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Abstract. Two-dimensional quadratic algebras are generalizations of Lie algebras that
include the symmetry algebras of 2nd order superintegrable systems in 2 dimensions as spe-
cial cases. The superintegrable systems are exactly solvable physical systems in classical
and quantum mechanics. Distinct superintegrable systems and their quadratic algebras can
be related by geometric contractions, induced by Inénu-Wigner type Lie algebra contrac-
tions. These geometric contractions have important physical and geometric meanings, such
as obtaining classical phenomena as limits of quantum phenomena as i — 0 and nonre-
lativistic phenomena from special relativistic as ¢ — oo, and the derivation of the Askey
scheme for obtaining all hypergeometric orthogonal polynomials as limits of Racah/Wilson
polynomials. In this paper we show how to simplify the structure relations for abstract
nondegenerate and degenerate quadratic algebras and their contractions. In earlier papers
we have classified contractions of 2nd order superintegrable systems on constant curvature
spaces and have shown that all results are derivable from free quadratic algebras contained
in the enveloping algebras of the Lie algebras e(2,C) in flat space and o(3,C) on nonzero
constant curvature spaces. The quadratic algebra contractions are induced by generaliza-
tions of Indnii—-Wigner contractions of these Lie algebras. As a special case we obtained the
Askey scheme for hypergeometric orthogonal polynomials. After constant curvature spaces,
the 4 Darboux spaces are the 2D manifolds admitting the most 2nd order Killing tensors.
Here we complete this theoretical development for 2D superintegrable systems by showing
that the Darboux superintegrable systems are also characterized by free quadratic algebras
contained in the symmetry algebras of these spaces and that their contractions are also
induced by Inénii-Wigner contractions. We present tables of the contraction results.

Key words: contractions; quadratic algebras; superintegrable systems; Darboux spaces;
Askey scheme
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1 Introduction

We define an abstract nondegenerate (quantum) quadratic algebra as a noncommutative asso-
ciative algebra generated by linearly independent operators H, L;, Lo such that H is in the
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center, R = [L1, Ls] # 0 and the following relations hold:

Lj,Rl= Y MO, {L{ LPYHS, e, >0, Ly=1,

€1,€2,€3
0<ej+ex+e3z<2

for some Mé{’)e%eg € C, and where [A,B] = AB — BA is the commutator and {Li, L2} =
L1Ly+ LyL; is the symmetrizer. Also the operator R? is contained in the algebra of symmetrized
products:

R*—F=R’— Z N61762763{L§1=L§2}H63 =0
0<ei+e2+e3<3
for some Ne, e,.e5 € C.
An abstract degenerate (quantum) quadratic algebra is a noncommutative associative algebra

generated by linearly independent operators X, H, L1, Lo such that H is in the center and the
following relations hold:

[X, Lj] = Z Pe(f,)ez,eg,mL?LSQHeng’ J=12,
0<ei+ez+ez+es<1

for some Pe(f,)@,e&m € C. The commutator [Li, Lo] is expressed as

2
(L1, Lo] = Z Qe1,62763,64{Li1L§27X}HGSX o
0<ej+ex+ez+es<1

for some Q¢ e5,e3,e4 € C. Finally, there is the relation:

_ 2 0 0
G= > Seresenes LT, L, X2 HS =0,  X'=H=1,
0<ej+ex+ez+es<2

for some Se, ¢.e5.c, € C and where {L{', L5?, X2} is the 6-term symmetrizer of three operators.
For both quantum quadratic algebras there is a natural grading such that the operators H, L;
are 2nd order, X is 1st order and

ord([A4, B]) < ord(A) + ord(B) — 1, ord(AB) = ord(A) + ord(B), (1.1)
ord(I) =0, ord(A + B) = max{ord(A),ord(B)}, ord(cA) = ord(A),

for operators A, B, identity operator I and scalar ¢, with A # —B, A, B # 0, and ¢ # 0. Thus R
is usually 3rd order, expression G is 4th order and F' is 6th order. The field of scalars can be
either R or C.

There is an analogous quadratic algebra structure for Poisson algebras. An abstract nonde-
generate (classical) quadratic algebra is a Poisson algebra with functionally independent genera-

tors H, L1, Lo such that all generators are in involution with # and the following relations
hold:

] 0
L5, R} = Z Me({,)ez,es‘c?‘c??{egﬂ ex 2 0, Ly =1,
0<ei+ex+e3<2
RE-F=RI- Y Nyl LPHS =0
0<e1+ex+e3<3

for some Méf,)e%eg, Neyes,e5 € C. An abstract degenerate (classical) quadratic algebra is a Poisson
algebra with linearly independent generators X, H, L1, Lo such that all generators are in
involution with H and obey structure equations

{(x,L;} = > PO o et LOLEHSXN, j=1,2,
0<ei+ex+e3+es<1
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2
{£1,L2} = Y Qerereses LT LEAHO X,
0<ej+ex+ez+es<1
g= Z S€1,62763,64‘6?‘652‘;\?264%63 =0, X0=1"=1 (1'2)
0<e;+ea+e3+e4<2

for some Pe(f?@,egm, Qey,e0,e3,e40 Sei,en,eses € C. There is a grading for these quadratic algebras
with properties analogous to (1.1), but with the Poisson bracket instead of the commutator.

These quadratic algebra structures arise naturally in the study of classical and quantum su-
perintegrable systems in two dimensions and are key to the exact solvability of these systems,
e.g., [2,3,6,7,9,10, 25, 28, 32, 33]. A quantum 2D superintegrable system is an integrable
Hamiltonian system on an 2-dimensional Riemannian/pseudo-Riemannian manifold with poten-
tial that admits 3 algebraically independent partial differential operators commuting with H,
the maximum possible.

H=A+V, [H,L;] =0, Ls = H, 7=1,23.
(In 2 dimensions we can always find Cartesian-like coordinates x1, 2 such that

_ 2
H = e (8351 + 8132) + V(xy,x2)

and we adopt these coordinates in the following.) A system is of order k if the maximum order
of the symmetry operators L; (other than H) is k; all such systems are known for k = 1,2 [14,
15, 16, 17, 23]. Superintegrability captures the properties of quantum Hamiltonian systems
that allow the Schrodinger eigenvalue problem HW¥ = EW to be solved exactly, analytically and
algebraically. A classical 2D superintegrable system is an integrable Hamiltonian system on an 2-
dimensional Riemannian/pseudo-Riemannian manifold with potential that admit 3 functionally
independent phase space functions H, £1, Lo in involution with H, the maximum possible:

_ pi+p3

A(x)

expressed in local Cartesian-like coordinates x1, xa, p1, p2. A system is of order k if the maximum
order of the constants of the motion L;, j # 3, as polynomials in pq, p2 is k. Again all such
systems are known for k = 1,2, and there is a 1-1 relationship between classical and quantum
2nd order 2D superintegrable systems [14, 15, 16, 17].

The possible superintegrable systems divide into four classes:

H

+V(X), {H,LJ}ZO, LgZH, j:172737

1. First order systems. These are the (zero-potential) Laplace-Beltrami eigenvalue equations
on constant curvature spaces. The symmetry algebras close under commutation to form
the Lie algebras e(2,R), e(1,1), o(3,R) or o(2,1). Such systems have been studied in
detail, using group theory methods, e.g., [27, 31].

2. Free triplets. These are superintegrable systems with zero potential and all generators
of 2nd order. The possible spaces for which these systems can occur were classified by
Koenigs [23].They are: constant curvature spaces (6 linearly independent 2nd order sym-
metries, 3 1st order), the four Darboux spaces (4 linearly independent 2nd order sym-
metries, 1 1st order), and eleven 4-parameter Koenigs spaces (3 linearly independent 2nd
order symmetries, 0 1st order). In most cases the symmetry operators will not generate
a quadratic algebra, i.e., the algebra will not close. If the system generates a nondegenerate
quadratic algebra we call it a free quadratic triplet.
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3. Nondegenerate systems [14, 15, 16, 17]. Here all symmetries are of 2nd order and the space
of potentials is 4-dimensional:

Vix) = alv(l)(x) + CLQ‘/(Q) (x) + a3V(3) (x) + ag.

The symmetry operators generate a nondegenerate quadratic algebra with parameters a;.

4. Degenerate systems [18]. There are 4 generators: one 1st order X and 3 second order H,
L1, Ly. Here, X? is not contained in the span of H, L, Ly. The space of potentials is
2-dimensional: V(x) = a1V{;)(x) + az. The symmetry operators generate a degenerate
quadratic algebra with parameters a;. Relation (1.2) is an expression of the fact that 4
symmetry operators cannot be algebraically independent.

Every degenerate superintegrable system occurs as a restriction of the 3-parameter poten-
tials (i.e., 4-dimensional potential space) to 1-parameter ones, such that one of the symmetries
becomes a perfect square: L = X?2. Here X is a first order symmetry and a new 2nd order
symmetry appears so that this restriction admits more symmetries than the original system.

Strictly speaking, a nondegenerate 2D superintegrable system, both classical and quantum,
is not a single system but in fact a family of superintegrable systems parameterized by three
parameters, a1, ao, az. Similarly a degenerate 2D superintegrable system, both classical and
quantum, is a family of superintegrable systems parameterized by one parameter, a;.

For a quadratic algebra that comes from a nondegenerate 2D superintegrable system (classical

and quantum) the constants Me(f ,)62763 and Ne, ¢, ¢, are polynomials in the parameters a1, as, as
of degree 2 —e; — ea — e3 and 3 — e — ez — e3, respectively. If all parameters a; = 0 the
algebra is free. For a quadratic algebra that comes from a degenerate 2D superintegrable system
(classical and quantum) the constants Pe(f ,)62763’64, Qe ,e0,e3,e4 ANA Se; 5 e3¢, are polynomials in aq
of degrees 1 —e; —eg —e3—eyq, 1l —e; —eg —e3 —eq and 2 — e; — eg — e3 — ey, respectively. If
all parameters a; = 0 these algebras are free.

Basic results that relate these superintegrable systems are the closure theorems:

Theorem 1.1. A free triplet, classical or quantum, extends to a superintegrable system with
potential if and only if it generates a free quadratic algebra Q.

Theorem 1.2. A superintegrable system, degenerate or nondegenerate, classical or quantum,
with quadratic algebra Q, is uniquely determined by its free quadratic algebra Q).

