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On the Killing vector fields of generalized metrics
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Abstract We consider a manifold endowed with a metric tensor in its tangent
bundle pulled back by its own projection. We shall give necessary and sufficient
conditions for a vector field to be an infinitesimal isometry of a metric of this
type in general and for some special classes. We also examine translations, i.e.,
the special class of Killing vector fields whose integral curves are geodesics of an
associated Finsler manifold. As applications, we determine the Killing vector
fields of Funk metrics, and we give a new proof for the fact that perturbing
a Riemannian manifold by a one-form metrically equivalent to a Killing field
yields a Randers manifold for which the original vector field is a Killing field as
well.
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§1. Introduction

By a generalized metric we shall mean a symmetric, non-degenerate (0,2)
tensor in the pull-back bundle 7#7 of the tangent bundle 7 : TM — M over
7. The study of metrics of this type dates back to the 1950’s [13, 25]. A new
classification for them has been published recently [10]. These metrics are
natural generalizations of Finsler structures, since manifolds endowed with
generalized metrics are the most general spaces where ‘the metric depends
also on the direction’. Some of their characteristic properties in which they
differ from Finsler manifolds were already pointed out in [13], e.g., the fact that
their autoparallel and extremal curves do not necessarily coincide, even with
a natural choice of a covariant derivative. These metrics may be interesting
not only from a geometrical, but also from a physical viewpoint, since they
furnish a natural geometric description of the so-called bilocal field theories
introduced by Yukawa in the 1940’s. Yukawa’s main goal was to explain mass
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quantization and to eliminate certain types of divergences in quantum field
theory. For bilocal field theories, we may refer to Yukawa’s original papers
[27, 28], or, for more recent reviews on multi-local theories, see [15, 22]. In this
paper, however, we restrict ourselves to the geometric aspects of generalized
metrics; we wish to consider physical implications in a later article.

The infinitesimal symmetries of space-time are expressed by so-called Kil-
ling vector fields in general relativity. Therefore, it is an important problem to
determine the Killing vector fields of different classes of generalized metrics. In
a Euclidean space, translations are distinguished from other types of isometries
by the property that their orbits are straight lines. This property is used
to generalize the notion of translations to more general classes of metrics:
translations are Killing vector fields whose integral curves are at the same
time geodesics (in some sense). In this paper we also study the translations of
a certain type of generalized metrics.

The outline of the paper is the following. Sections 2 -4 may be regarded as
preparatory sections, since they contain no new results; they only make the
paper more or less self-contained. Coming to the original results, in section
5 we have collected those which are relevant to all generalized metrics. We
discuss the Killing vector fields of special types of metrics in section 6. In
section 7 we study the translations of weakly normal and Miron regular met-
rics. Section 8 contains applications to Randers manifolds and Funk metrics.
Finally, in section 9 we discuss some open problems.

§2. Preliminary constructions

We begin by recalling some definitions and basic facts concerning the technical
tools that we shall use later. As a general reference, see [8, 21].

We work on an n-dimensional connected smooth manifold M whose topol-
ogy is of Hausdorff type and has a countable base. The symbol C*°(M) stands
for the ring of smooth real-valued functions on M, and X(M) is the C*°(M)-
module of (smooth) vector fields on M. The symbol 7 : TM — M is the
tangent bundle of M, and the tangent bundle of T'M is denoted by 7ras. We
shall denote the open submanifold of T'M formed by the non-zero tangent
vectors by % M, and the restriction of 7 to %M by 7. If N is another mani-
fold, and f : M — N is a smooth map, then its tangent map is denoted by
fe :TM — TN. If f is a diffeomorphism, the push-forward of a vector field
X on M by fis

[: X = fi oXof L

A subset W of the product manifold R x M is said to be radial if, for any
p € M, Wn(Rx{p}) = Ix{p}, where I is an open interval that contains 0 € R.
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Let X be a vector field on a manifold M. The flow of X isamap o : W — M
such that W C R x M is a radial set, and ¢, := ¢(.,p) : I, — M is the
maximal integral curve of X starting from the point p € M, i.e., ¢, = X o ¢p,
¢p(0) = p, and any other curve satisfying these two conditions is a restriction
of ¢p. If W =R x M, the vector field X is said to be complete.

If f is a smooth function on M, then the function

f¢:TM — R, veETMw— f9(v):=vf

is a smooth function on T'M and is called the complete lift of f. It can be
shown that any vector field on T'M is determined by its action on complete
lifts, and if X € X(M), there is a unique vector field X¢ on T'M such that
Xefe = (Xf)¢ for any smooth function f on M [21]. The vector field X€ is
said to be the complete lift of X. Let ¢ : W — M be the flow of X. If we
fix the first argument of ¢, the map ¢; := p(¢,.) is a diffeomorphism between
two open submanifolds of M, and the map

¢ (o) = @tv) = (pr)«(v)  ((t,7(0) €W)

is the flow of X¢.

