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Conformal vector fields on Finsler manifolds

Jozsef Szilasi, Anna Téth

Abstract. Applying concepts and tools from classical tangent bundle ge-
ometry and using the apparatus of the calculus along the tangent bundle
projection (‘pull-back formalism’), first we enrich the known lists of the
characterizations of affine vector fields on a spray manifold and conformal
vector fields on a Finsler manifold. Second, we deduce consequences on
vector fields on the underlying manifold of a Finsler structure having one
or two of the mentioned geometric properties.

Introduction

The theory of ‘geometrical’ — projective, affine, conformal, isometric — vector fields
on a Finsler manifold has a vast literature, mainly from the period dominated tech-
nically by the classical tensor calculus, visually, ‘the debauch of indices’. Chapter
VIII of K. Yano’s book ‘The theory of Lie derivatives and its applications’ presents a
survey of the main achievements from the beginning of the 20th century to 1957. A
good overview of the developments of the next decades can be found in R. B. Misra’s
paper [15], written in 1981, revised and updated in 1993. It is important to note
that in a 2-part paper, see [13], [14], M. Matsumoto clarified and improved some
results of Yano in the framework of his theory of Finsler connections.

From the (relatively) modern, but partly tensor calculus based literature the
works of H. Akbar-Zadeh [2], [3], J. Grifone [9], [10] and R. L. Lovas [12] are worth
mentioning. Grifone applies systematically the ‘7pp;: TTM — TM formalism’,
combining with the Frélicher-Nijenhuis calculus of vector-valued forms; Lovas for-
mulates and proves his results in terms of the ‘pull-back formalism

7:TM x5 TM — TM .
Our paper is a continuation of both Grifone’s and Lovas’s works. Although we are

going to develop the greater part of the theory in terms of the pull-back bundle,
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the concepts and techniques of the tangent bundle geometry, including the vertical
calculus on T'M, also play an eminent role in our considerations. To make the
paper more readable, in section 1 we summarize in a coherent way the various
concepts and tools which will be indispensable in the following.

We apply two types of a Lie derivative operator: besides the classical Lie deriva-
tive operator L; on TM (§ € X(T'M)) we need a further operator, denoted by Le,
which acts on the tensor algebra of the C°°(T'M)-module of the sections of the
vector bundle 7: TM x 3 TM — TM (or of the bundle 7). To assure the validity
of the crucial identity [L¢, £,] = E[Sm] in case of the ‘new’ operator, we are forced
to differentiate with respect to projectable vector fields on T'M. In section 2 some
basic properties of the operator £, are established.

The affine and projective properties of a Finsler manifold depend only on its
canonical spray, so it is natural to examine affine and projective vector fields in the
(virtual) generality of spray manifolds. A vector field X on a manifold M is said
to be an affine vector field or a Lie symmetry for a spray S: TM — TTM if S is
invariant under the flow of the complete lift X of X, that is, if Lx<S = [X<, 5] = 0.
In Lovas’s paper [12] various equivalents of this property are established. In sec-
tion 3 we enrich his list with some new items, which will be technically useful in
the next section.

By a conformal vector field on a Finsler manifold (M, F) we mean a vector
field X on M satisfying B

Lxeg =g,
where ¢ is the metric tensor of the Finsler manifold (the vertical Hessian of the
energy function £ = %Fz) and ¢ is a function, defined and continuous on 7'M,

smooth on the deleted bundle TM. It turns out at once that ¢ has to be fibrewise
constant, i.e., of the form ¢ = f o7, where f is a smooth function on M and 7 is
the tangent bundle projection. Homothetic and isometric (or Killing) vector fields
are the particular cases for which ¢ is a constant function, resp. identically zero. In
section 4 we present further characterizations of conformal vector fields on a Finsler
manifold (Proposition 2), one of them has already been proposed by Grifone in [10].
We show that if a vector field X € X(M) is both affine and conformal on a Finsler
manifold (M, F), then X¢ is a conformal vector field for the Sasaki extension of
the metric tensor of (M, F') (Proposition 3).

At this stage, the following ‘expectable’, but non-trivial conclusions may be
deduced fairly easily:

(a) Homothetic vector fields on a Finsler manifold are affine vector fields (Propo-
sition 4).

(b) If a vector field on a Finsler manifold is both projective and conformal, then
it is a homothetic vector field (Proposition 5).

(¢) If a vector field preserves the Dazord volume form of a Finsler manifold and
it is also projective, then it is an affine vector field (Proposition 6, (i)).

