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0. Introduction

Before getting into the subject proper let us have a look at the basic ingre-
dients of the subject of Lie groups. A Lie group is a group that is specified
by a set of coordinates ¢ = (g1,92,...,9gn) for which there is a prescribed
rule of composition viz gh = (¢1(g,h), ... ,¢n(g,h)) which satisfies the group
properties

g(hk) = (gh)k,
ge=¢eg=g,
997 =g g =e,
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for suitably smooth functions (g, k). The symbol e denotes the identity ele-
ment. As an illustrative example which will make these ideas clear we consider
the group specified by the pair of numbers g = (a,b). The composition law is
taken to be
gh = (a,b) - (¢,d) = (ac,ad + b)

where a, b, ¢, d are real numbers. It is in fact generally true that groups such as
this are realisable as matrices. Indeed there is a mapping g — A(g) which is
such that A(g)A(h) = A(gh) and the group laws are faithfully preserved. For
the example that we are using this mapping is in fact

(a,b) =g A(g) = [8 ?] :

It is easy to check that correct group composition laws are obeyed for the
matrices A(g). From now on all the Lie groups we consider are realised in the
form of a matrix groups. The relationship between Lie groups and Lie algebras
is best understood through the idea of one parameter gropus in the group G.
A one parameter group in G is specified by A(g(t)), 0 <t < 1 where g(t) is in
G, g(t)g(s) = g(s +t) and g(0) = e. In the case of our example we could use

aen=[5 3] o amen=|p 3]

If we consider the space of tangent vectors A = 3 A(g(t))‘ o at the identity
then the set of all such tangent vectors forms the Lie algebra L(G) structure
associated with the group G. This means that if A, B and C are in L(G) then
so is [A,B] = AB — BA and furthermore the conditions that L(G) be a Lie
algebra are satisfied, i.e.

[A’B] = _[B! A]a

[cA + dB, C] = c[A,C] + d[B, C], c and d real numbers,

[[A,B],C]+ [[B,C],A] +[[C,A],B] =0 (Jacobi identity).
The crucial relationship between the Lie algebra and the group itself is that

for sufficiently small A a group element A sufficiently close to the identity can
be uniquely written in the form

oo
AJ
=exp(A) = —_
(A) Z:o 5
For the group we are studying a suitable basis for L(G) is
2 [ 1 0]
t=0 00
0 1
0 0

L= SAG0)

d
Ly = EA(h(S)) b =
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which follows readily from the relation

got Stlet —1)

exp(a; Ly + azLs) = 0 |

which recovers a general group element from an element of the Lie algebra.
It is then easy to see that any one parameter group g(t) could be written in
the form exp(g;(t)L, + g2(t)L2) for suitable g; and g,. The basis for the Lie
algebra satisfies the commutation relation [Ly, La] = Ls.

The main way that Lie groups appear for the theory of special functions is
via action as a transformation group. In this case the group acts on some vector
space V. The action on elements z of this vector space is specified functions
f(z,9) = gz which faithfully represent the group laws, viz

g(hz) = (gh)z
er=r.

In the case of our example, gz = az + b, or on matrix form

A(g) m = [3 If] H " [axrb] |

The main way this is of interest to us is to consider the space of functions f(z)
and the effect of the transformation group is given via T, f(z) = f(g~12).

Of primary concern in the study of Lie groups is the representation theory.
A representation of a Lie group on a vector space is a mapping g — 7'(g) which
~“homomorphically reflects the properties of the group, i.e.

T(9)T(k) = T(gk),
T'(e) = identity element.

For the cases we have considered the vector space could be the vectors [f]
or when acting as a transformation group the functions f(z). In any given
representation the Lie algebra elements also have their representatives which
can be calculated as follows

d
Av=— v
(1)
dt t=0
for any one parameter group g(t). In this definition v can be a finite dimensional
vector (in which case A is a matrix) or a function of z (in which case A is a
differential operator). For the example we have been using the differential
operators that represent the Lie algebra acting on functions of x are
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It can be easily checked that these elements satisfy the correct commutation

relations.
Excellent references on the subject of Lie groups are [10], [14], [15] and [16].

1. An illustrative example: the
Helmholtz equation in two dimensions

These lectures will attempt to explain how the classical special functions arise
and how they can be related to Lie’s theory of symmetry groups of differential
equations. The essential ideas are most easily explained via crucial examples.
As our first example let us consider the Helmholtz equation

(A +HU =V, + v, +wi¥ =0, w real and non zero. (1)
If we consider solutions of a certain class of this equation e.g. the solutions
which are analytic or perhaps square integrable, then this space is a vector
space, i.e. if W1, Wy are solutions of (1) then so is a¥; + bW, if a and b are
complex. It is intuitively clear that if ¥(z,y) is a solution of (1) then so
are ¥; = ¥(z +a,y+b) and ¥; = ¥(zcosh + ysinfh, —zsinf + ycosh).
This observation means that if we translate or rotate the coordinates in any
solution of (1) then we obtain another solution. The group of all translations
and rotations is called the Euclidean group FE(2). These are just the motions
that preserve the Euclidean distance between two points in the plane. The
effect of a symmetry group on the solutions of (1) can be deduced from that of
its Lie algebra. This is the fundamental result of the theory of continuous Lie
groups. For a space of functions such as we are considering the elements of the
Lie algebra are realised as partial differential operators. Indeed if we consider
the operators

P=0;, P,=0, and M =y0, — z0,

then we can observe from the Taylor series expansion that

oo

ats
exp(aP)¥(z,y) = Y 7F¥(z,y) = ¥(z +a,y),
i=0

exp(bPy)¥(z,y) = Z P' Y(z,y) = ¥(z,y+b),

exp(IM)¥(z,y) = Z M ¥ (z,y) = U(zcosh + ysinf, —zsinf + ycosb).

These partial dxfferentxal operators close to form a Lie algebra under commu-
tation. The commutation relations are

[P, ] =0,
(M, P\] = P,
M, Py] = —
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The actual group E(2) can be realised as the group of matrices of the form
cosf@ —sinf 0
g(0,a,b) = | sind cosf 0
a b 1

where a and b are real and 0 < 6 < 27. The rule for combining these elements
i.e. the group composition law is

9(6,a,b)g9(a,c,d) = g(0 + a,acos a + bsina + ¢, —asin a + bcos § + d).

Acting on the space of vectors in two dimensional Euclidean space the group
element transforms ¢ = (z,y) to the point

zg = (zcosf + ysinf + a,—zsinf + ycosf + b).

Indeed the matrices

0 -1 0 0 0 0 0 00
M=|1 0 0|, P=|00 0|, P=|0 0 0y,
0 0 0 1 00 010

satisfy the same commutation relations as the partial differential operators we
introduced previously. Indeed we can easily compute that

[cosf —sinf 0
exp(fM) = | sinf cosf O

| 0 0 1

(1 0 0]
exp(Pia)= (0 1 0

la 0 1]

[1 0 0]
exp(P2b) =10 1 b

[0 0 1]

These are then two ways of realising the same algebra LE(2), one in terms
of matrices acting on the vectors (z,y, 1), and the other acting on functions
¥(z,y). Before proceeding we observe that the general group element can be
constructed via the formula g(8,a,b) = exp(6M)exp(aP; +bP,), i.c. a general
E(2) element can be written as the product of two translations exp(a?; + bP;)
and a rotation exp(#M). Lie groups such as E(2) are studied from the point
of view of representation theory. This involves the representation of the group
element g(6, a,b) by a linear operator T'(g(6, a,b)) acting on some vector space
in such a way that T'(k)T'(h) = T'(kh) where k = g(0,a,b),h = g(a,c,d) and if k
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is the identity of the group then 7T'(k) is the identity operator. These operators
mimic the group laws in a homomorphic way. On our space of functions of
¥(z) the corresponding representation is

T(g(0,a,b))¥(z) = exp(0M)exp(aP; + bP)¥(z) = ¥(zg).

where zg = (zcos + ysinf + a,—zsinf + ycosf + b).

