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HARMONIC MAPS AND BIHARMONIC MAPS ON
PRINCIPAL BUNDLES AND WARPED PRODUCTS

HAJIME URAKAWA

ABSTRACT. In this paper, we study harmonic maps and biharmonic maps
on the principal G-bundle in Kobayashi and Nomizu [22] and also the
warped product P = M X F for a C°°(M) function f on M studied by
Bishop and O’Neill [4], and Ejiri [11].

1. Introduction

Variational problems play central roles in geometry; Harmonic map is one of
important variational problems which is a critical point of the energy functional
E(p) = 5 [5, |de]? vy for smooth maps ¢ of (M, g) into (N, h) (see [7,16,17,20,
32,44,45,47]). The Euler-Lagrange equations are given by the vanishing of the
tension filed 7(¢). In 1983, J. Eells and L. Lemaire [10] extended the notion of
harmonic map to biharmonic map, which are, by definition, critical points of

the bienergy functional

(1) Bae) =5 [ Il o,

After G. Y. Jiang [19] studied the first and second variation formulas of Fs,
extensive studies in this area have been done (for instance, see [6,14, 15,18,
25, 31,40, 41], etc.). Notice that harmonic maps are always biharmonic by
definition. B. Y. Chen raised ([8]) so called B. Y. Chen’s conjecture and later,
R. Caddeo, S. Montaldo, P. Piu and C. Oniciuc raised ([2,3,6]) the generalized
B. Y. Chen’s conjecture.

B. Y. Chen’s conjecture. FEvery biharmonic submanifold of the Euclidean
space R™ must be harmonic (minimal).
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The generalized B. Y. Chen’s conjecture. Every biharmonic subman-
ifold of a Riemannian manifold of non-positive curvature must be harmonic
(minimal).

For the generalized Chen’s conjecture, Ou and Tang gave ([39,40]) a counter
example in a Riemannian manifold of negative curvature. For the Chen’s con-
jecture, affirmative answers were known for the case of surfaces in the three
dimensional Euclidean space ([8]), and the case of hypersurfaces of the four
dimensional Euclidean space ([9,13]). K. Akutagawa and S. Maeta gave ([1])
showed a supporting evidence to the Chen’s conjecture: Any complete regu-
lar biharmonic submanifold of the Euclidean space R™ is harmonic (minimal).
The affirmative answers to the generalized B. Y. Chen’s conjecture were shown
([34-36]) under the L?-condition and completeness of (M, g).

In this paper, we first treat with a principal G-bundle over a Riemannian
manifold, and show the following two theorems:

Theorem 3.2. Let w: (P,g) — (M,h) be a principal G-bundle over a Rie-
mannian manifold (M, h) with non-positive Ricci curvature. Assume P is com-
pact so that M is also compact. If the projection m is biharmonic, then it is
harmonic.

Theorem 4.1. Let 7 : (P,g) — (M,h) be a principal G-bundle over a Rie-
mannian manifold with non-positive Ricci curvature. Assume that (P, g) is a
non-compact complete Riemannian manifold, and the projection w has both fi-
nite energy E(m) < oo and finite bienergy Eo(m) < co. If w is biharmonic, then
it is harmonic.

We give two comments on the above theorems: For the generalized B. Y.
Chen’s conjecture, non-positivity of the sectional curvature of the ambient
space of biharmonic submanifolds is necessary. However, it should be em-
phasized that for the principal G-bundles, we need not the assumption of non-
positivity of the sectional curvature. We only assume mnon-positivity of the
Ricci curvature of the domain manifolds in the proofs of Theorems 3.2 and
4.1. Second, finiteness of the energy and bienergy is necessary in Theorem 4.1.
Otherwise, one have the counter examples due to Loubeau and Ou (cf. Sect.
Four, Examples 1 and 2 [26]).

Next, we consider the warped products. For two Riemannian manifolds
(M, h), (F,k) and a C* function f on M, f € C*°(M), the warping function
on M, let us consider the warped product (P,g) where # : P = M x F >
(v,y) = o € M and g = 7*h+ f2 k. Let us consider the following two problems:

Problem 1. When 7 : (P,g) — (M, h) is harmonic?

Problem 2. In the case (M,h) = (R,dt?), a line, can one choose f € C*(R)
such that w: (P,g) — (M, h) is biharmonic but not harmonic?

In this paper, we answer these two problems as follows.
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Theorem 5.2. Let w: (P,g) — (M, h) be the warped product with a warping
function f € C°°(M). Then, the tension field 7(r) is given by
grad f Lf

f f

where £ = dim F'. Therefore, w is harmonic if and only if f is constant.