(d) If a vector field is both volume-preserving (in the above sense) and conformal,
then it is a Killing field (Proposition 6, (ii)).
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1 Basic setup
1.1 Generalities

Most of our basic notations and conventions will be the same as in [4], see also [16].
However, for the reader’s convenience, we present here a short review on the most
essential things.

(a) By a manifold we mean a finite dimensional smooth manifold whose underlying
topological space is Hausdorff, second countable and connected. In what follows,
M will be an n-dimensional manifold, where n > 2. Let k € NU{oco}. We denote by
Ck(M) the set of k-times continuously differentiable real-valued functions on M,
with the convention that C°(M) is the set of continuous functions on M. In
particular, C*°(M) is the real algebra of smooth functions on M.

(b) The tangent space of M at a point p € M is denoted by T,,M;

T™ = ] T,M.
peM

The tangent bundle of M is the triplet (T'M, 7, M), where the tangent bundle
projection 7 is defined by 7(v) := p if v € T, M. Instead of (I'M, T, M) we usu-
ally write 7: TM — M or simply 7. Similarly, the tangent bundle of T'M is
(TTM,7rp, TM) or 7ppr: TTM — TM or 7pp. In general, we prefer to denote
a bundle by the same symbol as we use for its projection.

A vector field on M is a smooth section of the tangent bundle 7: TM — M.
The vector fields on M form a C°°(M)-module which will be denoted by X(M).
The zero vector field o on M is defined by

p € M o(p) :==0, := the zero vector in T,,M.

The deleted bundle for 7 is the fibre bundle 7: TM — M, where TM := TM\o(M),
Ti=1|TM.

(c) If p: M — N is a smooth mapping between smooth manifolds, then we denote
its derivative by ¢,, which is a fibrewise linear smooth mapping of T'M into T'N.
Two vector fields X € X(M) and Y € X(N) are p-related if ¢, 0 X =Y o ¢; then

we write X ¥ Y. A vector field £ on T'M is said to be projectable if there exists
a vector field X on M such that § ~ X.

(d) The classical graded derivations of the graded algebra Q(M) := @ _, Q*(M)
of differential forms on M are

the Lie derivative Lx (X € X(M)),
the substitution operator ix (X € X(M)),
the exterior derivative d,

related by H. Cartan’s ‘magic’ formula

Lx =ixod+doix. (1)
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1.2 Canonical constructions and objects

(a) By the vertical lift of a smooth function f on M we mean the function
fYi=foreC®(TM)

the complete lift of f is the function f€ € C*(T'M) given by
few) =v(f),veTM.

(b) A vector field £ on TM is vertical if & ~ o. The vertical vector fields form a
C°(TM)-module XV(T M), which is also a subalgebra of the Lie algebra X(T'M).
The Liouville vector field on TM is the unique vertical vector field C' € XV(T'M)
such that

Cf¢ = fforall f € C*(M). (2)

The vertical lift of a vector field X on M 1is the unique vertical vector field
XY € XV(TM) satisfying

XVfC=(Xf) forall feC®(M); (3)
the complete lift X € X(TM) of X is characterized by
X =(Xh5 feC=(M) (4)
(see [19], Ch.1.3). Then we have
X =(Xf) feC=(M). ()

Both X" and X are projectable: X ~ o, X ~ X. Lie brackets involving verti-
cal and complete lifts satisfy the rules

XV, Y] =0, [XSY']=[X,Y], [XSY9=[X, Y], (6ac)
(€, X" =X, [C,X]=0. (7a-b)
(c) Let
TM x5 TM = {(u,v) € TM x TM | 7(u) = 7(0)},
TM x5 TM = {(u,v) € TM x TM | #(u) = 7(v)}.
If

mi=pr, | TM xp TM, 7:=pr, | TM x5 TM,
then both 7 and 7 are vector bundles over TM and TM , resp., with fibres
{u} x TryM =2 T (yM; weTM, resp. u € TM.

We denote by Sec(m) and Sec(m) the C™(T'M)-, resp. C°°(TM)-module of the
sections of these bundles. A typical section in Sec(w) is of the form

X:veTMvr— (v,X(v)) € TM x5 TM,
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where X: T'M — T'M is a smooth mapping such that 70 X = 7. X is called the
principal part of X. We have a canonical section in Sec(w), denoted by §, whose
principal part is the identity mapping of T'M. Every vector field X on M yields a
section X in Sec(w), called a basic section, whose principal part is X o 7. Locally,
the C*°(T'M)-module Sec(w) is generated by the basic sections.

We denote by TF(m) the C°°(T'M)-module of the type (k,[) tensors over the

module Sec(w); the meaning of ‘.le(fr) is analogous.

