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Introduction

Let us first consider a classical system in an n-dimensional Riemannian space with
Hamiltonian

H=">" gxpipx + V(X),X € R" (1.1)
i k=1

The system is called integrable (or Liouville integrable) if it allows n — 1 integrals of
motion (in addition to H)

Xa = f3(X, ), a=1,...,n—1

ax.
= (H.Xa} =0, (X, Xo} = 0 (1:2)

This system is superintegrable if it allows further integrals

Yb:fb(},ﬁ), b:1,...,k 1<k<n-1
dYp

i = (H. e} =0. (1.3)
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Introduction

The integrals must satisfy

1. The integrals H, Xa, Y} are well defined functions on phase space, i.e. polynomials
or convergent power series on phase space (or an open submanifold of phase
space).

2. The integrals H, X are in involution, i.e. Poisson commute as indicated in (1.3).
The integrals Y, Poisson commute with H but not necessarily with each other, nor
with Xj.

3. The entire set of integrals is functionally independent, i.e., the Jacobian matrix
satisfies

O(H, X1, -, Xot, Yau oy Vi)

rank
6(X1a"'7Xn:p17"'7pn)

=n+k (1.4)
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Introduction

In quantum mechanics we define integrability and superintegrability in the same way,
however in this case, H, X; and Y}, are operators.

The condition on the integrals of motion must also be modified e.g. as follows :

1. H, X3 and Y, are well defined Hermitian operators in the enveloping algebra of the
Heisenberg algebra H, ~ {X, B, h} or some generalization thereof.

2. The integrals satisfy the Lie bracket relations
[H7X3]:[H7 Yb]:07[)(l7xk]:O (15)

3. No polynomial in the operators H, Xa, Y, formed entirely using Lie
anticommutators should vanish identically.
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Introduction

The two best known superintegrable systems are the Kepler-Coulomb system with
potential V(r) = % and the isotropic harmonic oscillator V(r) = ar?. In both cases the
integrals X; correspond to angular momentum, the additional integrals Y to the
Laplace-Runge-Lenz vector for V(r) = % and to the quadrapole tensor

T = pipx + aXixk, respectively. No further ones were discovered until a 1940 paper by
Jauch and Hill on the rational anisotropic harmonic oscillator
V(X)=aX !, mx? n€Z.

A systematic search for superintegrable systems was started in 1965 and a real
proliferation of them was observed during the last couple of years.
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Introduction

Let us just list some of the reasons why superintegrable systems are interesting both in
classical and quantum physics.

In classical mechanics, superintegrability restricts trajectories to an n — k dimensional
subspace of phase space.

@ For k = n— 1 (maximal superintegrability), this implies that all finite trajectories
are closed and motion is periodic.

@ Moreover, at least in principle, the trajectories can be calculated without any
calculus.

@ Bertrand’s theorem states that the only spherically symmetric potentials V/(r) for
which all bounded trajectories are closed are % and ar?, hence no other
superintegrable systems are spherically symmetric.

@ The algebra of integrals of motion {H, Xa, Y} is a non-Abelian and interesting
one. Usually it is a finitely generated polynomial algebra, only exceptionally a finite
dimensional Lie algebra. In the special case of quadratic superintegrability (all
integrals of motion are at most quadratic polynomials in the moments), integrability
is related to separation of variables in the Hamilton-Jacobi equation, or
Schrédinger equation, respectively.
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Introduction

In quantum mechanics,

@ superintegrability leads to an additional degeneracy of energy levels, sometimes
called "accidental degeneracy". The term was coined by Fok and used by
Moshinsky and collaborators, though the point of their studies was to show that
this degeneracy is certainly no accident.

@ A conjecture, born out by all known examples, is that all maximally superintegrable
systems are exactly solvable. If the conjecture is true, then the energy levels can
be calculated algebraically. The wave functions are polynomials (in appropriately
chosen variables) multiplied by some gauge factor.

