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Abstract

This paper is the conclusion of a series that lays the groundwork for
a structure and classification theory of second order superintegrable
systems, both classical and quantum, in conformally flat spaces. For
2D and for conformally flat 3D spaces with nondegenerate potentials
we have worked out the structure of the classical systems and shown
that the quadratic algebra always closes at order 6. Here we describe
the quantum analogs of these results. We show that, for nondegener-
ate potentials, each classical system has a unique quantum extension.
We also correct an error in an earlier paper in the series (that doesn’t
alter the structure results) and we elucidate the distinction between
superintegrable systems with bases of functionally linearly indepen-
dent and functionally linearly dependent symmetries.



1 Introduction

This is the conclusion of the series [1, 2, 3, 4] whose purpose is to lay the
groundwork for a structure and classification theory of second order super-
integrable 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, 3] we have given examples in two and three dimensions,
described the background as well as the interest and importance of these sys-
tems in mathematical physics and given dozens of relevant references. Ob-
served features of the systems are multiseparability, closure of the quadratic
algebra of second order symmetries at order 6, use of representation the-
ory of the quadratic algebra to derive spectral properties of the quantum
Schrédinger operator, and a close relationship with exactly solvable and
quasi-exactly solvable problems [5]. Our approach is, rather than focus on
particular spaces and systems, to use a general theoretical method based on
integrability conditions to derive structure common to all systems.

We recall some basic facts and results about conformally flat superinte-
grable systems. An n-dimensional complex Riemannian space is conformally
flat if and only if it admits a set of local coordinates 1, - - -, x,, such that the
contravariant metric tensor takes the form g = § /A(x). A classical super-
integrable system H = g pip;+V (x) on the phase space of this manifold
is one that admits 2n — 1 functionally independent generalized symmetries
(or constants of the motion) S, k=1, ---,2n — 1 with §; = H where the
Sj; are polynomials in the momenta p;, [6, 7, 8, 9, 10, 11]. It is easy to see that
2n — 1 is the maximum possible number of functionally independent symme-
tries and, locally, such (in general nonpolynomial) symmetries always exist.
The system is second order superintegrable if the 2n — 1 functionally inde-
pendent symmetries can be chosen to be quadratic in the momenta. Second
order superintegrable systems, though complicated, are tractable because
standard orthogonal separation of variables techniques are associated with
second-order symmetries, e.g., [12, 13, 14, 15, 16, 17|, and these techniques
can be brought to bear. Thus we concentrate on second-order superintegrable
systems in which the symmetries take the form S = Y a"(x)pip; + W(x),
quadratic in the momenta.

There is an analogous definition for second-order quantum superinte-
grable systems with Schrodinger operator

1 .
H=A+V(x), A=—> 0:(/99")0;,
ﬁzy

the Laplace-Beltrami operator plus a potential function, [12]. Here there are



2n — 1 second-order symmetry operators

1 .
Sk - 7Za$z<\/§a7&;))am] +W(k)(x)7 k: 17...,2n_ 1
]

\/§ —
with S} = H and [H, Sg] = HS, — SpH = 0. Again multiseparable systems
yield many examples of superintegrability.

The structure theory for classical second order superintegrable systems
with nondegenerate potential for 2D spaces and for 3D conformally flat spaces
has been worked out recently [1, 2, 3, 4, 18]. (This paper depends heavily
on the results and methods of those papers and we shall refer to them re-
peatedly.) Each such system has quadratic algebra structure. Let {S;} be
a basis for the second order constants of the motion for the Hamiltonian
H. By the superintegrability assumption, the Poisson brackets {S;, S;} must
be functionally dependent on the basis symmetries Sy, as are {{S;,S;},Sn}
and {{S;,S;},{Sn,Ss}}. For these systems it is always true that the squares
{8:,S;}* and products {S;,S;}{Sk, S/} as well as {{S;,S;}, Sy} and
{{S:,S;}, {Sn,Ss}} are always uniquely expressible as polynomials in the
{Sk}. This remarkable closure of the algebra generated by the second or-
der symmetries leads to the very special properties enjoyed by the classical
superintegrable systems.

Observed common features of the quantum analogs of these systems are
that they are usually multiseparable and that the eigenfunctions of one sepa-
rable system can be expanded in terms of the eigenfunctions of another. This
is the source of nontrivial special function expansion theorems in the quan-
tum case [19]. The quantum symmetry operators are in formal self-adjoint
form and suitable for spectral analysis. Also, the quadratic algebra identities
allow us to relate eigenbases and eigenvalues of one symmetry operator to
those of another. The representation theory of the abstract quadratic algebra
can be used to derive spectral properties of the second order generators in a
manner analogous to the use of Lie algebra representation theory to derive
spectral properties of quantum systems that admit Lie symmetry algebras,
[19, 20, 21, 22].

The structure theory of classical superintegrable systems is simpler than
for the quantum case, and we studied it first. However, we now show that
each of the classical superintegrable systems with nondegenerate potential
has a unique extension to a quantum superintegrable system.

We review, briefly, some basic definitions and notation in the classi-
cal 3D case; the corresponding 2D definitions can be obtained by obvious
restriction. For a classical 3D system on a conformally flat space (note
that all 2D spaces are conformally flat) we can always choose local coor-
dinates x,y, z, not unique, such that the Hamiltonian takes the form H =



(p? + p3 + p2)/A(x,y, 2) + V(z,y, z). This system is second order superinte-
grable with nondegenerate potential V = V(z,y, z,a, 3,7, ) if it admits 5
functionally independent quadratic constants of the motion (i.e., generalized
symmetries)

S, = Za’é,)pipj + Wy (2, y,a,3,7). (1)
]

As described in [3], the potential V' is nondegenerate if it satisfies a system
of coupled PDEs of the form

‘/22 = ‘/11 + A22(x,y, Z)‘/l + BQQ(xaya Z)‘/Q + CQQ(x’y’ Z)VE)” <2)

Vas = Vi + A% (2,4, 2)Vi + B¥(z,y, 2)Va + CP(2,y, 2) Vs,
Vig = A%(z,y, 2)Vi + B (2, y, 2)Va + C(x,y, 2) V3,
Vis = AY(2,y, 2)Vi + B (2, y, 2)Va + C¥(2,y, 2) Vs,
Vag = A% (2,y, 2)Vi + B®(2,y, 2)Va + C*(2,y, 2) Vs,

whose integrability conditions are satisfied identically. Here, V; = 0V/0x,
Vo = 0V/dy, etc. The analytic functions AY, BY (% are determined uniquely
from the Bertrand-Darboux equations for the 5 constants of the motion (un-
der the assumption that the quadratic constants of the motion are function-
ally linearly independent) and are analytic except for a finite number of poles.
At any regular point xo = (g, %o, 20), i.€., a point where the A BY C% are
defined and analytic and the constants of the motion are functionally inde-
pendent, we can prescribe the values of V(xg), Vi(x0),Va(X0),V3(x0),V11(x%0)
arbitrarily and obtain a unique solution of (2). The significance of the 4
parameters for a nondegenerate potential (in addition to the usual additive
constant) is that it is the maximum dimension of the space of solutions to
the Bertrand-Darboux equations that can appear in a superintegrable system
with functionally linearly independent symmetries. If the number of param-
eters is fewer than 4, we say that the superintegrable potential is degenerate.

We clarify our definition of nondegenerate potential and our parameter
count by considering the generalized Calogero potential

a b c
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and its further generalization

b
Ve = - + ‘ (4)

(mix —moy)?2  (moy —mszz)?2  (m3z —myz)?’



where m; # 0, see [11, 23, 24, 25].These potentials are superintegrable on
Euclidean space and the second contains 6 parameters, which exceeds the
the count of 4 for nondegenerate superintegrable systems. How can this be?