(d) We have a canonical C'°°(TM)-linear injection i: Sec(r) — X(T'M) given on
the basic sections by

~

i(X): =X, XeX(M), (8)
and a canonical C°°(T'M)-linear surjection j: X(TM) — Sec(w) such that
H(X) =0, j(X) = X. 9)
Then Im(i) = Ker(j) = XV(T'M). The mapping J :=ioj is said to be the vertical
endomorphism of X(T'M). Tt follows immediately that
Im(J) = Ker(J) = XV (TM),J? = 0.
Due to their C*° (T M)-linearity, i, j and J have a natural pointwise interpretation.

1.3 Some vertical calculus

(a) We define the vertical differential VVF' of a function F' € C*°(T'M) as a 1-form
in T9(7) given by

VYF(X) := V%F := (iX)F, X € Sec(r). (10)

The vertical differential V'Y of a section Y € Sec(r) is the type (1,1) tensor
in 71 () defined by

(11)

{ VY (X) = V‘;?f/ = jLi)?,nL
neX(TM), jm)=Y.

(It is easy to check that V‘;?f/ does not depend on the choice of 7 satisfying

i) =Y.
By the standard technique, to make sure that Leibniz’s rule holds, the operators
V% may be extended to tensor derivations of the full tensor algebra of Sec(7).

(b) Next we consider the graded algebra Q(TM) of differential forms on T'M, and
we define an operator
dy: QTM) — Q(TM)

by the rules
dyF :=dFoJ, dydF :=—ddyF; F € C*(TM). (12)

Then dj is a graded derivation of degree 1 of Q(T'M), called the vertical differen-
tiation on TM. We have (and we shall need) the following important relation:

dJOEC_ECOdJ:dJ. (13)
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For details, we refer to the book [6]. We mention that V¥ and dj, at the level of
functions, are related by

dyF =V'Foj, FeC™(TM).

(c) Let K be a type (1,1) tensor on T'M, interpreted as an endomorphism of the
C°°(TM)-module X(TM). It will be convenient to denote the Lie derivative —L, K
(n € X(TM)) by [K,n]. Then, for any vector field & on T M,

(K, n]¢ = [K¢&n] — K&, ).
We have, in particular,
J,C1=J; [J3,XY]=0, [J,X[J]=0 (X e€X(M)). (14a—)
In what follows, for simplicity, we shall denote also by i, j and J the restrictions
of these mappings to Sec(m) and %(IO“M)
1.4 Ehresmann connections

[e] [e]
(a) By an Ehresmann connection in TM we mean a C°°(T'M)-linear mapping

H: Sec(m) — X(’}M)
such that

Jot = ISec(%)'

We emphasize (cf. 1.2(d)) that the C°°(T'M)-linearity of H makes it possible to
interpret an Ehresmann connection as a strong bundle map.

(b) Let H: Sec(m) — %(%M) be an Ehresmann connection in TM. Then
XMNTM) := Im(H) is a submodule of X(T'M), and we have the direct decompo-

sition }Z(%M) = %V(ZO“M) @ xh (JO“M) Vector fields on TM belonging to X" (%M)
are called horizontal. Notice that they do not form, in general, a subalgebra of the

Lie algebra X(T'M). The mappings
h:=Hoj, v:i=1 o —h,

Vi=ilov: X(TM) —s Sec(R)

are called the horizontal projection, the vertical projection and the vertical mapping
[e]

associated to H, respectively. h and v are indeed projection operators in X(T'M),
while the mapping V has the properties

Voi= Leersy Ker(V) = Im(H).

The horizontal lift of a vector field X on M (with respect to H) is

X" = #H(X) = h(X°).
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~ o
(X and X°© are regarded here as a section in Sec(w) and a vector field on TM,
resp.; for simplicity, we make no notational distinction.)

(c) An Ehresmann connection H is said to be homogeneous if

[C, X" =0 for all X € X(M).

Then H, as a strong bundle map of TM X TM to TTM, may be extended
continuously to a mapping TM Xy TM — TTM such that

H(0p,v) = (04)p(v) for all p e M,v € T, M.

Thus, in what follows, we shall always assume that a homogeneous Ehresmann
connection is defined on the entire TM xp TM (or on Sec(r)).

o
(d) If H is an Ehresmann connection in 7'M, then the mapping

o

V: X(TM) x Sec(r) — Sec(w), (£,Y) — VeV
given by

VeV = V3V 2 jlve, 1Y (15a)

VheY = VY := V[he,iY] (15b)
is a covariant derivative operator in the vector bundle 7%, called the Berwald deriva-
tive induced by H.

