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Abstract

In the first two Chapters I outline the theory and background of separation of vari-
ables as an ansatz for solving fundamental partial differential equations (pdes) in
Mathematical Physics. Two fundamental approaches will be highlighted, and more
modern approaches discussed. In Chapter 3 I calculate the general trace-free con-
formal Killing tensor defined in Euclidean space - from the sum of symmetric tensor
products of conformal Killing vectors. In Chapter 4 I determine the subcases with
rotational symmetry and recover known examples pertaining to classical rotational
coordinates. In Chapter 5 I obtain the induced action of the conformal group on
the space of trace-free conformal Killing tensors. In Chapter 6 I use the invariants
of trace-free conformal Killing tensors under the action of the conformal group to
characterize, up to equivalence, the symmetric R-separable webs in E? that permit
conformal separation of variables of the fundamental pdes in Mathematical Physics.
In Chapter 7 the asymmetric R-separable metrics are obtained via a study of the
separability conditions for the conformally invariant Laplace equation.
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NOTATIONS AND CONVENTIONS

R : Set of real numbers
M : Riemannian manifold
[, ] : Lie-Schouten bracket
(,) : Symmetrization of the indices
[, : Anti-symmetrization of the indices
0; : Partial derivative w.r.t 2 (also denoted by ;)
V,; : Covariant differentiation operator (also denoted by ;)
® : Symmetric tensor product
g : contravariant metric tensor
g : determinant of the metric tensor
‘. + Christoffel symbol
['; : Contracted Christoffel symbol
Rijiy : Riemann curvature tensor
Xijr — Xigj = XiRl; - Ricci identity
Ri; = gkleijl . Riccl tensor
Ry = gYR;; : Curvature scalar, usually in the literature denoted as R
Riji, : Cotton tensor
di; + Kroenicker delta
K;; : Valence two Killing tensor
p : Eigenvalue of a Killing tensor

ht, : i'th component of the eigenvector corresponding to the eigenvalue p,
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p : Valence of Killing tensor
CK?(M) : Linear space of valence p trace-free conformal Killing tensors

k : Some symmetric tensor of type (p — 1, 0) or Killing vector, depending on
context.

S @ Determinant of a Stackel matrix

@ : Conformal factor in Stackel matrix

R : Modulation factor of R-separability

log : Natural logarithm function, base e

Sij 1 Stackel operator

H : Hamiltonian of Classical System

A : Laplace-Beltrami operator

W : Solution of the Hamilton-Jacobi equation
E : Energy of a Classical System

V' . Potential of a Classical System

E? : Euclidean space

2, u’,¢" : i'th coordinate, depending on context

p; - i'th component of the generalized momenta

I : Invariant function

C(M) : Conformal Group

¢; : One parameter group of transformations

f« : The push forward map of the diffeomorphism f: M — N

L : Lie derivative operator

G : Connected Lie group of transformations



v : Infinitesimal generator of Lie group action
k : Jacobi Elliptic parameter

O : End of Proof symbol
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Chapter 1

Introduction

The method of separation of variables is a classical tool to split a partial differen-
tial equation into systems of ordinary differential equations, or decouple systems of
partial differential equations (pdes) into classes of ordinary differential equations
each depending on one variable only. This is a standard approach to solve impor-
tant boundary value problems in mathematical physics. There are many known
examples of coordinate systems admitting separation of variables for the Laplace
equation. These include Cartesian, polar, spherical and cylindrical coordinates the
choice of which depends on the type of initial conditions specified. Less known
examples (applied especially in electromagnetic theory) include elliptic-hyperbolic,
ellipsoidal, paraboloidal and conical coordinates to tackle boundary problems that
might otherwise be solved only numerically by those unaware of the separation of
variables properties such coordinates admit.

Clearly an exhaustive search for other coordinate systems possessing this prop-
erty would facilitate calculations in many fields where analytic solutions of partial
differential equations are desired over numerical ones, despite the very complicated
boundary value conditions that may arise. The standard theory of separation of
variables has been broadened to include a weaker R-separation of variables method
where the product solution ansatz contains a non-constant factor (denoted by R,
also called the modulation factor) depending on the coordinates. This relaxation
of strict separability permits a broader class of coordinate systems where equations
can be separated in this way.

The most familiar coordinate system admitting this property are toroidal coor-
dinates. Less familiar are the Jacobi-elliptic coordinates that arise from the solu-
tion of confocal quartics (defined in [39]) and contain degree four surfaces. Other
examples with rotational symmetry are bi-cyclide coordinates, flat-ring cyclide co-
ordinates and disk-cyclide coordinates. Two examples are known to exist with no
coordinate symmetries whatsoever - but have yet to be named.

This thesis focuses on R-separation of variables of the Laplace equation in Eu-
clidean space. The seventeen separable and R-separable coordinates in Euclidean
space were first determined by Bocher, Eisenhart, Weinacht and Blaschke ([5], [20],



[49], [4]). Much later they were classified using group theoretic methods by Boyer,
Kalnins and Miller [6]. We provide an exhaustive classification of the extra set of
R-separable coordinates based on differential invariants of valence-two conformal
Killing tensors under the action of the conformal group, which is an extension of
the ordinary isometry group. The approach is an extension of that employed by
Horwood, McLenaghan and Smirnov [25] who give an invariant classification of
the eleven simply separable coordinate systems (also known as coordinate webs)
for the Hamilton Jacobi and Helmholtz equation in E® in terms of the invariants
and reduced invariants (with respect to the isometry group) of valence-two Killing
tensors.

Associated to R-separable coordinates are certain valence-two conformal Killing
tensors. Associated to each conformal Killing tensor is a trace-free representa-
tion, this subset has finite dimension and is the geometric object characterizing
R-separation of variables. In this thesis these will be calculated for all known rota-
tional R-separable coordinates and given in standard form (expressed in Cartesian
coordinates) which will facilitate future researchers who wish to study boundary
value problems with a potential.

In the study of boundary value problems for Schrodinger’s equation in E3, one
would like to know whether the problem may be solved by separation of variables.
The potential function is usually given in terms of Cartesian coordinates. The
existence of a potential restricts the number of possible coordinate systems with
respect to which the equation separates or R-separates. This determination may
be made in terms of the general valence-two Killing or conformal Killing tensors
admitted by E3. In this thesis we shall restrict ourselves to analysis of rotationally
symmetric coordinate systems.

1.1 Definitions of Separation of Variables

The linear partial differential equations (pdes) considered in this thesis for sepa-
ration of variables theory are the time-independent Schrodinger (S) equation and
the Helmholtz/Laplace (H/L) equation, defined on an n dimensional Riemannian
manifold (M, g). These are often considered for separability in a class of coordinate
systems to facilitate the solution of various boundary value problems.

All of the above pdes are special cases of the pde
Ap + Cp =0, (1.1.1)

where A is the Laplace-Beltrami operator defined by

y 1 0 (9970¢
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where V; is the covariant derivative with respect to the Levi-Civita connection of
the metric tensor g, ¢ is the determinant of the metric tensor and C' is an in-
finitely differentiable function defined on M. For C' # const, Eq. (1.1.1) yields
the time-independent Schrodinger equation. For C' = const # 0, Eq. (1.1.1) re-
duces to the Helmholtz equation. For C' = 0, Eq. (1.1.1) reduces to the Laplace
equation. Note that for the time-independent Schrédinger equation, it is customary
to write C' =V — E, where V' denotes the potential and E the energy of the system.

Separation of variables theory for Eq. (1.1.1) is closely related to that of the
Hamilton-Jacobi (HJ) equation for a natural Hamiltonian defined on (M, g). Such
an equation may be written as

gqIOWOW +V =E, (1.1.3)

where 0; denotes 8?02- and V' denotes the potential and E the energy of the system.

In this thesis u’ or ¢’ or ' will be understood to represent the 7" coordinate, this
is because certain symbols for the coordinate are more prevalent in certain proofs
and definitions in the literature than others.

The fundamental definition of R-separation of variables for the equation (1.1.1),
given by Moon & Spencer [38] and Morse & Feshbach [39], is as follows:

Definition 1.1.1 If the ansatz for trial solutions

Ul(ut,a) - U*(u*a)- --- -U"(u",a)
_ ) ) ) R2n—1
¥ R<u1"_,7un) ac

for some analytic R # const permits the separation of
Ap+Cp=0

into n ordinary differential equations, then the equation is said to be conformally
or R-separable. The function R is called the modulation factor.

Remark 1.1.2 A completeness condition on the parameters a exists to ensure non-
degeneracy of the solutions and is given in Chapter 2. If in the above definition
R = const, then the equation is said to be simply separable. One can describe R-
separability as a relazation of the ad-hoc simple separability to permit solutions of
partial differential equations in a broader class of coordinate systems - thus motivat-
ing the research into classifying which coordinates admit this property. Furthermore
if R is a product of functions of a single variable - that is 0;;log(R) = 0 for i # j,
we have the case of trivial R-separation [28]. Since coordinates are trivially
R-separable iff they are separable, we regard trivial R-separation as equivalent to
ordinary separation [31].

The fundamental definition of separation of variables for the equation (1.1.3) for
fized values of the energy is as follows:



Definition 1.1.3 If the ansatz for trial solutions
W =U'(u' a) + U*(v*,a) + -+ U"(u",a) acR"

permits the separation of B
g”&W@jW +V=F

for fixed values of the energy E into n ordinary differential equations, then the
equation is said to be conformally separable.

Note that the HJ equation for free ranges of the energy admits simple (sum) sepa-
ration of variables, where the parameter a depends on one more arbitrary constant
- that is a € R""!. The completeness condition on a, to ensure non-degeneracy of
the solutions, is well known [23].

There is indeed a strong connection between the conditions of separability for the
equations (1.1.1) and (1.1.3). Necessary conditions for separation of the HJ equa-
tion are identical with those required for separation of the H/L/S equation, despite
the fact that the HJ equation admits sum separability whereas the H/L/S equation
admits product separability of the variables.

The theory of separation of variables goes back well over 200 years. In 1905 a
significant theorem by Levi-Civita was formulated [26]:

Theorem 1.1.4 The HJ equation equation, which can be re-written as

ow ow
H,....{",—,...,—)=F
(qa 7q7aq17 7aqn) )
where H is the Hamiltonian operator and W (g, ..., q") is the solution of the equa-

tion for coordinates q', admits (simple) sum separation in a coordinate system if
and only if the following equation holds true:

OHOH O°H OHOH 9*H  0HOH 9*H
Op; Op; 0¢'0¢7 Op; 0¢° 0¢70p;  0¢? Op; Op;0q°
HOH 0*°H
+ OmoH 9 =0, i#] (1.1.4)

i dq' Op;Op;

_ oW
=57

where p; represents the generalized momentum.

Since the classical Levi-Civita criterion is almost always stated without a clear proof
in the literature, an outline of a proof is provided in Appendix A. The Levi-Civita
criterion can be generalized to encompass the case of fixed energy, as derived in [3].
It can also be formulated to encompass R-separation of the L and S equation, as in
[29]. However direct reference to it can be circumvented by considering conformal
transformations to metrics admitting simple sum separability of the HJ equation;
this result will be described in Section 2.1.



In this thesis we restrict ourselves to orthogonal separability. In fact in spaces
of constant curvature separability of the HJ equation is necessarily orthogonal, a
proof in the literature is given in [26]. Orthogonal separability was once assumed
to be a strict condition for separation of the Helmholtz equation in any space, until
Kalnins and Miller proved this to be false by a counter-example, as well as B. Carter
studying the HJ and S equation on the (non-orthogonal) Kerr metric [10], [9]. In
this thesis only orthogonal separability will be considered. It should be noted that
the general Laplace equation reduces for flat space (and Cartesian coordinates) to
the well-known classical Laplace equation:

n 32g0
Ap = — =0 1.1.5
@ ; IO (1.1.5)

Clearly different orthogonal metrics determine the different forms that Ay takes.
R-separation is a weaker condition but the advantage is clearly that a larger class
of coordinate systems admit this property. Research is being undertaken to charac-
terize these extra coordinate systems based on a classification scheme - this thesis
comprises such research for E3. In Euclidean space there are in fact eleven in-
equivalent orthogonal coordinate systems affording simple separability [25], and
an additional six admitting R-separability which will be addressed in the coming
chapters. Future research is required for higher dimensional flat spaces pertinent
to complicated boundary value problems in mechanics and electromagnetism.

1.2 The theory of Stackel matrices

Powerful tools exist to determine whether or not a coordinate system admits simple
separation of variables. One method was formulated by P. Stéckel in 1896 [45]:

Definition 1.2.1 Associated with each separable metric is a non-singular Stdackel
matrixz, which is an n X n array where the i row is a function of the coordi-
nate ¢' only and the first row of its inverse yields the diagonal components of the
contravariant metric tensor.

Proving the existence of a Stéckel matrix is non-algorithmical. However this matrix
determines everything we need to know about separated equations [37]. Explicitly
it is, for the general case of n-dimensions:

[ ¢11(q1) ¢12(q1) ¢1n(ql) |

¢21(q2) ¢22(q2) ¢2n(q2)
5] = (1.2.1)

L &n1(q") Pn2(q") - bunlq") |



Moon and Spencer, in their papers [36], [37], formulated necessary and sufficient
conditions - connecting the metric tensor expressed in the separable coordinates
with the associated Stéckel matrix - for separation of the Helmholtz equation:

G = z\j-l (1.2.2)
= @) b)) ), (1.23)

where M;; is the associated co-factor of the Stiackel matrix, and S is its deter-
minant. The first of the above conditions on the metric tensor is necessary and
sufficient for (sum) separation of the HJ equation in Classical Mechanics, whereas
both conditions are required for product separation of the Helmholtz as well as
the Schrodinger equation. A metric satisfying the first condition is also denoted
to be in Stdckel form[31]. The second condition is also known as the Robertson
condition - named after the mathematician who discussed it in a 1927 paper [44].
Remarkably there is a geometric relation with the associated Ricci tensor of the
metric (in separable coordinates) for the Robertson condition: R;; =0, i # j [20],
which was discovered by Eisenhart in 1934.

For the case of the Helmholtz equation reducing to the (special case) Laplace
equation, the following conditions are special cases of the previous:

i _ Mjp
o M, (1.2.4)
P () Sl - fulg™) - M (125)

Gii

The above equations become more complicated for the case of R-separation of
variables, where for R # const simple separation of variables is no longer possible.

An additional non-constant function Q(q', ¢?, ..., ¢") must be introduced such that,

for R-separation of both the Helmholtz and Laplace equation,

SQ
i = 1.2.
gii o, (1.2.6)
g2
g = fl(ql) : f2(q2) o fald) RQQ (1.2.7)
Q< 1 0 ( : 8R>

ap = ——— | fi(¢") = | = const 1.2.8
' R 12::1 fi(q")gii O¢ ( >an ( )



A useful formula resulting from the above relates the determinant of the Stackel
matrix S to the function @ [37]:

§ = Jii (1.2.9)

Q
This may be seen as a definition for ). Clearly the search for the ‘right’ function
Q(q', ¢2, ..., q") that satisfies all of the above conditions is also a non-algorithmical

endeavor. The function () is sometimes referred to as the conformal factor. An
orthogonal metric (with associated Riemann tensor not neccesarily vanishing) ad-
mitting separation of variables for the HJ equation with fixed energy is always
conformal to an orthogonal metric admitting simple separability of the HJ equa-
tion (with free ranges of the energy). This is not necessarily the case for the H/L/S
equation. In exceptional circumstances when this is true, a simple relationship
exists between R and () - a connection that becomes apparent when later the con-
formally invariant Laplace equation is considered. We digress here to prove this
relationship, which is a relationship between metrics admitting R-separation of
variables for the H/L/S equation, and those satisfying R;; =0, i # j.

Theorem 1.2.2 In orthogonal metrics admitting R-separation of variables for the
H/L/S equation that are conformal to orthogonal metrics admitting simple separa-
bility of the H/L/S equation, the modulation factor R satisfies

R=Q7T (1.2.10)

Proof: Let g;j be the metric satisfying simple separability, and g;; be the metric
admitting R-separability. Thus we have from this starting assumption:

%§==ﬁW%ﬁ@%~wﬁWU (1.2.11)

o=

= fild) o) o fuld) - RPQ (1.2.12)

Now by definition g;; = g;ZQ which implies, in general for n-dimensions, ¢ = ¢ Q"

or ¢ = g/Q". Therefore if @ = fi(@") - f2(¢?) - ... - fu(q") this implies Q"i\/gé’ -
R - (@) - (g™, So g = f1(qY) - fo@®) - ... Fulg) - Q"/?, which im-

plies Q2 = R%Q. Hence Q"= = R? and after taking square roots we obtain the
required formula. O

In the special case of 3-dimensions, this reduces to R = Q% Examples are
numerous in [38]. With 6-sphere coordinates R = (u? + v? + w?)""/? whereas
Q = (u* + v* + w?)~2 The same pattern holds true for inverse oblate coordinates,
inverse prolate coordinates and tangent sphere coordinates. Toroidal and bispher-
ical coordinates satisfy this relationship too however they are unique in that they

7



are conformal to non-flat (albeit Ricci diagonal) metrics. The above relation does
not hold for the cyclide coordinates, which are conformal to coordinates that do
not admit simple separability of the H/L/S equation - indeed these coordinates do
not admit an orthogonal Ricci tensor.

Non-trivial R-separation for the Helmholtz equation does not occur in flat spaces
or spaces of constant curvature - only the Laplace equation R-separates. Also, any
R-separable solution of the Laplace equation on a conformally flat space corresponds
to a regular separable solution of the Helmholtz equation on a space of constant
curvature [43]. An example of a metric admitting R-separation of the Helmholtz
equation on a conformally flat space is given by [31]:

ds? = (z+y+2)|(x—y)(z —2)da’ + (y — 2)(y — x)dy’
+ (z—2)(z — y)d?]
R = (z4+y+2)1 (1.2.13)

Another example is

ds® = —dz* +dy* + (y — z) 'd2?
1

R = (z—y)1 (1.2.14)

Having introduced Stackel matrices it must be pointed out that each coordinate
system admitting separation of variables does not admit a unique Stackel matrix:
they are not in 1:1 correspondence. Two such matrices are understood to be equiv-
alent if their ratios Mil are the same - indeed if they generate the same metric
tensor. This allows for a flexibility of operations on the columns except for one
(usually the first or the last in the literature). Operations on the rows are generally

not permitted. The allowed actions on the columns are [37]

1. Interchanging of the i and the j*" column, where we understand
ia j:2737"'7n‘

2. Multiplication of the j** column by a non-zero constant ¢ € R.

3. Addition of each element in the i** column by the corresponding element in
the j* column multiplied by a common non-zero factor ¢ € R.

We conclude this section with a brief discussion of the equivalence between separa-
bility of the HJ equation and the existence of a Stackel matrix, which was achieved
by Paul Stackel in 1893. We start by constructing this non-singular n X n matrix
which we denote as ¢¥, the index k labeling the column and the index i labeling
the row. We define each row of the Stackel matrix, of course, to only depend on the
corresponding coordinate ¢°, thus %gpf = 0 if i # j. This means then ¢¥ = ¢¥(¢').
For notational simplicity we denote S~ = ¢!, taking care not to confuse this with
the transpose operation.



Theorem 1.2.3 The HJ equation of a conservative Hamiltonian (no time-dependence)
is separable in the ¢* iff:

1) (', 9%,...,9™) is a row of the inverse Stickel matriz.

2) The potential V = g"' U, (") + g*2Us(¢*) + . . . + g™ U, (q") for some arbitrary set
of functions U;(q").

Proof: A known result is that separability of the Hamiltonian implies separability
of 2g%p?, the so called geodesic part. This means that since p; = g—?{ = ¢i(q', o)
that (p')? = ¢s(¢*, as,), which is a function of ¢* only. The squared variable is still
only dependent on ¢*. So now we use the fact that, without loss of generality, we
may set the total energy E of the Hamiltonian to equal «,,, one of the arbitrary
constants [23]. Thus we have 1¢"¢;(¢", ay) = E = au,.

How the components of the Stackel matrix are constructed, based on the above,
is given in Appendix C.

1.3 Tensorial formulation of separation of vari-
ables theory

A first principles approach to separation and conformal separation of variables for
the HJ, H and L equation in terms of the separable coordinates was described in
Section 1.2. In this section we shall discuss a coordinate invariant approach based
on the theory of valence-two symmetric Killing tensors and valence-two symmetric
conformal Killing tensors as discovered by Eisenhart [20], [21] during research in
the 1930’s. Following [20] we make the definition,

Definition 1.3.1 A valence-two symmetric tensor K;; is a Killing tensor if it
satisfies:

Kija + Kjii + Kiigj = 0, (1.3.1)
where ; denotes the covariant derivative.

Note that in Eisenhart’s 1934 paper K;; is denoted as a;;. From the definition one
can see that Killing tensors are unique up to a scalar ¢ times the metric tensor.
In the literature Killing tensors are often denoted as simple Killing tensors to dis-
tinguish them clearly from conformal Killing tensors. If the Killing tensor has real
pointwise simple eigenvalues and normal eigenvectors, then there exists a system
of orthogonal coordinates such that [20]:

K;j = pigi; (no sum), (1.3.2)

9



where the eigenvalues p; satisfy the following system of equations (also known as
the Eisenhart equations):

Opi

= 1.3.
o 0 (1.3.3)
opi dlog(gu) ., .

owi = PP 1 (1.3.4)

The integrability conditions for the above equations (also called the Fisenhart in-
tegrability conditions) are

9%log(gi;) ~ 0log(gii) Alog(gj;)

P : = , # ] 1.3.
0x' 0z i oz’ 0, 17 (1.3.5)
and
0*log(gii)  OJlog(gi) Alog(gii) n dlog(gii) Alog(g;;)
Ozl Ox* O’ OxF O’ Ox*
dlog(gii) Olog(gre) _ . . -
p i 0, 1i,j,k all distinct (1.3.6)

Whether or not a particular metric admits separation of variables depends on
whether or not the above two conditions are satisfied. Indeed it is proven in [2]
and [3] that the HJ equation for null geodesics is separable in orthogonal coordi-
nates on an n-dimensional Riemannian space if and only if there exist n Killing
tensors (K;) = (K1, Ks, ..., K,) such that they are pointwise linearly independent
and with common eigenvectors. As already mentioned the metrics admitting sepa-
rability of the HJ equation for fixed values of the energy are conformally related to
metrics allowing separability of the HJ equation for free ranges of the energy via
the conformal transformation equation

i = €2 gii (1.3.7)

for a well behaved function of the coordinates o. Indeed o is related to the afore-
mentioned ) factor in determining a Stéckel matrix for proving R-separability of
the Laplace equation.

A coordinate invariant characterization of R-separability of the H/L/S equation
requires the following definition:

Definition 1.3.2 A wvalence-two symmetric tensor K;; is a conformal Killing
tensor if it satisfies

Kiju+ Kjii + Kiij = kigj + kjgu + kigij, (1.3.8)

where k; is some vector field.
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The property of being a conformal Killing tensor is preserved under addition of a
smooth function f times the metric, a fact that will come into play in the sequel.
Indeed, two conformal Killing tensors K and L are said to be equivalent, or in the
same equivalence class, if K;; = L;; + fg;j, for some scalar function f. Not all
conformal Killing tensors, with pointwise real and distinct eigenvalues and normal
eigenvectors, in an equivalence class are simple Killing tensors with respect to some
conformally related metric. However, there exists at least one such representative
element in each equivalence class [3]. This will be proved in the next section. With
respect to orthogonal coordinates, the diagonal components of the conformal Killing
tensor obey the following relations:
Ipi

Kij = pigij, %:ki (no sum), (1.3.9)

opi dlog(gii) . Op;
ord (pi = pj) oxJ + ox?

(1.3.10)

Eisenhart proved a fundamental theorem linking Killing tensors with Stéckel ma-
trices [20]:

Theorem 1.3.3 A necessary and sufficient condition for the existence of a Stdckel
matriz in some coordinate system - making it a separable coordinate system [30],
15 that there exists a valence-two Killing tensor with real distinct eigenvalues and
normal eigenvectors.

Remark 1.3.4 The existence of such a Killing tensor implies that there exists a
system of coordinates such that the contravariant components of the diagonalized
Killing tensor are elements in a row of the inverse Stackel matriz, defined for the
same coordinates. These coordinates for which this property holds are often called
separable coordinates. This is equivalent to the existence of n Killing tensors, in
tmvolution and pairwise commutation, associated with each separable metric - one
member always being the metric tensor itself [3].

The above property is fundamental to this thesis, since we used the connection
between Stackel matrices and Killing tensors to compute Killing tensors for known
coordinate systems admitting separation of variables for the Laplace equation [27],
[30]. In Appendix B is our own extension of the proof in Eisenhart’s 1934 paper,
noting that many steps were skipped or left to the reader to verify.

1.4 Example of R-separation of the Laplace equa-
tion for toroidal coordinates

A common boundary value problem in electromagnetic theory requiring R-separation
of variables are toroidal coordinates in E®, especially for problems with toroidal
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boundary conditions such as the 3-Torus. In these coordinates, where x; = 7,
Ty = 0 and x3 = 1, the metric tensor components are

2

gu = 922 = (cosh(n) — cos(0))?
B a®sinh(n)?
L L (1.4.1)

The denominator in the metric proves an impossible difficulty in the search for a
Stackel matrix associated with simple separation for toroidal coordinates. It can
be shown by first principles methods that simple separation of toroidal coordinates
is impossible - hence by extension no Stackel matrix exists. However, if we propose

R-separation, and let

CL2

(cosh(n) — cos(#))?

then we obtain

My My
S S
and
S sinh(n)?

The determinant S of the Stackel matrix is then simply unity and the matrix itself
takes on the simple form:

1 —1 —1/sinh(n)?

01 0 (1.4.2)
0 0 1
The condition
-Q < 1 9 ( »8R>
“a = ~———— | fi(¢") 5= | = const 1.4.3
1 R 12::1 fi(q")gii O’ filg >8qZ (1.4.3)

is satisfied since
R? = (cosh(n) — cos(f))™*

(recall the relationship between R and @ in the sections prior). For the solutions
(f1, f2, f3) in the condition

NI

5 = ild) Sd) - fald) - RQ

we finally obtain ay = 1/4. Therefore requirements for R-separation of the Laplace
equation are satisfied.
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1.5 Symmetry operator approach to separation
of variables theory

In the classic papers by Boyer, Kalnins and Miller [6], [7], a connection with the
existence of separable coordinates of the H/L equation and commuting pairs of
second order symmetry operators is elucidated. The separated solutions for or-
thogonal coordinate systems are characterized as common eigenfunctions of pairs
of commuting symmetry operators. These operators are linear and differential. A
first order symmetry operator is of the form

L=> a;(2)0; + b(x), (1.5.1)

where a; and b are analytic functions of the coordinates in some domain D on
the manifold such that Li) is a solution of the Helmholtz equation in D for any
analytic solution v of the Helmholtz equation in D. The set of all such symmetry
operators forms a Lie algebra under the operations of scalar multiplication and
commutator bracket [Ly, Ls] = LiLy — LoL;. Second order symmetry operators are
constructed from products of first order symmetry operators. This is also known as
an enveloping algebra of the space. Each separable system is associated with a two-
dimensional subspace of commuting operators with Sy, Sy a non-unique basis for the
subspace. The Euclidean group of isometries acts on the set of all two-dimensional
subspaces of commuting operators and decomposes this set into orbits of equivalent
subspaces. Separable coordinates associated with equivalent subspaces are regarded
as equivalent, as one can obtain any such system from any other by a Euclidean
isometric transformation.

To study R-separable coordinates, the Euclidean group of isometries is extended
to encompass the full conformal group of E?, as well as the discrete inversion and
space reflection. R-separable coordinates are regarded as equivalent to separable
coordinates if one can obtain the other and vice versa by a group transformation
belonging to the above set. An R-separable coordinate is deemed ‘additional’ if this
cannot be done. By this measure there are six additional R-separable coordinates
found by [7] along with the eleven simply separable ones that £ admits with respect
to the full conformal group as well as the discrete inversion and reflection. It should
be noted that the extended group of transformations does not make equivalent any
of the eleven simply separable coordinates classified with respect to the Euclidean
isometry group.

In their analysis Boyer, Kalnins and Miller used the isomorphism between the
conformal group and the isometry group defined on Minkowski space of dimension
(n + 2) where the group action becomes linear [6]. This approach was anticipated
by Bocher who constructed R-separable coordinates for the n-dimensional Laplace
equation by a method in going up two dimensions and considering functions on
the (n + 2) cone. Modern conformal geometers have recently denoted this as the
ambient space. This is beyond the scope of this thesis however, as we restrict
ourselves directly to Euclidean space.
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In the paper of [7], the above formalism is applied to the Helmholtz equation
defined on complex Riemannian manifolds. A discussion of this formalism is beyond
the scope of this thesis. Results from this article will however be correlated with the
additional R-separable coordinates found in the course of my research by means of
the invariance of conformal Killing tensors. Indeed the coefficients A¥ of the second
order part of the symmetry operators S characterizing each type of R-separable
rotationally symmetric coordinates, with respect to Cartesian coordinates, listed in
Table 2 of [6] when written as

S = 9;A"9;
correspond to the components of conformal Killing tensors equivalent to those that
will be calculated in this thesis for bi-cyclide, flat-ring cyclide, disk cyclide and
toroidal coordinates. It should be added that the simple Killing tensors found for
the eleven simply separable orthogonal coordinates in Euclidean space [25] corre-
spond to the coefficients A¥ of the second order part of the symmetry operators S
listed in Table 1 of [6].

Referring to the previous example for toroidal coordinates, the two second order
symmetry operators associated with that coordinate system are:

Sl = (513281—27182)2
S = 3@+ + (@ - @)~ ()0
+ 20%210, + 22°220,)? (1.5.2)

1.6 Outline of the thesis

The remainder of the thesis will be organized as follows. In Chapter 2 is an illus-
tration of the modern tools used in the proof of the connection between Stéackel
formalism and conformal Killing tensors, as well as the very important link be-
tween conditions for sum separation of variables of the HJ equation and product
separation of variables of the H/L and Schrédinger equations. Killing vectors and
conformal Killing vectors are also introduced, as well as the definition of isometries
and group transformations. In Chapter 3, we confirm using symmetric products
of conformal Killing vectors that the number of arbitrary constants for the most
general trace-free conformal Killing tensor defined in E? is thirty five, as is stated
in the literature [18, 46, 47]. All independent relations are listed. Initially there are
twenty constants too many; this requires one to impose fourteen conditions that
result from the trace-free assumption. There are an additional six conditions that
arise from relationships among the basis elements themselves. In Chapter 4, the ro-
tationally invariant subset of all conformal Killing tensors is given, using the known
coordinate systems in [38] admitting conformal separation of variables. The gen-
eral rotationally symmetric Killing tensor is deduced from the most general Killing
tensor by two equivalent means. These two approaches in consideration of the nor-
mality (integrability) of the eigenvectors (the TSN conditions) of the coordinate
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surfaces [48] are presented and make the study of the rotational webs considerably
simpler. After this the characteristic Killing tensors of all the known R-separable
coordinates are given. Their representations, in terms of symmetric tensor products
of conformal Killing vectors, are also discussed and in difficult cases derived first
(especially for fourth degree surfaces defined in terms of Jacobi elliptic functions).