Our definition of the number of parameters in a superintegrable system
is that it is the dimension of the space of solutions of the set of Bertrand-
Darboux equations for this system (ignoring the trivial added constant). Let
us consider the system of symmetries defining the system with potential V).
A basis for the space of symmetries is (using P, = p1, Py = p2, P, = p3, 1 =
Yps — 2pa, Jo = zpr — wp3, J3 = xp2 — Yyp1),

Si=H=P+P+P +Vi, Sy = (Po+ P+ P.)°, Sy = Ji + J5 + J5 + W,
Sy = Py(Jo—J5)+Py(Js— 1)+ P.(Jy— Jo)+ Wy, S5 = JsJo+ 1 Js+Jo J1 + W,

where the potential terms W, contain the parameters.
We can write the Bertrand-Darboux equations for each symmetry & =
S at*pipr + W of H = (p? + p3 + p3)/A(x) + V in the matrix form

Vi — VA
0 a12 CLH o CL22 a31 —CL32 sz _ Vi
0= al3 0 — a3 a2l all — ¢33 Vi (5)

a3?  —g32 —al3 a2 — ¢33 al2 Vas

Va1
()\a12)1 _ ()\a11>2 ()\a22)1 _ ()\a21)2 ()\CL32)1 _ ()\a31)2

1 1 1

Y (Aa®)1 = (Aat)s Vi—y (Aa??)1 = (Aa'?)s Vamy (Aa®)1 = (Aa'®)s
()\&31)2 _ ()\&21)3 ()\&32)2 _ ()\&22)3 ()\a33)2 _ ()\a23>3

In the Euclidean case, A = 1. Evaluating these equations for potential V(!
we find that they are

(x—2)Viz+ (y —2)Va3 = Vi = Vo +2V3 = 0,

and their differential consequences. The complete system of equations is
in involution and a particular solution is determined unquely by choos-
ing V5, V3, Va3 at a regular point. Thus we have a 3 parameter potential.
The apparant 6 parameter potential V® is actually 3 parameter by our
count, because the m,; are parametrizing a family of defining symmetries
S(mq, ma, mg3), ie., the Bertrand-Darboux equations themselves are func-
tions of the my. For example, the symmetry S, is replaced by Sa(my, ma, m3) =
(Py/my+ P,/my+ P./m3)?. Another way to see this is to note that the po-
tentials V) do not form a vector space. For each fixed value of the m;, i.e.,

b}



for each fixed choice of the space of defining quadratic symmetries, we have
a 3 parameter potential.

What is important to notice here is the occurrence of the first order
condition V; 4+ V5 + V3 = 0 for the potential as a consequence of the Bertrand-
Darboux equations. Thus the potential is a function of only two variables,
impossible for nondegenerate potentials. To understand this, observe the
relation

(x+y+z)231—(x2+y2—|—x2)32+233—2(J:+y+z)34—235:0

obeyed by the purely quadratic terms in the symmetries, i.e., where we have
set S§; = SH—VVZ This means that the 5 functionally independent symmetries
S; are functionally linearly dependent. This dependence reduces the rank of
second derivative terms in the system of 12 Bertrand-Darboux equations so
that we do not obtain the canonical form (2) which is required for nonde-
generacy. As shown in [3], if we have a 3D superintegrable system with a
basis of functionally linear independent symmetries, then we always obtain
the canonical system (2) and its differential consequences.

Functional linear dependence of a functionally independent maximal set
of symmetries is hard to achieve. In 2D it is well known that essentially,
there is only one example, corresponding to Lie form. In 3D Theorem 1
of [3] stated, incorrectly, that all functionally independent superintegrable
systems were functionally linearly independent. The Calogero potential is
a counterexample. Thus the results of papers [3] and [4] hold under the
explicit assumption that the functionally independent basis of symmetries is
also functionally linearly independent. This is exactly the same situation as
in the 2D case [1]

For the following result the system need not be superintegrable.

Theorem 1 Let the functionally independent set {H = Sy, Sa, -+, S}, (t >
2) be a functionally linearly dependent basis of 2nd order symmetries for the
system H = (p¥+pa+p3) /N(x)+V with nontrivial potential V, i.e., there is a
relation Y, ¢ (2)S, = 0 in an open set, where not all ¢ (x) are constants,
and no such relation holds for the ¢™ all constant, except if the constants
are all zero. (Here S; = S+ W; where the W; are the potential terms.) Then
the potential must satisfy a first order relation AVy + BVy + CVs = 0 where
not all of the functions A, B,C are zero.

PROOF: By relabeling, we can express one of the quadratic parts of the
constants of the motion & as a linear combination of a functionally indepen-
dent subset {Sy,---,S,, 1 <7 <4}: S = X5_, 9 (z)S,. Taking the Poisson



bracket of both sides of this equation with (p?+p2+p3)/\ and using the fact
that each of the Sj is a constant of the motion, we obtain the identity

r 3 B
> > (0 dagypipipr = 0 (7)

(=1ij=1
where (z,y, 2) = (21, 2, x3). It is straightforward to check that this identity

can be satisfied if and only if the functions

C’;;j = Z(axkc(é))azjé)v 1 S Z.ajvk S 3
(=1

satisfy the equations

Note that ¢ = ¢]'. Corresponding to each of the basis symmetries S, there
is a linear set C}, = 0 of Bertrand-Darboux equations (5). A straightforward
substitution into the identity Cy — 34_, ¢ (2)Cy = 0 yields the relation

12 11 22 21 32 31
C — 6  — G T — 6

31 11 32 12 33 13 _
¢y —c3 Vi+| ¢ —c3 Vot | ¢° —c3 V3 =0.
31 21 32 292 33 23

Gy — (3 Cym — C3 Cy" — (3

These first order differential equations for the potential cannot all vanish
identically. Indeed if they did all vanish then we would have the conditions

12 11 31 _ 11 .31 _ 21 22 _ 21 32 _ 12
Cp =6C, ¢ =G, Cg =C37, ¢ =Cyy, G =Cg,y

32 _ 22 32 _ 31 33 _ 13 33 _ 23
Cp =C3, G =Cyy G =C375 G =C3.

These conditions, together with conditions (8) show that ¢* = 0 for all
1,7, k. Thus we have Zzzl(axkc(‘]))ag) = 0,1 < 14,7,k < 3. Since the set
{Sl, e ,Sr}, is functionally linearly independent, we have szc(e) = 0 for
1 <k <3, 1< /¢ <r. Hencethe O are constants, which means that
So — 35, 98, = 0. Thus the set {Sy,---,S,} is functionally dependent.
This is a contradiction! Q.E.D.

This shows that the potential function for any system, superintegrable
or not, with a basis of symmetries that is functionally linearly dependent
must satisfy at least one nontrivial first order partial differential equation
AVi 4+ BV, + CV3 = 0 where the functions A, B, C' are parameter free. The
method of proof of the Theorem shows how to find such equations. This
means that all such potentials depend on either one or two coordinates.
The 3D nondegenerate potentials that are the primary subject of this series
depend essentially on all three coordinates.

7



2 Nondegenerate 2D quantum systems

Here we discuss how the analysis of classical 2D superintegrable systems with
nondegenerate potentials carries over to the quantum case. The quantization
is much simpler in the 2D case than for dimensions greater than 2. For
a manifold with metric ds?* = A(x,y)(dz?® + dy*) the Hamiltonian system
H = (p?+p3)/Mz,y) + V(x,y) is replaced by the Hamiltonian (Schrodinger)
operator with potential

H = (0 + 0xn)+V(z,y) (9)
A, y)
in local orthogonal coordinates. A second order symmetry of the Hamiltonian
system S = Y°p ) a®(x,y)prp; + W (z,y), with a® = a?*, corresponds to
the operator

1 2 : S
S = O (¥ (x, )Nz, )0;) + W(z,y), a7 = a’*.
o) 2, A @0) + Wy

These operators are formally self-adjoint with respect to the bilinear product

< f.g>= /f(x,y)g(ﬂf,y)k(x,y) dx dy

on the manifold, i.e.,
<fHg>=<Hfg> <[ 59>=<5fg>

for all local C*° functions f, g with compact support on the manifold, where
we set all boundary terms equal to 0.

A first order symmetry of the Hamiltonian system £ = Y7_, a*(z, y)pe
corresponds to the operator

L= ; (a’“(w, Y)Ok + ak(A(;g(J;ygfg, y)>> '

It is easy to show that L; is formally skew-adjoint, i.e.,
<f,Lg>=—<Lf,g>.

The following results that relate the operator commutator [A, B] = AB —
BA and the Poisson bracket are straightforward to verify.

Lemma 1
(H,8} =0 <= [H,S] =0,



This result is not generally true for higher dimensional manifolds.

Lemma 2

(H.L}=0 < [H L] =0

The definition of a nondegenerate potential V' (x,y) is identical with that
for the classical case, i.e., it obeys the equations

Ve = Vii + A%V + B*?V,,
‘/12 — A12V'1 + 812‘/2 (10)
Again, V1, V5, Vi1 can be prescribed arbitrarily at a fixed regular point. Note
that if V' is a nondegenerate potential then there will be no first order sym-
metries.

