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Introduction

The origins. The basic ideas and structures of ‘modern differential geom-
etry’ first appeared in Bernard Riemann’s habilitation lecture “Uber die Hy-
pothesen die der Geometrie zu Grunde liegen” (“On the hypotheses which lie
at the foundation of geometry”), presented in the summer of 1854. Without
possessing a perfected terminology, Riemann introduced what we would call to-
day a topological manifold. He also used requirements of differentiability, so he
dealt actually with differentiable manifolds. This structure was called by him
“mehrfach ausgedehnte Mannigfaltigkeit” (“multiple extended manifold”). The
first problem which he discussed in detail was to equip with a metric struc-
ture such a manifold. He proposed measuring ‘infinitesimals’ (in the simplest
case tangent vectors) and integrating over a curve to find its length. Riemann
pointed out that there is no reason why the length should be assumed to be in-
dependent of the position, or more generally, of the position and the direction.

Adopting the old-fashioned notation and terminology for the moment, let
x(t), where t is a real parameter, be a curve on a manifold. A metric determi-
nation fixes the length of the piece of the curve between z(tg) and z(t1). The
most general formula proposed by Riemann is

/ " P(a(t), (8))dt.

to

To obtain a reasonable length-concept, the function F' must be positive, if
z(t) # 0. One also wants the length to be independent of the parametrization
and of the direction of traversal of the curve; these lead to the requirement

F(z, ) = || F(x,v)

for all tangent vector v at & and real number A. Finally, it is also reasonable to
make a restrictive convexity assumption about F. (At the beginning of Chapter
6 of our dissertation we give a precise formulation of these requirements as
condition (F1)-(F4) for a Finsler function F' : TM — R.) All the requirements
are satisfied by the pointwise positive definite forms

F2(x,0) = Y gij(@)v'v? | gij = g
%7

Riemann restricted himself to this metric determination, but he did not repu-
diate the more general (not necessarily quadratic) fundamental function F. In
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this connection he said: “The investigation of this more general species would
not call for essentially different principles, but would be considerably time-
consuming...”. (“Die Untersuchung dieser allgemeiner Gattung wiirde zwar keine
wesentlich andere Principien erfordern, aber ziemlich zeitranbend sein...”. See:
Bernhard Riemann’s gesammelte mathematische Werke und wissenschaftlicher
Nachlass. Herausgegeben unter Mitwirkung von R. Dedekind und H. Weber. 2.
Auflage: Teubner, Leipzig, 1892. Reprint: Dover, New York, 1953.)

The more general metric determinations were first studied by Paul Finsler
on the suggestion of C. Carathéodory in his Géttingen dissertation Uber Kurven
und Fldchen in allgemeinen Rdumen (1918; Nachdruck Birkh&user, Basel 1951).
It turned out that in such a general space a metric tensor given by

1 9?F?
gij(mvv) = 5@(%”)

may also be introduced, and - at least in the first steps - “essentially different
principles” are indeed not required. However, all geometric data will depend not
only on the points z, but also on the tangent vectors v. The geometry of such
“general metric spaces” was called Finsler geometry by J. H. Taylor in 1927.

Finsler geometry has become a quite extensive and active research area. The
greatest impetus to its development is due to the professor of German Univer-
sity in Prague, Ludwig Berwald (1883-1942). His ideas and methods influenced
decisively the Debrecen School of Finsler Geometry, represented in its golden
period by O. Varga, A. Rapcsdk, A. Modr, L. Tamdssy, Gy. Sods and J. Merza.

In spite of the different languare and computational technique, the present
work is also debt to Ludwig Berwald.

Straight lines. Riemann’s habilitation lecture began with the following
statements:

“As is well-known, geometry presupposes the concept of space, as well as
assuming the basic principles for constructions in space... . The relationship
between these presuppositions is left in the dark... .” (M. Spivak’s translation.)

In Finsler geometry the role of “space” is played by a (smooth) manifold,
it provides points for the geometry. The Finsler function makes “constructions
in space” possible: with its help one can define ‘straight lines’, called geodesics,
which have properties analogous to those of straight lines in Euclidean space.
In the Euclidean n-space R™, a straight line may be defined as either a curve
a : R — R™ such that o” = 0, or a curve which represents the shortest path
between points. Now we briefly sketch how the second approach works in Finsler
geometry.

Let M denote our base manifold, and let 7 : TM — M be its tangent bundle.
Suppose, for simplicity, that M admits a global coordinate system (u?)"_;. Then
(x%, y")™_,, where

ri=ulor, y'(v) = v(uh)
is a global coordinate system for TM. Let F' : TM — R be a Finsler function,
i.e., a function with the properties mentioned above. Take two points pg, p1 in
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M, and consider the functional

1 1
F:iv—F(y) ::/ Fo"y:/ F(y(t))dt e R
0 0
from the set of all (piecewise) smooth curves v : [0,1] — M from pg to p;. The

Euler-Lagrange equations of this functional are traditionally written in the form

OF doF
- - ——— = e {1,. ..
8(El dtayz O,Ze{ ’ 7”}7

and its solutions, i.e., the curves ~ : [0,1] — M satisfying

!
g;: o — <g;; 0ﬁ> =0,ie{l,...,n}
are called the extremals of F, or F-extremals in the calculus of variations, and
geodesics in Finslerian context. It is a fundamental fact that one can formulate
another variational problem, which leads to the same class of geodesics. Consider
the energy function E := %Fz associated to F', and define a new functional &
on the above set of curves by

Y E(y) = /EVZ/ E(()ds.

We show that every E-extremal v, with (1) # 0 for some T € [0, 1], satisfies
. 1.,
BG(®) = 13 1€ [0.1]

for some positive real number X\, and it is an extremal of F. Conversely, if v is
an extremal of F parametrized in such a way that the above relation holds for
some positive X € R, then v is also an E-extremal.

Suppose that v is an extremal of &, i.e. satisfies

OE . oF .\’ 0
- O — - O = U.
oz’ 7 oyt K

First we prove that the energy function is constant along the velocity curves
4:[0,1] = TM.
For any t € [0, 1], we have

(B o4)(1) = 50)E = (W" ® (5),, O fyi)w) 5=

<§§ ° 7) (7" (8) + <g§ o 1) )" (t).

Since, taking into account the Euler-Lagrange equations of &,



04) ) = (5804) @+ (3 o1) 00" 0 =

(5 o7) O @0+ (5 09 ) 027,

Eosr=((2503)+) 0

However, FE is positive-homogeneous of degree 2, which implies by Euler’s rela-

(323) ) 0= () 1) 0=

Thus we find (E o4)" = 2(E o %), therefore E o4 is indeed constant. So if 4
is not identically zero, then there is a positive real number A such that for all
t€10,1],

(G

it follows that

Now suppose that a curve ~ satisfies this relation. Then we also have
F((@) =X, t€[0,1];
and conversely. Since

T T

E __OF 0E _ _OF
OB _ ,OF 9B _ .0

it follows that along ~

0E OB\ (OF dOF\ .o
ort  dtoyt T \oxt dtoyi) ’ EE

This concludes the proof of our assertions.

We exhibit a further, more sophisticated method for introducing “straight
lines” in Finsler geometry. This method, at least implicitly, is of basic impor-
tance for our dissertation.

If F: TM — M is a Finsler function, then there exists a unique C! vector
field S on T'M, which is smooth on the slit tangent manifold T™ , and has
coordinate expression of form

0
oyt’

S =y xi—QGi

where

Gi_l i 62F2 T_aFQ
Y Ox" yI Y i )

1 F2  PE
20yidyl  Oyidyl’

(9) == (gi;) ™" . 9ij ==
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(We continue to suppose that M admits a global coordinate system.) The func-
tions G* are positive-homogeneous of degree 2, so S is a spray, called the canon-
ical spray of the Finsler manifold. (An intrinsic definition of S will be reviewed
in Chapter 6; confer the above coordinate expressions with the concise formula
(6.20).)
The velocity curve (or “canonical lift”) 4 : [0,1] — T'M of a curve

v :[0,1] — M is an integral curve of S, i.e., S o4 =4 holds, if and only if, the
components 7' := u’ oy of v satisfy the relations

V' 2G04 =0 (i€ {1,...,n}).
It may immediately be seen that these curves are just the E-extremals.

Principles and method. A substantial part of Finsler geometry may be
developed purely in terms of the canonical spray determined by the Finsler func-
tion. Briefly,

a large part of Finsler geometry is spray geometry.

Throughout the Dissertation, our guiding principle will be this observation.

The remarks made on “straight lines” in the previous section justify, that
“the principles of constructions” based on the spray approach give the same
geometry as the classical approach when the straight lines, i.e., geodesics, are
defined as F-extremals.

It seems to us, that the above principle has already clearly been recognized
by Berwald. In his epoch-making posthumus paper “Uber Finslersche und Car-
tansche Geometrie IV” (ref. [17]) his starting point is a system of second-order
ordinary differential equations of form

xi”+2Gi(x,x'):0,ie{l,...,n},

where the functions G are of class C' on their domain, smooth on the set of non-
zero tangent vectors, and have positive-homogeneity of degree 2. This means in
present-day language, that Berwald takes a spray as his starting point. Next,
on Riemannian analogy, he derives the equation of affine deviation, which leads
him to the affine deviation tensor K (see also our Remark after 4.9). In our
language and by our apparatus, it may be given by the formula

K(X) := V[S, HX],

where S is the given spray, H is the “nonlinear connection” or Ehresmann
connection determined by .S, V is the vertical map complementary to H, and X

is section along 7 := 7 | TM. In terms of coordinates, H is represented by the

“Christoffel symbols” Gj» = %. Using partial differentiation with respect to

the directions, i.e., the operators a%w from the type (1) tensor K Berwald builds

a type (3) tensor R, called the “Grundtensor der affinen Krimmung”, and a
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type (é) tensor H called by him the “affine Krimmungtensor”. Our formalism
presents these tensors as follows:

R(X,Y) = %(V"K(f/,f() ~ V'K(X,Y)),
H(X,Y)Z=V'R(Z,X,Y).

Actually, we follow in their introduction a somewhat different path. We define
the tensor R as the integrability tensor of the Ehresmann connection H, and
the tensor H as a partial curvature of the curvature of the Berwald derivative
arising from H. Having them, we show that R and H can be obtained from K
by the above formulas.

Following Berwald, we may also construct from the affine deviation tensor
(called also Jacobi endomorphism) a projectively invariant tensor, the projective
deviation tensor or Weyl endomorphism

1
We=K-Kl1+ —— (V'K —trV'K) ® 9,
n+1

where K := ﬁtrK, 1 is the unit tensor, and ¢ is given by v — (v,v).

All of the tensors mentioned until now have an analogous tensor in Rieman-
nian geometry. However, from the curvature of the induced Berwald derivative,
one can obtain a further partial curvature, the so-called Berwald curvature B,
which is non-Riemannian in the sense that it vanishes, if S is the geodesic spray
of a Riemannian metric. From B one can construct another projectively invari-
ant tensor, the Douglas curvature

D:=B-

! B o1+(V'uB) o).
n+1

In the presence of a Finsler function F' we derive the tensors K, R, H, W°,
B, D from the canonical spray determined by F'; and we define the conceptually
most important special classes of Finsler manifolds (isotropic, Berwald, Douglas,
weakly Berwald,...) also by some specific property of their canonical spray. For
example, Berwald manifolds may be defined as Finsler manifolds whose canoni-
cal spray is of class C?, i.e., is an affine spray, and may be characterized by the
vanishing of the Berwald curvature. A great success of modern Finsler geometry
is their complete description achieved by Z. I. Szabé [55], [56].

We have two basic tensors in Finsler geometry which depend immediately on
the metric structure, and hence cannot be defined in terms of spray geometry:
the

Cartan tensor C, := %V"g = %V"V"V"E

and the

Landsberg tensor P := —%th = —%VhV"V"E
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(V' is the “h-Berwald” or horizontal derivative arising from the canonical
spray). The stretch tensor X defined by

1 o~ o~~~ o~~~ e~ ~
SEX.Y,Z2.0) = V'P(X,Y,Z,U)-V'"P(Y,X,Z,U)

belongs obviously also to this category. The vanishing of the Cartan tensor char-
acterizes the Riemannian manifolds in the class of Finsler manifolds. The mean-
ing of the vanishing of P is still in the dark. Matsumoto’s conjecture “all posi-
tive definite Finsler manifolds with vanishing Landsberg curvature are Berwald
manifolds” has not been proved until now, but we also do not know any regular
counterexample.

Giving a definite priority of the spray structure, in this Dissertation we build
in an essentially self-contained manner the part of spray-Finsler geometry which
we need to treat our specific problems. We do all these in the pull-back bundle
framework, applying exclusively coordinate-free methods. Briefly, we apply the
pull-back formalism. Thus, for example, we re-prove our earlier result published
in [8], where we used classical tensor calculus. The self-containedness of our ex-
position also means that we prove most of the classically well-known auxiliary
results whose formulation and proof is not available (in our best knowledge) in
our context. Homogeneity properties, Ricci and Bianchi identites belong typi-
cally to this category. Since the translation from classical tensor calculus to an
index-free formalism is not always automatical, we were forced to do this work
in most cases.

In its contents an methods our exposition is somewhere in a half-way
between Z. Shen’s monograph [52] and J. Szilasi’s study [57]: it follows a more
rigorous formalism than the former, but simpler and is more near to the spirit
of classical Finsler geometry than the latter.



Chapter 1

Conventions and basic
definitions

(A) By a manifold we shall always mean an at least two-dimensional, locally
Euclidean, second countable, connected Hausdorff space with a smooth struc-
ture. If M and N are manifolds, C°°(M, N) denotes the set of smooth maps
from M to N; C*°(M) := C*°(M,R). The tangent space T,M of M at a point
p € M is the real vector space of linear functions v : C*°(M) — R, which satisfy

v(fg) =v(f)g(p) + f(p)v(g) 5 f,g9 € CF(M).
Then, for all p € M, dimT,M = dimM =:n. If

™™ := U T, M (disjoint union)
peEM

and 7(v) = p, if v € T,M, then 7 : TM — M is the tangent bundle of
M. The tangent bundle of the tangent manifold TM is 7pp; : TTM — TM.
7 and 777 are examples of vector bundles, which will be briefly discussed in (C).

X(M) :={X € C®°(M, TM)|t o X = 1,7} is the C°°(M)-module of vector
fields on M, its dual X*(M) is the module of 1-forms on M. If X € X(M), Lx
denotes the Lie derivative with respect to X, and i x is the substitution operator
or contraction by X. d stands for the exterior derivative operator.

If 0 € X(M) is the zero vector field, TM := TM\o(M), # := v | TM, then
#: TM — M is said to be the slit tangent bundle of M. ¢, € C>(TM,TN)
is the tangent linear map (or derivative) of ¢ € C°(M,N). If I C R is an
open interval and ¢ : I — M is a smooth curve, then ¢ := ¢, o % is the
velocity vector field of c. (Here % is the canonical vector field on the real
line.) The wvertical lift of a function f € C*®(M) is f¥ := for € C®(TM),
the complete lift f¢ € C(TM) of f is defined by f(v) := v(f), v € TM. For
any vector field X on M there is a unique vector field X¢ € X(T'M) such that
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XC¢f¢ = (X f)° for any function f € C*(M). X is called the complete lift of X.

(B) We shall use wedge products in various contexts, without any numerical
factor. For example, if a and g3 are 1-forms on M, then their wedge product is

aANf:=a® - [0R a,
where the symbol ® denotes tensor product. If A is a type (}) tensor on M,
which may be interpreted as an endomorphism of X(M), and 8 € X*(M), then
the wedge product A A 3 is the skew-symmetric type (;) tensor given by

ANBX,Y) = BY)AX) - B(X)A(Y) ; X, Y € X(M).

If Kisatype (}) tensor field on ’f’M, i.e., an endomorphism of the C’OO(%M)—
module 3€(70’M) and 9 € 3€(70’M), then we define the Frolicher-Nijenhuis bracket
[K, n] by

[Konlé = [K&,m] — K[, 5 € € X(TM).
Then [K, 7] is again a type (}) tensor on %M; it is just the negative of the Lie
derivative L,/ . We also associate to K two graded derivations ix and dg of

the Grassmann algebra of differential forms on T™ , prescribing their operation
on smooth functions and 1-forms by the following rules:

(1.1) ixF:=0,ixdF =dF oK ; F € C™(TM);

Then the degree of i is 0, and the degree of di is 1. On functions dx operates
by
dKF = inF =dF o K,

so for any vector field £ on TM we have
dg F(§) = dF(K(§)) = K(§F.

(C) We recall that a smooth map 7 : E — M is said to be a (real) vector
bundle of rank k (k € N\{0}) or k-vector bundle over M, if the following
conditions are satisfied:

(VBy) For all p € M, the fibres E, := 7 !(p) are k-dimensional real vector
spaces.

(VB3) To each point p € M there is a neighbourhood U C M of p and a diffeo-
morphism ¢ : U x R¥ — 7=1(U) such that

(i) 7o ¢ = pr;, where pr; is the natural projection of U/ x R* onto its
first factor;



(ii) for each point ¢ € U, the map
Pq RF — Ey v ¢4(v) = 0(q,v)
is a linear isomorphism.

Then M, E and 7 are called the base manifold, the total manifold and the
projection of the bundle, respectively. When there is no danger of confusion,
we say merely that ‘E is a vector bundle over M’ or ‘F is a vector bundle’.
A smooth map o : M — E is a section of the vector bundle = : E — M, if
moo = 1y, ie., we have o(p) € E,, for all p € M. The set

Sec(m) :=={o € C*°(M,E) | roo =1}
of all sections of 7 is a C°°(M)-module with the pointwise operations

(o1 + 02)(p) := (01)(p) + (02)(p) , (fo)(p) := f(p)o(p)

(01,02,0 € Sec(m) , f € C*(M) ,pe M).
Let (Sec(m))* denote the dual of the C*°(M)-module Sec(7). By a w-tensor
of type (), where (r,s) € N x N\ {(0,0)}, we mean a C°°(M)-multilinear map

((Sec(m))*)" x (Sec())* — C>(M).

These form a C*°(M)-module which we denote by T% (7). We extend the defi-
nition by putting J9(7) := Sec(r).

The 7-tensors of type (%) over M may naturally be interpreted as the sections
of an appropriate vector bundle over M. Namely, let 77 E,, be the space of the
type (7) tensors over the fiber E,, and let

T'E = U T: E, (disjoint union).
peM

Then there is a unique smooth structure on 77 E which makes the natural
projection
m TV E— M

into a vector bundle with fibres T} E,, p € M. Now it may be shown that the

C>(M)-modules T%(m) and Sec(nl) are canonically isomorphic.

(D) Let 7 : E — M be a k-vector bundle. A covariant derivative operator,
briefly a covariant derivative in 7 (or on E) is a map

D : X(M) x Sec(rw) — Sec(nw) , (X,0) — Dxo,
which is tensorial in X, R-linear in o, and satisfies the following product rule:
Dxfo=(Xf)o+ fDxo for f € C®(M).

Vxo is called the covariant derivative of o in the direction of X.
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Although a covariant derivative operator is defined by its action on global
sections, it may be shown by a standard bump function argument that it is
actually a local operator: if two sections coincide in a neighbourhood of a point,
then their covariant derivatives are the same at the point. Note that, by an
abuse of language, a covariant derivative in the tangent bundle 7 : TM — M is
mentioned as a covariant derivative on the manifold M.

We define the covariant differential of a tensor A € T} () as the type (1)
tensor DA given by

DA(X,s',...,s",01,...,05) = (DxA)(s",...,s",01,...,04) :=

(1.3) X(A(s',...,s",01,...,04) — ZA(SI,...7Dx8i,...,8r,0'1,...,0'5)—
i=1

S

1 T
E A(s',...,s",01,...,Dx0j,...,04),

=1

where s° € (Sec(w))*, i € {1,...,r}; 0j € Sec(w), j € {1,...,s}, and if s is a
‘m-one-form’, i.e., s € (Sec(w))*, then

(1.4) (Dxs)(o) := X(s(0)) — s(Dx0).
The curvature of D is the map

RP . %(M) x £(M) x Sec(m) — Sec(r),

(1.5) (X.,Y,0) — RP(X,Y)o := DxDyo — Dy Dxo — Dix yi0.

Then RP is tensorial (i.e., C°°(M)-linear) in X, Y and o, and skew-symmetric
in X and Y
R(X,Y)o = —R(Y, X)o.

With fixed vector fields X, Y on M, the map
RP(X,Y) : Sec(r) — Sec(n) , 0 — RP(X,Y)o

is an endomorphism of the C°°(M)-module Sec(r), so it may be interpreted as
a type (}) m-tensor in a natural manner. We define the covariant derivatives

Dz(RP(X,Y)) € End(Sec(n)) = TH(n) , Z € (M)
by
(1.6) (Dz(RP(X,Y)))(0) := Dz(RP(X,Y)o) — RP(X,Y)Dyo , o € Sec(r).

Now we can formulate the following classical result, quoted as differential
Bianchi identity:

(1.7) (ng)(DX(RD(Y, Z)) - RP([X,Y],Z2)) =0.



Here, and in the sequel, (XG 2 means cyclic sum over X, Y and Z.

IR

The proof is easy. Since the relation is tensorial, we may assume that [X,Y] =
[Y,Z] = [Z,X] = 0. Then, for any section ¢ in Sec(w) we have

8, (Dx(RP(Y.2)) = RP(X.Y]. 2))(0) =

(Dx (RP(Y, 2)))(0) + (Dy (R”(Z, X)))(0) + (D (RP (X, Y)))(0) =
Dx(R"(Y,Z)o) + Dy (R"”(Z,X)0) + Dz(R”(X,Y)o) — RP(Y,Z)Dxo —
RP(Z,X)Dyo — RP(X,Y)Dyo0 = DxDyDyo — DxDyzDyo + DyDyzDxo —
DnyDzo' + DZDXDYO' — DszDXo' — DyDzDXa'+ DszDXo' —
DzDxDyo+ DxDzDyo— DxDyDgzo+ DyDxDgzo = 0.

(E) The main scenes of our considerations will be the pull-back bundles of
the tangent bundle 7 : TM — M over T and 7, i.e., the vector bundles

7 TM xpy TM — TM and #: TM xp; TM — TM,
respectively. Here

TM xp TM := {(u,v) € TM xTM | 7(u) = 7(v)},
7 (u,v) €ETM xpy TM — ueTM,
mH (u) = {u} x Try M;

and, similarly,
TM x o TM = {(u, v) € TM x TM | #(u) = T(v)},

7 (u,v) €TM xy TM —ueTM,
o1

7 (u) = {u} x Ty M-
The vector space structure of a fibre 77! (u) is given by the operations
(u,v1) + (u, v2) := (u,v1 +v2) ; v1,v2 € TreuyM;

Au,v) = (u, ) , v € Ty M , A€ R.
Then, obviously, 7~ (u) is canonically isomorphic to Tr(uyM. Similarly, the

o—1 . . .
fibres © (u) are vector spaces, canonically isomorphic to the tangent spaces
Tg(u)M (uw e TM).

In what follows, throughout the Dissertation, m and 7 will be the shorthands
for the pull-back bundles

7 :TM %y TM — TM and # : TM x 3 TM — TM,
respectively.

