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On conformal equivalence of Riemann-Finsler metrics

By J. SZILASI (Debrecen) and CS. VINCZE (Debrecen)

Abstract. In this article a novel approach to the study of conformal change of
Riemann-Finsler metrics is presented. Of particular interest is a result describing the
change of the canonical spray of a Finsler manifold. Some classical results are also
interpreted and proved from this new viewpoint, using coordinate free methods.

Introduction

The aim of this note is to present a new framework for the conformal
theory of Riemann-Finsler metrics based on Grifone’s theory of nonlinear
connection [3] and the calculus of vector-valued differential forms estab-
lished by A. FROLICHER and A. NIJENHUIS [2]. The novelty of our ap-
proach first of all lies in its purely intrinsic character (calculations with
local coordinates are completely eliminated). Thus the main points are in
focus and the fundamental mechanism behind the classical tensor calculus
used e.g. in [7] and [10] becomes transparent. Briefly, in popular parlance,
“one understands, why a theorem is true”. Nevertheless, we have to em-
phasize that the classical source RUND [10], Ch. VI. §2 and Hashiguchi’s
comprehensive study [7] were indispensable and very stimulating for our
work.

The plan of the paper is as follows. In the next section we offer a quite
detailed exposition of the conceptual and calculational background in order
to make the work self-contained as far as possible. In Section 2 some basic
facts on the gradient of a function ¢ € C*°(T'M) (M is a Finsler manifold)
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are collected, with special regard to the vertically lifted functions. Con-
formal equivalence of Riemann-Finsler metrics is introduced in Section 3.
We give a very simple proof, based only on the homogeneity properties
of the energy function, of Knebelman’s famous observation which points
out that the scale function must be a vertical lift. We also derive some
important conformal invariants. In Section 4 we establish a key formula,
describing the change of the canonical spray of a Finsler manifold under
a conformal change of the Riemann-Finsler metric. As a consequence, we
get immediately, how the Barthel endomorphism is changing. Having these
results, one can also describe the change of the curvature of the Barthel
endomorphism, the change of the Berwald and Cartan (and other) con-
nections, etc. We shall discuss these questions and other aspects of the
theory in a forthcoming paper. The concluding section is devoted to a nice
application, which illustrates how the mechanism is working. We present
an intrinsic proof of the classical theorem which (roughly speaking) states
that in case of a simultaneous conformal and projective change the scale
function is constant, i.e. the conformal change must be homothetic.

1. Preliminaries

1.1. Notations. We employ Grifone’s terminology and conventions [3], [4]
as far as feasible. For generalities, our base reference work is [8].
(i) M is an n(> 1)-dimensional, C*°, connected, paracompact manifold,
C°(M) is the ring of real-valued smooth functions on M.

(ii) 7 : TM — M is the tangent bundle of M, mg : TM — M is the
bundle of nonzero tangent vectors.

(iii) X(M) denotes the C*°(M)-module of vector fields on M.

(iv) QF(M) (k € N*) is the module of (scalar) k-forms on M, Q°(M) :=
C®(M), QM):= @_, Q¥(M). QM) is a graded algebra over
C° (M), with multiplication given by the wedge product A. ® stands
for the tensor product.

(v) U¥(M) (k € N*) is the C°°(M)-module of vector k-forms on M.
It can be regarded as the space of k-linear (over C*°(M)) skew-
symmetric maps X(M) x -+ x X(M) — X(M). VO(M):=X(M),
U(M):= @p_, V*(M).

(vi) ix,Lx (X € X(M)) and d are the insertion operator, the Lie deriv-
ative (with respect to X) and the exterior derivative, respectively.
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1.2. Frolicher-Nijenhuis theory. Our main technical tool is the Froli-
cher-Nijenhuis calculus of vector-valued forms and derivations, for which
we refer to the wonderful original paper [2]; see also [8], [9], [12]. To make
this work more readable, we assemble here some basic facts which will be
applied in the sequel.
To any vector k-form K € W¥(M) two derivations of Q(M) are asso-
ciated:
(i) the derivation i of degree k — 1, completely determined by its action

on QO(M) = C°®(M) and Q*(M) as follows:
e VfecC®(M):igf=0
o Vwe QM) :igw=woK;
(ii) the derivation dk of degree k defined by
dig = [iK,d] =igod— (—1)k71d0 K.

