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Introduction

The general framework wherein this thesis fits, is the study of integrable
Hamiltonian systems. This subject started with a famous result of Liou-
ville - which says that a 2n-dimensional Hamiltonian system is completely
integrable if there are n first integrals in involution - and is still an active
area of research. A special role within this theory is played by systems
with a bi-Hamiltonian structure, i.e. systems which are Hamiltonian with
respect to two compatible Poisson structures. In such a case one can find
a set of first integrals which are in involution with respect to both Poisson
structures. There is, moreover, a link between bi-Hamiltonian systems (in
particular Poisson-Nijenhuis structures) and the theory of separability of
the Hamilton-Jacobi equation. More information about such topics can be
found in the first chapter of this work.

Consider a Riemannian manifold (@, g) and a type (1,1) tensor J on Q. A
well known way to construct a bi-Hamiltonian structure goes as follows. The
canonical symplectic structure w = dfl on the cotangent bundle determines
a first Poisson bracket. By means of the tensor J one can construct a second
2-form w; = d(J8) on T*(Q) with associated Poisson bracket. The tensor R
determined by

iR(E)w = ’L'gwl (1)
with £ an arbitrary vector field on 7@, is the complete lift of J to T*Q.
If the Nijenhuis torsion of J vanishes, then so will the Nijenhuis torsion of

R. In that case R is the recursion operator of a Poisson-Nijenhuis structure
determined by w and J.

One can easily investigate under what circumstances R will be invariant, i.e.
will be a recursion operator for generating symmetries of the kinetic energy
Hamiltonian system associated to g. But we will focus more on a special
situation of non-invariance of R which is related to a so called gauged bi-
differential calculus. To be precise, an interesting situation, studied in [8],
is the case that the tensor J satisfies equations of the form

Jijie = 3 (k0 + gineyj)
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where |k denotes the covariant derivative, a; = 9/ and f = trJ. Since it

oq*
then follows that

Jijik + Jikli + Jkilj = gijor + gjri + griyj,

J is conformal Killing and was therefore called a special conformal Killing
tensor in [9]. If J has also simple eigenvalues, it is called a Benenti tensor,
after S. Benenti who was the first to investigate such tensors.

This class of tensors has very interesting properties. First of all, it can be
calculated that the Nijenhuis torsion of a special conformal Killing tensor
automatically vanishes, giving rise to two compatible Poisson structures in
the way described before. Another important property is that the cofactor
tensor of a special conformal Killing tensor is always a Killing tensor. So it
defines a quadratic first integral. A set of first integrals in involution can
be found if we consider the coefficients of the different powers of s of the
cofactor tensor of the special conformal Killing tensor J + sI, where s is a
constant (see for example [10]).

Special conformal Killing tensors arise also in a number of other contexts.
One example is the theory of cofactor systems and cofactor pair systems.
This subject was studied by H. Lundmark ([30]) on an Euclidean space and
was extended by M. Crampin and W. Sarlet to the case of a general Rieman-
nian manifold ([9]). It is shown that a cofactor system can be interpreted
as a non-conservative Lagrangian system which admits a quasi-Hamiltonian
representation with respect to a Poisson bracket associated to a type (1,1)
tensor L, where L has to be a special conformal Killing tensor. A cofactor
pair system has a bi-quasi-Hamiltonian structure and is completely inte-
grable.

Another application can be found in the study of projectively or geodesically
equivalent Riemannian metrics, i.e. metrics which have the same geodesics
as point sets. The tensor L which then links the two metrics, again has
to be a special conformal Killing tensor. This topic can be related to a
quasi-bi-Hamiltonian system and will also lead to a set of first integrals in
involution (see for example [11]).

A principal aim of our research is to find a generalisation of the theory
of special conformal Killing tensors from a Riemannian manifold to a gen-
eral tangent bundle with a regular Lagrangian, in particular to a Finsler
manifold. Therefore, it is important to understand how the results of the
applications we have just mentioned and which are developed in a cotangent
bundle environment, can be obtained in a natural way by tangent bundle
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techniques. In a major part of the thesis, certainly so far as intrinsic and
coordinate free calculations are concerned, we make use of the calculus along
the tangent bundle projection, developed in [36] and [37]. But coordinate
calculations will be used where convenient.

In our investigation on a Finlser manifold, or more generally on a Lagrangian
manifold, it will be natural to assume that the tensor J we start from, is
velocity dependent. Technically this means that J will be a tensor field
along the tangent bundle projection. In the particular situation that we
consider a Lagrangian coming from a Finsler metric, it will be natural to
assume that J is homogeneous of degree zero in the velocities.

Although a number of results of the Riemannian situation are also valid
in the Finslerian case, there will be a lot of complications. By far, the
main problem in our attempt to come to generalisations has to do with the
Nijenhuis torsion of our generalised R-tensor. Also, Nijenhuis-type tensors
associated to what we will identify as of the generalised special conformal
Killing tensor will not automatically vanish.

The scheme of the thesis is as follows. In the first chapter we discuss the
general setting. First we recall briefly the theory of bi-Hamiltonian systems
which was discovered by F. Magri in 1978 while studying evolution equations
like the Korteweg-De Vries equation. In particular we consider the Poisson-
Nijenhuis structures and associated bi-differential calculus. Some important
results of the separability theory will also be recalled briefly in this chapter:
for example the definition of Stéckel separability and Eisenhart’s theorem
about the relationship between separability and Killing tensors.

Chapter 2 is devoted to the definition and properties of special conformal
Killing tensors. We discuss in some more detail the different situations where
such tensors arise.

The presentation of our own research results starts in chapter 3. First we
give a review of the calculus along the tangent bundle projection. This
gives us an elegant way to translate the results of the theory about Poisson-
Nijenhuis structures, as recalled in chapter 2, into a tangent bundle version.
We shall see that this different way of approaching the subject offers some
new insights. In fact, some results will be valid for arbitrary Lagrangians.
We will obtain an alternative intrinsic expression for a type (1,1) tensor
on a Riemannian manifold (@, g) to be a special conformal Killing tensor.
Namely, a symmetric type (1,1) tensor J is a special conformal Killing tensor
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if it satisfies

9(VJ(X),Y) = % [9(X, T)a(X) + (Y, T)a(Y)]

with X and Y arbitrary vector fields on Q, T = «° 8‘} and V the dynam-

ical covariant derivative associated to the Euler-Lagrange equations of the
kinetic energy defined by g.

Once we understand in detail how the tangent bundle approach works, we
can begin with the generalisation. In chapter 4, we start from a general
Lagrangian system and a type (1,1) tensor J which depends also on the
velocities. We use a relation of type (1) to define R-tensors in a more
general way and we find that the structure of such an R is characterised
by two type (1,1) tensors K and U along the tangent bundle projection.
Especially the tensor K will play an important role in this theory and it has
a lot of interesting properties. Invariance of R under the given Lagrangian
flow implies, for example, that K has to be symmetric and parallel and has
to commute with the Jacobi endomorphism. This topic is also related to the
theory of alternative Lagrangian systems and we will illustrate this theory
on some simple systems. In the same chapter we will also investigate the
requirements for the Nijenhuis torsion of R to vanish. As said before, this
investigation requires some hard and long calculations.

If we restrict ourselves to the case that we work on a Finsler manifold (see
chapter 5), the conditions for R to be invariant and for the Nijenhuis torsion
of R to be zero will simplify. Moreover, the same construction that led in
chapter 3 to the special conformal Killing condition, will bring us here to
one of the principal expressions in this thesis, namely:

9(VE(X),Y)) = 3 [9(X, T)a(Y) + g(¥, T)a(X)] (2)

where g is a Finsler metric and « is a semi-basic 1-form. Also in this case the
cofactor tensor of a tensor K which satisfies (2) determines a first integral.
In fact we can find a whole set of (non-quadratic) first integrals and we do
this via a different procedure than the one which relies on the cofactor tensor
of K 4 sI. It has as the advantage that K doesn’t have to be non-singular.

Expression (2) will reappear in chapter 6, where we investigate projective
equivalence of two Finsler metrics. In section 6.4, we start from a Finsler
manifold (@, g) and a non-singular symmetric type (1,1) tensor L along
the projection, homogeneous of degree 0. We define a type (0,2) tensor g
and investigate under which circumstances g is a Finsler metric projectively
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equivalent to g. The fact that g has to be a Hessian gives already a first con-
dition. The projective equivalence requires that L satisfies (2) with an extra
condition on «. This last condition, by the way, holds automatically in the
Riemannian case as a consequence of the vanishing of the Nijenhuis torsion.
So, in the subsequent section we investigate the influence of Nijenhuis-type
conditions on L on the extra requirement on .

Some parts of this thesis have already been published. The results of chap-
ter 3 have appeared in [44]. The generalised theory about the recursion
properties (see chapter 4 and chapter 5) can be found in [52].
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Chapter 1

Bi-Hamiltonian systems and separability

This first introductionary chapter is to explain the general context in which
this thesis is situated. We will give a historical overview of the bi-Hamiltonian
approach to Liouville integrability and discuss also separable systems. But
first we recall some definitions, mainly to fix notations and terminology.
Section 1.1 is based on the book [27] by Libermann and Marle.

1.1 Poisson manifolds

Let M be a smooth manifold of dimension m. C>(M) denotes the set of
smooth functions on M. X (M) and X*(M) are respectively the set of vector
fields and one forms on M.

Definition 1. A Poisson manifold M is a differentiable manifold equipped
with a Poisson structure. This means that there exists a bilinear map

C=(M) x C*(M) — C=(M)
(f,9) = {f,q}

called the Poisson bracket, that satisfies the following properties:

1. it is skew symmetric,

2. it satisfies the Jacobi identity,

{f g, h}} + {9, {n. f}} +{h,{f,9}} =0
3. it satisfies the Leibniz rule,
{f.gh} = g{f.h} +{f. g}h
forall f, g, h € C=(M).
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On every Poisson manifold M there exists a unique bivector field II such
that for every pair (f,g) of functions on M,

{f, 9} = 1L(df, dg).

This bivector field II is called the Poisson tensor associated to the bracket
{}. The Jacobi condition of the above definition is equivalent to saying that
the Schouten bracket of IT with itself vanishes: [IL, II] = 0.

The Poisson map P: X*(M) — X (M) is defined by
H(Oé,ﬁ) = ZP(oz)ﬁ for aaﬁ € X*(M)

Definition 2. k functions fr on a Poisson manifold M are said to be in
involution if they pairwise commute with respect to the Poisson bracket, i.e.

each pair of functions f;, f; satisfies {fi, fj} = 0.

A function h € C*°(M) which is in involution with each other function on
M is called a Casimir function. In terms of the Poisson map P, a Casimir
function is a function h such that P(dh) = 0.

Definition 3. Let (M,{}) be a Poisson manifold and f € C~(M). The
Hamiltonian vector field Xy associated with f, is the unique vector field on
M such that

Xy(g) ={f.9} = P(df)(g) VgeC*(M).

In the case that we have a symplectic manifold (M,w), we can define a
non-degenerate Poisson structure as follows:

{fvg} = W(vaXg)
where ix,w = —df.

Definition 4. Let (M,{}) be a Poisson manifold of dimension m = 2n. A
Hamiltonian system (M, { }, H) on this manifold is completely integrable (in
the Liouville-Arnol’d sense) if it admits n functionally independent integrals
of motion I; which are in involution: {I;,I;} =0

Liouville proved in 1855 that any integrable system can be solved by quadra-
tures [29].

To end this section, note that one can also consider infinite-dimensional
Poisson manifolds. The theory is similar except for some conversions:
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e we have to replace functions by functionals;

e the exterior derivative d has to be replaced by the variational derivative

%. % acts on any functional F(u) = [ f(u, Uy, Uz, ...)dz as follows

oF _of of o [ Of .
Su  du Dx(aux>+D <8um o

e The Poisson map P becomes in this case a differential operator P.

P defines a Poisson bracket
0F &
{F,G} = / —gda:

where F and G are functionals. A Hamiltonian system of evolution equations

takes then the form
up =P oK
t Su )’

In the next section we will use this formalism in an interesting well-known
example, namely the Korteweg De Vries equation.

1.2 Bi-Hamiltonian systems

The theory of bi-Hamiltonian systems originated in the study of evolution
equations, in particular in the study of the Korteweg De Vries equation.

The KdV equation

1
U = Z(umm — 6uuy). (1.1)

was derived in 1895 by Korteweg and De Vries and describes the famous
observation of a solitary water wave, made by John Scott Russel in 1834. In
1965 the KdV equation reappeared in the work of Kruskal and Zabusky.
They found that the solitary waves travelled ‘through’ each other with
no change of shape or speed. That’s why they introduced the term soli-
tons for the solutions of the KdV equation. Two years later, in 1967,
Gardner, Kruskal and Miura developed the Miura transformation and in-
verse scattering method and demonstrated the existence of an infinite num-
ber of conservation laws (i.e. expressions of the form divP which van-
ish for all solutions of the given system; P denotes a p-tuple of functions
(Py(z,u™), ..., Py(z,ul™))).
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The next breakthrough was in 1971, when Gardner and Faddeev and Za-
kharov showed the Hamiltonian structure of the KdV equation. Let us first
suppose that u is periodic in z: u(0,t) = u(27,t). Then equation (1.1) can
be written as follows

w = [-20,] [ {30 = uan)| =P |53 = )|

and the ‘1-form’ o = 1(3u? — ugy) is the variational derivative % of

Ko = % 0% (ud + %ui)dx The operator Py defines a map on functionals

T SF 66
F, = —Po—dzx.
{76} /0 ou’ Oou
which is IR-bilinear, skew symmetric and satisfies the Jacobi-identity and
the Leibniz rule. Therefore, { }¢ is said to be a Poisson bracket and we have
an infinite-dimensional Hamiltonian system:.

But this representation is not unique. In 1978 Magri [32] observed that the
KdV equation can also be written as

1 1 1
U = [—2D§’: + 2uDy + um] [—Qu} =Py [—Qu]
with —%u = 56% where K is given by K1 = — ffﬂ "%dm. The operator P;

defines a Poisson bracket too

™ SF _6G
= — P —dzx.
{#.Gh /0 5uP1 5u "

It turns out that this is compatible with { }o, in the sense that every linear
combination { }; —A{ }o is still a Poisson bracket. The Poisson map is given
by

1
PA =P —\Py = —§Df’; +2(u+ A\) Dy + .

For this reason the KdV equation is said to have a bi-Hamiltonian rep-
resentation. In [32] Magri showed also that the property of having two
Hamiltonian representations is not a specific feature of the KdV equations,
but a general property for integrable soliton equations. Gel’fand and Dorf-
man transferred these ideas to the field of finite-dimensional Hamiltonian
systems. By analogy, the definition of a finite-dimensional bi-Hamiltonian
system can be formulated as follows.
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Definition 5. A bi-Hamiltonian manifold is a Poisson manifold endowed
with a pair of compatible Poisson brackets { }o and { }1. They are compatible

if the pencil
{(P={h-2lo

1s also a Poisson bracket.

A vector field X that can be written as X = Pydf = Pydg (for 2 functions
f and g) is called a bi-Hamiltonian vector field .

Now we want to show how the bi-Hamiltonian point of view can be used
to find the infinite sequence of conservation laws. But first we recall some
terminology. Suppose that we have a conservation law of the form D,T +
D, X = 0where T and X are functions of x, ¢, u and the derivatives of u w.r.t
x and t. By integrating this we find 0 = fo27r D;Tdx + X|(2)7r = Dy 027T Tdz.
We call T a conserved density and the functional f027r Tdx is referred to as
a conserved quantity.

To find conservation laws of the KdV equation one can compute the Casimir
of { }*, in other words a functional H(\) such that P* (%H()\)) = 0. The
simplest way to do this is to use the Miura transformation v — h on the
class of periodic functions, implicitly given by

he +h? = u + 22 (1.2)

where A = 22 is a parameter. Then it can be shown that the Casimir

functional is given by
2
H(N) = 22/ h(w, Uy, Uggy ..., 2)d.
0
Now we express h as function of u and therefore we look at h in the form of

Laurent series h = z + Zl21 hiz~!. By equating the coefficients of different
powers of z in (1.2), we find

hi = %u

hy = —%ux

hs = é(um —u?)

hy = —%(umx — duuy)

1
hs = 3—2(umm — BUlgy — 5ui + 2u3)
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and so on. Notice that all even coefficients ho; are total z-derivatives
and therefore they vanish by integrating between 0 and 27. So, H(A) =

2
Hi = / udx
0

1 2T 1 27
Hs = / (g — u?)dz = —/ ulde = Ky
0 0

4 4
21
1 2 3
Hy = — (Ugzge — OUULy — DuZ + 2u”)dx
16 J,
1 21

= 16 ; (2u? + u?)dz = Ky

When we express that H is a Casimir of Py , we find that Py %Hl =0 and
that the coefficients H; satisfy Lenard’s recursion relations

) 1)
Po—Hiyro=P1—H, for k=1,3,5,..
ou ou

By repeatedly using this recursion relation, one can prove that the function-
als H; are all in involution with respect to { }o and { }; and are conserved
quantities. For example

{Hs,Ko}to = {H3, Hs}o = {H3, H3}1 =0

and the conservation law corresponding to Hgz is D, (—iu?’ + %uum — %ug)
+Dt(—%u2) =0.
Now we can write down the so called KdV hierarchy which is defined by

0 )
Dtju = 'Pl@Hj == ’PoaHjJJ
ie.

Uty = Uy

1
U, = Z(uxm — 6uug) (KdV equation)

1
Uy, = 1—6(%”” — 10Uy — 20Uz tpe + 30uu,)

Another way to find the KdV hierarchy and the conserved quantities, is to
use the so called recursion operator R = PP, - D?E —4du — 2u, D Lo,

*Remark that integral operator (D.)™' is only defined on functions F of the form
F = D.G.
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Namely put & = PO%ICl and define recursively &, = RE,_1 for n > 1.
Then the uy,,,, = &, form the KdV hierarchy (for example u;, = & is the
KdV equation) and for each n > 1, uy = &, = PO%HVLH =P %Hn is a
bi-Hamiltonian system and the Hamiltonian functionals H,, are conserved.

The KdV hierarchy is important for constructing solutions of the KdV equa-
tion, for example by means of the method of stationary flows. A stationary
flow is a time-independent solution of a partial differential equation of the
KdV hierarchy. Since the Hamiltonian functionals H; commute, the set of
singular points of each linear combination of the equations of the hierarchy
is a finite-dimensional invariant submanifold of the KdV flow. Therefore it
makes sense to look for a class of solutions of the KdV equation on a sub-
manifold defined by the stationary flow of an equation of the KdV hierarchy.
We consider for example the submanifold M5 of the 5th order jet manifold,
defined by

Upzrze — 10UUzee — 20Ugtipy + 30uu, = 0. (1.3)

M is five dimensional and we can use (u, Uy, Uy, Uzzr, Uzzrr) as coordinates.
So, on the one hand a solution u(x,t) has to satisfy equation (1.3). Using
the first equation of the KdV hierarchy this can be written as the following
system of ODEs

Dy (u) = ug;
Dy, (uz) = Uga;
Dy, (ua:a:) = Ugzzzx; (1.4)
Dy (Uzzz) = Uzzra;
Dy, (Ugzzz) = 10UUgzy + 20Uty — 30uu,.

In the same way the KdV equation leads to the system

Dy, (u) = Z(umm — 6uuy);
Diy(uz) = %(umrmr — Buttyy — 6u);
Dy, (ugy) = %(%umr + 2y — 30uuy); (1.5)
Diy(Ugzz) = %(Guzumm + dutpprs + 2u:2m — 60uu72£ — 30u2um);
Diyteaes) = 3 (100t + 100sttgre + 100012)

1
—1(100uuxum + 120uu, + 60u’)
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where we have used constraint (1.3) to eliminate the fifth order derivative.
In order to find now the corresponding solution of the KdV equation in z
and ¢, we first have to find a solution U(t1, f(t3)) of the first system (1.4)
with initial conditions f(¢3). Then we put this solution in system (1.5) and
solve it. To conclude we consider the first component u(¢1,t3) and set t; = z
and t3 = t.

What makes this procedure so interesting is that the equations (1.4) and
(1.5) have also a bi-Hamiltonian structure (see [34] where the above system
is written in function of the first five coefficients (h1, ..., hs)). So, the ODEs
can be solved by means of the method of separation of variables. This topic
will be discussed in section 1.3.

1.2.1 Recursion operators

In this subsection, we will elaborate briefly on the concept of recursion
operator. For more information we refer to the book of Olver [42].

Consider a fibred manifold (E, 7w, M). The coordinates z* on M denote the
independent variables. On E the coordinates will be labelled (2%, u®) where
the u® are the dependent variables. Let J*7 be the kth order jet manifold
of m with coordinates (z%, u®, ug, ..., ug: ;). The function 7k Tk — M is
called the source projection. There are canonical projections 7, : Jkr — Jlr,
defined for all £ > [. mo : Jkn — E is the target projection. For a
function f : J*r — R (called a differential function), we write flu] =
f(z,u,ui,...,uiy,. 3, ). A denotes the space of differential functions f[ul.
Further details about jet bundles can be found in [43].

Consider the following commutative diagram

wz’O(TE) — > TE

WZ,U(TE)l iTE
Tk G E
k lrr
M

A generalised vector field v is a section of the pull-back 7} ,(7g) and has
coordinate expression

N I d
v = ;g[u]axi +a§¢“[u]aua'
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Associated to v we can define an evolutionary vector field or vertical repre-

< )
vQ = Z Qa[u]@
a=1

sentative

with

Qa[u] Zf’ axl.

The g-tuple Qu] = (Q1[ul,...,Qq[u]) € A7 is referred to as the charac-
teristic of v. Olver defines a generalised vector field v to be a gener-

alised infinitesimal symmetry of a system of differential equations Afu] =
(A1[ul, ..., Aj[u]) = 0 if and only if

prv[A,] =0 v=1,..,1
for every solution u of A[u] = 0. Here prv refers to the (infinite) prolongation

of v given by
prV—ZE’a : +Zz¢aau

a=1 J

where ¢ = D j(¢o— ' Eu M) +>F 8qu Remark that v is a symmetry
of A if and only if v is. For example, v = —8% is an infinitesimal symmetry
of the KdV equation (prv = _8%)' The corresponding characteristic is
Q) = ug, so the evolutionary vector field is vg = Ua:a% which is also a
symmetry (prvg = uma% + um% + umta%t + umm% + ...

Now we can give the general definition of a recursion operator

Definition 6. A recursion operator for a system of differential equations A
is a linear operator R : A1 — A% with the property that whenever vq is a

symmetry, So is Vo with Q RQ.

So, the recursion operator gives a method for generating an infinite family
of symmetries from one given symmetry. Unfortunately, the deduction of
the form of the recursion operator (if it exists) requires guesswork, inspired
by already known symmetries. The following theorem gives an important
characterisation of recursion operators. In this theorem we need the Fréchet
derivative Da of a system of differential functions A. It is defined by

DA@ = 1| Al Q).

de e=0
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Theorem 1. If R: A? — A% is a linear operator such that
DAR = RDa (1.6)

for all solutions u to A, where R: A1 — A% is a linear differential operator,
then R is a recursion operator for the system.

Example: for the KdV equation,
R=D?—4u—2u,D;!

is a recursion operator. Indeed, it is easy to prove that R satisfies (1.6) with
R = R and the Fréchet derivative calculated as follows:

Da(Q)

% o |:(Ut + €DtQ) - i(ua::va: + ED‘;:Q) + g(u -+ 6@)(1,% + 5D33Q)

_ (th 1o+ dun,q+ Buq 36QD3:Q)

e=0

So, DA = Dy — %Dg—i— %qu+ %um Because of the integral operator D;l, we
have that if vg is a symmetry, the RQ will only be defined if @ = D, A for
some A € A. If we apply R to the symmetry —a%, we obtain Q2 = Ru, =

Upze — BUU,, which is equivalent to the characteristic u; of the symmetry
-2

Most of the well known integrable evolution equations do have a recursion
operator. In the case of a bi-Hamiltonian system u; = Py %ICO =P %Kh
one can often find a recursion operator by inverting one of the Poisson
operators R = PPy 1. 'We have seen, in the discussion of the KdV equation,
that there exists then a sequence of functionals H; which provide a collection
of conservation laws. In the case of the Toda lattice both Poisson operators
are degenerate and therefore the method fails.

To end this subsection, we want to remark that the term recursion opera-
tor is also used in the context of ordinary differential equations. Although
the purpose of recursion operators (mapping symmetries into symmetries)
may be similar, the theory for PDEs on the one hand and for systems of
ODEs on the other, have a different methodology. In the context of PDEs,
recursion operators map generalised symmetries into new symmetries pos-
sibly depending on higher-order derivatives. Therefore a recursion operator
will generally be a differential operator of non-zero order. But in the case
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of systems of second order ODEs, the recursion operators are tensors, that
is, differential operators of order zero. That’s because in this case one can
without loss of generality restrict one’s attention to symmetries which are
vector fields living on the tangent bundle whose flows leave the vector field
associated to the second order equations, invariant. The dependence on
derivatives of second or higher order can always be eliminated through the
given differential equations.

In what follows, we will discuss the term recursion operator in the context
of second order differential equations. There are mainly two situations in
which a type (1,1) tensor field R is generally referred to as having recursion
properties. A first one is the case that R is invariant under the flow of some
given dynamics. then R obviously has the property of mapping symme-
tries into symmetries. The other situation of interest is when the Nijenhuis
torsion of R

Nr(X,Y) = [RX,RY] — R[RX,Y] - R[X,RY] + R’[X,Y] X,Y € X(M)

vanishes. That will be the case, for example, when the manifold under
consideration has a Poisson structure and R is the recursion tensor which is
responsible for the generation of a bi-Hamiltonian structure, i.e. a Poisson-
Nijenhuis structure. This situation will be discussed in the next subsection.

1.2.2 Poisson-Nijenhuis structures
Definition 7. A Poisson-Nijenhuis manifold is a triple (M, Py, R) such that

e (M, Py) is a Poisson manifold;
e R is a type (1,1) tensor field on M that satisfies P)R = RP,' ;

e P, = RPy defines also a Poisson bracket which is compatible with the
one associated with Py.

So, in this case (M, Py, R) is a bi-Hamiltonian manifold and R is called the
recursion operator. Sometimes R is called the Nijenhuis operator because
the compatibility of Py and P; makes the Nijenhuis torsion of R zero.

As a consequence of the assumption that PR = RFy, g p, defined by
1R,y (0, X) = (Lpy(a) R)(X) — Po(Lx (Ra)) + Po(Lrx)a),

TThroughout this thesis we will make no notational distinction between the action of
a type (1,1) tensor field and its dual action on 1-forms.
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with o € A*(M) and X € X(M), is a type (1,2) tensor field (see [24]).
It is sometimes called the Magri-Morosi concomitant. The necessary and
sufficient conditions for P; = RP, to define a compatible Poisson bracket
are now:

e the Nijenhuis torsion Np is zero;

e the Magri-Morosi concomitant of R and Py vanishes.

Now we look at the special case that Py comes from a symplectic form
and briefly describe the results of [8]. So, suppose that we have a 2n-
dimensional symplectic manifold (M,w). The Poisson bracket associated
with w is denoted as { , }o and the corresponding Poisson map Py is of
course invertible. Assume now that we have a type (1,1) tensor R on M
satisfying w(R(.),.) = w(., R(.)). An interesting class of such tensors arise
from the construction of a second 2-form w; and the determining formula:

iR(g)w = igwl V¢ € X(M) (17)

They have automatically the required symmetry. We call such tensors R-
tensors. In that case we find an interesting equivalent way of expressing
that pg p, = 0, namely

1
dw; =0 where wi= iiRw (1.8)

Another equivalent condition is given by
iy, pW = —2ddrf for all functions f (1.9)

where dR = [iR,d] = iRd — diR.

