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Abstract

Special conformal Killing tensors have appeared recently in several
differential geometric contexts. In this article solutions of the special
conformal Killing tensor equation on a pseudo-Riemannian manifold
are studied from Wolf’s structural equations approach. As a result
it follows that the solutions of the special conformal Killing tensor
equation are determined by the second order jet. It is shown that the
space of solutions is of maximal dimension if and only the metric is
of constant curvature. By means of taking a trace the special confor-
mal Killing tensor equation is solved in complete generality for spaces
of non-zero constant curvature. Finally the case of two-dimensional
spaces is considered in which the special conformal Killing tensor equa-
tion is equivalent to the usual Killing tensor equation of valence two.

Keywords: Special conformal Killing tensor, structural equations, spaces of
constant curvature.

AMS: Subject classification: 53A45, 35F05



1 Introduction

This paper is concerned with symmetric valence 2 tensors L;; on a Rie-
mannian or pseudo-Riemannian manifold which satisfy the equations

Lijie = 5(gjkNi + gikAj),

where ); is a covariant vector, which is determined by the equations: in fact
Ai = A|; where \ = (g]ijk)|,» is the trace of L;;. For any such tensor

Lijik + Ljnji + Lii)j = Gig Mk + Gie Ak + griNs,

so these tensors are conformal Killing tensors, and since \; is a gradient,
conformal Killing tensors of gradient type; since not all conformal Killing
tensors (even those of gradient type) are of this form, they may be called
special conformal Killing tensors.

Special conformal Killing tensors have some very interesting properties, es-
pecially when the metric is Riemannian, as we temporarily assume. In the
first place, the Nijenhuis torsion of any special conformal Killing tensor van-
ishes, as it is easy to show by a direct calculation (properly speaking, we
should refer here to the type (1, 1) tensor obtained by raising an index with
the metric, but we leave this to be understood). Since by assumption a
special conformal Killing tensor is symmetric it has real eigenvalues, and
the eigenvectors may be taken to be pairwise orthogonal; if the eigenvalues
are everywhere simple, coordinates may be found with respect to which the
metric is orthogonal and the special conformal Killing tensor is diagonal.
Conversely, a conformal Killing tensor of valence 2 whose Nijenhuis tor-
sion vanishes and which has simple eigenvalues must be a special conformal
Killing tensor (see [7, 10]).

Furthermore, the cofactor tensor of a special conformal Killing tensor is al-
ways a Killing tensor. The special conformal Killing tensor equations above
are linear, and evidently have the solution L;; = kg;; for any constant k; so
if L;; is a special conformal Killing tensor, so is L;; + kg;;. By taking the
coefficients of powers of k£ in the cofactor tensor of this special conformal
Killing tensor, we obtain n valence 2 Killing tensors, simultaneously diag-
onal with L;;, one of which is the metric itself (here n is the dimension of
the underlying manifold). These Killing tensors may be shown to have pair-
wise vanishing Schouten brackets, and when the special conformal Killing
tensor has simple eigenvalues they are independent; thus in this case the



geodesic flow of the metric is completely integrable in the sense of Liouville;
furthermore, Fisenhart’s theorem holds and the Hamilton-Jacobi equation
is separable in the orthogonal coordinates with respect to which the special
conformal Killing tensor is diagonal. Special conformal Killing tensors which
have simple eigenvalues are sometimes called Benenti tensors, after Benenti
who first studied them in the context of the Hamilton-Jacobi separability
problem (see for example [1, 2]). Though not all separable Riemannian
manifolds admit Benenti tensors (for example, the Liouville spaces do not
in general), those that do form an important subclass of separable systems,
and have been studied by a number of authors in addition to Benenti himself
(see for example [3, 7, 10, 14]). In particular, it has been pointed out re-
cently [4] that the Hamiltonian dynamical systems associated with Benenti
tensors in spaces of constant curvature are maximally superintegrable.

Special conformal Killing tensors also occur in other contexts. One example
is the study of projectively equivalent metrics. It may be shown that if g;;
and h;; are projectively equivalent (so that they have the same geodesics up
to reparametrization) then the tensor

_ (detn /0D Kl
9y — (detg) gik9ji )
where hikhjk = 5;-, is a special conformal Killing tensor of g;;; and conversely,
given any non-singular special conformal Killing tensor of a metric g;;, the
tensor h;; defined by

hij = (det L)~ girgu L™,

where Eiijk = 5;-, defines a metric projectively equivalent to the first. For
more information on this topic see for example [5, 8, 16] (the title of the
first of these papers notwithstanding, in this case it is not necessary for the
eigenvalues of L;; to be simple to obtain interesting results).

