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Abstract

We make explicit the intimate relationship between quasi-exact
solvability, as expounded for example by Ushveridze, and the tech-
nique of separation of variables as it applies to specific superintegrable
quantum Hamiltonians. It is the multiseparability of superintegrable
systems that forces the existence of interesting families of polynomial
solutions characteristic of quasi-exact solvability, that enables us to
solve these systems in distinct ways, and that gives us the basis of a
classification theory. This connection is generalized in terms of the
understanding of the role of finite solutions of quantum Hamiltonians.
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1 Introduction

This paper is an extension of our study of the intimate connections between
second order superintegrable quantum systems and quasi-exact solvability
[1]. It also relies on the structure and classification theory for these systems,
as presented in many articles [2, 3, 4, 5, 6, 7, 8, 9, 10, 11].

Here we understand a quasi-exactly solvable (QES) problem, in the sense
of Turbiner and Ushveridze 2, [12], as a one-dimensional Schrodinger many
parameter eigenvalue problem, where for certain values of the parameters, a
finite subset of the energy eigenvalues and corresponding eigenfunctions may
be found as solutions of algebraic equations. This means in practice that for
these fixed parameters it is possible to write the solution as a special factor
times a polynomial and to solve algebraic equations to find the energy one-
dimensional oscillator with the same anharmonicity. Magyari [13] stated the
theorem that the one-dimensional Schrodinger equation

d*y(z)

dz?

+[E = V™ (@)p(z) =0 (1)

with anharmonic potential

2N—-1

VW (z) = 3 ba™, oy >0, N=123.. (2)
n=1

admits square integrable even (s = 0) and odd (s = 1) parity eigenfunctions
of the form

1 Y s
Y () = exp (—5 > anx2"> x® P]E/[) (x), ay >0 (3)
n=1
where
(s) .
Py (x) = 3 cy)a®™, (4)
m=0

is a polynomial of degree M, M = 0,1, 2..., if the first parameters (by, by, ..., by_1)
satisfy a set of N — 1 constraints. The last constrained parameter by_; is
given by the following formula

i+j=N
by_1=—N@2N +4M + 2s — 1)ayx + Z 1ja;ag, (5)

1,3

%In the previous article [1] we introduced another definition of quasi-exact solvability.



which ensures the existence of a polynomial solution of degree 2M, (4).

The numbers a;, (i = 1,2, ..., N) formed from the N arbitrary constants
(bn,bn g1, -y bon—1); the energy FE, the coefficients cfjb) and constrained cou-
pling constants (b1, by, ..., by_1), are determined from the systems of algebraic
equations (see for details [13]).

The change of variable |y| = z* or z = sgny,/|y| (R — R) together with
a wave function transformation v (y) = |y|~/*¢(y) reduces equation (1) to
d*¢(y) a viv-1)

+ e+ — —
dy? |y y?

e <y>] o(y) = 0 (6)

where € = —b; /4, a = E/4, v takes two values v = 1/4, v = 3/4 and

- 1 1 2N-2
V¥ (y) = 1 (b2 + bsy® + ... + ban_1y*N %) = 7 2 boy", N =23, (7)
n=1

and gives us a new class of QES systems which are dual to the first one.
Indeed, in the equation (6) the energy F is fixed and plays the role of a
coupling constant, the coupling constant b; is quantized, and the quantity
e = —by /4 has the meaning of energy. Note, also that after the substitution
y =22 >0 (R — R*) and with ¢(y) = y~/*¢(y) the equation (1) transforms
to an equation having the same form as (6) but where y has the meaning of
a radial variable for the three-dimensional Schrédinger equation.

Recently, an interesting extension of the QES family has been obtained
in the article of Bender and Boettchter [14]. They introduced a new class of
QES P7T symmetric Hamiltonians (see also [15] for P7 symmetric quantum
mechanics) with a quartic polynomial potential, which formally can be con-
sidered as a particular case of eq. (6) for N =2, a =0, v = 0 and imaginary
coupling coefficients by and by. The further generalization of QES systems in
the complex plane is presented in articles of Znojil [16, 17, 18].

The main problem in subsequent investigations of QES systems is to un-
derstand just which potentials and just which specializations of the parameters
in these potentials allow explicit algebraic solutions.

It has long been understood [12, 19] that one way of approaching such
problems is to obtain the eigenfunction equation as one of the separation
equations for a higher dimensional (PDE) Schrédinger equation that is sepa-
rable in some set of coordinates. The parameters are the separation constants
and the permissible values of these parameters and energy eigenvalues are
obtained by solving the PDE eigenvalue problem.

In our work we make clear that quasi-exactly solvable equations are bet-
ter treated as arising from higher dimensional superintegrable systems, in



particular those that are multiseparable [1]. This enables us to solve these
systems in distinct ways, thus better understanding the solutions, and gives
us the basis of a classification theory [10, 20]. Our approach leads us to many
new examples of QES systems.

To motivate our approach we start by reviewing some simple exactly solv-
able (ES) and QES systems. The solution of many of the partial differential
equations of mathematical physics can be achieved via the method of sep-
aration of variables. Among the solutions found in this way are classical
polynomials such as those of Legendre, Laguerre, Hermite and Jacobi [21].
As an example, Legendre polynomials P,(x) satisfy the differential equation

d> d
(1— xQ)@Pg(x) - Qx%Pg(x) + (0 +1)Py(z) =0, -1<zr <.
If we look for polynomial solutions IT{_, (x — 6;) of this equation we find as
necessary and sufficient conditions that the zeros 6; must satisfy the relations

1

5"

(20+1)0; +2)
i

These are just the relations satisfied by the zeros of the Legendre polynomials
P,(z). Now consider the Laplace equation

0? 0? 0?
L2 4= =0 8
<8x2 + oy? + 8z2> / (8)
expressed in conical coordinates u,v,r (r > 0,e; < u < ey < v < e3):
22 = 2 (u—e)(v—e) oy =2 (u—e2)(v—e2) - (u—e3)(v—e3) ‘
(61 - 62)(61 - 63) (62 - 61)(62 - 63) (63 - 61)(63 - 62)

