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Abstract. In the present paper, the (HM’, S, T)-Cartan connections on pseudo-Finsler
manifolds, introduced by A. Bejancu and H.R. Farran, are obtained by the natural almost
complex structure arising from the nonlinear connection HM’. We prove that the natural
almost complex linear connection associated to a (HM’, S, T)-Cartan connection is a metric
linear connection with respect to the Sasaki metric G. Finally we give some conditions for
(M’ J,G) to be a Kahler manifold.
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1 Introduction

Almost complex structures are important structures in differential geometry [8, 9, 11]. These
structures have found many applications in physics. H.E. Brandt has shown that the spacetime
tangent bundle, in the case of Finsler spacetime manifold, is almost complex [4, 5, 6]. Also
he demonstrated that in this case the spacetime tangent bundle is complex provided that the
gauge curvature field vanishes [3]. In [1, 2], for a pseudo-Finsler manifold F™ = (M, M’, F*)
with a nonlinear connection HM’ and any two skew-symmetric Finsler tensor fields of type (1, 2)
on F™ A. Bejancu and H.R. Farran introduced a notion of Finsler connections which named
“(HM', S, T)-Cartan connections”. If, in particular, HM’ is the canonical nonlinear connection
GM' of F™ and S = T = 0, the Finsler connection is called the Cartan connection and it is
denoted by FC* = (GM',V*) (see [1]). They showed that V* is the projection of the Levi-
Civita connection of the Sasaki metric G on the vertical vector bundle. Also they proved that
the associate linear connection D* to the Cartan connection F'C* is a metric linear connection
with respect to G [1]. In this paper we obtain the (HM', S, T)-Cartan connections by using the
natural almost complex structure arising from the nonlinear connection HM’, then the natural
almost complex linear connection associated to a (HM', S, T)-Cartan connection is defined. We
prove that the natural almost complex linear connection associated to a (HM', S, T)-Cartan
connection is a metric linear connection with respect to the Sasaki metric G. Kéhler and para-
Kahler structures associated with Finsler spaces and their relations with flag curvature were
studied by M. Crampin and B.Y. Wu (see [7, 12]). They have found some interesting results on
this matter. In [12], B.Y. Wu gives some equivalent statements to the Kéhlerity of (M’, G, J).
In the present paper we give other conditions for the Kéhlerity of (M’ G, J), which extend the
previous results.
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2 The associate almost complex structure to H M’

Let M be a real m-dimensional smooth manifold and T'M be the tangent bundle of M. Let M’
be a nonempty open submanifold of TM such that 7(M’) = M and 6(M) N M’ = &, where 0
is the zero section of TM. Suppose that F™ = (M, M', F*) is a pseudo-Finsler manifold where
F*: M’ — R is a smooth function which in any coordinate system {(U’, ®') : 2,3’} in M, the
following conditions are fulfilled:

e F* is positively homogeneous of degree two with respect to (y',...,y™), i.e., we have

Fr(at, o a™ kyt, L ky™) = BREr (2 ™yt ™)

for any point (z,y) € (®',U’) and k > 0.

e At any point (z,y) € (®',U’), gi; are the components of a quadratic form on R with ¢
negative eigenvalues and m — ¢ positive eigenvalues, 0 < ¢ < m (see [1]).

Consider the tangent mapping 7, : TM’' — T M of the submersion 7 : M’ — M and define
the vector bundle VM’ = ker m,. A complementary distribution HM' to VM’ in TM' is called
a nonlinear connection or a horizontal distribution on M’

TM' = HM' @ VM.
A nonlinear connection HM' enables us to define an almost complex structure on M’ as follows:

J: F(TM') — F(TM’),
) 0 0 )
H(5m) =g (o) = s
where { )

5o axz N] (z,y)-2% 570 B } is assumed as a local frame field of TM' and T'(TM’) is
the space of smooth sections of the vector bundle T'M’. We call J the associate almost complex
structure to HM'. Obviously we have J? = —Idpyy, also we can assume the conjugate of J,

J' = —J, as an almost complex structure. Now we give the following proposition which was
proved by B.Y. Wu [12].