It follows from Lemma 1 that the classical results for the space of second
order symmetries corresponding to a nondegenerate potential can be taken
over without change. The space is 3 dimensional and at any regular point
X there exists exactly one symmetry, up to an additive constant, such that
a’*(xg) = a’* for any constant symmetric matrix a.

Now we investigate the space of third order symmetries, i.e., third order
differential operators K that commute with the Hamiltonian: [H, K] = 0.
In general, determination of the possible operators K is very difficult, but in
this case, simplifications make the problem tractable:

1. We are interested, principally, in the space of third order symmetries
that is spanned by the commutators of second order symmetries S.
Since the second order symmetries are formally self-adjoint, the com-
mutators will be skew-adjoint. Thus we can limit ourselves to K that
are skew adjoint.

2. A second reason for considering only skew adjoint K follows from the
well known unique decomposition of a symmetry into a formally skew-
adjoint part and a formally self-adjoint part, each of which must itself
be a symmetry. Clearly the self-adjoint part of a third order symmetry
must be at most a second order symmetry, i.e., the third order terms
vanish. For a nondegenerate superintegrable system we already know
the 3-dimensional space of these second order symmetries.

3. Since H encodes a 3-parameter family of potentials, the symmetry K
must also be a function of the parameters. The highest order terms
a*¥i9y;; in K (symmetric in k, j, i) will be independent of the parameters
but lower order terms may have linear parameter dependence.



4. The skew-adjoint requirement uniquely determines the coefficients of
the second order terms in K. They are

231\ (akﬂ)\)i O

5. Further, the skew-adjoint requirement means that there exist functions
a’* b such that K has the unique representation

2

3 3 1.
K = 2 : kji . kﬂ)\ O ka/\ . z)
k,ji=1 <a it 2)\(@ G 2)‘(a )kja

2 /- 1 -

+3 <bz&- + (m)i) , (11)
i=1 2

where the functions INDZ(x, Yy, z) contain the parameter dependence.

6. Equating coefficients of the fourth order terms in the operator condition
[H, K| = 0 where K is given by (11) we obtain the relations

da" OlnA ., 0OlnA
a” + a

_ i . .
2 o 3o 5, )it (12)
oal"  Qat OlnA ... Jln\ ...
— _ 7474j o 1]] . .
38@ + oz, 3( o a 5, a’’), i
da'??  Oa't? Oln \ Oln \ dln \ Oln \

9 _ 122 1 222 112
S P o N T N B

which are just the requirements that the a** be the components of a
third order Killing tensor.

7. Equating coefficients of the third order terms in the condition [H, K| =
0 we obtain relations that are consequences of the Killing tensor rela-
tions (12).

8. The remaining conditions on K intertwine A, a¥t b and V, and are
complicated. Rather than solve them directly, we note that we can
make the unique decomposition

Bi(xhx% ‘/117‘/;62) = Ci(xlul?) + bi(xlyx% V;cl,‘/;cg)

where )
, , oV
b = ngd((lfl,l’g)(??(l'l,xg% (13)

j=1 J

10



10.

11.

i.e., we can split off the parameter-dependent terms of ' from the
rest. Then, equating the linear parameter-dependent coefficients of the
second order terms in the symmetry operator condition, we obtain the
requirements

obt  Ob? 2
+—=3Y )\ 821 14
a.l'g 8131 8221 ( )
o 32 12 81n/\
- = 5]] _ = i =1.2
5, =30 32 G v i= L2

identical to the Correspondlng classical equations in [1]. Equating the
quadratic parameter-dependent coefficients of the zeroth order terms
in the symmetry operator condition, we obtain the requirement

)%
=0 (15)

2
5"

again identical to the corresponding classical equation in [1].

. The conditions (14,15), and the 3rd order Killing tensor conditions are

clearly necessary for K to be a skew-adjoint symmetry. To see that
they are sufficient will take several steps.

Uniqueness: Suppose K, K are two 3rd order skew-adjoint symmetries
with the same functions ¢, b (but possibly different ¢!). Note that
K — K' is a skew-adjoint, parameter-independent symmetry that is
first order (since the third and second order terms in K and K’ are
the same). However, there can be no nonzero parameter-independent
symmetry for a nondegenerate superintegrable system. Therefore K =
K’'. Though we haven’t given an explicit expression for the ¢’ we see
that they are uniquely determined by the functions a*/?, b’

Existence: This also involves several steps. We first employ the results
of our construction of third order symmetries for the classical case.
There we used (13) to show

f@,j_{_fjve:(), 1§€,]§27
and (14) to show that
= e PV, B = 4 RV,

= [PVA+ PV, 0 = Vi £ V.

11



12.

13.

and

)\alll — ;f1’2<2A12 (hl )\) ) 222 fl 2( BIQ (111 >\)1)7

1
Ml = P24 128" 1 (nA)y),

1
a2 — §f172(—2A12 +2B% — (InA)2),

1 1
1172 _ gfl,Q(AQQ . 2B12 (ln A) )7 1 2 3‘]@172(_2A12 o B22 + (ln A)2)

Thus the a¥* can be expressed in terms of f%? and the A* B** func-
tions, and we have an involutive system for 2. Thus any third symme-
try is uniquely determined by the constant f12(zg, o) at some regular
point (xg,yo). This means that the space of third order skew-adjoint
symmetries is at most 1-dimensional.

Consider the case where all a¥/* = 0. Then 24'> = B?> = (In \)y, 2B'? =

—A* = (In \);. The integrability conditions require (In A)1;+(In \)g =
0, which is the condition for flat space, Thus by an appropriate orthog-
onal change of coordinates we can assume that A = 1. In these new
coordinates we see that A% = BY = ( for all 4, j. The general solution
is

f172 = Cy,

where ¢y, is a constant. This is the homogeneous isotropic oscilla-
tor:

V(z,y) = oz + By + (2" + 7).

One can easily check that for this very special case a nonzero commu-
tator of 2 second order symmetries is first order, parameter-dependent.

The second case is that not all a¥* vanish. We show that the space of
symmetries is exactly one dimensional. Let

be second order symmetries and let Ag)(z1,22) = {a’{%(azl,xg)}, 1=

1,2 be 2 x 2 matrix functions. Then the commutator [S7, S3] of these
symmetries is a third order symmetry K with a** and f** such that

4 it
=2\ Z J)a&))

12



Thus K = [S7,.S] is uniquely determined by the skew-symmetric ma-
trix

[A@), A = Ap)Ag) — An)Ae),

hence by the constant matrix [A(2) (20, %0), A(1)(Z0,Y0)] evaluated at a
regular point.

Theorem 2 Let K be a third order skew-adjoint symmetry (11) for a su-
perintegrable system with nondegenerate potential V. and b = c(x,y) +

b'(z,y, Vi, Vo) where

2
b = 3 ) G
=
Then ‘ ‘
[+ pt=0, 1<¢tj<2

and K is uniquely determined by the number

f1’2($0, Yo)

at some regular point (xo,yo) of V.

Corollary 1 Let V' be a superintegrable nondegenerate potential, Then the
space of third order skew-adjoint symmetries is one-dimensional and is spanned
by commutators of the second order self-adjoint symmetries.

Corollary 2 Let V' be a superintegrable nondegenerate potential and Sy, So
be second order formally self-adjoint symmetries with matrices Ay, Ay, re-
spectively. Then

[Sl, Sg] =0« [./4(1),.,4(2)] =0« [A(l)(XO), A(g)(Xo)] =0

at a reqular point Xg.

3 A standard form for 2D quantum systems

In analogy with the classical case, there is a standard structure for 2D quan-
tum nondegenerate superintegrable systems allowing the identification of the
space of second order symmetry operators with the space of 2 x 2 symmetric
matrices, and identification of the space of third order symmetry operators
with the space of 2 x 2 skew-symmetric matrices. Indeed, if x; is a regular

13



point then there is a 1 —1 linear correspondence between second order opera-
tors S and their associated symmetric matrices A(Xg). Let [Sy, La]" = [S, S1]
be the reversed operator commutator. Then the map

[S1, Sa]" e [A1)(%0), Agz) (%0)]

is an algebraic isomorphism. Here, 57,55 are in involution if and only if
matrices A1) (%), A)(X0) commute. If [S, S5 # 0 then it is a truly third
order symmetry operator (except in the isotropic oscillator case) and can
be uniquely associated with the skew-symmetric matrix [ A1) (xo), A2)(X0)].
Since commutators of second order symmetries span the space of third order
symmetries, we can identify these 1 — 1 with 2 x 2 skew-symmetric matrices.
Let £Y be the 2 x 2 matrix with a 1 in row ¢, column 5 and 0 for every other
matrix element. Then the symmetric matrices

.A(”) _ 5(((:13 + gjz) — A(JZ)7 ij — 17 2 (16)

form a basis for the 3-dimensional space of symmetric matrices. Moreover,

LA, AW) = 2 (5,0 1 5,80 1 5,89 +5,809)  (17)

where 1
B — 5(51'3' — &) = —BUY =12

Here B%) = 0 and B(*? forms a basis for the space of skew-symmetric matri-
ces. Thus (17) gives the commutation relations for the second order symme-
try operators. If V' is the isotropic oscillator then there is no truly third order
symmetry. For any other nondegenerate potential, the space of symmetries
is exactly one dimensional.

