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Abstract
L o

A classical (or quantum) superintegrable system Is an inte-
grable n-dimensional Hamiltonian system with potential that
admits 2n — 1 functionally independent constants of the mo-
tion, polynomial in the momenta, the maximum possible. If
the constants are all quadratic the system is second order
superintegrable. Such systems have remarkable properties:
multi-integrability and multi-separability, a quadratic algebra
of symmetries whose representation theory yields spectral
iInformation about the Schrodinger operator, deep connec-

Ltions with special functions and with QES systems. J
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Abstract continued
fFor n=2 (and n=3 on conformally flat spaces with nondegen-T
erate potentials) we have worked out the structure and clas-
sified the possible spaces and potentials. The quadratic al-
gebra closes at order 6 and there is a 1-1 classical-quantum

relationship. All such systems are Stackel transforms of sys-

tems on complex Euclidean space or the complex 3-sphere.

o -
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2nd order superintegrabllity (classical)

fClassical superintegrable system on an n-dimensional Ioc:alT
Riemannian manifold:

H=> g7 ppj+V(x)
tj
Require that Hamiltonian admits 2n — 1 functionally inde-
pendent 2nd-order symmetries Sy = 3 aj, (x)pipj + Wik (),
Thatis, {H, S} = 0where {f, g} = >"_,(0x; fOp,9—Op,; fOr,9)
IS the Poisson bracket. Note that 2n — 1 Is the maximum pos-

sible number of functionally independent symmetries.

o -
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Significance

& .

enerically, every trajectory p(t),x(t), i.e., solution of the
Hamilton equations of motion, is characterized (and
parametrized) as a common intersection of the (constants
of the motion) hypersurfaces

Sip(p,x)=cp, k=0,---,2n—2.

The trajectories can be obtained without solving the equa-

tions of motion. This is better than integrability.

o -
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2nd order superintegrablility (Quantum)
=

Schrodinger operator T
H=A+V(x)

where A = % > i 02, (\/99") 0z, is the Laplace-Beltrami

operator on a Riemannian manifold, expressed in local
coordinates x; and Sy, ---,.S,. Here there are 2n — 1
second-order symmetry operators

Za \/_a )0y, + Wiy, k=1,--+,2n—1

with S; = H and [H, Sk] =HS,. — Si.H =0.

o -

IMA talk — p.6/18;



Why second order?
- .

separation of variables. Special function theory can be ap-

his IS the most tractible case due to the association wit

plied and is relevant for the same reason.

o -
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-

1. An integrable system has n functionally independent

Integrability and superintegrability

T
constants of the motion in involution. A superintegrable
system has 2n — 1 functionally independent constants of
the motion. (Sometimes the definition of

superintegrabilty also requires integrabilty. In this talk

we prove it.)

. Multiseparable systems yield many examples of

superintegrability.

. Superintegrable systems can be solved explicitly in

multiple ways. It is the information gleaned from
comparing the distinct solutions and expressing one
solution set in terms of another that is a primary reason
for their interest.

o
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3D example:

-

The generalized anisotropic oscillator: Schrddinger
equation HVY = EV or

=

1 /0% 0 0
=——|=—=+—+t=— |V U =FEW.
HY 2 (0w dy? i > TV(z,9.2)

The 4-parameter “nondegenerate” potential

w2 A A9
= — 4
Viz,y, z) 5 (x + y? + (z+ p) )+2 [$2+y2]

o -
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Separable coordinates
B o

The corresponding Schrodinger equation has separable so-
lutions in five coordinate systems: Cartesian coordinates,
cylindrical polar coordinates, cylindrical elliptic coordinates,
cylindrical parabolic coordinates and parabolic coordinates.
The energy eigenstates for this equation are degenerate and
Important special function identities arise by expanding one

basis of separable eigenfunctions in terms of another.

o -
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Basis for 2nd order symmetries

A
= 02 — wir? —|——, 0% — Wy —y—;,
2 2
X 1

1
S1 = —5(&,}L13 + ngax) -+ ,0(92 (Z + p) (w S AT )

1
S9 = —5(5’yL23 + L238y) T /05’5 T (Z T P) (wzyz — )\292) ;

where L;j = 2,05, — ©;0,.

o -
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Quadratic algebra closing at level 6

. .

he nonzero commutators are
[MlaL] — [LaMQ] — Q) [L,Sl] — [327[/] — Ba

Nonzero commutators of the basis symmetries with ¢ (4th
order symmetries) are expressible in terms of the second
order symmetries, e.g.,

[M;, Q] = [Q, Ma] = 4{M;, M} + 16w°L,

151, Q) = [Q, So] = 4{ M1, M>},
L.Q = 4{M, L} — A{ My, L} — 16A1M; + 16\9 My,

o -
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| evel 6 closure

-

The squares of @), B, A; and products such as {Q, B}, (all
6th order symmetries) are all expressible in terms of 2nd
order symmetries, e.g.,

=

8
(szzg{L,Nh,Nb}—%SuQ{L,L}%—lﬁxuwf—+16A%M@

64 128
—+?;{A1h]W§}-——?;%uzL——128w2A1A%

8 8
{Q,B} = —g{M% L,S1} — g{Mh L,S2} — 16A1{ M2, S}

64 04
—16)\2{M1, Sl} — ?{Ml, SQ} — ?{Mz, Sl}.

LHere {C1,---,C;} 1s the completely symmetrized product ofJ
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Important properties-1

=

The algebra generated by the second order symmetries
IS closed under commutation In both the classical and
operator cases. This is a remarkable, but typical of
superintegrable systems with nondegenerate potentials.

Closure is at level 6, since we have to express the
products of the 3rd order operators in terms of the basis
of 2nd order operators.

The eigenfunctions of one separable system can be
expanded in terms of the eigenfunctions of another, and
this is the source of nontrivial special function
expansion theorems.

The quadratic algebra identities allow us to relate
eigenbases and eigenvalues of one symmetry operator J
to those of another.
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Important properties-2

The representation theory of the abstract quadratic T
algebra can be used to derive spectral properties of the
generators S;, in a manner analogous to the use of Lie
algebra representation theory to derive spectral

properties of quantum systems that admit Lie symmetry
algebras,

A common feature of quantum superintegrable systems
IS that after splitting off a gauge factor, the Schrodinger
and symmetry operators are acting on a space of
polynomials: MULTIVARIABLE ORTHOGONAL
POLYNOMIALS.

-
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Important properties-3
-

Closely related to the theory of QUASI-EXACTLY
SOLVABLE SYSTEMS (QES). In many 2D and 3D
examples the one-dimensional ODEs are guasi-exactly
sovable and the eigenvalues that give polynomal
solutions are easily obtained from the PDE
superintegrable systems. Generalizes results of
Ushveridze. Leads to new examples.

-
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Use of the quadratic algebra-1

-

Consider the nondegenerate superintegrable potential T

« Bl\/\/w +yt o BQ\/\/QZ +y?—x

Va4 y? 1 Va2 4 y? 1 Va2

separable in parabolic coordinates, and in parabolic coordi-

V($7y) - =

nates of the second type = = uv, y = %(u? — 1?).
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Use of the quadratic algebra-2

-

A basis for the quadratic algebra is L1, L, and H with
defining relations

=

1
(R, L1] = —4LoH + B Bo, (R, Lo] = 4L1H + 5(B% — B?)

R? = AL2H4+4L2H —160%H+(B2—B?) L1 —2B; By Lo—202( B2+ B2

with R = [Ll, LQ].

o -
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Use of the quadratic algebra-3

-

If we look for eigenfunctions of the operators L, Lo
respectively, we have L1y, = A\py©m, Loty = pntbn. If we
write L1y, = > __ Cp1; then the quadratic algebra relations

imply

=

1
(pn = pr)? + 8E]Cyr = ~[5(Bf — B3) — 16aE]6n,

Z CnTCTO'(QIOT — Pn — pa) — (SE,On + B1Bs + 16CVE)5na-
—

o -
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Use of the quadratic algebra-4

=

fThese relations in turn imply that
Chn = —[3(B} — B3) + 16aE]/8E and Cppy1 = Cf 4, are the

n

only nonzero coefficients. They can essentially be
determined by the relation

4V =2F (|Cpns1)® = |Cno1ml?) = 8Epy + B1Bs + 16a.E.

o -
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Use of the quadratic algebra-5

W .

e see that the eigenvalues ),, and p,, are

2

B
A = 200 — 8—E1 — (2m + 1)V —2F,

B + B)?
pnzza—( 1£E2) — (2n+1)V—2E

and the quantization condition for £ IS 4a — B%S*;EBS = —(q+

2)yv/ —2F for integer ¢. Thus the bound state spectral resolu-
tion of H, L1, Lo has been obtained from the structure of the

guadratic algebra alone.

o -
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2D classical structure theory-1

-

Can assume Hamiltonian takes the form

=

H = (Pt +p3) +Vizy),  (z,y) = (z1,32),

ANz, y)

i.e., the complex metric is ds? = \(z,y)(dz? + dy?).
Necessary and sufficient conditions that

S =>"a"(z,y)pjpi + W(x,y) be a symmetry of H are the
Killing equations

Al il A2 i2

(1) a; = e e i=1,2
T )V Ve
20,;‘7 -+ (,'L;'Z = —71(1‘71 — 72(1‘72, Z;] — 1727 2 # ja

o -
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2D classical structure theory-2

-

and the Bertrand-Darboux conditions on the potential
87;Wj — (‘%Wi or

=

(VQQ — V11)a12 -+ Vlz(all — a22) —

[()\a12)1 . ()\all)Q ()\a22)1 . ()\a12)2
A A
Similar but more complicated conditions for the higher order

Vi + |

[Va.

symmetries.

o -
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Nondegenerate potentials-1

. .

