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Introduction

Studying Finsler geometry, one encounters substantial difficulties trying to seek ana-
logues of classical global, or sometimes even local, results of Riemannian geometry. These
difficulties arise mainly from the fact that in Finsler geometry all geometric objects depend
not only on positional coordinates, as in Riemannian geometry, but also on directional
arguments.

In Riemannian geometry, there is a canonical linear connection on the manifold M,
namely, the Levi-Civita connection, whereas in Finsler geometry there is a corresponding
canonical linear connection due to E. Cartan. However, this is not a connection on M
but is a connection on T'(7 M), the tangent bundle of 7 M, or on 7~ (T M), the pullback
of the tangent bundle TM by 7 :7 M — M. Moreover, in Riemannian geometry there
is one curvature tensor and no torsion tensor associated with the Levi-Civita connection
on M, whereas in Finsler geometry there are three curvature tensors and five torsion
tensors associated with the Cartan connection on 7~ !'(T'M). Besides, there are other
canonical linear connections together with their associated torsion and curvature tensor
fields. Consequently, Finsler geometry is richer in structure and content than Riemannian
geometry and thus potentially more appropriate for dealing with physical theories at a
deeper level.

The theory of connections and their associated geometric objects is an important
field of differential geometry. The most important linear connections and their associated
geometric objects in Finsler geometry were studied locally in [2], [8], [9],...etc.

In [12] and [13], we have provided new intrinsic proofs of intrinsic versions of the
existence and uniqueness theorems for the fundamental linear connections on the pullback
bundle of a Finsler manifold, namely, the Cartan connection, the Berwald connection,
the Chern (Rund) connection and the Hashiguchi connection. The present paper is a
continuation of this work where we investigate intrinsically the fundamental properties
of the most important geometric objects associated with these connections.

The paper consists of five parts preceded by an introductory section (§1), which
provides a brief account of the basic concepts and results necessary for this work. For
more details, we refer to [1], [3], [4], [7], and [10].

In the first part (§2), we investigate the fundamental relations concerning the torsion
tensor fields and the curvature tensor fields associated with a given regular connection
on 7 Y(TM). These relations, in turn, play a key role in obtaining other interesting
results. The second part (§3) is devoted to study the fundamental properties of the most
important geometric objects associated with the Cartan connection. In the third part
(84), various fundamental relations and properties concerning the torsion tensor fields and
the curvature tensor fields associated with the Berwald connection are obtained. In the
fourth and the fifth parts ((§5) and (§6)), as in the previous sections, we study the most
important geometric objects associated with the Chern connection and the Hashiguchi
connection, respectively.

For the sake of completeness and for comparison reasons, the paper is concluded with
an appendix presenting a global survey of canonical linear connections in Finsler geometry
and the fundamental geometric objects associated with them.

The present work is formulated in a prospective modern coordinate-free form, without
being trapped into the complications of indices. However, the local expressions of the
obtained results, when calculated, coincide with the existing classical local results.



1. Notation and Preliminaries

In this section, we give a brief account of the basic concepts of the pullback ap-
proach to intrinsic Finsler geometry necessary for this work. For more details, we refer to
[, [3], [7] and [I0]. We make the assumption that the geometric objects we consider are
of class C*.

The following notation will be used throughout this paper:

M: a real paracompact differentiable manifold of finite dimension n and of class C*°,
§(M): the R-algebra of differentiable functions on M,

X(M): the F(M)-module of vector fields on M,

my 2 T'M — M: the tangent bundle of M,

m:TM — M: the subbundle of nonzero vectors tangent to M,

V(T M): the vertical subbundle of the bundle TT M,

P: 7 YTM) — T M : the pullback of the tangent bundle TM by ,
X(m(M)): the F(T M)-module of differentiable sections of 7~ (T'M),

ix : the interior product with respect to X € X(M),

df : the exterior derivative of f € X(M),

dy, := [ig,d], i, being the interior derivative with respect to a vector form L.

Elements of X(w(M)) will be called m-vector fields and will be denoted by barred
letters X. Tensor fields on 7~ }(T'M) will be called m-tensor fields. The fundamental
m-vector field is the m-vector field 77 defined by 7j(u) = (u,u) for all w € T M.

We have the following short exact sequence of vector bundles, relating the tangent
bundle T(7 M) and the pullback bundle 7~ (T M):

0 — 7 Y TM) L T(TM) 25 771 (TM) — 0,

where the bundle morphisms p and 7 are defined respectively by p := (w7, dr) and
y(u,v) = ju(v), where j, is the natural isomorphism j, : Ty, )M — To(Tr,,w)M).

™™

The vector 1-form J on T'M defined by J := v o p is called the natural almost tangent
structure of T'M. The vertical vector field C on T'M defined by C := v o7 is called the
fundamental or the canonical (Liouville) vector field.

Let D be a linear connection (or simply a connection) on the pullback bundle 7=*(T'M).
We associate with D the map

K:TTM — 7 YTM) : X — DxT,

called the connection (or the deflection) map of D. A tangent vector X € T,,(7 M) is said
to be horizontal if K(X) =0 . The vector space H,(TM) ={X € T,(TM) : K(X) =0}
of the horizontal vectors at u € 7 M is called the horizontal space to M at u . The
connection D is said to be regular if

T.(TM)=V,(TM)® H,(TM) Yu € T M. (1.1)
If M is endowed with a regular connection, then the vector bundle maps

v Y TM) — V(TM),
placrany - H(TM) — 7~ Y(TM),
Ky : V(TM) — 7 (TM)

are vector bundle isomorphisms. Let us denote 3 := (p|g(ra)) ', then
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0 on V(TM) (12)

Poﬁ:idw*l(TM), 5002{

The map ( will be called the horizontal map of the connection D.
According to the direct sum decomposition (), a regular connection D gives rise
to a horizontal projector hp and a vertical projector vp, given by

hp = pop, vp=1—[op, (1.3)

where I is the identity endomorphism on T(T'M): I = idpran.
The (classical) torsion tensor T of the connection D is defined by

T(X,Y) = DxpY — DypX — p[X,Y] VX,Y € X(TM).

