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Abstract: We consider second order (maximally) conformally superintegrable systems
and explain how the definition of such a system on a (pseudo-)Riemannian manifold gives
rise to a conformally invariant interpretation of superintegrability. Conformal equiva-
lence in this context is a natural extension of the classical (linear) Stickel transform,
originating from the Maupertuis-Jacobi principle. We extend our recently developed
algebraic geometric approach for the classification of second order superintegrable sys-
tems in arbitrarily high dimension to conformally superintegrable systems, which are
presented via conformal scale choices of second order superintegrable systems defined
within a conformal geometry. For superintegrable systems on constant curvature spaces,
we find that the conformal scales of Stickel equivalent systems arise from eigenfunc-
tions of the Laplacian and that their equivalence is characterised by a conformal density
of weight two. Our approach yields an algebraic equation that governs the classification
under conformal equivalence for a prolific class of second order conformally superinte-
grable systems. This class contains all non-degenerate examples known to date, and is
given by a simple algebraic constraint of degree two on a general harmonic cubic form.
In this way the yet unsolved classification problem is put into the reach of algebraic
geometry and geometric invariant theory. In particular, no obstruction exists in dimen-
sion three, and thus the known classification of conformally superintegrable systems is
reobtained in the guise of an unrestricted univariate sextic. In higher dimensions, the
obstruction is new and has never been revealed by traditional approaches.
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1. Introduction

Transformation groups play an important role in the natural sciences: the Poincaré group,
for instance, and its subgroups, are pivotal in special relativity, for Maxwell’s field
equations, in particle physics, and many other fields. Felix Klein’s Erlangen program
has put the concept of transformations at the core of geometry, later generalised by
Cartan [Kle00,SCO00]. Inspired by this idea, the current paper reconsiders second order
superintegrable Hamiltonian systems. These have been extensively studied as structures
in (pseudo-)Riemannian geometry, but not yet as structures in conformal geometry.

Maximally superintegrable systems, traditionally, are Hamiltonian systems on a
(pseudo-) Riemannian geometry that admit a maximal amount of (hidden) symmetry.
Here second order maximally (conformally) superintegrable systems are exclusively
considered. They are often seminal models in science. Historically, the theory of su-
perintegrability arose from classical (and quantum) mechanics: While, in general, it
is impossible, even for relatively simple models, to solve Hamilton’s or Schrodinger’s
equation in exact, closed terms, for superintegrable systems the solution can be found
by quadrature, i.e. using algebraic operations and the integration of known functions.
Prominent examples of second order superintegrable systems are the Kepler-Coulomb
and the Harmonic oscillator models. They have fundamental significance for the un-
derstanding of celestial mechanics, atomic orbitals, material science and many other
disciplines.

1.1. What Geometry underpins superintegrability?. Traditionally, second order super-
integrable systems are defined on a (pseudo-)Riemannian manifold (M, g). The suitable
symmetry group for these systems is the semi-direct product & = Diff (M) x Aff(R)
of diffeomorphisms (coordinate transformations on M) and the affine group Aff(R) =
R* x R, where R* = R\ {0}, see Sect.2. However, these are not the only possible trans-
formations of superintegrable systems. Indeed, conformal geometry manifests itself in
the theory of superintegrable systems through (classical) Stickel equivalence or cou-
pling constant metamorphosis; details and a comparison with the more recent concept
of non-linear multi-parameter Stéckel transform are discussed in Sect. 2.1. Historically,
the Stickel transform can be traced back to the 18" centrury in the form of the Mau-
pertuis principle [Tsi01, BKF95,Lag88,Jac84,dM50]. Classical Stéickel transformations
are linked to very special conformal transformations, namely those that originate from
superintegrable potentials.

Arbitrary conformal transformations, however, do not preserve superintegrability.
Instead they lead to conformally superintegrable systems. Although these systems are
well studied, their underlying conformal geometry is understood only superficially to
date. One purpose of the present paper is to remedy this, and to derive a suitable concept
of conformal equivalence on conformally superintegrable systems from (a modification
of) Stickel equivalence.

Given the significance of second order (conformally) superintegrable systems, it is
natural to seek a classification. In [KSV23], the authors present an algebraic geometric
framework for a classification of second order superintegrable systems in arbitrarily high
dimension, and for arbitrary metrics. This framework put earlier attempts by various au-
thors (see below) onto a firm base, yet it is not closed under conformal transformations of
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superintegrable systems. The current paper develops an algebraic geometric framework
for conformally superintegrable systems that is closed under conformal transformations.
In particular we obtain: Non-degenerate second order (conformally) superintegrable sys-
tems are characterised by a (conformally invariant) structure tensor, more specifically
a trace-free and totally symmetric tensor field S;jx. This leads to a natural definition
of superintegrability on conformal manifolds, whose symmetry group we identify as
& = Conf (M) x R*. In this way we naturally incorporate conformal geometry into the
theory of superintegrable systems. Somewhat surprisingly, this appears to never have
been attempted before, although it sheds considerable light on the geometry underpinning
superintegrability and opens the subject for subsequent studies using Cartan geometry,
tractor calculus, algebraic geometry, representation theory and geometric invariant the-
ory. In particular, superintegrable systems on (pseudo-) Riemannian geometries can be
viewed as specific conformal scale choices of a conformally invariant superintegrable
system.

1.2. State of the art. A vast literature exists both on second order conformally superinte-
grable systems and on Stickel transformations. To date, second order conformally super-
integrable systems are classified completely only in dimension 2 [KKMO05¢, KKMO05a].
For conformally flat spaces in dimension 3, at least so-called non-degenerate systems
are classified [Cap14,KKMO06]. The conformal classes of non-degenerate systems are
classified in dimensions 2 and 3 [Kre07,Cap14]. Existing classification results largely
ignore the geometric structure of the classification space. However, an algebraic geomet-
ric classification exists for superintegrable systems in the Euclidean plane [KS18], and
the algebraic varieties of superintegrable systems in dimensions 2 and 3 are addressed in
[KKMO07a,KKMO7b]. While the classification of the conformal classes in dimension 2
is a mere list [Kre07], in dimension 3 a classification in terms of representations of the
rotation group exists [Cap14,CK14,CKP15]. These latter references are one major in-
spiration for our work as they highlight the power of the geometric approach, revealing
for example a natural algebraic hierarchy of systems related to an inclusion tree of certain
algebraic ideals. Unfortunately, there is little hope of applying the methods from those
references in higher dimensions, neither conceptually nor practically, as the equations
become ever more extensive with increasing dimension. The current paper develops
a new approach, extending and generalising the framework from [KS18,KSV23]. We
formulate the governing equations for second order conformally superintegrable sys-
tems in dimension n > 3 in a concise form, making the problem manageable in higher
dimensions.

Stickel transformations can be traced back to Maupertuis-Jacobi transformations
[Jac84], which take a Hamiltonian with potential to a potential-free one. The classical
Stickel transform is well understood as an equivalence relation on second order (con-
formally) superintegrable systems. It was first introduced, for integrable Hamiltonian
systems with potential, in [HGDR84] under the name coupling constant metamorphosis.
The name Stdickel transformations has been introduced in [BKM&86] for transformations
of integrable systems admitting separation of variables. In general, coupling constant
metamorphosis and (classical) Stdckel transform are not identical, but they coincide for
second order (conformal) integrals of the motion [Pos10]. Higher order integrals are
discussed in [KMP09], showing that coupling constant metamorphosis in general does
not even preserve the polynomiality in momenta of an integral. The classical Stickel
transform involves one parameter on which the Hamiltonian depends linearly. A multi-
parameter generalisation of Stéckel transform was developed in [SBOS,BM12,BM17],
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allowing for several parameters on which the Hamiltonian may depend non-linearly.
Here we only encounter Hamiltonians with linear parameter dependence, and there-
fore we do not need to exhaust the full scope of generalised multi-parameter Stéickel
transformations. As we are interested in a geometric approach, we shall not require a
specific parametrisation of the space of compatible potentials, but instead work with an
(n + 2)-dimensional linear space of potentials on an n-dimensional manifold, usually
not specifying a particular basis.

For completeness we mention that conformal transformations are not the only possi-
ble transformations of superintegrable systems. For instance, Bocher transformations of
certain conformally superintegrable systems are studied in [KMS16,CKP15] and there
is some indication that they can be understood as boundaries of orbit closures on the alge-
braic variety classifying the superintegrable systems [KS18]. Yet another transformation
of superintegrable systems is possible if the underlying metrics share the same geodesics
up to reparametrisation. Such metrics are called projectively (or geodesically) equiva-
lent. For some examples of superintegrable systems defined on projectively equivalent
geometries, see [Vall6, KKMWO03, Vol20].

To summarise, higher dimensions are out of the scope of traditional methods, which
rely on the correspondence with properly superintegrable systems and on the extensive
use of computer algebra. A particular challenge is the fast growth of the number of partial
differential equations with increasing dimension. In the current paper, we overcome this
problem and outline how to approach the classification of second order conformally
superintegrable systems in arbitrarily high dimension. For the most prolific class of
systems we find, somewhat surprisingly, that the underlying structure equations reduce
to only a single, algebraic equation of degree 2.

1.3. Classifying second order superintegrability in arbitrarily high dimension. In ref-
erence [KSV23] the authors have developed an algebraic geometric framework for the
classification of superintegrable systems. This framework generalises previous work
in dimension two [KS18] to arbitrarily high dimensions. Older works in the field are
[KKMO07a] and [KKMO7b] for dimensions two and three, respectively. While [KSV23]
for the first time provides a framework to classify, in an algebraic geometric way, super-
integrable systems in arbitrarily high dimensions, this framework in its original form is
not (yet) closed under conformal transformations. The present paper extends the exist-
ing algebraic geometric framework to conformally superintegrable systems on (pseudo-)
Riemannian metrics. This new framework is closed under conformal transformations.
Second order conformally superintegrable systems will be thoroughly introduced in
Sects.3.1 and 3.2. These systems are traditionally defined using a Hamiltonian

H=g"(qQpipj+V(Q (1.1)

where g;; denotes the underlying metric and where q and p are the canonical position and
momenta variables on the manifold. A second order conformally superintegrable system
is a Hamiltonian system with a sufficiently high number of functions F : T*M — R,
F = K/ (q)pip; + W(q), satisfying

{H, F} = w;(p) H (1.2)

for some 1-formw = w;dx". The scalar function V is called a potential of H.Functions F
satisfying (1.2) are called (conformal) integrals. The integrals F form a linear space F.
Likewise, the potentials V' compatible with F form a linear space V. Following the
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common convention, we take these spaces to be maximal, see Definitions 2.2 and 3.5
below.

1.4. First main result: conformal superintegrability in higher dimensions. The method
carried out in [KSV23] facilitates the classification of second order properly superin-
tegrable systems, in particular of so-called abundant systems. Abundantness is going
to be introduced thoroughly later, and so here we limit ourselves to saying that these
systems comprise all known non-degenerate second order conformally superintegrable
systems. In the present paper, we extend the framework to conformally superintegrable
systems. We find that it is closed under conformal transformations and leads to a well-
defined concept of superintegrability on conformal geometries arising from conformal
equivalence classes of conformally superintegrable systems. For the abundant case in
dimensions n > 3, we show in Sects. 5 and 6 that such systems are in natural correspon-
dence with harmonic cubic forms W;x pip/p* on R” that satisfy the simple algebraic
equation

(gab‘l’ija‘szb - gab‘l/ika\l"jlb) =0 (1.3)

where g is an inner product on R” with the same signature as the metrics on the
underlying manifold. The subscript “o” stands for projection onto the trace-free part.

We show that initial data in the form of a cubic form W;jx p’p/p* satisfying (1.3)
can be extended, locally, to a conformal structure tensor S;j; of an abundant second
order superintegrable system. We make this precise by introducing the concept of c-
superintegrable systems, i.e. conformal equivalence classes whose underlying geometry
is aconformal manifold. In Sect. 6.4 we derive conformally invariant structural equations
for abundant c-superintegrable systems. The equations governing abundant properly
superintegrable systems [KSV23] naturally follow from the equations we present here.
Condition (1.3) is conformally invariant, and therefore a suitable foundation for an
algebraic geometric classification of second order systems on the level of conformal
geometries. Condition (1.3) is also surprisingly simple, and in dimensions n > 4 it
encodes new obstructions to conformal superintegrability. These obstructions do not
exist in lower dimensions and have not been revealed by classical approaches.

We also show: Abundant conformally superintegrable systems can only exist on con-
Sformally flat geometries. Such systems naturally correspond to solutions of Eq. (1.3). The
task of classifying equivalence classes of n-dimensional conformally superintegrable
systems is therefore equivalent to classifying harmonic cubics in n variables that sat-
isfy (1.3). Note that while a general classification of harmonic cubics under the rotation
group is out of sight, a classification under the additional condition (1.3) may well be
simple enough to admit a managable solution.

In dimension n = 3, particularly, (1.3) is trivially satisfied. Thus abundant superin-
tegrable systems in dimension 3 naturally correspond to harmonic ternary cubic forms,
or, equivalently, to univariate sextic polynomials

px) = a6x6 + a5x5 + a4x4 + ag,)c3 + agxz +aix +agp.

The details are discussed in Sect.7. It is known that any conformally superintegrable
system is Stickel equivalent to a properly superintegrable systems [Cap14]. In dimen-
sion 3, every conformally superintegrable system is even Stickel equivalent to a properly
superintegrable system on a constant curvature space [KKMO06, Theorem 4].
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1.5. Second main result: superintegrable systems on constant curvature geometries.
In our framework, second order conformally superintegrable systems are conformal
scale choices of c-superintegrable systems. Thus the conformal structure tensor Sj;x
determines a conformally superintegrable system up to the choice of a conformal scale
expressed via a function o that transforms as a weight-1 tensor density. For the prolific
class of abundant second order conformally superintegrable systems we find that the
conformal scale satisfies a Helmholtz like equation,

—1 n n
(R—4" 2A)01_2 —So'2, (1.4)

n—

where S = S,5.5%°¢ is a conformal density obtained from the structure tensor S; ik
mentioned earlier, and where R is the scalar curvature. The operator on the left hand
side of (1.4) is the conformal Laplace operator.

If we restrict to properly superintegrable systems, the conformal structure tensor S; j«
determines a superintegrable system up to provision of a suitable conformal scale. In the
present paper, we prove the following: For abundant properly superintegrable systems
on manifolds of constant sectional curvature, the conformal scale o is (a power of) an
eigenfunction of the Laplacian for an eigenvalue determined by the curvature R,

n+1 a2

Ao"? =2 R, (1.5)

n—

which holds in addition to (1.4), see Theorem 6.11. Note that the operator in (1.5) is not
conformally invariant as Eq. (1.5) does not describe a property of the conformal class,
but of an individual superintegrable system. In particular we find that on the n-sphere
the conformal scale function satisfies a Laplace equation with quantum number n + 1.
We show for any dimension (see Propositions 6.14 and 6.15): The generic system on the
n-sphere is never conformally equivalent to a superintegrable system on flat space, and
a non-degenerate properly superintegrable system on the n-sphere is never conformally
equivalent to the harmonic oscillator.

2. Preliminaries

Before generalising to conformally superintegrable systems, it is instructive to briefly
review properly superintegrable systems. We recall that, for clarity, the adjective “proper”
is used to refer to superintegrable systems, whenever a distinction from conformally
superintegrable systems is required. While self-contained, this review only highlights
the aspects needed for a later comparison to conformally superintegrable systems. For
a more in-depth review of proper superintegrability we refer the interested reader to the
literature cited in the introduction and in particular to [KKM18].

