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GEOMETRIC CONFINEMENT AND DYNAMICAL
TRANSMISSION OF A QUANTUM PARTICLE
IN GRUSHIN CYLINDER

MATTEO GALLONE, ALESSANDRO MICHELANGELI, AND EUGENIO POZZOLI

ABSTRACT. We classify the self-adjoint realisations of the Laplace-Beltrami
operator minimally defined on an infinite cylinder equipped with an incom-
plete Riemannian metric of Grushin type, in the non-trivial class of metrics
yielding an infinite deficiency index. Such realisations are naturally interpreted
as Hamiltonians governing the geometric confinement of a Schrédinger quan-
tum particle away from the singularity, or the dynamical transmission across
the singularity. In particular, we characterise all physically meaningful exten-
sions qualified by explicit local boundary conditions at the singularity. Within
our general classification we retrieve those distinguished extensions previously
identified in the recent literature, namely the most confining and the most
transmitting one.
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1. INTRODUCTION, SETTING, MAIN RESULTS

1.1. Grushin structures and geometric quantum confinement.

The study of a quantum particle on degenerate Riemannian manifolds, and the
problem of the purely geometric confinement away from the singularity locus of
the metric, as opposite to the dynamical transmission across the singularity, has
recently attracted a considerable amount of attention in relation to Grushin struc-
tures on sphere, cylinder, cone, and plane [3, 6, 20, 5, 10, 13, 4], as well as, more
generally, on two-dimensional orientable compact manifolds with generic genus [3],
and d-dimensional incomplete Riemannian manifolds [20].

In this work we focus on the paradigmatic class of quantum models on Grushin
cylinder: the latter is a two-dimensional manifold built upon R x S! with an incom-
plete Riemannian metric both on the right and the left open half-cylinder R* x S,
and a singularity of the metric along the separation circle among the two halves.

For such models, the geometric quantum confinement in each half-cylinder cor-
responds to the essential self-adjointness of the Laplace-Beltrami operator on its
minimal domain of smooth functions supported away from the singularity. The
quantum transmission between the two half-cylinders corresponds instead to the
lack of essential self-adjointness, in which case the type of transmission is governed
by a self-adjoint extension of the Laplace-Beltrami.

In the literature the regimes of confinement and transmission have been recently
identified (see Theorem 1.1 below), but with no classification of the possible different
protocols of transmissions, namely of the self-adjoint extensions of the Laplace-
Beltrami operator. In this work we complete such programme, and study the
family of inequivalent self-adjoint realisations of the differential operator by means
of the general extension theory of Krein, Visik, and Birman [12].

Let us start with fixing the notation and setting up the general problem. Let us
denote by (z,y) a generic point in R, X S; and let us define the R2-subsets

(1.1) M* .= R*xs!', z:={0}xS', M:=MTuUM".

We consider the family {M, = (M, ¢,)|a € R} of Riemannian manifolds with
metric

b

1.2 =
(1.2) go = dz®@dz+ FE

dy ® dy,

that is, with global orthonormal frame

o () (1)) = (L)

The value oo = 1 selects the standard example of two-dimensional Grushin cylinder
[8, Chapter 11]. The value oo = 0 selects the Euclidean cylinder.

It is easily seen that M, is a hyperbolic manifold whenever o > 0, with Gaussian
(sectional) curvature

(1.4) Kolay) = 203D

In fact, if @« = 1 the fields Xl,Xéa) define an almost-Riemannian structure on
R x S' = MT U ZU M~ in the rigorous sense of [2, Sec. 1] or [20, Sect. 7.1],
because the Lie bracket generating condition

(1.5) dim Lie(, ) span{X1, X3V} = 2 V(z,y) e R x S,

is satisfied in this case, since in general the Lie bracket is [ X7, X2(a)] = <a|a:(|)a1>'
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To each M, one naturally associates the Riemannian volume form

(1.6) Po = vol,, = y/detgadz Ady = |z|7“dx Ady
and the corresponding Laplace-Beltrami operator
0? 0? a 0
1.7 A, = — 20 2 7
( ) 225 8:1;2 + “T| ayg |.’13| or ’

as follows from (1.3) and (1.6), through the formula
A, = div,, V = X2+ X2+ (div,, X1)X; + (div,, XS x{™ .

For any fixed «, the manifold M, is geodesically incomplete, and more precisely
all geodesics passing through a generic point (xg,y0) € M reach Z (see, e.g., [13,
Theorem 2.2], or also, for the special case a = 1 only, [8, Sect. 11.2] or [3, Sect. 3.1]).

Let us now consider the problem of whether, depending on the parameter «
measuring the singularity of the metric, a quantum particle on M, exhibits purely
geometric confinement in each of the two halves M=, or instead undergoes a trans-
mission between them across Z. Noticeably, for the classical counterpart of the
same problem there is only one scenario: the geodesics reach Z and hence the
classical particle is never confined.

In more precise mathematical terms, one wants to study when, in the Hilbert
space

(1.8) He = L*(M,dus),

understood as the completion of C3°(M) (the space of smooth and compactly sup-
ported functions on M) with respect to the scalar product

1
(19) Wedla = [[ 5w 9) pla.y) —= dedy,
(R\{0}) 8! |z
the ‘minimal free Hamiltonian’
(1.10) H, = -A,,, D(H,) := C*(M)

is or is not essentially self-adjoint.

In the latter case, since H, is evidently a densely defined, symmetric, lower semi-
bounded operator in H, (symmetry in particular follows from Green’s identity),
it admits an infinity of self-adjoint extensions, each of which has a domain of self-
adjointness qualified by suitable boundary conditions at Z. For a generic such
extension H, ., Schrodinger’s unitary flow e " evolves the quantum particle’s wave-
function so as to reach the boundary Z in finite time, which is interpreted as a lack
of confinement. This is natural if one thinks of boundary conditions as describing
a ‘physical interaction’ of the boundary with the interior: the need for such an
interaction, as a condition to make the Hamiltonian self-adjoint and hence to make
the evolved wave function e~ belong to L?(M,dpu,) for all times for initial
1o in the domain of H , is the opposite of ‘confinement in M without confining
boundaries’.

On the other hand, if H, is already essentially self-adjoint on C2°(M), then it is
natural to argue that the dynamics generated by its closure H, exhibits quantum
confinement within M. In fact, let us observe that

(1.11) L3(M,dp,) = L*(M~,dps) @ L*(M™,dpg)

and if we define H¥ acting on L?(M™*,du,) in complete analogy to (1.10) with
domain C°(M%), then with respect to the decomposition (1.11) one has

(1.12) H, = H, ®H .
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Thus, H, is essentially self-adjoint if and only if so are both HY and H , in which
case Hy = E@E as a direct orthogonal sum of self-adjoint operators, where the
operator closure H, (resp., Hi(f) is the unique self-adjoint extension of H, (resp.
HZF), and the propagators satisfy

(1.13) emitHa — gmitHa g o—itHi  ype R,

Therefore, for any initial datum o € D(H,) with support only within M*, the
unique solution ¢ € C*(Ry, L?(M,d,)) to the Cauchy problem

(1 14) iat¢ = E¢
. Yli=o = o

remains for all times supported (‘confined’) in M+. The quantum particle initially
prepared in the right open half-cylinder never crosses the y-axis towards the left half-
cylinder. For all times the quantum particle’s wave-function need not be qualified
by boundary conditions at Z — pictorially, the quantum particle stays permanently
away from Z, no quantum information escapes from M ™.

In this respect, the geometric quantum confinement problem has the following
answer.

Theorem 1.1 (Quantum confinement vs transmission in Grushin cylinder, [3, 5,
13]).

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

In the present work we study the non-trivial regime of transmission, namely
lack of self-adjointness with infinite deficiency index, and of actual singularity of
the Grushin metric. Thus, we consider « € [0,1).

In fact, the case o = 0 corresponds to the ordinary Laplacian minimally defined
in each of the two halves of the Euclidean cylinder, to the right and to the left of
the singularity region at = 0. The discussion of this case is completely analogous
as for the minimally defined Laplacian on a half-plane (see, e.g., [15, Chapt. 9])
and our analysis for generic o € [0,1) includes it. Moreover, in retrospect it will
be clear how the conceptual scheme of our analysis is the very same also for the
counterpart regime « € (—1,0), although of course new explicit computations need
be worked out.

1.2. Scheme of our analysis. Main results.

The infinity of the deficiency index of H, when a € [0,1) leaves room for a
huge variety of inequivalent self-adjoint realisations of the free Hamiltonian. Each
extension provides a different mechanism how the quantum particle ‘crosses’ the
singularity region Z, ultimately due to the boundary conditions at Z that qualify
the domain of self-adjointness.

As is typical also in other contexts in which physically meaningful, minimally
defined operators have infinite deficiency index [17, 18], a large part of the exten-
sions of H, when a € [0,1), albeit physically unambiguous (i.e., self-adjoint) are
to be regarded as physically non-relevant. This is intuitively the case for all those
extensions qualified by non-local boundary conditions, i.e., when the behaviour of
the wave function around a point (0,yg) € Z depends also on the behaviour around
Z in regions away from (0, yg).
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Our first main result (Theorem 1.3 below) is indeed an explicit classification of
the physically meaningful sub-family of ‘local’ self-adjoint extensions of H,, char-
acterising their boundary conditions at the singularity of the Grushin cylinder, and
hence the mechanism of transmission of the quantum particle across the singularity.

In this class, we identify the only extension that actually induces geometric
confinement of the particle away from Z (hence confinement in either half-cylinder),
as well as the extension that in a suitable sense mazximises the transmission across Z
— customarily referred to as the bridging extension. This reproduces by alternative
means the recent analysis on Grushin cylinder by Boscain and Prandi [5], where a
‘bridging extension’ was identified for the first time.

Our second main result is in fact a classification of the whole family of self-adjoint
extensions of a convenient, unitarily equivalent version of H,, that we shall call J%,,
essentially obtained from H, by a re-scaling in = plus a Fourier transform in the
compact variable y. Such a transformation naturally leads to the a-independent
Hilbert space

(1.15) H = PL*R,dr) = *(Z,L*(R,dz))

kez
and to the study of %, in each Fourier mode k. The self-adjoint extension problem
in the (z, k)-coordinates turns out to be structurally much more manageable, for
the adjoint of 77, has the form of a direct sum

(1.16) A = @D Aalh)’

keZ

for suitable symmetric operators A, (k) on L?(R,dz), where clearly the symbol of
the adjoint in the two sides of (1.16) refers, respectively, to the Hilbert space H,
and L?(R,dz). This allows for a characterisation of the self-adjoint extensions of
J,, as suitable restrictions of the operator (1.16).

We establish such a characterisation both in its full generality (Theorem 6.7),
thus covering the whole family of extensions, and for a sub-class of extensions
characterised by boundary conditions of self-adjointness formulated separately in
each mode k as constraints on the behaviour of the elements of the domain of
¥ when x — 0%, thus from both sides of the singularity (formulas (6.16)-(6.17),
Theorems 5.1, 5.4, and 5.5). For the latter sub-class we use the self-explanatory
name of ‘fibred extensions’, each L2-space in the Hilbert direct sum (1.15) being
one ‘fibre’.

For generic fibred extensions, the self-adjointness constraints do not have an
equally clean and simple counterpart in the (z,y) variables, essentially due to the
non-local character of the inverse Fourier transform needed to go back from 7,
to the original H,. However, a special sub-class that we call ‘uniformly fibred
extensions’ display the feature of having in a sense the same type and magnitude of
boundary condition in each mode k, and this yields finally to the above-mentioned
local boundary conditions at fixed y as © — 0 which characterise the the ‘physical’,
most relevant extensions (Theorem 7.1).

From this perspective, our analysis is organised in two levels. The first one
(Sections 2 through 5) is the study of the self-adjointness problem fibre by fibre, of
k-dependent, densely defined, symmetric differential operator of Schrodinger type
Ao (k) on L?(R). To this aim we use the Krein-Visik-Birman extension theory,
which is particularly suited since the differential operator in each fibre is semi-
bounded. This requires the identification of the ingredients of the theory, namely
the precise Sobolev regularity and short-scale behaviour of the functions in the
domain of the closure A, (k), the qualification of its Friedrichs extensions A, r(k)
and its inverse (A, #(k)) ™!, and the qualification of the deficiency space ker A, (k)*.
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The second level of our analysis (Sections 6 through 8) is devoted instead to
re-assembling the information on each fibre in order to produce the classes of fibred
and uniformly fibred extensions of J7,. The latter case, which as said produces
eventually the physically relevant, local extensions, is particularly troublesome, not
much for the standard operation of taking the direct sum of self-adjoint operators on
each fibre, but rather because of the necessity to obtain some kind of uniformity over
all the modes k in order to unfolding back the Fourier transform that initially led
from H, to J¢,. This is non-trivial because the self-adjointness condition on each
fibre is in a sense highly non-uniform in k. To convey a flavour of the somewhat odd
line of reasoning that we are forced to follow (see Section 7), let us point out that
we construct the uniformly fibred extensions of 7, by restricting 2" to functions
g given by an expression of the form

(1.17) g = p+Go+G;

where none of the three canonical summands ¢, Go, G actually belongs to D(.7)),
but only their sum does, due to cancellations on which we lack any explicit control!
Yet, (1.17) is the most practical expression to export the boundary conditions of
self-adjointness, cleanly formulated in terms of Gy and G, as © — 0%, by means of
an inverse Fourier transform back to the original problem in the (z,y)-variables.

Whereas the above-mentioned main results contained in Theorems 5.1, 5.4, 5.5,
6.7, and 7.1 require additional preparation that we defer to the main body of this
work, in this introduction we present our first main result, namely the classification
of the local, physical extensions.

As is going to be done throughout, motivated by the fact that transmission
across the singularity region Z is qualified by a specific behaviour as 2 — 0%, let us
canonically express the elements of L?(M,du,) with respect to the decomposition
(1.11) as

Wy s o= (1), e @) oreers,

thus with f* € L2(M™*, du,).
The first important observation is that H is decomposed with respect to (1.11).

Proposition 1.2. Let o > 0. The adjoint of H, with respect to the Hilbert space
L?(M,duy) is the differential operator

(1.19) Hy = (Hy) & (H])

where (HT)*, the adjoint of HX in L*(M*,du, ), is the differential operator whose
domain and action are given by

D((Hy)") = {f* € L*(M*,dpa) | — A, [T € LP(M*,dpa) }

200 2y g% = —a,p

Next, we describe the special sub-class of self-adjoint restrictions of (H, Oli)*7 hence
extensions of H,, qualified by local boundary conditions.

Theorem 1.3. Let o € [0,1). The operator H, admits, among others, the following
families of self-adjoint extensions in L*(M,dpy):

Friedrichs extension: Hy p;

Family In: {H) |y € R};

Family I: {HJ} |7 € R};

Family 11, with a € C: {HY) |y € R};
Family TIL: {HEY|T = (1,72, 73, 1) € R4},
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Each operator belonging to any such family is a restriction of HY, and hence its
differential action is precisely —A,, . The domain of each of the above extensions
is qualified as the space of the functions f € L*(M,du,) satisfying the following
properties.

(i) Integrability and reqularity:

+ i 2 X 0.
(1.21) > //}R}X%\(AMJ ) 9)| dpia(@y) < +

(ii) Boundary condition: The limits

(1.22) foly) = lim f5(z,y)
)
(1.23) fiy) = #(1+a)™" Tim, ( \;|a %)

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

(1.24) fily) = if f€D(Har),

(1.25) { f?éz; :3f()+(y) if feDHT,),

(1.26) { BTy penay).
o) =afy(y) ; (]

(1.27) { fr) +afi ) =~f ) 7§ e D),

(1.28) { () =mnfy () + (v2 + i) fo (v) if feDH),

f W) = (2 —iva) fo () + 2ty )

Moreover,
(1.29) fiE e Ho= (S, dy) and fE e Ho (S dy)
with
® 51+ = %ﬁ for the Friedrichs extension,
e 5 = %ﬁ’ 50,4 = S1,4 = %% for extensions of type IR,
® 514 = %;—3‘, 50,— = 81,— = %fi—z for extensions of type I,
® 514+ = 50, = %ﬁ for extensions of type 11,
® 514+ = 50+ = %i’i—g for extensions of type 111.

It is clear from the formulation of Theorem 1.3 that requirement (1.21) amounts
to say that all the considered extensions are contained in H}. Each of the require-
ments (1.24)-(1.28) then expresses the corresponding condition of self-adjointness.

The common feature of all such extensions is that their qualifying boundary
conditions as x — 0 have the same form uniformly in y € R. In this precise sense,
those are local extensions.

It is also clear that the Friedrichs extension, as well as type-Ig and type-I,
extensions, are reduced with respect to the Hilbert space decomposition (1.11):
each such operator is the orthogonal sum of two self-adjoint operators, respectively
on L2(M™*,du,) and L?(M~,du,), qualified by independent boundary conditions
at the singularity region Z from the right and from the left. On the contrary, type-
11, (with a # 0) and type-III extensions are not reduced in general: the boundary
condition couples the behaviour as £ — 0% and z — 0.
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The left-right reducibility

(1.30) H, = H; ® H} .
of the extension H, = Hy p, or Hy = HQ]R, or H, = H([J]L, results in a decoupled

independent Schrédinger evolution of the two components f+ and f~ of the solution
f € CY(Ry, L*(M,dp,)) to the Cauchy problem

i0.f = Haf
{ft_o = uy € D(H,).
This means that, separately on each half-cylinder,
(1.32) FE) = e itHayE

with no exchange between left and right at the interface Z.
The picture is then the following.

(1.31)

o Friedrichs extension H, r: geometric 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 bound-
ary respectively from the right or from the left, with geometric quantum
confinement on the opposite side. (Thus, for instance, a quantum particle
governed by H 1[37]1% may ‘touch’ the boundary from the right, but not from
the left, and moreover it cannot trespass the singularity region.)

e Type-II, and type-1II extensions: in general, dynamical transmission through
the boundary.

Among the latter group of extensions, a special status is deserved by the Laplace-
Beltrami realisation

(1.33) H,p = HYl  witha=1and~y=0.

In this case the boundary condition (1.27) takes the form
li = i
Jm f9) = Jim f)

( 1 8f(w7y))

|z|] Oz

(1.34)

lim
rz—0t

lim
x—0—

|x|]e Oz

( 1 3f(x7y)) _

for almost every y € S!. Formula (1.34) expresses the continuity across the singular-
ity region Z, along (almost) any horizontal direction, both of a generic f € D(H,, )
and of the partial derivative in = of f, when such a derivative is suitably weighted
with the |z|~*-weight. It is easily seen by inspection of (1.24)-(1.28) that no other
boundary condition of self-adjointness allows for such a two-fold continuity for any
other weight.

Quantum-mechanically, (1.33)-(1.34) are interpreted as the continuity of the spa-
tial 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 |z|~¢ induced
by the metric. This occurrence corresponds to the ‘optimal’ transmission across the
boundary Z, with no discrepancy in spatial density and momentum between left
and right: the dynamics generated by H, g develops the best ‘bridging’ between
the left and the right side of the Grushin cylinder. For this reason H,, p shall be
referred to as the ‘bridging extension’ of H,. It is precisely the bridging extension
introduced by Boscain and Prandi in [5, Proposition 3.11], which we recover here
as a distinguished element of our general classification.

One last observation on Theorem 1.3 (see also Remark 6.6 for a more explicit
comment on this point) concerns the regularity (1.29) of the boundary functions fj
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and f; in terms of which the various conditions of self-adjointness are expressed.
In fact, (1.22)-(1.23) define so-called ‘trace maps’

v D(Hy) N LA(M*, dpg) — HF(SY)
v D(Hy) N LA(M*, dpg) — HV (S,

(actually, concrete examples of what one customarily refers to as ‘abstract trace
maps’ — see, e.g., [19, Sect. 2]), where H,, stands for one of the considered extensions
of H,. Noticeably, although we do not carry this comparison further on here, and we
defer it to a subsequent study, our (1.29) is completely consistent with the abstract
analysis developed recently by Posilicano [19] of the trace space, and hence also,
isomorphically speaking, of the deficiency space, of the operator H,,.

Once again it is worth underlying that also in the language of [19], namely the
framework of direct sum of trace maps, the hard part of the job that remains to be
done, and that we completed here, for the classification of the (local) extensions of
H,, is the passage from the ‘natural’ direct sum setting, namely the description of
the restrictions of the direct sum operator ;" = @, (Aa(k))*, to the original
Grushin setting, namely the corresponding descriptions of the restrictions of H}

Notation. Besides all the standard functional-analytic and operator-theoretic
notation adopted in this work, let us specify the following symbols and conventions.
R+ (0,+00), open right half-line
R~ (—00,0), open left half-line
K interior of the subset K C R

(x) V14 a?

