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Abstract

We prove some new rigidity results for proper biharmonic immer-
sions in S™ of the following types: Dupin hypersurfaces; hypersurfaces,
both compact and non-compact, with bounded norm of the second fun-
damental form; hypersurfaces satisfying intrinsic properties; PMC sub-
manifolds; parallel submanifolds.

1 Introduction

Let ¢ : M — (N, h) be an immersion of a manifold M into a Riemannian man-
ifold (N, h). We say that ¢ is biharmonic, or M is a biharmonic submanifold,
if its mean curvature vector field H satisfies the following equation

() = —m (AH + trace RN (dy(-), H)dy(+)) = 0, (1.1)

where A denotes the rough Laplacian on sections of the pull-back bundle
¢ YTN) and RY denotes the curvature operator on (N,h). The section
T2() is called the bitension field.
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When M is compact, the biharmonic condition arises from a variational
problem for maps: for an arbitrary smooth map ¢ : (M, g) — (IV, h) we define

Bao) =5 [ i) o,

where 7(p) = trace Vdy is the tension field. The functional E; is called the
bienergy functional. When ¢ : (M, o*h) — (N, h) is an immersion, the tension
field has the expression 7(¢) = mH and (1.1) is equivalent to ¢ being a critical
point of Ej.

Obviously, any minimal immersion (H = 0) is biharmonic. The non-
harmonic biharmonic immersions are called proper biharmonic.

The study of proper biharmonic submanifolds is nowadays becoming a very
active subject and its popularity initiated with the challenging conjecture of
B-Y. Chen (see the recent book [12]): any biharmonic submanifold in the
FEuclidean space is minimal.

Chen’s conjecture was generalized to: any biharmonic submanifold in a
Riemannian manifold with non-positive sectional curvature is minimal, but
this was proved not to hold. Indeed, in [34], Y.-L. Ou and L. Tang constructed
examples of proper biharmonic hypersurfaces in a 5-dimensional space of non-
constant negative sectional curvature.

Yet, the conjecture is still open in its full generality for ambient spaces with
constant non-positive sectional curvature, although it was proved to be true
in numerous cases when additional geometric properties for the submanifolds
were assumed (see, for example, [5, 9, 15, 20, 21, 24]).

By way of contrast, as we shall detail in Section 2, there are several fami-
lies of examples of proper biharmonic submanifolds in the n-dimensional unit
Euclidean sphere S™. For simplicity we shall denote these classes by B1, B2,
B3 and B4.

The goal of this paper is to continue the study of proper biharmonic
submanifolds in S™ in order to achieve their classification. This program
was initiated for the very first time in [26] and then developed in [1] — [7],
[9, 10, 29, 30, 32].

In the following, by a rigidity result for proper biharmonic submanifolds
we mean:
find under what conditions a proper biharmonic submanifold in S™ is one of
the main examples B1, B2, B3 and B4.

We prove rigidity results for the following types of submanifolds in S™:
Dupin hypersurfaces; hypersurfaces, both compact and non-compact, with
bounded norm of the second fundamental form; hypersurfaces satisfying in-
trinsic geometric properties; PMC submanifolds; parallel submanifolds.
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Moreover, we include in this paper two results of J.H. Chen published in
[17], in Chinese. We give a complete proof of these results using the invariant
formalism and shortening the original proofs.

Conventions. Throughout this paper all manifolds, metrics, maps are
assumed to be smooth, i.e. of class C*°. All manifolds are assumed to be
connected. The following sign conventions are used

AV = —traceV?V,  RY(X,Y)=[Vx,Vy] = Vixy

where V € C(p~Y(TN)) and X,Y € C(TN). Moreover, the Ricci and scalar
curvature s are defined as

(Ricci(X),Y) = Ricci(X,Y) = trace(Z — R(Z,X)Y)), s = traceRicci,

where X,Y,Z € C(TN).

Acknowledgements. The authors would like to thank professor Jiaping
Wang for some helpful discussions and Juan Yang for the accurate translation
of [17]. The third author would like to thank the Department of Mathematics
and Informatics of the University of Cagliari for the warm hospitality.

2 Biharmonic immersions in S"”

The key ingredient in the study of biharmonic submanifolds is the splitting
of the bitension field with respect to its normal and tangent components. In
the case when the ambient space is the unit Euclidean sphere we have the
following characterization.

Theorem 2.1 ([16, 32]). An immersion ¢ : M™ — S™ is biharmonic if and
only if
ALH +trace B(-,Ag+) —mH = 0,

2.1
2traceAvé)H(-) + % grad |H|* = 0, 21)

where A denotes the Weingarten operator, B the second fundamental form, H
the mean curvature vector field, |H| the mean curvature function, V+ and A+
the connection and the Laplacian in the normal bundle of ¢, respectively.

In the codimension one case, denoting by A = A, the shape operator
with respect to a (local) unit section 7 in the normal bundle and putting
f = (trace A)/m, the above result reduces to the following.
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Corollary 2.2 ([32]). Let ¢ : M™ — S™* be an orientable hypersurface.
Then ¢ is biharmonic if and only if

(i) Af=(m—|AP)f,
m (2.2)
(ii) A(grad f) = _Ef grad f.

A special class of immersions in S™ consists of the parallel mean curvature
immersions (PMC), that is immersions such that VX H = 0. For this class of
immersions Theorem 2.1 reads as follows.

Corollary 2.3 ([6]). Let ¢ : M™ — S™ be a PMC immersion. Then ¢ is
biharmonic if and only if

trace B(Ag(-), ) = mH, (2.3)
or equivalently,

<AH,A5>=O, VfEC(NM)’U]ZﬂZfJ_H,
(2.4)
[Anl* = m|H?,

where NM denotes the normal bundle of M in S™.

We now list the main examples of proper biharmonic immersions in S™.
B1. The canonical inclusion of the small hypersphere

s 1(1//2) = {(m, 1/7/2) € R™ i ¢ € R, |a? = 1/2} csm.

B2. The canonical inclusion of the standard (extrinsic) products of spheres
S™(1/vV2)xS™(1/v/2) = {(z,y) € Rt x R™*H! |22 = [y|* = 1/2} C S™,
ni+ne =n—1and ny # no.

B3. The maps ¢ =10¢: M — S", where ¢ : M — S"*(1/1/2) is a minimal
immersion, and 2 : S"~!(1/4/2) — S" denotes the canonical inclusion.