Let (M, g) be a (pseudo-) Riemannian manifold. A Hamiltonian system on M is
a dynamical system characterised by a function H : T*M — R, (p,q) — H(p, q),
referred to as Hamiltonian. We denote the position and momentum coordinates on the
phase space T*M by q = (g1, ..., qn) and p = (p1, ..., pn), respectively. The evolu-
tion of the system is determined by Hamilton’s equations

L L _OH o
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An integral, aka first integral or constant of the motion, for the Hamiltonian H is a
function F(p, q) on phase space that commutes with H with respect to the canonical
Poisson bracket. It is therefore constant along solutions of (2.1),

F={F,H=— — — — 0. (2.2)

In this equation, the partial derivatives may be replaced by covariant derivatives, i.e. using
the Levi-Civita metric V&, without changing the Poisson bracket. Note that for the ease
of presentation we use Darboux coordinates (q, p) in the following, but that our results
do not require the choice of specific coordinates on M.

An integral restricts the trajectory of the system to a hypersurface in phase space. A
(properly) superintegrable system is a Hamiltonian system that possesses the maximal
number of 2n — 1 functionally independent constants of motion F O . F@n=2) g
trajectories in phase space are the (unparametrised) curves given as the intersections of
the hypersurfaces F (@ (p, q) = ¢(®, where the constants ¢*) are determined from the
initial conditions. For convenience it is customary to choose F© = H without loss
of generality. In particular, we assume the base manifold is endowed with a (pseudo-)
Riemannian metric g and a natural Hamiltonian (1.1),

H=G(q,p)+V(q),

where G(q, p) = gq(p, p) denotes the kinetic part and V (q) is a smooth scalar function
called potential. Note that, as we consider Hamiltonians on the manifold M, the appro-
priate transformation group is given by diffeomorphisms of M, which induce, via their
pullback, fibre-preserving symplectomorphisms on 7* M.

Definition 2.1. A second order superintegrable system is a Hamiltonian together with
a linear space F of integrals of the form

F=K(q,p)+W(Qq) :=K'(qpip;+W(q), (2.3)

satisfying (2.2). Moreover, F must contain 2n — 1 integrals that are functionally inde-
pendent.

Note that dim(F) > 2n — 1. In case of the equality, it is common practice to only specify
2n — 1 linearly independent generators F®). We also recall that, for (2.3), Eq. (2.2) is
a polynomial condition in the momenta with homogeneous components of cubic and
linear degree, respectively:

(K,G} =0 (2.4a)
(K, V}+{W,G} =0 (2.4b)

Condition (2.4a) is equivalent to the requirement that the (symmetric) components Kj;;
in K(q,p) = Kj; p' p/ are the components of a Killing tensor field, i.e.

Kijk+ Kjki+ Kii,j =0. (2.5)

Here, the comma denotes a covariant derivative. Condition (2.4b) can be rewritten in the
form

W;=K;*Vy oreven dW =KdV,
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where by abuse of notation K denotes the endomorphism obtained from K;; via the
metric g. The integrability condition for W is known as the Bertrand—Darboux condition
[Ber57,Dar01],

d(KdV)=0. (2.6)

The Bertrand—Darboux Equation (2.6) is the compatibility condition for the potential V
and the space of Killing tensors K;;. Let us denote the linear space of kinetic parts of
the integrals F' € F, viewed as endomorphisms, by

K={K:K(p,p) +W € F for some W}.

Definition 2.2. For a second order superintegrable system with potential V , we introduce
the spaces

V1 ={V : d(KdV) = 0 holds for every K € K}
K™ = {K : d(KdV) = 0 holds for every V € V"*}

Remark 2.3. A second order superintegrable system is said to be irreducible if the
endomorphisms K;/ = g/®K;, obtained from its associated Killing tensors K €
form an irreducible set. In reference [KSV23], it is shown that for such irreducible sys-
tems we can solve (2.6) for all second derivatives of the potential except its Laplacian.
Thus the Wilczynski equation is obtained,

1
Vii=T*"Vi+ i AV, 2.7)

where T; jk is a tensor symmetric and trace-free in the first two indices, depending on
the components of the Killing tensors K ) and their derivatives.

The properties of the partial differential Eq. (2.7) are discussed thoroughly in [KSV23],
and similar equations appear in [KKMO05b]. The most important fact is that in (2.7) the
tensor T; jk is determined by K independently from the potential. More precisely, at
a point xo € M, T; J-k is determined by the values of the Killing tensors K;; and their
derivatives in x.

In the classification theory of second order superintegrable systems, non-degenerate
systems have received particular attention, e.g. [KKM18,KSV23,Cap14]. These are the
systems satisfying (2.7) for which the dimension of V™ is maximal, i.e.

dim(V™) = n + 2.

The integrability conditions of (2.7) are then generically satisfied [KKMO7b,KSV23].
Resubstituting (2.7) into (2.6) and considering the coefficients of VV and AV, one
furthermore finds that for non-degenerate systems (see Sect. 2.3 for the notation of pro-
jectors via Young tableaux)

1|j
Kije =3 1%

i
| e iiKak . 2.8)

Now consider non-degenerate systems for which C™#* has the maximal possible dimen-
sion, namely
n(n+1)

dim (K™) = =——.
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Such systems are called abundant [KSV23], implying that the integrability conditions
of (2.8) are generically satisfied. Among second order superintegrable systems, abundant
systems arguably are the most important ones: All non-degenerate examples known to
date are abundant, and in dimensions two and three it is proven that non-degenerate sys-
tems are necessarily abundant [KKMOS5b]. In dimension two, all systems are restrictions
of abundant ones [KKMPO09].

2.1. Stickel equivalence. The classical Stickel transform is often introduced using a
Hamiltonian with a coupling constant. Beginning along these lines, we then adopt an
alternative, equivalent formulation better suited for our purposes. Consider a family of
second order superintegrable systems on a (pseudo-) Riemannian manifold (M, g) given
by the family of Hamiltonians
N
Hg = Ho+ ) _ BiUs,
k=1

where Hy = g(p, p) is the free Hamiltonian, and where Uy (1 < k < N) are functions
Ur : M — R with coupling parameters Bi. For a concise exposition, we use only
one parameter and incorporate the remaining potentials into a background Hamiltonian.
Classical Stdckel equivalence is based on the following fact, see for example [KMPQ9,
Pos10,KKMO05b,HGDR84,BKMS86].

Lemma 2.4. Let H = Hy+ V + BU be a family of second order superintegrable

Hamiltonians with integrals F(B), for V, U € V" Then the Hamiltonian H = %

admits the integral of motion F(n) = F(H), parametrised by 1.

The Hamiltonian H is called the Stéickel transform of H with conformal factor U. While
either sign is permitted, it is often preferrable to work with U > O in order to preserve
the signature of the underlying metric (this is always possible locally by redefining 8).
Lemma 2.4 exploits the fact that any constant n can be added to H without changing the
integrals. We could analogously write the Stickel transform of H = Hy+ V + U + 1
with integrals F(® as [BKM86,Pos10]

H=U"'H, (2.9a)

. 1 —w@
F@ = F@ 4 ——H- (2.9b)

This transformation preserves the kinetic part up to a term proportional to g(p, p) with
a coefficient that depends on the position only. For conciseness, we have restricted
ourselves to one coupling parameter, but an analogous reasoning is valid whenever H
depends linearly on the parameters (the multi-parameter generalisation of Stickel trans-
form in [SB0O8,BM12,BM17] exceeds this limitation, but is not needed here). Instead
of working with a parametrised Hamiltonian, a parameter-free viewpoint is best suited
for our purposes:

Definition 2.5. Two second order properly superintegrable systems are said to be Stéickel
equivalent if their Hamiltonians and integrals satisfy (2.9).

For Stickel equivalent Hamiltonians H = Hp + V and H = Hy+V, the underlying
metrics are conformally equivalent, i.e. g;; = Q? 8ij,ifU = Q? > 0.In case of negative
sign, U < 0, the metric’s signature is merely inverted. For the corresponding integrals
F=KUpip;+Wand F = K p;p; + W, (2.9) implies
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2.2. Symmetry group. Consider anon-degenerate second order properly superintegrable
system with potential V. The symmetry group of such a system is the semi-direct product
G = Diff (M) x Aff(R) of the diffeomorphisms of the manifold M and the affine group
Aff(R) >~ R*xR. Anelement ® = (¢, (a, b)) € & transforms a Hamiltonian according
to
Qg pipj+V)=9¢"(@)" pipj+ap* (V) +Db, (2.10)
where ¢* is the pullback with ¢. Indeed, the underlying geometry and the space of
compatible Killing tensors does not change under &. Moreover, the structure tensor T jx
in (2.7) remains unchanged under &. The structure tensor remains unchanged even'
under &' = & xR*, where &' = (¢, (a, b), ¢) € &' transforms a Hamiltonian according
to - -
Q' (gVpipj+V)=cd* (@) pipj+ad* (V) +b. 2.11)

Note that two equivalent Hamiltonians remain equivalent after a Stiickel transformation.

2.3. Young projectors. In order to keep the notation concise, tensor symmetries are
described by Young projectors in the following. In doing so, we adhere to the convention
used for properly superintegrable systems in [KSV23], which we briefly review in the
current section. A comprehensive introduction to representations of symmetric and linear
groups is out of scope of the present paper, but can be found in [Ful97,FHOO] for instance.

Let n > 0 be an integer. A partition of » into a sum of ordered, positive integers can
be represented by a Young frame, i.e. by non-increasing rows of square boxes, which by
convention are left-aligned. For instance, to denote the partition 5 = 3 + 1 + 1 we may
draw the Young frame

Irreducible representations of the permutation group S,, and the induced Weyl repre-
sentations of GL(n) can also be labelled by Young frames. A Young frame filled with
tensor index names is called a Young tableau; it explicitly defines a projector onto an
irreducible representation. Two simple examples are complete symmetrisation,

i ] - [ie].

and complete antisymmetrization,

1" Note that the action might not be proper.
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For example, a 2-tensor 7;; can be decomposed into its symmetric and antisymmetric
parts,

1 1 1 1
Tj =5 (Tij + Tji) + 3 (tij — Tji) = 3 Tijt 5 Tij -

The symmetric part can be decomposed further, according to irreducible representations
of SO(n), into a trace-free and a trace component. The projection onto the completely

@9

trace-free part of a tensor is denoted by a sub- or superscript “o”. For example,

1 1 1
tij =5 HUR7 o 8ij T + 5 Ti./-

A general Young tableau denotes the composition of its row symmetrisers and column
antisymmetrisers. By convention the antisymmetrisers are applied first. For instance,

i ! ‘ Tijx = Tijk = (Tijk — Tikj) + (Tjix — Tjki)-

The adjoint of a Young tableau is given by applying the symmetrisers first,

i : ‘ Tijk = Tijr = (Tijk + Tjix) — (Tikj + Thij)-

For a 3-tensor T;jx we have the decomposition

1 1 [i]j 1 [k aa
Tijk=6Tijk+§ A Tijk+§ 7 Tijk+6Tijk-

A £

One particular 4-index Young tableaux that we make intensive use of is the projector

J .
;{J Tijkl= Tijis

which projects onto algebraic curvature tensors. The well known Ricci decomposition
can then be written as

~

*

R” _W + 1 i k é. 0+ 1 i k . .
ijkl = Wijki dn—1 7|1 ik8jl 8n(n—1) |1 8ik8jl-
where
1 [ifk]”
Wijki = SEREL Rijki

is the Weyl curvature, R; ;j the trace-free part of the Ricci tensor and R the scalar curvature.
For later reference, we also introduce the Schouten tensor,

(}’1—2)Pij =Rij_ngij =Ioeij+#7_21)Rgij. (2.12)



92 Page 12 0f 53 J. Kress, K. Schobel, A. Vollmer

3. Conformal Structure Tensors

In the present chapter superintegrable systems on (pseudo-) Riemannian manifolds are
generalised to conformally superintegrable systems. Before we begin, we need to intro-
duce the conformal counterpart of Killing tensors.

Definition 3.1. A (second order) conformal Killing tensor is a symmetric tensor field
C;; on a (pseudo-) Riemannian manifold satisfying the conformal Killing equation

Cijuk = 8ijk 3.1)
where w is a 1-form.

The 1-form w can be expressed in terms of the conformal Killing tensor. Indeed, con-
tracting (3.1) in (7, j), we find

1
n+2

(ZCakya +Caa,k) . 3.2)

Remark 3.2.

(i) Any Killing tensor is also a conformal Killing tensor, with @ = 0. In particular, the
metric g is trivially a conformal Killing tensor.

(ii) If K;; is a conformal Killing tensor, any trace modification C;; = K;j +Ag;j isalsoa
conformal Killing tensor. If K;; is a proper Killing tensor, C;; is a conformal Killing
tensor with w = dA.

We mention that while for a proper Killing tensor K;;, the function K (p, p) is pre-
served along geodesics, for a conformal Killing tensor C;; the function C(p, p) is pre-
served along null geodesics.

3.1. Conformally superintegrable systems. On (pseudo-) Riemannian manifolds, the
concept of superintegrable systems is generalised as follows.

Definition 3.3. (i) By a conformally (maximally) superintegrable system, we mean a
Hamiltonian system admitting 2n — 1 functionally independent conformal integrals
of the motion F©®,

[F@ Hy=0® H, a=0.1,...2n-2 3.3)

with a function w(p, q) polynomial in momenta. The Hamiltonian can be assumed
to be among the conformal integrals. Thus by convention we set

FO=H, »®=o0.
(i1) A conformal integral of the motion is second order if it is of the form
F@ =Cc@® 4 y@, (3.4)
where
n
COp.q =) C@p'p!
i=1

is quadratic in momenta and V@ = V(@ (q) a function depending only on posi-
tions. In this case, the function w has to be linear in the momenta p. A conformally
superintegrable system is second order if its conformal integrals F(® are second
order.
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(iii) We call V a conformal superintegrable potential if the Hamiltonian (3.5) gives rise
to a conformally superintegrable system.

A function F(q(z), p(¢)) that satisfies (3.3) is constant on the null locus of the Hamil-
tonian, since

F={F, H =oH.

By adding a constant ¢ to the Hamiltonian, we achieve that F is constant on shells where
the new Hamiltonian is constant and equal to c. Since we are concerned exclusively with
second order maximally superintegrable systems, we omit the terms “second order” and
“maximally” without further mentioning.

Assumption 3.4. From now on, unless otherwise stated, we assume that the quadratic
parts correspond to frace-free conformal Killing tensors, except for the Hamiltonian
H = F_ This is no restriction, as the trace-free part of any such conformal Killing
tensor is itself a conformal Killing tensor.

In view of Assumption 3.4 we distinguish the Hamiltonian by notation from the other
(conformal) integrals,
H=G+V, (3.5)

where

n

Gp.q) =) gij@p'p/

i=1
is given by the (pseudo-) Riemannian metric g;;(q) on the underlying manifold.

For (3.4), condition (3.3) splits into two homogeneous parts with respect to momenta.
These parts are cubic respectively linear in p:

(CW, G} =20% G (3.6a)

(CO VI+{V@ G} =20@V (3.6b)

Condition (3.6a) for C(p,q) = Ci;(q) p'p/ is equivalent to C; ; being a conformal

Killing tensor. The components of w(p,q) = «'(q)p; are given by a 1-form, also

denoted by w in the following. Compare (3.6) to the analogous equations (2.4) for
proper superintegrability.

The metric g allows us to identify symmetric forms and endomorphisms by abuse of

notation. Interpreting a conformal Killing tensor in this way as an endomorphism on
1-forms, Eq. (3.6b) can be written in the form

dv@ = @4V + 0@ V. 3.7)
Its integrability condition is the Bertrand—Darboux condition
d(C?dV)+Vdo™ +dV A o™ =0 (3.82)

which in components reads (we suppress the superscript o)

(Cm,-V,jm+Cm,~,jV,m+inj+w,-,jV> =0. (3.8b)
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This is the counterpart to condition (2.6) from proper superintegrability.