As a third example of the interest of special conformal Killing tensors we cite
a class of nonconservative Lagrangian systems studied in [9, 15, 17]. Each
such system is based on a kinetic energy, and has first integrals quadratic
in velocities formed from special conformal Killing tensors of the metric
defining the kinetic energy. When there are two independent first integrals
of this form the system is completely integrable.

Though special conformal Killing tensors of pseudo-Riemannian metrics
have not been studied to the same extent as those of Riemannian metrics,



it is clear that a number of these results will carry over, perhaps with some
modifications.

Since special conformal Killing tensors have these interesting applications,
it seems important to establish the basic properties of the solutions of the
special conformal Killing tensor equations. In particular, since the equations
are linear the solution space is a vector space over the reals, which we denote
by V. It is known that in n-dimensional Euclidean space the dimension
of Vis £(n + 1)(n +2) [7, 10, 15]. The main purpose of this note is to
show that this is the maximal dimension that V' can have, and that if the
maximum is achieved then the space is a space of constant curvature. In [4]
the authors, having stated that spaces of constant curvature are maximally
superintegrable, say that ‘it seems plausible that they are multiseparable
too’. We show here exactly the extent to which this is the case.

Our method is to derive a system of structural equations, in the sense of
Hauser and Malhiot [12, 13] and Wolf [19], for special conformal Killing ten-
sors. That is to say, we find a set of tensorial quantities F)4 which satisfy
a system of equations of the form Fy, = I'E.Fp (sum over B intended),
among which are to be found the special conformal Killing tensor equations.
The equations of this extended set are the structural equations. The F4
consist of the symmetric tensor L;; and tensors constructed from it and its
covariant derivatives; the coefficients I‘Ei are tensorial quantities which are
independent of the F)4 and in fact are built out of the metric, and the curva-
ture and its covariant derivatives. The structural equations are equivalent
to the original special conformal Killing tensor equations, in the sense that
given any solution L;; of the special conformal Killing tensor equations, the
corresponding F'4 satisfy the structural equations, and conversely given any
solution of the structural equations the L;; component of F4 satisfies the
special conformal Killing tensor equations.

The advantage of expressing the problem of finding special conformal Killing
tensors in the form of solving the structural equations derives from the
distinctive nature of these equations: each covariant derivative F'y); is a linear
combination of the F'y. It follows that given any point = of the underlying
manifold, the linear map sending a solution L;; of the special conformal
Killing tensor equations to F4(z) is injective, so that the largest value the
dimension of V' can have is the number of variables F4 in the structural
equations. Moreover, the integrability conditions of the structural equations
are easily found by covariantly differentiating the equations, using the Ricci



identities to eliminate second covariant derivatives, and substituting for the
first derivatives introduced by using the original equations. The resulting
conditions are

C c
PRy — Ty + TATE; — T4,T8; — RP 4ij) Fp = 0,

where the RB Aij are appropriate combinations of components of the curva-
ture tensor. When V' has maximal dimension the values of the F4 may be
chosen arbitrarily at each point of the underlying manifold, so

B B C 1B C 1B B
Uiy — Tag + Tail'cy; —TaTes — R agj

must vanish everywhere, and this gives algebraic conditions on the curvature
and its covariant derivatives from which the properties of the spaces for
which V' has maximal dimension can be determined.

The relevant features of structural equations, including those described
above, seem to be treated as common knowledge rather than derived in
the literature; we give a brief discussion with proofs in an appendix.

In tensor calculations we follow the sign conventions of Eisenhart [11], so
that the Ricci identities are (for example) Kjj 1, — Ky = Rliijl, and the
Ricci tensor is given by R;; = Rkijk. The Einstein summation convention is
in force almost throughout.

