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sphere S and the biharmonic Riemannian submersions. Then, we study the biharmonic-
ity of the canonical projection 7w : TM — M.
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1. Introduction. A harmonic map ¢ : (M, g) — (N, h) between two
Riemannian manifolds is a critical point of the energy E(¢) = % [}, |do|* v,.
The corresponding Euler-Lagrange equation for the energy is given by the
vanishing of the tension field 7(¢) = trace Vd¢. The bienergy of a map ¢ is
defined by E2(¢) = 1 [, |7(¢)|? v4, and ¢ is said to be biharmonic if it is a
critical point of the bienergy.

In [4, 5] G.Y. Jiang has obtained the Euler-Lagrange equation for Eb;
that is

(1.1) 72(¢) = J(7(¢)) =0,

where J is the Jacobi operator of ¢. The equation m(¢) = 0 will be called
the bitharmonic equation. Also, G.Y. Jiang has observed that the generalized

Clifford torus ) )
SP(—=) x S1(—=) — S™*!
( ﬂ) ( \/5)

with p4+¢ = m and p # ¢ is a nonminimal biharmonic submanifold of S™*+1.
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In the first part of this paper we give some results about the nonexistence
of nonharmonic biharmonic maps into a manifold with nonpositive sectional
curvature, or with nonpositive Ricci curvature.

In the second part we characterize the biharmonic submanifolds of S™.

The last part is devoted to the study of the biharmonicity of Riemannian
submersions. First we give some results about the nonexistence of nonhar-
monic biharmonic Riemannian submersions onto a manifold with nonposi-
tive Ricci curvature. Then we prove a theorem which gives a class of non-
harmonic biharmonic Riemannian submersions. We finish with the study of
the biharmonicity of the canonical projection 7 : (T'M, S) — (M, g), where
S is a Riemannian metric of Sasaki type, and = : (TM,S) — (M,g) is a
Riemannian submersion.

The manifolds, maps, vector fields etc. considered in this work are
assumed to be smooth, i.e. differentiable of class C*>. By (M,g) and
(N, h) we shall mean connected Riemannian manifolds, of dimensions m
and n, respectively, without boundary. We shall denote by V the Levi-
Civita connection on (M, g). For vector fields X,Y,Z on M we define the
Riemann curvature operator by R(X,Y)Z = [Vx,Vy]Z — V|xy)Z. We
shall say that M has nonpositive sectional curvature, and write Riem < 0,
if for every p € M and 2-plane P in T,M, Riem,(P) =< R(X,Y)Y, X ><0,
where {X,Y'} is any orthonormal basis of P. The indices i, j, k, [ take the
values 1,2, ..., m, and the indices «, 3, take the values 1,2,..., n.

2. Biharmonic maps. Let ¢ : (M,g9) — (IN,h) be a smooth map
between two Riemannian manifolds. Assume that M is compact and ori-
entable. The tension field of ¢ is given by 7(¢) = trace Vd¢, and the
bienergy is defined by

Then we call biharmonic a smooth map ¢ which is a critical point of the
bienergy functional. As we have said in the introduction, we have for the
bienergy the following first variation formula:

dE> (1)

dt

:/ <7—2(¢))5’U>U97
M

t=0
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where vy is the volume element, v is the variational vector field along ¢,
and

(2.1) T2(¢) = —AT(¢) — trace RN (do—,7(¢))de — .

When M is not compact and orientable, the map ¢ is biharmonic if 7 (¢) =
0. In the sequel we shall specify if we are assuming M to be compact and
orientable.
Of course, every harmonic map is biharmonic. Further we shall give
some results about the nonexistence of nonharmonic biharmonic maps.
First, we recall the following result of G.Y. Jiang.

Theorem 2.1 ([5]). Let ¢ : (M, g) — (N, h) be a smooth map. Suppose
that M is compact and orientable, and Riem™ < 0. Then ¢ is biharmonic
if and only if it is harmonic.

If we give up the hypothesis M compact and orientable, we can get

Proposition 2.2. Let ¢ : (M,g) — (N,h) be a Riemannian immer-
sion such that |T(¢)| = constant. Suppose that Riem™ < 0. Then ¢ is
biharmonic if and only if it is harmonic.

Proof. Assume that m(¢) = 0. From the Weitzenbock formula we
obtain

%AWW = < A7(9),7(9) > —ldr(¢)]”

= < trace RN (1(¢), dp—)dop—, m(¢) > —|dr(¢)|?.

