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Introduction

Since the appearance of Newton’s equations of motion there seemed to be a kind
of general hope in the air that every closed system could be solved exactly. An
expression of this feeling was represented by the idea of Laplace that a hypotetical
daemon could be able to embrace in a single formula anything set anywhere in the
past or future. In the 19th century Liouville found a way to solve an Hamiltonian
system which admits a maximal set of Poisson commuting invariants (functions on
the phase space whose Poisson brackets with the Hamiltonian of the system, and
with each other, vanish). However, the idea of predicting analytically the position
of any point mass particle was overtaken when Henri Poincaré, approaching the so
called ”three body problem”, realized that the conserved quantities are not preserved
when an integrable system is perturbed in a generic way, hence proving that a
system can be in general not integrable. If, on the one hand, this fact limited the
possibility to solve physical systems through analytical methods, on the other hand
it was remarkably amazing how most systems of interest known at the time could be
considered as a perturbation of integrable systems. Let us think for example of the
solar system or of the harmonic approximation or of other dynamical systems such
as shallow water waves discovered in the same century by John Scott Russel whose
mathematical wave equation, despite of its nonlinearity, showed immediately some
particular solutions expressed in terms of analytical functions. These facts seem to be
indicative of a new role played by integrable systems: though, after Poincare , they
were in a sense downgraded to something like a Platonic Idea of geometrical picture
which just an arbitrarily small perturbation could make unperfect (non-integrable),
nevertheless, at the same time, they appear to be needed by nature, as a sort of
alphabet to describe ordered phenomena existing in itself. So, from this point of
view, integrable systems would turn out to be one of the best source of mathematical
models in physics to represent those phenomena whose behaviour is far enough from
Chaos. With the onset of quantum mechanics the situation became even hardest
for integrable systems: Even a Hamiltonian 1-dimensional system, which in the
classical realm is integrable by definition as its equation of motion is solvable at
least by a quadrature, may not be solvable in the quantum context, inasmuch as
there might not be any recipes to get analytically the physical interesting quantities,
namely the spectrum and the eigenfunctions. Over the years the exactly solvable
quantum models, as the classical ones, have represented an invaluable tool describing
in an effective way a great variety of physical systems: let us quote for example the



exactly solvable quantum systems involved in the description of the energy levels of
hydrogenoid atoms or in the study of vibrational effective potentials in molecules or
in lattices [2], just to mention a few.

Unfortunately, most examples of such systems are restricted to spaces of constant
scalar curvature or to lower dimensional cases (two-dimensional systems on noncon-
stant curvature [32], [33]); in addition to that the increasing importance of non-
Euclidean geometries in modern physics makes worthwhile, both from a mathemat-
ical and a physical perspective, to investigate about the existence of an exactly
solvable quantum family also in this framework, and indeed this issue can be con-
sidered as the main goal of the present thesis. We start the analysis giving in the
first chapter a short review about the exactly solvable quantum systems descrbing
them using the language of the shape invariance and underlining explicitly their link
with the most general family of classical orthogonal polynomials, namely the Jacobi
polynomials.

In the second chapter we introduce the concept of Maximal Superintegrability (M.S.)
in classical mechanics, this property plays an essential role in the analysis of the
exactly solvable systems since we can always determine its trajectory on the phase
space up to the solution of algebraic equations. The classification of the M.S.
systems is a hard work, anyway considering a radial symmetry (also in non-Euclidean
frameworks) it is possible to classify all these systems in just two multiparametric
families, namely the Bertrand-Perlick systems ([50] [51]), which in the flat limit
coincide with the well known exactly solvable systems of the Kepler and Harmonic
oscillator problem. The radial symmetry and the Bertrand classification of M.S.
systems in a non-Euclidean framework defines therefore an ideal starting point to
investigate about the existence of exactly solvable quantum systems on a non-
Euclidean manifold with a number of dimensions greater than two. According
to the aforementioned facts, the remaining part of the thesis is devoted to the
”quantization” of the Bertrand-Perlick systems, to this aim we have dedicated a
preliminary chapter (the third chapter) in order to introduce the problems that
always arise when dealing with systems whose kinetic part turns out to be position
dependent, and at the same time we give also a review about the most known
quantization prescriptions present in literature.

Finally in the chapter four we tackle the quantization of the Bertrand Perlick systems
making use of the mathematical tools (like the coupling constant metamorphosis or
the gauge transformation) previously introduced in the first three chapters. As
result of this analysis we have found a quantum version of the Bertrand-Perlick
systems generalized to an arbitrary number of dimensions which preserves explicitly
the exact solvability of the eigenvalue problem, moreover this quantum version has
the remarkable property of exhibiting a spectrum characterized by the so called
accidental degeneracy giving us a strong indication about the M.S. of this quantum
family.

The remaining part of the thesis is dedicated to the analysis of some examples
which turn out to be explicitly M.S. both in their classical and quantum version; in
particular we describe in detail the quantum system defined on the non-Euclidean



Darboux-III space that can be regarded as well as a quantum system with a non-
constant parabolic mass. We conclude the thesis giving in the appendix an example
of how the Bertrand-Perlick systems can be a very flexible family of systems and
approximate well some real physical problems like the motion on a Swarzschild
metric.



Chapter 1

Orthogonal polynomials and
shape invariance

1.1 Introduction to shape invariant systems

To solve exactly a (nonrelativistic) quantum system means to find explicitly the
spectrum and the corresponding (generalized) eigenfunctions for the Schroedinger
operator. Even though the 1-dimensional Schrodinger equation is just a second
order linear ordinary differential equation, solving the associated spectral problem
can be a very hard task. Actually, a natural approach to solve a second order
linear differential equation would be trying to transform it into a first order linear
differential equation; for our aims it is quite useful to tackle this problem following
the ”Dirac strategy”, adopted by Dirac himself in order to get his most famous
equation, namely to look for the square root of the second order linear differential
operator 1,

A d? ~d .
2

o d? . . d R d .
_ _p2 A2 s "o ! s / 2 /
= —h*A 72 ihABW (z)" — ihABW (x) . ihBAW (z) . + B*W (z)'".

As in the case of the Dirac equation, the main drawback in order to factorize a second
order differential operator is due to the presence of non commutative objects, for
example matrices. This is a very delicate operation, because it entails a deep change
in the space of solutions, from a scalar function to a spinor of functions, as it will be
seen in the sequel; anyway it is possible performing such an operation provided that
the square of this new first order matrix differential operator yields a second order
diagonal operator, where at least one of the diagonal entries is the original second
order differential operator.

! An analog approach, but for relativistic particles can be found also in [6]



These requirements turn into the following three conditions:

AB + BA = 0; A2=pB%=1 AB=C;j:Cii #0,Cijzi =0.  (1.2)
It is straightforward to recognize that the Pauli matrices fullfill the relations (1.2):

() 0(50) (3 h)

the equation (1.1) turns into:
(AL ¢ BW(a))? = 0 —ihg— W@ ) gy
dx N\ =i+ iW (2) 0 ' '

It is easy to verify that —ih/l% + iBW () is still an Hermitian operator in the
spinor functional space defined by the proper boundary conditions:

W(z) = ( z;g; ) < U, > /x Ul (2) 0y (2)dz; (1) = U(wa) = 0. (1.5)

Let’s define the operators:

i =—ihd, +iW(z);  a' = —ihd, —iW(z)’; W(z) €R (1.6)

the square operator turns into:

0 af )’
(2 %)

Il
7N
Q>
o =+
Q>
2o
mifl
N———
Il
7N
S
=
T o
V)
N———
—
—_
\]
S—

. d?

Hy = dla= 1" 75 + hW" + W"
X

N 5 d? 9

Hy =aa' = -k @—hw’urw'

A further step is needed in order to connect the original differential operator H to
HLQ :

AW ()" + W (z)” =V (x) (1.8)

We recognize the above equation as the well known Riccati equation, and this fact is
not unexpected because it is known as well that the Riccati equation is linked to the
Schroedinger equation through algebraic manipulations. Summarizing, the effects
of looking for the square root of a 2nd order linear differential operator have been
twofold: on one hand one has got the transformation which reduces the order of the
Schroedinger equation and on the other hand it is interesting to note that whenever



the Riccati equation has an explicit solution (namely the Schroedinger equation is
exactly solvable) it is possible as well to get an explicit factorization (1.7) for the
Hamiltonian operator; furthermore, when the factorization is explicitly performed
one gets for free a couple of different Hamiltonian operators which share the same
spectrum and some additional properties:

(2 0) (o )=va(i)- (19)

H 0 Yin \ _ Pin
(B3 ()e () mee

Furthermore the eigenfunctions of the Hamiltonians H 1, H o turn out to be linked by
the equation (1.9), explicitly :

&Tw%z = @wln; CA“pln - m¢2n (111>

The equation (1.11) entails the so called intertwining relation [11] between the two
Hamiltonians Hq, Ho

Hia' = a'f, (1.12)
alHy = Ha
Finally it is notable that if it is chosen Fy = 0 as the groundstate eigenvalue, it
becomes straightforward to get the ground state eigenfunctions

W(z)

{ a0 = —ih-Lepy o+ iW/ (2)h10 =0 = P19 = Cre #

N . . _W(=)
aTw270 = —Zh%"lﬁgp — ZW’(.T)K/JZO =0— ¢270 = 026 h

The two spinor components turn out to be reciprocal to each other so they can’t
satisfy at the same time the boundary conditions (1.5). Therefore, if a normalizable
solution exist, this has to be one of the following:

Yo\ _ [ C e ) 0
( P20 ) a ( 1 0 > ’ ( Cye— 52 ) : (1.13)

W(z)
7

Let us say for instance that the first solution ¢ o = Cie be normalizable, this
means that the ground state of the Hamiltonian H> is 121 instead of oo = 0, so
let us define for Hy the eigenfunctions :

- . ~ 1
Yon = V2ni1,— En = Eyyq1, Yon = ﬁawl,n+l- (1.14)

Therefore the two Hamiltonians share the same spectrum except for the eigenvalue
FEy which belongs only to the Hamiltonian H;.



1.1.1 SUperSYmmetric Quantum Mechanics

An elegant way to explain the content of last section with a more compact formalism
is to introduce the concept of supersymmetric quantum mechanics [3},[4], [5]. In this
new formalism the Hamiltonians H 1 Hy are known also as supersymmetric partners,
the origin of this name being linked to the degeneracy of their spectra, that can be
understood in terms of the SUSY algebra. Let us consider the Hamiltonian (1.10)
H susy and the other operators Q, QT:

(M 0 (00 (0 af

They are part of a closed superalgebra which contains both bosonic and fermionic
operators with commutation and anticommutation relations:

[ susyaQ] [ susny] (1.16)

(QQ = ey, {Q.Q)=1{Q1.Q} =0. (117
In case there exists a solution of the type (1.13) with eigenvalue E = 0, then this is
unique, and the supersymmetry is said to be unbroken; otherwise, if doesn’t exist
any groundstate with £/ = 0 the ground state energy of the system turns out to be
E; # 0, thus the two spinor solutions are linked by the relation (1.11) and there exist
two different ground states. In this case the supersymmetry is said to be broken
because of the presence of two different ground states:

a 0
o1 = Vi1 — W= (%’1) i U= | awis (1.18)
VE VB

ﬂsusy\I’LO = I;[susy\IIQ,O = k. (119)

Moreover using this formalism it is easy to explain the degeneracy observed in the
spectrum of H lsusy , thanks to the symmetry established by the commutation of Q
and Q]L with Hsusy

1.1.2 Shape invariance and exactly solvable Schroedinger equation

In the previous section we have shown how to factorize an Hamiltonian operator.
The factorization is the key idea in the Dirac method to solve the Harmonic oscillator
problem. The purpose of this section is to generalize that idea to the most known ex-
actly solvable quantum Hamiltonians. Let us rewrite explicitly the supersymmetric
partner Hamiltonians H 1, ﬁg with the potential Vi, Va:

. d / ~t i . /
= zhd +iW'(z); a' = mdac iW'(z) (1.20)
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R d?

H =a'a= —h2@ +Vi(z);  Vi(x) = W'(2)* + AW (z) (1.21)
. d2
Hy =aal = —h2@ +Va(z);  Va(z) = W (2)* — iW" (2) (1.22)

Let us now introduce the concept of shape invariance: if the pair of supersymmetric
partner potentials Vj o defined in (1.21),(1.22), have the same functional form and
differ only in the parameters that appear in them, then they are said to be shape
invariant? (in [14] can be found an exhaustive review on the argument) . More
precisely, if the supersymmetric partner potentials Vi o satisfy the condition:

Va(z, o) = Vi(z,00) + €(a), (1.23)

where « is a set of parameters, « is another set of parameters of the same dimension
of a which is a function of « (say a1 = f(«)) and the remainder €(«) is a function of «
but indipendent of x then Vi (x, @) and Va(x, a1) are said to be shape invariant. The
shape invariant condition (1.23) is an integrability condition. Using this condition
and the hierarchy of Hamiltonians discussed in the past section, one can easily obtain
the energy eigenvalues and the eigenfunctions of any shape invariant potential when
SUSY is unbroken. Let us see now explicitly how this integrability condition works:
by definition of shape invariance the following equation hold:

2

- . d? d
Hy = Goa], = _BQ@ + Vao(z,a) = —hQ@ + Vi(z, f(o) + €(a) = (1.24)

= &J}(a)&f(a) + e(a)

as we have seen in the previous section the ground state is determined by the
operators G, af
so we define:

$0,0 = 6_%; a€D,: /ngqbadx <005 Aa®o,a =0 (1.25)

The relation (1.24) entails the following equation:

@} ()5 (0)90,5(0) = 0 =

(a0, — €()) B () =0 (1.26)

multiplying alh by left, the equation (1.26) turns into:

2The main Idea behind the shape invariant technique, date back to the pioneering papers of
Crum, Infield et Hull [12] [13]

11



al\aa(al,do () = (@) (@l o, s(a) (1.27)

where (&Lqﬁ& f(a)) defines another eigenfunction.
Because afa has got a positive spectrum E, > 0,Vn € N if f(a) € D then e(a) > 0,
so we can regard to €(«) as the first excited level. Iterating this procedure we can
get all the eigenvectors and the spectra of d&da

n—1 n—1
¢n,a X H d;rc(z‘)(a)¢0,f(")(o¢) ) En = E(f(l)(OC)) (1'28>
1=0 =0
where:
(@) = F((-F(@))). (1.29)
—_—

Moreover because of e(f'(a)) > 0,Vi € N, it is very simple to verify that E,
is a monotonically increasing function of n. Yet the eigenvalues obtained so far
span the whole bounded spectrum of the Hamiltonian. Indeed, let us consider the
Hamiltonian:

et .
Hf*Q(a) = af,z(a)affg(a) (1.30)
thanks to the relation (1.28) it is known (at least) part of the spectrum :

Ey=0, Ei=¢(f%a), Fa=e(f?)+ef Ha), F3=.. (131)

Now let us suppose the existence of another eigenvalue E such that

E) < E < Ey (1.32)

and: . -
it () f 2 = B (1.33)

the relation (1.24) can be generalized as follows:

=11 (@) Ut (0) = A () =r() T €(f () (1.34)
now let us multiply ay-2(4) by left in both sides of (1.33)

df*Q(a)&}—Q(a)(&f*Q(a)lzj) = E(a-2(a)¥) (1.35)

applying the (1.34)

d;fc—l(a)dffl(a)(&ffz(a)qz) = (B — e(f () (@s-2(o)¥) (1.36)

12



the eigenvalue (E — e(f~2(a)) is greater than zero thanks the relation (1.32) and
thus is still admissible, but if we iterate another time:

Q1 (0) @1 (o (71 () g 2()P) = (B = €(f72(@)) (@51 (a2 (a)P) (1.37)

d}(a)&f(a)(@f—l(a)&f—%a)ﬂ;) = (E—e(f () —e(f (@) (af-1(a)if-2(a)?), (1.38)

but this is an absurd because the new eigenvalue (E — e(f~(a)) — e(f2(a))) is
negative by ipothesis (1.32); this is a strong evidence that it is not possible to get
other eigenvalues outside of the scheme (1.28). Before concluding the section we
show an explicit remarkable example.

1.1.3 The Coulomb potential

Let us see as a concrete example how the hydrogen atom can be solved by applying
the operatorial mechanism:
let us define the ”creator” and ”annihilator” operators:

d T 4 d
= —ih— +i(—= - = —ih— —i(—= 1

=—ihp gt a=—ih —ilmg ), (1.39)

and the associated Hamiltonian:
. d? h?l(l -1) 2 2 RP(l—-1) 2 2

—afa 2 H M K M

Hya =t = =R ga+ o =% T g’ M= x| R22
(1.40)

this problem fulfills the shape invariance condition:

&z&§=h2$+W?+7§;; szfﬂl(ijl) 2“+h’§;(1-41)
2 ,U?
Vo=Vig1+ h2l2 - R+ 1) (1.42)
following our formalism we find out:
2 2
FO =141 D) =l+n  el) = L — 5 (1.43)

R R2(l+ 1)2

13



therefore it is readly understood that the n-th eigenstate and its relative eigenvalue
is:

n—1 . n—1 2 2
t —wmaes  h(l4n). _ N M M
hp, Z“0 af, e P g (1+n), E, = 2 el +1i) = EERT e (1.44)

Before ending the section it has to be pointed out that a complete classification of the
shape invariant potential is not available yet [14], and remarkably enough, all well
known analytically solvable potentials found in most text books on nonrelativistic
quantum mechanics belong to the shape invariance class characterized by f(a) =
a + § (traslational shape invariant potentials). In the early nineties a further
class of shape invariant potential was discovered [15], [16] characterized by f(a) =
qo. Yet, more recently, a new impetus has been given to the research for shape
invariant potentials, in relation to the introduction of a new family of orthogonal
polynomials, the so called ”exceptional orthogonal polynomials” [7], [8], [9], [10].
Another important remark is that the shape invariance condition goes well beyond
the simple structure defined by the SUSY quantum mechanics which establishes
just a link between two different partner Hamiltonians H 1 H, , while for the shape
invariants the two Hamiltonians are intimately connected and this fact can be seen
as the presence of an additional symmetry [17].

14



Concluding the section we propose a list of the traslational shape invariant
potentials:

Name of potential | prepotential domain potential

3-dim. Harmonic _wa? + (I + 1) In(x) 0<z<00,l>0 |w?a?+ l(lz%l)

oscillator —2w(l+1)

Coulomb — B (4 1) In(x) 0<z< o0 BETTINR ((E ) R

1+1 T x2 (1+1)2

©w>0,1>0

Poschl-Tell Insin(z) + hlncos(z) | 0O z glo=1) | A-1)

oschl-Teller gInsin(z) 4+ hln cos(x <z <3G sn@? T cos(@)?

g>0,h>0 —(g+ h)?

Spherical Coulomb | —£% + gInsin(z) 0<z<mg>0 | —2ucotzx+ gs(ii_x?

—g? -t
g

Symmetric Top glnsinx + hlncot § O<z<m, g(g_thZ;f;(fg_l) ot
g>h>0 —q°

Soliton —hlncoshx —00 < x < 00, —ZEZ;;Q) + h?
h>0

Hyperbolic glnsinhx — hlncoshx 0<z <o % — %—I—

Poschl-Teller yh>g>0 +(g — h)?

Hyperbolic —gInsinhz +hlntanh 5 | 0 <2 < oo g(g+1)+hz;}}1}(22g+l)c‘)5hx

Symmetric Top 1 h>g>0 +g°

Hyperbolic —glncoshx+ —oo <z <00 7g(g+1)+}i:h}§(§g“)smhx

Symmetric Top II | —hAlnarctansinhx g>0 +g?

Kepler gInsinhx — ’;‘” 0<z< o —2ucothz + ﬁ

in spherical space w>g%g>0 +g% + ’gé

Rosen Morse —glncoshx — %“ —oo <z <00 2utanh x — g(()‘z};l;
g>0,1>0 +9% + 1

Morse —ge? + ugq —00 < x <00 g%e® — g(2u + 1)e®
9>0,1>0 +?

where h =1

1.2 Jacobi orthogonal polynomials and shape invariant
systems

It is very well known that any shape invariant system can be associated to a family
of orthogonal polynomials. The orthogonal polynomials constitute a very active
branch of research in mathematical physics especially in the search of integrable
systems where they play a fundamental role [18] [19]. Very well known theorems
ensure that the most general family of classical orthogonal polynomials is the class of

15



Jacobi orthogonal polynomials [20]. The crucial point is that the Jacobi orthogonal
polynomials can be defined as solutions of the following second order differential
equation:

d? d
(1— $2)@PS’B($) +(B—a—(a+p+ 2)3:)£P7?5(x) +n(n+a+B+1)P2P(z) = 0.
(1.45)
The orthogonality condition turns out to be satisfied by:
1
/ (1 —2)%(1 + 2)P P2P (2) P2P (x)dx = On.m (1.46)
-1

where the 9, ,, is the usual Kronecker delta and the polynomials turn out to be
normalized:

1
/ (1 —2)%(1 + )’ P28 (2)%dx = 1,Yn. (1.47)
-1

The advantage in the definition (1.45) is twofold: on the one hand it is given a
compact and smart definition of the orthogonal polynomials as eigenfunctions of
a Sturm Liouville operator which entails the orthogonality condition, on the other
hand it provides a quite general example of a second order differential operator
whose discrete spectrum and eigenfunctions are exactly known.