We reformulate the problem of determining the second order symmetry
operators of (9) by setting

W(z) = f'Vi+ fVa+ '

and substituting this expression into W, = )\Z?:l aV;. Additionally we
must impose the Killing tensor conditions we obtain the equations for the
aY:

Mall = flo fRA12 4 gl (18)

Ml = fly flA12 2422

N2 = f24 fIB12 4 2B

14



and the condition on the first derivatives of the f*:
FLofr= AR g p2A2 g2y pups, (19)
Note the expressions for fl! and f}! in terms of f*, f2, fi%
1y ply pIRI 422y g fLy g2y il

It follows that we can express each of the second derivatives of f1, f? in terms
of lower order derivatives of f!, f2 f!'. Thus the system is in involution at
the second derivative level, but not at the first derivative level because we
have only one condition for the 4 derivatives f[, f5, f2, f2. We can uniquely
determine a symmetry operator at a regular point by choosing the 6 param-
eters (f1, f2 fY fL f5, f2). The values of f1, f2, f1! at the regular point are
analogous to the 3 parameters that we can add to the potentials in the 3
parameter family. For our standard basis, we fix (f!, f2, f11)x, = (0,0,0).
Then from (18), (19) we have

1 £l mn 12
flz f22 = A a21 a22 .
v fs a— - a
Thus we can define a standard set of basis symmetry operators SU*) =
A Hx) (X 0i(a¥ (x)A(x)0;) + W)(x) corresponding to a regular point x
by
1 g1 1mn 12 ‘ ,

BB =m0 (G ) = AGeAT, W) =0,

fi 13 " a” a> )
The condition on WU* is actually 3 conditions since WUk depends on 3
parameters. Note that the derivative terms a;’ in the expression for the
basis symmetries can be computed explicitly from the conditions for classical
second order symmetries in [1].

In exact analogy with the classical case, we can use the standard form to
prove multiseparabilty for quantum systems.

Theorem 3 LetV be a quantum superintegrable nondegenerate potential and
S be a second order symmetry operator with matriz function A(x). If at
some regqular point X the matriz A(Xo) has 2 distinct eigenvalues, then H, S
characterize an orthogonal separable coordinate system.

Since a generic 2 X 2 symmetric matrix has distinct roots, it follows that any
such superintegrable nondegenerate potential is multiseparable.
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4

The quantum quadratic algebra

We investigate the space of fourth order differential operators F' that com-
mute with the Hamiltonian: [H, F'] = 0. Determination of all possible oper-
ators F is very difficult but, again, there are simplifications that make the
problem tractable:

1.

We are interested, principally, in the space of fourth order symmetries
that is spanned by the double commutators [[S("), S®)], S®)] of second
order formally self-adjoint symmetries S) of the superintegrable sys-
tem. The double commutators will be formally self-adjoint, so we can
limit ourselves to F' that are self-adjoint.

Since H encodes a 3-parameter family of potentials, the symmetry F
must also be a function of the parameters. The highest order terms
a7y, in F (symmetric in ¢, k, j,4) will be independent of the param-
eters but lower order terms may have linear or quadratic parameter
dependence.

. The self-adjoint requirement uniquely determines the the third order

terms in F'. They are

5 2 (@13), 0

Z7k7.j7i

Further, the self-adjoint requirement means that there exist functions
a7t b W such that F has the unique representation

1 .

F= 3 104 (a7 X0ke) + Z Lo, (b720;) + W, (20)
0k,ji=1 ij=1

where the functions b (21, 22), W(ml, x9) contain the parameter depen-

dence.

Equating coefficients of the fifth order terms in the operator condition
[H, F] = 0 where F is given by (20) we obtain the relations

Da’ 2 Jdln A
- _9 suir 2 7 21
ox; Z 0x, (21)
da’"  Qa™ 2 8 In A
4 = _6 stij = Y . .
8@ + 8x j Z Tg ’ ! 7£ J
Dalit Oa' 2 8 In A 2 8 In )\
2 - _ st~ Y sijg ~ 7 . .
3 oz, + oz, Z a 3 Z i
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which are the conditions for a®*7% to be a 4th order Killing tensor.

. The remaining conditions on F intertwine X, a®*¥ b*, W and V, and
are complicated. Rather than solve them directly, we make the unique
decomposition

Bji(xla T2, V:'r:m sza ‘/:'0111) = Cji(xla x2) + bji(ajla T2, ‘/5017 sza V:’cml)

where ;

bji — Z fji,aw(a)’ fji,a _ fij,a7

a=1

and W is defined by

w@ Vi,
we | = Vv,
w®) Vi

Then, equating the linear parameter-dependent terms of third order in
the derivatives we obtain the conditions

J . “ 0 - 0 o ahi 3 )
o gt g TR = S (P2

2

, , . 0
+ fh]’WA(y@ + fkhﬁA%) - 2—21 (fSk’a(Shk + [0, + fSh’a5jk) o,

where 1 < j,k,h < 2 and we set a®* = 0. These conditions are
identical to the corresponding classical conditions in [1].

Similarly, we set
W == U(O)(l‘l, {L'Q) + U(l)(l'l, 9, W(a)> + W(ZEl, X9, W(a))

where U depends linearly and W depends quadratically on the W ()
and equate the quadratic parameter-dependent terms of first order in
the derivatives. We obtain the conditions

ov. oW
st . 2
A Z b or, O (23)

Equating the quadratic parameter-dependent coefficients of the zeroth
order terms in the symmetry operator condition, we obtain the require-
ment

S il -0 2)
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identical to (13). From the integrabilty conditions 52 (
J

oWy _ 9 (OW
ox; ) - 8961-( )’
i # j for equations (23) we obtain the conditions

8$]' fﬁk’Oé + a.l‘j fak”g - axk fﬁj,a - a:vk f@ﬁﬂ = (25)

2
> (AL i 1 A 59— AY) ke — A0 p9)

s=1

3 .
+ Z (fﬁJnA(Wlfy) + fonﬂAg’fﬁ) _ fﬁknAE/Ja) _ fak,wAgjﬁ))
y=1

0 , o 0
[ £Bk,a ak,3 Bj,a aj,fB
(7 + f )*axj In A+ (f%+ f )—M In A,

where j # k, 1 < a, 8 < 3, and we set 3 = 0.

. There are 8 independent equations (22) with a # 3 and we use 5 of these
to define the 5 components a**/* as linear combinations of % f7%e and
f7*e We can then eliminate the a”* from the remaining 3 equations
to obtain 3 conditions relating 8—2}1 fik@ and fi*  There are 6 terms
of the form 8%]7"“’3. Equations (25) with a = 8 = 3 are satisfied
identically. There are 2 equations (25) with § =3, 1 < a < 2 and 4
equations (22) with o = 3. Thus all 6 terms of the form % fik3 can
be expressed as linear combinations of f#*®. There are a total of 12
distinct terms of the form %fﬂ“’m, 1 < h,j,k,m < 2. We have seen
that there are 3 conditions on these terms remaining from (22); there
are an additional 3 such conditions from (25) with «, 5 # 3. Thus there
is a shortfall of 6 conditions on the first derivatives Tih fikm,

. There are a total of 18 distinct terms of the form ﬁzw fikm with 1 <
h,j,k,¢,;m < 2 Differentiating with respect to x1,zs the 3 first order
conditions of (22), from which the a’*/* have been eliminated, we obtain
6 independent conditions on these 2nd derivatives. Differentiating each
of our expressions for the a* and substituting into equations (21)
we find 6 additional conditions on the second derivatives. Also, we
can differentiate the 3 equations from (23) with a, 3 # 3 to obtain 6
additional conditions on the 2nd derivatives. This allows us to express
each second order derivative as a linear combination of lower order
derivatives. Thus the system is in involution.

