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Abstract

We discuss the role of commuting operators for quantum superintegrable systems, showing how they
are used to build eigenfunctions. These ideas are illustrated in the context of resonant harmonic oscilla-
tors, the Krall-Sheffer operators, with polynomial eigenfunctions, and the Calogero-Moser system with
additional harmonic potential. The construction is purely algebraic, avoiding the use of separation of
variables and differential equation theory.
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1 Introduction

The notions of complete and superintegrability have their origins in classical mechanics.

A Hamiltonian system of n degrees of freedom, Hamiltonian H, is said to be completely integrable in the
Liouville sense if we have n independent functions I,,, which are in involution (mutually Poisson commuting),
with H being a function of these and typically just one of them. Whilst n is the maximal number of
independent functions which can be in involution, it is possible to have further integrals of the Hamiltonian
H, which necessarily generate a non-Abelian algebra of integrals of H. The maximal number of additional
independent integrals is n — 1, since the “level surface” of 2n — 1 integrals (meaning the intersection of
individual level surfaces) is just the (unparameterised) integral curve. Well known elementary examples are
the isotropic harmonic oscillator, the Kepler system and the Calogero-Moser system.

The idea can be extended to quantum integrable systems, with first integrals replaced by commuting
differential operators. If we are truly interested in the system as a physical quantum system, then we would
require our operators to be Hermitian. However, the same ideas are applicable to the study of polynomial
eigenfunctions of Laplace-Beltrami operators, so we will not impose this condition. Whereas the goal in
classical mechanics is to solve the equations of motion for the trajectory, the quantum case seeks the spectrum
and corresponding eigenfunctions. Superintegrability leads to degeneration of eigenvalues in a direct way, to
be explained in this paper.

A commuting operator can share eigenfunctions, but can also permute the eigenfunctions of a degenerate
eigenvalue of the Hamiltonian. The best known example of this is the action of the rotation algebra on the
eigenfunctions of a spherically symmetric Hamiltonian, such as that of the hydrogen atom. This is, indeed,
the simplest example, since the rotation algebra is represented by first order differential operators. Another
example is the resonant harmonic oscillator, which involves higher order differential operators, as described



in Section 2. This phenomenon is commonly seen in superintegrable quantum systems, where it is possible
to use the additional commuting operators to ezplicitly build sequences of eigenfunctions [5-7].

There is a large literature on the classification and analysis of superintegrable systems (see the review
[20]) and they naturally occur in many applications in physics (additional integrals being referred to as
“hidden symmetries” [2, 21]).

In Section 2 we briefly explain ideas in the familiar context of the resonant harmonic oscillator. In Sec-
tion 3 we discuss the Krall-Sheffer operators, which are deformations of the Laplace-Beltrami operators of
associated (pseudo-)Riemannian manifolds. The role of the isometries in building higher order commuting
operators is emphasised. The role of these operators in constructing a triangular array of polynomial eigen-
functions is explained. In Section 4 we discuss the extension of Krall-Sheffer operators to a 3 dimensional
domain. Again the isometries play a key role in the building of commuting operators, which are then used
to build a tetrahedral array of polynomial eigenfunctions.

We next consider the quantum Calogero-Moser system (in the 2 and 3 dimensional cases), with the
addition of an external harmonic potential. This is well known to be superintegrable and has a plethora
of commuting operators. By considering this as a deformation of the isotropic harmonic oscillator, we
extend some of the latter’s integrals to the Calogero-Moser case. These operators are then used to build
eigenfunctions, which are deformations of those of the isotropic harmonic oscillator.

2 Resonant Harmonic Oscillators

Since two harmonic oscillators in Cartesian coordinates are just written as the sum of 1-dimensional
oscillators, the system is clearly separable in both the classical and quantum cases. This system can be
explicitly solved by elementary methods. When the oscillators are resonant, some additional features arise.
The classical orbits are periodic, forming Lissajous figures in the configuration space. The quantum spectrum
is degenerate, with multiple eigenfunctions corresponding to each eigenvalue. Both these phenomena are a
result of superintegrability (see [8] for further discussion). Here we just discuss the quantum case.

We consider the eigenvalue problem

Ly = (85 + 85 —wir? - w%yz) = N, (1a)
with ladder operators AT = F0, + wz, Af = F0y + woy, satisfying
[L, Af] = F2w1 AT, [L,Af] = F2uw AL, [AF Af]=0.
The ground state )y o = e~ 2 (@12 +w2v®) gatisfies
Az o0 = A, v00=0, Lthoo=—(w1+w2)top0,
and we use the raising operators to define an infinite triangular array of eigenfunctions:
i = (Ai)i(A;')jl/Jo,o, with eigenvalues \; j = —(2i + 1)w; — (25 + 1)ws. (1b)

Since the ladders in the x—direction commute with those in the y—direction, it doesn’t matter which order
we operate with A} and A;. Each order corresponds to a different path through the array depicted in
Figure 1. We can also move in the negative direction A7 v, 1 = 2iwivj_1 x, A;%,k = 2iwat)j 1.