The pull-back bundles of 7 by 7 and 7 will play an important role in our
presentation, and will be denoted by 7*7 and 70'*7', respectively. The shorthand
for their sections will be %(7) and %(7). These sections will also be called
vector fields along the projection.

We have the canonical short exact sequence

0— 7*TM 5 TTM 3 7 TM — 0,

where i(z,v) is the initial velocity of the parametrized straight line t — z +tv
for all (z,v) € 7*T'M, and j is defined by w € T,TM + (z,7(w)). The set
of vertical vectors is VI'M := Im1i = Kerj, it is the total space of the vertical
subbundle of 77, denoted by 77;,. The module of the vertical vector fields
is XY(T'M). Note that the Lie bracket of two vertical vector fields is always
vertical.

The bundle maps i and j give rise to C°°(T'M )-homomorphisms between
X(7) and X(T'M) denoted by the same symbols. Thus we obtain the exact
sequence

0— X(r) 5 2(TM) % x(r) =0

of C°°(T'M )-homomorphisms.
If X is a vector field on M, we define

X(2) = (2,X(1(2))) (z€eTM), X" :=iX.
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Obviously, X is a vector field along 7, while X" is a vertical vector field. The
vector field X is said to be a basic vector field along 7, and X is called the
vertical lift of X. Further important canonical objects are given by

0(2) == (z,2) (2€TM), C :=1iJ, and J:=1ioj,

the canonical section of 77, the Liouville vector field on T M and the vertical
endomorphism, respectively. We associate to J the vertical differential dj on
TM. By definition,

djf i=dfoJ,  feC®(TM).

Then d;f is a (semibasic) one-form on T'M.
If « € TY(M) is a symmetric or skew-symmetric k-form on M, then the
tensor fields & and @ defined by

Gy (V15 .., 0) = ap(vr, ..., k), Qy (V1. Vp—1) = (v, 01, ..., VK1)
(v,v; e T,M,1 <1< k;pe M)

are symmetric or skew-symmetric k- and A(k — 1)-forms along 7, respectively.
In particular, if f € C®°(M), then fV:= f = for € C®(TM) is the vertical
lift of f. .

Let X and Y be two vector fields along 7. Choose a vector field  on T'M
such that jn =Y. We define the canonical v-covariant derivative of Y with
respect to X by

VLY = Viin =] [iX,n} .
It can easily be seen that the definition is independent of the choice of 1. The

operator V% can be extended to any tensor a of type (0,s) along 7, to be a
kind of tensor derivation:

S
(V%a) <Y1Y> = (iX) a <Y1Y> S a <Y1V”XYY>
i=1
(Y/l,...,f/s S %(T))
If X is a vector field on M, we may define a Lie derivative Ly in the tensor
algebra of 7*7 in the following way:

Lx:  feC®TM)— X°f, VeX(r)m—il [XC,iﬂ ,

and extend it to any types of tensors by the usual product rule (for details,
see [6, 21]). In particular, Lx0 = 0, and, for Y € X(M), we have

—

LxY =i'[Xe, V'] =i Y(X,Y]") = [X,Y].
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83. Generalized metrics

In this section we introduce generalized metrics and some of their special
classes. Our main source is reference [10].

Definition 3.1. Let g be a symmetric and non-degenerate tensor of type (0, 2)

in the bundle 77 or in 7*7. Then g 1s said to be a generalized metric or briefly
a metric.

It is crucial that g need not be defined on the zero section, since, if g is
homogeneous and is defined in the whole 7*7 (and, of course, is smooth), then
it is the lift of a pseudo-Riemannian metric on M.

Using non-degeneracy, the first Cartan tensor C and the lowered first Car-
tan tensor C, of a generalized metric g are defined by the following formulae:

g(cX.¥),2)=¢,(X.7.2) = (Vi) (V.2)  (X.V.Zex(n).
The one-form
Uy 1€ € X(TM) = 9y(€) = g(3¢,9)

on T'M is called the Lagrange one-form associated to g, and its exterior deriva-

tive wy := dij, is the Lagrange two-form associated to g. The absolute energy
of gis E := 3g(6,5).

Definition 3.2. A metric g along T or T is said to be variational if the first
Cartan tensor C associated to it is symmetric, weakly variational if

C, (X,?,é) =C, (}7,5(,5) for every X, Y € X(7), normal if C (X,(S) =0 for
every X € X(7), and weakly normal if C, (X,(S, 5) =0 for every X € X(1).
The metric is Miron regular [12] if the tensor

B;Xe%(T)HB@) ;:X+C(X,5)

has mazimal rank at every point of TM (or TM).