1 identity operator, acting on the space that is clear from the context
O zero operator, acting on the space that is clear from the context
1x characteristic function of the set K
() Hilbert scalar product, anti-linear in the first entry
Ok.e Kronecker delta

vt Hilbert orthogonal complement of the subspace V'

direct sum between vector spaces

(if referred to operators) reduced direct sum of operators
(if referred to vector spaces) Hilbert orthogonal direct sum
Hilbert orthogonal direct sum of non-closed subspaces.

BH® O+

2. PREPARATORY MATERIALS

2.1. Unitary equivalence to a constant-fiber orthogonal sum structure.

Following the same steps we made in [13], let us introduce a natural, unitarily
equivalent re-formulation of the problem of the self-adjoint extensions of H, in
L?*(M,dpu,), where M = (R\ {0}) x S! and du, = |z|~*dz dy.

We recall that H, is reduced with respect to the decomposition (1.11) — see
(1.12) above — hence it is natural to manipulate H] and H separately.

We intend to map L?(M¥,du,) unitarily onto the space

(21)  H* = PL*R* dz) = *(Z,L*(R* dz)) = L*(R* dz) @ (*(Z)
keZ

(with obvious canonical isomorphisms in the r.h.s. of (2.1)).
We first apply the unitary transformation

U LA(R* x S, |z~ “dady) — L2(R* x S', dzdy)

(2.2) o
[ =lz["2f
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(thus restoring the standard Euclidean metric by removing the weight), and then
the further unitary transformation

(2.3) Fi i LX(RF x S, dady) — L*(R*,dz) @ (2(Z) = H*E,
consisting of the discrete Fourier transform in the y-variable only, that is, the
mapping
¢ = P = (Yr)kez

e = S we = [ et Bt

e = , x) = e xz, R T € .

kY N k . k\Y Yy)ay
This is the customary way to re-write ¢(z,y) = > oz Vr(z)er(y) in the L2-

convergent sense. Each v, € L*(RE,dz) and 3, [[¥x]/2. < +o0.
Thus,

(2.5) HE = FFUFLA(M*,du,)
with a natural ‘constant-fibre’ orthogonal sum structure on such space, namely,
(2.6) HE = Do, by = LXRF,da)

kezZ

with constant fiber h4 and scalar product

27 ((Ur)kez (Pr)kez)ys = D /Ri Ve (@) P(@) de =Y (n, V) -

kEZ kEZ

Analogously, and with self-explanatory notation, Fp := Fy @ Ff, U, := U5 @
U}, whence FoU, = F, Uy ® F5 U, and
(28)  H = RU.L*(M,dps) = A(Z,L2R.dz)) = H- eHt = P b

keZ

with ‘bilateral’ fibre
(2.9) h = L*(R™,dz) ® L*(R",dz) = L*(R,dz).

The above scheme is the discrete version of the constant-fiber direct integral
structure, the well-known natural formalism for the multiplication operator form
of the spectral theorem [16, Sect. 7.3], as well as for the analysis of Schrodinger’s

operators with periodic potentials [21, Sect. XIII.16].
By means of (2.2) and (2.3) we obtain the operators

(2.10) HE = U HE (U™
acting on L?(R* x S!, dxdy) and qualified as
DHY) = CF(R; xSy)

0? 0? a2+ a)
+ . v 2 Y e ey
Hao = ( Ox2 @] Oy? + 422 )¢’

(2.11)

as well as the operators
(2.12) Ay = Fy Uy Hy (Uy) H(F) 7t = Fy Ha(F) ™

[e3%

acting on H* and qualified as
D(A) = {¢ = (Y)kez € @Lz(Ri,dx) ‘d) € F5 C=(RE x S;)}
(2.13) kez

o = ((- f— + 22 + %)W)M-

Completely analogous formulas hold for H, and J7,, defined in the obvious way.
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In particular, for each )* € D(AF) the component functions 1 (-) are com-
pactly supported in z inside R* for every k € Z, and moreover

Z H(_ dz? +k2| [ + M)¢k ‘ L2(R% ,dz)

H%ﬂiwillii = |I(F) ot Fy ot

(214) HL2(]Ri xS1)

= (- gz - o+ )]

where ¢F = Fy ¢ € C2(RE x S}).

The above construction establishes a unitarily equivalent version of the oper-
ators of interest. Thus, the self-adjointness problem for HT in L*(M¥*, du,) is
tantamount as the self-adjointness problem for £+ in H., and the same holds for
H,, with respect to J#,. Furthermore, when non-trivial self-adjoint extensions exist
for HE (resp., H,), they can be equivalently (and in practice more conveniently)
identified as self-adjoint extensions of JZF (resp., J%,).

In fact, such an analysis for JZ* (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 b4, thus for
each k € Z, the operators

d? a2+ a)
+
(215) Aa(k) = —ﬁ+k2| |QQ+T,
and similarly on § we define
D(Aa(k)) = CZ(R™)BCZ(RY)
Aa(k) = A (k) & AL (K),

where the notation ‘B’ simply indicates the direct sum of two (non-complete) sub-
spaces of each summand of the orthogonal sum of two Hilbert spaces.

By construction the map Z > k — A, (k) has values in the space of densely
defined, symmetric, non-negative operators on b, all with the same domain irre-
spectively 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 in b.

As non-trivial self-adjoint extensions are suitable restrictions of the adjoints, let
us characterise the latter operators. As we argued already in [13, Lemma 3.2], the
adjoint of H, is the maximal realisation of the same differential operator, that is,

D((HE* ¢ € L*(R* x S',dzdy) such that
(( a) ) = (7 8(12 |x|2a8y2 + f;rza))d)e LQ(R:I: « St dxdy)

2
< +o0,

L2(RE xS1)

D(Aa(k)) = CZ(RT),

(2.16)

(2.17)
0? 0? a2+ a)
H:I: _ ( _ 2 ) .
()0 = (= gz ~ e 5y + )9
This, and the unitary equivalence (2.12), yields at once
(2.18)

Y = (Yr)rez € Diey L?(R*,dx) such that

D((HE)) = ZH(* a2 +k2| 20 4 a2+ a) )1/%‘

< +00
42
keZ

L2(R*,dz)

(kY = ((—ddiﬁﬁl o 2020
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Clearly, % is a weak derivative in (2.18) and a classical derivative in (2.13). Fur-
thermore, with respect to the decomposition (2.8),

(2.19) (o)™ = (H) & (AT)
Analogously to (2.18), as we argued already in [13, Eq. (3.12)], one has
+ 2/t
€ L*(R*,dx) such that
D(AE(k)*) = { , I A }
oy ORI U gl s S € e
d? a2+ a)
+ * + o 2 2ae +
S - (- S
and
(2.21) An(k)* = AL (k)" & AT(k)*.

2.2. Orthogonal sum operators.

Next, it is convenient to recall the structure of operators acting on A (resp., on
H7) in the form of infinite orthogonal sum, that is, operators that are reduced by
the orthogonal decomposition (2.8) (resp., (2.6)). By this we mean an operator T

for which there is a collection (T'(k))rez of operators on b (resp., on h*) such that
(i) v € D(T(k)) Vk€Z
(2.22) D(T) = ¢ =Wrvez € H | (i) Y HT(k)wkHz < +o0
’ kezZ

TY = (T(k)¥t) ey,
(and analogous formulas on each half-fibre), the shorthand for which is
(2.23) T =P TH.
kezZ

Thus, T(k) = T | (D(T) N by), where by is the fibre h counted in the k-th posi-
tion with respect to the sum (2.8), and each by is a reducing subspace for T. A
convenient shorthand for the above expression for D(T) is

(2.24) D(T) = FHD(T).

keZ

As commented already, we write ‘B’ instead of ‘@’ to denote that the infinite
orthogonal sum involves now non-closed subspaces of H.

Remark 2.1. It is very important to observe that 7, is not decomposable as
Ho = @jez, Aa(k) in the sense of formula (2.22), and in fact

(2.25) A & P Aalk).
kez
Indeed, as seen in (2.14),
> MRl = (= — lal2e g + =G )of
k

2

L2(RE xS1)

where 1) = Fy¢, the finiteness of which is guaranteed by ¢ € C°(RE x S;) in the
case when ¢ € D(7,), but of course is also guaranteed by a much larger class of ¢’s
that are still smooth and compactly supported in z, but are not smooth in y — thus
corresponding to ¢’s that do not belong to D(47,). This is completely analogous
to what we observed in [13, Remark 2.2].

Most relevantly for our purposes, the closure and the adjoint pass through the
orthogonal sum of operators.
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Lemma 2.2. If T = @, ., T(k), then

(2.26) " = P 1(k)
keZ

(227) T = @TH.
keZ

where the symbol of operator closure and adjoint clearly refers to the corresponding
Hilbert spaces where the considered operators act on. Moreover,

(2.28) ker 7% = @B ker T'(k)
kEZ

Proof. Let ¢ € D(T™): then there exists n € H such that
S by = 0 On = W, TOn = Y ($n, T(k) &)y  VE€D(T).

keZ keZ

By localising £ separately in each fibre b one then deduces that for each k € Z

Yvr € D(T(k)*) and n, = T(k)*1x, whence also ZkeZHT wth = H77||H
+00. This means precisely that 1) € D(P, ., T(k)*) and T*¢ = (T(k)*¥r)rez
(Drer T(k)* ), ie., T* C Dy T(R)*.

Conversely, if ¢ € D(,,c;, T'(k)*), then for each k € Z one has (T'(k)*¢y, &)y =
(1, T(k) )y Y€k € D(T(k)) and 3=y [IT*(k)x Iy < +o00. Setting g := T (k)ihx
and 1 := (nx)kez one then has that € H and

& = D> &)y = > (Ur,T(k)&)y = (0, TEn  VE€D(T).
kez keZ
This means that ¢ € D(T*) and T*¢ = 1 = (T(k)*Yr)rez = (Brezy T(k)* )Y, ,
Lo, T D @y T(k)*
Identity (2.26) is thus established, and (2.27) follows from applying (2.26) to the

operator T™* instead of T. Identity (2.28) is another straightforward consequence
of (2.26). O

A

Now, although although %, ¢ @, ., Aa(k) (Remark 2.1), the two operators
have actually the same adjoint and the same closure.

Lemma 2.3. One has

(229) A = @ Aalk)
kEZ
and
(2:30) = @ Am,
keZ
. (i) we D(Aa(k)*z) VkeZ
ay V) UE ke €)X A ]y < oo
Y = (Aa(R) V), ey
and
_ (i) Y € D(A, (k)) Vk eZ
pay D)= VS eH I;Z [ Aa )]y < +oo

%1# = (Aa(k)¢k)kez-
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Analogously,
(2.33) 5 = P ALk, AE = P AZk).
kez kez
Moreover,
(2.34) ker 7 = @D ker Ao (k)" .
keZ

Proof. On the one hand, 7 O (P, ., Aa(k))* = Djcr, Aa(k)* (owing to (2.25)
and (2.26) above).

On the other hand, one proves the opposite inclusion, namely 7, C @, ., Aa(k)*,
following the very same argument used for the proof of 7* C @, ., T'(k)* in Lemma
2.2. This is possible because for £ € D(.5,), one has &, € C°(R\{0}) = D(4.(k)).

Thus, explicitly, if ) € D(), then there exists n € H such that

S Gy = 0,On = (W, Al = Y (Uk, Aalk) &)y VE € D(A).

kEZ k€L
By localising £ separately in each fibre h; one then deduces that for each k € Z
2
Yy, € D(Au(k)*) and np = Aa(k) 1k, whence also ), ||Aa(l<;)*1/)k||h = |n|j3, <
+o00. This means that 1 € D(P,cy Aa(k)*) and HY = (Aa(k)* Yr)rez =

(Brez Aa(k)" )P
Thus, (2.29) is proved. Applying (2.26) to (2.29) then yields (2.30). O

2.3. 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 #F and J#, is the following.

Proposition 2.4. Let {B(k) |k € Z} be a collection of operators on the fibre space
b (resp., h* ) such that, for each k, B(k) is a self-adjoint extension of Ay (k) (resp.,
AZ(K)), and let

(2.35) B = @ B(k).

keZ
Then B is a self-adjoint extension of o (resp., HF).

The proof goes through reasonings that are somewhat standard, but for com-
pleteness and later discussion we sketch it here.

Proof of Proposition 2.4. B is an actual extension of /7, because

Ay C @ Aalk) ¢ € B(k).
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 ) = (g )kez € H let us then set ¢y, := (B(k) +il)"1n, Vk € Z. By
construction w5 € D(B(K)), [xlly < ey, and [ BUE)xlly < 71y, whence also
> okez lkllf < +ocand 37, . | B(k)yrl|f < +o0c. Therefore, ¢ = (¢1)rez € D(B).
Moreover, (B +il)y = ((B(k) + il)¢¥x)kez = (Mk)kez = 7. This proves that
Ran(B +il) = H. Analogously, Ran(B —il) = H. O

Proposition 2.4 provides a mechanism of construction of self-adjoint operators
B of the form (2.35) by re-assembling, fibre by fibre in the momentum number
k conjugate to y, self-adjoint extensions of the fibre operators A, (k); by further
exploiting the canonical unitary equivalence

(2.36) B v (Fy Uy @ FyUS) B(Fy Uy @ FyUZ)
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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 qualified, in position-
momentum coordinates (z, k), by boundary conditions on the elements ¢ of their
domain which connect the behaviour of each mode ¥y (z) as x — 07 and z —
0~, 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, 7, (and hence H,) admits plenty of extensions that are non-local in
momentum, namely with boundary condition as  — 0% that mixes up 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 (2.8), whereas
A, itself certainly is. Indeed, at the level of each fibre, the extension B(k) may or
may not be reduced by the sum b = h~ @ h* as is instead A, (k) by construction
(see (2.16) 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 /%, is in fact a mere ‘juxtaposition’ of two separate extensions for =+
in the left /right half-cylinder.

We shall apply the above formalism and the latter considerations in Section 6,
where the actual classification of the self-adjoint extensions of 7, is discussed.

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 (2.15) for a € [0,1) and k € Z, with respect
to the fibre Hilbert space L?(R*,dx).

For simplicity of notation, we shall temporarily drop the superscript ‘4’ and
simply write A (k) for Ay (k)T, and (-,-) 2 and ||-|| 2 for scalar products and norms
taken in L?(R*), with analogous notation for the Sobolev norms. Obviously, the
whole discussion can be repeated verbatim for A, (k)™ in L?(R™) instead of A, (k)¥,
with completely analogous conclusions.

As already recalled from [13, 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 Krein-
Visik-Birman extension theory [12].

When « = 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., [14, 9]) 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 not only is A, (k) non-negative, but also in
particular it has strictly positive bottom for every non-zero k. Indeed,

, o, 2+0a) o\ 155 p e
min (K ST55) = (o) (B) T = Moy,
whence
(3.1) (h, Aa(k)h) 2 > Mak|hll7:  Vh € D(Au(K)).

Instead, when k = 0 it is straightforward to see that
(hy Aa(0)h)r2

3.2 L
(3:2) heD(Aa(00\{0})  ||h]2,
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Therefore, as long as k # 0, owing to (3.1) we can apply the Krein-Visik-Birman
extension theory directly in the setting of a strictly positive operator. This pro-
gramme will be completed in the present Section. The special case k = 0 is de-
ferred to the next Section, where we highlight the main steps that need be modified
— starting from the auxiliary shifted operator 4,(0) + 1, which has again strictly
positive bottom.

For convenience of notation let us set

a2+ )
3.3 c, = 2Ty
(33 -
Then C, € [0, 2). Let us also refer to
a2 e
(3.4) Sek = —q5 +HE+ 3,

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 qualify the operator closure A, (k) of A, (k), its Friedrichs
extension A, p(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
Ay (k)* and as such they all act with the action of the differential operator Sq k.

Here is the main result of this Section.

Theorem 3.1. Let « € [0,1) and k € Z\{0}.
(i) The operator closure of An(k) has domain

(3.5) D(ALR) = H3(RY) N LA(RY, (21 da)
(ii) The adjoint of An(k) has domain
g € L?>(R*) such that }
D Aa k ) = 2 « a
(3.6) (Aelb) {(—ﬁﬁ+k2x2‘“+(f$ L)g € L*(RY)

= D(Ay(k)) + span{VU, 1} + span{®, 1},

where @, and U, i, are two smooth functions on RY explicitly defined, in
terms of modified Bessel functions, respectively by formula (3.14) and by
formulas (3.23), (3.25), and (3.32) below. Moreover,

(3.7) ker A, (k)" = span{®q, 1} .

(iii) The Friedrichs extension of A, (k) has operator domain

D(Aa,r(k) = {9 €D(Aa(k)*)[g(x) F qra'*¥ +o(z?), g1 € C}
= D(Aa(k)) +span{¥s}
and form domain
(3.9) D[Anr(k)] = Hi(RT)NLART, (22*) dx).

Moreover, Ay, p(k) is the only self-adjoint extension of A, (k) whose oper-
ator domain is entirely contained in D(x~'), namely the self-adjointness
domain of the operator of multiplication by x~1.
(iv) The self-adjoint extensions of Ay (k) in L?>(RT) form the family
{AQ1(k) |y € RU {oo}}.

The extension with v = oo is the Friedrichs extension, and for generic
v € R one has

(3.10) D(ADI(K)) = {g € D(4a(k)")

z]0 3

9(x) 2 goz~ % +yg0x'tE +0(x?), go €T,
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Concerning the spaces indicated in (3.5) and (3.9), let us recall that by definition
and by a standard Sobolev embedding
Hy(®Y) = CE@D) ™

(3.11)

{p e L*(RY)|¢ € L*(RY) and ¢(0) = 0},
and
(3.12) H2(RY) = Cm@)! =2

= {p e L*(R")|¢,¢" € L*(RT) and ¢(0) = ¢'(0) = 0} .

The proof of Theorem 3.1 requires an amount of preparatory material that is
presented in Sections 3.1-3.4 and will be finally completed in Section 3.5.

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 I, [1, Sect. 9.6],
that are two explicit, linearly independent, smooth solutions to the modified Bessel
equation

(3.13) 2w 4 2w’ — (2 + 1w = 0, z e Rt
with parameter v € C. In particular, in terms of K 1 and J 1 we define the functions
k o
Daplw) = VIKy (521
k a
Fox(a) = ff(ﬁﬁa atte).
Explicitly, as can be deduced from [1, Eq. (10.2.4), (10 2.13), and (10.2.14)],

(3.14)

T @ — M to
Do k() = (21\:\) /2e”T4a”
(3.15)
Fox(z) = 2(;;:‘1) s1nh \kl 1+o¢).

From (3.15) we obtain the short-distance asymptotics

(3.16)
0 [r(lta) o — k| 145 7k]?  2+3a 3+5a
= VI Vs T T sarar & 2T H 0@
0 20k a 50
= s et 0@t i),

and the large-distance asymptotics

plto o
., Trdeo /W(;Izla — e 273 (14 O(z~(1F)))

M\Q

(3.17)

Fap(e) "2% [He M5 0 3 (14 O 04)),

as well as the norm

(3.18) 1akl}e = m(1+a) e D(452) (2lk|)~ =

Lemma 3.2. Let o € (0,1) and k € Z\{0}. One has

(3.19) ker A, (k)" = span{®q, 1} -

Proof. Owing to (2.20), a generic element h € ker A, (k)* satisfies

(i) Sarh = —h" +E*2**h+Coz7%h = 0.

Setting

(ii) y = ﬂxHa, w(z) = M’ v o= 7V1+400‘ — 17
1+a N 21+ «) 2
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the ordinary differential equation (i) takes precisely the form (3.13) with the consid-
ered v. The two linearly independent solutions K and I to (3.13) yield, through
the transformation (ii) above, the two linearly independent solutions (3.14) to (i).
In fact, only @,k is square-integrable, whereas F, j fails to be so at infinity (as is
seen from (3.18)-(3.17)). Formula (3.19) is thus proved. O

3.2. Non-homogeneous inverse differential problem.
Let us now focus on the non-homogeneous problem

(320) Sa,ku =4g

in the unknown u for given g. With respect to the fundamental system {F x, o1 }
given by (3.14), of solutions for the problem S, ; u = 0, the general solution is given
by

(3.21) u = c1Fqyp+ c2Po i + Upart

for ¢1,cp € C and some particular solution upayt, i.€., Sq k Upart = g-

The Wronskian

(3.22) W (@, Fag)(r) = det (izzgg ?Zzgg)

relative to the fundamental system {F, x, Po i} 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 (3.16) or (3.17) and amounts to

(323) W((I)a,k7Fa,k) =1l4+a = W.

A standard application of the method of variation of constants [23, Section 2.4]
shows that we can take upa.t to be

+o0
(3.24) Upart (1) = ; Gax(r,p)g(p)dp,
where
1 Dy k(1) Fok fo<p<r
(3.25) Goil(rp) = — k(1) Fa i (p) . p
W Far(r)®ak(p) ifo<r<p.

For a € R and k € Z\{0}, let R(C?i . be the integral operator acting on functions
g on RT as

“+oo
(RS g)(@) == / 9 (2. p) g(p) dp

(3.26)

G (2,p) = 2"k Ganlz, p).
and let
(3.27) Rg., = |k *RY) .