Proposition 1. Let F™ = (M, M', F) be a Finsler manifold. Then the following statements
are mutually equivalent:

1 = (M, M’ F) has zero flag curvature;
3) VJ =0, where V 1is the Levi-Civita connection of the Sasaki metric G;

) F
2) J is integrable;
)
4) (M',J,G) is Kdhlerian.

Corollary 1. Let the associate almost complex structure to J (or J') be a complex structure;
then we have

61\[]’.C SNF aNJ’? ONF
Szt b’ oyt Oyl

So in this case the horizontal distribution is integrable.
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3 (HM/',S,T)-Cartan connection by using the associate almost
complex structure J

In this section we give another way to define (HM’, S, T)-Cartan connection by using the asso-
ciate almost complex structure J on M’. Then we study the Kéhlerity of (M’, J,G), where G
is the Sasaki metric and F™ = (M, M', F') is a Finsler manifold.

Let F™ = (M, M’, F*) be a pseudo-Finsler manifold. Then a Finsler connection on F™ is
a pair FC = (HM',V) where HM' is a nonlinear connection on M’ and V is a linear connection
on the vertical vector bundle VM’ (see [1]).

Theorem 1. Let V be a FC on M'. The differential operator D defined by
DxY =VxvY — JVxJhY VX,Y el(TM)
is a linear connection on M'. Also J is parallel with respect to D, that is
(DxJ)Y =0 VXY el (TM).
We call D the natural almost complex linear connection associated to FC ¥V on M'.
Proof. For any X,Y,Z € T'(TM’) and f € C*>°(M') we have

DixyvZ = fVxvZ +VyvZ — J(fVxJhZ +VyJhZ)
= f(VxvZ — JVxJhZ)+ VyvZ — JVyJhZ = fDxZ + Dy Z,
Dx(fY+Z)=XfwY +hY)+ f(VxvY — JVxJhY)+VxvZ — JVxJhZ
=(Xf)Y + fDxY + DxZ.

Therefore D is a linear connection on M’.
Also we have

(DxJ)(Z) = Dx(J(2)) — J(DxZ)
:VXvJ( ) JVXJ(

vy (-zi5n) -9

—JVxvZ —VxJhZ

0 A
> —IVx (Z 33/") o <_Z 33/") -0

o

where in local coordinates Z = Z¢-2 57 T A By |
Note that the torsion of D is given by the following expression:
TD(X,Y) = (VxvY — VyvX —v[X,Y]) — J(VxJhY — VyJhX — Jh[X,Y]). (1)

Theorem 2. Let HM' be a nonlinear connection on M' and S and T be any two skew-symmetric
Finsler tensor fields of type (1,2) on F™. Then there exists a unique linear connection ¥V on VM’
satisfying the conditions:

(i) V is a metric connection;

(ii) TP, S and T satisfy
(a) TPwX,vY)=SwX,vY), (b) hIP(hX,hY)=JT(JhX,JRY)

for any X, Y € T(TM'), where J is the associate almost complex structure to HM'.
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Proof. This proof is similar to [1]. We define a linear connection V on VM’ by using g, h, v,
J, S and T in the following way. For any X,Y,Z € T'(TM’) let

29(VyxvY,vZ) = vX(g(vY,vZ)) + vY (9(vZ,vX)) —vZ(g(vX,vY))
+ g(vY, [vZ,vX]) + g(wZ, [vX,vY]) — g(vX, [vY,vZ]) + g(vY, S(vZ,vX))
+9(wZ,S(vX,vY)) — g(vX,S(Y,vZ)) (2)

and

29(Vyx JhY, JhZ) = hX (g(JRY, JhZ)) + hY (9(JhZ, JhX))
— hZ(g(JhX, JRY)) + g(JRY, Jh[hZ, hX]) + g(JhZ, Jh[hX, hY])
— g(JhX, JhRY, hZ]) + g(JhY,T(JhZ, JhX))
+ g(JhZ, T(JhX, JhY)) — g(JhX, T(JRY, JhZ)). (3)

Then for any X,Y, Z € T'(TM') we have

(Vxg)(vY,vZ) = (Vux4rxg)(vY,vZ)
=vX(g(vY,vZ)) — g(VyxvY,vZ) — g(vY,V,xvZ) + hX (g(vY,vZ))
- g(VhX’UY, UZ) - g(UY> VhXUZ) = 0.

