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HARMONICITY OF (¢, ¢ )-HOLOMORPHIC SECTIONS OF A
(SEMI-RIEMANNIAN) ALMOST PARACONTACT FIBER
BUNDLE OF TYPE II

ARISTIDE AYIBE

ABSTRACT. In this paper (¢,¢’)-holomorphic maps from an almost para-
Hermitian manifold to an almost paracontact metric manifold are studied and
a criterion for the harmonicity of such (¢, ¢’)-holomorphic maps is obtained.

Also (¢, ¢’)-holomorphic sections of (semi— Riemannian) almost paracon-
tact fiber bundles of type II are studied and a criterion for the harmonicity of
such (¢, ¢’)-holomorphic sections is obtained.

1. INTRODUCTION

A semi-Riemannian (or pseudo-Riemannian) manifold M is a C*°-manifold en-
dowed with a symmetric non-degenerate (0,2) tensor field g on M with constant
indices of positivity and negativity indy M and ind_M , respectively. The non-
degeneracy means that ind; M + ind_M = dimM (the dimension of M ).

As in the Riemannian’s case, a C2-map u : (M,g) — (N,h) between semi-
Riemannian manifolds is called harmonic, when the tension field 7(u) of w vanishes,
where 7(u) is defined by 7(u) = TraceV* du.

Let (N 5 M) be a fiber bundle. A section of (N = M) is a continuous map
u: M — N such that mou = Id.

Let (N, h) and (M, g) be two semi-Riemannian manifolds of index s'(0 < §' <

dimN) and s(0 < s < dimM) respectively with s < s’ and (N > M) a fiber
bundle.
We say that [(N,h) = (M, g)] is a semi-Riemannian fiber bundle, when for all y €
N,du(y)|m,: Hy = Ty M is an isometry for the metric h(y) on H, and g(7(y)) on
Tr(y)M, where Hy, = (T,n~!(m(y)))~ is the orthogonal complement of T, ~*((y))
and the fibers, 7~!(z), for all x € M are semi-Riemannian submanifolds of N.

In other words a semi-Riemannian fiber bundle [(N,h) = (M,g)] is a fiber
bundle, where (N, h) and (M, g) are two semi-Riemannian manifolds and 7 a semi-
Riemannian submersion.
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Let us recall that semi-Riemannian submersions have been studied by many
authors. (See e.g. [1] and [2] )

As in the Riemannian’s case (see [3], p.160), a C?-section u : M — N of a semi-
Riemannian fiber bundle is called harmonic, when the vertical tension field 7 (u)
of u vanishes, where 7% (u) = TraceV* d’u.

An almost para-complex manifold (M, J) is a differentiable manifold M with a
tensor J satisfying:for each x € M, J, : T,M — T, M such that : J2 = Idr, .

An almost para-Hermitian manifold (M, g, J) is an almost para-complex mani-
fold (M, J) with a semi-Riemannian metric g satisfying: for all X, Y € x (M), g(JX,JY) =
—g(X,Y), where x(M) is the set of vector fields on M.

An almost para-Hermitian manifold (M, J, g) is said to be:

* para-Kahler it VJ = 0;

* nearly para-Kahler if (VxJ)X =0, for all X € x(M);

* almost para-Kdhler if d® = 0 , where @ is the para-Kahler 2-form defined by :
for all X,Y € x(M),®(X,Y) =g(X,JY);

* quasi-para-Kahler if (VxJ)Y —(V xJ)JY =0, for all X|Y € x(M);

* almost semi-para-Kdhler if §J = 0, where § denotes the codifferential in (M, g).

Let M be a differntiable manifold of dimension 2m+1. An almost paracontact
structure on M is a triple (¢, &, n), where
¢ is a characteristic vector field,
7 is a 1- form such that n(§) = 1. and
¢ a tensor field of type (1,1) satistying ¢? = I — n ® &, where I stands for the
identity endomorphism of the fiber bundle T'M:
Then (M, p, &, n) is called almost paracontact manifold. Furthermore ¢(£) = 0 and
noyp = 0.

Let (M, p,£&,n) be almost paracontact manifold.
If M is equipped with a pseudo-Riemannian metric g satisfying :
g(pX, oY) = —g(X,Y) + n(X)n(Y), for all X,Y € x(M), then (M,p,&,n,9) is
called almost para-contact metric manifold.

As in the case of almost contact metric manifolds, any almost paracontact metric
manifold admits a fundamental 2-form, ® defined by ®(X,Y) = g(X, ¢Y), for all
X, Y € x(M).

An almost paracontact metric manifold (M, ¢, &, 7, g) is said to be:

* paracontact if & = dn,

* para-cosympletic if V& = 0 and Vn =0,

* almost para-cosympletic if d® = 0 and dnp =0

* nearly para-K-cosympletic if (Vx¢)X =0,Vx& =0, for all X € x(M),

* quasi-para-K-cosympletic if (Vx@)Y — (Voxp)eY + n(Y)Vexé = 0, for all
X,Y € x(M),

* semi para-cosympletic if §® = 0(= dp = 0) and dn = 0.

* semi para-Sasakian if n = 2—6@ .

* quasi-para-Sasakian if d® :776 and M is normal.
* para-Sasakian if (Vxe)Y = —g(X,Y){+n(Y)X, for all X,Y € x(M).

A C%map u : (M,p) — (N,¢', &, n') from an almost para-Hermitian manifold
to an almost paracontact metric manifold. is said to be (¢, ¢’')-holomorphic,when
duop = ¢'odu.

A (semi — Riemannian) almost paracontact fiber bundle of type II,

(N, ¢, & 1, h) T (M, ¢, g)] is a semi-Riemannian fiber bundle where, (N, o', &', 7/, h)



HARMONICITY OF (p,¢')-HOLOMORPHIC SECTIONS 3

is a paracontact metric manifold and (M, ¢, g) is an almost para-Hermitian mani-
fold and 7 is a (i, ¢’)-holomorphic map.

