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SOME RESULTS OF HARMONICITY ON TANGENT
BUNDLES WITH »-SASAKIAN METRICS OVER
PARA-KAHLER-NORDEN MANIFOLD

ABDERRAHIM ZAGANE

Abstract. In this paper, we introduce the p-Sasaki metric on the tan-
gent bundle T M over a para-Kihler-Norden manifold (M?™, ¢, g). First,
we study the harmonicity of a vector field with respect to this metric,
we also construct some examples of harmonic vector fields. Secondly, we
study the harmonicity of a vector field along a map between Riemannian
manifolds, the target manifold being para-Kéahler-Norden equipped with
the p-Sasaki metric on its tangent bundle. Thirdly, we discuss the har-
monicity of the composition of the projection map of the tangent bundle
of a Riemannian manifold with a map from this manifold into another
Riemannian manifold, the source manifold being para-K&hler-Norden
whose tangent bundle is endowed with the p-Sasaki metric. Finally,
we study the harmonicity of the tangent map of smooth map between
para-Kéhler-Norden manifolds.

1. Introduction

On the tangent bundle of a Riemannian manifold one can define natural Rie-
mannian metrics. Their construction makes use of the Levi-Civita connection.
Among them, the so called Sasaki metric [20] is of particular interest. That is
why the geometry of tangent bundle equipped with the Sasaki metric has been
studied by many authors such as Yano and Ishihara [22], Dombrowski [4], Sal-
imov and his collaborators [17] etc. The rigidity of Sasaki metric has incited some
researchers to construct and study other metrics on tangent bundle. This is the
reason why they have attempted to search for different metrics on the tangent
bundle which are different deformations of the Sasaki metric. Musso and Tricerri
have introduced the Cheeger-Gromoll metric [16], which has been studied also by
many authors see [10, 21].

In a previous work, [24], we proposed the ¢-Sasaki metric on the tangent bundle
where we studied the para-Kahler-Norden properties on the tangent bundle with
this metric. In this paper, we investigate some harmonicity properties for the
p-Sasaki metric on the tangent bundle. Firstly, we study the harmonicity of a
vector field with respect to this metric (Theorem 4.2 and Theorem 4.3). Secondly,
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we study the harmonicity of a vector field along a map between Riemannian
manifolds, the target manifold being anti-paraKahler equipped with the p-Sasaki
metric on its tangent bundle (Proposition 4.2 and Theorem 4.6). Thirdly, we
discuss the harmonicity of the composition of the projection map of the tangent
bundle of a Riemannian manifold with a map from this manifold into another
Riemannian manifold, the source manifold being anti-para-K&hler whose tangent
bundle is endowed with the p-Sasaki metric (Theorem 4.7 and Theorem 4.8).
Finally, we study the harmonicity of the tangent map of smooth map between
para-Kéhler-Norden manifolds (Theorem 4.9 and Theorem 4.10).

2. Preliminaries

Let TM be the tangent bundle over an m-dimensional Riemannian manifold

(M™,g) and the natural projection m : TM — M. A local chart (U,z"),_ Tm
on M induces a local chart (Wﬁl(U),xi,ui)izlfm on TM. Denote by Ffj the
Christoffel symbols of g and by V the Levi-Civita connection of g. Let C°°(M)
be the ring of real-valued C*° functions on M and J{(M) be the module over
C>° (M) of C vector fields on M.

The Levi Civita connection V defines a direct sum decomposition
T(x’u)TM = ‘/v(Lu)TM D H(xyu)TM. (2.1)

of the tangent bundle to TM at any (x,u) € TM into vertical subspace

i 0 i
Vv(:z:,u)TM = Ker(dﬂ'(a:,u)) = {f %’(x,u)a §' e R}a (22)
and the horizontal subspace
i 7 8 % j 8 %
Let X = XZ
lifts of X are deﬁned by
. 0
\%4 %
out’ (2:4)
i, 0 0
= X T o). (2.5)
We have H(B‘Zi) = 8?:2' — uJFf] aik and V(aii) = %, then (H(aii)v V(aii))izl,m is

a local adapted frame on TT M.
The bracket operation of vertical and horizontal vector fields is given by the
formulas: [4, 22]

XY =X, Y] = V(R(X,Y)u),
TxVyY]= vm (2.6)
VXVy]=o,

for all vector fields X,Y € S§(M), where R is the Riemannian curvature of g.
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3. ¢-Sasaki metric

An almost product structure ¢ on a manifold M is a (1,1) tensor field on M
such that ¢? = idyy, o # +idys (idys is the identity tensor field of type (1,1) on
M). The pair (M, ) is called an almost product manifold.