The sections of 7 are smooth maps X :TM — TM xp; TM of form

veTM — X(v) = (v,X(v)) € TM x3; TM,
XeC®°(TM, TM) , 70X =T1.
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We have a canonical section
d:ve€TM+— 6(v):=(v,v) €ETM Xy TM,
and any vector field X on M induces a section
X:veTMr— X(v):= (v,X(r(v))) € TM x5 TM,

called a basic section of 7 or a basic vector field along 7. The C*°(T M )-module
Sec(m) of sections of 7 is generated by the basic sections. If

X(1) ={X e C®(TM,TM)|to X =7},

then X(7) is naturally isomorphic to Sec(r), so the two modules will be identified
without any comment, whenever it is convenient. As in the general case of a k-
vector bundle (see (C)), we may consider the C*°(T'M)-modules T7(m) of the
m-tensors over 7'M, and, similarly, the COO(JO“M )-modules T7%(7) of 7-tensors
over IO’M; (r,s) € N x N. Note that 77 (7) may naturally be interpreted as a
submodule of 7 (7). From obvious reason, the elements of T7% () and T7 () will
also be mentioned as tensors along 7 and 7, respectively.

If A is a type (,;,) tensor along 7, where s € N, then we define its trace

trA € TY(x) by
(trA)(X~1a7XN.S) =tr (Zv'—> A(25Z77Y8)) ’

for X1,...,Xs,Z € Sec(7).
More effectively, the trace operator may be introduced inductively as follows:
Step 1 There is a unique C*° (T M)-linear map

tr: TH(R) = C°(TM) , A — trA

such that for all 1-form & € T9(#) and section X in Sec(#) we have

(1.8) tr(a @ X) == a(X).
This may be shown by a standard argument, see e.g. [44], Lemma 2.6.
Step 2 Let X € Sec(r). First we define a non-conventional substitution

operator
Jx  Ter(m) = To(m) , A jzA
by

JxAYi,..., V) = AV}, X, Vs, ..., Y))

for }71, N Y, in Sec(7). Using this operator, let the trace of a tensor
A €Tl (7) (s > 1) be the type (i) tensor trA such that for any section X in
Sec(7),

(19) Z.)?trA :tr(j)?A).



The effect of the trace operator on components is summation over the con-
travariant index and the first covariant index. It may be shown that if a is a
symmetric type (°) tensor along 7 (s > 2), then

(1.10) tr(a ® 0) = isa,
where is is the ’conventional’ substitution operator.

(F) We have a canonical injective strong bundle map
1:TM xpy TM — TTM
given by
i(v,w) := ¢(0) , if ¢(t) := v + tw,
and a canonical surjective strong bundle map
J:ITTM — TM xpy TM, w e T,TM — j(w) := (v, 7 (w))
such that the sequence
0 — TM x 3y TM — TTM = TM x 3y TM — 0

is an exact sequence of vector bundle maps. i and j induce C*°(TM)-
homomorphisms at the level of sections, which will be denoted by the same
letters. So we also have the exact sequence

0 — X(r) = 2(TM) 2= x(1) — 0

of module homomorphisms. X¥(T'M) := iX(7) is the module of vertical vector
fields on TM, XV :=iX is the vertical lift of X € X(M). If a is a 1-form on M,
then there exists a unique 1-form o' on T'M such that

a’(XY) =0, a"(X) = (a(X))

for all X € X(M). o is said to be the vertical lift of a.
C :=i6 is a canonical vertical vector field on T'M, the Liouville vector field.
For any vector field X on M we have

(1.11) [C,X"] = —X", [C,X] =0.

J:=10]jis a tensor field on TM of type (1), it is called the wvertical endo-
morphism. For all vector fields X on M we have

JX'=0,JX°= X"

therefore
Im(J) = Ker(J) = X¥(TM) , J*> = 0.
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The following useful relations may be verified immediately:
(1.12) [J,01=J;[J,X']=[J,X =0, X € X(M).

(G) We define the vertical differential V'F € T?(r) of a function
F e C=(TM) by

(1.13) V'F(X) := (iX)F , X € Sec(n).
We note that
(1.14) V'YFoj=dyF,

where dj is the graded derivation associated to the vertical endomorphism by
(1.1) and (1.2). The vertical differential of a section Y € Sec(r) is the type (})

tensor V'Y € T1(r) given by

(1.15) V'Y (X) = VLY = j[iX, 7] , X € Sec(),

where n € X(TM) is such that jy =Y. (It is easy to check that the result does
not depend on the choice of 1.) Using the Leibnizian product rule as a guiding
principle, the operators V‘;} may uniquely be extended to a tensor derivation
of the tensor algebra of Sec(w). Forming the vertical differential of a tensor
over Sec(7), we use the convention applied in (1.3): if, e.g., A € T3(m), then
VYA € Ti(n) is given by

VYA(X,Y,Z) = (VLA)Y,Z) = VLAY, Z) — A(VLY, Z) — A(Y, VY% 2).

A type (2) or (i) tensor A along 7 is said to be homogeneous of degree k,
where k is an integer, if
V5A = EA.



Chapter 2

Ehresmann connections and
Berwald derivatives

By an Ehresmann connection over M we mean a map
H:TM xp TM — TTM
satisfying the following conditions:

(C1) H is fibre preserving and fibrewise linear, i.e., for every v € TM,
Hy == H [ {v} X TryM is a linear map from {v} x TryM = Tr,yM
into T,,TM.

(Cz) j oH = 1TM><MTM7 i.e., “H Splits”.
(C3) H is smooth over TM x TM.

(C4) If 0: M — TM is the zero vector field, then H(o(p),v) = (0+)p(v), for all
p€ M and veT,M.

We associate to an Ehresmann connection H

the horizontal projector h := H o j, the vertical projector v := 1T%M —h,

the vertical map V :=i"'tov: TTM — TM Xy TM,
the almost complex structure F:=Ho)V —ioj=HoV —J.
We have the following basic relations:
h’=h,v?l=v;Joh=J ,hoJ=0:Jov=0,voJ=J;
F2=-1,JoF=v,FoJ=h;
Foh=-J hoF=Fov=J+F voF=-J.
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The horizontal lift of a vector field X € X(M) (with respect to H) is
X":=HoX = HX =hX°".
It may be shown (see e.g. [57]) that for all vector fields X, Y on M we have
(2.1) JIX" Y = [X, Y], h[X"Y"] = [X,Y]".
By the tension of H we mean the type G) tensor field t along 7 given by
t(X) := V[HX,C] , X € Sec(%).
Then R
it(X) = [X",C], X € X(M).
‘H is said to be homogeneous if its tension vanishes. We define the torsion and
the curvature of H by
T(X,Y) := V[HX,iY] — V[HY,iX] — j/HX, HY]

and o o
R(X,Y) := - V[HX,HY]

(X,Y € Sec(#)), respectively. Evaluating on basic vector fields, we obtain the
more expressive relations

iT(X,Y) = [X" V"] - [Y" X"] - [X,Y]"

and
iR(X,Y) = —v[X" Y".

Now we recall an elementary, but crucial construction of Ehresmann connec-
tions. To this end, at this point we introduce the concept of a semispray and
spray, the latter will play the leading role in the Dissertation.

By a semispray over a manifold M we mean a map S : TM — TTM
satisfying the following conditions:

(S1) mra oS =17
(S2) S is smooth over TM:;
(S3) JS = C (or, equivalently, jS = ¢).
A semispray S is said to be a spray, if it satisfies the additional conditions
(S4) S is of class C* over TM;

(Ss) [C,S] =8, i.e., S is positive-homogeneous of degree 2.
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If a spray is of class C? (and hence smooth) over T'M, then it is called an
affine spray. Following S. Lang’s terminology [30], we say that a smooth map
S:TM — TTM is a second-order vector field over M, if it satisfies conditions
(S1) and (Ss3). Notice, however, that by a ‘spray’ Lang means a second-order
vector field satisfying the homogeneity condition (Ss), i.e., an ‘affine spray’ in
our sense.

Given a semispray S over M, by a celebrated result of M. Crampin [18] and
J. Grifone [27], there exists a unique Ehresmann connection H over M such that

(22) H(X) = 5 (X°+ (X", 5))

for all vector fields X on M. H is said to be the Ehresmann connection associated
to (or genmerated by) H. The torsion of this Ehresmann connection vanishes.
Furthermore, we have

H(S) = %(s+ C, 5)).

If, in particular, S is a spray, then H(0) = S, and H is homogeneous, i.e., its
tension also vanishes. i

We define the h-Berwald differentials V'"F € T(7) (F € C>(TM)) and
VMY € TH#) (Y € Sec(#)) by the following rules:

(2.3) V'F(X) := (HX)F , X € Sec(#);
(2.4) V'Y (X) := VhY = V[HX,iY] , X € Sec(#).

The operators Vg? (X € Sec(#)) may also uniquely be extended to the whole

tensor algebra of Sec(7) as tensor derivations. Forming the h-Berwald differential
of an arbitrary tensor, we adopt the same convention as in the vertical case and
in general, see (1.3). We note that the tension of H is just the h-covariant
differential of the canonical section, i.e., t = V"§. So the homogeneity of H
means that

(2.5) Vs =0.

We may also consider the graded derivation dy, associated to the horizontal
projector h = H o j; then we have

(2.6) V'"Foj=dnF (F e C®(TM)).
From the operators V¥ and V" we build the Berwald derivative
Vi (6,Y) € X(TM) x Sec(ft) — VeV i= VY + ViY € Sec().
Then, by (1.15) and (2.4),
VY = j[ve, HY] + V[h¢,iY].

In particular,
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VigY = VLY, V, 3V = VhY ; XY € Sec(#);

(2.7) V¥V =0,iVaY = [X" VY] ; X,V € X(M).

Lemma 2.1 (hh-Ricci identity for functions). Let H be a torsion-free Ehres-

mann connection over M. If f : TM — R is a smooth function, then for any
sections X, Y in Sec(%) we have

(2.8) VY H(X,Y) - V'V (Y, X) = —iR(X,Y) .
Proof. It is enough to show that formula (2.8) is true for basic vector fields
X.,Y € Sec(r). Then

(V'VIN(X,Y) = (Ve (V) (V) = X"YPf = VP (VY =
X" — (YY) f = XY — HYIX" YY) f =
XY — (F+)[X"Y]f = X"Y"f - F[X" Y],

and in the same way
(VV' OV, X) =Y"X"f —F[Y", X]f.
So we obtain

VIV F(X,Y) - VIV Y X) XY f - R(X, YV] [y", X“])f =0
X YPf — (FLX, Y]) £ = (X", V%) — [X, VI f = (XY —h[x" Y f =
VX" Y"f = iR(X. V),

which proves our assertion. O

Proposition 2.2 (general Bianchi identity). If H is a torsion-free Ehresmann
connection and R is the curvature of H, then for any vector fields X, Y, Z on
M we have

(2.9) (X,(?Z)(VhR)()?,}A/,Z) =0.
Proof.
(V" )(X Y,Z) = (VXHB)(:ﬁ) =Vx(R (??)) R(VyY, Z) —
R(Y thZ) VIX"iR(Y,2)] - R(V[X" Y], Z) — (Y,V[Xh,Z"]):
V(X" [Y, 2] = V", Z) + V(I + F)[X" Y], 2" + VY™, (3 + F)[X", 2V]] =
V(X" 1Y, 27 = [X",[Y%, 27 + [F[X", Y], 2% + [Y", F X", 2))).

By the Jacobi identity, x Y [Xh [Y", Z"]] = 0. Hence, applying the vanishing

Iy

of the torsion of H we obtam



13

6 (VR)(X,Y,Z)=V & [X"[V,Z]"+
(X,Y,2) (X,Y,Z)

V([F[X", Y], 2" + [F[Y", 2], X"] + [F[2", X"], Y]+
V(YY" FIX", 2] + [ X" F[Z", YY) + [2", F[Y", XV]) =

Vix$ Z)[th Y, 2"+ VIF([X", Y] - [Y", X"]), Z"] + VIF([Y", 2] —

(27, Y¥]), XP) 4 VIF(Z, X] - [X*, 2°), Y*] = V(X [V, 2] + [[Y, Z]F, X"] +
V", (2. X + [[Z, X]", Y*] + 2%, [X, Y]] + [X. Y], 2) = 0.



Chapter 3

The Berwald curvature of
an Ehresmann connection

In this section we specify an Ehresmann connection H over M, and consider
the Berwald derivative V = (V" V") induced by H. As in the general theory,
we denote by RY the curvature tensor of V. By the Berwald curvature of H we

mean the type (3) tensor field B along 7 given by

(31) B(X,Y)Z:=RV(X,HY)Z = V3V, 57 = Vs Vi Z = Visg w2
where 5{, }7, Z are vector fields along 7.
Lemma 3.1 For any vector fields X, Y ,Z on M we have
(3.2) B(X,Y)Z =j[X",F[Y", 2']] = (V'V'Z)(X,Y),
or, equivalently,
(3.3) iB(X,Y)Z =[x",[vy", 2] = [X*,Y"], 2"].
Proof.

B(X,Y)Z:=RY(X",Y"NZ =Vx.Vy2Z — VysaVx.Z — VixvynZ =
VX"(V[Yh’ZV]) :j[XV"HoV[Yh,ZV]] =
JXY(F+ )Y, 2 = j[ XY, F[Y", 27]..

On the other hand,

(V'V'Z)(X,Y) =V (V' Z)(Y) = Vo Vi Z = j[ XY, HVyn Z] =
XY, Ho VY 2Y]] =j[XV, F[Y", 2],

thus relations (3.2) hold. To prove the remainder, observe that

0=[J, X |(F[Y", Z2") = [v[Y", 2"], X¥] - J[F[Y", 2"], X*] =
—[XY, [Y", 2']] + I[XV, F]Y", 2V]],

14



15

and hence

iB(X,7)Z % gixv FYh, 2] = (X, [Y", 2V]].

Finally, using the Jacobi identity we obtain that [XY,[Y", ZV]] = [[X¥,Y"], Z"].
[m]

Lemma 3.2 The Berwald curvature of an Ehresmann connection is symmet-
ric in its first and third variable. If the torsion of the Ehresmann connection
vanishes, then the Berwald curvature is totally symmetric.

Proof. Keeping the notation of the previous lemma, iB()A(,EA/)E =
[XV,[Y" ZY]]. Since

0= [va[Yh7ZV]]+[Yha[ZVaXV]] [ZV’[XV’Yh]]:
(XY, [Y", 2] - [2,[Y", X"]] = iB(X,Y)Z —iB(Z,Y)X,

B is indeed symmetric in its first and third variable. If the Ehresmann connection
has vanishing torsion, then

(XM 2] - [2", X - [X,Z2]' =0 (X,Z € X(M)),
and hence

iB(Y,X)Z =[v",[X", 2] = [Y",[Z" X"]]| + [Y",[X, 2]] =
[vY,[Z2", X']] = iB(Y,2)X.

Thus, if the torsion vanishes,

iB(X,Y)Z =iB(Z,Y)X =iB(Z,X)Y =
iB(Y,X)Z =iB(Y,Z2)X =iB(X,2)Y

Lemma 3.3 The tension and the Berwald curvature of an Ehresmann connec-
tion are related by

(3.4) B(X,Y)s = V't(X,Y) ; X, Y € X(M).

Proof. By an important identity, due to J. Grifone, for any vector field £ on
T M we have

(3.5) J[3¢€, 8] = 3¢,

where S is an arbitrary semispray over M ([27],[62]). Since H o J is a semispray
over M, this implies that

V0 =jliX,Hod] =X ; X € X(7).

So we obtain
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B(X

Y)S = RV(XV YY" = Vo Vynd — Vyn Vad — Vix ynd =
Vx (t(Y)) —

Vin X = VXY, Y] = Vo (8(Y)) = VY™, X+ V[Y", X¥] =
(Vxet)(Y) = (V'E)(X,Y),

as was to be proved. O

Corollary 3.4 If the torsion and the vertical differential of the tension of an
Ehresmann connection vanishes, then its Berwald curvature has the property

(3.6) §e {5( Y, Z} = B(X,Y)Z =0.

Lemma 3.5 The Berwald curvature of a homogeneous Ehresmann connection
is homogeneous of degree —1, i.e.,

VYB = V¢B = —B.

Proof. Using the first relation in (1.12), the Jacobi identity (repeatedly) and
the homogeneity of H, for any vector fields X, Y, Z on M we get

i(VeB) (X,Y,2) =iVe(B(X,Y)Z) = J[C,HB(X,Y)Z] =
[J,CIHB(X,Y)Z — [i (X ) ,C]=iB(X,Y)Z - [[X",[Y", 2"]],C] =
iB(X,Y)Z +[[[Y" 2", 1, X1 + 16, X7, " 2] =
[Y*, 24, ¢1. X¥] = ~[[12°,C). Y™, X] + [[C. Y, 2], X"] =
_[[ZV Yh] XV ] = _[ [YhaZV]] = —iB(X,Y)Z
This proves the lemma. m

Lemma 3.6 (vh Ricei formulae for functions and sections). If F' is a smooth

function on TM and Z is a section along T, then for any sections X Y in
Sec(7) we have

V'WV'E(X,Y) = V'"VF(Y, X);
VWV Z(X,Y) - V"V'Z(Y,X) =B(X,Y)Z.
Proof. The expression on the left-hand side of (3.7) is
VIVIE(X,Y) = (Vig VU E)(V) = (iX) (HY)F = V' F(Vi5 V) =
(iX)(HY)F — (HV,¢Y)F = (iX)(HY)F — h[iX, HY]F
The right-hand side of (3.7) can be written in the form

VIVYE(Y, X) = (V3 V' F)(X) = (HY)(iX)F = V' F(V,,3.X) =
(HY)(iX)F (1v s X)F = (HY)(iX)F — v[HY,iX]F
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so their difference is
[iX,HY]F + v[HY,iX]F — h[iX, HY]F = 0.

This proves relation (3.7). Relation (3.8) may be checked by a similar calculation:
We have, on the one hand,

V'V'Z(X,Y) =ViiVesZ — Voo 5
On the other hand,
V'VYZ(Y,X) = V5 VixZ —Vig, 3 2.

Since HV, lN/ iv,, )N( h[iX, HY] — v[HY, iX] [1X HY], it follows that
the dlfference of the left hand sides is indeed B(X,Y)Z. a]

Lemma 3.7 (vh-Ricci formula for covariant tensors). Let A € T°%(7), s > 1.
For any sections X Y Zl, e ZS along 7 we have

(3.9)

S

V'V'AX,Y,Z1,...Z) - V"VYA(Y, X, Zy,... Z,) ==Y _A(Zy,....B(X,Y)Z,,...

=1

Proof. For brevity, we sketch the argument only for a type (g) tensor A. It
may easily be shown that the left-hand side of (3.9) is tensorial in its first two
variables (actually, in all variables), so we may chose in the role of X and Y
basic vector fields )/(\', Y. Then

V'VPA(XLY, Z,ZQ) =X'(Y"A(Z1, ) — X" A(VynZ1, Zo) —
XYA(Z, vyhzz) A(VxiZ1, Z2)+ A(VynVxo 21, Zz)+A(vXV 21, VynZs)—
Y A.(Zl,VXVZZ) + A(Vthl,VXVZZ) + A(Zl,VthXVZZ)

V"VYA(Y, X, 21, Z2) = Y'XA(Z1, Z2)) = Y"A(Vx 24, Zo) —
YhA(Z,VXvZ) [y, XV]A(21,22)+A(V[W Xv]Zl,ZQ)JrA(Zl,v[Yh xvZ2)—

A(Vys Z1,Zz) + A(VXVVYhZh Z2) + A(Vyr Z, v)<VZ2)

XV A(Zy, Vv Za) + A(Vxv 21, Vyn Za) + A(Z1,V xo Vi Zo),

and after substraction we get
V'V'A(X,Y, %1, Zy) - V"VYA(Y, X, 21, Z3) =
A(thVXVZ1 VvaYhZ1 V[Yh X"]Zla ZQ)

(217 thVXVZQ - VvaYh ZQ - V[Yh’Xv]Zz)
~A(B(X,Y)Z1,Z2) — A(Z1,B(X,Y)Z).
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Proposition 3.8 An Ehresmann connection H over M has vanishing Berwald
curvature, if and only if, there exists a (necessarily unique) covariant derivative
operator D on the base manifold M such that for any vector fields X, Y on M
we have

(3.10) (X", YY] = (DxY)".

Proof. The sufficiency of the condition is immediate: if there exists a covari-
ant derivatve operator D on M satistying (3.10), then for all vector fields X, Y,
Z on M we have

(3.3)

iB(X,7V,2) & [xv,vh, 2 €2

(XY, (DyZ2)"] =0,

since the Lie bracket of vertically lifted vector fields vanishes.
Conversely, if H has vanishing Berwald curvature, then for all vector fields
X,Y,Z in X(M),
[XV,[Y", Z']]=0.

This implies that [Y", Z¥] is a vertical lift, so we may define a map
D:X(M)xX(M)—X(M),(Y,Z)— DyZ

by
(Dy Z)" :=[Y", 2"].

It is easy to check, that D is a covariant derivative operator on M. For example,
if fe C>(M), then

(Dyf2) =[Y" (f2)] = [Y", f'2"] = (Y"f) 2" + f'[Y", 2] =
(Y1)'2" + (fDy2)" = (Y N)Z + [Dy 2)",

hence
DyfzZ=(Yf)Z+ fDyZ.

Similarly,

(Dyy2)" = [V 2] = [f'Y", 2"] =
_(ZVfV)Yh + fv Yh,ZV] — f'V[thzV] — (nyZ)",

which implies that
D¢vZ = fDy Z.

The other rules are immediate consequences of the definition of D. O
Relation (3.10) can also be written in the form
VLY = DxY,

so it is reasonable to call an Ehresmann connection h-basic or briefly basic, if
it has vanishing Berwald curvature, since in this case the Christoffel symbols of
the h-covariant derivative do not depend on the direction. More generally, we
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say that an Ehresmann connection is weakly Berwald if the trace of its Berwald
curvature vanishes.

We shall use similar terminology for sprays. A spray will be called Berwald, if
its associated Ehresmann connection has vanishing Berwald curvature, and will
be called weakly Berwald if the Berwald curvature of its associated Ehresmann
connection is traceless.



Chapter 4

The affine curvature of an
Ehresmann connection

We continue to assume that an Ehresmann connection H is specified over
M, and consider the Berwald derivative V = (V", V¥) determined by H. By the
affine curvature of H we mean the type (3) tensor H along 7 given by

H(X,Y)Z := RV(HX,HY)Z ; X,Y, Z € Sec(%).

This tensor was essentially introduced by L. Berwald ([17]) in terms of the classi-
cal tensor calculus and in the more specific context of an Ehresmann connection
associated to a spray. So we think that it is appropriate to preserve his termi-
nology. To indicate the meaning of the affine curvature, we remark, that if an
Ehresmann connection is basic with base covariant derivative D on M, then its
affine curvature may be indentified with the curvature of D. More precisely, we
have
iH(X,Y)Z = (RP(X,Y)2)" : X,Y, Z € X(M).

According to Z. Shen’s usage, we say that an Ehresmann connection is
R-quadratic if VVH = 0, i.e., the affine curvature “depends only on the po-
sition”.

Now we formulate and prove in our setting some basic relations found by
Berwald. The first observation, roughly speaking, is that the affine curvature is
just the vertical differential of the curvature of H. The exact relation between
H and R is formulated in

Lemma 4.1 For all X,Y,Z € Sec(#),
(4.1) H(X,Y)Z = V'R(Z,X,Y).

