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Harmonic Maps on Kenmotsu Manifolds

Najma Abdul Rehman

Abstract

We study in this paper harmonic maps and harmonic morphisms on
Kenmotsu manifolds. We also give some results on the spectral theory of
a harmonic map for which the target manifold is a Kenmotsu manifold.

1 Introduction

Harmonic maps on Riemannian manifolds have been studied for many years,
starting with the paper of J. Eells and J.H. Sampson [2]. Due to their ana-
lytic and geometric properties, harmonic maps have become an important and
attractive field of research.

The study of harmonic maps on Riemannian manifolds endowed with some
structures has its origin in a paper of Lichnerowicz [11], in which he proved
that a holomorphic map between Kahler manifolds is not only a harmonic
map but also attains the minimum of energy in its homotopy class. After
that, Rawnsley [12] studied structure preserving harmonic maps between f-
manifolds. Later on Ianug, Pastore, Gherghe, Chinea and some others (see [7],
[6], [1]) studied harmonic maps defined on some almost contact manifolds (i.e.
Sasakian, cosymplectic etc.).

The purpose of this paper is to obtain some results concerning harmonic
maps and harmonic morphism on Kenmotsu manifolds. After we recall some
wellknown facts about harmonic maps, harmonic morphisms and Kenmotsu
manifolds (section 2), we prove that any structure preserving map from a
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Kenmotsu manifold to a Kéahler manifold is harmonic and that there are no
nonconstant harmonic holomorphic maps from a K&hler manifold to a Ken-
motsu manifold (section 3). In the same section we give some conditions for
a map from a Kenmotsu manifold to a Kéhler manifold to be a harmonic
morphism.

In the last section we obtain some results on spectral theory of harmonic
maps for which the target manifold is a Kenmotsu space-form.

2 Preliminaries

In this section, we recall some well known facts concerning harmonic maps
and Kenmotsu manifolds.

Let F: (M,g) — (N, h) be a smooth map between two Riemannian mani-
folds of dimensions m and n respectively. The energy density of F' is a smooth
function e(F) : M — [0, 00) given by

m

1 . 1
e(F)y = 5Try(F ) = 5 3 h(Fupus, Foput),
i=1

for any p € M and any orthonormal basis {u1,...,un} of T,M. If M is a
compact Riemannian manifold, the energy E(F) of F is the integral of its
energy density:

E(F) = /M e(F)v,,

where vy is the volume measure associated with the metric g on M. A map
F € C*(M,N) is said to be harmonic if it is a critical point of the energy
functional E on the set of all maps between (M, g) and (N, h). Now, let
(M, g) be a compact Riemannian manifold. If we look at the Euler-Lagrange
equations for the corresponding variational problem, a map F : M — N is
harmonic if and only if 7(F) = 0, where 7(F) is the tension field which is
defined by

7(F) = Tr,VdF,

where V is the connection induced by the Levi-Civita connection on M and
the F-pullback connection of the Levi Civita connection on N.

We take now a smooth variation Fy; with two parameters s,t € (—¢,€)
such that £ o = F'. The corresponding variation vector fields are denoted by
V and W.
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The second variation formula of E is:

82
Ho(VW) = 52 B ooy = [ IRV W),

where Jp is a second order self-adjoint elliptic operator acting on the space
of variation vector fields along F (which can be identified with T'(F~1(T'N)))
and is defined by

m m

Tr(V) = =3 (Vu,Va, = Vv, )V = Y RV (V.dF (u;))dF (u), (1)

i=1 i=1

for any V € T'(F~}(TN)) and any local orthonormal frame {uy,...,u,} on
M. Here RY is the curvature tensor of (N, h) (see [5] for more details on har-
monic maps).