B4. The maps ¢ = 10(¢1 X o) : My x My — S", where ¢; : M]™ — S (1/+/2),
0 <m; < ng,i=1,2, are minimal immersions, my # ms, n1+ne =n—1,
and 2 : S™(1/v/2) x S"2(1/v/2) — S™ denotes the canonical inclusion.

Remark 2.4. (i) The proper biharmonic immersions of class B3 are pseudo-
umbilical, i.e. Ay = |H|?Id, have parallel mean curvature vector field
and mean curvature |H| = 1. Clearly, VAy = 0.
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(ii) The proper biharmonic immersions of class B4 are no longer pseudo-
umbilical, but still have parallel mean curvature vector field and their
mean curvature is |H| = |my — mz|/m € (0,1), where m = my + mao.
Moreover, VAg = 0 and the principal curvatures in the direction of
H, i.e. the eigenvalues of Ay, are constant on M and given by Ay =

= >\m1 = (ml mQ)/m /\m1+1 = e = )\m1+m2 = (ml mQ)/m
Spemﬁc B4 examples were given by W. Zhang in [41] and generalized in
[4, 38].
When a biharmonic immersion has constant mean curvature (CMC) the
following bound for |H| holds.

Theorem 2.5 ([31]). Let ¢ : M — S™ be a CMC proper biharmonic im-
mersion. Then |H| € (0,1], and |H| = 1 if and only if ¢ induces a minimal
immersion of M into S"~1(1//2) C S, that is ¢ is B3.

3 Biharmonic hypersurfaces in spheres

The first case to look at is that of CMC proper biharmonic hypersurfaces in
SmHt,

Theorem 3.1 ([5, 6]). Let ¢ : M™ — S™! be a CMC proper biharmonic
hypersurface. Then

(i) |A]? =m
(ii) the scalar curvature s is constant and positive, s = m?(1 + |H|?) — 2m;

(iii) for m > 2, |H| € (0,(m —2)/m] U {1}. Moreover, |H| = 1 if and
only if (M) is an open subset of the small hypersphere S™(1/+/2), and
|H| = (m — 2)/m if and only if (M) is an open subset of the standard

product S™1(1/1/2) x S'(1/v/2).

Remark 3.2. In the minimal case the condition |A|? = m is exhaustive. In fact
a minimal hypersurface in S™*! with | A|? = m is a minimal standard product
of spheres (see [19, 27]). We point out that the full classification of CMC
hypersurfaces in S™*! with |A|? = m, therefore biharmonic, is not known.

Corollary 3.3. Let ¢ : M™ — S™*! be a complete proper biharmonic hyper-
surface.

(i) If |[H| =1, then (M) = S™(1/v/2) and ¢ is an embedding.

(i) If |[H| = (m — 2)/m, m > 2, then (M) = S™1(1/y/2) x S'(1/v/2) and
the universal cover of M is S™1(1/3/2) x R.
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In the following we shall no longer assume that the biharmonic hypersur-
faces have constant mean curvature, and we shall split our study in three cases.
In Case 1 we shall study the proper biharmonic hypersurfaces with respect to
the number of their distinct principal curvatures, in Case 2 we shall study
them with respect to |A|? and |H|?, and in Case 3 the study will be done with
respect to the sectional and Ricci curvatures of the hypersurface.

3.1 Casel

Obviously, if ¢ : M™ — S™*! is an umbilical proper biharmonic hypersurface
in S™*1, then (M) is an open part of S (1/v/2).

When the hypersurface has at most two or exactly three distinct principal
curvatures everywhere we obtain the following rigidity results.

Theorem 3.4 ([5]). Let ¢ : M™ — S™ ! be a hypersurface. Assume that ¢ is
proper biharmonic with at most two distinct principal curvatures everywhere.
Then ¢ is CMC and o(M) is either an open part of S™(1/v/2), or an open
part of S™(1/v/2) x S™2(1/v/2), my + mo = m, my # my. Moreover, if
M is complete, then either o(M) = S™(1/v/2) and ¢ is an embedding, or
o(M) = S™(1/v/2) x S™2(1/v/2), m1 +my = m, my # mo and ¢ is an
embedding when my > 2 and mo > 2.

Theorem 3.5 ([5]). Let ¢ : M™ — S™HL m > 3, be a proper biharmonic
hypersurface. The following statements are equivalent:

(i) ¢ is quasi-umbilical,
(i) ¢ is conformally flat,
(iii) (M) is an open part of S™(1/v/2) or of S™1(1/1/2) x S'(1/v/2).

It is well known that, if m > 4, a hypersurface ¢ : M™ — S™*! is quasi-
umbilical if and only if it is conformally flat. From Theorem 3.5 we see that
under the biharmonicity hypothesis the equivalence remains true when m = 3.

Theorem 3.6 ([3]). There exist no compact CMC' proper biharmonic hyper-
surfaces o : M™ — S™T1 with three distinct principal curvatures everywhere.

In particular, in the low dimensional cases, Theorem 3.4, Theorem 3.6 and
a result of S. Chang (see [11]) imply the following.

Theorem 3.7 ([10, 3]). Let ¢ : M™ — S™*! be a proper biharmonic hyper-
surface.

(i) If m =2, then ¢(M) is an open part of S?(1/3/2) C S3.
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(i) If m = 3 and M is compact, then ¢ is CMC and p(M) = S*>(1/v/2) or
p(M) =$*(1/v2) x S'(1/v2).

We recall that an orientable hypersurface ¢ : M™ — S™*! is said to

be isoparametric if it has constant principal curvatures or, equivalently, the

number ¢ of distinct principal curvatures k; > ko > --- > k; is constant on
M and the k;’s are constant. The distinct principal curvatures have constant
multiplicities mq,...,mg, m =mq +mao + ... + my.

In [25], T. Ichiyama, J.I. Inoguchi and H. Urakawa classified the proper
biharmonic isoparametric hypersurfaces in spheres.

Theorem 3.8 ([25]). Let ¢ : M™ — S™1 be an orientable isoparametric
hypersurface. If ¢ is proper biharmonic, then (M) is either an open part
of S™(1/v/2), or an open part of S™ (1/3/2) x S™2(1/V/2), m1 + my = m,
mi # mo.

An orientable hypersurface ¢ : M™ — S™*! is said to be a proper Dupin
hypersurface if the number ¢ of distinct principal curvatures is constant on
M and each principal curvature function is constant along its corresponding
principal directions.

