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N
Abstract

Quantum superintegrable systems are solvable eigenvalue problems. Their
solvability is due to symmetry, but the symmetry is often “hidden”. The
symmetry generators of 2nd order superintegrable systems in 2 dimensions
close under commutation to define quadratic algebras, a generalization of Lie
algebras. Distinct systems and their algebras are related by geometric limits,
induced by generalized In6ni-Wigner Lie algebra contractions of the
symmetry algebras of the underlying spaces. These have physical/geometric
implications, such as the Askey scheme for hypergeometric orthogonal
polynomials. The systems can be best understood by transforming them to
Laplace conformally superintegrable systems and using ideas introduced in
the 1894 thesis of Bocher to study separable solutions of the wave equation.
The contractions can be subsumed into contractions of the conformal algebra
so(4,C) to itself.
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Superintegrable Systems: HV = EV

@ A quantum superintegrable system is an integrable Hamiltonian system
on an n-dimensional Riemannian/pseudo-Riemannian manifold with
potential:

H=A,+V

that admits 2n — 1 algebraically independent partial differential operators
commuting with H, the maximum possible.

[H,L]=0, j=1,2,---,2n—1.
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Superintegrable Systems: HV = EV

@ A quantum superintegrable system is an integrable Hamiltonian system
on an n-dimensional Riemannian/pseudo-Riemannian manifold with
potential:

H=A,+V

that admits 2n — 1 algebraically independent partial differential operators
commuting with H, the maximum possible.

[H,L]=0, j=1,2,---,2n—1.

@ Superintegrability captures the properties of quantum Hamiltonian
systems that allow the Schrdédinger eigenvalue problem HV = EWV to be
solved exactly, analytically and algebraically.

@ A system is of order K if the maximum order of the symmetry operators,
other than H, is K. For n =2, K = 1,2 all systems are known.
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2nd order systems with potential, K = 2

@ The symmetry operators of each system close under commutation to
generate a quadratic algebra, and the irreducible representations of this
algebra determine the eigenvalues of H and their multiplicity
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2nd order systems with potential, K = 2

@ The symmetry operators of each system close under commutation to
generate a quadratic algebra, and the irreducible representations of this
algebra determine the eigenvalues of H and their multiplicity

@ 2nd order superintegrable systems are multiseparable.

@ Smorodinsky, Winternitz and collaborators inaugurated this study in 1965
by pointing out the multiseparability of systems such as the
Smorodinsky-Winternitz system

H:axx+ayy+a(xz+y2)+%+%
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Introduction

Nondegenerate systems (2n — 1 = 3 generators)

In this talk | will consider only the nondegenerate superintegrable systems,
those with 4-parameter potentials (the maximum possible):

V(X) = & V(1)(X) + a» \/(2)(X) + as V(3)(X) + as

For these the symmetry algebra generated by H, Ly, L, always closes under
commutation and gives the following quadratic algebra structure: Define 3rd
order commutator R by R = [Ly, L2]. Then

L, Rl = AV12 + AD1Z + ADH? + ALy, Lo} + AV HLy + AD HL,
/

FADL + AL + AVH + AD, {Ly, Lo} = Lils + LoLy,
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Nondegenerate systems (2n — 1 = 3 generators)

In this talk | will consider only the nondegenerate superintegrable systems,
those with 4-parameter potentials (the maximum possible):

V(X) = & V(1)(X) + a» \/(2)(X) + as V(3)(X) + as

For these the symmetry algebra generated by H, Ly, L, always closes under
commutation and gives the following quadratic algebra structure: Define 3rd
order commutator R by R = [Ly, L2]. Then

L, Rl = AV12 + AD1Z + ADH? + ALy, Lo} + AV HLy + AD HL,
/

FADL + AL + AVH + AD, {Ly, Lo} = Lils + LoLy,
= b3 + bal3 + bsH® + ba{L5, Lo} + bs{L1, L5} + beL1LaLs + brLoLiLo
+bsH{L, Lo} + boHLE + bioHLS + bi1H? Ly + biaH? Lo + biaLi + brals + bis{Ls, L2}

+bigHL1 + bi7HLy + b18H2 + bigLy + boglo + bot H + b,
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Example: S9

a a. a
H=l+E+B+S5+5+5
s sz s

where J; = s10s, — S20s, and Jz, J3 are obtained by cyclic permutations of indices.