Tanno [13] has classified, into three classes, the connected almost contact
Riemannian manifolds whose automorphisms groups have the maximum di-
mensions:

(1) homogeneous normal contact Riemannian manifolds with constant ¢- holo-
morphic sectional curvature;

(2) global Riemannian products of a line or a circle and a Kahler space form;
(3) warped product spaces L x y N, where L is a line and N a Kéhler manifold.

Kenmotsu [9] studied the third class and characterized it by tensor equa-
tions. A (2m+1)-dimensional Riemannian manifold (M , g) is said to be a
Kenmotsu manifold if it admits an endomorphism ¢ of its tangent bundle
TM, a vector field £ and a 1-form 7, which satisfy:

P?=-T+n®¢ nE) =1, @& =0, nop=0,
9(pX,9Y) = g(X,Y) —n(X)n(Y), n(X)=g(X,$),

(Vxp)Y = —g(X, oY) —n(Y)pX, (2)

for any vector fields X, Y on M, where V denotes the Riemannian connection
with respect to g.

Example 2.1. Let N be a Kdhler manifold, with the kidhlerian structure (J, h)
and let f : R — R be a function defined by f(t) = cet, where ¢ € R, ¢ > 0.
Then the warped product M = R x ¢ N is defined as being the manifold R x N
endowed with the Riemannian metric

|1 0
9(t,x) = [ 0 f2(t)hm ] .
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If we put £ = & n(X) = g(X,€), and

P = | g eap((t6)«Jmyexp((—€))s |

for any point (t,z) € R x N and any vector field X tangent to M, then M is
Kenmotsu manifold [9].

3 Harmonic maps and harmonic morphisms on
Kenmotsu manifolds

A smooth map F' : M — N between an almost contact metric manifold
M(p,&,1n,g) and an almost hermitian manifold N (J, h) is called to be a (¢, J)-
holomorphic map if its differential intertwines the structures, that is dF op =
J odF. We may ask now if such a map is harmonic in the case in which the
domain is a Kenmotsu manifold.

Theorem 3.1. Let M(p,&,n,g) be a Kenmotsu manifold, N(J,h) be a Kahler
manifold and F : M — N be a (v, J)-holomorphic map. Then F is a har-
monic map.

Proof. We know that F is a harmonic map iff 7(F) = 0. So it will be enough
to prove that 7(F) = 0. For a (¢, J)-holomorphic map we have the following
formula for its tension field see ([7]),

J(T(F)) = Fu(divg) —try3, (3)

where B(X,Y) = (VxJ)E,Y, V being the connection induced in the pull-
back bundle F~'TN. Let {ey, ..., €m, P€1, ..., pem, &} be a local orthonormal
p-adapted basis on TM, Then we have

2m—+1
divp = Z (vei(p)ei
i=1
2m—+1
> glpei,e)é — nlei)ee; =0,

i=1

and thus the first term of the formula (3) vanishes. As N is a Kéhler manifold
then VJ = 0 and also the second term of the same formula vanishes. There-
fore J(7(F)) =01ie. 7(F) =0 and F is harmonic. B
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Example 3.1. Looking at the Example 2.1, it is not difficult to see that the
canonical projection F : M — N is a (¢, J)-holomorphic map from a Ken-
motsu manifold to a Kdahler manifold and therefore, from Theorem 3.1, F is a
harmonic map.

A smooth map F : N — M between an almost hermitian manifold N(J, h)
and an almost contact metric manifold M (p,&,n, g) is called to be a (J, p)-
holomorphic map if dF o J = dF o . After the Theorem 3.1, a good question
to ask is if such a map defined from a K&hler manifold to a Kenmotsu manifold
is harmonic or not.

Theorem 3.2. Let N(J,h) be a Kihler manifold, M (p,&,m,g) be a Kenmotsu
manifold and F : N — M be a (J, p)-holomorphic map. Then F is harmonic
map if and only if F is a constant map.

Proof. For a (J, ¢)-holomorphic map we have a similar formula as (3)
p(7(F)) = dF (divJ) — traf,

where B(X,Y) = (Vx)(dFY).