It is useful to recall here some properties of the derivations i, and d,, in the
sense of the Frolicher-Nijenhuis theory. Firstly, we have for two arbitrary
vector-valued forms L and M of degree [ and m respectively, that the graded
commutator of d;, and dj; defines the Nijenhuis bracket of L and M:

L, dar) := drdy — (=1)"™dardr = dig (1.10)

and the relation with the Nijenhuis torsion of a type (1,1) tensor field W is
that
[W, W] =2Nw.
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Further, the general commutator of iy, and dys satisfies
[iL, dM] = irdy — (—1)(l_l)mdM’iL = diLM + (—1)m’i[L7M}. (1.11)

Applied to the special case that L and M are both a (1,1) tensor W, this
becomes

[iw, dw] = dW2 — i[W,W}- (1.12)

For an operator dy, also holds the following lemma.

Definition 8. The operator dyy, with W a type (1,1) tensor field, is char-
acterised by the following properties:

1. It is a derivation of degree 1, i.e dya is a (k + 1)-form and
dw(a A B) = (dwa) A B+ (=) a A (dwB)
if a is a k-form.
2. The graded commutator of dw and the exterior derivative d vanishes:

[dw, d] = dwd+ ddw = 0.

3. Its action on C>=(M) is given by:
dw f = W(df).

The necessary and sufficient condition for dys to satisfy d%/v = 0 is that
the Nijenhuis torsion of W must be zero. That is the case here for R and
therefore (d,dpr) defines a simple bi-differential calculus

Definition 9. A simple bi-differential calculus on A(M) is a pair (dy,ds)
of derivations of A(M) of degree 1 which both have the co-boundary property
dg =0 and [dl, dQ] = dido + dod; = 0.

The benefit of such a bi-differential calculus (dy, do) is that if x(©) € C=(M)
satisfies didax(?) = —dodi X9 = 0, we can inductively define a sequence of
functions (@ according to the rule:

dyx Y = dyx .

So, let now y(©) be a function satisfying ddpx(?) = 0, then we have
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Theorem 2. Suppose that (M,w) is a symplectic manifold and that R is
a type (1,1) tensor symmetric w.r.t w. If (A(M),d,dr) is a bi-differential
caleulus and ddrx© = 0, then the functions 9 defined by dxt1) = dpy®
are in involution w.r.t the Poisson brackets defined by Py (corresponding to
w) and RP,.

For future use, we recall here also the definition of the more general ‘gauged
bi-differential calculus’ given by Dimakis and Miiller-Hoissen (see [14]).

Definition 10. Suppose that we have a bi-differential calculus (A(M),d1, d2).
A gauged bi-differential calculus on A(M) is a pair of operators (D1, D2) of
the form D; = d;+ A; where the A; are m xm matrices of 1-forms, which act
on m x m matrices of forms by matriz-wedge multiplication. The D; further

have to satisfy the conditions: D? = 0 and [D1, D3] = D1Dg + DyD; = 0.

Actually, we will use a slightly different definition, namely where the opera-
tors D; act on m-component column vectors of forms in stead of on m x m
matrices.

Coming back now to the problem of complete integrability we can recall the
following theorem (see [49]).

Theorem 3. Consider a 2n-dimensional Poisson-Nijenhuis manifold
(M, Py, R). If R has exactly n functionally independent eigenvalues, then
the system is completely integrable.

If R has at every point of M n (double) distinct eigenvalues A; then (M, Py, R)
is called semisimple and has a neighbourhood where Darboux-Nijenhuis co-
ordinates can be found. These coordinates play an important role in the
study of separability of the Hamilton-Jacobi equation.

Definition 11. A set of local coordinates (z,y) on a 2n-dimensional Poisson-
Nijenhuis manifold is called a set of Darboux-Nijenhuis coordinates if they
satisfy the following two conditions:

e they are canonical w.r.t Py:
{zisyito = 0ij,  {wi, x50 = {vi, yjto = 0

e they put the recursion tensor R in diagonal form:

" ) G ,
= il == @da'+ —dy" ).
=2 <M® ey © y)
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Moreover, as a consequence of the vanishing of the Nijenhuis torsion of R,
the eigenvalues \; always satisfy

RdX\; = Mid);.

From this then follows that the \; only depend on the coordinates (z;,y;),
we say that R is separable in coordinates.

Assume now that R has n distinct eigenvalues A; which are functionally
independent. Then there exist n functions p; such that (\;, ;) are Darboux-
Nijenhuis coordinates.

1.3 Separability of the Hamilton-Jacobi equation

In this section we summarise a number of historical developments in the
area of ‘separation of variables’. The problem can be formulated as fol-
lows: suppose that we have a Hamiltonian system H of dimension 2n. The
Hamilton-Jacobi equation is given by

ow
H <q7 aq) = 1.

It is in general very difficult to solve but in certain cases one can do it using
separation of variables. This means that one tries to find a complete solution
that has the form

W(gq,a) = Z Wi(q', a).

If such a solution exists, we say that the Hamilton-Jacobi equation admits
a separated solution. H is then said to be separable and the Wi(q', ) can
in principle be determined by quadratures.

Suppose now that H is integrable, i.e. along with H = I; we have fur-
ther n — 1 functionally independent, pairwise commuting integrals of mo-
tion I, ..., I,. An integrable system (I, ..., I,) is separable if the Hamilton-
Jacobi equation associated with any Iy is separable. In that case we have
an equivalent definition (see for example [46]).

Definition 12. An integrable system (I, ...,I,) is separable in the coordi-
nates (q,p) if their exist n non-trivial relations

(¢, pi; I, ... I,) =0  i=1,..,n. (1.13)

Furthermore, if the coordinates ¢ are orthogonal with respect to a given
metric, the system is said to be orthogonally separable.
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1.3.1 Liouville systems

Liouville was the first to study separability of the Hamilton-Jacobi equation.
In 1849 [29] he proved that the complete integral of the so-called Liouwille
systems which are systems with a Hamiltonian of the form

H=T+V

where

i)2

_ ¢ . (q _ 1 < iy, 2
T = 22 @)~ 2 E ai(q")p;
=1 =1

1 <& ,
vV o= 2 Vi
C£1<m

c = ch(qz)

=1

can be determined by the method of separation of variables. The set of first
integrals is given by

1
H and Iiziaip?—kvi—ciH for i=1,...,n—1.

1.3.2 Stackel systems

The famous Stéckel theorem tells how separable systems look like in (or-
thogonal) coordinates for which the separation is possible.

Stackel’s first major contribution was to find all separable metrics for an
arbitrary two dimensional Riemannian manifold. They can all be written
locally in Liouville form ([41]). For dimension greater than 2, there are also
separable systems of an other form, for example the ones with Hamiltonians
of the form:

H=Y cq) Bpf +V@-(qi)} : (1.14)
i=1

Stéckel proved in 1891 (see [47]) the following theorem which connects the
separability of such systems with the existence of a matrix S, now called a
Stackel matriz.



1.3 Separability of the Hamilton-Jacobi equation 23

Theorem 4. A dynamical system with a Hamiltonian of the form (1.14) is
separable if and only if there exists an invertible n x n matriz S = (S;;) with
Sij function of ¢ alone such that

d aSk=0 k=1,.,n (1.15)

In that case a Hamiltonian system of the form (1.14) is called a Stdckel
(separable) system. Remark that from (1.15) follows that [cq,...,¢,] is the
first row of S™1 = (a;j).

The n independent constants of motion in involution for this system are
constructed as

Zaw[ P2+ Vilq )} ji=1..,n

where Iy = H.

Definition 13. Let (I1,...,I,,) be an integrable system. It is called Stéckel
separable if the relations (1.13) are affine, i.e. they have the following form:

N
Z Sl — U; =
=1

with S an invertible matriz.

1.3.3 Levi-Civita conditions

In 1904 Levi-Civita found a test for the separability of a Hamiltonian system
H(q,p).

Theorem 5. The Hamilton-Jacobi equation separates in the coordinates
(', pi) if and only if the Hamiltonian satisfies

OHOH 0*H OHOH 0*H  9HOH 0*H | 0HOH 0’H 0
Op; Op; 0q'dq1  dp; Og) Dq'dp;  Oq' dp; OpiOg? ~ D' Dg7 Op;dp;
(1.16)

i,7=1,...,n and i # j.(There is no summation over the indices !)
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Levi-Civita showed also that for a natural Hamiltonian, i.e. a Hamiltonian
of type T'+ V, to be separable, it is necessary that the kinetic part by itself
is separable. Once the separation variables have been detected, there are
simple criteria to see if the potential term is compatible with the separa-
tion. So, when H = 13> | g%(q)p? + V(q) (orthogonal coordinates), the
conditions (1.16) become

2 kk ii a.kk ii o kk
09 _9olmghog” Omg"dy (1.17)
g 0q? o¢t  O¢l d¢l  O¢

and g g
0V B alng”@l B Olng"ov

0qtoqi oqt  O¢’ d¢d gt

(1.18)

Levi-Civita’s theorem is a very important result but if suffers from a major
disadvantage, namely it doesn’t tell how to construct the separation coordi-
nates or if they even exist. The first theorem that gives an answer to that
problem is given by Eisenhart (see 1.3.4).

Another intrinsic way to write down the Levi-Civita conditions was found
by Magri and inspired Crampin [12] to state the following proposition: if the
Hamilton-Jacobi equation for h = % >, g%'p? is separable in coordinates (g'),
then for every symmetric type (1,1) tensor field J associated with the diag-
onal equivalence class of coordinates (q°),

n—1
ddsh =Y "o Nd5h (1.19)
r=0

with J the complete lift of J and () 1-forms. With ‘J associated to a
diagonal equivalence class of coordinates ((¢}) ~ (¢5) if ¢¢ = ¢i(¢3))’, we
mean that (a) J is diagonal w.r.t the coordinates of the class, (b) at each
point the eigenvalues of J are simple, (c¢) the Nijenhuis torsion of J vanishes.

Conversely, if there is a type (1,1) tensor field J which is symmetric w.r.t
g, has pointwise simple eigenvalues and vanishing Nijenhuis torsion and if
there exist 1-forms o!") such that J satisfies (1.19), then any coordinates
w.r.t which J is diagonal are orthogonal separation coordinates for h.

1.3.4 Eisenhart’s theorem

In 1934 Eisenhart investigated the existence of orthogonal separation vari-
ables on Riemannian manifolds [15]. His result is given in a coordinate free



1.3 Separability of the Hamilton-Jacobi equation 25

form by considering special families of Killing tensors of order 2. A Killing
tensor K of order 2 is a (0,2) type symmetric tensor such that Ky = 0.
For more information about Killing tensors see section 2.1.

Theorem 6. The geodesic Hamiltonian H = %szzl 9" (q)pip; can be
transformed into the Stackel form (and therefore is orthogonally separable)
if and only if the following conditions are satisfied:

1. there exist n linearly independent Killing tensors K,y form =1,.
with K1y = g;

2. the quadratic functions H(,) = ;3 Z” 1 K pzpj commute pairwise
with respect to the standard Poisson bmcket

3. each K,y (m > 1) has n functionally independent eigenfunctions )\E ))

and the n X n matriz whose rows are the eigenfunctions of K,
(m =1,...,n) is everywhere non-singular;

4. Ky are simultaneously diagonalisable and one can find a set of si-

multaneous eigenforms o'®) for them which are closed:

> <Kff;) — Amh g ) o =0 with do® = 0.
=1

The closed eigenforms determine an orthogonal coordinate system {a}
(when a®) = day,) with respect to which the tensors K (m) are diagonal. The
fact that K(,,) are simultaneously diagonalised in orthogonal coordinates is
equivalent with saying that there are n common normal eigenvectors. This
means that the orthogonal distribution of such an eigenvector is Frobenius
integrable.

The Levi-Civita conditions for orthogonal coordinates (1.17) are just the
integrability conditions for the tensors K(,,) to be Killing tensors.

In what follows, we call a set of tensors K|, satisfying the conditions of
Eisenhart’s theorem a Killing-Stdckel system (following Benenti [3]).

1.3.5 Benenti systems

In [2] Benenti simplified Eisenhart’s theorem by stating that any Stéckel
system can be represented by just one of its Killing tensors.
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Theorem 7. A geodesic Hamiltonian is separable in orthogonal coordi-
nates if and only if on the Riemann manifold there exists a Killing ten-
sor with pointwise simple real eigenvalues, normal eigenvectors (or closed
eigenforms). Such a tensor is called a characteristic Killing tensor.

For a natural Hamiltonian H = T'4+ V' the Hamilton-Jacobi equation admits
a separated solution in orthogonal coordinates if and only if there exists a
characteristic Killing tensor K and the potential satisfies

d(KdV) = 0.

Among all Stackel systems a particularly important subclass consists of those
constructed with the help of a so-called special conformal Killing tensor L.
In 1992 Benenti has obtained a simple recurrence procedure to construct a
family of Killing tensors obeying Eisenhart’s conditions, obtained from the
tensor L [1]. This kind of systems are now called Benenti systems. We will
discuss this in detail in the next chapter.

1.3.6 Separability for bi-Hamiltonian systems

Suppose that (M, Py, R) is a 2n-dimensional semisimple Poisson-Nijenhuis
manifold with eigenvalues Ay, ..., A\, as defined in paragraph 1.2.2 . Let
(I1,...1,) be a set of functionally independent functions. Then the following
statements are equivalent

1. (Iy,...,I,) is separable in Darboux-Nijenhuis coordinates.

2. The functions I; are in involution with respect to both Poisson brack-
ets: {IZ',IJ'}O =0= {Iialj}l-

3. There exists a simple matrix F' such that
n
RdI; =) FydI, (1.20)
j=1

or the subspace spanned by (dIi,...dI,) is invariant w.r.t R.

The matrix F' is called the control matriz and its eigenvalues are the same
as those of R. If we look at the stronger condition of Stéckel separability,
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we find that (Iy,...,I,,) are Stéckel separable if and only if in addition to
condition (1.20), the control matrix F' satisfies

n
RdFy; =Y FydFy;.
j=1
The relation between F and the Stackel matrix S is given by
n
Fij =Y Sy AkSij.
k=1

Proofs of these statements can be found in [17].
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Chapter 2

Special conformal Killing tensors

2.1 Killing tensors

We consider a pseudo-Riemannian manifold (@, ¢g) of dimension n. { } is the
standard Poisson bracket on the cotangent bundle 7% () with Poisson bivector
II = 8%1 /\ 8.(?1i. The function H = %gijp,;pji is the geodesic Hamiltonian. If
W = (W?"7) is a contravariant symmetric tensor on ), then we denote by
P(W) the polynomial function on T*Q defined by

P(W) = Wi"'jpi...pj.

Definition 14. A wvector field X = Xka%k on @ is a Killing vector if

Lxg=0
or equivalently
{P(X),H} =0.
In coordinates this means that
Xijj +X;i =0

where X; = ¢, X"*. This concept can be generalised to Killing tensors as
follows:

Definition 15. A Killing tensor of rank 2 is a symmetric type (2,0) tensor
K on Q satisfying
{P(K),H} =0. (2.1)

*Here and in the rest of the thesis, the Einstein summation convention is used, unless
otherwise said.
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So, P(K) is a first integral of H. When we include also a potential term,
i.e. we consider the natural Hamiltonian %g”pipj + V(q) then K"7p;p; is a
first integral if and only if K is a Killing tensor and

1V

Saqszo or KdV =0.

In coordinates condition (2.1) is given by

Kijiey =0
where the brackets denote the cyclic sum over the indices ¢, 7 and k. The
type (0,2) tensor gikKklglj = K;; is also called a Killing tensor. In 1896

Levi-Civita introduced a special kind of Killing tensors, called A-tensors
(see Benenti [3]), defined by

1
Aijie = mndij — 5(#3’14;“‘ + p;Ap;)  for some p. (2.2)

These tensors will be important in relation to special conformal Killing ten-
sors (see section 2.3).

2.2 Conformal Killing tensors

Definition 16. A symmetric type (2,0) tensor K = (K%) on a Riemannian
manifold Q) is a conformal Killing tensor if

{P(K),H} =—-2P(A)H

for some vector field A on Q.

An equivalent definition is
Kijiey = ok 93j)

where « is a 1-form given by g(A, X) = —a(X) for every vector field X on
Q. If @« = 0 then K is a Killing tensor. A conformal Killing tensor is said to
be of gradient type if o = df or of trace type if o = d(trK). The trace trK
is defined as tr(KJ’:) and det K := det(K;).
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2.3 Special conformal Killing tensors

The special conformal Killing tensors which we will discuss in this section
are also conformal Killing tensors. The name was introduced by Crampin,
Sarlet and Thompson [8, 9, 10] but tensors of this type were already used in
1992 by Benenti in the case that they have pointwise real simple eigenvalues
[1]. In that case they are now often called Benenti tensors . On Euclidean
space they were studied by Benenti (also in [1]) and Lundmark [30] and were
then also called, respectively, ‘planar inertia tensors’ and ‘elliptic coordinates
matrices’.

Definition 17. A symmetric type (0,2) tensor L on a Riemann manifold
Q such that

1
Liji = §(az‘9jk + a;gik)- (2.3)

for some «, is called a special conformal Killing tensor (SCK tensor).

Note that any Riemannian manifold (Q, g) admits a trivial special conformal
Killing tensor, namely the metric g. The equivalent condition for the (1,1)
form of the tensor L is

) 1 . )
Ly, = 5 (a0 + ' gjn)-

Contracting 7 and j, one sees that & = d(trL). Another way to write (2.3)
is
otrL .
P(L),H} = —2P ( =g | H
(P 1) = 20 (54
So, L is a conformal Killing tensor of trace type. A special conformal Killing

tensor has a lot of interesting properties (for the proofs we refer for example
o [11]). The most significant one is about its Nijenhuis torsion.

Proposition 1. If L is a special conformal Killing tensor, then its Nijenhuis
tensor N, vanishes.

For the converse we have (see theorem 19.3 in [3]):

Proposition 2. A torsionless conformal Killing tensor of trace type is a
special conformal Killing tensor.

The fact that N; = 0 has some important consequences. We can use for
example the following interesting property for a general torsionless tensor:
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Lemma 1. For any torsionless type (1,1) tensor S :

Sd(det S) = (det S)d(trS). (2.4)

IfL= (L;) is a non-singular special conformal Killing tensor, we can con-
sider its cofactor tensor A defined as A = L~!det L and then it can be
proven, using lemma 1, that

Proposition 3. If L is a non-singular special conformal Killing tensor, then
its cofactor A is a Killing tensor.

Moreover, the cofactor A is a A-tensor (see (2.2)) with u; = (L_l)zaj =
0; log | det L.

We shall often consider special conformal Killing tensors L with n function-
ally independent eigenvalues A*. Then {\'} can be taken as local coordinates.
Because the Nijenhuis tensor of L vanishes, L takes the form:

- 0
_ 7 i
L= Z N ®dA
=1
with respect to them. L is symmetric, so the coordinates are orthogonal i.e.
gij = 0 for i # j. That this is a natural assumption follows for example
from:

Proposition 4. A conformal Killing tensor with functionally independent
eigenfunctions whose Nijenhuis torsion vanishes is a special conformal Killing
tensor.

2.4 SCK tensors and separability

As said before, in subsection 1.2.5, special conformal Killing tensors play an
important role in the study of separability:

Theorem 8. If a Riemannian metric g admits a special conformal Killing
tensor with pointwise simple eigenvalues, then the Hamilton-Jacobi equation
for geodesics is separable. Moreover if the eigenfunctions are functionally
independent they are orthogonal separation coordinates.

For a proof see [10]. Now we will show how a special conformal Killing tensor
determines a Killing-Stéckel system (see subsection 1.3.4). But remember
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that not every Killing-Stéckel system is generated by a special conformal
Killing tensor.

When the Riemannian metric g admits a special conformal Killing tensor
L with (real) simple eigenvalues , then the tensor K = (trL)g — L is a
characteristic Killing tensor (see theorem 7) and

Theorem 9. [3] The set of tensors { K} = {K1), ..., K(n)} defined by

K(l) =g, K(m+1) = Etr(K(m)L)g - K(m)L (25)
1s a Killing-Stdckel system if and only if L is a special conformal Killing
tensor with simple eigenvectors.

Remark that K = K(3). An equivalent definition of the sequence (2.5) is
given by

K(m+1) = (—l)mpmg - K(m)L with K(l) =g
with p,, the coefficients of the characteristic polynomial of L, det(A\ — L) =

A+ A"+ pa1 A+ pr (see[4]). When we know the eigenvalues A
of L, we can also write

K(m+1) =0mg — K(m)L with K(l) =g

where o,, is the elementary symmetric polynomial of order m of the eigen-
values A\’. The fact that this last formula requires the knowledge of the
eigenvalues, makes it less effective. There is also a relation between the
sequence of Killing tensors (2.5) and the cofactor tensor of L + kI (see the
end of section 2.5).

Special conformal Killing tensors arise also in other contexts. That will be
the content of the next sections of this chapter.

2.5 SCK tensors and cofactor systems

Cofactor systems were introduced in Euclidean space by Lundmark [30] and
were generalised to Riemannian manifolds (@, g) by Crampin and Sarlet [9]
(see also [31]).

Suppose that we have a non-conservative Lagrangian system with Lagrangian
£. This is described by the second order differential equation field I' on T'Q)

that satisfies Y Y
T <8u1> - =-M; (2.6)
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where the non-conservative forces M; are the components of a semi-basic
I-form pu = M;(q,u)dq’. Here, we consider the particular case that u is a
1-form on @ (in other words the M; do not depend on the velocities) and ¢
is a pure kinetic energy function £ = % gij(qQ)utul.

Consider now a non-singular special conformal Killing tensor L. This may
be used to define two differential operators. In the first place we can form dj,
(see definition 8). Because the Nijenhuis torsion Ny, vanishes, the operator
dy, satisfies d2 = 0 and therefore (d,dy) is a simple bi-differential calculus
(see definition 9). Since L is non-singular, dy, satisfies also a Poincaré lemma,
namely dz,0 = 0 for a k-form 6 if and only if there exists locally a (k—1)-form
¢ such that 6 = dj,¢.

Definition 18. Let L be a non-singular special conformal Killing tensor.
The operator Dy, is defined as follows:

D0 = (det L)~ d((det L)) 2 d0+and for all forms 6 on Q

where « s the 1-form associated with L.

Remark that Dy is not a derivation. It satisfies D% = 0 and has the property:
‘Dy-closed’ is equivalent to ‘locally Dy-exact’. (d, Dr) is then a gauged bi-
differential calculus (see definition 10) with m = 1.

Now we are ready to define the so-called cofactor systems.

Definition 19. A non-conservative system I' on T'Q, generated by a couple
(g, 1) is said to be a cofactor system, if g admits a non-singular special
conformal Killing tensor L and p satisfies Dy = 0.

In [3], another (locally) equivalent characterisation of a cofactor system is
given, namely the non-conservative force p has to satisfy

1= (cof L) tgradV = (det L)"'d,V = Dp((det L)~'V)

for some function V', where L is a special conformal Killing tensor.

Cofactor systems can be interpreted in a natural way as non-conservative
systems admitting a quasi-Hamiltonian representation. The following re-
sult was found by Crampin and Sarlet [9]: suppose that we have a non-
conservative system I' defined by (g, ) and type (1,1) tensor L with N = 0.
L defines a Poisson structure P, = EoPo where L is the complete lift of L to
T*@Q and P, is the standard Poisson map on T*(@). The given system satisfies
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FT = Pp(dH) for some function F and a function H = 2 A%p;p; + V(q) if
(a) L is a special conformal Killing tensor, (b) F' = kdet L (one can set
F = det L without loss of generality), (¢) A is the cofactor tensor of L and
(d) p = Dr((det L)~1V). This result can be summarised as follows:

Theorem 10. A non-conservative system I' on TQ determined by (g, u)
on @ has a quasi-Hamiltonian representation FT = Pr(dH) where T s
the Legendre transform of T', L is a type (1,1) tensor field on Q and H is
a function on T*Q quadratic in momenta, if and only if it is a cofactor
system.

Remark that the force p is uniquely determined by H which is a quadratic
first integral of cofactor type. This explains the term ‘cofactor system’.

In [9] it is further shown that T can also be represented as the restriction to
z = 0 of a Hamiltonian vector field on 7*@Q x IR. Namely, one can construct
a Poisson bivector II;, on T*@Q x R

__ ~ b D

I, =1+ (I —z2a") A g where « = d(trL)

z

and then T' + 2V = —P,(dz) and H + zdet L is a Casimir of II,. (For the
general theorem about the construction of a Hamiltonian vector field on the
extended space starting from an arbitrary quasi-Hamiltonian vector field see

[9].)
The situation becomes however more interesting when we have a system
that is of cofactor type in two ways, a cofactor pair system.

Definition 20. A cofactor pair system is a non-conservative system I' de-
fined by (g, n) where p satisfies Dpy = Dy = 0 for two non-singular special
conformal Killing tensors L and K.

It is not surprising that such a system will have a double quasi-Hamiltonian
representation, called bi-quasi-Hamiltonian structure and that it admits two
independent integrals of motion of cofactor pair type. But there is more: a
cofactor pair system is completely integrable.

L + kK (with k a constant) is also a special conformal Killing tensor and
further we have that Dpirxpu = Dpp + kDgp = 0. So, from theorem 10
follows that

~ 1 ..
det(L + EK)T" = PLMK(iAg ek PiPi T Viykr)
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where Ak is the cofactor tensor of L + kK and Viirx is a solution of
Dy (det(L 4+ kK) 'V yrk) = p.

Just as before, we have then also that

1 .
C= §A1Lj+kaipj + Viirx + zdet(L + kK)

is a Casimir of the Poisson structure
0

ﬁ:HL+k:HK+(f—z(aV+kﬂ"))/\%

on T*Q x R, where a = d(trL) and § = d(trK). Now if we set

Ay = Y Ak

m=1

and

Vigrs = Y Vi) k™!
m=1

and exploit the fact that C' is a Casimir, we find

Theorem 11. A cofactor pair system admits n integrals of motion
1 o
Ly = 5 Am)iv' v + Vi) (@)

which are in involution with respect to the Poisson brackets associated to Pr,
and Pk

To end this section, it is interesting to show the link between these results
and the separability theory: if we put K = I and if L has n functionally
independent eigenfunctions A, we can generate a Killing-Stiickel system (see
subsection 1.3.4 and section 2.4). Indeed, we know that the A, defined
by cof(L + kI) = Apqpr = Yoy Aum)k™ ! are Killing tensors. Because
the eigenfunctions of L + kI are X' + k, the eigenfunctions of Ar,; are
H#i(}\j + k) = >0 ol k™1 with o?, the symmetric polynomial of
order m of (n — 1) variables M (j # i). So, the eigenfunctions of Am)
are the o} _,, which are functionally independent. From this follows also
that the A, are functionally independent. Moreover, Ay yxr has the same
eigenforms as L, in other words the d\" are simultaneously closed eigenforms
for the A,,). The condition that the H,,) = %Azjm \PiDj commute pairwise
is also satisfied (see theorem 11). So, the tensors A, satisfy the Eisenhart
conditions. In fact it can be shown that Apipr = > K" ™ =

Sy K(n_m+1)km_1 where K, is defined by (2.5), i.e. Ay = K(p—m1)-
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2.6 SCK tensors and projective equivalence

Special conformal Killing tensors have another important application in the
projective equivalence problem.

Suppose that we have a Riemannian manifold (@, g).

Definition 21. A (pseudo) Riemannian metric g is projectively (or geodesi-
cally) equivalent with g if every geodesic of g, considered as an unparame-
terised curve, is a geodesic of g.

The study of metrics with the same geodesics is very classical. It already
started in the 19th century with Beltrami, Dini and Levi-Civita. The first
author found the following interesting criterion for projective equivalence of
two Riemann metrics:

- O _ O _ ON _
Jijlk = 2%9@‘ + 0 ik + 7 ik for some A

(for a more general description of the projective equivalence problem see
chapter 4). In [5] it was proven that the projective equivalence of Rie-
mannian metrics can be characterised by special conformal Killing tensors.
Namely the projective equivalence of g and g implies that the (1,1) tensor

L, implicitly defined by
L det § 1/n+1 .
5= \detg) %

(lowering indices w.r.t g) is a special conformal Killing tensor. Conversely,
if L is an invertible special conformal Killing tensor, it is known that g and
g defined by

gij = (det L)' L ! (2.7)

are projectively equivalent. Note that in this case

oA 19logp

det g\ /71
out 2 ¢ '

ith =detL =

Starting from the geodesic equivalence of two Riemannian metrics, one can
construct pairwise commuting integrals (see [39]).
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Theorem 12. Let g and g be projectively equivalent. Denote by G the linear
operator with Gé- = gikﬁkj = (det L)"'L=. Consider the characteristic
polynomial

det(G —tI) = cot" + c1t" 1 4 ... + cp.