What has all this got to do with special functions? It is known from
classical reference books that solutions of (1) which can be solved by separation
of variables give rise to some of the classical special functions of physics. A good
reference for the classical special functions and how they arise via separation
of variables is [12].
In particular it can be shown that there are only four coordinate systems in
which this separation occurs.
1. Cartesian coordinates, =, y. The solutions then have the form of a prod-
uct of exponential functions

Vy(z,y) = e

where A? + p? = —w?.
2. Polar coordinates, * = rcosf,y = rsinf, 0 < r < o0, 0 < 0 < 27.
The solutions are then of the form

Wy(r,0) = Crp(wr)e'™?

where Cy, (wr) is a solution of Bessel’s equation.

3. Parabolic coordinates, z = %({2 —n?),y = &n. The solutions are a
product of parabolic cylinder functions.

4. Elliptic coordinates, ¢ = dcosh a cos &,y = dsinh asin . The solutions
in this case are then products of Mathieu functions.

We now see that we have special functions arising from separation of variables
and also an associated group of symmetry transformations E(2).

How are the notions of separable solutions and the existence of a
group of symmetries connected? To answer this we need to look at the
operators that define the Lie algebra LE(2). These operators are such that for
the solutions ¥, (z,y) and ¥s(r, ) the following eigenfunction equations hold

PV (z,y) = A¥y(z,y),
My (r,0) = im Uy(r,6).
Each of the solutions is the eigenfunction of an element of LE(2). If we con-

sider an element of LE(2) such as L = pP; + ¢P» + rM then the occurrence
of these two coordinate systems can be explained as follows. Let’s say that
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two elements of the form L, L, and L, say are related by a transformation in
E(2) acting on the z and y coordinates we then say they are equivalent. If
we classify all equivalence classes of such operators we obtain only two possi-
bilities. Suitable choices of representative from these two classes are M and
P;. We can then say that if we are looking for solutions of (1) which are also
eigenfunctions of an element of LE(2) then to within translations and rotations
in the plane the solutions are either those obtained for Cartesian coordinates
or polar coordinates, i.e. we could position our Cartesian coordinates or polar
coordinates arbitrarily in the plane.

Is there an analogue of this result for the two other coordinates
systems? The answer is yes. To see this consider the coordinate systems 3
and 4 in more detail.
3. If we rewrite (1) in terms of parabolic coordinates then the equation
has the form '

(afé + aﬂn)‘l’ = wz(gz = 772)‘1’ =0.

The separable solutions ¥3(&,n7) = M(§)N(n) satisfy the separation
equations

(B¢ + (W€ = N))M(€) =0,
(Onn + (w?n? + A)N(n)=0.

We can see by direct computation that these solutions satisfy the eigen-
value equation

(62 + 02)_1(7)2355 - €2ar7n)w = AV,
This is the analogous equation to that given for the polar and Cartesian
coordinate systems. The difference is that A is the eigenvalue of a

second order partial differential operator. What is the key observation
is that this equation can also be written in the form

{M,P}¥ = (MPy + P,M)¥ = \U.

4. Similar observations hold for elliptic coordinates. The equation (1) in
these coordinates has the form

(Baq + 0aa)¥ + d?w?(cosh? a + cos? a)¥ = 0.
Setting ¥ = A(a)B(a) the separation equations are
(0aa + (d*w? cosh®a + X)) A(a) = 0
(Oaa — (d*w? cos? a + X)) B(a) = 0.
The separation constant is an eigenvalue of the operator
(cosh2 a — cos? a)'l(cosz a8,q + cosh? a04a)¥ = AV,

(M? + d*P2)¥ = V.
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From this we see that all the separation equations for the four coordinates
systems can be characterised as eigensolutions of a second order operator which
can be expressed as a sum of symmetric products in terms of M, P; and Ps.

If instead of considering first order operators in the elements M, P; and P»
we consider second order elements of the form Q = r{P,,M} + s{P;, M} +
tPy Py +uP?+ vP}+wM? and classify all classes of such operators into equiv-
alence classes under the Euclidean group F/(2) we obtain four classes. Suitable
representatives of these classes are

1P,

2. M2,

3. {M, P},
4. M?+d’P?,

to within multiples of Ay + w? = PZ + P} 4+ w?, i.e. the original equation (1).
The operator Aj is an example of a Casimir operator in that it commutes with
all the elements of LE(2):

[Ag, P]=0, 1=1,2, [Ag, M] = 0.

We therefore have a very nice relationship between equivalence classes of oper-
ators of this type and separable systems of (1).

How can we use group theory to derive properties of the special
functions that occur as solutions of (1)? This can be done by introducing
the Fourier transform of the solutions ¥(z,y) of (1). Suppose that ¥(z,y) is
represented by

\Il(x,y):/ / exp(i(w1z + way))h(wi, w2)dwidws

with Fourier transform h(w;,w;). Proceeding formally this function is a solu-
tion of (1) provided that

oo o0
(A+ )W = / / (w? —w} —w?) exp(i(w1 z + way))h(w1,ws)dw; dwy = 0

i.e., h(wy,ws) = (1/w)é(w — s)h(p) where é(z) is the Dirac delta function and s
and w are polar coordinates in the w;,w; plane. Noting that dw;dw, = sdsdyp,
the s integration can be carried out for the representation of ¥ to obtain

¥(z,u) = [ expliu(zcos i+ ysin))h(p)dp = I(h)
The group acts on functions of = as already described. How does it act on the
functions h(p)? This is easily deduced by requiring that

m

T(9)¥(z,y) = / exp(iw(z cos ¢ + ysin ¢))T(g)h(p)dep.

-
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The induced action is then
T(g)h(p) = exp(iw(acos(e — 0) + bsin(p — 0))h(¢ — 0)
where we are implicitly assuming that h(p + 27) = h(p). We can consider the
space of functions h(y) with inner product

(b k) = [ Bi(p)hale)de

and finite norm. This will be a Hilbert space H and the operators T(g) act
on this space irreducibly and satisfy the group property T(g192) = T'(91)7(g2)
(irreducibility means that there are no proper subspaces on which E(2) acts as
a representation). The operators representing the Lie algebra on H are

) g s d
P, =iwcosp, Py,=wsing, M=-——.
de
These operators satisfy the same commutation relations as we have seen earlier
and the effect of the group acting on the functions () can be obtained via

T(g) = exp(6M)exp(aP; + bP,).

In particular we should note that the transformation ¥ +— h is unitary i.e.
inner product preserving, (¥1,¥2) = (hy, hy) where

(¥y,¥3) = /_0:0 /_0; Vi (z)¥y(z)dz.

