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Chapter 1

Introduction

Integrable models are crucial for modern theoretical and mathematical physics. Due to the fact
that different physical phenomena can have similar mathematical description, exactly solvable
models can be used in many different areas. One can see that using these models huge amount of
(both macroscopic and microscopic) physical phenomena can be described. Moreover integrable
models can have applications even in other disciplines, due to the fact that system of integrable
differential equations arise in other subjects e.g. mathematics, computer science, biology etc.
The thesis is devoted to superintegrable extensions of oscillator and Coulomb models with an
inverse square potential. Integrable models with inverse square potential are studied for few
decades. Due to this fact they are well studied and there are many important results about
these systems. Namely the Calogero-model has unique properties and due to that nowadays
this is an important system in mathematical physics. On the other hand projective spaces have
also interesting properties . Due to the fact that they are maximally symmetric spaces it is
important to consider physical systems on these spaces. Unfortunately these two branches of
mathematical physics are disconnected now. Complex analogs of Calogero model are not studied
well and attempts to construct complexification of Calogero-like models haven’t succeeded yet.

Possible applications of this work should be highlighted. Namely in condensed matter
physics models on complex projective spaces are strongly related with the quantum Hall effect.

In High energy physics their role cannot be overestimated. These systems can be viewed as



simplified toy models for field theoretical complicated models in high energy research. Our
particular example of Calogero model is an example of conformal mechanics. It is well known
that conformal symmetry has a crucial role in modern high energy research. In this context
supersymmetrization of these systems is also important. Moreover Calogero-like models are
strongly related with AdS,/CFT; correspondence [6]. Particularly four-dimensional Hall effect
can be related with the systems in CP? [7].

This chapter is devoted to the basic introductory information about Hamiltonian formalism,
Kahler manifolds, and supersymmetric mechanics, which is widely used in the current work.

In Section 1.1 we discuss the basic examples of maximally superintegrable models (oscillator,
Coulomb). Then we consider the Hamiltonian approach for the interaction with an external
magnetic field. Finally we present important information about action-angle variables.

In Section 1.2 we present information about Kahler manifolds and consider the examples of
maximally symmetric Kahler spaces which will be used in the next parts.

In Section 1.3 We focus on the Hamiltonian approach for the supersymmetric classical
mechanics, since the last chapter of this thesis is devoted to that subject.

The second chapter of this thesis is based on the three articles [I, 2, 3]. The material of
the third chapter can be found in [1]. The fourth and the fifth parts are based on [5] and
on another paper which is in progress and will be published soon and is done with coauthors

Armen Nersessian, Evgeny Ivanov and Stepan Sidorov .

1.1 INTEGRABILITY AND HAMILTONIAN

MECHANICS

N-dimensional mechanical system (system with N degrees of freedom) will be called, integrable

if it has N mutually commuting and functionally independent constants of motion[3, 9]. In



addition to these constants of motion the system can have additional ones. In that case we will
say that the system is superintegrable. Particularly if N-dimensional mechanical system has
2N —1 functionally independent constants of motion it will be called maximally superintegrable.
In case the system has N+1 conserved quantities it is called minimally superintegrable. While
integrable models possess separation of variables in one coordinate system, superintegrability
guarantees separation of variables in many coordinate systems. For example two-dimensional
oscillator is superintegrable, which allows us to separate variables in Cartesian and polar coordi-
nates. In classical mechanics maximal superintegrability guarantees the closeness of trajectories.
Quantum mechanically energy spectrum of integrable models depend on N quantum numbers.
If the system has K additional conserved quantities (superintegrable) energy spectrum depends
on N — K quantum numbers. For maximal superintegrability we have that the energy spectrum
contains only one quantum number. So we can conclude that superintegrability leads to degen-
eracy of energy spectrum in quantum level. Well known examples of maximally superintegrable
models are N-dimensional Coulomb system and N-dimensional harmonic oscillator. Another
important but recently discovered model is the Calogero model which is discussed in this thesis

later.

1.1.1 OSCILLATOR

Harmonic oscillator is well known and maybe the most important example of a maximally su-
perintegrable model [10]. Due to its simplicity and unique properties it plays a crucial role in
all areas of modern physics. Techniques developed for harmonic oscillator can be used in all
areas of physics, e. g. in condensed matter physics and quantum field theory. There are several
extensions and generalizations of harmonic oscillator, namely non -harmonic oscillator, oscil-

lator with additional potential. In current work oscillator is the key system. We will consider



superintegrable generalizations of oscillator in curved spaces, for instance on spherical and pseu-
dospherical spaces, Euclidean and projective complex manifolds. Extensions with additional
potential will also be discussed, namely we will focus on superintegrable generalizations with
an inverse square potential. Before discussing this generalizations it is important to discuss the
standard harmonic oscillator.

N-dimensional harmonic oscillator is the system with quadratic potential and standard

Poisson brackets.

SN
l\)
@l\')

Z% 4, {pi,x;} =05, Api,p;} = {wi, 2,5 =0 (1.1)

Since the system has rotational symmetry angular momentum is conserved. As is known

the symmetry these conserved quantities is SO(N).
Lij = pix; — pjzs, {Lij, Liu} = daLij — rjLa + 6 La, — S Ly (1.2)
Moreover oscillator has additional conserved quantities quadratic on momenta
Iij = pipj + w29€ifl?j (1.3)

This is the so called Fradkin tensor and together with angular momentum the system of con-
served quantities of harmonic oscillator has U(N) symmetry. We have to highlight that there
are functional relations between these conserved quantities and due to that the number of
functionally independent conserved quantities is 2N — 1. U(N) symmetry is more obvious
if we introduce complex quantities, which can be viewed as classical analog of creation and

annihilation operators.

_ pitx ﬂ_pi_ixi

it

In these coordinates Hamiltonian will have manifest U(N) invariance and we can write down

conserved quantities as generators of this symmetry.

H = Zuzﬂu M;; = wu; (1.5)



Energy spectrum can be written down and as was mentioned it depends only one quantum
number (n) [L1].

E=hwn+ =) (1.6)

1.1.2 COULOMB PROBLEM

Coulomb problem is another well known example of superintegrable model. It plays an impor-
tant role in celestial mechanics and that’s why it is known for few centuries. Symmetries of
this system are also known for centuries namely the angular momentum conservation (Kepler’s
second law) and Laplace-Runge-Lenz or simply Runge-Lenz vector conservation. In this thesis
we again consider superintegrable extensions of a Coulomb system on spherical and pseudo-
spherical spaces with an inverse square potential. Investigation of complex generalizations of
Coulomb system is quite challenging and are not discussed by us, since Coulomb problem has
orthogonal symmetries, while complex structure requires unitary symmetry.

The Hamiltonian of N-dimensional Coulomb problem is as follows

N
H:Z%g—%, r= fo (1.7)
i=1 \

Poisson brackets are the same as given in(1.1). Again we have SO(N) rotational symmetry

and due to that angular momentum is a conserved quantity.
Lij = pix; — pjxs, {Lij, Liu} = 6aLij — SxjLa + 6 La, — SixLj (1.8)

We have additional constants of motion, which is called Runge-Lenz vector

A; = Lijp; + % (1.9)

Together with angular momentum the system of conserved quantities has SO(N + 1) symmetry

[12]. N-dimensional Coulomb problem can be obtained via reduction from free particle moving

11



on N + 1 dimensional sphere Since the symmetry of this system is obviously SO(N + 1), the
symmetry of N-dimensional Coulomb problem is not surprising.

Again the number of independent constants of motion is 2N — 1. So the N-dimensional
Coulomb system is maximally superintegrable. So the energy spectrum depends on one quan-

tum number

v

E——
2h2(n + %)2

(1.10)

1.1.3 INTERACTION WITH EXTERNAL MAGNETIC FIELD

In this chapter we see that in many cases inclusion of an external constant magnetic field
does not violate integrability properties. For this purpose we can discuss the Hamiltonian
approach for systems interacting with an external magnetic field. Hamiltonian formalism allows
to introduce magnetic field without changing the form of the Hamiltonian. The price we pay
is the modification of the symplectic structure [13]. Here we consider this approach and from
now on we will introduce magnetic field via modification of the basic Poisson brackets.
Consider particle moving on N-dimensional Riemannian manifold. Hamiltonian and basic

non-zero Poisson brackets are as follows.

1
H= §g“bpapb +U(q),  {pa,d’} =06 (1.11)

One can additionally include an external magnetic field. As is known this interaction modifies

the momenta (minimal coupling)

H = 56" — Ad)ps — A4) + U(0), (1.12)

where A, is the magnetic vector potential. It is worth to mention that although for general
Riemannian manifold with non-trivial topology introduction of magnetic potential is not pos-

sible globally, it is at least possible locally (for a chosen chart). We can redefine momenta and

12



introduce new (non-canonical) ones 7w, = p, — A,. In terms of these momenta Hamiltonian
will have the usual form, but the basic Poisson brackets i. e. the symplectic structure will be
modified.

1
H = égabﬂ—a/frb + U<Q)a {7Ta7 (]b} = 527 {7Taa ﬂ—b} = Fab (113)

where Fy;, consists of the components of magnetic strength.

Fap = 9o Ay — 0, A, (1.14)

1.1.4 ACTION-ANGLE VARIABLES

As was mentioned integrable system has N functionally independent constants of motion. In
this case we can choose these variables to be canonical momenta. They will be called action
variables. Moreover one can compute canonically conjugate coordinates corresponding to these
variables, which will be called angle variables. This approach is very important in the theory
of integrability and it is one of the most effective ways to deal with integrable models. After
change of variables it is obvious that Hamiltonian will also depend only on action variables,
because it for closed systems Hamiltonian is always a conserved quantity and so there is a
functional relation between action variables and the Hamiltonian. So the angle variable in this
context is cyclic. It is important to highlight that action angle variables are highly effective
even for exactly solvable field theories, such as sin-Gordon theory and non-linear Schrodinger
equation [11]. On the other hand quantum mechanically these variables can be used in Bohr-
Sommerfeld quantization. Moreover due to the adiabatic invariance these variables can be used
in perturbation theory if one considers system which is a small perturbation on an integrable
system. Another crucial fact about these variables is that they can indicate whether two

integrable models are equivalent or not.

13



Now let us discuss another important result related to the action angle variables, namely
the Arnold-Liouville theorem [%] . Suppose that we have an integrable system and we fixed
the conserved quantities. Then on a phase space the motion is restricted on an N-dimensional
manifold (M). If this manifold is connected than it is diffeomorphic to , M = RP x T'? where
p+q = N and p is the number of non-compact coordinates, while ¢ is to the compact coordinates.
We will manly focus on compact motion so we can write that the manifold is diffeomorphic to
the N-dimensional torus M = TV. This theorem can be viewed as a geometric interpretation
of action angle variables. Action variables can be viewed as the conserved quantities which are
fixed, while the angle variables are the coordinates on the torus. In this context these mutually
commuting constants of motion are sometimes called Liouville integrals of motion. In this
context superintegrability also has an interesting geometrical interpretation. Each additional
constant of motion puts restriction an the torus and reduces the dimensionality by one. Incase
of the maximal superintagrability we have that the dimension of the N-dimensional torus is
reduced by N —1 and consequently it is diffeomorphic to S!, since it is the only one-dimensional
compact manifold. This corresponds to closeness of the classical trajectory. Action and angle

variables can be found via computing the following relations

1 oS
I, = — b, = — 1.1
a 27T fpaan7 a aIa ( 5)

As was mentioned they are canonically conjugated ({I,, ®,} = d4) and due to that canonical

quantization is straightforward [15]

. - 0 1
LU (D) = Uy, I,=—ih—— U=
(®) ® v 0, (2m)N/2

e~ma®e [ = hn, (1.16)

It will be beneficial to briefly consider the simplest example of one-dimensional oscillator.
Hamiltonian can be chosen as an action variable, so the energy levels will correspond to M. It is
obvious that energy levels on the space correspond are circles , which can be considered as one-
dimensional torus (7' = S'). Quantum mechanically solution in energy picture corresponds to

canonical quantization via action angle variables (1.16).

14



1.2 KAHLER MANIFOLDS

Kéhler manifolds play an important role in modern theoretical physics and mathematics [13, 16,

|. In algebraic geometry a class of algebraic varieties are Kéhler manifolds. In supersymmetry
the target space can be sometimes viewed as a Kéhler manifold. Moreover, in string theory
some compactification schemes are based on Kéhler manifolds , e.g Calabi-Yau manifolds is
a compact Kéahler manifold with vanishing first Chern class, that is also Ricci flat. We will
mainly focus on the role of Kéahler spaces in Hamiltonian mechanics. Kéhler manifolds have
three mutually compatible structures, namely complex structure, Riemannian structure and
symplectic structure. Kahler manifold is a private case of more general Hermitian manifold

(g.5d2*dz"). For any Hermitian metric one can define a 2-form

w = igdz® A dz° (1.17)

This 2-form is called a fundamental form. Hermitian manifold is called K&ahler if this 2-form is
symplectic (closed and non-degenerate). This requirement is quite restrictive and due to that

Kahler metric can be written as a second derivative of a function called Kéahler potential.

PK(z,2)
9ab = ~ganzh (1.18)
200z
It is worth to mention that this function is not uniquely determined and one can add holomor-
phic or antiholomorphic function to it.

Due to the symplectic structure Kahler manifolds have natural symplectic structure and

can be equipped with Poisson brackets.

df dg  Og 8f)’ M (1.19)

{9} = igab<aza 0z 920 03

15



Since the symplectic structure relates functions (Hamiltonian) and vector fields (Hamiltonian

vector fields), we can introduce functions, which generate Killing vector fields.

0

o 0 Ve = —ig™dh, (1.20)

0z’ r

Vﬂ - {hlﬂ }0 - Vﬂa + Vf

Such functions will be called Killing potentials. Using Killing Equations one can derive re-
strictions on Killing potentials. They should be real and they have to fulfill the following

equation.

d*h,, oh

T =L =0 1.21
02902b b e (1.21)

These functions are extremely useful for studying systems on Kéahler manifolds in presence
of a constant magnetic field. Due to the fact that any 2-form is closed in two (real) dimensions,
one-dimensional orientable complex manifold (Riemann surface) can always be equipped with a

Kahler structure. Many components of the Christoffel symbols and Riemann tensor will vanish.
The = 9"aer  Bog=—Th)a (1.22)

In this thesis some superintegrable models on maximally symmetric Kahler manifolds are

discussed, namely on CV (complex Euclidean space) and CPY (complex projective space)

1.2.1 CY¥ AS A KAHLER MANIFOLD

The metric of the N-dimensional complex Euclidean space is well known.
ds* = dzdz, 9ab = Oub- (1.23)
It is easy to note the Kahler potential and the symplectic structure is as follows

K(z,2) = 2z, w = —idz N\ dz, {22, 2"} = i6% (1.24)

16



will lead to this well known metric. All the components of Christoffel symbols and Riemann
tensor vanish. Finally we present the results for Killing potentials and corresponding Killing
vector fields.

ho = 2°2°, V,; = —i(2°0, + 2°0;) (1.25)
b=z V. =-id,, h; =2 V}=—-io, (1.26)

Vi vector fields generate rotations, while V.- and V" are the generators of translation. Al-
though h,j;, b and h, are not real, one can take real combinations using these functions. The
number of real Killing potentials is N (2N + 1), so as is mentioned C" is maximally symmetric

space.

1.2.2 CPY AS A KAHLER MANIFOLD

The N-dimensional complex projective space is a space of complex rays in the (N + 1)-
dimensional complex Euclidian space (CN*! Zij\io du'du’), with u' being homogeneous co-
ordinates of the complex projective space. Equivalently, it can be defined as the quotient
SPNHL/U(1), where S*M*1 is the (2N + 1)-dimensional sphere embedded in CN¥*! by the con-
straint sz\il u'i’ = 1. One can solve the latter by introducing locally “inhomogeneous” coor-
dinates ()

2y =—,  with a#iu #0. (1.27)

Hence, the full complex projective space can be covered by N + 1 charts marked by the indices

1t =20,..., N, with the following transition functions on the intersection of i-th and j-th charts:

)
)

|

2% = (1.28)

17



Let us endow CV*! with the canonical Poisson brackets {u’, @/} = 16" and define, with respect

to them, the u(N + 1) algebra formed by the generators

hy = u' . (1.29)

v

Reducing the manifold CN*' by the action of the U(1) group with the generator ho = S~ | u'd,
we arrive at the SU(N + 1)-invariant Kahler structure defined by the Fubini-Study metrics

0?log(1 + 22) y dzdz  (zZdz)(zdZ)
—————=d2%dZ’ = — K =log(1 Z). 1.30
0z20zb R g (14 22)2"7 og(1 +22) (1.30)

g,5d2%dz" =

This metrics is obviously invariant under the passing from one chart to another. Hence, we
can omit the indices marking charts and assume, without loss of generality, that we are dealing
with 0-th chart, so that the indices a,b, ¢ run from 1 to N.

Being Kéahler manifold, the complex projective space is equipped with the Poisson brackets

{2, 2} = 19°, where g®® = (1 + 22)(6® + 2°z") is the inverse Fubini-Study metrics. The
su(N + 1) isometry of CPY is generated by the holomorphic Hamiltonian vector fields defined

as the following momentum maps (Killing potentials).

zzb z°
T W Bt — 1.31
by ¢ 142z ¢ 142z ( )

Like for the Euclidean case the number of independent Killing vector fields indicates that this
space is again maximally superintegrable. Finally we can compute the components of Christoffel
symbol and Riemann tensor.

pz¢+ 082"
1422

a

be — ) Ral_)ccz = GabY9cd + 9cbYads (132)

1.3 SUPERSYMMETRIC MECHANICS

Now we consider the Hamiltonian approach to the classical supersymmetric mechanics. Al-

though initially supersymmetry was introduced in quantum field theory, further development

18



of supersymmetry showed that supersymmetric mechanical models themselves are also inter-
esting for modern physics. First of all, since mechanics can be viewed as one-dimensional field
theory this models can be viewed as simple "toy” models for supersymmetric field theories and
superstring theory. But as is known there is no any evidence for existence of supersymmetry
in high energy physics yet. In contrast to this supersymmety can be found in many physical
quantum mechanical phenomena. For instance, the well known Landau problem can be viewed
as a supersymmetric model [17].