The horizontal ((h)h-) and mixed ((h)hv-) torsion tensors, denoted by @ and 7' respec-
tively, are defined by
Q(X.Y) = T(5XFY), T(X,Y) = T(X,4Y) VX,V € X(r(M)).

If M is endowed with a metric g on 7= (T'M), we write
T(X,Y,Z):=g(T(X,Y), Z). (1.4)
The (classical) curvature tensor K of the connection D is defined by
K(X,Y)pZ = —DxDypZ + DyDxpZ + DixyipZ VX,Y,Z € X(TM).

The horizontal (h-), mixed (hv-) and vertical (v-) curvature tensors, denoted by R, P and
S respectively, are defined by

R(X,Y)Z = K(3X67)Z, P(X,V)Z = K(IX, V)7, S(X,V)7=KHX,AV)Z.

The contracted curvature tensors, denoted by ﬁ, Pand S respectively, are also known as
the (v)h-, (v)hv- and (v)v-torsion tensors and are defined by

~ ~ ~

R(X,Y)=R(X,Y)y, PX,Y)=PX,Y) SX,Y)=S8X,Y)n.

If M is endowed with a metric g on 7= (T'M), we write

RX,)Y,ZW):=g(RX,Y)Z,W), -, S(X,Y,Z,W):=g(S(X,Y)Z,W). (1.5)
ﬁ(ya 77 7) = g(ﬁ(y, 7)7 7)> ) ‘/S\(Ya 77 7) = g(g(y, 7)7 7) (16)
We terminate this section by some concepts and results concerning the Klein-Grifone
approach to intrinsic Finsler geometry. For more details, we refer to [4], [5] and [6].
A semispray is a vector field X on TM, C* on T M, C* on TM, such that po X = 1.
A semispray X which is homogeneous of degree 2 in the directional argument ([C, X| = X)
is called a spray.

Proposition 1.1. [6] Let (M, L) be a Finsler manifold. The vector field G on T M defined
by igS) = —dFE is a spray, where E = %Lz is the energy function and ) := dd;E. Such
a spray is called the canonical spray.



A nonlinear connection on M is a vector 1-form I' on TM, C* on TM, C° on T M,
such that
JI'=J, rj=-J.
The horizontal and vertical projectors hr and vr associated with I' are defined by hr :=

(I +7T) and vp := (1 = T).

Theorem 1.2. [5] On a Finsler manifold (M, L), there ezists a unique conservative ho-
mogenous nonlinear connection with zero torsion. It is given by:

r=1[J,qG],
where G s the canonical spray.

Such a nonlinear connection is called the canonical connection, the Barthel connection or
the Cartan nonlinear connection associated with (M, L).

2. Fundamental identities associated with regular con-
nections

In this section, we investigate the most important general properties concerning the
torsion and curvature tensor fields associated with regular connections on 7 !(T'M).
These properties will play a key role throughout the whole paper.

Definition 2.1. [12] Let D be a regular connection on w= (T M) with horizontal map (3.
— The semispray S = 3 on will be called the semispray associated with D.

— The nonlinear connection I" = 2Bop—1 will be called the nonlinear connection associated
with D and will be denoted by I'p.

Proposition 2.2. [12] Let D be a regular connection on w=(T'M) whose connection map
1s K and whose horizontal map is 3. Then, the following assertions are equivalent:

(a) The (h)hv-torsion T of D has the property that T(X,n) = 0,
(b) K =~71 on V(TM),

(c) I''=fBop—yoK isa nonlinear connection on M.

Consequently, if any one of the above assertions holds, then I' coincides with the
nonlinear connection associated with D: I' =T'p = 2Bop— 1, and in this case hr = hp =
Bopand vp =vp =yo K.

The following two lemmas are fundamental for subsequent use.

Lemma 2.3. Let D be a regular connection on 7~ (T M) whose (h)hv-torsion tensor T
has the property that T(X,7) = 0. Then, we have:

(a) [BX.0Y] =1R(X,Y) + B(DyxY — Dy X — Q(X,Y)),

(b) VX, 8Y] = —y(P(Y.X) + Dy X) + B(D,xY — T(X,Y)),



Proof. It should first be noted that, as D is regular and T'(X,7) = 0, we have h = 3o p,
v=r"0K, Ko~ =idx@x(m)), by Proposition Then, we have

[6X,8Y] = y(K[3X, BY]) + B(pl3X, BY]) = v(Dyx svy7) + B(p[6X, 5Y])
= 7(]?2(7, Y) - Dy Dyl + DaxDgy) + B(Dy xY — D, ¥X —Q(X,Y))
= YR(X,Y) + B(DyxY — Dy X — Q(X,Y)).
On the other hand,

VX, BY] = y(K[vX, BY]) + B(p[y X, BY]) = 7(Dpx gvy7) + Blply X, BY])

)+ Dy D x7— D xDgy) + B(DxY — T(X,Y))
| _ o

The last identity can be proved analogously. O

Lemma 2.4. Let D be a linear connection on n— (T M) with (classical) torsion tensor
T and (classical) curvature tensor K. For every XY, Z € X(TM), Z,W € X(x(M)),

we have:

(a) Sxy AKX, Y)pZ+DxT(Y,Z)+ T(X,[Y, Z])} = 0,
(b) Sxy{D,K(X, Y)W — K(X,Y)D,W — K([X,Y],Z)W} = 0.