Then, in particular,

Ve C®(M):df = igdf Ldf o K

and dg is uniquely determined by this formula. The graded commu-
tator of di and dy, is

[di,dr) = dg ody, — (—1)*dp odg (K € U¥(M), L € U'(M)).
There exists a unique vector (k + [)-form [K, L] such that
ldi,dL] = dik,1);

[K, L] is called the Frélicher-Nijenhuis bracket of K and L.

We note that in case of vector O-forms (i.e. vector fields) ix and
dx become the usual insertion operator and the Lie derivative, while the
Frolicher-Nijenhuis bracket reduces to the Lie bracket of vector fields. If
K € VY(M), Y € (M) = X(M) then the vector 1-form [K,Y] acts by
the formula

(1) (K, Y](X) = [K(X),Y] - K[X,Y] (X €X(M)).
We shall also need the identity

(2) [fX,K] = fIX, K] +df NixK —drf® X
(f € C>®(M), X € X(M), K € U*(M)).
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Remark 1. In the sequel we shall consider forms over TM or 7 M and
apply derivations of Q(T'M) or Q(7 M). Differentiability of vector k-forms
(k € N*) will be required only over T M, unless otherwise stated.

1.3. Vertical apparatus. Homogeneity.

(a) XU(TM) and XV (7 M) denote the C*°(T'M )-module of vertical vec-
tor fields on T'M and 7 M, respectively. On T'M live two canonical
objects which play an important role in Finslerian (and Lagrangian)
theory: the Liouville vector field C' € X"(T'M) and the vertical endo-
morphism J € WY(TM) (for the definitions see e.g. [9]). We have:

(3) ImJ = Ker J = X*(TM);
(4) J? =0, d% = 0;
(5) [J,C] = J.

The vertical lift ([9], [11]) of a function f € C*°(M) and a vector field
X € X(M) is denoted by f¥ and X", respectively; fV:=f o.
The following simple observation will be useful.
Lemma 1. A smooth function ¢ on TM or TM is a vertical lift iff
dJ(p =0.

Note that by 1.2 (ii) and (3)
dijp=0 <= VX €X' (TM): Xp=0.

We also recall [11] that the vertical lift of a 1-form df € QY(M) (f €
C>(M)) is defined by

(6) (df)":=d(f").

(b) Let k € Z. We say that a (smooth) function ¢, or a vector field X, or
a scalar form w and a vector form L, each of them given on T'M or
T M, is homogeneous of degree k if

(i) Co = ke,
(i) [C,X] = (k= DX,
(i) Low = kw,
(iv) LoL = (k—1)L.
For example VX € X(M) : [C, X"] = — X", i.e. X" is homogeneous of
degree 0.
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1.4. Semispray, spray. Complete lift.

Definition. A mapping S : TM — TTM is said to be a semispray
on M if it satisfies the following conditions:

(SPR 1) S is a vector field of class C* on TM.
(SPR 2) S is smooth on 7M.
(SPR 3) JS =C.

A semispray S is called a spray if it is homogeneous of degree 2, i.e.
(SPR 4) [C,S] =S8

also holds.

Consider a vertical lift ¢ = fom, f € C®(M). If S is a semispray
on M then the function S¢ does not depend on S because if S is another
semispray then S — S is vertical (SPR 3) and

o Lo ! (S —8)p=S8p—Sp=Sp==_Sp.
Thus the function
(7) fo=8p=_S8(fom)

is well-defined; it is said to be the complete lift of f. (For another definition
see e.g. [11].) Now the complete lift X€ of a vector field X € X(M) can be
introduced as in [11]:

(8) Ve C®(M): Xf:=(Xf).
The following familiar formulas can be easily deduced:

YX,Y € X(M), f € C®(M):

(9) XUfe= X = (X))

(10) (XY I=[X Y] [X° Y] =[X, Y],

(11) [C, Xl =0 (i.e. X is homogeneous of degree 1),
(12) JX¢=X" [J,X]=0.

For the subsequent applications a useful observation will be the next
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Local basis property. If (Xi,...,X,) is a local basis of X(M) then
(X7, ..., X0, X5, ..., X¢) is a local basis for X(T'M).

Lemma 2. Vf € C*(M):
(i) f¢ is homogeneous of degree 1.

(i) dyfe =d(f2) 2 (df).

PROOF. (i) By the definition of f¢, we can write

fc = S@a Y = f om,
where S is a spray. Thus

(SPR 4), Lemma 1

Cfe=C(Sp) =[C,Slp+ S(Cyp) Sp = f¢,

which means the 1-homogeneity of f€.

