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Abstract

Quadratic algebras are generalizations of Lie algebras; they include
the symmetry algebras of 2nd order superintegrable systems in 2 dimen-
sions as special cases. The superintegrable systems are exactly solvable
physical systems in classical and quantum mechanics. For constant cur-
vature spaces we show that the free quadratic algebras generated by the
1st and 2nd order elements in the enveloping algebras of their Euclidean
and orthogonal symmetry algebras correspond one-to-one with the pos-
sible superintegrable systems with potential defined on these spaces. We
describe a contraction theory for quadratic algebras and show that for
constant curvature superintegrable systems, ordinary Lie algebra contrac-
tions induce contractions of the quadratic algebras of the superintegrable
systems that correspond to geometrical pointwise limits of the physical
systems. One consequence is that by contracting function space realiza-
tions of representations of the generic superintegrable quantum system on
the 2-sphere (which give the structure equations for Racah/Wilson poly-
nomials) to the other superintegrable systems one obtains the full Askey
scheme of orthogonal hypergeometric polynomials.
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1 Introduction

In this special issue honoring Frank Olver, a paper devoted to algebraic issues
for superintegrable systems might seem out of place. However, there are very
close connections with Frank’s interests. Quantum superintegrable systems are
explicitly solvable problems with physical interest and special functions arise
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through this association. Most special functions of mathematical physics, as
listed in the Digital Library of Mathematical Functions, appear via separation
of variables, determined by 2nd order symmetry operators of superintegrable
systems. Most special functions that are solutions of 2nd order difference equa-
tions arise as function space realizations of representations of symmetry algebras
of superintegrable systems. Orthogonal polynomials, continuous and discrete,
appear naturally in this context.The structure theory of superintegrable systems
provides a way of organizing special functions and relating their properties, an
alternative approach to the DLMF.

For example, consider the following quantum superintegrable system: the
generic 3-parameter potential on the 2-sphere [6]. The eigenvalue equation
HY = EV separates in spherical coordinates (in multiple ways) and in Lamé
coordinates [I1]. The spherical coordinate eigenfunctions are the orthogonal
Prorial /Karlin-McGregor polynomials, orthogonal on a right triangle [10]. The
corresponding eigenfunctions in 1-parameter function space realizations of the
irreducible representations of the symmetry algebra are the Racah and Wilson
polynomials, in full generality [3]. If we set two of the parameters in the po-
tential equal to 0 so that the restricted system has axial symmetry, then the
quantum system (the Higgs oscillator) still separates in two spherical coordi-
nate systems. One set of eigenfunctions yields the Koschmieder polynomials,
the other the Zerneke polynomials, orthogonal on the unit disk [I0]. Corre-
sponding function space realizations of the irreducible representations of the
symmetry algebra yield Hahn and dual Hahn polynomials. Taking pointwise
limits of this generic system we can contract it to a variety of quantum systems
on flat space, with separable eigenfunctions expressed as products of Hermite,
Laguerre and Jacobi polynomials for bound states, and with continuous spectra
associated with hypergeometric, confluent hypergeometric and Bessel functions.
Taking contractions of the irreducible function space realizations of the symme-
try algebras and “saving a representation” in the sense of Wigner [2], we can
recover the Askey scheme for hypergeometric orthogonal polynomials [13] and
limit relations for more complicated functions, such as Lamé, Heun and Mathieu
functions [14].

Given an n-dimensional Riemannian or pseudo-Riemanian manifold, real or
complex, we define a quantum Hamiltonian in local coordinates x; as H = A,, +
V(x) = % > ket 95(97%\/g0k) + V (x) where A,, is the Laplace-Beltrami oper-
ator in these coordinates, g/ (x) is the contravariant metric tensor and g is the
determinant of the covariant metric tensor. V is a scalar potential. The quan-
tum system is (maximally) superintegrable if there are 2n — 1 algebraically inde-
pendent partial differential operators L1, --- , Lo,—2, Lop—1 = H that commute
with H. All functions of the coordinates are assumed locally analytic. Similarly
a classical Hamiltonian H = ij ¢’Fpipr + V(x) is superintegrable if there are
2n— 1 functionally independent constants of the motion L1, -+, Lon_2, Lon_1 =
H in involution with H: {L,,H} =0,£=1,---,2n—1, with respect to the Pois-
son bracket {F(p,x),G(p,x)} = 2.7, (0p, F 02,G — 0,,G 0, F). (Through-
out the paper we use L for constants of the motion and L for quantum symme-
tries.)

It is assumed that the £, are polynomial functions of the momenta p; and
globally defined in the x; except for possible singularities on lower dimensional
manifolds. The maximum possible number of functionally independent con-



stants of the motion is 2n — 1 and this maximum is rarely achieved. Superin-
tegrability captures the properties of quantum Hamiltonian systems that allow
the Schrodinger eigenvalue problem HU = EV to be solved exactly, analytically
and algebraically and the orbits of the classical superintegrable systems to be
determined algebraically. For a more careful discussion of superintegrability and
its applications, see [I7].

The key to the connection between solvability and superintegrability lies in
the symmetry algebra S produced from the generators L, by taking linear com-
binations, products and commutators. If a system is merely integrable with n
commuting generators L; then the algebra is abelian. However it is not possible
to have more than n commuting independent operators, so for a superintegrable
system the symmetry algebra is necessarily nonabelian. Since S maps each en-
ergy eigenspace of H into itself the eigenspaces are multiply degenerate, and
the irreducible representations of S give the possible degeneracies and energy
eigenvalues.

A quantum system is of order K if the maximum order of the symmetry
operators, other than H, is K. (There is a similar definition for classical systems,
based on the order of the symmetries as polynomials in the momenta.) Much
of the recent excitement in superintegrability theory is due to the discovery
of superintegrable systems for n and K arbitrarily large, e.g., [19,211[22], with
no connection between these systems and group theory. However, for n = 2,
K = 1,2 a connection exists.

In [I3] the concept of a contraction of the symmetry algebra of a 2D 2nd
order superintegrable system was introduced and the Askey scheme as derived
via contractions. However, it was unclear how the contractions were found; the
procedure appeared complicated. Here we demonstrate that all of the limits are
induced by Wigner-Inonii contractions of the Lie algebras e(2,C) and o(3,C),
already classified. Further, all of the quadratic algebras of 2nd order 2D super-
integrable systems correspond 1-1 to free quadratic algebras contained in the
enveloping algebras of e(2,C) and o(3,C). Thus, though many of these systems
admit no group symmetry, their structures are determined by the underlying
Lie algebras.

2 2D 2nd order superintegrability

Forn =2, K = 2, a superintegrable system admits 3 symmetries and in this spe-
cial case there is a 1 — 1 relation between quantum and classical symmetries, [9].
The potentials are the same and corresponding to a 2nd order classical constant
of the motion £ = Zikzl Li*(x)pjpr. + W(x), L* a symmetric contravari-

. 2 i
ant tensor, the quantum symmetry is L = ﬁ D= 0i(LY (x)y/905) + W (x).

Here L is formally self-adjoint with respect to the bilinear form < fi, fo >4=
J f1(x) f2(x)\/g(x) dx1dzs on the manifold, [12]. The set {H, L1, Lo} of gen-
erating symmetries is required to be algebraically independent, i.e., there is no
nontrivial polynomial P(H, L1, Ls), symmetric in L1, Ly such that P = 0. For
our treatment of 2nd order 2D quantum systems the values of the mass m and
Planck’s constant & are immaterial, so we have normalized our Hamiltonians as
given. Every 2D Riemannian space is conformally flat so there exist Cartesian-



like coordinates x1, xs such that

1
H=—
A

2
1
(011 + O22) + V(x), Ly B\ Z 0 (L

(X) Zf))\)ak) + W(g) (X), k=1,2,
k=1

(1)

(A 1st order constant of the motion X = Z?Zl fj(x)p; corresponds to the

a’“féif”).) The

symmetry relations {H,Lr} = 0, k = 1,2, put conditions on the functions
Wiy, Wiay. If we require that the symmetries are linearly functionally indepen-
dent, i.e., that g1 L1 + g2 L2 + g3 H = 0 for functions g; implies g1 = g2 = g3 =0
, we can solve for the partial derivatives 0;W(;, in terms of the function V' and
its 1st derivatives. The integrability conditions 0y (02W(r)) = 02(01W(1,y), the
Bertrand-Darboux equations [7], lead to the necessary and sufficient condition
that V' must satisfy a pair of coupled linear equations of the form

formally skew-adjoint symmetry operator X = Z?:l ( [30z; +

Vag — Vi1 = A*Vi + B2V, Vip = AV + B?V;, (2)

for locally analytic functions A% (x), B¥(x). Here V; = 9;V, etc. We call these
the canonical equations. If the integrability equations for (2] are satisfied iden-
tically then the solution space is 4-dimensional and we can always express the
solution in the form V(x) = 23:1 a;V(;)(x) + as where a4 is a trivial additive
constant. In this case the potential is nondegenerate and 3-parameter. An-
other possibility is that the solution space is 2-dimensional with general solu-
tion V(x) = a1V(1)(x) + az. Then the potential is degenerate and 1-parameter.
Every degenerate potential can be obtained from some nondegenerate poten-
tial by parameter restriction, [4]. It is not just a restriction, however, because
the symmetry algebra changes. A formally skew-adjoint 1st order symmetry
appears and this induces a new 2nd order symmetry. A third possibility is
that the integrability conditions are satisfied only by a constant potential. In
that case we refer to the system as free; the free equation HV = EV is just
the Laplace-Beltrami eigenvalue equation. Note: Any 2-parameter potential ex-
tends to a 3-parameter potential, [4]. There is one remaining possibility: we can
satisfy relations [H, Li] = 0, but the symmetries Ly, L2 are functionally linearly
dependent. There is a single exceptional superintegrable system for which this
is true, E15 in our listing [6]. All of the systems with nondegenerate potential
(and FE15) have the remarkable property that the symmetry algebras gener-
ated by H, L1, Lo close polynomially under commutation, as follows. Define
the 3rd order commutator R by R = [L1, L2]. Then the fourth order operators
[R, L1], [R, Ls] are contained in the associative algebra of symmetrized products
of the generators [7]:

Lj,Rl= > MY, ALY LPYHS, e, >0, L) =1, (3)
0<e;+eax+e3<2

where {L1, Lo} = L1Ls+ LaLy is the symmetrizer. Also the 6th order operator
R? is contained in the algebra of symmetrized products up to 3rd order:

R - Z Neh€2,€3 {Lilang }Hes =0. (4)
0<ei+ez+e3<3



In both equations the constants Me(f,)e%e3 and Ne, ¢,.e; are polynomials in the
parameters a1, as, ag of degree 2 —e; —es —e3 and 3 — e; — e — e3, respectively.

For systems with one parameter potentials, [4], there are 4 generators: one
1st order X and three 2nd order H, Ly, L. The commutators [X, L1], [X, Lo]
are 2nd order and expressed as

(X, L] = > PY LOLSPHS X j=1,2. (5)

e1,e2,e3,e4
0<ei+ez+esz+es<1

The commutator [L1, Lo] is 3rd order, skew adjoint, and expressed as

[LlaLQ] = Z Q€1762763764{LT1L32aX}H63X264' (6)

0<ei+ez+ez+es<1

Finally, there is a 4th order relation:

G= Z 561,62,63764{1’?1)L;25X2e4}H63 =0, XOZHO:Ia (7)
0<e;+ez+ez+es<2

where {L{', L5?, X%} is the 6-term symmetrizer of three operators. The con-
stants Péf?ez,es,e“ Qe es,e5,e4 ANA Sey e, e5.¢, are polynomials in the parameter
aj of degrees 1 —e; —ea—eg—eyq, 1 —e1 —ea—ez3—egand 2—e; —es —e3 — ey,
respectively.

We call these symmetry algebras for degenerate and nondegenerate systems
quadratic algebras, in the sense that the commutators of the generators are at
most quadratic expansions in the generators. Usually, the generators for free
systems form an algebra that doesn’t close, not a quadratic algebra.

There is an analogous quadratic algebra structure for classical superinte-
grable systems in 2D. All these classical systems have the property that the
symmetry algebras generated by #, L1, Lo for nondegenerate potentials close
under Poisson brackets. Define the 3rd order bracket R by R = {£1, L2}. Then
the fourth order constants of the motion {£;, R} are can be expressed as, [7]:

LRy = Y MO LLEHT. a0 -1
0<e;+ex+e3<2
Also the 6th order constant of the motion R? satisfies:

RP— Y Neee LS L@HS =0. )
0<e;+ez+e3<3

In both equations the constants Me(f ?52763 and Ng, ¢,.e, are polynomials in the
parameters a1, as, az of degree 2 —e; —es —e3 and 3 — e; — es — e3, respectively.

For one parameter potentials, [4], there are 4 generators: one lst order in
momenta X and three 2nd order M, £1, L2. The brackets {X, £;} are 2nd order:

(X, L;} = > PO LOLEHS X §=1,2. (10)
0<e;+ez+e3+es<1
The bracket {£1, L2} is 3rd order and expressed as

{‘61"62} = Z Q€1,€2a€37€4£§1£;2XH63X264' (11)
0<ei+eztesz+es<1



There is a 4th order relation obeyed by the generators:

G= > Serenies s LILEX?AHS =0, X0 =H=1. (12)
0<ei+ezx+ez+es<2

The constants Péf?eZ,es,eu Qey,e0,e5,es ANA Se; ¢, e5,e4 are polynomials in a; of
degrees 1 —e1 —es —e3 —eq, 1 —e1 —eg —ez3 —eqg and 2 —e] — ey — €3 — ey,
respectively.

For free systems that do not admit a 1- or 3-parameter potential the algebra
of the generators normally doesn’t close, see §d The structure equations for the
quadratic algebras of associated classical and quantum systems are not identical,
but they agree in the highest order terms. The differences are 1) quantum
operators may not commute and for quantization, products of constants of the
motion are replaced by operator symmetrizers, and 2) even order symmetry
operators in the generating basis must be formally self-adjoint; odd order ones
formally skew-adjoint.

We can study quadratic algebras in general, whether or not they arise as
symmetry algebras of a superintegrable system. Thus, we define an abstract
nondegenerate (quantum) quadratic algebra is a noncommutative associative al-
gebra generated by linearly independent operators H, Ly, Lo, with parameters
a1, az,as, such that H is in the center and relations ([B]), (@) hold. Similarly we
define an abstract degenerate (quantum) quadratic algebra is a noncommutative
associative algebra generated by linearly independent operators X, H, L1, Lo,
with parameter ai, such that H is in the center and relations (&), (@), () hold.
We also consider systems where all of the parameters a; are identically zero;
these are free nondegenerate and free degenerate (quantum) quadratic algebras.
Analogously, an abstract nondegenerate (classical) quadratic algebra is a Pois-
son algebra with functionally independent generators H, L1, L2, and parameters
a1, az, ag, such that all generators are in involution with H and relations (&) and
@) hold. An abstract degenerate (classical) quadratic algebra is a Poisson alge-
bra with linearly independent generators X, H, L1, L2, and parameter a;, such
that all generators are in involution with H and relations (I0),(II]) and (I2]) hold.
Systems with all a; identically zero are free nondegenerate and free degenerate
(classical) quadratic algebras.

2.1 Nondegenerate classical structure equations

Suppose the 2D classical second order superintegrable system with nondegen-
erate potential has 2nd order generators L1, Lo, H with R = {£1,L2}. The
Casimir is R? — F(L1, L2, H, a1, a2,a3) = 0 where the a; are the parameters in
the potential. It is easy to show that {£i,R} = %g—i, {L2, R} = f%g‘—g,
so the Casimir contains within itself all of the structure equations. A similar,
but more complicated result for nondegenerate quantum quadratic algebras will
appear in a forthcoming paper.

2.2 Degenerate classical structure equations

Now suppose the 2D classical second order superintegrable system with de-
generate (l-parameter) potential has generators X' (1st order), and L1, La, H



(2nd order) with Casimir G(X, L1, L2, H,a) = 0, where the « is the parame-
ter in the potential. Note that G is determined only to within a multiplica-
tive constant. Now 0 = {X,G} = g—g{){,ﬁl} + g—g{){,ﬁg} = {X, L1} =
Kaa—g’;, {X, Lo} = ng—gl, for some constant K, since {X,L;}, 0G/0L; are

all 2nd order in the momenta. Further 0 = {£1, G} = $%{L,, X}+§—Z{E1, Lo},

0={L:,G} = g—g{ﬁz, X+ g—g{ﬁg, L1}. Assuming G depends nontrivially on
at least one of L1, Lo, we have

oG oG oG
{X’El}:Kﬁ—Eg’ {X,Eg}:—Ka—El, {El,ﬁg}zKa—X. (13)
Thus the structure equations are determined by G to within a constant.

For a degenerate superintegrable system it would seem that it is possible
that K is a rational constant of the motion; either 1) the ratio of two 2nd order
polynomials in the momenta (necessarily two 2nd order constants of the mo-
tion) or 2) the ratio of two 1st order polynomials in the momenta (necessarily
multiples of X'. However, in case 1) it is easy to see that this would imply 3 mu-
tually involutive symmetries, impossible for a 2D Hamiltonian system and case
2) is trivially equivalent to a constant K. Thus for a 2D degenerate superinte-
grable system K is always a nonzero constant. However, for free superintegrable
systems rational K can occur.

Example 1 For some functions X, Ly, Lo, H satisfying a polynomial relation
G =0, K may be rational. For example, the flat space system L1 = Jp1, Lo =
p2, X =T, H=p?+p3 with T = xps — yp1, gives G = —L? + X2Ly = 0,
K = —po/X. However, this is not a degenerate superintegrable system. It is
free.

Degenerate superintegrable systems are restrictions of the 3-parameter po-
tentials to 1-parameter ones, such that new symmetries appear: We can take
a particular basis of 2nd order generators H, L1, L2, and parameters aj, as, as
for the classical physical system with nondegenerate potential, such that for
az = az = 0 the symmetry £; becomes a perfect square: Li|q,—a,—0 = X2.
Then X will be a 1st order symmetry for Ho = H|a,=a,—0 With no potential
term, i.e., a Killing vector. Noting the relation R = {L£1,Ls} = 2X{X, Lo}
upon restriction, we see that £3 = {X, L2} is a 2nd order symmetry for H,
(usually linearly independent of the symmetries we already know). We can fac-
tor 2X2 from each term of the restricted identity R? — F = 0 to obtain the
Casimir G = 0 for the contracted system, where G = £%+---. In the limit, (I3
(with £; replaced by L£3) holds with constant K.

