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Abstract

This paper is one of a series that lays the groundwork for a struc-
ture and classification theory of second order superintegrable systems,
both classical and quantum, in conformally flat spaces. Here we study
the Stackel transform (or coupling constant metamorphosis) as an
invertible mapping between classical superintegrable systems on dif-
ferent spaces. Through the use of this tool we derive and classify for
the first time all 2D superintegrable systems. The underlying spaces
are exactly those derived by Koenigs in his remarkable paper giving all
2D manifolds (with zero potential) that admit at least 3 second order
symmetries. Our derivation is very simple and quite distinct. We also
show that every superintegrable system is the Stéckel transform of a
superintegrable system on a constant curvature space.



1 Introduction

This is a sequel to paper [1]. Our purpose is to lay the groundwork for a
structure and classification theory of second order superintegrable systems,
both classical and quantum, in complex conformally flat spaces. Real spaces
are considered as restrictions of these to the various real forms. In [1] we have
given examples, described the background as well as the interest and impor-
tance of these systems in mathematical physics and given many relevant
references. Observed features of the systems are multiseparability, closure of
the quadratic algebra of second order symmetries at order 6, use of repre-
sentation theory of the quadratic algebra to derive spectral properties of the
quantum Schrodinger operator, and a close relationship with exactly solvable
and quasi-exactly solvable problems, [2, 3, 4, 5, 6, 7, 8, 9]. Our approach is,
rather than focus on particular spaces and systems, to use a general theoret-
ical method based on integrability conditions to derive structure common to
all systems.

In this paper we study the Stackel transform, or coupling constant meta-
morphosis, [10, 11], for 2D classical superintegrable systems. Recall that for
a classical 2D system on a Riemannian manifold we can always choose local
coordinates x,y, not unique, such that the Hamiltonian takes the form

pi+p3
Az, y)
This system is second order superintegrable with nondegenerate potential V' =

V(z,y,a, ,7) if it admits 3 functionally independent quadratic constants of
the motion

H =

+ Vix,y).

1j

(We also refer to these constants of the motion as symmetries because; each
leads to a conserved quantity for the associated physical system; their Poisson
brackets with the Hamiltonian vanish, so that they are generalized symme-
tries in the Lie sense; and their quantizations lead to second order partial dif-
ferential operators that commute with the Schrodinger operator, so are again
generalized symmetries in the Lie sense.) The potential V' is nondegenerate
in the sense that at any regular point x, yo where the potential is defined and
analytic and the Sy are functionally independent, we can prescribe the values
of Vi(zo,yo), Va(xo, yo), Vi1(xo, yo) arbitrarily by choosing appropriate values
for the parameters «, 3,v. Here, V; = 0V /0x, Vo = 0V/0y, etc. (Another
way to look at this is to say that Vi(xo, vo), Va(xo, yo), Vi1(x0, o) are the pa-
rameters.) This is in addition to the trivial constant that we can always add



to a potential. This requirement implies that the potential satisfies a system
of coupled PDEs of the form

‘/22 - ‘/11 + A22(x7y)‘/1 + B22(x7y>‘/27 ‘/12 - AIQ(ny)‘/I + B12<I7y)‘/2'

The Stackel transform is a conformal transformation of a superintegrable
system on one space to a superintegrable system on another space. We prove
that all nondegenerate 2D superintegrable systems are Stackel transforms of
constant curvature systems and give a complete and simple classification of
all 2D superintegrable systems. The following papers will extend these results
to 3D systems and the quantum analogs of 2D and 3D classical systems.

