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A new approach to generalized Berwald manifolds 11

By SZ. SZAKAL (Budapest) and J. SZILASI (Debrecen)

Abstract. Generalized Berwald manifolds were introduced by V. V. WAGNER
and systematically investigated by M. HasHiGucHI and Y. IcHIJYD. They are re-
considered here in the context and with the tools of the general theory developed in
the first part of our work. (However, this second part is self-contained to a reasonable
extent.) Under some natural conditions we establish key relations between a horizon-
tal endomorphism and the distinguished Barthel endomorphism on a Finsler manifold.
We construct intrinsically a vector field which plays a dominant role in these and fur-
ther, geometrically relevant relations. In the case of a generalized Berwald manifold
(M, E,V) the linear connection V is far from unique. Our results enable us to link
different generalized Berwald manifolds with common Finsler structure. Applications
to Wagner manifolds and a family of examples (parallelizable manifolds endowed with
one-form Finsler structure) illustrate how the general theory works in practice.

0. Introduction

0.1. In the first part ([12]) of our paper we have already introduced the
generalized Berwald manifolds, providing also a preliminary characteriza-
tion of this concept in terms of Ichijyo connections. — Let us mention that
we called a triplet (M, E,V) a generalized Berwald manifold if (M, E) is
a Finsler manifold, V is a linear connection on M, and the horizontal en-
domorphism hy generated by V is conservative, i.e., d, £ = 0. Thus a
Finsler structure is nicely related to a linear connection.
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0.2. A quite immediate but important consequence of the definition is
that generalized Berwald manifolds are Finsler manifolds modeled on a
Finsler—Minkowski vector space in the sense of Y. ICHIJYO [9]. This means
that any two tangent spaces of the Finsler manifold (M, E) in question
are isomorphic as Finsler—Minkowski vector spaces (see 5.1 below); the
Finsler-Minkowski functional on a tangent space T, M is given by the rule
veT,M — /2E(v) € R.

0.3. It will be worth-while to present here a brief conceptual justification
of our above assertion. — Let (M, E, V) be a generalized Berwald manifold.
Choose two (different) points p, ¢ of M and connect them with a smooth
curve ¢ : [0,1] — M. Fix an arbitrary vector v € T,M and consider
the unique parallel vector field X : [0,1] — T'M along c satisfying the
initial condition X (0) = v. Let w := X (1). It is enough to check that
E(v) = E(w). — Let V. be the covariant differentiation induced by V
along c. Consider the connector

Ky :=to(lprym —hy) (0: VTM — TM is the canonical map)

belonging to V. Then
d .
O:VCX:KVOTXod—::KvoX (u = 1g).
u

Since Ker Kv = Im hy, this means that the vector field X =TXo % :
TR = R — TTM is horizontal: hyoX = X. Using this trivial observation
and (1.3c) below, for any 7 € [0, 1] we obtain:

(EoX) (1) =T(FoX) (;ﬁt) =TEoTXo d%(r) =TE o X(7)

= dBE(X(7)) = dE[hv(X(7))] = dny E(X(7)) = 0.

Thus Fo X is constant along ¢, which implies our claim E(v) = E(w).

0.4. The notion of generalized Berwald manifold was originally introduced
by V. V. WAGNER in 1943 [19]. A modern approach to these manifolds
within the framework of MATSUMOTO’s theory, via the so-called gener-
alized Cartan connections, was elaborated by M. HAsHiGucHI [8]. Our
definition provides another, geometrically natural approach which is also
in harmony with MATSUMOTO’s principle of the “best” Finsler connections
cited in part 1.
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0.5. The first question that offers itself in connecetion with a generalized
Berwald manifold is without any doubt the following: to what extent is
the linear connection V determined by the structure? Concerning this
problem, we are going to show that two generalized Berwald manifolds
(M,E, V1) and (M, E,V3) are equal if V1 and Vo have the same torsion
tensor field. More or less, this result is analogous to the well-known theo-
rem: two linear connections on a manifold are equal if they have common
geodesics and their torsion tensor fields are also the same. To derive our
theorem (and for other purposes), in Section 2 we present under some
— as far as possible “natural” — conditions a careful analysis of the rela-
tions between two horizontal endomorphisms given on the same manifold.
“Natural conditions” in the Finslerian case certainly do exist. For ex-
ample: let both horizontal endomorphisms be conservative, or let one of
them be conservative and the other be the distinguished Barthel endo-
morphism. Nevertheless, useful relations can also be discovered in a much
more general situation (see 2.1).

