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Preface

The 20th International Workshop on Hermitian Symmetric Spaces and
Submanifolds IWHSSS 2016) was held at Kyungpook National University (KNU),
Daegu, in Korea from July 26, Tuesday, to July 30, Saturday, 2016. The organizing
committee was composed of the following members:

Young Jin Suh (Kyungpook National University and Research Institute of Real and
Complex Manifolds (RIRCM), Korea), Yoshihiro Ohnita (Osaka City University and
Osaka City University Advanced Mathematical Institute (OCAMI), Japan), Jiazu Zhou
(Southwest University, China), and Byung Hak Kim (Kyung Hee University, Korea).

This conference was largely supported by the Korea Institute for Advanced Study
(KIAS, Research Station Program) and the National Research Foundation of Korea
(NREF, Project No. 2015-R1A2A1A-01002459) (see http://rircm.knu.ac.kr or http:/
webbuild.knu.ac.kr/ ~ yjsuh).

Related to IWHSSS 2016, we have organized many kinds of mini-international
workshops, including intensive lectures, since December 2015. Among them, the
editors want to mention the 11th RIRCM-OCAMI Joint Differential Geometry
Workshop on Submanifolds and Lie Theory held at Osaka City University from
March 20, Sunday, through March 23, Wednesday, 2016. On behalf of the orga-
nizing committee, the editors would especially like to express their gratitude to
speakers who submitted their articles as manuscripts for Part II. Invited Talks
of these proceedings included:

Prof. Jost-Hinrich Eschenburg (University of Augsburg, Germany), Prof. Hiroshi Tamaru
(Hiroshima University, Japan), Prof. Leonardo Biliotti (University of Parma, Italy), and
Prof. Young Jin Suh (Kyungpook National University and RIRCM, Korea).

The organizing committee of IWHSSS 2016 invited many famous differential
geometers from all over the world. All participants including speakers in this
workshop discussed new developments for research subjects. On behalf of the
organizing committee, the editors extend their deep gratitude to all participants and
speakers. The editors without exception hope that the 20th proceedings published
by Springer provide a fine view of recent topics in differential geometry and related
fields.



vi Preface

The editorial committee invited the following professors as a member of the pro-
gram committee, which referred all manuscripts submitted to our proceedings and
provided a great contribution to the publication of the proceedings. The editors
gratefully acknowledge the program committee, who gave valuable comments on
all submitted articles in these proceedings:

Prof. Jiirgen Berndt (King’s College London, UK), Prof. Leonardo Biliotti (University of
Parma, Italy), Prof. Mitsuhiro Itoh (University of Tsukuba, Japan), Prof. Byung Hak Kim
(Kyung Hee University, Korea), Prof. Reiko Miyaoka (Tohoku University, Japan), Prof.
Yoshihiro Ohnita (Osaka City University and OCAMI, Japan), Prof. Juan de Dios Pérez
(University of Granada, Spain), Prof. Alfonso Romero (University of Granada, Spain), and
Prof. Jiazu Zhou (Southwest University, China).

Finally, the editors are eager to express their hearty thanks to all staff members at
KIAS and Springer Japan for their support and publication of our valuable
manuscripts of this workshop. The editors will be truly happy if this volume of the
Springer Proceedings in Mathematics and Statistics is helpful for differential
geometers and graduate students in conducting their research more creatively and
successfully. Thank you very much.

Daegu, Korea Young Jin Suh
Osaka, Japan Yoshihiro Ohnita
Chonggqing, China Jiazu Zhou
Gyeonggi, Korea Byung Hak Kim
Daegu, Korea Hyunjin Lee

October, 2016
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Constant Mean Curvature Spacelike
Hypersurfaces in Spacetimes with Certain
Causal Symmetries

Alfonso Romero

Abstract The role of some causal symmetries of spacetime which naturally arise
in General Relativity is discussed. The importance of spacelike hypersurfaces of
constant mean curvature (CMC) in the study of the Einstein equation is recalled. In
certain spacetimes with symmetry defined by a timelike gradient conformal vector
field or by a lightlike parallel vector field, uniqueness theorems of complete CMC
spacelike hypersurfaces are given. In several cases, results of Calabi—Bernstein type
are obtained as an application.

1 Introduction

The concept of symmetry is basic in General Relativity. It is usually based on a
one-parameter group of transformations generated by a Killing or, more generally,
a conformal vector field [15]. In fact, the main simplification for the search of exact
solutions of the Einstein equation, is to assume the existence of such symmetries [16].
We remark that a completely general approach to symmetries in General Relativity
was developed in [31]. The causal character of the Killing or conformal vector field
K in a spacetime (M, g) is not always prefixed. However, it is natural to assume
that this vector field is timelike. This is supported by well-known examples of exact
solutions of the Einstein equation. At the same time, under this assumption, the
integral curves of the reference frame

1
————K
v—8(K, K)

provide a privileged family of observers or test particles in spacetime. Less often the
symmetry of the spacetime is defined by a certain lightlike vector field. In fact, there
are exact solutions whose symmetry is defined by a parallel lightlike vector field K .
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2 A. Romero

In this case the integral curves of K are interpreted as photons moving at the speed of
light, and the spacetime models electromagnetic or gravitational radiation. Finally,
spacelike vector fields on M does not have a special relevance in General Relativity.

This paper surveys several recent classification results of compact CMC space-
like hypersurfaces in spacetimes with a symmetry defined by the existence of certain
causal vector field. Its content is organized as follows. Section 2 is devoted to show
the causal symmetries in spacetime we consider here and to describe the correspond-
ing families of spacetimes: Gradient Conformally Stationary (GCS) spacetimes, with
its subfamily of Generalized Robertson—Walker (GRW) spacetimes and Brinkmann
spacetimes. In Sect. 3 we recall some basic facts on the role of CMC spacelike hyper-
surfaces in General Relativity. In Sect.4 several uniqueness theorems on compact
CMC spacelike hypersurfaces in GCS spacetimes, and in GRW spacetimes are given.
In the last case, the corresponding uniqueness Calabi—Bernstein type results are stated
in Sect. 5. Finally, compact spacelike hypersurfaces of constant mean curvature are
studied in Sect. 6.

2 Some Types of Causal Symmetries

2.1 The Timelike Case

A vector field K on a Lorentzian manifold (M, g) is called conformal if any of its
local flows consists in conformal transformations of g, i.e., the Lie derivative of g
with respect to K satisfies

Lk g =12p8. 2

where p is a (smooth) function on M. When p = constant, the vector field is called
homothetic and if, in particular, p = 0 then it is called Killing. The assumption of the
existence of a (nontrivial) conformal vector field in spacetime give rise to a symmetry
for the Lorentzian metric g which simplifies the Einstein equation, where g has the
role of the unknown.

A conformal vector field K does not have a fixed causal character, but for a
spacetime, i.e., a time orientable Lorentzian manifold endowed with one of its two
possible time orientations, it is natural to assume that K is timelike, i.e., it satisfies
g(K, K) < 0, everywhere on M. In such a case the integral curves of the reference
frame Q given in (1) yield a family of privileged observers.

A spacetime (M, g) admitting a timelike Killing vector field is called stationary.
Ifa spacetime M admits a timelike conformal vector field K, then Lorentzian metric
o) 1() g is stationary. For this reason, the spacetime (M, g) is called conformally
stationary (CS). Given a timelike conformal vector field K, when its g-equivalent
I-form is closed, or equivalently, K is locally the gradient of a function, we have
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VxK =pX, 3)

for any vector field X on M, where V is the Levi-Civita connection of M. Directly
from (3) we obtain

p=K (logy/—8(K,K)) =0 (V-&K,K)), 4)

and therefore, J
(poy)t) = E(hoy)(t), &)

for any observer y in Q, where h := \/—g(K, K). Moreover, we also get

Vo0 =0, (6)

which describes that the observers in Q are free falling in spacetime.

Any CS spacetime admits the distribution K+ which is integrable if the timelike
conformal vector field K is also assumed to be closed. Each leaf of K+ is a spacelike
hypersurface which is interpreted for an observer in Q as its physical space at one
instant of its proper time.

Remark 1 There exist CS spacetimes whose distribution K is not integrable. For
instance, each odd dimensional sphere S*"*! admits a natural Lorentzian metric
(see for instance [18, Sec. 4]) with a unit timelike Killing vector field K. If K+ is
integrable, then K should be closed. But the 1-connectedness of S***! implies that K
must be in fact a gradient vector field, which is not compatible with the compactness
of S2"+l .

Now we will focus on an interesting subfamily of CS spacetimes. Let M be a
spacetime which admits a timelike conformal vector field K such that

K =Vo, @)

for some ¢ € C*(M), in particular K is closed. In this case K is called a timelike
gradient conformal vector field and ¢ a potential function of K. The spacetime
M is then called a gradient conformally stationary (GCS) spacetime [10, 14]. The
existence of a timelike gradient conformal vector field in spacetime has been used
to study certain cosmological models [25] and plays a relevant role for vacuum and
perfect fluid spacetimes [14].

Each leaf S of the foliation K is a spacelike hypersurface in M. The shape
operator of S with respect to the unit normal vector field Q| is

A=—-=| 1, ®)
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where p and h = /—g(K, K) are constants on S and [ is the identity transformation.
Thus, S is totally umbilical with constant mean curvature

_r
H=25 ©9)

Let us notice that a GCS spacetime M is noncompact, otherwise formula (7)
would imply that K has a zero at any critical point of ¢. Moreover, the potential ¢
is a global time function [6]. Therefore, the spacetime M is stably causal [19], i.e.,
there is a fine C° neighbourhood of the original metric g of the spacetime such that
any of its Lorentzian metrics is causal [6]. Thus, there is no closed nonspacelike
curve in M. Recall that the existence of a closed timelike curve in a spacetime makes
it physically unrealistic because such a curve, after a suitable parametrization, would
model an observer travelling in time which experiments in its future an event of its
past [29].

Remark 2 Previous arguments may be used to show that there exist CS spacetimes
with K timelike conformal and closed which are not globally GSC spacetimes. For
instance, the Misner cylinder spacetime [22] is a 2-dimensional Lorentzian manifold
admitting a timelike parallel vector field which cannot be globally a gradient because
the Misner cylinder spacetime is not causal [10].

There is an important subfamily of GCS spacetimes we will recall now. For
a Generalized Robertson—Walker (GRW) spacetime we mean the product manifold
I x F,ofanopeninterval / of the real line R and an n (> 2)-dimensional Riemannian
manifold (F, g,.), endowed with the Lorentzian metric

g=-—mrd) + f(m,) 7 (g,), (10)

where 77, and 7, denote the projections onto / and F, respectively, and f is a positive
smooth function on 7. This (n 4 1)-dimensional spacetime M is a warped product
in the sense of [22] with base (I, —dt?), fiber (F, g,) and warping function f.

The class of GRW spacetimes widely extends to those that are called Robertson—
Walker (RW) spacetimes. Contrary to these spacetimes, the fiber of a GRW space-
times has not constant sectional curvature and, therefore, it is not necessarily locally
spatially-homogeneous. Intuitively, GRW spacetimes could be then good candidates
to model proper portions of universe [24]. On the other hand, small deformations
of the metric on the fiber of a RW spacetime fit into the class of GRW spacetimes,
and then GRW spacetimes may be also considered to study stability properties of
RW spacetimes [17]. Let us remark finally that when GRW spacetimes were intro-
duced in [2], the name RW spacetime was most common in the literature, but to be
fair, GRW spacetimes should be called Generalized Friedman—Lemaitre—Robertson—
Walker (GFLRW) spacetimes.

On any GRW spacetime, the vector field K = f(;r;)0; is a timelike gradient
conformal vector field with
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p=f'(m) and ¢ =—e(1)), (1)

where ¢ is a primitive function of f. However, the class of GCS spacetimes is clearly
bigger than the class of GRW spacetimes. For instance, any open subset of a GRW
spacetime is a GCS spacetime but it is not globally isometric to a GRW spacetime, in
general (see [10] for more examples). But locally, the converse is also true: i.e., for
each point of a GCS spacetime (or more generally of a CS spacetime with K closed)
there exists an open neighbourhood which is isometric to a GRW spacetime [30]. On
the other hand, under several natural assumptions on either the flow of Q or the leaves
of O, one can prove that certain GCS spacetimes admit a global decomposition as
GRW spacetimes [10, Th. 3.1, 3.4].

To end this subsection we notice that each leaf of the foliation 3;* in a GRW
spacetime is a level hypersurface = ¢y, called spacelike slice. The shape operator
of the spacelike slice ¢ = #, with respect to the unit normal vector field 9, |;—, is

PR AOY (12)

[

Thus, S is totally umbilical with constant mean curvature

H— 1 (1)

= . 13
S () (13

2.2 The Lightlike Case

Now we will consider the case when the symmetry of spacetime is defined by a
lightlike vector field. Let K be a conformal and closed vector field on a Lorentzian
manifold (M, g). Assume K is lightlike, i.e., g(K, K) =0 and K, # 0 for any
p € M. From (3) we have

1 _
0=2X (8(K,K)) =g(VxK,K)=g(X,pK)

for all X. Hence, p K = 0, which gives p = 0, i.e., K is parallel. Note that the same
previous argument proves that given a nowhere zero conformal and closed vector
field K on a Lorentzian manifold (M, g),1f g(K, K) =constant, then K is parallel.

A Lorentzian manifold which admits a parallel lightlike vector field K is called
a Brinkmann spacetime (see for instance [7]). Let us remark that making use of
such a vector field, a time orientation can be defined and, therefore, a Lorentzian
manifold which admits a lightlike vector field is time orientable. On the other hand, a
Brinkmann spacetime has a natural foliation, namely K L. Each leaf S of the foliation
K+ is a degenerate hypersurface in the sense that the induced metric from g on each
leaf has less rank that the dimension of the leaf (note that 7,,S N T[f-S =Span{K,}).
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The leaves of the foliation has no so clear physical interpretation as in the timelike
case [15, Sect.2.7].

The Lorentzian metric g of any n(> 3)-dimensional Brinkmann spacetime can
be locally expressed as follows [8],

H(u,x)du’ +2dudv+2 > Wiu,x)dudx; + Y g ; (u, x)dx; dx;,

ij

where x = (xq, ..., x,-2),1 <i, j <n — 2and the parallel vector field K coincides
with the coordinate vector field 9, on the corresponding coordinate neighbourhood.

A relevant subfamily of n-dimensional Brinkmann spacetimes consists in the so-
called pp-wave spacetimes, namely, each of them is given by a Lorentzian metric on
R" of the following type,

H(u, xy, ...)cn,z)du2 +2du dv—}—abcl2 + .- +dx372,

where (u, v, xy, ..., x,_>) are the usual coordinates and H = H(u, x{,...,Xx,_») a
smooth function with no required sign.

Remark 3 Atthis point, it is natural to wonder if the symmetry defined by a spacelike
vector field K in spacetime (M, g), 1.e., K satisfies g(K,, K,) > 0 of K, =0 for
all p € M, may be considered. There is no mathematical objection although the
integral curves of a spacelike vector field do not have a physical interpretation in
term of realistic particles in spacetime.

3 Mean Curvature of Spacelike Hypersurfaces in General
Relativity

A spacelike hypersurface in a spacetime is a hypersurface which inherits a Rie-
mannian metric from the ambient Lorentzian one. Such a hypersurface defines the
family of normal observers: each (inextensible) geodesic in the spacetime determined
from a point of the spacelike hypersurface and the future pointing unit normal vector
at this point. For each of these observers, the spacelike hypersurface is the spatial
universe at one instant of proper time. Moreover, these observers can be locally
collected as the integral curves of a (local) reference frame Q in spacetime.

If H denotes the mean curvature function of a spacelike hypersurface S with
respect to its future pointing unit normal vector field N we have

div(Q) =nH,
on the open subset of § where Q is defined. Thus, the function div(Q), which

measures the expansion/contraction for the observers in Q [29], is up to a positive
constant the mean curvature function. Therefore, if the inequality H > 0 (resp. H <
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0) holds, it is interpreted as normal observers get away (resp. come together) after
passing through S, and near it.

Now, we will recall the important role of the case H = constant in the study of
the Einstein equation. Let (M, g) be a 4-dimensional spacetime. Denote by Ric and
R its Ricci tensor and its scalar curvature, respectively. Consider a stress-energy
tensor field 7 on M, that is, a 2—covariant symmetric tensor which is assumed to
satisfy some reasonable conditions from a physical viewpoint [22, 29]. The spacetime
M, g) obeys the Einstein equation (with zero cosmological constant) with source
T if we have

Ric—-Rgz=T. (G)

N =

Equation (G) postulates how mass and radiation are described by the metric tensor,
i.e., by the geometry of the spacetime. When T = 0 this equation is called the Einstein
vacuum equation, and then (G) is equivalent to

Ric =0. (G*)

When equation (G) holds in spacetime a M, we have on each spacelike hyper-
surface S in M, thanks to the Gauss and Codazzi equations, the following constraint
equations,

R(g) — trace(A?) + (trace(A))* = ¢, (O)

div(A) — Vtrace(A) = X, (©),

where g is the Riemannian metric on S induced by g, R(g) its scalar curvature, A is
the shape operator relative to a future pointing unit timelike normal vector field, and
@ € C*(S) and X € X(S) depend on the stress energy tensor 7, in such a way that
T = 0implies ¢ = 0 and X = 0. These equations can be seen as PDE with unknows
g and A. Consider by simplicity the previous case (G*). Following [12, 13] we recall
the following definitions.

An initial data set for the Einstein vacuum equation (G*) is a triple (S, g, A) where
S is a 3-dimensional manifold, g is a Riemannian metric on S and A isa (1, 1)-tensor
field self-adjoint with respect to g, which satisfies the constraint equations (C); and
(C), with ¢ = 0 and X = 0. A solution of the Cauchy problem corresponding to the
initial data set (S, g, A) is a spacetime (M, g) such that g is Ricci-flat and there exists
a spacelike embedding j : § — M such that j*g = g and A is the shape operator
with respect to a chosen unit timelike normal vector field.

Thus, the Cauchy problem for the Einstein equation requires to solve previously
the constraint equations (C); and (C),. Now we recall the conformal method initiated
by A. Lichnerowicz [20] to solve the constraint equations for (G*). First of all, we
choose an arbitrary Riemannian metric go on S. Next we put

g:=0¢%%. ¢$€C™ (), ¢$>0 and B:=¢°(A - %trace(A) I)
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and denote t := trace(A). Then, the constraint equations become

_ R(g0) trace(B?) 1 R

A%

div’(B) — §¢6 vir =o0. (15)

where A°, div® and V° denote the Laplacian operator, the divergence and the gradient
with respect to go, respectively. The first equation is elliptic and it is called the
Lichnerowicz equation.

Assume B is a solution of the following linear system

div’(B) =0, trace(B) =0,
and ¢ > 0 is a solution of the Lichnerowicz equation (14). If we consider

1 1
4
= and A=—B+ -1, 7€R,
g§=¢" 8o pE 3
then (S, g, A) is an initial data set for the vacuum _Einstein equation (G*), [21]. Note
that S is a spacelike hypersurface in a spacetime (M, g) solution of the corresponding
-1

Cauchy problem of constant mean curvature H = - 7.

4 CMC Spacelike Hypersurfaces in a GCS Spacetime

Consider a spacelike hypersurface x : S — M in a GCS spacetime (M, g) of

dimension n + 1 and gradient timelike conformal vector field K. Denote by g the

induced metric on § and by ¢g := ¢ o x the restriction of a potential function ¢ of

K on S. Note that ¢y is constant if and only if K, is orthogonal to S, for all p € S.
Along the spacelike immersion x we decompose

K=kK"+K" (16)
where K7 (resp. K") is the tangent (resp. normal) component of K. The timelike

character of K gives g(KV, K") < 0everywhere on S. Therefore, we have a globally
defined unit timelike normal vector field on S given by

1 N
N=—w—K (17)
V—8(KN, KN)
which clearly lies in the same time-orientation of K, in fact, g(K, N) = —h <0

holds on all S. If Q is the reference frame constructed from K in (1), the wrong-way
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Schwarz inequality [22, Prop. 5.30] gives g(Q, N) < —1 and equality holdsat p € §
if and only if N(p) = Q(p). The tangential component of K satisfies

Vs =K', (18)
where V denotes the gradient operator of g. A standard computation from (18) gives
Aps =np+nHg(K,N), (19)

where H is the mean curvature of S with respect to N and A the Laplacian of the
induced metric.

Now we will focus on spatially closed GSC spacetimes. Recall that a spacetime
is called spatially closed if it admits a compact spacelike hypersurface. Now, we are
in a position to state,

Theorem 1 ([10]) Let S be a compact CMC spacelike hypersurface in a GCS space-
time. Let po and p° be two points of S where ¢ attains its minimum and maximum
values, respectively. The mean curvature H of S satisfies

p(p®) cp < PO
h(p®) — ~ h(po)

Proof Taking into account (18) we have K”(py) = K (p®) = 0 and, as conse-
quence, the equality g(K, N) = —h holds at the points py and p°. On the other
hand, from A¢s(po) > 0 and Ags(p®) < 0 and (19) we have

p(po) = h(po) H =0 and p(p°) —h(p®) H <0,
respectively, which give the announced inequalities.

Now consider p € M and an observer y in Q passing through p. Note that we

have
d (p(y(t))
dt \ h(y (1))

) = (logh(y (1)))",
from (5). Therefore, if we suppose that the function % is decreasing on y, then

(logh(y ()" <0.

On the other hand, ¢ is a global time function. Therefore, ¢ is strictly decreasing along
any observer of Q. The inequalities in Theorem 1 become equalities. Therefore we
have that p = H h on S which gives that ¢y is sub(or super)-harmonic on S compact
and hence ¢g must be constant. Thus, we arrive to the following result

Theorem 2 ([10]) Let (M, g) be a GCS spacetime and suppose that
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(logh(y(1))" <0,

for any observer y in Q. Any compact CMC spacelike hypersurfaces in M is a leaf
of the foliation Q* (which is totally umbilical with mean curvature H = % ).

In particular, Theorem 2 may be restricted to the case of GRW spacetimes to get,

Corollary 1 ([1, Th. 3.1]) In a GRW spacetime M whose warping function satisfies

(log )" <0,
the only compact CMC spacelike hypersurfaces are the spacelike slices.

Remark 4 The hypothesis of the convexity of the function —log f in the previous
result is related to certain natural assumption on the Ricci tensor Ric of M, the so
called Null Convergence Condition (NCC), namely, Ric(w, w) > 0 for any lightlike
tangent vector w. In fact, if M obeys NCC then — log f is convex. This curvature
condition holds naturally if the spacetime obeys the Einstein equation (with zero
cosmological constant), and, of course, when the spacetime is Einstein, i.e., its Ricci
tensor is proportional to its metric. Under stronger curvature conditions, the so called
Timelike Curvature Condition (TCC), Ric(v, v) > 0 for any timelike tangent vector
v, and Ubiquitous Curvature Condition, Ric(v, v) > 0 for any timelike tangent vector
v, two results contained in Corollary 1 were obtained in [2, Th. 5.1, 5.2], respectively.

To end this section we precisely deal with GRW spacetimes which are Einstein.
If M has base I, fiber F and warping function f, then ‘M is Einstein with Ric = ¢ g,
if and only if (F, g) has constant Ricci curvature ¢ and f satisfies the following
differential equations,

I
f

n—1 c+m—1(f)>
no f2

c
— and (20)
n

Moreover, M has constant sectional curvature C if and only if its fiber F has
constant sectional curvature C, i.e., M is a Robertson—Walker spacetime and its
warping function f satisfies (20) withc = (n —1)Candc =n C.

All the positive solutions of (20) were obtained in [3], collected in a table (in each
case, the interval of definition I of f is the maximal one where f is positive). Note
that, from (20), we have .

(n = Dlog )" = —.

2D
Taking into account previous formula, a direct application of Corollary 1 gives the
following wide extension of [3, Cor. 5],

Theorem 3 ([10]) Every compact CMC spacelike hypersurface in an Einstein GRW
spacetime, whose fiber has Ricci curvature ¢ < 0, must be a spacelike slice.
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5 Calabi-Bernstein Type Results

Let (M, g) be a GRW spacetime with fiber a Riemannian manifold (F, g) and warp-
ing function f : [ —>§+. Let 2 a domain in F. For each u € C*°(§2) such that
u($2) C I, its graph in M is the hypersurface

= {ulp), p) : pe 2} (22)

The metric induced on X, by the Lorentzian metric g given in (10) is written on F
as follows
gu = —du® + f(w)’g, (23)

where f(u) := f o u. Therefore, ¥, is spacelike if and only if | Du |< f(u) every-
where on £2, where Du denotes the gradient of u with respect to g. We will say that
a spacelike graph is entire if £2 = F. In that follows, only entire spacelike graphs
will be considered.

The unit timelike normal vector field on ¥, in the same time orientation of 0, is

Fw ( I )
N=——|9, —— (0, D . 24
Jrar e " T T P )

It is not difficult to see that the mean curvature H of X, relative to N satisfies

: Du S (w) | Du |?
div =nH - ——-°" (n+ (E.1)
F) fw)?— | Du |? Vfw)?—| Du |? f)?

| Du |< f(u), (E.2)

where div denotes the divergence operator of (F, g) and f'(u) := f’ ou. When H
is constant, this equation is called the CMC spacelike hypersurface equation, which
we will call it as equation (E).

Equation (E) is the Euler—Lagrange equation of a variational problem [4]. In fact,
let (F, g) be a (connected) compact Riemannian manifold, with dimensionn > 2 and
let f be a positive smooth function defined on an open interval / of R. Consider the
class of smooth real valued functions u on F such that u(F) C I and | Du |< f(u).

On this class, consider the n-dimensional functional area

A ) = / Fay T @rP— | Du P v,
F

where dV, is the canonical measure defined by g. The Euler-Lagrange equation for
critical points of the functional <7, under the constraint
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/ (/” f(l)"dt) dV, = constant,
F \Js

is precisely (E). Notice that <7 () is the area of the Riemannian manifold (F, g,) and
the previous formula may be seen as a volume constraint. Therefore, u is a critical
point of functional .2/ under the volume constraint if and only if X, has constant
mean curvature.

As an application of Corollary 1 we have the following uniqueness result,

Theorem 4 ([10]) Let (F, g) be a compact Riemannian manifold and let f : I —>
R* be a smooth function such that

(log /)" < 0.
For each real constant H, the only entire solutions u of equation (E) are the constant
/
u
functions u = ug such that H = A O).
f (uo)

Previous result widely extends [2, Th. 5.9] where a curvature assumption was
needed according with the technique used.

Remark 5 The technique used in Sects.4 and 5 works for compact spacelike hyper-
surfaces in (necessarily) spatially closed GRW spacetimes. The case of complete
(noncompact) CMC spacelike hypersurfaces have been carry out mainly the ideas
introduced in the seminal article by Chen and Yau [11]. Recently, techniques of
analysis on n-dimensional parabolic Riemannian manifolds have been introduced in
[26, 28] for the case of spatially parabolic GRW spacetimes. Let us notice that the
family of spatially parabolic GRW spacetimes extend to the one of spatially closed
GRW spacetimes from de point of view of the geometric-analysis of the fiber. More-
over, it allows to model open relativistic universes which are not incompatible with
certain cosmological principle. On the other hand, the mean curvature function H
of a spacelike surface has been studied without assuming its constancy in [27] (and
references therein) under the hypothesis of a certain control of H described by a
nonlinear inequality involving the restriction of the function f’/f on the spacelike
surface. Such complete spacelike surfaces have been classified under certain geo-
metric assumptions and new Calabi—Bernstein type problems have been stated and
solved in [27].

6 CMC Spacelike Hypersurfaces in a Brinkmann
Spacetime

Consider a spacelike hypersurface x : S —> M in a Brinkmann spacetime (M, ) of
dimension n + 1 and parallel lightlike vector field K. Denote by g the induced metric
on S and, as the begin of Sect.4, decompose K along the spacelike immersion x in
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tangential and normal components K7 and KV, respectively. The lightlike character
of K gives (K", KV¥) = —g(KT, KT) < 0 everywhere on S. Therefore, we have
a globally defined unit timelike normal vector field on S given by

1
Ni=——— KV (25)

/_g(KN’ KN)

which obviously lies in the same time-orientation defined by K, i.e., such that
g(K, N) =< Oholds on all S.

On the other hand, K7 is a nowhere zero vector field on S. This fact restricts
the topology of § in the case we assume S is compact because it means that the
Euler-Poincaré number of § is zero.

Consider the function u = g(K, N) = —/g(KT, KT) < 0, whose gradient sat-
isfies

Vu=—-AKT, (26)

where A is the shape operator of S associated to N. Now, using the Codazzi equation
we obtain, [23],

Au=ng(VH, K) +Ric(KT, N) + trace(A?) u. 27)

(Compare with [4, 5] where certain integral formulas were obtained for compact
spacelike hypersurfaces in a general CS spacetime). Taking into account that K is
parallel, we have

Ric(K", N) = uRic(N, N),
and therefore, for any CMC spacelike hypersurface, (27) reduces to
Au = {Ric(N, N) + trace(A%)} u. (28)

If we assume the Brinkmann spacetime M obeys TCC then Ric(N, N) > 0 every-
where on S. Under this assumption, formula (28) gives that the function u is super-
harmonic. Moreover, making use of (26) and (28), u is constant if and only if S is
totally geodesic. Therefore, we get,

Theorem 5 ([23, Th. 2]) Let M a Brinkmann spacetime which obeys the Timelike
Convergent Condition. Any compact CMC spacelike hypersurface must be totally
geodesic.

Remark 6 Contrary to the situation in Sect. 4, we can ensure here that in a Brinkmann
spacetime which obeys the Timelike Convergent Condition there is no compact CMC
spacelike hypersurface whose mean curvature is different from zero [23, Th. 1].

Remark 7 In the case of a maximal surface S in a 3-dimensional Brinkmann space-
time, the assumption of compactness of S can be weakened to completeness to get
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that in a 3-dimensional Brinkmann spacetime which obeys TCC, a complete maxi-
mal surface must be totally geodesic [23, Th. 4], extending the classical parametric
Calabi—Bernstein theorem for complete maximal surfaces in 3-dimensional Lorentz-
Minkowski spacetime [9, 11].
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Sequences of Maximal Antipodal Sets
of Oriented Real Grassmann Manifolds 11

Hiroyuki Tasaki

Abstract Chen—Nagano introduced the notion of antipodal sets of compact
Riemannian symmetric spaces. The author showed a correspondence between max-
imal antipodal sets of oriented real Grassmann manifolds and certain families of
subsets of finite sets and reduced the classifications of maximal antipodal sets of
oriented real Grassmann manifolds to a certain combinatorial problem in a previous
paper. In this paper we construct new sequences of maximal antipodal sets from
those obtained in previous papers and estimate the cardinalities of antipodal sets.

1 Introduction

The present paper is a sequel to a previous paper [4]. Chen—Nagano [1] introduced
the notion of antipodal sets of compact Riemannian symmetric spaces. The author
showed a correspondence between maximal antipodal sets of the oriented real Grass-
mann manifolds G (R") consisting of k-dimensional oriented subspaces in R” and
certain families of subsets of cardinality k in [n] = {1, 2, 3, ..., n}, and reduced the
classifications of maximal antipodal sets of oriented real Grassmann manifolds to
a combinatorial problem in [3]. Using this correspondence he showed the classifi-
cation of maximal antipodal sets of Gk (R™) whose ranks are less than 5 in [3] and
constructed some sequences of maximal antipodal sets in [3, 4], which were used in
estimates of antipodal sets of Gs (R™) obtained in [5]. Certain maximal antipodal sets
of Gs(IR") obtained in [3, 4] attain the maximum of the cardinalities of antipodal sets
of G5 (R™) for sufficiently large n. Frankl-Tokushige [2] have obtained some esti-
mates of combinatorial objects which lead some estimates of cardinalities of antipo-
dal sets of G(R") for general k and sufficiently large n. For these estimates some
sequences of maximal antipodal sets obtained in [3, 4] played fundamental roles. So
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we expect that we can get some estimates of antipodal sets using the sequences of
maximal antipodal sets obtained in this paper.

In this paper we construct new sequences of maximal antipodal sets from those
obtained in [3, 4]. We review the definition of antipodal sets, fundamental properties
of them and the sequences Ev,, of antipodal sets in Sect.2. We construct some
sequences of maximal antipodal sets from Ev,, in Sect.3. Using these maximal
antipodal sets we get estimates of cardinalities of antipodal sets in Sect.4.

2 Definition and Fundamental Results

We review the definition of antipodal sets and results on some sequences of antipodal
sets obtained in [3, 4].
We denote by (f ) the set of subsets of cardinality k of a set X. Two elements «,

of (")) are antipodal, if the cardinality | 8\« is even, where B\a = {i € B | i ¢ a}. A

subset A of ([Z]) is antipodal, if any «, B of A are antipodal. We denote by Sym(n) the

[n]
k

to B by an element of Sym(n). If a subset A of (
congruent with A is also antipodal.
When X = X, U---U X, is a disjoint union, we put

symmetric group on [n]. Two subsets A, B of ( ) are congruent, if A is transformed

[n]

k) is antipodal, then a subset

Apx oo x Ay ={aU---Uay | o € Aj}

for subsets A; of (:1) We get A; X - X A,, C ( ) For a natural

kl + -+ km
number m we denote

([2]) ({1, 2}) ({2m -1, 2m}) ([Zm])

= X e X C .
1/, 1 1 m
Fora = f{ai,....am} € () (a; € {2i —1,2i}) we define

a ={i | qjiseven}, «° = {i | ;is odd}.

Definition 1 ([4]) For a natural number m we define a subset Ev,,, of ([2'”]) by

[ ()
Evyy =1a={a,...,an} € |

Lemma 1 ([4]) For o, p € (1)), we have |a N B| = 2| N B¢| + |B°] — |a®].

|a®| is even] .

Using Lemma 1 we showed the following lemma in [4].

Lemma 2 For a natural number m, Ev,,, is an antipodal set of ([2mm]).
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The following sets defined in [3, 4] are antipodal sets.
AQk,2D) ={oU--- Uy € ([;l{]) |o; € {{1,2},..., {21l — 1, 2i}}},
ARk + 1,214+ 1) = A2k, 21) x {{21 + 1}}.

Example 1 ([3, 4]) As is showed in Example 1 of [4], Eve is transformed by

123456 .
(2 s163 4) to B(3,6) = {(1.2,3), (14,5}, {2.4.6). 3.5, 6]} defined in [3],
which is a maximal antipodal set of ([g’]). Additionally Evg is included in E vg

defined in Proposition 1, which is transformed by (é g “;’ 2 g 2 ;) to B(3,7) =

B@3,6) U{{1,6,7},{2,5,7}, {3,4,7}} defined in [3]. This is a maximal antipodal
set of ([;]). Hence Evg is not a maximal antipodal set of ([;]).

Theorem 1 ([4]) If 2m = 2,4, 6(mod8), then Ev,,, is a maximal antipodal set of
([2,:1"]). On the other hand,
Evgm = Evg,, UA(dm, 8m)

is a maxmal antipodal set of ([izl).

E v; is congruent with B(4, 8), which is stated in Remark 7.2 of [3]. We have
already proved that B(4, 8) is a maximal antipodal set of ([i]) in [3].

3 Some Sequences Obtained from Ev;,,

[n]

For natural numbers k, m, n satisfying 2m <nandk < n,and o € ( s

), we put

Ii(a,2m) ={i | {2i — 1,2i}Nea|=j, 1 <i<m} (j=0,1,2),
[i(a,2m) = U (2i —1,2i}.

iel;(a,2m)
Then we get disjoint unions

{1,2,...,m} = Iy(a,2m) U I (a0, 2m) U I (x, 2m),
(1,2, ...,2m} = Ip(er, 2m) U I, (a, 2m) U Ly (ax, 2m).

Proposition 1 For a nonnegative integer m we define

8m +7
Eviie = Evinss U A(dm +2,8m +6) x {{8m +7}} C ([ " ]).

dm + 3
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[8m+7])'

+ . . .
Evg,,.¢ is a maximal antipodal set of (';" 43

Proof We have already known that Evg, ¢ and A(4m + 2, 8m + 6) x {{8m +

7}} are antipodal sets of ([ﬁg]) For « € Evg,46 and B € A(dm + 2, 8m + 6) x

{{8m + 7}} we have |« N B| = 2m + 1, which means that & and g are antipodal in

([izgj). Hence Evg,, . ¢ is an antipodal set of ([izgl)

Next we show that Evy,, ¢ is a maximal antipodal set of (5" 17)). We take o €

4m+3
([mﬂ]) which is antipodal with all elements of E v;m +6- If a does not contain 8m + 7,

[8m+6] [8m—+6]
then S (4m+3 4m—+3

Evsyi6 C Evg, . Thus we consider the case where « contains 8m + 7. We get

) and the maximal property of Evg,,1¢ in ( ) implies that o €

dm + 3 = |a| = |Li (o, 8m + 6)| + 2| (e, 8m 4+ 6)| + 1,
where 1 in the right hand side comes from 8m +7 € «. We have 4m 42 =

|1 (a, 8m + 6)| + 2| (o, 8m + 6)| and |I;(cx, 8m + 6)| is even. If I (a, 8m + 6)
is empty, then we obtain

a € A(dm +2,8m +6) x {{8m +7}} C Evg,, ¢

Thus we consider the case where I («, 8m + 6) is not empty. We write |1, (o, 8m +
6)| = 2k. We take a subset I] C I;(c, 8m + 6) with |I]| = 2k — 1. Since

1, ..., 4m + 3N\ (o, 8m + 6)| = 4m + 3 — 2k > 2m — 2k + 2,

we can take a subset J C {1,...,4m + 3} — I1(«, 8m + 6) with |J| = 2m — 2k +
2. We take

B= J 2j—1.2j}u{8m+7).

jenuJ
Since |I{| + |J| =2k — 1 +2m — 2k +2 = 2m + 1, we have
BeA(dm+2,8m+6) x {{8n +7}} C Evgrm%.
Moreover we get

leNBl=|l]|+1 (mod2)
= 2k,

[8m~+T7]
4m—+3
[8m+7])
4m+3 /"

This means that «, 8 are not antipodal in ( ), which is a contradiction. Therefore

Evg +¢ 18 a maximal antipodal set of (

Proposition 2 For a natural number m, Evg, > is a maximal antipodal set of

(IEZ:[?]). We define
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Evi,» = Evgnsn U A(dm — 2, 8m +2) x {{8m + 3, 8m + 4, 8m + 5}}.

[8m+5])

+ . . .
Evg,,,» is a maximal antipodal set of( ami1 )

Proof We first show that Evg,, is a maximal antipodal set of ([8m+3]). We take

4m+1
o€ ([iiz:?]) which is antipodal with all elements of Evg,,. If @ does not contain

8m + 3, then @ € ([ixﬁl) and the maximal property of Evg,, > in ([izﬁ]) implies

that @ € Evg,». Thus we consider the case where « contains 8m + 3. We get
dm + 1 = |a| = [11 (o, 8m +2)| + 2| Ir (e, 8m + 2)| + 1,
thus | 1) (o, 8m + 2)| is even. If |I1 (e, 8m + 2)| = 0, then for any B € Evg,,4o
lea N Bl = |L(x,8m +2)| =2m,

which means that ¢, 8 are not antipodal. This is a contradiction. If | I; (¢«t, 8m + 2)| >
2, then we can take y € Evg,,, satisfying

’a A Ty (o, 8m +2) my( - )a A Iy (e, 8 +2) my) (mod2).

So |e Ny| is even and «, y are not antipodal. This is a contradiction. Therefore

Evgy 4+ is a maximal antipodal set of (57 *).

Next we show that Evg, ., is a maximal antipodal set of ([8'”4]). We take a €

4m+1
(5 +3) which is antipodal with all elements of Evg, 4. If [ N {8m + 3, 8m + 4}| =

0,thena € (?Zif]),which implies thata € Evg, 0. If o N {8m + 3, 8m +4}| =1,
this case is reduced to the case where « contains 8m + 3, hence a € Evg,,12. Soitis

sufficient to consider the case where o contains both of 8m + 3 and 8m + 4. We get
dm + 1 = || = |Li(a, 8m + 2)| + 2| (ct, 8m 4+ 2)| + 2,

thus /; (o, 8m + 2) is not empty. We can take y € Evg,,1» satisfying
anli(e,8m+2)N y‘ = ’oz N L(x, 8m+2)N y’ (mod2).

So |a Ny| is even and «, y are not antipodal. This is a contradiction. Therefore

Evg,,1 5 s a maximal antipodal set of ([imfl”)

We finally show that £ v8 4> 1s a maximal antipodal set of ([imis]) We have
already known that Evg,,1» and A(4m — 2, 8m + 2) x {{8m + 3, 8m + 4, 8m + 5}}
are antipodal sets of ([§m+5]) For any o € Evg,4, and B € A(4m — 2, 8m + 2) x
{{8m + 3, 8m + 4, 8m + 5}} we have |o N B| = 2m — 1, which means that «, 8

are antipodal. We prove that E v;m 4> 1s a maximal antipodal set of ([Zﬁﬁ]) in the
following. We take o € ([ﬁzﬁ]) which is antipodal with all elements of E v;m 4o

If | N {8m + 3, 8m + 4, 8m + 5}| < 2, then we get @ € Evg,,42 C Evger2 by the
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results obtained above. So it is sufficient to consider the case where {8m + 3, 8m +
4,8m + 5} C a. We get

dm + 1 = |o| = |1 (o, 8m + 2)| + 2| (o, 8m + 2)| + 3,
thus |71 («, 8m + 2)| is even. If |I; (o, 8m + 2)| = 0, then
o€ AMdm —2,8m +2) x {{8n 4+ 3,8m +4,8m + 5}} C Evg'mH.

If |1 (o, 8m + 2)| > 2, then we can take y € Evg,, satisfying
an (e 8m+2)N y( = )a N hy(a,8m+2)Ny| (mod2).

So e Ny]| is even and «, y are not antipodal. This is a contradiction. Therefore

Evg,,.» is a maximal antipodal set of (lifriﬁ])

Proposition 3 For a nonnegative integer m, Evg, 4 is a maximal antipodal set of
([izgl). We define
Evg, iy = Evgnia U A@m, 8m +4) x {{8m +5,8m + 6}).

[8m+6]).

=+ . . .
Evg,.» is a maximal antipodal set of (', S

Proof We first show that Evg,4 is a maximal antipodal set of ([8m+5]). We take

4m+2
o€ ([i"”:i;]) which is antipodal with all elements of Evg,, 4. If o does not contain

8m + 5, then o € (1§ *7)) and the maximal property of Evg 4 in (5+2)) implies
that « € Evg,,14. Thus we consider the case where « contains 8m + 5. We get

dm + 2 = |a| = |1 (o, 8m + 4)| + 2| [r (e, 8m + 4)| + 1,

thus 7 (o, 8m + 4) is not empty. We can take y € Evg,,+4 satisfying
anii(@8m+4)n y‘ £ ‘oz N Fy(@, 8m +4) N y‘ (mod2).

So |e Ny| is odd and «, y are not antipodal. This is a contradiction. Therefore

Evg14 is a maximal antipodal set of ([8'”5]).

4m—+2
Next we show that Evg, ., is a maximal antipodal set of ([iﬁig]) . We have already

known that Evg, 4 and A(4m, 8m + 4) x {{8m + 5, 8m + 6}} are antipodal sets

of ([izig]). We take o € ([%ig]) which is antipodal with all elements of Evg, ..

If N {8m+5,8m + 6} <1, then we get o € Evgya C Evgm+4 by the result
obtained above. So it is sufficient to consider the case where {8m + 5, 8m + 6} C «.
We get

dm +2 = |a| = |1 (o, 8m +4)| + 2| (e, 8m 4 4)| + 2,
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thus |7;(«, 8m + 4)| is even. If |1} («, 8m + 4)| = 0, then
o€ A(dm,8m +4) x {{8m +5,8m + 6}} C Ev;m+4.

If |I) (o, 8m 4+ 4)| = 2, then we can take y € Evg, 14 satisfying
anii(@8m+4)n y‘ £ ‘oz N Fy(@, 8m +4) N y‘ (mod2).

So |e Ny| is odd and «, y are not antipodal. This is a contradiction. Therefore

Ev{, ., is a maximal antipodal set of (§"*%)).

[8m+3])

Proposition 4 For a natural number m, E vgm is a maximal antipodal set of ( 4
m

Proof We have already known that Evg, is a maximal antipodal set of ([8'”]) We
first prove that E Vsm is a maximal ant1p0da1 set of ([8m+1]) We take o € ([8'1":1])
which is antipodal with all elements of Ev] . If & does not contain 8m + 1, then
a € (") and the maximal property of E Vsm in (")) implies that & € Evy,,. Thus

we consider the case where o contains 8m + 1. We get
4m = |a| = 1) (o, 8m)| + 2| Ir(r, 8m)| + 1,
thus 7 (o, 8m) is not empty. We can take y € Evg,, satisfying

’o{ O Ty (o, 8m) N y’ £ ‘oc N By(ar, 8m) N y‘ (mod2).

So |a N y|is odd and &, y are not antipodal. This is a contradiction. Therefore £ vgm
is a maximal antipodal set of ([8"’;1'1])
We second show that Evg, is a maximal antlpodal set of ([8’"*2]) We take o €

([8'2;22]) whichis antlpodal with all elements of E v4m IflaN{8m +1,8m+2}| <1,
then we get @ € Evy, by the result obtained above. So it is sufficient to consider the
case where {8m + 1, 8m + 2} C . We get

4dm = |o| = |1 («, 8m)| + 2| (e, 8m)| + 2,
thus |71 («, 8m)| is even. If | I («, 8m)| = 0, then

o€ A(dm —2,8m) x {{8m + 1, 8m + 2}}.
For any y € Evg,, we have |« Ny| =2m — 1, hence « and y are not antipodal,
which is a contradiction. So |/;(«, 8m)| is a positive even number. We can take

y € Evg,, satisfying

a NI, 8m)N y‘ *= ‘a N L(c, 8m) N y| (mod2).
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So | N y|isoddand «, y are not antipodal. This is a contradiction. Therefore E v;m
is a maximal antipodal set of (**7*%)

We third show that Evg,, is a maximal antipodal set of (7). We take o €
([82’;3]) which is antipodal with all elements of Eva. IflaN{8m+1,8m+2,8m +
3}] <2, then we get o € Evg{m by the result obtained above. So it is sufficient to

consider the case where {8m + 1, 8m + 2, 8m 4+ 3} C o. We get
dm = |a| = [I1(a, 8m)| + 2| I2(a, 8m)| + 3,
thus |/; (o, 8m)| is not empty. We can take y € Evg, satisfying

an fl (, 8m) N y‘ E= ‘a N iz(a, 8m)Ny| (mod2).

So |a N y|is odd and &, y are not antipodal. This is a contradiction. Therefore E v;m

is a maximal antipodal set of (/1)
We summarize the results obtained above into the following theorem, which is a
refinement of Theorem 1.

Theorem 2 The followings hold.

(0) Form > 1, Evg,, is not a maximal antipodal set of ([izz]).

Evg'm = Evg,, U A(4m, 8m)

is a maximal antipodal set of ([S'Z;i]) fori=0,1,2,3.

(1) Form > 1, Evg,,, is a maximal antipodal set of (IEZ:]) fori =2,3,4.

Evi, oy = Evgnia U A(dm —2,8m +2) x {{8m + 3, 8m + 4, 8m + 5}}.

is a maximal antipodal set of ([iZﬁ])
(2) Form > 0, Evg,, 4 is a maximal antipodal set of ([Z’n’i;]) fori =4,5.

Evi, .y = Evgnsa U A(dm, 8m +4) x {{8m +5,8m + 6}}.

[8m +6])
dm+2 )

(3) Form > 0, Evg,+¢ is a maximal antipodal set of(

is a maximal antipodal set of (

[8m+6])
4m+3 /)"

Evii = Evinis U Alm +2,8m +6) x {{8m + 7))

[8m+7]).

is a maximal antipodal set of ( 4mt3
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The following table shows maximal antipodal sets of ()).

X " 8m [8m + 1|8m + 2|8m + 3|8m + 4|8m + 5(8m + 6|8m + 7
dm |E v;m E v;m E v;m E v;m
dm +1 EVgni2| Evemia | EVgnio|Eve,, s
dm + 2 Evgyia| Evgmia Evg'm+4
4m +3 Ev8m+6 Ev;;LmJ,_G

4 Estimates of Antipodal Sets

We consider estimates of the cardinalities of antipodal sets of ([Z]). For this purpose
we define

a(k, n) = max [|A| ’A is antipodal in ([Z]) ] .

If n is sufficiently large with respect to k, there exists estimates of a (k, n) from above
where maximal antipodal sets which attain a(k, n) are determined by the results of
[2, 5]. We have a(k, n) = a(n — k, n), thus it is enough to consider the case where
2k < n. We treat the cases where n are small with respect to k.

Corollary 1 The followings hold.
(0) Form > 1landi =0,1,2,3

4
p4m—1 4 (22) <a(dm,8m +1i).

(1) Form > landi =2,3,4
24 < a(dm +1,8m + 1),

4m + 1
24 4 (2m+1) <a(m+1,8m +5).
.

(2) Form >0andi =4,5
24 < a(4m + 2, 8m + i),

4m +2
Qi+l +( ";+ ) < a(4m +2.8m + 6).
m

(3) Form >0

4dm + 3

242 < q(4m +3,8m +6), 24?2 4
2m + 1

) <a(@m+3,8m + 7).
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Derivatives on Real Hypersurfaces
of Non-flat Complex Space Forms

Juan de Dios Pérez

Abstract Let M be a real hypersurface of a nonflat complex space form, that is,
either a complex projective space or a complex hyperbolic space. On M we have the
Levi-Civita connection and for any nonnull real number & the corresponding gen-
eralized Tanaka-Webster connection. Therefore on M we consider their associated
covariant derivatives, the Lie derivative and, for any nonnull %, the so called Lie
derivative associated to the generalized Tanaka-Webster connection and introduce
some classifications of real hypersurfaces in terms of the concidence of some pairs of
such derivations when they are applied to the shape operator of the real hypersurface,
the structure Jacobi operator, the Ricci operator or the Riemannian curvature tensor
of the real hypersurface.

Keywords Real hypersurfaces - Complex space form - g-Tanaka-Webster connec-
tion + Covariant derivatives * Lie derivatives
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1 Introduction

A complex space form is an m-dimensional Kaehler manifold of constant holomor-
phic sectional curvature ¢ and will be denoted by M,,(c). A complete and simply
connected complex space form is complex analytically isometric to

1. A complex projective space CP™, if ¢ > 0.
2. A complex Euclidean space C", if ¢ = 0.
3. A complex hyperbolic space CH™, if ¢ < 0.
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We will deal with non-flat complex space forms and if (J, g) is the Kaehlerian
structure of such a manifold, the metric g is going to be considered with its holo-
morphic sectional curvature equal to either 4 or —4. That is, c = +4.

Let M be a real hypersurface of M,,(c). Let N be a locally defined unit normal
vector field on M. Writing £ = —J N, this is a tangent vector field to M called
the structure vector field on M (it is also known as Reeb vector field or Hopf vector
field). Let A be the shape operator of M associated to N, V the Levi-Civita connection
on M and D the maximal holomorphic distribution on M. That is, for any p € M
D, = {X € T,M/g(X,§) = 0}.

For any vector field X tangent to M we write JX = ¢ X + n(X)N, where ¢ X is
the tangent component of J X. Clearly n(X) = g(X, &) and (¢, &, n, g) is an almost
contact metric structure on M. That is, we have

o $’X = —X +n(X)E

e () =1

° g(@X,¢Y) =g(X,Y) —n(X)n(¥)
e 9§ =0

o Vxé =¢pAX

o (Vx@)Y =n(¥)AX — g(AX, Y)§

for any X, Y tangent to M.
Since the ambient space is of constant holomorphic sectional curvature +4, the
Gauss and Codazzi equations are respectively given by

R(X,Y)Z =e{g(Y, 2)X—g(X, Z2)Y + g(@Y, Z)pX — g(¢pX, Z)pY — 2g(¢p X, Y)pZ}
+ g(AY, Z)AX — g(AX, Z)AY (1)

and
(VxA)YY — (VY A)X = e(n(X)¢Y —n(V)pX —2g(d X, Y)§} (2)

for any X, Y, Z tangent to M, where ¢ = %1, depending on the ambient space is
either complex projective space or complex hyperbolic space.
A real hypersurface in M,,(c) is Hopf if its structure vector field is principal.
The classification of homogeneous real hypersurfaces in CP™, m > 2 was
obtained by Takagi [29, 30] and consists in six distinct types of real hypersur-
faces. Kimura, [11], proved that Takagi’s real hypersurfaces are the unique Hopf
real hypersurfaces with constant principal curvatures. Takagi’s list is as follows:

s

(A1) Geodesic hyperspheres of radius 7,0 < r < 7. They have 2 distinct constant
principal curvatures 2cot (2r) with eigenspace R[£] and cot (r) with eigenspace D.
(Az) Tubes of radius r, 0 < r < 7, over totally geodesic complex projective
spaces CP", 0 <n < m — 1. They have 3 distinct constant principal curvatures
2cot (2r) with eigenspace R[£], cot (r) and —tan(r). The corresponding eigenspaces

of cot (r) and —tan(r) are complementary and ¢-invariant distributions in ID.
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(B) Tubes of radius r, 0 < r < Z, over the complex quadric. They have 3
distinct constant principal curvatures 2cof (2r) with eigenspace R[&], cot (r — %)
and —tan(r — 7) whose corresponding eigenspaces are complementary and equal
dimensional distributions in D such that ¢Tm,(,,%) = T,,a,,(,,%).

(C) Tubes of radius r, 0 < r < %, over the Segre embedding of CP! x CP",
where 2n + 1 = m and m > 5. They have 5 distinct principal curvatures, 2cot (2r)
with eigenspace R[&], cot (r — %) with multiplicity 2, cot (r — ) = —tan(r), with
multiplicity m-3, cot(r — 3T”), with multiplicity 2 and cot(r — ) = cot (r) with
multiplicity m-3. Moreover ¢Tep(—z) = Toor(r—2z and T_,4,() and T,y are
¢-invariant.

(D) Tubes of radius r, 0 < r < %, over the Plucker embedding of the complex
Grassmannian manifold G (2, 5) in CP°. They have the same principal curvatures
as type C real hypersurfaces, 2cot (2r) with eigenspace R[£], and the other four
principal curvatures have the same multiplicity 4 and their eigenspaces have the
same behaviour with respect to ¢ as in type C.

(E) Tubes of radius r,0 < r < %, over the canonical embedding of the Hermitian
symmetric space SO (10)/U (5) in CP'3. They have the same principal curvatures as
type C real hypersurfaces, 2cot (2r) with eigenspace R[], cot (r — %) and cot (r —
3T”) have multiplicities equal to 6 and —tan(r) and cot (r) have multiplicities equal
to 8. Their corresponding eigenspaces have the same behaviour with respect to ¢ as
in type C real hypersurfaces.

In the case of CH™, m > 2, Berndt, [1], classified Hopf real hypersurfaces with
constant principal curvatures into three types:

(A,) Tubes of radius r > 0 over CH*, 0 <k <m — 1 with 3 (respectively, 2)
distinct constant principal curvatures if 0 < k < m — 1 (respectively k =0 or k =
m — 1), 2coth(2r) with eigenspace R[£], tanh(r) and coth(r) whose eigenspaces
are complementary and ¢-invariant distributions in D.

(A;) Horospheres in CH™ with 2 distinct constant principal curvatures, 2 with
eigenspace R[£] and 1 with eigenspace D.

(B) Tubes of radius r > 0 over RH", with 3 (respectively 2) distinct constant
principal curvatures if r # [n(2 + V3), (respectively, r = In(2 + V3)), 2coth(2r)
with eigenspace R[], tanh(r) and coth(r), both with multiplicities equal to m-1
and such that ¢Ttanh(r) = Tw,h(r).

Ruled real hypersurfaces can be described as follows: Take a regular curve y in
M,,(c) with tangent vector field X. At each point of y there is a unique M,,_;(c)
cutting y so as to be orthogonal not only to X but also to J X. The union of these
hyperplanes is called a ruled real hypersurface. It will be an embedded hypersurface
locally, although globally it will in general have self-intersections and singularities.
Equivalently, a ruled real hypersurface satisfies that g(AD, D) = 0. For examples
see [12] or [15].

In 2007 Berndt and Tamaru, [3], gave a complete classification of homogeneous
real hypersurfaces in CH™, m > 2, obtaining 6 types of real hypersurfaces including
types (A1), (Az) and (B). The principal curvatures and eigenspaces of the other 3
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types were described by Berndt and Diaz-Ramos, see [2]. Among them, what the
authors call type S real hypersurfaces are either the ruled minimal real hypersurfaces
W2m=!introduced in 1988 by Lohnherr, [14], for 7 = 0 or an equidistant hypersurface
to W2"—1 at a distance r > 0.

Real hypersurfaces satisfying A¢p = ¢ A were classified by Okumura in 1975,
[20], for the case of the complex projective space and by Montiel and Romero in
1986, [18], for the case of the complex hyperbolic space:

Theorem 1 Let M be a real hypersurface of M,,,(c), m > 2. Then A¢p = ¢ A if and
only if M is locally congruent to a homogeneous hypersurface of either the types
(Ay) or (Ay) in CP™ or either the types (A1), (Ay) or (B) in CH™.

The Tanaka-Webster connection, [31, 33], is the canonical affine connection
defined on a non-degenerate, pseudo-Hermitian CR-manifold. As a generalization
of this connection Tanno, [32], defined the generalized Tanaka-Webster connection
for contact metric manifolds by

VxY = VxY 4 (V) (Y)E — n(Y)VxE — n(X)pY 3)

for any tangent X, Y. Let k be a nonzero number. Using the naturally extended affine
connection of Tanno’s generalized TanaAka-Webster connection, Cho, [7, 8], defined
the k-th g-Tanaka-Webster connection V® for a real hypersurface in M,, (c) by

VY'Y = VyY + g(pAX. Y)E — n(Y)pAX — kn(X)pY “)

for any X, Y tangent to M. Then V& =0, VWg =0, VR g =0, VO¢ = 0. In
particular, if the shape operator of a real hypersurface satisfies pA + A¢ = 2k¢, the
k-th g-Tanaka-Webster connection coincides with the Tanaka-Webster connection.

2 Covariant Derivatives

Let M be a real hypersurface in a non-flat complex space form M, (c). On M we
have the Levi-Civita connection and for any nonzero k the k-th g-Tanaka-Webster
connection. Consider both covariant derivatives.

We have the tensor field of type (1, 2) on M given by the difference of both con-
nections F® (X, Y) = g(pAX, Y)E — n(Y)pAX — kn(X)¢Y,forany X, Y tangent
to M. We will call this tensor the k-th Cho tensor on M. Associated to it, for any
X tangent to M and any non null £ we can consider the tensor field of type (1, 1)
F )((k)Y = F®(X,Y) for any Y tangent to M. This operator will be called the k-th
Cho operator corresponding to X. The torsion of the connection V® s given by
TOX,v)=FPy - FPX, forany X, Y tangent to M.

Notice thatif X € D, F ,((k) does not depend on k. In this case we will write simply
Fx for F }((H .
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Consider any tensor T of type (1, 1) on M. We can study when the covariant
derivatives associated to Levi-Civita and g-Tanaka-Webster connections coincide
on T, that is, VT = V®T. This is equivalent to the fact that for any X tangent to
M, TF )((k) =F )((k)T, and its geometrical meaning is that every eigenspace of T is
preserved by the k-th Cho operator F )((k).

On the other hand, as T M = Span{&} & D, we can weak the above condition to
the cases X =& or X € .

For the case T = A, in [27, 28], we obtained the following results:

Theorem 2 Let M be a real hypersurface in CP™, m > 3. Then FxA = AFx for
any X € D, if and only if M is locally congruent to a ruled real hypersurface.

and

Theorem 3 Let M be a real hypersurface in CP™, m > 3. Then F;k)A = AFE(k)
for a nonnull constant k if and only if M is locally congruent to a type (A) real
hypersurface.

And as consequence of both theorems we get

Corollary 1 There do not exist real hypersurfaces M in CP™, m > 3, such that
F ,((k)A =AF ,((k) , for any X tangent to M and a nonnull constant k.

The structure Jacobi operator R of M is an important tool to study the geometry
of M. It is defined by R:X = R(X, £)&, for any X tangent to M. Therefore its
expression is given by

Re X = e{X —n(X)é} + aAX —n(AX)AE (1)
If in our study we take T = Rg, in [21, 22] we have proved the following results

Theorem 4 Let M be a real hypersurface in M,,(c), m > 2. Then FxRs = R: Fx
for any X € D if and only if M is locally congruent to a ruled real hypersurface.

and

Theorem S Let M be a real hypersurface in M,,(c), m > 2. Then F;k) R: = R: ng)
for a nonnull k if and only if M is locally congruent either to a real hypersurface of
type (A) or to a real hypersurface with A& = 0.

As above we get

Corollary 2 There do not exist real hypersurfaces M in M,,(c), m > 2, such that
F )((k) R: = R F )((k) for some nonnull constant k and any X tangent to M.
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The Ricci tensor of a real hypersurface M in M,,(c) is given by
SX =e{2m+ DX —3n(X)E} + hAX — A’X (2)

for any X tangent to M, where h = trace(A).

It is well known that M,,(c) does not admit real hypersurfaces with parallel Ricci
tensor (VS = 0). Therefore it is natural to investigate real hypersurfaces satisfying
weaker conditions than the parallelism of S. Most important results on the study of
the Ricci tensor of real hypersurfaces in non-flat complex space forms are included
in Sect. 6 of [6].

We are going to suppose that FyS = SFx for any X € . This is equivalent to
have

g(PAX, SY)E —n(SY)PAX = g(pAX, Y)SE —n(Y)SPAX 3)

for any X € D, Y tangent to M. In [9] we prove the

Theorem 6 There do not exist Hopf real hypersurfaces in M,,(c), m > 2, whose
Ricci tensor satisfies FxS = SFx forany X € D.

Therefore we can locally write A = & + BU for aunit U € D, where « and
are functions defined on M and 8 # 0. We also will call Dy = Span{¢, U, pU}*.
This is a holomorphic distribution in D.

Taking the scalar product of (3) for Y € Dwith Y yields n(SY)g(¢AX, Y) = Ofor
any X,Y e D. If g(¢pAX,Y) =O0forany X, Y € D, M is aruled real hypersurface.
Therefore

Theorem 7 Let M be a non Hopf real hypersurface in M,,(c), m > 2, such that
FxS = SFx for any X € D. Then either M is ruled of n(SY) = 0 for any Y € D.

Consider that n(SY) = 0 for any Y € . It is easy to see that AU = B¢ + (h —
a)U and ApU = 0. Therefore we have two possibilities

1. h=«.
2. h —a # 0. In this case we obtain 82 = a(h — ) — 3¢. In the case of CP™ this
yields o #= O and h = ﬂzt;ﬂ is also nonnull.

In the first case we obtain

Theorem 8 Let M be a real hypersurface in M,,(c), m > 2, such that h = «. Then
FxS = SFx for any X € D if and only if M is locally congruent to a ruled real
hypersurface.

So let us consider the second case for a real hypersurface M in CP™, m > 3. We
have seen that Dy is A-invariant. From (3) taking Y € Dy such that AY =AY, we
get either L = 0 orif A # 0, either A = h or A¢pY = 0.
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Not any eigenvalue in Dy can be zero, because in that case the type number is 2
and M should be ruled, giving a contradiction. Moreover there must be distinct than
O and h and then A¢Y = 0 for an eigenvector Y corresponding to such an eigenvalue.

By the Codazzi equation we see that ¢ Ty L T, where Tj denotes the eigenspace
corresponding to the eigenvalue 0 and ¢ 7;, L T}, for the eigenspace corresponding to
the eigenvalue & (that maybe does not appear). Thus we can write Dy = Ty & T), ®
Dy . Where ¢ Ty = T), & Dy .

If either & or % is an eigenvalue in Dy we can prove

grad(B) = (B’ + 59U
aB(B” +7)

st @)

grad(a) =

and this provides a contradiction. Thus we have

Theorem 9 Let M be a non Hopf real hypersurface in CP™, m > 3, such that
o = g(AE, &) # h. Then FxS = SFx for any X € D if and only if M is locally
congruent to a real hypersurface such that A& = o& + BU, foraunitU € D, o and
B are nonvanishing functions, AU = B§ + #U, ApU =0and Dy = Ty ® Dy.
All eigenvalues in Dy are nonnull and different from h and ’320(—+3 Moreover the sum
of all nonnull eigenvalues in Dy is 0.

Remark: The real hypersurface appearing in last theorem satisfies that Ker(A) =
Span{pU} & Ty is an integrable distribution whose integral leaves are totally geo-
desic and totally real in M. Therefore they are RP™"~!.

Now consider the Riemannian curvature tensor R of a real hypersurface M in
CP™, m > 3, and suppose that Vxy R = @)((k)R for any X € D. If M is non Hopf and
we follow the above notation, we obtain that A¢pU =0, AX = 0 for any X € Dy
and ag(AU, U)* = (B%> +3)g(AU, U).If g(AU, U) = 0, M is ruled. If not, AU =
BE + %U . Then by Codazzi equation applied to X and ¢ X, X € Dy, we get

2
€(9X. X1.U) = )
and
243
B 2 4(19x. X1, U) = 0. ©)

Both equations give a contradiction.

If M is Hopf we obtain o = 0. If X € D satisfies AX = AX we get —A’A¢pX =
3rpX. If A =0, as ApX = u¢X we arrive to a contradiction, because  does not
exist. Therefore A # 0 and —31 = A. This is impossible and we have, [24],
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Theorem 10 Let M be a real hypersurface in CP™, m > 3. Then VxR = @g)R
for any X € D and some nonzero constant k if and only if M is locally congruent to
a ruled real hypersurface.

If now ViR = @ék)R and M is non Hopf, we get ApU = y¢U for a certain
function y and kag(AX, U) = Oforany X € Dy. Thuseitheroo = Oor g(AU, X) =
0 forany X € Dy.

If « = 0 we can prove that A = BU, AU = BE, ApU = koU, where k> = 8 +
3. Moreover, as Dy is A-invariant, if ¥ € Dy satisfies AY = 1Y, AgY = ¥=1gy.
But we can also obtain k*A¢Y = k> A¢Y. Both expressions give a contradiction.
Thus o # 0.

After some work we get grad(B) = 2+ a# +28%)¢U. From this we have
(B5£3)2 1 B2 4 1 = 0, which is impossible.

Therefore M must be Hopf and we obtain «(A¢ — ¢ A)X = 0O for any X tangent
to M. If Ap = ¢ A, M must be of type (A). If « = 0 we find that M has, at most,
three distinct constant principal curvatures. Then (see [19]) M is locally congruent to
areal hypersurface either of type (A) or of type (B). As type (B) real hypersurfaces
do not have o = 0, we obtain (see [24])

Theorem 11 Let M be a real hypersurface in CP", m > 3. Then V¢R = @S(k)R
for some nonnull constant k if and only if M is locally congruent to a type (A) real
hypersurface.

Asa consequence

Corollary 3 There do not exist real hypersurfaces in CP™, m = 3, such that VR =
V® R for some nonnull constant k.

3 Lie Derivatives

Let .2 denote the Lie derivative of a real hypersurface M in CP™. Then ZxY =
VxY — VyX for any X, Y tangent to M. Moreover, for any tensor T of type (1, 1)
on M (ZxT)Y = ZxTY — TZxY.

Associated to the k-th g-Tanaka-Webster connection V® on M we can consider
the so-called Lie derivative associated to such a connection (introduced by Jeong,
Pak and Suh in [10] for real hypersurfaces of complex two-plane Grassmannians)
defined by j)gk)Y = @;k)Y - @f/k)X for any X, Y tangent to M.

Suppose that £z A = .,ZZ;k)A. If M is non Hopf, this yields AU = & + kU,
ApU = O%kqﬁU and Dy is A-invariant. But we also obtain ’%AU = ﬁ(’%)f;‘ +
(K2« — B)U. Ifa = k this yields f2U = 0, which is impossible. Therefore AU =

BE + ﬁ(kziaz — B?)U. Both expressions for AU give (k — a)> = —4p2, which

is impossible and M must be Hopf.
If M is Hopf it is easy to see that M must be of type (A). Therefore we have [23].
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Theorem 12 Let M be a real hypersurface in CP™, m > 2. Then £ A = .,ZA%(k)A
for some nonnull k if and only if M is locally congruent to a real hypersurface of

npe (A).

If now we suppose that Zx A = .,22)5]‘) A for any X € D we can prove that M must
be Hopf. In this case, if X is a principal curvature in D we obtain

2+ (k—a)h —ka =0. (1)

Thus either A = o or A = —k and M has, at most, two distinct constant principal
curvatures. Therefore M must be locally congruent to a geodesic hypersphere, [5].
As M cannot be totally umbilical, there exists ¥ € D such that AY = —kY. But then
A@Y = Y. Therefore « # —k and this contradicts the fact that M is a geodesic
hypersphere. Then

Theorem 13 There do not exist real hypersurfaces in CP™, m >3, such that
LA = .,Sf)gk)Afor some nonnull k and any X € .

As above

Corollary 4 There do not exist real hypersurfaces in CP™, m > 3, suchthat £ A =
Z® A for some nonnull k.

Now consider the structure Jacobi operator Rz on M. In [26] we proved the
following

Theorem 14 Let M be a real hypersurface in CP™, m > 3, such that £ R = 0.
Then either M is locally congruent to a tube of radius 7 over a complex submanifold
in CP™ or to a real hypersurface of type (A) with radius r # 7.

Suppose now that % Ry = 2"’ R¢. Then (pA — Adp) R = Re(pA — Agp). This
yields (see [26]).

Theorem 15 Let M be a real hypersurface in CP", m > 3. Then £ Ry = .,Z?;k)Rg
for some nonnull k if and only if M is locally congruent to either a real hypersuface
of type (A) and radius r # 7 or to a tube of radius 7 around a complex submanifold
in CpP™.

If now we suppose .Lx R: = .,2%((") R for any X € D and M is non Hopf we get
ag(A%QU,U) = 0.

Ifa=0, A& = BU, AU = BE + kU, ApU = —k¢U. We also prove that the
unique eigenvalue in Dy is k. Now the Codazzi equation yields k£ = 0, a contradiction.

Therefore o # 0, AU = BE + wU, ApU = §¢U, for some functions w and §.
Then we obtaina® = 1,0 = £=1 = k,§ = k. Thatis, A& = a& + BU, AU = B& +

o

kU, ApU = kU,AZ = —lZ,forany Z € Dy. This case yields 4k* —ak +3=0.

o
There does not exist any k satisfying this equation. Therefore M must be Hopf.
Let X be a unit vector field in D such that AX = AX. From [20], A¢pX = u¢X,

= ;‘i‘”. Then we have three possibilities
—a
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e L+ =0,x=k. Then k? = —1, which is impossible.
e A+u=0,u= —é. Then o?> = —1, also impossible.
e J = =—1 Then2 =0, also impossible.

Therefore we obtain

Theorem 16 There do not exist real hypersurfaces in CP™, m > 3, such that
ZxR: = Z)gk)Rg for any X € D and some nonnull k.

We also have the following corollaries

Corollary 5 There do not exist real hypersurfaces in CP™, m > 3, suchthat £ Ry =
L O R; for some nonnull k.

and

Corollary 6 Let M be a real hypersurface in CP™, m > 3, and k a nonnull constant.
Then ,,Z%(k) R: = 0 if and only if M is locally congruent to either a tube of radius 7
around a complex submanifold in CP™ or to a real hypersurface of type (A) and
radius r # 7.
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Maximal Antipodal Subgroups
of the Automorphism Groups
of Compact Lie Algebras

Makiko Sumi Tanaka and Hiroyuki Tasaki

Abstract We classify maximal antipodal subgroups of the group Aut(g) of
automorphisms of a compact classical Lie algebra g. A maximal antipodal subgroup
of Aut(g) gives us as many mutually commutative involutions of g as possible. For
the classification we use our former results of the classification of maximal antipodal
subgroups of quotient groups of compact classical Lie groups. We also use canonical
forms of elements in a compact Lie group which is not connected.

1 Introduction

The group Aut(g) of automorphisms of a compact semisimple Lie algebra g is a
compact semisimple Lie group which is not necessarily connected. The identity
component of Aut(g) is the group Int(g) of inner automorphisms. A subgroup of a
compact Lie group is an antipodal subgroup if it consists of mutually commutative
involutive elements. In this article we give a classification of maximal antipodal
subgroups of Aut(g) when g is a compact classical semisimple Lie algebra su(n)
(n>2),0(n) (n >5)orsp(n) (n > 1) (Theorem 4). A maximal antipodal subgroup
Aut(g) gives us as many mutually commutative involutions of g as possible.

Let G be a connected Lie group whose Lie algebra is g. Then G is a compact
connected semisimple Lie group whose center Z is discrete. The quotient G/Z is
isomorphic to Int(g) via the adjoint representation. Therefore our results [5] of the
classification of maximal antipodal subgroups of G/Z gives the classification of
maximal antipodal subgroups of Int(g). In order to consider the case where Aut(g) is
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not connected, we give a canonical form of an element of a disconnected Lie group
(Proposition 3).

After we submitted the manuscript, we found Yu studied elementary abelian
2-subgroups of the automorphism group of compact classical simple Lie algebras in
[6]. Elementary abelian 2-subgroups are nothing but antipodal subgroups.

2 Maximal Antipodal Subgroups of Quotient Lie Groups

In this section we refer to our former results in [5].

Although the notion of an antipodal set is originally defined as a subset of a
Riemannian symmetric space M in [1], we give an alternative definition when M is
a compact Lie group with a bi-invariant Riemannian metric.

Definition 1 Let G be a compact Lie group and we denote by e the identity element
of G. A subset A of G satisfying e € A is called an antipodal set if A satisfies the
following two conditions.

(i) Every element x € A satisfies x> = e.
(i) Any elements x, y € A satisfy xy = yx.

Proposition 1 ([5]) If a subset A of G satisfying e € A is a maximal antipodal set,
then A is an abelian subgroup of G which is isomorphic to a product Zy X - -+ X 7y
of some copies of Z,. Here Z, denotes the cyclic group of order 2.

Let
+1

A, = c o).
+1

For a subset X C O (n) we define X* := {x € X | det(x) = £1}.

Proposition 2 (cf. [1]) A maximal antipodal subgroup of U (n), O(n), Sp(n) is
conjugate to A,. A maximal antipodal subgroup of SU (n), SO (n) is conjugate to

At
C[[£1 07 0 %1
D4l '_[[0 il]’[il OHCO(Z)’

which is a dihedral group. Let

Let

Q[8] := {1, +i, £j, £k},

which is the quaternion group, where 1, i, j, k are elements of the standard basis of
the quaternions H. We decompose a natural number 7 as n = 2¥ - [ into the product
of the k-th power 2k of 2 and an odd number /. For s with 0 < s < k we define
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D(s,n):=D[4]®--- Q@ D[4] ® A, >
={di® - ®d;,®dy | di,...,d; € D[4],dy € An/zv} C O(n).

We always use k and / in the above meaning when we write n = 2% - /.

The center of U (n) is {z1, | z € U (1)} and we identify it with U (1). Let Z,, be the
cyclic group of degree  which lies in the center of U (n). Letw, : U(n) — U(n)/Z,
be the natural projection.

Theorem 1 ([5]) Letn = 2F - 1. Let 0 be a primitive 2u-th root of 1. Then a maximal
antipodal subgroup of U (n)/Z,, is conjugate to one of the following.

(1) In the case where n or i is odd, 7, ({1,0}D(0,n)) = m,({1, 60} A,).
(2) In the case where both n and  are even, w,({1,0}D(s,n)) (0 < s < k), where
the case (s, n) = (k — 1, 2%) is excluded.

Remark 1 Since we have an inclusion A, C D[4] which implies D(k — 1,2%) C
D(k, 2%), the case (s, n) = (k — 1, 2%) is excluded.

Theorem 2 ([5]) Let n and p be natural numbers where p divides n. Let n = 2% - 1.
Let Z,, be the cyclic group of degree |1 which lies in the center of SU (n). Let 6 be
a primitive 2i-th root of 1. Then a maximal antipodal subgroup of SU (n)/7Z,, is
conjugate to one of the following.

(1) In the case where n or w is odd, w,(A}).
(2) In the case where both n and | are even,

(@) when k=1, m,(ATUOA) or m,(DY[4]UOD [4]) @ A;), where
JTZ(AZr UOAY) is excluded when n = p = 2.
(b) When k > 2, under the expression =2 -1'" where 1 <k' <k and I'
divides [,
(bl) ifk =k, 7, (AF UOA;) or m,(D(s,n)) (1 <s <k), where the case
(s,n) = (k — 1,25 is excluded.
b2) If1 <k <k, m,({1, Q}A,T) orm,({1,0}D(s,n)) (1 <s < k), where
the case (s, n) = (k — 1, 2%) is excluded and, moreover, w4 ({1, Q}AI)
is excluded when n = 4.

Remark 2 Since AI =A,® A, C D[4]® D[4] = D(2,4), mi({1, G}AI) is
excluded.

Theorem 3 ([5]) Let m, be one of the natural projections O(n) — O(n)/{£l,},
SO(n) — SOn)/{£1,}, Sp(n) — Sp(n)/{%£1,}. Letn =2 - 1.
(D A maximal antipodal subgroup of O(n)/{£l,} is conjugate to one of m,
(D(s, n)) (0 <s < k), where the case (s,n) = (k — 1, 2%) is excluded.
(Il) When n is even, a maximal antipodal subgroup of SO (n)/{£1,} is conjugate
to one of the following.

(1) In the case where k =1, ,(A}) or m,(DY[4] ® A;), where m2(AY) is
excluded when n = 2.
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(2) Inthecase wherek > 2,1, (A:[) orm,(D(s,n)) (1 <s < k), wherethe case
(s,n) = (k — 1,25 is excluded and moreover 714(AI) is excluded when
n=4.

(IT) A maximal antipodal subgroup of Sp(n)/{%1,} is conjugate to one of 7, (Q[8] -
D(s,n)) (0 < s < k), where the case (s,n) = (k — 1, 2%) is excluded.

3 Canonical Forms of Elements of a Disconnected
Lie Group

Let G be a compact connected Lie group and let 7 be a maximal torus of G. Then
we have
G=|Jers™
geG

which means that a canonical form of an element of G with respect to conjugation
is an element of 7. We give a formulation of canonical forms of elements of G in
the case where G is not connected. Let G be the identity component of a compact
Lie group G. Then G/ Gy is a finite group and we have

G= |J Gor

[1€G/Go

where [7] denotes the coset represented by T € G.
Ikawa showed a canonical form of a certain action on a compact connected Lie
group in [3, 4]. Using this canonical form we can obtain the following proposition.

Proposition 3 For t € G we define an automorphism I, of Gy by I,(g) = tgt ™!

(g € Go). Let T; be a maximal torus of F(I;, Gy) :={g € Go | I,(g) = g}. Then
we have

Gor = |J e(Timg™".
8€Go

Therefore a canonical form of an element of a connected component Gyt of G
with respect to conjugation under Gy is an element of 7 7.

4 Maximal Antipodal Subgroups of the Automorphism
Groups of Compact Lie Algebras

Let g be acompact semisimple Lie algebra. Then the group Aut(g) of automorphisms
of g is a compact semisimple Lie group which is not necessarily connected. By the
definition of antipodal sets, the set of maximal antipodal subgroups of Aut(g) is
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equal to the set of maximal subsets of Aut(g) satisfying (i) each element has order 2
except for the identity element and (ii) all elements are commutative to each other.

Let G be a connected Lie group whose Lie algebra is g. Then G is a compact
connected semisimple Lie group whose center Z is discrete. The quotient group
G/Z is isomorphic to Int(g) via the adjoint representation Ad : G — Aut(g). Hence
the classification of maximal antipodal subgroups of G/Z gives the classification of
maximal antipodal subgroups of Int(g).

Theorem 4 Let n = 25 - | be a natural number.

(D) Let t denote a map t : su(n) — su(n); X — X. A maximal antipodal sub-
group of Aut(su(n)) is conjugate to {e, T}Ad(D(s, n)) (0 < s < k), where the
case (s,n) = (k — 1,2%) is excluded. Here e denotes the identity element of
Aut(g).

(I) A maximal antipodal subgroup of Aut(o(n)) is conjugate to Ad(D (s, n)) (0 <
s < k), where the case (s,n) = (k — 1, 2%) is excluded.

(II) A maximal antipodal subgroup of Aut(sp(n)) is conjugate to Ad(QI[8] -
D(s,n)) (0 < s < k), where the case (s, n) = (k — 1, 2%) is excluded.

Before we prove Theorem 4, we need some preparations. Let 7’ : C" — C" be the
complex conjugation t’(v) = v forv € C". Since t’ € GL(2n, R), {1,, T'}U(n) isa
subset of GL(2n, R). We have g’ = t/g for g € U (n). This implies Ad(t’) = 7, so
we identify v’ with . We can see that {1,,, t}U (n) is a subgroup of GL(2n, R) and
the center is {£1,}. Let Z,, :={z1, | z € U(1), z* = 1} C U(n). We can see that
7, is a normal subgroup of {1,, T}U (n). Therefore {1,, T}U (n)/Z,, is a Lie group.
We have {1,, t}U(n)/Z,, = U(n)/Z, U tU (n)/Z,, which is a disjoint union of the
connected components.

Theorem S Letm, : {1,, t}U(n) — {1,, t}U(n)/Z, be the natural projection. Let
0 be a primitive 2ji-th root of 1. Let n = 2¥ - 1. Then a maximal antipodal subgroup
of {1,, TYU (n)/Z,, is conjugate to one of the following by an element of 7, (U (n)).

(1) In the case where w is odd, m,({1,, t}{1,0}4,) = 7, ({1,, T} 4A,).
(2) In the case where | is even, m,({1,, TH1,0}D(s,n)) (0 <s < k), where the
case (s,n) = (k — 1, 2%) is excluded.

Remark 3 Since {1, t}{1,0}A, C {1,, t}U(n) C GL(2n,R), we can consider
({lnv T}{179}An)

Lemma 1 Let A be a maximal antipodal subgroup of {1,, TYUn)/Z,. Then we
have ANtUn)/Z, # 9.