@ The non-Abelian polynomial algebra of integrals of motion provides energy spectra
and information on wave functions. Interesting relations exist between
superintegrability and supersymmetry in quantum mechanics.
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Introduction

As a comment, let us mention that superintegrability has also been called non-Abelian
integrability. From this point of view, infinite dimensional integrable systems (soliton
systems) described e.g. by the Korteweg-de-Vries equation, the nonlinear Schrédinger
equation, the Kadomtsev-Petviashvili equation, etc. are actually superintegrable.

Indeed, the generalized symmetries of these equations form infinite dimensional

non-Abelian algebras (the Orlov-Shulman symmetries) with infinite dimensional
Abelian subalgebras of commuting flows.
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Second Order Superintegrability

Let us consider the Hamiltonian (1.1) in the Euclidian space E, and search for second
order integrals of motion. We have

2
H=35 P +05)+ V(xa,e), X= {Gk(X1,X2),pﬁp§} @2.1)

Jj+k=0
In the quantum case we have

.0
b= f/ha—xj, Lz = x1p2 — X2p (2.2)

The commutativity condition [H, X] = 0 implies that the even terms j + k = 0,2 and
odd terms j + k = 1 in X commute with H separately. Hence we can, with no loss of
generality, set fip = fp1 = 0. Further we find that the leading (second order) term in X
lies in the enveloping algebra of the Euclidian algebra e(2). Thus we obtain

X = al§ + bi(Lsp1 + piLs) + ba(Laps + pals) + c1(P? — P5) (2.3)
+20P1 P> + (Z)(X1,X2)

where a, b;, ¢; are constants.
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Second Order Superintegrability

The function ¢(x1, x2) must satisfy the determining equations

bxy = —2(ax5 +2bixe + C1) Vi +2(axixe + bixi — boxa — C2) Vi,
(;5)(2 = —2(ax1 Xo + bixi — boxo — Cz) VX1 =+ 2(—ax12 4+ 2boxy + ¢4 ) VX2 (24)

The compatibility condition ¢x,x, = ¢x,x, implies

(—axixz — bixi + baxa + C2)(Vigx, — Vipx,)
—(a(XF + xZ) + 2b1x1 + 2baXz + 2¢1) Vi,
—(axz + b1)V)(1 + 3(ax1 — bg)VX2 =0 (25)

Eqg. (2.5) is exactly the same equation that we would have obtained if we had required
that the potential should allow the separation of variables in the Schrddinger equation
in one of the coordinate system in which the Helmholtz equation allows separation.
Another important observation is that (2.4) and (2.5) do not involve the Planck
constant. Indeed, if we consider the classical functions H and X in (2.1) and require
that they Poisson commute, we arrive at exactly the same conclusions and to
equations (2.4) and (2.5).

Thus for quadratic integrability (and superintegrability) the potentials and integrals of
motion coincide in classical and quantum mechanics (up to a possible symmetrization).
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Second Order Superintegrability

The Hamiltonian (1.1) is form invariant under Euclidian transformations, so we can
classify the integrals X into equivalence classes under rotations, translations and linear

combinations with H. There are two invariants in the space of parameters a, b;, ¢;,
namely

h=a k= (2ac — b+ b3)® + 4(ac; — bibo)? (2.6)
Solving (2.1) for different values of /1 and k we obtain :
Lh=5hL=0 Ve =i (X1) + f2(X2)
h=1,L=0 VR:f(r)+%g(¢) X1 =rcos¢, X = rsing
(&) +g(n) & —n?
/1:0,/2:1 VP:W X1 = 5 ’X2:§’)’]
xy = lcoshpcoso
h=1,kb=F#0 Ve = [0)T9) Xe = Isinhpsine  (2.7)
cos?o — cosh®p 0</<oo

We see that V¢, Vg, Ve and Ve correspond to separation of variables in Cartesian,
polar, parabolic and elliptic coordinates, respectively and that second order integrability
(in E2) implies separation of variables. For second order superintegrability, two
integrals of the form (2.4) exist and the Hamiltonian separates in at least two
coordinate systems.
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Second Order Superintegrability