The eigenvalues \; ; are distinct, if and only if wi and wy are not commensurate.

When (wq,ws) = (m,n), we can build two commuting operators (see Jauch and Hill [15]):

(L, (A7)"] = F2mn(AD)",  [L,(A})™] = F2mn(A)™ = {



Figure 1: The action of A} and A} on the array v x)

(4,0 ¥(3,1) h(2,2) (1,3 ¥(0,4)

The operators
Sy = (A))™(A;)" and S = (A7)"(4,)" (2)
play the role of connecting eigenfunctions with the same eigenvalue, so are directly related to degeneracy.

The labelling indicates that .S, moves us in the rightwards direction, whilst S, takes us leftwards.

Isotropic Case: (m,n) = (1,1). Here we have
S, = A;A; =2y +y0, —x0y — 0,0, and S, = AIA; =2y — YOy + 20y — 0,0y,

taking us respectively right and left across a horizontal, with i+ j = ¢, each with eigenvalue \; ; = —2(£+1).
The more usual operators are just the even and odd combinations:

1
Sy = 2 (Sr 4 8e) = a2y — 0,0y, S— = (Sr — Se) = ydx — 20y,

This case (and its 3 dimensional version) arises in the context of the Calogero-Moser system of Sections
5 and 6.

The Case: (m,n) = (1,2). Here we have
Sy = A;‘(A;)2 = 2(2* + 1)y + 42yd, — (2° + 1), + 2y9? — 220,0, — 020,
Sy = (A;F)QA; = 2(z* — 1)y — 4xyd, + (2* — 1)0, + 2y0? — 220,0, + 020,

taking us respectively right and left in the direction of the line i4+-2j = ¢, each with eigenvalue \; ; = —(2¢+3).
For example, the first of these acts as v; j — ¥;_2 j11.

Relation of these Integrals to the Euclidean Algebra

The Laplacian operator here corresponds to the Euclidean metric, with symmetries generated by the
Euclidean algebra:
Tl = aﬂm T2 = aya Q= yaw - xOy, (33‘)

satisfying
[T1,T2] =0, [11,Q]=-Tz, [T»,Q]=T1. (3b)

The only (nontrivial) operator (1a) which admits such a symmetry, is the isotropic case, where we saw that
S_=Q.



Generally, we have
Sy = (—0y)™(02)" + “lower order terms” and Sy = (9y)"(—05)" + “lower order terms”.

In each case we have leading order term £17'T5", which commutes with the Laplacian, whilst the “lower
order terms” do not.

One of the operators Sy is of order m + n, with leading order term +77'735", whilst the other is of order
m +n — 1, with leading order term £Sym (77"~ '73"~'Q), where “Sym” is just the symmetrisation of these
operators, which simplifies the form of the “lower order” terms. Again, the leading order terms commute
with the Laplacian.

For the case (m,n) = (1,2), we find that S1 take the form
Sy =0T +ThQ+ 2¢%y and S_ = T12T2 — 4xyd, + x28y — 2y.

Remark 2.1 Whilst such formulae can be constructed for each specific case, it is not possible to write a
universal formula. Furthermore, whilst building first integrals by deforming higher order “Killing tensors”
is a recurrent theme in this paper, it is not the most transparent way for the resonant oscillators, since the
formulae for S, and Sy in terms of ladder operators directly give the operation of moving right and left in
the array of eigenfunctions.

2.1 Associated Hermite Polynomials

As in the 1 dimensional case, we can set ;1 = 10,0} x(2,y), to obtain the 2-dimensional Hermite
equation 3
LP = (85 + 82 — 2w 20, — 2waydy — (w1 +w2)) P = AP, (4)

with the eigenfunctions being separated, with P; ,(x,y) = H;(x)Hy(y), where H;, Hj, are just the Hermite
polynomials (but with coefficients depending upon w; or wy). Similarly the ladder operators reduce to the

standard ones for Hermite polynomials: /1;’ = 2wz — 0y, Ay = 0, and so on.

These polynomials will play an important role in Sections 5 and 6.

3 Krall-Sheffer Operators and 2 Dimensional Polynomials

Krall and Sheffer [18] considered the class of 2 dimensional linear operators that could support polynomial
solutions (a simple generalisation of Bochner’s classification in 1 dimension):

Ly = (ax? + diz + e1y + f1)Pwe + 2azy + dox + ey + 12) Py
+ay? +dsx + esy + f3)pyy + (B + K1) ps + (By + K2)py.

The degree N polynomial eigenfunctions form an N 4+ 1 dimensional vector space, with a basis of monic
polynomials:

(5a)

Prn = 2™y"™ + lower order terms, for m+n =N, (5b)
with eigenvalue
AN = Aman = (Mm+n)(m+n—1)a+ ). (5¢)
The number of parameters in (5a) is reduced by making affine transformations on the x — y space, giving 9
canonical forms, given in Table 1.