Now, for the sake of the reader’s convenience, we summarize some results
of [10] we shall make use of.

(1) A metric g is variational if and only if there is a smooth function L on
TM (or on T'M) such that g = VYVVL. In this case, we shall call L a
Lagrangian.

(2) A metric g is weakly variational if and only if there is a smooth function

L on TM (or on TM) such that ¥, =d ;L.



138 R. L. LOVAS

(3) If g is weakly normal and Miron regular, then E' is positively homoge-
neous of degree 2, and the symmetric tensor V'V'FE is non-degenerate.
In other words, E is a (possibly indefinite) Finsler energy function. Fur-
thermore, ¥, = d;E.

(4) If g is normal, then there is a (possibly indefinite) Finsler energy function
FE such that g = VYVVE.

§4. Ehresmann connections and covariant derivatives

Following the terminology used e.g. in [7], by an Ehresmann connection we
shall mean a split canonical short exact sequence:

0= 7*TM = TTM = *TM = 0.
y H

The requirement that this is a splitting means that Voi = joH = 1+,
and ImH = Ker V. We allow the possibility that H and )V are defined only on

TM rather than on the whole TM. The type (1,1) tensor field h := H o j on
T M is said to be the horizontal projector belonging to H, and Im h, is called
the horizontal subspace of T,TM if v € TM. The map v := 1y — h is the
vertical projector belonging to h. As in the case of i and j, we denote by the
same symbols the arising C°°(T'M)-homomorphism between the modules of
vector fields as the corresponding bundle maps. If X € X(M) is a vector field
on M, then X" := HX = hX¢ € X(TM) is its horizontal lift.

The torsion of an Ehresmann connection is the (1,2) tensor T along 7
determined by the formula

iT (XY) = [X’ZY”} _ [Yh,XU] CIXLY]P (XY € X(M)).

If a metric and an Ehresmann connection with vanishing torsion are given

e]
on TM (or on TM), we can construct a metric covariant derivative D in 77
as follows (see [4, 10]). First, we consider Berwald’s covariant derivative in
T*T given by

VieV =j IS HY], VeV =v[HXiv] (RV ex@).

Observe that its vertical part coincides with the canonical v-covariant deriva-
tive. Next, we introduce the second Cartan tensor C" by means of the relation

g(c"(X7).2) =(Vyzo) (V. 2) (X7, Zex().
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Third, using the Christoffel trick, we define two other tensors along 7:

s (C00.7).2) =g (¢(.7).2) +4 (C(7.2).X) - 4 (€(2.5).7).
o (E1E.9),2) =g (MR ¥).2) 49 ("7.2).X) g ("2, 50T,
With the help of C and C* we define D by the rules
~ ~ 1o 7/~ ~ ~ ~ 1 On (o
DigV = VigV+ 50 (X.Y),  DygVi=VyeV + 50" (X.7)
(X.7.Zex@).
Finally, this covariant derivative operator can also be extended to any type
of tensors by the usual product rule. Then it will be metric, i.e., Dg = 0.
If g arises from a Finsler energy function, and H is the canonical Ehresmann

connection on the Finsler manifold (section 7), then D coincides with the
well-known Cartan’s covariant derivative [20, 21].

§5. Killing vector fields in general

In this section g will be a generalized metric on M. For the sake of definiteness,

we shall assume that g is defined only on T'M. The same arguments, however,
remain valid when its domain is the whole T'M.

Definition 5.1. A diffeomorphism f : U — V between two open subsets of
M s a local isometry if its tangent map leaves g invariant, i.e.,

5. (v) (fe(wr), fu(w2)) = go(w1, wo)

for any p € U and v,wi,wy € TO“pM. A wvector field X € X(M) with flow
p: W CRXxM — M is said to be an infinitesimal isometry if ¢; is a local
isometry between two open subsets of M for all t € R such that the domain
of @y is not empty. A vector field X € X(M) is called o Killing vector field if
EXg =0.

Proposition 5.2. Let g be a metric and X € X(M) a vector field. Then X
is an infinitesimal isometry of M if and only if it is a Killing vector field.

