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0.1 Abstract and introduction

These notes describe some of the most important interrelationships between
the theory of Lie groups and algebras, and special functions, with a strong
emphasis on results obtained in the 50 years after the publication of the
Bateman Project. An informal justification for this treatment is that most
functions commonly called “ special ” obey symmetry properties that are best
described via group theory (the mathematics of symmetry). In particular,
those special functions that arise as explicit solutions of the partial differential
equations of mathematical physics, such as via separation of variables, can
be characterized in terms of their transformation properties under the Lie
symmetry groups and algebras of the differential equations. (The same ideas
extend to difference and g-difference equations.) We shall treat, briefly, the
following topics:

1. Special functions as matrix elements of Lie group representations. (ad-
dition theorems, orthogonality relations)

2. Special functions as basis functions for Lie group representations (gen-
erating functions)

3. Special functions as solutions of Laplace-Beltrami eigenvalue problems
(with potential) via separation of variables.

4. Special functions as Clebsch-Gordan coefficients for the reduction of
tensor products of irreducible group representations (the motivation
for Wilson polynomials).



In practice, the first two items involve hypergeometric functions predomi-
nantly and are special cases of the third item. The group theoretic basis for
variable separation allows treatment of non-hypergeometric functions, such
as those of Lamé and Heun. The last item provides an important motivation
for the constuction of the Askey-Wilson polynomials.

I conclude with a brief examination of special functions (or functions
that deserve to be called “special”) that arise when one restricts certain
irreducible Lie group representations to a discrete lattice subgroup. The two
most important examples are an irreducible representation of the Heisenberg
group (and its relation to the windowed Fourier transform, the Weil-Brezin-
Zak transform and theta functions), and an irreducible representation of
the affine group (and its relation to the continuous and discrete wavelet
transforms). We briefly describe the properties of the Daubechies family
of scaling functions, a very modern family of “special” functions arising as
solutions of two-scale difference equations.

I am omitting some topics of equal or greater importance than the above,
such as quantum groups, Askey-Wilson polynomials, Koornwinder’s addition
theorems for disk and Jacobi polynomials and other polynomials transform-
ing under group actions, special functions related to root systems of semi-
simple Lie algebras, Dunkl’s theory of special funtions related to discrete
symmetries on spheres, etc., because they will be treated by other partici-
pants in this meeting, for lack of time, or lack of expertise.



Chapter 1

Preliminaries

A group is an abstract mathematical entity which expresses the intuitive
concept of symmetry. Here I collect some standard definitions and results
from classical group theory.

1.1 Definition of a group

A group is an abstract mathematical entity which expresses the intuitive
concept of symmetry.

Definition 1 A group G is a set of objects {g,h,k,---} (not necessarily
countable) together with a binary operation which associates to any ordered
pair of elements g, h in G a third element gh. the binary operation (called
group multiplication) is subject to the following requirements:

1. There exists an element e in G called the identity element such that
ge=eqg=gq forall g € G.

2. For every g € G there exists in G an inverse element g~ such that
997 =g lg=e.

3. Associative law. The identity (gh)k = g(hk) is satisfied for all g, h, k €
G.



1.2 Lie groups and algebras, transformation
groups

Let W be an open connected set containing e = (0,---,0) in the space C,
of all (real or complex) n-tuples g = (g1, , gn)-

Definition 2 An n-dimensional local linear Lie group G is a set of mxm
nonsingular matrices A(g) = A(g1,--+ ,gn), defined for each g € W, such
that

1. A(e) = I, (the identity matriz)

2. The matriz elements of A(g) are analytic functions of the parameters
g1, ,gn and the map g — A(g) is one-to-one.

aA(A), j=1,---,n, are linearly independent for each

3. The n matrices

g € W. That 1s, these matrices span an n-dimensional subspace of the
m?2-dimensional space of all m x m matrices.

4. There exists a neighborhood W' of e in C,,, W' C W, with the property
that for every pair of n-tuples g, h in W' there is an n-tuple k in W
satisfying

A(g)A(h) = A(k)

where the operation on the left is matriz multiplication.

If G be a local linear group of m x m matrices, we can construct a (con-
nected, global) linear Lie group G containing G. Algebraically, G is the
abstract subgroup of GL(m,C') generated by the matrices of G. If B € G
we can introduce coordinates in a neighborhood of B by means of the map
g — BA(g) where g ranges over a suitably small neighborhood of e. In
general an n-dimensional (global) linear Lie group K is an abstract matrix
group which is also an n-dimensional local linear group G.

Examples: GL(n,R), SL(n, R), O(n), GL(n,C), SL(n,C), U(n)), are all
linear Lie groups.

Definition 3 Lie algebra L(G): Tangent space at the identity.

e One parameter curve through the identity in G: A(g(t)) where g(0) = e



o L(G) consists of all matrices A = 4 A(g(t))li—o as g runs over all
differentiable curves through the origin.

o L(G) is a vector space: if g(t) — A and h(t) — B and «, 5 scalars,
then g(at)h(5t) — aA+ B.

e L(Q) is closed under commutation: if g(t) — A and h(t) — B then
g(t)h(t)g ' (H)h™1(t) = k(t?) — [A, B] = AB — BA.

e Properties of the commutator:

[A,B] = —[B, Al (skew symmetry)

@A+ 6B,C] = a|A,C] + 5[B,C], a, [ scalars (linearity)

[[A, B],C] + [[B.C], Al + [[C, A], B] = 0, (Jacobi identity).
Holds automatically for matriz Lie algebras.

e Basic relation between Lie algebra and local Lie group: A(t) is a one-
parameter subgroup of G, i.e.,

A(t) € G, A(t)A(ts) = At +t) <= A(t) = exp(tA) = i (tﬁ)j, A€ L(G).

Definition 4 Action of a Lie group as a Lie transformation group: Let G
be a local Lie group and M a local coordinate manifold. G acts as a local
transformatin group on M if there is an analytic mapping M x g — M :
xr X g — xg such that

(zg)h = z(gh), re =z, g.heG,ze M.

We can transfer this action to functions f(x) on M by defining operators
T(g) such that

T(g)f(x) = f(rg),



or, more generally,

T(g)f(x) =v(g,v)f(zg),

where the multiplier v(g, ) satisfies v(gh, x) = v(g, x)v(h, zg). These oper-
ators satify the (local) group law

T(g)T(h) =T(gh).

By transferring this action to the tangent space at the identity,

T(A) () = T (DA () s,
one gets a realization of L(G) by first order linear differential operators:
T(aA + 8B) = aT(A) + ST(B),
T(IA,B)) = [T(A), T(B)] = T(AT(B) - T(B)T(A)
EXAMPLE: az + b or “affine” group.
o g=(a,b),a>0,breal gh=(ab)-(c,d) = (ac,ad +b).
e Linear Lie group: g < A(g), such that A(g)A(h) = A(gh).

@h—geaw =)

e A basis for the two-dimensional Lie algebra is given by the matrices

d (e 0 10
El_%(o 1>|t°_(o o)

d (1 t 0 1
‘62_5(0 1)“*:0_(0 0)’

with commutation relation

(L1, Lo] = L.



e An action on the real line given by

z—b
rg =

or
z—>

e The induced differential operators that represent the Lie algebra acting
on functions of x are

d d
T(ﬁl) - Ll - —$%, T(£2) = L2 = —%’ [L17L2] = L2'

EXAMPLE: The (three-dimensional real) Heisenberg group Hp

1 1 I3
Hr =R g(x1,29,23) = 0 1 xo |:2;€R
0 0 1

e This is a subgroup of GL(3, R) with group product

9(z1, 22, 23) - (Y1, Y2, y3) = g(x1 + Y1, T2 + Y2, T3 + Y3 + T1Y2).

The identity element is the identity matrix g(0,0,0) and g(z1, z2, z3) "' =
9(—x1, =T, 1179 — T3).

e A basis for the three-dimensional Lie algebra is given by the matrices

S(1t0 01 0
Li=2 010 Jleo={000
00 1 00 0

Sf1 00 00 0
L= 01t Jho={001
t\o 01 00 0
Sf10t 00 1
Lo=2 010 Jleo={000
00 1 00 0

with commutation relations

[EIJEQ] - £37 [£17£3] = [£27£3] - 0



e An action on the real line given by
xglr1, xe, k3] = T + 14
and a family of representations on functions f(x) by
TN(g) f(x) = 2™ t2) (2 4 )
where A is a constant.

e The induced differential operators that represent the Lie algebra acting
on functions of = are

d

T(,Cl) — Ll — %7

T(ﬁg) = LQ = 27Ti)\l’, T(ﬁg) = L5 = 2mi\.

1.3 Group representations

Definition 5 Let V' be a Hilbert space. A representation of a group G
with representation space V' is a homomorphism T : g — T(g) of G into
the space of bounded linear operators on V.