2 The Stackel transform for two-dimensional
systems

The Stéckel transform [10] or coupling constant metamorphosis [11] plays
a fundamental role in relating superintegrable systems on different mani-
folds. The basic idea behind this transform has long been observed in vari-
ous important classical and quantum mechanical systems. One of the most
familiar is the Hamilton-Jacobi equation for the classical Coulomb problem
H = p? + p3 +p2 + Z/r = E where r is the radial coordinate and Z is the
charge. Division of the equation by the potential term r~! converts it into
the pseudo-Coulomb problem H' = r(p? + p3 + p2) — Er = —Z, much easier
to solve from a group theoretic point of view, where the space has changed
and the energy and charge have switched roles. In [11] it was pointed out
that if H + ZV(x) = E is an integrable Hamiltonian system for some ad-
ditive potential V' and all values of the parameters Z, E, then the system
H/V — E/V = Z is also integrable, where the parameters E and Z have
changed roles. This general transformation was called coupling constant
metamorphosis. Independently in [10] it was observed that if the Hamilton-
Jacobi equations 3 ¢Ypip; + V(q) = E, Y. ¢"pip; + U(q) = E each admit
a complete integral via separation of variables in the orthogonal coordinates
q, where U is nonzero, then the system U~ g“pyp; + UV (q) = E’ also
admits a complete integral via separation in the same coordinates, but on a
different manifold. The second order constants of the motion that describe
the separation and the corresponding Stackel matrices are mapped into one
another by the transformation. We called this the Stackel transform since it
preserved the Stackel form of the separable system. All of these observations
have straightforward extensions to n dimensions and to the corresponding
quantum mechanical operators.



Suppose we have a superintegrable system

_ Pt
Az, y)

in local orthogonal coordinates, with nondegenerate potential V (z,y):

H + V(z,y) (1)

‘/22 - ‘/11 + A22%+BZ2‘/% (2)
Vi = ARV, + B2,

and suppose U(z,y) is a particular solution of equations (2), nonzero in an
open set. Then the transformed system

=D ey (3)

A, y)
with nondegenerate potential V (z,1):

oo = T 4 AT B "
Vip = APV 4 B®V,

is also superintegrable, where

A=\, V:Z,
1 U2 A Ul r Ul ~ U2
A2 — p12 - T2 q22 422 L 9”1 pl2_ pl2 Tl p22 p22 972
U’ * U’ U’ U

Let S = Zaijpipj + W = Sy + W be a second order symmetry of H and
Sy = aijpipjthU = So+ Wy be the special case of this that is in involution
with p} +p3/A + U. Then

~ WU

S=S9 i H
is the corresponding symmetry of H. Since one can always add a constant
to a nondegenerate potential, it follows that 1/U defines an inverse Stéckel
transform of H to H. See [10, 12] for many examples of this transform. We
say that two superintegrable systems are Stackel equivalent if one can be
obtained from the other by a Stackel transform.



2.1 A Stackel transform approach to the classification
of nondegenerate superintegrable systems

Through the use the Stéackel transform we can develop a method for clas-
sifying 2D nondegenerate superintegrable systems that is differential equa-
tions based. (In particular it is distinct from the Koenigs analytic function
approach to finding spaces that admit at least three second order Killing
tensors.) Let

ds* = Nx,y)(dz* + dy?)

be a metric for a nondegenerate superintegrable system. We recall from
Section 2 of [1] that necessary and sufficient conditions for a* to be a second
order Killing tensor for A are that

Aa? =0, Ala" —a®) =0, A=08:+0.,

where
(azz _ a11)2 _ 26&2’ (a22 _ &11)1 _ _2@27

and the a satisfy the integrability condition
()\22 — )\11)(112 — )\12(@22 — CLn) = 3)\1&%2 - 3)\20/%2 + (CLH — CL;%)A (5)

Since A is nondegenerate superintegrable we have three independent sym-
metries of the form § = Y a“p;p; + W and a nondegenerate potential V'
satisfying the Bertrand-Darboux equations

(Var=Vir)a'?+Vip(a" —a”) = [(Mn)l 3 (MM)Q] Vit [%22)1 - (Aaﬂ)z] Vs

A A
., ©)
for all symmetries with quadratic terms a".

For a superintegrable system we can always use the independent symme-
tries to solve equations (6) for Voo — Vi1, Vi in the form (2). If these two
equations are the only conditions on the potential function V' then it will
depend on four parameters, the maximum number possible. Thus we can
prescribe the derivatives Vi, V5, V41 and the value of V' at a fixed point. This
is the case of a nondegenerate potential. If, however, the equations (6) put
additional conditions on the potential then there will be a restriction on the
first derivatives and the potential will depend on fewer parameters than four.
In this case the potential is degenerate. In [1] we showed that superintegrable
systems with three and two parameter potentials were, essentially, just re-
strictions of the four parameter nondegenerate potentials. One parameter



potentials (i.e., constant potentials) are different. They in general are not
restrictions of nondegenerate potentials and, indeed, the quadratic algebra
structure may not hold. See [14] for a counterexample.

