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Abstract: We show that Lie groups and their respective algebras, special functions and rigged
Hilbert spaces are complementary concepts that coexist together in a common framework and
that they are aspects of the same mathematical reality. Special functions serve as bases for infinite
dimensional Hilbert spaces supporting linear unitary irreducible representations of a given Lie group.
These representations are explicitly given by operators on the Hilbert space H and the generators of
the Lie algebra are represented by unbounded self-adjoint operators. The action of these operators
on elements of continuous bases is often considered. These continuous bases do not make sense
as vectors in the Hilbert space; instead, they are functionals on the dual space, ®*, of a rigged
Hilbert space, ® C H C ®*. In fact, rigged Hilbert spaces are the structures in which both, discrete
orthonormal and continuous bases may coexist. We define the space of test vectors @ and a topology
on it at our convenience, depending on the studied group. The generators of the Lie algebra can often
be continuous operators on ¢ with its own topology, so that they admit continuous extensions to the
dual ®* and, therefore, act on the elements of the continuous basis. We investigate this formalism for
various examples of interest in quantum mechanics. In particular, we consider SO(2) and functions
on the unit circle, SU(2) and associated Laguerre functions, Weyl-Heisenberg group and Hermite
functions, SO(3,2) and spherical harmonics, su(1,1) and Laguerre functions, su(2,2) and algebraic
Jacobi functions and, finally, su(1,1) @ su(1,1) and Zernike functions on a circle.

Keywords: rigged Hilbert spaces; discrete and continuous bases; special functions; Lie algebras;
representations of Lie groups; harmonic analysis

1. Introduction

Harmonic analysis has undergone strong development since the first work by Fourier [1].
The main idea of the Fourier method is to decompose functions in a superposition of other particular
functions, i.e., “special functions”. Since the original trigonometric functions used by Fourier many
special functions, such as the classical orthogonal polynomials [2], have been used generalizing the
original Fourier idea. In many cases, such special functions support representations of groups and in
this way group representation theory appears closely linked to harmonic analysis [3]. Another crucial
fact is that harmonic analysis is related to linear algebra and functional analysis, in the sense that
elements of vector spaces or Hilbert spaces are decomposed in terms of orthogonal bases or operators as
linear combinations of their eigenvalues (i.e., applying the spectral theorem, see Theorem 1 in Section 2).
On many occasions, continuous bases and discrete bases are involved in the same framework. Hence,
the arena where all these objects fit in a precise mathematical way is inside a rigged Hilbert space.
Hence, we have a set of mathematical objects: classical orthogonal polynomials, Lie algebras, Fourier
analysis, continuous and discrete bases, and rigged Hilbert spaces fully incorporated in a harmonic
frame that can bee used in quantum mechanics as well as in signal processing.
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In a series of previous articles, we gave some examples showing that Lie groups and algebras,
special functions, discrete and continuous bases and rigged Hilbert spaces (RHS) are particular aspects
of the same mathematical reality, for which a general theory is needed. As a first step in the construction
of this general theory, we want to present a compact review of the results which have thus far been
obtained by us and that can be useful in applications where harmonic analysis is involved.

Special functions play often the role of being part of orthonormal bases of Hilbert spaces serving
as support of representations of Lie groups of interest in Physics. As is well known, decompositions of
vectors of these spaces are given in terms of some sort of continuous basis, which are not normalisable
and, hence, outside the Hilbert space. The most popular formulation to allow the coexistence of these
continuous bases with the usual discrete bases is the RHS, where the elements of continuous bases
are well defined as functionals on a locally convex space densely defined as a subspace of the Hilbert
space supporting the representation of the Lie group. This notion of continuous basis has been recently
revised and generalised in [4].

Thus, we have the need for a framework that includes Lie algebras, discrete and continuous bases
and special functions, as building blocks of these discrete bases. In addition, it would be desirable to
have structures in which the generators of the Lie algebras be well defined continuous operators on.
The rigged Hilbert space comply with the requirements above mentioned.

All the cases presented here have applications not only in physics but in other sciences.
In particular, Hermite functions are related to signal analysis in the real line and also with the fractional
Fourier transform [5]. In [6], we introduced a new set of functions in terms of the Hermite functions that
give rise bases in L?(C) and in I?(Z) where C is the unit circle. Both bases are related by means of the
Fourier transform and the discrete Fourier transform. In [7], we presented a systematic study of these
functions as well as the corresponding rigged Hilbert space framework. Recently, spherical harmonics
are used in three-dimensional signal processing with applications in geodesy, astronomy, cosmology,
graph computation, vision computation, medical images, communications systems, etc. [8-10]. Zernike
polynomials are well known for their applications in optics [11-13]. Moreover, all of them can be
considered as examples of harmonic analysis where the connection between groups, special functions
and RHS fit together perfectly.

The paper is organized as follows. A brief description of RHS and their use in physics and in
engineering is given in Section 2. In Section 3, SO(2) is discussed in details, related to the exponential
¢i"?, where the technical aspects are reduced to the minimum. Section 4 considers how Associated
Laguerre Functions allow constructing two different RHS’s, one related to the integer spin and the
other to half-integer spin of SU(2). In Section 5, an analysis is performed of the basic case of the line,
where the fundamental ingredient of the RHS are the Fourier Transform, the Hermite Functions and
the Weyl-Heisenberg group. Section 6 is devoted to the RHS constructed on Spherical Harmonics in
relation with SO(3). In Section 7, Laguerre Functions are used to construct another RHS related to
SU(1,1). Jacobi Functions and the 15-dimensional algebra SU(2,2) are the foundation of a larger RHS,
which is studied in Section 8. The last example we discuss (Section 9) is the RHS constructed on the
Zernike Functions and the algebra su(1,1) @ su(1,1) (that should be used also in connection with the
Laguerre Functions). Few remarks close the paper in Section 10.

2. Rigged Hilbert Spaces

The less popular among our ingredients is the concept of rigged Hilbert spaces, so that a short
section devoted to this concept seems necessary. A rigged Hilbert space, also called Gelfand triplet,
is a tern of spaces [14]

dCHCDT, 1)

where: (i) H is an infinite dimensional separable Hilbert space; (ii) ® is a dense subspace of H endowed
with a locally convex topology stronger, i.e., it has more open sets, than the Hilbert space topology that
@ has inherited from #; and (iii) > is the space of all continuous antilinear functionals on ®. Thus,
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F € &~ is amapping F : & — C such that for any pair ¢, ¢ € ® and any pair of complex numbers
«, B € C, one has

F(ap + pg) = o F(p) + B°F(9), @

where the star denotes complex conjugation. The continuity is given with respect to the locally convex
topology on @ and the usual topology on the complex plane C. Instead, the notation in Equation (2),
we henceforth use the Dirac notation, which is quite familiar to physicists:

F(p) =: (9|F). 6)

In general, the topology on @ is given by a family of seminorms. In the examples we have studied
thus far, the topology on ® is given by a countable set of seminorms, {p, },c where by countable we
mean either finite or denumerable. As the topology on @ is stronger than the Hilbert space topology,
one of these seminorms could be chosen to be the Hilbert space norm.

Seminorms provide a nice criterion to determine whether a linear or antilinear functional over ®
is continuous. The linear or antilinear functional F : & —— C is continuous if and only if, there exist a
positive number K > 0 and finite number of seminorms, p1, p2, ..., pm, taken from those that define
the topology on ® such that for any ¢ € ®, we have [15]

[{@IF)| < K{p1(@) +pa(@) + -+ pm(p)}. (4)

A typical example of functional is the following one. Pick an arbitrary ¢ € ® and define F, as

Fo(y) = ($[Fp) := (¢le), ®)

which is obviously antilinear on ®. Then, use the Schwarz inequality in [(¥[Fy)| < |[¢|]][¢]],
take K = |||, p1(¢) := ||y||, for all ¢ € P and use Equation (4) so as to conclude the continuity
of F, on ®. However, not all elements of ®* lie in this category. A typical counterexample is the
Dirac delta.

Analogously, assume that ® and ¥ are two locally convex spaces with topologies given by the
respective families of seminorms {p; };cz and {g;};c 7. A linear or antilinear mapping F : ® — V¥ is
continuous if and only if for each seminorm g; on ¥ there exists a positive constant K > 0 and a finite
number of seminorms, p1, p2, . . ., Pm, from those defining the topology on @ such that

7i(F(@)) < K{p1(@) + p2(9) + -+ pm(@)}, Voe. (6)

Both the constant K and the seminorms p1, pa, . .., pm depend on ;s but not on ¢. We use these results
along the present article.

Less interesting is that the dual space ®* may be endowed with the weak topology induced by
®. As is well known, the seminorms for this weak topology are defined as follows: for each ¢ € ®,
we define the seminorm p, as py(F) = |(¢|F)|, forall F € ®*.

Since the topology on @ is stronger than the Hilbert space topology, the canonical injection
i:®— H,withi(¢) = ¢, forall ¢ € ®,is continuous. Furthermore, one may prove that the injection
i:H+—— ®* given by i(¢) := F, in Equation (5) is one-to-one and continuous with respect to the
Hilbert space topology on H and the weak topology on ®* [14].

RHS have been introduced in physics with the purpose of giving a rigorous mathematical
background to the celebrated Dirac formulation of quantum mechanics, which is widely used by
physicists. This mathematical formulation has been the objects of various publications [16-22].
In addition, rigged Hilbert spaces have been used in Physics or mathematics with various purposes
that include:

1. A proper mathematical meaning for the Gamow vectors, which are the non-normalizable vectors
giving the states of the exponentially decaying part of a quantum scattering resonance [23-26].
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2. Using Hardy functions on a half-plane [25-27], we may construct RHS that serve as a framework
for an extension of ordinary quantum mechanics that accounts for time asymmetric quantum
processes. An example of such processes is the quantum decay [28-33].

3. Providing an appropriate context for the spectral decompositions of Koopman and
Frobenius-Perron operators in classical chaotic systems in terms of the so called Pollicot-Ruelle
resonances, which are singularities of the power spectrum [34,35].

4. Some situations that arise in quantum statistical mechanics demand the use of generalized states
and some singular structures that require the use of rigged Liouville spaces [36-38].

5. Aproper definition of some of the structures that appear in the axiomatic theory of quantum fields,
such as Wightman functional, Borchers algebra, generalized states, etc., require of structures
such as the rigged Fock space [39-41]. Both rigged Liouville and Fock spaces are obvious
generalizations of RHS.

6.  White noise and other stochastic processes may also be formulated in the context of RHS [42,43]
as well as the study of certain solutions of partial differential equations [44].

7. Inthelast years, the RHS have appeared associated to time-frequency analysis and Gabor analysis
that have many applications in physics and engineering related to signal processing [45-52].
In particular, applications in electrical engineering have been introduced in [53-56].