(1.2) T(m) =14

Theorem 6.2. For the warped product w: (P, g) — (M, h), the bitension field
To() is given by

(1.3) ma(m) = A(r(m)) = p"(7(7)) = (Ve s7(7),

where A is the rough Laplacian and V is the induced connection from the Levi-
Civita connection V" of (M, h). Therefore, 7 is biharmonic if and only if

(1.4) A(7(m)) — ph(T(ﬂ')) — Eﬁva'r(ﬂ) =0.

Here, ph is the Ricci transform p(u) := /%, R"(u,e})e}, u € T,M for an
locally defined orthonormal field {e}}™ on (M, h).
Theorem 7.1. (1) In the case (M,h) = (R,dt?), a line, the warped product
7 (P,g) — (R,dt?) is biharmonic if and only if f € C®(R) satisfies the
following ordinary equation:
(1.5) F"PPA=3) " f+(—+2) f7 =0.

(2) All the solutions f of (1.5) are given by

(1.6) f{t) =cexp </t:a tanh |:§ar—|—b] dr) ,

where a, b, ¢ > 0 are arbitrary constants.

(3) In the case (M,h) = (R,dt?), a line, let f(t) be C> function defined by
(1.6) with a # 0 and ¢ > 0. Then, the warped product 7 : (P,g) — (M, h) is
biharmonic but not harmonic.

Acknowledgement. We would like to express our gratitude to the referee
who pointed to improve Theorem 3.2 in this version.

2. Preliminaries
2.1. Harmonic maps and biharmonic maps

We first prepare the materials for the first and second variational formulas
for the bienergy functional and biharmonic maps. Let us recall the definition
of a harmonic map ¢ : (M,g) — (N, h), of a compact Riemannian manifold
(M, g) into another Riemannian manifold (V, k), which is an extremal of the
energy functional defined by

B(e) = [ elo)u,
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where e(y) = %|dep|? is called the energy density of ¢. That is, for any variation
{1} of ¢ with o = ¢,
d

(2.1) =

B(e) =~ [ h(r(o) Vv, =0,

t=0 M

where V € T'(¢~!TN) is a variation vector field along ¢ which is given by
Viz) = %’t:()(pt(x) € TyN, (x € M), and the tension field is given by
T(p) = Yit, B(p)(ei,e;) € T(p 'T'N), where {e;}™, is a locally defined
orthonormal frame field on (M, g), and B(y) is the second fundamental form
of ¢ defined by

B(p)(X,Y) = (Vdp)(X,Y)

= (Vxdp)(Y)
(2.2) = Vx(de(Y)) = dp(VxY)

for all vector fields X,Y € X(M). Here, V, and V", are Levi-Civita connections
on TM, TN of (M,g), (N, h), respectively, and V, and V are the induced ones
on p 'TN, and T*M ® ¢ 'TN, respectively. By (2.1), ¢ is harmonic if and
only if 7(¢) = 0.

The second variation formula is given as follows. Assume that ¢ is harmonic.
Then,

d2

(2.3) —

_E) = [ h0) Ve,

where J is an elliptic differential operator, called the Jacobi operator acting on
I'(¢~'TN) given by
(2.4) J(V)=AV —R(V),

where AV = V'VV = -7 (V.. V..V - Vv, eV} is the rough Laplacian
and R is a linear operator on I'(p~1T'N) given by

R(V) = Z RN (V. dip(e;))dp(e;),
i=1
and RY is the curvature tensor of (N,h) given by R"(U,V) = Vi;Vhy —
VhyVhy = Vv for U, V € X(N)(see [22,24,25)).
J. Eells and L. Lemaire [10] proposed polyharmonic (k-harmonic) maps and
Jiang [19] studied the first and second variation formulas of biharmonic maps.
Let us consider the bienergy functional defined by

(25) Bae) = 5 [ Ir@)v,

where |V|? = h(V,V), V € T(p"'TN).
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The first variation formula of the bienergy functional is given by

d
(2.6) T t:0E2(30t) =/, h(m2(), V)vg.
Here,
(2.7) 72(p) = J(7(9)) = A(7(9)) = R(7(p)),

which is called the bitension field of ¢, and J is given in (2.4).

A smooth map ¢ of (M, g) into (N, h) is said to be biharmonic if T2(¢) = 0.
By definition, every harmonic map is biharmonic. We say, for an immersion ¢ :
(M, g) — (N, h) to be proper biharmonic if it is biharmonic but not harmonic
(minimal)(see [12,23,24,27-30,33,37,38,42,43,48,49]).