An almost para-complex manifold is an almost product manifold (M, ¢), such
that the two eigenbundles TM ™+ and T M~ associated to the two eigenvalues +1
and —1 of ¢, respectively, have the same rank. Note that the dimension of an
almost paracomplex manifold is necessarily even [2].

An almost para-complex structure ¢ is integrable if the Nijenhuis tensor:

N@(Xay): [@XWOY] _w[XﬂDY]_QO[‘PXvY]"F[X?Y] (31)

vanishes identically on M for all vector fields X,Y € I§(M). Moreover, for an
almost para-complex structure ¢ to be integrable, it is necessary and sufficient
that we can introduce a torsion free linear connection V such that Vo = 0 [19].

An almost para-complex Norden manifold (M?™, ¢, g) is a 2m-dimensional
differentiable manifold M with an almost para-complex structure ¢ and a Rie-
mannian metric g such that:

g(eX,Y) =g(X,0Y) & g(pX,¢Y)=g(X,Y), (3.2)

for any vector fields X,Y € S(l)(M ), in this case g is called a pure metric with
respect to ¢ or para-Norden metric (B-metric)[19].
Also note that

G(X,Y) =g(pX,Y), (3.3)

is a bilinear, symmetric tensor field of type (0,2) on (M, ¢) and pure with respect
to the paracomplex structure ¢, which is called the twin (or dual) metric of g,
and it plays a role similar to the Kéahler form in Hermitian Geometry. Some

properties of twin Norden metric are investigated in [11, 19].
A para-Kéhler-Norden manifold is an almost para-complex Norden manifold
(M?™, ¢, g) such that Vo = 0, where V is the Levi-Civita connection of g [18, 19].
It is well known that if (M>?™, ¢,g) is a para-Kihler-Norden manifold, the
Riemannian curvature tensor is pure [19]. Moreover, we have
R(¢Y,Z) = R(Y,pZ) = R(Y, Z)p = ¢R(Y, Z),

{ R(¢Y,0Z) = R(Y, Z),

for any vector fields Y, Z € S§(M).

Definition 3.1. [24] Let (M?™, ¢, g) be a para-Kihler-Norden manifold. On the
tangent bundle T'M, we define a ¢-Sasaki metric noted g¥ by

(1) g@(HX7 HY)(:E,u) = gw(Xu Y)7
(2) g¢(HX7 VY)(x,u) = 0,
(3) gcp(VX7 VY)(z,u) = gl“(Xv ng) = G(Xa Y)a

for any vector fields X,Y € S§(M) and (z,u) € TM, where G is the twin Norden
metric of g defined by (3.3).

(3.4)

The Levi-Civita connection V of TM with p-Sasaki metric g¥ is given by the
following theorem.
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Theorem 3.1. [24] Let (M?™, ¢, g) be a para-Kihler-Norden manifold and T M

its tangent bundle equipped with the p-Sasaki metric g¥. If V (resp V) denote
the Levi-Civita connection of (M?™, ¢, q) (resp (TM, g¥) ), then we have

SV (R(X, Y Ju),

~ 1
2) (Vax"V)pw = V(VXY)(M)+§H(Rx(SDU7Y)X),

(1) (%HXHY)(CC,U) - H(VXY)(x,u)_

B) (Vox™)pu = %H(Rm(gou,X)Y),

(4) (%VXVY)($,U) = 0,

for all vector fields X, Y € S$(M) and (z,u) € TM, where R denote the curvature
tensor of (M>™ ¢, g).