If we look for separated solutions of the form f = r‘U(u)V (v) we see that
the separation equations for the functions U(u) and V' (v) are of Lamé type
viz

\/P(A)%\/P()\)C%A(/\) b =000+ DA+ gAY = 0

where P(z) = —4(z — e1)(z — ea)(x —e3), and A = U,V and XA = u,v.
Requiring polynomial solutions

AN = (A =€)’ (A —ea) (A —e3) T, (A — ;)
where p, ¢, r are 0 or % we see that this is possible if and only if

p+l g+l o+l 2

=0
Hi—el 6’1»—62 «91»—63—’_].#02-—«9]'




where { =2(n+p+qg+r) and

p=e[=4(r+q+n)2+2p(2p — 1)] + e2[—4(r + p + )2 + 2¢(2¢ — 1)]

n

tes[—4(p+q+n)2+2r2r — 1))+ B(p+q+r+n)—2]> 6,
i=1
Such polynomial solutions can also be obtained for the Schrodinger equa-
tion HV = EV in the presence of a potential. An example of this in three
dimensions [22] is

2 P 0 -1 g1 21
H:—( >+[w2(x2+y2+22)+p R S A

o "o o

If we again choose conical coordinates and look for solutions of the form
U = R(r)U(u)V(v) we see that the functions U(u) and V(v) must satisfy
the differential equation

P(A)%(\/P(A)%A(A)) + [0+ DA+ p+ (e1 —ex)(er — 63)%

(@~ 2~
N e + (e3 — e2)(e3 — €1) Y

where A = U,V and A\ = wu,v. Looking for solutions in exactly the same
manner as we have done for solutions of Laplace’s equation in these coordi-
nates, we uncover the same relations obeyed by the zeros 6; and the same
expressions for £ and p. The only difference is that p, ¢, and r can now be
arbitrary. The radial equation satisfied by R(r) is

+(€2 - 61)(62 - 63) ]A(/\) =0

dQ—RJrg@HE—erQ—E(Hl)

dr?  rdr 72

IR = 0.

This equation admits polynomial solutions of the form

R(r) =" exp(—gﬂ)Lff% (wr?)

where the energy eigenvalues are £, =w(2n+p+q+r+3) forn=0,1,---
and the zeros of the associated Laguerre polynomials LS (z) ~ IIf_,(z — 6;)
satisfy the relations

b;

— 0.
0; — 0;

—Oé—1+9i+22
J#i




The above examples are all ES systems because the solutions can be given
explicitly in terms of hypergeometric functions (for instance in spherical or
Cartesian coordinates).

To motivate our more complicated results to follow we give one more
example, a true QES system. This example is closely related to one treated
our paper [1] but its ingredients are relevant to the present work. Consider
the differential equation

&F
=+ {—144K3 0" — 96k ko l® + 16(2k3 + 3k1k3)0* + EC+ u}F =0, (10)

a form of the triconfluent Heun equation that completely coincides, for ¢ = ix,
ki = 1/12, 4ky = a, 4ks = 20 — 3a*, p = —F and J = N + 1, with the PT
symmetric QES example presented in [14]. It is known [23, 14] that in case
of

3

ks
1

the equation (10) has finite solutions
/{32
F = exp <4k1€3 + 2kl — 2(k_2 + kg)f) [ —6))
1 .
where the 6; satisfy the relations

—2k1ks — 2k3 + 4kiks Ze + 12k; 292

i=1 i=1 VED

«9 — «9
and the parameter y is determined by the formulas

4 2
__4k__8k ks
kl kl

—4k3 — 4(1+2n)ky — 24> 6.
i=1

Thus we have a true QES solution for a potential that is a polynomial of
order 4. It is also possible to obtain such solutions by factoring out the
expression [ = exp(4k 03 + 2kol? — 2(k3 k1 + k3)f) and then looking directly
for strictly polynomial solutions (see for instance [14]).

A natural question is: How is this particular set of solutions related to
superintegrability? To answer this consider the quantum Hamiltonian

02 02

H = W+m+36]€2[ (z—iy)® —4(2® +y*)] + 24k 1 ko[3(z — iy)? — 2(z +iy)]

—16(2k3 + 3k1ks)(z — iy).

5



The corresponding Schrodinger equation is superintegrable and multisepara-
ble, [6]. If the coordinates x and y are related to semi-hyperbolic coordinates
u, v via

1
a:+iy:—§(u—v)2, r—iy=u-+v (12)

then the Schrédinger equation can be written as

1 2
HY = { Ka— 144k — 96k kyu® + 16(2K3 + 3k1k3)u2)

u— v L\ Ju?

2
- (% — 144120* — 96k, kpv® + 16(2k2 + 3k1k3)u2>} }\1; — B

This can be solved for ¥ via the usual separation of variables ansatz ¥ =
U(u)V (v). In particular we can look for finite solutions of the form

n

U = exp[dk; (u® + v*) + 2ko (u® + v?) — Q(Z—j + k3)(u + v)] U(u —0;)(v—6,)

where the functions U(u) and V(v) satisfy the same separated differential
equation as F' above and the energy spectrum given the formula (11).