The last chapter of this thesis is devoted to supersymmetric generalizations of some in-
tegrable models on Kéhler manifolds so it is useful to present basic information about su-
persymmetric mechanics. It should be highlighted that Kahler structures play crucial role
in supersymmetric field theoretical models and for instance supersymmetric Lagrangians can
be composed out of chiral superfields using the Kéhler potential[l8]. First of all we should
extend the notion of Poisson brackets for odd Grassmann quantities. This structure will be
called supersymplectic structure. First of all Poisson brackets for two odd-Grassmann quanti-
ties is symmetric and is analogous to anticommutator for operators in quantum mechanics|13].

Moreover Jacobi identity must be also extended.

{f @, 9"} = —(=1)*{g®, f9} (1.33)
(=12 @ {g®, hO}} + (=1){g®, {h), fO}} + (=1)!{nO, {f@,g®}} =0  (1.34)

where a, b, ¢ take values 0 for even Grassmann variables and 1 for odd Grassmann variables.
So we say that we have N/ = n supersymmetric mechanics if there exist n odd-Grassmann

variables @); (supercharges), which satisfy the following relation

{Qs, Qi} = 0y H, {Qi, H} =0 (1.35)

Since the field theoretical context is that here we deal with a one-dimensional field theory
our superspace consists of time and Grassmann variables (¢, 6;) , which can be called supertime.

It is obvious that this supersymmetry will be the A" = n,d = 1 SuperPoincare algebra.

19



Consider the simplest example, namely the A/ = 1 supersymmetric mechanics. In this case
any odd Grassmann variable can be chosen and its square can be identified with the Hamiltonian
Since this case is quite trivial, it is not very interesting.

The next example is N = 2 supersymmetric mechanics. In this case supercharges can be

redefined (Q* = (Q; +1iQ5)/v/2) and the supersymmetric algebra will have the following form
{1.Q}=H  {Q".Q"}={Q",Q}=0 (1.36)

One can see that, if we discuss particle on a Riemannian manifold, supercharges and the

symplectic structure can be chosen in the following form
QF = (po £iWo)ns, w = dp, N\ dz® + %Rabcdninﬁdwc Adz® + g Dn A D’ (1.37)
where Dn% = dn% +T¢.n%dz¢ and W is called superpotential. One can compte the Hamiltonian
H = 300y + WalWs) + Waatfin + Raar sl o (1.3%)

We should highlight that introduction of the external magnetic field breaks the standard N' = 2

supersymmetry and later we will call this "weak” supersymmetry.

{Q.Q y=H+iFunin”,  {Q%Q"} = Funink (1.39)

The last part of this thesis is devoted to discussion of higher supersymmetries (N > 2).

20



Chapter 2

Deformations of oscillator /Coulomb

systems (holomorphic factorization)

2.1 INTRODUCTION

This chapter is based on three papers[l, 2, 3] written with Armen Nersessian and Tigran
Hakobyan.

The N-dimensional oscillator and Coulomb problem play special role among other integrable
systems by many reasons. Omne of the main reasons, due to which these models continue
to attract permanent interest during the last centuries, is their maximal superintegrability.
Another important example of superintegrable system is Calogero model. The rational Calogero
model and its generalizations, based on arbitrary Coxeter root systems, are highlighted among

the non-trivial unbound superintegrable systems. This property was established for the classical

[19, 20, 21] and quantum [22, 23] rational Calogero model, which is described by the Hamiltonian
[24, 25]
= p? 9
Hy = - —_— 2.1
=L Gty 2.1
=1 1<J



Its generalization, associated with an arbitrary finite Coxeter group, is defined by the Hamil-

» 21]

tonian |
= p? Jala - a)
Hy= = + = . 2.2
0 Z 2 Z 2(a- x)? (22)

i=1 a€ER ¢
Let us mention that the Coxeter group is described as a finite group generated by a set of orthog-
onal reflections across the hyperplanes - = 0 in the N-dimensional Euclidean space,where
the vectors a from the set R, (called the system of positive roots) uniquely characterize the
reflections. The coupling constants g, form a reflection-invariant discrete function. The original
Calogero potential in (2.1) corresponds to the Ay_; Coxeter system with the positive roots,
defined in terms of the standard basis by «;; = e; — e; for ¢ < j. The reflections become the

coordinate permutations in this particular case.

The oscillator and Coulomb systems admit obvious separation of the radial and angular

variables, which is useful to formulate in terms of conformal algebra so(1,2) = sl(2,R) defined

by the following Poisson bracket relations
{Ho, D} = 2H,, {Ho, K} =D, {K,D} = —2K. (2.3)

The generators Hg, K, D could be identified, respectively, with the Hamiltonian of some N-
dimensional mechanical system, and with the generators of conformal boost and dilatation.This
system is usually called ” conformal mechanics”, and so(1, 2) symmetry appears as its dynamical

symmetry [27]. Introduce the effective "radius” and conjugated momentum,

D
r=vV2K, Dy = \/T_’C, {pr,r} =1, (2.4)

and define a Casimir of conformal algebra
1
T = 2HK — 52)2 : {Z,Ho} ={Z,K} ={Z,D} =0. (2.5)

It is obviously a constant of motion independent on radial coordinate and momentum, and thus
could be expressed via appropriate angular coordinates ¢, and canonically conjugate momenta
7, which are independent on radial ones: Z = Z(¢,,m,). In these terms the generators of

conformal algebra read:

2 2
Dy _ _r
H():E‘F 59 D—?”pr, K—E (26)



Hence, such a separation of angular and radial parts could be defined for any system with dy-
namical conformal symmetry, and for those with additional potentials be function of conformal

boost K. In particular, such a generalized oscillator and Coulomb systems assume adding of

potential
~
‘/osc = CUQIC, Ve oul = T T —, 2.7
Cout = = e (2.7)
so that their Hamiltonian takes the form
2
Py, L
%osc/C’oul = 3 + 7’_2 + ‘/osc/Coul(r)- (28)

Well-known generalizations of oscillator and Coulomb systems to N-dimensional spheres and
two-sheet hyperboloids (pseudospheres) [28, 29] can be described in a similar way.

In Refs. [30, 31] a separation of "radial” and ”angular” variables has been used for construct-
ing the integrable deformations of oscillator and Coulomb systems (and of their (pseudo)spherical
generalizations) via replacement of the spherical part of pure oscillator/Coulomb Hamiltonians
(quadratic casimir of SO(NV) algebra) by some other integrable system formulated in terms of
the action-angle variables. Analyzing these deformations in terms of action-angle variables, it

was found that they are superintagrable iff the spherical part has the form

WAS: 2
I=3 (; kol + c0> (2.9)

with ¢y be arbitrary constant and k, be rational numbers. Moreover, it was demonstrated, by
the use of the results of Ref. [32], that the angular part of rational Calogero model belongs to
this set of systems. Thus, it was concluded that rational Calogero model with Coulomb poten-
tial (Calogero-Coulomb system) is superintegrable system. Besides, superintegrable generaliza-
tions of the rational Calogero models with oscillator/Coulomb potentials on the N-dimensional
spheres and two-sheet hyperboloids have been suggested there. The explicit expressions of their
symmetry generators and respective algebras have been given in Refs. [33, 80, 81]. An inte-
grable two-center generalization of the Calogero-Coulomb systems (and those in the presence
of Stark term, which was called Calogero-Coulomb-Stark model) has been also revealed [3].
The goal of this chapter is to present "holomorphic factorization” to the superintegrable

generalizations of oscillator and Coulomb systems on N-dimensional Euclidean space, sphere
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and two-sheet hyperboloid (pseudosphere). For this purpose we parameterize the phase spaces
of that system by the complex variable Z = p, +1W/2Z /r identifying the radial phase subspace
with the Klein model of Lobachevsky plane, and by the complex variables u, = v/I,e'®* unifying
action-angle variables of the angular part of the systems. We formulate, in these terms, the
constants of motion of the systems under consideration and calculate their algebra. Besides,
we extend to these systems the known oscillator-Coulomb duality transformation.

This chapter is organized as follows:

In Section 2.2 we review the classical properties of Tremblay-Turbiner-Winternitz and Post-
Wintenitz systems and their relation with N-dimensional rational Calogero model with oscil-
lator and Coulomb potentials, paying special attention to their hidden symmetries. Then we
show that combining the radial coordinate and momentum in a single complex coordinate in
proper way, we get an elegant description for the hidden and dynamical symmetries in these
systems related with action-angle variables.

In Section 2.3 we introduce the appropriate complex coordinates unifying radial and angular
variables and formulate the Poisson brackets and generators of conformal algebra in these
terms. Then we give "holomorphic factorization formulation” of the constants of motion of
higher-dimensional superintegrable conformal mechanics, and calculate their algebra.

In Section 2.4 we formulate in these terms, the higher-dimensional superintegrable gener-
alizations of oscillator and Coulomb systems given by (2.42),(2.9) and calculate the algebra of
their constants of motion.

In Section 2.5 we formulate, in this terms, the well-known oscillator-Coulomb duality trans-
formation.

In Section 2.6 we extend the results of Section 2 to the systems on N-dimensional sphere
and two-sheet hyperboloid (pseudosphere).

Finally, in the Section 2.7 we discuss examples of angular part of these systems.
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2.2 TTW AND PW SYSTEMS

The Trembley-Turbiner-Wintenitz (TTW) system, invented a few years ago [30], is a particular
case of the Calogero-oscillator system. It is defined by the Hamiltonian of two-dimensional

oscillator, with the angular part replaced by a Poschl-Teller system on circle:

2 2,.2
py  Ipr  wor
i i 2.10
2 2.2 212
k k
Tpp— Do MO b (2.11)

2 sinfky T oo ke’
where k is an integer. It coincides with the two-dimensional rational Calogero-oscillator model
associated with the dihedral group Dsy [37] and was initially considered as a new superinte-
grable model. The superintegrability was observed by numerical simulations. Later an analytic
expression for the additional constant of motion was presented [38].

The two-dimensional Calogero-Coulomb system, associated with dihedral group, is known
as a Post-Winternitz (PW) system. It was constructed from the TTW system by performing
the well-known Levi-Civita transformation, which maps the two-dimensional oscillator into
the Coulomb problem [39]. The PW system was also suggested as a new (independent from

Calogero) superintegrable model. It is also expressed via the Poschl-Teller Hamiltonian (2.11),

297% Ipr v

_ b Ler v 2.12
Hpw 5 + 2 ., (2.12)

In Ref. [10], the superintegrability of the TTW-system was explained from the viewpoint of

action-angle variable formulation, while in Ref. [30], using the same (action-angle) arguments,

the superintegrable generalizations of the TTW and PW systems on sphere and hyperboloid

were suggested. Below we briefly describe the constructions.
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Consider an integrable N-dimensional system with the following Hamiltonian in action-angle
variables:

H:H(nfl+m12,fg,...,IN), {Iiyq)j}:éij’ CI)Z c [O, 271'), (213)

where n and m are integers. The Liouville integrals are expressed via the action variables I;.

The system has a hidden symmetry, given by the additional constant of motion
Khidden = Re A(I;)e!"®177%2) (2.14)

where A(I;) is an arbitrary complex function on Liouville integrals. Respectively, for the Hamil-

tonian
%:H(n1[1+n212+...nN]N), (215)
where nq,...,ny are integer numbers, all the functions
Kij = Re Aij([)el(njcpi_mq)j)- (216)

are constants of motion, which are distinct from the Liouville integrals. The Liouville integrals
together with the additional integrals [;;,1 with ¢ = 1,... N — 1 constitute a set of 2N — 1
functionally independent constants of motion, ensuring the maximal superintegrability.

In Ref. [30] the integrable deformations of the N-dimensional oscillator and Coulomb sys-
tems have been proposed on Euclidean space, sphere and hyperboloid by replacing their angular

part by an (N — 1)-dimensional integrable system, formulated in action-angle variables:

P? (1,)
2 72

+V(r),  Apnry=1, {l, B} = du, (2.17)

where a,b=1,..., N — 1 and

w?r?

‘/OSC(T) = 9 ) VCOulomb(r> = _g (218)

In other words, we obtain the deformation of the N-dimensional oscillator and Coulomb systems
by replacing the SO(N) quadratic Casimir element J?, which defines the kinetic part of the

SN—I

system on sphere , with the Hamiltonian of some (N — 1)-dimensional integrable system

written in terms of the action-angle variables.

26



Next we have performed similar analyses for the systems on N-dimensional sphere and (two-
sheet) hyperboloid with the oscillator and Coulomb potentials. These models were introduced,
respectively, by Higgs [28] and Schrodinger [41, 42],

_

2r3  r2sin*y

sV. H

+ V(tanx), {px,x}=1, (2.19)

_ z

HY: H= —_—
2r3  r2sinh? x

+ V(tanhx), {p,r}=1 (2.20)

with Z depending on the (angular) action variables. The exact forms for the potential are:

r2w? tan®
SN : VHiggs(tan X) - OTXa VSch—Coulomb(tan X) = _Tl cot X5 (221)
0
HY . Viiggs(tanh x) = w, Vseh—Coutomp(tanh x) = _x coth . (2.22)
To

The following expressions for the Hamiltonians of oscillator-like systems had been derived:

(

w(2l, + V2T) for RY,
Hosc = Hosc<2[7“ + v 21-) = %(QIX + vV 27 + M)Q — %2 for SN, (223)

1L+ V2T —w)+ < for HY.

\

Respectively, the Hamiltonians of the Coulomb-like systems read:

/

— (I, + V2I)* for RV,
HCOulomb = HCOulomb(IT + v QI) = —ﬁ(lx =+ 21')2 + %(IX + 21)2 for SN, (224)

2
2

—L (I, —V2I)* — 5(I, — V2I)* for HY.

\
Thus, it is easy to deduce that for the angular Hamiltonian

N-1
1 2
ISphC’alogerO - 5 ( z} ka[a + COHSt) s k’a S N, (225)
the deformations of the oscillator and Coulomb systems become superintegrable. In particular,

the Poschl-Teller Hamiltonian has the same form [37]:

K (I +a+ B)?
5 .

Tpr = (2.26)

Hence, choosing N = 2 and Z = Zpp, we obtain the generalizations of the TTW and PW
systems on sphere and hyperboloid with additional constants of motion given by
Krrw = Re A(I)e'™®*r =) Kpy, = Re A(I)e'*®r=%e), (2.27)
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Here @, is the angle variable in the Poschl-Teller system, and ®, is the angle variable associated
with 7 and p,. For explicit expressions, see Ref. [30].

Note that the angular part of the N-dimensional rational Calogero model has the form (2.25)
as well. This is a reason for the superintegrabilty of the Calogero-oscillator and Calogero-
Coulomb problems. It also suggests that their superintegrable generalizations on the N-
dimensional spheres and hyperboloids [43, 44, 45, 46, 47]. Although the TTW and PW systems
are particular cases of the Calogero-type models, they continue to attract enough interest due
to their simplicity. In particular, a couple of years ago, Ranada suggested a specific representa-

tion for the constants of motion of the TTW and PW systems (including those on sphere and

hyperboloid) [1&, 19, 50], called a "holomorphic factorization”. For the TTW system it reads
Rorw = (M)*N?, (2.28)
where
2p,
My = f V 2Ipr + 20H W, (2.29)
and
N = k(f — a) 4+ 2Zpy cos 2kp + 1\/2Zprp, sin 2kep. (2.30)

A similar expression exists in case of the (pseudo)spherical TTW system. The additional

constant of motion of PW system in Ranada’s representation reads:

Mpw = (Mo)*N, (2.31)

and N is given by Eq. (2.30), and

QIPT). (2.32)

My = p, QIPT+Z<7—

Such forms of the hidden constants of motion have a visible relation with their expressions
in terms of the action-angle variables, which will be discussed below. Hence, the TTW and
PW systems possess a natural description in spherical coordinates, where the "radial” part is
separated from the "angular” one. On the other hand, the radial parts are expressed via the

generators of conformal algebra, which can be viewed as generators of isometries of the Kéahler
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structure of Klein model of the Lobachevsky space [35]. Hence, we can represent phase spaces
of the TTW and PW systems as a (semidirect) product of Lobachevsky space with cotangent
bundle of circle, and expect that the reformulation in these coordinates will help us to extend
the expressions of hidden constants of motion to higher dimensions. Similarly, phase spaces of
the N-dimensional oscillator and Coulomb systems and their Calogero-deformations could be
represented as a semidirect product of Lobachevsky space and cotangent bundle on (N — 1)-
dimensional sphere [51]. One can expect, that Ranada’s representation of hidden symmetries
of the TTW and PW systems in these terms will take a more transparent and elegant form.
Furthermore, having in mind the relation of the TTW and PW systems with rational Calogero
models, one can expect that the hidden symmetries of Calogero model could be represented in

a similar way.

2.2.1 ONE-DIMENSIONAL SYSTEMS

Since the middle of seventies with Ref. [27] in the field-theoretical literature much attention

has been paid to a simple one-dimensional mechanical system given by the Hamiltonian
2 2
D 9
Hy="—+—. 2.33
0T T (2:33)
The reason was that it forms the conformal algebra so(1,2) (2.3) together with the generators:
D = pz, K=—. (2.34)

In Ref. [35] the following formulation of this is suggested. Its phase space is parameterized

by a single complex coordinate and identified with the Klein model of the Lobachevsky plane:

Py , b2
r==+— Imz>0: {Z’Z}__§<Z_Z) : (2.35)

T
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In this parametrization, the so(1,2) generators (2.33), (2.34) define the Killing potentials

(Hamiltonian generators of the isometries of the Kahler structure) of Klein model:

2z z+z 1
Hy=9g—— D=g— K=g—. 2.36
0 92(2—2)7 gz(Z—z)’ g@(f—z) (2:36)
Let us remind, that the Kahler structure is
gdzdz
ds? = ———"_. 2.37
T T (2.37)
It is invariant under the discrete transformation
oL (2.38)
z— —— .
Z )
whereas the Killing potentials (2.36) transform as follows:
Hy— K, K — Hy, D — —D. (2.39)

Thus, it maps Hy to the free one-dimensional particle system. This can be viewed as a one-
dimensional analog of the decoupling transformation of the Calogero Hamiltonian, considered
in Refs. [52, 53, H4].