In Chapter 5 the group transformations preserving the rotationally invariant
subset of all conformal Killing tensors are given. The conformal group, as well
as discrete operations not continuously connected with the identity, are discussed
along with their effect on the transformed conformal Killing tensor components. In
Chapter 6, we present a proof based on the set of defined group transformations that
the R-separable webs known thus far are either related to simple separable webs or
are otherwise inequivalent. The classical theory of invariants [34] is a useful tool in
this question and applied to characterize all the rotationally symmetric coordinates
tabulated in [38]. Although the main contents in Chapter 6 have been published in
the Journal of Mathematical Physics [13], the formalism presented here differs from
the formalism of the paper in that we gave an alternate characterization conceived
in 2006. For historical reasons, we chose to present this ‘first principles’ approach
which is admittedly not as compact as the formalism of invariants and covariants
of bi-quartic polynomials which is given in the paper. A simple proof will be shown
that the only additional R-separable coordinates admitting symmetries are the
rotational ones, leaving the asymmetrical cases to be considered next. In Chapter
7 the general Laplace equation is modified to include the property of invariance
of solutions under conformal transformations. This is also called the conformally
invariant Laplace equation and an ansatz for a Stackel matrix associated with it is
used to derive metrics of asymmetric coordinates expressed in canonical Cartesian
coordinates. These coordinates are discussed in light of the results of [5] and [7].
Finally, we draw conclusions in Chapter 8 and discuss directions for future research.
Some classical proofs not easily found in the literature are given in the Appendices
for the interested reader.

The reader will no doubt realize that the classification of the coordinate webs
and the algorithm for determining characteristic conformal Killing tensors for all
coordinates considered is highly computational. Nevertheless, all computations are
purely algebraic in nature, and this allowed all tasks to be performed in Maple 9.
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Chapter 2

Theory of separation of variables

2.1 Link between Stackel formalism and confor-
mal Killing tensors

A beautiful geometric result is that all separable webs are defined by valence-two
symmetric Killing tensors, with pointwise simple eigenvalues and normal eigenvec-
tors. Such Killing tensors are said to be characteristic. The separable webs are the
families of (n — 1)-dimensional hypersurfaces orthogonal to each eigenvector field of
the Killing tensor. This geometrical property is why characterizing all Killing ten-
sors in a certain dimension is fundamental to this research. The goal is to express
the Killing and conformal Killing tensors in canonical Cartesian coordinates, not
in terms of canonical separable coordinates. This is because in physical problems
involving potentials, where the method of separation of variables is used, the poten-
tial is usually expressed in Cartesian coordinates. To this end the Jacobian of the
tensor transformation law must be calculated for every coordinate system studied,
and with the known (contravariant) Killing tensor diagonalized in the separable
coordinates, the following equation applied:

K =J"DJ, (2.1.1)

where J is the Jacobian calculated from the coordinate transformation from Carte-
sian to separable coordinates and D is the diagonalized Killing tensor. The tensorial
expression can be written as

t I
~0x' 0

T ouF oul

K" (2.1.2)
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where 2! are the canonical Cartesian coordinates and u’ are the canonical separable
coordinates. In component form the Killing tensor K is:

[ ozl oat oxt 1 111 S oct 17T
oul ou? """ OQun Py 0 o 0 oul ou? " Oun
92> 9z? 2 2,22 9z% 922 a2
oul ou?2 " Jun 0 P9 e 0 oul ou2 T dun
(2.1.3)
oz oz oz n nn oz oz oz
| G B - e L0 O o 9" I 5 52 - G

where z° are Cartesian coordinates in terms of the separable coordinates u’. Clearly
to calculate the Jacobian explicitly the coordinate transformation law must be
known. After the above equation is applied, the result is initially expressed in sep-
arable coordinates (albeit with the matrix form’s basis being the standard canonical
basis) - the last step is to calculate or guess the result in Cartesian coordinates.
To assist the reader in parallel calculations, for every separable coordinate system
studied in this thesis, the coordinate transformation law and the associated Stackel
matrix will be provided. Although the Killing tensors can be computed by solving
the Eisenhart equations, we chose the route of first calculating the diagonalized
Killing tensors through Stéckel theory and then using the (proven) link given by
Eisenhart. The recipe for finding conformal Killing tensors is precisely the same
save for the different Jacobian arising from the conformal transformation law asso-
ciated with simple separability - recall they share the same Stackel matrix modulo
the functions R and Q.

Recent research by S. Benenti, C. Chanu and G. Rastelli has yielded additional
interpretations of conditions for metrics to admit separation of variables of the
H/L as well as the HJ equation. In [15] they showed that R-separation of the H/L
equation is equivalent to additive R-separation of the HJ equation for fixed value
of the energy (instead of a free range parameter of the energy). Furthermore they
show that R-separation of variables corresponds to separability of the HJ equation
for fixed values of the energy, whereas simply separable coordinates correspond
to (simple) separability of the HJ equation for free ranges of the energy. This
gives a physical insight into what happens when simple separability is relaxed. A
fundamental concept they introduced to prove the above results is the so called
Stackel operator:

Definition 2.1.1 A Stdckel operator is a linear second order differential operator
defined on any real function f(Q) — R such that:

Sii(f) =05 f — 0;In(g")0if — 0;In(g")0; f (2.1.4)

Stéckel operators satisfy the following properties [2], [3]:
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Sij(A+B) = Si(A) + 54(B)
Sij(cA) = cSii(A)
Sii(AB) = ASi(B)+ BSi;j(A) + 0;A0; B + 0;A0; B
Si;(A™h) = 247%0;40,A — A72S;;(A) (2.1.5)

Stéickel operators S;; corresponding to a conformal orthogonal metric §* = =2 g

satisfy the above as well as:

Sii(A) = Sy(A)+e2 - (9,¢*0;A + 0;A0;¢*)
S’i ) (gkk) _ 672051'3' (gkk) . gkk€74asij(620)

1
= e (e - ) 210

Proposition 2.1.2 An orthogonal coordinate system admitting simple separability
of the HJ equation salisfies

Sii(g") =0 (2.1.7)
Proof: Consider a natural Hamiltonian in orthogonal coordinates of the form:

1 ..
H(q,p) = 59"} + V(@) =G+V (2.1.8)

It can be shown, by some algebra, that the Levi-Civita separability criterion on H
is equivalent to the equation:

Li(H) = 57 gpip; (55i(9™ 0 +55(V)) =0 () (2.1.9)
and this is satisfied if and only if £.5;;(¢**)p + S;;(V) = 0. Indeed g** is denoted as
a Stickel metric iff S;;(g™) = 0, and a potential is simply separable in these coor-

dinates iff S;;(V') = 0. This completes the proof [3] that an orthogonal coordinate
system admitting simple separability of the HJ equation satisfies Eq. (2.1.7). O

In the formalism of [28] and [33], T is a Stéckel multiplier if S;;(7") = 0.
Given a metric ds? in Stéckel form, the function T'(z,y, z) is a Stiackel multiplier if
ds? = T'ds? is also in Stickel form. A Stickel transform is one that is a conformal
transformation preserving the Stéackel form of the separable system.

Remark 2.1.3 In the previous formula about S'ij, if we in particular choose €* to

be any one of (g"',...,g""), then one recovers a theorem of [7]: if g" is a Stickel
metric, then all of (5%7"";%) are Stackel metrics. Remarkably the equation

Si;i(g*) = 0 is also equivalent to equations:

Elgrel — 0 In|ge|0; In [gur| + 0; In | grr|0; In | gis]
+ 0;In|gex|0;In|g;;] =0 (2.1.10)

If in the above one makes the substitution g; = e;H?, e; = +1, one then recovers
the famous Eisenhart’s equations. Thus we see the power of the Stdckel operators.
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Theorem 2.1.4 The HJ equation for fixed value of the energy, namely %g”p? +
(V — E) = 0 where p; = 0;W is separable in orthogonal coordinates, for E' € R, if

and only if

- =0 (2.1.11)
and
Si(V) = ~———>54(g"") (2.1.12)
for all indices h, k and i # j [3].

Remark 2.1.5 This condition is conformally invariant, and will be exploited fully
in Chapter 7. This is shown in [3] to be equivalent to the existence of a function e**
such that the conformal metric §* = e~ g% is a Stickel metric, that is Si;(§**) = 0.
Conformally separable coordinates are orthogonal coordinates ¢ = ¢* for which
Eq. (2.1.11) or Eq. (2.1.12) holds. Indeed the conformally separable coordinates
are useful because they are the only ones in which a natural Hamiltonian with fixved
value of the energy can be solved by additive separation of variables.

An important property is that coordinates ¢* are conformally separable if and
only if there exists a Stickel matrix, with elements of the inverse denoted by gpfn),
such that

2 20 _ii i 9"’
J e | g =y & G = (2.1.13)

n) 7

Py Pl

for all indices ¢ and j.

The Eq. (2.1.11) and Eq. (2.1.12) of Theorem 2.1.4 for fixed value of the energy
are useful in the proofs of the following two theorems:

Theorem 2.1.6 The HJ equation

1 ..
5g“p§ =F, (2.1.14)

with E # 0 fized, is separable in orthogonal coordinates ¢* iff g™ is a Stickel metric,
that is iff it is separable in the ordinary sense for all values of E.

Proof: Since V = 0, Eq. (2.1.12) yields S;;(¢g") = 0. For the other direction, if
the equation is separable in the ordinary sense then S;; (¢**) = 0 and thus both Eq.
(2.1.11) and Eq. (2.1.12) are trivially satisfied. O
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Theorem 2.1.7 The HJ equation of the null geodesics
g'p? =0 (2.1.15)

is separable in the orthogonal coordinates ¢ iff these coordinates are conformally
separable.

Proof: For V. = F = 0, the Eq. (2.1.12) is trivially satisfied, hence only Eq.
(2.1.11) characterizes the equation. O

Theorem 2.1.8 The HJ equation

1 .
5g“p?Jrv—E:o (V- E) #0, (2.1.16)
1s separable if and only if the conformal metric
. 1 .
g" = " 2.1.1
7"= 59 (2.1.17)
is a Stackel metric, or equivalently, if and only if for all indices h,k and i # j,
1 1

Thus the coordinates are conformally separable, but the conformal factor e** must
be equal to the function V — E.

Proof: Eq. (2.1.12) is equivalent to Q%Sij(gkk) = =55;;(V). Note this is just an

instance of the Stéckel transform [8]. O

Proposition 2.1.9 The HJ equation is separable for two distinct values of the
energy E if and only if it is separable in the ordinary sense. Alternatively - if a
natural Hamiltonian H = G 4+ V' is not simply separable, then there exists at most
one value of the energy E such that H = E is separable.

Consider one very important case of the HJ equation with fixed value of the energy,

1 .

ig“p? +(V-E)=0, (V-E)#0. (2.1.19)
This is separable if and only if §* = ﬁg” is a Stéackel metric, or equivalently
S“g (,;q: - (Eiv) S;;(V). Coordinates are conformally separable, with conformal

factor %7 equal to (E — V) since with e* = (E — V),

_ 1 gkk
Sii g = —5;; kEY — — S (E -V 2.1.20
hence S;;(§**) = 0. The metric §% = (F — V)~'¢% is called the Jacobi metric of
the Hamiltonian H = G + V with fixed value of the energy E.
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Proposition 2.1.10 If a conformal Jacobi metric is a Stackel metric for two dis-
tinct values Ey # Fy of the energy, then it is a Stackel metric for all energy E.

Proof: Indeed

1 1

o5V = gy Su(V) = Su(V) = 0= 85(g™) = 0. 0 (21.21)

Conditions for separability of the HJ equation for fixed energy correspond to those
for separation of the Schrodinger equation for fixed value of the energy. If one wishes
to impose conditions on an arbitrary metric tensor, such that R-separation of the
H/L equation is satisfied, one needs to consider the final ‘compatibility’ condition
[14]):

Sij(X)gll = Sij(gll)X:O
Sii(x)g* = Si(g®)x =0

Sii(x)g"™ = Si(g")x =0
i £ (2.1.22)

where
_ g 5 1

Ry, are the diagonal components of the Ricci tensor associated with the orthogonal
metric g“. Furthermore,

Iy = gl T = "', | (2.1.24)

where '}, is the standard Christoffel symbol of the metric.

Remark 2.1.11 For the special case of three dimensions this yields nine pdes that
the metric coefficients must satisfy - this is considered and with these tools the gen-
eral metric of a totally asymmetric coordinate web is integrated in the last chapter.
The I'y, symbols are useful in other respects as it can be shown that R;; = %@T‘i.
Hence the Robertson condition, namely R;; = 0 for i # j, is equivalent to 0;I'; = 0.
The T'y, symbols also share an explicit relationship with the metric tensor that con-
formally separable coordinates satisfy:

o, — o1 « 2ul0?) _ Suld") (2.1.25)

g%’ g

The material introduced in this section thus far is sufficient to prove two propo-
sitions, one for the modulation factor R and the other for the conformal factor

Q:
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Proposition 2.1.12 The modulation factor R satisfies the relation

9;log(R) = ; .0, <log (\%)) +qi(a), (2.1.26)

where ¢'(x*) is some arbitrary function of the i'" coordinate only, denoted here as
xt,

Proof: From Stackel theory:
g T
VI QL)
i=1

where f; are functions of the coordinate z% only and R, Q are in general functions
of all variables. It is sometimes customary to denote by ¢ the determinant of the
non-singular Stackel matrix, and ¢ is the determinant of the non-singular metric
tensor. The above expression can be inverted to give an equivalent expression:

¥ Hzllp()

N O

Here trivially ¥;(z') = f;(z")~!. Substituting the known expression for the deter-
minant ¢, we arrive at:

giiMi _ 1T, W, (")
N R*Q
Canceling out the common factor ) and taking the logarithm of both sides yields:

Gii
log ( ) + log(M, log (W — 2log(R
N Z (R)

Performing the derivative of both sides with respect to z¢ and using the fact that
the cofactor M;; is independent of z° we arrive at:

1o ( jg) — 99, log(R) + &/ log(f (o))

Re-arranging and division by two yields:

ortog() = —ortof(a)) — 501108 (%)

A simple exercise with Christoffel symbols, assuming orthogonal metrics, will yield

=0, (log ( \9})) We arrive then at the desired formula of separability conditions

pertalmng to an R-separability test:

1 o
“Ii+¢(z") O

0;log(R) = 5
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The ¢'(z") are arbitrary functions to be determined. At first glance this appears
contrary to the above formalism by a factor of minus unity, however in the literature
formulae for R are sometimes the reciprocal of the modulation factor defined in [38].
Thus the equation is satisfied from the above derivation and furthermore the form
of the arbitrary function ¢‘(z%) is uniquely determined, up to the factor Q used
in the Stickel matrix definition, by the existence of the separable functions f;(z").
Specifically the equation amounts to:

¢ (o) =~ i log(fi(a")

Proposition 2.1.13 The reciprocal of the conformal ) factor in Stdckel theory
can be expanded in the following way:
1
Q

where each f; is a function of the i'" coordinate only, denoted here as u'.

=g fi(w') + g% fa(w?) + g% fs(W¥) + -+ g fulu), (2.1.27)

Proof: The conformal @ function is defined in [38] to satisfy

SQ M 1 S
— % [ 1.
M =g 50 = 0 g M (2.1.28)

Gii

where M;; denotes the determinant of the matrix co-factor. The determinant S
appearing in Eq.(2.1.28) can be expanded in terms of the elements of the first
column of the Stackel matrix, which we know from Stéckel theory to be functions
of the corresponding i*" variable only. Explicitly:

i S i 1) My + fo(u®) Moy + f3(u®) My + -+ + fu(u") M

— 2.1.29
93 =9 7 ( )

As we know from [38], the ratio of minors yields the inverse ratio of the correspond-
ing covariant metric terms. This was used for studying separability of the Laplace
equation; now we use the fact that the ratio of the minors yields the ratio of the
corresponding contravariant metric terms. Explicitly:

M; gt M

13

= = 2 =
TS T T,
1 _ S
e '

= ¢ fi(u") + g2 fo(u®) + g7 fa(u?) + - 4 g™ fulu”)  (2:1.30)

as is required to show. O
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The Schrodinger equation can also be handled by the formalism introduced in this
section. By [14], there is a one to one correspondence between the solutions of

2

h
—?Aiﬁ + (V- E)y =0, (2.1.31)
of the form ¢ = RT[; #:(¢%) and the additively separated solutions u = In ¢ of
g”uiuj + g”uii - PZUZ' + ?E —U = 0, (2132)

where u; = ;u, u; = 0?u and U is the modified potential

AR 2
U=— (=" -5V 2.1.33
( R R ) ’ ( )
and
I = ¢g¥(I'; — 20, In R). (2.1.34)

The following proposition is proven in [14]:

Theorem 2.1.14 Equation (2.1.32) is separable in orthogonal coordinates ¢* if and
only if for all i # j

Sii(g"™)  Si;(g™)

P 0, Vh,k,
2
Si; (U g™ — Sis(g™) (U—th> = 0, VYh. (2.1.35)

Note that the potential V' is arbitrary: in Chapter 7 a very specific choice for V is
made to ensure conformal invariance, however the above conditions will still hold.

2.2 Invariant theory of conformal Killing tensors

In this section the theory of conformal Killing tensors defined on a Riemannian man-
ifold (M, g) is described. We begin this section with a definition of the conformal
group acting on this space. This group of transformations and the corresponding
Lie algebra of infinitesimal transformations are fundamental for the classification
scheme that will be constructed.

Definition 2.2.1 A diffeomorphism ¢ : M — M with the property that ¢.g = fg,

where ¢, is the push forward of ¢ and f some positive function, is said to be
conformal.
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The set of all such transformations forms a Lie group of maximal dimension
s(n+1)(n + 2), provided n > 3, called the conformal group of transformations
of (M, g) which we’ll denote by C(M). If ¢ is a homothetic transformation, then
f is a positive number not equal to unity. If ¢ is an isometry, then f = 1.

Proposition 2.2.2 Let V' be an infinitesimal generator of the one-parameter group
of conformal transformations ¢,. Then

Lyg = hg, (2.2.1)

where h is some function.

If ¢; denotes a one-parameter group of homothetic transformations then the func-
tion h is a non-zero constant. If ¢; denotes a one-parameter group of isometries
then the function h is zero.

We now proceed to give the general definition of a conformal Killing tensor on

(M, g).

Definition 2.2.3 A conformal Killing tensor of valence p defined on (M,g) is a
symmetric (p,0) tensor K which satisfies the conformal Killing tensor equation

g, K| =2k0g, (2.2.2)

where [, | denotes the Schouten bracket, k is some symmetric tensor of type (p—1,0)
and ® denotes the symmetric tensor product.

The tensor k can be determined by contracting Eq.(2.2.2) with the covariant metric.
Let K and L be symmetric tensors of types (p,0) and (g,0) respectively. The
Schouten bracket of K and L denoted by [K, L] is a tensor of type (p + ¢ — 1,0)

and is defined in terms of local coordinates %, i = 1,...,n, by
[K’ L]i1...ip+q_1 — _qK(Z'l...’ip’ i Lip+1...ip+q_1)k‘
+  pKFOdem1 Pipipa-y) (2.2.3)

It can be shown that [K, L] has the following properties:

K, L] = —[L, K]

[K,L+ M| =[K,L| + K, M]
[K,LOM]|=[K,L]&o M+ L®|[K,M]
(K, [L, M| + [M, [K, L]] + [L, [M,K]] = 0
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Special cases:
If, in the definition of the Schouten bracket p = ¢ = 1, then [K, L] is the standard
Lie bracket of the vector fields K and L. For the case p = 1, ¢ arbitrary:

[K, L]il...iq — (ﬁKLy'l...iq

which is the Lie derivative of L with respect to K. When p = 1, K is said to be a
conformal Killing vector (CKV) and Eq. (2.2.2) reads

Lkg = /8, (2.2.4)

where £ denotes the Lie derivative operator. With respect to a local system of
coordinates z° Eq. (2.2.2) may be written as

V(ilKi2---ip+1) = k(il...ip71gipip+1)7 (225)

where V denotes the covariant derivative with respect to the Levi-Civita connection
of g. If k =0 in Eq.(2.2.2), then K is said to be a Killing tensor.

It follows from the properties of the Schouten bracket that the set CK?(M) of
all conformal Killing tensors of type (p,0) forms a generally infinite dimensional
vector space. However, it’s important to note that

K=K+1log, (2.2.6)

where 1 is any symmetric tensor of type (p—2,0), also defines a CKT. This property
may be used to define the following equivalence relation on C K?(M):

K~K eK=K+log, (2.2.7)

Let CKP(M) denote the set of equivalence classes of CKP(M). One may equip
C’f(p(M ) with the structure of a vector space over the reals. Let K, and K, €
CKP(M). Let K; and K, be representative elements of K; and K, respectively.
Then K1 +K2 is defined to be the equlvalence class represented by K; +K,. Let K
be representative of K and a € R. Then aK is defined to be the equivalence class
represented by aK. It is easy to check that these operations are well defined. Let
TCKP(M) denote the vector space of trace-free conformal Killing tensors of type
(p,0). It is easily verified that TC'KP(M) is canonically isomorphic to CKP(M).
A necessary and sufficient condition for an element of CK?(M) to be represented
by a Killing tensor is that there exists a type (p — 2,0) tensor 1 such that

1, g] = 2k. (2.2.8)
For p = 2 the above equation may be written as

dl = —k. (2.2.9)
The integrability condition for this equation is

dk = 0. (2.2.10)
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By solving Eq.(2.2.2) for k one may write the integrability condition in component
form as

Kyi*j = 0. (2.2.11)

This is a necessary and sufficient condition for K to be represented by a Killing
tensor.

We now study the behavior of the conformal Killing tensor K under a conformal
transformation, which is again

g=c¢ g (2.2.12)
By an easy calculation we find that
8. Kl =2k0og, (2.2.13)
where
k= (k—[0,K]). (2.2.14)

This result shows that K is also a conformal Killing tensor for the conformally
related metric g. Therefore we can prove the following:

Proposition 2.2.4 A necessary and sufficient condition that K is a Killing tensor
with respect to the conformal metric, that is

g, K| =0 (2.2.15)
15 that there exists a function o such that

k = [0, K]. (2.2.16)

Note this proposition holds true for Killing tensors of any valence p. For the special
case p = 2 we prove immediately Proposition 7.1 in [3]. For the remainder of this
section and chapter we assume p = 2.

Definition 2.2.5 A conformal Killing tensor K is of self-gradient type if there
exists a continuous function U such that in the definition [K,g] = 2k © g, k =
K, U].

Indeed by Prop. (2.2.4) self-gradient conformal Killing tensors are simple Killing

tensors with respect to the conformally related metric g = e Vg.

To determine the transformation equations of the eigenvectors and eigenvalues of
the Killing tensor under a conformal transformation (2.2.12), we present some gen-
eral results that hold true for symmetric tensors and then successively add mathe-
matical conditions to those corresponding to the conformal Killing tensor equation.
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Proposition 2.2.6 A symmetric tensor satisfying K% = K% under a conformal
transformation has the same eigenvectors with respect to the conformally related
metric and the corresponding eigenvalues satisfy p; = €2 p;.

Proof: Note that implicit in Eq. (2.2.13) is that
K = K,

however this identity could well be satisfied by other symmetric tensors of valence-
two, or type (2,0), under a conformal transformation. Lowering an index to gener-
ate a type (1,1) tensor we arrive at

Kz] — szgk] _ 620Kikgkj-

Therefore _ A
sz _ GQUKZ]“

Now we consider the eigenvalue problem for K ij:

K'. X7 = pX'
(620Kij)Xj — 620'pXi
K\ X7 = pX’ (2.2.17)

The conclusion is that X7 is an eigenvector of K ij corresponding to the eigenvalue p
if and only if X7 is an eigenvector of K* ; corresponding to the eigenvalue p = e p.
O

This property was arrived at by Eisenhart but with more mathematical assump-
tions. A proof outlining his method but with more steps is given in Appendix E.
Now we assume that the symmetric tensor not only satisfies K% = K% but also
has pointwise real and distinct eigenvalues.

Proposition 2.2.7 A symmetric tensor K9, with pointwise real and distinct eigen-
values satisfies

Kab = PaYab,

where the components are with respect to a basis of normalized eigenvectors.

Proof: Since the eigenvalues of K, are real and distinct (point-wise K, can

be described then as Hermitian), it admits n orthogonal eigenvectors h’,, where i
are the component indices and a is the label for the eigenvector. Thus
Kil?, = pagish’ ., (2.2.18)

where 7, is the eigenvector corresponding to the eigenvalue p,. Since the eigenval-
ues are real and distinct, the eigenvectors are orthogonal with respect to the metric
gij- Namely

giih' W, =0, a#b (2.2.19)
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The eigenvectors can be normalized, such that
gi;h' b, = eq, (2.2.20)

where €2 = 1. For Riemannian geometry the e’s are always plus unity. Thus we
can write

Jab = gijh’ 17y = € (2.2.21)

where there is no sum on the a. Note that the term h’, may be interpreted as a
change of basis transformation from the natural basis a?:i to the basis of eigenvectors

E, = h',%. Now contract (2.2.18) with h‘, to obtain

Kyh' W, = pagish'yl?,
Kba = Paba
= Kab = PaYadb 0 (2222)

Now we extend to the case of symmetric tensor fields with normal eigenvectors:

Proposition 2.2.8 Let KY be a symmetric tensor field with pointwise real and
distinct eigenvalues and normal eigenvectors. Then there exists a coordinate system
u® such that

95 = 0, i#]
Ki; Pigij (2.2.23)

Proof: We assume that K;; is a symmetric tensor field with pointwise real distinct
eigenvalues and normal (integrable) eigenvectors. Then K;; defines n mutually
orthogonal eigenvector fields h’,. These can be written as

0
“Oxt
with respect to a general coordinate system on M. The E, define a basis of the

tangent space of M at each point. Let E* denote the dual basis of 1-forms. We
can write

E,=h' (2.2.24)

E* = h*dx’, (2.2.25)

where h% is the inverse of hi,. Since each eigenvector field is assumed normal
(integrable), there exist functions f, and u® such that

E® = f,du®, (2.2.26)

where there is no sum assumed on the a, which ranges from 1 to n. The u® define
a coordinate system on M. Write (2.2.26) as

E* = f,68du’, (2.2.27)
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where again no sum on the a is assumed. Comparison with (2.2.25) yields
h% = fad} (2.2.28)

Now we compute the inverse of h%:

R', = f; 10! (2.2.29)
This implies that
-0
Ea == hl D
¢ out
0
= ft 2.2,
s S (2.2.30)

We now need to prove the identity e, f?6;; = g;;. To do so we write the metric in
terms of the coordinates u’. Starting from (2.2.21), which is again

Yab = €aOap (2.2.31)
contract this with haihbj to obtain
gabha@'hb]’ - eaéabfaégfb(;;‘)

= gi; = ei0ifif;

Thus the metric has the form

ds? = gijduiduj
= eifféijduiduj
= e f*(du')? (2.2.33)
We then write (2.2.22) in terms of the coordinate u* by contracting (2.2.22) with
h?h’; using (2.2.28)

Ki' - pagabfa,(sgfb(;;‘)
Ki; = pieif;(sij

Thus we have shown that for symmetric tensors with pointwise real and distinct
eigenvalues, and normal (integrable) eigenvectors, there exists a coordinate system
such that simultaneously K;; = 0 and ¢;; = 0 for ¢ # 5. O

Definition 2.2.9 A conformal Killing tensor with pointwise real and distinct eigen-

values and normal eigenvector fields is called a characteristic conformal Killing
tensor.
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We now impose the conformal Killing tensor equation (2.2.5) for p = 2, which reads:
Kiju + Kjii + Kiyj = kigj + kjgu + kigij (2.2.35)

The derivations outlined are therefore not valid for non characteristic Killing ten-
sors. However, such tensors are not useful in the characterization of separable coor-
dinates as will be explained later. In the remainder of this thesis non-characteristic
Killing tensors will not be considered.

Proposition 2.2.10 The eigenvalues p; of a characteristic conformal Killing ten-
sor K;; when expressed in terms of coordinates for which the conditions of Prop.
2.2.8 hold, satisfy the differential equations:

Ipi
oxt
opi dlog(gii) . Op;
oo~ P T g

(2.2.36)

Proof: The first equation follows from setting ¢ = j = [ in the definition of the
conformal Killing tensor equation which yields

ox? oxt g ( )
Then substitute K; = p;gi; to get the required result. Note that in the simple
Killing tensor case, where k; = 0, we obtain the Eisenhart result that the i

eigenvalue is independent of the 7" coordinate. An alternative proof of this is given
in Appendix E for the interested reader. The second equation follows from setting
j # i, l = j in the definition and arriving at

1 Jgj;

5“]’ j alOg(Qﬁ)
ox’ ox’ 7 gi; 0T 9ii ( )

Substituting K;; = p;gi; and K;; = p;g;; in the above yields the second formula. O

Proposition 2.2.11 (i) A CKT K which is diagonalized in orthogonal coordinates
is equivalent to a CKT K’ of self-gradient type. (ii) For any given orthogonal co-
ordinate system there exists a function U such that any CKT K which is diagonal-
ized in these coordinates is equivalent to a CKT K’ of self-gradient type such that
g, K'] = 2[K',U| ® g, that is to a simple Killing tensor of the conformal metric

g =eYg. (iii) The n functions Uy = log(grr) satisfy (ii).
Proof: If g;; = 0 and K;; = 0 for ¢ # j, then K;; = p;g;;. Furthermore, by the
proof of Prop. 2.2.10 the CKT equation [g, K] = 2k ® g is equivalent to k; = %pj

and the formula 3 dlog(g) D
pi 008\ Gii Pj
ol (pi = ;) O’ + Oxd’
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Let us consider the equivalent tensor K’ = K—p, g that has eigenvalues p; = p; — pn.
By using the above, one can easily show that

0p; B _ . Olog(gii) - Olog(gnn)

This shows that K’ is a CKT with l%j = ﬁj%, thus of self-gradient type with

U =1og(gnn) and a simple Killing tensor for the conformal metric e Vg. O

The connection with conformal Killing tensors and the existence of R-separation of
variables will now be described.

As discussed before it is well known that Killing tensors are deeply related with
additive separation of variables for the HJ equation for the geodesics or a natural
Hamiltonian in orthogonal coordinates ([7], [1])

1 ..
H:§gZZprZ+V:E7 E€R7

which reads

1, (OW
29 ozt

They are also connected to multiplicative separation of the Schrodinger equation
[7], 2]

2
) +v-s.