Proof Weassume A C U (n)/Z,.By taking conjugation by U (n)/Z,, we can assume
A =m,({1,0}D(s,n)) by Theorem 1. Since m,(7)7,(01,) = 7,01,)7,(r), AU
7, (T)A is an antipodal, which contradicts the maximality of A.

Lemma 2 Let A be a maximal antipodal subgroup of {1,, T}Un)/Z,,. Let 0 be a
primitive 2u-th root of 1. Then m,(01,) € A.
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Proof Since we showed that 7,,(61,) and m,(t) are commutative in the proof of
Lemma 1, 7,(61,) is commutative with every element of {1,, T}U (n)/Z,. Hence
m,(01,) € A.

Lemma 3 A maximal antipodal subgroup of {1,,, T}U (n) is conjugate to {1,,, T} A,
by an element of U (n).

Proof Let A be amaximal antipodal subgroup of {1,,, T}U (n). Then AN tU (n) # @

by Lemma 1 for u = 1. We set R(¢) = Z?rf:]f _<:(§1sn¢¢:| and r = | 5]. Then

R(¢1)

B p;eRUA=<j<r)
R(¢,)
(1)

is a maximal torus of O(n) = F(t, U(n)). Here (1) in the above definition of T
means 1 when n = 2r 4 1 and nothing when n = 2r. By Proposition 3 we have

U= |J gT)g™".

geU(n)

Therefore, by retaking A under the conjugation by U (n) if necessary, we may
assume that A N tU (n) has an element gy € tT. Since 1,, = (tgy)’> = gg, we have

8o € Ay. Applying «/—_11\/—_1_1 = —7 to a diagonal element —1 of gy, we have
T80 = &1T 1,,gl*1 for a suitable g; € U (n) which is a diagonal matrix whose diagonal
elements are 1, /—1.! Therefore if we retake A under the conjugation by U (n) if
necessary, we may assume 7 € A. Hence ANtU ) =t(ANU(n)).Sincet € A
and A is commutative, we have A N U (n) C O (n). We show that A N U (n) is amax-
imal antipodal subgroup of O (n). If there is an antipodal subgroup A which satisfies
ANU(n) C AC On),then {1,, 7}A is an antipodal subgroup of {1,, t}U (n) and
wehave A = (ANUM)UANTUM)) = {1,, T} (ANU®)) C {1,, T}A. By the
maximality of A we have A = {1,,, I}A, hence ANU (n) = A. Therefore A N U()
is a maximal antipodal subgroup of O(n). By Proposition 2, A N U (n) is conjugate
to A, by O(n). Hence A = {1,, t}(A N U(n)) is conjugate to {1,, t}A, by O(n).
Therefore any maximal antipodal subgroup of {1,,, T}U (n) is conjugate to {1,, 7} 4,
by an element of U (n).

We prove Theorem 5.

Proof Since we proved the case of u = 1 in Lemma 3, we assume p > 1. We note
that 6 # 0 in this case. Let A be a maximal antipodal subgroup of {1,, t}U(n)/Z,

'We have {rglgeUm), (rg)2 =1,} :Ugeu(n) gtlng_l. It is remarkable in contrast to {g €
Umn) | ¢ =1a} = Ugepm) 84ng™"
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and we set B = 7, ' (A). Then 6 € B by Lemma 2. Since A N\ tU (n)/Z, # ¥ by
Lemma 1, we have B N tU (n) # (. Therefore, by retaking A under the conjugation
by U(n)/Z,, if necessary, we may assume that B N tU (n) has anelement 7gy € t7,
where T is a maximal torus of O (n) defined in the proof of Lemma 3. By a similar
argument as in the proof of Lemma 3 we may assume go = 1,,. Thus t € B. We note
that B is not commutative because 76 = 0t # 0t. Since 7,(t) € A, we have

A= (ANmU @) UANT (U M0)) =1.({1,, TH(A N m,(Un))).

We consider A N, (U(n)). Since every element of A Nm,(U(n)) is commu-
tative with m,(t), AN, (Un)) C {m,(u) |u € U(n), m,(tu) = m,(ut)}. Since
ut = tu, the condition m,(tu) = m,(ut) is equivalent to m,(u) = m,(u), which
is equivalent to the condition that there exists an integer m such that 62"y = ii.
Hence we have 6"u = 6§ = 8™u, which means 6"u € O(n). When m is even,
we have 7,(0"u) = w,(u). Thus 7,(u) € 7,(O(n)). When m is odd, we have
7,(0™u) = m,(0u). Hence m,(u) = m,(01,) " '7,(0"u) = ,(01,)7,(0™u). Thus
7w, (u) € m,(01,)7,(0(n)). Therefore

AN, (U(n)) Cm,({1,60}0 ).

We consider the case where u is odd. We have 7,,(01,) = 7,,(6*1,) = 7, (—1,).
Hence r, ({1,0}0 (n)) = 7,(O(n)).Since —1,, ¢ Ker w,,, wehave O (n) N Kerw, =
{1,} and the restriction 7, |p(,) gives an isomorphism from O (n) onto 7, (O (n)).
Hence we have w,({1,0}0n)) = 7,(0(n)) = O (n). Therefore A N, (U(n)) is
conjugate to ,(4,) by an element of 1, (O (n)) by Proposition 2. Hence A is con-
jugate to m, (A,) U, (t)m,(A,) = m,({1,, T}4,) by an element of 7, (U (n)).

‘We consider the case where u is even. In this case 7, ({1, 0}0 (n)) = 7, (O (n)) U
7,(00 (n)) is a disjoint union. We show that A N 7, (O(n)) is a maximal antipo-
dal subgroup of m,(O(n)). Let A be an antipodal subgroup which satisfies A N
7,(0(n)) C A C 7,(O(n)). Since every element of A is commutative with 7, (7),
it turns out that 7, ({1,, T}{1, 8} A is an antipodal subgroup of m,({1,, t}U (n))).
We have A N 7,,(U(n)) = m,({1,,01,})(A N, (O(n))). Therefore

A =71, ({10, TH1n, 01, D(A N, (0 (1)) C 7y ({1, THL,, 01,1 A.

By the maximality of A we have A = 7,,({1,,, T}{1,, 61,})A. Moreover, we have A N
7,(0(n)) = A. Thus A N 7,(O(n)) is a maximal antipodal subgroup of 7, (O (n)).
Since u is even, we have —1, € Kerm,. Hence 7,(0O(n)) = O(n)/{x1,}. We
decomposen asn = 2k .. By Theorem 3, A N, (O (n)) is conjugate to 7, (D (s, n))
(0 <s <k) by an element of m,(O(n)). Here the case (s,n) = (k — 1,25y is
excluded. Therefore A is conjugate to w, ({1,, t}{1,,61,}D(s, n)) by 7, (O (n)).

We prove Theorem 4.

Proof We have Aut(g)= Int(g) when g = o(n) where n is odd and g = sp(n).
Hence we obtain (II) when n is odd and (IIT) by Theorem 3. In general we have
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Aut(o(n))= O(n)/{x1,}if n # 8. Hence we obtain (I) when 7 is even and n # 8
by Theorem 3. We consider Aut(o(8)). It is known that Aut(o(8))/Int(o(8)) = 3,
where S3 denotes the symmetric group of degree 3. S3 has three elements of order
2, denoted by 7y, 72, 73, and two elements of order 3. Using these we can see that
if A is an antipodal subgroup of Aut(o(8)), there is T € Aut(o(8)) which satisfies
that the coset 7Int(0(8)) corresponds to 7; € S3 for some i € {1, 2, 3} such that
A C Int(0(8)) U tInt(0(8)). Therefore a maximal antipodal subgroup of Aut(o(8))
is conjugate to a maximal antipodal subgroup of O(8)/{%13}. Hence we obtain (II)
when n = 8.

Finally we prove (I). The adjoint representation Ad : {1,, t}SU (n) — Aut(su(n))
is surjective (cf. [2, Chap. IX, Corollary 5.5, Chap. X, Theorem 3.29]). We have
Ker Ad = Zy, rysum)(SU (n)) = Z,, where Zy, <jsum)(SU(n)) denotes the cen-
tralizer of SU (n) in {1,,, 1}SU(n) and Z,, = {z1,, | z € C, 7" = 1}. Thus we obtain
an isomorphism Aut(su(n)) = {1,, t}SU (n)/Z,. Therefore we determine maximal
antipodal subgroups of {1,, t}SU (n)/Z,.

Let =, : {1,,t}SU(n) — {1,,1}SU(n)/Z, denote the natural projection. We
decompose n as n = 2 - 1. Let 6 be a primitive 2n-th root of 1. Let A be a max-
imal antipodal subgroup of {1,, t}SU(n)/Z,. Since {1,, t}SU(n)/Z, is a sub-
group of {1,, 7}U(n)/Zy, A is an antipodal subgroup of {1,, t}U(n)/Z,. Hence
there is a maximal antipodal subgroup A of {1, T}Un) /Z, such that A = AN
{1,,7}SU(n)/Z,. By Theorem 5, A is conjugate by an element of m, (U (n)) to
7,({1,, TH{1,0}D(s, n)), where s = 0 when n is odd and 0 < s < k when n is even,
moreover, the case (s, n) = (k — 1, 2¥) is excluded. Hence there is g € U(n) such
that

A = 7,(9)m ({1, THL, ) D (s, m)7,(9) ™" = ma(g{l,, THI, 0} D (s, g™ ).
We can write g = g;z where g; € SU(n) and z € U(1). Then
gll,, TH1,0YD(s, mg ™" = gill,, Tz 2 {1, 0)D(s, n)g; .

Hence A is Eonjugate to 1, ({1,, Tz~ 2}{1, 6} D(s, n)) by an element of ,, (SU (n)).
Since A = ANm,({1,, t}SU(n)), A is conjugate to

({1, Tz 2 )1, 0} D (s, n)) N7, ({1, T}SU (n))
= ({1, 0}D (s, n)) N7, (SU () U 7, (v) (4 (z7*{1, 61D (s, m)) N 71, (SU (n)))

by an element of 7, (SU (n)). In the proof of Theorem2 ([5]) we showed
7,({1,0}D(s, n)) Nm,(SU(n)) = m,(DV (s, n) UOD (s, n)).
We consider 7, (z72{1, 8} D(s, n)) N7, (SU (n)). We show

7(z72{1,0}D(s, n)) N7, (SU (n)) = 7, (z~2{1,0}D(s, n) N SU (n)).
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Itisclear 7, (z 2D (s, n)) N1, (SU (n)) D m,(z~>D(s, n) N SU(n)). Conversely, for
d € D(s,n), m,(z7%d) € m,(SU(n)) holds if and only if 6>"z72d € SU(n) for
some m. Since det(0*"z72d) = 02" z72"det(d) = z~*"det(d), 0*"z72d € SU (n)
is equivalent to z~>"det(d) = 1. Sinced € D(s, n),det(d) = 1. When det(d) = 1,
z72"det(d) = lisequivalenttoz~>" = 1.Hence z~* € Ker m,,. Therefore 7, (z2d) €
7, (SU (n)) is equivalent to 7, (d) € 7, (SU (n)) whend € D% (s, n). When det(d) =
—1,z72"det(d) = lisequivalenttoz~>" = —1, thatis, 7" = —1.Hence 7, (z*1,) =
7,(01,). Therefore m,(z72d) € m,(SU(n)) is equivalent to m,(0d) € m,(SU(n))
when d € D~ (s,n). Thus we obtain m,(z 2D(s, n)) N, (SU(n)) C m,(z"2D
(s,n) N SU(n)). Moreover, we obtain 7,(z"2D(s,n) N SU(n)) = m,(D*(s,n) U
0D~ (s, n)) by the argument above. As a consequence, A is conjugate to m,({1,, 7}
(DT (s,n) UOD™ (s, n))), where s =0 when 7 is odd and 0 < s < k when n is
even, moreover, the case (s, n) = (k — 1, 2%) is excluded. The isomorphism between
w,({1,, T}SU (n)) and Ad(su(n)) is given by

7a({1,, T}SU 1)) 3 1, (x) > Ad(x) € Ad(su(n)) (x € {1, T}SU0)).

Hence 7, ({1,, T}(D* (s, n) UOD (s, n))) corresponds to Ad({1,, T} D(s, n) under
the isomorphism, because Ad(61,) = e. Hence we obtain (I).
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A Nearly Kéhler Submanifold with Vertically
Pluri-Harmonic Lift

Kazuyuki Hasegawa

Abstract We consider a certain lift from an almost Hermite submanifold to the
bundle of partially complex structures of the ambient manifold. In particular, nearly
Kihler submanifolds in Euclidean spaces such that the lifts are vertically pluri-
harmonic are studied.

1 Introduction

Kihler submanifolds in Euclidean spaces are studied very well (see [3], [5] and
[11]), in particular, with pluri-harmonic Gauss maps. Although compact totally
umbilic submanifolds in Euclidean spaces are the standard spheres, they can not
admit any Kéhler structure except dimension equals two. In [9], it is shown that the
six-dimensional sphere can not admit any integrable complex structure compatible
with the standard metric. However the six-dimensional sphere has a nearly Kihler
structure. From the viewpoint of submanifold geometry, it is interesting to consider
nearly Kdhler submanifolds which are not necessary Kéhler. In this note, we study
nearly Kéhler submanifolds in Euclidean spaces and obtain local characterization of
the six dimensional sphere with nearly Kihler structure in Euclidean space, and we
give an extrinsically decomposition of an immersion with vertically pluri-harmonic
lift.

2 The Bundle of Partially Complex Structures

Let V be a real vector space of dim V = 2n 4 k with inner product (-, -). A par-
tially complex structure on V consists of a subspace W of V of dim W = 2n and
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endomorphism f : W — W satisfying f> = —id and (fx, fy) = (x, y) for all x,
y € W. Such f can be extended to an endomorphism of V by defining f|y. = {0},
where W+ is the orthogonal complement of W with respect to (-, -). We use the same
letter f for this extended endomorphism. Then we have f* + f = 0, and hence it is
so-called f-structure. We set

F, (V) :={A € End(V) | A is f-structure withdim ImA = 2n},

where End(V) is the set of all linear maps from V into itself. The tangent space
T, F>,(V) at A of F>, (V) can be identified with

{o € End(V) | @A’ 4+ rad + A2 + a = 0).

Let 7, be the orthogonal projection from End(V') onto T, F»,(V) at A € F5,(V). We
define an almost complex structure _# of F»,(V) by 7, (a) = —ak — Aar + ra
fora € T, F»,(V) ateach A € F», (V). We refer to [4] for the detail.

Throughout this paper, all manifolds and maps are assumed to be smooth. Let
E be a vector bundle over a manifold M and E, the fiber of E over x € M. We
write 7'M for the tangent bundle of M and End(E) for the vector bundle whose
fiber End(E), over x € M is the space of all linear maps from E, into itself. Let
¢ : N — M be a smooth map and F a fiber bundle over M. The pull back bundle of
F over N by ¢ is denoted by ¢ F. The space of all sections of a fiber bundle F is
denoted by I'(F).

Let (M , &) be a (2n + k)-dimensional Riemannian manifold with a Riemannian
metric 2. We define a fiber bundle .%,, (M) over M by

an(M) = U FZn(TxM)~
xeM

We refer to [10]. The bundle projection p : L%,l(]VI ) — M and the Levi-Civita con-
nection V of g induce the vertical and horizontal subbundles of 7.%,,(M). The
almost partially complex structure J, on.%,, (M) (¢ = %1) is defined by (J;);(X) =
(J(p*(X)))? for all horizontal vectors X at J € 352,1(1\2) and (J.);(Y) =¢_#Z(Y)
for all vertical vectors Y at J € ﬁzn(ﬁl ), where (-)" stands for the horizontal lift
and _Z is the almost complex structure on each fiber defined above.

Let (M, g, I) be an almost Hermite manifold of dim M = 2n, by definition, where
I is an almost complex structure on M and g is a Riemannian metric compatible with
I.Let R™ be the m-dimensional Euclidean spaces. Consider an isometric immersion
fM— M. We omit the symbol of the differential map f if there are no confusions.
The second fundamental form (resp. the shape operator) of f is denoted by « (resp.
S). The mean curvature vector filed of f is denoted by H. Let TM be the normal
bundle of f. We define a lift  : M — .%,,(M) by I(X) = I(X) and I(¢) = 0 for
X € TM and & € T+ M. The following lemmas can be obtained by straightforward
calculations.
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Lemma 1 We have
(Vx DY) = (Vx DY) + (X, 1Y), (VxD)(§E) = 15:X

forX,Y e TM, & € T+ M.
Lemma 2 Ler @ € End(f*(T M)). We have

- _l T €1 l T - _ T
(T (@N(X) = Z(P(X)) + (PX)" + S[(@UX)) ", (77())(E) = (P(&))

for X e TM, € € T*M, where (-)7 (resp. (- )1) denotes the tangential (resp.
normal) component of ( - ).

For a vector bundle valued (0, 2)-tensor & on M, we define
1 1
07 (X,Y) = E(Q(X’ Y)—0(IX,1Y)), 61 (X,Y) = E(Q(X’ Y)+0(UX,1Y)),

where X, Y € TM. By Lemmas 1 and 2, we have the following.

Proposition 1 Let (M, g, I) be an almost Hermite manifold of dim M = 2n_and
f:(M,g) — (M &) an isometric immersion. Then the lift I:M— 92,1(M) is
holomorphic with respect to Jy (resp. J_y) if and only if (V;xI)(Y) = 1(VxI)(Y)
(resp. (VixI)(Y) = —I(VxD)(Y)) forall X, Y € TM and a~ = 0 (resp. a™ = 0).

Note that (V;xI)(Y) = [ (VxI)(Y) holds for all X, Y € TM if and only if [ is
integrable. An almost Hermite manifold satisfying (V;xI)(Y) = —1(VxI)(Y) for
all X, Y € TM is called (1, 2)- symplectic. In particular, nearly Kihler manifolds,
that is, VI is skew-symmetric, are (1, 2)-symplectic.

In the case of dim M = 2, Proposition 1 corresponds to Theorem 7.11in [12]. Let
G (C™) be the complex Grassmannian of all complex k-planes in C". A k-plane
E € G (C™) is said to be isotropic if the bilinear form (x, y) = >"/*, x;y; on C"
vanishes on £ x E. The set of all isotropic k-planes is denoted by H; (C™). Note that
H (C™) = F5(R™) and H;(C™) C G(C™) is a complex submanifold in G;(C™).
For an almost Hermite manifold (M, g, I) of dim M = 2n isometrically immersed
in R by f, we can define the complex Gauss map r : M — G,(C") by

T(x) 1= fo(TMOV) = [ fu(X) = V=1f.(IX) | X € T, M}.

Itiseasytosee (M) C H,(C™).Since .%,,(R™) = R" x H,(C™),wehavei o m; o
I =1, where ¢ : H,(C") - G,(C™) is the inclusion and m, : R” x H,(C") —
H, (C™) is the projection onto the second factor H, (C™). From Proposition 1, we
have the following fact (Theorem 4 in [3]).

Corollary 1 Let (M, g, I) be a Kiihler manifold. An isometric immersion f : M —
R™ is pluriminimal, that is, «* = O ifand only ifto o I : M — H,(C™) is holomor-
phic.
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Although the six dimensional sphere S® does not admit any Kihler structure for
topological reasons, the six dimensional sphere S with the standard metric g has a
nearly Kihler structure as follows. Let x be the vector cross product on R7 induced
by the Cayley multiplication. We define an almost complex structure / on the six
dimensional sphere S® C R” by I, (X) = x x X for X € T, 8% at x € S°. It is well-
known that 7 is a nearly Kéhler. For almost complex structures compatible with g,
the following fact is essentially proved in [9].

Corollary 2 Let (M, g, I) be an Hermite manifold of dim M = 2n. Let f : M —
R™ is an isometric immersion such that ) o [ is an immersion. If a= =0, then
M admits a Kdihler structure. In particular, any almost complex structure I on S°
compatible with g is never integrable.

Proof Since I is integrable and «~ = 0, I is holomorphic with respect to J; by
Proposition 1, and hence, 7, o I:M— H,,(C™) is a holomorphic immersion. This
means that M admits a Kihler structure, since H,, (C™) is Kéhler. Since S° is totally
umbilic, it holds a(X, Y) = go(X, Y)H for all X, Y € T M. Therefore we see that
a~ = 0 for any almost complex structure / compatible compatible with gg. O

Therefore, if an Hermite manifold admits an isometric immersion into Euclidean
spaces with @~ = 0, it gives topological restrictions. In the next section, we consider
nearly Kihler submanifolds in Euclidean spaces.

3 Nearly Kéihler Submanifolds

In this section, we consider the case that (M, g, I) is a nearly Kéhler manifold (see
the previous section for the definition of a nearly Kéhler manifold). We recall that
a nearly Kahler manifold (M, g, I) is said to be strict if VxI 7 0 for all non-zero
tangent vector X of M at each point. Let k be the scalar curvature of (M, g). We
define the x-Ricci curvature Ric* of (M, g, I) by

2n
1
Ric" (X, ¥) = =2 > 8(Re, 16, X, 1Y)
i=1

for X, Y € T M. Moreover the *-scalar curvature «* is defined by
2n
K" = Z Ric*(e;, e;).
i=1
Let Q™ (c) be an m-dimensional space form of constant curvature c.

Lemma3 Let (M, g, 1) be a nearly Kdhler manifold of dim M =2n and f :
(M, g) — Q™(c) an isometric immersion. Then we have
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2n
1
2l I = Nl IP) +dne = 4w 3 (T M)(er. Ten) + S IVIIP,

i=1

where (ey, . .., ex,) is an orthonormal frame of g and ¢\ (T M) is the first Chern form
of (TM, I).

Proof We have

2n 1 )
D 8Resqlej ep) =4 3 el (TM)er, Te) + S|V |

ij=1 i

by Lemma 2.11n [8]. Moreover, it holds that

2n 2n
D 8(Re e deje)) =2 D Ealer,e;), aller, Iej)) +4nc
ij=1 ij=1

by the Gauss equation. Then we have

2n
2> galeiej).alle;, Ie)) +2]a|? + 4nc
ij=1
= 4Z§(a+(e,-, e;), at(e;, ej)+a (e,e;)) +4nc
= 4lla|? + 45t a7) + 4nc

and
1
4 lZm(TM)(ei, Lep) + S IVII + 2lle?
1 - _ _
=47 3 el (TM)(er. Te) + IV + 20t I +4g (™ a7) + 2|
This completes the proof. O

Lemmad4 Let (M,g,1) be a nearly Kdhler manifold of dimM =2n. If f:
(M, g) = Q" (c) is minimal immersion, then we have

2n
IVII? = =2 g(alei ;). a’ (e ) + 4en(n — 1),
ij=1
where (ey, . .., ex,) is an orthonormal frame of g. In particular, if a = 0, then

IVI|? = 4cn(n —1).
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Proof The scalar curvature « and star-scalar curvature «* are given by

2n
k=- Z glalei, ej), alei, ej)) +2cn(2n — 1)

i,j=1
and

2n
Kk* = Z glalei, ej), a(le;, Iej)) + 2cn.
ij=1

Then we have

IVI? =k —«*
2n
== > &ae e, ale;. e)) +2en2n — 1)
ij=1
2n
— Z glalei, ej),a(le;, Iej)) —2cn
ij=1
2n
=-2 Z g(alei, ), at (e, e))) +4en(n — 1).
i,j=1 0
If (M, g, 1) is a nearly Kdhler manifold which is non-Kéhler and dim M = 6,
then we have ¢ (T M) = 0 and k = 5«* > 0 (see [7]). Therefore we obtain

1 1
2(le I = lle™[I%) + 12¢ = Euwn2 = Sl =K =2 > 0.

On the study for nearly Kihler submanifolds, it is one of the first step to consider
the case that M is non-Kihler with f satisfiesa™ = 0 ora™ = 0.

Theorem 1 Let (M, g, 1) be a nearly Kdhler manifold of dim M = 2n and f :
M — Q™(c) an isometric immersion with a™ = 0. Then we have (1) if ¢ <0, it
occurs only the case of n =1, 2) if c =0, then (M, g, I) must be Kdahler, (3) if
c >0, then (M, g, I) is Kdhler iffn = 1.

Proof By Lemma 4, we have ||VI|?> = 4cn(n — 1), which means the conclusion.
O

Therefore, there exists no isometric immersion from a non-Kéhler, nearly Kihler
manifold into R” with ot = 0 even locally. On the other hand, a typical example of
a nearly Kéhler submanifold in the Euclidean space with @~ = 0is S c R’.

Theorem 2 Let (M, g, I) be a nearly Kdhler manifold which is non-Kdhler and
dimM =2n=6and f : (M, g) — R™ an isometric immersion. Ifa~ = 0, then f
is locally congruent to the standard sphere S® C R™.
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Proof Since (M, g, I) be anearly Kidhler manifold which is non-Kéler and dim M =
6 and f satisfies = = 0, we obtain |@™|?> = k* > 0, which means that f is not
totally geodesic. Then it is sufficient to show that f is totally umbilic. From the
Gauss equation, we have

latI? + 28, a7) + lla” | = 4n*| H|

that is, ||a™||?> = 4n?||H||*> — k. By k = 5«*, it holds 3«* = 3|a™||> = 2n?| H|>.
We define y by y(X,Y) = a(X,Y) — g(X,Y)H for X, Y € TM and calculate

Iy I? = llet > =20l H|* = 3| HI* =20l H|* = 2| H|* (5 — 1) .
Since n = 3, we have y = 0, and hence f is totally umbilic. O

Next we study nearly Kihler submanifolds with vertically pluri-harmonic lift I.
Let HY be the Hessian of the induced connection V (we use the same letter of the
Levi-Civita connection V of g). The lift 7 is vertically pluri-harmonic (vph) if

i (HY (X, X) I+ HY(IX, IX)[) =0

forall X € TM. By Lemma 1, we have the following.

Lemma 5 We have

HY (X, )D)(Z) = (HY (X, Y)I)(Z) + Savaz)X + I Sucx.2)Y
~ — (Vxa) (Y, 1Z) — a(X, (VyI)(Z)) — a(Y, (VxI)(Z)),
(HY(X,Y)D)(E) = — (VxI)(SY) — (Vy I)(SeX) — I (Vx S):Y)
—a(X, ISgY) —a(Y, ISgX)

forX,Y,ZeTM, & cT+M.
By Lemmas 5 and 2, we have

Lemma 6 We have
< . 1
(ni(HV(X, X)D)(Y) = EI[HV(X, L INY) = (Vxa) (X, IY) — 2a(X, (VxI)(Y)),
(ﬂi(Hﬁ(X, X)D)(E) = —2(Vx)(Se X) — I(VxS)e X)
forX,YeTM, &ecT M.

By Lemma 6, we have the following theorem.

Theorem 3 Let (M, g, I) be an almost Hermite manifold of dim M = 2n and f :
(M, g) — (M, 3) an isometric immersion. The lift I is vertically pluri-harmonic if
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and only if I satisfies w;(HY (X, X)I + HY(IX,I1X)I) =0 forall X € TM as a
section of %, (M) (=the usual twistor space of M) and

—20(X, (VxD(Y)) = 2a(X, (Vix (X)) = (Vxa)(X, 1Y) = (Vixa)(IX, 1Y) =0

forall X, Y e TM.

Proof Using Lemma 6 and the assumption for /, we have
(i (HY (X, X)) (Y) = —(Vxa)(X, IY) = 2a(X, (Vx)(Y))

for all X, Y € T M. Calculating 7;(HY (X, X)I + HY(IX, I1X)I) shows the con-
clusion. o

As a direct consequence, we have the following corollary (see Theorem Sin [3]).

Corollary 3 Let (M, g, I) be a Kdhler manifold of dim M = 2n and f : (M, g) —
Q" (c) an isometric immersion. The I is vertically pluri-harmonic if and only if a™
is parallel, that is, f has the parallel pluri-mean curvature.

Finally, in addition, we consider the following condition: (pod) there exists a
parallel orthogonal decomposition T+*M = N~ @ N+ such that N~, N* contain
a~,a’, respectively. In the case that M is Kihler and M is the Euclidean space, The
condition (pod) is equivalent to the condition that f is isotropic and parallel pluri-
mean curvature (see [3] for the detail). Note that if f satisfies a weaker condition
gla (X, Y),at(Z,W))=0forall X,Y, Z, W € TM is called half isotropic (hi).
The conditions (vph) and (hi) holds if and only if the complex Gauss map t of f is
pluri-harmonic (see [5]).

We have the following an extrinsically decomposition of f.

Theorem 4 Let (M, g, I) be a simply connected complete nearly Kihler manifold
and f : (M, g) — R™anisometric immersion. If I is vertically pluri-harmonic (vph)
and (pod) holds, then we have

(1) M is isometric to My X --- X My, where each M; is nearly Kihler (1 <i < k),
(2) the immersion f decomposes into the product f = fi X -+« fr : M} X --- X
M — R™ x --- x R™ such that each f; is pluri-minimal immersion from Kdh-
ler manifold M; into R™ or minimal immersion into hypersphere of R™:.

Proof Since M is nearly Kihler,then I satisfies m; (HY (X, X)I + HV(IX, IX)I) =
0 for all X € T M. By Theorem 3, we see

—2a” (X, (VxI)(Y)) — V,lyoﬁ'(X, X) + 2o (Viy X, X)
+at (I (Vx DY), IX)+a (I (VxD)(Y),1X) =0

for all X, Y € I'(TM). The condition (pod) implies that o~ (X, (VxI)(Y)) =0
and —Viat (X, X) +2at(Viy X, X) + at(VxI)(Y), X) = 0. Since M is nearly
Kihler and ot is I-invariant, we have
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at(Vx DY), X) +a"(VixD(Y), IX) = 0.

Therefore V- H = 0 holds. We set o’/ (X, Y) = g(ApX,Y) = g(a(X, Y), H) for
X,YeTM.If H=Q0, then from Lemma 4, it holds that M is Kéhler and f is
pluri-minimal, that is, ™ = 0. Hereafter we assume that H # 0. It is easy to see
(Vxa) (Y, Z) = g(H, (Vxa)(Y, Z)) for X, Y, Z € T M. Therefore, Va' is totally
symmetric by the codazzi equation. Since M is nearly Kéhler and I is vertically
pluri-harmonic, it holds (Vxa)(X, X) + (Vxa)(IX,IX) =0 for all X € TM by
Theorem 3. Therefore, since M is nearly Kihler and the condition (pod) holds, we
can calculate

(Vxa™) (X, X) = g(H, (Vxa)(X, X))

—g(H, (Vxa)(IX, IX))

—g(H, Vya(IX, X)) +28(H,a(VxIX, X))

= —§(H, Vy(a(X, X) — 20" (X, X)))
+28(H,a((VxI)(X), IX)) +2g(H,a(I(VxX), I1X)

= —§(H, Vya(X, X) — 2a~ (X, X))
+28(H,a(VxX, X) — 20~ (Vx X, X))

= — (Vxa')(X, X)

for all X € TM. Hence we have Vo = 0, which means that Ay is parallel with
respect to the Levi-Civita connection of g. By the similar argument as in [5], we have
the conclusion. O

Note that any simply connected complete nearly Kédhler manifold is decomposed
into Kéhler and strict nearly Kéhler manifolds (intrinsically). See [7].

Corollary 4 Let (M, g, I) be a simply connected complete nearly Kdihler manifold
and f: (M, g) — R" an isometric immersion. If «= = 0, then we have the same
conclusion as Theorem 4.

Proof By o~ = 0 and the codazzi equation for «, we have

2(Vxa)(Y, Z) = a((VZzI)(X), 1Y) + a(IX, (VZI)(Y))
+a((ViyD(IX),1Z) — a(X, (ViyI)(2))
+a((VxI)(Y), Z) —a(IY, (VxI1)(Z))

forall X, Y, Z € T M. Here we use the same calculation as in [8]. Since M is nearly
Kihler, it holds (Vxa) (X, X) = 0, and hence « is parallel. Then [is vertically pluri-
harmonic. Moreover choosing N~ = M x {0} and N* = T1M, we can see that
(pod) holds. |
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The Schwarz Lemma for Super-Conformal
Maps

Katsuhiro Moriya

Abstract A super-conformal map is a conformal map from a two-dimensional
Riemannian manifold to the Euclidean four-space such that the ellipse of curva-
ture is a circle. Quaternionic holomorphic geometry connects super-conformal maps
with holomorphic maps. We report the Schwarz lemma for super-conformal maps
and related results.

1 Introduction

For a smooth manifold M, we denote the tangent bundle by 7 M and its fiber at
p € Mby T,M. Let X be a two-dimensional oriented Riemannian manifold and
f: X — R*be an isometric immersion. We denote the Riemannian metric of X by
g.Foratangent vector X € T, X, we denote the norm with respect to the Riemannian
metric by || X||. We denote the second fundamental form of f by 4. Then

&={hX.X): X e T, 2, |X| =1}

is called the ellipse of curvature or the curvature ellipse of f at p € M [9]. It is
indeed an ellipse in the normal space at p if it does not degenerate to a point or a
line segment. If the ellipse of curvature is a circle or a point at any point p, then f
is said to be super-conformal [2].

The author showed that a super-conformal map is a Bécklund transform of a
minimal surface [6]. Regarding f as an isometric immersion, the inequality

| — K — K+ >0 (1
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holds between the mean curvature vector .7, the Gaussian curvature K and the
normal curvature K+ [10]. The equality holds if and only if f is super-conformal.
From this point of view, a super-conformal map is called a Wintgen ideal surface [8].
The integral of the left-hand side of (1) over X is the Willmore energy of f. This
implies that a super-conformal map is a Willmore surface with vanishing Willmore
energy. Hence the super-conformality is invariant under Mobius transforms of R*.

We discuss the Mobius geometry of super-conformal immersion by exchanging
a two-dimensional oriented Riemannian manifold with a Riemann surface and an
isometric immersion with a conformal immersion. Regarding C as a subspace of R*
and a holomorphic function on X as a map form X to R*, a holomorphic function
satisfies (1) and it is super-conformal. We may regard Mobius geometric theory of
holomorphic functions on a Riemann surface as a special case of Mobius geometry
of super-conformal immersion.

The author [7] discussed super-conformal maps as a higher codimensional ana-
logue of holomorphic functions and meromorphic functions. In this paper, we report
a part of the paper which discusses the Schwarz lemma for super-conformal maps.

For the discussion, we use quaternionic holomorphic geometry [3]. Quaternionic
holomorphic geometry of surfaces in R* connects theory of holomorphic functions
with theory of surfaces in R*.

2 Classical Results

We begin with reviewing the classical results of super-conformal maps by Friedrich
[4] and Wong [11].

Throughout this paper, all manifolds and maps are assumed to be smooth. We
compute the ellipse of curvature. We denote the inner product of R* by ( , ). Letey,
e, e3, e4 be an adapted orthonormal local frame of the pull-back bundle f*7TR* and
01, 05, 65, 64 the dual frame. Assume that the second fundamental form is

2

4
h =Z Zhijp9i®9j®el7'
p=3i,j=1

Then the ellipse of curvature is parametrized by the map

e(u) = h(eycosu + ey sinu, ey cosu + e sinu)

hyi3—h hiis —h
:jf+( ”32 223€3+ ”42 22464)c052u+(h12363+h124e4)sin2u.

The map f is super-conformal map if and only if £(u) parametrizes a circle. The
map f is minimal if and only if &(«) parametrize a curve of the linear transform of
the circle centered at the origin. The linear transform is given by
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P (s es) = (es es) (hm hm)

hiia hios

Hence f is super-conformal and minimal if and only if the ellipse of curvature is a
circle centered at the origin.

We normalize the second fundamental form and the ellipse of curvature. Let
n(u) = ez cosu + e4 sinu. Because

2 2
(h,n(u)) = Z hij36; ® 0; cosu + Z hija6; ® 6; sinu,
ij=1 i,j=1
tr(h, n(u)) = hy1z3cosu + hypg sinu + hypz cosu + hypg Sinu
= (h113 + hp3) cosu + (hy14 + hyog) sinu,

we may assume that &j14 + haog = 0. Let A,, be the shape operator such that

(Ae, (X),Y) = (h(X,Y), e4) forany X, Y € T,X. Taking e; and e as the eigenvec-
tors of A.,, we may assume that /1124 = 0. The ellipse of curvature becomes

e(u)

_h113+h223e n hii3 — haos
2 7 2

e3 + h114e4) cos2u + (hx3e3) sin 2u.

Then f is super-conformal if and only if

hi1z — has

2
(h113 = ha3)hinz = 0, ( > ) + hi, = hiy

This is equivalent to
hiz =hi1a =0, hyj3 = hops or hypz = hygs, hiy, = hiss.
Hence the ellipse of curvature of a super-conformal map becomes
g(u) =0ore(u) = hyiz + (hiaeq) cos 2u + (Fhy4e3) sin 2u.
If f is minimal, then the ellipse of curvature is
e(u) = (hy1zesz + hyjaes) cos2u + (hazez) sin2u.
Hence f is super-conformal and minimal if and only if
e(u) = (hy1aeq) cos2u + (£hy14e3) sin2u.

Another notion is defined by the second fundamental form for surfaces in R*.
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Definition 1 ([5, 11]) The set
Sy ={{h,n):neT, 2" |n|| =1}.

is called the indicatrix of the normal curvature or the Kommerell conic of f.

The indicatrix is parametrized by

2
L) = (h,n(u)) = Z (hij3 cosu + hijasinu)f; 0.

ij=1
By the normalization, we may assume that

L(u) = (/’1113 cosu ~|—]’l1]4 Sil’ll‘)@] ®91 +h123 COSMQ] ®92
+hoi3cosuby ® 6y + (hypzcosu — hypasinu)f, ® 65.

We regard (h, n(u)) as the shape operator which is is a symmetric (1, 1)-tensor.
With the standard inner product of symmetric (1, 1)-tensors, the curve (h, n(u)) is
isometrically the curve parametrized by

1 1
t(u) = (E(hm cosu + hyjgsinu), «/Ehm cosu, E(l’lzm cosu — hjp4sin u))

in R®. Hence f is super-conformal if and only if the indicatrix is parametrized by

t(u) = (%(hm cosu), 0, %(hm cosu))

or

1 1
t(u) = (\—fz(hllg cosu + hi14sinu), :I:«/ih114 cos u, ﬁ(hlm cosu — hiq4 sin u)) .

We see that f is minimal if and only if the indicatrix is parametrized by

1 1
t(u) = (—(h cosu + hy1asinu), v/2hip3 cosu, —
113 114 123 «/i

V2

(=hy13cosu —hyq4 sinu)).

Moreover, f is super-conformal and minimal if and only if

1 ) 1 .
L(u) =0 OI‘L(M) = (—(h114 smu), :tx/ihmcosu, —(—h114 s M)) .

V2 V2
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Set
Fp(X) = {(h(X, ),n) :n € T,5* |Inll = 1} C (T, %)".

Definition 2 ([4]) An immersion f is called superminimal if #,(X) is a circle
centered at 0 in (7, X)*.

The following lemma explains the relation among the super-conformal maps,
minimal surfaces and superminimal surfaces.

Lemma 1 Amap f is superminimal if and only if f is super-conformal and minimal.

Proof For X = Xe; 4+ X,e, and the normalization, we have

2 2
(h(X, ),n(u)) = Z Xihij30; cosu + Z Xihij40; sinu

ij=1 ij=1
= ((X1h113 + X2h123)01 + (X1hi23 + X2h223)0:) cos u
+ (X 1811401 — X2h11465) sinu.

Hence f is superminimal if and only if
(X2hi13 — X3hp3)hi1e =0,

(X1h113 + Xaho13)* + (Xihios + Xohon3)? = (X7 + X)h3,,

Hence
hia = Xihiiz + Xohoiz = X1hiz + Xohop3 =0
or
X2hi13 — X5hys =0,
(X1h113 + Xahi23)* + (X1hios + Xohon3)? = (X + X5)hiy,

Because X; and X, is arbitrary under X% + X% # 0, we have h =0, or hyj3 =
hy3 = 0 and h%23 = h%l 4+~ Hence the lemme holds. 0O

For a holomorphic function g(z) on C, defineamap g: C — C?> = R*by 3(z) =
(z, g(2)). Then g is called an R-surface [5]. Kommerell showed that an R-surface is
superminimal.
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3 Quaternionic Holomorphic Geometry

We review super-conformal maps by quaternionic holomorphic geometry of surfaces
in R* [2]. We identify R* with the set of all quaternions H. The inner product of R*
becomes

(a, b) = Re(ab) = Re(ba) = %(Eb + ba).

We identify R? with the set of all imaginary parts of quaternions Im H. Then
two-dimensional sphere with radius one centered at the origin in R is S = {a €
ImH : a*> = —1}.

Let X be a Riemann surface with complex structure Jx. For a one-form w on X,
we define a one-form * w by *w = w o Jy. Amap f: ¥ — His called a conformal
map if (df o Jx,df) = 0. This is equivalent to that xdf = Ndf = —df R with
maps N, R: ¥ — S?. Each point where f fails to be an immersion is isolated. This
means that a conformal map is a branched immersion. The second fundamental form
of fis

1
h(X,Y)= E(*df(X)dR(Y) —dN((X) %df(Y)).
Let 77 : ¥ — H be the mean curvature vector of f. Then
— 1 — 1
df = —5(*dN+NdN), Hdf = 5(*dR+ RdR).

The ellipse of curvature is

Ep = [Jf|df(el)|2 + %cos%’(a —Db)(er) + %sinZ@N(a +Db)(er) : 6 € R] ,
a=df (xdR—RdR), b= (xdN — NdN)df.
Then f is super-conformal if and only one of the following equations holds.
*dR— RdR =0, xdN —NdN =0

at any point p € X
In the following, we restrict ourselves to super-conformal maps with xdN =
NdN.

Lemma 2 A super-conformal map f: X — H with xdf = Ndf and *dN =
N dN is superminimal if and only if f is holomorphic with respect to a right quater-
nionic linear complex structure of H.
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Proof A super-conformal map f: ¥ — H with xdf = Ndf and *xdN = NdN
satisfies the equation

df ## = —NdN.

Hence f is minimal if and only if N is a constant map. Define J: H — H by
Jv = Nv for any v € H. Then J is a right quaternionic linear complex structure of
H. Because *df = J df, the map f is holomorphic with respect to J.

By the above lemma, we see that a holomorphic map g from X toC> = C @ Cj =
H is superminimal because *dg = i dg. A holomorphic function and an R-surface
are special cases of this superminimal surface.

4 The Schwarz Lemma

Because a holomorphic function is a super-conformal map, we may expect that
a super-conformal map is an analogue of a holomorphic function. A factorization
of super-conformal map given in Theorem 4.3 in [7] may support this idea. The
following is a variant of the theorem.

Theorem 1 ([7], Theorem 4.3) Let ¢: ¥ — H be a super-conformal map with
xdp = Ndp, *xdN = NdN and Np = pi andh: ¥ — C>=C®Cj =Hbe a
holomorphic map. Then, amap f = ¢h is a super-conformal map withxdf = N df.

This theorem shows that a holomorphic section of a complex vector bundle of
rank two, trivialized by the super-conformal map f is a super-conformal map. We
see that N + i is a super-conformal map with N(N +i) = (N +i)i. The condi-
tion *dN = N dN implies N is the inverse of the stereographic projection fol-
lowed by an anti-holomorphic function ([7], Corollary 3.2). Hence if X is an
open Riemann surface and N: ¥ — S? is the inverse of the stereographic pro-
jection of an anti-holomorphic function with N(X) C §?\ {—i}, then N +i is a
global super-conformal trivializing section. A super-conformal map f: X — H
with xdf = Ndf, *dN = N dN always factors f = (N + i)h with a holomor-
phicmaph: ¥ — C @ Cj. We don’t need to see —i in a special light. If ¢ € S? and
a ¢ N(X), then we can rotate f so that —i ¢ N(X). The condition that N fails to
be surjective is necessary.

This fact suggests that we should distinguish the case where the Riemann surface
X is parabolic or hyperbolic. In the case where X = C, we have an analogue of
Liouville’s theorem.

Theorem 2 ([7], Theorem 4.4) Let ¢: C — H be a super-conformal map with
xdp = Ndp, xdN = NdN and N¢ = ¢i. Assume that N(C) C S?\ {—i} and
|¢|~" is bounded above. If f: C — H is a super-conformal map with xdf = N df
and | f| is bounded above, then f = ¢C for some constant C € H.



66 K. Moriya

In the case where ¥ = B> ={z € C: |z| < 1}, we have an analogue of the
Schwarz lemma.

Theorem 3 ([7], Theorem 4.5) Let ¢: B> — H be a super-conformal map with
xdp = Ndp, *dN = NdN and N¢ = ¢i. Assume that N(B*) C S§? \ {—i} and
|¢| < cand|p|™" < & If f: B> — His a super-conformal map with +df = N df
and f(0) = 0, then there exists a constant C such that

|f @] = Clz].

Moreover, if f = ¢ (Ao + A1J) for holomorphic functions Ly and Ay, then there
exist constants Cy, C1 > 0 such that

If(2)] < e(CE+CH'z).

The equality holds if and only if ¢ = c and there exists zy € B? such that |A,(z)| =
Culzol (n =0, 1). We also have

| £:(0) — N(0) £,(0)] < c(C§ + CDH'>.

The equality holds ifand only if f = c and there exists zo € B? such that |1, (z)| =
Culzol (n =0, D).

Assume that f(B?) C B* ={a € H: |a| < 1}. It is known that

(1 —lai»(@—a) — la —ai*a
T(a) = 21,12
1 + |al*|ai|* — 2{(a, a1)

is a Mobius transform of R* with T'(a;) = 0 [1]. The transform T is

—ay — |lai)’a + |a Pay — |al*a; + ala)|* + ayaa; — a1 *a;

@ a
T(a) =
|1 —aal?

a—a, — |al*a; + ajaa; _ (1 —aja)(a —ay)

1 —aal? B 1 —aal?

= —aa)'(a—a)

and T preserves B*. If f: B> — B*is a super-conformal map with xdf = N df
and xdN = N dN, then

xd(Tof)=(1~- fa) ' xdfay(l — fa) '(1 — f) — (1 — fa) " = df
= - fa) 'N(1 - fa)d(T o f).

It is known that a M&bius transform of a super-conformal map is super-conformal.
Then we have an analogue of the Schwarz-Pick theorem.
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Theorem 4 ([7], Theorem 4.7) Let ¢: B> — B* be a super-conformal map with
xdp = Ndp,«xdN = N dN and N = ¢i. Assume that |¢| and |¢|~" are bounded.
Let f: X — H be a super-conformal map with *df = N df. Assume that the map

Ni=01-F@f@)'NI-f@f@): £ - s
satisfies N(B?) C §2 \ {—i}. Then there exists a constant C > 0 such that

f@=f@l _ -zl
1-Fafe| -

Moreover,

Sl _ A ¢
L= [f@IP 1= 1f@)P ~ 1=

We fix Riemannian metrics ds%}2 on B2 and a’s%4 on B* as

dsp, = (dx ®dx +dy ®dy),

(1= (2 +y2)?

4 3
(Z da, @ day).

dS§4 =
(1- Zizo az)? n=0

Then a geometric version of the Schwarz-Pick theorem becomes as follows.

Theorem 5 Let¢p: B> — B* beasuper-conformalmap withxd¢p = N d¢, xdN =
N dN and N¢ = ¢i. Assume that |¢| and |¢|~" are bounded. Let f: X — H be a
super-conformal map with xdf = N df. Assume that the map

N:i=(0~-f@f@))'NI0-f@f@): ¥ — §*

satisfies N(B%) C S2\{—i}. Then there exists a constant C > 0 such that
f*a’slzg_1 < Cdslzgz.
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Reeb Recurrent Structure Jacobi Operator
on Real Hypersurfaces in Complex
Two-Plane Grassmannians

Hyunjin Lee and Young Jin Suh

Abstract In (Jeong et al., Acta Math Hungar 122(1-2), 173-186, 2009) [7], Jeong,
Pérez, and Suh verified that there does not exist any connected Hopf hypersurface
in complex two-plane Grassmannians with parallel structure Jacobi operator. In this
paper, we consider more general notions as Reeb recurrent or 2+ -recurrent structure
Jacobi operator. By using these general notions, we give some new characterizations
of Hopf hypersurfaces in complex two-plane Grassmannians.

1 Introduction

As examples of Hermitian symmetric spaces of rank 2 we can give Riemannian sym-
metric spaces SU> ,,/S(UxU,,) and SO, 42/ S O, S O,, which are said to be complex
hyperbolic two-plane Grassmannians and complex quadric, respectively. Recently,
the second author have studied hypersurfaces of those spaces (see [19-22]). On the
other hand, as another kind of Hermitian symmetric spaces with rank 2 of compact
type, we have complex two-plane Grassmannians G,(C"+?) which are the sets of all
complex two-dimensional linear subspaces in C”*2. Riemannian symmetric space
G(C™*2) has a remarkable geometric structure. It is the unique compact irreducible
Riemannian manifold being equipped with both a Kaehler structure J and a quater-
nionic Kaehler structure Jj not containing J, for details we refer to [1, 2, 15-18].
In particular, when m = 1, G,(C?) is isometric to the two-dimensional complex
projective space CP? with constant holomorphic sectional curvature eight. When
m = 2, we note that the isomorphism Spin(6) ~~ SU(4) yields an isometry between
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G>(C*) and the real Grassmann manifold G5 (R®) of oriented two-dimensional linear
subspaces in RO. Hereafter, we will assume m > 3.

On a real hypersurface M in G,(C"*+?), the almost contact structure vector field
& defined by £ = —J N is said to be the Reeb vector field, where N denotes a
local unit normal vector field to M in G,(C"*?). And a real hypersurface such
that A[£] C [£] is called Hopf hypersurface. The almost contact 3-structure vector
fields &, for the 3-dimensional distribution 2+ of M in G,(C"™*2) are defined by
& =—-J,N (v=1,2,3), where {J,},=123 denotes a canonical local basis of a
quaternionic Kaehler structure J, such that .M = 2 & 2+, x € M. In addition,
a real hypersurface of G,(C"*?) satisfying g(A2, 21) =0 (ie. A2+ C 2% or
A2 C 2,resp.)is said to be a 2+ -invariant hypersurface. We can naturally consider
two geometric conditions that the 1-dimensional distribution [£] = Span{£} and the
3-dimensional distribution 2+ = Span{&,, &, £3} are both invariant under the shape
operator A of M.

In a paper due to Berndt and Suh [3] we have introduced the following theorem.

Theorem 1 Let M be a connected real hypersurface in G,(C"+?), m > 3. Then
both [£] and 2% are invariant under the shape operator of M if and only if

(A) M is an open part of a tube around a totally geodesic Go(C"+') in Go(C"*+?),
or

(B) miseven, saym = 2n, and M is an open part of a tube around a totally geodesic
HP" in G,(C"*?).

If the integral curves of the Reeb vector field £ are geodesics on M in G,(C"*?),
we say that the Reeb flow on M is geodesic. By the basic property of &, that is,
V:& = ¢ A&, this condition is equivalent to M being a Hopf hypersurface. Specially,
if the principal curvature function « = g(A&, &) of £ is not vanishing on M, it is said
that M has a non-vanishing geodesic Reeb flow. In addition, if the smooth function «
satisfies £ = 0, we say that the geodesic Reeb flow is constant along the Reeb
direction. Moreover, when & is Killing, .2z g = 0 for the Lie derivative along the
direction of &, we say that the Reeb flow on M is isometric. This means that the
metric tensor g is invariant along the Reeb flow on M. Then this is equivalent to
the fact that the shape operator A of M commutes with the structure tensor ¢ of M
in G,(C™*2). Related to this concept we obtained a typical characterization of real
hypersurfaces of type (A) given in Theorem 1. On the other hand, Lee and Suh [11]
gave a characterization of Hopf hypersurfaces of type (B) in G,(C"*?) as follows.

Theorem 2 Let M be a connected orientable Hopf hypersurface in G,(C"+%), m >
3. Then the Reeb vector field & belongs to the distribution 2 if and only if M is locally
congruent to an open part of a tube around a totally geodesic HP" in G,(C"+?),
where m = 2n.

In this paper, we consider two generalizations of parallelism for the structure
Jacobi operator of M in G, (Cm+2)y, namely, Reeb or 21 -recurrent structure Jacobi
operator, respectively. Actually, if R denotes the Riemannian curvature tensor of M
and X any tangent vector field to M, then the Jacobi operator Ry with respect to
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X at x € M can be defined in such a way that (RxY)(x) = (R(Y, X)X)(x) for any
Y eT,M, x € M. It becomes a self-adjoint endomorphism of the tangent bundle
T M. From this definition, we obtain the Jacobi operator R with respect to the Reeb
vector field £ € T M, which is said the structure Jacobi operator of M defined by
R:Y = R(Y, &)& for all tangent vector fields ¥ to M.

Moreover, due to the definition given by Kobayashi and Nomizu [9] the structure
Jacobi operator Rg on M is said to be recurrent if there exists a 1-form w such that

(VxR:)Y = o(X)R:(Y) )

for all tangent vector fields X, Y on M. If the covariant derivative of R¢ along any
curve y on M with y(p) = X, p € M, vanishes identically, then we say that the
structure Jacobi operator R; of M is parallel (see [7]). Accordingly, we see that
the concept of recurrency for R; naturally generalizes parallelism. Specifically, we
say that R¢ is Reeb recurrent (or 9Dt -recurrent, resp.) if R satisfies (*) for X =&
(or X € 2+, resp.). Then they are weaker conditions than recurrent structure Jacobi
operator. Concerning such notions, in this paper we give some classifications of Hopf
hypersurfaces in G,(C"*+?) as follows.

Theorem 3 Let M be a real hypersurface in complex two-plane Grassmannian
G,(C"*2), m > 3, with non-vanishing and constant geodesic Reeb flow along the
Reeb direction. Then M has Reeb recurrent structure Jacobi operator if and only if M
is locally congruent to an open part of a tube around a totally geodesic G,(C"*1)
in Go(C™2) with radius r € (0, ﬁi) U (417—5, ﬁi) and the one-form w satisfies

w(§) =0.

Remark I There are many results for the parallelism of structure Jacobi operator R
of M in Go(C"™*?) ([4, 6, 7, 13], etc.). In particular, we see that if w(£) = 0, the
notion of Reeb recurrent structure Jacobi operator is equivalent to Reeb parallelism,
thatis, V¢ R; = 0. In [4] Jeong, Kim, and Suh introduced the notion of Reeb parallel
structure Jacobi operator.

Theorem 4 There do not exist real hypersurfaces in complex two-plane Grass-
mannian G,(C"™*?), m > 3, with non-vanishing geodesic Reeb flow and 2*-
recurrent structure Jacobi operator if the distribution 2 or 2*-component of the
Reeb vector field is invariant under the shape operator.

2 Preliminaries

We use some references [5, 8, 14, 17] to recall the Riemannian geometry of complex
two-plane Grassmannians G,(C"*?) and some fundamental formulas including the
Codazzi and Gauss equations for a real hypersurface in G, (C"+?).

In this section let M be a Hopf hypersurface in G, (C"™+2), m > 3. Now we want to
derive the structure Jacobi operator R € End(7, M), x € M, of M from the equation
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of Gauss. Since the structure Jacobi operator R is defined by R:Y := R(Y, &)& for
any tangent vector field Y on M, we obtain

R:Y =Y — n(Y)é +aAY — on(Y)E

3
M
+ {327, 0,610, — 1900 — (V)& + @M,

v=1

where o = g(A&, §). Moreover, from a well-known fact that the covariant derivative
of R; along any direction of X is defined by (VxR:)Y = Vx(R:Y) — R:(VxY),
together with (VxA)¢ = (Xa)é + apAX — ApAX we have

(VxRe)Y = —g(pAX,Y)E — n(Y)pAX + (Xa)AY + a(VxA)Y
—20(Xa)n(Y)E — g (Y, pAX)E — o’ n(Y)pAX

3
= > [ 8@ AX. )6 — 200G AXE + 1Y), AX o
y=1

+3g8(@AX, ¢Y)p & + 3n(Y)n, (AX)p,§ + 31, (¢Y)hpAX
= 3an, (@Y)n(X)&, +4n,(E)n,(pY)AX

— 4 (AKX, V)& + 2 SAX)BY |

On the other hand, we can derive some facts from our assumption that M is a real
hypersurface in G,(C™*2?) with geodesic Reeb flow, that is, Af = a& where a =
g(A&, £). Among them, we introduce a lemma which is induced from the equation
of Codazzi [14].

Lemma 1 If M is a connected orientable real hypersurface in Go(C"*2) with geo-
desic Reeb flow, then

3
grada = ()€ +4 D 1, (5)pE,
v=1l

; (1.3-(3))
(ie. Xa = (Ea)n(X) +4 > n(E)g(¢é,, X))
v=1
and
2A0AX = aApX + apAX +2¢X
3
+23 [ (0g8 + n@X)8 + n.©)d, X (13-(1i))
v=1

= 20X, — 2@ X)),
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for any tangent vector field X on M in G,(C"+?).

As mentioned in Theorem 1, the complete classification of real hypersurfaces
in Go(C"™*?), m > 3, with two kinds of A-invariances for the distributions [E] =
Span{&} and 2+ = Span{&;, &, &} was introduced in [17, 18]. Related to this result,
we have the following two propositions with respect to the principal curvatures of
the model spaces (A) and (B), respectively.

Proposition 1 Let M be a connected real hypersurface of Go(C"2). Suppose that
A2 C 9, AE = a&, and £ is tangent to 2. Let J, € J be the almost Hermitian
structure such that JN = J\N. Then M has the following three (if r = 7 /2+/8)
or four (otherwise) distinct constant principal curvatures o, B, A and | with some

r e (0,7//38).

principal curvature |multiplicity eigenspace

o = +/8cot(+/8r) 1 T, = —RJN = Span{&}

B = V2 cot(+/2r) 2 Tg = CtN = Span{&, &)

A= —2tan(v2r)| 2m — 1) |, = {X | XLHN, JX = J; X}
nw=0 2(m —1) |T, ={X| XL1HN, JX = -/ X}

Here RN, CN and HN respectively denotes real, complex and quaternionic span
of the structure vector field & and C*+N denotes the orthogonal complement of CN
in HN.

Proposition 2 Let M be a connected real hypersurface of G,(C"*2). Suppose that
A2 C 2, AE = aé&, and & is tangent to 2. Then the quaternionic dimension m of
G»(C™2) is even, say m = 2n, and M has five distinct constant principal curvatures
and their corresponding multiplicities and corresponding eigenspaces are as follows.

principal curvature |multiplicity eigenspace

o = —2tan(2r) 1 Ty = Span{&}

B = 2cot(2r) 3 Tg = Span{§, |v=1,2,3}
y =0 3 T, = Span{¢,§ | v =1,2,3}
A = cot(r) 4dn — 4 |T;

u = —tan(r) 4n—4 |T,

Here, the radius r belongs to (0,7 /4) and the eigenspaces T, and T, satisfy the
following properties.

T, ®T,=HCN), 3T, =T, 3T, =Ty, JT =T,.

Finally, we would like to introduce some results which are very useful tools to
study the following problem: Whether or not the Reeb vector field & belongs to either
the distribution 2 or its orthogonal complement 2=+ under our assumptions. In[14],
Pérez and Suh proved the following lemma by using (1.3-(1)):
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Lemma 2 Let M be a real hypersurface in Go(C"+?), m > 3. If M has vanishing
(or constant) geodesic Reeb flow, then the Reeb vector field & belongs to either the
distribution 2 or the distribution 2+.

On the other hand, from the property of the gradient of Reeb function «, that is,
g(Vxgradea,Y) = g(X, Vygrada) for all X, Y € T M it is proved (see [6, 10]):

Lemma 3 Let M be a Hopf hypersurface in Go(C"*2), m > 3. The principal cur-
vature « is constant along the direction of € if and only if the 2 and 2*-components
of the structure vector field & are invariant by the shape operator A.

Furthermore, by using the basic formulas for a real hypersurface in G,(C"*?)
we get:

Lemma 4 Let M be a real hypersurface in Go(C"1?), m > 3, with non-vanishing
geodesic Reeb flow. If the Reeb vector field & is given by &€ = n(Xo)Xo + n(€1)&;
for some unit vector field Xy € 2 and & € 2+ such that n(Xo)n(&;) # 0, then we
have:

(i) ¢Xo=—nEDd1Xo, P& = n(Xo)d1Xo,
(i) g(@Xo, 9Xo) = n*(&1), g(@&, dXo) = —n(Xo)n(&), g(¢1Xo, p1Xo) = 1.

Moreover, if the 2 (or 2+ )-component of £ is principal, then it gives us:

(iil) the vector fields ¢ Xy, ¢1 X and ¢1& are also principal where their correspond-
ing eigenvalues are given by A = (oz2 + 4772(X0))/(x,

(iv) qv(§) =0, ,(X0) =0, ¢,(§1) =0forv=2,3,

(v) Vx,Xo =8¢1Xo =0o¢Xo where § = (=2an(§1))/n(Xo) and o = 2a/n(Xo),

(vi) Vx,&1 = a¢1Xo, Ve &1 =0, Vg Xo = ag Xo.

3 Hopf Hypersurfaces in Complex Two-Plane
Grassmannians with Reeb Recurrent Structure Jacobi
Operator

Throughout this section, let M be a Hopf hypersurface in complex two-plane Grass-
mannians G,(C"12), m > 3, with Reeb recurrent structure Jacobi operator. It means
that there exists a one form @ on M such that (Ve R¢)Y = w(§)R:Y for all tangent
vector fields Y to M. Thus, from the Eqgs. (1) and (2), the structure Jacobi operator
R: of M satisfies
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(VeR:)Y = w(E)R:Y
= (Ea)AY +a(V:A)Y —2aEa)n(Y)é

3
= 4a{s@.6 VE + M NIDE — 1,8, N)E = mEND k]
v=1
= @)Y — (V)& +aAY — Py

3
+> {3507, 0,610 — 1900 — (V& + @],
v=1

3)
where Y belongs to the tangent vector space 7, M at any point x of M. Using this
equation, we prove that:

Lemma 5 Let M be a Hopf hypersurface in complex two-plane Grassmannian
Go(C"*2), m > 3, with Reeb recurrent structure Jacobi operator. If the Reeb func-
tion « is constant along the direction of the Reeb vector field &, then & is tangent
either to 2 or to 2+.

Proof To prove it, we suppose that the Reeb vector field € is given by

§ =n(Xo)Xo + n(éé ()

with 1(Xo)n(£1) # 0 for some unit Xy € 2 and &, € 2+. The result is trivial when
the smooth function ¢« = g(A§%, &) identically vanishes by virtue of Lemma 2. So, we
only consider the case that « is non-vanishing. Since we now assume the principal
curvature « is constant along the direction of £, that is, £o = 0, we see that X and &;
become principal vector fields with their corresponding principal curvatures o given
by Lemma 3. From this, if we put ¥ = X in (3), then we get

a(Ve A)Xo + 4an()n(Xo)1§
= ()] Xo = n(X0)§ +a?Xo — & n(X0)E = n(ENG19 X0 + nEN (X0 |

And taking the inner product with ¢ X, together with formulas in Lemma 4 it follows
ag((V:A)Xo, pXo) — dan’(€)n’(Xo) = 0. “4)

Moreover, since (VeA)Xo = (Xo)é +adpAXg— APpAXo + ¢ Xo +n1)d1Xo
from the equation of Codazzi, we see that g((V:A)Xo, ¢Xo) = —4an*(EDn(Xo)
by virtue of Lemma 4. It follows that the equation (4) implies an®(ENn*(Xo) = 0.
In fact, since we only consider the case of o # 0 with n(X¢)n(&;) # 0, it makes a
contradiction. Hence, we can assert that the Reeb vector field & belongs to either 2
or 2% under our assumptions. (]

Thus, we shall divide our observation in two cases depending on the Reeb vector
field & belongs to either 2 or 2. When & € 2, by virtue of Theorem 2, we see that
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a real hypersurface M with our assumptions becomes a 2*-invariant hypersurface
in G,(C™*?). Next, we consider the case S 2+, Without loss of generality, we

may put§ = §;.

Lemma 6 Let M be a Hopf hypersurface in complex two-plane Grassmannian
G»(C™2), m > 3, satisfying the following three conditions:

(a) M has non-vanishing geodesic Reeb flow whose is constant along the Reeb
direction, that is, o« = g(A§,&) #0and&a =0,

(b) the structure Jacobi operator Rg of M is Reeb recurrent, that is, R satisfies
(VxRe)Y = o(X)ReY, and

(c) the Reeb vector field & belongs to the distribution 2.

Then the distribution 2= (or 2, respectively) is invariant under the shape operator A
of M, that is, g(A2, 21) = 0.

Proof We may put £ = &, because £ € 2*. From the assumption of £a = 0, the
Eq. (3) can be written as

a(V:A)Y

= 0@[Y = 1(NE + @AY —@21(V)E + 2N + 201N — $19Y |
&)
for any tangent vector field ¥ on M. On the other hand, by the equation of Codazzi,
the left-hand side of (5) becomes

(Ve A)Y = (VY A)§ + @Y +¢1Y +2n3(Y)E, — 2m(Y)é3
= Ya)§ +apAY — AQAY + @Y + ¢1Y 4 2n3(Y)& — 2ma(Y)és,

where the second equality holds because M is Hopf. By Lemma 1 and £o = 0, the
Eq. (5) becomes

Ol2 ot2
— @AY — —A¢Y
2 ¢ 2 ¢ (6)
= 0@ Y = 1(NE + @AY —a21(VE + 20N + 2018 — $1Y |

for all tangent vector fields Y on M.

Let £2; be subset of M given by £2; = {p € M |w(§)(p) = w(§,) # 0}. From
now on, we will show that g(A&,, X) =0, u = 1,2, 3, forall X € 2 on the open set
£21. Actually, when p = 1, it is true, since § = &; € 2 and M is Hopf. So, we will
provethat g(A&;, X) = g(A&;, X) = 0for X € 2on£2,.Puttingy =& andY =&
in (6), we obtain a?P A&, + a?A&; = 20 (&) {e A&, + 26} and o?P Al — a? A, =
2w(&){aA&s + 23}, respectively. Taking the inner product with X € 2, then these
equations give us
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—a?2(ApX) + a’n3(AX) — 20w (E)n(AX) =0, 7
—a*n3(A9X) — &’ (AX) — 2aw(§)n3(AX) = 0.
On the other hand, applying the structure tensor field ¢ to (6), we obtain
—?AY + &Pn(Y)E — *pAQY
(®)

= 20(E)[9Y + gAY — 2N +2pMNE + @i Y |,

where ¢ pY = ¢ Y = —¢, Y. Similarly, putting Y = &, and &; in (8) and taking
the inner product with X € 2, we have
—a?n(AX) — &’n3(AdX) + 20w (§) N2 (A X) =0, ©)
—a?n3(AX) + &’ (AX) + 20w (E)n3(ApX) = 0.

The four equations in (7) with (9) can be expressed as the product of matrices as

follows.
—k m —m 0 2 (AX)
-m —k 0 —m n3(AX)
-m 0 k —-m m(ApX)
0 —m m k n3(ApX)

(10)

(=l eiw)

where m = o2 and k = 2aw(£). In fact, the determinant of the 4 x 4 matrix W is
given by

—k m —m O —k m —m 0
-m —k 0 —m -m —k 0 —m
detW = det —m 0 k —m| |-m 0 k —m
0 —m m k 0 —m m k
—k 0 —m —m 0 —m —m —k —m
=—k|0 k-m|l—-m|-mk —m|l—m|-m 0 —m
—-mm k 0 m k 0 —m k

= k*(k* + 4m?),

and it does not vanish on £2;. So, there exists the inverse matrix of W denoted by
W', From this and (10), we see that ,(AX) = 0 and n3(AX) = O forany X € 2,
that is,

2 (AX) 0 0
max) | _fo) (o
m(ApX) | = of = 1lo
n3(ApX) o/ \o
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Therefore, we assert that g(A2+, 2) =0 on £, under our hypotheses in
Lemma 6.
Infact, £2y := M — £2, is the complementary set of §£2; in M, and §2p = Int£2y U 952
where Int£2y and 0£2 denote interior and boundary of 2y, respectively. Thus we
consider our lemma on Int§2y. From the definition of IntS2, the structure Jacobi
operator Rg becomes Reeb parallel, that is, (V¢R:) = 0. Related to this notion,
Jeong, Kim, and Suh [4] already gave a characterization of a real hypersurface of
type (A) in Go(C™*?) with non-vanishing geodesic Reeb flow. According to their
method, we know that on Int§2, it holds g(A2, 25 =0. Finally, let us assume
that p € 9£2y. Then there exists a subsequence {p,} C £2; such that p, — p. Since
g(A2+, 2)(p,) =0 on the open subset £2; in M, by the continuity we also get
g(A2+, 2)(p) = 0on 3£2y. Hence, we get a complete proof of our lemma. (I

Remark 2 Actually, when M has vanishing geodesic Reeb flow (it is denoted M
for our convenience), we can also consider a similar problem such as Lemma 6. For
this case, we should observe our problem with the following two cases:

o 2f ={peMy|w®)(p)=w’, # 0},
o 2F =My — 2.

Assume that p belongs to £2; which is an open set in M. Then we see that the
structure Jacobi operator identically vanishes on §2, thatis, R Y = O for all tangent
vector field Y. From this, we obtain that the structure Jacobi operator R of 2}
satisfies the commuting condition R¢¢pA = 0 = ARg¢. So, by virtue of the proof
given in [12], we can assert that when & € 2%, it holds (A2, 2+) = 0 on L27.
But, on Int 25 we do not have enough information to solve our problem, since the
Reeb recurrent structure Jacobi operator becomes a meaningless notion. Hence we
do not focus our consideration on it. Therefore, we only consider the case that M
has non-vanishing geodesic Reeb flow in Lemma 6.

Summing up these discussions, we assert that real hypersurfaces in G,(C"*+?)
with all assumptions given in Theorem 3 become one of the model spaces given in
Theorem 1. Therefore, let us check the converse problem, that is, whether or not
model spaces of type (A) and type (B) satisfy the conditions in Theorem 3. In fact,
we know that both model spaces are Hopf and their principal curvature o = g(A&, &)
is constant by Propositions 1 and 2, respectively. From such a point of view, in the
following two lemmas we finally show if the structure Jacobi operator R of model
spaces is Reeb recurrent or not.

Lemma 7 Let M4 be a real hypersurface of type (A) in complex two-plane Grass-
mannians Go(C™t2), m > 3. Then the structure Jacobi operator Re of M4 is Reeb
recurrent if the one-form w satisfies w(§) = 0.

Proof By virtue of Proposition 1, we see that the tangent vector space T, M4 at
D € M has four eigenspaces, T, Tg, T, and T,,. So, let us observe whether or not
the equality in (6) holds for each eigenspace of M.
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Since the shape operator A commutes with the structure tensor ¢ on all eigenspaces
in T,My, that is, A = A¢, the left-hand side of (6) is zero for all eigenspaces
of My, thatis, (VeRg)Y = %(qu —Ag)Y =0forallY € T,M,.

On the other hand, the left-hand side of (6) is given by

0, if Y=£&¢eT,,
w&)(ap +2)&,, it ¥ =&, € Tp,
w@E)(al+2)Y, if Y eT,
0, if Y eT,.

w(@E)R:Y =

Thus it should be w(£) = 0 to hold the equality in (6), since a = +/8 cot(+v/8r),
B = /2 cot(+/2r) and A = —+/2 tan(+/2r) for some r € (0, %)_ O

Lemma 8 Ler My be a real hypersurface of type (B) in complex two-plane Grass-
mannians G,(C"™*%), m > 3. Then the structure Jacobi operator Rg of Mg is not
Reeb recurrent.

Proof Suppose that Mg has Reeb recurrent structure Jacobi operator. Then putting
Y =&, € Tg = Span{é, |« =1, 2, 3} in (3), we obtain

(VERE)SK = w(S)RE%-K — Ol(ng)ék - 4“¢K‘§ = w(é)aﬁé,(,

since Ty Mp =T, ®Tg®T, ®T,, ®T, and « is constant from Proposition 2.
Moreover it consequently becomes a(af — 4@ & = w(&)apé., by (V:A)E, =
ﬂ(véé/{) - A(VESK) and VE‘EK = QK+2(€:)§K+1 - qK+1(§)EI€+2 + a¢/<$- Hence, tak-
ing the inner product of this equation with ¢, &, we obtain o = 0, because the prin-
cipal curvatures o and 8 on Mp are given by o« = —2tan(2r) and 8 = 2 cot(2r) for
r € (0, I). It makes a contradiction. So, we complete the proof of our lemma. [

4 Hopf Hypersurfaces in Complex Two-plane
Grassmannians with 2+-Recurrent Structure Jacobi
Operator

In this section, we will prove our Theorem 4 given in the introduction. It is said that
M is areal hypersurface with 2+ -recurrent structure Jacobi operator if the structure
Jacobi operator R; of M satisfies (Vg R:)Y = w(§)R:Y forallx = 1,2, 3.

Now we want to prove that the Reeb vector field £ belongs to either the dis-
tribution 2 or its orthogonal complement distribution 2+ under our hypotheses.

Lemma9 Let M be a Hopf hypersurface in complex two-plane Grassmannians
Go(C™2), m > 3, with 2+ -recurrent structure Jacobi operator. If the 2 or 2+-
components of the Reeb vector field & is invariant under the shape operator A of M,
then & belongs to either the distribution 2 or the distribution 2= .
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Proof To show this lemma, we may put the Reeb vector field £ as follows.

& =n(Xo)Xo + n(éné ()

for some unit Xy € 2 and & € 2+ with n(Xo)n(£1) # 0. When the function o =
g(AE, &) identically vanishes, the result can be obtained directly from Lemma 2. So
we consider that the smooth function « is non-vanishing. Putting X = &, € 21 and
Y =& in (1) and (2), together with two equations (1.3-(i)), (1) and two Lemmas 3
and 4, the condition of 2 -recurrent structure Jacobi operator give us

(Ve Ro)§ = w(EDR:E = —a(e? +81°(Xo))p&r = 0. (1)

Since « and n(X() are non-vanishing, we obtain ¢&; = 0. It makes a contradiction,

because g(p&), p&1) = —g(¢*E1, &) = n*(Xo) # 0. Accordingly, we get a com-
plete proof of our Lemma. (]

By this lemma, we first study the case that the Reeb vector field £ belongs to
the distribution 2+, that is, & € 2. Without loss of generality, we may put & = &.
Since 2+ = Span{&, |k = 1, 2, 3},if wetake k = 1, then the 2~ -recurrent structure
Jacobi operator property R coincides with the Reeb recurrent property. Hence by
virtue of the proof in Lemma 6, we can assert that:

Lemma 10 Let M be a real hypersurface in complex two-plane Grassmanni-
ans Go(C"*2), m > 3, satisfying the following four conditions:

(a) M has non-vanishing geodesic Reeb flow, that is, « = g(A&, &) # 0,

(b) the structure Jacobi operator R: of M is 2*-recurrent, that is, R satisfies
(Ve Re)Y = w(§)ReY forallk =1,2,3,

(c) the principal curvature « = g(A§, &) is constant along the direction of &, that
is, e =0, and

(d) the Reeb vector field & belongs to the distribution 2.

Then the distribution 2~ (or 2, respectively) is invariant under the shape operator A
of M, that is, g(A2, 2+) = 0.

But a model space M, of type (A) does not have 2+ -recurrent structure Jacobi
operator. Actually, we suppose that the structure Jacobi operator R of M, has
the property of 2+-recurrency. That is, the structure Jacobi operator R: should
satisfy (Vg Re)Y = w(§)ReY for all k =1, 2,3 and for all tangent vector fields
YeT My=T,0T3 DT, ®T,, p € My. From this fact, we obtain B(af +2) =
0 for the restricted case of k =2 and Y € T,,. By the way, we see that it makes a
contradiction by virtue of Proposition 1.

On the other hand, if the Reeb vector field & belongs to the distribution 2,
then a real hypersurface with our assumptions in Lemma 9 is of type (B) owing
to Theorem 2. As the next step we should observe the converse problem, that is,
whether a model space Mp of type (B) in Theorem 1 has our conditions in Lemma 9
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or not. Now, among them let us focus our considerations on the hypothesis of .2--
recurrent structure Jacobi operator on Mp. Since a tangent vector space T, Mp at a
point p € Mp has five eigenspaces Ty, T, T,,, T and T}, if we check our condition
for the case Y = £ € T, then the eigenvalue 8 must be zero. But on My it does not
occur for some radius 7 € (0, 7).

Summing up these observations in Sect. 4, we complete the proof of our Theorem 4
in the introduction. O
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Hamiltonian Non-displaceability of the Gauss
Images of Isoprametric Hypersurfaces
(A Survey)

Reiko Miyaoka

Abstract This is a survey of the joint work [13] (Bull Lond Math Soc 48(5), 802—
812, 2016) with Hiroshi Iriyeh (Ibaraki U.), Hui Ma (Tsinghua U.) and Yoshihiro
Ohnita (Osaka City U.). The Floer homology of Lagrangian intersections is computed
in few cases. Here, we take the image L = ¢ (N) of the Gauss map of isoparametric
hypersurfaces N in $"*!, that are minimal Lagrangian submanifolds of the complex
hyperquadric Q"(C). We call L Hamiltonian non-displaceable if L N @(L) # ¢
holds for any Hamiltonian deformation ¢. Hamiltonian non-displaceability is needed
to define the Floer homology HF (L), since HF (L) is generated by pointsin L N ¢(L).
We prove the Hamiltonian non-displaceability of L = ¢ (N) for any isoparametric
hypersurfaces N with principal curvatures having plural multiplicities. The main
result is stated in Sect. 4.

1 Introduction of Isoparametric Hypersurfaces

The family of isoparametric hypersurfaces in spheres is rich, containing infinitely
many homogeneous and non-homogeneous hypersurfaces. Although the topology
and differential geometric properties are well investigated, they are not so familiar.
Hence we start from a brief introduction of the subject.

1.1 History

The study of isoparametric hypersurfaces began in geometric optics, and the research
is divided into 4 periods:

1. 1918-1924: Laura, Somigliana (geometric optics in R?)
2. 1937-1940: Levi-Civita, B. Segre, E. Cartan (in R**! and in the space forms)
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3. 1973-1985: Miinzner, Nomizu, Ozeki, Takeuchi, Ferus, Karcher, Abresch,
Dorfmeister, Neher (in §"+!)
4. 2007: Cecil, Chi, Jensen, H. Ma, Ohnita, and the author.

A nice reference of the history is [24], and a general reference is [5].

Let (M, g) be an (n + 1)-dimensional Riemannian manifold, and let N be an
embedded hypersurface with a unit normal vector field &£. Consider a wave (light,
heat, sound, etc.) starting from N with the velocity v(p, X) € R, where X € T, N is
unit. Put

@, (p) = {points to which the ray emanating from p with v(p, X) reaches in timez}.

Then the “wave front” N, is given by the envelope of @,(p) by Huygens’ principle.

Definition 1 N, is parallelto each other if the distance between N; and N is constant
for each t'.

Lemma 1 N, is parallel to each other when v(p, §,) is independent of p.

Definition 2 When a family of parallel submanifolds {N,} sweeps out M where
almost N, are regular hypersurfaces, and some are regular submanifolds of M, we
call N; an isoparametric hypersurface, and a focal submanifold, according to the
dimension.

Now, consider a mechanical displacement @ : R3 x R — R in R3 of a wave

satisfying the wave equation
i’

2 32 82
— + — + —. A mechani-
ox2  9y?  03z2
cal displacement means, for instance, a gap of a vibrating spring from the original
position. Let a be the biggest gap. We call N, = @~ !(a) N (R? x {t}) the wave front.

where c is a constant and A is the Laplacian A =

Fact1 (Laura 1918, Somigliana 1918-19) If @ satisfies the wave equation (1) and
eachwave front N, = @~ '(a) N (R? x {t}) is parallel to each other, then N is one of

R, %, S'xR.

Fact 2 (Segre 1924) Let {N,} be a family of parallel surfaces in R>. If there exists a
function f : R®> — R such that f and Af are constant on each Ny, then N, is one of

R?, §%, S'xR.
Fact3 Let ¢ : R x R — R be the heat conduction

ap 2
— =c " Agp.
ot ¢
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If ¢ is reduced to one-dimensional, then the level surface of ¢ is one of
R?, §%, S'xR.

This is because on each level surface, ¢ is constant since ¢ is reduced to one-

a
dimensional, and so is —(tp as levels are parallel to each other. Then A¢ is constant
on the level, and the conclusion follows from Fact 2.

1.2 Isoprametric Functions

Recall that on a Riemannian manifold (M, g), the gradient vector V f and the Lapla-
cian Af of a function f € C*°(M) is given, respectively, by

szgij(g—i)%j, Af =divV f = %%(@gu%)'

Definition 3 (i) A C? function f : M — R is called an isoparametric function if f

satisfies
M IVFI*> =b(f)
(ID Af =a(f),

where b(f) is a C?, and a(f) is a C° function of f.

(ii) When f is an isoparametric function on M, N; = f~'(¢) is called an isopara-
metric hypersurface if t is a regular value of f, and a focal submanifold if t is a
critical value.

Remark Definition 2 of isoparametric hypersurfaces coincides with this definition.

Example When M = R"*!, the following gives isoparametric functions and isopara-
metric hypersurfaces.

1. f(x)=x"t", |Vf?=1, Af =0and N, is an n-plane.

2. f(x) = lx]2, |Vf|2 =4f, Af =2(n+ 1),and N, is an n-sphere S"(J1), (t >
0), and N is a point.

3. f) =30 x2 ViR =4f, Af =2(k+1), and N, is S*(/7) x R+

(t > 0) and Ny = R" %,

Remark (a) The condition (I) implies that {V,} is a parallel family. In fact, since f is
constant on N, V f is a normal vector of N;, and (I) means that the normal velocity
is constant on each level.

(b) (I) implies that N, has constant mean curvature (CMC). See Appendix.

(c) Isoparametric functions are not unique for an isoparametric family {N,}. For
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instance, take f(x) = |x|*> in Example 2, and consider g(x) = |x|*, that gives the
same level sets as f. Here g is also an isoparametric function, since

IVgl* = 16g/3. Ag=4(n+3)s.

(d) In the space form, functions satisfying (I) have CMC level set, namely, {N;}
is a family of isoparametric hypersurfaces (see Fact 4.1 below). This holds only
when M is a space form. Functions satisfying (I) is called transnormal functions.
A transnormal function is not necessarily an isoparametric function, but the level
hypersurfaces become isoparametric hypersurfaces if M is a space form [17].

