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We consider a general superintegrable Hamiltonian system in a
two-dimensional space with a scalar potential. It allows one quadratic
and one cubic integral of motion. We construct the most general cubic
Poisson algebra generated by these integrals for the classical case. For
the quantum case we construct the associative cubic algebra and we
present specific realizations. We use them to calculate the energy
spectrum. All classical and quantum superintegrable potentials
separable in cartesian coordinates with a third order integral were
found. The general formalism is applied to two of these potentials.
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1 Cubic Poisson algebras

We begin with the classical case. We suppose that we have a
superintegrable system with a quadratic Hamiltonian and one
second order and one third order integral of motion.

H = a(q1, ¢2) PY + 2b(q1, @2) PL P2 + (g1, 42) P + Va1, ¢2)
A=A(q, g, P, Po) = d(q1, ¢2) P + 2e(q1, o) PL Pot
fla, @) P35 + 9(q, @) P+ h(q1, 2) P + Q(a1, ¢2) (1.1)
B = B(q1, 42, P1. P2) = u(q1, 2) P} + 3v(q1, 2) PL Py + 3w(q1, ¢2) P Ps
+2(q1, ¢2) Py + j(q1, @2) PE + 2k(q1, ¢2) PLPa + U(q1, g2) Ps +
m(qi, q2) P1 +n(q1, ¢2) P + S(q1, ¢2)

with
{H,A} ={H,B} =0 (1.2)

where {, } is the Poisson bracket

We will try to close the algebra at the lowest order possible , namely 3.
We put

{A,B}=C
{A,CY} = aA> 4 2BAB + YA+ 6B + ¢ (1.3)
{B,C} = pA® + vA? — BB? —20AB + (A — yB +(



The coefficients « , 3 and p are constants, but the other ones can be
polynomials in the Hamiltonian H. The degrees of these polynomials is
dictated by the fact that H and A are second order polynomials in the
momenta and B is a third order one. Hence C can be a fourth order
polynomial. We have

o = ap, = Lo, ft = po (1.4)
Y= 4+1H,0=08+6He=¢e+eH+eH?
v=uwu+unHE¢=8&+6H + HH
(=Co+ GH + GQH? 4+ GH?

A Casimir operator K of a polynomial algebra is defined as an operator
Poisson commuting with all elements of the algebra. For the
algebra(2.5) this means

{K,A} ={K,B} ={K,C}=0 (1.5)
and this implies

1 2
K= CQ—QaAQB—QﬁABQ—MAB—(SBQ—QGB+§/LA4+§VA3+§A2+2CA
(1.6)

thus K is a polynomial of order 8 in the momenta. We can expect K to
be a polynomial in H and we write

K = ko4 ki H + ko H? + ks H? + kyH* (1.7)

where kg, .., k4 are constants.



2  Cubic Associative algebras and their
algebraic realizations

Let us first consider a general quantum superintegrable
two-dimensional system of the form (1.1) with
Pl = —ih@l, P2 = —ih@g
[H, A] = [H, B] = 0 (2.2)

We assume that our integrals close in a polynomial algebra.

[A,B]=C
[A, O] = aA> 4+ B{A, B} + YA+ 6B +¢ (2.3)
[B,C] = uA® + vA* — BB? — a{A, B} + €A —yB +(

The Casimir operator of a polynomial algebra is an operator that
commutes with all elements of the associative algebra. The Casimir
operator satisfies :

(K, Al = [K,B] = [K,C] =0 (2.4)

K = C? — a{A%, B} - B{A, B’} + (af — 1){A, B} + (5* - 6)B

(+57—2€)B—|—%A4+;(V—I—MB)A?)—I-(—é/LB?‘I'%‘F%u-FCE?-Ff)AQ (2.5)

1 0
+(—6u65 + gy +ay +2¢)A



We construct a realization of the cubic associative algebra by the
means of the deformed oscillator technique. We use a deformed
oscillator algebra {b',b, N} which satisfies the relation

[N, 6] = b, [N, b] = —b,b'b = B(N),bb' = B(N +1)  (2.6)

We want that ®(x) is a real function that satifies the boundary
condition ®(0) = 0, ®(x) > 0 for z > 0.These constraints impose the
existence of a Fock type representation of the deformed oscillator
algebral4,5|. There is a Fock basis [n > , n=0,1,2... . With the relation

N|n >=n|n >,b'|n >= /(N + 1)|n +1 > (2.7)
b|0 >=0,bjn >= /P(N)ln —1 > (2.8)

We consider the case of a nilpotent deformed oscillator algebra, i.e.,
there should be an a integer p such that,

=0, (0 =0 (2.9)

These relations imply that we have
d(p+1)=0 (2.10)

In this case we have a finite-dimensional representation of dimension
p+1.

Let us show that there is a realization of the form :

A= A(N),B=0b(N)+b'p(N)+ p(N)b (2.11)

The functions A(x) , b(x) et p(x) will be determined by the algebra.



We shall distinguish two cases..

Case 1 B #0

A(N) = =((N +u)* — =~ — =) (2.12)

= AW -+ 210
ad? — 2v03 + 4/3%€ 1

451 (N +u)?—

b(N)

=

Thus the structure function depends only on the function p. This
function is arbitrary. In Case 1 we choose.