By virtue of the Bertrand—Darboux equation (3.8), the potentials V@ for a # 0
are eliminated from our equations. As we are going to see in the following, for non-
degenerate systems the remaining potential V = V(@ can be eliminated as well, leaving
equations on the conformal Killing tensors C® alone. In analogy to proper superinte-
grability we denote by F the linear space spanned by second order conformal integrals
F@ = C@(p,p)+ V@ satisfying (3.3).

Definition 3.5. Let H = g(p, p) + V with F = (F@®). Analogously to Definition 2.2
we introduce

C={C:C(p,p)+W e F for some W}
and then

YA — {V : (3.8) holds for every C € C}
C™™* = {C : (3.8) holds for every V € YV"¥},

From now on we (tacitly) work with these maximal spaces, facilitating a clean and con-
cise exposition of the results, and following the most common convention in the relevant
literature. Restricting to a subspace of F with a basis of functionally independent inte-
grals, we could instead work with a concrete Hamiltonian H : T*M — R. Translating
the results is straightforward, but omitted, as it does not add to a deeper understanding
of the geometry underpinning superintegrability.

Assumption 3.6. Unless otherwise stated, a conformally superintegrable Hamiltonian
will be considered together with all its conformal integrals F' = C;;p' p/ + W where
C € C™® and where W satisfies Eq. (3.7), i.e.

dW =CdV +wV.

This assumption is no restriction, and ensures a tidy exposition as we do not need to
specify the subspace C C C™ each time.

3.2. Conformal equivalence. In analogy to Sect.2.2 we obtain a symmetry group of
conformally superintegrable systems on (pseudo-) Riemannian manifolds. For the time
being, we insist that the metric is preserved (up to coordinate transformations). In contrast
to properly superintegrable systems, the affine group does not map potentials to potentials
for conformally superintegrable systems, since (1.2) contains the potential V' without
derivatives. The symmetry group of a conformally superintegrable system on a fixed
(pseudo-) Riemannian manifold therefore is © = Diff (M) x R* where ® = (¢, a) € &
acts as

D pip;+ V) =¢*()" pip; +ad* (V).

This is the counterpart of the symmetry group (2.10) for properly superintegrable sys-
tems. Analogously to (2.11) in Sect. 2.2, the symmetry group of the structure tensor S; jx
of a conformally superintegrable system is &' = & x R*.

We now introduce a concept of conformal equivalence for conformally superinte-
grable systems on (pseudo-) Riemannian geometries motivated by [Kre(07, KKMO5a,
KKMO06,BKM86]. While inspiration is drawn from the classical Stickel transform,
compare Lemma 2.4, we stress that no specific parametrisation is needed.
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Definition 3.7. Consider two second order conformally superintegrable systems with
Hamiltonians H = g(p, p) + V respectively H= gp,p) + V and conformal integrals
F@ respectively F@ as in Definition 3.3.

We say that the two systems are conformally equivalent if the associated Hamiltonians
H and H satisfy H = Q2H for some function €, and if the trace-free parts of the
associated conformal Killing tensors, viewed as (2, 0)-tensors with upper indices, span
the same linear space.

Later we reconsider this equivalence aiming at superintegrability as a concept on con-
formal geometries. We achieve this by Definition 3.9, for which the symmetry group of
the structure tensor coincides with that of the superintegrable system. However, we first
discuss Definition 3.7. Compare this to Definition 2.5. Classical Stéckel equivalence is
a special case of conformal equivalence, insofar as in (2.9b) the conformal factor €2 is
given by a potential U € V™. Regarding the classical Stickel transformation of the
integrals, Eq. (2.9b), we remark the following: In [Cap14, Theorem 4.1.8] it is proven
thatif H = g(p, p) + V is a Hamiltonian with conformal integral F = C(p, p) + W, and
U € V™ then there is a trace correction A such that H = % admits the proper integral

F=cC p,p)+rg(P,p) — % This fact provides us with a way to transform a sec-
ond order conformally superintegrable system into a properly superintegrable system,
possibly on a different (pseudo-) Riemannian manifold.

In dimensions 2 and 3 it is proven that any second order non-degenerate super-
integrable system on a conformally flat manifold is Stickel equivalent to a properly
superintegrable system on a manifold of constant curvature; see [KKMO05a, Theorem 3]
and [KKMO6, Theorem 4] respectively. Stickel classes of 2-dimensional second order
systems are studied in [Kre07] using properties of their associated quadratic algebras.
As mentioned earlier, we impose trace-freeness on conformal Killing tensors, except
for the metric, which thereby becomes a distinguished conformal Killing tensor. Trace-
freeness is motivated, among other reasons, by the conformal transformation rules for
conformal Killing tensors. Let us assume that H, H are two conformally equivalent
Hamiltonians. Let F'(q) = Cq(p, p) + W(q) be a conformal integral for H, i.e.

{H(p,p),C(p,p) + W} = (p)H(p, p).

Then we compute, with ¥ = In €2,

. Hp, L
{H, F} = { (glz’zp), Cp,p) + W} = (0(p) — 2C(p.d)) H = () H . (3.9)

We obtain the following statement, where the spaces F, F are maximal due to Assump-
tion 3.6.

Proposition 3.8. Let g and § = Q* g be a pair of conformally equivalent metrics,
Q> 0.

(1) If Cyj is a trace-free conformal Killing tensor for g then éij = Q4C,-j is a trace-free
conformal Killing tensor for g.

@) If (g, V,F) and (g, V,F) are conformally equivalent second order conformally
superintegrable systems, where for F = C(p, p) + W € F with F non-proportional
to H, the coefficients C;; are the components of a trace-free conformal Killing tensor.

Then F = F.
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Note that C; ; 1s trace-free with respect to g, but also g, since g and g are conformally
equivalent.

Proof. For part (i), we have the equation (Cij.x — gijwx) = 0 for the confor-
mal Killing tensor C. A straightforward computation then shows that

(éij,k - §ij67)k) =0

Cij =Q%'Cij, @ = Q% (i —2Ci, T,

where

and T = 1n Q.
Part (ii) then follows immediately from (3.9) in the light of Assumption 3.6. O

Proposition 3.8 yields the transformation rules under conformal equivalence: The
Hamiltonian is conformally modified, but the space of integrals is preserved. We can
encode this in an efficient manner using weighted tensor densities. A conformal density
8 of weight w is a section in E[w] 1= S*T*M ® (A"T M)~ /" such that ¢*(8) = Q¥
if € Conf(M) is a conformal transformation, i.e. ¢*(g) = Q%g. Given the data
(g, V,F), we observe that g € £p,2)[2] and V € E[—2] are weighted densities. We
are thus able to define conformally invariant densities of weight 0, g € £¢,2)[0] and
v € £[0] = C*°(M), given in local components by
gij = Ll,

| det(g)|n
compare [CG14], and

1
v = |det(g)| 7V,

respectively. One straightforwardly verifies that ¢*(g) = g and ¢*(v) = v. This leads
us to the following definition:

Definition 3.9. Let (M, g) be a conformal manifold. A second order c-superintegrable
system on M is given by a conformally invariant function v and a maximal linear space
F of invariant scalar functions F : T*M — R on M such that

() If F € F,then F = C(q)V p; p i+ W(q) where C'J are the components of a trace-free
conformal Killing tensor.

(ii) There is a density Q € £[1] of weight 1 such that V = Q?v satisfies the Bertrand—
Darboux condition (3.8) for all F € F.

Note that the definition is conformally invariant, and for any Q2 € £[1] we have that
(Q72g, Q%v, F) is a conformally superintegrable system.

Remark 3.10. Let us consider the symmetry group of c-superintegrable systems. It is
given by & = Conf (M) x R*, where R* acts as

(g v, F)— (g av,F)

It contains, in particular, all diffeomorphisms, and the transformations having a constant
conformal factor. We remark that two different conformal factors do not necessarily
result in different geometries. For instance, if g is a Euclidean metric in dimension two,
then any conformally equivalent metric Q2g is also Euclidean if it satisfies

IR\ [0\ 2Q  _92Q
20 () =i
dx dy dx2 ay2
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3.3. Structure tensors of a conformally superintegrable system. We consider the
Bertrand-Darboux equation (3.8). It is a compatibility condition for the potential and the
space of conformal Killing tensors associated to a second order superintegrable systems.

Our aim is to solve the overdetermined system of linear equations (3.8) for the highest
derivatives of the potential V. Following the analogous discussion in [KSV23], we use
a generalisation of Cramer’s rule.

Definition 3.11. On an inner product space, the Gram Coefficients G¢(A) of a linear
map A are the coefficients of the polynomial

o0
det(1 +tAA™) = Z Gr(A)k,
k=0

where A* is the adjoint of A.

Up to sign and order, the G (A) are the coefficients of the characteristic polynomial of
AA*. Consider a linear map A of rank r on an inner product space. The system of linear
equations Ax = b has a solution x if and only if the augmented matrix (A|b) satisfies
Gr+1(A|b) = 0. The minimal norm solution x = ATbis obtained via the Moore-Penrose
inverse [DTGVLO0S5]

1 r
At = Gr i (A)(—A* A1 Ax 3.10
Gr(A); K (A)( ) (3.10)

Concretely, consider the linear system, obtained from (3.8) written in local coordinates,
AX =b1(dV)+byV, (3.11)

where X is a vector that contains the unknown components of the trace-free Hessian
Vlzj V of V and where the coefficient matrix A contains the components of the conformal
Killing tensors. On the right hand side, b; and b are the matrix and (column) vector
containing the coefficients of components of dV and of V respectively.

The rank r for (3.11) does not need to be constant, but if the conformal Killing
tensors are analytic, then so are the components of the matrix A. Consequently the
Gram coefficients G (A) are also analytic and then the rank of A is constant on an
open and dense subset. Thus we can express the trace-free Hessian of V, using the
Moore-Penrose inverse, as

X =A"bi(dV)+AThyV. (3.12)

Definition 3.12. A conformally superintegrable system on a (pseudo-) Riemannian man-
ifold M has rank r, if the coefficient matrix A in (3.11) has rank r on an open and dense
subset of M.

The rank of a conformally superintegrable system is at most
nn+1) = m—1Dm+2)
-

We characterise systems of maximal rank in terms of their trace-free conformal Killing
tensors, tacitly identifying (trace-free) bilinear forms and (trace-free) endomorphisms
on the tangent space. Due to Proposition 3.8, any conformally superintegrable system
that is conformally equivalent to a maximal rank conformally superintegrable system is
itself of maximal rank.

(3.13)

"max =
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Definition 3.13.

(i) A set of endomorphisms is irreducible if they do not have a non-trivial invariant

subspace in common.

(ii) A set of endomorphism fields on a (pseudo-) Riemannian manifold M is called
irreducible, if they are pointwise irreducible on an open and dense subset of M.

(iii) We call a conformally superintegrable system irreducible, if its conformal Killing
tensors form an irreducible set.

(iv) We call a c-superintegrable system irreducible, if its conformal Killing tensors form
an irreducible set.

The next lemma follows analogously to the corresponding statement in the case of
properly superintegrable systems [KSV23].

Lemma 3.14. A conformally superintegrable system has maximal rank if and only if it
is irreducible.

Irreducibility thus ensures that we can solve (3.11) for X. In particular we find the
minimal-norm solution (3.12), to which we may add any element from the kernel of
A. For second order conformally superintegrable systems, the Bertrand—Darboux equa-
tion (3.8) can therefore be solved assuming irreducibility. We have the requirement that
the trace of the Hessian of V is the Laplacian of V and thus the potential V of an
irreducible conformally superintegrable system satisfies

Vij =T,'ij,m+%gijAV+‘[,’jV (3.14)

with a (notnecessarily unique) (2, 1)-tensor 7;x and a (2, 0)-tensor 7;;. Werefer to (3.14)
as Wilczynski equation because our methods are inspired by Wilczynski’s series of papers
on the projective differential geometry of surfaces [Wil07, Wil09]. Equations similar to
(3.14) appear in [KKMOS5b] in local coordinates and for dimension three. The tensors 7
and 7 necessarily satisfy the following symmetries

(T;;" Vi +1ijV) =0 (3.152)

gi-j (Tiij,m + ‘L’ijV) =0. (3.15b)

We call T;ji the primary structure tensor and t;; the secondary structure tensor of
the conformally superintegrable system. Note that these tensors are not invariant under
conformal transformations.

The analog of (3.14) in proper superintegrability is Eq. (2.7), which formally coin-
cides with (3.14) for 7;; = 0. However, note that (2.7) was obtained from (2.6), where
K is a proper Killing tensor. Instead, the Wilczynski Eq. (3.14) is obtained from the
Bertrand—Darboux Eq. (3.8), where trace-free conformal Killing tensors appear. In spite
of this difference, the following lemma shows that vanishing t indeed follows from
proper superintegrability. We are going to see below in Corollary 5.3 that, for non-
degenerate second order conformally superintegrable systems, the converse holds as
well.

Lemma 3.15. Consider a second order superintegrable system with potential V and

associated proper Killing tensors K®@. Let C = K@ and assume they satisfy the
Wilczynski Eq. (3.14) with V. Then t;; = 0.
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Proof. We choose a specific « and suppress the corresponding superscript for concise-
ness. By hypothesis, there is a function A such that

1
Kij = Cij + ;)\.gij (3.16)

satisfies (2.6).

The proper Killing tensor K;; satisfies the Killing equation Kijx = 0.Sub-
stituting (3.16) into the Killing equation, and then using the conformal Killing equation
(Cijk—gijox) = 0,wefind A y = —nwy. We conclude that w is exact, dw = 0.
It follows that 7;; = 0, as (3.8) does not have a term involving V' without derivative. O

3.4. Non-degenerate and abundant systems. From now on we tacitly assume an analytic
manifold and an analytic (pseudo-) Riemannian metric. In the previous section, it was
shown that for irreducible second order superintegrable systems, the Bertrand—Darboux
Eq. (3.8) can be solved for the second derivatives of V up to the Laplacian AV. The
Wilczynski equation (3.14) then allows one to express all higher covariant derivatives
of V linearly in V, VV and AV. Hence all higher derivatives of V at some point are
determined by the value of (V, VV, AV) at this point, i.e. by n + 2 constants. This
motivates the following definition.

Definition 3.16. A conformally superintegrable system is called non-degenerate if it
satisfies the Wilczynski condition (3.14), and if (3.14) admits an (n + 2)-dimensional
space of solutions V.2

Due to (3.15), the structure tensors satisfy the following symmetry conditions for a
non-degenerate potential:

Tij = Tji glJ‘L'ijZO.
Lemma 3.17. For a non-degenerate conformally superintegrable system the structure
tensors T;ji and T;j are unique.

Proof. Assume that the Wilczynski condition (3.14) were satisfied for two different
pairs of structure tensors, say T;ji, 7;; and Tjji, T;; respectively. Then, subtracting the
corresponding copies of (3.14),

0= (T;;* —Ti/" Vi+ @ — ) V.
By the hypothesis of non-degeneracy, the coefficients of V; and V have to vanish
independently, i.e. T;;* = T;;* and ;; = %j. O

Example 3.18. The isotropic harmonic oscillator is an irreducible system in the sense of
Definition 3.13 and has the potentials

2
w 2
V) = > (x—=x0)"+ W

2 Note that for an analytic metric, the (trace-free) conformal Killing tensors are analytic, and thus the
structure tensors and the potentials are also analytic.