Basis symmetries: (s7 + 2 + 8% = 1)

2 2 2 2 2
ass. as a s ass
Li=f+22+ 28 =04+ 22 4+ 0 [p=J+ 21+ 22,
S3 53 S5 S3 53 55
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Example: S9

a a a
H=l+E+E+5+5+5
s§  s5 S5
where J; = s10s, — S20s, and Jz, J3 are obtained by cyclic permutations of indices.
Basis symmetries: (s? 4+ s2 + 52 = 1)
2 2 2 2 2 2
ass as ais ass as as
R - B
S3 2 S S3 S; S

Structure equations:
[Li, R] = 4{Li, L} — 4{L1, L} — (8 + 168)L,; + (8 + 16a) Lk + 8(3 — a),
R = g{L1,L2, Lo} — (16a; + 12)L% — (1625 + 12)L2 — (1645 + 12)L2+
%({L1,L2}+{L2, L3}+{L3,L1})+%(16+176a1)L1+%(16+176a2)L2+%(16+176a3)L3

2
+%(a1 + a2+ a3) + 48(ar1ax + axas + azar) + 64a1a2a3, R =[Li,Lz].
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Stackel Equivalence Classes and Contractions

All 2nd order 2d superintegrable systems with potential are known. There are
44 nondegenerate systems, on a variety of manifolds, but they are related.

@ Under the Stackel transform, an invertible structure preserving mapping,
they divide into 6 equivalence classes with representatives on flat space
and the 2-sphere.
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Stackel Equivalence Classes and Contractions

All 2nd order 2d superintegrable systems with potential are known. There are
44 nondegenerate systems, on a variety of manifolds, but they are related.

@ Under the Stackel transform, an invertible structure preserving mapping,
they divide into 6 equivalence classes with representatives on flat space
and the 2-sphere.

@ Under geometric coordinate limits, non-invertible mappings, one
superintegrable system can contract into another.

@ Every 2nd order superintegrable system can be obtained from S9 by a
sequence of Stackel transforms and contractions.

© Contractions of the superintegrable systems can be induced by ordinary
Inébn0-Wigner Lie algebra contractions of the symmetry algebras of the
underlying Riemannian manifolds.
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Nondegenerate flat space systems: Hv = (82 + 82 + v)v = Ev.

Q@ El:V=a(®+y?)+ 5 +55 (2) E20V=a(4x® + y?) + Bx + 5,

O eI ,

Q E7: V= N = N (x+/y+m)2 +v(x2 4 y?),

Q E8 V=M 1 s (2 +y?),

Q E9: V= \/_+6y+”\(;%),

@ E10: V=a(x—iy) + B(x +iy = 3(x = y)?) + (X2 + y2 — 3(x = iy)?),

. B(x=iy)
Q E11: V=a(x /y)+\/m+\/x+_ly
Q E15: V="Ff(x—1y),

VIR v

@ E16: V= \/X2+y2(a e T y—\/)(2+y2)’
. _ a B8 ol

® £ V= V+y G (iy)/x2+y?’

Q@ E19: v = ol B

~
\/(x+iy)2 4 \/(x=iy)(x+iy+2) + Vx=iy)(x+iy-2)"
T”z <a + B\ X+ /X2 +y? + ’y\/ — /X2 +y2)
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Constant curvature space Helmholtz systems

Nondegenerate systems on the complex 2-sphere:
V= (B+ B+ I+ V)W =EVW, Jog=sBs, — 505, Si+E+E=1.