In order to construct a similar construction for higher-dimensional systems, first, we in-
troduce an appropriate "radial” coordinate and conjugated momentum, so that the higher-
dimensional system looks very similar to the one-dimensional conformal mechanics. In that
picture, the remaining ”"angular” degrees of freedom are packed in the Hamiltonian system on
the (N —1)-dimensional sphere, which replaces the coupling constant g2 in the one-dimensional
conformal mechanics. The angular Hamiltonian defines the constant of motion of the initial
conformal mechanics. Then we relate the radial part of the N-dimensional conformal me-
chanics with the Klein model of the Lobachevsky space, which is completely similar to the

aforementioned one-dimensional case.
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2.2.2 HIGHER-DIMENSIONAL SYSTEMS

Let us consider the N-dimensional conformal mechanics, defined by the following Hamiltonian

and symplectic structure:

2
w = dp A dx, Ho = % + V(x), where (x-V)V(x) = -2V (x). (2.40)

This Hamiltonian together with the generators
D=p-x, K=— (2.41)

forms the conformal algebra so(1,2) (2.3). Here D defines the dilatation and K defines the

1 N)
)

conformal boost, x = (z',...,2"), p= (p1,...,PN)-

Extracting the radius r = |x|, we can present the above generators in the following form:

2 2
r p: I _J o,
D = p,r, K= o Ho = o + ﬁ’ 7= B + U, U=r V(I‘). (2.42)

Here p, = (p - x)/r is the momentum, conjugate to the radius: {p,,r} = 1. It is easy to check

that Z is the Casimir element of conformal algebra so(1.2):
AHK —D? = 2T : {T,Ho} ={Z,K} ={Z,D} =0. (2.43)

Thus, it defines the constant of motion of the system (2.40) and commutes with r, p, and, hence,
does not depend on them. Instead, it depends on spherical coordinates ¢* and canonically
conjugate momenta 7m,. As a Hamiltonian, Z defines the particle motion on (N — 1)-sphere in
the potential U(¢®). The phase space is the cotangent bundle 7*S™N 1.

As in one dimension [35] instead of the radial phase space coordinates r and p, we introduce

the following complex variable (for simplicity, we restrict to Z > 1):

Dr n wW2L  D+wW21
2 prm

= ) 44
r== . T Imz>0 (2.44)
It obeys the following Poisson brackets:
— ¢ =2
{z2} = - (z—2)7, (2.45)



Ve (u) Ve (u)

@ ﬁ = a’B o = —Z « z == —Z 24
"} =), {utz} == et 2 =2 (2.46)
where V* = {u® Z(u)} are the equations of motion of the angular system.
The symplectic structure of the conformal mechanics can be represented as follows:
V2Z(u)dz Ndz  (dz+dZ) AN d\/2T 1
0= Eu) S + (dz + Z), () + —wWapdu™ A du®, (2.47)
(z —2)? 1z — z) 2
while the local one-form, defining this symplectic structure, reads
dz +dz 1 o 8
O =dA, A =1/2Z(u) =7 + Ag(u), dAg = §wa/5du A du”. (2.48)
1z —Z
Taking into account Eq. (2.43), we can write:
z z 27
Ho = VT —2—, Do TSt = YHEW (2.49)
1(Z — 2) 1(Z — 2) 1(Z — 2)

The transformation (2.38) does not preserve the symplectic structure, i. e., it is not a canonical
transformation for the generic conformal mechanics of dimension d > 1.
Now we introduce the following generators, which will be used in our further considerations:

M= M=——— (2.50)

W(Z—z2) 1z — 2)
With the generators of the conformal algebra they form a highly nonlinear algebra:

2z Z

1
M, Ho} = —zv/1(Z — 2), M, K} = — ) M,D} = —— = M, 2.51
L Ho} = §oViG =), (MK = (P = s (251)
— zZ—Z
M, MY} = : 2.52
ey =2 (2.52)
Let us introduce the angle-like variable, conjugate with /2Z:
A(u) : {A,V2I} =1, Ael0,2n). (2.53)

Using M and A, one can easily build a (complex) constant of motion for the conformal me-
chanics:

M= Me",  {M,Hy} =0. (2.54)

Evidently, its real part is the ratio of Hamiltonian and its angular part and does not contain any
new constant of motion. Nevertheless, such a complex representation seems to be useful not

only from an aesthetical viewpoint, but also for the construction of supersymmetric extensions.
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Note that we can write down the hidden symmetry generators for the conformal mechan-
ics, modified by the oscillator and Coulomb potentials as well. The Hamiltonian of the N-

dimensional oscillator and its hidden symmetry generators look as follows:

22+w2

1z — z)

The Hamiltonian and hidden symmetry of the Coulomb problem are defined by

Hosc - HO + W2IC7 Mosc - e2ZA = (M2 + wle) 62“\ . {M0807 Hosc} = O (255)

Y vy (2N
Heow = Ho— —, Moouw=|M— ——— A Meouws Hoout =0, 2.56
Coul 0 \/2— Coul ( (8\/?[)3/2)6 { Coul C l} ( )

The absolute values of both integrals do not produce anything new:

|'/\/IOSC|2 = % - (.UQ, |~/\/lC'oul|2 - HCOUI + 72 . (257)
27 V2T 2(V/2I)3

So, the hidden symmetry is encoded in their phase, depending on the angular variables ®(u).
Assume that the angular system is integrable. Hence the Hamiltonian and two-form are ex-

pressed in terms of the action-angle variables as follows:
I=1I(I,), Q=) dl,Add,

Then the condition (2.53) implies the following local solutions for A:

d, ovV2T
o)’ where w, = o (2.58)

A, =

Thus, to provide the global solution for a certain coordinate a, we are forced to set w,(I) = k,
to a rational number:
Mg

ko = —, M, N € N. (2.59)
mg

Then, taking k,-th power for the locally defined conserved quantity, we get a globally
defined constant of motion for the system. In this case, the hidden symmetry of the conformal

mechanics reads:

M, = Mmoo, (2.60)

Similarly, for the systems with oscillator and Coulomb potentials one has:

2 24\ "a 20ma®a _ vy " et
M ayose = (M tw ’C) € ) M a)coul = <M - W) e . (2.61)
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To find the expression(s) for @, let us remind that the angular part of these systems is just
the quadratic Casimir element (angular momentum) of so(/N) algebra on (/N — 1)- dimensional
sphere, Z = L& /2. Tt can be decomposed by the eigenvalues of the embedded SO(a) angular
momenta I, as follows:

WAS: 2
I=; <; Ia> . (2.62)
Hence, our expressions define the N — 1 functionally independent constants of motion

M a)yose = (M2 + wQIC) e2®a Maycou = (M + 1) e'®a. (2.63)

respectively, for the N-dimensional oscillator and Coulomb problems. Since these systems have
N commuting constants of motion (/,, H), we have obtained in this way the full set of their
integrals.

To clarify the origin of these generators, let us consider a particular case of two-dimensional
systems. The angular part is a circle, and, respectively, I = |p,|, ® = ¢ with ¢ being a polar
angle. In this case, the oscillator Hamiltonian and its hidden constant of motion read

2Z + w? 7
Hosc = —— N osc — 2 2 21@- 2.64
PR M= e (2.6

The latter can also be presented as follows:

Hy — Hy + 2iH19
’pso|

Mosc = y with Hab = PaPp + w2xaxb. (265)

Here H,, is a standard representation of the oscillator’s hidden symmetry generators, sometimes
(Fradkin tensor).
The Hamiltonian of two-dimensional Coulomb problem and its hidden symmetry generator

are of the form

Heou = [pol —— Uk Y - !
Coul = |Pp|l 77—~ — 7 ) Coul = - €
iz — 2) 2|py| Vuz—z)  /2pel

The Latter is related with the components of the two-dimensional Runge-Lenz vector

w (2.66)

A = (A, A,) as follows

A, — 1A,

V 2|p<p’3 7

Mcou = where A, = p,p, —ycosp, A, = p,p, — Vsine. (2.67)
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Now we are ready to apply this constructions to the TTW and PW systems. In order to
formulate TTW and PW systems in the above terms, we will use the action-angle formulation
of the Péshl-Teller Hamiltonian given in Ref. [37]:

K2]2

> I=1+a+8, (2.68)

Ipr =

where [ is an action variable.

The angle variable is related to the initial phase space coordinates as follows:

. ) B«
asin(—2®) = cos(2ky) + b, a= \/<1 ————+b ), b= il (2.69)

Using the above expressions, we can present the Hamiltonian of TTW system and its hidden

symmetry generator as follows:

~2Z + w? 2 2

Wz —2)

The Ranada’s constant of motion is related with the above one:

k
HTTW = k’] MTTW = < ) 621(1). (270)

1z — 2)

K =—a

k) (22 p W\ 2kI)H+

Z—Z
We repeat the same procedure for the PW system as well. Using the expressions for action-

angle variables of the Poschl-Teller Hamiltonian, we get:

. k
Hpw =ikl —— — L \fi—2), Mpw=|—m—m———— T | &  (272)
2=z 2kl (Z—2)  kIV2kI

Respectively, the Ranada’s constant of motion takes the form

K = —ia(kI)? <k[\/ U] ————

2k
) e = (kD)2 MLy, (2.73)

Vi z—z) -

2.3 ALTERNATIVE COMPLEX NOTATIONS

Introduce another complex variable Z, identifying the radial phase subspace with the Klein

model of Lobachevsky plane (compare with the notations in the previous section), and complex
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variables u, unifying the action-angle variables:

p WI o .
Z = 4+ —, Uy = /17" with ImZ > 0. 2.74
\/5 T ( )

These variables have the following nonvanishing Poisson brackets:

_ (7 — 7)? _
7,0y = ——==——, Ug, Up } = —10gp, 2.75
(Z.2y=-" b ()= i 2.75)
VAA A
{Z,u.} = —uaﬁau, {Z,u,} = ﬂaﬁau, (2.76)
2vV21T 2v/21
where
ov2T
QO =Q () = , 2.
=D = 31 (277
In these terms the generators of conformal algebra take the form
_ — 7+ 7 27 (u,t,)
=77 D = /2L (ugtly) —=——, K=———75%. 2.78
Ho =22 ) 7= 2) W(Z-2)7 21

Note that the action variables I, complemented with the Hamiltonian form a set of Liouville
integrals of the conformal mechanics (2.40). They have a rather simple form while being

expressed via the complex variables:
Ho =27, I, = u,t, : {Ho, I,} ={1.,I,} = 0. (2.79)

Let us now look for the additional integrals of motion, if any. It is easy to verify using
(2.76), (2.79) that

{Ze™ Ho =0 iff  {AV2I} = -1 (2.80)

To get the single-valued function we impose A € [0,27) . The local solutions of the above

equation read
o,

A — -2
a Qa’

(2.81)

where @, € [0,27) is angle variable and [, is given by (2.77). Therefore, the following local

quantities are preserved and generate the set of N — 1 additional constants of motion:

M, = Zuf = ZIF*e'e, {M,, Ho} = 0. (2.82)
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Using (2.74), (2.76), one can verify that the only nontrivial Poisson bracket relations among

them occur between the conjugate M,-s:

S L
Wab 18294, (2.83)

{MCLJ Mb} = 07 {M(“Mb} - — QQ a

However, for the generic ,, the constant (2.82) is not still globally well-defined, since A €
[0,27/€2,). To get the global solution for a certain coordinate ®,, we are forced to set €, to a
rational number:

Ng

Q, =k, = —, Mg, Ny € N. (2.84)

ma
Then, taking n,-th power for the locally defined conserved quantity, we get a globally defined

constant of motion for the system,
M, = M'e = Zrayme = [,2 Zreemeda, (2.85)

Although both M, and M, are complex, their absolute values are expressed via Liouville

integrals, and, hence, do not produce new constants of motion:
1
|M,|* = Hols*, |IM|? = HpeI™. (2.86)

So, we have constructed 2N — 1 functionally independent constants of motion of the generic
superintegrable conformal mechanics (2.40) with rational frequencies (2.81). Therefore, the
conformal mechanics will be superintegrable provided that the angular Hamiltonian has the

form (2.9) with rational numbers k, (2.84) and arbitrary constant c.

Full symmetry algebra is given by the relations
{Ma,ﬂb} — _Zéabmzjgnail,}{ga’ {HO, Ma} - {Ma’Mb} — O. (2.87)

Note that

{]aa Mb} - Z(Sabea {H07 Ia} = {]aa Ib} =0 (288)

As we mentioned in Introduction, presented formulae are applicable not only for the nonrel-

ativistic conformal mechanics on N-dimensional Euclidean space defined by the Hamiltonian
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(2.40) but for the generic finite-dimensional system with conformal symmetry, including rela-
tivistic one. Typical example of such a system is a particle moving in the near-horizon limit of
extreme black hole. Several examples of such systems were investigated by A.Galajinsky and

his collaborators (see Refs. [55, 56, 57]).

2.4 DEFORMED OSCILLATOR AND COULOMB

SYSTEMS

Let us extend the above consideration to the deformed N-dimensional oscillator and Coulomb

systems defined by the Hamiltonians

2
A _
Hosc/Coul = % + 7"_2 + ‘/osc/Coul(T) =77+ ‘/;)sc/Coul(r)7 (289)
where
w?r? 2w*T v v W(Z - 7)
‘/osc: :w2K:_—a Vou === 2.90
2 (Z—2) Cl =70 T TR T (2.90

Clearly, the action variables of the angular mechanics I, together with the corresponding Hamil-

tonian define Liouville constants of motion:

{Hosc/Coula ]a} = {]aa Ib} =0. (291)

To endow these systems by superintegrability property we choose the angular part given by
(2.9) with rational k,, see [31]. Below we construct the additional constants of motion and
calculate their algebra for both systems in terms of complex variables (2.74) introduced in

previous section.
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2.4.1 OSCILLATOR CASE

The 2N — 2 constants of motion of the deformed oscillator H,s. in the coordinates (2.74) are

appeared to look as:

osc 2 QWQI e 2ma osc|2 2 2 Na 12mg
Ma = Z° — m U, s |Ma | == (Hosc — 2w I) ]a . (292)

The last equation together with (2.9) means that only the arguments of these complex quantities
give rise to new integrals independent of the Liouville ones.
In fact, they are based on the simpler quantities A, and B,, which oscillate in time with

the same frequency w:

VaT\ & VaT\
Aa:<Z+w )uk Ba:<Z—w )wia: (2.93)

Z -7 4 -7

{Hosca Aa} = ZWAaa {Hosca Ba} = _ZWBa' (294)

So, the product A,By is preserved,
{Hoscv AaBb} = Oa (295)

but is not single valued. Thus, we have to take its n,th power to get a well defined constant of

motion, which is precisely (2.92):
M = (AuBy)™. (2.96)

Note that the reflection w — —w in the parameter space maps between A, and B,. Together

with complex conjugate, they are subjected to the following rules:

osc — WV 27 L
|Bo|* = Z+—c‘)\/ﬁ|f4a|2, A |* = 14 (’Hosc +wV ZZ) : (2.97)
osc w

The complex observables A, and B, are in involution,
{Au, Ap} = {Ba, By} = {A4, By} =0, (2.98)
so that the constants of motion (2.92) commute as well:

{ M5, MY = 0. (2.99)
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However, in contrast to the simplicity of the relations (2.88), the Poisson brackets between
M25¢ and M, are more elaborate. They can be derived from the Poisson brackets between
A, and B, and their conjugates having the following form:

Z(Sab Zéab —

B} = — % A B 1 — 1
{AauBb} kgIaAaB(u {Aa7Bb} ]{ZZIGAGBM (2 OO)
_ A a1
(A A} = = 2R B (e + VD) 2.101)
oSsc w a
_ 2w A, A a_
(Bo, By} = — 2wl Oa it Vo7, (2.102)

Hosc_w\/zz:_k_g

Hence, we have extended the "holomorphic factorization” formalism to the N-oscillator.

2.4.2 COULOMB CASE

The 2N — 2 locally defined integrals of the generalized Coulomb Hamiltonian can be written

in the coordinates (2.74) as follows

MCoul: (Z_ vy )ugla’ H ou’MCO”l = 0. 2.103
a - (Mo M5 (2103

Like in the previous cases, only their arguments produce conserved quantities independent from

the Liouville integrals (2.91) since

2 a1
|Mf"“l|2 — (Hcm + Z—I) Ik (2.104)

They form the following algebra, which can be verified using the Poisson brackets (2.76):

——Cou A1
MCoul MCoul o Z*}/ZMGCOUZMZ? : Z(Sab](fa ,72
{ a °7b } T/ - 2 Heou + )
21—(72 + ZJI':Z'—,}_[Coul) ka V YA
{Mg, My} =0, (2.105)

Let us also present the Poisson brackets of these quantities with Liouville constants of motion
da

{1, M{Yy = 2 AL, (2.106)
b
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Similar to the previous cases, we are forced to take certain powers of the local quantities
(2.103) in order to get the valid, globally defined additional constants of motion of the deformed

Coulomb problem:

MaCoul _ MaCoul Ta _ (Z_ vy ) augna. 2.107
( ) 2VI (2407

Their algebra can be deduced from the Poisson bracket relations (2.105) and (2.106).

So, in this Section we extended the method of "holomorphic factorization” initially devel-
oped for the two-dimensional oscillator and Coulomb system, to the superintegrable generaliza-
tions of Coulomb and oscillator systems in any dimension. For this purpose we parameterized
the angular parts of these systems by action-angle variables. To our surprise, we were able to
get, in these general terms, the symmetry algebra of these systems. Notice, that above formulae
hold not only on the Euclidean spaces, but for the more general one, if we choose Z be the

system with a phase space different from 7, SV~

2.5 OSCILLATOR-COULOMB CORRESPONDENCE

As is known, the energy surface of the radial oscillator can be transformed to the energy
surface of the radial Coulomb problem by transformation 7 = A\r?.pz = p,/2\r where 7, p, are
radial coordinate and momentum of oscillator, 7, p; are those of Coulomb problem, and A is
an arbitrary positive constant number (see,e.g.[58, 59] for the review). Extension of oscillator-
Coulomb correspondence from the radial part to the whole system, as well as to its quantum
counterpart yields additional restrictions on the geometry of configuration spaces. Namely,
only N = 2,4,8,16 -dimensional oscillator could be transformed to the Coulomb system, that
is N = 2,5,9 dimensional Coulomb problem. These dimensions are distinguished due to Hopf

maps S'/S0 = S, §3/81 = 8% S7/53 = S, which allow to transform spherical (angular) part
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of oscillator to those of Coulomb problem. Indeed, for the complete correspondence between
oscillator end Coulomb system we should be able to transform the angular part of oscillator
(that is particle on SP~!) to the angular part of Coulomb problem, i.e. to S¥. Thus, the
only admissible dimensions are D = 2,4,8,16 and d = 2,3,5,9. In the first three cases we
have to reduce the initial system by Z, U(1) and SU(2). For the latter case, in spite of many
attempts, we do not know rigorous derivation of this correspondence, due to the fact that S7
sphere has no Lie group structure. Respectively, in the generic case we get the extension of
two- /three/five- dimensional Coulomb system specified by the presence Z,/Dirac/SU(2) Yang
monopole [60]. In the deformed Coulomb and oscillator problems considered here we do not
require that the angular parts of the systems should be spheres. Hence, trying to relate these
systems we are not restricted by the systems of mentioned dimensions. Instead, we can try
to relate the deformed oscillator and Coulomb systems of the same dimension and find the
restrictions to the structure of their angular parts.