In other words a (semi — Riemannian) almost paracontact fiber bundle of type
11,

(N, ¢, ¢ n',h) = (M, @, g)] is a fiber bundle where, (N, ¢’,&,1',h) is a paracon-
tact metric manifold and (M, ¢, g) is an almost para-Hermitian manifold and 7 is
a paracontact semi-Riemannian submersion of type II.

We recall that almost paracontact semi-Riemannian submersions of type II have
been studied by Tshikuna-Matamba Tshikunguila, in [4] and by Ylmaz Gunduzalp
and Bayram Sahin (in [5]), who call them para-contact para-complex semi-Riemannian
submersions.

A section w : M — N of a (semi — Riemannian) almost paracontact fiber
bundle of type II, [(N,h,,&,n) = (M, p,g)] is said to be (i, ¢’)-holomorphic
when d"uop = ¢’'od’u.

S. Tanus and A.M.Pastore in [6] proved that a (¢, ¢’)-holomorphic map between
contact manifolds is harmonic.

In [7] ,Domingo Chinea gives an expression of the tension field 7(u) of a (¢, ¢')-
holomorphic map u : (M, ¢,&,n,9) = (N,¢', &, 1, h) between almost contact met-
ric manifolds. Namely he shows:

Theorem 1

Let (M, p,&,m,9) and (N, ', &', 1, h) be two almost contact metric manifolds.

If u: M — N is a (¢, ¢')-holomorphic map, then we have:

T(u) = ¢ (tracg(du)*(V'¢") — du(pdp + 61€) + [V, (1 (du(§)))
— tracy(du)*(V'n)I¢,

2m+1
where tracy(du)*(V'¢') = 1?::1 (V&u(ek)@,)du(ek); and

2m+1
tracou*(V'n') = kgl (Ve du(ex),
with {e1, ..., €2m+1} an orthonormal basis of T M.

This allows him to generalize the above result of S. Ianus and A.M.Pastore in
[5].

A (Riemannian) almost contact fiber bundle of type I, [(N,¢’, & n',h) =
(M, p,&,n,g)] is a Riemannian fiber bundle, where (N, ¢’, &' 7', h) and (M, ¢, &, 7, 9)
are almost contact metric manifolds and 7 is a (¢, ¢')-holomorphic map satisfying
ar(€) = ¢

In [8] we extend the result of Domingo Chinea to section of a (Riemannian)
almost contact fiber bundle of type I.

Namely we show:

Proposition 2
Let [(N,¢', &1/, h) = (M, ¢,€,1, g)] be a (Riemannian) almost contact fiber bun-
dle of type I and u : M — N be a holomorphic section of [(N,¢', &, n',h) =
(M, ¢,&,m,9)]. Then

(u) = ¢[tracy(d'u)* (V@) + tracy(Vin, ¢ ) (d ) + tracy(Agn,d"uop)
+  tracy(Tgvud"uop) + d°u(5p)] — d*u(dn€),
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where T and A are the fondamental tensors of a Riemannian fiber bundle, du is
the differential of u and the superscripts h and v mean respectively the projection
onto the horizontal, respectively the vertical bundle.

The aim of this work is to:

1) Give an equivalent of the result of Domingo Chinea when the domain is
an almost para-Hermitian manifold and the target, an almost paracontact metric
manifold.

2) Extend (1) to (¢, ¢')-holomorphic sections of a (semi — Riemannian) almost
paracontact fiber bundle of type II.

We reach our aim by giving an expression of :

First the tension field 7(u) of a (¢, ¢’)-holomorphic map u : (M, ¢) — (N, ¢’, &' )
from an almost para-Hermitian manifold to an almost paracontact metric manifold.

And secondly an expression of the vertical tension field 7(u) of a (p, ¢’)- holo-
morphic section of a (semi — Riemannian) almost paracontact fiber bundle of type
II.

The paper is organized as follows. In section II, we recall definitions and prop-
erties which are useful for the other sections. In section III, we give the results of
the maps case. Section IV is devoted to proofs of the results of the maps case. In
section V, we give the results of the sections case. Section VI is devoted to proofs
of the results of sections case.

2. DEFINITIONS

2.1. Vertical and horizontal fiber bundles. Let [(N,h) = (M, g)] be a semi-
Riemannian fiber bundle.

We define the vertical fiber bundle W to be the vector bundle over N which fibers
are the vertical tangent spaces T, 7 (7 (y)), for all y € N.

Also we define the horizontal fiber bundle H to be the vector bundle over N which
fibers are the horizontal tangent spaces Hy, for all y € N.

U

2.2. Pull back bundle. Let (B — N) be a vector bundle, and v : M — N
a smooth map, then there exists a unique vector bundle (u=!(B) 5 M ) called

pull-back bundle such that for all z € M, 7'~ ({z}) = By(a)-
Let’s assume that (B 5N ) is equipped with a semi-Riemannian metric h and a

compatible covariant derivative V. Then (u~!(B) = M) is equipped with a semi-
Riemannian metric a and a compatible covariant derivative V* defined respectively
by:

a: M — (v Y(B))*® (v '(B)),

a;(Y,Z) = hyw(Y,2),Yo € M\VY,Z € (u""(B)),.
And

Vi(wou) = Vagxyw,¥X € x(M),Vw € T'(B).
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2.3. Harmonic section. Let v : M — N be a C? section of a semi-Riemannian
fiber bundle [(N,h) = (M, g)].

The vertical tension field of u is given by 7°(u) = TraceV*' d"u.