If 7Y (TM) is equipped with a metric g, then

(C) g(K(Xa Y)Z’ W) +9(K(Xa Y)W> 7) = i'[X,Y{(l)X(l)Yg))(Wv 7)} - (D[X,Y]g) (Wv 7)
Proof. We prove (c) only.

X -g(W,Z) = (Dxg)(W,Z) + g(DxW,Z) + g(W, Dx Z).

From which, we obtain

X (Y -gW,2)) = X - (Dyg)(W,Z)) + (Dxg)(DyW, Z) + (Dxg)(W, Dy Z)
—l—g(DnyW,7) -+ (DyW DXZ) -+ g(DXW Dy?)
DyZ)

with similar expression for Y - (X - (W, Z)). Consequently,

(X, Y]-g(W,Z) = Uxy{X - (Dyg)(W,Z)) + (Dxg)(DyW,Z) + (Dxg)(W,Dy Z)}
+9([Dx, Dy]W, Z) + g(W,[Dx, Dy]Z).

On the other hand, we have
[X, Y] '9(W> 7) = (D[X7Y]9)(W> 7) + Q(D[X,Y]W7 7) + Q(W, D[X,Y}i)
The result follows from the above two equations. O

Proposition 2.5. Let D be a regular connection on 7= (T' M) whose (h)hv-torsion tensor
T has the property that T'(X,7) = 0. Then, we have:



(a) S(X,Y)Z = (DyT)(X,Z) - (D,xT)(Y,Z)
+TX,TY,2)-TY, T(X,Z)+T(3(X.Y),2),
(b) P(X,Y)Z ~ P(Z.Y)X = (DgT)(Y,X) - (DgxT)(Y,Z) — (DyQ)(X, 2Z)
~T(Y,QX,2)-T(P(Z,Y),X)+T(P(X,Y),Z)
- Q(77 T(?v 7)) + Q(Ya T(?v 7))7
(¢) Gxy ARKXV)Z - T(R(X,Y),2)} = 65y AQX, QY. Z)) — (DyxQ)(Y, Z)}.
Proof. Follows from Lemma 2.4(a) and Lemma 23] O

Proposition 2.6. Let D be a regular connection on w—"(T' M) whose (h)hv-torsion tensor
T has the property that T'(X,7) = 0. Then, we have:

~ e —

(2) Sxr (D). Z, W) - S(5(X.7), Z)W} = 0.

+S(P(Z,X), Y)W — S(P(Z,Y), X)W

(C) (DWYR) (77 7> W) + (DQVP)(7>YaW) - (Dﬁip)(?v Ya W) =
=P(Z,P(Y, X)W — P(Y,P(Z, X)W — P(Q(Y,Z), X)W
+R(I(X,Z Y), 2)W + S(R(Y,Z), X)W

Proof. Follows from Lemma 2.4(b) and Lemma 23 O

3. Fundamental tensors associated with the Cartan
connection

We shall use the results obtained in §2 to investigate the fundamental properties of
the most important tensors associated with Cartan connection.

Theorem 3.1. [12] Let (M, L) be a Finsler manifold and g the Finsler metric defined by
L. There exists a unique reqular connection ¥V on w71 (T'M) such that

(i) V is metric: Vg =0,
(ii) The (h)h-torsion of V wvanishes: Q@ = 0,
(iii) The (h)hv-torsion T of V satisfies g(T(X,Y),Z) = g(T(X,Z),Y).

Such a connection is called the Cartan connection associated with the Finsler manifold
(M, L).

Theorem 3.2. [12] The nonlinear connection associated with the Cartan connection V
coincides with the Barthel connection: I'y = [J, G|.

Proposition 3.3. The (h)hv-torsion T of the Cartan connection has the properties :



(a) T(X,Y,2)=T(X,Z,Y),

(b) (VwT)(X,Y.Z) = g(VwT)(X.Y),Z) = g(VwT)(X, 2),Y),
(c) T(X,7) =0,

(@) (VxD)(Y,2) = (VyD) (X, Z),

(e) (VaT)(X,Y)=-T(X.,Y),

(F) T is totally symmetric.

Proof.

(b) Follows from the following relations, making use of (a):

g(VWT(Ya?)a ) =W- g(T(Ya ?)aZ) - g(T(Ya ?)a VWZ)

(c) As V is a metric linear connection on 7~'(7T'M) with nonzero torsion T, one can
show that V is completely determined by the relation
29(VxpY,pZ) = X - g(pY.pZ) +Y - g(pZ, pX) — Z - g(pX, pY)
—g(pX, T(Y, 2)) + 9(pV, T(Z, X)) + g(p2, T(X,Y)) (1)
—9(pX, plY, Z]) + 9(pY, p[Z, X]) + g(pZ, p| X, Y]).
for all X|Y,Z € X(TM). The connection V being regular, let h and v be the horizontal
and vertical projectors associated with the decomposition (L3): h=Fop,v=1—Fop.
Replacing X, Y, Z by vX, hY, hZ in (3] and using axiom (iii) of Theorem [B.], taking
into account the fact that po~y =0 and po h = p, we get
29(V.xpY, pZ) =X - g(pY, pZ) + g(pY, plh Z, v X]) + g(pZ, ply X, hY). (3.2)
Now,

29(T(X,7),Z) = 29(T(vX, 1), Z) = 29(V 57, Z) — 29(p[ X, 87], Z).
Then, from ([B.2), we get
29(T(X,7), Z) =X - 9(0,Z) + 9(7, pBZ v X]) — 9(Z, ply X, B7)).
From which, together with the identity X = p[yX, 57] [12], we obtain
29(T(X. M), Z) =X - 90, Z) + 9(0, pBZ 7 X]) — 9(Z, X).