The following property holds.
Lemma 3.3. Let o € (0,1) and k € Z\{0}.

(i) For each a € (—1*7"‘,2@], R(C?i . can be realised as an everywhere defined,
bounded operator on L2(R*,dx), which is also self-adjoint if a = 0.
(ii) When a = 2a, the operator R(C?S)k is bounded uniformly in k.

Remark 3.4. For the purposes of the present Section, the thesis of Lemma 3.3 (and
therefore its proof) is overabundant, in that we do not need here the uniformity in

k of the norm of R(Gza)k. Instead, this information will be crucial in Subsect. 7.6.

o,
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For the proof of Lemma 3.3 it is convenient to re-write, by means of (3.15) and
(3.23), for any k € Z\{0},
k|29~ % p=% e~ freete blnh( |k‘ap1+°‘) f0<p<z
k|

| 14+a

3.28) 9'Y(z,p) =
( ) oz,k( ) |k| -2 —%e Txal smh( \kal—}-a) 1f0<$<p

It is also convenient to use the bound

(3.29) G\ w,0) < 90w, p)
with
o - k| 14 |kl 1+«
e |[k|z@~2 p~2 ¢ THa®  eltal ifo<p<uwz
(330)  F(w.p) = P
|[k|x®~2 p~2 e TFa? elta ifo<x<p.

Proof of Lemma 3.3. R(C?i , Splits into the sum of four integral operators with non-
negative kernels given by

Gt a@,p) = D)@ 0) Lot 400) (@) L2t 100) ()
aka( p) = gi?/i(%ﬂ)1(M,+oo)($)1(0,M)(P)
Gota@p) = G0 0) Lo (@) Lat 100 ()
Y kal@p) = %7}3(%/’)1(0,M)($)1(0,M)(p)

for some cut-off M > 0.
The (—, —) operator is a Hilbert-Schmidt operator on L?(R™). Indeed, owing to
(3.29)-(3.30),
Yokal® )

|~ 1ta_
—ital®

14+«
100,00y () 1 (0,21 ()
“2 10,01 () L(0,00)(P) 5

klz®=% p~%e

< |
< |kjzo—%

M\Q

whence, for a > —1(1 — ),

) M M
// dmdp‘ aka ‘ < k:2/ dxxza_o‘/ dpp™@
R+ xR+ 0 0

k.2 M2(a+1—o¢)

 (2a+1-a)(l—a)’
Also the (—,+) operator is a Hilbert-Schmidt operator on L?(RT). Indeed,

Grdal@,p) < [blerra " gem ok e

10,00 (%) L(ar,400) (P) 5

whence, for a > —1(1 — a),

2
// d.’IJ dp’ a, k a p)’
R+ xR+
o0
<k k2 et MHQ/ dz z2* a/ dpp~e” et

—+oo
2\lc\ 14+a _2[k| 1+4a
= K2 M 2 eiraM / dx 2@ O‘/ dp p® e THa?
0

M
M “+oo
k 2\k\ 14o _ _
_ ‘2| M—Qa M dmea @ dye Yy
2|k «
0 2Ry
|]€| M2a+173a

22a+1—-a)’
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With analogous reasoning, one has

k| 1+
a—5 —17o%
2

‘ \ [e% o «
LEL ppite _a e~ Tta L(a1,400) (%) L(0,an) () ,

G b p) < klerra"p
therefore,

4+— 2 o 2lkl prita M +oo 2 _ 2|k 14
// dxdp|gaka(m,p)‘ < k%eTre / dpp_a/ do 2% e~ TFa”
R+ xR+ ” 0 M

E2MI= 2k 14 o 20k| 14
S e— dopz?e e Tra® "
1 — M

In turn, integrating by parts, and for a < % +

+oo
20k 1+
/ dxl,Qafa e~ TFal «
M

[\l

«,

M20=20 g5 i 1 +oo L 20kl 1ta
_ e —1+aM _~_m dxac2a 1 30¢xae Tral
M

W
M2a—2a 20kl p1+a M2a—1—3a “+o00
< ————¢e TFe M i
2‘k| e + 4k2 /f_fMl«hl ye
_MM1+O< M2a7204 M2Cl*17304
= ¢ 1+a ( + )
2|k 4k2

Thus,
1
// dz dp|ga+;a(x7p>‘2 <~ (2| M2e+I—30 +M2(a—2a)) 7
R+ xR+ "' 4(1 - o)
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 v AB, where

—+oo
A= sup / dp g(ialz (x,p)
x€(M,+o00) J M
—+oo
B = sup / dz %(ialz (z,p).
pE(M,+00) J M

Owing to (3.29)-(3.30),

A= A+ A
B = By + By
with
T
k|l 14a okl lta
A; = sup |k|xz®T2 e THaT / dpp~2 eita?
z€(M,+00) M
—+o0
_ o |k| 1+« _a _ 1kl 1+«
Ag == sup |k|z%T 2 eTHa® / dpp~2 e 1+af
z€(M,+00) T
P
_a __kl 1+« _a  _lkl 14«
B, = sup |k|p~ 2 e 1¥e? / dz 2% 2 eia®
pE(M,+00) M
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Concerning A;, integration by parts yields

r o Ikl ita 3 K _1ta 3 Lkl qpita
|k|/ dpp~%eival " = g72%Tra” " _ M 2%emraM
M
a [* 3 Ikl 1+a
+*/ dpp(1+2) etvar
2 m
and choosing M > M,, where
M (2+3a)ﬁ
N 20k

14

k |k a .
is the point of absolute minimum of the function p — p‘“"‘ga) eitaf  yields

T T
_a k|l 1+« _3 k|l 4o o 3 k] 14
\k|/ dpp™ % extal ™" < amE erna 4 D (1R erret / de
M 0

3 Ikl . 14a
= (1+2)z 2%erwa® "

Therefore,

A < sup (1 + %)x“*%‘ = (1 + %)M“*QQ ,
z€(M,+00)

the last identity being valid for a < 2a.
Concerning Ao,

+oo a | 1+o 3 +oo
Ikl/ dpp~2e Hel < Iklw_ga/ dp p® e 1¥e?
xr xr

whence, when a < 2a;,

Concerning By,

p p
—a |k lta _3 [k, 1+4a
|k|/ dz a2 eTHa® = |k;|/ dez®72% g% eTta®
M M

p a—3o ; 3
S L
h M3 ifa<

2 ifa<ja
k| 14 _3 .
et pP 2z ifa> 3a
< dy e¥ x
h M3 ifa<$
0 ifa<ja
3 . :
Ikl i+a prTee ifa> %oz
= eT¥a X 5 2
M=z ifa < ja,
whence
a—2«a : 3
ifa> s«
B, < sup P 2

-1 _3 .
pe(Mto0) | p72 M7 2% ifa< %Oz.

In either case, as long as a < 2q,

Bl < Ma_Qa.
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Concerning Bs, let us split the analysis between a < %a and a > %a. In the
former case,

—+oo —+oo
_a k| g1+« _3 _ 1kl pite
|k|/ drz® 2 e THa” < p? 2o‘|k|/ dza®e 1+a®
P P
k|

3 Foo 3 | 1+
3 _ _3_ _ 1kl ita
= p* 2a/|k\ dye™ = p""2%e el

whence, as long as a < 2q,

32 < sup pa72a < Ma72oc.
pE(M,+00)

When instead a > %a, then, integrating by parts and using the further restriction
a<1l+ ga,

Ikl/m dz @~ e~ tree' ™"
p

)
@

|
+
Q

a—3a — |k| p1+a a +oo a—B3a—1 — k| 14
= piT2%e THa +(a—§) drx®"2 e 1fa
P
+o0
3. _ k| 1ta 5. _ Ikl 4o
< pa—iae Ttal +(a_%)pa Sa 1/ dr & e 17a®

I
)

3 1+a 5 Fo0

e T (pa,%a +(a—9) |k|*1paf%a71) ,
whence

By < sup  (p“7% 4 (a— Q) [K[T1pr3Y)
pE(M,+00)

< M (1 (= §) (KM ).

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(1 — a) <
a < 2a, we have found that there is an overall constant Z, o > 0 such that

HR(C?ikHOp < Za,a<k2M2(a+1_a) + |k‘| M2a+1—3a =+ M2(a—2a)(1 + |k/" Ml-&—oz)—l).

This yields the statement of boundedness of part (i). The self-adjointness of
Ra, ., = |k|72 R(c?i . is clear from (3.25): the adjoint R, | has kernel Gax(p,7),
but G is real-valued and Ga k(p,7) = Gak(r, p), whence indeed Rf, = Rg, -
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"Y = 14 3a
k| MPeTI=30 = |k M = 14 3a
k2M2(a+1foz) _ (|k|M1+O‘)2 _ (1—|—§oz)27
implying that there is an updated constant Za,a > 0 such that
1RGN < Zao

uniformly in k. Thus, also part (ii) is proved. O



QUANTUM GEOMETRIC CONFINEMENT/TRANSMISSION IN GRUSHIN CYLINDER 23

A relevant consequence of Lemma 3.3 is the following large-distance decaying
behaviour of a generic function of the form Rg,, ,u.

Corollary 3.5. Let o € (0,1) and k € Z\{0}. Then
(3.31) ran Rg,, C L*(RY, (z)**dz).

Proof. By Lemma 3.3 we know that both 2*R¢, , and Rg, , are bounded in
L*(R*,dz). Therefore, for any u € L*(R*,dxz) one has that both Re, ,u and
2**Rg,, ,umust belong to L?(R*, dz), whence indeed R¢,, ,u € L*(RT, (14+2**)dz).

(]

Moreover, we recognise that Rg, , inverts a self-adjoint extension of A (k).

Lemma 3.6. Let o € (0,1) and k € Z\{0}. There exists a self-adjoint extension
Ao (k) of Ax(k) in L2(RT) which has everywhere defined and bounded inverse and
such that ,(k)~' = Rg,, .

Proof. Rg., , is bounded and self-adjoint (Lemma 3.3), and by construction satisfies
SakRa,,.9 = g Vg € L*(RT). Therefore, Rg, g = 0 for some g € L*(RT)
implies g = 0, i.e., Rg, , is injective. Then Rg,, , has dense range ((ran RGmk)L =
ker Ri, ). As such (see, e.g., [22, Theorem 1.8(iv)]), @, (k)™ = Rai . 1s self-
adjoint. One thus has Rg,, = #,(k)~! and from the identity Aa(k)*RGa,k =1
on L*(RT) one deduces that for any h € D(Z,(k)), say, h = Rg, g = du(k) g
for some g € L?(R*), the identity </, (k)*h = </, (k)h holds. This means that
Ay (k)* D o, (k), whence also A, (k) = An(k)™ C o, (k), ie., (k) is a self-
adjoint extension of A, (k). O

We conclude this Subsection by examining the function
(332) \I/%k = RGa,k(I)oz,k: .
We prove the following useful asymptotics.

Lemma 3.7. Let o € (0,1) and k € Z\{0}. Then

xl0 o
(3.33) Voi(z) L /2l | @a s 2172 4 0(a/?).

Proof. Owing to (3.25)-(3.27),

—+o0

¥orlo) = 5 (20s@) [ Far(DPasp)do + Far) [ Rusodp).

x

By means of (3.16) we then find

r 20 [r(lta) _a 210
@a,k(w)/o Fok(p)®ar(p)dp =/ Tifta™ 82 4 o(a®) = o(a®?)

(having explicitly used that a € (0,1)), and
T

F s 2qp X F By l2— | @ 29
o,k (T) ak(p)?dp = For(x)([[Pakllze ; ak(p)*dp
xT

10 . -
= Ve [Paslz: 2 + 0@ H).

The latter quantity is leading, and using the expression (3.23) for W yields (3.33).
O
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In fact, using (3.23) and (3.25)-(3.27) as in the proof above, and using the explicit
expression (3.15) for @, ; and F, j, one finds

T
(lta a1kl _1+ta o k1 Ikl 1ta
Vo r(z) = §k|3)<x 2e” Ta® dpp CYsmh(ﬁ%@p ToyeT1val
0

(3.34) .
~% ginh (kL 1+ —a Lt

+ a2~ 2 sinh (752" 7) dpp~ e T

or also, with a change of variable p |l<:|1+%p,

W (z) = /T ||~ 25

L]

1
o [EIRITEE o
(3.35) X <JC26_1+‘1'T1+ / dpp™@ sinh(%)e_ THe
0

. k] oo 210
+ 27 2 sinh (H—QxHO‘)/ L dpp e A ).
x

‘k‘ 1+a

However, we will not need such an explicit expression for ¥, ; until Subsect. 7.7.

3.3. Operator closure A, (k).

The next fundamental ingredient for the Krein-Visik-Birman extension scheme
is the qualification of the operator closure A, (k) of A, (k).

In this Subsection we establish the following result.

Proposition 3.8. Let a € (0,1) and k € Z\{0}. Then
(3.36) D(Ay(k)) = HZ(RT)N LA(RY, (x)** dz).
Here HZ(R™) is the space (3.12) and, by definition,

|
(337) D(A,() = CE®) ",
where the norm || - || 4, (x) is defined by
(3.38) el = Il —¢" + k2% + Cax 0|12+ + el @)

Vo € D(Aa(k)) = CZ(RT).

We prove Proposition 3.8 in several steps. First, we show that functions in
D(A,(k)) have indeed H2-regularity at least away from the origin.

Lemma 3.9. Let a € (0,1) and k € Z\{0}. Then
(3.39) D(A. (k) ¢ HE . (RT) ¢ CYRT).

Proof. For ¢ € C*(R™) and for a compact subset K C R* it is a standard fact
[15, Theorem 4.20] that

lellgey S 19" pey + 1902y »
and moreover clearly the quantity k222® + C,x~2 is strictly positive and finite on
K. Therefore,
el g2y S I =@ + k2% + Caz ™20l 12 (k)
+ (222 + Caz™ )@l 2y + 0l 2y
S lelgllanw) -

Taking the closure with respect to the two norms above of the space of smooth
functions compactly supported within K, and using the arbitrariness of K, yields
the first inclusion of (3.39).
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For the second inclusion, one has for every interval I C R H?(I ) c o1 )
a standard Sobolev embedding, whence H2 _(RT) C C*((e,+00)) Ve > 0. Thlb

loc

means precisely that HZ (R*) c C*(RT). O

Next, proceeding in the same spirit of [11, Lemma 5.1], we produce a useful
representation of D(A,(k)*) based on the differential nature (2.20) of the adjoint
Aq (k).

Lemma 3.10. Let a € (0,1) and k € Z\{0}.
(9) ()

(i) Foreach g € D(An(k)*) there exist uniquely determined constants ay?’ | asy €
C and functions
1" .
b (@) = 7 | Fanr(p)(Aa(k) 9)(p) dp
(3.40) ) o
10@) = i [ k(o) Aalk) o)) dp
0
on RY such that
(3.41) g = af Fop+ a9 + 09 Foy + 00

with @ ) and Fy 1 defined in (3.14) and W = —(1 + a) as in (3.23).
(ii) The functions bé‘q) and b satisfy the properties

(3.42) b9 b9 € AC(RY)
(3.43) b (x) E o(1), b (x) = o(1)
(3.44) DY) (@) Fo o) + b (2) i (z) = o(a/?).

Proof. (i) Let h := Ay(k)*g = Sakg. As already observed at the beginning of
Sect. 3.2, g can be expressed in terms of h by the standard representation

g= AOFa,k + Aooq)a,k + Gg’;)Fa,k + G)éh)q)a,k:

for some constants Ay, Ay, € C determined by h and some h-dependent functions
explicitly given, as follows from (3.21), (3.24), and (3.25), by

1 xT
0§ (z) = W/ Fak(p)h(p) dp
() Jroo
© = ®,, d
W) = g5 [ Paslolhlo)do.
Comparing the latter formulas with (3.40)-(3.41), we deduce that

6"(x) = b (2)

+oo
ol (x) = / D, k d
~ (2) = 3 k(p)(Aa (k) g)(p) dp
= <(I)oz k> Aa(k) >L2(]R+) + b(q)( )
So (3.41) is proved upon setting

a(()g) = Ag + W { Dyt Aa (k) 9) L2 )
a’(og) = AOO'

(ii) Since Py i, Fo i and A, (k)*g are all square-integrable on the interval [0, z],
the integrand functions in (3.40) are L!-functions on [0, z]: this proves (3.42) and
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justifies the simple estimates
* z]0
167 (@) S | Faokll 20,00 | A5 (BNl 2 0.0y = 0(1)

* z]0
B2 (@) S 1Pakllzz(oenl A (R)gll 200y = o(1),
so (3.43) is proved too. Last, we find

x 1
b (@) Far(@)] S % ( / = dp) Bl S #¥20(1) = o(a®?)
0

b ()@ i(2)] S 2% / P ER(p)dp < zl|hl| L2 (oaya/? = o(z¥?),
and (3.44) follows. O

Remark 3.11. As is evident from the proof of Lemma 3.10, the decomposition
(3.41) is valid for a generic solution g to S kg = h, irrespectively of whether g
belongs to D(A.(k)*) or not (i.e., irrespectively of whether h is square-integrable
or not), thus (3.41) is a consequence of general facts of the theory of linear ordinary
differential equations. It is only in Lemma 3.10(ii) that we explicitly used g €
D(Ay(k)*) (ie., h € LA RY)).

Let us proceed towards the proof of Proposition 3.8 by introducing, for any two
functions in D(A,(k)*), the ‘generalised Wronskian’

(345)  R* 52> Walg h) = det <§((‘;>) 2((:;))) . g.he D(Au(k))

and the ‘boundary form’
(3.46) w(g,h) = (Aa(k)*g,h)r2 — (g, Aa(k)*h) L2, g, h € D(A,(k)Y).

The boundary form is anti-symmetric, i.e.,

(347) w(ha g) - 7(")(9; h)v
and it is related to the Wronskian by

(3.48) w(g.h) = ~lmWa(g.h).
Indeed,

+oo +oo
w(g.h) = / (A (079) () h(p) dp — / 900) (Aa(k)*B)(p)dp

z]0

oo +oo
—tm( [ G [ T d)
x x
_ . n _ / — 7 —
= lim (¢ @h(2) ~ g} (2)) = ~limWe(g.h).
It is also convenient to refer to the two dimensional space of solutions to the

differential problem S, , u = 0 as the space
(3.49) L= {u:R" 5 C|S,ru=0} = span{®u i, Far},

where the second identity follows from what argued in the proof of Lemma 3.2. As
well known, x — W, (u,v) is constant whenever u,v € £, and this constant is zero if
and only if v and v are linearly dependent. Clearly, any u € L is square-integrable
around = = 0, as follows from the asymptotics (3.16).

Lemma 3.12. Let a € (0,1) and k € Z\{0}. For given u € L,
L,:D(A.(k)*) —C

(3.50) g— Lu(g) = 17}% W (u, g)
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defines a linear functional on D(S*) which vanishes on D(S).

Proof. The linearity of L,, is obvious.
We check the finiteness of L,(g) as follows. Let us decompose (according to
(3.41) and using the basis of £)
9 = af" Fap+ a0l @+ b0 Foge + b7 o
u = Coka + Cooq)a,k .
Owing to (3.50) it suffices to control the finiteness of Lr, ,(g) and Lg, ,(g9). By

linearity

) Lr, (9) = a¥Lp,  (Fax) +al@Le, (Pay) + Li, , (09 Fo g + b @0 )
1
Lo, (9) = af”La, ,(Fax) +a'Q Lo, (®ar) + Lo, , (09 Fo s + b @)

Moreover, obviously,

(if) L, (®as) = -W = —La,  (Fau),

and we also claim that

(i) Ly (0D Fo g +6®01) = 0 = Lo, , (b9 Fai + 00 4)
Plugging (ii) and (iii) into (i) the finiteness

LFoc.k(g) = 7WGL(>%)3 Lq)a,k(g) = Wag)g)

follows.
To prove (iii) we compute

det Fa,k: bgg)Fa,k: + b(()g)(ba,k: _
Flp (080 Fok+ 000

= Fik(b(()*g))/ + Fa,k(bég))lq)a,k + Fa,kb(()g) o/c,k - Fz;,kbég)q)a,k
= Fu b QF,, — FL b @,
having used the cancellation
F2,(09) + Fa g (b)) @ = 0,

that follows from (3.40). Therefore, by means of the asymptotics (3.16) and (3.43)
as x | 0, namely,

/ o

For(z) = O(x1+%), ak(m)=0(2), Dy p(z) = O(g:*%%
bég)(x) = o(1), b9 (z) = o(1),

oo

we conclude

L, (b9 Fo + 0 @0 t) = lim (Fa b @ FL o — FL b @0 ) = 0.

The proof of the second identity in (iii) is completely analogous.