>From the 3 second order constants of the motion we get 3
Bertrand-Darboux equations and can solve them to obtain
fundamental PDEs for the potential of the form

Vao—Vi1 = AP (x)Vi+B%(x) V5, Vie = A¥(x)Vi+B(x)Va.

If the B-D equations provide no further conditions on the po-
tential and if the integrability conditions for the PDEs are
satisfied identically, we say that the potential iS nondegener-
ate. That means, at each regular point xq where the AY, BY
are defined and analytic, we can prescribe the values of
LV, Vi, Vo and V41 arbitrarily and there will exist a unique po-J

tential V' (x) with these values at x.



Nondegenerate potentials-2
N

tion to the trival additive parameter. Degenerate potentials

=

ondegenerate potentials depend on 3 parameters, in addi-

depend on < 3 parameters.

o -

IMA talk — p.25/18:



Spaces of polynomial constants-1

=

fIt IS Important to compute the dimensions of the spaces of
symmetries of these nondegenerate systems that are of
orders 2,3,4 and 6. These symmetries are necessarily of a
special type.

The highest order terms in the momenta are
Independent of the parameters in the potential.

The terms of order 2 in the momenta less are linear In
these parameters.

those of order 4 less are quadratic.

Those of order 6 less are cubic.

o -
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Spaces of polynomial constants-2

|7The system IS 2nd order superintegrable  With nondegenerate T
potential If

It admits 3 functionally independent second-order
symmetries (here 2N — 1 = 3)

the potential is 3-parameter (in addition to the usual
additive parameter) in the sense given above:

V(z,y) = VO (z,9) + V@ (z,9) + a3V (z, ).

o -
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Functional linear independence

fThe 3 functionally independent symmetries are functionally
linearly independent  if at each regular point (xg,y9) the 3

matrices aféjl)(xo, 0), azjl)(a;o, 70), aﬁ)(xo, o) are linearly

iIndependent.
There is essentially only one functionally linearly dependent
superintegrable system in 2D:

H — PPz + V(Z)a

where V(z) is an arbitrary function of z alone. This system

separates in only one set of coordinates z, z.

o -
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Spaces of polynomial constants-3

-

THEOREM: Let ‘H be the Hamiltonian of a 2D T

superintegrable (functionally linearly independent) system
with nondegenerate potential.

The space of second order constants of the motion is
exactly 3-dimensional.

The space of third order constants of the motion is at
most 1-dimensional.

The space of fourth order constants of the motion is at
most 6-dimensional.

The space of sixth order constants is at most
10-dimensional.

o -
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Spaces of polynomial constants-4

. .

THEOREM: Let K be a third order constant of the motion for
a superintegrable system with nondegenerate potential V:

2 2

K= > d"(zy)prppi+ Y bz y)pe
k=1 =1

Then b(z,y) = 51 f%9(x,y) G (,y) with f59 4 i —
0, 1< ¢, < 2. The % b are uniquely determined by

the number 712 (zq, y9) at some regular point (xg, yo) of V.

o -
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Structure theory -1

=

Let
S1 = Z a]ff)pkpj + Wy, S2= Z al(“‘zj)mpj + Wi

be second order constants of the the motion and let
Ay (z,y) = {a’(‘“g)(a:,y)}, i = 1,2 be 2 x 2 matrix functions.

Then the Poisson bracket of these symmetries is given
by

2

{817 82} — Z akji (SE, y)pkp]pz + b€($7 y)p€
k,j,1=1

where
kO ki g6 ki
=20 (agen) —aias),

J -
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Structure theory -2
-

Thus {51, S} Is uniquely determined by the
skew-symmetric matrix

hence by the constant matrix [Ay)(zo,%0), A(1)(%0, %0)]
evaluated at a regular point.

-
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Standard 2D form-1
B

fFor superintegrable nondegenerate potentials there is a
standard structure that

allows the identification of the space of second order
constants of the motion with the space of 2 x 2
symmetric matrices

allows identification of the space of third order
constants of the motion with the space of 2 x 2
skew-symmetric matrices.

o -

IMA talk — p.33/18



Standard 2D form-2

If xo IS a regular point then thereisa 1 — 1 linear T
correspondence between second order operators S and
their associated symmetric matrices Axp). Let

{S1,8} = {S,, 81} be the reversed Poisson bracket.

the map {51, 82} <= [A(1)(x0), A(2)(x0)] is an algebraic
Isomorphism.

Let £9 be the 2 x 2 matrix with a 1 in row ¢, column ;
and 0 for every other matrix element. Then the
symmetric matrices

1

2(5”’ + & = AU 4 =1,2

W) —
form a basis for the 3-dimensional space of symmetric J
matrices.
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-

Standard 2D form-3
B

Moreover,

(A AKO] — (5]'1@5(%) 4 5].6[5(%) 16,890 1 5Z.€B(jk))

1
2
where

Bl = %(5@7’ — & = —BUI 4 j=1,2

Here B = ¢ and B2 forms a basis for the space of
skew-symmetric matrices. This gives the commutation
relations for the second order symmetries.

-
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Standard 2D form-4
B

We define a standard set of basis symmetries
Sikey = > a” (x)pipj + Wire)(x) corresponding to a
regular point x, by

fl fl all a12
(f% f§2>x MXO)(@” o ), TH0AT

Wike)(x0) = 0. The condition on 1V, Is actually 3
conditions since W (kY depends on 3 parameters.

-
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2D multiseparabillity

o .

COROLLARY: Let V be a superintegrable nondegenerate
potential and L be a second order constant of the motion
with matrix function A(x). If at some regular point x, the
matrix A(xg) has 2 distinct eigenvalues, then H, L
characterize an orthogonal separable coordinate system.

Note: Since a generic 2 x 2 symmetric matrix has distinct
roots, it follows that any superintegrable nondegenerate po-

tential is multiseparable.

o -
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The guadratic algebra
fTHEOREI\/I: T

The 6 distinct monomials
(San)? (S2)? (Su2)? SaunSe2), SunSuz): Su2)S@2):

form a basis for the space of fourth order symmetries.

The 10 distinct monomials
(Sii)’s (Siij)>s (Suin)’Siijy» (San) Sajys (Seig)*Siny.
S11)S12)S(22), for i, 7 = 1,2, i # j form a basis for the
space of sixth order symmetries.
L[One can expand explicitly any 4th or 6th order symmetry Iin J

erms of the standard basis.
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The Stackel transform-1
-

ALL 2D SUPERINTEGRABLE NONDEGENERATE T
POTENTIALS IN EUCLIDEAN SPACE AND ON THE
2-SPHERE HAVE BEEN CLASSIFIED.

There are 11 families of nondegenerate potentials in flat
space (4 in real Euclidean space).

There are 6 families of nondegenerate potentials on the
complex 2-sphere (2 on the real sphere).

HOW TO GET ALL SUCH POTENTIALS ON GENERAL 2D
MANIFOLDS?

o -
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The Stackel transform-2
fSuppose we have a (classical or guantum) superintegrable T
system

1
Az, y)

In local orthogonal coordinates, with nondegenerate
potential V' (x,y) and suppose U (z,y) IS a particular case of
the 3-parameter potential VV, nonzero in an open set. Then
the transformed systems

H = (P2 +p3)+V (z,y), H= (O11+022)+V (2, y)

Az, y)

5 1 N 5
H=——(pi+p3)+V(z,y), H== (O11+022)+V (2,y)

Az, y) Az, y)

~

Lare also superintegrable, where A = \U, V

.
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The Stackel transform-3

-

THEOREM:
1.
{H,§} =0 <= {H,S} =0.
2.
. 1 S N WyV Vv
— M. L] L] : _ _
S . P ((a +0 X7 )AU)ijr(W o +U>
3. o
H,S5|=0 < [H,S]=0.
4.

_ 1 P 1%
o ‘SZE:XE&<mJ+5J N MU>@+<W¥—1]-+UJ



The Stackel transform-4

-

COROLLARY: If S S(2) gre second order constants of the
motion for H, then

{SW S =0 —= {81, s} =o.
If ). 5(2) are second order symmetry operators for H, then

500,50) =0 = 51,50 =0
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The Stackel transform-5

-

This transform of one (classical or quantum)
superintegrable system into another on a different manifold
IS called the Stackel transform . Two such systems related by
a Stackel transform are called Stéackel equivalent .