92 Page 20 of 53 J. Kress, K. Schobel, A. Vollmer

with the n +2 free parameters w?, xp and Vp. V (x) solves the Wilczynski equation (3.14).
The isotropic harmonic oscillator on flat n-dimensional space has vanishing structure
tensor 7. It is properly superintegrable and therefore also the structure tensor 7;; van-
ishes. Any conformally superintegrable system conformally equivalent to the isotropic
harmonic oscillator is characterised by T, jk = 0, and we obtain (3.14) in the form

GV i+ntiVi—2g" Vo 1
o= T TR T 28T T e AV 4V (3.17)
o nm—1Dm+2) n :

We define abundantness in analogy to properly superintegrable systems.

Definition 3.19. We call a non-degenerate second order conformal superintegrable sys-
tem in dimension n abundant, if the subspace

C=1{C:CeC™  tr(C)=0)

has dimension

nn+1) e n—1D(n+2)

dim(C) =
im(C) > >

= ’max-
Note that non-degeneracy and abundantness are conformally invariant, i.e. well-defined
for c-superintegrable systems, by virtue of Proposition 3.8.

Definition 3.20.

(i) We call a c-superintegrable system non-degenerate if one (and hence all) members
of the corresponding equivalence class are non-degenerate in the sense of Defini-
tion 3.16.

(ii) We call a c-superintegrable system abundant, if one (and hence all) members of the
corresponding equivalence class are abundant in the sense of Definition 3.19.

It is manifest that for an abundant conformally superintegrable system, a properly super-
integrable system conformally equivalent to it is also abundant in the sense of [KSV23].
In Sect.5 we find that abundantness is tantamount with the generic integrability of the
prolongation equations for the trace-free conformal Killing tensors arising from a second
order conformally superintegrable system. Abundantness is trivial in dimension n = 2.
For dimension n = 3, it follows from [KKMO5b] that every non-degenerate second
order c-superintegrable system on a conformally flat manifold is abundant (the so-called
(5 = 6)-Lemma).

From now on we restrict to non-degenerate systems that satisfy the Wilczynski
Eq. (3.14). Our aim in the present section is to formulate and study the integrability
conditions imposed onto the structure tensors by the non-degeneracy and (3.14).

Remark 3.21. For the sake of expositional simplicity, we require an abundant system to
have 22D _ linearly independent trace-free conformal Killing tensors. Functional
independence of 2n — 1 of the arising conformal integrals is not yet required in the
definition, but in Lemma 6.7 we prove that systems which do admit 2n — 1 functionally
independent conformal integrals lie dense among abundant systems.

We devote the remainder of this paragraph to an alternative characterisation of abun-
dantness.
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Definition 3.22. We say that a collection of linearly independent Killing tensors K l.(;‘)
is conformally linearly independent if

Y K@ =fg. (3.18)
o

with constants ¢, and a function f, implies f = 0 and ¢, = O for all «.

The following lemma ensures that a conformally superintegrable system is abundant
if the conformal Killing tensors C@ for @ € {1,2,..., "("2—+1)} in Definition 3.3 are
conformally linearly independent.

Lemma 3.23. Let (KD, ..., K"™) be a collection of Killing tensors and denote the
corresponding trace-free conformal Killing tensors by C® = K — % tr(K @) g. Then

the tupel (g, CV, ..., C™) is linearly independent if any only if (KD, ..., K"™) is
conformally linearly independent.

Proof. Assume first that (g, C m C(m)) is linearly dependent. This means there is
a combination

ZCQC("O =cog

with constants (cg, c1, ..., ¢) # 0. This means

ZCaK(a) =rg

for a function f obtained from co and the trace terms. This proves one implication.
For the other implication, we assume that (K, ..., K ™) are conformally linearly
dependent. Therefore we have

m
1
ZC(Q)C("‘) = <f+ - ZC(a)tr(K(“))) g.

a=l1

In this equation the left hand side and the right hand side have to vanish independently,
as they are trace-free respectively pure trace. We conclude

1
anc(a) =0, f= T antr(K(“))

Because of the hypothesis of conformal linear dependence, we have (cy, ..., cy) # 0.
This implies that (g, CV, ..., C") are linearly dependent. 0O

Moreover: if the integrals F©® = C®ip;p i+ W@ e F are functionally in-
dependent, then their kinetic parts are associated to conformally linearly independent
conformal Killing tensors. This follows from Theorem 1 of [KKMO5b].
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3.5. Structure tensors and c-superintegrability. We are now going to determine how the
structure tensors behave under conformal changes of the superintegrable system.

Lemma 3.24. Let H = g(p, p)+V and H = Q2 H be a pair of conformally equivalent
Hamiltonians, Q2 > 0. Assume H gives rise to an irreducible conformally superinte-
grable system such that the Wilczynski Eq. (3.14) is satisfied. Then H satisfies (3.14) as
well. (We decorate the corresponding objects with a tilde). In particular, the structure
tensors T;j and t;j are transformed, respectively, to (T = In Q)

Tt =1;f =3 [i]j] Yig/* (3.192)

f,'j = Tjj +2T,‘jkT’k — O(T,,'j +2T’,‘T,j). (3.19b)

Proof. By astraightforward computation, using the Wilczynski Eq. (3.14) and the prod-
uct rule, we arrive at

I T R
VZV = ;gijAV+ <Tijk -3 <Tl' g§+Tj glk> — gg,'j T’k> Vi
2

VaQ A
+ <‘[,'j +2T,'jk Tk —2% +%gl~j % —ZT’,'T,Q/ + %g,'j T’aT,a) V.

The result then simplifies further using Q_IV?].Q =7,;7;+ % Y. O

According to the Wilczynski Eq. (3.14), the structure tensor 7; jx of a conformally super-
integrable system determines the conformally superintegrable potential up to the action
of & = Diff (M) x R*. The following corollary is straightforwardly obtained, but will
be fundamental.

Corollary 3.25. Let the hypothesis and notation be as in Lemma 3.24.

(i) Under conformal transformations, the trace t; = T;,* = T,;* undergoes a transla-
tion by Y j,
i =t,-—%(n—1)(n+2)T,,~. (3.20)
(ii) Under conformal transformations, the trace T®,; remains unchanged,
T9% =T%; .

(iii) Under conformal transformations, the trace-free part of the primary structure tensor
remains unchanged,

Tk = Tk 3.21)

Remark 3.26. Although T; jk is conformally invariant, it is often advantageous to work
with the tensor 7 ik instead, which in the context below turns out to be a totally symmetric

tensor field. While 7 ik is not actually invariant, it is still equivariant of conformal weight
2. According to its weight, under conformal transformations it is multiplied with a power
of 2,

Tijk = QgraTij* = LTiji.
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As shown in [KSV23], Tl jk is closely related to the Weyl curvature. Under mild as-
sumptions we are going to find that T; jk carries enough information to reconstruct the
conformal equivalence class of a (conformally) superintegrable system. With properly
superintegrable systems in mind, it might at first seem that the conformal case requires
additional information, in the form of an additional structure tensor 7;;. We find, how-
ever, that for abundant systems ;; is determined by T;;; and the Ricci curvature. We
summarise the discussion in this section with the following proposition.

Proposition 3.27. On a (pseudo-) Riemannian manifold M, every non-degenerate ir-
reducible conformally superintegrable system admits tensor fields T and t with the
following properties:

(i) T is well-defined and smooth on the open and dense subset N = {G,,, . (A) #
0} € M. It is of valence 3, symmetric and trace-free in its first two indices:

Tjik = Tiji §'Tijk=0 (3.22)

Moreover, T is well-defined and smooth on N. It is of valence 2, symmetric and
trace-free:

Tji = Tij gij‘l,'l'j =0 (323)

(ii) The conformally superintegrable potential satisfies the Wilczynski Eq. (3.14).

(iii) T and t are uniquely determined by the metric and by the trace-free conformal
Killing tensors C9 in the conformally superintegrable system, and depend only
on the subspace C spanned by these C'®), i.e. it is invariant under basis changes
onC.

(iv) The trace-free part T; jk of the (2, 1)-tensor field Tijk is invariant under conformal
changes of the conformally superintegrable system.

The components T;jx of T are given explicitly in terms of the Killing tensors by the
rank-r Moore-Penrose inverse, where r = ryqy is the maximal rank (3.13).

Proof. The first three assertions follow analogous to the case of properly superintegrable
systems, see [KSV23], such that the tensors T and t are given by A'h; and ATbo,
respectively, using Eq. (3.11). To see (iv), take the trace-free part of (3.19a). O

Let us reconsider the aforesaid in the light of Definition 3.9.

Corollary 3.28. (i) Every non-degenerate irreducible c-superintegrable system on a
conformal manifold (M, g) admits a well-defined totally symmetric and trace-free
tensor field S = T that is invariant under conformal transformations.

(ii) If this tensor coincides for two non-degenerate irreducible c-superintegrable systems
on the same conformal manifold, then these systems are conformally equivalent if
also

5 2 5 1 —— __
Tij _2Pij +§Sijklk+§ Otitj

coincides for both systems.
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The corollary is easily obtained using (3.19) and recalling, see e.g. [CG14,Kul69,Kul70],

Rij— Rij—(n—2)(T;; —T;Y;), (3.24a)
R— 92(R +2(n — 1) (AT — 2 Tﬂra)) : (3.24b)
The Schouten tensor transforms according to
1 c
P,’j g Pij —T’ij+T),'T)j — Egij T)CT’ . (325)

4. Conformally Superintegrable Potentials

Written in local coordinates, the Wilczynski Eq. (3.14) is a second order partial dif-
ferential equation (PDE) for the potential V. In Proposition 3.27 we have seen that
for irreducible second order superintegrable systems, the coefficients in this PDE are
determined by the space of trace-free conformal Killing tensors and the metric.

4.1. Prolongation of a superintegrable potential. The Wilczynski Eq. (3.14) expresses
the trace-free part of the Hessian of the potential V linearly in the differential VV/,
the Laplacian AV, and the potential V itself. The coefficients in this expression are
determined by the structure tensors 7 and 7. In the following Proposition, the Wilczynski
Eq. (3.14) is extended by a second equation which expresses the derivatives of AV
linearly in AV, VV and V. Again, the coefficients are determined by the structure
tensors. The system (4.1) below is an extended system of PDEs for (3.14). Such an
extended system is called a prolongation of the initial PDE, and it allows one to make
use of the powerful theory of parallel linear connections. In particular, by virtue of (4.1)
all higher derivatives of V, VV and AV are expressed in terms of these.

Proposition 4.1. Equation (3.14) has the prolongation

Vii=T;" Vo + 28i; AV + 7,V (4.1a)
LAV k= g Vo + 20 AV + 3V, (4.1b)
with

q;" = Qg (4.2a)
tj = Taja (4.2b)
vk = TCax” (4.2¢)

where
Qiji™ = Tij" k +T;j' Tu™ — Rije"™ +ijgp (4.3)

Lijk :=Tijx + T Tak (4.4)
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Proof. Equation (4.1a) is nothing but the Wilczynski Eq. (3.14). Substituting it into its
covariant derivative, we obtain

Vi = (T +T Ti™ + 110 ) Vo + (T AV + 81 (AV) ) + (tijk + Tij™ Tk V.-

Antisymmetrising in j and k and applying the Ricci identity gives
R™ i Von = P [T AT T + 138 )V + LT AV + g (AV) ) + TV |-

Solving for the term involving (AV) ; on the right hand side, we get

B .
- 8ij(AV) k= — (Qiji" Vo + 5 Tk AV +Tiji V).

The contraction of this equation in i and j now yields (4.1b), since T;;x and Q"™ are
trace-free in i and j by definition. O

4.2. Integrability conditions for a non-degenerate potential. From the perspective of
the Eq. (4.1), non-degeneracy implies that the corresponding integrability conditions
be satisfied generically, independently of the potential. With this condition we finally
eliminate the potential V (and therefore all V(®)) from the system, leaving a system
of equations depending only on the structure tensors 7;j; and 7;;, as well as on the
underlying metric g and its curvature.

Proposition 4.2. The Wilczynski Eq. (3.14) locally has a non-degenerate solution V if
and only if the following integrability conditions hold:

(T + i) =0 (4-52)
(Qijkl + ﬁgiﬂm) =0 (4.5b)
(Fijk + 52T 8 Vk) =0 (4.50)

k
(qriy + Tmiiad™ + 2 teqii + vegii) = 0 (4.5d)

i
(y,-,,- + 4" Ty + iy m/,-) =0. (4.5¢)
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Proof. The system (4.1) allows one to write all higher derivatives of V, VV and AV as
linear combinations of V, VV and AV . Necessary and sufficient integrability conditions
are then given by the Ricci identities

Viik =R"ijxVim (AV) =0,

where we substitute (3.14) in the left hand side of the equations. We obtain

J 1 ]j J
% (Qijkm+ﬁgijqkm)v,m+; (Tijk+nilgijlk)AV+ (Tijk+ﬁgijyk)v=0

and, respectively,

k 1 |k
ﬂ (a + Tt @™ + 5 tear” + viegi®) Vi + - (te1 +qu) AV
n

(Vk,l + " T + n% tkyz)V =0.

For a non-degenerate superintegrable potential the coefficients of AV, VV and V must
vanish separately. In addition to the stated integrability conditions, this yields the con-
dition

k
(tk,l + qkl) =0. (4.6)

The latter is redundant, since it can be obtained from equation (4.5b) by a contraction
overiand/. O

Note that the Eq. (4.5) are not invariant under conformal trnasformations, as they
emerge from coefficients of V, VV and AV, respectively. Still, after a conformal trans-
formation as in Proposition 3.8, the form of (4.5) is the same, but the metric, the curvature
and the structure tensors are replaced. We can solve Eq. (4.5a) right away, because it is
linear and does not involve derivatives.

Proposition 4.3. The first integrability condition for a superintegrable potential,
Eq. (4.5a), has the solution

l]k = Sl]k + (tlgjk - _gl]tk> 4.7

where S is an arbitrary totally symmetric and trace-free tensor. The I-form t; is given
by
- n n

P R sy

Note that S; ji and t; are uniquely determined by T.

T;." . (4.8)

Proof. Decompose T;jx, which by definition is trace-free and symmetric in (i, j), ac-
cording to

[Med=MleH=TTLeleH] ol
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Due to (4.5a), the penultimate component of this decomposition vanishes, and therefore
we obtain

1 1 j
Tijk = Sijk"‘g 8ijsk+ 7 8ijék

where s; and & are components of some 1-forms. Substituting (4.5a), and taking the
trace in (j, k),

; 7. n+2 n—1 £
T a_ 5 — y
L ra 3 1 4 L
Taking the trace in (7, j) instead,
0= T4 n+2 N n—1 £
= = —5; ;.
at 3 l 2 1
Solving for s; and &;, we find
2t 4¢;
Si=——=, §i=—5—.
n+2 3(n—1)

Resubstituting into the initial formula for 7}, we arrive at (4.7). O

Corollary 4.4. (i) The tensor q;; is symmetric, i.e. qj; = qij.
(i) The I-form t; is the derivative of a function t, i.e. t; = I ;.

Note that consequently also #; = 7,;. Without loss of generality we impose f =
on the arbitrary integration constant.

n
=D !

Proof. The first statement follows from substituting (4.7) into the definition (4.2a) of
gij- The second then follows from (4.6). O

Proposition 4.5. The third integrability condition for a superintegrable potential,
Eq. (4.5¢), has the solution

- I
Cijk = Zijk + (Vigjk — ;gij)’k), 4.9)
where X is an arbitrary totally symmetric and trace free tensor and

I
T+ —1n "

Yi

Note that X and y are uniquely determined by T.

The proof is the same as that of Proposition 4.3.
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4.3. The conformal scale function. As we have just seen, the trace #; of the primary
structure tensor is the differential of a function ¢. We thus obtain the following trans-
formation rule under conformal changes of the Hamiltonian, which is an immediate
consequence of (3.20).