Proof. We shall repeatedly use the dynamic interpretation of the Lie bracket
of two vector fields [24]: if X,Y € X(M), and ¢ is the flow of X, then

X, Y](p) = Jim (o0 [ (2p))] ~ Y ()} = lim = (90 V) (o).
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for all p € M. Now let us begin with proving the necessity, and assume that
X is an infinitesimal isometry. For arbitrarily chosen vector fields Y and Z on

M, define a function f € C%(TM) by f =g (ff, Z) If v € T,M, t € R and
(t,p) € W, we have

F((01)+0) = g(p0). (o) Y (01()), Z(01(p)))
= G(p0)« () 1(28)[(0—0)sY1(P), (0)+[(0-1)1 Z] (D)}
= go((p-1)1Y (D), (p-1)sZ (D)),

using, in the last step, that ¢, is a local isometry for every sufficiently small
t € R. Now we use the fact that the curve ¢, : t — (¢¢)«(v) is an integral
curve of X°¢ to obtain

X*(0)f = lim 2 [((20).(0) ~ (0]

= 1im 2o (0¥ (), (- Z(0)) ~ 00 Y (0), Z(p))

_ lim [gv((@t)ny(p) —Y(p), (p-t)sZ(p)) n 90(Y(p), (p—1)sZ(p) — Z(p))]
t—0 t t

=9, <1§1 (oY ()~ Y (), tlg%«ot)ﬁZ(p))

+ (Y (0), 1X, 2)(p)) = {9 (X.Y),2) +¢ (V.[X. Z]) } (v),
X¢g YZ) =Xf=g [Y\Y]Z) +g(f’7[X7/7])
:g(LXY,Z> —|—g(A,£XZA>

Thus we conclude
(Lxg) (Y, Z) =X <Y7 Z) -9 (EXY, Z) -9 (Y,CXZ> =0,

i.e., X is a Killing vector field.
To prove the converse, assume that X is a Killing vector field, consider the

flowp: W CRXxM — Mof X,andlet p e M, v,wi,wy € %pM be arbitrary.
We shall again denote the maximal integral curve of X¢ starting from v by
¢y : Iy — TM. (The domain of this curve depends only on p.) We define the
function ¢ : I, — R in the following way:

() = Gl ) ((Pe)(w1), (Pe) e (w2)) = ge, () ((Pe)s (w1), (Pr)s (w2))-
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It is enough to show that ¢ is constant. To this end, we define two vector fields
along c,:

Y(t) = (pr)e(wr),  Z(8) = (pe)u(w2) (¢ € Ip).

Then Y and Z can be extended, at least locally, to vector fields Y and Z on
an open subset U of T'M such that

Y(t)=Y(e(t),  2Z(t)=Z(c(t) (te)
(I C I, is another open interval). Now with the help of the function given by

@) =9,Y(0), Z(q)) (g€,

~
—~
~
SN—
I
—
=
o
o
&
—
—~
~
SN—
I
3)
S
—
~
S~—
=
I
g
—
)
S
—~
~
SN—
~—
~
I
—
g
~
SN—
—
)
S
—
~
S~—
S~—

—~
Q
~—
Il
=
|
—
S
L
N—
*
™
~h
—~
©
o~
—
S
N—
=
|
-
=
—
S
N—
——

due to the construction of Y. We obtain, in a similar way, that L xZ = 0.
Hence ¢ is indeed constant. ]

If the metric g is positive definite and homogeneous, i.e., the function
g (X ,Y) is positively homogeneous of degree 0 for any X,Y € X(M), then
we may define the length of an arc ¢ : [a, 5] — M by

o) = /a N /a ? o (G0 et

The distance of two points p,q € M is then given by
d(p, q) := inf{{(c)|c: [0,1] — M,c(0) = p,c(1) = q}.

We say that g is reversible if g_, (w1, w2) = g, (w1, ws) for any v, wy, we € T, M
and p € M. In this case, d is symmetric, and (M, d) becomes a metric space.

It is known that every Killing field is complete on a complete Riemannian
manifold [17]. This result can be easily generalized as follows.

Proposition 5.3. Let g be a homogeneous, reversible and positive definite
metric, and suppose that X is a Killing vector field of g. If M is complete as
a metric space, the vector field X is complete as well.
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Proof. Let ¢, : [0,a] — M be an integral curve of X starting from p. We show
that ¢, can be extended to [0,a]. Since ¢, = X0 ¢é,, and

X°E = JX°9(5,6) = 5 (Lx9)(5.6) =0,

the function F o ¢, is constant. Let X := /E(é,(t)) (t € [0,] is arbitrary).
Thus, if t,t' € ]0, ],

d(ey(t). cp(1)) < = At 1.

t/
VEo¢,
t

This implies, by the completeness of M, that the limit lim;_., ¢,(t) exists. O

Now we suppose that an Ehresmann connection is specified on M whose
torsion vanishes. Let D be the covariant derivative operator constructed in
section 4.