2.2. The principal G-bundle

Recall several notions on principal G-bundles ([5,21,22]). A manifold P =
P(M, G) is a principal fiber bundle over M with a compact Lie group G, where
p=dim P, m = dim M, and k = dim G. By definition, a Lie group G acts on
P by right hand side denoted by (G, P) > (a,u) — u - a € P, and, for each
point u € P, the tangent space T, P admits a subspace G, := {A*, | A € g},
the vertical subspace at u, and each A € g defines the fundamental vector field
A* € X(P) by

A%y = 4 uexp(tA) € T, P.
dt]_g
A Riemannian metric g on P is called adapted if it is invariant under all the
right action of G, i.e., R,*g = g for all « € G. An adapted Riemannian metric
on P always exists because for every Riemannian metric ¢’ on P, define a new
metric g on P by

9u(X0 ) = [ o (RaXot R ),
G

where du(a) is a bi-invariant Haar measure on G. Then, R,*g = g for all
a € G. Fach tangent space T, P has the orthogonal direct decomposition of
the tangent space T, P,

(a) TuP =Gy Hy,

where the subspace G,, of P, satisfies

(b) Gu={A"| A€ g},

and the subspace H, of P, satisfies that

(©) H,,=R.,.H,, acG, uecPk,

where the subspace H,, of P, is called horizontal subspace at u € P with respect
to g.
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In the following, we fix a locally defined orthonormal frame field {e;},_;
corresponding (a), (b) in such a way that {e;}™; is a locally defined orthonor-
mal basis of the horizontal subspace H, (u € P), and {e; = A*,, 1}k | is a
locally defined orthonormal basis of the vertical subspace G, (v € P) for an
orthonormal basis {A,,1;}%_, of the Lie algebra g of a Lie group G with respect
to the Ad(QG) invariant inner product (-, -).

For each decomposition (a), one can define a g-valued 1-form w on P by

W(Xu) = Av Xu = Xuv + XuH7
where
VeG, X, eH, X, '=A4"
for u € P and a unique A € g. This 1-form w on P is called a connection form
of P.
Then, there exist a unique Riemannian metric ~ on M and an Ad(G)-
invariant inner product (-,-) on g such that
9( X, Yy) = h(me Xy, mYy) + (w(Xy),w(Ya)), Xu, Y, €TuP, ueP,
namely,
g=7"h+(w(),w()).
We call this Riemannian metric g on P, an adapted Riemannian metric on P.
Then, let us recall the following definitions for our question:

Definition 2.1. (1) The projection 7 : (P, g) — (M, h) is to be harmonic if
the tension field vanishes, 7(7) = 0, and
(2) the projection 7 : (P,g) — ( ,h) is to be biharmonic if, the bitension
field vanishes, mo(m) = J(7(7)) =
Here, J is the Jacobi operator for the projection 7 given by
J(V):=AV - R(V), Vel(r 'TM),

where

|
<

H
M"s

{ﬁ (v&v) N ﬁveleqv}

1

.
I

I
KMS

Il
-

{ e; (ﬁezv) y Vve €i }

K2

o Z {VA7n+1 ) VVA* iA:n+iV}

for Ve T(x 'TM), ie., V(z) € TryM (z € P). Here, {e;}}_; is a local
orthonormal frame field on (P,g) which is given by that: {e;}"; is an or-
thonormal horizontal field on the principal G-bundle 7 : (P, g) — (M, h) and
{emti,u = Ajyii W}ty (u € P) is an orthonormal frame field on the verti-
cal space G,, = {A%| A € g} (u € P) corresponding to an orthonormal basis

{Am+itiny of (g, ().
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2.3. The warped products

On the product manifold P = M x F for two Riemannian manifolds (M, h)
and (F,k), and a C* function, f € C®°(M) on M, let us consider the Rie-
mannian metric

(2.8) g=7"h+ f?k,

where the projection 7 : P = M X F 3 (z,y) — = € M. The Riemannian
submersion 7 : (P, g) — (M, h) is called the warped product of (M, h) and (F k)
with a warping function f € C*(M) ([4,11,46]). In this section, we prepare
several notions in order to calculate the tension field and bitension field.

We first construct a locally defined orthonormal frame field {e;}"* on (P, g)
where m = dim M and ¢ = dim F as follows: For i =1,...,m,

Ci(z,y) = (e/m,Oy) c T(Ly)P =T,M x Ty}?‘7
and fori=m+1,...,p,

1
ei(x»y) = m (Ozm e”’i,y) S T(m,y)P = TIM X TyF>
where p = m + /£.
Recall the O’Neill’s formulas on the warped product (cf. [4,11]). For a C*
vector field X € X(M) on M, X* € X(P), the horizontal lift of X which
satisfies for z € P,

(2.9) X*, eH,, and Tk (X*Z) ZXW(Z),

where recall the vertical subspace V, and horizontal subspace H, of the tangent
space T, P:

(210) Vz = I((BI‘(’/’R‘< (1‘721))’

(2.11) T.P=YV,®H.,, gV, H,) =0,

where 7, (z.y) * L(z,y)P — T M is the differential of the projection 7 : P — M
at (x,y) € P.