Four three-parameter families of superintegrable systems exist namely

B B

Vz=a(x2+y)+—+? Vir=a(x® +4y%) + -5 +y
_e 1. B gl L ¢ 4
Vin = P /’2(0082% szg), Viv = p \[(ﬂcos + ysin 2) (2.8)

The classical trajectories, quantum energy levels and wave functions for all of these
systems are known. The potentials V; and Vj, are isospectral deformations of the
isotropic and an anisotropic harmonic oscillator, respectively, whereas Vj, and V)y are
isospectral deformations of the Kepler-Coulomb potential. In n-dimensional space Ej,
a set of n commuting second order integrals corresponds to a separable coordinate
system.

All of the above results on quadratic superintegrability have been generalized to

arbitrary dimensions, to spaces of constant curvature and to other real and complex
spaces.
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General setting
Third order superintegrability

General setting

In 1935, J. Drach published an article in which he studied the classical Hamiltonian
(2.1) in a two dimensional complex Euclidian space E>(C) and found 10 potentials for
which a third order integral of motion exists. Much more recently, Rafiada and
Tsiganov showed that 7 of them are "reducible", i.e. they are actually second order
superintegrable and that the third order integral of motion found in is the Poisson
commutator of the two second order ones.

A systematic search for third order quantum and classical superintegrable systems in

E>(R) was started in 2004. The Hamiltonian was taken as in (2.1) with py, p> as in (2.2)
and the study was carried out in a quantum mechanics setting.

Pavel Winternitz (CRM) Superintegrability and exact solvability 14/48



Third order superintegrability General setting

The integral was taken in the form

X = Z {,k X1, x2) p’1p2} (3.1)

j+k=0

where the curly brackets signify and anticommutator. The commutativity condition
[H, X] = 0 implies the even and odd terms commute separately and that the highest
order terms lie in the enveloping algebra of e(2). The same two conclusions hold for
integrals that are appropriately symmetrized polynomials of any order n in the
momenta.

We can hence, with no loss of generality, write a third order integral as

X= 3" Au{Lspipt} +{g1(x,¥).p1} + {@a(x,y). o} (3.2)

i+j+k=3

where Ajx = Aj; are constants (for convenience, we switch to the notation
Xy =X, X2 =Y).
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Third order superintegrability General setting

The 10 constants Aj and 3 unknown functions gy, g» and V are solutions of an
overdetermined system of determining equations, namely :

h2
g1 Vx + QZ Vy - Z [)(1 Vxxx + f2 Vxxy + f3 nyy + f4 Vyyy

+8A300(XVy — yVi) + 2(Az10 Vi + Azof Vy)] =0 (8.3)
(g1)x = 3hH(y) Vi + (X, y)Vy (3.4)
(92)}’ = f3(X7.y) VX+3f4(X7y) Vy (35)
(91)y + (9)x = 2[h(x, y)Vx + (X, ¥) V}] (3.6)
The functions f; are defined as
f(y) = —Asoy® + Azi0y® — Aoy + Aoso,
H(X,y) = BAsoXy® — 2A210Xy + A201Y? + ArzoX — A1y + Aoat,
B(X,y) = —3A0x°y + AzioxX® — 201Xy + A111X — Arozy + Aotz
fi(x) = Asoox’ + Aso1 X + Aro2X + Aogs, . (3.7)
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Third order superintegrability General setting

The first conclusion from (3.3-3.6) is that third order integrability (as opposed to second
order integrability) is very different in quantum and classical mechanics. Indeed, the
Planck constant # enters into the determining equation (3.3).For 2 — 0 we obtain the
classical integrability condition (for H and X to Poisson commute). Thus, unless the
expression in square brackets multiplying 72 in (3.3) vanishes, classical and quantum
integrable (and superintegrable) systems will differ. The same is true for integrals of
motion of any order n > 3.