A+ (E—-V)y =0, EeR,
where A is the Laplace-Beltrami operator. We have [25]

Theorem 2.2.12 The Hamiltonian H = (%g”pipi + V) is orthogonally separable if
and only if there exists a valence-two characteristic Killing tensor K (the properties
of which have been elucidated earlier) such that

d(KdV) = 0.

Note that d(KdV') = 0 is equivalent to the formula S;;(V') = 0 in Prop. 2.1.7 and
the metric components ¢g"" in the above theorem must satisfy S;;(g""*) = 0.

Finally, for the multiplicative separation of the Schrodinger equation the so-
called Robertson condition must also hold: the Ricci tensor is diagonalized in the
separable coordinates ([20]) (geometrically, this means that K and the Ricci tensor
share the same eigenvectors [2]). The condition that the eigenvalues are real is
automatically satisfied for positive definite metrics; recently, KTs with complex
conjugate eigenvalues have also been used to separate variables for a natural HJ
equation [17].

Similar results also hold for conformal Killing tensors.
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Remark 2.2.13 Any CKT equivalent to a characteristic one is characteristic,
which is a consequence of the eigenvectors remaining invariant within an equiv-
alence class. Hence, it is always possible to choose a representative characteristic
CKT which is trace-free. Furthermore any CKT K which is characteristic with re-
spect to the metric g is also characteristic with respect to any conformally related
metric g = e~2?g. This is a consequence of Prop. 2.2.6: clearly real and pointwise
distinct eigenvalues remain real and pointwise distinct after any conformal trans-
formation. The invariance of the eigenvectors themselves guarantees invariance of
their normality.

The following important result holds:

Theorem 2.2.14 There exists an orthogonal coordinate system in which additive
separation for the null geodesic HJ equation,

g OW)* =0

occurs, if and only if there exists a characteristic CK'T K on M. By construction
the coordinate hypersurfaces will be orthogonal to the eigenvectors of K.

Proof: According to the intrinsic characterization of the orthogonal separation of a
geodesic Hamiltonian [25], a metric g defined on M is orthogonally separable if and
only if it admits a simple characteristic Killing tensor, note this is a special case of
Thm. 2.2.12. This simple Killing tensor is a conformal Killing tensor with respect
to any conformally related metric g also defined on M, by Eq. (2.2.13). That this
conformal Killing tensor is also characteristic has been explained in Remark 2.2.13,
which summarizes Prop. 2.2.7 to Prop. 2.2.11, therefore the theorem is proved. O

Definition 2.2.15 We call a conformally separable web the set of hypersur-
faces orthogonal to the eigenvectors of a characteristic CKT. Any coordinates as-
sociated with a conformally separable web are called conformally separable co-
ordinates.

Remark 2.2.16 Note the connection here with conformally separable coordinates
defined in the previous section if Eq. (2.1.11) or Eq. (2.1.12) holds.

Theorem 2.2.17 There exists an orthogonal coordinate system in which additive
separation for the HJ equation with fived value of the energy E,

g OW)+V —E=0,

occurs, if and only if there exists a characteristic CKT K on M satisfying the
compatibility condition
1

&, K] = +—

K, V]og. (2.2.39)
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Note this is equivalent to the formula _izS;;(¢**) = 155;;(V) in Thm. 2.1.8.
Remark 2.2.18 In the compatibility condition (2.2.39) for the potential V', the
characteristic CKT K is in general not trace-free and the formula does not hold for

all the CKT' equivalent to K. Indeed, if we consider the equivalent characteristic
CKT K = K + fg the compatibility condition becomes

- 1

K=o (KV]+(feg)os (2240

In spite of the fact that the null geodesic equation is trivial for a positive definite
metric, the conformally separable coordinates are useful because they are the only
ones in which a natural Hamiltonian with fixed value of the energy can be solved
by additive separation of variables. Moreover, they are the only ones in which
R-separation of the Laplace equation can occur. This is a subject for the next
section. Having discussed the uses of a single CK'T, an important characterization
is associated with n CKTs, which is Theorem 7.2 in [3]:

Theorem 2.2.19 The n characteristic conformal Killing tensors

(K;) = (K1, Ks, ..., K,) associated with an orthogonal metric g;; are (i) point-wise
linearly independent, (ii) with common eigenvectors, (iii) mutually commutative
and (iv) in involution.

Proof: Since the rows of the inverse Stéckel matrix are linearly independent (this
follows trivially from the definition that the determinant is non-zero), by construc-
tion the n Killing tensors produced (one of them being the metric tensor itself)
are point-wise linearly independent, being in the same (normal) eigenbasis of the
separable coordinates by Eisenhart theory. They are all then simultaneously diago-
nalized. So are the n conformal Killing tensors conformally related to them, as well
as the n equivalent conformal Killing tensors. Then by definition these conformal
Killing tensors in any orthogonal coordinate system share common eigenvectors and
by sharing eigenvectors they commute. That they are in involution is proven in [3].
O

2.3 Relation of CKT'’s to existence of R-separable
webs

Recall Definition 1.1.1 [14]:

Definition 2.3.1 We say that multz’glicative R-separation of the Laplace equation
Ay = 0 or Schrodinger equation —%Aw + (V. — E)p = 0 occurs in a coordinate
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system (q°) if there exists a solution ¢ of the form

v =R(G",...,q") H bi(q", ca) (co) € R (2.3.1)

satisfying the completeness condition

o (¢ 0 (o .
k = )|l =2n-1 =1,....2n—1 =1,...,n.
k[ 2(4) 2 ()] et amnmet ien

From ([14]) we have

Theorem 2.3.2 Necessary and sufficient conditions for R-separation of Schréodinger’s
equation

2
—ZA¢+W—EW=O (2.3.2)

n a gwen coordinate system q* are:

i the coordinates are orthogonal;

11: the coordinates are conformally separable;

i1i: the function
2(E—Wﬂ—%¢i@8T-—Fﬂ (2.3.3)
h2 4 il i -J.

is a pseudo-Stackel factor, in that it can be written in the form f = g"¢:(q") where

g" is a conformal Stickel metric. Furthermore in this case the modulation factor

R is any solution of

20, InR=T; —&(¢") (i=1,...,n), (2.3.4)

where &(q%) is a function of one variable.
For the proof, see ([14]). Furthermore we also have ([7], [14])

Theorem 2.3.3 On a flat manifold, R-separation of the Laplace equation occurs
in a coordinate system (¢') if and only if the coordinates (¢') are orthogonal confor-
mally separable coordinates. The function R is (up to separated factors) a solution
of the first order system

1
InR=_T,
0;In R 5L

Remark 2.3.4 If the manifold is not flat the conformal separability is a necessary
(but no longer sufficient) condition: to guarantee R-separation we also need that
the function 52 be of the form ¢ f;(¢*) for suitable functions of a single variable

fi-

35



Definition 2.3.5 We call an R-separable web a conformally separable web if R-
separation for the Laplace equation occurs in any associated coordinate system.

Remark 2.3.6 In E3, every conformally separable web is an R-separable web for
the Laplace equation. This means that R-separable webs are defined by any charac-
teristic CKT. R-separable coordinates of E3 have been extensively studied by many
authors (see Bocher[5], Moon and Spencer [38], Boyer et al.[6]). The webs consist
of families of confocal cyclides.

In later chapters of this thesis we restrict ourselves to the webs and associated
characteristic CKTs admitting a rotational symmetry. To make the notion of web-
symmetry precise, we start with the definition of invariance of conformal Killing
tensors under one parameter groups of conformal transformations [13].

Definition 2.3.7 Let K denote a characteristic conformal Killing tensor on (M, g).
Let ¢, denote a one parameter group of conformal transformations. The
R-separable webs defined by K are said to be ¢ -symmetric iff

6K = K, (2.3.5)

where f is some function.

The infinitesimal version of the above definition is given by the following proposition
[13]:

Proposition 2.3.8 Let 'V be an infinitesimal generator of the one parameter group
of conformal transformations ¢,. Then ¢, is a web-symmetry of the R-separable web
defined by a conformal Killing tensor K if and only if

LvK = K, (2.3.6)

where h is some function.

If ¢; denotes a one-parameter group of homothetic transformations then the func-
tions f and h are non-zero constants. If ¢, denotes a one-parameter group of
isometries then the functions f and h are zero.

2.4 Conformal Killing tensors in spaces of zero
curvature

We now assume that the Riemann curvature tensor R;;i; of g vanishes. In this case
it has been shown by Eastwood [19] that C'K?(M) is finite dimensional and that

its dimension d is given by
(n+p—=3)n+p—-2)!n+2p—2)(n+2p—1)(n+2p)
pl(p+ 1)l(n — 2)!n!

d= (2.4.1)
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for n > 3,p > 1. Thus the general element of CK P(M) is represented by d arbitrary
parameters a', ..., a?, with respect to an appropriate basis.

Each element h of the conformal group C' (M ) induces, by a push forward map,
a non-singular linear transformation ((h) of CK?(M). It is implicit in the work of
[19] that the map

¢: C(M) — GL(CKP(M)) (2.4.2)

defines a representation of C'(M). Once the form of the general element K of
CK?(M) is available with respect to some convenient coordinate system on M, the
explicit form of the transformation ¢(h)K (written more succinctly as h-K) may be
written in terms of the parameters a',...,a%. We shall be particularly concerned
with the smooth real-valued functions on C'’K?(M) that are invariant under the
group C(M). The precise definition of such C'(M)-invariant functions of CK?(M)
is as follows.

Definition 2.4.1 Let (M, g) be a Riemannian manifold with zero curvature. Let
p > 1 be fired. A smooth function F': CKP(M) — R is said to be an C(M)-
invariant of CKP(M) iff it satisfies the condition

F(h-K) = F(K), (2.4.3)

for all K € CK?(M) and for all h € C(M).

The above can also be formulated for pseudo-Riemannian manifolds with zero cur-
vature, however they are beyond the scope of this thesis. The main problem of
invariant theory is to describe the whole space of invariants of a vector space under
the action of the group. To achieve this one has to determine the set of fundamen-
tal invariants with the property that any other invariant is an analytic function of
the fundamental invariants (see [41]). The fundamental theorem of invariants for
a regular Lie group action [41] determines the number of fundamental invariants
needed to define the whole of the space of C(M)-invariants.

Theorem 2.4.2 Let G be a Lie group acting reqularly on an n-dimensional mani-
fold M with s-dimensional orbits. Then, in a neighborhood N of each point x € M,
there exist (n — s) functionally independent G-invariants

Ay, ..., A _s. Any other G-invariant I defined near x can be locally uniquely ex-
pressed as an analytic function of the fundamental invariants namely

I =F(An,... Any).

One of the standard methods for determining the invariants of CK?(M) is to
use the fact that the invariants of a function under an entire Lie group is equivalent
to the invariants of the function under the infinitesimal transformation of the group
given by the corresponding Lie algebra. The precise result is as follows [40]:
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Proposition 2.4.3 Let G be a connected Lie group of transformations acting reg-
ularly on a manifold M. A smooth real valued function F': M — R is G-invariant

if
o(F) =0, (2.4.4)

for all x € M and for every infinitesimal generator v of G.

In our application G is the representation ¢ defined by Eq.(2.4.2) where the
condition (2.4.4) reads

U(F)=0, i=1,...,r (2.4.5)

where the U; are vector fields which form a basis of the Lie algebra of the repre-
sentation and r = dim C(M) = (n+ 1)(n+2). This Lie algebra is isomorphic
to the Lie algebra of C'(M). Such a basis may be computed directly as the basis
of the tangent space to ((C(M) at the identity if an explicit form of the represen-
tation is available. According to Theorem 2.4.2 the general solution of the system
of first-order pdes (2.4.5) is an analytic function F' of a set of fundamental C'(M)-
invariants. The number of fundamental invariants is d — s, where d is given by
Eq. (2.4.1) and s is the dimension of the orbits of ((C(M)) acting regularly on the
space CKP(M).
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Chapter 3

Construction of the general CKT
in E°

3.1 Killing vector formalism

Now we wish to calculate the general thirty-five dimensional trace-free conformal
Killing tensor Euclidean space admits, and express it in terms of Cartesian coor-
dinates. To this end we now specialize the general theory of the previous chapter
to the vector space CK2(M) of conformal Killing tensors of type (2,0) defined in
Euclidean space E?.

It is well known [42] that in E3  any conformal Killing tensor is expressible
modulo a multiple of the metric as a sum of symmetrized products of conformal
Killing vectors. A canonical basis of the Lie algebra of conformal Killing vectors in
E?3 with respect to a system of Cartesian coordinates ' may be written as

0

LT or

o

= ouZ
o
= G
ol
<

e

bl

20'aF — §17 27) X, (3.1.1)

for i = 1,2,3, and where ¢;;;, is the Levi-Civita tensor. We also note the commuta-
tion relations

X, X;] =0
X, Rj| = —€Xy
R, R;] = —€xRy
X;, D] =X,
[R;,D] =0

L, Ij] =



[Xi, I;] = 2(6;5D — ei:Ru)
Ri, L;] = —eijil

We now determine the form of the general element of TCK?*(M). By Eq.(2.4.1)
d = 35. Tt is clear that a sum of symmetrized products of conformal Killing vectors
is a conformal Killing tensor. It will be shown that all trace-free conformal Killing
tensors may be obtained in this way. One begins by writing

+ FR,OD+G;R, 0L, + HDOD + LD O L + ML 01, (3.1.3)

The coefficients in Eq.(3.1.3) obey the following symmetry relations
Aij=Au, Cy=0Cyu, My=M (3.1.4)

Thus the apparent dimension of TC'K?(M) is fifty five, which exceeds the required
dimension by twenty. Indeed there exist the following six relations among the basis
set of symmetric tensor products of Killing vectors:

X, OR; =0

R, 0L, =0

DoD=X,0L+R,0R;
2R, OD 4+ X, 0L, =0 (3.1.5)

Consequently, the general element of TC'K?(M) may be written as

K = A;X;0X;+B;X; OR; + C;R, @ R; + D;X; ®D
+ EX 0L +GROL + LD+ ML ol (3.1.6)

where the coefficients B;; and G;; may be chosen to satisfy

This follows from the fact that in the expression for the Killing tensor K, one can
add the terms k,X; ® R; and k,R; ® I; since we know these are essentially zero
for any arbitrary k,, k, € R. Since by definition the Kronecker delta d;; vanishes
for i # j, the above expressions can be modified to k,0;;X; © R; and kyd;;R; © I;.
These will still vanish and hence can be added to the expression for the Killing
tensor K in terms of the basis of symmetric tensor products of Killing vectors.
Collecting coefficients in front of X; © R; and R; ® I;, we define éij = Bjj + kqb;;
and éij = Gy + kpd;5. Setting ¢ = j and enacting a summation, we arrive at
B’ii = B,;+3k, and én = Gy +3ky. As k, and k;, are arbitrary, we have the freedom
to set them such that Eii = 0 and ém = 0, hence k, = —%Bn- and k, = —%Gii.
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Finally, the tilde sign is dropped and the trace-free result is proven for the B;; and
G; coefficients.

In terms of the natural basis, X; ©® X, the components of K are given by

Ky = Ay + (Bagemy) + Dadjy)e!
+ (Con€mre€inly) + 2Eqm i — Eijou)a'z"
+ (2Gmn€mk‘(i5j)l - Gm(iej)mk(sln + 2Lk51n6]l - L(i(;j)n(;lk)xlxkxn

+ (4Mkl§]n — 4Mk(15])n5h + Mijéknéli)l'll'kl’nl’i (318)
Next we impose the trace-free condition namely

This procedure yields the following additional fourteen relations among the coeffi-
cients of K:

My = —Ms — Mss
An = —Axp — Az
By = Cip— En
By = Ci3— Ex
By = Ca3— Es

Eu = 011 + 1/2(022 + C33>

Ey = Cyp+1/2(Ci + Css)
Esy = Cs3+1/2(C11 + Cx)
Ly = Gz —Ga3
Ly, = Gi3— Gz
Ly = Ga — Gy
Dy = Bsy — Bo3
Dy = Bz — B3
Ds = By — Bis (3.1.10)

The above formulae may be written compactly as follows:

Ay = 0, D;= Bjyerji

1 1 1
Eij) = 5Budiy = 5(Ciy = 5Chdy)
Li = Glmemliy Mu =0
By = 20k (3.1.11)

We chose, among the A;;, By, Gy and Mj;, the coefficients with index (1,1) to be
written in terms of the other two, for example: Ay; = —Agy — As3. There are now
twenty required relations among the coefficients. Implementing them, one obtains
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the conformal Killing tensor in E® which we present first in compact form, and then
in fully expanded form in components. We use the above conditions to remove the
D;, L;, and (temporarily) C;;. Note that the matrix coefficients A;;, M;;, B;; and
G;; must be trace-free.

3.2 Compact and expanded form of the general
CKT

In terms of the natural basis the components of K are given by:

Kij = Ay + (Baeryy) + Bavvadj)z’
+ ((2E (mn) 1/2Eaa5mn)6mk i€ni]j) T 2E ‘k‘é N — E(ij)(slk)l‘ll’k
+ (2Gmn€mkz(z6])l — G Ej)mk(sln + 2G bebakéméﬂ Gabeba(iéj)nélk)a:lxkx"
+  (AMybjn — AM 0506 + ijéknéh)a:lxkx"as’ (3.2.1)

Moreover, any CKT of E? is equivalent to

where A;;, M;;, B;; and G;; must be trace-free matrices. The CKT coeflicients K;,
found by collecting all polynomials with common factor X; © X;, may be written
as follows:

X1 ® Xll

Ky = —Agy — Agz — AMioxy® + (—Gsp + 3Ga3) 2%x + (—2 Moy — 2M33) 2 y* + (2C5 —
2E31)ZLU — 20233/2 + 8M232y$2 + (6M22 + 2M33)$2y2 + 3122 — Blg’y + (332 — BQ3)$ +
(—MQQ — M33)$4 + (G32 — Ggg)lﬁ +4M132{L’3 +4M12y$3 + (011 -+ 1/2022 -+ 1/2033>ZL'2 +
(3G21 — 2G12)Zl‘2 + (6M33 + 2M22)221'2 + <—3G31 + 2G13)x2y + (—3G32 + Ggg)l’yz —
4M13293y2 + (2012 — 2E21)£L‘y + (2G22 — 2G33)zxy — 4M1222xy — 4M1323£L' — G212’3 +
(—May — Mss) 2"+ Ga1y® + (— Moy — Mss)y* 4 (—Ch1 — 1/2C0 +1/2Cs3)y* — Gy 2y* +
G3122y -+ (—CH -+ 1/2022 — 1/2033)2’2

X2 ® XQI

Ky = Agy + AMiaxy?® 4 (2053 — 2Esy) 2y + 2Ep 2y 4 (Coz + 1/2C1; 4 1/2C33)y* +
4M232y3 + (Glg — Ggl)yS + (-ng + 1/2033 — 1/2011)1’2 — 4M232’y$2 + (4M33 —
2M22)22y2 + (—3G12 + 2G21)Zy2 - 4M12y$3 + 2M2222$2 + 8M132.Ty2 - 4M1222xy +
G122I2 - Bglz + B23l' — G3222$ + <B13 - Bgl)y - 2013172 + (—6M22 — 4M33)1’2y2 +
(—=Ghi3+3G31)2?y+ (3Gs2 —2Go3) 2y + (4G33+2G22)Z$y+M22$4 — G397+ Mop 2t +
G1223 + M22y4 + (—3G13 + Ggl)ZZy — 4M23z3y + (—022 + 1/2011 — 1/2033)2’2
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X3 @ Xgl

K33 == 2E322’y + A33 + (1/2022 - 033 — 1/2011)1‘2 — 4M23Zy3 - 4M232y3172 + G23[E3 +
2F31 72+ (=3G9 +Gha) 22 + (—Ga1 +3G12) 2y? —AM3223 — AM 3 22y* + 8 M9 22wy +
(1/2011 —(O33— 1/2022)y2 + 4M13Z3.23 + (—6M33 — 4M22)Z2.172 —2C1 2y + 4M2323y —
Bssx + Bs1y + (Bai — Bi2)z + (—4Gas — 2G33) 2y + 2Mss2?y? — Grza?y + Masz* +
(—3G23 + 2G32)22$ + (4M22 — 2]\/[33)223;2 + (3G13 — 2G31)22y + G23xy2 + M3324 +
(Ggl — G12)Z3 + (033 + 1/2011 + 1/2022)22 + M33y4 — G13y3

Xl ® XQI

Ky = (=G + 1/2Ga3)y* — 2Mo3z3z 4+ (—1/2G13 + Ga1)2® + (2C13 — Es)zy +
3/2G23yz2+ (BQQ + 1/2333)Z+ (—E21 + 1/2012)y2 + (—4M22 —2M33)yl’3 — 2M1323y+
(Egl — 1/2012)ZE2 — 2M132y3 + 6M12y2x2 — 3/2G13$Z2 + (3G32 — 3/2G23)ya72 —
2M232!If3 + (1/2B32 — Bzg)y — 3/2G332y2 + 3/2G3321’2 + (2023 — Egg)Zl’ + <_G22 —
1/2G33)Z3—|—A12 — 3/201222—|—6M33(Ey22 +6M132y1}2 -+ (4M22 +2M33)£L'y3—|— (3/2G13 —
3G31)xy2 + 6M232xy2 + (—3G12 + 3G21>Z$y — M12I4 + (3/2011 + 3/2022):cy+ (Blg —
1/2331)1’ — M12y4 + M12Z4

X1 ® Xgi

Ki3 = (=1/2C13 + E31)x? + (—2Moy — 4Ms3)z2% + (—Goy + 1/2G12) 23 + (3G —
3/2G12)22$+<2012 —E21)2y+3/2G12:Uy2—|—(1/2G22—|—G33)y3+(3/2011 +3/2033)Z$—
2Mosxy® —3/2G392y* + (1/2Bgy — Bio)x +6 Moy 2y* —3/2C 13y% + A13+ 3/2Go0y 2 —
2 Moy +(3/2G30 — 3Ga3) 202 — 3/ 2Gooyx® + 6 M 32° 2% — Myzat +6 Myszyax® + (Eso +
ng)l’y + (3G13 — 3G31)z3:y + 6M23z2xy + (2M22 + 4M33)23$ — M1324 + M13y4 —
2Myp2y3 — 2M 1223y + (Bsy — 1/2Bo3)z + (1/2C13 — E31)2% + (Gag — 1/2G39)2% +
(=1/2B2 — Bss)y

X2 ® Xgl

Koz = —3/2C531% + (3/2G99 + 3/2G33)2%x + 3/2G31 202 — 3/2Gy1yx? + (1/2Bsz —
1/2322)x—2M13yx3—2M122x3—2M13:cy3+(1/2G22— 1/2033)$3+(G12— 1/2021)3/3—
2M1223m+6M2322y2—|—(3G13—3/2G31)zy2—|—(—1/2023+E32)y2+(—2M33+2M22)Zy3+
(1/2B13 — Bgl>Z+ (—2M22 +2M33)23y+ (3/2G21 — 3G12)22y+ (3/2022 +3/2C33)Zy+
(Bgl — 1/2312)y—|— (—Glg + 1/2G31)23 + (—E32 + 1/2023)22 + (—6M33 — 6M22)zy:v2 +
(—3/2G22 — 3/2G33)xy2 + 6M122’xy2 + (Egl + Clg)l'y + M23$4 + (Egl + 012)2.1' +
(3Gi32 — 3Glas) 2wy + 6Miz2*wy — Mogz* — Mogy™ + Aag

Knowing the form of the general conformal Killing tensor allows one to consider
lower dimensional sub-sets. These are often representative of symmetries of coor-
dinate webs which will be studied in the next chapters.
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Chapter 4

The set of rotationally symmetric
characteristic CKTs in E°

4.1 Definitions and constructions of rotationally
symmetric webs

Now we begin the task of finding characteristic conformal Killing tensors corre-
sponding to each of the three dimensional known rotational R-separable webs given
in [38]. Later we address the question as to whether they describe inequivalent coor-
dinate webs or not. Because we restrict ourselves to the R-separable webs admitting
a rotational symmetry, to describe them we must find the most general rotational
conformal Killing tensor sub-set of the conformal Killing tensor calculated in the
previous chapter. Rotational coordinate webs means that one foliation of the web
consists of half planes with common intersection forming the z-axis. This we label
the rotational axis. Without loss of generality we can restrict ourselves to the webs
having the z-axis as their rotational axis. Up to an isometry, a characteristic con-
formal Killing tensor of such a web admits the Killing vector R3 as an eigenvector.

The continuous operation to characterize a conformal tensor T representing a
symmetric web is given by the solutions of

LT = AT, (4.1.1)

where h is any real scalar and L is the Lie derivative operator with respect to the
conformal Killing vector k which generates a group action under which the web is
invariant. Note the above is Prop. 2.3.8, where k is the infinitesimal generator of
the one parameter group action. This is a property of all conformal Killing vectors.
We use from now on the Lie derivative formula for contravariant rank two tensors
T which is:

(L T)7 = K'OTY — TYUok' — T O,k (4.1.2)
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The condition (4.1.1) is not sufficient on its own because it does not imply normality
of the eigenvectors of T%. Hence the solution set is not the set of rotationally
symmetric characteristic conformal Killing tensors. Thus not only must one set the
rotational Lie derivative of the general conformal Killing tensor to zero, namely
Eq. (4.1.1) for Killing vector k = Rg3, but in addition impose the three Tonolo-
Schouten-Nijenhuis (TSN) conditions which are both necessary and sufficient for
a given symmetric (Killing) tensor field to have integrable eigenvectors. These
conditions read

Nl[jk:gi]l =0
N Ky =0
N K K™ = 0, (4.1.3)

where N jx are the components of the Nijenhuis tensor of K% given by
N = KK g+ KK, (4.1.4)

Lie differentiation leaves nine independent coefficients of the conformal Killing ten-
sor solution and the tensor (not characteristic yet) is:

1
KH = —§A33 + 6G225L’y2 — M33x2y2 + G1223 — Bglz + G122y2 — 2E21;Uy
1 1 1
— §M33[L'4 + 5M3322[L'2 — §M3324 — §M33y4 — 5G122’l’2 — M33z2y2
—|— (—1/2022 — 1/2033)22 —I— (3/2022 + 1/2033)172
+ <—3/2022 + 1/2033)y2
1
Ky = —51433 — 6Garyz — ]\/[33$23/2 + 0122’3 — Bojz — 5012292
1 1 1
+ 2By — §M33$4 — Mgz22® — §M33Z4 — §M33Z/4
+ G222 + 5Mp2®y? + (=3/2Ca0 + 1/2C053)7” + (3/2Ca + 1/2C53)y*
+ (=1/2Cq — 1/2C33)2
Ky = —Cs3y® + Asg + 2M332°y" — 2G122° + 2Bg1z — Ca3x” + 4G192y°
+ M33$4 - 4M3322JI2 + M3324 + M33y4 + 4G122$2 - 4M3322y2
+ (CQQ + 033)22

K12 = ?)ngfby — 3GQQZZL’2 — 6G12xyz + 3G22y2z + 6M33$y22

+ Enz® — Eyy?

Kis = (3/2Cs3 +3/2Cy)2x — 9/2G152%x + 3Mss23x — Fy 2y
+ 3/2G10xy? — 3Msszzy® + 3/2Go9y2?* — 3/2G9yx® — 3Mszza®
4+ 3/2By1w + 3/2G 152" — 3/2G 90y + 3/2Bgy

K23 = 3M3323y — 9/2G12z2y — 3/2G2222$ — 3M332y3 + 3/26’22ny
3/2321y — 3/2.BQQZE + E21£L'Z —|— 3/2G12y1’2 + (3/2033 + 3/2022)Zy
— 3M332y.%'2 -+ 3/2G2233'3 —+ 3/2G12y3 (415)

+
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The imposition of the TSN conditions implies that the coefficients Es;, Byy and
(G52 must vanish. The resulting six-dimensional rotational characteristic Killing
tensor thus takes the form:

Ky, = —1/2Mssx* — Masa®y? 4+ (3/2C5 + 1/2Cs3)x? — 5G 1922 4 5Mazx?2?
1/2Mssy* + (1/2C35 — 3/2C)y” + Grazy® — Mszy®z® — 1/2A33 — Boyz
+ (=1/209 — 1/2C33)2% — 1/2M332* + G192°
Koy = —1/2Msszx* — Masa®y? 4+ (1/2C53 — 3/2Ca)x* + Groza? — Mazx?2?
—  1/2Mssy* 4 (3/2C + 1/2Cs3)y* — 5G102y* + 5Mssy?2® — 1/2A33 — By 2
+ (=1/2C9 — 1/2Cs33)2* — 1/2M332* + G122°
Ky = Mz + 2Ms32”y® — Caz3a® + 4Gr92a” — 4Maaa®2® + Masy®' — Casy® + 4G122y°
— AMy3y*2* + 2By 2 + (Caz + Cnz) 2% — 2G122° + Mazz® + Ags
Kis = 3Cyuyx — 6G102yz + 6Ms32y2?
Kis = 3/2G120% — 3Mssza® 4 3/2G10xy* — 3Maswzy? + 3/2Bo 2 + 3Mss 2>z
4+ (3/2C9 +3/2Cs3) 2z — 9/2G 1912>
Koz = 3/2G1oyx® — 3Mszzyx® + 3/2G19y° — 3Ms32y® + 3/2Bo1y + 3M332°y
4+ (3/2Ca + 3/2Cs3)zy — 9/2G12y 2> (4.1.6)

A more compact way of expressing the above, in terms of symmetric tensor products
of CKVs expressed as linear combinations of the chosen six parameters, is:

K= - 14233X1®X1—A233X2®X2+A33X3@X3
— By X; ORo+ By Xy R + CuR;i © Ry
CyuRs O Ry 4+ C33R3 O R3 +2B31 X3 0D
(3/2Co5 + C33/2)X3 © It + (3/2C9% + C33/2) X © Iy

(Cs3 +C0) X3 0L +GpR 0L —GpR 0O L4
M. M.
- %@D@h—j§L®L—j§b®b+N@h®h (4.1.7)

+ o4+

There is an elegant alternate approach which is computationally easier than the
method outlined above.

Remark 4.1.1 The linear space of all possible CKTs which are characteristic CKTs
of rotational webs in Euclidean space is the subspace of the general thirty five pa-
rameter CKT defined by the discrete linear operation:

The result by definition forces the third rotational Killing vector to be an eigen-
vector of the modified Killing tensor. Indeed the normality of the eigenvectors is

ensured by the fact that Rg3 is normal and that the second linearly independent
eigenvector is tangent to the half-planes and can be considered planar. Clearly the
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pair are surface forming and hence normal. In any case we checked that the three
conditions making up the Tonolo-Schouten-Nijenhuis test for integrability of the
eigenvectors are satisfied. Note that Eq. (4.1.8) works only for 3-dimensional Eu-
clidean space and not on higher dimensional manifolds. Thus the discrete method
cannot be taken as a universal approach to find subsets of conformal Killing tensors
indicative of symmetries of the corresponding coordinate webs.