Let g: P=M x F > (x,y) — y € F be the projection of P onto F. For a
vector field V' on F, there exists a unique vector field V on P satisfying that
V eVand ¢ (V) = V. We identify V € X(F) with V € V denoting by the
same letter V in the following.

Lemma 2.1. Let X, Y € X(M) be vector fields on M, and V, W € X(F),
vector fields on F, and V9, V", V¥, the Levi-Civita connections of (P,g),
(M, h), and (F, k), respectively. Then,
(1) grad (f o 7) = grad f.
(2) T (VI9x:Y*) = VY, where X* and Y* are the horizontal lifts of X
and Y, respectively.
(3) Vix.V =VIyX* =LV
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(4) H(VIyW)=—fE(V,W)G = —%g(V, W) G, where G is the gradient
of f and f o 7.
(5) V(VIyW) = VEy W, where HA, and VA are the horizontal part, and
the vertical part of A, respectively.
Lemma 2.2 (O’Neill’s formulas).

(1) 9(z,y) (X*(;c,y)aY*(x,y)) = hx(X:mYm)a e M.

(2) m. ([X*Y7]) = [X,Y].

(3) m (VIx:Y*) = VhyY.
Lemma 2.3. For a vector field X € X(M) whose h(X, X) is constant, V9 x« X*
is the horizontal lift of VP x X .

Proof. By (3) of Lemma 2.2, we only have to see V9 x+ X* is a horizontal vector
field. Due to Lemma 2.3(1), for every vertical vector field X € X(M), we have

29(VIx- X", V) = X" (g(X",V)) + X*(g(V, X7)) = V(g(X", X7)
+g(v7 [X*vX*]) +9(X*7 [V,X*]) - g(X*v [X*,V])
=29(X", [X", V])
(2.12) = 0.
Here, the last equality of (2.12) follows as:
(X", V] =VIix.V —-VIyX*
_XJ Xf

A

(2.13) ~0
by using Lemma 2.1(3). O

Then, we can choose a locally defined orthonormal vector field

{€1, - yem,emity---sCmir}
on (P, g) in such a way that {ey, ..., e, } are orthonormal vector fields which are
horizontal lifts of the orthonormal vector fields €], ..., e/, on (M, h) and e;, 1 =
%e;’lﬂ,...,emﬂ = %e;’m_z. Then, by Lemma 2.3, V9..¢;, i = 1,...,m, are
the horizontal lifts of Vhe<e;.
Fori=m+1,...,m —|—Z€, we have the following decomposition:
1

(2.14) Vieiei = g { (0 i+ Vipel = [V(f o )}

We first note that V(f o m) is a horizontal vector field on P. Because,
g(V(fom),V)=Vf=0

for every V € X(F). And the first two terms of (2.14) are vertical since V¥, e/,
i=m+1,...,m+{, are vertical.
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To prove (2.14), for i =m+1,...,m + £, we have

Ve, e; = Vg%e;/%e;’
= % {eg’ (ch) el + %Vgeue }
(2.15) = % {—e;}f el + vgeg/e;’} .
We decompose Vgegle;’ into the vertical and horizontal components:
(2.16) Vigne] =V (VIerel) +H (VIere]).
Here, by Lemma 2.1(5), we have
(2.17) V (Vieel) = Vel
By Lemma 2.1(4) and k(e e/) = d;;, we have
H (Vgege;’) =—fk(ef,el)G

=—fG

=V
(2.18) =—fV(fon)

by Lemma 2.1(1). We obtain (2.14).

3. Proof of Theorem 3.2

If the principal G-bundle 7 : (P, g) — (M, h) is harmonic, then it is clearly
biharmonic. Our main interest is to ask the reverse holds under what condi-
tions:

Problem 3.1. If the projection 7 of a principal G-bundle 7 : (P, g) — (M, h)
is biharmonic, is 7 harmonic or not.

In this paper, we show that this problem is affirmative when the Ricci cur-
vature of the base manifold (M, h) is negative definite. Indeed, we show that:

Theorem 3.2. Let 7w : (P,g) — (M,h) be a principal G-bundle over a Rie-
mannian manifold (M, h) with non-positive Ricci curvature. Assume P is com-
pact so that M s also compact. If the projection m is biharmonic, then it is
harmonic.

In this section, we give a proof of Theorem 3.2 in case of a compact Riemann-
ian manifold (M, h) and the Ricci tensor of (M, h) is negative definite. We will
give the proof of Theorem 4.1 in case of a non-compact complete Riemannian
manifold (M, h) in Section 4.