These theorems were proved in [21], except for systems on the Darboux spaces which will
be proved in this paper. The proofs are constructive: Given a free quadratic algebra Q one
can compute the potential V' and the symmetries of the quadratic algebra ). Thus as far as
superintegrable systems on specific spaces are concerned, all information about the systems is
contained in the free quadratic algebras.

We will refer to quadratic algebras associated with superintegrable systems as geometric,
a subset of abstract quadratic algebras. For quadratic algebras associated with quantum super-
integrable systems the order of A is its order as a partial differential operator. For quadratic
algebras associated with classical superintegrable systems the order of A is its order as a poly-
nomial in the momenta. Although there is a 1-1 relationship between classical and quantum
geometric systems the corresponding classical and quantum geometric quadratic algebras are
not the same; only the highest order terms in the structure equations agree.

2 Contractions

The notion of contractions for quadratic algebras is based on that for Lie algebras, e.g., [13, 29,
34]:
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Definition 2.1. Let g be a complex Lie algebra with an underlying vector space V and Lie
brackets [ , |. In the following we simply write it as g = (V,[, ]). Suppose that for any
e € (0,1], te: V — V is a a linear invertible operator and that lim+ t-1 [t X, t.Y] converges for

e—0
any X,Y € V. We use the notation

lim t7 1t X,t.Y] = [X,Y]o.

e—0F
Then [, ]o are in fact Lie brackets on V' and we denote this Lie algebra by go = (V. [, ]Jo). We
say that go is a contraction of g (that is realized by the family of linear maps {tc}cc(o,1]) and
we denote it by g — go.

Thus, as € — 0 the 1-parameter family of basis transformations can become singular but the
structure constants go to a finite limit.

Note. In this paper all of the Lie algebra contractions needed are of standard Inénii—Wigner
type [29], but for our theory on contractions of quadratic algebras and second order superinte-
grable systems on constant curvature spaces [21] IW-contractions are not enough. In most cases
we employ a generalized Inonii-Wigner contraction (Doebner—Melsheimer type) [4, 29], but in
some specific cases we are forced to use a general contraction of Lie algebras in the sense of
Saletan [30]. In a paper under preparation we shall demonstrate that all of these generalizations
of Inénti—-Wigner contractions are induced by a well defined family of contractions of the confor-
mal Lie algebra so(4,C) to itself that follow from limiting processes for R-separable coordinate
systems for wave equations, introduced by Bocher in his famous 1894 thesis [1]. We call these
Boécher contractions.

Of particular interest to us are contractions that are induced by e-dependent local analytic
coordinate transformations xj(e,z},...,2},), 7 = 1,...,n on a manifold M such that the Ja-
cobian det(%) # 0 for € € (0,1], but the Jacobian is undefined or nonsingular in the limit as
e — 0.

Definition 2.2. Suppose that g = (V,[, o) is a contraction of g = (V, [, ]) that is realized by
the family of linear maps {tc}cc(0,1)- Let M be a smooth manifold with a local coordinate system
(x1,x2,...,2y) and let ¢: g — C°°(T M) be an embedding of Lie algebras, where C*°(7T M) is
the space of smooth functions on the cotangent bundle (the phase space) of M which is equipped
with its canonical Poisson brackets as Lie brackets. Suppose that z;(e,2},...,2;,),i=1,...,n
are e-dependent local analytic coordinate transformations such that the Jacobian det(%) # 0
for € € (0, 1]. If the limit

lim ¥(te(v))(z1(e, 2], ..., 2)), ..., on(e, 2y, ... 1))
e—0t

converges for any v € V and defines a Lie algebra homomorphism from gg into a local expression
of a certain space of C°°(T.M’) for some smooth manifold M’. Then we say that the contraction
g — go is implemented by z;(e,2),...,2,), 7 =1,...,n and call this procedure a geometric Lie

algebra contraction. This distinction between abstract contractions of Lie algebras and geometric
contractions has been recognized from the earliest days of the theory, e.g., [13].

We give some pertinent examples.

Example 2.1. Consider the complex three dimensional Lie algebra G3 defined by basis elements
{P1, P2, D} that satisty [P1, P2] = 0, [P1, D] = P1, [P2, D] = Po. This algebra admits an abstract
Inonii-Wigner contraction defined by t.(P1) = €P1, te(P2) = €Pa, t.(D) = D. In this case the
contracted Lie algebra, G3¢, coincides with G3 and [Py, P2)o = 0, [Py, D)o = P1, [P2, D)o = Ps.
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Now considering the complex analytic manifold C? with coordinates (x1,72) we can reali-
ze G3 by

w(/Pl)(xla x?vpxppxz) = Pz 1/}(7)2)(1.17 anpa:ppxg) = Pzs>
V(D) (21,22, Pry s Pas) = 1Py + T2Pas -
A geometric implementation of the contraction is obtained by the substitution z1 = ez, x9 =

ex). Then, taking the limit, we find

1
. / / T T - , = ,
M p(te(Pr)) (€], 25, Peat s Peay)) = UL €pegt = 1M e-pyr = pyy,

. . . 1
lim w(te(,PQ))(ﬁxllv exéapex’lvpexé) = el—l)I(I]1+ epeac’Q = lim 67p$/2 = pm’Qa

e—0+ e—0t €
1 1
. / / T / / o /
62%&_ w(tﬁ (D))(Exlv €Ly, psx’l ’ pea:’z) - 65%# ] gpx’l + €xy pré - xlp:c’l + x2pz’2 .

Though this Lie algebra contraction acts like the identity map here, we shall see that its action
on Darboux quadratic algebras is nontrivial.

Example 2.2. We again consider the Lie algebra G3 with the same geometric identification.
This algebra admits another abstract Inonii-Wigner contraction defined by t.(P;) = Py,
te(P2) = Pa, te(D) = €D. The contracted Lie algebra, G3y, is given by [Py, P2]o = 0, [P1, D)o = 0,
[P2,D]p = 0. A geometric implementation of the contraction is obtained by the substitution
z1 =12} + 1, zy = z). Then, taking the limit, we find

. 1 . .
lim w(tE(Pl))(xll + E?$/27p$’1+%7px'2) = lim p$’1+% = hm+px'1 :pz’17

e—0t e—0t e—0

. 1 .
lim ¢ (e(P2)) (2 + = 2%,y g 15 Pay) = 1 Py, = pay,

e—0t e—0t
. 1 , 1
Lim ) (t(D))(Pe) (wi + 67x’27px/1+1,pr2> = lim e ((x’l + 6) Pyjyt + 36/21%5) = Da}-

Hence the resulting map from G3¢ that is given by P; — Pz, P2 ¥ Dy, D1 py is a Lie
algebra homomorphism with kernel spanned by P; —D. Though this geometric implementation
is not an isomorphism of the contracted Lie algebra we shall see that its action on Darboux
quadratic algebras is isomorphic.

There are exactly analogous implementations of geometric contractions in the quantum case.

Definition 2.3 (algebraic contraction of quadratic algebras). Let A be a classical nondegenerate
quadratic algebra with a generating set which consist of a Hamiltonian, A (second order element
which lies in the center of A) and two second order constants of motion L1, £o. Let {£1, £2}? =
R? = F(H, L1, L) be the Casimir of A. For any € € (0,1] consider a matrix A. € GL(3,C) of
the form

Aljl(e) ALQ(G) A173(6)
A, = AQJ(E) A272(6) A2,3(€) € GL(B)
0 0 As 3(€)

Assume that the map from (0, 1] to GL(3,C) that is given by € — A, is continuous. For any
€ € (0,1] we have another set of generators, {L£{, £S5, H}, for A that is defined by

Ly cs
Lo | = A | g
H He
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and satisfies the Casimir relation

{L£,£5}% = (R°)? = R*(A11(€) Aga(€) — Ara(€) A1 (€)) >

€
1

= (Aq1(€)Aga(e) — Ara(e)An (€))2F | Ac | LS
7_[5
= Y (L)L) (KO

it j+k=3,0<0,j,k
If lim+ a;ji(€) exists for any i, j, k we denote it by a;;x(0). Then there exists a quadratic
e—0

algebra, Ay with a set of generators {£%, £3, H} that satisfy

(20,8 = (R = > aum(0)(£])(£3)’ ()"
i+j+k=3,0<i,j k

we call Ag the contraction of A with respect to {Ac}ec(o,1)-

Note that we can expand {R¢, L{}, {R, L5} as quadratic expressions in L§, £5, H¢. For
a contraction it might seem that we must also require these expansion coefficients to have
finite limits as ¢ — 0. However from the results of Section 3.1 the convergence of these other
structure equations follows from the convergence of the Casimir. There is a completely analogous
definition of contraction for quantum quadratic algebras.

Just as for abstract classical and quantum Lie algebra contractions there are abstract classical
and quantum quadratic algebra contractions that are induced by e-dependent local analytic co-
ordinate transformations z;(e,z},...,),), j = 1,...,n on a manifold M such that the Jacobian
det(%) # 0 for € € (0, 1], but the Jacobian is undefined or nonsingular in the limit as e — 0.
If an algebraic contraction A — B can be implemented by some coordinate transformation, we
say that it is a geometric quadratic algebra contraction. In fact, all of the quadratic algebra
contractions for Darboux systems discussed in this paper are geometric implementations. We
will give many examples in the following sections.

The notion of contraction applied to structures other than Lie algebras is not new, see for
example [11] (and references there-in) and [26].

In [21] Lie algebra and quadratic algebra contractions for superintegrable systems on constant
curvature spaces were related:

Theorem 2.1. Every Lie algebra contraction of G = e(2,C) or G = o(3,C) induces a geometric
contraction of a free geometric quadratic algebra Q based on G, which in turn induces uniquely
a contraction of the quadratic algebra Q with potential. This is true for both classical and
quantum algebras.

Here we will demonstrate the analogous result for Darboux spaces, using the conformal
symmetry algebra G3 with basis {0, 9y, x0, + y0y}.