4. p-Sasaki metric and harmonicity

Let ¢ : (M™,g) — (N™, h) be a smooth map between two Riemannian man-
ifolds. The map ¢ is said to be harmonic if it is a critical point of the energy
functional

B.K) = [ e(6)e” (4.1)
K
for any compact domain K C M. Here
1
e(6) = 5T, h(dé, do) (1.2)

is the energy density of ¢, T'r, stands for the trace with respect to g and v9 is the
Riemannian volume form on M. For any smooth 1-parameter variation {¢}icr

of ¢ with ¢o = ¢ and V = %@‘  [13], we have

%E(@)‘ _ /K h(r(6), V)oY (4.3)

t=0

Then, ¢ is harmonic if it satisfies the associated Euler-Lagrange equations given
by the following formula:

0=17(¢) :=Tr,Vde, (4.4)

where 7(¢) is the tension field of ¢. For more details see [7, 8, 9, 12, 14]. In recent
years, this theme has been widely developed even on the tangent bundle and on
the cotangent bundle has been done by many authors [1, 3, 23, 25, 26, 27].

4.1. Harmonicity of a vector field X : (M?™, g, ) — (T M, g¥).
A vector field X € S§(M) on (M?™, g, ) can be regarded as the immersion

X (M*™,9,0) — (TM,g%)
x = (z,Xy)
into its tangent bundle T'M equipped with the ¢-Sasaki metric g¥.

Lemma 4.1. [14, 15] Let (M™, g) be a Riemannian manifold. If X,Y € S{(M)
are vector fields and (x,u) € TM such that Y, = u, then we have:
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Lemma 4.2. Let(M?™, ¢, g) be a para-Kdihler-Norden manifold, X € S{(M) be
a vector field. Then the following equation is satisfied:

. 1
g(AX, X) = |VX> - §A]X\2. (4.6)

where AX 1= —Tr,V2X = —Try(V.V. — Vv,«)X is the rough Laplacian of X
and A is the ordinary Laplace-Beltrami operator acting on functions.

Proof. Let {e;}, 15, be a local orthonormal frame on M, then we have

= —Z Velver X) - (vveieiX’X))

19 ei(g(X, X))

= —Z €i(9(Vei X, X)) = 9(Ve, X, Ve, X) = 5

1
= —Z eleZ (X} = |Ve, X2 = = Ve,e(|X| ))

= |[VX]* - 5A|Xy2.
O

Lemma 4.3. Let (M?™, ¢, g) be a para-Kdhler-Norden manifold and X € S§(M)
be a vector fields. Then the following equation is satisfied:

A(fX) = fAX — (Af)X — 2V graas X, (4.7)
where [ being a smooth function of M and gradf the gradient of f.

Proof. Let {e;}, be a local orthonormal frame on M, then we have

i=1,2m

AfX) = - Z (Ve.Ver (/X) = Vo, (f X))
= Z e 62 X + fVeiX) — Veiei(f)X — vaeieiX)

= - Z (eiei( )X + ei(f)Ve X + ei(f)Ve X + Ve, Ve, X
_veiei(f)X - vaeieiX)

- _ Z ((eiei(f) = Veei( F)X +2Ve, (e, X + f(Ve,Ve, = Vv, ) X)

= fAX — (Af)X — 2V graas X.
O

Lemma 4.4. Let (M?™,p,g) be a para-Kdhler-Norden manifold, (TM,g%) its
tangent bundle equipped with the p-Sasaki metric and X € %é(M) be a vector



300 ABDERRAHIM ZAGANE
field. Then the energy density associated to X is given by:
1
e(X)=m+ iTrgg(V*X, oV, X). (4.8)

Proof. Let (x,u) € TM, X be a vector field on M, X, = u and {e;} be a

local orthonormal frame on M, from (4.2), we have

i=1,2m

2m
1
(X = 5 > g%(dX (&), dX (€:)) (u)-
=1
Using (4.5), we obtain:

2m
e(X) = 5> gf(fei+ (Ve X), Mei +V(Ve, X))
=1
2m
= 23 (67T, ) + 7(V(Ve, X), (Ve X))
=1

2m

1

= 35 > (gleirei) + g(Ve, X, 9V, X))
i=1

1
= m+ §Trgg(V*X, PV, X).
O

Theorem 4.1. Let (M?™, ¢, g) be an anti-paraKihler manifold, (TM,g¥) its
tangent bundle equipped with the p-Sasaki metric and X € %(l)(M) be a vector
field. The tension field associated to X is given by:

7(X) = H(TryR(pX,V.X)*) - "AX. (4.9)