By the tension of H we mean the VP-differential t := V"§ of the canonical
section. Then, for any section X € Sec(),

t(X) = (V"0)(X) := V%6 = V[HX, C]. (16)

In particular,
it(X) = [X"C], X eX(M);

therefore H is homogeneous if, and only if, its tension vanishes.
With the help of the induced Berwald derivative we define the torsion T of an
Ehresmann connection ‘H by

T(X,Y):=V,3Y —V,s X —j/HX,HY]; X,Y € Sec(n).

Evaluating on basic sections, we obtain the more expressive formula

iT(X,Y)=[X" Y- [Y" XY - [X,Y]; X,YeXM).
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2 Lie derivative along the tangent bundle projection
Let & be a projectable vector field on T'M (1.1(c)). We define a Lie derivative
operator L¢ on the tensor algebra of the C°°(T'M)-module Sec(7) by the rules

Leg = Ep, if p € C(TM); (17a)
LY =i Y[¢,iY], if YV € Sec(r), (17b)

and by extending it to the whole tensor algebra in such a way that Eg satisfies
the product rule of tensor derivations. Since § is a projectable and iY is a vertical
vector field, it follows that the vector field [¢,1Y] is vertical, so LY is well-defined.
If v =ioV is the vertical projection associated to an Ehresmann connection H in
TM, then i~1[¢,iY] = V[E,iY], so we get the useful formula

LY = VIE,iY]. (18)

Notice, however, that the Lie derivative operator ZE does not depend on any Ehres-
mann connection in T M.

If, in particular, £ := X© or £ := X", where X is a vector field on M, then (18)
takes the form

LxY =V[XC,iY], (19)
resp.
LY =Vxhiv] "2 vy, (20)
Since [X,10] = [X¢,C] 20, it follows that
Lx5 =0. (21)

The Lie derivative of a basic section with respect to a complete lift leads essentially
to the ordinary Lie derivative. Namely, for any vector fields X, Y on M we have

S (19)

LxV B ypxe vy @

VX, Y] = VoilX,Y] = [X,Y] = LxY.

This relation indicates that our Lie derivative operator L xe 1S a natural extension
of the classical Lie derivative Lx on M.

Lemma 1. For any projectable vector fields &, 7 on T M,
[Le, Ln] = Liem)- (22)

Proof. Obviously, both sides of (22) act in the same way on smooth functions
on TM. If Y is a section of 7, then, applying (18) repeatedly,

Le, Ly]Y = LV, iV] = L,VIE,iY] = V(& V[, iY]] - [n,iV[¢,iV]])

= V(& 0. iY]] + [0, [iY, €]]) = VY, [€,n]] = V[[E, 7], iY]
=LieY. O
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Lemma 2. Let X € X(M), n € X(T'M). Then

Lxejn = jLxen. (23)

Proof. Since
0213, Xy = [I, X<] — I[n, X7,

we find _
iLxejn = [X,In] = I[XC,n] = i(iLxen),
which implies (23). O

We end this section with the definition of the Lie derivative EED of a covariant
derivative D: X(T'M) x Sec(mw) — Sec(r): it is given by the rule

(LeD)(n, Z) == Le(DyZ) — Dy(LeZ) — Dig oy Z,

where n € X(TM), Z € Sec(r).
Notice finally that the theory of Lie derivatives ‘along the tangent bundle pro-
jection’ sketched here works without any change also on the bundle

7:TM xp TM — TM .

3 Affine vector fields on a spray manifold
3.1

By a spray for M we mean a C' mapping S: TM — TTM, smooth on TM, such
that

T © S = lrag; (24)
JS =0, (25)
[C,S]=5. (26)

Condition (25) is equivalent to the requirement 7, 0.S = 174, so a spray for M
is a section also of the secondary vector bundle 7,.: TTM — TM. In view of (26),
a spray is a homogeneous vector field (of class C!) of degree 2. We say that a
manifold endowed with a spray is a spray manifold.

3.2

If H is a homogeneous Ehresmann connection in TM, then S := Hod is a
spray for M, called the spray associated to H. Indeed, for any vector w in TM,
S(w) = H(w,w) € T,,TM, therefore 7pp(S(w)) = w, so (24) is valid. Since

JoS=iojoHod=i0d=C,

condition (25) also holds. To check (26), observe first that the vector field [C, S]—S
is vertical, and hence h[C,S] = hS. However, hS = HojoHod=Hod =: 5, so
we get h[C,S] = S. On the other hand, by the homogeneity of H,

0=—it(d) = —v[H 04,C] =v[C, 5],
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therefore h[C, S] = [C, S] and [C, S] = S. Finally, the C! differentiability of S can
be shown using the ‘Observation’ in 3.11 (p. 1378) of [16].