1.2.1 Jacobi orthogonal polynomials as eigenfunctions of a 1-dimensional
Schrodinger equation

It is possible to manipulate algebraically the differential equation (1.45) in order to
get a Schrodinger-like differential equation:

d2
— o5+ Vi = By, (1.48)

The first step consists in transforming the ”kinetic” energy term (1 — $2)% (1.45)

in the "standard” term dd—é of the equation (1.48). To this aim let us apply the
X
following change of variables:

2 _ ()2
2= f(@) o (1 — 22) 2 zlf()d< ! d) (1.49)

a2~ ) e \ )
1— f /N2
f/(x(/f;) 1 (1.50)

Let us consider the particular solution f(z’) = sin(z’)

d 1 d
— = — 1.51
dx  cos(x') da’ (151)
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the differential equation (1.45) in the new variables turns out to be the following:

j:<d2 +<B_O‘ —(a+ﬁ+1)tan(x’))d+n(n+a+ﬁ+1)> (1.52)

dz'? cos(z’) dx'
JP%B (sin(z")) = 0 (1.53)
The eigenfunctions Pff"ﬁ(sin(x)) turn out to be orthogonal in the interval [—7; 7]
with the proper weight function:
w(z') = (1 — sin(z’))*(1 + sin(z"))” cos(z') (1.54)
3
/ w(@') P (sin(a')) PP (sin(a'))da’ = Sy (1.55)

2

Finally it is possible to transform the operator (1.52) in a (1.48) -like operator by
performing a similarity transformation which simply absorbs the weight function in
the eigenfunctions

2P (@) = v/wle) P3P (sin(a')). (1.56)

It is straightforward to prove that this new set of functions turn out to be the
eigenfunctions of the differential operator:

Hj — E, = —w(z) J ! (1.57)

w

;

explicitly it is got:

. 1/ 40 -1 462 — 1
Hj=-02+ = 1.58
/ x+8<1—sin(m)+1—|—sin(x)> (1.58)
+65+1
Bu— (e 251
formally we have got an exactly solvable 1-dimensional quantum system :
N 1
ijgﬁ =(n+ %)2 375 (1.59)

2

1.2.2 Jacobi shape invariant system

In section 1 we have pointed out that any 1-dimensional quantum Hamiltonian can
be factorized, and this factorization can be obtained directly from the knowledge of
the ground state:

/

d
o _A-i-A _ A_.i_.i()
(H Eo)i/)o =a'apg=0—a=1 z¢0. (1.60)
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Let us compute the operator a related to the hamiltonian H ;(1.58)

A (@) _.d_i(f-a

w(z) dx 2(005(:5)

The crucial point is that this exactly solvable system fulfills the shape invariance
request:

—(a+p+1) tan(a:)) (1.61)

daﬁdl’ﬁ = CALL+1”3+1&0¢+1,6+1 + cost (162)
explicitly, the following equations hold:
2 1( 4a%-1 482 —1 (a+b+a)?
a, 3003 =——=5+ < — 1.63
Go, %8 az t 8 (1 — sin(z) 1 + sin(m)) 4 (1.63)
2 1 (4a+1)2 -1 4(B+1)2-1 (a+b+a)?
G pll 5= ——5 + - (1.64)
Prep dz? 8\ 1—sin(z) 1 + sin(z) 4

The system (1.58) can be further generalized, keeping at the same time the Schroedinger-
like structure (1.48), through a scale-shift transformation:

r=s1'+0 (1.65)
In the new variables the eigenvalue equation becomes:
- d? 52 40? — 1 462 — 1
H = _-—_ 1= 1.66
J dx? + 8 (1 — sin(sz’/ 4 9) + 1 + sin(sz’ + 5)> (1.66)
N +8+1
Hjpe? = s*(n+ athtl )2apa? (1.67)

2
Since our systems originates from a very general class of orthogonal polynomials,
one may expect that tuning the free parameters one could get some shape invariant
systems already known in literature, and this is indeed the case.

Let us present a list of well known shape-invariant systems which can be regarded
as subcases of the general Jacobi shape invariant system:

general Jacobi o I 0 | s
Poschl-Teller g— % h — % 512
Symmetric Top | g — h — % g+h— % 71
Soliton System | —I — % -l — % 0| /-1
: d? 2 4a2-1 482-1 2 +6+14\2
general Jacobi T dx? + % <1fsirolé(sa:’+6) 1+sin(sx’+6)) S (Tl + QT)
2 —1) |, h(h—1 p
Poschl-Teller —dd? + gi(f(m)g C(Es(x)g), 0<z <3 (2n+ g+ h)?
. 2 T RZ (29—
Symmetric Top —dd? + 99 1)+hsin}g$§ 1) cos(z) O0<z<mg>h>0/|(n+g)?
. 2 11
Soliton System —j? — CO(S}T(%Q, —00 < x <00 —(l —n)?
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1.3 Coupling Constant Metamorphosis equivalent sys-
tems

In the previous section we have emphasized the generality of the Jacobi orthogonal
polynomials as a source of shape invariant systems. In fact, we have identified of
a set of well known shape invariant systems as subcases of the Jacobi system. For
a full understanding of the versatility of the Jacobi system it would be interesting
to look for possible existing relationships with other already known shape invariant
systems. To this aim it is needed to enlarge the equivalent class of Jacobi shape
invariant systems obtained in previous section ; as it has been seen previously the
Poschl-Teller, Symmetric top and Soliton systems can be regarded as particular cases
of the Jacobi system up to the application of a suitable rescaling-shift operation; as
this operation doesn’t change the integrability properties of the original systems,
the goal of this section is to present a transformation which maps the Jacobi system
to the other shape invariant systems that are not in the previous list. To this end,
we introduce the so called Coupling Constant Metamorphosis (CCM) [21], [22] [23].
Let the Hamiltonian H be an exactly solvable quantum problem in the sense that
the eigenfunctions and the spectrum are known:

ﬁwn@ = (T =+ av)wn,a = n,cﬂbn,a; == (168)

Of course the spectrum depends on the quantum number n and on the parameter
a which plays the role of the coupling constant. Equation (1.68) can be obviously
rewritten in the following form:

|4 V

the final step is a redefinition of the Coupling Constant (that’s the origin of the
name CCM):

(1T _ E"v“) Yna = —ana (1.69)

uw=En,a) = a=an,p) (1.70)

so that it is obtained a new quantum Hamiltonian system which turns out to be an
exactly solvable one:

1 .
V(T — W)nu = —n pynp- (1.71)

Let us come back to the general Jacobi Hamiltonian:

Heom =

5 (a? — 32)sin(sz + 6)

O‘+B+1 2 1,8
— )"

2 52+ 6% -1 af _ 2
<_da:2 +e 4 cos(sx + 0)? T 2 cos(sz + 0)2 Y = s (nt 2
(1.72)
This Hamiltonian system has two coupling constants: a?+ 32 and o — 32 associated

respectively to the two potentials:
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1 ’ sin(sz + 9) (1.73)
cos(sz + 9)? cos(sx + 9)?
Let us apply this machinery to the eigenvalue equation (1.72) considering the po-

tential m as the function V'

d? a+pB+1 sin(sz + 9)
2(_ 47 2 arPrtlo 2,2 2 aB _
cos(sz + 0) < i (n+ 5 )*+ s (a” = p )QCOS(S$+5)2>¢H
(1.74)

o 92(* 4B -1 g

= =S5 4 wn
This new differential equation has a non constant coefficient in front of the second
derivative term that makes it different from a standard 1-dimensional Schroedinger
equation. Let us now generalize the algebraic transformations already seen in section

3. Whenever we have a term:

d2
da?
in a second order differential equation, it is possible to look for a new coordinate

system in which (1.75) become % , so let us apply the following general change of
variable:

9(z) (1.75)

. d 1 d
x = f(z'); & (1.76)

applying this change to the term (1.75) it is straightforwardly found:

d? g(f(@')) d? g(f @) pu, s d
= — -—. 1.
g(x) d$'2 (f’(x’))Q dw’2 f’(:C/)S f (x )dx/ ( 77)
Eq. (1.77) determines the point canonical transformation which turns the differential
operator (1.74) in a second order ODE with a constant term in front of the second

order term:

7 f d
W)y s [
f'(@) VI
The inversion of this relation yields the point canonical transformation we are looking
for. In this case this transformation turns out to be:

(1.78)

2. x 5
=-t tanh(—)) — —. 1.
z = —tan (an(2)) . (1.79)
The eigenvalue equation (1.74) turns into the following equation:
R d2 d (n + a+ﬁ+1)2 (az N 62)
H = |——— —tanh(z)— — 2 h 1.
( da? tan ($)dx cosh(x)? * 2 tanh(z) | (1.80)
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2(a?+ %) — 1

[f[wg,ﬁ - |

PP, (1.81)
The eigenfunctions in the new variables are:

5 P (tanh(z))

¥n? = (1~ tanh(z)) ¥ (1+ tanh(x))3 =722

(1.82)

Now let us apply just another little make up to the (1.80) in order to get a Schroedinger-
like equation. Any differential operator of the form:

A d? d
A= — — 1.
o gla) (183)
can be reduced to:
. d?

by means of a suitable similarity transformation:

R d? d d
DA = L ap@) Lt a4 @ 0@ g @) (189)

so that we need:

fz) = —l/gcg(x')dx'. (1.86)

2
then:
He) i e A2 g@) g()?
o >Aef<>:dxz_(2)_(4), (1.87)

following the strategy outlined above we get finally the similarity transformation
which allows us to obtain a 1-dim Schrodinger equation

I (x) = V/cosh(a)y? (z) (1.88)
modifying at the same time the Hamiltonian operator:
1 1

H = COShIBﬁi—*, 1.89
(=) cosh(z) 4 (1.89)
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. 2 + o) (n+ 2 +1 2
b — <_dl‘2 . (n 2CC))§}7Z’(:E)2 2 ) + (Oé . B )tanh(x)> 7 (190)
g (@) =~ i), (191

It should be remarked that the above algebraic transformations (similarity and point
canonical) play a central role as well in the construction of the so called QES (Quasi
Exactly Solvable systems) [24].

Once got a Schroedinger-like equation it is possible to apply the core of the CCM,
namely the redefinition of the parameters:

atB _ — (] — B
nt5no=lJa=U-n4sy (1.92)
a2_ﬁ2 :4,“

This leads to the following eigenvalue equation:

2 2
(- o~ et + 2wtann(o) ) 7)== (=P 4 255 ) 0 (o)
(1.93)

This exactly solvable quantum system is known as the Rosen-Morse system, and it is
important to point out that this system is still a shape invariant one. It is interesting
to remark that the spectrum of Rosen-Morse system has been got by solving just
an algebraic system in the two variables «, 8 , whose roots, once replaced in the old
coupling constant a® + 32, determine the whole spectra of the new system. Following
this line we could apply the CCM systematically to any coupling constant existing
in the Hamiltonian operator, so getting new Hamiltonian quantum systems whose
spectra is exactly determined by an algebraic equation. Since the Jacobi system has
got two coupling constant this can be transformed in two different CCM systems.
In the following we show the generalization of the Jacobi system that is obtained by
adding a proper constant and those that can be generated after a CCM.
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Hipy = (T + (0® + B)Vi + (2 — B2)Va)b = Enthn

(TH > +8%)ViH a®—B%) (Varte) ) on=(Eptc(0?~52) ),
(TH+8%) (Vite)Ha2—B2) Vo) bn=(Entc(@®+5%))hn

-~ 2_ 42 2., 52
<T (En+c(a Cfv;)-&-(a +5 )Vl) U = (/32 _ 042)1/171

/N
~»

_ cla? 2 a?2-p2

c+Vi
En(a75)+c(a2 - ﬁQ)ZZ_) o= Od(?’L, l,,U,) En(ayﬁ)—i_c(OCQ + 62):l_> o= oz(n, lalu)
Oé2+ﬁ2::u Bzﬁ(nalnu) 042_52211“ 625(71?[7“)
En = 5(“%#)2 - a(n7l7l~b)2 En = _a(nvlvu)2 - ,B(n,l,,u)2

Of course it is also possible to get other shape invariant systems carrying on with
this approach, and in the following we report some examples :

1.3.1 Shape invariant CCM systems

The Rosen-Morse system:

d? I(1+1) 2
= _ 27 49, tanh a,B —_—((1=n)? a,B
( ot e 2utanh) ) (o) = = (= P s ) v le)
(1.94)
can be used as a starting point to generate a lot of shape invariant systems.
Let us start doing a shift and a rescaling;:
r=s2' +§ (1.95)
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&, U+ ) %
2 T 4 9us%tanh N ) v®B(z) = —s2 | (1 —n)?
< 738 cosh(sz 1 372 + 2ps” tanh(sz + )> PP () s <( n)* + =)
(1.96)
now let us set the parameters as follows:
_‘ /
s = ik, 5:%, = ;“, l=—g, —1=i
the eigenvalue equation becomes:
? og(g—1) p?
— 4 k2 — 24’k cot(k b)) = | +k2 2 ot
(= oz + P00 = aulcot(he) ) ) = (420 ) = A 0 (a)

(1.97)
The system above is the Kepler problem on the sphere. By taking the limit

12
lim ( @’ + kQM — 21k Cot(k:n)) q,z)gﬂ(x) m <+k2(g + n)2 _ M)

_° —
k—0 \  dz? sin(kz)? k0 (g+n)?
which leads to the subcase :

I 12
( @ -1 _2“> o8 (z) = —H B (g) (1.98)

da? x? x (I 4+ mn)?

namely the radial part of the Kepler Schroedinger equation. This one dimensional
system has two different potential parts (centrifugal and the Kepler potential part)
therefore it is possible to apply two differents CCM transformations to this system.

Rosen system In order to apply the CCM to the centrifugal part let us divide
by x% both sides of the equation.

a2 2
(—x2dx2 — 2z + (lin)ﬁz) Yl (@) = =1(1 = )P (x) (1.99)

now let us apply a change of variables:

x— e’ (1.100)

the eigenvalue equation turns into:

e = (—L L oter s E a0 yoda) — 11— Dy (a)
" d? " dz (I+mn)? " "

which after the following similarity transformation become:
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e iHer = |~ — 2u'e” + 0t n)Ze% + (1.102)

e~ =

and redefining the parameters p/ — g(p + %), l—=p+ % — n, the Rosen system is
obtained:

. d?
H= <_dx2 —g(2p + 1)e” + g262z> (1.103)

Harmonic oscillator system Let us apply the S.T. to the Kepler potential of the
Hamiltonian (1.98).

=1 2N oW s
o (gt ) i) = et et e) (1.104)

now let us apply the algebraic manipulations already used for the other systems :

. 2 1d  4(-1) u?
H Oé,ﬁ — _ o 2 CY,B — 4 CX,B
0t = (gt g b e ) ) = ()
(1.105)
1 . 2 Al-1)+3 JTEE
7H\/§— (—dm? + - + 0 +n)2x (1.106)
_pr 1 _
l—2+4, w=w(l+n)
2 -1
<(ZEQ + p(me ) + w2x2> Y =w(dn+2p+ 1). (1.107)
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Chapter 2

Classical Maximally
Superintegrable systems on
non-Euclidean manifolds

2.1 Introduction

In the first chapter it has been remarked that in quantum physics there is an
exceptional class of 1-dimensional exactly solvable quantum Hamiltonians. With
the exact solvability we mean the possibility of describing the spectrum and the
eigenfunctions in terms of standard trascendental functions. Also, in the first chap-
ter, it has been pointed out that a vast majority of exactly solvable quantum
systems can be solved in an algebraic way by applying the so called operatorial
method for shape invariant systems. In classical mechanics to solve exactly a
system means knowing its trajectory on the phase space and describing it as a time
parametrical function. Analogously to what happens in quantum mechanics for the
shape invariant systems, where there exists a mechanism that allows us to solve
the spectral problem, in classical mechanics there exists a class of systems named
”maximally superintegrable” whose trajectory on the phase space can be determined
by solving just algebraic equations: a Maximally Superintegrable system (M.S.) is a
Hamiltonian system with N degrees of freedom equipped with a maximum number of
independent observables Poisson commuting with the Hamiltonian, namely 2N — 1
indipendent constant of motion and at least a set of N integral of motion in involution
(any M.S. system is also Liouville Integrable). Fixing the value of the 2N — 1
constants of motion the 2N-dimensional phase space is reduced to a 1-dimensional
space which, by definition, coincides with the trajectory of the system itself. The
M.S. systems constitute an exceptional class of systems exactly on the same footing
of the shape invariant systems introduced in the first chapter. The exceptional
nature of the M.S. systems was remarked for the first time by Bertrand in the 19th
century in the studies he made on the central potential fields: looking for the class
of potentials that admit stable closed orbit around the centre of the field, he proved

26



that the only potentials whose bounded orbits are closed and stable correspond
to the Harmonic Oscillator potential or the Kepler Coulomb potential. The main
consequence of this theorem is that cannot exist M.S. systems other than the Kepler
-Coulomb or Harmonic oscillator potential since any other new M.S. system would
define a new system with the closed orbit property. Therefore the Bertrand theorem
entails that the only two candidates to be maximally superintegrable systems with
a radial symmetry are the harmonic oscillator problem and the Kepler problem,
and this is indeed the case. In fact, other than the angular momentum conserved,
they have also the Fradkin tensor (harmonic oscillator), and the Laplace Runge
Lenz (Kepler potential) [53]. It is amazing that these two problems are exactly
solvable both in in classical and quantum mechanics where they are classified as
shape invariant potentials. It is worthy to say that the exceptional class of the
radial M.S. systems are uniquely determined by the Bertrand theorem in contrast
with the shape invariant systems (in which we find also the harmonic oscillator and
the Kepler problem) which at the moment, are still an open list. It is also quite
remarkable, as we will see in the next chapter, that the vast majority of shape
invariant systems can be linked to a maximally superintegrable system. Aim of this
chapter is to provide a survey of the maximally superintegrable systems (MS) giving
the most exhaustive classification of systems which exibit such a property.

2.2 Hamiltonian systems on non-Euclidean spaces and
Maximal superintegrability

The birth of non-FEuclidean geometry, marked by the first works by Gauss, Boylay
and Lobachevsky, was one of the greatest breakthrough in the history of mathematic.
It had a deep influence on the way of thinking and allowed scientists to look at
natural phenomena by new perspectives, and can be considered as the first step
to one of the most relevant achievements of modern physics like the Einsteinian
theory of general relativity. Before generalizing the studies of M.S. systems to
physical systems defined on non-Euclidean manifolds let us introduce briefly the
main concepts necessary to defining an Hamiltonian system in such a new context.

2.2.1 Differentiable manifolds

The non euclidean geometry can be described by introducing the elegant and ab-
stract concept of differential manifold: following Schutz [25] we can define a dif-
ferential manifold as a set of ”points” M where any point of this set has an open
neighborhood which has a continuous 1-1 map onto an open set of RV for some
N. In other words this means that M is locally like RY and the dimension of M
is obviously N. By definition, the map associates to a point P of M an n-tuple
(1(P),....zy(P)). These numbers x1(P),...,xn(P) are called the coordinates of P
under this map. The pair consisting of a neighborhood of P say U and its map f:
(f : U c RY) is said to be a chart (U, f). Let us consider now another neighborhood
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V of M such that : UNV # 0, the chart (V,g) defines another set of coordinate
Y (P) for the point P. In the intersection UNV we have two coordinate systems X (P)
and Y (P) therefore there exist a functional relationship between the two coordinate
Systems:

Yy = yl(xl,...,xN) (21)

(2.2)
yn = yYn(T1,.,7N) 2.3
If the partial derivatives of order k (or less then k) of all these functions {y;} with
respect to all the {z;} exist and are continuous, then the maps f and g (strictly the
charts (U, f) and (V,g) ) are said to be C* -related . If it is possible to construct
a whole system of charts (called ,appropriately enough, atlas) so that every point
of M is in at least one neighborhood and every chart is CFrelated to every other
one it overlaps with, then the manifold M is said to be a C*¥ manifold, a manifold
C! is called a differentiable manifold. Now let us introduce the concept of a curve
as a differentiable mapping from an open set of R! into M. Thus, one associates
with each point of R! (which is a real number, say \) a point in M, which is called
the image point of A\ . The set of all image point is the ordinary notion of a curve.

For differentiable mapping we mean again that our parametrized curve described by
{zi(N\),i =1,...n} are differentiable functions of A.

2.2.2 Vectors on a differentiable manifold

In physics the vectors are fundamental objects so it is crucial to restore this concept
also in the general context of a differentiable manifold. Let us consider a curve
passing through the point P of M, described by the equations x; = x;(A),i = 1,...,n.
Consider also a differentiable function f(z1,...,x,) abbreviated hereafter with f(x)
on M . At each point of the curve, f(x) has a value. Therefore, along the curve
there is a differentiable function g(\) which gives the value of f(x) at the point
whose parameter value is \:

g(A) = f@1(V)..an(N) = f(x(N))

differentiating and using the chain rule gives :

dg dx; Of

= = 2.4

dA ZZ: dA Ox; (24)
This is true for any function g, so we can write :

i 2.5

dA ; dA Ox; (25)
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Now, in the ordinary picture of vectors in Euclidean space, one would say that the set
of numbers {Cclf)f} are components of a vector tangent to the curve z;(\); one can see
this by realizing that {dx;} are infinitesimal displacements along the curve, and that
dividing that by dA only change the scale, not the direction, of this displacement. In
fact, since a curve has a unique parameter, to every curve there is a unique {dwl
which are then said to be components of the tangent to the curve. Thus, with our
definition of a curve, every curve has a unique tangent vector. This use of the term
”vector” relies on familiar concepts from Euclidean space, where vectors are defined
by analogy with displacements Ax;. However, since we have not defined a notion
of distance between points, we shall need a definition of vector which relies only
on infinitesimal neighborhoods of points of M. Suppose a and b two numbers, and
x; = x;(p) is another curve through P. Then at P we have :

dx; 0
2.
Z dp Ox;’ (2:6)

and :

S b . 2,
“ax TP ;(ad)\Jr du>axi 27)

Now the numbers {adml + bdml} are components of a new vector, which is certainly
the tangent to some curve through P. So there must exist a curve with parameter,
say, ¢ such that at P:

dx, dxi 0
d¢ Z( u) o (2.8)

Collecting these results, we get, at P,

d d d
a—+b—=—. 2.9
dA du  do (2.9)
Therefore, the directional derivatives along curves, like d%\, form a vector space at P.
There are in any coordinate system special curves, the coordinate lines themselves,

the derivation along them are clearly 8%1' , and equation (2.5) shows that any % can
be written as a linear combination of the particular derivatives % It follows that

{8%1_} are a basis for this vector space. Then (2.5) shows that % has components
ijﬁj on this basis. Therefore we have the remarkable result that the space of all
tangent vectors at P and the space of all derivatives along curves at P are in 1-1
correspondence. Now, however, one must realize that only vectors at the same point
P can be added together. Vectors at two different points have no relation with one
another; in fact the vectors lie, not in M, but in the tangent space to M at P, which

is called T},.
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2.3 Hamiltonian systems on Riemannian manifolds

In the previous section we have stressed that in a differentiable manifold the notion
of vector is no more a globally defined notion, but it is restricted to a so called
”tangent vector space” at each point of the manifold. Now let us define a metric on
each tangent space. This is possible by introducing the idea of Riemannian manifold:
a Riemannian manifold is a real differentiable manifold M in which each tangent
space is equipped with an inner product g, called a Riemannian metric, which varies
smoothly from point to point. Once defined a metric on this space it also possible to
define dinamical variables like the velocity and therefore also to define a Lagrangian
for a particle moving on a Riemannian manifold. Let us consider a Riemannian
manifold with the general metric defined by the following fundamental quadratic
form:

ds® = g(x); ;daz'da? . 2.10
7-]

The Lagrangian of a particle bounded to move on such a manifold in absence of any
potential is:

1 /ds 2 1 cq g
L= B <dt) = ig(x)i,jx b (2.11)
this classical problem can be recasted using the Hamiltonian formalism, namely
performing a Legendre transformation:

o eug( = 8] (212
The main difference between a free particle moving on a Riemannian manifold and
a free particle moving in a Euclidean manifold (g;; = d;;) is that the first one
breaks in general the simmetry properties holding in an Euclidean space such as
the translation and rotation invariance, namely the classical conserved quantities as
linear momentum and angular momentum. So the question is: Are there some Rie-
mannian spaces that preserve the Maximal superintegrability property, similarly to
what happens trivially in the Euclidean space with the classical conserved quantities
(linear momentum and angular momentum) ? A partial answer to this question, with
regard to the two dimensional spaces, was provided by a note written by Koenigs on
the Vol IV of the treatise of Darboux [26], who listed all those Riemannian spaces
characterized by the existence of three constants of the motion at most quadratic
in linear momenta and with a non-constant scalar curvature. They are known as
Darboux spaces, and are a finite set of systems like the Bertrand systems. We report
such complete list of spaces with the corresponding constants of the motion:

1 N
H= 59(X)Z’inpj; pi =
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d52 = Il I2 Ig
I | 2u(du® + dv?); Po | PuPo — 55 (D5 + P2) Po(Py — upy)+
L+ 22) - )
u2 2 —
I + (du? + dv?); Do v(p&fl Pu) 4 2UPuPy (v )puﬁtl( —v?)py,
m (P2 +13) +2uvpupy
+1 2'u,_,’_2 w 2u 3
nr | A du? + dv?) | py —%m o) p2
in 2u u o,
m(m + p2) 1?;(”) 2 4 <& = ©) DuPu —ﬁ sin(v)p3
e cos( )
——5 PuPv
2 cos(2u)+ 2 2 2 5in? (2u) 2 2v 51112(2 ) 2
v sin? (;u) - (du +dv ) Pv 2cos(2u)fa (pu + pv) 2cos(2u)+1cLL (pu + pv)
sin2 (2 _
oo (02 + p2) e cos(2u)py + +e~2 (cos(2u)pupy
+ sin(2u) pypy — sin(2u)pypy)

The Darboux spaces are a genuine new class of Riemannian spaces and they cannot
be reduced to neither Euclidean, nor spherical spaces through change of variables;
the main consequence of this fact is that they have to define a class of maximally
superintegrable spaces with a nonconstant intrinsic Gaussian curvature.