Proof. Let (x,u) € TM and {e;},_15,- be a local orthonormal frame on M at x

i=1,2m

and X; = u. Using (4.4) and (4.5), we have

7(X), = Tr,VdX
2m

= ) (VXdX(e)) — dXVeei),

2m
= Z (Vax (e dX (ei) — H(V,,e:) — V(VveieiX))(xyu)
i=1
2m _
= D (Viesviv.,x)(Mei + (Ve X)) = U(Ve,ei) — V(Vveie,-X))(w’u)
i=1
2m » _ _ _
= > (Vi "ei + Vi, (Ve, X) + Vv(w. x) i + Ve, x) (Ve X)
i=1
*H(veiei) - V(vveieiX))

(z,u)’

Using Theorem 3.1, we obtain
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2m

1 1
r(X) = 3 (Ve = 5 (Rles ) X) + 5 (RpX, Ve, X)e)
=1
1
(Ve Ve, X) + 5 (R(eX, Ve X)e) = (Vo) = V(w0 X))
2m
= Z (H(R(@Xv Ve, X)ei) + V(veiveiX - vveieiX))
=1

= H(TryR(eX,V.X)*)+ Y (Tr,V2X)
= H(TryR(pX,V.X)*) - VAX.
O

Theorem 4.2. Let (M?™ ¢, g) be a para-Kdihler-Norden manifold, (T M, g¥) its
tangent bundle equipped with the p-Sasaki metric and X € %é(M) be a vector

field. Then X is a harmonic map if and only if the following conditions are
verified

TryR(pX, V. X)x =0, and AX = 0. (4.10)
Proof. The proof is a direct consequence of Theorem 4.1. O

Let (M?™, ¢, g) be a compact oriented para-Kihler-Norden manifold, (T'M, g¥)
its tangent bundle equipped with the p-Sasaki metric and X € %(1)(M ) be a vector
field. The energy E(X) of X is defined to be the energy of the corresponding
map X : (M?™,¢,g) — (T M, g?). More precisely, from (4.8), we get

EX) = /M e(X)v?

1
— /M (m + §T7'gg(V*X, @V*X))vg

1
= mVol(M)—|—2/ Treg(ViX, V. X)v7. (4.11)
M

Definition 4.1. Let (M?™,¢,g) be a para-Kihler-Norden manifold, (T'M, g¥)
its tangent bundle equipped with the (-Sasaki metric and X € I3(M) be a
vector field. We say that X is harmonic vector field if the corresponding map
X : (M2, p,g) — (TM,g¥) is a critical point for the energy functional F, only
considering variations among maps defined by vector fields.

In the following theorem, we determine the first variation of the energy re-
stricted to the space 33(M).

Theorem 4.3. Let (M?™, ¢, g) be a compact oriented para-Kdhler-Norden man-
ifold, (T M, g¥) its tangent bundle equipped with the p-Sasaki metric, X € I§(M)
be a vector field and E : S§(M) — [0, +00) the energy functional restricted to the
space of all vector fields. Then

d

GEE Ly = [ a(Bxev)e, (@12
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for any smooth 1-parameter variation ® : M x (—e,e) — T M of X through vector
fields i.e., ®(z,t) = Xy(x) € TM for any x € M and any |t| < ¢, (¢ > 0), or
equivalently X; € S§(M) for any |t| < e. Also, V € S§(M) is the vector field on
M given by
.1 d
V() = lim (X,(x) - X(2)) = TX(0), @M,
where X, (t) = ®(z,t), (x,t) € M x (—¢,¢€).

Proof. We consider the smooth 1-parameter variation ® : M x (—e,e) — TM
of X, ie. ®(x,t) = Xi(x) € TyM for any (x,t) € M x (—e¢,€) and ®(x,0) =
Xo(z) = X(x). From (4.1), we have

E(Xt) = /M G(Xt)’l)g.

Then, as well known the theory of harmonic maps [13]

d
GEC|_ =~ [ ¢#v.r0pe, (413)
dt = M
where V is the infinitesimal variation induced by @, i.e.
d d d
V(z) = dz,09(0, &)L:O = dXx(a)]tZO = %Xt(x)}tzo € Tx(mTM.
It is well known that
V="WoX, (4.14)

which was proven in [5, p.58]. Finally, by taking into account (4.9), (4.13) and
(4.14) , we find
d

GEC| == [ g (Viromt = [ g(Bx V)

O

Remark 4.1. Theorem 4.3 is holds if (M>?™, ¢, g) is a non-compact para-Kihler-
Norden manifold. Indeed, if M is non-compact, we can take an open subset D in
M whose closure is compact, and take an arbitrary V whose support is contained
in D. Theorem 4.3 holds under the form:

d _
%E(Xt)\t:0 = /Dg(AX,apV)vg.

