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Resumo

Nesta tese € estudado o modelo do Péndulo Quantico na representacdo da fungao de Wigner e
na representagdo do Operador de Densidade. Com vista a isto um modelo auxiliar completamente
resollvel é introduzido. Varias familias de solugbes das equacdes de estacionaridade sao encontradas
e comparadas. A vantagem da utilizacado da funcdo de Wigner na descoberta de solugdes é tornada
evidente. Uma abordagem mais simples para a derivagao das equacgdes de evolugao é desenvolvida.
Ligacdes com as fungdes de Mathieu e a equagdo de Helmholtz da fisica-matematica classica sao

analisadas.

Palavras-chave: funcdo de Wigner, operador de densidade, péndulo quantico, fungdes de

Mathieu, equacéao de Helmholtz






Abstract

In this thesis the model of the Quantum Pendulum is studied in the Wigner function representation
and in the Density Operator representation. Towards this end a completely solvable auxiliary model is
introduced. Several families of solutions of the stationarity equations are found and compared. The
advantage of using the Wigner function in the discovery of these solutions is made evident. A simpler
approach to the derivation of the evolution equations is developed. Links with Mathieu functions and the

Helmholtz equation of classical mathematical-physics are analized.

Keywords: Wigner function, density operator, quantum pendulum, Mathieu functions, Helmholtz
equation
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Chapter 1

Introduction

When | first enrolled in the Physics degree | also bought Nik Weaver's Mathematical Quantization. As
the reader can gather from its title, it's a math book. It is an introduction to C*-algebras, von Neumann-
algebras and to Quantum Kinematics seen from the point of view of those operator algebras. In the book
the author presents Bopp operators and the Weyl map, although the former not by name and the latter
only via Fourier transforms. | ended up never systematically studying the book, but | skimmed through it
frequently. This was my first introduction to phase-space quantization without really knowing it.

A bit more than two years later | came across a paper by C. J. Fewster and H. Sahlmann on phase-
space quantization in Loop Quantum Cosmology where the authors give a definition of the Wigner
function for the Bohr compactification of the real line. | think that exploring the bibliography | possibly
saw Prof. Bizarro’s name for the first time. But, at the time | was far from realizing that he was Portuguese
and moreover a professor at IST!

| eventually met Prof. Bizarro when he was in charge of the course on Plasma Kinetic Theory. At our
first meeting he asked me what made me choose this optional course and | answered “the bibliography
of the course” (I was interested in learning stochastic processes and N. G. van Kampen’s book was in
the secondary bibliography). We immediately liked each other. He was very pleased by my answer and
henceforth would recommend to his colleagues to pay attention to the bibliography of their courses in
the corresponding webpages. Since this course functioned in a tutorial regime, it was quite informal, so
that one day Bizarro asked me if | had heard about phase-space quantization and the Wigner function
and | said yes. We didn’t follow through on this conversation, but he became interested in our future
collaboration. This is how two years later | came to benefit from an Initiation to Research Fellowship

from IPFN dedicated to the Wigner function for angular variables.

1.1 Motivation

My initial interest in this work was mostly as an excuse to study abstract Harmonic analysis. But,
during the course of its execution | ended up not studying the kind of abstract mathematics | initially in-

tended, but instead | studied special functions, difference equations, combinatorial identities, generating



functions, computational commutative algebra, solving differential equations using symmetries, umbral
calculus, the Mellin transform and complex analysis. | hardly think there is an area in mathematics more
concrete than combinatorial identities. The thing that made me change my plans was the discovery in
the first few weeks of research of explicit solutions to the stationarity equation for the Wigner function of
the Quantum Pendulum. If these could be proven to be pure states then an explicit formula for Mathieu
functions would probably follow. This is something that has been missing since their discovery in 1868
[1], more than 150 years ago, and one of the reasons why Mathieu functions have not reached the level

of prominence of Bessel functions in applied mathematics.

What justified my obsession with this problem for the next two years was the similarity between the

two difference-differential equations

0z

28—y(y,m):Z(y,m—l)—Z(y,m+1) (1.1)
and
mg—j(y,m):Z(y,m+1)—Z(y,m—1). (1.2)

The first is the equation for a solvable model that in this thesis will be called Simplified Hindered Rotator
and the second is the one for the Quantum Pendulum. In his Ph.D. thesis [2], Bizarro observed that
Bessel functions provide a solution to the first equation and he asked me to look at books to try to find
a solution to the second equation. | ended up not doing exactly that, but instead | tried to rederive the
expression for Bessel functions as power series from the first equation and adapt it to the second one.

This worked the first time | tried!

It will be seen in this thesis that it is very easy to adapt derivations of solutions of the solvable
model to obtain solutions of the Quantum Pendulum. But, the higher prize of discovering which of these
solutions correspond to pure states and hence to Mathieu functions elluded me. It will be seen that
none of the solutions derived for the Quantum Pendulum is a pure state, one must therefore make linear

combinations of them to obtain pure states.

1.2 Brief review of the Wigner transform

From the wave function |¢) describing a quantum system, Wigner [3] defined a function W (z, p) in

phase space that has the property that the marginal probabilities are the quantum probabilities:

“+oo

/_ dp W (z,p) = | (zl¥)[? = ()| (13)
and .

[ dz Wz, p) = [(pl)® = [3(p) 2, (1.4)



where ¢ is the Fourier transform. There are an infinite number of functions with this property [4], yet the

one defined by Wigner, namely,

I o o
Wep) = g [ et (@ - 5wl + 3)
1 oo il ’ ’
=57 | W+ Kol - ) (15)

has a certain number of extra properties that make it unique [5, 6].

The above feature of the Wigner function might lead one to believe that Quantum Mechanics is then
just a statistical theory. This is not the case, the main novelty is that now W (x, p) can have negative
values. This local negativity of the Wigner function is a new physical resource.

Trying to define an analogue of the Wigner function to deal with angle/angular-momentum variables,
we have to deal with a new phenomenon, that of the quantization of the angular momentum, that is, the
values of the angular momentum [ no longer form a continuum, as in the standard position/momentum
case, but their only allowed values are | = m#h, with m an integer. Therefore, the quantum phase space
is no longer R? as in the standard case, but the angle/angular-momentum pairs (9,1) now live in S* x AZ.
Mathematically, this corresponds to the fact that the dual group of R is R, but the dual group of S! is
Z (implying, reciprocally, that the dual group of Z is S*). For convenience, we will work with the phase
space S! x Z instead of S x hZ, and with pairs (¢, m) instead of (6, 1).

To deal with the rotational spectrum, Berry [7] defined the Wigner function

_ i i 1,imé g 0 9
W(0,m) d’e™” (0 — S ) (¥]0 + F), (1.6)

2 J_ .

which can also be found in Mukunda [8] and in Berman and Kolovsky [9]. With this expression one

obtains the right marginals:

+oo
> W(6,m) = |(6]¢)]? (1.7)
and .
do W (0, m) = |(m|y)|?. (1.8)

—T

The Wigner transform can be seen as a linear map from operators A to phase-space functions
A(6, m), with the Wigner function W (6, m) corresponding to the density operator 5 = |¢){(¢|:

b
A, m) = 2i/ do'e™ (9 — L IAlo + ). (1.9)

™ J—x

This leads immediately to the question of defining the correspondent of operator products A - B in terms
of phase-space functions, the so-called Moyal product A% B, and the correspondent of the Lie bracket
[A, B] for phase-space functions, called the Moyal bracket [A, B]«. The differential form of the Moyal
bracket in the standard position/momentum case, computed by Groenewold [10, 11], is actually simpler
than the differential form of the Moyal product, due to cancelling of terms. The integral forms of the

Moyal product and bracket, due to Baker [12], are similar, just substitute a complex exponential by



a sine. The differential form can also be derived from an integral form involving the two-dimensional
Fourier transforms of the Wigner transforms [6].

In the case of angle/angular-momentum variables no such formula is known, which led Bizarro [2]
to define a new Wigner function for these variables in a manner such that the Moyal bracket could be
computed, a modification that is best set down in the angular momentum basis and involves a doubling

of points:

1 iOm’ ym+m’ m—m’
w(fm)= - Y M (B ) (], (1.10)
m’ same
parity as m

This transform was first defined by Chan [13] in the context of signal processing, when looking for alias-
free time-frequency representations of discrete-time signals [14]. Here we find preferable to work with
even and odd integers, rather than with integer and semi-integers [2], so the points with physical meaning

are those (6, m) with m even, which correspond to the actual physical points (6, m/2).

The marginal probabilities are given by:

+oo

> w(8,m) =[{0) (1.11)
and
+7 m 2 if
/ do w(h,m) = Gz k)" it m even (1.12)
- 0 if m odd

and, in the case of even angular momenta, there is a simple relation between the two Wigner functions:

w(0,2m) = V) *Z/((’”’m). (1.13)

The marginal probability (1.11) can be further decomposed according to:

5™ w(o,m) = P+ 10+ )P (114)
and , ,

5™ wfo,m) = LR~ 10+ 7P (115)

m odd

The modified Wigner transform (1.10) is immediately generalized to operators:

1 iOm’ ym+m’ | A|m—m’
a(@,m)Z% g e'? (mEm | A mame) (1.16)
m’ same
parity as m

and, while trying to obtain the evolution equation for the Wigner function, it was this modified Wigner
transform that was used by Bizarro [2] to implicitly achieve formulas for the Moyal brackets. Alas, the
formulas obtained in terms of operators acting on the coordinates 6 and m are too complicated, which
contrasts with the fact that the final results become quite simple when applied to specific phase space
functions (check Eqgs. (4.26) and (4.27) in [2], and compare with Eqs. (4.36) and (4.44) therein), the



explanation for this resides in the simple form of the modified Wigner transform in the angular momentum

basis, as will be seen in the next chapter.

1.3 The Wigner function in Plasma Physics

The focus of this thesis is in Quantum Mechanics, but it should be noted that the Wigner function
also makes its appearance in Plasma Physics and, in particular, in the field of Fusion Plasmas. There
are two main ways in which this happens. The first, through Classical Statistical Physics. The second
through Signal Processing.

If Planck’s constant h is set equal to zero, then the Moyal bracket becomes just the Poisson bracket.
The evolution equation for the Wigner function then becomes the classical Liouville equation for the
evolution of a probability density in phase space. Therefore, the evolution equation for the Wigner
function can be seen as a generalization of the Liouville equation. A generalization with potentially
infinitely many terms associated to increasing powers of a small parameter. This is actually how Bizarro
first came to know about the Wigner function.

In the Kinetic theory of plasmas the 6N degrees of freedom associated to N particles are reduced to
6 degrees. In a Tokamak configuration, the three degrees associated to position are taken not from the
usual three-dimensional Cartesian space R?, but from a [0, R] x T? compact space. Since now we have 2
angles it becomes interesting to formulate the Kinetic theory of angular variables. The Wigner function in
this context can be seen from two perspectives. In the first, as an attempt to achieve a Kinetic equation.
This is marred by the fact that it is natural for the Wigner function to have negative values. In the second
perspective, one just considers Wigner transforms of wave functions defined in Tokamak configurations.
Curiously, the difficulty in this context is to define a Wigner transform of the variable associated to the
radius and not the angles. This is due to the fact that the radius is always a non-negative quantity.

The second way the Wigner function enters Fusion Plasmas is through Signal Processing, more
specifically, Time-Frequency analysis. The Wigner transform is well-known in Time-Frequency analysis
[4]. If one takes the variable time to be a discrete quantity then it is natural to try to define a Wigner
function in this setting. An early attempt was made by Chan [13] and it coincides with the modified
Wigner function defined by Bizarro. A review of several approaches to Time-Frequency analysis with

discrete time applied to Fusion Plasmas is given in [14].

1.4 Objectives and Deliverables

The main objective of this thesis is to study the Quantum Pendulum in the Wigner function repre-
sentation. For that an associated solvable model will also be studied. The association between the
stationary pure states of the Quantum Pendulum and Mathieu functions of even index will also be ex-
plored. In order to study pure states the Quantum Pendulum will also be studied in the Density Operator
representation. Additionally, a simplified way of obtaining the evolution equations in the Wigner function

representation will be presented.



The main deliverables will be explicit solutions to the stationarity equations, both in the Wigner func-
tion representation and Density Operator representation. Since these do not necessarily represent pure
states, a basis of the space of stationary solutions should be presented. Finally, the translation of these

solutions into solutions of the Helmholtz equation in two dimensions is to be developed.

1.5 Thesis Outline

In chapter 2 we will start by making some general remarks about the Quantum Mechanics of angular
variables and their link to Tight-Binding models. A few observations about perturbation theory in this
setting will also be made. Next, | will review the most important facts about Mathieu functions that will be
of interest to us. Following that, the brief review of the Wigner function presented in this Introduction will
be complemented and the integral form of the Moyal product will be presented. Then it is time to present
two new simplified ways of obtaining the evolution equations. Chapter 2 ends with some remarks about
pure states and integral kernels of integral operators plus their connection to the Helmholtz equation in
two dimensions.

Chapter 3 is the main chapter of this thesis. Five different families of solutions to the stationarity
equation in the Wigner function representation will be given. Several ways to achieve them will be
presented and compared. Finally, the Wigner transforms of solutions to the Helmholtz 2d equation in
modified elliptic coordinates will be computed and compared to the solutions previously obtained.

Chapter 4 is about the Density Operator representation. We will start by giving explicit formulas
for the matrix elements of stationary operators in the angular momentum basis. Following that, the
connection to solutions of the Helmholtz equation in two dimensions will be explored. We end chapter 4
with a discussion of stategies to try to obtain closed form expressions for the even Mathieu functions of
even index.

For the reader’s convenience an appendix with generalities about (Generalized) Hypergeometric
Functions is available at the end of the thesis. In this Appendix A the reader will find a discussion of
notation, the basic facts about the Mellin transform and a collection of the Bessel function identities that
will be used in the main text. The final appendix involves some computations that do not properly belong

to the main text and contains a formula about Chebyshev polynomials that is likely new.



Chapter 2

Quantum Mechanics Background

2.1 Quantum Mechanics of Angular Variables

The purpose of this section is to introduce the main Hamiltonians that will be studied in this Thesis

and to make some general remarks about perturbation theory in the Schrédinger representation.

2.1.1  Angular momentum and Tight-Binding

We start by observing that unlike with the usual cartesian coordinates =z, p for position and momen-
tum, when using cylindrincal coordinates 6, [ in the Scrédinger representation, an immediate quantization
occurs: the angular momentum [ comes in discrete units of &, that is, [ = km, with m an integer. This is
obvious from Fourier analysis, the Fourier transform of a periodic function is given by a Fourier series.
In the setting of Abstract Harmonic Analysis one would say that the dual group of S! is Z and the dual
group of Z is S'. This introduces an important practical difference between the coordinate and momen-
tum representations, while in the former one works with differential equations, in the latter one deals with

difference equations.

It is interesting to observe that what constitutes coordinate and what constitutes momentum depends
on the setting. For example, in Tight-Binding models the discrete variable n is a position variable and the
crystal momentum £ is the continuous periodic variable. Since Tight-Binding models are approximations
to continuous models, in this work we will adopt the more fundamental convention that the angular
variable is the coordinate variable and the discrete variable is the angular momentum variable. Another
useful convention we will adopt from now on is that we always work with the angular-momentum basis,
that is, the vectors |m) are the functions ﬁeimg, with /. an integer, and they satisfy i|m) = hm|m),
where the angular-momentum operator [ is given by | = —ihd/06. In the rare occasions in which the
angular coordinate basis |6) will appear it will be obvious from the context that the vectors are the periodic

delta functions
B '] 1 [e%e] . ,
/o - I o in(6'—0)
0 —0) = E 50" — 60 —2mn) = o g 2 . (2.1)

n—=—oo n=—oo



The two main Hamiltonians we will be working with are the Simplified Hindered Rotator (SHR)
Hsppr = wl — Acos(f), (2.2)

where the frequency w and the energy X\ are parameters, and the Quantum Pendulum (QP)

; 2 .
Hop = — — 2.
QP 2] )\ COS(9)7 ( 3)
where again the moment of inertia I and the energy X\ are parameters. Notice that in the classical case
A would be the famous mgl. The terminology “Simplified Hindered Rotator” comes from the Hindered
Rotator
ﬁHR:w’Z’—Acos(é), (2.4)

introduced by Berry in [7] and extensively studied by Bizarro in [2]. The SHR model is not physically
realistic since its spectrum is not bounded below, but it is a solvable model and was used implicitly in [2]

as an approximation.

Writing the time-independent Schrédinger equation H|y) = E|y) in Fourier space, we have for the
SHR model

hwnt(n) — 2X(Y(n + 1) +(n — 1)) = E(n), (2.5)
and

o~ ~ ~ ~

57 720() — 2A(G(n + 1) + 0 — 1)) = Bi(n) (2.6)
for the QP model. Defining the adimensional parameters A = — 2% and A = —% for the SHR and QP

models, respectively, the above equations can be written as

An(n) +P(n +1) 4+ (n — 1) = Ed(n), (2.7)

and

An2P(n) +(n + 1) +(n — 1) = Eg(n). (2.8)

These equations have the form of three-term recurrences as the well-known Almost Mathieu operator

or Aubry-André model

X cos(2mmn 4+ wo)h(n) + Y(n+ 1) + ¥(n — 1) = Ed(n), (2.9)

where 7,wqy are additional parameters and 7 is assumed to be irrational. Yet another variation is the
Maryland model
X tan (2770 + wo)(n) + ¥(n + 1) + P(n — 1) = E(n). (2.10)

Given any E, X and initial conditions 7];(0), 7];(1) there is a unique solution v];(n) defined for all integer n for

any of these equations. But, and this is the main point, for a fixed \ there are, if any, at most countably



many eigenvalues E that give rise to a solution ¢(n) that is normalizable, that is,

0

> ) < o (2.11)

In fact, for a fixed \ even the set of £ for which a solution exists that only grows polinomially is usually

restricted (those values are sometimes called pseudo-eigenvalues or generalized eigenvalues, although
the latter terminology has a different meaning in Linear Algebra).

The existence of eigenvalues usually depends on the diophantine properties of =, but for the Simpli-

fied Hindered Rotator and the Quantum Pendulum, a discrete set of eigenvalues exists for any value of

X and the corresponding eigenfunctions form a basis of the Hilbert space.

2.1.2 Perturbation Theory

The number of models in Quantum Mechanics that are exactly solvable is not staggering. The
ones one learns about in a first course in Quantum Mechanics are the Particle in a Box, the Harmonic
Oscillator and the Hydrogen Atom. These have the property that the spectrum of the Hamiltonian is a
simple algebraic function of the coupling constant. In the first case, E = (hmn)?/2ma?, in the second
E = hw(n + 1/2) and in the third E = —u(Zac)?/2n?. If the spectrum varies in a non-trivial way with
the coupling constant an exact form for the solutions is much more difficult to achieve. As will be seen
in the next section the SHR model is exactly solvable and its spectrum does not vary with the coupling
constant, only the eigenfunctions do.