2.4 Maximally Superintegrable potentials and Bertrand
systems

In the past section it has been provided a classification of the two dimensional spaces
which admit the maximal number of symmetries, namely the Darboux (non-constant
curvature) together with the Euclidean and spherical spaces (zero and constant cur-
vature). These spaces admit an Hamiltonian free motion which has got the maximal
number of conserved quantities at most quadratic in the momenta. Now we would
draw our attention to the classification of the potentials which preserve maximal
superintegrability for a particle moving on these spaces. Historically speaking the
first classification in Euclidean space was given by Bertrand [27], he didn’t request
directly the maximal superintegrability, but we can find it as a consequence of his
original request, namely to have a periodic motion.

As any central potential which admits bounded motion admits as well a circular
orbit, then asking for its stability under small perturbations he found a series of
constraints that at the end entailed that the only central potentials with a stable
closed orbit are the Kepler and the harmonic oscillator potentials. Many other classi-
fication of potentials on two dimensional spaces have been given over the years, but in
most cases they assume as starting point the existence of three conserved quantities
with some special characteristics such as a quadratic momentum dependence, or
by requiring the superseparability of the Hamiltonian systems, feature intimately
related with the M.S. systems; the literature about these systems is quite large; I try
to give a survey following an historical order. The first of such a Hamiltonian systems
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can be found in the papers by Drach [28] (1935) and Fris et al. [29] (1965) they
managed to find a class of M.S. potentials on the Euclidean space with extra integral
of motion quadratic and cubic in the momenta; such a list was enlarged by the
more recent works in the ’90s [30] [31], and by systematic studies of superintegrable
systems conducted for spaces of constant curvature in two and three dimensions
[35] [36]. With regard to M.S. Hamiltonian systems on non-Euclidean manifold
with non-constant scalar curvature a classification has been carried out by Kalnins
Kress and Winternitz [32], [33] who using the coupling constant metamorphosis
(or also the Stackel transformation) found a class of potentials which preserve
the maximal superintegrability property of the Darboux spaces. The examples
of maximally superintegrable systems aforementioned are really general from a
geometrical perspective, they have been obtained without requiring any geometrical
symmetry, but on the other hand, the main drawback is that we are limiting our
studies to additional constants of the motion with a definite order in the momenta, a
way to overcome this restriction is to consider the Bertrand approach, in other words
we require the closed orbit property without caring about the characteristics of the
additional constant of motion, which in turn have to be found later: unfortunately
in this case we loose the generality on the space, and in fact the Bertrand approach
has been used, up to now, to studying perturbation of circular orbits, meaning that
a spherical setting is supposed.

2.4.1 Bertrand spacetimes

In the nineties some authors rediscovered this approach [37], [38], [50] and the
result was a complete classification of Hamiltonian systems on non-Euclidean 3-
dimensional spaces whose bounded trajectories are closed. Since the most general
class of such systems was obtained by Perlick [50] let us retrace briefly his steps :
Let us consider a spherically symmetric and static spacetime (M x R, g) where M
is a 3-manifold. This ensure that the Lorentzian metric g can be written as:

g = PO dr? 4 12(d0? + sin? 0dp?) — e dt? (2.13)

although the space is (3+1)-dimensional, without losing of generality we can consider
a (2+1)-dimensional space, if we restrict ourselves to the equatorial plane 6 = 7 .

Then the Lagrangian for the geodesic equation reads:

L= (P02 2P - i) (2.14)

where the dot denotes derivative with respect to the curve parameter: from a
physical point of view this parameter can be regarded as a proper time. This
Lagrangian admits of course three constant of motion:

1 . .
E= 5(62’\(7")7‘2 + 122 — %) (2.15)

L=r% (2.16)
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C =¥, (2.17)

It is not restrictive to impose a reparametrization of the curve parameter such that
C = 1. A timelike geodesic in such a space defines a trajectory that actually
corresponds to a trajectory (in configuration space) [39] of the following Hamiltonian:

6—2/\(7’) P2 6—21/(7")
P+ -2 -
2 T

2r2 2
The orbit equation for such a system is :

<d;> - %e*”(” <2E - T—j’ + 62”(”> (2.19)
o

Once the closed orbit property is imposed, this Hamiltonian system is expected to
have three constant of motion functionally indipendent, namely to be a M.S. system.
Given this setting and following the Bertrand strategy, Perlick considers a circular
trajectory, namely:

H(r, Pr, ¢, Py) := (2.18)

: P2 () . P2
PTZOUPTZO%E:ﬁ—e 5 PT:r—g—y(r)'e_QV(r):O (2.20)

thus for a circular orbit holds:

Pd% = T3VI(T')€72V(T) >0 (2.21)
6—21/(7")
Ey = 5 (r/(r)—1)<0 (2.22)

now the idea is to perturb this circular trajectory setting for example F = Eg + €
so that the radial distance is no more constant and becomes to oscillate : R_(e) <
r < Ry (€) . The angular distance between R_(¢) and R4 (e) is given by (2.19):

Ry(e) PN
B(e) = / Lk dr. (2.23)
R_(6) 2 \/2E _ L ewlr)

The crucial point is that a closed orbit entails:

™
P(e) = -,
B
Because 8 can assume only rational values the function ®(e¢) must be a constant
because is a continuous function of €. This request is very strong and entails many
constraints to the form of A(r) and v(r), so after a quite long series of calculations
(for the details see [50]) it is possible to work out the so called ” Bertrand Spacetimes”

peQ (2.24)
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as named by Perlick :

o T'ypel: 2 2
T 2/ 192 .2 2 t
= —— 4+ 7r°(df” + sin“ 0d e — 2.25
oTypell :
= i 2.2
g F2((1 = Dr?) — k) dr® + r°(df* + sin” 0do*)+ (2.26)

dt?
GFr2(1—Dr2+/(1-Dr?)?— Kri)-1
To these two metric spaces it is possible to link two Hamiltonian systems whose
equations of motion define trajectories that are coincident with the timelike geodesic

determined by the metrics (2.25) (2.26). Follow (2.18), hereafter we will refer to these
Hamiltonians as Perlick type I and II:

1 2 2\ p2 L2 1
= 1 .
Hr 2,3( + Kr )PT+2T2 UTQ—FK—FG (2.27)

B*((1 — Dr?)? — Kr?) L?

1
=g P2+ 5+ 2.28
L YT B/ (o) T M T (229)
—~G£r*(1—Dr?£+/(1 - Dr2)2 — Kr4)™!
where:
P2
I*=Fj+ % (2.29)
sin“ 6

Exact solvability of Bertrand spacetimes

In analogy with the shape invariant systems, the Perlick’s Hamiltonians (2.27) (2.28)
show the possibility to be described in terms of known trascendental functions, in
other words they are exactly solvable [51].

Let us compute the orbit equation for the general cases:

2
=1 (2”13,? + f:; V() (2.30)
2 P?
Pe= g | B 5 v (2.31)
"= f (’;lp T de = FPodr (2.32)



now let us compute explicitly the orbit equation for the two Hamiltonians (2.27)
(2.28)

Perlick Hamiltonian I

ﬁd(f): P¢d7"

r2\/2(1+Kr2)< —f7$+w/7}2+K—G>

(2.33) simplifies dramatically with the change of variables:

1
u=45+K (2.34)

the orbit equation is then given by:

(2.33)

—P¢du
2,2 2
\/2 <E— P¢2u +K§¢ +u—G>

which can be readily integrated to yield:

Bdp =

(2.35)

1-P%L /5 +K
PV (2.36)

in(S¢ — ¢o) =
ol 2 \/1+2P(§(E—G)+KP§

Perlick Hamiltonian II

In this second case the treatment is analogous. Now the orbit equation reads:

Pyd
Bde = il (2.37)
2 (1-Dr2)2—Kr* . Pi r2
" \/1Dr2i\/(1Dr2)2Kr4 <E TG T 1Dr2i\/(1Dr2)2Kr4>
and it is convenient to introduce the variable:
1—Dr?>+ /(1 — Dr2)2 — Kr*
po LoDV D - Ky (2.38)
T
—Pydv
Bdg = : ¢ (2.39)
\/4U(E +G) = P2(v2+2Dv+ K) F4
the integration leads to:
P?(v+ D) —2G - 2E
cos(B¢ — ¢o) = : (2.40)

2\2 2 4
\/(2E+2G — DP?)? F4P2 — K P}
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2.5 Bertrand spaces as the most general spherical su-
perintegrable spaces

In the previous section the Perlick Hamiltonians have been introduced; these Hamil-
tonians can be regarded also as describing particles moving on a Non-Fuclidean
tridimensional space subjected to a potential:

_ dr? 2/ 1092 .2 2\, _ / 1
gr = m"‘r (da + sin 0d¢ ), V[(T) = — ﬁ—i—K (241)

_ 2(1—Dr*+.\/(1- Dr?)? — Kr)
1= B2((1— Dr2)? — Kr#)

dr?® 4 r%(d6? + sin® 0d¢?); (2.42)

’1“2

(1—Dr2+./(1 - Dr?)2 — Krt)

The scalar curvature of these systems turn out to be :

Vir(r) ==+

2
R(r)r = =5 (38 Kr* + 5° = 1) (2.43)
R =5 (20— g4 =D+ (2.4
=213 1—Dr24 /(1 - Dr?)2 — Kr* '
Before going on let us analyze some special cases:
2.5.1 Flat spaces
=1, K=0—R(r);=0 (2.45)

we get the Euclidean case and the Hamiltonian (2.27) turns into the Kepler problem:

J|
”H:PE+T—2—; (2.46)

while for the second family :

=2, K=0, D=0—R(r);;=0 (2.47)
the (2.28) turns into the harmonic oscillator Hamiltonian:

L2 7"2
_ p2

H = Pr + 7“72 + E

in perfect agreement with the Bertrand theorem. Moreover this means that the

Perlick I / II spaces can be regarded as the only multiparametric deformations of

the Kepler / Coulomb systems able to preserve the closed orbit property.

(2.48)
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2.5.2 Constant curvature spaces

Let us set the parameters so that the scalar curvatur be constant ( R > 0 spherical
space, R < 0 pseudospherical case )
Type I:

f=1— Ri(r) =—6K (2.49)

the Hamiltonian (2.27) turns into:

L? 1
_ 2y p2
this is the well known Kepler problem on the sphere, and this is Maximally super-
integrable as well [54] [55].

It is possible to get another M.S. system on the sphere from the space II:

B=2 K=0- Ry=6D (2.51)
this choice of parameters transform the (2.28) in:
2 2

H = (1- Dr*)P? + =i (2.52)

r2  2(1— Dr?)
the kinetical part is obviously equal to the kinetical part of (2.50), but the potential
part is clearly a deformation of on oscillator potential, in effect this problem has
been classified as well in the M.S. systems on spaces of constant curvature [54] [55]
[52].

2.5.3 Iway - Katayama spaces

As said in the introduction by the Bertrand approach Iway and Katayama found
a class of metric spaces on which it is possible to obtain Hamiltonian systems
characterized as well by the closed orbit property. These systems are a generalization
of the MIC-Kepler and Taub-NUT systems [40, 48]. This class of spaces is known as
”multifold Kepler systems”, but we have shown that such family of systems is indeed
a subcase of the Perlick spaces [59], the so called Iway-Katayama spaces, given by:

ds? = 7v2(a + biv )(di2 + 72d9) (2.53)
applying the substitution:

~ —atvaZiran?\’
7= 5% (2.54)
the metric space turns into:
2+ 20r% + av/a? + 4br2
ds? = 9,2 T T AVAT T 0 202 (2.55)

a? 4 4br2
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This correspond to the Perlick space of type II, by setting:

l/2’

2.5.4 Darboux spaces

As remarked in the introduction of this section, the Darboux spaces represent the
complete classification of all those spaces with a variable intrinsic scalar curvature
which admit the maximum number of symmetries at most quadratic in the momenta.
Kalnins, Kress, Miller and Winternitz (KKMW) have managed to find all those
potentials for which a particle moving on a Darboux space is described by a M.S.
Hamiltonian whose additional constants of motion are at most quadratic in the
momenta [32] [33], this means that whenever in this classification is found an
Hamiltonian system with a spherical symmetry than this system must be in the
Perlick classification as well, since all the KKMW have the closed orbit property.
This occurence is verified in the cases of Darboux IIT and Darboux IV.

Darboux IV space
The Darboux IV space as reported by Koenigs turns out to be :

Yy—x

ale T +e' 7 )+b
(72 —e'z )2

let us rewrite such a metric in a diagonal form:

ds® = dxdy (2.56)

T =u-+iw— dr=du-+idv

y=—u+iv — dy = —du +idv (2.57)
now the metric has the form:
2 h b
ds* = —M(du2 + dv?) (2.58)

4 sinh?(u)

this metric shows a radial symmetry once that u is read as the radial variable and
v as the angular variable. In order to recast this metric in a radial explicit form let
us define:

2 h b —a ++va? — 4br? + 1672
p2 = Z4Cosm o CO_S (:) i — u = cosh™! aVa 5 ro 16 (2.59)
4 sinh®(u) 4r
202 — 4br? + 2av/a? — 4br?2 + 1674
ds® = dr? + r2dv? 2.60
s a? — 4br? + 1614 T ( )
let us set:
b= 52
Do K (2.61)
4= ———
DK



in these new variables the Darboux IV metric turns out to be:

2(1 — Dr? + /(1 — Dr?)2 — Kr%)
(1= Dr?)2 — Kr?)

this is the Perlick metric of type II with the parameter 8 = 1, anyway, it should be

remarked that the substitution (2.61) is not defined whenever D? = K .

ds®> =

dr? 4 r2dv? (2.62)

2.5.5 Darboux III space

Darboux III space, as well as Darboux IV space, is expected to be a subcase of the
Perlick spaces, so let us follow the same strategy outlined for the Darboux IV:
Darboux III space turns out to be:

ds* = (a(f% + be " Y)dxdy (2.63)
following the same algebraic transformation introduced in paragraph (2.5.4):

T =u-+ 1w — dr =du+idv

y=u—1iv—dy =du—idv (2.64)
ds® = (ae™" + be™**)(du® + dv?) (2.65)
—a + Va? + 4br?

r? = (ae™" + be ?") = u = —log ( a ;b T ) (2.66)

2(a® + 2br? + ava® + 4br?
Lgs2 = A B Eavar H ) Ly g (2.67)

a? + 4br?
if it is set D = 2§ -
2(1+ Dr? £ v1+2Dr?

ds* = (1+Dr +aor )dr2 + r2dv?. (2.68)

1+ 2Dr2

The metric (2.68) turns out to be exactly the Perlick space of type II when g =
1, K = D?, namely the particular case not admissible in the Darboux IV parametriza-
tion. This means that DIII and DIV together represent the whole Perlick family of
Type II with 5 = 1.

2.5.6 Beyond Darboux systems

These results entail as a main consequence that, the Perlick spaces with 5 # 1 can
be regarded also as the g deformation of all those radial symmetric spaces whose
additional constants of motion are at most quadratic in the momenta. In the light
of the above considerations let us focus on the role played by the parameter 3.

Let us define:

1%, (2:69)



be one of the Perlick spaces, now let us compute its associated Perlick Hamiltonian
system for § = 1:

P,
H=g(r)P} + 5 + Viu(r), (2.70)

by definition of Perlick Hamiltonian system it is known that any bounded state
describes a periodic motion:

r(t+T)=r(t)

2.71
B(t+T) = o(1) + 2, &n)
where T must be regarded as the period.
Now let us going on applying a rescaling on the angular variable:
P, = P
¢ ¢ (2.72)
B
after this canonical transformation the Hamiltonian turns into:
P2
H = g(r)P} + 52% + Vrrr(r) (2.73)

Up to a constant factor 32, this Hamiltonian formally describes a motion on the
metric (2.69). The crucial point is that in these new variables the relation (2.71)
turns into:

r(t+T)=r(t)

(t+T)=Po(t+T)=p(¢(t) +2m) = Bo(t) + 267 = ¢'(t) + 206, (2.74)

this means that when 3 is a ratio of two coprime numbers 3 = 7 after nT" the orbit
close after m laps around the origin, that’s why it is needed a 8 € Q, we stress also,
that such a request entails not only the closed orbit property but even the M.S. of
the Perlick systems:

A generalized Runge-Lenz vector for the Perlick’s Hamiltonians

Studying the reduced two-dimensional Perlick spaces, namely the orbital ”plane”,
we have noticed that the Perlick spaces collect as particular cases the great part
of M.S. systems known. It is interesting to note that it is possible to extend such
a property to the entire Perlick family, as proved recently in [51], by defining the
so called generalized Runge-Lenz vector, namely the analougue of the Runge Lenz
vector responsible of the hidden symmetries in the Kepler problem. The idea of
looking for generalizations of the Runge Lenz vector in order to find an additional
integral of motion is not new: a rather complete review of the related literature can
be found in [60].The rigorous demonstration is quite long, anyway in order to be
selfconsistent, let us recall the main ideas that allow us to find this extra integral of
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motion:

let us start by recalling the Fradkin’s construction [61] of a local vector first integral

for a central Hamiltonian system:

the Fradkin Runge-Lenz vector is defined as:
cos ¢ sin ¢

a= r a+ TPy

qx(qxp) (2.75)

where r = |q| , if we consider ¢(0) = 0, then it is trivial to show that the vector is
a constant a = (1,0,0).

Fradkin’s observation is that if cos¢ , sin¢ can be expressed in terms of q , p in
a domain  C R3\ {0}, then the resulting vector field is a first integral of H in
Q). When H is the Kepler Hamiltonian, the generalized Runge-Lenz vector field
essentially coincides with the classical Runge-Lenz vector divided by its norm. Let
us start from the solution obtained for the Perlick systems (2.36) (2.40) with an

appropriate ¢q:
moN_ (2 p2
cos(gqﬁ) = x(r*, P}, E) (2.76)
where X(TQ,P(%, E) is defined following (2.36)(2.40):

1-P2, [ L+ K
AR (Perlick T)

9 2 . 1+2P§(E7G)+KP$
x(r, By, E) = Pz(le'Ql/m+D)2G2E (2.77)
¢ o2 (Perlick II)

212 2 4
\/(2E+2G7DP¢) FAP2—KP}

Moreover the chain rule immediately yields:

. mo n d mao nr 2 12 . 9
_— == E— = —— < 0Up 5 3 — 3 9 ) 2
sin <cos " ) m Irx(r 1¢ E) =0O(ri,r", Py, E) (2.78)

Using the properties of the Chebyshev polynomials it is trivial to express cosm¢
and sinm¢ in terms of r, 7, Py, E as:

cosmep =T, <cos "f) =T, (x(r*, P}, E)) (2.79)

sinm¢ = sin m7¢Un_1 (cos n::;ﬁ) = O(r, 12, Py, EYUp—1 (X(r2, Pg, E)) (2.80)

Here T, and U,, respectively stand for the Chebyschev polynomials of the first and
second kind and degree n. Now we can define the function:

5m(’r7;77‘27 P¢7E) =T, (X(T2a P(ga E)) + ’L@(TT‘, Tza Pd)?E)Unfl (X(T2a P(g?E)) (281)
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in terms of which the orbit is characterized as

€M = g (rir, 7%, Py, E) (2.82)

from which it is possible to get ¢'® in terms of the coordinates (q, p), furthermore it
is obvious that the equation (2.82) only defines ¢ modulo % since the orbit has self
intersection as pointed out in the previous subsection. This proves the existence of
a generalized Runge Lenz Vector for the Perlick spaces.

2.6 Bertrand spacetimes as intrinsic Kepler / oscillator
systems

As pointed out in the previous section, the two Perlick systems can be regarded as a
multiparametric M.S. deformation of the Kepler or harmonic systems. Amazingly,
this sort of classification of radial M.S. systems in Kepler or Harmonic oscillator
potentials survives, in a rather tricky way, also in the non flat cases [59] [39]. To this
end, let us introduce the concept of harmonic oscillator and Kepler potential in any
spherically symmetric 3-manifold: be A, the Laplace Beltrami operator defined by
the metric (2.25) (2.26). To be more compact let us refer to the Perlick spaces as:

g = h(r)?dr® 4+ r*(d6? + sin® 0dp?), (2.83)
or equivalently in a conformal frame:
g = f(r)*(dr® 4 r*(d6* + sin? 0d¢?)), (2.84)

it is standard that if u(r) is a function on M that only depends on the radial
coordinate, then its Laplacian is also radial and given by:

1 d 2 du
Agu(r) = () dr <h(7") dr) . (2.85)
Ayl (r) = 72;3(”5 < f(r)ﬂfl:f) . (2.86)

Then the symmetric Green function u(r) is obtained as the solution of the equation

Agu(r) =0 on M/0, namely:
T h(T'/)
u(r) = / 72 dr’ (2.87)

/! _ " 1 T/
u'(r) —/ 7f(7‘)7°’2d (2.88)

As the Kepler potential in 3D Euclidean space is simply the radial Green function
u(r) of the Laplacian and the harmonic oscillator is its inverse square, it is natural
to make the following
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Definition 3. The Kepler and the harmonic oscillator potentials in (M, g) are
respectively given by the radial functions

Vi (r) = Al(/r ' =2h(r')dr'+By), Vo(r) = Ag(/r " =2h(rdr'+B;) 72, (2.89)

a

Where a, A;, Bj(j = 1,2) are constants. This definition is obviously valid in higher
dimensions as well.

Theorem 1. In a type I (resp. type II) Bertrand spacetime, V is the intrinsic
Kepler (resp. harmonic oscillator) potential associated with g.