=

THEOREM: Every nondegenerate second-order classical or
guantum superintegrable system in two variables is Stackel
equivalent to a superintegrable system on a constant curva-

ture space.

o -
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Classification results-1
N o

BASIC RESULT: If ds?> = \(dz? + dy?) is the metric of a
nondegenerate superintegrable system (expressed In
coordinates x, y such that \;o = 0) then XA = ;IS a solution
of the system

12 12 aﬁ — @%g
p12 = 0, poo—p11 = 3p1(lna*)1—3ue(Ilna™*)o+4( 1 )14,

where either

) d?=X@)Y(y), X"=d*X, Y'=-0a%,

or

o -
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Classification results-2

12 2X"(2)Y'(y)

1) = X + Y )




Classification results-3

-

Conversely, every solution A\ of one of these systems ofT
equations defines a nondegenerate superintegrable system.
If X\ Is a solution then the remaining solutions ;. are exactly
the nondegenerate superintegrable systems that are Stackel

equivalent to .

o -
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Classification results-4

=

fIn a tour de force, Koenigs has classified all 2D mani-
folds (i.e., no potential) that admit exactly 3 second-order
Killing tensors and listed them in two tables: Tableau VI and
Tableau VII. Our methods show that these are exactly the
spaces that admit superintegrable systems with nondegen-

erate potentials.

o -
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TABLEAU VI

(c1COST +Cy  c3C08Y + ¢4 9 9
5 : ] (dz* — dy*)

sin“ x sin“ y

cicoshx +co  c3e¥ + ¢y
- 1.2 + 2y
sinh” x e

c1e” + g c3eY + ¢y 2 2
+ ](d:v — dy”)

] (dz? — dy?)

g2 e

I co  C3
01(1132 — y2) + 2 + ? =+ C4] (d372 - dy2)

i c
ci(z® —y*) + $_22 + C3Y + 04} (da? — dy?)

:01($2 —y?) + cor + c3y + c4l (dx* — dy?)

=

-
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TABLEAU VII-1
-

: S S : 11 )
1 sn?(x, k)  sn?(y, k) -2 cn?(xz, k) cn?(y, k)

1 1 9 9

— + cq(SN“(z, k) — sn“(y, k

CB(dHQ(w, k) dnz(% k)) 04( (w ) (y ) ]
(da? — dy®)

1 1 1 1
[Cl(siHQ:z: B sinzy) i C2(COSQQZ B coszy)

c3(cos 2z — cos 2y) c4(cos 4z — cos 4y)] (dz? — dy?)
[c1(sindx — sin4y) + co(cosdx — cos 4y)
c3(sin 2z — sin 2y) c4(cos 2z — cos 2y)] (dz* — dy?)

-
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TABLEAU VII-2
-

_ [61(% — %) + 02(3;2 _ y2) 4+ (:3(334 _ y4)
ca(z® = y°)] (da?® — dy?)

[cl(aj —y) + a2 — y?) + e3(23 — ) + ca(a? — y4)}
(dz* — dy?)



2D quantum systems-1

For a manifold with metric ds? = \(z,y)(dz? + dy?) the
Hamiltonian system

_ pi+p3
ANz, y)

IS replaced by the Hamiltonian (Schrodinger) operator
with potential

H + Viz,y)

(O11 + O22) + V(2,y).

-
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2D quantum systems-2

- .

A second-order symmetry of the Hamiltonian system

2

S = Z a® (z,9)prpj + Wz, y),
k=1

with ¢/ = a7*, corresponds to the operator

2

o -
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2D guantum systems-3
-

|7LEI\/II\/IA:
{H,S8} =0 < [H,S|=0.

Not generally true for higher dimensional manifolds.
It follows that the classical results for the space of second or-
der symmetries corresponding to a nondegenerate potential

can be taken over without change.

o -
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The 2D gquantum quadratic algebra-1

. .

THEOREM: The 6 distinct monomials
{Sa),Sant {5@2),Sea} {Sa2),Sa2)} {Sa1), Swe2)}

{San,Sa2 s {Sa2),Se22)}

form a basis for the space of fourth order symmetry
operators.
THEOREM The 10 distinct symmetrized monomials

{Siiy> Stiay, Sty ks 155y S(iz)» Stigy bs 1Sy Stiiys Sij) I
{S6iy> Sy, Sty b> 1Se)sS(4), Syt 15a11), S(12), S22) 1

fori,7 = 1,2, i # 5 form a basis for the space of sixth order

ymmetries.
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The 2D guantum quadratic algebra-2
B o

These theorems establish the closure of the quadratic al-
gebra for 2D quantum superintegrable potentials: All fourth
order and sixth order symmetry operators can be expressed
as symmetric polynomials in the second order symmetry op-

erators.

o -
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3D summary-1

=

We have classified all 2D superintegrable systems,
Including those with degenerate potentials.

The integrabilty condition approach that works for
systems on 2D Riemannian manifolds extends to 3D
conformally flat spaces (2n-1=5 functionally
Independent constants of the motion), with
complications.

5 — 6 Theorem. 5 functionally independent second
order symmetries for a nondegenerate superintegrable
3D system imply 6 linearly indpendent second order
symmetries.

For 3D systems with nondegenerate potential the
maximum possible dimensions of the spaces of second,J

third fourth and sixth order symmetries are 6,4,26 and ‘
ER recnectivvalvy and theace dimencinne arae achiavad o



3D summary-2

=

The 3D quadratic algebra always closes at level 6 and
there is a standard structure for the algebra.

The passage from the 3D conformally flat classical
superintegrable systems to quantum superintegrable
systems is still straightforward, but requires modifying
the guantum potential by an additive term that is the
scalar curvature.

All 3D conformally flat superintegrable systems with
nondegenerate potential are Stackel equivalent to
superintegrable systems in 3D Euclidean space and on
the 3-sphere.

All 3D conformally flat superintegrable systems have
“essentially” been classified. J
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Conformally flat systems-1
-

An n-dimensional Riemannian space is conformally flat if
and only if it admits a set of local coordinates z1, - - -, z,
such that the contravariant metric tensor takes the form
g¥ = 69 /\(x), i.e., the metric is ds* = \(x) (>, dz?).

A classical superintegrable system H = .. " pip; + V(x)
on this manifold is one that admits 2n — 1 functionally
iIndependent generalized symmetries (or constants of the
motion) S, k=1,---,2n—1with §§ = H. That s,
{H,S;} = 0 where

=

{f,9} = (8a, 0,9 — O, fOr,9)
j=1

Lis the Poisson bracket for functions f(x, p), g(x,p) on phaseJ
space .



Conformally flat systems-2
-

fNote that 2n — 1 Is the maximum possible number of func-
tionally independent symmetries and, locally, such symme-
tries always exist. The main interest is in symmetries that
are polynomials in the p, and are globally defined, except
for lower dimensional singularities such as poles and branch
points. Here we concentrate on second-order superinte-
grable systems, that is those in which the symmetries take

the form S = >~ a¥ (x)p;p; + W (x), quadratic in the momenta.

o -
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Conformally flat systems-3

-

An analogous definition for second-order quantum
superintegrable systems with Schrodinger operator

=

1 ..
H=A+V(x), A=-—> 05(,99")0s;
3

the Laplace-Beltrami operator plus a potential function.
Here there are 2n — 1 second-order symmetry operators

Za (VGa())0e, + WH(x), k=1,--- 20— 1

with S; = H and [H, Sk] = HS,. — S.H = 0.

o -
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Conformally flat systems-4

=

Motivation . Superintegrable systems can 1) be solved explic-
itly, and 2) they can be solved in multiple ways. It is the In-
formation gleaned from comparing the distinct solutions and
expressing one solution set in terms of another that is a pri-

mary reason for their interest.

o -
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Example: No quadratic algebra-1

-

The Euclidean space Schrodinger equation with
3-parameter extended Kepler-Coulomb potential:

=

a2xp+82\p+a2\p . '2E+ 20
dr?  Oy?  0z° Va2 2+ 22

A Mo
<:E2 " yz)] V=0

o -

IMA talk — p.62/18:



Example: No quadratic algebra-2
- o

This equation admits separable solutions in the four coordi-
nates systems: spherical, sphero-conical, prolate spheroidal
and parabolic coordinates. Again the bound states are de-
generate and important special function identities arise by
expanding one basis of separable eigenfunctions in terms of

another.

o -
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Example: No quadratic algebra-3

-

However, the space of second order symmetries is only 5 T
dimensional and, although there are useful identities among
the generators and commutators that enable one to derive
spectral properties algebraically, there is no finite quadratic
algebra structure.