Here,

~(1 433)
S14isp)*

Q Si:
Q Ss2:
Q 54:

_ ey Bs3

B CET YA Ry I
_ (s1—isz)
- 82 + (S1+ISg)2 + (S1jH'Sg)23’

_ JEEX ol
- S1+Isz)2 + \/$3+s3 + (s1+is2)\/S2+52”

%
%
%
QsS7TvV=_—pa_ 4 by 45
V=
%

NEEE I NEET I &
asp B(s2+i51483) v(s2+is1 —s3)
\/s2+s2 V(satis)(sstist) — \/(sa+ist)(ss—ist)’

=gtE+2

Q ss:
Q S59:

325
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Constant curvature space Helmholtz systems

Darboux 1 systems:HV = ((6% + 97) + V) W = EV. (Wintemitz et. al., 2002)

. v/ _ bi(2x—2b+iy) by bs
o D1A V - X\/X—b+fy + x\/x—b+iy + + b4s
Q@ D1B: V=20 by by,

Q@ DiCV= X+y)+ +b3y+b
Darboux2systems: H\U:<X2+1(62+82)+V)\U Ev.
Q DAV =4 (b1( 2+4Y)+72+b3y)+b4.

@ D2B: V=2 (b1 + %) + 5+ ) + by,

. _ X2 2 b3
e D2C: V = \/X2+y2(X2+1) (b1 + y+\/x2+y2 + y_\/x2+y2> + b45

Darboux 3 systems: HV = (2 (05 + 09) + V) vV =EV.
Q@ D3A: V=

N-‘r

boe” by etV
Vit2etr(1+e) * V1+2exty (14ex) + ba,
Q D3B: V= m (by + efg(bzcos Y 4 bysink)) + by,

Q D3C: V(= 25 (b1 + (2 T T S,nzy)) + bs,.

1+ex +

Q D3D: V=5 (bje ¥ +be?¥)+ 2. 1 b,

W. Miller (University of Minnesota)
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Constant curvature space Helmholtz systems

Darboux 4 systems: HV = <—%(6§ +02)+ V) V= FEv.

_ 2
o DA(b)A: V = 208cl)22x)-(i-b (smh2 + S 2y> + ZCOS%X-H? + ba,
@ Da(b)B: V = a2y (s + boe¥ + bae? ) + b

. _ e¥ b b by e~ %
Q DA(b)C: V = 5 +22 (z+(1_;2y)ﬁ + Z+(1+e¥)VZ * “os?x ) + ba.

sin2 x | cos2 x

Generic Koenigs spaces:
° K[1,1,1,1] HY = m (8)2(—‘-8‘5—"- V(a1,ag,83,a4))w - E\U,

4ay
V(a1 , A2, as, 34) + 5+ (X2+y2 2~ (x@1y2H1)2°

e K[2,1,1] H\U = m (83—}—(9}%4— V(a1,ag,ag,a4)) \U - E\U,

V(ai,a,a3,a4) = % + 5% — as(x* + y?) + as,
e K[2,2] H\U - m (8)2( + 8‘5 + V(a‘],aQ,as, a4)) \U == E\U,

V(ai, @z, as,a1) = (X+,y)2 + a(zx(i,y')y) + a3 — as(xX® + y?),

W. Miller (University of Minnesota) Bocher contractions Prague 12/41



Generic Koenigs spaces:

Q KI[3,1]: HV = m (02405 + V(a,az,a3,a4)) V = EV,

V(ai,ap, a3, as) = a1 — apX + a3(4x2 + y2) + %,

Q K[4]: HY = yppppy (02 + 05 + V(ai, az. a3, a4)) ¥ = EV,

V(a1 , o, as, 34) =
ar—ax(x+iy)+as (B(x +iy)> +2(x — iy)) —aa (4(x* + y?) + 2(x + iy)®),
e K[O] H\U = m (85 + 8}2, + V(a1,az, a3,a4)) \U = E\U,

V(ai, ap, 8, a1) = ar — (X + asy) + as(x® + y?),

W. Miller (University of Minnesota) Bocher contractions Prague 13/41



Special functions and superintegrable systems

Special functions arise in two distinct ways:

@ As separable eigenfunctions of the quantum Hamiltonian. Second order
superintegrable systems are multiseparable. (The separated solutions
are characterized as eigenfunctions of a 2nd order symmetry operator.)