Theorem 3.9. Let ¢ : M™ — S™+L be an orientable proper Dupin hypersur-
face. If v is proper biharmonic, then ¢ is CMC.

Proof. As M is orientable, we fix n € C(NM) and denote A = A, and f =
(trace A)/m. Suppose that f is not constant. Then there exists an open subset
U C M such that grad f # 0 at every point of U. Since ¢ is proper biharmonic,
from (2.2) we get that —m f/2 is a principal curvature with principal direction
grad f. Since the hypersurface is proper Dupin, by definition, grad f(f) = 0,
i.e. grad f =0 on U, and we come to a contradiction. O

Corollary 3.10. Let ¢ : M™ — S™*! be an orientable proper Dupin hyper-
surface with £ < 3. If ¢ is proper biharmonic, then o(M) is either an open
part of S™(1/3/2), or an open part of S™ (1/v/2) x S™2(1/+/2), mi +may = m,
my # ms.

Proof. Taking into account Theorem 3.4, we only have to prove that there
exist no proper biharmonic proper Dupin hypersurfaces with ¢ = 3. Indeed,
by Theorem 3.9, we conclude that ¢ is CMC. By a result in [1], ¢ is of type
1 or of type 2, in the sense of B.-Y. Chen. If ¢ is of type 1, we must have
¢ =1 and we get a contradiction. If ¢ is of type 2, since ¢ is proper Dupin
with £ = 3, from Theorem 9.11 in [14], we get that ¢ is isoparametric. But,
from Theorem 3.8, proper biharmonic isoparametric hypersurfaces must have
(<2

O
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3.2 Case 2

The simplest result is the following.

Proposition 3.11. Let ¢ : M™ — S™*+! be a compact hypersurface. Assume
that o is proper biharmonic with nowhere zero mean curvature vector field and
|A]2 <m, or|A|?> > m. Then ¢ is CMC and |A|*> = m.

Proof. As H is nowhere zero, we can consider n = H/|H| a global unit section
in the normal bundle NM of M in S™*!. Then, on M,

Af=(m—IAP)f,

where f = (trace A)/m = |H|. Now, as m — |A|? does not change sign, from
the maximum principle we get f = constant and |A|?> = m. O

In fact, Proposition 3.11 holds without the hypothesis “H nowhere zero”.
In order to prove this we shall consider the cases |A]? > m and |A]? < m,
separately.

Proposition 3.12. Let ¢ : M™ — S™*! be a compact hypersurface. Assume
that o is proper biharmonic and |A|?> > m. Then ¢ is CMC and |A]*> = m.

Proof. Locally,
Af = (m—|AP)f,

where f = (trace A)/m, f? = |H|?, and therefore
1
SAL? = (m—[AP)f* = [grad f|” < 0.

As f2,|A|? and | grad f|? are well defined on the whole M, the formula holds on
M. From the maximum principle we get that |H| is constant and |A|? = m. O

The case |A|? < m was solved by J.H. Chen in [17]. Here we include
the proof for two reasons. First, the original one is in Chinese and second,
the formalism used by J.H. Chen was local, while ours is globally invariant.
Moreover, the proof we present is slightly shorter.

Theorem 3.13 ([17]). Let ¢ : M™ — S™ be a compact hypersurface in
S™+L.If ¢ is proper biharmonic and |A|?> < m, then ¢ is CMC and |A|*> = m.

Proof. We may assume that M is orientable, since, otherwise, we consider the
double covering M of M. This is compact, connected and orientable, and in
the given hypotheses ¢ : M — S™t s proper biharmonic and \A|2 < m.
Moreover, ¢(M) = p(M).
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As M is orientable, we fix a unit global section n € C(NM) and denote
A=A, and f = (trace A)/m. In the following we shall prove that

1 2 ”ﬁ 4 2 1. 2 2
2A | grad f|° + 3 F+f +2dlv(|A| grad f°) <

8(m —1)

< gy AR — AR, (3.1)

on M, and this will lead to the conclusion.
From (2.2)(i) one easily gets

1
SAF = (m ~ |AP) £ ~ | grad fI? (3.2
and 1
ZAJM = (m— |AP)f* - 3f%| grad f|*. (3.3)
From the Weitzenbock formula we have
%A| grad f|? = —(trace V2 grad f, grad f) — |V grad f|?, (3.4)
and, since
trace V2 grad f = — grad(Af) + Ricci(grad f),
we obtain

%A| grad f|*> = (grad Af, grad f) — Ricci(grad f, grad f) — |V grad f|?. (3.5)
Equations (2.2)(i) and (3.2) imply
(grad A, grad f) = (m — | AP)| grad /I —  (arad |A]%, grad )

= (m— |AP)|grad 2 — 5 (div(| AP rad /) + | APAF?)

] grad f? — 1 div(|A” grad £7) — |AP(m — | A1) (3.6)

From the Gauss equation of M in S™*! we obtain
Ricci(X,Y) = (m — 1)(X,Y) + (A(X),Y) trace A — (A(X), A(Y)), (3.7)
for all X,Y € C(T'M), therefore, by using (2.2)(ii),

3

Ricci(grad f, grad f) = (m —-1- ZLQf2> | grad f|?. (3.8)
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Now, by substituting (3.6) and (3.8) in (3.5) and using (3.2) and (3.3), one
obtains

1 2 1
gAlemad (P = (1422072 [grad £ - Jaiv((AP grad 1)
—|APP(m — |A?) f? — |V grad f|?
1 m?2 m?
—_ —*A 2—7A4— _A2 A2—72—1 2
SO = T Af = (n = AP) (AP - T2 1) £
1
-5 div(|AJ* grad f?) — |V grad f|*.
Hence

—3A <| grad f|? + %2]“1 + f2) — 3 div(|A|]? grad f?) =
= (m—AP) (JAP = 222 = 1) f2 + |V grad f[. (3.9)

We shall now verify that

m—14P) (147 =22 1) 2 (- 147) (gl 1) @0

at every point of M. Let us now fix a point p € M. We have two cases.

Case 1. If grad, f # 0, then e; = (grad,, f)/|grad, f| is a principal direction
for A with principal curvature Ay = —mf(p)/2. By considering e, € T, M,
k=2,...,m, such that {e;}]2, is an orthonormal basis in T,M and A(ey) =
A€k, we get at p

m

m 2 m
AP = S JAG)P = AP + 3 Al = T Y0
k=2 k=2

i=1
2
m? 1 Zm ~ m?*(m+8)

thus inequality (3.10) holds at p.