Lemma 4.6. Under a conformal change of the superintegrable system, say H — Q> H,
Q > 0, the function t transforms as (Y = In Q)

f— t—3Y uptoanirrelevant constant, (4.10)

Note that the function 7 is determined by the structure tensor 7 only up to an irrelevant
constant. The symmetry group of c-superintegrable systems is & = Conf(M) x R*,
c.f. Remark 3.10. The second facctor of & does not affect 7. Indeed, we see that if
mew _gold — ¢ ¢ R then Q = ¢~ 3 and
Hew — €23_C Hold'
Lemma 4.6 above therefore confirms that 7 behaves like a scale function.
Definition 4.7. The conformal scale function is the density of weight 1 defined by
o= ef%t_ .
O

Lemma 4.6 allows us to change 7 arbitrarily, resulting in a natural gauge freedom of
a conformally superintegrable system. There are three natural scale choices, in partic-
ular, that are relevant here, each of which has specific features we can exploit to gain
information or to simplify certain computations. Table 1 summarises some properties of
these scale choices and the notation we use.
4.3.1. Standard scale This scale choice realises 7; = 0.

Definition 4.8. A conformally superintegrable system with z; = 0 is said to be in stan-
dard scale.

We shall use a specific notation for the metric and the secondary structure tensor when
we work in standard scale. Given an arbitrary scale choice, we can apply a conformal

transformation with conformal rescaling Q = e’ Let T = In. The transformed
metric of the system in standard scale, then is
~ 27
gij = €3 &ij =!6ij, (4.11a)
and the new structure tensors become Tl jk =S; jk and
- 2 - . 1. 4 _ _
Tij =Tj + 5 Sijkt,k — n o <§t*’7 — §t,ityj> = N,‘j . (4.11b)

For later reference, we mention the Schouten curvature ‘B3;; of g;;, which is given by

1
Pij = Pij = Ly +TiMj = 5 8ij T T, (4.11c)
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while the Weyl curvature remains unchanged under conformal transformations. Equa-
tions (4.11b) and (4.11c) are obtained, respectively, from (3.19b) and (3.25).

Note that the standard scale is not unique, as we may add any constant to 7. For simplicity
we usually choose 7 = 0. As discussed after Lemma 4.6, however, this only means that
the Hamiltonian is multiplied by a constant, and moreover the structure tensor is not
changed in the process. From the viewpoint of conformally superintegrable systems
however, if we multiply the metric by a constant, this typically changes the underlying
metric (unless the transformation is already in Diff (M)). Yet, the space C of conformal
Killing tensors of a conformally superintegrable system remains unaffected by such a
change.

The standard scale has two major advantages: on the one hand, it yields very compact
equations, facilitating some otherwise tedious computations. On the other hand, the
standard scale exposes the invariant data of the problem, which is going to be particularly
helpful when we discuss conformal equivalence classes.

Example 4.9. The systems VII [5], O and A in Table 3 are in standard scale.

4.3.2. Flat scale This scale choice only exists for conformally flat metrics.

Definition 4.10. A conformally superintegrable system with flat curvature is said to be
in flat scale.

We find, using (4.11a), that there is a function p : C*°(M) — R such that
2
gij = e3P hij~ (412)

where 4 has vanishing curvature. A major advantage of flat scales is that covariant deriva-
tives coincide with partial ones, facilitating concrete computations in local coordinates.
Moreover, the existence of a flat scale permits us to express the Ricci curvature in terms
of the scalar function p using (3.24).

Flat scales are not unique. For example, we can add any constant to p. According to
[Kul70], any conformal change transforming a flat metric into a flat metric is given via
o — p — n where 5 is a function satisfying

[QY,2)+g(Y,Z)r] X —[Q(X,Z2)+g(X, D)r] Y +g(Y, 2)Q(X) — g(X, Z)Q(¥Y) =0
where

O(X,Y) = (V2)(X,Y) — XY ()
with g(Q(X),Y) = Q(X,Y) and r = g(dn, dn).

Example 4.11. All systems in Table 3 are in flat scale. In particular, note that the systems
IIT [23] and V [32] are conformally equivalent.

4.3.3. Proper scale A third natural choice is the proper scale, in which the system is
properly superintegrable (up to a trace correction of the trace-free conformal Killing
tensors). As mentioned earlier, any conformally superintegrable system is conformally
equivalent to a properly superintegrable system [Capl14, Theorem 4.1.8]. According to
Lemma 3.15 it satisfies 7;; = 0.

Definition 4.12. A conformally superintegrable system with 7;; = 0 is said to be in
proper scale.
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Table 1. Notation and conventions for the three natural scale choices

Objects Standard Scale Flat scale Proper scale
Function 7 0 P ]

Schouten tensor P;; Bij 0 Pi;
Secondary structure tensor t; ; R;j Tjj

Metric g;; 9ij hij 8ij

Again, the proper scale choice is not unique. Its advantage is that all the known results
about properly superintegrable systems can be invoked. Yet it is less useful for gaining
insight into the underlying conformal geometry. Nevertheless, from the viewpoint of
conformal geometry, proper scale choices have some interesting properties which we
explore in Sect. 6.5 for constant curvature spaces.

Example 4.13. All systems in Table 3 are in proper scale. For an example that is in proper
scale, but neither in flat nor standard scale, consider the metric g = (zz +4) " 'dzdZ on
the 2-sphere. It admits the superintegrable potential

(zz+4>2 (z5+4>2 (zz +4>2
V =aqg — aj — +ap — + a3
72+2Z 72—z 72z2—4

with parameters a; € R, and satisfies
_ 3 i (z2+4)°
t=—-In— — -
2 2=+ —-2)

Example 4.14. (Generic system on the 3-sphere) Consider the 3-sphere with metric

¢ = d¢p? +sin’($) <d92 +sin2(6) dxp2> .

The potential
. a ar az aq

T cos2(¢) * sinZ(¢) cos2(6) " sin2 () sin2(6) cos2(y) * sin2(¢) sin2(0) sin? () "

is non-degenerate and defines the so-called generic system on the 3-sphere; in [KKMO06]
it is labelled VIII. It is in proper scale, but neither in flat nor in standard scale.

ag

Note that the Harmonic Oscillator, see Example (3.18), is simultaneously in standard,
flat and proper scale. In Sect. 6 we find that this is an immediate consequence of Tz = 0.

5. Conformal Killing Tensors in Conformally Superintegrable Systems

5.1. Prolongation equations for trace-free conformal Killing tensors. In Sect.4.1 we
have discussed a prolongation system for the potential V. Similarly, we can write down
a prolongation for an arbitrary trace-free conformal Killing tensor C;;. In general, this
system can be rather complicated [Wei77], given also the explicit but complicated expres-
sions well known for proper second order Killing tensors in [Wol98,GL19]. However,
as is shown in [KSV23], the prolongation system for proper second order Killing tensors
in non-degenerate superintegrable systems simplifies considerably. In fact, the prolon-
gation system in this case closes after the first covariant derivative. We observe the same
phenomenon with trace-free conformal Killing tensors, and trace-freeness is paramount.
Indeed, for conformal Killing tensors with non-vanishing trace, the prolongation system
would not be finite.
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Theorem 5.1. A trace-free conformal Killing tensor C;j in a non-degenerate confor-
mally superintegrable system satisfies

1 i 2
Cijk = 3 ( i | T" ;ig"y — - gij(t"g" — Tk'"”)) Cn » (5.1

with the primary structure tensor T; jk given by the Wilczynski Eq. (3.14).
The Bertrand—Darboux condition (3.8) in this situation is equivalent to (5.1) and

(3 + €™ yim) =0. (52)

Note that from (5.1) we obtain w; using Formula (3.2). We also remark that (5.1) does not
contain the secondary structure tensor 7;;. Indeed, we shall see that, under the hypothesis
of the theorem, the tensor 7;; is obtained from 7;;; and the Ricci curvature.

Remark 5.2. Equation (5.1) should be compared to the prolongation Eq. (2.8) for a
Killing tensor in a properly superintegrable system. However, here K;; x is not trace-
free. Therefore, we need to subtract the trace, obtaining

Kaa,k = (tm gnk - Tkmn) Kmn . (53)

W

Next, verify that

i | 2
( i | T"ig"x — - gij("g"y — Tkm”)) 8mn =0,

which, combined with (2.8) and (5.3), yields

1 AR 2
Cijk = 3 ( ;{ ‘ijig"k - gij(t"g" — Tk'"”)) Conn

where C;; = K;j — % gij K“,. Summarising, we have thus confirmed that the trace-free
part C;; of a properly superintegrable Killing tensor K;; satisfies (5.1).

Proof of Theorem 5.1. We decompose Cj; ; as

1]j|i 1
Cij,k=§ ;C ! Cij'k+6 C,’j,k 5.4

The totally symmetric component is given by the conformal Killing equation,

i Lik]Ciju = ki

The hook symmetric component is obtained as follows: Substituting the Wilczynski
Eq. (3.14) into the Bertrand-Darboux Eq. (3.8) gives

[(c’",-,k — T Cli+ @) Vo + (C™ Tom +w,-,k)v] —0. (5.5)
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From non-degeneracy it follows that the coefficients of V ,, and V vanish independently.
The coefficient of V yields (5.2). From the coefficients of V ,, we obtain

Ci/,k = 1 (T jiCuc + gijeo).-

Altogether, using (5.4),

11j]i 1
Cijk = 3 i : ‘ (leiclk + wkgij) + 3 Wi gij

The trace-freeness of C;; now implies

1olili]
i

2
" jiCnk = 2 (T4 —19g%) Cup (5.6)

which completes the proof. O

Equation (5.2) allows us to prove the converse of Lemma 3.15 for non-degenerate sys-
tems. Note that there is a natural mapping from the space C of Killing tensors into the

space C of trace-free conformal Killing tensors,
. 1
IC—>C, KinCijZK[j—;Kaagij.

This map is not surjective as not every conformal Killing tensor arises from a proper
Killing tensor. Its range consists of trace-free conformal Killing tensors whose w from (3.2)
is exact, w = dA, and thus

o 1
{C € C:2C% 4+ C k = Ay for some scalar A} — K, C— C——\g,
n

is surjective. It is not injective as we may add a constant multiple of the metric to any
Killing tensor. From (5.2) we infer that w is exact for trace-free conformal Killing tensors
that commute with t.

Corollary 5.3. If 7;; = 0 for a non-degenerate second order conformally superinte-
grable system, then the system is properly superintegrable.

Note that in the proof we do not take functional independence into account yet, but we
will account for it in Lemma 6.7. This lemma ensures the existence of sufficiently many
functionally independent conformal integals for almost any potential of a non-degenerate
system, which suffices here as we consider the space V™,

Proof. Let Cj; be a trace-free conformal Killing tensor of the conformally superinte-
grable system. We need to find a function A such that K;; = C;; + rll gijA 1s a proper
Killing tensor, i.e. it satisfies the Bertrand—Darboux condition (2.6).

We proceed in two steps. First we show that dw = 0. Then we prove that this leads
to a properly superintegrable system.

For the first step, take the coefficient of V in (5.5). For a non-degenerate system (5.2)

yields
Zda),-j = wj, j = Caj‘tia = Kaj‘l,',‘a
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and therefore w is exactif 7;; = 0,i.e.w = dA. Let K;; = Cjj + % gijA with this specific
function A. We conclude, using the trace-freeness of Cj;,

1
(d(KdV));; = 3 (Kia,jV*+Ki"V4;) =0, (5.7

due to the conformal Bertrand—Darboux condition (3.8). So K;; satisfies the proper
Bertrand—Darboux Eq. (2.6). This proves the claim. O

To allow for a concise notation, we introduce the shorthand

1 i 2
Pij™ = ¢ ( i ‘T'"./i 8" = —8ij (1" 8" — ka")> . (58

Consequently, we have (5.1) in the form
Kijk = Pijx" Kap.

Given T;jx, we can compute P;;;™". The following lemma shows that P; ;™" contains
all the information about 7;;, i.e. for abundant systems the secondary structure tensor is
redundant.

Lemma 5.4. In an abundant conformally superintegrable system, the tensor t;; is given

by
2 a a ab c cab
tij =\ Aij" o = Aljai + AT Pap”ej — AT Papije (5.9)
where
1
Aab:_ Tab_tab.
¢ = 5 [a]b] (T — 1))

Moreover,

(Aimn,_,- + Aiabpahjmn>o =0. (5.10)

Note that 7;; in (5.9) is symmetric and trace-free due to (5.10). Because of Eq. (5.9) the
superintegrable potential is completely determined by the primary structure tensor 7; jk,
and this observation can be interpreted as follows: Any conformally superintegrable sys-
tem corresponds to a properly superintegrable system [Cap14], for which the Wilczynski
Eq. (3.14) holds with 7;; = 0. Applying a conformal transformation, due to (3.19b) the
tensor 7;; can only contain information from the properly superintegrable system (and
the conformal factor). Indeed, this is the information appearing on the right hand side
of Eq. (5.9).

Proof of Lemma 5.4. Equation (5.2) yields the antisymmetric part of w; ;,

a),',j= ij‘L','m. 5.11)

On the other hand we obtain from (5.6), after one differentiation,

wij = (Aim",j + AiahPabjmn) Conn
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Resubstituting into (5.11),

(Aimn’j + AiabPabjmn _ Timgnj) Coun = 0.

Next, using the fact that there are “ 10D ] = e linearly independent, trace-free

and symmetric C;;, we conclude that the symmetrisation of the coefficients of C,,,, must
vanish independently,

(Af"m,f + A" Papjmn = fimgnj) =0. (5.12)

Contracting in (n, j) yields (5.9). Contracting (5.12) in (n, m) shows that (5.9) is the only
independent trace of (5.12). The trace-free part of (5.12) is (5.10), and this completes
the proof. O

Lemma 5.4 ensures that P;;;™" contains enough information to recompute the struc-
ture tensors 7;jx and ;.

Corollary 5.5. In an abundant system, the structure tensors can be recomputed from
P;j;™" defined in (5.8). We have

3

b

te = —= Papi®
n

3 —1
Sijk = ; (Pz]ak +—&ij Papi Y gszab] ) s

which yield T;ji, and (5.9), which yields 7;;.

Proof. This follows from Py = —% #;, and

3Sljk+ gl/tk+ n.

Together with Lemma 5.4 the claim follows. O

Pija” = gzktj~

5.2. Integrability conditions in an abundant system. A trace-free conformal Killing
tensor in an abundant conformally superintegrable system satisfies the prolongation
system (5.1). Due to the condition of abundantness, its integrability condition only
depends on g, T and VT'. We have already seen that non-degeneracy is the condition for
the generic integrability of V. Along a similar line, abundantness is then the condition
for the generic integrability of Kj;.

Proposition 5.6. For the trace-free conformal Killing tensor fields in an abundant (con-
formally) superintegrable system, the integrability condition of (5.1) reads

k

1
(P,'jkm”’l + P,'jkpq qu[mn) = 5 n Rm,'klgnj . (5.13)

Note that the integrability conditions (5.13) are not conformally invariant. This is entirely
analogous to (4.5), which are not invariant either. However, our further analysis is going
to show that we can distill invariant conditions out of (5.13) and, as we shall see, these
already imply (4.5).
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Proof. Writing
Cijk = Pij"" Cpun (5.14)

and taking the covariant derivative, yields
Cij,kl = Pijkmn,lcmn + Pijkmncmn,l~

After antisymmetrisation over (k, /) we can eliminate all derivatives of C by using the
Ricci identity

= ij,kl = R lklcm]

on the left hand side, and substituting (5.14) for C,,,; on the right hand side. We obtain

R ikl8 /Cmn = ( ljk 1+Pijkpqppqlmn>cmn. (5.15)

An abundant conformally superintegrable system has nlt) _ 1 = rmax linearly in-

dependent trace-free conformal Killing tensors C. Since this is exactly the number of
independent components of the trace-free symmetric tensor C,,,,, we can replace Cy,,
by a symmetrisation in m and n as the expression in parentheses in (5.15) is already
trace-freeinm and n. O

Lemma 5.7. For an abundant system, the curvature tensor R'; ik satisfies

0
l .J I l
Rijk=-—— (ij ¢+ Piaj? Ppgi “) . (5.16)

Proof. Contracting (5.13) in n and j immediately yields the result. O

Lemma 5.7 allows us to express the curvature in terms of the superintegrable structure
tensor. Alternatively we can also view it as a curvature obstruction to the structure
tensor. In any case, it enables us to (almost) eliminate the curvature from the integrability
conditions.