The compatibility of equation (3.4),(3.5),(3.6) is the same in classical and quantum
mechanics, namely a third-order linear equation for the potential

0=-— f3 Vixx + (2f2 — 3f4) Vxxy + (—3f1 —+ 2f3) nyy — fg Vyyy
+ 2 (f2y - f3x) (Vxx - Vyy) + 2 (_3f1y + f2x + f3y - 3f4x) ny (38)
+ (—3f1yy + 2f2xy - faxx) VX + (_f2yy + 2f3xy - 3f4xx) Vy-
Compatibility between (3.3) and the other 3 determining equations imposes 3 further
partial differential equations on the potential. They are, however, nonlinear and of order
4. It is very difficult to solve the determining equations (3.3) , ...,(3.6) and the
nonlinear compatibility conditions are of little help. Instead, we consider a simpler

problem, namely that of finding superintegrable systems with one first or second order
integral and one third order one.
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One first order integral
One first order integral

Let us first assume that the second integral Y is a first order one. This implies that the
potential allows a geometrical symmetry. For translational or rotational invariance we
have respectively

Y = Py, V(x,y) = V(x)

Y = L V(x,y) = V(r), r=+x?+y? (3.9)

. . . « .
In the case of rotational invariance, we have V(r) = S or V(r) = ar?, in agreement

with Bertrand’s theorem. Both allow two independent second order invariants and the
third order one is their commutator.

Translational invariance in classical mechanics implies V(x) = ax, or V(x) = x%’ both
quadratically superintegrable.
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Third order superintegrability One first order integral

However, in the quantum case, we get one more third order superintegrable potential
satisfying
RV (x)2 = 4(V(x) — A (V(X) — A2)(V(x) — As). (3.10)

where Ay, A2 and A; are constants, so that V/(x) is expressed in terms of elliptic
functions (or degenerate cases thereof if some of the roots A; coincide). For instance,
for : Ay < V < A < Az, we obtain
2
vo (3.11)
cosh®(wx)
a soliton solution of the Korteweg-de-Vries equation. The integrals for all solutions of
(3.10) are

X

{/-s,Pf}Jr{(a—3V(X))y,P1}+{—ax+2XV(X)+/V(X)dX,Pz}, Y=P;
a = A+A+As (3.12)

We see that even though the potential V/(x) is one-dimensional, the problem is really
two-dimensional, since the integral X involves angular momentum Ls.
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SET Bt B
Second order "Cartesian" integral

A more interesting case arises if the additional integral Y is second order in the
momenta.

In this case, the potential V(x, y) will allow separation of variables. So far, two
separable coordinate systems have been investigated systematically, namely
Cartesian and polar coordinates. In the case of Cartesian coordinates, we have

Vix,y) = Vi(x)+ Va(y)
Y o= L) 0 - W) (3.13)

The determining equations and compatibility condition (3.7) simplify greatly. Indeed,
the compatibility equations are no longer partial differential equations, since they
involve only function of 1 variable V;(x) and Va(y).
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Third order superintegrability Second order "Cartesian” integral

A complete analysis shows that in the classical case, one obtains two known second
order superintegrable potentials, an anisotropic harmonic oscillator plus 4 new
irreducible ones, namely

Vi = BVIxI+ 55V
—9V* + 140®x?V® + (6d — Buwx*)V?

1

Vi = Sufy 4 V() +3° %6 _ 2020X%) V + ox? — d? — d¥5 x*
—11—6w8X8 =0

Vi = &ly|+b*VIx|

Vw = ay+ V(x) V3 —2bxV? + b?x*V —d =0 (3.14)

where a, b, ¢, d, 5;, w are constants.
The trajectories in all of these potentials have been calculated and all bounded
trajectories are periodic.
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Third order superintegrability Second order "Cartesian” integral

The quantum case is much richer.

One obtains 13 new irreducible superintegrable potentials. Among them, 6 are
expressed in terms of elementary functions, 2 in terms of elliptic ones and 5 in terms of
Painlevé transcendents.