If {e1,...,eam } is a local orthonormal frame in T'M such that

glex,er) =1,V1 < k < m,

glep,ex) = —1,Ym+ 1<k <2m,

9(67;76]') = O?VZ 7é .j7

then

m ” 2m v
) = B Vi @) - duVee)] - S V5@ uler) - du(Ve,en)

where V denotes the Levi-Civita covariant derivative on M, V¥ denotes the Levi-
Civita covariant derivative on W induced by the metric h and V*' the pull-back of
the Levi-Civita covariant derivative V¥ on W to the pull-back bundle (u=(W) —
We recall that the section u is called harmonic when 7% (u) = 0.

2.4. Fundamental tensors of a semi Riemannian fiber bundle.(See [2]).
Let [(N,h) & (M, g)] be a semi-Riemannian fiber bundle. The two fundamental
tensors of 7 are defined by :

TpF = Vi F’+ VY, F"
AgF = VL, F°4+VYy,F"

for all vectors fields E and F' on N, where the superscripts h and v mean respec-
tively the projection onto the horizontal, respectively the vertical bundle.
Remark:

The tensor A = 0 if the horizontal distribution is integrable.

The tensor T' = 0 if the fibers are totally geodesic.

2.5. Link between the covariant derivative of Z € I'(u~}(T'N)) and it’s
extension. Let (N 5 M) be a fiber bundle. T'(N) denotes the set of the sections
of (N 5 M).
Let Z € D(u ' (T'N)) and (E;)1<a<m be an orthonormal local frame in TN de-
fined on a open subset V of N, then for all g € u='(V'), Z(xo) = Z7(x0) Ej(u(xo)).
To Z we associate the vector field 2 of N defined on V by : forall y € V, E(y) =

Z1 (7 (y)) Ej(y)-
On the one hand :

VX € x(M),Vz e u " (V), Vi Z(z) = Vi [z{(m)Ej(u(x))]
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On the other hand with the fact that u is a section i.e. mou = Idy;, one has :
VX € x(M),Vx € u=1(V),

(V}l%ou)(m) = V[(ZVorou)E;ou](z)
= Dx(Z'omou)(z)Ejou(x) + ZjOTrou(x)(VﬁéEjou)(m)
= Dx(Z7)(x)Ejou(x) + Z7(2) Vi x )@ Bi-
It follows that :
VX € X(M),V4Z = V% (Zou).

Since : N N
for all X € x(M), Vi (Zou) = Vi, x)Z we get:

VX € X(M),VYZ = Vi Zs (2.1)

where V’ denotes the Levi-Civita covariant derivative on N and V*' the pull-back
of V' to the pull-back bundle (u='(T'N) — M).

2.6. Fundamental properties of a (semi-Riemannian) almost paracontact
fiber bundle of type II. See Prop.3.2 and prop.3.3 in [4]).. Let [(N,¢’, ¢, n',h) =
(M, ¢, 9)],

be a (semi — Riemannian) almost paracontact fiber bundle of type II. Then
P =P |

Uel'(W) = ¢'UecT'(W),

Y el(H) = ¢'Y € '(H),

¢ el(W),

7 (X) =0, for all X € T'(H),

¢’ X' is basic associated to X, when X' is basic associated to X.

(V0" )Y’ is basic associated to (Vx¢)Y, when X’ and Y’ are basic associated
respectively to X and Y.

—

2.7. Trace of some 2-covariant tensors. Let [(N, ¢, ¢ 1/, h) = (M, p,9)]
be a (semi — Riemannian) almost paracontact fiber bundle of type II.
Let 6 be a u~!(T'N)-valued 2-covariant tensor on M.
As g is non-degenerate, there exists an ordered basis (e1, ea, ..., e2,) in TM such
that:
glei,e;) =1,V1 <i<m,
glei,e;) = —1,¥m+1<i<2m,
g(es,e;) =0,Vi# 3.
Let {(e1)*, ..., (e2m)*} be its dual basis.
We call trace of 6, the section tracy () of u='(T'N) defined by:

2m .
tracg(0) = X ¢“0(e;, €5).
0=

1
m 2m

If {e1, ..., e2m } is orthonormal, then tracy(9) = 4219(6,‘, e;) — E+19(€i7 e;).
i= i=m

Like above let us assume that {X7, ..., X;n, X1, ..., X, } is an orthonormal local
frame in T'M.
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The trace of the tensor (d¥u)*(V?¢’) is given by:

tracy (@) (V'¢)) = (Vi) #)@6(X0) = £ (i o )@ (X))

The trace of the tensor (d'u)*(V'n’) is given by:

tracy(@u) (V') = 8 (V1)@ 0(X0) = 3 (Vi@ (X))

k

The trace of the tensor Agn,d"uoy is given by:

~ ~

1[Adhu(Xk)(dhuo<P(Xk)) — Agru(axy) (A" uop(o(Xi)))].

3

tracy(Agn,d"uop) =

I

k

The trace of the tensor Ty, d"uoy is given by:

~

[Tdvu(xk)(dhuo;(Xk)) = Tyvu(rxp) (d"uop(p(Xi)))].

The trace of the tensor field (V, ¢")(d"u) is given by:

M3

tracg(Tdvudhuoap) = X

~ m ~

(Varuxn P N@ (X)) = 2 (Viny(ox,) ) (d u(pXy)).

The trace of the tensor field (V, n')(d"u) is given by:

tracy(Vin, ' )(d’u) =

SE

~

tracy (Vi )(@n) = 5 (T 1)@ u(X0) = £ (T 1)@ (X)),

3. RESULTS FOR MAPS

Proposition 3.1. : Let u : (M,p,g9) — (N,¢', & ,n',h) be a (v, ¢")-holomorphic
map from an almost para-Hermitian manifold to almost paracontact metric mani-
fold.

Then the tension field of u is given by:

T(u) = —¢'[tracy(du)*(V'¢") + du(dp)] — tracy(du)*(V'n)E".
We have the characterisation theorem :

Theorem 3.2. : Letu: (M,p,g) — (N,¢', & 0, h) be a (v, ¢")-holomorphic map
from an almost para-Hermitian manifold to an almost paracontact metric manifold.
Then w is a harmonic map if only if

tracy(du)*(V'¢') = —du(dp)
and

tracy(du)*(V'n') = 0.