Proof. Tt is enough to check that (4.1) is true for basic vector fields X, Y. Z
along 7. Then, on the one hand,

20
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H()?,?)Z\ = ththE— thth2 - V[Xh,yh]f (i

Vo VYR, 2] = Uy VX", 2Y] = Vi yn 2 2

V[Xh7 [Yh’ ZV]] - V[Yha [Xh7 ZV]] - V[[Xa Y]h7 ZV] =
V(X" Y 2+ Y [20 XM+ (20 (X YY) =
V([sz, [XhaYh]]+[ZV7 [Xa Y]h]) = V[Zvv [Xa Y]hi[thyh]] = V[ZV,iR(X,?)]

s
—

On the other hand,

(1.15)

V'R(Z,X,Y) = (V2R) (X, V) & v, (R(X, 7)) "2V j2", HR(X, V)]
7j[ZV,Hv[Xh7Yh]] = 7j[ZvaF[Xh7Yh] + J[Xhayh]] = 7j[ZVaF[Xh7Yh]]'

Now, taking into account the second relation in (1.12),
0=[J,2"|F[Xx", Y" = F[X", Y"], 2] - J[F[X",Y"], 2'] =
VX" Y"),2'] - J[F[X",Y"],2"] = [2°,iR(X,Y)] + J[ 2", F[X", Y"]] =
iV[Z",iR(X,Y)] + J[2",F[X", V"],
hence

V'R(Z,X,Y) = —j[2",F[X",Y"]] = V[2",iR(X,Y)] = H(X,Y)Z.

Lemma 4.2 If H is a homogeneous Ehresmann connection, then the curvature
of H may be reproduced from the affine curvature, namely, we have

(4.2) R(X,Y)=H(X,Y)d ; X,Y € Sec(%).

Proof.

. (2.5)
H(X,Y)0 := VHS(VH?‘S - VH}N’VH)N(a - V[H)?,HY/]‘S =

—Vomx nuv® = —j[V[HX, HY], H o d].
Since H o d = S is a spray, we obtain that

H(X, V)6 = —i 'JIF[HX, HY], 5] =) i IF[HX, 1Y) =

“V[HX,HY] = R(X,Y),

as we claimed. o

Corollary 4.3 If an Ehresmann connection is homogeneous, then its curvature
R is homogeneous of degree 1, i.e., VocR = R.

Proof. For any vector fields X, Y on M,

(VeR)(X,Y) = V'R(5, X, V) ‘"2 H(X, 7)s @ R(X, 7).
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Lemma 4.4 The affine curvature of a homogeneous Ehresmann connection is
homogeneous of degree zero, i.e., VcH = 0.

Proof. By a similar technique as above, we have for any vector fields X,Y, Z
on M:

i(VeH)(X,Y,2) =iVe(H(X,V)2) Eiveva R ( ) =
iVeilZ', HR(X,Y)] = J[C,h[2*, HR(X,Y)]] = J[C, [2" (X )| =
37 [HR(X,V),C]) + [HR(X, V), [C. 2"])) =
~J([b[C. HR(X V)], 2] ~ [HR(X.Y), 2]) = 0,

since

HR(X,Y) Y HVC(R(X,Y)) = Hj[C, HR(X,T)] = h[C, HR(X, V)].

Lemma 4.5 (Bianchi identities). Let H be a torsion-free Ehresmann connec-
tion, and let (V" V") be the Berwald derivative determinded by H. For any
sections X, Y, Z, U in Sec(%) we have

(4.3) 6 H(X,Y)Z=0
(X,Y,Z)
and
(4.4) VYH(X,Y,Z,U)-V'"B(Y,X,Z,U)+V"B(Z,X,Y,U) =0.

Proof. Since the expressions on the left-hand sides are tensorial in each vari-
ables, we may use basic vector fields X Y Z U in our calculations.

First we show the cyclicity property (4. 3) of H. Taking into account the first
partial result in the proof of 4.1, we get

iH(X,Y)Z = [2%,iR(X,Y)] = [2*, —v[X" Y]] =
(2, [X. Y]] = [2°,[X" Y]] = [2", (X, Y + (X Y™, 2]+ Y0, [ 2, X))

In the same way,

1H(Y Z)X (XYY, 20" + Y™ (20, X))+ (20, (XY, Y,
iH(Z, X)Y = [Y",[Z, X]"] + [2" [X", Y]] + [ X", [, 2"]).

Now adding these three relations and applying the vanishing of the torsion of
‘H repeatedly, we obtain

(H(X' ?)2+H(? )X +H(Z,X)Y) = X" [Yy", 2] - [2" V'] +
[Y" [2", X" - [X", 2"+ [2", [X", Y”]—[Yh XN+1X Y, 2"+ Y, [2, X))+
(2, [X. Y]] = [X" [V, 2)] - [[Y, 2]", X*] + [Y", [ 2, X]'] = [[2, X]", Y] +
(2" (X, Y]] = [X. Y], 2°] = (X, [V, Z)) + [V [ 2. X]) + [Z, X, YI)' =0,
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which proves that the cyclic symmetrization of H is 0.
For (4.4), we use the differential Bianchi identity proved in the context of
general vector bundles in Chapter 1, (D). Applying (1.7) to the curvature tensor
RY and the triplet (XY, Y" Z"), we obtain:
_ YV yh h Viyv yhy h =y (1.6)
0= (. 8, (Ve (BT, 2%) = B¥ (1", ¥, 2))(0) '
Vx(RY(Y", Z")0) + Vyn(RY (2", X*)U) = RY (2", X*) ViU +
Vo (RY (X', YMU) - RY(X", YV 0 — RY([XY,Y"], ZN0 -
RY([Y", Z", X")U RY([Z2", X"], Yh)U_
Z2)U) = Vyn(B(X, 2)U) + B(X, 2)VynU + Vi (B(X,Y)
RY (lvyhX ZMU + RY (XY, [V, Z2")U — RY (iV 2 X,
2,0) = Vyn(B(X, 2)U) + B(Vy+ X, 2)U + B(X, 2)Vys
X, Y)0) - (thf(, Y)U - B(X, V)Vl +B(X,[Y, Z]

)

D

Vx(H H(Y,
B(X,Y)
V"H(
Vo (

)
")

D |

Vz
X

>Q:>L<
+

WU
Y. Z
(X

S

Since the torsion of H vanishes,
IV, Z] = VIY, Z) = V[Y", 2] = V[Z" Y] = Vs Z — V ¥,
and hence
B(X,[Y, Z))U = B(X,Vy+2)U — B(X, V7).
Thus finally we obtain

0=V'H(X,Y,Z,0) - Vy+(B(X, 2)U) + B(Vy X,
B(X, 2)VyU + V(B(X,Y)U) ~ B(V4X,Y)
B(X,Y)VsU =V'H(X,Y,Z,U) - V'B(Y, X, Z,

This concludes the proof. ui

Remark. If the Berwald curvature is totally symmetric, then V"B is also
totally symmetric in its last three variables. (This may be seen immediately.)
So it follows that if an Ehresmann connection has vanishing torsion and hence
totally symmetric Berwald tensor, then we also have

(4.5) VYH(X,Y,Z,U)-V'B(Y,Z,X,U)+V'B(Z,Y,X,U) = 0.

Lemma 4.6 (hh-Ricci formulae for sections and 1-forms). If H is a torsion-free

Ehresmann connection, then for any section Z € Sec() and I-form & € TO(%)
we have

(4.6) VW Z(X,Y) - V"V Z(Y, X) = H(X,Y)Z - V'Z(R(X,Y)),

(4.7)
VVA(X,Y, Z) - V'Va(Y, X, Z) = —a(H(X,Y)Z) - V'aR(X,Y), Z),

(X,Y,Z € X(M)).
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Proof.
VPV Z(X,Y) = Vo (V") (V) = Vi Vyn Z — VN Z (vth/) -
Vo VynZ — VHVth/Z =V VynZ — Vyyrxn yi Z,
and, similarly,
V'VNZ(Y,X) = Vya Vi Z — Vv xv 2.
Hence

VT Z(X,Y) - V'V Z(Y, X) =
thVth — ththZ + V'Hv([yh’xvlj[xh’yv})z = _

H(.}?,?)Z + V[{h,yh]_(F_’_J)[X:\}/]vZ = H()?,,}/})Z +~V[Xh)yh}_[X7y}hZ =

which proves relation (4.6). Relation (4.7) can be checked in the same way. o
Now we suppose that the Ehresmann connection H is associated to a spray

S. Then, as we have already mentioned, H is homogeneous and torsion-free. The
type (;) tensor field K along 7 defined by

(4.8) K(X) :=V[S,HX] , X € Sec(%)

is said to be the affine deviation tensor (L. Berwald [17]) or the Jacobi endo-
morphism (W. Sarlet et al. [34]) of the spray S, or of the Ehresmann connection
associated to S. The homogeneity of S implies that S = HJ, so it follows that

(4.9) K(X) = V[H6, HX] = —R(5, X) = R(X, ).
Corollary 4.7 The affine deviation tensor of a spray is homogeneous of degree
2.
Proof. For any vector field X on M
(VeK)(X) = VoK (X)) ¥ Vo(R(X,4)) =
(VeR)(X,0) + R(X,6) ¥ 2R(X, §) = 2K (X).
This proves our claim. O

In view of (4.9), the affine deviation can immediately be obtained from the
curvature of the Ehresmann connection. The converse is also true:

Proposition 4.8 Let S be a spray over M, and let H be the Ehresmann con-
nection associated to S. Then the curvature and the affine deviation of H are
related by

(4.10) R(X,Y) = é(VVK(f/, X) - V'K(X,Y)) ; X,Y € Sec(%).
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Proof. Let X, Y be vector fields on M. Then

VKV, X) = (VoK) (X) = Vi (K(X)) "=’ Vo (R(X,6)) =
(Vy»R) (X,6) + R (vyv)?, 5) +R (X' vyva) = V'R(Y, X,6) + R(X, 7).

Similarly,

therefore

Corollary 4.9 For the trace of the curvature of a spray we have
1
(4.11) trR = g(V"trK —trV'K).

Proof. For any section X in Sec(7),

(trR)(X) := tr(Z — R(Z, X)) 2" %tr(z — (VK(X,Z) - V'K(Z, X))) =

—%(trV"K)()?) + étr(z - (V,2K)(2)) &

N2

1 ~
3 (Vi (0K) — (09K (X)) =
1 -

g(V"trK —trV'K) (X),

using at step (*) that trace operators and covariant derivatives commute. o

Remark. As we have already mentioned in the Introduction, Berwald’s
starting point in his famous posthumus paper [17] is a SODE of form

(4.12) () +2G"(2,2") =0 ,i€{1,...,n},

where ' )
G' e CY (M U) nC> (7
(U C M is a coordinate neighbourhood).
As a first step, Berwald deduces the following ‘equation of affine deviation’:

U)) , CG' = 2G"

D3¢t i de\ . .
Is —I—Kj(z,d8>§j:O,Z€{1,...,n},
where ] ge oc
De _ds | i i OG
= + G, G o= oy
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and the functions

; oGt 9GY
Kj= 26xj G

y' +2G.G" - GLGY , (i,j € {1,...,n})
are the components of a type G) tensor, called affinen Abweichungstensor by
Berwald. It may easily be checked that our tensor K is indeed an intrinsic form
of the tensor obtained by him in this way.

In the second step, Berwald introduces the ‘Grundtensor der affinen
Krimmung’, giving its components by

1 foxp oK
kT 3\ oy oyt |-

Proposition 4.8 shows that this is just the curvature of the Ehresmann connec-
tion which may be associated to the SODE (4.12).

Finally, in the third step, Berwald defines the ‘affine Kriimmungstensor’ by
its components

i aK}k
hjk - 8yh :

In view of Lemma 4.1, this is just our tensor H.

Some very specific forms of the Jacobi endomorphism lead to important
special classes of sprays. Namely (cf. [28], [69]), we say that a spray is

flat, if
(4.13) K = Mg, 5 » A € C(TM);

Sec(®t

isotropic, if

(4.14) K=\ o +a®d; e CTM),aecTr).

(%)
Condition of flatness is very strong: it implies that K, and hence R and H
vanish. Indeed, we have

(4.13)

A = (A1)(8) "2V K(6) Y R(6,0) = 0,

whence A = 0 and K = 0. (If S is only a semispray, then such a radical conclusion
is not possible.)
We show that in the ¢sotropic case we have

A\ =

trK
n_1

tr(a®d) = a(d) = -A= T 1 trK,

-n
Vea = a ,i.e., a is homogeneous of degree 1.

To this end, observe first that
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0=R(5,0) "L K(5) "LV A8) + @(6)5 = (A + a(6))9,

hence a(d) = —\. Now, taking the trace of both sides of (4.14), we obtain
trK =nA 4+ a(d) =nA— A= (n—1)A,

whence A = L5 trK. Since K is homogeneous of degree 2 by Corollary 4.7, trK
has the same homogeneity property, so

VeotrK = trVeoK = 2trK.
Then a®d =K — (ﬁtrK) 1 is also homogeneous of degree 2, so we have

2@®0)=Ve(@®d) =(Vea) @I +a®y,
hence
Vea®d=a®i,
and, therefore, for all X € X(M) we have

(Vea)(X)s = a(X)d.

This implies the desired relation Voo = a. B
We note finally that the 1-form & is unique. Indeed, if a 1-form g also satisfies
(4.14), then for all X € X(M),

(K —A1)(X) = a(X)§ and (K — A1)(X) = B(X)d,

which implies the equality a = .
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Projectively related sprays

We recall (for details, see [52], [60], [61], [62]) that two sprays S and S
over M are said to be (pointwise) projectively related, if there exists a function

P:TM — R, C* on TM, smooth on TM, such that
(5.1) S=25-2PC.

The projective factor P in (5.1) is necessarily positive-homogeneous of degree
1,i.e., CP = P.If A is a geometric object associated to S, then we denote by A
the corresponding geometric object determined by S. The following well-known
relations may easily be checked:

If ‘H is the Ehresmann connection associated to S, then

(5.2) H=H-Pi—-V'P®C,

(5.3) h=h—-PJ—(V'Poj)@C=h—PJ—dsP®C,
(5.4) X" =X"— PXY— (XYP)C (X € X(M)),
(5.5) V=V+Pj+(V'Poj)®6=V+Pj—djP®3é.

We also have the less immediate
Lemma 5.1
(5.6) V' =V PV VPOV +VPOL+ V'V P®S,

where the symbol © denotes symmetric product (without any numerical factor),
and 1 € T{(r) is the unit tensor.

Proof. Let X and Y be vector fields along #. Then

28
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oV =VHX,iV] "D Y[HX - PiX - V'P(X)C,iV] =
V[HX,i¥] + ( P)iX — P[iX IY]) +V (iV (X P)C - iX(P)[C,iV]) (22

VIHX,iY] - PjliY, HX] — (J[iY, HX]|P)d +iY (P)X — Pi"'[iX,iY] +
iY(iXP)§ — iX (P)i '[id,iY].

Vx

An easy calculation shows that

[1X 1Y] VigY - Vi X,

iy~ -
1[15 iY] = VoY —Vied=VeY -7,
so we obtain
VHX,Y) = VgV = V5V = PV X — (iV, X)Po +iV (P)X — PV,gV +

PV X+ (IY(IX)P)(S X(P )VCY+1X( )Y =V, 3V — PVLY —
VP(X)VeY+V' P(X )Y+V"P( V)X~ (iVy5 X)) Po+ (ivi?)? ~iVgV) Po+
(iX({Y)P)§ = (V" = PV = V'P@ Ve +V'PO1+V'V'PR6)(X,Y).

Corollary 5.2 For all vector fields X, Y on M,

(5.7) V¥ =VaY +(XYP)Y + (Y'P)X + XV (Y'P)3,

(5.8) VY =VsY + PY + (Y'P)s.
Proof. Since
V(X,Y)=VxY =0,
VeY =j[C,YY] = —jYY =0,

for basic vector fields X, ¥ relation (5.6) leads to (5.7). As to the second relation,
observe that

Egz(h—PJ—(V"Poj)C)(S’—QPC)=S—PC—(CP)C=S—2PC=§.
Hence

VsV = V5V = V7 & VY - PUIY - VYP(O) VY + V'P(6)Y +

V'P(Y)5 + V'V P(5,Y)s = VsY + PY + (Y'P)§,

since

V'VYP(3,Y) = Ve (VYP)(Y) = C(Y'P) =
[C,YY]P+Y"(CP)= -Y'P+Y"P =0.
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O

It was shown in [62], that the Berwald curvatures of S and S and their traces
are related by

(5.9) B=B-V'V'PO1-V'V'V'P®S§
and

(5.10) trB = trB — (n + 1)V'V'P,
respectively.

From relation (5.10) it follows at once that the trace of the Berwald curvature
is a projective invariant of the spray, if and only if, the projective factor satisfies
the PDE

(5.11) V'V'P = 0.

However, this relation gives also the criterion of the projective invariance of the
Berwald curvature.

Indeed, if P satisfies (5.11), then (5.9) yields B = B. Conversely, if B = B,
then trB = trB, and (5.10) implies that VYV'P = 0.

Now we determine the solutions of this PDE in an index-free manner.

Proposition 5.3 The Berwald curvature of a spray S is invariant under a
projective change S = S — 2PC, if and only if, the projective factor is of form

(5.12) P=i;a' =@, ac X" (M),
where & is an arbitrary second-order vector field over M.

Proof. First we check that the functions given by (5.12) solve (5.11). To do
this, observe that for any vector field Y on M,

(5.13) Y'a = (a(Y))".
Indeed,
YVa =YViea" = Lyviga’ = ielyva’ +ipy g’

The first term on the right-hand side vanishes, since for any vector field X on
M we have
(Lyva”)(XY) = YV (a"(XY)) — o’ ([Y", X*]) =0,

(Lyva’)(X) =Y"(a" (X)) = o’ (Y, X)) = V" (a(X))" — *([Y, X]") = 0.
As for the second term, it is known (see e.g. [57], 3.2, Corollary) that
Y. ¢ =Y4+n,neXx"(TM),

therefore
Y'a =o' ([Y",¢]) = a'(Y) + a'(n) = (a(Y))",
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as we claimed.
Now, for any vector fields X, Y on M,

VVa(X,?) = (V. Va) (V) = X' (V'a()) = X' (va) "2 xv(a()) =0,

therefore the functions @, where a € X*(M), solve our PDE (5.11).

We show that these solutions satisfy the homogeneity condition Ca = @.
We may suppose that £ is homogeneous of degree two, i.e., [C, ] = &, since the
definition of @ does not depend on the choice of £. Then we obtain

Ca = Leiga" = ihca’ —ig 0’ = ioga’ =i’ =0,

since Loa¥ = 0.
Conversely, if VYVYP =0, then for all X,Y € X(M),

0=V'V'P(X,Y) = (Vx (V'P))(Y) = XY (Y'P).
Then YVP is the vertical lift of a smooth function on M, therefore it is of form
Y'P = (o)) "2 va , a € X5(M).
Since Y is arbitrary, this implies that
P=a+f", feC®WM).
However, the homogeneity condition CP = P forces that f = 0, since Ca =&
and C'f¥ = 0. m
Corollary 5.4 A Berwald or a weakly Berwald spray remains of that type under
a projective change, if and only if, the projective factor is given by (5.12).
O

It was discovered by J. Douglas [23] that from the Berwald curvature it is
possible to construct a projectively invariant tensor. After him, this tensor is
said to be the Douglas curvature of the given spray; we denote it by D in the
following. An index-free description of the Douglas curvature is due to J. Szilasi
and Sz. Vattamdny [60]. They worked on the bundle 7y : TTM — TM and
applied the Frolicher-Nijenhuis formalism of vector-valued forms. In our setting
their definition reads as follows:

1
14 D=B-——(trBo1 YtrB) ® 0).
(5.14) n+1(r®+(Vr)®)
Directly from (5.9) and (5.10), we see that D is indeed invariant under any

projective change of the given spray. Observe that for weakly Berwald sprays
the Berwald and the Douglas curvature coincide.
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We say that a spray is a Douglas spray if its Douglas curvature vanishes. It
is immediate from (5.14) that a spray is a Berwald spray, if and only if, it is a
weakly Berwald Douglas spray.

As the Berwald curvature, the affine deviation tensor (i.e., the Jacobi endo-
morphism), and hence the curvature and the affine curvature of a spray S are
not invariant under a projective change S := S — 2PC of S. It may be shown
by a straightforward but quite lengthy calculation ([52],[63]), that the change
of the Jacobi endomorphism is given by

K=K+ o +a®}d,

(%)
where \ € C’OO(JO“M ) and @ is a 1-form along 7. The second-degree homogeneity
of the Jacobi endomorphism implies that A is homogeneous of degree 2, & is
homogeneous of degree 1. Since K(6) = K(§) = 0, it follows that &(5) = —)\,
hence

trK = trK + n\ + a(d) = trK + (n — 1)\

Explicitly (see [63]),
A=P> -SSP, a=3V"P-PV'P)+V'G.

However, one can construct also from the Jacobi endomorphism projectively in-
variant tensors. Following del Castillo [22], mutatis mutandis, we define the Weyl
endomorphism (or, by Berwald’s terminology, the projective deviation tensor)
‘WF® of a spray S by

(5.15) W°. =K — ﬁ(trK)l + %H(trR) ®6+ 52__"1 (V'trK) ® 6.
Now, on the analogy of (4.10) and (4.1), let

(5.16) W(X,Y):= %(V"W"(}N/, X) - V'W°(X,Y));

and

(5.17) WH(X,Y)Z :=V'W(Z,X,Y)

(X,Y,Z € Sec(#)). Then W°, W and W* are projectively invariant. Using
Berwald’s terminology [17], we call W and W* the fundamental projective cur-
vature tensor and the projective curvature tensor of the spray, respectively. No-
tice that in his book [52] Z. Shen also has constructed a projectively invariant
tensor of type (7), called Weyl curvature, but it differs from the Weyl endo-
morphism W°. W° W and W* have the same homogeneity properties as the
corresponding affine curvature tensors K, R and H. It may also be shown, as
Berwald has already pointed out, that the statements

W°=0,W=0 and W*=0
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are equivalent. When dimM = 2, the vanishing of these tensors holds auto-
matically; we shall check this in the Finslerian case in Chapter 9. In dimension
greater than 2 a spray is isotropic, if and only if, one and hence all of the ten-
sors W°, W and W* vanishes. For two recent proofs of this fundamental fact
we refer to [20] and [69]; in the next Chapter we shall present a new index-free
argument in the context of Finslerian sprays. To complete the story, in Chapter
9 we shall show that the canonical spray of any 2-dimensional Finsler manifold
is isotropic.

For these purposes, it will be useful to represent the Weyl endomorphism in
a more convenient, form.

Lemma 5.5 The Weyl endomorphism of a spray can be written in the form

(5.18) W°=K - K1+ L(V"K —trV'K) ® 4,
n+1

where K := ﬁtrK.

Proof. In (5.15) we replace trK by (n — 1)K and trR by the right-hand side
of (4.11). Then we obtain

n —

1 1 2
W° =K - K1+ VK®§— ——(trV'K) @6+ — V'K @4 =
+1 n+1 n+1

n
1
K-K1+4 —— (V'K —trV'K) ® 4.
n+1
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Basic facts on Finsler
manifolds

By a Finsler function over M we mean a function F' : TM — R satisfying
the following conditions:

(F1) F is smooth on TM.