Returning to our nondegeneracy assumption, the system of equations (6)
has a four parameter family of solutions V', counting the addition of a scalar
to V as a parameter. Also, every Stackel transform of this system to a system
with metric g must be of the form V = u /A where V' = V is some particular
solution of the equations (6). Thus it is of interest to determine the equations
that characterize u.

To simplify the computations to follow, we recall that we can choose
our orthogonal coordinates x,y such that one of our symmetries takes the
form a'? = 0, a*> — o' = 1. In this system the symmetry and (5) imply
A2 = 0, and, as we will see, p12 = 0. A second symmetry is defined by the
Hamiltonian itself: a'' = a?? = 1/\, a'? = 0, which clearly always satisfies
equations (5) and (6). Due to nondegeneracy, for the third symmetry we
must have a'? # 0 and it is on this third symmetry that we will focus our
attention in the following. Now the fundamental integrability conditions can
be rewritten as

A2 =0, Aoz — Aip = 3N AL — 3N Ao + (A + AT — Agy — AN, (7)

where A = Ina'? and the subscripts denote differentiation. Similarly, using

this result and (6) we find that the equations characterizing p are
pz2 = 0, fiaz — pii1 = 3p1 A — 3paAs + (A + AF — App — A (8)

Note that these two equations appear identical. However they have different
interpretations. The fixed metric A satisfies (7) and is a special solution of
(8). Here p designates a 4-parameter family of solutions, of which A is a
particular special case. It follows that A satisfies the integrability conditions
for this system.

Let us apply 012 to both sides of (8). The result, using p12 = 0 and
Aa'? =0, is

0= 3A12(p11—u22)+(3A112+2[A11+A%]2),u1+(—3A122—|—2[A11+A%]1),u2 9)
+2u(Aq + A%)n-

There are two possibilities here.

1. Case I: Aj3 = 0. Then every term in the preceding equation vanishes
identically. We conclude that a'? factors as a'* = X (z)Y(y), where
Aa'? = 0. Thus there is a constant « such that

X" — aQX, Yy — —042}/.



We have solutions
X(z) = 1" + Boe™ ", Y (y) = 1€ 4+ yre” ",

Variables separate in the equations for p into two ODEs. Thus for
every choice of a'? we can find all solutions p explicitly.

. Case II: A1y # 0. Now the coefficients of ju11, pa in (9) are nonvanish-
ing. The equation can be rewritten as

3A112 + 2(A1; + Ay n —3A12 + 2(A1; + A3),
34, Ha 34,

H22 — 11 = M1

+2u(A + A%)m-

Since p is a 4-parameter solution, the coefficients of iy, o and p can
be equated. Thus we have three new identities, which together with
NAa'? = 0 give

Z) 9A1A12 = 314112 + 2(1411 + A%)g, Z’L) 9A2A12 = 314122 + 2(1422 + Ag)l,
(10)
i1i) 3(Ay1 + A%)Am = (A + A%)m, iv) A+ A% + Ag + A§ = 0.
The first two identities imply A5 = Ce? for some nonzero constant C'.
This is the Liouville equation with general solution

al2 — oA — 2X"(x)Y'(y)
C(X(z) +Y(y))*
where X (z) and Y (y) are functions such that X'(z)Y’(y) # 0. At this

point it is convenient to use X,Y as new coordinates. Thus there are
functions F(X), G(Y) such that

(X' = F(X), X"= ;F/(X), Y2 =G(Y), Y= ;G’(Y).

Substituting these expressions into the identities i)-iv) we obtain a sys-
tem of functional differential equations for I, G with the general solu-
tion

o gi! V2
F(X)=—X"+2Xx34+ ZX? X
G(Y) = _ Yy, Nys D2y Y —

24 6 2
where «, 7y, are constants. Note that the equations for z,y in terms of
X, Y take the form of elliptic integrals

/ dX
xr = y
VEX H BX 4+ BX2 + X +

7



dy

)= |
VEYA 4+ LY - 2Y2 + Y —

Again, variables separate into two ODEs in the equations for y . Thus
for every choice of a'? we can find all solutions pu explicitly.