Fact4 (E. Cartan 1937-38) Let M(c) = R, §"t' or H"' according to ¢ =
0, 1, —1. Let {N;} be a family of parallel hypersurfaces. Then the following holds:

(i) {N:}is a family of isoparametric hypersurfaces < All N; have CMC < Some
N; has constant principal curvatures.

(ii) When N, is an isoparametric hypersurface, let iy > ... k4 be distinct principal
curvatures with multiplicities my, ..., m,, respectively. Then
m;(c + Kkqk;)
Z l( ati -0 (2)
Ko FKi Ka = ki

holds, and this is called the Cartan formula.

(iii) When ¢ <0, g <2 follows from (2). When g = 1, N; is totally geodesic or
totally umbilic. When g = 2, N, is a tube over totally geodesic submanifold. In
particular when M = R, these are given by

R, S§", SF xRk,

(iv) When ¢ > 0, there exist examples for g = 3 and 4. In particular, when g = 3,
they are given as tubes over the standard embedding of the projective 2-plane
FP? into S3¢+!, where F =R, C, H or €ay, and d = 1,2, 4, 8, respectively.
These are called the Cartan hypersurfaces.

1.3 Isoparametric Hypersurfaces in S"*1

Now, consider more details in the case M (1) = S"*!. Namely, let N” be an isopara-
metric hypersurface in $"*!, i.e., a hypersurface with constant principal curvatures
by Fact 4 (i). Obviously, all homogeneous hypersurfaces in $"*! are isoparametric,
since they have constant principal curvatures. They are given as isotropy orbits of
rank two symmetric spaces of compact type, and classified completely [12].
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Fact 5 (Miinzner 1981) Let k| > - -+ > k, be distinct principal curvatures of an
isoparametric hypersurface N in S"*' with multiplicities m, . .., m,, respectively.
Then g € {1,2,3,4,6} andm; = m;1, (i : mod g)

Classification.

1. Wheng =1, N = §"(r),0 < r < 1, a hypersphere.

2. Wheng =2, N = S¥(r) x " *(/1 =r2),0 <r < 1,1 < k < n, the so-called

Clifford hypersurface.

When g = 3 N is the Cartan hypersurface in Fact 4 (iv).

4. When g = 4, there exist infinitely many homogeneous and non-homogeneous
examples, the so-called OT-FKM type (constructed by using the representations
of Clifford algebras) [22], [10], and two other homogeneous ones. All the cases
but (m, my) = (7, 8) turn out to be of OT-FKM-type or homogeneous ones [4],
[6]. Very recently, Q.S. Chi announces that this is true for (m, m,) = (7, 8) [7].

5. When g = 6, N is an isotropy orbits of either G,/SO(4) or G, x G,/ G, [9],
[16].

(O8]

Therefore, we know

Fact 6 When g = 1,2, 3, 6, all isoparametric hypersurfaces in SNT! are homoge-
neous.

1.4 Gauss Map

The Gauss map of a hypersurface N in S"*! is given by:
9 : N> pr x(p)+~—1&(p) € 0,(C) = Gr* (2, R"),

where Gr* (2, R"*?) denotes the oriented 2-plane Grassmannian identified with the
complex hyperquadric

n+2

0,(C) ={z € CP"™' | > 7 =0},

i=I

viax(p) A€, = x(p) +v/~1§).

Note that Q,(C) is a Hermitian symmetric space (with positive Ricci curvature),
and regarded as a symplectic manifold.

The following is the starting point of our argument.

Fact 7 (B.Palmer 1997) [23] When N is an isoparametric hypersurface, L = < (N)
is a minimal Lagrangian submanifold of Q, (C).
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2 Review of symplectic geometry

2.1 Symplectic Manifolds and Lagrangian Submanifolds

Definition 4 (1) A 2n-dimensional smooth manifold M is called a symplectic mani-
foldsif M is equipped with anon-degenerate closed 2 form w. We call w the symplectic
form.

(2) An n-dimensional submanifold ¢ : L — M is a Lagrangian submanifold of
M when i*® = 0 holds.

Example (1) Consider M = T*R" with coordinates (¢',...,q", pi,....ps) €
T*R". Then w = >_dq' A dp; is a symplectic form, and (T*R", ) is a symplectic
manifold.

In this case, typical Lagrangian submanifolds are the base manifold L = R”, and
afiber L = 7~ '(g) forq € R".Infact, p = (pi, ..., p,) = 0holds on R". Also on
L=n""q9),q=1(g", ..., q" isconstant and so dg = 0 follows.

(2) Any Kihler manifold is a symplectic manifold with symplectic form given by
the Kidhler form. In particular, any surface is a symplectic manifold, and a curve on
a surface is a Lagrangian submanifold.

[Darboux] For a symplectic manifold (M n w), there exists a local coordinates
(g, pi) of M satisfying w = > dq' A dp;

Definition 5 This coordinates is called the Darboux coordinates, or, the canonical
coordinates.

Thus any symplectic manifold is locally symplectomorphic to 7*R". This means
that in symplectic geometry, global properties are important.

Remark For any manifold X, its cotangent bundle 7*X is a symplectic manifold. In
fact, in a standard coordinates (x!, ..., x", &, ...,&,) of T*X, o* = > dx' A d&
is a coordinates free non-degenerate closed 2-form on 7*X.

Definition 6 Let L C (M, w) be a Lagrangian submanifold. There exists a tubular
neighborhood (N (L), w|n (1)) of L in M which is symplectomorphic with the tubular
neighborhood (N (0;), w* In,)) of the O-section Oy, = L in T*L. We call N(L) the
Weinstein neighborhood of L.

2.2 Hamiltonian Diffeomorphism

Hereafter, let (M, w) be a compact symplectic manifold.

Definition 7 (1) For a Hamiltonian function H € C* (M), its Hamiltonian vector
filed X  is the one defined by dH = w( , Xg).
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(2) For a time dependent Hamiltonian function H : [0, 1] x M — R, let X, be
the Hamiltonian vector field, and {¢?},cj0.17 be its associated flow. Then {¢ },¢10.1]
is called a Hamiltonian isotopy of M.

(3) The time-1 map ¢ = ¢{’ of a Hamiltonian isotopy of M is called a Hamiltonian
diffeomorphism of M.

Now we put

Ham(M, ) = {9 = ¢{' | H € C*([0, 1] x M)}
C Symp,(M, w) = {symplectomorphism isotopic to the identity map}

2.3 Lagrangian Intersection

For a function f € C°°(L) on a manifold L",

Ly={(g,df(@)}CT"L

0
is a Lagrangian submanifold of 7*L. In fact, if we put f; = —f p=df =

aq' ’
S, fidg' implies

, - Y
ot =3 dg’ ndp = 3 da’ G dgT <o

ij=1

since f;; = fji. We call L ¢ the Lagrangian graph of T*L.

In T* L, the intersection of the 0-section L with L yis givenby L N Ly = {(g, 0)},
namely, L N Ly consists of critical points of f. Thus if L is compactand f isa Morse
function on L, we have

#(LNLy) >SB(L,Zy),

where SB(L, Z,) is the sum of the Betti numbers of L. The coefficient could be Z.
Now, for any ¢ € Ham (M, w), ¢*w = w holds and so if L is a Lagrangian
submanifold of M, so is ¢(L). Thus we pose the following question:

Question. (Arnold) Let L be an embedded compact Lagrangian submanifold of
M. If the intersection L N ¢ (L) is transversal for ¢ € Ham (M, ), does it hold
#(LNe(L)) = SB(L,Z>)?

Generally, this is not the case. In fact, two small circles on S? are separable by an
isometry, but we have SB(S 1. Z,) = 2. On the other hand, when S' is a great circle,
S! and ¢(S!') always intersect since a Hamiltonian diffeomorphism preserves the
area bisected by a great circle S'. Thus the above inequality holds for great circles.

Now, we consider under what condition, the inequality holds.
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When a Lagrangian submanifold L is contained in the Weinstein neighborhood
N(L), we can apply the argument in the case of Lagrangian graphs. However,
in general, ¢ (L) is not contained in the Weinstein neighborhood. This is the dif-
ficulty of the problem concerning with Hamiltonian diffeomorphisms.

3 Floer Homology of Lagrangian Intersection

3.1 Review of the Morse Theory on Finite Dimensional
Manifolds

First, we review the Morse theory in a way fitting to the Floer theory.
Let M be an n-dimensional compact manifold and f € C*°(M) be a Morse func-
tion. Put C; = {critical points of index k}, and for any p, g € |J;_, Cx, define

dy .. .
M(p,q) ={y@®):R—> M| —gradf:d—, lim = p, lim =¢q}/ ~
t t—>—00 t—00

where ~ is the parameter shift. Then for p € Cy, the boundary operator 0 : C;, —
Cy—1 is given by

p= D #Mp,q)4q,

q€Cy—y

where #.4 (p, q) is counted modulo 2. Then 3 o 3 = 0 holds, and we can define the
Morse homology with 7 coefficient by

kero
HM, 7)) = ——
Imo

3.2 Introduction of the Floer Homology

Let L C (M,®w) be a compact Lagrangian submanifold, and take ¢ = ¢; €
Ham(M, w) of a time dependent flow ¢,. Consider the set of paths:

2 ={:10,1]—- M |1(0) e L,I(1) € (L), is isotopic to ¢, (xg)}.

Fact 8 (Floer [11]) Under the assumption | v w=0forallv : (D* dD*)— (M, L),
D
(1) there exists a functional F : 2 5 1 — F(l) € Ron §2, such that apathl € 2

dl
is a critical point of F if and only if o= 0 holds, namely, when l is a constant path
I(t) =peLNe(L).
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(2) With respect to a family J = {J;}o<i<1 of time dependent almost complex
structures compatible with w,

dl
dF = J;— 3
gra o 3)

holds.
Now, denoting u(s, t) = I(t)(s), we put for p,q € L N (L),

9
M(p.q) ={u:Rx[0,1] = M| 8—” — —gradF, lim u = p, lim u =g}/ ~,
Ky §——00 §—00

where ~ is the parameter shift. From (3), u € .# (p, q) satisfies

ou du

— — =0, 4
8s+ "dt @)

and u is called a J-holomorphic strip.

Fact9 (1) When the intersection is transversal at p € L N@(L), we have the
so-called Maslov-Viterbo index w(p) € Z, and .# (p, q) is a (u(p) — u(g) — 1)-
dimensional differentiable manifold.

(2) When u(p) — u(q) = 1, #(p, q) is compact.

(3) When u(p) — u(q) = 2, the boundary of the compactification M (p, q) is
given by

U M(p,r) x M(r,q).

u(r)=p(p)—1

Next, if we put CF, :={p € LN@(L) | u(p) = k}, the boundary operator d; :
CF, — CFy_y is given by

hp= D #M4(p.9)4q.

q€CFp-1

where #.4 (p, q) is counted modulo 2.
Combining this with (3), we obtain d; o 9; = 0, and so the Floer homology is
defined by
kerd;

ImBJ '

HF(L) =

Note that the above argument holds under the assumption / Ve = 0.
D
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Fact 10 (Floer [11]) (1) HF (L) does not depend on the choice of H, and J;.
(2)If to(M, L) =0, HF (L) = H,(L, Z,) holds.

Definition 8 A Lagrangian submanifold L C (M, w) is Hamiltonian displaceable
if L N (L) = ¥ holds for some ¢ € Ham (M, w).

Since HF (L) is generated by 4’ = L N¢(L), HF (L) = 0 follows if L is Hamil-
tonian displaceable. In other words,

HF(L) # 0 = V¢ € Ham(M, w), L N ¢(L) % § I

Definition 9 L is Hamiltonian non-displaceable if L N ¢(L) # ¢ holds for any
¢ € Ham(M, w).

Remark Note that L N ¢(L) # @ does not necessarily imply HF (L) # 0.

3.3 Generalization of the Floer Homology by Y.G. Oh

The assumption / v*@ = 0 put by Floer is too strong and does not work well.

D
Y.G. Oh weakened the condition and make the Floer homology more useful [19, 21]
Define 1, : my(M, L) — Rforu : (D,dD) — (M, L), [u]l = A € m,(M, L) by

Ia,(A)z/ uw.
D

Let A(C") be the set of Lagrangian subspaces of C", and put it = ulsp : S' —
A(C").Letu € H'(A(C"), Z) be the Maslov class, and define I :mM,L)— Z
by

I[L,L(A) = M(ﬁ)

Definition 10 (1) L is monotone if 1,, ; = A1, holds for some A > 0.
(2) The positive generator Ny, of the image of 1, ; is called the minimal Maslov
number.

Fact 11 (Y.G. Oh [19, 21]) When L is monotone and the minimal Maslov number
satisfies N > 2, we can define HF (L) := H,(CF (L), dy) for (H, J). This is called
the Floer homology of L with Z,-coefficient. HF (L) is Hamiltonian isotopy invariant
of L.
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In this case, the boundary operator is given by
0y =0+ 01 +---+0dv, 0:CF.(L)— CFe_ 14y, (L),
dimL +1
N—L

others are operators concerned with the J-holomorphic strip, and the indices jump.
Thus the computation of HF (L) is difficult when v is large.

where v = [ ] Here, 0y is the boundary operator of Morse, while the

Fact12 [ >v = 9, = 0.
dimL +1 .
/> — = —1+IN,>dmL = CF,_iyn, =0.)

L
In this way, when N is large, v is small, and HF (L) may be computable.

Remark When N = 2, the classification of J-holomorphic disks is necessary to
obtain HF (L), that causes the difficulty.

The Floer homology has been computed only for toric fibers and a few other
cases. In the next section, we focus on a rich family of Lagrangian submanifolds
given by the Gauss image of isoparametric hypersurfaces in spheres, and investigate
the Hamiltonian non-displaceability.

4 Main Result

4.1 Gauss Image of Isoparametric Hypersurfaces

From the argument in Sect. 1.4, we know that the Gauss images of isoparametric
hypersurfaces in $"*! are minimal Lagrangian submanifolds in the complex hyper-
quadric Q,(C).

Fact 13 Q,,(C) is a positive Kiihler Einstein manifold, and so L is monotone.

Remark The following are known:

(1)Wheng =1,N = S§",and L = §" C Q,(C) is a real form.

(2)Wheng =2,N = Sk x §"* and L = S¥ x S”’k/Zz is areal form. In this case,
HF(L) = H.(L, Z,) [14, 20].

Fact 14 (Ma-Ohnita [15]) When L = 9(N),

N _2_n_ my+my g: even
L_g_ 2m g odd.
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Now we state our main theorem:

Main Theorem. [13]
(1) When g = 3, L = ¢(N) is a Z,-homology sphere
In particular, if m = m; > 2, then HF (L) = H,(L,Z,) @ A
where A is a certain algebra of the Laurant polynomials
If the intersection is transversal, then we have
#L N@(L) > SB(L, Z,)

(2) When g =4 and 2 < m; < m,, L is Hamiltonian non-displaceable

(3) When g = 6 and m = m; = 2, L is Hamiltonian non-displaceable.

Remark The condition m; > 2 is necessary for N; > 3 (see Fac 14).

Sketch of the proof: (see also Ohnita’s article in this volume.)

(1) First we show that L is a Z,-homology sphere. Then using the Biran-Cornea’s
argument [2], we obtain HF (L) = H,(L,Z,) ® A.

To show (2) and (3), we use Damian’s spectral sequences (see the next subsection.)
We take a covering L = N — L = N/ Zg4, and lift the Floer complex to L. Taking
the lifted Floer homology HF® (L) given by Damian, we suppose HFL (L) = 0, then

the spectral sequences leads us to a contradiction. Thus we obtain HFL (L) # 0,
which means that L N ¢(L) 7# ¥ holds for any ¢ € Ham (Q,(C), wgq)-

4.2 Damian’s Lifted Floer Homology of Monotone
Lagrangian Submanifolds

Let (M, w) be a compact symplectic manifold, and let L C M be an embedded
compact monotone Lagrangian submanifold satisfying N, > 3.

For p, g € € = L N (L), consider an isolated J-holomorphic strip u : R x
[0, 1] — M joining p, g, and put

r=J iy =u0). lim y(s) =p. limy@) =g},
P.q€€

We obtain the set (¢, I") of points and paths, which reconstructs the Floer complex
(U CF(L), 9)).
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Starting from (%, I'), fixing a covering r : L — L, let I be the set of the lift of
all paths in I" to L.

Put =" (p) = {pi}icr»and =" (q) = {gi}ie;. Then for p;, q; (i, j € I), weknow
# {elements in I" joining p; and q;} < oo. Putits parity n(p;, q;).

Now let C F*(L) be the free Z,-module generated by |J . 7' (p), and define

the boundary operator 3L of CFL (L) by

)= > nlpiapa;.

n(q;)=q€C

Fact 15 (Damian [8]) Let L be a compact monotone Lagrangian submanifold of M,
satisfying N, > 3.LetL — Lbea covering and (CFE(L), 3%) be the lifted complex.
We call its homology HFL (L) := H.(C FL (L), 8L) the lifted Floer homology of L.
This is invariant under Hamiltonian isotopies of L.

Damian proves it by applying Biran’s spectral sequence [1] to the lift of L.

An isoparametric hypersurface covers its Gauss image in a finite order, and the
homology of isoparametric hypersurfaces is well-known. A use of Damian’s lifted
Floer homology is an idea of the first author of [13].

[Damian] When L is a monotone closed Lagrangian submanifold
of M with N, > 3 and L — L is any covering, (CFi(L), Bi) is an
elliptic complex, and the homology HFZ(L) = H,(C FL(L), ai) is

well-defined as the lifted Floer homology of L

HFEL (L) is invariant under the Hamiltonian isotopies of L.

4.3 Damian’s Spectral Sequence

Let A = Z,[T, T~'] be the algebra of Laurent polynomials over Z,, and A’ C A
be the subspace of homogeneous elements of degree i. Then there exists a spectral
sequence {E/"?, d.} satisfying the properties:

L Ey = CFIfH pNL®ApNL do = [aL]®1

2. EV" = Hpigopn, (L, 7o) @ APNL, dy = [3L]®T N where

[9f L] Hyigpn, (Ly Z2) = Hpigo1—p—1yn, (L Zo)

is induced by Bli.
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3. For any r > 1, EI'" = v/ @ APNt with d, =6, ® T, where V"7 is a
vector space over Z, and 8, : V4 — V77" ~! is a homomorphism defined
for every p, g and satisfies 6, o §, = 0. More precisely,

, —rqtr—1
vg  Ker(3, : VPl — v

4+l = q—r+1 ,
Im(s, : VPt sy

CF[erq pNL> V]p,q = p+qg—pN, (l_‘ﬂ Zy)
= [0f]

4. E? collapses at (v 4 1)-step and for any p € Z, ®,czEL! = HFL(L), where
[dlm L+1 ]

dimL + 1

(41D
Ny ]_[

Back to the Gauss image, v = [ 3
n

] implies that for any
P, q € Z, we have

(1) EPY = EX% ifand only if g = 3 and (my, m2) = (2,2), (4, 4), (8, 8).
(2) qu EZ%if and only if g = 3, (m, my) = (1, 1) or g = 4.
3) qu EZ? if and only if g = 6, (m, ma) = (1, 1) or (2, 2).

4.4 Detail of the Proof of the Main Theorem When g = 4

We give a detailed proof of the main theorem in the case g = 4. When g = 6, the
argument becomes longer, but the principle is the same.

Suppose HF L(L) = 0, then from (2) and 4 above, 0 = Eg’q follows, and so from
3 wherer =2 and p =0,

2,q—1 0,q9 —2,g+1
v, -V, =YV,
is exact. Since

Ker([9{1: Hys1-an, (Ls Z2) — Hy-v, (L: 7))

Im([9F] : Hyyo-3n, (L; Zo) — Hyr1-2n, (L; 7))’

Ker([0, Ly Hy_14on, (L; Zo) — Hy—243n,(L; 7))
Im((0F] : Hywn, (L Z2) — Hy-142w,(L; Z5))

2,g—-1 __
V, =

—2,q+1 _
v, =

\/22"]71 = V{z’qﬂ =0for2 <g <n—2,and so
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0 o _ Ker(9f1: Hy(L; Zo) — Hyrow, (Ls Z2))
L Im(0f) : Hyprow, (L Zo) — Hy(L: Z0))

holds. Putting ¢ = Ny = m| + m,, we know
Hl (l:, ZZ) - HmH—mg (l_" ZZ) - HZ(mH—mg)—l (Z, ZZ)

is exact, but this contradicts Miinzner’s result:

2y, for k =0,my, my,2m; +my, m; +2my, n,
Hy(N; Zy) = | Zo ® Zo, for k =m; 4 my,
0, otherwise.

Obviously, HFE (L) # 0 implies HF (L) # 0. In particular, L is Hamiltonian non-
displaceable.

5 Open Problems and a Conjecture

Problems.

1. Solve the case g =3 and m = 1.

2. Solve the case g = 4 and (m, my) = (1, k).

3. Solve thecase g = 6andm = 1.

4. Compute HF (L) in case 1 and in all other cases for g > 4.

A conjecture of H. Ono and IMMO.

In an irreducible Hermitian symmetric space of compact type,
any compact minimal Lagrangian submanifold is
Hamiltonian non-displaceable.
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Appendix

When f is a C? function on a Riemannian manifold M, a level set N, = f~'(¢) of
aregular value ¢ has the mean curvature H (¢)

VIAVSD = IVFIAS

= i

®)

which we will prove later.
When f is an isoparametric function, the condition (II) implies that A f is constant
on N, and so is

b'(f) b'(f)Vb(f)
FAviED F&/b(f)) 2/ VACR) >
where b'(f) means the differential w.r.t. the variable of b. Thus we obtain
b'(f) —2a(f)
H(t) = —————, 6
nH(t) o3 (6)

and N; has constant mean curvature.
Proof of (5): Take an orthonormal frame of M along N,

A? —_— l —_— b ll+ K
l 1 | v f|
whereforl <i < n, Xi is tangent to N, and X,(f) =0as f =17 o0n Nr. Hence from

Af =div(Vf)
=D (VX (V) Xi) + (Ve(V ), £),

and Vf = |V f|&, we obtain

n

VAV D
DUVK (VL X)) =Of (V) =Af — ~“NF (7)
i=1
Since the shape operator is given by AX; = —Vx,§,1 <i < n, using (7), we obtain

nH =TrA =-"_ (Vx,(§), X;)

_ NN S .
- zizl(vxi(wﬂ)» Xz) - |Vf| Zi:](vx,‘(vf)s Xl)

_VIAVID = IVAIAS
VS '
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Counterexamples to Goldberg Conjecture
with Reversed Orientation on Walker
8-Manifolds of Neutral Signature

Yasuo Matsushita and Peter R. Law

Abstract The famous Goldberg conjecture (Goldberg, Proc Am Math Soc 21,
96-100, 1969) [8] states that the almost complex structure of a compact almost-
Kihler Einstein Riemannian manifold is Kihler. It is true if the scalar curvature of
the manifold is nonnegative (Sekigawa, Math Ann 271, 333-337, 1985) [20], (Seki-
gawa, J Math Soc Jpn 36, 677-684, 1987) [21]. If we turn our attention to indefinite
metric spaces, several counterexamples to the conjecture have been reported (cf.
(Matsushita, ] Geom Phys 55, 385-398, 2005) [17], (Matsushita et al., Monatsh
Math 150, 41-48, 2007) [18], (Matsushita, et al., Proceedings of The 19th Inter-
national Workshop on Hermitian-Grassmannian Submanifolds and Its Applications
and the 10th RIRCM-OCAMI Joint Differential Geometry Workshop, Institute for
Mathematical Sciences (NIMS), vol 19, pp 1-14. Daejeon, South Korea, 2015) [19]).
It is important to recognize that all known counterexamples to date are constructed
on Walker manifolds, equipped with an almost complex structure of normal orien-
tation. In the present paper, we focus our attention on Walker manifolds with an
opposite almost complex structure, and consider if counterexamples to the Goldberg
conjecture can be constructed. We succeeded in finding such a counterexample on an
8-dimensional compact Walker manifold of neutral signature, but failed in the case
of 6-dimensional compact Walker manifold of signature (4, 2) with a canonically
defined opposite almost complex structure.
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1 Introduction

In his famous book, Steenrod [23] states that a compact smooth manifold of dimension
n admits an indefinite metric of signature (p,n — p) (p > 1) if and only if the
manifold admits a nonsingular field of tangent p-planes. This shows that the existence
of an indefinite metric on a manifold is closely related to the manifold topology. In
fact, a compact orientable manifold admits a Lorentz metric (1, n — 1) if and only
if it admits a nonsingular vector field, which is the case if and only if the Euler
characteristic vanishes. On a 4-dimensional compact orientable manifold, a neutral
metric (2, 2) exists on it if and only if it admits an orientable field of 2-planes, for
which the existence condition has been settled (see [9, 14-16]).

It is a note worthy observation that for indefinite signature, the existence of a
neutral metric (2,2) on a 4-dimensional compact orientable manifold is equiva-
lent to the existence of a pair (J, J') of an almost complex structure J and an
opposite almost complex structure J’ with orientation reversed to the preferred one
[15, Fact 7].

Around 1950, Walker studied canonical forms of metrics for an n-dimensional
manifold which admits a parallel field of null r-planes (r/2 < n) [24, 25]. Such
manifolds are called Walker manifolds. The canonical forms of such metrics are
expressed in local coordinates, i.e., various expressions are written locally. As we
shall illustrate below, on a Walker manifold of even dimension and even signature
(2p, 2q), one can, at least locally, always construct an almost complex structure J,
and associated with J also an opposite almost complex structure J’, which commute
with each other.

A famous conjecture by Goldberg [8] is well known. It states that the almost
complex structure of a compact almost-Kihler Einstein Riemannian manifold is
integrable. It is known that the Goldberg conjecture is true if the scalar curvature
is non-negative (see Sekigawa [20, 21]), but that otherwise. However, there are
many variant conjectures with various arranged conditions and various affirmative
and negative results. See [1] for an excellent survey of the Goldberg conjecture by
Apostolov and Draghici.

With these considerations in mind, we have reported three kinds of counterex-
amples of the indefinite version to the conjecture. The first counterexample by Haze
[17] is constructed on a 4-dimensional noncompact neutral Walker manifold, the
second one is an §-dimensional compact neutral Walker manifold [18]. The last one
is constructed on a 6-dimensional compact Walker manifold of signature (4, 2) (not
neutral) [19]. These known counterexamples are all constructed on Walker mani-
folds, and only almost complex structures are considered. On the basis of the second
counterexample in [18], Sekigawa et al. [22] studied indefinite Einstein manifolds,
together with isotropic Kihler structures (see [6] for the definition and examples).

In the present paper, we shall exhibit a counterexample to the Goldberg conjec-
ture consisting of 8-dimensional compact neutral Walker manifold with an opposite
almost complex structure. In fact, a variant of the Goldberg conjecture for reversed
orientation is treated.
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2 Walker Manifolds

A.G. Walker [24] determined a canonical form of metrics on a pseudo-Riemannian
n-manifold M" admitting a parallel field D of null 7-planes. We call such a manifold
a Walker manifold. The canonical form of metrics with respect to a suitable choice
of coordinates (xl, ..., x") is given by

00 I
¢=[e;]=|0P B ()
IHQ

-~

where I, is the unit matrix of order r, and P, Q, H are matrix functions of coordinates,
satisfying the following conditions:

1. P is a symmetric nonsingular (n — 2r) x (n — 2r) matrix, independent of x!,
r

Lo x”,
2. Q is a symmetric r X r matrix,
3. Hisan (n — 2r) x r matrix, independent of x', ... x".

With respect to the local coordinates, the parallel field of null r-planes is spanned by
D =span{dy,.... 0}, g(0:,0;)=0 (i,j=1,....r), 2

where 0; stand for 9/ dx’. See also [25].

Remark Four-dimensional Walker manifolds have been intensively studied (see e.g.,
[2-5, 7, 11-13, 17], and also references therein).

2.1 8-Dimensional Walker Manifolds of Neutral Signature
4, 4)

‘We now concentrate our attention on an 8-dimensional Walker manifold (M, g, D),
where g is a metric of neutral signature (4, 4) and D a parallel field of 4-dimensional
null planes. Then, from Walker’s theorem, there is, locally, a system of coordinates

(x!, ..., x®) so that g takes the canonical form
01
g_[“]—[ug}’ (3)
where Iy is the unit 4 x 4 matrix and Q is a4 x 4 symmetric matrix whose entries
are functions of the coordinates (x!, ..., x%). Note that D = span {3, ..., 9;}. With

respect to the metric, any vector in D is null: g(9;,d;) =0for 1 <i, j < 4.
We first considered a simplified Walker metric, with Q of diagonal form Q =
diag [p g r s], where p, ¢, r and s are arbitrary functions of the coordinates (x!,
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..., x%). After some calculations with such a diagonal Q, we further restricted our
attention to a simpler metric of the form

000

i o . loo00
g—[gl]]—[hg] with 0= 0 ol (4)

0000
where p = p(x!, ..., x¥ and r = r(x!,..., x®). We shall hereafter refer to such

an 8-dimensional Walker manifold with the metric above, as simply a Walker 8-
manifold.

3 An Orthonormal Frame

It is elementary to find an orthonormal frame { e, .. ., eg } with respect to the metric
(4), as follows:

glei,ej) =¢; 6

4)
&1 282283=84=—85=—86=—87=—53=1
Among various possibilities, we choose the following orthonormal frame:
=Py 1o LN ! 6y + ) L 04 + 3g)
e = —— , e = ——— , e3 = — , 4 = —
121522373ﬁ264ﬁ48
(6)
1+p 1+r 1 1
es = — 01+ 05, e6 = ———03 + 97, e7 = —=(02 — 0p), eg = —=(d4 — 3g).

2 V2 NG

With respect to the orthonormal frame, we define the normal orientation of the Walker

8-manifold as the orientation determined by

ep Ney ANe3 ANeyg ANes Aeg A er N eg. (7)

4 Two Kinds of g-Orthogonal Almost Complex Structures

With respect to any orthonormal frame {e, ..., eg}, one can define a canonical
almost complex structure J with normal orientation, as follows:
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Je =ey, J ez = ey, J es = e, Jer =eg,

()

Jey=—e;, Jeg=—e3, Jeg= —es, Jeg = —eq.
For the Walker 8-manifold, consisting of a single coordinate chart, the orthonormal

frame vectors are globally defined so one can also define an almost complex structure
J’ with reversed (opposite) orientation as the preferred one:

]/61262, ]/63264, ]/65266, J/€7=—€g,

€))

Jer=—e, Jes=—e3, Je=—es, Jeg=ey

Note that the only difference between J and J' lies in the sign for the operations on
the two vectors e; and eg. We call such J’ an opposite almost complex structure.

4.1 The Explicit Form of J (Treated in [18])

The action of J on the coordinate basis of vectors is obtained from (6) and (8) as
follows:

Joy =203, JOr =03, JO3=—01, JOs=—0s, JOg=04, JOg=—0,

(10)
Jos=L "o 48, 1o, =P""5 s
Also in a matrix form:
[00 -1 0 0 0 (p—r)/2 0]
00 0 -1 0 0 0 0
10 0 0 (p—r)/20 0 0
01 0 O 0 0 0 0
T=100 0 o 0 0 -1 0 an
00 0 O 0 0 0 -1
00 0 O 1 0 0 0
|00 0 O 0 1 0 0 |
with nonzero components

p—r
T
(12)

R=-l=kh=-ll=l=-F=F=-K=1 J5L=J=
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4.2 The Explicit Form of J'

Similarly, from (6) and (9), we see the action of J’ on the coordinate basis of vectors
is as follows:

J0 =08, J =03, J0=-0), J=—0, J =207, Jig=—0,

(13)
J’aszp;ra3+a7, Jo=L""5 s,
In matrix form,
[00 -1 0 0 0(p—r)/2 0
00 0 O 0 0 0 -1
10 0 0 (p—r)/20 0 0
, 100 0 O 0 1 0 0
"=looo 0o o 0o -1 o (14)
00 0 -1 0 0 0 0
00 0 O 1 0 0 0
|01 0 O 0 0 0 0 |
with nonzero components:
]/3—]/8——]/1——]/6—_]/7—]/4——,]/5——]/2—1 1,3_1,1_P—r
1= = 3= 4=J 5= = 7= g=1L Js5= = .
(15)

It is this opposite almost complex structure that is the focus of our concern in this
paper.

5 Opposite Kihler Form

Similarly to the standard Kéhler form §2, treated in [18], we can define a kind of
Kéhler form §2’, called an opposite Kihler form, in terms of J and g, as follows:

(X, Y) =g(J'X, ). (16)
Setting £2'(9;, 9;) = g(J'9;, 9;), we have the nonzero components:

p+r

(01, 07) = 2/(02, 04) = —$2' (83, 05) = 2'(36, 0g) = 1, £2'(0s,37) =

(17)
Then, we have
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2'=" Q3. 0;)dx" A dx’
i<j

(18)

1
—dxl AdxT +dx? Adx® —dx3 Adx® +dx® AdxS + 5 (p+r)dx5 A dx’.

It is easy to see that £2’ is nondegenerate as follows:

Q2 AR AR AR = 24dx" Adx® AdxP Adxt Adx® Adx® AdxT A dx®,
(19)

and that its preferred orientation is the reversed one of that of §2 (cf. [18, (7)]).

6 Opposite Almost-Kihler Structure (Symplectic
Structure)

At this stage, we have constructed an opposite almost-Hermitian structure (g, J', £2)
on the Walker 8-manifold M. We must now consider if £2’ is symplectic or not, i.e.,
if the triple (g, J', £2) is almost-Kéhler or not. The differential of 2’ is easily
computed:

1 1
d2' = 3 (p1 +r)dx" A dx® A dxT + > (p2 + 1) dx? A dx® A dx’
1 3 5 7 1 4 5 7
+§(P3+r3)dx A dx> A dx +§(p4+r4)dx Adx> Adx’ (20)

1 5 6 7,1 5 7 8
—E(pﬁ—l—re)dx A dx® A dx —I—E(pg—i—rg)dx Adx’ AN dx®.

From this expression, we have the following

Proposition 1 2’ is symplectic if and only if the following PDEs hold.
prtri=prt+r=p3st+r3=ps+tri=ps+rec=ps+rs=0. (2D

where p; = dp/dx’, ri = dr/dx’ (i #5,7).

This gives the following

Corollary 1 2 is symplectic, i.e., (g, J', $2) is opposite almost Kéihler if and only
if

p+r=p& xS +ral o xb) =83 X, (22)

where & is an arbitrary function of x> and x” only.
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7 Opposite Hermitian Structure (.J'-Integrability)

The opposite almost complex structure J' is integrable if and only if the torsion of
J’ (Nijenhuis tensor) vanishes, i.e., the components

th

8 i ri h
. aJ’ aJ". .9 . aJ
i z: rh k _ ph Jo_ g k /i J
Njk_zhl(]jw Jkaxh ]h8x1+]h Bxk) 3

all vanish (cf. [10, p. 124]), with J’{ as in (15). Since N’j-k = —N’f{j, we need
to consider N ’;k (j < k). By explicit calculation, the nonzero components of the
Nijenhuis tensor are as follows:

N'ijs=-Ny=-Ny=-Ni=p—rn, Ni= —%(Pl —r1),
N/és :N/;s = _N/; :N/gs =p2—Tn,
N'iy=Nis=Nis=-N3y=ps—r;, Ni= %(m —r3),

(24)
N/zlts :N/é7 = _N/?w = _N/gs =Pas— T4
N/z]w :Nlés :Nlis :N/27 = —P6 + 76,

/1 71 73 /3
N'yy=—=Nsg=N's = N33 =psg—rs.

Then we have the following

Proposition 2 The Nijenhuis tensor N’ ’j ¢ vanishes, and therefore J' is integrable if
and only if the following PDEs hold.

Pr—r=py—r=p3—r3=ps—rs=pe—re=ps—rg =0. (25)
Corollary 2 J' is integrable, i.e., (g, J') is opposite Hermitian if and only if
p—r=p& .. 1 —rt L x) = (P x7). (26)

where 1 is an arbitrary function of x> and x” only.

Remark Comparing Corollaries 1 and 2, there is a certain reciprocity between the
symplectic condition of 2’ and the integrability condition of J' in opposite orienta-
tion, similarly to the case of normal orientation [18].
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8 Opposite Kihler Structures

The opposite almost-Kihler structure (g, J', £2) is opposite Kéhler if J' is inte-
grable.

Theorem 1 The opposite almost-Hermitian Walker 8-manifold (M, g, J'), with g
in (4) and J' in (14), is opposite Kihler if and only if p and r are both arbitrary
functions of (x>, x7) only, or explicitly

p=rp&x"),  r=r@Ex"). 27)

1
Proof p and r must satisfy (22) and (26). Therefore we have that p = z{é 3, x7)

1
— (x>, x7)}, and r = E{S(XS» x7) 4+ n(x®, x7)}, both of which are functions of x°

and x” only. O

9 Strict Opposite Almost-Kihler Structures

We say that (g, J', £2’) is strictly opposite almost-Kéhler if it is opposite almost-
Kihler, but not opposite Kéhler. Since our purpose is to find counterexamples to the
Goldberg conjecture with opposite orientation, we must find functions p and r such
that they satisfy the opposite almost-Kéhler condition (22) but not the integrability
condition (26) for J'.

On the basis of the above results, we can derive conditions for the triple (g, J', £2)
to be an opposite almost Kiahler structure, which is not opposite Kéhler. For p and r
restricted by (22) only, they have the following forms

p= p(xl, ...,xs) = f(xl,...,xg) +g(x5,x7)
r:r(xl,...,xg)=—f(x1,...,x8)+h(x5,x7), (28)
g, x) +h(x, x7) = £, x7),
where f = f(x',...,x%) (= (p — r)/2) is an arbitrary function of all variables x’,
and g(x°, x7), h(x’, x7) are both arbitrary functions of two variables x>, x7, with

their sum £ (x>, x7). However, the case of of the form f = f(x°, x7) must be excluded
to avoid satisfying (26).

Proposition 3 The triple (g, J', 2') is strict opposite almost-Kiihler, if at least one
of the derivatives f1, f», f3, fa, fo and fg does not vanish.

Proof Since the PDEs (25) can be rewritten as f1 = o= fa = fa= fe = fs =0,
the assertion is clear. (]

In what follows, we assume that g(x°, x7) = h(x>, x7) = 3£ (x°, x7) for simplicity.
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10 Einstein Condition

Let S be the scalar curvature of the metric (4). Then, we have S = py; + 33, which
is an important observation for considering the Einstein condition. For the problem
of the Goldberg conjecture, g must be an Einstein metric, i.e., g must be a solution
to the Einstein equation G;; = R;; — (5/8)g;; = 0, where R;; is the Ricci curvature,
and S is the scalar curvature of g. For the block matrix Q of in (4), with p, r in (28):

1
foet xS+ zg(xS,)ﬂ) 0 0 0
0 0 0 0
0= 1 s
0 0 —f(x!, ..., x%+ zg(x5,x7) 0
0 0 0 0
(29)
the nonzero components of G;; are given as follows:
Gy = ! f Gy =—-Gss = lf Gys = 1f Gsg = ! /i
5= 5 J12, 17 = =5 45 =5 J14, 56 = 5 Ji6,
1 1 1 1
G = — s G = —— s G — — s G —_ R
8= S8 27 5 S 47 5 Sa4 67 5 f6
1 1 1
Grs = ) f38, Gis = 3 B fir+ f33), G =Gag = —3 (11 — f3),
(30)

1 1
G37=—§(f11+3f33)7 G57=§(f17+f1f3—f35),
3 1 1
G55=—f26—f37—f4s+§f(f11—f33)+§§(3f11+5f33)—Efsz,
3 1 1
G77=f15+f26+f48—gf(fn—f33)—§§(5f11+3f33)—§f12~

We note that the Einstein condition is common to the issue for the Goldberg conjecture
with the normal orientation in Walker 8-manifold, since g is common, as treated in
[18]. It may be very hard to solve the Einstein equation above. Since our purpose is
to find a counterexample, we assume that f is independent of x! and x3. Such an
assumption implies that S = 0.

Then, the Einstein equation (30) becomes drastically simplified form as follows:

Gss = —G77=—fa6— fag =0. 3D

Then, we have

Proposition 4 Let the block matrix Q be of the form (29). If the function f =
f(xl, oo xY) s independent ofx1 and x3, then the metric g is scalar flat, i.e., S =
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0. Moreover, if f is a sum of four functions F', F?, F3 and F*, each a function of
Sfour arguments as follows:

f=rot a0 x0 17 1Y)

= P2t 25 0Ty + 22 5, 17 a8 + B3t x5, 16,17y + FAGS . x6. 17, 18,
(32)

then the metric g is Einstein, in fact, Ricci flat.

Proof 1t is easy to see that if f is independent of x! and x3, then f of the form in
(32) is a solution to (31). U

Remark We need not to obtain general solutions to the Einstein equation, but certain
class of Einstein metrics, which may give rise to candidates of counterexamples
to the Goldberg conjecture. In fact, there are some specific solutions to (31), e.g.,
f(xz, x*, x% x8) = x2x% — x*x8, which is not of the type (32). However, the class
of solutions (32) suffice for our present purpose.

11 Strict Opposite Almost-Kéhler Einstein Structure

At this stage, we show explicitly a metric and an opposite almost complex structure,
which give rise to counterexamples to the Goldberg conjecture constructed on an
8-dimensional Walker Einstein manifold.

Let f be a function of variables x2, x%, x°, x%, x7, and x8, characterized in
Proposition 4, and at least one of the derivatives f>, f3, f1, fo and fg does not
vanish. With such a function f, let g be the Walker metric of the form

f+3EEx7) 0 0 0
1104 . . 0 0 0 0
g_[gl']]_|:I4Qi|’ WlthQ_ 0 O—f+%§‘(x5,x7)0 ’
0 0 0 0
(33)
and an opposite almost complex structure J’ be as follows:
[00 -1 0 00 f O]
00 0 0 OO0 O0 -1
100 0 f00 O
, {00 0 0 01 0 O
I= 00 0 0 O0O0-1 0 (34)
00 0 -100 0 O
00 0 0 100 O
010 0 00 0 O |
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Then, it is easy to see that the opposite Kéhler form, given by

2'=> Q'@ 0p)dx" A dxl (35)

i<j

1
=dxl AdxT +dx? Andx® —dxd Adx® +dxO Adxd + 5 é(xs,x7) dx> A dx7,

is aclosed form, and therefore a triple (g, J', §2’) is a strictly almost-Kéhler structure.

Theorem 2 Let g, J' and 2 be as characterized by (33)—(35), respectively. Then,
for an 8-dimensional Walker Einstein manifold M = (M, g, J’, §2'), the triple
(g, J', $2') is an opposite almost-Kdihler Einstein structure, with J' not integrable.
In fact, the triple (g, J', 2') is a strict opposite almost-Kiihler Einstein structure.

Remark If f is a function of two variables x> and x” only, then J' is integrable.
12 Counterexamples to the Goldberg Conjecture
of Indefinite and Opposite Version

Finally, we must consider if the 8-dimensional Walker Einstein metric g constructed
above can descend to a metric on some compact 8-manifold. We see easily that all

coordinates x', . . ., x® can be chosen as cyclic coordinates, by means of identification:
a point (xl, e x8) with a point '+ 2m, .., x84+ 27) on R®, which gives an
8-torus 7°8.

‘We now state our main

Theorem 3 Let M = (M, g, J', $2') be an 8-dimensional Walker Einstein manifold
M= (M,g,J, 82') as in Theorem 2. Then, with identification of all coordinates
asx' +2mr =x' (i =1, ... 8) the triple (g, J', §2) is a strict opposite almost-
Kdhler Einstein structure on an 8-torus T3, and hence this is a counterexample to
the Goldberg conjecture of indefinite and opposite version.

We end this paper with a simple nontrivial counterexample to the Goldberg con-
jecture of indefinite and opposite version on an 8-torus 7%, characterized by the triple
(g, J’, £2') as follows:

1. an 8-dimensional Walker Einstein metric g:

sinx’” + sinx® 0 0 0

r.1_Jomn . _ 0 0 0 0
g—[gu]—[hQ] with @ = 0 0 sinx’ —sinx® 0 |’

0 0 0 0

(36)
2. anonintegrable opposite almost complex structure J':
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00 -1 0 0 0 sinx® 0]
00 0 O 0 0 0 -1
10 0 0 sinx®0 0 0
,_ 100 0 O 0O 1 O 0
7= 00 0 O o 0 -1 0 [’ 37
00 0 -1 0 O O 0
00 0 O 1 0 O 0
|01 0 O 0 0 0 0 |
with the nonzero components of its Nijenhuis tensor N ’; « 1n (24) as follows:
N3y = —N'§ = N'35 = N'3g = cos x®, (38)

3. the opposite Kéhler form (symplectic form):

Q' =dx! AdxT +dx? Adx* —dx3 Adxd +dxO Adx8 + % sinx’ dx> A dx’,

dQ’ =0,
(39)
4. the nonzero components of the curvature tensor R’ ki
L 3 _ 1o
Rs7 = —R's57 = —3 sinx’, (40)
Rlysq = —R%5 = —R%5 = R%5 = Lsina®
858 = 878 = 558 = U778 = 3 ’

5. the Ricci curvature R;;, the scalar curvature S, and the Einstein tensor G;;

S
= Rij — ggij all vanish.
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A Construction of Weakly Reflective
Submanifolds in Compact Symmetric Spaces

Shinji Ohno

Abstract In this paper, we give sufficient conditions for orbits of Hermann actions
to be weakly reflective in terms of symmetric triads, that is a generalization of irre-
ducible root systems. Using these sufficient conditions, we obtain new examples of
weakly reflective submanifolds in compact symmetric spaces.

1 Introduction

Ikawa, Sakai, and Tasaki [5] proposed the notion of weakly reflective submanifold
as a generalization of the notion of reflective submanifold [7]. In [5], they detected a
certain global symmetry of several austere submanifolds in a hypersphere, and clas-
sified austere orbits and weakly reflective orbits of the linear isotropy representation
of irreducible symmetric spaces. They gave a necessary and sufficient condition for
orbits of the linear isotropy representations of irreducible symmetric spaces to be
austere submanifolds (further, weakly reflective submanifolds) in the hypersphere in
terms of root systems. We would like to generalize this fact to compact Riemannian
symmetric spaces. However, it is known that austere orbits of the isotropy action
of compact symmetric spaces are reflective submanifolds. Therefore, we consider
Hermann actions which are a generalization of isotropy actions of compact symmet-
ric spaces. Ikawa [3] introduced the notion of symmetric triad as a generalization
of the notion of irreducible root system to study orbits of Hermann actions. Ikawa
expressed orbit spaces of Hermann actions by using symmetric triads, and gave
a characterization of the minimal, austere and totally geodesic orbits of Hermann
actions in terms of symmetric triads. However, weakly reflective orbits have not
been classified yet. In this paper, we give sufficient conditions for orbits of Hermann
actions to be weakly reflective in terms of symmetric triads.
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Let G be a compact, connected, semisimple Lie group, and K, K, be symmetric
subgroups of G. We consider the following three Lie group actions:

1. (K2 x K1) ~ G : (ko ki) g = kagh ' ((ka, k1) € K2 x K1),
2. Ko ~G/Ky i komi(g) = mi(kag) (ka € K2),
3. Ki ~ Ko\G : kima(g) = ma(ghy (ki € Ky).

The K>-action and the K;-action are called Hermann actions. Orbits of the (K, x
K)-action have properties which are similar to orbits of Hermann actions. In particu-
lar, by using Ikawa’s method, we can characterize a minimal orbit and an austere orbit
of the (K, x K)-action in terms of the symmetric triad determined by (G, K1, K>).
Since totally geodesic orbits of Hermann actions are reflective submanifolds, we
only consider austere orbits which are not totally geodesic.

2 Preliminaries

2.1 Weakly Reflective Submanifolds

We recall the definitions of reflective submanifold and weakly reflective submanifold.
Let (M, (,)) be a complete Riemannian manifold.

Definition 1 Let M be a submanifold of M. Then M is a reflective submanifold
of M if there exists an involutive isometry oj; of M such that M is a connected
component of the fixed point set of o). Then, we call o), the reflection of M.

Definition 2 Let M be a submanifold of M. For each normal vector & € TXLM
at each point x € M, if there exists an isometry oz on M which satisfies oz (x) =
x, 0¢(M) = M and (do¢).(§) = —&, then we call M aweakly reflective submanifold
and o; a reflection of M with respect to &.

If M is a reflective submanifold of M , then oy, is a reflection of M with respect to
each normal vector £ € TXJ—M at each point x € M. Thus, a reflective submanifold
of M is a weakly reflective submanifold of M. Notice that a reflective submanifold
is totally geodesic, but a weakly reflective submanifold is not necessarily totally
geodesic.

Definition 3 ([2]) Let M be a submanifold of M. We denote the shape operator of
M by A. M is called an austere submanifold if for each normal vector § € T M, the
set of eigenvalues with their multiplicities of A® is invariant under the multiplication
by —1.

It is clear that an austere submanifold is a minimal submanifold. Ikawa, Sakai and
Tasaki proved that a weakly reflective submanifold is an austere submanifold.
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Lemma 1 ([5]) Let G be a Lie group acting isometrically on a Riemannian manifold
M. For x € M, we consider the orbit Gx. If for each & € TXJ‘Gx, there exists a
reflection of Gx at x with respect to §, then Gx is a weakly reflective submanifold
of M.

Proposition 1 ([5]) Any singular orbit of a cohomogeneity one action on a
Riemannian manifold is a weakly reflective submanifold.

2.2 The Actions and Geometric Properties of Orbits

In this section, we consider Hermann actions and associated actions on Lie groups
which are hyperpolar actions on compact symmetric spaces. An isometric action of a
compact Lie group on a Riemannian manifold M is called hyperpolar if there exists
a closed, connected and flat submanifold S of M that meets all orbits orthogonally.
Then, the submanifold S is called a section. A. Kollross [6] classified the hyperpolar
actions on compact irreducible symmetric spaces. By the classification, we can see
that a hyperpolar action on a compact symmetric space whose cohomogeneity is two
or greater is orbit-equivalent to some Hermann action.

Let G be a compact, connected, semisimple Lie group, and K|, K, be closed
subgroups of G. For each i = 1, 2, assume that there exists an involutive automor-
phism 6; of G which satisfies (Gg,)o C K; C Gy,, where Gy, is the set of fixed points
of 6; and (G;)o is the identity component of Gy,. Then the triple (G, K, K») is
called a compact symmetric triad. The pair (G, K;) is a compact symmetric pair for
i =1, 2. We denote the Lie algebras of G, K| and K, by g, £; and €,, respectively.
The involutive automorphism of g induced from 6; will be also denoted by 6;. Take
an Ad(G)-invariant inner product (-, -) on g. Then the inner product (-, -) induces
a bi-invariant Riemannian metric on G and G-invariant Riemannian metrics on the
coset manifolds M := G/K; and M, := K,\G. We denote these Riemannian met-
rics on G, M| and M; by the same symbol (-, -). These Riemannian manifolds G, M,
and M, are Riemannian symmetric spaces with respect to (-, -). We denote by m; the
natural projection from G to M; (i = 1, 2), and consider the following three Lie
group actions:

o (Kry x K\) G : (ko  k1)g = kagki" ((ka, k1) € K2 x K)),
o Ko M :kmi(g) =mi(kag) (k2 € K»),
o Ki M,y :kima(g) = ma(gky ") (ki € K1),

for g € G. The three actions have the same orbit space K,\G /K. Ikawa computed
the second fundamental form of orbits of Hermann actions in the case 6,6, = 6,06,.
We can apply Ikawa’s method to the geometry of orbits of the (K, x K)-action.
For g € G, we denote the left (resp. right) transformation of G by L, (resp. R,).
The isometry on M; (resp. M) induced by L, (resp. R,) will be also denoted by the
same symbol L, (resp. R,).

Fori =1, 2, we set
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m = (X €g6,(X) = —X).

Then we have an orthogonal direct sum decomposition of g that is the canonical
decomposition:
g= Ei D m;.

Let e denotes the identity element of G. The tangent space Ty, )M; of M; at the
origin ; (e) is identified with ny; in a natural way. We define a closed subgroup G,
of G by

Gn=1{ge€G|b(g) =09}

Hence ((G12)0, K12) is a compact symmetric pair, where K, is a closed subgroup
of (G13)o defined by
Ky ={k € (G1a)o | 01(k) = k}.

The canonical decomposition of ((G12)o, K12) is given by
g2 =E NE) & (m Nmy).

Fix a maximal abelian subspace a in m; N m,. Then exp(a) is a toral subgroup in
(G12)o. Then exp(a), i (exp(a)) and m,(exp(a)) are sections of the (K, x Kj)-
action, the K;-action and the K-action, respectively. To investigate the orbit spaces
of the three actions, we consider a equivalent relation ~ on a defined as follows: For
H\,Hy € a, H ~ H; if Kyexp(H|)K,; = K, exp(H,)K,. Clearly, we have H; ~
H, if and only if K, (exp(H,)) = K,m(exp(H>)), and similarly, H; ~ H, if and
only if K m,(exp(H;)) = K m,(exp(H,)). Then we have a/~= K,\G/K;.Foreach
subgroup L of G, we define

Ni(a) = {k € L | Ad(k)a = a},
Zi@) =1{keL|Ad)H = H (H € a)).

Then Z, (a) is a normal subgroup of N (a). We define a group J by
J ={(Is1,Y) € Ni,(a)/ Zx,nk, (@) x a | exp(=Y)s € K1 }.
The group J naturally acts on a by the following:
(s, Y)H = Ad(s)H + Y (([s],Y) € J, H € a).

Matsuki [8] proved that ~
Kz\G/K] = a/J

Hereafter, we suppose 6,60, = 6,6,. Then we have an orthogonal direct sum decom-
position of g:
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g= & NEk)S (m Nmy) & (4 Nmp) & (my N E).
We define subspaces of g as follows:

b ={XetiNnt|[a X]={0}},
V(e Nmy) ={X € & Nmy | [a, X]={0}},
V(m1 mkz) = {X € my ﬂkz | [a, X] = {0}}

For A € a,

b ={Xet,Nk |[H [H X]1=—(, H)?X (H € a)},
m, ={Xem Nm, | [H,[H X]]=—(x, H)?>X (H € a)},
Vi Nnmy) ={X et Nmy | [H, [H X]]=—(, H>X (H € a)},
Viming) ={Xem Nt |[H [H X]]=—, H?X (H € a)).

We set

Y ={rea\{0}] & £ {0},
W ={a ea\ {0} V;5(t; Nmy) # {0},
> =XUW.

It is known that dim €, = dimm; and dim V- (¢, N my) = dim V;*(m; N &) for
each A € X. Thus we set m()\) := dim ¢, n(A) := dim Vf(?l Nmy).
We assume that (G, K, K») satisfies one of the following conditions (A), (B) or
©).
(A) G issimple and 8 and 6, can not transform each other by an inner automorphism
of g.
(B) There exist a compact connected simple Lie group U and a symmetric subgroup
K of U such that

G=UxU, Ki=AG={u,u)|uecU}, Kr=KxK.

(C) There exist a compact connected simple Lie group U and an involutive outer
automorphism o such that

G=UxU, K =AG={(u,u)|uecU},
Ky = {(u1, uz) | (0(uz), o(ur)) = (uy, u2)}.
Then Ikawa proved the following theorem.

Theorem 1 ([4]) Let (G, Ky, K;) be a compact synzmetric triad which satisfies one
of the conditions (A), (B) or (C). Then the triple (X, X, W) defined as above is a
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symmetric triad with multiplicities. Conversely every symmetric triad is obtained in
this way.

Notice that X is the root system of the pair ((G12)o, K12), and ¥ is aroot system
of a (see [3]). We take a basis of a and the lexicographic ordering > on a with respect
to the basis. We set

St=LeX|r>0, XT=xnxt, wr=wnxt.
Then we have an orthogonal direct sum decomposition of g:

g=60 > BEOAd > MOVENmM)® >V, (E Nmy)

reXt rext aeW+t

eV Nk Z Vi (my NE).

aeW+t
For H € a, we set

Sy=eZ|(H) enll, Wyp={aeW| (o H) e (1/2)+nL},
Sy=YyUWy, Zh=S"NZy, WH=Wrnwy, £F =32 UWw,;.

Using the symmetric triad (f , 2, W) with multiplicities (m, n), we can describe
geometric properties of orbits of these Lie group actions.

Theorem 2 ([3] Corollaries4.23,4.29,4.24, and [1] Theorem 5.3) Ler g = exp(H)
(H € a). Denote the mean curvature vector of K,m1(g) C My at w1(g) by m}q Then
we have:

(1)
dLy'my == > m(@)cot(r, H)A+ > n(e)tan(e. H)e.
rext aeWt
(n, H)¢nZ (o, H)& (/)47 Z

(2) The orbit Kym(g) C M, is austere if and only if the finite subset of a defined by

{=Acot(n, H) (mudtiplicity = m(0) | » € T+, (1, H) ¢ 77}
U{a tan{a, H) (multiplicity = n(@)) |« € W, (a, H) ¢ (7/2) + nZ}

is invariant under the multiplication by —1 with multiplicities.

(3) The orbit Krmi(g) C M, is totally geodesic if and only if (A, H) € (7 /2)Z for
each A € X,

We can apply Theorem?2 for orbits K m>(g) C M,. Thus, we have the following
corollary.
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Corollary 1 (Corollary4.30 in [3], Corollaries 2 and 4 in [9]) (i) The orbit K,m,(g)
is minimal (resp. austere, totally geodesic) if and only if K m,(g) is minimal (resp.
austere, totally geodesic).

(ii) The orbit (K, x K1)g is minimal (resp. austere) if and only if K m,(g) is
minimal (resp. austere).

Remark 1 There is no correspondence in totally geodesic orbits. For example, when
0, and 8, cannot be transformed each other by an inner automorphism of g, Kre K| C
G is not totally geodesic, but K, (e) C M is totally geodesic.

3 Main Theorem

In the previous section, we saw a correspondence of austereness of orbits of the (K, X
K)-action and the K;-action. In this section, we consider weakly reflective orbits
of the (K, x K)-action, the K,-action and the K;-action, and give two sufficient
conditions for an orbit to be weakly reflective. The first sufficient condition is the
following:

Theorem 3 Assume K, fmd K, are connected. Let g = exp(H) (H € a). If (A, H)
€ (w/2)Z for any A € X, that is, H € I, then the orbit K;gK, C G is weakly
reflective.

Proof Weseta = L,0,L,". Then o satisfies the following conditions:

1. G(g) =&,
2. 0(K,gK)) = K,gK,,

3. do(§) = —& (§ € T, (K2gK)).

Clearly, 0 (g) = g holds. By Lemmas4.10 and 4.16 in [3], we have Ad(g?)E, = .
Since K is connected, we have g?K,g~2 = K. In addition, since 6,6, = 6,0;, we
have 0,¢, = &,. Thus, we also have 6, (K,) = K,. Therefore, for (k,, k;) € K> x Kj,

o(kagh") = (g%01(ka)g Dk € K2gK.

Hence, 0(K>gK;) = K»,gK. Since Tgl(Kngl) = dLg(Ad(g)’l(mz) Nnmp), we
have

do (&) =dLy6(dL," (§)) = —dLodL;'(§) = —¢&

Therefore, o is areflection of K,g K at g with respect to each normal vector d L& €
T (K2gK)).

Corollary 2 The orbit K,eK| C G is weakly reflective.

Remark 2 Under the same condition as Theorem 3, we can prove that K>, (g) C M,
and K m,(g) C M, are weakly reflective. However, Ikawa proved K, (g) C M,
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and K;m,(g) C M, are reflective. Hence K,m(g) C M; and K m,(g) C M, are
totally geodesic, but K, g K is not necessarily totally geodesic. In fact, when 6, and
6, cannot be transformed each other by inner automorphism of g, then there is no
totally geodesic orbit of the (K, x K)-action on G.

Let W(Z, X, W)bea subgroup of the affine group O(a) x a which is generated
by

’ (SA, M—nk) ‘ re X, ne Z} U [ (sa, MO{)
(A, A) (o, @)

Then, we have the following lemma.

Lemma 2 ([3] Lemmas4.4 and 4.21)

otEW,neZ].

WE, Z,W)ycJ

Using the above lemma, we have the following lemma.

Lemma 3 ([9]) Let g = exp(H) (H € a). Then, for each ) € Sy, there exists k;, €
Nk, (a), such that

1.

k., exp —Mk k) e (K, x Ky)o,
(A, %) ¢

2(n, H
d (k,\, exp (— (<)»’)»)))\) kk) (dLg§) =dLy(s:8) (£ € a).
J g

Proposition 2 For any H € q, if Xy is nonempty, then Xy is a root system of
Span(X'p).

Proof We set g = exp(H). We consider the orthogonal symmetric Lie algebra
(Ad(g)"'&2) N 1) @ ((Ad(g)™'m2) Nmy).

Then, we can decompose the Lie algebra as the following:

e D Lo > Vitnm|e|ae D mae > VimNk)

rexy aeWy rexy aeW;

It is the root space decomposition of the orthogonal symmetric Lie algebra with
respect to a.

Remark 3 By Proposition 2 and Theorem 1, for any symmetric triad of a and H € a,
if X'y is nonempty, then X'y is a root system of Span(X'y).
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For each H € a, denote by W(Xy) the Weyl group of 2. The second sufficient
condition is the following:

Theorem 4 Let g = exp(H) (H € a). IfSpan(ﬁ‘H) =aand —id, € W(EH), then
KygK| C G, Kym(g) C My and K m2(g) C My are weakly reflective.

Proof Since the slice representations of these orbits are equivalent to the lin-
ear isotropy representation of the compact symmetric pair which corresponds the
orthogonal symmetric Lie algebra ((Ad(g) ') N€)) & ((Ad(g) 'my) N'my), it is
sufficient to prove the existence of a reflection with respect to d L & for each & € a.
Since —id, € W(Z~‘H), there exist £y, ..., u; € Z~‘H such thats,, ---s,, = —ids. By
Lemma3, there exists k,,, € N, (a) foreach ; (1 <i <1). We set

! <Mis H>
K = exp (_2—Mi) k. €Ki,
H (liy i a

and

o = (km’ k;“)"'(kmv K ) € (Ky x Kl)g‘

i

Then, o is a reflection of K,g K with respect to d L& for each & € a. Indeed,
o(g) =g, 0(KgK()=KygK;, do(dLg()) =dLgsy, ---5,()=—dLg&

hold. Similarly, o1 = k,,, - - -k, is a reflection of K»7(g) at 71 (g) with respect to
dLg&. The isometry o, = k,/“ e k//u is a reflection of K m;(g) at > (g) with respect
o dR,§.

In [5], they mainly studied weakly reflective submanifolds in S" and C P". The coho-
mogeneity of Hermann actions on rank one symmetric spaces must be one. Therefore,
by Proposition 1, singular orbits of Hermann actions on rank one symmetric spaces
are weakly reflective. However, when the cohomogeneity of Hermann action is two
or greater, applying Theorems 3 and 4, we have new examples of weakly reflective
submanifolds in compact symmetric spaces.

For each symmetric triad of a, austere points are classified in [3]. Using the
classification, we investigate fJHi (1 <i < r) for each type of symmetric triads.
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Dual Orlicz Mixed Quermassintegral

Jia He, Denghui Wu and Jiazu Zhou

Abstract We study the dual Orlicz mixed Quermassintegral. For arbitrary monotone
continuous function ¢, the dual Orlicz radial sum and dual Orlicz mixed Quer-
massintegral are introduced. Then the dual Orlicz—Minkowski inequality and dual
Orlicz-Brunn—-Minkowski inequality for dual Orlicz mixed Quermassintegral are
obtained. These inequalities are just the special cases of their L , analogues (including
cases —oo < p<0,p=0,0<p<1,p=1,and 1 < p < +00). These inequal-
ities for ¢ = log¢ are related to open problems including log-Minkowski prob-
lem and log-Brunn-Minkowski problem. Moreover, the equivalence of the dual
Orlicz—Minkowski inequality for dual Orlicz mixed Quermassintegral and dual
Orlicz-Brunn—-Minkowski inequality for dual Orlicz mixed Quermassintegral is
shown.

Keywords Star body - Orlicz radial sum * Dual Orlicz mixed Quermassintegral -
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1 Introduction

The classical Brunn—Minkowski theory for convex bodies (compact convex sets with
nonempty interior) is known as consequences of the combination of Minkowski
addition and volume, which constitutes the core of convex geometry. Signifi-
cant results in this theory, for instance the Minkowski’s first inequality and the
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Brunn—-Minkowski inequality, have important applications in analysis, geometry,
random matrices, and many other fields (see [28]).

In 1960s, Firey extended Minkowski addition to L , addition in [2]. Since then, the
Brunn—-Minkowski theory has gained amazing developments. This extended theory is
called L, Brunn—Minkowski theory, which connects volumes with L, addition (see
e.g. [7,9, 19-23, 31]). As a development of L, Brunn—-Minkowski theory, Orlicz—
Brunn—-Minkowski theory is a new blossom in recent years, which is motivated by
[8, 15, 16, 24, 25]. For more references, see [3, 11, 14, 34, 35, 38]. Specifically,
Xiong and Zou studied Orlicz mixed Quermassintegral in [35].

In [17, 18], Lutwak introduced duality of the Brunn—Minkowski theory, in which
the research object substitutes star bodies for convex bodies, obtained dual counter-
parts of the several wonderful results in the Brunn—Minkowski theory. Intersection
body is a useful geometrical object in dual Brunn—Minkowski theory, introduced by
Lutwak in [18]. The class of intersection bodies and mixed intersection bodies are
valuable in geometry, especially in answering the known Busemann—Petty problem
(see [12]). We refer the reader to [5, 6, 13, 26, 32, 33] for the extended intersection
bodies and their applications.

In [37], a dual Orlicz—Brunn—Minkowski theory was presented and the dual
Orlicz-Brunn—-Minkowski inequality for volume was established. An Orlicz radial
sum and dual Orlicz mixed volumes were introduced. The dual Orlicz—Minkowski
inequality and the dual Orlicz-Brunn—Minkowski inequality were established. The
variational formula for the volume with respect to the Orlicz radial sum was proved.
The equivalence between the dual Orlicz—Minkowski inequality and the dual Orlicz—
Brunn—-Minkowski inequality was demonstrated. Orlicz intersection bodies were
introduced and the Orlicz—Busemann—Petty problem was posed. It should noted that
analog theory was also discussed in [4]. Following ideas of [4, 37], the dual Orlicz—
Brunn—Minkowski inequality for dual mixed Quermassintegral was also discussed
in [35].

Motivated by works of [4, 37], we consider the dual Orlicz—Brunn—Minkowski
inequality for dual mixed Quermassintegral in the n-dimensional Euclidean space
R”. We denote by 6" the set of all increasing continuous functions ¢ : (0, 00) —
(—00, 00) and by € the set of all decreasing continuous functions ¢ : (0, c0) —
(=00, 00). Let € denote the union of " and €“¢. The n dimensional unit ball and
the unit sphere are denoted by B and S"~! respectively.

A set K in R” is star-shaped set with respect to z € K if the intersection of every
line through z with K is a line segment. The radial function, pg : §"=1 — [0, 00),
of a compact star-shaped set (about the origin) is defined by

p(K,u)=max{A>0: aue K}, wuecS (1)

If p(K, -) is positive and continuous, K is called a star body. Let .#” and .7 denote
the set of start bodies and the set of start bodies about the origin in R”, respectively.

Definition1 Let K, L € 4}, a,b > 0.
If ¢ € €', then Orlicz radial sum a - K §—¢ b - L is defined by



Dual Orlicz Mixed Quermassintegral 127

Py i) = inf {t > 0:ap (pKt(”)) + b (th(”)) < ¢(1)] Vu e s,
@

If¢ e €, then Orlicz radial sum a - K —T—¢ b - L is defined by

Pa-k i, b0 () = sup [t >0:a¢ (/OKI(M)) + bo (’OLT(M)) < ¢(1)] Vue st

(3)
The dual mixed Quermassintegral W,- (K, L), defined in [17], is
~ 1 )
Wi(K, L) = ~ / @) L ()dSw). )
g

Motivated by this, we define the following dual Orlicz mixed Quermassintegral.

Definition 2 Let K, L € .7, i € R, ¢ € €. The dual Orlicz mixed Quermassinte-
gral W, ; (K, L) is defined by

~ _ l IOL(M) n—i
ok = [ o (242 st adsi, )

When ¢ (t) = t?, with p # 0, the dual Orlicz mixed volume reduces to L, dual
mixed Quermassintegral (see [20] for the case p > 1 andi = 0)

] .
Wpi(K,L) = — /SH px L] (w)dSu).

n

When ¢ (1) = logt, one has

T _ l IOL(M) n—i
Ws.i(K, L) = . /SH log (IOK(M))/OK (u)dSu).

In Sect.2, we introduce some basic concepts. In Sect. 3, the Orlicz radial sum
and some related properties are discussed. Some important properties of dual Orlicz
mixed Quermassintegral are investigated in Sect. 4.

In Sect. 5, dual Orlicz—-Minkowski inequality and dual Orlicz—-Brunn—Minkowski
inequality are established for dual Orlicz mixed Quermassintegral. As special cases,
these inequalities are just the L, counterparts, including the cases —o0 < p < 0,
p=0,0<p<l1,p=1and 1 < p < +oo. These inequalities for ¢ = logt are
related to open problems, such as, the log-Brunn—Minkowski problem and the log-
Minkowski problem. Moreover, we prove the equivalence of dual Orlicz—Minkowski
inequality and dual Orlicz-Brunn—Minkowski inequality.
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2 Preliminaries

Let K, L € #§. By (1), one has
K c L ifandonlyif px(u) < pr(u). (6)

Two star bodies K and L are dilates (of each other) if px (1) /o1 (1) is independent
ofu € "~ '.Ift > 0, we have

o(tK,u) =tp(K,u), forallue §" .

We write A~! for the inverse matrix of A where A € GL(n). So associated with
the definition of the radial function, for A € G L(n), the radial function of the image
AK = {Ay : y € K} of K is shown by

p(AK,u) = p(K, A" 'w), forallu e S"". 7)

The radial Hausdorff metric between the star bodies K and L is

8(K, L) = max | pg(u) — pr(u) | .
ues-1
A sequence {K;} of star bodies is said to be convergent to K if
S(K,», K)— 0, asi— oo.

Therefore, a sequence of star bodies K; converges to K if and only if the sequence
of the radial function p(K;, -) converges uniformly to p (K, -) [27].
Let K, L € .". We have
K¥gsel — K

in the radial Hausdorff metric as ¢ — 07 [36].
The radial Minkowski linear combination of sets K, ..., K, in R” is defined by

MEF - FNK = {axF - FAx, ), forallh eR, i=1,...,7

IfK,LeSanda,b>0, ak FbL can be defined as a star body with satisfying
that

Pak ior (W) = apx ) + bpp(u),  forallu € §"". (8)

Write V(K) for the volume of the compact set K in R". In fact, the volume of
the radial Minkowski linear combination A;x;+F - -- FA,x, is a homogeneous n-th
polynomial in A; (see [17, 18]).
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n

VOuKiF - FaK) = D V(K Kk - A,

r<n

The coefficient V(Kil, ..., K;,) is called the dual mixed volume of K, ..., K; ,
it is nonnegative and only depends on the sets K;,, ..., K; . Or write \Z(K ,L) =
\7(1(, ...,K,L,...,L). If L =B, the dual mixed volume \Z(K, B) is written as

———— S ——

W; (K ) which is called the dual Quermassintegral of K.
IfKy,..., K, € SZ, the dual mixed volume V (K}, ..., K,) is defined [17]

- 1
V(Kla ) Kn) = ;A;x—l PK, (u) o ,OKn(u)dS(M),

where S is the Lebesgue measure on S§"! (i.e., the (n-1)-dimensional Hausdorff
measure). Let K € .7} and i € R. A slight extension (see [29]) of the notation
Wi (K) is

- 1 »

Wi(K) = —/ px )" dSu). )

n Jgn—1
In (4), leti = 0, we immediately get the following integral representation for the

first dual mixed volume proved by Lutwak in [17]: if K, L € ./}, then

- 1
WK D)= / P ()" o (W)dS(w).
Su—l

The integral representation (4), together with the Holder inequality and (9), imme-
diately lead to the following dual Minkowski inequality about the dual mixed Quer-
massintegral W; (K, L).

Lemmal IfK,L € % andi <n —1, then
Wi(K, L)'~ < W;(K)" "' Wy (L), (10)
with equality if and only if K and L are dilates of each other.

Ifi > n—1andi # n, (10) is reversed, with equality if and only if K and L are
dilates.

We shall obtain the dual Brunn—-Minkowski inequality for the dual Quermassin-
tegral W;(aK +-bL).

Lemma2 I[fK,Le %, i <n—1landa,b > 0, then
Wi(aKFbL)7 < aW;(K)77 + bW (L), (11)

with equality if and only if K and L are dilates of each other.
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Ifi >n—1andi # n, (11) is reversed, with equality if and only if K and L are
dilates.

Upon the definition of the function ¢, suppose that p is a probability measure
onaspace X and g : X — I C R is a p-integrable function, where / is a possibly
infinite interval. Jensen’s inequality (see [10]) shows thatif ¢ : I — R is a concave
function, then

/X¢(g(X))dM(X) < ¢>(/Xg(X)dM(X))- (12)

If ¢ € %5, the inequality is reverse, that is

/x¢(g(x))du(X) e ¢(/Xg(x)du(X)). (13)

If ¢ is strictly concave or convex, each equality in (12) and (13) holds if and only if
g(x) is constant for p-almost all x € X.

3 Orlicz Radial Sum

From (7) and the definition of the Orlicz radial sum, we have

Proposition1 Let K, L € ), anda,b > 0. If ¢ € €, then for A € GL(n),
Ala-K+yb-L)y=a-AK+4b- AL. (14)

Proof For¢ € €', u € "', by (7)

Ponxs, par () = inf [r = 0:a¢ (’“’%(”)) +bo (”A%(“)) < ¢>(1)]

—1 —1
= inf [t >0:a¢p (M) + bop (M) < qb(l)]

= Pa-k¥y bL (Ailu)
= PA@KFs h-L)(M)-
If ¢ € €%, in the same way, we also have (14).

Since K, L € /) and u € S§"71.0 < px(u) < oo and 0 < p; (1) < oo, hence
"KT(”) — O and "LT(”) — 0 ast — oo. By the assumption that ¢ is monotone increas-
ing (or decreasing) in (0, 00), so the function

f > ag (Pkt(u)) b (th(u)) ’
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is monotone decreasing (or increasing) in (0, co). Since it is also continuous, we
have

Lemma3 LetK,L e .}, a,b>0,andu € SV If¢ € €, then

ad (PKI(M)) + b (PL(M)) — 6(D).

t

if and only if
Pa-kFobr W) =1.

Remark 1 We shall provide several special examples of the Orlicz radial sum. Let
K,Le S, a,b>0.

(1) When ¢(¢) = t?, with p # 0, it is easy to show that the Orlicz radial sum
reduces to an analogue form of Lutwak’s L, radial combination (p > 1, see [20])

pla-K+eb-L,u)? =ap(K,u)’ +bp(L,u)’.
(2) When ¢ (¢) = logt, we obtain
(a+Db)log py.k 1,5 (W) =alogpk(u) +blog pr(u).

This sum is dual of the logarithm sum which is an important notion (see [1, 30]).
(3) When ¢ (t) = log(t + 1), we have

a b
ok () 1 o) v1) =2
pa-K-T—¢b-L(u) lOa'K-H,b»L(u)

Lemma4 Let K, L € ., for0 < i <1,
(1)Ifp € €" (6 or¢ € ‘Kdeﬂ‘@, then

and ¢(0) = 0.

(1—2)-KFpr-L S (1 —AKFAL. (15)

When ¢ is strictly concave or convex, the equality holds if and only if K = L.
(2)Ifp € € (6> or p € €9 C), then

(1—2)-K+gr-L 21 —1KFAL. (16)

When ¢ is strictly concave or convex, the equality holds if and only if K = L.

Proof Let K; = (1 — 1) - K+4A - L.
(1) If ¢ € €™ () ), by Lemma3 and concavity of ¢, we have
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¢(l)=(1—A)¢(pK(u))+A¢(pL(u))

ok, (1) Pk, ()
<o ((1 — Mok W) + ApL(u)) .
Pk, ()

Since ¢ is monotone increasing on (0, c0), hence we have
(I =Mk W) + rpr(u) = px, (1),

that is,
Pa—nkiw®) > pk, ().
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a7

If ¢ € €9 () %>, by Lemma3 convexity of ¢ and ¢ is monotone decreasing on
(0, 00), in the same way, we can obtain (17). Then by (6), (17) deduces the helpful

conclusion (15).
(2) If ¢ € €' (] 6, by Lemma3 and convexity of ¢, we have

$(1) = (1 — )¢ (pK(”) ) + (pL—(”))

ok, (1) Pk, (1)
> ((1 — Mok W) + /\pL(u)) .
Pk, (1)

Since ¢ is monotone increasing on (0, 00), hence we also have
(I =Mk W) + rpp(u) < pk, (1),

that is,
Pa—nkir @) < pk, @).

(18)

If € €9 (%), by Lemma3, concavity of ¢ and ¢ is monotone decreasing on
(0, 00), in the same way, we can obtain (18). Then by (6), (18) deduce the helpful

conclusion (16).

From the equality condition in the concavity (or convexity) of ¢, then each equality

in (15) and (16) holds if and only if K = L.

Corollary 1 Let K, L € .7, 0 <A < 1 and W;(K) = W;(L).
(DIfi <n—1,¢€C" NG or¢ € €46, then

Wi((1 =2) - K¥yn-L) < Wi(K),

with equality if and only if K = L.
(2)Ifi >n—1landi #n, ¢ € €" (6, or ¢ € €% (), then

W;((1 = 2) - K¥yr-L) > Wi(K),

19)

(20)



Dual Orlicz Mixed Quermassintegral 133

with equality if and only if K = L.
Proof (1) By Lemmas4 and 2, we have
Wi((1 =) - KTgh- L) < Wi((1—2) - KFA- L)
< (1= MW (K)7 + AW, (L)
= Wi(K)7.

The equality condition in (19) can be obtained from the equality condition of (11).
(2) Similarly, from Lemmas 3.4 and 2.2, we can obtain (20).

4 Dual Orlicz Mixed Quermassintegral

We denote the right derivative of a real-valued function f by f,. In the following
Lemma5 the function ¢ is different from ¢ in Lemma4.1 of [37]. However, we can
use the similar argument to prove Lemma5, so we omit the details.

LemmaS$5 Let¢ € € and K, L € . Then

lim Pk yeL (M) — px (1) _ ok (1) (,OL(M))
e—>0F € oL ()" \px) )’

uniformly for all u € S"'.

Theorem 1 Let¢ € €, K, L € S and i # n. Then

no Wi(K¥ee-L)—W;(K) 1 (pL(u)

- lim =
n—1ie>0+ £ @/ (1) Jgn- pk (1)

) P (w)dS u).
Proof Lete > 0,K,L € /i #nandu € S"~'. By Lemma5, it follows that

Piyer @) = Pk () i Pt ger () — px (i)

=n—-i)pg () lirgl+

_ (n—i)pk " (u) (pL(u))
¢.(1) pxkw) )’

lim
e—>0* & &

uniformly on $”~!. Hence
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Vi(K e - L) — Wi(K L[ Pra,er) — g @)
WiR4ee L)~ WiK) _ 1i%‘+( / = - dS(u))
E—> 5"71

lim —
e—0*1 £ n &
1 Py or @) = P (W)
B / lim —rett dS(u)
n Jgn-1e—-0* &
n—i prL(u) i
= ¢ ( ) P (w)d S (u),
ng,(1) Jor " \px)) "%
we complete the proof of Theorem 1.
From Definition2 and Theorem 1, we have
Wi(K Fge- L) — Wi (K —i -
jim YiKFoe L) = WilK) _n i Wi (K. L). Q1)
e~0t e (1)

An immediate consequence of Proposition 1 and (21) is contained in:

Proposition2 If ¢ € €, K, L € ./} and i # n, then for A € SL(n),
Wy.i(AK, AL) = Wy (K, L).
Proof From Proposition 1 and (21), for A € SL(n), we have

¢.(1) . W;(AKT4e- AL) — W;(AK)
lim

W, (AK, AL) =
¢ ( ) n—1ie>0* e

_ (D) WiAK e - L) — WilK)
n—1ie>0* &
oL (1) . Wi(KFge-L)— Wi(K)

= -~ lim
n—1 >0t £

=W,(K,L).

5 Geometric Inequalities

For K € .7 and i € R, it will be rather good to use the volume-normalized dual
conical measure Wl.*(K ) defined by

~ 1 .
dW}(K) = ———p 'dS, 22
i (K) nW,-(K)pK (22)

where S is the Lebesgue measure on S"~! and Wi* (K) is a probability measure on
S"=1 When i=0, this is same as the definition in [4].



Dual Orlicz Mixed Quermassintegral 135

We now set up the dual Orlicz—-Minkowski inequality for the dual Quermassinte-
gral as follows:
Theorem 2 Suppose K, L € 7.

(1)Ifp € €" (€1 andi <n — 1, then

- - Wi\
Wy i(K,L) < W;(K _-— . 23
pi(K. L) < Wi(K) (W,m) (23)

2)Ifp € €N 6randi <n — 1, then

Wi (K, L) = Wi(K)¢ (VNV"(L)) . (24)
Wi(K)

(3)Ifp € €" (i >n—1andi # n, then

- - W)\
Wy (K, L) = Wi(K = . 25
pi(K, L) = Wi(K)p (WK)) (25)

(A)Ifp € €% (6, i >n—1andi #n, then

- - Wi\
Wy (K, L) < Wi(K = . 26
pi(K. L) < Wi(K) (W,-(K)) (26)

Each equality in (23)—(26) holds if and only if K and L are dilates of each other.