(F2) F is positive-homogeneous of degree 1 in the sense that for each non-
negative real number A\ and each vector v € T M, we have

F(Qw) = AF(v).

(F3) The metric tensor
]- o
g:= §VVV"F2 € TI(7)
is (fibrewise) non-degenerate.

A Finsler manifold is a pair (M, F') consisting of a manifold M and a Finsler
function on its tangent manifold.

By (F1) and (F2), F is continuous on T'M and identically zero on o(M).
The function E := %FZ is called the energy function of the Finsler manifold

(M, F). It is continuous on T'M, smooth on T™ , and also indentically zero on
o(M). By (Fs), FE satisfies

E(\w) = ME(v)
for all v € TM and non-negative A € R, i.e., E is positive-homogeneous of

degree 2. Over TM this holds, if and only if, CE = 2E. It may be shown (see
e.g. [70]) that, actually, E is of class C* on TM.
For any vector fields X, Y on M we have

(6.1) g(X,Y) = X (Y'E),

34
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from which it follows immediately that g is symmetric. More generally, if X and
Y are in Sec(7), then

(6.2)  g(X,Y)=(iX)(iY)E - (iV,3Y)E = (iX)(iY)E — J[iX, HY]E,
where H is an arbitrary Ehresmann connection over M. In particular, we get
(6.3) g(6,0) = 2F.

A further elementary property of the metric tensor is that it is homogeneous of
degree 0, i.e.,

(6.4) $9=Veg=0.
Indeed, for any vector fields X, Y on M,

v v v v 6.1 v v v v \'% \'%
(Veg) (X.7) = 0g(X.7) "2 (X' (v'E)) = [C. X 1(Y'E) + X" (C(Y'E)) =
-X'YYE+ XY([C,YY]E+Y"(CE)) = —2X"(Y'E) + 2X"(Y'E) = 0.
A Finsler manifold (M, F') is said to be positive definite if the condition

(F4) F(v) >0 whenever v € TM

is also satisfied. It may be shown (see [33]) that in this case the metric tensor
is (fibrewise) positive definite.

The type (3) tensor

1 1
(6.5) €= 5VYg = SV'V'V'E

is said to be the Cartan tensor of the Finsler manifold (M, F'). The vector-valued
Cartan tensor is the type (;) tensor C determined by the requirement

9(C(X,Y),2) = C,(X,Y,Z) ; X,Y,Z € Sec(#).
In classical tensor calculus, this change of type is accomplished by ‘raising a

covariant index of C,’.

*
Due to the non-degeneracy of g, there exists a unique vector field € along 7
such that for each section X in Sec(7),

(6.6) 9(€, X) = tr@(X).

C is said to be the Cartan vector field of (M, F'). This elegant construction is
taken from [41].

_ It may easily be seen that C, is totally symmetric: for any sections )?1, )N(g,
X3 in Sec(7) and any permutation o : {1,2,3} — {1,2,3} we have

Co(Xo(1)s Xo(2): Xo(3) = Cp(X1, Xo, X3).
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Since g is homogeneous of degree 0, it follows that C, is homogeneous of degree
-1, i.e.,

(6.7) VY€, = V@, = —C,.

As a consequence of the total symmetry of €, and the 0-homogeneity of g, we
get

(6.8) se{X.V,Z} = e(X.V,2)=0.
Indeed,
2€,(5,Y,2) = V'g9(8.Y,Z) = (Veg) (Y, Z) = 0.
Obviously, the vector-valued Cartan tensor also has an analogous property:
(6.9) C(X,8) = C(6,X) =0, for all X € Sec(#).
Using this, we obtain the following result, which can also be found in [41].

Lemma 6.1 The Cartan vector field of a Finsler manifold is g-orthogonal to

the canonical section, i.e., g(C,8) = 0.

Proof. Let, as usual, i5C(X) := €(5, X) , X € Sec(#). Then isC = 0 by (6.9),
and we have

*

g(C,0) :=trC(d) = istrC = tr(i5€) = 0.

O

It is also known (see e.g. [70] again) that the following assertions are equi-
valent for a positive definite Finsler manifold (M, F'):

(i) The energy function E of (M, F) is of class C? (and hence smooth) on
TM.

(ii) F is the norm associated to a Riemannian metric on M.

(iii) There erists a Riemannian metric v on M, such that
g(X,Y) =X, Y)or,
for all vector fields X, Y € X(M).

(iv) The Cartan tensor of (M, F) vanishes.

Surprisingly, a much stronger result, due to A. Deicke [21] is also true.
Namely, a positive definite Finsler manifold reduces to a Riemannian mani-
fold (in the sense of (ii) and (iii)), if and only if, its vector-valued Cartan tensor

*

is traceless. By (6.6), relations trC = 0 and C = 0 are equivalent.
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The 1-form
0: X € Sec(#) — 0(X) := g(X,8) € C>(TM)

is said to be the canonical 1-form or Hilbert 1-form of (M, F). It may be seen
immediately that

(6.10) 0=FV'F=V'E.
The section

1
(6.11) l:= 20

is traditionally called the normalized support element field of (M, F). To justify
the attribute 'normalized’ we note that

(6.12) g(£,0) = 1.
Indeed,

1 (6.3) 1 F?

g, €) = ﬁg(é,é) = 2F = 2 =1
The dual form of ¢ is
1 v
(6.13) by = fQ =V'F
since
1 1

(6.14) 4, (0) = ﬁﬁ(é) = ﬁg(é, 0) =1.

By the angular metric tensor of (M, F) we mean the type (g) tensor
(6.15) nNi=g—4,Q,=9g—V'FRQV'F

along 7. We obtain:

1 —n=V'V'F.
(6.16) 1 =V'V
Indeed, for any vector fields X, Y, Z on M we have
1 - =~ 1 PPN v s Sy Sy (6:1)
(%) = 2 (9(X, 1) = VFEOVFT) ©
1.1

f(gX“(Y“FQ) —(X"F)(Y'F)) = %(X”((Y“F)F) - (X'F)(Y'F)) =
XY(YYF) = (V'V'F)(X,Y).
We note that (6.13) and (6.16) imply

., 1
(6.17) =
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Lemma 6.2 If (M, F) is a Finsler manifold, then for any vector fields X, Y,
Z on M we have

2

(6.18) V'V'V'F(X,Y,Z) = =

eb()?7 ?7 ,Z\) -
Proof.

o~ o~ (B 1 .
vV YRR, Y, 2) LY v ( n) ¥,2) =

taking into account in the last step that

V(X 2) = (%, 2) = 1 (o(X, 2) - (XF)(Z'F)) =
1

=02, %) - (Z'F)(X'F)) = V'0,(Z, %),

Remark. Let Sym denote the symmetrizer defined by

(SymA)(X,Y,Z):= & A(X,Y,Z),

(X,Y,Z)
if A € TY(%). Let A= £, 1= V'V'F. Then

V'F
F

1
ﬁeb(gn: Q p,

and (6.18) may be written in the more concise form
Y 2
(6.19) Vi = f(‘fb — Sym(A ® p).
If (M, F) is a Finsler manifold, then the 2-form

1
5d(vzT2 0j) = ddyE
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is (fibrewise) non-degenerate on TM by (Fs3). So there exists a unique map
S:TM —TTM

defined to be zero on o(M), and defined on TM to be the unique vector field
such that

(6.20) isddsE = —dE.

Then, actually, S is a spray over M, i.e., has the properties (C;)-(Cg). A very
instructive, but quite forgotten proof of this fundamental fact may be found in
F. Warner’s quoted paper [70]. The spray S will be called the canonical spray
of the Finsler manifold (M, F'). As we have indicated in the Introduction, the
structure of a Finsler manifold is considerably determined by the properties
of its canonical spray. This is reflected by the fact that the conceptually most
important special classes of Finsler manifolds may be defined entirely in terms
of their canonical sprays. Namely, a Finsler manifold is said to be

a Berwald manifold, if its canonical spray is a Berwald spray, i.e., its Berwald
cuvature vanishes;

a weakly Berwald manifold, if its canonical spray is weakly Berwald, i.e., its
Berwald curvature is traceless;

a Douglas manifold, if its canonical spray has vanishing Douglas curvature;
isotropic, if its canonical spray is isotropic.

Positive definite Berwald manifolds have been completely classified by Z. I.
Szabé [55], see also [56]. The sytematic investigation of Douglas manifolds was
initiated by S. Béacsé and M. Matsumoto, and in their papers [3]-[7] the theory
has been considerably developed. A good account on weakly Berwald manifolds
is the paper [11] by S. B4csé and R. Yoshikawa.

As we have already remarked and we shall prove soon, isotropic Finsler
manifolds may be characterized by the vanishing of their Weyl endomorphism.
Naturally, by the Weyl endomorphism, fundamental projective curvature tensor
and curvature tensor of a Finsler manifold we mean the corresponding data of
its canonical spray.

If H is the Ehresmann connection associated to S according to (2.2), then
(i) H is homogeneous and torsion-free;

(ii) H is conservative in the sense that

(6.21) dFoH=0 & X"F=X"E=0, X € X(M).

Property (i), as we have already learnt, holds for any Ehresmann connection
associated to a spray. Here the new and surprising phenomenon is property
(ii), which expresses that the Finsler function (and hence the energy function)
is a first integral of the horizontally lifted vector fields. We call this Ehresmann
connection the canonical connection of the Finsler manifold. We note that other
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terms - Barthel connection, Cartan’s nonlinear connection, Berwald connection -
are also frequently used in the literature. A recent index-free proof of (ii) can be
found in [64]. In the last section we shall show that the canonical connection of a
Finsler manifold (M, F') is unique in the sense that there is only one Ehresmann
connection over M which satisfies conditions (i), (ii).

Warning. The Berwald connection H : TM Xy TM — TTM associated
to the canonical spray of a Finsler manifold and the Berwald derivative V =
(V", V") induced by H are essentially different objects: the latter is a covariant
derivative operator (‘linear connection’) in a (special) vector bundle. It will
sometimes be mentioned as the Finslerian Berwald derivative.

Now we are in a position to give a new index-free proof of the following
classical result.

Theorem 6.3 (Berwald - del Castillo - Szabd). A Finsler manifold is isotropic,
if and only if, its Weyl endomorphism is the zero transformation.

Proof. Consider an n-dimensional Finsler manifold (M, F'). Let S be the
canonical spray of (M, F'), and K the Jacobi endomorphism of S. First we show
that

VYFoK =0.

Indeed, for any vector field X on M,
V'F(K(X)) = iK(X)F = v[S, X"|F = [S, X"|F — h[S, X"|F = 0,

since the horizontal vector fields kill the Finsler function.
Now suppose that (M, F) is isotropic. Then the Jacobi endomorphism of S
can be written in the form

K=Kl1+a®é, K :=

]‘ ~ )
1‘ch ,a € TV(7)

(see the last paragraphs of Chapter 4). By our previous observation, for any
vector field X on M we have

0=V'F(K(X)) = V'F(KX) + V'F(a(X)6) = K(X"F) + &(X)CF =
KV'F(X) + a(X)F,

hence a = —%V"F. So it follows that the Jacobi endomorphism of an isotropic
Finsler manifold may be written in the form

1
(6.22) K:K(I—FV"F@)&):K(I—@@E),
therefore its Weyl endomorphism takes the form

1
W° =
n+1

K
(V'K —trV'K — (n+ l)fV"F) ® 0.

Now we evaluate the vertical differential VYK at a pair ()A( ,17) of basic vector
fields:
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VK(X,7) = Vi (K(V)) = Ve (KT — 5 (v7F)s) =
(XK~ X'(S (0 F)s — S (v R)X = (VK e (X, 7) +
K Vv v 1 K v Vv K v v U
(X F) (YY) = (X K)(Y'F)o = 2 X (V'F)s - Z(1& V'F)(X, 7).
Thus we find

K
V'K :VVK®1+EV"F®V"F®5
1 K K
—=V'KV'Fi—=V'V'FRi—- =1 V'F.
7 ® ® 7 ® 7 ®
In the next step we calculate the trace of the right-hand side of this relation,

term by term.
In view of (1.9), for any basic vector field X on M we have

it (VYK @1) = tr(V'K @ X) "2 v K (X),

hence
tr(VVK®1) =V'K

Applying (1.10),
tr(VYF @ V'F @ 6) = is(V'F ®@ V'F) = V'F()V'F = (CF)V'F = FV'F.
By our inductive definition (1.9) again,
itr(VVE @ V'F ®6) = tr(V'K © X'F @ 0) =
X'Fu(V'K ©06) =2 (XF)CK = 2KV F(X),

since the second-degree homogeneity of K implies that the function K is also
(positive-)homogeneous of degree 2.
As to the fourth term,

tr(VVF @ 6) "2 VIV E = VoV E =

since for all X € X(M),
(VeVYF)(X) = C(X'F) = [C, X"]F + XY(CF) = —X"F + X'F = 0.
Finally,
igtr(1® VYF) = tr(1®@ X'F) = tr((XF)1) = (X' F)trl = nV'F(X),
hence
tr(l® V'F) =nV'F

To sum up,

K K K K
VK=V'K+ =-V'F-2_V'F-n=V'F=V'K — HN=V'F
trv \Y4 +FV FV nFV \Y4 (n+ )FV



42 CHAPTER 6. BASIC FACTS ON FINSLER MANIFOLDS

whence

1 K K
° = YK - V'K H—=V'F — N=V'F =0.
W n+1(V V'K + (n+ )FV (n+ )FV Y®§=0

Thus we proved that if (M, F) is isotropic, then its Weyl endomorphism is
ZEro.
Conversely, suppose that W° = 0. Then, by (5.18), for any vector field on

M we have 1

n+1
Hence relation VYF o K = 0 yields

K(X)=KX — (VYK — trV'K)(X)5.

~ 1 ~
KV'F(X) = i (V'K — tr VYK)(X)VVF(9),

whence ) K

n+1(V K—-tV'K) = fv F,
and so

K
K=K@1- fVVF®6).

This concludes the proof. O

Remark. The property

‘an at least 3-dimensional isotropic Finsler manifold has zero Weyl
endomorphism’

was discovered and proved by Berwald [17]. The converse is due to del Castillo
[22] and, independently, Z. I. Szabé [54]. The simple proof presented here for
this part of the problem was inspired by a paper of P. N. Pandey [45].

In the following, by the scalar curvature of an isotropic Finsler manifold we
shall mean the function
K 1

Ri= >~ = = 4K
2 (mn-1nF2"

(see e.g. [50], p. 147), which is positive-homogeneous of degree 0. An isotropic
Finsler manifold is said to be of constant curvature, if its scalar curvature is a
constant function.
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The Landsberg tensor and
the stretch tensor of a
Finsler manifold

Using the Finslerian h-Berwald covariant derivative, we define the Landsberg
tensor P of a Finsler manifold (M, F') by the following formula:

1
(7.1) P:= —§th.
Lemma 7.1 For all vector fields X,Y,Z € X(M) we have

(7.2) V'e(X,Y,Z) = (iB(X,Y)Z)E,

therefore the Berwald curvature and the Landsberg tensor of a Finsler manifold
are related by

(7.3) V'EoB = —2P.
Proof.
vhg()?v 5/}7 2) = (Vxhg)(?a 2) =
Xhg(V,2) = g(Vsa¥, 2) — gV, Vi 2) 2 XMy (27 E))) -

(V. Y)Z'E + (iVivth,Z)E —YY(iVh 2)E + J[YY, HV n Z|E =
X"YY(Z'E)) - [X", YV]Z'E - YY([X", ZY]E) + J[Y"', HV[X", Z']|E.

Here, as we have already seen in the proof of 3.1,
JYV, HYIXM 2] = [V, [X", 2] =iB(Y,X)Z = iB(X,Y)Z

therefore

43
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V(XY >=< B(X A>2)E+YV5X1<Z)E)>—
YY(XNZ'E) - 2*(X"E)) = (iB(X,Y)2)E,

taking into account that H is conservative. Thus we have proved relation (7.2).
Relation (7.3) is merely a reformulation of (7.2). o

Remark. An immediate consequence of formula (7.3) is that any Berwald
manifolds have vanishing Landsberg tensor. The converse, whether there are
Finsler manifolds with vanishing Landsberg tensor which are not of Berwald
type is a long-standing question in Finsler geometry, and in spite of many efforts,
it has not been answered until now.

Corollary 7.2 The Landsberg tensor of a Finsler manifold has the following
properties:

(i) it is totally symmetric;
(i) § € {)?,)7,2} = P(X,Y,Z)=0;
(iii) VcP =0, i.e., P is homogeneous of degree zero.

Indeed, (i) and (ii) are immediate consequences of (7.2) and the correspond-
ing property of the Berwald tensor. Taking into account our calculations in the
proof of 3.5, we get for any vector fields X, Y, Z on M

P PN 1 PN
1 ~ o~ PEPNEPN
—5([0, iB(X,Y)Z]E + (iB(X,Y)Z)CE) =0,
which proves (iii).

Corollary 7.3 If g is the metric tensor, S is the canonical spray of a Finsler
manifold, then Vgg = 0.

Proof. For any sections X,Y in Sec(#),

7.2 (i)

(Vsg) (X,Y) = (V) (X,Y) = V'g(5,X,Y) = —2P(5, X,Y) 0.

Now we can easily deduce an important relation between the Cartan tensor
and the Landsberg tensor of a Finsler manifold.

Proposition 7.4 VG, =P

Proof. Let X, Y, Z be vector fields on M. Applying the hv-Ricci formula
(3.9), property (6.8), and Corollary 7.2 (ii), we obtain:
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2(Vs@,) (X,Y,7) = ngv (X,Y,2)=V"V"g(5,X,Y,Z) =
V'V'g(X,6,Y, Z) -V V'9(0,Y,2) = =2(VxP) (0,Y,2) =
—2X"P(8,Y,Z) + 2P(Vx.6,Y,2Z) = 2P(X,Y, 2).

This proves the Proposition. O
Having these results, we can present a simple index-free proof of Proposition

3.1 in our paper [8].

Proposition 7.5 If the Landsberg tensor of a Finsler manifold depends only
on the position, then it vanishes identically, i.e., VP = 0 implies that P = 0.

Proof. Applying the preceding Proposition, the Ricci formula (3.9), and tak-
ing into account Corollary 3.4, for any vector fields X, Y, Z on M we have

( 2) (VSeb)(X i} Z) (vheb)(év)/&?i}ﬂ 2) =
%(vhvv )(0,X,Y,Z) = (vvvh )(X,6,Y,Z) = —(V'P)(X,8,Y,Z) =0.

>l

P(X,Y
XY

By the stretch tensor of (M, F) we mean the tensor ¥ € T9(7) given by
1 ~ o~ o~ ~ ~ o~ o~ ~ ~ o~ o~ ~
(7.4) 5zz(X,Y,Z,U) =V"P(X,Y,Z,U)-V'"P(Y,X,Z,U).

Corollary 7.6 The stretch tensor of a Finsler manifold is homogeneous of de-
gree zero.

Proof. It is enough to show that VoV"P = 0. Let X, Y, Z, U be vector
fields on M. Using the Ricci formula (3.8) taking into account Corollary 7.2 (ii),
and the homogeneity property V"¢ = 0, we obtain

(VeV'P)(X,Y,Z,0) = (vvth)(5,)?,Y Z,U)=V"VP(X

~ o~

6,
(Vo V'P)(3,Y, Z,U) = X"(V'P(3,Y, Z, 1)) - VVP(5 Vy 17 Z,0)

~

VVP(cS,}A/,VXhZAﬁ) P(5,Y, 2, V) = ((vCP)(f/ 2 ) —
\Y%

~

(VeP) VY, Z,0) = (VeP) Y,V Z,0) — (VCP)( Y,Z,

since P is homogeneous of degree 0. m

Now we verify by an index-free argument the following result of our above
mentioned paper [8]:

Proposition 7.7 If the stretch tensor of a Finsler manifold depends only on
the position, then it vanishes identically, i.e., V¥X = 0 implies that ¥ = 0.

Proof. Let X, Y, Z, U, V be vector fields on M.
Step 1 By our assumption
0=(V'S)(X,Y,Z,U,V)=Xx(x(Y,Z,U,V)) =2(X"(V"P(Y,Z,U,V) -

V'P(Z,Y,U,V)) =2(V'V'"P(X,Y,Z,U,V)-V'V'"P(X,Z,Y,U,V))),
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hence

NN NN~ o~ N~~~

Since this is a tensorian relatlon, we also have
(7.5) VWV'P(X,Y,Z,U,6) = Vvth()?
Now, by the Ricci formula (3.9) and Corollary 7.2
VP (X, Y, Z,0,5) = vvth(f/ X,2,0,5)'%
V'"V'P(Z,Y, X, U,s),

so V'"VYP(.,.,.,.,0) is symmetric in its first and third variables:

(7.6) V'YP(X,Y,Z,U,8) = V'VP(Z,Y,X,U,6).
Step 2 We show that

(7.7) V'"P(X,Y,Z,U)+ V'"V'P(X,Y,Z,U,6) = 0.

We start out the identity P(Z, U, ) = 0. Operating on both sides first by Y,
and next by X", we obtain
0=Y"(P(%,U,8)) = V'P(Y, Z,U, )
P(Y,Z,0)+V'P(Y,Z,U,5);

0=X"(P(Y,Z,0))+ X"(V'P(Y,Z,U,0) = (V'P)(X,Y,Z,0) +
(V'V'P)(X,Y,Z,0,0)+P(VxoV, Z,U)+ P(Y, V3 Z,0) + P(Y, Z,V 3 U) +
VP(VV,2,0,6) + V'P(Y, Vi Z,U,6) + V'P(Y, Z, VU, ).

Since, for example,
V'P(VxY,Z,U,6) = [X" YIP(Z,U,6) — (Z U, Vixyi8) =
—P(Z,U,VIX"Y'])= -P(Z,U, VYY) = —P(VxuY,Z,U),

the last six terms cancel in pairs on the right-hand side of the above relation.
So we get (7.7).
Step 3 Interchanging X and Y in (7.7), we find

0=V"P(Y,X,Z,0)+V"V'P(Y,X,Z,U,0) =
V'P(Y,X,Z U)+V'V'P(X,Y,Z,U,9),
since, by Step 1, the second term does not change under the permutations
Y,X,2) — (Y, Z,X) » (X,2,Y) - (X,Y, 2).
The last relation and (7.7) imply that
V'P(X,Y,Z,0)=V"P(Y,X,Z,U)
whence ¥ = 0. 0

The next important observation gives an index-free reformulation of relation
(3.3.2.5) in [38]. For completeness we present here a different proof, using our
formalism.



47

Proposition 7.8 For any sections X,Y,Z,U in I'(rn),
(7.8) V'EoV'H(X,Y,Z,U) =%(Z,Y,X,U).

Proof. 1t is enough to check the relation for basic vector fields X ,}A/, Z , U.
Then

VYE(V'H(X,
i(V"B(Y, Z,

Here

Therefore, applying (7.3) we get
iV"B(Y,Z,X,0)E = {Yh,iB(Z X’)ﬁ} E+
P (VynZ,X,U) + 2P(Z,Vyu X, U) + 2P(Z, X, VD).
Since Y"E = 0 by (6.21), at the right-hand side the first term is

and hence o R
iV'B(Y,Z,X,U)E=-2V"P(Y,Z,X,U).

In the same way we find that

Hence
VEV'H(X,Y,Z,0)) = 2(V"P(Z,V,X,0) - V'P(Y, Z,X,0)) "=
2(Z7 Y7 X’ U)7
as was to be proved. o

Corollary 7.9 R-quadratic Finsler manifolds have vanishing stretch tensor.