Then the functions I, = (ST, T) k=0,...,n — 1 where
k
Sk _ Mk+2 Z Cin_H—l
i=0

are integrals for the geodesic flow of the metric g and commute pairwise.

The first integral Iy = p?g(T, T) = (det L)g(T, L~'T) was already known to
Painlevé (1897). An alternative way to derive first integrals is presented by
Crampin in [11]. There it is shown that if we have two projectively equivalent
Riemannian metrics, we can construct a quasi-Hamiltonian structure. As in
section 2.5, we can consider then the special conformal Killing tensor L+ kI
to find n involutive first integrals H,,. In [11] it is also shown how the
integrals H(,,) and I}, are related.

2.7 SCK tensors and Poisson-Nijenhuis structures

In this section we will explain the relation between the special conformal
Killing tensors and Poisson-Nijenhuis structures, as presented in [8].

As an example of the Poisson-Nijenhuis structures, described in subsection
1.2.2, we consider the case that M is a cotangent bundle, M = T*Q, with
its standard symplectic structure w = df = dpy, A dg*. Suppose that J =

J;: (q) 6‘?11- ® dg’ is a type (1,1) tensor field on @ and consider the 2-form

w1 = ;iju} = di]vde (28)

where JV = J;pi% is the vertical lift of J, which is a vector field on T7*@Q.
Now we can define the tensor R by (1.7). Then R is the complete lift J of .J

Y. 9 aJk 9JF\ o .
= J¢ . J - i 7«‘ _ .7 7 2.
J JJ<8qZ®dq + ®dp>+pk<8qﬂ 8q1) ® dq (2.9)

Ip; Op;

and R is symmetric w.r.t. w. Moreover dw; = 0. Thus if we assume that
Ny = 0 (from which follows that N7 = 0), we have a Poisson-Nijenhuis
structure.
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Note that for the generation of functions in involution, according to theorem
2, one needs a solution f of the equation ddr f = 0. Observe further that this
is equivalent (from (1.9)) to requiring that Lx,R = 0, i.e. R is a recursion
operator for the Hamiltonian system Xjy.

Consider the particular case that f = h = %gij pip;. In [8], Crampin, Sarlet
and Thompson proved the following proposition.

Proposition 5. Let g be a given metric tensor field on @Q and h = %gijpipj
the corresponding kinetic energy Hamiltonian on T*Q. Then, for a type
(1,1) tensor field J on Q to have the property ddsh = 0 , it is necessary and
sufficient that J is symmetric and parallel.

As a consequence of these conditions, the Nijenhuis torsion of J (and thus
of J) will automatically vanish.

The next equation we look at is inspired by Magri’s condition for separability
(see equation (1.19)), namely we examine equation

ddsh = dh A df (2.10)

with h = %gij pipj +V and f a basic function. This equation can also be
related to a gauged bi-differential calculus. Namely, suppose that (d,dg) is
a bi-differential calculus and consider the following operators: D, = d and

a | @ df 0 a | | drpa+df Na
o] =anl [+ [@ 0 ]n 5] = [aaiane]
for some fixed functions f and h. (Di, Dy) forms a gauged bi-differential
calculus with m = 2 if D? = 0, [D1, D3] = 0 and D3 = 0. The first two
conditions are automatically satisfied, but D3 = 0 if and only if f and h

satisfy (2.10) and ddrf = 0. The examination of equation (2.10) leads to
the following interesting proposition.

Proposition 6. Let g be a given metric on QQ and V and f functions on Q).
Let h be the Hamiltonian function on T*Q given by h = %gijpipj +V(g). A
type (1,1) tensor field J on Q will have the property ddsh = dh A df if and
only if

1. J is symmetric;

2. J is a special conformal Killing tensor with f = trJ.

8.V and f satisfy ddjV = dV Adf.
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Remark that from these conditions follows that N; = 0 (see proposition 1)
and dd;f = 0. This implies that all the conditions for the existence of a
gauged bi-differential calculus of the type described above, are satisfied.

So much for the review of known results. As said in the introduction, we
will now start with our attempt to generalise the constructions which led
in the Riemannian case to the concept of ‘special conformal Killing tensor’.
As a first step (see chapter 3), we will develop a tangent bundle version of
the theory discussed in section 2.7 about Poisson-Nijenhuis structures. This
approach will lead to new insights and will show us how to proceed for the
generalisation.

In chapter 4, we start from a given Lagrangian system and consider a type
(1,1) tensor J along the tangent bundle projection (as apposed to a tensor
on the base manifold) to generalise the various constructions of chapter 3.
In chapter 5 we look at the particular case of a Lagrangian coming from a
Finsler metric where the tensor J then is assumed to be homogeneous of
degree zero in the velocities. We will focus on a certain condition which
reduces to the special conformal Killing condition in case of a Riemann
metric and a basic tensor. This condition will reappear in chapter 6 where
we examine the projective equivalence of two Finsler metrics. We will also
discuss the construction of a set of first integrals starting from this condition.



Chapter 3

A class of Poisson-Nijenhuis structures on a
tangent bundle

As we have seen in chapter 2, most of the applications of the special confor-
mal Killing tensors are developed on a cotangent bundle. But some of them
clearly come from meaningful questions about dynamical systems living on
a tangent bundle. This is, for example, the case with the theory of cofactor
pair systems (see section 2.5) where the physical background is a kinetic
energy type Lagrangian for which admissible non-conservative forces are be-
ing sought such that the system has a family of first integrals in involution.
As a first step in our attempt to generalise the theory of special conformal
Killing tensors from Riemann to Finsler spaces, we will give in this chapter
a tangent bundle version of section 2.7 where the relation between special
conformal Killing tensors and Poisson-Nijenhuis structures is described (see
our paper [44]). The calculus along the tangent bundle projection has al-
ready been fully developed and will be recalled in section 3.1. In the other
sections of this chapter we examine in detail how the results of section 2.7
can be obtained in a natural way by pure tangent bundle techniques. There
will arise some new, interesting properties and insights which will be helpful
for the generalisations which follow in subsequent chapters.

3.1 Calculus along the tangent bundle projection

We will start this chapter with a summary of the papers [36] and [37] where
the calculus along the tangent bundle projection 7 : T'Q) — Q is developed.
Only the facts which will be needed in what follows, will be recalled.

Consider a system of second order autonomous ordinary differential equa-
tions ¢' = f*(q,¢) modelled by a vector field

i 0 i 9
F—ua—qiqu(q,u)W
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on TQ. T defines a horizontal distribution on 7'Q locally spanned by the
vector fields

0

B B _18f7
=5

H. —
! 2 out

9 .
J J
i 57 where I =

X (7) denotes the C=(T'Q)-module of vector fields along 7, i.e. sections of
the pullback bundle 7*T'Q — T'Q. Locally an element X € X(7) is of the
form

; 0
X:X’(q,u)a—qi.

Each such an X determines two vector fields on T'Q), its horizontal lift X
where

) 9 A
H __ 7 I Y _ TIT.
X=X <aqi iauJ)_XHl,
and its vertical lift XV given by
) .
X=X =X,

We can also define horizontal and vertical lifts of a type (1,1) tensor field
W along T by
wWH(XY)=W(X)Y, WH(X™) =W (X)", (3.1)
WY(X") =0, WY(xX™) (X)".

I
=

There exists a canonical vector field along 7, the total time derivative T =
w22 . Remark that TV = A with A the Liouville vector field, whereas T#

is a SODE which is usually called the SODE associated to the connection

and does not need to be the one we started from. S = IV = aczi ®dq* is the

canonical almost tangent structure or vertical endomorphism on T'Q.

Interesting derivations and tensorial objects along 7 are discovered by look-
ing at the decomposition of Lie brackets of vector fields on T'Q). We have,
for example, that

[XV7YV] = ([XvY]V)V’ (3‘3)
X", YY] = (DYY)" - (DyX)", (3.4)
(X7 v" = (X,Y],)" +R(X,Y)". (3.5)

where
(X,Y], = DYY - Dy X, [X, Y], = DY — Dy X.
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R is the curvature of the non-linear connection, a vector valued 2-form along
T given by
Loi o ko O i i i
R = §Rjkdq ANdg® ® g where R = Hy(T%) — Hy(T).
The degree zero derivations DY and DY, called respectively the horizontal
and vertical covariant derivative act on functions F' € C*=(T'Q) as

DELF = X"(F), DYF=X"(F), (3.6)

and are further fully determined by the following action on basic vector fields

0

R o
DY~ = xirk
Xaqz

- v —

; or . . . .
where F;. k = g.t- Lhe corresponding action on 1-forms is defined by duality.
Notice that DYT = X for every vector field X. The commutator relations
of these derivatives are:

[D}/(7 D;] = DE/X',Y]V )
D%, Dy] = gy(y - DB{;X + LB(X,Y)s (3.9)
[D%,D¥] = Dikxy, +Drix,y) T HRie(x,Y); (3.10)

for arbitrary X,Y € X(7). Here B and Rie are type (1,3) tensor fields
along 7 or, as they appear here, covariant 2-tensors taking values in the
module of type (1,1) tensors. For a general type (1, 1) tensor field W, up
is a derivation of the tensor algebra along 7 of degree zero, whose action on
functions is zero, while py (Z) = WZ on vector fields Z and pw (o) = —Wa
on 1-forms a. To specify now the curvature tensors under consideration, we
have for the so-called mized curvature tensor B that B(X,Y')Z is symmetric
in all three arguments and has coordinate expression:

; 0
1k l m
B =TY,dq @d¢’ (dq ® Bq’f)

ork . c 1. .
where F;‘?ml = —.*. The tensor Rie on the other hand (which is the Riemann

curvature tensor in Riemannian geometry) is defined in general by

Rie(X,Y)Z = —DYR(X,Y) (3.11)
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and its coordinate expression is:

. i i i LI -
Rie = = (H(T};) — Hi(Ty;) + T3, Tp; — T,T%;) dq" A dg' @ (dq] “ W) .

N | —

Since DY, and D¥ depend linear on X, one can define two operators D" and
D by the rule

X DYW =DYW, X.D"W =DEW (3.12)

where W is an arbitrary tensor field along 7. Remark that DY and D¥ are
not derivations.

It is further worthwhile observing that one can introduce a kind of classical
tensor calculus notation for the horizontal covariant derivative: taking as
example a 2-covariant tensor K along 7, with components K;;, we can put

Ky = <Dg/aqlK) = Hi(y) = Kl = KT,
and for a type (1,1) tensor W, we have
I/Vl|l = (Dg/dqlW> = HZ(WJZ) + st il -

[ .
) S'l
. s
J j J

We shall occasionally use such a notation. Other brackets of interest are
0, XY]=-X"+(VX)", 0, X" = (VX)" +&(X)". (3.13)

Here, V is the dynamical covariant derivative, which on functions acts like
I' and further satisfies

Va/dq’ =T70/0¢
and
Vdg' = —Tdg’.
® is a type (1,1) tensor along 7, called the Jacobi endomorphism, with
components

i Of
=5

— T —T(T).

One can also introduce vertical and horizontal exterior derivations on scalar
and vector-valued forms. Essentially, they are determined by the following
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action on functions F' € C*=(TQ), vector fields Z € X(7) and (scalar or

vector-valued) 1-forms W:

d"F(X):=D%F, d"Z(X):=D%xZ, dW(X,Y):=DxW(Y)-DyW(X),
(3.14)

with similar defining relations for d”. We need these exterior derivatives for

example to show the following relations between the Jacobi endomorphism
® and the curvature R:

d"® = 3R, d"® = VR. (3.15)
The dynamical covariant derivative V can be written as the following sum:

Finally we recall that a SODE T is Lagrangian if there exists a function ¢ on
T@Q such that I" represents the Euler-Lagrange equations of £. The necessary
and sufficient conditions (the Helmholtz conditions) can be formulated as
follows: a SODE T is locally Lagrangian if and only if there exists a non-
degenerate symmetric type (0,2) tensor field g along 7 satisfying

Vg=0, Dxg(Y,Z) =Dyg(Y,X), g(®X)Y)=g(X,®Y). (3.17)
The Lagrangian ¢ and the tensor g are related by ¢ = DVDY/{. In view of
the commutator property

[V, D¥] = D - D, (3.18)
the Helmholtz conditions further imply that also
D g(Y, Z) = Dzg(Y, X). (3.19)

The Poincaré-Cartan 2-form wy = dS(dl) = ddg? of a Lagrangian ¢ on T'Q) is
the so-called Kéhler lift ¢* of g ; wy vanishes on two vertical or two horizontal
vector fields, while

we( XV, V") =g(X,Y). (3.20)
The Poincaré-Cartan 1-form 6, = dgf by the way, being a semi-basic form,
can be viewed as a 1-form along 7 as well and can then be written as 8, =
d"?, so that 6,(X") = 0 and 6,(X") = DX/. We also have that D% 6, =
X1g. Observe, finally, that a necessary and sufficient condition for ¢ to be
a Lagrangian for a SODE I is that

VO, = d"
or equivalently
1
A"t = §dV(F(€)). (3.21)
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3.1.1 The Riemannian case

Let g be a symmetric, non-singular type (0,2) tensor field on ¢ and put
l = %gijuiuj . The non-linear connection defined by the Euler-Lagrange
equations then is the (linear) Levi-Civita connection of g, i.e. the connection
coeflicients I" ; are of the form

It = I(g)u, (3.22)

where Fék are the classical Christoffel symbols. In this case, the deviation
(= the difference between the given SODE and the one associated to the
connection) VT is zero. We have also that DT = 0. These properties are
easy to verify in coordinates, but we can also use the commutator property
(3.18) to show in a coordinate free way that VT = 0 and DT = X imply
that D¥T = 0. Further we can say that the dynamical covariant derivative
V = DZ, so the relation between V and the classical covariant derivative |
is in this case as follows:

(V)5 = Tl (3.23)

Since g is basic we have of course that D% ¢ = 0. Using commutator property
(3.18) again, it follows also that D{¢g = 0, VX. Note further that the
Poincaré-Cartan 1-form 6, can be expressed in terms of the metric as

0e(X)=9g(T,X) or 6,=Tig. (3.24)

So, VO; = 0. We should also keep in mind that ¢ = Ej is a first integral, so
that V£ =T'(¢) = 0. From (3.21) then follows that

d"e = 0. (3.25)

3.2 The construction of a type (1,1) tensor field R

As said before, we want to get a tangent bundle approach to the theory
about Poisson-Nijenhuis structures described in section 2.7. The difference
between the tangent bundle and cotangent bundle is of course that the
tangent bundle does not carry a canonical Poisson structure. However a
symplectic form is available (and can be constructed by pure tangent bundle
techniques) as soon as a regular Lagrangian is given, which could be for
example the kinetic energy Lagrangian coming from a metric on Q. So,
the tangent bundle approach makes perfectly sense. Moreover, we shall see
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that this tangent bundle version offers some new insights. We will derive
for example some results valid for arbitrary Lagrangians, not just kinetic
energy type ones. In this respect, we are to some extent joining the interest
in Poisson structures on a tangent bundle which is also present in the work
by Vaisman ([40], [50], [51]).

Suppose we are given a regular Lagrangian ¢ and type (1,1) tensor field J
on a general manifold Q. We want to construct a type (1,1) tensor field R,
making use of formula (1.7). We therefore start with exploring the possible
natural ways for constructing a second 2-form w; from the given data on

TQ.
We first look at the complete lift J¢ of J on TQ : VX,Y € X(Q)
J(X®) = (JX)°, JOXY) = (JX)". (3.26)

For the Nijenhuis torsion of J¢ we have,

Nye(XV,YV) =0,

Nye(X,Y¢) = (Nj(X,Y))S,

Ny (XYY = Nje(XYY) = (Nj(X,Y))Y,
from which it follows that Nje = 0 <= N; = 0. In relation with the
vertical endomorphism S, we find also the following properties of J¢ J¢

commutes with S, in the sense of endomorphisms on X (7'Q), but also in the
sense of the Nijenhuis bracket:

[J¢, 5] = 0. (3.27)

It follows that also the corresponding degree 1 derivations commute, mean-
ing that:
dsdje = —dje dg. (3.28)

Finally, it is easy to verify that for any J,
Njeg = 0. (3.29)

In fact, we can make the following more complete statement in that respect,
which is trivial to prove, and essentially says that JS very much has the
same properties as S.

Lemma 2. We have (J°S)? = 0 and Njes = 0. Furthermore, if J is
non-singular, J¢S determines an integrable almost tangent structure.
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Looking at the role which S plays in the definition of the Poincaré-Cartan 2-
form wy = ddg/, it looks perfectly natural, given J and the sort of alternative
integrable almost tangent structure which it creates, to consider the closed
2-from wq, defined (with various ways of writing the same expression) by,

wi = d(SJ°(dl)) = d(S(dyel)) = d(J(dgl)) = dd ses. (3.30)

And so, with ¢ and J as data, the type (1, 1) tensor field R which will carry
our attention is defined by

ipeyddst = igddjesl V& € X(TQ). (3.31)

We know that it will define a Poisson-Nijenhuis structure if and only if
Ng = 0. Remark that the tensor field R is directly related to the complete
lift J (see 2.9) on T*Q.

Proposition 7. We have that R defined by (3.31) satisfies R = Leg*J,
where Leg : TQ — T*Q denotes the Legendre transformation coming from
the reqular Lagrangian .

PROOF. The defining relation of J
i jedd = ig Lo df, (3.32)

has the same structure as (3.31). It is easy to see from the coordinate
expression that ijvdfl = J, so that (3.32) implies i 7.df) = igdJO. But it is
equally trivial to verify in coordinates that Leg*j 0 = JO = djegl. The
result then immediately follows from taking the pullback under Leg of the
new representation of (3.32). O

As an immediate consequence of the fact that N; = 0 < N; = 0, we now
come to the following conclusion.

Proposition 8. Nrp=0 <— N; =0. ]

The next objective now is to obtain a reasonably practical description of R,
for example by recognising its action on complete and vertical lifts. In fact,
we believe that it is better for general purposes, to make use of horizontal
and vertical lifts, rather than complete and vertical lifts. For that, of course,
one needs a connection, but there is one available, namely the non-linear
connection associated to the Euler-Lagrange equations of ¢ (being second-
order differential equations on 7'Q).
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To begin with, we observe that

JYXY)y = (JX)", (3.33)
JUXT) = (JX)T 1 VIX). (3.34)
So, J¢ = J" 4 (VJ)". It is easy to see that w; = d(.J0,) gives zero when

evaluated on two vertical vector fields. Next we have, passing as before from
0y, regarded as 1-form on T'Q), to its interpretation as 1-form along 7,

(XYY = Ly (8((7Y))) = 0 ((X7, Y

DY ((%(JY)) - eg(J(DK(Y)) — D% 0,(JY).
Because g = DYDY/ and 0, = d/, it follows that

w1 (XY, YT) = g(X, JY). (3.35)
Proceeding in the same way, we get

wr (X7, 7T
= L (0((7Y)") = Ly (0((TX)")) = (XY 1)

= DE(0:7Y)) = DY (607 X) ) = 0,(J(1X, Y],
= DE(J0(Y)) — DI(J0(X)) — 0 (J(DFY — DY X))
= DX(J0,)(Y) — Dy (J0p)(X).
It follows that
wi (X, YH) = d¥(J6,)(X,Y). (3.36)

Proposition 9. The type (1,1) tensor field R, defined by (3.31) has the
following structure:

R(XV) = (Ix)" (3.37)
R(X™) = (JX)"+(UX)", (3.38)

where J is the transpose of J with respect to g = DYDY, i.e. g(JX,Y) =
g(X,JY), and U is the tensor field along T, determined by

g(UX,Y) = d"(J8,)(X,Y). (3.39)
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PrOOF. It is sufficient to take horizontal and vertical lifts of basic vector
fields for finding the tensorial structure of R. We have wy(R(X"),Y"V) =0
and

we(R(XY),Y™) = wy (XY, Y") = g(JY, X) = g(V, TX) = g“((TX)", Y™,
from which (4.7) follows. Likewise
we(R(X™), YY) = —g(JX,Y) = g"((JX)",Y"),

from which it follows that R(X") = (JX)" + (UX)", for some U. Subse-
quently, using (3.20) and (3.36),

we(RIX™), Y™ = wo(UX)Y,Y") = g(UX,Y) = d"(J0,)(X,Y),

which completes the proof. O

Note that it follows from the skew-symmetry of the right-hand side in (3.39),
that U = —U. Further properties of R are listed in the next three proposi-
tions.

Proposition 10. We have R=J¢ <= J=J and U =VJ.

PRrROOF. The result follows immediately from comparison of (3.37-3.38) with
(3.33-3.34). O

A natural question which arises is whether R, in general, could commute
with S, just as J¢ does, either in the algebraic sense or with respect to the
Nijenhuis bracket.

Proposition 11. RS = SR < J=J.

PROOF. Using S(XV) = 0and S(X¥) = XV, the result follows immediately
from the characterisation of R in Proposition 9. 0

Proposition 12. Assuming J = J, so that RS = SR, we have [R,S] =
0 <= d'U=d"J.

PrOOF. That [R, S| vanishes on two vertical lifts is trivial. Again, it suffices
for such calculations to consider lifts of basic vector fields (vector fields on
@), rather than vector fields along 7. Since J is basic as well, one then
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easily verifies, making use of the bracket relations (3.3) and (3.4), that also
[R,S](XV,Y*")=0. Next, we have

[R,S|(X™,Y™) = [(JX)"+UX)", Y]+ [XV,(JY)" +(UY)"]
+ 2RS([X, Y]HH) - R([XV, YH] 4 (X7, YV])
_ S([(JX)H F(UX)Y, Y]+ [XE, (JY) (UY)VD.

Using the bracket relations (3.3-3.5), plus the fact that J, and by assumption
also X en Y, are basic, this readily reduces to

[R, S|(X",Y") =
(DXU(Y) = DYU(X))" + (J(DXY — Dy X))" + (DY (JX) - DX (JY))",

which in view of properties such as (3.14) for type (1,1) tensors, can be
written as

(R, S|(X", V") = (dUX,Y) — d"J(X,Y))".

The result now follows. O

3.2.1 The Darboux-Nijenhuis coordinates of R

We have seen in subsection 1.2.2 that on a general (regular) Poisson-Nijenhuis
manifold of dimension 2n, if the recursion operator R has n distinct eigen-
values, there exist so-called Darboux-Nijenhuis coordinates, which diago-
nalise R and are at the same time Darboux coordinates for the symplectic
form. This will apply in particular to the general situation on T'Q), described
here. We wish to investigate here in some detail what the structure is of
the eigenspaces of our R and how the construction of Darboux-Nijenhuis
coordinates works when the eigenvalues are maximally distinct.

We begin by establishing results which are valid without special assumptions
on the type (1,1) tensor J on @, except that we will only consider real
eigenvalues.

Lemma 3. If £ = X7 + YV is an eigenvector of R, corresponding to the
etgenvalue X\, then

JX=XX and UX+JY =)Y. (3.40)

1t follows in particular that X is an eigenvector of J.
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PROOF. Using the characterisation of R as described by (3.37-3.38), it is
immediate to see that R = A\ is equivalent to the two relations (3.40). O

Lemma 4. J and J have the same eigenvalues. In fact, if X is an eigen-
vector of J, then X1g is an eigenform of J with the same eigenvalue.

PROOF. Suppose that X is an eigenvector of J corresponding to the eigen-
value A, ie. JiX7 = Aé;XJ = AX". Multiplying this with g;, we find

Trgsi X7 = g JIX7 = Agju X7 = Aojgs; X7
So, X g is an eigenform of J corresponding to the eigenvalue \. O

Lemma 5. Suppose that J is non-degenerate and has n distinct eigenvalues
(which then are nog—zero). Then, if JX = AX, there exists a vector field Y
along T, such that JY =Y —UX.

PROOF. From g(JX,Y) = g(X,JY) = \g(X,Y), it follows that g(X, JY —
AY) = 0,VY. Extending X = X; to an orthogonal frame {Xi,..., X, } =
{X1,X,} for g, and putting Y = a'X;, it follows that a'(JX; — \X;) €
sp {Xa}, Va*, which implies that

JX; = AX; + b X, i=1,...,n

for some functions b¢. We know that A is an eigenvalue of J as well, and that
its eigenvalues are distinct. Hence, there exists a unique vector field of the
form X7 +c®X, which spans the kernel of J—AI. But (J—\I)(X1+c*X,) =
(b + cﬂbg)Xa, so the fact that unique functions ¢ exist which make this
zero implies that det(bg) # 0. Now consider the equation JY = \Y —UX for
the unknown Y = a'X; € X (7). Since g(UX,Y) is skew-symmetric in X,Y,
we know that g(UX1, X7) = 0 and thus UX; = d*X,, for some functions d®.
The equation for Y can now be written in the form a by = —d* — a'b§ and

clearly has a unique solution for the a” for each arbitrary choice of a'. O

Proposition 13. Let J be diagonalisable with distinct non-zero eigenvalues.
Then a complete set of eigenvectors of R defined in proposition 9 can be
constructed as follows: (i) let X; denote the eigenvector of J with eigenvalue
X\ and Z; the eigenvector of J with the same eigenvalue; (ii) for each X;,
construct a vector Y; such that JY; = \;Y; —UX;. Then Z;" and X;" +Y;"
are eigenvectors of R, corresponding to the eigenvalue A;.
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PrOOF. We have

R(ZY) = (TZ)" =\2Z",
RXM+YY) = (JX)"+UX) + (V)" = MX" +YY),

from which the result follows. O

Here ends the investigation of the purely algebraic aspects. It was proven
in the fundamental paper of Frolicher and Nijenhuis [21] that if J is (alge-
braically) diagonalisable and the eigenvalues have constant multiplicity, then
the necessary and sufficient condition for diagonalisability in coordinates is
that Hj; = 0, where the Haantjes tensor H; can be defined by

Hy(X,Y) = J>Ny(X,Y) + Ny(JX,JY) — IN;(JX,Y) — JN; (X, JY).

Now let us assume that .J is diagonalisable with n distinct non-zero eigenval-
ues and Ny = 0. Obviously, the vanishing of the Nijenhuis torsion implies
‘Hjy =0, so J is diagonalisable in coordinates. Moreover, evaluating N; on
eigenvectors X and Y belonging to different eigenvalues A, u, gives

0= Ny(X.Y) = (A= p)(X()Y +Y(NX),

so that X(u) = Y(A) = 0. Hence, in coordinates which diagonalise J,
the eigenvalues will only depend on the coordinates of the corresponding
eigendistribution, which is the meaning of saying that J is separable in

coordinates. Conversely, if J is separable, one can verify in such coordinates
that V. J = 0.

Proposition 14. Let J be a type (1,1) tensor on Q, diagonalisable with n
distinct non-zero eigenvalues, then Nj = 0 if and only if J is separable in
coordinates.

Note in passing that the tools for studying such issues when J would more
generally be a tensor field along 7 have been developed in [36].

Now to understand the procedure which leads to Darboux-Nijenhuis coor-
dinates for R on T'(Q), we need to look at the expression of R in coordinates
basis. It reads
R=72 0dg +T7-2 o aw + Wi+ 70k — )2 0 dgi. (341
_jaiqi q jw U (j ktj yk)% Q()
The following procedure now will lead to Darboux-Nijenhuis coordinates.
We first perform the Legendre transform (q,u) — (¢,p = 0¢/0u). Even
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though this is to be regarded here as a change of coordinates on T'Q), the
result will be that R acquires the form of the complete lift J on T*Q as given
by (2.9). The 2-form w; meanwhile will already take its canonical form in
the (z,p) coordinates. Now, assuming that J has distinct eigenvalues and
zero Nijenhuis torsion, we know that there exists a coordinate change on @
which will diagonalise the expression J;(@/ 9q' ®dg’) in such a way that the
eigenvalues depend on at most one new coordinate ¢’. The resulting point
transformation (q,u) — (¢/,u') on T'Q, when expressed in the non-tangent
bundle variables (q,p), formally is a ‘canonical transformation’ (¢q,p) —
(¢',p'), i.e. it defines another Darboux chart for the symplectic form w, and
it will have the additional effect of diagonalising R (and R will be separable
in coordinates).