Last, let us prove that L,(¢) = 0 for ¢ € D(A,(k)) and v € L. Although
u does not necessarily belong to D(A,(k)*) (it might fail to be square-integrable
at infinity), the function yu surely does for x € C§°([0,+00)) with x(z) = 1 on
z € [0,1] and x(z) = 0 on = € [1,+00). This fact follows from (2.20) observing
that yu € L?>(R") and also

Sar(ux) = XSaru—2u"x —ux" = —2u'x' —ux" € L*(RT).
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The choice of x guarantees that the Wronskians W, (uy, g) and W, (%, g) coincide
in a neighbourhood of z = 0, that is, L,, = L,. Therefore, by means of (3.46),
(3.48), and (3.50) we deduce

Lu(9) = Lux(p) = ImWa(ux, ¢) = —w(ux,¢)
= (ux, Aa(k)"p) = (Aa(k) ux, ¢) = (ux, Aa(k)p) = (ux, Aa(k)p) = 0,
which completes the proof. (]

With this preparatory material at hand, we can characterise the space D(A, (k))
as follows.

Lemma 3.13. Let a € (0,1), k € Z\{0}, and ¢ € D(A(k)*). The following
conditions are equivalent:

(i) ¢ € D(Au(K)),

(i) w(p,9) = 0 for all g € D(Aa(k)"),

(i) Lyu(p) =0 for allu € L,
)

(iv) in the decomposition (3.41) of ¢ one has a((;p) =a¥ =0.

Proof. The implication (i) = (ii) follows at once from

w(w,9) = (Aa(k)*0,9) — (v, Aa(k)"g) = (Aa(k)p,9) — (Aa(k)p,g) = 0.

For the converse implication (i) < (ii), we observe that the property

0 = wp,9) = (Aalk)"0,9) = (9, Aa(k)g) Vg€ D(Aa(k)")
is equivalent to (A, (k)*¢,g) = (¢, Au(k)*g) Vg € D(S*), which implies that ¢ €
D(Aa(k)™) = D(Aa(k))-

The implication (i) = (iii) is given by Lemma 3.12. 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(y,g) = 0 for all g € D(A,(k)*). Owing to the decomposition (3.41) for
9,

W(% g) = a(()g)o.)((p, Fa,k) + a(og)w(507 (I)oz,k) + w(‘lpa b(oi)Fa,k) + W((P, bg)g)@a,k) .

The first two summands in the r.h.s. above are zero: indeed,

wp, Fap) = —w(Fok,p) = lgigWx(Fa,k,so) = Lp,,(¢) =0

having used in the last step the assumption that L,(¢) = 0 for all v € L, and
analogously, w(y, ®a,x) = La, , (¢) = 0. Therefore,

w((ng) = w((pvbgg)Fa,k) +W(¢;b((]g)q)a,k)
= —w(bY Fop, @) = w(b” Do, 0)
= 11?01 (Ww (b(og)Fa,kv %0) + Ww(b(()g)q)a,k7 90))

= lxl?ol (bffé) Wx(Fa,ka 30) =+ bég) Wf(q)a,ka 90))

= b9 Lp, () + b Ls, ,(p) = 0,

having used again the assumption (ii) in the last step (observe also that helpful

cancellation (bg%))’Faykgo—i—(b(()g))’(I)a’k(p = 0 occurred in computing the determinants
in the fourth step).

Properties (i), (ii), and (iii) are thus equivalent. Last, let us establish the equiv-
alence (i) & (iv). Representing ¢ according to (3.41) as

Y = aE)W)Fa7k + a((;g)(ba,k + bgg)Fa,k + b(gw)(ba,k 5
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and using the identities Wy (Fo i, Fax) = 0 and Wy (Fy i, Pax) = —W, one has
Lr,  (¢) = lim Wo(Fag @) = —Wal?) + limn W (Faie, b9 Fo gy + 0@ 1) .

The determinant in the latter Wronskian has the very same form of the determinant

computed in the proof of Lemma 3.12: using the same cancellation Fik(b(()f))’ +

Fa)k(bgp))' ®,, 1 = 0 and the usual short-distance asymptotics we find
Lr, (o) = fWa((;g) .

In a completely analogous fashion,
Lo, () = Way.

Therefore, ¢ € D(A4(k)) if and only if L,(p) = 0 for all u € L (because (i) <
(iil)), and the latter property is equivalent to agp) = agﬁ) =0. O

We can now qualify the short-distance behaviour of the functions in D(A,(k))
and of their derivative.

Lemma 3.14. Let o € (0,1) and k € Z\{0}. Ifp € D(A,(k)), then p(x) = o(x3/?)
and @' (x) = o(z/?) as z | 0.
Proof. Owing to Lemma 3.13,
o = b F, .+ b((f)(l)a,k .
Thus, ¢ = o(x2) follows from (3.44) of Lemma 3.10. Moreover,
¢ = (B Fos + 17 0ak) = BOF, ,+ 0570

thanks to the cancellation (bgﬁ))’F%k + (bé“’))’(I’a,k = 0 that follows from (3.40).
From the short-distance asymptotics (3.16) one has

Foi(z) = O(z'*%), k() =0(z?),
Boi(®) = O %),  Buplx) = O@ D),

whence
x 1
M@ k()] $ 2 [Aat) elzzoan( [ 1o7FPap)
0
< 22 [ Aa(B)ellLe 0.0y = ola?),
and also
]. * z o %
4 @%@ 5 ey M el ([ 108 Pdp)
S 22 [ Aa(B)¢llL2 0.0y = o(2?).
The proof is thus completed. 0

We are finally in the condition to prove Proposition 3.8.

Proof of Proposition 3.8. Let us first prove the inclusion

(*) H§(RY) N L*(RT, (2)** dz) C D(Aa(k)).

For a function ¢ belonging to the space in the Lh.s. of (*) one has that ¢” €
L%(R), 2**¢ € L*(R), and o(z) = o(z*/?) as = | 0, whence also 22 € L?(R).
As a consequence, —¢" + k?22*p + C,z72p € L?(R), i.e., owing to (2.20), ¢ €
D(Aq(k)*). Representing now ¢ according to (3.41) as

1

Y = aE)W)Fa7k + a((;g)(ba,k + bgg)Fa,k + b(gw)(ba,k 5
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we deduce that a(()“a) =a¥ = 0, for otherwise the behaviour (3.16) of @, ; and
F,x as x | 0 would be incompatible with ¢(z) = o(x3/2). Instead, the component
b(()f)Fa’k + b((f)q)a,k displays the o(x3/2)-behaviour, as we see from (3.44). Lemma
3.13 then implies ¢ € D(A4(k)), which proves (*).

Next, let us prove the opposite inclusion

(**) HF(RT) N L (R, ()" dz) > D(Aa(k))-

Owing to Lemma 3.6 there exists a self-adjoint extension <, (k) of A, (k) with
D(4,(k)) = ranRg, ,, and owing to Corollary 3.5 ranR¢, , C L*(RT, (z)** dz).
Therefore, D(Aq(k)) € L?(R*, (x)**dx). It remains to prove that D(A.(k)) C
HZ(RT). For ¢ € D(An(k)) C D(An(k)*) formula (2.20) prescribes that g :=
—o" + k2x%%p + Chr—2p € L2(R). As proved right above, 22%¢p € L%(R), whereas
the property x=2¢ € L?(R*) follows from Lemma 3.14. Then by linearity ¢ €
L?(R*), which also implies ¢ € H*(R™) by standard arguments [15, Remark 4.21].
Lemma 3.14 ensures that ¢(0) = ¢'(0) = 0, and we conclude (see (3.12) above)
that ¢ € HZ(RT). This completes the proof of (**). O

3.4. Distinguished extension and induced classification.

In the Krein-Visik-Birman extension scheme one qualifies all self-adjoint exten-
sions of A, (k) in terms of a reference extension with everywhere defined bounded
inverse: the Friedrichs extension A, r(k) is surely so, since the bottom of A, (k) is
strictly positive, as seen in (3.1) above.

In fact, we have not qualified A, (k) yet, which we will be able to do at a
later stage, and we shall rather implement the classification scheme with respect
to another distinguished extension, precisely the extension 7, (k) determined in
Lemma 3.6. All this is only going to be temporary, and will allow us to recognise
that o7, (k) = A, r(k).

When 7, (k) is taken as a reference, the other self-adjoint extensions of A, (k)
constitute a one-real-parameter-family {A([lﬁ ](k) |8 € R} (because, as recalled al-
ready from [13, Corollary 3.8], the deficiency index of A, (k) is 1), each element
of which, according to the classification a la Krein-Visik-Birman [12, Theorem 3.4]
and Grubb [15, Corollary 13.12], is given by

3.51

| 2;(451(@) = {g=¢+cBFu(k) ' Pak +cPar|p € D(Au(k)), c € C}
AN R)g = Aa(k)"g = Aa(k) @ + cBPa -

It is also standard (see, e.g., [12, Theorem 2.2]) that

D(An(k)*) = D(An(k)) + Ho(k) 'span{®, 1} + span{®, 1}

D(Ha(k)) = D(Aalk)) + Fu(k) 'span{®a} .

Owing to Lemma 3.6 and to (3.32) we can re-write (3.51) and (3.52) as

D(AYN(K) = {g=p+c(BVar + Pay)|p € D(As(K)), c€ C}

(3.52)

and
(3.54) D(Aa(k)*) = D(Aa(k)) +span{W¥o } + span{®, 1}

D(o(k)) = D(Au(k)) + span{¥, i }.

By comparing (3.54) with the short-range asymptotics for @, (formula (3.16)
above), for ¥, ;, (Lemma 3.7), and for the elements of D(A,(k)) (Lemma 3.14), it
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is immediate to deduce that for a function
(3.55) g = p+a¥ir+cPar € D(Aa(k))
(with ¢ € D(An(k)) and cg, ¢ € C) the limits

— 1; S _ m(l4+a)
go = 1;1101 z2g(x) = coy/ 5

. — o — 2|k / k
g1 = IQ}JIB xT (1+2)(g(1’) — gox ) = C1 ﬁ ||(I)oz,k||2L2 — Cp %

exist and are finite, and one has the asymptotics

(3.56)

N}

(3.57) g(x) w0 gox~ % + g1t E 4 o(2%/?).
In turn, by comparing (3.55) with (3.53) we see that for given 8 the domain of

the extension Agj](k) consists of all those ¢’s in D(A,(k)*) that, decomposed as in
(3.55), satisfy the condition

(358) Cc1 = ﬂCo.

Moreover, replacing ¢y and ¢; of the expression (3.55) with gy and g; according to
(3.56), the self-adjointness condition (3.58) takes the form

k| 20%a.l?
(3.59) o= 90, 7= k(R -1).
We can therefore equivalently parametrise each extension with the new real param-

eter v and write A (k) in place of AP (k), with 8 and v linked by (3.59).
We have thus proved the following.

Proposition 3.15. Let o € (0,1) and k € Z \ {0}. The self-adjoint extensions
of An(k) in L2(RY) form the family {A([;Y](k) |y € RU{oo}}. The extension with
v = oo is the reference extension (k) = RE}M, where Rg, , 1is the operator
defined by (3.25). For generic v € R one has

ADN(k) = Ay (k)
(3.60) (&) (%) DAL (k)

D(AD(K)) = {9 € D(Aa(k)")[91 =790},
where, for each g, the constants go and g1 are defined by the limits (3.56).

Although the above classification is not yet in the final form we wish, it allows
us to make now an important identification.

Proposition 3.16. Let o € (0,1) and k € Z \ {0}. Then </, (k) = Aq r(k), and
hence Rg,, , = Ao r(k)~1 and Vor = (Aa.r(k) 1®4 k.

For the proof of Proposition 3.16 it is convenient to recall the following.

Lemma 3.17. Let o € (0,1) and k € Z\{0}. The quadratic form of the Friedrichs
extension of Ay (k) is given by

DlAar(k)] = {g€ L*®R")|llg'lI + 2“9l 72 + l2 7 gll72 < +oo}

3.61 . o a—
. Aa,r(K)lg, Nl =/0 (g’(x)h’(x)+k2x2ag(x)h(x)+ca%)dx.

Proof. Tt is a standard construction (see, e.g., [12, Theorem A.2]), that follows from
the fact that D[A,, (k)] is the closure of D(A,(k)) = CZ(RT) in the norm
lglE = (g, Aa(k)g)22 + (9,9} 12
= lg'lI7> + K*l|lz*gll72 + Callz™ gl Z- -
Then (3.61) follows at once from the above formula, since k? > 0 and C,, > 0. O
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Proof of Proposition 3.16. Let g € D(Agl(k)) for some v € R. The short-distance
expansion (3.57), combined with the self-adjointness condition (3.60), yields

xg(x) = gor~ T8 4 ygoa® + 0(90%)-

Therefore, in general (namely whenever go # 0) 2~ !g is not square-integrable at
zero. When this is the case, formula (3.61) prevents g from belonging to D[A,, r(k)].

This shows that no extension A[J](k), v € R, has operator domain entirely con-
tained in D[Aqy, r(k)]. The latter statement does not cover @, (k) (7 = o0). Yet,

Aq (k) can be none of the Al (k)’s, v € R, because the Friedrichs extension
has indeed operator domain inside D[A, r(k)] — in fact, it is the unique extension
with such property. Necessarily the conclusion is that A, p(k) and <7, (k) are the
same. t

A straightforward consequence of Proposition 3.16 (and of its proof) is the fol-
lowing.

Corollary 3.18. Let a € (0,1) and k € Z\ {0}. The Friedrichs extension A, r(k)
of An(k) is the only self-adjoint extension whose operator domain is contained in
D(xz~1).

3.5. Proof of the classification theorem on fibre.

Let us collect the results of the preceding discussion and prove Theorem 3.1.

Clearly, the case when o = 0 and hence A, (k) is (a positive shift of) the mini-
mally defined Laplacian, is already well known in the literature (see, e.g., [14]) and
in this case Theorem 3.1 provides familiar information. In particular, the opera-
tor closure has domain HZ(R™), the adjoint has domain H?(R*), the Friedrichs
extension is the Dirichlet Laplacian and has form domain H}(R™), etc.

Thus, Theorem 3.1 need only be proved when a € (0,1), the regime in which
the analysis of Subsections 3.1-3.4 was developed.

Part (i) of Theorem 3.1 is precisely Proposition 3.8. Part (ii) follows from (2.20)
and (3.54) concerning the operator domain, and from Lemma 3.2 concerning the
kernel.

Part (iv), the actual classification of extensions, is the rephrasing of Proposition
3.15, using the fact that the reference extension is &7, (k) = A r(k) (Proposi-
tion 3.16), and plugging the self-adjointness condition g; = ~go into the general
asymptotics (3.57).

In part (iii), formula (3.8) for the operator domain follows from (3.54) (with
o (k) = Aq r(k)) and from the short-range asymptotics for ¥, ; (Lemma 3.7),
and for the elements of D(A,(k)) (Lemma 3.14) — which is the same as taking
formally v = oo in the general asymptotics. The distinctive property of Ay p(k)
with respect to the space D(z~1) is given by Corollary 3.18.

Thus, it remains to prove (3.9) for the form domain of A, (k). The inclusion
D[Aq.r(k)] € HY(RT) N L*(RT, (z?*) dz) follows directly from Lemma 3.17, as
(3.61) prescribes that if g € D[4, r(k)], then ¢',2%g,27'g € L?*(RT"), and the
latter condition implies necessarily g(0) = 0. Conversely, if g € H}(RT) and

g € L?>(RT, (2%%) dx), then g(z) w0 o(x?) and all three norms ||¢'||z2, |29/ L2,
and ||z~ g||r2 are finite. Owing to (3.61), g € D[A, r(k)].
The proof of Theorem 3.1 is completed.

4. CONTINUATION: THE MODE k£ =0

We discuss now how the discussion of the previous Section is to be modified when
k = 0. We follow the same conceptual scheme, but applying it now to the shifted
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operator A, (0) + 1: owing to (3.2), such a (densely defined, symmetric) operator
has strictly positive bottom.

Thus, whereas for k # 0 self-adjoint extensions were determined a la Krein-
Visik-Birman by implementing the self-adjointness condition between regular and
singular part of the domain of the adjoint

D(An(k)*) = D(Ay(k)) + (Aa.r(k) ' ker A, (k)* + ker A, (k)*,

when k = 0 the self-adjointness condition is implemented as a restriction in the
formula

D(AL(0)* +1) = D(A,(0) + 1)+
+ (An,r(0) + 1) " ker(An(0)* + 1) + ker(A4(0)* + 1),

where obviously D(A,(0)* + 1) = D(A4,(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 4.7 below.

In fact, by other means and from a different perspective, the extensions of A, (0)
were also determined in [7]: we shall therefore omit an amount of details that can
be either worked out in the very same manner of Sect. 3, or can be found in [7].

Let us start with the homogeneous problem

(4.1) 0 = (Sao+1)h = =" +Coxh+h.

(2) = h(x) 14+4C, 14«
wlz) = 7\/5, v = 4 - 9 )

(4.1) takes the form of the modified Bessel equation

Setting

(4.2) 2w 4+ 2w’ — (22 +v)w = 0, r€RT.

From the two linearly independent solutions K, and I, to the latter [1, Sect. 9.6]
we therefore have that

D, 0(x) = \/EKHTa(a:)
Fa,o(x) = \/EIHTQCL‘)

are two linearly independent solutions to (4.1). In fact, only ®,¢ is square-
integrable, as is seen from the short-distance asymptotics [1, Eq. (9.6.2) and (9.6.10)]

(4.3)

F(l_Ta) 1T 02?7 %)

[N)

@0 jesl iy
Do = 22T (3% =
(4.4) * (55%) 275 (1+a)

zJ0 1ta ayy L a a
Fusle) " @97 (342)) 2% 4 0@ )
and from the large-distance asymptotics [1, Eq. (9.7.1) and (9.7.2)]
Doolz) "EF /Te " (1+0(zh)
r—+00 T _
Foo(z) "= \/%e (1+0(x71)).

Thus, in analogy to Lemma 3.2, we find:

(4.5)

Lemma 4.1. For a € (0,1),
(4.6) ker(A,(0)* + 1) = span{®,0}.
Next, concerning the non-homogeneous problem

(4.7) Saot+u =g
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in the unknown w for given g, the Wronskian relative to the fundamental system
{®a,0, Fa,0} is constant in r and explicitly given by

_ Dao(r) Faolr)) _
(4.8) W (®a.0, Fao) = det (@;,O(T) ) 1,
as one computes based on the asymptotics (4.4) or (4.5). By standard variation of
constants, a particular solution to (4.7) is

+oo
(4.9) Upart (1) = /0 Goo(r, p)g(p) dp

with

Do Fo if 0
(4.10) Gao(r,p) = 0(1) Fa,0(p) 1 <p<r

Foo(r)®a0(p) fo<r<p.
With the same arguments used for Lemma 3.3, using now the asymptotics (4.4)-
(4.5), we find the following analogue (an explicit proof of which can be found also
in [7, Lemma 4.4]).

Lemma 4.2. Let o € (0,1). Let Rg, , be the operator associated to the integral
kernel (4.10). Rg, , can be realised as an everywhere defined, bounded, and self-
adjoint operator on L?(RT, dr).

Analogously to (3.32) we set
(4.11) Vaoo(x) :== Ra, (Pao-

The proof of Lemma 3.7 can be then repeated verbatim, with ®, 0 and F, in
place of @, ;, and F|, i, so as to obtain:

Lemma 4.3. For a € (0,1),

(4.12) Waolz) 2 (25T (32)) |,

|%2 x1+% + 0(1.3/2) .

Concerning A, (0), it suffices for our purposes to import from the literature the
following analogue of Lemma 3.14.

Lemma 4.4. Let a € (0,1). If ¢ € D(A,(0)), then o(x) = o(z*'?) and ¢'(x) =
o(z'/?) as x | 0.

Proof. A direct consequence of [7, Prop. 4.11(i)], as in the notation therein A, (0)

is the operator L™ with m? — ; = Cy, hence m = 13 € (0,1). O

As a further step, repeating the argument for Lemma 3.6 one concludes that
Réi.o is a 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. 3.4. Thus, (3.53) and (3.54) are valid in the identical form
also when k£ = 0, and the short-range asymptotics for ®, o (formula (4.4)), for
U,y0 (Lemma 4.3), and for the elements of D(A4(0)) (Lemma 4.4) imply that for
a generic
(4.13) g = ¢+c1¥ao+coPao € D(AL(0)")

(with ¢ € D(A,(0)) and ¢g, ¢; € C) the limits

go = liﬁ)lx%g(x) = COQ*FTQF(HTC“)

(4.14) g1 = gﬁ}x‘(”%)(g(x) — goz %)

o —1
= (25 T(32)) || @ao

lta 11
Temey — (277 (1+a)) T(H5%)
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exist and are finite, and one has the asymptotics
x]0 _a o
(4.15) 9() E gor~ 3% + g12' 5 + 0(2/2).

Then, analogously to (3.58)-(3.59), the condition of self-adjointness reads again as
c1 = PBcp for some B € R, or equivalently as

= S L ( 7F1‘T">r<3%">)
(4.16) g1 = 790, v o= QOF(HTQ)F(HTQ) 5 (1+a)‘|¢)0¢10”ig .