8.  Finally, various problems in quantum mechanics require a mathematical description in terms of
RHS. Let us quote the following references [57-64], although we do not pretend to be exhaustive.

One of the most interesting properties of RHS is the possibility of extending to the duals certain
unbounded operators defined on domains including the space ®. Let us consider a linear operator
A:®+—— H and let A" its adjoint, which has the following properties:

1. Forany ¢ € ®, then, ATp € ®. One says that ® reduces A" or, equivalently, that A leaves ®
invariant, so that AT® C ®. Note that we do not assume that A® C @, in general.
2. The adjoint A is continuous on ®.

Then, the operator A may be extended to a continuous operator on *, endowed with the weak
topology. For any F € ®*, one defines AF by means of the following duality formula:

(p|AF) = (ATg|F), Voe®, VFed*. )

Moreover, the extension is continuous on ®* when this space has the weak topology.

In particular, if A is a symmetric operator, Equation (7) read as (¢|AF) = (Ag|F). If A were
self-adjoint, there is always a subspace ® with the following properties: (i) ® dense in H; (i) ® is a
subspace of the domain of A; and (iii) it is possible to endow ® with a locally convex topology, finer
than the Hilbert space topology, such that A be continuous on ®. As a consequence, there exists a RHS,
o C H C P such that the self-adjoint operator A may be extended to the dual ®* and, henceforth,
to a larger space than the original Hilbert space where A is densely defined.

These ideas drive us to the important result known as the Gelfand-Maurin theorem [14,65]
that gives a spectral decomposition a la Dirac of a self-adjoint operator with continuous spectrum.
We present it here in its simplest form in order not to enter in unnecessary complications and notations.

Theorem 1. (Gelfand—Maurin) Let A be a self-adjoint operator on a infinite dimensional separable Hilbert
space H, with simple absolutely continuous spectrum o(A) = RT = [0, 00). Then, there exists a rigged Hilbert
space ® C ‘H C ®*, such that:

1. AP C ®and A is continuous on . Therefore, it may be continuously extended to ®*.
2. For almost all w € R, with respect to the Lebesgue measure, there exists a |w) € ®* with
Alw) = w|w).
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3. (Spectral decomposition) For any pair of vectors ¢, € ®, and any measurable function f : RT — C,
we have that

(@IF(A)Y) = [ (@) (glw)(wly) de ®
with (w|§) = (9lw)*.

4. The above spectral decomposition is implemented by a unitary operator U : H +— L?(RY),
with Uy = (w|p) = P(w) and [UAU Pp(w) = wp(w) = w{w|p) for any € @ . This means
that UAU ™! is the multiplication operator on U®.

5. For any pre-existent RHS ® C H C ®*, such that A® C & with continuity and A is an operator
satisfying our hypothesis, then items 2—4 hold.

This result has some interest in our forthcoming discussion.

Two rigged Hilbert spaces ® C H C ®* and ¥ C G C ¥* are unitarily equivalent if there exists a
unitary operator U : H —— G such that: (i) U is a one-to-one mapping from ® onto ¥; (ii) U : & —— ¥'is
continuous; and (iii) its inverse U~! : ¥ — @ is also continuous. Then, by using the duality formula

(g|F) = (U|UF), Voed, VFed*, )

we extend U to a one-to-one mapping from ®* onto ¥, which is continuous with the weak topologies
on both duals and which has an inverse with the same properties. Resumming, we have the
following diagram

® ¢ H c o

ulj uj uj
Y ¢ G C ¥*

3. SO(2): The Basic Example

To begin with, let us briefly summarize the simplest case that contains some general ingredients
to be used in other situations [66].

Consider the unit circle in the plane, defined by C := {(x,y) € R? ; x> +y> = 1}. As is well
known, its group of invariance is SO(2).

The Hilbert space on the unit circle is the space of measurable functions f(¢) : C — R, which are
square integrable. We denote this space as L2[0,277) = L2(C). The set of functions

fm(¢p) == 1 e img Vm e Z (10)
m \/2—7_[ ’ ’

where Z is the set of integer numbers, is an orthonormal basis in L?[0,277). Then, each f(¢) € L?(C)
admits a span of the form,

f@) =Y anfu(¢), ameC (11)

mez

Y Jawl? = ||F(@)|

nez

with
(12)

where C is the field of the complex numbers and || f(¢)|| is the norm of the function f(¢) on L?[0,277).

3.1. Rigged Hilbert Spaces Associated to L%(C)

To construct a RHS, let us consider the space ¥ of the functions f(¢) € L?[0,27) having
the property,

@R = X lanfm+ i <00, p=012.... .
mez
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The countably family of norms || — | |p generates a metrizable topology on ¥. The fact that this

family includes p = 0 shows that the canonical injection ¥ —— L?(C) is continuous. Let ¥* be the
dual of ¥ (continuous antilinear functionals on ¥) with the weak topology induced by the dual pair
{¥,¥*}. Then, ¥ C L2(C) C ¥* isa RHS.

Along this particular and concrete RHS, we consider another one, unitarily equivalent to this
and constructed as follows. Let us take an abstract infinite dimensional separable Hilbert space H.
We know that there is a unitary mapping UH = L?(C), in fact continuous. The sequence of vectors
{|m) } ez, with U|m) = f,u(¢), forms a orthonormal basis on H. Then, following the comment at the
end of Section 2, we may construct a RHS, ® C H C ®* unitarily equivalent to ¥ C L?(C) C ¥*,
just by defining ® := U~ ¥ and extending U~ as a continuous mapping from ¥* onto ®*, using the
duality formula in Equation (9). More explicitly,

Y c L*C) c ¥~
uty ulty utly
d C H C P*

The mapping U~! also transport topologies, so that if | f) € ® with

[e9)

) =2 amlm) ="}, aw|m), (14)

mez m=—oo

then the topology on @ is given by the set of norms || |f)]| ‘; = Yonez |am|? (m +i)%P.

One of the most important features of RHS is the possibility of using continuous and discrete
bases within the same space. For any ¢ € [0,27), we define the ket |¢) as a linear mapping from &
into C, such that for any |f) € ®, with |f) = Y_,,cz am |m), we have

Y @ = ()=
Va Van

Note that (f|¢) is nothing but the evaluation functional f — f(¢), whenever the Fourier series
converges pointwise to f(¢).

To prove that |¢) is continuous as an antilinear functional on @, we use the Cauchy-Schwarz
inequality as follows:

(flg) == e (15)

| _L 2 el lmtd]
(Flg) < rm_Z_oo"”' m_Z_w ]

< 3 2 2 _
- F\/w|m+z|2 i ol i =K

where the meaning of the constant K is obvious. Then, continuity follows from Equation (4) and,
hence, |¢p) € ®*. Then, let us write (¢|f) := (f|$)*. It becomes obvious that (¢| is a continuous linear
functional on ®. Note that

(16)

[e) o]

ulfy =Y, anllm)= Y auful(¢ Z am

m=—oo m=—o00 m=—00

e M = (g|f) = f(9). (17)

Let us consider two arbitrary vectors |f), |g) € ® and their corresponding images in ¥ by U:
f(p)=U|f), g(¢) = U |g), respectively. Since U is unitary, it preserves scalar products, so that

27 27
@l =[5 @) Fprdg = [~ (sle)iol) do. (18)
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Omitting the arbitrary |f), |g) € ®, obtains a relation of the type

27
1= [ lg)elds, (19)

which is a resolution of the identity. Then, observe that

27 27
=110 = [0 olnde= [ £(9)1g)dp. 0)

Now, let us compare Equation (14) with Equation (20). While Equation (14) is a span of any vector
|f) € @ in terms of a discrete basis, Equation (20) is a span of the same vector in terms of a continuous
basis. Both bases belong to the dual space ®*, although the discrete basis is in both ® and ®* and the
continuous basis only in ®*. The identity I is obviously the canonical injection from @ into ®*. It is
interesting that it may be inserted in the formal product (¢|f), which is

27

£9) = (9l = [ (@l (9'1f) e, el

0

so that
(plp') =d(p—¢"). (22)

Discrete and continuous bases have clear analogies. Since the basis {|m)} is an orthonormal basis
in H, it satisfies the following completeness relation:

Yo lm)(m| =1, (23)
m=—oo
where [ is the identity operator on both H and ®, so that it is somehow different to the identity I in
Equation (19). The vectors |m) are in ®, so that they admit an expansion in terms of the continuous
basis as in Equation (20):

27 1 27 —im
m) =Ty = [ lohiphm) dp = —— [ e g) dp. 9

We have two identities I in Equation (19) and I in Equation (23) and both are quite different. First,
the definitions of both identities are dissimilar. Furthermore, I cannot be extended to an identity on
®*, since operations such as (¢|F) for any F € ®* cannot be defined in general. As happens with the
product of distributions, only some of these brackets are allowed. For example, if |F) = |¢'), for ¢’
fixed in [0, 277). Then, clearly,

27 27
1) = [ 0) ol dp = [~ Ig) ol — ¢y dp = Ig'). 5)

On the other hand, I in Equation (23) can indeed be extended to the whole ®*. Let us write formally
forany g € ® and any F € ®*,

o)

(8IF) =} (glm)(m|F). (26)

m=—oo

First, observe that both (g|m) and (m|F) are well defined. The question is to know whether the sum
in the right-hand side of Equation (26) converges. To show that this is indeed the case, we need the
following result:

Lemma 1. Forany F € ®*, there exists a constant C > 0 and a natural p, such that |(m|F)| < C|m +i|P.

Proof. It is just a mimic of the proof of Theorem V.14 in [15], page 143. O
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After Lemma 1, we may show the absolute convergence of the series in Equation (26). For that,
recall that ¢ = Y ;0 (m|g) |m) and that g € ®. Then,

oo oo ‘ ’

Y [glm]-[mlE)] < C ) [glm)]-|m+il" = Z ’p

m—=—0oo m=—00 m=—0o0

_ . ’ - ; (27)
Y. [(glm)] '|m+i|pXJ D ﬂ:KHgHzpf

i

IN

m=—o0 m=—oo |M l’

where K = C times the second square root in Equation (27), which obviously converges. This shows

the absolute convergence of Equation (26). In consequence, the formal procedure of inserting the

identity in Equation (23) to (g|f) as in Equation (26) is rigorously correct. Thus, we see that there exists

a substantial difference between the identities in Equations (19) and (23). In addition, Equation (23)
gives a span of |¢) in terms of the discrete basis {|m)} as follows:
oo [e¢]

o) =1¢)= Y Im)(mlgp)=—= 3 " |m). (28)

m=-—00 7T m=—o0

Compare Equation (28) with the converse relation given by Equation (24). It is easy to prove that the
series in the right-hand side of Equation (28) converges in the weak topology on ®*.