Another important question is: How can we determine the values of
for polynomial solutions of this type? This is done by noting that pu is the
eigenvalue of the symmetry operator

1 o2
M= [”(W 1442t — 96k kau + 16(2K3 + 3k1k3)u2)

82
_u(w — 144k7v* — 96k kyv® + 16(2k3 + 3k1k3)v2) :

The eigenvalues can be determined by solving the eigenvalue equation MV =
1V in the form

2
U = exp(4ky (u® + v*) + 2ky(u? + v?) — 2(% + k3)(u+v))S(u,v)
1

where S(u,v) is a sum of symmetric polynomials
Sij = Sji = Uin + ujvi, 0 S 7 +j S 27’L,

ie., S(u,v) = X<; a5, subject to the restriction 0 < i+ j < 2n. There
are £(n + 1)(n + 2) such functions. If we require that MV = pV then we
must solve a set of linear equations of the form

> (CH = page =0

k<t



where R
NSy =3 Ol S
k<t
and M is the induced action of M on S (u,v). There is a determanental con-
dition to be satisfied in order that these equations have nontrivial solutions.
This condition must include the possibility of solutions of the form

2
U = exp[dk; (u® + v°) + 2ky (u? + v?) — 2(% + k3)(u+ 0)|]II5_; (u — 6;) (v — 6;)
1

where 0 < s < n. This is clear from the observation that we have a linear
system of dimension 3 (n+1)(n+2). If we wish to determine the eigenvalues
associated with solutions corresponding to s = n only then we could take
Snn = 1. The rank of the system then becomes n + 1, but the price we pay
for this is that the determanental condition is more awkward to implement.
As a illustration of this process, if we look for solutions of the form

S(u,v) = cruv + co(u +v) 4¢3
then p satisfies the factorizable cubic equation
(k4 AK3 K3+ ko k? 4 Aky + 8k ksk ) (ki pa? +8K2 (2kok? + k3kT 42k ksk? + k3

—96ksk? — A8k3kT + 64Kk3 k2 ky 4 16k3k] + 128k3ksk + 64k3K k3 + 64k5K2
+96kTkyk3 + 64kSkiks + 16k5) = 0.

Thus we have used the superintegrable system to determine the values pu, £
for which the separated equation is QES, and we have obtained the results
in an alternate from that for the separated equations treated alone. Note
further that if we perform a special ansatz in the nonseparable Cartesian
coordinates to try to find polynomial solutions in z,y we will obtain exactly
the same exponential phase factor as the product of the phase factors in
u and in v. This means that the possible polynomial solutions in x,y for a
fixed energy eigenspace (11) correspond exactly with the polynomial solutions
symmetric in v and v. The polynomial energy eigenspace is degenerate but
the diagonalization of M breaks the degeneracy.

We can exploit the fact that our superintegrable system is multiseparable:
It also separates in shifted semi-hyperbolic coordinates, obtained formally
from the standard semi-hyperbolic coordinates (12) through the transforma-
tion

r—x+a, Y—yY-—1ida.



Then
V(z,y) — E — V(z,y) — 96ak[3ki(x — iy) — ko] — E =V (2,y) — F
which is again of the same form if we make the transformations
ki — ki, ko — ko, ks — 6aky+ ks, FE — E 4 96kiksa

of the parameters. From this observation we deduce that separation of vari-
ables can also be achieved in displaced coordinates for arbitrary a. Also the
polynomial solutions in the u, v coordinates can be written as linear combi-
nations of the polynomials in the shifted separable coordinates.

In addition to the possibility of solving the Schrodinger’s equation via
separation of variables there is the possibility of obtaining an explicit solu-
tion that corresponds to Lie form in the corresponding classical mechanical
problem. This form can be calculated by writing the Schrodinger equation
in complex conjugate coordinates, in which it becomes

9>
020z

not separable but solvable. We set U = ¢2¢(3)+P()  This will be a solution
provided that

C(2)? = 2/A(2)d2, D(z) :/
In our case we obtain the solution

C(2) = 24/3k1(3k12% + 2koZ + A)Y/2,

+ (A(2)z+ B(2))V =0,

B(E) z—InC(z
C(g)dz InC(2).

g
8v3k; 3
1
28k3 — 12k koA — Eky + 16k koks) In[21/3k; (3k1Z + k
k%\/%( 5 1Ko 1+ 1koks) In| 1(3k1Z + ko) +

1
6ky (3k1 22 + 2kpZ 4+ A)Y?]) — 3 In(3k1 2% 4 2koZ + A)

D(z) = (—16k3A452k2kyZ— 84K k2 — A8k ks 424k} 2%) (3K 2242k 2+ N) /2

+

to within a constant. Can A and E can be chosen in such a way that there are
“polynomial” solutions to within a factor of this type? We note here that the
constant A has a definite meaning in terms of symmetries of H. One could
in principle expand a given set of such solutions in terms of a separable set
of solutions, but it is our intention to study this elsewhere.

Based on these examples, a natural question to ask is: What is the most
general way that we can obtain 1d QFES eigenvalue problems and their so-
lutions, related to separation of variables of a nondegenerate superintegrable
system?



2 Polynomial solutions from Euclidean space
superintegrable systems.

A crucial observation to answer the preceding question is that the Hamil-
tonian H in our example is superintegrable and admits three second order
symmetry operators: a quantum superintegrable system. To answer the
question fully we need to recall some facts about generic elliptical coordi-
nates in complex Euclidean n space and on the complex n sphere, and their
relationship to superintegrable systems with nondegenerate potentials.

A quantum system of the form HV = EV where H = A, + V(x) (and
A, is the Laplace-Beltrami operator) on an n-dimensional real or complex
pseudo-Riemannian manifold is second order superintegrable if there are
2n — 1 second order differential operators (expressed in local coordinates z),
Li =Yk a’(“f)&fﬂ— lower order terms, j = 1,---,2n — 1 that commute with
H = L and such that the corresponding quadratic forms £; = 3>, , a’(“f)pkpg
are functionally independent on an open set in the classical 2n dimensional
phase space. In general, the potential V' and the corresponding potential
terms in the symmetry operators L; need not be fixed but can range over
a vector space of potentials. Suppose the pseudo-Riemannian space is con-
formally flat and the x4 are Cartesian-like coordinates with respect to which
the metric tensor takes the diagonal form g" = §¥/\(x). The potential is
nondegenerate if it is the general solution of a system of the form

n
Vij—Vu = ZAjj’z(X)W’ J=2,n, (13)

=1

Vij =Y A x)V,, 1<k<j<n,
=1

where all of the integrability conditions for this system of partial differen-
tial equations are identically satisfied, [8, 9]. (Here V; = 0,;V, etc. and
the AF)* are analytic in an open set of the n dimensional space with co-
ordinates x.) In this case there is an n + 2 dimensional solution space of
nondegenerate potentials V' that can be parametrized by choosing the values
V(x0), Vi1(x0), Vi(x0), £ = 1,---,n at some fixed point x¢. One ordinarily
refers to these nondegenerate potentials as n 4 1- parameter, neglecting the
trivial constant that can be added to any potential. Equations (13) always
arise from the Bertrand-Darboux equations for the potential of a superinte-
grable systems such that the 2n — 1 symmetries are linearly independent at
a point [9], but in general the integrabilty conditions are not satisfied iden-
tically so that the space of solutions V' has dimension < n + 2. Thus the



nondegenerate potentials are those with the maximum number of parameters
possible.