2 The structural equations

For any symmetric tensor L;; we set \; = (gj’“ij)” and g = g\ ;5 A is a

covariant vector and p a scalar.

ilg9

Theorem The equations

Lije = (g0 + gixAj)
1
A= o ( RE Ly, — 2" R™ i Lim, + gz’j#)
2 . .
e = —= (¢'(2RY, = RE)Ljx + (n+ 1R,

are structural equations for special conformal Killing tensors (with Fy =



Proof Suppose first that L;; is a special conformal Killing tensor, so that
Lijik = 5(gjrAi + gikj)-

By differentiating again and using the Ricci identity we obtain

3 (ki + gieAji — Gk — gaNjk) = R ikiLmj + R™ it Lim-
It follows, by multiplying by ¢% (say), summing, and renaming indices, that
Ailj = % (2R§Lz’k — 29" R™ 5 L, + gijM> ~
Then
n(Njk — Xigg) = RN
= 2 ((Réug — R} )L — glmRnijkﬂLmn)

+ (gikR§ — gij R, — 3Rlijk) AL+ Gighk — ikHj

where we have substituted for L;;;, from the special conformal Killing tensor
equations, and used the cyclic and Bianchi identities and the symmetry of
the Ricci tensor to simplify various terms. Thus

gtk = gty = 2 (9™ R Lo — (Rl — Rig;)Lu)
+ <(n + 3)Rlijk — (gikR§ - ginéc)) Al

If one multiplies by g%, sums, and renames indices, one obtains the stated
equation for p;.

Conversely, suppose that the given equations are satisfied for some tensor
L;j, covariant vector \; and scalar p. Then L;; is evidently a special con-
formal Killing tensor; it follows from the special conformal Killing tensor
equations that \; = (gjijk)|i; and on multiplying the equation for A;; by
g* we find that p = g \;.

Finally, the given equations have the form required for them to be structural
equations. They are thus structural equations for special conformal Killing
tensors. [

Corollary 1 The dimension of the space of solutions of the special con-
formal Killing tensor equations is at most %(n +1)(n+ 2). O



We now prove that for n > 3 the maximal dimension is attained if and only if
the space is a space of constant curvature. Rather than proceeding exactly as
described in the introduction by deriving the integrability conditions of the
structural equations in all generality, which involves somewhat complicated
calculations, we first show that it is a necessary condition that the space
has constant curvature, and then show that the integrability conditions are
satisfied for a space of constant curvature.

Corollary 2 For n > 3, the dimension of the space of solutions of the
special conformal Killing tensor equations is 3(n + 1)(n + 2) if and only if
the space has constant curvature.

Proof In the course of the proof of the theorem we showed that
nR'jh = 2 ((Ré-\k — Rjy;) L — glmRni]’kuLmn)
+ (gilej — gi; R}, — 3Rlijk> AL+ ik — ikt

where 5
jl k k j
M= (9] (2R3, — Ryjp) Lk + (n + 1)Rg>‘j> ;

when p; from the second of these sets of equations is substituted in the
first we obtain the integrability conditions for the );; equations. When the
solution space has the maximum dimension the integrability conditions of
the structural equations must be satisfied, at each point of the underlying
manifold, with arbitrary choices of the values of L;;, A; and . In particular
we can choose to take L;; = 0 at the point, so that we must have

nRp\ = <9ikRé' — gi; R}, — 3Rlijk) A+ Gijlik — Gikkj

where 2 D
n—+ j
S

and this for any ;. That is to say,

2(n+1
(n+3)R'yjr = — (gz’jRi - gikRé') + <_1)

= Zt? (gini: - gik:Ré‘) ;

<gin§g - gikRé-)

which is to say that

1
l l l
R ijk — m (gink - gik‘Rj) .



Then by taking a trace we obtain

1
Rij = —gi 12,
where R is the curvature scalar, so that
R
e A (oue - SR v |
R ijk = n(n — 1) (91]5k gzkéj) .

Thus the curvature tensor takes the constant curvature form pointwise,
whence the result by Schur’s Theorem ([11], Chapter II, Section 26) (we
require n > 3 for Schur’s Theorem to hold).