3.2. About Representations of SO(2)
We define the regular representation of SO(2), R(#), on L?[0,27) as

[R(6) fl(¢) := f(¢p—6), mod2m, VY feL?0,27), V€ [0,27). (29)

This induces an equivalent representation, R(6), supported on H by means of the unitary mapping
U as
R(#) := U 'R(O)U. (30)

These representations preserve the RHS structure due to the following result:

Lemma 2. Forany 6 € [0,27), R(0) is a bicontinuous bijection on ®.

[eo)

Proof. Let |f) € ®with f = Y a, |m). Then,
m=—oo
[e9) (e ) [e0) 1 i
Y amlm) = u-! Y. anUR(H) u‘tum =ut Y anR(0) ——=e "
m=—o0 m=—oo m=—oo 2
31)
— Z am ﬂm (p—0) Z am ezm6 |m
m=—oo m=—oo

Hence, R(8)® C ®. Since R~!(9) = R(—0), we have that R(—6)® C ®, so that ® C R(8)® and,
consequently, R(6)® = .

The continuity of R(6) on @ is trivial for any € € [0,27) and, thus, its inverse is
also continuous. [

This result has some immediate consequences, such as: (i) R(6) can be extended to a continuous
bijection on ®*, as a consequence of the duality formula in Equation (9); and (ii) R () is a bicontinuous
bijection on ¥ and also on ¥ *. A simple consequence of (i) is the following: since f(¢) = (¢|f) for all
f(¢) € ¥, we have that

(R(0)¢1f) = [R(=0) fI(¢) = f(¢ +0) = (¢ +6|f), (32)
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so that for any arbitrarily fixed 6 € [0,27),
(R(0)p| = (9[R(6) = (p+6] <= R(O)|p)=1[0+¢), mod2rm. (33)

In addition to the regular representation, there exists one unitary irreducible representation,
UIR in the sequel, on L2[0,27) for each value of m € Z given by Uy (¢) := e 9. This induces a
UIR on H given by U, (8) = U~ U(¢p) U = e~/?, where ] is the self-adjoint generator of all these
representations. We know that for all m € Z, we have that

Jim) = m{m). (34)
Obviously, | cannot be extended to a bounded operator on H.

Proposition 1. The self-adjoint operator | is a well defined continuous linear operator on ®.

Proof. We define the action of J onany |f) = Y a,|m) € ®as
m=—oo
JIfy =Y. amwm|m). (35)
m=—o0
Then, for p =0,1,2,..., we have that
|]]|f)||;: Y. |am|2m2|m+i|ng y |am|2,‘m—|—i|2p+2:||’f>||i+1/ (36)
m=—oco m=—oo

which shows that, for any |f) € ®, J|f) is a well defined vector on ®. This also shows the inequality
valid forany p =0,1,2,... and all |f) € ®,

O, < A o (37)

which proves the continuity of | on &, after Equation (6). O

All these properties show that | may be extended to a weakly continuous linear operator on ®*.
To determine its action on the functionals |¢), let us consider the following derivation valid for all

flg) € ¥:
@) =i Y e Y o (38)
i—— =i Ay € = Ay me .
d(P d(P m=—o0 " m=—oo "
It is a very simple exercise to show that this derivation is a well defined continuous linear operator on
Y. Then, we define Dy as
d
Dy :=U""i—U. 39
iDy i p (39)
The operator iDy is continuous and linear on ®. Moreover, it is symmetric on ®, so that it may be
extended to a weakly continuous linear operator on ®*. In addition:

o)

Jigy="Y_ e ™ Jim)= Y e ™ mlm)=iDyl|¢). (40)

m=—0oo m=—0o0

This derivation is somehow unnecessary as we know from Equations (35), (38) and (40) that | = iDy.
Here, we close the discussion on SO(2).
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4. SU(2) and Associated Laguerre Functions

In the previous section, we study the relations between the Lie group SO(2) and the special
functions fy, (¢) = % e~m?, for m € Z. We construct a couple of RHS’s, one based on the use of these
functions, and the other an abstract RHS unitarily equivalent to the former. In the sequel, we extend a
similar formalism using instead the group SU(2) and the associated Laguerre functions [67,68].

The associate Laguerre functions [69-71], L,(f‘) (x) are functions depending for n = 0,1,2,...
on the non-negative real variable x € [0,00) and a fixed complex parameter «, which satisfy the

following differential equation:

d? d (a)
x@—l—(l—i-zx—x)——i-n Ly’ (x)=0, n=20,1,2,.... (41)

dx
Note that, for « = 0, we obtain the Laguerre polynomials. In this presentation and for reasons to
be clarified below, we are interested in those associated Laguerre functions such that « is an integer
number, x € Z.

4.1. Associated Laguerre Functions

It is also useful to introduce a set of alternative variables, such as j :=n+a/2and m := —a/2
with |m| < jand j —m € N, N being the set of non-negative integers. Observe that j is either a positive
integer or a positive semi-integer, i.e., n € N, « € Z and « > —n. Then, we define the following
sequence of functions:

E;”(x) = 8 i— Z;: x Mo x/2 L](.;znm) (x). (42)

These functions are symmetric with respect to the exchange m <+ —m. In addition, they satisfy the
following orthonormality and completeness relations:

/0 L1(x) L3 (x) dx = 5y, ; | L£1(x) L) = 6(x — 2). 43)
j=|m
It is also well known that, for a fixed value of m, the functions {ﬁ;" (x) ;'ilml form an orthonormal

basis for L>(R*), RT := [0, ).
We may rewrite the differential Equation (41) in terms of the functions [,;-" (x) as

1 X 1
XDi+Dy— o M= T 4]+ 5| L](x) =0, (44)

where
d
XL (x) :=xL"(x), DxLj(x):= I Li(x), JL (x) =7 L (x), ML (x):=mL(x). (45)
The operators in Equation (45) can be extended by linearity and closedness to domains dense

in L2(R™).
Next, we formally define the following linear operators:

Ki = F2D;(M*})+% (M£}) - (+1) (46)
Kz = M,
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which give the following relations:

K L9'(x) = /(Fm)(Em+1) L (x)
(47)
K3£]'»”(x) = mﬁj’."(x).

On the subspace spanned by linear combinations of the functions EJ’." (x), we get from Equation (47)
the following commutation relations:

[K+IK*} - 2K3 ’ [K3l K:t] - :l:K:t ’ (48)

which are the commutation relations for the generators of the Lie algebra su(2). For each fixed value
of j integer or half-integer and —j < m < j, the space of the linear combinations of the functions £;” (x)
support a 2j + 1 dimensional representation of SU(2).

4.2. Associated Laguerre Functions on the Plane

In RHS’s, the number of variables is equal to the number of parameters because of the properties
of ® and ®*. In Section 3.1, we discuss a RHS based on one parameter m and one continuous variable
x. An alternative is to introduce a new continuous variable ¢ and construct a RHS with two parameters
j and m and two variables, the old one x and this new one ¢. This point will be discussed in general in
Section 10.

Then, we introduce an angular variable ¢ € [—7, 7] and the new functions:

Z]”’(r,<p) = e E}"(ﬂ) . (49)

These functions satisfy the property Z/"(r, ¢ + 27) = (-1)%z 7'(r,¢). After Equation (44) and the
change of variable x — 72, we obtain the following differential equation for Z1(r, ¢):

2 1d 4m> o1 "

It is not difficult to obtain the orthonormality and completeness relations for the functions
Z]?” (r,¢), which are

1o ,
— [ o [rar(Zr .o 2 0.0) = b G

Y2/ ) 2, ¢) = Zo(r—1)8(p— ).

jom

(51)

This shows that the set of functions {Z].’” (r,¢)} forms a basis of L2(R?,du) with du(r, ¢) := rdrd¢/m.
Observe the similitude with the set of spherical harmonics {Y]-’”(G,(p)}, which forms a basis of the
Hilbert space L?(S?,dQ)).

Let H be an abstract infinite dimensional separable Hilbert space and U a unitary mapping from
L%(R?) onto H, U : L?(R?) — H. An orthonormal basis {|j, m)} in H is given by |j, m) := UZ}"(;’,(])),
so that {|j, m)} satisfy the conditions of orthonormality and completeness:

o ]
Gl ) = Sy b, Y0 3 L) G = T, )
Jmin M=-—]

where j,;, = 0 for integer spins and j,,,;;, = 1/2 for half-integer spins.
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After the two last equations in Equation (45), we define

J=uju-t, M=umu, (53)
so that
Jismy = jljsmy, — Mlj,m) = mij,m), (54)
where j is a non-negative integer or half-integerand m = —j, —j+1,...,j—1,].

Let us proceed with the definitions of some new objects. First, the operators J+ and J3 on
L%(R?) are
J&=e"Ke,  J3:=Ks. (55)

The operators defined in Equation (55) act on the functions Z ]-"‘(r, ¢) exactly as K+ and K3 on [I]'-”(x),
expressions given in Equation (47). In addition, we define the corresponding operators on H as

Je=UJLU?, J=URU?, (56)

so that

Toljom) = /G Fm)(i£m+1) |im+1),
(57)

Ja lj,m) = m|j,m).

4.3. Rigged Hilbert Spaces Associated to L?(R?)

On H, we have already defined a pair of discrete bases {|j, m) }, one for integer values of j and
the other for half-integer values of j. To define continuous bases, we have to construct a suitable pair
of RHS's. Let us consider the space of all |f) € H,

[ ] 00 ]
=Y Y aulim)  with Y Y Jajul* <o, (58)

Jmin M=—] Jmin M=—j

where we have taken one of the choices for j, either integer or half-integer, such that they satisfy the
following property:

2
AR =3 5 Jayal (2" +ml+1)1) " <00, p=012..., (59)

]mm m_7]

where, again, we may use either the basis with j integer or with j half-integer. We call ®; and
@g the resulting spaces, where the indices I and H mean “integer” and “half-integer”, respectively.
These spaces are rather small. Nevertheless, they are still dense in ‘H, since they contain the orthonormal
basis {|j, m) }. We need this kind of topology in order to guarantee the continuity of the elements of the
continuous basis, as we shall see. Norms | | — | |p endow both ®; and &y of a structure of metrizable
locally convex space and give a pair of unitarily equivalent RHS's

O CHCPS, Oy CHC Py (60)

On these structures, it makes sense the existence of continuous bases, {|r, 47) }, as we can show
right away. For each pair of values of r and ¢, we define the following anti-linear mapping |, ¢) as
follows. Let f(r,¢) := U~V |f), |f) € H so that

[e9)

=) Z ajm Zi" (1, ¢) . (61)

Jmin M=—]
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Then, define '
00 ]
() =Y ¥ @2l 0o 62)

jmin m=-—j

Note that, for |f) = |j, m), we have that
Gomlr, @) = [Z]"(r, @) or (r,¢lj,m) = (jm|r,¢)" = Z["(r, ). (63)

As in the previous cases, we may define ¥ jy := u-le 1H, S0 as to define two new RHS’s, which
are unitarily equivalent to Equation (60). These are

Yiu CL*(R?) C¥ry. (64)

Then, f(r, ¢) as in Equation (61) is in ¥} or in Y, if and only if the coefficients a; ,, satisfy the relations
in Equation (59). The kets |r, ¢), which are obviously linear on ®; and @, are also continuous under
the topologies induced by the norms || — ||,. This is a consequence of the next two results.