. The conditions (22),(23), and the 4th order Killing tensor conditions
are clearly necessary for F' to be a skew-adjoint symmetry. To see that
they are sufficient will take several steps.
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10. Suppose F, F' are two 4th order self-adjoint symmetries with the same
functions a7, b, W (but possibly different ¢/, U()). Then F — F' is
a self-adjoint, symmetry that is 2nd order and at most linear in the
parameters in the Oth order term. Thus the only ambiguity is a 2nd
order symmetry operator and we already know these.

11. We conclude that any (truly) fourth order symmetry operator is uniquely
determined, up to an additive second order symmetry operator, by the
values f/*?(xg) and a subset of 6 of the values %fﬂ“m(xo) at a regu-
lar point xq. Note that by adding an appropriate finear combination of
purely second order symmetry operators to the fourth order symmetry
we can achieve f/%%(xq) = 0 for all j, k, a, so the maximum possible
dimension of the space of purely fourth order symmetries is 6.

Now any symmetric second order polynomial in the second order sym-
metry operators is a fourth order symmetry operator, and the subspace of
polynomial symmetries is at least 5 and at most 6. We show that it is exactly
6. If A, B are linear operators, we define their symmetrized product by

1
{A,B} = §(AB + BA).
Theorem 4 The 6 distinct monomials
{50,500}, (S, 50, {512, 507}, {500, 5@} (500 502},
{5(12)7 5(22)}7
form a basis for the space of fourth order symmetry operators.

Proof: Since the second order parts of the 3 symmetry operators S1D, S(22),
S(12) are functionally independent, the 6 monomials listed above are linearly
independent. Hence they form a basis. Q.E.D.

We can use this result to expand explicitly a general fourth order self-

adjoint symmetry

F= 22: iaij (0™ Ny ) + 22: iai (6720;) + W
0k,ji=1 ij=1

in terms of the standard basis. Without loss of generality we can assume
that (0,0) = 0 is a regular point. Then F is uniquely determined (up to an
additive second order self-adjoint symmetry) by the data a®*/'(0), 9,,a**7*(0),
b"™4(0), W(0). We can uniquely
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match the data a*/'(0) by taking a linear combination of the basis sym-
metries

{5(11)7 S(ll)}, {51(22)7 5(22)}7 {51(12)7 8(12)}, {5(11)7 S(IQ)}’ {5(12)7 51(22)}7

{5(11)7 5(11)}.

This leaves the symmetry {SUD SC21 — {902 GU21 whose leading
order terms vanish at the regular point. The expansion coefficient for this
term is obtained uniquely from the derivative data 0,,a**7*(0). Now we have
matched all of the 4th order terms in F’ with an expansion of the self-adjoint
form F' = 3 &ipe{ S, S*I}. The difference F' — F” is a second order self-
adjoint symmetry. The second derivative terms are uniquely determined by
the data 6™?(0), W (0), which hasn’t changed since W) (0) = 0 for all terms
in the standard basis, by the data 0,,a**7(0), 9,,,a**/'(0), and by the coeffi-
cients &;jx¢ which have changed. Thus we can expand the original symmetry
in terms of second order polynomials in the standard basis, and finally add
any constant parameter-dependent terms. In contrast to the classical case,
however, this expansion is more complicated because the expansion coeffi-
cients at the fourth order level effect the expansion coefficients at the second
order level

Using an approach very similar to the above we can easily show that
the space of truly sixth order formally self-adjoint operator symmetries of
H cannot exceed the classical maximal dimension of 10. The difference be-
tween any 2 such sixth order symmetries with the same classical data will
be a formally self-adjoint fourth order symmetry. It remains to show that
the maximum possible dimension is actually achieved. If A, B,C'" are linear
operators, we define their symmetrized product by

{A,B,C} = é(ABC + BAC +CAB+ ACB + BCA + CBA).
Theorem 5 The 10 distinct monomials
{S(ii)7 S(ii), S(ii)}’ {S(ij)7 S(Z’j), S(ij)}7 {S(ii), S(ii)7 S(ij)}’
{S(ij)’ S(ij)7 S(u‘)}’ {5(11), 5(12), 5(22)}’
fori,j =1,2, i # j form a basis for the space of sixth order symmetries.

Proof: Since the 3 symmetries S, S22 S02) have functionally indepen-
dent second order terms, the 10 monomials listed above are linearly indepen-
dent. Hence they form a basis. Q.E.D.
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These theorems establish the closure of the quadratic algebra for 2D quan-
tum superintegrable potentials: All fourth order and sixth order symmetry
operators can be expressed as symmetric polynomials in the second order
symmetry operators.

Again, we can use these results to expand explicitly a general sixth order
formally self-adjoint symmetry operator

G = Zzz: 3 i@nmz (anmekji)\akji)+ 22:_ i\ai, @Ekﬁ)@kz)—%ﬁ; i@' (éij)\aj)+w
n,m,L.k,j,i=1 £k,j5,i=1 ij=1

in terms of the standard symmetrized basis. Here b9 ¢ W are at most
linear, quadratic and cubic in the parameters of the potential, respectively.
Without loss of generality we can assume that (0,0) = 0 is a regular point.
We can uniquely match the data a”*™*(0) by taking a linear combination
of the 7 symmetries

{S(ii)7 S(ii)’ S(ii)}, {S(ij)’ S(Z‘j)7 S(ij)}, {S(ii)7 S(l’l’)) S(jj)}’ {S(ii)7 S(ii)7 S(ij)}’
for i,5 = 1,2, © # j. This leaves the 3 symmetries
{5(11)’ San., 5(22)}_{5(11)’ S0, 5(12)}’ {5(12)7 S 5(22)}_{5(12)’ S0, 5(12)}’
{5(22)7 3(22)’ 5(11)} _ {5(22)7 3(12)7 5(12)}’

whose leading order terms vanish at the regular point. The expansion co-
efficients for these 3 terms are obtained uniquely from the derivative data
0,a' ™ Now we have matched all of the 6th order terms in G with a
self-adjoint expansion of the form G’ = Y & jpimn{ S, S*D Smn)1 — The
difference G — G’ is a fourth order self-adjoint symmetry. It is uniquely de-
termined by the data for the even order terms of G and by the new data for
the even order terms of G'. Now we can use the argument presented above to
expand this fourth order symmetry in terms of polynomials in the standard
basis. The expansion coefficients &;jximn Will be the same as for the classical
case, but the lower order expansion coefficients will differ.

5 The Stackel transform for 2D quantum sys-
tems

The quantum analog of the Stéckel transform [26] or coupling constant meta-
morphosis [27] for classical systems is straightforward in the 2D case. Suppose
we have a superintegrable system

1
H= w(an + Og2) + V(2,y) = Hy +V (26)
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in local orthogonal coordinates, with nondegenerate potential V' (x,y):

Vs = Vi1 + A®Vi+ B®V,,
12 12 (27)

Vig = AV + BV,
and suppose U(x,y) is a particular solution of equations (27), nonzero in an
open set. Then the transformed system

i 5 (; S0+ 0m) 4 V(0 (28)

with nondegenerate potential V (z,7):

‘:/22 = ‘711 + A22‘~/1+B22f/2,

<o ~ o~ 29
‘/12 — A12‘/1 + BlQ‘/g ( )
is also superintegrable, where
< -~V
A=AU, V=—
7 U7
1 U2 it U1 ~ U1 ~ U2
Jqlz_ogqr2 Y2 qo2_ g2 oYl pra_ o pl2 Ul por pn 9Y2
U’ - U’ U’ U

Indeed, let S =3 iai(aij A0;j)+W = Sy+W be a second order formally self-
adjoint symmetry operator of H and Sy = 3 %&(a”)@j) + Wy = Sy + Wy
be the special case of this that is in involution with %(811 + 0a2) + U. Then

- Wy 1
S=5--"YH+-H
TR

is the corresponding formally self-adjoint symmetry operator of H, with re-
spect to the metric ds? = AU (dx? + dy?).

Theorem 6 1. o
[H,S] =0 < [H,5]=0.

1 Wy
(g 4§l
0; ((a + i

)AU) d; + (W— WoV +V>.

U U

U

I
™
>~
z|

PROOQF:
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1. This is a straightforward verification, using the identities
[Ho, So] =0, [Ho+V,So+W]|=0, [Ho+USy+Wy]=0

and . ) )
—|=—-—=|AU]=
U ] U (4, U] U
for linear operators A, B, C' and nonzero function U.