0.6. Let (M, F) be a Finsler manifold. Suppose that h is a horizontal en-
domorphism on M with weak torsion ¢, and let t° := igt (S is an arbitrary
semispray on M) be the potential of ¢. We can consider the one-form d;o E,
and we can construct the vector field (ds E)# which corresponds canon-
ically to dio E via the fundamental two-form of (M, E). In our opinion
this — unfortunately, a bit complicated — vector field is at the heart of the
problems (and difficulties) concerning generalized Berwald manifolds. As
a justification, we refer to Propositions 2.5, 2.7; the proof of 3.8, and the
key relations (4.5a) and (4.6a) below. In particular, a direct conclusion
will be that a generalized Berwald manifold (M, E,V) becomes a Berwald
manifold (M, E) if, and only if, the vector field (ds, E)# is quadratic.

0.7. In Section 4 we deduce some useful equivalents of the property char-
acterizing Wagner manifolds. This result has essential applications in the
theory of conformal changes of a Finsler structure, see [18].

0.8. Non-Berwald generalized Berwald manifolds do exist. In Section 5
we offer a typical family of such manifolds together with their basic data.
First, we build a special Finsler structure, the so-called one-form metric,
on a parallelizable manifold. Next, we present an elegant proof of the fact,
discovered originally by Y. ICHIJYO, that our construction actually results
in generalized Berwald manifolds. — Let us note that a systematic study
of one-form metrics can be found in [11]. These metrics also occur in an
interesting context in [16].
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1. Basic setup

1.1. Since this paper is an immediate continuation of our previous work
[12], we adopt its conceptual and notational conventions without any
changes, and — in most cases — without any comment. Double numbers in
italics (i.e., of form 9.99) will refer to the first part.

Our “philosophical” attitude remains unaltered: we try to elaborate
a transparent intrinsic formulation on a reasonable level of generality for
the problems studied. The calculative background of our considerations
is the Frolicher—Nijenhuis calculus on the velocity space, i.e., on the tan-
gent manifold M of the given manifold M (1.1). In the present second
part this, a bit complicated, apparatus will be applied more explicitly and
intensively than in the first part. So, for the readers’ convenience, we col-
lect here some basic facts and frequently used formulas. A more complete
overview of these technical tools is available in YOUSSEF’s paper [22]; we
also refer to J. KLEIN’s stimulating survey article [10], the monograph [5],
and last but not least, the original source [6].

1.2. Let Q(M) be the graded algebra of the differential forms of our base
manifold M. If Dy and Dy are (graded) derivations of degree r and s
(r,s € Z) of Q(M), then their bracket is

(128,) [Dl, DQ] = D1 e} D2 — (—1)TSD2 o) Dl;

this is a graded derivation of degree r + s.

1.3. Let us denote by U*(M) (k € N, U°(M) := X(M)) the C>(M)-
module of the wvector k-forms on M. We recall that any vector k-form
K € U*(M) can be interpreted as a skew-symmetric C>° (M )-multilinear
map [X(M)]* — X(M) (if k € N\ {0}); in particular, a vector 1-form is
just a type (1,1) tensor field on M. In the Frolicher—Nijenhuis theory to
any vector k-form K € W*(M) two derivations of Q(M) are associated:

(1.3a)  the derivation ix of degree k — 1 defined by the rule
ig [C®°(M)=0; igw:=wokK, ifweQ"(M);
(1.3b)  the derivation dk of degree k given by the formula

dK = [’LK,d] lga ’LK Od— (—1)k_1dOiK
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(d is the operator of the “ordinary” exterior derivative).

As an immediate consequence, we obtain

(1.3¢c) if f € C®(M) and K € U*(M), thendgxf =irxdf =dfoK.
A characteristic property of dg is expressed by

(1.3d) [d,dk] = 0.

1.4. For any vector k-form K € Wk(M) and vector (-form L € W*(M)
there exists a unique vector (k + £)-form [K, L] € W¥+¢(M) such that

dik,1) = [dx, dL];

[K, L] is said to be the Frolicher—Nijenhuis bracket of K and L. This
bracket is graded anticommutative and satisfies the graded Jacobi identity,
i.e., for any vector forms K € Wk (M) (1 < i < 3) we have

(1.4a) (K1, K] = —(—1)""72 [Ky, K;
(1.4b) (—1)"ks [Ky, Ko, K3]| + (—1)%2% Ko, [K3, Ki]]
+(—1)ksk2 [ K, [ K1, K>)] = 0.