The above computation shows that the connection V defined by (2) and (3) is a metric connec-
tion.
Locally we set V 5

s
o) d\ _mk_0
T(5y a5) = Tij gyr-
Now in (2) let X = 8 =, Y = and Z = ai. After performing some computations we

obtain the following expression for the coefficients C77

sy = F@ W5 Vo gi = Ch@y)g: Sl a5) = Sijpyr and

T

m __ 1 {agll 8glj . 6937,

h !
5 =500y Ty oy + st j19in + S]gm Sligjh} gm.

Also in (3) let X = %, Y = i and Z = —. Then we can obtain the following expression for
the coefficients F}7':

1 [d0gu | 0g;j  0gji h h z
Fj =5 {595]' v Ry e Thgin — Tirgn + Tiigin ¢ 9™
By using the relations Jov=hoJ,voJ = Joh and (1) we have

TP(wX,vY) = VyxvY — VyyvX — [vX,0Y], (4)
TP (hX,hY) = J(VpyJhX — VixJhY + Jh[hX, hY]). (5)

Suppose that X,Y € F(TM " are two arbltrary vector fields on M’. In local coordinates, let

X= X@5§Z+X18
-0 ~. 0 -0 ~. 0
TP (X' =YV~ ) =8 (X' —YV'—
< ayla ayl> S< ayl7 8yl>7 (6)

1) 1) ) 1)
D i i — ) 7
T (X Y > JT <J (X w) J(Y M)) (7)

The relations (6) and (7) show that V satisfies (ii) of Theorem 2.
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Now let V be another linear connection on VM’ which satisfies (i) and (ii). By using the
relations (i), (ii), (4) and (5) for V we have the following expressions:

vX(gwY,vZ)) +vY(g(vZ,vX)) —vZ(g(vX,vY))
= g(VoxvY 4 VyxvY — TP (wX,vY) — [vX,vY],0vZ)

+g(TP (WX, vZ) + [vX,vZ],vY) + g(TP (vY,vZ) + [vY,vZ],vX), (8)
hX(g(vJY,vJZ))+ hY (9(vJZ,0vJX)) — hZ(g(vJX,vJY))
= g(VaxJhY + Vix JhY — JT(JhX,JhY) — Jh[hX,hY], JhZ) (9)

+ g(JT(JhX,JhZ) + Jh[hX,hZ],JhY) + g(JT(JhY, JhZ) + Jh[hY,hZ], JhX).

The relations (8) and (9) show that V satisfies (2) and (3), respectively. Therefore V=V. B

The Finsler connection FC = (HM’,V) where V is given by Theorem 2 is called the
(HM',S,T)-Cartan connection (see [1, 2]) which in this case is obtained by the associate almost
complex structure to HM'. If, in particular, HM' is just the canonical nonlinear connec-
tion GM’ of F™ (for more details about GM' see [1]) and S = T = 0, the FC is called the
Cartan connection and it is denoted by FC* = (GM', V*).

By means of the pseudo-Riemannian metric ¢ on VM’ we consider a pseudo-Riemannian
metric on the vector bundle TM’ similar to the Sasaki one and denote it by G, that is

G = gij(z,y)dz'da? + gij(z,y)5y'5y’,

where 6y' = dy* + N;(CE, y)dz’/. Denote by V' the Levi-Civita connection on M’ with respect
to G. A. Bejancu and H.R. Farran showed V* is the projection of the Levi-Civita connection V'
on the vertical vector bundle also they proved the following theorem (see [1]).

Theorem 3. The associate linear connection D* to the Cartan connection FC* = (GM',V*)
18 a metric linear connection with respect to G.

Now we give the following theorem which shows the natural almost complex linear connections
associated to (HM', S, T)-Cartan connections are metric linear connections with respect to G.

Theorem 4. The natural almost complex linear connection D associated to a (HM',S,T)-
Cartan connection FC = (HM',V) is a metric linear connection with respect to G.