(ii) The vector 1-form d;f€¢ clearly kills the vertical vector fields so it
is completely determined by its action on the complete lifts.

VX € X(M) :
(dsf)(X°) = dfe(7x°) B dpe(xv) = xvpe @ xepr = (d)(x°),
hence d;f¢ = d(f"). O

1.5. Horizontal endomorphisms. Now we recall some basic concepts of
a version of Grifone’s theory of nonlinear connections [3], whose role will
be played by the “horizontal endomorphisms” in our approach.

Definition. A vector 1-form h € WY(TM) is said to be a horizontal
endomorphism on M if it satisfies the following conditions:

(HE 1) h is smooth over 7 M.
(HE 2) h is a projector, i.e. h? = h.
(HE 3) Kerh = X¥(TM).

The horizontal lift of a vector field X € X(M) (with respect to h) is
Xh:=hxe.

e H:=[h,C] is the tension of h,

o ¢:=1[J,h| is the weak torsion of h,
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o T:=igt+ H (S is an arbitrary semispray on M) is the strong torsion
of h.
It follows immediately from the definitions that

(13) hod=0, Joh=J;
(14) X(TM) = X°(TM) @ X"(TM), X"(TM):=Tmh.

Owing to (HE 1), the vector forms H,T € VY(TM), t € W*(TM) are
smooth over 7 M; cf. also Remark 1.

Any horizontal endomorphism A naturally determines an almost com-
plex structure F € WY(TM) (F? = —1, F is smooth on 7 M) such that

(15) Foh=—J, FolJ=h;

it is called the almost complex structure associated with h.

1.6. Semibasic trace ([5], [12]). A scalar form w € QF(TM) (k € N*) is
said to be semibasic if

VX € %(TM) ctgxw = 0.
A vector form L € /(T M) (I € N*) is called semibasic if
JoL=0 and VXG%(TM)’LJ)(IJ:O

Suppose that L € W!(T'M) is semibasic. The semibasic trace L of L is the
semibasic scalar (I — 1)-form defined by recurrence as follows:

(i) if I = 1, then L:=trace(F o L), where F is the associated almost

complex structure of an arbitrarily chosen horizontal endomorphism

(i) if I > 1, then ixL:=1ix L for all X € X(TM).

Lemma 3. j =n.

PROOF. J :=trace(F o J) () trace(h). Choose a local basis

(X1,...,X,) for X(M). (14) guarantees that (XV,..., XY, X" ... X" is
a local basis of X(T'M). Since

a(xy) M2

0,
RXTY = h(hXE) = R2(XE) "22 B(Xe) = X (1<i<n),

we obtain immediately that trace(h) = n. O
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We shall need the following formula [12]:

P

(16) for each w € QF (T M) semibasic form: w ® C = (—1)Figw

(S is an arbitrary semispray).

1.7. Finsler manifolds. Let a function £ : TM — R, called energy, be
given. The pair (M, E), or simply M, is said to be a Finsler manifold if
the energy function satisfies the following conditions:

FO) YweTM: E(v)>0, E0)=0.

F2) CF =2FE,ie. E is homogeneous of degree 2.

(F0)
(F1) FEis of class C"' on TM smooth on 7M.
(F2)
(F3)

The form w:=dd;E € Q*(TM), called the fundamental
form, is symplectic.

The mapping

(17) g: X (TM) x X" (TM) — C>®(TM)
(JX,JY)—g(JX,JY) =w(JX,Y)

is a well-defined, nondegenerate symmetric bilinear form (over C°°(T'M))
which we call the Riemann-Finsler metric of the Finsler manifold (M, E).
(Note that if E is of class C?, we get the category of Riemannian mani-
folds!)

We have the following important identities:

(18) iJw = 0, z'(;w = dJE;
(19) Low = w;
1

On any Finsler manifold there is a spray S : TM — TTM, which is
uniquely determined on 7 M by the formula

(21) isw = —dE.

This spray is called the canonical spray of the Finsler manifold.
The following result is the miracle of Finsler geometry:
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The fundamental lemma of Finsler geometry [3]. On a Finsler man-
ifold (M, E) there is a unique horizontal endomorphism heW!(T M) such
that

(B1) dpE =0 (“h is conservative”),

(B2) the strong torsion of h vanishes.

h is called the Barthel endomorphism of M, and is given by the formula

h— %(1+[J,S]),

where S is the canonical spray.