This yields an obvious analogue of the ‘temporary’ classification of Prop. 3.15,
where if A (0) + 1 is a self-adjoint extension of A,(0)+ 1, so is AL (0) for A,(0),
with D(AY(0) + 1) = DAY (0)).

In fact, based on the very same argument of Lemma 3.17, repeated now for the
qualification of the form domain of A, #(0), one can also reproduce the argument
of Prop. 3.16, establishing the following analogue.

Proposition 4.5. For a € (0,1), one has Ay r(0) + 1 = R&i .
(Aa,r(0) + 1)~ ®q 0.

Noticeably, the following useful characterisation of the domain of the Friedrichs

extension of A4,/(0) is available in the literature.

and Voo =

Proposition 4.6. For a € (0,1),
(4.17) D(Aq,r(0)) = D(A4(0)) + span{z'*% P},
where P € C°([0,400)) with P(0) = 1.

Proof. In the notation of [7], the Friedrichs extension is the operator HY, with
m? — 1 = C,, hence m = £ € (0,1), and with § = Z ([7, Prop. 4.19]), whereas
A, (0) is the operator L™ Tn turn, such HY is recognised to be the operator
Lye, where ug is the function that for 6§ = § has the form wu,/s(z) = glta/2

([7, Prop. 4.17(1)]). With this correspondence, the formula D(L%) = D(L™n) +
span{ug P} ([7, Prop. A.5]) then yields precisely (4.17). O

With all the ingredients collected so far, and based on a straightforward adap-
tation of the arguments of Subsect. 3.5, the above ‘temporary’ classification then
takes the following final form.

Theorem 4.7. Let a € [0,1).
(i) The adjoint of Ay (0) has domain
g € L*(R") such that }
D(AL(0)) = 2 (24 o

(atr) = { %5 L et o

D(An(0)) + span{¥, o} + span{P, 0},
where @, and ¥, o are two smooth functions on RY explicitly defined, in
terms of modified Bessel functions, respectively by formulas (4.3), (4.10),
and (4.11). Moreover,

(4.19) ker(A,(0)* +1) = span{®,}.

(ii) The self-adjoint extensions of Ay (0) in L2(RT) form the family
{A1(0) |7 € RU {o0}} .

The extension with v = oo is the Friedrichs extension A, r(0), whose do-
main is given by (4.17), and moreover (A, r(0) +1)™! = Rg, ,, the ev-
erywhere defined and bounded operator with integral kernel given by (4.10).
For generic v € R one has

(4.20) D(AR(0)) = {g € D(A(0)")

(4.18)

0 _a a 3
9(z) = goz™% + 790z’ % +o(a?), go € C}.
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5. BILATERAL-FIBRE EXTENSIONS

In this Section we study the ‘doubling’ of the problem considered in Sections 3
and 4, namely the problem of the self-adjoint extensions in L?(R) of the ‘bilateral’
differential operator

D(Aa(k)) = CZ(R7)BCX(RT)

c

(5.1) Ao(k) = A7 (k)@ AL (k),

already defined in (2.16). The Hilbert space L?(R) is now canonically decomposed
into the orthogonal sum

(5.2) L*(R,dz) = L*(R™,dz) @ L*(RT,dx).

Each g € L?(R) reads therefore

(5.3) g=9g ®g" = <z4__> , gt (x) := g(x) for x € RT,
and
d? C
4 A = - + = ——— Bz 4+ =2
(5 ) a(k)g Sa,kg D Sa,kg ) Sa,k dx2 +k |$‘ + )

As AZ(k) has deficiency index 1 in L?(R*), A,(k) has deficiency index 2 in
L?(R), thus with a richer variety of extensions.
Among them, as commented already in Section 2, one has extensions of form

(5:5) B, (k) & B (k)

where B (k) is a self-adjoint extension of AX (k) in L?(R*), namely a member of
the family determined in the previous Section (Theorem 3.1). Extensions of type
(5.5) are reduced with respect to the decomposition (5.2) (in the usual sense of, e.g.,
[22, Sect. 1.4]): they provide decoupled self-adjoint realisations of the differential
operator S, k, with no constraint between the behaviour as * — 0% and z — 0~.
An important extension of this type is the Friedrichs extension A, r(k): indeed, it
is straightforward to argue that

(5.6) Aar(k) = A p(k) © AJ p(k),

where Ai # is the Friedrichs extension of AZ(k) in L?*(R*), which we already
qualified in Theorem 3.1(iii).

Generic extensions, instead, are not reduced as in (5.5), and are qualified by
coupled bilateral boundary conditions. We classify them using again the convenient
Krein-Visik-Birman scheme [12].

Following the same steps of Sections 3 and 4, we are now interested in self-adjoint
restrictions of the adjoint A, (k)* = A7 (k)* @ AL (k)* (see formula (2.21) above).

In order to export the ‘one-sided’ analysis of Sections 3 and 4 to the present ‘two-
sided’ context, let us introduce a unique expression for the functions of relevance,
&, 1 and ¥, 1, valid for the left and the right side. Thus, we set

(5.7) Do) = Dapllz]),  Var(®) == Tar(lal),

understanding (ia,k and C:[;a,k both as functions on R~ and on R, depending on
the context. Let us recall that such functions are defined in (3.15) and (3.32) when
k #0, and in (4.3) and (4.11) when k£ = 0.
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Let us discuss the case k # 0 first. We deduce at once, respectively from Propo-
sition 3.8, Lemma 3.2, formula (3.32), and Proposition 3.16, that
(5.8) D(Aa(k)) = (H§(R™)BHFRY))NLA(R, ()" dz)
(5.9) ker A (k span{®, ,} ® span{® 1}
(5.10)  Aq p(k) ' ker Ay (k span{W, 1} @ span{¥o 1},

whence also [12, Theorem 2.2]
D(Aa(k)*) = (Hi(R™) B H§(RT)) N L*(R, ()" dx)
(5.11) + span{W, 1} & span{¥, ;}
+ span{5a7k} & span{®q 1},

namely, the analogue of (3.54).
In the notation of (5.3), a generic g € D(A,(k)*) has therefore the short-range
asymptotics

612 o) = (000) 20 (%) el () kel 4 oflal)

for suitable goi, gljE € C given by the limits

G = lim [0 @)
(5.13) N e
gt = dim a0 (g @) — gl ).

Formula (5.12) follows from (5.11) and the usual short-range asymptotics for @, g,
Vo i, and D(A,(k)).

Now, the Krein-Visik-Birman extension theory establishes a one-to-one corre-
spondence between self-adjoint extensions of A, (k) and self-adjoint operators T in
Hilbert subspaces of ker A, (k)*: denoting by A&T)(k) each such extension, and by
K C ker A, (k)* the Hilbert subspace where T acts in, A&T)(k) is the restriction of
Aq(k)* to the domain [12, Theorem 3.4]

g=¢+Aark) Y (Tv+w)+v
with
o € (HA(R) B HY(R™)) 1 L2(R, ()" d),
velk, we span{%a,k} @ span{(ia,k}, wlwv

(5.14) D(AT(K)) =

Clearly dim KC can be equal to 0, 1, or 2. The former case corresponds to taking
formally ‘T' = o0’ 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 k = 0, based
on the findings of Sect. 4. The above formulas are valid for £ = 0 too, except for
(5.8), that need be replaced with the generic identity

(5.15) D(44(0)) = D(4a(0)) ®D(AL(0))

as we did not make the characterisation of D(Aﬁ(O)) as explicit as when k # 0 (nor
we need that, for only the asymptotics as & — 0 are relevant for our purposes), and
except for (5.11), that consequently reads now

D(4a(0)") = D(Aa(0)) BD(AL(0))
(5.16) +span{ W0} @ span{ ¥}
“i“ Span{:i)a,O} @ Span{&;a,o} .
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Thus when k = 0 formula (5.14) takes the form

9=¢+ (Aar(0) + 1)"H(Tv +w) + v

(5.17) D(AL(0) = e

’ ¢ XS D(A,}L(O)) 2] ’D(A;r(i))) , ’

ve, wespan{P, o} Dspan{Py0}, wLlw

where now K is a Hilbert subspace of ker(A, (0)*+1) and T is a self-adjoint operator
in .

We can now formulate the main result of this Section.
Theorem 5.1. Let a € [0,1) and k € Z. Each self-adjoint extension B, (k) of
A (k) acts as
(5.18) Ba(k)g = Sar g™ ®Sangt
on a generic g of its domain, written in the notation of (5.3) and (5.12)-(5.13). The
family of self-adjoint extensions of A (k) is formed by the following sub-families.

o Friedrichs extension.
It is the operator (5.6). Its domain consists of those functions in D(Aq(k)*)

whose asymptotics (5.12) has g(jf =0.
o Family Ig.

It is the family {A[:,]R(k) |y € R} defined, with respect to the asymptotics
(5.12), by
DATR(K) = {g € D(Aa(k)) g5 =0, gF =795 }-
o Family Iy,.
It is the family {A[CZ]L (k) |y € R} defined, with respect to the asymptotics
(5.12), by
D(AFL(R) = {g€ D(AR)) [gf =0, 97 =790 }-
o Family 11, with a € C.
It is the family {Ag]a(k) | v € R} defined, with respect to the asymptotics

(5.12), by
+7 —
DAL, (k :{ e D(Au(k)*)| %o =% }
(oc7a( )) g ( ()) gl _‘r_agfL:,ng

e Family I1I.

It is the family {A[ol;](k) IT = (71,72,73,74) € R*} defined, with respect
to the asymptotics (5.12), by

) g =8y +C90
D(ALI(K) = g€ D(Aa(k)) | g = (g5 +1a00
Ci=72+iv3
The families Ig, Iy, I, for all a € C\ {0}, and III are mutually disjoint and,
together with the Friedrichs extension, exhaust the family of self-adjoint extensions

of Aa(k).

Remark 5.2. As already observed, the extensions are operators of the form A(()(T)(k)
for some self-adjoint T acting on a Hilbert subspace K C ker A, (k)* if k& # 0, or
K C (ker A,(0)* + 1) if k = 0. We are going to show in the proof of Theorem 5.1
that the correspondence between each of the considered family and the choice of
K is summarised by Table 1. Thus, extensions of type Ig, Iy, and II, correspond
to dim /C = 1, type-III extensions correspond to to dim /C = 2, and the Friedrichs
extension is the case with dim IC = 0.
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famﬂ}f of space K bom?d,ary parameters notes
extensions conditions
bilateral
o +
Friedrichs {0} @ {0} 95 =0 confining
~ go_ — O left
Ir {0} ® span{®, 1 } g =vaf veR confining
- 91 =% right
I span{®a,;} & {0} gf =0 TER confining
_ bridging
1, = = 9% =09
span{®, 1 © a®Pq i _ 70 _ vyEeR fora=1
aecC { } g1 +ag =79, and vy =0
B _ 91 = MY "’Cg(-)i_ v; €R
I | span{®a} @ span{®ai} |of =Coo +7400 | ; ) 53 4
C:=72+1i73 o

TABLE 1. Summary of all possible boundary conditions of self-
adjointness for the bilateral-fibre extensions of A, (k)

Proof of Theorem 5.1. Let us consider first k£ # 0 and let us exploit the classifica-
tion formula (5.14) in all possible cases.
The choice K = {0} & {0} yields to the extension with domain

D(Aa(k)) + Aa,p(k) " ker Aa(k)" = D(Aa,r(k)),

namely the Friedrichs extension. Formula (3.8) of Theorem 3.1, applied on both
sides R™ and R™, then implies go+ =0=g,.

The choice K = {0} @span{®,_;} yields to the extensions in the domain of which
a function g = ¢ + Ay r(k) ™ (Tv + w) + v is decoupled into a component g~ in
the domain of A (k) (the Friedrichs extension of A7 (k)) and a component g* in
the domain of a self-adjoint extension of A} (k) in L?(RT). This identifies a family
{A[:,]R(k) | v € R} of extensions with

ADV (k) = A7 p(k) @ ADD k),

where A0 (k) denotes here the generic extension of A} (k), according to the clas-
sification of Theorem 3.1(iv), for which therefore g = 'ygo+ . The symmetric choice
K= span{(ia7k} @ {0} is treated in a completely analogous way.

The next one-dimensional choice is L = span{fq;atk @a%a,k} for some a € C. We
can exclude the case a = 0 that yields type-Ij, extensions already discussed above.

Formula (5.14) is now to be specialised with
veEK, wekKtn (span{(fmk} D span{tfa7k}) = span{:I;a?k &) (_671){1‘)(17“ .

The generic self-adjoint operator T on K is now the multiplication by some 7 € R.
Then (5.14) reads

® _ o ®
Aa k -1 Na,k: a,’E ~oz,k
ot Aa,r (k) (TCO <a¢a¢k> T <—a1 Do o a®,

%) o,
o+ <Tco_+fﬂ),1 E) e [ R
(Teoa — @™ ") ¥a i a®q i

for generic coefficients ¢y, ¢y € C. From the expression above we find that the limits
(5.13), computed with the short-range asymptotics (3.16) and (3.33) (and Lemma

<
|
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3.14), amount to

9 = co/ “onr
g7 = (reo+ )\ il [ Pakl2s — coy/ 552k
g = (reoa— G a )/ s [|Pa k32 — coay/ 5iiesy

Let us notice that here the constant ||®, k| 2 is the L?-norm of @, on the sole
positive half-line. The first two equations above yield go+ = ag, - The last two yield

_ _ 2|k |k
g +agh = coll+ 1) (7y/ sl 1@anlZ — y/ 50ek;)

_ k[ 20Pakl?
90 (1 + ‘a|2)1|+7‘a( 71'(lJfo¢)L2 T 1) ’

2|k|
m(1+a)”

having replaced ¢y = g, We can also write

g +agl =g
after re-parametrising the extension parameter as

2Hq><x k”iQ

k :
(5.19) v o= (14 |a|2)1‘T'a(WT_ 1) € R,
that is, adjusting 7 with |k| so as to make the above quantity 7 |k|-independent.
This completes the identification of the extensions AM (k)
The remaining choice for K is K = span{®, } @ span{®,  }, namely the whole

ker A, (k)*. In this case formula (5.14) only has v-vectors and no w-vectors, and
the self-adjoint T is represented by a generic 2 x 2 Hermitian matrix

T1 7'2+i7'3
T = . s T1,7'2,T3,7'4€R.
To — 173 T4

Then (5.14) reads

<
|

_ Ci‘ﬁi)a k cai)a k
o+ Aqr(k p ™0 2ok ) 4 ~%
(k) g Pok cF P
= o+ (7105—!—(Tz_+173)c§)\ga,k n Ci?a’k
((7_2 - 17—3)60 + T4Cy )\I/a,k Cy <I>a7k
for generic coeflicients cat € C. From the expression above we find that the limits

(5.13), computed with the short-range asymptotics (3.16) and (3.33) (and Lemma
3.14), amount to

98: = G m

B 21k

_ _ 2|k k . 2|k

g7 = 5 (117l @anll3s — /5y ) + 6 (72 + i7) | 2k | @a 13

_ . 2|k k
g = g (2 = i) 7Ly Pkl + f (a0 by @22+ 7iESy )



QUANTUM GEOMETRIC CONFINEMENT/TRANSMISSION IN GRUSHIN CYLINDER 41

2|k|
7(1+o)
extension parameters as

Replacing c(jf = gOi in the last two equations above and re-defining the

k] [ 20®akll?
o= gk (A -1
. . k
(5.20) Yo+ = (72 +i73) itk [ Da k13
1k { 20Pakll?
Y4 = 1+a< Tr(l-l—oc)L2 74— 1

yields precisely the boundary condition that qualifies the extension Ag ](k) with
P = (717 Y2573, 74)

Last, let us repeat the above reasonings when k = 0, based now on the clas-
sification formula (5.17). The only modifications needed are the replacement of
A r(k)™t with (Aa #(0) + 1)71, and the use, instead of the short-range asymp-
totics given by (3.16), (3.33), and Lemma 3.14 valid for k # 0, of the short-range
asymptotics given by (4.4), (4.12), and Lemma 4.4 valid for k£ = 0.

The net result concerning the extensions of type II,, namely the extensions
A[oz]a(O), is that (5.19) is replaced by

_ (la)r(i5*) ((Ha)ﬂ%,ouiz
2o+ (A2 ) \ (32 )r(i52)

Analogously, concerning the extensions of type III, namely the extensions A,[; ] (0),
(5.20) is now replaced by

(5.21) T 1) c R.

rse (14+0)[|Pa 0125
o= 20(1+a)2F(”T“) ( F(“%)F(l%£> o 1)
[[®a0ll% 2

(5.22) Y2+ 1y 1= (T2 +1Ts) g agay ey

._ r(ize) (1+0)[|Pa,0ll% 2
V4= 2a<1+a>2r<”7“> ( r(%ﬂ)r(%) T 1) '

The proof is now completed. O

Remark 5.3. The type-II, extension with a = 1 and extension parameter v = 0
is qualified by the noticeable boundary condition

(5.23) 9% =95, 9 = —gi-
We shall interpret this condition as the maximally transmitting, or ‘bridging’ con-
dition between the two sides of the bilateral fibre.

Whereas Theorem 5.1 expresses the various conditions of self-adjointness in terms
of the representation (5.3) and (5.12)-(5.13) 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 (5.3), (5.11), and (5.16) of g € D(An(k)*),
that is,

_ 5_ cfila,k C(;E\I/)a,k
5.24 g = <~ >+ Yak| 4 (G2
( ) (P+ C-li_\pa,k Cg_(ba,k

with 3* € D(AZ(k)) and ¢&, ¢f € C. Then the proof of Theorem 5.1 demonstrates
also the following.

Theorem 5.4. Let o € [0,1) and k € Z. The family of self-adjoint extensions of
A (k) is formed by the following sub-families.
e Friedrichs extension. It is the operator (5.6). Its domain consists of those
functions in D(Aq(k)*) whose representation (5.24) has ¢t = 0.
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o Family Ig. It is the family {A([)Z]R(k;) |y € R} defined, with respect to the
representation (5.24), by
D(AJ(K) = {g€ D(Aa(k)) |y =0, f = Bej},
where 8 and v are related by (3.59) for k # 0 and (4.16) for k = 0.

o Family Iy,. It is the family {ALZ]L(k) |y € R} defined, with respect to the
representation (5.24), by

DAY, (k) = {g € D(Au(k)) |cf =0, ¢f =Beg )

where B and 7y are related by (3.59) for k # 0 and (4.16) for k = 0.
o Family 11, with a € C. It is the family {Ag]a(k) |v € R} defined by

g € D(An(k)*) with (5.24) of the form

D(ADL (k) = _ (¥ (Tco + o) Vak Dy ;
7= QZJF + (TCoa—an_l)@a’k teo a‘ﬁf’a’k
where T and «y are related by (5.19) if k # 0, and by (5.21) if k = 0.
o Family I11. It is the family {Ag](k) |T = (71,72,73,74) € R} defined by

g € D(An(k)*) satisfying (5.24) with
D(AY(k)) = a\_( m  mtin)(q ;
cf )\ —ir T4 et

where (11,72, 73,74) and (y1,72,73,74) are related by (5.20) if k # 0 and
(5.22) if k = 0.

The second alternative to the formulation of the conditions of self-adjointness
provided by Theorem 5.1, is in fact a very close alternative to the formulation of
Theorem 5.1, with the same short-range parameters gét and 91i and the same classi-
fication parameters 7y or I', except that it is referred to the following representation
of g, which is valid identically for any € R\ {0}, and not just as |z| — 0.

To this aim, and also for later convenience, we shall refer to P as a cut-off
function in C2°(R) such that

1 if |zl <1,
5.25 Plz) =
(5.25) (@) { 0 if |z >2.

In fact, in the following Theorem it is enough that P be smooth, compactly sup-
ported, and with P(0) = 1, but we keep the general assumption (5.25) for later
use.

Theorem 5.5. Let a € [0,1) and let k € Z. Then for any g € D(An(k)*) there
exist a unique ¢ € D(Ay(k)) (and hence o= € HZ(RT) if k # 0) and uniquely
determined coefficients goi,gfE € C such that

(5.26) 9(z) = ¢(z) + gole|"F P(x) + g1 |2['"% P(z) ¥z eR\{0}

in the usual notation

= () w=(5). = ()

Here g= and gif are precisely the same as in the asymptotics (5.12)-(5.13). There-
fore, the same classification of Theorem 5.1 in terms of goi and gf[ applies.