Chapter 8

Orthogonal projection along
the canonical section and
its applications

Throughout, let (M, F) be an n-dimensional Finsler manifold, n > 2.
We define a map p : Sec(w) — Sec(r) by

v\ . Vv g()},é)
(8.1) p(X) = X = T2

Then p is obviously COO(ID“M)—linear, ie.,
p € End(Sec()) = T] (7),

and
Ker(p) = span(9).

For any section X € Sec(#) we have

20 v v g()},(i) _ v 9(275) .

hence p?> = p. So p is a projection operator onto

(span(6))* := {5( € Sec(®) | g(X,8) = o}

along span(9), called the orthogonal projection along ¢.
Since g(d,d) = 2E, and by (6.10)

9(X,8) = 0(X) = V'E(X) = FVF(X),

48
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P may be written in the more compact forms
(8.2) =1 1V"E®5—1 1V"F®5
' P=173%E TTF ‘

Lemma 8.1 The h-Berwald differential of the orthogonal projection along §
vanishes. Its trace isn — 1.

Proof. For any vector fields X, Y on M we have

V'p(X,Y) = (Vxop)(Y) = V;V<hp(17) —p(VxY) =
VX" ip(Y)]-p(V[X", V') = V[x", Y"—%(J]—V[X", YV]+%[X",Y"]F6 =

YYF 1
VX", Y] - VX", 7 C1- VX", Y] + FX“(Y"F)(S =

—xh (YFF) 5+ %Xh(Y"F)é = —%X“(Y"F)d + %Xh(Y"F)(S =0.

The second assertion is immediate:

(8.2) R R v e 1, _
trp =" tr(1 FV F®d)=trl Ftr(V F®d) ='n FV F(5) =

1

[m]

By the projected tensor of a tensor of K € T(7) or of L € T}.(7) we mean
the tensors pK and pL given by

pK(Xi? A ?X—k’) = K(pX—17 cte 7pi—k)

and B B B B
pL(Xy,..., Xy) = p(L(pX1,...,PXk)),

respectively.
The following observation is immediate from the definitions.

Lemma 8.2 Let K € T9(7), L € Ti(7) . If
5 e {Xlik} = K(X1,...,Xs) =0, L(X1,...,X) =0,
then pK =K, pL=polL.

Examples. (1) By the Lemma and Corollaries 3.4, 7.2(ii), the Cartan tensors
and the Landsberg tensor remain fix under orthogonal projection along 4:

pC, =G, ,pC=C,pP=P.

(2) The projected tensor of the metric tensor g is the angular metric tensor
1. Indeed, for any vector fields X, Y on M,
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~ o~

Po(X,7) := g(p(X), p(V)) = o(X ~ S (X*E)5,¥ — (v E)o) = (X, V) -

;E(XVEwi?)—;E(YV )9 <X16>+4,132<XVE)< B)g(5,6) "L
IZT) = (X E)VE) - 5 (VE)VE(R) + 15 (X E)(Y'E) =
(9— —VVEQWVE)()? Y) = (g V'F@V'F)(X,Y)=n(X.Y).

(3) With the help of the projection operator p, the Jacobi endomorphism
of an isotropic Finsler manifold given by (8.2) may be written in the extremely
simple form K = Kp = F?Rp.

Lemma 8.3 The projected tensor of the Berwald curvature of a Finsler mani-
fold is

1
(8.3) pB=B+ P ®J.

Proof. By (3.6) and Corollary 8.2, pB = p o B. Now, for any vector fields
X,Y,Zon M,

PPN P PG | PG .
(PB)(X,7.2) = p(B(X,1)2) ¥ B(X,7)Z - _(B(X.V)2)Es =
~ e~ 1 A~ o~ 1 ~ o~ ~
B(X.V)Z+ zP(X.Y.2)§=(B+ P ®)(X,Y,2),
hence our statement. o

Lemma 8.4 The projected tensor of the Douglas curvature is

1 1
(8.4) pD =pB — trBop=B+ =P®d— trB © p.
n

+1 FE n+1

Proof First we check that D satisfies the condition of Corollary 8.2, i.e.,
D(X,Y)Z =0,ifd e {X % Z} Let, for example, X := . Then

D@V, 7) = BO,V, 7) — — (B3, V)Z + uB(Y, 2)5 + uB(Z,6)7) -

n+
1 ~ = . 1 ~ = ~ =
— (VetB) (Y, 2)5 4 — (B, 2)5 + VeuB)(Y, 2)0).
By Lemma 3.5, B is homogeneous of degree —1, i.e., VcB = —B. Thus

VetrB = trVeB = —trB, and hence D(6,Y,Z) = 0. The other two cases
may be handled similarly. Now it follows that

(5.14)

1
pD=poD pB - ni(p(trB ©1) +p(V'trB ® 9)).

+1

We show that the last term at the right-hand side vanishes, and the middle term
is just 45trB © p. Indeed, for any vector fields X, Y, Z on M we have
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p(V'irB )(X,7,2) = p((V! 4 trB)(pY, pZ)3) = 0,

since p(d) = 0.
This concludes the proof of (8.4). O

Temporarily, for convenience, a Finsler manifold will be called a p-Berwald
manifold if its projected Berwald curvature vanishes, i.e., if it has the property

1
: B+ _-P®§=0.
(8.5) + 5P ®0=0

First we characterize the R-quadratic p-Berwald manifolds.

Proposition 8.5 A p-Berwald manifold is R-quadratic, if and only if, its
stretch tensor vanishes.

Proof. The necessity of the condition is a consequence of Corollary 7.9. To
prove the sufficiency, we show that in a p-Berwald manifold we have

v Y Vv 7 T7 1 7N Y TT Y vV 7 IT o
(8.6) V'H(X,Y,Z,U) = ﬁE(Z,Y,X,U) ®0; XY, Z U eT(n).
Observe first that

vhB (& fvh( P g ) OHL*

5 1
——V"P®J.
EV ®
Now, applying Bianchi identity (4.5), we get
VYH(X,Y,Z,U)=V'B(Y,Z,X,U) - V'B(Z,Y,X,U) =
1 SRS T 1l
~=(V"P(V,Z,X,0) - V'P(Z,V, X, 0)) &4 () =2(Z.Y.X,0).
This proves (8.6), whence the assertion follows. a]

Our aim in the following is to show that p-Berwald manifolds do not consti-
tute a new class of special Finsler manifolds.

Lemma 8.6 Any p-Berwald manifold is a weakly Berwald manifold.

P7 00’. From our COIlditiOIl (8.5),
E '

By (1.10),
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tr(P ® 6) = isP, where isP(X,Y) := P(5, X,Y).

To illustrate how our inductive definition (1.8), (1.9) works in such cases, we
verify this.
Let Y1, Y3 be sections in Sec(). Then

iy, tr(P ®6) := tr(jy, P ® ),
i}~,2i}~,1tr(P ® 5) = ii',Ztr(j{ﬁP ® 5) = tr(jf’gji'ﬁp ® 5) = P((S,Yi,}/i),
that is o o
tr(P ® 6)(Y1,Y2) = isP (Y1, Y2),
so our formula is indeed true.
Now our assertion follows by using Corollary 7.2 (ii). o

Proposition 8.7 If (M, F) is an at least 3-dimensional Finsler manifold, then
(M, F) is a p-Berwald manifold, if and only if, it is a weakly Berwald Douglas
manifold.

Proof. If (M, F) is a p-Berwald manifold, then it is weakly Berwald by Propo-
sition 8.6, therefore (8.4) reduces to pD = 0. However, by a theorem of T. Sak-
aguchi [51] (see also [67]), relation pD = 0 is equivalent to the vanishing of the
Douglas curvature under the condition dimM > 2.

Conversely, if (M, F') is a weakly Berwald Douglas manifold, then D = pD =
0 and trB = 0 imply by (8.4) that (M, F') is a p-Berwald manifold. o

Corollary 8.8 The class of the at least 3-dimensional p-Berwald manifolds co-
incides with the class of the at least 3-dimensional Berwald manifolds.

Proof. By our remark at the end of Chapter 5, a Finsler manifold is a weakly
Berwald Douglas manifold, if and only if, it is a Berwald manifold. O

Remark. In the light of this result, Proposition 8.5 says nothing new, if
the base manifold is at least 3-dimensional. Indeed, Berwald manifolds have
vanishing Landsberg tensor, and hence vanishing stretch tensor. On the other
side, the canonical connection of a Berwald manifold is basic, which implies
that the affine curvature is a vertical lift, whose vertical differential vanishes
automatically. The exceptional 2-dimensional case will be treated in the next
chapter.

We conclude this chapter with a technically new proof of the Finslerian ver-
sion of classical Schur’s lemma on isotropy. We begin with a useful preparatory
observation.

Lemma 8.9 (M, F) is an isotropic Finsler manifold, if and only if, the curva-
ture tensor of its canonical connection is of the form

1
(8.7) R =FpA(RV'F + ;FV'R),

where R is the scalar curvature of (M, F).
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Proof. Assume that (M, F') is isotropic. Then, by (6.22), the Jacobi endo-
morphism of (M, F') has the form

1 1
K=K(1-:VFed), K:=—uK

n —

In view of Proposition 4.8,
3R(X,Y) = V'K(Y,X) - V'K(X,Y) ; X,Y € X(M).

In the proof of 6.3, we have already determined the term V"K()A(,S/}). Using
this result, we obtain that

3R(X,Y)=V'K(YV)X - V'K(X)Y — %((Y"K)(X"F) — (XYK)(Y'F))é —
%((X"F)f/ —(YWF)X) = (V'KA1)(Y,X) - %(V"K AVYF)@6(Y,X) —

K PPN K 1 ~
F(V"F A(X,)Y)=(1AN (V'K + FV"F) + F(VVFA V'K) ®§)(X,Y).
We replace the identity operator 1 by p + %V"F ® . Then

K 1 K
BR=pA (V'K + fVVF) + f(VVF ®06) AVYK + ﬁ(vvF ®6) AVE +
1 1
#(V'FAVE)©§=Fp A <FV"K + RV"F).
Since
VYK(X) = VY(RF?)(X) = XY(RF?) = (X'R)F? + 2RFX"F =
(F?VYR + 2RFV'F)(X),

it follows that in the isotropic case
1
R=FpA(RV'F + gFV"R).

Conversely, suppose that the curvature of the canonical connection of (M, F)
can be written in this form. Then

K(X) @ R(X,6) =

1 S 1 ~ N
F(RF + gF(CR))p(X) — F(RV'F + gFV"R)(X)p(é) = RF?p(X),
so, by Example (3) above, (M, F) is isotropic. O
Proposition 8.10 (generalized Schur lemma on isotropy). If (M, F) is an at

least 3-dimensional isotropic Finsler manifold whose scalar curvature depends
only on the position, then (M, F) is of constant curvature.
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Proof. Our condition on the scalar curvature means that VYR = 0, hence
the form (8.7) of the curvature of the canonical connection reduces to

(8.8) R=FRpAV'F=R(paV'E—-V'E®Dp).

First we calculate the h-Berwald differential of R.
Let X, Y, Z be vector fields on M. Note that
(Vo VYE)(Y) = X"(YYE) - VY E(VxY) = X"YYE) — VVE(V[X", YY]) =
X"(YYE) - [X" Y]E=Y"(X"E) = 0.

By this observation and Lemma 8.1 we find

(V'(Rp @ VYE))(X,Y,Z) = (Vxu(Rp @ V'E))(Y, Z) =
(X"R)p® V'E(Y,Z) + R(Vxp® V'E)(Y,Z) = V"Rop ® V'E(
R((Vxp) @ V'E+pVnVYE)(Y,Z)=V'Rep® V'E(X,Y,

X,Y,Z)+
Z).

Similarly,
VMRV'E®p)=V'"R®V'E®p,
therefore
VIR=V'R® (p® V'E - V'E®Dp).
Let o R
(6V'"R)(X,Y,Z) := (X’G;Z)(VhR)(X,Y,Z).
By the general Bianchi identity (2.9), V"R = 0. In our case this leads to the
equality

VRep@V'E+paV'EQV'R+VVEQV'Rp - V'RxV'ERp —
VVEQpQV'R—-p® V'R V'E =0

Applying the inductive definition (1.8), (1.9), we calculate, term by term, the
trace of the left-hand side.

(i)
ixtr(V'R 2 p® V'E) = r(V"R® V' E @ p(X)),
iytr(V'"R® V'E© p(X)) = V'E(Y)V"R(p(X)) = V'E(Y)Hp(X)(R) =

V(X

VEY)(X"R - = )SR) = (VNR® V'E — (SR)V'F @ V'F)(X,Y),

thus
tr(V"R®@p® V'E) = VNR® VYE — (SR)V'F @ V'F.
(ii)
istr(p® VVE® V'R) = V'E(X)tr(p @ V'R),
igtr(p® V'R) = V'"R(Y)trp = (n — 1)V'R(Y),
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hence
tr(p®@ V'R V'R) = (n —1)V'E® V"R.
(iii)
istr(VYE® V"R ® p) = V'R(X)tr(V'E ® p),
istr(V'E®@p) = V'E(P(Y)) =ip(Y)E =
YVE — %(Y) 2E=F(Y'E) - F(Y'E) =0,
thus

tr(VVE® V'R®p) = 0.

In the remainder three cases the calculation is similar. We obtain:
(iv)

tr(VRV'E®p) = V'E®tr(VIR®p) =
VVE® V'R - (SR)V'F® V'E,

tr(V'E@p® V'R) = V'Ra tr(V'E®p) =0,
(vi)
tr(p@ V" R® V'E) = V'Rtr(p® V'E) = (n — 1)V'R® V'E.

Subtracting from the sum of the expressions obtained in (i)-(iii) the sum of
the next three ones, we find

0=V'RIV'E+(n-1)VVEQV'R-V'E®QV'"R—(n—1)V'"R® V'E =
(n—=2)(V'E®V"R) + (2—n)(V'R@ V'E) =
2-n)(VIR®V'E-V'E®V"R)=(2-n)V'"RAV'E.

By our assumption n > 3 this implies
VRAV'E =0.
Evaluating the left-hand side on a pair (5, X) , X € X(M), it follows that
0= SRV'E(X) - V'R(X) - 2E,

whence

SE
2F
Now, by the condition V¥R = 0, for any vector fields X, Y on M we have

V'"R="_"V'E=: fV'E.

0=V"V'REY.X) E VYRR, TV) = V' (IVE)X.T) =
(Vi /YY) = (X*))V'E + [V eV E)(V) =
(V'f @ VE)(X,Y) + f(V'V'E)(X,Y),
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i.e.,

fVV'E=V"f® V'E.

Since, by (F3), VYVVE is fibrewise non-degenerate, while the rank of
VYf® VYE is at most 1 at any point, the last relation implies that the function

f is identically zero, and hence V"R = 0. Then, for any vector field £ on fM,
dR(€) = ¢R = (W) R + (V)R = V"R(&) + V'R(&) = 0;

therefore dR = 0. Since M is connected by our assumption at the very beginning,
relation dR = 0 implies that the function R is constant. O

Remark. Naturally, the generalized Schur lemma on isotropic Finsler man-
ifolds is a classical result. It is also due to Berwald, see [17]. A concise, but very
elegant index and argumentum free proof can be found in del Castillo’s note
[22]. Our proof is technically new; its novelty lies in a consequent and index-free
use of the Berwald derivative and the inductively defined trace operator.



Chapter 9

Two-dimensional Finsler
manifolds

Throughout this chapter (M, F') will be a two-dimensional, positive definite
Finsler manifold. By a Berwald frame of (M, F) we mean a pair (¢,m), where
¢ is the normalized support element field defined by (6.11), and m is a local
section of 7 satisfying

(9.1) g(t;m) =0, g(m,m) = 1.

By the usual orthogonalization process, such a section m may always be con-
structed. Indeed, we may find a nowhere vanishing local section X of 7 such
that X and ¢ are pointwise linearly independent. Then

Y =X —g(t, X)l

is nowhere zero at the points of the domain of X , and it is g-orthogonal to ¢:

v v & 6.12
g(0,Y) = g(t, X) — g(t, X)g(¢,0) 2> 0.
Let |
mi= .
g(Y,Y)

Then (¢,m) is a Berwald frame for (M, F').
If (M, F) is a non-Riemannian Finsler manifold, we may use another argu-
ment. In this case, by Deicke’s theorem, there is an open subset &/ of M such

that the Cartan vector field € is nowhere zero on 70'71(2/{). Let

]_ *
m:= —C

Vg(a E‘<3)

over 70'_1(1/1). Then, by Lemma 6.1, (¢, m) is a Berwald frame for (M, F).

57
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Lemma 9.1 If (¢,m) is a Berwald frame for the Finsler manifold (M, F), then

(9.2) Vel =0,
(9.3) Vem = 0;

i.e., £ and m are positive-homogeneous of degree 0.

Proof. The first relation can be obtained by a straightforward calculation:
Vel =V lé—C 1 5+lV 0= i(C‘F)(S%—l'[C’ S] =
ct=Vop0= ja FYCOT T G0 =
1 1

To prove the second, we consider the Fourier expansion of Vom with respect
to the orthonormal frame (¢, m):

Vem = g(Vem, 00+ g(Vem, m)m.
We show that both Fourier coefficients vanish. Since g(m,¢) =0 and Vog =0,
9.2
0= Com.€) = (Veg)(m,0) +9(Vem, 0) + g(m, Vo) 2 g(Vom, o).
Similarly,
0= Cg(m,m) = (Vog)(m,m) +29(Vem, m) = 29(Vem, m);

hence Vem = 0. o

Lemma 9.2 If (¢, m) is a Berwald frame for (M, F), then the only non-zero
component of the curvature of the canonical connection with respect to (¢, m) is

(9.4) R(m, {) = g(R(m, £), m)m.

Proof. We apply Fourier expansion again, with respect to the Berwald frame
(¢,m). Then R(m,¢) can be represented in the form

R(m,£) = g(R(m,£),m)m + g(R(m, ), £)L.

We are going to show that the second Fourier coefficient vanishes. Obviously,
it is enough to check that g(R(m,¥¢),d) = 0. Using the Hilbert 1-form 6 and
taking into account (6.10), we obtain

g(R(m,0),6) = 0(R(m,¥)) = FV'F(R(m,{)) = FiR(m,{)F =
—F(v[Hm, H{F) = —F([Hm,H{F) + F(h[Hm, H{|F) = 0,

since the horizontal vector fields kill the Finsler function F'. o

This lemma brings the function
(9.5) = g(R(m, ), m)

into the spotlight; it is said to be the Gauss curvature of (M, F).



99

Lemma 9.3 Hypothesis as above. The Cartan tensor and the vector-valued
Cartan tensor of (M, F) can be represented in the form

(9.6) C=IV] 0V, 0V, 0
and
(9.7 C=1IV, 0V, 0xm,

respectively, where
I := g(€(m,m), m) = C,(m, m, m).

Proof. Since € and €, vanish if one of their arguments is ¢ = %6, for any
vector fields B B
X=XY+X’m,Y=YU+Y’m
along 7 we obtain
e(X, V) = X2¥2€(m,m) = g(X,m)g(V,m)€(m, m).
Here

C(m,m) = g(C(m,m), )¢ + g(C(m,m), m)m =
Cy(m,m, )0 + g(C(m,m), m)m = g(C(m, m), m)m;

while, for example,
g(X,m) = glm, X) = JV'VF(m, X) = J(Vi,V'F)(X) =
(Vi (FVYF))(X) = V;,0(X).
Let I := g(C(m,m), m) = €,(m,m, m). Then
e(X,Y)=IV.0xV, 00mX,Y),
which proves (9.7). Thus

C(X,Y,Z) = g(€(X,Y), Z) = IV},0 ® V;,0(X,Y)g(m, Z) =
IV 0@ VL0V 0(X,YZ),

0 (9.6) is also true. o

The function I introduced by the Lemma is said to be the main scalar of
the 2-dimensional Finsler manifold (M, F'). We obtain immediately the next

Corollary 9.4 A two-dimensional Finsler manifold reduces to a Riemannian
manifold, if and only if, its main scalar vanishes.
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Proposition 9.5 Let S;H, k and I be the canonical spray, the canonical con-
nection, the Gauss curvature and the main scalar of (M, F), respectively. If
(¢,m) is a Berwald frame for (M, F), then we have the following commutator
formulae:

9.8) 1S, im] = —Hm,
(9.9) [H{, Hm] = k(im),
9.10) [(Hm, im] = %H@ + I(Hm) + (SD)im.

Proof. Step 1 Consider the horizontal projector h := H o j and the vertical
projector v =1 — h. Then

[S,im] = h[S,im] + v[S,im].
First we show that the second term is zero. Observe that
v[S,im] = iV[S,im] = iVgm,

since S is horizontal. Now, starting out the relation g(¢, m) = 0, and taking into
account that Vgg = 0 by Corollary 7.3, we get:

0=95g(t,m) = (Vsg)(l,m)+g(Vst,m)+g(l,Vsm) = g(Vstl,m)+g({, Vsm).
Here
Vol = Void = S(L)5 4 2Vsd = LV[S,C] = —LV(8) = — =V 0 H(6) = 0
— — ) = . p— = — = — — = —— (] =

o T FOTEYSI T R F F ’

therefore
g(,Vsm) = 0.

On the other side, from the relation g(m,m) =1,

Thus we have g(¢, Vem) = g(m, Vsm) = 0, hence Vgm = 0, which implies our
first claim. Now we can easily finish the proof of (9.8):

[S,im] = h[S,im] = —FoJ[im,S] = —Foim = —-HoVoim+Joim = —Hm.
Step 2

[He, Hom] = vIHL, Him] + h{HE Him] = §o V[HE Him] + H o JIHE, Hm] =
—iR(¢, m) + H o j|[HL, Hm).

We show that j[H¢, Hm] = 0.
By the vanishing of the torsion of H we have

J[He, Hm] = Viagem — Vg L.

In the right-hand side Vyym = FVgm = 0, since, as we have just seen, Vgm =
0. As to the second term, by the homogeneity of the canonical connection

t = vhs Z g,

hence



61

Viml = VymFd = Hm(F)5 + FVymd = FV 1m0 = Ft(m) =0.

Thus we obtain

(9.4 (9.5)

[H0, Hm] = —iR(6,m) = iR(m, 0) "2 ig(R(m, 0), m)ym =) w(im),

so formula (9.9) is proved.
Step 3 We start again with the decomposition

[Hm,im] = io V[Hm,im] + H o j[Hm, im] = iVsumm — HVimm.

Next we calculate the covariant derivatives Vi, m and Vi,,m. By Fourier ex-
pansion,
VHmm = g(vam7€)£ + g(vamv m)m

We show that the Fourier coefficient in the first term vanishes. Applying the
usual trick, we obtain

0 = Hmg(m,l) = (Virmg)(m, £) + g(Vrmm, l) + g(m, Vil) =
(vag) (m7 E) + g(v'Hmmv £)7

since, as we have just seen, Vi, = 0. Applying Corollary 7.2, the first term
of the right side of the above equality is

(Virmg)(m, £) = V'g(m, £,m) = —2P(m, £, m) = —2FP(m, 5, m) = 0.

Thus we get
1
Vimm = g(Vumm, m)m = 5(29(Vﬁmm,m)m) =

%(ng(m, m) — (Vumg)(m,m)) = —%th(m,m,m)m = P(m,m, m)m.