It follows that

T(31)T(g2) = T(q192), T(g)"'=T(g7),
T) = I, g1,02,9 € G,

Definition 6 A matrix representation of G is a homomorphismT : g —
T(g) of G into GL(n,C) or GL(c0,C).

Definition 7 The representation T is reducible if there is a proper sub-
space W of V' which is invariant under T. Otherwise, T is irreducible

A representation is irreducible if the only invariant subspaces of V' are {6},
(the zero vector) and V itself. For large classes of groups and group represen-
tations, a reducible representation T can be decomposed into a direct sum
of irreducible representations in an almost unique manner. This is called the
Clebsch-Gordan decomposition.



1.4 Orthogonality relations for finite groups

Let G be a finite group and select one irreducible representation T of G in
each equivalence class of irreducible representations. Introduction of a basis
in each representation space V) leads to a matrix representation 7. Here
n, = dim V) We can choose the 7™ to be unitary. Then

— N

geG K

These are the orthogonality relations for matrix elements of irreducible
representations of G. We can write these relations in a basis-free manner.

1.5 Invariant measures on Lie groups

Let G be a real n-dimensional global Lie group of m x m matrices. There is
a unique (up to a constant) volume element dA in G with respect to which
the associated integral over the group is left-invariant, i.e.,

/f(BA)dAz/f(A)dA, Bed,
G G

where f is a continuous function on G such that either of the integrals con-
verges.

1.6 Orthogonality relations for compact Lie
groups

If G is a compact Lie group then the integral of any continuous function over
group space converges and the orthogonality relations generalize to

/G T (A)TY (A)SA = (6is /1) 0tk0, 1 < i, 0 <y, 1< 5,k <y,

where A =V 1 dA and V = fG 1 dA.

10



1.7 The Peter-Weyl theorem

Let Lyo(G) be the space of all functions on the compact goup G which are
(Lebesgue) square-integrable:

Ly(G) = {f(A) - /G F(A)PSA < 0o},

With respect to the inner product

i fo) = /G F (AT (A)SA.

Ly(@G) is a Hilbert space. Let

P (A) = nl2T(A).

ij

It follows from the orthogonality relations that {(pz(f )}, where 1 <i,j <mn,
and p ranges over all equivalence classes of irreducible representations, forms
an ON set in Lo(G).

Theorem 1 (Peter-Weyl). If G is a compact linear Lie group, the set {gpgf)}
is an ON basis for Ly(G).

11



Chapter 2

Special functions as matrix
elements

Let T be a representation of the Lie group G on the Hilbert space V' and
let {v,,} be an ON basis for V. (Here {v,} is typically chosen so that it has
simple transformation properties with respect to the subgroups in some chain
G D Gy D Gy D --- D {e}.) Then the matrix elements of the operators T(g)
with respect to this basis satisfy the addition theorem

Tim(9192) = ZTkj(gl)ij(gz)? 91,92 € G.
J

If T' is a unitary representation then these matrices are unitary:

Tmn(g_l) = Tom(9)-

For important classes of groups G and bases {v,,} these matrix elements are
familiar special functions. With respect to the inner product on the Hilbert
space, the matrix elements can be expressed as

Tim(9) =< T(g)vm, v >,

which for function space models ot T' may provide an integral representation
of the matrix elements.

12



2.1 A classical example: The rotation group
and spherical harmonics

A very important example of the orthogonality relations for compact lin-
ear Lie groups and the Peter-Weyl theorem is the rotation group SO(3) =
SO(3, R). This case was already treated in the Bateman project. Recall that
SO(3) has a convenient realization as the group of all 3 x 3 real matrices A
such that A’A = I3 and det A = 1. This is the natural realization of SO(3)
as the group of all rotations in R3 which leave the origin fixed. One conve-
nient parametrization of SO(3) is in terms of the Euler angles. A rotation
through angle ¢ about the z axis is given by

cosp —singp 0
R.(p)=| sinp cosp 0 | €SO(3)
0 0 1

and rotations through angle ¢ about the x and y axis are given by

1 0 0
R.(p)=1 0 cosp —sinp | € SO(3),
0 sinp cose

cose 0 sine
Ry () = 0 1 0 |esom),
—singp 0 cosgp

respectively. Differentiating each of these curves in SO(3) with respect to ¢
and setting ¢ = 0 we find the following linearly independent matrices in the
tangent space at the identity:

o O O

1
0 0
0 0
One can check from the definition A’A = Ej3 that the tangent space at the

identity is at most three-dimensional, so the matrices L,, L,, L. form a basis

for this space.
The Euler angles ¢, 0,1 for A € SO(3) are given by

13



cos  cos Y — sin w sin vy cos 6 sin  cos ¥ + cos @ sin Y cos 0 sin v sin 6
= | —cospsiny —singcosy cos sinpsinf — sin psiny + cos g cos P cosf  — cos psin b
cos v sin 6 cos 6

dA = sin Odpdfdiy.

Since SO(3) is compact, dA is both left- and right-invariant. The volume of
SO(3) is

2T 2T T
Vso) _/ dA —/ dw/ d@/ sin 0df = 872
SO(3) 0 0 0

The irreducible unitary representations of SO(3) are denoted T®), £ = 0, 1,2, -
where dim T = 2¢+41. Expressed in terms of an ON basis for the represen-
tation space V' consisting of simultaneous eigenfunctions for the operators
TO(R.(p)), the matrix elements are

_ 1/2 m—k tHk—m —. —k
Y _ k—m | (+m)I(L—E)! ko+mab) [sin 6] (1+4cos 0)*+ ) . cosf—1
Tkm(gpa ‘97 W =1 [m] ( o) 20T (m—k—+1) 2F1 ( m—1" COSO+1)

12
k—m | (+m)!(—k)! i m —k,m
= ¢k [—Eéikﬁ(;_mgl} cilket ’“PZ (cosb),

where —¢ < k,m < (. Here o F} ( a,cb ,x) is the Gaussian hypergeometric

function and I'(z) is the gamma function. A generating function for the
matrix elements is

(Bz+a)™(az — B)H™ ¢ (—1)km bt

oA = T~ 2 T T ns m

where

The group property

TY (AAy) = Z T (A A,)

j=—L

defines an addition theorem obeyed by the matrix elements. The unitary
property of the operator T (A) implies

Tf (A7) = TE, (A),

14



or in Euler angles,

L+ k)L —m)!
(0 — k) +m)!

(=)™ kPR (cos ) = P, ™ (cos 0).

Also, T, (A)] <1 or

e 0+ k)6 —m)]H?
| P, "™ (cos )| < {Eﬁ—i—nz)f(@—k;!} ,0<6 <.

The matrix elements T (i, 6,1)), are proportional to the spherical harmonics
Y, ™(0,). Indeed

4 1/2 0 — m)1Y2 _
T, (0,0, 0) =i" (25—7—1) Y0, ) =™ {ﬁ} P;™(cos 0)e™

where the PJ*(cosf) are the associated Legendre functions. Moreover,

Tfo(@a 97 1/J> - PK(COS 9)

where Py(cos ) is the Legendre polynomial.
Orthogonality relations:
872
20+ 1

/ Te (A)T]f,/ /(A)dA == (Skk’émm/ééé’-
5S0(3)

Thus

/Qﬂdw/%d@/ do T}, (0.0, 9)TL,, (¢0.0,0) sin ) =

2

20+1

5kk’ 5mm’ 622’ .

The 1 and ¢ integrations are trivial, while the 6 integration gives

2 (=)L —m)
20+ 1(0+k)I(+m)

/ P}™(cos 0) Py (cos 6) sin #df =
0

For Kk = m = 0 these are the orthogonality relations for the Legendre
polynomials. (Note: By definition, P," ™ (cosf) = P;*(cosf), P,"°(cos ) =
Py(cos ), where P, P, are Legendre functions.)

By the Peter-Weyl theorem, the functions

om0, 0,0) = (20 + 1)2T, (0,0,0),
0<km<{l (=012

15



constitute an ON basis for Ly(SO(3)). If f € Lo(SO(3)) then

00 l
f<90797¢)22 Z amgpkm ¢,6¢)

=0 km=—

1 27 21 T

Xf(@? 97 1/})%(()07 0, 'lb) sin 6.

where

2.2 Matrix elements of some other group rep-
resentations: SL(2,C), SL(2,R), SU(2)

Example 1 SL(2,C).
SL(2,C) = {A— ( ‘CL Z ) ca,b,e,d € C,  det(A) = 1}.
L(SL(2,C)) = s((2,C) = {A: ( ‘;‘ ? ) ca,B,7,6 €C, trace(A) = 0}.

Basis for Lie algebra: L*, L=, L3

(L3, L*] = £L* [L",L7] = 2L3.

(07) () e

Finite-dimensional representations

O NI
| o

D=

N—

az +c

TA(A)f () = (b2 + D (5,

2u=0,1,2,

Basis for representation space:
fi(z) =2, j=0,1,---,2u.
Matriz elements: T,(A)f;(2) = S22 Dyi(A) fo(2)

2u
(az + ) (bz 4+ d)* 7 = Z Dyj(A)zZ*
=0

16



atd®=i ¢! ¢ —2u+1j be
Dyj(4) = Z, ( “J-_).