Thus sprays exist in abundance for a manifold. Conversely, if S is a spray
for M, then there exists a unique torsion-free homogeneous Ehresmann connec-
tion H in T'M such that the horizontal lifts with respect to H are given by

X" = H(X) = %(XC +[X%,8]), X eXx(M). (27)

For a proof of this fundamental fact we refer to [16], 3.3, or to the original source [5].
The Ehresmann connection specified by (27) is said to be the Ehresmann connection
induced by the spray S.

3.3

Let (M, S) be a spray manifold. We say that a vector field X on M is a projective
vector field for (M,S) (or for the spray S) if there is a continuous function ¢

on T'M, smooth on T'M, such that
X<, 5] = ¢C. (28)

If, in particular, ¢ is the zero function, then we say that X is an affine vector field
for (M, S), or a Lie symmetry of S.

Proposition 1. Suppose (M, S) is a spray manifold. Let H be the Ehresmann
connection induced by S, and let V be the Berwald derivative arising from H. For
a vector field X on M, the following conditions are equivalent:

(i) X is a Lie symmetry of S;

(ii) [h, X =0;
(iii) [v,X] = 0;
(iv) LxV =0;

(v) [X¢, Y = [X,Y]", for any vector field Y on M;

(Vl) [ZXC,th] = E[X7y]h, Y e %(M),

(vii) LxcoV =Vo Lxe.
Proof. The equivalence of conditions (i), (ii)) and (iv) has already been proved
in [12].
(i) <= (iii) This is evident, since v.=1 —h (1 := 1x(pa)) and [1,£] = 0 for
all £ € X(TM).
(ii) <= (v) For any vector field Y on M,

[h, X]Y© = [hY, X¢] — h[YS, X| = [Y", X¢] — h[Y, X]¢ = [Y", X°] — [V, X]",
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so the vanishing of [h, X¢| implies that [X¢,Y"] = [X,Y]". The converse is also
true, since [h, X¢] annihilates the module of vector fields: for any vector field £ on
TM we have

[h, X|J¢ = hoJ(§), X ] —h[JE, X]=0.

(v) <= (vi) This is an immediate consequence of the identity
[EXC, Eyh] = E[Xc’yh]

(see Lemma 1).
(iii) <= (vii) For any vector field £ on TM,

iLxe(VE) = [X,vE],  V(Lxe€) = v[X<,¢],
hence L x<(V€) = V(Lx£) if, and only if,
0= [v€, X — v[§, X] = [v, X°¢. O
4 Conformal vector fields on a Finsler manifold

4.1
Let (M, F') be a Finsler manifold. We recall that the Finsler function F: TM — R

here is assumed to be smooth on T M, positive (F(v) > 0, if v € T M), positive-
-homogeneous of degree 1 (F(Av) = AF(v) for all v € TM and positive real num-
ber A), and it is also required that the metric tensor

o= Lo
is fibrewise non-degenerate. The function F := %F 2 is the energy function of
(M, F). The homogeneity of F' implies that over %M we have
CF=F, CE=2E.

The Hilbert 1-form of (M, F) is

§:=V'E =FV'F — in the pull-back formalism,

0 := djE — in the 7r); formalism.
It is easy to check that

6(X) = g(X,5) for each X € Sec().

0 and 0 are related by
0=00oj. (29)
The 2-form
w:=df =ddzFE

on TM is said to be the fundamental 2-form of (M, F). Its relation to the metric
tensor is given by

w(JIg,n) = g(&dn); & n € X(TM). (30)
The non-degeneracy of g implies the non-degeneracy of w — and vice versa.
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Lemma 3. With the notations introduced above, let (M, F') be a Finsler manifold,
and let X be a vector field on M. Then

(Lx<0) 0 j = Lx<0; (31)
(Lxe9) 6 3n) = (Lxew)TEm); €1 € X(TM). (32)
Proof. We check only the less trivial second relation:
(Lxew)(IE,n) = XWIE ) — w(LxI&,n) — w(JE Lxen)
IO Xeg(i€, i) — w(LxeTE,n) — g(GE, Lx<in).

Since Lx<J& = [X,J¢] = —[J, X + J[X<,&] = JLxE, the second term at the
right-hand side of the above relation takes the form

30) . L (23 & L,
W(LxJ&,n) = w(ILx&,n) = g(iLx<E,dn) =" 9(Lxj&,jn)-

So we obtain

(Lxew)(IE,n) = X g(3€, in) — g(Lx<3€,3n) — 9(GE, Lx<jn) = (Lx<q)(§&,jn). O

4.2
We continue to assume that (M, F') is a Finsler manifold. The 2n-form
n(n—1)
o= e = w",
n!

where w™ = w A -+ Aw (n factors) is a volume form on T'M, called the Dazord
volume form of (M, F'). By the divergence of a vector field £ on TM (with respect
to o) we mean the unique function div§ € C°°(T'M) such that

Leo = (divE)o.
Lemma 4. If (M, F) is a Finsler manifold, then the divergence of the Liouville
vector field C' on T'M with respect to the Dazord volume form is n = dim M.