Below we describe this correspondence in terms complex variables introduced in previous
Section. Through this subsection we will use "untilded” notation for the description of oscillator,
and the "tilded” notation for the description of Coulomb system.

The expression of the ”Lobachevsky variable” (2.74) via radial coordinate and momentum
forces to relate the angular parts of oscillator and Coulomb problem by the expression 7 =
Z/4. The latter induces the following relations between ”angle-like” variables A, A: A = 2A.

Altogether read

ZoowWi—Z T _4i A=
i Z - Z)

This transformation is canonical in a sense, that preserve Poisson brackets between Z, Z, A, Z,

. (2.108)

N | >t

and their tilded counterparts. To make the transformation canonical, we preserve the angu-

lar variables unchanged 4, = u,, which implies to introduce for superintagrable systems the
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following identification

7 ka ~ ~
ko = ) = Ng = Ng, Mg = 2My. (2.109)

Then we can see, that this transformation relates the energy surfaces of oscillator and Coulomb

systems:
_ 2T 2MWT [ .= Z-7) 4
2740 ————— —FEue =0 & —_A\/_ 27— v—l( ) _ Ecou | =0,
(2 = 2)) (Z - 2) 2T
(2.110)
where
~ Eosc ~ 292
7= Ecoul = v (2.111)

The generators of hidden symmetries also transform one into the other on the energy surface
M(G)Osc = <'l)\ 4\/ 2i> ’ M(Q)Coul (2112)

Finally, let us write down the relation between generators of conformal symmetries defined on

"tilded” and untilded spaces.

. _ N 2v/ 2K
Ho = NHoV 2K, D =2D, K= ’C. (2.113)

In this Section we transformed deformed oscillator into deformed Coulomb problem, preserv-
ing intact angular coordinates. Performing proper transformations of angular part of oscillator,
including its reduction, we can get variety of superintegrable deformations of Coulomb problem.
However, they will belong to the same class of systems under consideration, since the latter are

formulated in most general, action-angle variables, terms.
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2.6 SPHERICAL AND PSEUDOSPHERICAL

GENERALIZATIONS

Oscillator and Coulomb systems admit superintegrable generalizations to N-dimensional spheres

and two-sheet hyperboloids (pseudospheres), which are given by the Hamiltonians [28]

2
D 1z
SN =X V(t
v 2r¢  r2sin®y +V(tan ),
P A
HY: Hy =%+ —-—+5—+V(tanhy) (2.114)

2r3  r2sinh®y

with the potentials

2.2 tan2
sV . Vose(tan x) = w, Voou(tan ) = _x cot x, (2.115)
To
3w? tanh?
HY : Vosc(tanh x) = w, Veow(tanh y) = — 7 coth X- (2.116)
To

Here 7 is a quadratic Casimir element of the orthogonal algebra so(IN). To get integrable
deformations of these systems, we replace it, as in Euclidean case, by some integrable (angular)
Hamiltonian depending on the action variables [30]. The particular angular Hamiltonian (2.9)
defines superintegrable systems as in the flat case. About decade ago the so-called x-dependent
formalism was developed [01, 62, 63] where the oscillator and Coulomb systems on plane and
on the two-dimensional sphere and hyperboloid were described in the unified way.

Introduce, following that papers,

coshv/—kr Kk <O,
\
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;.
sin/kx -0,
VE
Su(®) = 9 & k=0, (2.117)
sinh v/ —kzx <0
\ vV — K

where the parameter x in two-dimensional case coincides with the curvature of (pseudo)sphere,

1
SV k=5, HY: k=-—=. (2.118)
o 7o

The case k = +1 corresponds to a unit sphere/pseudosphere. For x # 0 we identify

X p
= Pz = T—;‘ = KDy (2.119)

-’E:TOX:\/Ey

The "holomorphic factorization” approach to two-dimensional systems was combined with k-
dependent formalism by Ranada. Let us show that it can be straightly extended to any dimen-
sion. For this purpose introduce a (pseudo)spherical analog of Z, Z coordinates and obtain

their Poisson bracket:

Z = \/W%+ZT£I, {Z,Z}:M—mx/ﬁ (2.120)

K 2v21

The Poisson brackets between Z, u, and @, remain unchanged [see relations (2.76)].

In these terms the s-deformed Hamiltonian reads

p; | I >
:§+S_E+KI:ZZ+K17 (2.121)

Hosc/Coul = Ho + ‘/osc/Coul; Ho
where using (2.117), (2.118), (2.119), (2.120), the oscillator and Coulomb potentials on sphere

(2.115) can be expressed as follows:

v w2T? 2w*T v v 77
osc — - ’ oul = — /7 = 1 .
2 (Z — 7)2 Coul = =p = "9 /T

(2.122)

The (local and global) constants of motion and related quantities have the same expressions in

terms of Z, Z as in the flat case, with the Hamiltonians shifted in agreement with (2.121)

H— H—rT. (2.123)
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For the free system on sphere, Hg, the most of Poisson brackets among the integrals survive
from the flat case [see relations (2.83), (2.87) and (2.88)]. The only brackets, which acquire

extra k-dependent terms, are:

— 16V 2T 104 — W0qp A —1 16V 2T
M,, My} = — MM, = ——221;¢ —KL) + —m——
{ o} (7—[0 — L kgla) ' o=t 5 =07

{Ma,ﬂb} =1 (

M M,, (2.124)

KngmpV2L — m2dap
%0 — KZI Ia

) MM, (2.125)
Let us write down also the deformation of conformal algebra (2.3)

{Ho, D} = 2(Ho — Z)(1 + 2kK), {Ho, K} = D(1 + 2kK), {D,K} =2K(1+ 2:K).
(2.126)
For the Coulomb problem on sphere, the Poisson brackets between the local integrals (2.106)

remain unaffected, while the relations (2.105) undergo a similar modification:

{MCoul MCOUZ} ! ( 4z? + H) _ Z(Sab MCoulM
7-[coul A + 412 kczl[a

—Coul

—Coul

2 Coul 1 2
vy MM, Wab =1 v
= 2:[ - Iaa oul — I =) .
Z (412%) Hopt — #1 + 2 K2 P =1L+
(2.127)

Consider now the spherical system (2.114) with the oscillator potential. Line for the flat

case, the integrals of motion are based on the simpler local quantities A and B,

wl, . L wT. L
A, = (z+ DVuge B, =(z— ule MO = (A, Bo)", 2.128
( 7 ) ( NG ) (AaBa) (2.128)
which evolve in time under the following rule:
{Hose, Aa} = w(1 + kT?) Ay, {Hose; Ba} = —1w(1 + KT2)B,. (2.129)

They are k-deformations of the harmonic oscillating quantities (2.93), (2.96) in the flat case.
Unlike them, they do not oscillate harmonically, but the product A, By is still preserved.

The Poisson brackets between local quantities can be calculated explicitly giving rise to
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r-deformations of the relations (2.100), (2.101), (2.102):

1w T? _ Wap . = 1NV 2T AL A,
Ao Bl = — % A B, {Ay, Byl = — 2% 4B, + (2130
Mook = =g Al e B =gy ABr o ovr &Y
. VT — 2wT) — 2w .~ b e
{As, A} = z:({ — KIW—I— ijwAa ) — "k—;m "(Hose — KT + wV2T), (2.131)
_ VOT 4 20T) + 2w , « 1da -
{Ba, B} = ﬁ;{ _:Iw_ w);ﬁ“AaAb - Zk—;’f,f“ N Hose — KT — wV/2T). (2.132)

The Poisson brackets between the true integrals of motion M9 M and their conjugate

are based on the local brackets (2.127), (2.130), (2.131), (2.132) and can be easily obtained.

2.7 EXAMPLES OF SPHERICAL PART

In previous Sections we extended ”holomorphic factorization approach” to higher-dimensional
superintegrable systems with oscillator and Coulomb potentials, including those on spheres
and hyperboloids. For this purpose we separated the "radial” and ”angular” variables in these
systems. Then we combined the radial coordinate and momentum in single complex coordinate
parameterizing Klein model of Lobachevsky space, and combined ”angular” coordinates and
their conjugated momenta in complex coordinates by the use of action-angle variables. However,
action-angle variables are not in common use in present math-physical society, and their explicit
expressions are not common even for the such textbook models like oscillator and Coulomb
problems.

For clarifying the relation of the above formulations of constants of motion with their con-
ventional representations first present the action-angle variables of the angular part(s) of non-
deformed, oscillator and Coulomb systems (on Euclidean space, sphere and hyperboloids). Its
Hamiltonian is given by the quadratic Casimir element of so(N) algebra on (N — 1)-sphere,
T = L% /2. Tt can be decomposed by the eigenvalues of the embedded SO(a) angular momenta

defining the action variables I,. For the details of derivation of their explicit expressions, for
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those of conjugated angle variables we refer to Appendix in Ref. [30]. The action variables are

given by the expressions

I = \jor1 — \Vja, Where jasy=pi+—22—  jo=0, a=1,.. . N—1 (2133)

sin” 0,
This gives rise the angular Hamiltonian which belongs to the family (2.9)

_ % <NZ_1 1a> . (2.134)

a=1
Its substitution to the Hamiltonians (2.89),(2.114) leads to well-known oscillator and Coulomb
systems on the Euclidean spaces, spheres and hyperboloids.
The expressions for angle variables are more complicated,

®, = Zal—i— Z by, (2.135)

l=a+1

; : 0
a; = arcsin ﬂ;l cost;, b, = arctan @. (2.136)
Ji+1 — Ji Py sin 6,

Direct transformations give the following expressions for u, coordinates:

where

Viart = Via e H etlarth), (2.137)
l=a+1

with

g — P! sin 0 + 1/J;11 cos 6, it _ P sin 0; + 2+/7; cos 0,
Vi1 — Ji ’ Vel — jising,

With these expressions at hand we can express “holomorphic representation” of constants of

(2.138)

motion via initial coordinates. In two-dimensional case it has transparent relation with con-
ventional representations of hidden constants of motion, like Fradkin tensor (for the oscillator)
and Runge-Lenz vector (for Coulomb problem). In the higher dimensional cases the relation of

these two representations is more complicated.

This construction could easily be modified to the system whose Hamiltonian is given in the

angle variables by the generic expression (2.9). We define it by the recurrence relation

Ja—1
. 7
SlIl2 k‘a_lea_l

I=5jn,  Ja=Daa+ a=1,...N—1,  jo=co (2.139)

N[ —
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It describes particle moving on the space (spherical segment) equipped with the diagonal metric

N-1
ds® = gu(d0)?,  gnav-1=1,  gu= ][] sin® kb (2.140)

m=l

and interacting with the potential field

Co

U= ——-—7—-+—. 2.141
Hﬁ;l sin2 klgl ( )
Redefining the angles, 6, — 60,/k,, we can represent the above metric in the form
| Nl
ds® = 7 H1 sin? 0, (d,)>. (2.142)

It is obvious, that the functions ji(6,,p,) define commuting constants of motions of the
system. Similar to derivation given in Appendix of Ref. [30] we can use action-angle variable
formulation, and find that the Hamiltonian is given by the expression (2.9). The action variables

are related with the initial ones by the expressions

2
1 Ormin ja V ja+1 - \/ﬁ sy

I, =— jor] — ———df, = YL o = ko1, . (2.143
27 Jo \/j T sin? k.0, ka g ; T ( )

The angle variables read

N-1 N-1
b, = - —b,
ZZ:; klal+z=za;1 ki l

. : 110
a; = arcsin ]l;l cos k;0;, b, = arctan w. (2.144)
Ji+1 — N Py sin kb,

N-1 . ka
1 /= . prsin kil 4+ 14/7141 cos ki0;\ B
Ua:k— \/]a+1—\/J_aH( - + X
a —a VIi+1 — i

_ ko
y ]i—[l <pl sin k;0; + 2+/7; cos kl9l> Ry
Ve — Jjising, .

Hence, we constructed the superintegrable system with higher order constants of motion, which

Thus,

(2.145)
l=a+1

admits separation of variables. Since the classical spectrum of its angular part is isospectral
with the "angular Calogero model”, we can state that they become, under appropriate choice
of constants k;, ¢, canonically equivalent with angular part of rational Calogero model [32]. In
fact this means equivalence of these two systems. However, we can’t present explicit mapping

of one system to other.
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Now consider the spherical Hamiltonian of the particle moving near horizon of the external
Myers -Perry black hole in odd dimensions (2n+1)[50]. Although one deals with the relativistic
system , the initial Hamiltonian can be brought to n-dimensional non-relativistic form. Angular

part of it in terms of spherical variables will have the following form.

1 9 Fo s
T == . Fa — P2 a+1 a
b o T cos?f, sin’6,

5 (2.146)

As was mentioned Z is identified with the Casimir element of the conformal group. The aim is to
describe this system in terms of complex variables (u,). Firstly the introduction of action-angle

variables is needed. Action variables can be computed.

1
I = %/deana L VFa + VFar — lgai]) (2.147)
Inverting this relation one finds.
RS N 2
=2 <2ZIG+Z|gaI> (2.148)
a=1 a=1

Since action and angle variables are canonically conjugated corresponding angle variables can

be found via taking derivative of an action.

oS n—1 n—1
o, = o Z arcsin X; + 2 Z arctan Y (2.149)

l=a+1

where
X (Fi+ Fi1 — g7y) — 2Fsin® 6 (2.150)
1= :
\/(Fl—l - - 912+1)2 - 4Flglz+1
(Fi + Fi—1 — giy1) Py, sin 6 cos 0 — sin” 0, \/FI(FZ +Fo1—gi4)? — FPFia

Y =2 (2.151)

VEZ(Fy + Fioy — g2, — 2F;sin®6))

u, variable contains exponents of angle variables and it is useful to give the expressions of these

exponents.

. 2
6iarcsinXl _ /1 o Xl2 + ZX[ _ V EPHl Sin 291 - Z(Fl COS 291 + Fjlfl - gl—i—l) (2152)
\/(Flfl —F - gl2+1)2 - 4Flgl2+1

e2zarctanYl — 1 + ZY} —
1 -1y
_ /F]_1(Fj_1+F) cos? 29179l2+1)713€l sinzel(Fl,pLFlfngH)w sin2 9l\/Fl(Fl2_1+Fl71(F172gl2+1)+(Fl7g12+1)2) (2 153)

1y /F]_1(Fj_1+F] cos2 2«9[—gl2+1)+P9l sin20) (Fy_ 1 +F—gf, ) —2sin? 0 \/Fl(Fl271+Fl71(Fl—2gl2+1)+(Fl—g12+1)2)
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And finally the expression of u, can be written.

n—1 .
1 VF Py, sin20; — 1(Fycos 20, + Fy_1 — g2, ,)
Uq = \/5(\/ Fa+ \V/ Fa—l_ |ga+1|)H l 5 5 bl X
I=a \/(Fl—l — F, — gl+1)2 —4Fg;,

I 1 /Fy_1(Fy_1+F} cos> zelfglzﬂ)fpel si11291(Fl_1+Flfgl2+1)+2 sin? 6, \/Fl(Fl2_1+F‘l_1(F172gl2+1)+(Fl7gl2+1)2)
I=at1\ /R T(F_q+F, cos? 20)—g7, )+ Py, sin 20y (Fj_1+F—g7, |)—2sin2 ; \/FZ(FIQ_1+FI71(F172gl2+1)+(Fl7912+1)2)

(2.154)

2.8 CONCLUDING REMARKS

In this chapter we discuss Tremblay-Turbiner-Winternitz and Post-Wintenitz systems and their
relation with N-dimensional rational Calogero model with oscillator and Coulomb potentials.
We write the hidden symmetries of this systems using complex variables. Then we investigated
superintegrable deformations of oscillator and Coulomb problems separating their "radial” and
"angular” parts, where the latter was described in terms of action-angle variables. We encoded
phase space coordinates in the complex ones: the complex coordinate z involved radial vari-
ables parameterizing Klein model of Lobachevsky plane, and complex coordinates u, encoding
action-angle variables of the angular part. Then we combined the whole set of constants of
motion (independent from Hamiltonian) in N — 1 holomorphic functions M,, generalizing the
so-called ”Holomorphic factorization” earlier developed for two-dimensional generalized oscil-
lator/Coulomb systems. Then we presented their algebra, which among nontrivial relations
possesses chirality property {M,, M,} = 0. Hence, presented representation can obviously
considered as a classical trace of ”"quantum factorization” of respective Hamiltoinian. Seems
that it could be used for the construction of supersymmetric extensions of these systems. The
lack of given representation is the use of the action-angle formulation of the angular parts of
the original systems.