If however, £3 is a linear combination of X2, Ly, Ho then the resulting ex-
pression is identically satisfied and we get no additional information about the
degenerate structure algebra. By inspection one can verify that all Casimirs
G = 0 can be obtained as limits of equations R? — F = 0 for some nondegener-
ate superintegrable system, except for degenerate systems Stéckel equivalent to
FE, or Ei3, see below. For those systems the new 2nd order symmetries appear
in a discontinuous manner. All these results have quantum analogies, as we
shall show in a forthcoming paper.



3 Free 2D 2nd order superintegrable systems

As was shown in [8,[9] the ‘free” 2nd order superintegrable system obtained by
setting all the parameters in a nondegenerate potential equal to zero retains
all of the information needed to reconstruct the potential. Thus we can, in
principle, restrict our attention to free systems. Here we explore this concept
in more detail and extend it. First we review how the structure equations for
2D 2nd order nondegenerate classical superintegrable systems are determined.
Such a system admits a symmetry £ =3 a”p;p; + W if and only if the Killing
equations are satisfied
e A2 o1 el = At 2202 =10 04,
(14)

where ak = 0,,a", as well as W; = )\Z?:l aijVj. Here W; = 0,,W with
a similar convention for subscripts on V. The equations for W can be solved
provided the Bertrand-Darboux equation 0,, Wo = 0., W1 holds. We can solve
the two independent Bertrand-Darboux equations for the potential to obtain
the canonical system (2)) where the A%, B are computable from the generating
constants of the motion. For nondegenerate superintegrability, the integrabil-
ity conditions for the canonical equations must be satisfied identically, so that
V, Vi, Vo, Vi1 can be prescribed arbitrarily at a fixed regular point.

To obtain the integrability conditions for equations (2) we introduce the
dependent variables wh = i, W@ = Vs, w® = Vi1, and matrices

w® 0 0 1 A2 g1z
w=| W® | AW = A2 pi2 0 LA = | A2 B2
W(g) A13 B13 Bl2 _ A22 A23 B23 A12
(15)
A13 — A%Q _ A%Q + Bl2A22 +A12A12 _ BQ2A12
BlS — 3212 —B%2 +A12BIQ, A23 — A}2 —|—312A12, B23 — B%Q +Bl2312.

Then the integrability conditions for system 0, w = AUw, j = 1,2, must
hold:
AP — 4D = AW 4@ _ 4@ 4D = 40 4@, (16)

If and only if (I6]) holds, the system has a 4D vector space of solutions V.
From the conditions that £ is a constant of the motion and relations (2)) we
can solve for all of the first partial derivatives 9;(a’*) to obtain

Oatl = —Gia'' — Gea'?,  0:a%? = —Gha'? — Goa??, (17)
302a'? = —3Gea'? + (a't — a®) (=B - G1) + a'*(=B* 4 Gs),
3010** = —3G1a** + (a'' — a®*) (2B — Gy) + a'?(2B*® + Gs),

30012 = —3Gia'? + (al! — a®) (A2 + Go) + a12(A22 ),
302a' = —3Gea' + (a't — a*?)(—24" 4 Go) + a'*(—24% + G)),
where A = expG. This system closes, so the space of solutions is exactly

3 dimensional. Note that if £; = Zi,jd 9 (z, y)pep; + Wy (z,y), L2 =



Zi,jzl b (z,y)pep; + Way(2,y), L3 = H, is a basis for the symmetries then

D D D D
AP = Gyt AP =200, BY = -Gt BY = 26—,
18
oL g22 p12 3052, —(*? "
D = det ( b11 - b22a b12 ) , D(O) = det ( 3b%2’ —b12 ) )

3£12, Ell _ 622 3£12, 612 3612, 611 _ 622
Dy = det ( 3b§2, pll _ p22 ) , Dig) = det ( 3bi2, p12 ) , D3y = det ( 31)%27 pll _ p22 ) .

The functions A22, B?2, A'2, B'2 are defined independent of the choice of basis
for the 2nd order symmetries. To determine the integrability conditions for
system (7)) we define the vector-valued function h*(z,y,z2) = (au,a12,a22)
and directly compute the 3 x 3 matrix functions AU to get the first-order
system 0, h = AUh, j = 1,2, the integrability conditions for which are

AP — A = AW 4@ _ AR D) = (4D 4@, (19)

satisfied identically for a nondegenerate superintegrable system.

There is a similar analysis for a “free” 2nd order superintegrable system ob-
tained by setting the parameter in a degenerate potential equal to zero, [4]: The
free system retains all of the information needed to reconstruct the potential.
All such degenerate superintegrable systems with potential are restrictions of
nondegenerate systems obtained by restricting the parameters so that one 2nd
order symmetry becomes a perfect square, e.g. £; = X2, Then X is a 1st order
constant, necessarily of the form X = &1p; + &p2, without a function term.
Since the degenerate systems are obtained by restriction, the potential function
must satisfy the equations (2) inherited from the nondegenerate system, with
the same functions A%, BY. In addition the relation {X,H} = 0 imposes the
condition &V; + &V, = 0. By relabeling the coordinates, we can always as-
sume & # 0 and write the system of equations for the potential in the form
Vo = CQV17 Voo = Vi1 + 022‘/1, Via = 012‘/1, where

02($1,$2) = -, 022($1,$2) = A22 - 21 B22, 012(1'1,1'2) = A12 - 6—1312.

& &2

To find integrability conditions for these equations we introduce matrices

_ V 1) _ 0 1 (2) _ 0 02
V_(Vl)’B —(0 8202+02012022)a]3 = 0 (2 .

(20)
Then integrability conditions for system 9,,v = By, j = 1,2, must hold:

B® _ BV = pOp®@ _ p@pM) = [pM) BA). (21)

If and only (2I)) holds, the system has a 2Dl space of solutions V. Since V =
constant is always a solution, (ZI)) is necessary and sufficient for the existence
of a nonzero 1l-parameter potential system. In this case we can prescribe the
values V, V5 at any regular point xo; there will exist a unique V' (x) taking these
values.



3.1 Free triplets

pi+p3
A,y)
and with a basis of 3 functionally independent second-order constants of the
motion Ly = 377, azé)pipj, azé) = aﬁ), s = 1,2,3, L) = Ho. Since
the duals of these constants of the motion are 2nd order Killing tensors, the
spaces associated with free triplets can be characterized as 2D manifolds that
admit 3 functionally independent 2nd order Killing tensors. All such manifolds
were classified by Koenigs [5,[15] who showed that the possibilities were con-
stant curvature spaces [each admitting 3 linearly independent 1st order Killing
vectors], 4 Darboux spaces, [each admitting a single Killing vector] and 11
Koenigs spaces [each admitting no Killing vectors]. Since the vectors {h)},

A 2nd order classical free triplet is a 2D system without potential, Hy =

h) " (z,y,2) = (a%sl),a%f),aff)) form a linearly independent set, there exist
unique 3 x 3 matrices C¥) such that 8, ,h(5) = CWhy), 4, s = 1,2. By linearity,
any element £ = Z? =1 ap;p; of the space of 2nd order symmetries spanned
by the basis triplet is characterized by matrix equations

Op;h = CYn j=1,2, h%(z,y,2)= (all,a12,a22) . (22)

In particular, at any regular point xy we can arbitrarily choose the value of
the 3-vector hy and solve [22)) to find the unique symmetry £ of Ho such that
h(xg) = hg. A normalization condition for the C\): ([23) is valid for a'! = a?? =
1/A,a'? =0, i.e., for Hy. Note that since the £ are Killing tensors, equations
(@) must be compatible with the Killing equations (Id]). Also, integrability
conditions hold:

¢ —cfV =che@ — e = ¢ @), (23)

It is clear from equations (7)) that the restriction of a 2D 2nd order nonde-
generate superintegrable system with all parameters equal to 0 is a free triplet.
However the converse doesn’t hold. We determine necessary and sufficient con-
ditions that a free system extends to a system with nondegenerate potential.

A first step is a more detailed characterization of the matrices C(¥) for a free
system. From the Killing equations (I4]) we obtain the conditions

Cﬁ) = -Gy, CS) = —Go, C%) =0, Cé?) =0, Cég) = -G, Cég) = =Gy,
2cs) 4@ =0, 20{) +¢? = —cy, 2 +¢?) = —a,,

20+ eff = G, 20+ 0 =~ 20+ 0l = G

From the requirement that #H, satisfies (22)) we obtain the conditions
8+ ¢ =G, cff e o, el + e =,

i+ = -Gr, 0+ =0, ¢+ = 6y

Solving these equations we find

—Gi, ~Gs, 0 e, ¢l —Gy-c
2 2 2
= —tef?,  —iei—ic), e |, @ = ey, s, —c5y
—Gy—20), —Gy,—2c82), 2cl? 0, -Gi, -Gy
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with the 4 functions Cﬁ), CS), Cg), Cg) free. If we define the functions
A2, B2 A?2 B?2 by the requirement

1 2 1 1
3C1—5A”, ey = —5C01—3
then equations (22]) agree with (7). Thus, for a free system there always exist
unique functions AY, BY such that equations (7)) hold. Then necessary and
sufficient conditions for extension to a system with nondegenerate potential V'
satisfying equations (2) are that conditions (I6) hold identically.