From a tangent bundle point of view, the first step in this procedure is
rather unnatural, because it is not a tangent bundle change of coordinates.
At first sight, it may look like one should nevertheless not change the order
of the operations, because even though J and J have the same eigenval-
ues, a coordinate transformation which diagonalises J will generally not at
the same time diagonalise .J. However, the two coordinate changes under
consideration here are of course of a quite special type: a Legendre trans-
formation which does not change g but changes the fibre coordinate, and a
point transformation. It is clear that such coordinate changes commute, so
one can just as well diagonalise J first and then the subsequent Legendre
transform will not destroy the diagonal form of J, will bring wy in canonical
form, and at the same time will take care of the diagonalisation of J.

That the reversed procedure is somewhat more natural for the tangent bun-
dle set-up may become clear in the special case that J is symmetric. It
then follows from gijJ,i = gikJ; that in coordinates which diagonalise J,
we will have gijéli)\(k) = gik(S;/\(j) or gk.j()\(k) — A0y = 0 and thus follows
that gz; = 0 for j # k. This gives useful information also when there is
no urge to pass to Darboux-Nijenhuis coordinates: it means that in co-
ordinates which diagonalise J, the given Lagrangian will be of the form
=3 gi(lQu' = >, 0 (q,u"), where ¢' depends on u’ only. So, the La-
grangian ¢ will separate with respect to the velocity variables.

3.3 Investigation of LR

An obvious question to ask is: under which circumstances is R truly a
recursion operator for symmetries of I'. For that, we compute LrR. Taking
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the Lie derivative with respect to I' of the defining relations (3.37-3.38) and
making use also of the properties (3.13), we find

LrR(XY) = [I,R(X")] - R[l,X"] (3.42)
= [0,JX"]+ R(X¥ —VXY) (3.43)
= (J-DNX)"+U+vIH(Xx)", (3.44)

and in the same way
LrR(X™) = (VJ = U)(X)" + (VU +&J — Jd)(X)". (3.45)
The following, therefore, is an interesting immediate result.

Proposition 15. LrR=0 < J=J, U=VJ=0, ®&J=J®. O

So, in this case R = J¢. To find an alternative characterisation for the van-
ishing of Lr R, we observe first that ', by construction, is the Hamiltonian
vector field associated to the energy function E, = A({) — ¢, with respect to
the symplectic form w, = dfy, i.e. we have

irdy = —dE,. (3.46)

So, equation (1.9) implies that the invariance of R is equivalent to having
ddrE;, = 0. As already explained, this forms the start of a sequence of
functions if (d,dgr) is a bi-differential calculus (see theorem 2).

Now we want to come to the special conformal killing tensor condition. For
that purpose, we now look at the interesting case of non-vanishing LrR. By
analogy with what was described in section 2.7, we examine the assumption
that for some basic function f,

ddpEy = df A dE,. (3.47)

Via the equality (1.9), this assumption is equivalent to stating that (cf.
proposition 5.3 in [8])

LrR=T®df —§ @ dEy, (3.48)

where & is the Hamiltonian vector field associated to f. It easily follows,
from ige,wp = —S(ig,wr) = S(df) = 0, that & is vertical, say §y = X" for
some X along 7. Then,

igfwg(YH) = gK(XfV,YH) = g(Xf,Y) = —YH(f).
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Hence, in terms of fields along the projection 7, X is defined by

g(X},Y) = —Y(f) = —d"f(Y) or Xpig=—d"f. (3.49)

In the next subsection we specialise to the case that the Lagrangian comes
from a (pseudo) Riemannian metric on @, and will focus most of the atten-
tion on the characterisation of so-called special conformal Killing tensors in
their tangent bundle manifestation.

3.4 When the base manifold is Riemannian

Let g be a given metric tensor field on @ and £ = % giju'u?, the corresponding
kinetic energy Lagrangian on T'Q). We now look at the characterisation of
R in this context, more particularly the specification of the tensor field U.

Using (3.24), we have
d"(J6,)(X,Y)
= DX(J0)(Y) — Dy (J6,)(X)
= DX(9(T,JY)) — g(T, J(DXY)) — Dy (9(T, JX)) + g(T, J(Dy X)).

Taking into account that DY g = 0 and D{T = 0, we conclude that U is
determined by

g(UX,Y) =g(T,DxJ(Y) — Dy J (X)) = g(T,d"J(X,Y)). (3.50)
In coordinates, it is now convenient to work with the adapted frame of

horizontal and vertical vector fields on T'Q) and their dual 1-forms, which
are
0 0 0 S . ,
{leﬁqlrfauk’ ‘/Z:aul}’ {dqz’ 777 :du]+l—‘iqu} (351)

The coordinate expression for R then becomes

R=JiH;@d¢ + J;Vi@n +U;V;®d¢, (3.52)
where ' '
Ul = g™ (Jf = ) gt (3.53)

It is also interesting to have intrinsic expressions which implicitly determine
the vertical and horizontal covariant derivatives of U.
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Proposition 16. For Z € X(7), DYU and DZU are determined by

9g(DzU(X),Y) = ¢(Z,DxJ(Y)-DyJ(X)), (3.54)
g(DEU(X),Y) = ¢(T,D"D"J(Z,X,Y)—D"D".J(Z,Y,X)),(3.55)

PRrROOF. To prove expression (3.54), we compute the D}, derivative of (3.50).
Because D,g = 0 and D} T = Z we get

g(DYU(X),Y)

= DY(9(UX.Y)) - g(U(DYX),Y) — g(UX,D4Y)

= Dy{o(T.d"I(X.Y)) —g(T.d"I(D5X,Y)) —g(T.d"(X.D;)

= 9(Z,d"J(X.Y)) + g(T.DEDEI(Y) — Dfyy ( J(Y))
—g(T,DYD{.I(X) ~ Dy J(X))

V
DY X
DYY

where DYDY J — DgVXJ DYDY J— DBHZ

(3.9) with B = 0). For expression (3. 55) we have to take into account that
D7g =0 and DZT = 0 and we find

9(DZzU(X),Y)
= Dz(y(UX,Y)) —g(UDZX,Y) — g(UX,DZY)
DZ(9(T,d"J(X,Y)) — g(T,d"J(DZX,Y)) — g(T,d"J(X,D7Y))
g(T,D"D"J(Z,X,Y) —D"D"J(Z,Y, X))

J = 0 (see commutator property

where we have used the fact that (see definition (3.12))

D"D"J(Z,X,Y) =DIDLJ(Y) - J(Y). 0

H
DX
Let us come back in this case of particular interest to the invariance of R,
or the more general assumption (3.48). We know from proposition 15 that
LrR = 0 is equivalent with saying that J is symmetric, parallel, commutes
with the Jacobi endomorphism ® and that U vanishes. Or alternatively
that ddrFEy = 0. But in proposition 5 it is shown that ddrFEy = 0 (which
is the same as saying that dd;h = 0 if h is the corresponding Hamiltonian)
is equivalent to J = J and VJ = 0. So, we have the following maybe
somewhat surprising result, for which it is worth giving a direct proof.

Proposition 17. Suppose that J is a type (1,1) tensor on a Riemannian
manifold Q. If J is symmetric and parallel, it will automatically commute
with the Jacobi-endomorphism ® and U defined by (3.50) will vanish.
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Proor. If VJ = 0, it follows from (3.23) that J]’]k = 0 and so that DY J =0
for all X. Thus equation (3.50) implies that also U = 0. The property
about the Jacobi-endomorphism can be proven making use of an integrability
analysis (see appendix A in [44]). A much simpler proof however goes as
follows: we have that .J is symmetric and further we see that J is the Hessian
of a function:

1 o
J = iJijuZuj or in intrinsic terms J = g(JT,T) = (J0,)(T)

It follows from VT = 0, VO, = 0 and VJ = 0 that J is a first integral.
Moreover we have that

d"T = d"VJ — Vd'J = —V(Jb;) = 0.

Using relation (3.21), we can conclude that J is a Lagrangian for the system.
Therefore its Hessian J will commute with ®. O

Now assume that (3.48) holds for some f € C*(Q) and where {y = X",
with X defined by (3.49). Remember further that, in the present situation,
we have Ep = ¢ and I = T¥.

Theorem 13. Under the present circumstances, the tensor field Lr R is of
the form (3.48) if and only if J = J and further satisfies

VJ = 5T ed¥—X;®06). (3.56)
In addition, U then is of the form
U=—3(Todf+X;®0), (3.57)
and J further has the property
®J — JO = LT @ Vd +VX;®0). (3.58)
Finally, the tensor field R itself then is given by
R=J°—A®df. (3.59)
PROOF. The right-hand side of (3.48), when evaluated on some XV, results

in —XV(Ey) X" = —60,(X)X;". Comparison with (3.44) shows that this
requires J to be symmetric, plus the condition that

U=-VJ-X;®0,.
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Proceeding in the same way for an arbitrary horizontal argument X*, com-
parison with (3.45) reveals the requirements

U=VJ-TdY,
and
VU+<I>J—J<I>:—Xf®dH€:0.

Compatibility of the two expressions for U above, immediately leads to the
conclusions (3.56) and (3.57). The first of these puts a restriction on J, while
the second in fact is then automatically satisfied. To see this, we compute
d"VJ from (3.56). Now d"d"f = —d"d"f = 0, d"'T = I (the identity tensor),
d"; = d¥d"? = 0 and finally also d"Xy = 0 from (3.49). It follows that

d'VJ =d"J] =-1d"f A1 (3.60)

The defining relation (3.50) for U then easily leads to (3.57) and can in fact
also be rewritten as

g(UX,Y) = —1d"f AN O,(X,Y). (3.61)

The final requirement that VU should be equal to J® — ®J leads immedi-
ately, from (3.57), to (3.58), or can equivalently, from (3.61), be expressed
as

(®J — J®)1g = LVd"f A6, (3.62)

The point is, however, that this again is not an extra condition, but a
consequence of the fundamental condition (3.56). This property is not trivial
to recognise. An explicit verification of this fact can only come from an
integrability analysis on the partial differential equations satisfied by J.

The assumption is that VJ = %(T ® d"f — X ® 6;) and since J is basic,
DY%J =0 for all X. So, the commutator property (3.18) implies that

1
DiJ = 5 (X © d% — X; © X1 g). (3.63)

The next interesting commutator to look at here is [V,D¥]. Using (3.10)
and the fact that V = D/ gives us that

[V,DX] =Dyx + Dt x) + HRie(T X)- (3.64)
The second term vanishes when acting on J and for the last one we have

/LRle(T,X)J(Y) = RIG(T, X)(JY) — JRIQ(T, X)Y
= —DYR(T,X)+ JDVLR(T, X).
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Since ®(X) = R(T, X) and Dy T =Y, this expression reduces to
HRie(T,x)J (V) = =Dy ®(X) + R(JY, X) + JDy@(X) — JR(Y, X).
Further, we have from (3.56) and (3.63) that
[V.D41I(Y) = S((DEHVX + (DEVHX — g(X, V)V,
~g(VX,Y)X) — (DEDYEF = Dltyy fIT +9(Y, T)DEX,)
So, the identity (3.64), acting on J, implies:
~DYy&(X) — R(JY, X) + JDLB(X) — JR(Y, X) =
5 (DEVHX — g(X,Y)VX; — (DEDYf — Diyyy ST + g(¥, TDE X))

where we have taken X and Y to be basic for simplicity. From this we
further obtain

9(®(X), JY) + g(Dy &(X), JT) = g(R(Y, X), JT) =

(D¥V g (X T)Jr(V2 £g(X,Y) = (DxDy f — Dpgy f)g(T, T)
—(DxVf)g (3.65)

N —

because ®(T) = 0 and g(R(X,Y), T) =0 (as a consequence of the Bianchi-
identity > g(R(X,Y), Z) = ) Now putting Y = T and taking into account
that DL, ® = 20, we get

9(®(X),JT) =  ((V*)g(X, T) ~ (DEVf)g(T,T)) .
Computing the DY derivative of this result, it follows that
g(DYB(X), JT) + g(8(X), JY) =
5 (DYV21)g(X,T) — (DYDY f)g(T, T) + (V> f)g(X, V)
~(D4V Pg(v.T) (3.66)

where we have used the commutator relations (3.18), (3.64) and (3.9) to see
that DY, V2f = 2D¥V f and DY D%V f = DEDZf — Dfgy f- Subtracting
the same expression with X and Y interchanged and taklng into account
that d"® = 3R, we get that

39(R(Y, X), JT) = 2(DyVf)g(X,T) - 2(DxV f)g(Y,T) + 9([®, J]X(, Y)-)
3.67
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Finally, if we make use of (3.66) and (3.67) in the expression (3.65), we find:
1
9([@, 71X, Y) = S ((DXVF)g(Y, T) — (DFV f)g(X, T)),

which is precisely (3.58).

The final statement (3.59) about R follows directly from comparison between
(3.33-3.34) and (3.37-3.38), knowing that J = J and using (3.56) and (3.57),
with TV = A. O

Note that (3.56) is indeed an intrinsic way of writing the special conformal
Killing condition (2.3) with a = df. As a matter of fact, in coordinates
condition (3.56) reads

) 1 7 il
ik =2 <6kaqj +9 8qlgjk> : (3.68)
and by lowering an index we get

0 0
sz|1<; = % (glkaqj; + gjka(§> ; (3.69)

which is the same as (2.3).
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Chapter 4

More general recursion operators

In this chapter we will generalise the construction of the type (1,1) tensor
fields R on a tangent bundle introduced in chapter 3. We will no longer
start from a basic tensor field J, but from a type (1,1) tensor field along the
projection. Again we will be interested in the property of having a vanishing
Nijenhuis torsion Nr. One will see that this problem is here a lot more
complex then in the situation discussed in chapter 3. Another issue we want
to investigate, is the one of R being invariant under the given dynamics.
In addition to these recursion properties (which are already published in
[52]), we will also briefly look at a special case of non-invariance of R. This
discussion can be found in the last section of this chapter.

In chapter 5 the theory is applied to the case of second order dynamics
coming from a Finsler metric.

4.1 R-tensors associated to a (1,1) tensor field along 7

In this section we propose a generalisation of equation (3.31), ip(¢)ddsl =
i¢dd jesl, to the case in which J is a general type (1,1) tensor field along
T; that is to say, we define the R-tensor associated with such a tensor field
(for a given Lagrangian ¢). The basic problem is to know what to replace
J¢ with on the right-hand side, and we discuss this point first. It turns out
that it is not necessary to have a Lagrangian for this purpose: a dynamical
vector field is enough.

When J is a type (1, 1) tensor field along 7 and T is a given dynamics, there
is a natural lift of J to a tensor field JrJ on T'Q), which was extensively
discussed in [36]. One of its properties is that it reduces to a complete
liftt J¢ when J happens to be basic; so this is the natural candidate for
attempting to generalise the definition of an R-tensor field.
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Before proceeding to the discussion of R-tensors we examine some properties
of JrJ. One may wonder in the first place to what extent JrJ oS could
again provide a kind of alternative almost tangent structure, as J¢o S does.
Now JrJ can be expressed explicitly as follows:

Jrd = J" +(VJ)Y.

Since the image of (V.J)" is vertical, only the horizontal part plays a role
when composing with S, so this is really a question about J#S. Moreover, it
is clear from the defining relations (3.1), (3.2), that actually J#S = SJ¥ =
JV. Obviously (JV)? = 0, and the image of JV coincides with its kernel
provided J is non-singular. So JrJ oS = JV is indeed an almost tangent
structure. In fact since JV vanishes on vertical vectors, its definition doesn’t
depend on a choice of horizontal distribution (unlike that of J*).

The canonical almost tangent structure .S is integrable, which is to say that
its Nijenhuis torsion vanishes. The Nijenhuis torsion of JV is not always
zero, however, as the following result indicates.

Proposition 18. N ;v =0 if and only if DYy J(Y) — DY, J(X) = 0.

ProOF. It is easy to see that N ;v gives zero when evaluated on two vertical
vector fields or on a horizontal and a vertical one. We further have

Ny (X7 Y7 = [(7X)Y, ()] = I (X)), Y] + (X7, (7))
= (Dix(IY) = Dy (JX)) = J" (DYxY)" — (DY X)")
= (DY J(Y) = DY J(X))",

from which the result follows. O

A related question is whether the derivations dg and d ;v commute, for which
the condition is that the Nijenhuis bracket [J", S] vanishes.

Proposition 19. [JV,S] = 0 if and only if DY J(Y) — Dy J(X) = 0 (i.e
d"J=0).

PRrROOF. The proof is a simple computation, completely similar to the one

above. O

It is useful at this point to introduce certain tensor fields along the projection
7 related to Nijenhuis torsion, which will become important in what follows
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(and played a relevant role already in the study of decoupling of second-order
equations [38]). For a general type (1,1) tensor W along 7 we put

Ny (X,Y) = Dy xW(Y)— (WDXW)(Y), (4.1)
Ny (X,Y) = DyxW(Y) — (WDEW)(Y),

which are called respectively the vertical and horizontal covariant Nijenhuis
tensor . Their skew-symmetric parts are denoted by

N (X,Y) = Ny (X,Y) = Ny (Y, X) (4.3)
and M. It is a simple computation to verify that
wxW () =Dy W(X) = Ny (X, Y) + W(d'W(X,Y)),
so that the following corollary can be drawn from propositions 18 and 19.

Corollary 1. The derivations ds and djv constitute a bi-differential calcu-
lus if and only if N =0 and d"J = 0.

ProoOF. We know that ds? = 0 and the requirements d;v? = 0 and
[ds,djv] = 0 are equivalent to the conditions of the two preceding proposi-
tions. It is further a simple computation to verify that

7xJ(Y) =Dy J(X) = Nj (X, Y) + J(d"J(X,Y)).

The result then readily follows. O

Let us come now to the consideration of R-tensors in this context. Take
I to be a (regular) Lagrangian system, so that we have a symplectic form
we = ddgl at our disposal, let J be a type (1,1) tensor along 7, and consider
the type (1,1) tensor R on T'Q) defined by

’L'R(g)ddsg = ’L'fddjvf, VEe X(TQ). (4.4)

In view of what precedes, it is clear that we cannot expect this generalised
R-tensor to have all the properties we discussed in section 3.2 for a basic J.

We first set out to characterise R through its action on horizontal and ver-
tical lifts. We pointed out in section 3.1 that the Poincaré-Cartan 1-form
0y = dgl can be written as 6y = d"/. Similarly, we have that d;v{ =
JV(dl) = J", is semi-basic, so that the same 1-form, regarded as a form
along 7, can equally be written as J6,.
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Lemma 6. The closed 2-form wy = ddjv{ is characterised by wi(XV,YV) =
0, and

wi (X7, Y") = DX(J0,)(Y),
w (X7 YT = d"(J0,)(X,Y).

Proor. We have

wl(XH YH)
= Lyu (B((JY)" ) Lyn (0e((JX)™)) — b (J([X",YH]))
= DX(JOu(Y)) — Dy (J0,(X)) — ( (DXY — Dy X))
= DX(J0,)(Y) — Dy (J0p)(X) = d"(J0,)(X,Y),
and
wi (XY, Y) = Lxv (0((JY)")) = 0 (J7([XY,Y7]))
= Dx(J0,(Y)) — 6, (J(DXY))
= Dx(JO)(Y),
which gives the desired result. O

The generalisation of proposition 9, becomes here:

Proposition 20. For a given type (1,1) tensor field J along T, let K and
U be defined by

g(KX,Y) = Dy(J8)(X), (4.5)
gUX,Y) = d"(J8,)(X.,Y). (4.6)

Then the type (1,1) tensor field R on TQ defined by (4.4) is characterised
by
= 1%

R(XY) = (KX)', (4.7)
R(X") = (KX)"+(UX)". (4.8)

PROOF. Observe that wy(R(X"),Y") = 0, while in view of the definition
of K,U and K, and the defining relation (4.4), and using the results of the
above lemma, we can write

WK(R(XV)aYH) = g(FXa Y)>
WE(R(XH)7YV) = —g(KX,Y),
wg(R(XH),YH g(UX,Y).

~—
|
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The result now follows from the characterising properties of w; such as (3.20).
O

Note that also in this generalised case it follows from the skew-symmetry of
the right-hand side in (4.6) that U = —U. Remark also that R = K" if and
only if K is symmetric and U = 0.

We will need properties of covariant derivatives of K and U. These will
follow directly from their defining relations by making use of the commutator
relations (3.8), (3.9) and (3.10).

Proposition 21. We have, for arbitrary X,Y,Z € X(1),

9(D7zK(X),Y) - g(DyK(X), Z) = 0, (4.9)
79UX,Y) +g(DzU(X),Y)
=D4g(KY,X) —Dig(KX,Y)+ g(d"K(X,Y),Z),  (4.10)

> (Dko(UY,2) + 9(DEU(Y), 2)) = 3 g(KZR(X,Y)), (411)
X,Y.Z X,Y.Z

where Yy y , refers to a cyclic sum over the indicated arguments. Further-
more,

K=K <« d'(Jo) =0. (4.12)

Proor. The first property follows immediately from taking a vertical
derivative of the defining relation (4.5) and making use of the ‘vertical
Helmholtz property’ D} g(X,Y) = DV g(X,Z) and the commutator iden-
tity (3.8). For the next two properties, the computations start similarly
from the defining relation (4.6) of U. Taking a DV derivative and using the
commutator relation (3.9) we find:

79(UX,Y) + g(D7U(X),Y)
= DXDzJ0,(Y) = Dy, J0u(Y) + pip(z,x)700(Y)

DYDY J0:(X) + Dy, J0(X) — iz J0u(X)

The terms involving the tensor B cancel out in view of its full symmetry.
So, we get (4.10). For the D derivative of (4.6), the computation is some-
what more involved: one has to apply the commutator (3.10) a second time
after exploiting the skew-symmetry of U, in such a way that a cyclic sum
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combination appears:

= DyDxJ0«(Z) — DzDx JO)(Y) — DyDX J0,(Z) + DZDy Jby(X)
+g(D§I(Z, Uy) — g(D{fZ, UX)+g(Z, UDEJ(Y — UD?X)
+D# JOy(Y) a J@g(X)

DX - Diy
+ Y Dixn) 700 Z) + D irie(x.y)T00(Z)
X,Y,Z X,Y,Z

= DZ(¢(X,UY)) —g(DZX,UY) — g(X,UDZY) + g(DX Z,UY)

—g(DYZ,UX) + g(Z,UDXY —UD§X) + > g(KZ R(X,Y))
XY, Z

The terms involving the tensor field Rie cancel out in view of the Bianchi
identity Y Rie(X,Y)Z = 0 and (4.11) follows. Finally, the characterisation
of symmetry of K follows directly from the defining relation. O

There are a couple of further consequences which are worth mentioning: one
tells us what the obstruction is for K to be symmetric with respect to D g;
the other shows under what circumstances a property like (4.9) also holds
for the horizontal derivatives of K.

Corollary 2. For all X,Y,Z € X (1), we have

DXg(KY,Z) - Dxg(KZ,Y) = g(DzU(X),Y)

—g(DYU(X), Z) + g(d"K (X, 2),Y) — g(d"K (X,Y), Z), (4.13)
gDz K(X),Y) —g(DYyK(X), Z) =

g(DYVE(X),Y) — g(DYVK(X), Z). (4.14)

PRrROOF. If we take (4.10), interchange Y and Z and subtract, the vertical
derivatives of g cancel out in view of their Helmholtz property and (4.13)
follows. On the other hand, acting with V on (4.10), using Vg = 0 and the
by now familiar commutator of V and DV easily gives (4.14). O

In coordinates, using the local basis {H;, V;} of vector fields and its dual
{dq*, n' = du’ + F};qu}, we have

R=KH;@dd +K;Viony + Ul V;,®dg, (4.15)
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where, denoting V;(¢) for shorthand by p;,

K, = ¢"Vi(Jim), (4.16)
Ui = g"*H;(Jip) — He(Jipy)]- (4.17)
It is evident that K and U do not determine J uniquely, or in other words

that different Js may give the same R. We shall have occasion to take
advantage of this freedom in the choice of J in the next chapter.

One could choose to use the momenta p; as coordinates on T'Q) rather than
the velocities u’. Then ¢**V}, = 9/0p;, and the expression for K becomes

, 0
Ki= (ﬂ ) . 4.18
i = g i (4.18)
It is apparent from this equation that KJ’ = J; when J; is independent of
the fibre coordinates.

Symmetry properties with respect to g of course refer to the type (0,2)
rather than the type (1, 1) representation of the tensor under consideration;
that is to say, if we put K;; = gilKé, then

0
Kij = ou’ (ng’pl)7 (419)

and the condition (4.12) for symmetry of K is self-evident. Equally evident

then is the property
0K;; O0Kjj
i (4.20)
ou! ou
which is a coordinate form of (4.9). remark that these relations express that
K is the Hessian of a certain function.

The role of J]l-pl in the full expression for R has by now become prominent,
and this suggests that we should seek to generalise also the notion of com-
plete lift to the cotangent bundle T*@Q of a type (1,1) tensor field J along
the cotangent bundle projection « : T*Q) — . Such a J can act on semi-
basic 1-forms on 7@, regarded as 1-forms along 7, and the canonical 1-form
0 = p;dq® is one of those: then J = J]l-pldqj.

Definition 22. Let J be a type (1,1) tensor field along m: T*Q — Q, then
the complete lift J is the (1,1) tensor on T*Q defined by

Zj(g)de = ’L'gd(Je), Vé e X(T*Q) (4.21)
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Remark: just as with the standard lifting procedures from @ to T*Q, one
can also define the vertical lift of a J along 7, as being the vector field

9 .
The right-hand side in the defining relation (4.21) can then be written as
1L yodl = iedigodo.

The fact that on T'QQ the R-tensor of J is a more interesting tensor field to
look at than either the generalised complete lift JrJ or the horizontal lift
JH# is now underscored by the following generalisation of proposition 7 in
chapter 3.

Proposition 22. Let Leg : TQ) — T*Q denote the Legendre transform
defined by the given regular Lagrangian ¢, then Leg, R = J.

PROOF. As a preliminary remark, starting from a J along 7, we are using
the same notation for the corresponding J along m, which is in effect Leg,.J
and is obtained by simply expressing the components J;(q,u) in terms of
the cotangent bundle coordinates (g, p). Now, as observed before, the 2-form
w1 = ddjv{ in the right-hand side of (4.4), if we identify semi-basic forms
with forms along 7, can be written with a slight abuse of notation as d(J0y),
and it is clear then that its image under Leg, is just d(J#). The statement
now immediately follows. O

From the coordinate expression (4.15) of R and the comment (4.18) about
K, one can in fact immediately surmise that J must have the form

J=

. 0 o
(Jim) <XZ~ @dg' + 50 m> + (X (ip) = X5 (Jim) ) oy, @
(4.23)

where X}, = Leg, Hy, and Leg,n’ = ¢g’*m),. For completeness, one can verify

that 5 5 o
~ ~ ; H
Xp=——-Tp=—, with Ty=g; (] +—=~ ],
k PG lkapl Ik = gij ( k Bpj(‘)q’“>
where H is the Hamiltonian corresponding to ¢. Correspondingly, m =
dpy, + T'jydg'. Tt is worthwhile observing that I'j; = I'y;. In fact, one can
easily compute from the definition of the connection coefficients I'; that a

0
Opi

tangent bundle expression for the flk can be written

~ 1 o4 o4
Lo = 2 (F(glk) - oukagt 8u18qk> ’
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which is manifestly symmetric.

Before embarking on the two aspects of recursion now, let us state for later
use two more properties of R with respect to the tangent bundle structure
on T'Q (as encoded by the tensor .5).

Proposition 23. RS=SR & K=K.

ProoF. This is a trivial observation from the structure of R. O

Concerning the Nijenhuis bracket of R and S, one can verify easily that
[R,S](XV,Y") =0, while

R, S|(XV,Y") = —(DYE(X)+DYK(Y))",
[R,S](X", V") = (dK(X,Y))" +((dU - d"K)(X,Y))".

