tops with a perturbative approach. The idea of studying the controllability of quantum systems in
general configurations starting from symmetric cases (even if the latter have more degeneracies) has already been
exploited, e.g., in [31} [85].

The position of the electric dipole moment turns out to play a decisive role: when it is neither along the
symmetry axis, nor orthogonal to it, as in Figure then approximate controllability holds, under a suitable

IThe existence of a n-fold axis of symmetry (i.e., an axis such that a rotation of angle 2r/n about it leaves unchanged the distribution of
atoms in the space) with n > 3, implies that the top is genuine symmetric. This can be visualized by rotating the ellipsoid of inertia: if a rotation
of angle 27t /n, with n > 3, is a symmetry then the planar sections orthogonal to the axis of symmetry are circles, implying the equality of two
inertia moments.
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non-resonance condition, as it is stated in Theorem [3.2.5] for symmetric-tops; for asymmetric-tops, approximate
controllability holds when the dipole is not along any principal axis of inertia, as it is stated in Theorem [3.3.2]
To prove both Theorems, we apply the new controllability test for the discrete spectrum Schrodinger equation
introduced in Section [[.2.2] The control strategy for the symmetric molecule is based on the excitation of the
system with external fields in resonance with three families of frequencies (cf. (3.2.11), (3:2.12), and (3.2.13)),
corresponding to internal spectral gaps. One frequency is used to overcome the m-degeneracy in the spectrum
(Appendix [3.4.T), and this step is quite similar to the proof of the linear-top approximate controllability [28| proof
of Lemma 3.2]. The other two frequencies are used in a next step to break the k-degeneracy, in a three-wave mixing
scheme (Appendix [3.4.7) typically addressed in microwave molecular spectroscopy to obtain enantiomer-selective
population transfer in chiral molecules (see, e.g., [82]).

Concerning symmetric tops, the two dipole configurations to which Theorem|3.2.5|does not apply are extremely
relevant from the physical point of view. Indeed, the dipole moment of a symmetric-top lies usually along its
symmetry axis (Figure[I.J{a)] see also the diagram of the genuine symmetric molecule CH3C! in Fig. [I7), and if
not, for accidentally symmetric-tops, it is often found in the orthogonal plane (Figure [T.1{b)] see also the diagram
of the orthogonal accidentally symmetric molecule D,S, in Fig. [1.3.2). Here two different symmetries arise,
implying the non-controllability of these systems, as we prove, respectively, in Theorems [3.2.T]and [3.2.T1]

Concerning asymmetric tops, the three dipole configurations (i.e., dipole along one of the principal axis of
inertia) that lead to conserved quantities and lack of controllability (see Theorem [3.3.1) are less relevant from
a physical point of view, as asymmetric rotors may naturally be more complex objects and have in general non-
vanishing dipole components along the three principal axis of inertia. For example, our numerical simulations
of rotational dynamics (cf. Sec. §.4) are carried on the models of the carvone and the propanediol molecules,
which are asymmetric molecules with three non-vanishing dipole components. So, in particular, our study singles
out an important obstruction in the controllability problem of symmetric molecules, and gives a positive answer
to the controllability problem of asymmetric molecules. Nonetheless, it is worth noting that there exist in nature
very simple and important asymmetric molecules whose rotational dynamics we prove to be non-controllable: for
example the water molecule H>O, due to its simple structure, has dipole moment lying along the axis of greatest
moment of inertia (Figure[I.9), and it is thus non-controllable after Theorem [3.3.1] (i). It is also worth mentioning
the fact that our theoretical and qualitative analysis does not take into account the time needed for the transfer of
rotational population: due to the presence of quasi-resonant transitions in the spectrum of asymmetric-top rotational
Hamiltonians, this time might be large and experimentally unrealistic w.r.t. the time limit given by decoherence and
dissipative phenomena; such a problem deserves to be addressed more in details, starting from finite-dimensional
Hilbert subspaces.

Let us discuss more in detail the controlled bilinear Schrodinger PDEs which describe rotating symmetric and
asymmetric molecules, and summarize our new results on these systems.

¢ Symmetric molecule The system of a rotating symmetric molecule interacting with three orthogonal controls
is modelled via the following bilinear controlled Schrodinger equation on the rotation group SO(3):

1 11
—P2+(———)P2 Byt
(212 on o) D@ By

0
(1.3.5) IE!II(C&', B,y t)

3

D uD(R@, B.y)5, ey(@ B.y.0), wlnt) € LA(SOB)),

I=1

where (a, 8,y) € [0,27) X [0, ] X [0,27) are the Euler angles, I} = I, I3 are the moments of inertia of
the molecule, 6 = (61, 62, 83)! is the electric dipole expressed in the rotating frame, and R(a, 3,y) € SO(3)
specifies the configuration of the molecule in the space (being ey, e2,e3 € R? the canonical basis). The
electric dipole is transformed into a vector expressed in the fixed frame through the identities

X = —<R(C¥, B’ 7)6’ €1>, y= —<R(Q, ﬁs 7)6’ €2>, = _<R(a9 ﬁ’ 7)69 63>’

or more explicitly

x = —(cosacosBcosy —sinasiny)d; + (cosa cos Bsiny — sina cosy)dr — (cos @ sin §)53
y = —(sinacosBcosy +cosasiny)d; + (sinacosBsiny + cos a cos y)d, — (sin @ sin 5)53
z = (sinBcosy)d; — (sinBsiny)d, — (cos B)d3.

(1.3.6)
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The bounded operators of multiplication B; := —(R(«, B,7)d,¢;), i = 1,2,3, are called the x-, y- and z-
polarizations of the electric field. Notice that, if § = (0,0, 83)" (i.e., the dipole is parallel to the symmetry
axis of the molecule), we recover the interaction of a linear top with the controls. In particular, the third
angular variable y (which describes the rotation around the symmetry axis) disappears from the controls,
suggesting that this configuration of the dipole is non-controllable.

us(t)

Figure 1.7: Three orthogonal electric fields to control the rotation of a symmetric molecule in R?. The diagram
represents, e.g., the chlorometane molecule CH3CI. Its rotation is not controllable, after Theorem [3.2.1] as the
electric dipole ¢ is parallel to the symmetry axis of the molecule.

2 2 2
The drift H := (2172P2 (2% - —)Pz) is obtained from the rotational Hamiltonian H = (1;1‘ + 1;—22 + I; )

after having imposed the symmetry condition /; = I, (being P? := P} + P; + P3), and as a differential
operator in Euler’s coordinates reads

ol [ 1 9 in(ﬂ)a L] 9? . 9? } 1 1) o
B sin(B) 08 aB) " sin2(B) \da? " 8y> da 67 2I; 2L ) 9y’
Notice that its action on functions which do not depend on the third angular variable y is —1/I,-times

the action of the Laplace-Beltrami A of the sphere S2. Tts spectrum is given by the set of eigenvalues

{E]i = jg;;l) + (E - 2_12)k2 | j e Nk = —j,...,j} and the associated eigenfunctions are the Wigner

D-functions {D;; W @By jEN, mk=—j...,j} The Wigner D-functions satisfy the following partial
differential equations:

P’D; JUG+DDL . m=—j... ]
‘I3D£m = mD;;m’
P3Dllém = kD{;m’

where P? is given in the squared brackets of H, J; := —i%, and P; := —i(%. In quantum mechanics, P2
is interpreted as the squared norm of the angular momentum, J3 is the projection of the angular momentum
along the space fixed third axis, and Pj3 is the projection of the angular momentum along the molecule fixed
third axis. We remark that, as in classical mechanics the rigid body has an additional third degree of freedom
(the angle y) w.r.t. the motion on the sphere, in quantum mechanics this additional degree of freedom is
represented by the additional quantum number k. Hence, the eigenvalue equation for the drift reads

s 1 L\ o JjG+1)
(13.7) [Z—IZP +(2—I3—2—12)P3]D;m_ + ]

from which we see that each Ej Jj > land k # 0,is (2j+1)-degenerate w.r.t. m and 2-degenerate w.r.t. k, with

e N

20 213 212

associated eigenspace spanned by {D’ W @&By) I m=—j....j, 1 =k—k} Weremark that D’ =y,
and in this sense we recover the hnear molecule as the evolution described by (1.3.3)), wrt the dipole
= (0,0, 3), on the Hilbert subspace spanned by the spherical harmonics {YJ |jeN,m=—j,...,j}.
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Figure 1.8: Three-dimensional spectral graph associated with a symmetric-top: transitions at frequencies /lo =
|E1 E0| 0' = |E1 EO| and ’70 |E1 E | between the eigenstates |j, k, m) := Df( driven by Bj (green

arrows), B, (orange arrows), and Bj3 (blue arrows) Same-shaped arrows correspond to equal spectral gaps.

In this thesis we classify the controllability and the symmetries of (I.3.3) depending on &, by applying the
controllability test introduced in section[I.2.2](see also Theorem [3.1.2T). More precisely, we prove that:

() If 6§ = (0,0,83)", (T.3.3) is not controllable. More precisely, there exists a decomposition in or-
thogonal invariant Hilbert sub-spaces L>(SO(3)) = P Kz Sk (see Theorem which are also the
simultaneously approximately reachable sets (see Theorem

(ii) If 6 = (64, 62, O)T, (T.333) is not controllable. More precisely, there exists a decomposition in orthog-
onal invariant Hilbert sub-spaces L%(SO(3)) = L, & £, isee Theorem [3.2.11) which are also the

simultaneously approximately reachable sets (see Theorem(3.2.12), when —2 ¢ Q.

(i) If 6 # (0,0,83)7, (51, 62,0)T, (I.33) is a modulus-tracker, when I— ¢ Q (see Theorem In
particular, it is approximately controllable in the sense of wave- functlons and in the sense of d nsny
matrices, by means of piecewise constant or smooth controls uy, uy, u3 € [—a, a], for any a > 0. It is
also approximately controllable in higher H*-norms.

We remark that our proof does not use a perturbative approach to lift the spectral degeneracies in the drift.
Anyway, a perturbation at first order may lead to a result similar to (iii): despite evident difficulties in finding
non-resonant chains of connectedness, one may study a first or higher order perturbation of the Lie algebra
generated by a perturbed drift and the control operators. In fact, if one considers € > 0 and the Stark effect
Hamiltonian H := H + €Bs, then its spectrum is given by the analytic curves {E’ (6) | j € Nk,m =
—j,...,j}, and it is less degenerate than the one of H: indeed several degeneracies are hfted at first order, as
we have [68, Chapter 10]

d .

km

Thus, for example, in Figure the unperturbed eigenstates |1, 1, 1) and |1, -1, 1) have the same energy
Ell =E! |» but after the application of a constant electric field of magnitude € and polarization z the state
[1,—1,1) goes up and |1, 1, 1) goes down (after (I.3.8)), lifting the degeneracy at k = 1,—1. In this way one
easily finds non-resonant connected chains in the spectrum of H for j = 0,1, for example, or equivalently a
computation shows that the first order Lie algebra generated by i(H®1 +eB§O’ l)), iB(IO’ b, iBéO’ Dis s1(10), where
A©D denotes the operator Ilg 1 Allg 1, and IT; ;41 : L*(SO(3)) — span{Di’m |[l=j,j+1, kkm=—l...,1}
is the orthogonal projection. A general perturbative proof that works for any j is an open challenge.

We finally remark that such a perturbative controllability proof, for the rotational spectrum of rigid rotors,
may be interesting for physicists and chemists, as it would represent a mathematical confirmation of a well-
established experimental technique. In fact, the application of a small constant electric field in order to
detect a splitting in the rotational energies has been widely used in experiments of microwave molecular
spectroscopy for more than 70 years [435].

¢ Asymmetric molecule The system of a rotating symmetric molecule interacting with three orthogonal
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controls is modelled via the following bilinear controlled Schrédinger equation on the rotation group SO(3):

30 9 L(PL P2 P
( o ) 15‘#(&’,3’%” - E Z E+E lﬁ(a’ﬁ,%t)

w ()R, B,7)5, ey (e, B,y,t),  W(,--1) € LA(SO(3)),

|
i
gl
T

where I} < I, < I3 are the moments of inertia of the molecule. Everything is defined as for the symmetric
molecule, but the drift is more general. The angular momentum operators in Euler’s coordinates are given
by the differential operators:

) cosB 0 cosy O .
P o= - — — -
! lcosysinﬂﬁy+lsinﬂaa lsmyaﬁ’
P, = isiny cos ﬂ 9 - sm)/ 9 —icos 9
27 ,867 sm,B&a y@ﬁ
0
Py = —i—.
3 167
(1.3.10)
4 €3
us(t) uy(t)
‘—
-———————
‘—

e

Figure 1.9: Three orthogonal electric fields to control the rotation of an asymmetric molecule in R3. The diagram
represents, e.g., the water molecule H>O. Its rotation is not controllable, after Theorem [3.3.1] (i), as the electric
dipole & = (0,0, 3)” is parallel to the axis of greatest inertia moment.

. . P2 P2 PZ
The spectral properties of the drift H = % ( + —2 + —) can be deduced via symmetry considerations and

perturbation techniques from the ones of the symmetrlc molecule (see figure[I.T0). For a spectral graph of an
asymmetric top, with eigenstates transitions at different frequencies, see figure[4.T]in chapter[d] In general, j
and m are still good quantum numbers for asymmetric molecules, while & is no longer defined. The spectrum
of H is given by the set of eigenvalues {E! | j € N,7 = —j, ..., j} and each E/ is (2j + 1)-degenerate w.r.t.
m, but the k-degeneracy, typical of symmetric molecules, is lifted. It is worth noting that here 7 is an index,
and does not represent any physical observable (i.e., it is not a quantum number). The eigenfunctions of H
are given by
W By)= Y. o (DL (@py),

k==j,...j
and the eigenspace corresponding to the degenerate eigenvalue EZ, J = 1, is spanned by {‘Pi,m | m =
N
In this thesis we classify the controllability and the symmetries of (I.3.9) depending on &, by applying

the controllability test introduced in section [I.2.2] (see also Theorem [3.1.21)) and an analytic perturbative
expansion from an associated symmetric molecule. More precisely, we prove that:

@) If 6 = (0,0, 63 )T, @ is not controllable. More precisely, there exists a decomposition in orthogonal
invariant Hilbert sub-spaces L*(SO(3)) = K, ® K, (see Theorem @i)).
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Figure 1.10: Three-dimensional spectral graph associated with an asymmetric-top.  The frequencies

111 (1o). 05 1 (Ho), 7 o (10). 11§ o (10), and AT (1) between the eigenstates |/, 7, m) := ¥y ,, are defined in (3:3:10)-
(3313) as analytic perturbations, w.r.t. the asymmetry parameter yo = 5272~ € [-1,0], of symmetric top’s
spectral gaps (where A = 1/(21,), B = 1/(21) and C = 1/(213)).

(i) If 6 = (61,0, O)T, @ is not controllable. More precisely, there exists a decomposition in orthogonal
invariant Hilbert sub-spaces L*(SO(3)) = L. ® £, (see Theorem (ii)).

(iii) If 6 = (0, 62,0)T, (I.3.9) is not controllable. More precisely, there exists a decomposition in orthogonal
invariant Hilbert sub-spaces L*(SO(3)) = G. ® G, (see Theorem (iii)).

(iv) If 6 # (0,0,63)7, (61,0,0)7, (0, 62, 0)7, ([.3.9) is a modulus-tracker for almost every value of 7, I, I
(see Theorem[3.3.2). In particular, it is approximately controllable in the sense of wave-functions, and
in the sense of density matrices, by means of piecewise constant or smooth controls uy, uy, us € [—a, al,
for any a > 0. It is also approximately controllable in higher s-norms.

R-1,2-propanediol S-1,2-propanediol
9 (*
/ /l / /
/ / o/ /
/ Aa / Ay [/
u u
a “b a
iy
C C
He K,
B / 74
74 = 4
/ /

Figure 1.11: Diagram of the propanediol chiral molecule. In any chiral molecule, the two tops are identical and
mirrored: that is, the opposite R- and S-enantiomers have the same rotational constants A, B, and C, and the same
magnitude of dipole moment components |z, |, |tp |, and | .|, but the sign of the quantity w, up . is distinct for each
enantiomer. The rotation of each single enantiomer is (approximately) controllable, after Theorem[3.3.2] since it has
three non-vanishing dipole components. Furthermore, the projections (on specific finite-dimensional subspaces)
of their rotational dynamics are simultaneously controllable, after Proposition.2.1] Numerical simulations for the
propanediol rotational dynamics, with the goal of orientational- and enantio-selectivity, are performed in sections

B.4T]and[#4.2] Taken from [95].
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1.3.3 An application to quantum chemistry: new results on the detection of molecular
chirality via controllability

After the study of the Schédinger PDE (I.3.1) describing symmetric and asymmetric molecules, in Chapter [

we consider the projection of (T.3.T) on some experimentally relevant finite-dimensional subspaces of L*(SO(3)),
defined in terms of the asymmetric-top representation as

7—{]',7' @ 7_{j+1,‘r/ 697-{j+1,‘r” 5
where t € {—j,...,j}, v/, 7" € {-j—1,...,j+ 1}, and
H = span{‘Pf’m |m=-1,...,1}.

Such a finite-dimensional Hilbert space can be used to study the so-called problem of enantiomer-selective
transfer of population in chiral molecules, via generalized three-wave mixing schemes. We approach it as a
simultaneous controllability problem for two rotating asymmetric tops (in this case called enantiomers), identical
and mirrored (see Figure[I.TT). The two enantiomers cannot be superimposed via rotations: they are chiral object,
and the two-body composite system is called a chiral molecule.

pt! !

34) 30)
F_ 00 iy T_ X g
f R ]
29) g 2)
= O He A T 00— fU A T Wiy
T4 X [ L 00 M W
1) 10)

Figure 1.12: Three-wave mixing for a 3+3-level system, describing a simplified model (i.e., without m-degeneracies)
of two enantiomers. The dipole moments here are denoted by u*). After the three transitions indicated by the
three arrows, the rotational population can be distinguished respectively on the two 3-level systems, thanks to the
presence of a minus sign in only one dipole component (here denoted as y.).

The control target is made so that, at the end of the controlled rotational dynamics, the two enantiomers are
distinguished by regarding their rotational population. We prove that simultaneous control is possible and we find,
via Lie algebraic computations, combinations of frequencies and polarizations which realize the desired goal (see
Propositions f.2.T] and [4.3.T). Based on these results, we then numerically simulate the rotational dynamics in
the second part of Chapter [ in section deriving pulse sequences which lead to the desired goal of enantio-
selectivity (see Figure[I.13)); it could be used in future microwave molecular experiments, as the implementability
of such pulse sequences is at the hand of nowadays technologies. Such an analysis is based and motivated on
recent models of three-wave-mixing spectroscopy for chirality detection developed on both theoretical [82]] and
experimental [935]] viewpoints. Our theoretical results generalize some important properties of chiral systems which
were proved on simplified models as in Figure (that did not include the m-degeneracies): e.g., in [82] three
polarizations and three dipole components were found to be necessary to detect chirality.

1.4 The Euler equations on SO(3): new results with external controls

The conserved quantities found in Theorems[3.2.1}[3.2.11] and[3.3.1]for the quantum evolution on SO(3) stimulated
and motivated the study of the classical dynamics of symmetric- and asymmetric-tops, presented in Chapter[2]as a
prequel of the quantum dynamics. The classical dynamics are given by the equation of motion associated with the
Hamiltonian function H + V on SO(3) x R3, where

3

. V(R =) uil(g e, ).

i=1

1
H=-
2

P2 P2 2
noh B
L n T
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Figure 1.13: Synchronized three-wave mixing, simulated for the rotational dynamics of a carvone molecule, which
leads to enantiomer-selective transfer of population. This model, studied in detail in Chapter ] Section f.4.3] takes
into account the m-degeneracies and is based on the Lie algebraic analysis of Chapter[d] Section[d.3]

The free rotational dynamics associated with H are the well-known Euler equations for a rotating rigid body, and
V is a control potential. Concerning symmetric-tops, the first conserved quantity, appearing in Theorem [3.2.1]
corresponds to a classical observable (i.e., the component of the angular momentum along the symmetry axis of
the molecule) and it turns out to be a first integral also for the classical controlled dynamics, as we remark in
Theorem[2.2.1] The second conserved quantity, appearing in Theorem [3.2.TT] is more challenging, because it does
not have a counterpart in the classical dynamics, being due to the superposition of k and —k states in the quantum
dynamics. We show in Theorem [2.2.2] that this position of the dipole, and in general any dipole not parallel to the
symmetry axis, corresponds to a controllable system for the classical symmetric-top.

Concerning asymmetric-tops, all conserved quantities presented in Theorem[3.3.T]are only quantum, and do not
have a classical analogy, as we prove that all dipole configurations are classically controllable for the asymmetric
molecule in Theorem 2311

We notice that hence, as a byproduct of our analysis, we find several examples of systems whose quantum
dynamics are not controllable even though the classical dynamics are. The possible discrepancy between quantum
and classical controllability has been already noticed, for example, in the harmonic oscillator dynamics [88]].

It should be noticed that the classical dynamics of a rigid body controlled with external torques (e.g., opposite
pairs of gas jets) or internal torques (momentum exchange devices such as wheels) as studied in the literature mainly
concern the control and stabilization problem for spacecrafts and launchers (see, e.g., [Z, Section 6.4], [26],[44], [73}
Section 4.6]), and differ from the ones considered here, where the controlled fields (i.e., the interactions between
the electric fields and the electric dipole) are not left-invariant and their action depends on the configuration of the
rigid body in the space.

1.5 Self-adjointness and the existence of quantum dynamics

In Chapters [5] and [6} we study the self-adjointness problem on two-dimensional generalized almost-Riemannian
manifolds. The problem of self-adjointness in quantum mechanics has a long history, and finds its roots in the
works of Von Neumann, Stone, Friedrichs [94, (104 58] and many other great mathematicians. We wish to point
out first its relation with quantum mechanics. Indeed, the self-adjointness is equivalent to two key concepts in
mathematical physics: (i) observables have real spectra, and (ii) the quantum evolution exists, is unique, and is
unitary.

Let H, D(H) be a symmetric operator (i.e., (Hu,v) = (u, Hv) Yu,v € D(H)), that is closed on its domain of

definition (i.e., its graph is closed in H x H). We shall always assume that D(H) is a dense linear subspace of a
separable Hilbert space H (otherwise, the definition of adjoint operator would not be well-posed). The spectrum
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of H is defined as the set of complex numbers z such that H — z has not a bounded inverse everywhere defined on
H. The self-adjointess of H can be visualized through the following definitions/theorems (see, e.g., [100 [106]):

(i) H is self-adjoint if and only if its spectrum is real;

(ii) H is self-adjoint if and only if there exists a strongly-continuous one-parameter unitary group {U(f)};er
acting on H, such that

- Ut)D(H) c D(H), forall t € R,
— for any ¢ € D(H), the function y(¢) := U(t ) solves the Schrodinger equation

(s YO =HuW, w0 =

Moreover, if (i) or equivalently (ii) holds, then U(#)yy is the only solution of (I.5.1)), that is explicitly given by the
formula

Y(t) = Ut = e Hyq,

defined thanks to the spectral theorem of unbounded self-adjoint operators.

On the one hand, a self-adjoint operator defines in a unique way the quantum dynamics. On the other hand,
non-self-adjoint operators may be extended in order to create well-defined quantum dynamics. When the Hilbert
space H is identified with L?(Q), the space of square-integrable functions on a domain Q c R”, the extensions are
realized by imposing additional boundary conditions for ¥(¢) on dQ. Non-self-adjoint operators thus generate a
variety of different quantum dynamics, each of them specified by different physical behaviours of the wave function
while hitting the boundary of a certain domain.

1.5.1 Von Neumann self-adjoint extension theory

The usual definition of essential self-adjoitness for a symmetric, densely defined, linear operator H, D(H) (it is not
assumed to be closed here, but it is always closable being symmetric and densely defined, see Chapter [5] Section
5.3) on an Hilbert space (H, (-, -)), is given in terms of two important objects, that are respectively the domains of
the closure and adjoint operator:
DE) =DHE) ", DH)={veH | IweH st (Huv) = (u,w), Yu € DH)},

where || - |l = || - || + ||H - ||. Note that, when H = L*(Q) and D(H) = Gy (Q) is the set of smooth functions
compactly supported in €2, the domain of the adjoint corresponds to the set of functions v such that Hv € L*(Q)in
the sense of distributions. One can check that the inclusion D(H) c D(H") is always true, for symmetric operators.
The operator H is said to be (essentially) self-adjoint if also the converse inclusion holds, that is

H, D(H) essentially self-adjoint & D(H) = D(H").

If the operator under consideration is not essentially self-adjoint, it may have extensions that are self-adjoint: more
precisely, a self-adjoint extension H, of H is a closed symmetric operator which verifies

HcCH,=H: cH,

where the notation A C B for two operators A, B means that D(A) c D(B) and Bu = Au, Yu € D(A). The relation
between the closure, the adjoint, and the self-adjoint extensions is usually visualized in terms of the fundamental
Von Neumann decomposition [[100, Chapter X]

D(H") = D(H) @&y ker(H* + z) &y ker(H* +7), Vze C\R,

where the sum is an orthogonal sum of vector spaces with respect to the scalar product (-, )y~ = (-,-) + (H*-, H*-).
The dimensions of the vector spaces ker(H* + z) and ker(H* +7) (called deficiency spaces), which are constant in the
lower and upper complex half-planes [100, Theorem X.1], are called deficiency indices of H, and measure the codi-
mension of the domain of the closure inside the domain of the adjoint. We can thus fix z = i. If these dimensions are
both zero, the operator is essentially self-adjoint. With a further reasoning, if these dimensions are both zero then
the spectrum of H does not contain points in the lower and upper complex half-plane ([[100, Theorem X.1]). So, if
D(H) = D(H*), the spectrum of H is a subset of the real line, which is indeed another definition of self-adjointness.
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Within this decomposition, if the deficiency spaces ker(H* + z) and ker(H* + 7) have the same dimension (that
is guaranteed, for example, if the operator is semi-bounded [[100, Corollary to Theorem X.1] or more generally if it
commutes with complex conjugation [[100, Theorem X.3]), then self-adjoint extensions exist and are in one-to-one
correspondence with the unitary transformations of the deficiency spaces [100, Theorem X.2]:

{ Unitary transformations from

Ker(H* — i) to ker(H* + ) } — { Self-adjoint extensions of H, D(H) }

DHW) = {y + D+ UD | y € D(H), ® € ker(H* - i
(U : ker(H* —i) — ker(H* +1i)) +— (U )= — | W .( ) er( )
HY (Y + ® + UD) = Hy +i® — iUD.
The action of HV) is, of course, the action of H* restricted to D(H)).
The Von Neumann self-adjoint extension theory, besides being very famous and widely used in the literature,
is the most general as it applies to any symmetric densely defined operator with equal deficiency indices.

1.5.2 Krein-ViSik-Birman self-adjoint extension theory

A less general approach to self-adjoint extensions is given by the Krein-ViSik-Birman (KVB for brevity) theory
[78, 1110, 23} [10]. It is based on a different decomposition of the adjoint domain, which is available when the
operator H is strictly positive (or semi-bounded). In this case, one can consider a canonical self-adjoint extension
of H, called the Friedrichs extension Hr ([100, Theorem X.23]), that is also strictly positive if H is so, and thus
has an everywhere defined bounded inverse. The KVB decomposition then reads

D(H*) = D(H) + H;l ker H* + ker H”,

where the sum is meant in the sense of vector spaces. Within this different framework, the self-adjoint extensions
of H, D(H) are in one-to-one correspondence with the self-adjoint transformations acting on Hilbert subspaces of
ker H* [62, Theorem 5]:

{ Self-adjoint transformations on

Hilbert subspaces of ker H* } — { Self-adjoint extensions of H, D(H) }

(T : D(T) c kerH" — ker H*) p € kerH* N D(T)*+

HD( + HNTE + p)+ &) = HY + TE + p.

@Gﬂ%={¢+ﬂyag+m+g]¢€ZXH%§€D”%}

Also here, we notice that the action of HT) is the action of H* on D(H™)).

Let us discuss some examples.

Example 1. .
* Free quantum particle on the line
We consider H = L>(R), H = —dd—;, D(H) = CS(R). Then,

D(H) = D(H*) = H*(R),

so the operator is essentially self-adjoint. Note also that the metric space (R, | - |) is complete, so Gaffney’s
Theorem applies. The manifold R is then said to be quantum mechanically and classically complete.

¢ Quantum particle on the half-line
We consider H = L%(0, o), H = —dd—;, D(H) = C(0, ). Then,

D(H) = H2(0, 00) € H*(0,0) = D(H"),

so the operator is not essentially self-adjoint. Indeed, boundary conditions at 0 are needed. The self-adjoint
extensions form a one-parameter family of operators {H,, }, c(-,0] Specified by the domains

D(Hy) = {¢ € H(0,00) | ¢/(0) = yy(0)}.

For v = oo we find the Dirichlet Laplacian on the half-line, and for y = 0 we find the Neumann one. The
manifold (0, co) is neither classically nor quantum mechanically complete.
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¢ Quantum particle on the line subject to zero-range interaction at the origin
We consider H = LX(R), H = —<,, D(H) = CX(R \ {0}). Then,

W,
D(H) = H}(R\ {0}) ¢ H* (R \ {0}) = D(H"),

so the operator is not essentially self-adjoint. Indeed, boundary conditions at O are needed. The self-adjoint
extensions form a one-parameter family of operators {H, }, ¢(-«,] Specified by the domains

D(H,y) = {¢ € H'(R) N H* R\ {0}) | ¢'(07) = ¢(07) = yy(0)}.

For y = co we find the Friedrichs extension (that is, the unique extension that has domain contained in the
form domain of H), and for y = 0 we find the bridging one (that is, the unique extension whose functions
in its domain have continuous derivative in 0). The manifold R \ {0} is neither classically nor quantum
mechanically complete. The operators H, are the rigorous realizations of the so-called Hamiltonians of
zero-range interaction at the origin of strength v, thatis H, = —% +y6(x). Indeed, by integrating on (—¢, €)
the stationary Schrodinger equation —y”’(x) + yo(x)¥(x) = Ey(x), E € C, and letting ¢ — 0, one obtains
the boundary conditions ¢'(0%) — 4’(07) = y¥(0).

1.6 The free Schrodinger equation on almost-Riemannian surfaces

We now turn to the relation between self-adjointness and diffusion phenomena associated with the Schrodinger or
the heat equations on singular manifolds. We have already mentioned Gaffney’s Theorem [61]], which states the
following

Theorem 1.6.1. Let (M, g) be a complete Riemannian manifold with associated Riemannian volume w. Then, the
Laplace-Beltrami operator A := div,, o grad,, defined on D(A) = C° (M), is essentially self-adjoint on L*(M, w).

We introduce for a moment an almost-Riemannian manifold M as a Riemannian manifold where the volume
w explodes approaching a set Z: we cut out the singular set and obtain the Riemannian manifold M \ Z, which
is the union of connected Riemannian components. Each component is non-complete, as geodesics can smoothly
cross the singularities (as we shall see later on). Then, Gaffney’s Theorem does not apply, but we can still wonder
whether the self-adjoitness holds or not.

In this thesis we focus on the 2D case. A 2-dimensional almost-Riemannian Structure (2-ARS for short) is a
generalized Riemannian structure on a 2-dimensional manifold M, that can be defined locally by assigning a pair
of smooth vector fields, which play the role of an orthonormal frame. It is assumed that the vector fields satisfy the
Hoérmander condition (see Section [5.2] for a more intrinsic definition). 2-ARSs were introduced in the context of
hypoelliptic operators [57,/70] and are particular case of rank-varying sub-Riemannian structures (see for instance
[4} 19071189, 109]).

Let us denote by D, the linear span of the two vector fields X, X; at a point p. We can then locally visualize a
generic 2D ARS around p in terms of the following normal forms [6]:

0 0
@ Xi(x,y) = —, Xa(x,y) =)=, (Riemannian point)
ox ay
0 0 . )
) Xi(xy)=—, Xp(xy)=xe?¥)—, (Grushin Point)
0x ay

(©) Xi(x,y) = ai, Xo(x,y)=(y - xzw(x))e‘f(x’y)ai, (Tangency point)
X y

where ¢, i/, and & are smooth functions such that ¢(0, y) = 0 and ¥(0) # 0. A point p € M is said to be a Riemannian
point if D, is two-dimensional, and hence a local description around p is given by (a). A point p such that D,, is
one-dimensional, and D), + [D, D], is two-dimensional, is called a Grushin point and a local description around p
is given by (b). A point p such that D, + [D, D], is one-dimensional, and D,, + [D, [D, D]]p is two-dimensional
is called a rangency (or characteristic) point and a local description around p is given by (c). Structures as in (b),
resp. (c), are in particular 2-step, resp. 3-step. Outside of the singular set

Z:={peM|spanD, S T,M}

the structure is Riemannian and hence the Riemannian volume w and metric g are well defined. We can then
consider the Laplace-Beltrami operator associated with such structures, given by

A :=div,, o grad, = Z Xl.2 + (dive, Xi) X .
i=1,2

32



T T T b

() (®) (©

Figure 1.14: Orthonormal frames for generic 2D ARSs: [(a)|the origin p = (0,0) and its neighborhood are made of
Riemannian points; [(b)] the origin p = (0, 0) and the vertical axis are made of Grushin points, while the plane minus
the vertical axis are made of Riemannian points; the origin p = (0,0) is a tangency point (indeed D,, C T, ),
the parabola minus the origin is made of Grushin points, and the plane minus the parabola is made of Riemannian
points.

Example 2. .

(a)

(b)

(©

Euclidean plane
We consider the Riemannian structure on R? given by

0 0 1 0
X]()C,)O—&, X2(x’y)_$Hg_(0 1 )
The Laplace-Beltrami operator associated with this structure is of course
A=0;+8;, D) =CPR?),

that is known to be essentially self-adjoint on L?(R? dxdy). For example, Gaffney’s Theorem applies.
Indeed, this manifold is quantum mechanically and classically complete.

Grushin plane
We consider the almost-Riemannian structure on R? given by

xu»0=5;Xwa=x5;%ﬁg=(o Uﬁ)'

The Riemannian area associated with g is w = /detgdxdy = ﬁdxdy, and the Laplace-Beltrami operator
associated with this structure is

! o
A=0;+x°05 = —0, D(A) =GR\ {x = 0}).

Despite Gaffney’s Theorem does not apply, as the manifold (R? \ {x = 0}, g) is not geodesically complete, it
is essentially self-adjoint [63]].

Plane with tangency point
We consider the almost-Riemannian structure on R? given by

0 0
Xi(x3) = 3 %ole ) = (=) e g = ( 0 1y )

The Riemannian area associated with g is w = v/detgdxdy = ——-dxdy, and the Laplace-Beltrami operator

ly—x2]
associated with this structure is

2x
y—x?

A =07+ (y—x*)05 + O+ (y = xH)dy,  D(A) = CPR*\ {y — x> = 0}).
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Almost nothing is known about this operator. In particular, its self-adjoitness on L>(R?, ﬁdxdy) is an
open question. The advanced techniques developed in [99] do not apply to this operator because the almost-
Riemannian distance from the singular set is not smooth near a tangency point (for further details, see also
[55]). Interesting results such as the characterization of the closure operator for geometric perturbations of

the Laplace-Beltrami in the presence of tangency points are presented in the very recent paper [20].

One of the main features of 2-ARSs is the fact that geodesics can pass through the singular set, with no
singularities even if all Riemannian quantities (as for instance the metric, the Riemannian area, the curvature)
explode while approaching Z.

Figure 1.15: Geodesics on the Grushin cylinder, staring from the point (—1/2, 0) with final time #; = 1.3, crossing
smoothly the singular set Z (red circle). The Grushin cylinder is a 2D ARS, defined as the compactification in the
y-direction of the Grushin plane, introduced in Example 2] (b)

1.6.1 State-of-the-art: quantum confinement for the Laplacian Hy = —A on ARSs

Even if geodesics cross the singular set, this is not possible for the Brownian motion or for a quantum particle when
they are described by the Laplace-Beltrami operator A associated with the 2-ARS. This is due to the explosion of
the Riemannian area while approaching Z, which creates highly singular first order terms in A.

This phenomenon is described by the following Theorem on the self-adjoitness of 2-step 2D ARSs, proved to
hold using the normal forms (b) to compute A near Grushin points:

Theorem 1.6.2 ([30]). Let M be a 2-dimensional manifold equipped with a genuine 2-step 2-ARS. Assume that the
singular set Z is compact. Let Q be a connected component of M\ Z. Let g be the Riemannian metric induced by
the 2-ARS on Q and w be the corresponding Riemannian area. The Laplace-Beltrami operator A := div,, o grad,

with domain C°(Q), is essentially self-adjoint on LY(Q, w).

Notice that by construction dQ is diffeomorphic to S!, Q is open and (€, g) is a non-complete Riemannian
manifold. In particular the conclusion of the theorem holds for the Grushin cylinder in figure[T.13]

In light of the classical comparison, the main consequence of Theorem [I.6.2]is that the Cauchy problems for
the heat and the Schrodinger equationg?]

at¢(t’ p) = A¢(t’ p)’ ¢(0’ ) = ¢0 € LZ(Q’ (’-))’
ind(tp) = ~WAYLp)  ¥(0.) = € LX(Qu),

are well defined in L?(Q, w) and hence nothing can flow outside Q, that is, e’®¢g (resp. /" y) is supported in
Q, for all t > O (resp. ¢t € R). This phenomenon is usually known as quantum confinement (see 36, 99| and, for
similar problems, [91]]). Moreover, generalizations of Theorem [I.6.2]to higher dimensional and higher step ARSs
exist, as for example the following result:

Theorem 1.6.3 ([99]). Assume that the singular set Z of an almost-Riemannian manifold M is compact and has
no tangency points. Then, the Laplace-Beltrami operator A, D(A) = C*(M \ Z) is essentially self-adjoint on
L*(Q, w), where Q = M or a connected component of M \ Z.

2In these equations all constant are normalized to 1 except for the Planck constant 7, since its role is important for further discussions.
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1.6.2 New result: no quantum confinement for the curvature Laplacian Hy = —A +cK on
2D-ARS:s of step 2

Given that the geodesics cross the singular set with no singularities, the impossibility for the heat or for a quantum
particle to flow through Z implied by Theorem is quite surprising. For what concerns the heat, a satisfactory
interpretation of Theorem [I.6.2]in terms of Brownian motion/Bessel processes has been provided for the Grushin
cylinder in [32] and from [S]] one can extract an interpretation of Theorem@]in terms of random walks. Roughly
speaking random particles are lost in the infinite area accumulated along Z that, as a consequence, acts as a barrier.

Although for the heat-equation the situation is relatively well-understood, this is not the case for the Schrodinger
equation since semiclassical analysis (see for instance [[116]]) roughly says that for # — 0 sufficiently concentrated
solutions of the Schrodinger equation move approximately along classical geodesics. Clearly semiclassical analysis
breaks down on the singularity Z.

It is then natural to come back on the quantization procedure that permits to pass from the description of a free
classical particle moving on a Riemannian manifold to the corresponding Schrédinger equation.

This is a complicated subject that has no unique answer. The resulting evolution equation for quantum particles
depends indeed from the chosen quantization procedure.

Most of coordinate invariant quantization procedures provide in the Laplace-Beltrami operator a correction
term depending on the Gaussian curvature K, i.e., they provide a Schrodinger equation of the form

(s, p) = h2< - A+ cK(p))lﬁ(h P

where A is the Laplace-Beltrami operator and ¢ > 0 is a constant. Values given in the literature include:
e path integral quantization: ¢ = 1/6 and ¢ = 1/4 in [S0], ¢ = 1/3 in [49];
* covariant Weyl quantization: ¢ € [0, 1/3] including conventional Weyl quantization (¢ = 0) in [60];
¢ geometric quantization for a real polarization: ¢ = 1/6 in [114];
* finite dimensional approximations to Wiener Measures ¢ = 1/3 in [13].

We refer to [[131160] for interesting discussions on the subject[]

In Chapter 5] we study the self-adjointness of the curvature Laplacian —A + cK in function of ¢ to understand if
quantum confinement holds for the dynamics induced by this operator. Before stating the main result, let us remark
that the curvature term cK interacts with the diverging first order term in A.

For instance for the Grushin cylinder a unitary transformation (see Section[5.4.1] (5.4.1))) permits to transform
the operator

1 1
A= —+x’—-———onL*RxS!, —

dxd
ax2 9y xox D)

in
A:W—f—x a_)ﬂ_ZEOHL(RXS’dXdy)

and hence the adding of a term of the form —cK = —c¢ ( - 2/%) (that remains untouched by the unitary transformation)
to A changes the diverging behaviour around x = 0. In particular for ¢ = 3/8 the diverging potential disappears
and —A + ¢K is not essentially self-adjoint in L2(R* x S', dx dy) while —A does. The same conclusion applies to
—A + cK in L*(RY x S, todx dy).

The main result of Chapter [5]is that the perturbation term given by the curvature destroys the essential self-
adjointness of the Laplace-Beltrami operator.

Theorem 1.6.4. Let M be a compact oriented 2-dimensional manifold equipped with a genuine 2-step 2-ARS. Let
Q be M \ Z or one of its connected component, where Z is the singular set. Let g be the Riemannian metric
induced by the 2-ARS on Q, w be the corresponding Riemannian area, K the corresponding Gaussian curvature
and A = div,, o grad, the Laplace-Beltrami operator. Let ¢ > 0. The curvature Laplacian —A + cK with domain
Cy (), is essentially self-adjoint on L*(Q, w) if and only if c=0. Moreover, if ¢ > 0, the curvature Laplacian has
infinite deficiency indices.

3There are also other approaches to the quantization process on Riemannian manifolds that provide correction terms depending on the
curvature. For instance if one considers the Laplacian on a e-tubular neighborhood of a surface in R? with Dirichlet boundary conditions, then
for € — 0 after a suitable renormalization, one gets an operator containing a correction term depending on the Gaussian curvature and the
square of the mean curvature (see [79} 80]).
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The non-self-adjointness of —A + ¢K implies that one can construct self-adjoint extensions of this operator that
permit to the solution to the Schrodinger equation to flow out of the set €, in the same spirit of Chapter [](see also
[34]]). The study of these self-adjoint extension and how semiclassical analysis applies to them is a subject that
deserves to be studied in detail.

Remark 1.6.5. We remark that in Theorem[I.6.4one can also consider the case ¢ < 0. In this case, one can prove
that the curvature Laplacian is essentially self-adjoint (applying for example the criterion for the self-adjointes of
operators of the form —A + V on non-complete Riemannian manifolds, found in [99]). However, if this case admits
a physical interpretation is not known to the authors.

As in Theorem [I.6.2]the compactness hypothesis is useful to simplify the statement of the theorem. A version
without the compactness hypothesis is given here where also the orientability assumption of M is not necessary.

Theorem 1.6.6. Let M be a 2-dimensional manifold equipped with a genuine 2-step 2-ARS.
Assume that

o the singular set Z is compact;
® the 2-ARS is geodesically complete.

Let Q be a connected component of M\ Z, and ¢ > 0. With the same notations of Theorem the curvature
Laplacian —A + cK with domain C°(Q), is essentially self-adjoint on L*(Q, w) if and only if c=0. Moreover, if
¢ > 0, the curvature Laplacian has infinite deficiency indices.

For the sake of simplicity, in Chapter[5] we prove Theorem only. Theorem I.6.6|can be proved following
the same ideas.

Theorem applies in particular to the Grushin cylinder with curvature Laplacian —A + cK = —(32 + x26y2 -
iax) + i—é For this case, the fact that the deficiency indices are infinite means that all Fourier components of
—A + ¢K are not self-adjoint.

Notice that under the hypothesis of the theorem, each connected component of dQ is diffeomorfic to S'. Of
course if ¢ > 0, the manifold does not need to be geodesically complete.

If one removes the 2-step hypothesis the situation is more complicated since tangency points [0, 8] may appear.
In presence of tangency points even the essential self-adjointness of the standard Laplace-Beltrami operator (without
the term —cK) is an open question [30]. Without the 2-step hypothesis results can indeed be very different. To
illustrate this, in Chapter 5| we also study the a-Grushin cylinder for which computations can be done explicitly.

Proposition 1.6.7. Fixa € R. OnRx S! consider the generalized Riemannian structure for which an orthonormal
frame is given by

0 0
(1.6.1) Xi(xny) =, X0y =Ix|">=, herexeR, yes.
0x oy

Let ¢ > 0. On R* x S! the structure is Riemannian with Riemannian area ﬁdx dy. Let —A, + cK, be the

curvature Laplacian with domain C(R* X S Y acting on L*(R* x §', 2=dx dy). Denote by

> |X|U

(<2¢+ 1) £ 2y/(c =2+ V3)c ~2 = V3)

ez = 4c—1
e [f0<c<1/4, —Ay + cK, is essentially self-adjoint if and only if @ > @+ or @ < ac,—;
e ifc=1/4, —Aq + cK, is essentially self-adjoint if and only if @ > 3;
eifl/d<c<2— V3, —Ay + cK, is essentially self-adjoint if and only if ac- < @ < ¢ +;
o if2— V3i<c<2+V3, —Aq + cK, is not essentially self-adjoint Va € R,
eifc>2+ V3, —Aq + K, is essentially self-adjoint if and only if o - < @ < @ +.

The regions where —A,, + cK,, is essentially self-adjoint are plotted in Figure [I.16] Note that for some of the
quantizations listed earlier, —A, + cK,, is essentially self-adjoint for |a| sufficiently big. Hence, for such structures
quantum confinement still holds for the curvature Laplacian.

The a-Grushin cylinder is an interesting geometric structure studied in [32} |34} [64]; its analogous version on
Ry X Ry has been studied in [63} 98]]. In Chapter E] we present an original classification of its local self-adjoint
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Figure 1.16: Regions of the («a, ¢) parameter space where the operator —A,, + cK,, is essentially self-adjoint.

extensions. For a = 0 it is a flat cylinder, for « positive integer is a (@ + 1)-step 2-ARS; for « negative it describes
a conic-like surface (see Figure [I.17).

We conclude the presentation of Chapter [5| with a remark on the heat equation: while an operator of the form
—A+cK(p)is useful to describe a quantum particle in a Riemannian manifold, it is not meaningful in the description
of the heat evolution; indeed a heat equation of the form d,¢ = (—A + cK(p))¢ would describe the evolution of a
random particle on a Riemannian manifold with a rate of killing proportional to the Gaussian curvature.

1.6.3 State-of-the-art: self-adjointness on o-Grushin structures

In Chapter [6] we present a classification of the uniformly fibred self-adjoint extensions of the Laplace-Beltrami
operator associated with the a-Grushin structure on the cylinder, for @ € [0,1). This structure is defined for
any @ € R via the pair of vector fields introduced in (T.6.1), globally defined on R x S! =: M. When a € N,
(L.6.1)) defines a smooth almost-Riemannian structure of step (@ + 1). Notice that the same structure is considered
in Chapter [5] as an example of higher-step ARS, and the self-adjointness of its associated curvature Laplacian is
studied (cf. Proposition above). For a ¢ N, it defines a generalized almost-Riemannian structure, that is
not smooth and does not verify the Hsrmander condition in general. By cutting out from the manifold R x S' the
singular set {x = 0} where X; and X, become collinear, we obtain a Riemannian structure on R \ {0} x S' with the
associated Riemannian metric, volume and Gaussian curvature given respectively by
La =dx®dx+ﬁdy®dy, W = #dx/\dy, Ky = —%.
In particular, when @ > 0, all geometric quantities are singular on Z.
The Laplace-Beltrami operator

Hy = =Dy = dive, o grad, , D(A) = CF (R\ (0} x sl)

of the a-Grushin structure is equivalent, via the unitary transformation L>(R x S', w,) — L*(R x S', dxdy), to the
singular differential operator
62

o2

2
e S M)zﬁ, e cg’(R\ (0} x S‘) c L2(R x S, dxdy).

(1.6.2) Hoth = ( 57t o

The classification of the self-adjointness problem for these operators is well-known (notice that this result is also
recovered in Proposition[I.6.7)and corresponds to ¢ = 0):

Theorem 1.6.8 (Self-adjoitness in @-Grushin conic and anti-conic surfaces, [34]).

(i) If @ € (—c0, =3] U [1, +00), then H, is essentially self-adjoint.
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(ii) If @ € (=3, —1], then H, is not essentially self-adjoint and it has deficiency index 2.
(iii) If @ € (=1, 1), then H, is not essentially self-adjoint and it has infinite deficiency index.

Theorem [1.6.8]is not contradicting Theorem [I.6.3] as (I.6.T) defines an almost-Riemannian manifold only if
@ € N. To better visualize Theorem|[I.6.8] let us formally decompose the operator (I.6.2)) in its Fourier modes w.r.t.

Figure 1.17: Geometric interpretation of a-Grushin surfaces. It is conic for @ < 0, a cylinder for @ = 0, and
anti-conic for @ > 0. Taken from [34]].

toy € S'. This gives
a2+ a)
4x2

d2
Pl (Hodic = = + xP*k* +
dx
keZ
acting on the Hilbert space ¢£2(Z, L*(R, dx)), with constant mode domains D ((Ha)k) = C(R\ {0}) for all k. Then,
the self-adjointness of each (H,)x can be studied using Sturm-Liouville theory for 1D inverse square potential

2
Schrédinger operators of the form —% + V(x). We can reinterprete the statements on the deficiency indices as
follow:

(1) If @ € (—oco0,=3] U [1, +00), then (H,)x is essentially self-adjoint for all k € Z. That is, nothing can flow
through Z.

(ii) If @ € (=3, —-1], then (H,)x is essentially self-adjoint for all k € Z \ {0}, while (H,)g is non-self-adjoint.
That is, only the average of the wave function

. 1 2r
lﬁo(x)=§ | Y(x, y)dy

can flow through Z.

(iii) If @ € (-1, 1), then (Hg )k is non-self-adjoint for all k¥ € Z. That is, all modes can flow though Z.

1.6.4 New results: self-adjoint extensions on a-Grushin structures and their Sobolev
regularity at the boundary

A natural question regarding the region of @ such that H,, is not self-adjoint, is then the following: which boundary
conditions at the singularity {x = 0} are allowed for the Schrodinger equation id;yy = H, ¥ to be well-posed across
the two halves of the cylinder? In other words, when H,, is not self-adjoint, how do its self-adjoint extensions look
like? In Chapter [6] we partly answer this question, applying KVB extension theory, and the main results read as
follows

Theorem 1.6.9. Let @ € [0,1). The operator H, admits the following families of self-adjoint extensions in
L*(M, wg):

e Friedrichs extension: Hy F;

o Family Ir: {HC[Z}e |y eR};
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o Family I : {H([Z]L |y € R},
o Family 11, witha € C: {H([,ﬂa |y € R},

o Family II1: {HY) |T = (y1, 72 3. 74) € R*}.

Each operator belonging to any such family is a restriction of H,, and hence its differential action is given by —A,,.
The domain of each of the above extensions is qualified as the space of the functions f € L*(M, w,) satisfying the
following properties:

(i) Integrability and regularity:

(1.6.3) / |Aaf} wa < +oo.
M

(ii) Boundary condition: The limits

(164) fo:t(y) — xli_%li f(x,y)
af(x,

exist and are finite for almost every y € S', and depending on the considered type of extension, and for
almost every y € S', they satisfy

(1.6.6) i =0 if f€D(Har),
(1.6.7) { ggi _ 2]‘0*@) if f e DH),
(1.6.8) { gg; SOy e pa),
[ a—
o (R e

As a byproduct of the theorem above, we can deduce the regularity of the wave-function at the boundary,
depending on the different physics imposed by different self-adjoint extensions.

Corollary 1.6.10. Let f belong to the domain of one of the self-adjoint extension of Hy listed in Theorem|[I.6.9
Then,

(1.6.11) [ e HO=(S',dy) and fiE e H+(S', dy)
with

® 5y = %}%‘; for the Friedrichs extension,

® 5 _ = %};—g S0+ = Si,+ = %?:—g for extensions of type IR,

® 5, = %i;—g, 50— = 81— = %ﬁg for extensions of type 1,

® 51, =S50+ = %i;—g for extensions of type 11,

® 5. =80+ = %?i—g for extensions of type 1IL

The last Corollary, in particular, extends the Sobolev-regularity %%:—g proved for the deficiency spaces of H,

in [97] (which corresponds to the regularity of the Friedrichs extension) to the domains of the other self-adjoint
extensions.
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We remark that requirement (T.6.3) only means that all the considered extensions are contained in H;;. Each of
the requirements (1.6.6)-(1.6.10) then expresses the corresponding condition of self-adjointness.

The common feature of all such extensions is that their boundary conditions as x — 0 have the same form
independently of y € S'. In this sense, those are local extensions.

It is also clear that the Friedrichs extension, as well as type-Ir and type-I, extensions, are reduced with respect
to the Hilbert space decomposition

LY (M, wa) = L*(R* x S, wa) ® L2 (R™ X S, we) =: L2 (M™, we) ® L*(M™, wg).

Each such operator is the orthogonal sum of two self-adjoint operators, respectively on L>(M*, w,) and L>(M~, w,),
characterised by independent boundary conditions at the singularity region Z from the right and from the left.
On the contrary, type-II, (with a # 0) and type-III extensions are not reduced in general: the boundary condition
couples the behaviour as x — 0* and x — 0.

The left-right reducibility

(1.6.12) H, = Hy;® H}
of the extension I—~I(X = H, F, or 17(, = H([Z}e’ or ﬁa = H([Z]L, results in a decoupled independent Schrédinger

evolution of the two components f* and f~ of the solution f € C'(R;, L*(M, w,)) to the Cauchy problem

i0,f = Hyof
fli=o uy € D(Hy).