The key difference with our first example is that the 3-
parameter Kepler-Coulomb potential is degenerate and it can-

not be extended to a 4-parameter potential.

o -
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Example not of constant curvature-1

-

Space with metric

ds®> = \(A, B,C, D, E,x)(dz? + dy? + dz?),

3
A=Az +1iy)+ B <E(x+iy)2+ Z)

3z

+C ((3: +4y)° + 1—16(56 —iy) + z(w + @'?J))

D , 2 1 3z .
+D (—(w +iy)t + S — (2% + %) + = (x + zy)2> + F.

16 16 16 8

The nondegenerate potential is
V =XNa,8,7,0,6,x)/A\NA, B,C, D, E,x).

o

-



Example not of constant curvature-2

fIf A= B=C =D =0thisis a classical superintegrable T
system on complex Euclidean space, and it extends to a
guantum superintegrable system.

The quadratic algebra always closes, and for general values
of A, B,C, D, E the space Is not of constant curvature. This
IS an example of a superintegrable system that is Stackel

equivalent to a system on complex Euclidean space.

o -

IMA talk — p.66/18



3D Functional linear independence-1

o .

We shed some light on the relationship between functional
iIndependence and functional linear independence for the
set {H7817 T 784}

THEOREM: The functionally independent set {H, Sy, -, S4}
IS also functionally linearly independent in the sense that if
the relation 37 _, ¢ (z)£, = 0 holds in an open set, then
M) (z) = 0 for all h.

o -
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3D Nondegenerate Potentials-1

-

>From the Bertrand-Darboux equations for the 5

=

functionally independent constants of the motion we can
derive conditions on the potential of the form

Vit + A®*Vi + B*V, + C*#V5,
Vii + APV + B3V, + 033‘/:3,
ARV + B2V, 4 O3
APV + BBV, 4+ OBV
AV + B*Va + C*Vs

-
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3D Nondegenerate Potentials-2
B

fIt IS possible that there might be additional conditions of the

form D(ls)vl + D(QS)VQ + D?S)Vg =0,s=1,---,r. Here the

AY BY CY. D%S) are functions of x that can be calculated
explicitly.

Suppose are no such additional conditions and the integra-
bility conditions are satisfied identically. In this case we say
that the potential is nondegenerate. Otherwise the potential is

degenerate.

o -
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3D Nondegenerate Potentials-3

-

If V Is nondegenerate then at any point xq, WhereT
the A%, BY CY are defined and analytic, there is a
unique solution V(x) arbitrarily prescribed values of
Vi(xo), Va(xq), Va(x0), Vi1(x0) (as well as the value of V(xg)
itself. The points x; are called regular. The points of singu-

larity for the AY, BY,C% form a manifold of dimension < 3.

o -
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3D Nondegenerate Potentials-4

=

This occurs for the generalized Kepler-Coulomb potential

Degenerate potentials depend on fewer parameters.

where the integrability conditions lead to an additional equa-
tion of the form V;; = AV + BV, +C1V; so that Vi cannot

be prescribed arbitrarily.

o -
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Observed common features-1

=

They are usually multiseparable.

The eigenfunctions of one separable system can be
expanded in terms of the eigenfunctions of another.
This is the source of nontrivial special function
expansion theorems.

The symmetry operators are in formal self-adjoint form
and suitable for spectral analysis.

-
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Observed common features-2

=

The quadratic algebra identities allow us to relate
eigenbases and eigenvalues of one symmetry operator
to those of another. Indeed 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
guantum systems that admit Lie symmetry algebras.
(Note however that for superintegrable systems with
nondegenerate potential, there is no first order Lie
symmetry.)

-
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Observed common features-3

=

Another common feature of guantum superintegrable
systems is that they can be modified by a gauge
transformation so that the Schrédinger and symmetry
operators are acting on a space of polynomials. This is
closely related to the theory of exactly and quasi-exactly
solvable systems. The characterization of ODE
guasi-exactly solvable systems as embedded in PDE
superintegrable systems provides considerable insight
Into the nature of these phenomena.

Classical analogs are obtained by the replacements
Oz, — p.,. COmMmutators go over to Poisson brackets.
The operator symmetries become second order
constants of the motion. Symmetrized operators
become products. The highest order terms in the

quadratic algebra relations agree with the operator case
hiit there are fowar nanzara lowar ordar terme WAl pTas



3D complication-1

=

fFor 2D nondegenerate superintegrable systems we can
show that the 3 functionally independent constants of the
motion are (with one exception) also linearly independent,
so at each reqgular point we can find a unique constant of
the motion that matches a quadratic expression in the
momenta at that point.

However, for 3D systems we have only 5 functionally inde-
pendent constants of the motion and the quadratic forms

span a 6 dimensional space.

o -
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3D complication-2

. .

This is a major problem. However, for functionally linearly
iIndependent systems with nondegenerate potentials we
can prove the “5 — 6 Theorem” to show that the space of
second order constants of the motion is in fact 6
dimensional: there is a symmetry that is functionally
dependent on the symmetries that arise from
superintegrabllity, but linearly independent of them.

With that result established, the treatment of the 3D case

proceeds in analogy with the nondegenerate 2D case.

o -
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3D conformally flat system-1

-

Assume a coordinate system z, y, z and function
Az, y, z) = exp|G(x,y, z)| such that the Hamiltonian is

=

_ pi+p3+p3

" )

+ V(x,y, 2).
A quadratic constant of the motion (or generalized

symmetry)

3
S = Z a* (x,y, 2)ppp; + Wz, y,2) = L+ W, % =a"’
kj=1

must satisfy {H,S} = 0.

o -
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3D conformally flat system-2

. .

he symmetry conditions are

a%i = —Gia'" — Goa® — G3a™
Qa? + aé-i = —Gra"V — Gea® — G3a®, i#j
(2) aZj + aé?i + a;gk = 0, 1,7,k distinct
and
3
(3) Wi =AY a™V,, k=123
s=1

(Here a subscript j; denotes differentiation with respect to

LIZ]'.)

o -
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3D conformally flat system-3

=

fThe requirement 0, W; = 0,,W,, ¢ # j leads to the second

order Bertrand-Darboux partial differential equations for the
potential.

3

(4) Z [Vsj)\asg — Vsé)\asj + Vi (()\CLSE)J' — ()\asj)g)} = 0.
s=1



5 functionally independent symmetries

- .

Require the the Hamilton-Jacobi equation admits four
additional constants of the motion:

3

G)Sn =D alpprpj+ Wy = Lo+ Wy, b
j.k=1

1, 4.

We assume that the four functions S; together with H
are functionally independent in the six-dimensional phase
space. (This means that we require that the five quadratic

forms LC;,, Hy are functionally independent.)

o -
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3D Functional linear independence-1

. .

THEOREM: The functionally independent set
{H,S1,---,S4} may, or may not, be functionally linearly
Independent. However, for systems with nondegenerate
potentials, we have the following. Let

3

= dpppj+Way  h=1--5 H=3S
k:

be symmetries for a system with nondegenerate potential
V = W(y). Then these symmetries are functionally indepen-

dent if and only if they are functionally linearly independent.

o -
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3D Nondegenerate Potential

-

>From the Bertrand-Darboux equations for the 5

=

functionally independent constants of the motion we can
derive conditions on the potential of the form

Vit + A®*Vi + B*V, + C*#V5,
Vii + APV + B3V, + 033‘/:3,
ARV + B2V, 4 O3
APV + BBV, 4+ OBV
AV + B*Va + C*Vs

-
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Potential integrability conditions -1

fWe can further clarify the situation by introducing the
dependent variables W) = v, W@ =1, W) = 5,
W@ =V, the vector

=

(6) W =

and the matrices

(7) A(l) —
A3 g3 (13 0 ’
L \AM Bl (14 B12—A22) DJ/



Potential integrability conditions -2

fThen the integrability conditions for the system T
(10) 0. w=AVw  j=123
must hold:

a1 AY ZAD — 4G AG) 4D AG) = [40)
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Symmetry integrability conditions-1

sting the nondegenerate potential requirements and the
2nd order K|II|ng equations we can express each of the 18

quantities a;’, ¢ < j, in terms of the quadratic coefficients
at™. A typical example is

=

1
022 — . (—2a23(B% — B*2) 4 2(a® — a?2) B

—|—2a13B12 . 2@12B13}

o -
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Symmetry integrability conditions-2

fSince this system of first order partial differential equations
is involutive the general solution for the 6 functions «/* can

depend on at most 6 parameters, the values a/*(x,) at a

fixed regular point xg.
For the integrability conditions we define the vector-valued

function

=

h(z,y,2) = (a',a'2, 0,622, a®, a*)

and directly compute the 6 x 6 matrix functions .A(j) to get
the first-order system

(12) dph=AVh  j=123

o -
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Symmetry integrability conditions-2

-

In terms of the 6 x 6 matrices

the integrabilty conditions are

(13) SWh =8@hH =8BGh =0

o -
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(b = 6)-1
fTHEOREM: Let V be a nondegenerate potential corre-T
sponding to a conformally flat space in 3 dimensions that
IS superintegrable, and there are 5 functionally independent
constants of the motion. Then the space of second order
symmetries for the Hamiltonian H = (p2+p2+p2)/ Az, y, 2) +
V(z,y, z) (excluding multiplication by a constant) is of dimen-

sion D = 6.

o -
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(b = 6)-2
-

COROLLARY: If H + V' Is a superintegrable conformally flatT
system with nondegenerate potential, then the dimension of
the space of 2nd order symmetries

3

S = Z akj(xayv Z)pkp] + W(SIZ,y, Z)
k,j=1

IS 6. At any regular point (xg, o, 20) and given constants
o’ = oJ% there is exactly one symmetry S such that
a™ (zo,v0, 20) = . Given a set of 5 functionally indepen-
dent 2nd order symmetries £ = {5, : ¢ = 1,---5}, there is
Lalways a 6th second order symmetry Sg that is functionally J

dependent on £, but linearly independent.