What this observation achieves is the following. If we want to describe the
space of solutions ¥ of (1) with the inner product in terms of a set of basic
eigenfunctions of say M, we can just as well do it in the Hilbert space of
functions h(p) which has one variable less and we lose nothing. Because the
mapping ¥ — h is unitary no spectral properties are changed. In short, if we
look for a complete set of vectors fn,, such that M f, = im f,,, then we need
only solve this equation in the Hilbert space H, i.e., solve

d ;
= (az) Jr= Yidans

The corresponding orthonormal solutions are

Ffn = (2%)‘% exp(imy), m=0,%1,%£2,...
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The corresponding orthonormal functions ¥,,(z,y) are

Um(z,y) = I(fm)
= (2#)_%/_ exp(iw(cos(p — 0)) exp(im ¢)dyp

=1i"(27) %Jm(wr) exp(im )

where J,,(z) is the Bessel function of order m. From what we have just dis-
cussed we can then say that (¥,,,¥,) = émn.

It is basically the mapping I : h — ¥ which enables one to derive relations
amongst these special function from very general principles. Let’s look at bases
corresponding to the other three separable coordinate systems in Euclidean

space.
1. Cartesian coordinates. It is sufficient to look for eigenvectors of P, =
iwsin . A suitable basis must satisfy szc(,l) = 1w sin aff,l), the choice to be
made is ff,l) = 8(¢ — @) where a is real. The basis vectors are then labeled by
the continuous index «. The corresponding ¥ function is

¥(N(z,y) = exp(iw(z cos a + ysin a)), « real.

2. Polar coordinates. In this case we have seen that the basis vectors f( ) = = Jm
are labeled by the discrete index m = 0,4+1,42, ...

UD(z,y) = i™(21) /D I (wr) exp(im ).
3. In the case of parabolic coordinates the basis vectors have the form

f(';) { (2#)(‘1/2)(1 + cos <p)”'ﬂ‘/2—(1/4)(1 — cos SO)"#/2—1/4Y O<p<m
s = o, e

and ff‘s_)( )i f(a)( ®). There is in this case a continuous spectrum labeled
by the real number p and the indices +. The eigenfunctions satisfy

(M, P} =20pf3), p real

and
(D, F30)) = b6cob(u— '), where ¢, ¢’ = .

The corresponding ¥ functions are

W (€, m) = (V2cos(ipm)) " (D,,_1(0€)D_y,_1(on)
+sz—~—( UE)D—m-l( U”))
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where o = exp(im/4)(2w)/? and D,(z) is a parabolic cylinder function.

4. In the case of elliptical coordinates the corresponding eigenfunctions are

9 = r 3cen(p,q), n=0123...
9 = 17 3sen(p,q), n=123...

where the ce and se functions are even and odd periodic Mathieu functions and
q = d?w?/4. The eigenvalues are transcendental and are labelled by the integer
n. If we label this basis by f,(j) where t = s, ¢ then these functions satisfy the
orthonormality relations

n'd!

(FD.100) = bwbom and (M2 + EPSD = An .
The corresponding ¥ functions are

\I’nc(‘r) y) = Ceﬂ(a7q)cen(a1q)y
Wne(z,y) = sen(a,q)sen(a, q)

to within normalisation constants.

Let us establish the formula for the generating function of a Bessel function.
In the one dimensional model we can write f,gl) = Z;':z_oc Aom ,(n?) where
Aam = (1/v/27)e™"™ . As the transformation between one and two variable

oy Aam U2 or explicitly

A ' : 1
models is unitary we may write vl = Y ome oo

g )
6iw(zcosa+ysina) = Z ime(wr)eim(ap—a)

m=-—0Q

which is the desired formula. Many other identities between classical special
functions can be worked out using many of the intrinsic group properties such
as group multiplication laws

TG (gh) = Y T ()T (k)
k

and the reduction of Tensor products.

In addition to the Helmholtz equation for real variables z and y there is also
the possibility of separation of variables when the variables are complex. In
this case there are six coordinate systems. They are

(1) Cartesian coordinates z,y, characterised by P;.

(2) Polar coordinates z = rcosf, y = rsinf, characterised by M.

(3) Elliptical coordinates z = acoshacosf3, y = asinhasinf, charac-
terised by M? — a? PZ.
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(4) Parabolic coordinates z = 1(€2—n?),y = £n, characterised by {M, P}.

(5) Degenerate ellxptlcal coordmates of type one z = (u? +u?v?— vz)/2uv
y = i(u? — u2v? 4 v?)/2uv, characterised by M? + (P, + iP,)? with
separable solutions the product ot two Bessel functions.

(6) Degenerate elliptical coordinates of type two

1 Vot
r=—tw- 24w ),
v=-i(-jw=27- jw+2),

characterised by {M, P, +iP,} + (P; — iP,)? with separable solutions
the product of Airy functions.

What is clear from here is that there are more coordinate systems available
than in the real case. In fact if we were to consider the Klein-Gordon equation
VU, — ¥y, +w?¥ = 0, there would in fact be ten real forms and correspondingly
different separable systems possible.

What have we developed here? The recurring features of these lec-
tures will be as follows.

1. We are given an equation of which three types are typical. The Helm-
holtz equation, the heat/Schrodinger equation, or Laplace’s equation.
2. If we write this equation as

Q¥(z) =0 (%)

we the look for the vector space of operators L = Y ;_; ax0 +ao which
are such that if ¥ is a solution of (%) then so is L¥. The set of such
operators forms a Lie algebra i.e. it is closed under commutation.

3. The action of any Lie algebra element on the functions ¥ is given by

oo

exp(La)¥ Z La)"

4. The candidate special functions are R separable solutions of (x), viz
solutions such that ¥ = R(u,,... un)Hk . ¥i(u;). These solutions
are characterised as eigenfunctions of a suitable set of operators which
are often times expressible in terms of elements which are symmetric
products of second order in the enveloping algebra of an associated
symmetry group.

5. What is then required is a vector space of solutions of (). This could
be a Hilbert space with an appropriate inner product or perhaps a
space of analytic solutions of () about a point.
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6. What is then needed is a second model of this space of solutions. This
generally involves fewer variables. Basis functions arising from separa-
ble solutions are usually easier to calculate in this model.

7. The group property is what is used to derive identities amongst differ-
ent bases. At the Lie algebra level the equivalent commutation rela-
tions can result in identities for the solutions. These identities translate
to identities for the solutions of (1).

These are the basic steps in studying special functions arising from equations
of physics. The important texts on this subject are [6] and [11].

2. The Schrodinger equation, separation
of variables and special functions

In quantum mechanics the state of a system is described by the Schrodinger
equation in the coordinate representation. In one space dimension the time
dependant Schrodinger equation has the form

thW, = (=h?/2m)¥,, + V(z)¥

where h = h/27 and h is Planck’s constant. Among the most important
Schrodinger equations are those for which V(z) is one of the potentials

1. V=0.

2. V =a/z? + kz?, k positive or negative.

3. V =az,a # 0, linear potential.
The problem of relating solutions of the Schrodinger equation to special func-
tions is again via separation of variables and the associated symmetry group.
The key difference is that we now consider the concept of R separation. Pre-
viously we considered solutions that were a product of functions on individual
functions of the separating variables, i.e. ¥ = W¥(z;)¥(zy). By R separation
we mean that there is the possibility that there is a well defined function in
front of this product ¥ = R(z1,z,)¥(z,)¥(z3). To find out all the possible
coordinate systems associated with the free particle Schrodinger equation

i, + ¥, =0 (2)

one has to calculate the symmetry algebra. In the case of the Helmholtz equa-
tion it was clear what group mapped solutions into solutions. In the case of the
free particle Schrodinger equation this is not so. Consequently we look for all
the operators L = a(t, )0, +b(t, z)d, +c(t, z) such that if ¥ is a solution of (2)
then so is LY. If we make this requirement then we obtain a six dimensional
algebra L(S;) with basis