This means that, separately on each half-cylinder,
il
(1.6.13) fE@) = e7aug,

where u§ € L2(M *, wq), With no exchange between left and right at the interface Z.
The picture is then the following.

* Friedrichs extension H,, r: quantum confinement on each half of the Grushin cylinder, with no interaction
of the particle with the boundary and no dynamical transmission between the two halves.

e Type-Igr and type-I;, extensions: no dynamical transmission across Z, but possible non-trivial interaction of
the quantum particle with the boundary respectively from the right or from the left, with quantum confinement

on the opposite side. (Thus, for instance, a quantum particle governed by H([;/}e may ‘touch’ the boundary
from the right, but not from the left, and moreover it cannot trespass the singularity region.)

* Type-II,, and type-III extensions: in general, dynamical transmission through the boundary.
Among the latter group of extensions, a special status is deserved by the Laplace-Beltrami realisation
Hyp = H([Yy}l witha=1landy =0.

In this case the boundary condition (I.6.9) takes the form

lim f(x.y)
i (- 29y

|x|*  dx

lim f(x,y)
x—0*

(1.6.14) 1 af(x, y))

= 1i
x—0* ( |x|“ ox

x—0~

for almost every y € S'. Quantum-mechanically, (T.6.14) are interpreted as the continuity of the spatial probability
density of the particle in the region around Z and of the momentum in the direction orthogonal to Z, defined with
respect to the weight |x|~* induced by the degenerate metric. The extension H, p is usually called the bridging
extension of H,. This particular extension, and the Friedrichs extension, were firstly found in [34, Proposition
3.11]. Tt is easily seen by inspection of (1.6.6)-(1.6.10) that no other boundary condition of self-adjointness allows
for such a two-fold continuity for any other weight.
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1.7 Conclusion

We resume here the main contributions of this thesis:

¢ In chapter 2] we show that the classical rotation of a symmetric rigid body controlled with three external
orthogonal fields is: (i) controllable if the dipole is not parallel to the symmetry axis; (ii) not controllable
if the dipole is parallel to the symmetry axis, due to the conservation of the angular momentum component
along that axis (and we compute the reachable sets in this non-controllable case). We then show that the
classical rotation of an asymmetric rigid body is controllable with three external orthogonal fields, for all
configuration of the dipole. W.r.t. previous known results: the problem of controlling the rotation of a rigid
body has been extensively studied, and the available results (to the best of the author knowledge) involve
different strategies of control (e.g., internal torques or wheels [44])) that in particular result in controls which
do not depend on the configuration of the rigid body in the space (i.e., left invariant control fields), which is
not the case in our problem.

* In chapter [3] we present an original (approximate) controllability test for the multi-input bilinear infinite-
dimensional discrete spectrum Schrodinger equation, and an original (approximate) simultaneous control-
lability test for evolutions that are decomposed in invariant subspaces. Both results apply also to density
matrix approximate controllability, and controllability in finer norms. We apply this technique to study the
Schrodinger equation on SO(3), controlled with three orthogonal electric fields. We show that the quantum
rotation of a symmetric rigid molecule is: (i) approximately controllable if the electric dipole is not parallel
nor orthogonal to the symmetry axis of the molecule; (ii) not controllable if the dipole is parallel to the
symmetry axis due to the conservation of the angular momentum operator component along that axis (and
we compute the reachable sets in this non-controllable case, where in particular the system decomposes in
an infinite direct sum decomposition of invariant orthogonal subspaces); (iii) not controllable if the dipole is
orthogonal to the symmetry axis (and we compute the reachable sets in this non-controllable case, where in
particular the system decomposes in a direct sum decomposition of two invariant orthogonal subspaces). We
then show that the quantum rotation of an asymmetric rigid molecule is: (i) approximately controllable if the
electric dipole is not parallel to any of the principal axis of inertia of the molecule; (ii) not controllable if the
dipole is parallel to any of the principal axis of inertia (where in particular the system decomposes in a direct
sum decomposition of two invariant orthogonal subspaces, depending on which principal axis is parallel
to the dipole). These results hold under a non-resonant assumption and for almost all value of the inertia
moments of the molecule. W.r.t. previous known results: our new controllability test is a close variation
of the Lie-Galerkin tracking condition introduced in the paper [28]], where it is also proved the approximate
controllability of the quantum rotation of a linear molecule using this condition. The approximate controlla-
bility of a linear molecule was already known from [72]] also. The quantum controllability of symmetric and
asymmetric rotating molecules was proposed as an open question in [77], and the operator controllability
was conjectured for finite-dimensional subspaces of linear molecules in [72]].

* In chapter 4] we show the simultaneous (operator) control in finite-dimensional subspaces of two chiral
asymmetric molecules, pointing out the (minimal) combinations of spectral gaps (frequencies) and directions
of the field (polarizations) which control the system. Based on this insight, we perform numerical simulations
of microwave rotational dynamics for propanediol and carvone molecules that confirm our controllability
results. W.r.t previous known results: in [82] the authors show, on a simplified model, that three dipole
components and three polarizations are necessary for the simultaneous control, as it is confirmed in our
results.

* In chapter[5|we prove the non-self-adjointness of curvature Laplacians, on 2D almost-Riemannian manifolds
of step 2. This implies in particular that the free Schrodinger evolution on step 2 2D-ARSs generated by
the operator —A + cK needs boundary conditions at the singular sets of the structure to be well-defined, for
any ¢ > 0. We also show with an example (the a-Grushin 2D-structures) that results are in general different
without the step 2 assumption. W.r.t. previous known results: the Laplace-Beltrami operator on 2D ARS of
step 2 (which corresponds to the case ¢ = 0) has been proved to be essentially self-adjoint in the paper [30],
and more in general in the paper [99] the authors proved the same result on any ARS when the singular sets
are compact and have no tangency points.

* In chapter[6|we present a classification of four different families of local self-adjoint extensions of the Laplace-
Beltrami operator in @-Grushin anti-conic surfaces, described in terms of different boundary conditions for
the wave function to be imposed at the singularity of the structure. As a consequence of our analysis, we also
obtain the Sobolev-regularity of the local boundary conditions allowed for a well-posed Schrodinger evolution
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on such singular Riemannian structures. We also mention an estimate of the double derivative in the vertical
direction in terms of the @-Grushin Laplace-Beltrami operator (see Lemma|6.6.1T)), that we obtain using the
inverse of the Friedrichs extension. W.r.t. previous known results: the self-adjointness of the a-Grushin
surfaces and the Friedrichs and bridging extensions were firstly studied in [34]. The Sobolev-regularity of
the deficiency spaces of the Laplace-Beltrami on a-Grushin sufaces (which corresponds to the regularity of
the boundary conditions for the Friedrichs extension) was already found in [97]. A similar estimate of powers
of the derivative in the vertical direction in terms of Baouendi-Grushin-type operators has been obtained in
the very recent paper [84, Lemma 2.1], with a different technique based on elliptic estimates: it is interesting
to remark that both techniques rely on the positivity of these operators.
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Chapter 2

Classical controllability of a rotating
molecule

In this chapter we study the controllability problem for the Hamilton equations of a rotating symmetric- and
asymmetric-top molecule. The molecule is assumed to be rigid, and the Hamilton equation thus corresponds to the
well-known Euler equations of a rigid body rotating around its center of mass. The molecule is controlled through
three orthogonal electric fields interacting with its electric dipole.

Concerning the symmetric-top, the controllability is characterized in terms of the dipole position, which is fixed
inside the molecular frame: when it lies along the symmetry axis of the molecule the rotations are not controllable,
due to the presence of a conserved quantity, the third component of the total angular momentum; if the dipole is
not along the symmetry axis, we show controllability of the rotational dynamics.

Concerning the asymmetric-top, we prove that the rotational dynamics are controllable for all dipole configu-
rations.

The chapter is organized as follows: in Section we recall abstract results from geometric control theory;
in Section [2.2] we apply this framework to a rotating symmetric-top; in Section [2.3|the framework is applied to a
rotating asymmetric-top.

The main original results of this Chapter are: for symmetric-tops, Theorems [2.2.T)and [2.2.2] where we prove,
respectively, the non-controllability when the dipole lies along the symmetry axis of the body (computing also its
reachable sets in Theorem [2.2.4) and the controllability in any other case; for asymmetric-tops, Theorem
where we prove that the rotational dynamics are controllable for all dipole configurations.

The results on the classical symmetric-top system are in the paper [33]].

2.1 Controllability of control-affine systems with recurrent drift

We recall in this section some useful results on the controllability properties of (finite-dimensional) control-affine
systems.

Let M be an n-dimensional manifold, Xo, Xi, . . ., Xy a family of smooth (i.e., C*) vector fields on M, U C R
a set of control values which is a neighborhood of the origin. We consider the control system

¢

@.1.1) g =Xoq)+ ) | wi)Xi(q), g €M,
i=1

where the control functions u are taken in L™ (R, U). The vector field Xj is called the drift. The reachable set from
qo € M is

Reach(qo) :={q € M | 3 u, T s.t. the solution to Z.1.1) with ¢(0) = go
satisfies ¢(T) = ¢}.

System (2.1.1) is said to be controllable if Reach(gg) = M for all go € M.
The family of vector fields X, X, . . ., X¢ is said to be Lie bracket generating if

dim(Lie, {Xo, X1, ..., X¢e}) =n
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forall ¢ € M, where Lie, {Xo, X1, . . ., X¢} denotes the evaluation at g of the Lie algebra generated by Xy, X, . . ., X;.

The following is a basic result in geometric control theory (see, for example, [[73| Section 4.6]). Recall that a
complete vector field X on M is said to be recurrent if for every open nonempty subset V of M and every time
t > 0, there exists 7 > ¢ such that ¢;(V) NV # 0, where ¢; denotes the flow of X at time 7.

Theorem 2.1.1. Let U C R be a neighborhood of the origin. If Xy is recurrent and the family Xo, X1, ..., X¢ is
Lie bracket generating, then system (2.1.1)) is controllable.

A useful test to check that the Lie bracket generating condition holds true is given by the following simple
lemma, whose proof is given for completeness.

Lemma 2.1.2. [f the family of analytic vector fields Xo, X1, . . ., X¢ is Lie bracket generating on the complement of
a subset N C M and Reach(q) ¢ N, for all g € N, then the family is Lie bracket generating on M.

Proof. Let g € N and q; € Reach(g) \ N. By the Orbit theorem applied to the case of analytic vector fields (see,
e.g., [7, Chapter 5]) the dimension of Lie, {Xo, X1, . . ., X¢} and Lie,, {Xo, X, . . ., X¢} coincide. By assumption the
latter is equal to n, which implies that the same is true for the former. O

2.2 Symmetric molecule

2.2.1 The classical dynamics of a molecule subject to electric fields

Since the translational motion (of the center of mass) of a rigid body is decoupled from the rotational motion,
we shall assume that the molecule can only rotate around its center of mass. In detail, for any vector v € R3,
denoting by ey, 3, e3 a fixed orthonormal frame of R3 and by a1, ar, a3 a moving orthonormal frame with the same
orientation, both attached to the rigid body’s center of mass, the configuration of the molecule is identified with
the unique g € SO(3) such that g (x,y,z)" = (X,Y,Z)", where (x, y, z) are the coordinates of v with respect to
ay, ap, az, and (X, Y, Z) are the coordinates of v with respect to ey, e, e3. In order to describe the equations on the
tangent bundle SO(3) X s0(3), we shall make use of the isomorphism of Lie algebras

P 0 -P3 P
(2.2.1) a:@®Rx)— (s0(3), [, P=|P|—aP)=|Ps 0 -P
Ps -p, P 0

where X is the vector product. As external forces to control the rotation of the molecule, we consider three
orthogonal electric fields with intensities u (), u(¢), u3(¢) and directions ey, 5, e3. We assume that

(ur,uz,uz) € U CR3,(0,0,0) € Interior(V),

that is, the set U ¢ R? of admissible values for the triple (i1, u2, u3) is a neighborhood of the origin. Denoting by
¢ the dipole of the molecule written in the moving frame, the three forces due to the interaction with the electric
fields are u;(t)(g~'(t)e;) X 8, i = 1,2, 3. Then, the equations for the classical rotational dynamics of a molecule with
inertia moments I, I», I5 controlled with electric fields read

. 3
(2.2.2) (;%) = X(g, P) + Z u:(t)Yi(g, P), (g,P)€SOB)XR3, uel,
i=1
where
(2.2.3) X(g, P) = (53(5:2))’ Yi(g, P) = ((g_lg) y 5)’ i=1,23,

and P = (Py, P2, P3)T, pP = (P1/11, P,/ 1, P3/I3)T. Similarly to [73 Section 12.2] (where this is done for the
heavy rigid body), these equations can be derived as Hamilton equations corresponding to the Hamiltonian

1 (P> P} P? >
=S|+ +=|+V(e) V(@) =-) (g e).o)
2\ T L L ;

on SO(3) x R3. System (2:2.2) can be seen as a control-affine system with £ = 3 controlled fields.
Rotating molecule dynamics can also be represented in terms of quaternions, lifting the dynamics from
SO(3) to the 3-sphere S3, as follows. We denote by H the space of quaternions and we identify S° ¢ R* with
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{go+iq1+jgr+kgs € H | q§+q% +q§+q§ = 1}. We also identify R3 with {iP; +jP, +kP3 € H | (P, P5, P3) € R3}.
Via this identification, the vector product P X Q) becomes %[P, Q] = %(PQ — QP), for any P,Q € R3. Moreover,
given ¢ = cos(a) + (g1, 2, ¢3) sin(a) € S3 and P € R3, the quaternion product ¢Pg is in R* and corresponds to the
rotation of P of angle 2 around the axis (g1, ¢2, ¢3). Hence, S> can be seen as a double covering space of SO(3)
(see [} Section 5.2] for further details). System is lifted to $* x R3 to the system

90 g0,
.24 dff) SIP@), pPO) + 52 gig(o) 51 + "2 (g0 o)

M3( ) ——

[q(Dkq(1), 5].

We are going to use the quaternion representation in order to prove that the vector fields characterizing (2.2.4]) form
a Lie bracket generating family. As a consequence, the same will be true for (2.2.2)).

2.2.2 Non-controllability of the classical genuine symmetric-top

In most cases of physical interest, the electric dipole ¢ of a symmetric-top molecule lies along the symmetry axis
of the molecule. If I} = I, the symmetry axis is the third one, and we have that § = (0, 0, 63)T, 03 # 0, in the body
frame. The corresponding molecule is called a genuine symmetric-top ([68l Section 2.6]).

Theorem 2.2.1. The third angular momentum P3 is a conserved quantity for the controlled motion 2) of the
genuine symmetric-top molecule.

Proof. In order to compute the equation satisfied by P in (2.2.2), notice that

Pi(1)\ (Pi(t)/L (13 )Pz(t)Ps(t)
P(t)x pP@) = | P2(t) | x| P2(t)/ L |=|(L _ L .
P0) \Paio)i (-4 )é’ 1OP5()

Moreover, u;(1)(g™ (t)e;) % (5 = u;j(1)(g7 ' (t)e;) X (0,0,63)" = (%, *,0)7. Hence, for a genuine symmetric-top, the
equation for Pz becomes —>— dP =0. O

As a consequence, the controlled dynamics live in the hypersurfaces {P3 = const} and hence system (2.2.2) is
not controllable in the 6-dimensional manifold SO(3) x R3.

2.2.3 Controllability of the classical accidentally symmetric-top

In Theorem[2.2.T|we proved that P3 is a first integral for equations (2.2.2)), using both the symmetry of the mass and
the symmetry of the charge, meaning that I, = I and § = (0,0, 63)7. We consider now a symmetric-top molecule
with electric dipole ¢ not along the symmetry axis of the body, that is, § = (d1, 8, 93), with §; # 0 or 6, # 0. This
system is usually called accidentally symmetric-top ([68}, Section 2.6]).

Theorem 2.2.2. For an accidentally symmetric-top molecule system 2.2.2)) is controllable.

Proof. The drift X is recurrent, as observed in [7, Section 8.4]. Thus, by Theoremm to prove controllability it
suffices to show that, for any (g, P) € SO(3) X R3, dim(Lie(g, piX. N, b, Y3}) = 6. Actually, we will find six vector
fields in Lie{ X, ¥}, Y>, Y3} whose span is six-dimensional everywhere but on a set of positive codimension, and we

— -1,.
will conclude by applying Lemma [2.1.2] Notice that [X, ¥;](g, P) = ( galpl(g™)e: X 6])) . Denote by Ilgo(3) the

*
projection onto the SO(3) part of the tangent bundle, that is, IIso@3) : T(SO(3) x R3) — TSO(3). Then we have

span{Ilso@)X (g, P), [Iso3)[ X, Y11(g, P), lsoi)[ X, Y21(g, P). Hso@)[ X, Y3l(g, P)}
= ga(pl{6}* ® span{P}]).

Hence, if (P, §) # 0, we have

dim(SPan{HSO(3)X (8, P), IIso3)[ X, Y1](g, P), Iso3)[ X, Y21(g, P),

(2.2.5) Hsoz)[X, K(g, P)}) =3.
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To go further in the analysis, it is convenient to use the quaternion parametrization (2.2.4) in which every field
is polynomial. We have, in coordinates g = (go, g1, ¢2, q3) € S°, P = (Py, P2, P3) € R?,

g B _ P B
q]12 51212 11313

6]01;’—21 + qz% - LI3%2
610%2 - 611%3 + %%‘
qpP Py P _ P
X(q’P): (%[P,pp]) =| 40 I3 1+ qlllz2 92 121 ’
(E - E)P2P3
L1
L E)P'P3
0
0
0
ngpr =(,-2 = 0
N lgig.0) ’
(9192 — 9093)93 — (9193 + 90g2)d2
(9193 + 90g2)01 — 3(q2 + 4} — 43 — 43)53
3@+ a7 = 43 — 43)02 — (9192 — 90q3)61
0
0
Ya(q. P) ( 0 ) 8
2\, =\1r=; = .
s ,6
2143491 3(q2 = q} + 43 — 4353 — (9243 — 9091)52
(9293 — 9091)01 — (9192 + 9043)93

(9192 + 9093)02 — 3(a} — 47 + @3 — q3)6)
Let us consider the six vector fields X, Y1, Y5, [X, Y1], [X, Y21, [[X, Y1], Y1]: we have that the determinant of the matrix
obtained by removing the first row from the 7 X 6 matrix

(X(q7 P)7 Yl (CL P)’ YZ(q’ P)7 [X7 Yl](q7 P)7 [X7 YZ](q7 P)’ [[Xa Yl]a Yl](q7 P))
is equal to D(g, P) := S(q)(P, 6), where S(q) = S1(¢)$2(¢)S3(¢q)S4(¢) and

L-I

S1(q) = 541,
3215

$2(q) = (=2q19261 + 2q0q301 + G262 + 4162 — (43 + 43)62),

83(q) = (qo(—2q261 +2q162) + 2q3(q161 + 262) + (g5 — 41 — 43 + 43)53)%,

Sa(q) = (=2(qoq2 + q143)(87 + 63) + (a5 + 41 — @ — 43)51 + 2(q192 — 9043)52)33),

<P, (5) = P61 + P26, + P303.
Remark 2.2.3. As a byproduct of this computation, we notice that when § = (0, 0, §3) then S, = 0 and thus D = 0.
This is a signature of the non-controllability of the genuine symmetric-top, proved in Theorem [2.2.1]

Hence, for all (g, P) such that D(gq, P) # 0,

dim (Span{X(q’ P)’ Yl (‘], P)? YZ(% P)’ [X’ Yl](% P)’ [X’ YQ](q’ P)7

[[X. 1] 11(q. P)}) = 6.

that is, outside the set N := {(g, P) € S> xR | D(g, P) = 0} the family X, Y}, Y, is Lie bracket generating.

Now we are left to prove that Reach(g, P) ¢ N for every (¢, P) € N, and then to apply Lemma[2.1.2] Let us start
by considering the factor (P, §) of D and notice that, for any fixed g € §3, Q := {P = (P1, P2, P3) € R® | (P,6) =0}
defines a surface inside {g} X R>. Denote by ITgs : T(S® x R*) — TR? the projection onto the R? part of the tangent
bundle. The vector field I1zs X is tangent to Q = {(P, §) = 0} if and only if

(T X, VDIg) = 0 & ([P, pPllp. 8) = 0 & & € span{Plo. pPlo} & § € span{pPlo),
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where in the second equivalence we used that rank(P, pP) = 2 as long as the top is not spherical, i.e., as long as the
inertia contants do not satisty I; = I, = I3, and in the last equivalence we used that (P, §)|p = 0. Then, we obtain
that I3 X is tangent to Q if and only if
o1l
P=t|60h|, teR.
0313

Using again that (P, 6)|p = 0, we see that (t(6111, 6212, 6313)", (61, 62, 63)" ) = 0, implying 7 = 0. Finally, we have
seen that ITgs X is tangent to Q if and only if P = 0; as [13Y;(¢, P = 0) # 0, for any i = 1, 2, 3, we conclude that the
distribution spanned by {ITys X, I13Y;} is not tangent to Q. Summarizing, we have

Reach(q, P) ¢ {(P,6) =0}, V(q,P) € {(P,6) =0}.

To conclude, if (g, P) € {S; = 0},i = 1,...,4, then we fix P and we get two-dimensional strata {g € S° |
Si(q) = 0} c S3. Now the projections of the vector fields X, [X, Y], [X, Y>], [X, ¥3] on the base part of the bundle
span a three-dimensional vector space if (P, &) # 0, as observed in (2.2.5). So, by possibly steering P to a point
where (P, 6) # 0, it is possible to exit from the union of {S; = 0}. This concludes the proof of the theorem. m]

2.2.4 Reachable sets of the classical genuine symmetric-top

Theorem states that each hypersurface { P; = const} is invariant for the controlled motion. Next we prove that
the restriction of system (2.2.2)) to any such hypersurface is controllable.

Theorem 2.2.4. Let I; = I, and 6 = (0,0,83)7, 83 # 0. Then for (go, Py) € SO(3) x R3, Py = (Po1, Poa, Po3), one
has
Reach(go, Po) = {(g. P) € SO(3) xR? | P; = Pg3}.

Proof. From Theorem [2.2.1) we know that {P3 = const} is invariant. Since the drift X is recurrent, it suffices to
prove that system (2.2.2) is Lie bracket generating on the 5-dimensional manifold {P3 = const}.
We recall from (2.2.3)) that, if (P, §) # 0, that is, if P3 # 0, we have

dim(SPaH{Hsoe)X(g, P), so3)[X, Y1](g, P), Usoi)[ X, Y21(g, P),
Hso@)[X, Yal(s, P)}) =3.
Moreover, since TTz3Y;(g, P) = (g7 'e;) X & fori = 1,2, 3, we have that
(2.2.6) dim (span{HRs Yi, Tgs Yo, s Y3}) =2
everywhere. Thus, if P3 # 0, it follows that

dim(span{X(g, P)5 Yl(g, P)’ Y2(g’ P)» Y3(g» P)’ [X’ Yl](g> P)’ [Xa YZ](g» P)’
[X.55](s. P)}) = 5.

So the system is Lie bracket generating on the manifold {P3 = const # 0}.

We are left to consider the case P3 = 0. Notice that I3 Y], [Iz3 Y5, IT3 Y3 span a two-dimensional distribution for
any value of P3. So we consider in the quaternion parametrization the projections of X, [X, Y11, [X, Y2], [[X, V1], X]
on the S* part of the bundle and we obtain

dim(span{T5: X(g, P), s [X, Yi (g, P). Tl [X. Ya1(g. P,
Mg [[X. 111, X1(g. P)}) =3
for P3 = 0, except when ¢3[2P2(q192 — qoq3) + Pl(qg + qf - q% - q%)] = 0. This equation defines the union of
two surfaces inside S°. (Notice that we can assume P; # 0 and P, # 0 because (2.2.6) gives local controllability

in (P, P2)). On {g3 = 0}, we have that TT: X is tangent if and only if ¢ P, — g2 P; = 0. On the curve y C S° of
equation

q3 =0,
q1P> — 2Py =0,
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we can consider the two-dimensional distribution spanned by Ilg:[X, Y1], [1g:[X, V2], [g3[ X, Y3], which is clearly
not tangent to y. Following Lemma[2.1.2] the system is Lie bracket generating also on {g3 = 0}.

Analogously, on {2Px(q1g2 —qoq3) + P1(q3 + 47 — g5 — q3) = 0} we consider the vector field ITg:[[[X, Y1], X], Y]
which is tangent if and only if (gog2 + q193)(P19091 + P2g092 — P2g193 + P1g2g3) = 0. Again, since the distribution
spanned by I1g:[X, Y1 ], Il [ X, Ya], g3 [ X, Y3] is two-dimensional, we can exit from the set of equations

2P (q192 — q0q3) + Pi(q5 + 47 — 5 — q3) =0,
(goq2 + q193)(P1g0q1 + P2goqz2 — P2q193 + P1gag3) = 0,

whose strata have dimension at most one. Thus, applying again Lemma[2.1.2] we can conclude that the restriction
of the system to the manifold {P; = 0} is Lie bracket generating. O

2.3 Asymmetric molecule

Here we prove the following:

Theorem 2.3.1. Let § # 0. Assume that the molecule is asymmetric, that is, 0 < I} < I < Iz. Then, (2.2.2) is
controllable.

Proof. We follow the proof of Theorem [2.2.2] on the controllability of an accidentally symmetric top, pointing
out the main differences. In quaternions parametrization (g, P) of $* x R? (as a double cover of SO(3) x R?) the
determinant D of the 6 X 6 matrix obtained by removing the first row from the 7 X 6 matrix

(X(q7 P)7 Yl (CL P)’ YZ(q’ P)7 [X7 Yl](q7 P)7 [X7 YZ](‘]’ P)’ [[Xa Yl]a Y]](q7 P))
now gives

D(g, P) = (P, 0) Ss,1,.1,15)(q),

where

Ss.(11,1)(@) = (A1 L13) " qo{qo(—29261 + 2q162) + 2q3(q161 + q262) + 4563 — (a7 + @5 — qg)53}2

x {21 L 13)[q0g202 + 919362 — 419283 + G0q3631[24061(q362 — 9263) — 2q161(q262 + 4363)
+qo(85 +63) + (55 +63) = (45 + 43)(63 + 63)]
+ 1 [12(—2q1q26| +2qg0q361 + q(z)éz + q%éz - (q% + q%)éz)
X [-2(q0q2 + 143)(5] + 63) + (q561 + 4761 — (@5 + 43)51 + 2919262 — 2G04362)63]
- B[-2(q0q2 + q193)61 + (g5 + 47 — @3 — 43)031[450162 + 416162 — (45 + G3)0162 + 241436253
- 2q192(57 + 63) + 290{q26263 + g3(67 + 63)}1] }

Remark 2.3.2. The main difference here w.r.t. the symmetric top case (/; = I, for, e.g., oblate symmetry) is that

S0.0.63).(1.1.15) # 0if It < I < I3, while S0,0,55),(1, 1. 15) = 0 (cf. Remark 2.2.3): this means that this way we will
also prove controllability for the case 6 = (0,0, 63)" (which is not controllable for a symmetric top, cf. Theorem

2.2.1.

Now the same proof of Theorem [2.2.2] shows that
Reach(q, P) ¢ {(P,6) =0}, V(q,P) € {(P,5) =0}.

We then conclude exactly as in the last part of the proof of Theorem [2.2.2} by possibly steering P to a point
where (P, ) # 0, the projection on T'S? of the distribution spanned by the vector fields X, [X, Y;], [X, Y2], [ X, Y3]
is three-dimensional (as it is proven in (2.2.3), which always holds also in the asymmetric case I} < I, < I3), and
thus it cannot be tangent to the two-dimensional strata of {g € S° | Ss.(1,1,1)(q) = 0}. Hence, Reach(q, P) ¢ N
for every (g, P) € N, and the proof is concluded thanks to Lemma[2.1.2] O

48



Chapter 3

Quantum controllability of a rotating
molecule

In this chapter we present a study on the controllability of the bilinear Schrodinger equation of a rotating symmetric-
and asymmetric-top molecule. The molecule is modelled as a rigid rotor and is controlled through three orthogonal
electric fields interacting with its electric dipole.

Both for the symmetric and the asymmetric system, we characterize the controllability in terms of the dipole
configuration, fixed inside the molecular frame.

Concerning the symmetric-top, we summarize our findings in the following facts: if the dipole lies along the
symmetry axis of the molecule, the rotations are not controllable, due to the presence of a conserved quantity, the
third component of the angular momentum (it corresponds to the phenomenon already observed for the classical
dynamics in Theorem[2.2.1)); if the dipole is orthogonal to the symmetry axis, the rotations are not controllable, due
to the superposition of degenerate states (it has no classical counterpart); if the dipole is not along the symmetry
axis nor orthogonal to it, approximate controllability and stronger properties of the Schrédinger equation are proved
to hold for the rotational dynamics, under a non-resonant assumption on the inertia moments.

Concerning the asymmetric-top, we prove that the rotational dynamics are not controllable if the dipole is
parallel to any of the principal axis of inertia, and that any other configuration of the dipole yields approximately
controllable rotational dynamics and stronger properties, for almost all values of the inertia moments.

The chapter is organized as follows: in Section [3.1| we recall some notions of controllability and present some
criteria to prove the approximate controllability and stronger properties of the multi-input bilinear Schrodinger
equation; in Section [3.2] we apply this framework to a rotating symmetric-top; in Section [3.3] the framework is
applied to a rotating asymmetric-top. In the Appendix 3.4 we give the proof of two important propositions.

In Section [3.1 we also present two original sufficient conditions for the approximate controllability of the
bilinear Schrodinger equation, that are Corollary and Theorem which can be seen as consequences
of the main controllability criteria stated in Corollary [3.1.16] and whose proof can be found in [28]]. The results of
Sections [3.2] and [3.3] are original, and in particular the approximate controllability of accidentally symmetric-tops
and asymmetric-tops, for almost all values of the inertia moments, are proved resp. in Theorems @] and@

The results on the quantum symmetric-top system are in the papers [33] and [35].

3.1 Controllability of the multi-input bilinear Schrodinger equation

3.1.1 Notions of controllability

Let £ € Nand U c R¢ be a neighborhood of the origin. Let H be an infinite-dimensional Hilbert space with scalar
product (-, -) (linear in the first entry and conjugate linear in the second), H, By, .. ., By be (possibly unbounded)
self-adjoint operators on H, with domains D(H), D(By), ..., D(By). We consider the controlled Schrodinger
equation

@)
1

3.1.1) -

I3
= (H+ Y OB, y@)eH, u@)eU.
j=1
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Definition 3.1.1. * We say that the operator H satisfies (A1) if it has discrete spectrum with infinitely many
distinct eigenvalues (possibly degenerate).
Denote by B a Hilbert basis (¢x )i exv of H made of eigenvectors of H associated with the family of eigenvalues
(A )k en and let L be the set of finite linear combination of eigenstates, that is,

L =span{¢y | k € N}.

» We say that (H, By, .. ., By, B) satisfies (A2) if ¢y € D(Bj) foreveryk €N, j=1,...,¢.
e We say that (H, By, . . ., B, B) satisfies (A3) if

14
H+ ) uiBj: L—H

j=1
is essentially self-adjoint for every u € U.
e We say that (H, By, .. ., Bg, B) satisfies (A) if H satisfies (A1) and (H, By, . . ., B¢, B) satisfies (A2) and (A3).

If (H, By, . .., By, B) satisfies (A) then, for every (uy,...,u¢) € U, H + 25:1 u;B; generates a one-parameter
: 14

group e 1H*Yjo14iB)) jnside the group of unitary operators U(H). It is therefore possible to define the propagator

I} at time T of system (3.1.1) associated with a piecewise constant control law u(-) = (u1(*),...,uc(-)) by

. i n.
composition of flows of the type ¢~ (2o i B))

Definition 3.1.2. Let (H, By, ..., By, B) satisfy (A).

¢ Given Yy, ¢ in the unit sphere S of H, we say that ¢ is reachable from v if there exist a time 7' > 0 and
a piecewise constant control law u : [0,T] — U such that ¢; = I’}.(9). We denote by Reach() the set of
reachable points from .

* We say that (3.1.1)) is approximately controllable if for every ¥ € S the set Reach(yy) is dense in S.

By fully exploiting the geometric control theory behind our technique, we will actually obtain a stronger
controllability property for (3.1.1). For this reason, let us introduce the notion of module-tracker (m-tracker, for
brevity) that is, a system for which any given curve can be tracked up to (relative) phases. The identification up to
phases of elements of H in the basis B = (¢« )xen can be accomplished by the projection

My e > (b )|de.

keN

Definition 3.1.3. Let (H, By, .. ., By, B) satisfy (A). We say that system (3.1.1) is an m-tracker if, for every r € N,
Uty . in H, T : [0,T] — U(H) continuous with I'y = Idg;, and € > 0, there exists an invertible increasing
continuous function 7 : [0,T] — [0, 7;] and a piecewise constant control u : [0, 7] — U such that

IMTg) - MTEuoll <6 k=1,...r,
for every t € [0, T¢].

Remark 3.1.4. We recall that if system (3.1.1) is an m-tracker, then it is also approximately controllable, as noticed
in [28, Remark 2.9].

If a system is an m-tracker and the control system is weakly coupled, then approximate controllability holds
also in higher norms. Thanks to spectral calculus, we define for s > 0

HI"y = " |l W, ¢u) b

neN

for every ¢ belonging to

D(HP) = {w eH | Y 10l o)l < oo} .

neN
We consider the s-norm defined on D(|H|%) as || - ||s := [||H|® - ||
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Definition 3.1.5. We say that (3.1.1)) is approximately controllable in the s-norm if, for every ¢™, yfi* € D(|H|*)
of norm one, and € > 0, there exists a piecewise constant control u : [0, 7] — U such that

IT7@™) = ™ls < e.
We say that (H, By, . . ., B¢, B) satisfies (A) if it satisfies (A) and
e the operator H + Zle u;B; is bounded from below for every u € RY;

* the sequence (A )ren of eigenvalues of H is positive non-decreasing and accumulates at co.

Definition 3.1.6. Let (H, By, ..., By, B) satisfy (A”) and let s > 0. We say that (H, By, . . ., By) is s-weakly coupled
if D(H + Zle u;B;|?) = D(|H|*/?) for every u € R’ and there exists C such that

IR(H |y, Bjy)| < CKIHI ¢, y)l,
forevery j =1,...,Cand ¢ € D(|H|*).
Remark 3.1.7. We recall that if system (3.1.1) satisfies (A’), is an m-tracker and is s-weakly coupled, then it is
also approximately controllable in the s/2-norm for every s > 0 [28], Corollary 2.13] (see also [37,, Proposition 5]).
We notice that if the controls B; are bounded operators and (A )k e is positive non-decreasing and accumulates at
oo, then (B.1.1) is s-weakly coupled for every s > 0.
Another useful notion of controllability for quantum mechanical systems is given in the sense of density

matrices. Recall that a density matrix p is a non-negative, self-adjoint operator of trace class, whose trace is
normalized to one. Its time evolution is determined by

p(t) =T p(O)I}",
where I'}** is the adjoint of I'}*. After the above definition of time evolution for the density matrix, p(¢) is necessarily
unitary equivalent to p(0).
Definition 3.1.8. Let (H, By, .. ., By, B) satisfy (A). We say that (3.1.1) is approximately controllable is the sense
of density matrices if for every pair of unitary equivalent density matrices pg, p1 and every € > 0O there exists a
piecewise constant control u : [0, T] — U such that

o1 = Trpol 7 Ml oy < €,
for the operator norm on the set of bounded operators L(7H) acting on the Hilbert space H.

Remark 3.1.9. We recall that if system (3.1.1) is an m-tracker, then it is also approximately controllable in the
sense of density matrices, as it follows from [28, Remark 2.9, Theorem 2.6] and [27} Proposition A.1].

Our notion of solution to (3.1.1)) is given for piecewise constant controls u as a composition of time-independent
flows. Hence, our definitions of controllability are given by means of piecewise constant controls. We can extend
the notion of solution to (3.1.1)) also for different classes of controls.

Definition 3.1.10. » We say that u € L®([0,T],R’) is admissible for (3.I.1) if u(t) € U for almost every

t € [0,T] and, for every ¥y € H, there exists ¢ : [0, 7] — HH such that y(0) = o, the functionz +— (1), dr)
is absolutely continuous for every k € N, and satisfies

4
i%(‘pk’ w(t) = ((H + jz_]: uj(t)Bj)qﬁk, 0),

for almost every ¢ € [0,7]. The function ¢ — y(¢) is called the solution of (3.I.I) with initial condition
Yo € H associated with the control u.

o If u € L™([0,T],RY) is admissible for (3.1.1), we call the propagator of (3.1.1]) associated with u the map
[0,T] > 1 — I}, where, for any g € H, [ is the evaluation at time 7 of the solution of (3.1.1]) having ¥
as initial condition.

Remark 3.1.11. e Ifu: [0,7] — U is piecewise constant, then u is admissible for (3.1.1)) and we recover the
notion of propagator as a composition of time-independent flows.

 Leta > Osuchthat[—a,a]’ c U. Ifu € C'([0,T],[~a,a]’)and By, . . ., B, are H-small with H-bound smaller
than 1/a (see (5.3.2) for the definition of H-smallness), then u is admissible for (3.1.1)), as a consequence
of the Kato-Rellich theorem [100, Theorem X.12], and [100, Theorem X.70]. In particular, it applies if the
control operators B; are bounded.

As a consequence of the previous remark, the notions of controllability previously introduced can be extended
to the class of smooth controls u, and all the following results hold in the class of piecewise constant controls and
also in the class of smooth controls under the additional smallness assumption on the B;.
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3.1.2 Lie-Galerkin tracking condition

In this section we mostly follow [28]] and [40] in order to state a sufficient condition for a system to be an m-tracker.
At the end of this section we propose an original simultaneous approximate controllability result, particularly suited
for controlled evolutions in the presence of symmetries.

For any n € N, we consider the projection

My Hoy - > (99)0; € H.

Jj=l...n

and we define H® = 11, HI1,,, BE.") =1I1,B;I1,, j = 1,...,¢. The set of spectral gaps of H for the n-dimensional
truncation of the spectrum is defined as =, := {|A4; — Ajli,j=1,...,n}
For every o > 0, and every square matrix M of dimension m, let

Eo(M) = (Myi00 |4)-20 D1 k=1,....m>

where 0y is the Kronecker delta. The n X n matrix SU(BE")) corresponds to the activation in Bl(.") of the spectral
gap o € X;: every element is O except for the (/, k)-elements such that |1; — Ax| = o~. We introduce

Ep={(o, ) eZyx{1,.... 1} | (B))ki0s,4,-1,] =0, forevery k = 1,...,nand [ > n}.

To give a picture of the set Z,,, we notice that, if (o, [) € E,,, then for every N > n

Eo(iBN) = [L(if&‘%] ,

and hence E,, is the set of frequencies which preserve the finite-dimensional truncations of (3.1.1). We then define
an operator which acts on the vector space of square matrices, Wg, & € S ¢ C, defined by

EMi, A < A
(3.1.2) (We(M))1 =10, A= A,
‘fMl,ka Ay > A

We remark that the definition of W is motivated by the following formula of Lie algebraic nature
(3.1.3) Wi (BY") = €58, H™| .
Then, we consider the set of effective auxiliary matrices

Vi = {We(Eo(B™)) | (0i) € Epyor 2 0,£ € S')

acting on IT,H = C". Denote by || - ||z, #,#) the norm on the space of linear operators from I, to H. We have
the following averaging result on periodic excitations, proved in [40, Lemma 3.2] and inspired by [41, Theorem 1]:

Lemma 3.1.12. Letn €N, j € {1,...,1} and o > 0 such that (o,1) € Z,.. Fix also 0 < a < b and an admissible
periodic control of period T = 2xt /o that is non-vanishing at the j-th component only: u = (0,...,0,v,0,...,0) €
RL. Assume moreover that /OT v(t)dt = 0, fOT v(t)elo'dt = a and fOT v(1)e™otdt = 0 for every m > 2 such that
mo € X,. Then

. K —i .
Jim ([T — KT exprago (B lw, 0 = 0.

uniformly w.r.t. T € [a, b]

Thus, under the assumption that a given frequency o := |4; — Ai| is non-resonant (in the sense of the
set Z,) and that (B;);x # 0, by applying a control (that has only j-th non vanishing component) of the form
O,...,0,cos(c01)/K,0,...,0)in (3.2.4), the system is approximating (modulo a phase) the transfer of population
from state ¢, to state ¢, with an error that goes to 0 as the amplitude of the control 1/K goes to 0.

The last lemma suggests to consider the effective problem:

(3.1.4) %l// = M(tW, M(t)€ v W €C".

The next lemma (whose proof can be found in [40, Proposition 4.1]) tells that any propagator of (3.1.4) can be
approximated by a propagator of (3.1.1).
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Lemma 3.1.13. Let n,k € N, and fix 0 < a < b. Consider My, ... ,My € v,. Then, for every € > 0 and
Ti, ..., Tk € |a, b] there exist an admissible control u, T,, > 0 and y > 0 such that

||1";u — e VH  gTiMi L5 1M ||L(1'[,,‘}‘[,7-{) <e.

One can then let evolve the system freely for a time 7 (that is, consider e~ '7H I} ) to correct the dephasing term

e "H a5 it is proved in [40, Lemma 4.2] :

Lemma 3.1.14. Lety € H, u > 0, N € N, and N be a neighborhood of TIn (e “Hy) in span{¢y, ..., ¢n}.Then
there exists T > 0 such that e "™ N is a neighborhood of Ty in span{é1, ..., ¢n}.

Now we can state an important consequence:

Definition 3.1.15. We say that (3.1.1) satisfies the Lie-Galerkin tracking condition if for every ng there exists
n > ng such that Lie(v,,) = su(n).

Corollary 3.1.16 ([28]). If (3.I.1) satisfies the Lie-Galerkin tracking condition, then it is an m-tracker.

Example 3. We give here two examples of physically relevant systems: the first one does not satisfy the Lie-Galerkin
tracking condition, and the second one does.

* Quantum harmonic oscillator We consider the controlled bilinear Schrddinger equation

2

(3.1.5) igzﬁ(x, 1) = % (—% + xz) w(x, ) + uxp(x, 1), w(,1) e LA(R).

This system represents an example where any finite n-dimensional truncation is controllable [59], while
the whole infinite-dimensional system is known to be noncontrollable, neither exactly nor approximately
(88 [72].

An Hilbert basis made of eigenfunctions of the drift —6'3—; + x? is given by the Hermite functions {¢, },e,
and the spectrum of the drift is given by the set of eigenvalues {E,, = n — 1/2 | n € N}. In this basis, the
control field B; = x is given by

k-1 ifj=k-1,
(¢, Boi) = 1 Vk if j=k+1,
0 otherwise.

Foranyn e N,as X, = {0,1,...,n} and B, := £, \ {1}, we see that &, (B)) is the zero matrix for all o € E,,.
Thus, system (3.1.5) does not satisfy the Lie-Galerkin tracking condition. For further interesting remarks on
the relation between (3.1.5) and its finite-dimensional truncations, see also [37, Section IV.D].

e Planar molecule The system of a planar bipolar molecule interacting with two orthogonal controls is
modelled by the following bilinear controlled Schrodinger equation on the circle S':

2
(3.1.6) i%w(a, 1) = —% + u1(r) cos(@) + ua(¢) sin(@) | Y(a, 1), w(-t) € L*(Sh).

Let us show here that (3.1.6) satisfies the Lie-Galerkin tracking condition. An Hilbert basis of L*(S!) that
diagonalizes the drift 6‘9—:2 =: H is given by the exponential trigonometric functions: {¢**/\2r | k € Z}.
The spectrum of the drift H is given by {E; = k> | k € Z}, which is degenerate, as E;x = E_;. We take
as basis for the eigenspace corresponding to the degenerate eigenvalue Ey, k > 1, the pair of functions
{pr := cos(ka)/\T, ¢_i = sin(ka)/\/7}, and we set ¢y = 1/V2x. Denoting by B; = cos(a), B, = sin(a)
the two multiplicative control operators, we have the following selection rules:

(¢, Big;) =0, if[j—k[>1,1=12.

Moreover, the pairings

(x> Bidi+1) 1/2, keZ\{-10},
(¢o.Big1) = 1/V2,

(¢-1,Bi1go) = O,

(p-1,Bago) = 1/¥2,

(P Bagr1) = 0, keZ\{-1},
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imply that the operators By, B projected in the Galerkin approximation L*(S")™ = span{¢q, ¢r, ¢« | k =
1,...,n} read

B =BT, = —Fou+> > Fis
1 n n ly 5
\/z 2 k=-n,...,n-1
k0,21
. . 1
1B§n) =1LiBI1, = Eﬂl,o ,

where T, : L*(S") 5 ¢ = o, (6, 0)¢; € L*(SH™W, Fjy = iejx + iex; is a generalized Pauli
(2n+ 1) x (2n + 1)-matrix, and e;  is the (2n + 1) X (2n + 1)-matrix whose entries are all zero except for the
entry at (row j, column k) which is equal to one. Because of the selection rules, we only need to consider

spectral gaps of the form wy = |Ex — Ex—1|, k € Z, and we easily see that the only resonance is

wr=wje j=korj=-k+1,

which is due to the degeneracy Ey = E_y: |Ex — Ex—1| = |E—_x — E_g+1]| = |2k — 1]. So we can consider the
spectral gaps wy, for positive k = 1,. .., co only, and write
1
(3.1.7) EnliB") = F(Feori+ Fpoin)s k=2..m,
. 1
8w| (IBY‘)) = _FO,I s
2
En(B) = 0, k=2,...n
1
Eu(iBM) = —F_1p.
w1 2 \/E
Our claim is that
(3.1.8) Lie{WeEuy (iB), WeE (BY) | k= 1,...om, & = Li} = su@n + 1),

being 21 + 1 = dim L?(S')™. Recall the commutation rules of the Lie algebra su:

(3.1.9) [Gj,k, Gk,n] = Gj,n’ [Fj,k7 Fk,n] = _Gj,na [Gj,k’ Fk,n] = Fj,n»
(3.1.10) (G Fix]l =2Djk, [Fjx Djx] =2Gjk.

and

(3.1.11) Wi Zipael =0 it {jk}n{j’k'} =0,

with Y, Z € {G, F, D}, where F; ; = iejy +iexj, Gjx = ejx — ex,j, and Dj i = iej; —iey x is a basis of su,
and e; x is the (2n + 1) X (2n + 1)-matrix whose entries are all zero except for the entry at (row j, column k)
which is equal to one. Moreover,

(3.1.12) [iH,Gjx] = —|E; — Ex|Fjx., [iH,Fjx]=|E;j — Ex|Gjk.

The main issue here is breaking the sum in (3.1.7), due to the degeneracy Ex = E_g, in order to get the
transitions k — 1 & k and —k <> —k + | independently: noticing that

1

|(E0nGBY) 0 (GBI 0B = =5 Foacr

we obtain also

Ean (iB) + [[80,2(135")), Ean(B)], 8w2(iB§">)] = ~Fi».

1
2
From here, it is easy to break the sum in for k > 3, and using the commutation rules prove the claim
(3:1.8). Finally, as w; # wp+1, we see that (wg, [) € E, forall k = 1,...,nand [ = 1,2, and hence we proved
that the system (3.1.6) verifies the Lie-Galerkin tracking condition.
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As another application of Lemma [3.1.13] we would like to point out an interesting spectral Lie-algebraic fact
on finite-dimensional quantum systems. Suppose that dimH = N < co. Then, it is well-known from the theory of
control systems on Lie groups that (3.1.1)) is operator controllable (that is, the equation lifted on the group SU(N)
is controllable) if and only if the Lie algebra has maximal rank, that is, Lie{iH, iBy, . . ., iB;} = su(N) [75]]. We can
actually check this maximal rank condition on the decoupled Hamiltonians:

Corollary 3.1.17. Suppose that dim‘H = N < oo, and denote by X the set of spectral gaps of H.
If Lie{iH, Ey(iB1), ..., E5(iBy) | 0 € L,00 # 0} = su(N), then Lie{iH,iBy, ...,iB;} = su(N). Conversely, if
Lie{iH, By, ...,iB;} = su(N), then Lie{iH, E,(iB)), . .., Ex(iB)) | o € T} = su(N).

Proof. If Lie{iH, E5(1B1),...,Ex(iB;) | o € L, 00 # 0} = su(N), then (3.1.I) is approximately controllable
on SU(N), thanks to Lemma Since any finite-dimensional approximately controllable quantum sys-
tem is exactly controllable [29, Theorem 17] (see also [103]]), we get that Lie{iH,iB,...,iB;} = su(N).
Conversely, if Lie{iH,iBy,...,iB;} = su(N), since we can write any B; = 3,5z &5(B;), we conclude that
Lie{iH, E,(iB1),. .., Ex(iB)) | o € T} = su(N). o

In Corollary [3.1.16| we see that, under some non-resonant assumptions on the spectral gaps (in the sense of the
set Z,,), controllability properties of the finite-dimensional truncations imply approximate controllability properties
of the infinite-dimensional system.

We present now an original application/corollary in terms of simultaneous controllability over invariant sub-
spaces, that will be useful later on for applications on quantum systems with symmetries (for similar results, see also
[43]]). Suppose that H = EB keN Hj is an orthogonal decomposition, and each Hj is an infinite-dimensional Hilbert
space that is invariant for H, By, . . .,B[ For any n € N, denote by ?{,:‘ = (I, H) N H;. and n := dim 7-{]:’ of
course, as each Hy, is invariant for H, By, . . ., B;, we have v, C su(ng,)®- - -@su(ng, ), where [T, H = @i:l,...,r 7—(]2
andn =3,y n-

Definition 3.1.18. Suppose that there exists an orthogonal decomposition H = &P, ., Hx in invariant subspaces for
H, By, ..., B;. We say that 1| is approximately simultaneously controllable if, for every r € N, lﬂ,i“» Lp,f(“? € Hy,
J J

of normone, j = 1,...,r, and € > 0, there exists a piecewise constant control u : [0, 7,,] — U such that
) i )
||F%((//,‘<';—L//k;||<e, Vi=1,...,r.

Definition 3.1.19. Suppose that there exists an orthogonal decomposition H = €, ., Hx in invariant subspaces
for H, By, . . ., B;. We say that (3.1.1) satisfies the Lie-Galerkin simultaneous control condition if for every ng there
exists n > ng such that Lie(v,) = su(ng,) @ - - - ® su(mg, ), with 3, m, = n.

Corollary 3.1.20. [f (3.1.1)) satisfies the Lie-Galerkin simultaneous control condition, then it is approximately
simultaneously controllable.

Proof. Letr € Nand d/,i(“_, l//,?f‘ € 7'{k,- ofnormone, j = 1,...,r. For € > 0, consider ny € N such that
J J
in fin
in H"Owkj € fin H"Ol’bkj € o
wkj_—in <§, l!/kj_—ﬁn <§, ‘v’]—l,...,r.
ML ML

The Lie-Galerkin simultaneous control condition ensures the existence of n > ng such that system (3.1.4) is
simultaneously controllable in il W’: . By Lemma|3.1.13|there exists an admissible control u, T;, > 0, and

v > 0 such that

u

i fi
Hnow;(r; ) —iyH Hnoll’k;l < € Vil
_ ] = _ -, j=1...,r.
3

Tu i fi
I T
Then, by the triangular inequality we conclude that
in —iyH , fin .
||F¥u(¢/,‘<j) —e ¢kj |<e Vj=1,...,r.
Finally, the phase tuning can be handled following the same argument of [27, Section 6.2] O
'This happens, for example, when there exists a self-adjoint operator P that commutes with all the Hamiltonians H, By, ..., B¢: such an

operator P is called a symmetry of (3-I.1).
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3.1.3 A block-wise version of the Lie-Galerkin tracking condition

In this section we propose another sufficient condition for a system to be an m-tracker. The main difference
w.r.t. the Lie-Galerkin tracking condition is that, instead of testing a sequence of finite-dimensional properties on
an increasing sequence of linear subspaces of H, we test them on a sequence of overlapping finite-dimensional
spaces, not necessarily ordered by inclusion. This allows the sufficient condition to be checked block-wise, and it
is particularly suited for systems with high degree of symmetries, such as rotating molecules.

Let {; | j € N} be a family of finite subsets of N such that Ujen; = N. Denote by n; the cardinality of ;.
Consider the subspaces

M; :=span{¢, |nelj} cH

and their associated orthogonal projections

Mpy H 30 = ) (dnt)gn € H,

nel;

Given a linear operator Q on H we identify the linear operator I15(, QT (, preserving M; with its complex
matrix representation with respect to the basis (¢, )ner;. The set Z; = {|4; — Ap| | [,1” € I;} is then the collection

of the spectral gaps of ITyq; HIIpq;. We define Bl.(’) = pm; Billy; foreveryi=1,...,¢

If the element (B;);x is different from zero, then a control u; oscillating at frequency |4; — A| induces a
population transfer between the states ¢; and ¢, ([41]). The dynamics of such a population transfer depend on the
other pairs of states ¢y, ¢ having the same spectral gap and whose corresponding element (B;)y ¢ is different
from zero. We are interested in controlling the induced population dynamics within a space M;. This motivates
the definition of the sets

B ={(o,)) € Z;x{L,....0} | (B)ix =Oforeveryl €N, k e N\ I
such that [4; — x| = o},
and

E; ={(o,i)eX; x{L,...,t} | (Bi)jx =0foreveryl € I;, k e N\ I;
such that [4; — A¢| = o}

While the set Ejl compares only with pairs of states ¢;, ¢x with ¢; in M;, such a requirement is not present in
the definition if E?. This means that for (o, i) € E? the induced population dynamics obtained by a control u;
oscillating at frequency o not only does not produce population transfer out of M, but also is trivial within the
orthogonal complement to M;.