Case 2. If grad,, f = 0, then either there exists an openset U C M, p € U, such
that grad f,y = 0, or p is a limit point for the set V' = {q € M : grad, f # 0}.
In the first situation, we get that f is constant on U, and from a unique con-
tinuation result for biharmonic maps (see [31]), this constant must be different
from zero. Equation (2.2)(i) implies |A|?> = m on U, and therefore inequality
(3.10) holds at p.

In the second situation, by taking into account Case I and passing to the limit,
we conclude that inequality (3.10) holds at p.
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In order to evaluate the term |V grad f|? of equation (3.9), let us consider
a local orthonormal frame field {E;}", on M. Then, also using (2.2)(i),

Verad f° = > (Vg grad f,E;)’ > (Vg grad f, E;)?
i,j=1 i=1
> 1 Zm}v rad f, E,) Qzl(Af)2
= m s E; 8 s 17, m
= %(mf|A|2)2f2, (3.12)

In fact, (3.12) is a global formula.
Now, using (3.10) and (3.12) in (3.9), we obtain (3.1), and by integrating
it, since |AJ?2 < m, we get

(IAP =m)|APf* =0 (3.13)

on M. Suppose that there exists p € M such that |A(p)|?> # m. Then there
exists an open set U C M, p € U, such that |A|?U # m. Equation (3.13)
implies that \A|2f/2U = 0. Now, if there were a ¢ € U such that f(q) # 0, then
A(q) would be zero and, therefore, f(¢q) = 0. Thus f,;y = 0 and, since M is
proper biharmonic, this is a contradiction. Thus |A|?> = m on M and Af = 0,
i.e. f is constant and we conclude. O

Remark 3.14. Tt is worth pointing out that the statement of Theorem 3.13 is
similar in the minimal case: if ¢ : M™ — S™*! is a minimal hypersurface
with |A|? < m, then either |A| = 0 or |A]? = m (see [37]). By way of contrast,
an analog of Proposition 3.12 is not true in the minimal case. In fact, it was
proved in [35] that if a minimal hypersurface ¢ : M3 — S* has |A|? > 3, then
|A]? > 6.

Obviously, from Proposition 3.12 and Theorem 3.13 we get the following
result.

Proposition 3.15. Let ¢ : M™ — S™+! be a compact hypersurface. If o is
proper biharmonic and |A|* is constant, then ¢ is CMC and |A|?> = m.

The next result is a direct consequence of Proposition 3.12.

Proposition 3.16. Let ¢ : M™ — S™t! be a compact hypersurface. If
¢ is proper biharmonic and |H|* > 4(m —1)/(m(m +8)), then ¢ is CMC.
Moreover,

(i) if m € {2,3}, then p(M) is a small hypersphere S™(1/+/2);
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(ii) if m = 4, then o(M) is a small hypersphere S*(1/v/2) or a standard
product of spheres S*(1/+/2) x SY(1/+/2).

Proof. Taking into account (3.11), the hypotheses imply |A|?> > m. O
For the non-compact case we obtain the following.

Proposition 3.17. Let ¢ : M™ — S™+1 m > 2, be a non-compact hyper-
surface. Assume that M is complete and has non-negative Ricci curvature. If
@ is proper biharmonic, |A|? is constant and |A|*> > m, then ¢ is CMC and
|A|? = m. In this case |[H|*> < ((m — 2)/m)?.

Proof. We may assume that M is orientable (otherwise, we consider the double
covering M of M , which is non-compact, connected, complete, orientable,
proper biharmonic and with non-negative Ricci curvature; the final result will
remain unchanged). We consider 1 to be a global unit section in the normal
bundle NM of M in S™*!. Then, on M, we have

Af = (m—]AP)f, (3.14)

where f = (trace A)/m, and
1
SAS = (m— AP | grad £ < 0. (3.15)

On the other hand, as f? = |H|?> < |A|*/m is bounded, by the Omori-Yau
Maximum Principle (see, for example, [39]), there exists a sequence of points
{pk}keN C M such that

1 .
Af*pr) > -7 and klggofz(pk):s‘ﬁpf?

It follows that klim Af%(pr) =0, so klim ((m — |A]*)f2(pr)) = 0.
—00 —00
As klirn f2(pr) = sup f2 >0, we get |A|> = m. But from (3.14) follows

that f is a harmonic function on M. As f is also a bounded function on M,
by a result of Yau (see [39]), we deduce that f = constant. O

Corollary 3.18. Let ¢ : M™ — S™*! be a non-compact hypersurface. As-
sume that M is complete and has non-negative Ricci curvature. If ¢ is proper
biharmonic, |A|? is constant and |[H|?> > 4(m — 1)/(m(m + 8)), then y is CMC
and |A|?> = m. In this case, m > 4 and |H|?> < ((m — 2)/m)2.

Proposition 3.19. Let ¢ : M™ — S™! be a non-compact hypersurface.
Assume that M is complete and has mon-negative Ricci curvature. If ¢ is
proper biharmonic, |A|? is constant, |A|?> < m and H is nowhere zero, then ¢
is CMC and |A|?> = m.
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Proof. As H is nowhere zero we consider n = H/|H| a global unit section in
the normal bundle. Then, on M,

Af = (m—]AP)f, (3.16)
where f = |H| > 0. As m — |A|?> > 0 by a classical result (see, for example,
[28, pag. 2]) we conclude that m = |A|? and therefore f is constant. O
3.3 Case 3

We first present another result of J.H. Chen in [17]. In order to do that, we
shall need the following lemma.

Lemma 3.20. Let ¢ : M™ — S™t! be an orientable hypersurface, n a unit
section in the normal bundle, and put A, = A. Then

(i) (VA)(-,-) is symmetric,
(ii) (VA)(-,-),-) is totally symmetric,
(i) trace(VA)(-, ) = mgrad f.

Theorem 3.21 ([17]). Let ¢ : M™ — S™*L be a compact hypersurface. If
p 1s proper biharmonic, M has non-negative sectional curvature and m < 10,
then ¢ is CMC and p(M) is either S™(1/v/2), or S™(1/v/2) x S™2(1/v/2),
mi +me =m, my # ms.

Proof. For the same reasons as in Theorem 3.13 we include a detailed proof of
this result. We can assume that M is orientable (otherwise, as in the proof of
Theorem 3.13, we work with the oriented double covering of M). Fix a unit
section n € C(NM) and put A = A,, and f = (trace A)/m.