(Classification of the possible superintegrable systems with nondegenerate
potentials in complex Euclidean n-space is a very difficult task that has been
carried out only for n = 2, with significant results for n = 3, [8, 10]. How-
ever, there is an important subclass of such systems that can be constructed
for all n > 2, based on their relationship to variable separation in generic
Jacobi elliptic coordinates. The prototype superintegrable system which is
nondegenerate in n dimensional flat space has the Hamiltonian [22]

H:Z(82+a:ﬂ2+&)+5, 0; = Oy, (14)

3 1 xQ

The system HV = EV is superintegrable with nondegenerate potential and
a basis of n(n + 1)/2 second order symmetry operators given by

[ S N S S M S S S
i = 27 ij — \Lilj 12 T2 J-
.7

Although there appear to be “too many” symmetry operators, all are func-
tionally dependent on a subset of 2n — 1 functionally independent symme-
tries. A crucial observation is that the corresponding equation HV = EWV
admits multiplicative separation in n generic elliptical coordinates z? =
AP (uy — €;) /Mizi(er — €;), simultaneously for all values of the parame-
ters with e; # e; if i # jand 4,5 = 1,---,n. If we were dealing with real Eu-
clidean space then we could assume that the inequalities e; < ey < --- < e,
and e; < uj; < ey < --- < e, <u, hold. Thus the equation is multiseparable
and separates in a continuum of elliptic coordinate systems (and in many
others besides). The n commuting symmetries characterizing a fixed elliptic
separable system are polynomial functions of the e;, and requiring separation
for all e; simultaneously sweeps out the full n(n + 1)/2 space of symmetries
and uniquely determines the nondegenerate potential. The infinitesimal dis-
tance in Jacobi elliptical coordinates u; has the form

:__Z ”““2_) )d2 (15)

where P(\) = II}_; (X — ex). However, it is well known that (15) is a flat
space metric for any polynomial P(\) of order < n and that each choice of
such a P(A) defines an elliptic type multiplicative separable solution of the
Laplace - Beltrami eigenvalue problem (with constant potential) in complex
Euclidean n-space, [24]. The distinct cases are labeled by the degree of the

10



polynomial and the multiplicities of its distinct roots. If for each distinct
case we determine the most general potential that admits separation for all
e; compatible with the multiplicity structure of the roots, we obtain a unique
superintegrable system with nondegenerate potential and n(n + 1)/2 second
order symmetries, [20, 10]. These are the generic complex superintegrable
systems. (Thus, for n = 3 there are 7 distinct cases for —3 P(\):

A—e)(A—e)(A—es), A—e)(A—ex)?, (A —e1)’,
(/\—61)()\—62), ()\—61)2, ()\—61), ]_,

where e; # e; for ¢ # j. The first case corresponds to Jacobi elliptic coor-
dinates.) The number of distinct generic superintegrable systems for each
integer n > 2 is

where p(j) is the number of integer partitions of j, given by the Euler gen-
erating function
1 B i ()t
Hl?;l(l - tk) jzop P
All of the generic separable systems, their potentials and their defining
symmetries can be obtained from the basic Jacobi elliptic system in n di-
mensions by a complicated but well defined set of limit processes [20, 10].
Although we cannot write down master canonical expressions for all such
generic systems in Cartesian coordinates, it is easy to take these limits and
write down a master equation for the separated ordinary differential equa-
tions in the elliptic coordinates, u;. The separation equation for each of the
coordinates x = u; is essentially the same:

d dF
VP@) (Y P(r)—) + (Qngpo @ PO 4 @™+ Gy 2" G (16)

(x—e1)  (z—e1)? (x —ep)m (x—e) (v—e)?
b(r)
+—2 V=0, Pz)=—-4(z—e)" - (z—e)" (17)

(x — e, )Pr
and pg + p1 + -+ + p, = n. Here the n constants as, s = 0,---,n — 1
are the separation constants for the superintegrable system in these elliptic
coordinates. In particular, ¥ = a,_;. The other n 4+ 1 constants depend
on the n 4+ 1 parameters in the potential and can be assigned arbitrarily by
specifying the appropriate potential.

11



First we look for explicit solutions of the single equation (16), ignoring the
fact that it is a separation equation for a superintegrable system. To obtain
polynomials, we perform a gauge transformation and look for solutions of
the form

Cgl) Cgl)

U = exp (Elx R A SRS T LA n

(x —e) ($—€1)2+.”+

B R (ORI L. £ S
(& —ep )P~ (@ —e) (z—e)? (z —ep)pr
)My (2 = e) "Iy (v = 6;) = f(o)li (z — 6:) = f(2)®(x).  (18)

We require that the differential equation satisfied by ®(x) is of the form

2
%Jr(snxw- - -+so)2—i+(tn_1x”‘1+to)c1> =0. (19)

This can be achieved by choosing values for a,p,,---,a, to make the
coefficients of powers of = (z', i = n + py,---,n) zero in the expression for
the polynomial multiplying ® in (19). Similarly by choosing the coefficients
b;‘]) 7 =1,---,py all singular terms in this equation can be removed. Now,
polynomial solutions of (19) can be sought and there are just enough con-
ditions to determine a,_1,---,a9 and 6;,7 = 1,---, s, in terms of a solution
O =117, (z — 6;). We will not write down these equations for the separation
constants in the general case, but note that they exist. The zeros 6; of these
polynomials satisfy relations of the form

(Fapo ™7 4+ -4 70)

1 l]91 +q c(l)
010; + 20,07 + - - - 10, 07 + 4 — !
j%:iei_ej-f- 10; + 26207 + +(p0+ )p0+1z +(0i_€1) (Hi—el)Q
L -Del e ) =gt
(0; — e)m (0 —e)  (6i—e)? (0; — ex)pr '

This is easy to see from the ansatz (18). Indeed if we evaluate the differential
equation using (18) at x = 6;, these equations are readily obtained.