Let us first consider a principal G-bundle 7 : (P,g) — (M, h) whose the
total space P is compact. Assume that the projection = : (P,g) — (M,h) is
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biharmonic, which is by definition, J(7 (7)) = 0, where 7(7) is the tension field
of m which is defined by

(3.1) Z{V ;i — T (Ve,ei)},

the Jacobi operator J is deﬁned by

(3.2) JV:=AV -R(V) (VeT(r'TM)),
A is the rough Laplacian defined by
P
(3.3) AV ==Y "{V, (V.,V) - Vv, .V},
i=1
and
(3.4) R(V) := RV, myei)mes,

where {e;}7_; is a locally defined orthonormal frame field on (P, g).

The tangent space P, (u € P) is canonically decomposed into the orthogonal
direct sum of the vertical subspace G, = {A,"| A € g} and the horizontal
subspace H,: P, = G, & H,. Then, we have

To(m) E Rh ), x5 ) i€
_ A hir
= A7( E R (7(m), mye;)mae;
h A* *
- § R m+7,)7r*Am+i
_ A h
= A7( g R (7(m), maei)Taes,

where p = dim P, m = dim M, k = dim G, respectively. Then, we obtain

0= /M<J(T(7T)), (7)) vg
_ V'Y r(n), (7)) vy — Mr(n Tx€i)TxCis T\T)) Vg
= [ @ Ve~ [ S ). meme )

(V1(m),V7(r))vg — /M Z(Rh(T(w), T4 )Ty, T(T)) Vg.

M i=1
Therefore, we obtain

/M (V1(m),V7(n)) v, /M Z<Rh<7'<7'r), Tx€i)Tx€i, T(T)) Vg

i=1
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:/ i<Rh(T<W),€;)e;77(F)>vg
(3.5) / Ric" (7(m)) vy,

where {e}}™, is a locally defined orthonormal frame field on (M, h) satisfying

mwe; = €}, and Ric(X) is the Ricci curvature of (M, h) along X € T, M. The

left hand side of (3.5) is non-negative, and then, the both hand sides of (3.5)

must vanish if the Ricci curvature of (M, h) is non-positive. Therefore, we

obtain

(3.6) Vxr(r)=0 (VX € X(P)), i.e., 7(m) is parallel, and
Ric"(7(7)) = 0.

Let us define a 1-form a € A (P) on P by a(X) = (dn(X), (7)), X € X(P).
Then, we have

P

(3.7) —ba =Y (Ve,a)(e) = (r(x),7(x)) + (dm, Vr(m)).

i=1

Integrate the above (3.7) over P since P is compact without boundary. By
(3.6), Vx7(m) =0, X € X(P), we have

(3.8) [ sav,= [ ¢,

which implies that 7(7) =0, i.e., 7 : (P,g) — (M, h) is harmonic.

4. Proof of Theorem 4.1

In this section, we will show:

Theorem 4.1. Let 7 : (P,g) — (M,h) be a principal G-bundle over a Rie-
mannian manifold with non-positive Ricci curvature. Assume that (P, g) is a
non-compact complete Riemannian manifold, and the projection w has both fi-
nite energy E(m) < oo and finite bienergy Eo(m) < 0o. If w is biharmonic, then
it s harmonic.

Here, we first recall the following examples:

Example 1 (cf. [26], p. 62). The inversion in the unit sphere ¢ : R™\{o} >

X ﬁ € R™ is a biharmonic morphism if n = 4. It is not harmonic since

() = —ix.

Here, a C*™ map ¢ : (M, g) — (N, h) is called to be a biharmonic morphism
if, for every biharmonic function f : U C N — R with ¢=*(U) # 0, the
composition f o ¢: ¢~ 1(U) C M — R is biharmonic.
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Example 2 (cf. [26], p. 70). Let (M? k) be a Riemannian surface, and let
B: M?xR — R*and A : R — R* be two positive C*° functions. Consider
the projection 7 : (M2 x R*,g = A\"2h + B2dt?) > (p,t) = p € (M? h).
Here, we take § = coel F@de f(z) = % with ¢, co € R*, and
(M2,h) = (R?,dx? + dy?). Then,

7 (R? x R*, do? + dy? + B%(x) dt?) 2 (z,y,t) = (2,y) € (R?, dz? + dy?)
gives a family of proper biharmonic (i.e., biharmonic but not harmonic) Rie-

mannian submersions.

For a non-compact and complete Riemannian manifold (N, h) with non-
positive Ricci curvature, we will give a proof of Theorem 4.1.