Lemma 3.3. : Letu: (M,p,g9) = (N,¢', & 0/, h) be a (¢, ¢")-holomorphic map
from an almost para-Hermitian manifold to an almost paracontact metric manifold.
1) If (N, ¢, & 1, h) is quasi para-K-cosympletic, then
tracy(du)*(V'¢") = 0,and
tracy(du)*(V'n") = 0.
2)If (N, ', &', n',h) is para-Sasakian, then
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tracy(du)* (V'y) = —2k§1h(du(Xk), du( X)€", and
tracy(du)*(V'n') =

The above lemma allows us to obtain the expression of 7(u) when (N, ¢', &', n', h)
is quasi para-K-cosympletic or para-Sasakian.

Corollary 3.4. Let u: (M,p,g) — (N,¢', & n',h) be a (v, ¢")-holomorphic map
from an almost para-Hermitian manifold to an almost paracontact metric manifold.
1) If (N, ', &', 0, h) is quasi para-K-cosympletic or para-Sasakian, then

T(u) = —¢'du(dp).

From the previous result, we obtain some criteria for harmononicity of (¢, ¢’)-
holomorphic maps between some classes of almost paracontact metric manifolds.

Corollary 3.5. Let u: (M,p,g) = (N,¢',&,n',h) be a (p,¢’)- holomorphic map
from an almost semi-para-Kdhler manifold to a quasi para-K-cosympletic or para-
Sasakian manifold.

Then u is an harmonic map.

4. PROOFS OF THE RESULTS

4.1. Proof of proposition 3.1.
Proof. Let (X1, ..., X, X1, ..., 0X ) be a local ¢-basis of M. We have :

) = 3 (V7 du)(Xy, Xi) = (V" du) (0 X, 0 X5)
= B VY, (X)) = Vi, (du(o X)) - dul 3 (Vi Xk = Vi, 0X3)]
50 = 2 (V) (X, Xa) = E (V) (X, 0X0)
= [VxoXe = 93, X)) = £ Vox, 0(X0) = 9V, 0 X0
= kgl[VXMXk — Vex, Xi| — k§1¢(VXka = Vox, 9Xk),
since : ¢?(Xy) = Xi

So:
p(=0p) = ¢( 2 [Vx Xk = Viox,, (Xi)]) = *( 2 [V Xi = Vo pXi]).

As ¢? = I, we have:

@(_590) = @(kgl[vXk@Xk - v@Xk (Xk)]) - kgl[VXka - VWXk@Xk]“
‘We deduce that

Z Vi Xe = VoxpXi] = 9(09) + ¢ B [Vx Xk = Vex, (Xi)])-
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By applying du, we get

Vx, Xk + Vox,0Xi] = duop(dp) + duogp(kgl[vxkchk — Vox, (X))

du(

SE

1
u) becomes including the fact that duoy = ¢'odu,

—~

T

() = 3 [VX, (du(Xp) = Vix, (du(pXp))]
= {duop(6) + duow( 3 [Vx, 9 Xk — Vo, (X))

= 2 VX, (du(Xp)) = Vix, (du(pX))]
= duop(p) — ¢lodu( X [V, Xy = Vox, (Xi)]).
One knows that, for any C2-map f : M — N and any vectors fields X and Y,
we have
0=d*f(X,Y) = Vi (df(Y)) = Vi (df (X)) — df[X.Y]

df (VxY — Vy X) = df[X,Y] = Vi (df (V) — Vi (df (X)).

Then
du(Vx, Xk = Vox, Xx) = Vi, (du(pXy)) = Vi, (du(Xy)).
Since u is (p, ¢’)-holomorphic map, we have:
du(Vx, 0 Xk — Vox, Xi) = Vi, (¢lodu(Xy)) — Viy, (du(Xy)),

This leads to

) = 5[V, [@u(Xe) - Vi, (du(pXe)] - duop(Se)

— PV (Podu(Xy)) - Vi, (du(Xp))}.
Let us set Z, the sum of the two first elements of 7(u) ie
m ’ ’
7= % [V, (du(X0)) - Vix, (du(o X))
With ¢ (2) == Z —1/(2)6 = Z = ¢ (Z) + 1/ (Z)€', we have :

Z = Y1 E [V, (X)) - Vi, (duleX)]})

+ {5 [V, (du(X0) - Vi, (du(eX))]}E,

thus
Z = J1E 0V, [@u(X0) — ¢ (Vix, (du(e X))
+ {5 [V, (du(X0) - Vi, (du(eX))]HE,

So 7(u) turns to :
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() = ¢35 [¢(VX, [du(X0) - ¢ (T, [@du(e X))}
— duop(50) - {5 [V, (odu(Xp)) - Vi, (du(X,))]}

+ {3V, ([du(Xe) - Vi, (du(eXn)]JE

By gathering we have :

() = ¢ 3 [~V (¢odu(X)) + Vi, (du(X)))
+ (VR ([du(X0) — (Vi (dulpXi))]}
duop(60) + 11 2 [V, (du(X)) = Vi, (du(eXe)] ¢

Since Vi V = V;u(X)V, where V is a C®°-section of the induced bundle u=*(T'N),

LS [ Vi) (9000 X)) + Py, (d(X0))
(Vi) (@(X1))) = @ (Vi (X))}
— duop(d¢) + 7'{ (Vi) (du(X0) = Vi, (dul@ X)) HE

Let us call the elements in the brakets E;(i € {1,...,4}).