In this context one should mention the earlier work [64], where symmetries of the angular
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parts of conformal mechanics (and those with additional oscillator potential) were related with
the symmetries of the whole system by the use of coordinate z and conformal algebra generators
(2.78). That study was done in most general terms, without referring to action-angle variables
and to specific form of angular part. Quantum mechanical aspects were also considered there.
Hence, it seems to be natural to combine these two approaches for and at first, exclude the
action-angle argument from present formulations, and at second, use presented constructions
for the quantum considerations of systems, in particular, for construction of spectrum and

wavefunctions within operator approach. We are planning to present this elsewhere.
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Chapter 3

CN-Smorodinsky-Winternitz system

3.1 INTRODUCTION

Current chapter is based on my single-authored paper [4].
The one-dimensional singular oscillator is a textbook example of a system which is exactly
solvable both on classical and quantum levels.The sum of its N copies, i.e. N-dimensional

singular isotropic oscillator is, obviously, exactly solvable as well. It is given by the Hamiltonian
N 2 2 2.2

. p; g wox
H= IZ', with Iz = —Z—i- L + L 3

{pis i} = b, Api,pi} =A{xi, 21 =0 (3.1)

It is not obvious that in addition to Liouville Integrals /; this system possesses supplementary
series of constants of motion, and is respectively, maximally superintegrable, i.e. possesses
2N — 1 functionally independent constants of motion. All these constants of motion are of the
second order on momenta. It seems that this was first noticed by Smorodinsky and Winternitz,
who then investigated superintegrability properties of this system in great detail [65, 66, 67].
For this reason this model is sometimes called Smorodinsky-Winternitz system and we will
use this name as well. For sure, such a simple and internally rich system would attract wide

attention in the community of mathematical and theoretical physics, and that is one of the
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main reasons why there are so many publications devoted to its study and further general-
izations. Besides the above-mentioned publications, we should as well mention the references
(68, 69, 70, 71, 72, 73, 74, 75](see the recent PhD thesis on this subject with expanded list
of references [76]). Notice also that Smorodinsky-Winternitz system is a simplest case of the
generalized Calogero model(with oscillator potential) associated with an arbitrary Coxeter root
system [21]. Thus, one hopes that observations done in this simple model could be somehow
extended to the Calogero models. There is a well-known superintegrable generalization of the

oscillator to sphere, which is known as Higgs oscillator[28, 29] Smorodinsky-Winternitz model

admits superintegrable generalization of the sphere as well [77]. Though it was first suggested
by Rosochatius in XIX century (without noticing its superintegrability) [78], it was later re-
discovered by many other authors as well (e.g. [79, 50]) . Superintegrable generalization of

Calogero model on the sphere also exists [31, 30, 1].
In this chapter we consider simple generalization of the Smorodinsky-Winternitz system
interacting with constant magnetic field. It is defined on the N-dimensional complex Euclidian

space parameterized by the coordinates z* by the Hamiltonian

N 2
H=>_ (ﬂ,ﬂra + Zf“ga + w22az“> . with {7, 2"} =6w, {me ™} =1Béw  (3.2)
a=1

The (complex) momenta 7, have nonzero Poisson brackets due to the presence of magnetic field
with magnitude B [13, 82]. We will refer this model as CV-Smorodinsky-Winternitz system.
For sure, in the absence of magnetic field this model could be easily reduced to the conventional
Smorodinsky-Winternitz model, but the presence of magnetic field could have nontrivial impact
which will be studied in this chapter. So, our main goal is to investigate the whole symmetry
algebra of this system. Notice that this is not only for academic interest: the matter is that
C!'-Smorodinsky-Winternitz system is a popular model for the qualitative study of the so-called
quantum ring [$3, 84, 85], and the study of its behaviour in external magnetic field is quite
a natural task. Respectively, CV-Smorodinsky-Winternitz could be viewed as an ensemble of
N quantum rings interacting with external magnetic field. So investigation of its symmetry

algebra is of the physical importance.
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Since C%-Smorodinsky-Winternitz system is manifestly invariant with respect to U(1) group
action, we can perform its Kustaanheimo-Stiefel transformation, in order to obtain three-
dimensional Coulomb-like system. It was done about ten years ago [30], but in the absence of
magnetic field in initial system. Repeating this transformation for the system with constant
magnetic field we get unexpected result: it has no qualitative impact in the resulting system,
which was referred in [37] as ”generalized MICZ-Kepler system”[88, 89, 90]. In addition, we
obtain, in this way, the explicit expression of its symmetry generators and their symmetry
algebra, which as far as we know was not constructed before.

We already mentioned that both oscillator and Smorodinsky-Winternitz system admit su-
perintegrable generalizations to the spheres. On the other hand the isotropic oscillator on CV
admits the superintegrable generalization on the complex projective space, moreover, the in-
clusion of constant magnetic field preserves all symmetries of that system [91, 92]. Tt will be
shown that introduction of a constant magnetic field doesn’t change these properties of the
CN-Smorodinsky-Winternitz system. Thus, presented model could be viewed as a first step
towards the construction of the analog of Smorodinsky-Winternitz system on CPY.

The chapter is organized as follows.

In the Section 3.2 we review the main properties of the conventional (R"-)Smorodinsky-
Winternitz system, presenting explicit expressions of its symmetry generators, as well as wave-
functions and Energy spectrum. We also present symmetry algebra in a very simple, and
seemingly new form via redefinition of symmetry generators.

In the Section 3.3 we present CY-Smorodinsky-Winternitz system in a constant magnetic
field, find the explicit expressions of its constants of motion. We compute their algebra and
find that it is independent from the magnitude of constant magnetic field. Then we quantize a
system and obtain wavefunctions and energy spectrum. We notice that the CY-Smorodinsky-
Winternitz system has the same degree of degeneracy as R¥- one, due to the lost part of
additional symmetry.

In the Section 3.4 we perform Kustaanheimo-Stiefel transformation of the C2-Smorodinsky-

Winternitz system in constant magnetic field and obtain, in this way, the so-called “generalized
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MICZ-Kepler system”. We find that constant magnetic field appearing in the initial system,
does not lead to any changes in the resulting one.

In the Section 3.5 we discuss the obtained results and possibilities of further generaliza-
tions. Possible extensions of discussed system include supersymmetrization and quaternionic

generalization as well as generalization of these systems in curved background.

3.2 SMORODINSKY-WINTERNITZ SYSTEM ON R¥

Smorodinsky-Winternitz system is defined as a sum of N copies of one-dimensional singular
oscillators (3.1), each of them defined by generators I; which obviously form its Liouville inte-
grals {[;, I;} = 0. About fifty years ago it was noticed that this system possesses additional set

of constants of motion given by the expressions [(5]

Lij = LijLy — =5 — 3'324 , AL, HY =0, (3.3)
where L;; are the generators of SO(N) algebra,
Lij=pixj —pjri © {Lij, L} = 0Ly + dLix — SuLjrx — L (3.4)

The generators I;; provides additional N — 1 functionally independent constants of motions
and so this system is maximally superintegrable. These generators define highly nonlinear

symmetry algebra,

{Li, L} = 0ijSir — 0irSij,  {Lijs I} = 06 Tiji + 6ix Ty — 050 Tiks — 0 Tiji (3.5)

where
S} = A6 I+ 126] - 167+ 1 ) (3.6)
To, = —16(L Lt + Gi 17 + . 1 + 97 1 — 49797 97)- (3.7)
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The generators S7; and T, are of the sixth-order in momenta and antisymmetric over 4, j, k
indices. The above symmetry algebra could be written in a compact form if we introduce the
notation
2
M =1I;, My =1, M;=g}, My= WZ, Riji = Tiji,  Rijo = Sij. (3.8)
Then one can introduce capital letters which will take values from 0 to N. It is worth to
mention that Mj; is symmetric, whereas R;;x is antisymmetric with respect to all indices. In

this terms the whole symmetry algebra of Smorodinsky-Winternitz system reads

{MIJ7 MKL} = 5JKRIJL + 5IKRJKL - 6JLRIKL - 5IszlJK (39)

where
R?JK = —16(M[JMJKMIK + MIQJMKK + MIQKMJJ =+ M?{LM]] — 4MIIMJJMKK> (310)

One important fact should be mentioned, although in this algebra on the right side we have sum
of many terms (square roots), only one term always survives, since in case of three indices are
equal, the result is automatically 0. Consequently in this algebra we always have one square root
on the right hand side. Quantum-mechanically the maximal superintegrability is reflected in the
dependence of its energy spectrum on the single, “principal” quantum number only. Having in
mind that in Cartesian coordinates the system decouples to the set of one-dimensional singular
oscillators, we can immediately extract the expressions for its wavefunctions and spectrum from

the standard textbooks on quantum mechanics, e.g. [11],

N N N
1 2
Emw:hw<2n+N+Z Z_L+%>’ \P:H@D(mi,ni), n:Zni (3.11)
i=1 =1

i=1

where

1+4/1+4g2 /02 )

V(@i m;) :F<—ni71+\/1+%,wgz)(wgl) e (3.12)

Here F' is the confluent hypergeometric function. With these expressions at hands we are

ready to study Smorodinsky-Winternitz system on complex Euclidean space in the presence of

constant magnetic field.
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3.3 CM-SMORODINSKY-WINTERNITZ SYSTEM

Now let us study 2N-dimensional analog of Smorodinsky-Winternitz system interacting with
constant magnetic field. It is defined by (3.2) and could be viewed as an analog of Smorodinsky-
Winternitz system on complex Euclidian space ((CN ,ds? = Zivzl dz“d2“> . Thus, we will refer it
as CN-Smorodinsky-Winternitz system. The analog of SW-system which respects the inclusion

of constant magnetic field is defined as follows,

2
H= "L, L=l + oo 022, (3.13)

2%ze

where z% 7, are complex (phase space) variables with the following non-zero Poisson bracket

relations

{ﬂ'a, Zb} = 5ab7 {77'&, Eb} = 5ab7 {7Ta, ﬁb} == ZBéab. (314)

For sure, it can be interpreted as a sum of N two-dimensional singular oscillators interacting
with constant magnetic field perpendicular to the plane. It is obvious that in addition to N
commuting constants of motion [, this system has another set of N constants of motion defining

manifest (U(1))" symmetries of the system
Log = 1(mq2% — T,2%) — B2°Z% : {Laa, H} =0 (3.15)

and supplementary, non-obvious, set of constants of motion defined in complete analogy with

those of conventional Smorodinsky-Winternitz system:

2.bzb 2 aza
gazt2b  gpaz
Ly = LosLos ( ) Ly, H) =0, b 16
b bLb + saza szb { b H} 0 a # (3 )
with L, being generators of SU(N) algebra
Loy = 1(ma2" — T,2%) — Bz°2" © {Lup, Leg}y = 16,3005 — 1650 (3.17)
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These symmetry generators, and I, obviously commute with L,; due to manifest U(1)" sym-

metry
{Laéa ]b} = {La(_u Ibc} = {Lat_u LbE} = {Ia7 Ib} =0 (318)

The rest Poisson brackets between them are highly nontrivial
{Im [bc} = 5abSac - 5acSab7 {Iaba [cd} = 5bcTabd + 5achcd - 5deacd - 6adTabca (319)

where

Ssb = 4]abIaIb - (La&]b + LbBIa>2 - 493113 - 49213 - 4w2]ab(jab - LadLbl;)

+ dw?gp L2, + 492w Ly + 1692 giw® — 2B(Iap — LaaLyp)(Laals + Ligla)

— B*(Ip — LaaLyp)® + 4B(gy I Laa + 921y Log) + 4B*g2g; (3.20)
T%e = 2(Iay — LaaLis)(Ioe — LipLec) (Jac — LaaLez) + 2Iaplacle + L2, L3 L2,
— 492 ap(Iab — LaaLup) + 9o lue(Ine — LipLez) + g3 lac(lac — LaaLez))
— (Ip.L2; + I3 L2 + I2. L) + 495 g2 L2y + 4gag2 L + 49295 L2 + 169295 g7 (3.21)

To write the symmetry algebra in a simpler form we can redefine the generators

1 B
My = L2, + 492, My = Ly — §LadLb5, My =1, — EL(M—L, My = 4w* + B*. (3.22)

Since L,; commute with all other generators Poisson brackets of M will exactly coincide with
the Poisson brackets of I, and I,. Similarly the R tensor is defined as in the real case. So the

algebra will have the following form

{Maba Mcd} = 6bcTabd + 5achCd - 5deacd - 5adTabcy {MaO; Mab} = 5abSac - 5acSab- (323)

where
B2
S2, = 4 My Moo Mo + <w2 n T) (MaaMyy — AMZ) — M2 Mo — M2 My, (3.24)
1
T =AMy My M — M3, Moo = MMy, — ME Moo + 7 Moo My M. (3.25)
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Needless to say that L,; commute with all the other constants of motion. Finally the full

symmetry algebra then reads

{Mup,Mcp} = 0pcRapp + dacRpep — 0pRacp — dapRasc (3.26)

where
1
R 50 = AMapMpcMac — MigMoe — M3cMpp — MM + ZMAAMBBMCC (3.27)

Again capital letters take values from 0 to V. In the complex case Rapc and Myp are again
respectively antisymmetric and symmetric as in the real case. Up to multiplication by a constant
this has the same form as the symmetry algebra for the real case.

Let us briefly discuss the number of conserved quantities. We have N real functionally
independent constants of motion (I,). Moreover let us mention that I, is also real, and
although it has N(NN — 1)/2 components, the number of functionally independent constants
of motion is N — 1. In addition to this, the complex system has N real conserved quantities
(Laz). So the total number of constants of motion is 3N — 1 and it is superintegrable (but
not maximally superintegrable). Especially if N = 1 the system is integrable. For N = 2
the system is superintegrable, but it has only one additional constant of motion (minimally

superintegrable).

3.3.1 QUANTIZATION

Quantization will be done using the fact that CV-Smorodinsky-Winternitz system is a sum of
two dimensional singular oscillators. This allows to write the wave function as a product of N
wave functions and total energy of the system as a sum of the energies of its subsystems. So

the initial problem reduces to two-dimensional one.
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A

1Y, (20, 20) = EaWa(20,Z0),  HYyor = By Uy,

Wpor = H Vo2, Z);  Eror = Z E,. (3.28)

a=1

After this reduction, complex indices can be temporarily dropped. Now it is obvious to intro-
duce the momenta operators and commutation relations, which will have the following form in

the presence of constant magnetic field.

—1(h0 + gz), 7= —1(h0 — gz) [, 7] = hB, |[m z]=—ih (3.29)

Schrodinger equation can be written down
2 2

[— 1200 + (w2 + %)zz e S (50— 02) + gz] U(z,2) = EU(z, 7). (3.30)

Even in this two-dimensional system additional separation of variables can be done if one writes

this system in a polar coordinates using the fact that z = \/Lgei‘b.

[82 10 2<E o 29 1

BQ> , tBh O
2r2 0¢? r2 2 "

4 5 %)]‘I’(T,@:O. (3.31)

or?  ror h?
Further separation of variables can be done and one can use the fact that L is a constant of

motion.

U(r,¢) = R(r)®(¢), L® = hmd. (3.32)

Using the explicit form of the U(1) generator, normalized solution can be written

P20 _ L e
L= —ihg, q>(¢)_me . (3.33)

This result allows to write the equation (3.31) in the following form

> 1d 2 Pm? 24> 1 B? Bhm
: (o 2y
< 2r2 r2 2 * "

PR = 4 2

St )| R =0. (3.34)

Solution of this kind of Schrodinger equation can be written down. The final result for the

wave functions of two-dimensional system and the energy spectrum are as follows

W(z,zZ,n,m) = 3”2_%( z/Z) mF n, 4/ m ’ - v B zz) (3.35)
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2 B_2 2 492 B2
y <2\/w + 3 Zz>1/2./m +h72€72\/w§+Tz2

h
B? 4¢? Bhm
B=hfw?+ = (2n+ 14y fm2+ ) + =0 (3.36)
Finally the indices of CV can be recovered. The total wave function is a product of the

wavefunctions and the total energy is the sum of the energies of two-dimensional subsystems

N
U(z,2) = [ [ ¥(20: Zas as ) (3.37)
a=1

N B? N 12\  Bh&
— — 2 2 —Za -
Eiow = a§:1 Ena,ma = hy[w? + 4 <2n + N+ a§:1 m; + 72 ) + 5 aE:l meg, (338)

N
n=> ng n=012. my=0%1,+2 . (3.39)
a=1

In contrast to the real case the energy spectrum of the CY-Smorodinky-Winternitz system

depends on N + 1 quantum numbers, namely n and m,, .

3.4 KUSTAANHEIMO-STIEFEL TRANSFORMATION

Since CY-Smorodinsky-Winternitz system has manifest U(1) invariance, we could apply its
respective reduction procedure related with first Hopf map S®/S! = S2, which is known as
Kustaanheimo-Stiefel transformation, for the particular case of N = 2. Such a reduction was
performed decade ago [26] and was found to be resulted in the so-called “generalized MICZ-
Kepler problem” suggested by Mardoyan a bit earlier [37, 93]. However the initial system
was considered, it was not specified by the presence of constant magnetic field, furthermore,
the symmetry algebra of the reduced system was not obtained there. Hence, it is at least
deductive to perform Kustaanheimo-Stiefel transformation to the C2-Smorodinsky-Winternitz
system with constant magnetic field in order to find its impact (appearing in the initial system)
in the resulting one. Furthermore, it is natural way to find the constants of motion of the

“generalized MICZ-Kepler system” and construct their algebra.
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So, let us perform the reduction of C2-Smorodinsky-Winternitz system by the U(1)-group

action given by the generator
JQ = L11 + L22 = Z(Z’]T - 277') — BzZz (340)

For this purpose we have to choose six independent functions of initial phase space variables

which commute with that generators,

ZOLT + TORZ

, k=123 (3.41)

Qr = 20k2, Dk = -
22z

where 0}, are standard 2 x 2 Pauli matrices. Matrix indices are dropped here. This transforma-
tion is called Kustaanheimo-Stiefel transformation. Then we calculate their Poisson brackets

and fix the value of U(1)- generator Jy = 2s. As a result, we get the reduced Poisson brackets

{g,a} =0, {pr.a} =0, {pw.p}= SEklmE]% (3.42)

Expressing the Hamiltonian via ¢;, p;, Jo and fixing the value of the latter one, we get

2 52 Bs 1 <B2
(3.43)

How =20al |5 + 55 + 50+ 5

9 9 ]
20q*  2[q] 2

— +w2> + +
4 lg|(lal +q3)  lal(lq] — g3)

So, we reduced the C2-Smorodinsky-Winternitz Hamiltonian to the three-dimensional system.
To get the Coulomb-like system we fix the energy surface or reduced Hamiltonian, Hgyw — Esy =

0 and divide it on 2|g|. This yields the equation

24+ B?%/4
HgMICZ —&£=0, with &€ = —% (3.44)
and
2 2 2 2
p S 91 93 Y . Egw — Bs
Hoprcz = — + + + - with v= ————. (3.45)
? 2 2lq  lal(ldl+a)  lal(ldl —as)  dl 2

The latter expression defines the Hamiltonian of “generalized MICZ-Kepler problem”. Hence,
we transformed the energy surface of the reduced C2-Smorodinsky-Winternitz Hamiltonian to
those of (three-dimensional) “Generalized MICZ-Kepler system”. Additionally it has an inverse
square potential and this system has an interaction with a Dirac monopole magnetic field which

affects the symplectic structure.
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Surprisingly, the reduced system contains interaction with Dirac monopole field only, i.e.
the constant magnetic field in the original system does not contribute in the reduced one. All
dependence on B is hidden in s and ~, which are fixed, so the reduced system does not depend
on B explicitly.