It was shown that each discrete operation analogous to Eq.(4.1.8), but along all
canonical conformal Killing vectors, results in Killing tensor subspaces of dimen-
sion six instead of thirty five that describes the most general CKT. Application
of the condition Eq.(4.1.8) confirms that rotational webs are six dimensional webs
characterized by the following conditions on the Killing tensor coefficients:

A
An =
B12 = _B21
Cll = 022
G12 _G21

M.
My = —=F

(4.1.9)

All other parameters vanish except for those that are linear combinations of the six
free independent parameters (Asz, Bay, Cag, Cs3, G12 and Ms3) as required by the
trace-free condition explained in the previous section. The same general rotational
conformal Killing tensor then results after applying the above criterion. This proves
that the Lie derivative and discrete method of finding rotationally symmetric webs
are equivalent for Euclidean space. We have verified that (4.1.8) and (4.1.1) with
TSN conditions are equivalent for all canonical conformal Killing vectors modulo
cases of Killing tensors with constant components.

4.2 Characteristic Killing tensors for rotational
R-separable coordinates

In this subsection we discuss the derivation of characteristic Killing tensors for
R-separable webs. As explained in the Introduction this method relies on the
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observation of Eisenhart that the associated Stéckel matrix contains in its inverse
information about the characteristic Killing tensors unique to the coordinate system
[20]. Namely, the three rows of the inverse Stéckel matrix are the contravariant
components of the linearly independent Killing tensors expressed in the eigenbasis
that generates the coordinate web. One row is the usual contravariant metric tensor.
This is a fundamental property of all Stiackel matrices and in [38] the first row of the
inverse is defined to represent the diagonalized contravariant metric tensor. The
second and third rows are the diagonalized Killing tensors; one will be common to
all rotational systems but the other unique only to the coordinate web.

One is interested in Killing tensors expressed in Cartesian coordinates, thus the
coordinate transformation law is needed to calculate the Jacobian matrix. Recall
from Chapter 2 that when the Jacobian is left-multiplied by the diagonalized Killing
tensor and the transpose of the Jacobian, that this yields the tensor expressed in
Cartesian coordinates albeit with variables belonging to the original R-separable
coordinate definition. So far the technique is algorithmic especially when the as-
sociated Stéckel matrix and coordinate transformation are already known (in this
thesis we provide them for each coordinate case). The difficult step is guessing the
Killing tensor in canonical Cartesian variables. Although an algorithm is outlined
in [25], it becomes very unwieldy for the cyclidic coordinates where solving for one
separable coordinate in terms of the Cartesian coordinates involves solving quartic
equations. This, as well as writing the tensor as a symmetrized product of Confor-
mal Killing vectors (CKVs), will be discussed in each case. Of particular difficulty
were the Jacobi-elliptic coordinate systems that comprised the last four coordinate
systems in Ch.4 of [38].

For 6-sphere and tangent sphere coordinates the form of the characteristic tensor
can be determined by inspection. 6-sphere coordinates are the only example in
Ch.4 of [38] that are not rotational so we briefly digress from the main theme of
this chapter to discuss them. The coordinate transformation law from Cartesian
coordinates to canonical R-separable coordinates is given by

. u
S e
. v
O S S
p = Y (4.2.1)

u? + v? 4+ w?
The resulting covariant metric coefficients in the separable coordinates are
1

= = = 4.2.2
g11 = 922 = 933 (W? + 02 + w?)? ( )
The associated Stackel matrix is:
0 -1 -1
0 1 0 (4.2.3)
1 0 1



with conformal Q-factor (u? +v* +w?)™? and modulation R-factor the fourth root
of @. Using this information and the Eisenhart theory the corresponding conformal

Killing tensors are:
I 42222

dayz?

i 4x2y2
—2(z? —y? + 2y

4y

4ayz?

4qy% 2

| 2wz(—a® —y® +2%) 2yz(—a® —y® +2°)

—2(x? — y? + 2%y
(0% — g2 + 22)?

—2(2? —y* + 2)yz

2w2(—x? — y? + 2?)
2yz(—x? — y? + 2%)
(=22 — g2 + 2%)?
4y

—2(z* —y? + 2)yz

4%

(4.2.4)

(4.2.5)

They are not however trace-free. In order to determine the coefficients used in sym-
metric tensor products of CKVs by comparing the above fourth degree expressions
with the general formula for the thirty five parameter conformal Killing tensor -
the trace must be removed. This is accomplished by addition of the identity matrix
multiplied by one third of the negative of the trace. For the above two tensors the
coefficients of symmetric tensor products of CKVs are: My = —%, M3 = % and
Moy = %,Mgg = —é, respectively. All other coefficients are zero. With tangent
sphere coordinates the coordinate transformation law from Cartesian coordinates
to canonical R-separable coordinates is given by

_ pcosy
o U2+ 2
_ psing
U u2 + 2
v
The resulting covariant metric coefficients in the separable coordinates are
B B 1
gu = g2 = (2 + 12)?
2
i
The associated Stackel matrix is:
1 -1 —1/u?
0 1 0 (4.2.8)
0 0 1
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with conformal Q-factor (u?+ v?)~2 and modulation R-factor the fourth root of Q.
From this the two conformal Killing tensors obtained are:

4?22 4y 2* 20z(—2? — y* + 27)
4xyz? 4q/% 2 2yz(—x? —y? + 22) (4.2.9)

202(—a? —y? + 2%) 2yz(—2? —y? +2%) (= —y? + 2?)?

y?  —ay 0
—zy 2> 0 (4.2.10)
0 0 0

The second tensor is common to all coordinate webs invariant under rotations. Its
trace-free representation is

2y2 $2
E R 0
_ 222 y?

Ty 3 3 0

0 0 -r_c

(4.2.11)

The basis in terms of symmetrized products of CKVs is easy to find from the general
trace-free rotational CK'T expressed in terms of six arbitrary constants, since this
tensor is of second degree:

1 1
Cp=-3, Cp= 3

Although largely neglected in this chapter, this tensor will be fundamental in discus-
sions of group operations leaving rotational webs and algebraic quantities invariant.
It is required for classifying inequivalent coordinates in the next section. The first
characteristic tensor’s trace-free representation is purely degree four with basis:

Asz = By = Gig = M33 = 0. (4.2.12)

2
M33 = @, A33 = Bgl = 022 = 033 = G12 =0. (4213)
For cardioid coordinates the coordinate transformation law is:
JLVCOS )
x S —
(12 + 1)
_ pwsing
Yy (12 + 12)?
2 2
W —v
= — 4.2.14
2+ ) R
The resulting covariant metric coefficients in the separable coordinates are
B B 1
g = G2 = (12 + 12)3
2.2
1%
= — 4.2.15
933 (12 + 12)* ( )
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The associated Stackel matrix is:

=1 =1/p?
vl =112 (4.2.16)
0 O 1

with conformal Q-factor (u? + v?)™*, and modulation R factor the fourth root of

. The characteristic conformal Killing tensor, in canonical Cartesian coordinates,
could not be guessed but a formula relating the variables p, v and ¥ to Cartesian
variables x,y and z is given in [38] and can be inserted into the expression. After
rearrangement one obtains the conformal Killing tensor written in components:

—8z(2% — y* — 2?) —16zy2 dx(x® + y* — 32%)
—162y2 8z(z% —y? +2%)  dy(a® + 12 — 32%) (4.2.17)

dx(x® +y* — 32%) dy(2® +y? — 327) 162(2? + ?)

This is the only coordinate system yielding a purely degree three characteristic
tensor. The basis of symmetrized tensor products of CKVs is G1o = %. A word of
caution is required here. Although there is only one independent basis, this does
not mean that Gy is the only coefficient involved in the formula for symmetric
tensor products of CKVs. Recall the trace-free condition on the CKT also requires
that L; = G, where L; was defined as the tensor coefficient of the dilatation
vector multiplied with the i** inversion vector. In the case of cardioid coordinates
ng—%,leLQZO.

The remaining rotational webs have the additional feature of a parameter ‘a’
which appears in the definition of the coordinates. This will be present in the
Jacobian and in the final characteristic conformal Killing tensor. An interesting
fact is that Ass will always have ‘units’ a? and Mss units a% It will be clari-
fied later that this parameter naturally arises from the dilatation member of the
conformal group acting on the coordinate web. Cy and Cs3, the second degree
terms, never depend on this parameter. The algebra of the characteristic tensors
(representing coordinates at least in canonical centered form) will show that for
all non-cardioid coordinates only four independent coefficients come into play and
these are Agg, 022, 033 and M33 with Bgl = G12 = 0. This will be expanded on in
Chapter 5 and 6.

For toroidal coordinates the coordinate transformation law is:

asinh(n) cos ¢
€T =
cosh(n) — cos 6
_asinh(n)sin
v = cosh(n) — cos 6
inf
;= s (4.2.18)

cosh(n) — cos 6
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The resulting covariant metric coefficients in the separable coordinates are
2

a
o= = (cosh(n) — cos )2
a? sinh?(n)
4.2.19
933 (cosh(n) — cos#)? ( )
The associated Stéackel matrix is:
1 —1 —1/sinh(n)?
0 1 0 (4.2.20)

0 0 1

with conformal @ factor a?(cosh(n) — cos#)~? and modulation R-factor the fourth
root of (). The characteristic conformal Killing tensor in canonical Cartesian co-
ordinates is found by solving quadratic equations relating (7, 0, ¢), given in [38],
with the Cartesian variables (z,y, z). One obtains

[ 22> xyz> _ (a®+y?—22—a?)zz
a? a? 2a?
2 2,2 2.2 2 2
TYZ 2%y _ (z4y -2 —a®)zy
e 2y Py a)zy (4.2.21)
(@ y?—22—a®)zm (aPty?—22—a?)zy (2% 4y%—22—a?)?
L 2a? 2a? 4a? i

The independent coefficients of symmetric tensor products of CKVs are

2
a 1 1

—, Cyp =0, (Uyg=-, Myp=-—
6 22 33 = 3 3B 5.2
Writing the complete expression in terms of symmetrized tensor products of CKVs
again requires the algebra derived in the previous section based on the conditions

that resulted from the trace-free assumption.

Ags = (4.2.22)

Bispherical coordinates are handled in a similar way to toroidal coordinates.
Their coordinate transformation to Cartesian coordinates are:

asin 6 cos
x
cosh(n) — cos 6
asin @ sin
y =

cosh(n) — cos 6

asinh(n)
= 4.2.2
cosh(n) — cos 6 ( 3)

The resulting covariant metric coefficients in the separable coordinates are

a2

(cosh(n) — cos 0)?
a’sin’ 0

= 4.2.24
933 (cosh(n) — cos#)? ( )

g1 = g2 =
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The associated Stackel matrix is:

1 -1 0
0 1 —1/sin6? (4.2.25)
0 0 1

with conformal @ factor a®(cosh(n) — cos#)~2 and modulation R-factor the fourth
root of (). The characteristic conformal Killing tensor in Cartesian coordinates is
expressed in components and is given by:

1

K, = yoe (z* — 22207 + 22%a® + 20%° + 2* — 22%a% + y* 4 2y%a® + ot + 22%7)
a
1
Ky = 12 (z* + 20%% + 22%a® + 22207 + 2 — 22%a® + oyt + 2y%a® + ot — 22%7)
a
22+ %) 22
K3 = L e )
2
Ky = _:vaZ
a
Koo (2 +y* — 22+ a?)x
(2?2 +y* — 22 +a*)zy
Kou — 4.2.26
. - (4.2.26)
The independent coefficients of symmetric tensor products of CKVs are
a? 1 1
Agg=——. Cp=0, Cp=-, My=——r 4.2.27
33 6 22 33 = 3 33 6a? ( )

These conditions are the same as those for toroidal coordinates except for a sign
change in Aszz and Mass; this subtlety will be revisited in the next section when
considering inequivalence of coordinates.

Inverse oblate spheroidal coordinates and inverse prolate spheroidal coordinates
are handled in a similar manner: coordinate relations in [38] can be solved in
terms of Cartesian variables by use of the quadratic formula. For inverse oblate
coordinates the coordinate transformation law is:

a cosh(n) sin 0 cos ¢
cosh?(n) — cos? @

a cosh(n) sin 0 sin

cosh?(n) — cos2 0
asinh(n) cos 6
cosh?(n) — cos2 0
The resulting covariant metric coefficients in the separable coordinates are
a?(cosh?(n) — sin? 0)
(cosh?(n) — cos? 0)2
a? cosh?(n) sin? @

(cosh?(n) — cos? 6)2

(4.2.28)

gi1 = g2 =

933 (4.2.29)

93



The associated Stéckel matrix is:
a?cosh?(n) —1 1/cosh®(n)
—a*sin®’0 1 —1/sin*0 (4.2.30)
0 0 1

with conformal @ factor (cosh?(n) — cos?6)~2 and modulation R-factor the fourth
root of (). The characteristic conformal Killing tensor for inverse oblate coordinates
is given in components, written in canonical Cartesian coordinates, by:

(xt — 22222 4 2222 + y* + 21 + 22a® + y?a® + 22%y?)

Ky = s
% (2t +2222% + 22a® + 22%9y% + 2%a® + ¢t + 2t — 22%?)
22 = 5
a
o @R a)
(422 + a*)zy
Ko = =5
zw(a® — 2x% — 2y% + 22?)
Ky = — 2
2 2 2 2 2 2 2
Ky — a2 e ) (4.2.31)
a

The independent coefficients of symmetric tensor products of CKVs are

1 1 2

A3 =0 Cy = —= C33 = —— Miy = —— 4.2.32
33 y 22 3, 33 37 33 3@2 ( )

For inverse prolate coordinates the coordinate transformation law is:

asinh(n) sin  cos ¥
cosh?(n) — sin? @

a sinh(n) sin 0 sin ¢
cosh?(n) — sin? 4
a cosh(n) cos O

= 4.2.33
cosh?(n) — sin @ ( )

The resulting covariant metric coefficients in the separable coordinates are

a?(sinh*(n) + sin? )
(cosh?(n) — sin? 0)2
a? sinh?(n) sin” 6

(cosh?(n) — sin? #)2

g = g2 =
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The associated Stackel matrix is:
a’sinh*n —1 —1/sinh?y

a’sin’0 1 —1/sin*0 (4.2.35)

0 0 1

with conformal @ factor (cosh?(n) — sin® )2 and modulation R-factor the fourth
root of (). The characteristic conformal Killing tensor for inverse prolate coordinates
is given in components by:

(—x4+2z2x2—2x2y2+22a2+y2a2—z4—y4—222y2)

Kn = 5
a
o (=2t + 2%a? — 202 — 22227 + 2%a% — yt — 24 + 2:%?)
(—42° + a®)(2* + *)
Ks = 7
a
ry(—42% + a?
Ky — U : )
a
zw(a® + 222 + 2y — 22?)
K = — -
2 2 2 2 2 -9 2
K, — _yat2e C;r y" = 2) (4.2.36)

The independent coefficients of symmetric tensor products of CKVs are

1 1 2
Aszz =0 Cy = —= Cy3 = —= Mss = — 4.2.37
33 ) 22 37 33 37 33 3@2 ( )

4.3 Jacobi elliptic coordinates

The case of the Jacobi elliptic functions involved in the last four rotational coor-
dinate systems given in [38] are much more difficult to decipher their associated
CKTs. Solving for u, v and 1 directly in terms of x,y and z in [38] using informa-
tion in [38] implies solving quartic equations. Closed form solutions may exist in
theory but are unwieldy. We had the idea of using numerical methods to ‘measure’
what the unknowns (Agss, Ba1, Cag, Cs3, G1a, M33) must be by numerically evaluating
the components of the characteristic Killing tensor and inverting the ‘coefficient’
matrix defined in terms of the six unknown parameters.

If the six parameter set were factored out into a column vector, the resulting
six by six ‘coefficient” matrix inverted and multiplied with the column vector (nu-
merically estimated) of Killing tensor components
(Ass, Ba1, Cag, Cs3, G2, M33) would be approximated. The hope was that the nu-
merical output would be very close to repeating decimal expansions hinting at
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simple fractions. The fractions chosen would comprise an intelligent guess for the
unknowns and their use in the general formula for symmetric tensor products of
CKVs would yield the Killing tensor automatically in Cartesian coordinates. The
idea is sound except that the determinant of the coefficient matrix is 0! In fact, the
rank is only three. Even the guess By; = G2 = 0 (which turned out to be correct)
would leave us with one unknown too many. Moreover, it can be proved that the
singular condition implies any formula of symmetric tensor products of CKVs is
unique up to a very general 3-parameter non-constant algebraic expression.

The only way around this difficulty was to proceed numerically: either to guess
the CKT coefficients (some are now functions of the Jacobi-elliptic parameter k)
and judge by numerical estimates if the hypothesis was reasonable or restrict the
domain to extreme values such as 4 = v = ¢ = 0. The coefficients are constant
independently of where in the manifold the numerical evaluations are done. How-
ever, extreme cases vastly simplify the six by six matrix and step by step allowed
one to numerically gauge certain unknowns one at a time. For bi-cyclide, flat ring
cyclide and disk cyclide coordinates the above procedure was painstakingly applied
to the limiting cases K = 1 and £ = 0. For such limiting values the coordinates take
on a simpler form, albeit the actual coordinate system in question is only defined
for k& belonging to the open set (0,1). The coordinate parameter k" also belongs to
the open set (0,1) with the relationship &2 = 1 — k2. For interior values of k, we
successfully conjectured - and then tested by the least squares method - that the
coefficients involved in the symmetric tensor products of CKVs behave quadrati-
cally in k with the prior calculated ‘endpoints’. So in these last four coordinate
systems calculating the characteristic Killing tensor did not precede calculating its
representation in terms of symmetrized tensor products of CKVs! A result was that
the characteristic Killing tensor derived is automatically trace-free.

Bi-cyclide coordinates have the coordinate transformation law:

r = %cn(u)dn(u)sn(y)cn(y)cosg/)

y = Kcn(u)dn(u)sn(y)cn(y)sinzb

z = Ksn(u)dn(y)
A = 1—dn®(u)sn(v) (4.3.1)
The resulting covariant metric coefficients in the separable coordinates are
a(1 = sn?(u)dn? (1)) (dn® (v) — k2sn?(1))
gu = g2 = A2
gy = a20n2(u)dnz(Kzan(u)ch(y) (43.2)
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The associated Stackel matrix is:

——k2sn2(,u) 1 — Esn?(p)

en?(p)dn® (p)
H2 v
dn’(v) 1 —W (4.3.3)
0 0 1

with conformal @) factor X—z(l — sn?(p)dn®(v)), and modulation R-factor equal to

A~Y/2. For the characteristic conformal Killing tensor of bi-cyclide coordinates the
k = 0 limit has the following parameters: As; = —%, Cy = 0,033 = %, M3 = 0.
The £ = 1 limit has the parameters: Az = —%,C’QQ =0,C33 = %,Mgg = —%.
Only the As3 term is constant; conjecturing a quadratic dependence on the others
to fit the ‘endpoints’, the coefficients of the Killing tensor for bi-cyclide coordinates

are
2a? 2 2k
?, CQQ - 0, 033 - 5(1 + ]’{52), M33 - — -5 (434)

Azz = —
33 32
The conformal Killing tensor in components that results is:

K, = = E (@27% + 2K + P + PR — 22 — 22K + a
a
+ KAt 2Kty — 10K%2% 27+ KRyt 2kR P2 PRt
1
Koy = 37 (a®2® + a*2°K* + a®y? + a*y*k? — a*2® — a*2°k* + ot
a
+ 2K%2%y? + K22t 4 2K% 272 + KPyt — 10k% %2R+ K2t
2
a
_ 4]’1’}2[[‘222 . 4k2y222 + k21'4 + 2k2$2y2 + k2y4 4 k?224)
4ayk?2?
o rz(—a?® — a?k?* — 2k%2% — 2k%y? + 2k%2?)
13 = — p
Ko yz(—a® — a’k? — 2k*x? — 2k%y? + 2k*2?)
23 = — p

(4.3.5)

Using Maple one verifies that this is indeed the trace-free characteristic Killing
tensor for bi-cyclide coordinates.

Flat-ring cyclide coordinates have the coordinate transformation law:

xr = gsn(u)dn(y) cos

A
y = %sn(u)dn(y) sin
z = %Cn(,u)dn(,u)sn(l/)cn(l/)
A = 1—dn®(u)sn’(v) (4.3.6)

57



The resulting covariant metric coefficients in the separable coordinates are

a(1 — sn?()dn? (1)) (dn® (i) — k2su?(u))

g1 = @G22 =

A2
a®sn?(p)dn?(v
933 = (A)2 ) (4.3.7)
The associated Stackel matrix is:
—k?*sn?(u) —1 —(K?sn?(u) + 1/sn*(u))
dn?(v) 1 (d®(v) + k%/dn(v)) (4.3.8)

0 0 1

with conformal Q-factor X—z(l — sn?(p)dn®*(v)) and modulation R-factor equal to
A2,

For the characteristic conformal Killing tensor of flat-ring cyclide coordinates
the k£ = 0 limit has the parameters: Asz3 = %,022 = %,033 = %,Mgg = 0. The
k = 1 limit has the parameters: Asz3 = %, Cyy = %, Cs3 = %, Mss = % Only the
Asz term is constant, again conjecturing a quadratic dependence on the others to fit
the ‘endpoints’, the coefficients of the Killing tensor for flat-ring cyclide coordinates

are

2a? 1 1 2k?
O Cp=-(14k), Cum=-(1+k), My=—" (439

Ao — ——
BT g0 3 3 3a2

This also turned out to be correct. The conformal Killing tensor in components
that results is:

302
+ Kt 2Kty — 10K%2% 2+ KAyt 2kRyt 2 KPRt

Kll — -(a2y2+a222—2a2$2+a2k32y2—|—a2k‘222—2a2k2x2+a4

Koy = ——— - (a*2? + a*2* — 2a*y* + a*k*2* + a*k*2* — 2a*k*y* + o
+ 2k%0% 4 KRt 4 2k KRyt — 10k y% 2R+ kPt

Ks3 = 322 (—a?2? — a*y® 4 2a*2* — a®kPa? — a*KPy? + 20°K2 27 4+ 2a*
— 8k*x?2% — 8k*yP? + 2kPxt + 4kPay? + 2Kyt 4 2k 2Y)

zy(a® + a®k? + 4k*2?)

a
rz(a® + a®k? — 2k%2? — 2k%*y? + 2k%2?)
2 2k2—2/€2 2—2k2 2 2k2 2
Ky = Vlata - y 22 (4.3.10)
a
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Disk cyclide coordinates have the following coordinate transformation law:

r = ch(u)cn(u) cos

y = %cn(u)cn(u) sin ¢

z = %sn(,u)dn(u)sn(y)dn(y)

A = 1—dn®(u)sn?(v) (4.3.11)

The resulting covariant metric coefficients in the separable coordinates are

a2(sn2(v) + su2()en?(v)) (A (v) — K2sn?(p))

g = g2 = A2
a’en?(p)en?(v
g3 = (1/@ ©) (4.3.12)
The associated Stackel matrix is:
CRsnd() —1 (kPen?(u) — K2 /en?(s))
dn?(v) 1 (K?en?(v) — k*/cn?(v)) (4.3.13)

0 0 1

with conformal Q-factor % (sn?(v) + sn?(u)en®(v)) and modulation R-factor equal
to A=1/2,

For the characteristic conformal Killing tensor of disk cyclide coordinates the
k = 0 limit has the parameters: Ass = %,022 = 3,03 = 3,M33 = 0. The
k = 1 limit has the parameters: Aszz = 0,C5% = —%,033 = —%,Mggg = —%.
This time no coefficient is constant with respect to the k coordinate parameter but
the quadratic dependence still holds; the coefficients of the Killing tensor for disk

cyclide coordinates are

2 1 1
Azy = —%(—4+4k2), Coy = 5(1 —2k?), Csy = §(1 — 2k?)
2k2
Msz; = —5— 4.3.14
w = (4.3.14)

The conformal Killing tensor in components is:

Ky = 322 - (22%a* — 42%a*k? — yPa® + 2y%a’k? — Za® 4 22%0%K? — o
+a*k? + Kt 4 2Ky — 10k2 2727 + KAyt 4 2Ky o+ k)
Ky = 3(112 (—22a® + 2270’k 4 2yPa® — 4tk — 2Pa’ + 22707k
— a* + a*k? + 2k2%? + K2t 4 2k22% 2 + KRyt — 107y + k2
K3 = —322 (2% = 227k + y%a® — 292’k — 2224 + 42%a*k? — 2a*
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+ 2a*k? — 8k2x?2? — 8k*yP2? + 2k%at 4 4kPaPy? 4 2Kyt 4 2k 2
ry(—a® + 2a2k? + 4k22?%)

rz2(—a® + 2ak? — 2k*x? — 2k%y? + 2k*2?)
Ky = - e

yz(—a® + 2a*k* — 2k?2® — 2k2y® + 2k22%)
Ky = — .2

(4.3.15)

Cap-cyclide coordinates have the following coordinate transformation law:

A

x = &—Tsn(,u)dn(u)cosw
A :

y = Esn(,u)dn(u)smw
k21

© T Toar

A = 1—dn?(p)sn?(v)

502 (1) dn? () + [ 1 en(ja)dn(u)sn(v)en(v)]

Vi

/Z — (sn?(p)dn®(v) + cn?(p)dn®(p)sn?(v)en?(v)) (4.3.16)

The resulting covariant metric coefficients in the separable coordinates are

A%(1 — sn?(p)dn® (v)) (dn®(v) — k?sn?(u))

IT

gin = G2 = 272
A%sn?(p)dn?(v)
933 = 272 (4.3.17)
The associated Stackel matrix is:
—k*sn?(p) =1 —(K?sn®(u) + 1/sn?(p))
dn®(v) 1 (d®(v) + k%/dn(v)) (4.3.18)

0 0 1

with conformal Q-factor 2 (1—sn?(u)dn?()) and modulation R-factor AY/2Y=1/2,

The case of the characteristic conformal Killing tensor of cap-cyclide coordinates
presented the biggest challenge to find the CKT coefficients. For one, the k = 0
limit was impossible to deal with numerically as the coordinates suffer a singularity
at that limiting case and consequently analyzing the six by six matrix of coeffi-
cients numerically meant dealing with ill conditioned systems. After many failed
attempts, we realized the only way to proceed was to make numerical estimations
for several values of k close to the known k = 1 limit. After seeing that the best
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quadratic fit through the data points failed to be an accurate estimate for other
measured points, the best cubic fit was conjectured and that turned out to give
the answer. Furthermore some coefficients were defined in terms of others and the
overall dependence fails to be a polynomial function in k. One coefficient even
undergoes a singularity for the & = 0 limit! The coefficients are:

a’(k + 2k> + k3 2k 1
Az = ( o ), 022237 C’33=—§-(1—4k—|—k‘2)
(1+ k)2
Maw = 2 4.3.19
= 2R (4.3.19)

The corresponding characteristic conformal Killing tensor in components is:

K - (K* + 82%a’k — 82%a*k + 82*a’k® + 4827’k — 82%a’K?

~ 48ka?
16a'z" + 16a*z'k* + 32a’x'k + 16a* 2" + k' + 2k — 160a2?2?

— 160a*222%k* — 320a*2* 2%k + 16a*2*k* + 32a* 2k + 169°a*k? + Sy*a’k®
16a*y* + 16a*y*k* + 32a*y*k — 802%a?k? + 8y2a’k + 32a’xy? + 32a a2y’ k>
64a*z%y’k + 32a*y*2* + 32a*y*2%k? + 64a’y?2%k)

+

2
I+ +

TR (k* 4 82%a’k — 82%a’k + 8z°a’k® + 482%a*k* — 82°a*k® + 16a*x?
a

16a*z*k? + 32a*z*k + 16a*2* + k* + 2k3 + 3202222

3202222k + 64a’ 2%k + 160 2 k2 + 320 2k — 80y2a’k? + 8y a’k?
16a’y* + 16ay*k? + 32a’y*k + 1622k + S8y2a’k + 32a*z%y? + 32a' 2y k?
64a*2?y*k — 160a*y2* — 160ay*2*k* — 320a*y*22k)

+ + + +

K - (K* 4 82%a’k — 82%a’k + 8x°a*k® + 4827’k — 82%a*K?

24ka?
16a*s* + 16a*z*k? + 32a*x*k + 16a*2* + k* + 2k* — 64a2?2?
—  64a*x? 22k — 128a* 2% 2%k + 16a* 2 k? + 320 2k — 32y%a’k? + 8yPa’k?
16a*y* + 16a*y*k* + 32a*y Kk — 3202a%k? + 8y2a’k + 32a"xy? + 32a* 22y % k>
64a’z?y’k — 64a*y’2? — 64a’y? 22 k* — 128a*y*2*k)
2zy(k* + 4220k + 2a%2* + 22%a*k?)

k
—21]{: (22(—6K* + k + k* + 822’k + 42%a® + 42 a*k* + 8y*a’k
+ dyPa® + 4tk — 822’k — 4a”2? — 427 k?))

+

=
I+

K3

1
“or (yz(—6k* + k + k* + 827’k + 4x%a® + 42°a*k* + 8y*a’k

+ dyPa® + dfaPk? — 822’k — 4a” 2 — 42%k?))

Ko

(4.3.20)

The algebra was too formidable to verify this for the general case except for the
off-diagonal components. We verified the cases 1) = 0 and ¢ = 7 knowing that any
angle 1 can be redefined by an appropriate rotation in the x — y plane to yield the
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simpler values tested above. This concludes the calculation of the characteristic
conformal Killing tensors associated with the R-separable coordinates in Ch. 4 of
[38].
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Chapter 5

Group actions preserving
rotationally symmetric canonical

CKT's

In this chapter we give explicitly the conformal transformations of Euclidean space
that leave invariant the linear space of trace-free rotationally symmetric conformal
Killing tensors. We also give additional transformations defined directly on this
space that are needed in the classification scheme. Invariants of these transfor-
mations will be used to classify the rotationally symmetric R-separable coordinate
webs of the Laplace equation in Chapter 6.

5.1 Continuous group actions

The conformal transformations on E? induce linear transformations on the space of
trace-free conformal Killing tensors. We now give conformal transformations that
leave invariant the six dimensional space of trace-free conformal Killing tensors
that are invariant under rotations about the z-axis. We also give two additional
transformations defined directly on this space that also leave it invariant.