We intend to prove that the following inequality holds on M,

1 5 m? 5\ _ 3m*(m — 10) s 1 & 9
- [ < PN ) _Z ) (3.
ja(1ap+ ) < 2 g 2 D =) R (417
From the Weitzenbdock formula we have
1
5A|A|2 = (AAA) — VA (3.18)

Let us first verify that

trace(V2A)(X,-,-) = Vx(trace VA), (3.19)
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for all X € C(T'M). Fix p € M and let {E;}!_; be a local orthonormal frame
field, geodesic at p. Then, also using Lemma 3.20(i), we get at p,

race(VA)(X, ) = S (VANX, By B) = 3 (VX VA)E, E)

i=1 i=1

- i{VXVA(E,»,E,») —2VA(VxE;, E;)}

i=1
= Y VxVA(E; E)

i=1

= Vx(trace VA).

Using Lemma 3.20, the Ricci commutation formula (see, for example, [8]) and
(3.19), we obtain

AA(X) = —(trace VZA)(X) = —trace(VZA)(:,-, X) = — trace(V*4)(-, X, -)
= —trace(V2A)(X,-,-) — trace(RA)(-, X, )
= —Vx(trace VA) — trace(RA)(-, X, -)
= —mVx grad f — trace(RA)(-, X, ), (3.20)

where
RA(X,Y,Z) = R(X,Y)A(Z) - A(R(X,Y)Z), VX,Y,ZeC(TM).
Also, using (2.2)(ii) and Lemma 3.20, we obtain

trace(A(V. grad f), )

trace(V.A(grad f) — (VA)(-, grad f),-)
= —% trace(V. grad f2,-) — (trace(VA), grad f)

- %Afz — m| grad f|2. (3.21)
Using (3.20) and (3.21), we get

(AAAY = trace(AA("), A("))
—mtrace(V. grad f, A(-)) + (T, A)
= —mtrace(A(V.grad f),-) + (T, A)

2
= m?|grad f|? — %Aﬁ + (T, A), (3.22)

where T'(X) = — trace(RA) (-, X, ), X € C(TM).
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In the following we shall verify that

m?2(m + 26)
4(m —1)

at every point of M. Now, let us fix a point p € M.

If grad,, f = 0, then (3.23) obviously holds at p.

If grad, f # 0, then on a neighborhood U C M of p we can consider an
orthonormal frame field £y = (grad f)/| grad f|, E2,. .., Ep, where Ei(f) =0,
for all k =2,...,m. Using (2.2)(ii), we obtain on U

|VA|? > | grad f|?, (3.23)

m ((Vgraa s A(grad f), grad f)

—(A(Vgraa r grad f), grad f))
- —%| grad f|. (3.24)

((VA)(EL, Ey), EY)

From here, using Lemma 3.20, we also have on U

> ((VA)(Er, Ep), Er) = > (VA)(E;, E;), E1) — (VA)(Ey, Ey), Ey)
k=2 =1

= (trace VA, Ey) + —|gradf|

= 7m| grad f|. (3.25)

Using (3.24) and (3.25), we have on U

VAP = Y VANEL By =

i,j=1 i,

(VA)(E;, Ej), Ep)?

MS%ME

> ((VA)(EL, B1), B1)? +3 ) (VA) (B, Er), B1)?
k=2
m 2
> ((VA)(E1, Er), En)? + % <Z<(VA)(E]€3E/€)’E1>>
k=2
B (m—|—26) erad fI2,

thus (3.23) is verified, and (3.18) implies

2 200
A(1ap+ ) < O g ra). o)
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Fix p € M and consider {e;}/, to be an orthonormal basis of T, M, such
that A(e;) = \;e;. Then, at p, we get

1 m
(T,4) = —5 > (i = X)) Riji,
ij=1
and then (3.27) becomes (3.17).
Now, since m < 10 and M has non-negative sectional curvature, we obtain

2
A (|A|2 + n;|H|2) <0
on M. As M is compact, we have
2
A (|A|2 + ”;|H|2) —0

on M, which implies

(Ai = X)) Rijij = 0 (3.28)
on M. Fix p € M. From the Gauss equation for ¢, R;j;; = 1 + Ay, for all
i # j, and from (3.28) we obtain

A= A)A+XNA) =0, i#j.

Let us now fix A;. If there exists another principal curvature A; # A1, j > 1,
then from the latter relation we get that A; # 0 and A; = —1/A;. Thus ¢ has
at most two distinct principal curvatures at p. Since p was arbitrarily fixed,
we obtain that ¢ has at most two distinct principal curvatures everywhere and
we conclude by using Theorem 3.4. O

Proposition 3.22. Let ¢ : M™ — S™+1 m > 3, be a hypersurface. Assume
that M has non-negative sectional curvature and for all p € M there exists
X, € T,M, | X,| =1, such that Ricci(X,, X,,) = 0. If ¢ is proper biharmonic,
then p(M) is an open part of ST~1(1/v/2) x S*(1/v/2).

Proof. Let p € M be an arbitrarily fixed point, and {e;}7*, an orthonormal
basis in T, M such that A(e;) = Ae;. For ¢ # j, using (3.7), we have that
Ricci(e;, e;) = 0. Therefore, {e;}I", is also a basis of eigenvectors for the Ricci
curvature. Now, if Ricci(e;,e;) > 0 for all ¢ = 1,...m, then Ricci(X,X) >0
for all X € T,M \ {0}. Thus there must exist iy such that Ricci(e;,,e;,) =
0. Assume that Ricci(e1,e;) = 0. From 0 = Ricci(ej,eq) = Z;’;Q Rijij =
Z;":Q K and since K;; > 0 for all j > 2, we conclude that K;; = 0 for all
Jj 2> 2, that is 1 + A A; = 0 for all j > 2. The latter implies that A\; # 0
and A; = —1/A; for all j > 2. Thus M has two distinct principal curvatures
everywhere, one of them of multiplicity one. O
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Remark 3.23. If ¢ : M™ — S™+1 m > 3, is a compact hypersurface, then
the conclusion of Proposition 3.22 holds replacing the hypothesis on the Ricci
curvature with the requirement that the first fundamental group is infinite. In
fact, the full classification of compact hypersurfaces in S™*! with non-negative
sectional curvature and infinite first fundamental group was given in [18].