Finally, one can show that the sum of the first two terms on the right-hand side is
equal to g(X, Z), from which the result.

(d) Since V is regular with T(X,7) = 0, then, by Proposition 2.5(a) and property (a),
we have

5(77 ?7 77 W) = g((v-y?_T)(_yv 7)7_W_)_ 9((V7X_T)(_?a 7)7_Wl
+g(T(¥7 W)? T(Y7 Z)) - g(T(Yv W)? T(X7 Z))
+9(T(S(X,Y), Z),W)



On the other hand, using Lemma 2.4)(c), together with axiom (i) of Theorem B.I] we get

S(X,Y,Z,W)=-S(X.,Y,W,Z). (3.3)
Using the properties (a) and (b), the above two equations, yield
(VxD)(Y,Z) = (VyT)(X, 2) =T(S(X.Y), Z). (3.4)
Substituting (3.4]) in (a) of Proposition 2.5, we get
SX,VNZ=T(X,T(Y,Z))-T(Y,T(X,7)). (3.5)
Setting Z =7 in (B.5) and noting that T'(X,7) = 0, we have

~

S(X,Y) =0. (3.6)

Then, the result follows from (3.4]) and (3.6]) .
(f) Follows from (d) by setting Z = 7, taking into account (c) and (a). O

Theorem 3.4. The v-curvature S of the Cartan connection has the properties:

(b) S(X,Y,Z,W)=-SX,Y,W,2),

Proof.

(b), (c) and (d) follow immediately from (3.3) and (B.3]).
(e) and (f) follow from (d) and the properties of T

(g) Follows from Proposition 2.6(a) and (3.6]).

(h) and (i) follow from (g) by setting W = 7 and X = 7 respectively, taking (f) into
account.

(j) Follows from Proposition 2.6(b) and (3.6]). O

Theorem 3.5. The hv-curvature tensor P of the Cartan connection has the properties :
(a) P(X,Y,Z,W)=—-P(X,Y,W,Z),



(b) P(X,Y)Z - P(Z,Y)X = (Vg;T)(Y,X) = (VgxT)(Y, Z)
—~T(P(Z,Y),X)+T(P(X,Y),Z),
(c) P(X,Y,ZW)=g(VgzD)(X.Y), W) - g(VewT)(X,Y), Z)

(e) P(X.Y) = (Vs T)(X.Y),

(f) P is symmetric,

Proof.

(a) Follows from Lemma 2.4)(c) by setting X = 3X,Y = ~Y, noting that Vg = 0.
(b) Follows from Proposition 2.5(b) and Theorem B.I(ii).

(c) From (b), making use of Proposition 3.3(a), we have

P(Y,?, 77 W) - P(iv ?’ 77 W) = g((vﬁ_fjl(?l\y_)a W) g((vﬁ_ya( /7\7_) T)
— g(T(X, W), P(Z,Y)) + g(T(2Z,W), P(X,Y)).
By cyclic permutation on X, Z, W of the above equation, one gets
P(W,Y,X,Z) - P(X.Y,W,Z) = g(VxT)(Y, W), Z) = g(VswD)(Y, X), Z)
—g9(T(W,2), P(X,Y))+¢9(T(X, Z), P(W,Y)),
PZYW.X) = P(V.Y,2.X) = (Ve D)(¥.2). X) ~ (9 71T 1), 5)
9g(T(Z,X),PW,Y))+ g(T(W,X), P(Z,Y)).

Adding the first two equations and subtracting the third, using (a
(f), the result follows.

(d) Follows from (c) by setting X = Z = 7, making use of the properties of 7' and the
fact that K o 6 = 0.

(e) Follows from (c) by setting Z = 7, taking (d) and the properties of T' into account.

CL

nd Proposition B.3|(b),

(f) Follows from (e) together with the symmetry of T

(g) Follows from (c) by setting X = 7 (resp. Y = 7), making use of the obtained
properties of the (v)hv-torsion P and the (h)hv-torsion 7.

(h) Follows from the property (i) of the v-curvature tensor S (Theorem [B.4) by setting
X =7 and making use of the obtained properties of T', S and P.

(i) Can be proved in an analogous manner as (h). O

Theorem 3.6. The h-curvature tensor R of the Cartan connection has the properties :
(a) R(X,Y,ZW)=-R(Y,X,Z,W),
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(f) (V,ny)(Y, Z7W> + <V67P> (77 yv W) - (vﬁfp) (?7 Yv W)
—P(Z,P(Y, X)W + R(T(X,Y), Z)W — S(RY,Z), X)W
+P(Y,P(Z, X)W — R(T(X,Z),Y)W =0,

(2) (vwﬁR)(y,?,7 =0.

Proof.

(b) Follows from Lemma 2.4(c) by setting X = 3X and Y = Y, taking into account the
fact that Vg = 0.

(c) We use the identity R(X,Y) = —v[hX, hY] [11] together with Lemma [2.3|(a) and the
fact that K oy = idxr)) and K o 3 =0:
v[h X, hY] =y o K[(B o p)X, (B0 p)Y]
=70 K{vR(pX, pY) + B(DrxpY — DrypX — Q(pX, pY))}
= yR(pX, pY),

from which the result.