Suppose that (M, F) is a Finsler manifold with Riemann-Finsler met-
ric g. There exists a unique tensor C : X(7TM) x X(TM) — X(TM),
satisfying the following.

(CAR1) JoC=0,

(CAR2) VX,Y,Z € X(TM): g(C(X,Y),JZ) = %(L'JXJ*g)(Y, 2).

(J* is the adjoint operator of J, see [9]). C is called the Cartan tensor of
the Finsler manifold, its lowered tensor Cp is defined by

Co(X,Y, Z):=g(C(X,Y), Z).

Definition. [5] Let (M, E) be a Finsler manifold and consider the vol-

ume form o
(e
' n!

on TM. The divergence of a vector field X € X(T'M) is the function §.X
given by
(0X)w = Lxw.
Lemma 4. [5] VX € X(TM) : 6(JX) =[], JX] + 2C(X).
Corollary 1. 6C = n.

PROOF. Applying (19) we obtain by an easy induction that

- B (_1)n(n+1)/2 -
(0CYw:=Low = ——nw" = nw. O

n!
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2. Gradient operator on the tangent bundle
of a Finsler manifold

Let (M, E) be a Finsler manifold with fundamental form w. Consider
a smooth function ¢ : TM — R. Nondegeneracy of w guarantees the
existence and unicity of the vector field grad ¢ € X(7 M) characterized by
the condition

dSO = Z'grad pW;
this vector field is called the gradient of .

Lemma 5. If M is a Finsler manifold then

Vo e C*°(TM) : dgradp = 0.

Proor. Using H. Cartan’s magic formula, we have

. . (F'3)
Egrad pW = lgrad <pdw + dzgrad W =

= digrad pw = ddp = 0,

thus the result follows. O

Proposition 1. Let (M, E) be a Finsler manifold and suppose that
p € C®(TM) is a vertical lift: ¢ = fom, f € C°(M). Then the gradient
vector field of ¢ has the following properties:

(i) gradp € XV(TM).
(ii) [C,grad ¢] = — grad ¢, i.e. grad ¢ is homogeneous of degree 0.
(iii) grad p(E) = f°.

PROOF. (i) Since ¢ is a vertical lift, we get from Lemma 1 that
VX e X(TM) :dyjp(X)=dp(JX)=0.

Thus

g(JX, J gradp) ‘2 w(J X, grad @) = —(igraa o) (JX)

= —dp(JX) =0.
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We know that g is nondegenerate and (by (3)) that JX € X"(TM) is
arbitrary, so it follows that Jgrad ¢ = 0. Since KerJ = X"(T'M) (also
by (3)), we get the desired relation grad p € XV(7 M).

.. . . . (19)
(H) l[C,grad )W = ﬁCZgrad W — lgrad cpECW =

= ,Ccdgo - igrad pr.

Evaluating the Lie derivative, we obtain:

VX € X(TM) : (Lodp)(X) = Cdp(X) — de[C, X]
Lemma
= C(Xp) - [C, X]p = X(Cyp) “"=* 1 X(0) = 0.
Hence
Z.[C,grad W = 1 grad pW,

and, therefore, [C, grad ¢| = — grad .

(iii) grad o(F) = dE(grad ¢) 2 —igw(grad ¢)
= w(grad ¢, S) = (igrad ow)(5)
7 Cc
= do(5) = Sp 2 f°. O

3. Conformally equivalent Riemann-Finsler metrics

Definition. Consider the Finsler manifolds (M, E) and (M, E) and
let us denote by g and g their Riemann-Finsler metrics. g and g are said
to be conformally equivalent if there exists a positive smooth function
@ : TM — R such that § = ¢g. In this case we also speak of a conformal
change of the metric. The function ¢ is called the scale function or the
proportionality function. If the scale function is constant, then we say that
the conformal change is homothetic.

Remark 2. 1If g = g, then

- (20 1
2

_ 1 (20)
g(C,C) = 5<pg(C,C) = ¢E.
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Lemma 6 (Knebelman’s observation). The proportionality function
between conformally equivalent Riemann-Finsler metrics is a vertical lift.