Lemma 5.8. An abundant conformally superintegrable system satisfies the curvature
independent equation

k Ji
(Pijkm",z + PP Ppgi n) j | [mn] I Piak™ 1+ P Ppai™) n J: 1
(5.17)

The proof is straightforward. By a tedious computation, the following corollary is con-
firmed.

Corollary 5.9. For an abundant system, (5.9), (5.16) and (5.17) imply (4.5).

Therefore, for abundant systems, the integrability conditions for the potential V, its trace-
free conformal Killing tensors C;; and their respective scalar parts W are equivalent
to (5.9), (5.10), (5.16) and (5.17).
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5.3. Non-linear prolongation equations for the structure tensor. We have found the
prolongation (4.1) for the potential and the prolongation (5.1) for the trace-free conformal
Killing tensors in a conformally superintegrable system. Now we show that these imply
a third, non-linear prolongation for the structure tensor T;j, which expresses covariant
derivatives of T;j; polynomially in terms of T;;; and the Ricci tensor R;;.

Proposition 5.10. For an abundant conformally superintegrable potential in dimension
n = 3, the primary structure tensor T;ji, decomposed according to (4.7) as

_ 1
Tijk = Sijk + <figjk - ;lgiﬂk> ,

satisfies the following non-linear prolongation:

_ 1 _
Viij = (m S5 Rij+ s S Sian + § i) + -0V (5.18a)
Vi = g5y R+ goriiey S Sabe — L52 0, (5.18b)
ViSijk = 75 [ 1] [K] O(Silasjka +3 Sijitk + Sijkti + (ﬁ ;% Skap — 3 Sjkalm> gil)
(5.18¢)

Remarkably, the system (5.18) is the same as the one found for properly superintegrable
systems in [KSV23], with the curvature term in (5.18a) replaced using (5.9). Here we
leave the curvature term, in order to not re-introduce 7;; into (5.18).

Proof of Proposition 5.10. The equations (5.18a) and (5.18b) are obtained from (5.16)
by contraction. Now, using (5.17), define

k
Eiji"™" = (n+1) (Pijkmn)l + Pijkpqppqlmn>
- (Piakma,l + Piakqupqlma) gnj7

which is pure trace.

mn 3 _
Its trace components are given by Ekmnl = E°% . kmnl» El/kl = E%;;”",, and Eunl =

2 3
Eija“,;, satisfying the relation 2(n — 2) ( 1(/121 — Elﬁ,fl) (n? —2n — 2) Elku This
yields the trace-free part of (5.18c). The trace part is obtained from E; ja . O
Notably, the system (5.18) is already conformally invariant, see Sect.6.4 for details.

Indeed, in (5.18a) and (5.18b) the terms involving 7 absorb the transformation behaviour
of R;; under (3.24).

5.4. The integrability conditions for abundant systems. In addition to the integrabil-
ity conditions for Killing tensors in abundant systems, we have two more equations,
namely (5.9) and (5.10). Note that only (5.9) involves the secondary structure tensor t;;,
as it allows us to express t;; in terms of the structure tensor 7; jk.

Lemma 5.11. (i) The non-linear prolongation (5.18) implies Eq. (5.10).
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(ii) For abundant systems in dimension n > 3, the equations of the non-linear prolon-
gation (5.18), together with

*

ik
Jjl!

Wik =

Sik*Sjia =0, (5.19)

o

are equivalent to the integrability condition (5.13).
(iii) With (5.18), Eq. (5.9) becomes

. o
3(n—2) (P,-,- -5 f,-j> = ((n —2)(Sijal +i1j) — Si“bsjab)o . (520

Proof. For the first part simply resubstitute (5.18) into (5.10). The proof of part (ii),
namely of Equation (5.19), is analogous to that of Theorem 5.9 in [KSV23]. Finally, for
part (iii), resubstitute (5.18) into Eq. (5.9). We obtain (5.20). O

As an immediate consequence of (5.18) and (5.19), we obtain the following obstruction
on the geometry underlying an abundant system.

Corollary 5.12. Abundant conformally superintegrable systems can only exist on con-
formally flat manifolds.

Proof. It follows immediately from (5.19) that an abundant conformally superintegrable
system can only exist on a Weyl flat manifold. Therefore, for dimension n > 4, they can
exist only on conformally flat manifolds. In dimension 2, any metric is conformally flat.
We are therefore left with the case n = 3. Using standard scale, i.e. = 0, Eq. (5.18¢)
yields that
ab 3 abc
SiSjab — == 8“7 Sabe &ij

is a Codazzi tensor. The claim then follows from the Weyl-Schouten Theorem. 0O

6. Equivalence Classes of Abundant Superintegrable Systems

So far, we have considered conformally superintegrable systems whose underlying ge-
ometry is a (pseudo-) Riemannian manifold. We now turn towards conformal equiva-
lence classes, i.e. towards c-superintegrable systems on conformal manifolds. For such
systems, S;jx is the conformally invariant structure tensor. According to (5.20), the
secondary structure tensor 7;; is determined by T;j; and the Ricci curvature. Table 2
contrasts the setting of properly and conformally superintegrable systems as opposed to
c-superintegrable systems.

6.1. Obstructions to the integrability of the non-linear prolongation. Consider the non-
linear prolongation (5.18) of PDEs for 7 and S;jx. We now investigate the integrability
conditions for this system. The prolongation Eq. (5.18) are non-linear in the components
of §;j and t;. Therefore the Ricci conditions,

Vi ViSijk = RiaimS® jk (6.1a)
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Table 2. Synopsis of the main objects in proper, conformal and c-superintegrability

Comparison of abundant second order systems: proper versus conformal versus
c-superintegrability

Type Proper superintegrability Conformal c-superintegrability
superintegrability

Geometry metric g;; Pseudo-Riem. metric g;; Pseudo-Riem. metric g;; Conformal

Constants of motion (Proper) integrals Conformal integrals

Primary structure Tijk = Sijk + ol_igjk Sijk = f",-jk

tensor

Secondary structure 7;=0 Given by (5.20) None (not conformally

tensor invariant)

ViVjti = Rigjit” (6.1b)

are necessary, but need not be sufficient for the integrability of (5.18). Sufficiency is
guaranteed if not only the Ricci condition, but also all of its differential consequences
are satisfied in a given point xo [Gol67]. We find that the integrability conditions, of
which a priori there can be infinitely many, reduce to a single algebraic equation of the
form (1.3).

Theorem 6.1. (i) If Eq. (5.19) holds, then the integrability conditions (6.1) of (5.18) are
satisfied.

(i1) Let M be a conformally flat, pseudo-Riemannian manifold of dimension n > 3 and
let xo € M be a point on this manifold. Then any solution V;j; = S;jx(xo) of (1.3)
together with the arbitrary initial values t (xo) and V1t (xo) can be extended, in a neigh-
borhood of x, to solutions S;j;(x) and t(x) of the non-linear prolongation (5.18).

Proof. (i) Since the integrability condition cannot depend on 7, we may w.l.0.g. perform a
conformal transformation such that the transformed system is in standard scale, f = 0.
As aresult, (5.18a) and (5.18b) determine the Ricci curvature tensor in this scale. We
shall comment on this after finishing the proof. First, let us investigate the integrability
condition for (5.18c), which by virtue of the aforementioned transformation has
turned into

ViSijk =15 |i]J k], ( Sit"Sika + =5 S Skan gi1>. (6.2)

Using (5.18a), (5.18b) and Weyl-flatness (5.19), we replace the Riemann curvature
in (6.1a) by a quadratic expression in S. Due to (5.19) in combination with the non-
linear prolongation (5.18) and (5.20), Eq. (6.1a) is equivalent to the conformally

invariant condition
J
(5 Sja ko) =0,
o

which is confirmed to be an algebraic consequence of (5.19) by way of contract-
ing (5.19) with S. We have therefore established (5.19) as the only first order inte-
grability condition of (5.18c). By an analogous computation we then confirm that all
Ricci identities of (5.18) are satisfied if (5.19) holds. As explained earlier, however,
the first order integrability conditions (6.1) need not be sufficient for the integrability
of (5.18). We now proceed to show their sufficiency.
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(i1) In order to find sufficient, pointwise integrability criteria, higher order integrability
conditions have to be taken into account. Concretely, all differential consequences
of (5.19) need to be satisfied in a fixed point x¢ in order to allow us to extend S; jx and
t such that the extensions satisfy (5.18) in a neighborhood of x(. Taking a covariant
derivative of (5.19) and replacing derivatives of S;;x by (6.2), we find an algebraic
condition on S;j¢. Using (5.19) again, it is verified that this second order condition
is an algebraic consequence of the first order one, i.e. (5.19). O

If instead of a pseudo-Riemannian manifold we consider a conformal manifold, we
obtain the following statement.

Corollary 6.2. Let (M, g) be a flat conformal manifold of dimension n > 3. A solution
of (1.3) can be extended to S; jk (x) in a neighborhood of a point xy € M, such that

for g = Q72g (where Q > 0 is a scalar function) the totally symmetric and trace-free
tensor field S;ji (x) satisfies (6.2).

Proof. Note that (1.3)is an invariant condition. The statement follows from statement (ii)
in the theorem, making use of the fact that there exists a flat conformal scale choice,
which removes the curvature from the non-linear prolongation system (5.18). If (1.3)
holds in xo € M for this case, the system is integrable in a neighborhood of x(. Note
that the specific scale choice is technical and irrelevant for the statement. 0O

Corollary 6.3. In dimension n = 3, (5.18) can be integrated for any S;j (xo).

Proof. Note that (5.19) has Weyl symmetry and thus vanishes trivially in dimension
n=3. 0O

6.2. The conformal factors between standard scale, proper scale and flat scale. In the
standard scale ¢ = 0, Equations (5.18a) and (5.18b) become algebraic conditions on the
curvature tensor. In contrast, if a flat scale exists, exactly the curvature terms disappear.
In an arbitrary scale choice we have the following formula for the curvature, in terms of
the conformally invariant tensor S;jx and the conformal scale function o

Proposition 6.4. The Ricci tensor satisfies

%.2.0_ 4( _1 n—=2
abc ij n ) Ao 2
= &ij S CSahc>+(n—2)( o n2)2 = 8ij
(6.3)

where 0 = exp(—%t_ ) is the conformal scaling from Definition 4.7.
Proof. Solve (5.18a) and (5.18b) for the Ricci tensor. O

On the right hand side of (6.3), the first term is invariant (up to a conformal factor), while
the second term vanishes in standard scale. In a flat scale, R;jx; = 0, and the left hand
side vanishes. The function ¢t = p arising from the primary structure tensor measures
‘how far’ the flat scale is from the standard scale. According to (4.12), the conformal
scale factor between the two scales is

W=

0 :=e 3P (6.4)

(note that we transform from the scale defined by A;; back to the standard scale with
metric g;;). From (6.3) we see that the flat conformal scales 6 are determined by S; .
The following lemma makes this explicit.
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Lemma 6.5. For any conformal class of abundant superintegrable systems there are
functions 6 > 0 satisfying

b
v (Sia Sjab)o
e TN 020
\ —2)Bn+2 \
ppl-3 = 1 =DONHD) ey g1 (6.5b)

T 36(n— D(n+2)

where V2 is the flat, trace-free Hessian and A the flat Laplace operator, and where S; i
is the conformal structure tensor in the flat scale.

Proof. Let the function 7 = p be the trace of the structure tensor after a conformal
transformation to a flat scale. Then a conformal transformation with T = — % takes us

back to the standard scale. Rewriting (5.18a) and (5.18b) in terms of 6, and decomposition
of the result into its trace-free and trace parts, confirms the claim. O

Solutions 6 are not unique. Indeed, a positive constant scalar multiple of 6 is again a
solution, and, in general, more solutions can exist. For instance, in Table 3 the systems
IIT and V are both in flat scale, and they are conformally equivalent, see [Cap14]. Two
different solutions 6 represent two different flat conformally superintegrable systems
within the same conformal class. They share the same T, jk = §; jk but the traces of
T;jx will be different unless the ¢ differ only by an additive constant. In order to under-
stand the space of solutions 6 better, let us study (6.5a) further, ignoring the additional
constraint (6.5b) for a moment. We find:

Lemma 6.6. Equation (6.52) has the linear prolongation

(S Sjap)o , 1

2 _ ..
Vi = S 0+ gij AB (6.62)

3n+2

t D= S Sea (66b)

(AD) = S St 6.

9(n —2)

where V? is the flat Hessian and A the flat Laplace operator, and where S; ik is the
conformal structure tensor in the flat scale. The integrability conditions for (6.6) are
equivalent to (5.19).

Proof. Equations (6.6) are obtained in formal analogy to (4.1), where formally 7 = 0.
Its integrability conditions are satisfied due to (5.19), as (6.6a) is a special case of (5.18a).
O

Equations (6.6) are a linear prolongation system for 6 whose coefficients are determined
by S;;j«. Its solutions 6 lie in an (at most) (n + 2)-dimensional linear space, determined
by the values of A@, VO and 6 in a fixed point. The additional constraint (6.5b) defines
a quadric in this space.

6.3. Classifying the conformal classes of conformally superintegrable systems. In the
previous section we have found algebraic integrability conditions whose form is the
same for any conformally superintegrable system within a class (in the next section
we reformulate them as equivariant conditions). As initial data we need to specify
W, = Sijk(xo). For a conformally flat geometry we may choose a flat metric, which
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facilitates determining a solution for S;;. In order to reconstruct an abundant confor-

mally superintegrable system from the initial data W;jx = S;jx(x0), we recall that an

abundant superintegrable system requires a conformally flat metric g = ¢ h where h

is the flat metric. Then we can use the following procedure.

(i) Let W;jx = Sijx(x0) be the initial data given in a point x(. Assume that W;; solves
the algebraic condition (1.3). The W;;x do not depend on ¢, and if W; j; are solutions
then so are kW;j for k # 0.

(ii) We extend the initial data W; to a solution in a neighborhood of xq such that the
non-linear prolongation (5.18) holds. This is possible by virtue of Corollary 6.2.
For a concrete computation we should choose some conformal scale, and the flat
scale is a reasonable choice. We then need to specify the initial data V p(xg) and
p(xp) in addition to W; j.

(iii) This yields 7;jx up to a conformal transformation. Integrating the Wllczynskl
Eq. (3.14) for V in the specific scale given by 7 = p, and computing v = ¢ ¥ V, we
find the conformally invariant potential as an (n + 2)-parameter family of densities
of weight —2. This is the space V™. The space C™** of conformal Killing tensors
is similarly obtained by integration of (5.1).

Since all integrability conditions are satisfied generically, we find at least % n(n+1) many
linearly independent conformal integrals. We address their functional independence
below in Lemma 6.7.