W. Miller (University of Minnesota) Bocher contractions Prague 14 /41



Special functions and superintegrable systems

Special functions arise in two distinct ways:

@ As separable eigenfunctions of the quantum Hamiltonian. Second order
superintegrable systems are multiseparable. (The separated solutions
are characterized as eigenfunctions of a 2nd order symmetry operator.)

@ As interbasis expansion coefficients relating distinct separable coordinate
eigenbases for a fixed energy eigenspace. Often these are solutions of
difference equations.

@ The properties of all these functions are closely related to the
representation theory of the symmetry algebras.

Most of the special functions in the DLMF appear in this way.
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The big picture: Contractions and special functions

@ Taking contractions starting from quantum system S9 we can obtain other
superintegrable systems.
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The big picture: Contractions and special functions

@ Taking contractions starting from quantum system S9 we can obtain other
superintegrable systems.

@ These limits induce limit relations between the special functions
associated with the superintegrable systems.

@ The limits induce contractions of the associated quadratic algebras, and,
again, limit relations between the associated special functions.

@ The Askey scheme for orthogonal polynomials of hypergeometric type fits
nicely into this picture. (Kalnins-Miller-Post, 2014)
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Lie algebra contractions

Let (A;[;]a), (B;[;]8) be two complex Lie algebras. We say B is a contraction
of Aif for every e € (0; 1] there exists a linear invertible map & : B — A such
that for every X, Y € B,

lim t='[t.X, t.Y]a = [X, Y]B.
e—0

W. Miller (University of Minnesota) Bocher contractions Prague 16/ 41



Lie algebra contractions

Let (A;[;]a), (B;[;]8) be two complex Lie algebras. We say B is a contraction
of Aif for every e € (0; 1] there exists a linear invertible map & : B — A such
that for every X, Y € B,

lim t='[t.X, t.Y]a = [X, Y]B.
e—0

Thus, as ¢ — 0 the 1-parameter family of basis transformations can become
singular but the structure constants go to a finite limit.
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Contractions of e(2,C) and o(3, C)

These are the symmetry algebras of free systems on constant curvature
spaces. Their contractions have long since been classified. The are 6

nontrivial contractions of e(2, C) and 4 of o(3, C). They are each induced by
coordinate limits.

Example: An Inéni-Wigner- contraction of o(3, C). We use the classical
realization for o(3, C) acting on the 2-sphere, with basis
J1 = S$203 — S30, Jo = S301 — S$103, J3 = S102 — S»0y, commutation relations
[, ] =ds,  [da, ] =i, [1,d5] = oo,
and Hamiltonian H = J2 + J5 + J2. Here s§ + s3 + 53 = 1.
Basis change : {Ji,Js, Js} = {edr, edo, Ja}, 0 < e <1

New structure relations : [Ja, Ji] = EJ3, [, Jo] = s, [J1,d5] = s,

Lete — 0[5, Ji] =0, [, Js] = I, [, 5] = Jb, get &(2,C)

. . . S S
coordinate implementation X = —1,y = —2, s3~1,J=d43
€ €

W. Miller (University of Minnesota) Bocher contractions Prague 17 /41



Contractions of quadratic algebras.

Just as for Lie algebras we can define a contraction of a quadratic algebra in
terms of 1-parameter families of basis changes in the algebra: As ¢ — 0 the
1-parameter family of basis transformations becomes singular but the
structure constants go to a finite limit.

W. Miller (University of Minnesota) Bocher contractions Prague 18/41



Contractions of superintegrable systems

Lie algebra contractions = quadratic algebra
contractions

Constant curvature spaces:

Theorem

(Kalnins-Miller, 2014) Every Lie algebra contraction of A = e(2,C) or

A = 0(8, C) induces uniquely a contraction of a free quadratic algebra Q
based on A, which in turn induces uniquely a contraction of the quadratic
algebra Q with potential. This is true for both classical and quantum algebras.