Lemma 3. The functions Zj’”(r, ¢) have the following upper bound:

|Z}n(1’,¢)| < 23\m| (]')2[(]+ |m‘)!]1/2 (65)

I CIRES

Proof. To begin with, look at Equations (42) and (49). Then, we use the following inequality, which has
been given in [72]:

(66)

|ka£loc)(x)e—x/2| < Zmin(zx,k) Zk(n—l— 1)(k) ( n +max(0c — k,O) ) .
o n

Here, k and n are natural numbers, &« > 0, x > 0and (n4+1)%) := (n+1)(n +2)... (n + k) is the
Pochhammer symbol.

We have to consider the cases m < 0 and m > 0, as well as the condition « > 0, which is necessary
for the validity of inequality in Equation (4). These two conditions are really only one since m = —a /2
and the functions L7 (x) satisfy the following symmetry relation:

L) = (~1)¥ £;"(x). (67)

For this reason, we discuss m < 0. Here, we write —m with m € N instead. Take Equation (42), where
we replace m by —m and use Equation (66). First, we have

kL (x)e /2| §z3m(j—m+1)<m>< L ) . (68)

j—m
Then, complete E;m (x) so as to obtain

Cm m G2+ m)11/2
|£j ()] <2° (in)![([](']— m)?}i/z : (69)

This result, along (67) and (49) gives (65). O

Theorem 2. Each of the kets |r, ¢) is a continuous anti-linear functional in both ®; and ®y.
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Proof. It is a consequence of the previous lemma. From Equations (62) and (65), we have the following
inequalities, the first one in the second row being the Cauchy-Schwarz inequality,

)] = 5 L ol 12700)] < 52 3 lagol 2t CEGE DY 2
Join == o m[1((j — |m]))572

(70)

SJi Y laul2297 ()2 + b JZ L Tl 1 DE

jmin m:7j Imin m?,]

The second row in Equation (70) is the product of two terms. The second one is the root of a convergent
series. Let us denote this term by C > 0. The expression under the square root in the first factor is
bounded by

55 Jagal? (2l 08)' = 11111, &
]mmm*]
so that
[(flr @) < C[1H]], (72)

which, along the linearity of |r, ¢) on ®; g, proves our assertion. [

Formal relations between discrete {|j, m)} and continuous bases {|r, ¢)} are easy to find. Let
us go back to Equation (62). Due to the unitary relation between L?(R*) and H, we conclude

that a7, = (f[j,m), so that (f|r,¢) Z 2 (flj,m) Z{"(r, ) and, hence, omitting the arbitrary

j=0m=—j
|f) € ®; 4, we have that
" ¢) = ZZZ’”NPU, ) - (73)
Jmin M=—]

The inverse relation may be easily found taking into account the unitary mapping between
L?*(RT) and H, again. In fact, being given |f), |g) € ®; g, their scalar product gives:

27 00
(flg) = [ d [ rar i) elg). 74)
Then, if we choose |g) = |j,m) and omit the arbitrary |f) € ®;p, we have the converse relation
to Equation (73) as
) 27 o . 27 "00
om) = [ dg [ rarir, ) pliom) = [ dp [“rar2,9) ). 75)

Although this is implicit in the above expressions, it could be interesting to write the explicit
spans of any |f) € ®; g in terms of the discrete and continuous basis. These are

-y Z jomlf) lj,m), (76)

]Wl”’l m= ]

and

f) = /02” | rar o)1) 77)
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The continuity of the linear operators T, M, Ti and 73 is rather obvious. For instance, for any
‘f> € q)I,H/ we define

N o
=YY ajmjljim), (78)

jmin m:_j

so that, forany p =0,1,2, ...

TAIE = 3 Yl P PG+ ] + 1P

]mm m=— ] (79)
< 2 Z ‘a]m’2 (23|m‘<]+’m|+1)) = |Hf Hp+1
Jmin M==]

This relation proves both that J | f) is in either ®; ;; and the continuity of ] in both spaces. Similar results
can be obtained for the other operators: M, J+and 5.

In fact, the topology in Equation (59) is too strong, if we only wanted to provide RHS’s for which
the above operators be continuous. Take for instance the spaces of all |f) € H such that

Z Z |aj | G+ |m| +1)% p=0,12.... (80)

]mm m=— ]

One of these spaces, &j, holds for j integer and the other, &y, holds for j half-integer. The above
operators reduce both spaces Zj i and are continuous on them. The proof is essentially identical as in
the previous case. Thus, we have two sequences of rigged Hilbert spaces one for j integer, labeled by I,
and the other for j half-integer, labeled by H, where all the inclusions are continuous:

CD[,H C E[{H CHC EI%H C @;fH . (81)

This type of sequences including several RHS's are nothing else than a particular case of partial inner
product spaces, which have been introduced by Antoine and Grossmann [73,74] (cf. [75,76]).

While the operators J, M, T+ and J3 are continuous on & 15 and Ej , we have introduce the
topology in Equation (59) just to make sure of the continuity of the functionals {|r,¢)}. All these
operators can be continuously extended to the duals. Note that J, M and J; are symmetric, although
J+ are formal adjoint of each other.

5. Weyl-Heisenberg Group and Hermite Functions

Possibly, the better studied and the most widely used of the special functions are the Hermite
functions. When properly normalized, the Hermite functions form an orthonormal discrete basis for

L?(R) and have the form
€7x2/2
¥n(x) := ——=——==Ha(x), (82)
2nnl\/1

where H, (x) are the Hermite polynomials [69-71].

5.1. Continuous and Discrete Bases and RHS

In quantum mechanics for one-dimensional systems [77], one often uses a pair of continuous bases:
the continuous bases in the coordinate and momentum representation, denoted as {|x)} and {|p)}
respectively, with x, p € R. Kets |x) and |p) are eigenkets of the position operator Q and momentum
operator P, respectively: Q|x) = x|x) and P|p) = p|p). To define these objects and the continuous
bases they produce, we need a RHS [16]. Then, the ingredients in our construction are the following:
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e  The Schwartz space S of all complex indefinitely differentiable functions of the real variable x € R,
such as they and all their derivatives at all orders go to zero at the infinity faster than the inverse of
any polynomial. The Schwartz space S is endowed with a metrizable locally convex topology [15].
It is well known that S is the first element of a RHS S C L2(R) C S*. Note that the Fourier
transform leaves this triplet invariant.

e An abstract infinite dimensional separable Hilbert space H along a fixed, although arbitrary,
unitary operator U : H — L?(R). If ® := U~1S and we transport the locally convex topology
from S to ® by U~!, we have asecond RHS ® C H C ®*, unitarily equivalentto S C L?(R) C S*.

e Forany |f) € ®and any xp € R, we define (f|xo) := f(x0), where f(x) := U|f), so that f(x) € S.
Analogously, for any pg € R, we define

(flpo) = [ e ifiaydx = [~ e fay s, )

Vectors |x), |p) € ®* forany x,p € R[78].

e Define Qf(x) := xf(x) and Pf(x) := —if'(x), forall f(x) € S, where the prime means derivative.
Let Q := U 'QU and P := U~'PU. Then, for given xg € R, (Qf|x) = xof(xp), so that
(f1Qlx0) = xof (x0) = x0(f|x0), which implies that Q|xo) = x¢|xo). We use the same notation for
Q and its extension to ®*. Analogously, P|pg) = po|po), for any py € ®*.

e  Since U is unitary, it preserves scalar products, so that, for arbitrary |g), |f) € ®, we have

@) = [ g @fmdx = [ (gl (xlf) dx, (54

which defines the following identity:
1::/ 1) (x| dx, (85)

that is the canonical injection I : ® ~—— & with I|f) € ®* for any [f) € &.
Another representation of this identity is

1= [ Ip)pldp. (56)

This means that, for any |f) € ®, I|f) € ®* can be written as

1h = [ W= [ fwxdr, )
and
I|f>=LZIP><P|f>dP=[Zf(P)|P>dp, with f(P):\/lz—n j:of’"’xf(x)dx- (88)

e The conclusion of the above paragraph is that both sets of vectors {|x)} and {|p)} form a
continuous basis for the vectors in ®. In addition, we have a discrete basis on H defined as

n):=u(p,(x)), n=012..., (89)

which has the properties,
T=3 Im){nl,  (nlm)=éum, (90)
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where [ is the identity operator on H. For any |f) = Y.)°_ ax|n) € ®, we have that

— (i) = [ ) Fr@dx= [ a0 (flndx, o1

so that -
|n>::l/' Pu(x) [x)dx, n=0,12,..., 92)

identity that makes sense in ®*. Considering Equations (85) and (91), and that (n|x) = ¢,(x),
we may invert Equation (92). Take an arbitrary |f) € &:

W) = Lol =1 | [~ ) <f|x'>dx’} ()

H;O o n=0 . (93)
= Z { / (f |x |n> dx } Z
so that, if we omit the arbitrary bra (f|, we conclude that
) = X yulx) n), (94)
n=0

identity that makes sense in ®*. Another property can be easily shown from Equation (69) and

f(x) = (xlf) € @
) = WIH = [ F 0 dx = () = 6(x - ). (95)

e  Analogously, in the momentum representation, we have that

ny = 0" [ ) I, 96)

Py =Y (=)"pu(p) ), (97)

and (p|p") = é(p —p').
5.2. The Weyl-Heisenberg Lie Algebra

Let us consider the following operators, defined by their action on the normalized Hermite
functions [79]:

Q) = xpu(x), Ppu(x) := 2 ) = (), () = ) 99)

forn =0, 1, 2, .... These operators can be uniquely extended to S, and these extensions are essentially
self-adjoint and continuous on S with its own topology, so that they are extensible to weakly continuous
operators on S*. The properties of these operators are very well known. Let us name

Q:=uQu’', P:=UPU', N:=UNU', I:=ulult, (99)
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which have the same properties on ®. As usual,

N P t._ L ,
a.—ﬁ(Q iP), a’: \/§(Q+1P)' (100)
so that,
alny=vnln—1), a|n)=vn+1|n+1). (101)

Obviously, a and a' are continuous on @ and extended with continuity to ®*. The extensions are
defined using the duality formula in Equation (7). As a system of generators of the Weyl-Heisenberg
Lie algebra, we may use either {Q, P, N, I} or {a,a®, N,T}. Note that

N=Y(ad)-1= %(Q2 LR, (102)

N =

where the brackets mean anti-commutator. On @, the Casimir operator vanishes:
1, 5 5 1
C:ZE(Q +DP°) — N+§]I =0. (103)

In addition, the universal enveloping algebra of the Weyl-Heisenberg group is irreducible on the
RHS® C H C ®*.