7(u)

+

Er+EB; = —(Vaux,)?)(du(Xy)).
Since ©?(X%) = X, then

Idu(apXk)(du(Xk)) = vilu(apXk)(du(sasz)) = v;lu(@Xk)QD/(du((pXk))

Ey+Er = Viyex,)? (du(@Xy) = ¢ (Viuex,) (du(eXe)))
Thus
Ei+Er+Es+Er = —(Vixn? ) (du(Xk) + (Viupx,) ) du(eXk)
= —tracy(du)*(V'¢").
So
T(w) = —¢(tracy(du)"(V'¢)) — duop(dyp)

13 Vi ([@u(X0) = Vi [l X)NE

We have:
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tracy(du)*(V'y') = [( :m(xk)nl)(du(Xk)) - (V&u(ka)n/)dU(SDXk)]

kzl[véu(xk)(UIOdu(Xk)) —7'( izu(xk)(du(Xk)))
Viu(ex) M0du(@ X)) + 1 (Viypx, ) (du(eXk)))].
Since u is (¢, ¢')-holomorphic map and 7’0oy’ = 0, we have:
7 odu(pXy) = n'op’du(Xy) =0
n odu(Xy) = n'odu(©*>X},) = n'opdu(pX},) = 0,

then the first and the third elements vanish so

k=1

M3 i M3

tracg(du)*(V'n') gl[—n/( du(x) [@u(X5)) + 1" (Viuex,) (du(9Xy)))]
1[—V&u(xk)(du(Xk)) + Viu(oxy (du(pXy)))]

8 (Vi) [@1(X0)) — Vi (A X))

k

s
= X

-

— 777/
And 7(u) becomes
T(u) = —¢(tracg(du)*(V'¢")) — duop(dp) — trace(du)*(V'n')¢'.
Finally:

T(w) = —¢ftracg(du)”(V'¢") + du(0p)] — tracy(du)*(V'n')¢'.

4.2. Proof of theorem 3.2.

Proof. : A C%-map u is a harmonic map if only if 7(u) = 0, which is equivalent in
virtue of Poposition 3.1 to the egalities
tracy(du)*(V'¢') = —du(dyp)
and
tracy(du)*(V'n') = 0.

4.3. Proof of lemma 3.3.

Proof. Let {X1, ..., X;n, ©X1, ..., pXm, } be a local ¢-basis of M.
First assume that (N, ', &' 0, h) is quasi para-K-cosympletic ie
(V@Y — (Vi x¢ )oY + 7' (Y)V, v =0, for all X,Y € x(N).
Let us recall that .
tracy(du)* (V'g') = 8 (V00 @)Au(X0) ~ (T Vu(oX)
We shew that n(du(Xy)) = 0, then

(Vi @) du(Xr) = (Vi guxy) @)@ du(Xy)
n(du(Xk))v:p’(du(Xk))gl
= 0.

_|_
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Let us now look at the case of tracy(du)*(V'n’).

tracy(du)" (V') = 5 [(Viuxon)([du(Xe) = (Viuex,)n )du(e X))
Since (Vi)Y = h((Vix@")¢'V, &), VX, Y € x(N),

tracg(du) (V') = h{él[(vﬁzu(xk)w’)w’(dU(Xk))*(V&ka)@’)@’(dU(szk))],E’}

= élh{(vfw(xk)<P/)<P/(dU(Xk)) = (Vi (au(xp) @)@ (¢ (du(Xy))), €'}

tracy(du)*(V'n') = h{él(vfiu(xk)@l)SD/(dU(Xk)) — (Vi (auxin @ )¢ (¢ (du(Xy)))

+ n/(wl(du(xk)))v:o'(du(xk))flv f/}v

because n'op" = 0 = 1/'(¢(du(Xk))) Vi (gu(x)§ =0
This also shows that if (IV, ¢’, £, 7', h) is quasi para-K-cosympletic, then tracy (du)*(V'n') =
0

Secondly assume that (N, ', &', 7, h) is para-Sasakian ie
(V@)Y = —h(X,Y){' + 7/ (Y)X,VX,Y € x(N).

(Vauxy@du(Xy) = —h(du(Xy), du(Xk))E + 1 (du(Xy))du(X)
= —h(du(Xy), du(X},))¢

~(Viu(oxy?)du(pXy) = h(du(pXy), du(pXy))E" — ' (du(eXk))du(pXy)
= h(¢'du(Xk), ¢ du(X))¢
= —N(du(Xy), du(Xg))E,
then
tracy(du)* (V') = —2élh(du(Xk), du(Xy))€!

Let us now look at the case of tracy(du)*(V'n).
We just shew above that

tracy(du)"(V'n') = % M{(Vau(xn )@ (du(Xx)) = (Vi (auixi )9 (¢ (du( X)), €5
By the para-Sasakian structure (see above)
(Vaux® )@ (du(Xe)) = —h(du(Xg), ¢ du(Xy))E

(Vi @) (9 (du(X))) = —h(¢(du(Xy)), ¢ (du(X))¢
= —h(¢'(du(Xk)), du(Xk))E',
because ¢’ (du(Xy)) = du(Xy,)—n'(du(Xy))¢' = du(Xy) by the fact that 5/ (du(Xy)) =

0 (see above).
One can conclude that trac,(du)*(V'n’) = 0. O
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5. RESULTS FOR SECTIONS

Proposition 5.1. Let [(N,¢', &' n',h) = (M, ¢, g)] be a (semi — Riemannian)
almost paracontact fiber bundle of type II and u : M — N be a holomorphic section

of [(N,¢', &0/, h) = (M, ¢, 9)]-
Then we have:
(u) = —@{trac,(du)* (V@) + trac, (Vi )(d u) + trac,(Agn,d"uop)
+  tracy(Tgvud"uop) + d*u(sp)}
= A{tracg(d’u)*"(V'n') + tracy(Von,n')(d"u) }¢'.
Corollary 5.2. Letu : M — N be a holomorphic section of a (semi— Riemannian)

almost paracontact fiber bundle of type II, [(N,¢', & n',h) = (M, p, g)]
If the fibers are quasi-para-K-oosympletic submanifolds, M is almost semi-para-
Kahler and if

tracy(Vin,¢')(d"u) =
tracy(Agn,d"uop) =
tracy(Tyoud"uop) = 0,
then u is a harmonic section.