The following proposition was formulated in [19] for the special case of
Finsler manifolds. It generalizes the skew-symmetry of the covariant differen-
tial of a Killing field in Riemannian geometry.

Proposition 5.4. If X is a Killing vector field on M,
0 (DyyX.2) 49 (V.D,5%) 44 (¢ (vX7).Z) =0
for any Y, Z € f{(7o')

Proof. Since the left-hand side is tensorial in Y, Z, it is enough to verify the
formula for basic vector fields Y, Z. Using the condition that X is a Killing
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field, we obtain
+g (Y, Dch) —g (Y, [X/7])

—o (v (5] - er) 36 (1) 3 (e ) 2)

where the symbol (Y < Z) means an expression consisting of all preceding
terms, with Y and Z interchanged. U

86. Special classes of generalized metrics

For any metric g, we introduce the (1,1) tensor C along 7 by the prescription
* ~ ~
C:XG:{(T)HC(X,(5>,

where C is the first Cartan tensor of the metric.

Proposition 6.1. Let g be a weakly variatonal and Miron reqular metric with
¥g =djL. A vector field X on M is a Killing vector field for g if and only if

the function XL is a vertical lift and LxC = 0.
Proof.

(1) Necessity
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Suppose that X is a Killing field. If Y € X(M), we have

YUXL = XYL — [XYY]L = X(d;L)(Y°) —djL[X, Y]
= X0, (Y°) — 9,[X,Y]¢ = X (}7,5) —g ([X/?] 5)
thus XL is a vertical lift. To verify the necessity of the second condition,

let Z be another vector field on M. Using our assumption Lxg = 0
repeatedly, we get

o ((exe)).7) =g (ExE) - Ex71.2)

s (CBET1.2) g (€01 [X2))

— X¢g <E(Y),Z) .
= X9 (C(V.6),2) = g (C(X.Y),6),2) — g (C(V.0). [X. 2]
- (539) (52) - (Vi) (52) - (%30) (372

- v7g (6.1X.2]) +¢ (V.[X.2])

—YUXg (57 Z) —YYg (5, [Y?]) = Y"(Lxg) (5, Z) —0,

*
which implies, by the non-degeneracy of g, that LxC = 0.

Sufficiency
If X€¢L is a vertical lift, we obtain
(Lxe¥g)(YC) = XYL - [ X Y'IL=Y"XL =0
for any vector field Y on M, which implies Lxc¥; = 0. Since the Lie

derivative and the exterior derivative commute, we also have Lxcw, =
Lxeddy = 0. The second condition implies

ﬁxé =Lx (13(7) —i—é) = 0.

As Lxyg is tensorial, and ¢ is Miron regular, it is sufficient to show
that (Lxg) (B(Y), Z) = 0 for any vector fields Y and Z on M. Using
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wolJ€m) = g (B(E).in) (&n € X(TM)), we get

(Lx9) (B(V). 2)
=X (B(YV),Z) - g (£xB(V),2) - g (B, [X. 2])
= X (B(YV),Z) -9 (BIX.Y],2) - g (BOV),[X. 2))
= Xuwy(Y", 2°) = wy([X°, Y], 29) = wy(Y", [X°, 27
= (Lxew)(Y",2°) = 0,
thus concluding the proof. O

The metric g does not determine L uniquely, since a vertical lift can be
added to L without changing d ;L. Moreover, we have

Corollary 6.2. With conditions similar to those in 6.1, if g is defined on the
whole TM , and X s a Killing vector field, L can be chosen such that X¢L = 0.

Proof. By 6.1, there is a smooth function L on TM such that X°L is a vertical
lift. Let us define L by

L(v) == L(v) — L(07y)),
then L differs from L only by a vertical lift, and X°L = 0. O
Now we introduce two canonical inclusions. The first one will be
i1: M —TM, pEM —ii(p) =0,

In other words, 71 is an embedding of M into T'M that assigns to each point
p the zero vector at p. The second inclusion is given by the prescription

io : TM — TTM, v € TM — is(v) := é/(0),
where Cy it € R 0ry) +to.

We shall also use the shorthand 7:=4¢; o T.

Proposition 6.3. Let g be a variational metric defined on the whole TM. A
vector field X on M is a Killing vector field if and only if there is a Lagrangian
L for g such that X°L = 0.

Proof.
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(1) Necessity

Suppose that X is a Killing vector field, and Lisan arbitrary Lagrangian
for g. Then we obtain

0= (EXg) (?72) = Xcg (}A/,Z) -9 ([‘Xv/?LZA) -9 (}Af’ [)(/77])
= X°YYZ'L — [X°,Y"|Z°L — Y'[X¢, Z°|L = Y Z" XL

for any vector fields Y,Z € X(M). It follows that X°L is an affine
function on each fibre. Now we define a new Lagrangian L by

L::E—EoiloT—dEoig.