Proof (1) If ¢ € €'" (%), then by dual Orlicz mixed Quermassintegral (5), and
Wi*(K ) defined by (22) is a probability measure on $"~!, Jensen’s inequality (12),
the integral formulas of dual mixed Quermassintegral (4), dual Minkowski inequality
(10), and the fact that ¢ is increasing on (0, co0), we have

Woi(K. L) 1 / (pL(u)) s
Wi (K) nW; (K sn1¢ Pk (u) Pk (dSw)

o () o )dS(u))
nW(K) sn-1 PK(M)

: (W%;?)
(

T Wi(L)i
Wi (K)

/\

IA
<
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3 W\
=7 (Vvi(K))

() If ¢ € €% () 6>, from (5), (22), Jensen’s inequality (13), (4), (10), and ¢ is
decreasing on (0, c0), we have

oskol)_ L[ (50) s
W(K) B nW,(K) gn—1 d) PK (u) Pk I/l) (M)

1 o) ,_;
i ——pg (wdS
zd)(nW,-(K) /s”—' ,oK(u)pK () (u))
Wi(K, L)
¢( Wi (K) )

’ Wi(K) 57 Wi(L)
W;(K)

B Wi(L)\"
=7 (WK))

A)Ifp e €™ (%, i >n—1andi # n, proof as similar above, we can imme-
diately obtain (25) which have the same form with (24).

@) If ¢ € € (N %1,i > n —1and i # n, similarly, we can immediately obtain
(26) which have the same form with (23).

v

Each equality in (23)—(26) holds if and only if K and L are dilates of each other.
Thus we get the significant dual Orlicz—Minkowski inequality.

Remark 2 It immediately follows a few cases for all K, L € ..

(1) Let ¢ (t) = t? with p < 0. Equation (24) is just a similar result of Lutwak’s L,
dual Minkowski inequality for the L, dual mixed volume (see [20]): fori <n — 1,

W, (K, L)"™" > Wi(K)""""PW;(L)P.

(2) Let ¢ (¢) = logt, we have

Wk, L) < Vi) oo Wilk)
n—i CWK)

it is a very meaningful result, see [1, 30].
(3)Letgp(r) =P with0 < p < 1. Fori <n — 1, (23) is just

W, (K, L)' < Wi(K)"""PW,;(L)".
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(4) Let ¢ (¢) = t. From (23) and (25), we have fori <n — 1,
Wi(K, L)'~ < Wy (K)"" "' Wy (L),

and fori > n — 1,i # n, the above inequality is reversed.
(5) Let ¢ (¢) = t” with p > 1. It follows from (25) that fori > n — 1,7 # n,

Wi (K, L)"™ > W;(K)" """ W, (L)".

Corollary 2 LetK,L € S, i <n—1,¢ € €" (€ (or ¢ € €N 6). If

Wy (M, K) = W,,(M, L), forall M e S, (27
or » »
Wy.i(K, M Wy.i(L, M
¢’~( ) = ¢‘~( ) forall M € S, (28)
Wi (K) Wi(L)
then K = L.

Proof Whatever ¢ € €' (%), or ¢ € €% )%, the process of proof is almost
identical, so we next just prove the situation that ¢ € € [ 4.
Suppose (27) holds, if we take K for M, then from Definition2 and (9), we have

Wy (K, L) = Wy (K, K) = ¢p()Wi(K).

However, from (23), we have
L

~ ~ ~ (L) \"
Wy i(K,K)= W4 ;(K,L) <W(K ,
i ( ) i ( ) < Wi(K)¢ ( (K))

1]

§1

then

W, (L) -
1 —
o) <¢ (WK))

with equality if and only if K and L are dilates of each other. Since ¢ is monotone
increasing on (0, 00), we get B _
Wi(L) = Wi(K),

with equality if and only if K and L are dilates of each other. If we take L for
M, similarly we get W;(K) > W;(L) which shows there is in fact equality in both
inequalities and that W;(K) = W;(L), hence the equality implies that K = L.

Next, assume (28) holds, if we take K for M, then from Definition2 and (9), we
have
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Wy.i(K, K) () = Wy (L, K)
Wi(K) WiL)
But from (23), we have
Wd),i(L, K) - (D¢ (W/(L)) )
WiL) Wi(L) ’

then

AL
1 = ,
() <o (wi@))

with equality if and only if K and L are dilates of each other. Since ¢ is strictly
increasing on (0, 00), we have

Wi(K) > Wi(L),

with equality if and only if K and L are dilates of each other.

On the other hand, taking L for M, similarly we have W,- (L) > W,-(K ), which
shows that in fact equality holds in both inequalities and W;(K) = W;(L). Hence
the equality implies K = L.

We now establish the following dual Orlicz-Brunn—Minkowski inequality for
dual Quermassintegral:

Theorem 3 Let K, L € ./ and a,b > 0.
(1)Ifp € €" (61 andi <n — 1 then

Wi (K) = W; (L) i
1 - b =
#(l) =a¢ (Wi(a~K—T-¢,b-L)) oo (W,-(a-Kfrd,b-L))

2)Ifp € €N ¢randi <n — 1, then

(29)

Wi (K) & Wi(L) &
1 = b =
o)z ad (Wi(a~K~T—¢,b-L)) oo (W,-@-Kﬂb-L))

(3)Ifp € €" (62 i >n—1andi # n, then

(30)

1 1

Wi (K) " Wi(L)
1 - b -
P = a0 (W,«(a~K:I—¢,b~L)) o (I/I/,-(a-K—T—¢b-L))

€29
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(4)Ifp € €% (6, i >n—1andi #n, then

(1) < ag Wi(K) " b Wi (L) "
- Wi(a-K¥4b-L) Wi(a-K+¥4b-L)
(32)

Each equality in (29)—(32) holds if and only if K and L are dilates of each other.

Proof Note Ky =a - K+4b - L.

(1) When ¢ € € (61 and i < n — 1, by (9), Lemma 3, Definition2 and (23),
then

1 .
D= — Do ()dS
¢( ) nW,(K¢) gn—1 ¢( )pK¢ (l/l) (M)

1 px (1) pr(u) y
= —= b . s
nWi(Ko) .. [a¢ (m (u)) e (m (u))} P (W)dS(w)
a pr)\
nW,(K¢) /Sn—l ¢ (pK¢(M)) IOK¢ (u) (u)

b pr(u) »
N - 7 n—i dS
* nW,(K¢) /Sn—l ¢ (Iqu5 (u)) )OK¢ (M) (l/t)

a ~ b -
= — Wy.i(Kg, K) + — Wy.i(Kg, L)
Wi(Kg) Wi(Ky)

- at wi(K) \" b wi(L) \'
- W, (Ky) W, (Ky)

(2) When ¢ € €% (%> and i < n — 1, by (9), Lemma3, Definition2 and (24),
we obtain (30).

(3) When ¢ € €' (é,i > n— 1andi # n, by (9), Lemma 3, Definition2 and
(25), we obtain (31).

(4) When ¢ € €4 (N é,i >n—1landi # n, by (9), Lemma3, Definition 2 and
(26), we obtain (32).

Each equality in (29)—(32) holds as an equality if and only if K and L are
dilates of each other. We obtain the desired dual Orlicz—Brunn—Minkowski inequality
(29)-(32).

Remark 3 For K, L € ./, a, b > 0, some particular cases are as follows: each
equality holds if and only if K and L are dilates of each other.

(1) Let ¢(¢) = t? with p < 0. From (30) we can deduces to the analogous form
of Lutwak’s L, dual Brunn—Minkowski inequality (see [20]): fori <n — 1,

Wila - KFb- L) = aWi(K)¥7 + bW, (L)77.
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(2) Let ¢ (¢) = logt, from (29), we obtain

a W (K) b Wi (L)
-log| —= - + -log| —= —~ > 0.
n—i W,(aK+¢bL) n—i Wl(aK+¢bL)

B)Letp(t) =t? withO < p < 1. Fori <n — 1, (29) is just

Wila - K¥yb- L) <aWi(K)i7 +bWi(L)i.
(4) Let ¢ (t) = t. From (29) and (31), we have fori <n — 1,
Wita - K¥gb - L)i7 < aWi(K)ii +bWi(L)77,

and fori > n — 1,i # n, the above inequality reversed.
(5) Let ¢ (¢) = t? with p > 1. From (31), it follows that fori > n — 1,7 # n,

Wila - K¥gb - L)i7 = aWi(K)©7 + bWi(L)77.

We derive the equivalence between the dual Orlicz-Minkowski inequalities (23)—
(26) and the dual Orlicz—Brunn—Minkowski inequalities (29)—(32), respectively.
Since we proved that (23)—(26) implies (29)—(32), respectively, so now we just need
to prove that (29)—(32) can deduce (23)—(26), respectively. Since all the process are
similar, so we just prove (23) by (29).

Proof of the implication (29) to (23). For ¢ > 0, let K, = K+4¢ - L. By (29), the
following function

W)\ W\
ce=9 (W-((K))) el (W<(1<))) B

is non-negative and it easily get G(0) = 0. Then,

Wik | 7 WL\
Ge)-Gco . ° ((v‘v,-uco) ) oo ((Vv,(m) ) —o)
m —— = lim

li
e—>0F & e—>0F &
- L
WiK) Y=} _ 5 1
. ¢ ((Wf(l(»)) ) ¢ Wi (L) "
= lim + ¢ =
e=0° E Wi(K.)

= lim - - lim
e—0t ( Wi (K) )E 1 e—0t1

(R ) e () -
&

Wi (Ke)
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1

wi(L) \"
ro () . (33)
Wi(Ke)
- L
Lett = (W,»i((li))) " and note that t — 17 as ¢ — 07, consequently,
. 1
ACOR N 1
]' ¢(<Wi([(s)) ) ¢( ) . ¢(t)_¢(1) /
im - = lim ———— =¢,.(1). (34)
e—0t W, (k) \ ™ 1 t—11 t—1
(W;(Ka) B
By (21), we have
3 E
(&)™ —1 Wi(K)7 — Wi(K)i
lim ~EIL gy 205 l - lim Wi (K,) i
e—0* & e—01 £ e—>0*
1 - i Wi(K,) — Wi(K) -
- Wi (K)"5 - lim Wi(Ks) — Wi(K) Wi (K)
n—i e—>0T &
Wy (K, L
= WeuK. D) (35)
¢, (HWi(K)
From (33), (34), (35) and since G (¢) is non-negative, thus
1
G(e) — G0 Wy (K, L wi(L) \"
lim G =60 WoslK. L) | [ Wilk) >0.  (36)
g0t & Wi (K) Wi (K¢)

Therefore, we have the formula (23). The equality holds as an equality in (36) if
and only if G(¢) = G(0) = 0, and this means that the equality case in (23) can be
obtained from the equality condition of (29). ]
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Characterizations of a Clifford Hypersurface
in a Unit Sphere

Keomkyo Seo

Abstract The Clifford hypersurface is one of the simplest compact hypersurfaces
in a unit sphere. We give two different characterizations of Clifford hypersurfaces
among constant m-th order mean curvature hypersurfaces with two distinct princi-
pal curvatures. One is obtained by assuming embeddedness and by comparing two
distinct principal curvatures. The proof uses the maximum principle to the two-point
function, which was used in the proof of Lawson conjecture by Brendle (Acta Math.
211(2):177-190, 2013, [6]). The other is given by obtaining a sharp curvature integral
inequality for hypersurfaces in a unit sphere with constant m-th order mean curva-
ture and with two distinct principal curvatures, which generalizes Simons integral
inequality (Simons, Ann. Math. (2) 88:62-105, 1968, [30]). This article is based on
joint works (Min and Seo, Math. Res. Lett. 24(2):503-534, 2017, [ 18], Min and Seo,
Monatsh. Math. 181(2):437-450, 2016, [19]) with Sung-Hong Min.

1 Introduction and Results

Recently minimal surface theory in a 3-dimensional unit sphere S* has been exten-
sively studied by many geometers. Among compact minimal surfaces in S, the
simplest one is the equator, which is totally geodesic. In 1966, Almgren [2] obtained
the uniqueness theorem, which states that any immersed 2-sphere in S? is totally
geodesic. Thereafter Lawson [16] constructed compact embedded minimal surfaces
in S* with any genus. Moreover he conjectured that the only compact embedded
minimal torus in S? is the Clifford torus. Brendle [6] proved ingeniously this famous
conjecture by using the maximum principle for the two-point function.

Theorem 1 ([6]) The only embedded minimal torus in S* is the Clifford torus.
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In 1989, Pinkall and Sterling [29] proposed the conjecture that any embedded con-
stant mean curvature(CMC) torus is rotationally symmetric, which is a CMC-version
of Lawson conjecture. Applying Brendle’s argument in [6], Andrews and Li [3] gave
an affirmative answer to Pinkall-Sterling’s conjecture.

Theorem 2 ([3]) Every embedded CMC torus in S® is rotationally symmetric.

It would be interesting to obtain an analogue in higher-dimensional cases. How-
ever, the situation is more complicated in higher-dimensional cases. In the following
we give brief historical review in this direction.

Let M be a compact minimal hypersurface in S"*!. Simons [30] obtained the
following identity:

1
5A|A|2 = VAP + |APP(n — |A]P),

where A, V, and A denote the Laplacian, the Levi-Civita connection, and the second
fundamental form on M, respectively. Integrating this identity over M, Simons was
able to prove the following integral inequality:

/ |A]> (JA]* = n) = 0. (1)
M

It follows from the above integral inequality that there are three possibilities: Such
M is either totally geodesic, or |A|> = n, or |A|*(x) > n at some point x € M.
Regarding the second case, Chern, do Carmo and Kobayashi [10] in 1968 and Lawson
[15] in 1969 independently proved

Theorem 3 ([10, 15]) Forn > 3, if|A|2 = non M, then M is isometric to a Clifford
minimal hypersurface S"~! (1 / %) x S! (\/;)

For higher-dimensional cases, Otsuki deeply investigated minimal hypersurfaces
with two distinct principal curvatures as follows:

Theorem 4 ([23-25]) Let M be a minimal hypersurface in S"+' with two distinct
principal curvatures ). and (4.

e The distribution of the space of principal vectors corresponding to each principal
curvature is completely integrable.

e [fthe multiplicity of a principal curvature is greater than 1, then this principal cur-
vature is constant on each integral submanifold of the corresponding distribution
of the space of principal vectors.

e If one of A and  is simple, then there are infinitely many immersed minimal
hypersurfaces other than Clifford minimal hypersurfaces.

e If M is embedded, then M is locally congruent to a Clifford minimal hypersurface.

Hence one sees that the only compact embedded minimal hypersurfaces with two
distinct principal curvatures in S"*! is a Clifford minimal hypersurface. However this



Characterizations of a Clifford Hypersurface ... 147

uniqueness result does not hold in general. For example, Hsiang [14] constructed
infinitely many mutually noncongruent embedded minimal hypersurfaces in S"+!
which are homeomorphic to the Clifford hypersurface using equivariant differential
geometry. Furthermore it is well-known that a lot of isoparametric hypersurfaces
existin S"T!, which are all embedded. See [1, 7-9, 12, 13, 21, 22, 26] for examples
and [20] for more references.

Otsuki’s result was extended to higher-order mean curvature cases for hypersur-
faces with two distinct principal curvatures. Wu [34] proved that if the multiplicities
of two distinct principal curvatures are at least 2, then a compact hypersurface with
constant m-th order mean curvature is congruent to a Clifford hypersurface. Thus
we shall consider hypersurfaces with constant m-th order mean curvature satisfying
that one of the two distinct principal curvatures is simple. We remark that if M is a
hypersurface in a space form with two distinct principal curvatures such that one of
two distinct principal curvatures is simple, then M is a part of rotationally symmetric
hypersurface, which was proved by do Carmo and Dajzer [11]. Recall that the m-th
order mean curvature H,, of an n-dimensional hypersurface M C S"*! is defined
by the elementary symmetric polynomial of degree m in the principal curvatures
A1, Ao, - -+, A, on M as follows:

n
(m) Hm = Z )\’il . )“im .

I<ij<-<ip<n

We also recall that if an n-dimensional Clifford hypersurface in S"*! has two distinct
principal curvatures A and p of multiplicities n — k and k respectively, then it is
given by

o () ()

withiu +1=0.

Assume that M is acompact hypersurface in a unit sphere with constant m-th order
mean curvature H,, and with two distinct principal curvatures with multiplicities
n — 1, 1. Without loss of generality, we may assume that . = Ay = --- = A,_; and
1 = A,. Choose the orthonormal frame tangent to M such that h;; = A;4;;, that is,

Ae; =Xe; fori=1,...,n—1,
Aen = Hey.

n n—1Y_, n—1\_,_,
H, = AT+ A",
m m m—1

Then
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which gives

m_ ., (n—m
H,=—\""{——x+pu). @
m

n

For some Weingarten hypersurfaces with two distinct principal curvatures,
Andrews, Huang, and Li obtained the following:

Theorem 5 ([4]) Let X be a compact embedded hypersurface in S"*" with two dis-
tinct principal curvatures A and |1, whose multiplicities are m and n — m respectively
forl <m <n—1.If A + ap = 0 for some positive constant o, X is congruent to

a Clifford hypersurface S"~! (\/g) x S! (E)

Using the identity (2) and Theorem 5, we see that any compact embedded hyper-
surfaces with vanishing m-th order mean curvature and with two distinct principal
curvatures is congruent to a Clifford hypersurface. On the other hand, Perdomo [28]
constructed compact embedded CMC hypersurfaces in S"*!, which have two distinct
principal curvatures, one of them being simple.
2

Theorem 6 ([28]) For any integer m > 2 and H between cot % and %
there exists a compact embedded hypersurface in S'+' with constant mean curvature
H other than the totally geodesic n-spheres and Clifford hypersurfaces.

We note that the two distinct principal curvatures A and p satisfy A > u in
Theorem 6, where w is simple. In case where A < u, it is natural to ask whether
one can obtain the uniqueness of Clifford hypersurface or not. In [18], Sung-Hong
Min and the author gave the affirmative answer to this question as follows:

Theorem 7 ([18]) Let X be an n(> 3)-dimensional compact embedded hypersur-
face in S"T! with constant mean curvature H > 0 and with two distinct principal
curvatures A and [, u being simple. If u > X\, then X is congruent to a Clifford
hypersurface.

In Sect.3, we give another characterization of Clifford hypersurfaces using
Simons-type integral inequality for a compact hypersurface in a unit sphere with
constant higher-order mean curvature and with two distinct principal curvatures.

2 Proof of Theorem 7

Here we give the brief sketch of the proof of Theorem7. If H = 0, then it is already
known that X is congruent to a Clifford minimal hypersurfaces by the work due to
Otsuki. We now assume that H > 0. Since X' is a compact embedded hypersurface,
X divides S"*! into two connected components. We may assume that H > 0 by the
suitable choice of the orientation of X. Let R be the region satisfying that v points
out of R. The mean curvature vector H satisfies that H = —n Hv(x). For a positive
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function ¥ on X', we denote by By (x, ﬁ) a geodesic ball with radius ﬁ which

touches X at F(x) inside the region R in S"*!. Then By (x, ﬁ) is given by the

intersection of S"*! and a ball of radius #X) centered at p(x) = F(x) — ll’éx) v(x)

in R"*2, Define the two-point function Z : ¥ x ¥ — R by

Z(x,y) =¥ )1 = (F(x), F(y)) + (v(x), F(y)). 3)

We introduce the notion of the interior ball curvature at x € X', which was originally
given by Andrews-Langford-McCoy [5] (see also [3]).

Definition 1 The interior ball curvature k is a positive function on X' defined by
. 1
k(x) :=inf{— : Br(x,r)N X ={x}, r >0¢.
r

Since X' is compact and embedded in S™t! the function & is a well-defined positive
function on X'. From the definition of k(x) for every point x € X', we have

k@) (I = (F(x), F()) + (v(x), F(y)) =0

forally € X.

Let @ (x) := max{A(x), u(x)} be the maximum value of the principal curvatures
of X in §"*! at F(x). It is easy to see that @ (x) — H > 0. Motivated by the works
of Brendle [6] and Andrews-Li [3], we introduce the constant « as follows:

k(x)— H
K 1= sup ———.
vex P(x) — H

For convenience, we will write ¢(x) := @(x) — H. It follows that there exists a
constant K > 0 satisfying

1<k <K.

By definition, we see that @ (x) < k(x) for every x € X' in general. Indeed, we have
the equality case under our setting.

Proposition 1 Let X be an n(> 3)-dimensional compact embedded hypersurface
in S"t with constant mean curvature H with two distinct principal curvatures, one
of them being simple. If H > 0. Then

k(x) = @(x)

forallx € X.

Proof See [18] for the proof. O
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From this observation, it follows that k(x) = @ (x) and hence
D (x)(1 = (F(x), F(y))) + (v(x), F(y)) =0,

for all x,y € X. Fix x € ¥ and choose an orthonormal frame {eq,...,e,} in a
neighborhood of x such that A(e,, ¢,) = @. Let y () be a geodesic on X' such that
y(0) = F(x) and y’(0) = ¢,. Define a function f : R — R by

f@):=Z(Fx),y@) =2x)1 - (Fx), y®)) + (v(x), y(1)).
Then one sees that f (1) > 0 and f(0) = 0. Moreover
[1(#) = —(@x)F(x) —v(x), y' 1)),
(@) = (@) F(x) —v(x), y (1) + h(y'(1), y' 0)v(y (1)),

f"(0) = (P)F(x) = v(x), ¥ (1) + (Vyy D (' (0), ¥ () (y (1))
T (P F(x) —v(@), h (Y (0), ¥ () Vy vy (1),

where V is the covariant derivative of R"*2. In particular, at t = 0,

f0) = f(0) =0,
F7(0) = (P () F(x) = v(x), F(x) + @(x)v(x)) = 0.

Because f is nonnegative, we get f"’(0) = 0. Hence
0= f"(0) = (PX)F(x) = v(x), € + hupn ()0 (X)) = —lypn ().

Therefore we see that e, A = hyy, = —ﬁhm = 0, which implies that A and u
are constant on X' by Ostuki. It follows that X is an isoparametric hypersurface in
S"+! with two distinct principal curvatures. From the classification of isoparametric
hypersurfaces with two principal curvatures due to Cartan [7], X' is congruent to the
Clifford hypersurface.

3 Sharp Curvature Integral Inequality

In this section, we give another uniqueness result of Clifford hypersurfaces in terms
of curvature integral inequality. Perdomo [27] and Wang [31] independently obtained
a curvature integral inequality for minimal hypersurfaces in §"*! with two distinct
principal curvatures, which characterizes a Clifford minimal hypersurface. Later, Wei
[32] showed that the similar curvature integral inequality holds for hypersurfaces with
the vanishing m-th order mean curvature (i.e., H, = 0).
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Theorem 8 ([27, 31, 32]) Let M be an n(> 3)-dimensional compact hypersurface
in S with H,, =0 (1 < m < n) and with two distinct principal curvatures, one
of them being simple. Then

2 _
/ AP < %wl(m
; =

where equality holds if and only if M is isometric to a Clifford hypersurface
s ((152) x ' (V).

In[19], Sung-Hong Min and the author obtained a sharp curvature integral inequal-
ity for compact hypersurfaces in S"*! with H,, = constant (1 < m < n) and with
two distinct principal curvatures, one of them being simple.

Theorem 9 ([19]) Let M be an n(> 3)-dimensional closed hypersurface in S"*!
with constant m-th order mean curvature H,, and with two distinct principal curva-
tures A and w, | being simple (i.e., multiplicity 1). For the unit principal direction
vector e, corresponding to |, we have

/ Ric(ey, e,) > 0,
M

where Ric denotes the Ricci curvature. Moreover, equality holds if and only if M is
isometric to a Clifford hypersurface.

We remark that if H,, = 0 for 1 < m < n, then

Ric(e,, e,) = (n — 1) (1 - sz) .
n(m? —2m +n)

Theorem 9 can be regarded as an extension of [27, 31, 32]. From this theorem, one
sees that if Ric(e,, e,) < 0 on such a hypersurface M, then M is congruent to a
Clifford hypersurface.

Proof of Theorem9 Here we give a brief idea of the proof of Theorem9 (See [19]
for more details). Note that for A = A, = --- = A,,_ and u = A,,, the function w =
M — H,, I_% is well-defined. From this notion, the Laplacian of f = f(w) on M is
given by

f'(w)

w

n—1

Af = — ! f'(w)w Ric(e,, e,) + [f”(w) +n-1) } (e’ (@)

If we let a function f(w) = logw in (4), then

Ric(e,,e,) n—2
_ =

(enw)z.

Af:

n—1



152 K. Seo

Integrating Af over M gives

2
/ RiC(en, en) = (n — 1)(}1 _ 2)/ (en":) > 0.
M y oW

Equality holds if and only if e,A = 0. Thus both A and u are constant, which shows
that M is congruent to a Clifford hypersurface by Cartan [7]. O

In the following, we generalize Simons’ integral inequality into closed hypersur-
faces with two distinct principal curvatures.

Theorem 10 ([19]) Let M be an n(> 3)-dimensional closed hypersurface in S"*!
with H,, =0 (1 < m < n) and with two distinct principal curvatures, one of them
being simple. Then we have

-2
/|A|p(|A| ( m+n))§01fp<nn;2m’

m(n m)
m(n m) n

Equalities in the above hold if and only if M is congruent to a Clifford hypersurface.
Proof See [19] for the proof. O

We remark thatif m = 1 and p = 2, then Theorem 10 is exactly the same as Simons’
integral inequality (1), which was mentioned in the introduction. We also remark that
when m = 2 and p = 2, Li [17] obtained some pointwise estimates on |A]?, which
gives the above theorem. For p =2 and 3 < m < n, Wei [33] proved the above
theorem for compact and rotational hypersurfaces in a unit sphere with H,, = 0.
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3-Dimensional Real Hypersurfaces
with n-Harmonic Curvature

Mayuko Kon

Abstract We classify real hypersurfaces with n-harmonic curvature of a non-flat
complex space form of complex dimension 2 under the condition that the Ricci
tensor S satisfies S§ = B& where f is a function and £ is the structure vector field.

1 Introduction

For any Riemannian manifold, the divergence § R of the curvature tensor R and the
Ricci tensor S satisfy SR = dS. If R = 0, that is,

(VxS)Y —(VySHX =0

for any vector fields X and Y then the manifold is said to have a harmonic curva-
ture. If the Ricci tensor S is parallel, then the manifold has harmonic curvature. In
1980, Derdzinski [1] constructed examples of Riemannian manifolds with harmonic
curvature and nonparallel Ricci tensor.

In [2], Ki proved that there are no real hypersurfaces with parallel Ricci tensor
of a complex space form M"(c), ¢ # 0. Moreover, there are no real hypersurfaces
with harmonic curvature in a complex space form M"(c), ¢ # 0, n > 3 (see Kim
[5], Kwon—Nakagawa [6]). So, Ki, Kim and Nakagawa [3] defined the notion of
n-harmonic curvature for real hypersurfaces. If the Ricci tensor satisfies

g((VxS)Y — (Vy$)X,Z) =0
for any X, Y and Z orthogonal to &, then M is said to have n-harmonic curvature.

They classified Hopf hypersurfaces of a non-flat complex space form M"(c),n > 3,
with n-harmonic curvature under the additional condition on the shape operator.
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The purpose of this paper is to study real hypersurfaces of M?(c), ¢ # 0, with
n-harmonic curvature and S§€ = B&, where § is a function. As an application, we
prove the non-existence of real hypersurface with harmonic curvature of M?(c) under
the condition that S& = B&.

2 Preliminaries

Let M"(c) denote the complex space form of complex dimension n (real dimension
2n) with constant holomorphic sectional curvature 4c. We denote by J the almost
complex structure of M"(c). The Hermitian metric of M"(c) will be denoted by G.

Let M be a real (2n — 1)-dimensional hypersurface immersed in M"(c). We
denote by g the Riemannian metric induced on M from G. We take the unit normal
vector field N of M in M"(c). For any vector field X tangent to M, we define ¢, n
and £ by

JX = ¢X + n(X)N, JN = —&,

where ¢ X is the tangential part of J X, ¢ is a tensor field of type (1,1), n is a 1-form,
and & is the unit vector field on M. Then they satisfy

¢’X =X +1005 ¢£=0. 1(¢X)=0
for any vector field X tangent to M. Moreover, we have

g@X.Y)+g(X,9Y) =0, n(X)=g(X,$§),
g@X, oY) =g(X,Y) = n(X)n(Y).

Thus (¢, &, n, g) defines an almost contact metric structure on M.

We denote by V the operator of covariant differentiation in M”(c), and by V
the one in M determined by the induced metric. Then the Gauss and Weingarten
formulas are given respectively by

VyY = VyxY + g(AX,Y)N, VyxN =—AX
for any vector fields X and Y tangent to M. We call A the shape operator of M. If

the shape operator A of M satisfies A§ = a& for some functions «, then M is said
to be Hopf. We use the following (cf. [10]).

Lemma 1 Let M be a Hopf hypersurface of M"(c), n > 2, ¢ # 0. If a vector field
X is orthogonal to & and AX = L X, then

2r — a)ApX = (ha + 2¢)9 X,

where o = g(A&, &), and o is constant.
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For the almost contact metric structure on M, we have
VxéE =¢AX, (Vx@®)Y =n(¥)AX — g(AX,Y)E.

We denote by R the Riemannian curvature tensor field of M. Then the equation
of Gauss is given by

R(X,Y)Z =c{g(Y, 2)X — g(X, 2)Y + g(¢Y, Z)p X

—8(9X, Z)pY —28(¢X, Y)pZ}
+g(AY, Z)AX — g(AX, Z)AY,

and the equation of Codazzi by
(VxA)Y — (VYA X = c(n(X)pY —n(Y)pX —2g(¢X, Y)E}
From the equation of Gauss, the Ricci tensor S of M satisfies

g(8X,Y)=(2n+ Deg(X,Y) — 3en(X)n(Y) (D
+TrAg(AX,Y) — g(AX, AY),

where TrA is the trace of A. By (2.1), we have

(VxS)Y = —3cg(¢pAX, Y)E — 3cn(Y)pAX
+ (X Tr A)AY +TrA(VxA)Y — A(VxA)Y 2)
— (VxA)AY,

from this equation and the equation of Codazzi, we obtain

(VxSY — (Vv S X
= 3cg(PAX + ABX, Y)E — 3en(Y)PAX + 3en(X)pAY
+ X(Tr A)AY — Y(Tr A)AX 3)
+cTrA(X)pY —n(Y)PpX —2g(¢pX, Y)§)
—c(n(X)AQY —n(Y)ApX —2g(¢X, Y)AE)
— (VxA)AY + (VyA)AX.

If the Ricci tensor S satisfies
g((VxS)Y, Z) =0
for any vector fields X, Y and Z orthogonal to &, then S is said to be n-parallel

(Suh [11]). When M is Hopf hypersurface in M, (c), ¢ # 0, n > 2, the classification
theorem is given by Suh [11] and Maeda [9]).
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Theorem A ([9, 11]) Let M be a connected Hopf hypersurface in C P"(c), n > 2.
Suppose that M has n-parallel Ricci tensor. Then M is either locally congruent
to one of homogeneous real hypersurfaces of type (A1), (Az) and (B) in CP"(c),
n > 2, or a non-homogeneous real hypersurface with A& = 01in C P2(c). This non-
homogeneous real hypersurface M is locally congruent a tube of radius 7w /(4./c)

over a non-totally geodesic complex curve which does not have a principal curvature
+./c in CP?(c).

Theorem B ([9, 11]) Let M be a connected Hopf hypersurface in CH" (c), n > 2.
Suppose that M has n-parallel Ricci tensor. Then M is either locally congruent to
one of homogeneous real hypersurfaces of types (Ao), (A1), (A1.1), (A2) and (B) in
CH"(c), n > 2, or a non-homogeneous real hypersurface with A& = 01in C H>(c).

3 p-Harmonic Curvature

In this section, we prove the following theorem.

Theorem 1 Let M be a real hypersurface of M*(c), ¢ # 0, with n-harmonic cur-
vature. If the Ricci tensor S of M satisfies S& = B& for some function B, then M is
a Hopf hypersurface with n-parallel Ricci tensor.

Let M be a real hypersurface of a complex 2-dimensional space form M?(c). If
M is not Hopf, then there is a point x, and hence an open neighborhood U of x,
where A§ # &, a = g(AE, £). So there is a function 4 which is non-zero on U and
a unit vector field e; orthogonal to £ such that

A& = o + hey.

We take an orthonormal frame {&, e}, e}, where we have put e, = ¢e;. Then we
have

g(Aer, &) = g(A&, ex) = g(aé + hey, gpe) = 0.

Thus there are smooth functions a;, a, and k defined near x such that A is represented
by a matrix

ah 0O
A= halk
Ok(lz

with respect to {£, e;, e}. We use the following lemmas (see [7]).

Lemma 2 Let M be a real hypersurface of M?(c), ¢ # 0. Suppose that the Ricci
tensor S of M satisfies S& = BE& for some function B, then M is a Hopf hypersurface
or the shape operator A is represented by a matrix
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with respect to some orthonormal basis {€, e}, e}, locally.

Lemma 3 Let M be a real hypersurface of M*(c), ¢ # 0. If there exists an ortho-
normal frame {&, ey, e} on a sufficiently small neighborhood U of x € M such that
the shape operator A is represented as

ah 0

A=|ha O

000

Then we have

a1g(Ve,er, e2) =0, 4)
—2¢ —aay; +hg(Ve ez, €1) + (e2h) =0, &)
—hay + a18(Ve,e2, e1) + (e2a1) = 0, (6)
hg(Veey, e2) =0, (7N
—c—h* +aig(Vees, 1) + (e2h) = 0, 3
—ha + hg(Vees, e)) + (e2a) = 0. )

To prove Theorem 1, first we show the following lemma.

Lemma 4 Let M be a real hypersurface of M*(c), ¢ # 0, with n-harmonic curva-
ture. If the Ricci tensor S of M satisfies S§ = B& for some function B, then M is a
Hopf hypersurface.

Proof We suppose that M is not a Hopf. Putting X = ¢; and Y = e, into (3), by
Lemma 2, we obtain

(Ve, S)ez — (Ve,8)eq

= —3ca1& —ex(a; + a)(aje; + hE) — 2(a; + a)cé
+ 2c(her + &) + (Ve,A)(arey + hé)

= (2ch — (e2a)a; + h(exh))e
+ (=5aic — (e2a1)h + ai(exh))é
+ afvzel —a1AV,e; + hzvgzel.

Taking an inner product with e,

2ch — a)(exa) + h(exh) = 0. (10)



160 M. Kon
By (8) and (9), we have
—he — B + haya + h(esh) — ay(exa) = 0.

Using (10), we obtain
hz—aloz = —3c. (11

From this equation, we have
2h(exh) — (erar)a — ay(eya) = 0.
Using (6), (8), (9) and (11), we have

0=2ch+2h* — 2haya — hag(Vees, er) + ajag(Vies, ep)
= —4hc — hag(Veey, e1) + ajag(Ve e, e3). (12)

On the other hand, (5), (8) and (11) imply
4hc +ajhg(Veea, e1) — h2g(Vele2, e) =0.

From these equations, we have

g(Vee2,e1) = 0. (13)
Substituting this into (12), we obtain

a1g(Veey, ex) = 4c.
Since ¢ # 0, we see that a; # 0. By (13) and the following

g(Veer,e1) =0, g(Vee, &) =—gler, pAer) =0,

we have V, e; = 0. By the similar computation, we have

Ve,e2 =0, Vo1 =0, V.60 = —ajé,

4c 4c
Vgel = —é€y, VgEQ = ——€] — ]’lf
ay ay

Using these equations, we compute the sectional curvature for the plane spanned by
eq and en.
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g(R(e1, er)e, e1)

= g(Ve Ve,e2 — Vi, Vo €2 — Vi, 162, €1)
= 8(Ve,(a18) + Vy ez, e1)

=a18(Vzep, e)) = —4c.

On the other hand, by the equation of Gauss, we obtain g(R(e;, e2)ez, e;) = 4c. This
contradicts to the assumption that ¢ # 0. So we have our lemma.

When M is a Hopf hypersurface, the shape operator A is represented as

a 00
A= 06110
00(12

for an suitable orthonormal frame {£, e;, e;} on a sufficiently small neighborhood.
We use the following lemma ([8]).

Lemma 5 Let M be a Hopf hypersurface of M?(c), ¢ # 0. Then we have

(a1 —a2)g(Vee1, €2) — (e1an) = 0, (14)
2¢ — 2ayar + ala; + ap) =0, (15)
(a1 — a2)g(Ve €2, €1) + (e2a1) =0, (16)
—(c+aa —ajax) + (a1 — az)g(Veer, e2) =0, (17)
Eay =&ar, = 0. (18)

We remark that if M is Hopf, then the Ricci tensor § satisfies S&§ = &, 8 = 2¢ +
a(a) + az).

Lemma 6 If a Hopf hypersurface M of M?*(c) has n-harmonic curvature, then the
Ricci tensor S is n-parallel.

Proof By (3), we have

(Ve 8)ez — (Ve, S)en

= —3cg(pAer + Adey, e2)§ +e1(ar + ax + w)azer
—ex(ar + ax +a)are; — 2c(a + ax + a)g(per, e2)§
+2cg(¢ey, e)aé + (Ve A)azes — (Vo A)are

= —5c(a) + a)§ + (e1a))aze; — (e2az)aje)
— a%Velez + a, AV, e, + a%Vezel —a1AV,es.

Taking an inner product with e, by (16),
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0=g((V,S)er — (V,S)er, er)
= —(exaz)a) + ax(ay — a2)g(Ve, ez, e1)

= —ex(aia).

Similarly, taking an inner product with e,, we obtain e (a;a;) = 0. Moreover, from
(18), we see that a;a, is constant. Since M is Hopf hypersurface, from Lemma 1, we
obtain

2aia; — (ay + ax)a — 2¢ = 0.

If o # 0, then a; + a; is constant, so a; and a, are also constant. On the other hand,
if « = 0, then a;a; = c. From these, together with (2), we obtain

g((Ve, S)er, er)

= (e1 Tr A)a; + (Tr A — 2a1)g((Ve, A)ey, e1)
= (ej@)a; + (e1ax)a; + aleray) + ax(erar)
= ej(a1a) +ej(a1a2)

=0,

g((vel Ser, er) = alera;) = 0.

Similarly, the straightforward computation shows that g((VxS)Y, Z) = 0 for X, Y,
Z € {ej, ep}. Thus the Ricci tensor § is n-parallel.

4 Harmonic Curvature

In this section, we study real hypersurfaces with harmonic curvature. Then they have
n-harmonic curvature. Therefore, by Lemma 3, a real hypersurface with harmonic
curvature of M?(c), ¢ # 0, is a Hopf hypersurface.

Theorem 2 There are no real hypersurface with harmonic curvature of M?*(c),
¢ # 0, on which the Ricci tensor S satisfies S€ = BE, where B is a function.

Proof From the proof of Lemma 5, if o« # 0, then a; and a, are constant. By (3), we
have

(Ve )& — (Ve S)e
= (—4ca; —ac — a1a2 + ajara)eq

+a}Vie; — ajAVie, (19)
=0,
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(Ve,$)& — (VeS)er

= (4car + ac + aa® — ajard)e; (20)
+G§V§€2 - azAV5€2
=0.

Thus we have

g((Ve, S)es — (Ve,S)er, §)
= —5c(a; + ar) + alag + alzaz — 2a1ara
=0.

Next, taking an inner product of (19) with e,, we obtain
—4ca; — ac — a1a2 +arara + ai(ay — ax)g(Veer, e2) = 0.
Combining this equation with (17), we have
— Scay —cxc—alaz—i—a]zaz =0. 21
On the other hand, by (20), we have

g((Ve,8)8 — (VeS)e, e1)
=dcap + oc + a2a2 —ajara

—a(a; — az)g(Veea, e1).
Using (17), we have
5car + ac + ara — alag =0. (22)
From (21) and (22), we obtain
(a1 — a2)(=5¢ — a® + aja) = 0.
First we consider the case that —5¢ — o 4+ a1a; = 0. By (21), we have ac = 0, and
hence o = 0. Then we have —5c¢ + aja; = 0. On the other hand, by Lemma 1, we

have
2a; — a)Age; = (aja + 2c)pe; .

So we obtain aja; — ¢ = 0. This contradicts to the assumption that ¢ # 0.
Next, we consider the case that a; = a,. We put a; = a; = a. Since M is Hopf,

again using Lemma 1,

a’>—aa—c=0. (23)
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From this equation, we see that a is non-zero constant. On the other hand, by (3), we
have

(Ve S)er — (Ve,8)en
= —10ca& — azvelez +aAV, e + aZVezel —aAV,e;.

So we have

2((Ve,S)ey — (Vo,8)ey, £) = —10ca + 2a° — 2d°a.

By (23), we see that g((V,,S)ex — (V,,S)e1, &) = —8ca # 0. Hence we have our
result.
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Gromov-Witten Invariants on the Products
of Almost Contact Metric Manifolds

Yong Seung Cho

Abstract We investigate Gromov—Witten invariants and quantum cohomologies on
the products of almost contact metric manifolds. The product of two cosymplectic
manifolds has a Kihler structure. We compute some cohomology classes of compact
cosymplectic manifolds and show that any compact simply connected Kihler man-
ifold cannot be a product of two cosymplectic manifolds. On the products we get
some geometric properties, Gromov—Witten invariants and quantum cohomologies.
We have some relations between Gromov—Witten invariants of the products and the
ones of two cosymplectic manifolds.

1 Introduction

Let M be a real (2n + 1)-dimensional smooth manifold and X (M) the Lie algebra
of smooth vector fields on M. An almost co-complex structure on M is defined by a
smooth (1, 1)-tensor field ¢, a smooth vector field &, and a smooth 1-form n on M
such that 9> = —1 + n ® £, n(&) = 1, where I denotes the identity transformation
of the tangent bundle 7 M. Manifolds with an almost co-complex structure (¢, &, 1)
are called almost contact manifolds. An almost contact manifold (M, ¢, &, n) with
a Riemannian metric tensor g such that

glpX,9Y) =g(X,Y) —n(X)n(Y)
for all X,Y € X(M) is called an almost contact metric manifold, and denote it by

(M, g, ¢, &, n). An almost contact metric manifold has its structure group of the form
U(n) & (1), and the fundamental 2-form ¢ defined by

¢(X,Y) =g(X,pY)
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forall X, Y € X(M). An almost cosymplectic structure (1, ¢) on M is called cosym-
plecticif dn = 0 = d¢, in this case M is called an almost co-Kéhler manifold. When
¢ = dn the associated almost cosymplectic structure is called a contact structure on
M and M an almost Sasakian manifold. The Nijenhuis tensor N, of ¢ is the (1, 2)-
tensor field defined by

Ny(X,Y) = [pX, Y] - [X, Y] — ¢[X, Y] — ¢[eX, Y]

forall X,Y € X(M), where [ X, Y] is the Lie bracket of X and Y. An almost cocom-
plex structure (¢, &, n) is called integrable if N, = 0, and normal if N, +2dn ® & =
0. An integrable almost cocomplex structure is called a cocomplex structure. An inte-
grable almost co-Kéhler manifold is called a co-Kéhler manifold, while a Sasakian
manifold is a normal almost Sasakian manifold. In this paper we follow definitions
and notations on almost contact metric manifolds in the references [1-4].

Let (M, g, w, J) be a symplectic manifold with an almost complex structure J
which is compatible with a symplectic structure w. To study symplectic manifolds
many geometers [5—7] have studied the theory of pseudo-holomorphic maps from
a Riemann surface to M. Let A € Hy(M; Z) be an integral homology class, and
M, (M, A, J) be the moduli space of stable J-holomorphic maps which represent
A from a Riemann surface with genus g and k marked points to M. The moduli spaces
define the Gromov—Witten invariants via evaluation maps. Using the Gromov—Witten
invariants we can define quantum product on cohomologies and have the quantum
cohomology ring Q H*(M; A) [6, 7] with coefficients in some Novikov ring A. In
[8, 9] we have studied Gromov—Witten invariants and quantum cohomologies on
symplectic manifolds, in [10] geodesic surface congruences. We have extended the
notion of pseudo-holomorphic map in symplectic manifolds to the one of pseudo-
co-holomorphic map in almost contact metric manifolds. We have had some results
on Gromov—Witten type invariants and quantum type cohomologies on contact man-
ifolds [2], and on the products of cosymplectic manifolds and circle [11].

In this paper we consider the products of almost contact metric manifolds. On the
products we investigate some geometric structures, Gromov—Witten invariants, and
quantum cohomologies. In Sect.2, we induce the fundamental 2-form and almost
complex structure on the product of two almost contact metric manifolds. In partic-
ular, the product of two cosymplectic manifolds is Kihler. In Sect. 3, we have some
topological properties of the product of two cosymplectic manifolds. We show that
the cosymplectic structure (1, ¢) of a compact cosymplectic manifold contributes to
each Betti numbers. As a consequence we have that any compact simply connected
Kihler manifold can not be a product of two cosymplectic manifolds. In Sect. 4, we
study Gromow-Witten invariants on the product of two cosymplectic manifolds. We
show that the Gromov—Witten invariant of the product is equal to the product of
Gromov—Witten type invariants of two cosymplectic manifolds.


http://dx.doi.org/10.1007/978-981-10-5556-0_2
http://dx.doi.org/10.1007/978-981-10-5556-0_3
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2 The Product of Two Almost Contact Metric Manifolds

Let (Ml.Z”"H, gi, i, &, i, ¢i), i = 1,2, be almost contact metric manifolds. Then
the product M := M| x M, is a smooth manifold of dimension 2n, where n = n; +
ny + 1. Let g be a Riemannian metric on M defined by

g((X1, X2), (Y1, 12)) = g1(X1, Y1) + g2(X2, 12)

for every (X1, X»), (Y1, Y2) € X(M), and J a (1, 1)-tensor field on M defined by

J (X1, X2) = (@1 X1 — n2(X2)é1, 02 X5 + n1(X1)é2)

for every (X, X2) € X(M).
The tangent bundles are decomposed as

TMy =2 ® (&), TMy=2,® (&),

where 7; = {X € TM; | mi(X) =0}, 22 = {X € TMy | n2(X) =0}, and (§;),i =
1, 2 are trivial real line bundles on M;.

Lemma 1 Let M be the product of almost contact metric manifolds M, and M.
Then we have

(1) TM ~ 2, ® P, @ (&, &) is isomorphic to a sum of complex vector bundles.

(2) J>=-1I.
(3) J=q@ron D, J=q@yon D, and J := @3 on (&1, &), where p3(§1) = & and

»3(&) = —&1.
4) g=J%g.
Proof By the definitions of the almost contact metric manifold, the metric g, and the
(1, 1)-tensor J, we can easily prove Lemma 1. (I

By Lemma 1 the product of two almost contact metric manifolds is an almost
complex manifold. The fundamental 2-form on the product M is given by

P (X1, Xo), (Y1, Y2)) = g((Xy, X2), J (Y1, Y2))
for every (X, X»), (Y1, Y2) € X(M).
Lemma 2 The fundamental 2-form ¢ on the product M is
p=¢1+d—m AN
Proof For every (X, X»), (Y1, Y2) € X(M),

(X1, X2), (Y1, 12)) = g((X1, X2), J (Y1, 12))
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= g((X1, X2), (o1 Y1 — m(Y2)é1, 2Y2 + n1(Y1)é2))

= g1 (X1, p1Y1 — m(X2)81) + g2(X2, 2 Y2 + mi(Y1)é2)

= g1(X1, g1 Y1) — m(X2)g1(X1, 1) + 82(X2, 2¥2) + m1(Y1)82(X2, 62)
= ¢1(X1, Y1) + ¢ (X2, Y2) — m(X2)m (X1) + mi(Y1)n2(X2)

= (1 + ¢2 — m A ) (X4, X2), (Y1, 2)).

Thus we have ¢ = ¢ + ¢ — 1 A 1. 0

Recall that an almost contact metric manifold (M, g, ¢, &, n, ¢) is almost cosym-
plectic or almost co-Kihler (cosymplectic or co-Kihler) if and only if dn = 0 = d¢
(dn=0=d¢ = N,), respectively.

Theorem 1 Let (Mf"’“, g, i, &, i, i), 1 = 1,2, be almost contact metric man-
ifolds and (MZ”, g, J, @) their product, where n = ny + ny + 1. Then we have

(1) if M;, i = 1,2, are almost cosymplectic, then M is symplectic.
(2) if M;, i = 1,2, are cosymplectic, then M is Kdhler.

Proof By Lemma 1, the product (M, g, J, ¢) is an almost complex manifold. By
Lemma 2 the fundamental 2-form on the product is ¢ = ¢1 + ¢ + 12 A 1.
The exterior derivative of ¢ is

d¢ =do +deo +dn Ay — 2 Adny.

(1) Let M;,i = 1, 2, be almost cosymplectic. Thend¢; = 0 =dn;,i = 1, 2. and so
d¢ = 0. Thus ¢ is closed. The n times exterior product of ¢ is

=@ +d+m AN =¢U AP Am AN

which does not vanish on M.
Thus the fundamental 2-form ¢ is a nondegenerate closed 2-form on M.

(2) Let M;,i = 1, 2, be cosymplectic. Then by (1) M is symplectic and J is almost
complex structure J is compatible with ¢.
Since the Nigenhuis tensor on M; is N, = 0,7 = 1, 2, the Nijenhuis tensor N
on M is zero. Thus (M, g, J, ¢) is Kéhler.

O

Remark 1 The odd dimensional spheres S>"'+! and 2!, n; > 0, are contact. The
product §?"*! x §212+1 js a complex manifold but not symplectic [12].
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3 The Product of Two Cosymplectic Manifolds

Let (M>"*! g, ¢, £, 1, ¢) be a cosymplectic manifold, and v the Levi-Civita con-
nection which is compatible with the metric g. Define Two operators L and A on M
by the exterior product L = ¢(¢) and the interior product A = ¢(¢).

Recall the cohomologies of cosymplectic manifolds.

Lemma 3 ([1]) For a cosymplectic manifold (M, g, ¢, &, 1, ¢)

(1) vx¢ =0 forevery X € X(M).
(2) L commutes with the Laplace-Beltrami operator A.
(3) L maps the space of harmonic p-forms into the space of harmonic (p + 2)-forms.

Theorem 2 ([1]) Let (M***', g, 0, £, 1, ¢) be a compact cosymplectic manifold.
Then the each Betti number B; (M) of M is nonzero, i.e.,

B;(M)#0 i=0,1,...,2n+ 1.

Recall the topology of compact cosymplectic manifolds. Since the fundamental
2-form ¢ satisfies 7 x¢ = 0 for every X € X(M) we have d¢ = 0 and d*¢ = 0.
Thus A¢ = (d*d + dd*)¢ = 0, and ¢ is harmonic.

Suppose ¢? is harmonic, then we have

A" = A(L¢P) = L(A¢P) = L(0) =0.
Thus ¢?*! is harmonic for every p.

Since ¢" # 0 and ¢” # O for every 1 < p < n, the Betti numbers B,,(M) # 0,
0 < p < n. By Poincaré duality the odd dimensional Betti numbers

Bypr1(M) #0, 0<p=<n.

Let{&, e, pe; | i =1,...,n}bealocal p-basisand {n, w;, 0! | i =1,...,n}its
dual basis in M. Then we have

n
¢ = E wi N o},
i=1

* *
" =nloy AO] A+ Awy Aw),

x@" =nlk (W AW] A Awy Awy) = nln,

and ¢" A 7 is a nowhere vanishing (2n + 1)-form.
Since the Hodge star * operator commutes to A, i.e., *xA = Ax,

n!An = Anln = A x¢" = xA¢" =0 = 0.

Thus the 1 is a nonzero harmonic 1-form in M.
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Forevery 1 < p < n,since A(¢” An) = (AdP) An+ ¢P A (An) = 0,the p” A
n are nonzero harmonic (2p + 1)-forms.

Theorem 3 Let (M*"+!, g, ¢, &, 1, ¢) be a compact cosymplectic manifold.
Then we have

(1) the cohomology classes, 1,1, ¢, ¢ An, ¢>, ..., d" ¢" Ay contribute the Betti
numbers B;(M), i =0, ...,2n + 1, respectively.

(2) every Morse function f : M — R has critical points more than n + 2 points
such that there are critical points x, € M of f satisfying indy(xy) =k for k =
0,1,...,2n+ 1.

Let (M*", gi, ¢i, &, ni, ¢;) be compact cosymplectic manifolds, i = 1,2 and
(M =M, x M», g, J, ¢) the product of M; and M,. By Theorem 1 M is a Kihler
manifold. By the Kiinneth Theorem the cohomology of M is

H*(M,Q) = H*(M,, Q) ® H"(M>, Q).

The k-dimensional cohomology of M is

H'M, Q) = > H"M,Q & H* (M, Q.

ky+ky=k

and the kth Betti number of M,

Bu(M)= " By (M)Bi,(My).
ki +koy=k

By Theorem 3 the first Betti number of M is B;(M) = B;(M,) + B,(M;) > 2.

Theorem 4 Let M be a product of two compact cosymplectic manifolds.
Then the By (M) is even and greater than or equal to 2.

Theorem 5 A compact simply connected Kihler manifold cannot be the product of
two cosymplectic manifolds.

4 Gromov-—Witten Invariants on the Products

Let (M?"*! gi @i, &, i, ¢1), i = 1,2, compact cosymplectic manifolds and &; =
{X e TM; | n;(X) =0},i = 1, 2, the distribution bundles associated with n; on M;,
respectively. As in Sect.2 we denote (M, g, J, ¢) the product of M; and M,. We
decompose the tangent bundle 7'M into three complex subbundles as follows:
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J

TM =2,® 2, ® (&, &) TM =2, ® 2, ® (&1, &)

\/

M7

for every (X1, X2, 161, 1262) € 21 ® 2, & (61, &)-

In the decomposition (2, ¢1), (%5, ¢2), ((£1, &), @3) are Hermitian vector bun-
dles of rank ny, ny, and 1, respectively. By the Kiinneth formula the 2-dimensional
homology of M is

Hy(M) = Hy(My) ® Hy(M>) & (Hi (M) ® H1(M>)).
The first Chern class of M is

ci(TM) = ci(D)) + ci(D) + i1 (&1, &)
= ci(D) + c1(D),

where (€1, &) is a trivial complex line bundle.

Assume that an integral curve of &; in M; is a circle Sl.l, i = 1, 2. Then the torus
T := Sl1 X 521 C M, x M, is an integral surface of {£], &} whose tangent bundle is
T = (&1, &). For example, M; = N; X Si1 are the products of Kihler manifolds N;
and circles S}, i = 1,2 [11].

Let A € H,(M) be decomposed as A = A + A, + Az, where Ay € Hy(M,),
A2 (S HQ(MQ), A3 (S] H](M]) ® H](Mz) and let T . M— M, M, T,i= 1, 2, 3
be the projections, respectively. Recall that a smoothmap u : (¥, j) — (M, J) from
a Riemann surface (%, j) to (M, J) is J-holomorphic if du o j = J o du. For each
i =1,2,3the map u; := m; ou is ¢;-holomorphic if du; o j = ¢; o du,.

Lemmad4 A smoothmapu : (X, j) — (M, J) is J-holomorphic if and only if u; :
(2, j) > (M;, J;)is@;-holomorphici = 1,2, 3, where (M3, J3) = (T, ¢3) and J =
1@ desonTM =29 & D, & (&1, &)

Let Mos(M; A, J) :={u:(2,j)— (M, J) |uis J-holomorphic, u,([X]) =
A} be the moduli space of stable J-holomorphic maps from a sphere with 3 marked

points to M which represent the 2-dimensional homology class A.
Note that there is no nontrivial rational map to a torus [5, 9].

Lemma 5 The moduli space of T is

T ifA=0

Mos(T; A, ¢3) = ¢ otherwise.

Theorem 6 (1) The moduli space My 3(M; A, J) is a compact stratified space of
dimension 2[c1(Z1)A| + c1 (D) A, + nl.
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(2) If A3 = O, then there is a canonical homeomorphism
Mos(M; A, J) — Mos3(M; Ar, 1) x Mo3(Ma; Az, 2) X T

Proof (1) By the stability of J-holomorphic maps the moduli space My 3(M; A, J)
is compact. The dimension of My 3(M; A, J) is

dim 90 3(M; A, J) = 2c1(TM)A + 2n
= 2(c1(®1) +c1(D2) +c1 (&1, 20N (A1 + Az + A3) +2(n) +np + 1)
= 2c1 (DAL +2n1) + 2c1(D2)Ar +2n2) + 2
= dim My 3(M2; Az, ¢2) +dim My 3(My; Ay, ¢1) +dim T.

(2) By Lemmas 4 and 5, (2) is clear. O

There are the canonical evaluation maps given by as follows:

ev:Mos(M; A, J) — M>, ev([u; z1, 22, z3]) = (u(z1), u(z2), u(z3)),
evi : Mos(My; Ay, 1) — M;,  ev([un; 21, 22, 231) = (u1(21), u1(22), u1(23)),
evy : Mo3(Ma; Az, 2) — M5, ev([ua; 21, 22, 231) = (Ua2(21), u2(22), u2(23)),

evs : Mos(T; Az, @3) — T°, evs([us; z1, 22, z3]) = (u3(21), u3(22), u3(z3)).

The Gromov—Witten invariants are defined by

oo HA (M) — Q, A ) =/ evi(a),
’ ' Mo 5 (M:A,])
PN HY (MY > Q. @ () = / evi(ay),
Mo 3(Mi;A1,@1)
PYIE M) > QDY () = / vi(e),
Mo3(M2;Az,02)
T, Az, 3 T, A3,
LM HN T 5 Q) = /T vl (@s),

By Lemma 5 we have

Lemma 6 [f Ay = 0, then the Gromov-Witten invariants of T are
(DOT,SAB'% cHY(T?) — Q, ‘poT,éA}'% (31 ® a3 @ az3) = /(0131 Uz Uass),
T
where az; € H*(T),i = 1,2, 3.

Theorem 7 Under the above assumptions we have

M.AJ Mi.AL M. Ay,
Dy @@ @ az) = Py () - By 3 () / evi(as),
T
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where o € H*(Mf), oy € H*(Mg’), oz € H*(T?), and A; = 0.

Proof Leta; € H"(M3), ap € H(M3), and a3 € H*(T?), where d; = dim 901 3
(M;; A, ¢i) = 2¢i(Z;) + 2n;, i = 1, 2. Then we have

@ggA’J(a1 Quy®wz) = / evi(ar @ ar ® as)
Moz (M,A,J)

= / evi(ap) - evs(aa) - evs (o)
Mo3(M1,A1,¢1) M3 (M2, Az, ¢2) Mo,3(7,0,93)

= @ (o) - B3 () - / evi(as).
T

O
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On LVMB, but Not LVM, Manifolds

Jin Hong Kim

Abstract The aim of this paper is to survey the constructions of the so-called LVM
or LVMB manifolds after Lopez de Medrano, Verjovsky, Meersseman, and Bosio,
and to discuss some recent results as well as interesting related open questions.

1 Introduction

One of the most well-known examples of a compact, complex, non-Kihlerian man-
ifold is Hopf manifold, diffeomorphic to the product $*"~! x S! of spheres, which
can be obtained by taking the quotient of C"\{0} by a holomorphic totally discon-
tinuous action of Z ([8]). Another example is the Calabi-Eckmann manifold which
is given by the existence of complex structures on S**~! x §%~1 [4]. To achieve it,
Calabi and Eckmann consider the smooth fibration

S2k—l X SZZ—] - (CIF)k—l X (C]P)[_l,

equipped with the torus fiber of the bundle with a structure of an elliptic curve. In
the paper [11], Lopez de Medrano and Verjovsky constructed a family of compact,
complex, non-symplectic manifolds which can be obtained by taking the quotient of
aopen dense subset U of CIP" by the holomorphic action of C. This construction was
extended to the case of a holomorphic action of C” by Meersseman in [12]. These
non-Kihlerian manifolds are called LVM manifolds. Meersseman also constructed a
holomorphic foliation .% on each LVM manifold, and showed that .% is transverse
Kihler with respect to the Euler class of a certain S I_bundle (refer to [12, Theorem
7.

Finally, in his paper [3] Bosio showed that Meersseman’s construction can be
generalized to more general holomorphic actions of C™", so that he obtained the
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so-called LVMB manifolds N = N (£, &, m, n) (see Sect. 2 for a precise definition).
The class of these manifolds properly includes the family of LVM manifolds. So there
exists an LVMB manifold which is not biholomorphic to any LVM manifold (see,
e.g., [5, Example 1.2]). It turns out that many interesting properties of LVM manifolds
continue to hold for LVMB manifolds. In addition, as in the case of LVM manifolds
there exists a holomorphic foliation .# on each LVMB manifold.

We say that an LVMB manifold N (%, &, m, n) satisfies condition (K) if there
exists a real affine automorphism of the dual space (C")* of C™ as a real vector
space R*" sending each component of an admissible configuration . to a vector
with integer coefficients. In the paper [5], Cupit-Foutou and Zaffran showed that if the
holomorphic foliation .%# on an LVMB manifold N = N(Z, &, m, n) is transverse
Kihler and N satisfies the condition (K), then N is actually an LVM manifold.

As mentioned above, the main aim of this survey paper is to explain the construc-
tions of the so-called LVM or LVMB manifolds after Lépez de Medrano, Verjovsky,
Meersseman, and Bosio, as well as some recent results and interesting related open
questions.

We organize this paper, as follows. In Sect. 2, we briefly recollect the constrictions
of the LVM and LVMB manifolds, and give some interesting examples. Section 3
is devoted to giving two open problems related to LVMB manifolds which are not
LVM. In the same section, we also present some recent attempt to prove one of the
open problems given in Sect. 3.

2 LVM and LVMB Manifolds

In this section, we briefly review the constructions of LVM and LVMB manifolds
given in [3, 12] and collect some basic facts necessary for explaining the open
problems given in Sect. 4.

2.1 LVM Manifolds

Let m and n be two positive integers such that n > 2m. Let & = (I, I, ..., 1,) be
an ordered n-tuple of linear forms (or vectors) on C", and let

liz(lil,liz,...,l;"), 1<i<n.

Each /; can be also thought of a vector in R?” by using the identification of /; with

(Rel;, Iml;) € R™ x R™ = R*",



On LVMB, but Not LVM, Manifolds 177

Letus denote by 21y, .. ., I,) the convex hull generated by [y, ..., [, in C". We say
that an ordered n-tuple (/y, [», ..., l,) is admissible if the following two conditions
hold:

(1) (Siegel condition) 0 € 2y, ..., 1,).
(2) (Weak hyperbolicity condition) For every 2m-tuple (i1, . . ., iz;) of integers such
that 1 <ij <--- <iyy <n,wehave0 ¢ €, ..., 1,,).

Let /[ = (/;, 1) be a vector in C™*! whose last coordinate is 1. An admissible con-
figuration then implies that for every set J of integers between 1 and n such that
0 € s2((l;) jes), the complex rank of the matrix whose columns are vectors (l}) jeJ
isequal tom + 1.

We say that two admissible configurations (11, l, ..., [,) and (I{, I}, ..., ;) are
equivalent if there is a continuous map H : [0, 1] — (C™)" such that

(1) HO) = (1, b2, ..., L),

2) H) =], 15, ..., 1", where (If,1],...,1)) is an arbitrary permutation of
@, 0, ... 0,

(3) forall ¢ € [0, 1], the set H(¢) is an admissible configuration.

To each admissible configuration (1, . . ., [,,), one can associate the linear foliation
F of C" generated by m holomorphic vector fields &; (1 < j < m) such that

noog
. — S,
E](Zl,--wZn) = ;lizz 32

which can be obtained from the following holomorphic action
C"x C" = C", (T, (a1, z0) > (e 20D,

Here (I;, T) denotes the standard scalar product. Note that by their constructions m
holomorphic vector fields &; (1 < j < m) are commuting to each other and that he
foliation .# is degenerate, since O is a singular point. Recall that a leaf L of .# is
called a Poincaré leaf if O belongs to L, while L is called a Siegel leaf, otherwise.
The union S of the Siegel leaves is given by

§={z e C"\{0}10 € Z(U))jer},

where j € I, if and only if z; # 0. Note that by the Siegel condition S contains (C*)"
as a dense subset of C". In fact, S can be written as

S =C"\E,
where E denotes an analytic set whose different components correspond to subspaces

of C" whose some coordinates are zero. From now on, let us denote by d the minimal
complex codimension of E.
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It can be shown that the leaf space of the foliation .# restricted to S is given by

T ={z € C"\{0}| D_Lilzul* =0}

i=1

But then the weak hyperbolicity condition implies that .7 is a smooth manifold
of complex dimension n — m. It is also possible to think of m holomorphic vector
fields &; (1 < j < m) as those defined over the complex projective space CP"' by
projectivization by C* resulted from the action induced by the vector field

n a
R(z) = ZZia_z, z e C"\{0}
i=1

2

which is commuting with the vector fields §; (1 < j < m) above. The leaf space N
of the projectivized foliation on CP"~' given by

N = 7/C* c CP"!

is called an LVM manifold of complex dimensionn —m — 1.

Now,let M, = 7 N S*!. Then M, isa compact smooth manifold of real dimen-
sion2n — 2m — 1.Itcan be shown that two equivalent admissible configurations give
rise to diffeomorphic manifolds M and N, but the converse is not true, in general
(see [12, p. 102]). Note also that there is a natural action of real torus (S')" on M,
given by

(SH" x My — My (€2,2)— (%72, ...,e%z,),

where 6 denotes (64, ..., 6,). The quotient of M, by the action of (S 7 can be
written as

P={r=(1....r) € R)"| D rili=0, > ri =1},
i=1 i=1

which is a simple convex polytope of dimension n — 2m — 1. This polytope will be
called the associated polytope of M. There is a natural map from the set of admissible
configurations to the set of simple convex polytopes obtained by using the associated
polytopes. As mentioned above, two equivalent admissible configurations bijectively
give rise to two diffeomorphic manifolds, two diffeomorphic open sets S, and so two
combinatorially equivalent associated polytopes (refer to [12, Theorem 13]).

Example 1 Let m = 0. Then clearly we have the following
S =C"\{0} = .7 and M; = §*" .

Thus N = .7 /C* = CP" .
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Next,letm =1,n=4,and [, =1, =1, 13 = -3 +1i, 4, = —i. Then a simple
computation shows that

2
3 1
M = {z € CM\{0} | E |zil* = 3 |2al* = |zs° = g} =5 x 8" x st
i=1

Thus, N is diffeomorphic to S* x S' (Hopf manifold).
Finally,letm = 1,n =5,andl; =L =53 = 1,14 = -3 +1i,ls = —i. Similarly,
it is easy to obtain

3
3 1
M=z e O} X lal = Sl = lasl” = 5} = 8% x ' x s,

i=1
Thus, N is diffeomorphic to S° x S' (Hopf or Calabi-Eckmann manifold).

Finally, we close this subsection with an important fact regarding the convex
polytope Z(ly, ..., I,).

Lemma 1 ([12, Lemma VIL.2]) Let & = (l;, ..., 1,) be an admissible configura-
tion. Then the convex polytope 7€ (4, ..., 1,) is a Gale diagram of the dual polytope
P* of the associate polytope P.

2.2 LVMB Manifolds

The aim of this subsection is to give a definition of LVMB manifolds introduced by
Bosio after the constructions of LV by Lépez de Madrano and Verjovsky and later
LVM manifolds by Meersseman. The material of this subsection is largely taken
from [5, Sect. 1].

Asbefore, letm and n be positive integers withn > 2m,andlet.Z = (I}, 1, ..., ;)
be an ordered n-tuple of linear forms (or vectors) on C". Let & = {&, }q< be a fam-
ily of subsets of [n] := {1, 2, ..., n} whose cardinality is equal to 2m + 1. Given a
4-tuple (£, &, m, n), we then define U = U (&) c CP"~! by the following condi-
tion:

[x1,...,x,] € U(&) if and only if x; # O for some &, € & and all i € &,.
Notice that there is a natural action of C" on U given by
C"xUr U, (@ [x1,.., 50D ["Dx, ..., e"Px,],

where /; (z) means the standard scalar product (/;, z). Foreach o € I', we also denote
by ., the convex hull generated by /; € &,.
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For the rest of the paper, we shall assume that the following two conditions hold:

(1) For any two distinct & and B in I", 7 N 7 is non-empty.
(2) Forevery &, € & and every i € [n], there exists j € &, such that

(E\jhU{i}ed.

When a 4-tuple (%, &, m, n) satisfies the above two conditions, we say that
(&, &, m,n)isan LVMB data, and we will write (£, &, m, n) € LV M B and denote
by N(Z, &, m, n) the quotient U/C™. It has been shown in [3, p. 1261] that the
quotient N (.Z, &, m, n) is a compact complex manifold of complex dimension n —
m — 1, thanks to the above two conditions. In this case, N (&, &, m, n) will be called
an LVMB manifold.

Let 7,0 denote the relative interior of the convex hull .77,. If all the intersections
Naer €, is not empty, then the action of C” on U is called an LVM action. Moreover,
in this case we will write (£, &, m,n) € LVM and call N(&, &, m,n) an LVM
manifold. Tt can be shown as in [3, Proposition 1.3] that every LVM manifold can be
obtained in this way from an LVMB data. We remark that there is an LVMB manifold
which is not an LVM manifold (see, e.g., [5, Example 1.2]).

Example 2 For the sake of simplicity, let us write abc for {a, b, c}. Then let
& = {125, 145, 235, 345} c 2B/,

Then clearly &) s satisfies the imbrication and SEP conditions. Note that the open set
< is given by

S ={(z1,.,25) € C| (z1,23) # 0, (22, 24) # 0, 25 # 0}
= (C*\{0})* x C*.

Now, setly =3 = 1,1, =14 =i, 15 = 0. Then .Z satisfies the Imbrication con-
dition and an LVM datum (see Fig. 1). It is easy to see that we have N(%, &, 1,5) =
§3 x 8% whose the associated complex & is given by

Fig.1 (Z.&,1,5)
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P =1{0,1,2,3,4,12,23, 34, 14},

which is the boundary of the square.

Finally, we close this subsection with one more definition. Indeed, we say that
(&, &, m,n) satisfies the condition (K), denoted by (£, &, m, n) € (K), if there
exists a real affine automorphism of the dual space (C")* of C™ as a real vector
space R?" which maps each /; to a vector with integer coefficients.

3 Foliations and Leaf Spaces

The aim of this section is to quickly review the foliation .# defined on an LVMB
manifold as in an LVM manifold, and collect several important properties about its
leaf space.

Todoso,forl <i <nleth; = (A}, e, A?’") € Z*" and consider an algebraic
and effective action of (C*)2" on CP"~! or the restriction to U given by

(CH™ x CP"™' — CP"™', (¢, [x1, ..., X,]) > [M'x0, .., £77, ],

where t* means tf i tg; Let G be a closed co-compact complex Lie subgroup
of (C*)?" isomorphic to C”. Then the restricted action of G of (C*)>" to U is free,
and U/ G is a compact complex manifold of dimension n — m — 1. Moreover, it has
been proved in [5, Theorem 2.1] that if a 4-tuple (£, &, m, n) € (K), then the LVM
manifold N (%, &, m, n) can be obtained as the quotient U /G for some choice of a
(C*)2m_action on CP"~! and a subgroup G of (C*)*". As a consequence, we have
the following commutative diagram which will play an important role in the proof
of our main Theorem 1:

U p—

| |

U/(CHM = X(ZL, & m,n) «—— N(Z, & m,n):=U/G.

Notice that if (&, &, m,n) € LVMB N (K), then the map 7 : N — X gives a
Seifert principal fibration whose fibers are (C*)*"/G isomorphic to the compact
real torus T?" = S! x --- x S! (2m times), and the fibers of 7 defines a foliation .#
on N(Z,&,m,n).

On the other hand, it is worth mentioning that even if (£, &, m,n) € LVMB
does not satisfies the condition (K), there is still a foliation .%# whose leaves are
generated by the m holomorphic vector fields &; (1 <i < m) defined as in Sect.2.1.

We believe that the following proposition ([5, Proposition 3.2]) will play a certain
role in resolving the open problems given in Sect. 4.

Proposition 1 Let (£, &, m,n) € LVMB N (K), and let N and X be the same as
in (1). Then X is projective if and only if (£, &, m,n) € LVM.
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4 Open Problems and Related Results

The main aim of this section is to give some interesting open problems related to
LVMB manifolds which are not LVM, and to discuss some recent related result.
One of the most interesting problems posed in [5, Sect. 1] is

Question 1 Let (£, &, m,n) € LVMB,butnotin LV M. s it possible to find (¢,
&' ,m',n") € LVM such that N(Z, &, m, n) is isomorphic to N (&', &', m’, n')?

In fact, a proof of Question 1 has already been provided by Battistiin [2]. However,
it would be much nicer to give another proof that is easier to follow (e.g., Lemmas 2.5
and 4.1 in [2] seem to contain some erroneous claims and arguments, respectively).

As mentioned in Sect. 1, Cupit-Foutou and Zaffran showed in [5] that if the
holomorphic foliation .%# on an LVMB manifold N = N(Z, &, m, n) is transverse
Kihler and N satisfies the condition (K), then N is actually an LVM manifold. So it
is natural to ask if, when the holomorphic foliation .# on an LVMB manifold N is
simply transverse Kéhler, N is actually an LVM manifold.

In view of this result, another interesting question posed in the papers [1, 5] (see
also [9, 10, 13])is

Question 2 let N(&, &, m, n) be an LVMB manifold, and let .% be the holomor-
phic foliation on N. If .# is transverse Kihler, is N(.%, &, m, n) actually an LVM
manifold?

We think that Question 2 is true. Indeed, we currently have the following claim
(a work in progress):

Theorem 1 Let N := N(Z, &, m,n) be an LVMB manifold, and let ¥ be the
holomorphic foliation on N. If F is transverse Kdiihler with respect to a basic and
closed real 2-form, then N is actually an LVM manifold.

One key ingredient to prove Theorem 1 is

Proposition 2 Let M be a complex k-dimensional manifold equipped with a trans-
verse Kdhler foliation .7 generated by l-dimensional leaves with respect to a basic
and closed real 2-form w. Then the leaf space X admits the structure of a Kdhler
orbifold of complex dimension k — [ in the natural way.

With Proposition 2 in place, we can prove Theorem 1 by contradiction. So suppose
first that N admits the transverse Kaehler foliation .# with respect to the basic and
closed 2-form induced from the standard Kéhler form on (C]P’”*l, and let X denote
the leaf space of the foliation .# on N. Then we can show that

H3 (S, 05) = H (X, Ox),

where 0 (resp. Ox) denotes the sheaf of germs of holomorphic functions on .
(resp. X) (refer to [6]). But it turns out that
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HZ(X, Ox) =0.
Some computations show that we have
H*(X,R) = H;''(X) ZRorR@R.

Since H*(X,Q) ¢ H*(X,R) = Hél’l(X), we can conclude that there should be
an integral Kéhler form on X whose lift to N is a basic and transverse Kéhler form.
Our orbit space X is, in fact, a Kihler orbifold with an integral Kéhler form, so X
is projective by the Kodaira embedding theorem [7]. Recall now that the associated
polytope of a projective toric manifold is a Delzant (or moment) polytope which is,
in particular, polytopal. Clearly this fact applies to our toric projective manifold (or
orbifold) X, and so the associated polytope of X is polytopal. Therefore, N would
be actually an LVM manifold.
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Inequalities for Algebraic Casorati
Curvatures and Their Applications II

Young Jin Suh and Mukut Mani Tripathi

Abstract Different kind of algebraic Casorati curvatures are introduced. A result
expressing basic Casorati inequalities for algebraic Casorati curvatures is presented
and equality cases are discussed. As their applications, basic Casorati inequalities
for different 6-Casorati curvatures for different kind of submanifolds of quaternionic
space forms are presented.

1 Introduction

In 1889, Felice Casorati defined a curvature, well known as the Casorati curvature,
for a regular surface in Euclidean 3-space which turns out to be the normalized
sum of the squared principal curvatures (cf. [6-8]). Casorati preferred this curvature
over the traditional Gaussian curvature because the Casorati curvature vanishes for a
surface in Euclidean 3-space if and only if both Euler normal curvatures (or principal
curvatures) of the surface vanish simultaneously and thus corresponds better with
the common intuition of curvature. For a hypersurface of a Riemannian manifold
the Casorati curvature is defined to be the normalized sum of the squared principal
normal curvatures of the hypersurface, and in general, the Casorati curvature of a
submanifold of a Riemannian manifold is defined to be the normalized squared length
of the second fundamental form [14]. Geometrical meaning and the importance of
the Casorati curvature, discussed by several geometers, can be visualized in several
research/survey papers including [11, 15, 16, 18-20, 22, 23, 30, 36, 37].
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In a previous paper [35], the second author introduced the notion of different kind
of algebraic Casorati curvatures, obtained some basic Casorati inequalities for alge-
braic Casorati curvatures, applied those results to obtain basic Casorati inequalities
for different §-Casorati curvatures for Riemannian submanifolds of a Riemannian
manifold and in particular of a real space form, and presented some problems for
further studies.

The present paper is organized as follows. In Sect.2, we recall curvature like
tensors and algebraic Casorati curvatures é\cgr.: (n—1), gre(n —1), Sgre(r;n —
1), g(gr,: (r; n — 1), which in special cases of Riemannian submanifolds reduce to
already known §-Casorati curvatures. In Sect. 3, we recall some basic preliminaries
about quaternionic space forms and its submanifolds. In the last Sect.4, we obtain
basic Casorati inequalities for Casorati curvatures §(r;n — 1), g(r; n—1),8n—
1), ;S\(n — 1) for Riemannian submanifolds, in particular for slant and totally real
submanifolds of a quaternionic space form with very short proofs. Some problems
are also presented for further studies.

2 Algebraic Casorati Curvatures

Let (M, g) be an n-dimensional Riemannian submanifolds of an m-dimensional
Riemannian manifold (M, g). The equation of Gauss is given by

RX,Y,Z,W)=R(X,Y,Z, W)+ 2 (c(¥, Z),0(X, W))
_g(G(X’ Z),O(Y, W)) (1)

forall X,Y,Z, W € TM, where R and R are the curvature tensors of M and M s
respectively and o is the second fundamental form of the immersion of M in M.

Let M be an n-dimensional Riemannian submanifold of an m-dimensional Rie-
mannian manifold M. A point p € M is said to be an invariantly quasi-umbilical
point if there exist m — n mutually orthogonal unit normal vectors N, 1, ..., Ny,
such that the shape operators with respect to all directions N, have an eigenvalue of
multiplicity n — 1 and that for each N, the distinguished eigendirection is the same.
The submanifold is said to be an invariantly quasi-umbilical submanifold if each of
its points is an invariantly quasi-umbilical point. For details, we refer to [4].

Let (M, g) be an n-dimensional Riemannian submanifold of an m-dimensional

Riemannian manifold (1\7 ,8)-Let{ey, ..., e,} be an orthonormal basis of the tangent
space T, M and e, belongs to an orthonormal basis {€,, 11, . .. , e,,} of the normal space
T,"M. We let

oi‘;‘»zg(o(ei,ej),ea), i,jel{l,....,n}, ae{n+1,...,m}.

Then, the squared mean curvature and the squared norm of second fundamental form
o of the submanifold M in M are defined by
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2
1 m n n _
1B =— > ( a;,’-) ol =28 (0 (ei.e)) 0 (eies)) s
1

a=n+1 \i= i,j=1

respectively. Let K;; and K; j denote the sectional curvature of the plane section
spanned by e; and e; at p in the submanifold M and in the ambient manifold M,
respectively. In view of (1), we have

() = T (T, M) + = NP = s ol @)
where 20(p) 5
™ (P) = O = e K;ﬂ Kij.
. 27 (T, M) 2 _
Mo (ToM) = S0y = =) lig};ﬁﬂ Kij

are the normalized scalar curvature of M at p and the normalized scalar curvature
of the n-plane section 7, M in the ambient manifold M, respectively.

The Casorati curvature ¢ [14] of the Riemannian submanifold M is defined to
be the normalized squared length of the second fundamental form o, that is,

_l 2_1 m n a2
C=—lolP=—-2> > ()" 3)

a=n+1i,j=1

For a k-dimensional subspace IT; of T, M, k > 2 spanned by {ey, ..., e}, the Caso-
rati curvature 6 (IT;) of the subspace Iy is defined to be [13]

m k
€ (ITy) :% > (o8

a=n+1i,j=1

The (modified) normalized 5-Casorati curvatures 5« (n — 1) (cf. [26, 38]) and the
normalized 5-Casorati curvatures §¢(n — 1) [13] of the Riemannian submanifold
M are given by

1 1
[b¢(n— D], = 3 €y + nt inf {%(17,,_]) : IT,,_ is a hyperplane of T,,M} ,
n
S 4)
[:S:g(n -D], =2%, - " ; sup {55(17”_1) : IT,_, is a hyperplane of T,,M} ,

S)
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respectively. For a positive real number r # n(n — 1), letting
1 2
ary)=—m—-1)(n+r) (n —n—r),
nr

the normalized §-Casorati curvatures 8¢ (r;n — 1) and Bzg(r; n — 1) of a Rie-
mannian submanifold M are given by [14]

[6¢(r;n—1], =r %€, +a(r)inf {%(Hn_l) : [T, is a hyperplane of T,,M} ,
(6)

if0<r <n(m-—1),and

[/S:g(r; n— D], =r%,+a(r)sup {%(17,,_]) : IT,_ is a hyperplane of T,,M} ,
(7)
ifn(n — 1) < r,respectively. In [26] the normalized §-Casorati curvatures 8¢ (r; n —
1) and 64 (r; n — 1) are called as the generalized normalized §-Casorati curvatures
8¢ (r;n —1)and §¢(r; n — 1), respectively. We see that [28]

5 DI, = ——foo (22D 8

[6¢(n — )],;—m[%(T,n— )i|p, 3
1

[betn = D], = —o75 [Be @ntn = Din - D), )

forall p e M.
Now, let (M, g) be an n-dimensional Riemannian manifold and T a curvature-like
tensor (cf. [24, Sect. 8 of Chap. 1], [25]) so that it satisfies

TX,Y,Z,W)=—-T{,X,Z, W), (10)
TX,Y,Z,W)=TZ,W,X,Y), (1D
TX,Y,ZW)+TY,Z,X,W)+T(Z,X,Y,W)=0 (12)

for all vector fields X, Y, Z and W on M. Let {ey, e, ..., e,} be any orthonormal

basis of T, M. We denote
(K7)ij =T (e, ej.ej, ).