4 PMC biharmonic immersions in S"

In this section we list some of the most important known results on PMC
biharmonic submanifolds in spheres and we prove some new ones. In order to
do that we first need the following lemma.

Lemma 4.1. Let ¢ : M™ — N™ be an immersion. Then |Ag|?> < |H|?|BJ?
on M. Moreover, |Ay|? = |H|?|B|? at p € M if and only if either H(p) = 0,
or the first normal of ¢ at p is spanned by H(p).

Proof. Let p € M. If |H(p)| = 0, then the conclusion is obvious. Consider
now the case when |H(p)| # 0, let n, = H(p)/|H(p)| € NpM and let {e;}]";
be a basis in T, M. Then, at p,

Apl> = Y (Anle). ;) = > (Blei,e;), H)? = |HI* > (Blei,e;),n,)?
i,j=1 i,j=1 i,j=1
< |H|*|BJ.

In this case equality holds if and only if Z (B(ei,ej),mp)* = |BJ?, ie.

ij=1
<B(€i, €j),§p> =0, pr € N,M with fp 1L H(p)

This is equivalent to the first normal at p being spanned by H(p) and we
conclude. O

Using the above lemma we can prove the following lower bound for the
norm of the second fundamental form.

Proposition 4.2. Let o : M™ — S™ be a PMC proper biharmonic immersion.
Then m < |B|? and equality holds if and only if ¢ induces a CMC proper
biharmonic immersion of M into a totally geodesic sphere S™T C S™.

Proof. By Corollary 2.3 we have |Ay|? = m|H|? and, by using Lemma 4.1,
we obtain m < |B|%.

Since H is parallel and nowhere zero, equality holds if and only if the
first normal is spanned by H, and we can apply the codimension reduction
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result of J. Erbacher ([22]) to obtain the existence of a totally geodesic sphere
Sm*1 < S”, such that ¢ is an immersion of M into S™*!. Since ¢ : M™ —
S™ is PMC proper biharmonic, the restriction M™ — S™+! is CMC proper
biharmonic. O

Remark 4.3. (i) Let ¢ =120¢ : M — S™ be a proper biharmonic immersion
of class B3. Then m < |B|? and equality holds if and only if the induced
¢ is totally geodesic.

(ii) Let ¢ =10(¢1 X ¢2) : My X My — S™ be a proper biharmonic immersion
of class B4. Then m < |B|? and equality holds if and only if both ¢,
and ¢, are totally geodesic.

The above remark suggests to look for PMC proper biharmonic immersions
with [H| =1 and |B|* = m.

Corollary 4.4. Let ¢ : M™ — S™ be a PMC proper biharmonic immersion.
Then |H| = 1 and |B|? = m if and only if o(M) is an open part of S™(1/+/2) C
Sm—H c S™.

The case when M is a surface is more rigid. Using the classification of
PMC surfaces in S™ given by S.-T. Yau [40], and [5, Corollary 5.5], we obtain
the following result.

Theorem 4.5 ([5]). Let ¢ : M? — S"™ be a PMC proper biharmonic sur-
face. Then ¢ induces a minimal immersion of M into a small hypersphere

S"1(1/v2) c S,

Remark 4.6. If n = 4 in Theorem 4.5, then the same conclusion holds under
the weakened assumption that the surface is CMC as it was shown in [7].

In the higher dimensional case we have the following bounds for the value
of the mean curvature of a PMC proper biharmonic immersion.

Theorem 4.7 ([6]). Let ¢ : M™ — S™ be a PMC proper biharmonic immer-
sion. Assume that m > 2 and |H| € (0,1). Then |H| € (0, (m —2)/m], and
|H| = (m —2)/m if and only if locally o(M) is an open part of a standard
product

M, x SY(1/v2) c ™,

where My is a minimal submanifold of S*=%(1/v/2). Moreover, if M is com-
plete, then the above decomposition of ¢(M) holds globally, where My is a
complete minimal immersed submanifold of S*~2(1/v/2).

Remark 4.8. The same result of Theorem 4.7 was proved, independently, in
[38].
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If we assume that M is compact and | B| is bounded we obtain the following
theorem.

Theorem 4.9. Let ¢ : M™ — S™%¢ be a compact PMC proper biharmonic
immersion with m > 2, d > 2 and

m—2
vm—1

(i) If m = 2, then |H| = 1, and either d = 2, |B|*> = 6, M? = S'(1/2) x
SY(1/2) € S3(1/v/2) ord =3, |B|? = 14/3, M? is the Veronese minimal
surface in S3(1/1/2).

(ii) If m > 2, then |H| =1, d = 2, |B|* = 3m and

d—1 3d — 4
m<|B|2§m2d_3<l+ T 1 |H|? —

HV= |H2) .

M —s™ ( m /(2m)) x SM2 ( ma /(2m)) c S™"(1/V2),
where m1 +mo =m, my; > 1 and mg > 1.

Proof. The result follows from the classification of compact PMC immersions
with bounded |B|? given in Theorem 1.6 of [36]. O

Theorem 4.10 ([6]). Let ¢ : M™ — S™ be a PMC proper biharmonic immer-
sion with VAg = 0. Assume that |H| € (0,(m — 2)/m). Then, m > 4 and,
locally,

O(M) = M™ x M3™ C S™(1/v/2) x S"2(1/v/2) C S™,

where M; is a minimal submanifold of S™ (1/v/2), m; > 2,4 = 1,2, my+my =
m, my # ma, N1 +ne =n — 1. In this case |H| = |m1 — ma|/m. Moreover,
if M is complete, then the above decomposition of ¢(M) holds globally, where
M; is a complete minimal immersed submanifold of S™ (1/v/2), i =1,2.

Corollary 4.11. Let ¢ : M™ — S™, m € {3,4}, be a PMC proper biharmonic
immersion with VAg = 0. Then |H| € {(m —2)/m,1}. Moreover, if |H| =
(m — 2)/m, then locally p(M) is an open part of a standard product

M, x SY(1/v2) c s®,

where My is a minimal submanifold of S"~2(1/+/2), and if |H| = 1, then ¢
induces a minimal immersion of M into S"(1/v/2).

We should note that there exist examples of proper biharmonic subman-
ifolds of S° and S which are not PMC but with VAg = 0 (see [33] and
[23]).
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5 Parallel biharmonic immersions in S”

An immersed submanifold is said to be parallel if its second fundamental form
B is parallel, that is V- B = 0.