Remark 3.1 Requiring only polynomial coefficients in the form of (5a) guarantees that the space of poly-
nomials is invariant under the action of L. Requiring polynomial eigenfunctions then restricts the degree of
these polynomial coefficients. Requiring that the N 4+ 1 polynomials (5b) have a common eigenvalue, forces
relations between the parameters.

However, specific families of polynomials can be eigenfunctions of a more general form of operator, as
will be seen in Section 5.1 below.



Table 1: Krall-Sheffer Operators

Type L: L= (2* — 2)07 4 22y0,0, + (y* — v)9: + (Bx + £1)02 + (By + K2)dy)
Type II: L = 2202 + 22y0,0, + (y* — y)0; + (Bz + £1)0x + (By + K2)0)

Type IIL: | L = 2292 + 2xy0,0, + (y* + )07 + (Bx + £1)05 + (By + K2)0y

Type IV: | L =207 4 y02 + (B + £1)0x + (By + £2)0,

Type V: L = 220,0, + y0; + (Bx + K1) + (By + K2)0,

Type VI: | L =207 + 9} + (Bz + £1)9x + (By + K2)0)

Type VIL: | L =02+ 9. + (20, + x0,)

Type VIIL: | L = y02 + 20,0, + (Bz + £1)0: + (By + K2)0,

Type IX: | L = (2® — 1)82 4 220,08, + (y* — 1)0% + B0, + Byd,

The matrix of coeflicients of the second order terms (if non-degenerate) defines the inverse of a metric,
with L being a deformation of the corresponding Laplace-Beltrami operator:

2

1 0 0
Lf=Y" N (\/ﬁgwag{i),

ij=1

where ¢ is the determinant of the matrix g;; (and with (z1,22) = (z,y)). In [14] it was shown that the
metrics occurring in the Krall-Sheffer operators were either flat or constant curvature. The curvature is
proportional to the parameter «, so the flat cases correspond to o = 0 (cases IV, V, VI, VII and VIII).
In [12] we considered the isometry algebras of these 9 metrics. It is well known that flat and constant
curvature metrics possess the maximal group of isometries, which (on a space of dimension n) is of dimen-
1

sion 5n(n + 1). In [12] we construct the 4 symmetry algebras corresponding to the Krall Sheffer metrics,

shown in Table 2. The constant curvature metrics have isometry algebras so(3) or sl(2). The flat cases have

Table 2: The symmetry algebras for the Krall-Sheffer metrics

Types \ Symmetry algebra ‘

I, IX s0(3)

I, 101 S1(2)
IV, VI, VII e(2)
V, VIII (1, 1)

algebras e(2) or e(1,1). The Laplace-Beltrami operator is just the Casimir of the corresponding algebra.
Isomorphisms between different concrete realisations of a given algebra give non-affine transformations be-
tween corresponding Krall-Sheffer operators. For example, types II and III are related through the change
of coordinates zo = —64x3, yo = —y3/(4x3).

In [14] it was shown that each of the Krall Sheffer operators commute with two other independent
differential operators and hence define a superintegrable system. In [12] we exploited the connection between
second (or higher) order commuting operators and Killing vectors. In the case of flat and constant curvature
metrics all higher order Killing tensors are built from tensor products of Killing vectors. In our context, this



means that the leading order terms of second order, commuting operators are just quadratic expressions in
first order differential operators (Killing vectors). In this paper we illustrate this construction in the context
of the Type II Krall-Sheffer operator.

3.1 The Krall-Sheffer Type II Operator
By looking at the coefficients of the second order part of the operator L in Table 1, we see that

oo ) o0

xy Y -y

This metric has constant curvature and a convenient basis of Killing vectors is

H = 420,, E =2,/730,, F4\/@3ﬂ+2(y1)\/gay, (6b)

satisfying the standard commutation relations of sl(2,C):
[H,E| =2E, [H,F]=-2F, [E,F|=H. (6¢)

The Laplace-Beltrami operator for the metric (6a) is proportional to the quadratic Casimir operator:
| 242 2 2, 3 1
L, = 1—6(H + 2EF + 2FE) = 2°9; + 22y0,0, + (y* — y)0, + §z8m + 5(3y —1)9,. (6d)

It can be seen that the Krall-Sheffer operator is just a deformation of this, with more general first order
coeflicients. Since any quadratic expression in the Killing vectors commutes with Ly, we can similarly deform
this to obtain an operator which commutes with L. For example, choosing I = K2 + £(z,y)0, + n(z,y)9y,
where K is some Killing vector, then [L,I] = 0 gives an over-determined system of partial differential
equations for £ and 7, whose solution gives the form of the operator. In particular, we have

1

L= eH 4 E(2,9)0 4+ n(2,y)0y = 2°0; + (B + K2)z + k(1= 9))0s, (7a)
1

L = JEB+&@,y)0 +n(w,y)dy = 2yd) + (k1y — K2)0y. (7b)

3.1.1 Polynomial Eigenfunctions

The polynomial eigenfunctions (5b) form a triangular array as depicted in Figure 2, with Py = 1 at the
apex.