If i # j, then (K7);j = Kr(e; Aej) is the T-sectional curvature of the 2-plane
section [T, spanned by e; and e; at p € M [5]. The T-Ricci curvature Ricr(e;) is
given by
k
RiCT(El') = z Kr(e; N ej).

Jj=Llj#i
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The T -scalar curvature is given by [5]

1 n
r(p) = Z T (ei,ej.ej.e) = 3 ZRiCT(ei)o (13)
i—1

1<i<j<n

Now, let IT; be a k-plane section of T,M. If k =n then I1, = T,M; and if k =2

then [T, is a plane section of 7, M. We choose an orthonormal basis {e, ..., e}
of IT;. Then we define the T-k-Ricci curvature of Il ate;,i € {1, ..., k}, denoted
(Ricr) g, (e;), by
k
(Ricr)p (e)) = D Krlei nej). (14)
j=Lj#i

We note that the T-n-Ricci curvature (Ricr)r,m(e;) is the usual T'-Ricci curvature
of e;, denoted Ricy (e;). The T-k-scalar curvature ty (I1;) of the k-plane section [T
is given by

()= Y. KrleAej). (15)

I<i<j<k

The T-scalar curvature of M at p is identical with the T-n-scalar curvature of the
tangent space T, M of M at p, thatis, t7(p) = ©7(T,M). If IT, is a 2-plane section,
77 (I1,) is nothing but the 7 -sectional curvature K (I1,) of IT,. The T -k-normalized
scalar curvature of a k-plane section [Ty at p is defined as

(t7)Nor (ITy) = r (ITy).

2
k(k — 1)

The T -normalized scalar curvature at p is defined as

(P Ner(P) = (T er(TyM) = ——— 77.(p).
nn—1)

If T is replaced by the Riemann curvature tensor R, then 7-sectional curvature
K7, T-Riccitensor St, T-Ricci curvature Ricy, T-scalar curvature 77, T-normalized
scalar curvature (77 )Nor, I -k-Ricci curvature (Ricr) 7, , T-k-scalar curvature 7 (1),
T-k-normalized scalar curvature (t7)nor(I7;) and T-normalized scalar curvature
(T7)Nor become the sectional curvature K, the Ricci tensor S, the Ricci curvature Ric,
the scalar curvature 7, the normalized scalar curvature Ty, k-Ricci curvature Ricpy, ,
k-scalar curvature t(I1}), k-normalized scalar curvature tno:(/1;) and normalized
scalar curvature Ty, respectively.

Let (M, g) be an n-dimensional Riemannian manifold and (B, gp) a Riemannian
vector bundle over M. If ¢ is a B-valued symmetric (1, 2)-tensor field and T a
(0, 4)-tensor field on M such that

T(X,Y,Z,W)=gp&X, W), (Y, 2) —gp¢(X, Z), (Y, W)) (16
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for all vector fields X,Y,Z,W on M, then the Eq. (16) is said to be an algebraic Gauss
equation [10]. Every (0, 4)-tensor field T on M, which satisfies (16), becomes a
curvature-like tensor.

Now, let {ey, ..., e,} be an orthonormal basis of the tangent space T, M and
ey belong to an orthonormal basis {e,i, ..., e;} of the Riemannian vector bundle
(B, gp) over M at p. We put

=g (¢ (eie) ea), NCI2= ZgB ¢ (eie)). ¢ (e e))),

i,j=1
trace { = Z C(ei,er), |trace|® = gp(trace, trace ¢).
i=1
The algebraic Casorati curvature ¢7+¢ with respect to T and ¢ is defined by [35]
wre= L=t f‘, Z (c2)? (17)
n n a=n+1i,j=1 v

For a k-dimensional subspace IT; of T, M, k > 2, spanned by {ey, ..., et}, the alge-
braic Casorati curvature €7 (IT) of the subspace IT; is defined to be

%”(Hk)— > Z &) (18)

a=n+11i,j=1

We note that
¢ =¢"(T,M), peM.

The algebraic Casorati curvatures §¢r.c(r;n — 1) and :S\(gm (r;n — 1) are defined
by [35]

[8grc(rin—1)], =r€,*
+a(r) inf {¢"* (IT,_)) : I,_, is a hyperplane of T,M}, (19)

if0<r <nn-—1),

Bere(rin— 1], =r¢,*
+a(r) sup {%T’f(ﬂn_l) : I1,_, is a hyperplane of T,,M} , (20)

if n(n — 1) < r, where

1
a(r) = —(n - Dm+r)(n*—n—r)
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for any positive real number r # n(n — 1). Also we have [35]

_ b s (D
[5%7,;(;1—1)]],_”(”_1)[scg:,;( S 1)L

1 1
=3 ‘ﬁpT’{ + % inf {%T’g(ﬂn_l) : IT,,_1 is a hyperplane of TPM} , (2D

1
[S6rc 1= D], = o5 [Bers @nn = Din D],

2n —1

= 2‘5}'5 — sup{%T’f (IT,—1) : IT,_y is a hyperplane of T,M}.  (22)

Let (M, g) be an n-dimensional Riemannian submanifold of an m-dimensional
Riemannian manifold (AZ , 2). Let the Riemannian vector bundle (B, gg) over M
be replaced by the normal bundle 7+ M, and the B-valued symmetric (1, 2)-tensor
field ¢ be replaced by the second fundamental form of immersion o. Then the alge-
braic Casorati curvature €7¢ becomes the Casorati curvature € of the Riemannian
submanifold M given by (3). The algebraic Casorati curvaturesdsr.c(n — 1) and
S\%T.: (n — 1) become normalized §-Casorati curvatures ¢ (n — 1) and ?S:g(n -1
of the Riemannian submanifold M given by (4) and (5), respectively. Finally, alge-
braic Casorati curvatures d¢r.c (r;n — 1) and ?S\cgr,; (r;n — 1) become normalized
6-Casorati curvatures 8¢ (r;n — 1) and gcg(l’; n — 1) of the Riemannian submani-
fold M given by (6) and (7), respectively.

3 Quaternionic Space Forms

Let (M, g) be a4m-dimensional Riemannian manifold equipped with a 3-dimensional
vector bundle ¥ of tensors of type (1, 1) with a local basis formed by Hermitian
structures {J;, J», J3} such that

3
Jiohy=—=holi=1J; and VxJ,=> Quly, aef{l,23}
b=1

for any vector field X, where V is the Levi-Civita connection of g and Q) are
certain local 1-forms on M such that Qup + Opa = 0. Then (g, ¥) is said to be a
quaternionic Kaehler structure on M and (M, g, ) is said to be a quaternionic
Kaehler manifold.

Let (M, g, ¥) be a quaternionic Kaehler manifold and let X be a non-null vector
field on M. Then the 4-dimensional plane Q (X), spanned by {X, J; X, J,X, J3X},is
called a quaternionic 4-plane. Any 2-plane in Q (X) is called a quaternionic plane.
The sectional curvature of a quaternionic plane is called a quaternionic sectional
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curvature. If the quaternionic sectional curvatures of a quaternionic Kaehler manifold
(M, 3, ) are equal to a real constant c, then it is said to be a quaternionic space
form, and is denoted by M (c). It is well known that a quaternionic Kaehler manifold
is a quaternionic space form M(c)if and only if its Riemann curvature tensor is given
by

R(X,Y,2,W) = Z{Zg”(Y, 2)g(X. W) —g(X,2)g (Y. W)

3
+ Z{fé(faY, 2)8 (X, W) =8 (JuX, Z) g (JuY, W)
a=1

_2§(JaX’ Y)g(-]azv W)} (23)

for all vector fields X, Y, Z, W on M and any local basis {J;, J», J3}. For details we
refer to [21].

_Let M be an n-dimensional submanifold of a quaternionic Kaehler manifold
(M,g,?7).Forany X € T,M we decompose J, X, a € {1, 2, 3}, into tangential and
normal parts given by

JoX = P.X + F,X, P.XeT,M, F,X€TFM. 24)

The squared norm of P, at p € M is

n

PP = g (Paeive;)’

ij=1

where {ey, ..., e,} is any orthonormal basis of the tangent space T, M.

An n-dimensional submanifold M of a 4m-dimensional quaternionic Kaehler
manifold is called a quaternionic submanifold (or an invariant submanifold) if
Ju (T,,M) =T,M, p € M, and it is called a totally real submanifold (or an anti-
invariant submanifold) if J, (T,,M ) - T[,lM , p € M. Thus, M is a quaternionic
submanifold if each F, = 0, and it is totally real if each P, = 0. In more general,
a submanifold M of a quaternionic Kaehler manifold is called a quaternionic C R-
submanifold if there exist two orthogonal complementary distributions D and D+
such that J, (D) = D, and J, (D*) € T*+M. Thus a quaternionic C R-submanifold
is a quaternionic submanifold (resp. totally real submanifold) if D+ = {0} (resp.
D = {0}). Moreover, a totally real submanifold is known as a Lagrangian submani-
foldif n = m.For more details we refer to [1]. Analogous to the #-slant submanifolds
[9] of an almost Hermitian manifold, there is the concept of 6-slant submanifolds [31]
of a quaternionic Kaehler manifold, which is another generalization of quaternionic
and totally real submanifolds. A 6-slant submanifold of a quaternionic Kaehler man-
ifold is a submanifold M such that the angle between J, X and T,M, a € {1, 2, 3} is
the same for all p € M and for all X € T, M. Thus a 6-slant submanifold is quater-
nionic or totally real according as & = 0 or = 7/2. A §-slant submanifold is said
to be a proper 6-slant submanifold if it neither quaternionic nor totally real.
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4 Casorati Inequalities

First, we recall the following:

Proposition 1 ([35]) Let (M, g) be an n-dimensional Riemannian manifold, (B, gg)
a Riemannian vector bundle over M and ¢ a B-valued symmetric (1, 2)-tensor field.
Let T be a curvature-like tensor field satisfying the algebraic Gauss equation (16).
Then

1
TN (P) £ ———< [$4rc(r;n—=1],, O<r<n®m-1), (25)
nin—1)
1 —~
(TrNor (P) < ———=[8¢rc(r;n—1)],, nn—1)<r. (26)
nn—1)

If

inf{¢"¢(I,—) : I,_, is a hyperplane of T, M}
(resp. sup{& T (I,_1) : [,_; is a hyperplane of T,,M})

is attained by a hyperplane I1,_; of T,M, p € M, then the equality sign holds in
(25) (resp. (26)) if and only if with respect to a suitable orthonormal tangent frame
{e1, ..., ey} and a suitable orthonormal frame {e, 1, . .., e;,} of the Riemann vector
bundle (B, gg), the components of ¢ satisfy

;=0 i, je{l,....n), i#jaecn+l,...,m} (27)

r

é'l(xl:;gz:~o~:§'r?71’171=m;:ﬂ ae{n—l—l,...,m}. (28)

We shall need the following Lemma.

Lemma 1 Let M be an n-dimensional submanifold of a 4m-dimensional quater-
nionic space form M (4c). Then

3
c 3¢
Nor (T,M) = — + ———— P%. 29
Nor (TpM) 4+4n(n_1);n I (29)
Proof Let {ey, ..., e,} be an orthonormal basis of the tangent space 7, M and e,
belongs to an orthonormal basis {e;+1, . .., s} of the normal space TPJ-M . Then,

from (23), we get

’;
~ c  3c
Kij= 7+ 2 g(Paci e, (30)

a=1
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In view of RTE?(T,,M) (e;) = Z?:l,j;éi E,‘j, from (30) we get
c 3¢ 3
Ricer,m (e) = (1 =Dy + - Zl 1 Paei |1 31)
Next, in view of 27 (T,M) = >"/_, lii/c(TpM) (e;), from (31) we get

3

c 3c
27 (T,M) =n(n— )= + == > [P’ 2
T(TyM) =n(n =3+ > 1P, (32)

a=1
and consequently, we have (29).

Now, we present the following Theorem and Corollaries, which include Casorati
inequalities for submanifolds of quaternionic space forms.

Theorem 1 Let M be an n-dimensional submanifold of a 4m-dimensional quater-
nionic space form M (c). Then the generalized normalized §-Casorati curvatures
d¢(r;n —1)and ¢ (r; n — 1) satisfy

B(r;n—D], ¢ 3 ~yp o _
TNor(P)SW‘FZ[l‘Fm;”Pa”], O0<r<nm-1,
(33)

and

o~

e (in—1], ¢ 3 e _
TNor(p)S l’l(l’l—l) +4[1+n(n_1)az_1:”Pa” s }’l(l’l 1)<r7

(34)
respectively. The equality sign holds in (33) (resp. (34)) if and only if (M, g) is an
invariantly quasi-umbilical submanifold, such that with respect to suitable tangent
orthonormal frame {ey, . . ., e,} and normal orthonormal frame {e, 11, . .., €4}, the
shape operators Ay = A.,, @ € {n+ 1, ..., 4m}, take the following forms:

a00..0 0
0a0 ..0 0
00a ... 0 0

Appr=| 1 : , Appp =+ = Ay, =0. (35)
000 ... a 0

nn—1)

000 ..0 ——a
r

Proof Let (M, g) be an n-dimensional Riemannian submanifold of a4m-dimensional
quaternionic space form M (c). Let the Riemannian vector bundle (B, gz) over M
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be replaced by the normal bundle 7+ M, and the B-valued symmetric (1, 2)-tensor
field ¢ be replaced by the second fundamental form of immersion o. In (16), we set

T(X,Y,Z,W)=R(X,Y,Z,W)—R(X,Y, Z, W)
with R the Riemann curvature tensor on M and ¢ = o. Then we see that
(TNt (P) = TNor(P) — Tnor (T, M)
Src(rin—1) =08z (rin—1), dgrc(rin—1)=23dyxr;n—1).

Using these facts along with (29) in (25) and (26), we get (33) and (34), respectively.
The conditions of equality cases (27) and (28) become

ofi=0 i, jef{l,...on}, i#jac{ntl ... .,m} (36)
and
Gﬁ:OéXZZ"':Gr?—ln—l:;Oa ae{n+1,...,m}, 37

n(n _ 1) nn’

respectively. Thus the equality sign holds in both the inequalities (33) and (34) if and
only if (36) and (37) are true.

The interpretation of the relations (36) is that the shape operators with respect to
all normal directions e, commute, or equivalently, that the normal connection Viis
flat, or still, that the normal curvature tensor R+, that is, the curvature tensor of the
normal connection, is trivial. Furthermore, the interpretation of the relations (37) is
that there exist m — n mutually orthogonal unit normal vectors {e,, 11, ..., e,} such
that the shape operators with respect to all directions ¢, (« € {e,+1, ..., €5, }) have an
eigenvalue of multiplicity n» — 1 and that for each e, the distinguished eigendirection
is the same (namely e,), that is, the submanifold is invariantly quasi-umbilical [4].

Thus from the relations (36) and (37), we conclude that the equality holds in (33)
and/or (34) for all p € M if and only if the Riemannian submanifold M is invariantly
quasi-umbilical, such that with respect to suitable orthonormal tangent and normal
orthonormal frames, the shape operators take the form given by (35).

Corollary 1 Let M be an n-dimensional submanifold of a 4m-dimensional quater-
nionic space form M (c). Then the normalized §-Casorati curvature é¢(n — 1) sat-
isfies

c 3 > 2
TNor(P)5[5%(’1—1)]p+2{1+m;”f’a“ } (38)

The equality sign holds in (38) for all p € M if and only if (M, g) is an invariantly
quasi-umbilical submanifold, such that with respect to suitable tangent orthonor-
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mal frame {ey, ..., e,} and normal orthonormal frame {e,1, ..., e4}, the shape
operators Ay = A,,, o € {n+1,...,4m}, take the following forms:
a00..00
0a0..00
00a ..00
A = S y Appp = -+ = Ay, = 0. 39
000 ..a 0
000 ..02a

Proof Using (8) in (33), we get (38). Putting 2r = n(n — 1) in (35) we get (39).

Corollary 2 Let M be an n-dimensional submanifold of a 4m-dimensional quater-

nionic space form M (¢). Then the normalized §-Casorati curvature §<g (n —1) sat-
isfies

~ c 3 >
™Nor (P) < [8¢ (n — 1)]p+1[1+m;”])¢¢”2]- (40)

The equality sign holds in (40) if and only if (M, g) is an invariantly quasi-
umbilical submanifold, such that with respect to suitable tangent orthonormal frame
{e1, ..., ey} and normal orthonormal frame {e,.1, ..., esn}, the shape operators
Ay =A,,ac{n+1,...,4m}, take the following forms:

a00..00
0a0..00
00a ..00
An+1: <o = s An+2:"':A4m: . (41)
000 ..a0
000 ..0¢

Proof Using (9) in (34), we get (40). Putting r = 2n(n — 1) in (35) we get (41).

Corollary 3 Let M be an n-dimensional 0-slant submanifold of a 4m-dimensional
quaternionic space form M (c). Then the generalized normalized 5-Casorati curva-
tures §¢(r;n — 1) and S (r; n — 1) satisfy

rNor<p>sM+f[1+ 2 cos29], 0<r<nm—1), @
nn—1) 4 n—1
and
TNor(p)SM-l-E{l-i-LCOSZG], nn—1) <r, (43)
nn—1) 4 n—1
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respectively. The equality sign holds in (42) (resp. (43)) if and only if (M, g) is an
invariantly quasi-umbilical submanifold, such that with respect to suitable tangent
orthonormal frame {ey, . .., e,} and normal orthonormal frame {e, 1, . .., e4n}, the
shape operators Ay = A,,, « € {n+ 1, ..., 4m}, take the forms given by (35).

Proof Using
| PN?> =ncos’d, ae{l, 2,3}, (44)

in (33) and (34) we get (42) and (43), respectively.

Remark 1 The inequality (42) is the inequality (3) of Theorem 3.1 of [28], the
inequality (1) of Theorem 2.1 of [27] and the inequality (2) of Theorem 4.1 of [12].
The inequality (43) is the inequality (4) of Theorem 3.1 of [28], the inequality (2)
of Theorem 2.1 of [27] and the inequality (3) of Theorem 4.1 of [12]. The Eq.(35)
is the Eq. (5) of Theorem 3.1 of [28], the Eq. (3) of Theorem 2.1 of [27] and the
inequality (4) of Theorem 4.1 of [12].

Corollary 4 Let M be an n-dimensional 0-slant submanifold of a 4m-dimensional
quaternionic space form M (c). Then the normalized 5-Casorati curvature ¢ (n — 1)
satisfies

™Nor(P) < [8¢(n — D], + - [1 + COSZQ] . (45)

4 n—1
The equality sign holds in (45) for all p € M if and only if (M, g) is an invariantly
quasi-umbilical submanifold, such that with respect to suitable tangent orthonor-
mal frame {e, ..., e,} and normal orthonormal frame {e, 1, ..., e}, the shape
operators Ay = A,,, a € {n+1,...,4m}, take the forms given by (39).

Proof Using (8) in (42), we get (45).

Remark 2 The inequality (45) is the inequality (1) of Theorem 1.1 of [32] (or the
inequality (18) of Corollary 3.2 of [28]). The Eq.(39) is the Eq. (2) of Theorem 1.1
of [32] (or the Eq. (19) of Corollary 3.2 of [28]).

Corollary 5 Let M be an n-dimensional 0-slant submanifold of a 4m-dimensional
quaternionic space form M (c). Then the normalized 5-Casorati curvature §¢(n — 1)
satisfies

o () < [8 (n — DI, + ¢ [1 +

9 2
2 1 cos 9] . (46)

n—

The equality sign holds in (46) if and only if (M, g) is an invariantly quasi-
umbilical submanifold, such that with respect to suitable tangent orthonormal frame
{e1, ..., ey} and normal orthonormal frame {e 11, ..., esn}, the shape operators
Ay =A,,ae{n+1,...,4m}, take the forms given by (41).

Proof Using (9) in (43), we get (46).
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Remark 3 The inequality (46) is the inequality (3) of Theorem 1.1 of [32] (or the
inequality (20) of Corollary 3.2 of [28]). The Eq. (41) is the Eq. (4) of Theorem 1.1
of [32] (or the Eq. (21) of Corollary 3.2 of [28]).

Remark 4 Using 6 = /2 in (42), (43), (45) and (46) (or P, = 0in (33), (34), (38)
and (40)) we get corresponding results for an n-dimensional totally real submanifold
of a 4m-dimensional quaternionic space form M (c).

Remark 5 Using & = 01n (42), (43), (45) and (46) we get corresponding results for
an n-dimensional quaternionic submanifold of a 4m-dimensional quaternionic space
form M (c).

Finally, we list some problems for further studies.

Problem 1 An n-dimensional totally real submanifold M of a 4n-dimensional
quaternionic space form M(c) is called a Lagrangian submanifold of M (c). Like
the improved Chen—Ricci inequalities [34], to improve Casorati inequalities for
Lagrangian submanifolds of a quaternionic space form, if possible.

Problem 2 Like a Kaehler manifold of quasi constant holomorphic sectional cur-
vatures (cf. [2, 17]), to define and study a quaternionic Kaehler manifold of quasi
constant quaternionic sectional curvatures and its submanifolds, if possible.

Problem 3 Like a generalized complex space form (cf. [29, 33]), to define and study
a generalized quaternionic Kaehler space form and its submanifolds, if possible.

Problem 4 To obtain Casorati inequalities for different kind of submanifolds of
complex two plane Grassmannians [3].
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Volume-Preserving Mean Curvature Flow
for Tubes in Rank One Symmetric Spaces
of Non-compact Type

Naoyuki Koike

Abstract First we investigate the evolutions of the radius function and its gradient
along the volume-preserving mean curvature flow starting from a tube (of noncon-
stant radius) over a closed geodesic ball in an invariant submanifold in a rank one
symmetric space of non-compact type, where we impose some boundary condition
to the flow and the invariancy of the submanifold means the total geodesicness in the
case where the ambient symmetric space is a (real) hyperbolic space. Next, we prove
that the tubeness is preserved along the flow in the case where the radius function of
the initial tube is radial with respect to the center of the closed geodesic ball. Fur-
thermore, in this case, we prove that the flow reaches to the invariant submanifold or
it exists in infinite time and converges to a tube of constant mean curvature over the
closed geodesic ball in the C*°-topology in infinite time.

1 Introduction

Let f;’s (1€[0, T)) be a one-parameter C *°-family of immersions of an n-dimensional
compact manifold M into an (n + 1)-dimensional Riemannian manifold M, where T
is a positive constant or 7 = oo. Define a map f~: M x[0,T) — M by f(x, 1) =
fi(x) ((x,t) € M x [0, T)). Denote by my, the natural projection of M x [0, T)
onto M. For a vector bundle E over M, denote by n;, E the induced bundle of
E by my. Also, denote by H;, g, and N, the mean curvature, the induced metric
and the outward unit normal vector of f;, respectively. Define the function H over
M x [0, T) by Hicry := (Hy)x ((x,t) € M x [0, T)), the sectlong of (T(O 2)M)
by gy = (8)x ((x, 1) € M x [0, T)) and the section N of f (TM) by Nuoy =
(N)x ((x,1) € M x [0, T)), where T*? M is the tensor bundle of degree (0, 2) of M
and T'M is the tangent bundle of M. The average mean curvature H (: [0, T) — R)
is defined by
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ﬁ[ = _fM Hldvg[ ,
fM dvgl

where dv,, is the volume element of g;. The flow f;’s (z € [0, T)) is called a volume-
preserving mean curvature flow if it satisfies

(1.1)

~ 0 .
f. (5) — (H — H)N. (1.2)

In particular, if f,’s are embeddings, then we call M, := f,(M)’s (0 € [0, T')) rather
than f;’s (0 € [0, T')) a volume-preserving mean curvature flow. Note that, if M
has no boundary and if f is an embedding, then, along this flow, the volume of
(M, g,) decreases but the volume of the domain D, surrounded by f, (M) is preserved
invariantly.

First we shall recall the result by M. Athanassenas [1, 2]. Let P; (i = 1, 2) be affine
hyperplanes in the (n + 1)-dimensional Euclidean space R"*! meeting an affine line
[ orthogonally and E a closed domain of R"*! with 9E = P; U P,. Also, let M be
a hypersurface of revolution in R"*! such that M C E, 9 M C P; U P, and that M
meets P; and P, orthogonally. Let D be the closed domain surrounded by Py, P,
and M, and d the distance between P; and P,. She [1, 2] proved the following fact.

Known fact. Let M, (t € [0, T)) be the volume-preserving mean curvature flow
starting from M such that M, meets P; and P, orthogonally for all # € [0, 7). Then
the following statements (i) and (ii) hold:

(i) M, (¢t € [0, T)) remain to be hypersurfaces of revolution.

(ii) If Vol (M) < Y2 holds, then T = oo and as f — oo, the flow M, converges
to the cylinder C such that the volume of the closed domain surrounded by P;, P,
and C is equal to Vol(D).

E. Cabezas—Rivas and V. Miquel [3-5] proved the similar result in certain kinds of
rotationally symmetric spaces. Let M be an (n + 1)-dimensional rotationally sym-
metric space (i.e., SO (n) acts on M isometrically and its fixed point set is a one-
dimensional submanifold). Note that real space forms are rotationally symmetric
spaces.

A symmetric space of compact type (resp. non-compact type) is a naturally reduc-
tive Riemannian homogeneous space ‘M such that, for each point p of ‘M, there exists
an isometry of M having p as an isolated fixed point and that the isometry group of
M is a semi-simple Lie group each of whose irreducible factors is compact (resp. not
compact) (see [6]). Note that symmetric spaces of compact type other than a sphere
and symmetric spaces of non-compact type other than a (real) hyperbolic space are
not rotationally symmetric.

In this paper, we shall derive results similar to those of M. Athanassenas [1, 2] and
E. Cabezas—Rivas and V. Miquel [3, 4] in rank one symmetric spaces of non-compact
type. The setting in this paper is as follows.
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Fig. 1 Setting (S)

Setting (S). Let F be an invariant submanifold in an (n 4+ 1)-dimensional rank one
symmetric space M of non-compact type (i.e., M = RH"*!, CH %, QH T o,
OH? (n = 7)) and B be the closed geodesic ball of radius rp centered at some point
x.«(€ F) in F, where the invariancy of F' means the total geodesicness in the case

where M = RH"*!. Set P := U F and denote by E the closed domain in M
xe

surrounded by P. Let M :=t,,(B) and f := expt |t,0(3), where rj is a non-constant
positive C*°-function over B such that grad ro = 0 holds along d B. Denote by D the
closed domain surrounded by P and f(M). See Fig. 1 about this setting.

The above setting (S) includes the setting in [3, 4]. Under the above setting (S),
we consider the volume-preserving mean curvature flow f; (¢ € [0, T')) starting from
f and satisfying the following boundary condition:

(B) grad r, = 0 holds along 9B for all ¢ € [0, T'), where r, is the radius function
of M, := f,(M) (ie., M, = exp* (t,(B))) (r; is possible to be multi-valued),

It is shown that there uniquely exists the volume-preserving mean curvature flow
fi 1 M < M starting from f as in the above setting (S) and satisfying the boundary
condition (B) in short time (see Proposition 2.2). Under these assumptions, we can
derive the evolution equations for the radius functions of the flow and some quantities
related to the gradients of the functions (see Sects.2 and 3). We obtain the follow-
ing preservability theorem for the tubeness along the flow by using the evolution
equations.

Theorem A ([7]) Let f be as in the above setting (S) and f; (t € [0, T)) the volume-
preserving mean curvature flow starting from f and satisfying the boundary condi-
tion (B). If ro is radial with respect to x, (i.e., ry is constant along each geodesic
sphere centered at x, in F), then M, (t € [0, T)) remain to be tubes over B such that
the volume of the closed domain surrounded by M, and P is equal to Vol(D).

Furthermore, we obtain the following results.



204 N. Koike

Fig. 2 Blowing up and
convergence of the @
volume-preserving mean
curvature flow —>
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Theorem B ([7]) Under the hypothesis of Theorem A, one of the following state-
ments (a) and (b) holds:

(@) M, := f,(M) reaches Bast — T,

(b) T = 0o and M, converges to a tube of constant mean curvature over B (in
C*>-topology) as t — oo.

Theorem C ([7]) Under the hypothesis of Theorem A, assume that

Vol(D
Vol(Mo>svmp_lvmv(«szoall)( ol(D) )

Vv Vol(B)

where mp :=dim F, m" := codim F — 1, Vinp—1 (resp. vyv) is the volume of the
mp — 1 sl (resp. m")-dimensional Euclidean unit sphere and §; (i =1,2)are
increasing functions over R explicitly described (see Sect.4). Then T = oo and M,
converges to a tube of constant mean curvature over B (in C*-topology) ast — 0.

Remark 1.1 Let g be the metric of M and ¢ a positive constant. As ¢ — 00, ¢g
approaches to a flat metric and §; (i = 1, 2) approaches to the identity transformation

1 Vol(D) Vol(D)
of [0, 0o) and hence v,,v (6, 08, ) TOI(B) Vol(B)” Thus, as

) approaches to

Vol(D)

— 00, the condition Vol(Mo) < Vi ,—1Vpmv (820871 | ——
c e condition Vol(My) < Vi, —1Vinv (82 0 8, )(vvaol(B)

Vol(D) . .. .
in the statement (ii) of Known Fact in the case of

) approaches to

the condition Vol(M) <
dim F = 1 (Fig.2).

2 The Evolution of the Radius Function

We use the notations in Introduction. Denote by « the maximum sectional curva-
ture of M. Then we have Sec(Gr,(T M)) = [4k, k] in the case where M is other
than a (real) hyperbolic space, where Gr, (7 M) is the Grassmann bundle of 2-planes
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of M and Sec is the sectional curvature function of M. Let F, B, M = t,,(B) and

f be as in Setting (S) of Introduction. Set mp := dim F, mY =n-—mp— mg

and m) := 0 (when M = RH"*'), 1 (when M = CH"Y'), 3 (when M = QH %"
or 7 (when M = QH? (n = 7)). Assume that the volume-preserving mean curva-
ture flow f; (t € [0, T)) starting from f and satisfying the boundary condition (B).
Denote by S* B the unit normal bundle of of B and S} B the fibre of this bundle
over x € B. Define a positive-valued function 7, : M — R (¢ € [0, T)) and a map
w! M — StB (t €10, T)) by f,(§) = exp (7 (§)w! (§)) (§ € M). Also, define a
map ¢; : M — B by ¢;(§) := n(wt‘(é)) (teM)yandamapw,: M — T B (t
[0,T)) by w;(§) := E(E)w} (§) (¢ € M). Here we note that ¢, is surjective by the
boundary condition in Theorem A,70(§) = ro(m(&)) and that ¢ (§) = 7 (§) (§ € M).
Define a function 7, over B by 7, (x) :=7,(§) (x € B) and amap ¢, : B— B by
¢ (x) :=¢,(€) (x € B), where £ is an arbitrary element of M N SjB. It is clear that
they are well-defined. This map ¢, is not necessarily a diffeomorphism. In particu-
lar, if ¢, is a diffeomorphism, then M, := f,(M) is equal to the tube exp™t (t,(B)),
where r; 1= 7, o ¢; L. It is easy to show that, if ¢, (&) = ¢, (&), then 7, (£)) = 7, (&)
and (&) = (&) hold. In this section, we shall calculate the evolution equations
for the functions r; and7;. Definer : B x [0, T) - R, w' : M x [0, T) — M and
c:M x[0,T)— Bby r(x,t) :=ri(x), w(& 1) :=wl), wE, 1) :=w/(&) and
c(,t) :=c; (&), respectively, where £ € M, x € Bandt € [0, T) (see Fig.3).

Set Ty :=sup{t' € [0,T)| M, :== f;(M) (0 <t <t') : tubes over B}. Note that ¢,
(0 <t < Ty) are diffeomorphisms. Then we can derive the following evolution equa-
tion for r;.

Lemma 2.1 ([7]) The radius functions r,’s satisfies the following evolution equa-
tion:

Fig. 3 The definitions of w; and ¢;
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o B
ot P T cosh2(/—kr (X))

Veosh?(/—kr(x) + |[(grad r) |2 —
_ (H, — 2.2
cosh (V=5 () (H, — p,,(x)) 2.2)
B (VPdry)«((grad ;). (grad r)x)
cosh?(y/—«r,(x))(cosh? (y/—kr,(x)) + |[(grad ;) ||?)

((x,1) € M x [0, T1)), where p,, is some function defined in terms of /—k and r;.

Replacing H in (2.2) to any C'*/? real-valued function ¢ such that ¢ (0) = H (0),
we obtain a parabolic equation, which has a unique solution r, such that grad r, = 0
along d B in short time for any initial data ry such that grad ry = 0 holds along 9 B.
By using a routine fixed point argument (see [8]), we can establish the short time
existence and uniqueness also for (2.2) with the same boundary condition. From this
fact, we can derive the following statement.

Proposition 2.2 ([7]) Under Setting (S), there uniquely exists the volume-preserving
mean curvature flow f; : M — M starting from f and satisfying the boundary
condition (B) in short time.

3 The Evolution of the Gradient of the Radius Function

‘We use the notations in Introduction and Sects. 1 and 2. Let 7} be as in Sect. 2. Define
afunction#; : M — R (¢ € [0, T)) by

(&) = §(Ne.n)s Tygnlon W (€, 1)) (€ € M)

andamapVv, : M — RbyV; := = Lo<t<T). Deﬁneamapu M x [0, T)) —
R by u(&, 1) :=u, (&) ((§,1) € M x [0, Ty)) and amap v : M x [0, T}) — R by
V(E, 1) =V () ((E,1) € M x [0, Ty)). Define a function i, (resp. v;) over B by
i;(x) :=u;(§) (x € B) (resp. v, (x) :=V,(§) (x € B), where & is an arbitrary ele-
ment of M NSLB. It is clear that these functions are well-defined. Set u, :=
i; o ¢, andv, := ¥, o ¢, 1. We have only to show inf ;e px(0.77) 4(x, 1) > 0, that s,
SUP(y ryepx[0.77) V(% 1) < 0o. In the sequel, assume that 7 < 7;. Then we can show

€)= - Jeosh? (V=KFE, 1)) + II(grad r)een | (BD)

1
cosh(/—kT (&, 1))

In order to investigate te evolution of the gradient grad r, of the radius function r,,
we suffice to investigate the evolution of v;.
We can derive the following evolution equation for v;.
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Lemma 3.1 ([7]) The functions v,’s (t € [0, T)) satisfy the following evolution
equation:

g—af(é, 1 — (Av)E)

= — H,/—k tanh(~v— k7 (&, 1)) D(E, 1)> — 1)
2 v /2
VD) (1 _ ! )z my )

V(. 1)? ) & sinh’ (ky/—kT (&, 1))
+9(E, 1) (1 - v@%)z) =k tanh(v/=«T7 (€, 1))
2 1%
m ks —k
x kzz; tanh(k/—KF(E. 1)) 32)
—mpv(E, 1) (1 — ﬁ) (v/—K)? tanh?(v/— KT (€, 1))
’ 2
—V(E, 1) (xz ) + %f—x tanh (v —K7 (&, r)))

1 )(«/—K)zll(gradrt)c@,t)ll
PE, 1)? cosh?(y/—k7(&, 1))

TSE ) 1(grad, 7} |1” ((.1) € M x [0, T))).

—mpv(§, 1) (1 -

4 Estimate of the Volume

‘We use the notations in Introduction and Sects. 1, 2 and 3. Assur)}e that ro is radial with
respectto x,. Thenitis easy to show thatsoare alsor,. For X € §’'(x,, 1), denote by yx
the geodesic in F having X as the initial velocity vector (i.e., yx(z) = expi (zX)).
Then, since r, is radial, it is described as r,(yx(z)) =77(z) (X € S'(x., 1), z €
[0, rg)) for some function r; over [0, rp), where §/(x*, 1) denotes the unit sphere
in T« F centered 0. Denote by V' the Levi-Civita connection of g,. In the sequel,
assume that ¢ < 7. Define a function W over [0, co) by

— {2 (sinhGy=k)\"\
P(s) = (k1—7] (W) )COSh («/—_KS)

Note that v is positive. Since r; is described as above by the radiality of r,, the
volume Vol(D,) is described as

ri(x)
Vol(D,) = v,,v / ( / smvms)ds) dv. 4.1
XEB 0
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Define a function §; and §, over [0, co) by

e [
81(s) _/0 s" P(s)ds and  B8y(s) _/O Cosh(«/—’cs)ds’

respectively. According to (4.1), we have VVV"I& € §1([0, 00)). Note that §; (i =

Vol(B)
Vol(D)

Vv Vol(B)
the maximum (resp. the minimum) of r,.
‘We can estimate the volume of M; from below as follows:

1,2) are increasing. Set 7| := 5;1 ( ) Denote by (7/)max (resp. (7t)min)

Vol(M,) = / L IONY
Oo=tmmet f cosh(«/_—/cs) 4.2)
= VmVVmp—l(82((rt)max) 82 ((rt)min))-

For uniform boundedness of the average mean curvatures |H |, we can derive the
following result.

Lemma 4.1 IfO < a) <ri(x) <ap <rg holds for all (x,t) e M x [0, Tp] (Th <

Ti), then nllax X H, < C(ay, az) holds for some constant C(ay, ay) depending only
tel0

on a; and a,.
For uniform positivity of the average mean curvatures |H|, we can derive the
following result.

Lemma 4.2 Assume that M is of non- compact type. If r;(x) = a > 0 holds for all
(x,t) e M x [0, Tyl (Ty < Ty), then I{(I)IITI H, > C(a) holds for some constantC(a)

depending only on a.

5 Proof of Theorems A, B and C

In this section, we shall state the outline of the proofs of Theorems A, B and C. We
use the notations in Introduction and Sects. 1, 2, 3 and 4.
Proof of Theorem A. Suppose that T; < T. Take any #y € (T7, T). Set

Bi(ty) == min 7 (x) (>0) and By(fp) ;== max r(x) (< 00).
(x,t)eBx[0,19] (x,t)eBx[0,10]

According to Lemmas 4.1 and 4.2, we have

0 < C(Bi(t0)) < H, < C(Bi(t0). Ba(to)) (¢ €10, T1)).

By using Lemma 3.1, we can derive
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v . - ~
a—:(E, 1) — (AV)(E) <VE DK (Bi(to), a(t0) = V(E, Ko (Bi(tg))  (5.1)

(t € [0, T1)), where K (B1(t), B2(ty)) and K> (B, (ty)) are defined by

_ 2. mlkb
K1(B1(tp), B2(t0)) := | C(B1(t0), B2(tp)) + m b tanh(br (&, 1)) + Z m
k=1 ’

x btanh(br(£, 1))

and R
K> (B1(19)) := C(Bi(to))b tanh(br (£, 1)).

Take any #; € [0, T1). Let (&, 1) € M x [0, t;] be a point attaining the maximum
of vV over M x [0, ]. Since v, = 1 along dM, (&, t2) belongs to the interior of
M x [0, #;]. Then we have & (£,, 1) = 0 and (A,7,)(&) < 0, that is, & (£,, 1) —
(A,V1,)(82) = 0. Hence, from (5.1), we can derive

~ PN K1 (B1(10), P2(10))
@,t)gnMaf[o,n]v(s’t)_v(gz’m5 K>(Bi(t9)

From the arbitrariness of #;, we obtain

. K1 (Bi1(1), B2(1))
@,r)eilllg[o.m‘)(g’ 0= K>(Bi(t9)

which implies that M,’s (t € [T}, T| + ¢€)) are tubes over B for a sufficiently small
positive number ¢. This contradicts the definition of 7;. Therefore we obtain 7, = T.
Thatis, M, (¢t € [0, T)) remain to be tubes over B. g.e.d.

2

Outline of proof of Theorem B. Define a function ¢ over [0, 1/4/k) by ¢(s):= 15—2
—KS

and a function @, over M by &,(§) := (¢ o'\7l)(§)||(A,)g||,2 (¢ € M), where k :=
! . Also, define a function @ over M x [0, T) by @ (&, ¢) := D,(§)

((¢,1) € M x [0, T)). By using Lemmas 3.1 and 4.1, we can derive sup max @,
1€[0,T)

< 00. By using this uniform boundedness, we can derive sup max [|A/]? < oo.
1€[0,T)

Furthermore, by using this uniform boundedness, we can derive sup, (o 7 maxy

[1(V))*A,||*> < oco. By using this fact, we can derive that T = oo and M, con-

verges to a tube of constant mean curvature over B (in C*°-topology) as t — 00.

q.e.d.
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Proof of Theorem C Suppose that M, reaches to B. Then, by using (4.2), we can

derive
Vol(D) )

Vol(My) > VmVVmF*I(a2 °© 8171) (V vVol(B)

Thus the statement of Theorem C is derived. g.e.d.
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Abstract This is a survey paper of not-yet-published papers listed in the
reference as [1-3]. We introduce the notion of a duality between commutative com-
pact symmetric triads and semisimple pseudo-Riemannian symmetric pairs, which is
a generalization of the duality between compact/noncompact Riemannian symmet-
ric pairs. As its application, we give an alternative proof for Berger’s classification
of semisimple pseudo-Riemannian symmetric pairs from the viewpoint of compact
symmetric triads. More precisely, we give an explicit description of a one-to-one
correspondence between commutative compact symmetric triads and semisimple
pseudo-Riemannian symmetric pairs by using the theory of symmetric triads intro-
duced by the second author. We also study the action of a symmetric subgroup of
G on a pseudo-Riemannian symmetric space G/ H, which is called a Hermann type
action. For more details, see [1-3].
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1 A Generalized Duality

1.1 Basic Notion

Let g, be a semisimple compact Lie algebra, and 6;, 6, be involutions on g,. The
triplet (g,, 61, 6,) is called a semisimple compact symmetric triad. We say that
(gu, 61, 02) is commutative if 0,6, = 6,6, holds. Denote by .7 the set of all commuta-
tive semisimple compact symmetric triads. We define an equivalence relation = on .«
as follows: For two semisimple compact symmetric triads (g,, 6, 6,) and (g, 6;, 65),
the relation (g, 01, 6>) = (g,,, 01, 07) holds, if there exists a Lie algebra isomorphism
@ : 9. — g, satisfying 0/ = ¢0;¢ ! fori = 1, 2. We regard a Riemannian symmetric
pair (g,, ) of compact type as a commutative semisimple compact symmetric triad
(g4, 0, 0). Let g be a semisimple Lie algebra, and o be an involution on g. The pair
(g, 0) is called a semisimple pseudo-Riemannian symmetric pair. Denote by 2 the
set of all semisimple pseudo-Riemannian symmetric pairs. We define an equivalent
relation = on 4 as follows: For two semisimple pseudo-Riemannian symmetric pairs
(g,0) and (¢, 0”), the relation (g, o) = (g/, o’) holds, if there exists a Lie algebra
isomorphism ¢ : g — g’ satisfying 0’ = @o¢~'. We note that a pseudo-Riemannian
symmetric pair (g, o) is a Riemannian symmetric pair of noncompact type, if o is a
non-trivial Cartan involution of g.

Notation 1. Throughout this paper, we denote by [/ the fixed point subset of a set
[foramap f:[— L

1.2 A Generalized Duality

1.2.1 ConstructionofaMap ® : &7 —> #

In this subsection, we give a map @ : &/ — A. Let (g,, 01, ;) be a commutative
semisimple compact symmetric triad. Denote by gf the complexification of g,. We
set

g=g; ®v—1g,"(C g,
Then g is a noncompact real form of g&. We extend 6;, 6, to C-linear involutions on
gf, denoted by the same symbols 6, and 6,, respectively. Since 6, commutes with

01, we have 6,(g) = g. Therefore (g, o := 6,) is a semisimple pseudo-Riemannian
symmetric pair. From above argument the following map is defined:

DA — B (gu,01,62) — (9,0). (D

Here, we note that 6, gives a Cartan involution of g commuting with o (= 6,).
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1.2.2 Constructionof a Map V¥ : # — o/

In this subsection, we give amap ¥ : & — . Let (g, o) be a semisimple pseudo-
Riemannian symmetric pair, and 6 be a Cartan involution of g commuting with o
(see [4] for the existence of such a Cartan involution). Then a semisimple compact
real form g,, of g is given by

g =g’ ®v—1g7%(c g%

We extend @, o to C-linear involutions on g‘c, denoted by the same symbols 6 and o,
respectively. Therefore (g, 6 := 6, 6, := 0) is a commutative semisimple compact
symmetric triad. From above argument the following map is defined:

V=Y B> d;(9,0) > (gu, 01,62). 2

1.2.3 Induced Maps ® and ¥

In this subsection, we give a one-to-one correspondence between <7 /— and %/—.
First, the map @ defined by (1) induces the map & from o /= to %/. Indeed, we
can prove that @ is well-defined as follows: Suppose that (g,, 61, 62) = (g,,. 0], 65).
Then there exists a Lie algebra isomorphism ¢ : g, — g, satisfying 6/ = ¢89! for
i = 1,2. This implies that (g/,)*% = ¢(g%) holds for each i = 1, 2. Therefore we
have @ (g,,, 0}, 0;) = @ (gu, 01, 62).

Next, the map ¥ = W, defined by (2) induces the map ¥ from Z/- to <7 /—. By
a similar argument for the definition of @ we can prove that ¥ is well-defined.
Moreover, we obtain that ¥ coincides with the inverse of @. Here, we remark
that ¥ is independent of choosing 6, which is proved as follows: Let (g, o) be a
semisimple pseudo-Riemannian symmetric pair, and €, 8’ be Cartan involutions of
g commuting with o. It follows from [15] that there exists an X € g° satisfying
0’ = exp(ad X)6 exp(—ad X). Therefore we have Wy (g, o) = Wy(g, o). Hence we
have the following result.

Theorem 1 (A generalized duality,[2]) The induced maps @ and ¥ give a (natural)
one-to-one correspondence between <f /= and B/—. In particular, @ and W are
generalizations of the duality between Riemannian symmetric pairs of compact type
and Riemannian symmetric pairs of noncompact type.

Remark 1 We remark that one can find the generalized duality in the literature (for
example, Helminck [11], etc.). We believe that the generalized duality in Theorem
1 is more useful for the study of Hermann (type) actions than Helminck’s one (see
Sect. 2.2 for more details).

Notation 2. In Sgct. 2, we use the notation as follows: For any (g,, 61,0,) € </,
(gu, 01, 02)* = P (gu, 01, 62).
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2 Applications

Retain the notation as in Sect. 1. In this section, we focus our attention to the case
where g is simple.

2.1 An Alternative Proof for Berger’s Classification

The classification of local isomorphism classes of semisimple pseudo-Riemannian
symmetric spaces was given by Berger [4], which is called Berger’s classification.
This classification corresponds uniquely to that of equivalence classes of semisimple
pseudo-Riemannian symmetric pairs. In this subsection, we give an alternative proof
for Berger’s classification from the viewpoint of the duality in Theorem 1 between
o [=and B/=.

2.1.1 The Classification of <7 /_

First, we review Matsuki’s classification of simple compact symmetric triads [16].
He defined an equivalence relation ~ on the set % of all (not necessary commutative)
semisimple compact symmetric triads as follows: For two semisimple compact sym-
metric triads (g,, 6, 62) and (g,,, 6], 6;) € €, the relation (g,, 61, 62) ~ (g,. 0], 63)
holds, if there exists a Lie algebra isomorphism ¢ : g, — g, and 7 € Int(g),) satis-
fying 6] = 9019 =" and 0; = T(pb9 ")t~ He also gave the classification of ¢’/
(see [16]).

Remark 2 The study of the classification of compact symmetric triads was initiated
by Conlon [6, 8]. However, we couldn’t obtain the paper [6], which contains his
proof. Therefore, we cite Matsuki’s classification for the description of '/ ~.

On the other hand, the second author [12] introduced the notion of (abstract) sym-
metric triads with multiplicities as a generalization of root systems and restricted
root systems with multiplicities. In [12], he also gave an equivalence relation on
the set of all symmetric triads (Definition 2.6 in [12]), and classified symmetric tri-
ads (Theorem 2.19 in [12]). By using the notion of (abstract) symmetric triads with
multiplicities we have the following result (See [3], for the proof).

Theorem 2 Let (g,. 01, 6,), (g,,01,05) be commutative simple compact symmet-
ric triads. Denote by (2,2, W;m,n) (resp. (, S, Wi m'n')) the symmetric triad
with multiplicities corresponding to (gy, 01,0,) (resp. (g,,6;,05)). Then
(Gus 01, 62) ~ (g,,,01,63) or (gu,62,61) ~ (g, 6{,65) if and only if (£, %,
W:m,n)~ (X, %, W;m'n).

Remark 3 See [3] for the definition of the equivalence relation ~ on the set of all
symmetric triads with multiplicities.
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We note that, for each equivalence class of a commutative compact symmetric triads
in the sense of Matsuki, the equivalence class of the corresponding symmetric triad
with multiplicities was completely determined by the first author and the second
author [1]. Therefore, it follows from Theorem 2 that 7 /— can be determined by
using the classification of abstract symmetric triads with multiplicities.

2.1.2 An Explicit Description of the Generalized Duality in Theorem 1

The following is a recipe to determine the duality in Theorem 1 explicitly.

(Step 1) Iterate the following for all commutative simple compact symmetric triads
(g4, 01, 62) according to the classification due to Matsuki [16].

(Step 2) Byusingtheresultsin[1, 3] we give the equivalence class [(fl, X, W;m,n)]
of the symmetric triad with multiplicities corresponding to (g,, 61, 6>).

(Step 3) Iterate the following steps (Step 4)—(Step 6) for each (X', X/, W/ m', n') €
(2, =, W;m,n).

(Step 4) Let (g,,, 0], 6;) be a commutative simple compact symmetric triad corre-
sponding to (%', ', W'; m’, n’). We determine g', (g')? by calculating the
duals (g', 0", ((g)?, (8")9) of (g., 0)), (g, 03), respectively.

(Step 5) We clarify (g,)%1% by calculating ((g,)%, (g/)* N (g.,)%). Indeed, we can
determine ((g,)%%, (g/,)% N (g,)") by using the data of the restricted root
system (X’; m’) with multiplicity and the classification of Riemannian sym-
metric pairs of compact type.

(Step 6) We determine o, (0)? by calculating the duals ((g))°', ), ((g)))@"",
@)% of (@)%, (@) N (@)™ ()", (@)% N (g,)%), respectively.
Therefore, we have (g, 0, 6,)* = (g, 0’) and (g, 65, 6])*=((g')", (o")?).

Here, we note that ((g")?, (¢/)%) is the dual of (g, o) in the sense of [17]. Therefore,
by using above recipe we have the following result.

Theorem 3 All simple pseudo-Riemannian symmetric pairs are explicitly deter-
mined as the generalized duality in Theorem 1.

In order to prove Theorem 3 we apply Theorem 1 in the case when g, and g are
simple.

Example 1 We will give examples of the generalized duality of commutative com-
pact symmetric triads (g,, 61, 6>) at the end of this paper. In Tables 1 and 2, we
determine the generalized duality of (g,, 6;, 8>) in the case when g, is simple and
exceptional (see [3], for other cases).

Remark 4 1t is known that other alternative proofs for Berger’s classification were
investigated by [7, 9, 11]. Conlon’s proof [7] is also based on the classification of
commutative compact symmetric triads. However, his correspondence between com-
mutative compact symmetric triads and semisimple pseudo-Riemannian symmetric
pairs is implicit.
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Table 1 The dual of (g,, 61, 62) (g,: simple, exceptional, 8] ~ 65)

(9u> 01, 62) = (8> ' » G (5.2, Wim,n) (gu. 01, 62)"
(gu, 62, 01)*
(e6, 51(6) ® su(2), 5p(4)) (I-Fy) (e6(2), sp(3, 1))
(es(6), 5U™(6) B su(2))
(I'-Fy) (e6(2), 5p(4, R))
(e6(6), s1(6, R) @ sl(2, R))
(e, 50(10) @ u(l), sp(4)) (II-BC) (e6(—14), 5P(2, 2))
(e6(6), 50(5,5) D R)
(e6, fa, sp(4)) (ITI-A2) (e6(—26), sp(1, 3))

(e6(6)» fa(4))

(e6, 50(10) ® u(1), su(6) & su(2))

(I-BC>-B;; basic)

(es(—14y, 5u(1, 5) @ sl(2, R))

(e6(2), 0™ (10) ® s0(2))

(I-BC>-B»>; non-basic)

(e6(—14), 5u(2, 4) © su(2))

(e6(2), 50(6,4) @ s0(2))

(e6, 5U(6) @ s51(2), f4) (III-BCy) (e6(2)5 faca))
(e6(—26), 5U*(6) @ su(2))
(e6, 50(10) ® u(1), f4) (III-BCy) (e6(—14)> fa(=20))
(es(—26), 50(1,9) ®R)
(e7, 50(12) @ su(2), su(8)) (I-Fy) (e7(—5), 5u(6,2))
(e7(7), 50" (12) @ su(2))
(I’-Fy) (e7(=5), su(4, 4))
(e7(7), 50(6, 6) @ sl(2, R))
(e7, e6 @ (1), su(8)) (I-C3) (e7(-25), su(6, 2))
(e7(7), ¢6(2) @ 50(2))
(I'-C3) (e7(-25), 5u*(8))

(e7(7)» e6(6) ® R)

(e7, 50(12) @ su(2), e ® u(l))

(I-BC>-B»; basic)

(e7(=5), e6(—14) © 50(2))

(e7(—25), 50(10, 2) @ sl(2, R))

(I-BC>-B>; non-basic)

(e7(=5), e6(2) @ 50(2))

(e7(-25), 50%(12) @ su(2))

(eg, e7 D 511(2), 50(16)) (I—F4) (eg(,24), 50(12, 4))
(eg(8)» €7(—5) @ su(2))
(I'-Fy) (eg(—24), 50" (16))
(e8(8), ¢7(7) @ sl(2, R))
(J4, 50(9), su(2) @ sp(3)) (III-BCy) (fa(—20), s5p(1, 2) @ su(2))

(f4(4)1 50(47 5))

See [12] for the notation (I-F4), etc. of symmetric triads
See [1] for the definition of “basic” and “non-basic”
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Table 2 (ii) The dual of (g,, 6, 62) (g,: simple, exceptional, 6] ~ 6, (i.e., (g, 01, 62) ~ (gu, 0, 0)
for some involution 6))
(84> 0) = (gu» 8) (X, %, W;m,n) (gu, 61, 62)*
(gu, 01, 6162)*
(Gus 0162, 02)*

(e6, 5p(4)) (Es, Es, 9) (e6(6), 5p(4))
(6(6)» €6(6))
(¢, 5p(4))
(Es, D5, = — %) (e6(6)> 5P(2,2))

(e6(6)» 50(5, 5) ® R)
(e6(—14)» 5P(2, 2))

(Es, A1 @ A5, = — %) (es(6)> 5P(4, R))
(e6(6), 5I(2, R) @ sl(6, R))
(e6(2), sp(4, R))
(eg, 5u(6) @ su(2)) (Fy, Fy, ) (e6(2), 5U(6) @ su(2))

(e6(2)» €6(2))

(e, 5u(6) @ su(2))

(Fi, A1 ®C3, X — %) (¢6, 5u(3, 3) ® 512, R))
(F4, B4, = — %) (e6(2). 5u(4, 2) B s5u(2))
(e6(2), 50(6, 4) @ s0(2))
(e6(—14), su(4, 2) ® su(2))
(e6, 50(10) & u(1)) (BC2, BC2, 9) (e6(—14), 50(10) & u(1))
(e6(—14)> €6(—14))

(e6, 50(10) @ u(l))

(BCy, A ® BC1, X — ) (e6(—14), 50*(10) @ 50(2))
(e6(—14)> 512, R) @ su(s, 1))
(e6(2), 0™ (10) @ s0(2))

(BCy, By, X — %) (e6(—14), 50(8, 2) & 50(2))
(e6, f4) (A2, A2, ¥) (e6(—26) f4)
(e6(—26)» €6(—26))
(e6, f4)
(A2, A1, 2 — %) (e6(-26), fa(—20))

(es(—26), 50(9, 1) ® R)
(e6(—14), fa(—20))

(e7, su(8)) (E7, E7,9) (e7(7), su(8))
(e7(7), €7(7))
(e7, 5u(8))
(E7,A1 ® D, X — %) (e77), 5u(4, 4))

(e77), 512, R) @ 50(6, 6))
(e7(=5), su(4, 4))

(continued)
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Table 2 (continued)
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(gu- 0) = (gu. gf) (2.2, Wim,n) (gu. 01, 02)"
(gu, 01, 60162)*
(gu, 6162, 62)*
(E7,A7,Z - %) (e77), 518, R))
(E7,Es, = — %) (e7(7), 5u*(8))
(e7(7)» e6(6) D R)
(e7(-25), 5u*(8))
(e7, 50(12) @ su(2)) (Fy4, F4,9) (e7(—5), 50(12) @ su(2))

(e7(-5), €7(-5))

(e7, 50(12) @ su(2))

(Fy, A1 ® C3,0)

(e7(—5), 50*(12) @ sl(2, R))

(F4, B4, 9)

(e7(=5), 50(8,4) ® su(2))

(e7, ¢6 ® u(1))

(C3,C3,0)

(e7(—25), 6 D s50(2))

(e7(—25) €7(—25))

(e7, e D 50(2))

(C3,C1®C2, % — %)

(e7(=25), e5(—14) D 50(2))

(C3, 42, — %)

(e7(—25), e6(—26) ® R)

(eg, 50(16))

(Es, Es, 7)

(eg(8), 50(16))

(e8(8), €8(8))

(e, 50(16))

(Es, D3, X — %)

(e8(8), 50(8, 8))

(Es, A1 @ A7,E — %)

(e3(8)» 50%(16))

(eg, ¢7 @ su(2))

(Fy, Fy, )

(eg(—24), ¢7 @ s5u(2))

(eg(—24) €8(—24))

(eg, ¢7 D su(2))

(F1, A1 ®C3, 2 — %)

(eg(—24), €7(—25) @ sl(2, R))

(Fs, B4, £ — %) (e(—24), €7(—5) D su(2))
(eg(—24), 50(12, 4))
(e8(8), e7(—5) @ su(2))
(f4, su(2) ©® sp(3)) (Fy, Fy, 0) (Fay, sw(2) @ sp(3))

(Faay» fa)

(4, su(2) @ sp(3))

(Fs, A ®C3, 2 — %)

(fay, sp(3, R))

(F4, B4, S — %)

(Jagay, 5p(2, 1) @ su(2))

(fa4)» 50(5, 4))

(fa(—20), sp(2, 1) @ su(2))

(continued)
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Table 2 (continued)

(8u> 0) = (gu, &) (3, %, Wim, n) (9, 01, 62)*
(gu, 01, 6162)*
(gu, 0162, 62)*
(fa, 50(9)) (BCy, BCy, 9) (fa(—20), 50(9))
(ja=20), fa=20))
(f4, 50(9))
(BC1,B1, £ - %) (fa(—20), 50(8, 1))
(g2, 5u(2) ® su(2)) (G2, G2, 9) (B2(2), 5U(2) B 51(2))
(202): R202))
(g2, su(2) @ su(2))
(G2, A1 ® A, —X) (222), (2, R) @ sl(2, R))

2.2 The Geometry of Hermann Type Actions

The notion of Hermann type actions was given by Koike [13, 14], which gives
examples of isometric group actions on pseudo-Riemannian symmetric spaces. In
this subsection, we investigate the geometric structures of orbits for Hermann type
actions. Let G be a connected semisimple noncompact Lie group, and H be a closed
subgroup of G satisfying (G°)o C H C G, where o is an involution of G which is
not Cartan one, and (G ), denotes the identity component of G?. Let 6 be a Cartan
involution of G commuting with o, and denote by K = G?. We note that the Killing
form of g := Lie(G) induces the structure of a pseudo-Riemannian symmetric space
on G, G/K and G/H, respectively. In particular, G/K is a Riemannian symmetric
space of noncompact type. The following natural actions are called Hermann type
actions: (i) the H-actionon G/K; (ii) the K -actionon G/ H; (iii) the (H x K)-action
onG.

In this paper, we focus on the study of orbits for the K-action on the pseudo-
Riemannian symmetric space G/ H, which is an example of a compact group action
on a pseudo-Riemannian manifold. Denote by (G,, 61, 6;) the generalized duality
of (G, H) as Lie group level, and by (f], %, W; m, n) the symmetric triad with
multiplicities corresponding to (G,, 61, 6;). Then (X; m) gives the restricted root
system with multiplicity of the (reductive) Riemannian symmetric pair (g7%, g/ N
g%). Let a be a maximal abelian subspace of g% N g . It is clear that V—1ais
contained in g. Set, for any A € X(C a),

b ={X eg Ng? | ad(A)*(X) = —(%, A)’X, VA € a},
my = {X € g;" Ng,” | ad(A)*(X) = —(%, A)’X,VA € a},

where (, ) denotes the invariant inner product on a. Then we have the following
decompositions of g N g2 and g% N g%, respectively:
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gz'mgzz={?o€92ﬁ, gu_elﬂgu_ezzu@zm)\,

rext rext

where £, denotes the centralizer of a in g% N g% and = is the set of positive roots of
X.. The following fact was proved by Flensted—Jensen and Rossmann, independently.

Proposition 1 [10, 18] G = K (exp(+v/—1a))H = H(exp(~/—1a))K.

It follows from Proposition 1 that all K -orbits meet A = my (exp(+/—1a)), where
7wy : G — G/H is the natural projection. Denote by K (g H) the K-orbit through
gH € G/H. Without loss of generality, we assume that g =exp(v/—1Z) e
exp(~/— 1 a) (because of Proposition 1). Then the tangent space and the normal space
of K(gH) at gH are expressed as follows:

g T (KH) =v=1[ > m )o@ og™.
AETH; (A, Z)#0

g '\ Ty (K@gH)) =v=1[a® > m

rEXH; (A, Z)=0

From above argument we have the following result.

Proposition 2 For the K -action on the pseudo-Riemannian symmetric space G/ H,
the following statements hold.

(1) Any K-orbit is a pseudo-Riemannian submanifold in G/H.

(2) The induced symmetric bilinear form on TgJHK(gH) is positive definite for all
ge€G.

(3) A =my(exp(v/—1a)) is a totally geodesic submanifold in G/H.

(4) A meets every K-orbit orthogonally with respect to the pseudo-Riemannian
metric on G/H.
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Transversally Complex Submanifolds
of a Quaternion Projective Space
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Abstract We study a kind of complex submanifolds in a quaternion projective space
HP", which we call transversally complex submanifolds, from the viewpoint of
quaternionic differential geometry. There are several examples of transversally com-
plex immersions of Hermitian symmetric spaces. For a transversally complex immer-
sion f : M — HP", akey notion is a Gauss map associated with f, which is a map
S : M — End(H"*') with §? = —id. Our theory is an attempt of a generalization
of the theory “Conformal geometry of surfaces in S* and quaternions” by Burstall,
Ferus, Leschke, Pedit, and Pinkall [4].

1 Introduction

We study complex submanifolds of a quaternion projective space. It is an attempt
of a generalization of a theory by Burstall, Ferus, Leschke, Pedit, and Pinkall [4].
They studied conformal geometry of Riemann surfaces in S* using a “quaternionic
valued function theory”, whose meromorphic functions are conformal maps into H.
Our proposal of a generalization is explained as in the following diagram:

the theory of [4] Its generalization
GL(2, H)-geometry of HP' GL(n + 1, H)-geom. of HP"
= Conformal geometry of S* = Quaternionic diff. geom. of HP"

Riemann surfaces of S* = Half-dim. complex submanifolds of H P"

K. Tsukada ()

Department of Mathematics, Ochanomizu University, 2-1-1 Otsuka Bunkyo-ku,
Tokyo 112-8610, Japan

e-mail: tsukada.kazumi@ocha.ac.jp

© Springer Nature Singapore Pte Ltd. 2017 223
Y.J. Suh et al. (eds.), Hermitian—Grassmannian Submanifolds,

Springer Proceedings in Mathematics & Statistics 203,

DOI 10.1007/978-981-10-5556-0_19



224 K. Tsukada

We expect that our proposal of a generalization is an interesting subject in the field of
quaternionic holomorphic differential geometry where the quaternionic differential
geometry and the holomorphic differential geometry interact.

This is a survey article which explains our recent results of transversally com-
plex submanifolds of HP". The details including proofs will be discussed in the
forthcoming paper.

2 Quaternionic Manifolds

In this section, we review basic definitions of quaternionic manifolds.

Definition 1 (cf. [1]) Let M be a 4n(n > 2)-dimensional manifold and Q be a rank
3 subbundle of End 7'M which satisfies the following conditions:

(a) For an arbitrary point p € M, there is a neighborhood U of p over which there
exists a local frame field {/, J, K} of Q satisfying

I’=J>=K*=-id, 1J=-JI =K,
JK=—-KJ=1, KI=-IK=J.

(b) There exists a torsionfree affine connection which preserves Q.

Then Q is called a quaternionic structure on M and the manifold (M, Q) a quater-
nionic manifold. We say that such torsionfree affine connection which preserves Q
is a Q-connection and that {/, J, K} is a local admissible frame field.

We remark that for a quaternionic structure Q, a Q-connection is not unique.
More precisely we have the following.

Proposition 1 (cf. [1] Proposition 5.1) Let V be a Q-connection. Then for any other
Q-connection V', there exists a 1-form 0 such that V' is written as

ViY = VxY +0(X)Y +6(Y)X —0(IX)IY —0(IY)IX
—0UX)JY —0(JY)IX —O0(KX)KY —O0(KY)KX. (1)

Conversely for a 1-form 0, the connection V' defined by (1) is a Q-connection.

We study properties and quantities which depend on a quaternionic structure Q
and do not depend on a choice of a Q-connection.

From the view point of Riemannian geometry, we introduce the notion of a quater-
nionic (pseudo-) Kihler manifold (cf. [7]). Let g be a (pseudo-) Riemannian metric
on a quaternionic manifold (M, Q). If any element of Q, is skew-symmetric with
respect to g, at any point p € M and the Riemannian connection associated with
g preserves Q, then (Q, g) is called a quaternionic (pseudo-) Kdéhler structure and
(M, Q, g) a quaternionic (pseudo-) Kdhler manifold.
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3 Transversally Complex Submanifolds of a Quaternionic
Manifold

In this section, we study fundamental properties of transversally complex submani-
folds of a quaternionic manifold.

Let (M* Q) be a 4n(n > 2)-dimensional quaternionic manifold with a quater-
nionic structure Q and M?" be an immersed submanifold in M. Then M is said
to be an almost complex submanifold if there exists a section I of the bundle Q|
which satisfies 12 = —id and ITM = T M (cf. Alekseevsky and Marchiafava [2]).
We denote by I the almost complex structure on M induced from the section /. We
have the decomposition:

Oly =RI+ 0, 2)

where Q' is defined by [, O|u]. We take a local frame field {J, K} of Q' such that
(I, J, K} is alocal admissible frame field of Q| um. For each point p € M, we define
a subspace T M of T,M by T M=T,MnN J(T M). Then the subspace T M is
Q invariant and /- 1nvar1ant. Then we have the following:

Proposition 2 (cf. [2] Theorem 1.1) Let M*" be a2m(m > 2)-dimensional almost
complex submanifold of a quaternionic manifold (M 4 0). If for each point p € M,
dim T,M/T,M > 2, then I is integrable.

Now we define a transversally complex submanifold. Let M>™ be an almost com-
plex submanifold of a quaternionic manifold (M*", Q) together with the section |
of Q|y. Then M is said to be a transversally complex submanifold if at each point
peM, LT,MNT,M = {0} for any L € Q’p or equivalently T,,M = {0}. Under
this assumption, we see that the induced complex structure / is integrable by Propo-
sition 2. We can define the special class of transversally complex submanifolds in the
Riemannian setting. Let (M, Q, §) be a quaternionic pseudo-Kihler manifold and
M?" be an almost complex submanifold whose tangent spaces are nondegenerate
with respect to the pseudo-Kéhler metric g. Then M is said to be a totally complex
submanifold if at each point p € M, LT, M is orthogonal to the tangent space 7, M
for any L € Q/p (cf. Funabashi [5]). Several authors have studied totally complex
submanifolds of quaternionic Kéhler manifolds [2, 3, 9] and interesting examples
are known.

Example 1 1tis well-known that an n-dimensional quaternion projective space HP"
is a quaternionic Kéhler manifold which is a symmetric space [10]. The author [9]
constructed and classified half-dimensional totally complex submanifolds of HP"
whose second fundamental forms are parallel. They are locally congruent to one of
the following:
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(1) CP" — HP" (totally geodesic),

(2) Sp(3)/U(3) — HP°,

(3) SU(6)/S(U(3) x U(3)) — HP?,

(4)S0(12)/U(6) — HP,

(5)E7/Eg - T' — HPY,

(6) CP'(¢) x CP'(¢/2) — HP?,

(7)CPY(&) x CPY(¢) x CP' (&) — HP?, or

®)CPY(&) x SO +1)/SOQ)-SO(n — 1) — HP" (n=>4),

where HP" has the scalar curvature 4n(n + 2)¢ and C P (¢) is of constant curvature

C.

From now on we assume that M is a transversally complex submanifold of a
quaternionic manifold M with dimg M = 1 5 dimg M > 4. We denote by I the cor-
responding section of Q| and by (I,J,K } a local admissible frame field as usual.
We put T+ M = JT M. It is an [-invariant subbundle of 7 M|,;. We have the direct
sum decomposition:

TM|y=TM~+T*M. (3)

We take some Q-connection V of M. According to the decomposition (3), we
define the induced connection V on M and the second fundamental form o following
the usual submanifold theory in the affine differential geometry. Then V is torsionfree
and o is a T+ M-valued symmetric tensor field. Moreover we have VI = 0. We
denote by o, and o_, the (2, 0) + (0, 2)-part and the (1, 1)-part of o with respect to
the complex structure 7, respectively. That is, they satisfy

0. (IX, 1Y) = =0, (X, Y),0_(IX, 1Y) =0_(X,Y) forX,Y e TM.

Then the following holds:

Proposition 3 Ler (M*", 0, %) be a quaternionic Kdhler manifold whose scalar
curvature does not vanish and M** (n > 2) be a half-dimensional transversally
complex submanifold of M. We denote by o_ the (1, 1)-part of the second fundamental
form with respect to the Riemannian connection V. Then M is totally complex if and
only if o_ vanishes.

We take another Q-connection V' of M. By Proposition 1, there exists a 1-form @
which satisfies (1). We denote by V' the induced connection on M and by o/, o/, 0/,
the second fundamental form, its (2, 0) 4 (0, 2)-part, its (1, 1)-part, respectively. The
following is easily seen:

Proposition 4 (1) VY = VxY +6(X)Y +0(Y)X —{0(IX)IY +6(IY)IX}.
)0l (X,Y) =0 (X, ).
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B)o (X, Y)=0_(X,Y) —{0(JX)JY +0(JY)JX + 0(KX)KY +0(KY)KX}.

Remark 1 (1) The relation between the two induced connections V and V' in Propo-
sition 4 (1) is known as the holomorphically projective change (cf. [6]).

(2) By Proposition 4 (2), the (2, 0) + (0, 2)-part o does not depend on the choice
of Q-connections and hence it is an invariant in the quaternionic differential geometry.

(3) Let My, M, C M be transversally complex submanifolds of M which have a
common point p. We assume that 7, M; = T,, M, at this point p. Then Proposition
4 (3) means that whether or not o_ of M, M, at this point coincide does not depend
on the choice of Q-connections.

4 A Quaternionic Structure and Q-Connections on HP"

In this section, we give a description of a quaternionic structure and Q-connections
on a quaternion projective space.

Let H"*! be the space of column n + 1-tuples with entries in H. The space H"*!
is considered as a right quaternionic vector space. The quaternion projective space
HP" is defined as the set of quaternionic lines in H"*!'. We study the quaternionic
differential geometry of HP" by the theory of the quaternionic vector bundles fol-
lowing [4]. We denote by H"*! = HP" x H"*! the product bundle. The tautological
line bundle L is defined as follows:

L={l,v)e HP" x H'"" |v e }.

This line subbundle induces a quotient bundle H"*! /L. We denote by 7, : H'*! —
H"*!/L the projection and by Hom(L, H"*! /L) the real vector bundle whose fibres
are the spaces of H-linear homomorphisms of / into H" ™!/l ateach line [ € HP". Let
d be the trivial connection of the trivial bundle H'*' = HP" x H"*'. For [ € HP"
and v € [, we take a local section s of L such that s(/) = v. For X € T;HP", we
define a(X) : | — H"!/1 as follows:

a(X)v = m.(dxs) 4)

It is defined independently of the choice of local sections and «(X) is a H-linear
homomorphism. The following is well-known (cf. Sects. 3, 4 in [4])

Proposition 5 The map « : THP" — Hom(L, H"t' /L) is a bundle isomorphism
as real vector bundles.

Using Proposition 5, we introduce a quaternionic structure Q on HP”. Ateach/ €
HP", the tangent space T;H P" is real linear isomorphic to the space Hom (I, H"*! /I).
Let U be an open subset of HHP" and we take a local section sg € I"(L) defined on
U without the zero points. Then sy induces a bundle isomorphism of THP" onto
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H'*'/L on U, ie., THP" 5 X — a(X)sy € H'*'/L. For X € I'(THP"|y), we
define ~ ~
a(IX)(s0) = (@(X)(s0))i, a(JX)(s0) = (¢(X)(s0))J]

and put K = IJ. We denote by Q the rank 3-subbundle of End THP" spanned by
I, J, K. The subbundle Q is defined independently of the choice of local sections
so. The group GL(n + 1, H) acts on HP" transitively. The quaternionic structure Q
is invariant by the action of GL(n + 1, H).

Next we describe Q-connections on HP” in terms of quaternionic vector bundles.

Theorem 1 There exists the natural one to one correspondence of Q-connections
on HP" with the direct sum decompositions H'T! = L 4+ L¢ as quaternionic vector
bundles, where L denotes a complementary bundle of L in H't!.

Proof We explain how to construct the Q-connection from a direct sum decompo-
sition:

H'™'=L+L°. )

We consider the decomposition of the trivial connection d according to (5). For
X eI'(THP"),seI'(L),and & € I'(L), we have

dxs = Dxs + a(X)s
dxé = t(X)é + Dy¢

Here D and D¢ are connections of the quaternionic vector bundles L and L€, respec-
tively and 7 : THP" — Hom(L¢, L) is a bundle homomorphism as real vector bun-
dles. Using the isomorphism « : THP" = Hom(L, H**!/L) = Hom(L, L), we
induce the affine connection V from D and D€. That is, for X, Y € I'(THP"),s €
I'(L)

a(VxY)(s) = D (a(Y)(s)) — a(Y)(Dxs).

Then we see that the induced connection V is a Q-connection. O

Example 2 (Affine coordinates) Let {ey, . .., e,1} be the standard basis of H"*! and
(6", ..., 0"} be its dual basis. We put M’ = {[v] € HP" | 8'(v) # 0} and define
the complementary bundle L¢ of L by the quaternionic vector subbundle of H"+!
spanned by e, ..., e,1; on M’. Then the Q-connection which corresponds to the
decomposition is a canonical connection of H" = R*",

Example 3 (Quaternionic pseudo-Kdhler metrics) Let {( , ) be a nondegenerate
quaternionic Hermitian inner product on H'*'. We put M’ = {[v] € HP" | (v, v) #
0}. Then we have the orthogonal decomposition on M’:

H'*' =L+ Lt (6)
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where L+ denotes the orthogonal complement of L withrespectto (, ). From (, ), we
define a pseudo-Riemannian metric g on M’ (cf. [4] Sect.3.2). Then we see that the
Q-connection defined by the decomposition (6) is a pseudo-Riemannian connection
with respect to g. Hence (M’, Q, g) is a quaternionic pseudo-Kihler manifold.

S The Gauss Maps of Transversally Complex
Submanifolds of HP"

In this section, we generalize the theory of the mean curvature sphere (or conformal
Gauss map) introduced by [4] to transversally complex submanifolds of HP”.

First we prepare the linear algebra of quaternionic vector spaces. Let V and W be
right quaternionic vector spaces withdimy V = 1 anddimyg W = n, respectively. We
define a quaternionic structure Q C End(Homg(V, W)) on the space Homy (V, W)
as follows: We take a non-zero vector v € V and define the map ¢, by ¢, (F) = F(v)
for F € Homy(V, W). Then g, is a real linear isomorphism of Homy(V, W) onto
W. We define 1,J, and K in End(Homyg(V, W)) by ¢,(I F) = ¢,(F)i, ¢,(JF) =
ou(F)j, K =1J. We denote by Q the subspace of End(Hompy(V, W)) which is
real linearly spanned by 7,J, and K. Then Q is a quaternionic structure. Clearly Q
is independent on the choice of v € V.

We shall show a characterization of half-dimensional transversally complex sub-
spaces of Homy (V, W). It is a higher-dimensional analogue to Lemma 3 in [4].

Lemma 1 (1) Let U be a transversally complex subspace of Homy(V, W) with
dimp U = % dimgr Homy (V, W). Then there exist complex structures J; € Endg (V)
and J, € Endg(W) such that

HLU=U, UJ=U
U = {F € Homy(V, W)|LF = FJ,}.

Moreover the pair (Ji, Jo) of complex structures is unique up to its sign.
(2) Conversely given complex structures J; € Endy(V) and J, € Endg(W), we

put
U = {F € Homy(V, W)|LF = FI,}.

Then U is a transversally complex subspace of Homy (V, W) with
dimr U = % dimg Homy (V, W). Moreover we have

Ut = {F € Homg(V, W)|/LF = —FJ;}.
We describe maps f : M — HP" of a manifold M into HP" and their differ-

entials df : TM — THP" in terms of quaternionic vector bundles. For a map f,
we consider the pull-back bundle f*L of the tautological bundle L over HP". For
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simplicity, we use the same notation L instead of f*L. Then we obtain the H-line
subbundle L of the product bundle .77 = M x H"*+!. Conversely a H-line subbundle
L C # =M x H'*! definesamap f : M — HP". Therefore we obtain an identi-
fication of maps f : M — HP" with H-line subbundles L C # = M x H"*'. By
Proposition 5, the differential df of f is viewed as a real linear homomorphism
df : TM — Hom(L, 5/L).

From now on, we study the following setting: Let M be a complex n-dimensional
complex manifold and f : M — HP" a transversally complex immersion. This
means that for the complex structure I of M and the section [ € I'(Qly) we
have df (IX)=Idf(X) X € TM. By the definition, the differential df, : T,M —
Hom(L,, (/L)) is injective and the image d f,,(T, M) is a transversally complex
subspace of Hom(L ,, (/L) ,) withdimg df,(T,M) = % dimg Hom(L ,, (J€/L),).
Therefore we can apply Lemma 1. Given a (vector-valued) 1-form w on M, we define
xw by *w(X) = w (I X). We consider higher dimensional analogues of two spheres
S? in HP' defined by [4] Sects.3.4 and 4.2 Example 12.

Example 4 (Complex projective spaces) CP". For § € End(H"*!) with §? = —id,
we define
S'={leHP"|SI=1} CHP".

Then S’ is a complex n-dimensional transversally complex submanifold and it is
holomorphically diffeomorphic to a complex projective space CP".

We attempt a generalization of the theory in [4] Sect.5. Let S : M — End(H"t!)
(or S € I'(End 7)) with §* = —id be a complex structure of 7 = M x H"*!. For
this S, we define End(H"*!) (or End .7#)-valued 1-forms AT, A~ on M as follows:

1 1
A+=Z(Sd5+*d5)’ A*:Z(SdS—*dS). (7)

Since f : M — HP" is atransversally complex immersion, by Lemma 1 there exists
a pair of complex structures J; € I'(End L), J, € I"'(End 5# /L) such that

df(IX) =df(X)J, = Jhdf(X) forXeTM

We extend the pair (J;, J,) to a complex structure S of 7 = M x H"*!i.e., find an
S € I'(End %) such that §> = —id and

SL=L, S|, =1J1, 7.8 = Jpmy. (8)
This implies dS(L) C L. In fact, for € I'(L), we have
7L ((dxS) (W) = wp(dx (SY) — Sdxy)) =df (X)W — Ldf (X)y =0 .

We show a theorem which is a higher dimensional version of Theorem 2 in [4].
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Theorem 2 Let f : M — HP" be a transversally complex immersion of a complex
n-dimensional complex manifold M and L C ¢ = M x H"*! be its corresponding
H-line bundle. Then there exists a unique complex structure S € I'(End ) such
that

(I)SL=L, dS(L) C L,

(2)*df =dfS|, =m.Sdf,

(3) A7l =0.

The complex structure S € I'(End J#) or S: M — End(H""'") defined by
Theorem 2 is called a Gauss map of a transversally complex immersion f : M —
HP". The Gauss map depends on the quaternionic structure of HP” and does not
depend on Q —connections. Moreover it is invariant by the action of GL(n + 1, H).
We expect that Gauss maps shall be useful for studying transversally complex im-
mersions.

We denote by . the set of all complex structures of H"*! ie.,

S ={8§eEndH") | S*=—id }.

Then .7 is a closed submanifold of End(H"*!) with real dimension 2(n + 1).
Clearly . is invariant by the action of GL(n + 1, H) and the group GL(n + 1, H)
acts on . transitively. The structure of a pseudo-Hermitian symmetric space is de-
fined on . naturally. It has the signature ((n 4+ 1)(n 4+ 2), n(n + 1)). We view the
Gauss map S of a transversally complex immersion f : M — HP" as a map of M
to .. Then § is holomorphic (resp. anti-holomorphic) if and only if A~ = 0 (resp.
AT =0).

Given a Q-connection V on HP", we study the Gauss map of a transversally
complex immersion. Let H"*! = L + L be the corresponding decomposition to the
Q-connection V.

Proposition 6 Letr M be a complex n-dimensional complex manifold and f :
M — HP" a transversally complex immersion with the Gauss map S : M — . C
End(H"*"). When we are given a Q-connection V on HP", the following three con-
ditions are mutually equivalent:

(1) The complex structure I is parallel with respect to the induced connection V on
Qlm-

(2) The (1, 1)-part o_ of the second fundamental form vanishes.

(3) The Gauss map S preserves the complementary bundle L€, i.e., S(L°) = L°.

Proposition 7 We equip HP" with the quaternionic Kdiihler structure (Q, g). Let
f M — HP" be atotally complex immersion of a complex n-dimensional complex
manifold M with the Gauss map S : M — .. Then we have A" = 0 and hence the
Gauss map S : M — . is anti-holomorphic.