Examples of the elementary superintegrable potentials are

> L > 5 1 1 1 1
g (w(x ””(y—a)z*(x—a>2+(y+a)2+(x+a)2>

o2 1 2, 2 1 1
V = & (W(Qx +y)+(y+a)2+(y_a)2> (3.15)

%

and an elliptic function one is
V = R2(P(x) + P(y)) (3.16)

where P(x) is the Weierstrass elliptic function.
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Third order superintegrability Second order "Cartesian” integral

The most interesting potentials obtained in this manner are those expressed in terms
of Painlevé transcendents. They provide one of the relationships between the theory of
quantum superintegrable systems and soliton theory. By this we mean the theory of
infinite dimensional integrable systems, usually described by nonlinear partial
differential equations that are compatibility conditions for certain linear equations
obtained from Lax pairs. The "Painlevé conjecture" states that all reductions of soliton
type equations to ordinary differential equations should have the Painlevé property
(possibly after a change of variables). That means they should be single-valued about
movable singularities. The 6 Painlevé transcendents were discovered in a study of
second order ODEs with the Painlevé property and they are the only equations of the
studied class that can not be expressed in terms of elliptic functions, or solutions of
linear differential equations.

The Painlevé equations come up as solutions of many of the nonlinear equations of
classical physics, such as the Korteweg-de-Vries, Boussinesq, Kadomtsev-Petviashvili
or three-wave interaction equations, to name just a few examples. Here they appear as
superintegrable potentials in the linear Schrédinger equation in quantum mechanics.
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Third order superintegrability Example of Schrédinger equation with Painlevé potential

Example of Schrédinger equation with Painlevé potential
The Painlevé transcendents that occur as potentials when the Scrédinger equation
separates in Cartesian coordinates are P;, Py and Py. Here we shall just consider the

case of Pyy.
The Hamiltonian and two integrals of motion in this case are

1
= P TP YY)+ V()

A = pf—pi4+ P -y + V(x)
1 ) 1 (4.)2 2 /
B = *{Lsap1}+*{*x}/—3yv1 P} -
2{ 7 —x —3Vi)Vi, Pi} (8.17)
with
V = eh(wPly + 2°Ph + 20°XxPy)

+%(—h2K1 + 3ehw), €=+l

2 2
Pv = Pwlpx, Ki, Ka), P:*i

- (3.18)
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Third order superintegrability Example of Schrédinger equation with Painlevé potential

The integrals of motion form a polynomial (cubic) algebra, satisfying
[A,Bl]=C [AC]=16uL°1’B

[B, C] = —2i°A® — BR2HA® + 81°H® + %(her —20r*W?

—24M2Kow® — 4eh’Kiw)A — 8w?h*H + % [— 1K}

—121°Ki (1 + 6Kz)w® + Beh’ Kiw + 8el®(1 + 18Kz )w’)] (3.19)

The algebra has a Casimir operator that is a 4th order polynomial in the Hamiltonian H
(with constant coefficients)

The representation theory of the algebra (3.19) and its realization in terms of a
deformed oscillator algebra is used to calculate the energy spectrum and wave
functions of the system. A connection with "higher order supersymmetry" also gives
the wave functions.

One obtains 3 series of states with energies

3 K,
B = w5 o)
—c+6 1K K.
B o= nlpr =gty ) fe<o
—e+6 K [-K
B = (p+ 56+ +o - 22), p=01,23,.. (3.20)

and 3 "ground states". all in terms of the Painlevé transcendent Py .
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SEET G FE EEE
Second order "polar" integral

We have
8(9)

= *(P1+P2)+F"(r)
= L5+258(0) (8.21)