Complications:

Darboux spaces: They support superintegrable systems, but their Lie
symmetry algebras are only 1-dimensional so Wigner contractions don’t apply.
Konigs spaces: They support superintegrable systems, but have no Lie
symmetry algebra.

W. Miller (University of Minnesota) Bacher contractions Prague 19/41
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Unification of the theory: The Laplace equation

Every 2D Riemannian manifold is conformally flat, so we can always find a
Cartesian-like coordinate system with coordinates (x, y) = (x1, X2) such that
the Helmholtz eigenvalue equation takes the form

(x) HY = (A(; y)(a§ + %)+ V(x)) V=Ev

However, this equation is equivalent to the flat space Laplace equation
(#x) HU = (82 + 02 + V(X)) W =0, V(x) = AX)(V(x) - E).
In particular, the symmetries of (*) correspond to the conformal symmetries of

(**). Thus without loss of generality we can assume the manifold is flat space
with A = 1.

W. Miller (University of Minnesota) Bocher contractions Prague 22/ 41



2D conformal superintegrability of the 2nd order

Systems of Laplace type are of the form
HV =AW+ VU =0.

Here A, is the Laplace-Beltrami operator on a conformally flat nD
Riemannian or pseudo-Riemannian manifold.

A conformal symmetry of this equation is a partial differential operator S in the
variables x = (xq, - - - , Xp) such that [S, H] = SH — HS = RsH for some
differential operator Rs.

The system is conformally superintegrable for n > 2 if there are 2n — 1
functionally independent conformal symmetries, Sy, -, Sop_1 with Sy = H. |t

is second order conformally superintegrable if each symmetry S; can be
chosen to be a differential operator of at most second order.

W. Miller (University of Minnesota) Bocher contractions Prague 23/41



The conformal Stackel transform

Suppose we have a second order conformal superintegrable system

where V(x,y) = W(x,y) — E U(x, y) for arbitrary parameter E.

Theorem
The transformed (Helmholtz) system

1

Hv=Ev, H= 5O +0p) + v

is truly superintegrable, where V = .

W. Miller (University of Minnesota) Bocher contractions Prague 24/41



The conformal Stackel transform

Suppose we have a second order conformal superintegrable system

where V(x,y) = W(x,y) — E U(x, y) for arbitrary parameter E.

Theorem
The transformed (Helmholtz) system

1

Hv=Ev, H= (O + 0p) + v

is truly superintegrable, where V = .

v

There is a similar definition of Stackel transforms of Helmholtz superintegrable
systems HV = EW which takes superintegrable systems to superintegrable
systems, essentially preserving the quadratic algebra structure.

W. Miller (University of Minnesota) Bacher contractions Prague 24/41



The Bécher method

Thus any second order conformal Laplace superintegrable system admitting a
nonconstant potential U can be Stackel transformed to a Helmholtz
superintegrable system.

By choosing all possible special potentials U associated with the fixed
Laplace system we generate the equivalence class of all Helmholtz
superintegrable systems obtainable through this process.
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The Bécher method

Thus any second order conformal Laplace superintegrable system admitting a
nonconstant potential U can be Stackel transformed to a Helmholtz
superintegrable system.

By choosing all possible special potentials U associated with the fixed
Laplace system we generate the equivalence class of all Helmholtz
superintegrable systems obtainable through this process.

Theorem

There is a one-to-one relationship between flat space conformally
superintegrable Laplace systems with nondegenerate potential and Stéckel
equivalence classes of superintegrable Helmholtz systems with
nondegenerate potential.

The conformal symmetry algebra of the underlying flat space is so(4, C),
much bigger than e(2,C) and so(3, C). We can use contractions of so(4,C) to
compute our limits.
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The Bécher method

The equivalence classes for nondegenerate systems

System Non-degenerate potentials in flat space
(O + Oy + V(x, y))¥ =0
4
[1717171] %+ + (x2+y2 1)2 - (x2+y‘24+1)2
21,11 GG -am(Cry)ta
[2,2] e+ 2+ as— a (X2 + y?)
[3.1] ai—ax+a(dx*+y>)+ %
(4] ai—a(x+iy)+a@Bx+iy)?+2(x—iy))—as (4(X2 +y3)+2x+iy))
[0] a—(@x+asy)+as (X2 + y?)
(1) (x+ly)2 +a— (x+ly)3 + (X+I,V)
(2) ai+a(x +iy)+as(x +iy)?+a(x+iy)?