Ky = —t208, — tzd, — t/2 + iz®/4, K= —18; +iz/2
Ko=i, K_1=8,, K_,=0, K°=28;+2t0,+1/2
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If we choose the basis

Cy = K 3} 11Chyr=cy ) vvlgi= K_o — Ko,
Li =K% Ly=K_,+ Ky, FE=K,,

the commutation relations are

(L, La) = =2Ls, [La,Li] = 2La, [La, La] = 2L,

[C1,Cs] = E/2,

[L3,C1] = Co, [L3,C2]=—Ci, [L2,Ci]=[Ca, L1] =—Co,

[L1,C1] = [L2,C2] = —=C
This form of the commutation relations gives the essential structure of the

algebra.
1. The L;,i = 1,2,3 generate the Lie algebra of SL(2, R) also realised as the

. : : b :
space of traceless 2 x 2 matrices z.e. matrices ] with

1 0 1 0 1 0
L1:[0 —l]’ Lg:[o _1], and ng[o _1}.

The corresponding group consists of the matrices A = [3 ?] ,ab — Py =1,

a, 3,7, 6 real numbers.
2. The elements C,,Cy and E form a basis of the Weyl algebra W; also realised

as the matrices
0 0 0 0 2
0 sl | o i Gai=T PO B |
0 0 0 0 O
2p+ uv/2

gr 15 46
C] = 0 0 0 ’ 02 b <!
0 0 0
1 v
B(u,v,p) =10 1 u =exp((p+ uv/4)E) exp(uC>) exp(vCs).
0 0

This algebra can be exponentiated via
1

O OO

The law of group multiplication is
B(u,v,p)B(d',v',p,) = Blu+ v, v+, p+ p' + (vu' — w')/4).
The action of these subgroups on functions of z and ¢ is

T(u,v, p)®(t, ) = exp(ip + i(uv + 2uz — u?t)/4)®(t,z + v — ut),

z2p % ¥+ ta x
4(5+m)](‘5+w) ¢(6+t6’6+t6>'

T(A)®(t,z) = exp [i
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This symmetry group is the semi-direct product of W, and SL(2, R), i.e. any
element is specified by the coordinates ¢ = (A, w) where w = (u,v,p) and
a group element in a given representation by 7'(g) = T(A)T(w). Now that
we have found our symmetry group we know that it maps solutions of the
Schrodinger equation into solutions. In order to find separable solutions of the
Schrodinger equation we proceed in analogy with the Helmholtz equation. We
can act on the vector space generated by the Lie algebra via the action of the
group S;. This is done by what is called the adjoint action. This is defined by

00 Wk
exp(Ad(L)M = (Ai(!“)

k=0

M, L M in L(S))

where Ad(L)M = [L, M]. (Exercise: show that this is what we did for the case
of the Helmholtz equation). We say that two elements M;, M, are equivalent if
there is an L in L(S;) such that M; = exp(Ad(L))M,. Under this equivalence
relation we find there are four equivalence classes of elements of L(S;). Typical
elements of these five orbits have representatives K_;, K_s — K;, K° and
K9 — K_5. For each of these representatives a separable coordinate system is
possible. This can be seen as follows.

1. Choose the Cartesian coordinates ¢ = u, t = v. The Schrodinger equation is
then ¥, + ¥,, = 0. The solutions are then ¥ = exp(Au — iA\?v) which satisfy
K_1¥ = )\V.

2. For the coordinates associated with K_5 — K we choose coordinates z =
u+v%/2, t = v. The Schrodinger equation is then

By +i®, + (—u/2+0v?/4)® =0
where ¥ = exp(iuv/2)®. The solutions are then

¥ = exp(uv/2) exp(—(iv®/12) — iAv)Ai((u/2) — X))

where Ai(z) is an Airy function. In particular, (K_, — K;)¥ = A¥. We should
note the if we wrote ® = exp(—iv3/12)A and v = V,u = U then A satisfies the
equation ®yy + i®y + (—U/2)® = 0 which is the Schrodinger equation with
linear potential —U/2.

3. For the coordinates associated with K° we choose ¢ = u\/v, t = v. The
Schrodinger equation is

Dyy + 0P, + (u?/16 +i/4)P =0
where ¥ = exp(iu?/8)®. The solutions are then

U= exp(iu2/8)v(_i’\_1/4)[)“_%(—u\/i/2)
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where D, (z) is a parabolic cylinder function. The solutions satisfy K°¥ = i\y,
and we note that putting v = U, v = exp(V) that the equation for ® becomes

Sy + 1y + (U?/16)® =0

which is the Schrodinger equation with potential U?/16.

4. For the coordinates associated with Ky — K_o we choose z = u(1 + v2)3,
t = v. The Schrédinger equation is

®uy +i(v? + 1)y + (—u’/4+iv/2)® =0
where ¥ = exp(iu’v/4)®. The solutions are then
U = exp(iu?v/4 — i(n + (1/2)) tan~ ' v)(v? + 1)~ % Hu (u)
where H,(z) is a Hermite polynomial. The solutions satisfy
(Ky— K_2)¥ =i(n+ (1/2))¥,
and we note that putting u = U, v = tan V and ® = (cos V)~ 2A, the equation
for A becomes Ayy + iAv + (—=U?/4)A = 0 which is the Schrodinger equation

with potential —U?/4.
From these observations we see that the Schrodinger equations

with potentials V(z) = 0, az, +bz? all have the same symmetry group.
These results extend to the case of Schrodinger equation in n dimensions
in the sense that for potentials of the form V(z) = 0, az;, +bz -z the corre-
sponding symmetry groups are abstractly identical.
The classical references for the extension to n dimensions are [3], [13].

The next question is: How do we set up a model of the solutions and workout
the bases corresponding to these separable solutions? Just as in the case of the
Helmbholtz equation there is indeed a one variable model available. It is

1
K, =iz?/4, K, =iz/2, K_1 = 8;, K_3 = i0zz, Ko =i, K = z0; + &

It can be shown that given f(z) then ¥(z,t) = exp(tK_,)f(z) is a solution
of the Schrodinger equation (2). Moreover this relationship is inner product
preserving i.e. unitary:

/ U, (t,z)¥5(t, x)dz = (exp(tK_2)fi, exp(tK-2)f2)

(e}

= f = [ " @) f (2)de.
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3. Separation of variables and the
Helmholtz equation in three dimensions

Just as we have done in the previous lectures we can look for solutions of the
Helmbholtz equation
(A3 + W)W = (Vz,0, + ¥osa, + Vogry +0°)¥ =0 (3)

which are solvable via the separation of variables ansatz ¥ = H:::l U (ug). If

we look for the set of partial differential operators L = 22:1 ap(zy,z9,23)0;,
such that if ¥ is a solution of (3) then LV is also, we find that the space of all
such operators is six dimensional with a basis

Y 1 i=1,2;3

J3 = 2208z, — 210z,, J2 =210z, — 230:,, J1 = 2307, — 220;,.
We can easily verify that they form a Lie algebra with commutation relations

[Ji, i} = eiude,
[JI; Pm] = flmnPna
[P, Pn]=0.