3D third order constants-1
=

THEOREM: Let K be a third order constant of the motion T
for a system with nondegenerate potential V.

3 3
K = Z Clkﬂ(fﬁayaz)pkpjpi+Zb€(ﬂ?,y,2)pe-
k,j,i=1 (=1

Then v'(z,y, 2) = Z?:l o9 (2, y, 2)Vi(x,y, z) with f&7 + £ =
0, 1 < ¢.j < 3. The &% b* are uniquely determined by
the four numbers f1:2, 13 f23  f0% at any regular point

(x0, Y0, 20) Of V.

o -
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3D third order constants-2
L o

et
S1 = Z algf)pkpj + Wy, &2 = Z aéj)pkpj + Wi

be second order constants of the the motion for a
superintegrable system with nondegenerate potential and

let Ay (z,y,2) = {al(% (x,y,2)}, i =1,2 be 3 x 3 matrix
functions. Then the Poisson bracket is given by
3

(81,8} = > a"'(z,y, 2)prpjpi + V' (2,y, 2)pe
k.jgsi=1

(14) t— 9\ ’“J 76 _ "“9 all).
B 2l et -
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3D third order constants-3
- o

{S1, S92} Is uniquely determined by the skew-symmetric
matrix

hence by the constant matrix
\A2) (o, Yo, 20), A (7o, Y0, 20)] evaluated at a regular point,

and by the number F(zo, 40, 20)) = f37 (0, %0, 20)-

o -
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3D standard structure-1

=

Allows identification of the space of second order
constants of the motion with the space S3 of 3 x 3
symmetric matrices, as well as identification of the
space of third order constants of the motion with a
subspace of the space K3 x F' of 3 x 3 skew-symmetric
matrices K3. crossed with the line. F' = {F(xq)}.

If xo IS a regular point then thereisa 1 — 1 linear
correspondence between second order symmetries S
and their associated symmetric matrices Axp). Let

{S1,S8} = {S,, 81} be the reversed Poisson bracket.
Then the map

{81, 82} <= [An)(x0), A)(x0)]

IS an algebraic homomorphism. J
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3D standard structure-2
B

S1, 8o are in involution if and only if matrices
A(1)(%0), A(2)(x0) commute and F(xp) = 0.

If {51,852} # 0 then itis a third order symmetry and can
be uniguely associated with the skew-symmetric matrix
A1y (x0), A(2)(x0)] and the parameter F(xo) .

-
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o

3D standard structure-3
B

Let £ be the 3 x 3 matrix with a 1 in row ¢, column ;
and 0 for every other matrix element. Then the
symmetric matrices

) AW = (€U 1) = AU =123

form a basis for the 6-dimensional space of symmetric
matrices. Moreover,

A AR — % (5jklg(if) 4+ 53.6[5(%'/@) 16,890 1 5i€B(jk))
(16)
where

B = %(5@7’ — &Iy =YY i j=1,23. B
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3D standard basis

-

We can define a standard set of basis symmetries
SUF) =5~ ¥ (x)p;p; + W) (x) corresponding to a regular
point xg by

=

fll f21 fgl all a12 a13
ke
—| 2 o2 g2 _ | 42 422 23 — AUk
3 3 3 31 32 33

W k) (x¢) = 0. The condition on W %) is actually 4 condi-

tions since WUk depends on 4 parameters.

o -
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3D maximum dimensions-1

o .

In order to demonstrate the structure of the quadratic al-
gebras for 3D superintegrable systems on conformally flat
spaces, it is important to compute the dimensions of the
spaces of symmetries of these systems that are of orders 4
and 6. These symmetries are necessarily of a special type.
The highest order terms in the momenta are independent of
the parameters in the potential, while the terms of order 2
less in the momenta are linear in these parameters, those
of order 4 less are quadratic, and those of order 6 less are
cubic. We obtain these dimensions exactly, but first we needJ

to establish sharp upper bounds.



3D maximum dimensions-2

fTHEOREM: T

The maximum possible dimension of the space of
purely fourth order symmetries for a nondegenerate
potential is 21.

The maximal possible dimension of the space of purely
sixth order symmetries is 56.

o -
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Bases for constants of the motion-1
B

fFor a superintegrable system with nondegenerate potential,
the dimension of the space of purely fourth order constants
of the motion is at most 21. Note that at any regular point
xp, we can define a standard basis of 6 second order con-
stants of the motion S(%7) = A7) 4+ W) where the quadratic
form A7) has matrix A7) and W (%) is the potential term with
Wi (xy) = 0 identically in the parameters W (), By taking
homogeneous polynomials of order two in the standard ba-

Sis symmetries we can construct fourth order symmetries.

o -
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Bases for constants of the motion-1

o .

THEOREM: The 21 distinct standard monomials S SUk),
defined with respect to a regular point xq, form a basis for

the space of fourth order symmetries.

o -
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Bases for constants of the motion-2

fThe dimension of the space of purely sixth order constants T
of the motion is at most 56. Again we shall show that the 56
iIndependent homogeneous third order polynomials in the

symmetries S{%) form a basis for this space.
At the sixth order level we have the symmetries

(i)y3 (S25(i)  (Sliy250d)  (§li\25(iH)
()7, (SH)TSH, (ST)°SV, (ST)°S

fori,j.k=1.---,3 1,74, k pairwise distinct. (18
possibilities)

S g(17) g73) - g(i) g(id) k)~ (i) 5(17) G (kk)

Y,

fori,j.k=1,---,3 1,4, k pairwise distinct. (10
L possibilities) J
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Bases for constants of the motion-3

- -
Sem) (S(ii)g(jj) _ (S(ij))Q)

fori,j =1,---,3 1,5 pairwise distinct. (10 possibilities)

Sitm) (S(ij)g(ik) _ g(ii)g(jk))

fori,j.k=1,---,3 1,74, k pairwise distinct. (18
possibilities)

o -
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Bases for constants of the motion-4

-

fTHEOREM: The 56 distinct standard monomials
S(hi) s(k) s(tm) - defined with respect to a regular x, form a
basis for the space of sixth order symmetries.

We conclude that the quadratic algebra closes.

o -
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Classical 3D Stackel transform-1

-

Suppose we have a superintegrable system

=

_ pi+p3+p3
Az, y, 2)

In local orthogonal coordinates, with nondegenerate
potential V (x,y, 2):

H

+ V(z,y, 2)

Vas = Vi1 + APV + B3V, + C33V5,
Voo = Vi1 + A2V + B%V, + C??V;3,

Vog = A%V + B®Va + C#Vs,
Vis = ALV + BBV, + OBV,
Vig = ARV + B2V, + 012,

Land U(x,y,z) IS a particular solution of the potential egns. J
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Classical 3D Stackel transform-2

-

Then the transformed system

=

2 9 2
(17) =Pttt
ANx,y, 2)

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

+ V(z,y,2)

Va3 = Vi1 + A3V + BBV 4 OBV,
Voo = Vii + A2V + B2V, + C22V,
(18) Vo = AV + BBV, + CBVs,
Vis = ABV, 4+ B3V, + C13V;,
Vi — ALV, 4+ B2V, + C12Y,

Lis also superintegrable, J

IMA talk — p.105/18:



Classical 3D Stackel transform-3

o .

where
~ -~V
A=\U, V =—
Y] U7
233:A33+2ﬂ, [333:333, @332033_2%7
U U
etc.

Let S = aYp;p; + W = Sy + W be a second order
symmetry of H and Sy = " a“p;p; + Wy = Sy + Wy be the

special case that is in involution with p%ﬂfﬂ?g + U. Then

~ 1
S:SQ—@H—I——H

- S0 -~

is the corresponding symmetry of H.



3D multiseparabllity-1
-

From the general theory of variable separation for
Hamilton-Jacobi equations we know that second order
symmetries S;, So define a separable system for the
equation

=

B R R
B ANz, y, 2)

H +V(z,y,2) =E

If and only if

The symmetries 'H, S;, S, form a linearly independent
set as quadratic forms.

{51,582} = 0.

The three quadratic forms have a common eigenbasis
L of differential forms. J
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3D multiseparabllity-2
-

fFor nondegenerate superintegrable potentials in a
conformally flat space we see that

{81,82) =0+ [A@p)(x), A1)(x)] =0

so that the intrinsic conditions for the existence of a
separable coordinate system are simplified.