Corollary 4.1. Let (M?™, ¢, g) be a para-Kdhler-Norden manifold, (T M, g¥) its
tangent bundle equipped with the p-Sasaki metric and X € %(l)(M) be a vector
field. Then X is harmonic vector field if and only if AX = 0.

From Theorem 4.2 and Corollary 4.1, we get the following corollary

Corollary 4.2. Let (M?™, ¢, g) be a para-Kdhler-Norden manifold, (T M, g¥) its
tangent bundle equipped with the p-Sasaki metric and X € %é(M) be a vector
field. Then X is harmonic map if and only if X is harmonic vector field and
TreR(pX,V,.X)x =0.

Note that if X is parallel, by virtue of Corollary 4.2, X is a harmonic map
(resp. harmonic vector field). Conversely we have the following theorem.



SOME RESULTS OF HARMONICITY ON TANGENT BUNDLES ... 303

Theorem 4.4. Let (M>*™, ¢, g) be a compact oriented para-Kdhler-Norden man-
ifold, (T M, g¥) its tangent bundle equipped with the @-Sasaki metric and

X e %é(M) be a vector field. Then the following conditions are equivalent

(1) X is harmonic map on M.

(13) X is harmonic vector field on M.

(7i1) X s parallel.

Proof. 1) If X is harmonic map on M, from Corollary 4.2, we deduce that X is
harmonic vector field, i.e. (i) = (ii).
2) We assume that the vector field X is a harmonic vector field on M, from

- 1
Corollary 4.1, we deduce that AX = 0. By (4.6), we get |[VX|? = §A\X|2, then

/yvx%gzlf A|X 209
M 2/m

Applying the divergence Theorem, we get

/ Al X209 =0,
M

/ IVX|?v9 = 0.
M

Since |[VX|? is a positive function, We conclude that VX = 0, i.e. (ii) = (ii4).
3) We assume that the vector field X is a parallel, by virtue of Theorem 4.2, X
is a harmonic map, i.e. (iii) = (7). O

hence

Theorem 4.5. Let (R®*™, ¢, <,>) be a para-Kdihler-Norden real Euclidean space
and TR?™ ijts tangent bundle equipped with the -Sasaki metric, (p is the canon-
ical para-complex structure on R®™ [2]), it is given by the matriz

0 In
I, O '
If X = (X1~ , X?) is vector field on R*™. Then the following conditions are
equivalent
(i) X = (X1,---, X?™) is harmonic vector field on R*™.
(ii) X = (X1,---, X?™) is harmonic map on R*™,
(iii) for all k = 1,2m, X* is a real harmonic function on R?™.
Proof. We have T'ryR(¢ X, V,X)* = 0, then from Corollary 4.2, we get (i) < (7).
Let {%}i:LTm be a canonical frame on R?*™. Using Theorem 4.2, we have

AX=0 & Tro-V?’X =0

2m
& VoVoX=0
- 2m aQXk i B
= J(x%)2 0xk
i,k=1
2m a2 vk
& o°X =0, forall k=1,2m.

i=1 oat)?
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i.e. for all k =T1,2m, X¥ is a real harmonic function, then (i) < (44i). O

Example 4.1. Let (]R2 x R* x R*, g, cp) be a para-Kéahler-Norden manifold such
that
g = e*®da? + edy? + 22d2? + t2dt?,

and

0 ey 0 0
er Y 0 0 0
z
p= 0 0 0 n

t
0 0 - 0

z

Relatively to the orthonormal frame
1 1
er=¢€ "0y, ex=e€ Y0y, e3=-0,;, e4= Z&g.
z

we have,
weyr = ez pexr = €1, pYe3 = €4 pYey = €3
and,
Vee; =0, foralli,j=1,4.
We consider the vector field X = a(x)e; +[(2)es, where o and 3 are smooth non-

zero real functions depending on the variables « and z. Using direct calculations,
we find

TreR(eX,V.X)* =0,
Ae; = Aez = 0. (4.15)

Combining relations (4.7) and (4.15), we obtain
(o

o —a)er — %(5" - %5')63

i) From Corollary 4.1, we deduce that X = a(z)e; + B(z)es is harmonic vector
field if and only if AX = 0 or equivalently,

" —a' =0
g’ — 16/ -0 (4.16)
z

The general solutions of the ODE System (4.16) are
a(x) = ae® + b, B(z) = cz? +d,

where a, b, c and b are real constants such that a # 0 and ¢ # 0.