R Y .
oG —o0r P\ j-+1 "ad
Addition theorem:

Dy;(AB) ZDM )Dij(B),  £,j =01, 2u.

Restrict to subgroup SU(2) and use Euler angles to parametrize group ele-
ments. Then Dy;(¢,0,) is a Wigner D-function and Doy, (¢, 0,v) ~ Y,™(0, ¢)
s a spherical harmonic, where £ = 2u. With respect to the normalized basis,
the matriz elements are unitary: U" (A7) = Uz (A).

Note: The addition theorem shows that for fixed ¢ the matrixz element
Dy;(A) transforms under right multiplication bt B exactly as the bais function
fj- passing to the Lie algebra action we see that the addition theorem for the
o F1 polynomials is obtained from exponentiating the differential recurrence

relations EPY, Eg., for the
2 Iy ( @ f §Z>
Y

where EP raises the f and v parameters by one and Eg., lowers the 8 and
v parameters by one.
Some infinite-dimensional representations:

az + ¢

LA () = bz + AP (G

), 2ue C,2u#0,1,---, f analytic

Basis for representation space:

fiz)=2,  j=0,1,---.
Matriz elements: T, (A) f;(2) = Y20 Bei(A) fo(2)

(az +c)i(bz 4 d)* 7 = Z Byi(A)2*

=0
atd?u =i it —l,—2u+j b
Bei(4) = aG—on 2 1( j—e+1 ’@)
Addition theorem:
By;(AB) ZB% )By;(B 0,j=0,1,---

17



Restricted to the subgroup

{(‘—‘f):a,bea |a|2—|b|2:1}
b a

the representation is unitary and irreducible for u = n where 2n is a positive
integer. Then the matriz elements with respect to the normalized basis are
unitary.

Another realization of this infinite dimensional representation (acting on
functions of two complex variables, z,t:

c bzt 2t at +c¢
T.(A 1) = (d+ bt)* -)" )
(A(z8) = (d+b)"(a+3) eXp(dert)f((atJrc)(bter) bt+d)
c bt
— 1,|— 1.
<)< )2 <
Basis: fi(z,t) = ((]2;25) L( 2u= 1)(z)tj_“, j=0,1,---
T.(A)f; = Bi(A)fe
=0
Special case:
1_ 2u g —2u— 1 1
(1-10) expl_b Zb (2), b <

Example 2 SL(2,R) = {a € SL(2,C) : A real }

Representation

ar -+ C) ueC, f infinitely differentiable

Tu(A)f (@) = (bo + )™ f (=),

Compute matriz elements in continuum basis ©* corresponding to generator

L3 ~ :c% — u of noncompact one-parameter subgroup

e:><pt£igz(€02 69 >

Use Mellin transform to map

[SIES

f(@) = (F(A), F- (V)

18



F+(A)=/Oooxk—1f(a:)da:z/oo 2 f(w)da

—00

F_(\) = /OOO e f(—x)de = /_OO e f(r)dx.

o0

Thus, |
fay=d e FrVED w0,
L [ [N (=2) A, @ <0,

2w Ja—

where 0 < a < —2Ru. Induce representation operators

n (50 ) = [ (Rl ) () o

Addition theorems:

Koy s AB) Koo (N psus A) Y\ _ [T (Koo (W viw A) Ko (A v;u; A) "
K (\wuA) K _(\wwA) )/, K (\viwA) Ko_(\vyu; A)

—100

Kyo(v,psu; B) Ky (v psw; B) o)
K_y(v,p;u; B) K- (v, pi;u; B) '

The Ky 1 are expressible in terms of Gaussian hypergeometric functions. For

example, if
A cosh@ sinhf
~ \ sinh® cosh®

then

I T)D(-A = 20 cosh2(0) (a1
Koy A) = — u T
(A pyu A) o T'(—2u) sinh*"(6) 2T\ —2u " sinh?4
ete.

19



Chapter 3

Symmetries of differential
equations

Hypergeometric functions and their generalizations arise as solutions of “canon-
ical” systems of partial differential equations via a particularly simple sepa-
ration of variables (in so-called subgroup coordinates). They can be charac-
terized via the Lie symmetry algebras of the system of differential equations.
Their differential recurrence relations correspond to the possible Lie symme-
tries of the equations. orthgonality relations for polynomial hypergeometric
functions can be derived easily from this approach, and the derivations extend
to differential and ¢-difference equations, including Askey-Wilson polynomi-
als.

Let D be a linear partial differential operator in n dimensions (with locally
analytic coefficients). Let A be a parameter.

Definition 8 The linear partial differential operator S is a symmetry op-
erator for the equation D® = AP if S maps local solutions ® to local solu-
tions S®. This is basically equivalent to the requirement that [S, D] = 0.

The linear partial differential operator S is a conformal symmetry
operator for the equation D® = 0 if S maps local solutions ® of DP = 0
to local solutions SP.

The first order symmetry operators for D® = AP form a Lie algebra, the
symmetry algebra of this equation. The associated local Lie symmetry
group maps solutions to solutions. The first order conformal symmetry op-
erators for D® = 0 form a Lie algebra, the conformal symmetry algebra

20



of this equation. The associated local Lie conformal symmetry group
maps solutions to solutions.

Special functions frequently arise as solutions of the PDEs of mathe-
matical physics, characterized by their transformation properties under the
symmetry algebra. This generalizes all of the preceding examples.

3.1 The wave equation and Gaussian hyper-
geometric functions

Consider the complex wave (or Laplace) equation in four-dimensional space
(OuyOuy — Ouz0uy )P = 0.

(A simple complex linear change of coordinates recasts this equation into the
more familiar form

(02, + 0z, + 05, +0;,)2 = 0.)

The functions

o 5 « ﬂ U3Uy _ -8 -1
d ’ =,F T o 7
( N ) ol ( ’Y ’u1u2) Uy Uy Ug

are solutions of the complex wave equation, where o F} is a Gaussian hyper-
geometric function. These solutions are easily characterized in terms of the
local Lie symmetries of the wave equation. It is evident that certain linear
combinations of the dilation generators D; = u;0; are symmetries. The hy-
pergeometric solutions are characterized to within a constant factor by the
requirements that they are analytic functions of the w; in a neighborhood of
uy = 0 and that they satisfy the eigenvalue equations (described by dilation
symmetries)

(D1 + Dy)® = —a®, (D2 4+ Dy)® = -, (D3 — Dy)® = (v — 1)@

Note that we have a separable solution of the wave equation in terms of the
variables

Uz Uy
= ; U1, U2, Us.
U1U2
It is evident that the operators 9,,, 1 < j < 4 are also symmetries,

i.e., they map solutions to solutions. In particular these operators map the
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basis functions & Oi’f into other solutions. By consideration of the

comutation relations of the d,; with the dilation symmetries D, or by direct
power series computation one easily obtains the relations

amq)(a,ﬁ) _ aq)(oz—i-l,ﬂ)’ 8UQ<I>:5(I>(Q’5+1>
Y Y Y

_ (y— a, _af_(a+1,6+1
ot = -ve( 20}, gty (orLeL)

Note that upon factoring out the dependence on wuq,us,u3 we obtain well
known differential recurrence relations for the functions

2 I < a:yﬁ ;Z) .

A notation which suggests the raising operator (lowering operator) nature of
the d,, is E* = 9,,, Ef = 8,,, E, = 9,,, E*’" = 0,,. Note that the wave
equation is just

(E°E’ — E,E*“"")® = 0.

The conformal symmetries of the wave equation yield eight more symme-
tries which also have a recurrence relation interpretation: E,, Lz, E7, E7,
E,, Efv, Eg.,, Eus,. For example

a—1,6-1
v—1 '

Bosn = (= )8

e The SL(2) representations in the preceding chapter are all special cases
of what we have here. For each of those models there was a single pair
of raising and lowering operators, correspnding to recurrence relations
for hypergeometric series. Here the full local symmetry group is SL(6).

If we make the change of variable (1 — x)/2 = uguy/ujugs and factor out
the dependence on uy, us, us in the recurrence relations for £*%7 and E.p5, we

obtain a pair of well-known recurrence relations for the Jacobi polynomials

Péa”g) :

d
plesb) —
L pei ()

02 = Dt 4 (0= B+ (a+ B+ 2P (@) = nPEN o)
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where

o n+ o —-n,a+pf+n+1 11—z
P?S,’IB)(I):( n >2F1( Oéf—l ; 9 )7 n:071727""

Note that the polynomials of orders 0 and 1 are given by

0% 6% v + 1
P2y =1, P(z) = — Cn la+B+2)z.
Composition of the two recurrence relations leads to the standard Sturm-

Liouville eigenvalue equation:
(1 . x2)Pr(La,6) Z I [5 —a— (a + 5+ 2)x]PT(La»,3) " n(a FB+n+ 1)P1Ea,6)‘

(This is precisely the ordinary differential equation for the Jacobi polynomials
that we would obtain by directly separating variables in the wave equation.
However, here we have demonstrated that this equation can be “factored” in
terms of the recurrences.)