Corollary 5.3. :
Let u: M — N be a holomorphic section of a (semi — Riemannian) almost para-

contact fiber bundle of type II, [(N,¢', &' 1/, h) = (M, ¢, g)].

If the fibers are totally geodesic submanifold and quasi-para-K-oosympletic subman-
ifolds, M is almost semi-para-Kdhler manifold, the horizontal distribution is inte-
grable and (V-¢")U =0 for all Y horizontal and U wvertical, then u is a harmonic
section.

6. PROOFS OF THE RESULTS:

6.1. Proof of proposition 4.1.
Proof. Let {X1, ..., Xim, X1, ..., 0Xm} be a local p-basis of M. Then we have :

() = B (V)X Xi) = B (V7 d"u)(9 Xk, 9 Xk)

o~ o~
I™M3 1 M3

VR (@u(X) = Vi (du(@Xp))] = d'ul X (Vx, X = Vox, o Xi))-

In the maps case we shew that

kEI[VXka - VSDXkSOXk] = 90(590) + @(kgl[vXkQOXk - VSDXk (Xk)])

By applying d*u, we get

d”u(kgl[VXka + Vox, Xkl = d"uop(dp) + d”uogp(kgl[vxkchk — Vox, (Xp)])-

7V (u) becomes including the fact that d"uop = ¢'od"u,
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2 [V, (d"u(Xy) -
{d uop(dp) + d“uogo(

3 [V, (@u(X)

d’uop(dp) — @’Od”u(k

We shew in the maps case that

du(Vx, oX5 — Vox, Xk) = Vi,

Taking the vertical part we get:

Vk=1,...m

d”u(VngoXk — Vngka)

So

d"u(Vx, X — Vox, Xi) = V}Uk(dv (pXk)) —

gan (dh (

Vi, (du(pXr)) = Vi, (du(Xy))
= Vi, (d"u(eXy) + d"u(pXy))

b, (@ u(9 X))

[ka 0 Xk — Vox, (Xk)])

HM§

o, (A u(9X))]

El[vxk o Xk — vsaxk (Xk)])

(du(pX)) = Vi, (du(Xy)).

k))-

Since u is (i, ¢’)-holomorphic section, we have:

d”u(VXk (pXk -

This leads to

7" (u)

+

7 =

Voxi Xi) = Vi, (¢od"u(Xp)) = Vix, (d"u(X

— vm (d*u(Xy) + d"u(X

o, (d°u(Xi) + Vi, (d"u(p X))

k)

+ Vi, (d"uleXp)) = Vix, (d"u(Xy)),

2 [V, (d"u(Xy)) -
P { Vi, (¢lod"u(Xy)) -

S, (Au( X)) — d uop(5¢)

ox, (d"u(Xk))

Vi, (@ u(pXi) = Vi, (d"u(X))}.

Let us set Z, the sum of the two first elements of 7% (u) ie
7= 3 Vi, (d"u(Xy)) = Vi, (d"u(pXy))]-
With ¢ (Z) := Z — n(Z)€', we have :

m v
PP S V5, (@u(X

So 7%(u) turns to :

K) = Vix, (" u(pXi)l}}

+ [ Z [V, (@ u(x) -

Vix, (@ u(pXi)]}¢'

k))-
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) = ¢S PV (@ u(Xe) — ¢ (Vi (dule X))}
— duop(op) — ¢ 5 VR, (#od"u(Xy)) — Vi, (d"u(X)

Xk
Vi (d"u(0Xk)) — Vi, (d"u(Xk))]}

{5 [V, (d"u(X0)) - Vi, (@ u(pXp)]}E

By gathering we have :

) = {5 -V (@od"u(X)) + Vi, ("u(Xe) — V¥, (d"u(pX5)

TV (X)) + (VR (X)) — ¢ (Vi (u(e X))
— duop(p) + {3 (V5 (@ u(X0) - Vi, (@ uleXi)]E

From relation (2.1), we get

~

() = @ E [~V (9 od u(Xk)) + Vi px,) (du(Xk))

k=1

~ ~

— Vi (@ u(0Xk)) + Vi ox (d"u(X3))

~ ~

+ ¢ (Vauxn (@ u(Xk)) = €' (Viuox,) (du(e X))}
— duop(3¢) + 13 (Vi (@ 0(Xk)) = Vit o ([ u(@ X))

As du(Y) = d°u(Y) + dru(Y),

() = {3 [~ Vi (P0d u(X0)) = Vi (00 u(Xi)
Vi [@0(X0) + iy (@ (X))
Pl (@09 X0) = Vi (@ (X))
Vs [ U(X0) + Vi (" (X))

~

+ @ (Vavux (@ (X)) + ' (Vi x,) (du(Xk)))

~ ~

O (Tiao (PP X0) = & (Vi oy (0l X))}
— d"uw0p(3¢) + 1L E (Vi () (@ 0(X0)) = Vi oy (00 Xi)) ]}
L E Vi) (@ 0(X0)) = Vi o (u(0 X0 1

Let us call the elements in the brakets E;(i € {1,...,12}).
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By + By = —(Viy @) (du(X0) |

since ¢ is invariant on the vertical distribution also on the horizontal one.

Ey + FEig= —(Vzhu(xk)w')(d”U(Xk))
As (pQ(Xk) = X}, then,

~

Vg,,u(ka)(d“u(Xk)) = ngu(g,xk)(d”u(goQXk)) = ngu(ka)(gp’(d”u(goXk))).

~

~ ~

B3+ En = Vieyex,) (@' (d"u(@Xk))) = @' (Vipuox,) (@ u(eXk)))
= (Vivu(ex® ) (d u(oXk)).