Since TryR(pX,V,X)* = 0, from Corollary 4.2, the vector fields X = (ae” +
bler + (cz? + d)es are also harmonic maps.

On the other hand V., X = ae”e; # 0, then the vector fields X = (ae® +b)e; are
harmonic but non parallel.

AX = —e

Example 4.2. Let R? be endowed with the structure anti-paraKihler (¢, g) in
polar coordinate defined by

g = dr?® +r%d6?,

1
0y = sin 200, + — cos 200y, Dy = r cos 200, — sin 200y,
r
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Relatively to the orthonormal frame
1
€1 = &n, €y — ;69

we have,
pep = sin20e; + cos 20ey,  es = cos20e; — sin 20es,

and,
1 1
Velel = veleg = 0, v62€1 = ;62, V6262 = —;61.

(1) We consider the vector field X = f(r)e;, where f is a smooth non-zero real
function depending of the variable r. Using direct calculations, we find

TreR(pX,V.X)x =0,
- 1
Rer= Lo, (4.17)
r
Combining relations (4.7) and (4.17), we obtain

AX = (-f'~ '+ 3Der

i) From Corollary 4.1, we deduce that X = f(z)e; is harmonic vector field if and
only if AX = 0 or equivalently, the function f satisfies the following homogeneous
second order Euler’s equation

1 1
—f"==f'+=f=0. 4.18
e (4.18)
The general solution of differential equation (4.18) is
ar® +b
fr) =",

where a and b are non-zero real constants.
i1) Since TryR(pX, V. X)* = 0, from Corollary 4.2, the vector fields

2+b
x =2 + e1 are also harmonic maps.
2-b
On the other hand V., X = ar 5—e1 # 0, then the vector fields X = (ax?+b)e;
r

are harmonic but non parallel.
(2) On the contrary, the vector fields Y = sin fe; + cos fey are parallels, then are
harmonics.

Proposition 4.1. Let (M?™, ¢, g) be a para-Kdihler-Norden manifold, (T M, g¥)
its tangent bundle equipped with the p-Sasaki metric and X € %(l)(M) be a vector
field. Then X s an isometric immersion if and only if X is parallel.

Proof. Let Y, Z € 34(M) be two vector fields. From Lemma 4.1 we have
g?(dX(Y),dX(2)) = ¢*("Y +"(VyX),"Z + " (V2X))
= g°("."2) + g7 ("(Vy X), (V2X))
= 9(Y,Z2) +9(Vy X, oV X)
Hence, X is an isometric immersion if and only if

gP(dX(Y),dX(2)) = g(Y, 2),
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for any Y and Z two vector fields on M.
Therefore, X is an isometric immersion if and only if VX = 0. O

As a direct consequence of Proposition 4.1, we obtain the following corollaries.

Corollary 4.3. Let (M*™, ¢, g) be a para-Kdihler-Norden manifold and (T M, g¥)
its tangent bundle equipped with the p-Sasaki metric. Then any isometric vector
field on M is harmonic.

Corollary 4.4. Let (M?™,p,g) be a compact oriented para-Kdhler-Norden man-
ifold and (T M, g?®) its tangent bundle equipped with the @-Sasaki metric. Then
any harmonic vector field on M is isometric.

4.2. Harmonicity of vector fields along smooth maps.

Lemma 4.5. [26] Let ¢ : (M™,g) — (N™, h) be a smooth map between Riemann-
ian manifolds and Y € %é(N) be a vector field on N. Let o be a smooth map
defined by 0 :=Y o ¢. Then

do(X) = "(dp(X)) +V(V0), (4.19)
for any vector field X € S{(M).

Proposition 4.2. Let (M™, g) be a Riemannian manifold, (N2”, h, <p) be a para-
Kdéhler-Norden manifold and (T'N,h¥) its tangent bundle equipped with the -
Sasaki metric. Let ¢ : M — N be a smooth map andY € S(l)(N) be a vector field
on N. Then the tension field of the map o :=Y o ¢ is given by

7(0) = H(7(¢) + Try RN (po,Vio)de(x)) — VA0, (4.20)
where A%c .= —Try(V?)?0 = —Trg(Vfo—Vdv)**)a denotes the rough Laplacian
of o on the pull-back bundle ¢~ 'TN.