Perturbation theory is a systematic method to obtain solutions as a power series expansion on an
appropriate coupling constant. In the setting of the previous section, perturbation theory is especially
simple. No integrals are to be computed. A simple recurrence is enough to obtain the terms up to any
power of the coupling constant. To see this write « for 1/X. All the three-term equations in the previous

section have the form:

F()Y(n) + k(n +1) + kb(n — 1) = E'9(n). (2.12)

Now, expanding the Fourier coefficients and the eigenvalue as powers of «:

h(n) = b(n, j)K’, B =Y giw, (2.13)
j=0 j=0
one must have ]
J
=0

for all j > 0, where we make the convention b(n, —j) = 0 for positive j.

When x = 0in (2.12), the eigenfunctions are given by v)(n) = 4, ,, and the eigenvalues by E' = f(m),
where m is an integer. That is, the Hamiltonian is of the form A = f() and the eigenfunctions are the
eigenfunctions |m) of the angular momentum operator . From the point of view of perturbation theory,

the coefficients g, are always of the form f(m) and the coefficients b(n, 0) always of the form §,, ,,, times



a normalization constant.

With this information we can start to compute all the coefficients b(n, j) and g, for a fixed unperturbed
m. Doing this one will quickly come to the following conclusions. First, that for a fixed integer n, the first
Taylor coefficient b(n, j) that is different from zero is j = [n —m/|. So, b(n, j) = 0 for j < |n—m|. Equation
(2.14) imposes a certain speed of propagation of the effects of the coefficients. Second, the coefficients
b(m,j) for j > 0 are not determined. This is a manifestation of the fact that the time-independent
Schrédinger equation is a linear equation, hence one can multiply a wave function |¢) solution by any
constant and still have a solution. From the point of view of the three-term equation (2.12) this means
that the Fourier coefficient ¢)(m) is not determined as a function of «, only its value at = = 0 is. So we
can choose the coefficients b(m, j) as we please. A popular choice is b(m, j) = 0 for j > 0. This speeds
up the numerical computations, but may not be the best from an analytical perspective. For example,
if 1(m) has a zero as a function of x then the power series for the other coefficients will have a finite
radius of convergence.

Two more patterns can be observed. The first is that for a given integer n the value of the first Taylor
coefficient different from zero b(n, |n —m|) does not depend on the normalization of the wave function for
r # 0. The second is that if we choose () to be an even function of «, that is, b(m, j) = 0 for all odd
4, then ¢(m + 1) and 4(m — 1) will be odd functions of &, 1) (m + 2) and ¢)(m — 2) will be even functions
of k, 1(m + 3) and ¢(m — 3) will be odd functions of , and so on, the parity of the Fourier coefficients

as functions of x will be alternating.

2.1.3 The Simplified Hindered Rotator

In eq. (2.2) we defined the Simplified Hindered Rotator Hsyr = wl — Acos(d). In this section we
will see that this is a solvable model. First we will look at the time-independent Schrédinger equation in

coordinate space and then in angular momentum space.

Differential equation

In the case of the SHR, the eigenfunctions are actually very easy to obtain because the time-

independent Schrédinger equation is the first-order linear differential equation

47&;%(9) — Xcos(0)y(0) = Ev(0), (2.15)

whose solution is obtained straightforwardly by separation of variables:

% - % /[E+>\cos(9)]d9+0, (2.16)
with C' some arbitrary constant. Therefore,
I ieg i2 sin(0)
1/)(9) = 76 hw*e” hw (217)
V4T
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and we see that E/hw must be an integer for the solution to have period 27. Notice that the energies

E = Iwd do not depend on the potential-energy strength A, only the eigenfunctions do.

Difference equations

We can now note that the second exponential factor in (2.17) is the generating function for Bessel

functions (A.26), whence, defining d = E/liw € Z and ¢ = —\/2hw, we can write the eigenfunctions as

Ya(0) = e Z Jy ( ) \ﬁ Z Jr_a(=2¢) e, (2.18)

T=—00 r=—00

This gives us an explicit form for the Fourier coefficients of the solutions of the time-independent
Schrédinger equation. One could also have obtained this explicit form from the three-term equation

(2.12) as was done by Bizarro in [2]. The equation in this case reads
np(n) + cb(n+1) + ep(n — 1) = E'{(n) (2.19)
and noticing that Bessel functions satisfy the relation (A.23)
2 (2) — 2Jp_1 — 2Jpi1(2) =0 (2.20)

we get
P(n) = NJ,_q(-2¢) and FE = hwd (2.21)

where N a normalization constant and d is an integer. One then sees that N = 1/+/2x in the case at
hand.

If we had started from the perturbation theory equation
J

we would come to notice that all the g; with j > 0 that we computed were zero. Conjecturing then that

indeed g; = 0 for all j > 0, we would try to solve the equation
(n—=m)b(n,j)+b(n+1,7—-1)+bn—-1,j—-1)=0. (2.23)

Considering the power series form of Bessel functions (A.22)

k2k

( ) 24’%' (k +n)! (2.24)

one can verify that .
, (-1)—F "
bln.j) = (j*n+m)!(j+n27m)!

2

(2.25)

11



where j has the same parity as n — m, and b(n, j) = 0 otherwise, indeed solves eq. (2.23). It should
be noted that the normalization b(m, 2j) = (—1)7/;!5! is not something we could have easily guessed to
give a closed form without extensive analysis of the partial difference equation.

In the more symmetric case m = 0 we will see in section 3.2.1 that there is a more global way to try

to solve the partial difference equation (look at eq. (3.20) there, it is closely associated to eq. (2.23)).

2.2 Mathieu Functions and Perturbation Theory

The Hamiltonian of the Quantum Pendulum was defined in eq. (2.3) by Hgp = 527 — Xcos(f). In this
section we will review the connection between the eigenfunctions of this Hamiltonian and the Mathieu

functions of even order.

2.2.1 The Quantum Pendulum and Mathieu functions
In the QP case, the eigenfunctions satisfy the equation

2 2
DR (6) — Neos(O)(6) = BU() (2.26)

which is a particular case of the Mathieu equation whose standard form reads [15—-20]:

a2 f

@(z) + [a — 2gcos(22)]f(z) = 0. (2.27)

For every q there is a discrete set of values for a (the so-called characteristic values) for which this
equation has periodic solutions, either with period 7 or with period 27. The former are called the Mathieu
functions of even order, usually denoted by ces,, (2, ¢) and sea,12(2, ¢), and are the solutions that interest
us, since we are going to look for solutions of period 27 (in #) after making the change of variables 6§ = 2z
and ¥ (0) = f(6/2). The Mathieu equation (2.27) then becomes

d24)

4555(0) + [a — 2q cos(8)]16(0) = 0 (2.28)

and, comparing with (2.26), we see that £ = h?a/8I and ¢ = —4\I/h? = 4c, the QP problem having
been thus reduced to the study of the Mathieu functions of even order. Unfortunately, for over 150 years
of research no closed forms have yet been reached for the Mathieu functions of even (or odd) order.
One of the main themes of this thesis is to argue that the study of the Wigner transform of stationary
solutions of the Quantum Pendulum may give us such closed forms. In order to do that we need to learn
a bit more about Mathieu functions.

The functions ces, (2, ) are even functions of z and the functions ses,,12(z,q) are odd functions of
z. Hence the notation, the “c” in ce should remind us of cosine and the “s” in se of sine. When ¢ = 0,
cean(z,0) = cos(2nz) and sea,+2(z,0) = sin((2n + 2)z). The Fourier coefficients of the Mathieu functions

are named Mathieu coefficients, and the usual notation for the cosine-Fourier coefficients of ces, (2, q)

12



and the sine-Fourier coefficients of sea, 12(2, ) is A2™ () and B3 (q), respectively. That s,

cean(2,q) ZA 2n) ) cos(2rz), (2.29)

and
seant2(z,q) Z BéiTQ_Q) )sin((2r + 2)z) (2.30)

The Mathieu coefficients are analytic functions of the parameter ¢ but, as already said, no closed
forms are known for their expressions. The eigenvalues associated to the Mathieu functions are called
characteristic numbers and are denoted by as,,(¢) and bs,,2(g) for the even and odd Mathieu functions,

respectively. From the three-term relations

CLAO — qAQ =0
(a—4)As — q(Ay +240) =0 (2.31)

(a — 47“2)A2T — q(A2r+2 + Agr,s,g) =0, forr > 2

and
(a - 4)32 - qB4 =0
(2.32)
(a— 47‘2)BQT — q(Bayy2 + Bar—2) =0, forr > 2
one can see that the characteristic numbers are given by ratios of Mathieu coefficients:
A(2n) B(2n+2)
a2"(q) = q(;il)(q) and b27,,+2(q) =4+ %2)((]) (233)
Ay (9) B, (q)

So, having a closed form for Mathieu coefficients gives us immediately a closed form for the characteristic

numbers.

There is really no standard normalization for Mathieu functions. The original normalization used by
Mathieu [1] is good for perturbation theory, but differs from the Hilbert space normalization. Frequently,
a middle ground is achieved by putting (¥|¢) equal to 7 or 27. It is the working hypothesis of this thesis
that there might be a normalization depending on ¢ for which the Mathieu coefficients can be written in
a closed form. If this is the case then the passage to more standard normalizations such as the Hilbert

space normalization is straightforward.

To finish this section notice the awkward factor 2 for Aq in the middle equation of (2.31). This comes
from not working with complex Fourier coefficients. In the following we will work only with complex
Fourier coefficients, but will have to, sometimes, make the connection to cosine-Fourier and sine-Fourier
coefficients. Working with complex Fourier coefficients transforms the multiple relations in (2.31) and
(2.32) into a single relation. Also recall that our variable 6 is equal to 2z. This means that our eigenfunc-
tions will be given by ces,,(0/2) and sea,+2(0/2) and, consequently, that we will have to divide the index
of the Fourier coefficients by 2. That is, (r|¢) refers to the real or imaginary parts of Ay,| and By, times

a normalization constant. This takes care of the awkwardness of the factor 2.

13



2.2.2 Perturbation theory for Mathieu functions

The traditional path [16] to obtain information about the Mathieu coefficients is equivalent to doing
time-independent perturbation theory as in section 2.1.2. For our purposes, we will only quote some of
the results in the literature. The first non-zero Taylor coefficients of Mathieu coefficients as functions of

the parameter ¢ are known [16—18] and read:

n , 2n)! q\" "
Aéilw(@) ~ (-1) r'(énj—r)' (Z) = Béfﬂr)%"(Q) (2.34)
(2n) - (Zn —r— 1)! q r  pn)
AZ'n—Q'r(q) — 7"'(277, o 1)' (4) - BQn—ZT(Q) (235)
forn >0andr > 0,
r 2 QT
A (@) = (-1 (%) (2.36)

for » > 0, and we always have
AP (q) ~ 1 ~ B3, (2.37)

Looking at these formulas we see that it is natural to define the coupling constant as ¢ = q/4 = —A\I /A2,
Our effort to obtain closed forms for Mathieu functions will lead us in chapter 4 to look at products of

Mathieu coefficients. From the formulas above we have

LACY it #£0

1 r
\/E<r|cegn> = Aé;j) | o (2.38)
so that, for instance, if r, s > n > 0, we get from (2.34) (with » replaced with r — n)
g lecan)eenls) = (1) o LB oo, 2.39)
If n = 0 we have a quite simple formula for r, s > 0,
1 1
%<r\ce0><ceo|s> ~ (=1 r!r!s!s!crﬂ' (2.40)

These formulas will be referred to in chapter 4.

2.3 The Wigner-Chan-Bizarro function

As described in section 1.2 of the Introduction, Bizarro in his Ph.D. thesis [2] provided a new definition
of the Wigner function for angular variables. The reader should nevertheless be aware that that was not
how he saw it. For him the new definition was simply an auxiliary definition and not meant to substitute
the one given by Berry and Mukunda [7, 8]. | disagree with that view and think that the benefits of
the new definition are so many that it should be considered at least in an equal footing with the older

definition.
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In this section we review the relevant formulas from the Introduction that will be used in the following,
plus two extra formulas. Additionally, we give some examples of Wigner transforms and conclude with
the integral form of the Moyal product.

We start by recalling the definition of the modified Wigner function

1 iOm’ y m+m’ m—m’
wllm) = 5= Y ey (| g, (2.41)
m’ same
parity as m

| think it is not inappropriate to designate such an object by the Wigner-Chan-Bizarro function. Next we
recall the generalization of this modified Wigner transform to operators:
]_ : ! ! ~ _m/

a(,m) = o et (mEml Ajmam, (2.42)

m/ same
parity as m

For future reference, we also give two additional useful formulas. The first is the formula for the modified
Wigner transform of a general operator A computed in the angular basis

1 (" - .
a(f,m) = 5 do'e™0 (9 + 0’| AlO — 0'); (2.43)

—T

the second is the relation between the classical Wigner transform of a periodic function, with period L,

and the modified Wigner transform [21]

W(r,p) =2 > (82— )w(ZEm), (2.44)
where it is supposed that the periodic function is normalized in an interval of period L. Notice that the
wave number p/# is a multiple of /L and not of 27/L, this is a manifestation of the doubling of points
characteristic of Wigner functions.

In the author’s view equations (2.42), (2.43) and (2.44) provide the strongest argument in favour of
viewing the modified Wigner function as the true Wigner function for angular variables. The first two
equations by their symmetry. The original Wigner function of Berry and Mukunda when written in the
angular momentum basis [2] is incredibly complicated, it involves two sums and the second sum is
actually a double sum, while the modified one is entirely symmetric in the roles of # and m. The third
equation also provides a very strong argument in favour of considering the new definition as the correct
one since it is simply what one obtains from the original definition of Wigner when applied to periodic

functions.

2.3.1 Examples

In this section we give some examples of modified Wigner transforms.
The first two examples appeared in [2] and can easily be computed using formula (2.42). The first

example is given by the Wigner transform of an Hamiltonian of the form H = f(i) where [ is the angular
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momentum operator and f(I) is an arbitrary function. In this case

1 hm H

5= fl 5 if m even
h(6,m) = ? ( 2 )

0 if m odd.

(2.45)

In this thesis two such cases occur with f;(I) = wl and f»(l) = I?/2I. The second example is given by

the Wigner transform of an Hamiltonian of the form H = — X cos(6). Here we get

0 if m even
h(0,m) = (2.46)

—# cos(d) if m odd.

Since the Wigner transform is linear, the Wigner transform of the Hamiltonian of the Quantum Pendulum

becomes

2 2 .
hom if m even

hop(0,m) =4 (2.47)
—% cos(d) if m odd.

The next example is the Wigner transform of the eigenfunctions of the Simplified Hindered Rotator.
There are two ways to compute this, but in their essence both use the generating function for Bessel
functions (A.26). In the first way one notices that (2.17) is the expression for a Frequency-Modulated
(FM) signal if we substitute 6 by 2xt/T. The Wigner transform of a FM signal is known [22] (see also [4];
in (8.56) there, put 8 = 0, m = \/hw = —2¢, wy, = 21/ L, wy = 2xd/L, multiply everything by (7/aL?)3

and make « tend to zero):
WLl p) =L Z p_nm_ 21d) ] [—4ccos(6)] (2.48)

hence, by (2.44)

1

w(0> m) = %

Jm—24[—4ccos(6)]. (2.49)

In the second way, which is actually simpler, one uses eq. (2.41) with the Fourier coefficients in (2.18)
and then use Graf’s formula (A.29) for the Fourier coefficients of a Bessel function composed with a

cosine in a way similar to what Bizarro did in section V.B of his [2].

2.3.2 The Moyal product in integral form

The differential form of the Moyal bracket is exceedingly complicated. By contrast, the integral form
is actually quite simple. If a(6,m) and b(, m) are the Wigner transforms of operators A and B, then their

Moyal product is given by

2 2
a*b 6 m / da// 9// a(9+ 9/7m+m/)b(9 +6//7m+m//)e’i(9’m/l //m/) (250)

m +m same
parity as m
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This expression can be verified using (2.42). We have then

1 2m 2m - )
axb(f,m) = W/O del/o a0" Z Z Z pin' (6+6")

m’ m’’: n' same '’ same
m’+m/ same  parity as m+m’ parity as m+m’’
parity as m

) <m+,r§/+n/ |A| m+n2l/7n/ >€in”(0+0”)<m+m2”+n" |B| m+m2//7n// >€i(9'7n”76”m’).

(2.51)
We can rewrite the exponentials in the form
ei(n/Jrn”)Gei(n'er”)G/ei(n”fm')G” (252)
and integrate in 8’ and 6”. Only the terms with n’ = —m/ and n”” = m’ survive. Hence
1 7 77/ ’I’L” m TL// ’VL/ 1 m 'VI,//—TL/ ’VVL—TL/ n” ® TVL—TLI—’YLH
a%b(6,m) = > e mintin’ | f|minon’y(mondn” | pmon—n”), (2.53)
n’-fnﬁse;me
parity as m
Defining new variables n = n’ +n” and r = (m — n’ +n'’) /2 this can be written as
1 - inb /m+n| A Dlm—n\ __ 1 inb /m+n| A Dlm—n
axb(O.m) = D A rBlmg) = - Y eM(mRABImER), (o6
n same r=-—oco n _same
parity as m parity as m

which is what we wanted to verify. The Moyal bracket is then [a, bjx = a%b — bka. This can be written

succintly as

2 27
[a,b]x (0, m) = S / do’ do” Z a(@+ 60" ,m+m"b(0+ 60", m +m")2isin(0'm"” — 6"m'),
0 0

2’/T ’ ",
m'+n71” same
parity as m
(2.55)
but in practice it is best to compute the terms a%b and bxa separately.
2.4 The evolution equation
2.4.1 Evolution of the density operator
The equation giving the evolution of the density operator is
Ld -
ih=.p(t) = [H, p(2)], (2.56)
which, in terms of the matrix elements A, , = (r|A|s), reads
o dprs .
s e 2.57
= = (A, iy, (2.57)



Computation of the right-hand side of (2.57) is very simple: if, say, H is just a function of the angular

momentum, meaning H= f(f), then

(D) Plrs = (rlLF (D, Alls) = (el f(D)p — pf(Dls) = (f(hr) — f(hs)){rlpls)
= (f(hr) — f(hs))pr,s, (2.58)

whereas, if H acts by multiplication, and noticing that ei”é|m> = |m + n), we have, for instance with

H = cos(6),

e pei0 neif 4 o—if

[cos(8), Alrs = (r|=5—p — pe=—]s)

= (pA'r‘fl,s + ﬁr+1,s - ﬁr,s+1 - pAr,sfl)a (259)
which now has the form of a difference equation.