6. The Group SO(3,2) and the Spherical Harmonics

Let us consider the hollow unit sphere S? in R3. Any point in S? is characterized by two angular
variables 6 and ¢, with0 < § < mand 0 < ¢ < 27. Let us consider the Hilbert space, LZ(SZ,dQ),
with dQ) := d(cos 6) d¢, of Lebesgue measurable complex functions, f (6, ¢), such that

27 T
/O d¢/0 d(cos6) |£(8,§)|> < co. (104)

An orthonormal basis for L?(S?,dQ) is given by I+ 1/2Y/"(6,¢), where Y"(6, ) are the
spherical harmonics [69-71]

(I —m)!

i+ m) eme P"(cos @), (105)

Y6, ¢) =

where | € N, the set of natural numbers, m € Z the set of integers, with |m| < [ and b" are the
associated Legendre functions. This means, in particular, that for any f(6,$) € L?(S2,dQ)

) 1 ) 1
fO.0) =YY finVI+1/2Y"0,¢), with Y Y |fiul* <oo, (106)
1=0m=-1 I=0m=-1
and
27T 7T
fim = W+1/2/0 dcp/o d(cos) Y (6,4)" £(6,9). (107)

From the fact that the set of spherical harmonics is an orthonormal basis, we obtain the
following relations:

/S QY (0,9)* (1 +1/2Y"(6,¢)) = 8y,

0o 0o (108)
YYD Y0,0) (I +1/2)Y"(¢,¢') = d(cosf—cost')d(p—¢'),

I=|m| m=—0co
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with 6(cos 6 — cos0') = 6(6 —0') /| sin6)|.

6.1. RHS Associated to the Spherical Harmonics

The Hilbert space L?(S?,dQ)) supports a representation of a UIR of the de-Sitter group SO(3,2)
with quadratic Casimir C, (3 7) = —5/4 on the spherical harmonics [80,81]. The action of the generators
of the Cartan subalgebra of the Lie algebra so(3,2), L and M, is

LY'(0,0) = 1Y/ (6,9),  MY]'(6,9) =mY}"(6,9). (109)

Once we have established this Hilbert space which supports a representation of the Anti-de-Sitter
group, let us consider a unitarily equivalent abstract Hilbert space H = U[L?(5?,dQ)], where U is
unitary. An orthonormal basis for this space is given by the vectors {|I,m)}, where for each pair
1,m (with [m| <), [I,m) := U [v/1+1/2Y]"(6,)). If we define

L:=uLu-', M:=umut, (110)
we have
Lil,m)y=1|l,m),  M]|,m)=ml|l,m). (111)

The operators L and M on H, as well as L and M on LZ(S2, dQ)), are obviously unbounded and
self-adjoint on its maximal domain as symmetric generators of a Lie algebra.
Next, we construct a RHS on which they are, in addition, continuous [81]. Let us consider the

) 1
subspace ® of all vectors |f) = Y Y f;,,|l,m) € H, such that
I=0m=—1

o
2 2
A, =Y X 1wl G+ lm|+1)%,  p=0,1,2,.... (112)
[=0m=—1
The objects || — ||p are indeed norms, which provides ® of a metrizable locally convex topology.

For p = 0, we have the norm on #, so that the canonical injection i : ® — H is continuous. Take the
anti-dual space ®* and endow it with the weak topology compatible with the dual pair {®, P }.
Thus, we have the RHS:

O CHCdx. (113)

Then, define D := U~'®, and transport the topology from ® to D. This topology is given by
the norms

) 1
1FORI =2 ¥ |finl C+lm+1%,  p=0,12.... (114)
I=0m=-1

The anti-dual D* = U~ 1®* is defined via the extension of U~! to ®* via a duality formula of the
type in Equation (9). We have the rigged Hilbert space

D C L?(8%,dQ) c D*, (115)
unitarily equivalent to ® C H C ®* in Equation (113).

6.2. Continuous Bases Depending on the Angular Variables

Let us begin with f(6,¢) € D and |f) = U[f(6,¢)] € P. For fixed angles with values 0 < 6 < 7,
0 < ¢ < 2m, almost elsewhere, define the following continuous anti-linear functional, |6, ¢), on ®:
For arbitrary |f) € ®, one defines the mapping |0, ¢) as

(f16,0) == (6,91f)" := f(6,9), (116)
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where the star denotes complex conjugation. The linearity of each |6, ¢) on @ is obvious. To prove the
continuity, take

o
f10:9) = £0.0) =1, L fim VIH1/2Y]"(0,9)
—0m=—
o
=1 Y fim 41y (m%ww,@) :

where p is a natural number with p > 3. Then, take the modulus in Equation (??) and use the Schwarz
inequality in the right-hand side. We have

|(f

o
2 [+1/2 2
0,¢) < fim| (L4 |m| + 1) x | ————————— |Y"(0,¢)|. (117)
| Jzzr N Tt )
The first factor on the right-hand side of Equation (117) is nothing else than || |f)||,, while the second
factor converges due to the fact that |Y/"(6,¢)|> < (271)~! for all 6, ¢ [82]. If we call C this second
factor, we finally conclude that

[(F16, )1 < CIAIp. (118)

which, after Equation (4), guarantees the continuity of the functional |6, ¢) on ®, so that |0, ¢) € O*
for almost all 0 < 0 < 71, 0 < ¢ < 271. These functionals have some interesting properties:

e Forany f(0,¢) € D, we can define the operator cos® f (6, ¢) := cosb f(6,¢). One has that

—

cosf f(6,4¢) € D and cos @ is continuous on D. Therefore, we may define cos ® := U cos@ U},
which is a symmetric continuous linear operator on ® and, hence, can be extended into the
anti-dual ®* by the duality formula in Equation (7). For almostall0 < 6 < 71, 0 < ¢ < 271, we
can prove that

cos® |6, ¢) = cos |6, ¢) . (119)

e Analogously, if we define the operator ¢/® on f(6,9) € D as ¢'® f(6,¢) = €'? f(0,¢) and
¢i® .= Ue® U1, we have that .
e®16,¢) =€ 16,¢) . (120)

o Letl|g),|f) € ®. Their scalar product is
(glf) = (U glul) = [ d0g@,9)" F(6,9) = [, a0 gle.a)(0.915).  (12)
Then, we may write the following formal identity:

27 7T
H:/Szd0|9f‘/’><"f¢\=/0 d4’_/0 d(cos 0) [0,9) (6, ¢| . (122)

We give below the meaning of this L.

Let us take the formal identity I as in Equation (122) and let us apply it to the arbitrary vector
|f) € ®. We have

£ =11F) = [Ld0l6.0)6.01f) = [, d010,9)16,4). (123

This gives a span of |f) in terms of the vectors of the form |6, ¢). This justifies the name of continuous
basis for the set of vectors {|0,¢)},0 < 0 < 71, 0 < ¢ < 27t. Furthermore, the formal expression in
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Equation (123) is indeed a continuous anti-linear functional on ®. If we apply it to an arbitrary vector
|g) € ® and take the modulus, it comes

. (124)

)16, 0lf)] < amC [N, - 11911,

(51 [ a0 l0.0)0.910)| < [ a0

with K = 4nC?|||f >||p Thus, the right-hand side of Equation (123) makes sense as an

element of ®*. Consequently, the identity I represents the canonical identity from & into ®*.
In particular, Equation (123) gives

1L, m) = /52 dOVTT172Y7(6,9) 16, ¢) . (125)
Since {|I,m)} is a basis for H, the identity Z on /{ may be written as
) 1
=Y Y |Lm)l,m|. (126)
=0 m=—I

Thus, for each |f) € ®, we may write
f(6,0)" = {fl6,9) = (fID)I6,9) = Z Y (7m0, mlo, ) = Z Y YP0.9) (fllm), 027
=0m=—I =0m=-I
so that, omitting the arbitrary |f) € ®, we have that
6,¢) = Z 2 Y/"(0,¢) |1,m), (128)
=0m=-I

which may be looked as the inversion formula for Equation (123) . If we multiply Equation (123) to the
left by (0’, ¢'|, an operation which is legitimate, we immediately realize that

(0/,9'16,¢) = 5(cos8’ —cos®)5(¢’ — ¢), (129)
which is a textbook formula.

6.3. Continuity of the Generators of s0(3,2)

Along the present section, we use the following definitions for the generators of the so(3,2) Lie
algebra, based on the action of these generators on the spherical harmonics [80]:

LY 0,9) = \JUFm)(Em+1) Y (0,9),

KoY™6,¢) = (l+1:|:1>2—m2Ym 6, 9)

+ 1 ’ - 2 2 1+1\Y, %) (130)
Y0, ¢) = \/(l+m+1il)(l+mi1)¥,’ﬁ1(9,¢),

LYP6,0) = \JI-mE1£ 1)1 -mE1)Y]6,9).

These operators can be extended to closed linear operators on suitable dense domains. In addition,
we have the generators of the Cartan subalgebra, since the rank of the so(3,2) Lie algebra is 2 and and
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its dimension is 10. These generators are precisely the operators L and M defined in Equation (109).
Correspondingly, we have analogous operators densely defined on H as

J. =UjsU', Ky =UK:U™', Ry =UR+U™Y, Sy =us,ut. (131)

The action of the operators in Equation (131) on the elements of the basis {|/, m) } is obvious. The
continuity of these operators on ® and ®* has been established in [81,82]. For instance, assume that

1f) =YX Zinzfzfl,m |I,m) € ®. Then, write

Lif) = Z Z ! fim |1, m) (132)

=0m=—1

and

) i
=Y Y. P+ ]+ 1 =X X ol @ Il 1272 = [ 19}, (133)

1=0m=-—1 —

an expression valid for p =0, 1, 2, .... This means that L| f)y € @if |f) € ®. Due to Equations (6) and
(133) and the linearity of L, it is continuous. Since L is symmetric, it is extensible to ®* with continuity
under the weak topology.

The proof for the continuity of the operators in Equation (131) on & is similar. To extend these
operators by continuity to ®*, we have to realize first that all the operators with index + are the
formal adjoints of the corresponding operator with index — and vice versa, for instance Ky and K_
are formal adjoint of each other. Therefore, to extend these operators to ®*, we only have to use the
duality formula in Equation (7). Needless to say, L, M and the operators in Equation (130) have the
same propertieson D C H C D*.