It is easy to see that the difference of L and L is also a fibrewise
affine function, thus their Hessians are the same, ie., g. We com-
pute the action of X€¢ on the difference L — L over an induced chart
(71U, @)y, (y)y) in TM by a chart (U, (u')i_,) in M:

Xe (Eoil oT—l—dEon) = [X (Eoﬁ)}v—i-Xc (dZoig)

3%%.1) +(Xi)v% (dio¢2>+yj (Zf;)v a?/i (dzOZé)

o [ OL o i [ 0L (X" [ OL
= (XYW | ==oT X" qyd —— oT J . -oT |.
( ) <axz © T> +( ) Yy (6xzayj © 7_> +y (au] > <ayl © T>

This is a fibrewise affine function, just like X L. To show that they are
equal, it is enough to check that they coincide on the zero section and
so do their linear parts on each fibre. The expression of X L over our
induced chart is

XZ

N oL )

0X"\" oL
oul ) Oyt

Thus, XL = X °f — X¢ (E — L) vanishes indeed on the zero section:

- - (oL (oL
XLoir—X*(L-L)oiy =X’ (g i oi1> — X <%oil> —0,
X xr

whereas the linear part of X°L is

(0 o7 o [ 0°L (9X\" (oL
i c - i\, j S =
Y (ﬁin L) o7 = (X% <8xi8yﬂ' ° T) Y <8uj > <8yi ° T) 0
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(2) Sufficiency

(xg) (V,2) = X% (V.2) - g (X.¥),2) - 9 (V.[X. 7))
= XY'Z'L — [ X Y'|Z"L - Y'[X¢, Z°|L =Y Z"X L = 0.

O

Corollary 6.4. If (M, E) is a Finsler manifold with Finslerian metric g =
VUVVE, then a vector field X on M is a Killing vector field of g if and only
if X°E =0.

§7. Translations

In this section we shall work on a manifold endowed with a weakly normal and
Miron regular metric. It can be shown (see [10]) that in this case, the absolute
energy F is a Finsler energy function. Then E can be extended continuously

to the zero section. We shall denote by £ € X (T M ) the canonical spray of the
Finsler manifold (M, E) determined by the relation (dd;E)(&,n) = —nE for

nex (%M ) It is well-known that there is a canonical Ehresmann connection
on a Finsler manifold called the Barthel connection [21]. In this section we
shall use this connection and the corresponding metric covariant derivative D.
Then, for any vector field X on M,

1
X'=o(X°+[xg),  X"E=0,

and & = HJ¢ is horizontal.

Definition 7.1. A Killing vector field X of g is called o translation if every
non-constant integral curve of X is a geodesic of the Finsler manifold (M, E).

For classical results on translations of Riemannian manifolds, see [2, 16,
26]. Now we generalize the important conservation lemma from Riemannian
geometry ([14], p. 252) as follows.

Proposition 7.2. If X € X(M) is a Killing vector field, and ¢ : I — M is a
geodesic of E/, then the function

t €I — gegry(X(c(t)),c(t))

18 constant.
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Proof. Let us denote the function in question by f. The curve ¢ is an integral
curve of &, thus we have

=g (%.6)0c
Using (3) in section 3 and the relation X“E = 0, we obtain
9 (X.0) = €0,(X7) = £(d/E)(X°) = EX"E = ~X“E — X"¢E + €X°E
= —2X"E =0,
and therefore f’ = 0, which implies that f is constant. O

Proposition 7.3. Let X be a Killing vector field of g. Then X is a translation
if and only if the function

pEM— E(Xp)
1s constant.
Proof.

(1) Necessity
Suppose that X is a translation. If X = 0, the statement is obvious.
Hence we assume that there is a point ¢ € M such that X, # 0. We
define the following subset of M:

V= {p e MIE(X,) = E(X,)}.

We shall show that V = M. First, V # (), since ¢ € V. Furthermore,
V' is closed, since it is the inverse image of the closed set {E(X,)} C R
under the function

fipeM— f(p):=E(Xp).

Thus it remains only to show that V is open.