If 7 is the sum of an angular-momentum part plus an angle-dependent potential part, then we just

use the linearity of [.,p]. As examples (with w, A\, and I positive constants), take the SHR and QP

Hamiltonians, respectively, H = wi — A cos(A) and H = [2/2I — A cos(f), in which cases (2.57) becomes

L dprs A Ao A A A
ih Z{ = hw(r — S)Pns 3 (Pr—l,s + Prit,s = Prs+1 — Pr,s—l) (2.60)
and
Ldprs B R A R R R
ih dt7 = E(TQ - 52)/07',8 - 5(/)7‘—1,3 + Pr+1,s — Pris+1 — pr,s—l)~ (261)

2.4.2 Evolution of the modified Wigner transform

We now allow our Wigner functions to evolve over time, that is, w = w(6,m, t), the analogue of the
evolution equation being
ow

ihZr = [hwlx. (2.62)

Bizarro [2] obtained the final evolution equation in two steps: first, the phase-space function h(0, m) was
calculated and, second, the Moyal parenthesis [h,w]x was computed. In this subsection it is shown
that it is easier to start from the equation for the density operator and subsequently translate it into an
equation for the time-evolution of the Fourier coefficients of w(6, m,t), which is then translated into the

final equation for dw/ot.
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Evolution of the Fourier coefficients

If we expand the modified Wigner transform into a Fourier series

1 .
w(f, m,t) = by Z Ao (t)e™, (2.63)
paTrLit?/aarge’m

it is evident from (2.41) that the Fourier coefficients a,, ,, for m and n of the same parity are given by

amn(t) = (P57A(1)]52). (2.64)

If we change variables according to » = (m +n)/2 and s = (m — n)/2, which leads to m = r + s and
n =r — s, hence to

Urgs,r—s(t) = (r|p(t)]s), (2.65)
then the difference-differential equations (2.60) and (2.61) become equations for the Fourier coefficients.

For the SHR model we have

. dar-‘rs.r—s
ZHT = M(T - S)arJrs,Tfs - 5 (arflJrs,rflfs + Ar414sr+l—s — Qryst+lr—s—1 — a’l‘+8717’r‘75+1)a
(2.66)
which can be rewritten as
A A
ih dt’ = hwnam,n - 5 (am—l,n,—l + Gm41m+1 — Cmt+1n—1 — a7rz—1,n+1)~ (267)

Notice that, if m and n have the same parity, then m £ 1 and n £ 1 also have the same parity.
For the QP model, the only change is that » — s is transformed into 2 — s? and, in terms of m and n,
this is
r? — 52 = (r+s)(r —s) = mn. (2.68)

Therefore, the equation for the Fourier coefficients in the case of the QP reads

. da h? A
(;;Lm == Zmnam,n - §(am—1,n—1 + Um+1,n+1 — Om4+1,n—1 — am—l,n+1)- (269)

The final evolution equations

To write the final equations for w(¢, m, t), we simply multiply both sides of (2.67) and (2.69) by 5-e"
and sum the equations for n of the same parity as m. For the SHR, using (2.63), we get on the left-hand
side of (2.67)

1 At s -
= > i “dt’ emG:m%’(e,m,t). (2.70)

n same
parity as m
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Again using (2.63), the first term on the right-hand side of (2.67) becomes

ow

1 nd __ .
o Z hwnam e’ = — ihw 20

n_same
parity as m

(0,m,1), (2.71)

whilst the second term becomes

§ amf1,n716m9 _ 620 E amfl,nflel(n 16 _ —7619 § am717n61n9

CArm 4rm 4dr
n same n_same n same
parity as m parity as m parity as m—1
=-— %eww(ﬁ,m —1,1), (2.72)
and similarly for the other terms
A inf
- Z Z (am+1,n+1 — Qm+4+1,n—1 — amfl,n+1)€
™ n same
parity as m
= f%[e”ew(ﬂ, m+1,t) — ePw(@,m+1,t) — e Pw(@,m — 1,t)]. (2.73)
Putting (2.67) and (2.70)—(2.73) together, we get
ihaa—z)(ﬁ,m,t) =— ihw%(@,m,t) - %[eiew(G, m—1,t) + e Pw(@,m+1,t)—
—ePw(@,m+1,t) — e Pw(d,m - 1,t)], (2.74)
which is equivalent to
ow ow )
ha(ﬁ,m, t) = —hw%(@, m,t) — Asin(0)[w(@,m — 1,t) — w8, m + 1,¢)]. (2.75)

For the QP, the only change is in the first term on the right-hand side. From (2.69) the factor n in

(2.71) becomes mn and

1 ind . 8w
— MNam pe'™ = —im——(60,m,t), (2.76)
27 Z ’ 06
parity s m

so that the final equation for the QP is

h—(0,m,t) = ——m——(0,m,t) — Asin(0)[w(0,m — 1,t) — w(d,m + 1,t)]. (2.77)

2.4.3 The Evolution equation from the Moyal bracket

In [2] Bizarro computed the evolution equation starting from the differential form of the Moyal bracket
[h, w]x. In this section it will be seen that starting from the integral form (2.50) for the Moyal product the
same result can be achieved in a much easier way.

We start with the Wigner transform of the Quantum Pendulum Hamiltonian (2.47). Given that the

Moyal bracket is bilinear we can compute separately the contributions from the kinetic energy and the
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potential energy and then add them.

The Kinetic term

Starting with the kinetic energy and using (2.50) and (2.45) with f(I) = i?/2I:

h2 27T 2ﬂ- ’ . ’ " " ’
hikw(9,m) = o7 / o’ g’y ()2 (0 + 07, m 4 m”)e @m0 m) - (2.78)
0 0 ’ m,”:
m’ +m'" same
parity as m and
m,—i—m,' even

Notice that the conditions on m’ and m” imply that m’ has the same parity as m and that m” is even.

Integrating in 6’ only the term m” = 0 survives

o[ , o
hakw(0,m) = T O o’ > () w(f + 07 m)e 0™ (2.79)
parity a8 m

Defining a new variable § = 6 + 6" we can write

h2 T 2m — ’ g

hkw(®,m) = - — > elme/ df ()2 (6, m)e= 0™ (2.80)
m’ same 70
parity as m

and similarly
2

h . 2m — " — A1
wkhy (0, m) = Tl E e ' 9/ df (MTm)zw(G,m)ewm . (2.81)
m/’ same 0
parity as m

It is now time to expand the powers (m + m/)? and (m + m')2. Doing so, it is immediate that the terms
with m? in hy%w and wxh, are identical if we identity the variables m’ with —m”. This means that they
cancel in [h, w]«. For the terms with 2mm’ and m’? we notice that
m'e”0m = iie_wm (2.82)
00
and so we can integrate by parts the terms with m’ once and the terms with m’? twice. In the latter case

we obtain

hz ; /0 2 = 8211) = Ly

o im do —=(0 —i0m 2.

1671 Z ¢ /O oz (0-me (2.83)
pg?itysgrg?n

for hy%w and the same term with m” = —m/ in wxh;. Again, this means that they cancel in [h, w]x. The

only terms that survive are the ones linear in m’

h*m e [T 0w im’ RPm > _ow, i’ (00
. im = —iom’ _ _ ~ im’(0—06) ) ]
gt /E e /0 do vl (6,m)e ey ; do 57 (8, m) /E e (2.84)

m_ same m_same

parity as m parity as m
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Inside the brackets we see from (2.1) that we have the expression for a combination of the periodic delta
functions 6(6 — ) and §(0 — 0 + ). Therefore, we get

?m [ Ow m Ow

in hy%w and an equal term with +i in wh;. So,

R2m Ow

mm [ Ow ow

[h1, w]x(8,m) = —22’8—I %(G,m) + (—1)’”%(9 + mm)) =

where in the last equality we have used the fact that w(6 + 7, m) = (—1)™w(6, m). The last expression

coincides with the Kinetic term in (2.77) (remember that we cancelled the imaginary factor i there).

The Potential term

Starting with the Potential energy and using (2.50) and (2.46) we have:

_ 27 2m ot 1t
hz*w(ﬁ,m)z(%A)Q/o de’/o " > cos(O+ 0 w(B+ 0", m+m”)e’ @m0 (2.87)

m/+m’’ same
parity as m and
m+m’ odd

We observe that the conditions on m’ and m” imply that m’ has the same parity as m + 1 and that m”
is odd. Also, we can split the cosine as a sum of two complex exponentials. The complex exponentials
in ¢ are then of the form ¢ ("%£1) "and when we integrate in ¢’ only the terms with m” = +1 survive.
The remaining terms have the form
X o / ” " > w®+0 mF e (2.88)
4 0

m’ same
parity as m¥1

We can again identify the sum in m’ has a combination of periodic delta functions and get

[ho, w]x (0, m) :%A(eiaw(&m — 1)+ e w(®,m+1) —ew(@,m+1) — ew(@ m 1))
(2.89)

= — Xisin(8)(w(f,m — 1) — w(f, m + 1)),

which coincides with the Potential term in (2.77) (again, remember that we cancelled the imaginary factor

i there).

2.5 Stationary States, Observables and the Helmholtz equation

In this section several generalities about states in the Density Operator representation will be re-

viewed.

22



2.5.1 Stationary states and observables

In the Density Operator representation a state / is a positive operator (hermitian with non-negative
eigenvalues) of trace 1. An observable is any hermitian operator A. The evolution equations for a state
and an observable are the same, modulo a minus sign. This means that the equation for a stationary
state or observable is the same, namely [H, A] = 0. In this thesis several families of solutions for the
stationarity equation of the SHR and QP models will be given, both in the Wigner representation, that is

[h, a]x = 0, and in the Density Operator representation.

Stationary pure states

Pure states are those states p that are determined by a wave function |¢), meaning that they have
the form p = |[¢)(¢|. Stationary pure states are those pure states that correspond to eigenstates of the
Hamiltonian, namely, p = |E)(E|, with H|E) = E|E).

There are two other characterizations of pure states. Both have a non-linearity involved. The first is
the famous 5? = p. The second involves the matrix elements of the operator. The matrix elements of a
pure state in any basis (e;);c; have the product form

(eilplej) = CiCF

J

(2.90)

for some sequence of complex numbers (C;);cr, which sequence then gives the expansion of the wave

function |¢) in the basis (e;);cr, that is,

) =" Cies. (2.91)

el
The natural basis to deal with rotational problems is the angular-momentum basis, in which pure states
are those states p whose matrix elements can be factored as

(rlpls) = C,.C5, (2.92)

the sequence (C,.)..cz then giving us the Fourier expansion of the wave function:

- .
> G (2.93)
2T

r=—00

¥(0) =

ﬁ

The evolution equation for an observable A(t) in the Heisenberg picture is

JdA
or, equivalently, in the Wigner picture
0
fmai; = [h, a)x, (2.95)

a stationary observable being one such that A(t) = A, that is, dA/dt = 0 or, equivalently, one such that

H commutes with A, so their Wigner transforms x(6, m) and a(6, m) commute with respect to the Moyal
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bracket. Comparing (2.56) and (2.62) with (2.94) and (2.95), we see that stationary density operators
(representing stationary states) and stationary observables are determined by the same equations, so
the latter include the former and constitute the general outcome of solving an equation of the type
[h,a]x =0, or da/0t = 0 as per (2.95).

Preliminaries on integral operators

The observables of relevance to experiment are functions of x and p, or in our case ¢ and [. This
means that in general they will be unbounded operators. This, in principle, is not the case of the sta-
tionary operators that will be presented in this thesis. Nevertheless, | think the reader will not find them
without interest. To better understand the following a brief review of integral operators is in order.

An integral operator A acts on a function ¢ by
(40)(6) = [ oK (0.0)0(6) (2.96)

where K(6,0') is the integral kernel of A. The matrix elements of A in the angular basis are given by
the values of K:
(0114105) = K (61,65) (2.97)

and the matrix elements in the angular momentum basis are given by the Fourier coefficients of K:

<’I’|A|S> = 2i /d@ldﬁgK(Gl,Hg)e_ireleisez (298)
Y
so that
1 A irfy ,—is
K(61,609) = §Z<T|A\S>e”916 302, (2.99)

.8

Notice that an integral operator A is hermitian only if K(6,,602) = K(62,61)* and that a pure state
p = |v)(¢] is a particular case of an integral operator with K (6, 605) = ¥(01)1(02)*.

Restricting the Wigner transform to integral operators one can thus regard the Wigner transform as a
map between functions of two angular variables K (6, 62) and phase-space functions A(6,m) or a(0, m).

Making the left-hand sides of (2.60) and (2.61) equal to zero, while replacing p, s with (r|Als), the
resulting expressions can also be seen as an equation involving the Fourier coefficients of the integral
kernel K(61,6-). From this equation a differential equation for K (6,,6) can be found. This leads us to

our next topic.

2.5.2 The Quantum Pendulum and the Helmholtz equation

Setting to zero the left-hand side of (2.61), multiplying by e?"%1e~%5%2 and summing over r and s, in a

manner similar to what has been done in Sec. 2.4.2, one gets

0PK  0’°K  2)I
C T 2 eos(6) — cos(0:)] K = 2.1
562 002 + 2 [cos(61) — cos(62)] 0 (2.100)
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Comparing this eq. with Helmholtz’ equation in modified elliptic coordinates (check Eq. (2) in § 10.11

of [16])
gig - gig - Q72[cos(2zl) —cos(229)Ju=0 (2.101)
ones finds that they are equivalent if z; = 61/2, 2z, = 6,/2, and Q? = —16\I/Rh>.

This implies that to obtain integral kernels of stationary observables one can first look at solutions of
the 2d Helmholtz equation

$+ZZZ+QQU=0 (2.102)
and then substitute = by cos(61/2) cos(62/2) and y by isin(6;/2) sin(f2/2). If the resulting function has
period 27 in #; and 6, then we have a solution of (2.100). Reciprocally, given a solution to equation
(2.100) for the integral kernel of a stationary operator then, by inverting the coordinate transformation,
one obtains a solution to the Helmholtz equation in cartesian coordinates.

The 2d Helmholtz equation is actually the context where Mathieu functions first appeared. This equa-
tion is separable in four different orthogonal coordinate systems [23]: cartesian (z, y), polar (r, 8), elliptic
(&,m) and parabolic (u,v). Its solutions being, respectively: products of exponential functions, product
of Bessel function times exponential function, product of modified Mathieu function times Mathieu func-
tion and product of parabolic cylinder functions. The real and imaginary parts of these solutions are
independent solutions. In all these cases the separated solutions form a basis of the space of solutions.

As a byproduct of our analysis, in this thesis we wil be able to write the solutions of the Helmholtz eq.
in cartesian and polar coodinates into elliptic coordinates as series of products of exponentals e"¢e?*",
with » and s integers, in a closed form. It is possible that this is a new result.

The solutions of the Helmholtz eq. we will be looking at are: the solutions in cartesian coordi-
nates K(61,6:) = u(z,y) = eV~ of period 2, that is, of the form K(61,6,) = u(z,y) =
cos(wx) cos(vQ2 — w?y) and K (01,60:) = u(z,y) = sin(wz)sin(v/Q2 — w?y), where w is a continuous
parameter; and the solutions in polar coordinates of even index K (61,0:) = u(r,¢) = Jap(Qr)eFi2r9,
where p is a nonnegative integer. These solutions can be divided into solutions that are even or odd as
functions of 6; and 6. In particular, K(61,02) = u(r,¢) = Jop(Qr) cos(2p¢p) and K (61,02) = u(r,¢) =
Jop(€2r) sin(2pg) generate the same space of functions as the products of Mathieu functions of even or-
der ceay, (01/2)cean(02/2) and seay, (61/2)sean (02/2), respectively. That is, they generate the same space
of functions as the products of eigenfunctions of the Quantum Pendulum and so they generate the space
of solutions to eq. (2.100) for the integral kernel of stationary operators.

As discussed in section 2.2.1, the Mathieu functions of even order are eigenstates of the QP model,
but no closed forms are known for them. It would be interesting if the Wigner transform shed some
new light on this problem. In section 4.3.2 it will be seen that it seems this may indeed be the case.
Also, surprisingly, it also seems that to write the Fourier coefficients of the solutions of the Helmholtz
eg. in cartesian and polar coordinates into modified elliptic coordinates in a closed form it is best to first

compute their Wigner transforms and then their Fourier coefficients. These then give us immediately the
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Fourier coefficients of the Helmholtz solutions using (2.42) and (2.99).
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Chapter 3

Solutions of the Stationarity

Equations - Wigner function

In this chapter, several families of Wigner transforms of stationary observables are presented, both
for the Simplified Hindered Rotator and the Quantum Pendulum. In the first section we give the simplest
solutions. In both sections 3.1 and 3.2 we start from the right-hand sides of (2.75) and (2.77), replacing
w(f, m) with a(6,m), whereas in section 3.3 we work directly with the Fourier expansions of the Wigner
transforms and start from the right-hand sides of (2.67) and (2.69). In section 3.4, the results of the
previous sections will be compared looking for common solutions. In the final section, the Wigner trans-
forms of integral kernels that satisfy the Helmholtz equation will be computed and compared with the

solutions previously obtained.