Proof. Let x € M, v € Ty,y N and {e;};,_1; be a local orthonormal frame on M

i=1m

at x and o(z) = (¢(7), Yy(@)), Yo@) = v € Ty N. Using (4.19) we have

WE

(Vedo(e;) —do(Veei)),

T(0)y =
1

.
I

I
NE

vgﬁei)da(ei) - H(d¢(vez€2)) - V(V%Eiei J))((b(x),v)
i=1

.
Il

(¥ (Hagieny s viat, o (0(e)) +(VE,0)) = Hdb(Veei))

I

1

MV, 6@

m

- 2 (Virdo(er (d(ed) + Vigiaen (Ve o) + vz(fgga)ff(dqs(ei))

1

VIR o, (VE0) = Hdd(Ve,ei)) = (VG 0,060
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From Theorem 3.1, we obtain:
(o) = Z (V3 d(en)) — 3 (R (do(e), doen))o)
(RN (g0, VE,0)dd () + (Vi VE,0)
AR (0o, V2 0)dd(er) = H(dd(Veei)) = (VG .0)

2
1y
3
= D (VEds(en) = (do(Vesen) + (RN (9o, VE,o)dd(es)

@
I
—

+V(v2‘v?ia) - V(V%eieio-))
= H(1(¢) + Try RN (9o, V0)dp(x)) + V(Try(V?)%0).
= H(T((b) +Try RN (g0, Vfa)dgb(*)) —VAYs.
O

From Proposition 4.2 we obtain

Theorem 4.6. Let (M™,g) be a Riemannian manifold, (Nzn,h,go) be a para-
Kahler-Norden manifold and (TN, h¥) its tangent bundle equipped with the -
Sasaki metric. Let ¢ : M — N be a smooth map and Y € S3(N) be a vector
field on N. Then the map o := Y o ¢ is harmonic if and only if the following
conditions are verified

7(p) = —Try RN(ch, Vfo)dqﬁ(*)) and A%s = 0.

4.3. Harmonicity of a composition of the projection map of the tangent
bundle with a smooth map.

Lemma 4.6. Let (M?™,p, g) be a para-Kdihler-Norden manifold and (T M, g¥) its
tangent bundle equipped with the p-Sasaki metric. Then the canonical projection
7 (TM,g?) — (M?™,p,q) is harmonic i.e. T(w) = 0.

Proof. Let (€i);—1zm (resp-(fi);—1m) be local orthonormal frame on (M?™p, g)
(resp. (M?™, ¢, G)) where G is the twin Norden metric of g. Then {fe;, Vf;}
is a local orthonormal frame on (7'M, g%).

T7(r) = TreVdr

2m

= Y (VE, dn("e;) — dr(VEM Pes) + VT, dr(Vf;) — de(VEYV )

2m
= Z (V%(Hei)dﬂ'(Hel) d?T(VTMH i)+ Vdﬂ VH) dr( fl) dW(VTMV Z))
i=1
Since dn(YX) = 0 and dn(*X) = X o7, for any vector field X on M, then we
find

i=12m

2m

T(m) = Z ((Vé\fei) om — dW(Vgei)H)

=1
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Theorem 4.7. Let (M?™,p,g) be a para-Kdihler-Norden manifold, (N, h) be
a Riemannian manifold, (T M, g¥) its tangent bundle equipped with the @-Sasaki
metric and ¢ : (MQm,g,cp) — (N™ h) a smooth map. The tension field of the
map ¢ o is given by:

T(pom) = 7(¢)om. (4.21)

Proof. Let {fe;, fi}i:% be a local orthonormal frame on (T'M, g¥) as above.
Then the tension field of the composition ¢ o 7 is given by [7, 9]

T(pom) = do(r(m))+ TrgVdo(dr,dr).