In particular, let us suppose that K and L are vector one-forms. Then
the following important formulas can be deduced:

14¢) [K,Y]X =[KX,Y] - K[X,Y];

,_.
o

,_.
o

e) |[K,fLl=f[K,L|+dxfANL—df N(KolL);

,_\
o

f) [KweX]|=dgw®X —dw® KX+ (-1)"wA[K, X];

—
N

g) ixoix =igoix +iKx;

—_
B

h) igoir =100k +iLokx — iKoL;

1.4i)  ixodg = —dg oix + Lxx + ik x];

(
(
(
(
(
(
(
(

1.4j) Z'KOdX:dXOiK+Z'[K7X];
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(141{) 'L'KOdL:dLOZ'K'f_dLoK_i[K,L]

(X,)Y e X(M), f € C®°(M), w € Q"(M); note that dx is just the Lie-
derivative Lx). — Observing that djx y] := [dk, dy] = [dKk, Ly], (1.4c) can
be deduced immediately. (1.4d)—(1.4f) are stated in [22]. Finally, formulas
(1.4g)—(1.4k) can be obtained as special cases of (5.6)a) and (5.9) of [6].

1.5. In our calculations some special derivations of the algebra Q(TM) of
the differential forms on the tangent manifold T'M will play a distinguished
role. The most frequently used operators are

ic, ij, dc = Lo, dyj, is, ds = Lg,

where C € XV(TM) is the Liouville vector field, J € W1 (TM) is the
vertical endomorphism and S is an arbitrary semispray on M. Taking into
account that

(1.5a) ImJ = KerJ = X¥(TM), J*=0;
(1.5b) [J.Cl=J, [J,J]=0;
(1.5¢) JS =C,

(1.4g), (1.4i) and (1.4j) yield the following relations:

(1.5d) iCOiJ:iJOic;
(1.5¢) lic,dj) =i
(1.5f) [ig,Lc])=1y.

1.6. A vector k-form K € W*(TM) (k € N\ {0}) is said to be semibasic, if
Jo K =0 and, for any vector field X € X(T'M), iyx K = 0. The potential
of a semibasic vector k-form K € W¥(TM) is the vector (k — 1)-form

K° = igK,

where S in an arbitrary semispray. — For more details, see [7] or [5].



A new approach to generalized Berwald manifolds II 435

1.7. We recall that the complete lift a° of a function oo € C*°(M) can be
introduced by

(1.7a) a‘:=S(aom) =: Sa’,

where S is again an arbitrary semispray on M. Then the complete lift of
a vector field X € X(M) is the unique vector field X € X(T'M) satisfying

(1.7b) Vae C®(M): X = (Xa)-.

The following useful relations can be deduced easily:

(1.7¢) X =X"a = (Xa)";

(1.7d) [X,Y]°=[XY], [X,Y]Y=[X",Y;

(1.7e) [C, X€] =05 ie., X is homogeneous of degree 1,
(1.7f) JX°=X", [J,X=0

(X, Y e X(M); XV eXV(TM) is the vertical lift of X; a € C>*(M)).

1.8. Sharp operator and gradient on a Finsler manifold. Suppose that
(M, E) is a Finsler manifold with the fundamental form w := dd;E. If 8
is a 1-form on 7M, we denote by 3% (read: “3 sharp”) the vector field
corresponding to 3 via w; i.e.,

(18&) iﬁ#w = ﬂ
In particular, the gradient of a function f € C°°(T'M) is the vector field
grad f = (df)¥.

The gradient of a wvertical lift, i.e., of a function of form o = «a o,
a € C°°(M) has the following nice properties:

(1.8a) grada’ € XV(TM);
(1.8b) [C,grad o] = — grad a";

i.e., grada" is homogeneous of degree 0
(1.8¢) (grada¥)E = af

(see [14], Proposition 1).
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1.9. Theorems of M. Crampin and J. Grifone. The following sub-
stantial results, due to M. CRAMPIN [3], [4] and J. GRIFONE [7]| are among
the most important theorems of the theory of connections and lie at the
foundations of Finsler geometry. They will be repeatedly referred to also
in our subsequent considerations.

(A) If S is a semispray on a manifold M, then

h:= = (Lxra) + [, S])

N |

is a horizontal endomorphism on M with vanishing weak torsion. If,
in particular, S is a spray, then the horizontal endomorphism h is
homogeneous, i.e., H := [h,C] = 0.

(B) A horizontal endomorphism arises from a semispray in the above man-
ner if and only if its weak torsion vanishes.

(C) On any Finsler manifold (M, E) there exists a unique conservative
horizontal endomorphism with vanishing strong torsion; it is given by
the formula

1
ho = 5 (Lxerary + 1, S0])

where Sy is the canonical spray of the Finsler manifold. — hg is said
to be the Barthel endomorphism of (M, E).