The compatibility condition (3.8) can be rewritten in polar coordinates and then solved
for R(r).The general form of R(r) is

ar

_ a1 & & 2 4
R(r)_ﬁ+r—3+7+a4r + asr +aslogr+\/ﬁ (3.22)
L 3 log(\/Zer/A—kCrZ)
VAt CPR r
however, the system (3.3), ...,(3.7) implies a1 = a> = as = as = ar = a3 = 0.
Finally, new superintegrable systems that are obtained satisfy R(r) = 0 and are :
«
V(r,0) = ——— 3.23
(r.6) r2 sin® 30 (3.29)

This is a special case of the 3 body Calogero model. Potential (3.23) is superintegrable
both in classical and quantum mechanics.
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Third order superintegrability Second order "polar” integral

In the quantum case, we have a further potential, namely

2

V(r,0)——— |4sin?0W’ F8cosOW — 453 — 1
( )4r2 sin? 9 [ + & ]
W=W(x2) x =sin g X» = cos? g (3.24)
where W(x) is expressed in terms of the Painlevé transcendent Ps as
x3(x —1)? . Ps(Ps—1)]7 1 2
W(X)_4P6(P6*1)(P67X) [PG_ X(X*1) :| +§(1_ V271) (1_2P6)

1 2x 1 2(x—1) 1 7 2x(Ps — 1)

e (1 ?6) 3 (1 ﬁ) + <§ )\ %) @)
where Ps = Ps(X, v1, 72,73, v4) and the constants ~; must satisfy v, + 3 = 0 or
Y1ty — V27 =0
The third order integral in this case has the general form

X = L3py + pil5 +{g1,p1} + {2, P2} (3.26)

where g1 and g. are expressed in terms of Ps.
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Infinite families of superintegrable potentials

Infinite families of superintegrable potentials with integrals of arbitrary
order

In a recent (2009) article, Tremblay, Turbiner and Winternitz introduced the quantum
mechanical Hamiltonian

1 1 ak? Bk?
Hi(r, o; = =0 = ~0r — Z 05 +u*r? 4.1

k(r, ¢1w, o, B) O = 70— @l +wir+ r2 cos? ko * r2sinf ko’ (“-1)
where «, 3,w and k # 0 are parameters, a > —4‘7, B> —4‘7 and r, ¢ are polar
coordinates.
This Hamiltonian is integrable since it allows the integral of motion

K2 K2
X, B) = —L5+ 2 : (4.2)

cos?ky | sin? ko

For k = 1 it reduces to one of the superintegrable systems found in [5], for k = 2iitis
the rational BC, model, for k = 3 the Wolfes model or G» model. The configuration
space is the sector

0<ep< 0<r<> (4.3)

2k’

Pavel Winternitz (CRM) Superintegrability and exact solvability 28/48



Infinite families of superintegrable potentials

The Hamiltonian is exactly solvable and its energy spectrum and wave functions are

Enn = 2w[2N+(2n+a+ b)k +1]
Wnn = rPRRy(FP)PET2PP (2sin? ke — 1) W
u.)rz
W = @K cos?kyp sin®kp ez (4.4)

where Ry and P,(f"ﬁ) are Laguerre and Jacobi polynomials, respectively. We see that
(4.1) is an isospectral deformation of the isotropic harmonic oscillator, however for k
integer (or rational), the degeneracy of the energy levels is given by the number of
integer solutions of the equation N + kn = integer. This corresponds to the degeneracy
of the levels of an anisotropic harmonic oscillator.

It was shown that the system is superintegrable for k = 1,2, 3 and 4 and conjectured

that it is superintegrable for all integer k > 1. Moreover it was conjectured that the
additional (to Hx and Xj) integral Y is of order 2k (and has rational coefficients).
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The conjecture was based on the existence of an underlying "hidden" algebra of

operators generated by

LI1
Jir
S
Jir

R;

Ts

Infinite families of superintegrable potentials

= &

N
= te}t - 73*
= Sudy — 3

= 120 + stud, — N't
= 1o, i=0,1,...,s
= u(&t)s

(4.5)

with t = r?, u = r®sin? ke and s an integer (related to k). The Hamiltonian and integral
Xk lie in the enveloping algebra of (4.5) for all k, the additional one Yy was shown to lie
in this enveloping algebrafor k =1,...,4.