(d) Follows from Proposition [2.5](c) and Theorem B.II(b).

(e) and (f) follow from Proposition 2.6(d) and (c) respectively, noting that @ = 0.

(g) Follows from (f), making use of the obtained properties of 7', S and P. O

4. Fundamental tensors associated with the Berwald
connection

In this section, we investigate the fundamental properties of the most important
geometric objects associated with Berwald connection.

The following theorem guarantees the existence and uniqueness of the Berwald con-
nection.

Theorem 4.1. [12] Let (M, L) be a Finsler manifold. There exists a unique regqular
connection D° on 7= 1(T M) such that

(i) DSy L =0,
(ii) D° is torsion-free: T° =0,

(iii) The (v)hv-torsion tensor P° of D° vanishes: I/DT’(Y, Y)=0.
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Such a connection is called the Berwald connection associated with the Finsler mani-
fold (M, L).
Moreover, the nonlinear connection associated with the Berwald connection D° coincides
with the Barthel connection: T'po = [J, G]|. Consequently, 3° = 3 and K° = K.

Theorem 4.2. [12] The Berwald connection D° is explicitly expressed in terms of the
Cartan connection V in the form:

DY =VxY + P(pX,Y) - T(KX,Y). (4.1)
In particular, we have

(a) D°Y =V 5V —- T(X.Y).
(b) DY = VY + P(X,Y).

Concerning the metricity of the Berwald connection, we have
Lemma 4.3. For the Berwald connection D°, we have

(a) (Dixg)(Y,Z) = 2T(X,Y, Z),

(b) (D5x9)(Y,Z) = —2P(X,Y,Z)

Proposition 4.4. The v-curvature S° of the Berwald connection vanishes: S° = 0.

Proof. Since D° is regular with T° = 0, the result follows from Proposition 2.5(a). O

Theorem 4.5. The hv-curvature tensor P° of the Berwald connection has the properties :
(a) P°(X,Y) =0,

(b) P(X.Y,Z, W)+ P*(X.Y,W,Z) = 2(D5T)(Y, Z. W) + 2(D°.P) (X, Z,W),

(c) P°(X,Y)Z = P°(Z,Y)X,

(d) (Diypo)<?72vw) = (szpo)(?u yv W);
(e) P° is totally symmetric,

(f) (DP°)(X,Y,Z) = —P°(X,Y)Y.

Proof.

(b) We successively use LemmaZ4(c) (for X = 8X,Y =+Y), Lemmal3 LemmaZ3|(b)
and finally Theorem [I[(iii). In fact,

P(X.Y, 2, W)+ P(X, Y, W, Z) = 5X - (Dig0)(Z, W) = (D3yg)(D

—(D339)(Z, DigW) =Y - (D3x9)(Z, W)

8X
—i—(D;yg)(D,oy??a W) + (DZXQ)(?v D;YW)
—(ngyﬁ]g)(Z, W)

= X -(2T(Y,Z,W)) = 2T(Y, D5 Z, W)
~2T(Y,Z, D3 W) — 7Y - (~2P(X,Z,W))
—2P(X, D3y Z, W) = 2P(X, Z, Dy W)

2T(DxY, Z, W) = 2P(Dy X, Z, W)
= 2DT) (Y, 2, W) + 2D P)(X, Z, W)



(c) and (d) follow from Proposition 2.5(b) and Proposition [2Z.6[(b) respectively, taking
Proposition [4.4] and the properties of D° into account.

(e) Follows from (d) by setting W = 7, taking into account (a) and (c).

(f) Follows from (d) by setting X =7 and using (a) and (e). O
Theorem 4.6. The h-curvature tensor R° of the Berwald connection has the properties :
(a) R°(X,Y,Z,W)=—-R(Y,X,Z, W),

(b) R°(X,Y) = R(X,Y) = —KR(3X, 8Y),

~ - - —

(c) R(X.Y.ZW)+R(X.Y,W.Z) = 285 +{(D3.P)(X. Z, W)} 2T(R(X.Y), Z, W),

(f) (D3 ROY, Z, W) = (D5, P°)(Y, X, W) = (D P°)(Z, X, W),
(8) (DHR)(X,Y,Z) =0,

(h) R2(X,Y) = H{(DxH)(Y) - (D H)(X)}; H(X) = R°(7, X),

() R°(X,Y)Z = (D°_ R°)(X,Y).
Proof.

(b) Follows from Theorem [B.6(c) together with the identity R°=R [13].

(c) We use successively Lemma 2.4(c) (forX = 3X,Y = BY), the property (b) above,
Lemma [A.3] Lemma [23(a) and finally Theorem [.1](ii). In fact,

Ro(yv ?7 77 W) + Ro(yv ?7W 7) uX,V{ﬁX ' (D279> (77 W) - (D279> (DOY7’ W)
_( 2?9)(77 DO_W>} - ( Fg}gg?ﬂ)(?v W)

= 25 {(D5P)(X, Z,W)} — 2T(R(X,Y), Z,W).
(d) Follows from Proposition [Z5](¢c), taking into account the fact that T° = 0.
(e) Follows from Proposition 2.6(d) together with the fact that @° = 0 and R°=R.
(f) Follows from Proposition [2.6/(c), noting that T° = P°=5°=0.

(g) Follows from (f) by setting X = 7, making use of Theorem {5(a), (e) and the fact
that K o 5 = 0.