Let us consider the sets of excited modes

(3.1.13) Vi = {(We(8a(iBY) | (0.i) € B0 # 0.6 €S}, s=0,1.

Notice that vj.) C v} C su(n;). Indeed, we have the following picture:

[0 0 0 ]
Ec(iBY) € V0 = 8o (- jj1iB L1 41) = | 0| &,GBY) [0
o o0 |0]
- 0 . ]
Sa(iBiU)) € V} = Eo (-1, j+1iBillj-15j+1) = | O Sg(iBl.(’))
* 0 *

where IT;_; ; j,1 denotes the projection onto M;_; & M; & M.

We denote by Lie(v; ) the Lie subalgebra of su(n;) generated by the matrices in v;, s = 0,1, and define 7; as
the minimal ideal of Lie(vj‘.) containing v;.).

Finally, we introduce the graph G with vertices V = {I; | j € N} andedges & = {({;, Ix) | j, k € N, ;NI # 0}.
We are now in a position to state a new sufficient condition for a system to be an m-tracker, and thus, approximately
controllable.

Theorem 3.1.21. Assume that (A) holds true. If the graph G is connected and T; = su(n;) for every j € N, then

@B10) is an m-tracker.
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Proof. The proof works by showing that the Lie-Galerkin tracking condition holds true, which guarantees that
(3.1.1) is an m-tracker (Corollary [3.1.16] see [28, Theorem 2.8] for the proof). In terms of the notation introduced
here, the Lie-Galerkin tracking condition is true if there exists a sequence {}; | j € N} of finite subsets of N, strictly
increasing with respect to the inclusion, such that UjeNi} =Nand 7; = su(n;) for every j € N.

Up to reordering the sets I;, we can assume that

(3.1.14) L N(U_I)#0, YjeN.

For j € N, let}; = U{:lli and Z; = Zf;:l M.
The Lie—Galerkin tracking condition holds true if
(3.1.15) Lie(U7, 7)) = su(dim(Z,)), ~ meN,

where the set of operators 7; is obtained similarly to 77, replacing v]S. ,s=0,1,by

{We(Eo(illz, Billz,) | (0,i) € E},0 #0,£ €S}, s=0,1.

We proceed by induction on m. For m = 1, 3.1.19) is true, since we have that Lie(7]) = 77 = su(n;) =
su(dim(Z;)). Assume now that is true for m, and consider the vertex I,,,.; € V. Consider ¢, p € U;":’rlll fi
and let us prove that G; , := e;, —ep; isin Lie(UA']?fllij), where e, ;, is the matrix with all entries equal to O except
for the one in row a and column b, which is equal to 1 (and the indices in U;”:ll[ ; are identified with the elements
of {1,...,dim(Z,;+1)}). Decomposing Z,,+1 as a direct orthogonal sum Vi & (Z,n N Miys1) @ Vo with Vi € Z,,
and V» C M,,,+1, a matrix in 7,41 has the form

0| O 0
0|0 | Q0w | [ g;] g;z ] € su(Mm+1)s
0] Qa2 | 02 !

as it follows from the definition of E? and EJI and the fact that 7,,,; is the ideal generated by V]Q inside Lie(v}).

Similarly, a matrix in U;."z 17} has the form

On Q12 |0 o lo
02 |02 |0 |, Q; QZ ] € su(dim(Z,)).
0 0 |0

Ift,p e U;.”: i or t,p € Iy the conclusion follows from the induction hypothesis and the identity 7,,+1 =
su(ny,e1). Letthenr € Ly, \ (U;”:IIJ-) and p € U;."zllj. Fix, moreover, r € I,,41 N (U;.”zllj), whose existence is
guaranteed by (3.1.14). Again by the induction hypothesis and the identity 7,1 = s1(f,+1), we have that G, and
G, are in Lie(U;”:ll'Z“-). The bracket [Gp,, G,;] = Gp,; is therefore also in Lie(U;”:Jrll‘Z'-). By similar arguments,

we deduce that every element of a basis of su(dim(Z,,+1)) is in Lie(U;,”:*ll‘Fff). ]

3.2 Symmetric molecule

3.2.1 The Schrodinger equation of a rotating molecule subject to electric fields

We recall in this section some general facts about Wigner D-functions and the theory of angular momentum in
quantum mechanics (see, for instance, [22, [108]]).

We use Euler’s angles (@, 8,y) € [0,27) x [0, 7] X [0,27) to describe the configuration space SO(3) of the
molecule. More precisely, the coordinates of a vector change from the body fixed frame ay, a;, a3 to the space fixed
frame ey, ey, e3 via three rotations

X X X
(3.2.1) Y | = Re;(@)Re,(B)Re; (¥) [ ¥ | =2 R(a, B,y) | ¥
Z b4 Z

where (x, y, 2)T are the coordinates of the vector in the body fixed frame, (X, 7Y, Z)T are the coordinates of the vector
in the space fixed frame and R, (6) € SO(3) is the rotation of angle 6 around the axis e;. The explicit expression
of the matrix R(a, B,y) € SO(3) is

cosacosfBcosy —sinasiny —cosacosfsiny —sinacosy cosasinf
3.2.2) R =|sinacosfBcosy +cosasiny —sinacosfsiny+cosacosy sinasing|.
—sin S cosy sin 8 siny cos 8
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In Euler coordinates, the angular momentum operators are given by

Ji = 1cosozcot,8i +1s1nai _lcosa' 9
dp sinB oy’
(3.2.3) J = 1s1nacot,8i —1icos ozi - 1s1na/i’
oa 0B sinfB oy
J3 = —1i
oa

These are linear operators acting on the Hilbert space L*(SO(3)), self-adjoint with respect to the Haar measure
%dady sin BdfB. Using 1) the self-adjoint operator P3 := _ia% can be written as Pz = sinfcosaj; +

sin S sin @ j, + cos Bj3, that s,
3
Ps = Z Riz(a, B, y)i,
i=1

where R = (R,]) | is given in (3.2.2).

In the same way we define Py = 3.7_, Ri1(a, B,¥)J;, P2 = Z?:l Rix(a, B,7)ji- The operators J; and P;,i = 1,2, 3,
are the angular momentum operators expressed in the fixed and in the body frame, respectively. The rotational
Hamiltonian of a molecule with inertia moments 1y, I, Is > 0 is given by

1P} P} P3
()
2\ L L

which is seen here as a self-adjoint operator acting on the Hilbert space L>(SO(3)). The interaction Hamiltonian
between the dipole ¢ inside the molecule and the external electric field in the direction ¢;, i = 1,2, 3, is given by
the Stark effect ([68, Chapter 10])

B[(O,’, ﬂ? y) = —<R((¥, ﬁ’ 7)6’ €[>,

seen as a multiplicative self-adjoint operator acting on L?(SO(3)). Then, the rotational Schrodinger equation for a
rigid molecule subject to three orthogonal electric fields reads

9 3
(3.2.4) iagb(a, B.yit) = Hy(a,B,v;1) + Z u(t)Bi(a, B, YW (e, B,v; 1),

=1

with ¢ (¢) € L>(SO(3)) and u(t) € U, for some neighborhood U of 0 in R.
We also consider the square norm operator J2 := JZ + J7 + J; = P} + P + P2. The self-adjoint operators
J2, J3, P3 can be considered as the three commuting observables needed to describe the quantum motion of a

molecule. Indeed,
[J%, 1] = [J2 P3] = [J3, P3] = O,

and hence there exists an orthonormal Hilbert basis of L?(SO(3)) which diagonalizes simultaneously J2, J5 and P;.
In terms of Euler coordinates, this basis is made by the so-called Wigner functions

(3.2.5) D, (@By) =" dl (B, jEN, km=-j...j

where the function d] em solves a suitable Legendre differential equation, obtained by separation of variables (see,
e.g., [68| Section 2.5] for the separation of variables ansatz and [I08, Chapter 4] for a detailed description of the
properties of these functions). '

Summarizing, the family of Wigner functions {D,’gm | j e N,k,m = —j,...,j} forms an orthonormal Hilbert

basis for L2(SO(3)). Moreover,

(3.2.6) JZDi,m =j(+ I)D{;m’ J3Di,m = mD)]

k,m’

PsD] . = kD,

k,m*

Thus, m and k are the quantum numbers which correspond to the projections of the angular momentum on the
third axis of, respectively, the fixed and the body frame. In this section we treat the symmetric molecule, so we
impose the symmetry relation /I; = I, which implies that one can write the rotational Hamiltonian in the following
form

)2 +( 1 1 )P2
2L \2Ly 2L
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Thus,

S({UrD, !

327 HD' —
( ) 21 (2[3 21

k,m )kz)D;c,m = Elinc,m

implying that the Wigner functions are also the eigenfunctions of the rotational Hamiltonian of the symmetric
molecule. Since the eigenvalues of H do not depend on m, the energy level E/( is (2j + 1)-degenerate with respect
to m. This property is common to every molecule in nature: the spectrum o-(H) does not depend on m, just like in
classical mechanics the kinetic energy does not depend on the direction of the angular momentum. Moreover, when
k # 0 the energy level E]]C is also 2-degenerate with respect to k. This extra degeneracy is actually a characterizing
property of symmetric molecules. Breaking this k-symmetry will be one important feature of our controllability
analysis.

3.2.2 Non-controllability and reachable sets of the quantum genuine symmetric-top

We recall that the genuine symmetric-top molecule is a symmetric rigid body with electric dipole § along the
symmetry axis: 6 = (0,0,63)" in the principal axis frame on the body. We then introduce for any k € Z the
subspaces Sy := spam{D,’< | JENj > |kl,m=—j,...,j}, where span denotes the closure of the linear hull in

L*(SO(3)).

Theorem 3.2.1. The quantum number k is invariant in the controlled motion of the genuine symmetric-top molecule.
That is, if I| = I, and § = (0,0, 83)", the subspaces Sy, k € Z, are invariant for any propagator of the Schrédinger
equation (3.2.4).

Proof. We have to show that H and By, B,, B3, do not couple different levels of k, that is,

(3.2.8) (D k,m’ IHD;C/ wrrsoa) =0,k # K,
<Di 1Bl . m/>L2(SO(3)) =0, k#k/,1=1273.

The first equation of li is obvious since the orthonormal basis {D’ ) diagonalizes H. Under the genuine
symmetric-top assumption, the second equation of (3.2.8) is also true: for l = 1and k # k’ we compute

(D], iBDL,  )ixsoe)

2r 2n b/d . ”
- [ da [ ay [ dpsing)], (o p )b fyIDL o)

2
=1id3 (‘/0 d’ygikYe—ik/Y) (/0 da COS(Q)elma —im a)
x ( | a sinz(mdi,m(md-’i,m/w)) _o,

using the orthogonality of the functions ¢'*” and the explicit form (3.2.2) of the matrix R, which yields

0\ /1
Bl(“’ﬁ’ )/) = _<R(a7ﬁ97) 0 5 0 > = _63 Cosasinﬁ.
03/ \0
The computations for / = 2, 3 are analogous, since the multiplicative potentials B; do not depend on . O

Remark 3.2.2. Equation (3.2.8) also shows that, for a genuine symmetric-top, the third component of the angular
momentum P3 commutes with H and B;, [ = 1,2, 3, hence

[P3,H+Zu131] -0, VueU.

Thus, (¥ (2), P3y(t)) is a conserved quantity, where i is the solution of (3.2.4).

In we see that, when 6 = (0,0, 63)T, transitions k — k’ are forbidden if k # k’. Thus, if the quantum
system is prepared in the initial state y(0) with P3y(0) = ky/(0), the wave function ¢ evolves in the subspaces
Sk = spﬁ{DI’(’m | j eN,j > |kl,m =—j,...,j}. The next theorem tells us that the restriction of (3.2.4) to this
subspace is approximately controllable, and that it is simultaneously approximately controllable w.r.t. k, with the
exception of —k. Recall that S denotes the unit sphere of L>(SO(3)).
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Theorem 3.2.3. Let I} = I,. If§ = (0,0,83)7, 63 # 0, then

(i) the Schrodinger equation is an m-tracker in the Hilbert space Sk, for any k € Z. In particular,
Reach(y) is dense in Sy NS forally € Sy N S.

(ii) the Schrédinger equation ([3.2.4) is simultaneously approximately controllable w.r.t. the orthogonal decom-
position L*(SO(3)) = P c1i(Sk ®S_x), while the evolution in S_y. is completely determined by the evolution

in Sk. In particular, denoting by @ : Sy — S_i the linear transformation that acts as (D(D’ ) = k m
the basis elements, if y € S decomposes asy = Y.z PxWi, Yr € SkNS, Siez Iprl? = 1, wzthw r = OWy),
then Reach(y) is dense in {¢p € S | ¢ = Ypez PkPks ok € Sk NS, ¢k = P(Pi)}.
Proof. For every integer j > |k|, let I;x == {p(l,m) | | = j,j+1, m = =[,..., I}, where p : {(l,m) | | >
|k|, m = —L,...,l1} — N is the lexicographic ordering. Then the graph Gy with vertices {I /’k};ilkl and edges
{Ujx: L) | Ijjke N I g # 0} is linear.

In order to apply Theorem [3.1.21]to the restriction of (3.2.4) to Sk, we should consider the projected dynamics
onto Ny = Ljr ® Ljy1x, where L := span{Dl | m = —I,...,1}. The only spectral gaps in Sy are
oi = |E,J;rl —E£| = ’H,] > |k|. Notice that (¢, 1) € &

We write the electric potentials projected onto N x:

on

i (1B1) = D akmO3G G kmGLkme) + Qk-mO3G G km G km- 1)
m=Trwui

S(T.k{(iBz)= Z .aj,k,m63F(j,k,m),(j+l,k,m+1)_aj,k,—m(53F(j,k,m),(j+1,k,m—1)’

M==fs..0r ]
So_i (iB3) = Z _bf’k’m63F(f,k,m),(j+l,k,m),
m:_j" ]

having used the explicit pairings (3.4.TT)), which can be found in Appendix[3.4.2] and which describe the transitions
excited by the frequency o/. Note that here the sum does not run over k since we are considering the dynamics
restricted to Si. We consider the family of excited modes

Fiike = A& (iB). Wi(E,; (iB) | 1 =1,2,3} < ]

We claim that the Lie algebra generated by F; « is equal to su((2j + 1) + (2(j + 1) + 1)) =: su(Nj ). Such an
identity has been proved in [28, Section 3.3] (with computations analogous to the ones we perform in the Appendix
[317[) since the projection to N; x is isomorphic to an analogous projection for the linear molecule. Hence, we
conclude that system (3.2.4) is an m-tracker in Sy, which concludes the proof of (i).

In order to prove (ii), we need the following result on the simultaneous control of left-invariant bilinear control
systems on finite-dimensional connected compact simple Lie groups, here stated in the case of interest, that is the
group SU(n), and with multiple controls:

Lemma 3.2.4 ([18]]). Consider the finite direct sum bilinear control system on EBII;I H®), where each H® is a
finite-dimensional Hilbert space, driven by m controls uy, ..., up, with |u;(t)| < 1,

%‘P(t) = @uq(k) + Zu 0) @ iHY W), W) = @.,y(k)(r) w (1) e H®,

k=1 k=1

where each H;.k) is a hermitian matrix. Suppose that each single system is operator controllable, that is,

Lie{iH®, .. iH®} = su(H®), Vk=1,...K

Then the direct sum system is NOT simultaneously operator controllable if and only if there exist k, k' € {1, ..., K},
with k # k', and an isomorphism of Lie algebras f : su(H®)) — su(H*)) such that

(3.2.9) f(iH}")) = iHj."'), j=0,....m.

In other words, given the finite direct sum of some finite-dimensional controllable systems, if we are able to
prove that such an isomorphism cannot exist, then all the dynamics are independent and the last lemma implies
simultaneous operator controllability, that is,

K K K
Lie {@ iH®, @ iH,(,'f)} = @su(?—((k)).

k=1 k=1 k=1
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In our case, we are going to prove the non-existence of such isomorphism (except for k£ and —k) thanks to a
dimension argument. Indeed, for any j € N, upon setting K = 2j, m = 3,

H®) .~ @ L, H® = Hl, H() Z &, (1B)z—123

1=0,....j+1 1=0,..

for k = —j, ..., j, we obtain in particular from part (i) that each k component is operator controllable in HE e,
in any finite-dimensional truncation of Sy. Moreover, we easily see that dim(H*®)) = dim(H ")) if and only if
k’ = %k, and thus an isomorphism between su(H®)) and su(H*")) can exist only if k& = +k. On the other end,
an isomorphism between su(H*)) and su(H (%)) that matches conditions (3.2.9) surely exists, and is given by the
transformation of vectors ® : Sy — S_; (defined in statement (ii)) lifted to a transformation of endomorphisms
(indeed, this follows from the fact that ax = a_ and by = b_y, as one can see in (3.4.11)). So, we obtain that (3.2.4)
is simultaneously controllable within the finite-dimensional truncation of €, (Sk @ S_x), by means of spectral

gaps (o-j ,1) that belong to :(.) The application of Corollarymconcludes the proof of (ii). O

3.2.3 Controllability of the quantum accidentally symmetric-top

So far we have studied the dynamics of a symmetric-top molecule with electric dipole moment along its symmetry
axis and we have proven that its dynamics are trapped in the eigenspaces of Pj.

Nevertheless, for applications to molecules charged in the laboratory, or to particular molecules present in
nature such as D, S, (Figure@]) or H, S, it is interesting to consider also the case in which the dipole is not along
the symmetry axis: this case is called the accidentally symmetric molecule.

Under a non-resonance condition, we are going to prove that, if the dipole moment is not orthogonal to
the symmetry axis of the molecule, the rotational dynamics of an accidentally symmetric-top are approximately
controllable. To prove this statement, we are going to apply Theorem [3.1.21]to (3.2.4). Moreover, the following
Theorem will be crucial in the next section for proving the controllability of an asymmetric-top.

Theorem 3.2.5. Assume that I) = I, and 2 ¢ Q. If § = (61,62, 83)" is such that § # (0,0,83)" and § # (81, 62,0)",
then system (3.2.4)) is an m-tracker, and in parncular approximately controllable.

Proof. First of all, one can check, for example in [68, Table 2.1], that the pairings induced by the interaction
Hamiltonians satisfy

(3.2.10) (D], iBD, ) =0,

when |j’ = j| > 1,or [k’ — k| > 1 or |m’ —m| > 1, forevery | = 1,2, 3. Equation (3.2.10) is the general form of the
so-called selection rules.

We then define for every j € N the set I; := {p(Lk,m) | | = j,j+1, km = —I,...,I} c N, where
p: {(Lkim) | | € Nyk,m = —I,...,1} — N is the lexicographic ordering. The graph G whose vertices
are the sets /; and whose edges are {({;,1;) | I; N1y # 0} = {(;,1;+1) | j € N} is linear. In order to
apply Theorem we shall consider the projection of (3.2.4) onto each space M; = H; & H;,;, where
H; = span{Di’m | k,m=—I,...,1}. The dimension of M; is (2j + 1) +(2(j + 1) + 1), and we identify su(M;)
with su((2j + 1)> + (2(j + 1) + 1)?).

According to (3.2.10), the three types of spectral gaps in M;, j € N, which we should consider are

iv1 11
2.11 A= B B = "— (———) 2% 1(, k=—j ...
(3.2.11) = |E 4, 2 + AT 2k +1) Jovesds

corresponding to pairings for which both j and k move (see Figure[3.1)),

, 1
32.12 E/ :|(—— 2k+1) -
(3:212) ~ 1B - B =| (57 - 5 )2k + D) ovod
and

; i i i+ 1
(3.2.13) o= B B = k=)L),

L

for which, respectively, only k or j moves (see, Flgures- andml)
We now classify the spectral gaps in terms of the sets = E; Vand . introduced in Section

Lemma 3.2.6. Let /15 ¢ Q. Then(/l],l) (o/,1) € E. nd(r]k,l)e:l,forallk—— e j, 1 =1,2,3.
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» |.}+1_1> ) 10 |.}+1 1) ’(
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-1 == D)
15,0)

Figure 3.1: Graph of the transitions associated with the frequency /1{; between eigenstates |j, k) = |J, k,m) := D;<
(m fixed). Same-shaped arrows correspond to equal spectral gaps.

,m

[j+1,-2) [7+1,2) [j+1,-2) [7+1,2)
<. li+1,-1) [7+1,1) == [7+1,-1) [7+1,1)
e L0 T — j+1L0 =
—_— X —_ ] —_
|7,0) |7.0)
(a) (b)

Figure 3.2: Transitions between states: at frequency 7;; |(b)| at frequency o/. Same-shaped arrows correspond
to equal spectral gaps.

Proof. Because of the selection rules (3.2.10), we only need to check if there are common spectral gaps in the
spaces M, and M- for j’ # j.

We start by proving that (17, 1), (o7, 1) € E? by showing that a spectral gap of the type /l{; (respectively, o/)
is different from any spectral gap of the type bl :, o', or np unless /l{; = /l{{, and (k, j) = (k’,j") (respectively,
ol =0/ and j = j). }

Using the explicit structure of the spectrum || any spectral gap of the type 1/

. o/’ or Nk can be written

as

Lvnlz-7)
LRI ey | L € Q.
A e L L q1,92 € Q

% - i) are Q-linearly independent, one easily deduces that, indeed, (17, 1), (o, ) € E?.

Notice that the gaps of the type n correspond to internal pairings in the spaces ;. Henceforth, in order to

Since, moreover, i and (

prove that (n,[) € Ejl it is enough to check that 7 is different from any gap of the type A, o). This fact has
already been noticed in the proof of the first part of the statement. The proof of the lemma is then concluded. O

Next, we introduce the family of excited modes associated with the spectral gap /lf(, that is,

T 1= {8, (B W(E,y (B)) | 1= 1,23, k= =ji....j),

where the operators &, and W are defined in Section@ and where, with a slight abuse of notation, we write B;
instead of Iy, BiITp;. Notice that 7; € v) as it follows from Lemma(3.2.6, where ! is defined as in (3.T.T3).

In order to write down the matrices in ¥;, we need to study the resonances between the spectral gaps inside M.
We claim that there are no internal resonances except those due to the degeneracy E]]( =E’ « Indeed, we already

noticed in Lemma|3.2.6|that a spectral gap of the type /l{; is different from any spectral gap of the type Py !, or

7 unless /l{; = /li, and (k, j) = (k’, j’). We collect in the lemma below also the similar observations that o/ is
different from any spectral gap of the type /li/,, o/, or ni unless 07/ = o7/ and j = j’, and that n # np if k # k.
Lemma 3.2.7. Let /15 ¢ Q. Then

1. A -resonances: the equation

B Bl =B, —El j<j <<+l - <s<j he{-1,0,1},
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implies that j' = j, j" = j+ 1, s =xk, s+ h = x(k + 1);
2. ng-resonances: the equation

E]  —Ell=|E], ~Ell j<j <j"<j+1, —j <s<j, he{-1,01},

+1 s+h

implies that j' = j” = jorj =j"=j+1ands=xk, s+ h=x(k + 1),

3. o/-resonances: the equation

EM Bl = |EL, ~E[j<j <j"<j+1, —j'<s<j,he{-1,01},

s+h
implies that j' = j, j”" =j+1, h=0, s = +k.

Denote by L; := Lie(;) the Lie algebra generated by the matrices in ;. Let us introduce the generalized Pauli

matrices
Gix=ejr—ekj Fjx=lejr+ierj Djyi=iej;—ieg,

where e; i denotes the (2j + 1)> + (2(j + 1) + 1)>-square matrix whose entries are all zero, except the one at row
Jj and column &, which is equal to 1. Consider again the lexicographic ordering p : {(l,k,m) |l =j,j+ 1, k,m =
=l,...,1} — N. By a slight abuse of notation, also set e i m), ¥ k',m) = €p(Lkm)pl.k’,m)- The analogous
identification can be used to define Gk, m), k", m’)s Ft,k,m), @, k,m")» D(t,k,m),(0,k’,my- The next proposition tells us
how the elements in L; look like. For a proof, see Appendix @

Proposition 3.2.8. Let m = —j,...,jand k = —j,...,j with k # 0. Then the matrices X(jx m),(j+1,k+1,m) —
X(j,—k,m), G+ 1,—k—1,m) @A X(j k.m), i+ 1,k+1,mx1) = X(j,—km),(j+1,—k—1,mx1) are in L;, where X € {G, F}.

To break the degeneracy between k and —k which appears in the matrices that we found in Proposition [3.2.8]
and obtain all the elementary matrices that one needs to generate su(M;), we need to exploit the other two types

of spectral gaps that we have introduced in (3.2.12)) and (3.2.13)) (see Figure[3.5).
Let us introduce the family of excited modes at the frequencies o/ and 7,

Pj = {S(rf (lBl)’ Wi(80'f (IBZ))’ Snk (lBl)r Wi(ank (lBl)) | 1=123 k= —Je- ’j}7
and notice that, by Lemma , P; C vjl. (cf. (3:.1.13)). Therefore,
P, = {A[B,C]|ABeL;,CeP;}CT,

where we recall that 7; is the minimal ideal of Lie(vjl.) containing 9.
The following proposition, whose proof is given in Appendix [@ concludes the proof of Theorem [3.2.5]

Proposition 3.2.9. Lie(SBj) = su(M;).
O

Remark 3.2.10. e The assumption /I3 ¢ Q on the moments of inertia appearing in Theorem is
technical, and prevents the system from having both external resonances (as we saw in Lemma [3.2.6) and
internal ones (Lemma [3.2.7). Anyway, we have not proven that controllability fails if the ratio I,/I5 is
rational.

e As a matter of fact, if I,/I; = 1, the top is symmetric spherical (i.e., I; = I, = I3) and any axis in
the molecular frame is a symmetry axis. Then, Theorem [3.2.1] implies that (3.2.4) is not controllable for
spherical symmetric tops.

3.2.4 Non-controllability and reachable sets of the quantum orthogonal accidentally
symmetric-top

We now consider the case where § = (1, 62, 0)7, left out by Theorem The situation in which the dipole
lies in the plane orthogonal to the symmetry axis of the molecule (that we shall call the orthogonal accidentally
symmetric-top) is interesting from the point of view of chemistry, since the accidentally symmetric-top molecules
present in nature are usually of that kind (see Figure [.3.2). In order to study this problem, let us introduce the
Wang functions [[68} Section 7.2]

(3.2.14) s/ .=p/ ¢ .= L

J J _ :
0,m,0 * 0,m’ k,m,p ' \/E(Dk,m + (_l)pD—k,m)’ k=1,.. = J
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forj e Nym = —j,...,j,and p = 0,1. Due to the k-degeneracy E1]< = E{k in the spectrum of the rotational
Hamiltonian H, the functions Si mp still form an orthogonal basis of eigenfunctions of H. Then we consider the

change of basis D{( m e‘ing]’; e and we choose 0 € [0, 27r) such that

e79(5, +161) = i,[67 + 63,
(3.2.15) ,
(6, —161) = —i, /512 +02.

System (3.2.15)) describes the rotation of angle ¥6 in the complex plane of the vector 6, + i6;. The composition
of these two changes of basis gives us the rotated Wang states S mp®) = %(e‘ik"D{( o+ (=D’ ) for
k#0,andS) =D .

In the next theorem we express in this new basis a symmetry which prevents the system from being controllable.
We define the spaces

Leto) :=—span{simp |jeN, k=0,....j, m=—j,....j, p=0,1, j+k + p even (0dd)}.

Theorem 3.2.11. Let I} = I, and 6 = (61, 52,0)". Then the parity of j + p + k is conserved, that is, the spaces L,
and L, are invariant for the propagators of (3.2.4).

Proof. We need to prove that the pairings allowed by the controlled vector fields By, B, and B3 conserve the parity
of j + p + k. To do so, let us compute

<S£,m,p(0)’ iBlSi‘:,erl,p(g» = _Cj,k,m@_ig(éz + 1(51) + Cti,k,meig(éz - i(51)
(3.2.16) = 22ic) pmn) 02 + 62,
<S£,m,,,(9), iBlsﬂi,mH,p,(@» = —cjkme (02 +i61) = ¢jrme? (62 — i61)
=0, p=#p,

having used the expression of the Wang functions as linear combinations of Wigner functions, the explicit pairings
(3-4.2) which can be found in Appendix [3.4.1] and the choice of § made in (3.2.15). Then we also have
<S£,m,p(9)’ iBlSljc-*—l,m-%—l,p (0» = 0’

<Si,m,p(9)’ iBlSlJc+l,m+1,p’(6)> = _Zihf,k,m\/ 6% + 6%’ P#D,

having used this time the pairings (3.4.10), which can be found in Appendix[3.4.2] From (3.2.16) and (3.2.17) we
can see that the allowed transitions only depend on the parity of j + p and k; indeed, we have either transitions

between states of the form

(3.2.17)

j+p even j'+p’ odd
—>
k even k’ odd,

or transitions between states of the form

j+p even j'+p’ odd
“—>
k odd k’ even.

The same happens if we replace m + 1 with m — 1 and k + 1 with k — 1 in (3.2.16) and (3.2.17). Because of the
selection rules (3.2.10), these are the only transitions allowed by the field B;. One can easily check, in the same
way, that every transition induced by B,, B3 also conserves the parity of j + p + k. O

Having established that L>(SO(3)) = L. ® £, is a decomposition in orthogonal invariant subspaces for
the motion of an orthogonal accidentally symmetric molecule, we next prove that it is also a decomposition in
simultaneously approximately reachable sets:

Theorem 3.2.12. Let I, = I, 1+ ¢ Q. If 6 = (61,62, 0)" with 6, # 0 0r 6, # 0, then

(i) the Schrodinger equation is an m-tracker in the Hilbert space L., and in the Hilbert space L,. In
particular, Reach(y) is dense in Looy NS forally € Loy N'S.
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(ii) the Schridinger equation (3.2.4) is simultaneously approximately controllable w.r.t. the orthogonal decom-
position L*(SO(3)) = L. & L,. Thatis, if ¢ € S decomposes as ¥ = poe + pPoio, Veo) € Leo) NS,
|pe|2 + |po|2 = 1, then Reach(y) is dense in {¢ € S | ¢ = pede + poto, be(o) € -Ee(o) NS}

Proof. The proof of part (i) goes through the same reasonings of Theorem [3.2.3]s proof. The proof of part (ii)
follows the arguments proposed in the proof of Theorem 3.2.3] part (ii), in particular it is again an application of
Lemma [3.2:4]and Corollary 3.1.20]

We outline the proof of (i) for L., the computations for £, being analogous. We already know that £, is
invariant; we shall then prove that (3.2.4) is an m-tracker in the Hilbert space £,. We then define for every j € N
the set [; == {p(L,k,m,p) | I =j,j+1, k=0,...,0, m=—[,...,1, p=0,1, j+k+peven} C N, where p :
{Lk,mp)|l=j,j+1, k=0,...., m=-1,...,1, p=0,1, j+ k + p even} — N is the lexicographic ordering.
The graph G. whose vertices are the sets /; and whose edges are {({;, 1) | I[; N 1y # 0} = {({;,1;11) | j € N} is
linear.

Let us project (3:2.4) onto the subspace of L, given by M. ; := H, ; & He j+1, where He; := span{Si’m’p |
j+p+keven, j=1I},1€N. The dimension of M, ;is (2j + 1)(j + 1) + (2(j + 1) + 1)(j + 1), if j is even, and
2j+1)j+ @G+ 1)+ 1)j+2),if jis odd. Let us assume that j is even, being the computation in the case j odd
analogous. We identify su(M, ;) with su((2j + 1)(j + 1) + 2(j + 1) + 1)(j + 1)).

Referring to the notations introduced in Section we shall consider the following spectral gaps in M, ;

i o j+1 Jl_ ] +1 1 1 . _ .
M= B - Bl = e (213 212)(izk +1)|ex;, k=0..],
(3.2.18)

. . 1 1
= B - B =|(———) Ly (ez-, k=0,...].
N+k | k+1 k | 213 212 ( ) ‘j J

As in Lemma , the assumption % ¢ Q guarantees that (ﬂik, ) e E?, and (Dsx,!) € E}, forall k =0,...,]J,

[7+1,-2) [7+1,2)

T _ |j+1,ﬂ') } =

Gy AT

Figure 3.3: Graph of the transitions associated with the frequency /li x (solid arrows) and the frequency 7. (dashed

arrows) between eigenstates |j, k) = |j, k,m) := D]’< , (m is fixed).

=123

We drive the electric fields at the frequencies defined in (3.2.18) to excite the corresponding transitions between
the rotational states of H. To be more precise, as in Lemma , the assumption % ¢ Q guarantees that the
frequencies (3.2.18) are not resonant between each other, and thus we can write that the three polarizations driven

at frequency /l"t o k=0,...,j, are represented by

en
Sﬂ‘ik(lBl) = Z =2¢} 1k, mO1F km ), (j+ 1,k Lt 1, p) = 2Cj,2k,—mOV F(j ko m,p), i+ 1,k+1,m—1,p)»
m==j,....j

(3.2.19) SAjk(iB§)= Z =2¢j 4k, mO1 G(j k,m,p).(i+LkxLm+1,p) T 2€j, 1k, -mO1 G (j k,m,p). i+ 1k £1,m—1,p)»

m=—j,...,j
&, (iB3) = Z =2d +1,mO1 G, kym, p), (j+ 1, k=1,m, p)s
h m==j,....j

where p = 0if k is even, and p = 1 if k is odd. The three fields in (3.2.19) are seen as skew-adjoint operators acting
on the Hilbert space M, ;, and, with a slight abuse of notation, we write Ble instead of Bf’(’) =11 Mej B/I1 Mejs
where I, ; is the orthogonal projection onto M, ;.

In (3:2:19), the matrices Gy, Fy; € su(M;) are defined by Gy, = e5; — €15, Fs; = ieg; + ies s, Where e,
denotes the (2j + 1)(j + 1) + (2(j + 1) + 1)(j + 1)-square matrix whose entries are all zero, except the one at row s
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and column ¢, which is equal to 1. Moreover, we are implicitly using the lexicographic correspondance between the
sets {(, k,m,p) | l=j,j+Lk=0,..,Im=-1,.,,p=0,1}and {1,2,... 2j+ DG+ D+ QG+ 1)+ 1)(j + 1)},
to label the matrices in (3.2.19).

Finally, the coupling constants in (3.2.19) are given by the pairings (3.4.1)), where we have already performed
a rotation around the symmetry axis to get rid of the §;-component (see eq. (3:4.2)).

In the same way, one can represent the interaction operators &, , (iBle), [ =123,k =0,...,J relative to the
spectral gaps 1.¢. We have

(3.2.20)
e -
&, (iBY) = Z F2hy sk mO1 Fi ko, p), (ks 1,m1,p7) + Z £2hy sk, —mO1F(1 kym, p), (Lk+1,m—1,p')s
I=j,j+lmmt,. . . -1 I=j j+lm=l41,. . .1
Ep (iBy) = Z 2017 11, mO1 G (1, kym, p), (Lk+ Lm+1,p7) + Z 207 41, -mO1 G ke, m, p), (L k=1, m—1,p")s
I=j,j+lmet,. . . -1 I=j,j+lmet 1, . .1
v
En. (iB3) = 2 241,k mO1G 1,k m,p). (L 1m,p')s

I=j,j+1,m=—,. ..l

where p = 0,p’ = lif k iseven, and p = 1, p’ = 0 if k is odd. The coupling constants in (3.2.20) are given by the
pairings (3.4.10), and also here we get rid of the 6;-component.
We now introduce the family

7P = {S/lik(iBf), Wi(S/li-k(iBf)), |1 1=1,23,k=0,..,j} Cv

of the interaction operators excited at non-resonant frequencies, and we denote by Lie(7—'jO ) the Lie algebra generated
by the matrices in ?}O ; finally, let us introduce the new family

Fi = {A |We(E,., (iB)). B] | ABeLie(F"), 1= 1,23,é=1i, k=0...j}CT,

the sets of operators V? and 7; being defined in Section

Then, direct Lie bracket computations, analogous to the ones performed in Appendix [3.4.1] and [3.4.2] prove
that Lie(7;) = su(M.,), for every j € N, which concludes the proof of (i).

To proof part (ii), we apply Lemma [3.2.4] to the finite-dimensional truncations of £, & L,: indeed, for any
j € N, upon setting K =2, m = 6(j + 1) and

HP) = EB H,.;, H") =Hlye, H = Z Eu (B]), i=1,23 k=0...j

1=0,...,j+1 1=0,....j
H? = ) & (B i=456k=0,..j
1=0,....j

for r = e, 0, we obtain in particular from part (i) that each r component is operator controllable in H®), i.e.,
in any finite-dimensional truncation of £,. We easily see that dim H(¢) # dim H(®), implying that there cannot
be an isomorphism between su(7H¢)) and su(H®)). Then, Lemma implies that (3.2.4) is simultaneously
controllable in every finite-dimensional truncation of £, & L, be means of spectral gaps (/l]ik, D), (nik, [) that
belongs to E? and Ejl The application of Corollary|3.1.20|concludes the proof of (ii). m}

3.3 Asymmetric molecule

3.3.1 Eigenfunctions of the asymmetric-top

It is convenient to adopt a slightly different notation to describe the asymmetry of the rigid body: we denote as
{a, b, c} = {ay, as, a3} the principal axes of inertia, such that the associated inertia moments satisfy 1, < I, < I..
We also introduce the rotational constants A > B > C, related to the inertia moments through the identities
2A = 1/1,,2B = 1/15,2C = 1/I.. We then write the rotational Hamiltonian as a function of the rotational
constants

H = H(A, B,C) = AP2 + BP} + CP2,

and we want to study the controllability of (3.2.4). We have to choose which principal axis corresponds to a3
(which in the symmetric top case is the symmetry axis of the molecule): letus seta = ay, b = ay, ¢ = a3, and hence
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H = H(A,B,C) = AP} + BP} + CP%. As we have previously seen, the Wang functions Si’m’p defined in (3.2.14)
(in terms of the Wigner functions D (cf. (3:2.3)) which are the solution to the eigenvalue problem (3.2.6)) are
the eigenfunctions of the symmetric top rotational Hamiltonian H(B, B, C) = BP? + (C — B)Pg. We also recall that

[H(B,B,C),J*] = [H(B,B,C), J3] = [H(B, B,C), P3] = 0.

When A > B > C, the asymmetric rotational Hamiltonian H(A, B, C) shares the first two symmetries with the
symmetric one
[H(A, B,C),J*] = [H(A, B,C), J3] = 0,

while the third symmetry is broken
[H(A,B,C),P;] #0, if A>B.

So, the eigenfunctions of H(A, B, C) must be eigenfunctions of J? and J3 too, and hence they are linear combinations
in k of the same j and m. This fact is usually understood by saying that j and m are still good quantum numbers
for an asymmetric molecule, while k is not. It means that the eigenfunctions {W¥/,, | j € Nym,7 = —j,...,j} of
H(A, B, C) must satisfy

(3.3.1) Vo@By) = Y o, @O, @By
k=0,....j
p:O,lj

Other useful symmetries of these eigenfunctions are known, which allow to conclude that: the coefficients ci m p(T)
in (3.3.1) can be taken in R; the coefficients c,’;’m‘p(‘r) in (33.1) do not depend on m; for any WY, the sum in

(3:3-1) involves even or odd k only; for any ‘I’{,m, the sum in (3.3.1)) involves p = 0 or p = 1 only (see, e.g., [68]
Chapter 7]). That is, any eigenfunction ‘I’i,m of H(A, B, C) must satisfy the following additional requirement

J — J
(3.3.2) W (@ B.y) = > o (@S]
k=0,...,],
k only even or only odd
p=0or p=1

(@, B,y),

>, p

for certain cip(‘r) € R. Moreover, it is also well-known that the eigenvalues of H(A, B, C) are still (2j + 1)-
degenerate w.r.t m, while the k-degeneracy is lifted (see, e.g., [68, Chapter 7]): the spectrum of H(A, B, C) is the

set of eigenvalues {EY | j e N,7 = —j,...,j}, and
H(AB,OVY.,, =EN.,,, m=—j,...,j

and each Ef, is degenerate with associated eigenspace spanned by {‘P{m | m =—j,...,j}. We also remark that,
of course, a formula analogous to (3:3.2) holds w.r.t. the D, representation, that is,
,m

(3.3.3) WLl By) = D, a@D,@BYy).

0<k<j,
k only even or only odd

3.3.2 Symmetries: non-controllability of critical dipole configurations

Thanks to the structure (3.3.2) of the eigenfunctions of the asymmetric-top, we can derive three consequences on
the controllability properties of (3.2.4). Indeed, in Theorem [3.2.T| we proved that

BS, . y=0 ifk#k, i=123,

(3.3.4) §=(0,0,63)" = <S£ K',m',p

,m,p’

moreover, analogously to the proof of Theorem [3.2.T1] using the pairings (3.4.T) and (3.4.10) one sees that

(3.3.5) §=(61,0,07 = (8] Bisiﬁm,p,> =0 ifj+k+pzj +k'+p mod2 i=123

,m,p’

and also that

BiSii’m,’p,) =0 ifj+pzj +p mod2 i=123.

(3.3.6) §=(0,6,07 = (8]

,m,p’
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We thus define
Koo) = spﬁ{S{;’m’p |jeN, m=—j,....j, k=0,....j, p=0,1, k even(odd)},
Le(o) :=spW{S£’m’p |jeN, m=—j,....j, k=0,....j, p=0,1, j+k+ peven(odd)},
Ge(o) :=spm{5£’m,p |jeN, m=—j,....j, k=0,....j, p=0,1, j+ peven(odd)}
that in particular give three different orthogonal decompositions of the ambient space
L*S0Q3)) =K, ® Ky = Lo ® Lo = Ge ® G-

Then, as the ‘I’{,m are eigenfunctions of H, (3.3.2) implies that the decompositions are preserved by the rotational
Hamiltonian:

Ho0) € Keo) » HLeo) C Loy » and HGe(o) C Ge(o)

while (3:3:2) plus (3.3.4) imply

§=(0,0,63)" = BiKoio) C Kooy i =123,
(B:32) plus (3:3.5) imply

6=(61,0,0)" = BiLe(o) C Le(o) =123
and plus imply

§=(0,65,00 = BiGe(o) C Geop i =1,2,3.

We have thus proved the following

Theorem 3.3.1. Let A>B > C > 0.

(i) If 6 = (0,0,63)T, then the spaces K, and K, are invariant for the propagators of (3:2.4). In particular,
(3:2:4) is not controllable.

(ii) If 6 = (61,0,0)7, then the spaces L, and L, are invariant for the propagators of (3.2.4). In particular,
(3:2:4) is not controllable.

(iii) If 5 = (0,62,0)T, then the spaces G. and G, are invariant for the propagators of (3.2.4). In particular,
(3:2:4) is not controllable.

3.3.3 Controllability of the quantum asymmetric-top

In this section we prove that, except for the critical configurations (i),(ii), and (iii) of Theorem@ the system
(3:2:4) is almost always an m-tracker:

Theorem 3.3.2. Let A > B > C > 0. If§ # (61,0,0)7,(0,6,,0)7,(0,0,83)", B.Z4) is an m-tracker for almost
every value of A, B, and C. In particular, it is approximately controllable for almost every value of A, B, and C.

Proof. In what follows it will be crucial to express the asymmetric rotational Hamiltonian as a perturbation of a
symmetric rotational Hamiltonian. Let us first consider the case § # (1, 62, 0)7,(0,0,63)T. The case & = (61, 62, 0)T
with 6; # 0 and 6, # O will be treated at the end.

We then express the asymmetric Hamiltonian as a perturbation of an oblate symmetric Hamiltonian, using a
single asymmetry parameter:

H(A,B,C) = AP} + BP; + CP}
A-B
2C-B-A
1 1
- H(E(A +B).5(4+B) C) + bV =: H(b),

(3.3.7) = %(A+B)P2 +[C - %(A + B)|P; +( )[C— %(A+B)](P12 - P3)

where H (%(A + B), %(A +B),C ) is the rotational Hamiltonian of an oblate symmetric top with rotational constants

%(A + B) and C, and we have defined the Wang oblate asymmetry parameter

A-B
(3.3.8) b:

=t e[
2c-p-A O
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and a perturbation operator
1
=-S5+ B)|(P} - P3).

The proof is based on an application of Theorem [3.1.21] in combination with a perturbative approach from the
construction given in the proof of Theorem Define forevery j € Ntheset; := {p(l, 7,m) | [ = j, j+1, T,m =

1} ¢ N, where p : {(,7,m) | l e Nyt,m = —I,...,1} — N is the lexicographic ordering. The graph G
whose vertices are the sets I; and whose edges are {(1;,1;) | I; N 1j» # 0} = {(Ij,I;+1) | j € N} is linear. For every
Jj € N, we consider

M; =H; @ Hiyi, H = span{‘Pi’m | tom=—1,...,1}.

The dimension of M; is (2j + 1)* + (2(j + 1) + 1)%, and we identify su(M;) with su((2j + 1)* + 2(j + 1) + 1)?).
Notice that as M is by definition invariant under the action of H(b), we identify H(b) with its matrix representation
acting on M; and its eigenvalues are the same as if it acted on L*(SO(3)). Set

J oo gl _ :
Ek’0 = K, k=0,...,J,

J o _ gl _ :
Ek,l = E7, k=1,...,J,

being the E,i defined in (3.2.7), and let E]i =E k>0 bea degenerate eigenvalue of H(0) with different

k1’
m0 and Skm M= =], k =1,...,j. We can then consider the eigenvalue E,ip(b) of
H(b) which converges to E,{ p b tends to 0, for p = 0, 1. It is well known [68, Chapter 7] that E]i P(b) is still

(2j + 1)-degenerate w.r.t. m, but the 2-fold k-degeneracy is broken: E,{’O(b) # E,J( ,(b) if b # 0. Moreover, since

eigenfunctions S,

M, is finite-dimensional, the function [-1,0] 3 b E]{ p(b) € R is analytic.

Since for b = 0 the k-degeneracy appears, we need to choose the good basis of the eigenspace 8{; =

span{D}( e D’ m | M =—Jj,...,j} corresponding to the unperturbed degenerate eigenvalue EIJ( in order to expand
the eigenbasis Wlth respect to b. Here, the good basis of the eigenspace means the basis to which the expanded
eigenbasis converges as the perturbation goes to zero. This is equivalent to ask that the perturbation V is diagonal

in the basis chosen for the degenerate eigenspace [[LO1, Chapter 5]. Since [68) Chapter 7]

(D], VDL, )=0, ifm £m,
and

~ 0, if k # £1,
339 ) = 19}
(3.3.9) D VD) {[C — LA+ RS ifk =«

we see that the perturbation is not diagonal in the Wigner basis {D’ D’ | m=—j,...,j} butitis diagonal

k,m’

in the Wang basis {S’ om0 | m = —j,...j}, as a basis of &l for every k =0,...,j. In other words, the

k m,1
asymmetric top eigenfunctions ‘Pﬁ m= ‘Pi m(b) tend to Wang functions as the asymmetry parameter b goes to zero,
as it is well-known. So, to each asymmetric top eigenfunction \P‘jr,m,(b) is attached one and only one perturbed

symmetric top eigenfunction Si m p(b), and we can write
H, = span{S_,,, B Im=—j,. . j k=0,..j p=01}

for any b € [-1,0]. Notice that [-1,0] 3 b — Si’m’p(b) is analytic (being a family of eigenvectors of an analytic

family of matrices H(b)I1 ;) and Si m p(b) — Si mp b — 0. We then express the matrices ITyq; BiI1 54, of the
control problem (projected on M, that with abuse of notation we still denote B; in the same way as the operators
on L*(SO(3))) in this basis that depends on the asymmetry parameter.

Remark 3.3.3. From (3.3.9) we can also evidence that the k-degeneracy for k = 1 is lifted even at first order, since:

[C-LAa+B)ESE,  ifp=o,
by=(S/ VS )= 2 7
dbb() lp() <lmp lmp> {[

—[C- LA+ B Y ifp =1,

while for £ > 1 one has to expand at higher order to see this fact [68] Table 7.8].

69



The spectral gaps in M that we consider are perturbations of symmetric top spectral gaps (cf. ﬁgures and
B-3). Indeed, we define:

A o(B) = 1EL o(B) = By (D)) k=0, ),

(3.3.10) J j+l J . j+1 J
/lk’l(b) = |Ek,]’1(b) - Ek’](b)l, k= 27 s s Al’l(b) = |E()’() (b) - El’l(b)l
Gl 0l o) = |ELT) ((0) = EL D). k=1.....5. p}o(b):=ELT (b) — E}o(b)]
P (b) = |ELS () - EL (D). k=1,....j,
then
(3 3 12) U,/(,O(b) = |E.]i+1’0(b) - E]i’()(b)L k= 0’ v aj - 1’
Ui,l(b) = |E]{_1’1(b) - E]il(b)L k= 2’ v aj7 77{,1([?) = |E(J)’0(b) - E{,](b)|
and finally
j . j+1 j _ . _ j . j+1 j
(G313) ol )= BB - EL B k=1 p=01 odyb) = |EL () - EjyB).

j+1-2 | lj+1,2)
. i+l 1>Ij+110) L R
PLa0) . M0 7 s plo(0) 77 M (0)
\/ \x’
i) — i)
3,0)

Figure 3.4: Graph of the transitions associated with the unperturbed frequencies A{;p(O) and pip(O) between

unperturbed eigenstates |j, k) = |j, k,m) = D{( ,, (m fixed). Same-shaped arrows correspond to equal spectral
gaps.

i | 5,2) '3+_1-—1>|.+10> i+L 1)
— -y 1) j+1,
N e S I
M,1 e — - Mol J j j
(O %" i ,(0) ' a11(0) 4 p0(0) | 1(0)
TR RN TEY
1:0)
@ ®)

Figure 3.5: Transitions between unperturbed eigenstates |j, k) = |j, k,m) := D]’( n (m fixed): at unperturbed
frequency r]{( p(O); at unperturbed frequency a’fc p(O). Same-shaped arrows correspond to equal spectral gaps.

Remark 3.3.4. The spectral gaps listed above exhibit several symmetries at » = 0, due to the fact that Eljc 0(0) =
Eli 1(0): indeed, we have (compare also with figures and

A 00) = p)(0), A (0)=p; [(0), A (0)=p,,(0), k=1,....]

(3.3.14) ; A . \ ; _
7o) =1, (0. k=0....j-1 ol 0=0] (0, k=1...j
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Lemma 3.3.5. Let (A + B)/C & Q. Then, for almost every b € [-1,0], (wip(b), l)e E?, forall w € {A, p,o} for

allk =0,...,j,ifp=0,and forallk = 1,...,j, ifp =1, withl = 1,2,3. Moreover, (nlip(b),l) € E]l.,forall
k=0,....j—1Lifp=0andforallk =1,...,j,ifp=1,withl =1,2,3.

Proof. In order to prove that, for almost every b, (wi p(b), [) belongs to Ejl for all w € {A, p,n, o}, we have to prove

that the spectral gaps w{; p(b) do not couple transitions between two states that are, respectively, in H;_; and H; or
in 7—(j+1 and H i 42, for almost every b. We are thus concerned with the condition

(3.3.15) wi,p(b) Fw, YweX1;UZii i,

where X, , := {IE]i’p(b) - El'j,’p,(b)l | K,k =0,...,j, p,p’ = 0,1} is the set of spectral gaps of H(b) between
eigenstates in H,, and H,,. Since every spectral gap w of H(b) can be seen as an analytic function w(b) where w(0)
is a spectral gap of H(0), and since the zeros of an analytic function (in this case, the function wi’p(b) — w(b)) on
[-1, 0] are finite, condition (3:3:13) is implied for all but a finite number of b € [-1,0] if it is true at b = 0. At
b =0, 3.3.13) is true if (A + B)/C ¢ Q after Lemma[3.2.6

The additional requirement (wi’p(b), l) e E? Yw € {A4,p,0}, is proved in an analogous way: for each
m,n € N\ {j,j + 1}, we are concerned with the condition

(3.3.16) w{;p(b) £w, Yo €I,

that holds true at b = 0, if (A + B)/C ¢ Q, after Lemma[3.2.6] So, by analyticity, (3:3.16) holds true for all but a
finite number of b € [—1,0]. Hence, the set A defined as the set of b such that condition (3.3.16) holds true for
allm,n € N\ {j, j + 1} is given by a countable intersection of sets of full measure 12} which has measure 1. This
concludes the proof. O

Following the proof of Theorem [3.2.5] we consider first the family of decoupled control operators

1 . . 1 . .
Ti(b) 1= {5 (Webyy 08D + Wby ) GB)). 5 (Wb ) (BO + W,y o, (iB)

1

2
We denote by L;(b) := Lie(¥;(b)) and notice that, thanks to Lemma , L;(b) c Lie(vj.)) (cf. (3.1.13)) for almost
every b. Then we define the family of matrices

(3.3.17)
(Wgsl_“b)(igl) + WgSp_l,;O(h)(iBl)) ( I=1,23 k=1,....j, =1, i}.