We now have to show that there are no further conditions on the space com-
ing from the remaining integrability conditions for the structural equations;
this we do by showing that these conditions are all satisfied for a space of
constant curvature. We write the curvature as

R

- 5 g st - - .
Rl]k_B(gl](Sk; glk(sj)? B n(n_1)7

B is of course the constant (sectional) curvature, and R;; = (n — 1)Bg;;.
The Ricci identity for a tensor A;;. ;, takes the simple form

P
A ik — Aiy i =B (girinl...k‘..ip - girkAil...j...ip) :

r=1
In a space of constant curvature

1
Nij = 2BLij+ —gij(n—2BN), A=g"Ly
,u|i = 2(77, + 1)B)\i, )\z‘ = /\‘Z
From the first equations we see that );j; is symmetric (as indeed it is in gen-
eral); but p;; = 2(n + 1) B););, and therefore y1;; = 1,5, so the integrability
conditions for the y; equations are satisfied. For the integrability conditions
of the first equations we have

Ailjk — Nijkj
1
= 2B(Lijjp — Lirjj) + - (gz‘j(ﬂ\k —2BA,) — gir(; — QB)‘j))
= —B(9ij M\ — gitAj) +2B(gij M — girAj)
= B(gijM. — gir\j) = Rlijih,



so these integrability conditions are satisfied. Finally, we have to consider the
integrability conditions for the special conformal Killing tensor equations,
which are

5 (gikdap + gieAji — GiNi — gaXjk) = R ikiLmg + R™ jja Lim,
make no contribution

with A;; as above. The terms involving A and p in A ;
to the left-hand side; the integrability conditions are

B(gjrLi + giLji — gjLix — gaLjx) = R™ igiLnj + R™ jiiLim,
and these are also satisfied.

Thus in any space of constant curvature the integrability conditions of the
structural equations are satisfied, the equations are completely integrable,
and there is a solution with specified values of L;;, A; and p at any given
point. The tensor L;; is a special conformal Killing tensor, and so the linear
map from V to the values of L;j, A\; and p at the point is surjective; it is
therefore an isomorphism, and so the dimension of V' in a space of constant
curvature is £(n + 1)(n + 2). O

The following consequence of the structural equations, while it is not re-
quired in the rest of the paper, is included because it is potentially useful
for the determination of the special conformal Killing tensors of any partic-
ular metric.

Corollary 3 A special conformal Killing tensor L;; satisfies
RFLj;, = R Ly,

Proof From the structural equation

ifj = % <2R§?Lik — 2gMR™ i L + giju)
we obtain
it = A = % (RELik — RELjk — g (R™ 55 — R™ jir) Li ) -
Now
R™ijk — R ji = R + R™ g = —R™ 15,

and gklRmkilem = gklgm”Rnkilem = 0 since Ry;; is skew in its first two

indices. But since \; is a gradient \;; is symmetric, whence the result. [

9



3 Special conformal Killing tensors in spaces of
non-zero constant curvature

We now obtain explicit formulae for the special conformal Killing tensors in
a space of constant curvature. Those in a flat space are easily derived —
they are given in Cartesian coordinates by

Lij = axrz; + (ﬁlx] + ﬁjfm) + Yij

where «, 3; and v;; are constants, with vj; = 7;;, and we have written x; for
nij2? where n;; is the (constant) metric — so we confine our attention here
to spaces of non-zero constant curvature.

The structural equations can be used to advantage here also. We write them
in terms of A\ = g Ly;: they are

Lijie = 3(gikNi + 9ik )

1
Nig = 2BLij+ —gij(1n— 2BA)
pi = 2(n+1)BAj,

with B # 0 by assumption. By the third of these, u — 2(n + 1)B\ is a
constant, say 2nBk for convenience; then from the second

1
Lij = ﬁ)‘lij — gij(A+ k).

From the first we find that A\ must satisfy the third-order differential equa-
tions

Theorem In a space of non-zero constant curvature B, the map L;; —
9" L;; = X\ determines an isomorphism between the space of special confor-
mal Killing tensors and the space of solutions of the equations

Nijk = B(gjeAi + 9ikNj + 2965\ 1)
for the scalar \.

Proof We have already shown that if L;; is a special conformal Killing ten-
sor then A = ¢' L;; satisfies the differential equations. Suppose conversely
that \ satisfies these differential equations. Note first that if p = ¢ Ajij

10



then from the equations p;, = 2(n+1) B\, so u—2(n+1) B\ is a constant,
which we write as 2nBk as before. Set

1
Lij = ﬁ)\ﬁj —gij( A+ k).
Then

1
ik = @)\h’jk — Gij Nk
= 59N + gk Ay + 2965\ k) — Gig A

so L;; is a special conformal Killing tensor; and

g 1
g’ Li; = ﬁu—n()\—i—k) =\ O

Note in passing that this result shows that the dimension of the solution
space of the third-order equations is again 1(n + 1)(n + 2). This fact could
equally well have been established by noticing that the equations are struc-
tural equations — or more precisely, if we take variables A, A; and \;; with
the latter symmetric, the equations

Aigj = A
)\ij|k: — B(gjk/\z’ + gikAj + 2917')‘16)

constitute a structural system for the third-order equations.