The polynomials on the left and right edges of the triangles are functions of only = and y respectively.
These are classical orthogonal polynomials, satisfying $-point recurrence relations and possessing first or-
der, ordinary differential ladder operators in each case. Here we only need to consider the left edge, with
polynomials P, o(x), which satisfy the eigenvalue problem

L P, o= (2202 + (Bx + £1)0) Pmo = m(m — 1 + B) Pro, (8a)

with 3-point recurrence and ladder operator

_ k1(8 —2)
Frtro = (”“" TG 2m)(Br2m - 2)) Fin,o

mk3(B+m —2)
: ((5 Fom D)3 + 2m — 2P (3 2 3)> Fn-o
1

r@ = Bram( oD (B+m—1)((B+2m)z + k1) + (B + 2m)z20,). (8¢)

(8b)




Figure 2: The triangular lattice of polynomials P, , with Fyo = 1. Horizontal arrows denote the action of
I, (right) and I (left). The operators 7(*) and () represent the edge ladder operators.

Py &2 P31 =2 Py =2 P33 &2 Py

This ladder operator satisfies the commutation relation

22(L®) — )
B+2m—1

We can use these to build polynomial eigenfunctions P, ¢, the first few of which are:

(L&) r@)] = + Mng1 = Ap)r® . with Ay, = m(m — 14 ). (8d)

K1 5 2k1m K2
Poo=1, Po=a+—, Pyo=ua"+ + ,
B B+2  (B+2)(B+1) (©)
3 3kia? 3Kix K3

P30:$

+ + + .
’ B+4  (B+4)(B+3) (B+4)(B+3)(B+2)
By considering the action of I on x™y™ it is possible to deduce that
Ilpm,n - m(ﬁ + Ko +m — 1)P7n,n - _mﬁlpm—l,n-‘rla
IQPm,n - nmlpm,n = _n(KQ -n+ 1)Pm+1,n71a

We see that, starting with Py o, /3 moves us to the right by constructing Py, ,,, with m +n = N, until we
reach Fy n, which satisfies 1 Py y = 0. I similarly moves us from right to left. For example, with NV = 3,
we construct

- 2 2 K1 KJ%FCQ
P = g e ) s ) GG ey
_ L _ ka1 K1k (ki — 1)
Pia = oy g (Gl = Dy d s} gy (20 20 GG a3+
P _ y3 n 3(ke — 2)y2 3(ke — 2)(ke — 1)y n (k2 —2) (k2 — 1)ka
03 B+4 B+)(B+3) " (B+HB+3)(B+2)

Remark 3.2 [t is possible to build “internal” ladder operators, which take us parallel to the edges, but
these are very complicated second order, partial differential operators (see [12]). Similarly, there are 3 level
recurrence relations, which, in this case, connect 6 polynomaials in an “inverted triangle”.

4 Krall-Sheffer Operators in 3 Dimensions

We now consider operators in 3 dimensions, of the form

L= Auéﬁ + A228§ + A338§ + 2A128x8y +2A130,0, + 2A238y82 + A0, + A28y + A30,, (10&)



possessing polynomial eigenfunctions. Generally, the coefficients should be of the same form as (5a), but we
specifically require that on each of the 2 dimensional coordinate surfaces, the operator should reduce to one
of standard Krall-Sheffer ones of Table 1. There are just 7 consistent combinations (see [22]), but here we
only consider one of these

L = 22°0%+ (y* - y)@i + (22 = 2)02 + 2 (2y0,. 0y + £20,.0, + y20,0,)
+(Bx + £1)0z + (By + k2)0y + (B2 + K3)0s, (10Db)
which reduces to Krall-Sheffer Type IT on both the (x,y) and (z, z) planes, and to Type I on the (y, z) plane.
In this Section, we present the isometry algebra of the corresponding metric and then 4 independent

commuting operators. We then consider the construction of polynomial eigenfunctions, by first taking the
2D polynomials in (z,y), found in Section 3.1.1, and then applying the commuting operators in 3D.

4.1 The Isometry Algebra and Commuting Operators

The metric corresponding to the coefficients of the second order part of (10b) has constant curvature,
with a 6 dimensional isometry group, with generators:

61:2\/]}28z, h1:4$8w, f1:2(2+y—1)\/§82 +4\/l'281,

(11a)
es = 2,/xy 0y, ho =4/yz(0y — 0.), fo=8\xyod,+4(z+y— 1)\/3811,
satisfying the commutation relations of Table 3.
Table 3: The commutation relations [X,Y] of the isometry algebra (11a)
€1 hy bil €2 ha f2
€1 0 7261 hl 0 262 72h2
hl 0 —2f1 262 0 —2f2
bil 0 ha f2 0
€9 0 —261 2h1
ha 0 4f
I2 0
This algebra has two quadratic Casimirs:
Lk = —(2 2 h3 —h3
b = 16( erfi +2fie1 + hi + eafo + faey — h3)
= 2202+ (v* - y)@i + (22 — 2)02 + 2 (2y0,0y + 120,0, + y20,0.)
1 1
+2x0, + (23/ — 2) Oy + (22’ — 2) 0z, (11b)
and
Cy = 2h1hy + €1f2 + f2€1 — 2€2f1 — 2f1€2 =0. (11(})

The first of these is just the Laplace-Beltrami operator of our metric, and the second is a quadratic constraint
on the algebra (in this realization). The operator (10b) is just a deformation of L.