3 Structure relations

Although the full sets of classical structure equations can be rather complicated, the function F
contains all of the structure information for nondegenerate systems and G (only unique up to
a nonzero scalar multiple) most of the information for degenerate systems. In particular, it is
easy to show that [8, 21], {£1, R} = 25 {£5, R} = —L12E 50 the Casimir contains within

20Ly° 29L1°
itself all of the structure equations. For degenerate systems we have [21]
oG 0G g
{X, L1} =K {X, L9} =—-K {L£1,L2} =K

oLy’ oLy’ X’
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where {#, K} = 0. Here, K is a scalar, unless {X, £;} and {X, Ly} are linearly dependent. In
the latter case there would exist 3 algebraically independent elements of the algebra in involution,
including the Hamiltonian. This is impossible for a Hamiltonian system. Thus, except for some
abstract quadratic algebras unrelated to geometric superintegrable systems, K will always be
a scalar that can be normalized to 1.

3.1 The quantum operators F and G

The quantum case is similar to the classical case, but more complicated. From the Casimir
relation

R~ F =R*— (WL} + boL3 + b3H? + ba{ L7, Lo} + bs{L1, L3} + bgL1LoL1 + byLoLy Lo
+ bgH{Ly, Ly} + bgHL? + bigHL2 4+ by H? Ly + bigH? Lo + bi3L? + by4 L3
+bis{L1, Lo} + bigH Ly + birHLy + bigH? 4 bigLy + bao Lo + bar H + bas) = 0,
we want to determine the structure relations. Noting that R = [Li, Ls| and using operator
identities
LyRLy = [[La, R, Lo] + 3{R, L3},  LiRL) = }[[L1,R], L] + }{R, L7},
LiRLy + LyRLy = —3[La, [Ly, R]) = 5[L1, [La, R + 3{R.{L1, L2}}, (3.1)
[L1,R*] ={R,[L1,R]},  [L2, R*] = {R,[Ly, R]},

(L1, LoLyLo) = {[L1, L), 3{L1, L2} },
XL1Lo + Lo L1 X = X, {L1, Lo} } + 3[X, (L1, L],

(true formally for all operators Ly, Lo, R, not just for R the commutator), and setting

[L1, R] = A1L? + Ao L% + AsH? + Ay{Ly, Lo}

+ AsHILy + AgH Lo + A7L1 + AgLy + AgH + Aqp,
[Lo, R] = B L3 + ByL3 + BsH? 4+ By{L1, Lo}

+ BsHLy 4+ BgHLy + ByL1 + BsLy + BoH + By,

we can write [Lj, R? — F] = 0 in the form {R, Q;} = 0 for some explicit differential operator Q;.
This can only hold if @; = 0. As a result we find:

Ay = by + b, Ay = 2b, Az = $bia, Ay = b5 + b7,
As = b, Ag = b1o, A7 = b1z — 3b1bo + babs — Lbebr,
Ag = big — Lboby + b2 — bobg + Lbsbr, Ag = b1z — 1bobg + Lbsbg — Lbgbio,
A1 = $bao — babiz — 1b1bobs

— 3b2bF + 5bsb1s + $babE + 1b1babr + 1babg — 1b3bs — 1bsbsbr — bebua,
By = —3by, By = —bs — 5br, By = —3bu, By = —by — 3bs,
Bs = —by, Bg = —bs, Br = —big + 3b1bs — b + biby — Sbabg,
Bg = —bis + 2b1by — babs + 1bebr, By = —1b1g + b1bio — Lbabg + Lbrby,
Bio = —1big + 3bibia + $biboby + 1b102 — Lbabys

— 1b3bs — bibabg — $b1b% + b3by + $babebr + Lbrbis.

For quantum degenerate systems, in the Casimir relation

G(Ly, Lo, H, X, ) = 0
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for 2nd order superintegrable systems with degenerate potentials we assume that G is given, up
to a multiplicative factor, and set

G =1L} + coL3 + esH® + ca{L1, Lo} + es HLy + cgH Lo + 7 X* + cs{ X?, L1}
+ C9{X2, Lo} + cl0HX? + enXL1 X + c1oX Lo X + c13L1 + c14Lo
+ci5H 4 c16X? + c17,

(X, L] = C1L1 + CyLy + C3H + C4 X% + Cs,

[X, L] = D1Ly + DoLo + D3H + DyX? + Ds,

(L1, Lo = By {L1, X} + Ex{Ly, X} + EsHX + E4 X% + EsX.

Using identities (3.1) we find

(X,G] = {[X, L], Ay — %(C% + CoDy) — %(011)1 + D1D2) + 0%3}
+ {1, L], A2 + EL(C1Cy + CaDsy) = “2(CoDy + D) + %} —0, (3.2)

[L1,G] = {[Ll, Lo], Ao + %8(0102 4 CoDy) — %9(0% +CO1Dy) + %(clp2 — CyDy)
+%}+{[Ll,X],Ag+k1X}+{[L2,X],k2X} —0, (3.3)

ungW@M;m+%wmﬁﬂ@J%qm+mmmﬁﬁam—qm)
—%}+{[Ll,X],k3X}+{[L2,X],A3+k4X}:0, (3.4)

where

Ar =ci1Ly + gl + %H + (CS + %) X2,

Ag = coLg + cyLy + %H + (69 + %) X2,

As = 21 X7 + (Cg + %) (L1, X} + (cQ + %) {L2, X} + c10HX,

ki = —er(CF + C2D1) + S (2C1Ca + CaDa = CoE1) + 5 (2CuDy + C1Ey — C1Dy)
+ %Q(ClEl 4 C1 Dy + D1Es — C4Dy) + cr6,

k2 = —cr(C1Ch + CyDa) + 5 (CoCly = CoBy) + 2 (201D + C1Cy + C1 )
+ %(Cgm + CoEy + DyBy — CuDs),

ks = —e7(CLD1 + D1 D) + %8(2011)4 + DoDy — DiEY) + %9(1)1& + D1Dy)
+ %(04171 1Dy — CLEy — D1 Ey),

ki = —c7(CoDy + D2) + %8(2021)4 — 4Dy — DyBEs) + %9(21)2174 + CuDy + D1 Es)

c
+ 5 (CiDy = CaDy = o By — Do) + .
Equating the coefficients of the 4th order terms in (3.2) and the coefficients of the 5th order
terms in (3.3) and (3.4) we find

(X, L] = KAy + Cs, [X, Ls] = —K Ay + Ds, [L1,Lo) = KAs + E5X,
C1 = Key, Cy = Keo, CgZch, 04:K(Cg+c%2),



10 R. Heinonen, E.G. Kalnins, W. Miller Jr. and E. Subag

Dy = —Kecy, Dy = —Kcy, D3:—K%5, Dy=-K (084’7)’
12

E1=K<08+C2£>, E2:K<09+7>, E3 = Kcio, Ey=2Ker,

for some constant K. Now we substitute these values back into (3.2), (3.3), and (3.4). We
immediately see that ko = k3 = 0 and

c
k1= ks = c16 — KQC?(CE - 6162) + K2(6469 — CQCS) (cg -+ %)
c
+ K2(6468 — Clcg) (Cg + %)
and we obtain
c c

CsAy + Ds Ay + (% - K25 (- clcg)) (K As + Cs)

+ (% — K2%(Ci — 6102)> (—KAl + D5) = 0’ (35)
2 (D KU i) ) (KA + BsX) — 205(A5 + b X)

+ (B5 — Kk1){X, A2} =0, (3.6)
9 (%3 - m%(cﬁ - clcQ)) (K As + EsX) — 2D5(As + k1 X)

— (B5 — Kk1){X, A1} = 0. (3.7)

These equations split into terms of order 3,2,1 and 0. From equation (3.5) we find

Cs = g G253 (ci — 0162), Dy = _A3 g + 1 g (CZ — clcz) (3.8)
2 4 2 4
except, possibly, for some degenerate cases. The condition that (3.8) is the unique solution
of (3.5) is exactly that the set ([X,S1],[X, S2]) is linearly independent. Otherwise the solution,
though it always exists, is not unique.
Substituting (3.8) into (3.6) and (3.7), we have

2C5(Es — Kky)

X + (E5 — Kk‘l){X,AQ} =0,

K
2D5(Fs — Kk
5( 5}{ Dy (FBs — Kk1){X, A1} =0,
whence we find
Es = Kcig — KPcr (Ci - 6162) + K3(cqc9 — cacy) (Cs + %)

c
+ K3(6408 — Clcg) (Cg + %) .
We conclude in both the classical and quantum cases that the Casimirs of superintegrable
systems determine the structure equations.

4 Free 2D 2nd order superintegrable systems

As was shown in [14, 15, 16, 17] 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. First we review from [14, 15, 16, 17, 21] how the structure equations for 2D 2nd
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order nondegenerate classical superintegrable systems are determined. Such a system admits
a symmetry £ = Y a“p;p; + W if and only if {#,L£} = 0, i.e., the Killing equations are

2
satisfied and W; = A ) a”Vj;. Here W; = 0,, W with a similar convention for subscripts on V.
j=1
The equations for W can be solved provided the Bertrand-Darboux equation 0,, Wa = 05, W1
holds. For a superintegrable system with independent symmetries £; = ) a“p;p; + w,
Lo=> b4 pipj + W@, we can solve the two independent Bertrand-Darboux equations for the

potential to obtain the canonical system

Vay = Vi1 = A2Vi+ B?V,,  Vig = APVi + BPVs, (4.1)
Here,
D D
A2 — _ 2) A22 — 9 ®3)
Go + D G1+ R
D D
B2 _q, — (0) B2 — _9q, — —1)
1 D ) 2 .D 5
all — g2 12 3012 12
D = det <b11 _p22 b12) ) D(o) = det <3b§2 —le) )
3012 11 _ 422 3012 412
D1y = det (36;2 il _ b22) ; D) = det (3b%2 b12> ;

3012 o1l _ 422
Dy3) = det <3b112 pll _ b22> )

where A = exp G. If the integrability equations for (4.1) are satisfied identically then the solution
3
space is 4-dimensional and we can always express the solution in the form V(x) = >~ a;V{;)(x)+
j=1

a4, where a4 is a trivial additive constant. In this case the potential is nondegenerate and 3-
parameter. Another possibility is that the solution space is 2-dimensional with general solution
V(x) = a1V{1)(x) + a2. For nondegenerate superintegrability, the integrability 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 (4.1) we introduce the dependent variables
wl = Vi, w2 = Vs, W) = Vi1, and matrices

w ) 0 0 1 A2 B2
W = W(2) , A(l) — A12 BIZ 0 , A(Z) — A22 B22 1 ’
W(3) A13 Bl3 B12 _ A22 A23 B23 A12

AlS _ A%Z . A%Q + Bl2A22 + A12A12 _ B22A12,
BlS — B%Q _ B%Z +A12312, A23 — A%Q —|—312A12, 323 — B%2 +312312.