PrOOF. Consider the Finsler manifolds (M, E) and (M, E). In case
of conformal equivalence we have just seen that £ = @E. Using the
homogeneity property (F2) of E and E it follows that

2E = CE = C(pE) = (Cp)E + p(CE) = (Cp)E + 2pE = (Cp)E + 2F,

therefore Cp = 0; i.e. o is homogeneous of degree 0. Since ¢ is smooth on
the whole tangent manifold T'M, this implies by a routine reasoning that
 is fiberwise constant which obviously means that ¢ is a vertical lift. [J

Proposition 2. Let (M,E) and (M, E) be Finsler manifolds with
Riemann-Finsler metrics g and g, respectively. ¢g and g are conformally
equivalent if and only if

d;E  d;E
J? = J? (over TM).
In particular, dJEE is invariant under the conformal changes of the Rie-

mann-Finsler metric.

PROOF. The necessity is clear: if § = ¢g, then E = ¢FE, where
djp = 0 by Lemma 6, and so

dsE _dy(pE)  (djp)E+edsE_ djE
E oE oE E

Suppose, conversely, that over 7 M

d;E  dyE

E E
Then we get immediately the relation

dJ(ln OE) = dJ(ln OE),

E
dy (lnoE> =0.

or, equivalently,



On conformal equivalence of Riemann-Finsler metrics 179

This means by Lemma 1 that the function InokZ %, and therefore % is a
vertical lift. So there is a positive function f € C°°(M) such that
£ = fom. If p:= f om, then we have
VX,Y € X(TM): g(JX,JY):=0(JX,Y):=dd,;E(JX,Y)
= dd;(¢E)(JX,Y) = d(Edyp + pd E)(JX,Y) “omza !
— d(pdsE)JX,Y) = do AdyE(JX,Y) + @dd, E(JX,Y)
=dp(JX)d;E(Y) — dp(Y)d; E(JX) + pw(JX,Y)
= dyo(X)dyE(Y) — dp(Y)dE(J2X) + pg(JX, Jy) st @
= pg(J X, JY);
hence

QI
I

AS)

°

as was to be shown. O

Proposition 3. The Cartan tensor is invariant under a conformal

change of a Riemann-Finsler metric, while the lowered Cartan tensor

changes by the formula C, = ©Cy, where ¢ is the scale function.

ProOF. Consider the conformal change g = ¢g. Then VX,Y,Z €
X(TM):
5 (CAR 2) 5 %
29(C(X,Y), JZ) Lix(J* 9, Z) = Lix (T (eg)(Y, Z)
= JX(pg(JY,JZ)) = pg(J[JX, Y], Z) = g(JY, J|J X, Z])

= JX()g(JY, JZ) + 209(C(X,Y), T Z) """ ® 25(C(X,Y), T 2),

therefore C = C. This relation implies immediately that C, = Cp.

4. The fundamental relation between the
canonical sprays

Theorem 1. Suppose that g and g are conformally equivalent Rie-

mann-Finsler metrics on M, namely

g=wg; w=expoaom, acC™(M).
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Then the corresponding canonical sprays satisfy the relation

(22) §S=8-a°C+ Egrada”.

PROOF. On the one hand, since E = ¢F, we have
— (21) .
—dE = —d(pE) = —pdE — Edp =" i,sw — Edp.

On the other hand,

—~

—dE 2 6 = igdds(pE) = igd(Edsp + ¢dsE)
ig(de NdsE + pdd;E) = (igdp)d; E
— (igdyE)dp + pigw = S(¢)d E — dE(JS)dp

. Prop. 1, (7), (F2), (18) _
+ prgw o lgrad (E)CW — 2Ed(p + Z@Sw

Comparing the right sides of these relations, we obtain that

%SW = igaSw - igrad p(E)CW + EdSD = Z.L,DS—grad p(E)C+E grad pW-
Hence
_ 1 1
S=S5——gradp(F)C + E— grad ¢.
2 2
Since
grad ¢ = grad(exp oa”) = (exp’ oa’) grad a” = p grad o’

and therefore

1 1/
—grad p(F) = grad a”(E) Prop. 1/0i) af,
¥

(22) is proved. O

Corollary 2. Under the conditions of Theorem 1, the Barthel endo-
morphisms are related as follows:

1 1 1
h=h-— i(acj + (da)" @ C) + §E[J, grad o] + EdJE ® grad a”.
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PROOF. h:=1(1+[J,S]) . 11J,a°C] + 1[J, E grad a’]. Here
. _[J,a0] = [a¢C, J] © ac[C, J] + daf Aied — dyat © C
(5), Lemma 2 B

a’J — (da)’ ® C
o [J, E grad "] @ ElJ,grad '] — dE NigragarJ + dsE ® grad o”
e E[J,grad o] + d;E ® grad o”,

thus we obtain the desired relation. O

5. An application

A well-known, classical result states (in H. Weyl’s terminology) that
“the projective and conformal properties of a Finsler space determine its
metric properties uniquely” [10], p. 226. Now we are going to formulate
this nice and important theorem in our framework and prove it purely
intrinsically.