Now this reduction can be done for constants of motion. Before doing that it is convenient
to present the initial generators of u(2) algebra given by (3.17) in the form

BZU]CE
2 Y

Jo=1i(zm — Z7) — BzZ, Jy= %(ZO‘;JT — TORZ) —
{J(), Jl} = O, {Ju J]} = 5ijk<]k:- (346)

After reduction we get Jy = 2s. After the reduction, the rest su(2) generators result in the
generators of the so(3) rotations of three-dimensional Euclidian space with the Dirac monopole

placed in the beginning of Cartesian coordinate frame,
dk
i = €kimPigm — Sm (3.47)

Then the symmetry generators for the “generalized MICZ-Kepler system” can be written down,

L-I, B v3y | gi(r—=s)  gi(r+as)
T — —(Lays — L11) = p1Ja — poJ. — 3.48
5 T e L) =ph—pdit r +r(r+w3) r(r — x3) (34
1 S
L= §(L22 — L) = J3 =piga — q1p2 — Wq’Sv
2. 2
T=Tp= 22 2 B 8) 0l ta) (3.49)

=4 qs3 T —qs3

It is important to notice that Z is a generalization of the z-component of the Runge-Lenz vector.

The relation of the initial system and the reduced one will allow to find the symmetry
algebra of the final system using the previously obtained result for the complex Smorodinsky-
Winternitz system. First of all the constants of motion in the initial system will also commute

with the reduced Hamiltonian.
{Homrcz, L} = {Homrcz, T} = {Hymicz, L} =0 (3.50)

Moreover, since in the initial system L,; generators commute with all the other constants of

motion one can write.
{£,T}={L,T} =0 (3.51)
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There is only one non-trivial commutator
{Z,J}==5 (3.52)

S here coincides with S;5 of C2-Smorodinsky-Winternitz system and can be written using the
generators of the reduced system.

2

S? = 2H m102 [4 (j+% <£2—52)>2— (4g§+(£+8)2> <4g%+(£—3)2>} — (493—1—(5—1—5)2) <I+7>

2 1
- (493 (L s)2> <I - 7) - 4<j 5L - 32)) (I - 7) (I + 7) (3.53)
There is a crucial fact that should be mentioned. Although the initial system had an interaction
with magnetic field, after reduction we don’t have any dependence on B both in symplectic
structure and in generators of the symmetry algebra, at least in classical level. In other words,

the reduced system does not feel the magnetic field of the initial system.

3.5 DISCUSSION AND OUTLOOK

In this chapter we formulated the analog of the Smorodinksy-Winternitz system interacting
with a constant magnetic field on the N-dimensional complex Euclidian space CV. We found
out it has 3N — 1 functionally independent constants of motion and derived the symmetry
algebra of this system. Quantization of these systems is also discussed. While for the real
Smorodinsky-Winternitz system energy spectrum is totally degenerate and depends on single
("principal”) quantum number, the CY-Smorodinsky-Winternitz energy spectrum depends on
N 4 1 quantum numbers. Then we performed Kustaanheimo-Stiefel transformation of the
C2-Smorodinsky-Winternitz system and reduced it to the so-called ”generalized MICZ-Kepler
problem”. We obtained the symmetry algebra of the latter system using the result obtained
for the initial ones. Moreover, we have shown that the presence of constant magnetic field in

the initial problem does not affect the reduced system.
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There are several generalizations one can perform for this system. Straightforward task is
the construction of a quaternionic (H"-) analog of this system. While complex structure al-
lows to introduce constant magnetic field without violating the superintegrability, quaternionic
structure should allow to introduce interaction with SU(2) instanton. It seems that one can
also introduce the superintegrable analogs of the CV-/H”-Smorodinsky-Winternitz systems on
the complex/quaternionic projective space CPV / HPY, having in mind the existence of such
generalization for the CN-/(HM-) oscillator [91, 94]. We expect that the inclusion of a con-
stant magnetic/instanton field does not cause any qualitative changes for this system. These

generalizations will be discussed later on.
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Chapter 4

CPV-Rosochatius system

4.1 INTRODUCTION

This chapter is based on the article written with Armen Nersessian and Evgeny Ivanov[5].
The (D-dimensional) isotropic oscillator and the relevant Coulomb problem play a pivotal
role among other textbook examples of D-dimensional integrable systems. They are distin-

guished by the “maximal superintegrability” property, which is the existence of 2D — 1 func-

tionally independent constants of motion [9]. The rational Calogero model with oscillator
potential [24, 25], being a nontrivial generalization of isotropic oscillator, is also maximally
superintegrable [19]. Moreover, Calogero model with Coulomb potential is superintegrable too

[31, 80, 81]. All these systems, being originally defined on a plane, admit the maximally super-
integrable deformations to the spheres (see Ref. [25] for the spherical generalizations of the os-
cillator and Coulomb problem, and Ref. [31] for the Calogero-oscillator and Calogero-Coulomb
ones). The integrable spherical generalizations of anisotropic oscillator [95, 96], Stark-Coulomb
and two-center Coulomb problems [31] are also known.

In contrast to the spherical extensions, the generalizations to other curved spaces have not
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attracted much attention so far. The only exception seems to be the isotropic oscillator on the
complex/quaternionic spaces considered in Ref. [91, 91]. These systems reveal an important
feature: they remain superintegrable after coupling to a constant magnetic/BPST instanton

field, though cease to be maximally superintegrable. One may pose a question:

How to construct the superintegrable generalizations of Calogero-oscillator and Calogero-

Coulomb models on complex and quaternionic projective spaces?

In this chapter we make first steps toward the answer. Due to the complexity of the prob-
lem we restrict our attention to the simplest particular case. Namely, we construct the super-
integrable CP"-generalization of the N-dimensional singular oscillator (the simplest rational

Calogero-oscillator model) which is defined by the Hamiltonian

N 2 2 wia?
How =3 (S +5m+50)  lwnd=du {pon}={ron} =0 (41

a=1
This model is less trivial than it looks at first sight: it has a variety of hidden constants of
motion which form a nonlinear symmetry algebra and endow the system with the maximal
superintegrability property, as was mentioned in the previous chapter.

The maximally superintegrable spherical counterpart of the Smorodinsky-Winternitz system

is defined by the Hamiltonian suggested by Rosochatius in 1877 [75]

2 2 N 9 9 2,22
P (zp) wirg  wrgx 5 9 5
Hpos = — — +E + , T, +xy=r1]- 4.2
Ro 2 2rk x2 212 0 0 (42)

It is a particular case of the integrable systems obtained by restricting the free particle and
oscillator systems to a sphere. It was studied by many authors from different viewpoints, in-
cluding its re-invention as a superintegrable spherical generalization of Smorodinsky-Winternitz
system [958, 99, 77, 79, 56]. Rosochatius model, as well as its hybrid with the Neumann model
suggested in 1859 [100], attract a stable interest for years due to their relevance to a wide
circle of physical and mathematical problems. Recently, the Rosochatius-Neumann system was

encountered, while studying strings [101, , 103], extreme black hole geodesics [56, , 105]
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and Klein-Gordon equation in curved backgrounds [L06].
In this chapter we propose a superintegrable generalization of Rosochatius (and Smorodinsky-

Winternitz) system on the complex projective space CPY. It is defined by the Hamiltonian

N
_ (77) + (27)(Z7) w?
Hros = (1 + 22) 2 +72(1 + 22) w0+zzaza —rg;wf, (4.3)

and by the Poisson brackets providing the interaction with a constant magnetic field of the

magnitude B

(70, Y =60, {702 =68, {ma, 7} = ZB%( o ___Z2 ) (4.4)

We will call it CPY-Rosochatius system.
Reducing this 2N-dimensional system by the action of N manifest U(1) symmetries, z* —
eaz® m, — e "em,, we recover the N-dimensional Rosochatius system (4.2) (see Section 3).
On the other hand, rescaling the coordinates and momenta as roz* — 2%, m,/rg — 7, and
taking the limit ry — 0o, w, — 0 with 72w, = g, kept finite, we arrive at the C¥-Smorodinsky-
Winternitz system discussed in the previous chapter.

N 2
Hew = Z (ﬂ'aﬂ'a + w%z“z“ + g‘f ) ,

a:1 Zaza
by _ <b - by _ <b -\ _ _
{ma, 2’} =6, {Ta, 2"} =02, {ma,Tp} = 1B0y- (4.5)

Since the reductions of CP-Rosochatius system yield superintegrable systems, it is quite nat-
ural that it proves to be superintegrable on its own.

Finally, note that CV-Smorodinsky-Winternitz system (4.5) can be interpreted as a set of N
two-dimensional ring-shaped oscillators interacting with a constant magnetic field orthogonal
to the plane. As opposed to (4.5), the CP"-Rosochatius system does not split into a set of
N two-dimensional decoupled systems. Instead, it can be interpreted as describing interacting
particles with a position-dependent mass in the two-dimensional quantum rings.

To summarize, the CP"-Rosochatius system suggested is of interest from many points of

view. Its study is the subject of the remainder of this chapter. It is organized as follows.
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In Section 4.2 we discuss the simplest systems on CPY, namely CP"-Landau problem and
the CPV-oscillator.Then we derive the potential specifying the CPN-Rosochatius system.

In Section 4.3 we present classical CP"-Rosochatius model in a constant magnetic field and
find that, in addition to N manifest U(1) symmetries, this system possesses additional 2N — 1
functionally-independent second-order constants of motion. The latter property implies the
(non-maximal) superintegrability of the model considered. We present the explicit expressions
of the constants of motion and calculate their algebra. We also show that the reduction of
CP"-Rosochatius model by manifest /(1) symmetries reproduces the original N-dimensional
(SM-) Rosochatius system.

In Section 4.4 we separate the variables and find classical solutions of CPY-Rosochatius
model.

In Section 4.5 we study quantum CPY-Rosochatius system and find its spectrum which
depends on N + 1 quantum numbers, as well as the relevant wavefunctions.

In Section 4.6 we give an account of open problems and possible generalizations.

In the subsequent consideration we put, for simplicity, rq = 1.

4.2 MODELS ON COMPLEX PROJECTIVE SPACES

In this Section we briefly describe the Landau problem and the oscillator on a complex projective
space, and construct CPY-analog of Rosochatius system.
Let us introduce, on the cotangent bundle of CN¥*! the canonical Poisson brackets {p;, u/} =

d;j, and define the su(N + 1) algebra with the generators

iy O3 S i o
Li; = (p’ — pju’) — ﬁLoy where Lo = zzo(piu — piu'). (4.6)

Reducing this phase space by the action of generators Lg,hy = Y, u'd’, and finally fixing

their values as Ly = 2B, hg = 1, we arrive at the Poisson brackets (4.4) (with rg = 1). They
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describe an electrically charged particle on CPY interacting with a constant magnetic field of

the magnitude B and set the corresponding twisted symplectic structure
Qo = dz* A dry + dZ* A d7, +1Bgpdz" A dz°, (4.7)

with g,; being defined in (1.30).
The inhomogeneous coordinates and momenta 2%, 7w, are related to the homogeneous ones

pi,u’ as [13]

a __ ua _ _ pb —bpo
24 = — Wa—gab<@—z @> (4.8)

The su(N + 1) generators (4.6) are reduced to the following ones

Jup = 121, — T2 — BEZ J, =7, + 29(27) + 1B ¢ (4.9)

{J@b, Jéd} - i&@dejf)c - iagbjad, {Ja7 jb} - _7’<Jal_) + J(](Sal_)), {:]a, Jb@} = in5a67 (410)

where J, = ZN Joua + B.

a=1

With these expressions at hand we can now consider some superintegrable systems on CPY .

CP"-Landau problem. The CP"-Landau problem is defined by the symplectic structure

(4.7) and the free-particle Hamiltonian identified with a Casimir of su(/N + 1) algebra

N N 2 2
_ _Jga+JE—B

ZJaJa+ Za,b—l b ; 0

a=1

Ho = (1+ 22) ((am) + (zm)(27)) = 5 > LiLii- 2

{Ho, Lij} = 0. (4.11)

Its quantization was done, e.g., in [107].

CP"-oscillator. The CP"-oscillator is defined by the symplectic structure (4.7) and the

Hamiltonian [91]

HOSC - HO + WQ/ZZ . (4.12)
It respects manifest U(N) symmetry with the generators J,; (4.9), and additional hidden

symmetries given by the proper analog of “Fradkin tensor”,

I

a

p = Judy + w220 (4.13)
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The full symmetry algebra of this system reads

{Jab, JEd} = ZéadJEc - ZéEbJ&da { ab» J} = ZgaJICE - chi)[ac? (414)

{ ab» ICJ} = Zw26aJJcB - Zw2505‘]a& - ZICB(JacZ + JO(SaJ) + Z]aJ(JcB + ‘]0605) ) (415)

where Jy = i(zm — 7Z) + B

T +ZZ The Hamiltonian (4.12) is expressed via the symmetry gener-

ators as follows

ZI i+ = Z Jo5va + BQ. (4.16)

abl

The quantum mechanics associated with this Hamiltonian was considered in [92]. In the flat

limit, the CP"-oscillator goes over to the CN-oscillator interacting with a constant magnetic

field.

CP"-Rosochatius system. The CP"-oscillator, being superintegrable system (for N > 1),
has an obvious drawback: it lacks covariance under transition from one chart to another. This
non-covariance becomes manifest after expressing the Hamiltonian (4.12) via the SU(N + 1)

symmetry generators and the homogeneous coordinates u,

LiL:— B 2
HOSC:Z” 07w LY (4.17)

2 1070

This expression allows one to immediately construct (N +1)-parameter deformation of the CP" -
oscillator, such that it is manifestly form-invariant under passing from one chart to another
accompanied by the appropriate change of the parameters w;. The relevant potential is

N 5 N
Wi : i—i
Vios = E (UZ;Z — wf) , with g u'a' = 1. (4.18)
i=0

=0

In the case when all parameters w; are equal, the system is globally defined on the complex
projective space with the punctured points u’ = 0.
The system with the potential (4.18) is just the CPY-Rosochatius system mentioned in

Introduction. Now we turn to its investigation as the main subject of the present chapter.
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4.3 CPV-ROSOCHATIUS SYSTEM

We consider the N-parameter deformation of the CPY- oscillator by the potential (4.18), in
what follows referred to as the “CP"-Rosochatius system”. It is defined by the Hamiltonian
(4.3) and Poisson brackets (4.4) with 1o = 1. Equivalently, this system can be defined by the

symplectic structure (4.7) and the Hamiltonian

Hpos = 9" aTy + (1 + 22) (wé + Z ZZ) Zw (4.19)

where g% = (14 22)(6° + 2°2%) is the inverse Fubini-Study metrics.
The model has N manifest (kinematical) U(1) symmetries with the generators

2%z°
142z

{Jaa, H} =0, (4.20)

Jog = 1ma2® — 1T,z — B

and hidden symmetries with the second-order generators I;; = (Ioq, L) defined as

2 bzb aza

Zz A
Iy = JpJba wfw c {L;;H}=0. (4.21)

Wi
Ioa = JoaJdoa + wgz“za +

7(1201

In the homogeneous coordinates, the hidden symmetry generators can be cast in a more succinct

form
QU ' 9 u'u’
Lij = Ji5J55 + w; e + wj e (4.22)
The relevant symmetry algebra is given by the brackets
{Jaa, 1;j} =0, {Lij, In} = 06 Tij1 + 0 Tjr — 00T — 6t Lijic » (4.23)

with

(Tij)? = 2(1i; — JaJi5) ik — Ji5ha) Liw — Jadyz) + 2L Ly + J2T 500

1Y J] 1wjj

— 4(&)2]2]([1] — J[J’) -+ wfljk(ljk — Jjjjk];) —+ wf[zk(],k — Jﬁjk;’c))

177
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+ AR TR + AW T + Al T + 160kl — (DT + I T3 + 15.T7) (4.24)

The Hamiltonian is expressed via these generators as follows

N+1

_ Ly | N~ o J-B
Z +Zw+ ZOGJFZ +) wit S (4.25)

abp=1 a=1

This consideration actually proves the superintegrability of the CPY-Rosochatius system.
The number of the functionally independent constants of motion will be counted in the end of
this Section.

For sure, the symmetry algebra written above can be found by a direct calculation of the
Poisson brackets between the symmetry generators. However, there is a more elegant and
simple way to construct it. Namely, one has to consider the symmetry algebra of CN*1-
Smorodinsky-Winternitz system (Part III) with vanishing magnetic field, and to reduce it, by
action of the generators 2(p;u’ — p;u’), u't’ (see the previous Section), to the symmetry algebra

of CP"-Rosochatius system.

4.3.1 REDUCTION TO (SPHERICAL) ROSOCHATIUS SYSTEM

In order to understand the relationship with the standard Rosochatius system (defined on the

sphere) let us pass to the real canonical variables y,, ¥*, DPa, Py,

1 p By > _
¢ = a 1Pa a— 3 a — 2 - Wa O=d a/\d a d Ad o (4.26
2= yee, 2(}9 Z<ya+1+y2 e Pa Ndya+dpy, Adp, . (4.26)

In these variables the Hamiltonian (4.19) is rewritten as

N N ~
1 2
HRos = 1(1 +v%) Z (Oab + Yayo)Paps + 405 + 4 Z 2| Eo , (4.27)
a,b=1 a=1 7@
where
2 9, 1 B? a 2
Wy :wa—f_zp@a’ wO _WO B—I—Zp%z 5 EO = Z—F g Wi . (428)
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Then, performing the reduction by cyclic variables ¢® (i.e., by fixing the momenta p}), we
arrive at the Rosochatius system on the sphere with y, = z,/x¢, where (x,z,) are ambient

Cartesian coordinates, ) . x; = 1:

B 1

As was already noticed, the S™V-Rosochatius system is maximally superintegrable, i.e. it has
2N — 1 functionally independent constants of motion. From the above reduction we conclude
that the CPY-Rosochatius system has 2N — 14 N = 3N — 1 functionally independent integrals.

Hence, it lacks N integrals needed for the maximal superintegrability.

4.4 CLASSICAL SOLUTIONS

To obtain the classical solutions of CPY-Rosochatius system we introduce the spherical coor-

dinates through the recursion
N-1
yny =rcosfy_1, Yo =rsinfy_iug,, with 7 = tanfy, Z u? =1, (4.30)
a=1

where y, were defined by (4.26). In terms of these coordinates the Hamiltonian (4.27) takes

the form

1 AT _1(0 -
Hpos = In — Ey = Z(l +7?) ((1 +7)p? + N7=—21(> + 4w§) — E,,

2 2
. pea Ia—l wa+1
4 ' sin%?6, cos?d,’

7, (4.31)

with Ey, wy = @o defined in (4.28) and a =1,..., N.