It looks as though it would be much too strong a condition to expect that
[R,S] could be zero, but the following weaker requirement will be useful
further on and follows immediately from these relations.

Proposition 24. [R,S] is a vertical-vector-valued 2-form if and only if
dK = 0. O

4.2 Invariant R-tensors

We now turn again to the issue of R being a recursion tensor in the sense
of being a symmetry generator for I', i.e. we investigate the properties of
R-tensors which have vanishing Lie-derivative with respect to I

Theorem 14. Let R be a type (1,1) tensor on T'Q defined by tensor fields
K and U along T as in equations (4.5), (4.6). Then LrR = 0 if and only
if: K is symmetric with respect to g, U = 0, K has vanishing dynamical
covariant derivative VK and commutes with the Jacobi endomorphism .

PRrROOF. Using the characterisation (4.7) and (4.8) of R and the bracket
relations (3.13), it is straightforward to verify that

H

LrR(XY) = (K-K)(X)"+(VK+U)X)", (4.24)
LrR(X") = (VK -U)(X)" + (®K — K&+ VU)(X)". (4.25)

Expressing that the horizontal and vertical parts must vanish separately,
the result now immediately follows. O
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Note that the only change here with respect to the result for basic J in
chapter 3 is that J is replaced by K. Notice also that since U must be
zero, invariant R-tensors are of the form R = K¥, where K satisfies the
conditions of the theorem.

4.2.1 Alternative Lagrangians

The theory about the existence of alternative Lagrangians of the same
second-order differential equations (not just by addition of a total time
derivative or multiplication by a constant) is already extensively examined
(see for example [11], [19] and [20]). It is known that one can associate to
a pair of alternative Lagrangians ¢ and ¢ of a dynamical system I, a type
(1,1) tensor field T', uniquely defined by

Wg(TX,Y) = u)g/(X, Y) VX, Y € TQ.

The tensor field T then has the following properties:

° ,CFTZ 0;
b Wg(TX,Y) :(ng(X,TY);

e ToS=S80oT.

Conversely, if a type (1, 1) tensor field 7" on T'Q, is invariant, symmetric with
respect to wy and commutes with S, it will give rise to a different Lagrangian
¢ for the same I', provided that the 2-form irwy is closed.

We shall see that this theory fits entirely within our present framework.
To begin with, we prove an economical version of the way alternative La-
grangians arise in the context of R-tensors.

Proposition 25. For a given reqular Lagrangian ¢ and given type (1,1)
tensor J along T, consider the tensor K defined by (4.5). Assume K is
symmetric, commutes with ® and satisfies VK = 0, and put ¢ = Kig.
Then ¢ satisfies the Helmholtz conditions (3.17) and hence, provided that
K is non-singular, defines an alternative Lagrangian for I.

PROOF. Symmetry of K means the same as saying that ¢’ is symmetric,
while the commutativity of K and ® then implies that also ®1¢’ is sym-
metric. Vg’ = 0 trivially follows from Vg = 0 and VK = 0. The vertical
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Helmholtz property of g, together with (4.9), finally implies that ¢’ will have
the same property. O

Comparing the above statement with theorem 14, it is not immediately ob-
vious why nothing is said about U. Let us explain this point more clearly
as follows. Starting from a tensor J along 7, the corresponding R with
components K and U is uniquely determined. If K satisfies the above re-
quirements, we have an alternative Lagrangian ¢, even though the R we
started from need not be invariant since U need not be zero. The point is,
however, that there is a different tensor then, related to the same K, which
is invariant, namely R’ = K. It is the tensor obtained by replacing the w;
we first thought of in the definition (4.4) by wy.

It is worth explaining that R’ is also an R-tensor in more detail by the fol-
lowing two arguments: (i) with K as the starting point, we discuss what is
needed to have that K is derived from a J in such a way that the corre-
sponding U is zero; (ii) we show how an alternative ¢ gives rise to such a
K.

Suppose that the tensor K is symmetric with respect to g and satisfies (4.9).
The latter means (see e.g. (4.20)) that the covariant form of K comes from
some 1-form [, in the sense that K = DV3. The symmetry of K further
implies that 8 = DV F for some function F', so that K is a Hessian. Having
fixed a 3, we can clearly find a tensor J, indeed many tensors J, such that
J’ps = B, but the corresponding U does not depend on the freedom in J.
The 1-form ( itself is determined in the first stage to within an arbitrary
1-form By on the base manifold Q). Assume next that VK = 0. Then the
property (4.14) says that Kj;; = Kjj;, where K;; = Vi(8;) = V;(8;), or
explicitly

Hy(V;(8:) — TiVe(Bi) = Hi(V;(61)) — T35Vs(Br)-

Interchanging the horizontal and vertical derivatives, it then follows that
Vi(H(8;) — Hi(p;)) = 0. Hence H;(5;) — Hi(3;) are the components of a
basic 2-form and thus the freedom of selecting a basic Gy can be used to
cancel them, i.e. set J’ps = B; — foi with d"8 = dfy. This means that
the corresponding U then is zero in view of (4.17). In conclusion, starting
from a tensor K, the property (4.9) ensures that K comes from some J,
and if K is symmetric and V-parallel, it can always be arranged that the
corresponding U is zero. Concerning point (ii) now, if ¢’ is the metric tensor
along 7 determined by the alternative Lagrangian ¢’ (assumed regular), and
we define K by ¢ = Kig, then K is symmetric and satisfies (4.9) and
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VK =0, as a result of the Helmholtz conditions satisfied by both g and ¢’.
Hence, it comes from a J with U = 0 and K* is an R-tensor.

The best known application of invariant tensors is the generation of first
integrals. In that field, a bi-differential calculus can play a relevant role,
and it is worth trying to understand in detail what the distinctive role in
this application is of invariance of R.

The equation LrR = 0, or essentially VK = 0, is a Lax-type equation
(for a general geometric approach to Lax equations, see [6]). It follows
that the trace of R (and of all its powers) is a first integral of I'. In the
context of alternative Lagrangians, this result is often referred to as the
Hojman-Harleston theorem [22]. So, the equation LrR = 0 is related with
the theory of integrable systems and this brings us to the other recursion
aspect, namely the study of the Nijenhuis tensor of R. This enters the
scene when one wishes the integrals to be in involution. In fact, it was
shown in [11], still in the context of alternative Lagrangians but translated
to our present set-up, that if the eigenfunctions of R have multiplicity 2 and
Npr = 0 then these eigenfunctions form an involutive set of first integrals.
Since the tensors R we consider, are of the form K*, the eigenvalues of R
have even degeneracy. So, if K has distinct eigenvalues at each point, then
the eigenvalues of R have double degeneracy. The computation of Ng in
all generality, i.e. without linking it to invariance properties of R, is quite
tedious and will be addressed in the next section. But for the subclass of
horizontal lifts of an arbitrary (1, 1) tensor K along 7, which is the situation
we encounter here, things are a lot simpler, so we may discuss them already
now. Indeed, as was mentioned in [38], we have

Ngu(XV, YY) = NYX, Y)Y, (4.26)
NKH(XH7YV) = NI?(Xay)V_NI‘é(YaX>H7 (427)
Ngu (X, YH) = NEX, V)" +Rg(X, Y)Y, (4.28)

where the term related to the curvature R is defined by
Ri(X,Y)=R(KX,KY) - K (R(KX,Y) + R(X,KY)) + K*(R(X,Y)).

So vanishing of Nyu reduces to three conditions (not five as one might
expect), namely
Ny =0, Nf=0, Rg=0.

If K" is actually the invariant tensor R of theorem 14, there is a further
reduction.
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Proposition 26. Under the conditions of theorem 14, we have Nr = 0 if
and only if Ny; = 0.

PROOF. It was shown in [38] that in all generality, VN = Ny ¢ — Ng,
where

NYyp(X,Y) = (DY xT + DYy W — T o DYW — W o DYT)(Y).

Because we know that VK = 0 in this situation, it follows that N} ¢, = 0.
Thus Ny = 0 will imply N7} = 0. Also derived in [38] is an identity
which expresses R as a sum of terms, each of which involves either N} or
K — K.

3RK(X,Y) = N}(X,®Y)— NL(Y,0X) — ONL(X,Y) + ONL(Y, X)
+(DY%x[@, K])Y — (K o D%[®, K])Y
— (DY [®, K])X — (K o DY[®, K])X — [®, K]d"K(X,Y).

Hence, under the present assumptions, Rx will automatically be zero as
well. O

As seen in subsection 1.2.2 the bi-Hamiltonian description which arises from
a Poisson-Nijenhuis structure is related to the issue of integrable systems.
Similarly as in the case of a basic tensor J (see chapter 3), we have here a
Poisson-Nijenhuis structure if we assume that the Nijenhuis torsion of R is
zero. Indeed, the fact that the 2-form w; on the right-hand side of (4.4) is
closed, implies that we have a second Poisson structure and the vanishing
of the Nijenhuis tensor makes the two Poisson structures compatible. In
subsection 1.2.2, we have seen that if we have a Poisson-Nijenhuis structure,
it follows, in particular, that

i rwe = —2ddREy (4.29)

(see (1.9)). Now we come to the subject of bi-differential calculus which is
a useful tool for generating functions (not even first integrals, necessarily)
which are in involution with respect to both Poisson structures (theorem
2). The algorithmic process by which such functions are generated (at least
locally) requires an initial function f which satisfies ddrf = 0. Obviously,
when R is invariant, we have such an initial function since (4.29) shows
that ddrFEy = 0, and the hierarchy of functions in involution will be first
integrals.
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Such invariant R-tensors also have an interesting application in the theory
of separable Lagrangian system by which one means that there exists a co-
ordinate transformation on () such that the system decouples into a number
of lower dimensional subsystems in those coordinates. Indeed, the type (1,1)
tensors we consider here, are getting close to the kind of tensors discussed in
[19, 20]. An extra assumption we have to make is that the tensors must be
algebraically diagonisable. The theorem about separability proven in [19],
or better, the slightly corrected version of this theorem as given in [38], reads
as follows:

Theorem 15. Let I’ be a SODE and T be a diagonisable tensor field on TQ
with doubly degenerate eigenvalues. Assume further that LT =0, Np =0
and that the bracket of S and T takes vertical values. Then T is separable.

So, for the present context, we can state the following result.

Proposition 27. Suppose that LrR = 0 and that K further has the prop-
erties Nj; =0 and dVK = 0. Then, if K is diagonalisable, the given system
I' is separable.

PrROOF. We know that R is invariant, has vanishing Nijenhuis torsion and
has doubly degenerate eigenvalues. Moreover, since K is symmetric R com-
mutes with S and since dK = 0 the Nijenhuis bracket of R and S takes
vertical values (see proposition 24). These are exactly the conditions which
are required for the above theorem.

4.3 The Nijenhuis torsion of J and R

Whenever type (1,1) tensors are part of a theory one is bound to study the
effect of vanishing Nijenhuis torsion. Not unexpectedly, here it will be a
much more complicated issue then in the case of a basic type (1,1) tensor
J, but still we will find interesting simplifications occurring in the number
of conditions.

First we shall approach the computation of the conditions for vanishing
Nijenhuis torsion of R in quite a general way.

Let w be a symplectic 2-form on an even dimensional manifold, and w; any
2-form; define the (1,1)-tensor R as before by igew = icwi. We shall
derive an expression for the Nijenhuis torsion of R in terms of w and R,
under the assumption that wy is closed. The exterior derivative dw; can also
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be expressed in terms of w and R; the two expressions have an unexpected
affinity. Finally, it will be shown that the condition for the vanishing of the
Nijenhuis torsion of R, when w; is closed, can be written dgrw; = 0.

In order to derive the last result we shall need to employ Frolicher-Nijenhuis
calculus, and we start by listing some relevant generalities concerning that
calculus [21].

It follows from the definition of R that w(R¢,n) = w(§, Rn), and therefore
that irw = 2wy. Observe, however, that this relation cannot be used to
define R directly, because one needs to know that R is symmetric with
respect to w before the left-hand side fixes R in view of the non-degeneracy
of w. But it easily further follows now that

iRiRw = Zisz = 2iRw1.

Assume next that dw; = 0 (as well as dw = 0). Then obviously digw = 0,
from which it follows that also dpw = igdw — digw = 0, and that dp2w =
—diprw = —digw) = drwi.

From relation (1.12), it then follows that

2de1 = dRiRw = ZiNRw — dsz,
or finally

2iNRw = 3dRW1- (4.30)

It is clear that Np = 0 will imply drwi = 0, but the fact that these condi-
tions are actually equivalent needs a stronger result, because

iNgw(€,7m,0) = > w(NR(£,n),0), (4.31)

SRS

Thus (4.30) does not determine Ng, unless we know, what we will show now,
that the three terms in the cyclic sum on the right of (4.31) are actually
equal.
Proposition 28. If R is defined by ip¢w = i¢w1, where w is a symplectic
2-form and wy any 2-form, then

dwr(&,m,0) = Y C(w(RE ) = D w(R((€ ), <) (4.32)

&mi¢ IFUES
If in addition dw; = 0 then
w(Nr(&n),¢) ==Y C(w(RE, Rn) + > w(R([&,m), RO (4.33)
&mi¢ £m,¢

It follows that when dwi =0, Ng = 0 if and only if drwy = 0.



78 More general recursion operators

PROOF. The first result follows simply from the identity dwi(&,7n,() =
Y &(wi(n, ) —> wi([€,m], ¢) and the defining relation for R. To obtain the
second result one uses the identity dw(&,n,¢) = > &(w(n, () —>_ w([&, 0], <)
to express in particular the fact that dw(&, Rn, R() = 0. The two terms
Rnw(R(, &) and RCw(&, Rn) may be each replaced by five other terms, none
of which involves a derivative by R(-). Therefore we use expression (4.32)
applied on dwi (&, Rn,¢) and dwi(&,n, RC), assuming that dw; = 0. The

resulting expression is

0=dw(& Ry, RQ) = — Y &w(Rn, RO+ Y w(RIE 1), RC)

X,Y,Z X,Y,Z
—w(R*[n,¢] — R[Rn,C] — R, RC] + [Rn, R(],€)

from which (4.33) follows. In particular, (4.33) implies that the left-hand
side w(Ng(&,7n),() is invariant for cyclic permutations. The final statement
now immediately follows from (4.30). O

Notice the similarity between the expression for dwi (&, 7, () and the expres-
sion for w(Ng(&,7n),¢) when dw; = 0.

We now obtain explicit expressions for the conditions for the vanishing of
the Nijenhuis torsion of J and R, starting with the former.

Now J is determined by a given J along 7 and the canonical 1-form 6 only,
i.e. it does not depend on a given dynamics of Lagrangian or Hamiltonian
type. For this reason, there is no advantage to be gained from working in
any local frame other than a natural coordinate frame. It is clear from the
expression (4.23), or in fact from a direct interpretation of the definition
(4.21), that in natural bundle coordinates J will be of the form

~ 0 0 0
_ K __ M. — 4.34
J (az‘g’dq +8pj®dpz)+ 5, ® dg", (4.34)
where
) 8 S 8 s a

The following immediate properties of the coefficients of J will be used
below:
oK.  0K] oMy, OK.L 0K} Z ank
dp;  om’ o O Ok’

=0,  (4.36)

1,5,k
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where ZZ ;& again refers to a cyclic sum over the indicated indices. In fact,
these properties merely express the fact that the 2-form d(.J) in the defining
relation of .J is closed; that is, they are the coordinate expressions of the first
result of the proposition above in this case. They are also directly related
to the three properties of proposition 21 via the Legendre transform.

Theorem 16. The Nijenhuis tensor of J vanishes if and only if

, 6K] 0K}
A9 = K — KV =0, 4.37
k l 8]) l apl ( )
, IK: OK? 0K OK? OM .
Bl =K —J KLZ k4 pp L My—Fk 4+ KPR = 4.38
& Kag ~ Niag MMy, o M o, , (438)
oM oM
. 195k , Jk ) _
ZC’Uk . Z (Kz a 1 + Mll apl ) =0. (439)
5,k 1,5,k

PROOF. This can be obtained from proposition 28; alternatively, it can be
established by a simple coordinate calculation in which attention must be
paid to making appropriate use of the properties (4.36) for recombining the
various coefficients in the right format. One obtains

o 0 0
N (22 - oa L
J<3pi’3pj> k opy’

Nj<a 8.) _ a0 +Bi-i,

Opi’ O 7 3 gk M 8pk
g 0
N, < ) - +3Cin g
J ’ ZJ 9k ij
0q*’ dq7 6 vy
which implies the stated result. O

The structure of the conditions for the vanishing of N7 is apparent: they
are of the same form as the identities (4.36) satisfied by the coefficients of
J, but with the coordinate vector fields replaced by their images under J.
To be precise, they can be cast in the form

j(@i) () - j(@i) (K =0,
(E Yoo

()0

7]7
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The general observation made after proposition 28 provides the background
explanation for this feature.

We now come back to the situation on the tangent bundle, where we have
the tools to approach the question in an intrinsic way. So, take w now
to be the closed 2-form wy; = ¢ on TQ and w; = d(J6y). In principle
one should evaluate Ngr on all combinations of horizontal and vertical lifts
and identify each time the horizontal and vertical component of the result;
but the cyclic sum invariance of w(Ng(§,7),() means that, for example,
W(Np(XH", YY), ZV) will follow from w(Ngr(Y"V, Z"), X*); furthermore, it is
easy to see from the expression in proposition 28 that w(Nr(X"V,Y"),ZV) =
0. Thus in the end only three components need to be computed, which is in
agreement with the coordinate results in theorem 16.

Theorem 17. Let R be defined by ip¢ywe = ied(J6p) and thus be charac-
terised as in proposition 20. Then, the necessary and sufficient conditions
for Nr to vanish are:

D K(Y) - K(DXK(Y)) =0, or equivalently N7 =0, (4.40)

NR(X,Y) + DK (Y) = Dy K (X) =0, (4.41)
> (9@ KUY, 2),X) + gd"K (Y, UZ), X) + g(d"K (Y, 2), U X))
XY, Z
- Y (s0YUW2), X) - g(DZUWUY), X) + g(d"U (Y, 2), K X))
XY, Z
= Y g(R(Y,2),K*X). (4.42)
XY, Z

PROOF. In agreement with what was said above, we need to compute only,
for example,

we(Np(XV, YY), Z"), we(Nr(X", YY), Z"), wi(Np(X",Y"),Z").

Considering the relation (4.33) with £ = XV,n = YV, { = Z", making
use of the defining relations (4.7,4.8) of R and (3.20), the first sum on the
right readily reduces to —D% (g(Y, K2Z)) + D¥.(g(X, K?Z)). In evaluating
such expressions, there is no need to take account of terms which involve
derivatives of vector field arguments: we know that these will always cancel
out in the end since we are computing a tensorial quantity. Terms involving
derivatives of g cancel out in view of one of the Helmholtz properties (3.17),
there remains:

9(X, Dy K*(Z)) — 9(Y,DX K*(Z)) = 0.
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One can easily eliminate g from this expression by making appropriate use
of the property g(XDy K(Z)) = g(Y,DYK(Z))(see (4.9)), namely

9(X,DyK*(Z) — g(Y,DXK*(2))
= 9(X,DyK(KZ)) + g(KX,DyK(Z)) — g(Y,.DX K (K Z)) — g(Y, KDX K (Z))
= 9(Y,DgxK(Z) — K(DXK(Z))

So, we get the first of the conditions (4.40). To see that this is actually
equivalent to

NEH(X,Y) := D K(Y) — (KDY K)(Y) — D, K(X) + (KDY K)(X) =0,
one has to lower an index by g again, use (4.9) to arrive at an expression like

9(Z, D% K(Y)) — g(X,D%  K(Y)). Then we take the derivatives outside g
to enable switching from K to K. We find

9(Y, D K(Z)) — 9(X, Dy, K(Z))
= g(DY K(Y), Z) — g(DX, K(X), Z) — DYg(KX, KZ) + Dk g(KY, K Z)
= g(DiK(Y),Z) - g(D, K(X), Z) + g(DYK(X), KZ) — g(DX K(Y), K Z)

where we repeatedly made use of the vertical Helmholtz condition and prop-
erty (4.9).

The computation of wy(Ng(X*,Y"), Z") runs in a very similar way. Elim-
ination of derivatives of g requires making use of the horizontal Helmholtz
condition (3.19) this time and of the property (4.10). The condition (4.41)
then quite easily follows.

Consider finally wy(Nr(X*",Y*"),Z"). The first cyclic sum in (4.33) be-
comes

> D%(9(UZ,KY) - g(UY,KZ)).

XY, Z

The terms involving derivatives of g can be written in the form
3 (Dgg(UY, KX) - Dig(UY, KZ))
XY, Z

= > (Divo(Z KX) —Difyg(X, K2)),
X,Y,Z

in view of the Helmholtz property, after which they can be replaced by
algebraic terms through (4.10) (or better its consequence (4.13)). It is then
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easy to see that, together with the remaining terms of the first cyclic sum,
they make up the first two lines in the expression for (4.42). The right-hand
side in this expression directly comes from what remains to be considered
in the second cyclic sum of (4.33), using the bracket relation [X# Y#] =
(X, Y]," +R(X,Y)". O

Equations (4.40) and (4.41) have the following meaning in terms of compo-
nents with respect to the basis {H;, V;}:

0 = K Vi(K]) — KIVi(K}),
0 = KLH(K}) - KiHi(K]) + K (Hj(KE) - Hi(K))
+U,§V,(K;i) - U;VZ(K;).

A corresponding version of the third condition, derived directly from Equa-
tion (4.42) with the aid of (4.13), can be written

3 (Hk(U;Klj —UKy) - RéjKlmK,g”) —0. (4.43)
1,5,k

Finally we remark that one can manipulate (4.42) further to eliminate g from
it as well (i.e. to raise an index, so to speak). One will need the property
(4.11) in this process; but this is a quite tedious exercise and results in an
expression which is not very transparent.

4.4 Illustrative examples

In order to illustrate the practical applicability of the various conditions we
identified, we choose to show how one can make constructive use of them in
constructing recursion-type tensors related to some simple dynamics. Natu-
rally, the simple classical system par excellence for testing new developments
is the harmonic oscillator. So consider first the Lagrangian

0= 3(ui 4+ u3) — 3ai + ).

The metric is the Euclidian one and ® = —1, so that any choice for K will
commute with it. Most of the relevant conditions we have met are conditions
on K rather than on J, but it is the property (4.20) which will ensure that
K comes from some J. We wish to construct some invariant R-tensors here
which will give rise to alternative Lagrangians.
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Let us first make K symmetric by choosing simply Kj2 = 0. Then (4.20)
further requires that K77 is independent of us and Ko independent of uq,
and imposing VK = 0 requires that they must be first integrals. We can
take, for example

Kn=ui+¢, Kp=u3+g.

According to proposition 25, K* will be an invariant tensor and will give
rise to an alternative Lagrangian, which is easily found to be

1

1
= 5 (Ui +up) + 5(gtuf + g3us) — (a1 + a3).

!
¢ 4

This is perhaps nothing very surprising, but observe that even for such a
quite trivial example, we need a theory in which the tensor J as well as K
are tensor fields along 7. A tensor J which gives rise to the above K in
the sense of (4.19) is given by, for example, J; = (¢? + 1u?) (J]Z = 0 for
i # j), and the corresponding U as defined by (4.6) is easily seen to be zero.
Moreover, Ny = 0, so that K" has vanishing Nijenhuis torsion as well.

Another symmetric K, which has all the properties of the preceding one, is
given by
_ _ _ _ 1,2 2, 2, 2
K11 = Koo = ujus + q142, Ko = Ko1 = 5(uf +u3 + q1 + q3).

So again, R = K*# satisfies LrR = 0 and Ng = 0, and the corresponding
Lagrangian is found to be

0= Luiuy (3(uf +u3) + ¢ +@3) + arge(ui +u3 — qf — @3).

For a different example, we start from the Lagrangian ¢ = %(q%u% + u?),
which means that
T 0 +
= U1 U — — .
oq dg2 ¢ Ouy

The only non-zero connection coefficient is F% =wu1/q1 (and ® = 0 so that
no restrictions can come from the commutation requirement in some of the
propositions). The corresponding metric is

g = qidq @ dgy + dga ® dgo.

Suppose that this time our priority is to construct a tensor R with vanishing
torsion. Then, it may be advantageous to work with the conditions of the-
orem 16 on the cotangent bundle (which can be regarded also as conditions
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on T'Q, but expressed in the variables (g, p)), but we will further assume
from the outset that K is symmetric. Recall the rather remarkable fact that
for symmetric K, N}, = 0 (which is the same as Ag = 0 in the variables
(g, p) and involves 2 requirements in dimension 2) is actually equivalent to
the, in principle, stronger condition Ny = 0 (which consists of 6 require-
ments in dimension 2). From the symmetry of K, it follows that we must
have K? = ¢ K. Then (4.18), which expresses that K comes from some
J, implies the existence of some function F' such that

oF oF
Jips=~—— and qf Jsps = ~—
and it follows that we will have
O*F L o O°F ,  O°F s _pO%F

K| =

o Ky=4q = =4q
op? 27 9piopy’ L Opiopy’ 2 op2

Using this information it is easy to see that the two independent conditions
Al2 = AJ2 = 0 express that the ratio (K] — K2)/K? must be independent
of the p;, provided K? is not zero. The case K? = 0 is not very interesting
and will be omitted. For K? # 0, we can put

Ky =q°Kf, K3 =Ki-f(gk?, (4.44)

where the last relation is actually a second-order partial differential equation
for F. Tmposing VK = 0 it immediately follows that K{ must be a first
integral F}, that K12 = 1 F>, where Fj also is an as yet undetermined first
integral and that K2 is also a first integral F3. From the last relation in
(4.44) follows then that f(q) must be ¢; ' and F3 = F; — Fy. In an attempt
to circumvent the difficult issue of solving the equation for F', observe that
K} = 1 F, implies that 9F/dpy = q1 [ Fodp:, wherein we omit additive
functions depending on only one of the p; because these will lead to terms
in the solution which can be generated in the case K# = 0. If we use this in
the expression for K2 in terms of F, introduce the auxiliary function

P1,
Op2
and now re-express that K2 must be a first integral, it follows that & must
solve the linear first-order equation
o€ o0&

o3 3 2
Qp1-—— tqip2-— +pi=— =pié.
oq ' M 0q T om ¢
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Using the method of characteristics, the general solution of this equation is
found to be

¢ =pin(z1, 22,23), with =1 =pi1/q1, 22 =pa, T3 =q2 — 2(p2/P1)3G;,

where 7 is an arbitrary function of the indicated arguments and these x; all
are first integrals. It follows that K2 = qflf = x17. Since F» must itself be
a first integral (and is not allowed to depend on time) it must actually be a
function of the z; as well, and the definition of £ implies that

—— == x s(xo/x .

Opy — apy I T 5 (T2/T1) 025 q1
Acting with I' on both sides, and intertwining I with 9/0p2 in the left-hand
side, it follows that (F2)zs = —22nz,, and thus Fy» = —zon + ((x1,z2) for
some arbitrary (. Returning with this information to the preceding equation,
we get the restriction

Cro = 20 + T1Mzy + T2Nz, -

Taking a derivative with respect to x3, we get a first-order partial differential
equation for 7,, which is easy to solve; after integration with respect to x3
one learns that n must be of the form

n =y p(veay’ x3),

for some as yet arbitrary ¢. In fact there is an extra freedom for adding
a function of x; and z9, but that can be absorbed into (. Moreover, the
preceding equation now implies that ¢ cannot depend on x5 and so we omit
it (as an additive function of only one of the p;). We have now come to a
stage where we know that Fb = —xon and

K;=mn, Ki=qF, K);=q¢'F, K= —x)n

with 7 as described above. To find further specifications about 1 we re-
impose now that K must satisfy

oK} 0KI 0Kl OK?
Op2 op1’ Op2 op1

The first condition appears to be satisfied automatically, but the second
gives an equation for ¢, with coefficients which can be expressed in terms
of x1 and x9, except for a factor q% in the coefficient of ¢,,. It then follows,
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for example from acting with I" on the equation, that ¢ cannot depend on
x3, in other words must be a function of x := x9/x1 only, and the condition
reduces to

(x—a®—2%)¢' = (2—x)o.
The solution of this equation is ¢(z) = x?(22 + z — 1)71. We thus have
found the following type (1,1) tensor
Kl =(x1—2)y™", Ki=my ', Kj=—q ooy, Ki=—-quay ',
where we have put y = x3 + x122 — 2% for shorthand; rather surprisingly,
K is homogeneous of degree —1 in the p;. This K by construction satisfies
all requirements for having that R = K* is I'-invariant and has vanishing
Nijenhuis torsion again. It is the Hessian of a Lagrangian which will be
homogeneous of degree 1 and non-degenerate, but we don’t have an explicit
expression for this Lagrangian. Observe finally that one can easily check
that also dVK = 0. This means that we are actually in the situation of
proposition 27, so that the system is separable. This is not so surprising, of
course, since the given system is given as decoupled equations. But in fact,
the conclusion we reach here is not so trivial: it means that the given system
will also separate in entirely different coordinates, namely coordinates in
which K diagonalises and which are guaranteed to exist by the theory in
[38]. But we will not pursue this issue further.