1.10. We conclude this overview with a practical convention. — The basic
geometric data — such as associated semispray, tension, weak and strong
torsion, almost complex structure, horizontal lifting — arising from a hori-
zontal endomorphism A or P will be denoted by

S, H, t, T, F, X" and S, H,t, T, F, X" (X ecX(M)),

respectively. The corresponding data determined by the Barthel endomor-
phism hg are
SO, H07 th TO, FO, Xho'

In particular, any linear connection V on M gives rise to a horizontal
endomorphism hy. Then the above data are denoted by

SV: HV7 tV7 TV7 FV7 th

(here, in fact, Hy = 0).
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2. Horizontal endomorphisms on a Finsler manifold

2.1. Lemma. Suppose that h is a homogeneous horizontal endomor-
phism on the manifold M and let S be the semispray associated with h
([7], Prop. 1.38). If h is the horizontal endomorphism determined by S
according to 1.9. (A), then h and h are related by

1,
h=h-t,

where t is the weak torsion of h, and t° is its potential.

PROOF. Since h is homogeneous, its associated semispray S is actu-
ally a spray. In view of 1.9. (A), the weak torsion of h vanishes. h is also
homogeneous, because it is generated by the spray S ([7], Proposition 1.41).
Thus

S =S8, hS=S;

and the vector 1-form

is obviously semibasic, therefore

JoK=KoJ=0.

Since
0=1:=[J,h]=[Jh+K]=[J,h)+[J, K] =t+[J K],
it follows that ¢ = —[J, K|, hence
t° = —[J,K]°.

The vector 1-form [J, K]° is clearly semibasic, so it is determined by its
action on the complete lift vector fields. Taking into account our previous
observations, for any vector field X on M,

1, K]°(X€) = [, K](5, x) C2 0 1 7s kx4 [Ks, 71X

+JoKI[S, X+ K 0 J[S, X — J[S,KX°] — JIKS, X°|
— K[S,JX¢] — K[JS, X ] = [C,KX] — J[S, KX] — K[S, X"].
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On t~he right hand side the first term vanishes by the homogeneity of h
and h:

(€, KX¢] = [C,hX"] — [C,hX¢] = [C, X"] — [C, X"] = 0.

As for the second term, we get

1.2

J[S, KX =8 —~KX° = (h— h)X".

The third term can be formed as follows:
KI[S, X¥] = h[S,X"] — h[S,X"] = F o J[S,X"] — Fo J[S, X"]
= —FX"+FX'=-FoJX°+FoJX®=(h—h)X°.
To sum up, it can be stated that
VX e X(M): [J,K]°(X) =2(h—h)X¢, ie., [J,K]°=2(h—h).

Hence t° = 2(h — h), which proves our assertion. O

2.2. Lemma. Ifw is the fundamental two-form of the Finsler manifold
(M, E) and h is a conservative horizontal endomorphism on M, then

ihw = w ~+ 14dF,
where t is the weak torsion of h.

PrOOF. In view of (1.4k)

(1.3a), (1.4b)

inody=djoin+djon — i,y djoip+dj— i

therefore
inw = indds B "2V —ipddE
= —dindE — dydE + iydE
=ddjFE + 1;dFE = w+ i, dE

(using that i,dE = 0 by the conservativity of h). O
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2.3. Corollary. Ifw is the fundamental two-form of the Finsler man-
ifold (M, E) and h is a conservative horizontal endomorphism on M with
vanishing weak torsion then ipw = w.

2.4. Lemma. Let h be a conservative horizontal endomorphism on
the Finsler manifold (M, E). Then

dgE =0,

where H is the tension of h.

PROOF. Take an arbitrary vector field X on M. An easy calculation
shows that H(X¢) = [X" (], so

dpB(x°) "2 dp(HX°) = dE([X",C)) = [X",C|E

= X"(CE) - C(X"E) = X"(2E) =0,
since h is conservative. O

2.5. Proposition. Suppose that h is a conservative horizontal endo-
morphism on the Finsler manifold (M, E) with the associated semispray S.
Then S can be represented in the form

S =Sy + (dp BE)*,

where Sy is the canonical spray of (M, FE) and t° is the potential of the
weak torsion of h.

PROOF. Let us note first that the general formula (5.6)(a) of [6] yields
the relation

iSO O’l:t == it OiSo +it°,
while using (1.4g) we obtain
Ih O1Sy = 18y Olh — lhSy = 1S, O tp — 1§-
Thus, since h is conservative,

1.3¢c) . .. . ..
0=dyFE (1.3¢) ihdE = —ipigyw = 15w — 15, thWw.
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Hence
isw = ig inw = i, (w + 4dE) = ig,w + is,i;dE
= igow + ’itiSOdE + ’ito dE = isow + dtOE,

taking into account that igodE = SoFE = 0 by the “energy conservation
law”. The result we have just obtained can be written in the form

is_sow = dto FE.