[A, BC] = B[A,C] + [A, BIC, [A,

2. This follows from the fact that 0,Wy =AY, a”U;.
QED.

Corollary 3 If SM, S are second order symmetry operators for H, then

5D, @) =0 «= [V, 5] =0,

Since one can always add a constant to a nondegenerate potential, it
follows that 1/U defines an inverse Stickel transform of H to H. We say that
two quantum superintegrable systems are Stackel equivalent if one can be
obtained from the other by a Stackel transform. We can now use Theorem
6 to carry over immediately the basic result for 2D Stéackel transforms of
classical superintegrable systems to 2D quantum superintegrable systems,

[2].

Theorem 7 Fuvery nondegenerate second-order quantum superintegrable sys-
tem in two variables is Stackel equivalent to a superintegrable system on a
constant curvature space.

6 Nondegenerate 3D quantum systems

Here we extend our analysis of classical 3D superintegrable systems with
nondegenerate potentials to the quantum case. (This is less straightforward
than in the 2D case.) As mentioned earlier, these systems arise only for
functionally linearly independent bases of symmetries. For a manifold with
metric ds* = Az, vy, z)(dz? + dy* + dz*) we replace the Hamiltonian H =
(p? + p2 +p2)/ Mz, y, z) + V(z,y, z) by a formally self-adjoint operator

~

M(x v.2) 52 \ Mz, 2)

in local orthogonal coordinates. Here 6% is the Kronecker delta and the
weight function p is to be determined. Similarly, we replace a second-order
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symmetry of the Hamiltonian system S = >33 _; a™ (,y, 2)prp; + W (2, y, 2),
with a* = a7*, by the formally self-adjoint operator

3
Z (a9 pd)) + W+ W, ab = g (31)

t\*—‘

where the function W(x, Yy, z) is to be determined. These operators are for-
mally self-adjoint with respect to the bilinear product

< f.g>= /f(w,y,z)g(x,y,Z)u(m,y,z) dx dy dz (32)

on the manifold, i.e.,
< fHg>=<Hfg> <fSg>=<5fg>

for all local C* functions f, g with compact support on the manifold, where
we set all boundary terms equal to 0.

Now we assume that {H,S} = 0 and require [H,S] = 0. Since H,S
are formally self-adjoint, [ﬁ ,S’] must be formally skew-adjoint. From our
assumption {H,S} = 0 it is clear that the coefficients of the 3rd derivative
terms 0;j;, in the commutator must vanish, hence also the coefficients of the
second order terms vanish. Thus there are functions b; such that

Za (b'n) —Z(b’@-—l— GO

'U’ i=1 =1 H
Using {H,S} = 0, we see that

3 3 1 1w 2 .
=3 (5o 1 52) (G Z- 3 (kS0 G
This formula simplifies greatly if we choose = A. Indeed, we find
) 1 . 2 4
bj = —X jikam + XVV]
Here 7,7 and k are pairwise distinct. We can choose W aﬂka , so that

v = 0 provided the integrability conditions
azzgka * = ijjkajk

hold for 4, j, k pairwise distinct. These conditions are satisfied, as we can
verify from the explicit expressions for second order conformal Killing tensors
contained in [3].
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Theorem 8 o

{H,8} =0 «— [H,S]=0.
where H,S are given by (30) and (31) with u = X\ and VAV] = %@ikaik (for
i, 7, k pairwise distinct).

We can follow a similar approach to find the quantum analogies of first
order symmetries £ = Z?Zl a’(x,y,2)pj, by the formally skew-adjoint first
order operator (with respect to the bilinear product (32))

- 233 <aﬂ’aj + % g‘i”) , (33)

It is straightforward to prove the following result.

Theorem 9 o
{H,L} =0 < [H,L]=0.

where H, L are given by (30) and (33) with o = X.

7 The space of third order symmetries

Now we investigate the third order differential operators K that commute
with the Hamiltonian: [H, K] = 0. The treatment for the conformally flat
3D case proceeds in almost exact analogy to the 2D case, so we just sketch
the results.

1. Since the second order symmetries are formally self-adjoint, the com-
mutators will be skew-adjoint. Thus we can limit ourselves to K that
are skew adjoint.

2. Since H encodes a 4-parameter family of potentials, the symmetry K
must also be a function of the parameters. The highest order terms
a*7i9y;; in K (symmetric in k, j, i) will be independent of the parameters
but lower order terms may have linear parameter dependence.

3. The skew-adjoint requirement uniquely determines the coefficients of
the second order terms in K. They are

3

ﬁ (akﬂ)\)i akj'
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. The skew-adjoint requirement means that there exist functions a*/, b
such that K has the unique representation

> i 3 1
K= 3 ("0 + 5 (@001 + 55 (@00, Z (5 + 5 60):)
R 2\ DY

(34)

where the functions IN)Z(x, Yy, z) contain the parameter dependence.

. Equating coefficients of the fourth order terms in the operator con-
dition [H, K] = 0 where K is given by (34) we obtain the classical
requirements that the a** be the components of a third order Killing
tensor.

. Equating coefficients of the third order terms in the condition [H, K| =
0 we obtain relations that are consequences of the Killing tensor require-
ments.

. The remaining conditions on K intertwine \,a* b and V, and are
complicated. Rather than solve them directly, we make the unique
decomposition

1i 7 7
b (I’l,l'g,l'y,, ‘/:Du ‘/5527 %3) =cC (Ilwx%xi’)) + b <$1,I2,ZE3, ‘/atlv‘/xga %3)
where

oV
Zfe’j 371,1'2,953)8 (@1, 22, z3),

7j=1

i.e., we can split off the parameter-dependent terms of o' from the
rest. Then, equating the linear parameter-dependent coefficients of the
second order terms in the symmetry operator condition, we obtain the
conditions

b+ =3\ "aMV,, j#k k=123, (35)

3 . 1
= §AZaSHVS -3 > b*(In ), j=1,2,3,
identical to the classical requirement.

. Equating the quadratic parameter-dependent coefficients of the zeroth
order terms in the symmetry operator condition, we obtain the require-

ment
Z b’V, =0, (36)

identical to the classical equation.
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There can be at most one skew adjoint K with given a”*, b’.

Theorem 10 Let K be a third order skew-adjoint symmetry (11) for a su-
perintegrable system with nondegenerate potential V and V' = c'(x,y, z) +

b (z,y,z, Vi, Va, V3) where

, 3. v
b= 5, ]
j§1f (%y)faxj (z,y,2)

Then A A
A7+ =0, 1<¢,j<3.

and K is uniquely determined by the four numbers

fl’Q(iEo,Z/o, 20), fl’g(l'myo, 20), f2’3(330,y0720), f?}’z(xo,yo,zo)
at any reqular point (zo, Yo, 2z0) of V.

Corollary 4 Let V' be a superintegrable nondegenerate potential. Then the
space of third order skew-adjoint symmetries is four-dimensional and is spanned
by commutators of the second order self-adjoint symmetries.

In exact analogy with the classical case, we can use the standard form to
prove multiseparabilty for conformally flat 3D quantum systems, [4].

Theorem 11 Let V' be a quantum superintegrable nondegenerate potential
Then the associated system is multiseparable.

8 The quantum 3D quadratic algebra

We investigate the space of fourth order differential operators F' that com-
mute with the Hamiltonian: [H, F] = 0. The treatment for the conformally
flat 3D case proceeds in almost exact analogy to the 2D case, so we sketch
the results.

1. We are interested in the space of fourth order symmetries that is
spanned by the double commutators [SM),S®] S®)] of second or-
der formally self-adjoint symmetries S of the superintegrable system.
The double commutators will be formally self-adjoint, so we can limit
ourselves to F' that are self-adjoint.
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. Since H encodes a 3-parameter family of potentials, the symmetry F
must also be a function of the parameters. The highest order terms
a*719y;; in F (symmetric in £, k, j,4) will be independent of the param-
eters but lower order terms may have linear or quadratic parameter
dependence.

. The self-adjoint requirement uniquely determines the the third order
terms in F'. They are

> 4 a), o

Lk

. The self-adjoint requirement means that there exist functions a**7?, bii W
such that F' has the unique representation

3 3
= l |, tkji l (Fijy A, B
F_“géxaﬂa MM)+3;xi@A@)+W, (37)

where the functions b (1, 2o, x3), W (21, @2, 23) contain the parameter
dependence.