(3.3.18)
1

Pi(b) = {E(Wgsni’o(b)(ml) + Wgsniﬂ’l(b)(ml)ﬂ 1=1,23 k=0,...,j &= 1,1}

oy | . . _ _ e 1
U {Wfao_(,)-yo(b)(lB,), 5(W_faoJk-’O(b)(lBZ) + Wfao_il(b)(lBl)) | I=1,23 k=1,...,j, é= 1,1},
and notice that, by Lemma , Pi(db) c Lie(vjl.) (cf. (3:1.13)), for almost every b. Therefore,

F?:,v(b) ={A,[B,C]| A,BeL;(h),C € Pj(b)} c 7, for almost every b € [-1,0],

where we recall that 7} is the minimal ideal of Lie(v }) containing v;).
The next proposition concludes the proof of Theorem with the additional hypothesis § # (91, 92, 0):

Proposition 3.3.6. For almost every b € [—1,0], Lie(ﬁi(b)) = su(M;).

Proof. We first claim that, for all but a finite number of b € [—1, 0], one can write

(319 8y (B + 8y (B3 = Tm=jj (S, (DB, ,(B) 1]

. (OS]4 p (D))

>, p

+ (St (b).iBsS]

Celomp B 1751 p OIS, (D),

>, p

where the operator |i)(¢| is the rank-one projector defined by [/){¢|¢ := (¢, )@, for all ¥, ¢, o € L*(SO(3)).
Indeed, (3:3:19) holds when there are no internal resonances, that is, for all b € [—1, 0] such that

(3.3.20) A ob).p) (D) £ w, Vo € Zp 0 \ {4 (b), . (B)}.

2Indeed, A = Ny, nem\(j, j+1} Am,n Where Ay, is defined as the set of b € [1, 0] such that (3.3.T6) holds true.
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Since there exists a finite number of gaps, and every gap w can be written as the analytic perturbation w(b) of a gap

at b = 0, and since (3.3.20) holds if (A + B)/C ¢ Q at b = 0 (cf. Lemma/[3.2.7), by analyticity (3.3.20) holds for

all but a finite number of b € [—1,0], and the claim is proved. In particular, when (A + B)/C ¢ Q, (3.3.19) holds

at b = 0 and gives an analytic expression (that is, the RHS) for & ,, (b)(iB3) + 8p,— ( b)(iB3), for a.e. b. Analogous
k,0 k,1

formulas to (3:3.19) hold for the other matrices, corresponding to ¢ = 1, of (3.3.17)) and (3.3:18). Noticing that

HoOYWE,y (,)(iBs) = [iH(b). €, ((Bs)] .

we see that also the matrices corresponding to ¢ = i in (3.3.17) and (3.3.18) coincide with analytic curves of
matrices for all but a finite number of b. To conclude, since the statement holds at » = 0 when (A + B)/C ¢ Q and
6 #(0,0,53 )T, (61, 62, O)T (cf. Proposition ) , by analyticity it holds for all but a finite number of b € [-1,0]. O

We now turn to the case 6 = (61, 92, O)T, with 01 # 0 and 6, # 0. Recalling the choice we made at the beginning
of section @] for the principal axis of inertia (that is, a = aj, b = ap,c = a3), we have that §; is the dipole
component along the principal axis a. Let us then change convention and set a = a3, b = ay, ¢ = aj, so that the
rotational Hamiltonian reads H(A, B, C) = CP} + BP; + AP3, and the dipole reads (0, 62,61)" in the new ay, az, a3
molecular frame. We then write H(A, B, C) as in (3.3.7), exchanging the role of A and C in the formula, and
obtaining thus the perturbation of an associated prolate symmetric top: that is,

H(A,B,C) = CP} + BP; + AP}
C-B
2A-B-C

- H(A, %(c + B), %(C + B)) + bV = H(D),

(3:321) = S(C+BP +[4-5(C+BIPE + ( Jia -3+ BIE - P

where H (A, %(C + B), %(C + B)) is the rotational Hamiltonian of a prolate symmetric top with rotational constants
A and %(C + B), and we have defined the new asymmetry parameter

—~  C-B

€ [-1,0],
and a perturbation operator

= 1

Vi=[A- E(C + B)|(P} - P).

We can then apply the same proof and conclude that in the case left (which is § = (61, 2, O)T with 6; # 0 and
8 # 0, w.r.t. the choice a = a1, b = a, ¢ = a3) the system (3.2.4) is an m-tracker. i

3.4 Appendix

Sections [3.4.Tand [3.4.2] of this Appendix aim at providing the proofs of two important original propositions, that
were stated in the proof of Theorem [3.2.3]

3.4.1 Proof of Proposition 3.2.§]

As a consequence of Lemma [3.2.7} part 1, if I,/I3 ¢ Q, the only transitions driven by the fields iB;, [ = 1,2,3,
excited at frequency A7, are the ones corresponding to the following matrix elements (written in the basis of M;
given by the Wigner functions) and can be computed using, e.g., [68, Table 2.1]:

(D, iBIDLL 1) = =Ckam(S2 +i61),
<D’]<:,M’ iBlDitﬁ,mJ,d) = ¢j,—k,xm(02 — id1),
G4D <D§9m’ 132%:11,,"10 = Ficj k,xm(02 +101),
(D}, 1BD) 1) = i) kem(62 — i61),
<D1]<,m’ iB3D1]<j_;11,m> = idj 41 m(62 £ 161),

where
[G+k+DG+k+D12G +m+ D) +m+2)]2

4G + DI@j + D(2j +3)]'2

Cjkm =

’
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and
[+ k+ D+ k+2]'2[(j + 1)? —m?]'/2

207 + DI2j + 1)(2) +3)]'?

Now, using a symmetry argument, we explain how to get rid of one electric dipole component between ¢; and
02.

By the very definition of the Euler angles, one has that the rotation of angle 8 around the symmetry axis a3 is
given by y — 7y + 6. This rotation acts on the Wigner functions in the following way

dj j,m =

D, (@B,y) > D, (@B y+0) =D (a,B,y) =D, (0)eB7),

having used the explicit expression of the symmetric states (3.2.3)). Note that these rotated Wigner functions form
again an orthogonal basis for L>(SO(3)) of eigenfunctions of the rotational Hamiltonian H, so we can also analyze
the controllability problem in this new basis. In this new basis the matrix elements (corresponding to the frequency
/li) of the controlled fields are

(D] (0)iB\DIT| (0)) = —Ciume (62 +i61),

k+1,m+1

342 : + .
(42 {<D;,m<9>,iBlDf ) = k(52— i61),

and the same happens for all the other transitions described in (3.4.1). So, the effect of this change of basis is
that we are actually rotating the first two components of the dipole moment, by the angle 6. We can now choose

0 € [0, 27) such that
e (6, +i6)) = 1/(sf +02 = (6, —i6y).

In other words, thanks to this change of basis, we can assume without loss of generality that §; = 0, since we can
rotate the vector 6, + i6; and get rid of its imaginary part (note that in (3.2.13) and in the proof of Theorem [3.2.TT]
we are rotating the vector d, + i in the other sense, i.e., to get rid of its real part). This will simplify the expression
of the controlled fields. Note that

(3.4.3) Wi(G (i k,m),(j+1k+1,m)) = —F(j kom),(j+1,k+1n)s
Wi(E( kom),(j+1,k+1,n) = G kym),(j+1,k+1,n)-

Finally, we can conveniently represent the matrices corresponding to the controlled vector field (projected onto
M;) in the rotated basis found with the symmetry argument. So, for each k = —j, ..., j, because of Lemma

part 1, and (3:4.1)), we have

8/1.5;(131): Z —Cj k,mO2G(j k,m),(j+1,k+1,m+1) — Cjk,—mO2G (i, k,m), (i +1,k+1,m—1)
m=—j,....J

(3.4.4) + Cjk,mO2G(j,—k,m), (j+1,~k=1m+1) + Cjk,—mO2G(j,—k,m),(j+1,~k—1,m—1)s

&, (iB2) = D —ChmOF G kmy e Lk L) + €k omO2F k) 4Lk L)

m=—j,....J
(3.4.5) + Cj k,mO2F(j, ke m), G+ 1,~k—Lm+1) = Ck,—mO2F(j,—k,m),(j+1,~k—1,m—1)s
(3.4.6) 8,1{ (iB3) = Z dj k,mO2F( kom), (+1,k+1,m) = D k,mO2F (G, —k,m), (+1,-k—1,m)»

where, with a slight abuse of notation, we write By instead of ITxq; BiI1 ;.

Now we show how the sum over m in (3.4.4), (3.4.5) and (3.4.6) can be decomposed, in order to obtain that the
matrices X(; ko). (j+1k+Lmz 1) + X(j,—k,m), (i +1,~k—1,m=1) A0 X(j k), (i +1,k+1,m) = X(j,~k,m),(j+1,—k—1,m) are in L;, for
anym, k = —j,..., j, where X € {G, F}. Recall the laws of the Lie algebra su described in (3:1.9),(3.1.10),(3-1.11).
Let us first fix £ # 0 and consider

Wi(E, (Bs)

Z dj k,m62G (j ke,m), G+ i+ 1,m) — djk,m02G (j,—k,m), (j+1,~k—1,m)»
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and the brackets
adi’ii (133)( i(a/l{( (iB3))) = Z (= 1)S 2% djg}-,'—rlnégs+lG(I',k,m),(l'+l,k+1,m)
, =i

+ (=1 2% (=d; ) S GG k). 41—k L)

for s € N, where ads(B) = [A, B] and adZ“(B) = [A,ad’,(B)]. Since djm = djk—m, the invertibility of the
Vandermonde matrix gives that

G(j.km),(i+Lk+1,m) T G k,—m),(j+1,k+1,—m)
(3.4.7) =G(j,—t,m),(j+1,~k—1,m) = G(j,—k,~m),(j+1,~k—1,—m) € L,

form =0,...,j. Inparticular, G(; k,0),(j+1,k+1,0) = G(j,~k,0),(j+1,k-1,0) is in L;. Hence,

&, (iB1) — Wi(E,, (iBy))
|

(3.4.8) > s G100, G+ 1,k+1,0) — G(j,—k,0),(i+1,-k—1,0) | »

G(j,k,0),(j+1,k+1,0) = G(j,—k,O),(j+1,—k—1,0)] = € 1,002G () k,0),(i+Lk+1,-1)

+ €k, ~102G( 1, 1), (j+1,k+1,0) — €.k,002G(,—k,0),(j+1,~k—1,~1)
= Cjk,~102G(j, —k,1),(j+1,-k—1,0)

is also in L;. Define
Q0 =¢j,k,002G(j,k,0),(j+Lk+1,-1) + €k, 102G ke, 1),(j+1,k+1,0)
= Cjk,002G(j,—k,0),(j+1,~k—1,-1) — Cj,k,~102G(j,~k,1),(j+1,~k~1,0)s

Om =Cjk,—mO2G(j k,—m), (i +Lk+1,—m—1) T Cj.k,—m—=102G(j, kym+1),(j+1,k+1,m)

= Cj k,=mO2G(j,—k—m), (j+1,~k—=1,=m=1) = Cj,k,—m—-102G(j,—k,m+1),(j+1,~k—1,m)>
if 0 <m < j, and
Q) = €jk,=j02G (k=) (j+1k+1,-j=1) = Cik,=j02G (k= ), (j+1,~k=1,-j~1)-

We have

H Z Om, G(jke,s),(j+1k+1,5) T Gk, =), G+ 1Lk+1,-5) — G(j,=k,9), (j+1,~k—1,5)

mM=s,....j
- G(/',—k,—s),(j+1,—k—1,—s)]’ G(j,k,5),(j+1k+1,5) + G(jke,=s),(j+1,k+1,-s5)
= G —k,s),(j+1,-k=1,5) ~ G(j,—k,—s),(/’Jrl,—k—l,—s)] = Oy,
fors =1,...,j. By iteration on s and because of @ it follows that Q; € L; forevery s =0, ..., j. Now, since

Qj

PP = G k- (G+Lk+1,—j=1) — G(j=k,=j),(+1,~k—1,—j-1) € Lj,
Jok—j

then

2
adGu,k,—j>,(j+1,k+L—j—l>—G<j,—k,—j>,(j+1,—k—1,—j—1) (Glkj) G+ L+ 1)

+ G (k=) G+ Lk 1,—) = GGk G+1,-k=1,7) = Gj=ky=j),(j+ 1, ~k=1,))
= G(j k=) G+Lk+1,—)) = G(—k,=),(j+1,~k—1,—j) € Ljs

which, in turns, implies that

2

ad i
G(j,k,—j>,(j+l,k+1,—j>—Gu,—k,—n,(w,—k—l,—n(Q/ !

= Cjk=j+1 Gk 1)+ Lk 1)) = Gkl Gk )G+ 1-k-1,j) € Lyj-

Iterating the argument,

(3.4.9) G km),(j+1.k+1,m) = GG—kom),(j+1,~k-1,m) € Ljy  m=—j,...,j
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and G(j,k,m),(j+1,k+1,m-1) = G(j,—k,m),(j+1,~k—1,m—-1) are in Ly form = —j, .. ., j.
& i (iB1)=Wi(& ; (iB2))
k

By the same argument as above, with —& replaced by
8/1{( (iBl) + Wl(a/li (iBz))
2 = =Cj k,m G (j e, m), G+ 1,k+1,m+1)

m==j,....j

+ Ck,m G (j,—k,m), (j+1,-k=1,m+1)

in (3.4.8) we also have that Gj k,m),(j+1.k+1.m+1) = G(j.—k.m).(j+1,~k-1,m+1) is in L forall m = —j, ..., j.
& j (iB1)-Wi(& j (iB2))

If we now replace —& — with
2 = Z —=Cjky=m I km), i+ 1k +1,m=1)

m=—j,...J

+ Cj ke, —m G, —k,m), (+1,~k=1,m—1)
or

8/15; (iBy) - Wi(a’l{» (iB1))
2 - Z =Cikom (G km), (41 k+ 1L m+1)

M=

+ CjkeomE(—km). (41, ~k—Lm+1)s
the arguments above prove that both F; k. m), (j+1.k+1,m) = F(j.~k.m). i+ 1,~k—1.m) 0 F(j k), G+ 1k+1mx 1) = F( —kom), (1, ~k—1,m 1)
areinL; forallm = —j,...,j.
3.4.2 Proof of Proposition 3.2.9]
Using again [68| Table 2.1] we write the pairings

(D’

fn® iB1D£+1,mJ_,1> = Fhjkem(02 +161),
<D;<’m’ iBlch—],mirl> = ¢hj,—k,im((SZ - i(S]),

(3.4.10) <D£M iB2D],) yit) = —ihjkzm(02 +161),
(Dy 1By ) = =ik am(82 = 161),

(D] ,»iB3D} ., ) = =iqj 2k m(62 £ 161),

where
P [+ 1) = k(k + DI'Y2[j(j + 1) = m(m + 1)]'/2
plem = 4j(j +1) ’
LU+ D =k + D)2
Am = 2jG+1)
Moreover,
P i+1
(D,’(_,m, lBlDf;mﬂ) = 4 k,+m03,
(3.4.11) (D] iByDI"! Y = tiaj g ams,
(Dy iB3D}:nll> = —ibjk,m03.
where

[+ 17 = K1Y+ m o+ 1) +m + )]
Ajk,m = X X .
2(j + DI2j + D2j +3)]1/?
[ + D? = K21 + 1)? = m?]'?
bj,k,m = X X . 12
G+ DIj+ D2j +3)1Y

)
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Note that the k& — k transitions are driven by ¢3. Recall that, up to a rotation, we can assume that 6; = 0.
Because of Lemma|3.2.7, parts 2 and 3, the expression of the controlled fields excited at the frequencies 77, and o/
are

En(iBy) = Z ~h1k,mO2G @ k), L k+ L,m+ 1) — Pk, mO2G 1~k m), (1, ~k—1,m+1)
I=j,j+1,
m==1...,1-1
(3.4.12) + Z ik, —m92 Gk, m), (Lk+1,m=1) T Lk, —m02G 1,k m), (1, ~k—1,m—1)»
I=j,j+1,
m=—1+1,...1

& (iB2) = Z =N 1, mO2 F (1 kom), (L k+1,m+1) — Pk, mO2F(1, —k, m), (1 ~k=1,m+1)

I=j,j+1,
m=—1,...,1-1
(3.4.13) + Z —h ke, —mO2 F @ e m), (L +1,m=1) = Pk —mO2F (1, —k, m), (1, ~k—1,m—1)»
I=j,j+1,
m==I+1,...1
(3.4.14) &y (iB3) = Z =1k, mO2F 1k, m), (1k+1,m) — DLk, mO2F(1, —k,m), (1,~k—1,m)»
1=j.7+1,
m=-1,...,1
and
(34.15) Eqi(iB1) = Z aj,mO3G (i km), G+ Lk m+1) + Ak, -mO3G (j k), (j+1,k,m—1)s
mk==j,....j

Eqi(iBy) = Z kO3 F(j te.m). 7+ 1.km+1) = @k ~mO3 F(j km), (j+ Le,m—1),

m,k=~j,....j
Eqi(iBs3) = Z =bj k.mO3F(j k), (j+1.km)-
mk==j,....j

Note that in &, (—iB3) the term for m = 0 vanishes, since gj .0 = 0 for every j, k.

To decouple all the m-degeneracies in the excited modes, we just consider double brackets with the elementary
matrices that we have obtained above. As an example, using (3.4.9) we can decouple the m — m transitions
corresponding to the frequency o/ by considering

[[Wi(Eyi(iB3)), G(j k,m), (+1,k+1,m) = G(j=k,m), (j+1,~k—=1,m) s
Gj.kom),Gi+1k+1,m) = G(jo—kom), i+ 1,-k—1,m) ]
= G(jk,m),(j+1.km) T G(jo—k,m),(j+1,~k,m) € Lie(P}).
Considering every possible double brackets as above, we obtain, for X € {G, F'}, that
(3.4.16) X eamG+1ukam) + Xy, 41,—kom) € Lie(P)),  k #0,
when we start from the matrices in (3:4.13)), and that
X, ke,m), (L k+1,m) + X1, —k,m), (1 —k=1,m)> X(1,k,m), (Lk+1,m=1) + X1, ~k,m),(j,—k—1,m1)

are in Lie(fj), [ =j,j+1, mk # 0, when we start from the matrices in (3.4.12), 3.4.13), 3-4.14). Now
we can also generate the missing k = 0 elements of (3.4.9) by taking double brackets with X(j1,1,m),(j+1,2m) +

X(j+1,~Lm),(j+1,~2,m) € Lie(ﬁj). As an example, we have that
[[8/16 (B3), Fijs1,1,m),Gi+1,2m) + Fija1,-1m),(j+1,-2,m) s
Fist,1,m)G+1,2m) + FGat,-1,m),G+1,-2,m)]
= Fiom.G+tm = Fom,G+1,-1m € Lie(P)).

Moreover, also the m = 0 elements in the transitions (3:4.14) are in Lie(#;), as one can check by considering a
bracket between two transitions obtained in (3:4.9) and (3.4.16). For example,

[G(jk,0),(+1,k+1,0) = G(j,=k,0), i+ 1,k—1,0)» G(j+1,k+1,0),(j,k+1,0)
+ G(ji1,k=1,0),(j,~k—-1,0)] = G(j,k,0),(j,k+1,0) — G(j,k,0),(j,—k-1,0) € Lie(P;).
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— j+1,-2) li+1,2) —
— lj+1,-1) lj+11 —
- li+L0)
A R
lj,-2) 2T < )2
=1 — i1
7.0

Figure 3.6: Three-wave mixing around k = 1, —1. The same-shaped arrows correspond to equal spectral gaps, and
thus, coupled transitions. The goal of the three-wave mixing is to decouple those arrows.

Finally, we apply a three-wave mixing argument (Figure [3.4.2) in order to decouple > the sum over k and —k in every
elementary matrices: consider the bracket between the following elements in Lie(#;)

[G(ikst,m), G km) + G(j—k=1,m), (o ~km)> G(km), G+ Lk,m) + G(jo=k,m), (j+1,~k,m) ]
= G(jk+1,m),(j+Lkm) T G(j,~k=1,m),(j+1,~k,m) € Lie(ﬁj)’ k #0,

and notice that from (3:4.9) we already have that G(j k+1,m).(j+1.k.m) = G(j.—k—1.m).(j+1.—k.m) i in Lie(#;), and hence

G k+1,m),(+1,k,m) A0d G(j, _k—1,m),(j+1,~k,m) are in Lie(#;). In this way we can break every k-degeneracy, and finally
obtain that Lie(#;) = su(M;), which concludes the proof.
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Chapter 4

Enantiomer-selective transfer of rotational
population in chiral asymmetric molecules

4.1 The physical model

In this chapter we consider a molecule made of two identical, mirrored, asymmetric-tops, whose rotations are
controlled with three orthogonal electric fields. Identical means that the two tops have same inertia constants
A, B, C and hence same rotational spectra. Mirrored means that the two tops have resp. electric dipoles 6 and
6 such that two components are equal, and and third differs only in sign. The two tops composing the molecule
are also called enantiomers: the left-handed top is called S-enantiomer, and the right-handed is the R-enantiomer.
The two enantiomers are chiral objects, meaning that they are not superimposable with their mirrored images: such
a two-body system is also called a chiral asymmetric molecule.

We interpret the problem of enantiomer-selective transfer of population as the following control problem:
assuming that the initial state of the Schrodinger equation (3.2.4) is supported on the same finite-dimensional
combination of rotational eigenfunctions on both the enantiomers, and assuming that there is no conversion
between the two enantiomers, we want to steer the system to a state that is supported on different finite-dimensional
linear combinations of rotational eigenfunctions, on the two enantiomers. The interpretation is that, at the end of
the controlled evolution, the enantiomers are selected because their rotational populations are on different states.
This is surely possible if the two enantiomers are simultaneously controllable (Section[4.2)), but it is also possible
under weaker controllability properties on the reachable sets of the direct sum system (Section {.3).

Given the nature of the problem, we focus on a finite-dimensional quantum system, under a generic non-resonant
assumption (specified below in @.1.2) and (@.1.3)) between the spectral gaps involved and the ones connecting
states inside and outside the finite-dimensional subspace, that ensures an arbitrary precision of transfer despite the
negligence of the infinite-dimensional complement. In general, for experimental set up, it is possible to prepare at
low temperature a state that is supported in a finite-dimensional portion of the rotational spectrum, but we need to
take into account an average over the orientational quantum number m. Moreover, we also want the transitions to
couple with the three dipole components, to exploit the sign inversion.

The bilinear multi-input finite-dimensional Schrédinger equation which models this system reads as the direct
sum system

4.1.1) i% (w)(z) ® w(_)(t)) - l(H“) ® H<->) + i w(t) (Bl(+) ® B}‘>)

I=1

(v @y 0)

where ¢ (1)®) € H := Hir ®@Hivior ® Hivror,t€{—j,...,jh v, 7" e{-j-1L....j+1},
H = span{‘I‘i’m |m=-1,...,1},

H®) = H|y, H = AP} + BP3+CP3, with rotational constants A > B > C > 0 and Bl(i) =Ty (—(R®6®), ¢;)) Mgy,
where IT¢; : L*(SO(3)) — H denotes the orthogonal projection, and 6*) = ((5<li), 6&1), 6;i))T, with

671 =167) i= 1,23 and 61767650 = —60760 6L,

and u(t) € U, for some neighborhood U of 0 in R?. Finally, R®) € SO(3) describe the orientations of the two
enantiomers in the space. The angular momentum operators P; and the asymmetric-top eigenfunctions ¥4 ,,, have
been introduced, resp., in Sections [3.2.T]and [3.3.1]
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We are thus interested in the following control problem: given an initial and final state y; ®y;, Yy ® ¢y € HOH,
with ¢y # ¢, we want to find a piecewise constant control u = (uy, uo, u3) : [0,7] — U such that the solution of
#TT) satisfies

v(O ey =yiey; and Y@ oY) =y e ¢y

A simplified version of @.I.1) was studied in [82], where the authors considered a 3 & 3-level quantum system,
to deduce some important properties that are confirmed in our more general analysis which takes into account
also the m-degeneracies. For example, in [82]] the authors proved that three polarizations and three dipole compo-
nents are necessary for an enantio-selective transfer of rotational population. Detection of chirality through three
orthogonal polarizations in dipole approximation has been observed in experiments of microwave spectroscopy [93]].

We denote the spectral gaps of H in H as

j+1 ' 41 41 1 '
wi = |E —Ell, wri=|EL —E| wri=|EL - ELL

%:% e — (i)
31 — — — — — — 20 9 10 11 12 13
32 —— — — — — — 2,1
4 5 6, 7 8
33 — — — — — — —
2,0 -
! w
2,1 — = — — — Jo 1,-1
1 2 3
22 @ @—— — — — w3
(ii)
%:% _ = = w> 11 5 p .
! Ma
1,-1 - — — w3~ | 1,0 ~ > 3 4
(i) He
, = O'O _— . “b
) (ii)
M=-3 2 -1 0 1 2 3 0,0 —

Figure 4.1: 2D spectral graphs of a near prolate asymmetric-top. In (i): transitions at frequencies w; = |E> = Eil l,
wy = |E} - E?|| and w3 = |EJ — E!||. In (ii): transitions at frequencies wy = |E; — EJ|, wy = |E] — E;| and
w3 = |E11 - Eg|. Here the dipole components are labeled as: up = 81, yg = 92, and p. = 3.

We remark here that there is an additional assumption on the space H: the choice of 7,7’, 7"’ has to be such
that the spectral gaps wi, wy, w3 couple with all dipole components, say resp. i, 02, d3; this is not always the case,
as it may happen that the gaps are all coupled with ¢3 only, but in that case we only need to choose a different 7,
which is always possible.

We denote as I := Ujen{(l,r) | r = —1, ..., 1} the set of spectral indices and I = {(j, 7), j+ 1,77), (j + 1,7")}
the set of spectral indices involved in the space H ¢ L*(SO(3)). Throughout the chapter we assume the following
non-resonant assumptions

(4.12) wi # wj ifi#jij=123

(4.1.3) wi # © Noe{lE -EL (L)€ hn (') € I\ L}

(#T2) guarantees that there are no internal resonances, and (#.1.3) guarantees that there are no resonances that
couple a state in H and a state outside /. Then, Lemma [3.1.12| ensures that the transfer of population inside H

is achievable with arbitrary small error, w.r.t. the infinite-dimensional system. Moreover, assumptions {@.1.2)) and
(@13 are satisfied for almost every value of A, B, C, as proved resp. in (3.3:20) and Lemma[3.3.3]

The chapter is organized as follows: in Sections {.2] and 3| we find combinations of polarizations By, [ =
1,2,3, and frequencies w;, i = 1,2, 3, such that the reduced operators &,,, (B;Jr) ) & Ey, (Bl(_)) yields simultaneous
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controllability of (#.1.1)); based of these insights, in Sectionf.4]we confirm the controllability results by numerically
simulating the rotational dynamics for j = 0,1,1 and j = 1,2,2 systems, thus producing pulse sequences that
numerically achieve enantiomer-selective transfer of population.

The results of this chapter are in the paper [83]].

4.2 Controllability

In what follows, we identify su() with su(6; +7), where dim H = 6 +7. For brevity, we write H¥ = H®) @ H-)
and Bf = Bl(+) ® Bg_). Recall that, for any o > 0, the operator E,(B;) is defined on the basis {‘I’i’m | 1 =
Jj+ 1, T,m=-l...,1} as

(W B, ) I -El = o

Yo &L BV )=
< T,m 0'( 1) T,m> {0’ otherwise.

The main result of this section is that with five combinations of polarizations and frequencies (that involve three
polarizations and three dipole components) we are able to control @ 1.1).

Proposition 4.2.1. Let j > 1, and assume that 65” = 65_), 6§+) = —62_), and 6;” = 6;_). Then,

(i) Lie {iH, &y, (iB1), Ew, (iB), Ey (iB), Ecy (iB3)} = su(H);
(i) Lie {iHY, &4, (iBY ), Ew, (iB) ), E s (iBY ), Eoy (iBY ), Ewy (BY )} = su(H) & sw(H), foranyl =1,2,3.
The proof of Proposition[#.2.T]is postponed to the Appendix 4.5] but we make several remarks here:
Remark 4.2.2. .
* By applying Corollary 3.1.17, we see that part (ii) of Proposition f.2.T] in particular states that (¢.1.T) is
operator controllable. It actually states a stronger result: indeed, denoting y¥ = y*) @ /), it says that

i%tﬁ"(t) = [HY + w1 (080, (iBY) + u2(t)E0; (1B)) + 3() 0y (1By) + a0, (1) + us(D)E, (BY)] (1)

is operator controllable.

* Part (i) of Proposition[4.2.T|states that four combinations of polarizations and frequencies which involve three
polarizations and two frequencies are sufficient to control one top. Part (ii) of Propositiond.2.Tstates that five
combinations of polarizations and frequencies which involve three polarizations and three frequencies are
sufficient to simultaneously control two tops. By numerically compute the dimension of the associated Lie
algebra for small values of j, one can also see that it is the minimal number, that is, three (four) combinations
cannot control (simultaneously) one (two) top(s).

* By numerically computing the Lie algebra for small values of j, one sees that there are many choices
of combinations of five pulses that lead to simultaneous control. Of course one needs to consider three
polarizations and three frequencies/dipole components (as it was already proved in [82]]). Among the
combinations that involve three polarizations and three frequencies, we realized that the only ones which do
not lead to simultaneous control have the forms:

. - X s pX s pX s pX X
(A) 1 {80 (1B (1) By 1By ) s Econia) 1By 1)) Eory (1B ))s sy (B3}
with 7, o permutations of {1, 2, 3}, or the form of five combinations where three of them are
(B) : {Swu (IB/I\/)’ Swa (IB/Z\/)$ Swa (lBé\/)}’ a € {17 3}

As we shall see in the next section, family of combinations like in (A) are still very useful to obtain
enantiomer-selection within the simultaneously reachable sets.

For j = 0, we prove in the next example a controllability result for the specific subsystem whose dynamics will

be numerically investigated in Sections and

80



Example 4. The scope of this example is proving that, for
H = 7’(0,0 (&) 7'(1,0 (&) 7’{1,1 = C7
(which corresponds to Figure 4.1{ii)) and dipole components oM = 6(_), 6 = 6(_), and 6. = =6\ one has that
P g p p 1 1% 2 3 3

4.2.1) Lie{iH, Ey,(iB1), Ew, (iB3), Ew, (iB2), E,y (iB3)} = su(7),
4.2.2) Lie{iHY, &y, (iB) ), 8w, (iBY ), Ew, (iB) ), Ew, (iBY ), Ewy (iBY)} = su(7) @ su(7).

Of course, this can also be checked by computing numerically the dimension of the Lie algebra, but we give here
an explicit proof for completeness. In this example we diagonalize the rotational Hamiltonian H of an asymmetric-
top in H starting from its representation w.r.t. the symmetric-top representation Si mp> 1© find eigenvalues and

eigenvectors, and we express the control problem w.r.t. the representation ‘P.{’m is which H is diagonal. We have
H = diag (EY. B}, B, E), E|, E}. E)

and using the pairings (3.4.1)),(3.4.10),(3.4.11) we write

01
Eu(iB1) = —(G14-Gip2),
w1 \/6
Ew, (iB3) e
3) = ——G3,
w1 \/g
. 1)
Ew(iB2) = —2(G3,5 + Ga6 — Gos— G37),
2V2
. 1)
4.2.3) Eun(iB3) = (-Fas+Fuy),

where the matrix elements are labeled according to Fig. [4.1](ii). We recall that, instead of using iH we may use the
operator W; thanks to the relation (3.1.3). Recalling the action of the operator W; given in (3.4.3), and the laws of
the Lie algebra su described in (3.1.9),(3.1.10),(3.1.11)), we compute (where o< means proportional by a non-zero
number)

[E, (iB1), Wi(Ew, (iB3))] o« Gis+ Gy,
(4.2.4) [Ew,(iB3), 8w, (iB2)] o« Gis— Gy

Taking the sum and the difference, we obtain

(80, (iB1), Wi(Ewy (iB3))| + [Ey (iB3), Euy(iB2)] &« G5
(4.2.5) (801 (iB1), Wi(Ewy (iB3))] = [Ey (iB3), E, (iB2)] o« Gy

Moreover, we find

[G1.7. Wi(Ew,(iB3))] o« Gia4
[G15, Wi(Ew,(iB3))] o« Gia
4.2.6) [G12,80,(iB2)] o« Gig.

So far, we have obtained all elements G, with j = 1. Using the laws of su is now easy to get every element
Gjk Fjk, Dj, that is a basis of s1(7). We have proven (4.2.1). In order to prove (#.2.2)), since

(6§+)’ 5§+)’ 5§+)) = (‘Si_)’ 5é_)’ —6§‘)) = (01, 62, 03),

it follows that

- . . . . A 0
4.2.7) Lie{iHY, &, (iB) ), Ew, (iBY), E, (iBY ), Eu, (iBY)} = {(o A) |Ae su(7)}.
We then consider
. [ Euw, (iBy) 0
(4.2.8) Ees (iB1)X = 0 _&,,.(iB1)
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with &,,,(iB1) = f/—%(Fl,s — F7) and the minus sign in the lower block occuring because we are assuming that

6§+) = —65_). We also consider

G5 -Gy 0
M = ’ ’
( 0 Gis— G1,7)

which is an element of the Lie algebra generated in (4.2.7). Moreover,

G5 -Gy 0
0

. SpXYY .
Wi(E.s (iBY)) : Grs+Gua)

Taking the sum and difference of the two matrices, we obtain

1 . Gis5—-Gi,7 0
z (Wi(8w3 (1B;()) + M) = ( 0 0)

and
1

. 0 0
5 (Wi(Eus(1BY)) ~ M) = (0 G5+ Gw) |

From here, we can apply Lemma [3.2.4]to conclude: in this case, K = 2 is the number of tops, which we denote by
(+) and (), the two Hilbert spaces are C’, m = 5 is the number of interaction Hamiltonians, and

HY = HO=H, HY=H?=g,(B)
HY = H) =8,,iBy), H” =H) =&,,(iB)),
HY = H =8B, H =-H = 8&,,(iB).

Indeed, we have proven that the LHS of #.2.2)) contains element of the form A& 0, with A # 0, and this in particular
implies that there cannot be an automorphism f of su(7) which matches the conditions described in Lemma|3.2.4}
otherwise such isomorphism should satisfies f(A) = 0, that is impossible.

We will show how to exploit these (minimal) sets of fields for the example of the propanediol molecule in

Sec.[£42]

4.3 Enantiomer-selection

In order to distinguish the two enantiomers via their final rotational population, it is not crucial that (¢.1.1)) is
simultaneously controllable: it suffices that simultaneous controllability holds in smaller invariant subspaces of H.
Imagine that the initial population is averaged over the eigenstates corresponding to the eigenvalues EZ, on both
enantiomers. Using interactions of the form

“3.1) 2 (BB + Wi, (BY) = E4,(B)

(4.3.2) Ean(iB1) — WiE0,(iB2)) Ean(iB-)

1
5
and &,,(iB3), we see that (2j + 1) 3-level systems are composed and invariant for (.1.T) (see Figure 4.2] for
an example with j = 1). The operators defined in @.3.1) and {.3.2) are usually called right- and left-circular
polarizations, at frequencies w; and w;.

We denote this new smaller Hilbert subspaces of 4 made by sums of 3-level systems as

1 j+1
43.3) EB b, by o= span{¥ W W,
I==J,..

and we notice that each 0y is invariant for &,,, (1B.), E, (iB-) and &, (iB3) which allows to write (@.1.1)) projected
in h as a direct sum control systems on each top. The main result is that, on each top, the 3-level systems are
simultaneously controllable, and each 3-level system is simultaneously controllable w.r.t. the two tops, as stated in
the following:

Proposition 4.3.1. Let j > 1 and assume that 6(+) 6( ) 6(+) 6< ) and 6(+) 65_). Consider @1.1)) projected
onto Y. Then,
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9 10 11 12 13
2,0

Figure 4.2: Spectral graph for eigenstates corresponding to the eigenvalues Ell, EEI, EO2 with transitions moved by
&, (iBy) (orange), &, (iB-) (violet) and &,,,(iB-) (blue). We can see the splitting given in @3.3) as follows: b
is spanned by states 1,6, 10,2,7, 11, 3,8, 12; h_; is spanned by states 1, 6, 10; b is spanned by states 2,7, 11;b; is
spanned by states 3, 8, 12.

e Lie{iH, ., (iB+), Ew,(iB-)} =su(3) @ - - - & su(3);

(2j + 1)-times

o Lie{iHY, 8o, (iBY), E0, (iBY), Euy (iBY)} = (su(3) @ - - @ su(3)) @ (su(3) & - - - @ su(3));

(2j + 1)-times (2j + 1)-times

The proof of this result is basically contained in the following example, whose dynamics is numerically
investigated in Section[4.4.3]

Example 5. The scope of this example is proving Proposition [4.3.1] for the example described in Figure 4.2}
In order to determine the Lie algebra for a single enantiomer, we first consider the interaction Hamiltonians

(4.3.4) Eu (iBy) o« 6 (G1,6 +V3Gy7 + ‘/503,8),
. 3
Ew,(iB-) (52(G8,12 + \/;(GQIO + G7,11))

and show that, together with iH, they generate su(3) & s1(3) @ su(3). Recall that, instead of using iH we may use
the operator W;, whose action is given in (3.4.3) and whose relation with iH is given in (3.1.3). Recall moreover

the rules of the Lie algebra su given in (3.1.9),(3.1.10),(3-1.11). We have
Wi(Eaw, (iB:)) o Fi 6+ V3Fy7 + V6F3 5.

4.3.5)

Moreover, abbreviating commutators as adTlB = [A, ad’} B] with ad%B = B, we note that

. 2s+1 2s+1
ad%%awl(i3+)8w] (IB+) oc G]’G + \/§ G2’7 + \/6 G3,8

with s =0, 1,2,... Thus,

ad(v)wswl(iB+)8wl(iB+) Gis
adiy o i,/ (iB2) | = V[ Gas
ady, £, 8 S0 (1B) Gig
with
1 V3 6
(4.3.6) v=|1 V3 V6|
1 \/55 \/65

The matrix V, being a Vandermonde matrix, is invertible since the entries 1, \/§, V6 are all different which implies
that G1,6, G2,7, G338 € Lie{iH, &, (1B, )}. It then follows that

X1,6, X27, X33 € Lie{iH, &, (iB+)}, X € {G, F, D}.

83



We then calculate the commutators

[[Ew,(B-),G1,6], G1,6] < G, 10,
[[Ew,(iB-), G2,7], G2,7] o< G711,
[[Ew,(iB-), G3 3], G3 3] o« G 12,

finding that
(437) X6710, X7’11, X&]z € Lie{iH, Sw] (iB+), Swz(iB_)}, X e {G, F, D}

Since
Lie{Xl,e, X2,7, X3,8, X6,10, X7,11, X312 | X € {G, F, D}} = su(3) ® su(3) ® su(3),

we have proven the first part of the statement.
To obtain the simultaneous control of each of these three cycles w.r.t. the two enantiomers, we consider the
interaction with the third field, namely

. V3
S, (1B3) o 03 (Gz,n + T(GS,IZ + Gl,]())) ,
or, for the composite system consisting of the two enantiomers,
Ewy(iBY) = (8., (1B3)) & (=0, (B3)),

where we are assuming that the sign inversion is in the dipole components §3. From ({.3.7) we get the operators
G1,6® G and Gy 10 ® G1,10. We compute the double bracket

[[Ewy,(iB3)Y, G1,6 ® Gi,6): G1,6 ® G1,6] < G1,10 ® (—G1,10),

and taking the sum and difference with Gy 19 ® G, 10, the operators Gy 10 ® 0 and 0 & G| ¢ are generated. Form
here, the proof is easily concluded.

Proof of Propositiond.3.1} In order to generalize the previous example to any El Ef " Ef ! we follow the same
construction and notice that the matrix V (cf. .3.6)) is again in Vandermonde form, with 2j + 1 different entries
in the first row and thus is invertible (this fact is also proved in the Appendix {.5] see equation {#.5.8)). m]

As we shall see for the example of carvone in Sec. 4.4.3] those isolated three-level systems are particularly
suited for enantio-selective excitation in real molecules.

4.4 Application: Derivation of pulse sequences for asymmetric top molecules

We now show how to use the controllability results of the previous section to derive actual pulse sequences in
order to control the rotational dynamics in asymmetric top molecules. In all examples presented below, the control
target is to energetically separate an initially incoherent mixture of degenerate rotational states, as encountered in
gas phase experiments with randomly oriented molecules.

We simulate the rotational dynamics for the R- and S-enantiomers of propanediol and of carvone by numerically
solving the Schrédinger equation (@.1.1). For propanediol, the rotational constants are A = 7644.7 MHz, B =
3927.3MHz, and C = 2878.0 MHz, and the dipole moments §; = 1.2D, 6, = 1.9D and 63 = 0.36 D [93].
For carvone, A = 2237.21 MHz, B = 656.28 MHz, and C = 579.64 MHz, and 6; = 2.0D 6, = 3.0D, and
03 = 0.5D [90].

Our choice of examples is motivated by experiments with propanediol [53]] and carvone [96], on enantiomer-
selective population transfer. Here, we address the problem of solving the degeneracy with respect to the orien-
tational quantum number M, relevant whenever the initial state is chosen with j > 0. Our pulse sequences will
induce the maximal degree of orientational- and enantiomer-selectivity.

We present two different control strategies to energetically separate population initially distributed over m-
degenerate states. For the first strategy, we exploit evolution operator-controllability of the complete rotational
subsystem, as shown in Sec.[d.2} We use the insight into which fields are required, for orientational, respectively
enantiomer-specific, state transfer in Sec. [d.4.T)and #.4.2] More in detail, Sec. #.4.1] illustrates controllability of
a single enantiomer, showing how to drive population initially in degenerate rotational states into levels separated
in energy. In this case, the rotational dynamics of the two enantiomers is identical. Enantiomer-selective control-
lability is exemplified in Sec. .4.2] where we show how to energetically separate the two enantiomers. For the

84



(a) (b)
Wy, Hg {

(1)3, #c
W, tp

M= —1 0 1 M= —1 0 1

Figure 4.3: Choice of four, respectively five, microwave fields, which are sufficient to ensure evolution operator-
controllability (a) and enantiomer-selective evolution operator-controllability (b) in the rotational subsystem con-
sisting of the states |0,0,0), |1,0,m), and |1, 1,m). The orange and pink lines in panel (a) indicate the four fields
which yield complete controllability of this subsystem for a single enantiomer. The polarization of the fields is
denoted by x, y, and z. The additional field which is required for enantiomer-selective control is indicated in panel
(b) by turquoise lines. For propanediol, the frequencies are w; = 11363 MHz, w; = 849.1 MHz, w; = 12212 MHz.

second strategy, we use the simultaneous controllability of “parallel” three-level cycles, introduced in Sec. 4.3} for
enantiomer-specific state transfer in Sec. The working principle of both strategies is to combine enantiomer-
selectivity (due to the sign difference in one of the dipole moments) with an energetic separation of population
residing initially in degenerate states.

In Sec. and the pulses drive transitions within the Ej /E, /E| rotational submanifold, cf. Fig.
for the example of propanediol molecules. Even in this comparatively small manifold, the pulse sequence for
enantiomer-selective population transfer consists of 12 pulses sampled from five different fields, i.e., five different
combinations of polarization directions and frequencies. In order to obtain a simpler sequence, we forego full
evolution operator-controllability in Sec. f.4.3]and use a sequence of three pulses which partitions the rotational
submanifold into isolated subsystems and drives simultaneously several three-wave mixing cycles. For this strategy
to succeed, the initial rotational submanifold needs to have the smallest degeneracy factor g; = 2j + 1. We therefore
consider transitions within the Ell, E? 1 Eg rotational submanifold in Sec. this time using carvone molecules
as an example. In the following Sections we use the quantum mechanical notation to denote the eigenstates of the
rotational Hamiltonian: W, ,,, = |j, 7, m).

4.4.1 Orientation-selective excitation exploiting complete controllability

The simplest rotational subsystem that allows for enantiomer-selective population transfer using three-wave mixing
spectroscopy consists of the rotational states |, 7,m) = 10,0,0), |1,0,m), and |1,1,m) with m = —1,0,1, and
rotational energies Ef = EJ, Ej, and E], cf. Fig.ﬁ In the following, an x-,y- or z-polarization field denotes,
resp., the control field By =: By, B, =: By or B3 =: B;. An asymmetric top molecule is completely controllable with
four fields, as we have shown in Sec.[d.2] (Proposition #.2.1] (i)). In the Example[d] we proved it for the investigated
rotational system using two fields with frequency w; = (Eé - Eg ) and x-, respectively z-polarization, and two fields
with frequency w; = (El1 - Eé) and y-, respectively z-polarization. The transitions induced by these fields are
indicated by orange and pink lines in Fig.[4.3{a); they form closed loops connecting the four states |0,0,0), |1,0, 1),
[1,1,1), and |1,0,0). Complete controllability implies that population in any initial state within the rotational
manifold can be driven into any other initial state within that manifold (with both enantiomers undergoing the same
dynamics). This means in particular that population in degenerate states, for example |1, 0, +1), can be driven into
states with different energy. Such an energetic separation can serve as precursor for complete enantiomer-selective
excitation, as we show below. It also has further applications and could, for example, be used towards purifying an
incoherent ensemble with electric fields only or distilling a specific molecular orientation.

We consider the following control problem: Given that the initial state is an incoherent ensemble of the two
degenerate |1,0, m = +1) states, that as a density matrix is expressed as

1 1
(441) p(o) = §|1, O,_1><1907_1| + 5'130, 1><19 07 1|s

find a pulse sequence that drives the population with m = +1 into a final state with different rotational energy than
the m = —1 component. As an example, we have chosen |0,0,0) and 1/V2(|1,1,-1) + [1,1,1)) as target states.
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Figure 4.4: Control of the rotational dynamics for propanediol molecules to energetically separate the degenerate
initial states |1,0, —1) (a) and|1,0, 1) (b). Both enantiomers undergo the same dynamics. Top: Population of the
rotational states |0,0,0) (lowest panels), |1,0, m) (middle panels), and |1, 1,m) (upper panels). The population
dynamics of the degenerate states are depicted by green (m = —1), purple (m = 0), and orange (m = 1) lines. The
envelope of the pulses is indicated by the orange (w = w1) and pink (w = w,) shapes, and the polarization of the
corresponding fields by x, y, and z. Time is given in units of fy = 1/B. Bottom: Sketch of the initial (+ = 0) and
final (+ = T) states, marked by gray dots.

The initial and desired final states are sketched as gray dots in the bottom panels of Fig. [d.4] the upper panel of
which shows the pulse sequence that drives the corresponding rotational dynamics. In detail, starting from the
initial states |1,0,—1) (see Fig. a)) and |1,0,1) (see Fig. b)), the state |1,0,0) (purple line in the middle
panel) can be reached by two different excitation pathways: via the states |1, 1, +1) and via |0,0,0). The 1st, 2nd,
and 4th pulse transfer 50% of the population to state |1, 0, 0) via the first pathway, while pulses 1 and 3 transfer the
other half of the initial population along the second pathway. Interference between the two pathways in |1, 0, 0) is
constructive for the initial state |1, 0, —1) and destructive for the initial state |1, 0, 1).

Therefore, the initial state |1,0,—1) is transferred to |1,0,0) while the initial state |1,0, 1) is transferred to
1/v2(|1,1,-1) + |1, 1, 1)) at the end of pulse 4. Finally, the 5th pulse transfers the population from |1, 0,0) to
the desired final state |0,0,0) in Fig. .4(a) while not affecting the population in |1, 1, +1) Fig. E.4[b). The two
initially degenerate states thus become energetically separated using four fields, with two different frequencies and
two polarization components.

4.4.2 Enantiomer-selective control exploiting complete controllability

For enantiomer-selective control, an additional field with frequency w3 = w; +w; is required to allow for three-wave
mixing. In our example, we choose x-polarization for w3 such that we have three mutually orthogonal fields with
&Ew, (B) (central orange line in Fig. (b)), Ew,(By) (pink lines), and &,,,(By) (turquoise lines). If the initial state
is the ground rotational state, three-wave mixing results in complete separation of the enantiomers into energetically
separated levels [82]. This requires, however, preparation of the molecules close to zero temperature. For typical
experimental conditions, the initial state has to be chosen with j > 0[53}/96] and thus contains degenerate rotational
states. Then, three fields are not sufficient to obtain complete enantiomer-selectivity. We illustrate this in Fig.[4.5]
considering the initial ensemble with

(4.4.2) p#(0) = %(u, 0, —1)¢1,0, =1 + 1,0, 1)(1,0, 1]).

The initial states |1,0,—1) and |1,0,1) are depicted in Fig. @.5[e) and (f) with the gray circles indicating that
both enantiomers occupy the same states. The control aim is to drive the two enantiomers into rotational states
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Figure 4.5: Full control of enantiomer-selective state transfer despite m-degeneracy using five different fields in
panels (a,b) with the two enantiomers denoted by solid blue and dashed red lines. The complete pulse sequence
reads: (1) &g, (Bx); (2) Ew,(B2); (3) Ew,(Bz); (4) Ew,(By); (5) Ew, (B2); (6) Ewy(Bx); (7) Ey(By); (8) Ey(B2);
(9) Ew;(By); (10) Eu, (B;); (11) &, (By); (12) E,, (By). Panels (c,d) show for comparison enantiomer-selective
state transfer in standard three-wave mixing cycles that is incomplete due to the m-degeneracy (using &,,, (By);
Ew,(Bz); Ew,;(By)). Panels (a,c) depict the rotational dynamics for the initial state |1,0, —1) and (b), (d) those for
the initial state |1,0, 1) with the sup-panels showing the accumulated population of the rotational states |0, 0, 0)
(lowest panels), |1,0, M) (middle panels), and |1, 1, M) (top panels). The pulse envelopes are indicated by orange
(w = wy), pink (w = wy), and turquoise (w = ws3) shapes. The height of these shapes corresponds to the maximal
electric field strength and the polarization is denoted by x, y and z. Time is given in units of fy = 1/B. Panels (e)
and (f) illustrate the initial (r = 0) and final (r = T) populations with gray indicating both enantiomers in the same
state and blue and red representing the two separated enantiomers.
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with different energies, cf. the red and blue shades in Fig. [4.5[e) and (f). The combination of fields &, (B;),
Ew,(By), and &,,,(By), indicated in Fig. b), which works if the initial state is |0, 0, 0), obviously fails for the
initial density matrix (4.4.2) since it does not create three-wave mixing cycles for the |1, 0, m) states. This can be
remedied by choosing instead a sequence containing the fields &, (By), Ew,(B;), and &, (By). However, due to
insufficient controllability with three fields in the presence of m-degeneracy, the population transfer is only partially
enantiomer-selective, cf. the corresponding rotational dynamics in Fig. d.5]c) and (d), where the solid blue and
dashed red lines present the two enantiomers. For complete enantio-selective excitation, all five fields depicted
in Fig. [.3[b) are required, as is illustrated by Fig. f.5(a) and (b). We use the five fields that yield simultaneous
control, as proved in the Example [4]

The pulse sequence, which leads to complete separation of the enantiomers into energetically separated levels,
consists of 12 pulses: the first four pulses are the same as the pulse sequence shown in Fig.[#.4] Transferring the
initial states |1,0,—1) and |1,0, 1) into |1,0,0), respectively 1/v2(|1,1,-1) + |1, 1, 1)), they lead to an energetic
separation of the two initially degenerate m-states, but are not yet enantiomer-selective. Two more pulse sequences
realize enantiomer-selective three-wave mixing cycles for the two initial states separately. First, enantiomer-
selective transfer for the initial state |1, 0, —1) is obtained by three-wave mixing with the fields &, (B;), &, (Bx),
and &,,(By) (pulses 5, 6, and 7). Analogously, pulses 9, 10, and 11 form a three-wave mixing cycle for the
initial state |1,0, 1). After pulse 11 the enantiomers of both initial states are separated in energy. The two cycles
for the different m-states are synchronized by applying pulse 12 ( at the same time as pulse 11), such that all
population of one enantiomer is collected in the highest rotational state (blue lines) while all population of the other
enantiomer is excited to the intermediate level (dashed red lines). Figure @a) and (b) thus confirms complete
enantio-selective state transfer in a racemic mixture of initially degenerate m-states for a set of microwave fields for
which simultaneous controllability is proved in Example 4]

The Lie algebraic analysis of simultaneous controllability of Sec.[d.2]yields the control Hamiltonians which are
required for enantiomer-selective population transfer, but does not make any predictions about the temporal shape
of the electric field. In particular, it does not predict the number of individual pulses. The control sequence shown
in Fig. [4.5]a) and (b) contains 12 individual pulses applied either sequentially or overlapping. Here, complete
enantio-selectivity is obtained by constructing an individual three-wave mixing cycle for every initial state. This
implies that population initially in the degenerate m-states first has to be separated in energy so that they can be
addressed individually. If the degeneracies become larger (for higher j), the pulse sequences become more and
more complicated, because more degenerate states have to be separated in energy and three-wave mixing cycles
for each of these states have to be constructed. Such pulse sequences may experimentally not be feasible or at least
technically very challenging to implement. This is true in particular for rotational subsystems with higher rotational
quantum numbers as in earlier microwave three-wave mixing experiments [96], where cycles with j = 1/2/2 or
J = 2/3/3 have been addressed because of their better frequency match and higher Boltzmann factors. For these
cases, circularly polarized fields B, and B_ (cf. (@.3.1) and (@.3.2)) resulting in simpler pulse sequences may be
better suited. This will be discussed in the next section.

4.4.3 Complete enantiomer-selective population transfer using synchronized three-wave
mixing

Another route to enantiomer-selective state transfer is provided by partitioning the relevant rotational manifold
into subsystems that form individual three-wave mixing cycles, as discussed in Sec.[4.3] Provided that the initial
state contains population only within the various three-level cycles, the lack of complete controllability does not
preclude enantiomer-selective population transfer: one needs to consider rotational systems |j, 7, m), |j + 1,7/, m),
|j + 1,7”,m) and choose the transitions realizing the three-wave mixing such that the initial state resides in the
states with lower j. An advantage of this approach is that three different fields, if properly chosen, are sufficient to
simultaneously control the reachable states (as proved in Proposition [4.3.1).