This algebra is the three dimensional version LE(3) of the two dimensional
Euclidean group which we discussed in the first lecture. It is clear that if we
rotate or translate the coordinates of any solution ¥(z;,z2,z3) of (3) then we
again obtain another solution. Indeed we have typically the relations

exp(aPy)¥(z,, z3, 23) = ¥(z1 + a,z2,23),

exp(8J,)¥(z1, 2, 23) = ¥(z1, 22 cosf — x3sinf,z3cosf + zysinb).

In matrix form the elements of E(3) are represented by the 4 x 4 matrices
A0
g(A, a) - [ a 1]

where A is a rotation matrix and a = (a;,az,a3) a real three dimensional
vector. E(3) acts as a transformation group acting on function ¥(z) via the
formula

T(A,a)¥(z) = U(zA + a).

In order to obtain separable solutions for this equation we need to find two ad-
ditional operators which describe the separable solutions. This can be done just
as we did for the two dimensional case. If we classify pairs of operators which
commute and are made up of symmetric products of elements of LE(3) we ob-
tain various equivalence classes with typical representatives. For each of these
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there corresponds a separable coordinate system and corresponding special
function solutions. If the solutions are of the form ¥(z) = ®(z, z2) exp(iw13)
then the problem reduces to the two dimensional case already studied in the
first lecture i.e. ®(z1,zs) is a solution of (Ag + w? — w®(zy,z2) = 0. We
can then choose one of the four coordinate systems associated with the first
lecture if we identify £ = z;, y = z». The remaining coordinate systems
are given below together with the separable solutions and their Lie algebra
characterization.

1. Spherical coordinates z; = rsinf cosp, zo = rsinfsinp, 3 = rcosyp. If
we look for solutions ¥ = R(r)T'(8)®(p) then the separation equations are

d’R 2dR

b e y4 2 =
. + (w? = (et + 1)/r*) R =0,
d’T dT m?
4 cotf—+ [ L(L+1)— T =
0% T O g (( it sin20) 0,
d?® "

The solutions are of the form ¥ = r"l/2C£+%(wr)Ylm(9, @) where Yim (0, ) is
a spherical harmonic and C,(z) is a Bessel function. These functions satisfy
the eigenvalue equations

(J- ) =(JE+ T3+ T3)¥ =—LL+1)¥,
I = —mz\Il.

2. Prolate spheroidal coordinates,
z, = csinhasinacos ¢, T3 = csinhasinasing, z3 = ccoshacosa.

If we look for solutions of the form ¥ = A(a)B(a)C(y) then the separation
equations are

d*A dA
7z T coth a——+ (=X + c*w?sinh® a — (m?/sinh?a)) 4 = 0,
d’B d
To? +cotagg+(/\+c w?sin? a — (m?/sin’ @))B = 0,
d*C 2
—(790_2 =-m°C.

The typical solutions have the form

¥ = Psl™l(cosh a, c?w?) PsI™ (cos @, c*w?)e'™ ¢



SPECIAL FUNCTIONS, LIE THEORY AND PARTIAL DIFF. EQUATIONS 19

where Pslnml(cos B, c*w?) is a spheroidal wave function. These solutions are
eigenfunctions of the operators

(J-J—a*(P}+ P})¥ = -\¥
J2W = —m?¥.
3. Oblate spheroidal coordinates,
z1 = ccoshacosacosp, o = ccoshacosasing, r3 = csinhasina.

If we look for solutions of the form ¥ = A(a)B(a)C(y) then the separation
equations are

2
j?+tanhad—A+( A+ c2w? cosh®a — (m?/ cosh?a))A = 0,
d’B dB
g tanad—+(/\+cw cos® a — (m?/ cos’a))B = 0,
d2
d—cpg = —mZC.

The typical solutions have the form
¥ = Psi™l(—isinha, c2w?)Psi™ (sina, —c Al Tyaae,
These solutions are eigenfunctions of the operators
(J-J +ad®*(P! + P}))¥ = =)V,
J3V = —-m?V¥.

4. Parabolic coordinates ¢, = £ncos @, To = Ensing, 3 = (€2 — n?)/2. If we
look for solutions of the form ¥ = Q(€)A(n)C(¢) then the separation equations
have the form

d2Q 149
Tt - m/e - e =0,
d’A  1dA 202
— 4+ =— + (W’ 7’ +A)A =0,
dn?  ndp ( /

d*c i

These equations have the solutions

(:A/4w+ (m+1)/2 'zwé_z) %

(iA/4w+(m+1)/2

= (Em)™ exp(iw (€ + n*)/2 + im )1 Iy

1 liwrf)
“m+1
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These solutions are eigenfunctions of the operators
({J1, P2} = {J2, A})¥ = AV,
J2¥ = —m?V¥.
5. Paraboloidal coordinates,

z1 = 2c cosh a cos asinh v,
29 = 2c¢sinh asin 3 cosh v,
z3 = c(cosh 2a + cos 23 — cosh 27)/2.

If we look for solutions of the form ¥ = A(a)B(8)C(7y) then the separation
equations are

2
j—aé(—-q — Accosh 2a + (w?c?/2) cosh4a)A = 0,
d*B 2.2
d—52(q + Accos2f — (wc®/2) cos4B)B = 0,
d’C 2.2
E’Y—f(_q + Accosh 2y + (w®c®/2) cosh4y)C =0

where ¢ = u — c®w?/2. These equations have the solutions
¥ = ge, (ia; 2cw, A/2w)gen (B; 2cw, A 2w)ge, (iy + m/2; 2cw, A/ 2w)

forn = 0,1,2,... and g = pn. The functions gcn(z,a,b) are odd periodic
solutions of the Whittaker-Hill equation. The ¢ can be replaced by s to give
odd solutions as well. The eigenvalue equations satisfied by these solutions are

(J2 = 2P} + c{Js, P1} + c{J1, P2})¥ = —p¥,
(cP} — cP! + {J2, P} = {J1, R,)¥ = AV.

6. Elliptical coordinates,

zi = (u—a)(v —a)(p - a)/a(a - 1),
25 =(p-1)(v-1)(p-1)/(1-a),
z3 = pvp/a.

If we look for solutions of the form ¥ = A(u)B(v)C(p) then the separation
equations are of the form

d’L 2 2 2 ]dL
1 + ]E+(A1K+/\2+w2k2)[/=0

4K(K—1)(K_a)w kK kK—1 kK-—a
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where L = A,B,C and k = p,v,p respectively. The solutions satisfy the
eigenvalue equations

(J-J+ Pl +aP}+(a+1)P3)¥ =\ ¥,
(J? 4+ aJ? +aP2)¥ = A0,

The solutions to these equations are called ellipsoidal wave functions and have
been discussed to some extent in the literature.

7. Conical coordinates,

r?[(bu — 1)(bv = 1)/(1 - b)],
r2[b(e = 1)(v = 1)/ (b~ 1)],

ek
T
hias
&g =
2 b
e2 = r?[buv.
J¢ 1s convenient to rewrite these coordinates in elliptic function form, viz

z1 = r(1/k")dn(a, k)dn(8, k),

zy = ir(k/k")en(a, k)en(B, k),

r3 = rksn(«, k)sn(B, k)
where we have introduced Jacobian elliptic functions sn, dn, cn and the vari-
ables are in the ranges 0 < r, —2K < a < 2K, K<< K+ 2K’ k= b3, If

we now look for solutions in the form ¥ = R(r)A(a)B(3) then the separation
equations satisfied by this ansatz are

#R  2dR ,
57 T gy T = e+ 1)/r)R(r) =0,
d2

d—+(/\ £(£+1)sin’k)L =0

where L = A, B and k = a, 3 respectively. These solutions satisfy the eigen-
value equations

(J - J)¥ = —£(£+1)¥
(JE4bJ3)¥ = AV.