W. Miller (University of Minnesota) Bocher contractions
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The Bécher method

A Stéackel transform example

) 2 o2 At 4a3 4a4 =
[M1,1,1,1: @+8+2 +y2+(x2+y271)2+(X2+}/2+1) 5)V =0.

Multiplying on the left by x? we obtain
2 2

X X
(X +yZ =1y ’4a4(x2+y2+1)2) V=0
Introduce variables x = e=4, y = r. Then

2
X
(xz(af + %) +a+ &’ + 44

—2a

2 —2aq2 e 4 4
- v
(8a+8a+e O +ata—; Jras(e,aﬂea(rzq))2 a4(e,a+ea(r2+1))2>

Horospherical coordinates on the complex 2-sphere, s7 + 3 + s3 = 1:

i 1
= e+ (r? +1)€%), so = re?, s3 = S(e7 7+ (r* —1)e%)
Now (d; +05,+ 05+ % +
superintegrable system Sg.

W. Miller (University of Minnesota) Bocher contractions
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The Bécher approach

In his 1894 thesis Bocher developed a geometrical method for finding and
classifying the R-separable orthogonal coordinate systems for the flat space
Laplace equation A,¥ = 0 in n dimensions. It was based on the conformal
symmetry of these equations. The conformal symmetry algebra in the

complex case is so(n + 2,C). We will use his ideas for n = 2, but applied to
the Laplace equation with potential

HY = (0% + 95 + V)V = 0.

The so(4, C) conformal symmetry algebra in the case n = 2 has the basis

Py =0y, P> = 8y, J= xé)y — yOx, D= x0x +y8y,

Ki = (X2 — y2)0x + 2xydy, Ko = (y2 — x2)dy + 2xy .

Bécher linearizes this action by introducing tetraspherical coordinates. These
are 4 projective coordinates (x1, X2, X3, X4) confined to the nullcone
X2+ x5+ x2 +x2 =0.
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Tetraspherical coordinates

They are complex projective coordinates on the null cone
X2+ x5+ x5 +x2=0.
Relation to Cartesian coordinates (x, y):

X1 Xo

X3+ iXq’ y= X3+ iXq’

4
HV = <8XX+8yy+ V)W:(X3+iX4)2 (;8,%{4— V) V=0

where V = (x3 + ixs)2V.
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Relation to flat space 1st order conformal symmetries

We define
ij :Xjaxk —Xkaxj, 1<j k<4 j#Kk,

where Ly = —Ly;. The generators for flat space conformal symmetries are
related to these via

Py = 0x = Liz + iL1a, P> = 0y = Lp3 + iLo4, D = iL3a,

J =Lz, Kt = Lizg —ily4, Ko = Loz — iLo4.

Here
D = x0x + ydy, J = X9y, — ydy, Ki =2xD — (x* + y?)d,

etc.

W. Miller (University of Minnesota) Bocher contractions Prague 30/41



Relation to separation of variables and Bécher’s limits

Bdcher uses symbols of the form [ny, o, .., ny] where ny + ... + n, = 4, to
define coordinate surfaces as follows. Consider the quadratic forms

2 2 2 2
X X X X
424 8 4

Q=x?4+x2+x2+x2=0, ¢ = .
PR ’ A — €&y A— 6 A— 63 A— €y

If the parameters g; are pairwise distinct, the elementary divisors of these two
forms are denoted by [1,1,1,1].