7. The su(1,1) Lie Algebra and Laguerre Functions

The associated Laguerre polynomials with index & € (—1,00), L%(y), n =0,1,2, ..., are defined
on the half-line R™ = [0, 00) [69-71]. An orthonormal basis on the Hilbert space LZ(R+) is given by
the following functions

I'(n+1)

e e LW, n=012, (134)

M;(y) =

and « fixed.
Let us consider the space, D, of vectors f(y) = Y.o° ya, M%(y) € L?>(R™), such that

If(y) ||2 2|an| n+1)2p(n+ac—|—2)2p<oo p=0,12,..., (135)

with the topology produced by the norms || — ||,. With this topology, the space D, is a Fréchet nuclear
space and is dense in L>(RT). For p = 0, we have the Hilbert space norm, so that the canonical
injection i : D, — H is continuous. In consequence, for any fixed a € (—1,00),

D, C L*(RT) c DX, (136)

is a RHS.
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7.1. Symmetries of the Laguerre Functions

The following operators defined on the functions Mj;(y) as

d
Y M;(y) ==y My(y), DyMy(y):= ay M;(y), NM;(y) :=nMy(y), (137)

admit closed extensions on L?(R™). In addition, define the following operators [67]:

—y 1
Ky = iYDy+N+I+“T, K3 ::N+"“2L

I, (138)

where [ is the identity operator. The action of these operators on the functions of the basis { M4 (y)} is

KeMy) = [+ s Dnsar TE ML), K M) = (n-+ (e 1)/2) M3(). 0139

Note that K and K_ are the formal adjoint of each other (i.e., (K+)" = K5 ) and
Y=—(Ky+K_)+2N+ (a+1)I. (140)
The commutation relations of K+ and K3 are
(K3, K+] = £K4, [Ky,K-] = —2K3, (141)
which are the commutation relations for the generators of the su(1,1) Lie algebra [79]. The Casimir is

a2 —1
4

1
C=K;— 5 (K, K} = I. (142)
The next result concerns the continuity of these operators.

Proposition 2. The operators K+, K3, Y and Y Dy, are continuous on D for fixed a € (=1, 00).

Proof. Let f(y) = Yo an M5 (y) € D,. Then,

K+ f(y) = éwnﬂxnwmamz(y). (143)

We need to show that Equation (143) is well defined on D,. Forall p =0, 1,2, ..., take,

[e9)

IKef@I = L+ D)0+ a+1)(n+1)2(n+a+2)% |a, |
=0 (144)
< Z(n+1)2p+2(n+a+1)2p+2 |fln|2 < Hf(y)HiJrl'
n=0

This shows both our claim and the continuity of K; on D,. Proofs for K_ and K3 are similar.
The continuity of Y comes from Equation (140) and the continuity of Y Dy, from Equation (138). [

7.2. RHS and Continuous Bases

To define the continuous basis, we need an abstract RHS, which is the usual procedure. Let us
consider an abstract infinite dimensional separable Hilbert space H and a unitary operator U from #H
to L2(R*). We choose the operator U as that given by the Gelfand-Maurin theorem (Section 2), where
the role of A is played by the operator Y defined in Equation (140). This unitary operator U is not
necessarily unique, although this is irrelevant, choose any one that makes this job.



Axioms 2019, 8, 89 24 of 40

Then, define for each a € (—1,0) the space ®, := U~ 1D, and transport the topology from D,
to @, by U~L. Call |n,a) := U~! M&(y). For any |f) = ¥ yan |n,a) € ®,, the norms defining the
topology are

AL = L Jan* 4+ D (i +a+1)%,  p=0,1,2,.... (145)

n=0
We have the family of RHS's given by ®, C H C P/ for each « € (—1,0). Let us define the operator
Y := UY U}, which is continuous on each of the ®,. After the Gelfand—-Maurin theorem, we conclude
that there exists a set of functionals |y) € ®F fory € RY, such that Y |y) = y|y). In the kets |y),

we omit the index a for simplicity. Furthermore, according to Equation (7), for any pair of vectors
1f),18) € P, we have that

(fl9) = [ U wigidy,  and  (flna) = [Tin) inardy = [T F ) Miw)dy. (140

If we omit the arbitrary bra (f| in both identities of Equation (146), we obtain the
following information:

1.  Foreach |g) € ®,, we have the decomposition

Ig) = /Om ) ylg) dy:/ooog(y) ly)dy, (147)

which shows that the functionals |y), for all y € RT, form a continuous basis for ®,.
2. Vectors in the discrete and continuous basis are related by

ma) = [~ M) 1) dy. (149)
3. If, in addition, we omit the arbitrary ket |g) in Equation (146), we obtain the following identity,

1= [T wldy, (149)

which is the canonical injection I : &, — ®;.

8. The su(2,2) Lie Algebra and Algebraic Jacobi Functions

The Jacobi polynomials of order n € N, ]ff’ﬁ (x), are usually defined as

=B ()G T e

(Z)‘: (a+1—s)(u+1—s+1)...a, (151)

with

s!

which are the generalized binomial coefficients, a is an arbitrary number and s a positive integer [69-71].
They verify the following second order differential equation:

2

(1 —xz)% — (w4 B+2)x+ (w —ﬁ))% tnm+a+p+1)| ISP ) =0. (152
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8.1. Algebraic Jacobi Functions

Jacobi polynomials yield to the main concept of this section, the algebraic Jacobi functions [80,83-85],
defined as

jm’q(x) - \/F(] +m+ 1)F(j —m+1) (1 — x) ! <1 + x> EE ](m+q,m7q) (x), (153)

] I'(j+q+1)I(j—q+1) 2 2 j—m
where
j::n—i—“—;’g, m::“—;’g, B:=m—q. (154)

Considerations derived from the theory of group representations force the following restrictions in the
above parameters:
jzlml, j=lal, 2jeN, j-—meN, j-qeN, (155)

and the parameters (j, m, q) are all together integers or half-integers. We may rewrite conditions in
Equation (155) in terms of the original parameters (n,«, §) as

neN, apeZ, a>-n, p>-n, a+pf>-—-n. (156)
The algebraic Jacobi functions jjm’q (x) verify the following differential equation:

d? d 2mgx+m>+q> .
[—(1—x2)dx2+2xdx+ ql—xz T _jG+1)| 7™(x) =0, (157)

]

where the symmetry under the interchange m < g is evident. In addition, for fixed m and g, the
algebraic Jacobi functions satisfy the following relations:

1
/7 TG+ 1/2) T dx = 5y,
o0 (158)
TG +1/2)TM) = ox—y).
jsup (nl lal

The indices j, m and q are either integer or half-integer. The relations in Equation (158) show that, for
. . . 3 m,q .
fixed m and g, the set of functions given by {/j +1/2] j (x) form an orthonormal basis

of the Hilbert space L?[—1,1].
We may comment in passing the existence of a relation between the Legendre functions and some
of the algebraic Jacobi functions, which is

2
j=sup(|m,lql)

(I+m)!
(I —m)!

P (x) = (=1)" T (x). (159)



Axioms 2019, 8, 89 26 of 40

8.2. Symmetries of the Algebraic Jacobi Functions

In addition, the ladder operators, A+, B+,C+, D+, E4, Fy that appear in the theory of algebraic
Jacobi functions are generators of the su(2,2) Lie algebra [83,84]. Their action on the algebraic Jacobi
functions is given by

AT = VGFmGEm+) ),

B+ JM(x) = ViFa(GEa+1) 7" (x),

CoTM(x) = \Ji+m+iEh(+a+i+d) T ),

D-J"(x) = \J(i+m+i£D(i-g+1£h) T @) e
ETM(x) = JG-mtbEh) (rarith) L),

Feg™) = \Ji—meiEth) (—a+bxd) TEYEE ().

The generators of the Cartan subalgebra, |, M and Q, act on the algebraic Jacobi functions
as follows:

170 =T, MIM ) =mTM(x), QM) =q7(x). (6D

All these operators can be extended to unbounded closed operators on L2[—1, 1]. In the case of
J, M and Q, they admit self-adjoint extensions. Operators denoted with the same capital letter and
different sign are formal adjoint (conjugate Hermitian) of each other (i.e., (X4 )" = X5). On functions

ij'q(x) with j > |m| > |g|, one may define the following pair of mutually Hermitian formal

adjoint operators:
1
Ky :=F.Cyq , (162)
VI+1/2£1/27 - @

so that

Ki T"(x) = /(i +1/2£1/22 — 2 T/ (). (163)

These operators K+ along K3 := ] +1/2 close a su(1,1) Lie algebra, since
[Ky,K-] = —2K3, (K3, K+] = £K4, (164)
m,q fixed

. m,q
and the set of functions {‘7] (x)}]é\mb\ﬂl
the group SU(1,1) with Casimir C = m? — 1/4.

with |m| > |q| is a basis of the space supporting a UIR of

8.3. Algebraic Jacobi Functions on the Hypersphere S3

In the preceding analysis, we deal with situations in which the number of discrete and continuous
variables is the same. This idea revealed to be of importance in the analysis of the spaces which make
continuous the above operators, if we are really interested in a description encompassing the maximal
generality. To this end, we define the following functions:

N2, ¢, x) = ]+ 17271 (x) e X, (165)

where ¢ and x are two angular variables, ¢ € [0,27) and x € [0, 7] (x could be considered as
x = cos @ with @ € [0, 7] and in this case the Jacobi functions will live in the hypersphere S%). Thus,
the N/-functions defined in Equation (165) depend on the variables, x, ¢, x, and the discrete parameters
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j,m, q. The properties of the Jacobi functions yield to the following orthogonality relations valid for
either j integer or j half-integer, withm,q = —j,—j+1,...,j—1,jand m’,q' = —j/, —j' +1,...,j = 1,j"

272

1 27T T 1 AW
oz b0 [ [ A NG ) NPT ) = G 0y (166)

These functions satisfy a completeness relation of the type:

Y. 2 N (x, 9, x) P = (167)

]mzn m ’1*—]

where j,,;, = 0if j is integer and j,;;, = 1/2 if j is half-integer and I is an identity. Note that we
have two different situations, one when j is an integer and the other when j is a half-integer. In
both cases, either ¢¢ or ¢ span respective vector spaces of dimension 2j + 1. These spaces, being
isomorphic to C%*1, may be identified with it. Then, for either j integer or half-integer, the set of
functions ./\fjm’q (x,¢,x) withm,qg = —j,—j+1,...,j —1,j is the basis for the following Hilbert spaces:

Hi=PL-1,1]eC¥ oC¥,  Hy:= @ P-1,1]eC¥ 1 act, (168
=0 j=1/2

respectively. The subindices I and H stand for integer and half-integer, respectively. Then, let us take
fi(x,¢,x) € Hrand fy(x, ¢, x) € Hpy, so that

filx, ¢, x) = ZZa]mq N, x),  fulxg.x) = Z Zb,mq N, p,x). (169)
j=0m,q=—j j=1/2m,q=—j

8.4. RHS Associated to the Algebraic Jacobi Functions

Next, we define two new rigged Hilbert spaces. The spaces of test functions ®; and ®p are the
functions in H and H g, respectively, such that

[0 9)

)] =%, Y lagmal® G bl + 07 G 1) < o, (170)
j= qu—*]
and
] =% 5 bgmal® G bl + 0 Gl 1) < o, (a71)
j=0mqg==j

respectively, with 7,5 = 0,1,2,.... Observe that Equations (170) and (171) define norms on H; and
‘Hp, respectively, and they generate respective topologies on ®; and ®p. For r = s = 0, we recover
the Hilbert space topology, which shows that the canonical injections ®; g — H g are continuous,
so that

O C Hy Cq);(, and by C,HHC(DI);, (172)

are rigged Hilbert spaces.
Analogously, we define the spaces Z; and Zp as the spaces of functions in H; and Hp verifying
the following relations:

[e9)

ts(f) =Y, Z |@jmql (j+ m] + 1) (j+ |g] +1)° < oo, (173)
j=0m,g=—j
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and
Z Z bjmgl G+ m|+1)" (j+ [g] +1)° < o0, (174)
j=1/2mg=~j
respectively, withr,s = 0,1, 2, .... These are also norms that endow respective topologies on Z; and
HEpy. Since
Prs (i H)St;{:gI(fl,H)/ r,s=0,1,2,..., (175)

we conclude that Z; i C ®; i and that the canonical injections Ej g — ®; 7 are continuous. Thus,
we have two new RHS’s, and, in addition, we have the following subordinate relations with continuity

-—'IHCCDIHCHIHCCDIHCHIH/ (176)
where, in each sequence in Equation (176), we should keep either the subindex I or H.

8.5. Continuity of the su(2,2) Operators

The operators |, M and Q, defined above in this section, admit obvious extensions to respective
dense subspaces of H| p. For instance,

j
(JfD)(x, ¢, x) Z ]mq (x ¢, x)- (177)

uMg

Thus,

LU = f Y Lamg22 G+ ]+ 17 (G + Jg] + 1)
q“] (178)

< Z Z 1@mql” G+ | + 12D (4 1g] +1)% = [pra (D],
j=0mq==j

forr,s =0,1,2,..., which proves that J®; C ®; with continuity. Analogously,

tL.(f) = Z Z |@jmqlj G+ Iml+1)" (j+ |q] +1)°
o (179)

» Z [@imal G+ [m] + 1) Gt gl + 1) = 451,
j=0mq==j

IN

forr,s =0, 1, 2, ..., which proves that ] &; C E; with continuity. It is the same for ] on &y and Ey
and for M and Q in these four spaces. Since these operators are symmetric and self-adjoint on a proper
domain, they may be extended by continuity to the duals. A similar proof is also valid to show the
continuity of the ladder operators A+ and B, defined in Equation (160) and K+ in Equation (162) on
all the spaces Z; iy and ® i and therefore their extensions by continuity to the duals.

However, the ladder operators C+, D+, E4, F4 have a different nature, as they transform algebraic
Jacobi functions of integer indices into the same type of functions with half-integer indices and vice
versa. Under the assumption that C_ /\/]Q’O(x, ¢, x) = 0 and the same for D_, E_ and F_, we can easily
prove that all these operators are continuous from ®; into & and vice versa and the same from &
into 2y and vice versa. As they are the formal adjoint of each other, we conclude that they can also be
continuously extended as analogous relations between the duals.

8.6. Discrete and Continuous Basis

In the sequel, we omit the subindices I and H for simplicity. All results are valid for both cases.
As done in all precedent examples, let us consider an abstract infinite dimensional separable Hilbert
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space G and a unitary mapping U : G — H. In fact, there are two of each: U;y : Gig — HiH,
although we omit the subindices, as mentioned. Take ® := U lZand ¥ := U~ 1®, and endow © and
® with the topologies transported by U~! from Z and ®, respectively. Then, we have two new RHS’s,
OCGgcOand¥ C G C ¥*. We focus our attention on the former.

For any |f) € ©, we define the action of the ket |x, m,q), x € [—1,1], m and g being fixed, as

(flx,m,q) : Za/mq 1(x,0,0) Za]mq\/]+1/ j’”q (180)

/Wll?’l

This definition shows that |x, m, ) is an antilinear mapping on ®, which is also continuous since,

[(Flema)| < Y 1ajmgl G+ |m + 1)+ lg| +1)
]

j (181)
S L X gl GHIml +12G+ |l +1) = t2a(1F),
joma==j
with
ulf)=flx,¢x) = Z Z |a]mq‘~/\/’ (x/(P/X)' (182)
]mm m q_f]
Next, let us define the kets |j,m, q) for any jand any m,q = —j, —j+1,...,j—1, jas

ljom,q) = U N (2,9, X)), (183)

so that Equation (180) gives
Gy q' 1, m, ) = NFH 72T (%) Sy g = (x,m,qj, ', q'), (184)

since Equation (184) is real. Observe that there exists the following formal relation between |x, m, q)
and |j,m,q):

|x, m, >—Z\],m q)\j+1/2 jmq (185)

]mm

This is easily justified by multiplying Equation (185) by (j, m’, ¢4'|:

(',m',q'|x,m,q) = Z(J ', q'|j,m,q)/j+ 1727 (x

]mm

(186)
,Z 8 NI+ 72T (%) S g = T+ 172" (%) Sy St
Jmin

which coincides with Equation (184). There are some other formal relations that can be easily obtained.
Proofs are published elsewhere [85]; they are simple notwithstanding. First, we have

(x',m’,q'|x,m,q) Z/\/ (x,¢,x) N ; "X, ) S O = 0(x = x") S Oy - (187)
For any |f) € ©, we have the following relation:

Gty = % [ 4w () d, (188)

m,q=—00
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where if [f) = ] Ozmq—f]a]/ gV i+t1/2 J ), we have that

Zu]mq«/]—i—l/ J, " (x (189)

]Wlll’l
so that

=% [ lma s (190)

which shows that any | f) € ® may be written formally in terms of the elements of the set of functionals
{|x,m,q)}, which acquires the category of continuous basis due to this fact. Here, x € [—1,1], m, g
being the set either of the integers or the half-integers, either positive or negative.

For |j, m, q), the functions f"1(x) are equal to \/j +1/2 J; "1 (x) that, after Equation (190), gives

lj,m,q) = Z / |x,m,q) \/j+1/2.7"(x (191)

m,g=—co

which gives the inversion formula for Equation (185). We have completed the relation between discrete
and continuous basis. Moreover, note that

S (x) = (x,m,q|f), (192)
and
Z / dx |x,m,q)(x,m,q| = (193)
mg=—j

where 7 : © — @™ is the canonical injection relating this dual pair. We close here the discussion on
Jacobi algebraic functions.

9. su(1,1)®su(1,1), Zernike Functions and RHS

The so-called Zernike polynomials were introduced by Zernike in 1934 in connection with some
applications in the analysis of optical images [11]. These Zernike polynomials R} (r), also called
Zernike radial polynomials [86], as usually one takes 0 < r < 1 in applications, are the solutions of the
differential equation,

d? 1\ d m?
[(1—r2)dr2— (Br—r)dr+n(n+2)—r2} RM"(r) =0, (194)
verifying
Ry() =1,  Ry(r)=R,"(r). (195)
Explicitly,

Rl (r) = E(—l)k ( n;k ) ( . Zkk ) =2k, (196)
m

For each value of m, Zernike polynomials show orthogonality properties:

St

/ R (r) R (r) rdr = 1) (197)
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as well as a completeness relation such as

i Ry (r) R (r') (n+1) = W- (198)
n=|m|

n=m (mod 2)

They are also related to the Jacobi polynomials according to the following formula:
Ry (r) = (=1)(n=m/2pm fim0) (4 — 2p2). (199)

Along Zernike polynomials, there exist the Zernike functions 2" (r, ¢), which are defined on the

closed unit circle
D={(r,¢), 0<r<1, ¢€l0,2m)}, (200)

as follows:
ZM(r,p) := Rl (r)e™?, neN, meZ, (201)

with the conditions |m| < n and "%m' eN.

9.1. W-Zernike Functions

From Equation (201), we define the W-Zernike functions, W, ,(r,¢), using the following
procedure [87]. First, introduce the parameters u and v, defined as

n+m n—m
) (202)
which are positive integers and independent of each other, u,v = 0, 1, 2, .... With this notation,
Ry (r) = Ry (). (203)

The W-Zernike functions, Wy, (7, ¢), are functions on the closed unit circle D, verifying the relation

ju+ov+1 _,_ jut+ov+1 - (u—
Wu,v(”r 4)) — — lel‘Jrg(r’q)) — — R|uu+vv\(r) pu=0)9 (204)

In addition, the W-Zernike functions have some interesting properties:
e They are square integrable on D, so that they belong to the Hilbert space L?(D, rdrd¢) = L?(D).
e  They fulfill some symmetry relations such as

Wo,u(r, ) = Wio(r, )" = Wio(r, —¢), (205)

where the star denotes complex conjugation.

e They are orthonormal on L?(D):

27 1
Wy 1, Wao) = /O dp /O dr Wiy o (1, 0)* W (1, ) = Syt S s (206)

where (-, -) denotes scalar product on L?(D).

e A completeness relation holds:

Y Wanlr,9) Wia(r,9') = 56— ) 5(p — ). (207)

u,v=0
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e  The fact that Zernike polynomials are bounded, |R}}(r)| < 1, on the interval 0 < r < 1, implies an
interesting upper bound for the W-Zernike functions:

[Wio(r, ¢)| < W V(r,¢) €D. (208)

9.2. Rigged Hilbert Spaces and W-Zernike Functions

The set of W-Zernike functions forms an orthonormal basis for L?(D) so that, for any square
integrable function f(r, ¢) € L?(D), we have that

f(l”, (P) = ZO fu,v WL[,ZJ<r/ (P) ’ (209)
with o )
fuo= | dg [ drrWio(rg) £(r,¢). (210)

Let us define two different spaces, which are the spaces of test functions for respective RHS. The
first one is

Y1 = {f(w) € L*(D) ! Yo fupl? (u4+0+1)7 <00, p=0,1,2,... } : (211)
u,0=0
The space ¥; is endowed with the Fréechet topology given by the following family of norms
)5 = Y fuol? (+0+1)* <o, p=0,1,2,.... (212)

u,0=0

The second space of test functions is defined by the following condition:

Yy = {f(r,gb) € L*(D) ‘ Yo lfupl (u+v+1)T <00, g=0,1,2, } (213)
u,0=0
Its topology is given by the following sequence of norms:
fr g =Y [fuol(u+0+1)7, q=0,1,2,.... (214)

u,v=0

Let us consider a sequence of complex numbers {a, } such that the series ), |a,| < oo. Clearly,

\/ Z |an‘2 < Z ‘an|1 (215)
n=0 n=0

Hf(rf‘P)Hp:\J i |fupl? (u+0v+1)2F < i |fu,v|(“+v+1)p:Hf(’”/‘P)HLp' (216)

which shows that

u,v=0 u,0=0

forp = 0,1,2,.... This shows that ¥, C ¥; and that the canonical injection i : ¥, —— ¥; is
continuous. This gives a couple of RHS’s where injections in all inclusions are continuous:

¥y C Yy C L3(D) C ¥y C ¥y, (217)
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An important property for the span of the functions f(r,¢) € ¥ in terms of the W-Zernike
functions is given by the following result:

Theorem 3. For any f(r,$) € ¥», the series

re) = qu,v Wuo(r, ), (218)

converges absolutely and uniformly and hence pointwise.