Next we relate these finite solutions to the superintegrable system in n
dimensional Euclidean space from which they are obtained by separation of
variables. To begin this process we first label Cartesian type coordinates
by yj-], jg=1---,p;, J=0,---,r. In terms of the separable coordinates

r = uy,---,u, the Cartesian type coordinates are specified by the relations
(25, 20]
1
yozl(g)] (Gul_l)(eun_l) 2‘70‘
700’ (1 —eey)pr- (1 —ee)pr| '

12



For coordinates corresponding to yf<, k=1, px and K # 0 we choose

1
K 1 O oy | (w1 —ex) - (up —eg)|?
k

Y = (1{3—1)' E HJ#K(@K_e(])pJ

These coordinates can be identified with the standard Cartesian coordinates
via the quadratic form

3 ysyﬂrz Yooylyl =al 4+l
s+t=po+1 J=1s+t=py

Indeed if we label the Cartesian coordinates by x yi=1--p;, J=0,--- )71
then we can make the choices

1 1
/ I+ izy fom = (x}]_mngrl—j)

where J =2m, j=1,---,m, and

. 1 .
y;] _ ﬁ(x;] + Z‘Igm—l—2—j)’ yj+m+1 = ﬁ(x;] — mgm“_j), y,‘i = x,{@ﬂ

where J =2m + 1, j = 1,---m. The infinitesimal distance is given by

2 _ N2 _ JFI\ % J 2
ds® =Y (dz})? => ~ P du;.

1=0i=1 i=1

If we take the equations (17) and allow x to have the values uq, -, u,
and F' = f(uy,..,u,) then we can calculate each of the expressions a;,j =
n—1,---,0in terms of the general coordinates y!. In permitting z to take on

these values we are identifying the resulting ordinary differential equations as
the separation equations of a separable Schrodinger equation with potential
in n dimensions. To do this calculation we need to make use of the symmetric
functions Sj, j =1, --,n, defined by the expressions

n
Sh=1, Si=Silur, w1, Uipr U = >y, j
=1

n
Z' 7/ . .
Sy = Solun, « Uiy, Uiyy -+ Up] = Zukuj+"'> k,j#1,
7k
Ty Snfl = Snfl[ula sy Up—1y U - '7un] = Hj:luja J 7é 2.
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Previously we considered a;, j = 0,---,n — 1 as an eigenvalue. Now we
consider it as the symmetry operator with this eigenvalue.) Solving the n
equations of type (17) we find

n 1
NUEE < S S
% anﬁ(ui—uk) b

=1

where
d d ntpo n
P, = P(uz)@( P(uz)d—) + Upgpotty 0 A agul
(1) (1) 1 (r) ()
(ui—e1)  (u; —ep)? (u; — eq)Pr (ui —er)  (u; —e,)?
b(r)
+ey—Pr
(u; — e, )Pr

If we look for an eigenfunction F' of the form
F =TI f (w152 (u = 0;)

then the expression for the second part of this viz II7_,II7_, (u; — 0,) can be
written in terms of the y! via the identity

T PJ I . )\
SoAPoL 1 GONPO=2 L g 500 = Z Shye2- J _ = 1(uj —A)
J=1j= 1 P()‘)

where SY =3,y il

The product function IT}_, f(u;) can be written in terms of the y/ variables
via our implicit evaluatlon of symmetric functions S;[uy,---,u,| in terms
of the y/. We can determine that a,_; has the form of an n dimensional
Laplacian plus a potential which is rational in the coordinates /.

We now take a closer look at H = a,,_;. The differential operator part
of this term can be identified with the Laplacian of the operator associated
with the metric ds?. The various parts of the potential can be associated
with the calculation of Stackel multiplier terms of the form

n 1
ZZ::I oz

U; — Uk)

Qi

where Q; = uf or Q;(u; — ey)~" corresponding to the coefficients ay or bg‘])

of (17). We can calculate a basis for these Stickel multipliers in the y!
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coordinates. For Stackel multipliers with terms of the form @Q; = u] we
observe the identity

(l—eer) & ul T (up — eg)P

]

il — 1) o Ty — i) (eus — 1)

From this identity we can calculate combinations of Stackel multipliers of the
form with ) =« and s > n — 1. Indeed we differentiate according to

oy [t enl] - Syt Tl
86 Hizl(eui — 1) i—1 H];,él(u] — ul)(euz — 1) =0

where 1 <t < pgy+ 1.

From this formula we see that we can we can construct Stackel multipliers
in which the @); are polynomials in u; where the maximal order is n +¢ — 1.
Further, we can explicitly calculate these in terms of the coordinates 3?. This
can be seen from the formulas for SY. If we define

1 M (1 —eer) uf* G (us — )P

(10)? no(eu; — 1) 2 yzi(uy — ug)(eu; — 1)

then the terms that we need for our Stackel multipliers are

~ 0 1
0 _ —_— t _— — P
)/t - (86) [(g8)2‘| |6:07 13 ]-7 7p0+1 ’

where we can use the recurrence formula 9/0¢(g?) = (j + 1)7),, and, once
all the calculations are done, we put € — 0 and then g7 — 7.

In this way we can construct basis elements for those parts of our potential
which are entirely polynomial in the wu; variables. For the parts that are
singular in these variables we use the identity

Oyx(ex —es)?? _ Xn: ek (u; —ey)P?