Now we derive the orthogonality relations for the Jacobi polynomials
through a variant of the usual Sturm-Liouville procedure that exploits the
factorization. Let S, be the space of all polynomials in z with complex
inner product

1
< 61,92 Pap= / 01 (2)g2(2)pa () d,
—1

91,92 € Sa,ﬁ-

(We will consider the polynomials P to belong to S, 5. The interval of
integration is motivated by the singularities.) Motivated by the recurrence
relations we define maps

d
(@f) = — .6 .8

d
LA — (g2 1)% +(a—=B+(a+B+2)x): Saripr1 — Sap,
and look for density functions p, g(x) such that

< g, T(aﬁ)f >a+1,ﬁ+1:< T*(a—i_lﬁ—‘rl)ga f >a,ﬁa (31)
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forall f € Sap, ¢ € Sat1,8+1- That is, we require that 7* is the adjoint op-
erator to 7. A straightforward integration by parts argument, using the fact
that f and g are arbitrary polynomials, leads to the necessary and sufficient
conditions:

d

partpr1(t) = (1=2")pas(®),  ——pation (@) = [B—a—(a+P+2)z]pas(z)

with solution, unique up to a constant multiplicative factor,
pas(@) = (1 —2)*(1+2)".

This solution will provide a satisfactory weight function for S, s provided
a > —1, > —1, which we now assume.
Since 7 and 7* are mutual adjoints, it follows immediately that

7T : Sap = Sap
is a self-adjoint operator with eigenvalues
AM=n(la+p+n—-1), n=0,1,---
and eigenfunctions
In = Péaﬁ) (x)

It is easy to show that A\, = A, if and only if n = m. Using the well-known
fact that eigenfunctions corresponding to distinct eigenvalues of a self-adjoint
operator are orthogonal we obtain the orthogonality relations

1
< p(a,ﬁ)7p(a,6) >a,B:/ Pr(zaﬁ)<x>P7(naﬁ)($)<]' —2)*(1 + x)ﬁ dx

n m
1

= O M, (v, B).

The polynomials {Péa’ﬁ )} could have been computed from a knowledge of
the weight function p, s via the Gram-Schmidt process and are uniquely
determined once the coefficient of z" in P{*” (x) is specified. Since the
measure is invariant under the interchange x <> —x, a <> 3, it follows easily
that

P (=) = PP (),

a nontrivial identity.
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Now we try to determine the normalization of the Jacobi polynomials,
i.e., to compute M,(a, ). Identity (3.1) with g = Pfff{l”gﬂ), f = pd
yields the recurrence

%(Oz+ﬂ tnt+DMya(a+ 15+ 1) = —nMy(a, 5),

so it is sufficient to compute

1
Wl = Mo(a,8) =< 11 >0 [ (1= 0)°(1+0)" do.

-1
This is the beta-integral and can be easily evaluated by a well-known trick,
but for pedagogical purposes we shall determine what a knowledge of the
recurrence symmetries and the connection with orthogonality alone will tell
us. Using the evident facts that

< Pf“’ﬁ),Péo"ﬁ) >a5= 0, <(1+2),1>,5=<1,1>4541,

we obtain the recurrence relations

1
@+ B8+ 2)Mlaper = (5 + DIlas

1
5(06 + ﬁ + 2>Hl|’a+1,ﬁ = (a + 1)||1||0¢>5

These recurrence relations have the solution

r nr 1
Il = e h(a, )

where h(a+1,8) = h(a, 8+ 1) = h(«, 5). (Here we are using the property
['(z 4 1) = 2I'(2) of the Gamma function. If f(z + 1) = zf(z) then f(z) =
['(z)h(z) where h(z+1) = h(z).) This is as far as we can go using recurrence
relations alone, since the Gamma function isn’t uniquely determined by its
fundamental recurrence relation. We need additional facts to compute h.

One way to proceed is to replace a, B by a+k, B+ k, k =0,1,2,---,
and write the resulting identity in the form

Pl —a\*™ 142\ Da+p+2k+2) -
/1[( 2 ) ( 2 > Tatht B+ h+D)| = Mah)
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Letting k¥ — 400 we find from Stirling’s formula, that the integrand of the
left-hand side converges to 1 and that h(q, ) = 2.

None of the steps in the foregoing development is very novel and the
results are, of course, well known. What is remarkable, is the fact that the
same development works for families of polynomials satisfying difference and
g-difference equations. Indeed the derivation of the norm is frequently more
straightforward than in the differential equations case.

3.2 Canonical equations for generalized hy-
pergeometric functions. Introduction to
Gel’fand theory

The above approach generalizes to all N-variable hypergeometric series. For
example consider the basis functions

/

_ a,B,0" usus uzug\ _, _g _pg 41

d=F j——, —— | uy “uy Tug ug
Y UrU2 UUs

where F} is the Appell function

5 ( avi? ﬁ/ ;x’y) _ Z (Oé>m+n(ﬁ)m(6 )nl,myn, |I|, ‘y| < 1.

(V) mnm!n!

m,n=0
Now ® satisfies the canonical equations
(auum - 8u3u4)q) =0, (aulus - au:aua)q) =0, (au5u4 - auws)q) =0,
and the eigenvalue equations
(D1 + Dy + D)@ = —a®, (Dy+ Dy)® = —p0,

(D3 — Dy — Dg)® = (v = 1)@, (D5 + Dg)® = —3'@.

A basis of first order symmetries for these equations is given by
Ou,, k=1,---,6
and the dilations

D+ Dy+ Dg, Do+ Dy, D3z—Dy— Dg, Ds+ Dg.

26



The 6 symmetries d,, correspond exactly to the 6 differential recursion for-
mulas for Fi:

(20; +y0, + o)1 = ali(a+1), (20, + B)F = BF(B+ 1),
(20; + Y0y +v —1)F1 = (y = 1) Fi(y = 1), (yo, + B Fy = B Fi(B + 1),

!
8xF1:O;—BF1(a+1,5+1,7+1), ayFlzafFl(a+1,6/+1,7+1)-

This is closely related to the Gel'fand theory of hypergeometric functions.
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Chapter 4

Symmetry characterization of
variable separation for the
Helmholtz and Schrodinger
equations

Separable solutions for Laplace-Beltrami eigenvalue equations can be charac-
terized group theoretically. For real Euclidean n-space, the real n-sphere and
the real (n — 1,1) hyperboloid, all separable systems are known. If an equa-
tion admits multiple separable systems we can expand the special functions
corresponding to one eigensystem in terms of the other.

R-separable solutions:

N
U(z) = R(x) H TP (24, \), separation constants A;,j =1,---, N.
k=1

Theorem 2 Necessary and sufficient conditions for the existence of an or-
thogonal R-separable coordinate system {x'} for the Laplace-Beltrami eigen-
value equation

(Ay +V(z)) ¥ = EV

on an N-dimensional pseudo-Riemannian manifold are that there exists a
linearly independent set {A; = Anx +V, Ag, -+, An} of second-order differ-
ential symmetry operators on the manifold such that:

o [Ap, A =0, 1<Kk LN,
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e Fach Ay is in self-adjoint form,

o There is a basis {wg) : 1 < j < N} of simultaneous
eigenforms for the {Ax}.

If conditions (1)-(3) are satisfied then there exist functions g'(x) such that:
w(j) = ¢dr?, j=1,--- N.

The R-separable solutions

N

U(z) = R(x) [J o™ (ax)

k=1

are characterized by the eigenvalue equations
AU = \ U

where Aq,---, Ay are the separation constants. The main point of the theo-
rems is that, under the required hypotheses the eigenforms w’ of the quadratic
forms a® are normalizable, i.e., that up to multiplication by a nonzero func-
tion, w’ is the differential of a coordinate. This fact permits us to compute
the coordinates directly from a knowledge of the symmetry operators.

NOTE:

e If Ay is the Laplace-Beltrami operator on flat space the symmetry
algebra is the Lie algebra of the Euclidean group e(N) (or a Minkowski
group). The universal enveloping algebra maps onto the space of all
differential symmetries of Ay.

e If Ay is the Laplace-Beltrami operator on a space of nonzero constant
curvature the symmetry algebra is the Lie algebra so(N+1) (or so(p, q)
with p + ¢ = N + 1). The universal enveloping algebra maps onto the
space of all differential symmetries of Ay.

e CHESHIRE CAT PHENOMENON: The second order terms in a sym-
metry operator for the Schrodinger equation

(Ay + V)0 = AT
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on a flat space or space of constant curvature are expressible in terms of
the second order elements in the enveloping algebras of e(N) (flat space)
or so(N + 1) (non-zero constant curvature space). Thus even if the
potential V' breaks the group symmetry, all separable solutions of the
Schrodinger equation can be classified in terms of N commuting second-
order elements in the enveloping algebras. The group symmetry is
broken but the smile lingers on: —.

e Thus, group theoretic methods can be used to study all special func-
tions that arise via separation of variables for these equations, e.g.
Heun, Lame’, spheroidal, toroidal, etc., not just functions of hypergeo-
metric type.