As an experimentally relevant example, we consider the rotational subsystem made up of |1, -1, m), |2, -1, m),
and |2, 0, m) and construct a pulse sequence that achieves complete enantiomer-selective population transfer despite
m-degeneracy. This is proved to be possible in the Example[5] We assume that, initially, only the lowest rotational
levels, those with j = 1, are populated. From a physical point of view, this initial condition can be realized if all or
at least the upper two rotational levels are chosen in an excited vibrational level where the thermal population of
the higher rotational levels is negligible [82]]. The initial state is then given in terms of the density matrix

1
(44.3) pH0) = (1L =1 =D(L =L =1+ |1, =1 0)(L =10 + |1, =1, I)(L. =1, 1]} .

Applying a standard three-wave mixing pulse sequence with linearly polarized fields with orthogonal polarization
directions results at most in about 80% enantio-selectivity (data not shown). In contrast, the circularly polarized
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Figure 4.6: Full control of enantiomer-selective state transfer, based on synchronized three-wave mixing with
Ew (By), Ew,(B-), Eu,(B;). Panels (a), (b), and (c) depict the rotational dynamics for the initial states with
m = -1, m =0, and m = 1, respectively, with the overall population in |1, -1, m), |2, —1,m), and |2, 0, m) shown
in the upper, middle, and lower sub-panels. The two enantiomers are denoted by solid blue and dashed red lines.
The envelope of the pulses is indicated by the orange (w = wy), pink (w = wy), and turquoise (w = w3) shapes.
Time is given in units of y = 1/B. Bottom: Sketch of the initial (+ = 0) and final (¢ = T) states with gray circles
indicating both enantiomers in the same state, blue and red circles representing the two (separated) enantiomers.
The transitions induced by the three fields are indicated by the orange, pink, and turquoise lines with the transition
affecting the respective initial state highlighted. For carvone, the frequencies are w; = 3976.1 MHz, w; = 229.9
MHz and w3 = 4206,0 MHz.

fields discussed in Sec. [F.3] allow for a complete separation of the enantiomers. This can be seen in Fig. .6]
The three subsystems, which are isolated by applying left- and right-circularly polarized light are indicated in the
bottom panels of Fig. The field with +-polarization (orange line) induces transitions between |1, —1, m) and
|2, —1,m+1), while the —-polarized field (pink line) drives transitions between |2, —1,m) and |2,0, m— 1), and the
linearly z-polarized field (turquoise line) closes the cycles. For all the initially populated, degenerate m-states, the
population is thus trapped into a three-level subsystem and cannot spread over the whole manifold, as it would
happen when using three linearly polarized fields with orthogonal polarization directions.

The corresponding rotational dynamics is depicted in the upper panels of Fig.[4.6(a)—(c). The pulse sequence
that leads to complete enantio-selective excitation is essentially a three-wave mixing cycle: The first pulse creates a
50/50 coherence between the ground and first excited rotational level of each three-level system. The second pulse
transfers the population from the intermediate state to the highest state and the third, z-polarized pulse induces the
enantiomer-specific interference between the ground state and highest excited state. There is, however, an important
difference to the standard three-wave mixing cycles used so far — the pulses are chosen such that they synchronize
the three subsystems, allowing to reach a 50/50 coherence between the ground and first excited state for each of the
subsystems. As can be seen in Fig.4.6] the Rabi frequencies of each subsystem are different, since they correspond
to different m-transitions. This exactly corresponds to the fact that the Clebsch-Gordon coefficients (which are the
coefficients ¢; ., in (3:4.1)) are different, and hence the matrix V in (#.3.6) is invertible. A 50/50 coherence for
all three subsystems occurs after three Rabi oscillations for the subsystem depicted in (a), 5 oscillations for (b),
and 7 oscillations for (c). The synchronized three-level cycles then lead to complete separation of the enantiomers
into energetically separated levels, by applying a sequence of only three pulses, cf. Fig.[#.6] When choosing the
pulse amplitude and duration, it is important to realize that the subsystems undergo either all an even or all an odd
number of Rabi oscillations, so that they accumulate the same phase. Otherwise, the interference effects induced
by the third pulse will cancel each other.

In the present example, synchronized three-wave mixing with circularly polarized pulses improves the enantio-
selectivity from 80% for standard three-wave mixing with linearly polarized pulses to almost 100%, assuming no
thermal population in the two upper levels.

Our excitation scheme can easily be extended to rotational manifolds with larger j, since the manifolds can always
be broken up into isolated subsystems where three pulses are sufficient to energetically separate the enantiomers.
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Figure 4.7: Four (five) fields with frequencies w, w», and w3 are sufficient to ensure (enantiomer-selective)
evolution-operator-controllability for any rotational subsystem consisting of the levels with quantum numbers
(,7), (j + L,7’), and (j + 1,7”7). (a) The red and blue lines indicate the transitions induced by the interaction
Hamiltonians &,,, (iB;) and &,,,(iB,). The blue (red) lines alone represent the interaction Hamiltonians &, (iB)
(Ew, (iB-)). The green and purple lines present &,,,(iB3) (b) and &, (iB>) (c). Each of these lines represents one
of the matrices G:,;fr;l,.

The number of pulses and fields is thus independent of the number of degenerate states in the initial ensemble. The
duration of the first pulse may have to be longer (or its amplitude larger), since, for larger j, this pulse needs to
synchronize Rabi oscillations of more three-level cycles. However, this does not pose a fundamental difficulty.

4.5 Appendix: proof of Proposition 4.2.1]

We write the control problem w.r.t. the asymmetric-top representation ‘I‘im Thanks to the fact that the coefficients

ci (7) in (3:33) do not depend on m, when one writes the control operators B; w.r.t. the ‘I’i m» the summation over
these coeflicients only results in a common prefactor, which is not relevant for the generated Lie algebra, as it can be
factored out. Note further that the m-dependence of the control operators is solely determined by the m-dependence
in 341), (3:4.10), (3:411). This means that we do not need to compute explicitly the eigenvalues E7, nor to
express the eigenfunctions W/, ,,, of H as linear combination of symmetric-top eigenfunctions Simp (as we actually
did in the examples [4 and ) in order to express the control problem in the asymmetric-top representation. This
fact is quite remarkable and relies on the algebraic structure of angular momentum theory. Let us explicitly show
this for the representation of iB3 (decoupled at frequency ws) in the W7, basis (the other operators are computed
analogously): we have

. i . i+1 j +1 i+1 . j j+1 j
Bun(iBs) = D (WL B ) (W)W |+ (B ) (W (8

m==j,....j
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where the operator |¢)(¢| is the rank-one projector defined by [){¢|¢ := (¢, )@, for all ¥, ¢, o € L*(SO(3)).
Computing the matrix elements

Wity =( 3, Lhonm 3 el
—j<k<j —j-T<k<j+1
=[( + )* = m?]'/?

x 3 (i@l (k62 = i61) = e, (D (brada + i) () (62 + i61)
—j<k<j

=[G+ 1P =m0 (),

where we have used (3.4.1) and (3.4.11), and defined

[+ 1) = k]2 Gk DG+ k2]
PTG+ D[R]+ DQj+ 3

by = ,
PTG DI+ D)+ 3]
we see that C/(7,7"") is a common factor that does not depend on m. Moreover, plugging the information that k
is even or odd oply (cf. (B:3:3)), in the definition of C/(r,7”), we find that ei.ther C,’(ill = cﬁi =0or c]’;’l =0,
implying that C/(7, 7"’) depends on &3 or §; + id; only. Furthermore, when C/(r, 7”") depends on ¢, + 6}, using
the representation (3.3.2) (where there is the additional information that p = 0 or 1 only), one sees that C/(r, 7"")
actually depends on &; or 6, only. In this sense, we need to choose eigenstates P/ ,,, ‘I’frln and ‘I—’glm such
that the spectral gaps w, wy, w3 couple with all dipole components, say resp. 1, d2, 63 (and not only with 93, as
it may happen), but this assumption is always true, by possibly choosing a different 7. Summarizing, we have
Cl(r,7") = =63 X _jcrs) c]’{(r)c]’;l(r), and we remark that, as the dependence of the coefficients ¢, _(B) := ¢;(t)
and cij;],,(ﬁ) = ci” (r'") is analytic in the Wang asymmetry parameter b € [-1,0] (cf. @)), the coefficients
C/(r,7"") is also analytic in b and non-zero for a.e. b € [-1, 0] as long as c{( (b=0)#0and CI’:Tl(b =0) # 0and

thus | |
) s ' j+1 -y j+1 j
Eun(iBs) s Y LG+ 17 = mP 1 P PL I il + D = P 2 (e

m==j,...j

With similar arguments, we can express all the control fields as proportional to the following operators:

EwiB) = 6(NG+ DR+ DG, +Gor )+ i@+ DG, +GT )
45.1) bt VG L+ G )+ (G G ),

EuniB2) = 61(NG+ D@+ DFT )+ FE ) +NG@I+ DFS, +FE)
4.5.2) bt VBFE L FT ) CE  FT L)),

EaniB) = &(NG+ D@+ DG )+ Grr) + iR+ DG, + G )
(4.5.3) + 4 \/§(—GJT.’_TI':]._2 + ijT:l’_jﬂ) + (—Gj’.:}jl + Gf]fijﬂ)),

EunliBy) = S3(N27+ 1FT 4 FET ) 4 AT, L+ FET )
(4.5.4) + ...+(j+1)F(;g").

Labeling the three rotational levels by 7, 7/ and 7"/, we denote the matrices that describe the interaction between

J J+1 7,7 7,7’ . . J J+1 7,7
the states ¥ ,,, and ‘I’T,’ v 88 G o’ and F I and the interaction between the states ¥; ,,, and ‘I’T,,, oy 88 G o’ and

F ;:1 The colored lines in Fig. indicate which of the rotational states are connected.
We denote
L := Lie {iH, 8y, (iB1), Ew, (iB2), E, (iB2), s (iB3)}

and we prove part (i) in several steps.

Step 1: Isolating the basis elements occurring in &, (iB;) and &, (iB>)

Recalling the action of the operator W; (cf. (3.4.3)), we consider
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8&)1 (IB+) = 80)1 (IBI) + W16w1 (IBZ))

1
5 (
(4.5.5) - 51(\/(j+ D@j+ DG +j@+ DG+ +V3GTT .+ G ]+1)
and
) 1 , .
Eu (iBo) = > (8w, (iB1) = W&, (iB2)

(4.5.6) = (NG DT+ DG ) + TR+ DG, |+ .+ V3G, +GTT ),

Operators in Egs. (#.3.5) and (#.3.6)) contain only those matrices which correspond to the blue and red lines in
Fig.(a). Using the abbreviations adZ”B = [A, ad’, B] and ang = B, we find

A : T,T TT 2S+l TT TT
ad%vsw(IB+)8wl(1B+)oc(\/(]+1)(2]+1 G”H+\/J(2J+1 GJU. +V3GET L+ G ;+1)

fors =0,...,2j. We can thus write

ady, £, (5. En (1B+) G
adiy e (i) S (iB+) G
4.5.7) : _vy :
adéi]’l Ew, (iBy) o, (iB+) GTJT+1 —j+2
adl) s i, Eon(iB2) G
with
VG +D2j+1) ViQj+1h) o VB
VGrD@i+D i@+ - V3
wss) b «/<j+1)(2j+1>5 ViGi+ 1 V3 |
\/(J+1)(2J+1) @i V3!
Virnei+n" igi+n NEA

Since V is a Vandermonde matrix, its determinant is given by the product of the sum and the difference of every
pair of the coefficients in the first row. Noticing that those coefficients form a positive, strictly increasing sequence,
we see that they are all different. Thus V is invertible, and we find that

7,7’ T,7’ 7,7 7,7’
Gj j+]’Gj 1" G —j+1,—j+2’ G—j,—j+1 € L’

(4.5.9)
Replacing &,,, (iB.+) by &, (iB-) in Eq. (@.5.7), we find analogously that

GTT GTT GTT GTT
—5=(+1) T =j+L=j? J-Lj-2 7 jj-1

(4.5.10)

We have thus shown that each of the basis elements indicated by the blue and red lines in Fig.[4.7)is an element of
L.

Step 2: Isolating the basis elements occurring in &, (iB3)

We now reproduce the previous argument for the operator E,,,(iB3). Replacing &, (iB) by &,,,(1B3) in Eq. (4.3.7),
and noticing that in this case the sequence of coefficients in the first row of the corresponding matrix V is positive
and strictly decreasing, we find that

F—TJT—] FTT FTJ-IJ;] —j+1 FTT} 1’
“4.5.11) ...,FOTOT eL,
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Figure 4.8: Illustration of the double commutator Eq. (#.5.14): The commutator between G=; _,, + Gy, (green

lines) and GIT\;IT;VI 41 (blue line) results in the basis element indicated by the gray line. The commutator between the

basis elements represented by the gray and blue lines then results in G}, , (right green line) alone.

J+1,7"

e 7~ 7~ 7

N T

Figure 4.9: Illustration of the double commutator between &,,,(iB;) and the basis elements (4.5.14)), depicted

as green lines: The double commutator between &,,,(iB;) and Gz;: results in an operator, which contains the
three purple lines shown in the left panel. The four purple lines in the next panel depict the result of the double

commutator between &,,,(iB;) and Gi’jTH _j+1»and so on.
and commuting with iH also that
7,7 77" 1,7 7,7
Gl * Gy O + Ol
(4.5.12) G e L,

To separate the sum over m from that over —m in {@.5.12)), we take double commutators with matrices the of

Eq. (¢5.9), that is,

@313 (650 + G G| G| = =G
which is also illustrated in Fig.[4.8] Thus
(4.5.14) G~ L. GTT el

J>—J J>J

i.e., all basis elements indicated by the green lines in Fig.[4.7(b) are elements of L. Note, that instead of calculating
the double commutators as in Eq. @.5.13), one could also graphically deduce the basis elements: The double
commutator between a linear combination of basis elements (indicated by the green lines in Fig. @.8)), and a single
basis element (indicated by the blue line) contains only those basis elements of the linear combination, which have
a common vertex with the single basis element. We will extensively use this technique in the following steps of the
proof.

Step 3: Isolating the basis elements occurring in &,,, (iB)

Next, we isolate the basis elements that occur in interaction Hamiltonian &,,,(iB>), i.e., the purple lines in Fig.c),
by means of a graph proof. Taking double commutators of &, (iB;) with the basis elements obtained in Eq. (4.3.12),
we can isolate 2j + 1 groups of interactions within &,,,(iB2), where each group is centered around the transition

(yr.m) e (G+1L,7"m), m=—j,...,j.
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Figure 4.10: A linear combination of the basis elements depicted by the (light and dark) purple lines is an operator
€ L. The basis elements depicted by the dark purple lines in (a), (b), and (c) can be isolated by calculating the
double commutator with the basis element depicted by the blue (a, c) and red (b) lines.

This is illustrated in Fig. @9). We find for all m # %,

. ” ” 1 . . . 7" 1 . . .7
sis ||aniBo G5 i | = - \/ SG+m+ DG +mGT, - \/ SU+me2)(+m+ DG

+ \/%(j —m+1)(j-mGLT+ \/%(j —m+2)(j-m+ DGLT
with the resulting four matrices indicated by the purple lines in the second panel from the left in Fig. 4.9} If m = —j,
4516  |[8w(iB2. 67| 6| = NG DRI DG + Vi@ DG, -G
where three generalized Pauli matrices are shown as purple lines in the left panel of Fig.[4.9] Finally, if m = j,
45.17) Ham (iBy), G;.;;"] , G;;;”] = G+ D@j+ DG, ~Nj2j+ DG, + G

with the three matrices shown in the right panel of Fig. .9]

Next, we show by induction on m that each of the purple lines in Fig. £.9] can be isolated. As basis for the
inductive argument, we first show that the transitions around (j,7,—j) < (j + 1,7",—j) and (j,7,—j + 1) &
(j + L,7”,—j + 1), indicated by the purple lines in the left and second-left panel of Fig.[#.9] can be isolated. We
then carry out the inductive step, that is, we prove that, if we can isolate each of the four basis elements around
the transition (j, 7,m) < (j + 1,7”,m), then we can do the same for the basis elements around the transition
(,om+1) o (7, m+ 1) forallm < j — 1.

Step 4: Basis of induction

Since Gz’;l _j+2 € L. cf. Eq. @5.9), we start by computing the double commutator of @.5.16) with Gz’jil 2
As indicated in Fig. f-10(a), this operation yields
(4.5.18) Gl €L.

Moreover, according to Eq. (#3.10), we can compute the double commutators of @35.13) for M = —j + 1 with

G:,.T’/_J._l. The action of this double commutator is depicted in Fig. b) and results in

(4.5.19) G €L,

Taking the double commutator of @.5.15) for M = —j + 1 with G:]":/-Z,—j .5 We find that

(4.5.20) GRS

which is illustrated in Fig. £.10{(c). Now, subtracting a suitable linear combination of Eqs. #.5.18), (¢.5.19), and

#320) from @@3.13)) for m = —j + 1 results in

4.5.21) G~ eL

—j+l—jr2 S
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Figure 4.11: The dark purple lines are part of the set of basis elements centered around the (j, 7, M) & (j+1, 7", M)-
transition as well as of the set of basis elements centered around the (j, 7, M + 1) < (j + 1,7”/, M + 1)-transition.

We have thus shown that the generalized Pauli matrices corresponding to the four purple lines in the second-left
panel of Fig. 4.9 can be isolated. Subtracting a suitable linear combination of Eqs. (¢.5.18) and #.5.19) from

#@.5.16), we find that
(4.5.22) G°7' eL.

—Jj,=j-1
Thus, also the three generalized Pauli matrices indicated by the purple lines in the first panel of Fig. 4.9 can be
isolated. This concludes the basis of the induction.

Step 5: Inductive step

We now prove the inductive step, that is, if we can isolate each of the basis elements presented by the four lines
around the transition (j, 7, m) < (j+1, 7”7, m), then we can do the same with the basis elements around the transition
(,t,m+1) o (+ 1L,v",m+1)for all m < j — 1. Indeed, inspection of Fig. reveals that the transitions
(,om) o G+ 1L, 77, m+1)and (j,r,m+ 1) & (j + 1,7”/, m) are common for both sets of transitions. Thus the
inductive hypothesis implies that we are left to show that the sum of basis elements

1 . . o
\/5(1 +m+3)(j +m+2)GW’l+1’er2

1. . "
+ \/5(] -m)(j—m-— I)G;:z,m+1 eL

can be separated. This can be done by taking double commutators with G;Lm .3 € L and G;’:Lm €L, as
illustrated in Fig. f.12] Thus, it remains to be shown that the basis elements depicted by purple lines in the right
panel in Fig. 4.10] can be isolated. Since it has already been shown that the basis elements corresponding to the
transitions (j,7,j— 1) & (j+ 1,7”7,j)and (j,7,j) & (j+ 1,7”,j — 1) can be isolated, the remaining basis element
corresponding to the transition (j, 7, j) <> (j + 1,7”, j + 1) can be isolated by subtracting these two elements. We
have thus demonstrated that all generalized Pauli matrices appearing in &,,,(iB>), i.e. all basis elements depicted

by purple lines in Fig. [d.7(c) are in L. From here one easily concludes the proof of part (i).

Proof of part (ii)
After showing that each single enantiomer is controllable with a set of four fields, we now add
. Ew,(1By) 0
XY\ — w2
(4.5.23) Euw,(iB)") = 0 _&.,aB) |°

where [ € {1, 2,3}, assuming that the sign inversion is in the dipole component 6;” = —6;_) . We then apply Lemma

here K = 2 is the number of enantiomers, which we denote by (+) and (-), the two Hilbert spaces are C%*7,
m = 5 is the number of interaction Hamiltonians, and

HY = H=H, HY=H"=8,)

HY = H =8,(B), HY =H =&,,(B).
HY = HY =8,,(By), HY =—H = &,,(8).
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Figure 4.12: A linear superposition of the basis elements depicted by the (light and dark) purple lines is an operator
€ L. The basis elements depicted by the dark purple lines in both panels can be isolated by calculating the double
commutator with the basis element depicted by the blue and red lines.

We will prove enantiomer-selective controllability by showing that L¢"7¢! contains operators of the form A®0,
with A # 0. This means that the control can induce a nontrivial unitary transformation acting on the first enantiomer
while inducing the identity on the second one. Lemma[3.2.4]guarantees that this is enough to establish simultaneous
evolution operator-controllability. Indeed, if an isomorphism f between su(6; + 7) and itself were to match the
condition of Lemma [3.2.4]then it would necessarily verify f(A) = 0, which is impossible because A # 0 and any
isomorphism is injective.

We denote
LX := Lie {iH*, &, (iBY ). Ew, (iB) ). E; (iBY ), 0y (iBY ). Ey (B},

and we are left to prove that LY contains operators of the form A @ 0, with A # 0. So far we proved that

L . . . ‘ A0 .
Lie{iHY, Eq, (BY), Eary (iBY), Ery (1BY), Ery (iBY)} = { ( ) A) | A € su(6) + 7)},

and in particular that
( Eu, (iBy) 0 ) c LY.

0 Ew, (iBy)
Thus,
Ew, (iBy) 0 + Ew, (iBy) 0
0 —Ew, (iBy) 0 Ew, (iBy)
[ 284,1B;) 0 X
‘( 0 O)EL’

which concludes the proof.
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Chapter 5

Non-self-adjointness of the curvature
Laplacian on 2D almost-Riemannian
manifolds

In this Chapter we study the self-adjointness of a geometric perturbation of the Laplace-Beltrami operator on
two-dimensional almost-Riemannian structures (ARSs for brevity) of step 2.

ARSs can be seen as generalizations of the Grushin plane. They are generalized Riemannian structures for
which the vectors of a local orthonormal frame can become parallel. Under the 2-step assumption the singular set
Z, where the structure is not Riemannian, is a 1D embedded submanifold. While approaching the singular set, all
Riemannian quantities diverge. A remarkable property of these structures is that the geodesics can cross the singu-
lar set without singularities, but the heat and the solution of the Schrédinger equation (with the Laplace-Beltrami
operator A) cannot. This is due to the fact that (under a natural compactness hypothesis), the Laplace-Beltrami
operator is essentially self-adjoint on a connected component of the manifold without the singular set (as recalled in
the Introduction, Theorem[I.6.2] proved in [30])). In the literature such phenomenon is called quantum confinement.

Here, we study the self-adjointness of the curvature Laplacian, namely —A + cK, for ¢ > 0, where K is the
Gaussian curvature, which originates in coordinate-free quantization procedures (as for instance in path-integral or
covariant Weyl quantization). The Chapter is devoted to the proof of Theorem [5.1.1] which states that there is no
quantum confinement for this type of operators.

It is organized as follows: in Section[5.1] we recall the main original results of the Chapter, already described in
the Introduction. In Section[5.2] we recall some key definitions and results for 2-ARS. In Section[5.3] we introduce
the basic concepts to study the self-adjointness of symmetric operators and give a proof of an original results on
the quantum confinement of curvature Laplacians on @-Grushin surfaces, & € R (see Proposition[5.1.2)). The proof
of Theorem spans Sections [5.4]and[5.5] A local version around a singular region is studied in Section
where a description of the closure and adjoint curvature Laplacian operators is given. The main tools needed for
our proof are a characterization of the closure of inverse square potential perturbations of the Laplace-Beltrami on
2D-ARSs recently found in [20], and Sturm-Liouville theory applied here in the context of 2D operators. We then
extend the results on the whole manifold in Section[3.3]

The results of this chapter are in the paper [21]].

5.1 Main results

The main original result of the Chapter reads as follows:

Theorem 5.1.1. Let M be a compact oriented 2-dimensional manifold equipped with a genuine 2-step 2-ARS. Let
Q be a connected component of M \ Z, where Z is the singular set. Let g be the Riemannian metric induced
by the 2-ARS on Q, w be the corresponding Riemannian area, K the corresponding Gaussian curvature and
A = div,, o grad, the Laplace-Beltrami operator. Let ¢ > 0. The curvature Laplacian —A + cK with domain

Cy (), is essentially self-adjoint on L*(Q, w) if and only if c=0. Moreover, if ¢ > 0, the curvature Laplacian has
infinite deficiency indices.

To illustrate that results are in general different if one removes the 2-step assumption, we also study the self-
adjoitness of the curvature Laplacian on the @-Grushin cylinder, which for @ € N in particular is a (@ + 1)-step
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ARS:
Proposition 5.1.2. Fix @ € R. OnRx S consider the generalized Riemannian structure for which an orthonormal
frame is given by

0 0
Xi(x,y) = P Xéa)(x, y) = x"a, here x €R, y e S'.

Let ¢ > 0. On R* x S! the structure is Riemannian with Riemannian area #d}c dy. Let —Ay + cK, be the

curvature Laplacian with domain C°(R* x S Y acting on L*(R* x S', <= dx dy). Denote by

> |X|(l

(—2c+1)i2\/(c—2+\/§)(c—2—\/§)

e = dc—1
o [f0<c<1/4 —Ay + cK, is essentially self-adjoint if and only if @ > @+ or @ < ac,—;
o ifc=1/4, —Ay + cK, is essentially self-adjoint if and only if @ > 3;
eifl/d<c<2- V3, —Aq + cK, is essentially self-adjoint if and only if o - < @ < @ +;
°if2— V3<c<2+V3, —Aq + cK, is not essentially self-adjoint Va € R,
eifc>2+ V3, —Ay + cK, is essentially self-adjoint if and only if a¢- < @ < ¢ +;

The proof of Proposition [5.1.2] which is instructive since it is simple and presents already some crucial
ingredients necessary for the general theory, is given in Section[5.3]

5.2 2D almost-Riemannian structures

Definition 5.2.1. Let M be a 2D connected smooth manifold. A 2-dimensional almost-Riemannian Structure
(2-ARS) on M is a pair (U, f) as follows:

1. U is an Euclidean bundle over M of rank 2. We denote each fiber by U, the scalar product on U, by (- |-),
and the norm of u € Uy as |u| = /(u|u)q.

2. f: U — TM is a smooth map that is a morphism of vector bundles i.e., f(U,) € T,M and f is linear on
fibers.

3. the distribution D = {f(0) | o : M — U smooth section}, is a family of vector fields satisfying the
Hormander condition, i.e., defining Dy := D, Dy = D; + [Dy, D;], fori > 1, there exists s € N such that
Dy(q) =Ty M.

A particular case of 2-ARSs is given by Riemannian surfaces. In this case U = TM and f is the identity.
Let us recall few key definitions and facts. We refer to [4] for more details.

e Let D, = {X(p) | X € D} = f(Uy,) € Tp,M. The set of points in M such that dim(D,) < 2 is called
singular set and it is denoted by Z. Since D satisfies the Hormander condition, the subspace D), is nontrivial
for every p and Z coincides with the set of points p where D is one-dimensional. The 2-ARS is said to be
genuine if Z # 0. The 2-ARS is said to be 2-step if for every p € M we have D, + [D, D], =T, M.

* The (almost-Riemannian) norm of a vector v € D), is

VIl := min{|u|, u € U, s.t. v = f(p,u)}.

¢ An admissible curve is a Lipschitz curve y : [0,7] — M such that there exists a measurable and essentially
bounded function u : [0,T] 3 t +— u(t) € Uy, called control function, such that y(t) = f(y(z), u(t)), for a.e.
t € [0,T]. Notice there may be more than one control corresponding to the same admissible curve.

e If y is admissible then + — ||y(f)|| is measurable. The (almost-Riemannian) length of an admissible curve
v:[0,T] » M is

T
() = /0 y(0)ldr.
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* The (almost-Riemannian) distance between two points pg, p; € M is

d(po, p1) = inf{€(y) |y : [0,T] — M admissible, y(0) = po, y(T) = p1}.

Thanks to the bracket-generating condition, the Chow-Rashevskii theorem guarantees that (M, d) is a metric
space and that the topology induced by (M, d) is equivalent to the manifold topology.

* Given a local trivialization Q x R? of U, an orthonormal frame for the 2-ARS on Q is the pair of vector fields
{F1, F2} :== {f o o1, f o o} where {071, 0%} is an orthonormal frame for (- | -), on Q X R? of U. On a local
trivialization the map f can be written as f(p, u) = u; Fi(p) + uF>(p). When this can be done globally (i.e.,
when U is the trivial bundle) we say that the 2-ARS is free.

Notice that orthonormal frames in the sense above are orthonormal frames in the Riemannian sense out of
the singular set.

* Locally, for a 2-ARS, it is always possible to find a system of coordinates and an orthonormal frame that in
these coordinates has the form

(5.2.1) Fl(xd’):( (1) ) FZ(x’y):( f(x(?y) )

where f : Q — R is a smooth function. In these coordinates we have that Z = {(x,y) € Q | f(x,y) = 0}.
Using this orthonormal frame one immediately gets:

Proposition 5.2.2. The 2-ARS is 2-step in Q if and only if for every (x, y) € Q such that f(x, y) = 0, we have
Oxf(x,y) # 0.

Moreover, the implicit function theorem applied to the function f directly implies:

Proposition 5.2.3. If the 2-ARS is genuine and 2-step then Z is a closed embedded one dimensional
submanifold.

In particular if Z is compact, each connected component of Z is diffeomorphic to S'.

e Out of the singular set Z, the structure is Riemannian and the Riemannian metric, the Riemannian area,
the Riemannian curvature, and the Laplace-Beltrami operator are easily expressed in the orthonormal frame

given by (5.2.1):

1 0
(522) 8(x,y) = 0 1 >
flx,y)?

1
(523) W(x,y) = mdx dy,

- f(x’ y)a)%f(x’ y) -2 (axf(xs y))Z

524 K(x, : ,
(5.2.4) (%, y) 2
(5.2.5) A =07 +0; - gé‘x +1(0y)dy.

* To prove the main results of this paper, the following normal forms are going to be important.

Proposition 5.2.4 ([6l]). Consider a 2-step 2-ARS. For every p € M there exist a neighborhood U of p, a
system of coordinates in U, and an orthonormal frame {X,, X,} for the ARS on U, such that p = (0,0) and
{X1, X2} has one of the following forms:

9 d
Fl. Xl(x, y) = a, Xz(x’ y) = e¢(xvy)5’

_6 P(x y)_a
F2. Xi(x,y) = F Xo(x,y) = xe?™ By’

where ¢ is a smooth function such that ¢(0,y) = 0.
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A point p € M is said to be a Riemannian point if D), is two-dimensional, and hence a local description around
p is given by F1. A point p such that D,, is one-dimensional, and thus D,, + [D, D], is two-dimensional, is
called a Grushin point and a local description around p is given by F2.

When M is compact orientable, each connected component of Z is diffeomorphic to S' and admits a tubular
neighborhood diffeomorphic to R x S!. In this case the normal form F2 can be extended to the whole
neighborhood.

Proposition 5.2.5 ([30]]). Consider a 2-step 2-ARS on a compact orientable manifold. Let W be a connected
component of Z. Then there exist a tubular neighborhood U of W diffeomorphic to R x S', a system of
coordinates in U, and an orthonormal frame {X1, X2} of the 2-ARS on U such that W = {(0,y), y € §'} and
{X1, X2} has the form

0 0
(526) Xl ()C, y) = —, XQ(X, y) — xe¢>(x,y)_.
ox 6y

5.3 Self-adjointness of operators

Let A be a linear operator on a separable Hilbert space H, (-, -)¢r. The linear subspace of H where the action of
A is well-defined is called the domain of A, denoted by D(A). We shall always assume that D(A) is dense in H.
Following [100], we recall several definitions and properties of linear operators:

e A is said to be symmetric if (Au, v)q = (u, Av)qy for all u,v € D(A).
* A is said to be closed if D(A) with the norm || - [|a := || - |l + ||A - ||l is complete.

* A linear operator B, D(B) such that D(A) C D(B) and Bu = Au for all u € D(A) is called an extension of
A. In this case we write A C B.

* If A is symmetric and densely defined, there exists a minimal closed symmetric extension A of A, which is
said to be the closure of A. We describe this construction: take any sequence (u,,), C D(A) which converges
to a limit u € H, and for which the sequence (Au,), converges to a limit w € H. Then, by symmetry of A,
we have that

5.3.D W, Vg = lim (Auy, vYgr = lim (uy,, Av)qr = (u, Av)g, Vv € D(A).
n—oo n—oo

Since D(A) is dense in H, w is uniquely determined by u. The closure of A is defined by setting Au =w,
and the domain D(A) is the closure of D(A) with respect to the norm || - [[4. One can easily see that A is
closed, symmetric, and any closed extension of A is an extension of A as well.

e Given a densely defined linear operator A, the domain D(A*) of the adjoint operator A* is the set of all
v € H such that there exists w € H with (Au, v)¢; = (u, w)g for all u € D(A). The adjoint of A is defined
by setting A*v = w.

e A is said to be self-adjoint if A* = A, that is, A is symmetric and D(A*) = D(A).
* A is said to be essentially self-adjoint if its closure is self-adjoint.
« If B is a closed symmetric extension of A, then A € A € B C A*.

« If a densely defined operator B is such that D(A) c D(B) and there exist a, b > 0 such that
(5.3.2) [|Bul| < allAu|| + D||u]l, Yu € D(A),

then B is said to be small with respect to A. The infimum of the set of @ > 0 such that (5.3.2) holds is called
the A-bound of B. If a can be chose arbitrarily small, B is said to be infinitesimally small w.r.t A.

We will need the following classical result in perturbation theory:

Proposition 5.3.1 (Kato-Rellich’s Theorem). Let A, B be two densely defined operators and assume that B is small
with respect to A. Then D(A) C D(A + B). If moreover a < 1 in (3.3.2), then D(A) = D(A + B).
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To study the self-adjointness and more in general describe the extensions of a symmetric operator A, one has
the fundamental Von Neumann decomposition ([[100, Chapter X])

(5.3.3) D(A*) = D(A) @4 ker(A™ + 1) @4 ker(A* — i),

where the sum is orthogonal with respect to the scalar product (-, )4 = (-, -)gr + (A", A*-)gy. As a first direct
consequence of (5.3.3), one has the fundamental spectral criterion for self-adjointness:

Proposition 5.3.2. Let A, D(A), be a symmetric operator, densely defined on the Hilbert space H. The following
are equivalent:

(a) A is essentially self-adjoint;
(b) Ran(A +1i) is dense in H;
(c) ker(A* i) = {0}.
¢ The dimensions of the vector spaces ker(A* + i) and ker(A* — i) are called deficiency indices of A.

Always using (5.3.3)), one can deduce that A admits self-adjoint extensions if and only if its deficiency indices are
equal ([100, Corollary to Theorem X.2]).

Another immediate consequence of (5.3.3) is the following fact concerning 1D operators: let A be a 1D Sturm-
Liouville operator —;—; + V(x), where V is a continuous real function on R*, acting on L*(R*, dx) with domain
Cy (R™) (for a general introduction to 1D Sturm-Liouville operators, see e.g. [102, Chapter 15]). Then, since the
eigenvalue equation

—u"(x) + V(x)u(x) = +iu(x)

has always two linearly independent solutions, the quotient D(A*)/ D(A) has at most dimension four. Moreover,
let us recall the limit point-limit circle Weyl’s Theorem (see, e.g, [100, Appendix to Chapter X.1]) which says that
the self-adjointness of a 1D Sturm-Liouville operator can be deduced by regarding the solutions to the ODE

(5.3.4) —u”"(x) + V(x)u(x) = 0.

* If all solutions to (3.3.4) are square-integrable near O (respectively oo), then V is said to be in the limit circle
case at 0 (resp. co). If V is not in the limit circle case at 0 (resp. o), it is said to be in the limit point case at
0 (resp. o).

Proposition 5.3.3 (Weyl’s Theorem). The operator —dd—; + V(x) with domain C°(R*) has deficiency indices
® (2,2) if V is in the limit circle case at both 0 and oo;
o (1,1) if V is in the limit circle case at one end point and in the limit point at the other;
e (0,0) if V is in the limit point case at both 0 and .

In particular, —j—; + V(x) is essentially self-adjoint on L>(R*, dx) if and only if V is in the limit point case at both
0 and oo.

Some useful criteria to determine whether a potential V is in the limit point or limit circle case (it is also said to be
quantum-mechanically complete or incomplete, respectively) at 0 and co are the following:

Proposition 5.3.4. Let V € C'(R*) be real and bounded above by a constant E on [1,0). Suppose that
f]m L__dx = coand V' |V|*/? is bounded near co. Then V is in the limit point case at co.

VE-V(x)

Proposition 5.3.5. Let V € C°(R") be real and positive near 0. If V(x) > & near O then V is in the limit point

case at 0. If for some € > 0, V(x) < (% - E)ﬁ near 0, then V is in the limit circle case at 0.

Proposition 5.3.6. Let V € C(R™) be real, and suppose that it decreases as x | 0. Then V is in the limit circle
case at 0.

Weyl’s Theorem and these criteria are, respectively, [[L00, Theorem X.7, Corollary to Theorem X.8, Theorem
X.10 and Problem X.7 ].
Here we give the proof of Proposition [5.1.2] which makes use of the limit point-limit circle argument.
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Proof. of Proposition m The Laplace-Beltrami operator (with domain Cg® (R* x S')) and the curvature asso-
ciated with the orthonormal frame X, Xé“) are given by
0? 0? 0 +1
a K a(a )'

Ao =~ +x2— = w=-

dx? 9y?  xox’ x2

We perform a unitary transformation

U LZ(R+ w st gy dy) S 2R x S\ dxdy), ¢ — |x|"y,

| x|
which gives the operator

o2 o (1- 4C)a/2 + (2 -4c)a
— -1 _ 2.
Lo = Ual=Ba + Kol = =575 = aﬁ_yz " 4x2 :

Via Fourier transform with respect to the variable y € S', one considers the direct sum operator

~ 9? 1 —4c)a? + (2 —4c)a
La/,c = EBkeZ(La,c)k, (La,c)k = a2 + x2ak2 + ( ) 2( ) s
0x 4x
acting on the Hilbert space £2(L*(R*)), with domain Z)(ZQ,L.) = {(fkez € CL*RY)) | fi € D((La.c)x) Vk €

Z, fr = 0 for almost every k}, where D ((L(,,C)k) = Cy°(R™) for all k. Moreover, as a general fact concerning direct

sum operators, Za,c is essentially self-adjoint if and only if (L, )« is so for all k ([34] Proposition 2.3]). Let us thus

study the essential self-adjointness of (L, )o: it is a Sturm-Liouville operator of the form —;—; + Vg, c(x), where
(1-4c)a®>+(2-4c)a  k(a,c)

(5.3.9) Va,c(x) = =: 5

4x2 X

The potential V,, . is quantum-mechanically complete at inﬁnity, for all (@, ¢) € R X [0, c0) (as one can check by
applying Proposition[5.3.4). So, applying Propositions[5.3.5]and [5.3.6] we can conclude that (L, )o is essentially
self-adjoint if and only if Vj (x) > 4% near zero, since V(, «(x) = k(a, ¢)/x* and when k(a,c) < 0 then V.
decreases for x | 0. By using the explicit formula (5.3.5) for V,, ., we obtain k(a, ¢) > 3/4 which yields the values
of (@, ¢) given in the statement. For what we said before, when (L, )o is not essentially self-adjoint, neither is so
Za,c. Finally, when (Lg,)o is essentially self-adjoint, then

_ 2 _
202 (1-4c)a”+ (2 -4c)a > i
4x2 4x2
80 (Lg,c )k is essentially self-adjoint too, for all k, and hence Za,c is so. ]

Remark 5.3.7. As aby-product of the proof of Proposition we obtain that for the Grushin cylinder (@ = 1) with
¢ > 0 all Fourier components of —A; + cK are not essentially self-adjoint, due to the inequality x>k + (% - 2c)x—l2 <

& which holds near zero for all k € Z. Hence —A| + ¢K has infinite deficiency indices, for any ¢ > 0. Theorem
B.I.1] extends this result to any two-dimensional almost Riemannian manifold of step 2 (under some natural
topological assumptions).

However, from this proof we can also point out that this is not always the case for the a-Grushin cylinder, as
for instance in the case of a flat cone (@ = —1) with ¢ > 0 (note that this is not an ARS). In that case, the inequality
(k% - 4) T 2 -3 implies that the k-th’s Fourier components of —A_; + ¢cK_; are essentially self-adjoint for all

k # 0, even 1f (=A_1 + cK_1)p is not. This means that —A_; + cK_; has deficiency indices equal to 1, for all ¢ > 0.

We conclude this Section by considering a Riemannian manifold (M, g) without boundary, with associated
Riemannian volume form w, and Laplace-Beltrami operator A = div,, o grad, acting on the Hilbert space L*(M, w),
with domain D(A) = C°(M). Green’s identity implies

@) fM ulvdow= fM Auv dw, forallu,v € CS"(M), i.e., A is a symmetric operator.
(i) D(AY) = {u € LA (M, w) | Au € L*(M, w) in the sense of distributions}.

Letting F be a real-valued continuous function locally L>(M, w) seen as a multiplicative operator with domain
Cy (M), (i) and (ii) still hold true for the operator A + F instead of A.

Remark 5.3.8. Being A + F areal operator (that is, it commutes with complex conjugation), its deficiency indices
are equal ([ 100, Theorem X.3]) and thus it always admits self-adjoint extensions.
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5.4 Grushin zone

We focus now our attention around a Grushin point. We thus define the Riemannian manifold Q = {(x,y) €
R x S' | x # 0} with metric g = diag(1, x 2e~2#Y)), where ¢ is a smooth function which is constant for large
|x| . The smoothness of ¢ is guaranteed by Proposition and even if it is only defined locally, we extend
it constantly in the coordinates (x, y), since what matters is the analysis close to x = 0. Note that X;, X, given
by Proposition [5.2.4] (F2) is an orthonormal frame for g. We then consider also the two connected components
Q, ={(x,y) eRxS'|x>0}and Q_ = {(x,y) € Rx S' | x < 0}. We start by proving the following key result:

Theorem 5.4.1. Consider the Riemannian manifold (Q., g), with associated Riemannian volume form w, curvature
K and Laplace-Beltrami operator A. Let ¢ > 0. Consider the curvature Laplacian —A + cK, with domain C°(€4),
acting on L*(Q., w). Then for every € > 0 there exists a function he . € L*(Q., w) N C®(Q) such that

(i) hece € D((—A + cK)¥);
(ii) hee ¢ DA+ cK);
(iii) supp(he.c) € (0,€) x S'.

In particular, —A + cK is not essentially self-adjoint (here ¢ > 0). The same conclusions hold if we replace Q.
with Q_ or Q.

What we can actually prove is the following stronger version of Theorem [5.4.1}

Theorem 5.4.2. With the same notations of Theorem dim D((—A + cK)*)/D(-A + ¢cK) = 0, i.e., —A + cK
has infinite deficiency indices.

The proofs of Theorems[5.4.T|and [5.4.2)span Sections[5.4.T)and[5.4.3] where we shall describe respectively the
closure and the adjoint of —A + cK.
5.4.1 Closure operator
We shall work on the manifold Q., being the case Q_ analogous. Then the statement for Q follows from the

decomposition L*(Q, w) = L*(Q_, w) &* LX(Q,, w).

For a metric g of the form diag(1, f(x, y)=2), plugging f(x, y) = xe?™®) into (5.2.3), (5.2.4), and (5.2.5) one has
the following:

Wixy) = 5y dxdy,

2 20x¢(x.y)
X

Ky =-= +020(x, y) — (x(x, )%,

A=87+ x262¢(x’y)5y2 - iﬁx — Oxp(x, y)0x + 0y (x, y)x262¢(x’y)8y.
We perform a unitary transformation
34D U: LX(Qy,0) = LA(Qy, dxdy), ¢ (xe?)™ 2y,
and the corresponding transformed Laplacian is given by

L=UAU"!

3 g 1 1 3 1
_ 92 2 2¢ a2 2.2 X 2 2 2 22 2792 2
= 6x + x“e ¢6y +2x°e ¢(6y¢)6y - m - E - Z(ax¢) + §0x¢ + Zx (6y¢) e 4 + E}C (6y¢)e ¢.

We shall analyze the self-adjointness of the operator

—L+cK =U(-A+cK)U™!

1 1-dcag (1 ,
R PR 20

3
= —B)% - x262¢8y2 - 2x262¢(6y¢)6y + (4_1 - 2c)

N2, 30 226 1 o0\ 94
+ (c 2)8x¢ 2 (Oyp)-e 7% (05 ¢)e
5.4.2) =H,. +ne,
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where we have defined the operator

3 1 1 —4c\ 0x¢

82 22692 5 226 2 5\ 1L Ox®

(5.4.3) H, = -9% - 223 2xe(@@@+(4 %L2+(2 )x
and the multiplicative operator

_ (] 2 I\ 35, 200 L 200

(5:44) Ne = (3= ¢) @0 + (c = 5)820 - 332,07 - Sx(@}0)e™.

both with domain C;°(€2,), acting on the Hilbert space L?*(Q,, dxdy) =: L*(Q,). For later convenience, we also
define the operator

3 1
T, = —0 -x ez¢82 - 2x262¢(0 $)0y + (Z - 2c) -, D)= Cy(Q), actingon L(Q,),
x
and
a3 1 o :
(5.4.5) Se = —E + (Z - 2C) ;, D(Sc) = C() (Q,), acting on Lz(QJr).

2
As a 1D operator, —% + (3—1 - 2c) L is usually called inverse square potential Hamiltonian, or Bessel operator,
X X

and its closed extensions have been largely studied in the recent literature both for real and complex values of ¢
(see, e.g., [12,147] and reference therein). In particular, the domain of its closure is known:

Proposition 5.4.3. (/47| Theorem 4.1, Lemma 4.2]) Let c>0 and consider the 1D operator

5.4.6 N ERPAN - PR
(5.4.6) Ser=——a |17 2 D(sc) = Gy (RY),

acting on L*(R*, dx). Then, D(s¢) = Hg(Rﬂ dx).
Moreover the following inequality holds

f

(5.4.7) 3

1 o
< llsefllagey,  VF € CRR"),
L2(RY) ¢

In order to describe the space D(—L + cK), for all ¢ > 0, we apply a general result on inverse-square potential
perturbations of the Laplace-Beltrami operator on 2D-ARS. Consider the vector fields

0 0
Yi(ny)=x—, hxy) =x"— (xy) eQ,
ox ay

and define the Sobolev space HIZG Y (Q+, @) as the completion of C;°(Q,) w.r.t. the norm

1y | (. za) = Wl g asas Zanan )+ > 16012 g

i=1,2 i,j=1,2

dxdy dxdy
Moreover we write u € xHY Y (Q+, —) ifu/x € H Y Y (Q+, T)

Proposition 5.4.4. (/20| Theorem 1.1]) Let A be the Laplace-Beltrami operator of (Q+, g) with domain C;°((0, €] x
SY, for € > 0. Suppose that h € C*(Q..) is such that h(0, -) does not have zeroes. Then,

7 , dxdy
D (—A + ;) = XHYI,YZ (Q+, 7) .

We remark that Proposition[5.4.4]is actually proved in a more general setting in [20, Theorem 1.1], and it holds
even in the presence of tangency points. We consider here the domain C;°((0, €] X S 1) (that is, the smooth functions
that are compactly supported away from 0, whose support may touch €), in order to avoid the non-compactness of
Q. , which however does not play any role since we are interested only in the behaviour around x = 0. A direct
consequence of Proposition [5.4.4]is collected in the next corollary, and will be crucial later:

Corollary 5.4.5. Let c>0 and f € D(~L + cK) with suppf c (0,€) x S'. Then, f(-,y) = o(x*/?) as x — 0%, for
ae yeS.
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Proof. First, f € D(—L + cK) if and only if g := U'(f) = (xe?)'/%f € D(-A+cK) (cf. GAI)). We set
h = cKx* € C*(Q,), and notice that 4(0, -) = —2¢ does not have zeroes for ¢ > 0. Thanks to Proposition 5.4.4]

h dxdy
g € D (—A+ ;) =4 g/x S H)z'l,Yz (Q+, 7),

which implies that in particular, for any € > 0, and for a.e. y € S' the norm

/E‘g(x,y) 2dx
— < 00,
0 X )C3

which is true if and only if g(-, y) = o(x?) as x — 0%, for a.e. y € S!. Finally, coming back to f via f = U(g) =
(xe?)~1/2g and noticing that ¢(0, y) = 0 Vy € S!, we conclude the proof. o

5.4.2 An alternative proof of Corollary |5.4.5, for ¢ € (0,3/8]

We furnish in this section a different proof of Corollary [5.4.5] for small values of ¢, which uses only the Hardy
inequality and the Fourier transform w.r.t. the y-variable.

Lemma 5.4.6. Let ¢ € [0,3/8] and f € L*(Q,) with suppf C (0, €)x S', for some € > 0. Then, f € D (—L + CK)
if and only if f € D(T,).

Proof. Since —L + cK = H. + 1., and 7. is a bounded operator on (0,€) X § !, Proposition implies that
f € D(-L + ¢K) if and only if f € D(H,.), for all ¢ > 0. Furthermore, we want to show that the singular term
gle . (ﬂ) ‘%T‘ﬁ is infinitesimally small w.r.t. T, if ¢ € [0,3/8]. In order to do this we will use two main

X 2
ingredients. The first one is Hardy inequality:

) 2 o
/ LICI 4/ lu'(x)[*dx, Yu e CyRY).
0 0

x2

The second one is perturbation theory, in particular Proposition[5.3.1]
For all functions u € C°(R* x S') we have

lg1,c(x, )I?
=‘/R SICT|u(x,y)|2dxdy
X

S4||gic||Lw(R+xSl)‘/R . |0y u(x, y)|2dxdy (Fubini + Hardy)
X

=,
X

L2(R*xS!)

3 lu(x, )|
§4||812,c||L°°(JR+><SI)/R . |0y u(x, y)|* + x2e*?|dyu(x, y)|* + (4_1 - 2c) —a dxdy
X
:4||g12,c||L°°(R+xsl)(Tcu» M)Lz(R‘fo]) (Parts)
<l | STt g + Il (Young)
= gl,c L®(R*xS!) cl L2(R*xS!) 5 u L2R+xSY) | oung

where the last inequality holds for every § > 0, which proves that g;“ is infinitesimally small w.r.t. T, if ¢ € [0,3/8].

Proposition then implies that D(H,.) = D(T,). )

For any function f € L2(R* x S'), we denote by f = 3z fi(x)el*Y its Fourier series.

Proposition 5.4.7. Let ¢ € (0,3/8], and let f € D(~L + cK) be a function supported in (0, €)X S', for some € > 0.
Then, fi(x) = o(x%)for x |0, forevery k € Z.

Proof. Let f € C;((0, €) X sh. Lemma shows that f € D(—L + cK) if and only if f € D(T,). Thus, we are
left to study the behavior near x = 0 of a function f € D(T,). For any k € Z, we have

TP =sechi-50 3, Cm)u@y =5 Y (im)fol@r0),,,

m+m’=k m+m’=k
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where s is defined in (5.4.6), and we compute the norm using the triangular inequality

(T f)k”L2(R+) > |Isc Sk LR
1 2NT T8 2 T T s
S R ZIC0 BN S WO VACR D I,
m+m’=k m+m’=k
We have,
| > i@ . -
m+m’=k L2R.)
DRI NET D VIS ACDNEE I SR I AEW I
m+m’=k m+m’=k m+m’=k
||f||L2(R+><S])( sup ||62¢||H2(Sl) + k7 sup ||€2¢||L2(Sl) +2|k| sup ||€2¢||H1(Sl) ) <
xeRy x€eRy x€eRy
Cok IS ll2R, xst)
thanks to the Cauchy-Schwartz inequality and the Plancherel formula. Similarly,
NT (A a2
H Z_ (m)fon(@y® €| g, <
m+m’=k
12 xsty( sup €208, lm1cs1) + 161 sup 140y ll2csn) ) < Chp 1S lzqmxsty
x€eR, x€eR,
Thus
S~; < ||(T, sy + €2CY 2R+xS!
(5.48) e Ji L&) N(Te illaes o 2@ xst)

< ITe fllizgesst) + € Co il fllzgexsty ¥ f € C((0,€) x S1).

By density, (5.4.8) implies that f € D(T.) = f,; € D(5;)Vk € Z. Then, the conclusion follows by applying
Proposition , since every function u € Hg(R+) satisfies u(x) = o(x%) for x — 0. o

Remark 5.4.8. We remark that the values of ¢ € (0,3/8] cover all the cases listed in the introduction, that is
¢ € (0,1/3], arising from different quantizations procedures.
5.4.3 Adjoint operator

We first consider the 1D Sturm-Liouville model operator given by

d? & 81
5.4.9 A=——+ = + =, ,22 € R.
(5.4.9) ety 81,82
Moreover, we introduce a C* cut-off function 0 < P, < 1,
1 ifx <e€/2,
5.4.10 P.(x) =
( ) () {O if x > €.