In a constant curvature space, all higher order Killing tensors are built from tensor products of Killing
vectors. This means that higher order operators, commuting with L;, are just built from products of the
Killing vectors (first order operators). For example, the operator €2 = 21202 4 220, commutes with L,. We



can add some first order “correction terms” to obtain an operator which commutes with L (of (10b)). We
build 4 such operators, commuting with L, by deforming (some multiples of) e?, €3, h7 and h3, respectively:

I = 220°+ (k12 — k37)0,, (12a)
L, = xy8§ + (K1Y — K2x)0y, (12b)
Iz = 22024+ ((1 —2z—y)k1 + (B + k2 + k3)2)0s,s (12¢)
I = yz(0y, — 0.)* + (kay — k22)(0y — 9s). (12d)

Since [I1, I2] = [I3, 14] = 0, we can use either of the triples {L,I1,I2} or {L, I3, I} to show that the system
is completely integrable, whilst the existence of all 4 operators, commuting with L, shows that the system is
mazximally superintegrable.

4.2 The Polynomial Eigenfunctions

We now consider a basis of monic polynomial eigenfunctions of the form
Ppn(x,y,2) = zty™z" + lower order terms, 0 < £, m,n. (13)

These form a tetrahedral array, with Py = 1 at its apex. On each triangular face we have polynomials
in two variables, which are eigenfunctions of a 2D Krall-Sheffer operator (of either Type I or Type II). In
particular, on the x — y face we build polynomials Py, o(x,y), which are just the eigenfunctions we built in
Section 3.1.1.

Recall that we used a ladder operator to build a sequence of 1 dimensional polynomials Py g o(x), with
eigenvalue \y = N(N — 1 + ). The operator I; (of (7a)) then allowed us to build N + 1 eigenfunctions
{Pr,m.0(x,y) to4m=n, with the same eigenvalue.

We now show how to build a further %N (N + 1) polynomial eigenfunctions of the form (13), giving us
a total of %(N + 1)(INV + 2), having the same eigenvalue Ay. They form a horizontal, triangular slice of the
full tetrahedral array of eigenfunctions. This is depicted in Figure 3, for the case N = 3.

Figure 3: The horizontal triangular lattice of polynomials Py ., , with £ +m 4+ n = 3. Horizontal arrows to
the left depict the action of I4. Arrows parallel to the left (right) edges correspond to I (I2)

P30

N

P201 -~ P21()

N SN

P102 -~ P111 ~ P120

/\/\/\

003‘7 012‘7 021‘7 3,0

4

By looking at the action of I; on the leading term of P, ,,, we can determine the action on polynomials
(13):

LPimn = k1nPrmn+nn—1—k3)Piimn—1, (14a)
LPpmyn = K1MPrmn+m(m—1—ke)Pr1m—1n, (14b)
3P mn = Ll —1+4+ B+ Ko+ Hg)Pg,mm — UKy (Pg_17m+17n + Pg_1,m7n+1), (14c¢)
LiPpmn = (ksm+kan —2mn)Pemn +n(n—1—ks)Prmiin-1+m(m—1—ka)Prm—1n+1. (14d)

First note that the action of I is to keep £ fixed, whilst increasing n and decreasing m. When n = 0, the
coefficient of Py ,41,,—1 vanishes, so this potentially contradictory term does not arise. For m > 1, (14d)



can be solved for Pp,,—1 pt1. When m = 0, the coeflicient of P, ,,_1 41 vanishes, so again this potentially
contradictory term does not arise. This procedure is indicated by the horizontal arrow going to the left in
Figure 3. Since we already know the polynomials P ,, o on the right edge, we use I to build the remaining
polynomials in Figure 3. The operators I; and I also act in a simple way on these polynomials, with Iy
keeping m fixed and moving upwards and parallel to the left edge. Similarly, Is keeps n fixed and moves us
upwards, but parallel to the right edge.

Before writing down the explicit polynomials depicted in Figure 3, note the following discrete symmetry:

Lyz : (:z:,y,z, K1, k2, /{3) = (I,Z,y,m,ng,@) = L~ L and Pf,m,n = Pf,n,m- (1534)

For our case of N = 3, this means that the left edge polynomials, P> 1, P1,0,2, Fo,0,3, are derived from their
counterparts on the right edge. Furthermore, P ;2 is similarly related to Py 21 and Py 1,1 is invariant. We,
therefore, just need to derive two polynomials:

_ K3TY + Koz + K1Yz K2R3 + K1K3Y + K1K2Z K1K2K3
B /- ) BN (1) M
o ks H2(ke — Lyz | (ko — 1)(2K3y + K22) Ko(ka — 1)K3
Par = et =5y R CES R R

Remark 4.1 This is the first value of N for which there is an “internal” polynomial, P 1.1, depending upon
all three variables. For N > 3, we have 3(N — 1)(N — 2) such internal polynomials.