Proof. Low = LoddsE = dLedsE 2 ddsLoE — ddyE = 2ddsE — ddsE = w.

From this it follows by induction that Low™ = nw"™, whence our claim. O

43
If (M, F) is a Finsler manifold, then there exists a unique spray S for M such that

isddyE = —dE  over TM, and S | o(M) = 0. (33)

We say that S is the canonical spray of (M, F'); the Ehresmann connection induced
by S according to (27) is said to be the canonical connection of (M, F). It may
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be characterized as the unique torsion-free homogeneous Ehresmann connection H
for M which is compatible with the Finsler function in the sense that dFf o H = 0,
or, equivalently,

X'F=0 forall X eX(M).

With the help of the canonical connection, we define the Sasaki extension G of the
metric tensor g of (M, F') by the rule

G(&,n) == g(G&, in) + g(VE, V) &n € X(TM), (34)

where V is the vertical mapping associated to H. Then G is a Riemannian metric

[e]

tensor on T'M.
For subsequent applications, we collect here some further technical results.

Lemma 5. For any section X in Sec(r), we have

VLo = X. (35)

V~
X

Proof. Let H be a homogeneous Ehresmann connection for M and let S :=Hod
be the spray associated to H (3.2). Then, applying the so-called Grifone identity
([8], Prop. 1.7) in the last step, we find that

V%0 = jliX, HO] = j[iX, S] = X. O

Lemma 6. The energy function of a Finsler manifold can be obtained from the
metric tensor by

g(6,0) = 2FE; (36)
from the fundamental 2-form by
w(C,S) =2F, (37)
where S is a spray for the base manifold.
Proof.
9(8,6) = V¥(VVE)(6,6) = V(T E)(6) = V(T E(8)) - V' E(V5)

) VY(CE) - VYE(S) = C(CE) — CF = 4E — 2E = 2F;

w(C, 8) = ddyE(C, S) = CdyE(S) — S(dsE(C)) — dsE([C, §])
= C(CE) — dyE(S) = 4E — 2E = 2E. O

Lemma 7. The divergence of the canonical spray of a Finsler manifold vanishes.

Proof. Low = LeddyE L igdddyE + digddy E 2 —ddE = 0, which implies our
claim. O
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4.4

Let (M, F) be a Finsler manifold. We say that a vector field X on M is a projective,
resp. an affine vector field of (M, F), if it is a projective vector field, resp. a Lie
symmetry for the canonical spray of (M, F). A vector field X on M is said to be
a conformal vector field, if the Lie derivative of the metric tensor of (M, F') with
respect to the complete lift of X satisfies the relation

Lxeg = ¢g (38)

o
for a continuous function ¢: TM — R, of class C' on TM, called the conformal
factor of X. Particular cases of conformal vector fields are homothetic vector fields
for which the conformal factor is a constant function and isometric vector fields,
also called Killing vector fields, for which the conformal factor is the zero function
on TM.

Lemma 8. If X is a conformal vector field on a Finsler manifold (M, F) with
conformal factor ¢, then X°E = pE.

Proof.

2X°E %) X<(g(5,6)) = (Lx-g)(6.8) + 29(Lx<5,6) Z (Lxo9)(5.0)

E 29(5,6) L 20E. O

Lemma 9. If X is a conformal vector field on a Finsler manifold (M, F'), then the
conformal factor of X is the vertical lift of a smooth function on M.

Proof. 1In view of the previous lemma, X°E = ¢FE, where ¢ € CO(TM)NC*(TM).
Acting on both sides of this relation by the Liouville vector field, we get on the one
hand

C(XE) = C(pE) = (Co)E + 20F,

on the other hand
C(X°E)=[C,X|E+ X°(CE) =2X°FE = 2¢pF,

so it follows that (Cp)E = 0, and hence Cp = 0. This means that ¢ is positive-
-homogeneous of degree 0, which implies (see, e.g., [16], 2.6, Lemma 2) that ¢ is of
the form ¢ = for, f € C®°(M). O

Proposition 2. Let (M, F) be a Finsler manifold. For a vector field X on M, the
following conditions are equivalent:

(i) X is a conformal vector field with conformal factor p;
(i) X°E = ¢FE;
(iii) Lx<0 = ©b;

(iv) Lx0 = ©b;
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(v) Lxcw=gpw+dpANdsE; @=for, [fe&C>®(M).