(h) We have, by (f) and Theorem (1.3,
(DR, Z,7) = 0. (4.2)

13



Setting Y = 7 in (£.2), noting that K oy = idx(x(ar), We get

0= (DS R) @, Z,7)
= DI R0, 20 — R (D37, Z)7 — RO (1, Dy 27 — B (0, 2) D 7
= D°cH(Z) — R*(X,Z) - H(D*xZ) - R°(7. 2)X
= (DixH)(Z) - B*(X,Z) - R°(, 2)X.

From which, making use of (d), we obtain

(D H)(Y) — (Dop H)(X) = (X, Y) + (1, V)X — RV, X) - R°(7, X)Y

(i) From (4.2), noting that K oy = idx(x(n)), We get
0 = (D2 R)(Y, Z,7)
= DIxR(Y, 2)1 — R°(DxY, Z2) — R°(Y, D3 Z)i — R°(Y, Z) D3]
= (D° RO)(7 Z)—-R(Y,2)X.
This completes the proof.

We terminate this section by the following

Theorem 4.7. The following assertion are equivalent :

(a) The curvature tensor R of Barthel connection vanishes.
(b) The h-curvature tensor R° of Berwald connection vanishes.
(c) The (v)h-torsion tensor R° of Berwald connection vanishes.
(d) The (v)h-torsion tensor R of Cartan connection vanishes.
(e) The w-tensor field H vanishes.

(f) The horizontal distribution is completely integrable.

Proof. These equivalences are realized by the properties (b), (h) and (i) of Theorem [4.6]

taking into account that RR(X,Y) = —v[hX, RY] [11].

5. Fundamental tensors associated with the Chern

connection

In this section, we introduce and investigate the fundamental properties of the most

important tensors associated with the Chern connection.

The following theorem guarantees the existence and uniqueness of the Chern connec-

tion.
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Theorem 5.1. [13] Let (M, L) be a Finsler manifold and g the Finsler metric defined by
L. There exists a unique reqular connection D® on w=(T' M) such that

(1) (D% 9)(pY, pZ) = 29(T(K°X, pY), pZ),

(ii) D¢ is torsion free: T° =0,

where T is the (h)hv-torsion of the Cartan connection and K° is the connection map of
De.

This connection is called the Chern (Rund) connection associated with (M, L).

Moreover, the nonlinear connection associated with the Chern connection D° coincides
with the Barthel connection: T'pe = [J, G]. Consequently, 3° = 3 and k° = k.

Theorem 5.2. [I3] The Chern connection D° is given in terms of the Cartan connection
V (or the Berwald connection D°) by :

DY =VyY —T(KX,Y)= DY — P(pX,Y).

In particular, we have

(a) D°Y = V.5V —T(X,Y) = D=, V.
(b) D3V = V5 = D2,V — P(X,Y).
Concerning the metricity of Chern connection, we have

Lemma 5.3. For the Chern connection D°, we have

(a) (Dix9)(Y,2) =2T(X.Y,Z),

(b) Dizg = 0.

Lemma 5.4. The v-curvature S° of the Chern connection vanishes: S° = 0.

Proof. The proof is similar to that of proposition [4.4] O
Theorem 5.5. The hv-curvature P° of the Chern connection has the properties:

(a) P(X.Y,Z, W)+ P°(X,Y,W,Z) = 2(D3 1)V, Z,W) — 21 (P(X.Y). Z.W),
(b) P*(X,Y)Z = P°(Z,Y)X,

(c) P°(X,Y,Z,W)= (D2 T)Y,Z,W)

~

(e) P*(X,Y) = P(X,Y) = (D3, T)(X, ),
(f) P° is symmetric,
(g) PA(X, 7)Y =0, P, X)Y = (D

(h) (D%Pﬂ(Z?, W) = (D;LPQ)(ZY, w),



(i) (DP)(X,Y,Z) = —P°(X,Y)Z.
Proof.
(a) By Lemma 2.4(c), together with Theorem B.11(i), we get

g(K(X,Y)Z,W) + g(K(X, Y)W, Z) =
= 2uX,Y{Xg(T(KKW)77)+9(T(KX7D§/W)77> (51)
+9(T(KX, W), D3 Z)} —29(T(K[X,Y],W), Z).

From which, by setting X = X and Y = ~Y in (5.I)) and using Lemma .3} noting
that T° = 0, we get

P(X.Y,ZW)+ P (XY W.Z) = 28X - T(Y,W,Z) - 2I(Y, D}, ;W Z)
7)—2T(P*(X,Y),W,Z)
7

Hence, the result follows.
(b) Follows from Proposition 2-5(b), making use of the hypothesis that T® = 0.

(c) Firstly, one can easily show that
(DY, Z,W) = g(D5xT)(Y, 2), W). (5.2)

Cyclic permutation on X, Z, W in the formula given by (a) above yields three equations.
Adding two of these equations and subtracting the third, taking into account (5.2) and
the property (b), gives

PO(Ya 77 77 W) = (D;YT)(?aivw) + (DEET)(?> W? _) - (D;WT)(?>Ya7)
+T(ﬁ>(W7 ?)777 7) - T(]/D;(Y,V 777 W) - T(ﬁ?}(77 ?)7W77)
(5.3)

(d) Follows from (c) by setting X =7 and Z = 7 and making use of the properties of the
(h)hv-torsion 7.

(e) Follows from (c) by setting Z = 7, taking (d), the properties of 7" and the identity
D;YY = V=Y into account.

(f) Follows from (e) and the symmetry of 7T

(g) Follows from (c) by setting Y = 7 (resp. X = 7)), making use of the obtained
properties of P° and T

(h) Follows from Proposition 2.6(b), taking into account that S° =T = 0.
(i) Follows from (h) by setting X = 7 and making use of (g). O

Corollary 5.6. Let (M, L) be a Finsler manifold. The following assertion are equivalent.