4.5 The case of interest when LrR does not vanish

We end this chapter by looking at the situation which will potentially lead
to the generalisation of the concept ‘special conformal Killing tensor’. It
will be the basis for some further discussions on Finsler metrics in the next
chapter.

As a generalisation of condition (2.10) assume that ddr Fy = aAdE; where «,
for the time being, is an arbitrary 1-form on 7'(). Under these circumstances,
we have (cf. (4.29))

ILpRW = —2ddrFE; = a Nirw + igaw ANdE)

where {, is defined by i¢,w = —a. The reason for splitting up the right
hand side is for obtaining a tensor which is symmetric with respect to w.
Observe that in all generality
ia@Zw(Xv Y) = Oé(X)LU(Z, Y) - Oé(Y)Ld(Z, X)
= (aNizw)(X,Y).
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So the above expression can be rewritten in the form

ILrRW = la@T—dE,@aW

which implies
LTR=a®l' —dE;, ®¢&,. (4.45)

Indeed, it is easy to see that the right hand side of (4.45) is symmetric with
respect to w and so is L1 R since R is symmetric and Lrw = 0.

In section 5.3 we will investigate relation (4.45) in the case of Lagrangian
equations coming from the energy function of a Finsler metric.
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Chapter 5

Application: R-tensors related to a Finsler metric

In this chapter we apply the results of the previous chapter to the case
where the Lagrangian system under consideration is the canonical spray of
a Finsler metric. We will see that the characterisation of the R-tensor and
also the requirements for an invariant R and vanishing Nijenhuis tensor will
simplify in this case. Moreover, as already said before, the further study
of the class or R-tensors discussed in section 4.5 will lead to a generalised
notion of ‘special conformal Killing tensor’.

First we will recall some definitions and properties about Finsler geometry.

5.1 Finsler spaces

Finsler geometry is a metric generalisation of Riemannian geometry. It
was in fact Riemann himself who introduced in 1854 the ‘Finsler’ metric
structure
1 9*F?

Y5 =5 guiow
where F' is a function homogeneous of degree 1 in the velocities, called a
Finsler function. But he restricted his research to the special case that
F(q,u) = y/aij(¢)u*nw/ which is known as Riemannian geometry. The study
of the more general case revived in 1918 with the thesis of Finsler. In this
section we will describe some basic concepts and properties, starting with
the definition of a Finsler manifold.

Let @ be a smooth manifold. 7@ denotes the tangent bundle of () with the
zero section deleted.

Definition 23. The pair (Q, E) is said to be a Finsler manifold with energy
function E : TQ — R if the following conditions are satisfied
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(a) For any vector v € TQ: E(v) >0 and E(0) = 0.
(b) E is of class C' on TQ and smooth on TQ.
(¢) AE =DyE =2FE, i.e. E is homogeneous of degree 2.

(d) The 2-form wg = dfg = ddsE on T Q is non-degenerate.

The Finsler function F' we just mentioned is given by F = +2E. The
metric tensor field g along 7, defined as Hessian of E' (9 = DYDY E) is then
homogeneous of degree 0 and satisfies the Helmholtz condition

Dxg(Y,Z) = Dyg(X, Z). (5.1)

Take I" to be the Euler-Lagrange field associated to E, called the canonical

or geodesic spray of the Finsler manifold. Explicitly, we have I' = uF -2, —

OqF
ork B%k where

1. 0’FE OF 1. Ogmi = Ogii  Og
Fk — 4tk l ) = ik, 1, m me i m
29 <u gt du’ 8q1> g *

g oq™ g’

4

The connection coefficients I' ; = 0T /Ou’ of the associated horizontal distri-
bution are homogeneous of degree 1. Remark also that the derivations DV,
D* correspond in this case to one of the four important Finsler connections,
namely the Berwald connection.

Recall the following properties which are always true: DXT = X, D0 =
X1g and Vg = 0 (another Helmholtz condition). As a consequence of the
homogeneity of E, we have also that

VT =0, DLT =0, (5.2)

from which follows that V = DX (see (3.16)). Other important consequences
of the homogeneity of E are listed below.

Lemma 7. When the Lagrangian E is homogeneous of degree 2, we have
(X and 'Y being arbitrary vector fields along T)

I(E)=0, d"E=0, (5.3)

Dirg =0, D%g(T,Y)=0, DX%g(T,Y)=0, (5.4)
HE =Ty g, V@E = 0, Df){(@E =0. (5.5)
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ProOF. T is the Euler-Lagrange field of E, so

OF OFE
r - | — — =0. 5.6
<3W> dq" (56)
It follows from the homogeneity that I'(E) = 0 and subsequently, inter-
changing the partial derivatives in the first term ([T, %} =—H; + Ffa%),

the condition can be rewritten as H;(E) =0 or d”"E = 0.

g = DVDVE, so g is homogeneous of degree 0, i.e Dyg = 0. It then fol-
lows from (5.1) that D% ¢(T,Y) = 0. By taking the dynamical covariant
derivative V of this last equation, we get

0= VDxg(T,Y) =Dxg(T,Y)
because Vg =0, VT =0 and [V,D%] = D — D¥.
The homogeneity of E implies also that

OE . O°FE .
Op = 2—dq' = ———uFdq'
E= 90 T guigur " ™
or fp = Tlg. In view of VT = 0 and Vg = 0, it then immediately follows
that VOg = 0 and as a consequence of DY ¢(T,Y) = 0 and DYT = 0, we

find that D% = 0. m

For later use we come back in more detail to the relevance of the second
relation of (5.3) and recall the following properties.

Lemma 8. d?E = 0 is necessary and sufficient for T' to be the Euler-
Lagrange field of E. Moreover, with g = DVDVE, this is further equivalent
to Vg = 0.

PrROOF. That d”E = 0 is a necessary condition is proven in lemma 7. For
the converse: d”E = 0 implies I'(E) = 0 since V = D#. With the same
argumentation as in lemma 7, we see that H;(E) = 0 is the same as (5.6).

For the second part of the statement: if I' is the Euler-Lagrange field of F,
then g = DYDY E obviously satisfies the Helmholtz conditions, hence in par-
ticular Vg = 0. Conversely, with ¢ = DYDY E, we have from homogeneity
of E that

E = 1g(T,T). (5.7)

Then, Vg = 0 implies in the first place that 0 = Vg(T,T) = V(g(T,T)) =
2I'(E) = 0, and secondly

0= Vg(T,X) = VDY E-DYE = (DY V-D%)(E) = —DYE = —d"E(X),
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where we have used the fact that ¢(T, X) = 0g(X) = DL E. O

Remark that the third Helmholtz condition
9(®(X),Y) = g(X,2(Y))

is in this case redundant. That this condition is automatically satisfied can
also be proven as follows. From

we have that

Taking the derivative Dy, of this equation, we find that
g9(Y,®(X)) +¢(T, (Dy®)X) =0
and because d"® = 3R, it follows that
9(Y; ®(X)) — g(X, (Y)) + 39(T, R(Y, X)) = 0

or

5.2 R-tensors in the Finsler case

We are now in a position to specialise the interesting results of chapter 4
to the case of a Finslerian metric, which is the same as generalising the
results of chapter 3 from the Riemannian to the Finsler case. So, without
changing notations, it will from now on be understood that the tangent
bundle T'Q) has its zero section removed and that we have a Finsler metric
g. We will assume that the type (1,1) tensor field J along 7 we start from, is
homogeneous of degree zero. We then immediately recover the Riemannian
situation when ‘homogeneous of degree zero’ is specialised to ‘independent
of the velocities’ both for the metric g and the tensor J.

First we want to analyse the effect of assuming that the J we start from is
homogeneous of degree zero, i.e. D.J = 0, on the tensor R defined by (4.4).
The definition of the tensor fields K and U can be found in proposition 20.
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Proposition 29. If g and J are homogeneous of degree 0, then K is homo-
geneous of degree 0 and U is homogeneous of degree 1. Moreover, we have
KOp = JOg and the defining relation of U simplifies to

gUX,Y)=g(T,d"J(X,Y)) = g(T,d"K(X,Y)). (5.8)

PrOOF. The homogeneity properties of K and U follow from acting with
D their defining relation. Taking Y = T in the defining relation of K, we
immediately have that g(KX,T) = g(JX,T) or K6 = J0g. Finally, the
simplification in the defining relation for U immediately follows from the
fact that DY 6r = 0, so that d"(J0g)(X,Y) = 0(d"J(X,Y)). O

This proposition is quite important. We have seen in subsection 4.2.1 that if
we have a type (1,1) tensor field K which satisfies (4.9), i.e. K = D" with
08 a 1-form, then 8 = JOg is not totally determined. So, the corresponding
tensor field U is not fixed either. Even if we assume that K has to be
homogeneous of degree 0, we can still add an arbitrary basic 1-form Gy to
#. But in proposition 29, we consider the situation that K comes from a
type (1,1) tensor field J homogeneous of degree 0. In other words, 3 has to
be homogeneous of degree 1. In that case, the 1-form g = Jg = K0 is
totally determined and the tensor field U is given by (5.8).

Further we remark that because of the homogeneity of K it follows from
(4.9) that
g(Dy K(X),T)=0

and the commutator property [dY, V] = d” leads then to the following ex-
pression for U:
G(UX,Y) = g(T, d'VE(X,Y)). (5.9)

We now come back to the two aspects of recursion we have studied in
chapter 4 and investigate what the homogeneity properties of the Finsler
case can do to simplify the conditions for vanishing Lr R or Ng.

Theorem 18. Assume that g and J are homogeneous of degree 0. Then,
if K is symmetric and VK = 0, we have automatically that U = 0 and
K = K®. In other words, the necessary and sufficient conditions for
having LrR = 0 (see theorem 14) reduce to K = K and VK = 0.

PROOF. We know from proposition 32 and the homogeneity that K = K
implies d"(J0g) = d"(K0g) = 0. Since [V,d"] = —d", it then follows from
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the assumption VK = 0 and the property Vg = 0 that also d*(K0g) =
d"(J0g) = 0, whence U = 0.

Showing that ® will commute with K goes similar as in the proof of propo-
sition 17. The property (4.19), which roughly expresses that K comes from
a J, plus (4.20), ensure for a symmetric K that K;; is a Hessian of some
function, and we can actually determine such a function in the Finsler case.
Indeed, from the symmetry of K and the homogeneity, we have that

8(le-pluj) . oJ!
duk

!
— Jlp+u jc‘)J

oul = 27,

pl
=J + u]
kP ()u

so that K;; is the Hessian of the function
K= %J]l-pluj = %Kjl-pluj or in intrinsic terms K = 1(K0g)(T). (5.10)

Further we have that I is a first integral as a consequence of VT = 0,
VO = 0 and VK = 0. Moreover, the above computation expresses that
d"K = K60F and thus

0=Vd'K =d"VK - d"K = —-d"K.

But in the case of a spray, d”K = 0 is necessary and sufficient for K to be a
Lagrangian for the system (see (3.21)). Hence ® is symmetric with respect
to its Hessian K. Since ® and K are symmetric with respect to g, it follows
from KmZ-CI);” = K, P that

gisKsl(I);n = ngK?(I);‘n = gmsK;(I)Zm = gmin‘I’T.

Multiplying this with ¢*", we find that K@ = K;®(, i.e. the type (1,1)
tensor K commutes with ®. O

The conditions for vanishing Nijenhuis torsion also simplify in the Finsler
case.

Theorem 19. If g and J are homogeneous of degree 0, we have Nr = 0 if
and only if the coefficients Ak] and B,’w (see (4.37) and (4.38)) vanish, or
equivalently

NE(X,Y)+ D xK(Y) — Dy K(X) = 0.
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PROOF. We go back to the equivalent calculation of N5y on T%@Q), know-
ing that by homogeneity: J]l-pl = Kjl.pl and piaK;/apk = 0. Multiplying
condition (4.38) by p;, we thus get:

 OKGpi) % d(K}pi)

OM .
K : j——
k dq Y

Ik _ .
' Op

—I—Klip

Taking a further derivative with respect to ¢, followed by a cyclic sum over
the free indices, it follows that

0= Y 0K, (O(K5pi)  o(Kjp:)\ OKj (9(Kjp) 0(Kip:)
Ogm g oq’ Oq™ Oq' gk

Jk.m

K} (fP(K}pi) . a?(KW)]

Oqtogm 0qlogi

0K} OK! OM
= —EMy; - LMy, + KL
Z [aqm Ly dgm ke + Ky g

j7k7m

OM,,,; OM,,,;
_ K ™A mj
Z [ k ¢ + My an, ]

j?k7m

where we use the properties (4.36). So, the third condition in theorem 16,
in the Finsler case, is automatically satisfied in view of the second. O

5.3 Generalisation of the SCK condition

We now look at the case that ddpE = a A dE with « a 1-form on TQ. As
seen in section 4.5 (where E = Ej), this implies the following relation

LrR=0a®T —dE®&, (5.11)

Put a = a1® a3V, where a; and as are two 1-forms along 7; in coordinates:
a = aydg’ + agn'. Similarly, &, can be written as A" + Ao with A; and
A, vector fields along 7. Hence A; is defined by

W(a, Z") = w(A1Y, Z2") = g(A1,Z) = —a(Z") = —a1(Z) or A11g = —a.

In coordinates this means

; 0
Ay = —g*ag,—.
1 9 041k8qZ
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In the same way we find that
Aslg =ag orin coordinates As = gikagkﬁ
q
Now, using the decomposition of Lr R as established in theorem 14, we arrive

at the following results.

Theorem 20. If (Q, E) is a Finsler manifold and T is the canonical spray,
then LrIR=a® —dE ® &, for some 1-form o on TQ, if and only if the
following conditions are satisfied

K-K = a®T—0p® A, (5.12)
VK = %mu+vmﬁ®T—ﬂE®&h+VAm, (5.13)
U - %KV%—aQ@THﬂE®Qh+VAM, (5.14)

@, K] = —% [(VZas — Va1) @ T — 0p @ (VA1 + V24,)]
—®(az) ©T. (5.15)

ProoOF. This proof is similar to the proof of theorem 13. If we evaluate
the right-hand side of (5.11) on a vertical lift of a vector field X, we get
as(X)T — dVE(X)&,. Since I' = T# and &, = A1Y + Ax™ this results in

LrRXY)=(a2®T—d"E® A2)(X)" — (d"E ® A7)(X)".
Comparing this with (4.24), we find the following conditions:

K-K = 2T —-d"E® A (5.16)
VK+U = —-d'"E® A (5.17)

The first relation is the required condition (5.12) and we use this in (5.17)
to get that
VK+4+U=Va;®T—-d"E® (A1 + VA,). (5.18)

For the evaluation of (5.11) on a vector field X*, we work in the same way
and find that
LrR(X™) = (n @ T)(X)"

because d”E = 0 and I' = T*. Comparison with (4.25) reveals the require-
ments

VK-U=a,®T (5.19)
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and
PoK-—Kod®+VU =0. (5.20)

Bringing the expressions (5.19) and (5.18) together, gives us immediately
relations (5.13) and (5.14). Further we have that

1
VU =3 (Vs — Vi) ® T — dVE ® (VA; + V?Ay)]

which leads together with (5.20) and (5.16) to condition (5.15) because
®(T) = 0. [

Note that, if K is homogeneous of degree 0, it follows from (5.19) that o
has to be homogeneous of degree 0. From (5.13) we get then that Vg is
also homogeneous of degree 0. Now, we take the trace of expression (5.13).
Because 0p(A;) = —ai(T) and 0g(VAy) = V(0g(A2)) = Vas(T), one
obtains that

a1 (T) = Virk. (5.21)

Note further that condition (5.12) in fact says that K is symmetric if and
only if 0 p®as is symmetric. Since PLOE/Ou)) = ®Lgjmu™ = Phug;s = 0,
we have that if K = K, the conditions (5.13), (5.14) and (5.15) become

1

VK = §[Q1®T—9E®A1], (5.22)
1

U = —§[a1®T+9E®A1], (5.23)
1

@, K] = S[Var@T+0pe VA, (5.24)

In coordinates the first one is given by

1
VK = iuk [gmE1i + gikim)
which has the same form as the special conformal Killing tensor condition

(3.68) and also reduces to it in case of a Riemannian metric and basic tensor
J.

Remark that in the Riemannian case, the conditions (5.14) and (5.15) were
satisfied automatically. This will not be the case here. But the fact that
J is homogeneous of degree 0, will lead to some simplifications. The first
simplification, about the condition on U, is quite easy to find.
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Proposition 30. Suppose that J is homogeneous of degree 0 and K satisfies
condition (5.13). Then

U= [(Vas 1) T 6@ (A + V)
if and only if
VCMQ(Y) = D{//Ozl(T) (525)

PROOF. Since d'T = 1 and (d")? = 0, we have that
d'VK =
1
5 (@1 +d'Vas) © T = (1 + Vaz) A1+ d"B A (dAy + 'V Ay).

Putting this in expression (5.9), we get that U is given by (5.14) if and only
if
0 = ¢g(T,T)(Dxa1(Y) +DxVas(Y) — Dyai1(X) — Dy Vas (X))
+9(X, T)(2Vaz(Y) — Dy ai(T) + Dy Vay(T))
—9(Y, T)(2Vaz(X) — Dxai(T) + Dx Vae(T)). (5.26)

In this condition we set X = T and find
9(T, T)(=Dyai(T) + Vaz(Y)) = g(Y, T)Vay(T)

because a1 and Vay are homogeneous of degree 0. Taking DY of this equa-
tion we get

0 = g(T,T)(Dxa1(Y)+DxVas(Y) — Dyai(X) — Dy Vay(X))
—i—g(X, T)(3VO¢2(Y) — 2D§//041(T) + D}V}VOJQ(T))
—g(Y, T)(3Vaz(X) — 2D%a1(T) + DX Vas(T)).

Comparison with (5.26) implies that (5.25) is a necessary condition. It is
also easy to see that (5.25) is sufficient. O

Remark that condition (5.25) implies that Vas(T) has to vanish. Fur-
thermore, if we assume that K is symmetric, it follows from (5.12) that
Vaa(T)T = 2EVAs. So Vay(T) = 0 implies that VAs = 0, from which
follows that Vas = 0. Inserting this in condition (5.25), we find that
D¥%ai(T) = 0. Taking Dy of this equation, we obtain the following re-
lation

dVO[l =0.
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So, if K is symmetric, condition (5.14) is equivalent to d'a; = 0.

The homogeneity of J simplifies also the condition on the commutator of K
and ®. But this is a lot more complicated to proof.

Proposition 31. Suppose that K is homogeneous of degree 0, satisfies
(5.12) and (5.13) and Voo (Y) = Dy.aq(T). Then

@, K] = —% (Vs — Vo) © T — 6 @ (VA + V2A5)] — B(a) © T
(5.27)
if and only if
Vaq (Y) = a2(<I>(Y)) + D?ozl (T) (5.28)

Proor. From g(Dy K(X), T) = 0 follows that
9(DYK(X),T) = g(Dy VK(X),T)

because Vg = 0, VT = 0 and [V,Dy;| = Dy, — Dy/. Taking the dynamical
covariant derivative of this expression and using the commutator properties
[vv D)Iﬂ = DgY + D7V3(T’Y) + HRie(T)Y) and [vv Di‘?] = D%Y B D{/I' we get
9(Dy VK (X) + Dy K(X) + ftRie(r,y) K (X), T)
= g(DY VK (X) - DEVK(X), T).
The second term vanishes because of (4.9), so this becomes

9(hRie(ry) K (X), T) = g(Dy V2K (X) — 2DY VK (X), T). (5.29)

We will evaluate both sides of this equality now separately. The left hand
side, using the techniques for the calculation of ppje(r,) K similar to what
we did in the proof of theorem 13, can be written in the first place as

g(,uRie(T,Y)K(X)vT) =
—g(DEx®(Y) —R(KX,Y)+ KD%®(Y) — KR(X,Y),T).

Taking into account that d"® = 3R, ®(T) = 0 and & = ® we subsequently
find

9(MRie(r,y)yK(X), T) =
% [3g(K®(Y), X) — 29(K®(Y), X) — g(®K(Y),X) + 2D (9(T, K®(Y)))
—2¢(T, K®(DXY)) + Dy (¢9(T, K&(X))) — g(T, K&(Dy X))] .
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And since K = K — s @ T+ d"E ® Ag, by assumption, this finally becomes

Q(MRie(T,Y)K( ) (5.30)

T) -
5 9([K, 9](¥), X) = g(X, T)aa(@(1)
—g(¥, T)aa(®(X)) + 2D (o(T, K&(Y) - 29(T, K&(DKY))
DY (¢(T, KB(X))) - ¢(T, K&(DY X))

where we now see the commutator [®, K| appear.

Using (5.13), the right hand side of equation (5.29) becomes

2g(DY V2K (X),T) — 49(DEVK(X),T) = (5.31)
9(X,Y)[Vai(T) = VZay(T)] + g(Y, T) [V (X) + VZaz(X)]
+9(X,T) [DYVai (T) — 2D{a;(T) — DY VZas(T) + 2D Vas(T)]
+g(T,T) [DYyVau (X) + Dy VZas(X) — 2D¥ a1 (X) — 2DFVas(X)] .

So, the equality (5.29) at this point has been replaced by the relation which
arises form equating the right hand side of (5.30) and (5.31). We next further
simplify this relation as follows. First we evaluate it for X = T, taking into
account that ® is homogeneous of degree 2. We obtain

2g(T, K&(Y))
=g(Y,T)Vay(T) + g(T, T)(Dy Vay (T) — 2Dy a1 (T) + a2(2(Y))).

Now use this expression to simplify a number of terms in the relation under
consideration. Then it can readily be seen that the condition (5.27) about
the commutator [¢, K] is equivalent to

1 1
0 = §g(X,Y)V2a2(T)+gg(X, T) [2DY Vo (T) + 3Dy Vs (T)

—2D{a;(T) — 6DY Vas(T) + Vias(Y)]

+25(¥.T) [D§ Vau(T) - Dan(T) — Vay(X)]

+59(T,T) [3(DEDY — Dy, ) Ve (T) ~ DY Vo (X)
—4(DXD{ — Dfjyy)aa(T) + 2D a1 (X) + DY Veu(Y)

—2(Dy D% — DVX>a1( ) —2D% o (V) + 6Dy Vas(X)

—3DY V2az(X) + 2D as(®(Y)) + 2a2(DL®(Y)) + DY ag(®(X))
+az(DVO(X))]. (5.32)
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At last we can make use of some further simplifications which follow from
the result of the preceding proposition. Indeed, from Vau(Y) = Dy ;1 (T)
it follows that

* V2aa(T) =0
* V2ay(Y) = DY Vay (T) — DEay (T)

* DY VZay(Y) = (DYDY — Diyy)
+DyVai (X) — Do (X)

* DXVae(Y) = (DXDy — Dy )ar(T) = (Dy DX — Dy y)ar (T).

Va,(T) — (DYDY — DA

D}/(y)al(T)

So condition (5.32) becomes
0 = 3(DxDy - E;Y)Val(T) + Dy Vai(X) — DY Vay (Y)

+2D% aa(®(Y)) 4 2a2(D%®(Y)) — 2D% V2as(Y)
+DV ag(®(X)) + az(DY®(X)) — DY V2as(X).

Putting X =T, we get
0 = DYV (T) = Vo (V) + az(®(Y)) — Vias(Y)

\’
Vai(Y) = ax(®(Y))+ Dfa;(T).

Now we just have to prove that (5.28) is also a sufficient condition. Therefore
we take DY of (5.28) and we get

D% Vay(Y)
= (DXDy — ng)Oél(T) + Dy a1(X) + DX az(®(Y)) + ax (DX ®(Y))
= (DXDy — Dpyy)Van(T) + Dy Vay (X) — DX VZay(Y)
+Dx s (®(Y)) + azx(DX®(Y))

and if we compare this with (5.32), it is immediately clear that (5.28) is also
sufficient. O

Now, we will look at the interesting special situation that a = df = (d"f)" +
(d"f)". In that case, condition (5.25) is automatically satisfied. Indeed, we
have

Vao(Y) = Va"f(Y) = (d"Vf—d"f)(Y) = (d"(d"f(T)) — d"f)(Y)
= DVd"f(T) = DYay(T).



102 Application: R-tensors related to a Finsler metric

Also condition (5.28) is automatically satisfied, namely

Vai(Y) = VD{f — Dy f = DYV + Dy f) = D (T) + as(B(Y)).

Note further that since V(trK) = Vai(T) = Vf, the function f is the
trace of the tensor K (to within a first integral). If we assume that K is
symmetric, then follows from (5.12) that d"f has to be zero, in other words:
the trace of K has to be basic.

5.4 A recursive scheme of first integrals

We start from an arbitrary symmetric tensor field K which satisfies the
fundamental relation (5.22). So, we leave for a while the path of R-tensors
and we do not assume that K comes from a tensor J or is homogeneous.
Observe now that

V(g9(T,KT)) = g(T,VK(T)) = 39(T,a1(T)T — 2E Ay),
= o(T)E - Eg(T,A;) = 2E ay(T) = 2E VtrK.

We know of course that F is a first integral of the geodesic spray I', and the
above calculation now reveals that also % g9(T, KT)— FEtrK is a first integral.
In fact, we will show that there exists a whole hierarchy of (non-quadratic)
first integrals.

Let us first define the functions

1
km = §g(T, K™T) (5.33)
and .
amy = —trK™ (5.34)
m

form=1,2,..., and put kg = E.

Lemma 9. Under the assumption (5.22), we have for m > 1 that

Van, = a(K™T), (5.35)
Vi = i(wi)km_i. (5.36)

i=1
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PRrOOF. From (5.22) it follows, for example, that
1
VK? = KoVK+VKoK = 5(Koa®T+0q<g@1?(T—K9E<g@Al—eE@@KAl)

and it can be shown by induction that

m . . . .
(KZOQ QK™ 'T - K'0g ® Km_zAl).

i=0

+1 _ 1
VE™ =

Taking a trace, (5.35) immediately follows. Moreover, since Vg = 0 and
VT =0, we have
Vky, = 39(T, VK™ (T)).

A direct computation, using the formula for VK™ just derived, leads to
(5.36). O

We next introduce auxiliary functions ¢y, defined recursively by the follow-
ing scheme

=
¢1 =0, O = 3 z;aiak—i -
1=

The dynamical covariant derivative of such a function ¢; is computed in the
next lemma.

Lemma 10.  V¢; = Y7 a)Va; — YI-) &1Va;, j>2.

T
L

(k‘ — i)(biak_i, k > 2. (5.37)

x| =
<.
||
N

PrROOF. We have ¢9 = a1 and Voo = a1Vay so that the property is true
for j = 2. Assume it is Vahd for all j up to k — 1 and now act with V on ¢y
as defined by (5.37). We get

vék — E azvak T k E —1 ¢zvak i
=1
k—1 k—

i1
—]tl k—i)ay_ ZZalVaz 1+ liz_;( —i)ak—z‘;ﬁf)lvai—l.