THEOREM: Let V' be a superintegrable nondegenerate po-
tential in a 3D conformally flat space. Then V defines a mul-

tiseparable system.

o -
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3D Stackel-1
=

In separation of variables theory we obtained the result.
THEOREM: Let u1, us, ug be an orthogonal separable
coordinate system for a 3D flat space with metric ds? Then
there is a function f such that

=

fds® = ds*

where ds? is a constant curvature space metric and ds? is
orthogonally separable in exactly these same coordinates
ui,ug, ug. The function f is a Stackel multiplier with respect
to this coordinate system.

Thus the possible conformally flat separable coordinate sys-
tems are obtained, modulo a Stackel multipier, from separa-
Lble systems on 3D flat space or on the 3-sphere. J
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3D Stackel-2
-

fCOROLLARY: Let VV be a superintegrable nondegenerate
potential in a 3D conformally flat space. Then there is a con-
tinuous 1-parameter (or multi-parameter) family of separable
systems for V/, spanning at least a 5-dimensional subspace

of symmetries.

o -
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3D Stackel-3
. .

THEOREM: Every superintegrable system with nondegener-
ate potential on a 3D conformally flat space is Stackel equiv-

alent to a superintegrable system on either 3D flat space or
the 3-sphere.

o -
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Generic Euclidean separable systems

. .

There are 7 families of separable complex Euclidean coordi-
nate systems depending on nontrivial parameters. Example:

Jacobian elliptical coordinates.

IMA talk — p.112/18:



3D Euclidean classification

. -

THEOREM: Each of the 7 “generic’ Euclidean separable

systems determines a unique nondegenerate superinte-

grable system that permits separation simultaneously for all
values of the scaling parameter ¢ and any other defining pa-
rameters e;. For each of these systems there is a basis of
5 (strongly) functionally independent and 6 linearly indepen-
dent second order symmetries. The corresponding nonde-

generate potentials and basis of symmetries are:

o -
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[2111]

8
T2 y 2
2 2, Y
Pi =02 +00i+ —,  Jij = (xips, — 1jps)? +a
i



Il [221]

T — 1y y 0

V=a(®+y*+2%)+ —— + .
(" +y + 27 6(x—|—zy)3 (x + iy)

Si=J-J+f1, Se=pi+fo, S3=J5+f,

Sy = (pgg + ipy)Z + fa, Ly = (JQ — iJl)Q + fs.

-
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1 [23]
- o

5] N vz N 6(x? +y? — 322)
(x +1iy)?  (x +1iy)3 (x + iy)*

V=a(@®+y°+2%) +

Y,

Si=J-J+f1, S = (JQ—iJ1)2—|—f2, Sz = J3(J2—iJ1)—|-f3,

Si= (pe +ip)* + f1, S5 =0p.(ps +ipy) + f5.

o -
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v [311]

0
V = a(da® +y? + 2%) + fr + - + —,
Yy Z

Si=pa+f1, Se=p,+fo, Sz=p.la+fs

Si=pyJs+ f1, Ss=Ji+ fs.



v [32]
B

Y 0(y —iz)

V = a(4x? + y? + 2° + — + .
aldx® +y° + z%) + fx TESE R TENBE

S =p2+fi, So=Ji+ fo, S3 = (p, —ipy)(J2 +1J3) + f3,

Sy=p.J2 —pyJs+ f1, S5 = (p. —ipy)* + fs.

-
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VI [41]
- o

V=a(2®—2x—iy)* +4(2* + ) +6 (2(z + iy) — 3(z — iy)?)

b
vz —iy) + .,

Si=(pz—ipy)° +fi, Se=pi+fo, Sz=p.(a+iJi)+ fs,
i

4(px+ipy)2+f4, Sy = (Jo+iJ1 ) +4ip, J1+fs.

Sy = JS(px_ipy)_

o -
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Vil [5]

V =oa(z +1y) + 5(%@ +iy)? + 1z)+

1
a1 .3
V(@ +iy)” + (@ —iy) + (@ +iy)2)
+5(E(x+z’y)4+i(x2+y2+z2)+§(x+z‘y)2z),
16 16 8

. . . 1 .
Sy = (J1+iJ2)*+2iJ (pxﬂpy)—Jz(prpy)Jj(pi—pz)—stszrfh

(
2
(

4

Sy = Jop,—J3py+i(J3pe—Ji1p2)— =pypstf2,  S3 = (Dutipy)’+fa,

LSZL — J3pz+iJ1py+iJ2px+2J1px+ ngrfS, S5 = pz(px‘m.py)_"fﬂ
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Generic systems are unique

. -

THEOREM: A 3D Euclidean nondegenerate superintegrable
system admits separation in a special case of the generic co-
ordinates [2111], [221], [23], [311], [32], [41] or [5], respec-
tively, if and only if it is equivalent via a Euclidean transforma-
tion to system [l], [ll], [II], [IV], [V], [VI] or [VII], respectively.
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Other 3D Euclidean systems
B o

0] V(z,y,2) = az + By + vz + 6(a”° + y* + 2°).

00] V(r.y.2)= 2@ 497+ 12) + B 47y +
Both of these nondegenerate syperintegrable systems are
only weakly functionally independent, in contrast to systems
[1]-[VIlI]. Thus we consider [O] and [OO] as associate mem-
bers of the superintegrable family, not regular members.
An investigation of other possible Euclidean systems is in

progress.

o -
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3-sphere generic coordinate systems

fThere are 5 such systems. Each determines a T
superintegrable system on the 3-sphere, but 4 are Stackel
equivalent to a system on Euclidean space. The only
exception is Jacobi elliptic coordinates on the sphere, that
give rise to the nondegenerate potential [VIII]

a (B 7 0
51 S22 S35y

where 5%+5%—|—5§—|—Si — 1.

o -
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3-sphere classification

=

fEach of the 5 “generic” 3-sphere separable systems deter-
mines a unique nondegenerate superintegrable system that
permits separation simultaneously for all values of the pa-
rameters e;. For each of these systems there is a basis of
5 (strongly) functionally independent and 6 linearly indepen-

dent second order symmetries.

o -
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2D quantum superintegrable systems-:

- .

Here we discuss how our 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? = \(z,y)(dz? + dy?) the
classical Hamiltonian system H = % +V(z,y) Is replaced
by the Hamiltonian (Schrodinger) operator with potential

1
ANz, y)

In local orthogonal coordinates.

o -
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(O11 + O22) + V (2, y)



2D quantum superintegrable systems-.

o .

A second-order symmetry of the Hamiltonian system
S = Zi,jzl a®I (z,y)ppp; + W (x,y), with a* = a’*,
corresponds to the operator

2

The operator is formally self-adjoint with respect to the
bilinear product

< f,g>= /f(w,y)g(:v,y)k(:v,y) dx dy

Lon the manifold, i1.e., J

< Jt7 Hg >=< Hf,g >7 < f, Sg >=< Sf’g > . IMA talk — p.126/18;



Commutator (A, B| = AB — BA
-

The following results relate the operator commutator and
the Poisson bracket.

=

{H,S8} =0 < [H,S|=0.

This result is not generally true for higher dimensional
manifolds.

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

o -
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Carry-over of classical results

. .

The classical results for the space of second order sym-
metries 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’*(xq) = o/* for any

constant symmetric matrix c.

o -
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3rd order quantum symmetries-1

=

fConsider third order differential operators K that commute
with the Hamiltonian: [H, K] = 0.These equations are much
more complicated than their classical analogs.
Simplifications make the problem tractible:

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

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.

o -
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3rd order quantum symmetries-2

-

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*7'9y,;; in K (Symmetric in
k, 7,1) will be independent of the parameters but lower
order terms may have linear parameter dependence.

The skew-adjoint requirement uniguely determines the
coefficients of the second order terms in K and gives all
the parameter-independent terms.

The final dimesion results are identical to the classical
case.

o -
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3rd order quantum symmetries-3

. .

THEOREM: Let V be a superintegrable nondegenerate po-
tential, Then the space of third order skew-adjoint symme-
tries iIs one-dimensional and is spanned by commutators of

the second order self-adjoint symmetries.

o -
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3rd order quantum symmetries-4

-

COROLLARY: Let V be a superintegrable nondegenerate
potential and S;, So be second order formally self-adjoint
symmetries with matrices Ay, Ay, respectively. Then

=

[31, SQ] =0 < [.A(l), .A(Q)] =0 <= [A(l)(X()), A(Q)(X())] =0

at a regular point xq.

o -
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4th order guantum symmetries-1

. -

Similarly, the use of the formal self-adjont property of the 4th
order symmetries allows us to carry over the classical di-
mensional result. The subspace of purely fourth order poly-

nomial symmetries is at most 6.

o -
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4th order guantum symmetries-2

- .

f A, B are linear operators, we define their symmetrized
product by

{A B) = %(AB + BA).
THEOREM: The 6 distinct monomials
{50, 5Dy {502, 5B}, {502), sU2) {sUD 522y,
{5t 512y, {sU12), 52,

form a basis for the space of fourth order symmetry opera-

tors.

o -
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6th order quantum symmetries-1

=

sting 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. 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

1
{A,B,C} = Z(ABC + BAC + CAB + ACB + BCA + CBA),

o -

IMA talk — p.135/18:



6th order quantum symmetries-2

fTHEOREM: The 10 distinct monomials T
(st gt glin - rgi) glig) gy () ¢l glii)h
(S50 g(i) gl
{50 g12) §(22)1

fori,7 = 1,2, i # 5 form a basis for the space of sixth order

symmetries.

o -
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6th order quantum symmetries-2

. .