The equation for R is identical with that for spherical coordinates and the
solutions for L are Lame polynomials.

Just as in the case of two dimensions we have that the classification of pairs
of commuting operators is exhaustive, Also there is an inner product that we
can put on the space of solutions of (3), viz

(¥, %) = / / ¥i(2)¥s(e
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In direct analogy we can move to a simpler model by taking the Fourier trans-
form

V= / /5 : exp(iwz - k)h(k)dk = I(h)

where k-k = 1. This relationship between h and ¥ is inner product preserving,
i.e. (\I’l,\I’z) = (hl,hz) = ff52 h;hgdk

It is then possible to derive the correct spectrum from this simpler model
on the sphere just as we have done in the case of two dimensions and this is
often easier to do as there is one variable less. In fact acting on the functions
h(k) the basis elements of the Lie algebra have the form

P, = iwsinfcosp, P, =iwsinfsing, P;=iwcosd,
J1 = k30k, — k20k, = sinpds + cos @ cot 80,
Jo = k10k, — k38, = — cos p0p + sin p cot 69,
Jz = kgakl - k13k2 = —6(,

where k = (sin @ cos ¢, sinfsin¢, cosf).

A classical and important paper on separation of variables for the Helmholtz
equation in three dimensions is [5].

4. Separation of variables and the
Laplace equation in three dimensions

Just as we have done in the previous lectures we look for solutions of Laplace’s
equation
Az¥ = ‘I’Il-‘fl + ‘1’1‘232 + \1’1'31‘3 =0 (4)

which are solvable via the separation of variables ansatz

3
\I’ = R(ul,ug,ug) H \Ilk(uk).
k=1

Classically this has been done by Maxime Bocher in his classical work on Po-
tential theory [2]. The way to understand his work via group theory is by the
methods we have already discussed for the Helmholtz and Schrodinger equa-
tions. If we look for the set of partial differential operators

3

L= Z ax(z1,232,73)0z, + ao(z1,22,23)
k=1
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such that if ¥ is a solution of (3) then LW is also we find that the space of all
such operators is ten dimensional with a basis

Pri=0,% t=1,2,3;

J3z = $26x, Ta Ilaz:zy Jo = 1‘16;-3 Y 336‘”1’ bLe 1:38;, par xzaxs»
1
D= 97 (210z, + 220z, + 230z,),
Ki=zi+ (z} - :612' — 3)0s, + 22,205, + 2xizk0s,, 1#J, JFk i# k.

The elements P;,, Ji generate the algebra LE(3). The remaining elements are
genuinely new. The action of these elements in the large on functions ¥(z).
are '

exp(AD)¥(z) = exp(—A/2)¥(exp(—A)z),
exp(a1 K1 + a2Kz + a3K3)¥(z) = (1 -2z -a+(a-a)(z- z))" %,
VY((z—a(z-2))/(1—-2z-a+(a-a)(z-x)).

The K, are referred to as special conformal transformations and the D is a
dilation operator which corresponds to the obvious symmetry of the laplace
equation obtained by replacing z — [exp(—A)]z. There are in fact other im-
portant discrete transformations associated with the Laplace equation. These
are the transformation of inversion in the sphere specified by

1¥(z) = (z - 2)" 3 ¥(z/(z - 2))

and of course reflections R¥(z;,z2,z3) = ¥(—21,Z2,23). In fact the relations
between the K; and P; are specifically IP;, = —K;I.

In fact the geometry of this fifteen dimensional algebra of (4) can be easily
understood in terms of the so called pentaspherical coordinates. These can be
obtained using the projective coordinates (z,t)

v =i(z -z +1%), ys =2-z2—12, y;=2zqt, 1=23,4

where the Cartesian coordinates are given by z; = z;/t. In the five dimensional
space of the coordinates y; we can get a clear interpretation of the elements of
our Lie algebra. In fact the following formulas can be verified

Js =T33, J3=Ta, Ji=Tg, D=Tis,
P, =T12+T3s, Py=Ti3+T3, P3=T14+7T4s,
Ky=T13-T3, Ky=Ti3—T3, K3=T14-"T4s,
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where I';; = y,»ayj — y;j0y,. From these relations we can see that the Lie al-
gebra is the same as that we would get by considering all the linear trans-
formations which preserve the quadratic form }:Zzl y? = 0, which for the
choice of coordinates given above is in fact zero. This algebra is called the
conformal group and can be identified via the notation LSO(1,4), the Lie al-
gebra of pseudoorthogonal 5 x 5 matrices M that preserve the diagonal matrix
D = diag(1,—1,-1,—-1,-1), i.e. D = MDM". The geometry of the Laplace
equation is closely related to this observation. To obtain separable coordinates
for this equation and the corresponding special functions, quadratic surfaces
need to be considered on this five dimensional space. These are curves specified

by 5 2 5
Z,\yk =1, ny:o’

k=) k=1

A = A1, Ao, A3. For these coordinates the pentaspherical coordinates are given
by
3
112 1 ) g W T
Hz;e;:(el — ex)

The confocal curves introduced in this way are called confocal cyclides. They
form the basis of all coordinate systems for the Laplace equation (4). We can
again discuss the notion of equivalence under the adjoint action of the conformal
group algebra and find that pairs of operators S, S which are symmetric and
quadratic in the elements of LSO(1,4) and which commute can be divided
into equivalence classes that correspond exactly to separable coordinates. Let’s
look in some detail at the most general coordinates of cyclidic type. We can
without loss of generality subject the coordinates A; and numbers e, to arbitrary

transformations
al+b aey + b

Hc/\+d’ ekHcek+d

and can therefore choose e4 = 0o and eg = 0,e; = 1,e; = a,e3 = b. A suitable
choice of coordinates is then

where R = 1 + [A;AzA3/ab]?. Separable solutions to (4) can be obtained by
looking for solutions of the form ¥ = R% H?___I Aj(}j). The functions Ag(Ax)
satisfy the ordinary differential equation

VPO (VPOY &) = (537 + ead+ ) Ae = 0
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where P(A) = A(A — 1)(A —a)(A = b), A = A\;, Az, Az. This is an equation
similar to the one we have found for ellipsoidal coordinates in three dimensional
Euclidean space. It is a two parameter spectral problem with parameters cy, ¢z
needing to be determined. In fact these solutions satisfy the eigenvalue equa-
tions

a+1
4

i b+1 5 b
(Py+ Kq)? + %(Pl + K1)+ %(P3 + K3) 4+ J24+bJ; +all| ¥
= Cl\I’,
a i b i b ’
[Z(Pz + K9)? + 2P+ K1)® + %(P3 + K3)?| ¥ = cy¥.