In the same way:

~ ~

tru(ox) (@ WXR)) = Vi, ox, (0 (A u(p X))

~ ~

Ei+ Bz = Vinyex,) @' (@ w(@Xk)) = &' (Vinyox,) (@ u(pXk)))

= (vghu(goXk)@/)(dvu(QOXk))

~ ~

Es+FEs+LE7+Ey = —Tdvu(xk)(dhu(@xk)) - Adhu(Xk)(dhu(ngk))

~ ~

+ Td”u(apXk)(dhu(Xk)) + Adhu(chk)(dh’U’(Xk?))'

Since p?(X},) = X = d"u(Xy) = d"uopp(Xy),

~

Bs+Es+Er+ Es = —Tpux,)(d"uop(Xy)) + Tavuex,) (" uopp(Xy))

— Agru(xy) (d"u0p(X5)) + Agnuox, (d"uopp(Xi)).

Putting all this together,

W) = S (T @) (@ U(XR) + (Vi #) (@ 00 X)

~ ~

= (Varuxn @) w(Xk) + (Vinuex,) @) ([d u(0 X))

~

= Tpouxp (@ u0o(Xp)) + Tyvupx, ) (d"uopo(Xy))

— Agru(x (@ u0p(Xk)) + Agnuox,) (d" uopp(Xi))]}

— u0p(00) + 11, E (Vi) (@ 0(X0)) = Vi (@ u(@ XD

~ ~

S [T (@ (X0) = Vi (@ u(pX0)HE

One gets :
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W) = @S (Vi@ UXR)) + (Vi @)@ (X))
3 (T @)@ X)) + (Vi @) (@ (0 X0))]
£ B T (@ 00p(X0)) + Torugoy (@ u0pp (1)
£ B Ao (@ 000(X0)) + Ao, (@ u000(X1))])

= d"uop(8p) + n'{ X [Viuu(x,) (d"u(Xk)) = Vivuox (4 ule X))}

~ ~

S Vi) (@70(X0) = Vi, (@ (@ X0
Then

(u) = ¢ [~tracy(du)*(V'¢') — tracy(Vin, ¢ ) (d"u) — tracy(Agn,d"uop)
tracy(Tyoud"uop) — du(5p)]

0L E Vi) (@ 0(X0)) = Vi o (@ (X))

1 LE Vi) (@ 0(X0) = Vi (@ u(@ X))

On the one hand :

k=1
{3 (V00 {0X0)) — Vi (@ u(2X0))]),
since 1’ (" horizontal”) = 0.
We have :
tracy(du)"(V'n') = 2 [(Vauuxnm )@ w(Xe) = (Vaouexn ) (@ ule X))
= Z Davuxn (0 (d7u(Xk))) = 7' (Vo) (du(Xe)))

~ ~

— Davu(ox)(n'([dul(@Xe))) + 1" (Vi px,) (du(0Xk)))]-

R fss Xy = p*(Xp) = 17/ (d°u(Xy)) = 1/ (d"u(p?(Xy))) = 109’ (d"u(pXy)) = 0.
' (d"u(pXy)) = noe' (d"u(Xy)) = 0,

then

~ ~

tracy(d"u)*(V'n') = —n’{kgl[%um)(d”u(Xk)) + Viwuox) (A u(eXi))] -
On the other hand
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~ ~

tracy (Vi) (@0) = 3 (Vo (u(X0)) — (Vi eyt ) u(p.X),
in the same way as above

~ ~

tracy(Vip, 1)@ 0) = =11 E (Vi) ([ 0(X0) = Vi) (@ 0@ X))}

We can conclude that

7" (u)

—¢' {tracy(d"u)* (V@) + tracy (Vi ) (d"u) + tracy(Agn,d"uop)
+  tracy(Tyv,d"uop) + d°u(5p)}

— {tracg(d*u)* (V'n'") + tracy(Vip,n')(d u) }¢.

(I

Remark. 1) The fibers of a (semi— Riemannian) almost paracontact fiber bundle
of type II are almost para-contact metric manifolds. (See Prop.3.1 in [4])

2) Let us justify the fact that

if the fibers are quasi-K-cosympletic submanifolds, then
tracg(du)*(VV¢') = 0 and tracy(d"uv)*(V'n') =0

Assume the fibers are quasi-K-cosympletic.
Then (Vo' )V = (Vo )e'V +0'(V)VEpE = 0,Y0,V € I(W).

We have :
tracy(@w)(V'¢) = 8 (V@) @u(Xe)) = 8 (Vi @) (@ u(2X2))
= ,El(vgvu(xk)@’)(dUU(Xk)) - kEI(VZ/(dvu(xk))@')(@'(d”u(Xk)))

since u is a (@, @')-holomorphic section.

~ ~

But ' (d"w(Xg)) = 1/ (d"u(p? Xx)) = 0’ (' (d"u(p X)) = n'op' (d"u(Xx)) = 0,
then 1 (d"w(Xi)) Vi (gvu(x, )€ = 0-

So

~

tracy (@) (V'9) = 8 (Vo) @) (@ 0X0) = (T @) (@ u(X))

+ 0 ([ wXk) Vi @oux,n st

This shows that if the fibers are para-quasi-K-cosympletic, tracy(d'u)*(VVe¢') =
0.
Let us now look at the case of tracy(d"u)*(V'n’).