3.1 Simplest solutions

Making the right-hand side of (2.75) equal to 0, after replacing w(6, m) with a(6, m), we have

da A
%(G,m) =7 sin(@)[a(8,m — 1) — a(8, m + 1)], (3.1)

and so, defining as Bizarro in [2], y = 2(\/fw) cos(#) and Z(y, m) = a(0, m), we get

252 (ym) = Z(y.m 1) = Zlyom +1) (3.2)

for the SHR. In the case of the QP, the right-hand side of (2.77) gives

da

00

m—(0,m) = 72% sin(f)[a(0,m — 1) — a(f, m + 1)], (3.3)
whence, putting y = —2(A\I/A?) cos(0) and Z(y,m) = a(6, m),
mg—j(y, m)=Z(y,m+1)—Z(y,m—1). (3.4)
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3.1.1 Continuous families of solutions

If we make the simple hypothesis that Z(y, m) is of the form
Z(y,m) = e f(m), (3.9)

where f(m) is some function to be determined, then, factoring out e¥, we obtain an equation for f(m)

only. For our purposes, we can add an extra parameter to the expression for Z(y, m):
Z(y,m) = e f(m). (3.6)
The equations for the SHR and QP models become respectively:

a2f(m)=f(m—1)— f(m+1) (3.7)

and
amf(m) = f(m+1)— f(m—1). (3.8)

Simplified Hindered Rotator

In the first case we have a second order difference equation with constant coefficients. The way
to solve it (see [24]) is to suppose f(m) = 2™ and solve 2az = 1 — 22. That is, we have two linearly

independent solutions

Z(y,m) =e¥(—at+vVaZ+1)™ (3.9)

The corresponding family of Wigner functions is given by linear combinations of
a(0,m) = 2@ A/Mw)cosO) (o 4 (/a2 4 1)™. (3.10)

Not all these solutions are Wigner transforms of operators. From the definition (2.42) it is seen that if
m is even then a(8,m) has only even Fourier coefficients and if m is odd then a(6,m) has only odd
coefficients. Only the linear combinations that satisfy this condition are allowed. Hence, the family of

stationary Wigner functions for the Simplified Hindered Rotator is given by
aa(o’m) — e?a()\/hw)cos(é‘)(_a ++a2 + 1)m + €—2a(A/hw)cos(9)(+a = /2 + 1)m. (311)

Notice that if « = 0 then a(8,2m) = 2 and a(0, 2m + 1) = 0. This the most trivial solution, it is the Wigner
transform of the identity operator I times 4. It satisfies the stationarity equation as it should, since the

identity always commutes with the Hamiltonian.
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Quantum Pendulum

Here we must solve a second order difference equation with variable coefficents. Since the coefficient
is a linear function of m it is useful to use generating functions, because we will then obtain a first order

differential equation. That is, we suppose there is a function h(z) such that

“+o0
h(z)= Y f(m)z", (3.12)
and solve
az?h/(2) = h(z) — 2%h(2). (3.13)
The general solution of which is
h(z) = De= (3+7), (3.14)

To obtain f(m) we expand h(z) with D =1,

o (S0 ) (B0 )

n=0

B oo . o] 1 1 m—+2n
N Z N gn!(ner)! (a) ’

m=—0o0

(3.15)

Noticing that the last sum is similar to the power series expression for Bessel functions (A.22) we arrive

at
m 21
flm)=1:"Jp, (a) , (3.16)
and .
Z(y,m) = e*i"™ J,, (2) . (3.17)

The family of stationary Wigner functions for the Quantum Pendulum is then given by

aa(ngn) _ 672a()\1/h2)cos(9)im€]m (2Z> + 62a()‘1/h2)cos(9)’imjm <22> . (318)
«

—

3.2 Two discrete variables

3.2.1 The Simplified Hindered Rotator

In solving (3.2), and despite the fact that Bizarro [2] already noticed that Bessel functions provide
a solution for it, it will be instructive to rederive this result without prior knowledge of the properties of

Bessel functions. We start by writing Z(y, m) as a power series:

Z(y,m) = Y X(m,j)y’ (3.19)

j=—o0
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and, equating terms in (3.2), we get an equation for X (m, j):
20+ 1)X(m,j+1)=X(m—1,7) — X(m+1,7). (3.20)

Coming now to the main trick to solve this type of equation, which is separation of variables [24], we

assume that
X(m,j)=f(G—m)g(j +m) (3.21)

and get
2+ D)f(+1—m)gli+1+m)=f(G—m+1)g(i+m—1)— f(j—m— g +m+1). (3.22)
Subsequently definingn = j —m and k = j + m, we have j = (n + k)/2 and m = (k — n)/2, whence
m+k+2)f(n+Dgk+1)=f(n+1)gk—1)— f(n—1)g(k+1) (8.23)
and, dividing throughout by f(n + 1)g(k + 1) and rearranging,

na1pd= g ekl (3.24)

fln+1) glk+1)

For (3.24) to be verified, both its sides must equal some constant D so that, from D =n+1+ f(n—
1)/f(n+1), we get

Jn+2) = oy =R ), (3.25)
a solution reading
(-1)?
f(n) = = D) (3.26)
with n!! = n(n — 2)(n — 4)..., implying
i (3.27)

if, for the sake of simplifying (3.26), we suppose that both n and D are even (meaning that D = 2d); and
f(n) =0, if n is odd. Since 2¢ is a constant multiplier, and because the equation (3.25) we are trying to

solve is linear (hence true when we multiply a solution by a constant), we can disregard this constant to

obtain
(-1)#
= — . 3.28
) = S5 —ay (3.28)
Similarly, from the right-hand side of (3.24) being equal to the same constant D, we get
k42 = —— gk) (3.29)
g “k+2r D) '
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and the same reasoning gives us

k)= 4———, 3.30
90 = SFE v ) (3.30)
when k is even, and g(k) = 0, otherwise.
Putting (3.28) and (3.30) together, and recalling (3.21), we have
. (=)= ! (=)=
X(m,j) = =0 g E—— =— - (3.31)
" R g ) B ()

for 7 and m of the same parity, which, substituted in (3.19), yields

Zgm= Y o CVE (3.32)
j same J(T_d)!(T—’_d)!
parity as m

so that we are now close to the form of a Bessel function. Recalling the relation between factorials and
Euler's gamma function to make the convention that (—n)! = T'(—n — 1) = oo for n a positive integer,
then 1/(—n)! = 0 and we see that the only nonvanishing terms in the series (3.32) are those with

Jj £ (m+2d) >0, thatis, j = |m + 2d| + 2k with k& a nonnegative integer. Therefore, modulo a constant

multiplier,
o |m+2d] 2 (—1)* Y\ 2k
_ (_q1ymH(-m—2d) (Y Yy
Z(y,m) = (=1) (2) ;)k!(k+|m+2d|)! (2) ’ (3.33)
where H(—m — 2d) stands for the Heaviside unit step function, whence
Z(y,m) = Jmt24(y) (3.34)

is a solution to (3.2), something that is well known (A.24). Finally, we have the following family of solutions

to the stationarity equation for the SHR model:

asq(0,m) = Jmi24 (;;: cos(@)) . (3.35)

Notice that, modulo the 27 factor, we had already met these solutions in (2.49).

3.2.2 The Quantum Pendulum

Wanting to solve (3.4), we again write Z(y, m) as the power series (3.19), only this time X (m, j) must
satisfy the equation
mG+1)X(m,j+1)=X(m+1,j) — X(m—1,5). (3.36)

The solution is again obtained by separation of variables, but we now suppose the form
X(m,j) = f(G —m)g(j +m)h(j) (3.37)
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and, by making two different hypothesis about h(j), we arrive at two different families of solutions.

Substituting, we obtain

m(j+ 1[G +1=m)g(j +1+mh(j+1) =f(F —m—1)g(j +m+1)h(j)—
—fG=m+1)g(G +m—1)h(j). (3.38)

First discrete family.

Making the hypothesis that (j + 1)h(j + 1) = 2h(3), for instance, h(j) = 27/5!, we get, after factoring
out h(j),

2mf(j+1-=m)g(G+14+m)=f(G-—m—-1g(G+m+1)—fG-m+1g(j+m—1). (3.39)
Changing variables as we did for the SHR model,
(k—n)f(n+Dglk+1)=f(n—1)gk+1)— f(n+ 1)g(k —1), (3.40)
and, again dividing by f(n + 1)g(k + 1), we arrive at
glk=1) _ ., fn=1) 641

:n+

R T fnt1)

Adding 1 to both sides of (3.41) we see, as we did earlier, that
-1)%
f(n) = 7n( ) (3.42)

is a solution for n even, and that a similar result ensues for g(k) with k£ even.

Going back to (3.37),

(\)
S

vl !
3
—~
=

|

3

iom )1 9T (Em )1 !

(=1
CF -y (8.49)

comes as a solution with j of the same parity as m and, substituting in (3.19), we arrive at

(-1 ,
Z(y,m) = — — —y7. (3.44)
2, T a
parity as m

Making the same remarks as before, and supposing moreover that d is nonnegative, we obtain

> 1
— (_1)\™,,lm|+2d 2k
Zly,m) = (=1)"y ’;k!(l@+\m\)!(2k+|m|+2d)!y : (3.45)
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The family of stationary solutions to the evolution equation for the QP model is then:

aza(0,m) = (2L cos(9)) " yw, ((|m| +1,1), (jm| + 24+ 1,2)| (2L cos(a))2) . (3.46)

Second discrete family.

Here we make the hypothesis h(j + 1) = 4h(j), for example, h(j) = 47, so, factoring out h(j) in
(3.38), we get

dm(G+1)fG+1-—m)g+1+m)=fG-—m—-1Dg(G+m+1)—fGi-m+1)g(j+m—1). (3.47)

It is useful to do a translation j — j — 1,

Amjf(j —m)g(G +m) = f(j —m—=2)g(G +m)— f(G —m)g(j+m—2), (3.48)

so that, once again changing variables as we did previously,

(k =n)(k+n)f(n)g(k) = f(n = 2)g(k) = f(n)g(k —2), (3.49)

or, after dividing by f(n)g(k):

(3.50)

Since we have n? and k2, instead of n and k as in (3.24) and (3.41), f(n) and g(k) are now given by

two factorials. Writing the separation constant D as D = 4d?, we have

-1 -1
f(n)_mf(n_Q):(n—2d)(n+2d)f(n_2) (3.51)
and, similarly to what we had before,
(-1)#

= 3.52
0= g ayr v ay %

for n even. The expression for g(k) is the same, so we can write

i—m itm
X (m, j) = D . ) "

(I —d)(

_ Ly (3.53)

(552 — )52 + d) (2 — @)1 (52 + d)!

as a solution with j of the same parity as m. Substituting in (3.19):

(=1 i

E — — — —— Yy (3.54)
j same (j _d)!(jz +d)!(J+2 _d)!(]—; +d)!

parity as m
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and, making the same reasoning as before,

m) = (—1)™qylml |2dz\Oo 1 ok
Zy,m) = (=1)"y ™ kzzok:!(k—&—|2d\)!(k+\m\)!(k+\m\+|2d|)!y : (3.55)

This gives the family:

aza(0,m) = (3 cos(0)) " oWy (Il +1,1), (2] + 1,1), (im] + [2d] + 1, 1)] (3£ cos(6))”)
(3.56)

of stationary solutions.

3.3 Three discrete variables

Instead of trying to solve equations (3.1) and (3.3) as in section 3.2, we work here directly with the
Fourier coefficients of the Wigner transforms and equate the right-hand sides of (2.67) and (2.69) to 0.

More precisely, we try to solve
A
ha]naf’m,n - §(am—1,n—1 + a'm+1,n+1 - am-‘rl,n—l - am—l,n-‘rl) (357)

or, defining the adimensional constant ¢ = —\ /27w,

Nam,n = _C(am—l,n—l + Gmtin+l — Omtln—1 — am—l,n+1)~ (358)

for the SHR, whereas for the QP we try to solve

K2 A

ﬁmnam,n = E(am—l,n—l + Gmtintl — Gmtln—1 — a7rz—1,n+1)a (359)
or

mnammn = _C(Qm—l,n—l + Gmtin+l — Gmtin—1 — am—l,n+1)a (360)

if we define ¢ = —\I/h%.

3.3.1 The Simplified Hindered Rotator
As in 3.2, we expand the Fourier coefficients in a power series, but use the constants c instead of y:

Amon = ZY(m, n,j)cj, (3.61)

JEZ
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so that, from (3.58), the equation for Y (m, n, j) becomes

nY(m,n,j)=—Y(m—-1n—-1,j—-1)—-Y(m+1,n+1,7—-1)

+Ym+1l,n-1,j—-1)+Y(m—-1,n+1,7—1). (3.62)

An important observation about this equation for Y (m, n, j) is that its coefficients do not explicitly depend
on m and j, which implies that, given a solution Y (m, n, j), we immediately get a family of solutions by
simply translating the original solution, that is, Y5, j,(m, n,j) = Y (m + mg,n, j + jo) is also a solution.
This property regarding j corresponds to the fact that we can multiply the solutions a,, ,, of (3.58) by a
constant multiplier c=7¢. The indepence regarding m is specific to the SHR model and will not be true of
the QP model. We will therefore only consider translations in j. Translations in m will be implicit in the

solutions that will be found.

Again as in 3.2, we now attempt to do separation of variables and assume that

Y(m,n,j) = h(j+m)r(j —m)s(j +n)t(j — n)u(j). (3.63)

We also define the variables k = j +m,l = j —m, p = j +n, and ¢ = j — n, which can be inverted to

givej=(k+1)/2=(p+q)/2, m=(k—1)/2,and n = (p — q)/2 so we can now write (3.62) as

nh(k)r(D)s(p)t(q)u(y) = — h(k = 2)r(1)s(p — 2)t(q)u(j — 1) — h(k)r(l = 2)s(p)t(q — 2)u(j — 1)
+ h(k)r(l = 2)s(p = 2)t(q)u(j — 1) + h(k = 2)r(1)s(p)t(q — 2)u(j —1). (3.64)

Dividing by h(k)r(l)s(p)t(q), we have

N [hk=2)s(p—2) r(l-=2)t(¢—2) r(—2)s(p—2) h(k—2)t(q—2) wli —
nulj) = M) T i) 0)s(p) ho)H(q) (7=1) (3.65)

First discrete family

Here we suppose that u(j) = 4u(j — 1), say, u(j) = 47, factor it out and substitute n for (p — ¢)/2 in
(3.65) to get

hk—2)s(p—2) r(l—-2t(g—2) r(l—2)s(p—2) n h(k —2)t(q —2)

=0 = T ms ) Ot T r0sw) i %9
which accepts as solution
_ hk=2) o _r(l-2)  s(p—2) _tg—-2)
T T P s M T (567
Hence, following the same methodology that led us to (3.28), (3.30), (3.42), and (3.52),
k I — - 1 - 1
ARy = (D, T =1 s0) = gy and 10) = gy, (3.68)
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for k, p and ¢q even.
Putting it all together,
i+

_ itm 1 1 . (—1)"="27
Y(WL,TL,]) = (71) : itn sitn i—n i—n i+n j—n
2% (4n)12% (45! (5 (557)!

for j with the same parity as m and n, (3.69) reading as the archetype for this family. To get its general

(3.69)

form, we notice that p — ¢ = (p+ d2) — (¢ + d2) in (3.66) for any integer d., so that the last two equalities

in (3.68) become
1 1

Remembering what we said following (3.62), we get the general form for this family:
1) 9540
(=) 2 (3.71)

Yjo, (M, m, j) = (LEtntde ) (Fh—ntds))
2 : 2 :

for j of the same parity as jo + n + d (in practice, we just suppose j, and ds are even). This translates

into the Fourier coefficients

S~ (=1)F(20)*

|n|+m—dgy . .
A = (—1) 2 200 (2¢)lnlmdomd2y P 20 T (3.72)
k-Z:o k!(k + |n])!
If we ignore the constant multiplier (—1) % 270 (2¢) ~jo—4= we finally get
ntm 2\
Loy (=22 v
Qb = (<15 (=35 (3.73)

Note that this is not a true family of solutions, it is just one solution. We will nevertheless maintain the
terminology since the corresponding solution for the QP model will be a true family and the following

solutions to the SHR model will also be true families.

Second discrete family

We now assume that u(j) = 8ju(j—1), for example, u(j) = 875!, and do the substitutions n = (p—q)/2
and j = (p + ¢)/2 on the left-hand side of (3.65):

nu(j) = 8nju(j — 1) =2(p — q)(p+ Q)u(j — 1) = 2(p* — ¢*)u(j — 1). (3.74)

Factoring out u(j — 1) in (3.65), we get the same right-hand side as in (3.66), while on the left-hand side
we get 2(p? — ¢?) in place of 2(p — ¢), which leads to two factorials instead of just one, as in the second

family of 3.2.2, and we find a solution with

p:= 2 and == (3.75)
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In the general case, noticing that 2(p? — ¢?) = 2[(p? — d3) — (¢*> — d3)] for any integer ds,

_ _s(p—2) _ tg—-2)
PP —d5=(p+da)(p—da) = ) and ¢® —dj = (q+d2)(q — do) = Q) (3.76)
will also give a solution. Again, as before,
k)= (=12, r()=1, s(p) = ! and {(q) = ! (8.77)

2 (R (B 2 () ()

The general form for this family is thus

J+Jo+

(_1) 2]+]0(] +j0)'
(j+j0‘;n+d2)!(j+jo-gn dz)!(]-‘r]o 2n+d2)!(j+jo—2n—d2 )]’

Yjo,da (M, j) = (3.78)

with j of the same parity as jp + n + d (again, in practice, we suppose that j, and d, are even). We
should also make the convention that Y;, 4, (m, n, j) = 0 when j + jo is negative which, thinking in terms
of Euler's gamma function, is always the case if j+ jo has the same parity as n+d>. Once again ignoring

the global ¢—J° factor, the Fourier coefficients are of the form

a2 () |n|+\d2|Z P2k + [l +]dal)'(2e)* (3.79)
kI k+|n\ (k + |d2])1 (K + |n] + |da])!

or

ntm Inl+|dz| n|+|ds| + 1,2 - -
a2tz = (—1)" T (_f;) L, [l 1l +1,2) B
(Inl+1,1)  (ld2| +1,1) (In] + |d2| + 1,1)

Third discrete family

Here the reasoning is entirely analogous to the one for the second family, the only changes being
that, instead of substituting j with (p + ¢)/2, we substitute it with (k¥ + [)/2 and we further suppose that
u(j) = 4ju(j — 1), so that on the left-hand side of (3.65) we get

nu(j) = (p—q)(k + Du(j — 1) = (pk + pl — gk — gl)u(j — 1). (3.81)

Looking at the right-hand side of (3.65), we see that we get a solution if

_ hk-2) . _r(l-2) _ s(p—2) _tg—2)
17 B () R A (862)
The general case for this family is achieved by taking notice that
(p—a)(k+1) =[(p+dz) — (¢+ do)][(k +d1) + (I — d)], (3.83)
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implying that

(-1)% 1 1 1

hk) = i ()=~ s0) = o, and t(g) = ——0—  (3.84)

23 (H5h)! 23 (5h)! 2% (P2)! 24 (152)!
is a solution as well.
Finally, the general form for this family reads
j+igtm
)=z (j+ jo)!

Yoz (M1, §) = S i R ) (3.85)

(j+j0+2m+d1 )!(j+jo—2m—d1 ) ! (j+jo-;n+d2 ) ! (j+jo—2n+d2 ) ! ’

with j of the same parity as jo + m + dy and jg + n + ds, so that it is necessary to assume that d; and
ds have the same parity (in practice, both will be even). To write the Fourier coefficients we must divide

into cases. The firstis when |m + di| > |n| — da:

X —1)k 2k

m m 1 2k d | 2

a?ﬁ%,dg (_1)%0\771””2 ( ) (| +d|7|n‘+n| ;|) ( c) e (3.86)
kfok!(k+|m+d1|)!(/€+7L122)!(k+77”+12 — +2)!