Lemma 5.4.9. Let g1, 8, € R, g» < 3/4. Consider the operator A acting on the Hilbert space L*(R*) with domain
Cy’(RY). Then,

(a) forany f € D(A), f(x) = o(x%), asx — 0;
(b) D(A*) = D(A) + span{ys, Pe, _P.}, where P is the cut-off function defined in (5.4.10), and

81
(as + Do — g0’

s+l

Yae(x) = x™ +a. X7, a. = 4g, + 1, a. =

_i_
272
ifgr # —1/4and g # 0,

3
2

Yi(x) = X2+ g1x2, Y_(x)= X2 log(x) + glx% log(x) + Zx%,
ifgr =—1/4, and
Yi(x)=x, ¥_(x) =1+ gxlog(x),

ifgo=0.
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Proof. To prove part (a) of the statement, it suffices to consider functions f that are supported arbitrarily near
2
t £ is infinitesimally small w.r.t. —< + £ Indeed, notice that w.r.t. this

[£3)

dx?  x2

x = 0. Then, we can show tha
notation reads
S

x2

1

< — Vf e CPRY),
LZ(RJr) 3/4_82 f O( )

L2(RY)

which at once implies that for any € > 0 we have

42
|l )
L2(R*) dx? X2 )7 || 2

where ¢ > 0 is such that sup,.c (g 5 [81x|(g2 — 3/ 4)~! < €. Propositions and then imply

o a g
D(d——— - |- B e,

s

Hxé’l

Vf e CP(0,6),
L2(RY)

that concluded the proof of part (a).
To prove the second statement, we look for the solutions of

(5.4.11) —u"'(x) + (x) - (x) =

These are two linearly independent functions which can be expressed via confluent hypergeometric functions, but
since we are only interested in their behavior near x = 0, we can just use the Frobenius method (see, for instance,
[[LOS, Chapter 4]) to understand their asymptotics.

The first step is to write down the indicial polynomial, which is defined as

P(a) = (x™ " Ax") =0 = a(@ = 1) - g2.

The construction depends whether or not the two roots of this polynomial are separated by an integer. The two

roots are given by
1 1
@ = z 2 Vigr +1

Under the stated ranges of g it follows that the only two cases where the two roots are separated by an integer are
given by go =0and g, = —1/4.

Assume that go # 0 and g, # —1/4. Then the Frobenius method states that there exist two independent
solutions, which can be represented as converging series of the form

(5.4.12) us(x) = x% Z aix'.

i=0
We plug the ansatz (5.4.12) into (5.4.11) and obtain the following conditions for the dominating terms
aolafa = 1) = g2] =0,
ai(a + Da —aigr +aog1 = 0.
Setting ag = 1, we obtain that . are exactly the roots of the indicial polynomial, that

81
aly = ———— = ay,
be (ax + Da: — g *

and that the solutions are
us(x) = x% + ay x4 o(x®+ ),

Assume now that g = —1/4 or go = 0. Then the Frobenius method tells us that u,(x) is still a solution
of (5.4.11)) and the second solutions is given by

u_(x) = Cuy(x)log(x) + x* Z aix'.

i=0

Plugging this series expression into (5.4.11)) allows us to recover i as the dominating terms of u... Moreover notice
that, as a direct consequence of the Frobenius method, A(us. — ) is bounded near x = 0, and hence Ay, € L(0, 1).
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So, let Y. as in the statement. Then
(i) Y= € L0, 1), (i) Ay € L*(0,1), (iii) y= ¢ D(A),

where (i) and (ii) imply at once that . P. € D(A*) and (iii) follows from part (a) and the asymptotics of . near
x = 0. Since the functions , P, and y_P, are linearly independent and the quotient D(A*)/D(A) has dimension
at most 2 (as it follows from the fact that A is in the limit point case at co, by applying Proposition[5.3.4] which in
turns implies that ker(A™ + i) have at most dimension 1, by applying Proposition , the thesis follows. m}

Remark 5.4.10. A result similar to Lemma @ (that includes also complex values of g1, g») is proved in [48]
Proposition 3.1]. Here we have provided a different proof, that uses perturbative arguments and does not require
the introduction of Bessel functions.

Now, we can use Lemma [5.4.9]to obtain informations on the adjoint of the 2D operator we are interested in,
that is, —L + cK defined in (5.4.2), and complete the proof of Theorem [5.4.1]

Proof. of Theorem We take the coefficient of % evaluated at x = O (i.e., on the singularity) and treat the

second variable y as a parameter. Indeed, setting

3 1-4
(5.4.13) p=i-2 @)= Tcam(o, y) € C2(Sh)

we obtain from Lemma[5.4.9]two functions /. € C®(Q) of both variables x, y. Then, we get the following:

Proposition 5.4.11. Let ¢ > 0, and define F};t,e,c(x, V) = Y o(x, Y)Pe(x) € L2(Q4) N C¥(Qy), where . . have the
same form as functions Y. from Lemma[5.4.9\with g\, g> given by (5.4.13) and P is defined in (5.4.10). Then,

(i) heec € DL+ cK)");
(ii) hece & D(=L + cK);
(iii) supp(hse.c)  (0.€) x S™.

Proof. Part (iii) is obvious, as supp(Pe) C (0, €). To prove (i), we consider the operator R on the domain C;° (),
whose action is defined by R := (-L + ¢K) — A, (where A is the operator whose action is defined in (5.4.9), but
now is considered on the domain Cy°(Q.), and gi, g are the functions defined in (5.4.13)), and we claim that

Ri;i,e,c € L*(Q,), in the weak sense. Indeed, we have

1-4c (6X¢(x, y) —

0x¢(0, y)
2 x ) *

R=-x ez¢62 2xze2¢(6y¢)8y +

=—x 62¢6y2 - 2x262¢’(6y $)0y + e,
(where 7. and 7. are functions that are bounded on (0, €) x S and the claim follows from the C*-regularity of
hyiec WIL. - Then, by the > very construction of h+ e.c» wWe have that Ah+ ec € L*(€,), which in turns implies that
(=L + cK)ht ec =(R+ A)hi ec € L*(Q,) in the weak sense, and proves part @).

To prove part (i) we first notice that for all ¢ > 0 and all y € S', s cc(-y) is not o(x*2) (notice that
x® = x!1/2#V1=2¢) “and we can apply Corollary-to conclude that hi,e,c ¢ D(-L + cK). O

To conclude the proof of Theorem , it suffices to consider hye . := U ‘lﬁi,e,c, where U is the unitary
transformation defined in (3.4.1). i

The proof of Theorem [5.4.2]is now an immediate consequence:

Proof. of Theorem[5.4.2] 1t follows by considering the infinite-dimensional vector space spanned by the family of
functions {hs ¢ e®}rez € D((-A + cK)*) \ D(-A + cK). o
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5.5 Proof of Theorem 3.1.1]

If ¢ = 0, —A is known to be essentially self-adjoint on L2(M, w) (30, Theorem 1.1]). Then, let ¢ > 0.

Let Z = [];c; W; be the disjoint union in connected components for the singular set, and M = U;¢/€2; be an
open cover such that, for every W;, there exist a unique Q,-j (Grushin zone) with W; c €;; and W; N Q; = 0 if

i # i;. Moreover, as previously remarked, we can assume that Q[J. is a tubular neighborhood of W}, i.e., Qij = RxS!.

Let W be a connected component of Z, and Q the corresponding Grushin zone. Consider the operator (—A+cK)q
defined as the restriction of —~A+cK on the domain C;°(Q\ W). In the local chart Q with coordinates (x, y) € RXS 1
W = {(x,y) € Rx S' | x = 0}, and Theorem gives a function, e.g. hy ¢, supported arbitrarily close to W,
such that 14 ¢ € D((—A + cK)g) \ D((-A + cK)q).

We define the function

hyec ong)
Fe,c =
0 on M\ Q.

So we have
<F€,C’ (—A + CK)M>L2(M) = <F6,C7 (—A + CK)M)LZ(Q) + <F€,C’ (—A + CK)M>L2(M\Q)
= (A + cK)phy e 0 gy Yu€Cy(M\Z),

having integrated by parts (4. ¢ vanishes away from 9€2, and u vanishes away from W), which proves that

(A + cK)Ghy e on g,

1
—=A+cK)'F.. =
(m3A+cK) Fec {0 on M\ Q,

and Fe . € D((—A + cK)*). We are left to prove that Fe . ¢ D(—A + cK), which implies the non-self-adjointness
of =A + cK on L*(M).

Suppose by contradiction that Fe . € D(—A + cK). Then, there exist a sequence (¢n)nen C C;'(M \ Z) and a
function G . € L*(M) such that

(i) ¢n — Fec,asn — oo,in Lz(M),
(i) (=A+ cK)p, — Ge ,asn — oo, in L2(M).

Now, G, must satisfy

(A + cK)Ghy e e onQ,

Gec =(—A+CK)FEC :(_A+CK)*FEC = '
, ; k 0 on M\ Q,

So, Fe,c and G . are both supported in U ¢ Q. We then consider the cut-off function ¢ € C;°(Q2)

| ifxeU,
55.1 -
(5.5.1) £ {0 ifx¢Q

with 0 < & < 1, and define the sequence (¢, = Edp)nen C Gy (€2 \ W). We have the following
Lemma 5.5.1. ¢, — hy.cc and (=A + cK)p, = (A + cK)apn — Gecla,asn — o, in L2(Q).

Thus, we conclude by applying Lemma which says that /1, ¢ € D((—A + ¢K)q), which is impossible.

Proof. of Lemma Because of (i) and (ii), we have as n — o

@.1) llgn = hrccllizwy = 0, (.2) lIdnllzany) = 0
@.1) (A +cK)pn = Gecllizwy) = 0, (@.2) I(=A+ cK)nllr2anuy) = 0,

since supp(/. ¢,.) and supp(Ge, ) are both contained in U. Then we have (as n — o)

ll¢n — hieclliz) = 1¢n = huecliizwy + 1€dnll2 @y < 160 = hueclliizwy + 9nll2nw) — 0.
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Moreover, using that A(£¢,,) = (Aé)¢,, + 2VE - Vo, + E(Agy,), we have

I(=A + cK)én — Geclallr2q) <
I(=A + cK)pn — Gecllii2w) + CI=A + cK)py + [Vl + bull 20

where C is a constant such that C > [|A¢||r=q), | [VE| llL=@), I€|lL=(0). Since K is a bounded function on Q \ U,
we have

IK¢nllr2 vy < IKllLo@w) - [¢nll2 @y = 0 asn — oo,
and
I1AGn 2@y < (A + cK)dullz vy + IcKnll2 @y — 0 asn — co.
Finally, by Sobolev embedding, we have

1 1Vul 2@y < 6(||A¢>n||L2(Q\U) +onlli2@u)) — 0, asn — oo
o

To prove that the deficiency indices of —A+cK are infinite if ¢ > 0, it suffices to consider the infinite-dimensional
vector space spanned by the family of functions {Ff o tkez contained in D((-A + cK)*) \ D(—A + ¢K) defined by

ko eikyh+,e,c on Q,
““ o on M\ Q.

Remark 5.5.2. One can construct such family of functions close to any singular region of M, and each singular
region has an infinite family of self-adjoint extensions; this gives room to self-adjoint extensions on the whole
manifold, characterized by different boundary conditions to be imposed at each singular region.

This concludes the proof of Theorem[5.1.1]
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Chapter 6

Self-adjoint extensions of the Laplacian on
anti-conic Grushin surfaces

In this chapter we classifY all the uniformly fibered self-adjoint extension of the Laplace-Beltrami operator on the
a-Grushin cylinder, for @ € [0, 1), through the Krein-Visik-Birman (KVB for brevity) theory (see Theorem|[6.1.1).
These extensions correspond to boundary conditions which are uniform w.r.t. the Fourier decomposition. In this
region of «, the Laplace-Beltrami is a non-negative operator, with infinite deficency indices. The Friedrichs and
bridging extension were already found in [34]], and we recover them as particular cases within our general scheme.
As a byproduct of our analysis, we are also able to compute the Sobolev-regularity on the singular set of the Grushin
cylinder of functions belonging to different self-adjoint extensions (see Corollary [6.1.2), extending thus the results
found in [97] (on the regularity of functions belonging to the deficency spaces).

The chapter is organized as follows: in Section [6.1] we state the main original results of the chapter already
presented in the Introduction. In Section [6.2] we formulate the problem in terms of the Fourier decomposition,
which yields a direct sum with constant fibre structure to the problem. In Section [6.3|we proved the main result on
each half-fibre for the Fourier component (see Theorem [6.3.1)); in particular, in Proposition [6.3.8] we characterize
the operator closure of each Fourier component and in Theorem [6.3.13] we recall the KVB extension scheme. In
Section [6.4] we extend the result of the previous section to the whole fibre, in Theorem [6.4.1] In Section [6.5] we
describe how to realize general (i.e. possibly not uniformly fibred) self-adjoint extensions using the KVB scheme,
giving in particular a characterization of the adjoint Laplace-Beltrami operator (see Lemma in terms of
the Sobolev-regularity of the Fourier coefficients involved in its decomposition. In Section [6.6] we finally prove
the main results of the Chapter in Theorem [6.6.1) and Corollary [6.6.3} in particular, in order to go back from the
description in Fourier components to the description w.r.t. the (x, y)-variables, we prove that the second derivative
w.r.t. the y-variable is controlled by the Laplace-Beltrami operator (that is Lemma [6.6.11) thanks to a uniform
estimate on the inverse of the Friedrichs extension, proved in Lemma[6.3.3[ii).

The results of this chapter are in the paper [64].

6.1 Main results

Let M = (R \ {0}) x S! and w, = |x|"*dx dy, for a € [0, 1). We consider the linear differential operator

2 .’ ad
a = Xt =,
0x? 0y?  xOx

acting on the Hilbert space L?(M, w,,), densely defined on the domain D(H,,) = Cy(M). As we have recalled in the
Introduction, —H,, is the Laplace-Beltrami operator associated with the generalized almost-Riemannian structure

0 0
Xi(ny) = — X0y == (xy) eRxS"
ox ay

The main original results of the chapter are a classification of the local self-adjoint extensions of the operator H,
and their Sobolev regularity at the boundary.

Theorem 6.1.1. Let @ € [0,1). The operator H, admits the following families of self-adjoint extensions in
L*(M, wy):
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e Friedrichs extension: Hy F;

e Family Ir: {H([;y}e |y eR};

o Family Iy : {HB/]L |y € R},

o Family 11, with a € C: {HY) |y € R};

o Family Il: {HY|T = (1,72, 73, 74) € R*Y.

Each operator belonging to any such family is a restriction of H},, and hence its differential action is precisely H,.
The domain of each of the above extensions is qualified as the space of the functions f € L>(M, wg) satisfying the
following properties.

(i) Integrability and regularity:

6.1.1)

(ii) Boundary condition: The limits

6.1.2)

(6.1.3)

/ |Haf|2a)(, < +00.
M

o) = lim f5(xy)

o) = #(1+a)™! lim

x—0* (

1 0f(xy)

)

exist and are finite for almost every y € S', and depending on the considered type of extension, and for
almost every y € S', they satisfy

(6.1.4)

(6.1.5)

(6.1.6)

6.1.7)

(6.1.8)

{

|

{
{

=0
fo =0
O =7/ )

O =vO)
fo+(y) =0

fo ) =afy(y)
fm+affy)=vf»)

T =yl O+ 2 +im)f5 ()
O =02 —iv3)fg O) +vafg ()

if fe€D(Har),

if feDHY),
if feDH)),
if f€DHI.

if feDH).

We can also deduce the regularity of the wave-function at the singular boundary S', depending on the different
physics imposed by different self-adjoint extensions.

Corollary 6.1.2. Let f belong to the domain of one of the self-adjoint extensions of Hy listed in Theorem [6.1.1]

Then,

(6.1.9)

with
® 5,- = %%I—Z S0,+ = S1,+ =
® S+ %L:—f: $0,— = 81,- =
® S1s =502 = 310
® S+ = S0,+ = %ﬁ—fﬁ

fE e Ho=(S', dy)

o=

o=

w
¥
R

w
¥
R

n
R

i
R

and

for the Friedrichs extension,
for extensions of type IR,
for extensions of type 1,
for extensions of type 11,

for extensions of type 111.
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6.2 Unitary equivalent reformulation of the problem

Let us introduce a unitarily equivalent re-formulation of the problem of the self-adjoint extensions of H, in
L*(M, w,).
We recall that H,, is reduced with respect to the decomposition

(6.2.1) LY (M, wa) = L*(R* x S, wa) @ L*(R™ X S, we) =: L (M™, we) ® L*(M™, wg).

hence we will manipulate H} := HQ|C80(M+) and H, := HalCS"(M’) separately.
We shall map L?(M*, w,) unitarily onto the space

6.2.2) H* = (PLAR®dx) = (A(Z LAR*dx)) = LA(R%dx) ® (2(Z).
keZ

We first apply the unitary transformation
Ut : L2R* x S, x| @dxdy) — L2(R* x S', dxdy)
fey =kl iy

(thus restoring the standard Euclidean metric by removing the weight), and then the further unitary transformation

6.2.3)

(6.2.4) F* o LX(R* x S', dxdy) — L*(R*,dx) ® £3(Z) = H*,

consisting of a partial Fourier transform in the y-variable only, that is,

Y = (ikez
©23 0= we = [ At R*
= —, = . , e R*.
ex(y N Yi(x A ex(y) ¢(x, y)dy x

So we may write ¢/ (x, y) = Yxez Yk (x)ex(y) in the L*-convergent sense. Each y € L*(R*,dx) and Ty ez llYnll?, <
+o00

Thus,
(6.2.6) H* = FFUELAM*, wa)
with a natural constant-fibre orthogonal sum structure on such space, namely,

(6.2.7) H: = P o=, b o= LAREd)

keZ

with constant fiber V). and scalar product

(6.2.8) (Wikez Gidkez) g = Y. /R U@ dx = Y W e
keZ 3

kezZ

Analogously, and with self-explanatory notation, %> := F,” ® %", U, := U, ® U, whence U, = ¥, U, &
¥, Uq, and

(6.2.9) H = FBULA M, wg) = (X(Z LA (R, dx)) = H @ H' = @ b
keZ

with bilateral fibre

(6.2.10) h = L’(R7,dx)® L*(R",dx) = L*(R,dx).

By means of (6.2.3) and (6.2.4) we obtain the operators
(6.2.11) HE = U HE (U™

a

acting on L>(R* x §', dxdy) as

DH;) = CP(RE X Sy)
(6.2.12) X P .0 a+a)
Haff’:(—m—w 6_)12+T)¢’
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as well as the operators
(6.2.13) A = F5 Uy Hy (Us) (7)™ = 55 Hy(F)™

acting on H* as

D(Ay) = {w = (Wikez € EP) LA(R®, dx) | ¥ € FECO(RE x Syl)}
(6.2.14) kez

Ay = ((—dd—;+k2|x|2a M)

o)

kez '

Completely analogous formulas hold for H, and .77, defined in the obvious way.
In particular, for each y* € D(J;") the component functions ;(-) are compactly supported in x inside R* for
every k € Z, and moreover

Z”( = 2+k2| Ean a(i;a))lpk

”%iw_”q.{*- = () AT 6

L2(R*,dx)

(6.2.15) sl

(- 5 -1t 5 + <5l

L2(REXS))

where ¢* = 75y € C° (RS X Syl).

The above construction establishes a unitarily equivalent version of the operators of interest. Thus, the self-
adjointness problem for HZ in L>(M*, w,) is equivalent to the self-adjointness problem for /= in H*, and the
same holds for H, with respect to .7%,. Furthermore, when non-trivial self-adjoint extensions exist for HX (resp.,
H,), they can be equivalently (and in practice more conveniently) identified as self-adjoint extensions of .72." (resp.,
).

In fact, such an analysis for .7Z* (resp., ) is naturally boiled down to the analysis of such operators on each
fibre and a subsequent recombination of the information over the whole constant-fibre orthogonal sum.

To develop this approach, it is convenient to introduce on each fibre b.., thus for each k € Z, the operators

+ a2+ a o
(6.2.16) Ax(k) = 5 K2 |x|? + %, D(Aq(k)) = CF(RY),
and similarly on f) we define
D(Aq(k)) = CF(R7) B Cy(RY)

(6.2.17) _ .
where the notation ‘@’ simply indicates the direct sum of two (non-complete) subspaces of each summand of the
orthogonal sum of two Hilbert spaces.

By construction the map Z 5 k — A, (k) has values in the space of densely defined, symmetric, non-negative
operators on ), all with the same domain irrespectively of k. In each A, (k) the integer k plays the role of a fixed
parameter. Moreover, all the A, (k)’s are closable and each A, (k) is non-negative and with the same dense domain
inb.

As non-trivial self-adjoint extensions are suitable restrictions of the adjoints, let us characterise the latter
operators. The adjoint of H,, is the maximal realisation of the same differential operator, that is,

(H)) { o€ L2(R+ x 81, dxdy) such that
D Hi ) = _ 32 2a¢ O a(2+a) 2+ 1
(6.2.18) ( 2(9)(2 =[x z a7 + 2 )(15 € L*(R* x §',dxdy)
+ _ 0 2a 4] (1(2 + CK)
oo = (- g WP )

This, and the unitary equivalence (6.2.13)), yields at once
¥ = Wi)kez € Py LA(R®, dx) such that

(6.2.19) P = Z“( +k2 xP + %)'ﬂkz

L2(R*,dx)

() y = (( - % + k2|x|2“ + %)W{)kez'
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2
Clearly, d‘i? is a weak sec.:(.)nd derivative in (6.2.19) and a classical second derivative in (6.2.14)). Furthermore, with
respect to the decomposition (6.2.9),

(6.2.20) ) = () ® (A
Analogously to (6.2.19), one has
D(AL(k)) = { & gif I;i(Ri;%ﬁL)Sucf thatz . }
(6.2.21) (= g + KPP + 2552 )g* € LR, dx)
w00e = (L e 2CED e
and
(6.2.22) Aa(k)* = AZ(k)" @ AL(K)".

6.3 Extensions of the differential operator on each half-fibre

In this Section and in the next one we classify the self-adjoint extensions of the right-fibre operators A, (k)* defined
in (6.2.16)) for a € [0, 1) and k € Z, with respect to the fibre Hilbert space L2(R*, dx).

For simplicity of notation, we shall temporarily drop the superscript ‘+’ and simply write A, (k) for Aq(k)*,
and (-,-);2 and || - ||;» for scalar products and norms taken in L?(R*), with analogous notation for the Sobolev
norms. Obviously, the whole discussion is completely analogous for A, (k)™ in L?(R~) instead of A, (k)*.

As already recalled from [63] Corollary 3.8], for each fixed @ € [0, 1) and k € Z, A, (k) has deficiency index 1,
hence admits a one-(real-)parameter family of self-adjoint extensions. We reconstruct and classify this family by
means of the KVB extension theory [62].

When a = 0 the operator A, (k) is the minimally defined, shifted Laplacian —% + k2 on L>(R*): the family of
its self-adjoint realisations is well-known (see, e.g., [66}46]) and the extension formulas that we find for @ € (0, 1)
take indeed the usual form for the extensions of the Laplacian in the limit « | 0.

Let us observe preliminarily that A, (k) has strictly positive lower bound for every non-zero k. Indeed,

(1200, @2+a)\ _ 2\ T 1
min (k X = ) = (1+a) (&)™ k|7 = Mgk,
whence
(6.3.1) (h ARy 2 > Moillhll},  Vh e D(Aa(k)).

Instead, when k& = 0 one sees that

(h A0 _

(6.3.2)
heDALONO} A2,

Therefore, as long as k # 0, owing to (6.3.1)) we can apply the KVB extension theory directly in the setting of
a strictly positive operator. This programme will be completed in the present Section. The special case k = 0 is
deferred to the appendix of this chapter, where we highlight the main steps that need be modified — starting from
the auxiliary shifted operator A,(0) + 1, which has again strictly positive bottom.

For convenience of notation let us set

2
(6.3.3) C, = a2+a) .
4
Then C, € [0, %). Let us also refer to
d? C
(6.3.4) Sek = -5t K2x% 4+ x—‘z’

as the differential operator (with no domain specification) representing the action of both A, (k) and A, (k)*, where
the derivative is classical or weak depending on the context.

Clearly, in order to characterise the operator closure A, (k) of A, (k), its Friedrichs extension A, r(k), as well
as any other self-adjoint extension, it suffices to indicate the corresponding domains, for all such operators are
restrictions of the adjoint A, (k)* and as such they all act with the action of the differential operator S .

Here is the main result of this Section.
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Theorem 6.3.1. Let a € [0, 1) and k € Z\{0}.

(i) The operator closure of Ay(k) has domain

(6.3.5) D(Ay(k)) = HZRY) N LARY, (x)* dx).

(ii) The adjoint of Ay(k) has domain

D(A4(k)) { g € LAR") such that }

(- % + kx4 —“f}:’z") )g € L*(R*)

D(Aq(k)) + span{W¥o i} + span{®er}

(6.3.6)

where @, x and Wy, . are two smooth functions on R* explicitly defined, in terms of modified Bessel functions,

respectively by formula (6.3.12)) and by formulas (6.3.21), (6.3:23), (6.3:26), and (6.3:28) below. Moreover,
(6.3.7) ker Ay (k)" = span{®q} .

(iii) The Friedrichs extension of A (k) has operator domain

638) D(Aar(k) = {8 € D(Aak))|g(x) = g1x'*% +0(x?). g1 €T}
= D(Ay(k)) + span{Wqo 1}

and form domain

(6.3.9) D[Aar(k)] = HJR") N LY R, (x)** dx).

Moreover, Ay (k) is the only self-adjoint extension of Ay (k) whose operator domain is entirely contained
in D(x~Y), namely the self-adjointness domain of the operator of multiplication by x~".

(iv) The self-adjoint extensions of Aq(k) in L>*(R*) form the family
(AT 0]y e RU {0}
The extension with 'y = oo is the Friedrichs extension, and for generic y € R one has

(6.3.10) DY) = {g € D(Aalk)) ] 2(x) L gox~% +ygox'*% +o(x}), goeC}.

It is interesting to immediately point out that the asymptotics near x = 0 of functions belonging to Z)(AEZ ](k))
depend on «, but do not depend on k.

The proof of Theorem [6.3.T|requires an amount of preparatory material that is presented in Sections
and will be finally completed in Section [6.3.6]

Despite the technical hypothesis k # 0 in Theorem [6.3.1] the same conclusions hold for k = 0, by considering
the shifted operator A,(0) + 1, which is now strictly positive (the details are given in the Appendix, see Theorem

[6.7.11).

6.3.1 Homogeneous differential problem: kernel of A, (k)"

Let us qualify the kernel of the adjoint A, (k)*.
To this aim, we make use of the modified Bessel functions K, and 1, [2 Sect. 9.6], that are two explicit, linearly
independent, smooth solutions to the modified Bessel equation

(6.3.11) 2w+ ow = (P +vHw = 0, z€R*

with parameter v € C. In particular, in terms of K; and I, we define the functions
2 2

(Dcx,k (x) :

Fa,k(x) :

VI Ky (15 x'7)

(6.3.12)
\/;I% (% xlm) .
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Explicitly, as can be deduced from [2, Eq. (10.2.4), (10.2.13), and (10.2.14)],

Do) 1= I xR e
(6.3.13)
Fa,k(x) = 251-1;;‘1’) x—a//2 sinh (llJrL(l x1+(y) ]

From (6.3:13) we obtain the short-distance asymptotics

XlO 1 —_a k a k 3 3 5
Duut) L [t - [REL et [ e (i
10 2|k a 5
Fas(®) "= ey *'7F + 0,

and the large-distance asymptotics

xl+(z «
Dy i (x) X—oo hr(zllztll) e—‘k‘lTx_i(l + O(x—(1+(x)))

(6.3.14)

(6.3.15) e
Fag(x) “E7 217r+|‘l:| e o x 2(1+0(x"1*)),
as well as the norm
o - 2
(0310 10l = 701+ @) T (k) @Ak

Lemma 6.3.2. Let a € (0,1) and k € Z\{0}. One has
(6.3.17) ker Ay (k)" = span{®@q} .

Proof. Owing to (6.2.21), a generic h € ker A, (k)" belongs to L?>(R*) and satisfies

(i) Saxh = =h" +kK*x**h+ Cox™h = 0.
Setting
k h V1 +4C, 1
(11) 7 = | l x1+a’ W(Z) = ﬁ’ y = +—C = —,
1+a Vx 2(1 + @) 2

the ordinary differential equation (i) takes precisely the form (6.3.11) with the considered v. The two linearly
independent solutions K 1 and / 1to (6:3-TT)) yield, through the transformation (ii) above, the two linearly independent
solutions (6.3.12) to (i). In fact, only @, x is square-integrable, whereas F, x fails to be so at infinity (as is seen

from (6.3.16)-(6.3.15)). Formula (6.3:17) is thus proved. O

6.3.2 Non-homogeneous inverse differential problem

Let us now focus on the non-homogeneous problem
(6.3.18) Soxil = g

in the unknown u for given g. With respect to the fundamental system {Fy x, @o x } given by (6.3:12), of solutions
for the problem S, x u = 0O, the general solution is given by

(6.3.19) U = c1F g+ 2@ak + thpa

for ¢y, ¢ € C and some particular solution upar, i.€., Sa,k Upart = &-
The Wronskian

(6.3.20) W (@1, Fos)(r) = det ((Dcx,k(r) Fa,k(r))

D) Ly lr)

relative to the fundamental system {Fy x, ok} is clearly constant in r, since it is evaluated on solutions to the
homogeneous differential problem, with a value that can be computed by means of the asymptotics (6.3.14) or

(6:3:13) and amounts to

6.3.21) W( @i, Fap) = 1+ = W.
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A standard application of the method of variation of constants [[111} Section 2.4] shows that we can take upa
to be

+00
(6.3.22) Upart(r) = /O Gax(r, p)g(p)dp,
where

1 {(Da,k(r)Fa,k(p) if0<p<r

6.3.23 G ,P) = —
( ) k(7 ) W | Forx(r)®@a.x(p) if0<r<p.

For a € R and k € Z\{0}, let R(G“) . be the integral operator acting on functions g on R* as

(RS, 0 = [ w80 dp

(6.3.24)
GV, p) = x* I Gax(x, p),
and let
— 0

(6.3.25) RG,, = Ik 2jonk,
whence

+00
(6.3.26) (R, , 8)(x) = /) Gl p) g(p) dp.

(

The following property holds.
Lemma 6.3.3. Let @ € (0,1) and k € Z\{0}.

(i) Foreacha € (—I_T“, 2a], R(Ga) , can be realised as an everywhere defined, bounded operator on L*(R*, dx),
which is also self-adjoint if a = 0.

(ii) When a = 2a, the operator R(GZQ)k is bounded uniformly in k.

Remark 6.3.4. The uniformity in k of the norm of R(é")k will be useful in Subsect. [6.6.5} In fact, it is to prove the
boundedness claim (i) in a form that implies the k—unifdrmity of claim (ii) that we have to do a somewhat lengthy

proof, given in the Appendix [6.7.3]

A relevant consequence of Lemmal6.3.3]is the following large-distance decaying behaviour of a generic function
of the form Rg,, , u.

Corollary 6.3.5. Let a € (0,1) and k € Z\{0}. Then
(6.3.27) ranRg,, C L*(RY, (x)**dx).

Proof. By Lemma we know that both x**Rg,, and Rg, , are bounded in L*(R", dx). Therefore, for any
u € L*(R*,dx) one has that both Rg, ,u and x**Rg, , u must belong to L2(R*, dx), whence indeed Rg, ,u €
L*(R*, (1 + x*®)dx). o

Moreover, we recognise that R, inverts a self-adjoint extension of A, (k).

a,k

Lemma 6.3.6. Let a € (0, 1) and k € Z\{0}. There exists a self-adjoint extension </, (k) of Aq(k) in L>(R*) which
has everywhere defined and bounded inverse and such that </p(k)™" = RG, -

Proof. Rg,,, is bounded and self-adjoint (Lemma @), and by construction satisfies Sq.x R, , & = g Vg €
L*(R*). Therefore, Rg, g = 0 for some g € L*(R*) implies ¢ = 0, i.e., Rg,, is injective. Then Rg, , has
dense range ((ran RGM)L = kerRg, . ). As a consequence (see, e.g., [102, Theorem 1.8(iv)]), (k) := R&L . is
self-adjoint. One thus has Rg,, , = o (k)~! and from the identity Aq(k)*'RG,, = 1on L*(R*) one deduces that
for any h € D(y(k)), say, h = R, , & = o (k)™ g for some g € L>(R*), the identity A, (k)*h = <7, (k)h holds.
This means that Ag(k)* D </, (k), whence also Ay (k) = Ag(k)*™* C y(k), i.e., Zo(k)is a self-adjoint extension
of A (k). O
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We conclude this Subsection by examining the function
(6328) "Pa',k = RGa,k q)a,k .
We prove the following useful asymptotics.

Lemma 6.3.7. Let « € (0,1) and k € Z\{0}. Then
0
(63.29) Wor(x) L 2L @ k]2, 61412 4 o).

n(l+a)’
Proof. Owing to (6.3.23) and (6.3.26),

1 X +o0
Fax() = 35 (Pas() [ Far(0)0uip)p+ Fos) [ @un(oiap).
X
By means of (6.3.14) we then find

X x]0 ,1
Do) [ Fux0)0ustoip 2 EREER 4 0o06%) L o)

(having explicitly used that @ € (0, 1)), and

+o00 %10 X
Far) [ a2 dp L Foa (0100l = [ ustora)
X 0

xiO

,r(lﬂy) ”q)ak” 2 x4 O(x277)

The latter quantity is leading, and using the expression (6.3.21)) for W yields (6.3.29). O
In fact, using (6:3:21), (6.3.23), and (6.3:26) as in the proof above, and using the explicit expression (6.3.13)

for @, ; and Fy ., one finds

1 L X 13|
Yok (x) = ”2(‘1;?) (x e T / dpp™® smh(llk| plF@) el
(6.3.30) 0

2lk| 1+a

+00

+x°2 sinh(%x”“)/ dpop @ e Traf

X
or also, with a change of variable p — |k| ﬁp,

S+a
Yo i(x) = MW—WWX
a k| 1+a Xlkl fra H'lY Pl+a

(6.3.31) X (x_Ze_lmx / dpp™@ sinh( —)e T

I+a

a 2p
+x7 2 sinh (13 lkl lJr‘*)/ L dpp e e
Ik |

l+(r

However, we will not need such an explicit expression for P, x until Subsect.[6.7.8]
6.3.3 Operator closure A, (k)

The next fundamental ingredient for the KVB extension scheme is the qualification of the operator closure
Ay (k) of Ay (k).
In this Subsection we establish the following result.

Proposition 6.3.8. Let @ € (0,1) and k € Z\{0}. Then

(6.3.32) D(Ay(k)) = HZRY) N LARY, (x)* dx).
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Here, by definition,

(6.3.33) DEAW) = o)

where the norm || - |4, ) is defined by

IR, 0 = I = ¢" +Kx*"@ + Cax 2@l 2y + 10117 25

(6.3.34) ot
Vo € D(Aq(k)) = Cy'(RT).
In order to prove Proposition[6.3.8|we shall need several lemmas, whose proves follow standard ODE arguments
and are given in the Appendix.
First, we need a useful representation of D(A,(k)*) based on the differential nature (6.2.21) of the adjoint
Aq(k)".

Lemma 6.3.9. Let « € (0,1) and k € Z\{0}.

(&)

o ,agf) € C and functions

(i) Foreach g € D(Ay(k)*) there exist uniquely determined constants a

W) = /0 Fou (0)(Aa (k) g)(p) dp

(6.3.35) R

b = =g | Car(p)Aalk)'8)(p) dp
on R* such that
(6.3.36) g = a¥Fos + a8 s + b Fop +bE s

with @ x and Fo . defined in (6.312) and W = —(1 + @) as in (6:3:21).

(ii) The functions bgg) and bf;f) satisfy the properties

(6.3.37) b, b% e ACRY)
(6.3.38) B0 Y o)), ) L o(1)
(6.3.39) B (x)Fa s (x) + B (1) D i (x) "L 0(x32).

Next, proceeding towards the proof of Proposition [6.3.8] we introduce, for any two functions in D(A,(k)*), the
Wronskian

(6.3.40) R* 5 x > Wy(g, h) := det ( 5,(();)) Z,(&))), g h € D(Aa(k))
and the boundary form

(6.3.41) w(g h) = (Aa(k)' g M2 — (8 Aa(k) M)2, g h € D(Aa(k)").
The boundary form is anti-symmetric, i.e.,

(6.3.42) w(h, g) = —w(g, h),

and it is related to the Wronskian by

(6.3.43) w(g, h) = - 1)5{)1 Wi(g, h).

Indeed,

+00

w(g. h) /0 (AR 8)(p) ho) dp — /0 500) (Aa(k) H)()dp

tim / S hpydp + / TS ()

lim (7 - g’ () = ~lim W (g ).
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It is also convenient to refer to the two-dimensional space of solutions to the differential problem S, x u = 0 as
the space

(6.3.44) L = {u:R" > C|Sqru=0} = span{®@gy s, For},

where the second identity follows from what argued in the proof of Lemma As well known, x — Wy (u,v)
is constant whenever u, v € £, and this constant is zero if and only if u and v are linearly dependent. Clearly, any
u € L is square-integrable around x = 0, as follows from the asymptotics (6.3.14).

Lemma 6.3.10. Let a € (0,1) and k € Z\{0}. For givenu € L,

Ly : D(Aq(k)") > C

(6.3.45) g Lu(g) = lmWy(@g)

defines a linear functional on D(A},(k)) which vanishes on Z)(m).
With this preparatory material at hand, we can characterise the space Z)(T(k)) as follows.
Lemma 6.3.11. Leta € (0, 1), k € Z\{0}, and ¢ € D(Ay(k)*). The following conditions are equivalent:
(i) ¢ € D(Aa(k)),
(ii) w(yp,g) =0 forall g € D(Aa(k)),
(iii) L,(¢)=0forallue L,
(iv) in the decomposition (6.3:36) of ¢ one has a(()‘p) =a¥ =0.
We can now characterise the short-distance behaviour of the functions in D(F(k)) and of their derivative.
Lemma 6.3.12. Let @ € (0,1) and k € Z\ {0}. If ¢ € D(Ay(k)), then o(x) = o(x*?) and ¢’(x) = o(x'/*) as x | 0.

Proof. Owing to Lemma[6.3.1T]
¢ = b Fop + b Dy .

Thus, ¢ = o(x?) follows from (6.3.39) of Lemmam Moreover,

¢ = (B Fas + B0s) = BEF,, + b0

ak’

thanks to the cancellation (b’ Y For + (bgp))'d)a,k = 0 that follows from (6.3.33). From the short-distance
asymptotics (6.3:14) one has

Far(x) = 0G™%),  F (0 = 0@,
(Da’k(x) = 0()67%), (Da,k(x)/ = 0()(7(1*%)),

whence
g !
BEF0 < 1A elizon( [ 107 Pap)
1 —— 1
< x2 ||[Aa(K)ellL20x) = o(x?),
and also
(¢) ! SRR
600, 0] 5 ez 1406 elzgunn ([ 107 4P
L —— 1
S x2 [[Ae(K)ell20x) = o(x?).
The proof is thus completed. O

We are finally in the condition to prove Proposition [6.3.8]
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Proof of Proposition[6.3.8] Let us first prove the inclusion
() Hy(R*) N LARY, (x)* dx) © D(Aq(K)).

If ¢ belongs to the space on the Lh.s. of (*), then ¢”” € L%(R), x**¢ € L?*(R), and ¢(x) = o(x*/?) as x | 0, whence
also x72¢p € L*(R). As a consequence, —¢" + k>x?¥¢ + Cox2¢ € L*(R), i.e., owing to (6.2.21), ¢ € D(A4(k)").
Representing now ¢ according to (6.3.36) as

@Y = Cl(()‘p)ka + ag:f)q)a,k + bgf)Fa/,k + bgp)q)a,k )

we deduce that af)‘p ) = a‘(ff ) = 0, for otherwise the behaviour (6.3:14) of @, x and F, 4 as x | 0 would be incompatible
with @(x) = o(x/?). Instead, the component bf,f)Fa,k + bgp )CDa,k displays the o(x3/?)-behaviour, as we see from

(6:3:39). Lemma|6.3.11|then implies ¢ € D(A,(k)), which proves (*).

Next, let us prove the opposite inclusion

(%) HRY) N LR, (x)* dx) > D(Aa(k)).

owing to Corollary [6.3.5{ ranRg,, , € L*(R*,(x)*®dx). Therefore, D(A,(k)) ¢ L*(R*, (x)**dx). It remains
to prove that D(A(k)) € HZ(R*). For ¢ € D(Aq(k)) C D(Aq(k)*) formula prescribes that g :=
" + k*x*p + Cox~2¢ € L*(R). As proved right above, x*?¢ € L*(R), whereas the property x 2¢ € L?>(R")
follows from Lemma|6.3.12 Then by linearity ¢”” € L?>(R*), which also implies ¢ € H>(R") by standard arguments
[69, Remark 4.21]. Lemmal6.3.12|ensures that ¢(0) = ¢’(0) = 0, and we conclude that ¢ € Hg(R*). This completes
the proof of (*%). O

Owing to Lemma there exists a self-adjoint extension .7 (k) of A, (k) with D(/,(k)) = ranRg, ,, and

6.3.4 Krein-VisSik-Birman extension scheme for symmetric positive operators

Following, e.g., [10], and [62], we recall the main theorem of the KVB self-adjoint extension theory.

Let H be a Hilbert space and H a linear operator that we assume to be symmetric, densely defined, and positive
(i.e., there exists ¢ > 0 such that (v, Hv) > c||[v||>, Vv € H). Assume moreover that there exists a self-adjoint
extension of H, denoted by 57, with everywhere defined bounded inverse. Notice that such an extension always
exists when H is positive, since in this case one can take as 7 the Friedrich extension [100, Theorem X.32], which
is also positive and thus has an everywhere defined bounded inverse.

Theorem 6.3.13 (Krein-Visik-Birman extension Theorem). .
® The domain of the adjoint H* can be decomposed as
(6.3.46) D(H*) = D(H) + # " ker H* + ker H",

and .
D) = D(H) +kerH".

e There is a one-to-one correspondence S < F5 between the self-adjoint extensions S of H and the
self-adjoint operators S defined on Hilbert subspaces of ker H*. If S is any such operator with domain
D(S) c ker H*, the corresponding extension 7S is given by

=g+ (Sv+w)+y

such that
D(AHS) = _ Suc
(6.3.47) () peDH), veDS),
w € ker(H*) N D(S)*+
A5y = Hp+Sv+w.

6.3.5 Distinguished extension and induced classification

We apply here the general Theorem [6.3.13to the operator A, (k), exploiting the self-adjoint reference extension
(k) (defined in Lemma [6.3.6)), that has everywhere defined bounded inverse. Since (see Lemmas|6.3.2}[6.3.6]

and (6:328))
ker A (k)" = span{®@,;}, and (k) 'Dyr = Yo »
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Theorem gives at once that all self-adjoint extensions of A, (k) constitute a one-real-parameter-family
{AP)(k)| B € R}, given by

D(AP (k)
APk)g

{g=¢+c(BVar +DPax)|p € D(Ag(K)), c € C}

(6.3.48)
Aa(k)*g = Aa(k) p+cp q)(t,k

and we have the decomposition

D(Aa(k)") = D(Aa(k)) + span{W¥o} + span{®qr}

(6.3.49) e
D(Ay(k)) = D(Aa(k)) +span{¥o i} .

By comparing (6.3:49) with the short-range asymptotics for @, (formula (6:3:14) above), for ¥, x (Lemma
| , and for the elements of D(A,(k)) (Lemmal6.3.12)), one deduces that for a function
(6.3.50) g = o+ c1¥ar +coPoi € D(An(k))
(with ¢ € D(Ay(k)) and ¢, c; € C) the limits

. (<3 1
g0 = lim x¥g(x) = <o g

. —(1+< —a 2|k k
l;ﬂ)lx (1+2)(g(x)—gox 7) = ¢ ﬂ(llﬂly)} ”(Da,k”iz_coﬂgﬁlﬂl,)

exist and are finite, and one has the asymptotics

6.3.51)

81

(6.3.52) g(x) 40 g0x "2 + g1x'tT 4+ o(x3?).

In turn, by comparing (6-3.50) with (6.3.48) we see that for given 3 the domain of the extension A (k) consists
of all those g’s in D(A,(k)*) that, decomposed as in (6.3.50), satisfy the condition

(6.3.53) c1 = Boe.

Moreover, replacing co and ¢; of the expression (6.3.50) with go and g; according to (6.3.51)), the self-adjointness
condition (6.3.53) takes the form

il { 2P il
(6.3.54) g = yg, ¥ = %(Tafzﬁ—l)-

We can therefore equivalently parametrise each extension with the new real parameter y and write AEZ ](k) in place
of AP)(k), with 8 and y linked by (6.3:54).

We have thus proved the following.
Proposition 6.3.14. Let a € (0,1) and k € Z\ {0}. The self-adjoint extensions of Aq(k) in L>(R*) form the family
{Ag](k) |y € RU{co}}. The extension withy = o is the reference extension </, (k) = Ral o where Rg, , is the
operator defined by (6.3.26). For generic y € R one has ”

[7] *
ANy = ALk
(6.3.55) a (k) o(k) DAY (k)

DAY (k) = {g € D(ALK)) g1 = g0},

where, for each g, the constants gy and g\ are defined by the limits (6.3.51).

The above classification allows us to finally identify the Friedrich extension Ay, (k) :

Proposition 6.3.15. Let a € (0,1) and k € Z\ {0}. Then @y(k) = Ao, r(k), and hence Rg,, , = Aq.r(k)™" and
kPa,k = (AQ,F(k))_lq)a/,k-

For the proof of Proposition[6.3.13]it is convenient to recall the following.
Lemma 6.3.16. Leta € (0, 1) and k € Z\ {0}. The quadratic form of the Friedrichs extension of Ay (k) is given by

D[Aa,r (k)]

{g € L2181 + X782 + [lx~"glIZ, < +oo}

g(x)h(x)

(6.3.56) o, o
Aa.r(K)g h] = / (g’(x)h’(x) + kX2 g(x)h(x) + Ca—z)dx.
0 X
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Proof. 1t is a standard construction (see, e.g., [62, Theorem 15]), that follows from the fact that D[A, r(k)] is the
closure of D(A4(k)) = C°(R*) in the norm

gl = (g Aa(k)g)2 + (g &)1

= 1lg 12 + K282, + Callx g2 + gl
Then (6.3.56)) follows at once from the above formula, since k> > 0 and C, > 0. i

Proof of Proposition[6.3.15] Letg € Z)(AB ](k)) for some y € R. The short-distance expansion (6.3.52)), combined
with the self-adjointness condition (6.3.39), yields

x10 -(1+%

o) 2 g ) 4y goxt +o(x?).

Therefore, in general (namely whenever go # 0) x~'g is not square-integrable at zero. When this is the case,
formula (6.3.36) prevents g from belonging to D[A,, r(k)]. This shows that no extension A,[Z ](k), v € R, has
operator domain entirely contained in D[A,, r(k)]. The latter statement does not cover @, (k) (y = o). Now,
Aq, r(k) can be none of the A[Hy ](k)’s, v € R, because the Friedrichs extension has indeed operator domain inside
DI[Aq, F(k)] —in fact, it is the unique extension with such property. Necessarily the conclusion is that A, (k) and
(k) are the same. O

A straightforward consequence of Proposition[6.3.15](and of its proof) is the following.

Corollary 6.3.17. Let @ € (0, 1) and k € Z\{0}. The Friedrichs extension Ay, r (k) of Aq(k) is the only self-adjoint
extension whose operator domain is contained in D(x7').

6.3.6 Proof of the classification theorem on fibre
Let us collect the results of the preceding discussion and prove Theorem [6.3.1]

Remark 6.3.18. The case @ = 0 and hence A, (k) is (a positive shift of) the minimally defined Laplacian, is well
known in the literature (see, e.g., [66]) and in this case Theorem [6.3.1] recover this information. In particular,
the operator closure has domain Hg(R*), the adjoint has domain H*(R*), the Friedrichs extension is the Dirichlet
Laplacian and has form domain Hé (R*).

Thus, Theorem need only be proved when @ € (0, 1), the regime in which the analysis of Subsections

6.3.1H6.3.5| was developed.
Part (i) of Theorem|[6.3.T]is precisely Proposition[6.3.8] Part (ii) follows from (6.2.21)) and (6.3.49) concerning
the operator domain, and from Lemma [6.3.2]concerning the kernel.

Part (iv), the actual classification of extensions, is the rephrasing of Proposition using the fact that the
reference extension is <7, (k) = Aq, (k) (Proposition[6.3.13)), and plugging the self-adjointness condition g = ygo
into the general asymptotics (6.3.52).

In part (iii), formula (6.3.8) for the operator domain follows from (6.3.49) (with <7, (k) = A, r(k)) and from
the short-range asymptotics for ¥, x (Lemma , and for the elements of D(A,(k)) (Lemma — which is
the same as taking formally y = oo in the general asymptotics. The distinctive property of A, (k) with respect to
the space D(x~!) is given by Corollary

Thus, it remains to prove (6.3.9) for the form domain of A, g(k). The inclusion D[A, r(k)] C H& (R*)N
L*(R*, (x)?® dx) follows directly from Lemma as (6.3.56) prescribes that if g € D[A, r(k)], then
g, x7g,x"'g € L*(R*), and the latter condition implies necessarily g(0) = 0. Conversely, if g € Hj(R")

and g € L*(R*, (x)?*dx), then g(x) 0 o(x%) and all three norms ||g’||;2, ||x®gll;2, and ||x~'g||,> are finite.

Owing to (6.3.36), g € D[Aq r(k)].
The proof of Theorem [6.3.1]is completed.

6.4 Bilateral-fibre extensions

In this Section we study the two-sided version of the problem considered in Sections [6.3] namely the problem of
the self-adjoint extensions in L?(R) of the bilateral differential operator

D(Aq(k))
Aq(k)

CyR)BCP(RY)

(6.4.1) AL (k) @ AL(k),
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already defined in (6.2.17). The Hilbert space L*(R) is now canonically decomposed into the orthogonal sum
(6.4.2) L>(R,dx) = L*(R™,dx) @ L*(R*,dx).
Each g € L*(R) reads therefore

(6.4.3) g =g @ogt = (§+) , g*(x) = g(x) forx € R*,
and
- + dz 21 .. 12a Ca/
(644) A(t(k)g = Saf k8 & Sa' k8 > Sak = —-—+k |x| + .
’ ’ ' dx? x2

As AZ(k) has deficiency index 1 in L%(R*), A, (k) has deficiency index 2 in L?(R), thus it comes with a richer
variety of extensions.
Among them, one has extensions of form

(6.4.5) B, (k) ® B (k)

where BZ(k) is a self-adjoint extension of A% (k) in L>(R*), namely a member of the family determined in the
previous Section (Theorem[6.3.T). Extensions of type (6.4.5) are reduced with respect to the decomposition (6.4.2))
(in the usual sense of, e.g., [102, Sect. 1.4]): they provide decoupled self-adjoint realisations of the differential
operator S, ¢, with no constraint between the behaviour as x — 0* and x — 0~. An important extension of this
type is the Friedrich extension A, r(k): indeed, a standard check shows that

(6.4.6) Aar(k) = Ay p(k) ® A p(k),

where A? ;. is the Friedrichs extension of A% (k) in L*(R*), described in Theorem iii).

Generic extensions, instead, are not reduced as in (6.4.3)), and are characterised by coupled bilateral boundary
conditions. We classify them using again the KVB scheme described in Sec. [6.3.4]

Following the same steps of Sections [6.3] and [6.7.5] we are now interested in self-adjoint restrictions of the
adjoint A, (k)* = A, (k)" @ A% (k)"

In order to export the one-sided analysis of Sections [6.3]to the present two-sided context, let us introduce a
unique expression for the functions of relevance, @, x and ¥, k, valid for the left and the right side. Thus, we set

(6.4.7) Do (x) 1= Dar(x)),  Por(x) = Par(lxl),

understanding El')a,k and ‘?‘a, x both as functions on R™ and on R*, depending on the context. Let us recall that such

functions are defined in (6.3.13) and (6.3.28) when k # 0, and in (6.7.21)) and (6.7.29) when k = 0.
Let us discuss the case k # O first. We deduce at once, respectively from Proposition [6.3.8] Lemma [6.3.2]

formula (6:3.28)), and Proposition [6.3.15] that

(6.4.8) D(A(k) = (HR)®@HF(RY)) N LAR, (x)** dx)
(6.4.9) kerA, (k)" = span{&)a,k} ) span{&)w,k}
(6.4.10) Aa.r(k) T ker Ay (k)" = span{‘.ﬁa,k} ® span{‘f’mk},

whence also [62, Theorem 1]
D(A(k)*) = (H3[R™) @ Hy(RY)) N L*(R, (x)* dx)
(6.4.11) + span{‘?u,k} & span{‘?a,k}
+ span{a;a,k} o span{(AIS(,,k},

namely, the analogue of (6.3.49).
In the notation of (6.4.3)), a generic g € D(A,(k)*) has therefore the short-range asymptotics

_ (8 x20 (8o} g L (87, 142 3
(6.4.12) g(x) = (g+(x)) = (g%)IXI +(gi+)|x| +o(]x]?)

for suitable g7, gi € C given by the limits

g = lim |xI%g*(x)
@419 F = lim D (g5 — gl )
g = lim |x g (x) —gylx .
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Formula (6.4.12)) follows from (6.4.11) and the usual short-range asymptotics for @ k, ¥q.x, and D(A,(k)).
Now, the KVB extension Theorem [6.3.13] establishes a one-to-one correspondence between self-adjoint ex-

tensions of A, (k) and self-adjoint operators T in Hilbert subspaces of ker A,(k)*: denoting by Ag)(k) each such

extension, and by K C ker A,(k)* the Hilbert subspace where T acts in, Ag)(k) is the restriction of A, (k)* to the
domain

g=¢+Agr(k) N (Tv+w)+v
with
¢ € (H}R)® HA(R)) 0 LR, (1)* dx),
veK, we span{a)mk} ® span{a)a,k}, wLlv

(6.4.14) D (AT k) =

Clearly dim % can be equal to 0, 1, or 2. The former case corresponds to taking formally ‘7 = oo’ on D(T) = {0},
and reproduces the Friedrichs extension. The other two cases produce the rest of the family of extensions.