Remark 4.2 The involution y <> z acts as an automorphism on the algebra (11a):

1
(€1, h1, f1,e2, ha, f2) — (62,h1, §f2761, —h2,2f1> ;

so naturally preserves the Casimir Ly. Extending this to the parameters k;, to give ty., of (15a), then
naturally preserves L, and acts on the commuting operators I;, with v, : (I1, Is, I3, I4) = (I2, 11, I3, I4).

5 The Rational Calogero-Moser System with Harmonic Potential
(2 Dimensional Case)

The rational Calogero-Moser system (both classical and quantum) [1] has been fundamental in the history
of integrable systems, and is well known to be superintegrable [19, 24]. This continues to be the case when
we add an isotropic harmonic oscillator potential [4, 23]. There is a large choice of commuting operators,
but here we consider the Calogero-Moser term to be a deformation of the isotropic oscillator:

2¢2
L:82+827w2 2+277’ 16a
1 2 (‘11 112) (g1 — g2)2 (16a)
K1 = (0201 — 102)% — ACqg Koy = 0105 — w2q1qs + ¢ (16b)
((h - q2)27 ((J1 - (]2)27

where 0; = J,,. Notice that the leading order terms of K; and K, are respectively 02 and T, T,, when
written in terms of the Euclidean algebra (3a). These satisfy [L, K;] = 0, but K3 = [K7, K»] is a third order
operator, satisfying

[K1,K3] = —8(K1K>+ KoKy +2(1—2¢®)Ks — °L), (16¢)
(Ka, K3] = 2(4K35 — L? — 8w Ky +4(1 + 2¢*)w?) (16d)
4 4
K2 = 4 (K1L2 -3 (K3K1 + KoK Ky + K1 K3) + §(6c2 — 11)K3 + 4w*K?
2 2 2 4 2 2 4 2 2 4
—4C KL+ S L% = qw (6c2 +11) K + @ (2 —20c® — 3¢ ). (16e)
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The element K3 is not needed in what follows, but these relations show that there is no need to add further
elements to close the algebra. The algebraic constraint (16e) reflects the fact that we can only have 3
independent commuting operators in 2D.

We next introduce the gauge transformation L — L = gLg~!, with g = (¢1 — qg)pe%w(qi‘*qg), to obtain

" 2
L = &+0% 20 (00 +q0s) — ﬁ (91— B2) +2(p — Dw, (17a)
. 2(q1 +
K1 = (g0 —q1d)° — 2l +42) (9201 — 102) +p(p +2), (17b)
(Ch - Q2)
Ky = 0102 —w(qed + @10) + (01 — 02) — pw, (17¢)
((J1 - Q2)

when ¢ = p(p + 1).
Finally, the orthogonal transformation, u = %(ql +q2), v = %(ql — q2), gives

L= 02402 — 2 (ud + 00) — %pau +2(p— o, (18a)
K = (vdy, —udy)? — Zpu (V0 — udy) + p(p + 2), (18b)
K, = % (92 — 92) — w (udy, — v0,) + %&, — pw. (18¢)

In these coordinates (the non-constant part of ) L separates into L = L") + L") satisfying [L®), L(")] = 0.
Then, K; = 1 (LW — L),
5.1 Building Eigenfunctions

We again construct a triangular array of eigenfunctions. On the left edge, eigenfunctions depend upon
u only and consist of Hermite polynomials P, o, m > 0, with eigenvalue \,, = —2mw. The commuting
operators allow us to build other polynomial eigenfunctions with the same eigenvalue. On the right edge,
we also have polynomial eigenfunction, just in the variable v, but only of even degree.

5.1.1 The Left Edge

We consider the 1-dimensional eigenvalue problem, with corresponding ladder operator:

1
LWP,, o= (02 = 200y)Pmo = AmPmo, Al Pmo= (u -5 au) Po0, (19a)
satisfying
LW Af] = —2wAT = A\, = —2mw, (19b)
when Py = 1. We therefore have Hermite polynomials on the left edge:
1 3 3 3
_ _ 2 _ 2 _ 4 2
.PL()—U7 PQ?O—U_%, P370—’LL<U —2w>7 P4,o—u—;u —‘rrwz, (].9(?)

These are the polynomials briefly discussed in Section 2.1.