Theorem 1 If ds* = \(da? + dy?) is the metric of a nondegenerate superin-
tegrable system (expressed in coordinates x,y such that A3 = 0) then A = u
s a solution of the system

=0 — = 3u: (Ina'?); = 3us(In a'? M 11
fiz = U, proz — pi11 = 3 (Ina =)y — 3pa(lna™)s + ( D s (11)

where either
) a®=X@)Y(y), X'"=dX, Y'=-a%,

or

! Yl
II) (112 — 2X (.13) (y) 3
C(X(z) +Y(y))
1 1
(X')?=F(X), X"= §F’(X>, Y')?=G(Y), Y'= §G’(Y)
where o - "
F(X)= X"+ 52X+ ZX? + 13X
a Vi3 Y2+ 9

V)=——Y*4+ V3 - 2y Y — .

G(Y) 51Y TG 5 Y Y —m

Conversely, every solution \ of one of these systems defines a nondegenerate
superintegrable system. If X is a solution then the remaining solutions p are
exactly the nondegenerate superintegrable systems that are Stackel equivalent
to \.

This result provides the basis for a simple classification of all nondegen-
erate superintegrable systems. In fact the spaces that arise correspond 1-1
with Koenigs’ tables of 2D spaces that admit at least three second order
symmetries. Indeed, from the fact that F'(X) and G(Y) are fourth order
polynomials we can determine which solutions of the functions X (z) and
Y (y) yield the lists drawn up by Koenigs in his two Tableau. (We give the
details of these tableau in §2.2.)

To understand more clearly the significance of cases I and II in the pre-
ceding theorem, we make use of the symmetry of equations (8), first exploited
by Koenigs. We write the system in the form

ayi+ay =0, pi2 =0, a'? (11— pia2) +3p1ay> —3psay’+(a;—azy) = 0,
(12)



Lemma 1 Suppose i = Nx,y), a'* = a(z,y) satisfy (12). Then p =
a(z,y), a'? = Xx,y) also satisfy (12) where

This transformation is invertible.

PROOF: It is straightforward to check that a5 = 0, A1 + Ao = 0. The
symmetry of the third equation under this invertible transform is obvious.
Q.E.D.

Theorem 2 System (12) characterizes a nondegenerate superintegrable sys-
tem if and only if the metric a'?(x,y) is of constant curvature. Equivalently,
the system (12) characterizes a nondegenerate superintegrable system if and
only if the symmetry a'? is the image a'?> = X where the metric A (with
A2 = 0 is of constant curvature.

PROOF: System (12) characterizes a nondegenerate superintegrable system if
and only if the symmetry a'? satisfies the Liouville equation (Ina'?);5 = Ca'?
for some constant C. (If C' = 0 we have Case I, and if C' # 0 we have Case
I1.) It is straightforward to check that this means that

Bl @)@

(d12)2 <a12)3

so the scalar curvature of metric a'*(dz® + dy?) is constant. Similarly, if X is
of constant curvature then A satisfies Liouville’s equation. Q.E.D.

Theorem 3 FEvery nondegenerate superintegrable 2D system is Stackel equiv-
alent to a nondegenerate superintegrable system on a constant curvature
space.

PROOF: Every nondegenerate superintegrable 2D system with metric A(dz?+
dy?) corresponds to a function a}? and a system of equations (12) (with
a'? = a}?) where = ) is a solution and the integrabilty conditions are
satisfied identically, so that the space of solutions p is 4-dimensional. From
Theorem 1 we see that a}? must satisfy the Liouville equation, so by Theorem
2 the metric £ = a}? is of constant curvature. Recall that the space of second
order symmetries of a constant curvature space is 6-dimensional. Consider

the possible symmetries a'? such that standard equations
ay; +ag; =0, a'®(En — Ex) + 361a7” — 3605 + (017 — az5)é = 0