This analysis also extends, via restriction, to superintegrable systems with
degenerate potential. A free triplet that corresponds to a degenerate superinte-
grable system is one that corresponds to a nondegenerate system but such that
one of the free generators can be chosen as a perfect square. For these systems
conditions (2I)) for the potential are satisfied identically.

Similarly, we define a 2nd order quantum free triplet as a 2D quantum system
without potential, Hy = ﬁ(@u + 022), and with a basis of 3 algebraically

2 2 2 1
Cﬁ) = *§G2*§A12, Cg) = B2, Cég) _ 7§G27_B227

3

independent second-order symmetry operators

2
be=3 _Zl i(Aagy05)(x), b =1,2,3, ag, = agy, Ls = Ho
B,j=

There is a 1-1 relationship between classical and quantum free triplets.

4 Superintegrable systems and enveloping alge-
bras

Every 2D nondegenerate or degenerate superintegrable system is Stackel equiv-
alent to a superintegrable system on a constant curvature space [8]. Thus we
study free triplets on flat space and the complex sphere, taking advantage of
the fact that the symmetries can be identified with 2nd order elements in the
enveloping algebras of e(2,C) or so(3,C). Then, conditions (23)) are satisfied.

If we have a degenerate superintegrable system and turn off the potential
then we have a free degenerate superintegrable system in the sense that the
Poisson brackets of the free generators determine a degenerate quadratic algebra
(without parameters). We will show, conversely, that every free triplet that
forms degenerate quadratic algebra is the restriction of a superintegrable system
with degenerate potential. We classify free triplet systems that are 2nd order in
the enveloping algebras of e(2,C) and o(3, C) and which determine a degenerate
quadratic algebra. In the classification we identify systems that are equivalent
under the adjoint action of the corresponding Lie group. We will also identify
each system with the superintegrable system with potential whose potential-
free terms agree with it. For this we use the classification of constant curvature
systems in [6] with Es5 added in [I6]. We start with flat space and consider free
triplets in the e(2, C) enveloping algebra.

4.1 Degenerate superintegrable systems from e(2, C) (8 sys-
tems)

We use the classical realization for e(2, C) with basis p1, p2, J = xp2 — yp1, and
Hamiltonian H = p?+p2. We classify all possible free degenerate superintegrable
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systems in the enveloping algebra of e(2,C), up to conjugacy, modulo H. It
turns out that each such system is the restriction of a degenerate flat space
superintegrable system with potential; the relationship is 1-1. We write E,
as the free system that is the restriction of superintegrable system E,,. Up to
conjugacy under the action of e(2,C), the possible choices for the 1st order
generator X are: X = 7, p1, p1 + ip2. We give some details for the first case
and then just list the results.

We first choose X = J. We need to find 2nd order elements L1, Lo of the
enveloping algebra such that {X2, L1, Lo, H} is linearly independent and such
that {X, Ly, Ls,H} define a degenerate quadratic algebra. The most general
choice for L1 is £1 = a1 Jp1+asJpa+aspi+aspipz. Case 1: suppose a; # 0 so we
can take a; = 1. By a rotation, leaving J fixed, we can assume that ether ay = 0
or as = 1. We first consider: as = 0. We can translate in = to achieve ay = 0
and in y to achieve ag = 0. Then for £y we can take Lo = by Jpa + bap? + b3p1pa.
In order for these choices to generate a superintegrable system we must have

{X, L1} = C1Ly + CoLo + CsH + C4X? + Cs, (24)

{X, Lo} = D1Ly + D2Lo + D3H + Dy X? + Ds, (25)

{L1,L5} = B1L1 X 4 FoLoX 4+ EsHX + E X3 4+ EsX (26)

G = Clﬁf —l—CgE% +03H2 +cgL1Lo+esHLL +cgHLs +C7X4 +68X2£1 +CQX2£2
+ 610HX2 +c11L1 +c12Ls +c13H + 614/Y2 4+ c15 =0, (27)

for some constants A;, Cj, Ej, c; where the ¢; are not all 0. In £, we assume
first that b; # 0 and normalize to B; = 1. Then substituting into equation
24) and equating coefficients of powers of p;,  and y on both sides of the
identity. We get easily that C; = C3 = Cy = C5 =0, Cy = —1, by = b3 = 0,
so there is no solution unless £ = Xp1, Ls = Xpy. All remaining conditions
are satisfied. Now consider the case by = 0 and assume by = 1. This time
equation (24]) cannot be solved, so this case is impossible. Next we assume
by = by =0, Bz = 1. Again, equation (24 cannot be solved, so this case is also
impossible. Now we consider the possibility a1 = 1,as = 7. By translating in y
we can achieve a3 = 0. Going step-by-step, we take by = 1. Then we can satisfy
@4) only if a4 = 0, in which case we have {X, L1} = £;. Going further we
now substitute this result into equation (28) and equate coefficients. We find a
solution only if bs = bs = 0, but now the space spanned by L1, Lo is the same
as that spanned by Jp1, Jpo, already listed. This finishes Case 1. For Case 2
we can take a; = 0, as = 1, and find no solutions.This finishes Case 2. For case
3 we take a; = ag = 0,a3 = 1. Here there is a solution. Having demonstrated
the step-by-step approach, we now merely list the results.

1 Exg: H=p}+p3, X=J, L1=JTp1, L2 =Tpo,
Casimir : — (L3 + £3 — HX?) =0, potential : V = —=2

2. Es: H=p}+p3, X=J7, L1=p}, La=pips,
Casimir : — £3 — £1(£1 —H) = 0, potential : V = a(z? + y?).

3. E};:Hzp%—l—p%, X=p1, L4 =j2, Lo = TJpo,
Casimir : £, X2 + £2 — HL, = 0, potential : V = ek
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4. Es: H=pi+p3, X =p1, L1 =Tp1, L2 = papr,
Casimir : 1(£3 + X* — HX?) =0, potential : V = az.

5. Bio: H = p3+p3, X =p1+ips, L1=T%+(p1 —ip2)?, Lo = J(p1+ip2),
Casimir : i(£1 X% — L2 — H?) = 0, potential : V = %,

6. Fig: M =p?+p3, X =p1+ips, L1 =72 L2=T(p1+ip2),
Casimir : i(£, X% — L£3) = 0, potential : V = EEmmER

7. Byt H=p}+p3, X =p1+ip2, L1=T(p1+ip2), L2 = (p1 —ip2)?,
Casimir : — i(Lo2X? — H?) = 0, potential : V = a(z + iy),

8. Eiz: H=p}+p3, X =p1+ips, L1 =T(p1+ip2), Lo = (p1 —ip2)T,

Casimir : i(L1H — L2X?) = 0, potential : V = =t

3

4.2 Degenerate quadratic algebras from o(3, C) (3 systems)

We use the classical realization for o(3,C) with basis J1 = yps — zp2, J2 =
zp1 — xp3, J3 = xpa — yp1, and Hamiltonian H = J2 + J3 + J3. We classify
the possible systems up to conjugacy with respect to O(3,C) group actions and
modulo H using the same step-by-step procedure as in Section [} and merely
list the results. Up to conjugacy, the choices for X are J3, J1 + i Ja.

1. 5'6: H= j12 + j22 +j32a X =T, L1 =T30, L2 = T3,
S 2 20 v2 _ — ial : = @z
Casimir : — 5(L7 + L5 + X*(X* —H)) =0, potential : V St
2. 5'3: H = j12 + j22 +j32a X =Ts, Ly = («71 +i‘-72)2a Ly = (jl - i‘-72)27
Casimir : — 2i((H — X?)* — L1L5) = 0, potential : V = &,

3. S5 H=T2+ T3 +T3 X =T +iJa, L1 =03, L= (T +iT2)Ts,
Casimir : — (L3 — X2L;) = 0, potential : V <

= Grw)?
4.3 Nondegenerate quadratic algebras from e(2, C) (12 plus
1)

We use the realization for e(2, C) with basis listed in Section Il An alternate
basis is J, p1 + ip2, p1 — ip2. We classify systems, mod H, up to conjugacy with
respect to the group E(2,C), including inversions and reflections. There are 8
conjugacy classes of 2nd order elements in the enveloping algebra, mod H, with
representatives

j27 p?a (pl + ip2)27 p?ja (pl + Zp2)ja j2 + ap%v a 7& 05 (28)

T?+ (p1+ip2)®,  2(p1 +ip2)T + (p1 — ip2)*.

A general 2nd order element in the enveloping algebra, mod H, can be written
as a1.J? + aep1J + aspaJ + aap? + aspipe.