We first consider the translations. Translations in the xy plane are ruled out
since they will break the rotational symmetry about the z-axis. So are rotations
about the y and z axis or any combination thereof. However, a translation in the
z-direction, of the form:

x x
y Y
z z+a, a€R (5.1.1)

is an allowed group action leaving the symmetry of the web invariant. The other
is the rotation of the coordinates in the xy plane; however, as the web itself is
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rotationally symmetric this action leaves invariant all the coefficients of the tensor
and is thus trivial. Clearly rotations in the xz and yz planes are forbidden. A
dilatation of the space described by the equations:

T = ez
g = ey a>0
Z = ez (5.1.2)

also does not change the geometry of the coordinate surfaces. Here we draw at-
tention to two group transformations on the space of Killing tensors which do not
arise from the action of C(M). The first one is the dilatation of the Killing tensor
itself:

K=aoK, a>0 (5.1.3)

The second arises by the addition of a scalar multiple of Rz ® R3 to the Killing
tensor. Thus

K=K+aR;OR;, acR (5.1.4)

is another allowed functionally independent transformation from the first set. The
last two transformations are not motivated by geometric considerations, but rather
by the allowed operations on Stackel matrices which were used to find the char-
acteristic Killing tensor studied. Indeed, the last two group actions result directly
from the allowed steps 2) and 3) on Stéckel matrices as explained on p. 593 of
[36]. That Stéckel matrices are unique up to some defined operations translates
to a characteristic Killing tensor being unique up to a multiple of itself and the
addition of a scalar multiple of R3 ® R3. Note that R3 ® Rj3 is not a characteristic
Killing tensor since two eigenvalues are zero and hence not all distinct.

5.2 Discrete group transformations

The last transformation belonging to the conformal group to be considered is in-
version about the unit sphere. It is a discrete transformation defined by:

5 T
o= r? 4+ y? + 22
2?2 4% + 22

3 z
ce x? +y? + 22

(5.2.1)

This transformation preserves the rotational web, inducing the following simulta-
neous interchanges on the CKT coefficients:

Mg = Ay, Asy =Mz, By =—Gra, Gu=—By (5.2.2)
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The second order terms Cs, and (33 are left unchanged. Studying this effect of the
discrete inversion on the 6-tuple of rotational CKT coefficients reveals that some
tuples (and hence CKTs) are mapped into one another - proving that their associ-
ated coordinate webs are equivalent under that operation. In particular this proves
that 6-sphere coordinates result from the inverse of Cartesian coordinates, tangent
sphere coordinates are the inverse of circular cylindrical coordinates, inverse prolate
spheroidal coordinates are the inverse of prolate spheroidal coordinates and inverse
oblate spheroidal coordinates are the inverse of oblate spheroidal coordinates. The
discrete inversion also puts cardioid coordinates in the same coordinate class as
paraboloidal coordinates since the coefficients after inversion differ only by a factor
of 4. As we have just discussed Killing tensors differing by a common non-zero
factor are deemed equivalent as they admit the same eigenvectors. Therefore from
the standpoint of group operations one might say that 6-sphere, tangent sphere, in-
verse oblate spheroidal, inverse prolate spheroidal and cardioid coordinates are not
inequivalent from the set of simple separable metrics. However, these R-separable
coordinates are distinguished from the rest in that their Asz coefficient is 0.

For As3 # 0, a discrete inversion cannot map an R-separable web into a simply
separable web, since after the interchange M33 # 0 and this fourth order term is
non-zero only for conformally separable metrics! Furthermore, the claim in [3§]
that cap-cyclide coordinates are the (discrete) inverse of bi-cyclide coordinates is
refuted by noting that interchanging As3 and M3z does not map the one set of
coefficients into the other. Neither does inversion in the unit sphere map the one
set of coordinate definitions to the other, as may be verified by Maple. Thus we
had to study the five independent group actions permitted by the geometry of
the rotational webs. They can be used in various combination to classify the R-
separable rotational webs, as well as the simple separable rotational cases already
categorized in [25].

The restriction on the group parameter « for the dilatation cases can be lifted
if one allow the discrete ‘-1 switch’ of the Killing tensor and of the space, in the
form:

K=-K, (&%) =(-z—y,—2) (5.2.3)

Although these discrete operations preserve the rotational web, the entire group
orbits will not all be continuously connected with the identity, since the singular
case a = 0 must always be avoided. The negative dilatation of the space has the
following effect on the Killing tensor coefficients:

Ass = Ass, Doy = —Ba, Cy=Ch, Cs=Cs

G12 - —Glg, M33 - M33 (524)
namely the first and third order terms are mapped to their negative inverses while
the zeroth, second and fourth order terms are left unchanged. For the cases satisfy-

ing (Ba1, Gh2) = 0, the negative dilatation of the space plays no further role. Note
that the group operation

K=K+ag, acR (5.2.5)
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is not allowed, where g is the contravariant metric tensor. Conformal Killing tensors
are of course only unique up to a functional multiple of the metric tensor. However
by setting the trace to vanish we have already fixed this free parameter. The above
group operation that was used in simple separable cases to distinguish between
inequivalent coordinates [25] is now not available.

Having defined the discrete inversion we next look at a continuous group action
that involves it. The definition is given on p.128 of [40] which defines the group as
a composition of three maps:

Discrete inversion, an infinitesimal translation along a preferred direction followed
by the discrete inversion.

Remark 5.2.1 Clearly this group action is connected with the identity. One should
point out that this infinitesimal group transformation is not independent of the
preceding ones as it is constructed by an explicit composition of a discrete inversion
and an infinitesimal translation. Unlike the discrete inversion however this group
action 18 continuous and described by a parameter making it more convenient in
some cases of study than the discrete inversion.

After some algebra one can show that the group action on the coordinates, along
z, amounts to:

x
T—I =
1+ 2za + o2(x? + y? + 22)
- Y
y—vy = 2072 & 2 1 2
1+ 2za+ a?(2? + y? + 22)
N z+ a(x? +y? + 2?)
ya =

1+ 2za + a2(x? + y2 + 22)
(5.2.6)

Formulae for group inversion along the directions x and y are similar.

These group actions neatly coincide with the inversional conformal Killing vec-
tors: indeed differentiations of the transformed variables at a = 0 yield the in-
finitesimal inversions given in (3.1.1). As predicted these transformations along x
and y do not preserve the rotational web which is defined about the z axis. How-
ever, the group inversion along z preserves this rotational symmetry. This is a quasi
extension of the existing four continuous group operations that leave the rotational
web considered invariant.
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5.3 Effect of continuous group actions on the Killing
tensor coefficients and calculation of invari-
ants

We begin this sub-section by giving a definition for an invariant of a CKT under a
continuous group action.

Definition 5.3.1 An invariant of the rotationally symmetric CKT K is an analytic
function F of the parameters defining K which satisfies

F(A'SB) 3217 6227 CH(337 élQa MSB) = F(A337 B217 C1227 C’337 G127 M33) (531)

for all values of the parameters, where the tilded parameters are related to the un-
tilded parameters by the transformation laws induced by an arbitrary group action.

Note that the above is a very special case of (2.4.3). We first consider an infinites-
imal translation in the z direction, which induces the following transformations:

Azz = Asz—2Bya+ (Coo + 033)042 + 2G120° + Mazza®

By = By — (Cog + Cs3)a — 3G120% — 2Ms30’

Coy = Oy +2G 0 + 2Ms30°

Css = Caz+ 4Gp0 + 4Ms30°

G = G+ 2Msa

My = Mss (5.3.2)

The derivatives of the new coefficients with respect to the transformation parameter
a, evaluated at o = 0, are given by

0As4
Ox
OBor
Oa
9Csys
Oa
0Cs3
O«
OG1a
Oa
OM;;
Oa

= —2By

= —(Cy + Cs3)

= 2G2

= 4Gy

= 2Ms3

(5.3.3)
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The derivative of Eq. (5.3.1) with respect to a, with the use of the chain rule yields

OF 0Asys  OF 0B OF 0Cs  OF 0Cs3  OF 0Giy
= 4 — + — + — + —
0Asz Oa OBy Oa 9Cyy O 9C33 O 9G1y O
OF oMy _, (5.3.4)
3]\/[33 aOK

Evaluation at the identity (o = 0) with the use of Eq. (5.3.3) gives, after dropping
the tildes, our first determining pde namely

OF OF OF

= -9 By — 2
0 94z 21 9B (Coa + Cs3) + 9C G2
oF oF
4—— 2—— M. 3.
+ 0033 G + 8G12 33 (5 3 5)

Remark 5.3.2 We note here that for all R-separable coordinates in [38], M3z =0
and G1o # 0 solely for cardioid coordinates. All other rotational coordinates satisfy
Ms3 # 0, G1o = 0 and Byy = 0. This observation segregates cardioid coordinates
from all the others.

Using the tensor transformation law, it can be shown that transformed coefficients
resulting from a dilatation satisfy:

Azz = 62&1433
321 = "By
Cop = Cxp
Cs3 = Css
G = e "G
Mz = e My,
(5.3.6)
The derivatives of the tilded parameters at o = 0 are given by
= 24
da 33
0By
= B
da 21
0C5;
=0
Jor
9C53
=0
dax
0G12
= -G
da 12
OMs33
= —2M.
90 33
(5.3.7)
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The resulting determining pde associated to the dilatation is found to be

F F F

26814331433 + aaBmB 21 — (9%12 Gl? - Qa?WSBM - 0 (538)
The third group transformation to be considered is the scalar multiple of the Killing
tensor itself, namely K = oK for a # 0. The transformation of the coefficients and
the resulting derivatives with respect to the parameter are too trivial to tabulate. A
subtle point is that evaluation at the identity element of the group transformation
amounts to evaluation at & = 1, not & = 0 as in all the other examples. This
subtlety is easily overlooked since the derivative of the coefficients are the unprimed
coefficients themselves and have no dependence on a. The resulting determining
pde follows easily:

oF oF oF oF
0 @A33 33 + 9501 21 + (9022022+ 80330
oF or
— —M 3
+ 9Gry G + DM, T (5.3.9)

The fourth group transformation considered is the addition to the Killing tensor of
a scalar multiple of the second rotational Killing tensor common to all rotational
coordinates. Recall that this transformation has the form K = K 4+ aR3 ® Rs.
However, it should be pointed out that this is an abuse of notation, since the sym-
metric tensor product indicated is only true for the non trace-free representation.
Explicitly the tensor has two non-zero parameters with respect to our basis set Cs
and Cs3: Cog = —% and Cs3 = % The resulting transformation of the coefficients
is as follows:

Ay = As
By = By
~ 1
Cop = Cp — 504
~ 1
033 = 033 + goz
G = Gi
Mszs = Mss
(5.3.10)
All derivatives of the coefficients with respect to the transformation parameter «
are zero except for ag” = —% and % = % Again the last result is from evaluation

at the identity element of the group transformation. We thus arrive at the fourth
determining pde which is:

OF oF
0Cy  0Cs3

=0 (5.3.11)
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We next look at the consequences of the continuous inversion. One can show the
following transformation of the Killing tensor coefficients:

A33 — Az

By — Ba —20Ass

Coy — Oy — 2aBy; + 20 Az

Cs3 — Cs3 — 4aBy + 4’ A

Giza — Gz + (Co + Caz)a — 3Bya” + 2A4350°

Msz — Mz + 2Gra + (Coz + Cs3)a” — 2By + Agsa

(5.3.12)

One sees immediately that the term Ajsz is invariant; clearly the discrete inversion
cannot be ‘reached’ by the continuous group inversion. This is perhaps analogous
to the fact that dilatation of the Killing tensor itself cannot attain multiplication
of the Killing tensor by -1.

The continuous inversion along z admits a well defined pde which is:

OF OF OF
— 2 Ay -2 By, —4—_B
0 0By 33 9Cs 21 9Cs 21
OF OF
9C1s (Co2 + Cs3) + 26M33 Gz (5.3.13)

Now that the pdes resulting from all the infinitesimal group actions considered have
been written down, it is instructive to tabulate the vectors of the generators of the
solution to verify that they are indeed linearly independent. In terms of the basis

0 0 0 0 0 0

5.3.14
(5A33 " 0By 0Cy%  0Cs  0G1’  OMss ) ( )
the vector generators of the five determining pdes are:
Vi = [-2Ba1, —(Ca + Cs3),2G12,4G12, 2M33, 0]
Vo = [2A33,B51,0,0, —Gi2, —2Ms3;]
‘/3 - [A337 B217 0227 C'337 G127 M33]
‘/4 = [070717_170a0]
Vs = [0,2A33,2B91,4B91, —(Ca + Cs3), —2G12)
(5.3.15)

The corresponding Lie algebra is:
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Ll v | W W v W
Vi 0 Vi 0 0 2V5
V, | Vi [ 0 |0 0 |V
Vs 0 0 01| -V, 0
Vi 0 0 | 0 0
Vs | =2V | =V5 | O 0 0

Table 5.1: Lie Commutator Table

The set of vectors (Vi, ..., V;) is generically linearly independent. However,
there are special cases when it is not. In particular there are coordinates such that
the associated dimension of the space spanned by the V;s reduces to two. This closed
commutator table proves that the system of pdes is completely integrable. Actual
integration of the above system to find group invariants is exceedingly difficult,
especially after also imposing the discrete inversion not admitting a pde. It is best
to first start with canonical examples of characteristic Killing tensors which satisfy
By = G2 = 0 for non-cardioid cases in [38]. The study of canonically centered
coordinates admitting a restricted set of group transformations will be the topic of
the next chapter.

The system of pdes was eventually integrated first by finding two functionally
independent invariants with respect to the entire group modulo the dilatation of
the conformal Killing tensor. The method of undetermined polynomial coefficients,
utilized especially in [25], was used since Maple 9 was unable to perform the inte-
gration of Eq. (5.3.15). Thus the derived I; and [, are polynomial functions of the
coefficients:

I} = —T72Ms3A33(Coo + Cs3) + 108 Ms3 B3, + 2(Cg + Ca3)® + 108 A33G2,
+ 36BglG12(022 + 033)
[2 = (022 + 033)2 + 12A33M33 —|— 12321G12 (5316)

To construct the single functionally independent invariant with respect to the entire
group action is now trivial. The square of I; is divided by the cube of Iy to get the
polynomial degrees (of the coefficients) to match (at 6). The resulting quantity is
then invariant under dilatation of the conformal Killing tensor itself. This explicit
form of the invariant is

I = (—T72Ms3As3(Coy + Cs3) + 108 M3 B2, + 2(Cly + Cs3)® + 108 A5G,
4+ 36By1G12(Chy + C33))?/((Cog + Cs3)? + 12A33 M3 + 12851 G1y)?
(5.3.17)

It is easy to see that the above is also invariant with respect to discrete inversion
given the invariance of every term in the sum with respect to that discrete ac-
tion. This solution will be discussed in the next chapter after first considering the
reduced invariant on canonically centered coordinate webs which avoids the con-
tinuous translation and inversion group action. Unfortunately, it seems that [ is a
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poor choice to discriminate between coordinate webs as it lumps together simple
and conformally separable cases whereas the reduced invariant was defined only for
‘purely’ conformal coordinate webs. This will be elucidated in the next chapter.
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Chapter 6

Classification of the symmetric
R-separable webs

6.1 Classification of rotationally symmetric
R-separable coordinates

With the results and methods presented in the previous chapters - we now proceed
with the main goal of this thesis which is to classify the rotationally symmetric
webs and partition them into equivalence classes under the Lie group of conformal
transformations derived in the previous chapter. The question of the exhaustive-
ness of rotationally symmetric R-separable coordinates will finally be answered.
The lack of other types of symmetric coordinates admitting R-separation of the
Laplace equation will be discussed at the end of this chapter.

We begin this chapter by giving a definition of equivalence of characteristic CKT's
under the action of the conformal group.

Definition 6.1.1 Two characteristic CKTs are said to be equivalent if and only
if there exists an element of the transformation group on the space of such tensors
which maps one of the tensors into the other. The R-separable webs defined by
equivalent tensors are said to be equivalent.

For the classification of the rotationally symmetric R-separable webs the following
transformations need to be considered:

Translation along the z-axis
Continuous inversion along the z-axis
Dilatation of the space

Discrete inversion

Dilatation of the Killing tensor
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Addition to the Killing tensor of a scalar multiple of the rotational Killing ten-
sor R ® Rs

The effect of these operations on the coefficients of the reduced Killing tensor has
already been described in the previous section. Thus we have available degrees of
freedom for the change of coefficients, as well as an adjustment of the parameter
k that appears in the definition of the four Jacobi-elliptic coordinate systems. It
is these last four coordinates in Ch. 4 of [38] that contain this arbitrary param-
eter which is defined on the open set (0,1). Indeed k appears in the coefficients
for symmetric tensor products of CKVs and its variation within the allowed range
must be taken into account. Recall that for elliptic-hyperbolic coordinates in E3,
the parameter used to describe the coordinate surface was defined to be the inter
focal distance [25] whose range gives a related family of coordinates. Quantities
invariant under group transformations leaving the web unchanged are called ‘invari-
ants’. However, usually the invariants are themselves functions of the parameters
appearing in the coordinate definitions. In some of the cases presented in this sec-
tion the invariants will differ for different values of k. If adjusting k in addition
to the degrees of freedom afforded by all possible group transformations does not
yield an equality of two sets of invariants, then it is reasonable to conclude that the
two coordinate systems considered are inequivalent. Note we specifically omit the
other coordinate parameter ‘a’ appearing in most definitions in [38] because this is
none other than the dilatation of the space which has already been considered.

The coordinates 6-Sphere, tangent sphere and cardioid coordinate systems are
defined without any such parameters. All algebraic invariants will be constant but
as mentioned before the discrete inversion puts these in the same equivalence class
as simple separable coordinates in E3.

6.2 Classification of canonically centered rotation-
ally symmetric webs

We call attention to a curious paradox. Consider for the subset of canonically
centered webs satisfying By; = 0 and G = 0, the three allowed functionally
independent group actions acting on the coefficients. These are the dilatation of
the Killing tensor, dilatation of the space and addition to the Killing tensor of a
scalar multiple of the rotational Killing tensor R3 ® R3. Recall that the translation
and continuous inversion along the z-axis changes the values of By; and G135 which is
unacceptable since both are zero and must remain so for canonically centered webs.
Since there are only four independent unknowns in the coefficients Ass, Cas, C'33 and
Ms33 and three determining pdes, we obtain one functionally independent (reduced)

invariant:
Ca + C'33)
—_— 6.2.1

( Az M3 ( )
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Note that the product As3M;33 negates dependence on the coordinate parameter a:
the invariant is thus constant for entire families of coordinates. It is easy to see
that the invariant is constant with respect to dilatation of the space and dilatation
of the Killing tensor itself. Furthermore the product As3M3s3 is invariant under the
discrete inversion since Azz and Ms3 are simply interchanged by this transformation.
We now use this single invariant to partition the known canonical R-separable webs
into disjoint equivalence classes.

Proposition 6.2.1 Inequality of invariants is a sufficient but not a necessary con-
dition for inequivalence of any two R-separable coordinate systems. Contraposi-
tively, equality of invariants to prove equivalence of webs is simply a necessary but
not sufficient condition.

Proof: This follows by analyzing two systems of coordinates. Recall that the
list of CKT coefficients identifying toroidal coordinates is:

Ap= OO0 Ot = L (6.2.2)
35_67 22 — Y 33_37 55_6(12 -4
The list of CKT coefficients identifying bispherical coordinates is:
—a? 1 —1
A33 = T, 022 = 0, 033 = M33 = — (623)

3’ 6a?

Substituting these values into Eq.(6.2.1) gives the surprising result of +2 for both
toroidal and bispherical coordinates. Is this proof that, with respect to the three
group operations, toroidal and bispherical coordinates are equivalent? A simple
argument shows that they cannot be. Recall from the previous section that dilata-
tion of the space amounts to multiplying Ms3 by a positive quantity reciprocal to
that which multiplies A3 with the variables Cys and C33 being left unchanged. Di-
latation of the Killing tensor multiplies all coefficients, including Ms3, equally by a
greater-than-zero scalar. Addition of a scalar of the second rotational Killing tensor
leaves both M3z and Asz alone. Finally, it is noted that Ms3 depends on the inverse
square of the coordinate parameter a. Thus varying a amounts to multiplication
of M3z by a positive scalar. It follows that no group transformation or coordinate
adjustment can change the sign of M33 and As3 with respect to the other C; co-
efficients. Yet to transform the characteristic tensor for toroidal coordinates into
the one for bispherical coordinates requires precisely this forbidden operation! This
reasoning is the ultimate ‘acid test’ for determining whether toroidal coordinates
are indeed inequivalent to bispherical coordinates. Nonetheless their invariants are
precisely the same. What resolves this paradox? Note the factor (As3M33) in the de-
nominator completely eliminates information as to whether both As3 and M3z were
positive or negative. It is easy to see knowing the transformation of the coefficients
that the invariant listed is indeed constant under the three group transformations
that generated it. This completes the proof by example for the pair toroidal and
bispherical coordinates. O
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The same proof could also be obtained by analyzing bi-cyclide and flat ring cy-
clide coordinates. The CKT coefficients for bi-cyclide coordinates are given by:

20> 2 2k2

Az =—", Co=0, Cy==(1+4+k"), Myp=—" 6.2.4
33 3 22 ; 33 3( + k), 33 32 ( )

The corresponding coefficients for flat-ring cyclide coordinates are:

2a? 1 1 2k

Az =", Cou=-(1+k), Cp=-(1+k), Mp=- (625
33 3 22 3( + k%), 33 3( + k%), 33 = 3.5 ( )
Substitution of these coefficients into the single invariant yields % € (42, 00)

for both bi-cyclide and flat ring cyclide coordinates. Note again how their values
for Ms3 differ in sign. This criterion proves their inequivalence despite equality of
their single invariant. On a reassuring note, for k& defined on the open set (0, 1) the
% always differs from 42 which is the invariant identifying toroidal and
bispherical coordinates, proving positively that these four are an inequivalent set.
Of course Eq.(6.2.1) fails to discriminate between webs satisfying As3 = 0, namely
tangent sphere, inverse oblate spheroidal and inverse prolate spheroidal coordinates.
Inspection of the coefficients for the above (listed in the previous section) yields
M3 = —3% for inverse oblate spheroidal coordinates and Mss = 3% for inverse
prolate spheroidal coordinates, while their C;; variables are the same - thus setting
them apart immediately. Recall from the last chapter that it is not necessary to
consider the As3 = 0 cases alongside the canonical conditions By; = G5 = 0 as the
discrete inversion transformation places tangent sphere, inverse oblate spheroidal
and inverse prolate spheroidal coordinates into the same equivalence class as simple
separable webs already classified in [25]. Furthermore any canonical Killing tensor
identified by M33 = 0 will admit a characteristic Killing tensor of degree two which
is already a subset of the simple separable cases. Cardioid coordinates, with only
G # 0, is placed in the class of parabolic coordinates by the discrete inversion,
that is the degree three tensor is mapped to a degree one tensor and so is not an
additional R-separable coordinate system.

mvariant

Remark 6.2.2 The proof of Prop 6.2.1 relied on continuous group operations only.
It is true that no continuous group operation so far considered, connected with the
wdentity, can map a Killing tensor to its additive inverse. However, if the three group
operations can change the tensor coefficients to bring them to the exact negative of
another characteristic Killing tensor, then the Killing tensor pairs are equivalent.
The previous arguments must be modified somewhat to take this feature, the result
of the inclusion of a discrete -1 switch, into account.

For the coordinate pairs toroidal, bispherical, bi-cyclide and flat ring cyclide,
Ass, M33 differ only by sign. Dilatation of the space, dilatation of the Killing tensor
itself and addition of a scalar multiple of the second rotational tensor R3 ® R3 as
well as variation of the parameters a and k£ amount only to multiplication of Ass
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and Ms3 by positive non-zero scalars. If the tensors are to be made equivalent,
then Asz3 and Mss must be left alone. Once that is known, Cs and C33 must
be simultaneously brought to their additive inverses. This is easily seen to be
impossible, as one increases at the negative rate of the other under the above group
action.

With toroidal and bispherical coordinates, Co = 0,C33 # 0. This relation in
size is ‘out of phase’ with the transformation of the variables under addition of a
scalar multiple of R; ® Rs which implies Coy = Coe + $ and Cag = Cs3 — g Itis
impossible to simultaneously bring both variables to their additive inverses - thus
proving that bispherical and toroidal coordinates are inequivalent even with the
discrete -1 switch added to the list of coefficient transformations.

With bi-cyclide and flat ring cyclide coordinates the Az and Ms3 must be sim-
ilarly left alone, but the Csy coefficient is 0 for bi-cyclide coordinates and non-zero
for flat ring cyclides. Adjusting Cyy accordingly will not make the Cs3 pair additive
inverses. This reasoning completes the discussion on possible equivalence between
bi-cyclide and flat-ring cyclide coordinates even with the -1 switch degree of free-
dom on the coefficients.

Disk cyclide coordinates are described by the CKT coefficients:

2 1 1
A33 - —%<—4 —|— 4k2), 022 — 5(1 - 2k2), 033 - g(l - 2k2)
2k
Maw = ——_ 6.2.6
W= s (6.2.6)

These are the only ones with the property AssMss < 0. This makes Eq.(6.2.1)
complex however its negative square value partitions it from the square value of
other invariants discussed thus far. Another argument for their inequivalence to all
other coordinate systems is this: As3 and Ms3 will always differ in sign as group
transformations and adjustment of parameters amount to multiplications by non-
zero constants. No operation exists to make their signs equal or their values vanish
- so setting them apart from all coordinates considered. It should be noted that
this reasoning trivially explains why cardioid coordinates are distinguished from
the rest. It is the only coordinate system admitting M33 = 0 while every other
member has Msz3 # 0.

For cap-cyclide coordinates the invariant (%) is equal to % With

k € (0,1) the range of the invariant is the open interval (-2,2). This distinguishes
cap-cyclide coordinates from toroidal and bispherical which is fixed at 42, and from
bi-cyclide and flat ring cyclide coordinates whose range is (+2, 00).

Studying the square of Eq.(6.2.1) now becomes useful. Recall that any contin-
uous function of an invariant is an invariant. Firstly the square is invariant to the
discrete ‘minus 1 switch’ that complements the dilatation of the Killing tensor itself.
Secondly it is then possible to consider disk cyclide coordinates where Az3Mss < 0.
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Disk cyclide coordinates will, from variation of k, admit an invariant in the range
(—00,0]. Cap-cyclide will have its invariant in the finite interval [0,4). Toroidal
and bispherical have their invariants fixed at 4+4, and finally bi-cyclide and flat-ring
cyclides have their invariants in the infinite interval (4, 400).

Remark 6.2.3 For invariants with no intersection in their ranges, even after vary-
ing a and k, it is sufficient to prove that the corresponding webs are inequivalent
under dilations, discrete inversion and addition of R3® R, since we have considered
simultaneously the independent group actions on the subset of pertinent coefficients.
Note that the singular infinities are excluded as they correspond either to k =0 or
k =1 which are not defined for the Jacobi-elliptic coordinates.

Remark 6.2.4 The reader might well ask whether disk cyclide coordinates are only
one of a pair of inequivalent coordinate systems since the product AssMszz < 0
destroys information as to which coefficient is less than zero and which s greater
than zero. Suppose one had Mszz < 0 and Asz > 0 instead?

Recall that dilatation of the space or variation of the coordinate parameter a mul-
tiplies M33 with the reciprocal of the positive quantity which multiplies A33. Thus
the set of coefficients can be continuously mapped to the case: Az3 < 0 and Mz3 > 0
for dilatation parameter a? = J\%i,‘ In fact since By = G2 = 0 the discrete in-
version can also be used to perform the same interchange and thus the question of
which coefficient is less than or greater than zero is meaningless. Recall once again
the discrete inversion and dilatation of the space does not affect the degree two
C;; parameters. Note that the above argument does not lump together the cases
where both As3 and M3z are either greater than or less than zero for fixed values
of Uy, and C33. Note further that the seemingly distinct cases M3z < 0, As3 > 0,
(Coa 4+ C33) > 0 and M3z > 0, A3 < 0, (Coy 4 Cs3) < 0 are related by the -1 switch
and hence not representative of inequivalent webs. Thus the range of the invariant

(—00,0) is indicative of only one equivalence class of coordinates.

A similar argument (so far!) proves that cap-cyclide coordinates does not appear
to have a ‘twin’ inequivalent coordinate system either, as the reader could again
point out that the case A3z > 0, M33 > 0 represents another inequivalent case as
per the situation for the coordinate pairs toroidal, bispherical and bi-cyclide, flat
ring cyclide coordinates. However the variation of the parameter k£ for cap-cyclide
coordinates can force (Csy + Cs3) to vanish and at that point the -1 switch can be
applied to reverse the signs of A3 and Ms3 simultaneously without affecting the
numerator of Eq.(6.2.1) since it is 0. Note this subtlety could not hold for invariants
not spanning the null element as the -1 switch would reverse all the four signs of
the CKT coefficients simultaneously and not two in isolation. The invariant ranges
from cap-cyclide and disk-cyclide coordinates seem to intersect at the null element.
However, as mentioned before no group action can make Ass and Msz switch from
being equal in sign to opposite. This is yet another example of where equality of
invariants is only a necessary condition for equivalence of coordinates.
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6.3 The question of non-canonically centered ro-
tationally symmetric R-separable coordinates

We have, with respect to the invariant in Eq.(6.2.1), a total of six additional in-
equivalent R-separable webs to the known set of eleven simple separable webs in E3.
The entire real line of the invariant in Eq.(6.2.1) is exhausted as well as ambiguities
that resulted from the product factor. We must now address the question as to
whether this represents the totality of distinct R-separable webs especially since we
have restricted ourselves to the canonically centered cases By; = G2 = 0. What
if one was given a 6-tuple of random numbers representing the values for the six
CKT coefficients where the previous condition no longer holds? This spells trouble
since an addition of two coefficients even with the inclusion of the translation group
operation implies that an additional invariant has to be considered. This immedi-
ately means there is ‘more room’ for inequivalent coordinates which will be hard
to classify not knowing a priori (i.e from solving the Eisenhart equations) similar
formulae for the coordinate parameter k.

An alternative is to consider the translation and continuous inversion group
actions as a set in its own right used simply to bring the two coefficients By; and
(G12, one or both assumed non-zero, to vanish irrespective of the effect on the other
terms.

Definition 6.3.1 Any 6-tuple of numbers representing the CKT coefficients are
equivalent to some 4-tuple of numbers representing coordinates in canonical centered
form if any pair (Bay, Gi2) belonging to the original 6-tuple can be mapped to (0,0)
by a composition of continuous inversion and translation group actions.

If the above holds uniquely then the previous section provides proof that the coor-
dinates in [38] represent an ezhaustive list of all rotationally symmetric R-separable
coordinates in E?, up to equivalence. The issue of uniqueness is a subtle one and
the consequence for non-uniqueness will be addressed later on.