4.1 Constuction of separable coordinate sys-
tems for spheres and Euclidean space

A complete construction of separable coordinate systems on the N-sphere
and on Euclidean N-space, and a graphical method for constructing these
systems is known. Here we mention some of the main ideas.

The basic elliptic coordinate system on the N-sphere is denoted

[eoler] -+ - [en].

All separable coordinate systems on the N-sphere can be obtained by nesting
these basic coordinates for the k-spheres for k& < N. For example we can
obtain a separable coordinate system on the N-sphere by starting with a
basic elliptic coordinate system on the (N — k)-sphere and embedding in it a
k-sphere. The k-sphere Cartesian coordinates (Vj,- -, Vi) can be attached
to any one of the N — k + 1 Cartesian coordinates (Up,---,Un_x) of the
(N — k)-sphere. Let us attach it to the first coordinate. Then we have

(X()?“' aXN) = (UD‘/()y aUO‘/k)Ub"' 7UN—/€)’ Z‘/f = 17
(=0

V2 — Hf:l(vi — fo) 2 — Hi\;k(ut — o)
‘ Hi;éf(fi —fo)’ ’ Hi;ﬁo(ei —eo)
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N—k k
ds’ = ds; + Ugds3, ds; =Y dUp, dsj=>Y dV7.
h=0 =0

The resulting system is denoted graphically by

[ e | e | o | en }
+
[ fo b o S }
Here is another possibility:
[ e | er | | eN—kt-m ]
X3 N\
A T I [ 90 |- lge ]
{
[ ho | -+ | hm ]

Each separable system can be obtained in this way via embeddings. The
graph is a tree whose nodes are basic elliptic coordinate systems.

For the special case of the 2-sphere there are just 2 separable systems,
ellipsoidal coordinates

[€0|€1|62]
and spherical coordinates

[eol 1]

$

Lfol  £1]

For Euclidean space the results are a bit more complicated. The basic
ellipsoidal coordinate system on N-space is denoted

< egler| - len-1 >,
and the parabolic coordinate system is
(ex] -+ len-1)-

The graphs need no longer be trees; they can have several connected compo-
nents. Each connected component is a tree with a root node that is either
of the above forms. Just as above, spheres can be embedded in the root
coordinates or to each other. Here are two examples:

< ey > <ep >,
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1) Cartesian coordinates in two-space, and 2) oblate spheroidal coordinates
(e | &)
1
in three-space.

4.2 Example of separation of variables: A
“magic” potential on the n-sphere

MOTIVATION:
The Lauricella functions
71, ) Tn
and
—M—”}/ 1+1' —my e, —Mpy —T1 —Ip
1 — MF n+ ) ) ) . L.

( x) A|: 71, T, ’Yn’l—l', ’1—1'

form a biorthogonal polynomial family where m; = 0,1,2,---, M = >0, my,

G ="y, =37, x; and the v, are positive real numbers. The inner

product is
@)= [ s
z;>0,x<1

- 1 _ _
do =20 .. a0 (1 —2) Ny . day,.

The Lauricella function F is defined by

a; bl’ U ? bn . . ..
oo - .
_ Z (a)m1+...+mn (bl)ml e (bn)mnxl R n
(Cl)ml T (Cn)mnm1! ey, ’

mi, ,mp=0

where
1 m =

(a)m:{ ala+1)...(a+m—-1) m>1.
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The standard partial differential equations for the F are,

Ti(1 —2)0p0,Fa — 5 ZxkﬁijA +[¢; — (a+b; + 1)x;] 0y, Fa
e

—bj Z :EkaxkFA - CLbjFA =0
oy
for j = 1,2,--- ,n. Adding these equations together, we see that the poly-
nomial functions ®, satisfy the eigenvalue equation

HO = —M(M+G—1)9

where

H = Z (i0ij — i) Oy + Z(% — G;)0,.
1=1

ij=1

PROPERTIES OF H:

1. H maps polynomials of maximum order m; in x; to polynomials of the
same type.

2. As the m,; range over all nonnegative integers the functions form a basis
for the space of all polynomials in variables zq,--- , x,.

3. The eigenvalues of H acting on this space are exactly

(~-M(M+G—1): M=0,1,2,---}.

RELATION TO N-SPHERE:

Equation is closely related to the Laplace-Beltrami eigenvalue equation
on the n-sphere. Consider the contravariant metric determined by the second
derivative terms in H:

gij = 523Iz — XXy, 1 S ’L,j S n.
Then det(¢¥) = g7 = 2125 - - - 2,(1 — 2) and

1 51']'

A T
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Thus n
d82 = Z gz]dxzdx]
3,5=1

determines a metric with associated Laplace-Beltrami operator

1 & g
An = = a’m (gw\/g aﬂﬂ])

A straightforward computation yields

H=A,+A\,
where
= 1 n+1
j=1
If v =+ = 41 = 1/2 then H = A,, but in general H differs
from A, by the first order differential operator A,,.
Introduce  Cartesian  coordinates  zg,21,---,2, in n + 1

dimensional Euclidean space and restrict these coordinates by the conditions

2 _ o1
p =1-Yiwi=1-uz

2 __
22 =z,

Note that 22 + 2z + -+ + 22 = 1. Defining a metric ds® by

n

ds® = Z(dzm)2

m=0

we find

1 1 0
ds* = = “DYdxidx;.
s 4ijZ:1(1_x+$i)x z;
Thus the space corresponds to a portion of the n-sphere S™.

Set ®(x) = p(x)¥(x) for a nonzero scalar function p:

(A, + A& = —M(M+G —1)d

34



<~
(A + Vo (x))W = —M(M + G —1)0,

where
and . ) ,
voo_ L (vi—3)i—3)
=1
L0 = D0 =8 1] _gp_ (=30 +1)
4 1—2z 4 4

The equation H'V = (A, + V,,)¥ = AV has a natural metric
dw = gl/del coodr, = x;1/2 . -$;1/2(1 . I)il/le’l N

The operator H' = p~*Hp = A, +V,, is formally self-adjoint with respect to
the inner product

< WUy, Uy >= / . / Uy (x) Wy (x)dw,
z; >0,x<1

< HI\IJI,‘IIQ >=< \Ill,H/\IJQ > .

This induces an inner product on the space of polynomial functions ®(x) =
p¥, with respect to which H is self-adjoint:

(@1, P2) =< Wy, Uy >= / - / PP, dw,
z;>0,x<1

do =" a1 — ) Ny L day,
(H®,, By) = (&1, HD,).

A first order symmetry operator for the equation H® = A® is a differential
operator

such that
|[H,K|=HK — KH =0.

REMARKS:

35



1. The first order symmetry operators form a real Lie algebra.

2. If yy =7 =+ =9,41 = 1/2 then H = A, and that the Lie algebra of
real symmetry operators of A, is so(n + 1), with dimension n(n+1)/2
and a basis of the form {Ly} where 0 < ¢ < k < n, and Ly, = — L.
Explicitly,

Ly, = 20., — 2,0,
and
Lij = 27;7(0y; — Op,), 1<4,5<n

3. All real second-order differential operators S that commute with A,, can
be  expressed as linear  combinations over R  of
real constants, elements Ly and elements Ly, Ly .

4. For 71, ...,vny1 arbitrary, the only first order symmetry is multiplica-
tion by a constant. However, there are second order symmetries:

Sij = 41‘11’](8% — arj>2 + 4(")/11'] — ’)/]azl)((?zl — 8%)

1 1 ) )
= L?j +4[(vi — 5)%‘ — (75— 5)%‘](% —0y;) = Sji, I<i<y<n,
Soi = 4x;(1 — m)@i +4[7i(1 — ) — Ypy124]Os,
1 1
= Lg +4[(vi — 5)(1 — ) = (Vn41 — 5)1‘@]3@ = Sio, I1<i<n.