Then the integrability conditions for system 0., w = AUWw, j =1,2, must hold:
AP Al — AW AR _ 4@ A = (40 4@, (4.2)

If and only if (4.2) holds, the system has a 4D vector space of solutions V.

There is a similar analysis for a “free” 2nd order superintegrable system obtained by setting
the parameter in a degenerate potential equal to zero, [18]: 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
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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 = &p1 + &aps, without a function term. Since the degenerate
systems are obtained by restriction, the potential function must satisfy the equations (4.1)
inherited from the nondegenerate system, with the same functions AY, B%. In addition the
relation {X,H} = 0 imposes the condition &1V; + &Va = 0. By relabeling the coordinates,
we can always assume £ # 0 and write the system of equations for the potential in the form

Va = C?*Vy, Vg = Vi1 + C?2Vy, Vig = C2V4, where
75717 C22 (31, 35) = A2 — éBQ2’ C12 (21, 29) = A2 — QBH.
&2 &2 &2

To find integrability conditions for these equations we introduce matrices

(Vv 1 _ (0 1 @ _ (0 C?
v_<‘/1>’ B _<O 8202+02012C22>’ B - 0 012 .

Then integrability conditions for system 0,,v = BUv, j = 1,2, must hold:

02(1‘1, $2) =

B® — BN = B _ g M) = [, p@]. (4.3)

If and only if (4.3) holds, the system has a 2D space of solutions V. Since V = constant is
always a solution, (4.3) is necessary and sufficient for the existence of a nonzero 1-parameter
potential system. In this case we can prescribe the values V', V5 at any regular point xq; there
will exist a unique V' (x) taking these values.

4.1 Free triplets

Here we review information about free triplets that was presented and proved in [21]. A 2nd

2 2
order classical free triplet is a 2D system without potential, Hg = 7;1(:53 and with a basis
2 .
of 3 functionally independent second-order constants of the motion L5y = > ag \PiDjs azjs ) =
ij=1

a{i , 8 = 1,2,3, L3y = Ho. Since the duals of these constants of the motion are 2nd order
Kifling tensors, the spaces associated with free triplets can be characterized as 2D manifolds
that admit 3 functionally independent 2nd order Killing tensors. As mentioned above, they have

been classified in [23]. Since the vectors {h)}, h)"(z,y, 2) = (a%sl),a%f),a%f)) form a linearly

independent set, there exist unique 3 x 3 matrices CY) such that Oz;hgy = C(j)h(s), Jys =1,2.
2 ..
By linearity, any element £ = ) a"p;p; of the space of 2nd order symmetries spanned by the
ij=1
basis triplet is characterized by matrix equations

Oph=Ch,  j=1,2, h"(z,y,2) = (a'',a"? d?). (4.4)

In particular, at any regular point xg we can arbitrarily choose the value of the 3-vector hg
and solve (4.4) to find the unique symmetry £ of Hg such that h(x¢) = hy. A normalization
condition for the CY): (4.4) is valid for a'' = a??> = 1/), a'? = 0, i.e., for Ho. From this and the
requirement that the £ are free constants of the motion we find

R o e —au-cly
2 2 2
| e et | e-ld @ |,

—Gy—20)  —Gy—202) 2l 0 -G -Gy
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with the 4 functions C{¥), €2, ¢{), €2 free. If we define the functions A2, B12, A2, B2 by
the requirement

2) 2 2

2 1 2
Cfi) = —3Ga — A, ¢ = 3G1— 347,
@ _ 1o _lpw @ _ _2q _lp=
Ch) = 3G - 3B, ) = —1Ga— B,

then equations (4.4) agree with the equations that are obtained from a superintegrable system
with nondegenerate potential satisfying (4.1). Thus, for a free system there always exist unique
functions AY, BY. Then necessary and sufficient conditions for extension to a system with
nondegenerate potential V' satisfying equations (4.1) are that conditions (4.2) hold identically.

This analysis also extends, via restriction, to superintegrable systems with degenerate po-
tential. A free triplet that corresponds to a degenerate superintegrable 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 (4.3) for the potential are satisfied identically.

Similarly, we define a 2nd order quantum free triplet as a 2D quantum system without po-
tential, Hy = ﬁ(@n + 0o2), and with a basis of 3 algebraically independent second-order
symmetry operators

2

1 i y .
Ly=3 > %iaoN(), k=123, afy=afy,  Ly=H.

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

5 Free Darboux systems

The Darboux spaces admit a 1-dimensional space of Killing vectors and a 4-dimensional space of
2nd order Killing tensors. Thus each space can admit at most one superintegrable system with
degenerate potential, and each space does so. We merely need to check that equations (4.2) are
satisfied. Then we can compute the degenerate potential. Turning off the 1-parameter potential
produces a single free degenerate quadratic algebra which we list below. There are no more pos-
sibilities. There are a number of possibilities for free triplets to define a nondegenerate quadratic
algebra for a Darboux space, however. We classify the possibilities up to conjugacy under the
action of the 1-parameter symmetry group of the manifold. Note that the 4-dimensional space
of free constants of the motion is not obtained from the enveloping algebra of an underlying
symmetry group. We shall see that there is a 1-1 relationship between free quadratic algebras
and restrictions of quadratic algebras of nondegenerate superintegrable systems. We adopt the
labeling of superintegrable systems and constants of the motion on Darboux spaces introduced
in [19], using a tilde to differentiate between a free triplet and its associated superintegrable
system. In the following sections, with the aid of MAPLE, we classify all possible free quadratic
algebras generated by the 2nd order Killing tensors, up to conjugacy. Then, using MAPLE
again, we verify for each quadratic algebra that the integrability conditions (4.3) are satisfied
and we compute the nondegenerate potentials. Most of the results are presented in lists but in
Section 5.2 we give more details on the construction of the superintegrable system with potential
in one case.

Each of the Darboux spaces can be embedded as a surface in 3 dimensions if we regard the
ignorable variable as an angle, i.e., X = f(x)cos(y), Y = f(z)sin(y), Z = h(x), and this is not

unique [5]. We give an illustrative example for each case.
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5.0.1 Free Darboux 1 systems

The space Darboux 1 (D7) has free degenerate Hamiltonian

- 1
DID:  H=_—(p;+p})

with a single Killing vector K = p, and a basis, {H, K2, X1, X} for the 4-dimensional space of
2nd order Killing tensors. Here,

2
y y
X1 = popy — %(p?c +15),  Xo=py(ypz — xpy) — E(pi +17).

The commutation relations are
{K, 21} = —2H, {K, A} = Ay, {X1, X} = —2K3,

and there is the functional relation 4HXs + X2 + K* = 0. The degenerate potential is V (z,y) =
b?l + by.
As shown in [20], a possible embedding of this system in 3-dimensional Euclidean space with
Cartesian coordinates X, Y, Z is
. 2 1
X = 2y/zcosy, Y = 2y/xsiny, Zz(F <<;5,>—|— 4:E3—J:>,
3 V2
where © > %, y is 2m-periodic and sin¢g = /2x + 1. Here F(¢,k) is an incomplete elliptic
integral of the 1st kind. Then ds? = 4z (dx? + dy?) = dX? + dY? + dZ°.

A general 2nd order symmetry, mod H, can be written as £1 = a1Xs + asX; + a3K?, and
the translation group generated by K: = — z, y — vy + «, leaves K2 and #H invariant, but
Xl — Xl — 20&7‘[, XQ — XQ + OéXl — 0427‘[.

We classify the distinct free nondegenerate systems under this conjugacy action. We choose
one generator £ and determine the possibilities for Lo such that £1, £o, H form a quadratic
algebra. Then we eliminate redundancies. Under conjugacy we can assume that £; takes one
of the 3 forms X; + akC?, X» + aK?, K2,

1st case. We choose £1 = A5 + aK? and try to determine the possibilities for Lo, up to
conjugacy under e®* such that £y, Lo, H form 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 = c1 X1 + c3K? and ¢1, c3 are to be determined. We must require that

R? = b1L3 + bo L3 + bsH> + by LILo 4 bs L1 L3 + b L1 LoH
+ b7 LTH + bs L3H + boH2 Ly + bioH Lo,
for some constants by, ...,b1g. There are 2 possible classes:

1. D1A: L) = Xy + bK2, Lo = Xy + iK%, R? = 2iL3 + 8iLyLoH + 4bLIH + 166HL,. This
class is superintegrable with

A2 =, A2 = 2 pl2_ _15r— 2b+2iy, p2__ % _
x 2 x(x —b+1y) x—b+iy

1
G(z,y) = In(4x), D= —i(x—b—i—iy).
The potential of the superintegrable system is
by (21’ —2b+ iy) by b3
Viz,y) = + + — + bs.
(z,9) /T — b+ 1y T —b+iy 4

(This is missing in the tabulation in [20], but pointed out in [19] and [24].)
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2. D1B: L) = Xy, Lo = K?, R? = —4L3 — 16L,LoH,

(Listed as a superintegrable system in the tabulation in [20].) The potential of the super-
integrable system is
by (42 + y?) n by b3

V(a:,y) = + l’in + by.

xT

2nd case. We choose £ = Xj. Then the only possibility is
3. D1C: £ = Xy, Lo = K2, R? = 16LoH?2,

A2 — A2 _ 2 Bl2_ _2 B2 —
i x’ $7 )

1

G(z,y) = In(4z), D = —5

(Listed in the tabulation in [20].) The potential of the superintegrable system is

bi(z? +9%) by b
V(%y)zl(wxy)%—2 3Y

—+ — +by.
X X

5.0.2 Free Darboux 2 systems

The space Darboux 2 (D3) has free degenerate Hamiltonian

$2

D2D: =
" 241

(v% +py)

with a single Killing vector K = p, and a basis, {#, K2, X1, Xy} for the 4-dimensional space of
2nd order Killing tensors. Here,

2 4,2 2 1— 2\ 2
ﬁ(ﬁi—xzpi), Xy = 2aypap, + (v —a)py +2*(1 —y*)pi

X1 = 2xpapy + P

The commutation relations are
{K, X1} =2(K* - H), {K, X} = A1, {0, Ao} = 4KAG,

and there is the functional relation 4H X5 + Xlz — 4K?Xy —4H? = 0. The degenerate potential is
b1

+ ba.