These theorems establish the closure of the quadratic al-
gebra for 2D quantum superintegrable potentials: All fourth
order and sixth order symmetry operators can be expressed
as symmetric polynomials in the second order symmetry op-

erators.

o -
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2D quantum Stackel transform

. -

THEOREM: Every nondegenerate second-order quantum
superintegrable system in two variables is Stackel equivalent

to a superintegrable system on a constant curvature space.

o -
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Nondegenerate 3D quantum systems-

-

For a manifold with metric ds* = \(z, y, 2)(dz? + dy? + dz?)
we replace the Hamiltonian

H = (p +p3+p3)/A(2,y,2) + V (2,9, 2)

by a formally self-adjoint operator

3 .
. 1 6FI )
H = 0 x,y,2)0; | + V(x, vy, 2
@y, z) gjl k<A(w’,y72)M( 200 0:2)

in local orthogonal coordinates. Here §*/ is the Kronecker

delta and the weight function n is to be determined.

o -
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Nondegenerate 3D quantum systems-.

- .

Replace a second-order symmetry of the Hamiltonian
SyStem S = Zz,jzl akj (CE, Y, Z)pkp] T W(QZ’, Y, Z); with
a*l = ¢/, by the formally self-adjoint operator

A

S =

3
1
—Z p(apd) + W+ W, = eIt
o

where W (z,y, z) is to be determined. These operators are
formally self-adjoint with respect to the bilinear product

< f,g>= /f(af,y, 2)g9(x,y, 2)p(z,y, 2) de dy dz

o -
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Nondegenerate 3D gquantum systems-

Assume that {H, S} = 0 and require [H, S] = 0. Thus there
are functions b, such that

3 3

[H, 8] = %Z Di(bip) = (b0, + (0'1)i

1=1 1=1 H

).

Using {H,S} = 0, we see that



Nondegenerate 3D quantum systems-

. .

THEOREM:
{H,S} =0 < [H,5]=0.

where 1 = X\ and Wj = %aﬂkai’“ (for i, 7, k pairwise distinct).



Spaces of higher order symmetries-1
fJust as for the 2D quantuim case we can use the formalT
skew-adjoint and self-adjoint properties of the higher order
symmetry operators, to make tractible the solution of the
symmetry equations and determination of the maximum di-

mensions of the solution spaces. The details are compli-

cated but the results agree with the classical 3D case.

o -
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Spaces of higher order symmetries-2

. .

THEOREM: Let V be a superintegrable nondegenerate po-
tential, Then the space of third order skew-adjoint symme-
tries iIs four-dimensional and is spanned by commutators of

the second order self-adjoint symmetries.
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Spaces of higher order symmetries-3

. .

THEOREM: Let V be a guantum superintegrable nondegen-
erate potential Then the associated system is multisepara-
ble.

o -
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Spaces of higher order symmetries-4

. -

THEOREM: The subspace of truely fourth order self-adjoint

symmetry operators is at most 21.



Spaces of higher order symmetries-5
- o

f A, B are linear operators, we define their symmetrized
product by

(A, B) = (AB + BA).

THEOREM: The 21 distinct monomials {57, S} form a
basis for the space of fourth order self-adjoint symmetry op-

erators.
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Spaces of higher order symmetries-6

fSimilarly, the space of truly sixth order formally self-adjoint T
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
{A,B,C} = <(ABC + BAC + CAB + ACB + BCA+ CBA),

THEOREM: The 56 distinct standard monomials
{Shi) gUk) gUm)\ form a basis for the space of sixth

order self-adjoint symmetry operators.

o -
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Spaces of higher order symmetries-7
B -

These results establish the closure of the quadratic algebra
for 3D quantum superintegrable potentials: All fourth order
and sixth order symmetry operators can be expressed as
symmetric polynomials in the second order symmetry oper-

ators.

o -
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Covariant 3D quantum case-1

-

We have achieved an operator realization of the classi(:alT
commutator brackets for second-order symmetries but the
differential operator Hamiltonian, though formally self-adjoint
with respect to the weight function )\, is not the Laplace-
Beltrami operator on the manifold. We can achieve this, at
the expense of altering the potential V', by means of an ap-
propriate gauge transformation. We now turn to this con-

struction.

o -
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Covariant 3D quantum case-2
fSet T

H=cRHe®, §=eTRG5eR

where R(x,y, z) is a function to be determined. Then [H, S| =
0 if and only if [H, 5] = 0. We will choose R such that the dif-
ferential operator part of H is the Laplace-Beltrami operator

on the manifold with metric ds?> = A(dz? + dy? + dz?).

o -
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Covariant 3D quantum case-2

-

It is straightforward to show that

=

3
H = ¢ RER — Z(aii+2Ri8i+Rii+R?)+V
=1

> =

so, if we set R = }1In A, we have

m+722
H = Z(M (A20;) >+v.




Covariant 3D quantum case-3

-

Similarly

=

S = Z ()\2 Z])\ 0; ) (Rij + 5737;723') + CLZ-]R]') —I—W—i—W.

The eigenvalue equation for 4 on the space with weight
function © = X\ is HU = EV. Setting U = eR*® = \/1d we
see that the eigenvalue equation for ® is H® = E® and the

eigenfunctions @ lie in the space with weight function \3/2,

o -
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Covariant 3D quantum case-4

N .

ote that
3

1
D (Ris+ RPN = —gft
1=1
where R Is the Riemannian scalar curvature. The quantum
potential is

. 1
(20) V=—ZR+V.



Covariant 3D quantum case-5

-

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

=

1 g
H = —0i(g"/99;) + 5
NG (9"7V/99;)
S = 1 0;(a% /g0;) + —aR—Ea'jR-'—iV'V'aij
NG 6" 16 Y 16 "

Here V; Is the usual covariant derivative on the Riemannian

space.

o -
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Covariant 3D quantum case-6

o .

THEOREM: Let H, H and H be defined as above where 1
defines a classical superintegrable system with

nondegenerate potential V. Let S, S2) be second order
symmetries of H, with corresponding symmetry operators

S9).SU). Then

(SW. 8N = — [V 5§ =0 = [ 5@ =0.
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Covariant 3D quantum case-7
- o

COROLLARY: Every conformally flat 3D classical superin-
tegrable system with nondegenerate potential extends to
a unigue covariant quantum superintergrable system. The
symmetries of the quantum system admit a quadratic alge-

bra structure.

o -
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Fine structure

=

fFor fine structure of superintegrable systems we drop the
requirement of nondegeneracy and study the various
possibilities for systems with potentials depending on fewer
parameters. For 2D systems the structure is very simple.

Theorem 1 Every 2D system with a one- or two-parameter
potential and 3 functionally linearly independent
second-order symmetries is the restriction of some
nondegenerate (three-parameter) potential.

o -
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Fine 3D structure O
- .

have not yet been fully determined. We first consider those

or 3D systems the results are much more complicated an

systems that just fail to be nondegenerate in the sense that
the four functions S;, together with H are functionally linearly
Independent in the six-dimensional phase space but that the
associated potential functions V' span only a 3 dimensional
subspace of the 4 dimensional space of solutions of the po-

tential equations, ignoring the trivial added constant.

o -
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Fine 3D structure 1

-

fThis circumstance can occur in only two ways: either the
potential is a 3-parameter restriction of a nondegenerate po-
tential, or the integrability conditions for the potential equa-
tions are not satisfied identically and an additional condition

IS Imposed.

o -
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Fine 3D structure 2

fIn either case the canonical potential equations are T
replaced by the 6 equations

(21) Vij = A9V, + B9V + GV, i <,

whose integrability conditions are satisfied identically. The
canonical quations still hold, but with the identifications

DY =DY 1<i<j<3, DN = DFk _ D1 =23

where D = A, B, C. For short, we will call the solutions of

the potential equations 3-parameter potentials .

o -
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Fine 3D structure 3
-

fIn analogy to the nondegenerate potential case we can
compute the full set of integrability conditions satisfied by
the potential, and we can use the 10 second order Killing
tensor equations and the 3 x 3 = 9 potential conditions for

the derivatives a‘™. There are 19 conditions for the 18

derivatives a;™. We get exactly the standard symmetry
equations and the remaining condition

&11(012 o BlB) 4+ a22(A23 o CN«IZ) 4 CLSB(BB o A23)
_|_a12(12113 + C~«22 - C’Wll - B23) 4+ a13(6~123 + Bll - BSS o AlZ)
_|_a23(312 4 A33 o AZZ o 6113) —0

Lwhich we can regard as an obstruction. J
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Fine 3D structure 4

. .