The second, when |n| — ds > |m + d4]:

il d; = —1)*(2k — dy)!(2¢)%k
ai’)ﬁtfﬁ,dz _ (_1)‘Hfdzc‘n|—d2 Z : : ( )|n§7d2j:|7|:<|kdl‘ '2) ( C)‘nlid2,|m+d1\ ', (387)
= kN (k+[n])! (K + 5 M(k+ 5 )!
Or
2 k
a37d1)d2 _ <>\> |m+dy| +o0 (2k + |m + d1|)' (— (%) ) (3 88)
mon 2N = kU (k A+ Im o+ dy])! (b + mtdtnlbde y g o Imbdilinlbda ) '

when |m + d;| > |n| — d2 and

~N
B.dids _ ( 1)‘3‘"/\+W1+d1—3d2 ( A >n|d2 = (2k + [n| — d2)! (_ (ﬁ) )
ayw = (— 2 Py — T
| ) g e+ PR oy MR
(3.89)

when |n| — dy > |m + dy].

Fourth discrete family

We now combine the previous two families, put u(j) = 8;%u(j — 1), and substitute one j with (k+1)/2
and the other with (p + ¢)/2, so that on the left-hand side of (3.65) we have

nu(j) = (p— @)k + 1)+ Qu(j —1) = (p° — )k + Du(j — 1) = (p°k + 1 — ¢’k — ¢*u(j — 1).
(3.90)
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Looking again at the right-hand side of (3.65), we see that we have a solution provided that

h(k —2) r(l=2) 5 s(p—2) 2 _ tg—2)
k=— , 1= , = , and = , 3.91
(k) W T ) Ty S
the general case for this family following from observing that
(P* = )k +1) = [(0? = d3) — (¢° — d)][(k +d1) + (I — )], (3.92)
so that we still get a solution if we set
h(k —2) r(l—2) s(p — 2)
k+d=———2 |—d =— —d +d d , and
0 ORI A
tlqg—2)
22— (g+d —do) = ) 3.93

The general, final form for this family becomes

7+70

(-1) = (J + 5o)!(j + Jo)!
— ———— - — ——— ———— ,
<J+J0+2m+d1)!(]+]0 2m d1)!(3+30-;n+d2)!(3+10-gn dz)!(]+]0 2n+d2)!(J+Jo 2n dz)!

(3.94)

Yj0~,d17d2 (ma n, ]) =

with j of the same parity as jo +m + di and jo + n + d2. To write the Fourier coefficients the first case is

Im +di| = |n| + |da]:

g _ (—1)W0‘m+dl‘ i" (=1)k(2k + |m + di1])!(2k + |m + d1])!
’ <kl (k + [m 4 dy])! (k + [mtdaltinltidalyy g Imbdiltinl=lda]y

(20)%
X , 3.95
(k:—|— |m+d1\;\n\+|d2\)!(k+ \m+d1|;\n|*\d2|)! ( )

The second case is |n| + |da| > |m + dy|:

ghdsdz _ (1 )\w\+m+\d2| () +1da| z (2k + |n| + |da2])! (2K + [n| + |d2])!
G =k k+|n| (k+ |do|)!(k + [n]| + |da])!
(20)2k3
x (k + PRIy ) b S Tmedl) (3.96)
Or
iy _ (A)'m+dl+°° (2k + |m + dv|)! (2k + |m + di)!
m,n 2hw ,Ok"(k—‘r Im‘i‘dl‘)'(k‘i‘ \m+d1|-;|n\+|d2|)!(k+ |m+d1\-;|n|—|d2\)!
(3.97)

(-

X b)
(kJr |m+d1\;|n\+|d2|)!(k+ |m+d1\;\n\*\d2|)!
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when |m+d1| > |TL| + |d2| and

g da _ (—1)M (A>n|+|d2 Jio (2k + [n| + |d2|)! (2K + |n| + |d2])!
. k\(k + [nl) (k + |da])! (k + [n] + |da])!

2hw
(- (2))

[n|+|d2|+[m+di] Y [n|+|d2|—[m+di]\y’
(k + e meal) | (g e el

k=0

(3.98)

X

when |n| + |da| > |m + di].

3.3.2 The Quantum Pendulum

For the QP, expanding again the Fourier coefficients a,, , in a power series, and comparing (3.58)
with (3.60), we see that the only difference from (3.62) will be that we now have mn on the left-hand side

instead of n:

mnY (m,n,j)=—Y(m—-1,n—1,7—1)—-Y(m+1,n+1,5—1)

+Ym+1l,n—-1,7—-1)+Y(m—-1,n+1,5—1). (3.99)

The same separation of variables as in (3.63) gives the same expression as (3.65), except for mn
replacing n on the left-hand side:
h(k —2)s(p—2)  r(l=2)t(¢g—2) r(l—=2)s(p—2) h(k—2)t(q—2)

muld) = T s T i sy i) MUY

First discrete family

We setm = (k—1)/2and n = (p — ¢/)2, suppose additionally that «(j) = —4u(j — 1), for instance,
u(j) = (—4)7, and obtain, after factoring out u(j — 1) in (3.100):

hk—=2)s(p—2) r(l—-2)t(g—2) r(Il—=2)s(p—2) h(k—2)t(q—2)

B A e (7 o R ()11 R (¥ 79 R (5 P
(3.101)
so the solution
= g g e (8102
follows. In the general case we remark that
[k d) — ()l do) — (g + )] 810)

4
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for any d; and ds, which means that

1 1 1 1
also do the job.

The general form for this family is then
(—1)d+io

Yiosdidz (M1, ) = (Eedtmtdy) | (IEho—mtdr )| (FEivEntds )| (Fho—ntda) |’

(3.105)

with j of the same parity as jo + m + d; and jo + n + ds2, as before. The Fourier coefficients when

|m| — dy > |n| — do are:

+oo 2k
abdidz _ (_gyiml=ds ¢ , (3.106)
) ( ) ];) ]f'(k‘—F |m|)'(k—|— |m\—d1;|n\+d2)!(k + \m|—d12—|n\+d2)!

and when |n| — dy > |m| — dy:

+oo 2k
Ldi,ds _ (_\Inl—d ¢ . 3.107
= O e ey BEBRE Gy By (8197

Or

N Vi || —dx m|—di+|n|+da+2 m|—d;—|n|+da+2 Al 2
a}ﬂ’flf?’d = (F2> oVs (‘m\ +1, 1), (‘ | 2‘ I ,1) 5 (‘ l 2‘ | ,1) <;2) s

when |m| — dy > |n| — dy and

M Il n|—d m|+di+2 n|—do—|m|+di+2 A ?
awlrf:l,’dQ = <h2> 0\113 (|TL| + 171)a (l | 2+|2 [rdit 71> ’ (‘ |=dx |2 [rdit 71) <h2> )

(3.109)
when |n| — ds > |m| — dy.
Second discrete family
Here we assume that u(j) = —8ju(j — 1) as in, for example, u(j) = (—8)7;!, and replace j with
(k +1)/2; then the left-hand side of (3.100) becomes
mnu(j) = —(k = D(p — @)k + Du(j — 1) = —(k* = 3)(p — )u(j — 1), (3.110)
and we have a solution if
hk —2) r(l—2) s(p—2) tlqg—2)
K = = . p= ., and g¢= . 3.111
(k) W T ) (T e
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For the general case we write

(K =) p—q) = [(K = d}) = (® = dD)][(p+ d2) — (g + da)], (3.112)
so that
B _ h(k—2) _ (-2
k? —di = (k+di)(k—di) = R P-di=(1+d)(1—d)= D)
_sp—2) _tg—2)
p+ds = o) and ¢+ds = e (3.113)
also work, whence
h(k) = ! )= ! = nd t(q) = !
M T o T = T =0 )
(3.114)

Using the latter, we get the general form for this family

(_1)j+jo(j +]0)|
— — — ———— —— — - ——
(]+]0-§m+d1)!(J+Jo+2m dl)!(J-Ho 2m+d1)!(J+Jo 2m d1)1(]+]o-;n+dz)!(J+Jo 2”+ 2)!

on,dl,dz (m, n, j) =

(3.115)
with j of the same parity as jo + m + d; and jo + n + ds.
The Fourier coefficients when |m/| + |d1| > |n| — d are:
+
a2dida — (_gylml+ldl ZOO (2k + |m| + |d1|)! ; ;
m,n n
(oM [k -+ (a1 + ] [ 1 - PR
2k ’
X (k + MGy
[l Znrez )|
and when |n| — dy > |m| + |d1]:
21,05 _ ( )ln\—d2+§ (2k + |n| — d»)!
a1 = (—c
m,n ' | In=dot|m|+ldi]y) (. 4 Inl=dz2tIm|=]di]y,
ok (k+ In)!(k + 5 )(k+ 5 ) (3.117)
c2k
" (e BG4 Bl
Or
m|+|d o]
iy _ (M)' B (2k + [m] + |da)!
e 12 KNk + [m) !k + i)k + [m| + |di|)! (k + [ n e )y 5118
A\ 2k (3.118)
(72)
(k—i— \m|+|d1\2*\n|+d2)!’
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when |m| + |d1| > |n| — d2 and

g2z _ (M)'"d2 = (2K + [n] — dy)!
mn h2 kzok!(k—k|n|)!(k+Wd2+7W)!(k+w)!
2k (3.119)
(37)
x |n|—da—|m|+]|d |h2 [n|—ds—|m|—|dz|\’
(k + =S| (k4 =)

when |n| — ds > |m| + |d1].

Third discrete family

This is as the previous family but for the substitution of j with (p + ¢)/2 instead of (k +{)/2, so the
left-hand side of (3.100) becomes

mnu(j) = —(k = 1)(p—q)(p+ Qu(j — 1) = —(k = )(p* — ¢*)u(j — 1), (3.120)

which admits a solution when

J— h(:(kf), - T(ZT(Z)Q), P = S(f;’(p) ) and g2 t(t(qf). (3.121)
We notice that
(k=@ =¢*) = [(k+di) = (1 + d)][(p* = d3) = (¢* = d3)], (3.122)
implying that
k+dy = h(:(;f), I+d = T(i&)2), P2 —d2 = (p+do)(p—ds) = 5(7:(;)2), and
7B =g+ da)(q - ) = 2 (8.129)
again also work, and thus we get
1 1 1 1

This leads us to the general form for this family, which reads

Y ( ) = (=177 (5 + jo)!
Jord,d2 \TTH 1 J) = (Lhdotmbdyy) (fio—midy )| (fhiotnids )| (Lhiotn=da)|(Itio—nids)|(ftio—n=da)’

(3.125)
if j is of the same parity as jo + m + dy and jo + n + da.
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The Fourier coefficients when |m| — dy > |n| + |d2| are:

—+o00
_ 2k + |m| — dy)!
a3t = (—c)ml=dr §° (7 N
’ kN (k + |m))! (k 4 Im=datinitldalyy gy ImizditiniZlda]y) 3.126)
o2k )
>< b)
(kJr |m\*d1*2\n|+\d2|)!(k+ |m|*d1*2\n\*\d2|)!
and when |n| + |da| > |m| — dy:
+oo k EAN
aBididz — (_olnltlda] Z (2k + |n| + |da])!
’ KNk + [n))!(k + |d2])!(k + |n] + |do])! (k + 2Hd2lEmItdyy ) 3.127)
2k )
X n|—da—|m|+di\ "
(k + [n] 2| \ )!
Or
Gy _ (M) R (2K + [m] — dy)!
TR ke (ko AR bR
(M)Qk )
X hZ
(k}+ |m\7d1*2|n|+\d2|)'(k+ |7n|7d1*2\n|7\dz|)]7
when |m| — dy > |n| + |d2| and
gdide — (M) B (2k + |n| + |da|)!
’"’” h? =Nk + |n)!(k + |do|)!(k + |n| + |da)! (k + Id2ltimitdy ),y 5125
N (3.129)
)
n|—ds—|m|+di \’
(k+ In] 2| \ )!
when |n| + |da| > |m| — d;.
Fourth discrete family
We now assume that u(j) = —1652u(j — 1), as with u(j) = (—16)74!5!, and the left-hand side of
(3.100) becomes
mnu(j) = —(k =) (p— )k +D(p+ @u(j — 1) = —(K* = *)(p* - ¢*)u(j - 1), (3.130)
S0 we can set as solution
h(k —2) r(l—2) s(p—2) tlg—2)
k? = , PP = . pr= , and ¢*= . 3.131
h(R) W P T T T (8131
Moving to the general case, we remark that
(K =) p* = ¢*) = [(K* = di) = (® = dD))[(p — d3) — (¢° — d3)], (3.132)
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SO

kzd?_(kerl)(k'dl)_h(:;f)a P—di=(1+d)(l—d)= Q)
2 _ g2 _ _slp—2) 2 2 _ _ tlg—2)
p*—dy=(p+do)(p—dz) = o) and ¢" —d;=(q¢+d2)(q—d2) = o) (3.133)

which leads us to get

! . (3.134)

Assembling all this in (3.63), we arrive at the fourth family of solutions for the Fourier coefficients of

stationary observables within the QP model:
N (—=1)7190 (5 + 5o)'(j + jo)!
}/jo,dhdz (m7 na ]) - (,j+,jo+m+d1 ) ' (j+j0+m_d1 ) ' (j+jo—m+d1 ) ' (,7‘+]0 m—d; )'
2 2 1 2 2 (3.135)
X (j+j045n+d2 ) ! (jJrjo*;n*dz ) ! (j+jo;n+d2 )!(j+j05n da )|

with j of the same parity as jo + m + d; and jo + n + ds.

The Fourier coefficients when |m| + |d1| > |n| + |d2] are:

htyts — (ol 3 (2 + m| + |da])!(2k + |m] + |da )
m,n - k! k?+ ‘mD k/’+ ‘d | (k‘-i- |m| + ‘d |)'(k‘+ [m|+|da|+|n|+|d2 )
k=0 1 1l): s E—

C2k

X
(k+ |m|+\d1|;|"\—\d2\)!(k+ \m|+\d1\2—\n|+|d2\)!(k+ \m|+\d1\2\ﬂ| Idz2] Y
(3.136)

and when |n| + |d2| > |m| + |d1]:
(2k + |n| + |d2])! (2K + |n| + |da])!

abdida — (_cynltldal Z . !
’ “ KNk + [n])!(k + |do|)!(k + ] + |da)! (k + [miHd2lEImiEldily)
C2k
X
(k;-|— ‘n|+‘d2"g|m‘_|d1‘)!(k,+ \n|+|d2\—2\m\+|d1 )'(k‘-ﬁ- |n|—ds 2|m\ |d | |
(3.137)
Or

Lidyda _ (AI>’”' - i’f 2k + [m| + |da)/(2k + [m] + |da])!
’"’” h? Rk + [m)!(k + [da )k + |[m| + |di|)! (k + ]y,
3™
X h?
(k+ |’rrL|+\d1|;—|n\—\d2|)!(k+ |m|+\d1|2—\n|+\d2

Q

‘)[(k + |’rrL|+\d1|2—\n|—|d2|)!7
(3.138)
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when |m| + |d1| > |TL| + ‘d2| and

ghdids _ <M) S (2k + |n| +|d2])!(2k + |n] + |d2])!
o h? Nk + )k + |do|)!(k + |n| + |da|)! (k + [2EHdzlEmItldaly )
" (3h)™
(k + PEIBEREIATY (4 BB IR (), 4 = m=lay’

(3.139)
when |n| + |dz| > |m| + |d4].

3.4 Comparisons between approaches

The continuous families of solutions of section 3.1 are not comparable to the discrete families of
solutions in sections 3.2 and 3.3, except for special values of the parameter «. Consider, for example,
the continuous family of section 3.1.1. If in (3.11) we set « = —i, then taking into consideration the
formula for the generating function of Bessel functions (A.26), one sees that the Fourier coefficients
am n, Of this solution have the form 2i™*".J,, (4c) for m and n of the same parity. This is the solution (3.73)
in the first discrete family of solutions of the SHR.

To compare the solutions obtained via the two approaches detailed in sections 3.2 and 3.3, we
only have to calculate their Fourier coefficients and subsequently write them as power series in the
parameters ¢ = —\/2hw, for the SHR model, or c = —\I/h?, for the QP model. Recalling that we have
set, in section 3.2, a(f,m) = Z[—4ccos(d), m] for the SHR and a(f,m) = Z[2ccos(d), m] for the QP,
a(f, m) is a periodic function in 6 (for fixed m), and we now ascertain which are its Fourier coefficients.

To do this, we need to first calculate the contributions of each power of 2 cos(6), which gives:

[2 cos(0)]" = (6119 + e—w)’n _ i (7) ei(n=20)0 (3.140)

=0
3.4.1 The Simplified Hindered Rotator

We have, from the Bessel series expansion (3.33),

e (_1).7' 2
0,m) = Z[—4ccos(0),m] =Y ————[—2ccos()]P T 141
a(f,m) [—4ccos(6), m] 2. TGrmT 2d)![ ccos(0)] (3 )
for the solution found in section 3.2.1 or, making use of (3.140),
e’} : 2j+m+2d .
(—1)7 . 27 +m+2d\ 9 _
0 _ _ j+m—+2d i(2j+m—+2d 21)0. )

a(6,m) ]Zzoj!(j 2y Zl:O l ¢ (3.142)

It is worth noticing that the generic n = 2j +m +2d— 21 in the exponential factor ¢™? appearing in (3.142)
has the same parity as m, in accordance with the general expression (2.42) for (8, m) (with the dummy
variable m’ replaced with n). We can check as well that ¢'*? and ¢~ have the same coefficients and

that these are real, which is also expected given that the classical-like function a (8, m) associated with
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the self-adjoint quantum operator A must be real, as follows from (2.42). Lastly, we observe from (3.140)

and (3.141) that ¢ and cos() appear always with the same power and that the lowest power of cos(6)

contributing to some ¢ has exponent |n|, so ¢’ in (3.142) collects contributions of powers of ¢ with

exponents 2j + m + 2d > |n|. Now, making n = 2j + m + 2d — 2[, then | = j + (m + 2d — n)/2 and the

binomial coefficient becomes

(2j+m+2d>_ (2§ +m+2d)! (27 +m + 2d)!
l

thus we have for the coefficient a,, ,, of the term in €%, with n of the same parity as m:

oo

S - Amn =
2 7

=0 ]'(] +m + 2d)'(] + m+22d_”)!(j + m+22d+n)!

As a result, setting ¢ = 2j + m + 2d and thence j = (i — m — 2d)/2:

1 (_1)1'—771—2{1’“ .
— O = E ——— . — . (—c)*
o T Rl (z m2 Qd)!(z+7r12+2d)!(zQn)!(zzn)!

parity as m

itm

(—1)75" 4! .
:(_1)d i—m— i+m i—n i+n Cl’
2., [ ()
parity as m

- l|(2]+m+2d_l)| - (]+ m+22d—n)!(j+ m+22d+n)!’