Proof. Let k # 0 and let us decompose g € D(A,(k)*) as g& = ¢F + cli\f'a,k +
c(jffbay r with respect to the decomposition (5.24). For short, let us discuss only the
component gT, dropping the ‘+’ superscript: the discussion for g~ is completely
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analogous. Thus, g = ¢ + cl\ia,k + 00&),1,;9 for all z > 0 and uniquely determined
» € D(A,(k)) and cg,c1 € C. Let us introduce the functions

Lop(z) = (\/rr(Ql‘Jlg‘a) _ \/Q(T;KCL) |x‘1+a) P(x)

Lin(@) = /=2 [ i Pla)

and re-write
g = (Z+ Cl(\I’a,k — |I|1+%L17k) + CO((I)a,k — |$|7%L07k) + 1 |I‘1+%L1,k + ¢o |$‘7%L07k

= o+ (/508 1@

2. —co %) lz|'F2 P 4 ¢ W(lezla) lz| =2 P,

having set
@Y = 64’ Cl({i’a,k — |I|1+%L17k) + CQ(‘Emk — |I|7%L07k) .
Because of the relation (3.56) between cg, ¢; and go, g1, we also have
g =o+golz| P +g|z|tTEP.

Next, let us argue that ¢ € D(A,(k)). First, we observe that both |z|~% Lo
and |z|'*% Ly ; belong to D(A,(k)*). The latter statement, owing to (2.20) and
(3.4), is proved by checking the square-integrability of S (|z|~%Lox) and of
Sa,k(|x\1+%L17k). Since P localises Lo ;, and L; j around = = 0, square-integrability
must only be checked locally. It is then routine to see that

(l2l "2 Lox)”,  |al®*(lel"%Lok),  |2|72(l2l "% Losk),
(25 Log)”,  fePo(2lT2Los), |22 (22 Do),

are all square-integrable around z = 0. As a consequence, both (\Tlak — |z 2 L)
and (<T>a7;C — |2|7% Lo 1) are elements of D(A,(k)*). Therefore, owing to the rep-
resentation (3.54)-(3.56), in order to check that such two functions also belong to
D(A.(k)) it suffices to verify the limits

lim 2|3 (War — 2" 5Ly k) = lim [2]2 (@ak — 2] 5 Log) = 0
x—0 ’ ’ z—0 ? ’
lim |z~ (Ugp — |2|'F 3Ly g) = lim |2| 0+ 5) (@gp — 2| FLox) = 0.
z—0 ’ ’ z—0 ) ?

This is straightforward to check, thanks to the short-distance asymptotics that
were chosen for Lo and Ljj precisely so as to suitably match with the short-
distance asymptotics (3.16) of 6a7k and (3.33) of \T’a,k- This finally shows that
¢ € D(Ay(k)) and establishes (5.26). Of course, if conversely a function g of the
form (5.26) is given with ¢ € D(A,(k)), unfolding the above arguments one sees
that g € D(Ay(k)*).

If instead k£ = 0, the same argument can be repeated decomposing now g €
D(A,(0)*) as gT = oF + cflfla,o + c(jf&)a’o according to the decomposition (5.16),
and using now the short-range asymptotics (4.4), (4.12), and Lemma 4.4 valid for
k = 0. We omit the straightforward details. O

6. GENERAL EXTENSIONS OF %,

Let us now come in this Section to the study of the self-adjoint extensions, in
the Hilbert space (2.8), namely

kEZ

b = L*(R7) ® L*(RT),

of the operator 7, introduced in (2.13) for a € (0,1). Such extensions are restric-
tions of J7, and it was seen in Lemma 2.2 (eq. (2.26)) that " = @, c, Aa(k)*,
in the sense of the general construction (2.22)-(2.23).
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Let us start with some preliminaries (Lemmas 6.1-6.4) and then present the
complete variety of extensions.

Clearly, /7, is semi-bounded from below, since J, C @,,c; A« (k) and owing to
the semi-boundedness of each A, (k) (see (3.1)). One can then naturally associate
to ¢, its Friedrichs extension J%, p.

In fact, it is useful to observe at this point that next to the already discussed

properties A, & @Dy Aa(k) (Remark 2.1) and 2 = @,y Aa(k)", Hoy =
Pcz Aa(k) (Lemma 2.3), also the following one holds true.

Lemma 6.1. Let a € [0,1). One has

(6.2) Hor = @ Aar(k).
keZ
Lemma 6.1 is an application of a general fact that for convenience we revisit here
(of course in the following the identification by = § for all k& does not play a role).

Lemma 6.2. Let T = @, ., T(k) be a direct sum operator acting on the Hilbert
space H = @cy br, where each T(k) is densely defined, symmetric, and semi-
bounded from below on by, with uniform lower bound

Tk
m := min  inf % > —00.
kEZ ueD;Z;)(k)) HUHhk

Denote by T, resp. Tr(k), the Friedrichs extension of T, resp. T'(k). Then
Tr = @ Tr(k).

kEZ

Proof. Tt is clear that @, ., Tr(k) is a self-adjoint extension of 7. To recog-
nise it as the Friedrichs extension, it suffices to check that the operator domain
D(Dy,cz Tr(k)) is an actual subspace of the form domain D[T]. To this aim, let
us observe that

DEPTr(k) = HHD(Tr(k) ¢ HHDIT(RF)]
kEZ keZ keZ
(the first identity is precisely (2.24) 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] = D((T — m1)*/?) and
D[T (k)] = D((T (k) — m1})'/?), whence

1/2
DIT] = D[@T(k)} - D((@ (T(k) — m]lk)) )
kez keZ
= D(@ (k) ~ m1)"?) = HHP((T(k) —m1)"/?) = EHDIT(R)].
kez kez kez
This proves the desired inclusion. O
Proof of Lemma 6.1. One applies Lemma 6.2 to ./, = Prcz Aal(k). O

There is an obvious peculiarity of the mode k = 0 that needs be dealt with
separately. Indeed, we know from (3.1) that

(6.3) Aap(k) > (1+a)(H) ™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.
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It is then convenient to consider a positive shift of 7, in the zero mode only.
Clearly, the operators 47, and J%, + 1 have precisely the same domain, and so do
the respective adjoints and the respective Friedrichs extensions.

Lemma 6.3. Let o € [0,1). Let (Yr)rez € H =2 (*(Z,h). Then:
(1) (Yr)rez € ker(H + 1o)* if and only if

(6.4) Uk = o Pak B ¢ Lok VkeZ
for coefficients C(j)t,k € C such that
(6.5) ST kTR P < +oo.
keZ\{0}

Thus, there is a natural Hilbert space isomorphism
(6.6) ker( Mo+ 10)" = (2(Z,C, uy)
with

ks, k#£0,
HE=0 1, k=0,

where (2(Z,C?, uy,) is the Hilbert space of sequences ( (Zi) )keZ with ob-
k
vious (component-wise) vector space structure and with scalar product

(6.8) <( (Zf) )kez, ( (Z’;}) )kez>e2(wm = ;Zuk(c,; i + ¢ df).
(i) (Yr)kez € (F + 1) T ker(5, + 1o)* if and only if
(6.9) Ui = e Vak @l Vo Vk € Z
for coefficients cfk € C such that
(6.10) ST TR, P < oo
kez\{0}

Proof. Part (i) follows from ker 7 = @, o, ker A(k)* (Lemma 2.3, eq. (2.34)),
from ker A(k)* + dx0lo = Span{(imk} & span{:fmk} (Lemmas 3.2 and 4.1, and
formula (5.9)), and from ||‘I>a,k||%z(R+) ~ |k|—1+% for k # 0 (formula (3.18)). Part
(ii) follows from the identity

(HF 4+ 10)  ker(Ho + 10)* = @D (Aar(k) " ker Ay (k)"
keZ\{0}

® (Aa(0) + 1) ker(Ay (k) + 1),
which is a consequence of Lemma 2.3 (eq. (2.34)) and Lemma 6.1, from the identity
(Aa,r(k) + 8r,010) " ker(Aq (k)" + 0r0lo) = span{@q i} & span{ ¥},

which is a consequence of Lemmas 3.2 and 4.1, and of Propositions 3.16 and 4.5,

from the consequent identity
Cikq)a,k
Cik(ba;k

% Cik@a,k
> o (Gege)

keZ\{0}
and again from the normalisation ||<I>a7k||2L2(R+) ~ |k|_1+% O

2

- ¥

] kez\{0}

2

)

b
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This allows us to characterise the domain of 72" in terms of the structure of such
domain on each fibre of . Let us recall first the general ‘canonical’ representation
of D(AF) (see, e.g., [12, Theorem 2.2]):

D(AY) = D((Ha + 10)")
D(H, + 1g) + (A p + 1o) " ker (5, + 19)* + ker(, + 1o)*
= D(H) + (Ao r + 1o) P ker(HF + o) + ker (S + 1) .

Lemma 6.4. Let « € [0,1). Let (gx)kez € H = EZ(Z, ). Then (gr)kez € D(JEF)
if and only if

(6.11)

- QZ;; Cl_k{i’a,k Cak%a,k
6.12 g(~>+ ok + | %k VkeZ
( ) ’ SOZ_ cik\lla,k Ca:k(pa,k
with
(6.13) Fonez € DOB), o= (%)
k
and
(6.14) ST kTER P < oo
keZ\{0}
(6.15) SRR, < oo
keZ\{0}

Proof. From the representation (6.11) one deduces at once that in order for (gx)rez
to belong to D(#) it is necessary and sufficient that

(gr)kez = (Pr)rez + (Vr)rez + (Er)rez

for some (Pg)rez € D(H0), (Vi)kez € (HEF + 1o) P ker(HF + 1o), and (&)kez €
ker(s€ + 1¢). The conclusion then follows from Lemma 6.3. O

Remark 6.5. We knew already from 7 = @, ., Aa(k)* and from the analysis of
Aq(k)* made in Section 5 (formulas (5.11) and (5.16)) that an element in D(J£)
must have the form (gx)rez with g satisfying (6.12) for some ¢ € D(A,(k)) and
some cik, cfk € C. However, a generic collection (gx)xez in £2(Z,h) of gi’s satisfy-
ing (6.12) does not necessarily belong to D(5£), in particular the corresponding
collection ($k) ez (o} does not necessarily belong to D(J%,). Only under the con-
ditions prescribed by Lemma 6.4 can one pile up such g;’s so as to obtain an actual
element in D(J2F) (in fact, (6.13)-(6.15) impose some kind of wuniformity in k of

Pk, C(:)t,kv Cli,k)'
Remark 6.6. Lemmas 6.3(i) and 6.4 characterise ker(J2 + 1), the deficiency
space for 77, + 1, which by construction is isomorphic to the deficiency space of the

original operator H,. By exploiting the same unitary equivalence (2.12), it was de-
termined in the already-mentioned work [19] by Posilicano that the deficiency space

of H} is isomorphic to H315a (S') — more precisely, isomorphic to Hitea (SY) or
11—

equivalently to H ~317a (S') depending on how the different explicit isomorphisms

(namely the different ‘coordinate systems’, or also the different ‘boundary triplets’)

between the trace space and the deficiency space. Our analysis is thus completely

consistent with that finding: indeed, F5 : Hiéﬁ(Sl) = 2(Z,C2?, ).

After the above preparations, our subsequent analysis takes two separate direc-
tions. One, which we complete here in the remaining part of the present Section,
is the qualification of the whole family of self-adjoint extensions of 5%, in H, an
information that we reckon to have interest per se. Another, which is the object
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of the next Section, is the study of the distinguished family of extensions of 7,
produced by Prop. 2.4. In fact, for the latter a clean and explicit description can be
further obtained when going back to the physical variables (z,y) — and this turns
out to be indeed the physically relevant sub-family of self-adjoint Hamiltonians on
the Grushin cylinder.

Theorem 6.7. Let a € [0,1). There is a one-to-one correspondence S < H°
between the self-adjoint extensions J° of H, and the self-adjoint operators S
defined on Hilbert subspaces of ker(HF + 1¢) = (*(Z,C?, uy). If S is any such
operator, the corresponding extension F° is given by

VY =¢+ (Hr+ 1) 1 (Sv+w) +v
h that
DS o swe
(6.16) () e D(H,), veD(S),

w € ker(JF + 1o) ND(S)+
(A5 + 1)y = (Mo +10)5+ Sv+w.

Proof. A direct application of the Krein-Visik-Birman self-adjoint extension theory
— see, e.g., [12, Theorem 3.4]. The second formula in (6.16) follows from the first
as (A0 + o) = (A7 + Lo) | D(AT). 0

Theorem 6.7 encompasses a huge variety of extensions, for 7, has infinite de-
ficiency index. The self-adjointness condition for each % is in fact a restriction
condition on the domain .#: in terms of the representation (6.11), such a restric-
tion selects, among the generic elements

V= G+ (Hr+ 1) Inte

of D(J), only those for which the vectors &,n € ker(J€ 4+ 1p) (customarily
referred to as the ‘charges’ of 1, see e.g. [17] and references therein) satisfy

& =v e D(S),
n = Svtw, weker(H + 1) ND(S)*.

In this respect, the above condition produces in general a complicated mixing, fibre
by fibre, of the charge n with respect to the charge £: such a mixing is encoded in
the auxiliary operator S.

For a class of most relevant extensions the above mixing is absent instead, and
the restriction condition of self-adjointness operates independently in each fibre,
namely in each momentum mode k. This is the case when

6.17) S = PSk) on ker( + 1) = @D ker(Aa(k)* + 6k010)
k

kEZ

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(Aq (k)* + dx,01lo). Extensions (6.16)
where S is of the type (6.17) are fibred in the sense that the self-adjointness condition
is compatible with the fibre structure.

Explicitly, if s#7 is a fibred extension of .7, then a generic element (gy)rez of
D(4,) is such that

(6.18) g = @i+ (Aa,p(k) +00Lo) T (S(k)vy, +wi) v,  k€Z,
for some @ € D(An(k)), vi € D(S(k)), wi € ker(Aq(k)* + Sk0lo) N D(S(k))*.
Comparing (6.18) with (5.14) and (5.17) one immediately sees that the component

gr belongs to the domain of the extension Ags(k))(k) of A, (k) (following the nota-
tion of (5.14) and (5.17)) with respect to the Hilbert space . Thus, fibred exten-
sions of ., are precisely of the form €, ., B(k), where each B(k) is a self-adjoint
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extension of A, (k) in b, namely the extensions produced through the mechanism
discussed in Prop. 2.4.

7. UNIFORMLY FIBRED EXTENSIONS OF 7,

In this Section we focus on the most relevant and physically meaningful sub-
class of self-adjoint extensions of J7,: those that we refer to as uniformly fibred
extensions. For such extensions we shall obtain a more explicit and convenient
characterisation, namely Theorem 7.1 below, as compared to the general classifica-
tion of Theorem 6.7.

7.1. Generalities and classification theorem. These are fibred extensions in
the sense discussed in the end of Sect. 6, namely extensions obtained by taking the
direct sum, fibre by fibre, of a self-adjoint extension of A, (k), and therefore with
conditions of self-adjointness that do not couple different fibres, which in addition
display the following kind of 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 5.1, and is therefore parametrised (apart when it is A, #(k)) by one real
parameter or four real parameters. Such extension types and extension parameters
may differ fibre by fibre, say, parameter (*1) for an extension of type Ig or I, or
I1,, on the k;-th fibre, and parameters 7§’“2>, ce ikz’) for an extension of type III
on the ks-th fibre.

Uniformly fibred extensions are those for which the 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 y1,...,74.

By definition, uniformly fibred extensions can be therefore grouped into sub-
families in complete analogy to those of Theorem 5.1:

e Friedrichs extension: the operator 7, r = @, .y Aa,r (k) (see Lemma 6.1);
e Family Ir: operators of the form

(7.1) AL = P AV (k)

kEZ

for some v € R;
e Family Iy,: operators of the form

(7.2) a0 = @AQ}L(M

for some v € R;
e Family I, for given a € C: operators of the form

(7.3) A0 = P AL, (k)
kEZ

for some v € R;
e Family III: operators of the form

(7.4) AN = P AL (k)

kEZ
for some I' = (71,72, 73, 74) € 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 'yj—parameters) irrespective of the transversal momentum,
namely the quantum number k.
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In addition, from the mathematical point of view uniformly fibred extensions
allow for a completely explicit description not only in mixed position-momentum
variables (z, k), namely extensions of J#,, but also in the original physical coordi-
nates (z,), namely extensions of the symmetric operator H, = F, ', Fs acting
on L?(R x S, dzdy), explicitly qualified in (2.11).

This is the content of the main result of the present Section.

Theorem 7.1. Let a € [0,1). The densely defined, symmetric operator
02 0? a2+ a)

20 Y
ox? @] Oy? 422

Ho = Fy ' F = —

D(H7) = CZ(R; xS))
admits, among others, the following families of self-adjoint extensions in L?(R x
St, dady) :
Friedrichs extension: Hy, r, where Hy p = f;lﬁ’g,pfg;
Family Iy : {HD,]R |y € R}, where HQ,]R = ]'—2_13200‘[71]% Fo;
Family Ty,: {H([)Z]L |y € R}, where H[OZ]L = ]:2_1%{“[72 Fa;
Family 11, with a € C: {HLZL |y € R}, where H[J,]a = f{ljfom Fa;
Family 111: {Hg] IT = (71,72,73,71) € R}, where HEY = .7-'2711%%[1‘] Fa.
Each element from any such family is qualified by being the restriction of the adjoint
operator

- ¢ € L*(R x St,dady) such that
(7.5) " (= & — loo g + 2GE )o* € L2R* xS, dady)
82¢i 82¢i a(2 +a)
ek 20 +
(Ha) ¢ - 81‘2 |{E| 6:1/2 + 4332 ¢

to the functions

6 = @;) ¢t € L2(R* x S, dady)

for which the limits

(7.6) o5(y) = lim |2% 6% (,9)
(77) or(y) = lm o] 70T (6% (2,y) — 05 (v)[2l7F)

— (1) Tim [a 0, (jal 6% (2,)

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:

(7.8) ¢y (y) = 0 if $€D(Har),
(7.10) { f;ig; “I0W y senll),
) =
(7.11) { jg; :;¢a(y) if $€DHLL),
1

(712) {¢>(y)—%¢>o(y)+ Y2 + i73) 95 (y) if &cD(HI).

1
o7 (y) = (v2 — 1v3)dg (y) + 120¢ ()
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Moreover,

(7.13) oF € Ho+ (S, dy) and of € Hv+ (S, dy)

with
® 5+ = %% for the Friedrichs extension,
® 5 _ = %L‘_—g, 50,4 = S1,4 = %:1)’_‘_—3 for extensions of type 1g,
® 514 = %%’ 50— =81, = %i’i—z for extensions of type 1,

® S1,+ =50+ = 5774 for extensions of type 11,,

® 514+ =50+ = 5724 for extensions of type I11.

7.2. General strategy.

The proof of Theorem 7.1 is going to require quite a detailed analysis, as we shall
now explain. All the preparation is developed in Subsect. 7.2 through 7.7, and the
proof will be discussed in Subsect. 7.8.

The trivial part is of course the reconstruction of each uniformly fibred extension
of J#, 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 (z,y). The inverse Fourier transform F, ' 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 22! be a uniformly fibred extension of J#,. A generic element (gi)rez €
D(H1) can be represented as in (6.12) with the ‘summability’ conditions (6.13)-
(6.14) that guarantee (gx)rez to belong to D(iﬁ*) (Lemma 6.4), plus additional
constraints among the coefficients c(“)‘L . and c1 ', that guarantee that D(J" £) is in-
deed a domain of self—ad301ntness Actually, the latter requirement imposes stronger
summability conditions on the cO . S and 01, S, as we shall discuss in Subsect. 7.3.

However, the representation (6.12) for the elements of D(s£") is problem-
atic when one needs to describe Fy 'D(#"1), namely the same domain in (z,v)-
coordinates (it is immediate from (2.12) that F, 'D(s2") is the domain of the
self-adjoint extension F ' 70 Fy of Hy = Fy 't Fs).

More precisely, when applying F, ' to (6.12), one loses control on the self-
adjointness constraint that now becomes a rather implicit condition between the
(z,y)-functions

_ c C:[;a,k — Co. &)a,k
CreFak) ) ey CoPak/) ) yeq
Recall indeed from (2.4) that

(F) (Vo) hez = ch #Wok(z)e™
vam i

and similarly for the other components: on such functions of x and y it is not
evident if differentiating or taking the limit x — 0 term by term in the series in &
is actually justified — and it is precisely in terms of such operations that the final
boundary conditions are going to be expressed.

From another perspective, the known regularity and asymptotic properties of
@a’k (and, analogously, &)a,k) may well provide the above information on the func-
tion (Fj)*l((\ila,k))kez, but it is not evident how to read out useful information
from («F;)_l((cik@mk))kez so as to finally express the boundary conditions of
self-adjointness in terms of limits as  — 0 of the functions in the domain and on
their derivatives.
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As taking the inverse Fourier transform directly on (6.12) appears not to be
informative in practice, we shall follow a second route inspired to the alternative
representation (5.26) (Theorem 5.5).