—2 =

In order to collect coefficients of Va;, we put j = k —i in the second term on
the right and j = ¢ — [ in the last two terms (and adjust the summations).

k—1

-
Vér = aiVay i — % Z Qr—jVa;

=1

k—1
_% k—i)ag_ ZZ(LZ jVaj + + Z —)aj_ ZZ¢Z iVaj.
2

1=
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We subsequently interchange the two summations in those last two terms
and split off one term to have the common upper bound k& — 3 for j. The
result reads

wk—zazwk Z——ka jVaj — kalv% >

i=1
1 k— k—1 k—1
% Z Vaj Z (/6 - i)ak,iai_j — Z (k — i)ak,iqbi_j
7j=1 i=j+1 1=5+2

In the terms between brackets, we now change 7 — j to [. We also split of
the term for j = k — 3 in the second summation of the equation. Because
$2 = La?, we get

k-1 k-3
1
Vo = Zazvak it Z] br—jVaj — paVag o (5.38)
7j=1
LR k—j—1 k—j—1
%Z <Z k—j—Uag—j—1a— Z(k—j—l)ak—j—l¢z)-
j=1 =1 =2

Now we use the definition of ¢ (see (5.37)) to replace the terms between
the brackets. The second summation of equation (5.38) will cancel out a
part of it.

k-1
Vor =Y aiVag i — ¢aVag s

=1
k—j—1

153 ke —
EZ (kgf)k j+ Z 7—l)ak - la;)

The second term between the brackets is zero. Indeed,

k—j—1 k—j—1
k—3j k—j5—1 1
E (?—lak j—1ap = E Qf—j— lal< 9 +2—l) =0.
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O
Consider now the functions h,, defined by hyg = F and
m
hon = b+ D pikm—is With  pp = —ap, m21. (5-39)
i=1
There is also an alternative way to defines these functions, namely as
m
h =km — Y Cihm_i, with cp=ag+dp, m>1 (5.40)
i=1
where
k 1 1 k—
Y1 =0, Zazak i kz_; —)iag—;, k> 2. (5.41)

Note that we have already seen that hg = E and hy = g(T,KT) — BtrK
are first integrals. The point is now that all the functions h,, we have just
defined, are first integrals.

Theorem 21. Let K be a non-singular type (1,1) tensor, symmetric with
respect to a Finsler metric g = DVDVE. Assume that K satisfies the require-
ment (5.22), then the functions hy, (5.39) are first integrals of the geodesic
spray of g for all m.

PrROOF. From lemma 9 we have, using also Vkg = 0,

m—1 m—1

th Z v‘bz m—i + Pi Z Vaj m—i—j-
=1

=1 =1

.

Putting £k = 7+ j in the second term and interchanging the double summa-
tion, this becomes

m m—1 m
Vhi = Y (Védkm-i+ Y > (Varikn
i=1

=1 l=i+1
m -1
= > ((Wn) + Zpi(val—i)) k1 + (V1 )km—1.
=2 =1

This is clearly zero in view of ¢; = 0 and lemma 10. O
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Remark that the functions py are in fact the coefficients of the polynomial
det(zI — K) = 2"+ p12"  + ...+ pn (01 = —trK, po = 3 (tr(K)? — (trK?)),
ey pn = (=1)"det K). Note further that the first integrals h,, are of the
form 1¢(T, B T) where B,,) is a type (1,1) tensor field given by

m
By = K™+ piK™ " = ppl + KBy, 1)
=1

with By = [. There is also a link between these tensors B,y and the
cofactor tensor of K + sI. Indeed, if K satisfies (5.22), then so will K + sI.
This implies that g(Ax+srT, T) with Agqs1 =D 0y A(m) s™~ 1 the cofactor
tensor of K + s, is a first integral. Equating the coeflicients of the different
powers of s in the defining relation:

(K+sI)Agyor = det(K+sI)I = (s"—p15" 4. 4+-(=1) " ppus™ " +(—1)"p, )1,
we find that
KA(m+1) + A(m) = (—1)n_mpn,ml with A(n) =1

or
(—l)mA(n,m) = pml + K(—l)milA(n,m+1) with A(n) =1.

So, By = (=1)" Ay for m = 1,...,n. A( is the cofactor A =
K~!det K of K and we have just shown that g(AT,T) is a first integral.
We can also proof this in another way. Namely, for a symmetric tensor K
which satisfies (5.22), we have that

1
tr(K'VK) = 5(oq(K—lT) —g(T,K1A,T))
= o (K7'T) (5.42)
So, we find that

9(VA(T),T)
= detK (tr(K 'VK)g(K'T,T) — g(VK(K'T), K 'T))
= (det K)g(K'T,T) (tr(K'VK) — ay(K'T)) =0

where we made use of the general property
D(logdet M) = tr(M ' DM) (5.43)

which hold for any matrix M and differentiation operator D.
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Remark further that A;) = A is equal to (—1)”_1B(n_1). So,

By = pul + KB(,—1y = (—1)"(det K)I + (-1)" 'K A =0.

Finally, we come back to the case that the tensor K is related to an R-tensor.
So, we consider now a symmetric type (1,1) tensor field K homogeneous of
degree 0 which satisfies the conditions (4.9). We also assume that Nz =0
(which is needed for N to vanish). As shown above we have a whole hier-
archy of first integrals h,,. But in this situation we can also find a recursive
formula for the functions k,, (5.33) which define these first integrals.

The assumption Ny = 0 implies that (d", df,) forms a bi-differential calculus.
Indeed, it implies that also N}, = 0 which is equivalent to d}? = 0. Further
we have that d'? = 0 and d"d}, + d%d” = 0. So, if there exist a function
x(O satisfying dVd‘IQX(O) = 0, we know that there is a sequence of functions
determined by

In the following proposition we will show that this rule is true for y( = k;.

Proposition 32. Suppose that K is a symmetric type (1,1) tensor field,
homogeneous of degree 0. Under the assumptions (4.9) and Ny, = 0, we
have that d"(K8g) = 0 or equivalently that ko = E satisfies the equation
dVdy ko = 0. Moreover, we have

d" ky = dyckm—1, where  ky, = %g(T, K™T).

Proor. We have

d"(K0g)(X,Y)
= DxK(0p)(Y) - DyK(0p)(X) + K(Dx0p)(Y) — K(Dy0g)(X),
in view of (4.9) and the homogeneity of K. Since g = d"E, this is the
same as saying that d"dj.E = 0.
For the second part, we proceed by induction:
d'km(X) = 3DX (9(T,K™T)) = g(K™X,T) + 39(T, DxK™(T)),
= g(K™X,T) + 39(KT, DY K™ (T)),
= g(E™X,T) + 39(X, Dier K™ 71(T)).
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Now N); = 0 implies that Dy K = K o DK = 0 and then Dy K™ = 0
by induction. Hence,

A"k (X) = K™0p(X) = K™ 0p(KX) = d"kp1(KX) = dikn_1(X),

which gives the desired recursion. O

Remark that if N); = 0, we also have for the functions a,, that

dv(lm = d‘é&mfl .



Chapter 6

Projective equivalence of Finsler metrics

As we have seen in section 2.6, special conformal Killing tensors play a
distinctive role in the study of projectively equivalent Riemannian metrics.
It is therefore interesting to investigate whether the generalised notion of
such tensors which we have encountered in the preceding chapter, could
also be related to projective equivalence of geodesics of some kind. Most of
our attention in this chapter will go to projective equivalence of geodesics
associated to Finsler metrics. But it is perhaps a good question to ask
under what circumstances one can talk about a notion of geodesics in the
first place.

In a paper on the inverse problem of the calculus of variations for Finsler
structures, Krupka and Sattarov [25] have introduced a concept of geodesics
in a more general context than that of linear connections or more specifically
Riemannian or Finsler metrics. Briefly, what they discussed is the following.
Consider the fibre bundle I'Q) of linear connections on a manifold (), whose
typical fibre has coordinates, 7;-]6 say, which transform in the appropriate
way. What they call a ‘connection on T'Q)’ then is a morphism D : TQ) — I'Q
over the identity on (). It is claimed that there is an associated covariant
derivative operator which, for example on morphisms g : TQ — 73Q over
idg, is defined by the coordinate formula

99ij  0Gij s .
Giik = 5k T P Yord" = GimVik — GimVik- (6.1)

A geodesic of such a connection is said to be a curve in () which satisfies the
differential equations

i + 5@ a)d'd =o. (6.2)

It is clear that the kind of metric tensor fields g one is talking about here
are metrics along the tangent bundle projection 7 : T() — ) and that the
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connection under consideration would better be called ‘connection along the
tangent bundle projection’ as well.

We take the opportunity to make an excursion into this field in the next sec-
tion, with the specific purpose of justifying the constructions just mentioned
by a more coordinate free approach.

6.1 Linear connection along the tangent bundle projection

Let I'Q — @ be the fibre bundle of linear connections on ) and consider a
map D : T'Q — I'Q which makes the following diagram commutative:

re
>
TQ——Q

We have two principal objectives now: (i) show how one can come from such
a D, in an intrinsic way, to a notion of covariant derivative which justifies
(6.1); (ii) develop at the same time a parallel transport along curves in @,
which generalises the usual constructions for a linear connection, and leads
to the equations (6.2) as ‘geodesic equations’.

The fibre of I'Q at a point m € () consist of maps D,,, : T,,Q x X, — 11, @,
where &},, denotes the module of vector fields on () defined in a neighbour-
hood of m, with properties (omitting the subscript m in the notation)

D)\va = )\Dvm}/, AeER
Dy, (fY) = f(m)Dy, Y +vm(f)(m)Y(m), feC=(Q)

plus linearity with respect to the sum in both arguments. It follows for
the map D : TQ — T'Q under consideration, that D(w,,) is a map from
Tn,Q x X, to T,Q of this kind, which is determined by locally defined
functions 'yfj on T'Q), such that

9
oq?

0

D(wm) o = ’ij(wm) o . (6.3)

9" |m

These pointwise properties can be extended in a natural way. Consider a
map

D:X(1)x X(Q) — X(1),



6.1 Linear connection along the tangent bundle projection 111

defined for all X € X(7), Y € X(Q) by
(DxY)(wm) = D(wm)x,,,Y, (6.4)
which will have the properties

DpxY = FDXY, VFGCOO(TQ)
Dx(fY) = [fDxY+X(f)Y, VfeC>(Q),

where Y € X(Q) is regarded as element of X'(7) in the right-hand side of
the second relation. We have of course also the linearity properties:

DX1+X2Y:DX1Y+DX2Y, DX(Y1+Y2) = DxY; + DxYs.

Conversely, every operator D : X (1) x X(Q) — X (7) with the above four
properties determines a linear connection along 7, in the sense of the com-
mutative diagram we started from. Indeed, the value of DxY at any point
Wy, € Ty @ depends in the argument X only on the value of X at wy,. This
can be shown by using a standard argument with a bump function on 7'Q
which is zero outside a neighbourhood of w,,. As a result, it makes sense to
put
D(wm)v,,Y = (DxY)(wm),

where X is any vector field along 7 such that X, = v,. It then easily
follows that D(w,,) is a map which has all the properties for belonging to
the fibre of I'Q at m.

It is not yet clear how the operator D : X(7) x X(Q) — X(7) could be
extended to a covariant derivation for arbitrary tensor fields along 7, because
the second argument is restricted to vector fields on @ so far. A suitable
notion of horizontal lift will help us around this difficulty.

Let o : t +— ¢'(t) be a curve in @ and consider a vector field along o, i.e.
acurve 1 : t — (q'(t),n*(t)) in TQ which projects into . We can now
construct another vector field Dgn along o, defined for each value of ¢t by

(Den)(t) = D(n(t)sw)Y,

where Y is any vector field on @ such that Y (o(t)) = n(t) in some open
neighbourhood. In coordinates, we have

Dan(t) = (i (1) + 25O (0 () 5

9

o(t)
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where ¢ +— (g'(t),¢’(t)) is the coordinate representation of the curve ¢ in
TQ and n* stands for

k .
(0 = G )i ),

It is now possible to associate a concept of parallel transport along o to
D. If Dsn(t) = 0 for all ¢, then 7 is called parallel along o. Alternatively,
we say that 7 is a horizontal lift 0" of o, determined by the given linear
connection along 7. As in the standard theory, it follows from the existence
and uniqueness of solutions of first order ODEs, that for a given curve o
in @ and an arbitrary point v in the fibre of o(tg) say, there is an unique
horizontal curve ¢” passing through v and projecting onto o. The differential
equations to be solved for the n’(t) are of course non-linear here.

We can now properly define geodesics of a given linear connection along 7,
as being curves v in () which satisfy

Dsy = 0. (6.5)

It is clear that these are indeed curves t — ¢'(t) which are solutions of the
second order differential equations (6.2).

If X is a vector field on @, we define its horizontal lift X" as being the vector
field on T'Q) which projects onto X and is further being determined by the
requirement that its integral curves are horizontal lifts of integral curves of
X. Tt follows from what precedes that X" has a coordinate appearance of

the form 3 5

X" = XM g — e WX (0w 5o
The horizontal lift can be extended to an operator from X'(7) to X(7T'Q) by
imposing C*°(T'Q)-linearity. This brings us in the position to extend the
domain of the operator D even further, namely to an operator

(6.6)

D:X(t)x X(1) — X(1).

Indeed, since the module X'(7) is finitely generated over C*=(T'Q) by X (Q),
it suffices to put

Dx(FY)=FDxY + X"(F)Y forY € X(Q) and F € C=(TQ).
It is then natural to define the action of Dx on functions, simply by

DxF = X"(F)
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Having done that, Dx immediately extends to 1-forms along 7 by duality,
and subsequently to tensor fields along 7 of arbitrary covariant and con-
travariant order. In particular, we will have for g € 7(7), that Dxg is
defined by

(Dxg)(Y, Z) = X"(g(Y. 2)) = g(DxY. Z) = g(Y, Dx Z).
This justifies the covariant derivative formula (6.1), which was put forward
in [25].

For the rest of this section, I' will denote the SODE field of the geodesic
equations (6.2). It is interesting to observe that

Th=T and DT =0. (6.7)

There are a number of other interesting features which may be worth a
deeper investigation in the future. A striking point, for example, is that
the standard SODE-connection, associated to I', is not the connection D
we started from. To simplify this discussion a bit, since only the symmetric
components of the %kj play a role for the geodesics (6.2), let us assume that

k _ .k
Yij = Vji-

The connection coefficients of the non-linear SODE-connection associated
to I' the are given by

10k
k k l
k
In particular, I‘fj = gz; is different from %kj We have a different lift operator
also,
.0 0
H __ k h
X X=X~ Tigu) # X7

and T" is not, in general, equal to I'. Furthermore, both Df. and the
dynamical covariant derivative V, which plays such an important role in
many of our considerations, are not the same as the operator Dp. As a
matter of fact we have

n 0
Taqi

:r’?i while D 4 ik 9

ik 0 0
— k —
=!I} and V o w ’Vjiaqk'

7 g~ oq' ' Oq*

In general DAT and VT are not zero.
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Have we now seen the most general situation in which it is justified to call
second-order equations geodesic equations? It should be said that Martinez
has discussed in detail in his thesis [35] how one can introduce a notion of
parallel transport also for arbitrary second-order equations. The problem
there, however, (which is somewhat related to the remarks just made) is
that when curves whose tangents are parallel, are called geodesics again,
one ends up with geodesics equations which are different from the equations
one started from. In fact, they are the equations associated to the second-
order equation field T# which is commonly called the ‘associated semispray’
(see for example [13]). It is well known that T does coincide with the SODE
one starts from, in the special case of a spray, i.e. a second-order differential
equation field on 7 which is homogeneous of degree 2. So, let us now
come to the particular case of a spray, as seen within the context of linear
connections along 7 discussed in this section.

Going back to the commutative diagram of the beginning of this section,
we now restrict the domain of D to the slit tangent bundle 7 and assume
that the map D : 7Q — I'Q has the homogeneity property

D(Mwm) = AD(wm) A € R(£ 0).

This implies that the connection coefficients fyfj which we assume to be
symmetric, are homogeneous functions of degree zero of the velocity coor-
dinates. Hence, the geodesic equations (6.2) have ‘force-terms’ which are
homogeneous of degree 2 and thus construct a spray. Conversely, let I be a
spray, for which the conventional coordinate representation is:

0 —2Fi8

D =u'— :
u@ql out’

(6.9)

with coefficients I'¥ which are homogeneous of degree 2. We thus have

or Foad K

muk =2T", and also Wukul = 2T". (6.10)

To fit this within the frame work of linear connections along 7, it suffices to
define connection coefficients vfj for such connection. Since the coefficients
o1t

s transform in the appropriate way, we can set

p Ok

V5T Huiow
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But observe on the other hand that if a homogeneous D is the starting point
and we put 2I"" = *y,ilukul, it follows generally:

82Fi ) 8’)/.258 87;5 s 1 627};5 r, s
duFod ~ M < oul " ouk )" T 2adkad "t

This indicates that there is no unique identification between sprays and ho-
mogeneous linear connection along 7. Also noteworthy is the fact that even
in the case of a spray, the SODE-connection does not coincide necessarily
with the connection along 7, since the homogeneity properties do not help
to simplify or reduce the relation (6.8). All such aspects may be worth fur-
ther investigation. We limit ourselves here to the remark that at least the
following features now better fit together. We have

Th =T/ =T

and even though V = D{ still doesn’t need to coincide with D, we do have
that VT = 0 as well in the case of a spray.

We conclude this side exploration by the following remarks. Having recog-
nised an intrinsic geometric meaning in equations of type (6.2) as geodesics,
we could start studying projective equivalence of geodesics at this level of
generality. It turns out, however, that this doesn’t lead to any kind of
elegant structure. In the next section, we directly pass to projective equiv-
alence of sprays. There might be some advantages then in carrying out the
subsequent investigations with the aid of the horizontal lift X" rather than
X*H or the covariant derivative operator Dt rather than V. But for the
sake of uniformity with the preceding chapters, we will stick to the familiar
operations associated to the SODE-connection.

6.2 Projective equivalence of sprays

Suppose that we have a spray space (Q,I") of dimension n where I is given
by
-0 o,
'=u'— —2I"—
oq* ou?
with coefficients Fi~hom0geneous of degree 2 in the velocities u®. Consider
also another spray I with spray coefficients I'.

Definition 24. Two sprays I' and T ona manifold are projectively (or
geodesically) equivalent if their geodesics are the same up to a reparametri-
sation.
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This means that for any geodesic ¢ : I C IR — M of I' there exists a
parameter transformation o : I — I such that ¢:=coois a geodesic of r
and vice versa. It is also known that the sprays are projectively equivalent
if and only if there exists a function A on 7 (), homogeneous of degree 1 such
that

T=T-2)\A or I'=TI"+' (6.11)
In terms of their non-linear connection coefficients, this relation is
- _ N A
I :F;—Hﬂ@—i—)\d} (6.12)

from which we obtain, after summing over ¢ and j and using the homogeneity,
the following formula for A:
1

A= I — T, 1
nH(z ) (6.13)

Another important result that we will need later, establishes a relation be-
tween the dynamical covariant derivatives of both sprays.

Proposition 33. Let I' and [ =T—2)\A be projectively equivalent sprays,
then _
V =V —2\DX + pa, (6.14)

where A is the type (1,1) tensor d"A @ T + AI.

PROOF. The proof is a straightforward computation. For F' € C>~(T'Q) we
have

VF =T(F) = (I — 2\A)(F) = VF — 2\ADY.F.

Next, for X € X(7), the definition of the dynamical covariant derivative
gives

~ -~ .9
— 7 U]
VX (T(XY) +TiX )78(11.
. . O ON AN,
— AN 7 i ) ] 7)) 2
(F(X) AM(XY) 4 (I + 5 4 A5) X > 5

= VX —2\DpX + AX + (d"A@ T)X
— VX — 2)\D¥X + M(dVA®T+)\I)X-
For 1-forms o € X*(7), the result follows by duality. O

For more information on the projective equivalence of sprays, we refer to

[45].
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6.3 Projective equivalence with the canonical spray on a
Finsler space

In this subsection we discuss the projective equivalence of two sprays in the
particular case that one of the sprays is the canonical spray of a Finsler
metric, also sometimes called the Finsler metrizability in a broad sense (see
for example [48]). The proofs are similar to the one of lemma 8 in chapter
5.

So, suppose that we have a Finsler manifold (Q, E) with canonical spray T'.
We want to find the necessary and sufficient conditions for a spray I' to be
projectively equivalent to I'.

If I =T — 2)\A, then (5.6) can be written, in view of the homogeneity of F,
in the form

f<aE> OE . 0E 6.15)

) — — = -2\ —.
ou’ aq* ou’
Conversely, if (6.15) holds for some A homogeneous of degree 1 and I' is the
Euler-Lagrange field of E, it follows using the homogeneity of F that

~p O°E O*F
rk T+ R (T
( )8uk@uz Y ik au

and then from the non-degeneracy of E that [ =T —2)\A.

['(E) = 0 implies for a projectively equivalent I that f(E) = —4M\E. Then,
interchanging as before the partial derivatives in the first term of (6.15), we
get

~ oA OF
H;(E)=—-2—F — A\—
(E) ou’ ou’
This is called ‘Rapcsak’s equation’ and can equivalently be written as
d"E = —2Ed"\ — \d"E. (6.16)

Conversely, (6.16) implies by applying it to T that f(E) = —4)\E. Using
again the commutator of I and da' we see that (6.16) is identical to (6.15).

out’

Finally, using (6.14), it follows that Vg = 0 implies
Vg=pag=—-dA®d"E—d"E ®d"\ — 2\g. (6.17)

Conversely, following the method of proof of lemma 8 again, if (6.17) holds,
the computation of Vg(T,T) implies that I'(E) = —4\E and then comput-
ing Vg(T, X) leads to (6.16).

So, to summarise, we have proven the following theorem.
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Theorem 22. A spray T on a Finsler manifold with energy function E is
projectively equivalent with the canonical spray U if and only if there exists
a function \, homogeneous of degree 1, such that one of the following three
equivalent conditions holds (and therefore all):

~ (OF OE OF
@) T (6u1> Cog _2)\%’

b) d"E = —2Ed"\ — Nd"E;

¢) Vg=—d"A®d"E — d"E @ dA — 2)g. O

6.4 Projective equivalence of two Finsler metrics

We shall start from a non-singular type (1,1) tensor field L along 7, sym-
metric with respect to a given Finsler metric ¢ = DYDYV E and homogeneous
of degree 0 in the velocities. As already said before, we want to study in this
section under what circumstances this tensor L gives rise to a projectively
equivalent metric g in exactly the same way as in the Riemannian case that
we described in section 2.6.

So, consider the symmetric type (0,2) tensor g, homogeneous of degree 0,
defined by

J(X,Y) = (det L) 'g(L71X,Y). (6.18)
In coordinates it is given by
Gij = (det L) 'L,
from which one can derive that
det § = (det L)~V det g. (6.19)

Conversely, one can use the above relations to define a type (1,1) tensor L
for any two metric tensor fields (homogeneous of degree 0, say, and assumed
to be non-singular here).

Unlike in section 2.6 where the metric defined by (2.7) is immediately a
Riemannian one, we have to impose an extra condition on L for g defined
by (6.18) to be a Finsler metric.
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Proposition 34. § is a Finsler metric, i.e. § = DVDVE for some E
(homogeneous of degree 2), if and only if

tr(LDY LY g(L7'X,Y) 4+ g(DYL™HX,Y)
=tr(LDVL Y g(L7'X, Z) + g(DY L)X, Z), (6.20)

for all X,Y,Z € X(7).

PrOOF. ¢ is the Hessian of a function E if and only if it satisfies the
Helmbholtz condition (D%g)(X,Y) = (Dy¢)(X, Z). From the definition of g,
the fact that g is a Hessian, and the general property 5.43, one easily finds
that this is equivalent to (6.20). O

The function E is not uniquely determined, but in view of the homogeneity
of g, it can be taken to be homogeneous of degree 2 and then necessarily
must be

E=15(T,T) = }(det L) 'g(L7'T,T) (6.21)
The next step is to examine when the canonical spray f, associated to this
Finsler energy Eis projectively equivalent with the original canonical spray
Ir.

Theorem 23. Let (Q, E) be a Finsler manifold, L a non-singular type (1,1)
tensor, homogeneous of degree 0 and symmetric with respect to g = DYDYV E,
and consider the energy function E as defined by (6.21). Then, the corre-
sponding canonical sprays I' and T are projectively equivalent, i.e. I =
' — 2)\A, if and only if L satisfies

9(VL(X),Y) = %[Q(X, T)a(Y) + g(Y, T)a(X)] (6.22)

where
a=-2dj\ and X=31tr(LVL™). (6.23)

PROOF. We use the third of the equivalent conditions of theorem 22 with
the role of V and V interchanged, which is to say that we will characterise
projective equivalence by the existence of a function A such that

Vi(X,Y) = (DxA)g(Y, T) + (DyA)g(X, T) + 2A (X, V). (6.24)
From the defining relation of g, we obtain with the aid of (5.43) that

V(X,Y) = (det L)' (tr(LVL Hg(L'X,Y) — g(VL(L™'X),L7'Y)) .
(6.25)



120 Projective equivalence of Finsler metrics

Observe in addition that for any Euler-Lagrange field, the connection coef-
ficients have the property T'! = %F(log det g). Indeed, we have Vg = 0 or
ngkj + F?gik = I'(gij), from which the result follows by multiplication with

g" and using (5.43).

Suppose now first that I" and T are projectively equivalent, i.e. [ =T—2)\A.
Then Vg, as given by (6.25), satisfies (6.24), yielding

(tr(LVL™Y) = 2X) g(L7'X,Y) = g(VL(L7'X), L7'Y)
+ (DY Ng(L7Y, T) + (DY A)g(L™' X, T).  (6.26)

But the formula (6.13) for A here becomes (since both sprays are Euler-
Lagrange fields)

1

A:
n+1

(T} — T = 2(nl+1) (f(log det g) — I'(log det g)) ,

and since logdetg is homogeneous of degree 0, we have f(log detg) =
I'(logdet g). It follows, with the aid of (6.19), that

1 det 3\ /(D
A= §F (log <detg>

1

2

I'(log(det L)™1) = %tr(LVL‘l). (6.27)

Hence, the left-hand side in (6.26) vanishes and renaming L~'X and L~'Y
as X and Y, we get the desired result (6.22) with « as in (6.23).

Conversely, if L satisfies (6.22) with « as in (6.23), then (6.25) becomes

Vi(X,Y) = tr(LVL HG(X,Y)+ sDV(tr(LVL™ 1)) §(X, T)
+3D% (tr(LVL™)) g(Y, T).

So, there exists a A, namely A = £ tr(LVL™'), such that condition (6.24) is
satisfied, which means that I' and I' are projectively equivalent. O

Notice that condition (6.22) already has appeared in (5.22). It is the gen-
eralisation of the equation for special conformal Killing tensors (3.56) in
the Riemannian case, where o = df with f the trace of the basic tensor L.
Remark that expression (6.23) is automatically satisfied in that case. It’s
a consequence of the vanishing of the Nijenhuis torsion. Namely, Ny = 0
means that

L;Tka — LZLL;?‘Z. — L;?kLg? + L;”Lflj =0.
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contracting this with (L"), we find (L)}, L7, LF = Lf; or tr(L'Df L) =

tr(D% L) for an arbitrary vector field X. So, using the commutator property
DY, V] =D% — D¢y we get

DYy (tr(L7'VL)) = tr(L7'D¥ L) = tr(DY L) = dtrL
because L is basic.

In the case of a Finsler metric and a type (1,1) tensor L along 7, homoge-
neous of degree 0, condition (6.23) will not automatically hold. But it is
possible to write it in another form. Therefore, we introduce first a vector
field X, € X(7), defined by

Xoldg = au (6.28)

Now we can rewrite condition (6.22) as an equality for type (1,1) tensors:
VL =3{T®a+ X, ®0p). (6.29)

It has the same form as expression (5.22) where we replace a1 by o and A;
by —X,. Also here (see (5.21) and (5.42)) we have that «(T) = VtrL and

oL7IT) = tr(L7'VL). (6.30)
So, requirement (6.23) becomes

a(X) = Dix(a(L7'T)).
Setting X = T, we find that

o(T) = Dyp(a(L7'T))
which is the same as saying that

VtrL = DY ptr(L7'VL)

Inspired by what happens in the Riemannian case, we wonder if the Nijenhuis-
type tensors of L can help to eliminate or simplify condition (6.23). This
question will be discussed in the next section.