9



are satisfied. One constant curvature space symmetry with a'?> = 0 deter-
mines the separable coordinates {x,y} and one symmetry is the Hamilto-
nian (p? + p3)/A. A basis for the remaining symmetries consists of 4 linearly
independent symmetries with a'? harmonic and nonzero. It is clear that
the Koenig duality mapping i for p a solution of system (12) maps the
4-dimensional space of solutions p (except = 0) 1-1 onto the constant cur-
vature space symmetries with a'? harmonic and nonzero. For constant curva-
ture spaces we know that there are symmetries a'? that define nondegenerate
superintegrable systems (the systems on flat space and the 2-sphere.) Let
a'? = b'? be one such symmetry. By Theorem 1 b'? satisfies the Liouville
equation. Since the Koenigs duality map is onto, there must exist a solution
p = v of system (12) such that 7 = b'2. By Theorem 2 v is the metric of
a constant curvature space. This means that the system with metric A is
Stackel equivalent to the constant curvature system with metric v. Q.E.D.

2.2 Examples and relationship with the Koenigs Tableau

In a tour de force, Koenigs [13] has classified all 2D manifolds that admit
exactly 3 second order Killing tensors and listed them in two tables: Tableau
VI and Tableau VII.

In each case Koenigs gave the terms that give rise to the leading co-
efficients of the additional quadratic constant of the motion not implicitly
defined by the Liouville form of the metric. We have given these metrics in
a symmetric orthogonal form.

We can now reproduce the Tableau via the duality between separable co-
ordinate systems on spaces of constant curvature and the form of the Killing
tensors admitted in these particular coordinate systems.

For example, taking o = 1 in case I, a solution for a'? is

X(z) =sinz, Y(y)=sinhy = a'?> =sinzsinhy.
Now 12 =0 = pu= f(z)+ g(y) and so equation (11) for ;1 becomes
g"— f"=3fcotx — 3¢ cothx —2(f + g)
which separates into a pair of ordinary differential equations,
g" + 3cothyg' +2g =K, f"+cotaf —2f = K,
for some separation constant K. These equations have solutions

crcosx +co 1 cgcoshy+c4 1
— —-K =+ -K
sin? x 2 919) sinh? y * 2

fz) =

10



and so N o
c1CosST + ¢ C3 COS c
§= 1 2 4 3 Yy 4 ‘ (13)

sin® x sinh® g

In the preceding, we have used coordinates in which the metric was a
multiple of do? +dy?, while Koenigs used coordinates in which the metric was
a multiple of dx dy. To bridge this gap, we make the change of coordinates
x — a, y — 1b to obtain (with a trivial redefinition of the parameters ¢;) the
first metric in Tableau V1.

The remaining metrics in Tableau VI are obtained by similar calculations

using the following particular solutions to the case I equations in Theorem
1.

[1] X =sinz, Y =sinhy
[2] X =sinhz, Y =¢%
B] X=¢" Y =e¢W

M X==z, Y=y

bl X=2z Y=1

6] X=Y=1

The metrics in Tableau VII are obtained from particular solutions to the
case II equations in Theorem 1 in the same way as described for Tableau VI.

11



[5]

There are clearly other choices possible for X and Y but they revert to
various versions of the cases given in Koenigs’ tables. Since a single space may
have more than one nondegenerate potential, our classification may include
a space more than once.

Next, we examine each of his spaces and show in detail what was proved
in the last section: that every superintegrable system on the space can be
obtained as the Stackel transform of a constant curvature space with respect

cpcosa—+cy c3cosb+cy

] (da® — db?)

I sin a sin? b
[cicosha+cy  c3e? + ¢y 9 9
da® — db
| sinh’a e2b ] ( )
[c1e® 4+ ¢y c3eb + ¢y 9 9
% + =0 ] (da® — db*)

[ 2 2 C2  C3 2 2
-Cl(CL _b)+CL2+b2+C4] (da —db>

c1(a® — b*) + 0—22 + c3b + 04} (da* — db®)
I a

le1(a® = b%) + e+ csb + e (da® — db?)

Table 1: TABLEAU VI

Both F(X) and G(Y) are general fourth order polynomials

AFX) = 1-X>| _ [X = —2cos2
4G(Y) = Y*-1 Y = cosh2y
1
F(X) = XX —1)? } . X = 1=
GY) = =YY +1)? v L
—1 + e
v oo 1
F(X) = X3(X-1) 1=y
GY) = =Y3(Y +1) _ 1
1+ 12
F(X) = 1 X =z
GY) =1 Y =y

12



1] ds* = |q ! S + ¢ ! S
sn?(a, k) sn?(b, k) cn®(a, k) cn?(b, k)
1 1 2 2 2 2
+ ¢ (dn2(a, B a0, k:)) + ¢4 (sn (a, k) —sn(b, k))] (da® — db®)
[2] ds* = {cl ( L ! ) + ¢ < L ) + c3 (cos 2a — cos 2b)
sin®a  sin?b cos?a  cos?b

+ ¢4 (cosda — cos 46)} (da* — db?)