Proof. For any X, X1, Xy € I'(T'M’) we have

DxG(X1, Xa) = XG(X1, X2) — G(Dx X1, Xa) — G(X1, Dx Xo)
= X(G(Xl,XQ)) — G(VX’UXl,Xg) + G(JVXJth,XQ)
—G(Xl,VXng)+G(X1,JVXJhX2). (10)

By (10) and this fact that S and T" are skew-symmetric we have:
g 0 g ¢
D G G|+, — ] =0
o (aw o k) i (ayf’éa:k) |

o 9 55\ _ g
¢ (a i’ 0 'f) e <<5:1:J’6xk> oy~ Conomk = Cagin =0,

5.
D5G<6 8> D s G((S 5>:g]k_Fzghk Fligjn = 0.

D

Oyl Oyk 50t o0xd’ dxk oxt

Therefore DxG = 0 for any X € I'(T'M’). [ |
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Let F™ = (M, M’, F) be a Finsler manifold. We can easily check that the pair (J, G) defines
an almost Hermitian metric on M’. In the following theorem we give a sufficient condition for
Finsler tensor fields S and T such that D be the Levi-Civita connection arising from G.

Theorem 5. The natural almost complex linear connection D associated to a (HM',S,T)-
Cartan connection FC = (HM', V) is the Levi-Civita connection arising from G if TP(X,Y) =
0 for any X,Y € T(TM') or equivalently if

ONE
— _ k _ pk _ k __ J
k. §Nk
where Rf’j = 66];[; — S

Proof. By Theorem 4, D is a metric linear connection with respect to G. Therefore if TP =0
then D is the Levi-Civita connection. In local coordinates we have

o 0 0
TP —,— | =Sk~
<ay] ) ayz> Sz_] ayk7
9 9 5 ONY )
7P L — | =Cck— L _FE) —
<ayz’ &cﬂ) Coigar * ( oy’ ”) oy~
5 0 5 SNE  sNF\ o
D 2 © \_pk_“ J ) Y
T <5:E“ 5$j> 1 s ( daxt dad > oy’

Therefore the proof is completed. |

Corollary 2. If TP =0 then (M', J,G) is a Kdhler manifold.

Proof. If TP = 0 then D is the Levi-Civita connection of G. Also J is parallel with respect
to D. Therefore D (the Levi-Civita connection of () is almost complex. Consequently by using
Theorem 4.3 of [10], (M’, J,G) is a Kdhler manifold. |

We know that the almost Hermitian manifold (M’, J,G) is an almost Kéhler manifold if
and only if the fundamental 2-form ® is closed (& is defined by ®(X,Y) = G(X,JY) for all
X,Y € I(TM')). Therefore we can give the following theorem.

Theorem 6. The almost Hermitian manifold (M', J,G) is an almost Kdhler manifold if and
only if

Sgik ~ ONJ 8g;; ONP
k . . — . = 11
507 oy 90 | Gak oy Ok (11)
and
Rl ghk — Rligng + Rlpgni = 0. (12)

Proof. Let Xy, X7, X, € I'(T'M’). Then we have

dq)(Xo, Xl,XQ) = X()G(Xl, JXQ) — XlG(Xo, JXQ) + XQG(X(), JXl)
— G([X[),Xl], JXQ) + G([X[),XQ], JXl) — G([Xl, XQ], JX())

By using the above relation in local coordinates we have:

o o 0 o 8 &
a (3@/“ ayj’ﬁy’“> a <3y” 8@/3’596’“) 0
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o (2 0 8\ _dgw ONE - (dg; ON;
Oyt dxI’ dxk

g8 0 0N _ NI 6N} (NP N N ONI NI\
oxt’ 8z’ dxk )\ Sl St Ghk Sxk Sl Ghj Sk Sad Ghi-

Therefore the fundamental 2-form @ is closed if and only if the equations (11) and (12) are

confirmed. |
Now, by using Proposition 1 and Corollary 2, we have the following corollary.

Corollary 3. Let F™ = (M, M', F) be a Finsler manifold. If TP =0 then,

1) F™ = (M,M',F) has zero flag curvature;

2) J is integrable;

3) VJ =0, where V is the Levi-Civita connection of the Sasaki metric G;

4) (M', J,G) is Kdhlerian.
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