1 5 (—1)7(2j + m + 2d)! (—c)2tm+2d,

(3.143)

(3.144)

(3.145)

where we used the fact that i and m have the same parity to write (—1)¢ = (—1)™. Comparing this with

the expressions already obtained for the different families of solutions, we see that it is a special case of

the third family in section 3.3.1, defined via (3.85), with jo = do = 0 and d; = 2d, and modulo a constant

multiplier (—1)727.

3.4.2 The Quantum Pendulum

First discrete family

Putting together (3.45) and (3.140), the first family of solutions obtained in section 3.2.2 takes the

form

a(9,m) = Z[2ccos(0), m] =

2j+|m|+2d

1 : 29 2d\ (o
:(71)mz 2+ |ml+2d Z < J+ |m| + )61(2j+m|+2d2l)9,

31+ [m U235 + |m] + 2d)! !

7=0 =0
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and, with n = |m| + 2d + 2j — 2I, the corresponding Fourier coefficient a,, ,, turns out to be:

1 — 1 2j + |m| + 2d\
—amn = (=1)™ E j+|m|+2d
2 = (71 = 7'+ m))! (2j—|—|m|+2d)< 4 mlt2d=n ¢
e’} 1 N
= (=" AtlmlT2d, (3.147)
=1 + Im)(f + a4 [mli2diny,

with n and m of the same parity.

If we now set i = 25 + |m| + 2d, we end up with

1 (—1)¢ ,
- Umn = - C’L, (3148)
2n 2; () (F R (g ()

parity as m

where once more we used the fact that i and m are of the same parity, this being a solution that coincides,
modulo the 27 factor, with the first family in section 3.3.2 when j, = d> = 0 and d; = —2d, as follows

from comparison with (3.105).

Second discrete family

For the second family of solutions in section 3.2.2 we have, from (3.55) and (3.140):
= 1

o) =" 2 ST G+ G e R

X

2j+|m|+[2d] ]
< l

2j + m| + |2d|>ei<2j+m+|2d|—2we (3.149)

=0

With n = 25 + |m| + |2d| — 21, then [ = j + (Jm| + |2d| — n)/2 and the binomial coefficient reads

2j +[m| + [2d| (27 + |m| +[2d])! (27 + |m| +[2d])!
= . = (3.150)
l (25 + |m| +|2d] = 1)! (j + \m\+|2d\ "+ |m|+\2d|+n)

so that the Fourier coefficient a,,, ,, for the generic term in "¢, and for n of the same parity as m, is

am;ﬂ _ m - (2] + |m| + |2d| 02j+|m|+\2d|.
525 31+ 12D + [mDAG + [m] + [2d])(j -+ PRI o TR
(3.151)
Putting i = 25 + |m| + |2d|, so that j = (i — |m| — |2d])/2, we finally get:
Lt = (1) > i d, (3.152)
2ﬂ_amm = - - - - - - s .

game () () (P (e (51 ().

parity as m
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or, noticing the expression above is symmetric in |m| and —|m|,

1 ! ,
= (—1)™ — — A — : . (3.153)
2, (T () o T o oy

i same
parity as m

Going through the expressions given in section 3.3.2, we conclude that this corresponds to the particular

case of the second family of solutions, as given by (3.115), for which jo = d2 = 0 and d; = 2d.

3.5 Wigner transforms of Helmholtz solutions

Here the Wigner transforms of the integral kernels of stationary operators mentioned in section 2.5.2

are computed.

3.5.1 Family of cartesian solutions

Starting with the simplest solution in cartesian coordinates we make K (61,02) = u(x,y) = cos(Qx)
and use x = cos(#1/2) cos(h2/2), (2.43) and (2.97) to get

1 (7 o
a(f,m) =5 / do'e™ ™ K0 +6,0—0) (3.154)
LT i 0-+6’ [ 0=0’
o ) dd’e cos (Q cos (T) cos (T)) (3.155)
1 " Y
=5 d0'e="" cos (£ (cos(6) + cos(¢))) (3.156)
[

Writing the outermost cosine in terms of complex exponentials, and recalling the form of the gener-

ating function for Bessel functions (A.26)

e = 37 7, (B)e (3.157)

n

one gets

1 Q\ Q\ _,
a(0,m) = 3 [ime (2) eis cos(0) 4 ym g (2) el‘z’qu . (3.158)

Recalling that 22 = —16\1/h? we recognize in the expression inside square brackets the solution (3.18)
of section 3.1.1 with a = i4/.

In the general cases K(01,60;) = u(x,y) = cos(wz)cos(vQ2 —w?y) and K(01,0,) = u(z,y) =
sin(wz) sin(v/Q2 — w?y) we use additionally y = isin(6,/2)sin(6/2) and get that the only difference
from the previous case is that when we write the outermost cosines and sines in terms of complex
exponentials and compute the Wigner transforms we get terms of the form

ei(iwii\/uﬁ—w?) cos(9)2i /Tr dele—imelei(iwii\/w2—w2) cos(@’). (31 59)
T J—n

This means that the Wigner transforms are a linear combination of the two solutions in (3.18) with
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a = 4(EV02 — w2 +iw) /0%

3.5.2 Family of polar solutions

Here we study the Wigner transforms of the real and imaginary parts of K(01,02) = u(r,¢) =
Jop(Qr)e*i?P¢. Beginning with the simplest case p = 0 and using (B.15), formula (3.154) becomes

in this case

a(@,m) = S / ! do'e=m" Jo[24/cos(6) cos(67)], (3.160)

21

which, taking into consideration the power series form for the Bessel function (A.22), yields

_ — (7%2)kcosk(0) 1 T / —imb’ k/pnt
a(f,m) _I;M%/_Wdee cos®(6) (3.161)
or, taking into account (3.140)
(—22)k cos™ (6) (— 2Lk cos® (0)
al@,m)= > (" )= Y A (3.162)
k same 2F k1K 2 k same kI( 2 )N 2 )!
parity as m parity as m

Observing that Q? = —16AI/k* and that y in section 3.2.2 is defined by y = —2(\I/h?)cos(f) we

recognize in (3.162) the particular case with d = 0 of the first discrete family of solutions (3.44). Whence

B 2 |m\ ( Qz)?k‘ 2k(9)
a(8,m) = (f%cos ) Zk' o IR (3.163)

Moving on to the general case p > 0, with K (61, 02) = u(r, ¢) = J2,(Qr) cos(2p¢), using (B.17) we have

T ] 5 [o(0) | cosr(@)
a(@,m) = 5 /_7r df'e 2J2p[Q cos(f) cos(6')] [COSP(O’) o (0) |’ (3.164)
whence
94p—1 _ 2% Vk42p ogk+2p (g O2p o2 0
abm) =~ ; 82) — k+fn) fomm 2 7 (%) C°:+fn) . (3.165)
Keame (B 20)1(55) (25! waame RIS 4+ )I(5E" +p)!
parity as m parity as m

Comparing with the solutions of the first discrete family in section 3.2.2 we immediately see that the
second series corresponds to (3.44) with d = —p. For the first series, making the translation k& — & + |m/|
we get (3.45) with d = p. So this Wigner transform is a linear combination of known solutions.

For K (601, 62) = u(r, ¢) = Jop(2r) sin(2p¢), using (B.19) we have

cos?(¢")  cosP(0)
cosP(0)  cosP(0') ]’

a(@,m):% / de'e*im"'%Jgp[Q cos(6) cos(6")] (3.166)

which is the same as (3.164) except for the minus sign and the factor i. So, once again, we have a

linear combination of known solutions, the first term is associated with the solution with d = —p of the
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first discrete family in section 3.2.2 and the second term with the solution with d = p. Notice also that if
we look at solutions of the Helmholtz solutions with complex exponentials ¢?277¢ and e~*2"7% then they
are associated with Wigner stationarity solutions with d = p and d = —p, respectively.

As a corollary to the above results we have that the first discrete family of section 3.2.2 is already a
basis for the space of solutions of the stationarity equation, since the corresponding solutions of the 2d
Helmholtz equation form a basis of the space generated by products of Mathieu functions of even order.
That is, they form a basis of the space of functions a(6, m) that commute with the Wigner transform of

the Hamiltonian of the Quantum Pendulum (i.e., [k, a]x = 0).
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Chapter 4

Solutions of the Stationarity

Equations - Density Operator

In this chapter, several families of stationary observables are presented, both for the Simplified Hin-
dered Rotator and the Quantum Pendulum, and their connections to stationary pure states are dis-
cussed. In the first section we give the matrix elements of stationary observables in the angular mo-
mentum basis. In the second section we study their relationship to solutions of the Helmholtz equation
in elliptic coordinates. In the last section we discuss possible approaches to obtain closed forms for

stationary pure states and hence to Mathieu functions.

4.1 Matrix elements of stationary observables

Making use of the notation G(r, s, j) for the power-series coefficients of the matrix elements (r|A|s),
that is,

[e e}

(r|Als) = Z G(r,s,5)c, (4.1)

j=—o00
and of equations (2.60) and (2.61) for the evolution of the density operator (with their left-hand sides set

to zero), we obtain the following stationarity equations for G(r, s, j):
(r—2s)G(r,s,5)=—-G(r—1,8,—1)—G(r+ 1,5, — 1)+ G(r,s+1,j — 1)+ G(r,s =1, — 1). (4.2)
and

(7"2 - SQ)G(T,S7j> = _G(T - 1787j - 1) - G(T+ 1a8aj - 1) +G(T‘,S+ 1a] - 1) +G(’I",S - 1a] - 1)7
(4.3)

pertaining, respectively, to the SHR and QP models.
One could try to solve the above equations by the procedure of section 3.3, by using separation of

variables as in (3.63) and changing variables according to m = r+s and n = r—s. The computations are
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exactly the same, and we will refrain from repeating them. In what follows only the relation G(r, s, j) =

Y(r+s,r—s,j) will be used, so we only present the final results. The main point here is that separation

of variable turns out to be easier when working with the Wigner transform.

The reader should keep in mind what we said in section 2.5.1, that these matrix elements also

correspond to the Fourier coefficients of their integral kernels K (6,,6-), and this will be used in section

4.2.

4.1.1

The Simplified Hindered Rotator

From the above and (3.71), (3.78), (3.85), and (3.94), the four families of 3.3.1 give:

and

]+J02+T+S 2j+jo

(=1

1 N
Gjo’dz (T’ 5 ]) B (j+jo+rfs+d2 ) | (j+j07r+s+d2 ) 1’
2 : 2 :

G2 L (_1)j+102+7‘+s 2j+j0 (] n ]0)|
jouda (1 8,7) = (Fotr=stdy) | (TEiotr=s=dy) | (FER=TFstd )| (==’
2 : 2 : 2 : 2 :

Q3 (7“ s ) _ (_1) (] +j0)!
dosdi,d2\h 5, ) = <j+jo+r+s+d1)[(J#jo*rfs*dl>|<j+jo+rfs+d2)|(j+j07r+s+d2)1’
2 : 2 ' 2 : 2

jtijotr+ts
2

Jtiot+rts ., T N
G4 ( ) _ (_1) 2 (.] +]0)'(.7 +JO)'
Jo,di,d2\T5 $5J _(j+jo+r+s+dl)l(jJrjofrfsfdl)|(j+jo+rfs+d2)'(jJrngrrfsfdz)'
2 : 2 : 2 : 2 :
1
X (LEha=rtotds )| (ki —rts=da)’
2 : 2 :

(4.4)

(4.7)

where j is of the same parity as jo +r + s+ d; and Gj.o,dhdz (r,s,4) = 0, otherwise. Moreover, d; and d,

are of the same parity in (4.6) and (4.7). Remembering the fact that ¢ = —\/2hw and recalling that the

translations j — j + jo correspond to multiplying a solution by a global constant c=7° we can neglect the

dependence in j, and write the matrix elements of the corresponding operators as

S )
R (-1)"= A
<T‘A611 |S> = Z j+r—s+d j—r+s+d B ’
’ j same (J 2 2)!(] 2 2)! hw

parity as

r+s+dso

N 1 jtrts ) )\ j
W = Y et e e ()
e (TR I(FEER) () () e
pjarityas
r+s+ds
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(r| A3 |s) = Z (—1).7‘+;+s| S J
T e (P (gt (S (R 2 )
party =

and

Jjtr+s

TR (—1) 7=y
sl = 2 (Lrrdstdyy) (Imrsmdu) | (Hrostdy ) (Firos=dy ) (Imrdsbda )y (f=rds=da))

j same 2
parity as

r+s+d;

(

(4.10)

A J

(4.11)

where d; and d, are of the same parity in (4.10) and (4.11). One should keep in mind that these are

matrix elements of general stationary observables and not necessarily density matrices, they are not

normalized, but, most importantly, they are probably not even positive operators.

4.1.2 The Quantum Pendulum

Similarly, from (3.105), (3.115), (3.125), and (3.135), we have for the four families of 3.3.2:

(—1)d+do0

1 2\
o s o (15:7) = (Lotrtstdy)|(ITi=r=std)|(Fiitr=std)|([k=rTstds)|’ (4.12)
5 ! 5 ! 5 ! !
o2 N (=1)7F9 (5 + jo)!
Jouda. s (78:7) = (LEiotrfatdr) (Tiiotris—dy)y(Lhio=r=stdiy)(Ttio—r=s=d1))
2 : 2 : 2 : 2 :
1
x (j+jo+r—s+d2)[(j+jo—r+s+d2)|’ (4'13)
2 ° 2 :
G3 ) _ (_1)j+j0 (] ‘|‘j0)!
Jouda o (T55,7) = <j+jo+r+s+d1 )[(j+j0*7”*s+d1 ) | (j+j0+7‘78+d2 )[(j+j0+7“*5*d2 ),
2 : 2 : 2 : 2 :
1
X (EEBr bt (e (4.14)
2 : 2 :
and
G4 ( ) = (_1)j+j0 (5 + Jo)NJ + jo)!
Josdi,da 7> 52 ] _(j+jl)+g+3+d1)!(j+j0+g+5—d1)!(j+jl1—g—5+dl)!(j"!‘jo_;_s_dl)!
1
X (j+jo+g—s+d2 ) ! (j+jo+g—s—d2 ) ! (j+j0—g+s+d2 ) ! (j+jo—g+8—d2 ) ! ’ (41 5)
where j has the same parity as jo +r + s + d; and G;'.O’dhdz (r,s,j) = 0, otherwise. Moreover, d; and ds

are of the same parity in (4.14) and (4.15). Recalling that ¢ = —\1/h? and making the same observation
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as above about the j, parameter we can write the matrix elements of the corresponding operators as

B B 1 VAN

(rl A, a,18) = j;e (j+r+2s+d1)!(1—r—2s+d1)!(j+r—2s+dz)g(j—r+2s+d2)! <h? ’ (4.16)
parity as
r+s+dq

2 il J
<T|A21’d2‘8>: Z Jtrts+dy JHrts—di\|(j=r=stdi j.jfrfsfdl Jtr—stda\|(j=rtstds <)\£) ’
jaame (P )I(FEER) (e () () () AR
parity as
r4+s+dq

(4.17)

R il J
<T|A§17d2‘5> = Z j+r+s+dy j—r—s+dy jH+r—s+ds j.j+r—s—d2 j—r+s+ds j—r+s—da <>\£) ’
j same ( 2 )'( 2 )’( 2 )'( 2 )'( 2 )'( 2 )! R
parity as
r+s+d;

(4.18)

and

A 151
<T|A317d2‘3> - Z Jrdstdi \ (itrts—di)) j*T*S+d1j;j.j*7’787d1 | (ikr=stda | (itr—s=dz))
jsame (T (R (T () () ().
parity as

r+s+dy (41 9)

1 AT\’
() )

where d; and d, always of the same parity in (4.16)—(4.19).

4.1.3 Mellin Transform method

There is a method of solving the stationarity equations for the Density Operator and the Wigner
function that includes the power series method, but that is more general: the Mellin transform method,
reviewed in Appendix A.1. Defining a new function by considering the dependence of the matrix ele-

ments on the coupling constant ¢ and doing a Mellin transform on the variable ¢
B(r,s;2) = MT[<’I‘|A|S>(C); z] (4.20)

and using property (A.18) that transforms a multiplication by c into a translation in z we get the analogues
of (4.2) and (4.3):

(r—s)B(r,s;2) = —B(r+1,s;2+1) = B(r —1,s;2+ 1)+ B(r,s+ 1,2+ 1) + B(r,s — 1; 2 4+ 1),
(4.21)
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and

(r? —52)3(7“,5;2) = —E(r—i—l,s;z—i—l) —B(r— 1,824 1) +B(r,s+1;2+1) +B(r,s— 1;z+1),
(4.22)
respectively. The only difference in form between eqgs. (4.2) and (4.3) and eqgs. (4.21) and (4.22) is that
j — ltransforms into z + 1. Separation of variables works as before, with —z instead of j, but with a new

twist. To see this, consider the following hypothesis

B(r,s;¢) = f(r+s+2)g(—r+s—2)h(r+s—2)t(r — s — z)u(z) (4.23)

and new variablesa =r+s+z,b=—-r+s—z,¢c=r+s—z,d =r—s— z. Notice that a has 4z instead
of —z. Variables separate and we can reproduce the previous solutions using the I" function instead of
factorials. For example, in the case of the Quantum Pendulum the simplest case Gy, , corresponds to
rts—z r+s+z
~ (-1) 7= r(=5)

B(r,s;z) = . (4.24)

F(1+ —r+25—z)1-\(1+ r+;—z)1—\(1+ r—;—z)

Notice that instead of having four factorials in the denominator we have three T" functions in the de-
nominator with —> and a I" function with +z in the numerator. This is as it must be, the inverse Mellin

transform should be seen as a sum over the residues of

B(r,s;z)c”? (4.25)

and then the residues of T" at the negative integers give us the extra factorial in the denominator. Notice
also that it is best to see the inverse Mellin transform as a sum over residues and not as an integral
over a vertical line as in its formal definition (A.16), because a factor of the form (—1)* = e*™* grows
exponentially in one of the vertical directions.

Given the new necessary asymmetry between one of the variables and the rest of the variables used
in the separation of variables, new solutions appear with two I" functions with +z in the numerator. This
corresponds to the existence of double poles of the Mellin transform. When we now do the inverse
Mellin transform of these new solutions the derivative of the I" function makes its appearance and the
new solutions are no longer hypergeometric functions but involve also Harmonic numbers. Due to lack

of space we will say no more about this topic for the time being.