This means by (1.8a) that S — Sy = (ds E)7. O

2.6. Theorem. Suppose h and h are conservative horizontal endomor-
phism on the Finsler manifold (M, E). If h and h have common strong
torsion, then h = h.

PROOF. We are going to use systematically the conventions of 1.10.
By assumption, N
dnE = dy E =0, T="T.

Let Sy be the canonical spray of (M, E). As we have seen in the preceding
proof,
isw—igow:dtoE, igw—igow:d;DE.

Subtracting the second equation from the first we obtain
ig gw=dpE —doFE.
The strong torsion of h is T'=1t° + H, so
dwoE =dp_yE =drE —dyE £ drE.

In the same way,
dp@ B = dzE.

Combining the last three formulas we obtain

iy sw=dpE — dxE = drE — drE = 0.

Since w is nondegenerate, this implies that S = S. Thus h and h have
also the same associated semispray, therefore, by Proposition 4.9.2 of [5],
h and h coincide. O
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2.7. Proposition. A homogeneous, conservative horizontal endomor-
phism h on a Finsler manifold (M, E) can be expressed with the help of
the Barthel endomorphism hg as follows:

h == h() + %to + % [J, (dtoE)#] .

PROOF. Let S be the semispray associated with h, and let us denote

by I the horizontal endomorphism generated by S according to 1.9 (A).
Then

1.9 () 1 51
ho LY 5 (Lecrany + [, So]) £ ) (Lx(rany + [4,S) = [J, (d E)*])
~ 1 #7121 1, 1 #
=h— 3 [1.(de B)¥] = h— ot° = S [J.(de B)#],
9 2 2
which gives the desired formula. u

3. Applications to generalized Berwald manifolds

3.1. Remark. In 0.1 we have already presented a preliminary discus-
sion of generalized Berwald manifolds, including their definition. Let us
also recall from 4.1 that a generalized Berwald manifold is said to be a
Berwald manifold if V is a torsion-free linear connection on M. Then V
is unique and we write (M, E) rather than (M, E, V).

3.2. Corollary. If (M, E,V) is a generalized Berwald manifold, then
(by the conventions of 1.10) we have

(3.2a) Sy = So + (dig, )™
1. 1 #
(3.2b) hy = ho+ 5t + 5 [J, (due E) ] .

PROOF. This is an immediate consequence of Propositions 2.5 and 2.7.
O

3.3. Theorem. Suppose that (M, E,V) and (M, E, V) are generalized
Berwald manifolds. The linear connections V and V are equal if and only
if they have same torsion tensor field.

PROOF. Let us denote by Ty and Tg the classical torsion tensor
field of V and of V, respectively. From the Theorem of section 3 of [4]
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and Lemma 1 of [13] we obtain immediately that for any vector fields X,
Y on M

(3.3a) to (X%, Y = [Te(X,Y)]".

Thus in the case of Ty = Tg the horizontal endomorphisms hy and hg
have the same weak torsion. On the other hand, hy and hg are homo-
geneous, so their strong torsions are also equal. This implies by 2.6 that
hv = hsg, whence V = V.

The necessity of the condition Ty = Ty is evident. (|

3.4. Remark. For any 7 € R, let us denote by u, the diffeomorphism
TM — TM, v e,

We recall that — in general — a vector field X of class C* (k € N)
on TM or on TM is called homogeneous of degree v (r € 7Z) — briefly
r-homogeneous — if

VreR: Xopu, =™ V7 (Tu,)o X.

As is well-known (see e.g. [5], Proposition 4.2.5), if X is of class C?, then
it is r-homogeneous if and only if

[C,X]=(r-1X;

we have used this characterization of homogeneity up to now. In particular,
a vector field of class C? on TM or on 7 M is said to be quadratic if it is
homogeneous of degree two.

3.5. Corollary. A generalized Berwald manifold (M, E,V) reduces
to a Berwald manifold (M, E) if, and only if, the vector field (d:s, E)# is
quadratic.

PrROOF. We recall (see e.g. [15], 6.6) that a Finsler manifold is a
Berwald manifold if, and only if, its canonical spray Sy is smooth on the
whole tangent manifold; then the spray Sy is necessarily quadratic. Since
(dtovE)# (8:22) Sv — So, and Sy is always a quadratic spray, we infer
immediately that the Corollary is true. (]
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3.6. Remark. A coordinate version of 3.5 for Finsler manifolds with
one-form metrics can be found in [1]. It is not needless to point out that
the linear connection of the Berwald manifold (M, E') in question does not
coincide with the given linear connection V in general.

3.7. Remark. We recall that two sprays S7 and S5 on a manifold M
are said to be projectively equivalent if there exists a function A : TM —
R, smooth on 7M, C!' on TM such that S; = S, + AC. Then X is
automatically 1-homogeneous, i.e., CA = A.