We have proceeded with this calculation and deduced that for the above to hold,
the following pair of equations resulting from the composition of an inversion with
a translation must have a real solution for the unknown transformation parameters
(a, b) respectively with given arbitrary B, and Gya:

0 = Boy —2aAs3 — 3(Coy + Cs3)ab® — (Coy + C33)b — 2(Cay + Ca3)b’a®
4+ 4By1a*b® — 6Az3ba’® — 2M33b® — 2A33a*b® + 9By1a*b* + 6Byba
— 4G ab® — 3G 2b* — 6A33a°Y?
0 = Gio+2(Cy + Cs3)ab + 2A33a° + 2As3a*b + 2Ms3b — 4By1a°b
— 3Bya® + (Cag + Cs3)a + 4G1zab (6.3.1)

Solving for the group parameter variables (a, b) results however in solutions given in
terms of roots of a degree six polynomial expression divided by a quartic polynomial.
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By classical algebra solutions are guaranteed but over the complex field Z. We
performed stochastic numerical tests to state with a degree of certainty that the
roots of the sextic polynomial always contain at least one real pair. The presence
of the quartic polynomial in the denominator poses a potential problem, since one
must take into account the possibility of a pathological case where the numerator
and the denominator share real roots leaving only complex roots for the remainder.
Even one such case would signify a new R-separable web. However, its Lebesgue
measure is zero in the abstract space of the coefficients, and beyond the reach
of random numerical tests. The special case where only the pair By, G2 is not
trivial was verified to yield real solutions for (a, b) provided the product G5By is
non-zero. Recall that this subcase either represents a simply separable web or can
be mapped to one by a discrete inversion, as is the case for cardioid coordinates.
Due to this special case yielding a real solution and the numerous numerical tests
performed to verify the existence of real solutions to the degree six polynomial, we
present

Proposition 6.3.2 FEq.(6.3.1) contains at least one pair of real roots.

Proof: Using resultant theory of polynomials one can prove the proposition for the
special case of Cys, Cs3, Ba1, G192 arbitrary and Ass = M3z = 0. This is made possible
since Maple 9 and 10 both give two classes of solutions to (a, b) in solving for By,
and G12 = (0,0). Where one class yields only complex or undefined solutions, the
other does. This may be proved with the help of resultant theory of polynomials. By
extension one can prove the conjecture for As3 = 0 or M3z = 0, since infinitesimal
inversion or translation can bring the other term to zero since the equation involved
is of degree three in the parameter guaranteeing a real solution. For Ass, M33 both
non-zero however a pure inversion or translation cannot guarantee solving for either
of them (the equations involved are of degree four in the parameters). However, a
composition of inversion and translation yields the transformation equation for Ass
being degree four but bivariate:

Asz = Agg+ (=2By +4A330)b + (Cs + Caz — 6Byja + 6Az30%)b°
+  (2C33a + 2Cpa — 6By1a”® + 4As3a® + 2G12)b°
4+ (2G12a — 2Bg1a® + Asza® + Csza® + Mss + Cypa®)b? (6.3.2)
Stochastic tests using fifty million random cases have verified that for any 6-tuple
of coefficients it is very likely that Ass can be made zero in the general case. No

pathological case of Lebesgue measure zero exists and so Prop. 6.3.2 appears true
for arbitrary values of (Asz, Bai, Cag, Cs3, G2, M33). O

The transformation equations for the other rotational CKT coefficients under com-
position of inversion and translation parameters (a,b) respectively are given here
for completeness, where for compactness C' = Coyy + Csg:

c = C + 6A33a2 — GBgla
+ (—18321a2 + 121433(13 + 6Ca + 6012)6
+ (6Ca* 4 6Ms3 + 6As3a* — 12Bg1a® + 12G2a)b (6.3.3)
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and lastly,
Msy = My + 2G50 + Ca® — 2Byia® + Agga’ (6.3.4)

Should any reader wish to convert a random 6-tuple of rotational CKT coefficients
to canonically centered form, namely (Bs1, G12) = (0,0) by inversion parameter a
and translation parameter b, the other coefficients can then be calculated using the
information presented above.

6.4 Canonically centered rotational coordinates
related by balanced combination of inversion
and translation

With the previously discussed ‘projection’ from 6-tuple to 4-tuple space of Killing
tensor coefficients, one must be aware of the non-uniqueness of real roots to Eq.(6.3.1).
This suggests the possibility of applying the continuous inversion and translation
group action on a priori canonically centered webs to yield other canonically cen-
tered webs. Namely it is a question of the existence of real solutions to Eq.(6.3.1)
when Bs; and G5 are zero a priori while the other four coefficients are arbitrary.
Of course the trivial solution (a,b) = (0,0) representing the identity transformation
is always present but ignored. Solving for Eq.(6.3.1) yields for inversion parameter
a

o= 42 (6.4.1)

The translation parameter b in terms of the inversion parameter a is given by:

((022 + 033) —+ 214330,2)

—a
b=— )
2 (2M33 + (CQQ -+ 033)a2)

(6.4.2)

One sees that all coordinates could be affected by the above transformations save
for disk-cyclide which is the only one where the product As3M33 < 0 and so only the
trivial case a = b = 0 is possible which amounts to the identity transformation. For
all other canonically centered rotationally symmetric coordinates one must verify
whether the transformed values for Ass, Css, C33 and M;zz correspond to the same
equivalence class or not by studying the square of the invariant given by Eq.(6.2.1).
In so doing we take into account all the members of the conformal group used to
classify coordinates. The transformation for As3 from canonical form to canonical
form is given in Eq.(6.3.2) by setting both By, and Gis to zero. We list here the
transformation of the other coefficients as a result of the above process, in terms of
the solved values for inversion parameter a and translation parameter b:

M33 = Ms;+ (Coa + 033)(12 + Asza®
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Coy = Cgy+ 2A33a% + (4A330° + 2Cs3a + 2C90a)b
+  (2C33a* 4 2090 + 2As3a" + 2Ms3)b?
Cas3 = Cs3+4Aza® + (4Cs0a + 4C53a + 8As3a®)b
4+ (4Msg + 4As3a* + 4C33a” 4 4Cy0a°)b? (6.4.3)

Applying this to toroidal coordinates one finds that Ms; is multiplied by 4 while
Ajss is divided by 4, which is merely the effect of a dilation of the space! Toroidal
coordinates are therefore not affected by this procedure. Bispherical coordinates
are another matter: the inversion parameter b in Eq.(6.4.2) has an indeterminate
form %; if one labels this indeterminate fraction as ¢ one obtains - after applying
canonical form to canonical form mapping:

2 2 2.2

A33 - Gk + kgc - ]666 022 — —; 033 - —; M33 — 0 (644)
Note that all cases with respect to the indeterminate constant ¢ are simple separa-
ble cases, but if Ms3 = 0 the only way to invert the procedure back to bispherical
coordinates is to choose the constant ¢ such that Asz = 0. If As3 # 0 and M33 =0
the canonical form to canonical form mapping will never map that simple sep-
arable coordinate web to an R-separable coordinate web. Therefore ¢ = 1 and
we prove that bispherical coordinates are indeed conformally related to spheroidal
coordinates, as is claimed in the literature, such as [6]. Recall that spheroidal

coordinate webs are invariant to the discrete inversion - this is the case when
Ass = M3z = By = G2 = 0.

Bi-cyclide coordinates are mapped to bi-cyclide coordinates given that the trans-
formed coefficients satisfy the same invariant (with respect to the three other group
transformations) as the original ones do as a function of k. However, one can show
that flat ring cyclide coordinates and cap-cyclide coordinates are interchanged (by
studying the range of the invariants after transformation) and vice-versa as a re-
sult of the above process. Hence one loses either flat-ring cyclide or cap-cyclide
coordinates as an additional R-separable coordinate system. We prove finally that
cap-cyclides are related by inversion to other cyclides although not in the manner
implied by [38].

The number of additional rotationally symmetric R-separable coordinates seems
to agree, after consideration of canonical form to canonical form mapping, with the
results of Miller et al. In p. 70 and 71 of [6] toroidal and three additional cyclide
coordinates are listed as exhausting the possibilities for rotationally symmetric R-
separable webs.

One should add that canonical form to canonical form mapping does not reduce
the set of inequivalent simply separable rotational coordinates classified previously
[25], despite that additional transformation group actions could very well do this.
Indeed, the property of simple separable webs, namely Ms3 = 0, implies that the
inversion parameter a vanishes and b is either 0 or undefined - meaning the coeffi-
cients are left invariant. The case of paraboloidal coordinates, with As3 = Mz3 =0
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but By # 0, cannot be mapped to any other simple separable rotational coordinate
system using the algebraic knowledge that no inversion and/or translation can map
By and G5 simultaneously to zero, as mentioned previously.

6.5 Classification scheme of non-canonically cen-
tered R-separable coordinates in E?

Now that we have provided an existential proof of the maximal number of inequiv-
alent rotational coordinates, we discuss here a classification of arbitrary 6-tuples of
conformal Killing tensor coefficients without a priori mapping to canonical centered
form which has been dealt with in the previous sections.

Given a 6-tuple of CKT coefficients, the first step in the classification scheme is
2

to compute the full invariant I = % A simple calculation reveals that I € (—oo, 0]
2

and I € (4,+00) for disk cyclide coordinates. I € [0,4) for the inequivalent twin
bi-cyclide and flat-ring cyclide coordinates, and finally I = +4 for the remaining
rotationally symmetric coordinates except for the pairs cardioid-paraboloidal and
tangent sphere-circular cylindrical coordinates where its value is indeterminate. As
it stands, the full group invariant lumps together toroidal, bispherical-spheroidal,
prolate-inverse prolate spheroidal and oblate-inverse oblate spheroidal coordinates
when its value is computed to be +4.

For the case I; = 0, it is possible to distinguish between disk-cyclide and the
pairs bi-cyclide/flat-ring cyclide coordinates by the observation that in the case for
disk-cyclide coordinates I < 0 and in the other case I > 0. Note that although on
its own [, is not invariant to dilation of the Killing tensor, it is by virtue of being
a quadratic invariant to the discrete -1 switch and so the sign cannot be altered
by positive dilation of the Killing tensor alone! Thus one is able to discriminate
disk-cyclide coordinates from all the rest. Another classification scheme is needed
to discriminate between the other case which share the same value for the full group
invariant.

A first idea was to use the assumption of undetermined polynomial coefficients
to a fixed degree in the CKT coefficients, as in [25], to compute the invariants to
continuous inversion, translation and addition of R3 ® R3. This was motivated by
studying how such invariants behave under dilation of the space and thereby see
if different cases could be discriminated. The result is the vanishing of the purely
linear and purely quartic ansatz, and the quadratic and cubic ansatz being a linear
combination of the already found I, and I; respectively! Under the polynomial
ansatz, one arrives at the interesting (but not useful) fact that an invariant to
inversion and translation is simultaneously an invariant with respect to dilation of
the space.

This approach reveals a deeper pattern. Computing also by undetermined poly-
nomial coefficients the invariant with respect to infinitesimal translation and dila-
tion of the space yields an invariant to infinitesimal inversion. Similarly an invariant
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with respect to infinitesimal inversion and dilation of the space is invariant with
respect to infinitesimal translation. Thus the hope of ignoring one group action
when finding invariants, and using that group action to split degenerate pairs of
cases fails when the answer is again the total invariant.

Thus one is left with having to consider ignoring two group actions and finding
invariants with respect to the remainder. The logical choice was to ignore trans-

lation and infinitesimal inversion but consider ratios such as 228Gz _BaGi_ 454
h Az3Ms3’ (Ca2+Cs3)
33M33

(FeTomE and see how the transformed coefficients affect the values of these ratios
when arbitrarily applying inversion and translation to known canonically centered
cases. The first such ratio, denoted by I3, seemed to bear fruit in discriminating

some cases.

A simple calculation reveals that for paraboloidal/cardioid coordinates I3 is in-
determinate and for tangent sphere/circular cylindrical coordinates I3 = —4 (the
ratio is constant and defined for non-zero inversion/translation; thus it has a lim-
iting value for the null group actions). If I3 lies in the span of

—4(ba* + a + b)?
(a® 4+ 1)(1 + 2ab + b%a? + b?)

(6.5.1)

for non-zero inversion parameter a and/or translation parameter b (where the span
explicitly lies in the open interval (—4,0)), the coordinates are either toroidal,
oblate/inverse oblate spheroidal or prolate/inverse prolate spheroidal. If I3 lies in
the (disjoint from all previous) span of

—4(ba® + a — b)?
(a® = 1)(1 + 2ab + b%a® — b?)

(6.5.2)

for non-zero inversion parameter a and/or translation parameter b (where the span
explicitly lies in the open intervals (—oo, —4) and (0, 00)), the coordinates are either
bispherical /spheroidal, oblate/inverse oblate spheroidal or prolate/inverse prolate
spheroidal. In the case of bispherical and toroidal coordinates, I3 = 0 corresponds
uniquely to the case a = b = 0.

The invariance of the rank of the group action can also be utilized to discrimi-
nate between entangled coordinate pairs. A closer inspection of the transformation
equations of the coefficients of the CKT reveals that Csyy, (33 always appear in
the sum (Csy + Cs3) which is invariant to the group action of addition of R3 ® Rs.
This motivates one to consider ignoring that group action on a reduced number of
coefficients, namely defining C' = (Cy + C33) and studying only four group actions
on the reduced set (Ass, Bai, C, Gia, M33). A simple calculation reveals that the
modified pde array of this reduced group action set becomes:

Vi = [-2By,—C,6G12,2Ms33,0]
‘/2 = [07 2A337 6B217 _Ca _2G12]
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‘/E% = [A337 BQla 07 G12a M33]
Vi = [2As3, Bo1,0, —G1a, —2Ms33]
(6.5.3)

This is advantageous because now not all canonically centered coordinates will
obey the maximal rank condition (as they did with the full group action on six
coefficients). In particular, the rank of the pde set for the oblate/inverse oblate
spheroidal, prolate/inverse prolate spheroidal coordinates is maximal at +4. How-
ever the rank for toroidal and bispherical/spheroidal coordinates is not maximal —
at +3. This value is also shared for paraboloidal/cardioid coordinates. Finally for
tangent sphere/circular cylindrical coordinates the rank is even further reduced at
+2. Thus one is able with the invariance of rank under the group action, which
was explicitly checked in our case, to discriminate between the pairs inverse oblate
spheroidal, inverse prolate spheroidal and toroidal, bispherical coordinates.

Unfortunately for the pairs oblate/prolate spheroidal and bi-cyclide/flat-ring
cyclide coordinates, one must use the mapping to canonical centered form, and
then use the reduced invariant to classify the transformed coefficients
(A33, Caa, Cas, M33) - it will be an either/or scenario. We have tried plotting quan-
tities such as B Gio and AsgMas to distinguish a pair of coordinates by the sign
of the graph which is invariant. Unfortunately one member of each pair does not
admit a graph of the above, as a function of inversion parameter a and translation
parameter b, with a unique sign. The other member however admits a negative
graph for all a,b. Hence for some 6-tuples, the above plots might ascertain which
member of the coordinate pair the tuple is associated with by evaluation of the listed
products and observation that that product is positive. When this criterion fails,
one must then map to canonically centered form to complete the discrimination.

For a complete classification without transformation to canonically centered
form, recent research was completed using the invariance of the roots of binary
quartics and the equivalence of the discussed group actions on the coefficients with
the general linear transformation on binary quartics studied extensively in the lit-
erature, for example in [41]. For details, see the material placed in Appendix F
which is based on [13].
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The results of the classification given in this chapter of the rotationally sym-
metric webs listed by Moon and Spencer are summarized in the following table:

Coordinate web Equivalent to Transformation

Cap cyclide Flat-ring cyclide | cont. inversion + trans.

Inverse Prolate Spheroidal | Prolate Spheroidal | discrete inversion

Inverse Oblate Spheroidal | Oblate Spheroidal | discrete inversion

Bispherical Spheroidal cont. inversion + trans.
Cardiod Paraboloidal discrete inversion
Tangent sphere Circular cylindrical | discrete inversion
Toroidal - -

Bi-cyclide - -

Flat-ring cyclide - -

Table 6.1: Equivalence classes of R-separable webs

6.6 Classifying the remaining symmetric
R-separable coordinates in E?

Proposition 6.6.1 Aside from rotational cases just discussed, there are no addi-
tional symmetric R-separable coordinates in E3.

Proof: We have applied Eq.(4.1.8) on the general conformal Killing tensor us-
ing, instead of the rotational Killing vector R3, the translational, dilatation and
inversion Killing vector. The result after some algebra analogous to Eq.(4.1.9) is a
degree two, six coefficient subset of the general Killing tensor for webs admitting a
translational symmetry along x. This result holds whether the discrete or contin-
uous method is carried out to characterize translational symmetry. In components
the resulting tensor is:

Kii = —Agp — As3+1/2Byz — 1/2Bs1y + Cas(y* + 2°)
Ky = Asg— Buz—1/2B31y + Cas(y* — 227)

K33 = A3+ 1/2Byiz + Bay + Cas(2% — 2y°)

Koy = 0
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Klg - 0
Kgg = A23 — 3/4B312 + 3/4B21y + 30332y
(6.6.1)

For dilatational webs, where the Lie derivative of the general conformal Killing
tensor is set equal to a real scalar of the Killing tensor before imposing the TSN
integrability conditions, we found five integer cases where the result is non-trivial.
Each case corresponds to a single degree expression for the Killing tensor subset.
The degree two case, after imposing the TSN criterion — is in exact agreement with
the discrete operation, Eq.(4.1.8), using the dilational Killing vector. The other
cases however, either correspond directly to simple separable webs or can be mapped
into one by the discrete inversion, namely all degree four terms to degree zero and
all degree three terms to degree one. Immediately one can conclude there are no
additional conformal coordinates admitting a translational or dilational symmetry,
irrespective of whether one characterizes the symmetries using the standard Lie
derivative method or the discrete formulal Note this is in agreement with [6] where
the only non-rotationally symmetric R-separable coordinates are asymmetric cases
not studied in this chapter. Recall that on p. 234 and 235 of [37] a first principles
proof was given that R-separability of the Helmholtz and Laplace equations is never
possible for a cylindrical coordinate system. Thus we are in agreement with known
results in the literature for null cases of translational conformal coordinates.

Repeating the above procedure using the vector generator of the continuous
inversion, for both the discrete and Lie derivative method (set equal to zero for
all components) coupled with the TSN impositions, yields a degree four, six coef-
ficient subset of the general Killing tensor with no presence of zero or first order
terms. It was checked that the discrete inversion maps this web to that generated
by Eq.(4.1.8) using the translational Killing vector, and vice versa. Setting the Lie
derivative, with respect to the inversional conformal Killing vector, of the general
conformal Killing tensor equal to a non-zero scalar of the Killing tensor yields the
trivial result even before applying the TSN conditions. This is analogous to the
dilational Lie derivative set equal to an arbitrary multiple of the conformal Killing
tensor for values not equal the five integer cases found. Our conclusion is that the
only additional conformal coordinates are either rotationally symmetric or asym-
metric admitting no symmetries. O

The difficult task of characterizing asymmetric webs remains to be studied. This

adds more emphasis on the need to generate the class of R-separable webs by first
principles from the method of Eisenhart.
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Chapter 7

Asymmetric R-separable webs in
E3

In this chapter we study the remaining case of R-separable webs in E? that admit
no symmetry. This case is not considered in [38]. However, it has been studied
in [6] and [7]. We adopt a different starting point than these papers by studying
the conformally invariant (CI) Laplace equation rather that the ordinary Laplace
equation which is not conformally invariant. It will be seen that there is a close
relation of the conformal invariance property of the equation and R-separability
which is also a conformally invariant property. Our approach which has been de-
scribed in [11], [12] is based on the theory of R-separability explained in Chapter
2.

7.1 The conformally invariant Laplace equation

The subject of this chapter is the study of R-separation of variables for the confor-
mally invariant (CI) Laplace equation on an n-dimensional Riemannian manifold
(M, g), which is:

Hy = Ap+ Cyp =0, (7.1.1)

where we make a very specific choice of the constant C"

n—2
C=———R; 7.1.2
4(n—1) ( )
where R, is the Ricci scalar and n is the dimension of the space. As mentioned
before, the closely related problem is additive separation of variables for the HJ
equation with null geodesics, which like the classical Laplace equation can also be
extended to the pseudo-Riemannian case namely

gIOW ;W = 0. (7.1.3)
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The crucial property of both (7.1.1) and (7.1.3) is invariance under conformal trans-
formation of the metric. From this it follows that if ¢ is any solution of Hy = 0,
then ¢ = e%Tncp is a solution of Hp = 0 on any conformally related manifold.
Consequently, R-separability of the Cl-Laplace equation is a conformally invariant
property, which is not shared by the classical Laplace equation introduced at the
start of this thesis:

Ap =0, (7.1.4)

which is the equation most often studied in this regard [5, 7, 15].

We digress here to give a proof of the conformal invariance property of the
Laplace-Beltrami operator.

7.2 Proof of conformal invariance

Consider a pseudo-Riemannian manifold (M, g) with corresponding Levi-Civita
connection I'. The covariant derivative V may be written in local coordinates {x'}
as follows:

VA7 = 9; A7 + T, AF (7.2.1)

for a contravariant vector field A7, where T, denotes the Christoffel symbols of the
second kind. Contracting Eq. (7.2.1) over i and j we obtain the divergence of A7
namely:

VA" = ;A" + T AF (7.2.2)
By a standard result, [22] we have equivalently:
I = 20,log\/g (7.2.3)
Thus (7.2.2) takes the form
VA" = 9;A"+ A'dilog\/g
= QA+ ﬁA’&-\/E

. 1 ) .
VA = — (Vg0 A' + A'0;
\@(\/ﬁ V9)
VA" = iai(\/gAi) (7.2.4)

V9

Let ¢ be a function defined on M. The Laplace-Beltrami operator on M was defined
as the divergence of the vector field ¢g”9;¢. In local coordinates we thus have:

Ap— ;gamg” 0) (7.2.5)
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Given conformal transformations of the pseudo-Riemannian metric it follows that
the determinant of g;; transforms as:

g=e"g, (7.2.6)

where n = dim(M). Thus

Ji=e"yg (7.2.7)

Suppose that ¢ transforms as

b =em o, (7.2.8)

where m € R. We are now in a position to compute the transformation law for the
Laplace-Beltrami operator A acting on ¢.

Ad — ;gaxﬁg?j )

_ ejg”ai(ew2>wgijaj<em”¢>>

_ 6_\/7;31.(6(“—2”\/{79”(@”"(6@ +med;o)))
_ 6\/;" i(e =27 /5(g9 0,6 + mbg9;0)))

—no

= [(m +n —2)e™ ™ 270,0,/9(g" 0;¢ + mpg0;0) 4+ ™ 70,(,/g9" ;¢

\/§
+ m\/gqﬁgij@ja)]

o 6(17172)0

Ay = [(m+n— Q)ﬂgijaiaﬁjqﬁ +m(m+n— 2)\/§¢g”8¢aaja + 8¢(\/§g“8j¢)

VI
+ my/gg”0i¢d;0 + med;(v/99" d;0)]

Adp = "™ (m+n—2)g"0,00;6 +m(m +n — 2)¢g? 00,0 + \;gﬁi(\/ggijajqﬁ)

. 1 i
+ mg"”0;¢0;0 + m¢ﬁ@(\/§9”3jg)]

Ap = ™A+ mp(Ac + (m+n —2)gY0;00;0)

+ (m+n—2)g"0,00;¢ +mg”0,00;0] (7.2.9)

The next step results from the fact that:
gijaz'ébaja = gijaigaﬂb,
which follows from the symmetry of ¢¥ in the indices 7 and j. The final formula is:
Aj =™V AG+ (2m +n — 2)g"0;00;¢ + mp(Ac + (m +n —2)g”0,00;0)]
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The second last term on the RHS may be removed by choosing

m = ;(2 _n) (7.2.10)

With this choice Eq. (7.2.9) reduces to
<~ 1 1 1 .
Ap = e 27 [Ag + 5 (2= n)¢(Ao + S (n = 2)g"0,00;0) (7.2.11)

Now we consider the quantity Rgzz, recalling that the Ricci scalar R transforms
under conformal transformation as [22]:

R=c¢2[R+2(n—1)Ac + (n—1)(n - 2)g"00,]
and remembering that ¢ was defined to transform as: ¢ = ™. This yields:
Rp =™ DGR+ 2(n—1)Ac + (n —1)(n — 2)g70,0;] (7.2.12)

Adding (7.2.11) and k times (7.2.12) we obtain the new operator

Ajp+kRp = ™ 27[A¢+ ;(2 —n)p(Ao + ;(n —2)g"004)

+ ko(R+2(n—1)Ac + (n—1)(n — 2)g"00;)]
= ™M VAG + kR + (1 — g +2%k(n — 1))Ac
b (“im= 22 £ k= 1)(n = 2))gY0.0,)] (7.2.13)

4

To remove the term containing Ao we must choose

1(n—2)
k:Z(n—U

(7.2.14)

Fortuitously this choice of & also removes the term containing ¢* o;0,;!

We conclude that the operator (7.2.13) with k given by Eq. (7.2.14) has the
transformation law:
L(n-2)
4(n—1)

<~ ~ - 1 1(n—2)
_ i) 1
A¢ + pR=¢ (Ap + I(n= 1>Rd)) (7.2.15)
where ¢ and ¢ are related by:
$=em"p =z (7.2.16)

The operator is thus invariant under a conformal transformation, as desired. We
now state some special cases for lower dimensions:
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n=3 A¢ + éRgb L o=e"2¢ (7.2.17)
n=4 A¢ + équS L o=e""¢ (7.2.18)

n=5 A+ 136R¢ ety (7.2.19)

This concludes the proof of conformal invariance of the operator (7.1.1) with C' given
by (7.1.2). For the rest of this chapter the advantages of studying R-separability
for the ClI-Laplace equation continuing the work begun in [32] are illustrated. For
the flat case (in which the CI-Laplacian reduces to the classical one) we recover
the results given by Bocher [5] and Boyer et al. [7]. Furthermore, these results are
applied to provide Cl-Laplace R-separable coordinates on other conformally flat
manifolds.

7.3 The CI-Laplace equation and R-separation

The study of R-separation of the CI-Laplace equation, instead of the classical equa-
tion, is more general [32]. Indeed, the existence of a complete R-separated solution
of the CI-Laplace equation is a conformally invariant property that holds on the
whole class of conformally related metrics. This follows directly from the form of
the solution ansatz and the conformal invariance of Eq. (7.1.1).

The techniques giving differential conditions for the R-separation of a single pde
[15] were outlined in Chapter 2 and are repeated here:

Theorem 7.3.1 Equation (7.1.1) admits R-separation in the coordinates (q') if
and only if

1. the coordinates are orthogonal: g;; = 0,1 # j;
2. the coordinates are conformally separable;

3. the contravariant components (g") satisfy the differential condition

Sii(9"") _ Sii(g™)
ghh gkk’

. (Vhk Vi#j, i,jns) (7.3.1)

where S;; are the second order Stdckel operators,
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4. the function R is (up to separated factors) a solution of

1

where T'; = ¢" Ty ;

Remark 7.3.2 Recall from Chapter 2 that orthogonal coordinates satisfying con-
dition (7.3.1) are called conformally separable (see [3]), while orthogonal coordinates
satisfying S;;(g"") = 0 are said to be simply separable. The additive separation of
variables for the null geodesic HJ equation in orthogonal coordinates,

g (OW)* =0, (7.3.3)

and for the geodesic HJ equation
1 ..
59" 0W)* =E, (E€R), (7.3.4)

occurs if and only if the coordinates are conformally separable and simply separable,
respectively. This fact shows an important link between Eq. (7.1.1) and Eq. (7.1.3).

Also in the Riemannian case, even if the null geodesics are trivial, the study of
conformal separation can be applied effectively to the CI-Laplace equation. Indeed,
as for the Laplace equation Ay = 0, we have that

Corollary 7.3.3 A necessary condition for R-separation of the CI-Laplace equa-
tion (7.1.1) in a given coordinate system is that the null geodesic equation (7.1.3)
15 additively separable in the same coordinates.

Remark 7.3.4 Two conditions equivalent to (7.3.1) are

e g is conformal to a metric which is separable for the geodesic HJ equation
(7.3.4) in the same coordinates;

e there exists a Stéckel matrix S such that [35]

gii Mz
J

where M;, is the minor of S obtained by eliminating the i-th row and the
n-th column. We remark that the elements of the last column of the Stackel
matrix are not involved in (7.3.5).
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7.4 The three-dimensional case

Definition 7.4.1 A coordinate q' is said to be conformally ignorable if it ap-
pears in the conformal factor of the metric only, that is if

9;(g"/g**) =0,

for all h, k. We call a coordinate system general if it does not contain any confor-
mally 1gnorable coordinates.

Up to a coordinate transformation of the form ¢*(¢‘), a coordinate ¢' is confor-
mally ignorable if and only if 0; is a conformal Killing vector, that is an infinites-
imal conformal symmetry. In this chapter only general coordinate systems are
considered, leaving as a further research project the analysis of the cases involving
conformal symmetries.

The form of the general conformally separable coordinates in a three dimensional
manifold is given in the following proposition (see [7])

Proposition 7.4.2 In general conformally separable coordinates (¢*), the form of
the (contravariant) metric on a three dimensional manifold is given by

" = Qhi(q") (¢ — ¢, i=1,...,3 (mod 3), (7.4.1)

where Q) is the conformal factor, and h; three arbitrary functions of a single variable.

Proof: Following [7], without loss of generality, we may choose S to be a 3 x 3
Stackel matrix with third column set equal to unity.

o1 Y1 1
S=1| ¢y t 1 (7.4.2)
¢3 P31

Then, we have

9" = Qsds — agd3), 97 = Q(1¢s — U3h1), ¢ = Qa1 — th1¢a). (7.4.3)

In the general case, we can assume that none of the ; and ¢; is identically null.
Thus

1_ Ys U2\ o Yr _Us) s Y2 U
g = Q¢2¢3<¢3 ¢2)’ g = Q¢1¢3<¢1 ¢3>, g = Q¢1¢2<¢2 ¢1(>- |
7.4.4

By transforming each coordinate ¢' = ¢'(¢*) and the conformal factor such that

§" = ¢, Q— Qoigags,
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we obtain §% = Q(Fjys — Fip1) with Fy(¢') = % If none of the F; is a constant,
then we can use them as coordinates; thus we obtain

g =0m(d")(®— ), 97 =QhAd*)d" — %), ¢ =Qhs(¢*)(¢®—q"),

where the h; are the reciprocal of ¢;, and the tilde symbol can be dropped for the
conformal factor. O

Remark 7.4.3 If one of the elements of the Stackel matrix is zero or one of the
functions Fj is a constant then, up to a coordinate transformation ¢*(¢"), one of the
coordinates is conformally ignorable.