2, (u; — ex) = (ui — ex )i (us — uj)

The right hand side of this expression is in the form of a Stackel multiplier
with Q; = Ik (u; — €)?/(u; — ex) which can be written as a polynomial
in u; plus a term 1/(u; — ex). We see immediately that Stéckel multipliers
containing terms of the form 1/(u; — e;)" where ¢ > 2 can be generated
by differentiating this identity ¢ — 1 times with respect to ex. Indeed we
recognize that

HJ;AK(@K—@J)?’J 1

iy (us —ex) ()
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The additional terms that arise in the potential and complete our basis
have the form

K 9 | 1
=) [ww] T

These expressions can be determined in terms of the yX via the recursion
relation 5
B W) = (k+ Dy
Indeed we could establish the eigenvalues of the operators a; by acting on
the functions ®(uy, - - -, u,) when expressed in terms of a basis of symmetric
polynomials in the variables u;. In general these expressions are of a different
form than those obtained from the single separated equation, and are easier
to calculate.

This procedure is best illustrated by a specific example. If we choose
P(x) = (z — 1)?>z and n = 4 then the corresponding separated equation is

PO (/PO (20)

b b c

5 4 A3 A2 | A A 1 2 1 _
+H(asA’ + ag\* 4 azA’ + @\ + a1\ + ap + 1T Do) + X)}f(A) =0.
If we consider this equation in isolation then we can find polynomial solutions
as follows. Making the assignments

1
[ —4&21, ayq = 4£4(2€4—£5), b1 = 66(—66—}‘2])—1), bg = —gg, C1 = —iq(Zq—l),

we can look for solutions of the form

F(A) = exp(£4A\? + U5\ + )\gﬁ 1)(/\ — 1PN _ (AN —6,)

where the 0; satisfy the relations

2(2p+1) 64g 4qg +1 4
405 + 8040; — -y —=0.
s R (7 )y R DY s
JF#i
The values of the constants a;, 7 = 0,---,3 can be represented in terms of
the 6; via the formulas
a3 = —L2 — 405+ 80yls — [4(p + q + s) + 5],
. 3 &
Gy = —20% — dlyls+ 4yl —[2(p+q+5) + 5]65 +4(p+2q+ 25+ 2)ly — 404 _ 0,

=1
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ay = —l3+ 2506 +2[p+1+2q+2sls — [ds+4q+ 3]s — (p+q)(p+q+
1 S S
— S(S + 5) — 2(]7 + Q)S + (—265 + 864) Z@Z — 4642(922,
=1
ap = —(2¢+2s+ )£5+(2p+2q+23——)£6+[4£5 40y — 2p — 2q

1
- 5(43 —1)) § 0; + (=205 + 844) § 07 — 44, § 0.
i=1

i=1 =1

We now show the superintegrable context of these observations. Consider
the coordinates in four dimensions given by the formulas

yi=—4s-Dt-Du-1-1), ys==2s+t+u+v-2)
2y1y2 = 4(3—2(s+t+u+v)+(st+su+sv+tuttv+uv)—stuv), y3 = —4dstuv,

where we identify four dimensional Cartesian coordinates as

(@ +iy) (@ —iy) t
= —\Z VA s = — (T — 1 s :Z’ = 1.
hn \/i Y Y2 \/§ Yy Ys Ya

The appropriate superintegrable system in four dimensions is

H= A+—+ﬁy2 +—+6(4y4+2y1y2+y3)+uy4
y1 yl y3

where A = 07 4 02 + 92 + 97. In these coordinates the separation equations
for HUV = EV have exactly the form (20) with the identifications

= id(1—2p), B =863, v=—2q(2q— 1), 6 = =03, p=4lyls,

and identification of a; with E. Indeed, if we use coordinates y1, y2, y3 and

y4 in the Schrodinger equation AV = EW¥ and employ the relationship

(u—L)(v—L)(s—L)(t— L)
L(L—1)2

251y yi Y3
Y5 oy —L=-—
L—1+(L—1)+L vt

we can find finite solutions of the form

1 )
U = eXp(§£4(2y192 +y3 +2y;) — lsys + 2156%) p/Zyg/ZX

2y1Y2 y% y3
1% 22— Qyy —
T:1(9r—1+(9 — ¢ +9 ys —0,)

17
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where the same equations for the zeros are satisfied. This method of deriva-
tion is in complete analogy with that used by Niven [21]. The ao,ay, ao
are then separation constants. A useful feature of this observation is the
availability of direct algebraic methods to determine the eigenvalues of these
parameters. Indeed in this case if we write (in operator form)

1 | 1 . 1 |
i; = Pit Pi+ P

(s—t)(s—u)(s—v) * (t—u)t—s)t—v) " (u—t)(u—s)(u—v) "

1 i
+(v —t)(v—u)(v— s)Pv

then typically

by C1

0 0 b
3 _ 5 4 1 2t
P: _,/p(s)as( P(S)83)+(a18 + ags” + Py + TR + s)’

P'=(t+u+v)P P’=(tu+tv+uw)P? P®=tuwP?

Since the products of separated eigenfunctions are symmetric in s, ¢, u, v
we see that eigenvalues of a; can be obtained by acting on a basis of symmetric
functions. We consider the symmetric functions

So=1, S1=s+t+u+wv, S =st+su-+sv+tu+tv+ uv,

S3 = stu + tuv + suv + stv, Sy = stuv.

We can, as a particular example, look for solutions of the form

1 1 1
U = exp(ly(s® + 2 +u® +0°) + Ls(s +t +u+v) + lo( + +
s—1 t—1 wu-—1
1

+ - 1)[(S — Dt —1)(u—1)(v—1)]P(stuv)?[BpSo + B1S1 + B2S2 + B3S3].

If we look for eigenvalues of a;, i = 0,---,3 we obtain the determanental
equations for the corresponding eigenvalues a;. In the simplified case for
which ¢y, =05 =ls =p =g =1 we find

(a3—18)(az—14)4 = 0, (2a,—33)(day—1344a3+42472a3—596992a,+3141805) = 0,

(ay — 3)(4a} — 92a} + 1005a] — 6318a; + 15641) =
(2ao — 11)(4ag — 120a3 + 1309aj — 6321ag + 11723) = 0.
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3 Polynomial solutions from superintegrable
systems on the complex n sphere.