(The first step) We first take a cut off function n on (P, g) for a fixed point
po € P as follows:

0<n<1 (on P),

n=1 (on Br.(po)),
(4.1) n=20 (outside Ba,-(po)),
|V77| S % (OH P)u

where B,.(po) is the ball in (P, g) of radius r around pyg.
Now assume that the projection 7 : (P,g) — (N, h) is biharmonic. Namely,
we have, by definition,

0= Jo(m) = Jr(7(m))

(4.2) =Ar(r) =Y RMr(n),me)me;,

i=1

where {e;}!_, is a local orthonormal frame field on (P, g) and A is the rough
Laplacian which is defined by

P
(4.3) AV :=V'VV ==Y {V.(V.,V)- Vv, .V}

i=1

for Ve T(r=1TM).
(The second step) By (4.2), we have

V'Y (), n: (1)) v, = 2 Y hr(m TeCi )i, T(T) ) v
[ Tt e /Pn<ZR<<>, ) <>>g

Il
=
(V]
~
=
=
—~
\‘
—
a
S
*

]
N
3

*
D
3
—~~
2
~
[
<)
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(1.4) = [ R ),

where {¢/;}1, is a local orthonormal frame field on (M, h), and Ric"(u) u €

T,M, (y € M) is the Ricci curvature of (M, h) which is non-positive by our
assumption.
(The third step) Therefore, we obtain

0> /P (V" T 7(m), 72 7(m)) v

/Z{’? e,7(m), Ve, (1)) + €i(n®) (Ve,7(m), 7(7)) } v

P

(4.5) / ZW 7( vg+2/PZ@,@T(W),ei(n)T(w»vg.

i=1
Therefore, we obtam by (4.5),
(The fourth step) Then, we have

/13772 ; V()] vy < —2/1:;<77V617(7T)a6i(77)7(7f)>Ug
(4.6) = _2/13;%%”9’

where V; := nV,,7(r), and W; := e;(n)7(w) (i = 1,...,p). Then, the right
hand side of (4.6) is estimated by the Cauchy-Schwarz inequality,

1
(4.7) £2(V;, Wi) < €| Vif* + = Wi
since 1 1
0< VeV« NG Wil? = e|Vi]> + 2(Vi, Wi) + = [Wi]?,
€ €

so that 1
F2(Vi, Wi) < e|Vi]* + = [Wi]2.
€
Therefore, the right hand side of (4.6) is estimated as follows:

RHS of (4.6) /ZV“WL
p
@8) Se/PZMPvﬁ;/PZlWing-
i=1 i=1
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(The fifth step) By putting e =

3
_ 1 & _
@9 [ nzgwen(w)ﬁvgég |3 Term@Pur2 [ Yo e e P,

Therefore, we obtain

p
(4.10) / S [Ver(m)Po, <2 / IV 7
=1

Substituting (4.1) into (4.10), we obtain

(4.11) /Pn?gm;( <4/ V2 r(x /|T

(The sixth step) Tending r — oo by the completeness of (P, g) and Ex(w) =
3 Jp |7()[? vy < o0, we obtain that

p V. T\ 2
(4.12) /P;IVEi ()

which implies that

(4.13) Vxr(r) =0 (VX € X(P)).
(The seventh step) Therefore, we obtain

(4.14) |7(m)| is constant, say ¢

because
X|r(m)|*=2(Vx7(r),7(m)) =0 (VX e X(M))

by (4.13).
(The eighth step) In the case that Vol(P, g) = oo and Ea(7) < 00, ¢ must be
zero. Because, if ¢ # 0,

1 c
—5 [ 1T oy = § Vol(P.g) = oo
P

which is a contradiction.
Thus, if Vol(P, g) = oo, then ¢ =0, i.e., 7 : (P, g) — (M, h) is harmonic.
(The ninth step) In the case E(m) < oo and FEa(m) < oo, let us define a
I-form o € A*(P) on P by

(4.15) a(X) = {dr(X), (7)), (X € X(P)).

Then, we obtain

p 1/2
[ale= [ (;a@m?) < [ lanl 1rm)lo
<(/ |d7r|2vg)1/2 (f |T(7r>|2vg)1/2
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(4.16) =2/ E(n) E2(7) < c0.

For the function da := — Y  (V.,a)(e;) € C>(P), we have

= Z Ve, a)(e;) Z {ei(a a(Ve,e)}
=Y {ei(dn(e:), 7(7)) — (dm(Ve,e0), 7(m)) }
i=1
= Z {(Ve dn(e;), 7(m)) + {dr(e;), Ve, 7(m)) — (dm(Ve,eq, (7)) }
= <Z {V dr(e;) dﬂ(Veiei)},T(w» + Z <d7r(e,-),§eir(ﬂ')>
= (r(m),7(m)) + (dm, V()
417) = |r(n)P?
since V7 () = 0. By (4.17), we obtain
(4.18) /P\(samg - /P () v, = 2 Ea(m) < o

By (4.16), (4.18) and the completeness of (P, g), we can apply Gaffney’s theo-
rem which implies that

(4.19) oz/P(faa) vg:/P|T(ﬂ')2

Thus, we obtain
(4.20) 7(m) =0,
that is, 7 : (P,g) — (M, h) is harmonic. We obtain Theorem 4.1.