1st case: We choose £, = J?2 and try to determine the possibilities for £q, up
to conjugacy under E(2,C), such that £, Lo, H generate a quadratic algebra.
(As we go through the cases step-by-step, we ignore systems that have already
been exhibited in earlier steps.) In general Lo = asp1J + asp2J + a4p% + asp1p2
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and aq,as,aq4,as are to be determined. Here R = {L1,L2} = —2a9p2J +
2a3p1 T —4asp1p2J +2a5(2p? —H)J . We must require that R? = by L3+ b2 L35+
bsH3 + baL3Lo + bsL1LS + beHL1 Lo + by HLE + bsHLE + boH2 L1 + bioH? Lo,
for some constants by,--- ,b19. We substitute our expressions for £ and Lo
into R? and equate coefficients of powers of py,p2, 2,y on both sides of the
resulting equation. These yields a system of equations for the parameters a;, bz,
polynomial in the a; and linear in the b;. The step-by-step procedure to solve for
the parameters is similar to that demonstrated earlier for degenerate systems.
Once a solution is obtained we check that it extends to a superintegrable system
with potential by using the generators to compute the functions A%, B and
then verifying directly that these functions satisfy the integrability conditions
([@6). Then we identify the associated nondegenerate superintegrable system
from the classification in [6]. We list the results, eliminating duplicates and
exhibiting the 3-parameter potentials of the associated nonfree superintegrable
systems.

1. Eig: L1=J2% Lo =nJ, R2 = 4L, (L1 H — L2).
V= y
\/zz—i-y (a+ y+/22+y? * 1/—\/:02-1-1/2)7
2. Eir: =J?, Ez (p1+1ip2) T, R* = —4L1L3,
V= + + .

war (+iy)y/a+y?

\/I2+y
3. Ell El = j2, £2 :p%, RQ = 16£1£2(H - 52),
V:a(x2+y2)+:%+yl2

4. By L1 =72 Lo = (p1 +ip2)?, R? = —16L,L3,

V=GRt e e ),

5. By Ly =p}, Lo=pips, R? =0,
V = a(z® +y°) + Bz + vy,

6. Fy: L1 =p3, Lo=p2T, R2=4L3(H — L1).
V =a(da? +y?) + Bz + 4,

7. E7: L= (p1 + ipg)Q, Lo = j2 + %(pl — ip2)2, b 7é 0, R? = *16[%[@ +

16aL1H?, _
- \/?ﬁj;;)_b e (ifz;f) @rin)—b ) @+,
8. Eo: /;1 (p1 +ip2)?, Lo =p1 T, R? = —=2L4(2L1 + H)?,
V= ot Byt ”(f%”’),
9. By L1=(p1 + ip2)?, Lo = (p1 — ip2)T, R* = —4L1H?,

o Bl 4
V—O&(SC ’L’y)+ \/m + /z+iy7

10. Eio: L1 = (p1 —ip2)?, Lo = 4i(p1 — ip2)T + (p1 +ip2)?, =
V = a(z —iy) + Bz + iy — 3(z — iy)?) + (2 + 2 — %< >

11. Eys: L1 = (p1 —ip2)? Lo =i(p1 — ip2) T, R? = 4L3,
V = f(xz — iy), where f is arbitrary. The exceptional case, characterized
by the fact that generators £, Lo, H are functionally linearly dependent,

64.L3,
);
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[6[7]. This quadratic algebra is isomorphic, but not conjugate, to E1o and
doesn’t correspond to a nondegenerate superintegrable system.

12. Esg: L1 =p2J, L2 =p1 T, R? = H(L2 + L3),
_ 1 2 2 _ 2 2
V—W(a+ﬁ\/$+\/$ +y +7\/w VT +y)7
13. Erg: L1 = (p1+1ip2)T, L2 =T+ (p1 —ip2)?, R? = —4Ls(L3 + H?),

_ _ a(ztiy) B + v )
V@a+iy)2—4  \f(z—iy)(z+iy+2)  /(z—iy)(z+iy—2)

4.4 Nondegenerate quadratic algebras from o(3, C) envelop-
ing algebra (6 systems)

We make use of the classical realization for o(3,C) given in Section We
classify the possible systems up to conjugacy with respect to O(3,C) group
actions and modulo H. There are 5 conjugacy classes of 2nd order elements in
the enveloping algebra, mod #H, with representatives

T3, JE+add, (a#0,£1, |a| <1), (Ji+idk)?, (29)
(N +iR)? + T3, T3(Jh +ide).

A general 2nd order element in the enveloping algebra , mod H can be written
as a1 J2+as I3 +a3J1 Jo+asJ1 J3+asJaJ3. An alternate expression is A; (71 +
iJ2)? + Aa(Jh — iJ2)? + AsTE + As(Th +1iT2) T3 + As(Jh — i) Ts-

We list the results, eliminating duplicates and exhibiting the 3-parameter
potentials of the associated nonfree superintegrable systems.

1. So: L1 =T32 Lo=J, R? = —16L3Ls — 16L,L3 + 16L1 LoH,
V=5%+4+3,
x Y z
2. Sy L= JZ, 52,6: (T +iT2) T3, R?* = —AL1 L3,

— @ Z 0
V= (z+iy)? + \/z2+y2 (z+iy)\/12+y2,

3. Sp: L1 =J3, Lo =TNTs, R? = —4L3} — ALIL, + ALYH,

Ve 1o,
\/x2+y2 yz\/x2+y2 Y

4. Sg: L1 = To(Jo+ih), Lo = ToTs, R? = —2L3 +2L1L3 + L3N — L3,

V= ay + Bly+iz+z) y(y+iz—=z) 7
22422 | fytia)(z+iz) |/ (ytiz) (z—iz)

5. 80 L1 = (T +i%)?, Lo = T2, R* = —16L3L,,

_ a 8 v(z—iy)
V=2t oot erwr

6. Si: L1 = (T +iT)Ts, Lo = (Ji +iT)?, R? = —4L3,
_ a Bz y(1-42%)
V=tgar t are t e
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4.5 The closure theorems

There are, up to conjugacy, 8 degenerate and 13 nondegenerate quadratic alge-
bras in the enveloping algebra of e(2,C), and these match 1-1 with the restric-
tions of the 8 degenerate, 12 nondegenerate and 1 exceptional superintegrable
systems on complex flat space, also classified up to conjugacy. There are, up
to conjugacy, 3 degenerate and 6 nondegenerate quadratic algebras in the en-
veloping algebra of 0(3,C), and these match 1-1 with the restrictions of the
3 degenerate and 6 nondegenerate superintegrable systems on the complex 2-
sphere. Thus:

Theorem 1 A classical free triplet on a constant curvature space extends to a
superintegrable system if and only if it forms a free quadratic algebra, degenerate
or nondegenerate.

The main message that follows from this result is that we have found purely
algebraic conditions on constant curvature spaces that replace the complicated
analytic integrability conditions (I8) or (23)) for extension to a superintegrable
system.

There is an analogous result for quantum free systems and quantum superin-
tegrable systems. Indeed, If we have a nondegenerate quantum superintegrable
system and turn off the potential then we will have a free nondegenerate su-
perintegrable system in the sense that the commutators of the free generators
will determine a nondegenerate quadratic algebra. Conversely, every quantum
free triplet system for which the algebra formed from the generators closes to a
nondegenerate quadratic algebra is the restriction of a superintegrable system
with nondegenerate potential (or the exceptional case Ey5). Indeed, since the
highest order derivative terms in the commutator agree with the highest order
polynomial terms in the Poisson bracket, every free quantum nondegenerate
quadratic algebra uniquely determines a free classical nondegenerate quadratic
algebra. The classical quadratic algebras correspond 1-1 with classical superin-
tegrable systems and these in turn correspond 1-1 with quantum superintegrable
systems. There is a similar correspondence for degenerate quadratic algebras.
Thus we have

Theorem 2 A quantum free triplet on a constant curvature space extends to a
superintegrable system if and only if it forms a free quantum quadratic algebra.

In a forthcoming paper we will show that these theorems extend to all 2D
superintegrable systems, including those on Darboux and Koenig spaces.

4.6 Construction of superintegrable systems from free triplets

Suppose we have a classical free triplet with basis

_ pi+p3

2
Ly =D alypiny afly =ag,, s=1,2,3, Lz =Ho Az, y)

4,J=1

not E15, that determines a free nondegenerate quadratic algebra, hence a free
nondegenerate superintegrable system. Then the functions AY, B¥ ([IR) ex-
pressed in terms of the Cartesian-like coordinates (x,y), satisfy the integra-
bility conditions (I6]) for the potential equations ([2)) and we are guaranteed a
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4-dimensional vector space of solutions V. Further, these equations guaran-
tee that the Bertrand-Darboux integrability conditions for equations Wi(s) =
)\2521 aZ)Vj are satisfied and we can compute the solutions W) W) =V,
unique up to additive constants, such that the constants of the motion L) =
> al(i yPipj + W) define a nondegenerate superintegrable system. This system
is guaranteed to satisfy a nondegenerate quadratic algebra with potential whose
highest order (potential-free) terms agree with the free quadratic algebra. Note
that the functions A%, B are defined independent of the basis chosen for the
free triplet, although, of course, they do depend upon the particular coordinates
chosen. Similarly, there is an associated quantum free triplet

2
1
XZ S) i), s =1,2,3, Ly = Hy = —— (011 + O22),

1
Ax)
that defines a free nondegenerate quantum quadratic algebra with potential.
The functions W) are the same as before.

There is an analogous construction of degenerate superintegrable systems
with potential from free triplets that generate a free quadratic algebras, but are
such that one generator say, £; = X2 is a perfect square. Then the system
with its generator added determines a free degenerate quadratic algebra. The
functions AY, BY are defined from the free triplet and X = &;p; + &po. The
equations for the potential are

= C?Vy, Vag = Vi + C*?*Vy, Vig = CPV, (30)
where C%(z1,22) = —g—;, C?2(z1,20) = A?? — %BQQ, C1%(z1,20) = A2 —

g—;Bm. Since the system determines a quadratic algebra, the integrability con-
ditions for the potential equations ([B0]) are satisfied identically and the solution
space is 2-dimensional. The general solution takes the form V = a1V + q
where a1, as are constant coefficients. This defines the degenerate superinte-
grable system. The extension to the quantum case is obvious.