As shown in [19] The line element ds? can be realized as a two-dimensional surface embedded
in three dimensions by

241 241
X:u’ y_Z:A’
x x
224 + 522 + 8y%) Va2 + 1
Y—l—Z:—( g y) —éarcsinhw,
T
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in which case,

22+ 1
22

ds® = dX* +dY? —dZ* = (da® + dy?).

A general 2nd order symmetry, mod H, can be written as £ = a1 Xs + ao X 4 a3K? and the
translation group generated by K: z — z, y — y + a, leaves K2 and H invariant, but

X1 — X1 —20H +2a0K%, Xy — Xp+aX; +a? (K% —H).

We classify the distinct free nondegenerate superintegrable systems under this conjugacy action.
We choose one generator £1 and determine the possibilities for Lo such that £i, Lo, H form
a quadratic algebra. Under conjugacy there are 3 possible choices: £; = Xp + ak2, X1, K2.

1st case. We choose £; = Xs + aK? and try to determine the possibilities for Lo, up to
conjugacy under e®* such that £y, Lo, H form 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 = c1 X1 + ¢3K? and ¢1, c3 are to be determined. We must require that

R2 = b1 L3 + bo L3 + b3H> + by LILo + bsL1L5 + b L1 LoH
+ by L3H + by L2H + boH2 L1 + broH Lo,

for some constants by, ...,b1g. There are 2 possible classes:

1. D2C: L1 =Xy, Lo = Xy, R? =4L,L3 + 16L3H — 16L,H?,

A2 A22 ﬁ B2 = — (32% + 2 — 29°)
) $(x2+1)7 x(m2+1)($2+y2)’
241
B22:_3626—|—yy27 G(z,y) =1In <x x—: > , D:—$(:E2+y2).

The potential of the superintegrable system is

1’2

by b3
b1 + + + by.
’x2+y2(:r2+1) ( Y+ /$2+y2 Y — /x2+y2>
(Listed as a superintegrable system in [19].)

2. D2B: L) = Xy, Lo = K2, R? = 16L1L3 — 16L1LoH + 16L2H2,

V(l‘,y) =

A2 = A?? = b B2 — 2 B2 _ 3
’ z(z2+1)’ z(z2+1) y’
2?2+ 1
G(w,y)-ln( ) >7 D= —uxy

The potential of the superintegrable system is

V(Ji,y): bl(w +y)+ﬁ+? +b4.

241

(Listed as a superintegrable system in [19].)

2nd case. We choose £ = Xj. Then the only possibility is
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3. D2A: L1 = Xy, Lo = K%, R? = 16L3 — 32L3H + 16L2H?,

322 — 1 - 2

Y Y : L Sy ;L )
x(x2 + 1) :n(a:Q + 1)
241
G(x,y)_ln<x;; ), D= —x.

The potential of the superintegrable system is

582

241

b
V(z,y) = <b1 (22 + 49?) + 33—22 + b;»,y) 1 by

(Listed as a superintegrable system in [19].)

5.0.3 Free Darboux 3 systems
The space Darboux 3 (D3) has free degenerate Hamiltonian

2x

D3E: 7—[:1

2oy 1)

with a single Killing vector K = p, and a basis, {H, K2, X1, X} for the 4-dimensional space of
2nd order Killing tensors. Here,

1, . 1 e 5 le*(e® +2) 5
M= Gy ey S P T a OSY Py
1 e o le®(e”"+2) | 2
Xy = —iexcosy pxpy—i_iex—i—l siny p; — Zﬁsmy Py-

The commutation relations are
1
{’C’Xl} = —A, {’C7X2} = &, {X17X2} = §IC,H,

and there is the functional relation X2 + X7 — 1H? — 3K2H = 0. The degenerate potential is

by

bo.
e’ﬁ—kl+ 2

V(‘Tay) =

As shown in [19], we can embed D3 as a surface in 3D Minkowski space with coordinates X,
Y, Z in such a way as to preserve rotational symmetry. Let

X =2V2e 31 +e" cos%, Y =2v2e 2y/1+e? sin%,
Y36 4 5e*)V/3 + 2¢%  bet + 1
Z—\/61n< 6 (65 5¢") s )—e—xx/i\/3+2e21+5em.

12\ 2(6 + 567)v/3 + 2677 1 et — 1
Then
2(e® +1
dx? 4 dv? —dz? = 2TV (42 1 gy,
(&

An alternate basis is {H, K2, V1, )s}, where

e 2 e (e 2) 2> 1y
Py — =" e

i
Vi = (expzpy +3 5 er 1 Dy
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e, iem(ex+2>p2 oY
T2 er41 Y ’

)
Vo = <eszpy - 56"’5 T 1p

and X = —%(yl —)s), Xy = —i(yl + )%2). The new commutation relations are

{K, Wi} =i, {K, Y2} = —idh, {V1,I2} = —4iKH,

and the functional relation is Y Yo — HZ — 2KC2H = 0.

Returning to the first basis, we note that a general 2nd order symmetry, mod H, can be
written as £, = a1 X 4+ asX; + a3K?. and the translation group generated by K: = — =,
y — y + «, leaves K? and H invariant, but X} — cosaX] — sinaXs, Xo — sinaX] + cos aXs.
We classify the distinct free superintegrable systems under this conjugacy action. We choose
one generator £q and determine the possibilities for Lo such that £1, Lo, H form a quadratic
algebra. Under conjugacy the choices are £1 = X + akC?, X +iXs, X1 +iX — K2, &y, K2.

1st case. We choose £; = X + aK? and try to determine the possibilities for a, Lo, up to
conjugacy under e®* such that £y, Lo, H form a quadratic algebra. (As we go through the cases
step by step, we ignore systems that have already been exhibited in earlier steps.)

There are 3 possible classes:

1st class.

1. D3A: L1 =X — 3K%, Lo=Xo+ §K% R? = —L3+iL3 — M3 +iL3Ls — L1L3+ 5(L3 +
LM + SL1H? — LLoH?. Here,

A2 _ o a2 _6:5(76:1: + e—2w—iy _ o—iy + e—w) B2 _ 31’6_@4
’ (1+e®)(e®+1)(e* +e ) ’ er + e~ W’
B12 _ lel’(—l + 2efx7iy + e % + 4672172'3/)
2 (14e72)(e* +e W) ’
€T .
G(z,y) =In (2(e™® +e72%)), D = %(e‘r —2¢%).
The potential of the superintegrable system is
Viy) =1y boe” + be™ +b
z,y) = , ‘ .
Vodre " Txoetu(l1er)  Vigoetu(lqer)
(This is a superintegrable system listed in [19].)
2. D3B: L1 =Xy, Lo =X, R? = — 193 + (L3 + LN,
A2 — g2 _1-e” B2 _) plz_ _1 (1—e™)
’ 1+e 2’ ’ 2(1+e7)’
eQr
G(z,y) =1n (2(e_x+e_2x)), D = 5
The potential of the superintegrable system is
X
Viz,y) = emeJr 1 (bl +e3 (bg cos% + bg sin %)) + ba.
(Listed as a superintegrable system in [19].)
3. D3C: L1 = Xy, Lo = K2, R?* = —4L3Ly + 2L3H + LoH?,
A2 =0, A* = Loe 2 1H2e” B* = —3coty,

14 e’ 1+e =’



Structure Relations and Darboux Contractions for 2D 2nd Order Superintegrable Systems 19

T

G(z,y) =In(2(e™* + 6729”)), D= —% sin .

The potential of the superintegrable system is

er bg b3
= b T —= 4 — by.
Viz.y) ef”+1<1+e (coszg+sin2g>>+ 4

(Listed as a superintegrable system in [19].)

2nd class. We choose £1 = X 4+ iXs. Then the only new possibility is
4. D3D: L1 = Xy + iXy, Lo = K2, R? = —4L3L,,

1—e™® B2 _ 1+2e*
14er’  lte

G(z,y) =In(2(e”" + e~ %)), D= ie”iy.

AP =0, AP = B*? = -3,

The potential of the superintegrable system is

€2x bg

1+em+b4'

V(z,y) = (bleﬂ'y + b2€72iy) +

1+e*
(Listed as a superintegrable system in [19].)

3rd class. We choose £ = X; + iXy — K2. There are no new possibilities.

5.0.4 Free Darboux 4 systems

The spaces Darboux 4 (Dy4(b)) have free degenerate Hamiltonian
sin? 2z (

2cos2z +b

b # +2, with a single Killing vector K = p, and a basis, {H, K2, X1, X2} for the 4-dimensional
space of 2nd order Killing tensors. Here,

D4(b)D: H =— Pr+ ), (5.1)

X = 623”(—7-[, + cos pri + sin prxpy), Xy = 6722’/(—7'[ + cos 2:cp§ — sin Qmpgcpy).
The commutation relations are

(K, 21} =2X, {K,X)=-2X, {X,X)}=—8K>—4bKH,
and there is the functional relation XXy — K* — bK?H — H? = 0. The degenerate potential is

by
Viw.y) = 2cos2z + b b2

A general 2nd order symmetry, mod H, can be written as £1 = a1y + as Xy + a3K?, and
the translation group generated by K: = — z, y — y + a, leaves K? and # invariant, but
X1 — e 29X, Xy — €2°X,. Also the reflection y — —vy, + — x leaves H and K2 fixed but
X, & X, We classify the distinct free superintegrable systems under this conjugacy action.
We choose one generator £; and determine the possibilities for Lo such that £i, Lo, H form
a quadratic algebra. Under conjugacy the choices are £1 = K2 + aXs, &1 + X 4+ aK? (a = 0,2,
ora#0,2), Xz, K2

1st case. We choose £1 = K2 + aX, and try to determine the possibilities for Ly, up to
conjugacy under e®* such that £, Lo, H form a quadratic algebra. (As we go through the cases
step by step, we ignore systems that have already been exhibited in earlier steps.) We first try
Lo = Xy + cXy. The class ac # 0 doesn’t yield a quadratic algebra. There are 3 other possible
classes:
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1. D4(b)A: L1 =K?, Lo = Xo + Xy, R? = —64L3 + 16L,L3 — 64bL3H — 64L1H2,

A2 g 422 2(—2sin? 2z — bcos 2z — 2)

sin2z(2cos2x +b) '
B2 _ 4(—sin? 2z + bcos 2z + 2) B2 _ 1+et
sin2z(2cos2x +b) 1—et )’
—b — 2cos2x sin 2z

Glz,y)=Inh| ——— ), D=""""(e% e %),

( v) ( sin? 2% > 2 ( )

The potential of the superintegrable system is
Sin2 2z b1 bQ bg

Vv = by.