If |7(¢)| = constant, as Riem” < 0, from the above equation it results that
dt(¢) = 0. Using now the equation

—|7()? =< d¢,dr(¢) >,

which is true for any Riemannian immersion, we conclude that ¢ is har-
monic.

When dim M = dim N — 1, we can replace the hypothesis Riem” < 0
with the hypothesis Ricci’¥ < 0, and we obtain

Theorem 2.3. Let ¢ : (M,g) — (N,h) be a Riemannian immersion.
Suppose that M is compact and orientable, Ricci™ < 0 and m = n — 1.
Then ¢ is biharmonic if and only if it is harmonic.
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Proof. Since ¢ is a Riemannian immersion and m = n — 1, we have

trace RN (dg—, 7(¢))dop— = Y RN(dp(X;), 7(6)), dd(X;)
=1
= —Ricci¥ (7(¢)),

where {X;}", is an orthonormal frame field. Assume that ¢ is biharmonic.
From the Weitzenbock formula and from the maximum principle we obtain
dr(¢) = 0. Now, the result follows applying the same argument as in the
proof of Proposition 2.2. O

Proposition 2.4. Let ¢ : (M, g) — (N, h) be a Riemannian immersion
such that |7(¢)| = constant. Suppose m =n — 1, and Ricci™ < 0. Then ¢
is biharmonic if and only if it is harmonic.

Proposition 2.5. Let ¢ : (M,g) — (N,h) be a smooth map with the
property that there is p € M such that rank ¢(p) > 2 and |T(¢)| = constant.
Suppose that Riem”™ < 0. Then ¢ is biharmonic if and only if it is harmonic.

Proof. Assume that ¢ is biharmonic. Again, from the Weitzenbock
formula we obtain

RN (7(¢), dd(X:),7(¢),dd(X;)) =0, Vi=1,-+ ,m,

where {X;}", is an orthonormal frame field. Suppose 7(¢)(p) # 0; then,
as Riem? < 0, it follows that 7(¢)(p) | dop(X;),Vi, i.e. rankp(p) < 1. So
7(¢)(p) = 0 and since |7(¢)| = constant, the proposition follows.

3. Biharmonic submanifolds of S". Let M be an m—dimensional
submanifold of S”, and let i : M — S™ be the canonical inclusion. We
denote by B the second fundamental form of the submanifold M C S", by
A the shape operator, by H the mean curvature vector field of M, by V+
the normal connection and by At the Laplacian in the normal bundle of
M.

Then we have
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Theorem 3.1. The map i is biharmonic if and only if

~A+H —trace B(—, Ag—)+mH = 0

(3.1)
2 trace AV({)H(—) + Zgrad(|H|?) = 0.

Proof. Since
trace R®" (di—, 7(i))di— = —m7(i),
the map i is biharmonic if and only if
(3.2) To(i) = trace Vdr (i) + m7(i) = m{trace VdH + mH} = 0.

To prove this theorem we can choose, without loss of generality, a system
of normal coordinates {xl}ﬁl around an arbitrary point p € M. If we put

e; = at p we have

oxt’

trace VAH =Y V& VI H=Y {V{[VaH-Apy(e:)]}

=1 =1

= Z{Vé‘iVéH—AVéH(ei)—VeiAH(ei)—B(ei, AH(ez))}

i=1
m
=—ALH— trace B(— Z AvLH €i)+Ve, Ar(ei)].
=1
Moreover, a straightforward computation shows that at p one has

m m m

Z[AveiiH(ei) +VeAn(e) = 2 AvLple) + 5(d!H!2)ﬁ

i=1 ;

= 2trace AVt)H(_) + % grad(|H|?),

where § : T*"M — TM is the musical isomorphism that through the metric
identifies 1-forms with vectors. Therefore, replacing the value of trace VdH
n (3.2), we have that i is biharmonic if and only if

—ALH—trace B(—, Ag—)+mH=

(33> = QtraceAvé__)H(—)—l-% grad(|H|2)
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Since the left-hand side of (3.3) is normal to M and the right-hand side of
(3.3) is tangent, the theorem follows. O

Proposition 3.2. Let M be a compact orientable manifold which is
pseudo-umbilical, i.e. Ay = |H|?>I. Assume that |H|> > 1. Then i is
biharmonic if and only if |H| = 1 and V*H = 0.

Proof. Assume that M is a biharmonic submanifold in S”. Then, from
the first equation of (3.1) we obtain that

AtH = (1—|H*)mH,
and applying the Weitzenbock formula, we get

1
§A]H]2 = <A*H H>-|VtH?
= m(1-|H?) |H?- |V H]? <0.