By Proposition 7.4, the Cartan tensor and the Landsberg tensor are related by
V5@, = P. Using this,

P(m,m,m) = (VsC,)(m,m,m) = S(C,(m,m,m)) + 36 (Vsm,m,m) L *

S(€,(m,m,m)) £ SI,

therefore
Vimm = P(m,m,m)m = (SI)m.

Finally, we calculate the covariant derivative Vi, m. As above, we consider
the Fourier expansion

Vimm = ¢(Vimm, )0 + g(Vimmm, m)m.
Since

VYg(m, £, m) + g(Vimm, £) + g(m, Vi l) =
2FC,(m,d,m) + g(Vimm, £) + g(m, Viml) = g(Vimm, £) + g(m, Vi f),
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it follows that

I(Vimm, £) = —g(Viml, m) = —g(j[im, HE],m) = —g(j[im, %S],m) _
—gGlim. 8], m) — gGim1)S, m) = —g(m,m) =~

As to the second term of the Fourier expansion,

0= img(m7 m) = (vlmg) (mv m) + 2g(vlmmv m)v

hence 1
9(Vimm,m) = —ivvg(m,m,m) = —Cy(m,m,m) =: —1I.
Thus
Vimm = —Fﬁ —Im,
therefore

1 1
[Hm,im] = i(ST)m + f'Hﬁ + I(Hm) = fHK + I(Hm) + (SI)im,
as was to be shown. |

Remark. Relation (9.8) can also be written in the form

(9.11) [H{,im] = —%Hm.
Indeed,
[S,im] = [HI,im] = [F(HL),im] = F[H{, im] — im(F)HL.

Here

im(F) = VF(m) = =FV"F(m) = =0(m) = =g(m,5) = g(m, ) = 0

im = m) =% m) = z0(m) = g(m,6) = g(m, ) =0,
therefore . .

s trg. (98 1
[He,im] = F[S,lm] = FHm

Corollary 9.6 We have the following formulae for the covariant derivatives of
the members of a Berwald frame (¢,m):

(9.12) Viel =0,
(9.13) Vel =0,
1

(9.14) Viml = Fm7
(9.15) Vaml =0,
(9.16) Viem = 0,
(9.17) Viem = 0,

1
(9.18) Vimm = —Fﬁ —Im,
(9.19) Vamm = (ST)m.
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Proof. Indeed, il = i(£0) = 1%0, 50 (9.12) and (9.16) are consequences of
(9.2) and (9.3). Since H{ = H(6) = +5, (9.13) and (9.17) follow from the
relations Vgf = 0 and Vgm = 0, obtained in the proof of Proposition 9.5.
(9.15) and (9.19) were also proved above. Finally,

. 1 1
Viml = jlim, 1o = —j[He, im] "2 j(=Hm) = =m
F F
and
. 1
Vimm = jlim, Hm] 2" ~3(S + I(Hm) + (ST)im) =
1 1
— 50— Im =t~ Im,
so (9.14) and (9.18) are also true. a]

Remark. There is another method to derive the basic relations (9.8)-(9.19).
First we calculate the covariant derivatives (9.12)-(9.19) using different tech-
niques, and next we apply the Ricci formulae (2.8), (3.7) to obtain the commu-
tator formulae (9.8)-(9.10).

Ezample. In view of (2.8), for any function f € C’OO(ZOFM) we have
(VMY F)(l,m) — (V"V" £)(m, €) = —iR({, m).

Here

(VIVPF)(,m) = HE(Hm(f)) = V" [(Vaem),
(VIV" £)(m, £) = Hm(HL()) = V" F (V).
Now, as in Step 1 and Step 2 in the proof of 9.5, we can show that
Vuem = Vol = 0.

So we obtain

[He, Hmlf = —iR(6,m)f "2 (ig(R(m, O)m, m)ym) f = w(im) ,

which proves (9.9).
Proposition 9.7 (Berwald identity). Let S be the canonical spray of (M, F).

Specifying a Berwald frame (¢, m), the Gauss curvature k and the main scalar
I of (M, F) are related by

(9.20) Ik + (im)k + %S(SI)I =0.

Proof. Applying the Jacobi identity to the vector fields H¢, Hm and im,
taking into account relations (9.8)-(9.11) and the property V"F = 0, we get
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0 = [HL, [Hm, im]] + [Hm, [im, H{]] + [im, [H{, Hm]] =
[HY, %Hﬁ + I(Hm) + (SI)im] + [Hm, %Hm] + [im, k(im)] =
((HOTYHm + I[HE, Hm) + HE(ST)im + (ST[HE, im] + (im)s(im) =
%Hm%—(]m)im—k%S(SI)im—%Hm-i—(imn)im (Is+—= = S’(S’I)+( m)k)im,

thus proving the Berwald identity. m

Proposition 9.8 The Jacobi endomorphism of (M, F') has the form
(9.21) K =rF1-kV'F®0,
hence the canonical spray of (M, F) is isotropic.
Proof. We evaluate both sides of (9.21) at the members of the Berwald frame
(¢, m).
K(¢) := V[S, H{] = V[F(HL), Hl = V(—((HO) FYHL + F[HL, HE)) = 0;

K(m) := V[S, Hm] = V|F(HL), Hm] = V(—((Hm) YHE + F[HE Hm]) %
FV(kim) = (kF)m
(kF1—kVYFR8)(0) = (kF)l— kv F(£)s 2V (HF)e K6 = (kF)l—(kF)l =
(kF1 —kVYF ®d)(m) = (kF)m — kVYF(m)d (619 ( F)m — n;_ﬂ( )§ =

(kF)m — kg(m, F0)¢ = (kF)m

©

These prove our assertion. O

Remarks. (1) Since the function K := —25trK = trK equals to
9(K(m), m) = g(xFm, m) = kF,

the Jacobi endomorphism of (M, F') can also be written in the form
1

which is just formula (6.22) obtained in the proof of Theorem 6.3.

(2) Now we can easily check that the Weyl endomorphism of (M, F) is the
zero transformation.

Formula (5.15) reduces to the following:

W =K - xkF1+ (trR) ® 6.
As we have just seen, trK = kF'. Since

(trR)(£) = g(R(¢, £), 0)
(trR)(m) = g(R(¢,m), ()

g(R(mv E)’m) =K,
g(R(ma m)7m) =0,

we obtain
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We) =K({) — (kF){ + kd = —(kF){ + (kF){ = 0,
W°(m) =K(m) — (kF)m = (kF)m — (kF)m = 0.

This remark and Proposision 9.8 confirm that condition dimM > 3 in The-
orem 6.3 may indeed be omitted.

Proposition 9.9 The only surviving component of the Berwald curvature of
(M, F) is

(9.22) B(m,m)m = f@€+(1m(51) + (Hm)I)m

therefore (M, F') is a Berwald manifold, if and only if, the h-Berwald differential

of its main scalar vanishes.

Proof. By Corollary 3.4, B is indeed completely determined by the section
B(m, m)m. Using (9.18), (9.19) and (9.10), we obtain

B(m7 m)m = VimVamm — Vam Vimm — v[im,?—lm]Tn =

1 .

(SI)(%€+Im)fi’Hm(F)K-I-(('Hm)[)m-l-[(SI)m-l—I(SI)mf%Ef(SI)Im =
m(SI)m — yﬁ + ((Hm)I)m = fQ—SIE + (im(SI) + (Hm)I)m

therefore

B=0 & SI=0and im(SI) (Hm)[ =0 <
(HOI =0 and (Hm)I =0 < V' =

Lemma 9.10 The only nonzero component of the trace of the Berwald tensor
is the function

(9.23) (trB)(m,m) = im(ST) + Hm(I).

Proof. Using the orthonormal frame (¢,m), trB can be determined as in the
Riemannian case; cf., e.g., [48], p.38. So we have

(trB)(m,m) = g(B(, m)m, £) + g(B(m,m)m,m) =
g(B(m, m)m,m) 022 im(ST) + Hm(I).

Proposition 9.11 The only nonzero component of the Douglas curvature of
(M, F) is D(m,m)m; it is given by
(9.24)

1,351

D(m,m)m = —g(? + im(im(S1)) + im(Hm(I)) + 21im(SI) + 2I1(Hm)I)0.
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Proof. In the previous chapter we have already remarked that D vanishes if
one of its argument is from span(d), so D is indeed determined by D(m, m)m.
Now we calculate this component. By definition,

D(m,m)m = B(m,m)m — (trB(m, m))m — %(V"trB)(m,m,m)é;

our only task is to evaluate the last term at the right-hand side.

(VYtrB)(m, m, m) = (Vi trB)(m, m) = im(trB(m,m)) —
2B (Vi m) 2 i (3m(ST) + Hm(I)) + 20B(Im, m) =

im(im(STI)) + im(Hm(I)) + 2Iim(SI) + 2I'Hm(I).
Now, putting together (9.22), (9.23) and this result, we get

281
. - F
g(im(im(SI)) +im(Hm(I)) + 2Iim(SI) + 2IHm(I))d =

D(m, m)m L4 (im (ST + Hm(I))m — (im(SI) + Hm(I))m —

_é (?’if +im(im(SI)) + im(Hm(I)) + 2Iim(S1) + 2I(Hm)I> .

Proposition 9.12 The only surviving component of the Landsberg tensor of
(M, F) is

(9.25) P(m,m,m) = SI,

therefore (M, F) has vanishing Landsberg tensor, if and only if, its main scalar
is a first integral of the canonical spray, i.e., ST = 0.

Proof. By Corollary 7.2, P is indeed completely determined by the function
P(m, m,m). It was shown in Step 3 of the proof of 9.5 that

Vumm = P(m,m, m)m.

Comparing this relation with (9.19) we obtain (9.25). o

Remark. We have already shown in general that the direction indepen-
dence of the Landsberg tensor implies its vanishing (Proposition 7.5). In the
2-dimensional case this conclusion may be deduced immediately:

VYP(m, ¢, m,m) = (Vi P)({,m,m) = im(P(¢,m,m)) — P(Vi,l,m,m) —
. 1
2P(£a vimm7 m) 7:2 _P(vlm‘€7 m, m) (9:14) _FP(m7 m, m)7

hence VYP = 0 implies P = 0.
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Lemma 9.13 The only not necessarily vanishing component of the stretch ten-
sor of (M, F) is

2
(9.26) X, m,m,m) = fS(SI)'
Proof. 7.2 (ii) and relations Vol = Vil = 0 imply immediately that
if (¢ {)?,17, Z} then V"P(0, X,Y,Z) = V"P(m, X,V, Z) = 0.

Thus ¥ is indeed uniquely determined by its value on the quadruple (¢, m, m, m).
Now we calculate:

(¢, m,m,m) = 2V"P(¢,m,m,m) =

2AHL(P (m, m, m)) — 3V"P(Vauem, m,m)) = = S(P(m,m,m)) "= 2

=5 ZS(SI).

]

Corollary 9.14 (M, F) has vanishing stretch tensor, if and only if, its Gauss
curvature satisfies
Ik + (im)k = 0.

In particular, 2-dimensional Finsler manifolds of vanishing Gauss curvature
have vanishing stretch tensor.

Proof. From relation (9.26) and the Berwald identity (9.20) we obtain

1
Ik +im(k) + iE(ﬁ,m,m,m) =0,

whence our assertion. O

Proposition 9.15 (M, F) is a p-Berwald manifold, if and only if, its main
scalar satisfies the PDE
(im)ST + (Hm)I = 0.

Proof. By definition, (M, F') is a p-Berwald manifold if B + %P ®d§=0.In
view of the preceding two propositions, this condition takes the following form:

0=B(m,m,)m+ lP(m,m,m)(5 =

B
,%e + (im(ST) + (Hm)Dym + %(SW = (im(S1) + (Hm)ym,

whence our assertion. o

Corollary 9.16 The class of the 2-dimensional p-Berwald manifolds is the
same as the class of the 2-dimensional weakly Berwald manifolds.
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Proof. This is immediate from the Proposition and Lemma 9.10. m

Corollary 9.17 A 2-dimensional Finsler manifold is a Berwald manifold, if
and only if, it is a weakly Berwald (or, equivalently, p-Berwald) manifold and
has vanishing Landsberg tensor.

Proof. The necessity is obvious: all Berwald manifolds have traceless Berwald
curvature and vanishing Landsberg tensor (see the Remark after Lemma, 7.1).

Conversely, if (M, F) is a 2-dimensional weakly Berwald manifold with van-
ishing Landsberg tensor, then trB = 0 implies by Lemma 9.10

im(SI) +Hm(I) =0,
and here ST = 0, by Proposition 9.12. So
(V"D)(0) = (HOT = %S[ =0, (V")(m) =Hm() =0,
hence V"I = 0, therefore (M, F) is a Berwald manifold by Proposition 9.9. o

Remark. Corollary 9.17 has also been obtained by S. Bacsé and R.
Yoshikawa ([11]), using the tools of classical tensor calculus.



Chapter 10

Rapcsak’s equations: some
consequences and
applications

Following the terminology of [61] we say that a spray is Finsler-metrizable
in a broad sense or, after Z. Shen [52], projectively Finslerian, or, less precisely,
projectively metrizable, if there exists a Finsler function whose canonical spray is
projectively related to the given spray. If, in particular, the projective relation
is trivial in the sense that the projective factor vanishes, then the spray will
be called Finsler metrizable in a natural sense or Finsler variational. In this
section, after some preparations, we establish different conditions concerning
both types of metrizability of a spray.

Proposition 10.1 Let (M,F) and (M, F) be Finsler manifolds, and let the
geometric data arising from F be distinguished by bar. Suppose that the cano-
nical sprays S and S of (M,F) and (M, F) are projectively related, namely
S=8—-2PC. Then

(10.1) op = 3L
F
and
(102) Vséb = Péb +P.

Proof. Since S is horizontal with respect to the canonmical connection of
(M, F), we obtain

0=S F=(S—2PC)F =SF - 2PF,

so (10.1) is valid. To prove the second relation, let X, Y, Z be arbitrary vector
fields on M. Then, applying (5.8) and (6.8),

69
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so we get

(VsG,) (X,Y,Z) = V<G,(X,Y,2) + PG,(X,Y,2) & (P + PE,)(X,Y, 2),

thus proving Proposition 10.1. O

Lemma 10.2 Let a spray S over M be given. Let H be the Ehresmann connec-
tion associated to S, and let h := H o] be the horizontal projector associated to

‘H. Then for any smooth function F on TM we have
(10.3) 2dyF = d(F — CF) — igddgF + dyigdF.

This useful relation was found by J. Klein, see [29], section 3.2. Its validity
may be checked by brute force, evaluating both sides of (10.3) on vertical lifts
X" and complete lifts X¢, X € X(M). It is possible, however, to verify (10.3)
also by a more elegant, completely ‘argumentum-free’ reasoning, see again [29],
and [57].

Proposition 10.3 Let (M, F) be a Finsler-manifold with energy function E :=
%fz and canonical spray S, given by igdeE = —dE on TM. Suppose S is a
further spray over M, and let H be the Ehresmann connection associated to S.

S is projectively related to S, if and only if, for each vector field X € X(M)
we have

(Ry) 2X"F = X¥(§F) (X" := HX).

Proof. Let H be the canonical connection of (M, F). Suppose first that S
and S are projectively related, namely S=8-2PC,Pc C’OO(ZO“M) NCHTM).
If X € X(M), X" =H(X), X" =H(X), then

X"=Xx"_ pPXY— (X'P)C
by (5.4). By Proposition 10.1 we have 2P = % Since H is conservative, then
we obtain:
— F F.
0=2X"F = (2x"— ST o X"(S—)C)F =

2XhF—SfF(XV* L 1 (sF
F

3
|
I
g
[
e
=
+
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This proves the validity of (R;) if S and S are projectively related.
Conversely, suppose that (R;) is satisfied. Then, for all X € X(M),

(104)  2X"E = 2F(x"F) Y F(xv(SF)) = X'(SE) — (X*F)(SF).
Since E — CF = —E, we obtain by Lemma 10.2
(10.5) dyisdE — 2dnE = igddyE + dE.

Next we prove that the left-hand side of (10.5) equals to %icdd_yﬁ.
An easy calculation shows, on the one hand, that for any vector field X on
M

_ _ i3 _
(dyisdF — 2dy ) (X¥) = 0 = %z’cdeE(X").
On the other hand,
(dyisdE — 2dnE)(X) = JX(igdE) — 2(hX°)E =

X¥(SE) - 2x"E "V (xF)(SF),
while
SF — SF =
2 icddyE(XC) = Z=-ddyE(C, X¢) =
- icdds B(XY) = Joddy F(C, X9 =
S il C C Fnl nl C SF v
+ (CdyE(X®) — X°dyE(C) — dyE[C, X)) = ?C(X E) =
SF — — SF , _ — o
—([C.X"E + X*(CE)) = = (X"E) = (SF)(X"F),
hence
_ _ i3 _
(10.6) dyisdE — 2dnE = %icdeE,
as we claimed. (10.5) and (10.6) imply that
isddyE + dE = i sz ,dds E
whence - -
iy sw,ddyE = —dE.
F

Since S is uniquely determined on T™ by the ‘Euler-Lagrange equation’
igdd_]E = —dE, we conclude that S = S — %C, which proves the Proposi-
tion. o

(R1) provides a necessary and sufficient condition for the Finsler-
metrizability of a spray in a broad sense. In terms of classical tensor calculus,
it was first formulated by A. Rapcsdk [49], so it will be quoted as Rapcsdk’s
equation for F with respect to S.

Now we derive a 'more intrinsic’ expression of (Ry), showing that it can also
be written in the form
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(Ry) VsV'F = VF.

Indeed, for any vector field X € X(M) we have

[S, X]F + X"(SF) — X°F +
(X —2X"F + X' (SF) — X°F 4+ X"F

hence
VsV'F=V"F & XY(SF) - X"F=X"F forall X € X(M).

This proves the equivalence of (Ry) and (Rz). Rapcsdk equations (Rq), (Rs)
have several further equivalents, we collect here some of them:

(Rs) igdds F = 0;
(Ry) isV"VVEF = V'F;
(Rs) dndsF = 0;
(R¢) V"VVF(X,Y) = V'VVE(Y,X) ;
(R;) V'W'F(X,Y) = VWWV'F(Y, X)
(in (Rg) and (R7) X and Y are arbitrary sections along 7).
Details on a proof of the equivalence of conditions (R;)-(R7) can be found
in [61], [57], [58], [59]. We note only that the equivalence of (Rg) and (Ry) is an

immediate consequence of the Ricci identity (3.7), while the equivalence of (Rz)
and (Ry) follows from the identity isVP'VYEF = VgV'F.

Proposition 10.4 (criterion for Finsler variationality). Let S be a spray over
M, and let H be the Ehresmann connection associated to S. S is the canonical
spray of a Finsler manifold (M, F), if and only if, dF o H = 0.

Proof. The necessity is obvious since the canonical connection of (M, F)is
conservative. To prove the sufficiency, suppose that dF' o H = 0. Then for all
X € X(M) we have

(10.7) dF o H(X) = dF(X") = X"F = 0.

Since the horizontal lifts X", X € X(M) generate the C> (IO’M)—module of H-
horizontal vector fields, this implies that for any H-horizontal vector field £ on

TM we have ¢F = 0. In particular, S is also H-horizontal, so SF = 0 holds
too. Then Rapcsdk’s equation (R4) is valid trivially: both sides of the relation
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vanish identically. By Proposition 10.3, from this it follows that S and S are
projectively related:

S=S8-—2PC,PeC (TM)nC>(TM).

1)

(10 T
However, P ' = S%

% =0, so we obtain the required equality S = S. o
Remark. In his excellent textbook [31], written in a ’semi-classical style’, D.

Laugwitz formulates and proves the following theorem: The paths of a system

(x9)" +2H(z,2') = 0 (i € {1,...n}) are the geodesics of a Finsler function F,

if and only if, F' is invariant under the parallel displacement

det dz” OH'®

H: =0, H :=
dt + ’I”(x?g) dt 0 ) s 8y7~

associated with the sytem of paths. ([31], Theorem 15.8.1.) Here we slightly
modified Laugwitz’s formulation and notation. The ’system’, actually a SODE,
is given in a chart (7~1(U), (2%, 4")) on TM, induced by a chart (i, (u')) on M,
so the coordinate functions are
vii=ulor = (u) ,y = (u) ;i€ {l,...,n}.

It may be easily seen that our Proposition 10.4 is just an intrinsic reformulation
of Laugwitz’s metrization theorem. Laugwitz’s proof takes more than one page
and applies a totally different argument.

Corollary 10.5 (the uniqueness of the canonical connection). Let (M, F) be
a Finsler manifold. If H is a torsion-free, homogeneous Ehresmann connection
over M such that dF o H = 0, then H is the canonical connection of (M, F).

Proof. Since H is torsion-free and homogeneous, Corollary 6 in section 3 of
[57] assures that H is associated to a spray. Then the condition dF o H = 0
implies by the preceding Proposition that this spray is the canonical spray, and
hence H is the canonical connection of (M, F). a]

Remark. The uniqueness proof presented here is based, actually, on the
Rapcsdk equations. The idea that they may be applied also in this context is
due to Z. I. Szabé [55].

Our next results may be considered as necessary conditions for the Finsler
metrizability of a spray in a broad sense.

Proposition 10.6 Let S be a spray over M, and let V = (V", V") be the
Berwald derivative induced by the Ehresmann connection associated to S. If a
Finsler function F : TM — R satisfies one (and hence all) of the Rapcsdk
equations with respect to S, then

(10.8) VsV'VYEF = 0.
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Proof. For any vector fields X, Y on M we have

(VsV'V'F) (X,V) = V'7Y(V )(5 X, 7))
V'VNVYF)(X,6,Y) + VVF( (X )?) O VN VVF)(X,6,Y) =
XV (thVF(§, 17)) VWX, Y) ( VV'E(Y 5)) _V'VME(Y,X) =
XY(YY(SF) - V"F(Y)) - Y"(XhF) )
XY(Y'F) - YY(X'F) = VV"F(X,Y

XYQY"F - Y"F) - YY(X"F) =
) - YR, X) & o,

Corollary 10.7 Under the assumptions of the Proposition above, let

(6 -16) 1

p=V'V'F 7

where 7 is the angular metric tensor of the Finsler manifold (M, F). Then
(10.9) VsV + Vi = 0.
Proof. Let Y, Z € X(M). Then by Proposition 10.6,
VM(8,Y,Z) = VsV'VYE(Y, Z) =0.
Operating on both sides by X, where X € X(M), we obtain
0=X"(V'a(6,Y,2)) = (Vx V') (0,Y,2) + V'E(X,Y,Z) =

V'V'E(R,8.Y,2) + V'R(R, Y, Z) P
VYR, X, Y, Z) + VX, Y, Z) = (vsvvu+vhu)(x,y,2),

which proves the Corollary. O

Theorem 10.8 Let (M, F) be a Finsler manifold with canonical spray S; let

A= %ﬁ, 71 := VYVYE; and let C, and P be the Cartan and the Landsberg

tensor of (M, F), respectively. If F satisfies one (and hence all) of the Rapcsdk
equations with respect to a spray S, and P is the projective factor between S
and S, then

(10.10) Vi =Sym(\ ® f) + %(P@b -P).
Proof.
v ML _gevn LY oy (;eb) + VsSym( @ 71) =
2§F fvséb +Sym(VsA @i + A ® Vi) (10.1),(10.2),(10.8)
%Eb _ E@b - —P + Sym(VsA @ 1) = Sym(Vsh @ 1) + %(P@b _P).
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Remark. Relation (10.10) is an intrinsic, index and argumentrum free ver-
sion of formula (2.4) in [2].