Also

i,j=1 i=1
4.2.1 Orthogonal bases of separable solutions

All separable coordinates on the n-sphere are known, i.e., all separable coor-
dinates for the Laplace-Beltrami eigenvalue equation A, ¥ = A\W. They can
be constructed by the graphical procedure given above. We know that:

e All separable coordinates are orthogonal.

e For each separable coordinate system the corresponding separated so-
lutions are characterized as simultaneous eigenfunctions of a set of n
second order, self-adjoint, commuting symmetry operators for A,,.
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e These operators are real linear combinations of the
symmetries ij, 1 <@t <3 <n+1, where L;; is a rotational gen-
erator in so(n + 1).

e For n = 2 there are two separable systems (ellipsoidal and spherical
coordinates), while for n = 3 there are 6 systems. The number of sepa-
rable systems grows rapidly with n, but all systems can be constructed
through a simple graphical procedure. (In general, the possible sepa-
rable systems are the various polyspherical coordinates, the basic el-

lipsoidal coordinates, and combinations of polyspherical and ellipsoidal
coordinates.)

e The equation (A, + V,,)¥ = AU where the scalar potential takes the
special form

n
(673 (7))
vV, = § — +—, Qo,aq,...,q, constants.,
1=

is separable in all the coordinate systems in which the
Laplace-Beltrami eigenvalue equation is separable. Indeed,
the equation with this potential is separable in general ellipsoidal co-
ordinates. Since all other coordinates are limiting cases of ellipsoidal
coordinates, the conclusion follows.

e The symmetry operators describing the variable separation
for the potential are given explicitly as linear combinations of the sym-
metries S;;. These operators are formally self-adjoint.

These results can now easily be extended to results for
(A, +A,)P =\

through the mappings

CONCLUSIONS:
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e All separable solutions ¥ map to separable solutions ®.

e The separable coordinates and solutions are determined by
sets of n commuting symmetry operators S of A,, + A,,.

e The defining symmetry operators are all formally self-adjoint with re-
spect to the inner product (-, ).

e Since each S;; maps polynomials of maximum order my, in x; to poly-
nomials of the same type, it follows that a basis of separated solutions
can be expressed as polynomials in the z;.

e Since the symmetry operators are self-adjoint, the basis of simultaneous
eigenfunctions can be chosen to be orthogonal.

We conclude from this argument that every separable coordinate sys-
tem for the Laplace-Beltrami eigenvalue equation on the n-sphere yields an
orthogonal basis of polynomial solutions, hence an orthogonal basis for all
n-variable polynomials with our inner product.

EXAMPLE: Spherical coordinates {u;} on S™

2 _ _

25 = l—2z=1-u,

Z%: T1 = UU2 ... Up

2 _ _

z5 = o = (1 —uy)uy ... upy

2 _ _

“p—1— Tp-1= (1 - un—2)un—1un
2 _ _

zh = Ty = (1 — Up_1)Up.

(Note that in terms of angles {f;} one usually sets u; = sin®6;.)
In terms of the {u;},

H= Z [(1—%82 <Z% fyp )u]

Equation is separable in these coordinates with separation equations

Uj41 *

ur (1 — )02 ©1 + [y — (11 + Y2)u1] 04,04 =10,
[CZ_: +uk(l — uk)aﬁk] O + [Z§=1 Vi — (Z];i_i 7p)uk] 04, ©Or = 1Oy,
k=23, .n
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Here © = J[[;_,Ok(ux) and the ¢; are the separation constants,
with ¢, = —M (M + G — 1). Separable solution:

—l1 b4+ + v —1
@1(u1)—2F1( b 311 s ;U1>

cg=—ULl+7+v—1),

Opug) = w "

r —fk72(€1+"'+€k71)+€k+71+"'+’7k:+1—1.uk
201 2(€1+"'+£k—1)+71+"'+7k 7 ’
ck=—(li+-+b)l+ -+l e — 1),
k=23 ,n,
where >°" ;=M and ¢; =0,1,2---.

We have the eigenvalue equations
Sg@g:Cg@g, 621,"',71
where
St =u (1 — U1)312“ + 71 — (M + 2)u1] Ouy s
1
Sk = St + uk(l — w ), 4 [+ — (A k)] O,
k

k =23,---,n,and S, = H. Furthermore, [5;,5;] = 0 and the S, are
self-adjoint with respect to the inner product (-,-).
It follows immediately that

<®€7 @m) =0
unless /1 = myq, lo = mao,..., ¢, = m,. The measure dw becomes
~ Y1—1, yi+72—1 oty —1 -1 -1
do = u'" ug coou T — g )2 —ug) L
X (1 — )+ 7 duy ... duy,

where 0 < u; < 1. In terms of the symmetries S;;, Sp; we have:

1k+1
Sk:§ZSij, k‘:l,...,n—l,

1,7=1

1 n
Sy =H = g(z Shp);

h,p=0
where we set Sy, = 0.

e The number of separable bases is 2 for n = 2, 6 for n = 3, and grows
very rapidly with n.
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4.2.2 Relations between bases on the sphere

Take case n = 2. Then
H®=—j(j +G—-1)9,

where
2 52

H = S (e ‘

E (2:0ik mlxk)@xiaxk + ;:1 (v ze)axi

ik=1

Here G = 71 + 72 + 73.
FACTS:

e H maps polynomials of maximum degree m; in x; to polynomials of
the same type.

e The polynomial eigenfunctions of H form a basis for the
space of all polynomials f(z1, xs).

e The spectrum of H acting on this space is exactly
{(—jG+G—1):5=0,1,...}.

e H = Ay + Ay where A, is the Laplace Beltrami operator
on S? and

e H is self-adjoint with respect to the inner product

o= [ RGoRG

where
dw =27 2PN (1 — 2y — mo) 5 dandry,  (Hfy, f2) = (fi, Hfs),

and 71, 72,73 are positive real numbers. Here fi, fo are polynomials in
x = (X1, X3).

e There are exactly two separable coordinate systems for this equation:
spherical coordinates and ellipsoidal coordinates.
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Spherical coordinates:
For fixed j the polynomials

Vjm(T1,22) = (11 + x2)m}’]7_1;72+2m_1’”3_1(2m1 + 22y — 1)
x Pra—l m-1 (%—1), m=0,1,... ]

form an orthogonal basis for the eigenspace corresponding to eigenvalue
—j(j + G —1). In terms of spherical coordinates

z1 =sinfcos ¢, 2o =sinfsing, 2z3 = cosb,
and with ¢, (21, 22) = [0, @], this basis reads
Vim0, ¢] = (sin 9)2’”]3]7_1;72“7”71’7371((:08 20) P>~ 171 (cos 2¢).

Ellipsoidal coordinates:
For the case of ellipsoidal coordinates {x,y} we have

2= (w=e)y =€) ;193 ik pairwise distinct.

(ej —ei)(er —ei)

The metric on the 2-sphere is, in terms of these coordinates,

y—x dx? dy?

4 [(x—el)(x—@)(x—e:a) (y —e)(y —e2)(y —e3)

The separation equations are

ds® =

[~ —e) (A —e)(A—e) [ + (524 + 52,
52 ) |+ + G = DA+ ), () =0

where A\ = z,y according as € = 1, 2, respectively. This is Heun’s equa-
tion, the Fuchsian equation of second order with four singularities.

The solutions for the functions @5 ()\) are Heun polynomials which for
fixed j will form a complete set of basis functions once the eigenvalues ¢ have
been calculated. To calculate the eigenvalues it is convenient to observe that
in the coordinate system x1,xs the operator M whose eigenvalues u are

u=—4q— (e1+ex+e3)j(j+G—1)
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is given by
M = (61 + 62)812 -+ (62 + 63)823 + (61 + 63)513

where the S;, are the symmetry operators. That is, M is the second or-
der symmetry operator for the Laplacian ([M,A] = 0) which corresponds
to the separable coordinates x,y, and the Heun basis ¢ = @] (z)®3 (y) is
characterized as the set of eigenfunctions M1y = u.

Now we consider the problem of expanding the Heun basis CID}q(x)@?q(y)
in terms of the Jacobi polynomial basis:

b =P, Z Em¥iml0,

Three term recurrence relations for the expansion coefficients &, can be de-
duced by requiring that
My = u.

To carry out the computation we need the action of the various
pieces Sy, of M on the Jacobi bases 1;,,,[0, ¢]. We find

ijm Z X % m+7“ ]

r=-—1
where

Xy (m .):4(61—62)(%+72+73+m+j—1)(73—m+j—1)(m+1)( prm—1)
g (1 +92+2m —1)(n1 + 72+ 2m) e ’

dleg —e)(n+pt+m+j—1)(=m+j+1)(y—1)(n—1)
(71+72+2m— 1)(’}/1 —|—72—|—2m—2)

Xfl(maj) =

)

- 2(er —ex)[m* +m(y +72—1) =5 —j(n +7 +7s = 1)]
Xo(m,j)—u = +9—2 -
0( ]) (,}/1 + 72 + 2m _ 2)(,-}/1 + ,.)/2 + Qm) (,y]- ,}/2 )(,y]- 72)

(er — ea)mys(m — Y2)(m + 72)
(71 + 72+ 2m —2) (71 + 72 + 2m)

+2(e1 + ea)[—m® —m(y +72 — 1) + 57+ j(v + 72 + 73 — 1)
+des[m?® +m(y + 92 — 1)] + 4q.
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Substituting  this  expansion into the eigenvalue equation
M1 = utp we find the three term recurrence relation

Xl(m - 1,]‘)5},1,1 + (X0<m7]) - u) fm + X71<m + 1aj)5m+1 =0

where m = 0,1,...7. Consequently the j + 1 independent
eigenvalues ¢ are calculated from the determinant

XO(]?])_U Xl(]_laj)
Xa(4,7)  Xo(—1,4) —wu Xi(5—2,7)

X_1(1,7) Xo(0,5) —u
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Chapter 5

Clebsch-Gordan coefficients
and orthogonal polynomials

I will briefly indicate some relations between Clebsch-Gordan series for the
decomposition of tensor products of group representations and special func-
tion theory. I will limit myself to a single example. The generalizations are
obvious.