[3] ds* = [ci(sinda — sindb) + ca(cos4a — cos 4b) + c3(sin 2a — sin 2b)
+  c4(cos 2a — cos 2b)] (da* — db*)
1 1
md§::[q<2—bJ+mﬂﬁ—yﬁ+%m#—wyumw—w%hmﬁ—@%
a

5] ds® = |ea(a—b) +caa® = 1) + cs(a® = b) + es(a* — bY)] (da® - db?)

Table 2: TABLEAU VII

to a nondegenerate superintegrable potential. In [14, 15, 16] the authors have
computed all the nondegenerate (and degenerate) superintegrable potentials
for complex 2D flat space, potentials [E1]-[E20], and nonzero constant cur-
vature space, potentials [S1]-[S9], and we identify the relevant potentials on
the list that is given in [16].

2.2.1 TABLEAU VI

[1] In this case the infinitesimal distance has the form

cicosa+cy c3cosb+cy

ds® = ( )(da* — db®).

sin?a sin?b
If we rewrite the Hamilton-Jacobi equation on the sphere,
R 1CoS C3S
H=pl+p3+0+6+———e + ——
\/83+ 83 s3\/s?+ 83

using a variant of spherical coordinates

Cy
—|'*2 :E,
51

sin b cosb .cosa
S1 = — y S2 = — , 83 = —1—;
sina sin a sin a
we obtain the form
2 E+¢  ¢écosa ¢E3cosb Cy 0
b “  gin?a sina sin? b sin? b '

13



Thus the potential from which this metric has been derived via Stéackel
transform is [S7].

In this case the metric is

Js? cicosha + ¢
5= ———5—
sinh” a

+ ezt + c4e_2b> (da* — db®).

Choosing Euclidean space coordinates of the form

1 1 1 1
r = exp(—iu) cosh(§v), y = iexp(—§u) sinh(gv)

and substituting into the Hamilton-Jacobi equation

~ ~

“ & C ~
H:pi—l—pf/—l—cl(:z:Q—l—yz)nL%—i—%—l—Q:E
x Yy
we obtain the form
1 cosh v 1 1
2 2 A oy R u
—py+ e+ Co——5— +C3—5— + (¢4 — E)e
Pu =Py 4! %sinh? v %sinh? v 4< 4 )

where Co = $(é + ¢3) and C3 = 5(¢3 — ¢). From this it follows that
the potential from which this metric is derived via Stéackel transform is
[E1].

In this case the infinitesimal distance has the form
ds® = (c1e™" 4 coe ™ 4 cze7 " 4 cyue ) (da® — db?)
In the variables
xr=-e “coshb, y= —ie “sinhb
this metric assumes the form

ds® = [——— + ¢y + & +
- 2 . .
Va* +y? Vai+ g3z +iy) (v +iy)?

We recognize this as arising via Stackel transform from [E17]. Indeed
note that if we write out the equation H = FE in suitable coordinates
we obtain

) (dx® + dy?).

PP+ s+ e L —E=0

VIETE P V)

from which we can clearly see the identification.

14



[4]

In this case the infinitesimal distance is
ds* = (c1(a* — b*) + A c4)(da® — db®)
a2 b2 ’

and by putting a = x, b = 1y this metric can be clearly related to a
Stackel transform from the potential [E1].

Here
ds? = (cr(a® — b2) + % + esb + c4)(da® — db?).

It is clear that this metric is derived by Stackel transform from the
potential

. & . .
V:cl(I2+y2)+;22+03y+c4

where a = x, b = i1y. As we do not distinguish the use of Cartesian
coordinates in any way it is always possible to rotate and translate
them. If we do this then for the various choices of ¢ we have the
following potentials from our complete list.