5. The tension fields of the warped products

In this section, we calculate the tension field 7(7). Let us recall the definition
of the tension field:

Definition 5.1.
m-+£

) = Z {Veme —m (Vee)}
i=1

m-+£

(5.1) = Z (VI eimee; =y (V9e,6i)} .
i=1
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Since VY., e; are the horizontal lifts of Vhe;eg fori=1,...,m, and (2.14),
we have

7T) = Z {Vhﬂ*eq;ﬂ-*ei — Tk (Vgeiei)}
=1

m—+£

+ Z {Vhfr*eiﬂ'*ei — T« (vgeiei)}

i=m-+1

m m+-£
- Z{Vhe;e;—vhe;e;}—i— Z {O— (—}V(fow))}
i=1 i=m+1

(5.2) :§V(fo7r).

Indeed, we obtain the second equality of (5.2) as follows: The first sum van-
ishes since m.e; = e} and . V9., e; = VPel, (i = 1,...,m). The second sum
coincides with %V (f o ) since mee; = 0 and also 7. V9,,e; = f% V(fom)
(i=m+1,...,m+{). Therefore, we obtain:

Theorem 5.1. Let w: (P,g) — (M, h) be the warped product. Then, we have
L
(5.3) T(m) = ?V(f o ).

Then, w is harmonic if and only if f is constant.

6. The bitension fields of the warped products
Let us recall the definition of the bitension field for a C'*° mapping ¢ :
(P,g) — (M, h) which is given by
(6.1) 7a(p) = A1(p) = R"(7(¢))-
Here, recall, for V € I'(¢~'TM),

P
(6.2) Z e«(Ve,V) = Vyo eV},

P
(6.3) Z (V, pxei)pses,

where {e;}}_; is a locally defined orthonormal frame field on (P, g), p = dim P,
V is the induced connection on the induced bundle ¢~ !T'M, and the curvature
tensor of (N,h) is given by RMU, V)W = V'y(ViyW) — VI (VW) —
VW for U,V,W € X(M) (cf.[5,21,22]).

Definition 6.1. 7 : (P,g) — (M, h) is biharmonic if To(7) = 0.
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Let us 7 : (P,g) = (M, h) be the warped product whose Riemannian metric
g is given by (2.8). For V = 7(7), then,

RV = Z R'(r(r), moei)moe;
i=1

= Z RM'(7(n),el)el

i=1
(6.4) = p"(7()),
where m = dim M and p" is Ricci transform of (M,h) given by pl(u) =
S RM(u,el)el, u € T, M, and {e}}™, is a locally defined orthonormal field
n (M, h).

In the following, we calculate the rough Laplacian A for V = 7(r).

(The first step) We calculate V., 7(7) and V., (V,,7(r)) as follows:
) {Vﬁpr(w) (i=1,...,m=dimM),

(6.5) Ve, 7(m) =V ,
0 (i=m+1,...,m+1Y),

Taei |

where p :=dim P =m + ¢, m = dim M, and ¢ = dim F'. Furthermore,
- VZ(VZT(W)) (i=1,...,m),
(6.6) Ve, (Ver(r)=9q = :
0 i=m+1,....m+£{=0p).

(The second step) We calculate Vs .. 7(m) by the similar way as the first
step:
Fori=1,...,m,

(67) ﬁvgieiT(ﬂ') = VZ ( e )T( ) vvh /7-(77)
and for i =m+1,...,m+ ¢, by (5.1),
(6.8) ﬁvgieir(ﬂ) = VZ*(Vgiei)T(ﬂ') = V}i% V(fomT(m).

(The third step) Therefore, we calculate (6.2) for V = 7(m) as follows.