We could therefore approach the problem of finding the special conformal
Killing tensors in a space of non-zero constant curvature by attempting
to solve the third-order equations. As it happens, we may find sufficient
solutions indirectly, due to the following convenient fact: the traces of valence
2 Killing tensors (Killing 2-tensors) in a space of constant curvature satisfy
the same equations, and all such Killing tensors are explicitly known. We
next derive this result about Killing tensors.

Theorem The trace x of any Killing 2-tensor Kj; in a space of constant
curvature B satisfies

Kjijk = B(gjkk)i + gikk)j + 29ijKk)-

11



Proof 'The Killing tensor condition gives r|; = —2¢7F K. ij|k- We differentiate
this twice covariantly, and use the Ricci identity to reorder indices. First,

KRiij = —QleKil\mj
= —2g' (Kil|jm + B(gimKji + gim Kij — 9ij Kt — gleim)>
= -2 (glmKi”jm + B(’I’LK” — gijl{,)) .
Likewise, j; = —Z(QZijmm + B(nK;j — gij)k); but K|j; = Kj;;, SO
Riij = _glm(KilUm + Kjijim) — 2B(nKij — gijr)
= glmKiﬂlm —2B(nK;j — gijk).

Thus
Kk = 0" Kijjimk — 2B(nEK 1, — gijhn)-

We now work the k to the left in the first term on the right-hand side, using
the Ricci identity, in two stages, obtaining

glmKijumk = leKijukm + B ((n = 2)Kyjjk + 5(gjukp + gz’kfﬂj))
= ¢"Kjjim + B ((n = 3)Kijjk + gjkkpi + gimj) :
It follows that
Rlijk = glmKiij +B (—(n + 3)Kyjii + gjkkpi + Gikk)j + 2gij/‘6\k> .
We next take the cyclic sum:
Klijk + Kljki + Klikj = 4B(guk); + girklj + 9ijhik),

using the symmetry of r;;;, in its first two indices. Finally, we use the Ricci
identity in the second and third terms on the left-hand side:

3kjijr + B(gjrkpi + gikk|j — 29ijk k) = 4B(gkk); + girklj + 9ijkik),
whence the desired result. O

We use this result to obtain the special conformal Killing tensors in a space
with metric of arbitrary signature and with non-zero constant curvature.
We take the metric to be
Nij
Gij = %a F=1 + %Bnk‘l:pkxlv

12



where 7;; is a constant non-singular symmetric matrix and B a non-zero
constant; such a metric has the same signature as 7;;, and constant curvature
B. (The coordinate range must of course be chosen so that F' never vanishes
in it.) We consider those Killing 2-tensors which are sums of symmetrized
products of Killing vectors (in fact all Killing 2-tensors in a space of constant
curvature are such [18], though we do not need this fact). The Killing vectors
take the form
&= aé-xj + %B(njkﬂjxk)xi +FB, F=1- %Bnkl:ckml

J J
afnjk + Oé?mk = 0. It is not difficult to show that the functions

for constants o’ and (i, where the o are skew-symmetric in the sense that

izl Fal
) F2 ) F2
form a basis for the space of traces of such Killing 2-tensors; by the theorem
they must satisfy the third-order differential equation

Klijk = B(gjkk)i + gikk|j + 29ijK k),

and there are 3(n 4 1)(n + 2) of them, as required. We can obtain special

conformal Killing tensors from them by using the formula

1
EAY]
this differs from the formula given earlier by the omission of a constant
multiple of g;;: this does not change the fact that L;; is a special conformal
Killing tensor, of course (though it does mean that A is not its trace). The
constant function 1 effectively gives the trivial special conformal Killing
tensor g;;. If we take

L Alij = 9ijA;

\ = aijmixj

=~

for some symmetric constant matrix a;; we find (after some calculation) that
(up to an overall constant factor)

Lij = Ft (4F2aij — 2BF (aipz; + ajkxi)xk + BQ(aklxkxl)xixj) ,
where we have written x; for mjxj . When
F2
for some constant vector b; we obtain (again, apart from a constant factor)

Lij =F3 (2(bi$]‘ + bj.%'i) + B(bk$k)(77klxk$l77ij — 2$i$j)> .