(i) ¢ # 0: We can translate with respect to y and make é3 = 0 to
obtain a special case of [E1]. If further ¢, = 0 then we obtain
[E3].

(ii) ¢ = 0: We have a special case of [E2] if ¢y, ¢35 # 0. If ¢3 = 0 we
obtain [E6], and if ¢; = 0 we obtain [E5].

Here
ds* = (c1(a® — b?) + coa + c3b + c4)(da® — db?)

and this is easily recognized to be in the form corresponding to the
potential
V = 61(5E2 + y2) + 621' + égy + 64.

This can easily be interpreted. If ¢; # 0 then we can take ¢; and é3 = 0
by suitable translations and relate our system to a Stéckel transform
of [E3]. If ¢; = 0 then V can take one of the two forms

(i) V = a(x + 1y) + [ corresponding to [E4] or
(ii) V = ax corresponding to [E6].

15



2.2.2 TABLEAU VII

[1] Here the metric has the form
ds* = c1(P(a)—P(b))+ca( P(atw)—P(b+w:))+cs(P(atws)—P(b+ws))+

cy(P(a + ws) — P(b+ ws))(da* — db?)

where P(a) is the Weierstrass function, [17]. If we make the choice
e; = 1/k? ey = 1 and e3 = 0 in the standard formulas for these
functions we can relate them directly to the Jacobi elliptic functions,
[17], via the formulas

1 1 sn?

z
- p _ )
k% sn2(z, k)’ (k2 +w1)

Plkz) = R cn2((z, )) ’
k)

sn?(z,
P(kz + wq) = SDQ(Z, k), P(kz+ws)=1- K Cn2EZ k)’

With these formulas the relationship to a constant curvature superin-
tegrable system becomes clear. Indeed if we write the Hamilton-Jacobi
equation

H = p1+p2+p3+ + + +C4 E
2 3

using conical coordinates in Jacobi elhpt1c function form, [17], viz.

/

s1 =k sn(a, k) sn(B, k), so= zl]z en(a, k) en(f, k),

/

k
83 = m dn(a, k) dn(8, k), sf + s% + s§ =1,

then it becomes

WP 11 L ah” 11
Pa P52 sn?(a, k) sn?(5, k) k2 \cn?(a, k) cn?(0, k)

é3k/2 ! ! % 2 2 _
+ k2 <dn2(a,k) - dn%ﬂ,k)) + (&4 — E) (sn (a, k) — sn”(B, k)) -0

which has the form we expect. This system is therefore related to [S9)]
on the sphere, via a Stackel transform.
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2]

In this case

i = (o (e~ mn) * (cora — o)
s = |c - — 1 —
"\sin2a  sinZb \cos2a cos?b

+ c3(cos 2a — cos 2b) + ¢4(cosda — cos 4b)> (da® — db?).

If we write out the Hamilton-Jacobi equation

é2 é3 ~
R’

using coordinates x = cosacosb, y = ¢ sinasin b we obtain

1 1
2 2, A 4 4 .
— p;, + ¢1(cos b—cosb—i—c( — )
Pa = Py i ) *\cos2a cos?b

R 1 1 ) , .
+C3 (SmQa - szb> + (¢4 — E)(cos” b — cos” a) = 0.

The potential for this case arises from [E1] via the choice of elliptic
coordinates. This is clear from the usual multiplication formulas

cos2x = 2cos’x — 1, cosdxr = 8cos'z — 8cos®x + 1.

Here
ds® = (c1(sin4a — sin 4b) + cy(cos 4a — cos 4b) + c3(sin 2a — sin 2b)

+c4(cos 2a — cos 2b))(da® — db?).

If we write the Hamilton-Jacobi equation

) oz — 1 c3(x +1
H = papdep— 2 s(@ + )

(x—wy)?+4 ((xr—iy)?2+4)(z—iy+/(z—iy)>+4)?

tey (2t +y?) = E,

using the coordinates x = 2i cosucosv, y = 2sinusinv we obtain

P2 —p2 +2(61 — 2F)(cos 2u — cos 2v) + éy(sin 2u — sin 2v)

1
+Zég(cos 4u + isin4u — cos 4v — isin4v) + 2¢4(cos 4v — cos4du) =0

which gives rise to a metric of this type. This corresponds to system

[E7).
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[4] Here

1 1
ds? = <01(a2 b2> +co(a® — b%) + cz(a” — b*) + ex(a® — b°)) (da® — db?).