We shall show a characterization of complex projective spaces CP" which are
transversally complex submanifolds of HP".
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Theorem 3 Let M be a complex n-dimensional transversally complex submanifold
of HP". Ifthe (2, 0) + (0, 2)-part o of the second fundamental form vanishes, then
the Gauss map S : M — % is constant. In particular, M is an open submanifold of
the complex projective space CP" defined by S as in Example 4.

Remark 2 (A geometric meaning of a Gauss map) Let M be acomplex n-dimensional
transversally complex submanifold of HP" and S : M — . be its Gauss map de-
fined by Theorem 2. We consider the complex structure S, at each point p € M. We
denote by S ‘; the complex projective space defined by S, as in Example 4. Then § ;,
contains p. The tangent spaces of S ;) and M at p coincide and o_ of S;’ and M at p
coincide. In [4] for a surface M of S* = H P!, the complex structure S € I"(End %)
is called the mean curvature sphere of M.

6 Problems

We propose some problems related with the geometry of transversally complex sub-
manifolds of HP".

1. Construct good examples of transversally complex submanifolds of HP".

1-1. Homogeneous ones, that is, the orbits by the action of closed subgroups of
GL(n + 1, H). In [3], they proved that maximal totally complex submanifolds of
HP" which are the orbits of compact Lie groups of isometries are exhausted by the
ones in Example 1. Find homogeneous transversally complex submanifolds which
are not totally complex.

1-2. Compact non-homogeneous ones. It is not easy to construct examples of
compact totally complex submanifolds of HP" (see [8]).

2. Characterize totally complex submanifolds which are given in Example 1 by
the (2, 0) + (0, 2)-part o, or their Gauss maps.

3. Define a functional for compact transversally complex submanifolds of HP” by
their Gauss maps and study their variational problems. In [4], they discuss Willmore
functional in terms of the mean curvature spheres. Attempt to generalize their results.
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On Floer Homology of the Gauss Images
of Isoparametric Hypersurfaces

Yoshihiro Ohnita

Abstract The Gauss images of isoparametric hypersurfaces in the unit standard
sphere provide compact minimal (thus monotone) Lagrangian submanifolds embed-
ded in complex hyperquadrics. Recently we used the Floer homology and the lifted
Floer homology for monotone Lagrangian submanifolds in order to study their
Hamiltonian non-displaceability in our recent joint paper with Hiroshi Iriyeh, Hui Ma
and Reiko Miyaoka. In this note we will explain the spectral sequences for the Floer
homology and the lifted Floer homology of monotone Lagrangian submanifolds and
their applications to the Gauss images of isoparametric hypersurfaces. They are the
main technical part in our joint work. Moreover we will suggest some related open
problems for further research.

1 Introduction

Let N" be an isoparametric hypersurface in the unit standard sphere S"*! C R"*+2,
By the structure theory of isoparametric hypersurfaces (see [16]), N” is nothing but
a hypersurface of constant principal curvatures and if we denote by g the distinct
number of principal curvatures of N" and by m1, m,, . .., m, their multiplicities, then
we know m; = m;,» (i mod g). Moreover, it is known that N can be extended to
a compact oriented hypersurface embedded in S"*+!.

We know that isoparametric hypersurfaces in S"*! provide a nice class of
Lagrangian submanifolds in the complex hyperquadric Q,,(C). Note that a complex
hyperquadric Q,,(C) can be identified with a real Grassmann manifold E‘Z(R””)
of oriented 2-dimensional vector subspaces of R"*2 in the standard way:
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0,(0©) = Gr®R"™?) = S0 +2)/(SO2) x SOn))
[a++/=1b]< aAb < [ab,...](50Q2) x SO@0)

It is an irreducible compact Hermitian symmetric space of rank 2 for n > 3. If
n = 2,then Q,(C) = §? x §?,andif n = 1, then Q,(C) = CP'. We denote by wgq
the standard Kihler form of Q,,(C).

In general the Gauss map ¢ of an oriented hypersurface N immersed in the unit
standard sphere S"*! is defined by

& :N">pr— [x(p) +V—1n(p)] € 0, (C).

Then we know that 4 : N" — (Q,(C), wgq) is always a Lagrangian immersion.
Palmer [23] gave a formula expressing the mean curvature form of ¢ in terms of
principal curvatures of N” in S"*! and from this formula he observed that if N"
has constant principal curvatures, then the Gauss map & : N" — (Q,(C), wgq) is
a minimal Lagrangian immersion. Note that the Gauss map is not necessary an
embedding into Q,,(C).

For each isoparametric hypersurface N in S"*! the image of the Gauss map,
which is called the Gauss image 4 (N"), has the following nice properties.

Theorem 1 ([12, 14, 21]) Suppose that N" is a compact oriented isoparametric
hypersurface embedded in 8" with g distinct principal curvatures and multiplicities
(my, my). Then the Gauss image ¢ (N") has the following properties:

(1) The Gauss image L" = 4 (N") is a compact smooth minimal Lagrangian sub-
manifold embedded in Q,,(C).

(2) The Gauss map < into the Gauss image L" = 4 (N") gives a covering map
4G :N" — L" =9 (N") = N"/Z, with the covering transformation group Z,.

(3) The Gauss image L" = G (N") is monotone in Q,(C) and its minimal Maslov
number Xy is given by

5 _2n | my+my, ifgiseven, )
L= g | 2m, if g is odd.

The Gauss image 9 (N") is orientable (resp. non-orientable) if and only if 2n/ g
is even (resp. odd).

It is a natural and interesting problem to study the properties of the Guass image
of isoparametric hypersurfaces in S”*! as Lagrangian submanifolds embedded in
0,(C) [12-15, 23].

Recently in our recent joint paper with Hiroshi Iriyeh, Hui Ma and Reiko Miyaoka
[11] in order to study their Hamiltonian non-displaceability we used the Floer
homology and the lifted Floer homology for monotone Lagrangian submanifolds.
In this note we will explain the construction of the Floer homology and the spectral
sequences for monotone Lagrangian submanifolds, and also their lifted Floer homol-
ogy (Floer, Y.-G. Oh, Biran, Damian), and their applications to the Gauss images of
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isoparametric hypersurfaces. They are the main technical part in our joint work. The
ideas to use the spectral sequence and the lifted Floer homology in this case are due
to H. Iriyeh [9]. Moreover we will suggest some related open problems for further
research.

Throughout this article any manifold is smooth and connected.

2 Floer Homology of Monotone Lagrangian Submanifolds

Let (M, ) be a symplectic manifold. If a diffeomorphism ¢ of M is given by
¢ = ¢ for some time-dependent Hamiltonian H, (¢ € [0, 1]) and an isotopy ¢; :
M — M (t € [0, 1]) of M satisfying the Hamiltonian equation

dey(x)
dt

= (Xgp)p0 and ¢o(x) =x (x € M),

then ¢ is called a Hamiltonian diffeomorphism of (M, w) and {¢;}:¢[0.1] s called a
Hamiltonian isotopy of (M, ). Here Xy, denotes a Hamiltonian vector field cor-
responding to a Hamiltonian H, with respect to w. Let Haml(M, w) denote a set
of all Hamiltonian diffeomorphisms of (M, w). Then Haml(M, w) is a subgroup of
the identity component Symp®(M, w) of the symplectic diffeomorphism group of
(M, w). A Lagrangian submanifold L in M is called Hamiltonian non-displaceable
if LN ¢ (L) # @ forany ¢ € Haml(M, w), and it is called Hamiltonian displaceable
otherwise. It is well-known that in the 2-dimensional standard sphere a small circle
is Hamiltonian displaceable but a great circle is Hamiltonian non-displaceable. Then
the following is one of elementary questions in symplectic geometry:

Question. What Lagrangian submanifolds are Hamiltonian non-displaceable?

Let (M, w) be a closed symplectic manifold and L be a closed (i.e.compact
without boundary) Lagrangian submanifold embedded in M. Let ¢ € Haml(M, w)
such that L and ¢ (L) intersects transversally (denoted by the symbol L th ¢ (L)). Let
(#¢):e10,1) be a Hamiltonian isotopy of (M, w) with ¢; = ¢ and set L, := ¢ (L) (t €
[0, 11).

Choose an almost complex structure J on M compatible with @ (i.e. (-, J -) is
a Riemannian metric on M). Define

M (Lo, Ly) = {u € CORx [0.1]) | -+ /- =0,

u(t,0) C L, u(r,1) C ¢1(L),

Ju ou
b

1
E@u) = -/ ldu||*dtdt < oo ]
2 Jrx10.1]

Forx,y € LoN Ly, set
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M (x,y) :={ue€ MLy L)| lim u(r,-)=ux, limu(r, )=y}

Floer [6] showed
M(Lo. L) = ) Axy).

x,yeLoNL,

For a generic choice J, a neighborhood of each u € .# (x, y) is a smooth manifold
of finite Qi\mension equal to u, (x, y) = the Maslov—Viterbo index of u [5, 24].

Let A (x,y) := # (x,y)/R be the moduli space of holomorphic strips joining
from x to y modulo translations with respect to 7. Then note that for such a choice
J, aneighborhood of each [u] € .# (x, y) is a smooth manifold of finite dimension
equal to u,(x,y) — 1. Denote by //7,6\(3“’ y) (resp. /Z/\I(x, y)) the 0-dimensional
(resp. 1-dimensional) component of .Z (x, y).

For a given Lagrangian submanifold L of a symplectic manifold (M, w), two
kinds of group homomorphisms 1, ; : mo(M, L) — Z and I, : mo(M, L) — R
are defined as follows: For a smooth map u : (D?, 3D?) — (M, L) belonging to
A € mp(M, L), choose a trivialization of the pull-back bundle u'TM = D? x C"
as a symplectic vector bundle, which is unique up to the homotopy. This gives a
smooth map i from S! = d D? to A(C"). Here A(C") denotes a Grassmann manifold
of Lagrangian vector subspaces of C". Using the Moslov class u € H'(A(C"), Z),
we can define /,, ; (A) := pu(it). Next 1, ; is defined by 1, 1 (A) := sz w*o. I, is
invariant under symplectic diffeomorphisms and /,, ; is invariant under Hamiltonian
diffeomorphisms but not under symplectic diffeomorphisms.

A Lagrangian submanifold L is called monotone if 1, ; = A1, 1 for some con-
stant A > 0. We denote by X € Z, a positive generator of an additive subgroup
Im(/,,;) C Z and X is called the minimal Maslov number of L. It is known that
any compact minimal Lagrangian submanifold in an Einstein—K#hler manifold of
positive Einstein constant is monotone [22].

The compactness and compactification of O-dimensional and 1-dimensional mod-
uli spaces of holomorphic strips are due to Gromov [8], Floer [4], Y.-G.Oh [17].

Theorem 2 (Compactness) Suppose that L is compact and monotone with X, > 2.
Let x,ye LoNLy and A > 0. Let {uy} C # (x,y) be a sequence with con-
stant index w(uy) = o < 2 and with E(uy) < A. Then there exists a finite sub-

set {20, ..., 2k} C LoN Ly with zo =x and zx =y, some u' € M (zi_1,2i) for
i=1,...,k, and a sequence of real numbers {o,}, fori =1, ..., k, such that for
eachi =1, ...,k the sequence {u,(t + o0, 1)}, converges to u'(t,t) in C, and

k
moreover Z /L(uk) = o

i=1
If ;1o = 1, then we have k = 1 and {u, (7 + 04, 1)}, converges to u'(z, 1) in Cies
because of u(u*) > 1. It implies that the O-dimensional component of the moduli
space /Zﬁ(x, y) is compact and thus a finite set.
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Theorem 3 (Compactification) Suppose that L is compact and monotone with X, >
3. Then __
M (x,y) =M, NV | (A, 2) % A )

zeLoNLy

is a compact 1-dimensional smooth manifold whose boundary is

U (2.0 x 4. y)).

zeLoNL,

Let
CF(L.¢):= P Zox

xeLNg(L)

denote a free Z,-module over all intersection points of L and ¢ (L) where ¢ €
Haml(M, w). By Theorem 2, since /’/h(x, y) is finite, we can define n(x, y) :=
ﬁﬁ(x, y) mod 2. Then the Floer boundary operator 9, is defined by

()= > nlx,y)y (yeLN@L).

yeLng(L)

Assume that L is monotone with minimal Maslov number X'; > 2. Then we know
that d; o d; = 0, by Theorem 3 if X > 3, or by [18] if X'} > 2. The homology
H.(CF(L, ¢),d;) for the chain complex (CF (L, ¢), 9;) does not depend on the
choice of J € f#,.o(M,w) and ¢ € Haml(M, w) (Floer [7], Y.-G.Oh [17]). The
Floer homology of L is defined by

HF(L):= H,(CF(L, ¢),dy).

Now fix an element xo € L N¢(L). We define a grading of x € L N¢p(L) by
Wy (x, x9) mod X;.Here we use a fact that u, (x, x9) — @, (x, xo) is a multiple of
X', for arbitrary smooth maps u, v : [0, 1] x [0, 1] - M with u(z, 0), v(7,0) € L,
u(r, 1),v(r, 1) € ¢(L) and u(z,0),v(r,0) € L, u(z, 1),v(r, 1) € ¢(L) ([17], p.
973, Lemma 4.7). Thus the Floer complex C F (L, ¢) has a Z/ X -grading, which
depends on a choice of a base intersection point xo € L N ¢ (L). Denote this grading
by

Z-1
CF(L,$) = P CF: moas, (L, ¢, x0),
i=0

where
CFimoaz, (L, ¢, x0) = P Zrx.

xeLN@(L),ny (x,x0)=i mod X
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Letx,ye LN¢(L).Foru e (/Z/b(x, y), since by a composition formula ([5], p.
406)
My (X, X0) = py (x5, ¥) + (o (¥, X0)

where uv is a composition of # and v, we have

My (Y, X0) = (X, X0) — pu (X, ¥) = pu(x, x9) — 1.

Thus the Floer boudary operator decreases the grading by 1:

97 1 CFimoax, (L, ¢, x0) —> CFi_i moax, (L., x0).
Hence it induces a Z/ ¥ -grading of the Floer homology as

Y -1

HF(L,$) = @D HF; moas, (L, $.x0).
i=0

The grading of the Floer homology of L is also preserved under any Hamiltonian
diffeomorphism of (M, w) (Floer, Oh [17]).

3 Spectral Sequence for Floer Homology and Lifted Floer
Homology

Let (M*", w) be a compact symplectic manifold of dimension 2n. Let L be a compact
Lagrangian submanifold embedded in M. For a Hamiltonian isotopy (¢;);e(0.1] of M
with L h ¢ (L), set ¢ = ¢ € Haml(M, w) and L' = ¢ (L) = ¢y (L).

Consider a Morse—Smale function f on L and a particular Hamiltonian isotopy
(¢1)1ef0.1) which maps L to ¢,(L) =d(tf)(L) C# C M, as in [7]. Here % is
a Weinstein neighborhood of L in M which is symplectically diffeomorphic to a
tubular neighborhood of the zero section of 7* L. In this situation note that L N ¢ (L)
coincide with the critical point set Crit(f) of f on L. We may assume that f has
exactly one relative minimum point xo on L. We choose x( as a base intersection
point of L N ¢ (L). Let Crit( f) denote the set of all critical points of f and Criti (f)
the subset of all critical points of f with index ind(f), = k. Denote by (C ,{ ,07) the
Morse complex for f, where

n
C,{ =@ C,{, where C,{ = @ Zo x
k=0 x€eCrity (f)

and 8/ : C,{ — C,{_l is the Morse boudary operator of f. In this situation note that
the Maslov—Viterbo index of u coincides with the Morse index of f:Foreachx € L N
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¢ (L) = Crit(f) and a smooth map v : [0, 1] x [0, 1] = # C M withv(r,0) € L,
v(t,1) €e (L), v(0,¢) =x and v(l,t) =y,

o (x, X0) = ind(f)x —ind(f)x, = ind(f)x

([24, p. 370, Proposition 5], [20, p. 318, Lemma 4]). Thus by the definition of a
grading of CF (L, ¢) we have

CFmuaz, (L.dx)= @ =@ s,

keZ, k=i mod X', LeZ

We follow the argument of [20]. For a sufficiently small # we can take a disk w :
(D?,9D?) — (M, L) with 1, . ([w]) > 0 by gluing u € /Zﬂ(x, y) withImu ¢ W
to a thin strip v between ¢, (L) and L connecting y and x. By the monotonicity of L
note that 1, ;. ([w]) = A 1, r(Iw]) > 0, and thus [, ; ([w]) = £X; for some £ € N.
Thus we have

0< [/L,L([W]) =y (X, y) — pw(x,y)
=1—(nd(f), —ind(f)y)
=1—1ind(f), +ind(f)y <n+1.

Hence we obtain 1 < £ < % andind(f), =ind(f), — 1 +£X. Setv := [%]

Since we see that 9, (C ,{ ) C D, C kf_l +¢x,» the Floer boudary operator 9, can be
decomposed as
8y =00+ 01 + -+ 0,

where 9, : C;Z' — C£—1+£>:L (¢ =1,...,v). Here note that d; counts small isolated
Floer trajectries (J-holomorphic strips) contained in a Weinstein neighborhood of
L and it coincides with the Morse boudary operator 3/ of f (local Floer homology
[20]). The operator 9, + - - - 4 9, expresses a contribution of large isolated Floer
trajectries.

Y.-G. Oh [20] and Biran [1] showed the existence of a spectral sequence {E}"?, d,}
converging towards the Floer homology. Such a spectral sequence was constructed
by Biran in the following way [1].

Let A:=7,[T, T '] = Dicx AK¥t be the algebra of Laurent polynomials over
Z, with the variable T'. Here define deg(7T) = X, and AKZL .= 7, T* Now let

5:=Cf®A=@ c’ @ Ak =EB G,
keZ €7

where N
G D 9% = @ @A,

keZ kez,ggkgﬁ
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Define é} : 5* — 5*_1 by

0 =@l +h@T+ - +0,®1",
where each t¢: A* — A* ‘>t is the multiplication by 7. Then we know that
dy : C — C satisfies 95 o 9y = 0, that is, (C, 9) is a chain complex. Moreover, as

vector spaces over Z,, we obtain

Ker(8~J : 6,- — 6,-_1)
Im@; : Ciy1 — C)

HF; moas, (L) = H;(C, ;) = Vi € Z)

and

Ker(8~J :C — 5)

H(C,d;) = o T
(€. 3,) Im@, :C — C)

=P H(C,0)=HF(L)®z, A.
ieZ
For each p € Z, set
A, =a c A

k<p

and define B
FrC:=C'®A,.

Then we have an increasing filtration on C= U FPC:
PEZL

-~-CF716CF0’CVC---CFPGCFP+15C---
For each p, [ € Z, define

Fré;:=FrCnC =l @A
k<p

Then for each [ € Z we have the increasing filtration on 51 = U FP 51
PEZ

"'CF_IE/;]CF()GIC"'CFpazCFP+161C"'

—n

~ / ~ o~ [
which satisfies F7C; = {0} for any p < and FPC; = C; for any p > >
L L

And for each p € Z, FPC has a grading

Fre =@ Frée.
leZ
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For each p € Z with p > L,
X

Ker(d; : FPC; — FPCi_y)

Im(8~] : FPE[H — Fpai)

Ker(d, : FC; — FCi_y) .

" Im@, : FC ~ = H;(C,3;) = HF; noazx, (L
Im@d; : FCipy — FC)) (€, 97) od z, (L)

H;(F"C,d;) =

and — - _
. Ker(0; : FPC — FPC)

~ Im(d, : F*C — FrC)

=@ Hi(FrC.d))

i€’

P H(FrC.anpe P Hi(FPC.a))
i<pXp prr<i

P wvC.oane €  HEC.H)
i<pXp pXL<i<pXr+n

=P HF waz, ()& P HF'C.E)).

i<pXyL pXL<i<pXr+n

H(F"C,d;)

For each p € Z, since (F PC = @ F? a, 8~J) is a graded filtered complex with
leZ
filtration {- - - C E”_ZC C~F1’"C C FPC} and for each [ € Z the filtration {- - - C
FP=2C, C FP~1C, C FC,} has finite length, there exists a spectral sequence which
converges to H,(FPC, dy) (cf. Bott-Tu [2, p. 160, Theorem 14.6]). The following
spectral sequence {E!™?, d,.} converging to H F (L) was constructed by Biran [1]:

(1)

EVI=Cl 5 ®APT dy=[%]® 1,
2
El" = Hpig ps, (L. 7o) @ AP", dy =[01®@T >,
where

[(01] : Hpyy—ps, (L: Zo) — Hppy1-p—1y5, (L; Z2)

is induced by the operator 9;.
(3) For each r > 1, EF'? has the form E/"? = V79 @ AP*t and

_ —rX . s —r,q+r—1
d, =68, QT "> . EP4 — Ep=ratr=l

q , —rg+r—1
where each V,”7 is a vector space over Z, and 8, : V" — V7" are

homomorphisms defined for all p, g satisfying , o §, = 0. Moreover, it holds
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Ker(s, : VP9 — ypratr=ly

pa _
r+l Im(s, : p+rq —r+l N Vp q) '
In particular, we have V)" = C1{+q pEL VI = Hyiyops, (L; Zo), 81 = [01].
(4) E/? collapsesto E} ), = EVY, = - = EL at (v + 1)-stepand foreach p € Z
it holds
@Eggq ~HF(L)®z, A
qeL
dimL +1
where we know that v = | — |.
X

Damian [3] provided the theory of the lifted Floer homology H F L (L) for an arbi-
trary covering L — L. Let p : L — L be a covering map of a compact Lagrangian
submanifold L embedded in M. We need to assume that L is monotone with N; > 3.
By lifting to the covering space L all data on L necessary to define the Floer homol-
ogy HF(L), Damian defined the lifted Floer complex C FL and the lifted Floer
homology H FX(L) of L. The Hamiltonian invariance of the lifted Floer homology
also holds. Moreover he constructed the spectral sequence converging to H F-(L)
with the Morse homology of L as the first step. Note that the lifted Floer homol-
ogy HF(L) is not well-defined in the case of X, = 2. See [3] for the details. By
definition the non-vanishing of the lifted Floer homology H F (L) also implies the
Hamiltonian non-displaceability of L. However there seems to be no direct relation-
ship between the original Floer homology and the lifted Floer homology.

4 Floer Homology and Lifted Floer Homology of Gauss
Images of Isoparametric Hypersurfaces

Suppose that L" = 4 (N") C Q,(C) is the Guass image of an isoparametric hyper-
surface N" in §"*! with g distinct principal curvatures and multiplicities (1, m,).

dimL + 1 n+1)g
= , we get
EL 2n

Since it follows from Theorem 1 (3) that v = |:

Lemma 1 ([11]) For each p, q € Z it holds

(0) EV? = EL? (v=0)ifand onlyifg =1 andn > 2.

(1) qu EX'"(v=1) if and only if (g, n) = (1,1), g =2 or (g, m, my) =
(322) (3,4,4), (3,8, 8).

(2) E{? =EL? (v=2)ifand only if (g, mi,mp) = (3,1,1) or g = 4.

(3) E’”’ ELY (v = 3) ifand only if (g, m1, m>) = (6,1, 1) or (6,2, 2).

In the case when g = 1 or g = 2, since the Gauss image of isoparametric hyper-
surfaces are nothing but real forms of complex hyperquadrics, it is well-known that
HF(L) = H.(L; Z,) [10, 19].
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In the case when g = 3, that is, N" is a Cartan hypersurface, we proved

Lemma 2 ([11]) The Gauss image of L" = 4 (N") of each isoparametric hypersur-
Sface with g = 3 is a Z,-homology sphere (i.e. H,(L"; Z,) = 0 for each0 < k <n)
satisfying Hi(L"; 7)) = Z3.

The Gauss images of Cartan hypersurfaces provide new examples of Lagrangian
Z,-homology spheres embedded in compact Hermitian symmetric spaces.

This result is quite essential for the proof of main theorem [11] in the case when
g=3.Wheng=3andm =m; =m, =2,4o0r 8 by Lemma 1 we have v = 1. By
Lemma 2 the spectral sequence

[01] : Hpyg—omp(L; Z2) = Hpyqomprom—1(L; Z2),

namely
[01]: He(L; Zo) = Hipom—1(L; Zo) (k=0,1,...,n)

implies [0;] = 0, because we see that, Hy(L; Z,) = {0} or Hyjom—1(L; Zy) = {0}
since L is a Z,-homology sphere. Thus d; = 0. The spectral sequence becomes

C Ker((d]: VP - vy

Y =Vl = _px, (L Zn).
Im(8,]: v/ = yay ! praTp

and ER? = Ey = VI @ AP*t = H, 5, (L; Zy) ® AP*L. Hence we obtain

HF(L) = @ ER9 = @ EPY = @ Hyigps, (L; 7o) ® AP* = H(L; 7).
= =/ g€z

Concerned with the lifted Floer homology to 4 : N — L = ¢4 (N), similarly using
Damian’s spectral sequence and the homological data of isoparametric hypersurfaces
N [16] we obtain HFY (L) = H.(N; 7).

Theorem 4 (IMMO [11]) In the case when g =3 and m = my = my = 2,4 or 8§,
the Floer homology H F (L) (resp. the lifted Floer homology H FN (L)) is isomorphic
to H.(L; Z5) (resp. Hi(N; Z3)).

In particular, H F(L) # {0} and thus we see that for any ¢ € Haml(Q, (C), wgq)
with L th ¢ (L), it holds (L N ¢ (L)) > rank H.(L"; Z;) = 2.

In the case when g = 4 or 6, we use homological data on isoparametric hyper-
surfaces N” [16] and the spectral sequence for the lifted Floer homology H F%(L)
applied to the coveringmap ¥ : L = N — L = %(N) (Damian [3]) in order to dis-
cuss the non-vanishing of the lifted Floer homology.

Theorem 5 (IMMO [11]) In the case when g = 4 or g = 6 except for the remaining
three cases as below, the lifted Floer homology HF™ (L) is non-zero:
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(g.n,mi,my)=(3,3,1,1),  N=3292,
(g, n,my,my) = (4, 2k +2,1,k), N = S9Z=E0ED (k > 1),
(g.n,my,my) = (6,6, 1, 1), N =390,

Notice that (g,n,m;,mp)=(1,1,1,-),(2,2,1,1),(3,3,1,1),(4,4,1,1) or
(6,6,1,1) if and only if the minimal Maslov number of the Gauss image L of
isoparametric hypersurface has X; = 2, then any lifted Floer homology H FX (L) is
not well-defined.

Problem 1 Determine whether the lifted Floer homology H F L (L) is nonzero or not
in the case when (g, n, my,my) = (4,2k +2,1,k) (k > 2) (then ¥y =k + 1 > 3).

Problem 2 Determine whether the Floer homology H F (L) is nonzero or not in
the case when (g, n, m;, mp) = (3,3, 1, 1), (4,4, 1, 1) or (6,6, 1, 1) (then ¥} = 2).
When is the Floer homology H F (L) isomorphic to H.(L; Z)?

More generally we should pose the following problem as our goal:

Problem 3 Determine explicitly the Floer homology H F (L) of the Gauss images
of isoparametric hypersurfaces in the case when (g, m) = (3, 1), g =4 or g = 6.

Since the Floer homology is based on the Mores homology, it is quite natural to
study the following problems:

Problem 4 Determine explicitly the homology H F,(L; Z,) of the Gauss images of
isoparametric hypersurfaces in the case when g =4 or g = 6.

Problem 5 Construct concretely the Morse homology of the Gauss images of
isoparametric hypersurfaces in the case when g = 3,4 or g = 6.
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On the Pointwise Slant Submanifolds

Kwang-Soon Park

Abstract In this survey paper, we consider several kinds of submanifolds in Rie-
mannian manifolds, which are obtained by many authors. (i.e., slant submanifolds,
pointwise slant submanifolds, semi-slant submanifolds, pointwise semi-slant sub-
manifolds, pointwise almost h-slant submanifolds, pointwise almost h-semi-slant
submanifolds, etc.) And we deal with some results, which are obtained by many
authors at this area. Finally, we give some open problems at this area.

1 Introduction

Given a Riemannian manifold (M, g) with some additional structures, there are
several kinds of submanifolds:

(Almost) complex submanifolds, totally real submanifolds, slant submanifolds,
pointwise slant submanifolds, semi-slant submanifolds, pointwise semi-slant sub-
manifolds, etc.

In 1990, Chen [3] defined the notion of slant submanifolds of an almost Her-
mitian manifold as a generalization of almost complex submanifolds and totally real
submanifolds.

In 1994, Papaghiuc [7] introduced a semi-slant submanifold of an almost Her-
mitian manifold as a generalization of CR-submanifolds and slant submanifolds.

In 1996, Lotta [6] introduced a slant submanifold of an almost contact metric
manifold.

In 1998, Etayo [5] defined the notion of pointwise slant submanifolds of an almost
Hermitian manifold under the name of quasi-slant submanifolds as a generalization
of slant submanifolds.

In 1999, Cabrerizo, Carriazo, Fernandez, Fernandez [2] defined the notion of
semi-slant submanifolds of an almost contact metric manifold.
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In 2012, Chen and Garay [4] studied deeply pointwise slant submanifolds of an
almost Hermitian manifold.

In 2013, Sahin [10] introduced pointwise semi-slant submanifolds of an almost
Hermitian manifold.

In 2014, Park [8] defined the notion of pointwise almost h-slant submanifolds and
pointwise almost h-semi-slant submanifolds of an almost quaternionic Hermitian
manifold.

In 2015, Park [9] introduced pointwise slant and pointwise semi-slant submani-
folds of an almost contact metric manifold.

In this paper, we consider some results, which are obtained by many authors at
this area. And we give some open problems at this area.

2 Preliminaries

Let (M, g, J) be an almost Hermitian manifold, where M is a C*-manifold, g is
a Riemannian metric on M, and J is an almost complex structure on M which is
compatible with g.

Le., J € End(TM), J?> = —id, g(JX,JY) = g(X,Y) for X, Y € '(TM).

Let M be a submanifold of M = (M, g, J). We have the following notions.

We call M an almost complex submanifold of M if J(T,M) C T, M for x € M.

The submanifold M is said to be a totally real submanifold if J(T,M) C T, M+
forx e M.

The submanifold M is called a CR-submanifold if there exists a distribution 2 C
T M on M such that J(Z,) = 9, and J(Z}) C T,M* forx € M, where 2 is the
orthogonal complement of Z in T M.

The almost Hermitian manifold M = (M, g, J) is said to be Kdahlerif VJ =0,
where V is the Levi-Civita connection of g.

Now we recall other notions. Let N be a (2n + 1)-dimensional C*°-manifold with
a tensor field ¢ of type (1, 1), a vector field &, and a 1-form n such that

P*=—-1+n®E& nE) =1, (1)

where I denotes the identity endomorphism of 7 N.
Then we have [1]
$p& =0, nog¢=0. )

And we call (¢, &, n) an almost contact structure and (N, ¢, &, n) an almost
contact manifold.
If there is a Riemannian metric g on N such that

g@X, ¢Y) =g(X,Y) — n(X)n(¥) 3)
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for X,Y € I'(TN), then we call (¢, &, , g) an almost contact metric structure and
(N, ¢, &, n, g) an almost contact metric manifold.

The metric g is called a compatible metric.

Then we obtain

n(X) = g(X,$§). 4)

Define @(X,Y) :=g(X,¢Y) for X, Y € I'(TN).

Since ¢ is anti-symmetric with respect to g, the tensor @ is a 2-form on N and is
called the fundamental 2-form of the almost contact metric structure (¢, &, n, g).

An almost contact metric manifold (N, ¢, &, n, g) is said to be a contact metric
manifold (or almost Sasakian manifold) if it satisfies

@ =dn. (5)
It is easy to check that given a contact metric manifold (N, ¢, &, n, g), we get
dn)" An #0. (6)
The Nijenhuis tensor of a tensor field ¢ is defined by
N(X,Y) :=¢’[X, Y]+ [$X, pY] — $[¢X, Y] — $[X, ¢V ] (N

for X,Y e I'(TN).
We call the almost contact metric structure (¢, &, 1, g) normal if

N(X,Y)+2dn(X,Y)§ =0 ®)

for X,Y e '(TN).

A contact metric manifold (N, ¢, &, n, g) is said to be a K-contact manifold if
the characteristic vector field & is Killing.

It is well-known that for a contact metric manifold (N, ¢, &, n, g), £ is Killing if
and only if the tensor h= %Lgd) vanishes, where L denotes the Lie derivative [1].

An almost contact metric manifold (N, ¢, &, n, g) is called a Sasakian manifold
if it is contact and normal.

Given an almost contact metric manifold (N, ¢, &, n, g), we know that it is
Sasakian if and only if

(Vx9)Y = g(X, V) —n(¥)X ©)

for X,Y e '(TN) [1].
If an almost contact metric manifold (N, ¢, &, 1, g) is Sasakian, then we have

VyéE =—¢X (10)

for X € I'(TN) [1].
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Moreover, a Sasakian manifold is a K -contact manifold [1].
An almost contact metric manifold (N, ¢, &, n, g) is said to be a Kenmotsu man-
ifold if it satisfies

(Vx9)Y = g(¢X, Y)§ —n(Y)pX Y

for X,Y e I'(TN) [1].
Then we easily obtain o
Vx§ =X —n(X)§ (12)

for X e '(TN) [1].

An almost contact metric manifold (N, ¢, &, n, g) is called an almost cosymplectic
manifold if n and @ are closed.

An almost cosymplectic manifold (N, ¢, &, n, g) is said to be a cosymplectic
manifold if it is normal.

Given an almost contact metric manifold (N, ¢, &, n, g), we also know that it is
cosymplectic if and only if ¢ is parallel (i.e., V¢ = 0) [1].

Given a cosymplectic manifold (N, ¢, &, n, g), we easily get

V¢ =0, V=0, and V& = 0. (13)

Lety be a 4m-dimensional C“—nilnifold and let E be a rank 3 subbundle of
End(T M) such that for any point p € M with a neighborhood U, there exists a local
basis {J;, J», J3} of sections of E on U satisfying for all ¢ € {1, 2, 3}

2 N
Jy=—id, JoJus1 = —Jos1do = Juyo,

where the indices are taken from {1, 2, 3} modulo 3.

Then we call E an almost quaternionic structure on M and (M, E) an almost
quaternionic manifold.

Moreover, let g be a Riemannian metric on M such that for any point p € M
with a neighborhood U, there exists a local basis {J;, J», J3} of sections of £ on U
satisfying for all @ € {1, 2, 3}

J(f = —ld, JO(JOH-l = _Ja+l-]o[ = Ja+2> (14)
8(JuX, JoY) =g(X,Y) 15)

for X, Y € I'(T M), where the indices are taken from {1, 2, 3} modulo 3.

Then we call (M, E, g) an almost quaternionic Hermitian manifold.

Conveniently, the above basis {J;, J», J3} satisfying (14) and (15) is said to be a
quaternionic Hermitian basis.

Let (ﬁ, E, g) be an almost quaternionic Hermitian manifold.

We call (M, E, g) a quaternionic Kéhler manifold if there exist locally defined
1-forms w1, w;, w3 such that for o € {1, 2, 3}
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VXJot = wa+2(X)Jot+1 — Wy+1 (X)Jot+2

for X € I'(T'M), where the indices are taken from {1, 2, 3} modulo 3.

If there exists a global parallel quaternionic Hermitian basis {J;, J,, J3} of sections
of Eon M (i.e.,, VJ, =0 for @ € {1, 2, 3}, where V is the Levi-Civita connection
of the metric g), then (M, E, g) is said to be a hyperkéihler manifold.

Furthermore, we call (Ji, J», J3, g) a hyperkdhler structure on M and g a hyper-
kéhler metric.

Let M = (M, E, g) be an almost quaternionic Hermitian manifold and M a sub-
manifold of M.

We call M a QR-submanifold (quaternionic-real submanifold) of M if there exists
a vector subbundle Z of T M~ on M such that given a local quaternionic Hermitian
basis {J;, J2, J3} of E, we have J,2 = 2 and J,(2%) C TM for o € {1, 2, 3},
where 2% is the orthogonal complement of Z in T M.

The submanifold M is said to be a quaternion CR-submanifold if there exists a
distribution 2 C TM on M such that given a local quaternionic Hermitian basis
{(J1, J2, J3} of E, we get J,2 = 2 and J,(2+) C TM* for a € {1, 2, 3}, where
9+ is the orthogonal complement of & in T M.

Throughout this paper, we will use the above notations.

3 Some Results

In this section, we consider some results at this area.

Let (H, g, J) be an almost Hermitian manifold and M a submanifold of M.

We call M a slant submanifold [3] of M if the angle & = 6(X) between J X and
the tangent space T, M is constant for nonzero X € T, M and any x € M.

Given X € I'(T M), we have

JX = PX + FX, (16)

where PX € I'(TM) and FX € I'(TM™).

Lemma 1 ([3]) Let M be a submanifold of an almost Hermitian manifold M.

Then V P = 0 ifand only if M is locally the Riemannian product My X - -- X My,
where each M; is either a Kdhler submanifold, a totally real submanifold, or a
Kdihlerian slant submanifold.

Theorem 1 ([3]) Let M be a surface in C* which is neither holomorphic nor totally
real.
Then M is a minimal slant surface if and only if VF = Q.

Let (M, g, J) be an almost Hermitian manifold and M a submanifold of M.
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The submanifold M is said to be a semi-slant submanifold [7] if there is a distri-
bution 2 C TM on M such that J(Z,) = 2, for x € M and the angle 8 = 6(X)
between JX and the space Z; is constant for nonzero X € Z;- and any x € M,
where 27 is the orthogonal complement of Z in T M.

Pﬂ)position 1 ([7]) Let M be a semi-slant submanifold of a Kdhler manifold
(M, g, J).

Then the complex distribution 9 is integrable if and only if we have h(X, JY) =
h(JX,Y)for X,Y € I'(D).

Let N = (N, ¢, &, n, g) be an almost contact metric manifold and M a subman-
ifold of N.

We call M a slant submanifold [6] of N if the angle # = 6(X) between ¢ X and
the tangent space 7, M is constant for nonzero X € T, M with X, & being linearly
independent and any x € M.

Given X € I'(T M), we write

X = PX + FX, (17)

where PX € I'(TM) and FX € I'(TM*%).

Theorem 2 ([6]) Let M be a m-dimensional slant submanifold of an almost contact
metric manifold N and suppose 6 # 7.
Then we have
m is even < & is orthogonal to N

mis odd < & istangentto N.

Theorem 3 ([6]) Let M be an immersed submanifold of a K-contact manifold N such
that the characteristic vector field & is tangent to M. Let 6 € [0, Z]. The following
statements are equivalent:

(a) M is slant in N with the slant angle 6.

(b) For any x € M the sectional curvature of any 2-plane of T, M containing &,
equals cos® 6.

Let (V, g, J) be an almost Hermitian manifold and M a submanifold of M.

The submanifold M is called a pointwise slant submanifold [4, 5] of M if at each
given point x € M, the angle § = 6(X) between J X and the tangent space T, M is
constant for nonzero X € T, M.

Proposition 2 ([S]) Let M be a pointwise slant submanifold of an almost Hermitian
manifold (M, g, J).
If M has odd dimension, then M is a totally real submanifold.

Theorem 4 ([S]) Let M be a submanifold of an almost Hermitian manifold
(M, g, J).

Then M is a pointwise slant submanifold if and only if Py is a homothety for
x eM.
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Theorem 5 ([S]) Let M be a pointwise slant complete totally geodesic submanifold
of a Kdiihler manifold (M, g, J).
Then M is a slant submanifold.

Define 2(X,Y) := g(X, PY)for X,Y € I'(TM).

Theorem 6 ([4]) Let M be a proper pointwise slant submanifold of a Kihler man-
ifold (M, g, J).

Then §2 is a non-degenerate closed 2-form on M.

Consequently, 2 defines a canonical cohomology class of §2:

[£2] € H*(M; R).

Theorem 7 ([4]) Let M be a compact 2n-dimensional differentiable manifold with
H*(M; R) =0 for somei € {1,...,n).

Then M cannot be immersed in any Kdhler manifold as a pointwise proper slant
submanifold.

Let N = (N, ¢, &, n, g) be an almost contact metric manifold and M a subman-
ifold of N.

We call M a semi-slant submanifold [2] of N if there is a distribution ¥ C TM
on M such that ¢ (Z,) = %, for x € M and the angle 8 = 6(X) between ¢ X and
the space Z;- is constant for nonzero X € Z:- with X, & being linearly independent
and any x € M, where 2 is the orthogonal complement of & in T M.

Theorem 8 ([2]) Let M be a submanifold of an almost contact metric manifold
N=(N,¢,&,n,g) suchthat§ € I'(TM).

Then M is semi-slant if and only if there exists a constant A € [0, 1) such that (i)
D ={X € TM|P*X = —\X} is a distribution. (ii) For any X € T M, orthogonal
toD, FX =0.

Furthermore, in this case, . = cos” 6, where 0 denotes the slant angle of M.

Let (M, g, J) be an almost Hermitian manifold and M a submanifold of M.

We call M a pointwise semi-slant submanifold [10] of M if there is a distribution
2 C TM on M such that J(Z,) = &, for x € M and at each given point x € M,
the angle & = 0(X) between J X and the space 2 is constant for nonzero X € 7,
where 2 is the orthogonal complement of Z in T M.

Theorem 9 ([10]) Let M be a Kiihler manifold.

Then there exist no non-trivial warped product submanifolds M = Mg x y Mt
of a Kiihler manifold M such that My is a holomorphic submanifold and My is a
proper pointwise slant submanifold of M.

Theorem 10 ([10]) Let M be an m + n-dimensional non-trivial warped product

pointwise semi-slant submanifold of the form Mt x5 Mg in a Kéhler manifold
M’Hzn, where Mt is a holomorphic submanifold and My is a proper pointwise

slant submanifold of M
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Then we have
(i) The squared norm of the second fundamental form of M satisfies

||R]* > 2n(csc? 6 + cot® 0)||V(In £)]|*, dim(Mp) = n. (18)

(ii) If the equality of (18) holds identically, then My is a totally geodesic submanifold
and My is a totally umbilical submanifold of M
—m-+2n

Moreover, M is a minimal submanifold of M .

Let(M, E, g) be an almost quaternionic Hermitian manifold and M a submanifold
of (M, g).

The submanifold M is called a pointwise almost h-slant submanifold [8] if given a
point p € M with a neighborhood V, there exist an open set U C M with U N M =
V and a quaternionic Hermitian basis {/, J, K} of sections of E on U such that for
each R € {1, J, K}, at each given point g € V the angle 8z = 6 (X) between RX
and the tangent space 7, M is constant for nonzero X € T, M.

We call such a basis {I, J, K} a pointwise almost h-slant basis and the angles
{61, 0,, 0k} almost h-slant functions as functions on V.

The submanifold M is called a pointwise almost h-semi-slant submanifold [8] if
given a point p € M with a neighborhood V/, there exist an open set U C M with
UNM =V and a quaternionic Hermitian basis {/, J, K} of sections of E on U
such that for each R € {I, J, K}, there is a distribution @lR C T M on V such that

™ = 98 © 28, R(2F) = 2F,

and at each given point ¢ € V the angle 6 = 6r(X) between RX and the space
(2%), is constant for nonzero X € (25),, where 5 is the orthogonal complement
of 72f inTM.

We call such abasis {1, J, K} apointwise almost h-semi-slant basis and the angles
{01, 0,0k} almost h-semi-slant functions as functions on V.

Let M be a pointwise almost h-semi-slant submanifold of a hyperkihler manifold
M, 1,7, K, g) such that {/, J, K} is a pointwise almost h-semi-slant basis. We call
M properif Og(p) € [0, L) forpe M and R € {I, J, K}.

Let M be a proper pointwise almost h-slant submanifold of a hyperkédhler manifold
(M, I,J,K,g)suchthat {I, J, K} is a pointwise almost h-slant basis.

Define

Q2r(X,Y) = g(@rX,Y) (19)

for X, Y e '(TM)and R € {1, J, K}.

Theorem 11 ([8]) Let M be a proper pointwise almost h-slant submanifold of a
hyperkdhler manifold (M, 1, J, K, g) such that {I, J, K} is a pointwise almost h-
slant basis. Then the 2-form $2g is closed for each R € {I, J, K}.
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Theorem 12 ([8]) Let M be a 2n-dimensional compact proper pointwise almost h-
slant submanifold of a 4m-dimensional hyperkihler manifold (M, I, J, K, g) such
that {1, J, K} is a pointwise almost h-slant basis.
Then
H*(M,R) 2 H, (20)

where H is the algebra spanned by {[$2;], [§2,], [2k 1}.

Theorem 13 ([8]) Let (M, I, J, K, g) be a hyperkiihler manifold. Then given R €
{1, J, K}, there do not exist any non-trivial warped product submanifolds M =
B x 7 F of a Kdihler manifold (M, R, g) such that B is a proper pointwise slant
submanifold of (M, R, g) and F is a holomorphic submanifold of (M, R, g).

Theorem 14 ([8]) Let M = B x ; F be a non-trivial warped product proper point-
wise h-semi-slant submanifold of a hyperkdihler manifold (M, I, J, K, g) such that
TB =2, TF =%, dimB =4n,, dim F = 2n,, dim M = 4m, 6;(p)6;(p)0x
(p) #O0forany p € M, and {1, J, K} is a pointwise h-semi-slant basis.

Assume that m = ny + n».

Then given R € {1, J, K}, we get

|1h]* = 4nay(cse® Bg + cot® 6x)| [V (In £)]]? 21

with equality holding if and only if g(h(V,W),Z) =0 for V, W € I'(TF) and
Z e ' (TM*Y).

Let N = (N, ¢,&,n, g) be a(2n + 1)-dimensional almost contact metric mani-
fold and M a submanifold of N.

The submanifold M is called a pointwise slant submanifold [9] if at each given
point p € M the angle 6 = 6(X) between ¢X and the space M, is constant for
nonzero X € M), where M, :={X e T,M | g(X,&(p)) = 0}.

The submanifold M is called a pointwise semi-slant submanifold [9] if there is a
distribution 2, C T M on M such that

T™M =9, ® 9,, ¢(%) C 9,

and at each given point p € M the angle & = 6(X) between ¢ X and the space (%),
is constant for nonzero X € (%) ,, where %, is the orthogonal complement of Z;
inTM.

Theorem 15 ([9]) Let M be a pointwise slant connected totally geodesic submani-
fold of a cosymplectic manifold (N, ¢, &, n, g).
Then M is a slant submanifold of N.

Theorem 16 ([9]) Let M be a 2m-dimensional compact proper pointwise slant
submanifold of a (2n + 1)-dimensional cosymplectic manifold (N, ¢, &, n, g) such
that & is normal to M.

Then [2] € H*(M, R) is non-vanishing.
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Theorem 17 ([9]) Let M be a (2m + 1)-dimensional compact proper pointwise
slant submanifold of a (2n 4 1)-dimensional cosymplectic manifold (N, ¢,&, 1, g)
such that & is tangent to M.

Then both [n] € H'(M, R) and [2] € H*(M, R) are non-vanishing.

Let M be a submanifold of a Riemannian manifold (N, g). We call M a totally
umbilic submanifold of (N, g) if

h(X,Y)=g(X,Y)H forX,Y e I'(TM), (22)

where H is the mean curvature vector field of M in N.

Lemma 2 ([9]) Let M be a pointwise semi-slant totally umbilic submanifold of an
almost contact metric manifold (N, ¢, &, 1, g).
Assume that & is tangent to M and N is one of the following three manifolds:
cosymplectic, Sasakian, Kenmotsu.
Then
H e I'(F2,). (23)

Theorem 18 ([9]) Let N = (N, ¢, &, n, g) be an almost contact metric manifold
and M = B x F a nontrivial warped product submanifold of N. Assume that & is
normal to M and N is one of the following three manifolds: cosymplectic, Sasakian,
Kenmotsu.

Then there does not exist a proper pointwise semi-slant submanifold M of N such
that 9, = TF and 9, = T B.

Theorem 19 ([9]) Let N = (N, ¢, &, n, g) be an almost contact metric manifold
and M = B x F a nontrivial warped product submanifold of N. Assume that & is
tangent to M and N is one of the following three manifolds: cosymplectic, Sasakian,
Kenmotsu.

Then there does not exist a proper pointwise semi-slant submanifold M of N such

that 2, = TF and 9, = T B.

Theorem 20 ([9]) LetM = B x¢ F be a m-dimensional nontrivial warped product
proper pointwise semi-slant submanifold of a (2n + 1)-dimensional Sasakian man-
ifold (N, ¢, &, n, g) with the semi-slant function 6 such that 9, = TB, 9, = TF,
and & is tangent to M.

Assume thatn = my + 2m,.

Then we have

[|h]1> > 4m>(csc® 0 + cot? 6)[|pV (In f)||*> + 4m, sin> O (24)

with equality holding if and only if g(h(Z, W), V) =0 for Z, W € I'(TF) and
Ver(rmM).
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Theorem 21 ([9]) LetM = B x ¢ F be a m-dimensional nontrivial warped product
proper pointwise semi-slant submanifold of a (2n 4 1)-dimensional cosymplectic
manifold (N, ¢, &, n, g) with the semi-slant function 6 such that 9, = TB, 9> =
TF, and & is tangent to M.

Assume that n = my + 2m,.

Then we have

|12]|* > 4my(csc® @ + cot® 0)[|¢V (In £)||? (25)

with equality holding if and only if g(h(Z, W), V) =0 for Z, W € I'(TF) and
Ver(rm).

Theorem 22 ([9])LetM = B x ¢ F be a m-dimensional nontrivial warped product
proper pointwise semi-slant submanifold of a (2n + 1)-dimensional Kenmotsu man-
ifold (N, ¢, &, n, g) with the semi-slant function 0 such that 9, = TB, 9, = T'F,
and & is normal to M with & € I'"(u).

Assume that n = m + 2m,.

Then we have

[|A]> = 4ma(csc? 6 + cot? 0)[|V(In £)|> + 2m, (26)

with equality holding if and only if g(h(Z, W), V) =0 for Z, W € I'(TF) and
Ve '(TM*4Y).

4 Open Questions

Question 1. Let M be a (pointwise) slant (or (pointwise) semi-slant) submanifold of
a Riemannian manifold (M, g) with some geometric structures.
Then

1. Give some examples of the manifold M when dim Ai > 3.
2. What kind of rigidity problems can we doon M C M?

Question 2. Let M be a pointwise almost h-semi-slant submanifold of an almost
quaternionic Hermitian manifold (M, E, g) with the almost h-semi-slant functions
{01,0,0k}.

Then

1. Can we give a characterization of the almost h-semi-slant functions {6;, 8, 6k }?

2. What kind of rigidity problems can we do on M C M?

3. Since the quaternionic Kéhler manifolds have applications in physics, what is the
relation between this notion and physics?

4. Using this notion, what are the advantages for studying quaternionic geometry?
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Question 3. Let M be a pointwise slant (or pointwise semi-slant) submanifold of an
almost contact metric manifold (N, ¢, &, n, g) with the slant (or semi-slant) func-
tion 6.

Then

1. Can we give a characterization of the slant (or semi-slant) function 6?
2. What kind of rigidity problems can we doon M C N?
3. Using these notions, what are the advantages for studying contact geometry?
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Riemannian Hilbert Manifolds

Leonardo Biliotti and Francesco Mercuri

Abstract In this article we collect results obtained by the authors jointly with other
authors and we discuss old and new ideas. In particular we discuss singularities of
the exponential map, completeness and homogeneity for Riemannian Hilbert quo-
tient manifolds. We also extend a Theorem due to Nomizu and Ozeki to infinite
dimensional Riemannian Hilbert manifolds.

1 Introduction

Let H be a Hilbert space. A Riemannian Hilbert manifold (M, (-, -)), RH manifold for
short, is a smooth manifold modeled on the Hilbert space H, equipped with an inner
product (-, -),, on any tangent space 7, M depending smoothly on p and defining on
T,M = H a norm equivalent to the one of H.

The local Riemannian geometry of RH manifolds goes in the same way as in the
finite dimensional case. We can prove, just like in the finite dimensional case, the ex-
istence and uniqueness of a symmetric connection, compatible with the Riemannian
metric, the Levi-Civita connection, characterized by the Koszul formula

2(VxY, Z) =X(Y,Z)+ Y{Z,X)—Z(X,Y)
+(X.,Y],Z) +([Z, X].Y) — ([Y, Z], X).
Hence we can define covariant differentiation of a vector field along a smooth curve,

parallel translation, geodesics, exponential map, the curvature tensor R, its sectional
curvature K etc., just like in the finite dimensional case (see [10, 18, 22] for details).

L. Biliotti ()

Dipartimento di Matematica e Informatica, Parco Area Delle Scienze 53/A, 43124
Parma, Italy

e-mail: leonardo.biliotti @unipr.it

F. Mercuri ()
Departamento de Matemdtica, IMECC, UNICAMP, C.P. 6065, Campinas, SP 13081-970, Brazil
e-mail: mercuri@ime.unicamp.br

© Springer Nature Singapore Pte Ltd. 2017 261
Y.J. Suh et al. (eds.), Hermitian—Grassmannian Submanifolds,

Springer Proceedings in Mathematics & Statistics 203,

DOI 10.1007/978-981-10-5556-0_22



262 L. Biliotti and F. Mercuri

The investigation of global properties in infinite dimensional geometry is harder
than in the finite dimensional case essentially because of the lack of local compact-
ness. For example, there exist complete RH manifolds with points that cannot be
connected by minimal geodesics, complete connected RH manifolds for which the
exponential map is not surjective etc. (see Sect.3). Moreover, on some RH mani-
folds one can construct finite geodesic segments containing infinitely many conjugate
points [13]. A complete description of conjugate points along finite geodesic segment
is given in [7] and similar questions have been studied in [3, 16, 17, 25-30].

The aim of this survey is to describe results obtained by the authors jointly with D.
Tausk, R. Exel and P. Piccione and others authors [1-7, 11, 13, 24]. We have tried to
avoid technical results in order to make the paper more readable also by non experts
in this field. The interested reader will find details and further results in papers and
books quoted in the bibliography.

This paper is organized as follows. In Sect.2, we investigate complete
Riemannian Hilbert manifolds. We extend a Theorem due to Nomizu and Ozeki
[31] to Riemannian Hilbert manifolds. We also investigate Hopf-Rinow manifolds,
i.e., Riemannian Hilbert manifolds such that there exists minimal geodesic between
any two points of M, properly discontinuous actions on Riemannian Hilbert man-
ifolds and homogeneity for Riemannian Hilbert quotient manifolds. We also point
out that if M has constant sectional curvature then completeness is equivalent to
geodesically completeness and there are not non trivial Clifford translations on a
Hadamard manifold. In Sect. 3, following the point of view used by Karcher [15],
we introduce the Jacobi flow, we discuss singularities of the exponential map and
the main result proved in [7].

2 Complete Riemannian Hilbert Manifolds

Let M be a RH manifold. If y : [a, b)] € R —> M is a piecewise smooth curve, the
length of y is defined, as in the finite dimensional case, L(y) = fab lv(¢)]|dt. Then,
if M is connected, we can define a distance function

d(p,q) =inf{L(y) : y is a piecewise smooth curve joining p and g}.

The function d is, in fact, a distance and induces the original topology of M [22, 33].

Definition 2.1 We will say that a RH manifold M is complete if it is complete as a
metric space.

Let M be a Hilbert manifold. A natural question is if there exists a Riemannian metric
(-, -) such that (M, (-, -)) is a complete RH manifold. McAlpin [24] proved that any
separable Hilbert manifold modeled on a separable Hilbert space can be embedded
as a closed submanifold of a separable Hilbert space. Hence, if f: M — H’ is
such an embedding, M, with the induced metric, is a complete RH manifold. The
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following result is an extension to the infinite dimensional case of a Theorem due to
Nomizu and Ozeki [31].

Theorem 2.1 Let (M, (-, -)) be a separable RH manifold modeled on a separable
Hilbert space. Then there exists a positive smooth function f : M —> R such that
(M, f(-,-)) is a complete RH manifold.

Proof Consider the geodesic ball B(p,¢) ={qg € M : d(p, q) < €}. By a result of
Ekeland [11] there exists ¢ > O such that B(p, ) is a complete metric space. We
define

r: M — R, r(p) = sup{r > 0: B(p, ¢) is a complete metric space}.

If r(p) = oo for some p € M then (M, (-, -)) is complete. Hence we may assume
r(p) < 4+ooforevery p € M. Weclaim|r(p) — r(q)| < d(p, g) and soitis acontin-
uous function. Indeed, if d(p, ¢) > max(r(p), r(q)) then the above inequality holds
true. Hence, we may assume without lost of generality that d(p, g) < r(p). Pick
0<e< M. The triangle inequality implies B(g, r(p) —d(p,q) — &) C
B(p,r(p) —¢) andso B(g,d(p,q) —r(p) —¢€) C B(p,r(p) —¢). Hence r(q) >
r(p) —d(p,q) and so |r(p) —r(q)| < d(p, q). Applying a result of [23], see also
[39], there exists a smooth function f : M — R such that f(x) > ﬁ for any
x € M. Pick (-, )/ (x) = f>(x)(-,-)(x). Then (M, (-, -)") is a RH manifold. We de-
note by d’ the distance defined by (-, -)’.

Let x,y € M and let y : [0, 1] — M be a piecewise smooth curve joining x
and y. We denote by L, respectively L', be the length of y with respect to (-, -),
respectively the length of y with respect to (-, -)’. Then

1
1
L = / ) y@), y®)*dt > f(y(©))L > ——L
0 r(y(c))

where 0 < ¢ < 1. Since r(y(c)) < r(x) +d(x, y(c)) <r(x)+ L, it follows L' >

r(x§+L' Therefore, as in [31], for any 0 < ¢ <1 and for any x € M, we get

BV (x, s-) is contained in B(x

rx)
’ 2—¢

ric space, with respect to d. We claim that B (x, %) is a complete metric space
with respect to d’ as well.

). Hence B¢ (x, ﬁ) is a complete met-

Let {x,},en be a Cauchy sequence of B¢ (x, %) with respect tod’. Let 0 < ¢ <
22—1. Then there exists n, such that for any n, m > n, we getd’(x,,, x,,) < fT' We claim
that if y : [0, 1] — M is a curve joining x, and x,,, for any n, m > n,, such that

L'(y) < 5, then y ([0, 1]) C B(x, #). Indeed, let ¢ € [0, 1]. Then

1

, , , , e & 1 1 _
dy@),x) =d(y@),xn) +d xn, xm) +d'(xm, x) < -+ -+ 5 < +e=

2 4 3 3 3—¢’
where ¢’ = %. Hence d'(y (), x) < ﬁ and so d(y (¢), x) < % < #.
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Now, L' > —L_ L for some 0 < ¢ < 1. Since d(y(c),x) < 3 it follows

@ e
r(y(e) 7)) +dx, y(©) <r(0) + 2 = KyandsoL' = g-L = z-d(x,, xn).

Hence d'(x,,, x,,) > KLd(x,,, Xp) and so {x, },>n, is a Cauchy sequence of B(x, #)

with respect to d. Therefore it converges proving B¢ (x, %) is complete with respect
tod’, forany x € M.
Let {x, },en be a Cauchy sequence with respect to the distance d’. Then there exists

n, such that x, € B (x,, %) for n > n,. Hence {x,},>,, is a Cauchy sequence of

Bt (xy,, 1) and so it converges.

Remark 1 In [31] the authors consider the function r(x) to be the supremum of
positive numbers r such that the neighborhood B(x, r) is relative compact. This
function does not work if M has infinite dimension due of the lack of the local

compactness. Moreover, in the finite dimensional case B¢ (x, %) is a complete

r(x)
2

In our case, we have to check directly that B¢ (x, %) is complete.

metric space with respect to d’ since it is contained in B(x, =5*) and so it is compact.

If M is a connected finite dimensional RH manifold, then M is complete if and only
if it is geodesically complete at some point p € M, i.e., there exists p € M such that
the maximal interval of definition of any geodesics starting at p is all of R and so the
exponential map exp,, is defined on all of 7}, M. This also implies that the exponential
map exp, is defined in all of 7, M for any ¢ € M and any two points can be joined
by a minimal geodesic. These facts are not true, in general, for infinite dimensional
RH manifolds. The following example is due to Grossman [13].

Example 2.1 Let H be a separable Hilbert space with an orthonormal basis {e;, i €
N}. consider

o] 00 1 2
M = ineieH:xlz—i—Z(l—lf) x?:l]
i=1 i=2

Then M is a complete RH manifold such that ¢; and —e; € M can be connected
by infinitely many geodesics but there are not a minimal geodesics between the two
points.

Remark 2 Atkin [1] modified the above example to construct a complete RH mani-
fold such that the exponential map at some point fails to be surjective.

On the other hand the following result holds.

Theorem 2.2 Let M be a complete RH manifold and p € M. Then the exponential
map exp,, is defined on all of T, M. Moreover; the set /), = {q € M : there exists a
unique minimal geodesic joining p and q } is dense in M

The first part of the Theorem can be proved as in the finite dimensional case. The
second part is a result due to Ekeland [11]. He proved .#), contained a countable
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intersection of open and dense subsets of M. By the Baire’s Theorem it follows .7,
is dense.

The next result proves that a RH manifold of constant sectional curvature which
is geodesically complete it is also complete.

Proposition 2.1 Let M be a RH manifold of constant sectional curvature K,. Then
M is a complete RH manifold if and only there exists p € M such that exp, is defined
inall of T,M.

Proof By Theorem?2.2, completeness implies geodesically completeness. Vice-
versa, if the sectional curvature is non positive then geodesic completeness is equiva-
lent to completeness. This is a consequence of a version of the Cartan—Hadamard The-
orem due to McAlpin [24] and Grossman [13, 22]. Hence we may assume K, > 0.

Let p € M and let S /& (T,M x R) the sphere of T,M x R of radius \/IIT) Let

N = (0, ﬁ) €SxpHxRyandletT : TyS /g (H x R) —> T, M be an isome-
try. By Proposition 3.1 and a Theorem of Cartan [18, Theorem 1.12.8], the map

F=exppoToexp;1 Sk H X R\ {-N} — M

is a local isometry. Let v € TyS /g (H x R) be a unit vector. Then y"(r) =
F(expy (tv)) isageodesicin M. Letg(v) = y" (). Itis easy to see that g (v) = g(w)
for any unit vector w € TS /- (H x R). Hence we may extend F : S sz (H x
R) —> M and it is easy to check that it is still an isometry. Since S & (H x R)
is complete, by [22, Theorem 6.9 p. 228] we get F is a Riemannian covering map,
and so F is surjective, and M is complete.

Definition 2.2 A Hopf-Rinow manifold is a complete RH manifold such that any
two points x, y € M can be joined by a minimal geodesic.

The unit sphere S (H) is Hopf—Rinow. The Stiefel manifolds of orthonormal p frames
in a Hilbert space H and the Grassmann manifolds of p subspaces of H are Hopf—
Rinow manifolds [5, 14]. These manifolds are homogeneous, i.e., the isometry group
acts transitively on M. It is easy to see that homogeneity implies completeness [5]
but it does not imply the existence of path of minimal length between two points.
We also point out that the isometry group of a complete RH manifold can be turned
in a Banach Lie group and its Lie algebra is given by the complete Killing vector
fields, i.e., vector fields X such that Lx (-, -) = 0. Moreover the natural action of the
isometry group on M is smooth (see [20]).

In [2, 5] properly isometric discontinuous actions on the unit sphere of a Hilbert
space H and on the Stiefel and Grassmannian manifolds are studied. We recall that a
group I" of isometries acts properly discontinuously on M if for any f € I, the con-
dition f(x) = x forsome x € M implies f = e and the orbit throughout any element
x € M is closed and discrete [21]. We completely classify properly discontinuous
actions of a finitely generated abelian group on the unit sphere of a separable Hilbert
space and we give new examples of complete RH manifolds, respectively Kéhler
RH manifolds, with non negative and non positive sectional curvature with infinite
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fundamental group, respectively with non negative holomorphic sectional curvature
with infinite fundamental group ([2, 5]). These new examples of RH manifolds are
Hopf-Rinow manifolds due the following simple fact.

Proposition 2.2 Let M be a Hopf—Rinow manifold. Let I be a group acting iso-
metrically and properly discontinuously on M. Then M /I" is also Hopf-Rinow.

Proof Since I' acts isometrically and properly discontinuously on M, it follows that
M /I admits a Riemannian metric such that M /I" is completeand 7 : M — M/I”
is a Riemannian covering map [2, 22]. Let p, g € M/I". Since I" acts properly dis-
continuously on M, then both 7 ~!(p) and w~!(g) are I'" orbits, and also closed
and discrete subsets of M [21]. Hence given z € w~'(p), there exists a unique
w € m~!(¢g) such that d(z, w) < d(r, s) for every r € 7' (p) and s € 7~ (q), i.e.,
d(z,w) =d@ ' (p), n’l(q)). Let y be a minimal geodesic joining z and w. We
claim that 7 o y is a minimal geodesic. Since 7 is a Riemannian covering map,
then d(p,q) < L(mw oy) = L(y) = d(z,w). On the other hand pick a sequence
¥ [0, 1] — M/TI" joining p and g such that lim, . 1~ L(y,) = d(p, g). Since
7 is a Riemannian covering map there exists a lift y, starting at z satisfying
L(y,) = L(¥y,). Therefore

L(y) = d(z,w) = L(yn) = d(p, 9),

andso L(r o y) =d(p, q).

In [5] we prove a homogeneity result for Riemannian Hilbert manifolds of constant
sectional curvature. In finite dimension this result was proved by Wolf [35, 38].
Anisometry ' : M —> M is called a Clifford translation if §  (x) = d(x, f(x))
is a constant function. As in the finite dimensional case, if M is a homogeneous
Riemannian manifold and I" a group acting on M isometrically and properly dis-
continuously on M, then M /I" is homogeneous if and only if the centralizer of I,
that we denote by Z(I"), acts transitively on M [5, 38]. In particular if M/I" is
homogeneous then any element g € I is a Clifford translation. Indeed,

d(x, g(x)) = d(h(x), hg(x)) = d(h(x), g(h(x))),

for any & € Z(I"). Hence if Z(I") acts transitively on M we get f is a Clifford
translation.

In the finite dimensional case, the homogeneity conjecture says that if M is a
homogeneous simply connected Riemannian manifold then M/I" is homogeneous
if and only if all the elements of I" are Clifford translations. We point out that
the conjecture is true for locally homogeneous symmetric spaces [36] and also for
locally homogeneous Finsler symmetric spaces [8]. In [5] we proved the homogeneity
conjecture for complete RH manifolds of constant sectional curvature. We leave
the investigation of locally homogeneous symmetric space of infinite dimension for
future investigation (see [9, 19, 22] for basic references of symmetric space in infinite
dimension.) The following result proves there are not non trivial Clifford translations
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on a Hadamard manifold, i.e., a simply connected Riemannian Hilbert manifold with
negative sectional curvature.

Proposition 2.3 Let M be a simply connected RH manifold of negative sectional
curvature. If f : M — M is a Clifford translation then f = Id.

Proof Assume f(p) # p for some p e M, hence for every p € M. By
Cartan—-Hadamard Theorem M is a Hopf-Rinow manifold and so by Lemma 5.2
p. 448 in [5], see also [32], f preserves the minimal geodesic, that we denote by y,
joining p and f(p). Let p € M and let 6 be a geodesic different from y,,. As in the
Proof of Theorem 1 p. 16 in [37], one can prove that the union yy( is a flat totally
geodesic surface which is a contradiction.

3 Jacobi Fields and Conjugate Points

Let M be a RH manifold and let y : [0, b)) — M be a geodesic with y(0) = p.
Without lost of generality we assume that y (1) = exp, (tv), with ||v|] = 1. A Jacobi
field along y is a smooth vector field J along y satisfying

Vi Vin I @) + R(y @), J(0))J (1) = 0.

In the sequel we will denote by J'(¢) the covariant derivative V) J (¢). If J; and J,
are Jacobi fields along y, then

(J{(1), ]2 (1)) — (J1(1), J4(t)) = Constant. (1)

This formula is due to Ambrose (see [22]). The Jacobi field along y satisfying
J(0) =0 and J'(0) = V;;J(0) = w is given by J(t) = (d exp, ) (fw). Hence
(dexp,)y(w) = 0 if and only if there exists a Jacobi field J along y (¢) such that
J(O)=0and J(1) = 0.

In infinite dimension there exist two types of singularities of the exponential map.

Definition 3.1 We will say that ¢ = y(¢,), ¢, € (0, b), is

e monoconjugate to p along y if (dexp,),,, is not injective,
e ¢piconjugate, to p along y if (dexp,,),,, is not surjective.

We also say g = y (1,) is conjugate of p along y if (d exp,,),,, is not an isomorphism
and ¢, € (0, b) is a conjugate, monoconjugate, respectively epiconjugate instant if
y (t,) is conjugate, monoconjugate, respectively epiconjugate of p along y.

Lett) : T,(yM —> T, ;)M be the isometry between the tangent spaces given by
the parallel transport along the geodesic y. The following result is easy to check.
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Lemmal IfV : [0,b) —> T, M, then Vi ty(V (1)) = ti(V(1)).

By the above Lemma, a Jacobi field along y such that J(0) =0 is given by
J(t) = t{(T(t)(V)), where V € T,M, and T(¢) is a family of endomorphism of
T, M satisfying
T"(@t) + R(T(1)) =0;
[ T0)=0, T'0) =1d,

where R; : T,M —> T, M is a one parameter family od endomorphism of 7, M
defined by R, (X) = t,O(R(r(ﬁ (X), y(1))y(2)). We call the above differential equation
the Jacobi flow of y.

Example 3.1 Assume that M is a RH manifold with constant sectional curvature
K,. Then
smh(f_d[;K,)W Ko <0
T®y(w) = tw K,=0

/T g,

Karcher used the Jacobi flow to get Jacobi fields estimates [15]. By standard proper-
ties of the curvature, it follows R; is a symmetric endomorphism of T, M. Since
oT()=1t(d expp)w we may thus equivalently state the definitions of mono-
conjugate, epiconjugate in terms of injectivity, respectively surjectivity of T'(¢).
Moreover, conjugate instants are also discussed in terms of Lagrangian curves [7].
Indeed, the Hilbert space T,M x T,M has a natural symplectic structure given
by w((X,Y),(Z, W)) = (X, W) — (Y, Z). It is easy to check that ¥ (t) : T,M x
TyM — T,M x T,M definedby ¥ (¢)(X,Y) = (rtO(J(t)), rtO(J’(t))),where J(1)
is the Jacobi field along y such that J(0) = X and J'(0) = Y, is a symplectomor-
phism of (T,M x T,M, w). Then E; = ®,({0} x T,M) is a curve of Lagrangian
subspaces of T, M x T, M.Moreovert, € (0, b) is amonoconjugate instant, respec-
tively a epiconjugate instant, if and only if E; N ({0} x T, M) # {0}, respectively if
and only if E;, + ({0} x T,M) #T,M x T,M.

Let t, € (0, b). We compute the transpose of 7'(z,). Let J, () = (T (r)(v)) and
let u € T,M. Let J, be the Jacobi field along the geodesic y such that J»(%,) =
0, Vyuyh(t,) = ‘C(;”(Lt). By (1), we have (J,(1,), J;(t,)) = (J{(0), J»(0)) and so
(T (t,)(v), u) = (v, ) (2(t))). Let ¥(1) = y (t, — 1) and let

to

T"(t) + R(T (1)) =0;
T0) =0, T'(0) = id,

be the Jacobi flow along . Summing up we have proved that 7*(¢,) = rl(: o f"(to) o

o7,. As a corollary, keeping in mind Example 3.1, we get the following result.

Proposition 3.1 The kernel of T (t,) and the kernel of T*(t,) are isomorphic. Hence
a monoconjugate point is also epiconjugate. Moreover, if M has constant sectional



Riemannian Hilbert Manifolds 269

curvature K, then T (t) is an isomorphism for any t > 0 whether K, < 0, and T (t)
T

is an isomorphism for 0 <t < T whether K, > 0.
The above result was proven by McAlpin [24] and Grossmann in [13]. Since both
Rauch and Berger Comparison Theorems work for RH manifolds [4, 22], they also
work for a weak Riemannian Hilbert manifold [3], the second part of Proposition
3.1 holds for any RH manifold with negative sectional curvature and for any RH
manifold with sectional curvature bounded above for a constant K, > 0.
Proposition 3.1 implies that if Im 7'(#,) is closed then monoconjugate implies
epiconjugate and vice-versa. This holds, for example, if exp,, is Fredholm. We recall
that a smooth map between Hilbert manifolds f : M — N is called Fredholm if for
each p € M the derivative (df), : T,M — Ty, N is aFredholm operator. If M is
connected then the ind (df'), is independent of p, and one defines the index of f by
setting ind(f) = ind(df), (see [12, 34]). Misiolek proved that the exponential map
of a free loop space with its natural Riemannian metric is Fredholm [27]. Misiolek
also pointed out that if the curvature is a compact operator, i.e., for any X € T, M,
the map Z — R(Z, X)X is a compact operator, then 7 (¢) is Fredholm of index zero
and so the exponential map is Fredholm as well [28]. Indeed,

' h
T(t)=1tIld —/ (/ R.Y(T(s))ds) dh
0 0

andso 7' (t) = t1d + K (t) where K (¢) is acompact operator. Hence T (¢) is Fredholm
[34] and so exp » is Fredholm.

It is convenient to introduce the notion of strictly epiconjugate instant, to denote
an instant ¢ € ]0, b[ for which the range of T (¢) fails to be closed. Unlike finite-
dimensional Riemannian geometry, conjugate instants can accumulate. The classical
example of this phenomenon is given by an infinite dimensional ellipsoid in £> whose
axes form a non discrete subset of the real line given by Grossman ([13]).

Let M ={x € €?: x} + x3 + >25(1 — H)*x? = 1}. M is a closed submani-
fold of ¢? and the curve y (t) = coste; + sinte, isa geodesic of M since it is the
set of fixed points of the isometry

o0 o0
F(iné’i) =Xxje; + x2e7 + Z(—Xi)ei-
i—1 i=3

Forany k >3, Ex = {x} + x3 + (1—)*7 =1} M is a totally geodesic
submanifold of M since it is the fixed points set of the isometry F (Z?L xje;) =
xXiey — xaep + xpex + 223,i¢k(—xi)€i~ Hence K(y(s),ex) =(1— %)2, Ji(t) =
sin(¢(1 — %))ek is the Jacobi field along y satisfying J(0) =0 and J'(0) = ¢.
Consider g; = k"T”] Then ¢g; is a sequence of monoconjugate instant such that
limg,, 0 gx = 7. We claim that —e; = y (;r) is a strictly epiconjugate point. Indeed,
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o0 ) k—1
T () €2+Zbk6‘k :ez—i-Zbksin ((T) 7T) ey
k=3 k=3

which implies T (;r) is injective. On the other hand 2:’23 %ek does not lie in Im 7 ()

andso y (1) is strictly epiconjugate. Indeed if - %ek € Im T () then > ;2 , %ek =

~ b sin((1 — +)m)e, and so — sin(7r +)b;, = 5. Hence
i3 bisin((1 — 1)) and in(7 )b = ;. H
. . . 1
lim by =— lim ksin{n—)=—-7
kt——+00 k—+o00 k

which is a contradiction. Hence y (;7) is a strictly epiconjugate point along y and it
is an accumulation point of sequence of monoconjugate points.

In [7] the authors give a complete characterization of the conjugate instants along
a geodesic. In particular the set of conjugate instants is closed and the set of strictly
epiconjugate points are limit of conjugate points as before. Hence if there is no
strictly epiconjugate instant along y then the set of conjugate instants along any
compact segment of y is finite. Under these circumstances a Morse Index Theorem
for geodesics in RH manifolds holds true.
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Real Hypersurfaces in Hermitian Symmetric
Space of Rank Two with Killing Shape
Operator

Ji-Eun Jang, Young Jin Suh and Changhwa Woo

Abstract We have considered a new notion of the shape operator A satisfies Killing
tensor type for real hypersurfaces M in complex Grassmannians of rank two.
With this notion we prove the non-existence of real hypersurfaces M in complex
Grassmannians of rank two.

1 Introduction

A typical example of Hermitian symmetry spaces of rank two is the complex two-
plane Grassmannian G,(C"*?) defined by the set of all complex two-dimensional
linear subspaces in C”*2. Another one is complex hyperbolic two-plane
Grassmannians SU, ,, /S (U-U,,) the set of all complex two-dimensional linear sub-
spaces in indefinite complex Euclidean space C'z'”z.

Characterizing model spaces of real hypersurfaces under certain geometric con-
ditions is one of our main interests in the classification theory in complex two-
plane Grassmannians G,(C"*2) or complex hyperbolic two-plane Grassmannians
SU;,m/S(Uz-U,y,). In this paper, we use the same geometric condition on real hyper-
surfaces in SU, ,,/S(Uz-U,y,) as used in G,(C"*2) to compare the results.

G>(C"™?) = SU»4,, /S(U,-Uy,) has a compact transitive group SUj.,, how-
ever SU,,,/S(Uy-U,,) has a noncompact indefinite transitive group SU, ,. This
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distinction gives various remarkable results. Riemannian symmetric space
SU, m/S(Uz-U,,) has a remarkable geometrical structure. It is the unique noncom-
pact, Kéhler, irreducible, quaternionic Kéhler manifold with negative curvature.

Suppose that M is a real hypersurface in GL(C"2) (or S Uy m/S(Us-Uy)). Let N
be a local unit normal vector field of M in G,(C™*?) (or SU».m/S(U>-Uy)). Since
G, (C™2)(or S U,/ S(U,-Uy)) has the Kihler structure J, we may define the Reeb
vector field ¢ = —JN and a one dimensional distribution [£] = €+ where € denotes
the orthogonal complement in 7, M, x € M, of the Reeb vector field £. The Reeb
vector field & is said to be Hopf if € (or €*) is invariant under the shape operator
A of M. The one dimensional foliation of M defined by the integral curves of & is
said to be a Hopf foliation of M. We say that M is a Hopf hypersurface if and only
if the Hopf foliation of M is totally geodesic. By the formulas in [5, Sect. 2], it can
be checked that & is Hopf vector field if and only if M is Hopf hypersurface.

From the quaternionic Kihler structure J of G,(C"*?) (or SUs.,,/S(Us-Up)),
there naturally exist almost contact 3-structure vector fields £, = —J,N,v = 1,2, 3.
Put 2% = Span{&,, &, &}. It is a 3-dimensional distribution in the tangent bundle
TM of M. In addition, we denoted by 2 the orthogonal complement of 2+ in TM.
It is the quaternionic maximal subbundle of 7M. Thus the tangent bundle of M is
expressed as a direct sum of 2 and 2.

For any geodesic y in M, a (1,1) type tensor field T is said to be Killing if 7y is
parallel displacement along y, which gives 0 = V,(Ty) = (V; T)y + T(V,y) =
(V,T)y. Thatis, (VxT)X = 0O for any tangent vector field X on M (see [2]).

0=VxuD)(X+Y)
= (VxT)X + (VxT)Y + (VyT)X + (VyT)Y
— (VxT)Y + (VyTHX

for any vector fields X and Y on M.

Thus the Killing tensor field 7 is equivalent to (VxT)Y + (VyT)X = 0.

From this notion, in this paper we consider a new condition related to the shape
operator A of M defined in such a way that

(VxA)Y + (VyA)X =0 (C-1)

for any vector fields X on M.

In this paper, we give a complete classification for real hypersurfaces in M
(GL(C"+2) or SU.m/S(Uy-Uy)) with Killing shape operator. In order to do it, we
consider a problem related to the following:

Theorem 1 There does not exist any real hypersurface in M complex Grassmannians
of rank two, m > 3, with Killing shape operator.

Since the notion of Killing tensor field is weaker than the notion of parallel tensor
field, by Theorem 1, we naturally have the following:
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quotation There does not exist any real hypersurface in G,(C"*2), m > 3,
with parallel shape operator (see [11]).
On the other hand, by virtue of Theorem 2 we can assert the following:

Corollary 1 There does not exist any hypersurface in SU; ,,, / S(Up-U,,), m > 3 with
parallel shape operator.

2 Riemannian Geometry of G,(C™*?)

In this section we summarize basic material about G,(C”*?2), for details we refer to
[5, 6, 11, 12]. The complex two-plane Grassmannian G,(C"*2) is defined by the set
of all complex two-dimensional linear subspaces in C"*+2. The special unitary group
G = SU(m + 2) acts transitively on G,(C™*2) with stabilizer isomorphic to K =
S(U(2) x U(m)) C G. Then G,(C"™*?) can be identified with the homogeneous
space G/K, which we equip with the unique analytic structure for which the natural
action of G on G,(C™*?) becomes analytic. Denote by g and & the Lie algebra
of G and K, respectively, and by m the orthogonal complement of € in g with
respect to the Cartan-Killing form B of g. Then g = £ & m is an Ad(K)-invariant
reductive decomposition of g. We put 0 = ¢K and identify 7,G,(C"*?) with m in
the usual manner. Since B is negative definite on g, its negative restricted to m x m
yields a positive definite inner product on m. By Ad(K)-invariance of B, this inner
product can be extended to a G-invariant Riemannian metric g on G,(C"*+?). In this
way, G»(C"*?) becomes a Riemannian homogeneous space, even a Riemannian
symmetric space. For computational reasons we normalize g such that the maximal
sectional curvature of (G,(C"*?), g) is eight.

When m = 1, G,(C?) is isometric to the two-dimensional complex projective
space CP? with constant holomorphic sectional curvature eight.

When m = 2, we note that the isomorphism Spin(6) >~ SU (4) yields an isom-
etry between G,(C*) and the real Grassmann manifold G2+ (R%) of oriented two-
dimensional linear subspaces in RO. In this paper, we will assume m>3.

The Lie algebra £ of K has the direct sum decomposition ¢ = su(m) @ su(2) & *R,
where R denotes the center of €. Viewing £ as the holonomy algebra of G,(C"*?),
the center R induces a Kihler structure J and the su(2)-part a quaternionic Kéhler
structure J on G,(C"*2). If J, is any almost Hermitian structure in JJ, then J J, =
J,J, and JJ, is a symmetric endomorphism with (JJ,)> = I and tr(J J,) = 0 for
v=1,2,3.