This theorem can be verified easily by direct computation :
1 Typel:

1

hr) = V1+ Kr? -V / 7“2\/1 + KTQ -V 7”2 (2.90)

2 TypellI:

\/1— 7‘2i\/1—D7’2 — Kr
\/(1—Dr2) — Krt

(2.91)

\/1— TQi\/l—DT’2>2—KT4 \/1—Dr2i\/(1—D7"2)2—K7'4
dr =
/ r2\/1—Dr2) — Krt r

r2

Vi(r) — Vo =
K(r) © 1—D7"2:|:\/(1—Dr2)2—K7"4

2.7 Stackel Transformation

The Bertrand and Perlick analysis seem to show that the class of radial M.S.
systems is naturally splitted in two different families. In the first chapter we pointed
out the existence of a transformation, named ”coupling constant metamorphosis”,
able to link different quantum exactly solvable systems. Such a transformation
was originally defined for classical systems and is known also under the name of
Stackel Transformation (S.T.) [23, 56, 57, 58]. The crucial point is that, the Stackel
transformation is able to turn a M.S. Hamiltonian to a new M.S. Hamiltonian, then
it is quite natural to suppose that this transformation could establish a link between
the two M.S. families found by Bertrand and Perlick. Before going on let us introduce
how the Stackel Transformation works:

Let us consider the conjugate coordinates and momenta q,p € RV with canonical
Poisson Bracket {g;,p;} = 0;; and the notation:
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N N
=> ¢, p’=> 1 Ipl=Vp’ (2.92)
i=1 i=1
Let H be an ”initial” Hamiltonian, Hy an ”intermediate” one and H the ”final”
system given by:
2 2 2
p p ~_ H _p ”
H=—"=+V(q), Hy=——=+Ula), H=-=—"—<+V(q (293
U pla)
such that i = pU and V = % . Then let us consider, each second — order
integral of motion (symmetry) S of Hy. In particular, if S and Sy are written as

N

§=>" a(app; + Wia) =S+ W(a),  Su="S+Wul@  (294)
ij=1

then one gets a second-order symmetry of H in the form

S =5y—WyH. (2.95)

2.8 Intrinsic oscillator as Stackel intrinsic Kepler

In the previous section we have introduced a non trivial transformation which
acts on two Hamiltonian systems generating a new Hamiltonian system with the
same number of first integrals of the originating ones; because of this property the
Stackel transformation can be regarded as an endomorphism on the space of M.S.
Hamiltonian systems. Since the Perlick’s classification establishes the existence of
a closed set of radial M.S. systems, this transformation is expected to split the
whole set of Bertrand spacetimes in two different sets of Stackel equivalent systems.
As said above the Bertrand space time systems are naturally divided in two sets,
respectively by the families of the intrinsic Kepler systems and intrinsic harmonic
oscillator systems, therefore it turns out to be interesting to apply the S.T. to the
two class of systems:

2.8.1 From the intrinsic Kepler to the intrinsic oscillator

Let us define the two Hamiltonian systems on a conformally flat metric:

2
H=— fil)z ta (2.96)
P2
Hy = W‘FVK(Q)"‘»& (2.97)

by definition of intrinsic Kepler the potential Vi turns out to be linked to the
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conformal factor f(q)? by the relation:

r d,r,/
Then let us apply the S.T. to this system:
- H P?

U f(@*(Vk(@) +8)  Vk(q)+5
this new system has to be M.S. as well, so in order to classify this system in one
of the two Perlick’s families let us compute the intrinsic Kepler potential relative to
the new conformal factor f(q)?(Vik(q) + 3):

(2.100)

Vie(r) / " dr’
K pr—
fr2/Vie(r) + B
This integral can be straightforwardly solved integrating by part using the relation
(2.98) and it is founded :
Vi(r) =2/ Vi (r) + 3 (2.101)

it is immediate to verify that the potential part of H turns out to be the intrinsic
harmonic oscillator potential :

Vi@ + 8 Vi(q)

so it is possible to state the following:

(2.102)

Theorem 2. The S.T. of any intrinsic Kepler system belong to the family of the
intrinsic harmonic oscillator systems.
2.8.2 From intrinsic harmonic oscillator to ?

The idea is to go through the same path of the last subsection, but starting from an
intrinsic oscillator:

P2
P? P2 1
Ho = g T Vol @+ 6 = gy v T (2104
such that:
T d?"l
Vi (r) = / W (2.105)
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performing the S.T. :

F@?(+BVk(a)?) (14 BVi(q)?)
the intrinsic Kepler potential associated to this new metric is :
~ " Vi (r")dr’ V1 V 2
Vi (r) =/ K(r)dr _VIEBVRE® 5Ly 2a0m)
r2f(r')\/1+ BVi(r')? B

so when the parameter § is different from zero the S.T. of an intrinsic harmonic
oscillator turns out to be an intrinsic harmonic oscillator as well.

aVk(q)? a 1 !
—_— = — 2.108
(1+B8Vk(@)?) B VEir) B (2.108)
The above equation is clearly not defined when the parameter § = 0 therefore in
order to complete the picture we will analyze the Hamiltonian (2.106) with =0

H= W + aVk(q)? (2.109)

in this case the intrinsic Kepler turns out to be :

" Vi (r")dr! B Vi (r)?

r2f(ry 2
namely the same potential of the Hamiltonian (2.109), therefore this system belongs
to the intrinsic Kepler systems

Vic(r) = (2.110)

2.9 The Bertrand spacetimes as Stackel equivalent sys-
tems

So far it has been stressed that the two Bertrand families can be regarded as Kepler
type or harmonic oscillator type, then in the section (2.8.1) we have established
that any intrinsic Kepler system can be turned into an intrinsic harmonic oscillator
system. The aim of this section is to show explicitly that the Stackel transformation
applied to the Kepler family of Bertrand spacetimes generates in a very natural way
the second family of Bertrand spacetimes. Let us consider the Hamiltonian:

1 P
H=p(1+K?)P+ (P +—2)+a (2.111)
r sin“ 6
then we consider the Hamiltonian Hy;
2 np2 , L2 P¢2> 1
Hy = B2 (1+ Kr*) PP + 5 (B + )+ 5 + K+ G (2.112)
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where the Hamiltonian Hy is the system built from the Bertrand space time I when

the potential part U = \/%2 + K + G is switched on. The next step is applying the
S.T. to these couple of Hamiltonians:

. H (1+ Kr?) 1 3 o
A= =27 P+ (P + —5-) +
U Jh+K+G6 (/L +E+G) Snt0" Ly K+ @
(2.113)

In order to show that this Hamiltonian is exactly the Bertrand system of type II let
us apply the following point canonical transformation:

(142G /T TAGIT2 T AK T2
2= Tz(\/ﬁ—i—G) —r= \/ (1+2Gr )Q(Ki-i(-;é)T +4Kr

(2.114)
P, = 4Py
dr’
H(Pu,r') = (2.115)
2
B2(1 4 4Gr" + 4K ') P2 i(PQ N P2 "
21+ 2Gr2 £ 1+ 4Gr2aKrh) 7 2 T sin20
(1+ V1+ )
N 2ar'?
1+2Gr'2 £ V1 +4Gr? + 4Kr?
defining the new parameters:
D D? — K’
G=-= k=—— 2.116
5 1 ( )
H(P,r") = (2.117)
2
52((1 _ DT/2)2 —K’T’4) P2 L(Pz N P¢ -+
21— Dr2+ /(1 - D2 — KT " 27 7 sin?g

202

_I_
1—Dr?2+ \/(1 — Dr'2)2 — K'r4

this proves that:

Theorem 3. The second Bertrand family is the Stackel Transformation of the first
family

Finally, in order to complete our picture let us describe the general intrinsic harmonic
oscillator Hamiltonian arranging the present metric in a conformal metric. To this
goal it is much easier to compute a new S.T. on a conformal intrinsic Kepler system
than to establish a direct change of variables to the Hamiltonian (2.117). Let us
apply to the Hamiltonian (2.112) the following change of variables:
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2
re s (2.118)

The intrinsic Kepler conformal Hamiltonian turn out to be:

7”2(7“_6 — KT’B)2

H= I (P?) + « (2.119)
208 _ KrB)2 B KpP
Hy = y r’) P2)—%+G (2.120)
therefore the S.T. lead to:
H 7“2(7“*ﬁ — Krﬁ)2 , L2 2a¢

€_ P24y
U 2(T_B+Kr5—2G)( r r2) r=8 + Krf —2G

It is possible to verify the exact equivalence with the Hamiltonian (2.117) performing
the following radial point canonical transformation:

(2.121)

1 AGy 1 1 2G 4 1 AG
r= - - = + + + 1 +
2Kr? T 2Kr? 2\ K2t K22 T KA(r) K2 A(r) T K22 A(r)
(2.122)

A(r') = V1+4Gr? + 4K

Py
dr.
dr’

P =

after this canonical transformation and considering the new parameters (2.116) :

P2
= 62((1_DT,2)2_K/T/4)PTQ’ (P92+ singe)

2(1 — Dr2 £ /(1 — Dr’2)2 — K'r'%) 2
2

n 2ar
1 — Dp2 ¥ \/(1 _ Dr’2)2 _ K/T/4’

namely the Hamiltonian (2.117)

48



Chapter 3

Quantization recipes in
literature

3.1 Quantization of classical Hamiltonian systems on
non-Euclidean manifolds

In the second chapter we have introduced a family of classical M.S. Hamiltonian
systems defined on non-Euclidean manifolds:
1,
H = igj(x)Pin + V(x) (3.1)

If we look at the same problem for a quantum particle, then coordinates and
momenta have to be read as noncommuting operators in the Heisenberg algebra:

[p]apki]:ov VJ,]{?
[“%jafk] = 07 Vj,/{?

[P)]viik} = _ihéjk; 6jk = (Lj = k)’ (Ovj 75 k)

In the Euclidean-manifold the metric tensor turns out to be independent of the
operator (g% (x) = &;;), therefore there are no problems in performing the substi-
tution P — P , © — &, and the Hamiltonian becomes a sum of the kinetic energy
and potential operator, each of which is composed by commuting operators. The
situation changes dramatically as soon as the metric tensor depends on the operator
Z: in this case the kinetic energy term turns out to be position dependent causing
an obvious ordering ambiguity:

9(X) PPy # Pg(%)" Py # P;Pjg(%)V

therefore any permutation turns out to be different by terms proportional to A:
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5 b _ i 997 5
Pig"Pj =g Pz‘Pj—ZhﬁPj
P A - dgi; - d?q"

Pt — JIP. P _ Jp 1 32
P,Pjg" = ¢" P;P; 2Zhdxjpl+h Tridel’

which disappear in the classical limit A~ — 0. This means that from an algebraic
point of view there exist an infinite number of Hamiltonian operators with the same
classical limit:

Hagy = (97)Pi(97)°Fi(g") + V(2), a+B+y=1 (3.2)
The goal of this chapter is to establish (under certain given criteria) the recipes to
quantize a classical system with a position dependent Kinetic energy term.

3.2 Position dependent mass quantization

From a classical point of view the kinetic energy term:

T = g(x)" PP

can be regarded at the same time as a particle with a constant mass bound to move
on a non Euclidean manifold ds? = gijdxidxj or as a particle with a non-constant
and anisotropical effective mass on a Euclidean space:

mij; = Gij-
Anyway, in the particular case of a metric tensor with radial symmetry it is pos-

sible to recover an isotropic mass recasting the metric into a conformal metric by
performing a change of variable:

ds? = [(r)*dr? +12dQ2, v =h(r') = f(h(r))? (leh

'I"/

2
) dr’ + h(r')?dQ’
therefore imposing;:

f(h(r")) dh _ 1

h(r") ar

we get a conformal metric:

h(r'")?

ds®> = 5
"

(d?“lQ + ’I”IQdQQ) —

in this case the mass has to be read as:

(3.3)



Quantum models with a position dependent mass are essential in many condensed
matter problems (see for instance [62] - [71] and references therein). Although
over the times several different quantization prescriptions for this kind of problems
have been proposed, we report the most widely used, namely the symmetrical
quantization. Following [72] it is possible to determine the functional form of
the Hamiltonian in terms of the canonical operators (X, P) requiring the so called
instantaneous Galilean invariance.

3.2.1 Instantaneous Galilean invariance

It is well known that a free-particle has a complete symmetry under the Galilean
group, whilst for a particle subjected to a potential the symmetry turns out to be
obviously broken; however we can recover a partial symmetry if we introduce the
concept of instantaneous Galilean transformations:

for simplicity let us consider the one dimensional case. In classical mechanics, a
Galilean transformation at the instant ¢y, with velocity v, transforms the position x
and the momentum p of a particle with mass m according to:

2’ (t) = z(t) — v(t — to), (3.4)

p(t) = p(t) —mv (3.5)
An instantaneous Galilean transformation is performed at the instant time tg = ¢,
thus is defined by:

(1) = z(t), (3.6)

p'(t) =p(t) — mv (3.7)

In the same way we can define, for a quantum particle, a unitary transformation
U(v) implementing the Instantaneous Galilean transformation with velocity v and
acting on the canonical pair of operators X and P according to:

Uw)XU®@w)™ =X, (3.8)

Uw)PU(v)™' = P —mol (3.9)

The Hamiltonian operator must be such that;

V = i[H, X] (3.10)

Uw)VU@) =V —or (3.11)

By V we have denoted the velocity Operator. Since the transformation U (v) is com-
pletely determined by the equations (3.8) (3.9), and since Vdepends on H through
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(3.10) then the relation (3.11) determines a constraint for the Hamiltonian. Let
us introduce the infinitesimal generator K of instantaneous Galilean transformation
through:

Uv) = K (3.12)

from the (3.8) and (3.9) we get the following relations for the operator K:

(K, X] =0, (3.13)
(K, P] = iml, (3.14)
[K,V] =i, (3.15)

now considering the canonical commutation rule:
[X, P] =il
and (3.13) , (3.14) then we get:

K =mX
up to a trivial constant. From (3.14) and (3.15) we get:

[K,P—mV]=0— P—mV = A(X). (3.16)

Similarly one can compute straightforwardly the following commutators:

V2
K, H - """ = m[X, H] - %[K,VQ] —imV —imV =0 — H — %VZ = W(X)
(3.17)
Finally the Hamiltonian takes the form:
1
H=—(P- A(X))? +W(X) (3.18)

This is, except for a gauge transformation, the usual form of the Schroedinger
operator.

3.2.2 Instantaneous Galilean transformations for Position depen-
dent mass systems

Generalizing the construction of the Hamiltonian operator in the case of a position
dependent mass is quite a simple matter: the instantaneous Galilean transformation
does not modify the position and this makes the transformation quite indifferent to
a possible position dependence of the mass. Let us modify the transformation rule
for the momentum as follows:
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U(w)PU(v)™! = P — M(X)v — [K, P] = iM(X) (3.19)
the (3.13) says that K = N(x); exploiting the canonical commutation rule we get:
[K,P]=[N(X),P]=iN(X)=iM(X) (3.20)

Consider now the constraining condition for H, that is, the (3.15). It reads according
to (3.10):

[(N(X),[H, X]| =1 (3.21)
applying the Jacobi identity it follows that:

(X, [H,N(X)]] = I — [N(X), H] = i(P — A(X)) (3.22)

now it is straightforward to verify that a simple solution for H (for an Hermitian
Hamiltonian) is:

1 1
3PP (3.23)
indeed,
(N(X), H] = L[N(X), P|——P + - P—_[N(X), P| = iP (3.24)

M) T2 Mx)

the general Hamiltonian thus reads,

'p l piw (3.25)
=_—_P—— x .

2" M(x)

Instead of the (3.23) it is possible to have a different solution of the (3.22) can be
also the rather natural one:

H

YR 1 9
H1—4<P M(X)+M(:p)P> (3.26)
anyway comparing Hy and Hy we find:
1 1 1 r .,
1~ Ho = (P[P, 370511 = 1) = @) (3.27)
therefore:
_} L _1 2 1 1 2
H_QPM(x)P+W(x)_4<P M(X)+M(x)P>+W1(X) (3.28)

with relationship:
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Wi(X) = W(X) + Q(X)
These remarks prove that one should not identify a priori Hp as the purely kinetic
energy term of the Hamiltonian nor W (X) as the potential. This result can be used

to prove that the most general kinetic Hamiltonian (under the condition we have
stated) is:

1
Hyin = 7 (MOPMPPMY + MTPMPPM®) = (3.29)
1.1 1 M? 1 M"
—-p_pa+- Mo L
s Pt slet vt e ym - flat s,

(a+B+y=-1)

3.3 Covariant quantization

In the previous section we have considered the quantization of the classical systems
introduced in the second chapter considering them as position dependent mass
systems. Let us come back to the original point of view of systems defined on non-
Euclidean manifold. In a classical context the solution to an Hamiltonian system can
be obtained by solving the Hamilton-Jacobi equation, namely a first order partial
differential equation:

_55((;:7t) _ %gm(x,t) <8S§; t)> <658(Z t)) . (3.30)

This equation involve just the derivative of a scalar function that can be defined

simply comparing the value taken by S(x,t) in neighboring points of the manifold,
S(x,t) and S(x + dx,t)

S lim S(x +dx,t) — S(x,1)
dz—0 dx

Therefore it is quite a simple matter to generalize the Hamilton-Jacobi equation from
an Euclidean manifold to a non-Euclidean one. The situation changes drastically if
we repeat the same derivative operation with a vector field. Let us study for example
the derivative of A*(x):

lim At (x 4+ dx,t) — AF(x,t)

dx—0 dx
This operation, as stressed in the second chapter, is no more defined in a general
Riemannian manifold, since the operation among vectors are defined just in the
tangent vector space, therefore the sum of vectors:

AP (x + dx,t) — A*(x,1)
turns out to be meaningless since the two vectors live in the two different spaces Tx
and Ty gx-

54



3.3.1 Differential operators in differentiable manifolds
covariant derivative

The first step, in order to compare two vectors in two different vector spaces, is to
introduce the notion of parallel transport: let us consider a curve C in the manifold
M parametrized by the parameter A\ : P € C — P" = x*()\), let the tangent vector

to C be U = % following the definition (2.5) where U can be expressed also as

a linear combination of vector basis U = U;e';é* = d(air;i . Now let us consider a

vector V(Ao + €) in the tangent vector space Tx(ro+e), then we define the parallel

transported vector V;O +c(Xo) with respect to the curve C from the tangent vector
space Tx(x,+¢) to the tangent vector space Ty(y,) such that the following proportion
yields:

Viote(Ao)i 1 Ui(Ao) = V(Ao + €)i : Ui(Ao + €).

Thanks to the parallel transport it is now possible to compare two vectors field
defined in different vector spaces evaluating them in the same space. We can now
define the notion of covariant derivative for a vector field V' defined everywhere on
C as:

*

ViV (Ao) = lim Vapreho) = Vdo) (3.31)

e—0 €

This definition can be given also in terms of components: let us define x = x(Ag)
and x + dx = x(A\g + €) so that a vector A¥(x + dx) parallel transported back to x
will be:

A#

Note(X) = A (x + dx) + 0 A" (x + dx)

0 A¥(x + dx) represents how much the manifold is different from a flat manifold, and
moreover it has to be zero whenever A*(x + dx) or dx are zero, namely it has to be
bilinear both in A*(x 4 dx) and dx, therefore at the first order we have:

SAM(x + dx) = T¥ (x) A” (x)dx”

where it is used the Einstein summation convention. The functions I'l,(x) are
called Christoffel symbols and they represent the rules of the parallel transport for
the manifold. Therefore the vector A*(x + dx) parallel transported to x will be:

A (x+dx) — AP (x+dx)+T (x) A (x)dx” = A“(x)—i—dA“(X)—i—Fﬁp(x)A”(x)dxp+0(dx2)
so finally we can define the covariant derivative along a component, say, % as :

AW AP+ T AV dxP — AV
Altig = lim e dp(X) = = A+ T, A" (3.32)
x% — x°

where:
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OAH

0xo

In other words the Christoffel symbols can be defined also through the action of the
covariant derivative on the basis vectors:

At =

Veer = [0€). (3.33)

Before closing this brief recall on the covariant derivatives let us consider how this
applies on the so called dual space, namely the space of the real, linear functionals

w:

((Z),Ozlvl + OéQVQ) = Oq((:],vl) + OzQ(JJ,VQ), ((I),Vl), ((.:),VQ) eR

in particular let us consider the function &'(V) = V! where V = V'¢; then we see
that :

(@7, er) = 81 — Ve, (@7, 2) = 0 = (Ve, 0’ &) = —(&7, Ve, )

and by applying the (3.33) we find:

~7 =\ J ~7 _ Jj ~k
(véiwjv ek) - _sz’ - Vgiw] - _sz’w :

So hereafter we will regard differently the objects A* and A, respectively as com-
ponents of vectors and dual vectors, in particular the definition of the covariant
derivative change from (3.32) to:

Apso=Ay,0-T70 A, (3.34)

Christoffel symbols and metric tensor

In the previous section we have introduced the notion of Christoffel symbols, namely
the connection coefficients, in order to define the parallel transport of vectors in
different tangent spaces. Since our physical systems are defined on a Riemannian-
manifold, it is fundamental to establish a rule for the parallel transport once given
a metric on the manifold. This is possible requiring the so called compatibility
condition between the metric and the parallel transport. In other words, from a
physical point of view, this mathematical constraint means that an experimentalist
in "free fall” along a curve in the manifold, if parallel transported, cannot be aware
of his motion observing the metric in its neghborhood, (namely the ”equivalence
principle”). Let us introduce a metric in each tangent space defining a scalar product:
9(u,v) = gi,juivj for each of these spaces, so by definition of parallel transport the
scalar product between two constant vectors A, B has to be invariant respect to this
operation:

Vi9(A,B) = (Vgg)(A, B) + g(VgA,B) + g(A, VgB) = 0 (3.35)
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By ipothesis Vﬁﬁ =0 and VﬁE = 0, so the compatibility condition turns out to
be Vg = 0, then applying the (3.34) the compatibility condition turns into:

v\ = Guv A — Fiugpu - F/))\Vgpu =9uv ) — Fu,)\,u - F,u,)\u (336)

the (3.36) gives the constraint that the connection has to respect. This condition is
satisfied by the so called Levi-Civita connection.

Let us consider a manifold with no torsion, namely Vg, e, = Vg, €;, this means that
the connection is symmetric for the exchange of the indexes I')), =T . Now let us
rewrite the (3.36) permuting the indexes:

Juvx = Fu,)\u + Fp,,)\u
9y = F,u,l/)\ + P)\,z/,u

Juipu = F)\,,uz/ + Fl/,,LL)\

summing the first and the second and subtracting the third it is straightforward to
get:

1 1
F,u,)\z/ = i(g;w,)\ + I,y — g)\u,,u) - Pl)fy = igup(aAgpu + 8ug>\p - 8/)9)\1/) (337)

3.3.2 Covariant differential operators

The generalization of the derivative operation to the non-Euclidean spaces is the
first step to generalizing our differential equations to this new spaces. Before going
on let us now introduce the generalization of the most frequently used differential
operators in such a new context.
e Divergence operator

As said previously, in order to generalize an Euclidean manifold to a non-Euclidean
one we have to replace the standard derivative with its covariant version so that the
divergence of a vector field can be generalized as follows:

VA =AM, = 9,A" 4 TH AN (3.38)

following the relation (3.37) we can recast the term I‘Z/\:
1
L= 59“’) (0ugpx + OrGpp — Opgun) (3.39)

Since g"?0pgux = g"*0ugpr = 9"POugpx the equation (3.39) can be simplified in:

1
FZ)\ = ig“pfb\gpu (3.40)

this relation can be expressed in terms of the determinant of the metric g = detg;;:
indeed, let us consider the derivative of the determinant g:
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O\g = a)xgp,uapu

where aP* is the matrix of the cofactors and this is linked with the inverse matrix
gH? through the relation g?* = % where we have considered the property a”* = a*

= Og.