The procedure just outlined allows one to reconstruct an abundant c-superintegrable
system from the given initial data and the knowledge of the underlying conformal met-
ric up to the choice of the potential from V™. We recall Assumption 3.6, but remark
that with Lemma 6.7 below, we are able to restrict the space C™¥* in order to obtain
2n — 1 functionally independent conformal integrals. Let us reinterpret the aforesaid
in the light of classifying c-superintegrable systems. In [KSV23, Theorem 6.4] it is
shown that the classification space for irreducible non-degenerate superintegrable sys-
tems on a (pseudo-) Riemannian manifold M with analytic metric is a quasi-projective
subvariety Y C Go,—1(K(M)) in the Grassmannian of (2n — 1)-dimensional sub-
spaces in the space K (M) of Killing tensors on M. Since any c-superintegrable system
admits at least one system in proper scale, it follows that the classification space of ir-
reducible non-degenerate c-superintegrable systems with analytic metric is the quotient
U = U /Conf(M). For non-degenerate irreducible conformally superintegrable systems
on analytic metrics, the classification space is a fibre bundle over I{.

The following lemma was proven for properly superintegrable systems in reference
[KSV23]. We adapt it for conformal systems.

Lemma 6.7. Let C@ be 2n — 2 linearly independent, trace-free conformal Killing ten-
sors satisfying the integrability conditions (5.15) for (5.1), and (4.5) for (4.1). Then, in
the linear space V™™ of solutions V to Eq. (4.1), those V that give rise to functionally
dependent integrals are confined to an affine subspace of V with non-empty complement.

Proof. Suppose the integrals (3.4) were functionally dependent. Then there is a function
QO R2"=2 — R, non-zero in an open subset of its domain, such that

e(FV, .. FP=2y =9 (6.7)
This implies the infinitesimal condition

2n—2
> hdF® =0, (6.8)

a=1
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where
oF @ dF @
F@ (o) _
A) = aF(D‘)( ), dF'Y = ok X"+ 8pk dp
By a direct computation we find
oF @ @ i i gF @
_ J (@) (@) j
P Cl.j,kp PV, ot 2Cjk

Separating the components of (6.8) and substituting (3.7), we conclude

Z ) (C,, WP+ CPVT o v) =0 (6.92)
> hCiipl =o. (6.9b)
o

Invoking (5.1), we obtain

2 2 ‘
clp'p! =3 (T“sz(a) T“ij(“)) p'p’ — e (Tk“bCi‘Z) - ,acﬁ)) P pe.

Multiplying with A,y and summing over o, we find, using (6.9b) and the decomposi-
tion (4.7),

1 1 o
2 e Cip' v =3 (S”ijCIEZ) — 11y =~ Skl gu) o’
o

Substituting this back into (6.9a), invoking (3.2), and using again the decomposition (4.7),
we conclude
Capn*? =0, (6.10)

where we use the abbreviations
Cab = Z)\(Q)C:Z)
o
and

| . 3 1 (n+1)(n—-2)
kab ka b i b c b b
— T J t + -V - 4PV
n 8 < ijP P P Pc ) ( D(n+2) )

1
+= SKP (V= ppo).
n
Note that C(xg) # 0. Indeed, otherwise the Cﬁ) (x0) would be linearly dependent,

Zk<a>C§",§) (x0) =0, k@) = A@w(xo0).
o

Because of (5.1) the derivatives of C(E‘Z) are linearly dependent at xo, with the same
constants k(y). Iterated application of (5.1) to higher derivatives shows that the same

is true for all higher derivatives. It readily follows that Y, k()C® = 0 everywhere,
which contradicts the linear independence of the conformal Killing tensors C(®).
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Now, for xg € M, consider the mapping E : Tx%’3 M — Ty, M, given by contracting
with Cgp,

E(/") = Capn*”.
By virtue of Eq. (6.10), we conclude that for any potential V € V™

n* (xp) € ker 2.
Using the linearity of the kernel, we conclude further that

B gPya g % (Skab B EZ ill))((’;: g gkbta) VL) € ker E.
Choosing V (xg) = 0, we obtain that
Ck“Valxo) =0

for any choice of V ,(xp), contradicting that C(xp) # 0. O

Theorem 6.8. Abundant conformally superintegrable Hamiltonians with their (n + 2)-
parameter family of potentials, and identified under conformal transformations, are

classified by (1.3).

Proof. An abundant conformally superintegrable Hamiltonian with its (n+2)-dimensional
space V™ of all compatible potentials, can be recovered from S;; up to a conformal
transformation of superintegrable systems and every abundant system satisfies (1.3).

O

6.4. Invariant formulation of the non-linear prolongation equations. In this section we
express the non-linear prolongation equations (5.18) in a conformally invariant way.

Proposition 6.9. (i) Equation (5.18a) is equivalent to

o 1 b
fiijo = 50— (s,-a S,-a,,)o o, 6.11)

_1l7 N . . s
where o = e~ 3" andwhere H is the conformally invariant trace-free Hessian, defined

by
L 2
H;; = (Vij — P,'j) .
(i1) Equation (5.18b) is equivalent to

n 23n+2 n
Lo'~% = -5 :T sabeg o175 (6.12)

where L denotes the conformal Laplacian,
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(iii) Equation (5.18c¢) is equivalent to

- 1 —— 4
ViSik =3 i (s,-z“S,-ka — 8 SiS jab ) (6.13)

where V' is the conformally equivariant Weyl connection [Wey18] defined by

7 w+1 _ 1._ 1 -
Viajzviaj——3 t,-ozj—gtja,'+§t % 8ij » (6.14)
Sor aj of conformal weight w = —%, i.e.aj— QYa; under conformal transforma-

tions.
Proof. Parts (i) and (ii) are straightforward. For part (iii), apply (6.14) to S; jx,

- 1 . _ _ _
V,Siik = ViSijk — T8 n . (3 Sijite + Sijkti — 3 gul Sijal”> .

A direct computation indeed confirms that V' is invariant under conformal changes up
to multiplication by a factor: The replacement rules are g — Q% gand7 — 7 —31n ||,
as well as, respectively, S;jx — QZS,-jk oro; — Q%a; with w = —%. o

Two remarks are in place with regard to the above proposition. First, note that the
conformal weights required for the trace-free conformal Hessian and the conformal
Laplacian are different, leading to different powers of the conformal scale function.
The second remark concerns the conformal invariance of the operators. Note that, under
conformal transformations with rescale function €2, we have

o7 917%01_%

9
and the conformal invariance of . means
n n
LoQl"2 =qQ 2 ol,

which is consistent as $9°¢ S, — Q25%b¢S,,.. Note that in the standard scale, i.e. for
t = 0resp. o = 1, Eq. (6.12) is an expression for the scalar curvature in terms of Sy,
and (6.11) for the Schouten tensor.

Remark 6.10. To determine whether the non-linear system (5.18) is integrable, it is suf-
ficient to know the invariants in (6.11), (6.12) and (6.13) as well as those in (6.6), which
are constructed algebraically from S.

These invariants are

Aijki = | J1K] (Si“Sjka) + | i [J [ K] 1] (St Sjka)

~.

Bi = S“"Sa“ Shea .
Xij = Siaijah.
The last of these invariants has the following geometric interpretation. Due to (5.18a),

1 .

R — it
Bij 9 —2) ij
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where B;; denotes the Schouten curvature for the standard scale. Its trace satisfies

3n+2
L ———
Fa 18n—H(n+2)

The invariant By also has a geometric meaning. It is easy to show that

(Bn+2) B

b= 6.15
Fa 27(n —2)(n — 1) (©6.15)
and therefore By = 0 characterises the case when the standard scale system has constant

scalar curvature. Note that By and X¢, are not (differentially) independent.

6.5. Properly superintegrable systems on constant curvature manifolds. Inthe reference
[KSV23] abundant properly superintegrable systems are studied. These systems satisfy
7;j = 0 due to Lemma 3.15 and thus (5.20) becomes

o

[(n—z)(s,-jaf“ + i) —Si“ijab]o =3R;. (6.16)

For a metric of constant sectional curvature, the right hand side of (6.16) vanishes.
Moreover, [KSV23] shows that, for constant curvature, (6.16) and (5.18) imply that

S pe — (n — 1) (n +2) %7, = 9R. (6.17)
Theorem 6.11. Let g be of constant sectional curvature. If t;; = 0 and (6.17) hold, then

n+1

Ao™? =2 ; R o"*? (6.18)

_ 17 . ..
where o = e~ 3! as in Definition 4.7.

Proof. If (6.17) holds, then S*¢S,;. can be eliminated from Eq. (5.18b), yielding
6(n+1) n+2._ -

At = + ta.
n—1D(n+2) 3 ’

-
In terms of 0 = e~ 3, this rewrites as (6.18). O

For constant curvature spaces, Eq. (5.18b) thus becomes a Laplace eigenvalue problem,
and a power of the scale function o is an eigenfunction of A. For a flat manifold, (6.18)
merely implies that ”*? is harmonic. On the round sphere S* C R"*!, we have spherical

harmonics with the quantum number © = n + 1 satisfying
n+1
;L(;L+n—1):=2—1Rr =2nn+1), (6.19)
n—

where the second equality follows from R =
the sphere.

A close connection between the Helmholtz-Laplace equations and conformal super-
integrability has been found in [KMS 16, KKMP11]. Such links also appear in the present
paper, although in different context: Earlier we have seen that on conformally flat spaces

we find a scalar function 6!~ 2 satisfying the generalised Helmholtz Eq. (6.5b). Now we

2D with r > 0 denoting the radius of
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have found (6.12), which is a conformally invariant generalised Helmholtz equation. In
particular, in the case of proper superintegrability, the (n +2)-nd power of the conformal
scale function satisfies the generalised Helmholtz Eq. (6.18). It is a proper Helmholtz
equation in the case of constant scalar curvature.

We use Eq. (6.18) to study conformally equivalent properly superintegrable systems
further.

Proposition 6.12. Assume we are provided with an abundant second order properly
superintegrable system on the sphere with the round metric g, which is conformally
equivalent to a properly superintegrable system on flat space with the flat metric h =
Q~2g. Then the conformal factor o on the sphere has to satisfy

Q (AQ — ¢(dIn(c™?), dsz)) + 9(dQ,dQ) =0. (6.20)

Note that €2 is the conformal factor mediating between the standard and the spherical
scale, while o mediates between the spherical and the flat scale.

Proof. Due to (6.18), a properly superintegrable system on flat space must satisfy the
condition Aga (Q~ "D e*2) = 0. A direct computation using (6.18) then shows

Afat(Q™M D2y = (35 4 2) g2 Q10 [QAQ +Q9Q, — QQY (In a’“z),a} ,

taking into account that

dueto (3.24). O

The following example generalises a result shown in [KKMO06], which addresses the
specific case of dimension 3, see also [Cap14]. The proof presented here is a relatively
simple exercise, while with traditional methods the claim, if at all, cannot be obtained
for arbitrary dimension in a straightforward fashion.

Example 6.13. (Generic system on the n-sphere) Consider the generic system on the n-
sphere, with n > 3, introduced for dimension 3 in Example 4.14. In arbitrary dimension
we have the metric

g=> ( sinz(qsk_l)) ey,
m=1 \k=2

with angular coordinates ¢y, . .., ¢,. The superintegrable potential defining the generic
system is

V= ao + Xn: am + ap+1
cos2(dm) [ 11y sin®(gx—1) | TTi—; sin® (k)

m=1
For this system, o”*? satisfies the Laplace eigen-equation with quantum number n + 1,

Ac™? = —2n(n + 1)o™*?.



Algebraic Conditions for Conformal Superintegrability Page 47 of 53 92

Solutions of this equation span a vector space of dimension (n +2)* whose basis is given
by hyperspherical harmonics.
Concretely, for the generic system, we have

= l_[ cos(¢p) sin” ** 1 (),

k=1
which does not satisfy (6.20).
We have thus proven the following.

Proposition 6.14. The generic system on the n-sphere is not conformally equivalent to
a properly superintegrable system on flat space.

We remark that the generic system on the n-sphere can be transformed into a proper su-
perintegrable systems on flat space using Bocher transformations or orbit degenerations
[Capl4]. Opposed to conformal transformations, however, these are not equivalence
relations on conformally superintegrable systems.

Proposition 6.15. A non-degenerate properly superintegrable system on the n-sphere
cannot be conformally equivalent to the harmonic oscillator.

Proof. The harmonic oscillator has a vanishing structure tensor, 7;jx = 0. Therefore any
system conformally equivalent to the harmonic oscillator must satisfy S;;x = 0. Being
proper, due to (6.11), (6.12) and (6.18), the system on the sphere satisfies

o n +1
Ve =0, Ac'"i=0, Ac"?=-—2""_ S Ro" 20,
n —

where V2 and A are the trace-free Hessian and the Laplace-Beltrami operator on the
sphere of constant scalar curvature R 7 0. This system does not admit a solution. O

Definition 6.16. We say that a c-superintegrable system is basic if it contains a member
system that is an abundant properly superintegrable system on a manifold of constant
curvature.

In reference [KSV23], it is proven that the structure tensor of an abundant second order
properly superintegrable system on a constant curvature manifold of dimension n > 3
satisfies

2n+1)

Tijk = Ble+ gtk ((A )i+ WRB ) . (6.21)

where B is a scalar function, called its structure function. Obviously, the structure func-
tion is not unique, but according to [KSV23] it is determined up to addition of a solution

8B of
i|j[k] 8Bk =0, (6.22a)

2n+1)
d <A<SB tre R 53) =0. (6.22b)

n(n —

The next proposition allows one to extend structure functions to all basic c-superintegrable
systems.
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Proposition 6.17. Consider two manifolds of constant curvature and with properly su-
perintegrable systems that are conformally equivalent. Denote their metrics by g and
g = Q2 g. Assume the superintegrable systems with underlying metric g has the struc-
ture function B. Then the structure function B for the system of g can be chosen such
that

B=Q%B. (6.23)

Proof. On a manifold with Hamiltonian H = g% p; p j +V, we infer from [KSV23] the
following formula for B;jj in an abundant constant-curvature system,

2 1
Bijk = Tijk + % 8ijlk + 20=2) 8ijC.x

n—2 2(n+1)
AB+ —
n+2 nn—1)

4R
l]k_ ( 1]+ l)glj )k

up to an irrelevant constant. By virtue of (3.19), we know the transformation rules

where
C =

—(n—=2 (6.24)

and

Sijk = Sijk = QzSijk and t_,i = t_,l' - ?’Q_IQJ’
and therefore that of B, j,

Biji = Q* (Bjjk + trace terms) . (6.25)

Secondly, we also know by construction that Sjjx = _B.ijk, where on the
right hand side we recall that comma denotes the covariant derivative. An analogous

equation holds for S; jk with a function B.Now, let us denote by V and V the Levi-Civita
connections of g and g, respectively. Then, for the third derivatives,

NinB =@ VinB (6.26)

because of the invariance of S; . A straightforward computation verifies that B =Q%B
satisfies (6.26). We have therefore confirmed that f=7—3In|Qand B = Q2B yield
the correct structure tensors S‘i jk and t; for the conformally transformed manifold with

Hamiltonian H = 2 H. The claim follows since structure functions are unique up to
solutions of (6.22). O

In [KSV23] the structure function B is defined for abundant properly superintegrable
systems on constant curvature spaces only. We can now define it for any basic c-
superintegrable system.

Corollary 6.18. Abundant second order properly superintegrable systems on constant
curvature spaces in dimensionn > 3 are Stdckel equivalent if and only if their conformal
densities b € £[-2],

b = B det(g) ,

coincide up to a gauge transformation given by a solution of (6.22).