(a) The hv-curvature tensor P vanishes: P =0,
(b) The (v)hv-torsion tensor P vanishes: P = 0.

(c) The (v)hv-torsion tensor P° vanishes: P° = 0.
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Proof.
(a)==(b): Trivial.
(b)==>(a): Suppose that P vanishes. From Theorem 34(i), we have

(V2S)(X, Y, W) = (V.xP)(Z.Y, W)~ (V.yP)(Z,X, W) - S(P(Z.Y), X)W

YS(P(Z,X),Y)W — P(T(Y, Z), X)W + P(T(X,Z),Y)W.

Setting W = 7 in the above relation, taking into account that S = 0, we get
P(X.Y)Z = P(X,Z)Y. (5.4)

On the other hand, from Theorem [B.5(c), making use of the given assumption, we
have
P(X.Y,Z, W) = g((V 12T)(X,7), W) - (Ve T)(X, V), 2). (5.5)

From which, together with (5.4) and g((VT)(X,Y), Z) = g((VawT)(X, Z2),Y), we
obtain

(VazD)(X,Y) = (V1) (X, Z)
Now, again from (5.5]) the result follows.
(b)<=(c): Follows from Theorem [G.5l(e). O

Theorem 5.7. The h-curvature tensor R® of the Chern connection has the properties :

~ R —

Proof.
(b) Follows from the identity R°=R [13] together with Theorem B.6(c).

(c) Follows from (5.0)) by setting X = X and Y = Y, making use of Lemma 2.3(a)
and the identity R° = R.

(d) Follows from Proposition 2.5(c), taking into account the fact that T® = 0.
(e) Follows from Proposition 2.6(d) together with @Q° = 0, making use of (c) above.
(f) Follows from Proposition 2.6(c), noting that T°® = 5S¢ = 0 and Ps =P,

(g) Follows from (f) by setting X =7, using the obtained properties of the hv-curvature
tensor P°. O
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6. Fundamental tensors associated with the Hashiguchi
connection

As in the previous section, we investigate the fundamental relations and properties
of the most important tensors associated with the Hashiguchi connection.

Theorem 6.1. [13] Let (M, L) be a Finsler manifold and g the Finsler metric defined
by L. There exists a unique reqular connection D* on m=Y(T'M) such that

(i) D* is vertically metric: D:Yg =0,

(ii) The (h)hv-torsion T* of D* satisfies: g(T*(X,Y),Z) = g(T*(X,Z),Y),
(iii) The (h)h-torsion of D* vanishes: Q* = 0,

(iv) The (v)hv-torsion of D* vanishes: Pr =0,

(v) Dj.xL=0.

Such a connection is called the Hashiguchi connection associated with the Finsler

manifold (M, L).

Theorem 6.2. [13] The nonlinear connection associated with the Hashiguchi connection
D* coincides with the Barthel connection: I'p« = [J,G]. Consequently, * = (5 and
K*=K.

Moreover, the (h)hv-torsion of the Hashiguchi connection coincides with the (h)hv-torsion
of the Cartan connection: T* =T.

Theorem 6.3. [13] The Hashiguchi connection D* is given in terms of the Cartan con-
nection (or the Berwald connection) by:

DY =VxY + P(pX,Y) = DY + T(KX,Y). (6.1)
In particular, we have
(a) DY =V 5Y =D° Y+ T(X,Y).
(b) DY = VY + P(X,Y) = D Y.
Concerning the metricity of Hashiguchi connection, we have

Lemma 6.4. For the Hashiguchi connection D*, we have

(a) Dixg =0,

(b) (D39) (V. Z) = —2(P(X.Y),2).

Proposition 6.5. The v-curvature S* of the Hashiguchi connection has the properties :
(a) S*(X.Y,Z,W) = —5*(V, X, Z,7),

(b) $*(X.V,Z,W) = —S*(X,Y,W,7),

=~
N
=

(c) S*(X,Y,Z,W)=S8(X,Y,Z,W) =g(T(X, W), T(Y,Z)) - g(T(Y,W),T(X, Z)),
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() ( )XY W) = (D:xP)(Z,Y,W) = (D:xP)(Z,X. W)
— PV, Z), X)W + PH(T(X, Z), V)V

Proof.

(b) Follows from Lemma 24l(c) by setting X = vX,Y = 7Y, taking into account the
fact that D,’:Yg = 0 and making use of Lemma 2.3|(c) .

(c) Follows from the identity Dj;y? = V. xY (Theorem [63), noting that the vertical
distribution is completely integrable.

(d) Since D* is regular with T*(X, %) = T(X,7) = 0, then from Proposition Z6(a) and
the fact that S* = .S, the result follows.

(e) Follows from (d) by setting X = 7, taking into account the property that S(X,7)Y =
Sm,X)Y = § (X,Y)=0.

(f) Follows from Proposition Z6(b), noting that S* = S and P+ =0. O
Theorem 6.6. The hv-curvature tensor P* of the Hashiguchi connection has the proper-
ties:

(a) P*(X,Y,Z,W)+ P (X,Y,W,2) = 2Dy P)(X,Z, W) +2P(T(X,Y),Z, W),

(b) P* =0

(c) P(X.Y)Z — P*(Z.Y)X = (D-.T)(Y,X) — (D'-T)(Y. Z),

d) P(X,V)Z = P*(X,2)7,

(e) P*(7, X)Y = —(D;, T)(X.Y), P*X.7)Y =0,
(f) (D:,P*)(X,Y,Z)=-P*(X,Y)Z.