In the following we give the classification for proper biharmonic parallel
immersed surfaces in S™.

Theorem 5.1. Let ¢ : M? — S™ be a parallel surface in S™. If ¢ is proper
biharmonic, then the codimension can be reduced to 3 and ¢(M) is an open
part of either

(i) a totally umbilical sphere S*(1/v/2) lying in a totally geodesic S* C S°,
or

(ii) the minimal flat torus S*(1/2) x SY(1/2) € S*(1/v/2); p(M) lies in a
totally geodesic S* C S°, or

(iii) the minimal Veronese surface in S*(1/v/2) C S°.

Proof. The proof relies on the fact that parallel submanifolds in S™ are classi-
fied in the following three categories (see, for example, [13]):

(a) a totally umbilical sphere S?(r) lying in a totally geodesic S* C S™;
(b) a flat torus lying in a totally geodesic S* C S™ defined by

(0,...,0,acosu,asinu,bcosv,bsinv, m), a® +b? < 1;

(c) a surface of positive constant curvature lying in a totally geodesic S° C
S™ defined by

(0 0 vw ww uww u?—ov? u? + 0% —2w? \/1—r2>
r|o0,..., ,

vﬁaﬁaﬁv 2\/3 ) 6 ) r
with w2 +v2 +w?=3and 0 <7 < 1.

In case (a) the biharmonicity implies directly (i). Requiring the immersion in
(b) to be biharmonic and using [5, Corollary 5.5] we get that va? 4+ b2 =1/2
and then (ii) follows. The immersion in (¢) induces a minimal immersion of
the surface in the hypersphere S*(r) C S®. Then, applying [10, Theorem 3.5],
the immersion in (c) reduces to that in (iii). O

In all three cases of Theorem 5.1, ¢ is of type B3 and thus its mean
curvature is 1. In the higher dimensional case we know, from Theorem 2.5,
that if |H| = 1, then ¢ is of type B3. Moreover, if we assume that ¢ is also
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parallel, then the induced minimal immersion in §"~1(1/4/2) is parallel as
well.

If V1B = 0, then VIH = 0 and VAy = 0. Therefore Theorem 4.7
and Theorem 4.10 hold also for parallel proper biharmonic immersions in S™.
From this and Theorem 5.1, in order to classify all parallel proper biharmonic
immersions in S, we are left with the case when m > 2 and |H| € (0,1).

Theorem 5.2. Let ¢ : M™ — S™ be a parallel proper biharmonic immersion.
Assume that m > 2 and |H| € (0,1). Then |H| € (0,(m — 2)/m]. Moreover:

(i) |H| = (m — 2)/m if and only if locally (M) is an open part of a standard
product
M; x SY(1/v2) c ™,

where My is a parallel minimal submanifold of S*=2(1/+/2);
(i) |H| € (0,(m —2)/m) if and only if m > 4 and, locally,
O(M) = M{™ x My™ C S™(1/v2) x S"2(1/V/2) C S™,

where M; is a parallel minimal submanifold of S™ (1/\/2), m; > 2, i =
1,2, mi+mo=m, m #Fma, Ny +ny=n—1.

Proof. We only have to prove that M; is a parallel minimal submanifold of
S™(1/v/2), m; > 2. For this, denote by B? the second fundamental form of M;
in S"(1/v/2), i = 1,2. If B denotes the second fundamental form of M; x M,
in S™, it is easy to verify, using the expression of the second fundamental form

of S™(1/y/2) x S*2(1/+/2) in S”, that
(Vixx) BN, Y2), (21, 25)) = (Vx, B (Y1, 21), (Vx, B?) (Y2, Z2)),

for all X1,Y1,7Z, € C(TM,), X5,Y2,Z5 € C(TMs). Consequently, My x M,
is parallel in S™ if and only if M; is parallel in S™ (1/v/2), i = 1,2. O

6 Open problems

We list some open problems and conjectures that seem to be natural.

Congjecture 1. The only proper biharmonic hypersurfaces in S™*! are the
open parts of hyperspheres S™(1/+/2) or of the standard products of spheres
S™(1/v/2) x S™2(1/3/2), my +mg = m, my # ma.

Taking into account the results presented in this paper, we have a series of
statements equivalent to Conjecture 1:
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A proper biharmonic hypersurface in S™*! has at most two principal
curvatures everywhere.

A proper biharmonic hypersurface in S™*! is parallel.

A proper biharmonic hypersurface in S™*! is CMC and has non-negative
sectional curvature.

4. A proper biharmonic hypersurface in S™*! is isoparametric.

One can also state the following intermediate conjecture.

Conjecture 2. The proper biharmonic hypersurfaces in S™+! are CMC.

Related to PMC immersions and, in particular, to Theorem 4.10, we pro-

pose the following problem.

Problem 1. Find a PMC proper biharmonic immersion ¢ : M™ — S™ such
that Ay is not parallel.

References

1]

2]

A. Balmusg, S. Montaldo, C. Oniciuc. Biharmonic PNMC submanifolds in
spheres. to appear in Ark. Mat.

A. Balmus, S. Montaldo, C. Oniciuc. Properties of biharmonic submani-
folds in spheres. J. Geom. Symmetry Phys. 17 (2010), 87-102.

A. Balmus, S. Montaldo, C. Oniciuc. Biharmonic hypersurfaces in 4-
dimensional space forms. Math. Nachr. 283 (2010), 1696-1705.

A. Balmus, S. Montaldo, C. Oniciuc. Classification results and new exam-
ples of proper biharmonic submanifolds in spheres. Note Mat. 28 (2008),
suppl. 1, 49-61.

A. Balmusg, S. Montaldo, C. Oniciuc. Classification results for biharmonic
submanifolds in spheres. Israel J. Math. 168 (2008), 201-220.

A. Balmusg, C. Oniciuc. Biharmonic submanifolds with parallel mean cur-
vature vector field in spheres. J. Math. Anal. Appl. 386 (2012), 619-630.

A. Balmus, C. Oniciuc. Biharmonic surfaces of S*. Kyushu J. Math. 63
(2009), 339-345.

A. Besse. Einstein manifolds. Springer-Verlag, Berlin, 1987.

R. Caddeo, S. Montaldo, C. Oniciuc. Biharmonic submanifolds in spheres.
Israel J. Math. 130 (2002), 109-123.



NEW RESULTS TOWARD THE CLASSIFICATION OF BIHARMONIC
SUBMANIFOLDS IN S™ 111

[10]

[11]

[12]

[13]

R. Caddeo, S. Montaldo, C. Oniciuc. Biharmonic submanifolds of S3.
Internat. J. Math. 12 (2001), 867-876.

S. Chang. A closed hypersurface with constant scalar and mean curvature
in S* is isoparametric. Comm. Anal. Geom 1 (1993), 71-100.