Example 2 E;: From 7.3 we have the classical free system L1=J2% Ly =p?,
R? = 16L£1Lo(H — L2), Using Cartesian coordinates x1 = xz,12 = y we find
A2 =0, A% = %, B2 =0, B?» = f%. The general solution of the
potential equations is V = ay(z? + y?) + B+ Z—g + ay4. Setting ay = 0 we find
that the induced classical system is

a a
H=pl+pita®+y)+ 5+ 5 (31)

Ly = (xpy — yp1)® + agy®/2* + asa® [y?, Lo = pl + ar12® + az/a”.
The induced Casimir is R? = 16 ([,1[,27-[ — L1L£2 — (a2 + a3)L3 — agH?
+2a2LoH — a1 L3 + 4a1a2a3). The quantum system is defined by

H= 92+0]+a(2®+y*)+% +a3/y®, Ly =07+ arz® + ag/a?,

Ly = (20, — y0:)* + a2y?/2* + azz? /y?, (32)

The induced Casimir is R? = § ({L1,La, H} — {L2, L, L1}) — (16ag + 12)H?
— (48 4+ 164z + 16a3) L} — 16a1 L3 + (128 + 32a9) LoH + 1341y
— 284 (12aza3 + 9az + 9as + 2).
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Example 3 Sg: From we have the classical free systems L1 = J¢, Lo =
JZ, R? = —16L3Ls — 16L£1L3 + 16L1LoH. The structure equations are more
symmetrical if we choose a new basis symmetry L3 = J3 in place of H. Using

coordinates T1 = 1,9 = ¢ where 51 = cif;i‘fp, s9 = c?:hdiw s3 = tanh1,

s2 + 83+ s3 = 1, the Hamiltonian is H = cosh? w(pfb +pi), A=

_ 1
cosh? 1)’

A2, A% 3 cosh? ¢ — sinh? ¢ B2 — 2sinh1/) B2 _ 3((‘,082 ¢ — sin’ d))'

sinh cosh®yp coshp’ sin ¢ cos ¢

The general potential is V = S+ 23+ +ay. Setting ay = 0 we find the classical
1 2 3

symmetries. The induced classical S9 system has a basis of symmetries

2 82 2 82 2 s

2 2 2

Ly =J{ +as—5+az—5, L3 =T; +a3—+tai—5, L1 = J3 +a1—5 +az—, (33)
83 53 53 $1 81 83

where H = L1+ Lo+ L3 + a1 + as + ag. The classical Casimir is
R2 = 16L£1L9L3 — 16a2£§ — 16a3£f — 16a1£§ + 64aiazas3.

The quantum superintegrable system is defined as

2 2.2
ass ais

H= JB4+24+124+%+%+9 [, =J2+%20 42
S1 53 53 2 S1

s
2 2 2 2
_ 2 azso azS83 _ 2 ai1S3 azsy
L2 - Jl + Sg + s% 3 L3 - J2 + s% + s§

(34)

)

H=Li+ Lo+ L3+ a1 + as + a3. The quantum Casimir is

8
R? — g{Lla Lo, L3} — (16as + 12)L% — (16a; + 12)L§ — (16a2 + 12)L§

52 1
+?({L1, L2} —|— {LQ, Lg} + {Lg, Ll}) + 5(16 + 176&3)[/1

1 1 32
+§(16 + 176@1)1/2 + 5(16 + 176@2)L3 + ?(al + as + a3)
+48(a1a2 + asasz + a3a1) + 64aiazas.

Example 4 S3: This is a restriction of system Sy in the preceding example and

we use the same notation. We set L1 = X2, X = Dé, T1 =V, 22 = ¢. We have
2 _ 22 __ 3cosh? 4p—sinh? 12 _ _ 3cosh? p—sinh® 7, _
c* = 0’ = = C;)isqhwgosshw ,wC’ - 0’ S0 ‘/2 - 0’ V11+ ?Sisnh cosshw Vl =0.
The general potential is V. = 3 + a4. The induced classical S3 system has a
3

basis of symmetries and Casimir relation

a 52 515
H=T+T+T5+ 5 Li=T tusg, L=0Th-a 5, X=07,
3 3 3
L2+~ LH + L2 + as X2 + azly = 0. (35)
The quantum superintegrable system is defined as
a a3s3 1 381
H = B34 J5+ o, X = Js, Ly = Ji+ =50, Ly = S (Wl o) = =5
3 3 3

The Casimir is {Ly, X?} +2L3% 4+ 2L3 — 2L H + 2% X? — 24, — a3 = 0.
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5 Contractions of superintegrable systems

Suppose we have a nondegenerate quantum superintegrable system with gener-
ators H, L1, Lo and structure equations (]), defining a quadratic algebra Q. If
we make a change of basis to new generators f{, l~/1, Ly and parameters a1, a2, a3
such that

Ly A A A L, Biy Bi2 Bz ax
Lo | = A1 Aza Aszs Ly |+| B21 B2 DBags az |,
H 0 0 Ass H Bs1 Bz Bsgs as
(36)
ai Cin Cio Ci3 ax
ay | =| Co1 Con (o3 a2
as Cs1 Cso Cs3 as

for some 3 x 3 constant matrices A = (A; ;), B, C such that det A - detC # 0,
we will have the same system with new structure equations of the form (@) for
R = [L1, Ly, [L;, R], R?, but with transformed structure constants. (Strictly
speaking, since the space of potentials is 4-dimensional, we should have a term
a4 in the above expressions. However, normally, this term can be absorbed
into H. Also, we could add constant terms to each of the symmetries H ,ij
but we shall restrict ourselves to this class of basis changes here.) We choose a
continuous 1-parameter family of basis transformation matrices A(e), B(e), C(e),
0 < € < 1such that A(1) = C(1) is the identity matrix, B(1) = 0 and det A(e) #
0, det C(e) # 0. Now suppose as ¢ — 0 the basis change becomes singular,
(i.e., the limits of A, B,C either do not exist or, if they exist do not satisfy
det A(0) det C'(0) # 0) but the structure equations involving A(e), B(e), C(e),
go to a limit, defining a new quadratic algebra Q. We call Q' a contraction of
Q in analogy with Lie algebra contractions [2]. We can also define contractions
of free superintegrable systems in an obvious manner from [Bl): Just set a; =
az=a3=0and B=C =0.

For a degenerate superintegrable system with generators H, X, L, Lo and
structure equations (Bl), (), defining a quadratic algebra @, a change of basis to
new generators H,X,Li,L, and parameter @ such that a = Ca, and

Ly Ay Aip Az 0 Ay Ly B,
Ly Ayy Azns Az 0 Ay Ly By
H = 0 0 A373 0 0 H + B3 a
X 0 0 0 A 0 X 0
52 0 0 0 0 A2, X2 0

for some 4 x 4 matrix A = (4, ), in the upper left-hand corner, with det A # 0,
complex 4-vectors A’ = (4;), B and constant C' # 0 yields the same superin-
tegrable system with new structure equations of the form (&), for [X, ij],
[L1, Ls], and G = 0, but with transformed structure constants. Suppose we
choose a continuous 1-parameter family of basis transformation matrices (A(e), A’ (¢€)), B(e), C(e),
0 < € < 1 such that A(1) is the identity matrix, A’'(1) = B(1) =0, C(1) = 1,
and det A(e) # 0, C(e) # 0. Now suppose as € — 0 the basis change becomes
singular but that the structure equations involving A(e), A’(¢), B(e), C(e) go to
a finite limit, thus defining a new quadratic algebra Q’. We call Q" a contrac-
tion of Q). Contractions of free degenerate superintegrable systems are defined
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in an analogous manner: Set a = 0, B = 0. There are analogous definitions of
contractions for classical systems.

5.1 Lie algebra contractions of o(3,C) and ¢(2,C)

In general, the classification of possible contractions of quadratic algebras is very
complex, but for quadratic algebras associated with systems on constant curva-
ture spaces, there is a class of contractions with important physical/geometrical
significance that can easily be classified: contractions induced from Lie algebra
contractions. In [2] Inénii and Wigner defined a family of contractions of Lie
algebras, with special emphasis on the symmetry algebras of constant curvature
spaces: the Wigner-Inonii contractions. Later a larger class of contractions was
studied, so-called natural contractions, [20]. We recall the definition of natural
(quantum) contraction. Let (A;[;]a), (B;[;]5) be two complex Lie algebras. We
say B is a contraction of A if for every € € (0; 1] there exists a linear invertible
map t. : B — A such that for every X, Y € B, lim.,ot; [t X,t.Y]a = [X,Y]5.
Thus, as € — 0 the 1l-parameter family of basis transformations can become
nonsingular but the structure constants go to a finite limit. There is an analo-
gous definition for classical contractions. For Lie algebras e(2,C) and so(3,C)
the contractions have all been classified up to conjugacy, [I,[I823]. We first
list these contractions and their physical implementations, then show that they
induce contractions of free nondegenerate and degenerate classical quadratic al-
gebras associated with constant curvature spaces and, ultimately, contractions
of the nondegenerate and degenerate (classical and quantum) superintegrable
systems with potential. We omit contractions to the abelian algebra and the
identity contractions, irrelevant for our purposes.