. Therefore g"?0x\gp, 7

Y
HA T 2g
therefore the equation (3.38) turns into:

0, 1

pe w99 an 1
A= A+ LA = (V5 A) (3.41)

e Laplacian operator
once given the generalization of the divergence operator it is now straightforward to
get the generalization of the Laplacian operator V? to non-Euclidean manifold :

=S
Vo

Since 1) is a scalar function its covariant derivative is just a standard one so:

V2 = it = —0u(\/gp™) (3.42)

¢§u = 1/%# =Yt =gy,

V2 — \}gau(@gwayw) (3.43)

The generalization of the Laplacian operator to non-Euclidean manifold is also
known as Laplace-Beltrami operator.

3.3.3 Riemann Christoffel tensor

Before closing this section let us introduce a fundamental object in the study of a
differentiable manifold, namely the Riemann-Cristoffel tensor: this tensor charac-
terizes the manifold in each point measuring how much the operation of the parallel
transport be path dependent: let us consider an infinitesimal polygon of vertices
z,x +dr,x + d2’,x + do + dr’ and let us parallel transport a vector, say V, along
two different paths: * — x +dr — v +dx +dx’ and x — x + d2’ — x + da’ + dx.
The components of the vector V* in x + dx are :

V=V =T (2)Vda

then in order to transport the vector V'’ from = + dx to x + dx + dx’ we need to
know the cqnnection in z 4+ dx namely F;k(:v +dz) = F;k(aj) + asz-kdxm thus the
vector (V)" in z + dx + dz’ will be:
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(V"= V= T4 VIdak — (T%, + 0 lda™) (VI — T Vida")da'®
repeating the same operations along the other path x — = + dx’ — x + da’ + dz we
get:

(V") =V = T4 Vida'™ — (T + 0, Lhpda™) (V7 — T Vda')da*

let us compare the two vectors:

(V") — (V") = (L), = T%, T + 0k}, — 0,1 V'dabda' = Ry, V'dakda'™

Rfm is the Riemann Christoffel tensor. The Riemann Christoffel tensor, in contrast
with the connection F;- i turns out to be a tensor under a general change of variables
like the metric tensor itself:

dzt do? . . . dx® da’
i g e 1 9 9@ = 9@ g g

so in general the following rule holds for our tensors:

ds® = g(v)ijdr'dr? = g(z)

dat . dz't
dx't’ dx!
this property turns out to be crucial because it allows us to get quantities which are
coordinate independent:

Ai(z') = Ay(x) Al(z') = Al(x)

(3.44)

dx'™ dx? dx®
P - P bl p
d:(}p A(x)a'dx/'u - V(x) A(x)a'dxp - V(x) A(x)P
Now let us consider the Riemann Chistoffel tensor with only controvariant indexes
Ryuwp = gMRZVp. Considering also the Levi Civita connection we get:

V(@) Ay = V()

1
Rpwp = 5((%0#9,\1, + 0u0rgup — OpOrgpv — 9 0ugnp) + gnU(FZAFZp - I’Z)\I‘Zl,)

examining this explicit expression we see that this tensor turns out to be symmetric
for the exchange of the pairs (A, v) and (v, p):

R)\,pr = Rz/p)\,u

and antisymmetric for the exchange of the indexes Ay and also for vp

R)\,u,up = _R;Myp = _R)\/_wp

because of this properties and the symmetry of the metric tensor g/ = ¢’¢ the only
way to get a contraction different from zero is to do the contraction with respect to
AV or up:
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Rup = 0" Ry (3.45)

and this tensor is unique. In fact, if we contract the other two indexes:

R)\V = gupR)\p,up = _g'upRp)\Vp = gupRuApy

The tensor R, is called Ricci tensor.
Finally we can get a scalar function by contracting the Ricci tensor with the metric
tensor:

R=g"Ry, (3.46)

This function is called scalar curvature and by construction turns out to be an
intrinsic property of the space indipendent on the coordinate system chosen, for
instance if we have R = const this will be const in any coordinate system.

3.3.4 Laplace Beltrami quantization

We are now ready to generalize the Schroedinger equation from an Euclidean to a
non-Euclidean manifold, simply replacing the ordinary derivative with the covariant
derivative:

R, h2 g

—V 4+ V(x) > ———=0; Y0,)+V 3.47
3V V) = 5 20 0) + V@) (3.47)
Namely we identify the quantum kinetic energy operator as the Laplace Beltrami
operator, from hereafter we will refer to this quantization as the Laplace Beltrami
quantization (LB) (see, for instance [33, 34]).

H=-

3.4 Quantization for conformally flat metric

In the section (3.2) we have pointed out that the Bertrand spaces, because of their
radial symmetry, can be recasted as conformally flat systems. Aim of this section
is to do a deep analysis of the different quantization prescriptions (PDM and L.B.)
for systems whose classical Hamiltonian can be written as follows:

H(X,P):2m(1|x|)|P|2+V(x), xI= [k Pl= [STP% 0N
(

3.48)
As said above this system can be regarded as describing a particle moving on a
Riemannian manifold equipped with a metric:

ds?® = gijda;ida:j = m(\x[)&ijda:idmj; i,j=1,..N, det(gij) =g = m(|x])".
(3.49)
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Let us compute the Laplace Beltrami quantization of this system:

h? N-2
——x0i(m(]x|) "2 0;) + V(x) (3.50)
2m(|x|) 2
Let us stress that when we deal with NV = 2 dimensional systems the quantization
reduces to the very particular case:

H=-

R h2

2
m(|x\)v + V(x) (3.51)

where V2 has to be read as the standard Laplacian operator. In a classical context
an Hamiltonian system in a N-dimensional space with a radial symmetry describes
always a motion on a two dimensional space (orbital plane), and can be understood
also as a consequence of the quasi M.S. of any radial system. The equation (3.50)
shows that in quantum mechanics the radial Hamiltonian depends in a non trivial
way on the dimension of the system. Since the Darboux classification has been
performed explicitly for two dimensional spaces let us define the N-dimensional
generalization of the Hamiltonian (3.51):

- h2 2
Hyp = ———=Vi + V(@) = ———0'0;+ V(2), i=1,..N. (3.52)

m(|x]) m([x])

Hereafter we will refer to this quantization as the Schroedinger or direct quantization.

3.4.1 Differences among Schroedinger, Laplace Beltrami and PDM
quantizations

In the previous sections we have proposed three different physical quantizations for
a classical system with a position dependent energy kinetic term:
e Schroedinger quantization:
R 1

T T (559

e Laplace Beltrami quantization:

R B RN = 2) mlx])
Tip = — w0 (m((x)) "= 9r) = - 00— ]

L1y RN —2) m(|x]) @iP
m([x[) 2 m(x)? ¥

e Position Dependent Mass quantization:
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-1 o m(|x|) ;
T = — K29 9; = — 5'0; + h? 2o = 3.55
ey () = T () () ] (3.55)
B P2 om(|x|) z; P
D) M)

These three operators are formally self-adjoints on the standard L? space with the
following three scalar products:
e Schroedinger type:

<Ylp >= /MN M(X) gopy PschdX (3.56)

e Laplace Beltrami type:

<ulo>= [ m60FiLp0snx (3.57)

e Position Dependent mass type:

<plg >= /MN Y ppa®pPpadx (3.58)

Since these products differ just for a weight function, let us stress that given a
basis for one of the above products, we can get a basis for the others spaces by
applying a simple algebraic transformation: Let us suppose to have a basis, say, for
the Schroedinger type:

/ (X)W g Psehjdx = 0 (3.59)
MN

then follows:

/ m(X)Eschi'@Z}schjdx = / ( V m(x)aschi)( V m(x)¢schj)dx = (3-60)

- /MN YpparihPpadx = 85, Yppa; = /M(X)Psch;

or alternatively:

(NI

m(x)? m(x)

% @schi) (

/ m(x)@schiwschjdx = / m(X) wschi)dx = (3'61>
MN

MN m(x)

a1z

m(x)

_ 2—N
/MN YLBiYLB;dX = 0ij,  YrLB; = M(X) T Ysch-

The crucial point is that transformations on the wave function induce a similarity
transformation for the operators:
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/MN m(x)Eschtchgéschdx - /MN @PDM (\/ m(")tch%) ¢PDMdX (362)

[ T Tabads = [ om0 () im0 T o

MN

explicitly:

Vm(x)T _ = —h?\/m(x L i1 =
( )ﬂchm h ( )m(x)a 0; ) (3.64)

4m(x|)?  2m(|x])?

_l’_

R mlx) a, (3mOx)? Lm(x])” | (1= N)m(x])
“ () g " ( 2] ([x])? >

_ 4 _ 3m(x)”  1m(x)" (1 - N)ym(|x])’
=Tppym + Ve, Vepu = —h° <4 m(=N)F  2m([x| 2 + Sm([x|)? )

considering the Laplace-Beltrami quantization:

2-N N—2 2-n 1 : N-2
m(x) 7 Tenm(|x|) "7 = —R2m(|x]) 7 ———d9;m(]x|)" 7 = 3.65
(1x[) pm([x|) (1x1) (D) ©Y) (3.65)
p— I .
_ 2 1 00, — 1?2 (N 2> m(|x])" x; o
m(|x]) 2

—h2N -2 <N— 6m(x))?  m(x))”" m

)| mi
mi([x))2 [x]
(

1 1 m(x)F (D2 m(

“ N —2 N—6 12 " /N_ 1
ip 4 Vie, Vig— R ( m(x)? | m(x))" | m(jx|) >

4 4 m(x))? - m(]x[)? ~ m(x])? x|

This means that the three quantization prescriptions considered give quantum ki-
netic terms which are similarity equivalent up to a quantum potential term. It is in-
teresting to do some remarks in regards to the quantum potential terms (Vppar, Vig):
REMARK1

The potential term Vppys turns out to be exactly one of those given by Levy Leblond
in his paper [72] when N =1 and in general :

A 1 1 1
v m(|x])7se = P2
(T 725D = V) /D)




NO|—=

Namely the Position dependent Hamiltonian (3.29) when the parameters are o« = —
;B=0;y=—%

REMARK?2
The potential term Vpp turns out to be proportional to the scalar curvature R of
the system with metric g;; = m(|x])d;;:

N —6m(x))?  m(x])"  m(x)' N -1
4 m(x])? - m(]x])?

N -2
32
> Vis =h 4(N—1)R

r=-m ( m(x])? x|
according to the pioneering paper by Paneitz in 1983 in which was firstly estab-
lished the connection between LB operators and scalar curvature associated with
two different conformally flat Riemannian manifold [73]. Moreover the Laplace
Beltrami quantization with the addition of a potential term proportional to the
scalar curvature of the manifold is in full agreement with many prescriptions used
in the analysis of scalar field theories in General Relativity or when dealing with
quantization on arbitrary Riemannian manifolds [75] [76] [77]. Some analogies are
present also in condensed matter physics in the study of particles which are bound
to move in a non-flat space by a delta potential, also in this case the hamiltonian has
a part proportional to the Laplace Beltrami operators and potential parts connected
with the scalar curvature of the manifold [74].
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Chapter 4

Quantum Bertrand systems

4.1 Introduction

Until now we have given a survey of the so called exactly solvable systems both in
quantum and classical mechanics. This analysis has been achieved following two
completely different point of views.

In quantum mechanics we have considered a general basis of orthogonal polynomials
on a suitable Hilbert space and then we have obtained, through a number of algebraic
transformations, the class of the so called shape invariant systems. The shape
invariant systems are exactly solvable 1-dimensional quantum systems.

In classical mechanics we have faced the classification of the exactly solvable systems
introducing the definition of Maximal superintegrability:

As showed in the second chapter the Maximal superintegrability gives 2N — 1
conserved quantities for an Hamiltonian system whose trajectory is defined on a
2N dimensional phase space, therefore these 2N — 1 constraints determine the
trajectory of a system and this fact plays a fundamental role in the exact solvability
of the system. Since the 1-dimensional systems are by definition M.S. we have
presented the classification, under certain given prescriptions, of the 2-dimensional
M.S. systems. In particular, the generalized Bertrand theorem states that, requiring
radial symmetry, there are only two multiparametric families of systems with the
M.S. property. So far we have seen that shape invariant systems and M.S. systems
seem to be linked by a ” fil rouge” :

e Both shape invariant systems and M.S. systems are a rare class of systems respec-
tively in quantum and classical mechanics.

e They can be solved explicitly by using algebraic methods

e The solution can be given in terms of the standard trascendental functions and
not just by ”quadrature”.

The next step of this thesis is to study the relationship existing between the class
of the M.S. systems in classical mechanics and the shape invariant systems in
quantum mechanics, following the outline. Since there are some ambiguities in the
quantization of the classical systems on a non-Euclidean manifold, as stated in the
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third chapter, we will begin analyzing the quantum systems. As we have introduced
the shape invariant systems, as one-dimensional systems so the second step consists
in looking at the one dimensional Schroedinger equation as the radial equation of
an higher dimensional space. The third step is to perform the classical limit and to
compare such systems with the radial M.S. systems classified in the second chapter.

4.2 From a shape invariant system to a M.S. system

To begin with let us recall the shape invariant systems introduced in the first chapter.
We have seen that the orthogonal polynomials give two classes of exactly solvable
quantum problems connected by a coupling constant metamorphosis:

Jacobi system:

. 1/ 40%2-1 45% +1
H=-02+- 4.1
=ty <1 —sin(z) 1+ sin(x) (4.1)
and one of its Stackel equivalent, namely the Rosen-Morse system:
N I(r+1
fr——gzo WED 2p tanh(z). (4.2)

¢ cosh(x)2
Let us focus on the Stackel equivalent systems: if we change the variable z to
kx + 5 we get another shape invariant system, since the shape invariant condition
is invariant under shift and rescaling of the independent variable. After the above
transfomation, the Hamiltonian (4.2) becomes:

5 1 I(1+1)
H=——9>+""") 1 9,coth 4.
k28x+sinh(/<:x)2 + 24 coth(kx) (4.3)

whose eigenfunction equation is, in general, given by:

1., ll+1)
- — = +2 h =F 4.4
< k_g 890 sinh(kx)Q + ,LLCOt (kl')) wn,l,u (TL, l, :u)wn,l,u ( )

or equivalently:

e (45)

I(l+1
(—8§ MR 2k coth(lm)) ¥, = k*E(n,l, -
Tk Tk

sinh(kx)?
This system is universally known as the generalized Kepler problem, namely the
Kepler problem on a space of constant curvature [54], [79] -[83]. As said above this
new quantum system has to be a shape invariant system. We can see explicitly this
property factorizing the Hamiltonian operator through the two ladder operators:

Ay = 0, — iW{(x) = i0, +i :_‘ - —i(l+ Dk coth(ka) (4.6)

I
l+1

Al =i, +iW](x) = 0, — i +i(l + 1)k coth(kz) (4.7)
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where the function W;(z) is the so called prepotential function:

wx@:~7ﬁ1x+a+1nmmmwmy (1+1)% <

now we can recast the Hamiltonian operator of the equation (4.5

>0 (4.8)

=

as follows:

~—

A;Al = ﬁl — €] (49)

2 Hl+1)
sinh(kz)?

o= ((lfl)2+k2(l“)>

the shape invariant property is easily verified by intertwining the ladder operators
A}L and Aj:

H=-9*+k — 2uk coth(kx)

Al = Hiy — g = ALlAHl + €141 — €1 (4.10)
Therefore, as expected, the Hamiltonian operator (4.5) is exactly solvable by the
application of the shape invariant property. In particular the fundamental state
turns out to be:

A eWi® =0 5 gy (z) = M@ = e_l%(sinh(/m))l+1

according to the strategy introduced in the first chapter we get the eigenvalue
equation for the hamiltonian Hj:

2

I:Ildjn,l = - <(l+::+1)2 + k2(l +n+ 1)2> Y.l (4.11)

while the eigenfunctions can be generated by the application of the ladder operators:

n—1
d}n,l(‘r) = H ALMO,Hn(I') (4'12)
=0

Since we have a multiparametric Hamiltonian operator H wlk let us define some
constraint on these parameters in order to determine the space on which H,
turns out to be self-adjoint:

wlkeR, u>0 k>0, %>(Z+J\fﬁm+1)2

so we can finally state that H w1,k is formally self-adjoint on the standard L? space
with product:

< Yl¢ >= /0 B (@) bla)de (4.13)

67



finally we stress that in this space the set of eigenfunctions (4.12) is now a finite
set of normalizable eigenfunctions:

n—1
VYni(T) = H A2L+i¢0,l+n($)v n < Nmaz, (I+ chwc)2 = [%] (4.14)
=0

4.2.1 Quantum hamiltonian with a degenerate spectrum

In the previous subsection we have presented an exactly solvable quantum 1-dimensional
system whose spectrum is:

12

Enjgpy=— <(l—i—n—|—1)2 + k‘Q(l +n+ 1)2> (4.15)

in this spectrum [, 4, k have to be read as fixed parameters while n is the quantum
number. The crucial point is that this spectrum becomes a degenerate spectrum
whenever the parameter [ is read as a quantum number with integer values and not
just as parameter. In this case the degeneracy entails that the Hamiltonian has
different eigenfunctions with the same energy eigenvalue, moreover this feature is
indicative of the presence of the maximal superintegrability for the quantum system:

2
Hipp Nn = — <(N“+1)2 FRA(N + 1)2> UnN-n; ¥n < N,|m| <N —n. (4.16)
We stress that the form of the spectrum suggests how to modify the 1-dim hamilto-
nian in order to get a new n-dimensional Hamiltonian with a degenerate spectrum;
this is a peculiarity of the quantum systems in contrast with the classical ones, in
which the solution of the 1-dimensional motion does not say anything about the
extension to M.S. systems. Since the Hamiltonian depends on /(I + 1) we have to
replace this parameter with the operator whose spectrum is /(I + 1), namely the
angular momentum operator:

E2¥in(0.6) = = (0 + cot000 + 508 ) ¥in(6,6) = L1+ DYin(0.6) (417

where Y] ,,(0,¢) are the standard spherical harmonic functions, that defines an
orthogonal basis on the sphere S?:

T 2m
/ ?l,mYl’,m’dQ = 5l,l’5m,m’7 d) = sin 9d0d¢, I,meN (4.18)
0=0 J =0
(2l 4+ 1)(I — m)! e
Y, = pm mm 4.1
im(0,0) \/ e B cos(®)e (419
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with the P/™(cos(#)) the standard Legendre polynomials.
The eigenvalue equation (4.17) helps us to recast the (4.5) 1-dimensional Hamilto-
nian equation in an higher dimensional Hamiltonian operator:

[32
(—83 + kQW + 2uk coth(kr)) U1 (r)Y1m(0,0) = (4.20)

M2
— ((l+n+1)2 + k(1 +n+ 1)2> Ui (r)Yim(0, 0).

where we have replaced x by r to make clearer that the original 1-dimensional system
represents the radial part of an higher dimensional system.

72
: = |-+ —— 4.21
H(r,0,¢) ( O+ k b ()2 +2ukcoth(k7“)> (4.21)
with eigenfunctions:
‘1>(T, 97 ¢)n,l,m = @Z)n,l(r)}/l,m(ea QZ)) (422)

wich represent an orthogonal basis with the scalar product:

o] T 2
/ / / Dy 1 P 7 g dr sin(0)dOde o< 8y, 1011 Gy (4.23)
r=0J6=0 Jp=0

Following our outline the next step is to compare the Hamiltonian (4.21) with
one of the Hamiltonians belonging to the classical Perlick classification. Since the
centrifugal part of the Perlick Hamiltonians is proportional to f—; let us recast the
centrifugal kinetic energy operator as follows:

k2L L2
— = — 4.24
sinh(kr)? r2 ( )
this induces the change of variables: 1’ = % This substitution turns the

Hamiltonian (4.21) in:

. L? /1
H(r',0,¢) = —(1 + E*")02 — k*1' 0, + —5 = 2p\) =5 + K% (4.25)
T T

Let us reintroduce the Planck constant in order to perform the classical limit 2 — 0.

12 1
<_(1 + E2r?)0% — K*r' 0, + i 2um> P im=

2
7]
- _ <(l+n+1)2 + K2 (I 4+n+ 1)2> Dy 1m

we multiply both sides by %:
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h? h? hZL2 /1
(—2(1 + k’27‘/2)63/ — 7](32 '3 + 2 - h2 ﬁ + ]{32> (I)n,l,m:

__F ”72+k2(l+n+1)2 ®
— 2 \(+n+1)? k.

and let us rescale the coupling constant as yu — é‘—Q This leads to the eigenvalue

equation:
ﬁ2 h hQLQ 1
< ; ( k? /2)62 _ k,2 /8 + — 572 — U 7472 + k2> (I)n,l,m:

2

M k> 2
- ! 2\ e,
(2712(l+n+1)2Jr g (Fn+l) &

Let us consider now the operators:

Py = —ihdy
Py = —ihdy
Py, = —ihd, (4.26)

the Hamiltonian can be recasted as:

1 2,12 k% . 1 (a9 J 1 )
2(1+l<: VP2 —in— P/—|—2 Pa—zhcot(G)Pg—i- (9)2P¢ — 1 772—1-16

(4.27)
Performing the classical limit 7 — 0 we get the classical Hamiltonian:

1 2 1 1 /1
H(T,,9a¢7pr’7P97P¢):5(1_‘_]{27"/ )P7“2/+2 <P0+Sln(9)2p¢> 1% ﬁ—i_k‘z

(4.28)
As expected we find one of the classical radial Hamiltonian in the Perlick classifi-
cation, namely the particular case of the family I when f = 1 and K = k? that
corresponds to the motion on a space of constant curvature whose metric tensor is:

2

2 _ 1:522# +12(d6? + sin(0)2de?) (4.29)
In this case we have considered k € R, therefore we have K > 0 and this amounts to
consider an hyperbolic space; anyway the case on the sphere K < 0 can be reobtained
quite straightforwardly replacing k — ¢k and modifying in a suitable way the scalar
product for the wave functions. The main difference between the hyperbolic case
and the spherical case is that in the hyperbolic case considered above the number
of bound states turns out to be a finite set in contrast with the spherical case where
this set turns out to be a denumerably infinite set.
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Laplace Beltrami quantization of system (4.21)

Let us came back to the quantum problem (4.25). The Hamiltonian operator has
a degenerate spectrum and its classical limit is a maximally superintegrable sys-
tem. The next step is to understand which quantization prescription, among those
proposed in the third chapter, better describes the quantization of the Hamiltonian
(4.28). Notice that, after the change of variable (4.24), the scalar product turns out
to be changed in:

dr’
P N T n' 1 m! ——=sin(6)dfd 4.30
< n,l,m| n',Jl';m >= // 0/9 0/¢ n,l,m Jom \/W Sln( ) ¢ ( )

Let us consider now the Laplace Beltrami operator relative to the metric (4.29):

Trp = \jgaz‘(\/ggi’jaj) (4.31)

this is a Sturm Liouville operator whenever the scalar product is equipped with the
weight function (considering the metric (4.29)):

1'% sin(0)
< BT >= / /90/¢> (,0,8)U(r", 0, $)\/gdr' dbded (4.33)

Following the strategy showed in the third chapter it is possible to change the weight
function in the scalar product (4.30) through a gauge transformation:

w(Tlv 97 gb) = \/g = (432)

D, ' U .m! /2d7"/
P S0, n,l,m 1 m r . 434
< @y 1| P 41y >= // 0/9 0/¢ ] msm(@)d@dqﬁ (4.34)

therefore let us introduce the new eigenfunctions :

= (I)n,l,m
(I)n,l,m = T‘I (435)
and the new operator:
x 1 h? 1 h?k?
H(r',0,0) = ZH(,0,0)r" = —5—=0i(99" 0;) =i\ 75 + k> = ——  (4.36)

3.