Proof. The proof is based on the bound in Equation (208) valid for the W-Zernike functions. Thus,
using Equation (208) and considering Equation (213), we have that

> Vfuel [Wanlr )] < 3 [ful /2 < z fuol (

u,v=0 u,0=0 u v=0

) < oo. (219)

Then, the Weiersstrass M-Theorem guarantees the absolute and uniform convergence of the series. [

9.3. Continuity of Relevant Operators Acting on the W-Zernike Functions

In the discussion on the continuous basis below, we see the relevance of the following operator
on L?(D):

Pf(r.¢)=re? f(r,¢). (220)
In [87], we prove that
PWuo(r, @) = oy Wigr,0(r, @) + By Wuo—1(r, 9), (221)
with
af = k- B = : - (222)

Viuto+rDu+o+2)’ Vu+o)(u+o+1)

Note that 0 < &, 85 <land f_10=0.
We want to show that P¥, C ¥ with continuity. Let us take f(r,¢) = Y77, —o fuo Wuo(r, ¢) € Y2,
so that

[e9)
P00 fuo Wunr@)||, = X [@s fumro B2 fupa | (w0 1)
' =0 o (223)
< Y fumrpluto+ )"+ Y | fupn|(u+o+1).
u,v=0 u,0=0
Since f_1 9 = 0, the first term of the second row in Equation (205) gives
(o) [e) (o)
2 |fu71,v|(u +o+ 1)r = Z |fu,z;|(u +v +2)r <2 Z |fufl,v|(” +o+ 1)r
u,0=0 u,v=0 u,v=0 (224)
= 0 Wi (7, Gb)‘
u,v=0
The second term in the same row gives,
()
Z lfuortl(u+o+1)" < Z | fuol(u+0)" Z |fuol(u+ov+1)"
u,v=0 u,0=0 u,v=0 (225)

‘ Z fukuv r, (P)‘

u,0=0
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Equations (224) and (225) together show that

< (2r+1)H i Fup Wu,v(7’1¢)H (226)

u,v=0

Jp § puttntinl]

7
u,v=0 Lr

1,r

which shows our claim.
Other important operators are the generators of the Lie algebra su(1,1) ®su(1,1), U, V, A+, B+,
Az =U+1/2and B3 = V + 1/2. Their commutation relations are the following:

U Ay]=+Ay, [V,Bi]==+By, [Af, A_] = —2A3,
(227)
[A3,Ax] =+As, [B4,B_]=—-2B;, [Bs,B+]=+B+.
All the A operators commute with all the B operators. The Casimirs are
2 1 2 1
with {X, Y} = XY +YX.
On the W-Zernike functions, all these operators act as follows [87]:
u Wu,v(rz 47) = u Wu,v (7/ 47) ’ |4 Wu,v (7/ 47) = 0 Wu,v (7'/ 4)) ’
Ay Wu,v(r/ (P) = (u + 1) Wu+1,zz(7’r (P) , A WII,U(r/ (P) = u Wufl,v(rr (P) ’ (229)
By Wu,zz(r/ 47) = (U + 1) Wy o 1 (7/ 47) , B-Wy, (7'/ 47) = vWyp (7'/ 4)) .

All these operators are densely defined and unbounded on L?(D). Furthermore,

Proposition 3. The operators U, V, A+ and B+ are continuous on Y. In addition, Ay and A_ are formal
adjoint of each other and same for B and B_ and U and V are essentially self-adjoint on Y.

Proof. That A, and A_ and also By and B_ are formal adjoint of each other is obvious from
Equation (212). The proof of the continuity on ¥, of all these operators is the same. Take for instance
A The formal action of Ay on f(r,¢) € ¥, is given by

Ay f(r,¢) = Y fuo (W+1) Wir1o(r¢). (230)
u,0=0
Then,
||A+f(”r¢)||1,r = Yo fuol(w+D)(u+ov+1)
uj,vzo (231)
< Y fuolw+o+ D) =1 9141,
u,v=0

which proves that A, Y, C ¥, with continuity. It is the same for all other operators. Finally, U and V'
are obviously symmetric on ¥; and the ranges of U £ il and V £ il on ¥, are ¥, itself, so that U and
V are essentially self-adjoint with domain ¥,. O

9.4. Continuous Bases and RHS

Let ‘H be an arbitrary infinite dimensional separable Hilbert space and U a unitary operator
U : H > L*(D). Asin previous cases, we define ®; := U~1Y;, i = 1,2 (217), and transport the
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topologies on ¥; to ®; by U~!. We have a couple of RHS's in correspondence. Thus, we have the
following diagram
¥, ¢ ¥y C L¥(D) C ¥ C ¥

ulty uty ulty ulty, uty
o, C P C H C (Dlx C @;

Nevertheless, our rigged Hilbert space of reference here is: ®, C H C ®;. Take any vector
U-1f(r,¢) = |f) € Py, and for (almost with respect to the Lebesgue measure) each 0 < r < 1
and 0 < ¢ < 27 define the mapping |r, ¢) by (f|r,¢) := f*(r,¢) = (r,$|f)*. Clearly, |r, $) is linear for
each r and ¢. In addition, this is continuous so that |r, ¢) € ®;. To prove the continuity, note that U !
transports the given topology from ¥, to ®,. Let |u,v) := U~ W, ,(r,¢) for each u,v =0, 1,2, ....
Then, if |f) = Y0'—o fuo |1, v), we have that the norms || |f)||1, defining the topology on ¥, are
identical to Equation (214). Thus, considering Equation (208), we have

i) = 1 lf) ] = el < Y [fuol Wan(r0)] < 3 mu/@

u,0=0 u,0=0 (232)
< \F Z |fuv| (u+ov+1) \/"Hf Hll

u,v=0

The scalar product of two vectors |f), |g) € P, is given by

27 1 27 1
gy = [ do [ drrs (rg)grig) = [ do [ arrfirg)(rels), (233)
so that we have the identity
27 1
I::/O d4>/0 drr|r,¢)(r,¢|, (234)

which should be interpreted as the canonical injection Z : ®; —— @5 In particular, if we apply
Equation (234) to |u, v), we have that

|u, vy = /Ozn d¢ /01 drrl|r, ) {(r,¢lu,v) = /027T d¢ /01 drr|r,¢) Wyo(r,¢), (235)

which may be looked as a relation between the discrete basis {|u,v) } in H and the continuous basis
{|r, ¢)}. Note that, according to our definition, (¥, ¢|u,v) = W, ,(r, ¢). If we multiply Equation (235)
to the left by (r, ¢|, we have:

/ !/ / !/ m 1 / /
(r', ' |u,v) = Wy (¥, ¢') = /0 dcp/o drr(r',¢'|r, ) Wuo(r,¢), (236)
so that
(', ¢'lr,¢) = (T—V) (9—¢"). (237)

The relation in Equation (237) suggests an inversion formula for Equation (235). As {|u,v)} is an
orthonormal basis for H, we may write the identity on H as

I=Y" |u0)(uo0|. (238)
u,0=0
As |u,v) € ®,, we may write
lr,¢) = Z lu,0) (u,v|r, ) = Z |, 0) Wy, (1, ¢) . (239)

u,v=0 u,v=0
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This inversion formula is totally consistent, as one may check by formal multiplication to the left by
(r',¢'| and the comparison of the given result with Equation (237) on one side and Equation (207) on
the other. In conclusion, each |f) € ®, admits two different expansions in terms of the discrete basis
{|u,v)} and the continuous basis {|7, ¢) }. They are, respectively,

f= 3 o wolfy = 3 |00) fun, (240)

u,0=0 u,0=0

and
= [Carri)nal = [ do [ drring) frg). (41)

As a final remark, all operators in Equation (227) have their counterparts as operators on H with
exactly the same properties. In particular, they are continuous on ;.

10. Concluding Remarks

Specific RHS’s are constructed starting from well defined special functions and a particular UIR of
a Lie group, which is the symmetry group of the corresponding special functions. The Lie generators
of these groups are continuous operators with the topologies carried by the RHS's.

It is a general property that in a RHS the variables and the parameters are one-to-one related.
This implies that, starting from special functions with n, parameters and n, continuous variables,
it is possible to construct different RHS’s. Indeed, when 1, = n,, we can construct not only a RHS
involving all parameters and variables but also RHS’s involving subsets of equal number of parameters
and variables, saving the role of spectators for the remaining ones. If 1, > n,, the possible RHS’s are
limited to 71, and the exceeding parameters remain spectators (as happens with j in Section 4 and & in
Section 7) but it is impossible to construct a RHS based on the I'(z) functions where we do not have
parameters at all. An alternative is shown by the Spherical Harmonics where a new variable ¢ is added
to the Associated Legendre polynomials, by the extension of Jacobi polynomials to the Jacobi functions
defined on the hypersphere S° in Section 8.3 and by the generalization of Zernike polynomials defined
on the interval [0, 1] to Zernike functions defined on the unit circle in Section 9.

Special functions are transition matrices between discrete and continuous bases (for instance,
generalization of the exponential, i.e., ¢”? = (m|¢), in Section 3 and spherical harmonics, given by
Y["(6,¢) = (I,m|6,¢), in Section 6).

The UIR of the corresponding Lie group defines the basis vectors of the discrete basis in the space
@, while the regular representation of the Lie group defines the basis vectors of the continuous basis in
®* of the RHS @ C ‘H C *.

Special functions determine a basis in the related space of square integrable functions. As they
define a basis also of a unitary irreducible representation of the group, all other bases of the space are
simply obtained applying on them an arbitrary element of the group.
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