Algebraic Conditions for Conformal Superintegrability Page 49 of 53 92

7. Application to Dimension Three

In the present section, we apply our framework to the 3-dimensional case. Non-degenerate
second order conformally superintegrable systems in dimension 3 are classified in
[KKMO06,Capl14]. Also, it is known that all these systems are abundant [KKMOS5b].
In [KKMO6] it has been established that any non-degenerate second order conformally
superintegrable system is Stickel equivalent to a non-degenerate second order abun-
dant and proper system on a constant curvature geometry. We shall therefore restrict
to the study of abundant systems for constant curvature metrics. All non-degenerate 3-
dimensional systems are equivalent to these. Recall that in dimension 3, the non-linear
condition (5.19) is void. Consequently, no further restriction exists on the tensor Sjjy.
Hence any trace-free symmetric initial conditions W;jx = S;jx(xo) inapoint xo € M can
be integrated for a structure tensor S; jx of an abundant second order conformally super-
integrable system, c.f. Corollary 6.3. Therefore the set of conformal equivalence classes
of such systems is parametrised by the seven dimensional space of trace-free symmet-
ric 3-tensors W or, equivalently, harmonic ternary cubics W (p) = W;jx p' p/ p¥. This
parametrisation is equivariant with respect to the stabiliser subgroup of the point xg in
the conformal group, which is isomorphic to SO(3).

We comment that this agrees with the references [KKMP11,CK14,Capl4].
In [KKMP11] a 10-parameter classification space is mentioned, corresponding to a
10-dimensional representation of SO(3) in [Capl14,CK14]. This 10-dimensional rep-
resentation decomposes into two irreducible components of dimension 7 and 3, corre-
sponding to S;jx and t; in our framework. Note that the 3-dimensional component is
restricted in the references, which corresponds to imposing proper superintegrability
here. The 7-dimensional component is realised as the space of binary sextics and it is
shown that no restrictions exist on this component. The relation to our framework is
given by a known correspondence between harmonic ternary cubics and binary sextics
as follows.

The adjoint action of SL(2, C) on its Lie algebra sl(2, C) = C3 preserves the Killing
form. This defines a group morphism SL(2, C) — SO(3, C) with kernel {£1} and hence
an isomorphism SL(2, C)/Z, — SO(3, C). The standard action of SL(2, C) on C? in-
duces an SL(2, C)-action on S2C2 which descends to an SO(3, C)-action, because the
elements £1 act trivially. The latter induces an SO(3, C)-action on S 3 §2C? which de-
scends to S®C? under total symmetrisation $3S2C? — S°C?2. Together with the isomor-
phism S2C2 = C3, we obtain a morphism S$3C3 — SO°C2 of SO(3, C)-representations,
giving an SO(3, C)-equivariant morphism from the 10-dimensional space of ternary
cubics to the 7-dimensional space of binary sextics. Its restriction to the 7-dimensional
space of harmonic ternary cubics is non-trivial and hence an isomorphism by Schur’s
lemma. Explicitly, it is given by defining a sextic s from the cubic W (p) via

s(z, w) = W(z* — w?, 27w, 2% + w?). (7.1)

Note that the stabiliser subgroup contains only rotations. The action of translations is
not linear and more involved.

Table 3 lists the established normal forms for 3-dimensional non-degenerate systems
on flat space, see [KKMO06,Cap14]. The functions B and 7 are obtained as established in
[KSV23], and due to Proposition 6.17 and Eq. (4.10), we may compute the corresponding
functions for any 3-dimensional non-degenerate system conformally equivalent to one
of the systems in Table 3. If in Table 3, we take the quotient under conformal equivalence
for each example, then the systems IIT and V are identified (use e.g. Corollary 6.18) and
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we obtain a list of nine abundant c-superintegrable systems. Due to [Cap14] these are
all abundant c-superintegrable systems in dimension 3, up to one exception. Indeed,
from [KKMO05b, KKMO06,Cap14] it follows that there is one equivalence class of non-
degenerate 3-dimensional superintegrable system that does not admit a representative
properly superintegrable system on flat 3-space. This system is the generic system on
the 3-sphere from Example 4.14, see also Proposition 6.14. Its conformally equivariant
structure tensor S; jx is generated by the structure function (up to gauge freedom)

3
B=—3 Xk:s,f In(sy) -

Acknowledgement We would like to thank Rod Gover for discussions and insightful input from the viewpoint
of parabolic and conformal geometry, and for travel support via the Royal Society of New Zealand from
Marsden Grant 16-UOA-051. We are grateful towards Benjamin McMillan, Thomas Leistner and Paul-Andy
Nagy for helpful comments and discussions from the angle of conformal geometry and representation theory.
We thank Vladimir Matveev for comments on integrability, analyticity and projective geometry. We are
indepted to Joshua Capel for his insights into superintegrable systems in dimension 3 and the classification
of their Stickel classes. We also thank Jeremy Nugent for discussions. We thank the authors and contributors
of the computer algebra system cadabra2 [Pee06,Pee07], which we have used to find, prove and simplify
some of the most important results in this work, for providing, maintaining and extending their software and
distributing it under a free license. We acknowledge support from ARC Discovery Project grant DP190102360.
The project was funded by Deutsche Forschungsgemeinschaft (DFG, German Research Foundation), Project
number 353063958; AV also acknowledges support through the project PRIN 2017 “Real and Complex
Manifolds: Topology, Geometry and holomorphic dynamics”, and the MIUR grant “Dipartimenti di Eccellenza
2018-2022 (E11G18000350001)”.

Funding Open Access funding enabled and organized by CAUL and its Member Institutions.

Data Availability Data sharing not applicable to this article as no datasets were generated or analysed during
the current study.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third party material in this article are included in the
article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is
not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder.
To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

References

[Ber57] Bertrand, J.M.: Mémoire sur quelques-unes des forms les plus simples qui puissent présenter
les intégrales des équations différentielles du mouvement d’un point matériel. J. Math. Pure
Appl. II(2), 113-140 (1857)

[BKF95] Bolsinov, A.V., Kozlov, V.V., Fomenko, A.T.: The Maupertuis principle and geodesic flows on
the sphere arising from integrable cases in the dynamics of a rigid body. Russian Mathematical
Surveys 50(3), 473-501 (1995)

[BKMS&6] Boyer, C.P., Kalnins, E.G., Miller, W., Jr.: Stickel-equivalent Integrable Hamiltonian systems.
SIAM J. Math. Anal. 17(4), 778-797 (1986)

[BM12] Btaszak, M., Marciniak, K.: On Reciprocal Equivalence of Stdickel systems, Studies in Applied
Mathematics 129 (2012), no. 1, 26-50

[BM17] Btaszak, M., Marciniak, K.: Classical and Quantum Superintegrability of Stdckel Systems.
SIGMA 13, 008 (2017)

[Capl4] Capel, J.J.: Classification of second-order conformally-superintegrable systems, Ph.D. thesis,

School of Mathematics and Statistics, University of New South Wales, 6 (2014)


http://creativecommons.org/licenses/by/4.0/

92 Page 52 0f 53 J. Kress, K. Schobel, A. Vollmer

[CG14]
[CK14]
[CKP15]
[Dar01]
[dM50]
[DTGVLO5]
[FHOO]
[Ful97]
[GL19]
[Gol67]
[HGDR&4]

[Jac84]

[KKMO5a]

[KKMO5b]

[KKMO5c]

[KKMO6]

[KKMO7a]
[KKMO7b]
[KKM18]

[KKMPO09]

[KKMP11]

[KKMWO03]
[Kle00]

[KMPO09]

[KMS16]

[Kre07]

[KS18]

Curry, S., Gover, R.A.: An introduction to conformal geometry and tractor calculus, with a
view to applications in general relativity, arXiv:1412.7559 (2015)

Capel, J.J., Kress, J.M.: Invariant classification of second-order conformally flat superintegrable
systems. Journal of Physics A: Mathematical and Theoretical 47, 495202 (2014)

Capel, J.J., Kress, .M., Post, S.: Invariant classification and limits of maximally superintegrable
systems in 3D, SIGMA Symmetry Integrability Geom. Methods Appl. 11 (2015), 038, 17
Darboux, G.: Sur un probleme de méchanique. Archives Néerlandaises (ii) 6, 371-376 (1901)
de Maupertuis, Pierre Louis Moreau: Essai de Cosmologie (1750)

Gema, M.: Diaz-Toca, Laureano Gonzalez-Vega, and Henri Lombardi, Generalizing Cramer’s
rule: Solving uniformly linear systems of equations. SIAM Journal on Matrix Analysis and
Applications 27(3), 621-637 (2005)

Fulton, W., Harris, J.: Representation theory: A first course, springer study edition ed., Graduate
Texts in Mathematics, no. 129, Springer-Verlag, (2000)

Fulton, W.: Young tableaux: With applications to representation theory and geometry, London
Mathematical Society Student Texts, no. 35, Cambridge University Press, (1997)

Gover, R.A., Leistner, T.: Invariant prolongation of the Killing tensor equation, Ann. Mat. Pura
Appl. (4) 198 (2019), no. 1, 307-334

Goldschmidt, H.: Integrability criteria for systems of nonlinear partial differential equations. J.
Differential Geom. 1(3-4), 269-307 (1967)

Hietarinta, J., Grammaticos, B., Dorizzi, B., Ramani, A.: Coupling-constant metamorphosis
and duality between integrable Hamiltonian systems. Phys. Rev. Lett. 53, 1707-1710 (1984)
Jacobi, C.GJ.: C. G. J. Jacobi’s Vorlesungen iiber Dynamik. Gehalten an der Universitdit zu
Konigsberg im Wintersemester 1842-1843 und nach einem von C. W. Borchart ausgearbeiteten
Hefte. Hrsg. von A. Clebsch., Berlin, G. Reimer, 2. rev. Ausg., (1884)

Kalnins, E.G., Kress, J. M., Miller, W. Jr., Second order superintegrable systems in conformally
flat spaces. I1. The classical two-dimensional Stéiickel transform, J. Math. Phys. 46 (2005), no. 5,
053510, 15

Kalnins, E.G., Kress, J.M., Miller, W. Jr., Second order superintegrable systems in conformally
flat spaces. II1. Three-dimensional classical structure theory, J. Math. Phys. 46 (2005), no. 10,
103507, 28

Kalnins, E.G., Kress, J.M., Miller, W. Jr., Second-order superintegrable systems in conformally
flat spaces. 1. Two-dimensional classical structure theory, Journal of Mathematical Physics 46
(2005), 053509

Kalnins, E.G., Kress, J.M., Miller, W. Jr., Second order superintegrable systems in conformally
flat spaces. IV. The classical 3D Stdckel transform and 3D classification theory, Journal of
Mathematical Physics 47 (2006), 043514

Kalnins, E.G., Kress, J.M., Miller, W., Jr.: Nondegenerate 2D complex Euclidean superinte-
grable systems and algebraic varieties. J. Phys. A 40(13), 3399-3411 (2007)

Kalnins, E.G., Kress, .M., Miller, W. Jr., Nondegenerate three-dimensional complex Euclidean
superintegrable systems and algebraic varieties, J. Math. Phys. 48 (2007), no. 11, 113518, 26
Kalnins, E.G., Kress, J.M., Miller, W.: Separation of variables and superintegrability, 2053-
2563, IOP Publishing, (2018)

Kalnins, E.G., Kress, .M., Miller, W., Jr., Post, S.: Structure theory for second order 2D
superintegrable systems with 1-parameter potentials. SIGMA 5, 008 (2009)

Kalnins, E.G., Kress, J.M., Miller, W., Post, S.: Laplace-type equations as conformal superin-
tegrable systems, Advances in Applied Mathematics 46 (2011), no. 1, 396 — 416, Special issue
in honor of Dennis Stanton

Kalnins, E.G., Kress, J.M., Miller, W., Jr., Winternitz, P.: Superintegrable systems in Darboux
spaces. J. Math. Phys. 44(12), 5811-5848 (2003)

Klein, F.: A comparative review of recent researches in geometry. Bulletin of the New York
Mathematical Society 2(10), 215-249 (1900)

Kalnins, E.G., Miller, W., Post, S.: Coupling constant metamorphosis and Nth-order symmetries
in classical and quantum mechanics, Journal of Physics A: Mathematical and Theoretical 43
(2009), no. 3, 035202

Kalnins, E.G., Miller, W. Jr., Subag, E.: Bocher contractions of conformally superintegrable
Laplace equations, SIGMA Symmetry Integrability Geom. Methods Appl. 12 (2016), Paper
No. 038, 31

Kress, J.M.: Equivalence of superintegrable systems in two dimensions. Physics of Atomic
Nuclei 70(3), 560-566 (2007)

Kress, J., Schobel, K.: An algebraic geometric classification of superintegrable systems in the
Euclidean plane, Journal of Pure and Applied Algebra (2018)


http://arxiv.org/abs/1412.7559

Algebraic Conditions for Conformal Superintegrability Page 53 of 53 92

[KSV23]
[Kul69]
[Kul70]

[Lag88]
[Pee06]

[Pee07]
[Pos10]

[SBO8]

[SCO00]
[TsiO1]
[Vall6]
[VoI20]
[Wei77]

[Wey18]
[Wil07]

[Wil09]

[Wol98]

Kress, J., Schobel, K., Vollmer, A.: An Algebraic Geometric Foundation for a Classification of
Superintegrable Systems in Arbitrary Dimension, J. Geom. Anal. 33 (2023), no. 360
Kulkarni, R.S.: Curvature structures and conformal transformations. Bull. Amer. Math. Soc.
75, 91-94 (1969)

Kulkarni, R.S.: Curvature structures and conformal transformations. J. Differential Geometry
4, 425-451 (1970)

Lagrange, J.-L.: Mécanique analytique (1788)

Peeters, K.: A field-theory motivated approach to symbolic computer algebra, Computer Physics
Communications 176 (2006), no. 8, 550-558, arxiv:arXiv:cs/0608005 [cs.SC]

Peeters, K.: Introducing Cadabra: a symbolic computer algebra system for field theory prob-
lems, (2007), arXiv:hep-th/0701238

Post, S.: Coupling constant metamorphosis, the Stickel transform and superintegrability. AIP
Conference Proceedings 1323(1), 265-274 (2010)

Sergyeyev, A., Blaszak, M.: Generalized Stiickel transform and reciprocal transformations for
finite-dimensional integrable systems, Journal of Physics A: Mathematical and Theoretical 41
(2008), no. 10, 105205

Sharpe, R.W., Chern, S.S.: Differential geometry: Cartan’s generalization of Klein’s Erlangen
program. Graduate Texts in Mathematics, Springer, New York (2000)

Tsiganov, A.V.: The Maupertuis principle and canonical transformations of the extended phase
space. J. Nonlinear Math. Phys. 8(1), 157-182 (2001)

Valent, G.: Global structure and geodesics for Koenigs superintegrable systems. Regul. Chaotic
Dyn. 21(5), 477-509 (2016)

Vollmer, A.: Projectively equivalent 2-dimensional superintegrable systems with projective
symmetries, Journal of Physics A: Mathematical and Theoretical 53 (2020), no. 9, 095202
Weir, G.J.: Conformal Killing tensors in reducible spaces. Journal of Mathematical Physics
18(9), 17821787 (1977)

Weyl, H.: Reine Infinitesimalgeometrie, Mathematische Zeitschrift 2 (1918), 384-411 (ger)
Wilczynski, E.J.: Projective differential geometry of curved surfaces. I, Trans. Amer. Math.
Soc. 8 (1907), no. 2, 233-260

Wilczynski, E.J.: Projective differential geometry of curved surfaces. IV, Trans. Amer. Math.
Soc. 10 (1909), no. 2, 176-200

Wolf, T.: Structural equations for Killing tensors of arbitrary rank. Computer Physics Commu-
nications 115(2-3), 316-329 (1998)

Communicated by J.d-Gier


http://arxiv.org/abs/cs.SC/0608005
http://arxiv.org/abs/hep-th/0701238

	Algebraic Conditions for Conformal Superintegrability  in Arbitrary Dimension
	Abstract:
	1 Introduction
	2 Preliminaries
	3 Conformal Structure Tensors
	4 Conformally Superintegrable Potentials
	5 Conformal Killing Tensors in Conformally Superintegrable Systems
	6 Equivalence Classes of Abundant Superintegrable Systems
	7 Application to Dimension Three
	Acknowledgement
	References