Corollary 10.9 If a Finsler function F satisfies a Rapcsdk equation with re-
spect to a spray S, and (VL‘, V) is the Berwald derivative induced by S, then
the tensor V' = V"VYVVYE is totally symmetric.

Proof. The total symmetry of V"Ii can be read from (10.10). o

Remark. We show that the total symmetry of V" (modulo a Rapcsdk
equation) may also be verified immediately, independently of (10.10).
Using the Ricci formula (3.9), for any vector fields X, Y, Z on M we have

V'"WYYE(X,Y,Z) = VV'"VE(Y, X, Z) + V'EB(Y,X)Z2).

The second term at the right-hand side is totally symmetric by Lemma 3.2, so
our only task is to show that the first term also has this symmetry property.
Since

V'V'E(X,Y) = X' (Y'"F) , V'V'"F(Y, X) = YV (X'F),

Rapcsdk’s equation (R7) implies that
(10.11) X'(Y'F) =YY (X"F) ; X,Y € X(M).
Thus
V'V'WYE(Y, X, 2) = Y (V'VE(X,Z)) = YY(X"2'F) - V' F(Vx Z)) =
YY(XN(2'F) — [X", 2]F) = Y (2°(X"F)) = 2 (v (x'F)) Y
2'(X*(Y"F)) = X' (2 (V" F) "=V X (v(2'F)) = V' (X' (2"F)),
as was to be checked.

Proposition 10.10 Let S be a spray over M, and suppose that a Finsler func-
tion F' : TM — R satisfies a Rapcsdk equation with respect to S. If R is the
curvature of the Ehresmann connection associated to H, then

(10.12) 6 puR(X,Y),Z)=0.
(X,Y,Z)

Proof. Let (V", V") be the Berwald derivative determined by H. First we
show that

(10.13) VL (XY, Z)

(¢, :=V'F; X,Y,Z € X(M)) is symmetric in its last two arguments. Indeed,
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VhVGL(X,Y,Z) = (Vo (V') (Y, 2) =
oY

2) VG,(Y, Vxn2) - ,Y)) -
WY) = (Vi (V")) (Z,Y) = V'V, (X, Z,Y),

which proves our claim.
Next we apply the Ricci identity (4.7) to (10.13):

V(XY Z) = VI'VL(Y, X, Z) - 6,(H(X,Y)Z) - i(R(X,Y), Z).

Interchanging X , Y and Z cyclically:

VLY, Z,X) = V'VL(Z,Y, X) - 6,(H(Y, Z)X) - 5(R(Y, Z), X),
V'"WL(Z,X,Y) = V"V, (X,Z,Y) - 6,(H(Z,X)Y) - a(R(Z, X),Y).

We add these three relations. Then, using the Bianchi identity (4.3) and the
symmetry of V"V"/, in its last two variables, relation (10.12) drops. 0

Remark. In the language of classical tensor calculus, relation (10.12) was
first formulated by A. Rapcsdk [49]. For another index-free treatment, using
Grifone’s formalism, we refer to [61].

Lemma 10.11 Let a spray S : TM — TTM and a Finsler function

F :TM — R be given. If i := V'VYF; R is the curvature, and K is the Ja-
cobi endomorphism of the Ehresmann connection associated to S, then relation
(10.12) is equivalent to the condition

~

(10.14) AK(X),Y) =aX,KY)) ; X,Y € X(M).
Proof. We recall that by (4.9), K and R are related by
K(X)=R(X,6) , X € Sec(%).
(10.12)=(10.14) By assumption, for any vector fields X, Y on M we have

A(R(X,6),Y) + A(R(S,Y), X) + AR(Y, X),6) = 0,

or, equivalently,

A(R(
C(

(VCR()? f/)
[C X,y - [x"



7

taking into account the homogeneity of the associated Ehresmann connection.
(10.14)=(10.12) We operate by X* on both sides of the relation

ﬁ(K(Y) Z) = M(Y K(Z )), and permute the variables cyclically. Then we ob-
tain:

VX, K(Y),Z)-V'aX,Y,K(2) =Y, V'K(X,2)) - u(V'K(X,Y), 2),
Va(Y,K(Z),X) - V'aY,Z,K(X)) zﬁ(f VK(Y, X)) - a(V'K(Y, Z),X),
VYI(Z,K(X),Y) - V'A(Z, X, K(Y)) = A(X,V'K(Z,Y)) - i(V'K(Z,X),Y).

Now we add these three relations. Since V¥ = VYVYV'F is totally symmetric,
we obtain

and this ends the proof. O

Corollary 10.12 (the self-adjointness condition). If a Finsler function

F : TM — R satisfies a Rapcsdk equation with respect to a spray over M, then
the Jacobi endomorphism K determined by the spray is self-adjoint with respect
to the symmetric type (2) tensor i = VVVVF, i.e.,

A(K(X),Y) = 7(X,K(Y)) ; X,V € Sec(?).



Chapter 11

Summary

In the following we present a brief survey of chapter contents.

Chapter 1 In this chapter we give the necessary preliminaries. We collect
the most indispensable concepts and facts from basic differential geometry, and
standardize our notation and terminology. We fix the main scene of our consid-
erations: this is the Finsler bundle

F:TM xp TM — TM,

the pull-back of the tangent bundle 7 : TM — M over the projection of the slit
tangent bundle 7 : TM — M. We also need the vector bundle

7 :TM xy TM — TM,

the pull-back of 7 over 7. The modules of sections of these vector bundles will
be denoted by Sec(7) and Sec(r), respectively. We introduce a canonical tensor

derivation, the vertical derivation VY, over the tensor algebra of the COO(%M)—
module Sec(7).

The only new technicality is the inductively defined trace operator acting on
type (1) tensor fields along 7. This will be proved to be effective and useful
in our coordinate-free calculations. For completeness, we reproduce a simple

proof of the differential Bianchi identity in the context of general vector bundles.

Chapter 2 Here we fix what we mean by an Ehresmann connection and
a spray. We also introduce some mutations of a spray: semispray, second-order
vector field, affine spray. All this is necessary since we find different and non-
equivalent definitions for these basic concepts in the literature. We recall the
fundamental relation between an Ehresmann connection and a semispray, dis-
covered (independently) by M. Crampin and J. Grifone. We define the most
important technical tool of our calculations, the Berwald derivative V. It is
built of a horizontal part V" determined by an Ehresmann connection, and the
vertical derivative V".
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We derive a horizontal Ricci identity for functions, in which the curvature
tensor R of the Ehresmann connection appears. We prove the following Bianchi
identity for the horizontal differential of the curvature:

S (V'R)(X,Y,Z)=0.
(X,Y,2)

To our knowledge, this simple and useful relation has not appeared in the liter-
ature (at least in this form). It corresponds the Bianchi identity

[h,R] =0

in Proposition 1.61 in Grifone’s paper [27], where the symbol [,] means
Frolicher-Nijenhuis bracket, whose evaluation is quite difficult. A similar
Bianchi identity was obtained also by M. Crampin [19], but in a quite artifical
manner.

Chapter 3 This chapter is devoted to a brief discussion of the Berwald
curvature of an Ehresmann connection H. Consider the usual curvature operator

RY(&,1) : Z € Sec(#t) v RY(&,0)Z := VeV yZ — VyNeZ — Ve g Z € Sec(f)

of the Berwald derivative V (£ and 7 are fixed vector fields on T™ ). Then the
Berwald curvature B of H is defined by

B(X,Y):= RV(iX,HY) ; X,Y & Sec(%).

(The COO(ZO“M)—linear map i identifies the module Sec(7) with the module of

vertical vector fields on TM )

Beside some technicalities (convenient formulae for calculations of B, sym-
metry and homogeneity properties, Ricci identities involving B), we show that
the Berwald curvature vanishes, if and only if, the horizontal derivative arising
from the connection is “h-basic”, i.e., roughly speaking, it is the natural lift of a
covariant derivative operator on the base manifold. More precisely, B vanishes,
if and only if, there is a covariant derivative operator D on M, such that

VLY = DxY ; X,Y € X(M);

X(v) == (v, X(7(v))) , v € TM.

Chapter 4 In this chapter we discuss the affine curvature H of an Ehres-
mann connection, with specific emphasis on the case when the Ehresmann con-
nection is generated by a spray. By definition,

H(X,Y) := RV(HX,HY) ; X,Y € Sec(%).

Our terminology (‘affine curvature’) follows Berwald’s usage [17]. If VVH = 0,
we say after Z. Shen that the Ehresmann connection is R-quadratic.
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We derive between the affine curvature H and the curvature R of H the
following relations: o o
H(X,Y)Z=V'R(Z,X,Y);

R()?,)N’) = H()?,}N/)é , if 'H is homogeneous.

(6:veTMw— §(v) := (v,v) is the canonical section of .)
Also in the homogeneous case, we show that R is homogeneous of degree 1,
and H is homogeneous of degree 0.

We assume now that the Ehresmann connection H is torsion-free.

We deduce

the algebraic Bianchi identity & H()A(,)A/)E =0,
(X,Y,2)

and the differential Bianchi identity
V'H(X,Y,Z,U)-V"B(Y,X,Z,U)+V'B(Z,X,Y,U) = 0.

As further technicalities, we derive the Ricci formulae for the repeated hor-
izontal differential of sections and 1-forms; they involve the affine curvature.

After these, we define and derive in an index-free manner the basic relations
which served, in the language of tensor calculus, as the definitions of the basic
curvature data in Berwald’s classical paper [17]. Let a spray S over M be given.
(In Berwald’s treatment the role of S is played by a system of second-order
differential equations written in terms of local coordinates.) The affine deviation
tensor (Berwald’s terminology) or the Jacobi endomorphism of S is the type
G) tensor field K along 7 given by

K(X) :=V[S,HX] , X € Sec(%),

where H is the Ehresmann connection associated to S, and V is the vertical
map belonging to H (Vo H =0, V oi = identity). We show in our formalism
that the curvature of H and the affine deviation tensor are related by

R(X,Y) = é(VVK(f/,ff) —V'K(X,Y)) ; X,Y € Sec(#).

We conclude this chapter with a brief discussion of the flatness and the
isotropy of a spray. In both cases, by definition, the Jacobi endomorphism has a
very specific form. It turns out immediately that flatness implies the vanishing
of the Jacobi endomorphism, whence the curvature and the affine curvature
also vanish. Isotropic sprays will be studied in some detail in the Finslerian case.

Chapter 5 Two sprays, S and S, over a smooth manifold M are said to be
projectively related if
S=5-2PC,
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where the projective factor P is a positive-homogeneous function of degree 1

(smooth on T™ ), and C' := io 4 is the Liouville vector field. The transition
from S to S is mentioned as a projective change.

In this chapter first we review some basic facts concerning a projective change
of a spray. Then all of the basic geometric data (Ehresmann connection and its
associated objects, horizontal derivative, Berwald curvature, Jacobi endomor-
phism,...) of the spray change; we give the explicit formulas for these changes.
We show that the Berwald curvature and its trace remain invariant under a
projective change at the same time. The criterion of their invariance leads to a
simple PDE for the projective factor, which we solve without using coordinates.

We recall an intrinsic definition of the two basic projectively invariant
tensors, the Douglas curvature (D), which may be constructed from the
Berwald curvature, and the Weyl endomorphism (W?°), which may be built
from the Jacobi endomorphism. As for the Weyl endomorphism (or projective
deviation tensor in Berwald’s usage), we adopted del Castillo’s definition [22],
mutatis mutandis, but we expressed it in a more convenient form in terms of
K, trK and their vertical differentials.

Chapter 6 We begin with the definition of a Finsler function and its fun-
damental geometric data (Hilbert 1-form, normalized supporting element field,
angular metric tensor, Cartan tensor, Landsberg tensor). We present some sim-
ple, more or less technical, observations about these basic objects. Next we
recall an intrinsic definition of the canonical spray of a Finsler manifold. The
construction is just a fine intrinsic reformulation of the Euler-Lagrange equation
of the energy functional. From this point, our general principles may be realized
according to the scheme

Finsler function — canonical spray — FEhresmann connection —
curvatures.

Note that the Ehresmann connection determined by the canonical spray of a
Finsler manifold is said to be the canonical connection or Berwald connection of
the Finsler manifold. From this connection, as in the general theory, a covariant
derivative operator can be obtained by linearization in the Finsler bundle 7 :

TM x, TM — TM, this is the (Finslerian) Berwald derivative. (It is dangerous
to confuse the Berwald connection with the Berwald derivative!)

The only truly interesting result in this chapter is essentially classical. In his
paper [17] Berwald has shown that an at least 3-dimensional isotropic Finsler
manifold has vanishing Weyl endomorphism. (His formulation is distinct to
some extent, but equivalent.) It was discovered by L. del Castillo and, indepen-
dently, by Z. I. Szabéd, that the converse of Berwald’s theorem is also true. We
give here a simple proof of this important observation. (Berwald himself also
proved the converse, but he used an additional condition.) For completeness, we
also present an independent proof of Berwald’s above mentioned statement; in
fact, this is the harder part. Note that in Berwald’s and Szabd’s formulation it
is assumed that the Finsler manifold is at least 3-dimensional. In our treatment
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this condition is superfluous. However, we shall discuss the 2-dimensional
case repeatedly in Chapter 9. Then we shall check that the Weyl tensor is
automatically zero (which is a well-known fact), while the canonical spray is
isotropic (this will be obtained as an easy consequence).

Chapter 7 Finsler geometric objects are typically position and direction
dependent. It may happen, however, that some of them depend only on the
position. Mathematically expressed: some Finsler geometric objects may have
vanishing vertical differential. We mention here an important, classical example.
In an n-dimensional, isotropic Finsler manifold (M, F') may be defined by the
scalar curvature function

1

R:= mtrK,

where K is the Jacobi endomorphism. It is positive-homogeneous of degree 0.
Berwald has shown in [17] that if R “depends only on the position”, i.e., V'R =
0, and dimM > 3, then the function R is constant. (It is presupposed that the
manifold is connected.) This is the Finslerian version of the well-known Schur
lemma from Riemannian geometry.

A systematic investigation of Finsler manifolds with direction-independent
data was initiated by S. Bacsé and M. Matsumoto [5]. In this chapter we show
that the direction independence of the Landsberg tensor and the stretch tensor
holds only trivially, i.e., if these tensors vanish. We also prove that R-quadratic
Finsler manifolds have vanishing stretch tensor. To formulate these results more
explicitly, consider
the metric tensor g:= 1V'V'F?
the Landsberg tensor P := —%th,
and the stretch tensor 3 defined by

N(X,Y,Z,U0):=2(V'"P(X,Y,Z,U)-V'"P(Y,X,Z,U)).
Then we have
(1) VVP=0 = P =0;
(2) VVE=0 = X =0;
(3) VVH=0 = % =0.

Chapter 8 Let (M, F) be a Finsler manifold with metric tensor g. First we
define the orthogonal projection of the module of sections of the Finsler bundle
#:TM x 3 TM — TM onto the g-orthogonal complement of span(d) (¢ is the
canonical section). On Euclidean analogy, it may simply be given by

c e = 9%
X—pX):=X g(f{,f{)d’
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In a more compact form,
=1 1 V'F®§
b= A .

We also define, what we mean by the projected tensor of a type (2) or a type
(llc) “Finsler tensor” (k > 1).

Temporarily, we say that a Finsler manifold is a p-Berwald manifold, if the
projected tensor of its Berwald curvature vanishes. Our first observation is that
a p-Berwald manifold is R-quadratic, if and only if, its stretch tensor vanishes.
Next we show that the class of the at least 3-dimensional p-Berwald manifolds
is the same as the class of the at least 3-dimensional Berwald manifolds. Thus
we obtain a new characterization of Berwald manifolds in dimension n > 3. This
result is strongly related to Sakaguchi’s important theorem in [51], which states
that an at least 3-dimensional Finsler manifold is a Douglas manifold (i.e., has
vanishing Douglas curvature), if and only if, its projected Douglas curvature
vanishes. Sakaguchi’s theorem plays an essential role in our proof.

Having the projection operator p, we may express the curvature of the
Berwald connection of an isotropic Finsler manifold (M, F) in the very con-
venient form

1
R = FpA(RV'F + 3 FV'R),

where R is the scalar curvature mentioned above. Conversely, if the curvature
R takes this form, then (M, F') is isotropic. If, in addition, R ‘depends only on
the position’, then we obtain

R=FRp®V'F—-V'F®p).

Starting from these observations, to demonstrate the efficiency of our tools, we
conclude the Chapter with a new proof of the Finslerian Schur lemma.

Chapter 9 The greater part of this chapter consists essentially of transcrip-
tions in order to give an intrinsic formulation in our setup of Berwald’s theory of
2-dimensional Finsler manifolds, explained by him so beautifully in terms of the
classical tensor calculus in [16]. In this process all ingredients of the preceding
chapters appear once again, but in a more transparent form. This transparency
is mostly due to the fact that we have an intrinsically constructed orthonor-
mal 2-frame, called Berwald frame, and we may apply Fourier expansion with
respect to this frame. So, on the one hand, this chapter may be considered as
an application of our tools and techniques to a concrete situation. On the other
hand, we find an opportunity to tie up some loose ends.

We give an explicit representation of the Jacobi endomorphism, and
conclude that all 2-dimensional Finsler manifolds are isotropic. On the other
hand, we can easily show that the Weyl endomorphism annulates both members
of the Berwald frame, and hence it is the zero transformation. We show that
a 2-dimensional Finsler manifold is p-Berwald, if and only if, it is weakly
Berwald, i.e., its Berwald curvature is traceless. We conclude, finally, that a
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2-dimensional Finsler manifold is a Berwald manifold, if and only if, it is
weakly Berwald and has vanishing Landsberg tensor.

Chapter 10 Given a spray over a manifold M, we may ask:

When does a Finsler function exist such that its canonical spray is the given
spray? When does a Finsler function ezist such that its canonical spray is pro-
jectively related to the given spray?

The first question is the problem of Finsler metrizability or Finsler-
variationality, the second one is the problem of Finsler metrizablity in a broad
sense or, briefly, the problem of projective metrizability. In terms of the classi-
cal tensor calculus, A. Rapcsdk has formulated two equivalent criteria for the
projective relatedness of the canonical sprays of two Finsler functions F and F
over the same manifold M. These criteria are mentioned as Rapcsdk equations
nowadays. In Rapcsdk equations we find the partial derivatives of F and the
spray coefficients of the canonical spray of (M, F'), or the Christoffel symbols
of the Berwald connection of (M, F'). So it makes sense to speak of a Rapcsdk
equation for a Finsler function with respect to a spray. In what follows, we use
the term in this sense. Then, obviously, Rapcsdk equations give a key to attack
the problem of projective metrizability.

In the first essential step of this chapter we formulate one of the Rapcsdk
equations in an intrinsic (first index-free, next index and argumentum-free) man-
ner. Using these new forms, we derive a simple necessary and sufficient condition
for Finsler variationality. Applying this criterion, we obtain an extremely simple
proof for the unicity of the canonical connection of a Finsler manifold.

The rest of the chapter is devoted to necessary conditions for projective
metrizability of a spray. The most interesting among them (with the most
difficult proof) is the following:

If a Finsler function F : TM — R satisfies a Rapcsdk equation with respect
to a spray over M, then the Jacobi endomorphism K determined by the spray is
“self-adjoint” with respect to the symmetric type (3) tensor u := VYVVEF, i.e.,
for any sections X, Y along 7 we have

AK(X),Y) = n(X, K(Y)).



Chapter 12

(")sszefoglalé

Az aldbbiakban fejezetrél-fejezetre haladva tekintjiik 4t a disszertacié
tartalmat.

1. fejezet A munkat a sziikséges el6zmények rovid Osszefoglaldsaval inditjuk.
Ebben a fejezetben azokat a legnélkiilozhetetlenebb differencidlgeometriai
fogalmakat és tényeket gyujtjiik Ossze, amelyekre a tovdbbiakban végig
tamaszkodunk, rogzitve egyuttal az alapvetd jelolésbeli és terminolégiai
megallapoddsokat is. A fejezet egyetlen, technikai szempontbdl érdekes
djdonsagot tartalmaz, a 7-menti (Sj_l)—tl'pusﬁ tenzormez6k nyomanak
egy induktiv értelmezését, amely késébbi, kovetkezetesen indexmentes
szdmolasainkban hasznosnak és hatékonynak fog bizonyulni. (Megjegyezziik,
hogy az operacié a koordindtds nyelvezetben természetesen igen egyszeru: 0ss-
zegzést jelent a kontavaridns és az elsd kovaridns indexre.)

A teljesség kedvéért reprodukalunk egy egyszerii bizonyitast a differencidlis
Bianchi-azonossdgra, amelyet dltaldnos (de véges rangi) vektornyaldbon adott
kovaridns derivélasra fogalmazunk meg.

Vizsgalataink szintere a tovdbbiakban a T : TM — M érintényaldb, ill. a

% TM — M hasitott érintényaldd 7, ill. # dltali visszahizottja, a
7:TM xy TM — TM ,ill.a#:TM xy TM — TM

Lwpull-back” nyalab; nevezziik a rovidség kedvéért az utébbit Finsler-nyaldbnak.

A 7 szelései altal alkotott Sec(wr) C”(%M)—modulus tenzoralgebrajin az
ismert eljardssal bevezetiink egy kanonikus tenzorderivaciét, a VY vertikalis
differencidldst.

2. fejezet RoOgzitjik, hogy mit értiink Fhresmann-konnexidon, és
emlékeztetiink a spray fogalmara, valamint ennek kiilénboz6 verzidira (semi-
spray, masodrendii vektormezd, affin spray). Bar mindkét fogalom j6l ismert, a
pontos definidlasukra sziikség van, ugyanis az irodalomban szdmos nem ekviva-
lens varidnsukkal taldlkozhatunk. Lefrjuk az Ehresmann-konnexidk és a semi-

85
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sprayk kozott M. Crampin és J. Grifone altal felirt, alapvetd kapcsolatot. Beve-
zetjiik szdmoldsaink legfontosabb technikai eszk6zét, a Berwald-derivdldst (V),
amely egy Ehresmann-konnexié 4ltal szarmaztatott ,, horizontdlis rész”-bél (V")

és a vertikalis differencialasbol épiil fel. Egy TM-en értelmezett sima fliggvény
masodik horizontélis differencidljira levezetjiikk a hh-Ricci azonossdgot. Ebben
fellép az alapulvett Ehresmann-konnexié R gorbiileti tenzora. Megmutatjuk,
hogy ennek horizontélis differencidljara érvényes a
& (V'R)(X,Y,Z)=0
(X,)Y,2)
Bianchi-azonossdg. Ezzel a fontos reldcidval nem taldlkoztunk az irodalomban.
Tartalmilag azt fejezi ki, amit a J. Grifone alapvetd dolgozatanak [27] L1.61

allitasdban szerepld
[h,R] =0

relacié. Itt a [,] szimb6lum az un. Frolicher-Nijenhuis zardjel, amelynek
kiértékelése meglehetésen hosszadalmas. Az dltalunk felirttal szorosan rokon és
hasonlé formdju Bianchi-azonossigot nyert kordbban M. Crampin is [18], de
sokkal kevésbé természetes modon.