B-Y. Chen. Pseudo-Riemannian geometry, d-invariants and applications,
World Scientific, Hackensack, NJ, 2011.

B-Y. Chen. Complete classification of parallel spatial surfaces in pseudo-
Riemannian space forms with arbitrary index and dimension. J. Geom.

Phys. 60 (2010), 260-280.

B-Y. Chen. A report on submanifolds of finite type. Soochow J. Math. 22
(1996), 117-337.

B-Y. Chen. Some open problems and conjectures on submanifolds of finite
type. Soochow J. Math. 17 (1991), 169-188.

B-Y. Chen. Total Mean Curvature and Submanifolds of Finite Type. Se-
ries in Pure Mathematics, 1. World Scientific Publishing Co., Singapore,
1984.

J.H. Chen. Compact 2-harmonic hypersurfaces in S"*1(1). Acta Math.
Sinica 36 (1993), 49-56.

Q.-M. Cheng. Compact hypersurfaces in a unit sphere with infinite fun-
damental group. Pacific J. Math. 212 (2003), 341-347.

S.S. Chern, M. doCarmo, S. Kobayashi. Minimal submanifolds of a sphere
with second fundamental form of constant length. 1970 Functional Analy-
sis and Related Fields (Proc. Conf. for M. Stone, Univ. Chicago, Chicago,
Il1., 1968), 59-75 Springer, New York.

F. Defever. Hypersurfaces of E* with harmonic mean curvature vector.
Math. Nachr. 196 (1998), 61-69.

I. Dimitric. Submanifolds of E™ with harmonic mean curvature vector.
Bull. Inst. Math. Acad. Sinica 20 (1992), 53-65.

J. Erbacher. Reduction of the codimension of an isometric immersion. J.
Differ. Geom. 5 (1971), 333-340.

D. Fetcu, C. Oniciuc. Biharmonic integral C-parallel submanifolds in 7-
dimensional Sasakian space forms, Tohoku Math. J., to appear.



112

ADINA BALMUS, STEFANO MONTALDO AND CEZAR ONICIUC

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

32]

[33]

[34]

[35]

[36]

[37]

T. Hasanis, T. Vlachos. Hypersurfaces in E* with harmonic mean curva-
ture vector field. Math. Nachr. 172 (1995), 145-169.

T. Ichiyama, J.I. Inoguchi, H. Urakawa. Bi-harmonic maps and bi-Yang-
Mills fields. Note Mat. 28 suppl. n. 1 (2008), 233-275.

G.Y. Jiang. 2-harmonic isometric immersions between Riemannian man-
ifolds. Chinese Ann. Math. Ser. A 7 (1986), 130-144.

H.B. Lawson. Local rigidity theorems for minimal hypersurfaces. Ann. of
Math. (2) 89 (1969), 187-197.

P. Li. Harmonic functions and applications to complete manifolds. XTIV
Escola de Geometria Diferencial (IMPA), Rio de Janeiro, 2006.

N. Nakauchi, H. Urakawa. Biharmonic hypersurfaces in a Riemannian
manifold with non-positive Ricci curvature. Ann. Glob. Anal. Geom. 40
(2011), 125-131.

N. Nakauchi, H. Urakawa. Biharmonic submanifolds in a Riemannian
manifold with non-positive curvature. Results Math., to appear.

C. Oniciuc. Tangency and Harmonicity Properties. PhD The-
sis, Geometry Balkan Press 2003, http://www.mathem.pub.ro/-
dgds/mono/dgdsmono.htm

C. Oniciuc. Biharmonic maps between Riemannian manifolds. An. Stiint.
Univ. ALL Cuza Iasi Mat (N.S.) 48 (2002), 237-248.

T. Sasahara. Legendre surfaces in Sasakian space forms whose mean
curvature vectors are eigenvectors. Publ. Math. Debrecen 67 (2005), 285—
303.

Y.-L. Ou, L. Tang. On the generalized Chen’s conjecture on biharmonic
submanifolds. Michigan Math. J., to appear.

C. Peng, C. Terng. Minimal hypersurfaces of spheres with constant scalar
curvature. Seminar on minimal submanifolds, 177-198, Ann. of Math.
Stud., 103, Princeton Univ. Press, Princeton, NJ, 1983.

W. Santos. Submanifolds with parallel mean curvature vector in spheres.
Tohoku Math. J. 46 (1994), 403—415.

J. Simons. Minimal varieties in Riemannian manifolds. Ann. of Math. 88
(1968), 62-105.



NEW RESULTS TOWARD THE CLASSIFICATION OF BIHARMONIC
SUBMANIFOLDS IN S™ 113

[38] X.F. Wang, L. Wu. Proper biharmonic submanifolds in a sphere. Acta
Math. Sin. (Engl. Ser.) 28 (2012), 205-218.

[39] S.-T. Yau. Harmonic functions on complete Riemannian manifolds. Com-
mun. Pure Appl. Math. 28 (1975), 201-228.

[40] S.-T. Yau. Submanifolds with constant mean curvature I. Amer. J. Math.
96 (1974), 346-366.

[41] W. Zhang. New examples of biharmonic submanifolds in CP™ and S?" 1.
An. Stiint. Univ. ALIL Cuza Iasi Mat (N.S.) 57 (2011), 207-218.

Adina BALMUS,

Faculty of Mathematics,

?AlLL. Cuza” University of Iasi,

11 Carol I Blvd., 700506 lasi, Romania.
Email: adina.balmusQuaic.ro

Stefano MONTALDO,

Dipartimento di Matematica e Informatica,
Universita degli Studi di Cagliari,

Via Ospedale 72, 09124 Cagliari, Italia.
Email: montaldo@Qunica.it

Cezar ONICIUC,

Faculty of Mathematics,

?ALL Cuza” University of Iasi,

11 Carol I Blvd., 700506 Iasi, Romania.
Email: oniciucc@uaic.ro



114 ADINA BALMUS, STEFANO MONTALDO AND CEZAR ONICIUC




	i: 