Now the generic element (gx)xez € D(H2F) is represented for each k as

(7.15) o= (%) + (B2 ol P (9 ) e p
Pk 90,k 91,k
where each ¢, € D(Ay(k)) and P € C°(R) with P(0) = 1.
The evident advantage of (7.15), as compared to (6.12), is that computing

(7.16) ¢ = Fy (g)kez

and using the linearity of F, ! yields formally

(7.17) d(z,y) = e(@,y) + g1 (y)|=["* 2 P(x) + go(y) |z~ P(x)
with

(7.18) ¢ = Fy(or)rez

(7.19) go = F5 (g0.k)kez

(7.20) g1 = F5 (g1r)kez -

In (7.17) the function ¢ is expected to retain the regularity in  and the fast
vanishing properties, as * — 0, of each ¢, and hence ¢ is expected to be a
subleading term when taking lim, .o ¢(z,y) and lim,_,0 0.¢(z,y); on the other
hand, the regularity and short-distance behaviour in x of the other two summands in
the r.h.s. of (7.17) are immediately read out, unlike the situation with the functions
(7.14). Moreover, and most importantly, since 2! is a uniformly fibred extension,
the boundary condition of self-adjointness in (7.15) (namely a condition among
those listed in the third column of Table 1) 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 g1 (y)
for almost every y € S*.

The above reasoning paves the way to a classification of the family of uniformly
fibred extensions of H, in terms of explicit boundary conditions as = — 0.

Clearly, so far (7.17) is only formal: one must guarantee that (7.18)-(7.20) are
actually well-posed and define square-integrable functions in the corresponding vari-
ables, with the desired properties. This is in fact the price to pay for the present
strategy, whereas for the functions (7.14) it was clear a priori that 75 !is applicable,
thanks to Lemma 6.11.

As we shall comment further on (Subsect. 7.4), such a strategy will lead to the
following somewhat awkward circumstance: whereas Lemma 6.11 guarantees that
applying F, ! on (gi)rez represented as in (6.12) yields three distinct functions,
each of which belongs to F; 'D () = D(H?), the three summands in the r.h.s. of
(7.17) will be proved to belong to L*(R x S!,dxdy), none of which being however
in D(H) in general! — only their sum is, due to cancellations of singularities. This
explains why the analysis is going to be particularly onerous.

7.3. Integrability and Sobolev regularity of gy and g;.
Following the programme outlined in the previous Subsection, let us show that
(7.19) and (7.20) indeed defines functions in L?(S!, dy) with suitable regularity.

Proposition 7.2. Let a € [0,1) and let (gi)rez € D(FNE), where 3 is one
of the operators (6.2) or (7.1)-(7.4), for given parameters v € R, a € C, ' € R*,
depending on the type. With respect to the representation (7.15) of each gi, one
has the following.
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(i) If A% is the Friedrichs extension, then

l1-a
(7.21) ZW”“ |glﬂf,€|2 < +o0, g(ﬂfk =0.
keZ
(ii) If 2% is of type Ig, then
l-a _ -
ZV{;‘HO‘ |g17k|2 < +o0, Jo = 0,
kEZ
(7.22) . .
STIRFR g < oo, DRI gHI? < oo,
keZ keZ
(iii) If s2%% is of type I, then
l-a
Z|k‘l+a |gi‘:k|2 < 400, gs:k = 07
keZ
(7.23) ) .
k|75 g7, < oo, [k 75 g |* < +o0.
Lk 0,k
keZ kez

(iv) If 222% is of type 11, then
2

1-a 3+a
Z\k|1+a |gffk|2 < 400, Z|k|1+a|g0i’k < 400,
keZ kez
(7.24) e
> Ik g, + ag) [P < 4oo.
kezZ
(v) If %% is of type 111, then
3ta 3ta
(7.25) ORI g5? < 400, D[RR gi, P < 4oo.
kEZ kEZ

Corollary 7.3. Under the assumptions of Proposition 7.2, (g(fk)kGZ and (gfk)kez
belong (*(Z). Hence, (7.19) and (7.20) define functions y — g5 (y) and y — g (y)
that belong to L*(S',dy). In particular, the summability properties (7.21)-(7.25)
imply that goi € H*-=(S',dy) and gli € H*+(S!,dy), where the order of such
Sobolev spaces is, respectively,

(i) s1+= %% for the Friedrichs extension,
(i) s1- = %%’ S04 = S1,4 = %% for extensions of type 1R,
(ill) s1,4 = %%’ S0, =81, = %‘;’I—g for extensions of type 1,
(iv) s1,4 = S0, = %};3 for extensions of type 11,
(V) s1,2 =SS0+ = %ﬁ—g for extensions of type I11.

Proof of Proposition 7.2. For each case, the proof is organised in two levels. First,
we consider each family of extensions as characterised by Theorem 5.4 in terms
of certain self-adjointness constraints between the coefficients ¢ and ¢ of the
representation (6.11)-(6.12) of the elements of D(.7), and we show that owing
to such constraints the a priori summability (6.14)-(6.15) of the ¢i’s and ¢;’s is
actually enhanced (see also Remark 7.4 below). Then, we export the resulting
summability of the c(j)[’s and cf’s on to the ggt’s and gli’s by means of the relations

+ + (l+a
(7.26) Yo = Cok (2\k\ )

+ + 21k + k
(7.27) 91k = Cik 7r(1‘+lf)3 [Pak ‘%2(%) —Cok 2(1‘+L)

valid for k # 0 (see (3.56) above). Obviously, it suffices to prove the final summa-
bility properties for k € Z \ {0}. Let us also recall from (3.18) that

|PalZaey ~ [kI75,
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namely for some multiplicative constant depending only on .
(i) Theorem 5.4 states that for this case coi,k = 0. This, together with (6.14) and

(7.27), yields
__2 1o
+oo > Y kTR~ D (R gL
kez\{0} kezZ\{0}

(ii) Theorem 5.4 states that for this case c(‘{k =0 and cfk = ﬁkc(‘)’:k with S given
for k # 0 by

_ 1B 20®akll 2
T = 1+7a( 71'(1+a)L Bk_l)
(see (3.59) above), that is, B ~ |/<:|1+% 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 (6.7) — see (6.17) above.) This, together with (6.15) and (7.26)
yields

2 2 3ta
+o00 > Z k| 1+Q|Cik|2 — Z |k| 1+a|5kc({k|2 ~ Z |k|1+n|g$k|2_

keZ\{0} keZ\{0} keZ\{0}
From this one also obtains
3ta
D kTGP < 4oo,
keZ\{0}

owing to the self-adjointness condition in the form gi = ’yga:  (Theorem 5.1). As
for the summability of the ¢y ), one proceeds precisely as in case (i).

(iii) The reasoning for this case is completely analogous as for case (ii), upon

exchanging the ‘4’ coefficients with the ‘—’ coefficients.
(iv) Theorem 5.4 states for this case

Cok = COk» €1 = TkCok T Cok

+ +
Co . = QCOK Ck

1~
TgaCox — Q@  Cok ,
with 7 given for k # 0 by
2”¢'a k“i?

k k
v =1+ W%%(W Tk — 1),

(see (5.19) above), that is 75, ~ |k|1%& at the leading order in k. This, together
with the a priori bounds (6.15), and with (7.26), yields

+o0 > Y [MTEE e +acl, P = > kTR + [al)meco s
kez\{0} kez\{0}
3ta
~ > TR gl
kez\{0}

From this, and self-adjointness conditions 90+,k = agg and gy, + ng’k = Y90.x
(Theorem 5.1), one obtains the last two conditions in (7.24). As for establishing
the first condition in (7.24), one has

l-a
> kI |gi )

kez\{0}

il 4 4|k k
<Y R P ekl + Y KITE [ P L
kez\{0} kezZ\{0}

__2 34+a
~ Y RTERIEP  DD RIT g < oo,

kez\{0} keZ\{0}
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having used (7.27) for the first step, (7.26) for the second step, and the a priori
bounds (6.15) as well as the already proved second condition in (7.24) for the last
step.

(v) Theorem 5.4 states for this case

CLp) _ T1,k Tok Ti73k ) (Cok
Cik T2,k — 173,k T4k Ca_’k

with
kL[ 20®akllFs 1
"no= 14+a 7(1+a) T,k —
. . k
Y2 +iv3 = (T2k +IT3,k)%”‘I’a,k”%2
k] (21®akl?
Y4 = m(ﬁh,k—l
(see (5.20) above). Thus,
2 . 1-a 2
e ~ k[T, T Ty~ [R[TEe Tag ~ |k[TFe,

and

— 2 l-a — _Sta _3—a _
<Cl,k) [k k[T (Co,k> K[z k|20 <90,k)
'y k|77 k| ) \Cox k|z7e  |k|=0re | \dok
at the leading order in k, having used (7.26) in the last asymptotics. As the above
5+a
matrix has determinant of leading order |k| 1%, a standard inversion formula yields

_ _ _T4a _
(93_,1@> ~ |k| TS 17+a ||~ 2 (Cik>’
9o,k |k|” 20+ 1 C1,k

_ _54a
|90,k|2 + |9(J)r,k|2 S |k e (|Co,k‘2 + Ico+,k|2)
at the leading order in k. Therefore,
3+a 2 —
S ORHEEGEL S S KT (Il + 1) < 4o,
keZ\{0} keZ\{0}

having used the a priori bound (6.15) for the last step. This establishes the first
condition in (7.25). The second condition follows at once from the first by means
of the self-adjointness constraints

whence

gk = NYor + (2 +113)90,
91 = (2 = 173)90 % + 1490k
from Theorem 5.1. O

Remark 7.4 (Enhanced summability). Let (gr)rez € D(F£)). As established
in Lemma 6.4, the coefficients ¢g ; given by the representation (6.11)-(6.12) of gx
satisfy

ST kTEE P < too.

kez\{0}
If in addition (gy)rez € D(H!) for some uniformly-fibred extension of 7%, then
Prop. 7.2 above shows that the coefficients go r given by the representation (7.15)
of gj, satisfy
3+a
Y IR lgg P < +oo
kez\{0}
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(this covers also the case when the gark’s or the g, ,.’s are all zero, depending on
the considered type of extension). The latter condition, owing to (7.26) and hence
95, ~ |k|*%cgtk, implies

ST TP < +oo.
keZ\{0}

Thus, the condition of belonging to D(s£%F), instead of generically to D(£)),
enhances the summability of the sequence (cs—L e kEZ-

7.4. Decomposition of the adjoint into singular terms.

As alluded to at the end of Subsect. 7.2, let us show that the decomposition
induced by (7.15) of a generic element in the domain of a uniformly fibred extension
A% namely

(7.28) (g)rez = (or)rez + (9urlzl™T2P), , + (gokl2|"2P),

unavoidably displays an annoying form of singularity, which affects our subsequent
analysis, in the following sense.

Lemma 7.5. Let a € [0,1) and let %% be a uniformly fibred self-adjoint exten-
sion. There exists (gx)rez € D(H) such that, with respect to the decomposition
(7.28),

*

(gl,k|x|1+%P)k€Z ¢ D(%)a
(gO,k‘x|7%P)k€Z ¢ D(%)a

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
(7.29) (or)rez € £2(Z, L*(R, dx))

follows at once by difference from (7.28), because owing to Corollary 7.3 both
(g1 %|7|*T % P)kez and (go x|z| =2 )rez belong to £3(Z, L*(R,dx)). However, whereas
in (7.15)/(7.28) each ¢y, belongs to D(Aq(k)), their collection (¢k)kez may fail to

belong to D(s#,) because it may even fail to belong to D(7")!
In preparation for the proof of Lemma 7.5, a simple computation shows that

AZY (73 P) = alal -0+ DP — o 7F P 4 2% P
Ag(k‘)*(|x|1+%P) = —(2+a)|x|%P'—|x|1+%P”+k32|x|1+5‘TaP

for any k£ € Z and x 2 0 depending on the ‘4’ or the ‘-’ case. In particular, as the

cut-off function P is constantly equal to one when |z| < 1,
(7.30) 17+ (@) A (k)" (|2 3 P) = 172 (2)k2[2] %
| L () A (B) (|25 P) = 1= (@)k2)a]

where I~ := (—1,0) and I := (0,1). We can see that this implies

(7.31) |5 (el % Phezllae = S kYo, l?,
keZ
(7.32) () (952 E Phez|loe = D Ko,

kEZ
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Indeed,

I (o p % Phieallne = D0 IAER)" (040" 2 P) g
keZ

5o 112
Z }’gikk2x1+52 HLQ((O,l),dw)
kEZ

(34 5a)~ Zk4\glk|2
kez

WV

where we used (2.29) in the first step and (7.30) in the second; all other cases for
(7.31)-(7.32) are obtained in a completely analogous way.

Proof of Lemma 7.5. Let us discuss case by case all possible types of uniformly
fibred extensions. For arbitrary € > 0 let

k=249 if ke zZ)\ {0
an(e) = || e \ {0}
0 ifk=0

be(c) = k|~ =24 if ke Z)\ {0}
' 0 if k=0.

(i) Friedrichs extension J#, r = @) c; Aa,r (k). For this case we choose (gi)rez

with B
g = ak(€) Yak
ar(e) Yok

With respect to the representation (6.12), c0 = 0 and c1 x = ax(€). Therefore,
ST = Y T < 4o
keZ kez\{0}

and, owing to Lemma 6.4, (gx)rez € D(J£). Moreover, by construction gy satisfies
the conditions of self-adjointness characterising D(Aq, r(k)) stated in Theorem 5.4;
thus, (gx)rez € D(4 ). Expressing now (gr)rez in the representation (7.28),
formulas (7.26)-(7.27) yield

gE =0, gf, ~ KTEEETD (k£0),

whence
SRR ~ Y KT = o0 & ee (0,3859].
keZ\{0} keZ\{0}
Thus, for € € (0, 31155], we deduce from (7.32) that (g1.|z|**2 P)rez & D(I).

(ii) Extensions of type Ig: for v € R let us consider %WA =Dz A[OZ}R(k). For
this case we choose (gx)rez with

g = ar(E)Wak
ﬂkbk(g)qja,k’ + bk(g)q)a,k

K 2Hq>a,k”L2(]R+)
— 1Fa 7(1+a) ’8
From (3.18), ||‘I)a7k||%2(n§+) ~ |I<:\71+icx (for some multiplicative a-dependent con-
stant), whence S ~ \k|1+% at the leading order in k € Z\ {0}. With respect to the
representation (6.12),
cr = 0. e = ar(e) = [K[TEmE09
_1 a1
cor = bile) = [k|7Te 2(14e) e = Bibi(e) ~ |k 20t

)

and [ given by
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at the leading order in k € Z \ {0}, whereas all the above coefficients vanish for
k = 0. Therefore,

DoRTER = DD T < oo,

kcz kez\{0}
P e S e
kezZ kez\{0}

which implies, owing to Lemma 6.4, that (gi)rez € D(H#"). Moreover, by con-
struction g satisfies the conditions of self-adjointness characterising D(A([)Z}R(k))

stated in Theorem 5.4; thus, (gr)rez € D(g%i[’yl]%) Expressing now (gx)kez in the
representation (7.28), formulas (7.26)-(7.27) yield

— 1
Jor = 0, gie ~ |KI” 2(rae)

~ k2T ghe ~ |k|TEEE )

[N

b

+
9o,k

for k € Z\ {0}, up to multiplicative pre-factors depending on « and v only, all the
above coefficients vanishing for £k = 0. From this one obtains

2o
S NggP ~ YD kTR = 40 e e e (0,43,

kez keZ\{0}
SR ~ S R = oo & e e (0,452
1,k » 14a b
kez kez\{0}
_ 244a o
S Egl? ~ YD kTR T = 400 & e € (0,322,
kez kez\{0}

Thus, for ¢ € (0, 11135], we deduce from (7.31)-(7.32) that (gox|z|” % P)rez ¢
D(oA) and (g14]|'" "% Prez ¢ D(AY).
(iii) Extensions of type I1: for v € R let us consider %” L = @keZ ( ). For

this case we choose (gx)kez with

<5kbk() ok +be (€)@ ak)

gk =
F ak(e)\I!ayk

with the same ) as in case (ii). With the obvious inversion between ‘-’ and ‘4’
components, the reasoning is the same as in case (ii).
(iv) Extensions of type II, for given a € C\ {0}: for v € R let us consider

L%”ah(l =Dz Aml(k:). For this case we choose (gx)rez with
g = (Tibi(e) + ak(s))\fl%k + bk(s)éa’ﬁ
(Tka’bk(e) - a_lak(e))q)a,k + abk(g)q)a,k

and 73 given by
k 220,512 2 pt
v = (U | (e n - 1))
In particular, 75 ~ |k|1%& at the leading order in k € Z \ {0}. With respect to the
representation (6.12),

L i S P U R
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at the leading order in k € Z \ {0}, whereas all the above coefficients vanish for
k = 0. Therefore,

ST E S = Y kT < oo,

kez kez\{0}
ST IR = Y0 kT < too,
kEZ kez\{0}

which implies, owing to Lemma 6.4, that (gi)rez € D(H). Moreover, by con-
struction g satisfies the conditions of self-adjointness characterising D(ALZ]Q(I@))

stated in Theorem 5.4; thus, (gx)kez € D(jfaha]) Expressing now (gx)kez in the
representation (7.28), formulas (7.26)-(7.27) yield

gk ~ TR g~ R iR

at the leading order in k € Z\ {0}, all the above coeflicients vanishing for k£ = 0.
From this one obtains

2a
S EGER ~ 3 R = 4o e ce (0,5t

kEZ kezZ\{0}
STEES ~ Y KT = 40 & ee (0,359,
kez keZ\{0}
Thus, for ¢ € (0, llf’of‘], we deduce from (7.31)-(7.32) that (gox|z|™ % P)rez ¢

D() and (g1 x|2|*T 2 P)rez & D(HY).
(v) Extensions of type III: for ' € R* let us consider A = Drez Al (k). For
this case we choose (g)rez with
g = (T1,6 + 20 + i7'3,k)bk(€){1:’a,k + bk(E)éa,k
(Tok — i3 + Tak) b (€) Pk + b () Pak
and (71 k, T2k, T3k, T4 k) given by

2
_ bl (A Paklogyy
= ira m(14a) T1k 1

Yo t+ivs = (T2k +i7'3,k>$”q)a,k

2
|72 ®+)
_ kL ((A®aklioe
Y4 = m( ey T4k — 1)
In particular,
2 . 1-a 2
T ~ k[T To ity ~ k[T, Tak ~ |K[TF,

at the leading order in k € Z \ {0}. With respect to the representation (6.12),

T I N VA L R
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

7.5. Detecting short-scale asymptotics and regularity.

As observed with (7.29), F, * is applicable to (¢x)rez and thus (7.18) defines a
function ¢ € L2(RxS!, dzdy). The next step in the strategy outlined in Subsect. 7.2
is to show convenient short-scale asymptotics as © — 0 for ¢(z,y) and d,p(z,y).

Evidently, the possibility that ¢ ¢ F, 'D(#) = D(HY) (Lemma 7.5) com-
plicates 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.
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Lemma 7.6. Let a € [0,1) and let R: (0,1) x St — C be a function such that
(342
(a) ||z (2+2)RHLQ((O,I)XSl,dmdy) < +oo,
2
(b) HaERHLz((O,l)XSl,dmdy) < +oo.

Then for almost every y € S the function (0,1) > x — R(x,y) belongs to HZ((0,1])
and as such it satisfies the following properties:

(i) R(-y) € CH(0,1),
(i) Rlz,y) = o(x*/2),
(i) Oy R(x,y) oo o(z'/?).

Remark 7.7. HZ((0,1]) in the statement of Lemma 7.6 denotes as usual the closure
of C§°((0,1]) in the H2-norm. The edge = = 1 is included so as to mean that there is
no vanishing constraint at = = 1 for the elements of HZ((0,1]) and their derivatives:
only vanishing as = | 0 emerges, in the form of conditions (ii) and (iii).

Proof of Lemma 7.6. Assumption (a) in Lemma 7.6 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(z) for a.e. y € S, for some a,,b, € C and
ry € HE((0,1]). For compatibility with assumption (a), necessarily a, = b, = 0,
whence R(-,y) € H3((0,1]) for a.e. y € S*. O

Let us discuss the application of Lemma 7.6 to our context.

As we are interested in qualifying for fixed y € S' the behaviour and the reg-
ularity of z — ¢(x,y) as * — 0 from each side of the singular point = = 0,
it suffices to analyse the case z > 0; then completely analogous conclusions are
obtained for z < 0. Lemma 7.6 is thus meant to be applied to the restriction
R(z,y) = p(z,y)L0,1)(z).

In fact, since in general ¢ € L?(R x St, dzdy) \ D(H?,), we are not able to check
the assumptions (a) and (b) of Lemma 7.6 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 7.6.