Applications of superintegrable systems on the complex n-sphere proceed
in analogy with the approach in complex Euclidean n-space. There is an
important subclass of such systems with nondegenerate potentials that can
be constructed for all n > 2, based on their relationship to variable separation
in generic Jacobi elliptic coordinates. The prototype superintegrable system
which is nondegenerate on the n dimensional sphere has the Hamiltonian

H = Z(&Q ﬂl) +6, 0 =0, (21)
=0

Si

where 7, s? = 1. The system H¥ = EV has a basis of n(n + 1)/2 second
order symmetry operators given by

) 55 st
Mi; = Mji = (505 = 8,00 + Fig + B3, i # 7.
7 J

]

Again, all are dependent on a subset of 2n — 1 functionally independent
symmetries. The corresponding equation HV = EV¥ admits multiplicative
separation in the generic n dimensional elliptical coordinates.

312 = H?:l(uj — 62)/Hk¢z(€k - 62‘)

simultaneously for all values of the parameters with e; £ e, if i # k and i, k =
0,---,n. If we were dealing with the real sphere then we could assume that
the inequalities 61 < ey < - - <ep,and ey <up < e < -+ < epq < Uy < €y
hold. Thus the equation is multiseparable and separates in a continuum of
elliptic coordinate systems (and in others besides).

The infinitesimal distance in Jacobi elliptical coordinates u; has the form

" T (s — )
ds® =5 2T g2, (22)
; P(u;)

where P(\) = —4II}_ (A — ex). Here e; # e for j # k. However, it is
well known that (22) is a metric on the sphere for any polynomial P(\)
of order n + 1 and that each choice of such a P()) defines an elliptic type
multiplicative separable solution of the Laplace - Beltrami eigenvalue problem
(with constant potential) on the complex n-sphere. The distinct cases are
labeled by the multiplicities of the n + 1 roots. If for each distinct case
we determine the most general potential that admits separation for all e;
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compatible with the multiplicity structure of the roots, we determine a unique
superintegrable system with nondegenerate potential and n(n + 1)/2 second
order symmetries, [25, 10]. These are the generic superintegrable systems on
the sphere. (Thus, for n = 3 there are 5 distinct cases for —1P(\):

A—e)A—e)(A—e2)(A—e3), (A—eo)(A—e1)(A—e2)?, (A—eo)* (A —er)?,

(A —en)(A—e1)?, (A —eo)?,

where e; # e for j # k. The first case corresponds to Jacobi elliptic co-
ordinates.) The number of distinct generic superintegrable systems for each
integer n > 2 is p(n + 1) where p(j) is the number of integer partitions of j.

As in the Euclidean case, all of the generic separable systems, their po-
tentials and their defining symmetries can be obtained from the basic Jacobi
elliptic system in n dimensions by a complicated but well defined set of limit
processes [25]. Although we cannot write down master canonical expressions
for all such generic systems in Cartesian-like coordinates sy, it is easy to take
these limits and write down a master equation for the separated ordinary
differential equations in the elliptic coordinates, u;. The separation equation
for each of the coordinates x = u; is essentially of the same form:

d dF R
P(a) - (VP(2) ) + (a4 oo (23)
b b PN b b
(x—e1) (v —e1)? (x —ep)m (x—e) (v—e)?
b(r)
IR T — A
(x — e,)Pr

where P(z) = —4(x —ey)P* -+ (z —e,)P" and p; + - - -+ p, = n+ 1, given that
there are now n variables uq,- - -, u,. Much of what has already been done
for Fuclidean space coordinates carries over, with the essential difference
that there is no singularity at infinity. If we look for finite solutions we can
proceed as before. We seek solutions of the form

D oD ol
U = .. N 4 St T
FPl\a—e) TGy T aoer

£, & £
r— T t S
+ ($ — 67') + ($ — 67,)2 + -+ W thl(x — €t)q Hz‘:l(x - ‘91)

= G~ 6)
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for which the zeros of the polynomials satisfy

1 m+a Cgl)
0 = 4.4 4 _
%é:i 91 — (9]' (91 — 61) (HZ — 61)2
L = Dy Pt M

(6 — e bi—e) (Gi—enz =T

(pT - ]‘)Cpr—l

(0:; — e,)Pr
To relate these finite solutions to superintegrable systems on the sphere
we introduce a set of coordinates that we again call y&, k

= ]-7"'7pk7 K =
1,---,7r and which are given by the formulas

K _ 1 O o | (w1 —ex) - (uy —ex)|?
Y = (—)
(k’— 1)' @eK HJ#K(QK—@J)JDJ

These coordinates can be identified with the usual coordinates on a sphere
via the relation

r
>3 ufyf =1
K=1s+t=pk
This is done via the assignment

1

. 1 . .
y}'] = E(Sj_‘_zsgnwrlfj)? y}']er = 75(83]_7’357177&17]')7 J=2m,j=1,---,m,
1 , 1 .
y;-] = ﬁ(sj + zsgmﬁ,j), yj]erH = E(Sj - Zsé]mwfj), y?{’], = 31{1+1
where
T Pk
o> (i) =1
K=1k=1
The infinitesimal distance is given by
r PK ”TL R
ds? = 30 S-pasfy = 3o Al ) g
K=1k=1 i=1 P(u;)
Solving the n equations of type (23), we find the operator expressions
o En: ; i P,
! = ez (wi — uy) nele
where
d d b(l) b(l) b(l)
Po= \/P(u)—(y/Pu) 1 IR T
\/ (u )duz(\/ (u )duz) - ((Uz —é€1) " (u; —e1)? e (u; — eq)Pr
B B b
+ o ——+—2 4y P
(ui—e)  (ui—e)? (ui — e, )Pr



We look for an eigenfunction of the form
F= H?:lg(uj)ﬂizl(uj —0,).