3.8. Proposition. Let (M, E,V) be a generalized Berwald manifold.
If the spray Sy arising from V is projectively equivalent to the canonical
spray Sy then Sy = Sy, and — consequently — (M, E) is a Berwald manifold.

PrOOF. In view of (3.2a), Sy is projectively equivalent to Sy if and
only if
(die E)* = AC,

where the function A : TM — R satisfies the requirements of 3.7. Then
on the one hand

(3.2a) .

iSv—Sow Z( #w:i)\cw:)\icu):)\dJE,
dtovE)

on the other hand
Z'SV,SOLU = dtovE

(see the proof of 2.5). Comparing these two equations we obtain the for-
mula

die = M E.
Hence, for any semispray 5,
die E(S) = A E(S).

But
die B(S) "2 dE(13,(9)) = dE(tv(S, S)) = dE(0) =0,
while
Ay E(S) = ME(JS) = ME(C) = A\CE = 2\E,

so it follows that AE = 0, which implies immediately the vanishing of .
O
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4. Wagner—Ichijyo connections and Wagner manifolds

4.1. Definition. Let V be a linear connection on the manifold M. A
v
triplet (D, hy,«) is said to be a Wagner—Ichijyo connection (induced by
v
V) if (D, hy) is an Ichijyo connection (3.1, 3.2), « is a smooth function

vV Vv
on M and the h-horizontal torsion A of D has the following form:

v
(4.1a) A=da" ANhy :=da’ @ hy — hy ® da”.

v
4.2. Proposition. Let (D, hy,a) be a Wagner—Ichijyo connection on
the manifold M. Then we have the following relations:

(4.22) Ty(X,Y) =da(X)Y —da(Y)X  (X,Y € X(M));
(4.2b) ty =da’" ANJ:i=da' ® J — J®da";
(4.2¢) ity =aJ —do’ ® C.

PROOF. Let X and Y be arbitrary vector fields on M. We have
already learnt in 3.5 that

v h
A(X Y = (TV(X, Y)) v,
But
v (4.1a)
AXY?) ="da"(X)hv(YC) — da’(Y)hv(X°)

— (Xcav)yhv _ (Ycav)th
(1£C) vy hv A he _ hv
= (Xa)'Y"™ — (Ya)' X" = [(Xa)Y = (Ya)X] 7,
so we obtain the formula (4.2a).
Next we check that (4.2b) is also valid. We can write

v (428,)

to (X<, 7o) P2 (1o (X, ) [da(X)Y — da(Y)X]"

— (Xa)'YY — (Ya)' X¥ "2 (Xea¥)YY — (Yea¥) X"

" [(da) XL (V) — [(da¥)Y ]I (X9)

= (da¥ A J) (XS, YO),
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whence the desired relation.
Finally, for any semispray S on M,

o /ve oy (4.2b
12.(X°) = to (S, x°) 12

da” (S)JXC — da”(X°)(JS)
— (Sa¥)JX¢ — da¥(X)C "EV 0T X — da¥(XO)C

= (a®J —da¥ ® C)X¢,
which proves (4.2c). O

4.3. Definition. A quadruple (M, E,V, «) is said to be a Wagner man-
ifold if (M, E, V) is a generalized Berwald manifold, « is a smooth function
on M, and the relation

(4.3a) Ty (X,Y) =da(X)Y —da(Y)X (X,Y e X(M))
holds.

4.4. Remark. It can be seen immediately that for a Wagner manifold
(M, E,V, ) the Ichijyo connection induced by V is just a Wagner—Ichijyo
connection.

4.5. Theorem. Let (M, E) be a Finsler manifold. Suppose that V is
a linear connection and « a smooth function on M. Then the following
assertions are equivalent:

(i) (M, E,V,«a) is a Wagner manifold.

v
(ii) The Wagner—Ichijyo connection (D, hy,«) induced by V is
hv-metrical, i.e.,

v
thg = 0.
(iii) The horizontal endomorphism hy is of form
(4.5a) hy = ho +a°J — E[J,grada"] — d;E ® grada".

PROOF of (i) <= (ii). This equivalence is an immediate consequence
of 4.4 and 4.3/(a) <= (c).
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PROOF of (i) = (iii). Let X be a vector field on M. Evaluating

the one-form de, on X¢, we obtain

die B(X®) = dE(t3(X°)) = 1 (X*)E “29 [a°X¥ — da"(X*)C] E
= a°(XVE) — 2Bda”(X¢) ¥ afic w(X°) — 2Eda’ (X°)
(1.8a) .. c . cy ¢ c
= a’i¢ W(X ) - 2Elgrado¢"w(X ) = Z(oaCC’72Eg1fadoz")W()( )a
taking into account at the step () that
XYE = dE(JX®) = dyE(X°) = icw(X°).
Thus we infer immediately that
# _ ¢ v
(dtovE) =a°C —2F grad a".