In conditions (ii)—(iv), ¢ € CO(TM) N CY(TM).
Proof. The arrangement of our reasoning follows the scheme

(i) = (i)

(v) <= (iii) < (iv).

(i) = (ii)  This is just a restatement of Lemma 8.
(ii) = (iii) Let Y be a vector field on M. We have on the one hand

(Lx0)(Y") = X5(0(r™)) - 0(1x,v)) Z)

= (p0) (YY),

since the vertical vector fields are annullated by the 1-form # = dyE. On the other
hand,

XE(O(Y)) - 6(X,Y]) =0

(Lx<0)(YS) = X(dyE(Y)) — dy E([X, Y)) € xc(v'E) — [X YIE

= (cdeE)(Y°) = (p)(Y°).

At step (%) we used the fact that our condition X°E = ¢FE implies, as it turns
out from the proof of Lemma 9, that ¢ is a vertical lift. Thus Lx<0 = ¢f, as we
claimed.

(iii) = (v) By our condition,

Lxew = Lxedd = dLxe8 2 d(00) = dp A6 + pdf = pw + dp A dyE.

To check that the function ¢ here is a vertical lift, we evaluate both sides of (iii)
at a spray S. Then 0(S) = djE(S) = dE(C) = 2E, while

(Lx0)(S) = X (d3E(S)) — dyE([X¢, S]) = 2X°E — J[X¢, S|E = 2X°E,

since [X¢, 5] is vertical (see, e.g., [16], p.1350). Thus we obtain that X°E = pF,
which implies, as we have just remarked, that ¢ = fo7, f € C®(M).

(v)= (i) For any vector fields &, 7 on %M

(Lxe9)(36,3m) Z

||°°

([chW)(J& ) (SOW‘FdSO/\dJE)(Jf n)
= @w(J&,n) + dyp(§)dsE(n) — dp(n)dy E(JE)

B0 ou@en) L (v, in),

hence EXcg = g.
(iii) <= (iv) 1If Lx0= <pt9 then for any vector field £ on T M,

(Lx<0)(36) 2 (£x-0)() Y (00)() Z p(je),

whence £ Xcg = gpg. The converse may be checked in the same way. (]
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We note that relation (v), as a characterization of conformal vector fields on a
Finsler manifold, was announced first by J. Grifone [10].

Corollary 1. Let (M, F) be a Finsler manifold. For a vector field X on M, the
following conditions are equivalent:

(i) X is a homothetic vector field, i.e., Excg = ag, where « is a real number;
(ii) the energy function is an eigenfunction of X¢ with eigenvalue a, i.e., X°E = aF;
(iii) Lx<0 = ab;
(iv) Lx0 = ab;
(v) Lxw = aw.

In conditions (iii)—(v) « is a real number. With the choice o := 0 we obtain
criteria that a vector field X on M be a Killing vector field of (M, F').

Proposition 3. Let (M, F) be a Finsler manifold. If a vector field X on M is

both affine and conformal, then X€ is a conformal vector field on the Riemannian

manifold (TM,G), i.e., Lx<G = ¢G, where ¢ € CO(TM)NCY(TM) and G is the
Sasaki extension of the metric tensor of (M, F).

Conversely, if X€ is a conformal vector field of (%M ,G), then X is a conformal
vector field on the Finsler manifold (M, F).
Proof. Suppose first that X is both an affine and a conformal vector field on (M, F').
Applying (34), (23) and Proposition 1/(vii), for any vector fields &,n on %M we
have
(LxG)(&,n) = Lx<(G(&n) — G(Lx<&n) — G(E, Lxen)
= Lx<(9(&.Jm) + Lx<(9(V&,Vn)) — g(Lx<E, jn)
— 9(VLxE, V) — 9(§&, iLxen) — g(V&, VLxen)
= Lx<(9(3&.3m) + Lx<(9(VE. V) — g(Lx<(j€). )
— 9(Lx<(VE), V) = g(i&. Lx<(jn) — g(VE Lx<(V))
= (Lxg)(J&.3n) + (Lx-9)(VE, Vi)
= 0g(i&,Jn) + ¢g(VE, V) = ¢G(&,n).