A canonical local basis {Jy, J», J3} of J consists of three local almost Hermitian
structures J, in J such that J,J, 1 = J,1» = —J,41J,, where the index v is taken
modulo three. Since J is parallel with respect to the Riemannian connection V of
(G (Cm+2), g), there exist for any canonical local basis {J;, J», J3} of J three local
one-forms ¢q1, g2, g3 such that



276 J.-E. Jang et al.

Vxdy = qui2(X)Jvi1 — o1 (X)Jyi2

for all vector fields X on G,(C™"*2). }
The Riemannian curvature tensor R of G,(C"*?) is locally given by

RX,V)VZ=g(Y,2)X —g(X,2)Y + g(JY, Z)JX
—g(JX,2)JY —2g(JX,Y)JZ

3
+ 2 gAY DX — gX, DAY = 20(LX. 1Z) @)

v=1

3
+ > {g(JVJY, 2)I,IX —g(J,JX, Z)JVJY},
v=1

where {J;, J», J3} denotes a canonical local basis of J.

Now we summarize basic material about complex hyperbolic two-plane
Grassmann manifolds SU, ,,,/S(U,-U,,), for details we refer to [14, 16].

The Riemannian symmetric space SU, ,,/S(U,-U,,), which consists of all com-
plex two-dimensional linear subspaces in indefinite complex Euclidean space C}' 2
is a connected, simply connected, irreducible Riemannian symmetric space of non-
compact type and with rank 2. Let G = SU, ,, and K = S(U»-U,,), and denote by g
and ¢ the corresponding Lie algebra of the Lie group G and K, respectively. Let B
be the Killing form of g and denote by p the orthogonal complement of £ in g with
respect to B. The resulting decomposition g = € & p is a Cartan decomposition of g.
The Cartan involution 8 € Aut(g) on su, ,, is given by 0(A) = I, ,, Al ,,, where

_12 02,m
I2,m - (Om,Z Im )

I, (resp., I,) denotes the identity 2 x 2-matrix (resp., m x m-matrix). Then <
X,Y >= —B(X,0Y) becomes a positive definite Ad(K)-invariant inner product
on g. Its restriction to p induces a metric g on SU,,,/S(U,-U,,), which is also
known as the Killing metric on SU; ,,/S(Uz-U,,). Throughout this paper we con-
sider SU, ,,/S(U,-U,,) together with this particular Riemannian metric g.

The Lie algebra £ decomposes orthogonally into £ = su, @ su,, @ u;, where u;

is the one-dimensional center of €. The adjoint action of su, on p induces the quater-
nionic Kihler structure J on SU, ,, /S(U,-U,,), and the adjoint action of

7 = (’:1212 Oz ) €y

—2i
On2 s I

induces the Kéhler structure J on SU, ,,/S(U,-U,,). By construction, J commutes
with each almost Hermitian structure J, in J for v = 1, 2, 3. Recall that a canonical
local basis {J;, J», J3} of a quaternionic Kéhler structure Jj consists of three almost
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Hermitian structures J;, J, J3 in J such that J,J, 1 = J,40 = —J,+1J,, where the
index v is to be taken modulo 3. The tensor field JJ,, which is locally defined on
SUs. . /S(Uy-Uy,), is self-adjoint and satisfies (JJ,)> = I and tr(J J,) = 0, where
I is the identity transformation. For a nonzero tangent vector X we define RX =
{AX|AeR},CX =RX®RJX,and HX = RX & JX.

We identify the tangent space T,SU, ,,/S(U,-Uy,) of SU,,,,,/S(U>-Uy,,) at o with
p in the usual way. Let a be a maximal abelian subspace of p. Since SU; ,, /S (U»-U,y,)
has rank 2, the dimension of any such subspace is two. Every nonzero tangent vector
X € T,85U2,,/S(Uy-Uy,) = p is contained in some maximal abelian subspace of p.
Generically this subspace is uniquely determined by X, in which case X is called
regular. If there exists more than one maximal abelian subspaces of p containing X,
then X is called singular. There is a simple and useful characterization of the singular
tangent vectors: A nonzero tangent vector X € p is singular if and only if /X € JX
orJX 1 JX.

Up to scaling there exists a unique SU, ,-invariant Riemannian metric g on
complex hyperbolic two-plane Grassmannians SU, ,, /S (U»-U,,). Equipped with this
metric SU3,,/S(Uy-U,,) is a Riemannian symmetric space of rank 2 which is both
Kihler and quaternionic Kéhler. For computational reasons we normalize g such
that the minimal sectional curvature of (SU,,,/S(Uz-U,,), g) is —4. The sectional
curvature K of the noncompact symmetric space SU, ,,/S(U,-U,,) equipped with
the Killing metric g is bounded by —4 <K <0. The sectional curvature —4 is obtained
for all 2-planes CX when X is a non-zero vector with J X € JX.

When m =1, G;((C3) = SU;2/S(U,-U,) is isometric to the two-dimensional
complex hyperbolic space CH? with constant holomorphic sectional curvature —4.

When m = 2, we note that the isomorphism SO (4, 2) >~ SU, , yields an isometry
between G;((C“) = SU,/S(Uy-U,) and the indefinite real Grassmann manifold
G3(RS) of oriented two-dimensional linear subspaces of an indefinite Euclidean
space RS. For this reason we assume m > 3 from now on, although many of the
subsequent results also hold form = 1, 2.

Hereafter X,Y and Z always stand for any tangent vector fields on M.

The Riemannian curvature tensor R of S Uz m/S(Us-Uy) is locally given by

RX,Y)Z = — %[g(Y, )X —g(X, 2)Y +g(JY, 2)J X

—g(UX,2)JY —2g(UX,Y)JZ
3
+ Z}{g(m, 2)J,X - (L, X, 2)1,Y 22
- 2g(, X, V)1, Z)
3
+ D (g IY. 2) 1T X — g(J,J X, Z)JVJY}],

v=1

where {J1, J», J3} is any canonical local basis of J.
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3 Basic Formulas

In this section we derive some basic formulas and the Codazzi equation for a real
hypersurface in G,(C"*2) (or SU» . /S(Uz-Uy)) (see [3, 5, 7, 10-12, 18]).

Let M be a real hypersurface in G, (C"™*2) (or SU n/S(Uz-Uy)). The induced
Riemannian metric on M will also be denoted by g, and V denotes the Riemannian
connection of (M, g). Let N be alocal unit normal vector field of M and A the shape
operator of M with respect to N.

Now let us put

JX =X +n(X)N, J,X = ¢ X +n(X)N 3.1)

for any tangent vector field X of a real hypersurface M in G,(C"*?), where N
denotes a unit normal vector field of M in G,(C”*?). From the Kihler structure J
of Go(C"™*?) (or § Uy m/S(Uy-Uy,)) there exists an almost contact metric structure
(¢, &, n, g) induced on M in such a way that

P*X ==X+nX)§ nE =1 ¢£=0, nX)=gX.&) (3.2

for any vector field X on M. Furthermore, let {J;, J>, J3} be a canonical local basis
of J. Then the quaternionic Kéhler structure J, of G,(C"*2) (or SU» m/S(Uz-Uy)),
together with the condition J,,J,+1 = J,42 = —J,+1J, in Sect. 1, induces an almost
contact metric 3-structure (¢,, &,, 1,, g) on M as follows:

X =—X+nXE, nE) =1, ¢& =0,
dv1éy = —&v10, €1 = &g,

D1 X = P2 X + 0y 11 (X)E,,

Grr1Pv X = —Pp2 X + 7, (X)Ev 41

(3.3)

for any vector field X tangent to M. Moreover, from the commuting property of
JuoJ =JJ,,v=1,2,31in Sect.2 and (3.1), the relation between these two almost
contact metric structures (¢, &, 1, g) and (¢,, &), 1y, g), v = 1, 2, 3, can be given by

PP X = X + 1, (X)§ — n(X)E,,

(3.4)
7lu(¢X) = 77(¢VX)7 ¢%_v = ¢v‘§

On the other hand, from the parallelism of Kihler structure J, that is, VJ =0 and
the quaternionic Kéhler structure J, together with Gauss and Weingarten formulas it
follows that

(Vx9)Y =n(Y)AX — g(AX,Y)E, Vx& = AKX, (3.5

VXSU = ql)+2(X)SU+1 - CIU+1(X)€:V+2 + ¢VAX7 (36)
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(VX¢U)Y = _qv+1(X)¢v+2Y + QU+2(X)¢V+1Y + UU(Y)AX - g(AX, Y)Ev-

(3.7)
Combining these formulas, we find the following:
Vx(¢§) = Vx(9&))
= (Vx®)é, + ¢ (Vx&y) (3.8)

= qu+2(X)Pv11€ — Gu1 (X126 + PrpAX
—g(AX, §)& +né)AX.

Using the above expression (2.1) for the curvature tensor R of G,(C"*?) (or
SUs.m/S(Uy-Uy)), the equations of Codazzi is given by

H(VxA)Y — (VyA)X} = n(X)pY —n(Y)pX — 28(¢X, Y)&

3
+ 3 [ 0sy = 06X - 260X, V)8
v=I
3
+> {n@x)6.9Y —n.@V)0.0x]
v=1

3
+3 [10om@n) — nmmexle.
v=1

(3.9
where in the case of G,(C"*?) (resp., SU>,,,/S(Uz-Uy)), the constant k = 1 and
SUs/S(Us-Uy) (resp., k = —2).

4 Proof of Theorems

In this section, we classify real hypersurfaces in M (G>(C™ %) or § Uz /SWU2-Uy))
whose shape operator has Killing tensor field.
From (C-1) and the Codazzi equation (3.9), we have
—2k(VyA)X =n(X)¢Y —n(Y)pX — 2g(¢X, Y)§
3
+ 3 [ 0sy = ng.X - 20, 18,
v=I

3 4.1)
+> {nv(¢X)¢v¢Y - m(¢Y)¢u¢X}
v=1

3
+ 3 [non@n) - e &
=1
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Putting Y = £ into (4.1),

3
—2k(V:A)X = —pX + Z (X9 —nu(E)duX =30, (9X)E ). (4.2)

v=l1

Lemma 1 Let M be a real hypersurface in complex Grassmannians of rank two M,
m > 3 with Killing shape operator. Then the Reeb vector field & belongs to either
the distribution 2 or the distribution 2+.

Proof Without loss of generality, £ is written as

& =n(Xo)Xo +n1é1, (%)

where X (resp., £) is a unit vector in 2 (resp., 271).
Taking the inner product of (4.2) with &, we have

3
— 2kg((VeA)X, &) = =4 D ny(E)nu(@X). (4.3)

v=1

Since (V¢ A) is self-adjoint, it follows from (C-1) that —4 Zi:l n@E)n(@X) =
0. By putting X = ¢ X, and using (**), we have —4n%(§)n(X0) =0.
Thus we have only two cases: £ € 2+ or & € 2.

o Casel.£ € 2+
Without loss of generality, we may put £ = & € 2+. Then (4.2) is reduced into
—2k(VeA)X = =X — 1 X + 2n3(X)& — 212 (X)éEs. 4.4)
The symmetric endomorphism of (4.4) with respect to the metric g, we have
—2k(V:A)X = X + ¢1 X — 2n3(X)& + 2ma(X)é&3. 4.5)

Combining (4.4) with (4.5), we have ¢ X + 1 X — 2n3(X)& + 2nr(X)& = 0.
By putting X = &; into the equation above, we have 2&; = 0. This is a contradiction.

Thus, there does not exist any hypersurface in M, m > 3, with Killing shape
operator and £ € 2+ everywhere.

o Case2.£ € 2.

Equation (4.2) becomes

3
—2k(V: A)X = =X + D {n.(X)pu& — 31, ($X)E,}. (4.6)

v=1
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The symmetric endomorphism of (4.6) with respect to the metric g, we have

3

—2k(VeA)X =X + D { = n(@X)E, + 31, (X)) (4.7)

v=1

Combining (4.6) with (4.7), we have 2¢ X + 2 Z?):l {nU(X)¢E,) + nv(qbX)Ev} =

0. By putting X = & into above equation, we have 4¢§; = 0. This is a contradiction,
too. Thus, there does not exist any hypersurface in M, m > 3, with Killing shape
operator and & € 2 everywhere.

Accordingly, we complete the proof of Theorem 1 in the introduction.
Usually, the notion of parallel is stronger than the notion of Killing, we also have a

non-existence of parallel hypersurface in SU; ,, /S(Uz-U,,), m > 3. Then Corollary 1
in the introduction is naturally proved.
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The Chern-Moser-Tanaka Invariant on
Pseudo-Hermitian Almost CR Manifolds

Jong Taek Cho

Abstract We study on the Chern-Moser-Tanaka invariant (Chern, Acta Math 133:219—
271, 1974, [5], Tanaka, Japan J Math 12:131-190, 1976, [14]) of pseudo-conformal
transformations on pseudo-Hermitian almost CR manifolds.

1 Introduction

A contact manifold (M, n) admits the fundamental structures which enrich the geom-
etry. One is a Riemannian metric g compatible to the contact form 1 and we obtain a
contact Riemannian manifold (M; n, g). The other is a pseudo-Hermitian and strictly
pseudo-convex structure (n, L) (or (n, J)), where L is the Levi form associated with
an endomorphism J on D (= kernel of n) such that J 2=—].(M:n,J)is called a
strictly pseudo-convex, pseudo-Hermitian manifold (or almost CR manifold). Then
we have a one-to-one correspondence between the two associated structures by the
relation g = L + n ® n, where we denote by the same letter L the natural exten-
sion (ig L = 0) of the Levi form to a (0,2)-tensor field on M. So, we treat contact
Riemannian structures together with strictly pseudo-convex almost CR structures.
In earlier works [6-8, 10], the present author started the intriguing study of the
interactions between them. For complex analytical considerations, it is desirable to
have integrability of the almost complex structure J (on D). If this is the case, we
speak of an (integrable) CR structure and of a CR manifold. Indeed, S. Webster [21,
22] introduced the term pseudo-Hermitian structure for a CR manifold with a non-
degenerate Levi-form. In the present paper, we treat the pseudo-Hermitian structure
as an extension to the case of non-integrable J7.

There is a canonical affine connection in a non-degenerate CR manifold, the so-
called pseudo-Hermitian connection (or the Tanaka-Webster connection). S. Tanno
[16] extends the Tanaka-Webster connection for strictly pseudo-convex almost CR
manifolds (in which /7 is in general non-integrable). We call it the general-
ized Tanaka-Webster connection. Using this we have the pseudo-Hermitian Ricci
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curvature tensor. If the pseudo-Hermitian Ricci curvature tensor is a scalar (field)
multiple of the Levi form in a strictly pseudo-convex almost CR manifold, then it is
said to have the pseudo-Einstein structure. A pseudo-Hermitian CR space form is a
strictly pseudo-convex CR manifold of constant holomorphic sectional curvature (for
Tanaka-Webster connection). Then we have that a pseudo-Hermitian CR space form
is pseudo-Einstein. In Sect.4, we study the generalized Chern-Moser-Tanaka cur-
vature tensor C as a pseudo-conformal invariant in a strictly pseudo-convex almost
CR manifold. Then we first prove that the Chern-Moser-Tanaka curvature tensor
vanishes for a pseudo-Hermitian CR space form. Moreover, we prove that for a
strictly pseudo-convex almost CR manifold M?"*! (n > 1) with vanishing C, M
is pseudo-Einstein if and only if M is of pointwise constant holomorphic sectional
curvature.

2 Preliminaries

We start by collecting some fundamental materials about contact Riemannian geom-
etry and strictly pseudo-convex pseudo-Hermitian geometry. All manifolds in the
present paper are assumed to be connected, oriented and of class C*.

2.1 Contact Riemannian Structures

A contact manifold (M, n) is a smooth manifold M?"*! equipped with a global one-
form 7 such that n A (dn)" # 0 everywhere on M. For a contact form 7, there exists
a unique vector field &, called the characteristic vector field, satisfying n(§) =1
and dn(&, X) = 0 for any vector field X. It is well-known that there also exist a
Riemannian metric g and a (1, 1)-tensor field ¢ such that

n(X) = (X, §), dn(X,Y) = g(X,9Y), ¢’X = =X +n(X)%, (1)

where X and Y are vector fields on M. From (1), it follows that

95 =0, nop =0, g(@X, oY) =g(X,Y) = n(X)n(¥). @)

A Riemannian manifold M equipped with structure tensors (1, g) satisfying (1)
is said to be a contact Riemannian manifold or contact metric manifold and it is
denoted by M = (M; n, g). Given a contact Riemannian manifold M, we define
a (1, 1)-tensor field 7 by h = %£5<p, where £; denotes Lie differentiation for the
characteristic direction £. Then we may observe that 4 is self-adjoint and satisfies

hg =0, he =—gph, 3)
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Vxé§ = —¢pX — ¢hX, 4)

where V is Levi-Civita connection. From (3) and (4) we see that £ generates a
geodesic flow. Furthermore, we know that Vi@ = 0 in general (cf. p. 67 in [1]).
From the second equation of (3) it follows also that

(Veh)g = —@(Veh). (&)

A contact Riemannian manifold for which & is Killing is called a K -contact manifold.
Itis easy to see that a contact Riemannian manifold is K -contact if and only if 2 = 0.
For further details on contact Riemannian geometry, we refer to [1].

2.2 Pseudo-Hermitian Almost CR Structures

For a contact manifold M, the tangent space 7, M of M ateach point p € M is decom-
posedas T,M = D, & {&}, (direct sum), where we denote D, = {v € T,M|n(v) =
0}. Then the 2n-dimensional distribution (or subbundle) D : p — D,, is called the
contact distribution (or contact subbundle). Its associated almost CR structure is
given by the holomorphic subbundle

H ={(X—iJX:X e D)

of the complexification CT M of the tangent bundle 7 M, where J = ¢|D, the restric-
tion of ¢ to D. Then we see that each fiber /7, (p € M) is of complex dimension 7
and .2 N . = {0}. Furthermore, we have CD = J# & . For the real represen-
tation {D, J} of 27 we define the Levi form by

L:I'(D)x I'(D) — F(M), L(X,Y)=—dn(X,JY)

where .% (M) denotes the algebra of differential functions on M. Then we see that
the Levi form is Hermitian and positive definite. We call the pair (n, L) (or (n, J))
a strictly pseudo-convex, pseudo-Hermitian structure on M. We say that the almost
CR structure is integrable if [, ] C . Since dn(J X, JY) =dn(X,Y), we
see that [JX,JY]—[X,Y]e I'(D) and [JX,Y]+[X,JY] e I'(D) for X,Y €
I’ (D), further if M satisfies the condition [/, J](X,Y) =0 for X, Y € I'(D), then
the pair (n, J) is called a strictly pseudo-convex (integrable) CR structure and
(M; n, J) is called a strictly pseudo-convex CR manifold or a strictly pseudo-convex
integrable pseudo-Hermitian manifold. A pseudo-Hermitian torsion is defined by
T = @h (cf. [2]).

For a given strictly pseudo-convex pseudo-Hermitian manifold M, the almost CR
structure is integrable if and only if M satisfies the integrability condition §2 = 0,
where 2 is a (1,2)-tensor field on M defined by
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(X, Y) = (Vx)Y — g(X + hX,Y)§ + n(¥)(X + hX) (6)

for all vector fields X, Y on M (see [16], Proposition 2.1]). It is well known that
for 3-dimensional contact Riemannian manifolds their associated CR structures are
always integrable (cf. [16]).

A Sasakian manifold is a strictly pseudo-convex CR manifold whose characteristic
flow is isometric (or equivalently, vanishing the pseudo-Hermitian torsion). From (6)
it follows at once that a Sasakian manifold is also determined by the condition

(Vx)Y = g(X,Y)§ —n(¥)X )

for all vector fields X and Y on the manifold.

Now, we review the generalized Tanaka-Webster connection [16] on a strictly
pseudo-convex almost CR manifold M = (M;n, J). The generalized Tanaka-
Webster connection V is defined by

VY = VyY +1(X)Y + (Vxn)(Y)E — n(Y)Vyé
for all vector fields X, Y on M. Together with (4), v may be rewritten as
VxY = VxY + B(X,Y), ®
where we have put
B(X.Y) =n(X)eY +n(Y)(@X + ¢hX) — g(¢X + ¢hX, Y)E. )

Then, we see that the generalized Tanaka-Webster connection V has the torsion
T(X,Y)=2g(X,9Y)¢ +n(Y)phX — n(X)phY. In particular, for a K-contact
manifold we get

B(X,Y) =n(X)pY +n(Y)pX — g(pX, Y)§. (10)

Furthermore, it was proved that

Proposition 1 ([16]) The generalized Tanaka-Webster connection Vona strictly
pseudo-convex almost CR manifold M = (M; n, J) is the unique linear connection
satisfying the following conditions:

(i) Vip = 0, V& = 0;

@ii) @g = 0, where g is the associated Riemannian metric;

(i — 1) T(X,Y) =2L(X,JY)¢, X, Y € I'(D);

(iii —2) T, ¢Y) = —T(£,Y), Y € ['(D);

(iv) (Vx@)Y = 2(X.,Y), X, Y € ['(TM).

The pseudo-Hermitian connection (or The Tanaka-Webster connection) [14, 22] on
anon-degenerate (integrable) CR manifold is defined as the unique linear connection
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satisfying (i), (ii), (iii-1), (iii-2) and §2 = 0. We refer to [2] for more details about
pseudo-Hermitian geometry in strictly pseudo-convex almost CR manifolds.

2.3 Pseudo-homothetic Transformations

In this subsection, we first review

Definition 1 Let (M; n, £.¢, g) be a contact Riemannian manifold. Then a diffeo-
morphism f on M is said to be a pseudo-homothetic transformation if there exists a
positive constant a such that

[fn=an, fi§=§/a, o fi=fiop fig=ag+ala—1Dn®n.

Due to S. Tanno [15], we have

Theorem 1 If a diffeomorphism [ on a contact Riemannian manifold M is ¢-
holomorphic, i.e.,
o fi=fioop,

then f is a pseudo-homothetic transformation.

Here, the new contact Riemannian manifold (M 7, §.</3, g) defined by
n=an §=¢&/a, g=¢. §=ag+ala— e, (11
is called a pseudo-homothetic deformation of (M, n, &.¢, g). Then we have
VxY = VxY + AX,Y), (12)

where A is the (1, 2)-type tensor defined by

-1
AX,Y) = —(a - DIn(Y)eX +n(X)pY] - aTg(gtha Y)E.

Then we have

Proposition 2 ([9]) The generalized Tanaka-Webster connection is pseudo-
homothetically invariant.

The so-called (k, p)-spaces are defined by the condition
R(X,Y)§ = (kI + nh)(n(Y)X —n(X)Y)

for (k, ) € R?, where I denotes the identity transformation. This class involves the
Sasakian case for k = 1 (h = 0). For a non-Sasakian contact Riemannian manifold,
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h has the only two eigenvalues /1 — k and —+/1 — k on D with their multiplicities n
respectively. The (k, p)-spaces have integrable CR structures and further, this class
of spaces is invariant under pseudo-homothetic transformations. Indeed, a pseudo-
homothetic transformation with constant a(> 0) transforms a (k, ;t)-space into a
(lg, [L)-space where k= k+22_1 and [ = % (cf. [1] or [3]). In particular,

we find that k = 1 and u = 2 are the only two invariants under pseudo-homothetic
transformations for all a # 1.

3 Pseudo-Einstein Structures

We define the pseudo-Hermitian curvature tensor (or the generalized Tanaka-Webster
curvature tensor) on a strictly pseudo-convex almost CR manifold R of V by

RX.V)Z = Vx(Vy2) — Vy(Vx2Z) — Vixy) Z

for all vector fields X, Y, Z in M. We remark that the generalized Tanaka-Webster
connection is not torsion-free, and then the Jacobi- or Bianchi-type identities do not
hold, in general. From the definition of R, we have

RX,Y)Z=R(X,Y)Z+ H(X,Y)Z, (13)
and

H(X,Y)Z =n(Y)((Vx¢)Z — g(X +hX, 2)§) = n(X)((Vy9)Z — g(Y + hY, 2)§)
+ 02D ((Vx)Y = (Vy@)X + (Vxph)Y — (Vyph)X
+ (V)X +hX) = n(X)(Y +hY)) —2g(¢X, Y)pZ (14)
— 8@X + ¢hX, Z)(9Y + ¢hY) + g(9Y + ¢hY, Z)(¢X + ¢phX)
—8((Vxp)Y = (Vyp)X + (Vxph)Y — (Vyph)X, Z)§

for all vector fields X, Y, Z in M.
Now, we introduce the pseudo-Hermitian Ricci (curvature) tensor:

1 N
p(X,Y) = Etrace of {Vi JR(X,JY)V},

where X, Y are vector fields orthogonal to &. This definition was referred as a 2nd
kind in the author’s earlier work [9]. Indeed, the pseudo-Hermitian Ricci (curvature)
tensor of the 1st kind p; is defined by

p1(X,Y) = trace of {V > R(V, X)Y},



The Chern-Moser-Tanaka Invariant on Pseudo-Hermitian Almost CR Manifolds 289

where V is any vector field on M and X, Y are vector fields orthogonal to &£. Then
we can find the following useful relation between the two notions in general:

PX,.Y) =p1(X,Y) —2(n — 1)g(hX,Y)

2n
. . (15)
+ 3 (8(V. (X, V), 9e) = (Vx2) (1, Y), gen)

for X,Y € I'(D) (cf. [17]). We define the corresponding pseudo-Hermitian Ricci
operator Q isdefinedby L(Q X, Y) = p(X, Y). The Tanaka-Webster (or the pseudo-
Hermitian) scalar curvature 7 is given by

; = trace of {V > QV}.

Then, from Proposition 2, we get

Corollary 1 The pseudo-Hermitian curvature tensor (or The generalized Tanaka-
Webster curvature tensor) R and the pseudo-Hermitian Ricci tensor Q are
pseudo-homothetic invariants.

Definition 2 Let (M; n, J) be a strictly pseudo-convex almost CR manifold. Then
the pseudo-Hermitian structure (1, J) is said to be pseudo-Einstein if the pseudo-
Hermitian Ricci tensor is proportional to the Levi form, namely,

H(X,Y) = AL(X,Y),

where X, Y € I'(D), where A = 7/2n.

Remark 1 N.Tanaka[13]and J.M. Lee [11] defined the pseudo-Hermitian Ricci ten-
sor on a non-degenerate CR manifold in a complex fashion. Further, J.M. Lee defined
and intensively studied the pseudo-Einstein structure. Then every 3-dimensional
strictly pseudo-convex CR manifold is pseudo-Einstein.

Remark 2 From (15), we at once see that for the Sasakian case or the 3-dimensional
case p = py.

Moreover, we have

Proposition 3 ([9]) A non-Sasakian contact (k, ju)-space (k < 1) is pseudo-Einstein
with constant pseudo-Hermitian scalar curvature # = 2n>(2 — ).

In [3] they proved that unit tangent sphere bundles with standard contact metric
structures are (k, ;)-spaces if and only if the base manifold is of constant curvature
b with k = b(2 — b) and u = —2b. Thus, we have

Corollary 2 The standard contact metric structure of Ty M (b) of a space of constant
curvature b is pseudo-Einstein. Its pseudo-Hermitian scalar curvature # = 4n*(1 +
b).



290 J.T. Cho

The class of contact (k, w)-spaces, whose associated CR structures are integrable as
stated at the end of Sect.2, contains non-unimodular Lie groups with left-invariant
contact metric structure other than unit tangent bundles of a space of constant cur-
vature (see [4]).

4 Pseudo-Hermitian CR Space Forms

In this section, we give

Definition 3 ([7]) Let (M; n, J) be a strictly pseudo-convex almost CR manifold.
Then M is said to be of constant holomorphic sectional curvature ¢ (with respect to
the generalized Tanaka-Webster connection) if M satisfies

L(R(X,9X)pX,X) =c

for any unit vector field X orthogonal to £. In particular, for the CR integrable case
we call M a pseudo-Hermitian (strictly pseudo-convex) CR space form.

Then for a strictly pseudo-convex almost CR manifold M, from (13) and (14) we get

g(R(X, ¢X)9X. X) = g(R(X, 9X)9X. X) + 3g(X. X)* — g(hX, X)* - g(phX, X)(216)
for any X orthogonal to &. From this, we easily see that s Sasakian space form
M?*1(cy) of constant g-holomorphic sectional curvature ¢, (with respect to the
Levi-Civita connection) is a strictly pseudo-convex CR space form of constant
holomorphic sectional curvature (with respect to the Tanaka-Webster connection)
¢ =co+ 3. Simply connected and complete Sasakian space forms are the unit
sphere §2"*! with the natural Sasakian structure with ¢ = 1 (¢ = 4), the Heisenberg
group H?'*! with Sasakian ¢-holomorphic sectional curvature ¢y = —3 (¢ = 0), or
B" x R with Sasakian ¢-holomorphic sectional curvature c) = —7 (¢ = —4), where
B" is a simply connected bounded domain in C" with constant holomorphic sectional
curvature —4.

For a class of the contact (k, w)-spaces, we proved the following results.

Theorem 2 ([7]) Let M be a contact (k, w)-space. Then M is of constant holo-
morphic sectional curvature c for Tanaka-Webster connection if and only if (1) M
is Sasakian space of constant g-holomorphic sectional curvature cy = c — 3, (2)
u=2andc =0, or (3)dimM=3and u =2 — c.

Corollary 3 ([7]) The standard strictly pseudo-convex CR structure on a unit tan-
gent sphere bundle Ty M (b) of (n + 1)-dimensional space of constant curvature b
has constant holomorphic sectional curvature c if and only if b = —1 and ¢ = 0, or
n=1landb = (c—2)/2
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Remark 3 (1) The standard contact metric structure of the unit tangent sphere bundle
T;S"+1(1) is Sasakian [20], but it has not constant holomorphic sectional curvature
for both Levi-Civita and Tanaka-Webster connection.

(2) The unit tangent sphere bundle T7H"*!(—1) of a hyperbolic space H"+!(—1)
is a non-Sasakian example of constant holomorphic sectional curvature for Tanaka-
Webster connection but not for Levi-Civita connection.

In [7] we determined the Riemannian curvature tensor explicitly for a strictly
pseudo-convex CR space of constant holomorphic sectional curvature c¢. Then we
have

gR(X,Y)Z, W) = g(H(X,Y)Z, W) + %{g(Y, 2)8(X, W) —g(X, Z)g(Y, W)

+8(pY, 2)g(pX, W) — g(pX, Z)g(pY, W) — 2g(p X, Y)g(¢Z, W)}

(17
for all vector fields X, Y, Z, W L &, where
gH(X,Y)Z, W) =g(Y,Z)g(hX, W) — g(X, Z)g(hY, W)
—g(Y,W)ghX,Z)+ g(X, W)g(hY, Z) (18)
+8(pY, 2)g(phX, W) — g(eX, Z)g(phY, W)
—8(pY, W)g(phX,Z) + g(pX, W)g(phY, Z).
Then from (17) we get
p(X,Y)=cn+1)/2g(X,7Y). (19)

Proposition 4 ([9]) A strictly pseudo-convex CR space form of constant holomor-
phic sectional curvature c is pseudo-Einstein with constant pseudo-Hermitian scalar
curvature ¥ = n(n + 1)c.

5 The Chern-Moser-Tanaka Invariant

Now, we review the pseudo-conformal transformations of a strictly pseudo-convex
almost CR structure. Given a contact form 7, we consider a 1-form 7 = on for
a positive smooth function o. By assuming ¢|D = ¢|D (J = J), the associated
Riemannian structure g of 7 is determined in a natural way. Namely, we have

E=(1/0)(E+0), ¢ = (1/20)p(grad o), ¢ = ¢ + (1/20)n ® (grad o — &0 - £),
g=0g—o@v+ven+alo—1+CIPnen,

where v is dual to ¢ with respect to g. We call the transformation (n, J) —
(n, J) a pseudo-conformal transformation (or gauge transformation) of the strictly



292 J.T. Cho

pseudo-convex almost CR structure. We remark in particular that when o is a con-
stant, then a gauge transformation reduces to a pseudo-homothetic transformation.

Let @ be a nowhere vanishing (2n 4 1)-form on M and fix it. Let dM(g) =
(=D"/2"nn A (dn)* denote the volume element of (M, n, g). We define 8 by
dM(g) = +ePw and 6 € I'(D*) by 6(X) = XB for X € I'(D). For a strictly
pseudo-convex almost CR manifold, the generalized Chern-Moser-Tanaka curva-
ture tensor C € I'(D ® D*3) is defined by S. Tanno in [18] (see also, [8]).

2n+4)g(C(X,Y)Z, W)
=Qn+4)g(R(X,Y)Z, W)

=P, 2)g(X, W) + p(X, 2)g(Y, W) — g(Y, Z)p(X, W) + g(X, Z)p(Y, W)

+o(Y,0Z)g(0X, W) — p(X, 9Z)g(pY, W) — [0(X, oY) — p(pX, Y)Ig(9Z, W)

+A(X, oW)g(pY, Z) — p(Y, oW)g(9X, Z) — [D(Z, pW) — p(pZ, W)]g(pX, Y)

+[7/2n+2)][g(Y, Z)g(X, W) — g(X, Z)g(Y, W)

+8@Y, 2)g(pX, W) — g(pX, Z)g(pY, W) — 2¢(¢ X, Y)g(9Z, W)]

—@Qn+ gy, Z)g(X, W) — g(hX, Z)g(Y, W) + g(Y, Z)g(hX, W)

—8(X, Z)g(hY, W) + g(phY, Z)g(pX, W) — g(phX, Z)g(pY, W)

+8(phX, W)g(pY, Z) — g(phY, W)g(pX, Z)]

—(n+2)/(n+ DHgUX,Y,Z;0), W)).

B (20)

Here U € I'(D*® D**) and U(X,Y, Z;0) = (GleJh’thYkZl) in terms of an
adapted frame {e,} = {e;, eo =&; 1 < j < 2n}. For a full understanding, we may
describe it by using the components of U in terms of {e;, e} (cf. [18]). That is,

Ul =21/ +2){=8,(2},, + 21007 = 9,(20, + 2]) + g (2], + 2] )0™
— (2], + 2.8 + 206 + g2} g™ + 2] i

+ (1/2)($2); = 2,)8" $ui+ 9] iy + 912h — (1/206" LUigun ] .

where [- - - ] denotes the skew-symmetric part of [- - - | with respect to £, k.

Remark 4 (1)Ifn = 1 (dim M=3), then we always have C = 0 (see Remark in [18]).

(2) When (M; n, g) is Sasakian, then (A = 0 and) C reduces to the C-Bochner
curvature tensor, which is the corresponding (through the Boothby-Wang fibration)
to the Bochner curvature tensor in a Kdhler manifold [12].

Using (17) and (19), from the Eq. (9) we find

Proposition 5 On a pseudo-Hermitian CR space form, the Chern-Moser-Tanaka
invariant C vanishes.

Moreover we have

Theorem 3 Let (M>'*'; 5, J) (n > 1) be a strictly pseudo-convex almost CR man-
ifold with vanishing C. Then M is pseudo-Einstein if and only if M is of pointwise
constant holomorphic sectional curvature for the Tanaka-Webster connection.
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The argument and computation of present paper gives a simpler proof of
[9, Theorem 22].

Remark 5 The unit tangent sphere bundle 77H"*!'(—1) of a hyperbolic space
H"*!(—1) is a non-Sasakian example which supports Theorem 3 well. It was proved
that the Chern-Moser-Tanaka curvature tensor C on T;H"+!(—1) vanishes [19] and
within the class of (k, w)-spaces, it is the only such an example [8].
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Bott Periodicity, Submanifolds, and Vector
Bundles

Jost Eschenburg and Bernhard Hanke

Abstract We sketch a geometric proof of the classical theorem of Atiyah, Bott,
and Shapiro [3] which relates Clifford modules to vector bundles over spheres.
Every module of the Clifford algebra Cl; defines a particular vector bundle over
Sk+1 a generalized Hopf bundle, and the theorem asserts that this correspondence
between Cl;-modules and stable vector bundles over S¥*! is an isomorphism modulo
Cli41-modules. We prove this theorem directly, based on explicit deformations as in
Milnor’s book on Morse theory [8], and without referring to the Bott periodicity
theorem as in [3].

Introduction

Topology and Geometry are related in various ways. Often topological properties of
a specific space are obtained by assembling its local curvature invariants, like in the
Gauss-Bonnet theorem. Bott’s periodicity theorem is different: A detailed investi-
gation of certain totally geodesic submanifolds in specific symmetric spaces leads
to fundamental insight not just for these spaces but for whole areas of mathematics.
This geometric approach was used originally by Bott [4, 5] and Milnor in his book on
Morse theory [8] where the stable homotopy of the classical groups was computed.
Later Bott’s periodicity theorem was re-interpreted as a theorem on K-theory [1-3],
but the proofs were different and less geometric. However we feel that the original
approach of Bott and Milnor can prove also the K-theoretic versions of the period-
icity theorem. As an example we discuss Theorem 11.5 from the fundamental paper
[3] by Atiyah, Bott and Shapiro, which relates Clifford modules to vector bundles
over spheres. The argument in [3] uses explicit computations of the right and left
hand sides of the stated isomorphism, and depends on the Bott periodicity theorem
for the orthogonal groups. Instead we prove bijectivity of the relevant comparison
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map directly. In consequence the Bott periodicity theorem for the orthogonal groups
is now implied by its algebraic counterpart in the representation theory of Clifford
algebras [3]. This gives a positive response to the remark in [3, p. 4]: “It is to be hoped
that Theorem (11.5) can be give a more natural and less computational proof™, cf.
also [7, p. 69]. We will concentrate on the real case which is more interesting and less
well known than the complex theory. Much of the necessary geometry was explained
to us by Peter Quast [12].

1 Poles and Centrioles

We start with the geometry. A symmetric space is a Riemannian manifold P with
an isometric point reflection s, (called symmetry) at any point p € P, thatis s, € G
= isometry group of P with s,(exp,(v)) = exp,(—v) for all v € T, P. The map
s:pr>s,: P— G is called Cartan map; it is a covering onto its image s(P) C G
which is also symmetric.' The composition of any two symmetries, T = s, is called
a transvection. It translates the geodesic y connecting p = y(0) to g = y (r) by 2r
and acts by parallel translation along y, see next figure. The subgroup of G generated
by all transvections (acting transitively on P) will be called G.

S8 U
(% qp

s 0
P

Two points 0, p € P will be called poles if s, = s,. The notion was coined for the
north and south pole of a round sphere, but there are many other spaces with poles;
e.g. P = S0,, with o = I and p = —1, or the Grassmannian P = G, (R?>") with
o =R"and p = (R")*. A geodesic y connecting o = y(0) to p = y (1) is reflected
into itself at 0 and p and hence it is closed with period 2.

Now we consider the midpoint set M between poles o and p,

M={m=y ( ) : y geodesic in P with y(0) = o, y(1) = p}.

1
2

For the sphere P = S" with north pole o, this set would be the equator, see figure
below.

Is(P) C G is a connected component of the set {g € G: g*] = g}. When we choose a symmetric

metric on G such that g — g~ is an isometry, s(P) is a reflective submanifold and hence totally
geodesic, thus symmetric.
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0

Theorem 1 ([11]) M is the fixed set of an isometric involution r on P.

Proof In the example of the sphere P =S", the equator M is the fixed set of
—s, = —1I o's,. Here, —1I is the deck transformation? of the covering S" — RP" =
S" /{%1I}.Inthe general case we consider the covering P — s(P). Since s(P) is again
symmetric, we have s(P) = P /A for some discrete freely acting group A C G nor-
malized by all symmetries and centralized by all transvections.® Since s, = s, the
points o and p are identified in s(P). Thus there is a unique § € A with §(0) = p.
This will be the analogue of —1/ in the case P = S". We will show that § has order
2 and preserves any geodesic y with y(0) = 0 and y (1) = p. In fact, let T be the
transvection along y from o to p. Then 72(0) = o and therefore

§(p) =48(t(0)) =1(8(0)) = t(p) =o.

Thus 82 fixes o which shows 82 = id since A acts freely. Hence {I,8} C A is a
subgroup and P = P/{id, 8} a symmetric space. Under the projection 7 : P —
P, the geodesic y is mapped onto a closed geodesic doubly covered by y, thus &
preserves y and shifts its parameter by 1, and y has period 2.

£,

<2

m Y3/2)
=y(-1/2)

2A deck transformation of w : P — P is an isometry 8 of P with 7w 0 8 = .

3Consider a symmetric space P and a covering 7 : P — P /A for some discrete freely acting group
A of isometries on P. Then P/A is again symmetric if and only if each symmetry s, of P maps
A-orbits onto A-orbits. Thus for each § € A we have s5,(5x) = Ss,,(x) forallx e P,and§ € A
is independent of x, by discreteness. Thus 5,8 = 8s,, in particular 5,85, = § € A. For any other
symmetry s, we have the same equation s, 6 = Ssq with the same § € A, again by discreteness. Thus

815,548 = 5,87 185, = 584, and § commutes with the transvection s,s, (see also [14, Theorem
8.3.11]).



298 J. Eschenburg and B. Hanke

We put r = s,8. This is an involution since s, and § commute: §' = 5,85, € A sends
o to p like 8, thus §' = 8. Then r fixes the midpoint m = y(%) of any geodesic y
from o to p since 5,(8(y(3)) = 50(¥ () = 5,(¥(—3)) = y(3). Thus M C Fix(r).

Vice versa, assume that m € P is a fixed point of r. Thus s,m = ém. Join o to
m by a geodesic y with y(0) = o and y(%) = m. Then y(—%) =5,(m) =6(m) =
8()/(%)), and the projection 7 : P — P = P/{id, §} maps y : [—%, %] — Pontoa
geodesic loop 7 = 7 o y, thatis a closed geodesic of period 1 (since P is symmetric).
Thus y extends to a closed geodesic of period 2 doubly covering y, and § shifts the
parameter of y by 1. Therefore y (1) = §(0) = p. Hence m is the midpoint of y|jo 1
from o to p. Thus M D Fix(r).

Connected components of the midpoint set M are called centrioles [6]. Connected
components of the fixed set of an isometry are totally geodesic (otherwise shortest
geodesic segments in the ambient space with end points in the fixed set were not
unique, see figure below); if the isometry is an involution, its fixed components are
called reflective.

Py

. r
y) Fix(r) >

Most interesting are connected components containing midpoints of geodesics with
minimal length between o and p (“minimal centrioles”). Each such midpoint m =
y (%) determines its geodesic y uniquely: if there were two geodesics of equal length
from o to p through m, they could be made shorter by cutting the corner.

There exist chains of minimal centrioles (centrioles in centrioles),
POPDODPD... )

Peter Quast [12, 13] classified all such chains with at least 3 steps starting with a
compact simple Lie group P = G. Up to group coverings, the result is as follows.
The chains 1, 2, 3 occur in Milnor [8].

No. G P, P, Ps P, restr.
I (8)O4n S04,/ Usy U, /Spn G[}(Hn) Spp p=
2 ($Uan Gn(CZn) U, Gp((Cn) Up P =

3 Spn Spn/ Un Un/SOy Gp(Rn) $O, p=

4

5

@)

NSNS S

Spin, 0, S'xS"HH+E S =5
E; E;/(S'E¢) S'Eg¢/F, or> -
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By G, (K") we denote the Grassmannian of p-dimensional subspaces in K" for K e
{R, C, H}. Further, Q, denotes the complex quadric in CP"+! which is isomorphic
to the real Grassmannian G; (R"*2) of oriented 2-planes, and QIP? is the octonionic
projective plane Fy/Sping.

A chain is extendible beyond P if and only if P, contains poles again. E.g. among
the Grassmannians P3; = G,(K") only those of half dimensional subspaces (p = %)
enjoy this property: Then (E, E™) is a pair of poles for any E € G,,/2(K"), and the
corresponding midpoint set is the group 0,2, U,,/2, Sp, /2 since its elements are the
graphs of orthogonal K-linear maps E — E=, see figure below.

—
1

E ¥(1/2)

2 Centrioles with Topological Meaning

Points in minimal centrioles are in 1:1 correspondence to minimal geodesics between
the corresponding poles o and p. Thus minimal centrioles sometimes can be viewed
as low-dimensional approximations of the full path space A, the space of all H'-
curves* A : [0, 1] = P with A(0) = o and A(1) = p. This is due to the Morse theory
for the energy function E on A where E(A) = fol I/ (£)2dt. We may decrease the
energy of any path X by applying the gradient flow of —E (left figure).

4H' means that A has a derivative almost everywhere which is square integrable. Replacing any
path A by a geodesic polygon with N vertices, we may replace A by a finite dimensional manifold,
cf. [8].
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Most elements of A will be flowed to the minima of E which are the shortest geo-
desics between o and p. The only exceptions are the domains of attraction (“unstable
manifolds”) for the other critical points, the non-minimal geodesics between o and
p. The codimension of the unstable manifold is the index of the critical point, the
maximal dimension of any subspace where the second derivative of E (taken at the
critical point) is negative. If S denotes the smallest index of all non-minimal crit-
ical points, any continuous map f : X — A from a connected cell complex X of
dimension <f can be moved away from these unstable manifolds and flowed into a
connected component of the minimum set, that is into some centriole P;. Thus f is
homotopic to amap f : X — Pj.

But this works only if all non-minimal geodesics from o to p have high index
(=8). Which symmetric spaces P have this property? An easy example is the sphere,
P = §". Anonminimal geodesic y between poles o and p covers a great circle at least
one and a half times and can be shortened within any 2-sphere in which it lies (right
figure above). There are n — 1 such 2-spheres perpendicular to each other since the
tangent vector y'(0) = e is contained in n — 1 perpendicular planes Span (e, ¢;)
with i > 2 in the tangent space. Thus the index is >n — 1, in fact >2(n — 1) since
any such geodesic contains at least 2 conjugate points where it can be shortened by
cutting the corner, see figure.

(0) Y(m) ¥(2m) Y(3m)

For the classical groups we can argue similarly. E.g. in SO,,, a shortest geodesic
from / to —I is a product of n half turns, planar rotations by the angle m in n
perpendicular 2-planes in R?*. A non-minimal geodesic must make an additional
full turn and thus a 3 -rotation in at least one of these planes, say in the x;x;-plane.
This rotation belongs to the rotation group SO3; C SO, in the x| x,x;-space for any
ke{3,...,2n}. Using SO; = S3 /4, we lift the 37 -rotation to S® and obtain a 3/4
great circle which can be shortened. There are 2n — 2 coordinates x; and therefore
2n — 2 independent contracting directions, hence the index of a nonminimal geodesic
in SOy, is >2n — 2 (compare [8, Lemma 24.2]). The index of the spaces P; can be
bounded from below in a similar way, see next section for the chain of SO,,. This
implies the homotopy version of the periodicity theorem:

Theorem 2 When n is even and sufficiently large, we have for G = S O4y,, SU2y,, Spn
(notations of table 2):

T (G) = w1 (P1) = 73 2(P2) = w3 —3(P3) = mp_4(Py).
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Together with table 2 this implies the following periodicities:

T2(SUL) = mi (SU, ),
T 44(SOn) = 7k (Spays),
Ti4(Spp) = T (SOp)2).

3 (lifford Modules

For compact matrix groups G containing —/, there is a linear algebra interpretation
for the iterated midpoint sets M; and their components P;. A geodesic y in G
with y(0) = I is a one-parameter subgroup, and when y (1) = —1, then y(%) =J
is a complex structure, J* = —I. Thus the midpoint set M, is the set of complex
structures in G. When the connected component P; of M| contains antipodal points
Ji and — Jp, there is a next midpoint set M, C P;. It consists of points le(%) where
y is a one-parameter subgroup in G with y (1) = —1I such that J;y (¢) is a complex
structure for all ¢,

Jivhy =—1I. (%)

In particular the midpoint J = y(%) anticommutes with J; (since J1JJ1J = —1
<— JiJ = —JJy), and when y is minimal, this condition is sufficient for (x): then
both J;y J; and —y ! are shortest geodesics from —1 to I with midpoint J, so they
must agree. By induction hypothesis, we have anticommuting complex structures
J. € G with J; € P; fori < k, and Py is a connected component of the set

My={JeG:J*=—1,JJ,=—J;Jfori <k} (3)
of complex structures J € G which anticommute with Ji, ..., Ji—;. To finish the

induction step we choose some J; € Py.
Recall that the real Clifford algebra ClIy, is the associative real algebra with 1

which is generated by R¥ with the relations vw 4+ wv = —2(v, w). Equivalently, an
orthonormal basis ey, . . ., e, of R¥ C Cl, satisfies
€;€; + eje; = —28,']‘ .

A representation of Cly is an algebra homomorphism from CI; into some matrix
algebra K" with K € {R, C, H}; the space K" on which the matrices operate is
called Clifford module S. A representation maps the vectors e; onto matrices J; with
the same relations Ji2 =—1I and J;J; = —J;J; for i # j. Thus a Cl; module is
nothing but a Clifford system, a family of k are anticommuting complex structures,
and the midpoint set My, C Py between J; and —J; can be viewed as the set of
extensions of a given Cl-module (defined by Ji, ..., Ji) to a Cli-module.
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The algebraic theory of the Clifford representations is rather easy (cf. [7]). They
are direct sums of irreducible representations, and in the real case there is just one
irreducible Cly-module S (up to isomorphisms) when k % 3 mod 4, while there
are two with equal dimensions when k =3 mod 4. Fork =0, ..., 8 we have

Theorem 3
k0123 4 56738

ScRCHHH C* 00 02 @
and further we have the periodicity theorem for Clifford modules,
Sk+8 = Sk ® Ss. )

Fork =3 and k =7, the two different module structures are given by left and right
multiplications of R* = K :== Ko R -10n S, =K for K = H, Q.

4 Index of Nonminimal Geodesics

From (3) we have gained a uniform description for all iterated centrioles P, of G in
terms of Clifford systems. This can be used for a calculation of the lower bound S
for the index of nonminimal geodesics in all Py, cf. [8].

Theorem 4 Let SO, =G D Py D P, D --D Py D ... be the chain (1) of iter-
erated centrioles where n is divisible by a high power of 2. Then for each k there is
some lower bound B depending on n such that the index of nonminimal geodesics
from Ji to —Ji is =B, and B — oo asn — o0.

Proof Lety = Jyy : [0, 1] = P, be a non-minimal geodesic from J; to —J;. Then
y(t) = ™4 for some A € so,. Since 7(¢) anticommutes with J; for all i < k, it
follows that y(t) and A commute with J;. Further, from 7 (¢)> = —I we obtain
Jie™ A Jk_' = ¢ "' and therefore A anticommutes with J;. Thus we have computed
the tangent space of Py at Ji:

T) P ={JiA: A €so,, AJy=—JA, AJ; = J;Afori < k). (6)

Since y (1) = —1, the (complex) eigenvalues of A have the form ai with i = /—1
and a an odd integer.

To relate these eigenvalues to the index we argue similar as in [8, pp. 144-147].
We split R” into a sum of subspaces V; being invariant under the linear maps
A, Ji, ..., Ji and being minimal with respect to this property. All J;, i < k, pre-
serve the (complex) eigenspaces E, of A, corresponding to the nonzero eigenvalue

5 A different argument using root systems was given by Bott (6.7) [4] and in more detail by Mitchell
[9, 10].
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ai, while Jy interchanges E, and E_,. Thus by minimality of V;, there is just one pair
+a such that V; is the real part of E, + E_,. Therefore J' := A/a is an additional
complex structure on V; commuting with J; (i < k) and anticommuting with J,
and Ji, 1 := JiJ' is a complex structure which anticommutes with all Jy, ..., J;.
Hence V; is an irreducible Cli-module. Moreover, A = a;J’ on V; for some nonzero
integer a; while A = 0 on Vj. By choice of the sign of J'|V; we may assume that
alla; > 0.hencea; € {1,3,5,...}.

Choose two of these irreducible modules, say V; and V},. By (4), there is a module
isomorphism V; — Vj, as Cli;-modules when k + 1 # 3 mod 4 (Case 1) and as
Cly-modules when k + 1 = 3 mod 4 (Case 2). This remains true when we alter the
Cli41-module structure of Vj, in Case 1 by changing the sign of J; (and thus that of
J') on Vj,. With this identification wehave V; + V;, = V; @ R?and B =1 ® (, /)
(with B = 0 on the other submodules) commutes with all J;, j < k, and the same is
true for "5 Putting A, = "B Ae™®, we have J; A, € T, Py by (6).

Case 1: k + 1 # 3 mod 4: We have modified our identification of V; and V, by
changing the sign of J; .y on V;,. Thuson V; +V;, = V; ® R?wehave A =J' ® D
where D = diag(a;, —ay) = cI + D’ with D’ = diag(b, —b) for b = %(aj + ap)
and ¢ = %(a j — ap). Let us consider the family of geodesics Jiy,, from J; to —J; in
P with y, (1) = ™4 = "By (1)e . The point y (1) = e™“™P" is fixed under
conjugation with the rotation matrix e = (ffn‘f: ‘Cgi“u”) precisely when ¢™'P" =
diag(e™”, e™'?) is a multiple of the identity matrix which happens for t = 1/b.
If one of the eigenvalues a of A is > 1, say a, > 3, then b = %(aj +ay) > 2 and
1/b € (0, 1). All y, are geodesics connecting / to —/ on [0, 1]. By “cutting the
corner” it follows that y can no longer be locally shortest beyond ¢t = 1/b, see figure.
If there is at least one eigenvalue a, > 1, we have r — 1 index pairs (j, &), hence the
index of non-minimal geodesics is at least r — 1.

7

Y
0 1/~ Yu 1

Case 2: k + 1 =3 mod 4: In this case, the product J, := J;J5 ... Jy_ is a com-
plex structure® which commutes with A and anticommutes with J; (since k — 1 is
odd). Thus A can be viewed as a complex matrix, using J, as the multiplication by i.

6Putting S, = (J1 ... Jy)? we have
Sp=J1dndi Ty = (=1 S = (=) S,

thus S, = (—=1)°1 withs=n—|—(n—1)+~~—|—1=%n(n—kl). When n =k —1=1 mod 4,
then s is odd, hence S,, = —1.
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Let E, C V; be the eigenspace of A corresponding to the eigenvalue ia where a is
any odd integer. Then E, is invariant under the J;, i < k, which commute with A,
but is it also invariant under J; which anticommutes with A and with i = J, (since
k — 1is odd). By minimality we have V; = E,, hence A = aJ,. As before, we con-
sider the linearmap B = (, ~') on V; 4+ V;, = V; ® R? and the family of geodesics
Yu(t) = ™ = e"By (t)e 5. This time, A = J' ® D where D = diag(a;, ay) =
cl + D' with ¢ = §(a; +a;) and D' = diag(b, —b) with b = 1(a; — ay). Thus
mtemtD' s fixed under conjugation with the rotation matrix
"B = (cosu-sini) precisely when ™P = diag(e™?, e=™"*) is a multiple of the
identity matrix which happens forr = 1/b.If b > 1, we obtain an energy-decreasing
deformation by cutting the corner, see figure above. We need to show that there are
enough pairs (j, h) with b > 1 when y is non-minimal.

Any J € Py defines a C-linear map J;J since J;J commutes with J; and
hence with J,. Thus a path A : I — P; from J; to —J; defines a family of C-
linear maps, and its complex determinant det(J;A) is a path in S' starting and
ending at det(27) = 1 (recall that the dimension # is even). This loop in S' has
a mapping degree which is apparently invariant under homotopy; it decomposes
the path space AP, into infinitely many connected components. If A is a geo-
desic, A(1) = Jre™™, then det J; 'A(t) = €™ " A hence its mapping degree is
%trace A/i. Since trace A/i =m 3’ ; a;, we may fix ¢ := 3 a; (which means fix-
ing the connected component of A P) and we may assume that |c| is much smaller
than r (the number of submodules V;). Let p denote the sum of the positive a; and —g
the sum of the negative a;. Then p + ¢ > r since all |a;| > 0, and p — g = ¢ which
means roughly p & g ~ r/2. Assume for the moment ¢ = 0. If there is some eigen-
value a;, with |a| > 1, say a;, = —3, there are many positive a; with a; — a, > 4,
more precisely Za?o(a‘,- —ay) >4-r/2=2r, and this is a lower bound for the
index. In the general case this result has to be corrected by the comparably small
number c. In contrast, if all a; = &1, the geodesic y consists of simultaneous half
turns in n2/2 perpendicular planes; these are shortest geodesics from I to —1 in SO,,.”

the element y (1) = e
uB __

5 Vector Bundles over Spheres

Clifford representations have a direct connection to vector bundles over spheres
and hence to K-theory. Every vector bundle E — S**! is trivial over each of the two
closed hemispheres D, D_ C S¥*!, but along the equator S = D, N D_ the fibres
over D, and 3 D_ are identified by some map ¢ : S* — O, called clutching map.

7 Any one-parameter subgroup y in SO, is a family of planar rotations in perpendicular planes.
When y (1) = —1, all rotation angles are odd multiples of . The squared length of y is the sum of
the squared rotation angles. Thus the length is minimal if all rotation angles are just .
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Homotopic clutching maps define equivalent vector bundles. Thus vector bundles
over S¥*! are classified by the homotopy group 74 (0, ). When we allow adding of
trivial bundles (stabilization), n may be arbitrarily high. Let ¥; be the set of vector
bundles over S¥*! up to equivalence and adding of trivial bundles (“stable vector
bundles”). Then

Ve = lim 7, (On). (N

Hence we could apply Theorem 2 in order to classify stable vector bundles over
spheres. However, a separate argument based on the same ideas but also using Clifford
modules will give more information.

A CIl; module § = R" or the corresponding Clifford system Ji,..., Jy € O,
defines a peculiar map ¢ = ¢y : S*¥ — 0, which is linear, that is a restriction of a
linear map ¢ : R¥*! — R"*" where we put

Pslerv) =1, psle) = Ji fori < k. ®)

The bundles defined by such clutching maps ¢ are called generalized Hopf bundles.
Inthe cases k = 1, 3, 7, these are the classical complex, quaternionic, and octonionic
Hopf bundles over S¥+1.

In fact, Cl;-modules are in 1:1 correspondence to linear maps ¢ : S* — 0, with
the identity matrix in the image. To see this, let ¢ be such map and W = ¢ (R¥+)
its image. Then Sy = ¢(S¥) C 0,. Thus ¢ is an isometry for the inner product
(A, By = %trace (AT B) on R™" since ¢(S¥) C O, and O, lies in the unit sphere
of R"*" For all A, B € Sy we have (A + B) € R- O,. On the other hand, (A +
B)YT(A+ B) =21+ ATB + BT A, thus ATB + BT A =tI for some t € R. From
the inner product with / we obtain t = 2(A, B). Inserting A = [ and B L [ yields
B+ BT =0,andforany A, B L I we obtain AB + BA = —2(A, B)I. Thus ¢|RF
defines a Cli-representation on R”.
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Atiyah, Bott and Shapiro [3] reduced the theory of vector bundles over spheres to
the simple algebraic structure of Clifford modules by showing that all vector bundles
over spheres are generalized Hopf bundles plus trivial bundles, see Theorem 5 below.
We sketch a different proof of this theorem using the original ideas of Bott and Milnor.
We will homotopically deform the clutching map ¢ : S* — G = SO, of the given
bundle E — S¥*! step by step into a linear map. Since adding of trivial bundles is
allowed, we may assume that the rank n of E is divisible by a high power of 2.

We declare N = e to be the “north pole” of S¥. First we deform ¢ such that
¢(N) = I and ¢ (—N) = —I. Thus ¢ maps each meridian from N to —N in S¥ onto
some path from I to —/ in G, an element of AG. The meridians u, are parametrized
by v € S=! where S*~! is the equator of S¥. Therefore ¢ can be considered as a
map ¢ : S¥-! — AG. Using the negative gradient flow for the energy function E
on the path space AG as in Sect.2 we may shorten all ¢ (u,) simultaneously to
minimal geodesics from I to —I and obtain a map ¢ : S*"!' — A,G where A,G
is the set of shortest geodesics from / to —/, the minimum set of £ on AG. Let
m(y) = y(%) be the midpoint of any geodesic y : [0, 1] — G. Thus we obtain a
map ¢; =m o : S*~' — P, and we may replace ¢ by the geodesic suspension
over ¢ from [ and —1.

I
s N G
Sk_1 VR
(0 shorten
_N —I

We repeat this step replacing G by P; and ¢ by ¢;. Again we choose a “north
pole” Ny = ¢ € S¥~! and deform ¢ such that ¢ (£N,) = +J; for some J; € P;.
Now we deform the curves ¢ (j¢1) for all meridians u; C S¥=! to shortest geodesics,
whose midpoints define a map ¢, : S~ — Py, and then we replace ¢, by a geodesic
suspension from £J; over ¢,. This step is repeated (k — 1)-times until we reach a
map ¢x_1 : S' — Pr_;. This loop can be shortened to a geodesic loop y = Jy_1y :
[0, 1] — P;_; (which is a closed geodesic since Pj_; is symmetric) starting and
ending at J;_1, such that y and y are shortest in their homotopy class.

We have y () = ¥4 for some A € Ty, , Px—;. Since y is closed, the (complex)
eigenvalues of A have the form ai with a € Z and i = v/—1. To compute these
eigenvalues we argue as in Sect. 4. We split R” into V;; = ker A and a sum of subspaces
V; which are invariant under the linear maps A, Ji, ..., Jy—1 and minimal with
respect to this property. As before, A = aJ’ for some nonnegative integer a, and
Jix = Jr—1J' is a complex structure anticommuting with Ji, ..., Jr—. Hence V; is
an irreducible Cl;-module with dimension my, see (4) and (5).
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Since the clutching map of the given vector bundle E — SK*! (after the defor-
mation) is determined by y, Ji, ..., Jr—; which leave all V;, j > 0, invariant, the

vector bundle splits accordingly as E = Eq @ D j=0 Ej where E is trivial.®

We claim that the minimality of y implies a; =1 for all j and hence A = J;.
In fact, the geodesic variation y, of Sect.4 shows that |a; — a;| < 2 for all j, A,
otherwise we could shorten y by cutting the corner.

g2

st {1 S]
\

Now suppose that, say, a; > 2. We may assume that V) = ker A contains another
copy ‘71 of V| as a Cl;_;-module: if not, we extend E by the trivial bundle Sk % \71 .
Thus we have eigenvalues 0 and a; on \71 @ V; with difference >2, in contradiction
to the minimality of the geodesic.

We have shown E = Ey @ E| where Ej is trivial and E| is a generalized Hopf
bundle for the Clifford system Ji, ..., J; on Zpo V;.

Let . the set of equivalence classes of Cli-modules, modulo trivial Cl-
representations. We have studied the map

&I./%k—>7/k

which assigns to each S € .#; the corresponding generalized Hopf bundle over S¥*1.
It is additive with respect to direct sums. We have just proved that & is onto. But
it is not 1:1. In fact, every Cl;;-module is also a Cl; module since Cl; C Clyy;.
This defines a restriction map p : | — #;. Any Cl-module S which is really
a Cl,-module gives rise to a contractible clutching map ¢s : S* — S0, and hence
to a trivial vector bundle since ¢s can be extended to S*+! and thus contracted over
one of the half spheres D, D_ C S¥*!. Thus & sends p(.# ) into trivial bundles

8The clutching map ¢ : SK — SO, splits into components ¢ j: sk — SO (V). The domain sk is
the union of totally geodesic spherical (k — 1)-discs D, v € S!, centered at v and perpendicular to
S'. All D, have a common boundary Sk=2_ Since ¢olp, is constant in v, it is contractable along D,
to a constant map.
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and hence it descends to an additive map’
o G = M) p(Mis1) — k.

We claim that this map is injective: if a stable bundle &(S) is trivial for some Clj-
module §, then § is (the restriction of) a Cl;,-module.

Proof of the claim. Let S be a Cl;-module and ¢ = ¢g : S* — G the corresponding
clutching map (that is ¢ (exs1) = I, p(e;) = J;). We assume that ¢ is contractible,
thatisitextendsto¢ : D*t! — G, possibly after adding to S an elementin p (#Zj+1).
The closed disk D**! will be considered as the northern hemisphere D™ < SF*1.
Repeating the argument above for the surjectivity, we consider the meridians My
between N = ¢4 € S¥ and — N, but this time there are much more such meridians,
not only those in S¥ but also those through the hemisphere D’jfl. They are labeled
byve DX := D N NL

Applying the negative energy gradient flow we deform the curves ¢ (1, to minimal
geodesics without changing those in ¢ (S¥) which are already minimal. Then we
obtain the midpoint map ¢1 D — Py with ¢ (v) = m(qﬁ(uv)) which extends the
given midpoint map ¢; of ¢. This step is repeated k times until we reach o - + —
Py which is a path from J; to —J; in Pi. This path can be shortened to a minimal
geodesic in P, whose midpoint is a complex structure Ji,; anticommuting with
Ji, ..., Jr. Thus we have shown that our Cl-module S is extendible to a Cly ;-
module, that is S € p(.#+1). This finishes the proof of the injectivity.

Theorem 5 ([3]) Every vector bundle over S* splits stably into a trivial bundle and
a generalized Hopf bundle. More precisely, the map « : <t = My | p(Mii1) — Vi
sending the equivalence class of a Cli-module S onto its generalized Hopf bundle is
an isomorphism.

From (4) one easily obtains the groups .« since the modules S; in (4) are the
(one or two) generators of .#y. If Sy = p(Sk41), then @7 = 0. This happens for
k=2,4,56.Fork =0, 1 we have

P(Sk+1) = Sk @ Sk = 28,

°In fact, both ¥ and 7 are abelian groups with respect to direct sums, not just semigroups, and «
is a group homomorphism. Using the tensor product, ¥ = >, ¥ and & = ), @ become rings
and o a ring homomorphism, see [3].
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hence ofy = &/ = Z,. For k = 3, 7 there are two generators for .#, say Sy and S,
and p(Sg+1) = Sk @ S}, thus @4 = o = Z. Hence

k10 1234567 ©)
|2y Z, 0Z000Z

and because of the periodicity (5) we have <% g = <.

Consequently, the list (9) for 7 is the same as that for % and for 74 (O,,), n large
(see (7)). Thus we have also computed the stable homotopy of O,,.

We have seen that the following objects are closely related and obey the same
periodicity theorem:

Iterated centrioles of O,,,

stable homotopy groups of O,,
Clifford modules,

stable vector bundles over spheres.
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The Solvable Models of Noncompact Real
Two-Plane Grassmannians and Some
Applications

Jong Taek Cho, Takahiro Hashinaga, Akira Kubo,
Yuichiro Taketomi and Hiroshi Tamaru

Abstract Every Riemannian symmetric space of noncompact type is isometric to
some solvable Lie group equipped with a left-invariant Riemannian metric. The cor-
responding metric solvable Lie algebra is called the solvable model of the symmetric
space. In this paper, we give explicit descriptions of the solvable models of noncom-
pact real two-plane Grassmannians, and mention some applications to submanifold
geometry, contact geometry, and geometry of left-invariant metrics.

1 Introduction

In the studies on Riemannian symmetric spaces of noncompact type, the solvable
models have played important roles. Let M = G/K be a Riemannian symmetric
space of noncompact type, where G is the identity component of the isometry group
Isom(M).Let G = K AN be an Iwasawa decomposition, where K is maximal com-
pact, A is abelian, and N is nilpotent. Then M is isometric to the solvable Lie
group S := AN, by being equipped with a suitable left-invariant metric (, ). The
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solvmanifold (S, (, )), or the corresponding metric solvable Lie algebra (s, (,)), is
called the solvable model of the symmetric space M = G/K.

For a real hyperbolic space RH", its solvable model is the so-called Lie algebra
of RH", which is of a quite simple form and has several interesting properties (see
[13, 16, 18]). For other (complex, quaternion, and octonion) hyperbolic spaces,
which are of rank one, their solvable models are given by Damek—Ricci spaces
[1, 5]. Particularly in the case of a complex hyperbolic space CH", the solvable
model provides a lot of interesting examples of isometric actions and homogeneous
submanifolds. We refer to a survey paper [11] and references therein. These studies
have still continued, for examples, the third author [14] studied the geometry of polar
foliations on CH", and the second author and Kajigaya [10] studied homogeneous
Lagrangian submanifolds in CH".

For higher rank cases, the solvable models are theoretically known, and can be
described in terms of the root systems. They have played fundamental roles in the
studies on symmetric spaces of noncompact type. Among others, successive exam-
ples would be the studies on homogeneous codimension one foliations [3] and hyper-
polar foliations [4]. However, we sometimes need more explicit descriptions of the
solvable models, in order to study more detailed properties, as in the case of complex
hyperbolic spaces CH".

In this paper, we concentrate on a noncompact real two-plane Grassmannian
G3(R"2), and explicitly describe its solvable model according to [8]. It is not diffi-
cult to determine the structure of the solvable model, but as far as we know, it is hard
to find it in the literature. We also give several applications of the solvable model
of G;(R””). The topics contain cohomogeneity one actions (homogeneous codi-
mension one foliations), geometry of Lie hypersurfaces, particular contact metric
manifolds, and left-invariant Einstein and Ricci soliton metrics on Lie groups. We
believe that our solvable model would play a fundamental role in further studies on
geometry of G5(R"*2).

2 The Solvable Model

In this section, we recall a description of the solvable models of noncompact
real two-plane Grassmannians G;(R””) = S0°(2, n)/S(0(2) x O(n)), according
to the description given in [8].

2.1 A Description of the Solvable Model

In this subsection we give a definition of the solvable model of G;(R"*Z). We usu-
ally assume n > 3, since, in the case of n = 2, the symmetric space G;(R“) is not
irreducible and has different features.
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Definition 1 Let ¢ > 0 and n > 3. We call (s(c), (, ), J) the solvable model of

G;(R””) if

(1) s(c) :=span{Ay, Ay, Xo, Y1, ..., Yu02,Zy,..., Z,_2, Wy}isa2n-dimensional
Lie algebra whose nonzero bracket relations are defined by

o [A1, Xol = cXo, [A1, Yi]l = —(c/DY:, [Ar, Zi] = (¢/D) Z;, [Ar, Wo] =0,
o [Ay, Xo] =0, [A2, Yi] = (¢/2)Y;, [A2, Zi] = (¢/2)Z;, [A2, Wo] = c Wy,
o [Xo, Yil=cZ;,[Y;, Zi] = cW,.

(2) (,) is an inner product on s(c) so that the above basis is orthonormal,

(3) J is a complex structure on s(c) given by

J(A)) = —Xo, J(A) =Wy, J(T;)=1Z2.

Let S(c) denote the connected and simply-connected Lie group with Lie algebra
s(c), equipped with the induced left-invariant metric (, ) and the induced complex
structure J. The triplet (S(c), (, ), J) is also called the solvable model.

Theorem 2 ([8]) The solvable model (S(c), (, ), J) is isomorphic to G} (R"*2) with

minimal sectional curvature —c>.

The proofis given by describing the Iwasawa decomposition of so (2, n) explicitly,
in terms of matrices. This is long but a straightforward calculation.
We here see the structure of the Lie algebra s(c). One can directly see that

n = [s(c), s(c)] = span{Xo, Y1, ..., Yn0,Z1, ..., Zy_2, Wo}.
Furthermore, by the given bracket relations, we have
(n,n] =span{Zy, ..., Z,—o, Wo}, [n, [n, n]] =span{Wo}, [n,[n,[n,n]]]=0.

Therefore, s(c) is solvable, whose derived subalgebra is three-step nilpotent. This is
compatible with the root space decomposition, mentioned in the next subsection.

2.2 A Description in Terms of Root Spaces

In this subsection, we describe the root space decomposition of the solvable model
(s(c), (,), J). We need such description in order to translate some general results
stated in terms of the root spaces.

Let us put a := span{A;, A,} C s(c), which is an abelian subalgebra. Then, for
each o € a*, the root space s, of s(c) with respect to a is defined by

se = {X €5(c) | [H,X]=a(H)X (VH € a)}.



314 J.T. Cho et al.
Proposition 3 Let us define ¢; € a* by

e1(A1) :=1c¢/2, e(A) = —c/2, €1(Ay) =c/2, &e(Ay):=c/2.
Then the nontrivial root spaces can be described as follows:

581—82 = Span{X0}7 582 = Span{Yl LRI ] Yn—2}7

Sg, =span{Zy, ..., Zy 2},  S¢te, = span{Wo}.

Proof Tt follows directly from the bracket relations of the solvable model. O

Asusual, we put ) := ¢; — & and oy := &,. We then have the root space decom-
position of s(c) with respect to a,

E(C) =a® Say 695012 @5a1+(¥2 @5a1+2a2-

Therefore the set of roots is of type B,, and {«|, «} is the set of simple roots. This
agrees with the root system of G4 (R"+2).

3 Applications

In this section, we mention several applications of the solvable models (S(c), (, ), J)
of noncompact real two-plane Grassmannians G (R"+2),

3.1 Cohomogeneity One Actions

In this subsection, we study cohomogeneity one actions on G;(R””) in terms of the
solvable model.

Definition 4 For an isometric action on a Riemannian manifold, maximal dimen-
sional orbits are said to be regular, and other orbits singular. The codimension of a
regular orbit is called the cohomogeneity of the action.

Therefore, a cohomogeneity one action is an isometric action whose regular orbits
are of codimension one. For irreducible symmetric spaces of noncompact type, coho-
mogeneity one actions without singular orbit (equivalently, homogeneous codimen-
sion one foliations) have been classified in [3]. The classification result is described
in terms of the root systems, but one can translate it into the solvable models as
follows.

Theorem 5 ([3]) Anisometric action of a connected group on G;(R”“) is a coho-
mogeneity one action without singular orbit if and only if it is orbit equivalent to one
of the actions given by
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(N) b = span{faiA; + a2 A2} @ nwith a? + a3 = 1,
(A1) b =s(c) ©span{Xo},
(A2) b =s(c) ©span{Y1}.

We refer these actions as the actions of type (N), (Ay), and (A»), respectively.
Note that there exist continuously many actions of type (). The orbits of these
actions play leading roles throughout this section.

Remark 6 Let H be a Lie subgroup of the solvable model S(c). We identify
G;(R””) = S(c), and hence H acts on S(c) by the multiplication from the left.
In this paper we consider H is acting on G’ (R"*?) in this way. On the other hand,
one has G;(R"*z) = S0°(2, n)/S(0O(2) x O(n)), and H acts on this homogeneous
space since H C S(c) C S0%(2, n). We note that these two actions are equivariant,
by the identification F : S(c) — G;(R”*z) : g > g.o, where o denotes the origin.

3.2 Lie Hypersurfaces

In this subsection, we study extrinsic geometry of orbits of cohomogeneity one
actions on G;(R””) without singular orbits. These orbits are sometimes called Lie
hypersurfaces.

Proposition 7 ([3, 15]) For the cohomogeneity one actions on G;(R”*z) described
in Theorem 5, we have the following:

(1) For each action of type (N), all orbits are isometrically congruent to each other.
(2) For each of the actions of type (A1) and (A,), there exists the unique minimal
orbit.

It depends on the choice of a; A| + a, A, whether a cohomogeneity one action of
type (N) has minimal orbits or not. In order to study it, we have only to study the
minimality of the orbit H.e through the identity e € S(c). This is equivalent to the
minimality of the Lie subgroup H C S(c¢).

We here recall some general facts on the minimality of Lie subgroups. Let (G, {, ))
be a Lie group with a left-invariant Riemannian metric, which we identify with
the corresponding metric Lie algebra (g, (, )). First of all, we define the symmetric
bilinear form U : g x g — g by

2U(X,Y),Z)y=(Z,X].Y)+(X,[Z2,Y]) (VX,Y,Z €g).

Then, the Koszul formula yields that the Levi-Civita connection V : g x g — g of
(g, (,)) can be written as

VxY =(1/2)[X, Y]+ UX,Y).



316 J.T. Cho et al.

Let H be a Lie subgroup of G with Lie algebra h. Then the second fundamental form
h:h x b — gobof the submanifold H C G is defined by

h(X,Y):= (VxV)' = U(X, Y)gon,

which means the (g & h)-component of U(X, Y) (and © denotes the orthogonal
complement). The trace of & is called the mean curvature vector of the submanifold
H in G, and H is said to be minimal if the mean curvature vector vanishes. In order
to study the minimality of some Lie subgroups, the following notion is convenient.

Definition 8 A vector Hj € g is called the mean curvature vector of (g, (,)) if it
satisfies
(Ho, X) = tr(adx) (VX € g).

Note that one has to distinguish the mean curvature vector of (g, (,)) and the
mean curvature vector of a submanifold A in G. These two mean curvature vectors
are related in the following particular cases.

Proposition 9 Let Hy be the mean curvature vector of (g, (,)), and H be a Lie
subgroup of G whose Lie algebra y contains g, g]. Then the mean curvature vector
of the submanifold H in G coincides with (Hp)4cp.

Proof Since [g, g] C b, one has a decomposition h = [g, g] © (h © [g, g]). Let {e;}
and {e}} be orthonormal bases of [g, g] and h © [g, g], respectively. Then, the mean
curvature vector H;; of the submanifold H in G is given by

Hy =2 h(ei,e;) + 2 h(e),e) =2 Ulei, e)gon + 2 U(€}, €})gep-
Here, since e_/]. L [g, gl, one has U(e_/j, e_/l.) = 0. We thus have
Hj =2 Ul(e;, e)gon-
Our claim is Hj = (Hp)g4en. Take any X € g © h. Then we have
(Hp, X) = (2 Uleis e), X) = 2{[X, e;], &) = tr(adx|q,q))-
On the other hand, by the definition of Hj, one knows
(Ho, X) = tr(adx) = tr(adx|(g,q)),
where the last equality follows from adx (g) C [g, g]. This completes the proof. []

Remark 10 In general, the mean curvature vector Hy of (g, (, )) satisfies

(Ho, [g, g]) = 0,
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since (Hy, [X, Y]) = tr(adx,y)) = tr([adx, ady]) = 0. Therefore, if we consider the
particular case h = [g, g], the mean curvature vector of the submanifold H = [G, G]
coincides with Hy. This is a reason why Hj is called the mean curvature vector.

We apply this general theory to the actions of type (N) on G;(R””) = S(c). By
the given bracket relations of s(c), one can directly calculate H.

Proposition 11 Hy := cA| + c(n — 1) A; is the mean curvature vector of the solv-
able model (s(c), {,)).

For an action of type (IV), there exist no minimal orbits in a generic case. However,
if aj Ay + ax A, is a particular one, then the action has minimal orbit (and hence all
orbits are minimal). Such phenomenon has been known in [3, Corollary 3.2], but we
here point out which action has a minimal orbit.

Proposition 12 A cohomogeneity one action of type (N) on G5 (R"*2) has a minimal
orbit (and hence all orbits are minimal) if and only if it is given by

h:=span{A; + (n — 1)Ar} & n.

Proof Let b := span{a;A| + a;A>} @ n, and H be the connected Lie subgroup of
S(c) with Lie algebra fh. We study the condition for the submanifold H in S(c) to
be minimal. Note that [s(c), s(c)] = n C h holds. Therefore, by Proposition 9, H is
minimal in S(c) if and only if (Hp)s()ep = 0. This is equivalent to b = span{Hy} ®
n. We thus complete the proof by Proposition 11. (]

3.3 Einstein Solvmanifolds

In this subsection, we study intrinsic geometry of orbits of cohomogeneity one actions
on G%(R"*?) without singular orbits. In particular, they provide examples of Einstein
solvmanifolds. First of all we recall the following notation.

Definition 13 A metric solvable Lie algebra (s, (, )) is said to be of Iwasawa type if

(i) a:=s56[s,s]is abelian,
(ii) forevery A € a, ad, is symmetric with respect to (, ), and ad4 7# 0 if A # 0,
(iii) there exists Ay € a such that ad ,|[s,s] is positive definite.

One can easily see that the solvable model (s(c), (, )) of G’Z‘(R””) is of Iwasawa
type. More generally, the solvable parts of Iwasawa decompositions of semisimple
Lie algebras are of Iwasawa type.

Proposition 14 ([12], Theorem4.18) Let (s, {, )) be an Einstein solvable Lie algebra
of Iwasawa type, and Hy be the mean curvature vector of (s, (, )). We put n := [s, s],
a:=sOn, and take a nonzero subspace &’ C a. Then (' :=a @®n, (,)|sxs) IS
Einstein if and only if Hy € d'.
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The above procedure is called the rank reduction of an Einstein solvable Lie
algebra (s = a @ n, (, )). Note that our solvable model is Einstein, since it is isometric
to an irreducible symmetric space. Hence, by applying the above procedure, we
immediately have the following.

Proposition 15 Let (s(c), (, ), J) be the solvable model of G;(R"”), and put ) :=
span{A| + (n — 1) Az} @ n. Then, for the corresponding cohomogeneity one action
of type (N), all orbits are Einstein hypersurfaces with respect to the induced metrics.

In particular, G (R"*?) admits (homogeneous) real hypersurfaces which are Ein-
stein. This is an easy observation, but would be interesting from the viewpoint of
submanifold geometry. In fact, this is in contrast to the case of CH", namely, CH"
do not admit any Einstein real hypersurfaces (see [19]).

3.4 Contact Metric Manifolds

In this subsection, we apply the solvable model (s(c), (, ), J) of G;(R"“) to study
contact metric manifolds. Let M be a smooth manifold and X (M) denote the set of
all smooth vector field. A contact metric structure is denoted by (1, &, ¢, g). The
following notion has been introduced in [6].

Definition 16 Let («, 1) € R?. A contact metric manifold (M, 1, &, ¢, g) is called
a (k, w)-space if the Riemannian curvature tensor R satisfies

R(X,Y)§ = (kI + ph)(n(Y)X —n(X)Y) (VX,Y € X(M)),

where / denotes the identity transformation and /2 := (1/2).%; ¢ is the Lie derivative
of ¢ along &.

Ithas been known thatk < 1 always holds. Furthermore, a contact metric manifold
is Sasakian if and only if itis a (1, w)-space [6]. Therefore, the class of (k, w)-spaces
is a kind of generalization of Sasakian manifolds. Typical examples of non-Sasakian
(r, w)-spaces are the unit tangent sphere bundles 7 (M (c)) over Riemannian mani-
folds M (c) of constant curvature ¢ # 1. Non-Sasakian («, ©)-spaces have been stud-
ied deeply by Boeckx [7], but a geometric understanding seems to be not enough.
The following gives a realization of (0, 4)-spaces.

Theorem 17 ([8]) Let (s(2+/2), (,), J) be the solvable model of G;(R"“) with
normalization ¢ = 2\/5, where n > 3. Then, §) := 5(2\/5) O span{A;| + Ay} is a
subalgebra, and the corresponding Lie group H equipped with the standard almost
contact metric structure is a (0, 4)-space of dimension 2n — 1.