Combining this result with (3.2b), we can proceed as follows:

[J,2FE grad "]

1, 1. .. 1

2¢ . 1 1 1
(420), (14d) 4 5@ —da" ®© C) + Ja’[J,C] = Sda® Nic]
1
+ §dJac ®C — ElJ,grada”] + dE Nigrad avJ
. e .0a 1 1
—djE ®grada” (1.5b), (1.7c), (1.8a) ho + iacJ — §dozv ®C

1 1
+ 50&] + §dav ® C — E[J,grada”] — djE ® grad o¥

=ho +a°J — E[J,grada’] — d;E ® grad a”,
and so the implication (i) = (iii) is verified.

PROOF of (ili) = (i). First we show that the horizontal endomor-

phism given by (4.5a) is conservative.
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For any vector field X on M we have
X" = hgX© U2 xho 4 qexv E[J,grad o¥]X¢ — d;E ® grad o (X°)
= X" 4 a°XV—FE[X",grad '] + EJ[X¢, grad a*]—(XVE) grad a¥
U2 xho | gexv — E[XY, grada’] — (XVE)grad .
Thus

dno E(X¢) = dE(X"Y) = X"VE = o(XVE) — EX"[grad a"(E)]

+ Egrada¥(XYE) — (XVE) grad o” (E) "2 o¢(XVE) — E(XVa®)

+ Egrada¥(XVE) — (XVE)a® = E(grad o (XVE) — XVa“).
Since on the one hand

w(grada", X¢) = d(d;E)(grad o, X°)
=grada'd;E(X¢) — X°d;E(grada") — d;E([grad ", X))
=grada’(X"E) — X°dE(J grada") — dE(J[grad a”, X ])

(152 grad oV (XVE),

on the other hand

(1.70)

w(grada¥, X¢) = da¥(X°) = X" XVas,

it follows that grad oV (XVE) = XVa®, and therefore dj, E(X¢) = 0 — as
we claimed. Thus (M, E, V) is a generalized Berwald manifold.

To conclude the proof we have to check that the torsion tensor of V
has the form (4.3a). For this let us first observe that

(*) [J. [/, grad a"]] =0,
since by the graded Jacobi identity (1.4b)

0= [J,[J,grada"]] — [J, [grad a¥, J]] + [grada, [J, J]]

(1.42), (1.55) 2 [J, [J, grad av]] .
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Thus, calculating as before,

ty = [J, o] " [, hol + [, a%J) — [ J, E[J, grad o]

_JdsE@grada’] M2 0l J) - dyjat AT —dat AT oJ

— E[J,[J,grada"]] — d;E A [J,grad @] + dE A J o [J, grad o"]
—dyjdyjE®grada’ +dd;E ® Jgrada' + dyE A [J, grad ]

(1020, B8 09 10 A T 2D da¥ AT = do* ® J — J @ da.

This implies the relation (4.3a), as we have already seen in the proof
of (4.2b). O

4.6. Corollary. If (M, E,V,«) is a Wagner manifold then the spray
Sv generated by hy and the canonical spray Sy are related by

(4.6a) Sv = So+ a‘C —2E grada”.

PROOF. It turned out in the proof of (i) = (iii) that (dio E)# =
a’C —2FE grad o¥. In view of (3.2a) this implies (4.6a). O

4.7. Remark. The relations (4.5a) and (4.6a) have already been ob-
tained by Cs. VINCZE in [17], but his reasoning follows a very different,
less direct path.

5. Examples: Finsler manifolds with “one-form metric”

5.1. Finsler—Minkowski functionals. To avoid any confusion, we lay down
here the following definition.

A function f : R™ — R is said to be a Finsler—-Minkowski functional
and the pair (R"™, f) a Finsler—Minkowski vector space if

(5.1a) YVveR": f(v)>0; f(v)=0 <= v=0 (positivity);

(5.1b) V1€ [0,00[, VveR": f(rv)=r71f(v)

(positive homogeneity);
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(5.1c) f e C3*R™\{0}) (differentiability);

1
(5.1d) the second Fréchet derivative of the function F' := 3 f?

is a positive definite symmetric bilinear function from
R"™ x R™ to R at any point of R"™ \ {0} (strong convexity).

Then the mapping

(5.1e) (,):peR*"\ {0} — (, )y,
Vo,we T,R" 2 R": (, ),(v,w) =: (v,w), := F"(p)(v,w)
is a Riemannian metric on R™ \ {0}.