A=

13



4 Two-dimensional spaces

In this section we shall consider the special conformal Killing tensor equa-
tions in dimension two.

We have still to complete the analysis of the structural equations for n = 2.
We show that the previous conclusion, that the space of solutions of the
special conformal Killing tensor equations has maximal dimension if and
only if the space has constant curvature, holds in dimension two also.

Theorem The dimension of the space of solutions of the special conformal
Killing tensor equations in a two-dimensional manifold is 6 if and only if the
space has constant curvature.

Proof In a two-dimensional manifold the curvature is given by
Rlijx = 3R (9@‘52 - gik5§-) ;

where R is the curvature scalar. When this is substituted into the structural
equations for y; we obtain

Hji = QijR‘kLij — R|z/\ + 3R\;.
It follows that
wij — tgi = 20" (RjjuLir — RigLix) + 3(RjjAi — Rpiy),

since A;; and Rj;; are both symmetric. In order for the integrability con-
ditions of the y; equations to hold, the right-hand side of this expression
must vanish, and when the dimension of the solution space of the special
conformal Killing tensor equations is maximal this must hold for arbitrary
choices of \; and Ljj, at any point. Thus R must be constant. But we know
that the integrability conditions of the structural equations hold for a space
of constant curvature (of any dimension), so the result is proved. O

We now deal with some other aspects of the two-dimensional case.

As we pointed out in the introduction, a special conformal Killing tensor
L;; is a conformal Killing tensor of gradient type. Hence if we put K;; =
L;j — gij A then Kj; is a Killing tensor, that is, it satisfies

14



Of course in arbitrary dimension not every valence 2 Killing tensor can be
derived in this way. Passage in the opposite direction is guaranteed only for
a symmetric tensor Kj;;, with trace x, which satisfies the condition

1
Hih = 5 1y (P~ 9ikrii = g )

such a tensor is evidently Killing; and if we set

1
Lij = Kij = —— 9ij#

then L;; is a special conformal Killing tensor.

The Killing tensor K;; = L;j—g;; A is the second of the sequence generated by
the cofactor construction described in the introduction, the metric being the
first; for dimension greater than two there will be others, but in dimension
two the sequence has only the two terms. In dimension two, morever, every
Killing 2-tensor satisfies the identity K;j, = %(Zgij/ﬂk — 9gjkK|; — gikk);), and
therefore comes from a special conformal Killing tensor, as we now show.

The Killing 2-tensor equations in dimension two are

Kyyp =0
Kunpp = —2Kyo
Kogpn = —2Kigp
Kopp = 0.

The derivatives of the trace are given by

K = 911K11\1 + 2912K12|1 + 922K22\1 = 2(912-’(12” - 922K12\2)
Klg = 911K11\2 + 2912K12|2 + 922K22\2 = 2(—911K12|1 + 912K12|2)§

these may be solved to give

(912/ﬂ1 - 911/i|2)

1
2
%(—gzzﬁu + g126K2)-

But the equations Kj;j, = %(291‘]‘/‘% — gjkK|; — gikk|j) are just

Kuyp = 0

K = —gi2kp + guikp

15



Kion = 3(g126p — g116p2)

Kigp = %(*922@1 + g12K)2)
Ky = g2k — g12K)2
Ko = 0,

confirming the claim. It follows that in a two-dimensional manifold every
Killing 2-tensor determines a special conformal Killing tensor, and con-
versely.

Now if there is a non-trivial special conformal Killing tensor in a two-
dimensional space it must have simple eigenvalues almost everywhere, since
otherwise it will be a scalar multiple of g;; on an open set, and there are
no special conformal Killing tensors of this form other than constant mul-
tiples of g;;. The metric will therefore be separable, and as we show in an
appendix, must therefore take the Liouville form, which (assuming positive-
definiteness) is (s1 + s2)d;5, where s; is a function of x" alone, i = 1,2. The
corresponding special conformal Killing tensor L;; and Killing 2-tensor Kj;
are given in matrix representation by

0 0
LZ(81+82)<801 —82>’ KZ(81+32)<802 —81>.