() 2cos2zx +b (sinh2y+sinh22y> +200523:+b+ !

(Listed as a superintegrable system in [19].)

2. D4(b)B: L1 = K2, Lo = Xy, R? = 16L£, L2,
2(—2sin? 2z — bcos 2z — 2)
sin 2z(2 cos 2z + b)
4(—sin? 2z + bcos 2x + 2)

A12 — 0’ A22 —

)

B2 — B?2 —¢
sin2x(2cos2x +b) ’
—b—2cos2zx sin 2x
Glz,y)=In| ———— |, D=- e,
(z,9) < sin® 2z ) 2
The potential of the superintegrable system is
.2
sin“ 2z b1 4 2
%4 = boe™ + bze™Y by.
(z,9) 2cos2x + b <si1r12 2 LG R

(Listed as a superintegrable system in [19].)

2nd case. We choose £ = K? 4+ aXs, Lo = X}. Then the only possibility is a = 0, which is
redundant.
3rd case. We choose £1 = X} + Xy + ak?, Lo = Ay + cK?. We generate a quadratic algebra
for the system
3. D4(b)C: L1 = X + Xy + 2K?, Lo = X + K2 R? = —160H> + 16L3Ly — 16L1L3 +
16bL1 LoH — 16bLIH — 16L1H?,

4sin? 2z + 2bcos 27 + 4 B2 _ 6(e® —1)
sin 2z(2 cos 2z + b) 2e% cos 2z + eV + 17
B 2be?Y cos? 2x + 6be?Y 4 4b cos 22 + 4be?¥ cos 2o — 8 cos 22 + 16 cos?
B sin 2z (e* + 2e2 cos 2x + 1)(2 cos 2x + b)
—8e% cos 2z + 16e* cos? & — 4e? cos® 2z + 16e2Y cos 2z
sin 2z (e 4 2e2V cos 2z + 1)(2 cos 2z + b)

—b—2 2 in 2
cosa:) , D= _sm2 x(2 cos 2z + e W +62y).

A12 — 0, A22 —

)

Bl?

Y

I

Gla.y) =tn

sin? 2z
The potential of the superintegrable system is

Ve y) = — ( b + b L 6_2y> +b
Y= bt2 | b-2 Z+(1_62y)\/7 Z+(1+629)\/7 cos? ©

cos?

sin“ x
where Z = (1 — )2 + 4e?Y cos® z. (Listed as a superintegrable system in [19].)

4th case. We choose £ = X, L3 = X3. We do not generate a quadratic algebra.
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5.1 Alternate free Darboux 4 systems

There is an alternate form of D4(b) that we shall employ. Set

) ) . X+ & X — X
r=iX, y=i, J=iK=py, =", Wp="_ .
2 24
Then for b # +2 we have
sinh? 2X 9 9
~ 2cosh2X + b(pX PY);
Vi = —cos(2Y)(H — cosh2X py) — sin(2Y) sinh 2X pxpy,
Vo = —sin(2Y) (H — cosh2X p3) + cos(2Y) sinh 2X pxpy. (5.2)

The structure equations are
{j7y1}:_2y27 {j7y2}:2y17 {y17y2}24\.73+2b\.7%7
V2L Y2 - Tt —bT*H - HE =0

We can embed D4(b) as a surface in 3D Minkowski space with Cartesian coordinates X, Y, Z.
Let

X =yvb+ 2cosh 2z, Y —Z =+vb+ 2cosh 2z,

y?v/b + 2 cosh 2x 2 cosh 4x + 2 + 4bcosh 2z + b?
Y+ 7= . + T
sinh 2z Vb + 2 cosh 2x(cosh 4z + 3 + 2b cosh 2x)
Then
2 cosh 2 b
ds? = 2O D (02 4 dy?) = —dX? 4 dY? — dZ?.
sinh” 2z

The change of variable u = e* converts the integral into an elliptic integral in u that can be
evaluated as a rather complicated sum of elementary functions and the elliptic integrals of types
one, two and three.

In terms of this alternate form the superintegrable systems can be expressed as:

1. D4(b)A’: L1 = J?, Lo =1, R? = 16L3 — 16L1L3 + 16bLIH + 16L,H2,

A2, 422 _2(-2 sinh? 2X + bcosh 2X + 2)’ B2 _ g <cos 2Y> 7

sinh 2X (2 cosh2X + b) sin 2Y
< 1.2
- M - (i)
2. D4(b)B": L1 = J?%, Lo =Y — i, R? = —16L1L3,
9 ginh?
<12
e AL, Gy - (AR

3. DA(L)C: L1 =YV — T2 Lo =YVo. R2 = —4bH> —8L3 —8L1 L2 +4b(L3 + L2)H + 8L H2.

—4sinh? 2X + 2bcosh 2X + 4 B2 _ 6sin2Y

A12 =0 A22 — _
’ sinh2X(2cosh2X +b) —cosh2X + cos2Y’
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—2bcosh?2X — 6b + (8b + 16) cosh 2X cos 2Y

B12 - _
sinh 2X (2 cos2Y — 2cosh 2X)(2 cosh2X + b)
_ 32 cosh? 2X cos 2Y + 4 cosh® 2X — 16 cosh 2X
sinh 2X (2 cos2Y — 2cosh2X)(2cosh2X + b)’
b+ 2cosh2X
Gz,y)=In| ——— | .
(@) n( sinh? 2X )

4. D4(b)D’ (free degenerate): J, L1 = V1, Lo = Vo, Y + V5 — T* —bT*H —H?> = 0.

5.2 Summary and an example

From the results of [21] and the calculations of the preceding sections we see that Theorems 1.1
and 1.2 are valid for Darboux spaces.

We use D2C as an example to give more details about how a nondegenerate superintegrable
system with potential is induced from a free system: From Section 5.0.2 we have the free Darboux
2 system

L1=Xy,  Lo=2X1, R>=4L1L2+16LYH —16L,H%

The potential equations are determined by

A2 — 422 — 32% — 1
’ z(x?2 +1)’
B2 _ _ (32" + 2% — 2y 22 _ by (5.3)
:U(x2+1)(x2+y2)’ 22+ 2’
and the general solution is
x? b2 bs
V(:L’,y):2 (1) <b1+y+\/m+_y+\/m>+b4. (5.4)
The induced classical system has a basis of symmetries
H= JUQIle(pi +p§) +Vi(z,y), L1 = 2xypyp, + " - :U4)p32—l—+xi(1 —v)p w
L2 = 2ap.p, + 2y(p52‘jp5) + W, (5.5)
where

m _ Lhiy(1—=2?) +ba((—y + Va®+97)" +1) —bs((y + Ve +7)° + 1)

W b
2 EESNCE=T
e _ 2vet +y? - bo((—y+ Va2 +12) = 1) —bs((y+ Va2 +2)° = 1)
a 4% + 4 '

The Casimir is

R? — AL1L3 — 16L3H + 16L1H? — 4(bg + b3) H? + 16b4L% + (bg + b3) L3 — 32b4HLy
+ (8boby — cb] + 4cbobs + 8bsba)H + (1603 + b7) L1 + by (—bs + ba) Lo

1 1
+ <4b%b2 + Zbfb3 + b3by — 4b3b3 — 4bybzby — 4b2bi> . (5.6)
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We will not work out the details of the quantum case but merely note that the potential terms
of the symmetries remain unchanged as do the 2nd order kinetic energy terms, but there are now
1st order terms: the Hamiltonian kinetic energy is replaced by the Laplace—Beltrami operator
on D2 and the other generating symmetry operators are formally self-adjoint with respect to
the D2 volume measure 22 dx dy/(z% + 1).

6 Contractions of Darboux systems

Recall that the scalar curvature of a space with metric ds? = e“®¥) (dz? 4 dy?), where \(z,y) =
eC@Y) is C = —e G (0,.G + OyyG). Constant curvature spaces are just those for which C' is
constant; flat spaces are those for which C' = 0.

Theorem 6.1. A Darboux or Koenigs superintegrable system cannot be obtained as a geometric
contraction of a monzero constant curvature or flat space superintegrable system.

Proof. Suppose we have a contraction of a nonzero constant curvature system with Hamiltonian
2 2
Pm/+P ’

H= p'?”e%pg’. Then there is a 1-parameter family of Hamiltonians H' = ~&t» Where G'(1) =G,
G’ depends smoothly on € in the interval 0 < e < 1, and G’(0) defines the metric of the target
manifold for the contraction. Further, for € # 0 the metric defined by G’ will be a scalar multiple
of a metric on the original constant curvature system. Thus we have C(e) = —e~ % (O G +
Oy G") for € # 0, where C(e) is nonzero and independent of ', . In the limit we obtain the
constant C(0), so the target manifold must be flat or of nonzero constant curvature, hence not
a Darboux or Koenigs manifold. Similarly, if the original manifold is flat the target manifold

must also be flat. [ |

Now we investigate contractions involving Darboux superintegrable systems. From Theo-
rem 6.1 such systems cannot be obtained as contractions of constant curvature systems. (How-
ever, they are all Stéckel equivalent to constant curvature space systems.) Thus we limit our-
selves to the search for contractions such that the originating manifold is a Darboux space. In
distinction to the case of constant curvature spaces as originating manifolds (where all quadratic
algebra contractions were induced by Lie algebra contractions of e(2,C) and o(3,C)) here the
Darboux spaces have only a one-dimensional Lie symmetry algebra, so we have to search for new
contraction mechanisms. However, we can restrict our search to free systems and then induce
the superintegrable system contractions automatically.