As N is a Kéahler manifold we have

2n
div] = (Ve J)e; =0,
i=1

where {e;};—1...2n is an orthonormal local basis on TN. Now, using the formula
(2) we obtain

2n 2n

Trif =Y (V) (dFe;) = =Y n(Fie)pFe,
i=1 i=1
and thus
2n
P(r(F) == n(Feei)pFle;.
i=1

As F is a (J, ¢)-holomorphic map, we have
n(Fue;) = —n(F.J%e;) = —n(pF.Je;) = 0,

and thus ¢(7(F)) = 0, that is 7(F') = n(7(F)){. We have just obtained that
F is harmonic if and only if g(7(F),£) = 0.
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On the other hand

2n

Gr(FE) = S g(VeFuei— FV,e06)
Z;j . 2n
= Zg(veyF*eug) —ZQ(F*Veiei,f)
=1 i=1

= —Z{gv (Fu(Je:)), &) = gl o Fu(JVe,e:), )}

In the last equality we have used that N is Kéhler and F is a (J, ¢)-holomorphic
map. Now the second term vanishes and we get

2n 2n

g(r(F),&) = Zg (VEepFu(Je), &) = 3 g((VE  Fudei), €)
2n
= —Zg(vf%ieigomueim.

Using the formula (2) and the fact that n(F.e;) = 0 we get

2n
= Zg(F*ei, F.e;).
i=1

Therefore F is a harmonic map iff g(Fie;, Fie;) =0 for any i = 1,...,2n and
thus F is a constant map.l

Harmonic morphism are maps which pull back germs of real valued har-
monic functions on the target manifold to germs of harmonic functions on the
domain, that is, a smooth map F : (M, g) — (N,h) is a harmonic morphism
if for any harmonic function f : U — R, defined on an open subset U of N
such that 7=1(U) is non-empty, the composition fo F : 7= }(U) — R is a
harmonic function. The following characterization of harmonic morphisms is
due to Fuglede and Ishihara: A smooth map F is a harmonic morphism if and
only if F is horizontally conformal harmonic map (see [3] and [4]). Now we
look for harmonic morphisms defined on Kenmotsu manifolds.

Theorem 3.3. Let F': M — N be a horizontally conformal (@, J)-holomor-
phic map from a Kenmotsu manifold M(p,&,m,g) into an almost Hermitian

manifold N(J,h). Then F is a harmonic morphism if an only if N is a semi
Kahler manifold.
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Proof. We know that for a horizontally conformal (p,J)-holomorphic map
F from an almost contact metric manifold to an almost hermitian mani-
fold, any two of the following conditions imply the third: (i) divJ = 0 (ii)
dF (dive) = 0 (iii) F is harmonic and so is harmonic morphism see ([7]). Let
{e1, .oy em, €1, ..., pem, £} be a - adapted local frame on TM then taking
€2m+4+1 = f

2m—+1 2m—+1

divg = Y (Veples = Y glpes )& —nle:)pe; = 0.

i=1 i=1

As F is a horizontally conformal (¢, J)-holomorphic map, it follows that F
is a harmonic morphism if and only if divJ=0, i.e. N is semi-Kéahler. B

4 Spectral geometry on Kenmotsu manifolds

Let f: (M,g) — (N, h) be a harmonic map defined on a compact manifold
M. The corresponding Jacobi operator is an elliptic self-adjoint operator which
has discrete spectrum of eigenvalues with finite multiplicities, denoted by

Spec(J) ={A <A< <A < ... T ool

Then the trace Z(t) = Z;’il exp(—tA;) of the heat kernel for the operator J
has the asymptotic expansion

Z(t) ~ (4mt) "™ {ag(J) + a1 ()t + ao (N2 +...} as t— oc. (4)

Using the results of Gilkey (see [8]) Urakawa obtained the expresions for the
first three coefficients (see [14]):