Appendix 1

We derive here the results about structural equations we use in the main
body of the paper. We interpret such equations as follows. We consider a
vector bundle £ — M, where M is a pseudo-Riemannian manifold equipped
with the Levi-Civita connection (though for the following considerations it
would be enough to take M to be a manifold with an arbitrary symmetric
affine connection); E is supposed to be the Whitney sum of tensor bundles
over M, so that the connection induces a connection on E. We take fibre
coordinates u4 on E, and denote by A%, the connection coefficients for the
induced connection with respect to coordinates (x%,u“). We consider the
structural equations Fyj; = FEZ-F s to be equations for a section of F, given
in coordinates by u4 = F4(z?).

Our approach is motivated by the case in which the Fﬁi all vanish. Then
a solution of the equations defines a section of £ which is covariantly con-
stant; or if we think of the connection as defining and being defined by

16



a horizontal distribution on F, a section which is horizontal (that is, an
n-dimensional submanifold of E, transverse to the fibres, to which the hori-
zontal distribution is everywhere tangent). Given any point u € E, if there
is a horizontal section through w it is unique. Now the zero section of any
vector bundle equipped with a linear connection is a horizontal section, and
is the unique horizontal section through any point (x%,0). Thus if F i =0
and Fa(z") = 0 anywhere then Fy(z') = 0 everywhere, so that the linear
map from solutions of the equations F4); = 0 to their values at an arbitrary
point of M is injective, and the maximum dimension of the solution space
is the fibre dimension of E. The necessary and sufficient condition for the
equations to be completely integrable, that is for there to be a horizontal
section through every point of F, is that the horizontal distribution should
be integrable (in the sense of Frobenius), or equivalently that the curvature
of the induced connection should vanish.

Theorem  Consider a system of structural equations Fy); = Ff{iF B, as
interpreted above. Then

1. if, for any = € M, there is a solution with prescribed values Fa(z) it
is unique;

2. the space of solutions has maximum dimension equal to the fibre di-
mension of E;

3. the maximum dimension of the solution space is attained if and only
if the equations are completely integrable;

4. the necessary and sufficient conditions for the system to be completely
integrable are that

B B C 1B CTB _ pB,
FAilj o FAj\i +1ale; —Ta0¢i = R” aijs

where RP Aij are the components of the curvature of the induced con-
nection on FE.

Proof Tt is only necessary to note that since the coefficients I'§, are assumed
to be tensorial, Aﬁi — Fﬁi determines a new connection on F, with respect
to which the structural equations are equations for covariantly constant
sections. Thus items (1), (2) and (3) follow immediately from the earlier
discussion. It is easy to see that the curvature of the new connection is

R 4ij — (Tﬁi

B CpB O B
i — Laje +lad'e; — FAjFCi) ;
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whence item (4). O

Appendix 2

Here we show that in two dimensions every metric which is orthogonally
separable is of the Liouville form. We use the Levi-Civita conditions, which
for a metric in any dimension, in orthogonal coordinates, are

Pgtt _  9¢17ogt 99" dgtt
Oridri Vgt oz Y r 9x
i,j,k=1,2,...,n, i % j; no sum. In two dimensions, for the metric ds?> =
Edz? + Gdy?, the Levi-Civita conditions are
*(1/E) _ 0(1/E)0(1/E) + 0W/G) o1/ E)
oxdy ox dy ox oy
/e _ pol/Q)o1/E)  0(1/G)9(1/G)
oxdy Ox oy Ox oy

As a consequence,

PlogE 9 (Ea(l/E)> _a (Ga(l/G)> _ 9%log G
oxdy  Ox oy Oy Ox - 0xdy

so that there are (necessarily non-vanishing) functions f(z,y), ¢(x) and ¥ (y)
such that £ = ¢f and G = ¢ f. When the manifold is Riemannian, without
loss of generality we may assume that ¢ and ¢ are positive (so that f is also
positive): then by a change of coordinates v = u(z), v = v(y) we can bring
the metric to the form f(u,v)(du?+ dv?). This new form of the metric must
also satisfy the Levi-Civita conditions, which now both become

PO/ 200/D00)H B
oudv  f Ou ov oudv

as required. For an alternative derivation see [6].
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