All the preceding discussion has an immediate counterpart when & = 0, based on the results of Sect.[6.7.5] The
above formulas are valid for k = 0 too, except for (6.4.8)), that need be replaced with the generic identity

(6.4.15) D(Aa(0)) = D(A5(0)) @ D(A(0))

as we did not make the characterisation of D(Af,(O)) as explicit as when k # 0 (nor we need that, for only the
asymptotics as x — 0 are relevant for our purposes), and except for (6.4.11)), that consequently reads now

D(Ax(0)) = D(A5(0)) B D(AL(0)
(6.4.16) + span{W¥a,0} ® span{¥a,0}
+ span{®,,} & span{®q 0} .
Thus when & = 0 formula (6.4.174) takes the form

g=¢+ (A0 r@)+ 1) (Tv+w)+v
with
¢ € D(AL(0)) B D(AL(0)), ’
veK, we span{&)a,o} ® span{(iia,g}, wlvy

(6.4.17) D(AT0) =

where now K is a Hilbert subspace of ker(A,(0)* + 1) and T is a self-adjoint operator in K.
We can now formulate the main result of this Section.

Theorem 6.4.1. Let a € [0,1) and k € Z. Each self-adjoint extension By (k) of Aq(k) acts as
(6418) Ba(k)g = Sa,k 87 @ S(x,k g+

on a generic g of its domain, written in the notation of (6.4.3) and (6.4.12)-(6.4.13). The family of self-adjoint
extensions of Ay (k) is formed by the following sub-families.

e Friedrichs extension.

It is the operator (6.4.6). Its domain consists of those functions in D(Aq(k)*) whose asymprotics (6.4.12)
has g§ = 0.

o Family Ig.
It is the family {AB/]R(k) | v € R} defined, with respect to the asymptotics (6.4.12), by

DAL (k) = {g € D(Aa(k)) gy =0. & =75}
o Family Iy..
It is the family {AE/]L(k) | v € R} defined, with respect to the asymptotics (6.4.12), by

DALY (k) = {g € D(Aalk)) g5 =0. &7 =785} -
e Family 11, with a € C.
It is the family {ALZ V (k) |y € R} defined, with respect to the asymptotics (©4.12), by

DAY (k) = {g € D(Aq(k)")

)
g +agi =vg,

126



family of boundary
. space K . parameters notes
extensions conditions
S s bilateral
Friedrichs {0} @ {0} gy = confining
& 8 =0 left
Ir {0} ® Span{q)a/,k} gii- — yga' yeR Conﬁning
~ g =78 right
I span{®, } & {0} g =0 vyeR confining
_ bridging
I, ~ = g, =ag
span{®@q,x ® a®q x } _%0 o0 vyeR fora=1
aeC @ @ g1+ag?—_yg0 andy=0
_ N 81 =18 +48& ¥ €R
III span{®@,« } ® span{ Qo x} | gf = Lgy + v48; j :Jl 23.4
§ =y + i73 T

Table 6.1: Summary of all possible boundary conditions of self-adjointness for the bilateral-fibre extensions of
Aal(k)

e Family IIL

It is the family {Ag](k) IT = (y1,72, 3, ¥4) € R*} defined, with respect to the asymptotics (6.4.12), by

- 81 =185 + {8
D(Ay (k) = (8 € D(Aa(k)) | gf = {8y + 485
{i=y2+1y3

The families Iy, I, I, for all a € C\ {0}, and 111 are mutually disjoint and, together with the Friedrichs extension,
exhaust the family of self-adjoint extensions of Ay (k).

The proof of Theorem [6.4.1]is straightforward, and it is given here in all details for completeness, and also to
provide an explicative example of the KVB extension theory for a reader that may be familiar with Von Neumann
extension theory or may not be familiar in general with the extension theories (in this example, of operators of
deficiency index 2).

Proof of Theorem[6.4.1] Let us consider first k # 0 and let us exploit the classification formula (6.4.14) in all
possible cases.
The choice K = {0} & {0} yields to the extension with domain

D(Aa(k)) + Ao, r (k)" ker Ag(k)* = D(Aq r(k)),

namely the Friedrichs extension. Formula (6.3.8) of Theorem|[6.3.1] applied on both sides R* and R™, then implies
g, =0=g,.

The choice K = {0} & span{(T)a,k} yields to the extensions in the domain of which a function g = ¢ +
Aq.r(k)™{(Tv + w) + v is decoupled into a component g~ in the domain of A, (k) (the Friedrichs extension of

A (k)) and a component g* in the domain of a self-adjoint extension of A% (k) in L>(R*). This identifies a family
{AEZ]R(k) | ¥ € R} of extensions with

AL () = AL p(k) @ AZY k),

where A b’](k) denotes here the generic extension of A% (k), according to the classification of Theorem iv),
for which therefore g/ = yg. The symmetric choice K = span{®, } ® {0} is treated in a completely analogous
way. _ _

The next one-dimensional choice is K = span{®@, x & a®q  } for some 0 # a € C. Formula (6.4.14) is now to
be specialised with

vek, weKtn (span{(T)a,k} ® span{(f)a,k}) = span{® 1 & (-G Do} -
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The generic self-adjoint operator T on K is now the multiplication by some 7 € R. Then (6.4.14) reads

_ Dor | | ~ Dok Dok
+ Aa/ k 1 & + - @, K + Ta,
® F (k) (TCO (aCDa,k) co (—a 1 CDa,k)) co (ad)a,k)
+ (teo +~CO_),‘{11([L]‘< e Do,k
(tepa —coa™ Yok a®q i

for generic coefficients co, ¢o € C. From the expression above we find that the limits (6.4.13), computed with the

short-range asymptotics (6.3.14) and (6.3:29) (and Lemma(6.3.12), amount to

oQ
Il

8 = coa ﬂ(zml)
g1 = (1c0 + )y mmss 1 Pal2, = oy 5T
gl = (rca—da") ,rj'ji',)3||<1>a,k||§2—coa il

Let us stress that here the constant ||® ||, is the L?-norm of @, x on the sole positive half-line. The first two
equations above yield g = ag;. The last two yield

- 20k k
gi+agt = all +laP)(ryzEL 10a R, - |5k
k 2Hq)(r,k ”2
= g1+ laP) L (St 1),
having replaced ¢y = g, % We can also write

- = 4+ -
8§ tag =78
after re-parametrising the extension parameter as

zlld)a,k ”22
n(l+a)

(6.4.19) = (1+]a |2)1""( 7—1) € R.

This completes the identification of the extensions AZ ]a(k).

The remaining choice is K = span{®, i} ® span{®@,«} = ker A,(k)*. In this case formula (6.4.14) only has
v-vectors and no w-vectors, and the self-adjoint T is represented by a generic 2 X 2 Hermitian matrix

T] ™ +irT
T = . ’
T — 173 T4

), T, T2, T3, T4 € R.

Then (6.4.14) reads

oo
Il

(D k c,® k
Aa k IT a, 0~ a
e Wiy )+(+®mk)

. ((T] co + (m +im3)c] )‘fa,k) . (ca @,k)

(2 —im3)cy + acy)¥ak)  \cgPak

for generic coefficients ¢ € C. From the expression above we find that the limits (6.4.13), computed with the

short-range asymptotics (6.3.14) and (6.3:29) (and Lemma([6.3.12)), amount to

+ _  + [n(l+a)
8o Co\ T2k]
k|

& (n ,,(lm)gncbakn 2(1+a))+CO(Tz+173) 2B a2,

|
o

81

20k k
(7'2 —it3) 7r(1+a)3 ”(D(tk“ (T4 7r(1|+t|t)3 ”(Da’k”iz * 26'*""))

g
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21k|

Replacing ¢j = gi y in the last two equations above and re-defining the extension parameters as

n(l+a
L |k| 2”(Da,k||22
Y= m( 7r(l+a)L -1
. . 2|k
(6.4.20) Yo+iys 1= (12 +is) sk [ Qa2
M 2”(Da,k”iz

Y4 = l+a( n(l+a) T4_1)

yields the boundary condition that qualifies the extension A,[Yr ](k) with I' = (y1, v2, v3, Y4)-

Last, let us repeat the above reasonings when k = 0, based now on the classification formula (6.4.17). The only
modifications needed are the replacement of A, (k)™! with (A, #(0)+1)~!, and the use, instead of the short-range
asymptotics given by (6:3.14), (6.3:29), and Lemma [6.3.12] valid for k # 0, of the short-range asymptotics given
by (6.7.22), (6.7-30), and Lemma[6.7.8] valid for k = 0.

The net result concerning the extensions of type II,, namely the extensions AB: Ja (0), is that (6.4.19) is replaced
by

2 e 1 (Da. 2
(6.4.21) y o= (rlaPr(s g(< +)[Pa,0l,

20(1+a/)1"(1+T" F(“TQ)F(I_TH) T— 1) e R.

Analogously, concerning the extensions of type ITI, namely the extensions A(0), (6-4:20)) is now replaced by

— r(se) (1+a) [ 0a. 017

Y1 o= 2Q(I+G)F(I+Ta)( EGRED) Tl—l)
||<Da,0||iz

20T(He)r(L)
. r(l—T(y) (1+(Y)H(Da,0”iz

V4 = 20(1+Q)F(”T”)( T2 T4 = 1).

(6.4.22) v2 +iys = (1 +im3)

The proof is now completed. O

Whereas Theorem [6.4.1] expresses the various conditions of self-adjointness in terms of the representation
(6.4.3) and (6.4.12)-(6.4.13)) of a generic g € D(A,(k)*), that is, in terms of the short-range behaviour of g, for the
forthcoming analysis it will be convenient to re-formulate the above classification in two further equivalent forms.

The first one refers to the representation (6.4.3)), (6.4.11)), and (6.4.16) of g € D(A,(k)*), that is,

SZ_ C_(Pak ¢y Dok
6.4.23 _(20) 4 (1 Xk, (€0 P
(0429 § (90+) (CT a,k) (Co+ ‘Da,k)

with ¢* € D(AG(k)) and c§, ci € C. Then the proof of Theorem demonstrates also the following.

Theorem 6.4.2. Let a € [0, 1) and k € Z. The family of self-adjoint extensions of Ay (k) is formed by the following
sub-families.

o Friedrichs extension. It is the operator (6.4.6). Its domain consists of those functions in D(Aq(k)*) whose
representation @D has cg' = 0.

e Family I. It is the family {AZ]R(k) | v € R} defined, with respect to the representation (6.4.23)), by

DAYL(K) = {g € D(Aa(k)) |y =0. ¢} = fey).

where 8 and y are related by (6.3.53) for k # 0 and (6.7.34) for k = 0.
o Family Iy.. It is the family {AZ]L(k) | v € R} defined, with respect to the representation (6.4.23)), by

DAY, (k) = {g € D(AK)) g =0, €] =By},

where 3 and y are related by (6.3.54)) for k + 0 and (6.7.33) for k = 0.
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o Family 11, with a € C. It is the family {AE/’]a(k) | v € R} defined by

g € D(Ay(k)*) with (@) of the form
DAL = § , (a) N ( (rco + @) Pak ) ‘e ( Bk ) ,

o* (tepa — ¢ E_l)‘l’a’k a® i

where T and y are related by ©.4.19) if k # 0, and by ©-421) if k = 0.
o Family IIL. It is the family {Ag](k) IT = (y1,72 73, v4) € R*} defined by

g € D(Aq(k)*) satisfying (6.4.23) with
D(Ag](k)) = (cl‘) _ ( T () +i‘1'3) (CO) ,

+ : +
C1 T — 173 T4 CO

where (11,75, 73, 74) and (y1,v2, v3, v4) are related by (64.20) if k # 0 and (6.4.22) if k = 0.

The second alternative to the formulation of the conditions of self-adjointness provided by Theorem [6.4.1] is
in fact a very close alternative to the formulation of Theoremitself, with the same short-range parameters g
and g7 and the same classification parameters y or I', except that it is referred to the following representation of g,
which is valid identically for any x € R \ {0}, and not just as |x| — 0.

To this aim, and also for later convenience, we shall refer to P as a cut-off function in Cg" (R) such that

it 1,
(6.4.24) P(x) = it || <
0 if |x|>2.

In fact, in the following Theorem it is enough that P be smooth, compactly supported, and with P(0) = 1, but we
keep the general assumption (6.4.24)) for later use.

Theorem 6.4.3. Let a € [0,1) and let k € Z. Then for any g € D(Ay(k)*) there exist a unique ¢ € D(Ay(k)) and
uniquely determined coefficients gg, g7 € C such that

(6.4.25) g(x) = @(x)+gol|x|"2 P(x) + g1 |x]""2 P(x)  VxeR\ {0}

_ (¢ @) _ (% _ (g{)
Xx) = s = s = .
@(x) (<p+(x)) 80 (ga- 81 gzr
Here g and g7 are precisely the same as in the asymptotics (6.4.12)-(6.4.13). Therefore, the same classification
of Theorem in terms of gy and gy applies.

Proof. Let k # 0 and let us decompose g € D(Ay(k)") as g* = ¢ + ¢ Wax + cjPax With respect to the
decomposition (6.4.23). For short, let us discuss only the component g*, dropping the ‘+’ superscript: the
discussion for g~ is completely analogous. Thus, g = @ + ¢1Wa.x + coQa . for all x > 0 and uniquely determined

¢ € D(Ay(k)) and cp, c; € C. Let us introduce the functions

Lox(x) := (\/ ”(21|ZT) - 2?1'1(('1) |x|1+“) P(x)

Lix(x) i= | =2EL ([0 k]2, P(x)

a(l+a)’

in the usual notation

and re-write

—_~ =~ a g —_a a _a
g = @+ c1(War — X" Lig) + co(@ak — X172 Log) + c1 x| 2 Lig +co |x|77 Lok

2]k 2 k 1+% lta) | -4
= ¢+ (013 2oL 1R kl12: = coy 2Ly ) 12145 Pt oS5 5175 P,

having set _ _
¢ = g+ c1(Por — X" TLik) + co(@ak — |x|77 Lok) -

Because of the relation (6.3.51)) between ¢y, ¢ and go, g1, we also have

g = ¢+golx TP +g x| 5P,
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Next, let us argue that ¢ € D(A,(k)). First, we observe that both |x|~% Lo and |x|'*% Ly ; belong to D(A,(k)*).
The latter statement, owing to (6.2.21)) and (6.3.4), is proved by checking the square-integrability of S, (|x|~% Lox)
and of Sa,k(lxl”% Ly ). Since P localises Lo and L;x around x = 0, square-integrability must only be checked
locally. 1t is then routine to see that

~(x1~% o) + R xP(x]~E Log) + Cox (x|~ E L),
~(12]"% L) + R P (x| L) + Cox (x| L),

are both square-integrable around x = 0. As a consequence, both (‘—f’a,k - |x|1+% L) and ((T)(,,k - |x|‘% Lo ) are
elements of D(A,(k)*). Therefore, owing to the representation (6.3.49)-(6.3.51)), in order to check that such two
functions also belong to D(A,(k)) it suffices to verify the limits

0

. a = a . a = _a
lim |x]2 (Wo = X" FLik) = lim |x|% (@ox — 6172 Log)
x—0 x—0

0.

lim |x|"1 2 (P g — x| 2 Lig) = lim x| 7@y p — |x]72 Log)
x—0 x—0

The check is obvious, and holds thanks to the short-distance asymptotics that were chosen for Lo x and L x precisely
50 as to suitably match with the short-distance asymptotics (6.3.14) of @, ; and (6.3.29) of ¥, . This finally shows
that ¢ € D(A,(k)) and establishes (6:4.23). Of course, if conversely a function g of the form (6:4.23) is given with
¢ € D(A,(k)), unfolding the above arguments one sees that g € D(A,(k)*).

If instead k = 0, the same argument can be repeated decomposing now g € D(A,(0)*) as g* = o= + ch’(,,o +
D40 according to the decomposition (64-16), and using now the short-range asymptotics (6:7.22), (6-7-30), and
Lemma[6.7.8] valid for k = 0. We omit the straightforward details. o

6.5 General extensions of 77,

Let us now come in this Section to the study of the self-adjoint extensions, in the Hilbert space (6.2.9)), namely
(65.1) H o= (P = @, ho=b= LRI LR),
keZ

of the operator .7, introduced in (6.2.14) for @ € (0, 1). Such extensions are restrictions of .77, and it is standard
that 7} = @, ., Aa(k)* (see also Lemmal6.7.2)

Clearly, 7%, is semi-bounded from below, since 7, C @k ez Aa(k) and owing to the uniform semi-
boundedness of each A,(k) (see (6.3.1)). One can then naturally associate to .7, its Friedrichs extension

Hor = Pj ez Aa,r(k) (see the Appendix, Sec. for more details).
There is an obvious peculiarity of the mode k = O that needs be dealt with separately. Indeed, we know from

(63-1) that
(6.5.2) Awr(k) > (1+a)(B2)™ 1, kez\{0},

whereas the bottom of A,(0), and hence also of A, r(0) is precisely zero. Thus, all Friedrichs extensions on fibre
have everywhere-defined bounded inverse but the one corresponding to k = 0.

It is then convenient to consider a positive shift of .77, in the zero mode only. Clearly, with 1y acting as the
identity in the O-th fibre and as the zero operator in all other fibres, the operators 7%, and %, + 1, have precisely
the same domain, and so do the respective adjoints and the respective Friedrichs extensions.

Lemma 6.5.1. Let a € [0,1). Let (Wi )ez € H = €X(Z, V). Then:
(i) (i)kez € ker(Hg + 1o)* if and only if
(6.5.3) Uk = ¢ Pak ® i Dok VkeZ

or coefficients ¢, € C such that
0,k

(6.5.4) DU Ik g, P < oo
kezZ\{0}

Furthermore, there is a Hilbert space isomorphism

(6.5.5) ker(, + 1o)" = 3(Z,C2, ux)
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with

2
k"%, k#0,
6.5.6 =
( ) Hi {1’ k=0,

(i) Wikez € (HF + Lo) ™ ker(H, + 1o)* if and only if
(6.5.7) Ve = o Pak @ cf  Pak VkeZ

: +
for coefficients cix € C such that

(6.5.8) DU kTR P < oo,
kez\{0}

Proof. Part (i) follows from the identity ker(7%, + 19)* = @), o ker(A(k)* + 6x,010) (Lemma eq. (6.7.13)),
from ker(A(k)* + 6.010) = span{®} ® span{®,;} (Lemmas and and formula (6:4.9)), and from
||(I)a,k||iz(R+) ~ |k|~Ta for k # 0 (formula (6:3:16)).

Part (ii) follows from the identity

(A +10) ker( o+ 10 = (D) (Aar (k) ker Aa(k)’
keZ\{0}

® (Ao, (0) + 19) ™ ker(Aq(0)" + 1o),
which is a consequence of Lemma[6.7.3](eq. (6.7.13)) and Lemma[6.7.12} from the identity
(Aa,r (k) + 6010)™" ker(Aa (k)" + 6olo) = span{¥a} ® span{Fai},
which is a consequence of Lemmas [6.3.2] and [6.7.5} and of Propositions [6.3.15] and [6.7.9} from the consequent

identity
2,

kez\{0}

2 2

Ciklya,k (Dcx,k
b —
Lk Fak

Clk

An (k)
(l( ) CTk(D(z,k

b kezZ\{0} b

and again from the norm asymptotic ||®q « ||i2 &~ |k|~ T

This allows us to characterise the domain of ;" in terms of the representation given by Theorem [6.3.13]

D) = D(Hy + 1o)")
D(Hy + L) + (Ho r + 1) " ker(H, + 1o)* + ker(H, + 1o)*

D(H) + (o + o) ker(HF + 1) + ker() + 1) .

(6.5.9)

Lemma 6.5.2. Let @ € [0, 1). Let (gx)kez € H = *(Z, D). Then (gr)xez € D(H) if and only if

5 - -
(6.5.10) o = (f§)+ Lk _wk) || Cop_ ok VkezZ
Pr Cl’klya,k CO,k(D"vk
with
6.5.11) (Pikez € D), G = (gg)
k
and
65.12) D TRl P < oo
keZ\{0}
(6.5.13) DUk < 4o
keZ\{0}
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Proof. From the representation (6.5.9) one deduces at once that in order for (g )rez to belong to D(F)) it is
necessary and sufficient that

(8Kdkez = (Pr)kez + Widkez + (Ex)kez

for some (@x )kez € D(%), Wi kez € (HF + 1) ker(H) + 1), and (& ez, € ker(H) + 1). The conclusion
then follows from Lemma [6.3.1] O

We now present the general family of self-adjoint extensions of 77, in H, as it follows directly from Theorem
The object of the next Section, is the study of the uniformly fibred extensions of .7, (see also Prop.[6.7.4).
In fact, for the latter a clean and explicit description can be further obtained when going back to the original
variables (x, y) of the Grushin cylinder.

Theorem 6.5.3. Let a € [0, 1). There is a one-to-one correspondence S < F5 between the self-adjoint extensions
HS of A, and the self-adjoint operators S defined on Hilbert subspaces of ker(J + 1¢) = (*(Z, C?, ). If S is
any such operator, the corresponding extension 7> is given by

=g+ (Hyp + 1) N (Sv+w)+v
DAS) ﬂch that
(6.5.14) ¢ € D(H), veD®S),
w € ker(H + 1o) N D(S)*
(S + 10y = (A +10)g+Sv+w.

Proof. A direct application of the KVB self-adjoint extension theory (see Theorem [6.3.13)). The second formula
in (6.5.14)) follows from the first as (J2> + 1o) = (S + 1o) | D(H5). O

Theorem encompasses a huge variety of extensions, for %, has infinite deficiency index (that is, ker(5Z;, +
1p) is infinite-dimensional). The self-adjointness condition for each %”GS is in fact a restriction condition on the
domain S in terms of the representation (6.5.9), such a restriction selects, among the generic elements

U o= @+ (Har+1o0) 'n+é

of D(A), only those for which the vectors &, 1 € ker(J, + 1) (customarily referred to as the ‘charges’ of y,
see e.g. [86]] and references therein) satisfy

& v € D(S),
n=S8v+w, weker(J +1p)NDES)".

In this respect, the above condition produces in general a non-fibre-preserving mixing of the charge n with respect
to the charge £: such a mixing is encoded in the auxiliary operator S.

The class of relevant extensions that we are going to study more in detail is such that the above mixing is absent
instead, and the restriction condition of self-adjointness operates independently in each fibre. This is the case when

(6.5.15) S = @ S(k)  on ker(F + 1) = @ ker(Aa(k)* + 0x.010)
keZ k

for operators S(k)’s each of which is self-adjoint on a (zero-, one-, two-dimensional) subspace K of the two-
dimensional space ker(Ay(k)* + 6r,01o). Extensions (6.3.14) where S is of the form (6.3.13)) shall be referred as
fibred extensions.

Since each fibre of ker( + 1) is isomorphic to C2, we can identify each self-adjoint component S(k) with
an hermitian 2 X 2-matrix. Then, we shall more precisely study the extensions produced by operators S that act in
the same way on each fibre, that are those S such that S(k) = S(0), for all k € Z: those shall be referred as uniformly
fibred extensions.

6.6 Uniformly fibred extensions of .77,

From now on we focus on the relevant sub-class of self-adjoint extensions of .77, : those that we refer to as uniformly
fibred extensions. For such extensions we shall obtain a more explicit and convenient characterisation, namely
Theorem [6.6.1] below, as compared to the general classification of Theorem[6.5.3]

133



6.6.1 Generalities and classification theorem

We are now concerned with extensions that are fibred, in the sense discussed in the end of Sect. @ hence given
by the direct sum of a self-adjoint extension of A, (k) on each fibre, and therefore with conditions of self-adjointness
that do not couple different fibres, which in addition display uniformity.

Let us recall that a generic fibred extension acts on each fibre as a generic self-adjoint realisation of A, (k) that
belongs to one of the families of the classification of Theorem [6.4.1] and is therefore parametrised (apart when
it is Aq r(k)) by one real parameter or four real parameters. Such extension types and extension parameters may
differ fibre by fibre, say, parameter y(kl) for an extension of type Ir or I or Il on the ki-th fibre, and parameters

yikZ), ces yflkZ) for an extension of type III on the k;-th fibre.
Uniformly fibred extensions are those for which, fibre by fibre, the type of extension of A, (k) is the same, and
all have the same extension parameter(s) y (and a), or yy, . . ., V4.

By definition, uniformly fibred extensions can be therefore grouped into sub-families in complete analogy to
those of Theorem [6.4.1!

* Friedrichs extension: the operator 2, r = @ xez Aa,F (k) (see Lemmal6.7.12));

e Family Ir: operators of the form
6.6.1) A = @ ALY (k)
keZ

for some y € R;

e Family Iy : operators of the form

(6.6.2) AP = P A (k)
keZ

for some y € R;

» Family II, for given a € C: operators of the form

(6.6.3) A0 = DAY ()
keZ

for some y € R;

» Family III: operators of the form

(6.6.4) A3 = P Ay k)
keZ

for some I' = (y1, 2,73, v4) € R

Physically, uniformly fibred extensions have surely a special status in that the boundary condition experienced as
x — 0 by the quantum particle governed by any such Hamiltonian has both the same form and the same ‘magnitude’
(hence the same y-parameter, or y;-parameters) irrespective of the transversal momentum, namely the quantum
number k.

In addition, from the mathematical point of view uniformly fibred extensions allow for a completely explicit
description not only in mixed position-momentum variables (x, k), namely extensions of 77, but also in the
original physical coordinates (x, y), namely extensions of the symmetric operator H, = 7"2"%?'2 acting on
L*(R x S', dxdy), explicitly described in (6:2.12).

This is the content of the main result of the present Section.

Theorem 6.6.1. Let a € [0, 1). The densely defined, symmetric operator

32
x>

92 a2+ a)
+ _—
dy? 4x2

He = %5 ' HaFr = — |x[ %

DHY) = CFRY X Sy)

admits the following families of self-adjoint extensions in L*(R x §', dxdy) :
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e Friedrichs extension: Hy r, where Ho p = 7—"2_1%”(,, FP;

o Family Ig: {HB/]R |y € R}, where H([Z]R = "Fz_l%”abg Fas
o Family I {HE/]L |y € R}, where HEZ/]L = Tz—ljfa[yg ik
o Family 11, with a € C: {Hw u |y € R}, where H 77_1%72 Vih

o Family III: {H [T = (y1, 72,73, v4) € R*}, where H T_I%”[F .

Each element from any such family is characterised by being the restriction of the adjoint operator

D S L2(R x S, dxdy) such that
H) = X
(6.6.5) () (_ aa_; - |x|2“ a7t “(f;“))qﬁ € L2(R* x S', dxdy)
2 | 5, 0%  a2+a)
Hi * g+ v a + +
( (t) ¢ axz | | ayz 4._x2 ¢
to the functions
¢ = (z+) , ¢* € L*(R* x S', dxdy)
for which the limits
(6.6.6) (j)g(y) = xli,r{)lx |x|% ¢i(x, y)
667 o10) = lim x| (6% () - S50l )

= (1 +a)™ lim 2|79 (1x1% 6*(x.y)

exist and are finite for almost every y € S', and satisfy the following boundary conditions, depending on the
considered type of extension, for almost every y € R:

(6.6.8) o5(y) =0 if ¢ € D(Ha,r),
¢y (y) =0
€69 { S0y —vayy T OEDHID,
1) =%
(6.6.10) { ng; =7%0) if ¢ € DHD),
o) =
6.6.11) 99 (») = ady(y) if ¢ € DHL),
() +adi(y) =v¢,(y)
—(v) — _ . +
(6.6.12) ¢_],_(y) 71¢0 (y) + (_7’2 + 17’3)¢3()’) lf ¢ e D(Hg]) )
¢7(y) = (v2 —iy3)d, () + yad; (v)
Moreover,
(6.6.13) ot € HO=(S',dy) and ¢t € H=(S',dy)
with
® 5y = %{;—g for the Friedrichs extension,
® 5= %};—Z S0+ = S+ = %ﬁ—g for extensions of type 1R,
® 54 = %i;—g S0 = S1- = %ﬁg for extensions of type 1,
® 5. =S50+ = %%I—g for extensions of type 11,
® 5. =S50+ = %?i—g for extensions of type 111

135



6.6.2 General strategy

The proof of Theorem [6.6.1] is going to require quite a detailed analysis, as we shall now explain. All the
preparation is developed in Subsect. [6.6.2] through[6.7.8] and the proof will be discussed in Subsect. [6.6.6]

The trivial part is of course the reconstruction of each uniformly fibred extension of 7, through a direct sum
of self-adjoint extensions of the A, (k)’s. Instead, the difficult part is to extract the appropriate information so as
to export the boundary conditions of self-adjointness from the mixed position-momentum variables (x, k) to the
physical coordinates (x, y). The inverse Fourier transform 5’-'2‘] is indeed a non-local operation, and in order to ‘add
up’ the boundary conditions initially available k by k, one needs suitable uniformity controls in k.

Let %"Q“-f' be a uniformly fibred extension of J7,,. A generic element (gx)xez € D(jﬁf'f') can be represented as
in (6.5.10) with the ‘summability’ conditions (6.5.11)-(6.5.12) that guarantee (g )k ez to belong to D(;) (Lemma
6.5.2), plus additional constraints among the coefficients cg" . and ci « that guarantee that D(HA) is indeed a
domain of self-adjointness.

However, the above-mentioned representation (6.5.10) for the elements of D( ") seems problematic when
one needs to describe TZ‘ID(%’QSL).

We shall follow a second route inspired to the alternative representation (Theorem [6.4.3).

Now the generic element (g )xcz € D(SZ%1) is represented for each k as

(6.6.14) o = (%) N (8%) NI (89) [+ P
P 8ok 81k

where each ¢ € D(An(k)) and P is the short-scale cut-off (6.4.24).
The evident advantage of (6.6.14) is that computing

(6.6.15) ¢ = F5 (g)kez

and using the linearity of 772_1 yields formally

(6.6.16) o(x,y) = @(x, ) + g1 (MIx]"2 P(x) + go(y)|x|"2 P(x)
with

(6.6.17) ¢ = F erkez

(6.6.18) g = F (gox)kez

(6.6.19) gl = F (guikez-

In (6.6.16) the function g is expected to retain the regularity in x and the fast vanishing properties, as x — 0,
of each ¢, and hence ¢ is expected to be a subleading term when taking limy_,o ¢(x, y) and limy_,g 9x@(x, y);
on the other hand, the regularity and short-distance behaviour in x of the other two summands in the r.h.s. of
(6-6.16) are immediately read out. Moreover, since ! is a uniformly fibred extension, the boundary condition
of self-adjointness in (6.6.14) (namely a condition among those listed in the third column of Table [6.T) takes the
same form, with the same extension parameter, irrespective of k, and therefore is immediately exported, in the
same form and with the same extension parameter, between go(y) and g;(y) for almost every y € S'.

Clearly, so far (6.6.16) is only formal: one must guarantee that (6.6.17)-(6.6.19) are actually well-posed and
define square-integrable functions in the corresponding variables, with the desired properties.

As we shall comment further on (Subsect.[6.7.7), such a strategy will lead to the following singular circumstance:
whereas Lemma m guarantees that applying 7'2’1 on (gx)kez represented as in (6.5.10) yields three distinct
functions, each of which belongs to TZ‘IZ)(%”J ) = D(H;,), the three summands in the r.h.s. of (6.6.16) will be
proved to belong to L2(R x S, dxdy), none of which being however in D(HZ,) in general — only their sum is, due
to cancellations of singularities. This explains why the analysis is going to be onerous.

6.6.3 Integrability and Sobolev regularity of go and g;

Following the programme outlined in the previous Subsection, let us show that (6.6.18) and (6.6.19) indeed
defines functions in L?(S', dy) with suitable regularity.

Proposition 6.6.2. Let a € [0,1) and let (gi)kez € D(FHT), where I is one of the operators or
(6-6.1)-(6.6.3), for given parametersy € R, a € C, T € R*, depending on the type. With respect to the representation
(6:6.14) of each g, one has the following.
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(i) If %”a“'f' is the Friedrichs extension, then

lea +
(6.6.20) Dk TE g P < oo, gE, = 0.
kezZ

(ii) If " is of type 1R, then

lea —
Z|k|1+~|g1,k|2 < 4o, gy = 0,

(6.6.21) S s
DUk g o< oo, DT IKITE[gh, P < +eo.
keZ keZ

(iii) If %% is of type 11, then

1-a
DI gl P < oo, giy = 0,

keZ
(6.6.22) L \
a9 3t _ 9
> kI gr, [ < oo, > 1| g5 17 < oo
keZ keZ

(iv) If AT is of type 1, then

DUk g P < v, Y k| g P < 4o,

(6.6.23) keZ » ~ , kezZ
Z|k|mlgl’k+agtk| < +400.
keZ

(v) If FE° is of type 111, then

3ta dta
(6.6.24) DUkl g 2 < koo, D IKITE |gE 2 < 4o
keZ keZ

Corollary 6.6.3. Under the assumptions of Proposition (851 kez and (g5 ez belong (*(Z). Hence, (6.6.18)
and (6:6.19) define functions y — g(y) and y — g¥(y) that belong to L*(S',dy). In particular, the summability
properties (6.6.20)-(6.6.24) imply that g& € H*=(S',dy) and g € H*'=(S',dy), where the order of such Sobolev
spaces is, respectively,

(i) siz = %{;—z for the Friedrichs extension,
(ii) s1,- = %};—g 0+ =S+ = %?:g for extensions of type IR,
(iii) s1,+ = %};—g 80— = S1,— = %f:—g for extensions of type 1,
(iv) S1,+ =80+ = %%I—g for extensions of type 11,

(V) $1,& = S0, = %?i—i for extensions of type 1IL

Proof of Proposition[6.6.2] For each case, the proof is organised in two levels. First, we consider each family
of extensions as characterised by Theorem [6.4.2] in terms of certain self-adjointness constraints between the
coefficients ¢; and ¢ of the representation (6.5.9)-(6.5.10) of the elements of D(%ﬂa* ), and we show that owing
to such Constralnts the a priori summability (6-5.12)-(6.5.13) of the ¢’s and ¢’s is actually enhanced (see also
Remark- below). Then, we export the resulting summability of the cy’s and ci’s on to the g5’s and gi’s by
means of the relations

1
(6.6.25) gin = Cop T
+ _* 21k| + k|
(6.6.26) 8k = Ciay mirsay |1 Paklfage) = Gry 2iem

valid for k # 0 (see (6.3:51)) above).
Let us also recall from (6.3.16) that

_2
”(D(Ik”LZ(RJr) ~ |k| Hn’
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namely for some multiplicative constant depending only on a.
(i) Theorem states that for this case ¢, = 0. This, together with (6.5.12) and (6.6.26), yields

2 1—.
too > N kTRl P~ > kI g, [

kez\{0} kez\{0}

(ii) Theorem states that for this case ¢

ox = O0and c{k = ﬁkc&k with By given for k # 0 by

|k 2”®ak“
1_( n(l+a) ﬂk - 1)

(see (6:3.34) above), that is, B ~ |k| @ at the leading order in k. (Here the operator of multiplication by S is what
we denoted in abstract by S(k) in the discussion following Theorem (6.5.3) — see (6.5.13) above.) This, together

with (6.5.13) and (6.6.23) yields
_2 __2 3+a
voo > N k[Tl [P = Y TR ey, P~ D kTR g

keZ\ {0} keZ\{0} keZ\{0}

From this one also obtains

3
DU kT gl P < oo,

keZ\{0}

owing to the self-adjointness condition in the form gi = yg& « (Theorem . As for the summability of the
Cpy>One proceeds precisely as in case (i).

(iii) The reasoning for this case is completely analogous as for case (ii), upon exchanging the ‘+’ coefficients
with the ‘=’ coefficients.

(iv) Theorem [6.4.2]states for this case

Cox = Cok> Clx = TkCok + Cok>

— 1~
Txacox —a Cok»

+
aCO,k B Cl’k

Cok
with 1 given for k # 0 by
2 Ik 2||¢’a,k||iz
y = (1 + I (S w 1),
(see (6.4.19) above), that is 74 ~ |k| == at the leading order in k. This, together with the a priori bounds (6.3.13),

and with (6.6.23)), yields

2 — _2
too > N lkIEEler, +act, P = > kITEEI + JaP)rcoxl?
kez\{0} kez\{0}

3+a
a9
~ D kT gyl

kezZ\{0}

From this, and self-adjointness conditions g0 K= 9801 and g7 T agt Lk = Y8k (Theorem , one obtains the
last two conditions in (6.6.23). As for establishing the first condition in , one has

5 2
DI g

kezZ\{0}

< Z || TFa

4 ey 2 k|
Pl ey + D KT e [P

kez\{0} kez\{0}
_2
~ TR P+ Y KR g P < oo,
keZ\{0} keZ\{0}

having used (6.6.26) for the first step, (6.6.23)) for the second step, and the a priori bounds (6.5.13) as well as the
already proved second condition in (6.6.23) for the last step.
(v) Theorem [6.4.2] states for this case

CLr) _ Tk Tok +1iT3k ) [Cok
Ctk Tz’k - 1T3’k T4,k C&k
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with

2
_ k] 2||(D(t,k”L2 T 1
Y= Tva n(l+a) Lk

. . 20k
Y2 +iys = (ok + lTS,k)ﬁ”q)w,k”iz

_ |k‘ 2”(1)0’)(”12 _ 1
Y4 = Tia n(l+a) T4k

(see (6.4.20) above). Thus,

2 1- 2
Tk ~ k[T, Top ity ~ k|, T4r ~ k|7,

— 2 - _ S+a 3-a _

Cl,k N |k| im |k| l-;a/ Co,k B |k| 221+a) |k|72(sl+(z) gO,k
= 3= S5+

ot \k= k= e \kEEe ks ) \sox

at the leading order in k, having used (6.6.23)) in the last asymptotics. As the above matrix has determinant of
leading order |k]| s , We obtain
80k ~gres (] _|k|1) (Cl_k)
> ~ k 2(1+a) _ > s
(g;)r,k) . ("k' : 1 an

-2 2 B 2
|g0,k| +|g8:k| S |k| tra (lCO,k| +|C(Ik|)
at the leading order in k. Therefore,
da 49 - -2 + 2
DI jgg P s DT KT (Jeg,l? + g, ?) < oo,
kez\{0} keZ\{0}

having used the a priori bound (6.5.13) for the last step. This establishes the first condition in (6.6.24). The second
condition follows at once from the first by means of the self-adjointness constraints

and

whence

Sk = N8 + (r2 +1¥3)80
gl = (2 —iv3)gox + 7280k
from Theorem[6.4. 1] O

Remark 6.6.4. In the work [97] it was determined that the deficiency space ker(JZ; + 1) of .77, is isomorphic to

H>t5a (S"). This fact can be easily deduced from the proof of Proposition , in a completely analogous way of
part (i). Our analysis thus goes further the Sobolev regularity of the deficiency space, computing higher Sobolev
regularities for the domains of self-adjoitness of uniform extensions of ..

Remark 6.6.5 (Enhanced summability). Let (gx)kez € D(FZ,). As established in Lemma|6.5.2] the coefficients
co,x given by the representation (6.5.9)-(6.3.10) of g satisfy

2
k|77 e |7 < oo
kez\{0}

If in addition (g )rez € D(H!) for some uniformly-fibred extension of .7, then Prop. above shows that
the coefficients go x given by the representation (6.6.14) of g satisfy

3
D Ikl g P < oo
kez\{0}

(this covers also the case when the g, ’s or the g, ’s are all zero, depending on the considered type of extension).

iy . 1 B
The latter condition, owing to (6.6.25) and hence g, ~ |k|~2cj . implies

2
k| ™ |cE, |* < +oo.
kez\{0}

Thus, the condition of belonging to D(#"1), instead of generically to D(.5£), enhances the summability of the
sequence (¢ Jkez.
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6.6.4 Detecting short-scale asymptotics and regularity

As observed with (6.7.41), 7, is applicable to (¢k )k ez and thus defines a function ¢ € L2(RxS!, dxdy).
The next step in the strategy outlined in Subsect. [6.6.2]is to show convenient short-scale asymptotics as x — 0 for

QD(X, )’) and 6)690()‘:’ )’)
Evidently, the possibility that ¢ ¢ 7—;‘1@(%‘ ) = D(H;) (Lemma [6.7.14) complicates this analysis: no

regularity or short-scale asymptotics of the elements of D(H,) can be claimed a priori for ¢.
For the above purposes we shall make use of the following auxiliary result.

Lemma 6.6.6. Let a € [0,1) and let R : (0,1) x S' — C be a function such that
(342
(a) [ G+DR ”LZ((o,nxsl,dxdy) < too,
2
(b) [|0zR ||L2((0,1)><S',dxdy) < oo

Then for almost every y € S! the function (0,1) 3 x — R(x,y) belongs to Hg((O, 1]) and as such it satisfies the
following properties:

(l) R(a )’) € Cl(()’ 1):
(i) R(x.y) "2 o(x*2),
(iii) OxR(x,y) 40 o(x'/?).

Remark 6.6.7. HOZ((O, 1]) in the statement of Lemma [6.6.6| denotes as usual the closure of Cy((0,1]) in the H?-
norm. The edge x = 1 is included so as to mean that there is no vanishing constraint at x = 1 for the elements of
H(%((O, 1]) and their derivatives: only vanishing as x | 0 emerges, in the form of conditions (ii) and (iii).

Proof of Lemmal6.6.6] Assumption (a) in Lemma implies that R(-, y) € L?((0, 1)), and hence together with
(b) it implies that R(-,y) € H*((0,1)) for a.e. y € S'. Therefore R(-,y) = ay + byx + ry(x) for a.e. y € S!, for
some ay, by, € Cand ry € HOZ((O, 1]). For compatibility with assumption (a), necessarily a, = b, = 0, whence
R(-,y) € Hg((O, 1]) forae.y € S'. O

Let us discuss the application of Lemma[6.6.6|to our context.

As we are interested in characterising for fixed y € §' the behaviour and the regularity of x — ¢(x, )
as x — 0 from each side of the singular point x = 0, it suffices to analyse the case x > 0; then completely
analogous conclusions are obtained for x < 0. Lemma [6.6.6] is thus meant to be applied to the restriction
R(x, y) = ¢(x, y)L0,1)(x)-

In fact, since in general ¢ € L2(R x S',dxdy) \ D(H;,), we are not able to check the assumptions (a) and (b)
of Lemma directly for ¢. We opt instead for splitting ¢ into a component in D(H,) plus a remainder, the
explicit form of which will allow to apply Lemma[6.6.6]

This idea is implicit in the very choice of (¢x)xez made in (6.6.14). Let us recall that for given (gx)xez We
could represent

8 = ¢f + g lxI"T TP+ gl x| TP

and also _ _
g;‘r = QFE;:F + Cik‘{l(lvk + C(Jikq)a,k N
where
6627) @nee « D DA = D7)
keZ

Moreover, as argued in the proof of Theorem [6.4.3| for each k € Z \ {0} we can split

(6.6.28) o = o + 9%,

while keeping

(6.6.29) o = ¢ and 95 =0 when k=0,
where

(6.6.30) 9 = ﬁék +19fk
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with

(6.6.31) 9%, = Cék(fﬁa,k— I Y N [ |1+2P)
(6.6.32) 95, = c,fk('i,,k— TS . |x|‘+%p)
and

(6.6.33) 9508, € D(A5(k) = HJ(R®) N LAR®, (x)** dx).

It is important to remember that for later convenience the zero mode is all cast into ¢ = @7, hence (Y )rez =

(P )kez) 0}-
The decomposition (6.6.28)-(6.6.32)) induces the splitting

(6.6.34) (erkez = (Prlkez + (D kez

as an identity in £2(Z, L*(R*, dx)), where (1% )i <z does not necessarily belong to D(7#7), as (¢ )x <z does not either

(Lemmal6.7.T4). In turn, owing to (6.7.41) and (6.6.27), the identity (6.6.34) yields the splitting

(6.6.35) o(x,y) = @o(x,y)+3x,y), (x,y) eRx S,
with

(6.6.36) ¢ = F (@ikez € 75 ' D(HF) = D(Ha)
(6.6.37) & = F ' (Okez € L*Rx S, dxdy).

Here ¢ may fail to belong to D(Hy,), precisely as ¢.
The explicit information that ¢ € D(H, ) and the explicit expression for ¢ will finally allow us to apply Lemma
[6.6.6] separately to each of them. This will be the object of Subsect. [6.6.5}

6.6.5 Estimates for ¢ and ¢: domain of the closure

In order to undesrtand the behaviour of ¢, we are first concerned now with the regularity and the behaviour as
x — 0* of the functions belonging to the domain of the closure D (HZ). This result may be interesting by itself.

Clearly, from (6.2.12),
— s~ oMk
(6.6.38) D(HE) = CT®EXS])

12
where || /||, +[[Hg h||L2(R¢X5|)) 2.

We also recall, from HZ C (HZ)* and from (6.2.18), that

= (1412

(6.6.39) HEg* = (— — =X =+ ==

The main result here is the following.

Proposition 6.6.8. Ler a € [0, 1). There exists a constant K, > 0 such that for any ¢* € Z)(H_(i,) one has
-2 ot
(6.6.40) “ [~ “L2(Rt xsh) T ” ¥ HLZ(]R*XSI) < Ko “H; ¢+||L2(R§xs;) :

When a T 1, then K, — +c0. As a consequence, ¢* satisfies the assumptions of Lemma and therefore, for
almost every y € S,

(i) the function x — @*(x,y) belongs to C'(0, 1),
(i) ¢ (x,y) = o(|xP’?) as x — 0%,

(iii) 0x@*(x,y) = o(|x|'/?) as x — O%.
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As we only need information on the limit separately from each side of the singularity, it is enough to consider
the ‘+’ case: the same conclusions will apply also to the ‘-’ case. Thus, in the remaining part of this Subsection,
we shall simply write ¢ for ¢* € DH).

The proof of Proposition[6.6.8|relies on two technical estimates. The first is an iterated version of the standard
one-dimensional inequality by Hardy,

(6.6.41) ||r_1h||Lz(R+,d,) < 2110 Nl2ee,ar) YheCrRY).

Lemma 6.6.9 (Double-Hardy inequality). For any h € C;°(R*) one has
-2 4 ’”
(6.6.42) lr==hll2@+ary < 3 A" 2@ ar) -

Corollary 6.6.10. Let g € C°(RY x S). Then

s 4,
(6.6.43) X2 @l 2grgxst) < gll@fgolle(R;XS;).

The proof of Lemma@ is well-known and we avoid giving details here. The second estimate is meant to
control the term xz"(')yz of H, and reads as follows.

Lemma 6.6.11. Let a € [0, 1). There exists a constant Dy > 0 such that for any ¢ € Z)(H_:;) one has
20 52 ~ o
(6.6.44) 1x* 05 @l 2wty < DallHE ‘ﬂiLZ(szs,&) .

Proof. It is enough to prove (6:6.44) for any @ € C°(R}. x S}); then the general inequality is merely obtained by
closure, owing to (6.6.38). To this aim, let (g )xez := 7,7 ¢ € H = £%(Z, L*(R*, dx)). One has

”xzaay%“;(n«;xs;) = Z”xzakz ak”iz(R*)
keZ

||X2ak2 RGa,k Aa/,F(k)QFEk ”iz(RJr)
keZ\{0}

D 1K Re, [, [AGO& N e,
kezZ\{0}

N

where we used Plancherel’s formula in the first identity and Proposition[6.3.13]in the second identity. Owing from
Lemma ii), ||x2*k? RG, ; llop < Dg uniformly in k for some D, > 0. Based on this fact, one then has

02 mrst) < D D GGy = D2 17 @dkezl3
keZ

- p2 I &l
= D, ”H; ‘;’“U(R;xs;)’
which completes the proof. m}

Remark 6.6.12. A result similar to Lemmal6.6.11]has been obtained in the very recent paper [84, Lemma 2.1] for
Baouendi-Grushin-type Laplacians of the form 93 + |x[**@}, & > 1, using the ellipticity of the Fourier components.
Both our and their estimates are based on the positivity of the Laplacians. Notice that §2 + |x|2"6y2 =divg o Vg,
where £ = dxdy is the Lebesgue measure and g = diag(1, |x|72%).

Based upon the above estimates, we can prove Proposition [6.6.8]

Proof of Proposition[6.6.8] Again, it suffices to establish (6.6.40) when ¢ € C°(R} x Syl), and then conclude by

density from (6.6.38).

One has
||3§¢1|L2(Rxxs;) < ||H_;ﬂ|L2(Rxxs;) + ”xzwayz‘;’“LZ(R;xs;) + C“”x_z‘;”LZ(R}XS;)
_ — 4C, -
< |Ha ‘;EI|L2(R}><S>‘,) + Do [HG ﬂ'LZ(R;xs;) + Ta”af"‘)“Lz(R}xs;)’

where the first inequality is a triangular inequality based on (6.6.39), whereas the second inequality follows directly

from Corollary [6.6.10|and Lemma[6.6.1T]
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Therefore,
1+D

—a ”H ‘79“L2(R+xsl)

||3§¢]|L2(R;xs;) < -

As Cy = %a(2 + a), the constant K, := (1 + Dg)(1 — %C(,)_1 is strictly positive for any a of interest, namely,
a € (0,1). Moreover, K, — +co as & T 1 (indeed, tracing back the constant D, through the proof of Lemma 3.3
where it was imported from in Lemma[6.6.11] it is easy to see that D, does not diverge when e T 1). The proof is
thus completed. )

Let us recall that 9* may well fail to belong to Z)(%) and therefore cannot be controlled by means of Prop.[6.6.8
a separate analysis is needed, and we base it on the explicit expression and homogeneity properties of J.
We state the needed result here, and postpone the technical proof to the Appendix [6.7.8]

Proposition 6.6.13. Let a € [0, 1). For almost every y € S',
(i) the function x — 9*(x, y) belongs to C'(0, 1),
(ii) 9*(x,y) = o(|x|>/?) as x — 0%,
(iii) 0x9*(x,y) = o(|x|'/?) as x — 0*.

6.6.6 Proof of the classification theorem

Proof of Theorem[6.6.1} Let us characterise the domain D(%, ' 7" %) of the various uniformly fibred extensions
of Hy = 7, T,

The expression (6.6.5) for H, prov1ded in the statement of the theorem was already found in (6.2.T8).

Next, let us consider a generic ¢ = F, ' (gx)kez € D(F; ' A F2), where (gi)kez € D(HT). Owing to the

definitions (6.6.16)-(6.6.19) and to Corollary@
(6.6.45) o) = ¢(xy) + 2 )x"FP() + go(y)lx| ™% P)

where P is a smooth cut-off which is identically equal to one for |x| < 1 and zero for |x| > 2, and go, g; € L*(S")
with further Sobolev regularity as specified therein.

Moreover, upon splitting ¢ = @+ as in (6.6.33)), and using Prop. [6.6.8]for & and Prop.[6.6.13|for ¢, we deduce
that for almost every y € S!

» the function x > ¢*(x, y) belongs to C'(0, 1),
o o*(x,y) = o(|x>?) as x — 0F,
o Ay (x,y) = o(|x|'/?) as x — 0*.

Plugging this information into (6.6.43) yields

lim [x|? ¢*(x,y) = g&(y)
x—0*

Jim 27 (9% y) — gy IX]TE) = g () + lim [x TRt (x, y)
= gi(y),
namely
(6.6.46) g = ¢o, g1 = é1,

proving also that the limits (6-6.6), as well as the limits of the first line of (6.6.7), do exist. Also, the Sobolev
regularity stated for ¢ and ¢, follows directly from Corollary [6.6.3]
The second identity in (6.6.7) is obtained as follows. By means of (6.6.45) we compute

(1+a)™" lim x| 0 (x| ¢*(x.y)) =
= =1+ a)™" Tim 2|70, (1213 0" (6 ) + g7 ()12 + 85 ()

= gr = +a)™" lim |x[™0(Ix1F¢*(x.y))
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On the other hand,
Jim |x 0y (x| F ¢ (x,y)) = lim (§1x70 D" (x ) + |67 deg™(x,3)) =0,

having used the properties ¢*(x, y) = o(|x|*/?) and d,¢*(x, y) = o(|x|'/?) as x — 0*. This yields the second

identity in (6.6.7).

It remains to show that for each type of extension, the stated boundary conditions of self-adjointness do hold

for ¢o and ¢;. As, by (6.6.18)-(6.6.19) and by (6.6.46)

+ 1 iky +
() = =), €78
0 m ];Z 0,k

$i) = —= ) ety
2n keZ

the above series converging in L>(S'), and since for each uniformly fibred extension 2" the boundary conditions
are expressed by the same linear combinations of the g7, ’s and g7, ’s for each k, then now the boundary conditions
of self-adjointness in terms of ¢ and ¢; are immediately read out from those of the classification Theorem [6.4.1]
for bilateral-fibre extensions (see also Table i in terms of ga—: . and g;—" & m]

To conclude, the thesis of Theorem [6.1.1] follows by conjugating back the operator H,, and its self-adjoint
extensions that we found, via the unitary transformation ¢* = UZ f* = |x|~2 f*.