Definition (cf. [1]). (a) Two sprays S and S given on the manifold M
are said to be projectively equivalent if there is a function A : TM — R
satisfying the following conditions:

(Proj 1) X is smooth on 7M, C' on TM.
(Proj2) S=S+\C.

(b) We say that the Finsler manifolds (M, E) and (M, E) are pro-
jectively equivalent if their canonical sprays have the property described
in (a).

Remark 3. (Proj 1) and (Proj 2) easily imply that A is homogeneous
of degree 1.

Theorem 2. Suppose that (M, E) and (M, E) are projectively equi-
valent Finsler manifolds of dimension n > 1. If their Riemann-Finsler
metrics are conformally equivalent as well then the conformal change is
homothetic.

PRrROOF. Keeping the previous notation, now we have by (Proj 2) and
(22) the relations

S=S+XC and S=85-a°C+ Egrada”’



182 J. Szilasi and Cs. Vincze

simultaneously. From these it follows that
(23) AC' = —aC + Egrada”.

Applying both sides to the energy function E, we obtain by (F2) and
Proposition 1/(iii) that

20\F = —2a°E + ofF,

i.e. 1
A= ——af.
2a

Substituting this into (23), we get the relation
aC
C.
2F

grad o’ =

Let p:= % In view of Lemma 2 and (F2), u is homogeneous of degree

—1. Thus we have:

(24) grad o’ = uC,

(25) Cp=—p.

Let Sy be an arbitrary semispray on M. First we note that
(26) C(Sy) = 0.

Indeed,

n €% LS50 = §(J8p) BEmE 1T TS,] + 26(S,)

80 (26) is true. Secondly, we claim that

—_—~—

(27) [J, grad a¥] = 0.

To see this, consider the vector field X := uSy. Then

JX = uJSo = puC 2 grad o,
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therefore

0 Leména 5 5grada“ _ (5(JX) Leménaél [m] + 26(X)

iy (26)

= [J, grad a?] 4+ 2uC(Sy) =’ [J, grad av],

so (27) is also true. Now we come back to (24). Taking Frolicher-Nijenhuis
bracket with J we get the relation

(28) [J,grad o’] = [J, uC.

We calculate the semibasic trace of both sides.

0@ (1 gradar] E [7,00) 2 i

—dp Nig +dp®C = pJ+dpeC

Lemma 3, (16 . ..
emma 3, { )Mn+2SOdJﬂ:Mn+ZSOZJdﬂ

)

25
— i+ du(JSo) = pn + Cp E yn — = (n — ),

so u = 0. This implies in view of (24) that grad a” = 0. Thus

(do)’ = d(a”) = igrad avw =0,

therefore dov = 0. Because M is connected (1.1.(i)), this means that the
function « is constant which was to be proved. O

Remark 4. Observe that under the hypothesis of Theorem 2 the pro-
jective equivalence is trivial: the function A vanishes.

Corollary 3. Suppose that the Riemann-Finsler metrics g and g on M
are conformally equivalent:

g=¢g9; ¢=expoaom, «a€cC?(M).

Then the following assertions are equivalent:
(i) The conformal change is homothetic.
(ii) The canonical sprays S and S coincide.
(iii) The Barthel endomorphisms h and h coincide.

PROOF. (i) = (ii) Indeed, if (i) holds, then a¢ and grad a” vanish
so (22) implies that S = S.
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(ii) = (i) This follows immediately from Theorem 2.
(ii) = (iii) This is evident.
(iii) = (ii) From the hypothesis that (iii) holds we obtain the relation
[J,5] =[], S)].
Applying both sides to the spray S, we have by (1) that
[C, 5] — J[S,S] =[C,S] - JI[S,S].
Using (SPR 4), it follows that
S_JS, 8 =8
Let Z:=S —S. Then Z € X"(TM) and
J[S, S| = J[Z,S].
Here, by Proposition 4.3.7 of [9],

JZ,8)=Z=5-8.

Therefore
S—-S5+5=S5
hence S = S, proving the implication (iii) = (ii). O
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