There is no nice Hilbert space structure on the space of solutions of (4). How-
ever we can derive identities relating separable solutions of this equation. This
is done using what is known as Weisner’s method. For this let us consider the
expression

U(zy, 29, 23) =

] a6 / (dt/OR(B, ) expl(izB/2)(t + 1) + (WB/2)(t — 1) — B2] = I(h)
Cy Ca

where h is analytic on the domain of integration. For any h, ¥ = I(h) is a
solution of Laplace’s equation. By integrating by parts we can find the elements
of our symmetry algebra that act on the functions h(t, 3). They are

|
Pt=—pt, P~ =-8/t, P°=-if, D=p0s+ 3
J+ :ltag —-it26,, J_ = —i(/3/t)8t—i8¢, J°:t8t,
K+ = (1/8)(805 — t,)(80; — 0, — 1),
K~ = (1/tB)(30s + t9:)(80s +t0: — 1),
K° = (i/B)((t3:)* — (805)°)
where —J* = +Jy + iJ;,J° = iJ3 with similar expressions for P* and K*.
This representation is obtained from the requirement that LW = I(Lh) for L
in LSO(4,1). If we introduce the functions g,(,f) = £ 4™ it follows that on this
basis
JEgD) = (—x m)glk,,
J0g{P = mgl®,
POgO) = _glt+1)
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Dyl = (£ +(1/2))g1s,
KOgSﬁ) = (£ — m?)glt"),
Ktg® = —(¢—m)(£ - m-1)g{3 7,
K'g,(,f) =¢l+m)(l+m-— 1)g(t 1).

If ¢y 1s a complex number such that £y + 5 is not an integer then if £ =
bo, box1, bp+2,.... and m=2£¢, £—1, £—2,.... then all these vectors are
invariant under the action of the conformal group. This basis can be used to
construct identities for Gegenbauer polynomials. If we introduce coordinates
r,t,w which are spherical coordinates i.e.,

z3 T+ iz
w:T’ t:———r—‘, { z%—{-z%-}-x%

and consider functions ¥ )(w,t,r) which satisfy the recurrence relations. We
determine that P - P g(l) = 0. In this model one can establish the relations

that
l l l l L

which implies that \Il(t) ¢+ (1/2))(21)‘(r/ )~¢~! to within a constant
multiple. We can also deduce from the recurrence formulas that

exp(—iaP?)¥) = 2 (i—:!):\llffﬁ’")
and we also know that ”
exp(-iaPO)\IIEf,)(w,t,r) —
WD (04 2) 1+ 23+ 22) 7 he(Lr g+ 20 (14 25 4 20) 7).
If these two expressions are to be the same then
VO(w,t,r) = (€= m)T (m+ - )C’"+(1/2)( ) (%)

where C},(z) is a Gegenbauer polynomial. This can be deduced by putting
m = £in the above identity and recalling the formula for the generating function

of Gegenbauer polynomials, viz

(1—2az+a ZC”(z)a

-{-1

The general identity for Gegenbauer polynomla.ls deduced from these ideas is
-v—k/2
(1—2w+a2) C,‘c’[(w—a)(l-2wa+a '%] Za (E™)CY 4 1 (w),

if |a? — 2aw| < 1.
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5. Special functions and partial
differential equations in n dimensions

Thus far we have looked at examples of the Helmholtz equation, heat equation
and Laplace equation in lower dimensions and seen the many of the well known
classical special functions can be characterised in Lie algebraic terms. This
has notable included special functions such as for example spheroidal wave
functions which are not of hypergeometric type. In this lecture we will see that
these statements can be extended to n dimensional problems. In fact in the case
of the n dimensional sphere all the separable equations for the corresponding
Helmbholtz equation are known. This equation is

AV +o(c+n—-1)¥ =0 (5)
ic;j(8i0s; — 8i05,)° = 3, ; I# and Sitls? = 1. The basic

building blocks of separable coordinates are the elliptical coordinates on the p
dimensional sphere. These are given by

where A = ).

24 f1(” - &)

psj a Hz#]( e])

j=1,...p+1, ex #e, if k£ e <ul <ey<...<uP <epyq

For these coordinates we adopt the notation [e1]....|ep41]. If p = n then (5)
assumes the form

ZH (w — k) \/P"(“ )0ux \/Pk uk),))¥ + (0 +n—1)¥ =0
J¢lc

where Py (ux) = H_;':l(u’C — ej). If we look for solutions of the form ¥ =

Hle W;(w’) then the separation equations are then

(Ve (k)0 (y/ Pe(u4)0,0)) Wi + [0+ — 1)(u +Z,¢ ()] w
The operators that describe the separable solutions are

It _ZS ,], k=1,:n:

1<j

where S’” = 5 E“ AAAAA ig# Cir---€ip- TO see how this all works let’s go to the
example of the two dimensional sphere n = 2. One of the critical questions is
how can one solve the separation equations. We have been used to equations
for which two term (or perhaps three term) recurrence relations are used in the
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series solution. In the cas~ of ellipsoidal coordinates the best way to solve for
the appropriate harmonic solutions is as follows. If we look for solutions of (4)

of the form

_ - H. 1Hp 1 (v —
o (Hsak)Hzg'_e (Hsak) Hp 1 (0 — ep)

i=lp=1 =1

where the aj are all different and k& < 3. The zeros of the elliptic harmonics
then satisfy

3

- 1 1 1
DD} narsl DY reretdr D D

—1'e
i=1 ¢ T i#i

e

This achieves the solution of elliptic harmonics in three dimensions. It is rela-
tively easy to see how the generalisation works. In the notation we have been
using this corresponds to the diagram

[€1|€2|€3]-

There is one other separable coordinate system separable on the two dimen-
sional sphere, viz spherical coordinates. These coordinates can be constructed
from two copies of elliptic coordinates on the one dimensional sphere. These

coordinates can be given by
1

2 u —e;
231 =T ]

€2 —¢€1

ul —e
2 2
98 = =
€1 —€2

where e; < u! < ey. Clearly if we choose e = 0, e; = 1 and u! = sin? 3 then
581 = cos f3, 359 = sin 3. We of course know that spherical coordinates can be

written as
951 =sinacosf3, 3289 =sinasinfl, 2853 =cosa,

this coordinate system is denoted by the graph

I
l
i Quel sl )

This graphical calculus sums the situation up. On the three dimensional sphere
the corresponding diagrams of the six different possible coordinate systems are
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1. Elliptical coordinates, [ e | ez | es | eq ],

j:l,...,4, ek;éel if k?,éf,

3 i
82- — Hi::l u - ej
2 )

] ! A
Hi;éje'_eJ

1 2 3

e <u <ey<u’<ez<u <eg.

2. (a) Lame rotational coordinates of type one,

s2=3s?, s3=psicos’p, si=psisin’ep, s}=3s}
[ er | e | €3 ]
l
[ 0| 1]

(b) Lame rotational coordinates of type two,

2

52 =3 s2cos’p, s5=3s s2sin? .

g &% 2 L
§1 =3 81, 82 =3 S5y,

[ er |:ea | ves ]
!
[0 | 1]

3. Lame subgroup reduction,
s2 =sin’ p3s3, si= sin® p3s3.

]

| a ]

s2=coslp, 3= sin? p3s?,
[0 | 1
|
[0 [ 1
4. Spherical coordinates,

s1 = sinasinf cos p, s3 = sinasinfsin g, sz = sinacosf, s4 = cos a.

5. Cylindrical coordinates,

§3 = cosacosy, S4 = cosasiny.

]
| 1]

so = sinasin g,
[ & } 1

| |

(o] 1 )0

§1 = sin @ cos @,
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This graphical calculus can be extended to the n sphere. It may also be ex-
tended to n dimensional Euclidean space. The basic building blocks are elliptic
and parabolic coordinates. In three dimensions these correspond to

1. Elliptic coordinates

3 k
yuk—ei .
xf:czHLJ, § 9 99143, U1_<€1<U2<€2<U3<63.
Hk;éiei“ej

These coordinates are denoted by the symbol ( e; | ez | e3 ).