Theorem 4.1. For a harmonic map f : (M™,g) — (N"™, h), the first three
coefficient of the expansion are given by

aO(D) = nVOl(M’g)’ (5)

(D) = 5 [ mu+ [ TR, )

@D) = g | 675 = 2pallP +20Ry|P)deg + (7)
1

—— | [=30|RY|? + 607, Tr(Ry) + 180Tr(R%)|dv,,
360 /s

where RY is the curvature tensor of the connection V on the induced bun-
dle, which is defined by RV = f*Ry, (Ry is the Riemann curvature tensor of
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(N,h)), Ry, pg, T4 are the curvature tensor, Ricci tensor, scalar curvature on
M respectively, and Ry is the endomorphism of the induced bundle defined by
Rp(V) =Trgf*R(V,-)—.

The spectral geometry for the Jacobi operators of harmonic maps into a
Sasakian or cosymplectic space form was studied by Kang and Kim (see [10]).
We study now the spectral geometry for the case when the target manifold is
a Kenmotsu space form.

A Kenmotsu manifold with constant @-sectional curvature ¢ is called a
Kenmotsu space form and its curvature tensor R is expressed by

A

rxvz = g ax g vy gy
Y, 0Z)¢X +29(X, 0Y)Z + +77( n(Z)Y

(
Y)In(Z)X +g(X, Z)n(Y)§ — g(Y, Z)n(X)§ }-

(c+1)

X,0Z)9Y —
—9(

—(

Let N(c) be a (2n+1)-dimensional Kenmotsu space form with constant ¢-
sectional curvature c. Let f : (M™,g) — N(c¢) be a harmonic map from

a compact Riemannian manifold into Kenmotsu space form. If we make the

notations ¢; = Cf’ and ¢cp = 6117 after some long but straightforward compu-
tations we get:

m 2n+1
TT(Rf) = Z Z R(va, fv€i) fs€i,va)

= 4(ncl +ea)e(f) = 2e2(n+ D f0l%, (8)
m  2n+1
Tr(R7) = Y. > h(R(va, fe€:i) futi, R(va, fo€;) fu€))
i,j=1 a=1

= 4[(2n — 1)} +4cica + 3le(f)? + (cf +963) ||/ Rll* —
—6erca|| f*ol|” — 4(crea +4c3) f*(n x n x g) +

+2(n+ )| f nll* = 8(neica + 2¢3)e(f)|1 f*nl, 9)
B m  2n+1
IRVIP = Y Y h(Bi(feei, feej)va, v6)h(Ru(feei, frej)va; b)
i,j=1a,b=1

= =2(cF + )| f*R|I* + 8crcaf*(n x n x g) +
+8(ct + c3)e(f)* — 16cicae( )| f*nl* +
+[12c1c2 + 8(n + 1) 87| f*¢l1%, (10)

for any local orthonormal basis {e; : ¢ = 1...m} and {v, :a=1...2n+ 1}
on M and N respectively. In the above formulas we have used the following



HARMONIC MAPS ON KENMOTSU MANIFOLDS 205

notations:

1fnl?=2"10 n(feen(fees),

Jrnxn x g) =320y h(faei, fueg)n(feei)n(fiey),
1F*0l1? = 32020 hl(fuei, o fues),

£l = 32050 hlfuei, fres)-

Finaly, substituting (8) ~ (10) into (5) ~ (7), we get

Theorem 4.2. Let f : (M,g) — N(c) be a harmonic map from a m-
dimensional compact Riemanniann manifold (M, g¢) into a (2n+1)-
dimensional Kenmotsu space form N(c). Then the coefficients ao(Js), a1(Jf)
and ax(Jy) of the asymptotic expansion for the Jacobi operator J¢ are respec-
tively given by