The analogous obstruction equation appears for the
nondegenerate potential case, but there the linear
Integrability conditions for the nondegenerate potential
cause the obstruction to vanish identically. We have
obtained the following results:

Theorem 2 A 3D 3-parameter potential is a restriction of a
nondegenerate potential if and only if the obstruction
vanishes identically. If the obstruction doesn’t vanish then
the space of second order symmetries is 5 dimensional and
the system is uniquely determined by the values of

D ;< j, D= A,B,C ata single regular point.

o -
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Fine 3D structure 5

-

The extended Kepler-Coulomb system

@7
LA

V =
Val+y2+22 %y

IS an example of a 3-parameter potential with obstruction.
Another example is defined by the potential

« T —1
i )
Va2 2+ 22 (@tiy) o (z+iy)

These are true 3-parameter potentials in the sense that they

v

cannot be extended to nondegenerate potentials.

o -
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Fine 3D structure 6
-

fTheorem 3 Let V be a superintegrable true 3-parameter
potential on a conformally flat space. Then the space of
third order constants of the motion is 3-dimensional and is
spanned by Poisson brackets of the second order constants
of the motion. The Poisson bracket of two second order
constants of the motion is uniquely determined by the
matrix commutator of the second order constants at a
regular point.

Theorem 4 Let V be a superintegrable true 3-parameter

potential in a 3D conformally flat space. Then V defines a
multiseparable system.

o -
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Fine 3D structure 7

=

fTheorem 5 Every superintegrable system with true
3-parameter potential on a 3D conformally flat space is
Stackel equivalent to a superintegrable system on either 3D
flat space or the 3-sphere.
Although the spaces of higher order symmetries for true
3-parameter systems have an interesting structure, the
guadratic algebra doesn’t close.
Theorem 6 For a superintegrable system with true
3-parameter potential on a 3D conformally flat space there
exist two second order constants of the motion S;, S; such
that {S1, S2}° is not expressible as a cubic polynomial in the
second order constants of the motion.

o -
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Polynomial ideals 1

-

We introduce a very different way of studying and
classifying superintegrable systems, through polynomial
Ideals. Here we confine our analysis to 3D Euclidean
superintegrable systems with nondegenerate potentials,
though the approach is also effective in 2D and for spheres.
The canonical potential equations are just

=

Vjj — Vi1 = APV + BIVy + CVs, j=2,3

Vig = A¥V, + BF Y, 4+ s, 1<k <0<3

o -

IMA talk — p.167/18:



Polynomial ideals 2

-

All of the functions A%, BY,C*% can be expressed in terms
of the 10 basic terms

(22) (1412’14137142271423714337 B12’ BQQ, BQB7 ng, 033)'

Since the symmetry equations admit 6 linearly independent
solutions «"* the integrability conditions 0;a}* = 9,al* for
these equations must be satisfied identically. These con-
ditions plus the integrability conditions for the potential allow
us to compute the 30 derivatives 9,D% of the 10 basic terms.

Each is a quadratic polynomial in the 10 terms.

o -
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Polynomial ideals 3
N

first 2 are as follows and the others are similar.

a) _A23R33 _ Al2 423 i Al pl2
_|_BQQA23 i B23A33 . AQQBQB — 0

(23) b (A33)2 1 Bl2433 _ 433422 _ B33 412

_O33A13 1 22412 _ pl2 422 | 41323

n addition there are 5 quadratic conditions remaining. The

=

-
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Polynomial ideals 4
B -

These 5 polynomials determine an ideal ¥'. Already we
see that the values of the 10 terms at a fixed regular point
must uniguely determine a superintegral system. However,
choosing those values such that the 5 quadratic conditions
are satisfied will not guarantee the existence of a solution,
because the conditions may be violated for values of (z,y, z)

away from the chosen regular point.

o -
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Polynomial ideals 5

-

To test this we compute the derivatives ¢;>’ and obtain a T
single new condition, the square of the quadratic expression

f) A13033 i 2A13B23 i 322333 o (333)2 4 A33A22
_(ASS)Q i 2A12322 i (A12)2 . 2312A22 4 (312)2
_|_323033 . (B23)2 . 3(A23)2 — 0.
(24)
This polynomial extends the ideal.

o -
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Polynomial ideals 6

fLet Y. be the ideal generated by the 6 quadratic T
polynomials. It can be verified that 9;> C X, so that the
system is closed under differentiation!
This leads us to a fundamental result.
Theorem 7 Choose the 10-tuple at a regular point, such
that the 6 polynomial identities are satisfied. Then there
exists one and only one Euclidean superintegrable system
with nondegenerate potential that takes on these values at

a point.

o -
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Polynomial ideals 7

fWe see that all possible nondegenerate 3D Euclidean T
superintegrable systems are encoded into the 6 quadratic
polynomial identities. These identities define an algebraic
variety that generically has dimension 6, though there are
singular points, such as the origin (0, ---,0), where the
dimension of the tangent space is greater. This result gives
us the means to classify all superintegrable systems.

o -
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Polynomial ideals 8
-

An issue is that many different 10-tuples correspond to the
same superintegrable system. How do we sort this out?
The key is that the Euclidean group E(3,C) acts as a
transformation group on the variety and gives rise to a
foliation.

The action of the translation subgroup is determined by the

derivatives 9, D% that we have already determined.

The action of the rotation subgroup on the D¥ can be
determined from the behavior of the canonical equations
under rotations.

The local action on a 10-tuple is then given by 6 Lie
derivatives that are a basis for the Euclidean Lie algebra
e(3,C).

o -
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Polynomial ideals 9

-

For “most” 10-tuples Dj on the 6 dimensional variety the T
action of the Euclidean group is locally transitive with

Isotropy subgroup only the identity element. Thus the group
action on such points sweeps out a solution surface
homeomorphic to the 6 parameter E(3, C) itself. The

generic Jacobi elliptic system

e

)
% 2+_2
x Y Z

V=a(@+y*+2°)+ 5+
corresponds to this case. At the other extreme the isotropy
subgroup of the origin (0,---,0) Is E(3, C) itself, i.e., the
point is fixed under the group action. This corresponds to
the isotropic oscillator

. V =a(z® +y* + 2°) + Bz + vy + 62 -
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Polynonial ideals 10

fMore generally, the isotropy subgroup at Dy will be H and T
the Euclidean group action will sweep out a solution surface
homeomorphic to the homogeneous space E(3,C')/H and
define a unique superintegrable system. For example, the
Isotropy subalgebra formed by the translation and rotation
generators { P, P», P3, J1 + iJo} determines the system with
potential

V=a((@—iy®+6(°+y° + %)+

B (($ — iy)2 + 2(x + zy)) +~(x —iy) + 2.

o -
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Polynomial ideals 11

-

Each class of Stackel equivalent Euclidean superintegrable
systems is associated with a unique isotropy subalgebra of
e(3,C), although not all subalgebras occur and one
subalgebra could lead to more than one system. (Indeed,
there is no isotropy subalgebra conjugate to { P, P», Ps}.)
Thus to find all superintegrable systems we need to
determine a list of all subalgebras of ¢(3, C'), defined up to
conjugacy, and then for each subalgebra to determine if it
Ooccurs as an isotropy subalgebra, and the miltiplicity of its
occurence.

=

o -
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Outlook 1

o .

We have given an overview of some of the tools used and
results obtained in the study of second order
superintegrable systems.

The basic problems for 2D systems have been solved, and
the extension of these methods to complete the fine
structure analysis for 3D systems appears relatively
straightforward.

o -

IMA talk — p.178/18:



Outlook 2
-

fThe 3D fine structure analysis can be extended to analyze
2 parameter and 1 parameter potentials with 5 functionally
linearly independent second order symmetries. Here first
order PDEs for the potential appear, as well as second
order, and Killing vectors may occur.
The other class of 3D superintegrable systems is that for
which the 5 functionally independent symmetries are
functionally linearly dependent. This class contains the
Calogero potential and necessarily leads to first order PDEs
for the potential, as well as second order.

o -
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Outlook 3
- .

be able to handle this class with no special difficulties. On a

he integrability condition methods discussed here shoul

deeper level, we think that algebraic geometry methods can
be extended to classify the possible superintegrable systems

In all these cases.

o -

IMA talk — p.180/18:



Outlook 4
-

fWhereas 2D superintegrable systems are very special, the
3D systems seem to be good guides to the structure of gen-
eral nD systems, and we intend to proceed with this analy-
sis. Finally, the ultimate aim is to understand the structure of

superintegrable systems in general.
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inally, the algebraic geometry related results that we have

F
sketched suggest strongly that there is an underlying geo-

metric structure to superintegrable systems that is not ap-

parent from the usual presentations of these systems.

o -
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