3. fejezet Az Ehresmann-konnexidk Berwald-gérbiiletét vizsgaljuk, amelyet
tgy kapunk, hogy a Berwald-derivalasbdl szarmazé szokésos

RY(&,1) : Z € Sec(#) v RY(&,0)Z := V¢V yZ — VyNeZ — Ve g Z € Sec(r)
gorbiileti operatort vertikalis és horizontdlis vektormezdkon értékeljiik ki:
B(X,Y):= RV(iX,HY) : X,Y € Sec(%).

(Az i COO(IO“M)—lineéris leképezés azonositja a Sec(7) modulust a TM folstti
vertikélis vektormezék moduluséval.)

Néhany, a késébbiekhez sziikséges technikai jellegli eredmény (kiszamitasi
formula, szimmetria- és homogenitdsi tulajdonsagok, a B tenzort tartalmazdé
Ricci-azonossigok) levezetése mellett megmutatjuk, hogy a Berwald-gorbiilet
pontosan akkor tinik el, ha az Ehresmann-konnexridbol szarmazdé horizontdlis
derivdlds bdzikus abban az értelemben, hogy egy, az alapsokasagon adott

D:X(M)xX(M)— X(M),(X,Y)— DxY
kovaridns derivalds természetes liftje:

V}?:D/X? ; X, Y € X(M);

~

X() = (v, X(r(v))) , v € TM.
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4, fejezet Ebben a szakaszban az Ehresmann-konnexidk un. affin gérbiletét
diszkutdljuk, kiilonds tekintettel arra az esetre, amikor az Ehresmann-konnexi6t
egy spray generalja a Crampin-Grifone konstrukcié szerint. Az affin gorbiiletet
az. Ehresmann-konnexiéhoz csatolt Berwald derivalasbdl gy kapjuk, hogy an-
nak gorbiileti operatorat két horizontélis vektormezon értékeljik ki:

H(X,Y):= RV(HX,HY) ; X,Y € Sec(#).

Terminolégiankban (,affin gorbiilet”) L. Berwald széhasznélatat kovetjiik [17].
Amennyiben VYH = 0, Z. Shen nyoman azt mondjuk, hogy az Ehresmann-
konnexié R-kvadratikus.

Levezetjiik a H affin gorbiileti és az R gorbiileti tenzor kdzott fenndalld

H(X,Y)Z = V'R(Z,X,Y)

és
R(X,Y) = H(X,Y)d , ha az Ehresmann-konnezié homogén

kapcsolatot. (A mésodik reldciéban § av € TM — §(v) := (v,v) € TM xp TM
kanonikus szelés.) Szintén homogén Ehresmann-konnexié esetén megmutatjuk,
hogy az R gorbiileti tenzor elséfoku, a H affin gérbiilet nulladfokd homogén.

A kovetkezdkre nézve feltessziik, hogy az alapulvett Ehresmann-konnexi6
torzidmentes, ami azzal ekvivalens, hogy tetsz6leges X,Y € X(M) vektormezbk
esetén

X" Y] - [Y", X'] - [X,Y]' = 0.
Levezetjiik a H tenzorra vonatkozo

& H(X,Y)Z=0
(X,Y,Z)

algebrai Bianchi-azonossagot, valamint a H és a B tenzort tartalmazé
V'H(X,Y,Z,U)-V'"B(Y,X,Z,U)+V"B(Z,X,Y,U) =0

differencidlis Bianchi-azonossagot.

Tovabbi, késébbi meggondoldsainkhoz sziikséges technikai eredményként
leszarmaztatjuk a szelések és az 1-formak masodik horizontalis kovaridns dif-
ferencidljara vonatkozd Ricci-formuldkat, ezekben a H affin gorbiileti tenzor és
az R gorbiileti tenzor 1ép fel.

Mindezek birtokdban be-, ill. levezetjik azokat az Osszefiiggéseket, amelyek-
nek tenzorkomponensekben felirt alakjit Berwald az alapvetd gorbiileti adatok
definidlasara haszndlta a mar emlitett, klasszikus dolgozataban. A kiindul6pont
ekkor egy S spray (Berwaldnal egy koordinatéds formaban felirt masodrendii dif-
ferencidlegyenlet). Tekintjiik az S-bél szdrmazé H Ehresmann-konnexiét és az
ehhez tartoz6 V vertikdlis leképezést. A spray affin elhajldsi tenzora (Berwald
terminoldgidja) vagy Jacobi-endomorfizmusa a

K(X) := V[S,HX] , X € Sec(#)
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el6irdssal értelmezett K (})—tenzor. Megmutatjuk, hogy K-bdl H gorbiileti ten-
z0ra az

R(X,Y) = %(VVK(TC)N() —V'K(X,Y)) ; X,Y € Sec(#)

Osszefiiggés szerint kaphaté meg.

A fejezetet egy spray lapossiganak (flatness) és izotropidjdnak rovid,
elézetes diszkusszidjaval zarjuk. A Jacobi-endomorfizmus a definicié értelmében
mindkét esetben nagyon specidlis alakd. Azonnal kideriil, hogy a lapossag igen
erds megszoritast jelent: a Jacobi-endomorfizmus eltiinését vonja maga utan,
amibdl kovetkezik, hogy a H affin gorbiileti tenzor és az R gorbiileti tenzor
is eltlinik. Az izotrop sprayk részletesebb tanulmdanyozdsdra a Finsler-keretek
kozott keritiink sort.

5. fejezet Azt mondjuk, hogy egy sprayn projektiv vdltoztatdst hajtunk
végre, ha hozzdadjuk a Liouville vektormezd egy fliggvényszeresét ugy, hogy
eredményiil tovabbra is sprayt kapjunk. Ehhez sziikséges és elegendd, hogy a
kérdéses fliggvény, amelyet projektiv faktornak hivunk, az érintSsokasigon C'-
osztalyd, a hasitott érintOsokasagon sima, els6fokd pozitiv homogén fliggvény
legyen. Mas nézopontbol: két spray projektiven ekvivalens, ha kiilonbségiik a
Liouville vektormez$ mondott tulajdonsdgi fiiggvényszerese.

A fejezet inditasaként a sprayk projektiv valtoztatdsaval kapcsolatos alap-
vet6 tényeket tekintjiik at. A tipikus jelenség az, hogy projektiv véltoztatds
sordn a sprayhez csatolt, eddig emlitett dsszes objektum (Ehresmann konnexié
és a hozza csatolt leképezések, horizontdlis derivalt, Berwald-gorbiilet, Jacobi-
endormorfizmus, ...) valtozik. Felsoroljuk, a horizontalis Berwald-derivalt esetén
pedig le is vezetjiik az ,eredeti” és az ,1j” spray ezen geometriai adatainak
explicit kapcsolatat. Megmutatjuk, hogy a B Berwald-gérbilet a spray pro-
jektiv vdltoztatdsa esetén akkor €s csak akkor marad invaridns, ha invarians
marad a nyoma. B invariancidjanak kritériuma egy egyszerii parcidlis diffe-
rencidlegyenletet ad a projektiv faktorra, amelyet koordindtamentes médon me-
goldunk.

Ismeretes, hogy két olyan alapvetd tenzor konstrualhatd, amely egy spray
projektiv véaltoztatdsa soran invaridns marad: a Douglas-gorbilet (D) és a
Weyl-endomorfizmus (W?°); az elébbi a Berwald-gorbiilethdl, az utébbi a
Jacobi-endomorfizmushdl szarmaztathatd. Tovabbi projektiven invaridns tenzo-
rok nyerheték D és W® vertikalis differencidlasaval. Célkitiizéseink szellemében
mind a Douglas-gorbiiletet, mind a Weyl-endomorfizmust indexmentesen
vezetjik be. W° definidlasakor, valtoztatva a véltoztatanddkon, del Castillo
egy munkajat [22] vettiik alapul, megadtuk azonban e tenzornak egy jéval
attekinthetobb, és igy haszonosabbnak bizonyulé eléallitasat is.

6. fejezet Induldsként pontosan rogzitjiik, hogy mit értiink Finsler-
fligguényen, bevezetve 1igy disszertdciénk mdésik koézponti fogalmat.
Koordinadtamentesen  definidljuk a  Finsler-fliggvényekhez  csatolhato,
vizsgdlatainkban nélkiilézhetetlen geometriai adatokat (Hilbert 1-forma,
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normalizdlt tdmaszelem-mez6, szogmetrika, Cartan-tenzorok, Landsberg-
tenzor), és igazolunk ezekkel kapcsolatban néhdny, t6bbé-kevésbé technikai
jellegli, de az alkalmazasok szempontjabdl fontos észrevételt. Megadjuk egyebek
mellett egy Finsler-fiiggvény harmadik vertikdlis differencidljanak kifejezését
a kovarians Cartan-tenzor, a normalizdlt tdmaszelem-mez6 és a szogmetrika
segitségével.

Emlékeztetiink a Finsler-fiiggvények &dltal meghatdrozott kanonikus spray
kordinatamentes definiciéjara, amely az energia-funkcionalhoz tartozé Euler-
Lagrange egyenlet egy finom és elegdns dtfogalmazdsdn alapul. A kanonikus
spray birtokdban a Finsler-geometriai vizsgalatokhoz szilikséges tenzoridlis ob-
jektumok a

Finsler-figgvény — kanonikus spray — Ehresmann-konnexic — gorbiletek

séma, szerint vezethetok be, és Finsler-kontextusban is alkalmazhatdékka valnak a
spray-elmélet altaldnos konstrukcioi, technikai és eredményei. A kanonikus spray
altal meghatarozott Ehresmann-konnexiét ekkor Berwald-konnezidnak (vagy
a Finsler-sokasdg kanonikus konnezridjinak) nevezziikk. A Berwald-konnexiobdl
az ismert (és mar jelzett) mdédon szirmaztathaté a Berwald-derivdlds (amely
természetesen nem tévesztendd ssze a kiindulé Berwald-konnezidval!).

A fejezet egyetlen igazdn érdekes eredménye egy klasszikus tétel modern
interpretdldsa és bizonyitdsa. Mar tobbszor is idézett munkajaban [17] Ber-
wald megmutatta, hogy egy legaldbb 3-dimenzids skaldrgorbileti Finsler-sokasdg
Weyl-endomorfizmusa eltinik, és egy tovdbbi feltétel eldirdsa mellett a meg-
forditast is igazolta. Szabd Zoltdn észrevette [54], hogy a megforditdshoz nincs
sziikség tovabbi feltételre, tehat egy legaldbb 3-dimenzids Finsler-sokasdg pon-
tosan akkor skaldrgorbileti, ha a Weyl-tenzora eltinik. Joval késobb kidertlt,
hogy Berwald tételének ezt az élesebb valtozatat Szabd Zoltannal 1ényegében
egyidejiileg, de téle teljesen fiiggeltenil L. del Castillo is felfedezte [22], Ber-
waldrél nem téve emlitést. (del Castillo - J. Grifone nyoman - teljesen index- és
argumentummentes kalkulust alkalmazott; munkdja valészintileg ezért, tovabba
a rendkiviil tomor fogalmazas és a hidnyos hivatkozdsok miatt keriilte el a
Finsler-geometriat tobbségiikben a klasszikus tenzorkalkulus eszkozeivel miivel
kutatok figyelmét.)

Megjegyezziik, hogy a skalargorbiilet fogalmat is Berwald vezette be, a
H gorbiileti tenzorhoz tartozo, a Riemann-geometridbdl ismert eljardssal
értelmezett metszetgorbilet segitségével, és ehhez fel kellett tennie, hogy a
sokasag legalabb 3-dimenziés. Mi a tétel megfogalmazasakor skalargorbiileti
Finsler-sokasag helyett izotrop Finsler-sokasdgrél szélunk, értve ezen azt, hogy a
kanonikus spray izotrop. Ez a feltétel a harom vagy magasabb dimenzids esetben
ekvivalens a Berwald &ltal megkivant skaldrgorbiletiiséggel, viszont két di-
menzidban is értelmes, és ekkor is ekvivalens a Weyl-endomorfizmus elt{inésével.
Azt mutatjuk meg tehat, hogy egy legaldbb kétdimenzids Finsler-sokasdg pon-
tosan akkor izotrop, ha a Weyl-endomorfizmusa a zérus transzformdcid. A
kétdimenzids esetet a 9. fejezetben kiilon is diszkutédljuk. Ellenérizziik azt a
jol ismert tényt, hogy ekkor a Weyl-endomorfizmus automatikusan zérus, és
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megmutatjuk, hogy a kanonikus spray izotrop.

7. fejezet A Finsler-geometria objektumai tipikusan ,hely- és irdnyfiiggk”,
megtorténhet azonban, hogy bizonyos objektum csakis a ,helytdl fiigg”. Ez ma-
tematikailag dgy fejezhetd ki, hogy az illeté objektum (kanonikus) vertikalis
differenciélja eltiinik. Felidéziink ennek illusztralasira egy nevezetes, klasszikus
példat. A Berwald altal bevezetett skalargorbiilet-fiiggvény megadhaté az

1
R = mtrK

formulédval, ahol F' a Finsler-fliggvény, n a sokasdg dimenzidja, K pedig a (ka-
nonikus spraybél szdrmazd) Jacobi-endomorfizmus. Ez nulladfokd pozitiv ho-
mogén fliggvény, ami azért 1ényeges, mert egy 0-t6l kiilonb6zé fokd homoge-
nitdssal rendelkezé és csakis helyfiiggd objektum automatikusan zérus. Ber-
wald megmutatta, hogy ha egy legaldbb 3-dimenzids, dsszefiiggé Finsler-sokasdig
skaldrgorbiilete csakis helyfiiggd, azaz ha V¥R = 0, akkor a skalargérbiilet konst-
ans.

Azoknak a Finsler-sokasdgoknak a szisztematikus talulmédnyozdsat, amelyek
hordoznak csakis a helytol fliggd geometriai objektumokat, Bacsé Sandor és
Makoto Matsumoto inditotta el [5]. Folytatva ezeket a vizsgalatokat, ebben a
fejezetben foglalkozunk az affin gorbiileti tenzor, tovabbd a Landsberg-tenzor
(P) és a stretch-tenzor (X) irdnytdl val6 fliggetlenségének konzekvencidival.

Jelentse g az adott Finsler-fliggvénybdl szdrmazd metrikus tenzort, azaz az
%F2 energiafiiggvény masodik vertikalis differencialjat. Emlékeztetiink ra, hogy
a Landsberg-tenzort a

1
P:=—_V"
5V 9
a stretch-tenzort pedig a
Y(X,Y,Z,U):=2(V"P(X,Y,Z,U)-V"P(Y,X,Z,U))
formulaval értelmezziik, ahol X , }7, Z , Ua Finsler-nyalab tetszoleges szelései.
Eredményeink a kovetkezok:

(1) A Landsberg-tenzor és a stretch-tenzor irdny-figgetlensége csakis
trivialisan teljestulhet, azaz

ViP=0= P=0, V'¥=0 = =0

(Megjegyezziik, hogy maga az eredmény nem trividlis, mert mind a P
tenzor, mind pedig a ¥ tenzor nulladfoki pozitiv homogén!)

(2) Az R-kvadratikus - tehdt irdny-figgetlen affin gorbilettel rendelkezd -
Finsler-sokasdgok stretch-tenzora eltinik.

8. fejezet Legyen (M, F) Finsler-sokasdg, g a metrikus tenzora. Euklideszi
analdgiara értelmezziik a Finsler-nyalab tetsz6leges szelésének a span(d) altér
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g-ortogondlis komplementerére valé merdleges vetitését. A vetitési operator me-
gadhaté az egyszeri

1
=1—-=V'F®J
P FV ®

formuldval, ahol az 1 a Sec(#) modulus identikus transzformdcidja. p
segitségével értelemszertien definidlhaté a (2) és (,16) (k > 1) tipusi Finsler-
tenzormezOk (azaz 7 menti tenzormez8k) vetitett tenzora. Egy Finsler-sokasdgot
ideiglenesen p-Berwald sokasdgnak mondunk, ha a Berwald-gorbiiletének

vetitett tenzora eltiinik. Ezzel kapcsolatban megmutatjuk a kovetkezoket:

(1) Egy p-Berwald sokasdg pontosan akkor R-kvadratikus, ha a stretch-tenzora
eltinik.

(2) Egy legaldbb 3-dimenzids Finsler-sokasdg pontosan akkor p-Berwald so-
kasdg, ha eltinik a Berwald gorbiilete.

Az eltiing Berwald-gorbiilettel rendelkezd Finsler-sokasdgok az un. Berwald-
sokasdgok; ezek alkotjak a Finsler-sokasagok legalaposabban kivizsgalt osztalyat
(1d. [55],[56]). A (2) eredmény gy interpretalhatd, mint a legalabb 3-dimenziés
Berwald-sokasagok egy 1j jellemzése. Ez szoros analdgiat mutat T. Sakagu-
chi egy fontos tételével [51], amely szerint legalabb 3-dimenzi6s Finsler-sokasdg
esetén a Douglas-gorbiilet vetitettjének eltiinése ekvivalens maganak a Douglas-
gorbiiletnek az eltiinésével. Eredménylink bizonyitdsdban Sakaguchinak ez a
tétele 1ényeges szerepet jatszik.

A p projekcié-operator birtokdban egy izotrop Finsler-sokasig Berwald-
konnexidjanak gorbiilete a szamoldsok szempontjabdl igen kényelmes

1
R =Fp A (RV'F + 3FV'R)

alakban fejezhet6 ki, ahol az R fiiggvény a mar emlitett skaldrgorbiilet. Meg-
forditva, ha az R tenzor a felirt alakd, akkor az (M, F) Finsler-sokasig
skaldrgorbiilet.

Felhasznalva ezeket az észrevételeket, demonstrdlandé az eszkozeink
hatékonysigat, a fejezetet a Schur-lemma Finsler-verzidjdnak egy 1j Dbi-
zonyitasaval zarjuk.

9. fejezet Berwald egyik tovdbbi, alapvet dolgozataban [16] a klasszikus
tenzorkalkulus nyelvén kidolgozta a kétdimenzids Finsler-sokasdgok elméletének
egy igen szép megalapozdsét. A [68] dolgozat megadta ennek egy elegdns, mo-
dern interpretaciéjat az Ehresmann-konnexidk és Finsler-sokasagok Grifone-féle
elméletének [27] keretei kozott. E fejezet jelent8s részét annak szenteljiik, hogy
szintén koordindtamentes - és ilyen értelemben ,intrinsic” - formaban kifejtsiik
a 2-dimenziés Finsler-sokasagok elméletének alapjait az altalunk hasznilt, a
Grifone-félénél gazdasdgosabb ,pull-back formalizmusban”. A targyalds sordn
djra feltinik az el6zéekben szerephez jutott fontos Finsler-geometriai objektu-
mok legtSbbje, de joval attekinthetobb alakban. Ez a jobb attekinthetdség - az
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alacsony és konkrét dimenzié mellett - annak készonhetd, hogy rendelkezésiinkre
all egy intrinsic médon megkonstrudlt ortonormalt kétél-mez6, a Berwald-féle
kétél-mezd, és hatasosan alkalmazhaté az erre vonatkozo Fourier-kifejtés. Ily
modon ez a fejezet részben gy tekinthets, mint eszkozeink és technikaink al-
kalmazésa egy specidlisabb szitudcioban; masrészt lehetdség adédik arra, hogy
néhany, mindeddig nyitva hagyott kérdést lezarjunk:

(1) Megadjuk a Jacobi-endomorfizmus egy olyan eléallitdsat, amelybél kozvet-
leniil kiolvashaté, hogy a kétdimenziés Finsler-sokasagok kanonikus
sprayje izotrop.

(2) Megmutatjuk, hogy a Weyl-endomorfizmus a Berwald-féle kétél-mez8
mindkét tagjat annulldlja, és igy a zérustranszformécio.

(3) Igazoljuk, hogy egy kétdimenziés Finsler-sokasig pontosan akkor p-
Berwald sokasag, ha a Berwald-gorbiilete nyommentes. FEz azt jelenti, hogy
a kétdimenzios p-Berwald sokasdgok osztdlya egybeesik az in. gyengén Ber-
wald Finsler-sokasagok osztdlydval.

(4) Bebizonyitjuk, hogy egy kétdimenzids Finsler-sokasdg pontosan akkor Ber-
wald sokasdg, ha eltind Landsberg-tenzorral rendelkezé gyengén Berwald
sokasdg.

10. fejezet Kijelolve egy sokasdg folott egy sprayt, természetes mdédon
vetédnek fel a kovetkezO, teoretikusan is igen érdekes, és példaul a fizikai al-
kalmazdsok szempontjabdl fontos kérdések:

(A) Milyen feltételek mellett létezik olyan Finsler-fiiggvény az alapulvett so-
kasdgon, amelynek kanonikus sprayje egybeesik az adott sprayvel?

(B) Milyen feltételek mellett létezik olyan Finsler-figguény az alapulvett so-
kasdgon, amelynek kanonikus sprayje projektiven ekvivalens a kijelolt
sprayvel?

Az (A) kérdés a sprayk Finsler-metrizalhatdésigénak vagy Finsler-
varidcidssdganak problémdja, a (B) kérdés pedig a sprayk tdgabdb értelemben
vett Finsler-metrizalhatosagadé vagy projektiv metrizalhatosagéé. Mindkét
probléma igen nehéz. Ha példdul a (B) esetben az adott spray a kanonikus
lapos spray R™ egy konvex nyilt halmaza f6lott, akkor Hilbert hires IV.
probléméajanak Finsler-geometriai interpretdcidjdhoz jutunk.

Az 1960-as évek legelején Rapcsdk Andras fontos lépéseket tett a (B)
probléma megtdmaddsdnak irdnyaban [49]. El6szor is, a klasszikus tenzorkal-
kulus nyelvén, két, egymadssal ekvivalens, sziikséges és elegendd feltételt fogal-
mazott meg arra vonatkozdan, hogy - a mi terminolégiankkal élve - ugyanazon
sokasag folotti két Finsler-fiiggvény kanonikus sprayje projektiven ekvivalens
legyen. Ezekben az egyik Finsler-fliggvénybol szdrmazé spray adatai és a masik
Finsler-fliggvény parcidlis derivaltjai szerepelnek, igy vildgos, hogy a Rapcsak-
egyenletek kulcsot adnak a (B) probléma vizsgalatahoz.
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A fejezet els6 lényeges lépéseként a Rapcsdk-egyenletek egyikét intrinsic
moédon - el6szér indexmentes, majd index- és argumentummentes formaban
- fogalmazzuk meg. Alkalmazva a Rapcsdk-egyenletek igy nyert 1dj alakjat,
egyszerli sziikséges és elegendd feltételt szdrmaztatunk le egy spray Finsler-
varidcidssdgdra. Alkalmazva ezt a kritériumot, szintén rendkiviil egyszerii bi-
zonyitast adunk a Finsler-sokasagok kanonikus konnexiéjanak unicitdsara.

A fejezet tovabbi részében szikséges feltételeket vezetiink le egy spray
projektiv metrizdlhatdsdgara. A nyert eredmények kozil a legérdekesebb (és
legmunkaigényesebb) a kovetkezd:

Ha egy F : TM — R Finsler-fiigguény eleget tesz eqy M folotti sprayre vonat-
kozd Rapcsdk-egyenletnek, akkor a spraybél szirmazé K Jacobi-endomorfizmus
ysonadjungdlt” a [ := VYVYF szimmetrikus (g) tenzorra vonatkozdan, azaz

A(K(X),Y) = a(X, K(Y))

teljesiil minden X,Y € Sec(®) szelés esetén.
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