Proof.

(a) Follows from Lemma 24(c) by setting X = SX,Y = 7Y, using Lemma and
Lemma 23(c). In fact,

P'X.Y,Z, W)+ P*(X,Y,W,Z) = =7Y - (D;x9)(Z, W) + (D.9)(D:yZ, W)
+(Dix9)(Z, DigW) — (Djyx 799 (Z, W)
= =Y - (=29(P(X,Z),W)) = 29(P(X, D’ Z), W)
~29(P(X,Z), Dy W) — 29(P(D’y X, Z), W)
+29(P(T(X,Y), Z), W)
= 2D P) (X, Z,W) +2P(T(X,Y), Z,

%|

)-

(b) Follows from Theorem [6.1[d).
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(c) Follows from Proposition 2.5(b), taking into account the fact that 7% = T" and P =
Q* = 0.

(d) Follows from Proposition E.5(f) by setting W = 7, noting that S =D =0 and
Kofp=0.

(e) The first relation follows from (c) by setting X =7, using the obtained properties of

the (h)hv-torsion 7. On the other hand, the relation P*(X,7)Y = 0 follows from (d) by
setting Y = 7, making use of (b).

(f) Follows from Proposition[G.5(f) by setting X = 7, using (e) and the obtained properties
of the v-curvature S. O

Theorem 6.7. The h-curvature tensor R* has the properties :

(a) R (X,Y,Z,W) = —R"(Y, X, Z, W),

(b) R*(X.Y,Z, W)+ R*(X,Y.W,Z) = 25 v{(D’-P) (X, Z, W)},

8X
(f) (D R)(Y,Z, W)+ (D3 P)(Z,X, W) — (D5, P*)(V, X, W)
+RY(T(X,Y),Z)W — S(R(Y,Z), X)W — R*(T(X,Z2),Y)W =0,
(8) (DymR)(X,Y,Z) =0
Proof.

(b) Follows from Lemma 2.4i(c) by setting X = 3X,Y = 8Y, taking Lemma and
Lemma 2.3|(c) into account. In fact,

R(X.Y,Z W)+ R (XYW, Z) = Ux y{BX - (Djpg)(Z, W) — (Diz9)(DjxZ, W)
~(Diy9)(Z, D*fW)}— (Disx 59 (2, W)
X )

(BX z
(V. 2),W)) +29(P(Y, D;,
W

3 R

2),W)

N <]
=

~—

(c) Follows from Theorem B.6l(c), taking into account that R*=R [13].
(d) Follows from Proposition 25(c), noting that Q* = 0, RP=RandT* =T .
(e) Follows from Proposition EZ0(d) together with Q* = 0 and R* = R.

(f) Follows from Proposition [2.6](c), making use of the relations S* = S, T* =T, R*=R
and P* = @Q* = 0.

(g) Follows from (f) by setting X = 7 and using the obtained properties of the (h)hv-
torsion 7', the v-curvature S and the hv-curvature P*. 0
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Appendix. Intrinsic Comparison

The following tables establish a concise comparison concerning the canonical linear
connections in Finsler geometry as well as the fundamental geometric objects associated

with them.

Table 1.
connection Cartan: V Chern: D° Hashiguchi: D* Berwald: D°
v-counterpart V7Y7 D:Y? = V7Y7 -T(X,Y) D:Y? = V,YY? D:Y? = V7Y7 -T(X,Y)
h-counterpart VﬁYv D;?? = V[?YV D;’Y? = VﬁYv +P(X,Y) D;Y? = VﬁYv + P(X,Y)
(h)v-torsion 0 0 0
(h)hv-torsion T 0 T
(h)h-torsion 0 0 0
(v)v-torsion 0 0 0 0
(v)hv-torsion P=vgT P 0 0
(v)h-torsion R=—KR® R R R
v-curvature S 0 S 0
hv-curvature P P° pP* pe
h-curvature R R® R* R°
v-metricity VX9 = 0 D:?g =29(7(X,.),.) D”;Yg =0 D:?g =29(7(X,.),.)
h-metricity Vﬁyg =0 DZY‘{] =0 D;Yg = —29(P(X,.),.) D;Yg = —29(P(X,.),.)
Table 2.
connection curvature tensors
Cartan v-curvature: S(X,Y)Z := -V xV.5Z+ V.5V xZ+V 5. 572
hv-curvature : P(i(,l/)_Z = =VxVoyZ + VoyVxZ + Vigx 1 xZ-
h-carvature: R(X,Y)Z := -V xVZ + Vi VxZ + Vx5 2.
Chern S(X,Y)Z =0.
PO(Yv 7)7 = P(Yv 7)7 - (P(Ya 7)7 7) + (vﬁyT)(Yv 7)
R(X,Y)Z = R(X,Y)Z — T(R(X,Y),Z)
Hashiguchi S*(X,Y)Z =S(X,Y)Z.
PHX.V)7 = P(X,Y)Z + P(T(X, V), 7) + (V.3 P)(X.7)
R(X.Y)Z = R(X,Y)Z — U s {(Vox P)(Y, Z) + P(X, P(Y, 2))}.
Berwald S°(X,Y)Z = 0.
P(X.V)Z = P(X,Y)Z + (Vy P)(X.Z) + P(1(V. %), 2)+
PRIV Z) + (V1) (V. 7)—
R? (77 ?)7 = R<Y7 ?)7 - T(R(Y7 ?)7 7) - uY 7{<VBXP) (?7 7)
PY,2))}.
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