~ ~

tracy (@) (V') = 3 (Vi o 1)@0(X0) = (Vi 1) (00 X))

Since (V'xn' )Y = h(V'x @ )@'Y, &), for all X, Y € x(N),
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tracy (@) (V) = 3 (Va9 (@0(X0) = (Vi @) (@ (X)), €}

~

= B (i @9 (@ 0(X0)) = (Vg @) (9 (@ (@ u(X1))))

+ 77/(<P/(dUU(Xk)))VZf(dvu(Xk))f/a5/}7

because &' is vertical and n’(gp’(d”u(Xk)))VZ,(dvu(Xk))f' =0 since n'op’ = 0.
This also shows that if the fibers are quasi-K-cosympletic, tracy(d’u)*(V'n’) = 0.
Remark. If (VV¢"\U =0 for all Y horizontal and U wvertical, then
(Vyn')(U) =0
In fact

(Vxn)U = h((Vxe)'U,¢)
h(Vxe)e'U,E),

since & 1is vertical.
This egality testifies the assuming.

6.2. Proof of corollary 5.2.

Proof. Let [(N,¢', & ,n',h) = (M, ¢, g)] be a (Riemannian) almost contact fiber
bundle of type II.

Assume tracy(VY, ¢’ )(d*u) = 0,tracy(Agn,d"vop) = 0,tracy(Tye d"uop) = 0
and tracy(V!,,n')(d"u) = 0, then the formula in Proposition 5.1 gives:

7 (u) = —p'{tracy(d"u)*(VV¢") + d’u(dp)} — [tracy(d"u)* (V'n")]E .

Moerever if M is almost semi-para-Kdhler ie ¢ = 0 and if the fibers are quasi-
para-K-cosympletic which implies tracy(d'u)*(VV¢') = 0 and tracy(duw)*(V'n’) =
0, then 7(u) = 0, i.e. u is a harmonic section.

0

6.3. Proof of corollary 5.3.

Proof. Let [(N,¢',¢ 0/, h) = (M, ¢, g)] be a (Riemannian) almost contact fiber
bundle of type II.

Assume the fibers are quasi-para-K-cosympletic submanifolds and M is almost
semi-para- K ahler, then the formula in Proposition 5.1 gives:
T (u) = —¢{tracy(Vy, ¢ )(d"u) + tracg(Agn,d"uop) + tracy(Tgud"uop)}
— [tracy(Viy,n')(d w)lE'.
Moerever if the fibers are totally geodesic (ieT' = 0), the horizontal distribution is
integrable (ieA = 0) and (V{-¢')U = 0 for all Y horizontal and U vertical, which
implies (V41')(U) = 0, then one gets 7¥(u) = 0, i.e. u is a harmonic section. O

Before giving examples we should talk a bit about fibers.

Proposition 6.1. Let [(N,¢', ¢ 0/, h) = (M,¢,9)] be a (Riemannian) almost
contact fiber bundle of type II.

1) If the total space is para-cosympletic, then the fibers are para-cosympletic.

2) If the total space is almost para-cosympletic, then the fibers are almost para-
cosympletic.
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3) If the total space is quasi-para-K-cosympletic, then the fibers are quasi-para-
K-cosympletic.
4) If the total space is para-Sasakian, then the fibers are para-Sasakian.

Proof. Let (¢',&,n',h) be the almost paracontact metric structure of the total
space and (o=, &4, 0™, h?), its restriction on the fibers.
1) Assume that the total space is para-cosympletic ie V'’ =0 and V'’ =0

YU,V € D(W), (Vi )V = 0
Vu('V) =¢'(VyV) =
Vu(@V) = (ViV) = (VEV) = 0

Since ¢ (horizontal) is horizontal and ¢’ (vertical) is vertical, taking the vertical
part of the last egality one has

Vi(e'V) = ¢ (ViV)

VotV =
VUVGF(W),( ")V = 0
(V)= (VyV) = 0
U/ (V) - < V)0 (VEV) = 0
(V)= (VEV) = 0
(VU77 )WVoo= 0,

since ' (horizontal) = 0.
Then we conclude that the fibers are para-cosympletic.
In the same way.one shows 2), 3) and 4).
[

6.4. Example. An example of (semi— Riemannian) almost paracontact fiber bun-
dle of type II,

(N, ¢, &1, h) & (M, ¢, 9)]

for which the Corollary 4.3 applies is a fiber bundle which projection is an almost
paracontact (semi-Riemannian) submersion of type II, whose total space is an al-
most para-cosympletic or quasi-para-Sasakian manifold with totally geodesic fibers
and satisfies :

(VY )U = 0 for all Y horizontal and U vertical.

In fact:

For almost paracontact submersion whose total space is almost para-cosympletic or
quasi-para-Sasakian the horizontal distribution is integrable (ieA = 0), see theorem
3.1 and corollary 3.2 in [5].

The base almost semi — Kahler (ie dp =0 ). See Prop.3.4 and 3.5 in [4] or Coro.
3.2 and Prop.3.7 in [5].

The fibers are quasi-para-K-cosympletic submanifolds. (see Prop. 6.1 above).

6.5. Example. Or simply take a fiber bundle which projection is an almost para-
contact (semi-Riemannian) submersion of type IT whose total space is para-cosympletic
with totally geodesic fibers.

In fact:
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If total space is is para-cosympletic , it is almost para-cosympletic (it satisfies ex-
ample 1) and morever
V¢ =0= (V¥¢)U =0 for all Y horizontal and U vertical.

6.6. Example. Let [(N, ¢, &' n',h) = (M, ¢, g)] be a (Riemannian) almost para-
contact fiber bundle of type II such that N is quasi-para-K-cosympletic or para-
Sasakian and u : M — N be a section.

If uw is a (p, ¢’)-holomorphic map, then u is a harmonic section.

In fact :

On the one hand, a section that is a (i, ¢’)-holomorphic map is obvious a (¢, ¢’)-
holomorphic section.

In fact
duop = ¢ odu
duop = ¢ odu
d’uop = ¢'od"u

because for all E € x(N), ¢'(E?) = ¢’ (E) since 7 is an almost paracontact metric
submersion.

On the other hand, since u is a (¢, ¢')-holomorphic map, then with Corollary 3.5
above, u is a harmonic map; morever one knows that a section that is harmonic
map is a harmonic section.
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