Thus we singled out the complete set of Liouville integrals (Hgos, Za, Py, ), and separated
the variables. It is by no means the unique choice of Liouville integrals and of the coordinate
frame in which the Hamiltonian admits the separation of variables. However, for our purposes

it is enough to deal with any particular choice.
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With the above expressions at hand, we can derive classical solutions of the system by

solving the Hamilton-Jacobi equation

oS )
H(p, = %,x“) =K, with 2" = (04, 04); Pu = (Pa,Py.)- (4.32)

To this end, we introduce the generating function of the form
N N
Stot =2 Salla) + Y PeuPa (4.33)
a=1 a=1

Substituting this ansatz in the Hamilton-Jacobi equation, we immediately separate the variables

and arrive at the set of ordinary differential equations:

ds,\? Ca— w2 N N
<d9 > * sinQ; * cos;; ~ fo a=1,...,N, ex:=E+E), Wy,=0. (434)

Solving these equations, we obtain

~9
Ca—1 Wat1

Se = | dOgi[cq — — — . 4.35

/ \/C sin?6, cos?4, (4.35)

Thus we have found the general solution of the Hamilton-Jacobi equation (i.e., the solution

depending on 2N integration constants c,, p.,)-
In order to get the solutions of the classical equations of motion, we should differentiate the
generating functions with respect to these integration constants and then equate the resulting

functions to some constants tg, ko, and ¢f,

OSo OSi _ o~ 05
=1t —t, =2 — =Kq, a=1,...,N—1,
OF 0Cq, oy 0Cq,
OSio -, 0S)
=ty 2 —_— 4.36
ap(»"a ; ap@a 0 ( )
Introducing
_~2
€, = sin?0,, A, = Cot el T Y (4.37)
2¢c,
we obtain from (4.36)
ey — Ay = A% — D=L sin 2 /en(t — 1), (4.38)

CN
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- sin kg (Ear1A ) + cos Ka\/ £2.1 + 261 Aat1 — ca+1
é-a - -A?l - Aaa
Ca ga—l- a+1 AaJrl
(4.39)
Qaa—i-l Ca—1 (Sa - 1) - ga (Ca (Sa - 1) + Jja )
o — Pt = — Pée arctan \/ - (4.40)

4(:)@4,-1 —Cq—1 (ga - 1) + Cq (ga - ) a+1 (fa + 1)

Thereby we have derived the explicit classical solutions of our CPY-Rosochatius system.

4.5 QUANTIZATION

In order to quantize the CP"-Rosochatius system we replace the Poisson brackets (4.4) by the

commutators (with ro = 1)

a b

0.7 Z%z
Ta, 2" = —1h6} Ta hB | —%— — . 4.41
[ﬂ- 7Z] O, [ﬂ- 77Tb] <1_’_22 (1_’_22)2 ( )

The appropriate quantum realization of the momenta operators reads

_ o B = _ 9 B =
_ B = __ _b | 4.42
fa =0 (hﬁza 21T zZ) o Ta= (haza 21+ 22) (442)

Then we define the quantum Hamiltonian

N N
n L binzn | 2n 2 - 2 w3 2 2
Hros = 59 (FaTy + ToTa) + B2(1 + 22) (wo + ;—1 Taza | T h ;_0 w; . (4.43)

The kinetic term in this Hamiltonian is written as the Laplacian on Ké&hler manifold (coupled
to a magnetic field) defined with respect to the volume element dvepy = (1 + 22)~+M[dzdz],
while in the potential term we have made the replacement w; — hw; .

In terms of the real coordinates z* = y,e'#* this Hamiltonian reads (cf. (4.27))

N N N =2

~ h? 0? 1 ~2 @ ~
%05: 1+y2 __< 5@ —'I_yay —+ (ya—i__)aa)_l_(z} + —= _E
R ( ) 4 a7b221( b b)ayaayb ; ya Y N+1 ; 4:’-/2 0
(4.44)
Here we introduced the operators
2 1 N 2 ]32
a1 = (— - Z P, ) raud, D=l (4.45)
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with

~ =~ 0
Pou = Joa = =t = _ B Zw (4.46)

Clearly, these operators are quantum analogs of the classical quantities (4.28). In the spherical

coordinates (4.30) the Hamiltonian (4.44) takes the form

ﬁRos = -,/Z\:N - EO)
7, = _h—z (sinf,)'~® 0 ((sin9 et 0 >—|—(acot9 —tanf,)— 0 + Zos + h%?)zﬂ (4.47)
“T Y “ 00, “ 00, 00, sin®f, 4cos?26,

where a =1, ..., N.

This prompts us to consider the spectral problem

- _ K2
Jua¥ = hmo ¥, I,0 = "l (l,+ 20)7, (4.48)

and separate the variables by the choice of the wavefunction in such a way that it resolves first

N equations in the above problem,

N
1 m,
¥ = s [L00emoe, m =012 (1.49)
a=1

Then, passing to the variables &, = sin?#6,, we transform the reduced spectral problem to the

system of N ordinary differential equations

la—1(la—1 + 2a — 2) I Wyi1
ga 1- éa

—&(1=&)U, + ((a+1)§—a)w;+i ( —la(la+2a)> Y, = 0. (4.50)

These equations can be cast in the form of a hypergeometric equation through the following

substitution
v =& (1-8) © s (451)
&l1=€)f"+ (far+0—€a (lo 1+t Gon +1) ) f’—}l (far 1+ @01 ~La) a1+ +1a+20) ) | = 0.
(4.52)
Introducing the following notions
A la_1+d;a+1—la7 B la_1+@a+21+la+2a’ Cel 4a (4.53)
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the equation reduces to the hypergeometric equation.
§1-9f + (C—¢(a+B+1)) s~ ABf =0, (4.54)
The regular solution of this equation is the hypergeometric function [10¥]
f(&) = CoF(A; B; C;€) (4.55)
Moreover there is requirement for the constants, which yields discrete energy spectrum
A= —n,, n,=0,1,2, ... (4.56)
So the solution will have the following form
fa(€) = CoF (—na;la—1, +@at1 + a +najla1 + a;80), (4.57)

la = 27’La + la—l + (:}a+1, (458)
with
Wq = \/4w?2 +m2. (4.59)

Therefore, [y = Zivzl (2n, + @, ), so that the energy spectrum is given by the expressions

2

h N N
i = 2 o s S a3
a=1 a=1

2

B*+ 2N SN,
—T—h Zwi, (4.60)
=0
where n = Zivzl n, = 0,1, ... In fact, for the integer parameters n, the hypergeometric function
(4.58) is reduced to Jacobi polynomials.

Thus the spectrum of quantum CPY-Rosochatius system depends on N + 1 quantum num-
bers. This is in full agreement with the fact that this system has 3N —1 functionally independent
constants of motion (let us remind that the spectrum of D-dimensional quantum mechanics
with D + K independent integrals of motion depends on D — K quantum numbers. E.g,

the spectrum of maximally superintegrable system depends on the single (principal) quantum

number).
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Let us also write down the explicit expressions for the non-normalized wavefunctions and

the CPY volume element

N
Co m -
Vina} fma} = W H e F(—ng; la—1, +@at1 + @+ najla1 + a;8),
a=1
1 N
dUC]PN = W H yadyad(pa y (461)
a=1
where
2
Ya
§a= 575 (4.62)
ya + y2+1

One can write these solutions in the initial complex coordinates using the following relations

i 30
Yo = 2°2°, ¢q = =log

=3 (4.63)

~a

4.5.1 REDUCTION TO QUANTUM (SPHERICAL)

ROSOCHATIUS SYSTEM

From the above consideration it is clear that, by fixing the eigenvalues of j;a = Dy,, We can
reduce the Hamiltonians (4.43) and (4.44) to those of the quantum (spherical) Rosochatius
system, the classical counterpart of which is defined by eq. (4.27).

However, the quantization of (4.27) through replacing the kinetic term by the Laplacian

yields a slightly different expression for the Hamiltonian

7 h 2 - ’ - Ja 2
Hpos = ——(1 da a 2y,0 = . 4.64
= 0| S v+ 3 (i + ) ). oy

This is because the volume element on N-dimensional sphere is different from that reduced

from CPV:

N
1
dvsy = Ay 11 v (4.65)
a=1
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and it gives rise to a different Laplacian as compared to that directly obtained by reduction of
the Laplacian on CPY .

As a result, the relation between wavefunctions of the (spherical) Rosochatius system and
those of CPY-Rosochatius system is as follows,

(1 +y2)(N+1)\II
Hi\/:1 Ya

So in order to transform the reduced CP"-Rosochatius Hamiltonian to the spherical one (4.64),

\Psph = (466)

we have to redefine the wavefunctions presented in (4.61) and perform the respective similarity

transformation of the Hamiltonian.

4.6 CONCLUDING REMARKS

In this chapter we proposed the superintegrable CP"-analog of Rosochatius and Smorodinsky-
Winternitz systems which is specified by the presence of constant magnetic f and is form-
invariant under transition from one chart of CPY to others accompanied by the appropriate
permutation of the characteristic parameters w;. We showed that the system possesses 3N — 1
functionally independent constants of motion and explicitly constructed its classical and quan-
tum solutions. In the generic case this model admits an extension with SU(2|1) supersymmetry,
which is reduced, under the special choice of the characteristic parameters and in the absence
of magnetic field, to the “flat” N/ = 4,d = 1 Poincaré supersymmetry.

When all constants w; are equal, the system is covariant under the above transitions between
charts and so becomes globally defined on the whole CP" manifold. This covariance implies N
discrete symmetries,

«

1
2= —, 2% Z—, with o # a. (4.67)
z¢ z®

Moreover, in this special case the model always admits (in the absence of magnetic field)

N = 4,d = 1 Poincaré supersymmetrization. This will be discussed in the next chapter. The
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model with equal w; can be also interpreted as a model of N interacting particles with an
effective position-dependent mass located in the quantum ring. This agrees with the property
that, in the flat limit, the model under consideration can be interpreted as an ensemble of N
free particles in a single quantum ring interacting with a constant magnetic field orthogonal to
the plane. Thus the property of the exact solvability /superintegrability of the suggested model
in the presence of constant magnetic field (equally as of the superextended model implying the
appropriate inclusion of spin) makes it interesting also from this point of view.

The obvious next tasks are the Lax pair formulation of the proposed model and the study
of its SU(2|1) supersymmetric extension, both on the classical and the quantum levels.

Two important possible generalizations of the proposed system are the following ones:

e An analog of CPY-Rosochatius system on the quaternionic projective space HPY in the

presence of BPST instanton.

Presumably, it can be defined by the Hamiltonian (4.3) and the symplectic structure
(4.7), in which 7, 2% are replaced by quaternionic variables, and the last term in (4.7)
by terms responsible for interaction with BPST instanton [109] (see also [110], [L11] and
[94]). The phase space of this system is expected to be T*HP" x CP', due to the isospin
nature of instanton. We can hope that this system is also superintegrable and that an
interaction with BPST instanton preserves the superintegrability. On this way we can
also expect intriguing links with the recently explored Quaternion-Kéahler deformations

of N = 4 mechanics [112]. These models also admit homogeneous HPY backgrounds.

e CP"-analog of Coulomb problem.

Such an extension could be possible, keeping in mind the existence of superintegrable
spherical analog of Coulomb problem with additional y, g7/z7 potential, as well as the
observation that the (spherical) Rosochatius system is a real section of CP"-Rosochatius

system.

One of the key motivations of the present study was to derive the superintegrable CP"- and

CN- generalizations of rational Calogero model. Unfortunately, until now we succeeded in
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constructing only trivial extensions of such kind. We still hope to reach the general goal just

mentioned in the future.
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Chapter 5

Supersymmetric extensions

5.1 INTRODUCTION

The following chapter is based on the article mentioned in the previous chapter [5] and another
paper which is in progress (with Armen Nersessian, Evgeny Ivanov and Stepan Sidorov) .

The (planar) Landau problem, that is the planar motion of electrons in the presence of a con-
stant perpendicular magnetic field, has been an issue in physics textbooks for a long time [11].
It is extremely simple and relates to various mathematical constructions. Also, it provides the
first physical realization of supersymmetry (see, e.g. [113]). The compact(spherical) analog of
the planar Landau problem is defined as a particle on the two-sphere in the constant magnetic
field generated by a Dirac monopole located in the center and enjoys an SO(3) invariance.
Similarly, the Landau problem on complex projective spaces is defined as a particle moving on
CP" in the presence of constant magnetic field and enjoys the SU(n + 1) invariance due to the
first Hopf map realized as S*"*!/S1 = C'P". Quantum mechanically, the inclusion of constant
magnetic field cuts the spectrum from below and provide the system by the degenerate ground

state. Thanks to this degeneracy the quantum-mechanical Landau became the base of the the-
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ory of quantum Hall effect [111, | and of its higher-dimensional generalization on complex
projective spaces |1 10].

Thus, it is not surprising that there exists “quaternionic Landau problem” pertaining to the
second Hopf map S7/S% = S | which is defined as an isospin particle on a four-sphere in the field
of a BPST instanton (the harmonic part of SU(2) Yang monopole located at the center of four-
dimensional sphere). Like in the conventional Landau problem, the gauge field configuration is
compatible with the spherical symmetry, in this case SO(5). It can be further generalized to the
Landau problem on quaternionic projective spaces defined as a particle moving on quaternionic
projective space in the presence of constant SU(2)-instanton (BPST-instanton) field [91]. Due
to relation with the second Hopf map realized as a fibration S%*3/S5% = HP™ this system is
Sp(n + 1) invariant one. Some two decades ago, Zhang and Hu proposed a model of the four-
dimensional Hall effect based on quaternionic Landau problem [117]. Their theory possesses
some qualitatively new features and admits a stringy interpretation [118]. It inspired further
generalizations of the Hall effect, for instance on complex projective spaces [91] and on the
eight-sphere (using the third Hopf map S'°/S7 = S®) [119]. There were numerous publications
devoted to supersymmetric extensions of the Landau problem, and more generally, to the
systems on complex projective spaces interacting with constant magnetic field[120, , ,

, , , ]. However, even N = 4 supersymmetric extensions of (two-dimensional)
spherical Landau problem are not studied in details [127], while quantum-mechanical N = 4
supersymmetric Landau problem on complex projective spaces is not still considered, to our
knowledge, except simplest case of CP' [128].

Moreover, all listed N' = 4 supersymmetric Landau problems have an important Iuck: the
supersymmetry transformations does not respect the initial su(n+ 1) symmetry of the Landau
problem on complex/quaternionic. Thus, supersymmetries seemingly decreases the degeneracy
of ground state which plays the key role in the construction of Hall effect theory. Thus, one
may ask a question:

How one should supersymmetrize the Landau problem, or, more generally, the systems on

Kahler manifolds interacting with constant magnetic fields, in order to preserve their initial
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symmetries?

Some preliminary attempts in this direction were performed some fifteen years ago [129],
when it was observed that the oscillator and Landau problem on complex projective space
admit the so-called "weak N = 4 supersymmetry”[130] which preserves the initial symme-
tries of that system. These results were recently recovered within curved superfield approach
to supersymmetric mechanics [131, , , , |, where "weak N' = 4 supersymmetry
algebra” was identified there with su(2|1) superalgebra. Having in mind the ”practical impor-
tance” of supersymmetrization respecting initial symmetries, and field-theoretical importance
of ”curved superspace approach” [137, ], we present here the Hamiltonian approach to the
supersymmetrization of systems in the constant magnetic field.

Namely, we suggest to construct the N'=4 supersymmetric extensions of Landau problem,
including that on complex projective spaces which is based on the symplectic coupling of the
external gauge field to the supersymmetric system in question. We find that in the case of
N=4 it yields SU(2|1) supersymmetric system.

We will show that CP"-Rosochatius system belongs to the class of “Kihler oscillators”
[91, 129] which admit SU(2|1) supersymmetrization (or a ‘weak N' = 4" supersymmetrization,
in terminology of Smilga [130]). A few years ago it was found that these systems naturally arise
within the appropriate SU(2|1),d = 1 superspace formalism developed in a series of papers.
This research was partly motivated by the study of the field theories with curved rigid analogs
of Poincaré supersymmetry [137, ]. In the absence of the background magnetic field and
for the special choice of the parameters w;, the CPY-Rosochatius system admits N' = 4,d = 1
Poincaré supersymmetric extension.

This chapter is organised in the following way

Section 5.2 is devoted to the general discussion of N'=4 supersymmetry in Kahler mani-
folds. Namely the structure supersymplectic structure, Killing potentials for supersymmetric
mechanics on generic Kahler manifolds and corresponding Hamiltonian vector fields.

In Section 5.3 we discuss the free particle in presence of a constant magnetic field (Landau

problem) and the related superalgebra.
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In Section 5.4 we extend the discussion via adding potential. This system is the Kéhler
superoscillator and this formalism is used for constructing the supersymmetric extensions of
the systems discussed in previous parts.

In Section 5.5 we focus on specific examples of Kéhler superoscillator, namely supersymmet-

ric generalizations of CN-Smorodinsky-Winternitz and CPY-Rosochatius systems are discussed.

5.2 SUPERSYMMETRY ON KAHLER MANIFOLDS

To describe the motion of charged particle on M with the constant magnetic field of strength
B we have to equip the cotangent bundle T*M with the following symplectic structure and

Hamiltonian
wp = dmy Adz® + dit, A dz® +1Bggdz* AdZ,  Hy = g™m.m. (5.1)

The isometries of a Kahler structure define the Noether’s constants of motion of a free particle

g 5 {H(), JM} - 0,
Jup = VT, + V7 + Bhy, Vi=—1g"0h, : (5.2)
{Ju, L} = C;;\VJ,\.
Notice that the vector fields generated by J, are independent on B

~ " 0 0 0 . _ 0
V,={J.,, }s= V(“)(Z)aza Vi bﬂ'aa + V(u (z )Bza V bﬂ-aaﬂ'b. (5.3)

Hence, the inclusion of a constant magnetic field preserves the whole symmetry algebra of a
free particle moving in a Kahler manifold, i.e. the Landau problem can be properly defined on
the generic Kéhler manifold.