In the coordinates z = £(£247?) ,y = i&n the Hamilton-Jacobi equation
R R ez .
p§+p§+c1(4x2+y2)+c2x+y—‘°;+c4:E
is equivalent to

pg pn (ea—E) (& =7 )+61(56—776)+;é2(f =1 ) (512 - 7712> =0,

from which we see that this system is obtained from [E2].

[5] The infinitesimal distance has the form
ds® = (c1(a* — b*) + ca(a® — b%) + c3(a® — b?) + cu(a — b)) (da® — db?).

Consider the Hamilton-Jacobi equation
LA R TN AU .
H =p,pz+ ¢+ éoz + C3(2 — gzz ) — §c4(z +8izz) = FE

where z = z+iy, Z = x—iy. In coordinates z = 4i(u+w), z = 2i(u—w)?
this equation is equivalent to

P2 —p2+16(¢1— E) (u—w)+64iéy (u* —w?) +128ic3 (u* —w?) —256¢4 (u* —w?) = 0

from which we see that this system is Stéckel equivalent to [E10] with
some minor corrections.

In the last section we gave a simple derivation of all 2D superintegrable
systems with nondegenerate potential. Such systems must admit at least 3
second order Killing tensors. Koenigs solved a different and more general
problem. He found all spaces that admit at least 3 second order Killing
tensors. It is a remarkable fact that the lists are the same! Thus from our
point of view the Koenigs derivation is a proof of the following result.

Theorem 4 Fvery 2D Riemannian space with at least 3 linearly independent

second order Killing tensors admits a superintegrable system with nondegen-
erate potential.
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Corollary 1 Necessary and sufficient conditions for a superintegrable sys-
tem with nondegenerate potential on a 2D Riemannian manifold are that
there are local orthogonal coordinates x,y such that the system takes the form
H/U(x,y) where

_pi+p;

Mz, y)

1S a superintegrable system on a constant curvature space with nondegenerate
potential

+ V(z,y)

V(z,y) = aVW(z,y) + BV (2,9) + 7V (z,y) + 6

and
U(z,y) = agV P (z,9) + BV (z,y) + %V (z,y) + .

Corollary 2 Necessary and sufficient conditions for a 2D Riemannian man-
ifold to admit a 3 dimensional space of second order Killing tensors are that
there are local orthogonal coordinates x,y such that the metric takes the form
ds* = Nz, y)U(z,y)(dz? + dy?) where X(z,y)(dx?® + dy*) is a metric on a
constant curvature space with nondegenerate potential

V(z,y) = aV W (z,y) + BV (2,9) + 7V (z,y) + 6

and
U(ZE, y) = aOV(l) (:Ea y) + ﬁUV(Q) (ZL’, y) + VOV(g) (,I, y) + 50~

3 Conclusions and further work

In this paper we have shown that every 2D nondegenerate superintegrable
system is Stéckel equivalent (or equivalent via coupling constant metamor-
phosis) to a 2D nondegenerate superintegrable system on a constant curva-
ture space. We found a simple derivation of all such spaces and potentials.
We found that the list of spaces with nondegenerate potentials coincided
with the Koenigs list of all 2D manifolds with 3 linearly independent second
order Killing tensors. Thus any 2D space with 3 second order Killing tensors
necessarily admits a nondegenerate potential.

In a forthcoming paper we will extend these results to 2D quantum sys-
tems, where the same spaces and potentials will occur. We will uncover the
structure of the quantum quadratic algebra generated by the second order
symmetry operators and show how to compute it in general.
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Extension of our results to 3D systems is more challenging. Here the
spaces we consider are conformally flat, since the Stackel transform is con-
formal and the best known examples of superintegrable systems are in con-
stant curvature spaces. Now for a superintegrable system we must have 5
functionally independent symmetries. Although several technical problems
related to dimension must be overcome, we will be able to show that the
structure theory for the quadratic algebras works in analogy to the 2D case.
The extension to the quantum case is again more challenging, but the basic
structure results for the quadratic algebra carry over for suitably modified
potentials.
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