Given a point in 2D flat space with Cartesian coordinates (x°, y°), there
corresponds a set of tetraspherical coordinates (x?, x2, x2, x?), unique up to
multiplcation by a nonzero constant. If we substitute into ¢ we see that there
are exactly 2 roots A = p, u such that & = 0. These are elliptic coordinates.
They are orthogonal with respect to the metric ds?> = dx? + dy? and are
R-separable for the Laplace equations (9% + 92)© = 0 or (E}t1 9%)0 = 0.
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The potential V111 1

Consider the potential

a
=gt 2tz 2
1

It is the only potential V such that equation

4

282+V

is R-separabile in elliptic coordinates for all choices of the parameters e;. The
separation is characterized by 2nd order conformal symmetry operators that

are linear in the parameters ;. In particular the symmetries span a
3-dimensional subspace of symmetries, so the system

= (Zf_1 8,%. + V[1.1,1,11)© = 0 must be conformally superintegrable.
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Contraction [1,1,1,1] — [2,1,1]

If some of the e; become equal then Bécher shows that the process of making
e1 — e together with suitable transformations of the x{s produces a
conformally equivalent H:

i(x) + ix} X! + ix, X! — ix,
e1:ez+€2’x1_>(1 2)’)(2_>(1+ 2)+6(1 2)
V2e¢ V2e V2

This coordinate limit induces a contraction of so(4, C) to itself:

— Xllaj = 3747

€

i
ho = Lip, Lig = — L il L , L Liz—ilo3)— —L
12 = Li2, L5 \/— ——(L1z—ils3)— \/— 13, Loy = \/56( 13— iL3) N

i i €
Loy =Ly, Ly = ———(Lys—il iy , L ———(Ly4—ilos)— —=L1a4.
34 34, Lig \/Ee( 14—IL24)— \/— 14, Loy = \/ée( 1a—ilo4) NG 14

We call this the Bécher contraction [1,1,1,1] — [2,1,1]. There is a family of
such contractions to [2, 2], [3, 1], [4], based on the roots of quadratic forms.
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What is a B6cher contraction?

Letx = A(e)y,and x = (x1, -+ ,Xa), Y = ()1, -+ , ¥a) be column vectors, and
A = (Ai(€)), be a 4 x 4 matrix with matrix elements

N
Akj(e) = Z af;jee

{=—N

where N is a nonnegative integer and the af;/ are complex constants. We say
that the matrix A defines a special Bocher contraction of the conformal
algebra so(4, C) to itself provided A(e) € SO(4,C) for all € # 0.

The contraction is implemented as ¢ — 0. It takes the null cone x - x = 0 to the
null cone y -y = 0. BAcher contractions can be multiplied., since

A € SO(4,C). To generate all such contractions we simply compute the
possible 1-parameter subgroups of SO(4, C) from Gantmacher (Matrix
Theory, 1960).
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The Bécher method

To generate all such contractions we simply compute the possible normal
forms for of so(4, C) from Gantmacher (Matrix Theory, 1960)

0 A 00 0 A 0 0

-A 0 0 0 -2 0 0 0

C=1 0o o000l ©“=| 0 0 o wo |’

0 000 0 0 —u O
0 14i 0 0 0 T 0 2x
| —1—i 0 —1+i 0 1 -1 0 2x
Co=| o 1-i o o ©=3| i —2n 0 -1
0 0 0 0 —2Xx —i 1 0

Every 1-parameter subgroup A(t) of SO(4,C) (i.e., A(ty + ) = A(t1)A(L)), is
conjugate to one of the forms A;(t) = exp(tC;), j = 1,2,3, 4. By making an
appropriate change of coordinate t = () we can obtain a special Bécher
contraction matrix.