Recall that every real hypersurface in a Kéhler manifold admits an almost con-
tact metric structure. Note that G5(R"*?) is a Hermitian symmetric space, which
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is Kihler, of dimension 2n. Therefore, the above Lie subgroup H is equipped with
an almost contact metric structure, and of dimension 2n — 1. The proof is given by
showing that b is isomorphic to the example constructed by Boeckx [7].

We also note that this result is relevant to the study by Berndt and Suh [2], who
classified contact real hypersurfaces in G3(IR"2) with constant principal curvatures.
The above (0, 4)-space is an example of such hypersurfaces, and hence is contained
in their classification list (which is called a horosphere).

3.5 Ricci Soliton Solvmanifolds

In this subsection, we see that the orbits of cohomogeneity one actions of type (N)
provide examples of Ricci soliton solvmanifolds. Recall that a Riemannian manifold
(M, g) is called a Ricci soliton if there exist c € Rand X € X(M) such that the Ricci
tensor Ric, satisfies

Ric, = cg + Zxg,

where Zx g denotes the Lie derivative of g along X.

Definition 18 A metric Lie algebra (g, (, )) is called an algebraic Ricci soliton with
constant ¢ € R if there exists a derivation D € Der(g) such that

Ric=c-id + D.

An algebraic Ricci soliton is called a solvsoliton if g is solvable, and a nilsoliton
if g is nilpotent. Note that any algebraic Ricci soliton gives rise to a Ricci soliton
metric on the corresponding simply-connected Lie group (see [17]).

Proposition 19 ([8, 17]) Let (s = a®n, (,)) be a solvsoliton with constant ¢ <
0. Take any subspace o' of a, and put §' := o’ @ n. Then, §' is a subalgebra, and
(s, {, )s'xs) is also a solvsoliton with constant c.

Recall that our solvable model s(c) is Einstein with negative scalar curvature and
solvable, which is a special case of solvsolitons with constant ¢ < 0. Therefore, the
above proposition yields the following.

Proposition 20 All orbits of cohomogeneity one actions of type (N) on G5 (R"+?)
are Ricci soliton solvmanifolds.

Recall that a particular choice of o', thatis f := span{A; + (n — 1)A,} & n, gives
rise to an Einstein solvmanifold (see Proposition 15). Other choices of a’ provide
nontrivial (not Einstein) Ricci soliton solvmanifolds.

Corollary 21 The connected, simply-connected and complete (0, 4)-space with
dimension >5 is a nontrivial Ricci soliton.
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Proof 1t has been known in [7] that non-Sasakian (k, w)-spaces are locally deter-
mined by its dimension and the values («, ) € R?. Therefore, a connected, simply-
connected and complete (0, 4)-space is isometric to the one given in Theorem 17
by

h= s(2v2) © span{A; + Ay} = span{A; — Ay} d n.

In particular, it is an orbit of a cohomogeneity one action of type (). By Proposi-
tion 20, it must be Ricci soliton. Furthermore, it is not Einstein, since A; — A5 is not
proportional to Hy. (]

Note that Ghosh—Sharma [9] have studied non-Sasakian («, )-spaces which are
Ricci soliton. In fact, they have proved the following classification result.

Theorem 22 ([9]) Let M be a non-Sasakian (k, ()-space whose metric is a Ricci
soliton. Then M is locally isometric to either (0, 0)-space or (0, 4)-space as a contact
metric manifold.

For (0, 4)-spaces with dimension >5, the converse statement would not be explic-
itly examined (they have used the software MATLAB). Our argument above comple-
ments the theorem of Ghosh—Sharma, by giving a Lie-theoretic proof of the converse
direction, which can be checked by hand.
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Biharmonic Homogeneous Submanifolds
in Compact Symmetric Spaces

Shinji Ohno, Takashi Sakai and Hajime Urakawa

Abstract This paper is a survey of our recent works on biharmonic homogeneous
submanifolds in compact symmetric spaces (Biharmonic homogeneous submani-
folds in compact symmetric spaces and compact Lie groups (in preparation), Bihar-
monic homogeneous hypersurfaces in compact symmetric spaces. Differ Geom Appl
43, 155-179 (2015)) [12, 13]. We give a necessary and sufficient condition for an iso-
metric immersion whose tension field is parallel to be biharmonic. By this criterion,
we study biharmonic orbits of commutative Hermann actions in compact symmetric
spaces, and give some classifications.

1 Introduction

A harmonic map is a smooth map between Riemannian manifolds which is a criti-
cal point of the energy functional, hence it is a natural generalization of geodesics
and minimal immersions. The Euler-Lagrange equation of the energy functional is
the vanishing of the tension field, that is a second order elliptic PDE. The theory
of harmonic maps relates to various subject in mathematics and plays an important
role in differential geometry. As a generalization of harmonic maps, J. Eells and
L. Lemaire [4] introduced the notion of biharmonic map between Riemannian man-
ifolds, which is defined as a critical point of the bienergy functional. G.Y. Jiang
[10] studied the first and second variation formulas of the bienergy functional and
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obtained the Euler-Lagrange equation, which is a fourth order PDE. By definition a
harmonic map is always biharmonic. One of the most important problems is to ask
whether the converse is true. B.Y. Chen [3] raised the following conjecture:

Every biharmonic submanifold of the Euclidean space R" must be harmonic
(minimal).

Although many results supporting B.Y. Chen’s conjecture have been obtained [1],
itis still open. Furthermore, R. Caddeo, S. Montaldo, P. Piu and C. Oniciuc [2] raised
the generalized B.Y. Chen’s conjecture:

Every biharmonic submanifold of a Riemannian manifold of non-positive curva-
ture must be harmonic (minimal).

This conjecture is false in general, in fact Ou and Tang [15] gave a counter example
in a Riemannian manifold of negative curvature. However, under some additional
conditions, the generalized B.Y. Chen’s conjecture can be true (see Corollary 1).

On the contrary, in the case where the target space (N, i) has non-negative sec-
tional curvature, the theory of biharmonic maps is quite different. There exist exam-
ples of proper biharmonic maps into Riemannian manifold of non-negative curvature.
Here, proper biharmonic means biharmonic, but not harmonic.

In this paper, we study biharmonic submanifolds in compact symmetric spaces.
First we give a necessary and sufficient condition for a submanifold whose tension
field is parallel to be biharmonic. For orbits of commutative Hermann actions in com-
pact symmetric spaces, this condition can be described in terms of symmetric triads,
which is introduced by Ikawa [7]. By using this criterion, we determine all proper
biharmonic hypersurfaces in irreducible symmetric spaces of compact type which are
regular orbits of commutative Hermann actions of cohomogeneity one. Moreover, we
construct higher codimensional proper biharmonic submanifolds in compact sym-
metric spaces and show a classification result. Also, we will give some concrete exam-
ples of proper biharmonic homogeneous submanifolds in Grassmannian manifolds.

2 Biharmonic Isometric Immersions

We first recall the definition and fundamentals of harmonic maps and biharmonic
maps. Let ¢ : (M, g) — (N, h) be a smooth map from an m-dimensional compact
Riemannian manifold (M, g) into an n-dimensional Riemannian manifold (N, k).
Then ¢ is said to be harmonic if it is a critical point of the energy functional defined by

1 2
E(p) = 3 ldp| vg.
M

By the first variation formula for E, the Euler-Lagrange equation is given as the
vanishing of the tension field 7 (¢) := trace B, € I (¢~ 'TN), where B, is the second
fundamental form of ¢ defined by

B,(X,Y) = (Vd)(X,Y) = Vx(dp(Y)) — dp(VxY),
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for all vector fields X, Y € X(M). Here, V is the Levi-Civita connection on 7 M and
V, and V are the induced ones on @ 'TN and T*M ® ¢~ 'T N, respectively.

Eells and Lemaire [4] proposed the notion of biharmonic maps. We define the
bienergy functional by

1 2
Ex(p) = E/M [T(@)|7v,.

A smooth map ¢ is said to be biharmonic if it is a critical point of E,. Jiang [10]
studied the first and second variation formulas of biharmonic maps, and showed that
¢ is biharmonic if and only if 7,(¢) = 0. Here 1, (¢) is called the bitension field of
@ defined by

0(p) = J(1(9) = A(x(9)) — Z(t(9)).
Here J is the Jacobi operator acting on I'(¢ ! T N) given by
J(V)=AV — Z(V),

where AV =V'VV =-3" (V. V.V —Vy,,V} is the rough Laplacian and
Z is alinear operator on I' (¢ "' T N) givenby Z(V) = > R"(V,dy(e;))dg(e;),
where R is the curvature tensor of (N, 1) and {e; }/L | is alocally defined orthonormal
frame field on (M, g).

By definition, every harmonic map is biharmonic. We say that a smooth map

¢ : (M, g) — (N, h) is proper biharmonic if it is biharmonic but not harmonic.

Example 1 (Oniciuc) A small sphere $"~'(1/+/2) is a proper biharmonic hypersur-
face in the unit sphere S” (1), that is, its inclusion map is proper biharmonic.

Example 2 ([10]) A Clifford hypersurface S”(1/+/2) x S4(1//2) (p+q =n —
1, p # gq) is a proper biharmonic hypersurface in S"(1).

Inoguchi and Urakawa [5, 6] showed that the above two examples are the only
proper biharmonic isoparametric hypersurfaces in $”(1). Furthermore, they gave a
classification of all proper biharmonic homogeneous hypersurfaces in $”, CP" and
HP".

Now we shall give a characterization theorem for an isometric immersion ¢ of
a Riemannian manifold (M, g) into another Riemannian manifold (N, &) whose
tension field t(¢) satisfies Vj{_l'((p) = 0 for all X € X(M) to be biharmonic, where
¥ is the normal connection on the normal bundle T M. From J iang’s theorem [10],
we obtain the following theorem.

Theorem 1 ([12, 13]) Lety : (M, g) — (N, h) be an isometric immersion. Assume
that ?;T((p) = 0forall X € X(M). Then, ¢ is biharmonic if and only if

m

> R'(x(p). dp(en)dp(er) = D By(Arer e)

i=l1 i=l1
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holds, where Ag denotes the shape operator of ¢ with respect to a normal vector
£EeT M.

Form Theorem 1, we obtain:

Corollary 1 ([13]) Assume that the sectional curvature of the target space (N, h)
is non-positive. Let ¢ : (M, g) — (N, h) be an isometric immersion whose tension
field satisfies v;r((p) =0 for all X € X(M). Then, if ¢ is biharmonic, then it is
harmonic.

3 Commutative Hermann Actions and Symmetric Triads

We will review some basics of Hermann actions on compact symmetric spaces and
symmetric triad due to Ikawa [7].

Let (G, K;) and (G, K,) be compact symmetric pairs with respect to involutive
automorphisms 6, and 8, of a compact connected Lie group G, respectively. Here we
assume that K; and K, are connected, i.e. K; (resp. K>) is the identity component
of the fixed point set of 0 (resp. 6;) in G. Then the triple (G, K|, K>) is called a
compact symmetric triad. We denote the Lie algebras of G, K| and K, by g, £, and &,
respectively. The involutive automorphism of g induced from 6; will be also denoted
by 6;. Take an Ad(G)-invariant inner product (-, -) on g. Then the inner product (-, -)
induces a bi-invariant Riemannian metric on G and G-invariant Riemannian metrics
on the coset manifolds G /K and K,\G. We denote these Riemannian metrics on G,
G/K; and K,\G by the same symbol (-, -). Then G, G/K| and K,\G are compact
Riemannian symmetric spaces. We denote by 7 (resp. m,) the natural projections
from G onto G/K; (resp. K>\G). The isometric action of K, on G/K; and the
isometric action of K; on K,\G defined by

e Kr) G/Kl; kz?‘[](x) :]Tl(kzx) (k2 € Ky, x € G)
o Ko\G Ky, m(x)ky = ma(xky) (k1 € K1, x € G)

are called Hermann actions. Under this setting, we can also consider the isometric
action of K, x K; on G defined by

o Ky x Ky~ G; (ko ky)-x =kyxky' (ky € Ky, ki € K1, x € G)

These three Lie group actions have the same orbit space, in fact the following diagram
is commutative:

K2 X K] NG
m’/ VZ
szG/Kl Kz\Gf\Kl

NS

Kz\G/K] ~p
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Now we have two canonical decompositions of g:
g=tom =6 oOmy,

where m; ={X e g|6;(X) =—-X} (i =1,2). Then Ty, (G/K;) (esp. Tr, (e
(K»\G)) is identified with m; (resp. m,) in a natural way. Fix a maximal abelian
subspace a in m; N my. Then exp a is a torus subgroup in G.

A Hermann action of K, on G/K] is hyperpolar, in fact the totally geodesic flat
torus 7 (exp a) is a section, i.e. all orbits of K,-action on G/K; meet m;(exp a)
perpendicularly. Similarly K-action on K»\G is also hyperpolar, since m,(exp a) is
a flat section. We note that the cohomogeneity of K,-action on G/K; and that of
K-action on K,\G are equal to dim a.

Henceforth we assume that G is semisimple and two involutions ¢, and 6, on G
commute with each other, i.e. 6,0, = 6,6,. Then (G, K, K») is called a commutative
compact symmetric triad, and K,-action on G/K; and K-action on K,\G are called
commutative Hermann actions. Then we have a direct sum decomposition

g=ENE) & (m Nmy) & (& Nmy) & (my NE).
We define subspaces in g as follows:

b ={Xetinty|[a X]={0}},
V(E Nmy) ={X ety Nmy | [a, X]= {0},
VimNe) ={X em Nt |[a, X]={0}},

andfor A € a

b={XebtiNk|[H [H X]]=—( H)’X (H € a)},

m, ={X emy Nmy | [H, [H,X]]=—(, H?X (H € )},
Vi@ Nmy) ={X et Nmy | [H,[H,X]1=—(, H)’X (H € a)},
Vi Ne) ={Xem Nt |[H [H X]]=—(, H>X (H € a)}.

We set

T ={rea\{0}]t £ {0}
W ={a €a\{0}| V,"(&; Nmy) # {0}},
S=XUW.

Itis known that dim ¢, = dim m; and dim Vﬁ- (& Nmy) = dim Vf‘ (m; N &) foreach
A € ¥. Thus we define m(A) := dim ¢, and n()) := dim Vf(?l nmy).
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Ikawa [7] introduced the notion of symmetric triad with multiplicities as a gen-
eralization of an irreducible root system, and obtained the following proposition.

Proposition 1 ([7] Lemma 4.12, Theorem 4.33) Let (G, K1, K») be a commutative
compact symmetric triad where G is semisimple. Then % is a root system of a.
In addition, if G is simple and 6, = 6,, then (£, £, W) is a symmetric triad of «,
moreover m(A) and n(a) are multiplicities of . € X ando € W. Here 0; ~ 0, means
that 0, and 6, cannot be transformed each other by an inner automorphism of g.

Now we consider an orbit K, (x) of the action of K, on G/K; for x € G.
Without loss of generalities we can assume that x = exp H where H € a, since
7 (exp a) is a section of the action. We define an open subset a, of a by

e = [ {Hea’(z\,H}¢nZ, (a,H)¢%+nZ}.

rex,aeW

Then, for x = exp H (H € a), Kpm(x) is a regular orbit if and only if H € a,.
Here we call an orbit of the maximal dimension a regular orbit. We take a connected
component P, whichis called a cell, of a,e,. Then the closure P of P can be identified
with the orbit space K>\ G/K;. More precisely, for each orbit K, (x), there exists
H e P uniquely so that x = exp H. Aninterior point H in P corresponds to a regular
orbit, and a point H in the boundary of P corresponds to a singular orbit. Indeed, P
is a simplex in a, and the cell decomposition of P gives a stratification of orbit types
of the action.

We identify the tangent space Ty, «)(G/K;) with m; via (dm).. For x = exp H
(H € a), the tangent space and the normal space of K,m(x) at 71 (x) are given as

AL (Try ) (Kamr1 () = (Ad(x™ )8,
= > mevVmnke Y Vimne),

rext aeWt
(hH)g¢nZ (o, HY¢(m/2)+7Z

dL (T}, (Komi(x)) = (Ad(xHmp) Nmy
—a® Y me .  Vimne,

rext aewt
(hH)enZ (e, H)e(/2)+n L

where X, denotes m;-component of X € g with respect to the canonical decom-
position g = €; @ my, and L; denote the isometry on G/K; by the action of k € G.
Using the above decompositions of the tangent space and the normal space of the
orbit K7 (x), one can express the second fundamental form By and the tension
field (mean curvature vector field) Ty in terms of the symmetric triad (f], X, W).

dL (ty) = — Z m(x) cot(n, HYA + Z n(e) tan(e, H)av.

rext aewt
(A H)¢nZ (o, H)¢(n/2)+ L
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From this expression of 7y, Ikawa [7] obtained the following.

Theorem 2 ([7])

1. In each strata of the orbit space K;\G /K| = P, there exists a unique minimal
orbit Kym(x) in G/K;.
2. Anorbit Koy (x) is minimal in G/ K| if and only if w5 (x) K is minimal in K>\ G.

4 Biharmonic Orbits of Commutative Hermann Actions

Every orbits of Hermann actions satisfy vj; 7(p) = Oforall X € X(M) [8]. Therefore
we can apply Theorem 1 to study the biharmonicity of orbits of Hermann actions.
Moreover, as in the previous section, the second fundamental form and the shape
operator of an orbit of a commutative Hermann action can be described in terms of the
symmetric triad. Consequently, we obtain the following characterization theorem.

Theorem 3 ([12]) Let (G, K, K») be a commutative compact symmetric triad. For
x =exp H (H € a), the orbit Kym|(x) is biharmonic in G/K if and only if

> mAL; (ti). 1) (1 = (cot(n, H))*)A

rext
(A H)¢nZ

+ Z n(@)(dL;" (ty), @)(1 — (tan(e, H))*)o = 0.

aeWt
(e, H)¢ (/)47 Z

Since a symmetric triad (£, &, W) is determined by the pair of compact sym-
metric pairs (G, K1) and (G, K3), from the above theorem, we obtain the following
immediately.

Corollary 2 An orbit Kym(x) is biharmonic in G/K if and only if my(x)K; is
biharmonic in K)\G.

Let us consider the case of dim a = 1. Then the Hermann action of K, on G/K] is
of cohomogeneity one, hence also K;-action on K»\G is. In this case, the orbit space
K>\G/K; canbe identified with a closed interval [0, 1]. Two end points of K,\G/K;
correspond to two singular orbits, and the interior points of K;\G/K; correspond
to regular orbits, which are homogeneous hypersurfaces in G/K. According to the
classification of commutative compact symmetric triads with dim a = 1, we obtain
the following result.

Theorem 4 ([13]) Let (G, Ky, K;) be a commutative compact symmetric triad
where G is simple, and suppose that K,-action on G/K, is cohomogeneity one.
Then all the proper biharmonic hypersurfaces which are regular orbits of K,-action
(resp. Ki-action) in the compact symmetric space G /K (resp. K,\G) are classified
into the following lists:
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(1) When (G, K1, K3) is one of the following cases, there exists a unique proper
biharmonic hypersurface which is a regular orbit of K»-action on G/K, (resp.
K-action on K)\G).

(1-1) (SO(1 +b+¢), SO(1 +b) x SO(c), SOb+¢)) (b>0,c> 1, c—
1 # b)

(1-2) (SU4), S(UR2) x U(2)), Sp(2))

(1-3) (Sp(2), UQ), Sp(1) x Sp(1))

(2) When (G, K1, K») is one of the following cases, there exist exactly two distinct
proper biharmonic hypersurfaces which are regular orbits of of K,-action on
G/K, (resp. Ki-action on K;\G).

(2-1) (SO(2+2q), SO(2) x SO(2g), U(1+4)) (g >1)

(2-2) SU(1+b+c), SUUA+Db)xU(e)), SUM)xUbB+c)d=0,
c>1)

(2-3) (Sp(1+b+c), Sp(l+Db)xSp(c), Sp(l)xSp®+c) =0,
c>1)

(2-4) (SO(®), U4, U4

(2-5) (Ee, SO(10) - U(1), Fa)

(2-6) (SO(1+¢q), SO(g), SO(g)) (¢ >1)

(2-7) (Fa4, Spin(9), Spin(9))

(3) When (G, K1, K») is one of the following cases, any biharmonic regular orbit
of K»-action on G/ K (resp. Ki-action on K\ G) is harmonic.

(3-1) (SO(2¢), SO(c) x SO(c), SO2c — 1)) (c > 1)
(3-2) (SUM@), Sp(2), SO4))

(3-3) (SO(6), U3), SO3) x SO(3))

(3-4) (SU +¢q), SO(1 +¢), S(U) x U(g))) (g >1)
(3-5) (SUR+2¢), S(UR) x U2g)), Sp(l+¢)) (g > 1)
(3-6) (Sp(1+¢), U(L+¢q), Sp(1) x Sp(q)) (¢ > 1)
(3-7) (Es, SU(6) - SU(2), Fu)

(3-8) (F4, Sp(3) - Sp(1), Spin(9))

Next we shall consider the case of dim a = 2. In this case, we can determine all
proper biharmonic singular orbits of K,-action on G/K. In [12], we will give a list
of proper biharmonic singular orbits. From the list, we obtain the following.

Theorem 5 ([12]) Assume that G is simple and dim a = 2. In each singular orbit
type, the existences of proper biharmonic orbits Ko (x) C G /K is classified into
the following three classes:

(1) There exists a unique proper biharmonic orbit.
(2) There exist exactly two proper biharmonic orbits.
(3) All the biharmonic orbits must be harmonic.
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Example 3 (G, Ky, K») = (SO(n + 1), SO(n), SO(p + 1) x SO(g + 1))
(p,q =1, p+qg =n—1), thatis the case (1.1) in Theorem 4.

In this case, G/K; = SO(n + 1)/SO(n) is homothetic to the unit sphere S"(1),
and a principal orbit of K, = SO(p + 1) x SO(g + 1)-action on G/K; = §"(1)
is a Clifford hypersurfaces K7 (x) = SP(r1) x S9(r2) (r} +r? = 1), which is an
isoparametric hypersurface with 2 distinct principal curvatures. It is well-known

that SP(r1) x S%(r2) C §"(1) is minimal if and only if r; = \/1 ry = \/E
Moreover, by Theorem 3, S” (1) x S9(rp) C S"(1) is biharmonic if and only if r; =
= \/LE’ hence it is proper biharmonic when p # ¢. This was given in Example 2.

On the other hand, K>\G = (SO(p 4+ 1) x SO(g + 1))\SO(n + 1) is the Grass-
mannian manifold (/;;;(]R"“) of oriented (p + 1)- planes in R"*!, and a prin-

cipal orbit of K| = SO(n)-action on K>\G = G, I(R”“) is diffeomorphic to
SO(n) / (SO(p) x SO(g)), i.e. the universal covering of a real flag manifold, embed-
ded in G Pt (R™*1) as the tube over the totally geodesic sub-Grassmannian G, »(R™).

From Corollary 2, there exists a unique proper biharmonic orbit at the midpoint of
the orbit space, when p # q.

Example 4 (G, K1, K») = (SO(2+n), SO(2) x SO(n), SO(2) x SO(n)) (n>3)

In this case, both G/K; and K,\G are isometric to the Grassmannian manifold
G>(R"*2) of oriented 2-planes in R"*2, and it is isomorphic to the complex quadric
0, (C), which is a compact Hermitian symmetric space of rank two. Then K,-action
on G/K; (and so K;-action on K,\G) is the isotropy action of G»(R"*?) = Q,(C),
therefore the symmetric triad (£, ¥, W) reduces to the restricted root system of type
B,, more precisely, ¥ = ¥ are the root system of type B, and W = @. The orbit space
K,\G/K, = P can be expressed as the triangular region in Fig. 1. Each vertex of
the triangle corresponds to an isolated orbit, which is minimal. Edges of the triangle
correspond to singular orbit types. By Theorem 2, there exists a unique minimal
orbit in each edge. Corresponding to the midpoint H; of the hypotenuse, the orbit
Ky (x) (x = exp Hy)isareal formof O, (C), which s a totally geodesic Lagrangian
submanifold and diffeomorphic to (S' x $"~!)/Z, and obtained as the image of the
Gauss map of the Clifford hypersurface S' x §"~! in $"*!. This orbit type is the
case of (2) in Theorem 5, thus there exist two proper biharmonic Lagrangian orbits
corresponding to two o points on the hypotenuse. In equilateral edges, H, and Hj

Fig. 1 Minimal orbits and 4
biharmonic orbits in
K)\G/K, =P

Hy H3
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correspond to minimal orbits of codimension 3, which are diffeomorphic to a Stiefel
manifold SO(n)/SO(n — 2). These orbit types are the cases of (2) in Theorem 5,
thus there exist two proper biharmonic orbits corresponding to two o points on each
edges.

Concluding Remarks and Further Problems

In the present paper, we studied biharmonic submanifolds in compact symmetric
spaces, especially orbits of commutative Hermann actions. In our arguments, the
condition 6,6, = 0,0, is crucial to define symmetric triads. As a further problem, we
should study orbits of Hermann actions in the case of 6,0, # 6,6;.

Homogeneous hypersurfaces in irreducible compact symmetric spaces were clas-
sified by Kollross [11]. There exist exceptional cohomogeneity one actions, that is,
non-Hermann type. To obtain the complete classification of all biharmonic homo-
geneous hypersurfaces in irreducible compact symmetric spaces, we may have to
study orbits of each exceptional cohomogeneity one action individually. Recently,
Inoguchi and Sasahara [9] also obtained some results on biharmonic homogeneous
hypersurfaces in compact symmetric spaces.

Finally, we mention that our method can be also applied to study orbits of K, x
K-action on G associated to Hermann actions. In the next paper [12], we will give
some results on biharmonic homogeneous submanifolds in compact Lie groups.
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Recent Results on Real Hypersurfaces
in Complex Quadrics

Young Jin Suh

Abstract In this survey article, first we introduce the classification of homogeneous
hypersurfaces in some Hermitian symmetric spaces of rank 2. Second, by using
the isometric Reeb flow, we give a complete classification for hypersurfaces M in
complex two-plane Grassmannians G, (C"*?) = SU,,,,/S(U>U,,), complex hyper-
bolic two-plane Grassmannians Gj((C’”*z) = SUz 1 /S(U,U,,), complex quadric
0" =80,,42/50,,5S O, and its dual Q"* = SO,sz/SOmSOg. As a third, we intro-
duce the classifications of contact hypersurfaces with constant mean curvature in
the complex quadric Q" and its noncompact dual Q"* for m > 3. Finally we want
to mention some classifications of real hypersurfaces in the complex quadrics Q™
with Ricci parallel, harmonic curvature, parallel normal Jacobi, pseudo-Einstein,
pseudo-anti commuting Ricci tensor and Ricci soliton etc.

1 Introduction

Let us denote by (M g) a Riemannian manifold and 7 (M, g) the set of all isome-
tries defined on M. Here, a homogeneous submanifold of (M, g) is a connected
submanifold M of M which is an orbit of some closed subgroup G of (M, g). If
the codimension of M is one, then M is called a homogeneous hypersurface. When
M becomes a homogeneous hypersurface of M, there exists some closed subgroup
G of I(M, g) having M as an orbit. Since the codimension of M is one, the regular
orbits of the action of G on M have codimension one, that is, the action of G on M
is of cohomogeneity one. This means that the classification of homogeneous hyper-
surfaces is equivalent to the classification of cohomogeneity one actions up to orbit
equivalence.

The orbit space M /G with quotient topology for a closed subgroup G of I (M, g)
with cohomogeneity one becomes a one dimensional Hausdorff space homeomorphic

Y.J. Suh ()

Department of Mathematics and RIRCM, Kyungpook National University,
Daegu 41566, Republic of Korea

e-mail: yjsuh@knu.ac.kr

© Springer Nature Singapore Pte Ltd. 2017 335
Y.J. Suh et al. (eds.), Hermitian—Grassmannian Submanifolds,

Springer Proceedings in Mathematics & Statistics 203,

DOI 10.1007/978-981-10-5556-0_28



336 Y.J. Suh

to the real line R, the circle S', the half-open interval [0, co), or the closed interval
[0, 1]. This was proved by Mostert [28] for the case G is compact and in general by
Bérard-Bergery.

When M is simply connected and compact, the quotient space M/G must be
homeomorphic to [0, 1] and each singular orbit must have codimension greater than
one. This means that each regular orbit is a tube around any of the two singular
orbits, and each singular orbit is a focal set of any regular orbit. This fact will be
applied in Sects.2, 4 and 6 for complex projective space CP™, complex two-plane
Grassmannians G, (C"*+?) and complex quadric Q" which are Hermitian symmetric
spaces of compact type with rank 1 and rank 2 respectively.

When M is simply connected and non-compact, the quotient space M /G must
be homeomorphic to R or [0, 0o). In the latter case the singular orbit must have
codimension greater than one, and each regular orbit is a tube around the singular
one. This fact will be applied and discussed in detail in Sects.2 and 4 for dual
complex two-plane Grassmannians G’ (C"*2) and dual complex quadric Q*” which
are Hermitian symmetric spaces of non compact type with rank 2.

Hereafter let us note that HSSP denotes a Hermitian Symmetric Space. For
HSSP with rank one we have complex projective spaces CP"”, complex hyperbolic
spaces CH™. For HSSP of compact type with rank 2 we have SU,,,/S(U,U,,),
S03/Us, Go(R¥™), Spy/ U, and Eg/SpinioU;, and for HSSP of non-compact type
with rank 2 we can give SU, ,,/S(U2U,,), SOg/Us, G;(RH’”), Sp(2,R)/ U, and
Egm/SpinloUl (See Helgason [12, 13]).

One of the motivations of this article is to suggest the problem of classifying all
orientable real hypersurfaces M in almost Hermitian manifold M for which the Reeb
flow is isometric. The almost Hermitian structure on almost Hermitian manifold M
induces an almost contact metric structure on M. The corresponding unit tangent
vector field on M is the Reeb vector field, and its flow is said to be the Reeb flow
on M.

The classification of all real hypersurfaces in complex projective space CP"™
with isometric Reeb flow has been obtained by Okumura [30]. The corresponding
classification in complex hyperbolic space CH™ is due to Montiel and Romero
[26] and in quaternionic projective space HIP™ due to Martinez and Pérez [24]
respectively.

In complex hyperbolic space CH™ we consider the anti-de Sitter sphere H 12’“_1
in C™, where the orbits of the Reeb flow induce the Hopf foliation on H ]2'"_1 with
principal S'-bundle of time-like totally geodesic fibres. It is well known that H2" !
is a principal S'-bundle over a complex hyperbolic space CH™ with projection
T lem“—)(CH . Moreover, in a paper due to Montiel and Romero [26] it was
proved that the second fundamental tensor A’ of a Lorentzian hypersurface in H 12’“_1
is parallel if and only if the corresponding hypersurface in CH™ has isometric Reeb
flow, that is, pA = A¢p, where 71*A = A’, w*A is called a pullback of the shape
operator A for a hypersurface in CH™ by the projection 7 and ¢ denotes the structure
tensor induced from the Kéhler structure J of CH™.
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2 Compact Hermitian Symmetric Space with Rank 2

The study of real hypersurfaces in non-flat complex space forms or quaternionic
space forms which belong to HSSP with rank 1 of compact type is a classical topic in
differential geometry. For instance, there have been many investigations for homo-
geneous hypersurfaces of type A;, Az, B, C, D and E in complex projective space
CP™. They are completely classified by Cecil and Ryan [10], Kimura [18] and
Takagi [58]. Here, explicitly, we mention that A: Geodesic hyperspheres, A;: tubes
around a totally geodesic complex projective space CP*, B: tubes around a complex
quadric Q"' and can be viewed as a tube around a real projective space RP™, C:
tubes around the Segre embedding of CP! x CP* into CP*+! for some k > 2, D:
tubes around the Pliicker embedding into C P of the complex Grassmannian mani-
fold G,(C>) of complex 2-planes in C> and E: tubes around the half spin embedding
into CP'> of the Hermitian symmetric space SO0/ Us.

Now let us study hypersurfaces in complex two-plane Grassmannians G, (C"+?)
whichis akind of HSSP with rank two of compact type. The ambient space G, (C"*?)
is known to be the unique compactirreducible Riemannian symmetric space equipped
with both a Kihler structure J and a quaternionic Kihler structure Jj not containing J.

On the other hand, Cecil and Ryan [10] proved that any tube M around a complex
submanifold in complex projective space CP™ is characterized by the invariance of
A& = o, where the Reeb vector £ is defined by & = —J N for a Kéhler structure
J and a unit normal N to a hypersurface M in CP". Moreover, the corresponding
geometrical feature for hypersurfaces in HP™ is the invariance of the distribution
D+ = Span {£], &, &3} by the shape operator, where & = —J; N, J; € J.Infactevery
tube around a quaternionic submanifold HP™ satisfies such kind of geometrical
feature (See [24, 32, 34)).

From such a view point, we consider two natural geometric conditions for real
hypersurfaces in G,(C"*?), that the maximal complex subbundle % and the maximal
quaternionic subbundle 2 of T M are both invariant under the shape operator of M,
where the maximal complex subbundle ¢ of the tangent bundle 7 M of M is defined
by ¢ = {XeT M|JXeT M}, and the maximal quaternionic subbundle 2 of T M is
defined by 2 = {XeT M|3JX T M} respectively. By using such conditions and the
result in Alekseevskii [1], Berndt and Suh [2] proved the following:

Theorem A Let M be a connected real hypersurface in Go(C"*2), m > 3. Then
the maximal complex subbundle € and the maximal quaternionic subbundle 2 of
T M are both invariant under the shape operator of M if and only if

(A) M is an open part of a tube around a totally geodesic G>(C™ ') in Go(C™?),
or

(B) miseven, saym = 2n, and M is an open part of a tube around a totally geodesic
HP" in Go(C"*2).

When the Reeb flow on M in G,(C"*2) is isometric, we have that the Reeb vector
field £ on M is Killing. Moreover, the Reeb vector field £ is said to be Hopf if it is
invariant by the shape operator A. The 1-dimensional foliation of M by the integral
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manifolds of the Reeb vector field & is said to be a Hopf foliation of M. We say that
M is a Hopf hypersurface in Go(C™*+2) if and only if the Hopf foliation of M is
totally geodesic.

By using Theorem A, in a paper due to Berndt and Suh [3] we have given a
complete classification of real hypersurfaces in G,(C™*2) with isometric Reeb flow
as follows:

Theorem 1 Let M be a connected real hypersurface in Go(C"+?), m > 3. Then the
Reeb flow on M is isometric if and only if M is an open part of a tube around a
totally geodesic G,(C™ 1) in Go(C"+2).

3 Complex Hyperbolic Two-Plane Grassmannian
SUZ,m/S(UZUm)

Now let us consider the case that the Riemannian manifold M becomes a Riemannian
symmetric space of non compact type with rank 1 or rank 2. As some examples of
non compact type with rank 1 we have a real hyperbolic space RH” = § O?,m /SOy,
a complex hyperbolic space CH™ = SU, ,,,/S(U,U,,), a quaternionic hyperbolic
space HH™ = Sp1,,/Sp1Spm. and a Caley projective plane QP? = F;/Spiny. The
study of homogeneous hypersurfaces in such a symmetric spaces of noncompact
type with rank 1 was investigated in Berndt [4], Berndt and Tamaru [8].

In this section we consider a hypersurface in HSSP of noncompact type with
rank 2. Among some examples of noncompact type with rank 2 given in Sect.2 we
focus on a dual complex two-plane Grassmannian SU, ,,,/S(U>U,,). The Riemannian
symmetric space SU, ,,/S(U,U,,) is a connected, simply connected, irreducible Rie-
mannian symmetric space of noncompact type with rank 2.

LetG = SU,,, and K = S(U,U,,), and denote by g and £ the corresponding Lie
algebra of the Lie group G and K respectively. Let B be the Killing form of g and
denote by p the orthogonal complement of € in g with respect to B. The resulting
decomposition g = €@ p is a Cartan decomposition of g. The Cartan involution
0 € Aut(g) on suy ,, is given by 6(A) = I, ,, Al ,,, where

_12 02,m
12,m - (Om,Z Im )

I, and I, denote the identity (2 x 2)-matrix and (m x m)-matrix respectively. Then
< X,Y >= —B(X, 0Y) becomes a positive definite Ad(K)-invariant inner prod-
uct on g. Its restriction to p induces a metric g on SU,,,/S(U,U,,), which is also
known as the Killing metric on SU; ,, /S(U,U,,). Throughout this paper we consider
SUs.m/S(U,Uy,) together with this particular Riemannian metric g.

The Lie algebra £ decomposes orthogonally into £ = su, @ su,, @ u;, where u;
is the one-dimensional center of €. The adjoint action of su, on p induces the
quaternionic Kihler structure J on SU; ,,/S(U,U,,), and the adjoint action of
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mip()
7 = (m0+222 iZI,n; ) € U
m,

m42°m

induces the Kihler structure J on SU, ,,/S(U2U,,). By construction, J commutes
with each almost Hermitian structure J, in J for v = 1, 2, 3. Recall that a canonical
local basis Jy, J, J3 of a quaternionic Kéhler structure Jj consists of three almost
Hermitian structures J;, J, J3 in J such that J,,J, 1 = J,40 = —J,1+1J,, where the
index v is to be taken modulo 3. The tensor field JJ,, which is locally defined
on SU, ,,/S(U>U,), is selfadjoint and satisfies (JJ,)?> =T and tr(JJ,) = 0, where
I is the identity transformation. For a nonzero tangent vector X we define RX =
{AXLeR}LCX =RXPRJX,and HX = RX & JX.

Then by the argument asserted in Sect. 2, we note that any homogeneous hypersur-
face in SU,,,/S(U,U,,) becomes a tube around one singular orbit. By virtue of this
fact and using geometric tools given in Helgason [12, 13], Eberlein [11], Berndt and
Suh [4] proved a characterization of homogeneous hypersurfaces in SU, ,,, / S(U2U,,)
as follows:

Theorem 2 Let M be a connected real hypersurface in the complex hyperbolic two-
plane Grassmannian SU3 ,, / S(U2U,,), m > 2. Then the maximal complex subbundle
% and the maximal quaternionic subbundle 2 of T M are both invariant under the
shape operator of M if and only if M is congruent to an open part of one of the
following hypersurfaces:

(A) a tube around a totally geodesic SU, y—1/S(UsU,y—1) in SU ,, /S(U2U,),

(B) a tube around a totally geodesic quaternionic hyperbolic space HH" in
SU22/S(U2Up), m = 2n,

(C) a horosphere in SU, ,,/S(U,U,,) whose center at infinity is singular.

The horosphere mentioned in Theorem 2(C) can be described as in see Fig. 1.

In this section we give a classification of all real hypersurfaces with isometric
Reeb flow in complex hyperbolic two-plane Grassmann manifold SU, ,,/S(U.U,,)
as follows (see Suh [47]).

Fig. 1 Horospheres in H, = costg) +sinre €U

ay +az= &

SUZ,m/S(UZUm)

M;=5y,-0

.
: Contact horosphere
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Theorem 3 Let M be a connected orientable real hypersurface in the complex
hyperbolic two-plane Grassmannian SU, ,,/S(UyU,,), m > 3. Then the Reeb flow
on M is isometric if and only if M is an open part of a tube around some totally
geodesic SUy y_1/S(UxU,,—1) in SU3 ., /S(U2U,,) or a horosphere whose center at
infinity is singular.

A tube around SU; j,—1/S(U2Uy—1) in SU, ,,, /S(U,Uy,) is a principal orbit of the
isometric action of the maximal compact subgroup SU ;41 of SU,,+2, and the orbits
of the Reeb flow corresponding to the orbits of the action of U, . The action of SU | ;4
has two kinds of singular orbits. One is a totally geodesic SU; ,,—1/S(U2U,—1) in
SU.m/S(U,U,,) and the other is a totally geodesic CH™ in SU, ,,/S(U2Uy).

A remarkable consequence of Theorem 3 is that a connected complete real hyper-
surface in SU3,,/S(U2U,,), m > 3 with isometric Reeb flow is homogeneous. This
was also true in complex two-plane Grassmannians G, (C"*+?), which could be iden-
tified with symmetric space of compact type SU,,+2/S(U,-U,,), as follows from the
classification. It would be interesting to understand the actual reason for it (see [2,
3, 35, 43)).

4 Isometric Reeb Flow in Complex Quadric Q™

The homogeneous quadratic equation zi 4 ---+z5,,, =0 on C™? defines a
complex hypersurface Q™ in the (m + 1)-dimensional complex projective space
CP"™!' = SU,,12/S(U,,4+1U1). The hypersurface Q™ is known as the m-dimensional
complex quadric. The complex structure J on CP™*! naturally induces a complex
structure on Q™ which we will denote by J as well. We equip Q™ with the Rie-
mannian metric g which is induced from the Fubini Study metric on CP"*! with
constant holomorphic sectional curvature 4. The 1-dimensional quadric Q' is iso-
metric to the round 2-sphere S2. For m > 2 the triple (Q™, J, g) is a Hermitian
symmetric space of rank two and its maximal sectional curvature is equal to 4. The
2-dimensional quadric Q? is isometric to the Riemannian product S> x S2.

For a nonzero vector z € C"*! we denote by [z] the complex span of z, that is,
[z] = {Az | A+ € C}. Note that by definition [z] is a point in CP™*!. As usual, for each
[z] € CP™"*! weidentify Tj,;CP™*! with the orthogonal complement C"*2? & [z] of
[z]in C™*2 For[z] € Q™ the tangent space Tj,; Q™ can then be identified canonically
with the orthogonal complement C"+? © ([z] @ [z]) of [z] & [Z] in C"*2. Note that
7 € v;)Q™ is a unit normal vector of Q™ in CP™*! at the point [z].

We denote by A: the shape operator of Q™ in CP"*! with respect to Z. Then we
have A;w = w for all w € Tj;;Q™, that is, A; is just complex conjugation restricted
to T;;; Q™. The shape operator A: is an antilinear involution on the complex vector
space ;) Q™ and

T Q" = V(A2) @ JV(Az),
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where V(A;) = R™2 N T;1Q™ is the (+1)-eigenspace and JV (A;z) = iR"+2 N
T;;; Q™ is the (—1)-eigenspace of A;. Geometrically this means that the shape oper-
ator A; defines a real structure on the complex vector space Tj;; Q™. Recall that a
real structure on a complex vector space V is by definition an antilinear involution
A :V — V. Since the normal space v,;Q™ of Q™ in CP™*! at [z] is a complex
subspace of T;,CP™*! of complex dimension one, every normal vector in vy,; Q"
can be written as Az with some A € C. The shape operators A,z of Q™ define a rank
two vector subbundle 2 of the endomorphism bundle End(7 Q™). Since the second
fundamental form of the embedding Q™ C CP™*! is parallel (see e.g. [S1]), A is a
parallel subbundle of End(7 Q™). For A € S! C C we again get a real structure A;;
on 7j;; Q™ and also becomes an antilinear involution as follows:
It satisfies the following for any w € T;,; Q™ and any AeS'CC

Afw = Az Apzw = Ajzaw
= MW = AV,5Z = AAw

= [APw = w.

Accordingly, Aiz = I forany A€ S'. So we thus have an S'-subbundle of 2 consisting
of real structures on the tangent spaces of Q™.

The Gauss equation for the complex hypersurface Q" C CP™*! implies that the
Riemannian curvature tensor R of Q" can be expressed in terms of the Riemannian
metric g, the complex structure J and a generic real structure A in 2:

RX,Y)Z =g(Y,Z2)X — g(X, Z)Y
+g(JY, Z2)IX —g(JX,Z)JY —2g(JX,Y)JZ
+ g(AY, Z)AX — g(AX, Z)AY
+ g(JAY, Z)JAX — g(JAX, Z)J AY.

Note that the complex structure J anti-commutes with each endomorphism A € 2,
thatis, AJ = —JA.

A nonzero tangent vector W € Tj,;Q™ is called singular if it is tangent to more
than one maximal flat in Q™. There are two types of singular tangent vectors for the
complex quadric Q™:

1. If there exists a real structure A € 2;; such that W € V(A), then W is singular.
Such a singular tangent vector is called -principal.

2. If there exist a real structure A € ;) and orthonormal vectors X,Y € V(A)
such that W/||W|| = (X 4+ JY)/~/2, then W is singular. Such a singular tangent
vector is called 2A-isotropic.

Basic complex linear algebra shows that for every unit tangent vector W € T;,0™
there exist a real structure A € 2, and orthonormal vectors X, Y € V(A) such that

W =cos(t)X + sin(¢)JY
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for some ¢ € [0, 7/4]. The singular tangent vectors correspond to the values t = 0
andt = /4.

Let M be a real hypersurface in a Kihler manifold M. The complex structure J on
M induces locally an almost contact metric structure (¢, £, 17, g) on M. In the context
of contact geometry, the unit vector field £ is often referred to as the Reeb vector field
on M and its flow is known as the Reeb flow. The Reeb flow has been of significant
interest in recent years, for example in relation to the Weinstein Conjecture. We are
interested in the Reeb flow in the context of Riemannian geometry, namely in the
classification of real hypersurfaces with isometric Reeb flow in homogeneous Kihler
manifolds.

For the complex projective space CP™ a full classification was obtained by Oku-
mura in [30]. He proved that the Reeb flow on a real hypersurface in CP™ =
SUp+1/SU,,Uy) is isometric if and only if M is an open part of a tube around
a totally geodesic CP* ¢ CP™ for some k € {0,...,m — 1}. For the complex
2-plane Grassmannian G, (C™)=8U,,1>/S(U,,U,) the classification was obtained
by Berndt and the author in [3]. We have proved that the Reeb flow on a real hyper-
surface in G, (C™*+?) is isometric if and only if M is an open part of a tube around a
totally geodesic G,(C”*') C G,(C™*+?). Finally, related to the isometric Reeb flow,
we give a mention for our recent work due to Berndt and Suh [5]. In this lecture we
want to investigate this problem for the complex quadric Q" = S0,,42/50,,S O>.
In view of the previous two results a natural expectation could involve at least the
totally geodesic Q"' Q™. But for real hypersurfaces in Q" with isometric Reeb
flow the situations are quite different from the above. Now we state the following.

Theorem 4 (see [5]) Let M be a real hypersurface in the complex quadric Q™,
m > 3. Then the Reeb flow on M is isometric if and only if m is even, say m = 2k,
and M is an open part of a tube around a totally geodesic CP* ¢ Q2.

Every tube around a totally geodesic CP* C Q% is ahomogeneous hypersurface.
In fact, the closed subgroup Uy of SOy acts on 0% with cohomogeneity one.
The two singular orbits are totally geodesic CP* C Q% and the principal orbits are
the tubes around any of these two singular orbits. So as a corollary we get:

Corollary 1 Let M be a connected complete real hypersurface in the complex
quadric Q*, k > 2. If the Reeb flow on M is isometric, then M is a homogeneous

hypersurface of Q.

It is remarkable that in this situation the existence of a particular one-parameter
group of isometries implies transitivity of the isometry group. As another interesting
consequence we get:

Corollary 2 There are no real hypersurfaces with isometric Reeb flow in the odd-
dimensional complex quadric Q**', k > 1.

To our knowledge the odd-dimensional complex quadrics are the first examples
of homogeneous Kihler manifolds which do not admit a real hypersurface with
isometric Reeb flow.
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5 Contact Hypersurfaces in Complex Quadric Q™
and Non-compact Dual Q™"

This section is a recent work due to Berndt and the author [6]. A contact manifold is
a smooth (2m — 1)-dimensional manifold M together with a one-form 7 satisfying
n A (dn)" ! # 0, m > 2. The one-form 7 on a contact manifold is called a contact
form. The kernel of 77 defines the so-called contact distribution % in the tangent bundle
T M of M. Note that if 7 is a contact form on a smooth manifold M, then p7 is also a
contact form on M for each smooth function p on M which is nonzero everywhere.
The origin of contact geometry can be traced back to Hamiltonian mechanics and
geometric optics. The standard example of a contact manifold is R? together with
the contact form n = dz — ydx.

Another standard example is a round sphere in an even-dimensional Euclidean
space. Consider the sphere S>"~!(r) with radius » € R, in C" and denote by (-, -)
the inner product on C" given by (z, w) = Re >_/_, z,W,. By defining &, = —}iz
for z € §>"~!(r) we obtain a unit tangent vector field £ on §?"~!(r). We denote
by 1 the dual one-form given by n(X) = (X, &) and by w the Kihler form on C™”
given by w(X,Y) = (i X, Y). A straightforward calculation shows that dn(X, Y) =
— %a) (X, Y). Since the Kdhler form w has rank 2(rm — 1) on the kernel of # it follows
that n A (dn)™~! # 0. Thus S~ (r) is a contact manifold with contact form 7. This
argument for the sphere motivates a natural generalization to Kédhler manifolds.

Let (M, J, g) be a Kihler manifold of complex dimension n and let M be a
connected oriented real hypersurface of M. The Kihler structure on M induces an
almost contact metric structure (¢, &, n, g) on M. The Riemannian metric on M is the
one induced from the Riemannian metric on M, both denoted by g. The orientation on
M determines a unit normal vector field N of M. The so-called Reeb vector field £ on
M is defined by & = —J N and 7 is the dual one form on M, thatis, n(X) = g(X, &).
The tensor field ¢ on M is defined by ¢ X = JX — g(JX, N)N =JX —n(X)N,
so that ¢ X is just the tangential component of JX. The tensor field ¢ determines
the fundamental 2-form w on M by w (X, Y) = g(¢ X, Y). M is said to be a contact
hypersurface if there exists an everywhere nonzero smooth function p on M such
that dn = 2pw. It is clear that if dn = 2pw holds then n A (dn)"~! # 0, that is,
every contact hypersurface in a Kihler manifold is a contact manifold.

Contact hypersurfaces in complex space forms of complex dimensionm > 3 have
been investigated and classified by Okumura [30] (for the complex Euclidean space
C™ and the complex projective space CP™) and Vernon [59] (for the complex hyper-
bolic space CH™). In this paper we carry out a systematic study of contact hyper-
surfaces in Kihler manifolds. We will then apply our results to the complex quadric
0" = 80,,12/50,,S 0, and its noncompact dual space Q"* = SO;’M/SOm SO, to
prove the following two classifications:

Theorem 5 (see [6]) Let M be a connected orientable real hypersurface with con-
stant mean curvature in the complex quadric Q" = SO, ,/S0,S0> and m > 3.
Then M is a contact hypersurface if and only if M is congruent to an open part of

the tube of radius 0 < r < 2”7 around a real form S™ of Q™.
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Fig. 2 Horospheres in Q"* g=JY=a
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When we consider a real hypersurface in complex hyperbolic quadric Q™*, nat-
urally we have one focal (singular) submanifold in Q”*, which is different from the
situation of Theorem 5. In this case we give a complete classification of contact real
hypersurfaces in Q"* as follows:

Theorem 6 (see [6]) Let M be a connected orientable real hypersurface with con-
stant mean curvature in the noncompact dual Q™ = SO, ,/50,,5 O, of the com-
plex quadric and m > 3. Then M is a contact hypersurface if and only if M is
congruent to an open part of one of the following contact hypersurfaces in Q"*:

(i) the tube of radius r € R around the totally geodesic Q""~V* in Q™*;
(ii) a horosphere in Q™* whose center at infinity is determined by an A-principal
geodesic in Q™*;
(iii) the tube of radius r € R, around a real form RH™ in Q"*.

In this complex hyperbolic quadric Q"* we have two kinds of horospheres. One
is a horosphere in Q"* with 2A-isotropic geodesic in Q™" and the other is mentioned
in Theorem 6(ii). Now let us explain these two kinds of horospheres in Q™* in see
Fig.2.

6 Real Hypersurfaces in Complex Quadric Q™
with Commuting and Parallel Ricci Tensor

When we consider some Hermitian symmetric spaces of rank 2, usually we can give
examples of Riemannian symmetric spaces SU,,42/S(U,U,,) and SU> ,, / S(U2U,,),
which are said to be complex two-plane Grassmannians and complex hyperbolic
two-plane Grassmannians respectively (see [2, 4, 35, 36, 45]). Those are said to be
Hermitian symmetric spaces and quaternionic Kidhler symmetric spaces equipped
with the Kéhler structure J and the quaternionic Kéihler structure . The rank of
SUm/S(UyU,y,) is 2 and there are exactly two types of singular tangent vectors X
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of SU,,,/S(U,U,,) which are characterized by the geometric properties J X € JX
and JX L JX respectively.

As another kind of Hermitian symmetric space with rank 2 of compact type
different from the above ones, we have the example of complex quadric Q" =
S0, 42/50,S0,,, which is a complex hypersurface in complex projective space
CP™ (see Berndt and Suh [3], and Smyth [40]). The complex quadric also can
be regarded as a kind of real Grassmann manifold of compact type with rank 2
(see Kobayashi and Nomizu [23]). Accordingly, the complex quadric admits two
important geometric structures as a complex conjugation structure A and a Kihler
structure J, which anti-commute with each other, that is, AJ = —JA. Then for
m > 2 the triple (Q™, J, g) is a Hermitian symmetric space of compact type with
rank 2 and its maximal sectional curvature is equal to 4 (see Klein [ 16] and Reckziegel
[37D).

Apart from the complex structure J there is another distinguished geometric
structure on Q, namely a parallel rank two vector bundle 2l which contains an
S'-bundle of real structures, that is, complex conjugations A on the tangent spaces
of Q™. This geometric structure determines a maximal -invariant subbundle 2 of
the tangent bundle 7 M of a real hypersurface M in Q™. Here the notion of parallel
vector bundle 2 means that (VyA)Y = g(X)JAY for any vector fields X and Y
on O™, where V and g denote a connection and a certain 1-form defined on 7, 0™,
z € Q™ respectively.

For the complex projective space CP™ and the quaternionic projective space
HP™ some characterizations was obtained by Okumura [30], and Pérez and Suh
[34] respectively. In particular Okumura [29] proved that the Reeb flow on a real
hypersurface in CP™ = SU,,+1/S(U U,,) is isometric if and only if M is an open
part of a tube around a totally geodesic CP* ¢ CP™ for some k € {0, ..., m — 1}.
Here the isometric Reeb flow means that .2z g = O for the Reeb vector field £ =
—JN, where N denotes a unit normal vector field of M in CP™. Moreover, in
[47] we have asserted that the Reeb flow on a real hypersurface in SU, ,,,/S(U2U,,)
is isometric if and only if M is an open part of a tube around a totally geodesic
SUZ,mfl/S(UZUmfl) C SUZ,m/S(UZUm)-

By the Kihler structure J of the complex quadric Q™, we can transfer any tangent
vector fields X on M in Q™ as follows:

JX = ¢X + n(X)N,

where ¢ X = (JX)7 denotes the tangential component of JX and N a unit normal
vector field on M in Q™.

When the Ricci tensor Ric of M in Q™ commutes with the structure tensor ¢,
thatis, Ric-¢ = ¢-Ric, M is said to be Ricci commuting. When the Ricci tensor Ric
of M in Q™ is parallel, that is, VRic = 0, let us say M has a parallel Ricci tensor.
Then first with the notion of commuting Ricci tensor for a hypersurface M in the
complex quadric O™, we can prove the following
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Theorem 7 (see [53]) Let M be a real hypersurface of the complex quadric Q™,
m > 3, with commuting Ricci tensor. Then the unit normal vector field N of M is
either A-principal or U-isotropic.

In the first class where M has an 2A-isotropic unit normal N, we have asserted
in Berndt and the author [5] that M is locally congruent to a tube over a totally
geodesic CP¥ in Q2 if the shape operator commutes with the structure tensor, that
is S-¢ = ¢-S. In the second class for N 2-principal we have proved that M is locally
congruent to a tube over a totally geodesic and totally real submanifold S in Q™ if
M is a contact hypersurface, that is, S¢ + ¢S = k¢, k#0 constant (see [6]).

We now assume that M is a Hopf hypersurface. Then the shape operator S of M
in Q™ satisfies

S& = af

for the Reeb vector field £ and the Reeb function « = g(S&, &) on M in Q™. Then in
this section we give a complete classification for real hypersurfaces in the complex
quadric Q™ with commuting and parallel Ricci tensor as follows:

Theorem 8 (see[53]) There do not exist any Hopf real hypersurfaces in the complex
quadric Q™, m>4, with commuting and parallel Ricci tensor.

Now let us consider an Einstein hypersurface in complex quadric Q™. Then the
Ricci tensor of type (1, 1) on M becomes Ric = Al, where A is constant on M
and I denotes the identity tensor on M. Accordingly, the Ricci tensor is parallel
and commuting, that is Ric-¢ = ¢-Ric. Moreover, M has an 2(-isotropic unit normal
vector field N in Q™. So we assert a corollary as follows:

Corollary 3 There do not exist any Hopf Einstein real hypersurfaces in the complex
quadric Q™, m > 4.

7 Real Hypersurfaces in Complex Quadric Q™
with Parallel Ricci Tensor

For the complex projective space CP™*! and the quaternionic projective space
QP™*! some classifications related to parallel Ricci tensor were investigated in
Kimura [19], and Pérez [33], respectively. For the complex 2-plane Grassmannian
G>(C™?%) = SU,12/S(U,,U>) anew classification was obtained by Berndt and Suh
[2]. By using this classification Pérez and Suh [35] proved a non-existence property
for Hopf hypersurfaces in G,(C"*+?) with parallel and commuting Ricci tensor. Suh
[45] strengthened this result to hypersurfaces in G,(C™*2) with parallel Ricci ten-
sor. Moreover, Suh and Woo [57] studied another non-existence property for Hopf
hypersurfaces in complex hyperbolic two-plane Grassmannians SU, ,,/S(U2U,,)
with parallel Ricci tensor.
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When we consider a hypersurface M in the complex quadric Q™, the unit normal
vector field N of M in Q™ can be divided into two classes if either N is 2(-isotropic
or A-principal (see [3, 4, 49]). In the first case where N is -isotropic, we have
shown in [3] that M is locally congruent to a tube over a totally geodesic CP* in
Q% In the second case, when the unit normal N is -principal, we proved that a
contact hypersurface M in Q™ is locally congruent to a tube over a totally geodesic
and totally real submanifold S in Q™ (see [4]). Now we consider the notion of
Ricci parallelism for hypersurfaces in O™, thatis, VRic = 0. Then motivated by the
result obtained when N is 2-principal for contact hypersurfaces in Q™, we assert
the following:

Theorem 9 (see [51]) There does not exist any Hopf hypersurfaces in the complex
quadric Q™ with parallel Ricci tensor and 2U-principal normal vector field.

For a case where the unit normal vector field N is 2(-isotropic it can be easily
checked that the orthogonal complement QZL = %,62,, z € M, of the distribution
2 in the complex subbundle €', becomes ,@ZL = Span{A&, AN}. Hereitcan be easily
checked that the vector fields A& and AN belong to the tangent space .M, z € M if
the unit normal vector field N becomes 2(-isotropic. Then motivated by Theorem 9,
in this section we give another theorem for real hypersurfaces in the complex quadric
Q™ with parallel Ricci tensor and 2-isotropic unit normal as follows:

Theorem 10 (see [S51]) Let M be a Hopf real hypersurface in the complex quadric
O™, m > 4, with parallel Ricci tensor and A-isotropic unit normal N. If the shape
operator commutes with the structure tensor on the distribution 2+, then M has 3
distinct constant principal curvatures given by

2m — 1 0, M=a) 2m — 1 0 and 22
. =0V, =)= , = an e y—
2 7 2 b= am =1

with corresponding principal curvature spaces

Trx - [E]’ T, = [AS, AN], (/J)(T)L) = TM’ dime =dimT# =m — 2.

8 Real Hypersurfaces in Complex Quadric Q™
with Harmonic Curvature

Usually, for a Riemannian manifold (N, g) the Ricci tensor Ric can be regarded as
a 1-form with values in the cotangent bundle 7*N. Then a Riemannian manifold
N is said to have harmonic curvature or harmonic Weyl tensor, if Ricy or Ricy —
rvgn/2(n — 1) for the scalar curvature r is a Codazzi tensor, that is, it satisfies

dRic=0 or d{Ric—rg/2(n—1)} =0,
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where d denotes the exterior differential. For the harmonic Weyl tensor, it is seen
that in the case of n > 4 the Weyl curvature tensor W which is regarded as a 2-form
with values in the bundle A2T*N is closed and coclosed, namely it is harmonic. In
the case of n = 3 the Riemannian manifold N is confomally flat (See Besse [9]).

In the geometry of real hypersurfaces in complex space forms or in quaternionic
space forms it can be easily checked that there does not exist any real hypersurface
with parallel shape operator A by virtue of the equation of Codazzi.

From this point of view many differential geometers have considered a notion
weaker than the parallel Ricci tensor, that is, VRic = 0. In particular, Kwon and
Nakagawa [22] have proved that there are no Hopf real hypersurfaces M in a complex
projective space C P with harmonic curvature, thatis, (Vx Ric)Y = (VyRic)X for
any X, Y in M. Moreover, Ki, Nakagawa and Suh [17] have also proved that there
are no real hypersurface with harmonic Weyl tensor in non-flat complex space forms
M, (c),c #0,n > 3.

Now let us denote by G,(C"*?) the set of all complex 2-dimensional linear
subspaces in C”*2. Then the above situation is not so simple if we consider a real
hypersurface in a complex two-plane Grassmannian G,(C™*2), Suh [45] has shown
that there does not exist any hypersurface in G,(C™*+?) with parallel Ricci tensor,
that is, VRic = 0, and have investigated the problem related to the Reeb parallel
Ricci tensor Ric for real hypersurfaces M in complex two-plane Grassmannians
G,(C"*2), that is, Ve Ric = 0 for the Reeb vector field & tangent to M (See [46]).

In the proof of Theorem A we proved that the 1-dimensional distribution [£] is
contained in either the 3-dimensional distribution ®* or in the orthogonal comple-
ment ® such that T, M = D @ D+. The case (A) in Theorem A is just the case that
the 1- dimensional distribution [£] is contained in the distribution ©+. Of course, it
is not difficult to check that the Ricci tensor of any real hypersurface mentioned in
Theorem A is not parallel. Then it is a natural question to ask whether real hyper-
surfaces in G, (C”12) with conditions weaker than parallel Ricci tensor can exist or
not.

From such a view point, Besse [9] has introduced the notion of harmonic curvature
which is given by ARic = (d§ 4+ §d)Ric = 0 for the Ricci tensor Ric. Then the
notion of harmonic curvature is equivalent to 6 Ric = 0, because d Ric = 0 always
holds from the contraction of the 2nd Bianchi identity.

Then a real hypersurface M in G,(C"*?) with harmonic curvature satisfies

(VxRic)Y = (VyRic)X

for any tangent vector fields X and Y on M in G,(C"+?).

But considering real hypersurfaces of harmonic curvature in complex two-plane
Grassmannians G, (C™"*?2), the situation is quite different from the complex projective
space CP™. Instead of the non-existence results in CP™, we [48] gave a classification
of all Hopf real hypersurfaces in G,(C"*?) with harmonic or Weyl harmonic tensor.
First for areal hypersurface in G, (C"*2) with harmonic curvature tensor, we asserted
the following:
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Theorem B Let M be a Hopf real hypersurface of harmonic curvature in G,(C"*?)
with constant scalar and mean curvatures. If the shape operator commutes with the
structure tensor on the distribution ©*, then M is locally congruent to a tube over
a totally geodesic Go(C™ ") in Go(C™+2) with radius r, cot® /2r = %(m — 1.

On the other hand, a (4m — 1)-dimensional real hypersurface M in G,(C"*?) is
said to have harmonic Weyl tensor it AW = 0 for Weyl curvature tensor W defined
by W = Ric — rg/4(2m — 1), where Ric and r denotes respectively the Ricci tensor
and the scalar curvature of M in G,(C”*2). Then from the 2nd Bianchi identity this
is equivalent to W = 0, that is, (Vx W)Y = (Vy W) X. Naturally it means that

(VxRic)Y — (VyRic)X = {dr(X)Y —dr(Y)X}/42m — 1).
Now we consider the notion of harmonic curvature for hypersurfaces in Q™,
that is, (VxRic)Y = (VyRic)X for any vector fields X and Y on M in Q™. Then

motivated by the result in the case of 2(-principal normal for contact hypersurfaces
in O™, we assert the following

Theorem 11 (see [52]) Let M be a Hopf real hypersurface in the complex quadric
O™, m > 4, with harmonic curvature. If the unit normal N is A-principal, then M
has at most 5 distinct constant principal curvatures, five of which are given by
a, A, Wi, A2, and
with corresponding principal curvature spaces
I, =&l ¢T, =T1,. ¢T,= T,,
dim7;,, +dim7T;, =m —1, dim7, +dim7,, =m — 1.

Here four roots \; and u;, i = 1, 2 satisfy the quadratic equation

2x2 —2Bx+2+4af =0,

. . 2414/ (@24 1)2+4ah
where the function p is denoted by g = = * (@t e

- and the function h denotes

the mean curvature of M in Q™.

Now at each point z € M let us consider a maximal 2l-invariant subspace 2, of
T.M, z € M, defined by

2., ={XeT.M|AX € TM forall A € A}
of .M, z € M. Thus if the unit normal vector field N is 2(-isotropic it can be easily

checked that the orthogonal complement 2" = €. © 2.,z € M, of the distribution
2 in the complex subbundle %', becomes QL = Span [A&, AN]. Here it can be
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easily checked that the vector fields A¢ and AN belong to the tangent space 7. M,
z € M if the unit normal vector field N becomes 2(-isotropic. Then motivated by the
above result, we have another theorem for real hypersurfaces in the complex quadric
Q™ with harmonic curvature and 2-isotropic unit normal vector field as follows:

Theorem 12 (see [52]) Let M be a Hopf real hypersurface in the complex quadric
0", m > 4, with harmonic curvature and A-isotropic unit normal N. If the shape
operator commutes with the structure tensor on the distribution 2+, then M is locally
congruent to an open part of a tube around k-dimensional complex projective space
CP*in Q™ m = 2k, or M has at most 6 distinct constant principal curvatures given
by

a, y=0(), A, @i, A and o

with corresponding principal curvature spaces
I, =1§1, T, =[A§, AN], ¢(T) =Ty, T, =Ty,
dim7;,, +dim7T,, =m -2, dim7, +dim7,, =m — 2.
Here four roots \; and wu;, i = 1, 2 satisfy the equation
2x2 = 2B8x +24aB =0,

a? 4244/ (@242)2+4ah

where the function B denotes = >

and the function h denotes the

mean curvature of M in Q™. In particular, @ = Z’"T_l, y(=a) = Z’"T_l, A =0,

u= _«/i:nr%l’ with multiplicities 1, 2, m — 2 and m — 2 respectively.

The particular case mentioned in Theorem 12 can occur for real hypersurfaces
in Q™ with parallel Ricci tensor, that is, VRic = 0. Naturally harmonic curvature
8 Ric = 0 includes the notion of Ricci parallelism.

9 Real Hypersurfaces in Complex Quadric Q™
with Commuting Ricci Tensor

In the complex projective space C P"+! and the quaternionic projective space HLP”*!
some classifications related to commuting Ricci tensor or commuting structure Jacobi
operator were investigated by Kimura [18, 19], Pérez [32] and Pérez and Suh [34,
35] respectively. Under the invariance of the shape operator along some distribu-
tions a new classification in the complex two-plane Grassmannian G,(C"*2) was
investigated. By using this classification Pérez and Suh [35] proved a non-existence
property for Hopf hypersurfaces in G, (C"*+?) with parallel and commuting Ricci ten-
sor. Recently, Hwang, Lee and Woo [14] considered the notion of semi-parallelism
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with respect to some symmetric operators, that is, shape operator and structure (or
normal) Jacobi operator, and obtained a complete classifications for Hopf hypersur-
faces in G, (C"*?) with such operators. Moreover, Suh [43] strengthened this result
to hypersurfaces in G,(C"*2) with commuting Ricci tensor and gave a characteri-
zation of real hypersurfaces in G»>(C"2) = SU,12/S(U,,U>) as follows:

Theorem C Let M be a Hopf real hypersurface in G,(C"2) with commuting Ricci
tensor, m>3. Then M is locally congruent to a tube of radius r over a totally geodesic
Go(C™H1) in Go(C™F2).

Moreover, Suh [50] studied another classification for Hopf hypersurfaces in com-
plex hyperbolic two-plane Grassmannians SU; ,,/S(U,U,,) with commuting Ricci
tensor as follows:

Theorem D Let M be a Hopf hypersurface in SU, ,,/S(UyU,,) with commuting
Riccitensor, m>3. Then M is locally congruent to an open part of a tube around some
totally geodesic SU; —1/S(U2Uy,—1) in SU,,, /S(U2Uy,) or a horosphere whose
center at infinity with J X € JX is singular.

It is known that the Reeb flow on a real hypersurface in G,(C"*?) is isometric
if and only if M is an open part of a tube around a totally geodesic G,(C"*!) C
G, (C"+2), Corresponding to this result, in [47] we asserted that the Reeb flow on
a real hypersurface in SU,,,/S(U,U,,) is isometric if and only if M is an open
part of a tube around a totally geodesic SU, ,,—1/S(UsUp—1) C SU2,, /S(ULU,).
Here, the Reeb flow on real hypersurfaces in SU,,+2/S(U,,Uz) or SU, ., /S(U2U,,)
is said to be isometric if the shape operator commutes with the structure tensor. In
papers due to Berndt and Suh [5] and Suh [51], we have introduced this problem
for real hypersurfaces in the complex quadric Q" = SO,,,4+2/5 0,, S O, and obtained
Theorem 4 in Sect.4.

From the assumption of harmonic curvature, it was impossible to derive the fact
that either the unit normal N is 2-isotropic or 2(-principal. So in [52] we gave a
complete classification with the further assumption of -isotropic as in Theorem D.
For the case where the unit normal vector field N is 2{-principal we have proved that
real hypersurfaces in Q™ with harmonic curvature can not exist.

But fortunately when we consider Ricci commuting, that is, Ric-¢ = ¢-Ric for
hypersurfaces M in Q™, we can assert that the unit normal vector field N becomes
either 2-isotropic or -principal. Then motivated by such a result and using The-
orem C, we have a complete classification for real hypersurfaces in the complex
quadric Q™ with commuting Ricci tensor, that is, Ric-¢p = ¢-Ric as follows:

Theorem 13 (see [55]) Let M be a Hopf real hypersurface in the complex quadric
0™, m>4, with commuting Ricci tensor. If the shape operator commutes with the
structure tensor on the distribution 2=, then M is locally congruent to an open part
of a tube around a totally geodesic CP* in Q**, m = 2k or M has 3 distinct constant
principal curvatures given by
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2
oa=+2m—-3), y=0, A=0, andu:—mor

/2 6
a=,=m=3),y=0 A=0, and p = — V6
3 m—73

with corresponding principal curvature spaces respectively

T, = [£], T, = [AE, AN], ¢(T;) = T, and dim T, = dim T}, = m — 2.

Remark 1 In Theorem 13 the second and the third ones can be explained geometri-
cally as follows: the real hypersurface M is locally congruent to My x C, where M is

a tube of radius r = % tan~! /m — 3 orrespectively, of radius r = \/% tan~' /222

around (m — 1)-dimensional sphere S”~! in Q"~!. That is, M, is a contact hyper-
surface defined by S¢ + ¢S = k¢, k = —ﬁ, and k = — \/% respectively
(see Suh [55]). By the Segre embedding, the embedding M;xCcC Q" 'xCc Q"
is defined by (29, Z1, . . . » Zm» W)= (ZoW, ZIW, . . ., ZuW, 0). Here (zow)? + (zyw)? +
st (Zaw)? = (25 + - -+ 22)w? = 0, where {z, ..., z,)} denotes a coordinate
system in Q" ! satisfying z3 + - -+ + 22 = 0.

10 Pseudo-Einstein Real Hypersurfaces in Complex
Quadric Q™

In complex space forms or in quaternionic space forms many differential geometers
have discussed real Einstein hypersurfaces, complex Einstein hypersuraces or more
generally real hypersurfaces with parallel Ricci tensor, that is VRic = 0, where V
denotes the Riemannian connection of M (see Cecil-Ryan [10], Kimura [18, 19],
Romero [38, 39] and Martinez and Pérez [24]).

From such a view point Kon [20] has considered the notion of pseudo-Einstein
real hypersurfaces M in complex projective space CP™ with Kihler structure J,
which are defined in such a way that

Ric(X) = aX + bn(X)E&,

where a, b are constants, n(X) = g(&, X) and § = —J N for any tangent vector field
X and a unit normal vector field N defined on M. In [20] Kon has also given a
complete classification of pseudo-Einstein real hypersurfaces in CP™ by using the
work of Takagi [58] and proved that there do not exist Einstein real hypersurfaces in
CP™, m > 3. Moreover, Kon [21] has considered a new notion of the Ricci tensor
Ric in the generalized Tanaka-Webster connection v,
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The notion of pseudo-Einstein was generalized by Cecil-Ryan [10] to any smooth
functions a and b defined on M. By using the theory of tubes, Cecil-Ryan [10]
have given a complete classification of such pseudo-Einstein real hypersurfaces and
proved that there do not exist Einstein real hypersurfaces in CP™, m > 3.

On the other hand, Montiel [25] considered pseudo-Einstein real hypersurfaces
in complex hyperbolic space CH™ and gave a complete classification of such hyper-
surfaces and also proved that there do not exist Einstein real hypersurfaces in CH",
m > 3.

For real hypersurfaces in quaternionic projective space HP™ the notion of pseudo
Einstein was considered by Martinez and Pérez [24]. But in [32] Pérez proved that
the unique Einstein real hypersurfaces in HP™ are geodesic hyperspheres of radius r,
0 <r < Zandcot’r = 5-.

The situation mentioned above is not so simple if we consider a real hypersurface
in complex two-plane Grassmannian G, (C"*+2). A real hypersurface M in G,(C"*?)

is said to be pseudo-Einstein if the Ricci tensor Ric of M satisfies

Ric(X) = aX +bn(X)& + Cijlni(X)é:i

for any constants a, b and ¢ on M. In a paper due to Pérez, Suh and Watanabe [36]
we have defined the notion of pseudo-Einstein hypersurfaces in G,(C"*?) with the
assumption that b and c¢ are non-vanishing constants. In this case the meaning of
pseudo-Einstein is proper pseudo-Einstein. So in [36] we have given a complete
classification of proper Hopf pseudo-Einstein as follows.

Theorem E Let M be a pseudo-Einstein Hopf real hypersurface in G, (C"+?). Then
M is congruent to

(a) atubeofradiusr, cot’y/2r = mT_l over G,(C™Y), wherea = 4m +8,b + ¢ =
—2(m + 1), provided that c# — 4.

(b) a tube of radius r, cotr = l;%’
b=—16n+10,c = —2.

over HP™, m = 2n, where a = 8n + 6,

For the real hypersurfaces of type (a) or of type (b) in Theorem E the constants
b and ¢ of pseudo-Einstein real hypersurfaces M in G,(C"*?) never vanish at the
same time on M, that is, at least one of them is non-vanishing at any point of M. As
a direct consequence of Theorem E, we have also asserted that there are no Einstein
Hopf real hypersurfaces in G,(C"*2).

Now let us consider the complex quadric Q" = S0O,,42/S0,,S O, which is a
Kihler manifold and a kind of Hermitian symmetric space of rank 2. For real hyper-
surfaces M in the complex quadric Q™ we have classified the isometric Reeb flow
which is defined by .%; g = 0, where .Z; denotes a Lie derivative along the Reeb
direction £. The Lie invariant %z g = 0 along the direction & is equivalent to the
commuting shape operator S of M in Q™, thatis, S¢ = ¢S. In order to give a com-
plete classification of pseudo-Einstein hypersurfaces in the complex quadric Q" we
need the classification of isometric Reeb flow in a theorem due to Berndt and Suh [5].
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Motivated by above two Theorems G and Theorem 5 in Sect.5, let us consider
a new notion of pseudo-Einstein for real hypersurfaces in the complex quadric Q™.
When the Ricci tensor Ric of a real hypersurface M in Q™ satisfies

Ric(X) = aX + bn(X)E,

for constants a, bR and the Reeb vector field £ = —J N, then M is said to be
pseudo-Einstein.

First, we obtained that any pseudo-Einstein real hypersurfaces in the complex
quadric Q™ satisfies the following property

Theorem 14 Let M be a pseudo-Einstein real hypersurface in the complex quadric
Q™, m > 3. Then the unit normal vector field N of M is singular, that is, N is either
A-principal or U-isotropic.

Theorem 15 (see [41]) Let M be a pseudo-Einstein Hopf real hypersurface in the
complex quadric Q™, m>3. Then M is locally congruent to one of the following:

(i) M is an open part of a tube of radius r around a totally real and totally geodesic
m-dimensional unit sphere S™ in Q™, with a = 2m, and b = —2m.

.. o . . o -1 | k_
(ii) m = 2k, M is an open part of a tube of radius r, r = cot 7 around a totally

geodesic k-dimensional complex projective space CP* in Q% with a = 4k and
b=—4+2

Now let us consider an Einstein hypersurface in the complex quadric Q™. Then
the Ricci tensor of M becomes Ric = Ag. In case (i) in above Theorem 15, there do
not exist any Einstein hypersurfaces in Q™, because b = —2m is non-vanishing. In
this case, the unit normal N on M is 2(-principal.

Moreover, in (i), if M is assumed to be Einstein, then the constant shouldbe b = 0.
This gives 4 = %, which implies a contradiction. In this case M has an 2(-isotropic
unit normal vector field N in Q™. So we conclude a corollary as follows:

Corollary 4 (see [41]) There do not exist any Einstein Hopf real hypersurfaces in
the complex quadric Q™, m > 3.

11 Pseudo-anti Commuting Ricci Tensor and Ricci Soliton
in Complex Quadric Q™

When the Ricci tensor S commutes or anti-commutes with the structure tensor ¢
such as S¢ = ¢S or S¢ = —¢S, the Ricci tensor is said to be commuting or
anti-commuting respectively. Motivated by such notion of commuting and anti-
commuting Ricci tensor, we consider a new notion of pseudo-anti commuting Ricci
tensor which was well introduced in a paper due to Jeong and Suh [15]. It is defined
by
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Ric-¢p + ¢-Ric = k¢, « # 0 : constant,

where the structure tensor ¢ is induced from the Kihler structure J of Hermitian
symmetric space.

It is known that Einstein, pseudo-Einstein real hypersurfaces in the sense of
Besse [9], Kon [22], and Cecil and Ryan [10], satisfy the condition of pseudo-
anti commuting. Real hypersurfaces of type (B) in CP™, which are characterized
by S¢ + ¢S = k¢, k # 0 and tubes over a totally real totally geodesic real projec-
tive space RP", m = 2n, satisfy the formula of pseudo-anti commuting (see Yano
and Kon [60]). Moreover, it can be easily checked that Einstein hyperspaces and
some special kind of pseudo Einstein hypersurfaces in G,(C"*?), and hypersur-
faces of type (B) in G,(C"*?), which are tubes over a totally real totally geodesic
quaternionic projective space HP", m = 2n, satisfy this formula (see Pérez, Suh and
Watanabe [36], Suh [42] and [45]).

Recently, we have known that a solution of the Ricci flow equation % g) =
—2Ric(g(t)) is given by

1
E(Evg)(X, Y) +Ric(X,Y) = pg(X,7Y),

where p is a constant and £y denotes the Lie derivative along the direction of the
vector field V (see Morgan and Tian [27]). Then the solution is said to be a Ricci
soliton with potential vector field V and Ricci soliton constant p, and surprisingly,
it satisfies the pseudo-anti commuting condition S¢ + ¢S = k¢, where k = 2p is
non-zero constant (Fig. 3).

In the complex two-plane Grassmannian G, (Cm+2), Jeong and Suh [15] gave
a classification of Ricci solitons for real hypersurfaces. From such a view point,
we want to give a complete classification of pseudo-anti commuting Hopf real
hypersurfaces in the complex quadric Q™. In order to do this we want to intro-
duce some backgrounds for the study of real hypersurfaces in Hermitian symmetric
spaces including complex projective space CP" = SU,,+,/S(U,U,,), complex two-
plane Grassmannian G,(C"*2) = SU,,,/S(U,U,,), complex hyperbolic two-plane
Grassmannian G’Z‘(C’””) = SU.m/S(U,U,,) and complex quadric Q™.

Fig. 3 Pseudo-anti
commuting
Isometric Reeb Flow

Pseudo Einstein
# Einstein

Pseudo-Anti Commuting (Hopf)
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Theorem 16 (see [54]) Let M be a pseudo-anti commuting Hopf real hypersurfaces
in the complex quadric Q™, m>3. Then M is locally congruent to one of the following:

(i) M is an open part of a tube of radius r, 0 <r < around a totally real

b
272’
and totally geodesic m-dimensional unit sphere S™ in Q™, with A-principal unit
normal vector field.
(ii) M is an open part of a tube of radius r, 0 <r < 7, r#%, around a totally
geodesic k-dimensional complex projective space CP* in Q*, m = 2k. Here

the unit normal N is A-isotropic.

Here we note that the unit normal N is said to be -Principal if N is invariant
under the complex conjugation A, that is, AN = N. When we consider the Ricci
soliton (M, g, &, p) on a real hypersurface in the complex quadric Q™, it can be
easily checked that the Ricci soliton (M, g, &, p) satisfies the condition of pseudo-
anti commuting, thatis, Ric-¢ + ¢-Ric = k¢, k = 2p+# 0 constant. So, naturally the
classification result in Theorem 16 can be used to study Ricci solitons (M, g, &, p).
Then by virtue of Theorems 4, 5 and 16 we can assert another theorem on Ricci
solitons as follows:

Theorem 17 (see [54]) Let (M, g, &, p) be a Ricci soliton on a Hopf real hypersur-
face in the complex quadric Q™, m > 3. Then M is locally congruent to one of the
following:

(i) M is an open part of a tube of radius r around a totally real and totally geodesic
. . . m m . T -1 1
m-dimensional unit sphere S™ in Q™, with radii r = 7 cot (—zﬁ(m—l)) and

r = \/Li cot™! (ﬁ) Here the unit normal N is A-principal.

(ii) M is an open part of a tube of radius r = tan™! kle around a totally geodesic

k-dimensional complex projective space CP* in Q*, m = 2k. Here the unit
normal N is A-isotropic.
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