This idea is implicit in the very choice of (pg)rez made in (7.15). Let us recall
that for given (gx)xez we could represent

gE = of +gE el EP + g |2 7E P

and also

gzE = @f + cfklfla7k + cgfkffa,k ,
where
(7.33) Fine: € D AED) - D7)

keZ

Moreover, as argued in the proof of Theorem 5.5, for each k € Z\ {0} we can split
(7.34) v = o T,
while keeping
(7.35) o= = of and 9E =0 when k=0,
where
(7.36) Or = Vg, + 9%,
with

F iy _a |k a
(7.37) IE, = c(;{k(@a,,g— el jp =3 P+ | /5L |m|1+2P>

(38) = (Vo =y s [Panlfae o EP)
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and

(7.39) V95 € D(Aa(k)) = HF(R*)NL*(R*, (z)** dx).
It is important to remember that for later convenience the zero mode is all cast
into (;5(# = gpg, hence (ﬂk)keZ = (ﬁk)kEZ\{O}-

The decomposition (7.34)-(7.38) induces the splitting

(7.40) (Pr)vez = (Pr)rez + (Vi)rez

as an identity in ¢?(Z, L*(R*,dx)), where (¥%)rez does not necessarily belong to
D(AF), as (k)kez does not either (Lemma 7.5). In turn, owing to (7.29) and
(7.33), the identity (7.40) yields the splitting

(7.41) o(z,y) = ¢z, y) +9(z,y),  (z,y) e RxS,
with

(7.42) ¢ = Fy ' (@r)kez € Fo'D(sE) = D(H,)
(7.43) 9 = Fy '(U)kez € L*(R x S dxdy).

Here ¥ may fail to belong to D(H},), precisely as ¢.
The explicit information that ¢ € D(H,) and the explicit expression for 9 will
finally allow us to apply Lemma 7.6 separately to each of them. This will be the

object of Subsect. 7.6 and 7.7.

7.6. Control of ¢.
We are concerned now with the regularity and the behaviour as z — 0% of the

functions belonging to D(Hi).
Clearly, from (2.11),

(7.44) D(HE) = C=(RE x S;)” e
1/2
where [[Allu, = (17172 g2 gy + IHE ATz gt 1))

We also recall, from HE ¢ (H¥)* and from (2.17), that

2 2 N
e C)at vt e D(HE).

7.45 HEFE = (
(749 g o Tl
The main result here is the following.

Proposition 7.8. Let a € [0,1). There ezists a constant K, > 0 such that for any
@ € D(HZ) one has

(7.46) H |m|729’5i ||L2(]R$><S1}J) + ”ag‘ziHm(fos;) < Ka ”% ~i||L2(]fos;) :

When o 1 1, then Ko, — 400. As a consequence, = satisfies the assumptions of
Lemma 7.6 and therefore, for almost every y € St,
(i) the function x — &% (z,y) belongs to C*(0,1),
(ii) @*(x,y) = o(|x[*/?) as x — 0F,
(iil) 0,3% (z,y) = o(|z|*/?) as z — 0*.

As we only need information on the limit separately from each side of the singu-
larity, it is enough to consider the ‘4’ case: the same conclusions will apply also to
the ‘-’ case. Thus, in the remaining part of this Subsection, we shall simply write
@ for pT € D(HL).

The proof of Proposition 7.8 relies on two technical estimates. The first is an
iterated version of the standard one-dimensional inequality by Hardy

(7.47) 7= hllzeerary < 2R 2@t ary  Yhe CEP(RT).
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Lemma 7.9 (Double-Hardy inequality). For any h € C°(RT) one has
(7.45) Ir=2hllzsces ary < 3 W lzagee an-
Corollary 7.10. Let a € [0,1) and let g € C°(RF % S2). Then
(7.49) 772 ot oy < 310280 agus sy
Proof of Lemma 7.9. As h € C°(RT), all the considered integrals are finite, be-

cause the integrand functions are supported away from zero, and moreover integra-
tion by parts produces no boundary terms. One has

Ir=2h|2, = /OHo OE g, _1/0%0 () Ry aG)ar

r4 3
+o0 N / o h(r) W (r
- %/0 Tis(h(r)h(r)) dr = %iﬁe/o %dr,

and in turn, by means of a weighted Cauchy-Schwarz inequality and Hardy’s in-
equality,

2 1) W (r) . o
| [TEE O ] < alenie + 3o
< Lallr2hl s + 20 W72
for some a > 0. Thus,

Ir=2hllZ: < galr=2hllL: + 37" [B7]Z:

whence
4
—27 12 "2
h < ————|h .
I 2he < oy I
Optimising over a € (0,3) yields a = 3, which corresponds to ||[r=2h||%, < 1&|n"||2..
This is precisely (7.48). O

The second estimate is meant to control the term J;Q"“Gg of H, and reads as
follows.

Lemma 7.11. Let a € [0,1). There exists a constant D, > 0 such that for any
? € D(HYE) one has

(7.50) ||$2aa§§5||L2(R;r xst) S Do |[H& ‘EHH(R;X%) :

Proof. Tt is enough to prove (7.50) for any @ € C®(R} x S}); then the general
inequality is merely obtained by closure, owing to (7.44). To this aim, let (Pk)kez :=
Ff g e H=(*Z,L*(R",dr)). One has

~112 ~
||m2a8§90||L2(R;xs;) = Z”x%k? ‘Pk||2L2(R+)
kez

> 2K R, Ao r (k)82 @t
kez\{0}

a 2 1A (s
< Y 10K R, |2 | AT ()@ 2 e
kez\{0}

where we used Plancherel’s formula in the first identity and Proposition 3.16 in the
second identity. Owing from Lemma 3.3(ii), [|2**k* Rg,, , |lop < Do uniformly in k
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for some D,, > 0. Based on this fact, and on Lemma 2.3 (formula (2.30)), one then
has

2 T~ T/~ 2
120580 o rt sy < D2 D_NALWIBkIT2ey = D 25 @r)nez s,
keZ
T 2
= D; HH;F ‘PHLZ(JRIxs;) J
which completes the proof. O
Based upon the above estimates, we can prove Proposition 7.8.

Proof of Proposition 7.8. Again, it suffices to establish (7.46) when ¢ € C°(R} x
S,), and then conclude by density from (7.44).
One has

Hag%&HL?(RZxS}/) < HHii‘EHLz(RxXS;) + H-TQaa;(zHLz(R; Xg;) + CaHm_Z@HLQ(RIXS}J)

— — 4C, _
S HHi SDHLz(ijs;) + DaHHi (‘DHLZ(RIXS;) + T”ai‘pHL?(RIxS;)

where the first inequality is a triangular inequality based on (7.45), whereas the
second inequality follows directly from Corollary 7.10 and Lemma 7.11.
Therefore,

~ 14+ D ~
2 o +
||5x<PHL2(R;rxs;) < 1— %C’a ||Ha ‘PHLz(R;xS;) :

As Co = Ja(2+ ), the constant K, := (1+Dq)(1—3Cs) ! is strictly positive for
any « of interest, namely, o € (0,1). Moreover, K, — 400 as « T 1 (indeed, tracing
back the constant D, through the proof of Lemma 3.3 where it was imported from
in Lemma 7.11, it is easy to see that D, does not diverge when a 1 1). The proof
is thus completed. O

7.7. Control of 9.
As a counterpart to Subsect. 7.6, let us now prove the needed short-scale be-
haviour of the function ¥ € L?(R x S!,dxdy) defined in (7.43).

Let us recall that 9* may well fail to belong to D(HZ) and therefore cannot be
controlled by means of Prop. 7.8: a separate analysis is needed, and we base it on
the explicit expression and homogeneity properties of 9.

Our main result here is the following.

Proposition 7.12. Let o € [0,1). For almost every y € St,
(i) the function x — 9 (x,5) belongs to C1(0,1),
(i) 9% (z,y) = o(|z|*>/?) as x — 07,
(iil) 0,9*(x,y) = o(|z|*/?) as x — 0F.

In preparation for the proof of this result, in terms of the functions

1 o o

hox := ./7w(1ia) |k| 20+ <<I>a,k — 4/ ﬂ(zl‘;gla) TT2 4/ 2(71‘41) $1+5>
_5 2k a

M = o W (Vo = e [Pk ey o] +%)

defined on RT for each k € Z \ {0}, one sees from (7.37)-(7.38) that
Be) = /T kT hg(faf) 0 < e <1,

9F (2) = &/ " (k720 hy(lz]) 0 < fx < 1.

(7.51)

(7.52)

Clearly the above identities are not valid when |z| > 1.
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Lemma 7.13. Let a € (0,1) and k € Z\ {0}. For x € R* one has

(7.53) hos(z) = wo(|klz't®), hag(z) = wi(|klz' )
with
(754) wo(q,‘) = 2(1era) (e_lir% —1+ lia)
and
1
o - xlta ra it
wy(x) = = 20+ efm/ dpp~“sinh (4 ) e T¥e
0

(7.55)

a +o0 aplta
+ X 2(1+a) Slnh (H»ia) / 1 dp p—Ot e_ I+a
x T+a

— 27T (14 a)” T D(i2) g7

Proof. Plugging the explicit expression (3.15) for @, ; into the first formula in
(7.51) one finds

k] 14a

o I1+a a
hox(@) = (k™) 78 (1™ -1 ey — g (JRja )

with wo defined by (7.54). Analogously, inserting the expression (3.35) for U, j
and the expression (3.18) for H(I)a,k||2Lz(R+) into the second formula in (7.51), one
obtains

Ito plta

N 4 \—g _lkelte x\klﬁ o ) -
hl’k(aj):(|k|1+am) e e ; dpp~*sinh (4 ) e” 1=

2P1+o¢

o o +oo
+ (|k|1+%x)_5sinh(‘kli: )/ L dpp e e

— 27 (14 0) T T (453) (KT e)

14+
w1(|k\m1+o‘)

with w; defined by (7.55). O

Lemma 7.14. Let o € [0,1) and k € Z\ {0}. The functions ho  and hyy defined
in (7.51) satisfy

(756) ||x72hj,k|’2LQ((o71)) < |k|1+%”$72hj71“i12(]1§+)
(7.57) [N S [

for j € {0,1}.

Proof. By means of the homogeneity properties (7.53) one finds

1
bl = [ s (ke P ar

s Ikl lia
prs [ et
0

N

“+oo
k| i / je2hy 0 ()] da
0
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and

Hh kHL2 (0,1)) / ’ wj ([klz'**)

— /O |(1+ )2k P2 w! (Jklz' ) + a1 + ) |kla ) (k|2 +) ’2 dx

2
dx

, s
— |l<;|1+%/0 ’(1—!—04)29520‘11) (z 1+°‘)+a(1+a)x_(1_°‘)w;-(xl+a)’2dx

1
LIRSS >
3
= |k|1+a/0 oz W)

which proves, respectively, (7.56) and (7.57). O

—+oo
do < ||t / WY () d,
0

Lemma 7.15. Let a € [0,1). The functions hg1 and hy1 defined in (7.51) satisfy

(758) ||$72hj71HiQ (®R+) < —+o0
(7.59) |hf 1HL2 @y < o0
for j €{0,1}.

Proof. As hg1 (resp., hi,1) only agrees with 193'71 (resp., 191"71) over the interval (0, 1),
apart from a a-dependent pre-factor, one cannot deduce (7.58)-(7.59) from (7.39),
because the considered norms are over the whole RT. However, the reasoning made
in the proof of Theorem 5.5, which led to (7.39), can be essentially repeated here.
Clearly, both hg1 and h;; are C*°(R™)-functions; therefore, the finiteness of the
norms in (7.58)-(7.59) is only to be checked as x | 0 and 2 — +oo. In fact, for

14+«

h(]’l = Iig(ei 1++“ — 1+ 1+a)

one can perform a straightforward computation and find
hoa(a) = a0 (14 0@"),

ho(e) "= Hoa' "1+ 0@ ™),
and

0 3, a
1)) L (2 - k) (14 0,

rT—+00 « o _ o
fa(@) TE G0 (14 0(1)) .

Such asymptotics imply (7.58)-(7.59) when j = 0, as @ € (0,1). Concerning

_ 2 2 2 1+
hl,l =\ 7+a Vo1 — T(+a)? ||<I)0471||L2(R+) Tz,

the square-integrability of x72h; 1 is controlled analogously to the proof of Theorem
5.5: the short-distance asymptotics (3.33) for ¥, 1 gives a convenient compensation
in hy; as & | 0, whereas at infinity the control can be simply made term by term,
as W, 1 € L2(R™). Thus, (7.58) is also proved for j = 1. Next, we consider

no "
1,1 — 7r(1+a) \IIOt 1 7r(1+a )? ||(I)

As V¥, = Rg, ,Pa1 and Rg,, , = (A;F’F(l))_ (see (3.32) and Prop. 3.16 above),
then

Uy = — (g + 2+ e )R, R+ (@ + )W,
= Py + (22 + 704(2;@1:*2)\1'&,1 ;

(x(2+a) _(1_7
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whence

_ 2 2 2a a(2+a) -2
hll/,l = T\ 7t (I)L(J”L\/ T(1+o) (I +t=5z )‘Pa,l

a(2+4+a —(1—&
_W”qh’lniz(w)%x (1-%)

- Tr(12+a) Q1o+ \/7r(1¢7+oz)$2(JK Vo + @ % h.

Each of the three summands in the r.h.s. above belongs to L?(R"): in particular,
the second does so because ¥, 1 € ran R, , C L*(RT, (z)**dx) (Corollary 3.5).
This proves (7.59) for j = 1. O

From (7.52), and from Lemmas 7.14 and 7.15, one immediately deduces:

Corollary 7.16. Let a € [0,1) and k € Z\ {0}. Then

—2q9+ [|2 + 22—
(7.60) [Es 190,kHL2(Ii) S leosl” k[T
| [ P AN T
0,k L2(1£) ~ 0,k
and
i S v L
(7.61) PR o~
| 1050 [arsy S lekal? il
k) 2=y = Gk
with IT™ = (0,1) and I~ = (—1,0), where the constants in the above inequalities

only depend on «.

In fact, (7.60)-(7.61) are trivially true also for k& = 0: recall indeed (see (7.35)
above) that ¥y = 0.

Proof of Proposition 7.12. It clearly suffices to discuss the proof for the ‘+’ com-
ponent 9+ = F5 ' (9] )rez. Recall also that ¥ = 0.
Now, owing to Corollary 7.16,

—9 2 + |2 =
[z war,k)kez"ez(z,m((o,n,dx)) S Z okl k] T
keZ\{0}

+ 2 + 122
K50 ezl o qomyany S D 6wl KITw
keZ\{0}

The series in the r.h.s. above are finite, because of the enhanced summability of the
co,’s due to the fact that the initially considered (gi)kez belongs to the domain of
a uniformly fibred extension (as observed already in Remark 7.4).

As a first consequence, (ﬁak)kez belongs to ¢*(Z, L*((0,1),dr)), and so too does

(97 ) kez by difference from (9] )rez: therefore, the inverse Fourier transform can
be separately applied to

0T = Fy (0 kez = F3 (0 ) kez + Fo (0 p)kez -

As a further consequence, the above estimates imply, by means of Plancherel’s
formula,

_ _ 2 2
[E 1(ﬂa:k)kez||L2((O,1)><S1,da:dy) = |l (ﬂ;k)kez||42(Z,L2((0,1),dw)) < Foo,

_ 2 2
10772 (95 kezll L2 oy xst azayy = 110208 1)kezll 2z p201).ay) < T00-
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Analogously, Corollary 7.16 also implies

— 2 + __2
Hm 2<ﬁik>kezHﬁ(Z,L%(O,l),dm)) N Z ‘Clyk|2 LIRSS
kez\{0}

+ 2 + 12—t
IO ezl ooy S D leial® KT
kezZ\{0}

and the series in the r.h.s. above are finite because of the general summability for
elements in D(J) established in Lemma 6.4, formula (6.15). Thus, for almost
every y € St,

—21—1/q+ 2
[Ea (ﬂl,k)kezHLZ’((O,l)XSl,dmdy) < Fo0
2 1 2
Harr? (ﬁik)kEZHLQ((O,l)xSl,dxdy) < Foo.
Summarising,
27207 L2((0,1) x5 dedy) + 10297F | L2((0,1) x5! dedy) < +00.

Therefore, ¥ satisfies the assumptions (a) and (b) of Lemma 7.6 (for obviously
|z~ GH9)9F (2, y)| < |z~ 297 (x,y)| when = € (0,1), since o € (0,1)). The thesis
then follows by applying Lemma 7.6. (]

7.8. Proof of the classification theorem.

Proof of Theorem 7.1. Let us qualify the domain D(F{lﬁfx‘l'f’}}) of the various
uniformly fibred extensions of H, = F5 Y, Fs.

The expression (7.5) for H provided in the statement of the theorem was already
found in (2.17).

Next, let us consider a generic ¢ = Fy '(gr)vez € D(Fy "HEFy), where
(gr)rez € D(A™F). Owing to the definitions (7.17)-(7.20) and to Corollary 7.3,

(7.62) $(z,y) = o(z,y) + 0z P@) + goly)le| 2 P(z)

where P is a smooth cut-off which is identically equal to one for || < 1 and zero
for |z| > 2, and go, g1 € L%(S') with further Sobolev regularity as specified therein.

Moreover, upon splitting ¢ = @ + ¢ as in (7.41), and using Prop. 7.8 for ¢ and
Prop. 7.12 for ¥, we deduce that for almost every y € St

e the function z — ¢*(z,y) belongs to C*(0,1),
o ¢*(z,y) = o(|z]*?) as x — 0%,
o o™ (z,y) = o(|z['/?) as = — 0%,

Plugging this information into (7.62) yields
lim |z|% ¢*(z,y) = g5 ()
z—0F

lim [2]~3) (6% (2, y) — g5 (W)|2|™2) = g5 (y) + lim |z~ 0TS pE(z,y)

z—0%t r—0*
= g1 (),
namely
(763) gdgo = ¢07 g1 = (72517

proving also that the limits (7.6), as well as the limits of the first line of (7.7),
do exist. Also, the Sobolev regularity stated for ¢y and ¢, follows directly from
Corollary 7.3.
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The second identity in (7.7) is obtained as follows. By means of (7.62) we
compute

1 1. — a 4
(14 0) ™ lim Jo] 00, (o] 6%(29) =
= (1 + )™ Tim (2|70, (2% ¢ (2, 9) + g7 (W) + 95 ()
+ —1 1. o 4
= g (W)= +a)7 lim (|2]2*(@,y)).
On the other hand,

. o 4 1 al.—(1—-2) * 1 + —
Jim (Jo2 9% (2,y) = Tim (§l270720% (@) + 2] 20007 (2,y)) = 0,
having used the properties p* (z,y) = o(|z|>/?) and ¢*(z,y) = o(|z|'/?) as z — 0*.
This yields the second identity in (7.7).

It remains to show that for each type of extension, the stated boundary condi-
tions of self-adjointness do hold for ¢y and ¢;. As, by (7.19)-(7.20) and by (7.63)

1 .
Paly) = —=— Y e*g,
i)
1 i
éﬁ(y) = E Z e kygit,k )

kEZ

the above series converging in L?(S!), and since for each uniformly fibred extension
A% the boundary conditions are expressed by the same linear combinations of the
goik’s and glik’s for each k, then now the boundary conditions of self-adjointness
in terms of g%)o and ¢; are immediately read out from those of the classification
Theorem 5.1 for bilateral-fibre extensions (see also Table 1) in terms of gofk and

gfk. O

8. PUTTING ALL TOGETHER

We can finally get back to the statements made in the introduction, Subsect. 1.2,
that are still to be proved.

Proof of Proposition 1.2. The thesis is actually immediate from the analogous state-
ment (7.5) in Theorem 7.1 for (HZ)*, by exploiting the unitary equivalence (2.10),
namely

HE = WU
(H)" = (Ug) '(H2) Us
where, as set in (2.2), ¢T = U f* = |2|~2 f*. Tacitly we used the well-known
fact, which is trivial for a finite sum and we also reviewed in Lemma 2.2 for an

infinite sum, that the adjoint of the direct sum of two operators is the direct sum
of the adjoint. O

Proof of Theorem 1.3. Also in this case, the proof is a matter of exporting the
classification of Theorem 7.1 for the uniformly fibred self-adjoint extensions of H,,
via unitary equivalence, to the corresponding extensions of

H, = U;'H, U,.
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We then define

Hop = U;'Har U,

H, = U HEL U

HY, = U HY U,

HL = UG HL Ua

HI — y-tHl g, .
By construction, the above operators are self-adjoint and extend H,. They are
restrictions of H} and as such, in view of Prop. 1.2, each element in their domain
satisfy the integrability and regularity condition (1.21).

A generic function f in the domain of one of the above extensions is by construc-
tion, owing to (2.2), of the form

f=lzl%¢
for some ¢ in the domain of the corresponding unitarily equivalent operator. This
and (7.6)-(7.7) then yield

¢5(y) = lim_f(z,y) = f(y)

z—0F
Or(y) = £ +a)7" lim |20, f(2,y) = fi ().

We thus see the limits (1.22)-(1.23) do exists, and are finite because both ¢y and
¢1 belong to L2(S!).

In fact, the additional Sobolev regularity of fy and f; is the same as for ¢y and
¢1, and it is immediately imported from Theorem 7.1.

The very same applies to the expression of the boundary conditions of self-
adjointness for each family of extensions: (7.8)-(7.12) immediately imply (1.24)-
(1.28). O
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