To see this, take a point p € V. By the straightening-out theorem (see
e.g. [1]), there is a chart (U, (u’)",) around p such that X | U = %.
Consider an integral curve ¢ : I — M of X, which is, by the definition
of translations, a geodesic as well. Its components ¢’ := u’ o ¢ have the

following form:
c(t) = cH(0) + ¢, dt)y=c0) (2<i<n).
On the other hand, c¢ satisfies the differential equations of the geodesics:

" 1oGioc =0,
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where

A 0’FE OF
(s k Y=
¢ 29 (y dxkdyi 8xj> ’

and (¢g%) is the inverse matrix of (g;;). Putting these together, we infer

that G’ o -2; = 0 on U. Since the matrix (¢*/) is non-degenerate, this
ou

implies that

. PE OE\ 0 PE  OE\ 0
Oxkdys  OxJ oul Oxloys 0w’ oul

__9E 90 _ 90 (p O
Qa0 Oul Oud oul )’

which, in turn, implies that the function E o 8%1 is constant on U. Hence
p € V is contained together with an open neighbourhood in V. We
conclude that V = M.

(2) Sufficiency
If the function f:p e M — f(p) := E(X,) is constant, then, in a chart
similar to that in the previous part, it can be seen that the integral
curves of X are geodesics as well. O

88. Some special cases
8.1. Randers manifolds

Let (M, «) be a Riemannian manifold and 3 a one-form on M. We recall from
section 2 that the tensor & along 7 and the function 8 on T'M are given by

Gy (w1, we) = ap(wi, wa), B(v) = Bp(v) (v, w1, we € T,M,p € M).

We define the following functions on T'M:

= 1
Fy(v) == OéT(U)(v,U) (veTM), F:=F,+03, E:= §F2.

Then F' and E are smooth on %M

Due to the non-degeneracy of «, there is a unique vector field 5% on M such
that 8(Y) = a(3%,Y) for any vector field Y on M (Riesz’ lemma). Conversely,
if X is a vector field on M, then we have a one-form X° such that X*(Y) =
a(X,Y) for any vector field Y.

If |B%| < 1, (M,E) is a Finsler manifold, called the Randers manifold
obtained from the Riemannian manifold (M, «) by the perturbation with the
one-form (.
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Lemma 8.1 ([11]). Let (M, E) be the Randers manifold arising from the Rie-
mannian manifold (M, a) by perturbation with (8 such that ||G%|| < 1. Then
the metric tensor g of (M, E) takes the form

where ® stands for the symmetric product.

In his paper [9], M. Matsumoto proved that 3% is a Killing vector field of
the Randers manifold if and only if it is a Killing vector field of the original
Riemannian manifold (M, «) as well. Now we use the results of section 5 to
give a new proof of the sufficiency of this condition:

Proposition 8.2. Suppose that (M, «) is a Riemannian manifold, and X €
X(M) is a Killing vector field of (M,«) such that | X|| < 1. Let § := X°,

F:=F,+0 and E = %FQ. Then X is a Killing vector field of the Randers
manifold (M, E).

Proof. First, suppose that X(p) # 0 at p € M. Consider a chart (U, (u’)™;)

around p and the induced chart (7=1(U), (x))™,, (y*)7;) on TM. Let i,j €
{1,...,n} be arbitrary, then

9 9
(Lxg) (@;@)
(T T 9 ), (7.3
Jg(%@) +9<£XW%> +g<ﬁ’£X%>'
o)

By the straightening-out theorem, we can choose a chart such that X = 7.
Then the last two terms vanish since, e.g.,

D . 0 I
L =X, —|=|=—,=—|=0
X dui [ ’ 8uz] [8u1’ 8ul]
It remains to show that the first term also vanishes. We have the following
coordinate expressions:

N VG N A
Now ow | ~ % ou | T Now | ~ Y

B=0y,  Fa=\lalylyl, F=\|a%yyl+ By
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We substitute the expression in the preceding lemma for g:

T 9\ o (77
) (Exg) (%%) = 9a? (%%)
O [( ! (a}’mylym)l/2> i (almy Y )3/2 el

1
+W( .y B + B gy )+ﬂfﬂf} :
lm
and ‘
Bi = @i X7 = 01 = 1.

On the other hand, since X is a Killing vector field of (M, «), we obtain

0= (ﬁ o,) <aiz aij) N %iif'

Thus we have shown that all functions in the square bracket of (%) have van-
ishing partial derivatives with respect to x', and hence Lxg = 0 on T pM if
X (p) # 0. On the other hand, if X(p) = 0, and there is a series (p,)52 such
that p, — p and X (py,) # 0 (n € N), then Lx g vanishes on T, M by continuity.
Finally, if there is a neighbourhood of p on which X vanishes, then Lxg = 0
on T, M automatically. U

8.2. Funk metrics

In this subsection we shall work on an open subset of R"™; D, will denote the
directional derivative with respect to a vector v € R™ and D; the ith partial
derivative (i =1,...,n).