Then the second part of this expression viz IT7_,II;_, (u; — 6,) can be written
in terms of the y! via the identity

H” (uj — A)

ZZ pJ+2 J _ J=1P(;\>

Jl]l A—ey)

The product function IT7_, g(u;) can be written in terms of the g/ variables
via our implicit evaluation of symmetric functions S;luy,---,u,| in terms
of the y/. We can determine that d,_; has the form of an n dimensional
Laplacian plus a potential which is rational in the coordinates y!. If we look
at H = a,,_1, we can identify the differential operator part with the Laplacian
of the operator associated with the metric ds?. The various parts associated
with the potential require the calculation of the Stackel multiplier terms of
the form N

2

where Q; = (u; — e;)~" corresponding to the coefficients b of (23). We
can readily calculate a basis for these Stickel multipliers in terms of the y!
coordinates. For the parts that are singular in these variables we proceed as
previously. We first observe the identity

—Qi
* i (u; — wy)

—t

yx(ex —es)?? Xn: ek (u; —ey)P?
P (ui —ex) = (u — e ) s (u; — uj)

Note that the right hand side of this expression is in the form of a Stackel
multiplier with @; = II;.x(u; — es)?/(u; — ex) which can be written as a
polynomial in u; plus a term 1/(u; — ex). We see immediately that Stéckel
multipliers containing terms of the form 1/(u; — e;)" where t > 2 can be
generated by differentiating this identity ¢ — 1 times with respect to eg.
Indeed,
HJ¢K(6K—€J)1’J . 1
My (u—ex)  (yf)?

The additional terms that arise in the potential, and complete our basis, have
the form

0 1
yE — t t=0.--- —1.
t (aek) [(y{{)g‘| ) 07 y PK
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These expressions can be determined in terms of the yX via the recursion
relation
0

@(yf) = (k+ Dypy-

We could now establish the eigenvalues of the operators a; by acting
on the functions ®(uq,---,u,) expressed in terms of a basis of symmetric
polynomials in the variables u;. The observations we have made are best
illustrated by a specific example. If we choose P(z) = (z — 1)*z and n = 2
then the ordinary differential equation is

(PO (PO + 3o+ 0 2 99370 =0 21

A—1

If we consider this equation in isolation then we can find polynomial solutions
as follows. We make the assignments

1
Ccl = —p(p -+ 5) b1 = —E(ﬂ — 1) -+ 2£q, bg = —EQ,

and look for solutions of the form

l
fN) = exp(ﬁ)()\ — D)V (A = 6,)
where the 0; satisfy the relations
2(3+2q) 0 3+ 4q 4

- + +>
0 —1 (6 —1)2 0. 60—

=0.

The values of the constants a;, 7 = 0,1, can be represented in terms of the
0; via the formulas

. 1
a1:—§(p+q+s+2)(2p+2q+23+3),

. 3 3
ao:25(2p+q+8+2)+€(2p+2q+23—|—§)+2p(p+q)+4p+§q+2

H2p+a) — (5445} D0

r=1
To display the superintegrable context of these observations we employ
the coordinates on the 2-sphere given by the formulas

S+si=1-u, (s1+is)’=@w—1)v-1), sf=u,
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and consider the superintegrable system [10]

1 S1 — 189 0%
(81 + i82)2 (81 -+ i82)3 S% ’

H=p2 +pi,+15, +a

In these coordinates the separation equations for HV = EW have exactly the
form (24) with

1
a:£(2q_1)7 6:_2627 7:_p(p+_)

2
and the identification of a; with E. Indeed, using coordinates y;,yo and y3
in the Schrodinger equation AV = EWU and the relationship
2(s1+s3)  (s1+is2)® 535 (u—L)(v—1L)

L—1 (L-12 L  L(L—-1)2

we can find finite solutions of the form

, . 281+ 83) (s t+ise)? s
NS5 (51 + o) IS5 + e + )

YU = exp[_Qg(w

S1 — iSQ

where the same equations for the zeros are satisfied. This method of deriva-
tion is in complete analogy with that used by Niven. The a4, ay are separation
constants. A useful feature of this observation is the availability of direct al-
gebraic methods to determine the eigenvalues of these parameters. We write

&1: [PU_PU]7 doz [UPu—qu]

where

Py = VPO) S (PO o) + (mh + a0+~ s ?1)2 ")

We can now demonstrate that eigenvalues of a; can be obtained by acting
on a basis of symmetric functions. As a particular example, if we look for
solutions of the form

l

U = _
eXp(u—1+v—1

N(uw—1)(v = 1)]%uv)?(kruv + ko(u + v) + k3),
we find that the corresponding eigenvalues of a; and ay are determined by
(2a; +45)*(a; +14) =0,  (ap — 18)(4aj — 200ag + 2423) = 0,

where we have made the simplifying assumptions p=1,¢=1, ¢/ = 1.
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Note further that if we perform a gauge transformation in the nonsepara-
ble Cartesian coordinates to try to find polynomial solutions in s?, s3 we will
obtain exactly the same exponential phase factor as the product of the phase
factors in u and in v. This means that the possible polynomial solutions in
s?. 52 for a fixed energy eigenspace correspond exactly with the polynomial
solutions symmetric in v and v. The polynomial energy eigenspace is degen-
erate but the diagonalization of ag breaks the degeneracy. For a dramatic
example of similar behavior on the n-sphere see [26].

4 Conclusion.

We have demonstrated for a large class of superintegrable potentials that
the method of separation of variables can be used to solve the corresponding
Schrodinger equation in a specific form of elliptical coordinates. In these co-
ordinates we have demonstrated that finite polynomial solutions are possible
up to multiplication by an explicit function. This provides a generalization
for the property of quasi-exact solvability as given by Ushveridze [12]. It also
consolidates further the close connection with classical separation of variables
concepts of families of polynomial solutions. In addition, the problem of find-
ing all the algebraic equations determining the separation parameters has its
natural place in the multivariable interpretation of these equations. The
very fact that these polynomial solutions arise from superintegrable systems
and that these systems have polynomial algebras associated with them im-
plies that there are relations among the various solutions of the Schrodinger
equation. This is a matter that we will pursue.
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