41 _i(é-1)

. . 0 0
1 i(e2—1 €2 .
vo-t 55 8] e
0 0 0 0
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The Bécher method

d+1i(é-1) 0 0
oo 2!
1 i(e7—1) e7+1 0 0 . ot
— €1 €1 Al _ Aip
A2(t) - 2 0 0 €§+1 _,'(6571) , € =867 ,e=2¢6
€2 €
0 0 1(62—1) e§+1
€2 €2
1 1 i
=22 ¢ a2 8 )
_1 1 1
As(t) = € . € €= ——
i i 1 ) AR
52 - 14+ 52 0 t(1 + I)
0 0 0 1
612+1 1 i I(e$71)
€1 €1€2 €1€2 €1
1 e e7+1 i(e7—1) ieq 1
[ €2 €1 €1 €2 — /)\t e
A =51 2 idly  &hy & S a=en e=yg
€2 €1 €1 €2
i(&-1) i 1 E41)
€1 €€ €1€2 €1
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Partial list of Bécher contractions of Laplace systems

Q@ [1,1,1,1] ] [2,1,1] contraction:
Vitaa 4 iz Vs d Vizap Via 4 Vo,
Q [1,1,1,1] ] [2,2] contraction:
Vita 4 Vi Ve d Vi Visr 4 Vs Vi d Vie)s
Q [2,1,1] | [3, 1] contraction:
Vitaa1 4 Visap Vizaand Visap Viza 4 Vi Vig 4 Vig, Vi 4 Vie),
Q [1.1.1,1] | [4] contraction: Vi1 11174 Viaps Viza11 4 Vi, Vieg |
Vi, Va4 Vg, Viap 4 Vi, Viny 4 Vi),
Q [2,2] | [4] contraction: Vi1 11,174 Viap, Viza, 114 Viap Viz 4 Via, Visp 4
Viey Vi 4 Via): Vi 4 Vi),
Q [1,1,1,1] ] [3,1] contraction:
Vitaa 4 Visap Vizaand Visap Vieg 4 Visags Vi 4 Vio, Vi 4 Vig)-

W. Miller (University of Minnesota) Bocher contractions Prague 37/41



Helmholtz contractions from Boécher contractions

Bécher contractions of conformal superintegrable systems induce
contractions of Helmholtz superintegrable systems.

The basic idea is that the procedure of taking a conformal Stackel transform of
a conformal superintegrable system, followed by a Helmholtz contraction
yields the same result as taking a Bocher contraction followed by an ordinary
Stackel transform: The diagrams commute.

W. Miller (University of Minnesota) Bocher contractions Prague 38/41



Helmholtz contractions from Boécher contractions

Bécher contractions of conformal superintegrable systems induce
contractions of Helmholtz superintegrable systems.

The basic idea is that the procedure of taking a conformal Stackel transform of
a conformal superintegrable system, followed by a Helmholtz contraction
yields the same result as taking a Bocher contraction followed by an ordinary
Stackel transform: The diagrams commute.

All quadratic algebra contractions are induced by Lie algebra contractions of
so(4,C), even those for Darboux and Konigs spaces.
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The Bocher method

Schematic of Laplace and Helmholtz superintegrable systems

Stackel Equivalence Classes
(1,1,1,1]
2,1.1]

[2,2]

[3.1]

]

—0

DA

Wigner contractions Stiickel equivalences Bécher contractions
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The Bocher method

Confarmal
Stackel

Transform
-—

Bocher contraction
Conformal
Stacke!
Transform

-—
(induced)

The diagram commutes

Bdcher|contraction

Figure : Relationship between conformal Stackel transforms and Bécher contractions
[m] = -

E DA
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Wrap-up. 1

@ There are 3 basic structures in superintegrability theory: 1) the structures
of the symmetry algebras, and their representation theory, 2) Stackel
equivalence of superintegrable systems on distinct manifolds, and 3)
contractions relating different systems.

@ Taking contractions step-by-step from the S9 model we can recover the
Askey Scheme. However, the contraction method is more general. It
applies to all special functions that arise from the quantum systems via
separation of variables, not just polynomials of hypergeometric type, and
it extends to higher dimensions.

@ The theory can be unified and symplified by recognizing that each
equivalence class of Stackel equivalent superintegrable systems
corresponds to a single flat space Laplace conformally superintegrable
system. Contractions of these systems are determined by Lie algebra
contractions of the conformal symmetry algebra so(4, C).

@ This work can be generalized to higher dimensions. The case n =3 is
under active investigation.
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