To induce the contractions through Lie algebra methods we will employ the conformal sym-
metry algebra for each free Darboux system generated by functions Q(x,y, pz, py) = A(z,y)ps +
B(z,y)py that satisfy the relations

A straightforward calculation gives the same algebra in each case:

G3: Py = Dz, Py = Dy, M = TPz + YPy,
{vapy} =0, {vaM} = Pz, {Py7M} = Py‘

The Inonii—Wigner contractions and their geometric implementations are:

1) Pu, Py, eM; r=2'+1 y=y orz=0a,y=y +1
2) €Py, €Py, M; r=cr',y=cey.
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Up to an isomorphism of the Lie algebra that is obtained by contraction of G3 there are no
continuous one parametric contractions besides these two, [29]. Each of these contractions
does induce a corresponding contraction of each free Darboux system and we have found no
contractions of Darboux systems other than these. This approach is compatible with the use of
generalizations of Inénii-Wigner contractions for the symmetry algebras o(3,C) and e(2,C) of
constant curvature spaces. Indeed if we compute the conformal symmetry algebra for each free
constant curvature system generated by functions Q(z,y, ps,py) = A(x,y)ps + B(x,y)py that
satisfy the relations

3
{H,Q} = Ro(z,)H,  {L£;,Q} =Y Ky\(z.y)Ls,
(=1

where the £; form a basis for either o(3,C) or e(2,C) we find o(3,C) in the case of the sphere
and the affine algebra, the semidirect product of e(2, C) and the dilation M, for flat space. One
can show that the geometrical implementations of generalized Inonii—Wigner contractions of
the affine algebra either agree with those of e(2,C) or the contractions cannot be implemented
geometrically. See for example [12, Table XXIX] for the ordinary Inénii-Wigner contractions of
the affine algebra.

6.1 D1 contractions
We list approaches to finding the contractions (not the contractions themselves).
1. Let z =2’ + %, y = ¢/, H' = 27. Then as ¢ — 0 we have

Ho=py+py,  X—=pepy, X mpype —2'py) - =

Contractions constructed from such limits would have flat space as the target manifold.

2. Let x =2/, y =y + 2, H' = 7. Then as e — 0 we have

2 2
p / +p / y/ 2
/I __ T Y ~ 2 2 /
H = 7433/ 5 Xl N Pa' Py — 271;,(]93:/ —|—py/) - g?‘[ 5
2 /
- / / PPy Y 2 Y 1 2 2
Xo = py (Y per — T'py) + c @(px’ +py’) - <2€$/ + de2y! (px’ +py’)'

Contractions constructed from such limits would have D1 itself as the target manifold.

2/+ 2/
3. Let . =ex/, y =ey/, H = 4eH. Then as ¢ — 0 we have H' = Fa x,py and

/

Y
EQXl = p:t/py/ — 27.%./(]733/ +p5/),

y?
4o’

Contractions constructed from such limits would have D1 again as the target manifold.

GXQ = py (y'px’ — x/py,) — (pi; +p12//)’ eK = Dy -

6.2 D2 contractions
We list approaches to finding the contractions (not the contractions themselves).
1. Let 2 =2’ + 1, y =y, ' = H. Then as e — 0 we have
H = pi/ + pz/, eX1 = 2pppy, Xy ~ —pzz.

Contractions constructed from such limits would have flat space as the target manifold.
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2. Let z = ex!, y = ey, H' = H. Then as ¢ — 0 we have H' = a:’Q(pi, —l—pz/) and

2 2
Xy~ 20 pupy + 29Dy, eXo =22y pupy +y Pl + 2 ph, K =py.
Contractions constructed from such limits would have the complex 2-sphere as the target
manifold.
_ _ 1 _ _ a2 2 _
3. Let x =2, y=y' + ¢, H =H. Then as ¢ — 0 we have H' = x,‘gﬂ(px/ +py), K' =K,

2
X ('Y perspy) = X0 + E(lc2 —H),

1 1
X2y P, Dy ) = Xo + :2(,@ ~ M)+ EXI-

Contractions constructed from such limits would have D2 as the target manifold.

6.3 D3 contractions
We list approaches to finding the contractions (not the contractions themselves).

1. Let 2 =2’ +In(1), y = ¢/, H' = 2¢H. Then as e — 0 we have K = p,/

1./

’ e . 1
H=e" (o +py)  ehim (Sm v parpy + 5 cosy/ (P — Pf/)> ’

l,l

e 1.
€Xy ~ > (— cosy’ purpy + 5 sin y (2 —pi)) .

Contractions constructed from such limits would have flat space as the target manifold.
In terms of flat space Cartesian coordinates X = rcosf, Y = rsinf we have

PN

.y =20, H=px+py, eti=

l\ﬁ\'—‘ﬁw"‘k

1 1
PXDY K' = §(XPY ~Ypx)=:J.

Xo ~
Xy 5

_ _ 4.2 _ 2 2
2. Let v =ex’, y = ey, H' = 4e*H. Then as ¢ — 0 we have H' = pZ, + p;, and

1 1
X ~ é(pi, — 3p§,), Xy~ —5PaPys €K = py.

Contractions constructed from such limits would have flat space as the target manifold.

3. Letx=2',y=19 +ilne, H = H'. Then as ¢ — 0 we have

1
y{(.%'/’y/’px,’py/) SEALE yé(xljy/,pxhpy/) =~ EyQ, K= Dy’ -

Contractions constructed from such limits would have D3 as the target manifold.

6.4 D4 contractions
We list approaches to finding the contractions (not the contractions themselves).
1. Let X = X' +1ne, Y =Y/, H' = 4€*H, with b fixed. Then as € — 0 we have J = py~ and
H =X (p% +p3), J' = pyr,
42Y) ~ —cos(2Y") (H' — 2¢72X'p3)) + 2sin(2Y")e X pxpys = p2 — p2,
4€%Yy =~ —sin(2Y”) (H' — 26_2X/p§/,) —2cos(2Y)e X pxipyr ~ —2paDy;

where x, y are standard Cartesian coordinates. Contractions constructed from such limits
would have flat space as the target manifold.
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2. Let X = eX', Y = €Y', #' = #, with b fixed. Then as e — 0 we have #/ = X (p% +p2)

2+b
and
Vi— 0y +H o~ 2(X" = Y)pds — 4X'Y pxopyr,
oy~ 2Y'pY +2X pxopyr, €T =pyr.
Contractions constructed from such limits would have the complex 2-sphere as the target
manifold.

3. For this case it is most convenient to take the Hamiltonian in the form (5.1). Let x = a,
y=y + 1lne, H' = H, with b fixed. Then we have

1
X{('T/a ylvpx’apy’) = ;X17 Xé(fﬂl, ylvpl"apy’) = €Xé
Contractions constructed from such limits would have D4(b) as the target manifold.

The manifold D4(b) depends on a parameter, so we can extend the contractions that we
consider by allowing the parameter to vary. We find the following new contractions:

4. Let X = XTI—%ln(e),Y = %, b = %, H' = $H. Then as € — 0 we have H =
2x’
1o PR +93), I’ = 3T = pyr, and
€ i . ’
53}1 ~ —cos(Y')(H —e¥'py) —sin(Y')e™ pXipi,
€ . / ’
5322 ~ —sin(Y')(H' — eX p%//) + cos(Y")e™ piipi.
Contractions constructed from such limits would have D3 as the target manifold.
5. Let X = GTX/, Y = ETY/, b= -2+¢6, H = %7—[. Then as ¢ — 0 we have H' —
12
2o P + 3, I = §T = pyr, and

9 12 14\, 2 2 12 2
L e (Y2 = X"MYp%, + X2 (1 - Y)p,
VitH =T = GH~ =2 (2X’Y’p et X241 |
2y

2 2,2
a1 X))
Contractions constructed from such limits would have D2 as the target manifold.
6. Let X = X' + lnée), Y =eY', b= -1 H = —2¢"H. Then as ¢ — 0 we have H' —
7 (W% +p%), T =eJ = pys, and

2
y2 =~ g <2X,pX/pyx +

Lo 1 / / Y’ 2 2
N +H—- ZJ 3 (PY’(Y pxr — X'pyr) — R(pX’ +PY') ;
583 (pX’pY’ - ﬁ(pX’ ‘|‘pY')> .
Contractions constructed from such limits would have D1 as the target manifold.
7. Using Hamiltonian (5.2) welet b= -2+ ¢, X =X Y =Y', H — H'. Then
H’:coshQX’(p%—i-p%n), J =T =py,
Vi = —cos(2Y”)(H' — cosh2X'p}.) — sin(2Y”) sinh 2X' px/py-,
Yy = —sin(2Y’)(H' — cosh2X'p3) + cos(2Y”) sinh 2X' px/py-.

Vo =

Contractions constructed from such limits would have the complex 2-sphere as the target
manifold. Expressed in terms of the symmetries of the 2-sphere we have

V=Tt -J%, V=20, T =05
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6.5 Summary and examples of Darboux contractions

From the results of [21] and the preceding sections we have an analog of Theorem 2.1 for Darboux
spaces:

Theorem 6.2. Every Lie algebra contraction of G3 induces a contraction of a free geometric
quadratic algebra QQ on a Darboux space, which in turn induces a contraction of the quadratic
algebra @ with potential. This is true for both classical and quantum Darboux algebras.

Some examples follow.

1. We describe how a Lie algebra contraction induces the contraction of D2C' to S4, inclu-
ding the potential terms. Recall for D2C' we have the symmetries (5.5), potential (5.4),
canonical equations (5.3) and Casimir (5.6). The coordinate implementation is defined by
x = ey, y = ex’. In terms of the coordinates z’, ¥’ the canonical equations become

1

B/12 - J T
Y’ 34’(96’24-3/2)7 (m’2+y’2)'

The contraction is defined by

2 2
A,lg _o, A,QQ _ 2¢'° — y/ b’22 _ 62’

Lh=1L1, L= %zl, H=H,6 R = %R
In the limit we find

H =y (p2 +p2) +V' =8 - 2583+ V',
L) =82 +Ww, Lh=88 +Ws,

where

V' = yiﬂ o1+ = + & +c
B 2 x/2+y/2 1 x'2+y’2+x’ /:L"2—|—y’2—ﬂ§’ 4

and by = ¢, by = c2, by = ¢3, by = c4. Here
1

5 (SU/Q — y/2)p:2c/ + ﬂf/y/py/,

Sl = Dz/» SQ = :’C/pl‘/ + y/py’7 83

are the 1st order generators of the symmetry algebra for the free Hamiltonian H{ =
y'2 (pil + pz,) on the Poincaré upper half plane: x real, y > 0. The Casimir becomes in the
limit:

2 2
RE AL/ + e+ et — S+
;2

C C
+ 51(62 — 03)£/2 + 1176(62 +c3+ 404) =0.