Example 3 SU(2).

SU(Q):{A: ( —QB g):a,ﬁea ]a!2+\5]2:1}.

T + ifEl —il’g

L(SU(2)) = s0(2, R) = {A: ( s Ty in ) 2 € R}.

Basis for complezification of Lie algebra: L*, L=, L3

[L?, LF] = £L* [L*,L7] = 2L3.

c(3) e-(h0) e

This algebra is isomorphic to so(3).

Ol
= O
N———

Finite-dimensional representations

LA = (B + B (D). 2u=0.1,2,
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Orthonormal basis for representation space:
(o)
V(w—m)(u+m)!’

Action of Lie algebra:

m=—-u,—u+1----,u—1,u.

fm(2> =

Lgfm:mfma Lifm: \/<Uim+1>(u:‘:m)fmil

Note that the Casimir operator C = LTL~ + L3L3 — L3 is a multiple of the
identity on the representation space: C' = u(u + 1)I.
Matrix elements: T5,(A) fr(2) = >0 Unin(A) fu(2)

Addition theorem for unitary matrix elements:
Upnm(AB) ZUnk ) D (B), n,m=—u,--- ,u.
k=—u
Decompose tensor product 7, ® T, (Clebsch-Gordan series):

u+v

w=|u—v|
Here,
L =m0, LEf = Vg m et DaF m)fl.
LY =mfl,  LifY = Vot m+ D)o Fm)fik.

Orthonormal basis for left-hand side: fr(# ) ® fflv).
Orthonormal basis for right-hand side:

h,(cw), w=|lu—vl,-,utv, —w<k<w,

where

Pr = kn, TR = (wE k+ 1)(w F k)h,

and
J =13 Jt =L +L7, J =Ly +1L;.
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The Clebsch-Gordan coefficients are the coefficients of the unitary matrix
relating these two bases:

WY =" Clu,ms v, nfw, k) f2 @ f10.

m,n

Relating the matrix elements of the group operators in the two bases, we find
the important identity

ue (AU? (A) = Z C(u,m;v,n|w, k)C(u, m’;v,n'|w, KUY, (A).

w,k, k'

The C-G coefficients can be computed directly from our models, and are ex-
pressible in terms of hypergeometric functions 3F5(1). They have important
symmetries that follow from the group theory. These symmetries lead to
transformation formulas for the 3F5(1).

To decompose this representation we compute the common eigenfunctions
of J3and C = JTJ~ + J3J® — J3. Clearly, eigenfunctions of J* = L3 + L3
with eigenvalue s are just those linear combinations of the basis vectors
. = fy(ff) ® f,S,”) where n = o — m. To be definite, suppose u < v, > 0.
Applying C' to the ON set {F*} we find a three term recurrence relation of
the form

CFka = CLkF]?Jrl + bkF]? + Cka,1

where ay, bg, ¢, are explicit. The operator C is self-adjoint with discrete
eigenvalues w(w + 1). If we introduce the spectral transform of this operator
so that C' corresponds to multiplication by the transform variable x, then this
expression takes the form of a three term recurrence relation for orthogonal
polynomials F*(z) of order k in x. The functions F*(x) are, essentially, the
Clebsch-Gordan coefficients for this decomposition; the orthogonality and
completeness relations for the polynomials are the unitarity conditions for
the C-G coefficients.

Insights along these lines lead to the Wilson polynomials, true generaliza-
tions of the classical orthogonal polynomials, and finally to the Askey-Wilson
polynomials. Indeed, the starting point for the Wilson polynomials is the
Racah coefficients. These coefficients relate the basis vectors h,(f) on the two
sides of the expression

(T, T,) Ty =T, @ (T, @ Ty).
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The irreducible representation 7 may appear more than once so the Racah
coefficients are by no means trivial. They can be expressed as sums of prod-
ucts of 4 C-G coefficients and then shown to be expressible in terms of hyper-
geometric functions 4F3(1). They satisfy unitarity, symmetry and recurrence
relations, and one of those recurrence relations can be reinterpreted as a three
term recurrence relation for a family of polynomials, the Racah polynomials.
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Chapter 6

Harmonic analysis and lattice
subgroups

We study two procedures for the analysis of time-dependent signals, locally
in both frequency and time. The first procedure, the “windowed Fourier
transform” is associated with the Heisenberg group while the second, the
“wavelet transform” is associated with the affine group.

6.1 Harmonic analysis: windowed Fourier trans-
forms

Let g € Lo(R) with ||g|| = 1 and define the time-frequency translation of ¢
by
girrel(t) = Mgt + 1) = T a1, 2, 0)g(#)

where T! is the unitary irreducible representation
Tl[xl,xg, Jfg]g(t) — 627ri$3+27ritzgg(t + xl)
of the Heisenberg group Hgr. Now suppose g is centered about the point

(to,wo) in phase (time-frequency) space, i.e., suppose

/ tg(t)Pdt = to, / Wl§(w) Pde =

o0 —00

where g(w) = [ g(t)e"**!dt is the Fourier transform of g(t). Then

/ t’g[m,m} (t)|2dt =ty — a1, / w‘g[m,zg](t)’Zdw = wo + T3

—00 o0

48



so gl*v®2l is centered about (ty — 21, wy + 2) in phase space. To analyze an
arbitrary function f(¢) in Ls(R) we compute the inner product

F(ay, 1) = (f,g7%7)) = / F(H)g (1)t

with the idea that F'(zq,z5) is sampling the behavior of f in a neighborhood
of the point (fp — x1,wp + z2) in phase space. As xy,z, range over all real
numbers the samples F'(x,23) give us enough information to reconstruct
0}

However, the set of basis states gl*1?2] is overcomplete: the coefficients
(f, g1=2]) are not independent of one another, i.e., in general there is no f €
Ly(R) such that (f, gl**2l) = F(x,x,) for an arbitrary F € Ly(R?). The
gl*172] are examples of coherent states, continuous overcomplete Hilbert
space bases which are of interest in quantum optics and quantum field theory,
as well as gropup representation theory. Thus it isn’t necessary to compute
the inner products (f, gl**2l) = F(x,,x,) for every point in phase space.
In the windowed Fourier approach one typically samples F' at the lattice
points (z1,25) = (ma,nb) where a,b are fixed positive numbers and m,n
range over the integers. Here, a,b and ¢(t) must be chosen so that the map
f — {F(ma,nb)} is one-to-one; then f can be recovered from the lattice
point values F'(ma,nb). The study of when this can happen is the study of
Weyl-Heisenberg frames. 1t is particularly useful when g can be chosen such
that g™ is an ON basis for L. This leads (in the case a = b) to the lattice
Hilbert space, the Weil-Brezin-Zak transform and important applications to
theta functions.

6.2 Harmonic analysis: continuous wavelets

Here we work out the analog for the affine group of the Weyl-Heisenberg
frame for the Heisenberg group. Let ¢ € Lo(R) with ||g|| = 1 and define the
affine translation of ¢ by

$(t) = 0™ (

) = Lala.tioto

a

where a > 0 and L is the unitary representation

Lola, Ho(t) = a2 (ﬂ)

a
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of the affine group.

Can assume that [ t|¢(t)|’dt = 0. Let k = [~ yld(y)|2dy. Then ¢ is
centered about the origin in position space and about £ in momentum space.
It follows that

/ o0t = —b. / Y| (y)Pdy = a” 'k

0

To define a lattice in the affine group space we choose two nonzero real
numbers ag, by > 0 with ap # 1. Then the lattice points are a = a’,b =
nboag', m,n =0,£1,---, so

F™(t) = B T (1) = a2 p(ag ™t + nby).

Thus ¢™" is centered about —nbpa(’ in position space and about a;,™k in
momentum space. (Note that this behavior is very different from the behavior
of the Heisenberg translates g™*™. In the Heisenberg case the support of ¢
in either position or momentum space is the same as the support of gl™*". In
the affine case the sampling of position-momentum space is on a logarithmic
scale. There is the possibility, through the choice of m and n, of sampling in
smaller and smaller neighborhoods of a fixed point in position space.)