Now, from the maximum principle, we conclude.
The converse is immediate.

Proposition 3.3. Let M be a pseudo-umbilical submanifold of S™ with
mean curvature constant |H| = 1. Then it is nonharmonic biharmonic if
and only if VYH = 0.

4. Biharmonic Riemannian submersions. Let ¢ : (M, g) — (N, h)
be a Riemannian submersion and let p € M; we have T),M = Tf M EBTIY M,
where TIY M = ker d¢, and TpH M is the orthogonal complement of Tg/ M
with respect to the metric g. Let W be an open subset in N such that
d(p) € W, U = ¢~ L(W) and let {X,} be an orthonormal frame field on W.
We consider X, = (X,)¥ and {Xa}yt, 41 an orthonormal frame field on
TVU. We have the well-known formula,

T(@)(p) =~ Y dp(Vx,Xa) = —(m —n)dep(H(p)),
a=n—+1

where H(p) is the mean curvature vector field in p of the submanifold

¢~ (¢(p)) of M.
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In the following we shall suppose that the tension field of ¢ is basic, i.e.
7(¢)(p) = 7(¢)(q) whenever ¢(p) = ¢(q). Thus 7(¢) can be thought of as a
vector field on manifold V.

Theorem 4.1. Let ¢ : (M,g) — (N,h) be a Riemannian submersion
with basic tension field. Then we have

(4.1.) 72(¢) = trace™ V27(¢) +V V(4 7(¢) + Ricci™ 7(¢).

Proof. Using the above orthonormal frame fields { X}, and (X},
we obtain

trace V2T(¢) = Z {V?(;l(TN)V?(;l (TN)T(d)) — V%:::?Z)T(Gﬁ)}

a=1

= -I(TN -4TN -I(TN
+ > VLTIV M) - ve B0}
a=n+1

= Y "V YV 7(0) N Vaswy, xa7(0)}
a=1

+ Z {Nvfm(vxaxaﬂ’((lﬁ)}

a=n+1
= trace™ V?1r(¢) +V V,(4)7(9),
and
trace RN (dg—, 7(¢))dp— = — Ricci™ (1(¢)).

Therefore, replacing the values of trace V27(¢) and trace RN (d¢—,
7(¢))d¢— in the expression of (), we have the theorem.
Next we give some results about the nonexistence of nonharmonic bi-
harmonic Riemannian submersions.

Theorem 4.2. Assume that M is compact and orientable and Ricci¥ <
0, Then ¢ is biharmonic if and only if it is harmonic.

Proof. If ¢ is biharmonic, then, from the Weitzenbock formula, we
obtain

AP = < AT(6),7(6) > ~ldr()P
= < Ricci 7(¢), 7(¢) > —|dr(¢)|* < 0.
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Since M is compact, applying the maximum principle, we obtain dr(¢) = 0.
Now, from

0= /M < dr(¢),dp > v, = /M <7(¢),d*dep > vy = — /M I7(¢)[*vg,
we conclude.

Proposition 4.3. Assume that Ricci™ < 0, and 3¢ € N such that
Riccil¥ (q) < 0. If |7(¢)| = constant, then ¢ is biharmonic if and only if it
18 harmonic.

Now, we replace the hypothesis M compact and orientable with the
hypothesis N compact. We obtain

Proposition 4.4. Assume that N is compact and orientable, and
Ricci®¥ < 0. Then ¢ is biharmonic if and only if NV (¢) = 0.

Proof. Suppose that ¢ is biharmonic. Again, from the Weitzenbdck
formula, we obtain

1
SAI(@)I* <0,

where A acts over smooth functions on M. Since 7(¢) can be thought as a
vector field on N, and N is compact, then Ipyg € M such that |7(¢)|(po) >
|7(#)|(p), Yp € M. So, using the maximum principle and the Weitzenbock
formula, we obtain d7(¢) = 0, which is equivalent with ¥V 7(¢) = 0.

The converse results from Theorem 4.1.

Corollary 4.5. Assume that N is compact and orientable, Ricci™ < 0
and 3¢ € N such that Ricci®™ (q) < 0. Then ¢ is biharmonic if and only if
it s harmonic.

Corollary 4.6. Assume that N is compact and orientable, Ricci’™ < 0,
and the Euler-Poincare characteristic x(N) # 0. Then ¢ is biharmonic if
and only if it is harmonic.