4.2 Direct approaches vs Wigner transforms of Helmholtz solu-

tions

Here, one wishes to compare the integral operators refered to in section 2.5.2 and studied in section
3.5 with the operators obtained in previous section. To do so, the series expansions in powers of the

coupling constant ¢ = —\I/h? of the matrix elements (1| A|s) will be computed.
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4.2.1 Simplest cartesian

Starting with the integral operator studied in 3.5.1, whose matrix elements in the angular variables

(0] A|62) = cos {Q cos (921) cos (‘?)} , (4.26)

one finds, accounting for (3.140) and the fact that Q2 = 16¢:

- 92 —1)d 01\1% 0:\17 _ < (=D iGenes G
i ) — i(j—1)01 ,i(j—k)0O2
@ul410:) =D = Fleos ()] [=(3)) 2 ag-ome—we e

|
= (27)

read

(4.27)

Defining r = j — l and —s = j — k, and recalling (2.97) and (2.99),

(=1)7(2))! i
(r|Als) _zﬂz GG TG 2 9G = i (4.28)

It is readily apparent that this solution is not one of those retrieved in section 4.1 and, although it
should be possible to derive (4.28) by solving (4.3) using separation of variables, it is far from obvious

how to proceed with it without already knowing the outcome of the exercise.

4.2.2 Polar

As observed in section 3.5.2 the Wigner transforms of the solutions in polar coordinates of the
Helmholtz equation mentioned in section 2.5.2 are linear combinations of elements of the first family
of solutions obtained directly in section 3.2.2. In section 3.4, the latter solutions were seen to be a sub-
family of the first family in section 3.3.2. Therefore, the matrix elements of the corresponding operators
in the angular momentum basis are given in section 4.1.2 by a subfamily of (4.16) with d; = +2p and
d» = 0. Consequently, the matrix elements of the integral operators defined by the solutions in polar

coordinates of the Helmholtz eq. are linear combinations of the expressions in section 4.1.2.

If, on the other hand, one tries to compute the matrix elements in the angular momentum basis
directly from the integral kernel, it will be found that the task is highly nontrivial, as we now proceed to

illustrate.

Following a similar path as in the previous section, the matrix elements in the angle representation

for the simplest solution with p = 0 are those given in (B.14), which can now be rewritten as

00 j . c© 7 1 gl j
c)J
91|A\92 ————"[cos(61) + cos(62))

« ei(1=2p)01 Si(j—1—29)02
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and, changing once more to r and s,

R —1) )
rAlsy =20 S % e )!<H)<'<L_S)I(H+S)!cﬂ. (4.30)

J same parity [ same parlty
asr+s as

In view of comparing with (4.16), one still has to sum over [ in (4.30), which, for example, for matrix

elements with even indices, becomes

1

(21| A|2s) 2772 ZI: TG =T
! Jo—r—s\[(jtr+s
=2 4.31
WXJ-:(2j)!(j—7“—8)!(j+r+s)!zl:< l—r )( l+7r ) (4.31)
Making k = [ — r and using the identity (") = (" ),
= 1 J—r—s jtr+s
(2r|A|2s) = 27TZ G (HHS,Z];( . ><j_r+s_k>, (4.32)

or, making use of the combinatorial identity (see (3.4) in [25])

E()) ()

withz =j—r+sn=j-r—sandy=j+r—s,

1 2
<27”|A|23 27TZ (25)! (jfrfs) (j+r+s)! (j7'+s>

1 j
:27T; GHr+s)G-—r—s)G+r—9s)lG—r+ 5)!62 (4.34)

which is the same, modulo the 2 factor, as (4.16), with jo = d; = d» = 0, as it should.
This was the result for the simplest solution with p = 0, when p > 0 the result seems even more

difficult to achieve via the direct route.

4.2.3 Helmholtz solutions in elliptic coordinates

In section 2.5 the link between matrix elements of integral operators and Fourier coefficients of their
integral kernels was referred. Moreover, the connection between integral kernels of stationary operators
and the solutions to the Helmholtz 2d equation in modified elliptic coordinates was also mentioned.
One can now revert our solutions in modified elliptic coordinates back to normal elliptic coordinates by
identifying ¢ = i6,1/2 and n = 65/2, that is, * = cosh(&) cos(n) and y = sinh(£) sin(n). The products of
complex exponentials in #; and 6, become products of real and complex exponentials in ¢ and n and
products of cosines or sines become products of hyperbolic cosines and cosines or hyperbolic sines
and sines. This means we can write the solutions u(z,y) = cos(Qx) and u(r, ¢) = Ja,(Qr) cos(2pg)

in elliptic coordinates as sums of products of the form cosh(r¢) cos(sn), with » and s even, in a closed
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form; and the solutions u(r, ¢) = Jo,,(2r) sin(2p¢) in elliptic coordinates as sums of products of the form

sinh(r&) sin(sn) with » and s even, also in a closed form.

The writing of the polar solutions in elliptic coordinates is the more relevant since they provide a basis
for the space of functions generated by products of modified Mathieu times Mathieu functions of even
index, that is, Ces,,(§)cean(n) and Seq, (€)sea, (n). What remains to be done is to give closed forms for
the products of Mathieu functions themselves. In the next section we discuss several approaches to this

problem.

4.3 Links to stationary pure states and Mathieu functions

4.3.1 Generalities on the Simplified Hindered Rotator

In section 2.5.1 it was referred that the matrix elements of pure states have a product form (r|p|s) =
C,.C?. Also, in section 2.1.3 we derived the wave function solutions to the SHR model. This was followed
in section 2.3.1 by the computation of their Wigner transforms (2.49). After that, in section 3.2.1, we saw
that the latter could be obtained directly by solving the stationarity equation. Following that, we computed
the Fourier coefficients of these solutions in section 3.4.1. From the correspondence between Fourier
coefficients and matrix elements we can infer that the solutions in (4.10) with jo = ds = 0and d; = —2d

are the stationary pure states associated to energies F = hwd.

It is natural to ask if these matrix elements could have been obtained in a more direct way. This is
indeed the case as will be seen. If one starts with the Fourier coefficients of the wave functions (2.18)
which are given by Bessel functions J,._4 (—2¢) and then one uses the formula for the product of Bessel

functions (A.28) to get:

= P+ s — 2d + 2k))(—c)rHe-2d42k

(rlpals) = (rlva){als) = Jr—a(=2¢)J 2) 7+sf2d+k) r—d+b)ls —d+ b’

(4.35)

Next, consider a member of the third family A?O,dm specified by (4.10), with jo = dy = 0and dy; = —2d,

Jtrts
i3 _ (=1)7= 4! i
<T|A07*2d~,0|8> - Z (j+r+572d)|(jfrfs+2d)'(j+rfs)|(j7r+s)|c]’ (436)
j same 2 ' 2 : 2 ' 2 :
it
Fist2a

and change variables according to j = r + s — 2d + 2k, so that

oo

Z (_1)r+sfd+k(,r+s_2d+2k)!cr+572d+2k
(rt+s—2d+ kK —d+k)(s—dtk)l

(r|A3 _sa0ls) = (4.37)

k=—oc0

Remembering that 1/k! = 0 for negative k, we see that this last expression is equal to (4.35) times
a constant multiplier (—1)¢, telling us in particular that the subfamily of operators p; = Ag},gd,o does

correspond to pure states since its matrix elements have a product form J,._4(—2¢)Js—qa(—2¢). Trying to
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prove that Ag,_m is a pure state by proving that the square of the operator satisfies

o 2 R
(Ag,—m,o) = Ag,—Qd,Oa (4.38)

seems a lot harder, although not impossible.

4.3.2 Mathieu functions through linear conditions

If we could write products of Mathieu functions ceg, (01/2)cea,(02/2) or sean(01/2)sean(02/2) in a
closed form we would then get a closed form for the Mathieu functions themselves by simply making
0, = 6, and taking a square root. The sign would have to be guessed from the continuity of the derivative.
In the previous chapter and in the beguinning of this one, five families of solutions of the stationarity
equations were found and one would like to know if any of these is proportional to a pure state. The
ones that correspond to solutions of the Helmholtz equation that are separated in a coordinate system
different from modified elliptic coordinates can be safely considered not to be pure states. What about
the other solutions? It ends up being the case as we shall see that they are also not pure states, but the
question remains, are there simple linear combinations of these solutions that are pure states? Let us

try to obtain information on this problem.

Boundary conditions

Perturbation theory for the Mathieu functions was reviewed in section 2.2.2. The first Taylor coeffi-
cients different from zero of the Mathieu coefficients are known and do not depend on the normalization,
so if we consider products of Mathieu coefficients, their first Taylor coefficients different from zero are
simply the product of the Taylor coefficients of the corresponding individual Mathieu coefficients and
also do not depend on the normalization. Making use of the notation ™) (r, s, j) for the power-series

coefficients of the matrix elements (r|cea,,){cea,|s), that is,

L (rlcesndceanls) = 3" FC(r, 5, ), (4.39)

21 -
JEZ

and using (2.39) we get the following boundary condition for £ (r, s, j):

(2n)!(2n)!
(r —n)!/(r +n)!(s —n)!(s+n)!’

FCV(r 5,7 +5—2n) = i(—l)”s_% (4.40)

whereas
FCW(r s ) =0 (4.41)

forj <r+s—2n,whenr,s >n > 0.
Closed forms of stationary observables were presented in 4.1.2 for four different families, hence, to
see if any of them corresponds to pure states, we should compare the first non-zero coefficients of their

Taylor series in powers of the parameter ¢ = ¢/4 with the first non-zero Taylor coefficients of products of
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Mathieu coefficients. More precisely, using the notation G;lm 4,4, (18, 7) for the power-series coefficients

of the matrix elements of the operators Aémdh@ = 2mc 90 Ay, 4, (With i = 1,2,3,4) given in section

41.2,

1 At - i -\ j
7 1Ay 1) = > Gy a5, 5)¢ (4.42)

j=—o00

we can try to see if any of the Gémdh% (r,s,7) satisfies the boundary condition (4.40).

Now, from (4.18), with jo = 2n, d; = 0, and dy = 2n, we have

(_1)r+s (,,, + 8)' _ (_1)7‘+s
(r+s)0!r +n)(r —n)l(s+n)l(s—n)!  (r+n)lr—n)(s+n)(s—n)’
(4.43)

ng,O,Qn (7)7 S$,1r+8s— 271) =

which verifies the boundary condition (4.40) with (2n)!2G3,, , ,,,/4, this being true for the case n > 0. For
the case n = 0, the factor 1/4 doesn’t appear and we satisfy the boundary condition with G%,o,o- So, it
might seem that we have finally solved the problem of finding closed forms for the Mathieu coefficients.
Unfortunately, such is not the case: what happens is that the above calculations were done for the case
where r and s are both greater than 0. If, for example, s < 0 and r > —s > n > 0, we then substitute
throughout s by —s and the boundary condition is now at points (r,s,r — s — 2n), this new boundary

condition being now satisfied by (21)!°G3,, ,,, o/4 and, likewise, by G§ ;  if n = 0.

However, this should not yet come as a showstopper, because linear combinations of stationary solu-
tions are again stationary, so we may try to find linear combinations that satisfy the boundary conditions.
For example, given that G3, 5, (r, s, — s — 2n) = 0 for n. > 0, since the argument of the last factorial in
the denominator of (4.43) becomes negative, and similarly that G3,, 5, o(7, s, 7 +s—2n) = 0, we might try
the linear combination (21)!*(G3,, 5, o + G3,, 0.2,)/4 for n > 0. What goes wrong with the latter becomes
apparent when we try to apply it to the case n > r,s > 0: we now must use (2.35), instead of (2.34),
and the boundary conditions are now given at points (r, s,2n — r — s). It is then easy to check that, for
instance, when n = 1 and r,s = 0, we have F¥(0,0,2) = 1, G3,,(0,0,2) = 4!/(3!113!11212!) = 1/6,
and G3 , ,(0,0,2) = 4!/(2!2!311!3!1!) = 1/6, so the above linear combination fails in this case. The true
problem is that the expressions (2.34) and (2.35) are not symmetric with respect to the role of r, so it

seems we should involve the other two families G}, , and Gj , .., butitis not obvious how to do it.

In the case n = 0, a linear combination that works for all cases is G, + G§ 5.0 — Gi,0,0 and so,
again, it would seem that we have solved the problem of finding the Mathieu coefficients of ceq. Yet,
now we face an even deeper problem, its having never been proven that the boundary conditions are
sufficient to determine the behavior of F(>)(r, s, 5) in the whole of Z?, and such is indeed not the case.

In fact, G§ , , also satisfies the boundary conditions.

In the particular case of cey, the second non-zero Taylor coefficients of the ratio of Mathieu coef-
ficients Agg)/Aéo) are known. If one tries to compare the values of F(°) determined by these Taylor
coefficients with the ones given by the linear combination G§ , , + G§ 0 — G{ 0. @ mismatch will be
found, implying that new stationary operators operators must be taken into consideration. In the case of

G{ 0.0 there also does not appear to be any possible normalization of ce, compatible with the values of
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G§,070(7', s,7+s+2).

Linear combinations

We know that the first discrete family with d; = 0 is a basis of the space of solutions. From section
3.5.2, especially (3.165), we know that the operators given by solutions of the Helmholtz equation of the

form u(r, ¢) = Ja, () cos(2p¢) correspond to the linear combinations of operators

(4} -ap0+ AL 00 - (4.44)

N

Since these solutions of the Helmholtz equation generate the space of functions generated by the prod-
ucts of even Mathieu functions ces,, (61/2)cear, (02/2) we have that it is necessarily the case that for each

pure state there are coefficients o, with o” ; = o, such that

o0

1 N
5 Icezn) (cean| = > oAl - (4.45)

d=—o00

If we now expand these coefficients into powers of the coupling constant

af = ajch, (4.46)
k
we obtain the following decomposition
Fem = Z Zag,k Gl—k—d72d,0' (4.47)
d=—o0 k

A closed form for the Mathieu functions would be achieved if one could obtain a closed form for the
coefficients oy ;.. For this we need linear equations. Infinitely many of them, and, preferably, each linear
equation should have only a finite number of terms.
The boundary conditions of the previous section provide a first set of equations. Let us look at the
case n = 0. Here the boundary equations read
ZaSklefdeO(ns, ||+ |s]) = £7 Vr,s €72 (4.48)
i . BIGIREEL
If » and s are both non-negative then, supposing that k£ > 0, the only terms that survive are those with
k of the same parity as d, d nonnegative, k < d, and d < min{r, s}, so that we have only finitely many
terms in each equation. One now recursively tries to solve this infinite set of equation by increasing r
and s, starting with » = s = 0. Dropping the superscript 0, one then finds that apo = 1, @1 = 1 and
azo = 0. Speculating that aqx, = 0 when k£ < d, one can try to find an expression for o 4 that solves
(4.48) in all cases where r and s are non-negative. This can indeed be achieved. An expression that
works is
Ogg = ——. (4.49)



This can be verified with the help of (4.33). We can now ask the question: what is the result of summing

the right hand side of (4.47) with this expression for the coefficients aq? Using the combinatorial

identity (see (3.20) in [25]) .
061)-(1)

o0
Zad,dgl—zd,zd,o = Gg,o,o- (4.51)
d=0

one arrives at

This is quite interesting since we had already seen that G3 , , satisfies the boundary conditions when r
and s are non-negative. When r and s have different signs the terms that survive in (4.48) are those with
d negative or zero. The situation is entirely symmetric and one gets that aq ¢ = 1/(|d|!|d|!) and aq =0

when k < |d|, works. Summing in d non-positive

0

Z ad,dGl—Qd,2d,o = G%,o,m (4.52)
d=—00
so that -
Z ad,dGl—zd,zd,o = Gg,o,o + Gg,o,o - G(I),o,o- (4.53)

d=—o0
We had already seen that this linear combination satisfies the boundary conditions, so it is natural to
conjecture that indeed the above expressions for a4 for & < |d| are the right ones. | was able to

determine that a4 o = 0 as expected.

The above was done for the case n = 0, the vacuum state. When n > 1 things get a little more
complicated as already explained in the previous section. In the case where r,s > n, if we suppose
k > —n we will have conditions for d > n and k between —n and d — 2n. Again supposing a; , = 0 if
k < d — 2n we have a solution with

(2n)!(2n)!

Qdd—2n = Ad—n)l(d+n) (4.54)

Summing with the help of (4.50) we get

> 2n)!(2n)! .
> - 2nChsazao = LG 00 (4.55)
d=n

which we already knew satisfied the boundary conditions when r, s > n. There certainly seems to be a

pattern here.

Although the boundary conditions provide interesting information one would like to compute all oy,
not just the coefficients that get the first non-zero Taylor coefficients right. We need a new set of equa-
tions. A possibility is related to the issue of normalization. The trace of any density operator must be

equal to one. This means that the trace has no dependence on the coupling constant. Translating this
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into our language we obtain

Z ag,kal—k—d,m,o(r» r,j) =0, Vi> 1. (4.56)
d,k,r
The number of terms in each equation is effectively finite, but, unfortunately the equations are not enough
to determine all the coefficients, since we are just asking for a stationary operator of trace 1. Neverthe-
less it may be the case that one can use these equations to eventually conjecture a closed form for the
coefficients. One could then try to prove that the coefficients are indeed correct by proving that p? = 4.

This leads us to our final theme.

4.3.3 Mathieu functions - embracing the non-linearity
Direct factorization

In this approach, we try to do linear combinations of stationary observables in order to obtain an
operator whose matrix elements can be factored in the form C,.C¥, which factorisation was achieved
using the formula for the product of Bessel functions (A.28) in the SHR case. The proof of this formula

uses the so-called Vandermonde convolution [26]

jzn:O G) (ni) - <a ;r b)’ (4.57)

and one can try to use the vast field of combinatorial identities to get something similar for the QP
problem. However, the families of solutions in 4.1.2 involve more factorials than the ones in 4.1.1,
implying, therefore, that the kind of combinatorial identities we are trying to work with involve sums of
products of three or more binomial coefficients and, hélas, there is a much smaller body of knowledge
in this case. This is not the main objection to this path. A stronger objection is that it may happen that
products of Mathieu coefficients are hypergeometric functions of the coupling constant without this being
the case for the Mathieu coefficients themselves. Square roots of hypergeometric functions need not be
hypergeometric. But the main objection is that it is difficult to concoct a systematic approach to achieve

the required factorization.

Equations for pure states

From the evolution equations (2.60) and (2.61) for the SHR and QP models, respectively, defining
the Fourier coefficients as functions of the coupling constant by f(r;c) := (r|y)) and supposing they are

real, we get the non-linear functional equations

(r=s)f(ric)f(sic) = e(Frs ) f(s+1:0)+ fri0) f(s—Lic) = fr+1ic)f(sic) = f(r—1ic) f(sic) ) (458)
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and
(r2=s2) f(ri0)f(s:¢) = c(F(r; ) f (s+1:6)+ F(r5 ) f(s=T;0) = [(r+150) f(s:¢) = [(r=15) f(s:) ). (4.59)

These equations are equivalent to the time-independent Schrédinger equations (2.5) and (2.6) for the

Fourier coefficients. The latter can be obtained by simply separating variables.