1
p(N) = 3% 21285(N +u)(1+ N +u)(1 +2(N +u))?

From our expression for A(x) , b(x) and p(z), the third relation of the
cubic associative algebra and the expression of the Casimir operator we
find the structure function ®(N). For this case the structure function is
a polynomial of order 10 in N. The coefficients of this polynomial are
function of o, B, i, v, 9, €, v, £ and (.

(2.13)

Case 2 3=0et 0 #0

AN) = V(N +u),b(N) = —a(N +u)? — (N +u) — S (2.14)

In Case 2 we choose a trivial expression p(N) = 1. I will give the
explicit expression of the sutructure function for this case.

K e ¢ €2
=G e T T

(2.15)



(—ae B c_l B v e -y ¢ Vo

=
20 4 40 252 45 20 12
—V/6 3oy V¥ oea o & ud

(N + u)

Loy > PPNN 2
T s e Tttt W
—a? ya v ud a?  ud
VN 3 - 2NN 4
+( > 25T T 4)( + u) +(4+8)( + u)

We will consider a representation of the cubic associative algebra in
which the generator A and the Casimir operator K are diagonal. We
use parafermionic realization which the parafermionic number operator
N and the Casimir operator K are diagonal. The basis of this
representation is the Fock basis for the parafermionic oscillator. The
vector |k,n >,n =0,1,2... satisfies the folowing relation :

Nlk,n >=nlk,n >, K|k,n >= k|lk,n > (2.16)
The vectors |k, n > are also eigenvectors of the generator A.
Alk,n >= A(k,n)|k,n >
We have the following constraints for the structure function,

®(0,u,k) =0,2(p+1,u, k) =0 (2.17)

With these two relations we can find the energy spectrum. Many
solutions for the system exist. Unitary representations of the deformed

parafermionic oscillator obey the following constraint ®(x) > 0 for
x=1.2,...p [4,5].



3 Examples

Simon Gravel [23] founded 8 classical potentials separable in cartesian
coordinates with a third order integral.

Case C6
P2 P2 W2 P2 P} WP
H—=-L1-2_, 7,2 A=_L _22 =, 2 1
2+2+2y + V(x), 5 5 5 Y +Vi(x) (3.1)
0 Wy 1 w?
B=LP] + (7:1: y—3y)V(x)P, — E(;x —3V(x))V(z). P, (3.2)
where V satisfies a quartic equation
4 2,2 3 W 2 3w 2,2
—9V (2)* + 1dw’x*V (z)° 4 (6d — 3Z$ Wi(x)* + (7:6 — 2w*x”)V (x)
(3.3)
+( 2—d—d°"—4 I =0
cr i 16x =

In the quantum case V satifies a fourth order differential equation|23]
RVW = 12022V + 6(V?)" — 22 V" + 2uwita? (3.4)

That can be solved in terms of the painlevé transcendent Pry . (3.3) is
the solution of (3.4) for h — 0 and ¢ and d are integration constants. In
general, eq. (3.3) has 4 roots and the expressions for them are quite
complicated. A special case occurs if w,c and d satisfy.

230803 wih?

where b is an arbitrary constant. Then eq. (3.3) has a double root and
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we obtain

w? 9 wih W,
V(z) = 1—8(26 + ba° £ 4x\/b+2?),V(z) = (—? +5 ) (3.6)

For V(x) satisfying (4.6) the cubic algebra is

{A4,B}=C
{A,C} = —4uw*B (3.7)
Ap?wt Ab3wb
B,CY =8A° + 12HA? —4H® — 4 A
{5.¢} i 27 T o
4 8b3wO
K =4H" - Z0W'H + 72“; H (3.8)

The trajectories were obtained numerically directly from the equations
of motion. We have closed trajectories and are shown on Fig 1. Simon
Gravel [23| founded 21 quantum potentials separable in cartesian
coordinates with a third order integral. We will consider this interesting
case.

Case Q5
pz P? z% + 9 1 1
H=-"2+4+24+p 3.9
> T T ( 8a* +(a:—a)2+(az+a)2) (3.9)
p? P? x? — 9 1 1
A== L4 p 3.10
2 2 T ( 8a* Jr(:U—a)2+($+a)2) (3.10)

A2 — 22 6(22 2
B =X, = {L, P2+ pfyle— v _ Sl ta)

), P} (3.11)

4gh (x2 _ a2)2)
2 2 2 2
o (2% —4a”) 2 4(x* + a?)
— P,
i 4a4 x?2 — qa? + (2 — a2)2)’ vy

9



[A,B]=C

h4

A N
[B,C] = —320° A’ — 481" A’ H + 160" H® + 48— A* + 32— HA — 16
a a

I I h®
8 A -4 H — 125

R RO RS R0
K = —16n"H" + 32— H® + 16— H* — 40— H — 3—
a a a a
—a’E b W (p+3)
= Z ="
N Pty 2a?
4h®

Q(z) = (F)x(p +1—2x)(x+1)(z+3)
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FIG. 1 — A trajectory for ‘f—;(% + 522 + 4xv/b + 22). Parameter w? = 1
and d=3, v, = —1.5, , = 5, vy, = —1.2, y, = —2, t=[0,400]
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