By Proposition 7.4.2 and Theorem 7.3.1 we obtain

Theorem 7.4.4 The form of the metric in general R-separable coordinates for the
CI-Laplace equation is

g = QP(q") - (¢ — ¢'th), i=1,...,3 (mod 3), (7.4.5)

where P is an arbitrary fifth-degree polynomial.

Proof: Computing the modified potential y for the general conformal separable
metric (7.4.1) and imposing the compatibility condition

Sii(x)g" = Si(gt)x =0
Si(x\)g” = Si(g”)x =0
Sij(X)g33 = Sij(g33)X:O
i # (7.4.6)

where
1
X = 9" (20T — T + §th) (7.4.7)

we obtain three additional independent differential conditions (out of the nine equa-
tions) on the functions h; that form a linear second order ODE system in three
unknowns. Performing the calculation in Maple, where for convenience we denote
¢ =u, ¢ =v, ¢ =wand hy = U(u), hy = V(v), hs = W(w) - we write the
covariant metric components as the Tensor Package requires the metric tensor to
be written with both indices down. The conformal freedom in the metric ansatz
allows us now to drop the conformal factor () and write:

1 1 1

M T Vw0 T W Y
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The reduced Christoffel symbols that follow are,
where we write (U, V, W) instead of (U(u), V(v), W(w)):

—U, n (v —2u+ w)
2U 2w —u)(u—w)
-V N (2v —u —w)
2V 2(v—u)(v—w)
Wy (2w —u —v)

s = oW 2(u —w)(v —w) (7.4.9)

The diagonal Ricci tensor components Ry, and Ricci scalar R needed for a future
calculation are easily attained using the Tensor Package and are omitted here.
Finally the differential equations that follow are

(v=w) Uy  (u—w)Vyy  (v—w)(v—4u+ 3w)U,

r, =

r, =

DT T ) 4(v — ) 200 — u)2(u — w)
(= w)(dv = 3w =)V, N (v —u)*W
2(v —u)?(v —w) 2(u —w)?(v —w)?
(v =w)(v* = 5uv + 3vw + 100’ — 15wu + 6w*)U
2(v — u)3(u — w)?
N (u —w)(u? = 5uv + 3wu + 10v* — 150w + 6w?)V
2(v —u)3(v — w)?
(7.4.10)
- (v —w)luu  (W=—u)Wyw (v—w)Bv+w—4u)U,
4(u — w) 4(u — w) 2(v —u)(u — w)?
(=B —dw+ W, (u—w)*V
2(u — w)?(v —w) 2(v —u)?(v — w)?
N (v — w)(6v? + 3vw — 15uv + w? — Sbwu + 10u?)U
2(v —u)?(u — w)?
(v =u)(6v® = 150w + 3uv + 10w — Swu + u*)W
2(u —w)3(v — w)?
(7.4.11)
e — (u—w)Vo  (W=WWyw  (u—w)(4v—=3u—w)V,
% 4(v —w) 4(v —w) * 2(v —u)(v —w)?
(v =w)(v = dw + 3u)W, (v—w)?U
2(v — w)?(u — w) 2(v —u)?(u — w)?
_ (u = w)(6u? + 3uw — 15uv + w? = Svw + 100*)V
2(v —u)?(v —w)?
(v =u)(6u”® — 15uw + 3uv + 10w? — Svw +v*)W (7.4.12)

2(v —w)3(u — w)?
Maple successfully integrated the above yielding

Uu) = ¢+ cou+ csu? + cqu® + csu® + cgu®
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Vv) = c+cu+ csv? + cqv® + csvt + cgv®

W(w) = ¢+ cow + czw® + cqw® + czw® + cew® (7.4.13)

Going back to the older notation, we see that the h; = P(q"), where P is an arbi-
trary fifth-degree polynomial. O

Note that the compatibility condition has an intriguing geometrical interpretation.

Theorem 7.4.5 On a three dimensional manifold, R-separation of the CI-Laplace
equation occurs in general conformal separable coordinates if and only if the metric
1s conformally flat.

Proof: The conformal flatness conditions for a 3-dimensional Riemannian man-
ifold are (see for example [22])

1
Riji, = Riji — Rikyy + Z(QikRS;j — gijRsx) =0, (7.4.14)

where ; denotes the covariant derivative and R;; the covariant Ricci tensor. By
imposing these conditions on the general conformally separable metric (7.4.1), we
arrive at nine linear second order ODEs in the h;. Three of them are trivially zero,
while another three are equivalent to the remaining three which are equal to those
allowing R-separation. Thus, the conformal flatness condition is equivalent to the
compatibility condition for R-separation. O

Remark 7.4.6 If one or more conformally ignorable coordinates appears, then
being conformally flat is a sufficient but no longer a necessary condition for R-
separation. Hence, in particular, equations (7.1.1) and (7.1.3) separate in the same
orthogonal coordinates for all conformally flat 3-manifolds.

We can apply these results to the study of R-separation for the classical Laplace
equation. Indeed if a three dimensional manifold satisfies Ry = 0, then R-separation
of the Laplace equation Aty = 0 occurs in general coordinates if and only if the
manifold is conformally flat. This is because since Ry = 0, the CI-Laplace equation
and Laplace equation coincide. Furthermore on a conformally flat three dimen-
sional manifold, R-separation of the Laplace equation Aty = 0 occurs in general
conformally separable coordinates if and only if the Ricci scalar Ry satisfies the
compatibility condition

Si ~(ghh)Rs = Sij(Rs)ghh.

This follows since the manifold is conformally flat, the CI-Laplace equation admits
R-separation of variables in general conformally separable coordinates.
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7.5 Applications and examples

A fundamental example is the flat case, where the Laplace equation and the CI-
Laplace equation become the same. This has been studied by several authors (see

[5, 39, 35, 7)).

Example 7.5.1 In order to determine the expression of general R-separable co-
ordinates on E? we need to compute the conformal factor @) such that the metric
(7.4.5) is flat and the coordinate transformations from a Cartesian coordinate sys-
tem. Let us denote the R-separable coordinates (¢',¢% ¢*) by (u,v,w) and by
e1 < eg < eg < ey4 < ey the five zeros of the polynomial P (we restrict ourselves
to the special case where all zeros e; are real and distinct, as we use tools from
classical Riemannian geometry and not those pertaining to complex manifolds).

We now discuss the special case of
9" =QP(q¢") - (¢ =q¢*),  i=1,...,3 (mod 3)

when P(q’) can be factored into five real and distinct factors which we denote as
in the literature by e;. An explicit formula for the (covariant) conformal factor @
is given on Eq.(4.31) of [7], as well as coordinate transformations from Cartesian

to R-separable ones. The conformal factor Q is written 1 /A\? where:

(¢' —e1) (¢* —e1) (¢ —er)
(e1—e2) - (e1 —e3)- (1 —eq) - (€1 — e5)

—(q" —es5) - (¢* —e5) - (¢* — e5)
(es —e1) - (€5 —e2) - (es —e3) - (€5 — eq)

+ (7.5.1)

This is an adaptation from the pentaspherical coordinate representation given by
the formula for ds® in Euclidean space on p. 89 of [5], where the (covariant)
metric coefficients g; = Q - P~1(¢") - (¢"*! — ¢') - (¢""2 — ¢*™1) appear explicitly -
with polynomial P(q‘) described on p. 87. To reconcile with our contravariant
formalism for @, we note the relation Q = Q~'/(¢""* — ¢°).

By using pentaspherical coordinates we can derive the following relations linking
Cartesian coordinates to the R-separable ones given in [7]:

o — (¢" —e2) - (¢°> —e2) - (¢* — €2)
(ea —e1) - (e2 —e3) - (e2 —eq) - (€2 — €5)
Aoy = (¢ — es) - (4> —es) - (¢° — e3)

(es —e1)- (€3 —e2) - (e3 —es) - (€3 — €5)

Aoz o= (@ ) (g~ ea) (€° — eu) (7.5.2)

(es—e1) - (ea—e2) - (ea—e3)- (es—e5)
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where the following (not unique) relations on the (assumed real and distinct) set
of roots is assumed:

e1 < ey, €< ez, e3<ey, €4<es
er<u<e, e<v<es e3<w<ey (7.5.3)

As expected the metric g% resulting from the coordinate transforms of Eq.(7.5.2) is
orthogonal and flat, and conformal to the metric g% = P(q") - (¢"*? — ¢"™') but with
conformal factor Q = 1/(4)\?) instead of the given 1/()\?) in [5] on p. 89. This is
clearly a trivial error as a spatial dilatation of two units would ensure consistency

of the formulae and of course not affect the flatness condition.

Therefore there is agreement, assuming the polynomial P(¢%) has been factored
into five real and distinct factors, between this derived form of the metric and
results given in the literature.

The proof of the above metric coefficients resulting from the coordinate trans-
formation equations given by Kalnins and Miller could not be verified by ‘brute
force’ in Maple 9. This is due to the irrational factors appearing in the algebra
which Maple handles poorly. We digress here to provide a simplification of the
algebra involved, should the reader wish to reproduce the above results. Let us
denote by (¢') = (u,v,w), (i =1,...,3) and (e,) = (ey,...e5), (h =1,...,5). We
start from the assumption e; < u < e3 < v < ez < w < e4 < e5 and

u—ep)(v—ep)(w—ep) _ i1 (' — en)
Hk;éh(eh - €k) Hk;éh(eh - €k)

Lh:(

We have Ly > 0, Ly > 0, Ly > 0, Ly > 0 but Ls < 0. Then we let (z') = (z,y, 2)
be Cartesian coordinates, so that the transformation rules by Kalnins and Miller

are in compact form:

VL ++v—=Ls’
where the \ factor is A\ = /L, + v/—Ls. Let us compute the derivatives of Lj, and
V/Ly:

agi " Mizn(en —ex)  (¢F —en)

0 I Hj;éi(Qj —ep) . Ly,

il\/fh 1 8 1 Lh \/ Lh

. = ——1; = . = : , h=1,....4
8q 2\/ Lh an h 2\/ Lh (q’ — €h> 2((]z — €h)
and
ii TLL% _ _;%[6 _ 1 iL5 _ \/i—Ls
8q 2\/ —L5 8q 2\/ —L5 (q — 65) 2((] — 65)
Moreover

a ;- Oi\/Ljt1 (VL1 + v ~Ls) — \/ﬂ@\/ﬂ + 0iv/—Ls)

-
oq (VL VL
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S VI 4 VL) = L (@ + =t

_ (g*—ej+1) (¢*—e1 q'—es)

) AL + V- LoP
_ % Ljn (ejr1—e1) / (ej41—es5)
 2(VLi + V—Ls)? (\/LT( ) _L5( )

¢ —ej1)(d — el q' —ejr1)(q" — es)

Hence

( 0 j>2 CLia(q —ej)?

a¢" ) AL+ L5t

(e =) G ¢s)” _ (ej+1 —e1)(ej41 —es5)
(Ll (qZ — 61)2 Ls (qz _ 65)2 + 2\/TL5 <qz _ 61)(qi _ 65) ) (754)

Note that g;;(v/L1 + v/ —Ls)* contains only the irrational term +/—L;Ls and it is
a first order polynomial in it (with coefficients that are rational functions of ¢’
and ep,). Thus Maple is able to simplify it (always as a first order polynomial in
v —L1Ls). Finally by comparing the expansion of

(VL1 +\/=L5)? = Ly — Ls + 2/ L1 Ls

as a polynomial in \/— L L5, we recover the answer.

Remark 7.5.2 The conformal metric
G = (¢ — ¢ — ¢
(2 P(ql)
is the general three-dimensional conformally flat metric allowing multiplicative sep-
aration of the Helmholtz equation computed by Eisenhart [21].

The formulae for the flat case can be adapted to a general conformally flat
manifold (M, gys). Since M is conformally flat, there exists a coordinate system
(X*) such that

g = Qurp Y X' ® dX7,

where @)y g is the conformal factor transforming gj; into the flat Euclidean metric
gp. Then, if we formally replace (z!, 22, 23) by (X', X2, X3) in the transformations
(7.5.2) we obtain the coordinate transformations from (X*) to the R-separable
coordinates (¢'). Indeed, by inserting these relations in the metric gy, we have

gy = Qup ) dX" ©dX" = QypQp' Y [P(¢) - (¢ — ¢")dg’ © dq'].

Hence, Qy = QueQE is the conformal factor that transforms the general confor-
mally flat metric (7.4.5) into a metric on the specific conformally flat manifold M.
Then, in order to compute the conformal factor and the coordinate transformation,
we only need to know the coordinates X on M corresponding to the Cartesian
coordinates on Es.

In the following example we develop explicitly the case of S3
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Example 7.5.3 Let (X!, X? X3) be stereographic coordinates on Sz, considered
as a sub manifold of E*. They are related to the Cartesian coordinates (x!,. .., z%)
of E4 by the following equations

2ya
¢ = 2K =1,...,3

PR (X

3
ZC4:7“— 2r

P24y (X2

where 7 is the radius of the sphere. The components of the metric of Sz in the
coordinates (X?) are (see also [22])

B 4ot
SNGED Y REOUR

Hence, the function Qs = (r? + 37, (X%)?)2/4r* is the conformal factor relating
S; to E5. Then,
N(r® + XL (X (e %, ¢%)*)]

r* (" = ¢"*)
is the conformal factor which makes (7.4.5) the metric of S3. The coordinates
(¢', 4%, %), related to the stereographic coordinates (X', X2, X?) by

Qs =

(e2—e1)-(e2—e3)-(e2—ea)-(e2—e5)’
v (g'—e3)-(¢%—e3)-(¢®—e3)
AXE = \/(63—61)'(633—62)'(633—64)'(633—65)’
M- X3 = \/( (¢! —ea)-(®—ea)-(¢®—ea)

A-XD = \/ (¢! —ca)-(¢?—c2) (g% —c2)

es—e1)-(esa—e2)-(ea—e3)-(ea—es)’

with A given by Eq. (7.5.1), are coordinates on Sj.
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Chapter 8

Conclusion

We have shown in this thesis that the known R-separable coordinate webs with
symmetry form an exhaustive set of additional coordinates admitting R-separation
of variables for the Laplace equation in Fuclidean space. The conformal Killing
tensors derived for each case expressed in canonical Cartesian coordinates can now
be used by future researchers who wish to include a potential in boundary value
problems that involve the use of Killing tensors written in canonical Cartesian coor-
dinates. Using geometrical methods very different from the literature we have also
independently derived the form of the asymmetric metric tensor for R-separable co-
ordinates of the conformally invariant Laplace equation in Euclidean space admit-
ting no symmetry. The associated Killing tensors for them have yet to be computed.

The canonical rotational R-separable webs known thus far form an exhaustive self
contained set based on the study of the square of Eq.(6.2.1). The seemingly infinite
room for more inequivalent coordinates was ‘filled up’ by the infinite ranges of the
invariants resulting from variation of the coordinate parameter k appearing in the
definitions for Jacobi-elliptic coordinate systems. Without a priori knowledge of
these specific examples it would be hard to partition the invariant defined over R
into a finite number of partitions of R representing disjoint equivalence classes.

This provides a clear motive to solve for the R-separable coordinates in E?
directly using the method of Eisenhart [20] along the lines of his classic 1935 paper
on conformal separation in Euclidean space. Clearly more work is needed in this
area. We have been able to discriminate between coordinates known a priori, as
well as put others into same equivalence classes or with simple separable cases
previously studied in [25]. All this was achieved without systematically solving
for all cases of the Eisenhart conditions in conformal Euclidean space which could
comprise a future research project of searching for the remaining two asymmetric
R-separable webs in Euclidean space.

The last chapter of this thesis gives a derivation of the general asymmetric met-
rics in E3, and associated coordinate transforms to Cartesian coordinates. However,
they have not been classified under the full conformal group like the known sym-
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metric and conformally symmetric webs have been. Such an invariant classification
using the approach employed in Chapter 6 would be a difficult task; all the invari-
ants of the general characteristic conformal Killing tensor components under the
entire conformal group would have to be computed. The TSN conditions would have
to be solved on the entire thirty five parameter CKT, not just on nine-dimensional
subsets that followed Lie differentiations. A direction for further research lies in
the cases of metrics with one or more conformal symmetries; these can be found
in principle by using the techniques discussed prior. The main obstacle at present
in this calculation are the coupled non-linear pdes resulting from solving for the
conformal factor representing transformation to flat space. Work has been done in
this direction in [7] but using the formalism of complex Riemannian space which is
beyond the scope of this thesis.
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Appendix A

Proof of Levi-Civita’s criterion for
separability

For the proof in one direction, we assume sum separability of the solution W to
the HJ equation. Assume a conservative system, namely that the Hamiltonian
is time independent and equal to a constant which is the system’s total energy.
Equivalently we assume the Hamiltonian does not explicitly depend on time: H =
H(q', p'). Hence

dE  dH O:>87H8qj+87HGpj+87Hat
dqi dqt 0 0¢t  Opl Oq' ot 0q'

=0 (A.0.1)

As the coordinate system is linearly independent, it is clear that aq = 0;j; and the

OH g’ oH
50 B reduces to one term only: gt In gememl7 3¢ L 40 however we have

assumed aH 8” =

SuIn

= 0 for 7 # j by our assumption of separability. This

W ow
67

our starting assumption that W = Zizl Wi(qt, c1, ¢y vy Cn), % =0,i # J.

is so because from HJ theory P = a and since is a function of ¢/ only, due to

Thus we obtain
oH OH op

oq’ * op* 0q* =0
op' G OPW 9 op
:> T = - 7.77, . - A.0.2
o g% 0(¢')? aqf(f’)q@) (4.02)

It is clear that if p’ is a function of ¢* only, then 2 a - is a function of ¢' only, hence

the second statement in the above formula for i # j. Let us denote S = gfl’ We
have then

is _ osod asop asor
dg? 0¢'0¢? ~ Opt g Ot O¢i
dsS oS 98 op’

o _ 90 — A.0.
:>qu aq]+apj Y =0 (A.0.3)
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where we have % = 0 since W has no explicit dependence on time t. Performing

the calculations we obtain:

OH 0*H OH 0°H

98 —opagog 1 og ooy
i 0H \2
dq’ (api)
OH 0%*H OH 0%*H
85 . _api Op7 dq’ + dq Opidp’
i O0H \2
op? (557)
; 8H
W _ oy (A.0.4)
o o o
opI

The last line follows from Hamilton’s canonical equations. Clearly in the identity

% = 0 one can multiply away the (2—5)2 term, and furthermore multiply both sides

of the equation by —% obtaining the classical Levi-Civita criterion, as required to
show. O

Next we must show the sufficiency of the Levi-Civita conditions. Let us define
OH

R; = —3%jr, or in more common notation: R; = —3‘9};{1{1 as H = H(p", ¢"). We
Op*
recognize R; as a general function of p" and ¢". If we assume the Levi Civita

conditions hold true, we obtain 0;R; + Rj%Ri = 0,7 # j. We seek a possible

existence of a continuous, well defined solution to the following ansatz of a first
order system: 0, P, = 6;, Ry, = 0; P, = 0,71 # j and 0, P, = Ry, 1 = h.

Consider the more generic first order system of the form

ah(l

L Lat)y = FMat 2yt ) (A.0.5)

P

A continuous solution y" must satisfy

d oy" _d oy"

7 0w = 7w\ or) (A.0.6)

note that total derivatives are needed because F! is defined to depend also on
y',...,y" - this will be useful since R; actually depends on both sets ¢" and p”, not
on one set alone! But since complete integrability conditions refers to the demand

2, h 2, h .
that 8‘2,-ng = %, we require that

dxi\Qxi’  Oxt Oxd

(A.0.7)

namely that z!,... 2" form an independent set. We thus assume that no z* can
be functionally dependent on 27, j # i. Proceeding from Eq. (A.0.6) we have

d n n d n n
SNy ) = () (A0
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Expanding the total derivatives, we obtain
0 OF! oy° 0 OEM Oy
I e et A L 0
oxt 7 — Jy* Ox*  OxJ — Jy* OxJ
or in more simple Einstein summation notation (where a repeated index above and

below implies summation unless stated otherwise) we derive, as a test for complete
integrability:

(A.0.9)

0 OF! OF! OFh
Fh I e — Z1 Fy A.0.1
ozitd T gy oz Ty (4.0.10)

We want the L.H.S = R.H.S for th = §;n Ry, and F" = 6;,Ry, and y* = p® on
account that we seek a solution to 0; P, = 6; , Rp. Also F?* = ¢, ,R, and Fp = 00l

Expanding, we obtain:

0

0; (SJ nRy + — 0 (5] th)(sl R = 8 i n Ry + — (52 th)5 R, (A.O.ll)
op* op*
The sums collapse down to one term each:
0 0
0; 5J WRy + Ri— a (5] th) 8 51 n Ry + Rj op ((517th) (A.0.12)

There are distinct cases of indices to consider on both sides of the equation. For the
case ¢ # h, clearly the 6, term in the R.H.S are 0, hence 0;(0) + Rj%(()) = 0. For

the case ¢ = h, j # i we have, on the R.H.S, 0, R; + Rm =R, = 0 by the Levi-Civita
assumption. For the case ¢ = h = j this is the only chance of R.H.S not vanishing;

it takes on the form O;R; + R; By 2_R. which is not necessarily zero.

For the L.H.S, case j # h yields 0 as clearly the ¢;; terms all vanish. Hence
@(O)—i—Ria‘zi (0) = 0. For case j = h,i # j we have, on the L.H.S, @-Rﬂ-Rza AR =0
also by the Levi-Civita assumption. Case j = h,1 = j is the only Chance for the
L.H.S not to vanish; it takes on the form O;R; + R; 79 -9 R, which is not necessarily
7Z€ro.

Thus for all possible n functions y" h = (1,2,...,n) and all possible partial
derivatives denoted by 2; and the complete integrability conditions are satis-
fied.

Hence 3 n functions @Q;(¢") such that P, = Q;(¢") are solutions of 9;P, = d; , Ry.
As 0;P, = 0,7 # 1, it is clear that each F; is a function of ¢* alone, hence we write
P = Qi(q").

The next step is to verify that H(q',...,q", Qi(¢),...,Q.(q")) is equal to a
constant, namely the total energy, which must be a constant for a conservative
system. Then we need % =0 for every j € (1,2,...,n).

dH OH 0HO0Q(¢") 0H 0H dQ;(¢’)
dgy— d¢  OP d¢  d¢  OP; Ogf

OH OH OH oH, 9%

90 ap = g tap o

opJ

oz’ aw

) = 0. (A.0.13)
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As the only independent variables of H involve (¢*,¢%, ..., ¢"), and since we prove
that % =0 V j, we can clearly write

H(d ..., q",Q:1(¢"),...,Qug") =E (A.0.14)
But we know that
ow ow
1 n " Z N —
H(q,...,q,aql,...,aqn) E (A.0.15)
Taking
ow
qu = Ql(ql) =P
ow
87(]2 = Q2(q2) =P
ow
= (") = P, A0.1
o0 Qn(q") (A.0.16)

we have constructed a separated solution to the HJ equation of the form:

W= /621(q1)dq1 +/Q2(q2)dq2+...+/Qn(qn)dq” — Et (A.0.17)

satisfying %‘;{ = P, where P is a function of ¢’ only.

The solution W is unique up to an arbitrary constant, which is fixed by the
system’s total energy. Thus, specifying E, we found a unique solution to the HJ
equation that is separable, assuming the L-C criterion holds as well as conservation
of energy and independence of the variables (¢!, q?,...,¢"). This completes the
proof of sufficiency of the Levi-Civita conditions. O
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Appendix B

Proof of the connection between
Stackel matrices and Killing
tensors in Eisenhart’s formalism

The proof I present here starts with the fact, proven in Eisenhart’s 1934 paper,

that the matrix elements ¢;; defined in Eq. (2.1) are known to be functions of !
at most. By definition in [20], p¢ = ﬁsz is independent of z*. The quantity denoted
by ¢™ is the co-factor (determinant of the minor) of ¢;;. For two dimensions let

the arbitrary matrix ¢;; be denoted by:

{ h(@!) a ]
(B.0.1)
f2($2) b

At this stage a and b are any arbitrary functions over all variables z! and

x?. However, from Eisenhart’s definitions, p? is independent of z'; thus in two

dimensions p? is a function of 22 at most. Now p? = £ = =) o j — ~f@7).
1 17y b pi

the last equality being a function of z? only.
Similarly p3 = i—zf = %ﬁl) = a = %&Tl); the last equality being a function

2

of " only. This easy analysis completes the proof for two dimensions that the n?
¢;; functions defined by (H;)* = S Py = ZT form a Stéckel matrix whenever the
total determinant ¢ # 0. Recall that in a Stackel matrix the functions inside the
i" row must be functions of z* only.

In three dimensions let the general ‘Stackel’ matrix be denoted by:

filz') a b
fa(z?) ¢ d (B.0.2)
f3($3) e f



Knowing that the expressions p? and p? are independent of z!, we arrive in
d-f3(x*) = fa(z?)-f

e not depending on z!. Hence:

particular at

od 0
(e f = lfsle®) oy — o) - 2
0 0 od 0

Since gj; is finite and non-zero, clearly (¢- f —d - e) # 0 and one can divide by
the quantity, obtaining:

od
ox!

(cf —de)
(cf — de)

(cf —de)

f3(a?) fo(@®) 55 = fa(a®)d( )=0 (B.0.4)

This can be re-arranged to yield the more familiar looking form:

oaf
oxl!

ad (cf —de)

(cf —de)
e a (cf —de)

)]_fQ(:E )[ (cf—de)

fs(2%)]

— £ J=0  (B.0S)

This expression must be satisfied for any arbitrary functional form of f3(z?)
and fo(x?), so it is clear that the expressions in parenthesis must identically vanish.
Say the second one is evaluated for some fixed function f and a fixed value for z!,
denoted for now by xg:

0 0
[ ey = Tlay g Tos(cf — de)],] = 0 (B0

This must hold true no matter what functional form ¢, d and e may take. In
particular hold fixed any two of the (¢, d, e) triplet and vary the third. For concep-
tual simplicity, denote log(cf — de) instead by z(c, d, e, f), where z is a continuous
function of the arbitrary functions ¢, d, e and f. f is already fixed, now fix say the
functions d and e.

Thus 2:z(c(x, 22, 2%),do, €0, fo) = 0 implies the possible variations in the ar-
bitrary functions ¢ cannot involve the independent variable z!, for then each dif-
ferentiation with respect to !, evaluated at the particular value o, would yield
a different numerical answer which we hold as impossible. The variation is thus
limited to #? and 2?, hence ¢ = ¢(z?, ¥3) alone and the argument is unchanged for e
and d; simply fix the other two and perform the above steps. Note all of the above
steps necessitated the arbitrary function f being fixed; otherwise the reader may
well ask if the possibility exists for the two separate terms in parenthesis to negate
each other - but that is overrided by the fixing of f at one particular function it
can take.
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To prove f = f(x?,2%) we now only consider the previous argument applied to
the first expression in parenthesis in equation (B.0.5):

od 0
(510 = dlao 57 log(cf — de)lu] = (B.0.7)

Fix d, ¢ and e to ascertain that variations in f cannot involve the variable z'.
Note there is no need to consider the quantity p? for the same conclusions will
follow identically.

Now that the general method has been presented, the reader may well inquire
about special cases where the method may break down. For instance, what if the
factor (¢f — de) = 0 leading to log(0)? This case is impossible since Eisenhart
already built into the matrices the definition g; = 7 and we know that the metric
components can neither vanish nor be infinite, thus (¢f — de) # 0.

What if (cf —de) < 07 Then the minus sign can be absorbed, to yield say [77; of 4

f [%] but the final argument remains unchanged. Now consider the chain rule

application. %z(c(x 22, 2%), do, e, fo) = 2 (c(xt, 22, 23), dy, eo, fo) - M by
the usual chain rule of the composition of two continuous functions, of Wh1ch log(2)
is one of them. The first derivative in the above product cannot be zero as that
would imply (¢f —de) = oo, leading to a contradiction considering the non-singular
element of the metric component gy;.

Thus we finally prove ¢, d, e and f - all belonging to the second and third row
- cannot be functions of z'. By manipulating the second row, we get by similar
argumentation (i.e (af —be) # 0) that a, b, e and f cannot be functions of x?. This
proves immediately that e, f are functions of 2% at most; similar steps prove the
analogous statements for (a, b) and (¢, d). Thus each row of the matrix defined by
Eisenhart’s paper is a function of one variable only, as required to show.

Note also that by fixing functions, one must choose a form for them and values
of xy such that the determinant ¢ of the matrix defined never vanishes. This
technically limits the independence of the n? arbitrary functions somewhat, but
innumerable functions exist within this constraint for which all the above facts hold,
and must hold for the ‘special cases’ considered, hence validating the conclusion.
For example, set f3(z3) = 2% and fy(2?) = 22, and functions to be fixed like e*’,
e@)” and =)’ ensuring that the determinant can never vanish for non-trivial values
of the independent variables.

If all of the c, d e and f are independent of 2!, then clearly -2 sorlcf — de) =0
and individually 5~ ¢, ai d, axle and 681 f=0 thus the coefficients of f3(z3) and
fa(x?) reduce to zero, as needed.

Note that metrics and Stéackel matrices very well exist where one of fi(z'),
fo(x?) and f3(23) vanish, hence negating the necessity of all the coefficients in the
above parenthesis vanishing. These are special cases only however; the formulae

must work for all of the fi(z!), fo(z?), f3(23) and all possible metrics (of which
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the specific components g1, go2 and gs3 can be functions of all the coordinates)
thus to encompass all cases satisfied simultaneously the coefficient functions must
all vanish. This completes the proof, in two and three dimensions, of the Stackel
form of the matrices defined by Eisenhart — namely that the first row of the inverse
form the components of the contravariant metric, and the remaining rows form the
diagonal components of the remaining contravariant Killing tensors characteristic
to the metric. O
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Appendix C

Construction of the Stackel matrix
associated with coordinates
separating the HJ equation

We start with the formalism of the components of the Stéackel matrix introduced
in Chapter 1, whereby ¢f = 1 8¢1 This satisfies 8 ~ph =0 if i # j, since ¢; only

depends on ¢'.

Note that since ¢; = (p;)?, we obtain % = 2plgp’ We know that all the
pi # 0 since if one were it could not have been a canonical variable [23]. Criti-
cally det(52 Opi ) # 0, since we have assumed a complete solution of the HJ equation

nece881tat1ng that det(5 18ak) # 0 = det (52 Op: L) #0.

Specifically det(8¢L) = kdet(%)ﬂﬁpi # 0 as [[I'p; # 0. Each p; acts on the

it" row of the non-singular matrix % hence the presence of the []! p; formula.

We will construct S~ by defining, without loss of generality, (¢!, ¢%*,...,¢"™")

to be the last row. Hence W(l g di(q", ak)) = ‘3%: = 4y, which equals 39“32; =
>, gl = §7. This proves that (g%, ¢%%,...,¢g"™) was the last row of the inverse

Stackel matrix.