Now, looking for nonharmonic biharmonic Riemannian submersions, we
can get

Theorem 4.7. If 7(¢) is an unitary Killing vector field on N, then ¢
1 a biharmonic map.
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Proof. The hypothesis 7(¢) Killing implies
trace™ V27(¢) + Ricci™ (1(¢)) = 0,

and the hypothesis 7 (@ unitary Killing vector field on N implies ¥ V(o7 @
= 0. Now, we conclude.

Corollary 4.8. Let ¢ : (M, g) — S* be a Riemannian submersion such
that its fibres have constant mean curvature field, i.e. |H(p)| =1, Vp € M,
and 7(¢) is basic. Then ¢ is biharmonic.

Proposition 4.9. Suppose that N is compact and orientable, |T(¢p)| =1
and div 7(¢) = 0. Then ¢ is biharmonic if and only if T(¢) is Killing.

Proof. It follows from the formula
/ {—h(trace™ V7 (¢)+ Ricei™ (7(¢)), T(eb))f%|LT<¢>h|2+<divT<¢>)2}vg=o,
N
(see [10]).

4.1. Application. In this subsection we shall study the biharmonicity
of the canonical projection 7 : TM — M.

Let (M, g) be an m-dimensional Riemannian manifold and let 7 : TM —
M be its tangent bundle. A local chart (U;2%),i=1,...,m, on M induces
a local chart (71 (U);2%,97), i,j = 1,...,m, on TM, where we denote,
by abuse, 2’ instead of m*2’ = 2’ o, and 3’ are the vector space coordi-
nates of the element v € 7= 1(U) C TM, with respect to the natural basis

0 m
{(@)W(v)}izl :

We have the vertical distribution V(T'M) on T'M, defined by V,(T'M) =
ker dm,, v € TM. We consider a nonlinear connection on 7'M defined by the
distribution H(T'M) on T'M, complementary to V(T'M), i.e. H,(TM) &
Vo(TM) = T,(TM), v € TM. The distribution H(TM) is the horizontal
distribution. For any induced local chart (7=(U); 2% 37) we have a local
adapted frame in H(T'M) defined by the local vector fields

6$Z—8xl—NZ(x,y)aiyJ, i:1,...,m,
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where the local functions N;(x,y) are the connection coefficients of the

nonlinear connection defined by H(T'M). The vector fields {% }Zl define
yi =
a local frame for the vertical distribution V(T'M).
Let ¢ = fiaai be a (local) vector field on M. The horizontal and the
x
vertical lifts of £ are defined by
;0 . 0
H _ ¢ Y 1% —g
We consider the Riemannian metric S of Sasaki type on T'M, defined by
S(Xvayv):S(XHaYH):g(X7Y)a S(XV7YH):O

The canonical projection 7 : (T'M,S) — (M, g) is a Riemannian submer-
sion. By computing its Levi-Civita connection °V, we obtain

o 1, dg; ON  ON! 5
Y 5 — = (-4 L k) g"h—
0 By 2"k Ty W 5 )9 S
oy’
(4.2)
0 1) 1 0
s 2 _rph 4 Zph Y
vi oxd Y §zh + 2R”8yh7
oxt
here T, are the Christoffel symbols and Ri, — Ok 5N}( 16])
where gk are e ristorrel Ssymbpols an Gk = 5x] 5$k see .

We shall consider the following three cases
A) N]Zf = Fékyk + TJ’(JJ), where T]Z(x) are the components of a tensor on
M of type (1,1) . By a straightforward computation we obtain

Proposition 4.10. The map 7 is harmonic and therefore it is bihar-
monic.

B) Ni = (sz + 5;-& + 01&;)y*, where € is a vector field on M and
& = 9i;¢7 (a projective change of the Levi-Civita connection V). By a
direct computation and applying Theorem 4.1, we obtain

7(m) = —(m +1)¢,
(4.3)
To(m) = —(m + 1){trace VZ£ + Ricci(€) — (m + 1) V&)
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So we conclude

Proposition 4.11. a) If £ is an unitary Killing vector field, then  is
nonharmonic biharmonic.
b) If VE =0 and § # 0, then 7 is a nonharmonic biharmonic map.

C) Nj = (I +0kap+0,a;—gjra’)y*, where oy, = 875‘? and p € C°(M),
p # constant (a conformal change of the connection V). Again, applying
Theorem 4.1, we get

7(7) = —mgrad p,
(4.4)
To(m) = —m{trace V2 grad p + Ricci(grad p) — mVgrad , grad p}.

Thus, we have

Proposition 4.12. If p is a Killing potential, then w is a nonharmonic
biharmonic map.
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