6.5 Nijenhuis torsion condition on L

As already said before, the special conformal Killing tensors have automat-
ically vanishing Nijenhuis torsion and the same is true for their complete
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lift. The present situation however, is much more complicated. First of all,
one can for every type (1,1) tensor field W along 7, consider two Nijenhuis-
type tensors, namely Nyj, and Ny}, (see the definitions (4.1) and (4.2)). For
our tensor L it is not clear which Nijenhuis-type tensor should be relevant.
Therefore we will investigate further the conditions arising from proposition
34 and theorem 23.

With g as before defined by (6.18), we now look again at the condition (6.20),
which will guarantee that § = DVDVE with E as in (6.21). Note first that
by putting X = LP and switching derivatives from L' to L, (6.20) can
equivalently be written as

tr(DYLo L) g(P,Y) + g(DYL(P), L™'Y)
=tr(DY Lo L") g(P,Z) + g(DYL(P), L™ Z). (6.31)

Putting next ¥ = LQ, Z = LS and renaming subsequently P, Q,S as
X,Y, Z again, this can further be written as

tr(Dy,Lo L ') g(X,LY) + g(D},L(X),Y)
=tr(DYyLo L Y g(X,LZ) + g(D}y L(X), Z). (6.32)

Taking now X = LY = T, it follows from the homogeneity of L, i.e. the
property DL = 0, that

2Etr(DY,Lo L") 4+ g(D},L(T),L~'T) = 0,
or
2FEtr(DY,Lo L™Y) 4+ g(NY(Z,T),L7'T) + g(DYL(T), T) =0  (6.33)
Using this, (6.32) can be written in the form

—g(L7INY(Z,T) + DYL(T), T) g(X,LY) + 2E g(DY ,L(X),Y)
= —g(L7INY(Y,T) + DV L(T),T) g(X,LZ) + 2E g(DYy L(X), Z)

which is the same as

2E (9(N[(Z,X),Y) +g(D7zL(X),LY) — g(Dyy L(X), Z))
= g(X,LY)g(L™'N}(Z,T) +DyL(T), T)
—9(X,LZ)g(L N} (Y, T) + DY L(T), T). (6.34)

This reformulation of the condition for having a second Finsler metric strongly
suggests that a natural further assumption to adopt about L is that N} = 0.
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Lemma 11. If a general, non-singular type (1,1) tensor field L along T has
the property N; =0, then

dy(logdet L) = d"(trL). (6.35)

PRrROOF. It follows from N} = 0 that DY L = L~' o DY, L. Hence
tr(DY,Lo L™') = tr(DYL) = DY(trL),
for arbitrary Z. Using property (5.43), one obtains equation (6.35). O

Lemma 12. If L is a symmetric non-singular type (1,1) tensor homoge-
neous of degree 0 and has zero vertical covariant Nijenhuis tensor Ny , the
condition (6.20) for g, as defined by (6.18), to be a Finsler metric, is equiv-
alent to the two requirements

2EDYtrL = —g(DYL(T), T); (6.36)

2B (9(DZL(X),LY) — g(DLy L(X), Z))
= 9(X, LY)g(D7L(T), T) — g(X, LZ)g(Dy L(T),T)  (6.37)

PROOF. As seen in the proof of lemma 11, it follows from N; = 0 that
tr(DY,,L o L™') = DY(trL). So equation (6.33) becomes

2EDYtrL = —g(DYL(T), T).

Condition (6.37) follows immediately from (6.34) if N}’ = 0. O

Coming back now to the problem at the end of section 6.4, we find the
following simplification

Proposition 35. If L is a symmetric type (1,1) tensor field along T, ho-
mogeneous of degree 0 which satisfies (6.29) and N; = 0, then condition
(6.23) is equivalent to djo = 0.

PROOF. Suppose that a = d¥tr(L"1VL). Because N} = 0, we have that
dy? =0, so dja vanishes.

Conversely, assume that dja = 0. The vanishing of N} implies then that
a = dy) for a function X" homogeneous of degree 1. Further we have that

(VL) 2 a(L-'T) = DY = V.
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So, a = dYtr(L~IVL). O

The assumption Ny = 0 seems also natural if we let L play the role of the
K-tensor coming from a tensor J, as described in the chapters 4 and 5. In
that situation, the condition Ny = 0 is necessary for obtaining a tensor field
R with vanishing Nijenhuis torsion (see condition (4.40)). In the case that L
has to come from a tensor J, we have to adopt a supplementary restriction
to L, namely

g(DYL(Y), 2)) = g(DYL(Y), X)

forall XY, Z € X(7) (see (4.9)). Using lemma 12 we can prove the following
equivalence.

Corollary 3. For a type (1,1) tensor L, homogeneous of degree 0 and sat-
isfying conditions (6.36) and (6.37), the requirement

gDz L(X),Y) = g(Dy L(X), Z) (6.38)

18 equivalent to the condition: trL is basic.

Note that, as a result of (6.35), if trL is basic then so is det L. In fact, the
traces of all powers of L will be basic in such a case, which can be proven
along the following lines. Note first that for all powers m:

DimyxyL=L"oDXL, and DjxL™=LoDY\L™.

The first is a trivial consequence of N/ = 0, the second is easily shown by
induction. Using these properties one subsequently finds that

NY =0 = NY%=0, Vk

Finally, starting from N Zk = 0 and proceeding by induction again, we have

DYLF = L7%oDY, LF,

L= (L7 o DYy Lo LA 4 DY 1571,

from which it follows that

DY (trL¥) = tr(DXLF) = tr(L ' o DY, L) + tr(L- Do DY, | o LF 7).

(LX)

The first term on the right is zero if trL is basic, while the second is
tr(DY  L*~1) and is zero by the induction hypothesis.
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Finally, one can note that the construction of first integrals as described in
section 5.4 works also in the present situation where we consider a symmetric
type (1,1) tensor L satisfying (6.29). Only for the recursion formula in
proposition 32, L has to satisfy two extra conditions: L has to come from a
tensor J and N} = 0. In the present situation this means that the trace of
L has to be basic. The functions functions a,, and ¢,, (defined in (5.34) and
(5.37)) are in this case also basic.

6.6 Example with a Randers metric

To find an illustrative example of the theory discussed in section 6.4, we
make use of a property of Randers metrics. A Randers metric is a Finsler
metric with a Finsler function F of the form F = /a;;(q)uiu/ + bju’ where
a;j is a Riemann metric. It is known (see for example [45]) that the metric
associated to I is projectively equivalent with its corresponding Riemannian
metric a;; if and only if the 1-form g = b;dg’ is closed.

For simplicity, we start with the Finsler function F' of a free particle in
two dimensions: F = u% —i—u% and we consider another function F' =

Vu? + u2 + gaus. So the metrics corresponding to F' and F are projectively
equivalent. The metric g is given by

3
~ q2Ug
g1 = 14+ -——=
(uf + u3)3/?
~ unif
gi2 =

(uf +uz)*2
?)QQUQU% + 2q2u§‘
(uf +u3)?/?

Goo = 1+4+q5+

and for the determinant of ¢ we find
qa2u2 ’
detg = (1 + )
(uf +u3)'/?

The two metric tensors g and g define a non-singular, symmetric tensor L,
homogeneous of degree 0. Namely, making use of the formulas (6.18) and
(6.19), we get that

~\ 1/3
L:§—1<detg) / — G ldety ui + u3

5
det g ( /u%+u%+q2u2)
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So,
o= (1+93)(ui +f%)3/2 + 3qouzuf + 2qou3
F2\/uf +u3
L = _~Q27u:{)
N
o R

F2/u? + u2
Now, we compute the dynamical covariant derivative V of L (in this case V

of a function f is given by V(f) = T(f), v(a(?;i) =0 and V(dq') = 0) and
we find

L} = [+ i)+ ity + )/ |7+
(VL); = - [qwg + (uj + 2udud)\Jud + ug] / [ﬁ?’ m]
(VL)Y = |guiul — udugy/u? + u%} /| F3 a2 + ug] :

So, VL satisfies the fundamental relation (6.29), namely we have that VL; =

L(ajul + agu?) for i, j = 1,2 with

2
a1 = [Q2U2U1(2uf +ud) + ulugm] / [ﬁi"m]

= 4 3 2 2 2 3 2 9
Qg = — [CDuz + (us + 2u1u2)M] / [F m} )

For this example, however, the vertical Nijenhuis tensor IV} is not zero.

and

Starting from this type (1,1) tensor L which satisfies (6.29), we can con-
struct first integrals of the system F', as in section 5.4. This leads again to
complicated calculations. Moreover, in the case of a free particle it is not
an interesting problem and therefore we will not pursue this further.
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Samenvatting

Het algemeen referentiekader voor deze thesis, is dat van integreerbare Ha-
miltoniaanse systemen. Het onderwerp is ontstaan met een beroemde stel-
ling van Liouville in de Hamiltoniaanse mechanica en is nog steeds populair.
FEen interessante deelklasse binnen deze systemen bestaat uit de systemen
met een bi-Hamiltoniaans karakter: ze zijn Hamiltoniaans ten opzichte van
twee Poissonstructuren die compatibel zijn, i.e. waarvan de lineaire combi-
natie ook een Poissonstructuur is. Deze bi- Hamiltoniaanse structuur is voor
het eerst ontdekt in 1978 door F. Magri in het geval van evolutievergelij-
kingen, zoals de bekende Korteweg-De Vriesvergelijking. Men kan aantonen
dat de interactie tussen de twee Poissonstructuren aanleiding geeft tot een
hiérarchie van eerste integralen die in involutie zijn voor beide haakjes van
Poisson. Deze theorie wordt geschetst in het eerste hoofdstuk van deze ver-
handeling. We beschrijven ook kort de systemen die scheidbaar zijn in de zin
van Hamilton-Jacobi, in het bijzonder de zogenaamde Stéckelscheidbaarheid
en de Eisenhartvoorwaarden.

Een Poisson-Nijenhuisvariéteit bestaat uit een Poissontensor P en een (1,1)-
tensorveld R waarvoor geldt dat PR = RP een tweede compatibel Poisson-
haakje definieert. Zo’n variéteit heeft dus een bi-Hamiltoniaanse structuur
en de tensor R wordt de recursieoperator genoemd. Uit de compatibili-
teit van de twee Poissonhaakjes volgt dan dat de Nijenhuiswringing van R
verdwijnt.

Een bekend voorbeeld van zo'n Poisson-Nijenhuisstructuur ontstaat als volgt.
Beschouw een (1,1)-tensor J op een gegeven Riemannvariéteit. De canoni-
sche symplectische structuur w op de co-raakbundel bepaalt reeds een eerste
Poissonhaakje. Met behulp van de tensor J construeren we een tweede 2-
vorm wy = Ljvw (zie (2.8)). De relatie

iR(g)w = Z'gu}1 (1)

met & een willekeurig vectorveld op de co-raakbundel, definieert dan een
tensor R (een R-tensor genoemd). In feite is R hier de complete lift van
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J naar de co-raakbundel. Als de Nijenhuiswringing van J verdwijnt, ver-
dwijnt ook deze van R en R is dan de recursieoperator van de Poisson-
Nijenhuisstructuur bepaald door w en J.

Men heeft onder andere onderzocht onder welke omstandigheden de zonet
gedefinieerde tensor R invariant is. Maar onze interesse gaat vooral uit naar
een speciale klasse van niet-invariante R-tensoren die verbonden zijn met
het bestaan van een zogenaamde geijkte bi-differentiale calculus. Want deze
klasse van R-tensoren legt een interessante voorwaarde op aan de tensor J.
Deze moet dan namelijk t.0.v de beschouwde Riemannmetriek g voldoen
aan een relatie van de vorm

1
Jijie = 5(9jkai + gikerj)

of
oq*

met |k de covariante afgeleide, o; =
tensor J geldt dat

en f het spoor van J. Voor zo'n

Jijie + Jinpi + Jrily = gijoun + gjpi + gricy,

m.a.w J is een conforme Killingtensor. Aangezien niet alle conforme Killing-
tensoren deze vorm hebben, spreekt men van een speciale conforme Killing-
tensor. Als zo'n tensor enkelvoudige eigenwaarden heeft, wordt hij ook wel
een Benentitensor genoemd, naar S. Benenti die deze klasse van tensoren als
eerste bestudeerde.

In hoofdstuk 2 van deze thesis bespreken we kort dit type conforme Killing-
tensoren. We herhalen de definitie en enkele interessante eigenschappen. De
belangrijkste eigenschap is wel dat de Nijenhuiswringing van een speciale
conforme Killingtensor automatisch verdwijnt. Verder geldt er dat de co-
factortensor van zo een niet-singuliere tensor J een Killingtensor is, m.a.w.
een kwadratische eerste integraal van het systeem bepaalt. Als J een speci-
ale conforme Killingtensor is, dan is J + sI dat ook, voor elke willekeurige
constante s. De coéfficiénten van de verschillende machten van s van de co-
factortensor van J + sI, bepalen dan een verzameling van eerste integralen
([10]). Bovendien voldoen ze aan de Eisenhartvoorwaarden.

In hetzelfde hoofdstuk bespreken we ook enkele andere onderzoeksdomeinen
waarin de speciale conforme Killingtensoren opduiken. Een eerste voorbeeld
is te vinden in de theorie van de zogenaamde cofactorsystemen en cofactor-
paarsystemen. Deze is ontwikkeld door H. Lundmark [30] op een Eucli-
dische ruimte en is dan uitgebreid tot Riemannvariéteiten door M. Cram-
pin en W. Sarlet [9]. Daar worden zo’n systemen in verband gebracht met
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niet-conservatieve Lagrangiaanse systemen die een quasi-Hamiltoniaanse re-
presentatie hebben ten opzichte van het Poissonhaakje komende van een
(1,1)-tensor L. Het is daarvoor nodig dat L een speciale conforme Killing-
tensor is. Een andere belangrijke toepassing voor dit soort tensoren vinden
we in de studie van projectief of geodetisch equivalente Riemannmetrieken,
i.e. metrieken die dezelfde geodeten hebben op een herparametrisatie na.
M. Crampin heeft aangetoond dat de (1,1)-tensor L die twee projectief equi-
valente metrieken g en g aan elkaar linkt, en meer bepaald gedefinieerd is

als:
L det g 1/n+1~_1
5= \derg) %

een speciale conforme Killingtensor is. Het omgekeerde is ook waar: als L
een niet-singuliere speciale conforme Killingtensor t.o.v een Riemannmetriek
g is, dan zullen g en g, gedefinieerd door

gij = (det L)_IL;jl
projectief equivalent zijn (zie [11]).

Tot hier de herhaling van de reeds gekende resultaten. Het belangrijkste
doel van ons onderzoek is nu het veralgemenen van de theorie van speciale
conforme Killingtensoren op een Riemannvariéteit naar een algemene La-
grangiaanse variéteit, i.e. een raakbundelvariéteit waarop we een reguliere
functie ¢ beschouwen. Bij deze uitbreiding vertrekken we ook niet langer
van een (1,1)-tensor op de basisvariéteit. De (1,1)-tensor zal nu ook van de
snelheden athangen. In het bijzonder beschouwen we ook een Lagrangiaan
komende van een Finslermetriek. In dit geval zal de snelheidsafhankelijkheid
van de (1,1)-tensor homogeen van de graad nul zijn.

Als voorbereiding op dit onderzoek, hebben we eerst van naderbij bekeken
hoe de theorie van Poisson-Nijenhuisstructuren (besproken in hoofdstuk 2),
die ontwikkeld werd op een co-raakbundel, op een natuurlijke manier kan
bekomen worden met raakbundeltechnieken. Dit wordt besproken in het
derde hoofdstuk. Eerst herhalen we de voornaamste ingrediénten van de
calculus langs de raakbundelprojectie 7 zoals die ontwikkeld is in [36] en
[37]. Het vertrekpunt hierbij is een connectie op de raakbundel zodat een
horizontale lift X* van een vectorveld langs T naar de raakbundel kan wor-
den geconstrueerd. Verder definieert men volgende afleidingoperatoren van
differentiaalvormen langs 7: de horizontale en verticale uitwendige afgeleide
d™en d" en de horizontale en verticale covariante afgeleide D en DV. In het
geval dat de connectiecoéfficiénten symmetrisch zijn, m.a.w dat de connectie
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komt van een syteem van tweede-ordedifferentiaalvergelijkingen, hebben we
nog twee andere belangrijke operatoren langs 7: de dynamisch covariante
afgeleide V en het Jacobi-endomorfisme ®. In deze verhandeling bekijken
we vooral de situatie dat het tweede-ordevectorveld bepaald wordt door de
Euler-Lagrangevergelijkingen van een gegeven Lagrangiaan. Voor definities
en meer details verwijzen we naar paragraaf 3.1.

Met behulp van deze calculus langs de projectie komen we tot een raakbun-
delversie van de gekende resultaten en sommige daarvan kunnen we direct
uitbreiden tot het geval dat we beschikken over een willekeurige reguliere
Lagrangiaan. Kort geschetst verlopen die constructies als volgt. Eenmaal
de raakruimte voorzien is van een reguliere Lagrangiaan ¢ beschikken we
over een geassocieerde symplectische 2-vorm wy = dfy = d(Sdl)). Vertrek-
kend van een (1,1)-tensor J op de basisvariéteit, kunnen we aantonen dat
J¢S (met J¢ de complete lift van J en S het verticaal endomorfisme), net
zoals S een bijna-raakstructuur bepaalt. Bijgevolg is het natuurlijk om een
tweede 2-vorm te construeren door in de bepalingsformule van wy, S te ver-
vangen door J¢S. Met behulp van formule (1) definiéren we dan een tensor
R. In hoofdstuk 3 bestuderen we de structuur van deze tensor en ook enkele
eigenschappen. We vinden dat

RX") = (Ix)¥
R(X™) = (JX)"+UX)"

met g(JX,Y) = g(X,JY) en g(UX,Y) = d*(J6,)(X,Y) als g de Hessiaan
DYDY/ van de Lagrangiaan / is.

Voor het specifiecke geval dat ¢ een kinetische-energie Lagrangiaan, afkomstig
van een Riemannmetriek is, onderzoeken we twee belangrijke situaties. We
bewijzen dat R invariant is onder de gegeven dynamica, m.a.w. dat R een
recursieoperator voor het genereren van symmetrieén is, als en slechts als J
symmetrisch en parallel is. We beschouwen ook het geval dat geldt

ddgl = df A de (2)

met f een functie op de basisvariéteit en dr gedefinieerd in paragraaf 1.2.2.
De tensor R is dan niet invariant terwijl J opnieuw symmetrisch moet zijn en
verder nog moet voldoen aan de volgende uitdrukking die een alternatieve,
intrinsieke karakterisatie inhoudt van het speciaal conform Killing zijn:

§(VI(X), Y) = 3[o(X, TIDS +g(X, TIDY f], )
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Hierin zijn X en Y willekeurige vectorvelden op de basisvariéteit, is g de ge-
geven Riemannmetriek, V de dynamische covariante afgeleide en T = u’ 8(?11' .
We vinden verder een uitdrukking voor de tensor U en de commutator van

J en het Jacobi-endomorfisme ® in functie van a.

Als we eenmaal goed begrijpen hoe deze constructies op de raakbundel wer-
ken, kunnen we beginnen aan de eigenlijke veralgemening. In hoofdstuk 4
vertrekken we dus van een Lagrangiaanse variéteit en een tensor J langs de
raakbundelprojectie. De bedoeling is om zo mogelijk, op analoge manier als
in hoofdstuk 3, een tweede Poissonhaakje te construeren. Daarvoor merken
we op dat J¢S in feite gelijk is aan de verticale lift J van J en dat deze lift
betekenis houdt wanneer J een tensorveld langs 7 is. Ook hier gebruiken we
relatie (1) om een R-tensor te bepalen. De structuur van deze veralgemeende
tensor R wordt gegeven in de volgende stelling.

Stelling 1. Het (1,1) tensorveld R op de raakbundel wordt gekarakteriseerd
door

R(X") = (KX)"
R(X™) = (KX)" +@UX)"

met g(KX,Y) = DV(J0,)(X,Y) en g(UX,Y) = d*(J8,)(X,Y).

Verrassend hierbij is dat in deze uitdrukkingen een tensor K de plaats van
de tensor J inneemt. Deze tensor K zal dan ook een belangrijke rol spelen
in deze theorie. K reduceert tot J als J onafhankelijk van de snelheden
is en een andere belangrijke eigenschap, die we veelvuldig gebruiken in de
bewijsvoering, is de volgende:

Stelling 2. Voor willekeurige vectorvelden X,Y, Z € X(7) geldt:

g(DXK(Y),Z) = g(DZK(Y), X). (4)

Als K symmetrisch is, drukt deze eigenschap uit dat K de Hessiaan van een
zekere functie is. Onze aandacht gaat ook naar de recursie-eigenschappen
van R. We onderzoeken wanneer R invariant onder de stroming van het
gegeven Lagrangiaans systeem is, hetgeen in direct verband kan worden
gebracht met de theorie over alternatieve Lagrangianen. De tensor R is in dit
geval de horizontale lift van K. Verder bestuderen we ook de Nijenhuiswrin-
ging van R. Zoals verwacht, is het probleem hier heel wat complexer, maar
er treden toch enkele interessante vereenvoudigingen op. De theorie wordt
geillustreerd aan de hand van een paar voorbeelden.
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In hoofdstuk 5 beschouwen we een Finslervariéteit ((), E) met canonische
spray I' en Finsler metriek g. De tensor J wordt homogeen van de graad nul
in de snelheden verondersteld. De tensoren K en U zijn dan respectievelijk
homogeen van de graad nul en één. In deze situatie vereenvoudigen de
voorwaarden opdat R invariant zou zijn.

Stelling 3. LrR verdwijnt als en slechts als K symmetrisch en parallel is.

Na heel wat ingewikkelde berekeningen komen we ook voor het Nijenhuis-
wringingsvrij zijn van R tot twee eenvoudige voorwaarden.

Stelling 4. De Nijenhuiswringing Nr van R is nul als en slechts als
Ng=0 en
NE(X,Y)+ D xK(Y) — Dy K(X) =0.

De definities van de Nijenhuis-type tensoren Ny, en M, voor een tensorveld
W kan men vinden in paragraaf 4.1.

Als veralgemening van de uitdrukking (2) zijn we in eerste instantie uitge-
gaan van een relatie van de vorm

ddgE = o A dE (5)

met o = a1 + as" een voorlopig willekeurige 1-vorm op de raakbundel.
Dit leidt hier tot volgende voorwaarden:

Stelling 5. De tensor R voldoet aan de relatie (5) als en slechts als

g(K(X),Y) = g(KX,Y) — ag(X)g(Y. T) + ag(Y)g(X, T) (6)
G(VE(X),¥) = 5 [(a1 + Vas) (X)g(¥,T) + (01 ~ Voo)g(X, )] (7)
GUX,Y) =~ [(01 ~ Va)(X)g(¥, T) ~ (o ~ V) (V)g(X, T)]  (8)
o([®, KX, ¥) = ~® 0 as(X)g(YV, T) + 1 [(Vay — Vaz)(X)g(¥; T)

—(Var = VZa2)(Y)g(X, T)] 9)

voor elke twee vectorvelden X enY langs de raakbundelprojectie 7.

Merk op dat in het klassieke Riemanngeval met een tensor J op de basis,
de laatste twee vergelijkingen automatisch uit de eerste twee volgen. Dit
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is hier echter niet het geval. Deze vergelijkingen leggen in zekere zin extra
voorwaarden op aan de 1-vorm «. We kunnen wel twee speciale situaties be-
spreken waarbij deze voorwaarden vereenvoudigen. In het geval dat o = df
met f een functie op de raakbundel, is er automatisch aan (8) en (9) vol-
daan. f is hier het spoor van de tensor K. Anderzijds bekijken we het geval
dat K symmetrisch verondersteld wordt. Dan vinden we onder andere dat
Vas =0 en d'a; = 0. Voorwaarde (7) wordt dan

9(VK(X),Y) = %[Q(Xv T)ar(Y) + g(Y, T)an (X)) (10)

hetgeen dezelfde vorm heeft als (3). Analoog als bij de speciale conforme
Killing tensor bepaalt de cofactortensor van een symmetrische tensor K die
voldoet aan (10), een eerste integraal van het systeem. We kunnen bovendien
een ganse verzameling van niet-kwadratische eerste integralen construeren.
Deze constructie kan ook hier gebeuren met behulp van de cofactortensor
van K +sI. Maar in dit hoofdstuk presenteren we ook een andere werkwijze
die als voordeel heeft dat K niet regulier moet verondersteld worden. Een
groot verschil tussen de theorie over speciale conforme Killingtensoren op
een Riemannvariéteit en (1,1)-tensoren K die voldoen aan (10) is dat de
Nijenhuis-type tensoren (N}, en Nj{) niet automatisch verdwijnen. Merk
verder nog op dat als K symmetrisch is en « = df, dan volgt uit (6) dat de
functie f onafhankelijk van de snelheden moet zijn.

Het laatste hoofdstuk van deze verhandeling, hoofdstuk 6, gaat over projec-
tieve equivalentie. Eerst bekijken we in detail de constructie van een line-
aire connectie langs de raakbundelprojectie vertrekkende van een bepaald
tweede-ordevectorveld. We herhalen ook de definitie en enkele eigenschap-
pen in verband met de projectieve equivalentie van twee sprays. In het
bijzonder bestuderen we de projectieve equivalentie van twee Finslermetrie-
ken. Daarvoor beschouwen we een Finslermetriek g en een niet-singuliere
symmetrische (1,1) tensor L langs de projectie, homogeen van de graad nul.
De vraag is nu onder welke omstandigheden de (0,2) tensor g gedefinieerd
door

J(X,Y) = (det L) lg(L71X,Y) (11)
een Finslermetriek projectief equivalent met de gegeven metriek g is. We
vinden dat g een Finsler metriek is als en slechts als L voldoet aan

tr(LDY L™ g(L7'X,Y) + g(DYL™HX,Y)
=tr(LDYL Y g(L'X, Z) + g(DVYLHX,2). (12)

De nodige en voldoende voorwaarden opdat g projectief equivalent met g
zou zijn, worden gegeven in de volgende stelling.



140 Samenvatting

Stelling 6. Fen Finslermetriek g gedefinieerd door (11) is projectief equi-
valent met g als en slechts als

[9(X, T)a(Y) + g(Y, T)eu(X)] (13)

DN | =

9(VL(X),Y) =

met
a=-2d/\ en A=3itr(LVL™). (14)

In het Riemanngeval met een tensor L en een 1-vorm op de basis, is deze
laatste voorwaarde (14) automatisch vervuld als gevolg van het verdwij-
nen van de Nijenhuiswringing van L. We verwachten dus dat ook hier de
Nijenhuis-type tensoren van L de voorwaarde (14) zullen vereenvoudigen.
Inderdaad, we vinden bijvoorbeeld dat, als Ny = 0, (14) equivalent is met
eisen dat djo = 0.

Zowel in de context van R-tensoren, geassocieerd aan een (1,1) tensor langs
de raakbundelprojectie, als in de context van projectief equivalente Finsler-
metrieken treffen we dus eenzelfde voorwaarde aan (nl. (10) en (13)). Deze
reduceert in het geval van een Riemannmetriek en een tensor op de basisva-
riéteit tot de ‘speciale conforme Killing tensor’-voorwaarde (3) en kunnen we
dus als veralgemening van dit concept beschouwen. Hoewel de Finslermeet-
kunde heel wat interesssante toepassingen kent (b.v. het vierde probleem
van Hilbert, Zermelo’s navigatieprobleem, toepassingen in de fysica en in
de biologie,...), vindt men in deze verhandeling maar weinig voorbeelden.
Vaak is het immers moeilijk om interessante gerelateerde voorbeelden op
te stellen en vragen ze bovendien heel veel rekenwerk. Over het onderwerp
van veralgemeende speciale conforme Killing tensoren is er dus nog heel wat
meer onderzoek mogelijk, vooral dan op het gebied van toepassingen.