The same system was then considered in classical mechanics and it was shown that
all bounded trajectories are periodic for all rational values of k : a clear indication of

superintegrability.
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Infinite families of superintegrable potentials

The conjecture was later proven and thus turned into a theorem by C. Quesne and
W.Miller el al. A second family of superintegrable systems in a plane was proposed and
studied in [57].

The potential is
ak? Bk®
-+ el i20k
r 4r2cos?(3¢) 4r?sin(59¢)
which turns out to be an isospectral deformation of the Coulomb potential. It was
shown that by the operation of coupling constant metamorphosis (also known as a
2

V=-— (4.6)

Stackel transform) and a subsequent change of variables r = p—, ¢ = 26, the

Hamiltonian and both integrals of motion of the TTW system (4.1) can be transformed
into the deformed Coulomb system with potential (4.6).

The results reviewed in this section open the path to finding other families of
superintegrable systems in higher dimensions and other spaces.
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Superintegrability with spin

First, we present a method for generating superintegrable systems with a spin-orbital
interaction in three-dimensional Euclidean space E3 from superintegrable scalar
systems in E,. The method starts with a Hamiltonian of the form

1
H® = S(PF+P2) + V(o) p= W (5.1)
and uses coalgebra symmetry to generate systems of the form
1 -
H®) = Z(p% + 2 + P) + Vo(r) + Va(r)(&. L) (5:2)

where

.0
Pk = _IHGT’ Lk = exabXaPp, = \/X2+ x5+ X5 (5.3)
K
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Superintegrability with spin

and o are the Pauli matrices

o (38) () m (5 5) e

Secondly, we use this coalgebra method to derive a maximally superintegrable system
with the Hamiltonian

RPy(y+1) gk
H_7?V4— 7S [-S4+ 202, §=37

where « and « are arbitrary constants. This Hamiltonian is integrable because it is
spherically symmetric and hence the angular momentum

+

—n? e
- (5.5)

J=L[+8 (5.6)

is an integral of the motion.
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Superintegrability with spin

We shall show below that the system is also superintegrable. The additional integrals
of motion are the components of a vector that is in general a third order polynomial in
the momenta (a third order Hermitian operator). The Hamiltonian (5.5) can be viewed
as describing the Coulomb interaction of a particle with spin % with another of spin 0
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Superintegrability with spin

Finally let us give an explicit representation for the constant of motion X which can be

regarded as the generalization of the Laplace-Runge-Lenz vector for the hydrogen

atom
X = %((E o)A+ AL - o)) + hA
o 1 /4 5% 5 4
A = E(p/\LfL/\p)+2'yp/\S+
2
po= 9 215, B
r r 2r2

(5.7)
(5.8)

(5.9)

The algebra generated by the set of constants of the motion for I:Iés) defines a closed

polynomial algebra under the operation of commutation.
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Superintegrability with spin

We obtain the following polynomial symmetry algebra

[T, 7]
X, 7]
0
(X, X]
[¥:. Y]
X, Y]
XL o]
[¥,,L-o]

where

ihﬁijkjk
/ﬁE//ka
iﬁei/’k Yk
—ihew Ik F(H, L o)
—ihew Ik F(H, L o)

(L o+ h(y + DT+ R+ 5iG(H L 0,5%)
—ihY;
iR X;

FHL-o)=c?+H (4(L -0)? + h(L - o) (67 + 5) + 2K (7 + 1)2) ,
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Superintegrability with spin

G = J(@0*(L-o 4 h) + HA(L-0)(TP + (L o)) +
2H(T2(1 4 27) +4(L- 0)*(1 + 7)) + 4K2(L- o)1 +7)(2 + 7)

+1%(3 + 67 + 497))