2,/g

or equivalently:

oy x h2k2 hQ i 1 ,
Hyp =H(r"0,9) + —— = m@-(x@g 05) =) 5 +k (4.37)



this new operator has the spectrum:

/1'2 thQ h2k2

. 2
O S A N L A

Before closing the section let us rewrite the Hamiltonian (4.37) in a conformally flat
reference frame in order to be coherent with the results of the third chapter.
Let us recall the metric of the Perlick I system is:

E,, =— (4.38)

dr? 2
ds? = T 12407, r=

B2(1 + k2r?) r=8 — k28
4
2 _ 2, 27102
= ds? = 2 _szﬁ)z(dr + r4dQ7).

Since we are dealing with the particular case § = 1 let us apply the transformation:

(4.39)

2r

In this new coordinate system the Hamiltonian (4.37) (with & = 1)turns out to be:

N 1 2k2r 2 12 w1
Hip =—=(1—k*? 2= - = | =2 =+ k2 4.41
L.B. 8( k#r?)? <8 — k2 50r + 8 r2> 9 <r+k T (4.41)

The above Hamiltonian is of course still the LB quantization of the generalized
Kepler in the new coordinate system, but let us stress that the transformation is
not defined in r = % and in fact the new radial variable turns out to be defined in
the new domain D:

D=re, %) (4.42)

consequently the new scalar product is:

2r __ 2
= 8redr
< P | P >= / / / Dy 1P 1 m 5 vz Sin(0)dode  (4.43)
r=0Jo=0J =0 (1 —k2r2)3

In order to complete the picture let us see how this Hamiltonian change in the
”Schroedinger” and in the ”Position dependent mass” quantization through the
similarity transformation introduced in the third chapter:
e Position dependent mass quantization:

1

N 3
Hppy = 7HLB(1 — k*r 2)5 = (4.44)
(1 — k2r2)2

1 92— Gk2p2 72 200 _ @122 1
— _g(l _ ]{127"2) (82 (1 _6:2r2)8 702) . k (9 86k T ) g( —|—k’2 >
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whose eigenfunctions are:

- 1 5
Crpm(r, 0, 0)nim = ﬁ@LB(T, 0, 0)n1m (4.45)
(1 —Kk2r2)2
e Schroedinger quantization:
. 1 . . 1

;ch = \/ﬁHLAB.m = (1 — k:2T2)HpDMm = (446)

1 2 12 e 3
— — (1 - k2 2\2 2 “ = I k‘2 *kj2

8( ™) (9T+T3r r2 2 7‘+ " +8

or equivalently:

- - 3 1 2 L? 1
Hyep, = Hlyp — ng =g~ k*r?)? (af + =0 — ﬂ) — g <T + k%«) (4.47)

whose spectrum and eigenfunctions are:

MZ kQ 5 k?
FBepng=-—+t— -2 - :
~ 1 ~
Do (1,0, d))n,hm = WQLB (r,0, d))n,l,m (4.49)

Since this Hamiltonian operator derives directly, through algebraic manipulations,
from the differential operator wich defines the Jacobi orthogonal polynomials P, 3,
let us summarize all the algebraic steps we have carried out displaying the general
eigenfunctions written in terms of P, , 3 [78]:

(I)sch(n 67 Qs)n,l,m = wn,l(r)Yz,m(Gv ¢) = (450)

_2p tanh—1 (kr)

e R pkn+l+1)°  ptk(n+l+1)?) (14 (0, 9)
(1 — k2r2)nHits " ok(n+141) 7 k(n+1+1) 2kr L%

with the integrability constraint :

3 7
Nma:ca Nmax l =[x
n< (Nao 414 52 = [2]
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4.3 Quantum Bertrand systems of type I

In the previous sections we have shown how the orthogonal polynomials and therefore
the shape invariant systems, because of their exact solvability, can help us to find
M.S. systems both in classical and quantum mechanics.

The aim of this section is to show that an exact solution can be found also for the
whole family of Perlick I through the generalization of the particular case (8 = 1)
that we solved explicitly in the previous section, strenghtening the relations existing
between M.S. systems and exactly solvable systems.

To begin with, let us point out that the general metric 8 # 1 and the particular case
B =1 differ just by a rescaling of the angular part, anyway this difference is highly
nontrivial since it makes the intrinsic scalar curvature radial dependent (2.43) [59]:

432

2 __
ds” = r2(r—8 — k2rB)2

(dr® +12dQ?), r'=r= dr’?+r"?32d2?)

(4.51)

4
T rrye!

4
ds* = ——————(dr* + r2dQ%); 3 =1
(1 _ k2r2)2( ) /8
Let us now consider the metric (4.51); since the three quantizations are linked by
similarity transformations let us compute the simplest one, namely the so called
direct or Schroedinger quantization:

N 7“2(7“_/8 — kzzrﬁ)Q 2 L? 1
Hsc = - 2 —Op ——F& | — < —B k?2 B 4.52
hp 832 9, + Tf) -2 2(7” + k°r?) (4.52)

Where we are considering the domain D

1
re [07 71)7 (453)
kB
in order to have a positive definite mass m(r) = 1“2(7“+12k‘27“5)‘
Because of the spherical symmetry the exact solvability of the system depends on

the radial equation, therefore let us go back to the 1-dimensional problem:

N r2(r=P — k2pP)2 2 (l+1
Hschﬁ(r) == ( 8ﬁ2 ) <87? + ;ar‘ - ( 2 )

According to the above considerations let us perform the substitution (4.51)

> - g(r*ﬂ +E2P) (4.54)

where the variable 7’ is now defined again in the domain D (4.42), and the Hamil-
tonian operator becomes:
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. 1 — k%r2)2 1+a a’l(l+1 1
Hyeng(r') = _(8) <83/ - r! O — (rlz )> B % (T’ * k%’) (4.55)

Let us compare this differential operator with the radial part of the operator (4.47):

A (1—k22)2 ( , 2 I(1+1) wll
Hsch('r,) = _? 81"’ + par/ - 72 - 5 p + k ). (456)

As expected by the consideration (4.51) these two radial Hamiltonians are very
similar: the potential part is exactly the same, the centrifugal part, according to
the (4.51), turns out to be rescaled by a factor a2, but we find a difference on the
differential part %87« #+ HT“(?T if (a #1).

The idea is managing to make equal also the differential part in order to use the
solution of the operator (4.55). We can achieve this result performing a similarity
transformation:

a—1 ~ 1—a

Aéchﬁ(r/) =72 Hypp(r')r' 2 = (4.57)
2
(1—Kk22)2 [ 5, 2 a?l(l+1) — =2 w1l
_T 8r, + Par/ — 7,./2 _ 5 P + k 7,,/

The crucial point is that the operator (4.56) regarded as a 1-dimensional operator
turns out to be exactly solvable for all values of the parameter | (we gave to the
parameter [ the domain [ € N, after we upgraded the system from a 1-dimensional to
a 3 dimensional system ), so in order to avoid confusion let us introduce the exactly
solvable 1-dimensional Hamiltonian:

; (L—K*"2)? (5 2 gla+1)\ p (1 .,
Hq’“:_T ar/+PaT/_T -3 P+k r (4.58)

whose spectrum depends on the parameters g, u:

Heungu = (_Q(W'W - 5(” +q+1)"+ 8> (U

. _ —1 .
In particular let us set ¢ = al + 4=

2
A (1—k222 [ 5 2 a?l(l+1) — =2 w1 )
/Hal-i-%w = _T ar’ + ;67“’ - ) — 5 p + k r) =
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This means that the Hamiltonian H cenp(r') is exactly solvable as well as the par-
ticular case in which we considered § = 1. Let us now draw our attention on the
spectrum of Hy , 5(r'):

k‘2
§7

2 k2 a+1
E,, = o ——(n—l—al—l— 5

2
- +
’ 2(n+al + 2412 2 )

n,l €N (4.59)

In chapter 2 we stressed that the Perlick systems admit periodical motion only for
B € Q, this condition entails the same domain for the parameter a = % =a € Q,
so let us consider a = 72, mjy,my € N and two different wave functions, say, 1,
and v, such that n’ = n — smy and I’ = | + smy then Vsm; € N asn’ > 0 we
have two wave functions with different quantum numbers but with the same energy
eigenvalue. This fact entails that the direct (or Schroedinger) quantization of the
M.S. Perlick system I yields again a quantum system whose spectrum shows the
accidental degeneracy as expected for a M.S. quantum system. Yet the M.S. turns
out to be associated with the exact solvability of the system both in classical and
quantum mechanics, in this case the wave function can be expressed regarding to
the solution ), ;(r) of the system (4.50):

< 77[)n,al—l—aT_l (r/)}/lﬂn|ﬁ;chﬁ(rl)|yi,m¢n7al+a7—l ('r',) >= (460)

l1—a

l—a ~ =2
=< 1/’n,az+“7‘l(rl)rl 2 Yim|Hseng (r')[Yimr” 2 wn,aH—aT_l(T/) -

-1 2 B
=< wn,al—i-%_l(Tﬁ)T 2 i/l,m|HSChﬁ(r)|Yl,mT 2 ¢n,al+

This defines the eigenfunctions for the direct quantization of the Perlick systems of
the family I:

a—1 (Tﬁ) > .1
2

p-1
q)schﬁ(r)n,l,m =r:2 ¢n,al+

agl (T/B)Yz,m(ea d))

4.4 Generalization of Bertrand metric to a N-dimensional
hyperspherical space

So far, analyzing the M.S. systems on spaces of non-constant curvature, we have
followed an historical order: first we introduced the Darboux spaces (2-dimensional
spaces), then we introduced the Bertrand or Perlick spaces (3-dimensional spaces)
now the next step is represented by trying to generalize the M.S. property to
N-dimensional spaces which, analogously to the Darboux and Perlick spaces, are
characterized by the hyperspherical symmetry.

!Notice that the weight functions involved in the three scalar products 4.60 are different from
each other.
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Let us introduce the N hyperspherical coordinate which are formed by a radial-
type one r € RT and N — 1 angles 6; such that 6, € [0,27) for K < N —1
and Oy_1 € [0,7). They can be put easily in correspondence with the cartesian
coordinates (z1,z2,...xN):

j—1
xj:rcosﬁszinek, 1<j<N, xN:rHsinﬂk. (4.61)
k=1

Now let us introduce the quantum operators:

ﬁr - _iar) ﬁé)j = _Z80]

it is useful to establish a correspondence with the cartesian ones:

j—1 . .
) _ ‘ . cos 9] k l+1 sin By - sin 0; 5
pj = —i0; = | | sin 0y, cos 0;p, + E ) cos 0Py, — ]7'199],
et 1 sin 6,,, H 1 8in 0

sin 6
= —i0; = H sin 0.p, + — Z Hk ZH k cos 01pe, -

IL.= 1 sin Oy,
Hence we obtain that
N A A
L? N-—1 L?
2 . N—1n A2 .
Z;x] Z 7" p'f’ p’f‘—l_riz_pr_l r pr“i_ﬁ, (462)
J:

where L? is the square of the total angular momentum given by

N-1 G-l )
T2 A . 11—
" Z (H sin? 9k> (Sinej)N_l—jpej(smej) R

j=1 \k=1

we are now ready to define the N-dimensional Perlick space of type I :

432
W(dr2 + TQdQ%V_l), N 1= Z d92 H Sln {9], (463)

ds®> =

therefore the N-dimensional generalization of the Hamiltonian (4.52) turns out to
be:

A 2B _ 2,5)2 No1. P2
ng:foiwzr)<£+r&—ﬂ—505+ﬁﬁ> (4.64)
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The N-dimensional Hamiltonian can be reduced to a 1-dimensional problem by
factorizing the wave function in the usual radial and angular components:

N
(ch}z)ﬁ(r7 gj)n,l,ll--~lN—2 = w(T)n,lY(ej)l,llymlN72

Y (0;) are the hyperspherical harmonics functions, namely the eigenfunctions of 12
which satisfy the eigenvalue equation given by:

LY 0)10yin o = LU+ N —=2)Y (0;)10,.. (4.65)

N-—-2

this factorization leads to the radial Hamiltonian:

208 _ 1.2,.8)2 _ _
AN i k*rP) o N—-1_ I+ N-=2)\ p/ _ 5 .23
(4.66)

now let us apply, analogously to the 3-dimensional case, the substitution r’ = r?:

2./
By — s e e 2

2 \r

(4.67)
following exactly the same strategy as for the 3-dimensional case, let us apply a
similarity transformation in order to compare the differential operator (4.67) with
the exactly solvable operator (4.58):

. 1 — k2r/2)2 14+a(N -2
i) = U (g | Lraly 2

azl(l+N—2)> w1

,—l+a(N—2) AN l—a(N-2)

r 2 Hschﬁ(rl)r, 2 = (468)
=R (2, d N2 TEENEEN
N 8 O + r/arl 7’2 2 \r’ TR

Analogously to the 3-dimensional case the operator H é\cfhﬂ(r’ ) turns out to be the

? a(N—-2)—1
2

operator (4.58) My, when the parameter ¢ is set to ¢ = al + . Therefore

from the eigenfunctions of ., 1,, we determine the solution of H é\c]hﬁ (r'):

TN / AN
Hschﬁ(r )w(ll+a(N_22)_1,,LL(r) = (469)
—u? k2 N—-2)+1 k?
= li(Nf2)+1 ——(n+al+u)2+—, n,l €N
2(n +al + 4552522 2 2 8

From the eigenvalue equation (4.69) we determine the eigenfunctions of the N-

dimensional Perlick I system H ;Xh it

B=(N=2)

ONp(r,0;) =7 ¢n,al+% (r")Y1(0;) (4.70)



4.4.1 Laplace-Beltrami and PDM quantization

According to the analysis presented in the third chapter we can link the exact solu-
tion of the so called ” Schroedinger” quantization to other quantization prescriptions
of the same classical problem through similarity transformations:

e Position Dependent Mass quantization
Considering the position dependent mass quantization of the classical Perlick I

system in cartesian coordinates 0; = 8i ST =)D x? we get:
T

gy 1 o m(N)Ti B p 208
HPDM,B = 2m(r) <ai m(r) 0; 2(7“ + k*r?) (4.71)

where the position dependent mass turns out to be m(r) = W, which is

correctly positive in the domain D (4.53).

e Laplace Beltrami quantization Let us consider now the geometrical point
of view or the Laplace Beltrami quantization, then the quantization of the Perlick I
system turns out to be:

. 1 N —2m/(r) z; o,
gN. 2 200 ) — Zr B 4 k28 4.72
LBp 2m(r) (aZ + 2 m(r) r 81) 2(r + &) (4.72)

Remark

If the position dependent mass or the Laplace Beltrami quantization are considered
then the operators H }].y DMB - H iVB 5 cannot be reduced through the algebraic manip-
ulations introduced in the first chapter to the differential operators which define the
classical orthogonal polynomials. We can overcome this problem if we consider the
same Hamiltonian operators with a quantum potential correction:

. 1 / :
Hopass = —5—— <8§ _mr) xaz) — B 4 k2P 4 (4.73)

m(r) m(r) r 2

L (Bm om0 )
2 \4m(r)3 2m(r)? 2rm(r)?

N L (g N2\ g g 208
Horns = 2m(r) <ai+ 2 m(r) JO ) m TR (4.74)
N -2

provided that the scalar curvature R(r) of the system turns out to be:

m(r)” N—-6m(r)? m(r) N—-1
R<T>:(1_N)<m((r)) * 4 m((r))3 m((r))2 T >

As pointed out in the third chapter the systems ﬁﬁ;DMB and PAI;\}JBB can be trans-

formed in the system H é\c[hﬁ through a similarity transformation:
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gPDMB =yvm Hschﬁ \/7 (I)gDMﬂ(ra 0i)ni = v m(r)‘pi\éhﬂ(ra 0 )n.i

A~ 2—N A N—-2 2—N

HY pg=m(r) 7 HYam(r) @, ®Ppas(r,05)ng=m(r) 5 ®N5(r,0;)n,

this transformation keeps the spectrum itself:

HY, 5@ s(r,0))ny = Eng®Nps(r,0)n,
v m Hschﬁ ) (\/ (I)schﬁ Ty 9 nl) - Eﬂ,l (mq)s]\ghﬁ(r7 ej)n:l)
( v m
o PDMﬁ‘I’PDMﬁ(T 0i)ng = En,lq)gDMﬁ(T’ 05 )n.1

2-N - N-2 2-N 2-N
(m() T B 5m(r) T (m() T 005, 03)s) = B (m(r) 5 657, 0:)02)
HY ps®2ps(rs 0 = Eng®ips(r05)n

These considerations make both H ﬁj pymp and H éVL pp two exactly solvable quanti-
zations of the Perlick system I, in the two different contexts of position dependent
mass and curved space.

4.5 Quantum Bertrand system of type II

In the second chapter we classified the systems belonging to the second Bertrand
family as the Stackel or coupling constant metamorphosis of the systems belonging
to the first family; moreover in the first chapter we showed how, by applying the
coupling constant metamorphosis to the exactly solvable quantum systems, one could
generate new quantum systems with the same integrability properties as the initial
one. Since we have an exact solution for the quantum Bertrand systems of type I
then we have all the ingredients to generate the exactly solvable quantization of the
Bertrand system II. To begin with let us define q)rjxl,u = (I)i\ghﬁv so that it turns out
to be solution of the eigenvalue problem:

1 ﬂJrﬂJrG oY,  =E, oY (4.75)
252771(7’) N M 92 92 n,d,u n,lu :

4 R, R
m(T): Z Evp=152"75" +§_“G+O‘
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B I a(N-2)+1
v=n-+ E + -5
Namely we get the eigenvalue equation for the operator (4.64) where we have added
the two constant terms uG and «. Following the coupling constant metamorphosis
let us recast the differential equation (4.75) as follows:

r2(r=8 — k2rf)? 9 2a N
_ () = 4.
( YRl e R Ty A e ey e 2G> il (4.76)

— 2EVM (I)N
By k2P oG M) Fndu

As showed in the first chapter when dealing with the coupling constant metamor-
phosis we can consider p a parameter that can be turned into a function of the
quantum number v, so let us solve the equation in the variable u:

2 -
E,,=0,— uk*a,G), =-Gv*+ \/(G2 — k2t + (% +2a)2=E, (4.77)

This defines the spectrum of the new Hamiltonian H II:

- r2(r=8 — k2rf8)? 20
HdY, =|(- z oV, = E, N
(4.78)

Because of the many parameters «, G, 3, k the system turns out to be very general.
The choice of the right solution in the equation (4.77) depends on the parameters and
must be determined so that the eigenfunctions <I>N be L? namely normalizable;
a deeper analysis on the space of these parameters is still in progress. However
this doesn’t change the main result of the thesis, namely the fundamental fact
that because of their maximal superintegrability,the classical Bertrand systems have
associated a quantum hamiltonian whose eigenfunctions can be described in terms of
the classical orthogonal polynomials and its spectrum shows the so called accidental
degeneracy; indeed the accidental degeneracy is still present in the family II since
the spectrum E, depends just on the quantum number v and for § € Q we can
have different values of n and [ which produce the same v as showed explicitly in
the previous section.

Moreover we point out that H;; turns out to be exactly the direct or Schroedinger
quantization of the classical system (2.121) once one makes the following replace-
ments:

K=k, a— —203° H%262, G— -G

Therefore analogously to what happens for the systems of family I, the exactly
solvable quantization turns out to be the direct quantization and by similarity trans-
formation we can get the position dependent mass or the geometrical quantization by
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adding some quantum potentials which correspond respectively to the Levy Leblond
potential type [72] and a function proportional to the scalar curvature of the system.
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Chapter 5

Quantum Darboux III system

5.1 Darboux III quantum system

The present thesis has been devoted to the classification of quantum radial systems
whose eigenfunctions and its spectrum can be obtained by algebraic methods. This
classification consists of two multiparametric families which we have named as
Perlick I (Kepler Type) and Perlick II (Oscillator Type). Now for the sake of
concreteness let us analyze in detail a particular case of this family, namely the
subcase of the family II when K = 0 and § = 2: This system was introduced for the
first time in [86] as a particular case of the so called 3-dimensional multifold Kepler
systems introduced in the second chapter, and then deeply analyzed by our group
in a series of papers [88, 39, 101], in particular the content of this chapter is based
on [100]. This system presents many peculiar characteristics of the M.S. quantum
systems, other than which we have already mentioned like a degenerate spectrum
and the possibility of solving it in a N dimensional space. Namely we can solve it in at
least two different coordinate systems, and furthermore we can write explicitly the
2N — 1 constants of the motion that make this systems a quantum M.S. system
defined on a manifold with non-constant scalar curvature and whose particular
case N = 2 correspond to the Darboux system of type III. The N-dimensional
generalization of the Darboux III system is defined as the Riemannian metric space:

g9ij = (1+Aa®)dyj; 4,5 =0,..N (5.1)
whose scalar curvature turns out to be:
(N —1)(2N + 3(N — 2)A\q?)
(1+Aq?)3

Following the assumptions K = 0 and $ = 2 for the general Bertrand II system the
M.S. classical Hamiltonian associated to the metric space (5.1) turns out to be:

R(q) = - (5.2)

B p2 + w2q2

H(q,p) = 20+ ra?) (5.3)
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Theorem 1
(i) The Hamiltonian #H (5.3) is endowed with the following constants of the motion.
e (2N — 3) angular momentum integrals:

C= > (api—4p)* Camy= Y (G —ap)> (5.4)

1<i<j<m N-—m<i<j<m

where m = 2,...N and CV) = Cny-
e N2 integrals which form the ND curved Fradkin tensor [53] :

Ij = pip; — (2AH1(q, p) — w*)qigq;, (5.5)

where 7,5 = 1, ..., N and such that H = %Zf\;l L.