To construct supersymmetric counterpart of the above construction let us consider a (2N.MN) -

dimensional phase space equipped with the symplectic structure

O = dn, ANdz® + dity A dz® + 1(Bgap + 1Rp.qnnt)dz® A dz° + gD A D% (5.4)
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where Dn = dn® + T¢n**dz¢,a = 1,... M, and T'¢,, R..q are, respectively, the components

of connection and curvature of the Kahler structure

The Poisson brackets defining by (5.55) are given by the expression

af 4\ Of 8f ;O f d'g
_ B _ _C a .
{f g} 87_[_a N Vag + Z( 9ab T 'LRabcdn Ny )a aﬂ—b +g 0 /\ a b ) (5 5)
where
_ 0 e p 0" p()p(9)
Va :aza_Fb”aac’ fAg=fg—(-1) 9f (5.6)

{7Ta7 Zb} = 527 {7ra7 7724} = _cmnca’ {7Taa ﬁ—b} = i(Bgal_) + ZRabcdncani)
{n", 75} = 9™ (5.7)
The symplectic structure (5.55) and Poisson brackets (5.6) are manifestly invariant with respect

to transformations

v OZ°
= == Ty, o
gza"? g (92”77

(5.8)

Hence we can lift the isometries (5.3) to this supermanifold and define the following vector

fields, which are Hamiltonian with respect to Poisson brackets (5.6)

0 0 0
V, = =V 2)=— = V& oo + V2 % —— C. 5.9
1% {j;u } u (Z)aza (N)vbﬂ- aﬂ'b + (u),bn 87]“0‘ + c.c s ( )
with
0*h, »
jp, - J;L azca d77 Mo (510)

where J, is defined by (5.2).
With these expressions at hand we are ready to perform the supersymmetrization of Landau

problems on Kéahler manifolds.
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5.3 SU(2]l) LANDAU PROBLEM

For the construction of A/ = 4 Landau problem we choose standard ”chiral” supercharges
Q“,Q,, with a = 1,2 by the same Ansatz as in the absence of magnetic field and the generators

of additional SU(2) symmetry given by the R-charges

a) —a

o ax — o ac = Z (0 a”y =
QY =70, Qo =Tallgy  RE = 19250" 75 — 50592071, - (5.11)
Closure of their Poisson brackets reads
{Q*,Q°} =0, {R§,R]} =1)Rs — 53R},

« a ? a e ) [Ny
{Q 77?’5} = _Z(S'yQIB + 55562 3 {Qa?Rfﬁy} = ZégQ'y - 5(55@&

_ 1B
{Qau Qﬂ} = 657—[0 + BRQJ {Qau HO} = 7@0{7 {Rau HO} = 0 (512)
where
ab__ = 1 ac=b cB=d B ac=b
Ho = 9" mamy — 5 Rapedt) 1™ M5 + 519a51" o (5.13)

Hence, extending the set (5.11) by the above generator (5.13) we get the su(2|1) superalgebra,

or weak N = 4 superalgebra. These generators are obviously invariant under action of (5.9)

(0, 7.} ={Q.., 7.} = {R$, T} = {Ho, T} =0, (5.14)

i.e. constructed supersymmetric system inherits all kinematical symmetries of the initial sys-
tem. In particular, for the CP"-Landau problem the system has a SU(N + 1) symmetry.
Moreover, the last term in the Hamiltonian (5.13) is obviously Zeeman term describing interac-
tion of spin with external magnetic field, i.e. our choice of Hamiltonian is physically relevant.
Thus, the generator (5.13) could be considered as a well defined Hamiltonian of "weak N = 4

supersymmetric” Landau problem on Kahler manifold.
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Finally via modification of the initial Hamiltonian we can get the Hamiltonian which is

commutative with the supercharges

~ B - -
Ho = Ho + Ezgal;n“aﬁg o A{QY Hot = {R3, Ho} = 0. (5.15)

5.4 SU(2|]1) KAHLER SUPEROSCILLATOR

The Kéhler oscillator is defined by the Hamiltonian[!129]
Hose = ¢ (maty + |0, K 05K, (5.16)

and by the symplectic structure (5.1). It is distinguished system by its respect to supersym-
metrization: inclusion of ”oscillator potential” leads minor changes in the supersymmetrization

described above. Preserving the expressions of R-charges (5.11), we choose the ”dynamical

supercharges”

0% = 1 ,n*" + Z@gaKeo‘ﬁﬁg, 0, = Tallo + zw@aKeaﬁn“B, (5.17)
where

Eap = —€*7, P = P, =1, Peg, = 05 (5.18)

Another important identity should be noted.
e 5 = 0500 — 6287 (5.19)
Calculating Poisson brackets of supercharges, we get
{0%,05} = 65 Hsusy + BRS. (5.20)
where the Hamiltonian has the following form
Hose = g (T + |w[? 0K K) — %Rabcdn“"ﬁincﬁ i
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¢ [ —a ~ba B ac =
+ EWKa;bT/aang + §WK&;B77anb + 52%377 7737 (521)

We can compute other commutators
{0°,07} =w("R + ¢ RY),  {Oa,Os} = —w(ep,RY + €ayRY) (5.22)

{07 R} = 16507 + 26707, {04, R} =00, — 5070,

Here again R are SU(2) generators of R-symmetry

« ax — Z (6% a”y = o o «
RG = 1.1 — 503947 ", RS R} = w6iRE — 155 R], (5.23)

To present this superalgebra in more conventional (and convenient) form let rotate the

supercharges as follows

Q% = ™2 cos \O* 4 ¢~ /2 gin A0, Q, = e /2 cos A, — e™/?sin Aoy ©7  (5.24)

where
B 2|w| ;
COS2\ = ————, sin2\ = —————, w = |w|e” 5.25
V4|wl]? + B? VA|w|? + B? ] ( )
In these terms the symmetry algebra reads
{Qa7 Qﬁ} =0, {@m@/j} =0, (526)

— 1
{Q°. Qs = 0§ Howe + VAWP + B2 RS {Q° R} = —185Q" + 500Q° (5.27)

BQ
{Q% Hosel =\ Wl + - Q" {Rf Houe} =0 (5.28)

This is the SU(2|1) supersymmetry algebra.

Let us remind that Kéhler potential is defined up to (anti-)holomorphic function, so that the
above supersymmetrization involves, not a single Hamiltonian, but a family of Hamiltonians
parameterized by arbitrary holomorphic function. Namely, replacing the initial Kéhler potential
by the equivalent one,

K(2,2) = K(z,2) + éU(z) + éU(z), (5.29)
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we will get the family of Hamiltonians formulated on given background,

Hsusy — Hsvsy + g 0,UU + % Uapn 10 + %Ua;BﬁZﬁba + 9 (00, KU + wd,UGGK) .
(5.30)

In the limit w = 0 we arrive to the well-known Hamiltonian which admits, in the absence of
magnetic field, the N' = 4 supersymmetry (see, e.g. [139]). It is given by the first line in the

above expression.

5.5 EXAMPLES OF SU(2|1) KAHLER

SUPEROSCILLATOR

5.5.1 SUPERSYMMETRIC CY-HARMONIC OSCILLATOR

At the first let us consider the system defined by the Kéahler potential

N a ~a 5 ~a=za
K(z2)=Y <z“z“ fJa2 2 ) a2 ) . (5.31)

2w 200

a=1

It yields the Kahler oscillator defined by the Hamiltonian.

N
Hose = 3 (Mafta + (w0 + 0aa)2"2 + 422" + 05, 32" (5.32)
a=1
/i ax, a Z - = =ax B ac —=a
+ 59an" 05 + 5 9alal™ + ﬁa) (5.33)

Supercharges and R-charges have the following form.

(0% ax - =a — ~d ap =a (04 ac —=a l o, a”y —-a
0% = Z <7Ta7] + (g, 2" + wz%)e Bnﬁ) Rg = m**ns — 5(557] 1y (5.34)

a

The canonical Poisson brackets are as follows

(70, 2"} =00, {702} =6 {7} =1Boy, {0, ih} = 665, (5.35)
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Diagonalizing this quadratic form we get the potential of 2/N-dimensional oscillator.

For w = 0 it yields the sum of two-dimensional isotropic oscillators with frequencies |g,|.
Hence, in the absence of magnetic field is possible to construct the exact N/ = 4 supersymmetric
extension only for the sum of N two-dimensional oscillators with frequencies |g,]|.

Supersymmetric extension of isotropic oscillator is just a sum of bosonic and fermionic parts,
so that all constants of motion of the bosonic Hamiltonian become those of fermionic one. When
the ration of frequencies is rational, the hidden symmetries appears in this system, which
conserved in supersymmetric extension as well. Moreover, additional symmetry generators
could appear in supersymmetric system depending on fermionic variables only. Let us illustrate
these issues for the case of isotropic superoscillator. defined by the potential K = 2z and for
w = w. Its Hamiltonian, dynamical supercharges and R-charges decouples to those of two-

dimensional isotropic oscillator

N N N
H=> H, ©*=) 6" 9=> Ry (5.36)
a=1 a=1 a=1
with
— 2 _aza B aq=a ax ax a_af =a
Ho = TaTg + w272 + PR O = T N + 1wz ng. (5.37)

This system has kinematical SU(N) symmetries acting in the bosonic sector, su(/N') symmetries

acting in fermionic sector (which includes, as a subset, the su(2) R-symmetries)
Ryp=Y mnl:  {Re R} = 10,3R5 — 105 .4 (5.38)
and the hidden symmetries given by the so-called “Fradkin tensor”:

I

o = TaTy + w?2%2% (5.39)
{IaTn ]C(i} - Zéa(i‘]d; - Z(scBJaciv {Ia57 ‘]ch} = ZW5acZ]cl; - ZW(ScB]aJ' (540)

Now, we are ready to consider less trivial example of SU(2|1) supersymmetric Kéahler oscil-

lator with hidden symmetry.
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5.5.2 SUPERSYMMETRIC CY-SMORODINSKY-WINTERNITZ

Let us consider Kihler superoscillator underlined by the CV-Smorodinsky-Winternitz system.

We define it by the Kéhler potential
. — ga a ga —a
K =2z + = log 2* + = log z°. (5.41)
w @

In that case the Hamiltonian decouples to the sum of N weak supersymmetric C'-Smorodinsky-

Winternitz systems,

N
How =Y T, (5.42)
a=1
where
. 2 aca , 19?0 g™t 1Ga AT B a4
Lo = ToTg + |W|*272° + =— + WGy + 0gy — ——> — ——— + —n**73 (5.43)
2%Z% 2 20z 2 Zz4ze 2

We can also present the expressions for supercharges and su(2) supercharges.
« ac — ~a gCL ap =a o aoc —a Z o ay —=a
0" = Z <7ra77 + z(wz + %>e Bnﬁ), Rg = ™1z — 5(5577 iy (5.44)
In this case supersymplectic structure has the same form as for the previous system.
(70, 2"} =08, {702} =8 {7} =1Boy, {0, 75} = 645, (5.45)

Clearly, that Z, commutes with each other, and defines the constants of motion of the su-
persymmetric CV-Smorodinsky-Winternitz system. The system possesses N manifest U(1)

symmetries 2% — e, 0% — e""n2 given by the generators

Jaa = Jaa + Zﬁgnm : {jaau *-7bl;} = {jlll_l?zb} =0 (546)
where
Jog = 1mg2" — 1T, 2" — B Z 2 — (5.47)
1+ 22
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5.5.3 SUPERSYMMETRIC CPY-ROSOCHATIUS

Let us briefly discuss the possibility of supersymmetrization of CP"-Rosochatius system. The
CP"-Rosochatius system belongs to the class of the so-called “Kéhler oscillators” [91, 129] (up
to a constant shift of the Hamiltonian), and therefore, admits SU(2|1) (or, equivalently, “weak

N = 4") supersymmetric extension. Namely, its Hamiltonian (4.19) can be cast in the form

Hpos = gal; (ﬂ'aﬁ'b + ’W’2aaKa&K) - EO, (548)
with
1 & N
K =log(l+ zz) — Tl Z(wa log 2% + @, log z2%), w=wp+ Zwa, (5.49)
w
a=1 a=1

N N
Eo=> wil’ =) |wl (5.50)
=0 =0

Here, as opposed to the previous Sections, we assume that w; are complex numbers, i.e. we
replaced

w; — wie™, (5.51)

with v; being arbitrary real constants.
The SU(2|1) superextension is reduced to that with A" =4, d = 1 Poincaré supersymmetry

under the conditions.

B=0, w=)» w=0. (5.52)

From the viewpoint of SU(2|1) mechanics, B is just the parameter of contraction to N' = 4
d = 1 supersymmetry. One could expect that the second constraint corresponds to the vanishing
potential. However, it is not the case: looking at the explicit expression for the Hamiltonian,
one can see that the parameter w does not appear in denominators anymore.
Indeed, the second constraint above leads the relation |wo|? = | 2N, wa|?, which allows to
represent the Hamiltonian (4.19) in the following form
N N
Hros = Y 9" (Famy + 0:U0U) = Y _ |wi? (5.53)
ab=1 i=0
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and U(z) be the holomorphic function (“superpotential”)

N
U(z) = Z w, log 2. (5.54)
a=1

It is well-known that the systems with such Hamiltonian admit the N' = 4 supersymmetric
extension in the absence of magnetic field (see, e.g., [139]). Explicitly it looks as follows.

Let us consider a (2N.4N)o-dimensional phase space equipped with the symplectic structure

Q = dmy Ad2® + d7t, A dz® — IRypeanCii®dz® A dz° + Lg3Dne A DRl (5.55)

The Poisson brackets defined by (5.55) are given by the following non-zero relations and

their complex-conjugates:

{ma, 2’y =00 Amastl} = ~Thatis {masm} = —Rapeatici™, {ni "’} = ¢85 (5.56)

We can define the Hamiltonian and the supercharges

QY = 0™ +Uan™, Qg = Tully +Wan,

U,a;gﬁaaﬁg (557)

1 ad — CPD — ? ax ?
Hsvsy = Hros — = Rapea?™*N5m ﬁné + QU,a;bU Mo + 5

2
Straightforward calculations show that the following supercharges and Hamiltonian obey the

(N =4,d = 1) Poincare superalgebra

N
{Q*, Q) =05 (HSUSY +) “«%”2) ;
=0
{Q*,Q°} ={Q,. Qs} = {Q" Hsusy} = {Qu Hsusy} =0, (5.58)

Hence, with the constraint (5.52) imposed, we can construct the N/ = 4 supersymmetric exten-
sion of CPY-Rosochatius system.

An interesting question is the symmetries of constructed supersymmetric system. Writing
down the explicit expressions for the Hamiltonian and supercharges one can see that they are
explicitly invariant under U(1)-transformations 2% — e"z% m, — e "1, n* — "n** which
are obviously, canonical transformations.Hence, one can easily construct the “supersymmetric

counterpart” of U(1) generators. However, to the moment we are unable to answer the question
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weather hidden symmetries of the system can be lifted to the supersymmetric extension of the
model.

Let us emphasize that the restriction w = 0 can be graphically represented as a planar
polygon with the edges |w;| (see Fig.1), which leads to the inequality

jwi] < - (5.59)

J#i

Wo w1 Wo w1 w %)
0

%) Wy

Fig.1
This implies that:

e For N = 1 the constraint w = 0 uniquely fixes the values of parameters in the case of
CP': 1y = —v; and |wy| = |wi|. The latter property leads to the appearance of discrete
symietry

z = (5.60)

1
~
e For N = 2 the above constraints amount to a triangle, which fixes the parameters v, as

follows

_ o s e _ |wal? = Jwo|® — |ws/?
cos (1 — 1) = ol , cos(1 — 1) =

(5.61)
e For N > 2 the parameters v, are not uniquely fixed, so that we obtain a family of N/ = 4
supersymmetric Hamiltonians depending on up to N — 1 parameters.

We observe that for any value of N at least one parameter v; remains unfixed. But this does not
affect our consideration since such parameter can be absorbed into a redefinition of fermionic

variables.
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Finally, note that the constraint Zf\il w; = 0 also appeared in constructing the N' = 4
supersymmetric extension of S™-Rosochatius system [140], but with w; being real numbers.
The above trick with complexification of the parameters w; is certainly applicable to the S¥-
Rosochatius system, giving rise to a less restrictive form of the A/ = 4 superextension of the

latter.

5.6 CONCLUDING REMARKS

In this chapter we have discussed Supersymmetric generalizations of C¥-Smorodinsky-Winternitz
and CP"-Rosochatius models. For this purpose we have introduced SU(2|1) supersymmetriza-
tion which allows to construct weak N = 4 superextensions of systems on Kahler manifolds
interacting with an external magnetic field. First of all we have discussed SU(2|1)-Landau
problem (system without an external potential). After this we have introduced SU(2|1)-Kéhler
oscillator. Using this formalism One can find many supersymmetric models on Kéhler man-
ifolds using the fact that all these systems can be viewed as SU(2|1)-Kéhler oscillator with
different Kéhler potentials. Then we have shown Kéhler potentials which give rise to SU(2|1)-
Supersymmetric C¥-Smorodinsky-Winternitz and SU(2|1)-Supersymmetric CPYN-Rosochatius

systems.
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Conclusion

To sum up we will briefly discuss the main results of this thesis.

First Chapter is an introduction and some general concepts are discussed. First of all we
give a brief discussion of Hamiltonian mechanics. We discuss well known examples of maximally
superintegrable models, namely the oscillator and Coulomb systems. We discuss mechanical
models interacting with an external magnetic field, and introduce action angle variables. More-
over we give a short review on Kahler manifolds and discuss maximally symmetric examples of
it, namely complex Euclidean and complex projective spaces. Finally we give a short description
of supersymmetric mechanics.

Second Chapter is devoted to holomorphic factorization formalism. This formalism allows to
describe generalizations of Coulomb and oscillator models via introduction of complex variables.
First of all we discuss this scheme on well known examples of TTW and PW systems. Then
we do this for higher dimensional cases. We do the so called oscillator-Coulomb reduction
procedure using the holomorphic factorization formalism. Moreover we discuss also curved
spaces namely the spherical and pseudospherical generalizations. Finally we describe some
examples of superintegrable models using this formalism.

In the Third Chapter we concentrate on the complex analogue of the Smorodinsky-Winternitz
system interacting with an external magnetic field. Firstly we discuss the usual real N-
dimensional Smorodinsky-Winternitz system. The main result we have obtained for the real
case is the convenient form of the symmetry algebra. Then we introduce the complex analogue
of this system, and write down the its hidden symmetries. We also obtain important result for

this model, namely the symmetry algebra and quantum solutions. Eventually we compute the
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symmetry algebra for the generalized MICZ-Kepler system using the results we have obtained
before for the C2.-Smorodinsky-Winternitz system.

In the Fourth Chapter we introduce the complex projective analogue of the Rosochatius
system in an external magnetic field. Here again we see that it is superintegrable, since it has
hidden constants of motion. We write have found also its symmetry algebra, classical and quan-
tum solutions. Namely we find solutions for the classical equations of motion, wavefunctions
and the energy spectrum.

Finally in the Fifth Chapter we formulate the SU(2|1)-Supersymmetric mechanics. We
describe the SU(2|1)-Landau problem (supersymmetric particle moving on a Kéhler manifold
with en external magnetic field). Then SU(2|1)-Superoscillator is discussed. Via this we
construct N = 4 supersymmetric extensions of the CN-Smorodinsky-Winternitz and CP"-

Rosochatius models.
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