All commutators not shown above vanish. The basis elements of the algebra are
{H, Ji, Xi, Yi, (&, L), 1} and the right hand sides are at most fourth order polynomials in
the basis elements.
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Superintegrability with spin

Exact bound states solutions of the Schrédinger-Pauli equation

Let us conclude the analysis of this Hamiltonian system by evaluating explicitly its
eigenfunctions and its spectrum for bound states. We construct the wavefunction as a

complete set of commutative operators

H¢(r7 67 (Zs)q’"’/'ak
50, )
jSQ(07 ¢)q,/,k

L-8Q(0,¢)qk

2Q(6, ¢)q..x

EUJ(r, 97 ¢)q,",f,k

JU+1)2(0, 8)q,k
k0, ¢)q,j.k

gQ(@, ®)ajkid= {

q(g +1)Q(0, #)q,j.k
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Superintegrability with spin

(0, 0)qnik = p(MgnjQ0, P)q.)k
1 Vi+kY 1, 1(0,9)
Q(0, o)1 — — e
( qs)l,/,k \/Z( 1/I_I(Y. ‘2k+;(9’¢) )
(TR, 60.9)
Q(0, d)—1-1,jk - &’ 2
V22 \ Vit kT 1(60,0)

and the functions Y; (6, ¢) are the usual spherical harmonic functions:

12 Yl,m(97 ¢) = /(/ + 1)Yl,m(07 ¢)
L5 Yim(0, 9) = mYim(0, ).
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Superintegrability with spin

In view of (5.11) - (5.17) we can reduce the 3-dimensional Hamiltonian operator H to
the following radial one:

H =< Q(0, 8)qk HIQO, ¢)qjk >= (5.20)
qg= | » -2 (62 28 + (/+’Y)(/+W+1)) o«
= : (5.21)

r

q:471ﬁf—@22&+illﬂgf%

ItAis straightforward to get the explicit expression for the bound state eigenfunctions of
H

+v—3 7h2(n+:+j+1)r 2j+2y 2ar
pinjoc A 2e 2) L e (5.22)
" " Gt D)
. 1 - - r . 2ar
poi-tnjoc P Tt Mo Hee SO ) (5.23)

W=+ +3)

L¥(x) are Laguerre polynomials.
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Superintegrability with spin

Finally we have

2
«

C2R(n+j++

052

C2R(n+ -+ )

Hpin(r) =

e p1.n(r)
2

Hp—i-1ni(r) = 5 P—1—1,nj(r)-
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Conclusion and open problems

The situation in the field of classical and quantum superintegrability can be summed up
as follows.

@ Quadratic superintegrability for Hamilitonians of the for (1.1) is well understood
and is related to the separation of variables in configuration space and to
quadratic algebras of the integrals of motion.

@ Recently interesting infinite families of superintegrable systems with integrals that
are polynomial of higher order in the momenta, or even rational functions.

@ The integrals form higher order polynomial algebras and possibly more general
algebras.

@ The known systems are mainly in E; but can easily be extended to E; and other
spaces.

@ Other types of superintegrable systems are being studied, namely those involving
velocity dependent potentials, particles with spin, or relativistic particles.
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Conclusion and open problems

Among the open problems, let us just mention some conceptual ones.

1.

Is the TTW conjecture correct, i. e. does maximally superintegrability imply exact
solvability? Are the Hamiltonians and integrals of motion always in the enveloping
algebra of an underlying "hidden" Lie algebra ( a finite or infinite one)?

. To provide an abstract classification of polynomial algebras and their

representation theory. Comparison: "Graded Lie algebras" in physics and
"superalgebras” (V. Kac) or "current algebra" and Kac-Moody algebras.

. The role of Painlevé transcendents in quantum theory.
. Integrability, superintegrability and exact solvability in discrete quantum mechanics

umbral calculus.

. Are there superintegrable many body problems in 1 dimension involving Painlevé

transcendents? The three-body rational, trigonometric and elliptic problems have
been generalized to n particles. How about n body Painlevé potentials?
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