. Equating coefficients of the fifth order terms in the operator condition
[H, F] = 0 we obtain the conditions for a®*/* to be a 4th order Killing
tensor.

. The remaining conditions on F intertwine X, a™? 7", W and V, and
are complicated. However, we can make the unique decomposition

bji(xlﬂ T2, T3, ‘/:vp ‘/41327 ‘/2?3) = Cji(l‘h X2, .133) + bji(xla X2, T3, ‘/:I:l) sza ‘/553)
where A
bji — Z fji,aw(a)’ fji,a — fij,a7

a=1

and WO =V, WO =V, .

Then, equating the linear parameter-dependent terms of third order in
the derivatives, and the quadratic parameter-dependent terms of first order
in the derivatives, we obtain exactly the classical conditions on the f7%<.

Since at most one self-adjoint F' can have data a®** v* we find [3]

Theorem 12 The subspace of truly fourth order self-adjoint symmetry op-
erators is of dimension at most 21.
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If A, B are linear operators, we define their symmetrized product by
1
{A,B} = i(AB + BA).

Theorem 13 The 21 distinct monomials {S®™), SURY} form a basis for the
space of fourth order self-adjoint symmetry operators.

Using an approach very similar to the above we can easily show that
the space of truly sixth order formally self-adjoint operator symmetries of H
cannot exceed the classical maximal dimension of 56. If A, B, C are linear
operators, we define their symmetrized product by

1
{4.B.C} = ((ABC + BAC + CAB + ACB + BOA + CBA),

Theorem 14 The 56 distinct standard monomials {S®), SUR) SEmIL form
a basis for the space of sixth order self-adjoint symmetry operators.

These theorems establish the closure of the quadratic algebra for 3D quan-
tum superintegrable potentials: All fourth order and sixth order symmetry
operators can be expressed as symmetric polynomials in the second order
Symmetry operators.

9 Covariant formulation for the 3D quantum
case

Theorem 8 yields an operator realization of the classical commutator brackets
for second order symmetries but the differential operator part of H, though
formally self-adjoint with respect to the weight function A, is not the Laplace-
Beltrami operator on the manifold. We can obtain the Laplace-Beltrami op-
erator, at the expense of altering the potential V', by means of an appropriate
gauge transformation. We now turn to this construction.

Set

H = e_R[:IeR, S = e RGeR

where R(x,y,2) is a function to be determined. Then [H,S] = 0 if and
only if [H,S] = 0. We will choose R such that the differential operator
part of H is the Laplace-Beltrami operator on the manifold with metric
ds? = Nda® + dy?* + dz?).

It is straightforward to show that

3

=1
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so, if we set R = iln A, we have

Similarly

3
1 . - . A
S = Z (/\3(91((1”)\38]) -+ Cllj (RZ] + 5RZR]) + CL;JRJ') —+ W + W
i,j=1 2

‘The eigenvalue equation for H on the space with weight function py = A
is HU = EV. Setting U = eR® = \'/4® we see that the eigenvalue equation
for & is H® = E® and the eigenfunctions @ lie in the space with weight
function A\3/2. Note that

3
S (Ris + R2)/A = —;R

i=1

where R is the Riemannian scalar curvature. The quantum potential is
~ 1

If we supplement the classical symmetries with quantum adjustments the
corresponding operators are

1

H=—
VI

ai(gw \/ga]) + gRa
5)

1 iy 1 . g 1 iy
- 9(a¥ Va4 — @R — 2 GiR.. — —N.V.q"
S \/g&(a V90;) + 16aZR T R;; 16V1V]a .

Here V; is the usual covariant derivative on the Riemannian space. This
formula always works, though a” must be a Killing tensor for a conformally
flat space, Indeed for a Hamiltonian H = A(x,y, z)(p3 +p; +p2) with symme-
try S = a"p;p; the following conditions must be satisfied. If a;; is a Killing
tensor for a conformally flat space with infinitesimal distance

ds? = e 7@ (da? + dy? + d2?)
then it must satisfy the equations

a(iajk) = g(ijQk) (39)
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where
2J(x,y,z _ 2J(zy,2
a; =¢€ @y )(aan - a/lQJy - a13Jz); g = € (@ )(—alsz + a22Jy - a23Jz)7

ag = eQJ(wvy’Z)(—ame — a23Jy + a33Jz).

Here (39) are the necessary and sufficient conditions that a;; is a conformal
Killing tensor in flat space. We know all solutions for this set of equations.
The only constraint is that there exist a function J(x,y, z) such that the g,
have the form indicated. Indeed, if we found the a; from the considerations
of flat space it is clear that

1
%= > (0ja;1 + Okaj;).

J

These results carry over in a very satisfactory manner for superintegrable
systems with nondegenerate potential. In this case the parameters occurring
in the potential appear only in the V' and W terms, exactly as before. The
quantum corrections are independent of these parameters.

Theorem 15 Let H, H and H be defined as above where 'H defines a clas-
sical superintegrable system with nondegenerate potential V. Let SM, S®

be second order symmetries of H, with corresponding symmetry operators
S@ . S@ . Then

(SW 8@} =0 = [$V, 8@ =0 «= [V, 5] =0,

Corollary 5 FEvery conformally flat 3D classical superintegrable system with
nondegenerate potential extends to a unique covariant quantum superinter-
grable system. The symmetries of the quantum system admit a quadratic
algebra structure.

10 The Stackel transform for 3D quantum
systems

We work out the quantum analog of the Stéckel transform [26], [27] for clas-
sical systems. Suppose we have a superintegrable system with Schrodinger
operator

1 > 1
Z ai()‘l/z(xv Y, Z)az) - gR)\(xv Y, Z) + V(l’, Y, Z) (40)

H=——
)\3/2(33’%2/) =1
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in local orthogonal coordinates, with scalar curvature R, and nondegenerate
potential V' (z,y, 2):

Vis = Vii 4+ A%V + BBV, + C%V;,
Voo = Vi + A®Vi 4 B?V, + C®V3,

Vg = ABV, + B3V, + OV, (41)
Vis = APV + BV, + OV,
‘/'12 — A12‘/1 + 312‘/2 + 012‘/3

and suppose U(z,vy, z) is a particular solution of equations (41), nonzero in
an open set. Then the transformed system

~ 1 3 1 1 -
_ _ . /2 NP
H=H-= 5\3/2(%’%@ ;:1 0; ()\ (z,y, z)@) 8R)\(x,y,z)+‘/(m,y,z) (42)

with nondegenerate potential V (z,y, 2):

Vas = Vi + ABV + BBV, + O3,
Voo = Vi1 + AZVi + B*V, + C*?V3,

Vo = ARV 4 B2V, 4 OV, (43)
Vs = AV, + B9V, + T,
‘/'12 — A12‘/1 + 312‘/2 + 012‘/3,
is also superintegrable, where
~ -V
A=A\U, V=—
) U’

A2 = 422 4 2[[]]17 B2 _ pg22 _ 92 22 — o2,

- - U; - U.
A23 _ Azs 323 _ 323 Y3 023 _ 023 Y2
b U ) U )

~ Us -~ ~ U
AB —gAB _ =23 pwB_pd o8 _ o3 _ L
U ) ) U Y
AlQ:Alz—[(]]Z, BlQ:Blz—[[]]l, 6122012.

Indeed, let S = 3O ﬁ@i(a”ﬁ/?aj) +Wr+W = Sy +Wr+ W be a
second order formally self-adjoint symmetry operator of H, where Wk is the
potential term that depends on the curvature R and W is the part that

32



depends on V. Let Sy = > /\31/2 8i(aij)\3/28j) +Wr+ Wy = S0+ Wg+ Wy
be the special case of this that is in involution with

13 . 1
N9 \2H) - =
L iz::l@()\ 81) 8R)\ + U.
Then W .
S=5-LHu+-H
TR

is the corresponding formally self-adjoint symmetry operator of H, with re-
spect to the metric ds? = AU (dz? + dy? + dz?).

Theorem 16 1. o
[H,S]=0 < [H,S]=0.