ap(Jy) = (2n+1)Vol(M,g), (11)
2n+1

() = T [ e+ ) () -
~2ea(n+1) [ 170, (12)
2n+1

aallp) = Zgor [ (72 =2l + IR Phdv, +

2 *
b5 [ (G +Tlenle, -

M
72 /M(Clcz +3c3)f*(n x 0 X g)vg +
+é/ [(3n —2)ci + &3 + 6crcale(f) vy —
3Jm
_§ /M[Gclcz + (n+ 1)) f 1 Pvg + /M(n + 7)1 g +
+§ /M(C1n + c2)7ge(f)vg — %/M ea(n+ D) f*nl1yvq +
+§/ [(1 = 3n)erea — 63]1 /0 *e(f)vg- (13)
M

A first application of the above theorem is the following

Corollary 4.1. Let f, f be two harmonic maps from a compact Riemannian

manifold M into a Kenmotsu space form N(c). If Spec(Jy) = Spec(J5) and

the structure vector field & is normal to f(M) and f(M), then E(f) = E(f).

Proof. Since the vector field £ is normal to f(M) and f(M), then
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m

£ 0l? =Y n(feen(feed) = g(feeis ©)g(fres, §) =0
i=1

=1

and similar for || f*n]. On the other hand, as Spec(Jy) = Spec(J5) we have

a1 (f) = a1 (f), put and we get E(f) = E(f). ®

Let N(¢,&,m,h) be a (2n+1)-dimensional Kenmotsu manifold and f :
M — N be isometric immersion of a Riemannian manifold (M, g) into N. f
is said to be an invariant immersion if ¢(f,TM) C f.TM and £ is tangent
to f(M) everywhere on M. If f is an invariant immersion then it is minimal.
Indeed, any invariant submanifold M with induced structure tensors, which
will be denoted by same letters (¢, &,n,g) as M, is also a Kenmotsu mani-
fold. Using the Gauss formula, is not difficult to prove that B(X,¢) = 0 and
B(X,¢Y)=B(¢X,Y) = pB(X,Y) for any vector fields X and Y tangent to
M. Here we have denoted by B the second fundamental form of M. Now, for
any € M and any ¢-adapted basis of T,(M) {e1,...,en, €1, .., 0, &} we
have

n

Z[B(eiv ei) + Blpei, pei)| + B(£,§) = Z[B(ei,ei) +¢°Blei, )] +0 =

i=1 i=1

= Z[B(eiaei) — B(e;,e;) =0,

i=1

that is f is minimal. On the other hand any isometric immersion is harmonic
if and only if is minimal.

Using the above corollary and the asymptotic expansions we get the fol-
lowing

Proposition 4.1. Let f and f be isometric minimal immersions of compact
Riemannian manifolds (M, g) and (M,q) into a Kenmotsu space form respec-

tively. Assume that Spec(Jy) = Spec(Jf) and the structure vector field & is

normal (or tangent) to f(M) and f(M). Then we have

1. dim(M) = dim(M);
2. Vol(M, g) = Vol(M,3);

3. fMngUg :fMngUE‘
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Proposition 4.2. Let f, f be invariant immersions of compact Riemannian
manifolds (M, g) and (M,g) into a Kenmotsu space form N respectively. As-
sume that Spec(Jy) = Spec(J5). If fis a totally geodesic immersion, then so

Proof. As Spec(Jy) = Spec(Jj), using the relation (6) we have

E/ ngvg+/ Tr(Rf)dvgzﬁ/ ngvg—&—/ Tr(R;)dvg
6 Jm M 6 Jar M !

Using the part (3) of the previous propsition (i.e. [,, Tgdvy = [77 T5dvg), we
get

/ Tr(Rf)dvg:/~Tr(R]~;)dv§, (14)
M M
where
m 2n+1
=D D WBu(Va, frei) frei, V)
i=1 a=1
m 2n+1 " _
Tr(Rp) = h(Ry(Va, f€:) f€i, V)

1 a

Il
—

K2

Now, the proposition follows by using the Gauss equation. l
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