(ii) Each of the three sets {H,C(m)},{’H,C(m)}(m = 2,..,N) and {I;}(i =
1,...,N) is formed by N functionally indipendent functions in involution.
(iii) The set {H,C(m),C(m),Iii} form = 2,..., N with a fixed index 7 is constituted
by 2N — 1 functionally independent functions.
Notice that the first set of 2n — 3 integrals (5.4) is the same for any central potential
on any spherically symmetric space [87] since it is provided by an underlying sl(2, R)
coalgebra symmetry (also by an sO(N) symmetry), while the second one (5.5) comes
from the specific oscillator potential that we consider here. The latter, in fact,
correspond to a curved analog of the Fradkin tensor of integrals of motion [53] for
the isotropic harmonic oscillator. We also recall that the Hamiltonian (5.3) together
with both sets of integrals of (5.4) and (5.5) can alternatively be obtained [88] from
the free Euclidean motion by means of a Stackel transform or coupling constant
metamorphosis as seen in the Thesis and explicitly in regard to the Darboux III
system in [21] - [23](and references therein). Thus ,in general, the latter integrals
(5.5 do not exist for a generic central potential so that, in principle, the M.S. property
is not ensured at all. From this view point the N D nonlinear oscillator Hamiltonian
H (5.3) can be regarded as the ”closest neighbour” (with nonconstant curvature)
to the isotropic harmonic oscillator system with (A = 0) as both share the same
M.S. property. In fact, the real parameter A behaves as a ”deformation” parameter
governing the nonlinear behaviour of H, and this parameter is deeply related to the
variable curvature of the underling Darboux space.

5.1.1 Expressions in terms of hyperspherical coordinates in phase
space

The above results can also be expressed in terms of hyperspherical coordinates r, 8;,
and canonical momenta p;, py,, (j = 1,..., N—1). The N hyperspherical coordinates
are formed by a radial-type one r = |gq| € Rt and N — 1 angles 6; such that
0 € [0,27) for k < N — 1 and fnx_1 € [0, 7). These are defined by

j—1 N-1
qj :rCOSOsziHHk, 1<j<N, gN =T H sin 0y, (5.6)
k=1 k=1
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where hereafter any product [[;" such that [ > m is assumed to be equal to 1. The
metric (5.1) now adopts the form

ds? = (1 + Mr?)(dr? 4+ r2d0?), (5.7)

where dQ? is the metric on the unit (N — 1)D sphere SV !

N-1 7j—1
0 =" d67 [ ] sin® by
j=1 k=1

The relations between p and p;, py, read (1 < j < N) [87]:

j-1 i
. cos 0; l 1 sin O sin 0.
pj = H sin 0, cos 0 p, + Z + : cos 0 pp, — j_%pgj,
ol 151, sin6,, r[i_; sinfy
Hk 11 Sin Oy,
PN = H sin 0y, pr + — Z H cos 0; pg, (5.8)

m 1Sln m

where from now on any sum ;" such that I > m is assumed to be zero. From (5.8)
we obtain that

p’ =p; +r°L7, (5.9)
where L? is the total angular momentum given by

N-1 j—1

1
2= p2 || —— 5.10
j; %3 kl—[lsm 0y ( )
By introducing (5.6) and (5.8) in the Hamiltonian (5.3) we find
2 L 22 2,2
Hr,p,) = 2T = T(r,p,) +U). (5.11)

21+ M2) 21+ M)

The integrals of motion C,,y (5.4) adopt a compact form (the remaining C (m) and
I;; have more cumbersome expressions):

N-1 j—1

Com= S 1 [ -0 m=2...N;

j=N—m+1  k=N—m41 2 Ok

and Cyy = L?, which is just the second-order Casimir of the so(NN)-symmetry
algebra of a central potential.

Furthermore, the complete integrability determined by the set of N functions
{H,Cimy} (m = 2,...,N) leads to a separable set of N equations, since each of
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them depends on a unique pair of canonical variables. These are the N — 1 angular
equations

0(2) (eNflap9N71) = pzN_lv

5 Clr-1)
C(k)(QN—kH,PBN,kH) =Pon_pi1 + ma
Cin-1)

— 712
20, L7, (5.12)

Cny(01,p0,) = pj, +

together with the single radial equation corresponding to the 1D Hamiltonian (5.11).

5.2 The Darboux space and the classical effective po-
tential

The underlying manifold of the classical Hamiltonian (5.3) is the ND Darboux space
with metric (5.1), whose kinetic energy corresponds to the geodesic motion on the
complete Riemannian manifold MY = (R¥ g) with

gij = (14 2d®) b, (5.13)

and provided that A > 0. The scalar curvature R(r) = R(|q|) (5.2) coming from
this metric is always a negative increasing function such that lim,_,,, R = 0 and it
has a minimum at the origin

R(0) = —2AN(N — 1),

which is exactly the scalar curvature of the ND hyperbolic space with negative
constant sectional curvature equal to —2A (see figure 5.1). Recall that the four
Darboux surfaces are the only 2D spaces of nonconstant curvature whose geodesic
motion is (quadratically) MS, therefore they are the “closest” ones to the classical
Riemannian spaces of constant curvature [26, 33].

As far as the nonlinear radial oscillator potential (r) (5.11) is concerned, we find
that it is a positive increasing function of r, such that

w2,r.2 w2

U) =0, lim U(r) = (5.14)

Z/{(T) - 2(1 + )\T2)7 r—00 o ﬁ

This potential is shown in figure 5.2 for several values of A\. Consequently, in
contrast with the (Euclidean) isotropic harmonic oscillator, U(r) yields a nonlinear
behavior governed by A, which means that the oscillator potential has the asymptotic
maximum w?/(2)).

Nevertheless, since the underlying manifold M¥ is not flat, the interplay between
the oscillator potential U(r) and the kinetic energy term is rather subtle. For this
reason, the complete classical system can be better understood by introducing a
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Figure 5.1: Shape of the scalar curvature (5.2) of the Darboux space where r = |q|
for N =3 and A = 0.1. The minimum is always located at the origin, and its value
in this case is R(0) = —1.2.
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Figure 5.2: The nonlinear oscillator potential (5.14) with w = 1 for A =
{0, 0.02, 0.04, 0.06, 0.1} starting from the upper dashed line corresponding to
the isotropic harmonic oscillator with A = 0. The limit » — oo gives
{+00, 25, 12.5, 8.33, 5}, respectively.
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Figure 5.3: The classical effective nonlinear oscillator potential (5.16) for A = 0.02,
cy = 100 and w = 1. The minimum of the potential is located at ry, = 3.49 with
Uett (rmin) = 8.2 and Ueg(oo) = 25. The dashed line corresponds to the effective
potential of the harmonic oscillator with A = 0 with minimum Ueg(rmin) = 10 at
Tmin = 3.16.

classical effective potential. This can be achieved by applying the 1D canonical
transformation defined by

P 1 inh(vV A
Pl = 2, Q)= T+ S g

(where the new canonical variables fulfill {Q, P} = 1), to the radial Hamiltonian
(5.11). Notice that Q(r) has a unique (continuously differentiable) inverse r(Q), on
the whole positive semiline, that is, both r, @ € [0,00) and dQ(r) = V1 + Ar2dr. In
this way, we obtain that

2.2

_ 1 9 . CN wr
’H(Q,P) = §P +ueff(Q), ueff(Q(T)) - 2(1 —|—)\T‘2)T’2 + 2(1 —{—)\’I“Q)’

(5.16)

where the constant cy > 0 is the value of the integral of motion corresponding to
the square of the total angular momentum Cy) = L? (5.12). Hence the classical
system can be described as a particle on a 1D flat space under the effective potential
Uer(Q(r)), which is represented in figure 5.3.

The analysis of U.g shows that this is always positive and it has a minimum
located at rpin such that

e + /32, e
i = C Ua(QUrain) = —Aew +4/X2G +wRey. (5.17)

w?
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Therefore, rmin and Uer(Q(rmin)) are, in this order, greater and smaller than those
corresponding to the isotropic harmonic oscillator:

A=0: 72, = \/CTV, Ueit (Q(1min)) = wi/CN. (5.18)

w
Moreover U has two representative limits:

w?

lim Uer (Q()) = +00, lim U (Q(r)) = — (5.19)

r—0 r—00 207

the latter being the same of (5.14). Thus, this effective potential is hydrogen-like
and one should expect that its quantum counterpart should have both bounded and
unbounded states. Now we are ready to solve such a quantum problem in full detail.

5.3 Superintegrable quantizations of the Darboux III
oscillator

Let us consider the quantum position and momenta operators, q, p, with Lie
brackets and differential representation given by

. . . N ., 0
(i, ;] = ihdyj, 4 = 4, Di = ﬂh@iqi' (5.20)
Hereafter we will use the standard notation
0 0 0?2 9?2
v: ey A s A:V2:7++ .
<8Q1 361N> ?q 0%qn

Let us consider the “direct” quantization approach intruduced in the third chapter
in regard to the classical Hamiltonian 5.1

Theorem 4. Let H be the quantum Hamiltonian given by

H= 1 __p? S ! (- P*A+w?q?) (5.21)
2(1+2g?) 214+ 2g%) 2(1+ A\g?) ' '
The@:
(i) H commutes with the following observables:
e The (2N — 3) quantum angular momentum operators,
Cm = N" (- §p) Camy= Y (@b — @), (5.22)
1<i<j<m N-—m<i<j<N

where m =2,..., N and C) = C'(N).
e The N? operators defining the ND quantum Fradkin tensor, given by

Lij = pipj — 20Gid;H (@, B) + w*Gidj, (5.23)
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where i, =1,...,N and such that H = 2 ZN

(ii) Each of the three sets {H,C™}, {H, C(m} (m =2,...,N) and {I;;} (i =
1,...,N) is fm"med by N algebmzcally independent commutmg observables.

(m) The set {7—[ Cm C’(m I“} form=2,...,N with a fizred index i is formed by
2N — 1 algebraically independent observables

(iv) H is formally self-adjoint on the L? Hilbert space defined by the scalar product

o) = [ F@e(@(1+ad)da (5.24)

Proof. Some points of this statement can be straightforwardly proven through the
coalgebra symmetry [89, 90, 91] of the quantum Hamiltonian (5.21). Let us consider
the s[(2,R) Lie coalgebra in the basis {Ji, J3} with commutation rules, Casimir
invariant and (nondeformed) coproduct given by

[Js, Jo] = 2ihJy,  [Js,J ] = —2ihJ_,  [J_,Jy] = 4dihJs, (5.25)
C= %(J+J_ +J_Jy) — J3, (5.26)
A =D @l+1®d, 1=+-,3 (5.27)
An N-particle realization of s[(2,R) reads
Jo=pL J=&  J=y@ptpa=abo N (528)

Therefore, # (5.21) has an s[(2,R) coalgebra symmetry since it can be written as

N 1 w2J_
= . 2
= saaa T s (5:29)

Hence, by construction, H commutes with the (2N — 3) observables C™ and
C'(m) (m = 2,...,N) (5.22) which come from the “left” and “right” m-th co-
products [90, 91] of the invariant (5.26), respectively, up to an additive constant
h2m(m — 4)/4. Furthermore, the coalgebra approach also ensures that these are
algebraically independent and that each set {H,C(™} and {#, C m)} is formed by
N commuting observables (to be more precise, they are polynormally independent
as operators in a Jordan algebra).

Next, by direct computations it can be proven that the N? observables IZ]
(5.23) commute with 7, and that the N (diagonal) observables Ij; (i = 1,...,N)
commute amongst themselves as well; it is obvious that the latter I; are algebralcally
independent. Finally, it is also clear that any single I is algebraically independent
with respect to the set of 2N — 2 observables {#, C(™), C‘(m)} (as it is when A = 0)
O.

We stress that, as a byproduct of the above proof, any quantum Hamiltonian
defined as a function of (5.28),

H="H(Jy, T, Js) = H(P* &, 4 D —ihN/2), (5.30)
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is endowed with the same s[(2, R) coalgebra symmetry. This shows that this is quasi-
MS [87, 90, 91], that is, it commutes, at least, with the (2N — 3) observables C(m)
and C'(m). In this respect, we remark that what makes the quantum Darboux III
oscillator (5.29) very special, is the existence of a quantum Fradkin tensor formed by
the “additional” symmetries fU This algebraic property implies that the system is
MS and, as we shall see, that its discrete energy spectrum is maximally degenerate.

5.3.1 The Laplace-Beltrami quantization

Let us consider now the Laplace Beltrami quantization as introduced in chapter
three:

L. s h2 N 3
TiB(4,p) = ——5 AL, A= Z —0i\/99" 0,
2 ij=1 Vi

If we apply such LB quantization to the Hamiltonian (5.3) with metric tensor (5.1)
we get

X 52 Wi
—_ZA _«4d
HiB 5 AL+ RESY
h? _ RAAN - 2) w?q?

T 2(1+Aq?) 2(1+ \g?)? (a-V)+ 2(1+ M\g?)

Then, # (5.21) and Hip only coincide in the case N = 2 (as it should be for
any spherically symmetric space [23]) and for N > 2 they differ by a momentum-
dependent potential, namely:

CBA(N —2)

Hip =H + U, U (q,p) = —lm

(a-p),

where we have introduced the quantum variables (5.20). Notice that U is linear
in A, so this term does not have any classical analog. This situation reminds what
happens in the context of the so-called quasi-ezactly solvable quantum models [92].
On the other hand, although the Hamiltonian 7:[LB commutes with the operators
(5.22) (the quantum correction U; preserves the sl(2,R) coalgebra symmetry (5.25)—
(5.28)), in this case there is no hint about the existence of an additional symmetry
of the type (5.23).

Nevertheless, it is possible to find a “superintegrable” LB quantization (in the sense
that it does preserve the MS property) by adding a second potential term to H
(besides U;) which makes the Laplace Beltrami Hamiltonian similarity equivalent
to the Hamiltonian 7, thus conveying N2 additional integrals of the type (5.23)
together with the separability property in terms of the N “diagonal” ones. If we
define:

Hrip = Hip +Us = H + Uy + Us, (5.31)
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2 —
W (2N +3Aq*(N - 2)) =

then this satisfies:

h?(N —2)
SINCT) R(q).

Uz(q) = —
ﬂTLB =ef He 7. (5.32)

where f(q) = 25 In(1 + Aq?).
Hence, as a direct consequence, all the symmetries of H give rise to those corre-
sponding to Hrrpg:

Xrp=e/Xe™/, X ={C",Cn, 1}, [(Hres, Xtog] = 0.  (5.33)

Therefore, by taking into account Theorem 2 and the equations (5.32) and (5.33)
we find that Hppp is, in fact, a quantum MS Hamiltonian.

Theorem 5. Let 7:[TLB be the quantum Hamiltonian given by

R B 1 .2 W2q2 AN =2)
HrLs = 21+ A2) p”+ 20+ 22 201 +>\fl2)2(q P
hQ)\( -2)
— = (2N + 3\q“(N — 2
8(1+ A\g?)? ( o )
h? w?q? RPAN - 2)
N _ 2N +3M\g°(N —2)).  (5.34
5 LBt 2(1 T )\qz) 8(1 + )\q2)3 ( +9Aq ( )) ( )
Then:
(Z) Hrip commutes with the same observables (5.22), that is, C'éL1)3 = ¢t and

C’TLB7(m) = C(m), as well as with the N? Fradkin operators given by

2 . A (N —2)22%, N9
Iripij = pidy — (N = 2) 5 e oy ) qu<_ )

2(1+ 2g? (1+7\g2)? 4
(N =2)R%A

= 2AGi P 147 .
2(1+ g2 0ij — 2AGs q]HTLB(q p) + w?did; (5.35)

with i,7 =1,..., N and such that 7:[TLB = %Ef\il IATLBM.

(i1) Each of the three sets {7:lTLB, C'(m)}, {ﬁTLB, C'(m)} (m=2,...,N)and {fTLB,ii}
(i=1,...,N)is formed by N algebraically independent commuting observables.
(iii) The set {7'2TLB Cm) é(m)afTLB i} form = 2....,N with a fized index i is
fm“med by 2N — 1 algebraically independent observables

(iv) Horp is formally self-adjoint on the space L>(MN) associated with the under-
lying Darboux space, defined by

io)rn = [ W) o) (1+ 20?2 dq (5.36)
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5.3.2 A position-dependent mass quantization

Let us going on the analysis considering the quantization of the classical Hamiltonian
(5.3) regarding the system as a position dependent mass system:
The Kinetic energy term turns out to be:

1 1 h? 1
-p-—5P=—"7V.- ——-V.

2P 1@ T 2V 1)

Then, by adding the oscillator potential and ordering terms in the kinetic term, we
obtain the following PDM quantization of the Hamiltonian (5.3):

%DM (éL f)) -

Hppum = Teom (G, P) + U(Q)
h? 2 w?q?

T 21 +)\q2)A+ (1+ Xg?)? (a-V)+ 2(1+ Ag?)

Similarly to the LB quantization, the MS property can be explicitly restored through
a similarity transformation and this process will require to add another central
potential to the initial HpDM-

Explicitly, if we apply Hppu to the product exp(v(q))¥(q) and define

1
v(a) = 5 In(1+ ),

then we get the following similarity transformation between H and Hppu:
ﬁpDMe”\IJ =e’ (7:[ — Vg(q))\lf, 7:[PDM = e””z':[e_” — Vo,

h2) ,
Wao(q) = 20+ A (N +Xq®(N -3)).

Hence, in contrast with the LB quantization, now both v(q) and V»(q) are nontrivial
for any dimension N (including N = 2). In this way, we define the following
“transformed-PDM” Hamiltonian,

Hrppum = Hppy + Vo = H + Vi + Vs, Hrppm = eVHe 7, (5.37)
whose symmetries are thus obtained from those of H as
Xrppum = €"Xe ™", X ={C™ Cny, L}, [Hrpoum, Xtpom] = 0. (5.38)

The MS property of the Hamiltonian Hrppy is summarized in the following
statement.

Theorem 6. Let 7:[TPDM be the quantum Hamiltonian defined by

. B 1 5 w?§? i\ .. PPA(N+ AN - 3))
Hreon = 5 5@ P T s ae T a4 P T T s
(5.39)
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Then:

(i) Hrppm commutes with the observables (5.22) as well as with (i, =1,...,N)
. ihA h2\ 3AGig;

I ij = Pibj + 5 (@iDj + @jpi) + 55+ | 0ij — 2

e = s T 05 08+ (s (5 ()

—2XGig;HrpoMm(4, P) + w?did,

which form a quantum Fradkin tensor and verifiy that Hrppm = %vazl fTPDM,ii-
(ii) FEach of the three sets {ﬁTpDM,é(m)}, {ﬁTpDM,C’(m)} (m = 2,...,N) and
{—fTPDM,ii} (i = 1,...,N) is formed by N algebraically independent commuting
observables.

(iii) The set {ﬁTPDM, Cm), C'(m), IATPDM,M} form=2,..., N with a fixed index i is
formed by 2N — 1 algebraically independent observables.

(iv) Hrppwm is formally self-adjoint on the standard L? space with product

(o) = [ W) o(a)da

Finally, we remark that by combining the similarity transformations (5.32) and
(5.37) we obtain the relationship between Hyrp and Hrppm:

7:[TPDM = ev_f'?:[TLBe_(v_f) =(1+ )\qQ)N/47:[TLB(1 + )\qQ)_N/4.

5.4 Radial Schroedinger equations

In this section we obtain the 1D radial Schroedinger equation coming from each of
the above three ND quantum Hamiltonians by, firstly, introducing hyperspherical
coordinates and, secondly, by making use of the observables C’(m) (5.22) that encode
the full spherical symmetry of the three systems.

Let us introduce the map from the initial quantum operators (5.20) to the
quantum hyperspherical ones 7, éj, Prs Do, (j = 1...., N — 1) with Lie brackets
and differential representation given by

~ A~

[fyﬁr] - 1h7 [727]39]-] = O) [9]7151”] = 07 [ejuﬁG'k] = 1h5]k7
. . ., 0 5 . ., 0
F=r, Dr = —1h§, 0; =0, Do, = —1h%. (5.40)

Here we point out that the “radial and phase operators” that we have just introduced
are nothing but formal multiplicative operators on the angular variables, whose
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“canonical” transformation rules with respect to the Cartesian ones are:

j—1
(jj:fcoseszinek, 1 <5 <N; dN:stinﬁk,
k=1
Jj—1 ] . A
cos O l lsmﬁk A sin 0,
pj = Hsm@;ccosG]pr JZ + —— cos 6 pg, — 7,29037
P = Hm 1 sin 0y, Hk 1sm9k

sin
PN = H smkar—i— Z k ZH cos@lpgl
IL.= 1sm@m

Hence we obtain that

Q=2 p 1 N1 L? o L (N-1) L? A

=T, p:AN 1p1“ pT+f72:pr_lthT+f727 qp:fﬁ’ra

where L? is the square of the total quantum angular momentum given by

N-1j-l 1
o A c ANN—1—j
g (H in’ ¢ ) (sin -1 D S5 o,

o1 \jzp sin” Ok

Notice that the expressions (5.41) provide a 1D (radial) representation of the s((2, R)
Lie algebra (5.25) by introducing them in (5.28).
The N — 1 commuting observables C,,) (5.22) turn out to be (m =2,...,N)

N-1 j—1 ) .
A N ANN—1—j A
o= & < Iy ) (sinfy)V1-5 " ()™ oy

J=Nomt1 \k=N_m1 S0 Ok

with C'(N) — L2. Thus we obtain a set of N —1 angular equations (k=3,...,N—1):

CA’(Q) (éN—bﬁ@N_l) = ﬁzN_la

7 . R : k—2
C(k)(eN—k+17p9N—k+1) = 9 PON_kt1 (Sln HN—k-&-l) PON g1 +

(sin Oy _pi1)k=

. o 1 . oA 9 . CN 1
C(N)(917p91) = Wp% (Sln91)N Zpgl + 81(11291)

L2

which are worth to be compared with (5.12). Therefore the quantum radial Hamil-
tonian corresponding to (5.21) is obtained in the form

.o 1 1 . v, L2 X
H(rapT ) = 2(1+A722> (TN lpr N 1p7‘+’f;2+w27"2> . (543)

After reordering terms and introducing the differential operators (5.40) in the Hamil-
tonian (5.43) we arrive at the following Schroedinger equation, H¥ = EV,

2(1+)\r2)< o, Ot g Wt | U(r,0) = EV(r,0),  (5.44)
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where 8 = (61,...,0n_1). Next we factorize the wave function in the usual radial
and angular components and consider the separability provided by the first integrals
C(m) (5.42) with eigenvalue equations given by

U(r,0) =2(r)Y(0), Cuy¥ =cn,¥, m=2,...N. (5.45)

Consequently, we obtain that Y (€) solves completely the angular part and such
hyperspherical harmonics verify

CnY(0) =LY (0) = K*l(l+ N —2)Y(0), 1=0,1,2... (5.46)

where [ is the angular quantum number. By taking into account the angular
equations (5.42), we find that the eigenvalues c;, of the operators C,,) are related
to the N — 1 quantum numbers of the angular observables as

e, < lp_, k=2,...,N—1, ey & L,
that is,

Y(0) = YN (01,0,....08-1) =Y, (01,0,....0N_1).