2m

TroeVdo(dr,dr) = Y (VG ., do(dr("e;)) — dd(V ik, dn("ei)))
=1

+Z ey d0(dn (V1) = do(V ik vy dr (Y fi))

2m

- Z; (v?eimr)d(b(ei om) —dp(V e ow(ei °© W)))

2m

= Y (Vido(e) —do(Vile) om

i=1
= 7(¢)om,

Using Lemma 4.6, we obtain:

T(pom) = 7(p)om.
O

Theorem 4.8. Let (M*™,¢,g) be a para-Kihler-Norden manifold, (T M, g¥) be
its tangent bundle equipped with the p-Sasaki metric, (N™, h) be a Riemannian
manifold and ¢ : (M>™, p,g) — (N™,h) be a smooth map. Then the map ¢ o
18 harmonic if and only if ¢ is harmonic.

4.4. Harmonicity of the tangent map.

Lemma 4.7. [6] Let ¢ : (M™, g) — (N", h) be a smooth map between Riemann-
ian manifolds. The map ¢ induces the tangent map

dp:TM — TN
(@,u) — (o(2),do(u))
and we have
d(do)("X) = Y(do(X)),
d(dg)("X) = H(dp(X)) + " (Vdg(u, X)).
for any vector field X € I§(M).
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Theorem 4.9. Let ¢ : (M?*™, ¢, g) — (N?",4, h) be a smooth map between para-
Kdhler-Norden manifolds, then the tension field associated to the tangent map
d¢ : (TM, g®) — (TN,h¥) is given by:

m(dg) = H(7(¢) + TryRN (Wdp(u), Vde(u, *))de())
+V(Trg Vo (Vdg(u, #))). (4.22)

Proof. Let {fe;, Vfi}i:m be a local orthonormal frame on (7'M, g¥) as above,
then

T(dd))(m,u) = TTQW(Vd(dQS))(x,u)

2m
= Y (Vi end(dd)(Mes) — d(de)(VE Hes) + VIN vy d(de)(Vfi)
=1

TMV
—d(d¢)(Vvy, i))<¢>(z),d¢>(u>>‘

Using Theorem 3.1 and Lemma 4.7, we obtain:
r(d¢) = i (Ve (do(en) + Vil (Vdo(u, ;)
VI ey (do(e))
= 2’”: (Ve d0(e0)) + ¥ (Vien VS (1, 1)
=1
SR (4o (u), Vo (u,e:)) ()

RN (pd(u), Vde(u, e;))de(e;)))

+

N~ DN

+

Il

("(V2 dg(ei) + RN (vdg(u), Vdg(u, €;))dg(e;)) + V(VE Vdg(u,e;)))

=1
= (7(¢) + TryRN (dd(u), Vdp(u, *))dp(x)) + Y (TryVE(Vde(u, %))).
O

From Theorem 4.9, we obtain the following theorem and corollary

Theorem 4.10. Let ¢ : (M?™,p,g9) — (N?",%,h) be a smooth map between
para-Kdihler-Norden manifolds, then the tangent map d¢ : (T M, g¥) — (TN, h?)
18 harmonic if and only if

7(¢) = —Try RN (Ydo(u), Vdo(u, *))dp(x)) and TryVe(Vdp(u,*)) = 0.

Corollary 4.5. Let ¢ : (M?>™,¢,g) — (N?" 4, h) be a smooth map between
para-Kdhler-Norden manifolds. If ¢ is totally geodesic, then the tangent map
d¢ : (TM, g®) — (TN, h¥) of ¢ is harmonic.

4.5. Harmonicity of the identity map I : (TM,g¢%) — (TN, h¥).

Let (M?™, p,1,g) be a bi-para-Kihler-Norden manifold and (7'M, g¥) (resp.
(TM,g%)) its tangent bundle equipped with the ¢-Sasaki metric g% (resp. -
Sasaki metric g¥).
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Theorem 4.11. The identity map I : (T M, g¥) — (TN, h¥) is harmonic

Proof. Let {fe;, Vfi}izm be a local orthonormal frame on (T'M, g¥) as above.

If V (resp. V) denote the Levi-Civita connection of (T'M, g¥) (resp. (T'M,g%)),
then, we have

T(I) = tracege(VdI)

= > (Vi dI(Pe;) — dI(V i, Pei) + Vi, dI(V i) — dI(V v,V fi))

7

Il
i

I

@
Il
—

(VarpendI(e;) — dI(Via,Me;) + Vg pnydl (Vi) — dI (Vv Y F)

(VHGZ_ Hei — 6}161, Hei + ﬁVfi Vfl' - 6Vfi sz)

Il Il
°1M:

O
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