2. Parabolic coordinates.
c
T, = i(u1 +u?+ud 4 +er),

3 k
II_ u" —€; 4
Iz—_chl(___J) j=2,3, U1<€1<U2<€2<U3~

' & Hk;ti(ei - €j) :
These coordinates are denoted by the symbol ( e | ez | e3 ).

For three dimensional Euclidean space the graphs which represent the vari-
ous coordinate systems are given below.

1. Cartesian coordinates,
(1), (1) (1)

2. Cylindrical coordinates,

3. Elliptical cylindrical coordinates,
(er | eai)i? {1}
4. Parabolic cylindrical,
(0) (1)

5. Spherical coordinates,
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6. Prolate spheroidal coordinates,

(0] 1)
|
[40 101
8. Parabolic coordinates,
(¢ 5 )
|
[ 0 | 1]

9. Paraboloidal coordinates,

(e | ez ).

10. Ellipsoidal coordinates,

<€1|€2|e3).

11. Conical coordinates,

The other feature to note about these coordinates is that the graphs of the
systems do not need to be connected. This is however a requirement for co-
ordinates on the sphere. It is possible to extend these ideas for the case of
separable coordinates on the hyperboloid and for Laplace’s equation and the
heat equation. The results obtained are complete for real manifolds which are
positive definite spaces. There is however the problem of the complexification
of these equations. In this case special functions can occur in a number of ways.
I will discuss these in the last lecture.
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6. Open problems and prospects for this subject

What are the problems that remain in any such study of the connection between
special functions and partial differential equations?
1. There is the question of what are all the separable coordinates for which
separation of variables can occur and give rise to “special functions”. These are
indeed known for the Helmholtz equation on the sphere and in Euclidean space,
Laplace’s equation and also the heat equation. If we can solve this problem
then all real cases can be established by considering appropriate real forms.
There are various possible courses of solution of this problem.

First, it is known that on a Riemmannian space the corresponding Helmholtz

equation 1s
n

1 v
AV = —0:,(9"/90:,)¥ = AV.
2V ,
In order that separable solutions be possible the matrix G with elements g
must have the form

- 6“"Ha_2 0 0
(gu)nxn — 0 0 i
0 gTC! g

where

H:% =8]8,
gra L 8 ZArﬁ(.’L'r)(Srl/S))
B

g*® =" B*(z;)(5"/9),
b
1<a<n;, m+1<r<n;+n;, 1<b<n+ny,

a,f=n;+ny+1,..,n1 + ny +ng.

There exists a so called Stackel matrix S = (Sij (2i))(ny+n2)x(n,4+nz) Such that
S is the bl cofactor of S and S is the determinant. The reference for this
crucial form is [1].

There is another condition for the separation of the Helmholtz equation
also. In keeping with our theme of partial differential equations, Lie groups
and special functions we do not pursue this much further. From this condition
we could make the requirement that the space be of constant curvature, i.e.
Rijri = K(gikgj1 — gi1gjx) where if K =0 we have Euclidean space and when
K # 0 then an n dimensional sphere. While this works for some of the possible
coordinates it is clearly unfeasible in general (e.g. it is quite straightforward
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in the case of orthogonal coordinates). An outstanding problem is to solve in
some tangible form the general problem of finding all the coordinate systems
which are separable for complex spaces of constant curvature.

The second approach to this problem may be the following. It is known that
each of the separable coordinates give rise to operators of which the separable
solutions are eigenfunctions. These operators are mutually commuting. Could
these families of commuting operators be characterised in some way when they
give rise to separable coordinate systems? There has not been a great deal of
progress on this problem. We also note that for the general form of the metric
g" given above the solutions ¥ satisfy

LoV =0, ¥ =m,V¥

for all coordinates of type z,. This means that the L, form an abelian algebra
i.e. [La,Lg) = 0 for all a,3. Can one systematically classify the abelian
algebras of this type? They must be subalgebras of E(n,C) and SO(n,C).
Some progress in this direction has been made but a crucial resolution of this
problem has still to be made. In addition to the abelian algebra there is also
the requirement that there be a suitable number of second order operators
that commute with the abelian subalgebra. As an example of a non orthogonal
coordinate system we can choose coordinates in four dimensional flat space via

21 129 = &1, 21— 129 = 2%y

23 + 124 = 203%1, 23— 124 = T4
The corresponding infinitesimal distance is then
ds® = dzl2 + dz% + dzg + dzZ = 2dzidry + 2dr4(z3dz) + T1d23).
The corresponding Helmholtz equation is
AV = 2(8;,0z, + (1/21)(—2302,0z, + 02,0:,)) ¥ = EV.

The separation equations are

312\1’ = lll\I’, 61-4\1’ = I/g\I’,
2(—11z3 + 12)0:,¥ = 13Y¥,
2(1/1(91-1 + 1/3/1:1)\11 = FEV.

The operators which describe this separation of variables are

Ll = (Pl + lPQ)/?,
Dh = (P3+iP4)/2,
L3 = (1/4){Ps — iPy, I3 + ils3 + il1a — D24},
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where Ijk = (L‘jar. o 1‘,‘6,,]..
9. What about other sources of special functions from a group theoretic point
of view? More recently we have looked at the notion of superintegrable me-
chanical systems. These are Schrodinger equations with potential which admits
a separation of variables in more than one coordinate system. In the case of
Euclidean space of dimension 2 there are four potentials of this type.
W (2?+y?)+k- 1 £ 1,
(1) Vo, 2 a0mM 08 5 Mok
which separates the Schrodinger equation -—%A\Il +Vi(z,y)¥ = EV¥ in
a. Cartesian coordinates ,y.
b. Polar coordinates ¢ = rcosf,y = rsinf.
c. Elliptic coordinates

z? = c?(uy — e1)(uz2 — €1)/(e1 — €2),

y2 i 02(“1 —e3)(uz —e2)/(e2 — €1).

1 2 2 2 k%‘%
Vz(zay):§ w(4z® +y°) + v )

The corresponding Schrodinger equation then admits separable solu-
tions in
a. Cartesian coordinates z,y.
b. Parabolic coordinates z = (€% — 7?),y = &n.
(3) Va(z,y) =
- k% — ;— k3 — %

1
27 ;
V2 +y2 422+ y? i+ itz eyl -z

This separates in
a. Spherical coordinates z = rcosf,y = rsinf.
b. Parabolic coordinates z = (€2 — n?),y = €.
c. Elliptical coordinates

1 (U1 = Ey)(Uz — E))
E, — F ¢

y:1\/((/1—1572)(U;,—Ez)_2 iy

E, - E,

(4) V4(I’ y) -

o
ik &\/ x2+y2+z+§£\/\/xz+y2—z

N A Y~ Ea R RV~
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The separation of variables occurs it two types of parabolic coordinates.
a. Parabolic coordinates one, z = £(¢% — n?), y = &n).

b. Parabolic coordinates two, ¢ = uv, y = 3(p% — v?).

The essential feature of these coordinates systems is that the boundstate energy
eigenvalues and basis functions in each of the separable bases and the relations
between them can be determined from algebraic criteria alone.

For details of this approach to special function properties see for instance

(8].

3. I have not mentioned special functions arising from equations which are
component valued such as Maxwell’s equations or the Dirac equation. Also
included in this are the gravitational perturbations of a Kerr black hole. The
classical reference for this is [4]. For a recent update on these matters see [9].

4. There are interesting relations between modern theories of integrability and
separation of variables. The last word has not been said on this subject. How
is separation of variables connected with the notion of integrability. A good
reference for this topic is [7].
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