The affine translates ¢(@® are called wavelets and the function ¢ is a
father wavelet. The map T : f — [ f(t)¢""(¢)dt is the continuous
wavelet transform

Again the continuous wavelet transform is overcomplete. The question
is whether we can find a subgroup lattice and a function ¢ for which the

functions
™" (8) = T (1) = ay " $(ag ™t + nbo)

generate an ON basis. We will choose ag = 1/2,by = 1 and find conditions
such that the functions

o =2m2p(2™t +n),  m,n=0,+1,£2, -

span L% In particular we will require that the set ¢""(t) = ¢(t + n) be
orthonormal.
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6.3 Harmonic analysis: discrete wavelets and
the multiresolution structure

From the discussion of the last section, we want to find a scaling function
(or father wavelet) ¢ such that the functions ¢™"(t) = 2™/2¢(2™t + n) will
generate an ON basis for L2. In particular we require that the set ¢ (t) =
¢(t + n) be orthonormal. Then for each fixed m we will have that {¢™"} is
ON in n.

EXAMPLE: The Haar scaling function
1 0<t< 1.
o0={ o o

0 otherwise

Here the set {¢(t +n) = ¢"" : n = 0,41,---} is ON. Let V;, be the space
of piecewise constant functions in Ls(R) with possible discontinuities only at
the gridpoints t;, = %, k=0,+1,£2---. Note that

1. {¢"™(t) :n=0,£1,---} is an ON basis for V,,.

2.V, C Vm+1

3. UnVim = La(R)
4. ¢(t) = ¢(2t) + p(2t — 1).

This example leads naturally to the concept of a multiresolution structure
on L2

Definition 9 Let {V; : j =---,—1,0,1,---} be a sequence of subspaces of
L*[—o00,00] and ¢ € Vy. This is a multiresolution analysis for L*[—o0, o0
provided the following conditions hold:

1. The subspaces are nested: V; C Vji;.

2. The union of the subspaces generates L* : U V; = L*[—o00,0q].
(Thus, each f € L* can be obtained a a limit of a Cauchy sequence
{sn:n=1,2,---} such that each s, € V;, for some integer j,.)

3. Separation: N2_V; = {0}, the subspace containing only the zero

j=—00
function. (Thus only the zero function is common to all subspaces V;.)

51



4. Scale invariance: f(t) € V; <= f(2t) € Vj41.

5. Shift invariance of Vy: f(t) € Vo <= f(t — k) € Vg for all integers k.

6. ON basis: The set {¢p(t —k):k=0,£1,---} is an ON basis for Vj.
Here, the function ¢(t) is called the scaling function (or the father wavelet).

Of special interest is a multiresolution analysis with a scaling function
¢(t) on the real line that has compact support. The functions ¢(t + k) will

form an ON basis for [y as k runs over the integers, and their integrals with
any polynomial in ¢ will be finite.

e Can we find continuous scaling functions with compact sup-
port?

Given ¢(t) we can define the functions
Oilt) = 259(2t — k), k=0,4£1,+2,- -

and for fixed integer j they will form an ON basis for V;. Since V C V; it
follows that ¢ € V; and ¢ can be expanded in terms of the ON basis {¢1x}
for V1. Thus we have the dilation equation

= VI elbota -
or, equivalently,
N
—23 (ko -
k=0

where h(k) = \/Lic(k;) Since the ¢;;, form an ON set, the coefficient vector ¢

must be a unit vector in £2,
> letk))? =
!

Since ¢(t) L ¢(t—m) for all nonzero m, the vector c satisfies the orthogonality
relation:

(¢00, Pom) = Z c(k)e(k —2m) = dom.

k
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Lemma 1 If the scaling function is normalised so that

RO

then Sp_,c(k) = V2.

We can introduce the orthogonal complement W; of V; in V.
Vinn=V; © W

We start by trying to find an ON basis for the wavelet space Wj. Associated
with the father wavelet ¢(t) there must be a mother wavelet w(t) € Wy, with
norm 1, and satisfying the wavelet equation

\/_Zd B2t — k

and such that w is orthogonal to all translations ¢(t—k) of the father wavelet.
We further require that w is orthogonal to integer translations of itself. Since
the ¢;i, form an ON set, the coefficient vector d must be a unit vector in €2,

Yo ldk)P =

Moreover since w(t) L ¢(t —m) for all m, the vector d satisfies so-called
double-shift orthogonality with c:

(w, dom) = Y c(k)d(k —2m) = 0. (6.1)

k

The requirement that w(t) L w(t—m) for nonzero integer m leads to double-
shift orthogonality of d to itself:

(w(t), w Z d(k)d(k — 2m) = Som. (6.2)

However, if the unit coefficient vector c is double-shift orthogonal then the
coefficient vector d defined by

d(n) = (—1)"¢(N — n). (6.3)

automatically satisfies the conditions (6.1) and (6.2).
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Theorem 3

L’[-o0,00] = V;@ Y Wy=V,oW;@ W -,

k=j

so that each f(t) € L*[—o0, 00| can be written uniquely in the form
f:fj—FZU)k, W € Wk, f]' € V; (64)

To find compact support wavelets must find solutions c(k) of the orthogonal-
ity relations above, nonzero for a finite range k = 0,1,--- , N. Then given a
solution c(k) must solve the dilation equation

=2 Z b2t — (6.5)

to get ¢(t). Can show that the support of ¢(¢) must be contained in the
interval [0, N).

One way to try to determine a scaling function ¢(¢) from the impulse
response vector c is to iterate the dilation equation. That is, we start with
an initial guess ¢(®)(¢), the Haar scaling function on [0, 1), and then iterate

oI (t) = V2 Z (2t — k) (6.6)

This is called the cascade algorithm.
The frequency domain formulation of the dilation equation is :

(Zh ’“/) 4(5)

where c(k) = v/2h(k). Thus

where



Iteration yields the explicit infinite product formula: qg(w):

w

QB(W) = H?ilH(g

) (6.7)

¢(t) IS A SPECIAL FUNCTION

Daubechies has found a solution c(k) and the associated scaling func-
tion for each N = 1,3,5,---. (There are no solutions for even N.)
Denote these solutions by Dy = Dyy1 = Ds,. Dy is just the Haar
function. Daubechies finds the unique solutions for which the Fourier
transform of the impulse response vector C'(w) has a zero of order p at
w = m, where 2p = N + 1. (At each N this is the maximal possible
value for p.)

Jn
n 2n)

Can compute the values of ¢(t) exactly at all dyadic points t =
Jn = 1.

S (&) =2 for j=0,1,2,--.

Can find explicit expressions

Zyqub(t—i_k):te? 620,1,“',]9—1’
k

so polynomials in ¢ of order < p — 1 can be expressed in V{ with no
error.

The support of ¢(t) is contained in [0, N), and ¢(t) is orthogonal to all
integer translates of itself. The wavelets {w™"} form an ON basis for
L2

B-splines fit into this multiresolution framework, though more natu-
rally with biorthogonal wavelets.

There are matrices
T = (| 2)2HH = MH".

associated with each of the Daubechies solutions whose eigenvalue stru-
ture determines the convergence properties of the wavelet expansions.
These matrices have beautiful eigenvalue structures.
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e There is a smoothness theory for Daubechies Dj;. Recall M = N+1 =
2p. The smoothness grows with p. For p = 1 (Haar) the scaling
function is piecewise continuous. For p = 2, (Dy) the scaling function
is continuous but not differentiable. For p > 3 we have s = 1 (one
derivative). For p = 5,6,7,8 we have s = 2. For p = 9,10 we have
s = 3. Asymptotically s grows as 0.2075p + constant.

e The constants c are explicit for N = 1,3. For N =5,7,--- they must
be computed numerically.

Example 4 The nonzero Daubechies filter coefficients for Dy (N = 3) are

4/2c(k) =14+ v/3,3 4+ V3,3 — /3,1 — /3. With the normalization $(0) +
o(1) + ¢(2) = 1 we have, uniquely,

60)=0, o(1)=5(1+3) 6(2) = 3(1-V3)

From these three values the values of ¢(t) at any dyadic point can be computed
explicitly.

Wavelets are extremely useful in signal analysis, data compression (in-
cluding image compression), edge detection, noise removal, etc.
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Chapter 7

Significant research
opportunities and challenges

e The study of many-variable hypergeometric functions via the canonical
equations/ Gel’fand approach. g-analogs.

e Study of the analogs of windowed Fourier transforms and wavelet trans-
forms in higher dimensions.

e Study of the relationship between Clebsch-Gordon coefficients for semi-
simple Lie algebras and multivariable orthogonal polynomials. g-analogs.

e The “magic” potentials discussed earlier are examples of superinte-
grable systems, Hamiltonian systems in /N variables that admit 2N — 1
independent second order constants of the motion. These are integrable
systems with the maximum possible symmetry and are intimately re-
lated to special function theory. The complete classification and anal-
ysis of these systems is an important task.

e In contrast to the theory of orthogonal variable separation for constant
curvature spaces, classification of nonorthogonal separable systems is
not well understood.

e Study of the special functions arising as solutions of the spin equations
of general relativity. Teukolsky functions.
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