5.2. Let 8 be a one-form on a manifold M. In the sequel we are going to
denote by § the function

T™M - R, v~ B(v) = Br(w)(v).

We shall also utilize the following fact.

If V is a linear connection on M, then for any vector field X € X(M)
and one-form 3 € Q(M)
(5.2 a) X" 3 =Vx3

(see [21], Lemma 2).

5.3. Let us suppose for our subsequent considerations that M is a paral-
lelizable manifold with a parallelization (X;)71; X; € X(M), 1 <i<n
([2], p- 117). Let (A\Y)™; be the coframe dual to (X;)"_,. Using the con-
vention fixed in 5.2, consider the mapping

N = (:\\I,,S\Tl) cTM =R, v o) = (Xl(v),...,xn(’u)).

Suppose that f : R®" — R is a Finsler—-Minkowski functional, and let us
introduce the functions

E::fox, E = %£2.

Then (M, E) is a Finsler manifold, the Finsler structure constructed in
this way is said to be a one-form Finsler structure. Following (at least
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partly) the traditions, in the sequel we shall mention (M, E') as a “Finsler
manifold with one-form metric” (cf. [11]).

Concerning some basic analytic data of (M, E), we have the following
results.

(5.3a) The fundamental two-form of (M, E) is
W=\ df Nigh df — (f o NdsA df

(the * denotes pull-back).
(5.3b) The vertical metric g (1.10) of (M, E) is the pull-back of the

Riemannian metric (, ) via A, i.e.

g=XA{ )
hence the mapping hy preserves the Finslerian norms.

(5.3c) The (lowered) first Cartan tensor of (M, E) can be represented
in the form

¢ =5 (n©ds(foX) +(f o N)Dn),

where (D, h)is a Finsler connection of Berwald-type ([13]), 7 is a
type (0,2) tensor field given by

(X,Y) € X(TM) x X(TM)
—n(X,Y) :=dd;(f o N)(JX,Y) € C®°(TM),

and © is the symbol of the symmetric product.

5.4. Proposition. Let (M, E) be the Finsler manifold with the one-
form metric constructed in 5.3. Consider the linear connection V deter-
mined by the parallelization (X;)", ([2], 9.1.2), and let hy be the hor-
izontal endomorphism arising from V. Then (M, E,V) is a generalized
Berwald manifold. If, in addition, V is torsion-free, then (M, E) is a lo-
cally Minkowski manifold.

PRroOF. First we show that (M, E, V) is a generalized Berwald man-
ifold, i.e. dj,o E = 0. The members of the dual coframe (A9)?_; are clearly
parallel with respect to V, so for any vector fields X, Y on M we have

v 1.2.8 of [20]

0= [(VA)(Y, X)]" = [(VxA') (V)] YN (1< <)
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hence for any vector field X on M,

VxAi=0 (1<i<mn).

On the other hand

P

XWX =VxX  (1<i<n)
by (5.2a). So we conclude that
VX e X(M): X" X = dp N(X) =0 (1<i<n),

therefore
dpo A =0, 1<i<n.

From this we obtain the desired relation dj, E = 0 by the chain rule.
To prove the second assertion, let us consider the Ichijyo connection

v
(D, hy). Since — as we have just seen — (M, FE, V) is a generalized Berwald

v
manifold, 4.3 assures that D is h-metrical. Furthermore V is clearly a flat
connection and — by assumption — it is torsion-free. These three properties
imply by 4.8 that (M, E) is indeed a locally Minkowski manifold. O

5.5. Curvature and torsion data. Suppose that (M, E) is a Finsler man-
ifold with one-form metric, according to 5.3. Let V be the linear con-
nection determined by the parallelization of M, and let us consider the

v
Ichijyo connection (D, hy). (Using local coordinates, this connection has
already been constructed in [11] under the name “one-form connection”.)

v
Concerning the partial curvatures and torsion of (D, hy), the following ta-
bles can be obtained as easy consequences of our preceding considerations
and 3.5.

Curvature | (X,YZ € X(TM))
v
horizontal | R =10
v
mized P=0
v
vertical QX,Y)Z=C(F(C(X,2),Y)—C(X,FC(Y, Z))
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Torsion (X,Y e X(M))
v

h-horizontal | A(X"V,Y"7) = (Ty(X,Y))"v
v

h-mized B(X"v, YY) = —FgC(Xv,Yhv)
v

v-horizontal | Ry =0
v

v-mixed P, =0
v

v-vertical S1=0

(F' is an arbitrary almost complex structure on T'M, C is determined
by (5.3¢c).)

Acknowledgement. The authors are indebted to the anonymous ref-
eree for her/his valuable suggestions, especially for the very short proof of
Corollary 3.5.
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