5.1.2 Using the Commuting Operators

We use the operator K of (18b) (but drop the constant term p(p + 2)) to build eigenfunctions to the
right of P, ¢. Considering the action Kj(u™v™) we find

KiPpp=n(n—1=2p)Puiono—((1—2p)m+ (14 2m)n) Ppp +m(m —1)Pp_o., 1. (20a)
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In particular
KiPpo=—(1—=2p)mPuo+m(m—1)Pn_ 22 and KiPy,=n(n—1-2p)Psn_o—20Ppn,
so we never encounter the terms to left and right of our array. Furthermore
Ki(u™) = m(2p — Du™ + m(m — Du™ 202,
so only positive and even powers of v occur (despite the v~! term in the formula).
Starting from either m = 2N or m = 2N + 1, on the left edge, we generate N polynomial eigenfunctions

{PQ(N,k),Qk}éVZO or {PQ(N,;CHL%}{CV:O. Furthermore, since the eigenvalue problem is separable in (u,v)
coordinates, the eigenfunctions are just products:

Pon—iyor = Pon—k),0 Poor and  Pon_py41,26 = Po(n—r)+1,0 Fo,2k- (20b)

We therefore only need to enumerate the polynomials on the left and right edges and then to apply the
above formulae. The first 4 polynomials on the left edge are listed in (19¢), with the first 3 polynomials on
the right edge being:

2p —1

2p 3 2p —3)(2p — 1
Poo =02+ Pty P73 e Cpo3) 1)
| 2 | “ el (20c)
3(2p— 5 3(2p —5)(2p — 3 2p —5)(2p — 3)(2p — 1
Ppg—of 4 S =0) 4 3@ =5)2p—3) » (-5 —3)(2p—1)
' 2w 4w? 8w3

This array of polynomials partially fills a triangular lattice, as shown in Figure 4. When p = 0, these are
just the even Hermite polynomials of Section 2.1.

Figure 4: The triangular lattice, partially filled by polynomials P, ,, with Pyo = 1. Horizontal arrows
denote the action of K; and parallel to the left edge we have A

At Py
P
/ X
P LS| P2
/ AL
Py P s
P4,0/ K - P2,2/ Ky > P4

Our route to Py, was to use the ladder operator Al to construct P, 0 and then to build the other

eigenfunctions, with a given eigenvalue, by operating with K. However, as indicated in Figure 4, we can
use Al to build P, 2, with m > 1, from Py oy,.

5.1.3 Returning to the Original Coordinates

Taking any P, »(u,v), we obtain an eigenfunction of the original operator (16a) by the transformation

— @1+q9 g1—¢q —l(q?+q2
¢m,n(Q1,Q2)=(Q1—Q2) me,n( 1\/527 1\/52) € : (q1+q2). (21)

We add the constant 2(p — 1)w, from (18a), to the eigenvalue —2mw, from (19b), to obtain A, , =2(p—1—
m—n)w.

In this way we have directly used the superintegrability to build a lattice of eigenfunctions of the operator
(16a) for the Calogero-Moser system in 2 dimensions.
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6 The Rational Calogero-Moser System with Harmonic Potential
(3 Dimensional Case)

We now consider )

L=0f+ 08+ 0k~ (gl + b +ad) ~ 2 ) (=
? J

i<j

(22a)
where 0; = 0,,, and which we again consider as a deformation of the isotropic oscillator. The isotropic
oscillator is rotationally invariant, with angular momentum operators (labelled modulo 3)

Qi = qi_lf)iﬂ — qi+13i_1, 1= 1, [N 73, with Casimir Q2 = Q% + Q% + Qg (22b)

Whilst (22a) is not rotationally invariant, we can deform the Casimir to obtain a commuting operator:

2
Q5—i—; + 2¢;q;
K1 =Q% -9 § =/ - (22¢)
= (@i-g)

which will play the role of K7 in (16b). There are more commuting operators (the system is superintegrable),
but we only use this one here. R
The gauge transformation in 3 dimensions is L — L = gLg~ !, with

Lo(a?4+a2+a2
9= (g1 — 2)(q2 — 43) (g3 — qu))P ez* (BT e2Fa3),

giving (labelling modulo 3)

3
. 9 — O,
L o= ) (9 —2wqd;) —2p) Biz9) | 3(2p — 1w, (23a)
i=1 1<j (6 = 45)
3 2 2 2 2
2 2¢i1 + 4 Qi1 245
K = @-2p) <Qi+2 + i1 — g+ — 2 4 S =2 ) 9, —3p(p - 3), (23b)
im1 i — gi+1 4 — Qi+2
when ¢ = p(p + 1).
The orthogonal transformation
u= (et as) V= (@20t as), W= (g1 — gs) (24a)
\/gfh g2 T 43), \/6(]1 42 T+ q3), \/i% 43
then gives (removing the constant terms)
- 6
L = 02402402 — 2w (udy +v0y + wdy) — 3027102 (200, + (v2 — w?)dy) (24b)
K = Q*+ 6p(udy + 300, + wdy,)
6
p (2ow(u® + 40*)8, + (v — w?) (v + v* + w?)dy,) . (24c)

Cw(3v? — w?)

In these coordinates L separates into L =L 4 [ww) satisfying [L(“)7 L(”’w)] =0.