6.7 Appendix

This appendix aims at furnishing details and proves that have been postponed in order to ease the reading of the
chapter. Some of them are original and thus more important than others that are revisited and already known facts.
More precisely, Sections[6.7.1}[6.7.2} and [6.7.6]revisit well-known facts about infinite-direct sum of operators, their
properties on closure, adjoint and self-adjoint extensions. Sections and [6.7.8] present the proves of technical
yet important results, which are original. Section contains the proves of three lemmas that are standard and
well-known. Section is a revisitation of some known results about inverse-square potential hamiltonians on
the half-line, which correspond to the fibre k = 0 of our investigated operator. Section[6.7.7]is original and provides
examples of why a particular decomposition of the adjoint operator may present singular factors: that is, the factors
may not belong individually to the domain of the adjoint but their sum does due to the cancellation of singular
terms.

6.7.1 Orthogonal sum operators

We recall the structure of operators acting on H (resp., on H*) in the form of infinite orthogonal sum, that is,
operators that are reduced by the orthogonal decomposition (6.2.9) (resp., (6.2.7)). By this we mean an operator T
for which there is a collection (7'(k))xcz of operators on [y (resp., on h*) such that

() yYr € D(T(k)) Yk eZ

D(T) = = . 2
6.7.1) (T) ¥ = Wikez € H (ii) Z HT(k){//k”b < 400
keZ
T';D = (T(k) (//k)kEZ s
(and analogous formulas on each half-fibre), the shorthand for which is
(6.7.2) T = @ T(k).
kezZ

Thus, T(k) = T | (D(T) N by), where by is the fibre h counted in the k-th position with respect to the sum (6.2.9),
and each by is a reducing subspace for 7. A convenient shorthand for the above expression for D(T') is

(6.7.3) o) = B o).

keZ

As commented already, we write ‘@’ instead of ‘@’ to denote that the infinite orthogonal sum involves now
non-closed subspaces of H.
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Remark 6.7.1. Itis crucial to observe that .7, is not decomposable as .7, = (P vez Aa(k) in the sense of formula

(6-7-1), and in fact
(6.7.4) Ay @Aa(k).

keZ

Indeed, as seen in (6.2.13),

2
2 2 2
PolAatwnlE = [[(= Z - P s + 22 )
k

L2(RExS))’

where ¢ = >4, the finiteness of which is guaranteed by ¢ € C°(R} x Syl) in the case when ¢ € D(J7,), but of
course is also guaranteed by a much larger class of ¢’s that are still smooth and compactly supported in x, but are
not smooth in y — thus corresponding to ¢’s that do not belong to D(57,).

Most relevantly for our purposes, the closure and the adjoint pass through the orthogonal sum of operators.

Lemma 6.7.2. If T = @, ., T(k), then

(6.7.5) T = @T(k)*
keZ

(6.7.6) T = @W
kezZ

where the symbol of operator closure and adjoint clearly refers to the corresponding Hilbert spaces where the
considered operators act on. Moreover,

6.7.7) kerT* = @ ker T(k)* .
keZ

Proof. Lety € D(T*): then there exists n € H such that

Dby = En = WTEw = Y WTk)é&Yy V€€ DT).
keZ keZ
By localising ¢ separately in each fibre b one then deduces that for each k € Z y;, € D(T(k)*) and ni = T'(k)* Y,
whence also ez HT(k)*wk”rz) = ||77||,2H < +oo. This means precisely that ¢ € D(@kez T(k)") and T*yY =
(T (k)Y )kez = (@kez T(k) W,ie., T C @kEZ T(k)".
Conversely, if y € D(EP, o, T(k)*), then for each k € Z one has (T(k) W, &y = (Wi, T(k) éx Yy Véx € D(T(k))
and ez ||T*(k)¢k||§ < +o0. Setting g := T* (k) and 17 := (g )r ez one then has that € H and

M = Y by = D WeThEN = WTEy  VEe D).

kezZ keZ

This means that ¢ € D(T*) and Ty = = (T(k)*Yr)kez = (B ez T W, i, T* > Py T(k)".
Identity (6.7.3) is thus established, and (6.7.6) follows from applying (6.7.3) to the operator T* instead of 7.
Identity (6.7.7) is another straightforward consequence of (6.7.3). O

Now, although J%, ¢ P, ., Aa(k) (Remark|6.7.1), the two operators have actually the same adjoint and the
same closure.

Lemma 6.7.3. One has

(6.7.8) = @ Ay
kezZ
and
(6.7.9) 57 - EB .
kezZ
ie.,
() Yr € D(Ag(k)") Yk eZ
(67.10) D) 1= (¥ = Wihkez €H | (i) kZZ ARy ][} < +oo
Ayt = (Aak) Yi) ez
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and

() Yr € D(Aa(k)) Yk €Z

6.7.11) D) = 1 = Wz € H | i é“mlﬁkui < oo
Aoy = (T(k)wk)kez-
Analogously,
(6.7.12) E = P Az, Ay = P ask).
Kez Kez
Moreover,
(6.7.13) ker ' = @ ker Ao (k)" .

keZ

Proof. On the one hand, 7%, > (P, .z Ae(k))* = P, 7 Aa(k)* (owing to and above).

On the other hand, one proves the opposite inclusion, namely %, C P, ., Aq(k)*, following the very same
argument used for the proof of T* c €, ., T(k)* in Lemma This is possible because for & € D(F,), one
has & € CPR\ {0}) = D(Aq(k)).

Thus, explicitly, if ¢ € D(IZ), then there exists 7 € H such that

DmeEdy = MEH = WA = ) Wk AdR)E)y  VE € D).

keZ kezZ

By localising & separately in each fibre h; one then deduces that for each k € Z Yy € D(A,(k)*) and 7y
Ay (k) ., whence also ez ||Aa(k)*z,bk||§ = ||n||3{ < +co. This means that ¢ € D(P, o, Ae(k)*) and ;¥
(Aa(k)*lpk)kez = (@keZ Acx(k)*)';b'

Thus, (6.7.8) is proved. Applying (6.7.5) to (6.7.8) then yields (6.7.9). |

6.7.2 Momentum-fibred extensions. Local and non-local extensions.

The technical point that is going to be crucial for us in studying the self-adjoint extensions of S and /7, is
the following.

Proposition 6.7.4. Let {B(k)| k € Z} be a collection of operators on the fibre space V) (resp., b*) such that, for
each k, B(k) is a self-adjoint extension of A (k) (resp., AL (k)), and let

(6.7.14) B = @ B(k).

keZ
Then B is a self-adjoint extension of 4 (resp., F.E).

The proof goes through reasonings that are somewhat standard, but for completeness and later discussion we
sketch it here.

Proof of Proposition[6.7.4] B is an actual extension of .7, because

Hiy < P Aak) < €] BK).

keZ keZ

It is straightforward to see that B is symmetric, so in order to establish the self-adjointness of B one only needs
to prove that ran(B £ il) = H.

For generic 7 = (1 )xez € H let us then set y := (B(k) +il)~ !5 Vk € Z. By construction ¢ € D(B(k)),
lly < lmilly. and [|BG)lly < llmxlly, whence also Syez lll2 < +oo and Syez | BE)W |2 < +oo. Therefore,
V¥ = (Yr)kez € D(B). Moreover, (B+il)y = ((B(k)+il)Yi)kez = Mk )kez = 1. This proves that ran(B +i1) = H.
Analogously, ran(B —il) = H. O
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Proposition provides a mechanism for constructing self-adjoint operators B of the form by re-
assembling, fibre by fibre in the momentum number k conjugate to y, self-adjoint extensions of the fibre operators
Aq(k); by further exploiting the canonical unitary equivalence

(6.7.15) B+ (7 U, @ F5 UL B(F; Us @ 5 UL)

this yields actual self-adjoint extensions of H,. With self-explanatory meaning, we shall refer to such extensions
as ‘momentum-fibred extensions’, or simply ‘fibred extensions’.

Thus, fibred extensions have the distinctive feature of being characterised, in position-momentum coordinates
(x, k), by boundary conditions on the elements i of their domain which connect the behaviour of each mode . (x)
as x — 0% and x — 07, with no crossing conditions between different modes. In other words, such extensions are
local in momentum — which is another way we shall refer to them in the following — whence their primary physical
and conceptual relevance.

Evidently, /%, (and hence H,) admits plenty of extensions that are non-local in momentum, namely with
boundary condition as x — 0* that mixes different k-modes.

It is also clear that a generic fibred extension of 7, may or may not be reduced into a ‘left’ and ‘right’
component by the Hilbert space direct sum (6.2.9), whereas .77, itself certainly is. Indeed, at the level of each fibre,
the extension B(k) may or may not be reduced by the sum ) = )~ @ h* as is instead A, (k) by construction (see
above).

In fact, the decoupling between left and right half-cylinder may hold for all modes k € Z or only for some
sub-domains of k. In the former case, the resulting extension of .77, is in fact a mere ‘juxtaposition’ of two separate
extensions for JZF in the left/right half-cylinder.

We shall apply the above formalism and the latter considerations in Section[6.5] where the actual classification
of the self-adjoint extensions of .77, is discussed.

6.7.3 Proof of Lemma|[6.3.3|
For the proof of Lemma it is convenient to re-write, by means of (6.3.13) and (6.3.21)), for any k € Z\ {0},

L3

Ce e v k] fhay s
k| x4 2 p72 e Tve*  sinh (7 if0<p<ux
(6.7.16) Goidlx.p) = {:k: ot e s'nhillﬁp”a; if0<p<
X p 2 e T inh (7, xX<p.
It is also convenient to use the bound
6.7.17) G (x.p) < G)(x.p)
with
a a [ Kl 1+
@ k| x4~2 p72 e"Tra*  eTraP if0<p<ux
(6.7.18) G\ (x,p) o= n e e
’ k| x472 p72 e"TraP  eTra if0<x<p.

Proof of Lemmal6.3.3) Rg) . splits into the sum of four integral operators with non-negative kernels given by

Yot p) = gf,a,j (%, 0) (a1, 100) (%) L(a1,+00)(P)
G p) = G ) A1, 400)(X) L0011 (P)
G a6 p) = G ) L0.01)(X) 11,100 ()
G o p) = G ) 10.1)(2) 0.01)(p)

for some cut-off M > 0.
The (-, —) operator is a Hilbert-Schmidt operator on L?(R*). Indeed, owing to (6.7.17)-(6.7.18),

K|

—_ _a _a l+a_ ,l+a
G a0 p) < [k|x47T p7% e T T 0 00 (6) 10,0 ()
< kX% p™F Lio)(x) Loy () -

whence, for a > —%(1 - a),

s M M
/] dxdp |g(;; (X p)| < k2/ dx xzaf"’/ dop™@
+XR* ” 0 0

k2 M2(a+1—cx)
T Qa+l-a)i-a)
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Also the (-, +) operator is a Hilbert-Schmidt operator on L>(R*). Indeed,

k| Mire g« a Kkl 1+

GotaXp) < k™ Tx72 p77 @71l 10 3)(%) L, 400) (0) 5

whence, fora > —=1(1 - a),

I axaoldenl
R*xR*

2 MMH-(Z M a—-a too —a _Mpl+(z
k* eT+a dx x dpp @ e Tra
0 M

N

N

2 -2 MMH-Q/ M 2a— too _M l+a
k"M~ eT+a dx x™*7@ dp p® e"TraP
0 M

|k] —2a Akl ppi+a M 2a-a e -y
— M "% eTra dx x dye
2 0 2k] priva

I+a
|k| M2a+1—3a
2Qa+1-a)’

With analogous reasoning,

_a ILd]

- MM]-F(Z a-< _7xl+a
Gk p) < |kleTa™ pT2x Ty Tt Ay o) (%) 10,01y (P)

whence

2 2 MM1+(I M too 2, 2kl l+a
// dxdp |9} (x.p)|” < K*eTwe / dpp‘“/ dx x*4"% ¢" Tra ™
R*xR* ” 0

M
M= o v [T, Akl | 1ra
= — ¢T+a dx x4 " Tra® .
M

l-«a

In turn, integrating by parts, and for a < % + %a,

+o00 Akl 1
+a
/ dx x29® g~ Tra X ™

M2 g a-a [T 2k 1
— e—mM ta + dx x2a—]—3a/ X ¢~ Tra X ta
2k| Ikl J
M2a—2(z 20kl pyive (a _ Q)MZa—l—B(y +00 B
-~ iz y
< e l+a + d e
2|k| 2k2 MMHn
I+a
_%Mlm (M2a—2¢1 (a _ a)MZa—l—Su)
= e l+a + .
2|k| 2k2

Thus,
1
// dedp |9 )] < 5 (UM 4 (0 - q)M2e2),
R+xR* ” 2(1 )

-a
which shows that the (+, —) operator is a Hilbert-Schmidt operator on L>(R*).

Last, let us show by means of a standard Schur test that the norm of the (+, +) operator is bounded by VAB,
where

+00
A= sup / dp %{i’“k)(x, 0)
xX€(M,+c0) J M
+00
B = sup / dx %((lak)(x, 0).
PE(M,+0) J M ’
Owing to ETTT-ETTH),
A< Al+A
B < Bi+B;
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with

X
_a  _ 1kl l+e _a 1kl 1+a
Al = sup |k|xa 2 e Tra ™ / dpp 2 el+ap
x€(M,+00) M
+00
A = k| x4~ % gt dp o= e TeeP"™
2 = sup by e pp ze
xX€(M,+00) X
_a Ik L _a Kl iva
By = sup J|k|lp Ze “taf / dx x9772 eTra™
PE(M,+0) M
+0o0
_a 1kl 1+a _a _ 1kl _1+a
By, := sup |k|p 7 et ® dx x472 7T ¥ |
PE(M,+00) P
Concerning Aj, integration by parts yields
X _a Kl 3 K _l+a o ppiee
2 eT+a = 2 T+a — T+a
k| [ dpp 2e o x"2% eTra ™ M 2%
M

+ —/ dpp_(H' a)el+ap i

and choosing M > M., where
. (2+3a/)ﬁ
T\ 20k

Lk
is the point of absolute minimum of the function p — p ~(1430) prigp!” “, yields

* _a KL la 3g JH1ve  3a ~(1+3a) Lyt *
|k| dpp 2 eT+a < x 2% eT+a + — 2 elﬂy dp
M 0

_3 1kl l+a
= (1+ %a/)x 1% eTra®

Therefore,
A < sup (1+ %a)x“_z" = (1+ %Q)M“_z",
xX€(M,+0c0)

the last identity being valid for a < 2a.
Concerning A,

+00 +00
_e Ik e . o AL,
|k| dpp 2 ¢ l+a < |k|x 2 dpp e T+a
X X

_ig [ . _3g Mk it
= x 2 ‘ dye = x 2% ¢ Tt s

Kl l+a
Tra ™

whence, when a < 2a,
Ay < sup x93 = M

x€(M,+o0)

|k|/ dxx@% eTeax™ |k|/ dx x93 x@ gTea ™

Concerning By,

P k| _l+a a-3a ifa>3a
|k|/ dxx@etrax™ 5 I P 3 i %
M M4 29  jfa< sa
Akl _3 .
/'l+ap d ¥ % pa 2@ ifa > %
y e _3 .
M3 ifa < la
_3 .
< Lot y p¢ 2% ifa> %a
e +a 3
M4 2% jfag < %a,
whence
B < a-2a ifa > %a
s sup @ a0 3q . 3
pe(M,+o00) | P72 M972 ifa < sa.
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In either case, as long as a < 2a,
By < M2,

Concerning By, let us split the analysis between a < %a and a > %a. In the former case,

+eo kl 1 3 +eo Kl 1
—_a K ta —_2 _ Ikl Ll+a
|k|/ dxx"2 e T g p? 2“|k|/ dx x¥ e" Tea ™
P P

3 +oo 3 k| 1
—_= — —2 ARk +a
gt [ayer < gttt

I+a

whence, as long as a < 2a,

B, < sup pa72a/ < Ma72a/.
pE(M,+oo)

When instead a > %a/, then, integrating by parts and using a < 1 + %a,

too a-a _Mxlﬂz
|k| dx x972 " Tra
P

3g _JKL iva 3 e 3go1 kL yiva
= pa_ia e~ T+aP + (a — T(Y) dx x4 297! g7 Tva*
P

3 [kl Jl+a
pa_Za e~ T+aP

N

5 +00 Kl 1
3a\ a-3a-1 a  —=xite
+(a—3¢)pe2 / dx x® ¢ Tra
P

3 k| l+a
= pa_Zae_l+np

| yl+a
+(lp

+00
#la= i [ ayen
1

= e (po7i s (0 - ) [k pe ),

whence

Bz < sup (pu—2af +(a_ 37(1)|k|—1pa—3(t—1)
pPE(M,+0)
< Ma—Zar(l + ((1 _ 37(1) (|k|M1+u)—l) )
This completes the proof of the boundedness, via a Schur test, of the (+, +) operator.

Summarising, with the above choice of the cut-off M > M,, and under the intersection of all the above

restrictions of a in terms of «, that is, —%(1 —a) < a < 2a, we have found that there is an overall constant Z, o, > 0
such that

2 _ _ _
”R(Gaj’k”()p < Za,a(kzMz(““ @) 4 |k|M2a+1 3a | ppla—da

+ M2a74a/(|k| Mlﬂy)—l) .

This yields the statement of boundedness of part (i). The self-adjointness of Rg, , = k|72 R(GO) . is clear from

(6.3.23): the adjoint Ry;  has kernel Go,k(p, 7), but G is real-valued and G,k (p,7) = Ga,(r, p), whence indeed

*

R . = Ra,,- Thus, part (i) is proved.
As for part (ii), for the cut-off we make the special choice M = M, when a = 2a. In this case,
k| M = 1+ 3a
|k|M2a+1—3¢1 — |k|M1+a — 1+%a,
21 2(a+1- 1+a)2 3 32
RPMAEr=) = (k| M) = (1+ 3a)

s

implying that there is an updated constant Za,a > 0 such that

IRG lop

< Za,n

uniformly in k. Thus, also part (ii) is proved. O
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6.7.4 Proves of some ODE lemmas

Proof of Lemmal6.3.9) (i) Let h := Aq(k)*g = Sax g. As already observed at the beginning of Sect. g can
be expressed in terms of / by the standard representation

g = AoFur + Ao Qak + GZ:)FQ,I( + ®(()h)cbar,k

for some constants Ag, A € C determined by & and some /-dependent functions explicitly given, as follows from

(6:3.19). (6.3:22), and (6.3.23), by

1 X
o) = /0 F(0)h(p) dp

1 +00
ol = [ uslpiiordp.
Comparing the latter formulas with (6.3.33)-(6.3:36), we deduce that
0 (x) = bE(x)
1 +00 .
000 = o [ CualXAall) o) 00
X

W (@ s Aa (k) g) 12y + DS (2).

So (6.3:36) is proved upon setting
al® = Mg+ W (O, Aa(k) ) 2
ag) = As.

(ii) Since Dg k, Fox and A,(k)*g are all square-integrable on the interval [0, x], the integrand functions in
(6-3:35) are L!-functions on [0, x]: this proves (6.3:37) and justifies the simple estimates

* 10
BP0 < NFarllizomlAs gl oy = ofl)
; . 10
BE 0 S 1okl 0 1AL Kl 2q0x) = 0(1),

so (6.3:38) is proved too. Last, we find

x 1

a —a 2
BE D Far(x)] 5 x| /0 P dp) Ml 5 ¥0(1) = o(x™'?)
R0l 5 78 [ S < bl = o),

and (6.3:39) follows. i

Proof of Lemmal6.3.10] The linearity of L, is obvious.
We check the finiteness of L, (g) as follows. Let us decompose (according to (6.3.36) and using the basis of £)

a(()g)ka + a(oi’,')cl)mk + bfﬁ)Fa’k + bgg)d)a,k

C()F(z,k + Cooq)a/,k .

8

Owing to (6.3:43)) it suffices to control the finiteness of Lr, , (¢) and Lo, , (g). By linearity

" Lr,,(8) = a¥Lr,,(Fox) + a¥Lr, (©ax) + L, , (b Fo i + b O 1)
1
Lo, ,(8) = a(()g)L%,k(Fa,k) + agf)L%,k(q)a,k) + Lo, (B Fo e + bf)g)q)a,k) .

Moreover, obviously,

LFn,k(Fa,k) = LCDa’k((Da,k) =0

(ii)
LFa,k(cD‘Ysk) -W = _L(Dq,k(Fa/,k)a

and we also claim that

(i) Li, (B8 Fop + b8 Do i) = 0 = Loy, (0 Far + b o) .

151



Plugging (ii) and (iii) into (i) the finiteness
LFn’k (g) = _Wa(og) ’ Lq)n,k (g) = Wagg)

follows.
To prove (iii) we compute

Fa,k b&g)Fa,k + bgg)q)a,k _

det =
Fc;,k (bg)Fa,k + bg)g)q)a,k)’
= F2 (08)) + For(bE) Oy + ForbS'FL, — FL b8 Do

a,k”0
= Ez,kbg)Fé’k - F(;,kbg)g)q)a,k s

having used the cancellation
Fa o (b8) + For (b)Y @ac = 0,

that follows from (6.3.35). Therefore, by means of the asymptotics (6.3.14) and (6.3.38) as x | 0, namely,

Fas(x) = 0G*%),  FL(0)=00%)., @) = 07%),
PO = o), &) = o(l),

we conclude
L (68 P B00s) =t (B F = FLHE0,) = 0.

The proof of the second identity in (iii) is completely analogous.
Last, let us prove that L,(¢) = 0 for ¢ € D(A4(k)) and u € L. Although u does not necessarily belong to
D(Aq(k)") (it might fail to be square-integrable at infinity), the function yu surely does for y € C°([0, +0)) with

x(x)=1onx €[0,4]and y(x) = 0on x € [1,+0c0). This fact follows from (6-2.21)) observing that yu € L*(R*)
and also
Sax(ty) = xSexu—-2u'x" —uxy” = =2u'y' —uy” € L*(R").

The choice of y guarantees that the Wronskians Wy (uy, g) and W, (i, g) coincide in a neighbourhood of x = 0, that

is, Ly, = L,. Therefore, by means of (6.3.41)), (6.3.43), and (6.3.43) we deduce
Ly(p) = Luy(p) = l)gg Wiy, ¢) = —w(uy, ¢)
= (ux, Aa(k)"¢) = (Aa(k)'ux, ) = (ux, Aa(k)gp) — (ux, Aa(k)p) = 0,
which completes the proof. ]

Proof of Lemma(6.3.11) The implication (i) = (ii) follows at once from

w(ep.8) = (Aa(k) ¢, 8) = (9. Aa(k)'g) = (Aa(K)p, g) — (Aalk)gp.g) = 0.
For the converse implication (i) < (ii), we observe that the property
0 = w(p.g) = (Aalk)'@.8) — (@ Aa(k)"g) Vg € D(Aa(k)")
is equivalent to (A, (k)*p, g) = (p, Aq(k)*g) Vg € D(S*), which implies that ¢ € D(A,(k)™) = Z)(T(k)).
The implication (i) = (iii) is given by Lemma Let us now prove that (iii) = (ii): thus, now L,(¢) =0

for all u € £ and we want to prove that for such ¢ one has w(g, g) = 0 for all g € D(A4(k)*). Owing to the
decomposition (6.3.36) for g,

w(p,g) = agg)w(tp, For)+ af;f)w(go, Dy 1) + (e, bf;g)Fa,k) + w(e, bgg)(l)a,k) .
The first two summands in the r.h.s. above are zero: indeed,

w(p, Fax) = —w(Far, @) = lxiﬁ)lWx(Fa,ka ¢) = Lg,,(¢) =0
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having used in the last step the assumption that L, (¢) = Oforallu € £, and analogously, w(¢, ®g.x) = Lo, , (¢) = 0.
Therefore,

L‘)(‘P, bg)Fd,k) + w(% bgg)q)a/,k)
= ~ (b Fasr 9) = 0(bF i )
= lim (We(b Fako @) + Walby P k. 9))

w(e, 8)

= lxlln(} (bgg) Wx(Fa,ka (;0) + bg)g) Wx(q)a/,k’ 90))
= b8'Lr, , (9) + b Lo, (p) = 0,

having used again the assumption (ii) in the last step (observe also that helpful cancellation (bgﬁ))’Fa,kgo +

(bég))’d)a,kgo = 0 occurred in computing the determinants in the fourth step).
Properties (i), (ii), and (iii) are thus equivalent. Last, let us establish the equivalence (i) < (iv). Representing

¢ according to (6.3.36) as

¢® = agp)Fa,k + af:f)q)a,k + bf:g)Fa,k + bgp)q)a,k s

and using the identities Wy(Fy k, Fo.x) = 0 and Wy(Fy k., Po k) = —W, one has

Lroi(9) = imWa(Foso @) = —Wa§f)+h£rolwx(Fa,k, bE Fot + b Dy r) .
X X

The determinant in the latter Wronskian has the very same form of the determinant computed in the proof of Lemma

6.3.10; using the same cancellation Fi k(bff.f))’ + F(,’k(bgp))’d)a’k = 0 and the usual short-distance asymptotics we
nd
L, (¢) = -Wal.

In a completely analogous fashion,
Lo, (¢) = Wa(o‘p) .

Therefore, ¢ € D(Ay(k)) if and only if L,(¢) = 0 for all u € L (because (i) © (iii)), and the latter property is
equivalent to ag’o) = ag‘f) =0. O

6.7.5 Themode k =0

We discuss here how the analysis of the previous Section is to be modified when k& = 0. It is straightforward, but for
completeness we present it in the appendix. In fact, by other means and from a different perspective, the extensions
of A,(0) were also determined in [38]]: we shall therefore omit an amount of details that can be either worked out
in the very same manner of Sect. @ or can be found in [38]].

We follow the same conceptual scheme, but applying it now to the shifted operator A,(0)+ 1: owing to (6.3.2)),
such a (densely defined, symmetric) operator has strictly positive bottom.

Thus, whereas for k # 0 self-adjoint extensions were determined a la KVB by implementing the self-adjointness
condition between regular and singular part of the domain of the adjoint

D(Aa(k)) = D(Aa(k)) + (Aa,r (k)" ker Ag(k)" + ker Ag(k)",
when k = 0 the self-adjointness condition is implemented as a restriction in the formula

D(A(0)" + 1) = D(AL0)+ 1)+
+ (Ag.r(0) + 1) T ker(A (0)* + 1) + ker(Aq(0)* + 1),

where obviously D(A4(0)* + 1) = D(A,(0)") and D(A,(0) + 1) = D(A,(0)), and analogously the domain of each
extension is insensitive to the shift by 1. The main result is Theorem [6.7.11] below.
Let us start with the homogeneous problem

(6.7.19) 0 = (Sq0+1)h = =" +Coxh+h.

@) = h(x) . 1+4C, l+a
w(z) = el Vo= 4/ ) = 5
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(6.7-19) takes the form of the modified Bessel equation
(6.7.20) 2w+ xw = (Z+vHw = 0, x €RY.
From the two linearly independent solutions K, and I, to the latter [2, Sect. 9.6] we therefore have that

D@y 0(x) = \/;Kl%a (%)

6.7.21
( ) Foo(x) : \/}I“T"(x)

are two linearly independent solutions to (6.7:19). In fact, only @, is square-integrable, as is seen from the
short-distance asymptotics [2, Eq. (9.6.2) and (9.6.10)]

xl() a-1 1 a r I_T(Y) a a
Do L 27 ()t - 2L L0 Y)
(

Tra
22 (l+a)

(6.7.22)

x10

+a -1 a a
Faolr) F (2T (352)) 7% 4 0( )

and from the large-distance asymptotics [2, Eq. (9.7.1) and (9.7.2)]

Dao(x) TET JEeF(1+0(x7)
X—+00

(6.7.23)
Foo(x) ~ = \/%7 e (1+0(x™).
Thus, in analogy to Lemma[6.3.2] we find:
Lemma 6.7.5. Fora € (0,1),
(6.7.24) ker(Aq(0)* + 1) = span{®@,0} -
Next, concerning the non-homogeneous problem
(6.7.25) Soou+u = g
in the unknown u for given g, the Wronskian relative to the fundamental system {®,.o, Fo,0} is constant in r and

explicitly given by

(6.7.26) W(®a 0, Fao) = det (fba,o(r) Fa,o(r)) -1

), o(r) F,(r)

as one computes based on the asymptotics (6.7.22) or (6.7.23). By standard variation of constants, a particular

solution to (6.7.23)) is

+o00
(6.7.27) pare(r) = /O Guolr. p)2(p) dp
with
@ F, if 0
(6.7.28) Gao(r,p) = @,0(r)Fa,0(p) 1 <p<r
Foo(r)®ao(p)  if0O<r<p.

With the same arguments used for Lemma[6.3.3] using now the asymptotics (6.7.22)-(6.7.23)), we find the following
analogue (an explicit proof of which can be found also in [38, Lemma 4.4]).

Lemma 6.7.6. Let a € (0, 1). Let R, , be the operator associated with the integral kernel (6.7.28). Rg, , can be
realised as an everywhere defined, bounded, and self-adjoint operator on L*>(R*, dr).

Analogously to (6.3.28) we set

(6729) ‘ng(x) = RG (D(,,().

a,0

The proof of Lemma @ can be then repeated verbatim, with @, ¢ and F, o in place of @, x and Fy k, SO as to
obtain:
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Lemma 6.7.7. For a € (0,1),

+a -1 @
(6.7.30) W o(x) X (2‘Tr(3$)) 1Paoll2, x5 + 0(x¥2).

Concerning A4 (0), it suffices for our purposes to import from the literature the following analogue of Lemma
6.3.17]
Lemma 6.7.8. Let @ € (0,1). If ¢ € D(Ay(0)), then o(x) = o(x*/?) and ¢’(x) = o(x'/*) as x | 0.

Proof. A direct consequence of [38, Prop. 4.11(i)]: in the notation therein A,(0) is the operator LM" with

m? — }1 = C,, thatis, m = ”T”, and their requirement m € (0, 1) is therefore satisfied. O

As a further step, repeating the argument for Lemma 6.3.6|one concludes that RE;I ,isa self-adjoint extension

of A,(0) + 1 with everywhere defined and bounded inverse, whose domain clearly contains W,.0. Such a reference
extension induces a classification of all other self-adjoint extensions in complete analogy to what discussed in

Subsect. Thus, (6:3:48) and (6.3:49) are valid in the identical form also when k = 0, and the short-range
asymptotics for @, (formula (6.7.22)), for ¥,,0 (Lemma , and for the elements of D(A,(0)) (Lemma |
imply that for a generic

(6.7.31) g = ¢+ c1¥a0+ c0Pao € D(AL(0)%)

(with ¢ € D(A,(0)) and ¢y, ¢; € C) the limits

g0 = li?(}x%g(x) = 002‘1;2"1“(”7")

(6.7.32) g1 = li?(r)lx_(”%)(g(x)—gox_%)
La -1 I+a -1 _
= a1 (2FTEE) NP0l e, — 025 (1 + @) T(52)

exist and are finite, and one has the asymptotics

(6.7.33) g(x) 40 gox T + g1 x'tT 4+ o(x3?).

Then, analogously to (6.3.53)-(6.3.54), the condition of self-adjointness reads again as ¢; = B¢ for some 8 € R,
or equivalently as

Dy, 2 l-a 3ta
(6.7.34) ol = vgo. = ol (ﬁ NCING >).

20r(BEOrEO \P T (ra)lleaol?,

This yields an obvious analogue of the ‘temporary’ classification of Prop. where if ABJ (0)+1 is a self-adjoint
extension of A,(0) + 1, so is A21(0) for A,(0), with DAY (0) + 1) = DAY (0)).

In fact, based on the very same argument of Lemma[6.3.16] repeated now for the characterisation of the form
domain of A,, r(0), one can also reproduce the argument of Prop. establishing the following analogue.

Proposition 6.7.9. For a € (0, 1), one has Aq,r(0) + 1 = R(‘;L , and ¥o0 = (Aq,r(0) + 1) 'dg.0.

Noticeably, the following useful characterisation of the domain of the Friedrichs extension of A, (0) is available
in the literature.

Proposition 6.7.10. For a € (0, 1),
(6.7.35) D(Aq,r(0)) = D(A4(0)) + span{x'*5 P},
where P € C;°([0, +00)) with P(0) = 1.

Proof. Inthe notation of [38]], the Friedrichs extension is the operator Hf,’, with m?— % = Cy,hencem = “T" € (0,1),
and with 6 = % ([38l, Prop. 4.19]), whereas A,(0) is the operator L%i". In turn, such H;% is recognised to be the

operator L;,?, where ug is the function that for § = 7 has the form u, /> (x) = x1+e/2 ([[38], Prop. 4.17(1)]). With this
correspondence, the formula D(L,?) = D(LM") + span{uy P} ([38, Prop. A.5]) then yields precisely (6.7.33). O

With all the ingredients collected so far, and based on a straightforward adaptation of the arguments of
Subsect.[6.3.6] the above ‘temporary’ classification then takes the following final form.
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Theorem 6.7.11. Let a € [0, 1).
(i) The adjoint of Ay(0) has domain

D(Aa(0)")

: g € L*(R*) such that
< }

2 2
— dd7 + ‘1'(4;'2‘7) )g c LZ(R+)

D(Aa(0)) + span{¥e,0} + span{®q,0},

(6.7.36)

where @, 0 and Yoo are two smooth functions on R explicitly defined, in terms of modified Bessel functions,

respectively by formulas (6.7.21)), (6.7.28), and (6.7.29). Moreover,
(6.7.37) ker(Aq(0)* + 1) = span{®,} .

(ii) The self-adjoint extensions of A(0) in L>(R*) form the family
{A2'0) |y e RU {eo}}.

The extension with y = oo is the Friedrichs extension Aq r(0), whose domain is given by (6.7.33), and
moreover (Aq,r(0) +1)™! = RG,, ., the everywhere defined and bounded operator with integral kernel given

by (6.7.28). For generic y € R one has

% x|0 _a a 3
(6.7.38) DAY0) = {g € D(AL0))|s(x) 2 gox% +ygox'*% + o(x?), go € C}.

6.7.6 Friedrichs extension for infinite sum operators

Lemma 6.7.12. Let a € [0, 1). One has

(6.7.39) Hir = P Aar).
keZ

Lemma|[6.7.12]is an application of a general fact that for completeness we revisit here.

Lemma 6.7.13. Let T = (B, ., T(k) be a direct sum operator acting on the Hilbert space H = B, ., bk, where
each T(k) is densely defined, symmetric, and semi-bounded from below on by, with uniform lower bound

. . <M,T(k)u>bk
m = inf inf ————
k€Z ueD(T (k) ”u“[

u#0 K

Denote by Tr, resp. Tr(k), the Friedrichs extension of T, resp. T(k). Then

Tr = €P Tr(k).

keZ

Proof. It is clear that P, ., Tr (k) is a self-adjoint extension of 7. To recognise it as the Friedrichs extension, it
suffices to check that the operator domain D(EP,. ., Tr(k)) is an actual subspace of the form domain D[T]. To
this aim, let us observe that

(P 1r) = B 2@k < B DIrk))
keZ keZ kezZ
(the first identity is precisely (6.7.3) discussed previously, and the inclusion is due to the fact that for each
k the Friedrichs-extension characterising property D(Tr(k)) c D[T(k)] holds). On the other hand, D[T] =
DT — m1)/?) and D[T(k)] = D(T(k) — m1y)"/?), whence

1/2
DIT] = 1)[ D T(k)] - z)(( P k) - m]lk)) )
keZ keZ
= p(P aw -mi'?) = DK -m10'?) = F DITe].
keZ keZ keZ
This proves the desired inclusion. O
Proof of Lemmal6.7.12] One applies Lemmato Koy = Py Aalh). O
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6.7.7 Decomposition of the adjoint into singular terms

As alluded to at the end of Subsect.[6.6.2] let us show that the decomposition induced by (6.6.14) of a generic
element in the domain of a uniformly fibred extension Jfa“'f', namely

(6.7.40) (kez = (@kez + (81elx]"™ EP) ey + (041375 P) oz
unavoidably displays a form of singularity, in the following sense.

Lemma 6.7.14. Let a € [0,1) and let 72" be a uniformly fibred self-adjoint extension. There exists (gi)iez €
D(H) such that, with respect to the decomposition (6.7.40),

(g1klxI'""2P) o, & D),
(goxlxI"2P), oz & DY),

with the obvious exception of those terms above that are prescribed to be identically zero for all elements of the
domain of the considered uniformly fibred extension.

Clearly, the fact that

(6.7.41) (¢ )kez € (3(Z, LA(R, dx))

follows at once by difference from (6.7.40)), because owing to Corollaryboth (g1xlx]"" 2 P)rez and (gok |x|™2 P)iez
belong to £*(Z, L*(R, dx)). However, whereas in (6-6.14)/(6.7.40) each ¢ belongs to D(A(k)), their collection
(¢ )k ez may fail to belong to D (%, ) because it may even fail to belong to D(JE)).

In preparation for the proof of Lemma[6.7.14] a simple computation shows that

ALK (1x72P) = alx| TP~ |x[7E P + 22| TP
ALY (Ix|™5P) = —@+a)|x| TP = |x|" S P + K2|x| T P

for any k € Z and x = 0 depending on the ‘+’ or the ‘-’ case. In particular, as the cut-off function P is constantly
equal to one when |x| < 1,

1 0Ok x|

1= (K2 (x|

17=(x)AZ (k)" (|x|% P)
17: ()AL (k)" (|x]'* 2 P)

(6.7.42)

where I~ := (—1,0) and I'* := (0, 1). We can see that this implies

(6.7.43) 128y (g a2 Preezllyee > D KA gi,
keZ
k(4 1+2 2 41, 12
(6.7.44) ) (g 1x ' Pheezllye > D KPIgE, I
keZ
Indeed,

”(%Jr)* (gthH%P)keZ

(2H+ = ZHA (k)" ( 81kx1+ P) HLZ(R+dx)

keZ
2 1+
> anlkk : L2((o 1),dx)
keZ
= 3+50)7" Y kg, 1,

keZ
where we used (6.7.8) in the first step and (6.7.42) in the second; all other cases for (6.7.43)-(6.7.44) are obtained
in a completely analogous way.

Proof of Lemma Let us discuss case by case all possible types of uniformly fibred extensions. For arbitrary
e >0let

|k|ﬁ_%a+8) itk e 2\ {0}
ar(e) = i
0 lfk =0
11
k|"ma-20+€) ik e Z\ {0
(o) || ' \ {0}
0 ifk=0.
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(i) Friedrichs extension %, r = 6P vez Aa,F (k). For this case we choose (gi)xez With

With respect to the representation (6.5.10)),

— (ak (8) llI}a,k
ar(e) Yo,k

)

C(J)L,k =0and c]i’k = ar(e).

Therefore,

2
DL KITEELE P = Y kT < oo

keZ

and, owing to Lemma [6.5.2] (gx)kez € D(H,

kezZ\{0}

). Moreover, by con

struction g satisfies the conditions of self-

adjointness characterising D(A,, r(k)) stated in Theoremm 6.4.2; thus, (gx)kez € D (7, F). Expressing now (g )kez

in the representation (6.7.40), formulas (6.6.25)-(6.6.26) yield

(k#0),

3+5(1/]

At > l+a

e€(0

G =0 g ~ Ik
whence »
D Kleiil ~ > kT = oo
kezZ\{0} kezZ\{0}
Thus, for & € (0, 2£22], we deduce from (6-7.44) that (g |x|'"* 2 P)iez ¢ D(%*)

(ii) Extensions of type Ig: for ¥ € R let us consider %”Jyll =

with

and S given by

From m ||q)a’ k||L2(R+)

D

gk = ( %(S)CI}Q,k _
Bibi(&)¥ ok + bi(e)Da i
2Hq)tr k ”
_ k] 2®*)
Y = 1+a( 71(]+£1/)(]R k —

ez Ag, R(k) For this case we choose (gx)rez

|
).

2 2
|k|~™a (for some multiplicative @-dependent constant), whence By ~ |k| T« at the

leading order in k € Z \ {0}. With respect to the representation (6.5.10),

= 0’
bi(e) =

o,k

Y
Co,k

|k|—ﬁ—%(l+s)’

Lk

+
CLk

ax(e) =
Bibi(s) ~ |k|ma=301+e)

|k|ﬁ—%(l+s) ’

at the leading order in k € Z \ {0}, whereas all the above coefficients vanish for £ = 0. Therefore,

2 4
Dk, P = Y KT < oo,

keZ

__2 2 1=
DI P = > kT <

kezZ

kez\{0}

keZ\{0}

+00

El

which implies, owing to Lemmal6.5.2] that (gr)rez € D(F£F). Moreover, by construction gy satisﬁes the conditions

of self-adjointness characterising Z)(A

(k) stated in Theorem|6.4.2

(gx)kez in the representation (6.7.40), formulas (6:6.23)-(6.6.26) yie

8o,k

14

.
8o,k

07

1 gl_’k
|k |72

;
81k ™

4+2a
I+a

+&)
s

thus, (gx)kez € Z)(%” R) Expressing now

|k|~ 2(1+a/+8)
|k|_§(4+2(1 )

I+a

for k € Z \ {0}, up to multiplicative pre-factors depending on @ and y only, all the above coeflicients vanishing for

k = 0. From this one obtains

4 2
DUk g ~

keZ

Do kgr P~

keZ

D e, ~

keZ

2a
Z k|Te™® = +00 & ee(0,432],
keZ\{0}

2¢
3 EE = 4w o e (012,
kez\{0}

2+4,
DTKITEE = e e e (0,329
keZ\{0}
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Thus, for & € (0, ]113:], we deduce from (6.7.43)-(6.7.44) that (gox|x| "2 P)rez & D(H) and (g1.4|x|'" 2 P)iez ¢
D(Hy).

(iii) Extensions of type Iy: for y € R let us consider %’;[VL] =Pz AZ]L(k). For this case we choose (gx)rez
with

o = (ﬂkbk(em,k + bk(a)cpa,k)
ak(g)\ya,k ’

with the same Sy as in case (ii). With the obvious inversion between ‘-’ and ‘+’ components, the reasoning is the
same as in case (ii).

(iv) Extensions of type II, for given a € C \ {0}: for y € R let us consider jﬁ,bg =Prez AEZ Ja(k). For this
case we choose (gx )xez with

o = (kak(s) + ak(s))q’%k + bk(s)a«)a’ﬁ
“ 7 \(meabr(e) - @ a(e) Yo + abi(e)Dayk
and 7 given by ” .
2||®g 1 .
v = (1+ |a|2)ﬂ(—k LAY 7 1) )

1+a n(l+a)

In particular, 7 ~ |k|T at the leading order in k € Z \ {0}. With respect to the representation (63.10),

-3(1+e) )

1 1
cox ~ k" cix ~ lk|Ta

at the leading order in k € Z \ {0}, whereas all the above coefficients vanish for k = 0. Therefore,

2 4
DR = > T < oo,

kez kez\{0}

2
DLKITEE P = T KT < oo,
kezZ keZ\{0}

which implies, owing to Lemma that (gx)xez € D(FZ)). Moreover, by construction g satisfies the conditions
of self-adjointness characterising Z)(AEV, ]a(k)) stated in Theorem thus, (gr)kez € Z)(%”a[ya]) Expressing now

(gx)kez in the representation (6.7.40), formulas (6.6.23)-(6.6.26) yield

8l ~ k|25

-#) gt ~ k|2 (e +e)
at the leading order in k € Z \ {0}, all the above coeflicients vanishing for k = 0. From this one obtains

2a
DgEE ~ DL KT = v e se (0,422,

keZ kezZ\{0}

4 2 Zida 345
D Kl ~ D) KT = v e se @3],
kez kez\{0}

Thus, for & € (0, 1221, we deduce from (6.7.43)-(6-7.44) that (go k| x|~ 2 P)kez & D(H;) and (g1k|x|'* 2 P)ez ¢
D(AE).
(v) Extensions of type III: for I' € R* let us consider %”am =P Ag](k). For this case we choose (gx)kez
with N N
o = ((Tl,k + Tk + iT3,k)bk(s)‘fa,k + bk(s)cl)a,k)
" \(m2k —imak + Tak ) bi(8)Pak + bi(€) Pk
and (T1k, To.k» T3.k> T4.k) given by

zllq)a,k Hz

Y= %(_R(H_gz)(rm Tik = 1)
Y2 +iys = (1o +i7'3,k)%”q)a,k”iz(]&+)
gk (2Pak o)
Y4 = m(wﬁ,k—l).
In particular,
T ~ k|7, T kit ~ [k|TS, e ~ k|7,

at the leading order in k € Z \ {0}. With respect to the representation (6.5.10),
C(‘)lk ~ |k|*ﬁ*%(]+8)’ Ci:k - |k|ﬁ*%(l+8)

at the leading order in k € Z \ {0}, whereas all the above coefficients vanish for k = 0. From this point one repeats

verbatim the reasoning of part (iv). O
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6.7.8 Proof of Proposition [6.6.13]

In preparation for the proof of Proposition[6.6.13] in terms of the functions

hO,k = 7r(1+ 3 |k| 2(]+(1 ( ak = 7r(2]+a) 2(”1|fa %)
(6.7.45) vV +
hig = ”(H 5 |k|2<1+a) (‘P(,,k - n(1+a)3 |I®”kI|L2(R+) |x|1+?)

defined on R* for each k € Z \ {0}, one sees from (6.6.31)-(6.6.32) that

950(X) = o S k7T hop(xl) O <xx <1,

(6.7.46)

5
95,0 = oy EHL k7T hg(x]) 0<xx <.

Clearly the above identities are not valid when |x| > 1.

Lemma 6.7.15. Let a € [0,1) and k € Z \ {0}. For x € R* one has

(6.7.47) hoi(x) = wo(lklx™ ),  hix(x) = wi(lklx'*)
with

(6.7.48) wo(x) = x W (¢ a — 1+ )

and

1
__a _x xTra —a - pl+a
wi(x) = x M+a) ¢ Tva dp p~* sinh (5
0
(6.7.49) e e o M
+x 2+ sinh($=) [ | dpp @ e e

X l+a

L
T+a

1+3a

-2- l+a (l +a)_ T+ r(i Q)x2(1+(l)

Proof. Plugging the explicit expression (6.3.13)) for @, x into the first formula in (6.7.45) one finds

|k 1+ |k|xl+"

L _af _ Ikl
hO,k(-x) = (|k|1+ax) 2(@ T+a X _1+ oo ) = W0(|k|x1+a)

with wy defined by (6.7.48). Analogously, inserting the expression (6.3.31)) for W, x and the expression (6.3.16)) for
Pkl (s into the second formula in (6:7:43), one obtains

+ o e pxIKITe _pl
hik(x) = (|k|l+(rx) 2e T+a ‘/0' dpp Slnh( l+a')e Tra
[0 DN < |k|x1+" teo _ _2p1+"
+ (Jk| ™ x) "2 sinh (S5—) L dpp@e T
x|k|T+a
-2~ 1+a (1 +a) 1+a r(l_‘l) (|k|ﬁx)l+%
— W1(|k|xl+a)
with wy defined by (6:7.49). i

Lemma 6.7.16. Let « € [0, 1) and k € Z \ {0}. The functions hoy and h . defined in (6.7.43) satisfy

(6.7.50) ||x_2hjk||i2((o 1y S |k|”" ”x h11“L2(R+)
(6.751) [ R e[
for j € {0,1}.
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Proof. By means of the homogeneity properties (6.7.47) one finds

1
I 2hlsony = [ st ax

3 e 2 l+ay 2
k|7 / 2w, ()2 dx
0

+00
3 _
|k|]+a / |.X' 2hj’]()€)|2dx
0

N

and

2
”hnk“LZ((O ) / ‘ |k|x1+a)) dx

/ |1+ @[22 w! (1k|x*) + a1 + @) k|x~ 0w (k) dx
0

‘k|l+0
|k|ﬁ/0 (1 +@)*x**w wi (x ) a1+ a) 17w 7 (x 1+”)izdx
1
|k| T+a d2 2 +00
3 = %
|k|l+a‘/0 @wj(xl+a)| dx < |k|1+aL |hj,](x)|2d-xs

which proves, respectively, (6.7.50) and (6.7.51). |
Lemma 6.7.17. Let « € [0, 1). The functions ho,| and hy,; defined in (6.7.43) satisfy

(6.7.52) 2oy < +e0
(6.7.53) ”h,,IHLZ(R‘f) < e
for j €{0,1}.

Proof. As ho (resp., hy,1) only agrees with ] (resp., ¥ ,) over the interval (0, 1), apart from a a-dependent
pre-factor, one cannot deduce (6.7.52)-(6.7.53) from (6.6.33), because the considered norms are over the whole
R*. However, the reasoning made in the proof of Theorem@ which led to (6.6.33), can be essentially repeated
here. Clearly, both hg ; and A ; are C*(R*)-functions; therefore, the finiteness of the norms in (6.7.52)-(6.7.53) is
only to be checked as x | 0 and x — +o0. In fact, for

one can perform a straightforward computation and find

hot(x) 2 x2(1 4 0,
x~>+oo 1

ho,1(x) XTI+ oY),

and

’” 10 3
B @0 = 3§ = griap) (1+0G),

7 —+00 2 —
hy () =T Gl T+ o(1).

Such asymptotics imply (6.7:52)-(6.7.53) when j = 0, as @ € (0, 1). Concerning

1+¢

2
hl,l = a, 1||L2(R+)'x s

\Pal )2 ”(D

7r(1+a/) 7r(1+a

the square-integrability of x~2/y  is controlled analogously to the proof of Theorem the short-distance
asymptotics (6.3:29) for W, gives a convenient compensation in Ay as x | 0, whereas at infinity the control can
be simply made term by term, as ¥,,; € L2(R*). Thus, (6.7.52) is also proved for j = 1. Next, we consider

— 2 2 a2+a) _1_,
hiy = \/num)q’” m”q)a,lum(nv) 2 (
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As¥o,1 = Rg,, , @o,1 and Rg,, | = (AY .(1))7" (see (6:3:28) and Prop.|6.3.15|above), then

a,l a,l

\Ijl/

d2 20, a2+a) -2
ol = ~(mgz + X7+ E5ExT)Re

dx
_(Da,l + (xm + @x‘z)‘l’a,l N

2. _
(Da,l + (xz" + aZ+a) ;a)x 2)\{;“’1

a,l

whence

”
hl,l

2 [ 2 a2+a) -2
a(l+a) CD]’“’ + n(l+a) (x “+ 7 )lP‘Y»l

2 2 2+ -(1-%
= rear 1Pl 0(20) x (173

2 2 200 a2+a) -2
wra) Pre t \ w+a) * Wo1 + =5=x""hi1.

Each of the three summands in the r.h.s. above belongs to L>(R*): in particular, the second does so because
Yo,1 € ranRg, , C L*(R*, (x)**dx) (Corollary|6.3.5). This proves (6.7.53) for j = 1. O

From (6.7.46), and from Lemmas|[6.7.16|and [6.7.17] one immediately deduces:
Corollary 6.7.18. Let a € [0,1) and k € Z \ {0}. Then

(6.7.54) 205 2y S Ll 1Kl
[ ok

and

(6.7.55) B P T R e
150 F2e) S leie k17T

with It = (0,1) and I~ = (—1,0), where the constants in the above inequalities only depend on a.
In fact, (6.7.54)-(6.7.53) are trivially true also for k = 0: recall indeed (see (6.6.29) above) that Jy = 0.

Proof of Proposition[6.6.13] It clearly suffices to discuss the proof for the ‘+” component #* = F, 7! (9 )xez. Recall
also that 9§ = 0.
Now, owing to Corollary[6.7.18]

2
D lek P k|

k€Z\{0}

2
D leai P ke

keZ\{0}

A

_ 2
”x z(ﬁak)kEZ”Z?(Z,LZ((O,1),dx))

A

”((ﬁg,k)”)k EZ”;(Z,U((o, 1),dx))

The series in the r.h.s. above are finite, because of the enhanced summability of the cg ’s due to the fact that the
initially considered (gx )k <z belongs to the domain of a uniformly fibred extension (as observed already in Remark

[6.6.3).

As a first consequence, (9], Jxez belongs to £2(Z, L*((0, 1), dx)), and so too does (7 rez by difference from
(9 )kez: therefore, the inverse Fourier transform can be separately applied to

19+ = g_l(ﬂZ)keZ = ﬁ_l(ﬁ({k)keZ""?:z_l(ﬂik)keZ-

As a further consequence, the above estimates imply, by means of Plancherel’s formula,

21,9+ 2 _ l+=2(.9+ 2
”x %, (ﬂO,k)kGZ”L?((O,1)><Sl,dxdy) = ”)C (ﬁO,k)kGZHZZ(Z,LZ((O,]),dx)) < too,
21 9+ 2 _ 2.9+ 2
“ax(frz (ﬁo,k)kEZHLZ((O,])XSI,dxdy) - “(axﬁO,k)kGZHZZ(Z,LZ((O,1),dx)) < teo.
Analogously, Corollary also implies
_2 2 + 2 -2
”x (ﬁtk)kEZ”ﬂ(ZU((O,1),dx)) S Z |el el [k T
kezZ\{0}
2 _2
@0 wezllz o S Z ety l? 17
keZ\{0}
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and the series in the r.h.s. above are finite because of the general summability for elements in D(JZ) established
in Lemma|6.5.2} formula (6.5.13). Thus, for almost every y € S',

“x_zg_l(ﬁtk)kezniz((o,l)xSl,dxdy) < oo
”6)%?:2_](ﬁtk)keznzLZ((O,l)><Sl,dxdy) < too.

Summarising,
-2 q+ 2 g+
x™" 0" |20, 1)xs1,dxdy) T 10597 lL2¢0,1)xs1,dxdy)y < +90-

Therefore, 9+ satisfies the assumptions (a) and (b) of Lemma(for obviously |x’(%*%) 9 (x, y)| < |x729(x, y)|
when x € (0, 1), since @ € (0, 1)). The thesis then follows by applying Lemma[6.6.6] m]
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