We start with e(2, C) and use the classical realization with basis p1, pa, J =
xpy — yp1 and Hamiltonian H = p? + p3.

Contractions of ¢(2,C) : (37)
L AT p1 0o} ={T, ep1, epa}: e(2,C),

coordinate implementation 2’ = 2,3/ = £,
€ €

2. {j/a pll + Zp/27 pll - Zp,?} - {jv €(p1 + ip?)v p1 — Zp2} : 6(27(:)5
coordinate implementation =’ + iy’ = x + 1y, 2’ — iy’ = &=
3. AT 1 pe} ={T + B, p1, pa} i e(2,C),

€ )
coordinate implementation 2’ = z,y’ =y — &,
€

4 AT 1 ph} = {T + 2L pr, pa} s e(2,0),
coordinate implementation 2’ = x 4 £,y =y —

1

-

These last two contraction types can be combined, even including different
powers of €. A relevant example is

p1+ip2  p1—ip2
(T} ={T + =———+ 7 Py pa}: e(2,C),  (38)
/ 1 1

coordinate implementation ' = x + é - ﬁ, y =y -

5. {J', 0,05} = {eJ, p1, ep2} : Heisenberg algebra,
coordinate implementation ' = z,y" = £, J" = 2'p},
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We use the classical realization for o(3, C) acting on the 2-sphere, with basis
Jv = s2p3 — S3p2, J2 = S3p1 — s1p3, J3 = S1p2 — s2p1, Hamiltonian H =
j12 + j22 + j32. Here 2321 s? = 1 and restriction to the sphere gives s1p; +
Sop2 + Ss3p3 = 0.
Contractions of 0(3,C) : (39)
L AT T3, T3} = {e, €T, T3} e(2,C),
coordinate implementation x = sy /e,y = sa2/€, 83 ~ 1, T = Js,
2. {J\ +idy, T —iTy, Tz} ={T1 +iT2, e(Jh —iJa), T3} : e(2,C),
coordinate implementation sy + iso = €z, $1 — 1S3 = Z, s3 ~ 1,
Jy = i(2p. — Zpz), J{ +iJy = 2ipz, J{ —iJy = —2ip.,

3. {‘71/ +7’t72/7t71/ - ZJQ/aJB/} = {e(jl +Z~72)5 ‘71711727‘73} : 0(37C)a

€

. . . -1 ce—e
coordinate implementation s = “E5—s1 + i<=5—s,

-1 -1
! c€—€ €+e€ !
Sy = —1—%—S1+ —5—S2, S3 = S3,

4. {J{+iTy, T —iTs, T3} = {e(h+iTJ2), J1—iJ2, €J3} : Heisenberg algebra,

coordinate implementation s; = CCO‘;;Z, S9 = ci‘:h‘ép, 83 = (s:g;iﬁ,

we set ¢ = e —iln /e, ¥ = &\/€, to get
T3 =pe, J{ +1iJ3 = &pe —ipe, J{ —iJ3 = Epo + ipe.

5.2 Quadratic enveloping algebra contractions from Lie
algebra contractions

Note that once we choose a basis for a Lie algebra A, its enveloping algebra
is uniquely determined by the structure constants. Structure relations in the
enveloping algebra are continuous functions of the structure constants. Thus
a contraction of one Lie algebra A to another, B induces a contraction of the
corresponding enveloping algebras of A and B. In the case of e(2,C), o(3,C),
free quadratic algebras constructed in the enveloping algebras will contract to
free quadratic algebras generated by the target Lie algebras.

Consider only 4 contractions of e(2,C) to itself and 1 to the Heisenberg
algebra. Each of the first 4 when applied to a free nondegenerate or degenerate
quadratic algebra E’j will contract to a a quadratic algebra E), where k may
be distinct from j. The last contraction will also lead to a quadratic algebra
which we call singular because the new Hamiltonian will be degenerate. We do
not classify these singular systems but they are of physical and mathematical
interest. Of the 4 nontrivial contractions of o(3,C), 1 takes o(3,C) to itself (so
S; to Si), 2 take it to e(2,C) (so S;j to Ey and 1 to the Heisenberg algebra (so

S; to a singular system).

Example 5 E) — Es: Use {J', pi+iph, pi—iph} = {7, e(pr1+ip2), pr—ip2}.

M = eH = (pi +ipy) (0 —iph), L1 = (T")? = L1, Ly =4’ Lo = (P +ip5)*.

Example 6 E; — Ey. Use {J,p},ph} = {T,epr,epa}. L = J*> = Ly,
h=epl =€La, H =E(p] +p3) = H.

Example 7 E; — Heisenberg. Use {J',p},ph} = {eT,p1,ep2}. L) = L1 =

J? = a?ph?, Ly = Lo = p)°, H = E(H — Ls) = pb>. Structure relations:

R={£], L5}, R* = 4p"p}" = 4L1H”.
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Example 8 S3 — S3. {7/ +iJ3, J{—iJ3, T3} = {e(D1+iT2), (J1—iT2) /€, Ts}.
X=X =Ty H =T+ T+ T =H, Ly = (T +iT5)° = die*Ln,
Ly = (J{ —iJ3)? = Z(Lr —ils — 3H + 3X7).

We list the contractions in tables. For e(2, C) the relevant contractions are (B7):

e(2,C)

Contractions

(degenerate)

e(2) = e(2),3

e(2) — e(2),4 e(2) —» Heisenberg

Fs Fs Fs Fs E, LiH = Lh°
E, E, E, E, E, H = x"”
Es Es E, Es Es L£? =X’y
Eg Eg E4 Es Es Ly = L)
B : B4 Es Ey Es £y =L +H?
Ens B3 Ens Ey Ei3 LYLE =HL,
By By Eyy By By L£y? = Ly
Eis o Eig Es Ei3 £h? = X"*H'
(40)
e(2,C) Contractions  (nondegenerate)
e(2) > e(2),1 e(2) »e(2),2 e(2) »e(2),3 e(2) »e(2),4  e(2) — Heisenberg
El El Eg EQ Eg/ RIQ = EllH/Q
Eg Eg Eg Eé E15, ElO R/Q = ;C&HIQ
ElO Eg/ Eg/ Eg/ ElO R/2 - ng
EQ EQ E15 EQ Eg/ RIQ = EllH/Q
Ey Ey Esy Es Es R =0
Eig Eig Eir E, Eis,Ero R = 45/127'1'
E7 E3/ E7 Eg/ E15, EIO R/Q = 4(£/1 + GH/)H/Q
o o Eir Ey Eis, Ero R? =0
Eng En Eig Es Eis,Ero R? =0
En En En En En R =H"
Eg Eg E15, Ell Eg/ Eg RI2 = £/12HI
Eso Eso Es Es En RZ =L
) ) ) ) ) ) ) ) (41)
Note: For the E7 — EIO; E8 — Elo, E16 ~—> Elo, E17 — E10 and E19 —

F1o contractions we use @8). For E19 — E3, case 3 we use the composite
contraction {J', p,po} = {J + P22, p1, pa}.

€

The relevant o(3,C) contractions are, (39):
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0(3,C) Contractions  (degenerate)

0(3) = e(2),1 0(3) —e(2),2 0(3) > 0(3),3 0(3) » Heisenberg

Ss ¢ By B 5 XPH = Ly
Ss : Eu Eny Ss XPH = Ly
Se : Eis Bis Se X? =
(42)
0(3,C) Contractions  (nondegenerate)

0(3) = e(2),1 o(3) = e(2),2 0o(3) = 0(3),3 0(3) — Heisenberg

gg : El Eg S’g R/2 = —£/22HI
S’4 : E17 E17 S’4 R/2 == —4£l22HI
37 : Elg E17 34 RIQ == *4£/22/H/
Sg : Eo By S, R? = —4LL*H'
Sy i Fx Ex S, R'® = —16L,°H'
Sl : Ell Ell Sl RlQ =0

(43)

5.3 Contractions/restrictions of free nondegenerate sys-
tems to free degenerate ones

These are not contractions in the standard sense. As we have shown in Section
232 they arise through the following mechanism. Suppose we take a particu-
lar basis of 2nd order generators H, L1, Lo for the classical nondegenerate free
system such that the symmetry £; is a perfect square: £; = X2. Then X
will be a 1st order symmetry for H, i.e., a Killing vector. From the relation
R ={L1, Lo} =2X{X, Lo}, we see that L3 = {X, L2} is a 2nd order symmetry
for H (which in most case turns out to be linearly independent of the symme-
tries H, L1, L2 we already know). Then we can factor 4X? from each term of
the identity R? — F = 0 to obtain the Casimir G = 0 for the contracted system,
where G = £3 +---. In any case, we are guaranteed by theory that a 2nd order
symmetry L3 exists such that X', L1, Lo, L3, H define a unique free degenerate
quadratic algebra. We give some examples:

1. Sg — S3: In system Sy we have £ = j32, Lo = J2. We note that X = J3,
a Killing vector. The Casimir for the original system is

R2 = —16L3Ly — 16L1L5 + 16L,LoH (44)

where R = {£1,£5}. In the contracted system we take L3 = {X, La2}.
Setting L3 = 2L5, L2 = L7 we see that (@) reduces to the Casimir
(L)% + (L£5)? — LiH + L£1X? = 0, which can be identified with Ss.