6.1 Building Eigenfunctions

We again construct a triangular array of eigenfunctions (not a pyramid). On the left edge, L reduces to
L) whose eigenfunctions are exactly the Hermite polynomials of Section 5.1.1.
Using K; to construct other eigenfunctions we see that,

Ky (u™) =2m(3p — Du™ + m(m — 1)u™ % (v + w*) = K, (Pro(w) =P (u,v* + w?),
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for some polynomial P of two variables. To determine the next step in the calculation, we transform to polar
coordinates in the (v, w) plane: v = rcosf, w = rsinf

L

6p—1
02 — 2wud, + 02 — <2wr +2
r

) Or + %2 (95 — 6pcot 30 0p) , (25a)
2

Ki = (roy,—ud,)*+ (6p—1) v (rdy — udy) + (1 + u2> (95 — 6pcot 30 D) . (25b)
r r

As written, it is clear that L separates in these coordinates. Furthermore, the space of functions of the two
variables (u,r) is invariant under the action of both operators. Thus, starting with a function of u only (on
the left edge) we build functions of only the 2 variables (u,r). Furthermore, when acting on f(u,r), these
operators reduce to ezactly those of (18a) and (18b), but with (v, p) replaced by (r, £(6p — 1)).

Therefore, our previous 2 dimensional polynomials give us polynomial solutions of (u,r), which only
contain even powers of r, so correspond to polynomials in (u,v,w). Specifically, if we label our polynomials
of Section 5.1.2 as Py, »(p,u,v) then

1

,Pm,n(pvuar) = Pm,n (2

(6p — 1),u,r) satisfies  LPpy (D, 1, 7) = —2mwPyy 0 (p, u, 7).

6.2 Returning to the Original Coordinates

In the 2 dimensional case, P, (u,v) = Py, 0(w)Po n(v), the left and right edge polynomials of Figure 4.
The parameter p only occurs in the function Py, (v), so we re-label it as Py, (p,v). We then have

1 I
Pm,n(pv U, T) = Pm,O(u)PO,n (2(6]? - 1)7 U2 + w2) (263)
Incorporating the orthogonal transformation (24a) and the gauge transformation, we have eigenfunctions

G (@1,42,03) = (01 — 02)(q2 — 43) (g5 — @u)) P e 2DHBHR) D (p 0y, p), (26D)
1

with u = %(ql + g2+ q3), v+ w? = % (3(q1 —q3)% + (q1 — 2q2 + Q3)2). Combining the constant term of
(23a), with the Hermite eigenvalue of —2mw, we obtain A, , = (6p — 2m — 2n — 3)w.

7 Conclusions

The purpose of this paper was to show how superintegrability is responsible for degeneracy in quantum
integrable systems, giving a direct mechanism for the construction of multiple eigenfunctions with a given
eigenvalue. This has been illustrated in a variety of examples: resonant harmonic oscillators; Krall-Sheffer
eigenvalue problems; the Calogero-Moser system with additional harmonic term. For simplicity we just
considered 2 and 3 dimensional systems.

Of course, in order to use the commuting operators to construct eigenfunctions, we must first have such
operators.

The examples in this paper have been related to flat and constant curvature spaces, possessing the
maximum possible isometry algebra (%n(n + 1) isometries in an n dimensional space). Each Killing vector
commutes with the Laplace-Beltrami operator of the corresponding manifold. It is well known [13] that, for
flat and constant curvature spaces, all higher order Killing tensors are built as (symmetric) tensor products of
Killing vectors. In this paper we used this to construct the “leading order” terms of each of the commuting
operators. Adding lower order terms (such as potentials) to the Laplace-Beltrami operator and Killing
tensors imposes conditions on these lower terms, so only special potentials will allow commuting operators.

Outside of the realm of flat and constant curvature metrics, the first task is to build the Killing tensors.
Well known examples include Carter’s construction of a second order Killing tensor for the Kerr metric [3]

14



and the general class of Stackel metrics. Beyond (but including) constant curvature, we have conformally
flat metrics. Well known superintegrable systems with this class of metric are the Darboux-Koenigs systems
(see [16, 17]), with quadratic integrals, and those of Matveev and Shevchishin [16], with cubic integrals.
An important feature of conformally flat spaces is the existence of a large algebra of conformal symmetries,
corresponding to the particular flat metric to which they are related. Recently [9], a method was introduced,
which uses the conformal symmetries to systematically build the first integrals (both in the classical and
quantum case) of the Darboux-Koenigs and Matveev and Shevchishin systems. This has more recently been
used to derive 3 dimensional generalisations of the Darboux-Koenigs systems [10, 11], but only in the classical
case.

The problem of building second order integrals (Killing tensors) for systems associated with conformal
metrics has therefore been solved. In principle, higher order integrals can be built in a similar way, but the
calculations are rather complex. Only after we build these Killing tensors, can we consider the problem of
adding potentials. This has now largely been carried out for the classical systems listed in [11]. The quantum
case is still an open problem.
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