Let ¢ : R" — R be a Minkowski functional [18], i.e., a function satisfying
the following conditions:

1) ¢ is continuous on R™ and smooth on R™\ {0};

(1) ¢
(2) »(0) =0, and ¢(p) > 0 if p # 0;
(3) ¢
(4)

3 is positively homogeneous of degree 1;

4) the second derivative ¢”(p) is non-degenerate (and thus necessarily pos-
itive definite) if p # 0.

The set Q := ¢ 1[0, 1] is the interior of the indicatrix of ¢. We shall use the
canonical identification T2 = {2 x R™ and the natural projections 71 : TQ) — 2
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and m : TQ) — R". A Finslerian fundamental function F' : T — R on  is
determined by the relation

<po<7r1+%):1 on 1.
The Finsler structure determined by F' is traditionally called the Funk metrics

on 2. The Finsler energy is then £ = %FQ. For more about Funk metrics, see
[18].

Proposition 8.3. With notations and hypotheses as above, for a vector field
X on Q the following conditions are equivalent:

(1) X is a Killing vector field of (0, F');

(2) for every point p € Q and vector v € R™ such that p+v € 0%, the vector
X (p) + Dy X (p) is parallel to the tangent hyperplane of O in p + v.

Proof. Let (u®)™_, be the restriction of the canonical coordinate system of
R™ to Q and ((%)™,, (y*)";) the induced coordinate system on T2. If the
coordinate expression of X is X?-2-. its complete lift is

out?
N (0X\" 0
c __ 7 7
X = (X" 5t Y (aw) o

If we act by X on both sides of the relation defining F', we obtain
o v O T
0= Do (m+ 7)) [(X ) (“" * F)
OXT\Y 0 yF
J LA
() a7 (#+F))

~ [peeo (n+ P [0 (- 5)

2 N
_y_ i Ua_F j 0X oF
2 ((X) O +y <3uz> 3yi>:|

— [Dki/?o <7T1 + %)} [(Xk ° —i—yfj (%zf]k)v - %ZXCF] .
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X is a Killing field if and only if X“F = 0. Furthermore, if v,(# 0) € T2 is

arbitrary, and z := p + %ﬂp)(e 00), then

k gz(Z, ’U)
v Dyp(z) = = g.(z,v) #0.
()= =05 = aela)
Therefore, it follows that X is a Killing field if and only if

T2 R\ Y (OXFNT
Dypo (m+ )| |(XF) + 2 (55 ) | =0

() { welm* g [ TF\ouw

From now on, we suppose that v, is of the form as in the proposition, i.e.,
p + v € 0f). By the homogeneity of F, if (x) is satisfied for such v,’s, it is
satisfied for all. In that case, F'(v,) = 1, and evaluating (*) at v, we obtain

(Drg)(p + 0) (X" (p) + 0/ D; X (p)) = (D) (p + 0) (X" (p) + Du X" (p))
= (grade(p +v), X (p) + DX (p)) =0,

or, equivalently, the vector X (p)+D, X (p) is parallel to the tangent hyperplane
of the indicatrix at p + v. O

§9. Discussion

It is known that a geodesic on a Riemannian manifold meets a translation at
constant angles [2, 16, 26]. In the general case, if g is positive definite, the
angle ¢ of a translation X and a geodesic ¢ may be given by

_ Ge(r) (X (c(1)), ¢(t))
\/ge(t) (X (e(t), X (c(t))ger) (€(E), ¢(2))
The numerator is constant by 7.2, and the second factor in the denominator

is constant as well even in the most general case. It follows from 7.3 that in
the Riemannian case the first factor is also constant, since then the function

cos p(t) :

g (X ,X ) is constant on each fibre. From our results, however, it does not

follow that the first factor is constant in general, even for Finsler manifolds.
Therefore, it does not follow that ¢ is constant. It remains an open question
whether there exists any class of metrics in which this angle is constant and
which is more general than the Riemannian case.

Moreover, there is a broad class of metrics that have no non-trivial transla-
tions at all. For example, the hyperbolic plane does not have any. In Poincaré’s
upper half-plane model with canonical coordintates (u!,u?) the Killing fields
have the form

X = (au! + fu? + )2

2
gal T g2
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with some «, 3,7 € R. If a # 0, the integral curves of X are given by
C(t) = ((Cl + ﬁCQt)eat - lacZGQt) )
@

with ¢1,c9 € R, ¢o > 0, which are no geodesics. That is, however, not sur-
prising, since, if the hyperbolic plane had a non-trivial translation, a geodesic
quadrangle with angle sum 27 could be constructed, in contradiction with the
Gauss —Bonnet theorem.

In summary, we have tried to generalize some theorems of Riemannian
geometry and Finsler geometry, and found that those not relying on the notion
of translation may be successfully generalized.
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