Now, if the potential V' is separable we want to prove condition 2). Note this condi-
tion follows trivially if V' = 0; simply declare U;(¢') = Us(¢®) = ... = U,(q") = 0.
Now that V = —1¢%p? + E, construct U; = —3¢; + E@}. ¢} is simply a column,
n, of the Stackel matrix S.

We have Y ¢"U; = -3 LS g + X gE Bt = 1g“pz2 + E, as g% is the n'* row

of S71, clearly EY ¢%p? = E. Thus since V = ;g”p? + E, it follows that
V =g"Ui(¢") + ¢**Us(q ) + ...+ ¢"Un(q"), as required to show. O
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Now for the other direction, assume we are given a Stackel matrix such that
(', g%, ..., g™) is the n' row of its inverse. Let ©¥(q¢') be defined, with ¢¥ = .
We then express V = 3 ¢"U;(¢'). Thus we write (where the Einstein summation
rule is assumed to apply over 7):

—d"pi +9"Ui(¢") = E

2
1 . 2 7

39 p; +2Ui(¢")] = E

1 . .

§¢2[p?+2Ui(qZ)] = E (C.0.1)

Next let ¢t [p? + 2U;(¢")] = 2ay, k = 1,...,n hence we have «,, = E, and each
o € R. Now

ohon(f +2Ui(q") = 2¢5ay
55(pF +2Ui(q")) = 205 (¢’)
= ps +205(¢)) = 20,05 (¢)
P =25 (') — 2U;(¢) (C.0.2)

The last line clearly shows that p; is a function of ¢/ only, showing that W (q’, ax)
is indeed sum separable as required to show. O
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Appendix D

An equivalent property of the
Schouten bracket

Let K and L be symmetric tensors of types (p,0) and (gq,0) respectively. The
Schouten bracket of K and L denoted by [K, L] is a tensor of type (p + ¢ — 1,0).
An equivalent property of [K, L] = 0, also known as an involution of K and L, is
that their contraction into quadratic polynomials in the momenta commute in the
standard classical Poisson bracket:

" OKOJL 0K OJL
K, L} = L D.0.1
U Ly ; (31% dq"  Oq' (9191-) ( )

whereby Pk, = K,iljpipj for h # n and Pk, = ¢"p;p; satisfies, for (h,j) =1,...,n:
{Pr,, P, } =0 (D.0.2)

The above is the equivalent formulation of the standard Lie-Schouten bracket.
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Appendix E

Proof of the eigenvalue equations
for characteristic conformal
Killing tensors by construction
from simple Killing tensors

Consider again the basic eigenvalue equation from Eisenhart theory:
Kii = giipi, (E.0.1)

where K;; is understood to be the diagonal components of the Killing tensor al-
ready diagonalized in the normal eigenbasis of its eigenvectors. The proof of this is
instructive, however it relies on more mathematical assumptions than in the text
and is hence presented here instead. Ordinarily the eigenvector fields of tensors are
not normal - namely that these eigenvector fields admit a family of hypersurfaces
orthogonal to them. In such cases the vector fields are deemed non-integrable or
non-surface-forming. Eisenhart assumed that the Killing tensor eigenvectors are
normal and hence the hypersurfaces can be taken as parametric. Furthermore he
assumed the symmetric Killing tensor to have real simple eigenvalues, namely n dis-
tinct eigenvalues admitting n orthogonal eigenvectors x* that are surface-forming:

ds® = e1g11(dx')? + eagoa(da?)® + ... + engnn(dz™)? (E.0.2)

where for Riemannian manifolds all the e’s are unity, and for non-Riemannian
manifolds the e’s may take on plus/minus unity. That the fundamental form above
can be expressed in terms of the eigenvectors ' depends crucially on the normality
assumption as well as the fact that there are n orthogonal eigenvectors the Killing
tensor admits. We perform a coordinate transformation to the coordinates defined
by the normal eigenvectors such that K;; = 0,7 # j and g;; = 0,7 # j. The tilde
can be dropped and the Killing tensor equation for i = j = [ reduces to
Olog(v/Ky)  Olog(1/ii)

ox’ ox’ (E.0.3)
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This can be easily integrated to

log(\/ Kii) = log(y/gi) + a(xt, 2*, ... 2"t o™ o ™) (E.0.4)
After performing exponentials the form K;; = g;;p; is arrived at, where

Ipi
ox’
This eigenvalue property of the diagonal components of the Killing tensor is actually

true in general for tensors, without the assumption of the specific Killing tensor
equation.

=0. (E.0.5)

Knowing that g;; = gi;e 2%, we can rewrite the previous equation as:

Kii = giue* p;
Kii = Guipi, (E.0.6)

where p; = €*p;. Thus we arrive at two fundamental properties [3] of conformal
Killing tensors:

Proposition E.0.4 The eigenvectors of K are the same with respect to both met-
rics g and g. Furthermore if p' are the eigenvalues with respect to (contravariant)

g, then the eigenvalues with respect to g are p = €% p'.

Note that eigenvalues of two equivalent conformal Killing tensors differ only by the
scalar function f; going from one equivalent tensor to another means simply adding
or subtracting f from all its eigenvalues, namely:

pi=pitf (E.0.7)

These transformations still leave invariant the form K;; = g;;p;, as well as its eigen-
vectors, for all conformal Killing tensors in an equivalence class.

Remark E.0.5 In words a special conformal Killing tensor, within its equivalence
class, is in terms of some specially conformally related metric a simple Killing
tensor, and to calculate the eigenvalues of this conformal Killing tensor, the tools
for simple Killing tensors apply provided the conformal factor is a priori known.
This was especially important for this thesis, since the connection between Stackel
matrices and the eigenvalues of the ordinary Killing tensors in terms of the separable
coordinates are employed at length.

Knowing how the eigenvalues transform allows us to deduce the differential
relationship they satisfy for conformal Killing tensors. The second identity for
eigenvalues from [20] is

0 (pi — i)\ _ S
57 108l o ) =0, i#], (E.0.8)
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which is a result for simple Killing tensors. The proof comes from the Killing tensor
equation (on the diagonalized Killing tensor in terms of the normal eigenbasis) for
the case j #£ 1,1 = 7:

0K, 8log(gii) 1 9gii
- — 2K ———— 33
oz’ oz’ gj; 0xI

= 0. (E.0.9)

Considering both transformation rules on the eigenvalues, we see immediately
that the same form in Eq. (E.0.8) is preserved for transformed metric coefficients
and eigenvalues with the only change being that p; can depend on z* due to the
general form of the conformal factor €2?. Note trivially that the equivalence function
f cancels in the numerator of Eq. (E.0.8). Thus we are able to prove an important
proposition in [3]:

Proposition E.0.6 The eigenvalues p; of a conformal Killing tensor satisfy the
set of coupled linear partial differential equations:

Opi _ Olog(gi) . Op;
dai (pi = p3) oxi + O (E.0.10)
Proof:
_ 9 (Pz’ - Pj)
v du log i )
_ i (Do _Opy 1 (o= ps) O
— (pi—pj) ((3xj (9xj>g“. ( 72 8a:j)> (E.0.11)

multiplying through by g;; and discarding the (p; — p;)~* common factor yields the
required result. O

A crucial subtlety in the above reasoning is that our proof is restricted to confor-
mal Killing tensors with normal eigenvectors and real simple eigenvalues, allowing
them to be diagonalized in orthogonal coordinates. Indeed this is the hypothesis of
Proposition 7.2 in [3], which among other statements reads:

Proposition E.0.7 A CKT K which is diagonalized in orthogonal coordinates
(that is gij = 0 and K;; = 0 for i # j) is equivalent to a CKT K’ that is a
simple Killing tensor with respect to a conformally related metric.

Our proof of the properties of the eigenvalues of a conformal Killing tensor is essen-
tially the reverse direction of Proposition 7.2 in [3], as we first started from a simple
diagonalized Killing tensor and then enacted a conformal transformation bringing
us to a representative of an equivalence class of characteristic conformal Killing ten-
sors. The proof is therefore not valid for non characteristic Killing tensors, however
they are not useful for characterizing separable coordinates anyhow.
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Appendix F

Alternate classification scheme
using the invariants and covariants
of biquartic polynomials

Here is material from [13], firstly please note the change in dictionary of the co-
efficients of the rotational Killing tensor which is outlined below. This rotational
characteristic conformal Killing tensor is equivalent to

M33l30I3+ LsDOI;+ HDOD+C33R3 0 R3+ DsD © X3+ A3 X300 X3, (F.0.1)

Let RCK?(E?) be the subspace CK?(E?) of CKTs of the form (F.0.1). The free
parameters describing a general element K € RCK?(E?) are

(M33>L37H7 CddaDdaAdd) (FOQ)

and all the other forty nine coefficients of the general linear combination of sym-
metric products of CKVs (3.1.3) are null. Given any CKT in Cartesian coordinates
satisfying Lgr,K = 0, and the TSN-conditions, the value of the parameters (F.0.2)
are determined as follows:

o Msz is 1/4 of the coefficient of zy2z? in Kio;

L3 is 1/2 of the coefficient of xyz in Kjs;
e H is the coefficient of xz in Ki3;

e H — (33 is the coefficient of zy in Ks;

e D3 is twice the coefficient of z in Ki3;

e As; is the constant term of K33 — Kos.

Since we are considering components (or functions of the components) which are
not affected by the addition of a multiple of the metric fg, the six parameters are
well defined, irrespective of whether one starts from a CKT in TCK(E?) or not.
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Remark F.0.8 Since E? has dimension three, there is an equivalent way to char-
acterize rotational R-separable webs. Any rotational web contains a family of
hypersurfaces made of half-planes issued from the rotation axis (the z-axis in our
case). These planes are orthogonal to the Killing vector R3. Hence R3 must be an
eigenvector of the CKT defining the web. Moreover, this condition is also sufficient
to ensure that the eigenvectors of K are normal. Indeed, one of them is the normal
vector R3 and the other two are contained in the two-dimensional planes orthogonal
to R3 and hence they are normal. By imposing the condition

(K Rs) x Ry = 0,
we find again the six dimensional linear subspace described by (F.0.1).
Finally, in order to prove that the general rotational CKT (F.0.1) is charac-

teristic, we check that the eigenvalues are simple almost everywhere. Since Rj is
orthogonal to I3, D, X3, we have

K- R3 = 033(.132 + yQ)Rg.

Hence, R3 = E; is an eigenvector corresponding to the eigenvalue \; = Cs3(2*+y?).
The other two eigenvectors Ey and Ej3 are orthogonal to Eq; they and their corre-
sponding eigenvalues do not depend on C33. Moreover, the associated eigenvalues
are of the form

Aoz = 5
where
A= 7"4M33 + ZT2L3 + T2H + zD3 + A33, (7’2 = ZU2 + y2 + 22) (Fog)
422 — 2 42(22% — r? 2
B = (2" + %) [ﬁLg +2zH + —5—Ds + ( o >A33] +  (F.04)

422 — 32 4_8,2(p2 _ ,2 2
[7’4M33+ZT’2L3 + (222 —T2)H+—Z( : T )Dg—FT © (T : )A33‘|

2 4

T T

Any change of the parameter Cs3 does not affect the web; indeed, E; and E3 do not
involve C33 (see also Sect. F.2). Thus, it is always possible to choose C33 such that
A is different from Ay and A3 at any point outside of the z-axis. On the contrary
for x = y = 0 we have

1 1
M=0, de=galz) e, A= glalz) — la(=))),
with
Q(Z) = M33Z4 + L3Z3 + H22 + DgZ + A33. (F05)

Thus, (at least) one of As, A3 identically vanishes and all points of the z-axis are
singular points of all rotational webs. The singular points that are not on the
rotation axis are those satisfying Ay = A3, that is where B = 0.
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Remark F.0.9 The roots of (F.0.5) are points on the z-axis where the three eigen-
values coincide and K is proportional to the metric tensor. The number of the roots
2o of ¢ in PR (so that the point at infinity is also considered) and their multiplicity
characterize the web from a geometric point of view.

Remark F.0.10 The knowledge of the eigenvalues of the characteristic tensor in
a rotational web allows one to write the equations of the (not planar) hypersurfaces
(see [16]) The hypersurfaces Sy orthogonal to E, satisfy the equation

/\1_/\3:h, heR,
x? 492

while the hypersurfaces S3 orthogonal to E3 satisfy the equation

A1 — Ay
x2+y2

= h, h € R.

It follows that the hypersurfaces have the form
2(h — Cs3)(2? +y*) + A= +VB,
that is they are both described by the equation
[2(h — Cs3)(2® + ) + A]* = B =0, (F.0.6)

but for different ranges of the value of h: we have surfaces of S, for h < hy and
surfaces of S3 for h > hg, respectively, where

A T4M33 + ZT2L3 + T'QH + ZD3 + A33

hg=Csy— —— =C
0 33 2(]72 +y2) 33 x2+y2

For h = hy we do not obtain a surface of the web because this value of the parameter
h would imply B = 0, that is Ay = A\3. Expanding the equations (F.0.6) we arrive
at

[4(H — 033 + h)M33 — Lg]?A -+ [8M33D3 — 4(033 — h)Lg]T22 -+
[2L3D3 — 4(033 — h)H]?"2 -+ 16M33A332’2 -+ 4(033 — h)2($2 -+ yQ) -+ (FO?)
[8L3A33 — 4(033 — h)Dg]Z — D% + 4(H — 033 —|— h)Agg = 0,

which represents two families of confocal cyclides, one for h > hg and one for h < hy.

F.1 Characteristic CKTs of the known R-separable
rotational coordinate systems

Table 1 contains the parameters of a characteristic CKT corresponding to each
of the rotational R-separable coordinates listed in Moon and Spencer’s book [38].
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Coordinates Mss Ls H Cs3 D5 Ass
Bi-cyclide 5 o] 1+ 14k ] 0] -
Flat-ring B0 | 1442 0 0| a
cyclide a
Disk cyclide | —%5 [ 0 | 1-2&? 0 0 | a20-#)
. a?(1+k)2 4k—(k—1)7 | —(k—1)2 k(k+1)2
Cap ‘cychde E 0 2 2 0 Tog?
Toroidal 12 0 5 5 0 %2
Bispherical — ﬁ 0 % % 0 —
Inverse
prolate a% 0 -1 0 0 0
spheroidal
Inverse
oblate — a% 0 -1 0 0 0
spheroidal
Tangent 1 0 0 0 0 0
spheres
Cardioid 0 1 0 0 0 0
Prolate 9
spheroidal 0 0 -1 0 0 4
Oblate 9
spheroidal 0 0 1 0 0 4
Spherical 0 0 1 -1 0 0
Parabolical 0 0 0 0 1 0
Cylindrical 0 0 0 -1 0 1

Table F.1: Characteristic CKT of rotationally symmetric R-separable webs

We briefly describe how they are determined (for further details, such as plots,
transformation laws to Cartesian coordinates, components of the metric tensor
in these coordinates, separated equations etc., see [38] or [5]). The CKTs are
constructed from the Stackel matrices that are associated with each system of
coordinates in [38].

Recall that a Stdckel matriz is a regular matrix of functions S;; depending on
the single variable ¢' corresponding to the row index i of the element. One row
(the first in the examples in [38]) of the inverse of the Stdckel matrix contains
the components of the contravariant metric tensor in the R-separable coordinates,
while the other two rows are made of the components of two CKTs with common
eigenvectors orthogonal to the web hypersurfaces. Moreover, there is always a real

linear combination of these two tensors which provides a characteristic tensor of
the web (see [3]).

For each row of the inverse of the Stickel matrix we construct the conformal
Killing tensors in the R-separable coordinates, then the parameters (F.0.2) are

121



determined by transforming the tensor to Cartesian coordinates and comparing
with the Cartesian components of the general rotationally symmetric CKT (F.0.1).
For all the coordinate systems considered in [38] the tensor corresponding to the
third row of the inverse Stackel matrix is R3 ® R3. In most of the examples, the
other tensor is a characteristic tensor of the web so its parameters appear unchanged
in the Table 1. On the contrary, the tensors arising from the Stackel matrices given
in [38] for Spherical, Tangent spheres and Cylindrical coordinates have Cs3 = 0, so
they are not characteristic CKTs. In order to get a characteristic CKT associated
with these webs we add a suitable multiple of the tensor R3 ® Rj: that is, we
change the value of Cs3 in Table 1.

The first four coordinate systems have transformation laws to Cartesian coor-
dinates involving Jacobi elliptic functions. The parameter a is a scaling parameter,
while the parameter k € (0, 1) is the parameter of the Jacobi elliptic functions.

F.2 Group action preserving rotationally
symmetric CKTs

F.2.1 The group and its one-parameter subgroups

In order to classify the different types of R-separable webs admitting a rotational
symmetry, we consider transformations acting on C' K?(E?) which preserve the space
RCK?*(E?) of the rotationally symmetric CKTs previously discussed in chapter five.
For this purpose, we use a group G that is generated by five one-parameter transfor-
mations and a discrete transformation. Three of the one-parameter transformations
are induced on RCK?(E?) by conformal transformations of E®> mapping the z-axis
into itself. The other two are transformations of the CKT that do not change the
corresponding web.

The five continuous transformations to be taken into account are

1. The change of the tensor under a continuous inversion along the z-axis pa-
rameterized by ag:

T Y 2+ agr?
¢02(£K7y,2)—>< ° )7

14 2a0z + a3r?’ 1+ 2agz + a3r?’ 1 + 2a9z + adr?
where 7% = 2% + % + 22

2. The change of the tensor under a translation along the z-axis parameterized
by aq:
¢1 : (ZE, Y, Z) - (l’,y7 Z+ al)'

3. The change of the tensor under a dilation of the space with singular point at
the origin parameterized by as:

¢ (2,y,2) — (agzx, agy, asz), (ag # 0).
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4. The multiplication of the tensor by a non-zero scalar as:

K —aK, (a3 #0).

5. The addition to the tensor of a multiple of R3 ® Rg:

KHK+CZ4R3®R3.

Moreover, the discrete transformation considered is the one induced by the inversion
I with respect to the unit sphere with center at the origin

x Y z
I:(z,y, , , . F.2.8

<xyz>ﬁ<x2_’_y2+22 m2+y2+22 x2+y2_’_22> ( )
Note that I=! = I and that for the continuous inversion ¢y we have ¢g = I togp, o1,
where ¢; is the translation along the z-axis.

Remark F.2.1 The addition of the metric g and the transformation induced by
the rotation around the z-axis are not relevant, since they do not modify the pa-
rameters (F.0.2) defining the tensor.

F.2.2 Group action, invariants and canonical forms

Let G be the group generated by the above described transformations. Since the
discrete inversion is included, G is not connected. Moreover, two of the continuous
one-parameter transformations are defined only for values of the parameter in R —
{0}, so that the connected component of G containing the identity is characterized
by as > 0 and az > 0. Two other discrete transformations are implicitly included
in G: the change of sign of the tensor (for a3 = —1) and the transformation induced
by the symmetry around the origin in E3 (for ay = —1).

The effect of the inversion around the unit sphere on the coefficients (F.0.2) of
K € RCK?*(E?) is given by

MSZS == A337

L3 - D37

H=H

- ’ F.2.9
Cis = Cis, (F.29)
D3 = L37

A33 - M33-

The equations of the action generated by the five continuous transformations acting
on (F.0.2) are

T . Plao)
Mz = a3 a2

Z—/ . —4a1P(a0)—a2P(1)(ao)
3 — 2

as a3 ’
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ﬁ — ag 6a%P(ao)+3a1a2P(21)(a0)+a%P(2>(a0)7
as
= 6a2P(ag)+3a1az P ap)+a? P®)(qy)—H
033:a4+a3033+a3 1P(ao) L 36(1,% 2 (a0) ),

DS — as —4a3 P(ag)—3a2az PM (ag)—2a1a3 P (ag)—a3 P (ag)

2 9
as

a‘llP(ag)Jra:fagP(l) (a0)+...+a1agP<3> (ag)JragP(‘U (ao0)

A33 = das a% )
where
P(ag) = Aszay — Dsag + Haj — Lzag + Mss, (F.2.10)
and
m_ L d"P
! (dag)™’

Since Cs3 and a4 are involved only with (733, and (33 is unchanged by the discrete
inversion (F.2.9), we can disregard C33 (which can be made equal to any fixed
constant by choosing a particular value for a4). Then we consider the reduced
action on the vector subspace of RCK?(E?) defined by the five parameters

(M337L37H7 D3aA33) (F211)

of the subgroup G’ of G defined by a4 = 0:

Mss = a3 25, (F.2.12)
2
T —4a ag)—as P (g
Ly = ag= Pl el lw), (F.2.13)
f{ — as Ga%P(ao)+3a1a2P(21)(ao)—&-a%P(Q)(ag) (F 9 14)
) , 2.
D3:a3 *4‘1:1313(‘10)*3“%&213(1)(%)(;22‘11“%13(2)(aO)*ang)(aO)7 (F215)
2
Az =as G?P(ao)+a?a2p(1)(ao)+--(-;2ralagp<3)(a0)+a3P(4) (a0) (F.2.16)

2

It appears that the building blocks of the action equation is the polynomial (F.2.10)
and its derivatives.

Remark F.2.2 If we denote the parameters (F.2.11) by o' (i = 0,...,4), setting
at = Ms3, o® = L, o? = H, o' = D3, a® = Ajs3), then their transformation laws
under the action can be written in a compact formal way as

a2 = !

Theorem F.2.3 Let Gy be the subgroup of G' defined by az > 0. Then, the action
of Gy on (F.2.11) given by (F.2.12 — —F.2.16) and (F.2.9) is equivalent to the
classical action of GL(2,R) on real binary quartics.
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Proof: Consider the following binary quartic constructed from the five coefficients
(F.2.11) of the CKT:

Q(X,Y) = Mgz X* + L3 XY + HX?Y? + D3 XY? + AV (F.2.17)
By inserting the linear transformation of the variables (X,Y)
X =aX +5Y, Y =~vX +6Y,

with (ad—B7) # 0, in (F.2.17), we obtain a new quartic Q(X,Y) whose coefficients
Mss, . .., A3z depend on the GL(2,R) matrix

=15 7]

and on the coefficients of @) (Mss, ..., As3). Since we assume ag > 0, by setting

4 2 _ 4 2 . 4 2 _ 4 2
Q= 4/ asaj, p = —aypy\/asaz, 7y = —0ag\/ 4303, 0= (a1a0 + Gz)\/ a3as,

we obtain equations (F.2.12 — —F.2.16). The regularity of M follows from (ad —
By) = Jasazlas| # 0, since asas # 0. Furthermore, setting o = v = 0, and
B =0 =1, we recover (F.2.9). Conversely, we prove that for any transformation of
the quartic we can associate a transformation of GG;. We distinguish two cases: for
a # 0, by setting

Qg = _'YCV_1> a; = _ﬁa_la Qg = (O[(S - 57)01_17 asz = (0[5 - 57)%

into (F.2.12 — —F.2.16) we obtain the action of M on the quartic form. The fact
that asas # 0 follows from the regularity of the matrix M. If a = 0, we apply first
the discrete inversion (£.2.9) on the parameters of the CKT, that is we multiply M
by l (1) (1) ] on the left. In this way we obtain a new matrix M; with ay = v # 0

since M is regular, and thus revert to the previous case. O

As an immediate consequence of the theorem we are able to determine the
invariant of the action and the list of canonical forms which are given in the following
propositions.

Proposition F.2.4 The only independent differential invariant of the action of G
on RCK?(E3) is
]3
F - ﬁ’

where the functions
I = 12A33M35 — 3Ls D5 + H?,
J == 72A33M33H - 271433[/% - 27D§M33 + 9D3L3H - 2H37

are relative invariants of the action of G and independent differential invariants for
the action of the subgroup of G defined by az = 1.

125



Proof: The functions I and J are the fundamental invariants (of weight 4 and 6
respectively) of the binary quartic form (F.2.17) [24],[41]. O

Proposition F.2.5 Each CKT of RCK?*(E?) is equivalent under the action of G
to one of the following representatives:

I. Lo+ DoD+ X;0Xs, 1 €R, (F.2.18)
II. I,60I;+ DO D — X; 0 X;, ueR, (F.2.19)
II1. I,0I;+vD oD, v = %1, (F.2.20)
V. Do I, (F.2.21)
V. I, 015 (F.2.22)

Proof: Starting from the list of canonical forms of real binary quartics (given
for instance in [24]), we combine those differing only by sign. We remark that for
i = 2 the canonical form I. is equivalent to D ©® D. O

Remark F.2.6 The action of G over RCK?(E?) has infinitely many orbits. How-
ever, the tensors in (F.2.18) and (F.2.19) are not pairwise inequivalent for all values
of u: for pu # +2 there exists a finite number of ' such that the corresponding
tensors are pairwise equivalent (see [24]).

F.3 Invariant classification of the R-separable ro-
tationally symmetric webs

The polynomial P defined in (F.2.10) as the building block of the action equations
(F.2.12-F.2.16) is deeply related to the polynomial ¢ (F.0.5). Indeed, we have
P(X) = X*q(—1/X). Moreover ¢ is the inhomogeneous polynomial corresponding
to the quartic binary form @ (F.2.17).

The roots of g are the points on the z-axis where all the eigenvalues of K coincide
(see Remark F.0.9). The conformal transformations ¢y, ¢, ¢ and I described in
Sect. F.2.1 map the z-axis to itself with a one to one correspondence (if we include
also the point at infinity). Thus two distinct points cannot be made coincident or
removed. This provides the geometric interpretation of the fact that the invariants
of () are invariants of the CKT defining the web. The meaning of ¢ in terms of
invariant theory is made more precise in the following proposition.

Proposition F.3.1 The polynomial q(2) = Mszz* + L32® + H2* + D3z + Agy is
a relative covariant of the induced extended action on CK?*(E3) x E? restricted on
the invariant subset So = {z =y = 0}.
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Proof: The equations of the extended action are (F.2.12-F.2.16) together with

asx
aoz+1)2+a(2)(12+y2) ’

iz(

= a2y
(a0z+1)2+a(2) (z2+4y2)’
z—i—ag (22 +y%+22)
aoz+1)2+a2 (22 +y

zZ= G2 7 + ay.
The subset Sy = {z = y = 0} is an invariant subset of the extended action.
Moreover, on Sy the transformation law for z reduces to the linear fractional trans-

formation
(ag + a1ap)z + aq

apz + 1
which is the general linear transformation on RP' (see [41]). Let §(Z) be the
polynomial we obtain by inserting (F.2.12-F.2.16) and (F.3.23) in (F.0.5). We
obtain

(ay #0), (F.3.23)

z =

(apz + 1)*4(2) = aza3q(z), (F.3.24)
that is (up to ag) a covariant of weight two of the action. For the discrete inversion
(mapping z into Z = 1/z), we immediately see that it maps ¢(z) to g(2) = % O

Equation (F.3.24) shows that the number and multiplicity of the real roots of
q(z) (that is the number and multiplicity of the real linear factors of @)) are invariant
with respect to the group action. Hence they can be used to define and classify the
different types of webs.

Definition F.3.2 We say that two rotationally symmetric R-separable webs are of
the same type if the polynomials associated with the corresponding characteristic
CKT have the same number and multiplicity of real roots.

Thus we have reduced the classification of rotational R-separable webs to the
classical classification of real binary quartics (see [41], [24]).

We have nine types of webs, listed in Table 2.

The remaining coordinates systems of Table 1 are equivalent to one of the co-
ordinates listed above (correcting a typographical error in [38], where Cap cyclide

coordinates are said to be equivalent to Bi-cyclide coordinates), as it is described
in Table 3.

Remark F.3.3 The number of the types of rotationally R-separable coordinate
systems agree with the results of [6], where the subject is examined from the point
of view of symmetry operators. The coefficients A” of the second order part of the
symmetry operators S characterizing each type of R-separable rotationally sym-
metric coordinates, with respect to Cartesian coordinates, listed in Table 2. of
Boyer, et al. [6] when written as

S = Ai19,9; + B0,

correspond to the components of CKTs equivalent to those listed in Table 1 for
Bi-cyclide, Flat-ring cyclide, Disk cyclide and Toroidal coordinates, respectively.
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Associated web

roots of ¢

canonical form of K

Bi-cyclide

4 distinct real roots

I. for p < —2

Flat-ring cyclide

4 distinct complex
conjugate roots

I for p>—2,u+#2

4 distinct roots,
Disk cyclide 2 real, 2 complex 11.
conjugate
Inverse? prolate 1 dguble real root, II1. for v — —1
spheroidal 2 distinct real roots
Inverse oblate 1 double real root,
. 2 distinct complex II]. forv=1
spheroidal .
conjugate roots
Toroidal 2 dguble complex I. for p=2
conjugate roots
Bispherical 2 double real roots I. for p= -2
Cardioid 1 tpple (real) root v
1 simple real root
Tangent
1 1 | :
sphere quartuple (real) root | V.

Table F.2: the nine types of inequivalent rotational R-separable webs

Finally, we provide algebraic conditions on the parameters (F.2.11) in order to
determine the type of the corresponding web. In order to obtain these conditions,
we solve the equivalent problem of determining the number and multiplicity of
the linear factors of the corresponding binary quartic form ) which can be done
by applying the classical algorithm (see for example [24]) based on the sign and

vanishing of relative invariants and covariants of ().

Together with I and J, the following invariant and covariants are used in the
classification scheme: the discriminant of the form (a relative invariant which van-

ishes if and only if the quartic has a multiple root)

the Hessian of the form (a covariant which vanishes if and only if the quartic has a

quadruple root)
the covariants

and

A=1—27J°

H(X7 Y) = (angQ) ) (8}2/YQ) - (8§(YQ)2;

L(X,Y)=IH(X,Y) - 6JQ(X,Y),

M(X,Y)=12H*(X,Y) — IQ*(X,Y).

We summarize the classification in Table 4.
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Web

equivalent to

transformation

Cap cyclide

Flat-ring cyclide

cont. inversion + trans.

Prolate Spheroidal | Inverse Prolate Spheroidal

discrete inversion

Oblate Spheroidal Inverse Oblate Spheroidal

discrete inversion

Spherical

Bispherical

cont. inversion + trans.

Parabolical

Cardioid

discrete inversion

Circular Cylindrical

Tangent sphere

discrete inversion

Table F.3: Pairwise conformally equivalent webs

Web

Algebraic condition

Disk cyclide

A <0

Bi-cyclide

A>0and H(X,Y) <0, and M(X,Y) > 0

Flat-ring cyclide

A>0and (H(X,Y)>0o0or M(X,Y)>0)

Inverse prolate spheroidal

A=0and L(X,Y) <0

Inverse oblate spheroidal

A=0and L(X,Y) >0

Toroidal L(X,Y)=0and H(X,Y) >0
Bispherical L(X,Y)=0and H(X,Y) <0
Cardioid I'=J=0and HX,Y)#0

Tangent sphere

HX,Y)=0

Table F.4: Invariant classification of the webs
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