This proves that X€ is a conformal vector field on (T'M, G). Conversely, under this
condition we find that

20F = ¢g(8,6) = pg(VC,VC) = pG(C,C) = (LxG)(C,C)
= X(G(C,C)) - G([X,C),C) = G(C,[X5,C)) = X(G(C, C))
— X%(6,0) = 2X°E,

so, by Proposition 2, X is a conformal vector field on (M, F). O
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Proposition 4. Any homothetic vector field on a Finsler manifold is an affine vector
field.

Proof. Let (M, F) be a Finsler manifold, and let S be the canonical spray for
(M, F). Suppose that X is a homothetic vector field of (M, F'). Then, by Corol-
lary 1, there is a real number « such that X°E = aF, or, equivalently, Lx.w = aw.
So we have

Lx<dE =d(X°FE) = adE @ —aigw = —ig(aw) = —ig(Lxw)
= —Lxcigw + i[chs]w = LxdE + i[XC,S]w-

Thus i[xe gjw = 0, and hence — by the non-degeneracy of w — [X¢,S] = 0. This
means that X is a Lie symmetry of the canonical spray of (M, F). O

Lemma 10. If X is a conformal vector field on an n-dimensional Finsler manifold,
then (with respect to the Dazord volume form) div X¢ = n¢g, where ¢ is the
conformal factor of X.

Proof. Choose a local frame (X;)7_; for TM over an open subset U of M. Then
the family (XY, X{)", is a local frame for TTM over 7=*(U). It may be shown
by a little lengthy inductive argument that

(Lxw) (XY, X5,..., X0, X)) = npw (XY, XT,..., X0, X5,
which implies our claim. O

Proposition 5. If a vector field is both a projective and a conformal vector field on
a Finsler manifold, then it is a homothetic vector field.

Proof. Let (M, F) be an n-dimensional Finsler manifold. Suppose that a vector
field X on M is both projective and conformal. Then, on the one hand,

[X¢, 8] =vC, e C%TM)nCHTM),
where S is the canonical spray of (M, F'). On the other hand, by Proposition 2,
XE=f'E, feC>®M).
Thus we get

2E =¢(CFE) = [X°,S|E = X°(SE) — S(X°E) = -S(f'E)
=—(Sf)E - f'(SE) = —[°E,
taking into account that S is horizontal with respect to the canonical connection

of (M, F) and hence SE = 1SF? = F(SF) = 0 (see 4.3), applying furthermore
the relation Sf¥ = f°(f € C*°(M)), whose verification is routine. It follows that

]'C
¢:*§f~
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Now we determine the divergence (with respect to the Dazord volume form)
of both sides of the relation [X€, S| = —%fCC. Applying the well-known rules for
calculation (see, e.g., [1], §6.5 or [11], XV, §1) we find that

div[X©, 8] = X div S — Sdiv Xe "™ 10 _g(nfv) = —nfe
and 1 1 1
div(f§f°0> = —5(Cf + £ dive) = S (n 4 1)
So (n —1)fc = 0, where n > 2 (1.1 (a)), whence f¢ = 0. This implies by the
connectedness of M that f is a constant function, and therefore the conformal
factor of X is constant. O

We note that this result is an infinitesimal version of Theorem 2 in [17].

Proposition 6. Let (M, F) be a Finsler manifold. Suppose that a vector field X
on M preserves the Dazord volume form of (M, F), i.e., Lx<o = 0. If, in addition,

(i) X is a projective vector field, then X is affine;
(ii) X is a conformal vector field, then X is isometric.

Proof. First we note that our condition £x<o = 0 implies that div X = 0.
(i) Suppose that X is also a projective vector field, i.e.,

(XS, 8] = 4C, € COTM)NC(TM).

Observe that over TM the function 1 satisfies the relation Cy = . Indeed, by
the Jacobi identity

0= [Cv [XC’S]] + [XC’ [Sv C]] + [Sv [07 Xc]] = [C’ [XC>S]] - [Xcas]a
hence
[Xcvs] = [07 [Xcv SH = [Cv 1?0] = (CTP)C,
therefore (C¥)C = ¢ C, and so C¢ = 1.

Now, as in the previous proof, we calculate the divergence of both sides of the
relation [X€, S| = ¢C. Since div X® = div.S = 0, we have

div[X€, 5] = X¢divS — SdivX® =0.
On the other hand, by our above remark,
div(yC) = ¢ divC + Cy = (n + 1)¥.

So it follows that v = 0, hence [X€,S] = 0. Thus X is an affine vector field on

(M, F).

(ii) Now suppose that (div X€ = 0 and) X is also a conformal vector field. Then,

by Proposition 2, X°F = fYE, f € C*°(M). Since
Tlfv Lemga 10 div X°© co;d. 0

3

it follows that X°E = 0. Thus, by Corollary 1, X is an isometric vector field on
(M, F). O
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