2. D4(b)A" — D3E: We again give more details in our 2nd example, which involves changing
the parameter b. For the degenerate system
_ sinh®(22)
~ 2cosh(2z) +b

(07

2 2
(v + ;) + 2cosh(2z) + b’

we can get

1 e 9 9 B
ser W tP)

-




28 R. Heinonen, E.G. Kalnins, W. Miller Jr. and E. Subag

as a contraction case by taking

/
1
n(e), Yy = %, b= o H = 8eH, a= 8‘22

p—

1
r=——c
2 2
Then we have J' =27 = py, and V| =~ —4e)y, Vi = —4eds.
3. D1A — E9(a = —1): For system D1A we have

L1 =X +bK%  Lo= X+ bK?,
R? = 2iL5 + 8iL1LoH + 4DLIH + 160H? L.

We choose contraction 1) for D1A: z = 2/ + 1 y=y,H==H andlet b=21. Then as
€ — 0 we find

Ly = LY =—py(Wpw —2'py),  Lo— Ly=py(pe +ipy),  H =pi+py,

and with R’ = {£}, £,} the Casimir becomes R'* = 2iL}> + L,*H'.
4. D1B — E2: For system D1B we have

L1=Xy,  Lo=K?  R?*=—4L}—16L,LoH.

We choose contraction 1) for D1B: = =z’ + %, y=1vy', H=H. Then as ¢ — 0 we find
E ~ LI 1£/ C/ _ / / £ _ L:/ .2 H/ _ .2 2
1~ Ly — Lo, 1=—py(@'py —yp2r), 2 =Ly =py, =Py + Dy

and with R’ = {£}, £,} the Casimir becomes R'* = —4£,% + 4£,*H'.

5. D1C — E3': For system D1C we have £, = X, Lo = K2, R? = 16L5H2. We choose
contraction 1) for D1C: . =2’ + 1, y =y, H = £H'. Then as e — 0 we find

Ly — LY =ppy, Lo=Ly=pl, H =pl+p),

and with R’ = {£}, £4} the Casimir becomes R'* = 0.
6. DA(b)C" — ST as b — —2: For system D4(b)C’ we have

£1:y1_j27 £1:y27
R? = 4bH?® — 8L£13 — 8L1L5 + 4b(L3 + L3)H + 8L H>.

In the limit as b — —2 we have
ch=2J3¢ -H,  Ly=200,
where J7, :72, J3 are the symmetries of the sphere and H' = jf + j22 + J32. The limit

system is S7.

7 Tables/figures describing the contractions
of the nondegenerate and degenerate Darboux systems

We now tabulate the contractions of Darboux systems. The system on the left is the starting
system, and an asterisk indicates that a system is degenerate
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7.1 D1 contraction table

1: D1 to flat space 2: D1 to D1 3: D1 to D1
D1A E3', E9 D1C, D1A  D1C, D1A
D1B E2 Di1C D1B
D1C E3 D1C D1C
D1D* E5* D1D* D1D*
7.2 D2 contraction table
1: D2 to flat space 2: D2 to 2-sphere 3: D2 to D2
D2A E3 S1 D2A
D2B E2 52 D2A
D2C E3 S4 D2A
D2D* E5* S5 D2D*
7.3 D3 contraction table
1: D3 to flat space 2: D3 to flat space 3: D3 to D3
D3A E3 E3 D3D
D3B E3 E3 D3B
D3C E1l E2 D3D
D3D ES E3 D3D
D3E* E3* E5* D3E*
7.4 D4 contraction table
1: D4 to flat space 2: D4 to 2-sphere 3: D4 to D4
D4(b)A E1 52 D4(b)B
D4(b)B ES S1 D4(b)B
D4(b)C E3 S4 D4(b)B
D4(b)D* E3* S5* DA4(b)D*
4: D4 to D3 5: D4 to D2 6: D4 to D1 7: D4 to 2-sphere
D4(b)A D3C D2B D1B 59
D4(b)B D3D D2A D1C 52
D4(b)C D3B D2C D1C S7
D4(b) D* D3E* D2D* D1D* 53+
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D3B Di4

E9 S4

2 M,
- \
g ) Y o
- \ N,
’/ ,,/ \‘ N,
£k N b7
DID D3E S3 D2D
Navd\
E3 S5

Figure 2. Diagram indicating the contractions of degenerate Darboux systems.

7.5 Free nondegenerate Darboux systems to degenerate systems

The following are not contractions in the usual sense, but we show which nondegenerate systems

restrict to degenerate ones.

nondegenerate | — degenerate

D1B D1D*
D1C D1D*
D2A D2D*
D2B D2D*
D3C D3E*
D3D D3E*

D4(b)A DA4(b)D*

D4(b)B DA4(b)D*

7.6 Figures

What follows are diagrams illustrating the contractions of Darboux systems. Boxes represent
systems (blue boxes being nondegenerate and red boxes being degenerate), and arrows represent
contractions. In these diagrams, certain contractions that do not affect the overall hierarchy
have been omitted for aesthetic reasons, and a dotted arrow indicates that the limiting process
inducing the contraction changes the free Hamiltonian. A diagram illustrating the nondegenerate
Darboux systems which restrict to degenerate ones is also presented.
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DIB DiC D24 D2B
DID D2D
D3C D3D D44 D4B

\WARAW/

D4D

Figure 3. Diagram indicating restrictions of nondegenerate Darboux systems to degenerate ones.

For completeness we give the definitions of the constant curvature superintegrable systems
that are targets of Darboux contractions. The following lists contain the defining relations for
the free systems and the potentials of the superintegrable systems.

Degenerate Euclidean targets: Here the coordinates are z, y and p1 = p;, p2 = py, and
J =xp2 —yp1.

1. E3: H=p}+p3, X =7, L1=p}, L2 =pips,

Casimir: —£3 — £1(£1 — H) = 0, potential: V = a(z? + y?).

2. E5: H =pi+p}, X =p1, L1 = Tp1, L2 = papy,

Casimir: 1(£3+ X% — HX?) =0, potential: V = az.

Nondegenerate Euclidean targets:

1. El: Ly=J% Ly =p}, R?=16L1Ls(H — Ls), V =a(@® + 1))+ 5+ %

2. E2: L1 =p3, Lo=p2T, R?=4L3(H — L1), V = a(42? + y*) + Bz + X 2

3. B3 Ly =pi, L2 =pip2, R? =0,V = a(2® +y°) + Bz +yy,

4. E8: L1 =72 Lo = (p1 +ip2)? R?>=—16L,L3,V = ?éi:;;’g) + (zﬁy)g + (2 +y?),
5. E9: Ly = (p1+ip)?* Lo=pmT, R* = =2L1(2L1 +H)%, V = Ty T OV Vfg;%w),

Degenerate targets on the 2-sphere: Here J1 = yp3—2zp2, J2 = 2p1—2xp3, J3 = TP2—yp1.-

1. §3: H=T2+ T2+ TE X =T, L1 = (T1 +iT2)% Lo = (i — id)?,
Casimir: —2i((H — X?)? — £L1L;) = 0, potential: V = %,

2. 55 H:j12+;72 +\73,X j1+i\.727 El j3,£2:(«71+i\72)\737

Casimir: —i(£3 — X2L;) = 0, potential: V = (x+1y)2

3. 86: H=J2+ T3+ T} X =Ts, L1 =TT, Lo =T,
Casimir: —3(L3 + L34+ X%(X? — H)) = 0, potential: V = —2=

Nondegenerate targets on the 2-sphere:

1. S1: £, = (T +iT2)Ts, Lo = (T1 +iJ2)? R*=—4AL3,V = (a:+02y)2 + (rfzy)2 - 7(g+1§/§4)’
2. 82 Li= (N +iP)% Lo = T3 R* = —16L1Ls, V = & + s + ?ﬁiﬁlg’

3. 84 L1=J3f, Lo= (N +id2)Ts, R® = —AL1L3, V = EEEmE \/z2+y (x+z’y)z/ﬂf2+y2’
48T L =7 Ly = 1Ty R = —ALY - ALRLL +ALTH, V = i 4 s 4 0

5. 89 Ly=JF Ly=J2 R2=—16L3Ls — 16L1L3 + 16L1LsH, V = S + 5 + J,
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8 Conclusions and discussion

This paper is part of a series on 2D quadratic algebras, their classification, structure, repre-
sentations, and especially, contractions as they relate to 2nd order 2D superintegrable systems.
Of special interest are contractions that correspond to geometrical pointwise limiting processes
in the physical superintegrable systems. As shown in [22], one of the consequences of contrac-
ting between superintegrable 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. In [21] we studied quadratic algebras related to 2nd
order superintegrable systems on constant curvature spaces and showed that there is a one-to-
one correspondence between conjugacy classes of quadratic algebras in the enveloping algebras
of e(2,C) and o(3,C), and isomorphism classes of superintegrable systems with potential. Fur-
ther, we showed for constant curvature spaces that generalizations of Inonti-Wigner Lie algebra
contractions of e(2,C) and o(3,C), induce quadratic algebra contractions that correspond to
geometrical pointwise limiting processes in the physical systems. The procedure is rigid and
deterministic. The present paper extends these results and shows that Darboux superintegrable
systems are also characterized by free quadratic algebras contained in the symmetry algebras of
these spaces and that their contractions are also induced by Inonii—-Wigner contractions. Thus
our basic results hold for all 2nd order 2D superintegrable systems. In follow-up papers, in
preparation, we will classify abstract quadratic algebras and their contractions, including those
not induced from Lie algebras, and study which of these relate to superintegrable systems.

We intend to conclude this series by relating contractions of 2nd order superintegrable systems
to limiting processes for R-separable coordinate systems for wave equations, introduced by
Bocher in his famous 1894 thesis [1]. We will show that in 2D, Bocher’s limiting processes
for cyclides and ellipses induce generalizations of Inénii-Wigner contractions of the so(4,C)
conformal symmetry algebra of the 2D wave equation with potential and that these contractions
explain the full contraction pattern for 2nd order superintegrable systems. Bocher’s limits, which
we term Bocher contractions, apply to all dimensions n > 2, so this should provide a useful guide
to the analysis of 2nd order superintegrable systems in higher dimensions.
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