We have seen that the Wigner function and consequently the density operator representation are
privileged settings to obtain closed forms for solutions. So perhaps it is better to leave the equations
in product form instead of separating variables. One then tries to reproduce the solutions of the SHR
model that we already know of and, possibly, only minor changes will be necessary to get the solutions
to the QP model. Trying to do this one must take into consideration the main difference between these
two models, the fact that eigenvalues do not change with the coupling constant in the SHR model. For
example, if we do a Mellin transform of the dependence of the coefficients on the coupling constant we

get

(=) [ Friw)fsiz —w)do = [ Foriwn)fs + 112+ 1= wi)duy
L Ly
+ f(r; wg)f(s — 1241 —wso)dwy — f(r + 1; wg)f(s; z+1—ws)dws (4.60)
Lo L3
- f(r—l;w4)f(s;z+1—w4)dw4
Ly
for the SHR model and the same expression with r2 — s? instead of r — s for the QP model. The contours
L; must be appropriately chosen. If we now take w; = w, wy = w, w3 = w+ 1 and wy = w + 1 and put

everything in the same integral we could think on demanding that the integrand function is zero, that is,

(r—s)f(riw)f(s;z2 —w) — frw)[f(s+Liz+1—w)+ f(s— 1,2+ 1 —w)]

R R R (4.61)
+[fr+Lw+1)+ f(r—Lw+1)]f(s;2 —w) =0.
This can indeed be achieved if, for example, the functions f(n; v) satisfy
nf(n;v) = —f(n+Lo+1) — f(n— L0+ 1). (4.62)

But this is simply the Mellin transform of the time-independent Schrédinger equation (2.5) with eigen-
value d = 0. This does not work if the eigenvalue depends on the coupling constant. In that case one
must also take a Mellin transform of the eigenvalue and consider Mellin convolutions between Fourier
coefficients and eigenvalues. So it seems that the stronger condition (4.61), with 72 — 52 instead of r — s,

that the integrand is zero is too strong in the case of the Quantum Pendulum.

Nevertheless, one can still try to solve (4.60) without supposing that the integrand is zero. In this
case one must sum over residues. This is not complicated given the fact that meromorphic functions
are determined by their zeros and poles in the form of an infinite product and so we can suppose that

f(r; z) is of the form a I" function times an entire function or a function with poles on the right side of the
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plane. We can do even more and suppose f(r; z) is given by an infinite product with zeros and poles on
the integers only. But, unfortunately there doesn’t seem to be a natural way to extend the process from
which we reproduce the solutions of the SHR model we already know of to the case of the QP model.
Here the change from r — s to r2 — s2, if achievable, seems to require the use of a computer algebra
program. Ultimately, one must take into consideration what was said in the previous section, it may be
that Mathieu coefficients are not hypergeometric functions of the coupling constant. In this case, their

Mellin transforms need not have nice infinite product representations.

Product formula

If Mathieu coefficients are not hypergeometric functions of the coupling constant but their products
are, then one should work directly with the products, that is, matrix elements of operators or, equivalently,
Fourier coefficients of the Wigner function. Let us think in terms of operators. Then the property of being

a pure state is equivalent to 5> = p which can written as

o0

> (rlpl)tipls) = (rlpls), Vr,s € Z. (4.63)

l=—o00

There are two ways to use this formula. One can try to use it in parallel with the formula for stationarity
(r = s){rlpls) = c((rlpls + 1) + (r|pls — 1) — (r + 1[p|s) — (r — 1|p]s)) (4.64)

to reproduce the solutions of the SHR model as power series in the coupling constant and then try to
adapt the procedure to the QP model. The second way is to start from a basis of stationary solutions and
just use (4.63) to produce a linear combination that is a stationary pure state. In both cases one must
deal with the non-linearity of (4.63) and the fact that the number of factorials in the terms that appear
doubles. So one must also take into consideration that there are not that many combinatorial identities
that involve so many factorials (at least eight of them) with the same parameter. We had already alluded
to this problem at the end of 4.3.1 when we mentioned that even verifying that 5, was a pure state from
the product formula was likely to be non-trivial. Nevertheless, | think it is an exercise worth undertaking,

some information will certainly be obtained.
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Chapter 5

Conclusions

5.1 Achievements

In this thesis two models were studied, the first a solvable model as a simplification of the main
model of interest, the Quantum Pendulum. Several families of solutions to the stationarity equations for
these models were obtained, both in the Wigner function representation and in the Density Operator
representation. In both cases the solutions were given as power series in the coupling constant.

A new simplified derivation of the evolution equations was performed using the Density Operator
representation. Moreover, the integral form of the Moyal bracket was also studied and used to derive the
evolution equations.

Finally, connections to the Helmholtz equation in two dimensions in elliptic coordinates and to Math-

ieu functions were discussed.

5.2 Future Work

The most immediate work to be done is to verify that the stationary pure state solutions of the
Simplified Hindered Rotator satisfy the property 5> = j or, equivalently, ww = w. It may be that this is
yet again a field where the Wigner function provides a simpler route to success. If this is achieved the
next step is to try to adapt the proof to the case of the Quantum Pendulum, probably using the simplest
basis of stationary solutions.

Another direction for future work is to start from the integral form of the equation w%w = w and,
using the stationarity equation, try to develop an integral form for the Taylor coefficients of the solution

in the spirit of Feynman diagramms.
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Appendix A

Generalized Hypergeometric functions

All the solutions of the stationarity equations will be given in terms of Generalized Hypergeometric
Functions or Hypergeometric Functions for short. Intuitively, a function is hypergeometric if it can be
written as a power series where the Taylor coefficients are combinations of factorials. More precisely, if

t. is the k-th Taylor coefficient then ¢/t is a rational function of k, that is,
Zerl _ A (A1)

where p(z) and ¢(z) are polynomials. This class of functions includes most of the special functions
usually taught in a Physics degree like exponentials, trigonometric, Bessel, Hermite, etc. Unfortunately,
all the conventions used to represent these functions are bad for our purposes, so | chose to leave most
solutions in power series form, the exception being Bessel functions and functions whose terms have
few factorials. Paradoxically, from the typesetting point of view it is more concise to write the power
series then it is to use the standard notations. If one wants to implement the associated functions in a
software package capable of symbolic computations such as Mathematica, one can define the functions
as sums with the summation index varying from 0 to oo and the software will then automatically translate
those sums into more standard hypergeometric notation as the functions ,F;, defined below. But, be
aware that many awkward things might happen as will be explained.

To get a grip on the situation let us begin by defining the Pochhammer symbol
—— =(a)(a+1)---(a+r—1) (A.2)
for r a nonnegative integer. We have in particular, (1), = n!. The most common notation for a general

Hypergeometric function with p 4+ ¢ parameters is then the following:

k=0

“+o0
- (a1)k - (ap)k
L) = Z(bl)k—wﬂ (A.3)

Notice the extra k! in the denominator. There are actually ¢ + 1 factorials in the denominator. This is the

first awkward thing. If there is no k! in the denominator we have to add it by hand by also adding another
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k! to the numerator and hence we must add a needless parameter just because of the bad notation.

The second problem is that if we have a simple term like (k + n)!, where n is a natural number, in the
Taylor coefficient, then, since (k +n)! = (n+ 1), - n!, we have to take n! out of the sum and we geta +1

in the parameter. For example,

2. (A.4)

+oo +oo
1 L1 1 L1 -
_— = — _— = — F
I;Jk!(mn)!x n!];)k!(n—kl)kx nl 071

There are actually two problems here. The 1/n! factor and the awkward +1.

The last problem, for now, is that if we have a factorial of 2k instead of k, using the Pochhammer

symbol, results in us having to divide in cases according to the parity of the parameter:

(2k + 2n)! = 22K plnl(n 4 1), (n + ;)
k (A.5)

(2k 4 2n + 1)! = 22K 7l (n + Dl(n + 1) <n + 2)
k

This is not just an awkward thing, but a real nuisance. To implement in Mathematica a function with a

term like this, one must substitute n by a concrete number.

There are other possible notations for Hypergeometric functions. Let us examine them. The first
alternative is the Meijer G-function. It has four sets of parameters, G, which for our purposes we will

reduce to two:

ayp a2

0 by

Nl—ay+s)---I'(l—a,+s)
1,n s A.
Gy T 2mi / ds 1 —by+s)---T(1—-by+s) . (A-6)

where L is an appropriate contour in the complex plane. What is important in this definition is the
sum over residues in one side of the plane that is implicit, since the integral might not even converge.
Supposing the parameters are all negative and recalling the fact that the poles of the I" function are at

the negative integers —n, including 0, and its residues are (—1)"n!, we have:

1n Q1 a2 —a)! (k —ay)! k
)" —x)". A7
Gn,q 0 b2 Z k' _ b2 (I{? _ bq)'( ZC) ( )

We have gotten rid of the +1 problem and the awkward normalization at the cost of now having a “—” sign
in all the parameters. Since we will have factorials of 2k in some of our solutions the Meijer G-function
is also not appropriate for our purposes. This leads us to the Fox H-function. Like the Meijer G-function

it has four sets of parameters, H,";" that we will once again reduce to two:

i1n (a1,01) (ag,a2) ... (an,ap)

n,q €T
(051) (b2762) (anﬂq)

B L/ P(—s)I'(1 —ay + ozls) T(1 —ap + aps)
2w Jy T(1— by + B2s)- - T(L— by + Bgs)

(A.8)

where again L is an appropriate contour in the complex plane. Supposing the a;’s and b;’s are all
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negative we have:

B X (artk —a)! - (ank — ap)!

£ kl(Bak — by)! - (Bgk — by)!

Hin (a1,00) (ag,a2) ... (an,an)x
0,1) (b2, B2) ... (bg,B9)

n.,q

(—z)k. (A.9)

This is close to what we would want, but, again, we have the problem of the sign in all the left

parameters. Additionally, this function does not seem to be implemented in software packages.

A notation we shall use only in the simplest cases, is the Fox-Wright ¥-function:

(a1,00) ... (ap,ap) =

(b1,82) - (b4, Bg)

I(ark +a1) - T(apk + ap) o

v v ::kZ:OF(Blkerl) T(Bgk + bk

(A.10)

pP=q

Notice that once again we have an extra factorial k! in the denominator as in the ,F;,. Also, since we
are using the I" function instead of factorials we will likewise have the problem of the +1 term in all the
parameters. As with the Fox H-function, the Fox-Wright function does not seem to be implemented in

software packages.

Having thus disposed of the question of the main notation, we will now discuss another problem with

all the standard notations. For that we will introduce a convention: if n is a natural number then

EsTiale (A.11)

This makes sense, since I'(—n + 1) = oo, for n a natural number. This convention gives us an enormous

freedom. For example, we can write an indefinite sum as a definite sum

Zk,ni Z k,ni (A.12)

As definite integrals are easier to explicitly compute than indefinite ones, the same is true of definite and
indefinite sums [27]. All of our solutions will be first given in the form of sums from —oo to +00 and only

then will we present a sum starting at £ = 0. This has the unfortunate problem of introducing cases. For

example,
+oo 1
k;@ (e (A.13)
has two possible forms
Ji’f 1 _ Zk 0 k'(k+a )l ifa>b (A14)
—a)l(k=0b) :
= (k—a)l(k—10)! +o0 ith> a.

k=0 k'(k+b a)l

Since we are interested in producing a bridge to the standard notation we will, as stated above, present
power series as sums from 0 to oo, but, from the typesetting point of view trying to write a definition by
cases using power series or the standard notations is a nightmare. We will thus present the cases in the

main text and not on the formulas.
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A.1 Mellin Transform

Both the Meijer G-function and the Fox H-function have the form of inverse Mellin transforms. The

Mellin transform of a function f(x) is defined by
F(z) = MT[f(); 2] = / dof(z)a" 1. (A.15)
0

Together with an expression for f(z), a vertical strip where the Mellin transform is analytic must be
specified, the “strip of analyticity” (SOA). For example, if f(z) = e~ then f(z) = I'(z) and the SOA is
given by the condition Re(z) > 0. The inverse Mellin transform is defined by

a+1i00 ~
f(zx) i/ dzf(z)x™%, (A.16)

- 2mi a—100
where the integration path is a vertical line lying within the SOA. If f(z) = I'(z) and the SOA is given
by Re(z) > 0 then f(z) = e %, as expected. But, if instead the SOA was given by the condition
—1 < Re(z) < 0, then f(z) = e~ — 1. If the integration path is more to the left we will have less poles

over whose residues we will sum over.

The idea of the inverse Mellin transform is more general than the Mellin transform. For example, if
f(x) = e* this function has no Mellin transform, but if we think on f(z) = I'(z) cos(rz), then summing

over the residues we get the right result. That is,

flz) = i/LdzI‘(z) cos(mz)x ™%, (A17)

271

but now L is not a vertical contour, it must have an inclination in the upper and lower left quadrants to
accommodate the fact that cos(z) grows exponentially in the vertical direction. This type of analysis is
very tedious and we will never engage in it. The main properties of the Mellin transform that will interest

us are

MT[z f(z); 2] =f(z + @) (A.18)
MT[f(az); 2] =a~*f(2) (A.19)
T (a)c2] =07 (2). (A.20)

where the SOAs are accordingly transformed. Thinking in terms of power series of functions and of the
inverse Mellin transform in terms of sums over residues these properties are all natural. For complete-

ness we also give the Mellin transform of the product of two functions

a-+100
MT(f ()g(x); 2] 1/ dw f(w)j(z — w), (A21)

B % —100
where a belongs to the SOA of f(w). The integral on the right is an example of a Mellin convolution.
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A.2 Bessel function cheat sheet

In this section we gather the facts about Bessel functions that will be used in the main text (see

[26, 28, 29] ). We start with the power series that defines a Bessel function

( ) Z4kkl kk_:i (A.22)

Bessel functions of even index are even and Bessel functions of odd index are odd. This can be sum-
marized as J,(—z) = (—1)"J,(z). As a result of our conventions we have that J_,,(z) = (=1)"J,(2).

Bessel functions satisfy the following identities

2nd,(2) =2Jn-1(2) + 2Jn41(2), (A.23)
2J;,(2) =Jn-1(2) = Jns1(2). (A.24)

Many Bessel function identities are proved from the generating function

e3(z Z T (A.25)
of which, making z = ¢*?, the Fourier series
w sin( Z J zn@ (A26)

is a particular case. From the unitarity of the Fourier transform we get

i Jn(2)? = 1. (A.27)

n—=—oo

The product of Bessel functions is also a hypergeometric function

R\ > (—1)*(2k +n + m)!22F
() In(2) = (3) Z < TFRICk + 1) (R + m)IGk + - m)! (A.28)

Finally, a particular case of Graf’s formula will be implicitly present

Jn(2zcos(0)) = > Tugi (2)ni(2)e". (A.29)

| same
parity as n
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Appendix B

Coordinate transformations

In section 3.5 we will compute the Wigner transforms of solutions of the Helmholtz eq. in modified
elliptic coordinates. In order to do that a few remarks are required. Using (2.43) and (2.97) we see that
the Wigner transform of any integral kernel is given by

1 g Y
a(@.m) = o [ d0'e K (9460 -0), (B.1)

—T

so we have to be able to compute K (6 + 6,6 — 6').
Starting from the solutions in polar coordinates K (61, 62) = u(r, ¢) = Jop (1) cos(2pe), and K (01, 62) =
u(r, @) = Jop(Qr) sin(2p¢) one has to first work out r, cos(2p¢) and sin(2p¢) in terms of 6; and 6. Starting

with r:

r =27+ 2 = \Jcos? (01 /2) cos? (0/2) — sin? (9 /2) sin®(62/2)

:%\/005(91) + cos(6s). (B.2)

Now, for the angular variables, we have by definition, that the Chebyshev polynomials of the first kind

T, (x) and second kind U,,(x) satisfy

Tn(cos(¢)) = cos(ng) and  Up(cos(¢))sin(¢) = sin((n + 1)¢), (B.3)

respectively. Moreover,

r  \/2cos(0;/2) cos(02/2) Yy iv2sin(01/2)sin(02/2)

e T O N O T O (B4)
hence
o) 1, (VA 2ot e
and . . .
e e
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The following trigonometric identities will be used

cos(0+ ) + cos(0 — @) = 2 cos(6) cos(0')
cos (9 u 9’) cos (9 - 9’) - % (cos(8) + cos(8))

/ /
— 1
sin (0 _; o ) sin (9 5 0 ) =3 (cos(0") — cos())
We will also have a need of the following identities regarding Chebyshev polynomials:
n/2 n/2
T, THY\ _ 1/x n Y ,
2./TYy 2 yn/Q xn/2

" yi+1/2

n
T+y I t1/2

o () S

n 2 Ty ;y3+1/2 Zx]+1/2

and

(B.10)

(B.11)

These identities are possibly new, but can be straightforwardly demonstrated from the recursion relations

for Chebishev polynomials
Thi2(x) =22Thq1(x) = Tp(z) and  Upio(x) = 22Us41(x) — Un(x)

with Ty (z) = 1, T1(x) = x, Ug(xz) = 1 and Uy (x) = 2z, plus the auxiliary formula

:E+y> "yl
2n —
(2\/9@ ‘ yﬂ ZJI

Jj=

which is also proved by recursion.

We are now ready to compute K (0 + ¢',6 — ¢’). Beginning with the simplest case p = 0,

K (61,02) = Jo[(Q/v/2)\/cos(01) + cos(6s)],
we only have to use (B.7) to get the expression that will be used in section 3.5
K(0+6,0—0") = Jo[Q/cos(0) cos(6")].

Moving on to the general case p > 0, in the case of cosines we have

- V2 cos(0/2) cos(62/2)
K (61,62) =2, [(2/V2) \/cos(01) + cos(02)] T2p< Veos(0r) + cos(f) )

and one obtains, using (B.7), (B.8) and (B.10),

K@O+6,0-6) :%JQP[Q cos(6) cos(6')] [ cosh(6) COSP(G/)} .

cosP(0’)  cosP(0)
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(B.13)

(B.14)

(B.15)

(B.16)

(B.17)



In the case of sines, we have

V2 cos(1/2) cos(62/2) \ iv/2sin(0;/2) sin(h/2)
K 01,02 :Jgp 9] \/i COS 91 (o)) 92 U2p—1 3
( ) [(©/v2)Veos(0r) + cos(62)] ( /cos(61) + cos(6:) ) V/cos(61) + cos(6:)

(B.18)
and with some surprising cancelling of terms, using (B.7), (B.8), (B.9) and (B.11), we get
PN 5y [cosP(0")  cosP(0)
K@+06,0-0" —§J2p[Q cos(f) cos(6")] {cosp(é) o (0) | (B.19)
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