2. By — B3t In system E1: L1 = J?, Ly = p?, R? = 16L1Ls(H — L2), let
X = J. Setting {X, Lo} = 2L5, Lo = L], we see that the Casimir for E;
reduces to £;* + £,° — L£{H' = 0, the structure equation for Es.
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3. Es = Ew: In system Eg: Ly = J?, Ly = (p1 +ip2)?, R? = —16L1L2,
let X = py +ipe. Setting £1 = L, {X, L1} = 2iL], we find the Casimir
*E/QQ + X2£/1 =0 for E14.

4. Em — E‘4: This case is less obvious.. In system E’loz Ly = (p1— ip2)2,
Lo = 4i(p1—ip2) T +(p1+ip2)?, R* = 64L7, we set X = p1—ipz, L2 = L].
Now the Casimir restricts to 4X2{X, £}}? = 64X6, or {X, L]} = +4X2.
We take the plus sign to be definite. It appears that this system closes
on itself and doesn’t give us a 4th generator. However, it follows from the
analysis in §4.T1that there is a unique free degenerate quadratic algebra F,
containing the algebra generated by X, H, L], namely the one generated
by X, H, L}, L where L) = (p1 + ip2)?.

Contractions of free nondegenerate e(2, C) systems to degenerate systems:

e(2,C) Contractions: mnondegenerate — degenerate

J P1 p1 +ip2
El : E3 EG -
Eg Es - Eyy
Ey - — - Ey4
E, : - Fg, E5 —
By B By - (45)
E16 Ers - -
Eq Es - Er
Eyr Eng - -
B - - -
Ey - - Ey
Eq - - Ey3
Ex - - -

Contractions of free nondegenerate o(3,C) systems to degenerate systems:

0(3,C) Contractions : nondegenerate — degenerate

T3 T +ids
Sg : Sg -
34 : 56 — (46)
37 : gg —
Sg : — —
S’Q : gg §5
S’l : - §5

5.4 Contractions of superintegrable systems with poten-
tial induced by free quadratic algebra contractions

Suppose we have a classical free triplet H(®), £§0) , Ego) that determines a nonde-
generate quadratic algebra Q(°) and structure functions A% (x), BY (x) in some
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set of Cartesian-like coordinates (x1,x2). Further, suppose this system contracts

to another nondegenerate system ’H’(O), L’ﬁ‘”, L go) with quadratic algebra Q’ ©)
via the mechanism described in the preceding sections. We show here that
this contraction induces a contraction of the associated nondegenerate super-

integrable system H = HO +V, £, = £§0> + W, L, = Eéo) +W® Q to
W= 1v, =00 +wO =0+ w®' Q. The point is
that in the contraction process the symmetries H'(O)(e), £’§°>(e), E’éo)(e) re-
main continuous functions of ¢, linearly independent as quadratic forms, and
limeo H' @ () = 7', limeo E’;O) (€) = E’;O). Thus the associated functions
A" (€), BY (¢) will also be continuous functions of € and lim. o A7 (e) = A’ 9,
lim._,0 BY(e) = B'”. Similarly, the integrability conditions for the potential
equations

v = v+ A2V + BR(yy, (47)
V1(26) _ A12(6)V1(6)+312(6)V2(6),

will hold for each € and in the limit. This means that the 4-dimensional solu-
tion space for the potentials V' will deform continuously into the 4-dimensional
solution space for the potentials V’/. Thus the target space of solutions V' is
uniquely determined by the free quadratic algebra contraction.

A similar argument using the functions C2, C?2, C'? where

Vo = C*Vy, Vag = Vi1 + C®2Vy, Vig = C2V, (48)

applies to contractions of free degenerate quadratic algebras. Again the 2-
dimensional space of source potentials deforms continuously to the target space.

Theorem 3 A Lie algebra contraction of the free quadratic algebra of a free
triplet system to another such system induces a unique contraction relating the
associated superintegrable systems with potential.

There is an apparent lack of uniqueness in this procedure, since for a nonde-
generate superintegrable system one typically chooses a basis V), j=1,-.. 4
for the potential space and expresses a general potential as V = 2?21 ajV(j).
Of course the choice of basis for the source system is arbitrary, as is the choice
for the target system. Thus the structure equations for the quadratic algebras
and the dependence a;(e) of the contraction constants on e will vary depending
on these choices. However, all such possibilities are related by a basis change
matrix.

Example 9 We describe how a Lie algebra contraction induces the contraction
of E1 to Es, including the potential terms. Recall for Ey in Cartesian coordi-
nates ¥, = x, w2 =y we have H = p? +p§ +V,

3 3
=, BZ?=0, B¥®=--. (49)
r y

A12 =0 A22 —

The general potential is V = ay(2® + y*) + % + 3% T as. For Ey and using
Cartesian coordinates x1 = x', x5 = 3y we have A"'? =0, A?? =0, B'1?2=
0, B'??= —5. Thus, the general potential for Ey is V' = by(4a'? + y'?) +

b’ + ;’% + by. In terms of these coordinates the contraction is defined by
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r=ua + %, y =1vy'. Substituting these values in {{9) and going to the limit as

e = 0 we get A2 = A'??2 = B2 = 0, B'?? = *ﬁ: the canonical equations
for Es. In the limit the 4 dimensional space of potentials for E1 must go to the

4 dimensional vector space for FEo. However the chosen basis functions for the
E; potential, z% + 12, I%, y%, 1 will not go to a new basis in the limit; 1 basis
function blows up and 1 basis function goes to 0. One of the simplest choices
of basis that avoids this problem is V) (e) = 2% + y% + 54112 — 6% — 42" 4+ 42,
V() = F (= —1) = 2/, VO(e) = y% — y%, V@) =1 — 1. Thus
if we set'V = Z?:1 ij(j)(l) then the coefficients would stay fixed under the

contraction. However, in terms of the original chosen basis the coefficients would
b b b b
transform as a1 = by, az = o — o5, a3 = b3, as = -3 +3 + by.

5.5 Contractions to the Heisenberg algebra

For contractions to nondegenerate or degenerate superintegrable systems formed
from the Heisenberg algebra, our theorems concerning the potential do not
apply, since the Heisenberg Hamiltonian is singular. In a paper to follow we
will describe their forms. However, it is not difficult to work out each individual
case and see that the induced contractions always exist.

Example 10 So — Heisenberg algebra: We use {J] +iJy, J{ —iJs, T3}

{e(h +iF2), Jh — i, €J3}. with coordinate implementation s1 = —ci:;i(l:w
sin ¢

S2 = g 53 = zg;]ﬁﬁ, and substitutions ¢ = iea — 1ln+/€, ¥ = £\/€, to get
T§ = ~ipa, T +iT} = ~i(Epa+pe). T{ —iT} = i(~Epa-+pe). The contraction
from Sg is H' = —pZ, —L1 = ({pat+pe)® +ar1&+ @, Ly =pi—Epo+eal+8,
where the potential parameters a; of So contract as a1 = —01/1864 — 02/863,
as = —01/1864+02/863. Note that there is no nonconstant potential V but there
are potential-like terms in the remaining symmetry generators. The contracted

system is exactly the same as one obtains from the ansatz
Hl = 7pi + V(Oé, 5)5 L/l = 7(§pa +pf)2 + Wl(av 5)5 £/2 = pg - §2p2 + WQ(OZ, 5)5

by requiring a nondegenerate quadratic algebra. The structure relation is R? =
16 (c/ﬁw — (2l + 1 LH) (LY + L£h) — derazH! + as(cs — cl)).

6 Conclusions and discussion

The principal results obtained in this paper are as follows:

1. We showed that there is a one-to-one correspondence between conjugacy
classes of quadratic algebras in the enveloping algebras of e(2,C) and
0(3,C), and isomorphism classes of 2nd order superintegrable systems
with potential on constant curvature spaces. In effect, these Lie alge-
bras “know” the classical and quantum superintegrable systems they can
produce. Thus, the associated classical orbits and quantum special func-
tions and their properties are derivable from the Lie algebras, even though
the superintegrable systems may exhibit no group symmetry whatsoever.
Part of the proof was based on a classification of all quadratic algebras up
to conjugacy, and we expect to find a more compact, direct proof in the
future.
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2. We showed that Lie algebra contractions of e(2,C) and o(3, C), which are
few in number and have long since been classified, induce contractions of
free quadratic algebras, and these in turn induce contractions of the cor-
responding classical and quantum superintegrable systems with potential.
These algebraic contractions correspond to geometrical pointwise limiting
processes in the physical models. The procedure is rigid and deterministic.
As shown in [I3], one of the consequences of contracting between superin-
tegrable systems is a series of limiting relations between special functions
associated with the superintegrable systems, a special case of which is the
Askey scheme for hypergeometric orthogonal polynomials. Again, part of
the conclusions are based on step-by-step classification, which we expect
to replace with a more compact proof.

In follow-up papers we will extend these results to all 2nd order 2D super-
integrable systems, including those on Darboux and Koenig spaces. We shall
also classify abstract quadratic algebras and their contractions, including those
not induced from Lie algebras, and study their relations with superintegrable
systems.
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