2.
~ 1 . 1 =Wy
— ; iJ 5 Y 3/2> )
g %:(/\U)?*/?a ((a + 81 AU)2) 05+
WU 1 R)\ WUV Vv
et G - 5) 5+ (V=5 + )
PROOQOF:

1. We perform an inverse gauge transformation on H,S to return them
to the forms H,S, (30) and (31), with p = X and W; = 19;a™
(for 7,7, k pairwise distinct). Similarly we perform an inverse gauge

transformation on H, S to return them to the forms H, S, (30) and (31),
with ¢ = UA. These commuting operators are formally self-adjoint
with respect to the weight function UA. Then it is a straightforward
computation to verify that [H,S] =0 <= [H,S] = 0. Indeed, just as
in the 2D case, one needs only the identities

[Ho, So] =0, [Ho+V,5 +W]=0, [Ho+USo+Wy]=0
and
Ll
u- v U
for linear operators A, B, C' and nonzero function U. Then the first part

of the theorem follows from applying the original gauge transformations
to take H,S to H,S and H, S to H, S.

[A, BC] = B[A,C] + [A, BIC, [A, [A, U]

2. This follows from the fact that ,Wy =AY, a”U;.
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Q.E.D.

Corollary 6 If SM. S gre second order symmetry operators for H, then

[SM, @] =0 <= [$V, @] =0,

At this point it is clear that the basic classical result for 3D Stackel
transforms of conformally flat classical superintegrable systems contained in
[4] can be carried over to 3D quantum superintegrable systems.

Theorem 17 FEvery nondegenerate second-order quantum superintegrable sys-
tem on a 3D conformally flat space is Stackel equivalent to a superintegrable
system on a constant curvature space.

11 Conclusions and outlook

We showed that 2D classical second order superintegrable systems with non-
degenerate potential and the corresponding 3D conformally flat systems each
have a unique quantum superintegrable extension, and that the closure of the
quadratic algebra and basic structure theory is unchanged at the quantum
level. A critical feature of the proofs is use of the formal self-adjoint and
skew-adjoint properties of the higher order symmetry operators. For the 2D
case the extension is completely straightforward and the quantum extension
has the same nondegenerate potential as the classical system. For the 3D sys-
tems a two-step procedure is required. First the classical system is extended
to a quantum system with appropriate formal self and skew adjoint symme-
tries and such that the potential remains unchanged. This quantum system,
however, is not covariant, i.e., the Schrodinger operator doesn’t correspond
to a Laplace-Beltrami operator on a curved manifold. The second step in the
procedure is to perform a gauge transformation to obtain covariantly correct
Schrodinger operators. This alters the potential by adding a term that de-
pends on the scalar curvature. We also showed that the Stéackel transform
has a unique quantum extension and it remains true that all of our quan-
tum superintegrable systems are Stackel transforms of constant curvature
superintegrable systems.

All 2D systems have been classified and we are making considerable
progress on the 3D classification theory for systems with functionally linearly
independent bases of simmetries [4], though the problem is complicated. The
next steps in our program are 1) to study 3D superintegrable systems with
degenerate potentials and 2) to study nondegenerate superintegrable systems
in higher dimensions.
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Acknowledgment: A referee’s suggestion that we show how our structure
theory relates to the generalized Calogero potential enabled us to clarify this
relation and to point out the importance of the concept of functional linear
independence for functionally independent symmetries. In the process we
found and corrected an error in paper [3] of the series.

References

1]

E. G. Kalnins, J. M. Kress, and W. Miller, Jr. Second order superin-
tegrable systems in conformally flat spaces. 1: 2D classical structure
theory. J. Math. Phys. 46, 053509 (2005).

E. G. Kalnins, J. M. Kress, and W. Miller, Jr. Second order superinte-
grable systems in conformally flat spaces. II: The classical 2D Stackel
transform. J. Math. Phys. 46, 053510 (2005).

E. G. Kalnins, J. M. Kress, and W. Miller, Jr. Second order superin-
tegrable systems in conformally flat spaces. III: 3D classical structure
theory. J. Math. Phys. 46, 103507 (2005).

E. G. Kalnins, J. M. Kress, and W. Miller, Jr. Second order superinte-
grable systems in conformally flat spaces. IV: The classical 3D Stackel
transform and 3D classification theory. (to appear ) J. Math. Phys.
(2006).

E. G. Kalnins, W. Miller, Jr. and G. S. Pogosyan. Exact and quasi-
exact solvability of second order superintegrable quantum systems. I.
Euclidean space preliminaries. ( J. Math. Phys. 47, 033502 (2006).

S. Rauch-Wojciechowski. Superintegrability of the Calogero-Moser Sys-
tem. Phys. Lett. A 95, 279 (1983);

N. W. Evans. Superintegrability in Classical Mechanics; Phys. Rev. A
41 (1990) 5666; Group Theory of the Smorodinsky-Winternitz System;
J. Math. Phys. 32, 3369 (1991).

J. Frig, V. Mandrosov, Ya. A. Smorodinsky, M. Uhlir and P. Winter-
nitz. On Higher Symmetries in Quantum Mechanics; Phys. Lett. 16,
354 (1965).

J. Fris, Ya. A. Smorodinskii, M. Uhlir and P. Winternitz. Symmetry
Groups in Classical and Quantum Mechanics; Sov. J. Nucl. Phys. 4,
444 (1967).

35



[10]

[11]

[12]

[13]

[14]

[15]

[18]

[19]

[20]

[21]

A .A. Makarov, Ya. A. Smorodinsky, Kh. Valiev and P. Winternitz. A
Systematic Search for Nonrelativistic Systems with Dynamical Symme-
tries. Nuovo Cimento A 52, 1061 (1967).

F. Calogero. Solution of a Three-Body Problem in One Dimension. J.
Math. Phys. 10, 2191 (1969).

Eisenhart L P 1949 Riemannian Geometry (Princeton: Princeton Uni-
versity Press)

W. Miller, Jr. Symmetry and Separation of Variables. Addison-Wesley
Publishing Company, Providence, Rhode Island, 1977.

E. G. Kalnins and W. Miller, Jr. Killing tensors and variable separation
for Hamilton-Jacobi and Helmholtz equations. SIAM J. Math. Anal. 11,
1011-1026, (1980).

W. Miller. The technique of variable separation for partial differential
equations. Proceedings of School and Workshop on Nonlinear Phenom-
ena, Oaxtepec, Mexico, November 29 — December 17, 1982, Lecture
Notes in Physics, Vol. 189, Springer-Verlag, New York 1983.

E. G. Kalnins, Separation of Variables for Riemannian Spaces of Con-
stant Curvature, Pitman, Monographs and Surveys in Pure and Applied
Mathematics V.28, 184208, Longman, Essex, England, 1986.

W. Miller Jr., Mechanisms for variable separation in partial differential
equations and their relationship to group theory. In Symmetries and
Non-linear Phenomena pp. 188-221, World Scientific, 1988.

C. Daskaloyannis and K Ypsilantis. Unified treatment and classification
of superintegrable systems with integrals quadratic in momenta on a two
dimensional manifold. (preprint) (2005)

E.G.Kalnins, W.Miller Jr. and G.S.Pogosyan. Superintegrability and as-
sociated polynomial solutions. Euclidean space and the sphere in two
dimensions. J.Math. Phys. 37, 6439, (1996).

D. Bonatos, C. Daskaloyannis and K. Kokkotas. Deformed Oscillator Al-
gebras for Two-Dimensional Quantum Superintegrable Systems; Phys.
Rev. A 50, 3700 (1994).

C. Daskaloyannis. Quadratic Poisson algebras of two-dimensional classi-
cal superintegrable systems and quadratic associate algebras of quantum
superintegrable systems. J. Math. Phys. 42, 1100-1119, (2001).

36



22]

23]

[24]

S. P. Smith. A class of algebras similar to the enveloping algebra of sl(2).
T. A. M. S. 322, 285-314, (1990).

F. Calogero. Solution to the one-dimensional N-body problems with
quadratic and /or inversely quadratic pair potentials. J. Math. Phys. 12,
419-436 (1971);

S. Rauch-Wojciechowski and C. Waksjo. What an effective criterion of
separability says about the Calogero type systems. J. Nonlinear Math.
Phys. 12, Suppl. 1 535-547 (2005);

J. T. Horwood, R. G. McLenaghan and R. G. Smirnov. Invariant clas-
sification of orthogonally separable Hamiltonian systems in Euclidean
space. Comm. Math. Phys. 259, 679-709 (2005);

C. P. Boyer, E. G. Kalnins, and W. Miller. Stéckel - equivalent integrable
Hamiltonian systems. STAM J. Math. Anal. 17, 778797 (1986).

J. Hietarinta, B. Grammaticos, B. Dorizzi and A. Ramani. Coupling-
constant metamorphosis and duality between integrable Hamiltonian
systems. Phys. Rev. Lett. 53, 17071710 (1984).

37