CN—1,-5C2

Hence the radial Schroedinger equation provided by H is

1 &2 (N-1)d IIl+N-2) _
sy (et e )*”2’“2>@<’“)‘E‘I’<g‘47)

In the same way, the 1D radial Hamiltonian operators coming from the trans-
formed LB (5.34) and PDM (5.39) quantizations are found to be

Foin — — h? <d? (N—1+)\(N—2)r>d_l(l+N—2)>
2(1+ Ar?) \ dr? r 14+ Ar2 dr r2
w?r? R2A(N — 2)
(1+AMr2)  8(1+ Ar2)3
Frpons — — h? <d2+<N—1_ 27 )d_l(l+N—2))
2(1+ Ar2) \(dr? r 14+ Ar2 ) dr r2
w?r? R2X (N + Ar?(N — 3))
S (ESYE

+3 (2N + 3\ (N - 2)), (5.48)

+5 (5.49)

Recall that the three radial Hamiltonians 7:[, 7:lTLB and /HTPDM, are related
through the similarity transformations as

Hrig = (14 Mr?) N1 4 Ap2)(N=2/4,
Hrppm = (1 Xr2) V23 (14 Mr?) 712,
Hrepm = (14 M)V 4 o1 + M)~/
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Therefore the three corresponding radial Schroedinger equations share the same
energy spectrum and have different but equivalent radial wave functions:

HB(r) = BE®(r), Hrp@rip(r) = E®1ia(r), Hreom®repm(r) = E@tppm(r),

Srrp(r) = (1+ M) NS, drppu(r) = (1 + Mr?)Y20(r),
Srppm(r) = (1+ Ar2)NAPprp(r). (5.50)

N —

5.5 Spectrum and eigenfunctions

In this section we shall compute, in a rigorous manner, the (continuous and dis-
crete) spectrum and eigenfunctions of the quantum nonlinear oscillator by using the
quantum Hamiltonian Hrip (5.39) characterized in Theorem 3. Recall that both
quantizations share the same spectrum but they have different radial wave functions
which are related through the similarity transformation (5.50).

5.5.1 Continuous spectrum

Since M is a complete manifold and the potential is continuous and bounded, it
is standard that Hrpp is essentially self-adjoint on the space C$°(RY) of smooth
functions of compact support. It should be remarked that one cannot immediately
determine the continuous spectrum of 7:[TLB from asymptotics of the potential: in
a complete Riemannian manifold, even the spectrum of the LB operator can be
extremely difficult to analyze; e.g., it can be either purely continuous (as in Euclidean
space), purely discrete [93] or consist of both a continuous part and eigenvalues,
possibly embedded in the continuous spectrum [94].

In fact, to compute the continuous spectrum of 7:LTLB it is convenient to take
advantage of the spherical symmetry to decompose

M) =P LR, dv) @V, (5.51)

leN

where dv(r) = rN=1(1 + A2)N/2dr and ) is the finite-dimensional space of (gener-
alized) spherical harmonics, defined by

Vi ={Yy e (SN : Agv Y = —I(l + N - 2)Y'},

where N stands for the set of nonnegative integers and Agnv-1 denotes the Laplacian
on the (N — 1)D sphere S¥~! (or minus the angular momentum operator). This
decomposition is tantamount to setting

Uris(q) = »_ Yi(0) Prpa(r),
leN

with @ = q/r € SN~ r = |q| and Y] € ).
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As Hrpp is spherically symmetric, the decomposition (5.51) allows us to write
Hrip as the direct sum of operators

Hrrp = @ﬁTLB,z ®idy, , (5.52)
leN

with each fITLBJ standing for the Friedrichs extension of the differential operator
on L?(R*, dv); namely

. K2 d yood AN-2rd RAI+N—2)
2Hrip) = — N7 Nar dr N2 qp 2 2
rN=H(1 4+ Ar2) dr dr (L+Ar2)?2 dr r2(1 4 A\r?)

w?r? 3 R2A(N —2)

L+ Ar2 41+ Mr2)3

(2N + 3Ar*(N — 2)) .

The continuous spectrum of Hrrp is most easily dealt with using this decomposition.
Indeed, from (5.52) it is apparent that

spec(HrLB) = U spec(Hrrp,) -
leN

To understand the spectrum of fAITLB,l we proceed to compute and analyze its
associated quantum effective potential Z/A{efhl. For this purpose we apply the same
change of variable @ = Q(r) (5.15) used in the classical case, together with a
change of the radial wave function ®7ip;(r) — u(Q(r)). We require that these
transformations map the Schroedinger equation ﬁTLB,l(I)TLB,l = Ed7rp, into

R? d? ~
(-5 dge + @) ul@) = Eu(@). (5.53)
This is achieved by setting
r(1=N)/2

(I)TLB,l(T) = ’LL(’I“) (554)

(1 + Ar2)(N-1)/2

in the radial Schroedinger equation, thus yielding

y 1 K2 (8(1+ Mr2) —5) B2 N(N — 4
Uertd(7) = 5 32) ( iT(g(l +M)2)2 ) | > <1(1+N —9) 4 (4)) +w27~2> ‘

(5.55)

The behavior of Ueg; is rather similar to that of the classical effective potential

(5.16) (see figure 5.4), that is, Ueg, is a positive function with a unique minimum,

whose expression is rather cumbersome and which for the harmonic oscillator reduces
to

N0 g2 :h\/l(l+N—2)+(N—1)(N—3)/47

min
w

Ustt 1 (rmin) = hw /11 + N —2) + (N = 1)(N = 3)/4.  (5.56)
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Figure 5.4: The quantum effective nonlinear oscillator potential (5.55) for N = 3,
A=0.02,] =10 and A = w = 1. The minimum of the potential is located at ryy, =
3.59 with Z/Alem(rmin) = 8.52 and Z/Aleﬁ’l(OO) = 25. The dashed line corresponds to
the quantum effective potential of the isotropic oscillator with A = 0 with minimum

A~

Uefr 1 (Tmin) = 10.49 at rmin = 3.24.

Similarly to the classical system, the values of rpin and Z;{eff,l(rmjn) are respectively
greater and smaller than those corresponding to the quantum harmonic oscillator
(5.56), but Ueg; has the same asymptotic behaviour, namely,

0.)2

lgrg)ueﬁ,l(r) = +00, Tlggolxleff,l(r) = o (5.57)
We remark that there is a single exceptional particular case for [ =0 and N =2
for which Ueg; reads

; 1 SR (1A
Ueati(r) = 5302 ( TEIE v R

Thus lim,_qg Z/Aleffyl = —oo and lim, s Z/?eﬁ?J = w?/(2)), so Z/?eﬁ‘J has no minimum and
can take both negative and positive values.

Since we have just related the nonnegative, self-adjoint second-order differential
operator on the half-line EITLBJ to (5.53), standard results in spectral theory [95,
Theorem XIII.7.66] ensure that the eigenvalues of ﬁTLB,l are contained in (0, F)
and its continuous spectrum is absolutely continuous and given by [E,, c0), where
we have set

2
Boo = lim Uegy = — .
r—00

2
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Altogether, this guarantees that the continuous spectrum of 7:[TLB is

Speccont(,}:[TLB) = [w2/(2)‘)7 OO) ’

and that there are no embedded eigenvalues.

5.5.2 Discrete spectrum and eigenfunctions

Let us now compute the eigenvalues and eigenfunctions of Hrrp. To begin with,
let us denote by 1,(q) the nth eigenfunction of the 1D harmonic oscillator which

satisfies
L 2 wale) = o (n+ L) vae)
9 dq2 w q n\4d) = n 9 n\q) -

The explicit expression of v, in terms of Hermite polynomials is

Yn(q) = exp (—% q2> H, <\/§q> , (5.58)

up to a normalization constant.
Due to the relationship between the Schroedinger and LB quantizations (5.32)
we have that Urrp(q) = (1 + Aq?)2~N/4¥(q) and the eigenvalue equation

Hri¥rie(q) = EVrie(q)
can also be written as (see (5.21))
(—1*A+Q%q*)¥(q) = 2E¥(q), (5.59)

where
Q =+vVw? -2)\E. (5.60)

Since ﬁTLB has no embedded eigenvalues (as shown in the previous subsection), one
can safely assume that w? — 2\E > 0. The condition Uprp € LQ(MN ) translates,
according to (5.24), as

/ W () 2(1 + Aq?) dq < oo;

in particular, ¥ is square-integrable with respect to the Lebesgue measure. There-
fore, by the standard theory of the harmonic oscillator, there must exist some n € N

such that ~

Substituting the formula for (), taking squares and isolating FE, one readily finds
that any eigenvalue of Hrrg must be of the form

N\? N N7
E,= - 2 (n+=) +h{n+= /2N (n+ =] +uw?
2 2 2
9 N\? w?
AR + — 14+ ————-1]. 5.61
<" 2> h2\2(n + )2 (5.61)
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Conversely, one can prove that F, is an eigenvalue of Hrp for any n € N. This
is easily seen by taking any partition (n;)¥.; C N such that ny + -+ ny = n and
noticing that, by (5.58) and (5.59),

N
Urep(a) = (14+Aa*) " [ [ exp{=5%? /2 Ho, (Bas). 5—\/? (5.62)

i=1

is an L?(M?Y) solution of the equation Hrip¥ris = EnVTLs.
Together with the result of the previous subsection, this proves the following

Theorem 7. Let Hrrp be the quantum Hamiltonian (5.39). Then:
(i) The continuous spectrum of Horp is given by [g—i,oo) Moreover, there are no
embedded ergenvalues and its singular spectrum is empty.

~ 2
(i) Hris has an infinite number of2 eigenvalues, all of which are contained in (0, %y).
Their only accumulation point is 5y, that is, the bottom of the continuous spectrum.
(iii) All the eigenvalues of HrLg are of the form (5.61), and Yrp is eigenfunction
of HrLp with eigenvalue E,, if and only if it is given by a linear combination of the
functions (5.62) with n; € N and ny +--- +ny = n.

Therefore the bound states of this system satisfy

w2

57

Es = lim E, = lim (Epqq — En) = 0.
n—oo n—oo

Such a discrete spectrum is depicted in figure 5.5 for several values of A.

5.6 Discrete spectrum in explicit radial form and com-
parison with the general solution of Bertrand family

Let us now compute the eigenfunctions of Hrrp in an explicit radial form. Anal-
ogously to what we did previously let us recall the radial solution of the isotropic
harmonic oscillator:

(~ g O+ 20+ )+ W)U, 0) = ho(2n + L+ g)\ll(r, 0 (5.63)

Let us consider again the relationship (5.59), then we get the same spectrum, but
written in different quantum numbers n,l we get:

N2 N N2
E, = —A\R2 <2n+l+ 2) +h<2n+l+ 2) \/52A2 <2n+l+ 2) +w? (5.64)
U(r,0),, =rle 5 L 2 (W) Y (0) (5.65)
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Figure 5.5: The discrete spectrum (5.61) for 0 <n <25 N=3, Ai=w=1and A =
{0,0.01,0.02,0.04} starting from the upper dot line corresponding to the isotropic
harmonic oscillator with A = 0; in the same order, Ey = {1.5,1.48,1.46,1.41} and
Eo = {00,50,25,12.5}.

Finally let us compare this spectrum with the spectrum obtained for the general
Hamiltonian (4.77) :

7“2(7“*5 — k27ﬁ)2 n—1 L2 20
- 02 o + — U(r,0)n, =
( 482(r=F + k2r8 +2G) \ " T T )T + k2rP 4+ 2G (rs ).

(5.66)
- n,l\I[(Ta H)n,l
241
v=n+ g+

2
E, = -G+ \/(G2 — k2t + (kz + 2a)v?

Let us set the parameters of the general Bertrand Hamiltonian as 8 = 2,k = 0,a =

‘g—;, G = 3 and select the positive root . The equation (5.66) turns into:
—_— —0 + — U(r,0)n, = <HY(r,0), = .
16(1 + Ar2) <8r T Or + 2 T (rs ) 87-[ (r O)ni (5.67)
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(—(n+ 5 + 2)2 + \/)j(n+ 5 + Z)4 + E(n—}_ 5 + 4)2) \I’(Tv e)n,l

N N N
— HY(r,0),; = (—/\(2n +1+ 5)2 + \/A2(2n +1+ 5)4 +w?(2n+1+ 2)2> U (r,0),,

This is in full agreement with the eigenvalues obtained in (5.64)

5.7 Concluding remarks

To summarize this last chapter we have analyzed in detail one of the quantum
exactly solvable superintegrable systems presented in the thesis, in particular it
can be understood as a simultaneous ”analytic” A—deformation of both the usual
isotropic oscillator potential and the underlying space on which the dynamics is
defined. In the particular case of the N-dimensional Darboux III system, it turns
out that, other than the exactly solvability of the system, we have also the explicit
expression for the additional constant of the motion which make this system Max-
imally Superintegrable. It is worth stressing that such an explicit solution could
be of interest from the physical viewpoint, since a parabolic effective-mass function
has been proposed in [96, 97] in order to describe realistic quantum wells formed by
semiconductor heterostructures. Finally, we recall that the real parameter A\ = %
was restricted in [98] to take a positive value. However, the M.S. of the classical
Hamiltonian does hold for negative A as well. Nevertheless, the underlying space
and the oscillator potential change dramaticallty when A < 0 (see [88]), and the
corresponding quantum problem is currently under investigation by making use of
the techniques presented in this thesis.
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Chapter 6

Conclusions

In this thesis we have analyzed a class of maximally superintegrable systems with
radial symmetry on Non-Euclidean manifolds following two distinct footpaths:

In the first chapter we have introduced a class of 1-dimensional exactly solvable
quantum systems known as shape invariant systems. This class of systems can be
solved by applying algebraic techniques and their eigenfunctions can be described
in terms of orthogonal polynomials; this is not accidental and in fact we pointed out
that such systems can be found directly starting from the second order differential
equations defining the orthogonal polynomials and then modifying them through al-
gebraic operations; such as point canonical transformations, gauge transformations,
and the coupling constant metamorphosis (which to the best of my knowledge it
is used here for the first time to link explicitly different classes of shape invariant
systems).

In the second chapter we changed the scale of the physical problems analyzed (from
quantum to classical mechanics). From a classical point of view to solve exactly a
system means to know the trajectory in the phase space; to this aim we introduced
a class of systems whose trajectory can be determined without solving explicitly
the equations of motion, namely the Maximally Superintegrable systems. For this
class of systems the trajectory can be determined by solving a system of algebraic
equations obtained by knowing the values of its 2N — 1 constants of motion. One of
the main consequences of the Maximal Superintegrability for a Hamiltonian system
is that any bounded motion turns out to be periodic; this statement is indeed the
starting point of the second part of our analysis: in fact we turned the problem as
considering all those systems whose all bounded motions turn out to be periodic: ex-
ploiting the Perlick classification of all the radial spacetimes whose timelike geodesics
are closed we found two multiparametric families of radial Hamiltonians describing
particles moving on a non-Euclidean manifold and characterized by the Maximal
Superintegrability property. Also in this case the coupling constant metamorphosis
(CCM) plays an important role, in fact we have pointed out that the two Perlick
Hamiltonians are linked by the CCM.

If a classical exactly solvable system has an exactly solvable quantum mechanical
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version as well then there must exist a link between the shape invariant systems
and the M.S. systems. In the third chapter we have emphasized that there not
exists a unique way to quantize a classical system whilst it is very well known that,
in our context, the classical limit is well defined for any quantum system. In the
light of the above considerations we have started the fourth chapter by considering
a 1-dimensional shape invariant system then we up-graded this system as the radial
part of an higher dimensional quantum Hamiltonian and finally we have performed
the classical limit finding one of the Perlick systems. This strategy led us to find a
solution for one of the principal problems tackled in the present thesis, namely the
quantization of the Perlick Hamiltonians. Concluding let us summarize the principal
achievements of this thesis:

o1 The quantization which preserves the exact solvability and yields a spectrum with
accidental degeneracy is what we have defined as direct or Schroedinger quantization.
o2 Other exactly solvable quantizations are also possible but in any other case we
have to introduce a quantum ”correction” potential (whose coupling constant is
proportional to the Planck constant namely classically invisible). It is important to
stress that these quantum corrections are nontrivial and in particular if we consider
the "most physical” quantizations of the Bertrand Hamiltonians, namely the position
dependent mass and the geometrical quantization, then these corrections turn out
to be respectively the Levy Le Blond potential and a function proportional to the
scalar curvature of the system (to the best of my knowledge it is the first time that
these corrections are considered for integrability requirements).

o3 Another important point is that both the exact solvability and the accidental
degeneracy are independent on the dimension of the space in which the radial motion
is embedded.

o4 At the end we can also state that the conjecture that links the concepts of Maximal
superinegrability and of exact solvability [84], [85] is also confirmed by our results.
Moreover, personally speaking, I find quite remarkable that the Bertrand spaces
could be obtained alternatively as ”classical limits” of the second order differential
equations defining the clasical orthogonal polynomials. This fact seems to establish
a strong relationship among orthogonal polynomials and the family of Maximally
superintagrable systems.

Before concluding let us make some remarks about the open questions that should
be tackled after this thesis. We have obtained an exact solution for all the quantum
Bertrand systems and all these quantum systems show degeneracy in the spectrum,
this is a very strong clue about the maximal superintegrability of these quantum
systems. However the possibility of obtaining an exact expression for the quantum
extra integrals of motion is, at the moment, restricted to a class of particular cases
in which they are at most quadratic in momenta, namely when the parameter (8
is set to be (8 = 1,2); on the other hand when a general 3 is considered then
the additional constants of the motion are no more quadratical, but in general are
nontrivial functions of the momentum also for the classical case [51], and this makes
their quantization a hard work.
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Appendix A

Approximation of planetary
motion on a Schwarzschild
metric through Bertrand spaces

So far we have presented the Bertrand Hamiltonians as systems defined on non-
Euclidean manifold characterized by the relevant facts of being exactly solvable,
M.S. and pliable because of the number of free parameters contained in it. Let us
consider the General Hamiltonian II:

2(p—B _ 12,82 9
g ") pr_ a (A1)
2(r=8 + k2rf — 2QG) (r=8 + k2rf — 2G)
Let us consider the subcase k = 0,8 = 1,a = %,G = —%, now we are ready to

define the new Hamiltonian Hyp:

2 d 1 d
Hyp )\H-‘y-)\ 1+% < +’I”) ( 2)

Hry is by construction M.S. and it is known as TAUB NUT system ( see for instance
[49]), therefore there exist 2N — 1 constants of the motion I; such that:
{l,,Hr} =0, i=1,..,.2N -1

Without losing generality let us consider the bidimensional space which represents
the plane of the motion:

2 d 1 P> g
HT(T, Pr,(b, P¢) =—H+—-= by (PTQ + —2 + T') (A3>

A A 142

T

Let us going on considering a Hamiltonian non-quadratical in momentum variables
H such that:

H = f(Hy) (A4)
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H is M.S. as well since has the same symmetries of Hyp

{f(Hr), i} = f'(Hp){H I;} =0, Vi=1,2,3 (A.5)

Let us define the Hamilton equations for H:

P o= S0P,

b = F(HD20L (A6)
. 2 2

Bo= —rtn) (s0y 24 T4 D - o) (B 4 )

where g(r) = H% and Py = L.

As stated in the Ehapter 2 it is possible to solve explicitly the orbit equation for any
Bertrand system, in particular the solution is characterized (because of the M.S. of
the system) by the property:

rt+T) = r(t)
o(t+T) = o(t)+2m
where T is the period of the motion, independent of the value of L and of H.

Now let us break the M.S. adding a monopole term of the type r% defining the new
Hamiltonian Hrpy:

1 L* b d
Hrpy = PPy 4 — - A.
b 1+¢<T+r2+r2+r> (A7)

The Hamilton equations associated to ﬁb = f(Hpp) turn out to be:

Po= f/(Hn)2g(r)P;
¢ = f,(HTb)Qg(T)L
IL? b d

Bo= —rtm) (sor e+ S S G —a (B B+ 5) )

r rd r3

these equation of motions are formally equal to the (A.6) once it is defined L' =
V' L? + b and the new function ¢/'(t) = %qb(t):
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The main consequence of the addition of the term T% is that the motion is no more

periodic in ¢(t) :

dt+T) = ¢t)+2n

€¢(t +7T) = l;_:qﬁ(t) +2r = ot +T)=0(t) + 27r£ =o¢(t) +27+0,(A.10)

L/
L
This means that there is a precession of an angle & due to the presence of the

monopole term T%

A.0.1 Planetary motion on a Schwarzschild metric
Let us consider the Schwarzschild metric on a conformal reference frame:
2 (1 - 9)2 2 1,2 a\4 2 2 2 GM
ds® = ———5cdt” — (1—|-f> (dz” +dy” +d2"), a=—+ (A.11)
(%) r 2

A particle of mass m moving on such a space it is described by the following Hamilton
Jacobi equation:

970;80;8 = m*c? (A.12)
if we consider : S(x,t) = —Et + S(x) than we obtain:
B2 (1+9)? 1
(1+3) = 4P2 + m2c? (A.13)

- 5=
Ca- 1+
or alternatively:
2 2
E2 :(1_%) P2 +(1_%) (A14>
mi (L)t (1)’ |

now let us consider mPTQCQ = O(e) and £ = O(¢) , where € << 1. Let us expand the
equation (A.14) up to O(€?):

E? 8a\ P2 4a  8a?
(1= 1—- =4+ = O(e A.15
m2ct ( r>m202+( r+r2>+ (€9 ( )
it is straightforward to recover the classical results:
order zero:
E2
204 :1—>E0:m02
m2c
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first order:

2E0E, P2 da B P2 GMm
m2ct  m2cz2 7 " om r
Hpy 1 P2 d b
= A.16
m2c? 142 (m262 m2c?r m202r2) ( )

ey = 0(e), 3 = 0(e),

Let us suppose 3
analogously (A.15), in order of e:

2= (1=2) Fa (e i) 0

m2c r ) m2c? m2c2r  m?2c2r2

= O(¢?) and let us expand,

7m2 22

compare (A.17) with (A.15) we obtain for the parameters A, b, d the following rela-
tions:

A = 8a;
d = —4am?c;
b = —24a’m?c?

These results entail that we can approximate up to O(e®) the equation (A.14) as
follows:

E? H
= T + 14 O SRV CQHTb + m2ct (A.18>

m2ct — m2c2
furthermore this system is characterized by a precession of the pericentrum of the
orbit:

2072, 2
1 b 1) :67rGMm (A.19)

§=2r [ ———1 %2%(1—2— T2

2

V1+ % L

in perfect agreement with the standard results of the general relativity (see for
instance [102] section 101 pag 330 ). Therefore we can regard at the Hamiltonian
system H = /c2Hrpy, + m2c* as an exactly solvable model describing the planetary

motion on a central field.
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