A7(7) : —Z{ 7)) = Vs, 7(T )}
_Z{ 0. (Ve,7(m)) — vvgieﬁ(w)}

m-£

-y {?ei(ﬁeﬁ(ﬂ))—vvgieﬁ(“)}
i=m+1

ST () - o ()}
i=1 ’
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m—+£
- Z {O_vh—%V(fon)T(ﬂ')}
1=m-+1
(6.9) = — Z {Vhe; (Vhe;T(W)) - thg(e;T(W)} — fvh%v(foﬂ)T(ﬂ).
i=1 i

(The fourth step) Therefore, by (6.1), (6.4) and (6.9), we obtain

ra(m) = =Y { Ve, (Veyr(m) = Vgn er7(m) } = (V" 407 (x) = p(r(m))

i=1
1 Vf
(6.10) = LJig <f Vf) — 2 vh%w {f}
1 0? e,
(6.11) ={lJig ?Vf + Fh(Vf,Vf) Vf- FV viVf.
Therefore, we can summarize the above by recalling the following definitions:
(6.12) Jua = A" = ph,

is the Jacobi operator of the identity of (M, k), id : (M, h) — (M, h) acting on
the space X(M) of C*° vector fields on M, and the operator A" is defined by
(6.13)  A'(X)=-> (vhe; Vi — vhvhe,_e;_) X (X ex(M),

i=1

and p” is the Ricci operator of (M, h) given by
(6.14) p"(X) = RMX, €))el (X e X(M)).

Therefore, due to (6.1) and (6.2), we have:
Theorem 6.1. For the warped product 7 : (P, g) — (M, h), the bitension field
To(m) is given by
(6.15) ma(m) = A(r(m)) = p"(7(7)) =V g1 7(7),
where A is the rough Laplacian and V is the induced connection from the Levi-

Civita connection V" of (M,h). Therefore, the warped product @ : (P,g) —
(M, h) is biharmonic, i.e., To(mw) = 0, if and only if the following hold:

VI on Vil ¢ e,
(6.16) (f) =evh o, {f =~ MYLINY [+ 55 V5 V1.
Corollary 6.2. For a positive C*> function f on M, let m: (P,g) = (M xy
F,g) — (M, h) be the warped product with g = m*h + f?k over a Riemannian
manifold (M, h) whose Ricci curvature is non-positive. If 7 is biharmonic, then

(6.17) /M(Vf) <h(vff, vff)> vp =2 /M h (vhvffvff, fo) vy, > 0.
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Proof of Corollary 6.3. If w: (P,g) — (M, h) is biharmonic, by (6.15), it holds
that

= To(T v—f — 2Vl Vf
(6.18) 0=T7o(m) = <éf) v e

which implies that

v \Y% Vi V
o= 00 () Pt A F )

Because all the eigenvalues of Jiq are non-negative since Jiq = A p" and the
Ricci transform p” are non-positive (cf. [4], [6, p. 161]). O

7. The solutions of the ordinary differential equation

Assume that (M,h) = (R,dt?), a line, and (P,g) = F x; R, the warped
product of a Riemannian manifold (F, k) and the line (R, dt?), that is,
(7.1) g =7"(dt*) + f*k

for a C*° function f € C>*(R).
In this case, it holds that

B 4 Zf . L’ " g
sam =3 (7)== (%) 5
oon VI thfa fPo(f\ o
2 gevy el () =55 (5) 5
9 f/f// _ﬁ g
a f? ) ot
Therefore, m: (F x¢R,g) — (R,dt?) is biharmonic, i.e.,

(7.3) To(m) = (evff> — 2V, vff 0

if and only if
B f/ " ) (f/ f// f/3>
— (L) —vy _
! ( / ) R

f//f . f/2 / f/ f// f/3
- (=55) ¢ (7 -F)

_Zf///f2_3f//f/f_|_2f/3 _62 (f/f// _f/S)

f? f? f3
(7.4) — G PP = (D 1)
if and only if
(7.5) "R E=3) " f+(—t+2) f?=0.

Therefore, we have:
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Theorem 7.1. Let (F, k) be a Riemannian manifold.

(1) the warped product 7w : (F x ¢ R, g) — (R, dt?) is biharmonic if and only
if (7.5) holds.

(2) All the positive C*° solution f of (7.5) on R are given by

(7.6) f(t)zceXp</t:atanh[a§r+b] dr),

where a # 0, b, ¢ > 0 are arbitrary constants.

(3) In the case (M,h) = (R,dt?), let f(t) be a C* function defined by
(7.6) with a # 0, b any real number and ¢ > 0. Then, the warped product
m: (R xsF,g) — (R,dt?) with the Riemannian metric

(7.7) g=m"dt> + f*k
is bitharmonic but not harmonic.

In order to solve (7.5), we put u := (log f)’ = fT, Then (7.5) turns into the
ordinary differential equation on u:

(7.8) u’ + g (u?) = 0.

A general solution u of (5.6) is given by
4
(7.9) u(t) = a tanh {a 3 t+ b} ,

where a and b are arbitrary constants. Thus, every positive solution f(t) is
given by

(7.10) o) =com / o r-48] ).

where a, b, ¢ > 0 are arbitrary constants.
Therefore, we obtain Theorem 7.1 together with Theorem 6.2, O
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